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KOCIITIK KOJUIETKAETT OKY KECTECIH UHTEJUIEKTY AJLIBI
ABTOMATTAH/BIPY: OR-TOOLS/ILP JKOHE LLM ACCUCTEHTIHIH TUBPUTI
MO/JIEJI

Anparna. byn Makamana KOCINTIK KOJUIEIK JKarFJalbIHIa OKY KECTECIH HMHTEIJICKTYasIbl
aBTOMATTaH/BIPyFa apHaJFaH THOPUITI MOJIENh YCHIHBIIAABL. 3EPTTEYIiH ©3€KTLIIr OKYy KEeCTECIH
JOCTYPIIl KOJIMEH KYPY YAEPICIHIH KOIl yaKbIT MeH KYIII )KyMcay/bl Tajlall eTylMeH, KaKThIFbICTapra
KU1 OKeTyIMEH JKOHE OKBITYIIBUIAP JKYKTEMECIH, ayTUTOPHUSIIBIK KOPJIbI, TONTAPIBIH OKY YaKBITHIH,
aybIChIM €pEeKIIeNIKTEePIH ’KOHE KOChIMILA YHBIMAACTHIPYIIBUIBIK TaJanTapAbl Oip Me3ruige THiMII
yinecTipyaiH KypaenitiriMern Tycinmipineni. 3eprreymiH Makcatei — OR-To00IS Herizinmeri
MIEKTEYJIep/Il KaHaFaTTaH/ABIPy MOJENIH TaOWFu TUIMEH >KyMbIc icTedTiH LLM accucreHTiMeH
OIpIKTIPY apKbLIBI OKY KECTECIH KYPY CallachlH apTThIPY, KOcCTapiay MKEMIUTITIH KYIIEHTY JKOHE
e3repictepre OeiMaeny MYMKIHAINH KEHEHUTy. 3epTTey OapbIChIHIA KXYHENIK Tanjuay, IMIEKTeyi
OHTAMIAHIIBIPY, CIICHAPUMIIIK MOJIENBACY, CAIBICTBIpMAJIbI Oarayiay >KOHE KOJaaHOambl jkobOanmay
omicTepi KonmaHbUIAbl. HoTmxkenep THOPUATI TOCUIMIH OKY KECTECIH KYPY YaKbITBIH €Ioyip
KBbICKapTaThIHBIH, MYFAIIMJIEPIIH YaKbITTHIK KajayJapblH JAJIIPEK €CKePEeTiHIH, CTYIeHTTEepAIH 00C
TepeseNiepiH a3aluTaThIHBIH, ayJUTOPUSIIBIK PECYpCTapbl THIMIIPEK Oeiyre MyMKIHIIK OepeTiHiH
XKoHe jKocmapiiay OapbIChIHAAFBl TY3ETYJEpAl JKEIes EHri3yre arjail KacalTbIHBIH KOpCETTI.
3epTTeyaiH FHUIBIMU >KaHAIBIFBI TaOWFW TUIAEr1 CypaHbICTapAsl (QopMaiblabl IIEKTEylepre
typiengiperin LLM xabatein OR-ToOIS/ILP simpockiMen Gipiktipyinge. [IpakTHKaablK MaHBI3bI
YCHIHBUIFAH IICMIIMHIH KOJUICK OKIMIIUIINIHE >XOCHapiiay camachlH apTTBIPYFa, pecypcTapbl
yTeIMIBI OackapyFa JKOHE OKYy VACpICIH TYpaKThl YHBIMIACTBIPYFa MYMKIHAIK OepyiMeH
CUNATTAaJIa/bl.

KinT ce3nep: oKy kecreci, MHTeIUIEKTyalIbl aBToMartanasipy, OR-Tools, ILP, CP-SAT, LLM
ACCHUCTEHTI, KOCINTIK KOJIIEIK.
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HUHTEJVIEKTYAJIBHASAI ABTOMATU3ALIIUA YYEBHOI'O PACIIMCAHUA B
IMPOPECCHUOHAJIBHOM KOJUVIEIKE: THBPUIHASA MOJAEJIb OR-TOOLS/ILP U
LLM-ACCUCTEHTA

AHHOTaIII/IH. B crartne npeajiaracTcsa FI/I6pI/I,HHa}I MOJCIIb I/IHTCJIJICKTyaHBHOﬁ aBTOMaTHU3alnun
pacnucanus 3aHATHH B YCJIOBUAX HpO(beCCI/IOHaHBHOPO KOJIIICKa. AKTyaJ'IBHOCTB HUCCICA0BAaHUA
O6YCJ'IOBJ'ICH3. TEM, YTO TPaJUIIUOHHOC PYUYHOC COCTABJICHHUC pACIIUCAHUA TpCGyCT 3HAYUTCIIbHBIX
BpPpCMCHHBIX W OPraHU3allMOHHBIX 3aTpar, 4YacTO IMPUBOJUT K KOH(I)J'II/IKTaM U 3aTpyAHACT
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OJIHOBPEMCHHBIN y4eT MpernoaBaTeIbCKOW HArpy3KH, ayIuTOPHOTO (OHIa, BPeMEHH OOydeHUS
TPYII, OCOOCHHOCTEH CMEHHOCTH W JOTOJHUTEIBHBIX aIMUHUCTPATUBHBIX orpaHudeHuid. llems
HCCIICIOBAaHUSI — TMOBBICUTH Ka4ecTBO ()OPMHUPOBAHUS PACIUCAHUS 32 CUET MHTETPAIlUU MOJICIHU
yIoBJieTBOpeHuss orpaHudeHuid Ha ocHoBe OR-Tools m LLM-accucrenra, paboTtaromero c
€CTECTBCHHBIM SI3BIKOM, a Tak)Ke 00eCIednTh OOJIBIIYI0 THOKOCTh CHUCTEMBI M €€ aJanTalfio K
W3MCHECHHSIM. B paboTe HCIoIb30BaHbl METOABI CHCTEMHOTO aHAJIM3a, OTPAHHYECHHOW ONITHUMU3AIINH,
CIICHAPHOTO MOJICIMPOBAHUS, CPAaBHHUTEIHHOW OICHKA W MPHUKIATHOTO TPOCKTHPOBAHHS.
[ToydeHHBIC pe3yNbTAThl MMOKA3alld, YTO THOPUIHBIA IMOJXOJ[ CYIIECTBEHHO COKpAIIaeT BpeMs
COCTaBIICHUSI PACIHCaHUs, TOYHEE YYUTHIBACT BpPEMEHHBIC MPEANOYTCHUS IPEToJaBaTelieH,
YMEHBIIAET KOJUYECTBO «OKOH» Yy CTYIEHTOB, CIIOCOOCTBYeT Oojiee pPalMOHATIBHOMY
pacTpeicieHHuI0 ayIUTOPUd ¥ YIPOINAaeT BHECCHHWE OIEPaTHBHBIX KOPPEKTHPOBOK. HaydaHas
HOBH3HA HCCIIEIOBAHUA 3aKiatodaeTcss B oObeauHeHnu LLM-cios, mpeoOpa3yrolero 3ampocsl Ha
€CTECTBEHHOM sI3bIKE B (pOpMalIbHBIC OTPaHHYCHUS, C BBIYHCIUTENBHBIM siipoM OR-ToOIS/ILP.
[IpakThdeckas 3HAYUMOCTH COCTOMT B TOM, UYTO MPEIJIOKEHHOE PEIICHHE I03BOJISIET
aJIMUHHUCTPAIMKM KOJUIEDKA TOBBICHTH KAaueCTBO IUIAHUPOBAHUsS, d(PPEKTHUBHEE WCIOIH30BATh
pecypchl 1 00ecTIeYnBaTh YCTOWYMBYIO OPTaHU3AIMI0 YIeOHOTO TpoIiecca.

KiarueBble cjioBa: yueOHOE paciucanue, HHTE/UIEKTyanbHas aBromaru3anus, OR-Tools, ILP,
CP-SAT, LLM-accucreHT, poheCCHOHATBHBINA KOJUIEIK.

G.N. KAZBEKOVA!, A.J. ONGAR?
Khoja Akhmet Yassawi International Kazakh-Turkish University, Turkestan, Kazakhstan
'E-mail: gulnur.kazbekova@ayu.edu.kz*
2 E-mail: ongaradilet382@gmail.com

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 KoJIemKAepAe OKY KeCcTeCiH KOJMEH Kypy KOl YakbIT alajbl, aJaMu
KaTeJIIKTepre TOye/ Il ’KoHe OKBITYIIIbI, TOI, ayJAUTOPHUs CUSKTHI ©3apa OaliIaHbICThI IIEKTeYnep i Oip
Me3eTTe eckepydi KublHIaTtaasl. OcbklFaH OalaaHBICTBI OKY YJIepiciH HupiIaHablpyga KecTe
aBTOMATTAHJBIPY XKYHesnepi epeKile MaHbI3Fa ue OOJIBII OTHIP.
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Cabak kecTeciH aBTOMATTaHJBIPYBIH ©3EKTUIIr 0T OCHI KUBIHIBIKTAP bl )KOIOMEH TiKeJIeH
OaiimaHbICTBl. ABTOMATTaHIBIPBUIFAH AaKMApATTHIK JKYMEHI EHri3y apKbUIbl KOJUICDKIE OKY
MPOIECIHIH THIMAUIITIH apTThIpyFa Oonaabl. MyHniai xylie Kecte KypyFa KeTeTiH YaKbITThl eIoyip
KBICKApTHII, KATENIKTEp CAaHbIH a3alTalbl JKOHE JKaJIbl MEKEME JKYMBICBIH OHTaWJIaHIbIPAJIBL.
CoHbIMEH KaTap, aBTOMATTAHIABIPY HOTIDKECIHJIE OKBITYIIBUIAD MEH CTYJICHTTEPJiH YaKbITHIH
YHEMJIEY, pecypCcTapabl IyphIc 06Ty, OKY XKOocHmapiaapblH THIMII XKocapiay MyMKiH 6oaasl. Makcar
— OKY KeCTECIH KYpYAbI KbLIIaM, HKeM/JIi opi KaTeJiKCi3 eTy, COHbIMEH Oipre OapiblK TapamnTapIbiH
(oKIMIITIK,  MYFaiMAEp, CTYOSHTTEp)  KAKCTTUIIKTEpI MEH  KajaylmapelH  OapbIHIIA
KaHaFaTTaHBIPAThIH mIenriM Taly. by komemkae OuTiM camacklH apTTHIPYFa JKOHE OKY MPOLECIH
OHTAMIIBI YIBIMAACTBIPYFa CENTIrH TUT13€/I1.

Maxkanansig MakcaTsl — OR-Tools/ILP Herizinzeri oHTaimaHabIpy TOCUIIH TaOWFHM TUIMEH
xymbIc icTedTiH LLM accucteHTiMeH OIpiKTipin, KecTe Kypy CcanachlH, HMKEMAUIITIH »KoHE
TYCIHAIPUICTIHAINIH apTTRIPY. 3€pPTTEY HBICAHBI PETIHJE KOCINTIK KOJUICHKAET1 cabaK KecTeCiH
YKOcrapJiiay mpoieci aabIHIbI.

3eprTey dicTepi MeH MaTepuaIap

¥ceHBUTFaH OKYHeHiH ecentey sapockl Google OR-Tools kitamxanaceiHsiH CP-SAT
MICIIYIITiCiHe HeTi3fenai. Mojenbiae IoH, TOI, ayJuTOpHs, YaKbIT CIOTBHI JKOHE OKBITYIIBI
apachIH/IaFel TaralbIHIAydap OWHAPIBIK AWHBIMANBUIAP MEH MISKTEYIep apKbUIBI CHITATTAJJIBI.
KarTel mexTeynep KaKTBIFBICTapbl OOJAbIpMayFa OarbITTajlca, JKYMCAK IIEKTeylep MYFalliM
KaJlaybl, CTYACHTTIK Tepe3enep MKOHE J>KYKTeME TEHIepiMi CHSKTBI CalajblK KOPCETKIMTEePIi
xaxcapTyra KbismeT ereji (Babaei et al., 2015, Bettinelli et al., 2015).

LLM accucteHTi mnaWJalaHyIIBIHBIH TAaOWFU TUIEr CYPAHBICBIH  KYPBUIBIMIAJIFaH
rapameTpJiepre aifHaJIABIPBIT, HOTHKEHI TYCIHAIpIN Oepy, IMIEKTeyNep/ Il HaKThIJIay JKOHE BIKTHMA
TY3€TyNep/il YChIHY MIHJETIH aTKapaabl. 3epTTeyAe XYHENIK Tajaay, MIeKTeyl OHTalJIaHIbIPY,
CIIEHApPHITIK MOJIE/IBICY JKOHE CaNbICTRIpMaIbl Oaranay oamictepi Koamausiasl (Cyper 1) (Ceschia
et al., 2023).

(S
LLM OR-Tools

aCCUCTEHTI OHTaulnaHgbipy Depekkop

Cypert 1. OR-Tools nerizinzeri onTaiaanasipy sapockl MeH LLM accucrenti Gipikripiires
THOPHITI )KYHe apXUTEKTYPAChIHBIH JHarpaMMachl

byn xyiiene BeG-untepdeiic, oHTailnanaplpy Kbi3meTi koHe LLM mukpocepBuchl e3apa
opekerreceni (Chen et al., 2021).

I'ubpuaTi apXUTEKTypa YIIl Heri3ri kabarran Typajpl: BeO-unrepdeiic, OR-Tools uerizinmeri
OHTaimanaplpy cepBuci xoHe LLM wmmxpocepBucsl. BeG-untepdeiic aepexrepai eHrizy MeH
HOTH)KEHI Kapayra jkayan Oepefl, ajl HETI3r1 ecemnTey OHTAWIaHIbIPy CEPBHUCIHJIE OPBIHAATAJIBI
(Davison et al., 2025, de Werra, 1985).

Be6-unrepdeiic: INaiinananymsuiap (omickep, OKBITYIIBI HEMECE OKIMIII) JKyleMeH Tikeseil
ochbl MHTepdeNc apKblIbl )KYMBIC icTeini. Be6-unrepdelic 3aMmanayn BeG-TeXHOIOTUsIIAp HET131Hae
a3ipaenyi MyMkiH — Mbicaiibl, ASP.NET Core nemece Python Flask ¢peiimBopki. UuTepdeiic kecteHi
KOpPHEKI Typ/ie KepceTeli, MaIIMeTTepAl eHri3yre (MoHAep, TONTap, MyFalliMaep Typajibl IepeKTep/il,
HIEKTeyJep/Il eHTi3y) JKoHe Ty3eTyre MyMKiHAik Oepeni. CoHpaii-ak, maiinananyiisl TaOUFH Tiiae
CYpaHBICTApblH EHTI3eTIH JAMAIOITIK Tepe3e HeMece 4YaT-KbI3MeTi Je Ocbhl HHTepdeiicke
MHTerpauusianaabl. Meicaibl, BeO-0erte «LLM accucTeHTiHE Cypak KOMBIHBI3» JIET€H epicKe
oficKkep ©3iHIH OTIHIIIIH jKa3a/bl.

OR-Tools onraitnanapipy cepBuci: by KoMmoHeHT — OYKiT )KYHEHIH «MHUbI», HET13r1 mIemiMm
TaOymsl Moyinb. On BeO-unTepdeiicren (Hemece LLM apKblibl ©HAEITE€H CypaHbICTap/aH) alifaH
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aknapat Herizinnae ILP/CP-SAT monenin kypaas! xone memnieni. OR-Tools cepsuci Tuntik RESTful
API Hemece FastAPI apKbuib! icke acybl MyMKiH: MbIcaibl, BeO-KockiMmanan HTTP cypaysr apKbLibI
«OKaHAPTBUIFAH constraints >XUHarbD» Oepieni, cepBHC coyl OOMBIHIIA €cenTeml, Kepi «KecTe
menriMiny Karapaasl. OHTainanapipy cepBuci xorapbl eHiMI1 C++/Python Tininge xa3puisim, OR-
Tools kiTamxaHacbIHBIH MYMKIHAIKTEpIH MaiganaHaabl. Byl MUKpOCEpBHC KaXKETTLTIriHE Kapaid
JePEeKTePKOPBIMEH (MBICAIIBI, cabaKTap Typalibl JIepekTep cakTaiTeiH PostgreSQL) OaiinaHbIChIIT,
HOTIDKEHI TYPAKTHI CaKTal Ta KOsiibl. EH MaHBI3ABICHI — cepBHC OipHEIIe MUHYT ilIiHAe KOHPIUKTCI3
KOHE camachl )KOFapbl KeCTe KYPHIN Oepyl KaKeT, COHABIKTAH OHBIH AJITOPHUTMIIK THIMJILUTIrT MEH
CeHIMJILTIT1 6acThl Ha3apaa.

LLM mukpocepBHCHL: YJIKEH TULIIK MOJENb Heri3inaeri Oy 0ok xyiene KOCaaKbl KbI3MET
aTKapajel, OlpaK MaiJaaHyIIbIFa KOPIHETIH epeKIIeNiKTepaiH KoOiH KamTamaceis3 eremi. LLM
mukpocepsuci OpenAl GPT-4 nemece coran ykcac mozenb API-1H makplpy apKbUIbl AKYMBIC iCTEY1
MYMKIH HeMece JiepOec opHaThlIFaH Jokas Mojienb (Mbicansl, LLaMA 2) 6ona anaasl. Ousl FastAPI
TOPI3/11 )KEHUI CEPBUC peTiHE opicTeTyre Oosanbl. Bed-untepdelicten kenreH Taburu T CYPaHbICHI
angeiMeH ocbl LLM cepBucine xki0epineni. Mbicanbl, ofICKepAIH «MaTeMaTuKa cabarbIH KbUIKBITY»
Typajbl cyparbl LLM TapanbiHaH KypbUIBIMIAIFAH epeKere aiHaIbIpbUIbI, apbl Kapaii OR-Tools
cepBucine xongananpl. Con cusktel, OR-Tools ecenren misiFapran JaiblH KecTe (HEMeCEe OHBIH
e3repici) LLM-ra Tannmay yurin 6epinyi MyMkin — Oy xarnaiina LLM kecte nepexrepin (JSON He
Kectenik (opmarra) KaObUIIAI, >KOFAphlAa aWTBUIFAHIAl KOPBITBIHIBI CO3 HEMECE YCBIHBICTAp
TI3IMIH reHepanusutaiael. LLM wuxpocepBuci cwipTkbl API-mi maiinamnanca, >xeii apKbLibl
CYpaHBICTap >Xi0epiieni, aj erep >KeprulikTi MOJAeNb KOJIAaHbLICA, TIKeleH cepBepje inference
OpBIHIATIA/IBI.

Ochl yII KOMIOHEHT e3apa IIbIH YyakbITTa (pean-TaiiM) opekeTTece anajsl. MaoceeH,
naigananymbsl  BeO-uHTEphEnC apKbUIbl <«KaHAa KecTe Kypy» TOpMEHIH OepreHae, OHBIH
napametpiiepi OR-Tools cepBucine xkidepineni; menriM TabbUIFaH COH, KecTe BeO-0eTTe KopceTie/i.
Erep naiigananymisl Tabury TUIE Ty3eTy cypaca, oi cypak LLM-ra eteni; LLM onwr Tanmamn, OR-
Tools-ka maiibikTel ©3repic enrizeni; OR-Tools kaiita ecenTerr, jkaHa KecTe MIbIFa bl COHbIHIa LLM
e3repicTi TyciHaipin 6epeai. MyHbIH 0opi CEKyHTTap HEMECEe MUHYTTAp IIITIH/IE KY3ere acabl.

LLM mukpocepBUCHI TaOWFU TUIAET1 CYpaHBICTAPIbl KYPBUIBIMIAN, HOTHKEHI TYCIHIIpEmi
KOHE KOCBIMIIA TY3€TyJlep YChIHaAbl. MyHAall MOIYIbAIK KYpbUIBIM >KYHEHI KeHeHTyre,
cyiiemenzeyre koHe 0acka OKy opblHAapbiHa Oeitimaeyre komaiasl (Holm et al., 2022).

Tanmay MeH HITHKeJIEP

byn 3eprreynmiH MakcaThbl - KOCINTIK KOJUICDKAET1 OKY KECTECiH KYPYABIH YII TOCUIIH
CaJIBICTBIPY: KOJIMEH JKOCIapiiay, 3BPUCTHKAIBIK aBToMaTTaHabIpy skoHe OR-Tools/ILP men LLM
ACCHCTEHTIHE HETI3JIeNITeH THOPUATI MOIeTh. 3epTTey OapbIChIH/Ia MbIHA KOPCETKIIITEp TaJAaH/Ibl:
kecte Kypy YakbiThl (Cyper 2), KakThIFBICTap CaHbl, MYFAIIMACPJIH YaKbITTBHIK KaJlayblH
KaHaraTTannelpy neHreii (Cyper 3), cryneHTTIK Tepesenepnid oprama canbl (Cyper 4) sxoHe
aynuTopusiapasl nainanany naiteisel (Kecte 1), (Kingston, 2013, Kristiansen & Stidsen, 2013.

Kecte 1. Cabak kecTeCiHIH carachl

oJic

KaKTLIFLICTap CaHbI

XKocnapnay yakbIThl

Kecre camacsl
(KaHaraTTaHy)

Konmen (moctypai)

2 (6acrarmnksl

~10 carar (6ipHere

~70% (oprara)

TaObLIFaH) KYH)
coHpIH 1A ()
OBPHUCTHKAIBIK 0 (TonmbIK cakTanapl) | ~1 carat (aBTOMATTHI) ~80% (aKchI)
I'ubpunari OR- 0 (TONBIK caKTaIbI) ~5 MUHYT (TOJIBIK ~95% (eTe
Tools/LLM aBTOMAT) JKOFaphI)

Op TYpJIi TOCUIAEPIiH CAbICThIpMaIbl KepceTKimTepi. Konmen ozicte kecte Kypy 6apbIChIHIa
OipHelIe KaKTBIFBIC (KUBLIBICTAP) TYBIHJAI, OJIap/bl MIEIIyre Typa KelreHi (IapTTapabl 00CaHCHITY
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HE KaiiTa KYpy apKbUIbl) OalKalbl; SBPUCTHKAIBIK OJIIC KAaTaH IIEKTeyJepJi CaKTaraHMEH, Kei
KYMCAK TallanTapJsl €CKepe aiMajpl; THOPUATI MOJENIb OapiblK KaKTHIFBICTBI OOJABIPMAIA,
KaJayaap/elH 0ackIM O6JIriH KaHaFaTTaHIbIPIbI.

Xorapbinarbl canbICTBIpyAaH KOpIHTE€HAEH, TMOPUATI MOJETbh HOTIDKENepl alKblH Y3IIK.
BipinurineH, on oKy kectecinae Oipe-0ip KaKTHIFBICKA XKOJ OepreH kKoK (0apIbIK KaTThl IIEKTEYIIep
100% caxTanapl), SFHA TOJIBIK KAaKTBIFBICCHI3 KecTe mibiFapapl. KoimeH »xacaynma Toxipubenri
oNliCKepIIep JIe aTFaIIKbl HyCKalap/a KaTellik skidepyi bIKTUMaJl, MbICaJIbl Oip MyFaiMre Oip yakpITTa
eKi cabak KOWBUIBIN KeTyi — OHbBI Ty3eryre yakpIT keremi. An OR-Tools Oyn maprrapast
MaTeMaTUKAIBIK MOJICb apKbUIbI KaTaH KaJaFajaiijbl, COHABIKTAH agaM (akTopblHAH OOJATHIH
Karesep TyOereii >KoUbLIa b

ExiHIIineH, yakbIT THIMIUTI TYPFBICBIHAH YIIKeH YThIc Oalikanamel. KonmeHn kecte Ty3y
OipHeIe KYHIe CO3bUIBIIN, UTEPAIUSIIBIK TEKCEPYIIEp/Il Tajal eTce, IBPUCTUKAIIBIK OaFaapiamMa OHBI
maMaMeH Oip carar iiriHje aBToMaTThI xkacal anjel. bipak 01311H OR-Tools Herizinaeri Moaens 0ap
OosFaHpl OipHEIIe MUHYTTa OonTHMan HOTIKe Oepai. MyHbeiH Oip cebedbi — CP-SAT con ecemke
apHaiibl OHTaWIaHABIpbUIFaH; eKiHIiieH, LLM accucTeHTi apkachlH/Ia KOChIMIIIA TY3€Ty Ke3eHIaep1
KbICKap/ibl (aJamMaapMeH AUajor apKblIbl OlpHEIIe caFaT >KOFalITHal, *Kyie Te3 TYCIHII OpPbIHAAIBI).
By aifbipManibuIBIK 9cipece OKY JKBUTBI OacTanap/aa YakbIT KbICKaH COTTEC O6TC MaHBI3/IbI.

Y miHIIiAeH, KECTE canachl )KoHE KaHaraTTaHy JICHT el O0UBIHIIIA THOPUITI TOCUT O3BIK TYP. bi3
MYHBI MYFTIMJIEP/IIH KOHE CTYIACHTTEP/IIH TUICKTEPIHIH KAaHIIAIBIK OPBIHAIFaHbIHAH JKOHE KEeUiH
KYPTi3UITeH KaHaFaTTaHy cayalHaMachlHaH OalKaablK. MbIcaibl, THOPUATI MOEITh MYFaTIMACPIIH
XKeKe KanaynapslHbIH ~95%-b1H eckep/i (KIMHIH Kaimran 60c eMec, KaHJail yaKbITThl KaJlaMalThIHBI,
T.0.), aJT KOJIMEH acajiFaH kecteae Oy kepcerkimt ~70% mramachiaia FaHa 00Jbl. DBPUCTHKAIIBIK
o/ic Kell mapameTpiep/i OHTalIaHAbIpFaHMeH (MbICajibl, MyFaTIMJIEp/IiH 00C yaKpITTapblHa cabak
Koiimay), OipKaTap ycak KajayJiapsl eei ainMabl — xanmbl ~80% aifHanachlH a KaHaraTTaHy Oepi.
MyraniMaepaiH xKaHa KECTETe KaThICTHI MIKIpJIepl I COHBI PacTaibl: THOPHUATI MOIEb KypacThIpFaH
KecTelle OJIapJbIH ko0l cabaK yaKbITTAphIH «OT€ KOJAiIbD»y Jien Oaranaabl, al OYPBIHFBI KECTE/e
KeiOipiHe KyKTeMe TeHIepIMCi3 TUETIHIH alTaThIH.

CoHbIMeEH KaTtap, «cabak KecTeCiH Kypy camachl» OlpkaTap 0ObEKTHBTI METPUKAMEH OJIIICHII.
Meicainbl, kecTeneri 60C yakbIT CIOTTApPBIHBIH MalbI3bl, Olp KYHJZIe KaTapblHaH KEJETiH cabakrap
opTaIlia caHbl, KEIIKi caFraTTapra KOWbUIFaH cabakrap caHbl, T.0. [[MOpUITI 9MiCTICH jKacaliFaH KecTe
Oy1 MeTpuKanap OOMBIHINA J1a )KAKChIPAK HOTIDKETe JKETTi. ATan alTKaH/aa, CTYyJIEHTTEPAIH KYHIIIK
60c Tepesenepi canbl 40%-ra azaiipl (AFHU cabaKTap TONTACTHIPBUIBII, Y3aK Y3UTICTep KbICKapbl),
«aysIp KyHIepaiH» (5-6 cabak Karap KeJeTiH KyHAep) caHbl €Ki ecere kemimi. MyramiMuepain Oip
KYH/IIK MAaKCUMYM CaraT CaHbl 4-T€H acMalThIHIai 00JIbI (3BPUCTUKAIIBIK SJICTE KeHOIpl 5 cabak
OTKI3eTIH KyHJep Oap exi). by aiibipManibuibikTap Oip FaHa ClieHapuijie eMec, op TYpJli alTaFa )KOHe
op TYpJ1i OacTanKel MaTIMETTEpre (MbICANIbI, OKBITYIIBUIAPABIH KOJDKETIMALUIIN e3repcee) *KypriziireH
ChIHAKTapAa Ja TYpPakTbl cakTanabl. CTaTUCTUKAIBIK Tallgay HOTHXKECIHIE THOPUATI MOJIENIiH
KaKcapTylapblHbIH OacbkiM Oeliri MoHAI €KeHl aHBIKTANIbl (Maiga OoJFaH albIpMalIbUIBIKTAP
ke3aercok emec, $p<0.01$ meHreiinae MaHbI3IbI).

Kecte 2. ABTOPJIBIK MOJIENBIIK 3epTTEY/IE MaiiJaaHbUIFaH YKCIIEPUMEHTTIK CIICHApUIep

Cuenapuii Tonrap OKBITYHIBI Aynuropusi AnTanbIK YakeIT
CaHbl CaHbl cabak CJI0TTapbI
OipJaikTepi
A 12 28 18 184 SKYHX 6
CJIOT
B 16 36 24 246 SKYHX 6
CJIOT

Cuenapuii A 6oiibIHIIIa THOPUATI MOJENTH KOJIIMEH KOCHapIayMeH CalbICThIPFaHa KeCTe KYpy
yakpIThiH 420 MunytTan 4.8 MuUHYTKa JeiiH KbIcKapTThl (98.9%), MyfaniM KajlayblH OpBIHIAY
neHreiin 72%-nan 94%-ra neiiH apTTHIPJBI KOHE CTYICHTTIK Tepesenepai 2.3-teH 0.8-re neifin
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azalTTel (65.2%). Cuenapuii B OoifbiHIa ga yKcac yphaic cakraiabl: yakelT 690 munytTan 7.2
MuHyTKa aeiin TeMeHaen (99.0%), kamay kepcetkimi 68%-man 92%-ra nmedin KeTepinmi, ai
Tepesenep canbl 2.7-n1eH 1.1-re aeiiin kpickapasl (59.3%)(Kecre 2), (Ongar, 2026, OpenAl, 2023).

Kecre 3. HotmxkenepaiH UHAKTAIFaH CTATUCTUKACHI

Cuen. 9jic YakplIT, Kakrsirsic | Kanay, Tepese, Ayaur.
MMH % KYH naiai., %
A Konmen 420 3 72 2.3 62
A OBpPUCTUKAJIBIK 48 0 81 1.6 74
A I'mGpunari 4.8 0 94 0.8 86
B Konmen 690 5 68 2.7 65
B OBpPUCTUKAJIBIK 71 1 79 1.9 77
B I'uGpunari 7.2 0 92 1.1 88

3epTTEenreH KepceTKill: KecTe KYpPYy yaKbIThl
10 moaenbAik NporoH GolbIHWa opTalwa YaKbIT, KOJIMeH, 3BpUCTUKaNbIK XaHe ruﬁpmm’i Tacinaep canbiCThipbinabl

690
700 1 EEE CueHapuin A

mmw CueHapuii B

600 -

500 A

200

100 A

4.8 7.2

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

Cyper 2. [lnarpammajia 3epTTeIreH KOPCETKII - KeCTe KYPY YaKbIThl (MUHYT); €Ki CeHapui
OOMBIHIIIA YIIT TOCUT CATTBICTHIPBLIIBI

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 (%)

40

20 A

KonmeH DBPUCTUKANbIK, rmbpuaTi

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

Cyper 3. [lnarpammaja 3epTTeNTeH KOPCETKIII - MYFATIMICPIIH YaKbITTHIK KaJlayblH
10
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KaHaraTTaHIbIpy neHreii (%)
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. JlnarpamMmajia 3epTTEITeH KOPCETKIMT - CTYASHTTIK Tepe3eNIepaiH opTalia CaHbl;
KOPCETKIMITIH TOMEH OOJTybI ’KaKChl HOTHXE Oepei

Canvicmvipmanst 6uzyanovi cypemmepoi maioay

Temenperi canpICTEIPMaIIBl CYpeTTEP/Ie HAKThl KaH/1al HbICAH 3€pPTTENIreHI CypEeTTIH 03 IIIH e
1€, acTBIHJIAFbl TYCiHAIpMene ne KepceTuini. bipiHm Bu3yanga KOJMEH KacalfaH KecTe
(dbparMeHTIHAET1 KAKTHIFBICTAP MEH THOPUITI MOJIETTh YChIHFAH KAKTHIFBICCHI3 HYCKA CaTbICTHIPBLIIBI
(Cyper 5). ExiHmi Busyanma MyFalliM >KYKTEMECIHIH anTa KyHzaepl OOWBIHIIA Tapanaybl
KapacThIPBUIBIN, THOPUATI MOJEIb )KYKTEeMEH1 TeHrepiM i 6eyre kaounerTi ekeni kepcerinai (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. CanpicThIpMaibl CypeTTe 3epTTENTeH HbICaH - KecTe (hparMeHTIHIeT1 KaKThIFBICTAp,
00cC apanbIKTap >KOHE OJIapAbl THOPUITI MOJIENb APKBLIBI KO HOTHKEC]
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Hotwxenepni sxunakrait oteipsin, Tudpuari OR-Tools/LLM moneniHiy €Ki CIeHapHiiae ae
TYPaKThl 0aCHIMIBIK KopceTKeH1 0aiikamnibl. EH yIKeH alibIpMalIblUIbIK KECTe KYPY YaKbIThl OOMBIHIIA
TIPKENJi: KOJIMEH >KOCTapiayMeH CalbICTBIPFaHIa YakbpIT YHeMi 98%-maH actam KBICKap.bl.
ConblMeH Oipre, MyfFaliMACpAiH KajayblHa ColikecTik 22-24 mailbI3AbIK TapMakkKa ecri,
ayauTopusIIapAbl naiinanany 23-24 nmaibI3gbIK TapMaKKa apTThl, ajl CTYIEHTTIK Tepesenep 59-65%
apaNbIFbIHAA  KbICKapAbl. byl  HOTIDKeNep  YCHIHBUIFAH — TOCULAIH — TOXKIPUOETIK — JKoHE
YHBIMIACTRIPYIIBLIBIK THIMALTICIH Kylneitin kepcereni (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

Cypet 6. CanbICTBIpMaIbl CYpeTTe 3epTTEITCH HBICAH - MYFAJIIM )KYKTEMECIHIH anTta OoibIHA
TapayIybl; COJI ’KaKTa TEHrepiMci3, OH JKaKTa TEHrepiMIi yari

Kytiene eHeneTiH OKBITYIIBI, CTYJICHT JKOHE KecTe AepekTepl Kopranysl Tuic. CeipTkel LLM
CEepPBUCTEPl KOJIIAHBUICA, JCPEKTEepli AHOHUMHU3ANMAIAY, KOJDKETIMIUTIKTI IIEKTEYy IKOHE
KypHaIAayael eHrizy Manpi3abl (Perron & Furnon, 2025).

Al menrimaepi TyCiHIIpIeTiH O0JYBI KEPEK, a1 COHFBI OCKITY KayaIrKepIIJIiri agamjaa Kaaasbl.
CoHIIBIKTaH KayilCi3/iK, amIbIKTBIK JKOHE OAUIMIK KYWEH1 eHTI3Y/IH HETi3T1 Karuaajapbl OOJIBII
cananazsl (Qu et al., 2009).

KopbIThIHABI

Typxkictan Axmer Scayu kocinTik Koymemki 6azaceiraa yesinpuirad OR-Tools/ILP sxone LLM
ACCHCTEHTIHE HEri3fieNiTeH THOPHUATI TOCUI OKy KECTeCIH aBTOMATTaHIBIPY MIHJIETIH >KOFapbl
TUIMJUTIKIIEH IIENIeTiHIH KopceTTi. JXKypri3uireH tanaay MeH ToipuOenik HoTHxkenep Oy omiCTiH
JOCTYpJIl KOJIMEH »KOocHapiayFa KaparaHJa alKblH apThIKIIBIIBIKTApbl Oap €KEeHIH Adieaeimi:
JKocrapray yaKbIThl OHJJaFaH €ce KbICKapaibl, KATEJIIKTEP MEH KAKTBIFbICTAP TOJIBIFBIMEH KONBLIA IbI,
aJl KECTEHIH camnachl (CTYJCHTTep MEH OKBITYILBIIAP/IbIH KalayJapblH €CKepy ACHTei1) alTapabIKTai
eceni. ['MOpuaTi MOJENb Kyp/eni KOMOUHAPHUSIIBIK €CeNTi MaTeMAaTUKANIbIK OHTAHIaHABIPY apKbLIbI
1renrin, cousiMeH 6ipre LLM kemMerimMeH naiijanaHylbIMeH HHTEPAKTUBTI TUIJIECY apHACHIH KYpa/ibl
— MYHBIH HOTWXKeECIHAe azaM MeH Al MyMKiHIiKTepi Oipirin, MakCHUMaJabl HOTIKEre Kol
xeTkizieni. Timefold koMmaHUSCHIHBIH MaMaHAApbl aTam OTKEHJEH, YIKeH TULAIK MOJAeIbAep
XKocmapiay ecenTepiH e3[IriHeH Ilemnle ajiMaybl MYMKiH, Oipak oJjapisl apHaiibl »Kocmapiay
ATOPUTMJIEPIMEH YHJIECTipe KOJIaHy ’KaHa MHHOBAIMAJIBIK HISHITIMJIEpre KOJI allla/ibl.

Annarel 3epTTey OarbITTapbl OipHEIIEe KbI3BIKTHI MYMKIHIKTEpre oJj amazbl. bipiHirige,
ca0aK KecTeCiH Kypy/la HeHpOHIBIK JKeTIIep i KOJIJaHy apKbUIbl JUHAMUKAJIBIK JKOCTIapiay Macesneci
Typ. Bonamakra »wui e3repeTid jxarainapra (MaceseH, MyFaliMHIH KeHETTEeH HayKacTaHbII KaIyhl,
TONTap KYpPaMbIHBIH €3repyi) >kenen OeifiMeneTiH, anablH ajga OoJpkan Kecte Ty3eHTiH Kyiienep
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Kaxet 6omaznsl. Mynsl reinforcement learning Hemece rpad bk HelpoHAbIK sxeniiep (GNN) apKpub!
icke acwlpyra OoJiangpl AereH mikip Oap. Mpicaibl, HEHPOXKETUTIK MOJENb OipHEIIe CEeMECTPIiH
JICpEeKTepiHeH YHUPEHIN, alqaFbl CEMECTpre MYFAIIMICPIIIH KYKTEMECIH MPOTHO3 Kacay, HeMece
KecTeJie e3repic 00jIca aBTOMATThI TYpAE KaiTa OHTalIaHIBIPY KacalThIH Pe(IeKCUBTI Kyle Kypy
— KBI3BIKTEI MIHJIET.

Exinminen, on-device inference — sfHM yJKeH TULAIK MOJEIBbAEP/I TIKEJICH OKY OPHBIHBIH
KEPriTIKTI cepBepIiepiH/ie HeMece TINTi jKayanThl TYJIFaJapblH KOMIBIOTEpIIEPIHIE iCKe KOCYy —
OarbITHL. ByJ1 TepekTep 1iH KYIMHUSUTBUIBIFBI MCH KbUIIaMIBIFBIH aPTTHIPAJIbI, O©UTKEHI CHIPTKBI API-Te
KYTIHY Kaxertiniri Oonmmaiael. KazipaiH e3iHne ChIMbIMIBUIBIFBI Kimriripiv LLM wmonxensaepi
(OipHEIIe MHJUTHAP TTApaMETPITi) )KeKe KYPhUIFbLIap/Ia )KYMBIC ICTEH allajbl, ajn 001amaKkTa oapabiH
MYMKIHZIr apra 6epmek. OcbIHBI cabak KecTeci )KyheciHe OipiKTipy apKbUIbI, MBICAIBI, 9P MEKTEI
03 CEpBEPIHJIC MHTEJICKTyaJl KOMEKIIICIH YCTar, el *KOK Ke3/I€ 16 OHBIMEH KYMBIC ICTEH alaThiH
0omaapl.

YurHmigeH, ambIKThIK eH TYCIHAIPYAl kakcapTy yuliH Al menriMaepiH BU3yanusanusuiay
MeH explainable Al omicrepin Konmany. bomamak 3eprreynepnae ILP moneniHiy menrimuaepin
rpadukrep, quarpaMmmanap apKblibl TyciHaipy, LLM-HBIH YCBIHBICTapBIH HET13/11 €Ty (MbICAJIbI, «OYJI
YCHIHBICTBI JKacayra 5 MyFaliMHIH TanaObl ocep €TTi») TETIKTepl KapacThIphUIybl THIC. by
naiIaa”yniblIapra JKyhHere IereH CeHIMIUTIKT1 KYIICHUTII, OHBI OKY Y/AEpICiH/Ie KeHIHeH KOJIITaHyFa
KOJI alllaJIbl.

¥ CBIHBUTFaH THOPHITI TOCUT KECTE KYPY YaKBITBIH KbICKAPTHII, KAKTHIFBICTAP/IBI Q3alTyFa KOHE
KECTe carachlH apTThIpyFa MYMKIHAIK Oepei. Ocipece MyFaliM KYKTEMECIH TeHTepy, ayAUTOPHUSIHBI
THIM/II TAlTalIaHy KOHE CTYACHTTEP YIIiH KOJIAaliiIbl KYPBUIBIM JKacay JKaFbIHAH MalIasbl.

Mopaynbpaik apXuTeKTypa >KyhHeH1 0acka OKy OpBIHAapbhIHA OeHiMaeyre KOJaiibl. AJIarsl
OarpITTap peTiHJE NMHAMUKAIBIK KaiTa sxocmapiay, skeprurikti LLM kongany »xoHe explainable Al
KYypaJlJapblH 1aMbITY MaHbI3/bI.
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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; YOLOvV8-Pose; BlazePose; biomechanical
analysis.
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KOMITLIOTEPJIIK KOPY JKOHE TEPEH OKBITY MOJIEJIBLAEPI HETI3IH/E
®MBUKAJBIK )KATTBIFYJIAPIBI HAKTBI YAKBIT PEXKUMIHJE BAKBLTTAY IbIH
KOHIENTYAJIBIK HETT3/IEPI

AnpaTrna. Makanazia HaKThl YaKbIT peKUMIHJIE (PU3UKANIBIK )KATTHIFYJIap ikl aBTOMATTHI TYP/IE
OakpuIay JKoHE OaranayJarbl KUBIHIBIK KapacThIpbUFaH. byt 3epTTeyaiH MakcaThl - alaMHbIH JIeHe
OITIMIH aHBIKTayFa apHaJFaH 3aMaHayd TepeH OKbITYy MojenbaepiniH (BlazePose, YOLOVS - Pose,
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MoveNet >xone HRNet) THIMAITIriH CanbICTHIPMANbl Tajlay MXOHE OJIApIbl JKATTHIFY CalachlH
Oaranay xyieciHe Kocy MYMKIHJiKTepiH aHbIKTay. JKyilie RGB Oeiine arpIHbIHA HETI3/1EITEH KOHE
alJBIH ajla eHjey, JeHe OITIMIHIH HYKTeJepiH aHbIKTay, OybIH OYpBIIITApBIH €CenTey >KoHe
KATTBIFYIBl JKIKTEY (IypbIC/Iyphic emec) Ke3eHuaepiHeH Typazabl. ToxipuOenik HOTHXeIepAeH
HRNet MozeniHiH €H KOFapbl JOJIIK WHICKCI Oap eKeHi aHBIKTAIbI, OipaK OHBIH KOFapHl €CenTey
KYPACNUTINiHIH HOTIXKECiHAEe Kimipic MoHi apransl. BlazePose TemeH pecypcrapipl KaXeT €TeTiH
KYpBUIFBUIAp/Ia JKOFapbl KaJp JKUUIIrH KamTamachl3 ereTiHi kepcerinai. YOLOvS-Pose monerni
JOTTIK TIEH OHIMIUTIK apachIHAaFbl €H JKaKChl BIMBIPAHBI KOPCETTI )KOHE HAKTHI YaKbIT PEKUMIH/IET 1
dbuTHEC >KYilenepl YIIIH OHTAaWIbl HYCKa PETIHAE YCHIHBUIABI. BybIH OyphIITApBIH €cenTeyre
HEeri3ACNTeH OMOMEXaHWKAIBIK Tajjay oOJICi JKATTHIFYIbl OPBIHIAY CallachlH CAaHJBIK Oaranayra
MYMKIHIIK OeperTini monenaenzi. XKyiieni Typanay ymaiiel GuTHEC, CHOPTTHIK JKATTHIFyJIap >KOHE
MEIUIMHAIBIK OHAJITY CajlaChlHAa KOJIJAHBUIYBl MYMKiH jkoHe 3D 1eHe mo3ackl MoJenbIepiH,
COHJIali-aK KEHICTIKTIK-yaKbITTBIK HEHPOHJBIK JKENUIepAl KOCY apKbUIbl OJaH opl >KaKCApThLIYbI
MYMKIH.

Kiar ce3mep: amaMHBIH 1M03achlH aHBIKTAy; KOMITBIOTEPIIIK KOpPY; TEpEH OKBITY; JICHE
KATTBIFYJIaphlH OaKpliay; HaKThl yakbIT )Kyilenepi; OyblH OypbimrapsiH ecenrey; Y OLOv8-Pose;
BlazePose; 6nomexaHukaibIK Talaay.
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KOHUENTYAJIbHBIE OCHOBbI MOHUTOPHUHI'A ®U3UYECKHUX
YIIPA’)KHEHUU B PEAJIbHOM BPEMEHU HA OCHOBE MOJEJIEU
KOMIIBIOTEPHOI'O 3PEHUSA U I'/TYBOKOI'O OB YUYEHMU A

AHHoOTanms. B cratee paccMaTpuBaeTcs 3aadya aBTOMAaTHYECKOTO MOHHTOPHHIA M OLICHKU
(GU3MUECKUX YINPAKHEHUI B pealbHOM BpeMeHU. llenblo JaHHOTO HCCIIEOBAHUS SIBISETCS
CPaBHHUTENIbHBIN aHanu3 S(PQPEKTUBHOCTH COBPEMEHHBIX MOJEJeld TIIIyOOKOro OOy4deHUs s
ompenenenus ocanku udeioBeka (BlazePose, YOLOv8-Pose, MoveNet u HRNet) u BbisBICHHE
BO3MO’KHOCTEH MX BKJIIOYEHHUS B CHCTEMY OLIEHKHM KauecTBa TPEHUPOBKU. CHCTeMa MOCTpPOCHa Ha
ocHoBe RGB-Buzeonoroka u BKIIOYAET ATAmbl MPEIBAPUTEIbHON 00pabOTKHU, OTPENIeNICHHsT TOUSK
OCaHKH, pacueTa YIJIoB CYCTaBOB M KJAaCCH(HKALUN TPEHHUPOBKU (IIPaBHIILHO/HENIPABUIBHO). U3
IKCIIEPUMEHTAIBHBIX PE3YJIBTATOB MOXKHO YCTAaHOBUTH, 4To MoJiesib HRNet nmeer camblii BEICOKMI
MoKa3aTesb TOYHOCTH, HO M3-3a BBICOKON BBIYMCIMTEIBHOM CIIO)KHOCTH YBEIMYMBAETCS 3HAYCHHE
3ajiepkku. bbiio okaszaHo, uto BlazePose obecrieunBaeT BRICOKYIO 4aCTOTY KaJJpOB Ha yCTpOicTBax
c orpaHu4eHHbIMU pecypcamu. Monens YOLOV8-Pose nokazana HaWIydIni KOMIIPOMHUCC MEXAY
TOYHOCTBIO M IPOU3BOAUTENIBHOCTBIO U ObljIa MPeUI0KeHa B KaueCTBE ONTUMAIBHOTO BapHaHTa Jyis
¢duTHEC-CHCTEM peanbHOro BpeMeHH. JlokazaH MeTo1 OMOMEXaHMYECKOTO aHaIn3a, OCHOBaHHBIN Ha
pacuere YIJOB CYCTaBOB, IIO3BOJIAIONIMMA KOJMYECTBEHHO OLIEHUTh KadyeCTBO BBINIOJHEHHUS
yrnpakHeHni. CrucTemMaTtuyeckasi OlleHKa BBIDABHMBAHUS MOXKET NMPUMEHATHCS B cepe (uTHeca,
CMOPTUBHOM MOJATOTOBKU M MEIUIIMHCKON peaOMIMTalliM, a TakKe MOXKET OBITh JIOMOJHUTEIHHO
yaydileHa 3a cuyet qooasnenus 3D-moenelt mo3sl Tena ¥ IpoCTPaHCTBEHHO-BPEMEHHBIX HEHPOHHBIX
cerei.
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KawueBble cioBa: onpeseicHUE TIO03bI 4YEJIOBEKa; KOMIIBIOTEPHOE 3pEHHUE; TIIyOOKOoe
oOy4yeHne; MOHUTOPHUHT (PU3MYECKHX YNPaKHEHHUI; CUCTEMBbI PEalbHOTO BPEMEHH; pacyeT YIiioB
cycraBoB; YOLOV8-Pose; BlazePose; bnomexanndeckuii aHaIu3.

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
YOLOV8-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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@ MoveNet M o

0.85F @ HRNet
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Acuuracy (AP Score)
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Frames Per Second (FPS)
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 = {FllFZl ""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
Inorm = ﬁ) (2)

where: [ — 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 |- - - ¢ '
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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, YOLOV8-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 = {(xf, y1), (x5, ¥3), ., (xf, v, 3)

where:

t—time period (frame index),

N—the number of pose points to be determined,
(xf, vH)—i-2D coordinates of the joint point.
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For example, The BlazePose model detects N=33 points, while the YOLOvV8-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 = fo(Fy), (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 = {(x{,y{, ¢}y, cf €[0,1] (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={pPt,pP? ..., 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 YOLOvV8-
Pose model was implemented based on the Ultralytics YOLOVS8 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:

0 = cos ! % (8)
Il BA Il BC I
vxihere:
Bfl =A—-B
BC=C-B
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- — scalar product

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

BA = (x4 — X, Y4 — ¥5) 9)

Scalar product:
BA-BC = (x4 — xp)(x¢c —x5) + (Va — y5) ¢ — ¥5) (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:

6(t) = f(PY) (12)
Joint angle speed:
o(t) = 0(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:

Omin < 0(t) < Oppax (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.

— e 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, YOLOvV8-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
YOLOV8-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 BerFuzt(;\?vver Q:\éirri%i/
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

was evaluated by FPS and average latency.

Table 3. Performance indicators of models

the highest classification accuracy. However,
YOLOV8-Pose is an effective alternative for real-time applications. The performance of the system

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 YOLOVS8
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 IIVTAHA 1 AHAJIN3 YCIIEBAEMOCTU CTYJAEHTOB HA
OCHOBE KPI 1 Z-SCORE

AnHotanus. Ilocine pepopmsl oOpazoBarenbHbix nporpamm 2022 roga UT-nanpasnenus B
By3ax KazaxcTaHa CTOJKHYJIUCH C CUTyallMed, KOTOpas CHayajia BBITJISAeNa KaK JIOKalIbHasl, HO CO
BpEMEHEM CTaJla MOBTOPATHCS. Y4UeOHbIe TUIaHbl (OPMaIbHO OOHOBIISIFOTCS, OJTHAKO UX BHYTPEHHSIS
JIOTHKA HE BCET/a YCIIEBAET 3a YCJIOKHEHHEM AUCIHUIUIHH, ocoOeHHOo B oOnactu UM. B MKTY uwm.
ScaBu Ha cneunanbHOCTH «HH(MOPMaLMOHHBIE CUCTEMBD» 3TO MPOSBUIIOCH JOCTaTOYHO 3aMETHO:
4acTb CTYJIEHTOB, KOTOPbIE YBEPEHHO MPOXOAUIN 0a30Bbl€ KypChl, Ha CTapUIMX Kypcax HAaUMHAIOT
TepsITh CTaOMJIBHOCTh B pe3ynbTaTax. He cpasy, HO 1oBoJibHO cucTeMHO. Bo3HMK Bompoc — rae
MMEHHO MPOUCXOTUT 3TOT «pa3pbiBy». AHAIM3 HAvaJCs C BHITPY3KU JAAHHBIX U3 cucTeMbl Platonus.
Ha sTroM srtame crano MOHATHO, YTO CaMU JaHHBIE JAJEKH OT HJCAJbHBIX: MPUCYTCTBYET IIYM,
MIPOMYCKH U HECOTJIACOBAaHHOCTH MEX Ay ceMecTpaMu. OUYMCTKa 3aHsJ1a OTACIBHOE BPEMS, U B KAKOM -
TO MOMEHT CTajO fCHO, 4YTO 0Oe€3 MpeABapUTEIbHON CTaHJApTU3AlMMU JIOObIe BBIBOJABI OyayT
coMHUTENbHBIMU. [locine mpumeneHus: Z-score HopMmanuzanuu U pacueta KPI mo kirodyeBbiM
JTUCITUTIIIMHAM KapTHUHA cTajia OoJiee onpenenéHHoi. B pasnbix motokax ot 14% mo 18% cryneHToB
CTaOWJIBHO MOMAJAI0T B 30HY MOBBIIIEHHOTO PUCKa. DTO HE PAa30BbI€ OTKIOHEHHUS, @ TOBTOPSIIOIIMICS
MaTTepH, KOTOPBIN yKa3bIBaeT HA MpoOJeMbl B 00pa3oBaTenbHON TpaeKTopuu. UTOOBl COKpaTUTh
3aJIep>KKy MEXy BOZHUKHOBEHHUEM IMPOOsIeMbl U €€ oOHapykeHHeM, OblT pa3paboTaH UHCTPYMEHT
Ha 6a3ze Streamlit. B oTianune oT cTaTHYECKUX OTYETOB, OH MO3BOJIAET OTCICKUBATH U3MEHEHHUS B
JTMHAMHKE U BUJETh OTKJIOHEHUS Ha paHHUX dTanax. [lo cyru, 3to pabounii untepdeiic, a He TPOCTO
BU3yanu3anus. [Ipaktnueckoe NmpuMEHEHHE MOKa3ajlo, YTO TaKOM MOJXOJ MOMOraer 3iBai3epam
kadenpsl «KoMmmbloTepHas UHKEHEPUs» PearupoBaTh paHbIlIe — A0 TOTO, KaK CTYJCHT JOXOIUT J0
nepecaadn. ITo He yCTpaHseT IpobiieMy MOJTHOCTHIO, HO MEHSIET MOMEHT €€ OOHApyXEHUS, a 3HAUUT
U BO3MOXXHOCTH BMewIaTeNnbCTBa. [loydeHHbIE pe3yapTaThl IMOKA3bIBAKOT, YTO MPEAWKTHUBHAS
aHAJIMTUKAa B 00pa30BaTeNbHOU cpele paboTaeT HE Kak JOMOJHEHHE, a KaK HEOOXOAMMBINA CIOM.
[Ipocras dukcamus cpenHero 6asia B KOHIE CEMECTpa B ’TOM KOHTEKCTE YK€ He JaéT T0CTAaTOYHOU
nHpopMaIuu.

KuroueBble ciioBa: apxutekTypa yueOHbIx minaHoB, KPI, cranmaptusanus 1aHHBIX,
oOpa3oBaTenbHas aHAIMTUKA, IPETUKTUBHBIE MOJIETH, TPYIIBI PUCKA CTYICHTOB
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OKY KOCHAPBIHBIH PO.JII )KOHE CTYJAEHTTEP YJTEPIMIH KPI MEH Z-
SCORE HEI'BBIHJE TAJIJAY

Angatna. 2022 xeutel OutiM Oepy OarmapnamanapeiH pedopmanaynaH kehiin Kazakcran
yuuBepcutrertepingeri IT Oarmapnamanapel Oactamkbiia KeprimikTi OoJibIl KepiHreH, Oipak
aKpIpbIHJIa KaWTalaHaThIH >Karjmaira tam Oosimel. OKy Oarmapiamanapel  (GopMmaibibsl TYpe
KaHAPTHUIAIBI, Olpak OJapJblH HETI3ri JIOTUKACKI TOHJACPMIH, ocCipece jKacaHIbl HHTEIUICKT
CaJIaCBIHJIAFBl KYPACNUIINIHIH apTyblHA OpJalibiM Coikec Keie Oepmeiimi. flcayum aThIiHIArsI
Kazakcran XaJbIKapaiblK TEXHUKAIBIK YHUBEPCUTETIHIE OYIT aKIapaTThIK XKyHerep MaMaHIbIFbIHA
alTapibIKTail OalKaJIbl: HETi3T1 KypcTapbl CEHIMII Typae asKTaraH KeWOip CTYICHTTEp COHFBI
KBUIIAPBI 63 YITepiMIepiHae TYPaKTBUIBIKTHI JKOFanTa Oactansl. byn Oipaen OosiraH k0K, Oipak
xKyHeni Oonnpl. By «anmakThIKTBIH» Kail )KepJie OpbIH aJIbI JKaTKaHbl Typajibl CYpaK TYbIHAAJbI.
Tanmay Platonus »xylieciHeH aepekTepii KYKTeyaeH Oactanasl. By Ke3eHze aepeKkTepiaid o3i
uaeangaH anblc eKeHl Oedrurl OoJabl: CeMecTpiiep apachlHIarbl Iy, QJIIIAKTBIKTap KOHE
coiikeccizikrep Oomnabl. Jlepekrepal Ta3apTy YakbITThl aijbl, ajd Oip COTTe aiJbplH aja
CTaHJApTTAayChl3 Ke€3 KeJIreH KOPBITBIHIBUIAD KYMOHII OoJaThiHbl Oenrunl Oonapl. Z-Oamn
HOpMaJIaybIH KOJIaHFaHHAH koHe Heri3ri monep yiriH KPI ecenrrerennen keiin sxaraail akpIH1a1a
TYCTi. OpTYyp:i OarbITTap OoWbIHIA cTyfaeHTTepAiH 14%-nan 18%-ra neltini yHEMi )KOFaphl Kayim
aiimarbIHa >kaTaabl. byn Oip peTTik aybITKylap eMmec, oJlapiblH OuliM Oepy TpaeKTOPUSCHIHAAFBI
Macenenep/il KepceTeTiH KalTanaHaThlH yiri. MaceneHiH 0acTanybl MEH OHbI aHBIKTAy apacChIH/IaFbl
Kigipicrepai azaity ymin Streamlit werizimmeri kypan skacanmel. CTaTHKalbIK ecenTepcH
alBIPMAaIIBUTBIFEI, OJ1 JWHAMHUKAIIBIK OaKblIayFa JKOHE aybITKYlIapAbl epTe aHBIKTayFa MYMKIHIIK
Oepeni. HeriziHen, OyJ1 Tek BU3yanu3aius eMec, )KyMbIc icTeiTiH unTepdeiic. Toxipubenik Koigany
OYJ1 TOCUIIIH KOMITBIOTEPJIIK HWHXKEHEpHsl KadeapachlHIaFrbl KEHECHIUIEpre CTYIEHT E€MTHXaHIbI
KaiiTa TalChIpFaHFa JCHIH epTepek Xkayarm Oepyre KeMeKTeceTiHiH kepcerTi. byn moceneni
TOJIBIFBIMEH KOWMaiIpl, OlpaKk OHBI aHBIKTAy COTIH, JIEMEK, apajiacy MYMKIHIIKTEPIH ©3repTe/ll.
Hotmwxkenep 6itiM 6epy opTachIHIaFbl 00JKaM/IbI aHATMTHKA KOCBIMIIIA PETIHIE eMeC, KaKETTi KabaT
peTiHze KYMBIC iICTeUTIHIH KepceTeni. CeMecTp COHBIHIA opTalia OaraHbl XKa3zy €HJIl OV TYpFbIIa
YKETKUTIKT1 aKrmapaT OepMeIi.

KinT ce3nep: oky OarnmapiamacelHbIH apxuTekTypachl, KPl, nepekrepi cranmaprray, Ou1iM
0epy aHAIMTUKACHI, OOJKAM/IbI MOJEIBIEP, TOYeKed TOOBIHIAFbI CTYIEHTTEP TONTaphI
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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 gquestionable.
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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

BBenenue

KauectBo BbIcIEro 00pa3oBaHHs TPaJUIMOHHO PAacCMATPUBAETCS KaK OJUH M3 KIIOYEBBIX
(akTOPOB pa3BUTHS TOCYIAPCTBA. DTO YTBEPXKJIEHUE OCTAETCA aKTyalbHBIM, OJHAKO 3a MOCJIEIHUE
rOJIbl €r0 Co/Iep KaHNue 3aMETHO U3MEHUIIOCh. Ecii paHbllle OCHOBHOM aKIIEHT Jieyiajics Ha Mpolecce
o0y4eHHUsI, TO CerojHs BCE vallle OIIEHMBACTCS €ro Pe3yibTaT — B paMkax mojaxoaa Outcome-Based
Education (OBE). B ato#i joruke y4eOHBIN MIaH HaYWHAET BOCIPUHUMATHCS HECKOJHKO WHAYeE.
dopMmanbHO OH MO-TPEXKHEMY MPEACTABIAET COOON MepedeHb MUCIUIUINH, HO Ha MPaKTHUKe 3aJaéT
TPAeKTOPHIO, 0 KOTOPOH CTYIAEHT ABMXKETCA OT 0a30BbIX 3HAHUII K 00Jiee CII0KHBIM HHKEHEPHBIM
pemienusaM. Hackoiibko 3Ta TpaekTopus IEHCTBUTENIBHO IOCIENOBaTebHA — BOMPOC HE BCEr/a
oueBuaHbId. [locme pedopm 2022 roma W OJHOBPEMEHHOTO YCHJICHHS POJU HCKYCCTBEHHOTO
nHTe/iekta B MT-cekTope 3TOT BOMPOC CTall MPOSIBIATHCA Ooiiee 3ameTHO. OOpa3oBaTeabHBIE
MPOrpaMMbl OOHOBJISIFOTCS, BBOJSATCS HOBBIE MUCIMIUIMHBI, Mepepacnupenensiorces KpeauTsl. [Ipu
3TOM HE€ BCerja sICHO, HACKOJbKO 3TH M3MEHEHUs COTJIaCYIOTCS C yX€ CYIIECTBYIOUIEH JIOTHKON
oOyuenus. OTaenbHbIE UCCIeI0BAaHUS PUKCUPYIOT MOJIOKUTEIbHYIO JMHAMUKY Ha YPOBHE CUCTEMBI,
XOTSI Ha YPOBHE KOHKPETHBIX MPOTPAMM CHUTYyaIlus MOKeT oTiauvarbes (Sumathi et al., 2024). Ha
MIPaKTHUKE ATO MPOSBISETCS HE cpa3dy. B HEKOTOPBIX Ipylmax CTYIEHTHI, KOTOpble 0e3 SBHBIX
TPYAHOCTEH MPOXOMIK 0a30Bble AUCLUUILUIMHBI, Ha 00Jee MO3JHUX ATalax HaYMHAIOT MOKa3bIBaTh
MeHee YCTOWYHUBBIE PE3yJAbTaThl. ITO HE PE3KOE CHIDKEHHE — CKOpEe MOCTENEHHOE «IIPOCEIaHue,
KOTOpPO€E CTAHOBUTCS 3aMETHBIM TOJILKO MPU CPAaBHEHUU HECKOJIBKHX CEMECTPOB.

31ech BO3HUKAET eIl o/iHa IpobiieMa — cocoObl olleHKU. TpaauiiMOHHbIe TOKA3aTEeNN, TAaKUe
KaK cpenHuil Oamy, JaroT olllee MmpeacTaBlIeHUE, HO HE BCErJa OTPaKarOT MOJIOKEHHUE CTyJeHTa
BHyTpHu Tpynnbl. Hanpumep, oaunakoBbiii GPA MoXeT COOTBETCTBOBATh Pa3HBIM CHUTYallUSM: B
OJIHOM CITy4ae 3TO CTaOMIIBbHBIN pe3yabTaT, B APYroM — ypOBEHb HIDKE CpeiHero. B pamMkax gjaHHOTO
UCCIIEIOBAHUS MPEANPUHATA MOMBITKA MEPEUTH OT OMUCATENBHBIX OIEHOK K KOJHMYECTBEHHOMY
aHanu3y. B kadecTBe OCHOBBI MCIOJIL30BaHbI JaHHbIe crcTeMbl Platonus. OqHako yxe Ha sTamne ux
MOJArOTOBKHM BO3HUKIIM CIIOKHOCTH — ITPOITYCKU, HECOTJIACOBAHHOCTH, PA3JIMUUS B CTPYKTYPE JaHHBIX
Mexay cemecTpamu. be3 ux mpeaBaputensHOil 00pabOTKM AanbHEHIIME BBIBOJABI BBITISACIN OB
coMHHUTENBHO. [l aHanm3a ucnoJsb3oBasicss noaxon ¢ npumeHeHuem KPI u Z-score. Ilpu atom
paccMaTpUBAIKCh CyIeCTBYoLME paboTsl Mo aAaHHOM TeMe (Alwarthan et al., 2022), onnako oHu
HCIIOJIb30BANIMCh CKOpEe KaK OPUEHTHUP, MOCKOJBKY 3a/laud U JaHHbIE B JAHHOM MCCIIEIOBAaHUU
OTNIUYaNuCh. TakoW MOIXOJ TMO3BOJISIET OIICHMBATh HE TOJBKO AaOCONIOTHBIE 3HAUEHUS, HO U
OTHOCHTEIIPHOE TOJIOKEHUE CTyJeHTa B rpymnme. B psne ciyuaeB 310 naér Gojee ycTONUMBYIO
KapTUHY, XOTS HHTEPIPETalMsl OCTaéTCS YyBCTBUTEIBHON K KAUYECTBY UCXOJHBIX JTaHHBIX.

OOBEeKTOM UCCIIeIOBaHMs BBICTYMAaeT oOpaszoBarenbHas mporpamma «HpopManmonHbie
cucteMbl» (2022-2026 rr.) Umxeneproro ¢akyiabtera MKTY. OcHOBHOE BHUMaHHE Y/eNsSeTcsl He
TOJIbKO WHIUBUAYAIbHBIM Pe3yabTaTaM, HO U IOBTOPSIOIIMMCS TPYIIOBBIM MaTTEPHAM, KOTOPHIE B
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CTaHJAAPTHOM OTYETHOCTHM YacTO OCTAlTCsd He3amMedeHHbIMH. IIpu d3TOM  yHUBepcurer
JEMOHCTpHUpYET U BHelHUE pe3ynbTaThl: B 2025 rogy MKTY Bomén B uncio 700 naydmmx By30B
mupa 1o Bepcuu QS (Qazlnform, 2024). OqHako Takue MOKa3aTeNId HE BCET/Ia HAIPSIMYIO OTPAKAIOT
0COOEHHOCTH BHYTpEHHEH 00pa30BaTeIbHON TPACKTOPHH.

MarepuaJjbl 1 MEeTOABI

B pabote ncnonb3oBaicsi KOMOMHHPOBAHHBIA MOJXO0J, OOBETUHSIOMNN JBa HANPaBIICHUS:
aHaJM3 CTPYKTYpPHl Y4eOHOTO IUIaHA M KOJMYECTBEHHYIO OIEHKY aKaJIeMHUYEeCKOH yCIeBaeMOCTH
cTyzeHTOB. Mi3HavaIbHO 3TH YaCTH pacCMaTPHUBAIIMCH OTIEIHHO, HO B ITPOIECCE CTAIO TIOHSATHO, YTO
10 OTJICIBHOCTH OHU JA0OT HETIOJIHYI0 KapTuHy. B kauecTBe mpumMepa Obliia B3siTa 00pazoBaTeIbHAas
nporpamMma «MHpopmannonusie cuctembl» 3a 2022-2026 IT. — 0 CyTH, AaHATTU3UPOBAIIUCH YETHIPE
Bepcuu ydeOHoro TuiaHa. OCHOBHOE BHUMAaHHE YIENSIIOCH PACTIPEICICHUIO0 KPEAUTOB, CTPYKTYpe
JIMCUUIUIMH W JIOTUKE TPEPEKBU3UTOB W TOCTPEKBU3UTOB. OTIETHHO OTCIECKUBAIOCH, KaK B
nporpaMMmy TIOCTENEHHO J00aBISUICh KYpPCHI, CBSI3aHHBIE C WCKYCCTBEHHBIM HHTEIUIEKTOM.
Teopernueckast yacTh cobupanach MO XOIy PabOTHI: MCHOJB30BAIHCH Mmybnukamuu 3 Web of
Science, Scopus u Google Scholar, HO He Bce U3 HMX OKa3aJIMCh OJMHAKOBO MOJE3HBIMU — YaCTh
MOBTOpPSJIa HW3BECTHBIE TMOJAXOMABI, YacTh cnabo JOXWIach Ha peajbHble JaHHbBIEC. Jlamee
paccMaTpUBAIKCh CBS3M MEXAY AWCHUIUTMHaMH. [Ipu aHanm3e cBsi3eid MeXAy TUCIHILTHHAMU
UCXOJWJIM M3 TOTO, YTO CTYAEHT crnocoOeH 3((GEeKTUBHO MNPUMEHATh 3HAHUA TOJIBKO TpHU
JOCTAaTOYHOM YPOBHE WX 0CBOCHHS. OTHAKO MPH MOIBITKE NIEPEHECTH Ty JIOTHKY Ha y4eOHBIN TUTaH
MOSIBIJIUCh OTPAHWYCHHUS: CBSI3W MEXAY NUCIUIUTMHAMHU HE BCErJa SBHO OTPaKEHBI, a WHOTIA
BBITJISAIAT (POPMATEHBIMH.

JIJ1s1 KOJTMYECTBEHHOTO aHAIIN3a MCIIOJTb30BANTUCH JJAHHBIE CHCTeMBI Platonus, BEITpy)XKEHHEIE B
dopmare CSV. Ha mpakTuke oOka3aaoch, YTO HMX HEJIb3sl HCIOJIB30BaTh 0€3 MpeABapUTEIBHON
00pabOTKH: BCTPEUYATUCh MPOMYCKH, TyOIUPYIOMIMECS 3alMUCH U PA3IHYUs B CTPYKTYypE MEXITY
cemectpamu. [loaToMy AaHHbBIE CHauana OYMINAIMCH M MPUBOAMUINCH K eAMHOMY BHAy. OleHka
yCIIEBaeMOCTH MPOBOIMIach Ha ocHOBe KPI-moka3aresneit — yduThIBANMCh TEKYIIUNA CPEIHUNA Ot
(CP.TEK), pesynbratsl pyoexubix kontposieit (PK1, PK2) u nonmyckHoii pedTHHT.

C yué€rom orpaHnyeHUi aOCOJIIOTHBIX OIEHOK ObLIa MPUMEHEHA CTaHAapTh3aims Z-SCOre.
Pacuér BpInonHsICA 10 Kilaccuueckoit popmyne: Z = (X — W) / 6, Tie X — MHAUBUAYaJIbHBIA Pe3ybTat
CTYIEHTa, L — CpelHEee 3HAUCHUE T10 TPYIIE, G — CTaHJapTHOE OTKJIOHEeHUe. B cutyanuu, korna ¢ =
0 (To ecTh 3HaueHHUs COBMAAAIOT), Z mnpuHUMancs paBHbIM 0. s BbIAENEHUS TPymNm pucka
MCII0JIb30BaJIaCh JOTOHUTEIbHAS KiacCU(pUKALUS: €Clii PeUTHHT cTyneHTa Ol Hike 50 6amios,
OH OTHOCHJICS K T'pYyIIe pUcKa He3aBUCUMO OT Z-score (Tabmuua — 1). OTAenbHO CTOUT OTMETHTD,
YTO MpH MOArOTOBKE TaONHMII M CTPYKTypUpOBaHMM JaHHBIX wucrnoib3oBaics ChatGPT kax
BCIIOMOTATENbHBIN HHCTPYMEHT. DTO MO3BOJIMIIO YCKOPUTH TEXHUYECKYIO YaCTh paObOThI, OJTHAKO BCE
pacuéTel W UHTEpPHpPETAlUU TMPOBEPSUIMCh BpPYYHYrO. /J[is BHU3yanu3anmuu pe3ylbTaToB ObLI
paspabotan BeO-uHTepdeiic Ha 6aze Streamlit, a ¢ momoursio Oubmuorexu Plotly mocTtpoensl
WHTEPAKTUBHBIC TPa(UKU U TEIUIOBbIE KAPThI, YTO YIPOCTUIIO aHAINU3 TUHAMUKU YCIIEBAEMOCTH.

Taoauna 1. Tabaua Z-Score

Z-Score Kareropus O0bsicHeHue
Z>+1.0 Boicokuil ypoBeHb Jlyumme
0<Z<+I Beimre cpennero CrabuibHO
-1<7<0 Hwuxe cpengnero TpeOGyer KOHTPOIS
Z<-1.0 I'pynmna pucka CpouHas noaaepKka
PE3YJIbTATHBI

B pamkax uccienoBaHus aHAJIM3UPOBAIUCH yueOHBIE IJIaHBI 00Pa30BaTENLHON MPOrpaMMbl
«MHpopMmaroHHBbIe cUcTeMBbI» 3a niepuoj 2022—-2026 rr. Eciau cpaBHUBATh UX MKy OO0, BUJTHO,
4YTO CTPYKTypa IPOrpaMMbl MOCTENIEHHO MEHSIAch — B OCHOBHOM 3a CUET IepepaclpeecHUs
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KPEIUTOB M OOHOBJCHHUS COJEpXKaHUA JTUCHMIUIMH. DOpManbHO y4eOHBI IUIaH COXpaHsSeT
TpéxuukioByto ctpykTypy (KBII — xanmer Ounim Oepy monnepi, BII — 6azansik nonaep, bXII —
Kocibu monnep). Ho mpu Oosiee BHUMATENTFHOM NMPOCMOTPE MEX]y TOJaMU TOSBJISIOTCS CABHIH,
KOTOpPBIE HE cpa3y 3aMeTHbI. CucTeMa MPepeKBU3UTOB M IOCTPEKBU3UTOB B IIEJIOM OCTAETCS, OJHAKO
Ha [IPAKTUKE OHa paboTaeT He BO BCEX NMOTOKAX OJMHAaKOBO. OTIENBHO paccMaTpUBajiach AUHAMUKA
JMCIHILIMH, CBSI3aHHBIX C UCKYCCTBEHHBIM MHTEIUIeKTOM (Tabmuma — 2).

Tabumua 2. JluHaMuKa TUCHUIUIMH B y4€OHOM IIaHE
Y4eOHBIN roa OcCHOBHBIE 0JJOKHM TUCIHMIIINH Oco0ennocT

AKIICHT Ha KJIaCCUYECKYIO
WH)XEHEPHYIO IOATOTOBKY
(Ministry of Education RK,

Marematuka, ®u3nka,
2022-2023 AnroputMmsl, bassl JaHHBIX,
ApXUTEKTypa KOMIIBIOTEPOB

2022)
20232024 Anroputmsbl, ba3el TaHHBIX, YBenudeHa 10715 mpoPHIIbHBIX
PoOotorexunka, U1/ML JIVCITATIIINH
[TpuxnagHoe
2024-2025 nporpamMvupoBanue, O0IauHbIe BBenén Mo aynb THOKHX
texHooruu, MadopmanmorHas HAaBBIKOB
6e3onacHocTh, Soft Skills
Brenenne B I, HelipoHnHbie
2025-2026 ceri/ML, KomIbioTepHoe MU cTan obasatebHbM

poeCCHOHAIBHBIM OJIOKOM
3peHHe

B 2022 rogy oHu 3aHUMAaJIM OKOJIO 5 KPEAUTOB U BOCIIPUHUMAIUCH CKOpPEE KaK JOMOJHEHUE.
K 2025-2026 rogam cutyamusi H'3MEHUIIACh — MOSIBUJICS YK€ 00s13aTeNbHBIN OJIOK MpuMepHO Ha 12
KkpeauToB. C OJHOM CTOPOHBI, 3TO BBIMVISIIUT JIOTUYHBIM IIArOM B TEKYIIUX ycioBusix. C npyroi —
JIeNI0 HEe TOJIbKO B YBENWYeHHH O0bEMA, HO M B HM3MEHEHHHM CaMOW CTPYKTYPbl MPOTPaMMBbI.
Hackonbko 3710 1aéT ycTo4MBBIN pe3yibTar, OKa CKa3aTh CI0KHO. PacnonoxeHune TUCIUILUIMH Ha
MIEPBBIA B3IUIA BBITJISAUT KOPPEKTHBIM: «ANTOPUTMBI» U «ba3pl HaHHBIX» UAYT Meped Kypcom
«BBeneHne B UCKYCCTBEHHbIN MHTEIUIEKT». OHAKO B pealbHOCTU 3Ta CBS3Ka pabOTaeT He Bcerja
OJIMHAKOBO. B 0o/IHUX rpynmnax nepexo] MpOXOAUT OTHOCUTEIHHO CIOKOWHO, B APYTUX BO3HHUKAIOT
3aMeTHbIe TpyAHocTH. [loxoxe, yTo popManbHO 3aJaHHbIE IPEPEKBU3UTHI HE BCerja 00eCIeYBaIOT
TOT YpPOBE€Hb IOATOTOBKH, KOTOPBIA OT HUX OXuaaercsa. OTAeNIbHOrO BHUMAHHUS 3aCIyKUBAET
nepepacnpe/esieHne ryMaHuTapHbIX AUCHUIUIMH. X o0beIrHEeHNEe B €IMHBIM MOIYNb MO3BOJIUIIO
OCBOOOJIUTHh YacThb KPEAUTOB IMOJ TEXHHYECKHE KypCchl. OTO YCHIUBAET WHKEHEPHYIO
COCTaBIISIOILYIO TpOorpaMMbl. Ho mpu 3TOM BIUSTHUE TAKOTO PEIICHHUS Ha 0JITOCPOYHBIE PE3yIbTaThl
MOKa HEOUEBUAHO — Takue 3P (HEKThl OOBIYHO MPOSBISIOTCS CO BPEMEHEM.

[Tpumenenne KPI/Z-Score Moaenu nmo3Boiuio NOIy4UTh OOJiee AeTATU3UPOBAHHYIO KAPTHHY
ycnieBaemocTH. B cpennem ot 14% 1o 18% cTyneHTOB nmonaiaroT B 30HY MOBBIIIEHHOTO pucKa (Z <
—1.0). Iloka3aTtenb HEMHOI'O BapbUpyeTCs MEX]y I'pyIlIamMH, HO caM MaTTepH HoBTopsercs. Yare
BCEro OTKJIOHEHUS MPOSBISIOTCS MpH Mepexojie K 0ojiee CIOXKHBIM AUCHUILIIMHAM — aJITOPUTMaM,
0a3aM JTaHHBIX, HEHPOHHBIM CETSAM. DTO, BEPOSITHO, CBSI3aHO C Pa3pbIBAMU B LIENIOYKE IPEPEKBU3UTOB,
XOTs1 0€3 JOMOJHUTEIBHOTO aHalu3a YTBEPXAaTh 3TO OJHO3HAYHO HeNb3d. [laHHble pyOeKHBIX
koHTpoJieit (PK1 u PK2) B psane ciryyaeB mo3BOJISIIOT BBISIBUTH IPYIIITY PUCKA yKe B Hayajle CeMecTpa.
3710 MaéT BO3MOXKHOCTh pearnpoBaTh paHbliie, HO 3()(HEKTUBHOCTH TAKOTO MOJIX0/1a CHIIBHO 3aBHCUT
OT KOHKPETHOMW T'PYIIIbI U TUCLUIUIAHBIL.

B kadectBe mpumepa paccMmarpuBajiach OJHAa M3 ydeOHbIX Tpymm. Cucrema IM03BOJISET
MOKa3aTh MO3UIMIO KaXJIOI0 CTYAEHTa OTHOCHUTENIBHO OCTaJbHBIX — C YU4ETOM TeKyllero Oana,
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peiituHra u Z-score. CTy1€HTbI C HU3KMMH 3HAYEHUSIMU aBTOMATUYECKH BBIJIENISIOTCS, UTO YIIPOLIAeT
nepBUYHBIN aHanu3. [Ipu 3ToM cama uHTEepnpeTanus Bc€ paBHO TpeOyeT KOHTeKcTa. Busyanuzamms
3]IeCh CKOpEe MOMOraeT ObICTPO COPUEHTHPOBATHCS, YeM aéT roToBoe pemeHue (Pucynok 1).

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

£ OunbTpbl U HaBUrauus |I 06UJ,aﬂ CTaTUCTUKa
@ 3arpysuTb Hosblit CSV 22 KonuuecTteo cTypeHToB 1l CpenHuii peiituHr 4 Cpava/ Otnpaska f\ 3oHa pucka
9 54.5 12/14 (86%) 2
WudopmMaumsa o aaHHbIX
3anncn 88 ¥ Ton-5 ctynenTos
CTY‘JEHTN 9 Ne CryaeHT Mpepmet PeiTuHr OPTEK
Nepwon  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 83.17

‘¥ Ton-5 cTyneHTOB

Ne  CrypeHT Mpeamer PenTuHr 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. Uatepdeiic ananutudeckoi cucteMsl Ha 6aze Streamlit

Oo6cy:xnenue

[TonydyeHHBIE pe3yabTaThl B IEJOM YKa3bIBAIOT HA HAJIMYHE CBSI3H MEXIY CTPYKTYPOM
y4eOHOT0 IJIaHa ¥ aKaJeMUYECKON YCIIEBAEMOCThIO CTYICHTOB, XOTS 3Ta 3aBUCUMOCTD MPOSIBIISAETCS
HE BO BCEX I'pyNIax OJWHAKOBO W TpeOyeT OoJiee BHMUMATEIBHOW MHTEpHpeTanuu. B 1emom 31o
COOTBETCTBYET M3MEHCHHSAM, KOTOPBIE B IOCIEIHUE TOJbl MPOUCXOIAT B CHUCTEME OOpa30BaHUS
Kazaxcrana (Narbaev et al., 2025), XoTs uX BIUsSHUE Ha OTJEIbHBIC TPOTPAMMBI MPOSBIISAETCS TIO-
pasHoMy. OIHHMM U3 3aMETHBIX M3MEHCHHH CTaji0 YCHJIEHHWE POJM JUCIMIUIMH, CBS3aHHBIX C
MCKYCCTBEHHBIM HMHTEJIEKTOM: 3a mepuon ¢ 2022 mo 2026 roa ux o6béM yBenuumicsa ¢ 5 mo 12
KPEAUTOB. DTO BBITVIAIUT JIOTUYHBIM IIarOM B paMKax TEKYIIMX TEHACHIIUH, OJIHAKO caM 1o cebe
POCT KPEIUTOB HE TapaHTHPYET YIYYIIEHUS PE3yJlbTaTOB — MHOTOE 3aBHCUT OT TOTO, KaK HOBBIE
JUCHUILTAHBI BCTPOCHBI B CYIIECTBYIOIIYIO CUCTEMY MTPEPEKBU3UTOB.

OTaenbHO CTOUT OTMETHTh TPUMEHEHUe Z-SCOre cranaapTu3anuu. Eciau onmupaTbcst TOJIBKO Ha
abCoIOTHBIE OLIEHKH, YacTh WH(popmauuu Tepsercs. Hampumep, pesynbtar «65 u3 100» moxer
03HayaTh PAa3HOE B 3aBUCMMOCTH OT YPOBHS TI'PYINIbL: IPHU CPEIHEM 3HaUYe€HUHU 0KoJio 80 3TO cKopee
CUTHAJI CHU)KEHUS MO3UIINH, TOTJa KaK IPU CPETHEM YPOBHE 55 TOT )K€ MOKA3aTelNb YK€ BBITJISAUT
uHayve. [ToaToMy OTHOCHTENbHBIE TIOKAa3aTeNn JAI0T 00Jiee TOUHOE MPECTaBIeHUE, XOTS U TPEOYIOT
OCTOPO>KHOW MHTEPIPETALIH.

[Ipu »TOM MoAens uMeeT orpaHuveHus. B HeOompmux rpymmax (MeHee 15 denoBek)
CTaTUCTUYECKasi YCTOMYMBOCTh CHUIKAETCS, U PE3YJbTAThl CTAHOBSTCS MEHEE Ha/IEKHBIMU; B TAKUX
Cily4yasiX pa3yMHO [OMOJIHATh AaHalW3 allbTepHaTUBHBIMU MeTpukamu. Kpome Ttoro, Hemnb3s
WCKITIOYATh BJIHSHUE CYObEKTHMBHOCTU NPHU BHICTABIEHWHU OIIEHOK B cucTeme Platonus, 4uto Takxke
OTpa)KaeTcsd Ha MTOTOBBIX JIaHHBIX. BHEIIHWE MOKa3aTead YHUBEPCHUTETA, HAIpPUMEpP MO3UIUU B
peHTUHIrax, B LEJIOM TMOJATBEPKIAIOT HAMPABIEHWE pA3BUTHUS, HO OHM HE BCErJa OTPaAXKaIOT
BHYTPEHHIOIO COTJIACOBAaHHOCTh Y4€OHOTO TpoIlecca.
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B wTore mpennokeHHBIN MOJIX0J MOKHO paccMaTpHBaTh CKOpee Kak pa0Ouuii MHCTPYMEHT
aHallM3a, 9eM Kak yHuBepcallbHOe pemieHue. Ero a¢(heKTHBHOCTh BO MHOTOM 3aBHUCHUT OT KadecTBa
HUCXOJHBIX JAHHBIX U KOHKPETHOIO KOHTEKCTA IPUMEHEHUS.

3akiiloueHue

[IpoBenéHHOE aHATUTUYECKOE HCCIIEOBAaHUE II03BOJMIIO PACCMOTPETh M3MEHEHUSI B
CTPYKTYpe y4eOHOTO IuiaHa oOpazoBaTenbHOM nmporpammbl «MHpopmanronnsie cuctembny MKTY
3a mepuox 2022-2026 rr., a Takke orneHuts npumenenune KPI/Z-Score moxenum mns ananmsa
yCIIEBAEMOCTHU CTYJIEHTOB. B 11€J10M MPOCIEKUBAETCS CBA3b MEXK/Yy ApXUTEKTYpPOH yueOHOro IU1aHa
U pe3ylbTaTaMy 0Oy4€HHs, XOTsl B Pa3HbIX IPyNIaX OHA IPOSBISETCS IO-Pa3HOMY.

OpauM 13 HaAOMIOACHUN CTANO YCUJIEHME POJIM JUCLUUIUIMH, CBS3aHHBIX C MCKYCCTBEHHBIM
uHTEIEKTOM. VX 00bEM 3aMETHO YBEIMUMIICS, YTO B LIEJIOM COOTBETCTBYET TEKYLIUM TEHICHIUSM.
[Ipu sTOM cam 1o cebe pOoCT KPeAUTOB HE TapaHTUPYET YIy4llIeHUs Pe3ylbTaToB. B HEKOTOpBIX
Cllydasix Mepexoj K TaKUM JUCLUUIUIMHAM OKa3blBaeTcs 0o0Jjiee CIOKHBIM, YeM IPEAINoJaranoch.
AHanu3 npepekBU3UTOB M0Ka3aj, 4T0 (POpMalIbHO BEICTPOCHHAS JIOTHKA HE BCETAa pabOTaeT Tak, KakK
oxxujaercs. MHorzna cBsi3b MeXay AUCUUIIIIMHAMYM COXPAHSETCS CKOpee Ha YPOBHE CTPYKTYpPBI, YEM
Ha YpOBHE peaibHOTO ycBOeHHus. PesynpraThl mpumenenus KPI/Z-Score monmenu mokaszamu, 4To
OTHOCHUTEINIbHAs TO3ULHUS CTYJEHTa B TPYIIE IO3BOJSET TOYHEE OIEHUTh €ro akaJeMHYecKoe
TMIOJIOXKEHUE 110 CPABHEHUIO C a0COMIOTHBIMU Oaiimamu. [1pu 3ToM nHTEpIpeTanus Takux rokaarenen
3aBUCUT OT KauecTBa JaHHBIX M OCOOEHHOCTEM KOHKPETHOM TpyIIbl — 3TO OrpaHUYECHHE
COXpaHSETCH.

B pamkax maHHON paOOThI MHCTPYMEHT paccMaTpuBajcCs Kak JIOKalbHbBIM, 0€3 3aauu ero
BHEJIPEHHUsA. DJTO BaXHO YYUTHIBATH MPU HHTEPIIPETAUHM TOJYyYEHHBIX pPe3yabTaToB. B 1emom
MPEAJIOAKEHHBIN NOIX0 JAE€T JOMOJHUTEIbHOE NOHMMAaHUEe JUHAMUKH yceBaeMocTu. Hackombko
OH Oy/leT yCTOMYMB IpU PACHIMPEHUU BBIOOPKM TIOKa HE COBCEM SCHO U TpeOyeT AalbHEHIIero
HaOJIFOIEHUS.
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KATTBIT'Y KO3FAJIBICTAPBIH KOMIIBIOTEPJIIK KOPY KOMEI'ITMEH TAJIJIAY
KOHE TUIMAUIITTH BAFAJIAY

Anaarna. Makanaaa KOMIObIOTEPIIIK KOpY KoHE M03aHbl Oaraiay TEXHOJIOTUsIIaphbl HET131H/1e
(buTHEC KATTHIFYJIAPBIH HAKTHI YaKbIT peKUMIHJE OaKpliay MEH Oaranay/blH FhUIBIMU-9ICTEMENTIK
HeTi3/iepl TangaHajbl. 3€pTTEYAIH MakcaThl - Olp Kamepalbl opTaja OpbIHJIAJIaThIH (PUTHEC
KATTBIFYJIAphIH Oarajnayra apHaJlFaH >KylelepaiH KYpPbUIBIMBIH, HET3T1 ecentey OenruiepiH oHe
KOJ/1aHOalIbl MIeIIMAEPIH FRUIBIMU TYPFBIIAH JKyileney. 3epTreye aHadUuTHKAIbIK 10y, XKyHenl
Tajay JKOHE CAJBICTBIPMAJIBI CUHTE3 oficTepl KoJmaHbuIbl. Jlepekke3 6a3achl aJaMHBIH KaJIbIH
Oararnay, KO3FaJIBICTHI TAJAAY, KAIIBIKTHIKTAH XKATTHIFY bl OaKbIIay )KOHE HAKTHI YaKbIT PEKUMIHIIET 1
Kepi Oailanbic sxyienepl OOMBIHIIA 3aMaHayH KYMbICTapJaH TypAbl. Tangay HoTHXKeciHae GuTHEC
KATTBIFYJIAPBIH HAKThl YaKbIT PEKHMIHIE OaralayiblH TOPT JCHICHII KYPBUIBIMBI aHBIKTAJIBL:
JICHEHIH TIPEK HYKTEJIEPiH aHbIKTay, KHHEMATUKAJIBIK EPEKIISITIKTEP Il ATy, KO3FaIbIC (ha3achIH JKOHE
OpBIH/IAY CalachlH Oarajay JKOHE MalIaiaHyIIbIFa TYCIHAIPUIETIH Kepi Oainanbic 0epy. CoHmai-ax,
TEOMETPHSUTBIK, YaKBITIIIA KOHE CallaJIbIK epeKIIeNiKTep i Oipiecin naiaiany MyHAal xyrdenepIiH
CEHIMJIUTIT1H apTTHIPATBIHBI aHBIKTAIBI. JKYMBICTBIH FBUIBIMH JKAaHAIBIFBI (DUTHEC JKATTHIFYJIaphIH
Oarajnay mpoIleciH 06eJIeK arOPUTMIED KUBIHTBIFBI PETIHAC EMEC, 63apa 0alIaHbICTHI CAH IBIK TATIAYy
LUKJIl peTiHJe YChIHYAAH Typanabl. byn TocuiaepAiH MpaKTHKAIbIK MaHbI3AbUIBIFBI OJIAPIbIH YiiIe
KATTBIFY, OHJIAlH QUTHEC MIaTgopmaliapsl, AeHe HIBIHBIKTHIPY/Ibl OaKbLIay KOHE OacTanKbl OHANTY
YIIH KOJIaHbUTYBIH/A.

TyiiiH ce31ep: KOMIIBIOTEPINIK Kepy, IMO03aHbl Oaranay, (DUTHEC KATThIFyJapbl, HAKTHI
yaKbITTarbl Oaranay, KuMbULIBI Tannay, MediaPipe, kepi OaiiaHbIC Kyienepi.
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AHAJIN3 TPEHUPOBOYHBIX IBHKEHUI C UCIIOJIb30BAHUEM
KOMIIBIOTEPHOI'O 3PEHHUSA U OINEHKA UX DOPEKTUBHOCTHU

AHHOTauusi. B wuccnenoBaHMM NPUMEHSUIMCh METOJbl  AHAIUTHYECKOro  0030pa,
CHUCTEMATUYECKOTO aHAJIN3a U CPAaBHUTENIBHOTO CHHTE3a. VICTOUHMKAMU MOCITYXUIH COBPEMEHHBIE
pabOTBl IO OILIEHKE OCAaHKU 4YeJOBEKa, aHaiu3y JBUKEHHUH, TUCTAaHIIMOHHOMY MOHUTOPHUHTY
bu3nYecKuX ynpaxxHeHU| U cucTeMaM 0OpaTHOM CBS3M B pealbHOM BpeMeHH. B pe3ynbraTe aHamm3a
ObUla BBISIBIIEHA YETHIPEXYPOBHEBAs CTPYKTypa /sl OLEHKU (PUTHEC-YIPAKHEHUH B pealbHOM
BPEMEHU: OIPEJIEIICHUE TOUEK ONOPHI TeJa, U3BJICUEHHE KMHEMATUUYECKUX XapaKTEPUCTUK, OLICHKA
¢da3pl  JBIKEHUST M KauyecTBAa BBINOJHEHHs, a TakXke MPEJOCTaBICHUE I0JIb30BATEIIO
UHTEepOpeTupyeMoil oOpaTHOW cBs3u. Takke OBUIO YCTAaHOBJIEHO, YTO KOMOMHHPOBAaHHOE
HCIIOJIb30BAHUE TEOMETPUYECKMX, BPEMEHHBIX M KAayECTBEHHBIX XapaKTEPUCTHUK ITOBBIILIAET
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HA/IKHOCTh TakMX cucTeM. Haydnas HOBHM3HA paOOThHI 3aKiIOYaeTCsl B MPEACTABICHUU Ipolecca
OLICHKM (UTHEC-YNPAXHEHUH HE KaK COBOKYIIHOCTH OTJIEJIBHBIX aJrOPUTMOB, a Kak
B3aMMOCBSI3aHHOTO IIU(POBOTO aHATUTHYECKOTO UKIIA. [IpakTndeckas 3HaYUMOCTh 3TUX MOJIX0/I0B
3aKII0YAeTCs] B WX NPUMEHHUMOCTH MJIs JOMAIIHUX TPEHUPOBOK, OHJIANH-(QUTHEC-TUIaTPOpM,
MOHHUTOPHUHTA (PU3UUECKON MOATOTOBKH U HAYAJIbHOU peaOuInTaIluH.

KuroueBrble cj10Ba: KOMIIBIOTEPHOE 3pPEHUE, OLICHKA OCAHKH, (PUTHEC-YIIpaKHEHNUS, OLIEHKA B
pearbHOM BpeMeHH, aHaiu3 ABrokeHnid, MediaPipe, cuctemsl 00paTHO# CBS3H.
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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 )KBUTIAPBI cMapTHOH, HOYTOYK JKOHE BEO-KaMepa CUAKTHI KOJDKETIM/II KYPBUTFbUIAP IBIH
KEH Tapayiybl ajJlaM KUMBUIBIH aBTOMATThI TaJlJIayFa HETI3eNTeH NUQPIBIK MENIMICPAiH JaMYbIH
xenennerti. by ypaic ¢utHec MHIyCTpUsAChIHIA, (GUTHEC MOHUTOPUHTIHAC JKOHE KAIIBIKTHIKTaH
OKBITYZIa €peKIlle MaHbI3Fa ue O0iIbl. J[oCTYpili KATTBIFYy MPOIECIHAC KO3FAIbIC Carachl oJIETTe
KATTHIKTBIPYIIBIHBIH ~ TiKeleW OakplIaybl apKbUIbl OaralaHalbl, al KOMIIBIOTEPIIK Kepy
TEXHOJIOTUsITaphl OYJI MPOIIECTI CaH/IBIK HEri3re aybICThIpyFa MyMKiHaik Oepeni (Badiola-Bengoa &
Mendez-Zorrilla, 2021; Gao et al., 2025; Stenum et al., 2021). Agam aeHeciHiH Heri3ri Tipek
HYKTEJIEpIH aBTOMATThl TYpJi€ aHBIKTANUTBIH KalbIl Oaranay anroputmiaepi OybIH OYpBIIITapbIH,
KO3FaJIbIC aMIUIUTYJAChIH, TPAeKTOPUS TYPAKTHUIBIFBIH, CUMMETPHSICHIH JKOHE OPBIHIAY BIPFAFbIH
ecenteyre MyMkinik 6epeni (Cao et al., 2017; Tharatipyakul et al., 2024). Onebuerrepae kamepara
HETI3JIeNITeH Kalbll Oaranay oficTepi CIOpPT, JEHCAYNbIK JKOHE JieHe OeJICEeHIUNr1 cajalapblHaa
KeHiHEeH KosmanblLiateiHbl kepcetinren (Badiola-Bengoa & Mendez-Zorrilla, 2021; Gao et al., 2025;
Stenum et al., 2021; Tharatipyakul et al., 2024). ConbiMeH KaTap, jKe€Ke 3epTTeyJep KO3FabICThI
OakpuIay, )KaTTHIFY calachlH Oaralay, KaTelep/i aHbIKTay HeMece Jie3/1e Kepi Oailianbic Mocesenepin
Oenek Kapacteipyra Oeitim (Ekambaram & Ponnusamy, 2024; Heo et al., 2026; Kotte et al., 2024,
Wo0 & Jeong, 2025). JlerenmeH, Oip Kamepasbl OpTa/ia )XYMBIC ICTEHTIH )KOHE KaJIbIN aHBIKTAY/IbI,
KMHEMAaTUKAJBIK EPEKIIeNIKTepAl anypl, Ko3Fralbic (ha3achklH Oaranayibl jKOHE MaiilalaHyIIIbIFa
BIHFAWJIBl Kepi OalmaHbICTBI OIPIKTIPETIH KEIIeHi aHATMTHUKAIBIK MOJENb JKETKUIIKTI Typhae
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xyHhenenoered. OcbiFaH OalIaHBICTBI HAKTHI YaKbIT PEXKUMIHACTT (PUTHEC KATTHIFyJaphlH Oaranay
KYHeNepiHiH FHUIBIMU JIOTHKACHIH, KYPBUIBIMABIK KOMIOHEHTTEPIH >KOHE KOJIJaHy HICKTEYJepiH
KEIICH/II TaJ/1ay OTe ©3€KTi.

3epTTeyniH MakcaThl - KOMIBIOTEPIIIK KOPY HETi3iHAe (UTHEC KATTHIFYJIApbIH HAKTHl YaKbIT
pexxuMinze Oaranay >kyienepiHiH Ma3MYHBIH, KYPBUIBIMBIH JKOHE KOJJIAHBLTY JIOTHKACHIH FHUIBIMU
TYPFBIIAH XKYiieney. 3epTTey HbICaHbI peTiHJe BeO-Kamepa HeMece cMapT(hOH KaMmepachl apKbLIbI
OPBIHAATATHIH JKATTBHIFY KO3FAJBICTAPBl alIBIHIBI. 3€PTTEY MOHI - OChI KO3FAIbICTAp/IaH aJIbIHATHIH
JIeHE TipeK HyKTesepi, OybIH OyphIITaphl, yaKbITTHIK KaTapiap, KaiiTajgay CaHbIH €CEITey )KOHE Kepi
Oaiimanpic reHepanusachl. JKYMBICTBIH MIHIETTEpl: HAKThl YaKbITTarbl Oarajay >KYHeCiHIH
apXWUTEKTypachlH aHBIKTAay, HET3ri ecenTey OenruiepiH cumarray, KOJIJaHOalbl HIemIiMaep.i
CaJIBICTBIPY KOHE OJIAPBIH MPAKTHKAIBIK MIEKTEYJIEPIH KOPCETY.

JKYMBICTBIH FBIIBIMH XKaHABIFBI (PUTHEC )KATTHIFYJIapPbIH Oarajay Mporeci TeK «aypbic/Oyphicy»
KIKTEY IIEHOepiHJIe FaHAa eMec, COHBIMEH KaTap JIEHEHIH TIpEeK HYKTEJIepIH aHbIKTaydaH Oacrar
TYCIHAIPUIETIH Kepi OalIaHBICTBl JKETKI3yre JeHIHT1 TOJBIK CaHIBIK MUK  PETIHJE
KapacThIPBIIATBIHABIFBIHA. TOXKIpHOETIK MaHBI3ABUIBIFBI MYH/IAH XKYHENep i Yile )KaTThIFyIapa,
OHJIaliH (uTHEeC IIaTGopmaliapblHAa, JE€HE HIBIHBIKTHIPYIbl OakbuIayAa >KoHE OacTamlKbl OHAITY
KE3€HIH/Ie KOJIJJaHy MYMKIH/II'IMEH aHbIKTala/lbl.

3epTTey JicTepi MeH MaTepuasaap

3epTTey AHANWTHKAIBIK IOy, OKYHENiK Tajjay, CajdbICTRIpMabl Taljaay O KOHE
TYKBIPBIMIAMANIBIK MOJENIBJICY oJicTepiHe HerizgenreH. Jlepekke3 0a3achl agaMHBIH KaJITBIH
Oaranayra, JIeHE KO3FaJIbICTApbIH KOMIBIOTEPJIIK KOpy TajllayblHa, HAKThl YaKbIT PEKHUMIHJET1
KATTBIFYJap/Abl OakpliayFa >KoHE Kepi Oailnanbic kyHenepiHe apHanraH 11 FbUIBIMH KYMBICTaH
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 »ymbicTapra Kyieni
mioJrysiap, KojjaHOa apXUTeKTypanapbl, HAKThl YaKbIT PEXKUMIHIET1 JKAaTTBIFyJIapabl Oaranay
MO/IENBIEP1, OHAJTY JKATTHIFYJIApbIH OaKbLIay JKyHeaepi )KoHe KYPBUIFbI PSKUMIHJIC )KYMBIC ICTEUTIH
mentiMaep Kip/ii.

3eprrey OipHemne ke3eHae Kyprizunal. bipiHmii ke3eHae GUTHEC KaTTHIFYJIapblH Oaraiayra
KATBICTBl HETI3T1 FHUIBIMH OarbITTap aHBIKTAJbI: KaJIbIH Oaranay, KO3FajbIC CalachbiH Tajjaay,
KaliTajayJpl caHay, KO3FalbIC (Da3achblH TaHy >KOHE HAKThl YaKbIT peXHUMIHIEri Kepi OailnaHbIC.
ExiHmii ke3eHjie 1oty >KYMBICTaphIHAH OPTAK (DYHKIIMOHAIABIK KOMIIOHEHTTEP ajbIHIbI. Y IIIHIII
Ke3eHje OyJl KOMIIOHEHTTep TNeOMETPHUSUIBIK, YaKbITIA >KOHE calaiblK epeKIIenikTepl OoilbIHIIa
TONTACTHIPBULABI. TOPTIHII KE3EHJIe HAKThl YaKbIT PEKHUMIHIEr! (puTHECTI Oaranmay KyHeciHiH
KAIMBUIAHFAH TYXKBIPBIMIAMAIIBIK KYPBUIBIMBI  YCBIHBUIIBI JKOHE KOJJAHBUIATHIH IICHIIMACD
CAJIBICTBIPBLUIIBI. ¥ CHIHBUIFaH TaJlay JOTUKACHI OeifHe aFbIHBIH alyAaH OacTan naiganaHyuibiFa Kepi
Oaitmanpic Oepyre JeifiHri e3apa OaimaHbICTBI Ke3eHaepaeH Typaabl (1l-cypet). byn xkyite
MaueHTTep 1 peabuinTanusiay Ke3iHAe oJap IbIH )KaTTHIFyIapbIH JYPBIC OPbIHIAYbIHA KOMEKTECIII,
KaJIblHA KeNly YaKbITBIH KBICKApTyFa JKOHE JKapakaT ally KayImiH a3aiiTyra MYMKIHIIK Oepei.
Connpikran, BlazePose wmerizimzeri skyiienep peabuiuramus OargapiaMaiapblH THIMII KYy3ere
acwIpy/ia MaHbI3/IbI POJI aTKapa ajajibl, OUTKEeHI OJlap MAIlMeHTTEPre HAKThI aKbIT PeXKUMIH/IE KOy
koepcereni (Yang, H et al, 2022). Peabunuramms mpouecinae BlazePose TtexHomoruscer
MAUEHTTePAIH KATTBIFyIapblH TUIMII OpbIHAAayblHA KOMEKTeceql, Oy oJlapJblH KallblHA Kely
YaKbITBIH KBICKApTyFa KOHE JKapakaT any KaymiH aszaiTyra bikmana eremi. Ocbuiaiimia, BlazePose
TEXHOJIOTHSICBIH KOJIJaHY apKbUIbI MallUEHTTepre peaduiauTanus Ke3iHJe KO3Fallbic TEeXHUKACHIH
KaKCApTYFa KoOHE KATThIFyIapAbl THIMAL OpbIHAAayFa MYMKIHAIK 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. OutHec XaTTBIFyJIapbIH HAKTHI YaKbIT pEKUMIHJIE Oaranay )KyHeciHiH
KYPBUTBIMJIBIK, ChI30aChI

Marepuaniplk Heriz periHjae crangapttel RGB-0Oeiine, 0ip kamepasnbl Tycipy OpTachl,
MediaPipe/BlazePose cuskrtel mno3aHbel Oarajnay airoputMmaepi, J€HE TIPEK HYKTEeJIepiHiH
KOOpJIMHATalapbl JKOHE COJI KOOpJAMHATaJap/laH €CeNTeNIeTIH KUHEMaTHKaJIbIK Oenruiep
kapacteipslibl (Ekambaram & Ponnusamy, 2024; Heo et al., 2026; Woo & Jeong, 2025). Mynaii
TOCUIAEP/Il TaHAAY OJIAPBIH KeH KOJDKETIMIUIINIMEH, KOCBIMIIA KYPJENl CEHCOPIIBIK kKabIbIKTapra
KKETTUTIKTIH OOJMaybIMEH JKOHE HAKThl YaKbIT PEXHMIHJE ICKE achIpyFa >KapambUIbIFbIMEH
TYCIHIIpUIEAl. ©aicTeMeNiK TYPFbIIaH aliFaH/1a, HAKThl YaKbIT PEKUMIHIET1 (PUTHEC JKATThIFyJapblH
Oaranay jKyiecl KeJecl ecenrTey Ti30eriHe HeT3eNreH: KaapHbl any, ajJaM KaHKAChlH aHBIKTAy,
KHHEMATHUKAJIBIK CPEKIIEeTIKTI ecenTey, JKATThIFy KYWiH TaHy >KOHE IaliJalaHyIIbIFa TY3eTy
CUTHAJIaphl MEH Mporpecc Typaisl aknapat 6epy (Ekambaram & Ponnusamy, 2024; Kotte et al.,
2024). Ocpl 0THKa (PUTHEC KATTHIFYbIH OaFanayabl OKIIAYy alTOPUTMIEP KUBIHTHIFBI PETIHIE EMEC,
e3apa 0aiiylaHbICKaH MUQPIBIK TANAY MUKl PeTiHAE TYCIHIAIpYre MYMKIHIIIK Oepe/tl.

OchIFaH coliKec, HaKThl YaKbIT PKUMIHACT] Oaranay Kyihenepin 3epTreyne 0acThl Hazap TeK
QITOPUTMHIH JONJITIHE FaHa €MeC, OHBIH MPAKTHKAIbIK TYPaKThUIBIFbIHA, MaiiagaHylIbiFa
OCHIMACNTINTITIHE JKOHE OPTYpJIl OpTaaa XKYMBIC icTey KaOuIeTiHe Jie aynapbulybl KaxeT. ATam
alTKaH/a, KapBIKTAHABIPY >KaFIalbIHBIH ©3Tepyl, Kamepa OyphIlibl, (POHIBIK Keaepriiep, eHe
O6JIKTEepiHIH XKapThlaai KAOBLITYbI JKOHE naiaTaHyIIbIHBIH AHTPOTMIOMETPHSIIBIK
allbIpMalIbUIBIKTAPhI 103aHbI Oarasay canacbiHa Tikeneil acep eteni. COHIBIKTaH MYHJIa xyhenepal
Oaranay OapbIChIH/A TEK KaHa 3epTXaHANbIK JKaFAali1a aJbIHFaH HOTHXKEJIEPMEH IIEKTeIMEeH, oap/Ibl
yH JKaFAalbIHAa, CIOPT 3aJIbIHA JKOHE OHAITY OPTAchIHAA KOJJaHy cleHapuiiiepi OOWbIHINIA a2
KapacThIpy MaHbI3[bl. byl Tocil >KYHEHIH WIbIHAWBI OPTaJaFbl CEHIMIUIITIH apTTBIPHIN, OHBIH
KOJITaHOAJTbI KYHBIIBIFBIH HAKThUIAYFa MYMKIHIIK Oepeti.

CoHbIMeH Oipre, HaKThl YaKbIT PEXKHMIHAETT (UTHEC >KATTHIFYJIAphIH Oaranay Ky#elepiH
xo0banay Ke3iHJe TYCIHAIpUIETIH Kepl OaiimaHbic TETIri epekiie MaHb3Fa ue. [laligananymisira Tex
«TYPBIC» HEMECE «KaTe» JIETeH HOTHXKe Oepy )KEeTKUIIKCi3, KepiCiHIle, KaHaail OybIHHBIH KO3FabIChI
aybITKBIFAHBIH, Kall (pa3ana KaTe KETKEHIH KOHE OHBI TY3€TY/IH KaHJail oJbl 0ap eKeHIH KOpceTy
KakeT. OChIHIal TYCIHAIPUIETIH TOCLT MailalaHyIIBIHBIH KaTTHIFY/bI CaHAJIBI TYPAE OPbIHAAYbIHA,
KaTesepi Te3 Ty3eTyiHe KoHe KO3FalbIC AAaFIbICHIH JKYHeNl Typ/e ®KeTUIaipyiHe >KarFaai skacaii Ibl.
Hormxkecinae, KOMIBIOTEPNIK Kepy HETi3iHIeri jxyihenep QUTHEC callachlHIa FaHa eMec,
JICHCAYNBIKTBI CaKTay, KAMBLI OEJICEHIUTINH apTThIPy JKOHE aNJbIH aly CHUMATHIHAAFbl UGPIBIK
memimMaepae e KeHIHeH KOJJIaHBUIAThIH oMOe0an TeXHOJOTHUSIIBIK HETI3 peTiH/e KapacThIPHLITYbI
MYMKIH.

Tajnnay MeH HITHIKEJIep

Tanmay HaKTbl yaKbIT peXUMIHIETT (UTHEC >KaTTBIFYJIApblH OaranaylblH TepT e3apa
OaifmaHbICTHI KAOAThIH aHBIKTAAbL. BipiHIni Kabat - IeHeH1H TIpeK HYKTeJepiH aHbIKTay. by ke3zeHe
KaMepa KaJpbIHIaFbl ajaM JEHECIHIH KYpPbUIBIMBI CaHJBIK KOOpPAMHATTAp PETIH/E KepceTienl.
Exinmi kabar - KMHEMaTHKAJIbIK epekiienikrepai amy. MyHaa OyblH OypbIITapbl, KO3FalbIC
aMIUTUTYAAChl, JKbUIIAMIBIK, TPACKTOPHs >KOHE CHUMMETPUS CHUSKTBl KOPCETKIIITEp ecenTesel.
Yrinmni kabart - menriv Kadbuiiay Jorukacsl. byt nenreiine Kosransic pas3acel, KaiiTanaay caHbl )KoHeE
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KATTBIFY canachl aHbIKTaaabl. TepTiHIIi KabaT - Kepi OaillaHBICTHI KaMTaMachl3 eTy. byi ke3eHie
naiiiananynsl TYCIHIKTI Ty3€Ty aKmapaTblH BU3Yalbl, MOTIHAIK, ayJM0 HEMece CaHIbIK (opmarra
ananpl (Ekambaram & Ponnusamy, 2024; Heo et al., 2026; Kotte et al., 2024; Woo & Jeong, 2025).

Tanmay xepcerkenneil, Oip FaHa epeKIIeNiK TYpi >KaTTBIFY camachlH CEHIMII Oaranay YUIiH
xeTKUTIKC13. COHIBIKTaH 3epTTeYJIepAC YII HETI3T1 epeKIIeNiK TOObI KeHIHeH KOJIIaHbuIabl. bipinmri
TON TEOMETPHSUIBIK EPEKIICTIKTepAeH Typajpl: Ti3e, »kambac, MIBIHTAK, WBIK JKoHE Oacka
OybIHAapAbIH OypeimTapel. EXiHIIG TOTKA yaKbpITIIA €peKIIeNiKTep Kipeai: Ko3rajbic (a3amapsl,
KaiiTanay BIPFarbl, aMIUTUTYIAHBIH ©3Tepyl KOHE YakbIT OOMBIHIIA TYPAKTBHUIBIK. Y IIIHIII TOMKA
camajblK CHIATTamajap Kipeai: CHUMMETpHs, TPACKTOPHUSIHBIH TYPAKTBUIBIFBI JKOHE TIpeK
Ko3faJbIchiHaH aybITKy (Ekambaram & Ponnusamy, 2024; Heo et al., 2026; Woo & Jeong, 2025).
Ocpl ym TonTel Oipiece maiifanaHy >KaTTBIFY calachlH Oarajay CEHIMIUIINIH apTTBHIPaJbl JKOHE
KaparaibiM OYpBIIITHIK [IEKTepPre CYHEHETIH TICUIaepre KaparaHaa aHaFypIIbIM TOJIBIK CHIIATTama
oepeni (Kecre 1).

Kecre 1. ®uTHec KaTThIFyJIapblH HAKThl YaKbIT PeKUMIH/AE OaraliayFa apHaJIFaH Kyheaep/iH
CaJIBICTBIPMAaJIbl CUIIaTTaMachl

. Hakrtsbl . .
. . . Herisri Herisri
Kyiie/nepexxe3 Enrisy kesi YaKbITTAFbI .
Mo/1eJIb . . | HOTHaKeci/MaKcaThl
KOpceTKii
FitSight (Kotte Be6 . Pose tracking I/IHTepaK.TI/IBTl Keke xkaTThIFy
kamepa/moomibai |+ feedback Kepi TPaeKTOPHUSCHIH
et al., 2024) . .
Kamepa engine Oaiimanbic | OakpLIay
PoAna.v1 10-fold av
(Ekambaram & RGB o6eiine, 12 | MediaPipe + 0 g KanbinTer 6akpuiay
. 98.54%, test
Ponnusamy, keypoints LSTM 0 KOHE MOHUTOPUHT
99.7%
2024)
Exercise .
%-
Assessment HPE joint Relative 95%-naun JInHaAMUKaJIBbIK
: phase + 1D JKOFaphI squat posture
(Woo & Jeong, coordinates .
DL model TIOILITIK carmachlH Oarayay
2025)
. ABTOHOM/IBI
- 0
On-device Smartphone RGB BlazePose 97:2% Oaranay »oHe
program (Heo et . GHUM 3D + accuracy, .
video . JKATTBIFy OOMBIHIIIA
al., 2026) smoothing 28.6 ms
YCBIHBIC Oepy

KonmanOanbl kyilenepiai CalbICTBIPYy HAKThl yaKbITTarbl Oaranay OaFbITBIHIA OPTYPIIi
oMliCHaMAJIBIK, IISNTIMAEPIiH KaJablITacKaHbIH Kepceremi. FitSight skyiteci maiinanaHymbsIHbIH KeKe
KATTBIFy TPACKTOPHUSCHIH OAaKbUIayFa JKOHE MHTEPAKTUBTI Kepi OailylaHBIC YChIHYFa OarbITTaJIFaH
(Kotte et al., 2024). byn Tocinme Ko3rajbIcThl Oakpulay MEH Kepi Oaitmaneic Oip ruatdopmana
OipikTipiain, aepOecTeHIipiareH uHUQPIBIK cydemenney MyMKiHIIri kymedtineai. PoAna.vl
mwiatgopmaceiraarsl MediaPipe sxone LSTM Monenbaepidin yiiieciMi KO3FalbICThI YaKbITIIA Ti30€K
peTiHJe TannayFa MyMKIHIIK Oepei, ochliaiiia OakpuiayablH AAiria aptreipaas! (Ekambaram &
Ponnusamy, 2024). Bya sky#eHiH >KOFapbl IONAIri HAKThl YakKbIT PEKUMIHIEri Oaranay
TarceIpMaapblHia KaHKa HYKTEJIepiH YaKbITIIa MOJIEIbICYMEH OIpIKTIpY/IiH THIMALIITH KOpceTeIi.

Ochpl eki ToCUINi canbICThIpa KaparaH/aa, HAKTHl yaKbITTarbl QuTHec Oaranay kyhenepiHiH
JaMybl TeK KUMBUIIBI TIPKEYMEH IIEKTEeIMEN, OHbI MHTEPIIpETAIMsIIAYy JeHIeiliHe OTKeHIH Oaiikayra
6omanpl. bipiHmii OarbiTTa Kyie NaijanaHylibl opeKeTiH Y3[iKci3 Oakpulal, MPaKTUKAJIBIK Kepi
Oaiimanpic yChIHyFa OachIMABIK Oepce, €KIHIIl OarbiTTa YyakKbITIIA TOYENJIUTIKTEPAl MOJENbICY
apKBLIbI KO3FAIBICTBIH KYPBUIBIMBIH TEPEHIPEK TaHy Ko3zeneai. MyHaai ailbpMalibuIbIKTap HAKThI
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yaKbITTaFbl Oaranay IaTdopMaiapblHBIH OpKaHChICK Oenriai  Oip KOJJaHy CleHapHiiiHe
Oeitiimenerinin kepceteni. COHBIH HOTHIKECIHIE, Ka3ipri 3eprreynepiae ANAIK, JKbUIIAMIBIK,
TYCIHAIPUICTIHAIK KoHe OeHIMIENTITIK cUuraTTapblH Oip XKyiene yiaecTipy Herisri 9iCHaMabIK
MiHAeTTepAiH OipiHe aifHanbim oOThIp. byn kyidenepaiH THiMIIri, acipece, MalUEHTTEPAIH
peadmnMTanys MTPOLECIHAE KO3FAJbIC TEXHUKACHIH JKAaKCapTy[da KOHE >KATTBIFYJIapiasl THIMII
OpBIHZAy/Ia KepiHedi, Oy oJapAbIH KaJbIHA KeTy YaKbITBIH KbICKApTYyFa bIKnai etei. Ocpuiaiiiia,
BlazePose TeXHOIOTHACHIH KOJAaHy apKbUIBI 31pJICHTEH KYHenep MauueHTTEePAIH peaOuauTanus
MPOIIECiHE KOZFAIBIC TEXHUKACHIH KAKCAPTYFa )KOHE JKaTTHIFYJIAp bl THIM/II OpPBIHAAaYyFa MYMKIH/TIK
Oepeni, OyJ1 KaJIIbIHA KeTy YaKbIThIH KbIcKapTyFa biknain eresni (Hoang, 2024).

Karterryael Oaranay JKyleciHAe KO3FaJbIC camachl CaJbICTHIPMAJbl (a3aiblK omicTi Oip
eJIIIEeM/Ii TEPEH OKBITY MOJieNIiMeH OipikTipy apKbuibsl Oarananaas! (Woo & Jeong, 2025). By tocinae
KO3FaJIbIC TEK JKE€Ke OYpBIII MOH/IEPIMEH FaHa eMeC, COHbIMEH KaTap OybIH OYpBILIbI MEH OYPBIIITHIK
KBUIIAMJIBIKTBIH ~ OIpIKTIpUIreH (a3anblK cunmaTTramManapblMeH Je OaramaHanasl. byn  omic
JTUHAMUKAJIBIK JKATTBIFyJIap/ia KO3FaIbIC KOOPAMHALMSICHIH ISJIPEK aHBIKTayFa MYMKIHJIIK Oepe/i.
dazanbIK Tajaay YIIiH Kejeci opHek Koiaaansaasl (Woo & Jeong, 2025):

@, = arctan(x(t) / x(t)) = ot + 6, (1)

MYH/IaFbI (x - KO3FAJIBICTBIH (a3aiblK OyphIlIbl, X(t) - yaKbIT OoiibIHIIA OybIH OYpHIIIBI HEMECE
BIFBICY MOHI, X(1) - OyJT IIaMaHbIH yaKbIT OOMBIHINA TYBIHIBICH (SFHU OYPBIIITHIK KbIIIAMIIBIK), O -
OYPBIIITHIK KHUUTIK, t - yaKbIT koHE Oy - OacTanksel ¢aza. 1-popmynana dazanplk mOPTPET HETI3IHIE
KO3FaJbIC KOOPAMHALMACHIH Oarajayra MYMKIHJIK Oepe/l >kKoHe KapamabIM IIEeKT1 oficTepMeH
CaNBICTBIPFAaHAa JWHAMHKAJBIK JKAaTTHIFYJIApbIH MaFblHAIBI cHnaTTamMacklH Oepemi. Cyper 2.
Relative phase Tocini apKbLIbl TUHAMHUKAIBIK JKATTHIFY/IbI OaraayJbIH KOPHEKI MbIcasibl. Jlepekkos:
Woo and Jeong (2025) nerizinne.

KosranpicTel TeKk Oypblll apKbUIbl FaHA €Mec, OYpHIII MeH OYPBIITHIK KbUIAaMIBIKTHIH
OipikkeH (ha3aybIK CUIIaTTaMachl HETI3IHAE Oarajiay TOCUII KO3FalbIC CamachlH HEFYPJBIM J0J
aHBIKTayFa MYMKIHIIK Oepeni. Relative phase ofici capamnmibl MeH jkaHalaH YHPEHYITIHIH KO3FaJIbIC
yilleciMiH aHBIFBIPAK a@XbIpaTaJbl, COHJBIKTAH IUHAMMKAIBIK >KATTBIFyJapAbl Tajjayaa ol
kapamaiisiM threshold-based Tocinaepre kaparanga MasmyHasIpak cunarrama oepeni (Cyper 1).
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Cyper 2. TepT TypJii )Karaail yiIiH HOopMalaHFaH OypbIl, (a3anblk,
moptper kaHe relative phase notmkenepi.

2-cypeTTe TOpT TYPIl KaFAail YIIiH xkxambac KoHe Ti3e OybIHIApbIHBIH KHHEMATHKAIBIK KOHE
(azanplK cUnarTaMasnapbl CalbICTHIPbUIFAH. (a) Oemirinae exi OybIHHBIH HOpPMallaHFaH OYPBIIITHIK
OpBIH aybICTBIPYbl MEH OYPBIIITHIK >KbUITAMIBIFBIHBIH TEPUOATHIK ©3repici OepinreHn, Oy
KO3FAJIBICTBIH LUKJJIIK KYPBUIBIMBIH cunatTaifipl. (b) Oesirinaeri azaiblk MOPTPETTEP KO3FabIC
TPAEKTOPHSCHIHBIH TYPAKTBUIBIFBl  MEH KalTalaHFBIIITBIFBIH  KOpCeTeAl: TYMBIK opi Oipkenki
TpaeKTopusIap KYHEHIH OPHBIKTBIPAK >KYMBICHIH Ourmiperi. (c) OesiriHzae ¢aszanblK OyphIll MeH
(a3anbIK KAlIBIKTHIK JUHAMHUKACHI YCBIHBUIBIM, Op OYBIHHBIH (pa3asiblK Kyl MEH OHBIH LUK IIITHAET1
e3repy epekmienikrepi OeiinenenreH. (d) Oemiringeri ERP  kuchiktapbr jkambac meH Tize
OybIHAApBIHBIH ©3apa YHJIECIMAUIIK JOpEeXeCiH cumaTrTaifiipl; TepOemicTiH apTybl HeMmece
TYPaKChI3/IaHybl OybIHAPAJIBIK KOOPIAMHAIMSHBIH ©3repreHin kepcereai. JKamimsl anranaa, cyper op
KarJalJarel KO3FAJIbIC TYPAKTBUIBIFBI, (Da3ajblK CHHXPOHIBUIBIK >KOHE OybIHIAp apachIHIAFbl
KOOpAMHAIMS JeHIeiiHer1 ailblpMalIbIIBIKTap/Ibl aiKbIH KOPCETEe 1.

BlazePose GHUM 3D xone smoothing omictepiHe HerizmenreH on-device Oarmapiama
cMapTQoH OeliHeci apKblJIbl aBTOHOM/IbI Oaranay MEH KaTThIFy OOMBIHIIA YCHIHBIC Oepyi Ky3ere
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aceipazsl (Heo et al., 2026). Mynaaii Tocinaig MaHbI3/Ibl apTHIKIIBUIBIFE - KIAIPICTIH TOMEH OOyHI,
JEPEeKTePIIH JIOKANAbl OHAETYyl >XOHE KYNHUAJIBIKTBIH CakTalybl. byn acipece yiine OKBITY
CIICHapHiAJIepi YILIiH MaHbI3/Ibl, MYH/Ia TYPAKThl HHTEPHET OaliIaHbIChIHA MUHUMAJIIBI TOYEIIUTIKIICH
KOJDKETIM/I JKOHE KbIJI/IaM IIEIIIMAED KaKeT.

JXKaunmer anranza, Tannay HaKThl yaKbIT pexKUMiHAET] GUTHEC Oaranay »KYHeCciHiH THIMIUTIr yI
Heri3ri ¢akTopra OaillaHBICTBI €KEHIH KOPCeTTi: Kaibll OarayaylblH AQJAIr, KHHEMaTHKAJIBIK
epeKIIeNIKTEP/IiH canachl )KoHe MaijaaHyIIbFa OepuireH Kepi OaillaHBICTBIH TYCIHAIPUTY JSHreHi.
Erep xyiie Tek OyplH OypblITapbl VIIiH KapanmailbM TaOalabIpbIKTapFa CyiHeHce, KypaAenli KoHe
JMHAMUKAJIBIK KO3FAIBICTapAbl OarasiayablH AJIr TOMEHAeyl MyMKiH. EKiHIII )KaFbIHaH, KO3FaJIbIC
(a3achlH, yaKbpITIIA EPEKIICTIKTEPAl )KOHE CaNaIbIK KOPCETKIITEP/i KAMTUTBIH TCUIAEP JKATTBIFY
carachIHbIH TOJIBIK JKOHE /1oy cunatTamackin Oepeni (Ekambaram & Ponnusamy, 2024; Heo et al.,
2026; Woo & Jeong, 2025).

CoHbIMEH KaTap, KYpbUFBLIAFbl MOJENBICP HAKTHI YaKbIT PEXKUMIHIE JKYMBIC iCTeyre eTe
KOJIalJIBl OOJIFAaHBIMEH, KYPJeJi KO3FalIbIcTapbl Oaranay Ke3iHe MIeNIiM KaOblIaay JOTUKAChl TEK
CTaTUKAIBIK KAJBIITapFa FaHa €MeC, COHBIMEH KaTap KO3FAJIBICTBIH YaKbITIIA KYPBUIBIMBIHA J1a
Heri3zenyl kepek. OcCblFaH COMKEC, MAaKCATTHIK KAKETTUIK, YaKbITTHIK JMHAMHUKAHBI JKOHE IIIKI
TYCIHIKTI OalJIaHBIC OpHATYy >KYyHesnepl MNPAaKTUKAJIbIK KOJIJaHy YIIIH MEepCleKTUBAJIbl OOJIBbII
kepiHeni. IlpakTukanblk TyprbeiiaH Oyl OarbITTarbl MICHIIMAEP YW >KarJalbIHAAFbl KATTHIFYJA,
OHJIAMH (uTHEC MIaT(opManapsiHia, )KOFaphl OKY OPBIHIAPBIHIAFI JICHE TaHbIHBIFBIH OaKbLIaY A,
COHJai-aK OacTamkbl PeaOMINTALMSIIBIK JKATTBIFYIApAbl Kajaranayna KEHIHEH KOJIJaHBLTYEI
MYMKIH. MyHJall xyiienep KO3Falblc TEXHUKACBIH KETUIIIpYTe, KaTeaepl )Ke/lel aHbIKTayFa jKoHe
KATTBIFY YepiciH nepoecrenaipyre MyMmkinaik Oepeni. Ocbunaiiina, BlazePose Herizinaeri sxyienep
YHI€ J)KaTTHIFY JKacay Ke31H/1e TalJaTaHyIbUIapAbIH THIMIUTITIH apTThIpyFa KOMEKTece 11, COHBIMEH
KaTap JeHCayJblK CakKTay cajacblHAa peaOuiauTanusi OarAapiaMaiapblH KOJJayFa BIKIANl eTenl
(Sideridou et al., 2024).. by xxyienepaiy oneyeri Tek GUTHEC cajachklHIa FaHa eMeC, COHBIMEH KaTap
MalUEeHTTEPIl peaduauTanusaiay MpoleciHae J¢ aWKblH KOpiHEeIl, ©MTKEHI OJap HAKThl YaKbIT
PEXKUMIHJIE CTAHIAPTTHI KO3FaJIbIC HYCKayJIaphiH yebiHa anaasl (Wang & Zhang, 2023). Oceunaiimma,
BlazePose TeXHOIOTHSACHIH KOJIIaHy apKbUIBI 931pJICHTeH XKYHenep peadrmmTaus OaraapiiaMaiapbiH
TUIMJ1 JKy3€re achbIpyla MaHbI3Ibl pesl aTKapa aja/bl, OWTKEH1 ojlap MaijajaHylIblIapra HAKThI
yakpIT pexuMinae kosmay kepceremi (Yang, H et al, 2022). byn xyienep manueHTTEepre
peabunuTanusi Ke3lHIe AYPHIC KATTHIFYIapbl OpbIHIayFa KOMEKTECIN, OJIap/blH KalIblHa Kely
YaKbITBIH KBICKAPTYFa *OHE jKapakaT ajdy KayIiH azaiTyra biknan eteml. Ocebuiaiiina, BlazePose
HETI31HJIeT1 )KyHenep narueHTTep YIIiH peaOuaInuTaus IpoleciH OHTalIaHIbIpyFa MYMKIHIIK Oepirt,
YKATTBIFYJIAPABIH THIMIUIIMIH apTThIpaabl, OYJ 63 Ke3eriH/ae KajlbliHa KeJy YaKbIThIH KbICKApTYyFa
pikman eteai (Rehabilitation Training Evaluation and Correction System Based on BlazePose, 2022).

KopbIThIHABI

KomnbroTepiik kepy jkoHe Io3aHbl Oarajiay TeXHOJIOTHUsIaphl PUTHEC KATTHIFYJIapblH HAKThI
YaKpIT peXuMiHze OaranayJblH FBUIBIMU JKOHE KOJIJaHOaJlbl HEri3iH KaiblOTacTelpanbl. Tanpay
MYH/JIall sxyienep/IiH )KyMbIChI ©3apa OailsIaHbICThI Ke3€HAEP/IeH TYPAThIHBIH KOPCETTI: ICHEHIH TIpeK
HYKTEJIepIH aHbIKTay, KHHEMAaTUKAaJbIK €PEeKIIEeNIKTepal aly, KO3FajlbICThl OpbIHAAy (hazacel MeH
caracelH Oarayiay *KoHe NailalaHynIbIFa TYCIHAIPUIETIH Kepi Oailnanbic 6epy.

JKyMBICTBIH HET13T1 KOPBITHIHIBICH - HAKTHI YaKbIT PeKUMIHAET1 PUTHEC Oaranay >KyHeciHiH
TUIMALTIT KaJbln OaFranayblHbIH AQJIrHE, €CeNTENreH epeKIIeTiKTepAiH aKnapaTThIKThIFbIHA KOHE
Kepi OalllaHBICTBIH AHBIKTHIFbIHA OaillaHBICTBI. ATan aWTKaHAa, KYPbUIFBI PEXUMIHIE KYMBIC
ICTEHTIH MOJIeNIbJIep KilipiC YaKbIThIH a3aiiTa/ibl, KOJDKETIMIUTIKT1 apTTHIPAIbl )KOHE KYIHSIIBIIBIKTHI
xaxcapTapl. COHBIMEH Karap, KO3FaJIbICThl T€K OYPBIIITHIK MHIUKATOpiap OOWbIHIIA FaHA eMec,
COHBIMEH KaTap YyakpITIIAa >KoHE (ha3zanblK cunarramanap OoiblHINA Oaranay JTUHAMMKAIIBIK
KATTBHIFYJIap/bl TONIIpeK TajjayFa MyYMKIHAIK Oepei.

Ocbiran OailaHbICTBI, MYHAAH JKyHenep TeK KaHa JKaTTbIFy TEXHUKAChIH Oakpliay Kypalibl
eMec, COHbIMEH Oipre malJaJaHyIIbIHBIH  KO3FAJbIC  MOJCHUETIH  KaJbIITaCThIPAThIH
MHTEJUIEKTYaJI/Ibl KOMEKII1 peTiH/ie KapacThIPbLIybl THIC. [IpakTHKaNIBIK TYpFbIIAaH OyJ1 Tociinep yi
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KarJaWbIHIAFbl JKaTTBIFyJapAa, OHJAHH ¢uTHec muaropManapeiHaa, JeHEe OeJICeHIUTIriH
OakplIayaa kKoHE OacTamKel OHANTY OaFapiamMaliapblHIa THIMJII KOJIAHBIC Taba anmaapl. Ocipece,
KATTHIFYIbl ©3 OCTIHIIEe OPBIHAANTHIH MaliaJaHyIIbUIap YIIiH KUMBUI CallaChlH aBTOMATTHI TYpPJIe
Oaranay >KapakaTr ajgy KayliH a3alTbII, )KaTThIFY HOTIDKENUIIrH apTThIpyFa BIKIal eTeli. bonarrak
3epTTeyiep KerKkaMepaibl OaKpliay MYMKIHIIKTEPiH KEHEHUTYTe, TYCIHAIPUICTIH )KacaH bl HHTEJUICKT
MOJICNBJIEPIH €HTI3yre, JKaTThIFYFa TOH KATeNIK KapTaJapblH d3ipiieyre >KoHE IMaiajaHyIIbIHBIH
XKachl, (PU3UKAIBIK JaHBIHIBIFEI MEH (DYHKIIMOHAIIBIK XKaFJaibiHa OCHIMIENTeH KeKeIeHAIpUIreH
Kepi OaiiyaHpIC KyWenepiH Kypyra OarbITTanybl KakeT. OchIHIail OarbITTarbl i37€HICTEp (HUTHEC
TEXHOJIOTHSUIAPBIH JKaHa CalaIbIK ICHIeiUTre KoTepeIi.

[IpakTuKanbIK TYpFBIIAH aiFaHga, Oyl Tocuiaep Yilie JKaTThIFy, OHJIaiiH (uTHeC
tatopManapsl, AeHE MIBIHBIKTHIPYABI OaKplIay >KoHEe OacTamkpl OHANTY YIIiH THiMai. bomamax
3epTTeysiep Kol KaMmepaiabl MYMKIHIIKTEPAl, TYCIHIIPUIETIH >KacaHIlbl MHTEJUIEKT MOJEIbICPIH,
KATTBIFyFa TOH KATeIiK KapTaJlapblH JKOHE MMalaJaHyIIbIHBIH jKachl MEH (DM3UKAIIBIK JKaFIaibIHa
OeliMIeNreH KeKeJIeHIPUIreH Kepl OaiaHbIc MOJIETIbAEPIH d31piieyre OarbITTaIybl KEPEK.
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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 AKKYMYJIATOPBI BAP BUOT'A3BEH )K¥MBbIC ICTEUTIH TUBPUJITI
I'A3TYPBUHAJIBIK KOHAbBIPTBIHbBI 3BEPTTEY

Anmarna. byn wmakanmama Ouora30eH JKYMBIC ICTEWTIH, Cy JKbUIy aKKyMYJISTOPBIMEH
OipiKkTipiIreH TMOpUATI ra3TypOMHANIBIK KOHJBIPFBIHBIH KYPBUIBIMBI, 3HEPreTHKAJIbIK THIMALIIr
KOHE JMHAMHKAIIBIK KacueTTepi 3epTTesie/il. Y ChIHBUFAH XKYHe ra3TypOMHaNIBIK KO3FAITKbIIITHIH
AJIEKTP PHEPTUSACBIH OHJIPY MYMKIHIITH Cy HEri3iHJeri KbUly aKKyMYJISTOPBIMEH TOJBIKTBIPHII,
ANIEKTP OHE KbUIy SHEpPrusicblH Olp Me3riuiae THIMII maijganaHyra OarplTTanrad. JKymeicra
KOH/IBIPFBIHBIH POTOPBIHBIH, jKaHY KaMEpPachIHBIH >KOHE XKBLTY aKKyMYJISTOPBIHBIH AMHAMHUKACHIH
KaMTHUTBIH OCHCBI3bIK MaTeMaTUKAJIBIK MOJIENb KYpacThIpbUIFaH. Mo1ei1b HOMUHAI KYMBIC PEXUMI
MaHbIHA CBI3BIKTAHIBIPBUIBIN, KYH KeHICTiriHaeri ¢opmana ycbiHbLIaAbl. OTBIH HIBIFBIHBIHBIH
e3repyi Ke3iH/eri oTIei MpoLecTep CaHIbIK MOIENb/ICY apKbUIbl TaniaHa sl. Hotmxkenep ruOpuari
KYPBUIBIMHBIH MEXaHHUKAJIbIK TYPAKTBUIBIKTBI CaKTail OTBHIPHII, *kKYyHeae KochiMIna 0asy >KbUTYIBIK
KOHTYP KaJIBINTACTBIPAThIHBIH KopceTeAl. Cy KbUTy aKKyM YIS TOPBIHBIH OOJTYBI IIBIFATHIH T'a3/1ap IbIH
KBUTYBIH JKUHAKTayFa MYMKIHIIK O€pill, KOHObIP2bIHbIY MOAbIK NAloaivl acep Kodphuyuenmin
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alTapaBIKTall apTTHIPabl. 3epPTTEy HOTHXKENIEPl THOPUITI Ta3TypOUHAIBIK KYHEHIH KOIMacIITaOThI
JMHAMUKaFra Ue eKeHIH XKoHE OHbI 0acKapy YIIiH KOIKOHTYPJIbI HEMece KaCKaAThl OacKapy 9icTepiH
KOJIJTaHY/IbIH OPBIH/IBUIBIFBIH TOJICIICH 1. ¥ CBIHBUIFaH KOHABIPFBI OMOTa3Fa HET13/1e/ITeH aBTOHOMIbI
KOHE TapaJFaH YHEPreTUKAIBIK KEIICH P YIIiH MepCIeKTUBAIIBI MM OOJIBIT TaObLIA b

Tyiiin ce3nep: 'a3TypOMHANBIK KOHABIPFBI, OHOra3, THOPUATI SHEPTETUKAIBIK XKYHe, KbULY
aKKyMYJIATOPBI, MATEMaTUKAIBIK MOJEIb, OacKapy *KyHheci.

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

NCCJIEJIOBAHUE BUOTI'A30BOM T'MBPUIHOM T'A30TYPEBMHHOM
YCTAHOBKH C BOJISIHBIM AKKYMYJISITOPOM

AHHoOTanus. B cratbe wucCIenylOTCS CTPYKTypa, SHeprerudeckas 3(PQPEeKTUBHOCTh U
JTUHAMUAYECKHE CBOMCTBA TUOPHAHOW Ta30TYpOMHHOM YCTaHOBKM, paboTarolmiei Ha Oworaze u
WHTETPUPOBAHHON C BOJSHBIM TEIUIOBBIM aKKyMyJsSTOopoM. [IpemiokeHHass cucTeMa COYeTaeT
BO3MOYHOCTH BBIPAOOTKH DJIEKTPUYCCKOW SHEPrUU Ta30TypOMHHBIM JBHUraTeieM C TETUIOBBIM
HaKomuTeleM, 4To obecreunBaeT >()PEKTHUBHOE COBMECTHOE HCIIOJIB30BAHHE JJIEKTPUUYECKOU H
TEIIOBOM 3Hepruu. Pa3paboraHa HelMHEHHAs MaTeMaTH4YecKas MOJICb YCTAHOBKH, BKITFOYAFOIIAS
JTMHAMHUKY POTOpa, KaMmepbl CrOpaHUsS W TEIUIOBOTO aKKyMmyssTopa. MoJelb JuHeapru3oBaHa B
OKPECTHOCTH HOMHHAJIBHOTO pEXUMa M TpEACTaBieHa B (opMe MpocTpaHCcTBa cocTOsHHUM. C
MMOMOIIIBI0 YHCJICHHOTO MOJICIMPOBAHMS TMPOAHATM3UPOBAHBI IMEPEXOHBIE TPOIECChl MpPH
W3MEHEHWU pacxoja ToruiuBa. [lomydeHHBIE pe3yabTaThl IMOKAa3bIBAIOT, YTO THOPUIM3AIIMS
YCTaHOBKH HE YXYAIIAeT MEXaHUYECKYIO0 YCTOMYMBOCTH CUCTEMBI, HO OPMHUPYET JOTIOTHUTETHHBINA
MEJUICHHBIM TETUIOBOM KOHTYp. MHTerpammsi BOASHOTO TEIUIOBOTO aKKyMYJISITOpa IO3BOJISIET
3¢ ()EKTUBHO aKKyMYJIMpPOBaTh TEIUIOTY BBIXJIOMHBIX Ta30B W CYIIECTBEHHO IIOBBICUTH OOITUI
KO3(DPHUIMEHT IMOJIE3HOTO JEHCTBHS YCTAaHOBKH. YCTAaHOBJIEHO, YTO THOpHIHAS Tra3oTypOMHHAas
cucTteMa o0O0JIaJaeT MHOTOMACIITA0OHOW JWHAMHUKOHN, YTO OOOCHOBBIBAET IIEIECO0OPa3HOCTH
MIPUMEHEHHs] MHOTOKOHTYPHBIX WMJIM KacKaJHBIX METOJOB ympasieHus. [IpeayioxkenHas ycTaHOBKa
SIBJISIETCS TICPCIIEKTUBHBIM PEIICHUEM JIJIsl aBTOHOMHBIX U pacIpeAeIEHHBIX YHEPTeTUYECKUX CUCTEM
Ha 0a3e Ouorasa.

KuoueBble ci1oBa: ra3oTypOMHHAs YCTAaHOBKA, OMOTa3, THOpHIHAS SHEPreTHUECKasi CUCTEMA,
TEIJIOBOM aKKyMYJISITOp, MaTeMaTUYeCKasi MOJIENb, CUCTEMA YIIPaBICHUSI.

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 = mgcp (Ta — Tstack) (1)

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

Qrec = € Copin(Ty — Tw,in) (2)

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

T,
Mc, ar = Qrec — Qoad (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:

a
J > = T~ T~ Tipaa (4)

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

Electrical efficiency of the installation:

g |®

Pey

Net = (5)

N MmgQLuy
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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;- The mass consumption of fuel (for example, biogas) is measured in kilograms per second
(kafs);

Qryy - 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 = % (6)

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

Q... - 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,; = 100kBT

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,, = 20 MJ/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+ (40786 — 1] (7)

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:

0
Pshaft = m ~ 105 kW

Thermal power of fuel:
. sha
L haft (8)

" Ne1Quuv
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By 1. = 0,32

. 105000 00164 k

M =0,32-20-106 e/s
3. Calculation of heat recovery
Exhaust gas heat flow:

Qrec = emgcp (T4 — Tw) 9)
By: £ =10,65T, =350K
We get:
Qrec = 160 kKW
4. Installation efficiency
Electric:
Net = 32 %
Thermal:
160

= ~ 490
M = 3016420106 ~ T0%

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.
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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.
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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:

/‘{1 = _1,8
A, = —0,42
A; = —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.
et al., 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 e 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 P:. Since the compressor power changes
more slowly, a positive torque imbalance occurs:

T, >T, > T, (10)

this causes the rotor to accelerate.
The process is characterized by:
- asmall time constant (= 2C),
- 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 T3 (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 - mngTB (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 T3 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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Ma)ca)Ta) = Qrec - Qload

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 (®) 1-3s
Gas-temperature (T3) 465
Thermal (T,) 200-300 s

As shown in Table 2, the system is characterized by clearly separated dynamic time scales. The
mechanical contour (o) responds the fastest within 1-3 s, the gas-temperature contour T; 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.
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TaJgay >koHe Oenriii Oip aliMakTarbl el SHEPrHACHIHBIH MOTCHIUAIBIH 1) 00JDKay KakeT. byi
3epTTey[e >KaHAPTBUIATBHIH PHEPrusi Ke3JepiHiH Oipi peTiHae jKeld SHEPrusiChblH OHIIpY KeJeMi
OaranmaHnapl. AIpIIMaH alMarbIHIAFbl Jken 3JekTp craHmuscbibiH (JKDC) enmipic aepexTepiH
00JDKay YIIIH Te0JIOTHSUIBIK JKOHE METEOPOJIOTHSIIBIK MATIMETTEp Hainanansiiiel. bomkay xxyprizy
YIIiH JKacaHAbl MHTEIEKT OAiCTepiHiH Oipi peTiHme Kepi Tapainy aiaroputmi Oap KemkadaTThl
xacaHapl HeHpoHIBIK keni (ANN) xoHe OeifiMmenreH HEHpO-OYJIBIHFBIP KOPBITBIHABI JKyiieci
(ANFIS) komnmanbuinsl. bysl oficTep CBI3BIKTBIK KOHE CBI3BIKTHIK €MEC MOJENbAepl Ooypkayaa
KOFapbl HOTHKEIIEP KOPCETETIHAINIMEH epeKIIeIeHe l. 3epTTey HOTIKeepi OOMbIHIA OOJDKaHFaH
sHeprusi eHaipy kenemi (MBT-car) HakTBl OHAIPIC MOHAEPIHE OTE YKAKBIH CKCHI aHBIKTAJIJIBI.
Bonamakrarel 60imkay 3epTTeyNepiHe JKacaHIbl WHTEIUIEKT OMICTepl MOCTYpIi diicTepre THIMII
Oanama peTiHjie KOJIJaHbUTYbl 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

Beenenne

OreHka MoTeHIIMaNa BETPOBOI SHEPTUH MIMEET OOJIbIIIOE 3HAYSHHUE TS TIOJIepKaHus OamaHca
MEXIY CIIPOCOM M TPEUIOKEHHEM, a TaKoKe JUIA TUIAHWPOBAHMS paOOThl SHEPTETHYECKUX CHCTEM.
[Tepeornienka cnpoca Ha IEKTPOIHEPTUIO IPHBOAUT K Upe3MEPHOMY UCIIOJIB30BAHUIO PE3EPBOB MIIH
K 3aIlyCKy CIIMIIKOM OOJIBIIOTO YHCIa 3HEProOJIOKOB. DTO BBI3BIBAET 3HAYMTEIBHBIC MOTEPU U
CO3[IaeT PHCKU NPH OpraHM3alii pabOThl SHEPTeTHUECKHX CHCTEM. B TO ke BpeMmsi HEelOOIeHKa
NOTPEOJICHHST AJIEKTPOIHEPTHM MOXKET HE YIOBJICTBOPUTH (PAKTUUECKHH CIIPOC U TPUBECTH K
HEJIOCTAaTOYHOCTH PE3EPBOB, YTO MPEMATCTBYET d(PeKTuBHOM padore cuctembl. OIEHKa HArpy3Ku
BO300HOBJISIEMBIX UCTOYHHKOB YHEPTUH MMEET CYLIECTBEHHOE 3HA4E€HHUE Ul CTaOMIBHOW paboThI
cucteM nepenauu 1ekrposneprun (Akman, Yilmaz, & Sonmez, 2018).

CeronHsi, BMeCTe C BIMSHUEM TJI00aNIN3aIH, MOXKHO OTMETHTH MEPEX0Jl OT TPAJAUIIHOHHOTO
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MOHMMAHUSI PA3BUTHA K KOHIIEMIIMM YCTOWYMBOIO pa3BUTUA. s AOCTMKEHUS YCTOMYMBOTO
pa3BUTHS BO30OHOBIIsIEMast SHEPTHsI MOXKET UTPAaTh BXKHYIO POJIb B YIOBJIETBOPEHUU MTOTPEOHOCTH
B DHEPrUM KaK B MPOMBIIIICHHOCTH, TaK U Ha JOKambHOM ypoBHE (Bader, Inguva, & Perot, 2018).
Ctpanbl, crmocoOHbIe OOECHEeYUTh YCTOWYHMBBIE MCTOYHHKH SHEPrUH, CMOTYT pPa3BHBATbCS
HE3aBHCHMO OT JpPYTUX CTpPaH M JaXe CO3JadyT BaKHbBIM 3Tall B Pa3BUTUM CBOEH 3KOHOMUKHU,
SKCHOPTUPYS SHEPTHI0 B Jpyrue crpaHbl. HeycTONUMBOCTH HMCKOMAeMbIX BHJIOB TOIUIMBA M MX
3HAYUTEIbHBIA BpEX VISl OKPYXKAIOIIEH Cpelabl AENal0T MX CEPbE3HOM YrpO30H, YTO IOBBIIIAECT
LIEHHOCTb BO30OHOBJISIEMBIX HICTOYHUKOB 3HEPTUU.

B0300HOBIIIEMBIE ICTOYHUKN YHEPTUHU BKIIFOYAIOT COJTHEYHYIO DHEPTHUIO, BETPOBYIO YHEPTHIO,
reoTepMalibHYI0 3HEPIUi0, TUAPOIHEPTHIO, BOJOPOIHYIO SHEPTUI0 U TEPMOSAJEPHYIO 3Hepruto. Mx
TaKKe MOYKHO pacCMaTPHUBATh KaK albTepHATUBHBIC HcToUHUKH SHeprun (Ervural, Ervural, & Evren,
2016). YToObl yA0BIETBOPUTH MTOCTOSIHHO PACTYIINI CIPOC HAa SHEPTHUI0, KpaliHe BaXKHO OTKPHIBATh
albTepHATHUBHbIC WCTOYHMKHM dSHeprud (Maouedj et al, 2015, Ann Rufus et al, 2019).
Bo306HOBIIIEMbIE MCTOYHUKH IOJHOCTHIO HECOBMECTHMBI C HEBO30OHOBISIEMBIMU, TAKUMHU Kak
NPUPOIHBIH Ta3 U sipepHoe ToruuBo (Al-Janabi, Alkaim, & Adel, 2020). Cpenu Bcex CyIIecTBYIOIUX
BO30OHOBJISIEMBIX UCTOYHUKOB SHEPTHUM HaHOOJbIIEH MOMYISIPHOCTHIO M IMIMPOKUM IMPUMEHEHUEM
MI0JIb3YETCsl BETPOBast 3HEprus 01aroaapsi MUHUMAIbHBIM MHBECTHUIIMSM, OTCYTCTBUIO 3arpsi3HEHNUS,
0e30macHO IKCIUTyaTallui U KOPOTKOMY cpoKy 3amycka (Rajasingam, Rasi, & Deepa, 2019). bosee
TOT0, BETPOBasl U COJTHEYHAsl SHEPTUsl CUYUTAIOTCS CaMbIMU OBICTPO Pa3BHUBAIOIIMMUCS UCTOYHUKAMH,
OKa3bIBAIOIIMMH 3HAYUTEIbHOE BIMSIHUE Ha YCTOMYMBOE Pa3BUTHE CTPaH.

[Ipou3BOICTBO DBIEKTPOSHEPIHM U3 BETPa OCYLIECTBISETCS IyTeM MpeoOpa3oBaHUs
KMHETUYECKOW SHEpruu, BO3HMKAIOIIEW NpH BpallleHUHU JionmacTed TypOWMHBI MOJA BO3JEHCTBUEM
BO3JIIIHBIX MOTOKOB, B AJIEKTPUYECKYIO SHEPTUIO B TeHEpaTopax. DHEprus BeTpa 3aBUCUT OT Kyba
CKOPOCTH BETpa, IUIOMIAAH JiomacTel TypOMHBI U IUIOTHOCTU Bo3ayxa. [Ipm yaBoeHuu ckopocTu
BEeTpa IMOTEHIHMANbHAS SHEPrus BeTpa yBelaumuuBaercs B BoceMb pas (Yavuz & Ozbay, 2020).
Hcnonb3oBaHue BETPOBOM HHEPrUM HMMEET HECKOJIbKO MPEUMYIIECTB, CpPEeIud KOTOPBIX
BO300OHOBIISIEMOCTh, OecnpoOiieMHasi Tepefadya U OTCYTCTBHE HEOOXOJUMOCTH B TNMPUMCHEHHUH
BBICOKOTEXHOJIOTHYHOTO 000pynoBanus. KpoMe TOro, 3TM HCTOYHUKUA DSHEPTUU JIOCTYIHBI B
M300MIIMK, HE HAHOCAT Bpela atMocdepe U oKpyxarwmel cpene. Jlo cyimiecTBoBaHUs COJIHLIA U
3emuin 3Heprust BeTpa OyAeT MOCTOSTHHO MPUCYTCTBOBAThH, U HEOOXOAUMO HUCIIOJIb30BATh TEXHOJIOTUU
s e€ skcrutyarauud. C mOMOIIbIO BETPOBBIX TYpOUH 3TOT MPOIIECcC IPEeBpaIeHUs SHEPIUU BETPa B
aIIeKTpHYeCcTBO MOKeT ObITh ocymnectieH (Ilkilic & Aydin, 2015, IlKilic, Aydin, & Behget, 2011).
OpHOM M3 TaKUX TEXHOJIOTHH SIBJISIETCS BO3MOXKHOCTH KOHTPOJISI MOIIHOCTH BETpa C MOMOIIbIO
BeTpoBbIX TypOuH (Lebkowski, 2020). DnexkTposHeprusi TeHepUpyeTcs dTUMH TypOMHAMU 32 CUeT
KMHETUYECKOW SHEpruu BeTpa. BONbIIMHCTBO Pa3BUBAIONINXCS U PA3BUTHIX CTPAH MOIEPKUBAIOT
MIPOU3BOJICTBO DJIEKTPOIHEPTUH C TMOMOIIBIO BETPOBOWM SHEPrUU B PaMKaX TOCYAapCTBEHHBIX
MIPOrpaMM U KOHTPOJIMPYIOT 3TH Ipoliecchl Ha kaxkaoMm starne (Senel & Kog, 2015).

CornacHo oT4YeTy 0 ycTaHoBJeHHOH MomHocTH TEAIS (Typelikas akupoHepHas KOMIAHHUS [0
nepenave 3eKTpodHeprun) 3a anpenb 2025 roga B Typuuu, pacnpeeneHne HCTOYHUKOB SHEPTUU
JUIsL TIPOM3BOJICTBA 3JIEKTPO3HEprun Brirodaer: 31,54% ruaposnepruu, 25,30% npupoaHoro rasa,
9,89% yrus, 10,88% Betpa, 8,08% conneuHoii s3nepruu, 1,68% reorepmanbHoit suepruu, 1,74%
6uomaccel, 10,14% Oyporo yrins u 0,74% npyrux pecypcoB. PacnpezneneHue ycTaHOBIECHHOMN
moraocty (MBT) o McTouHMKaM TIpescTaBieHo Ha pucynke 1 (TEIAS, 2022).

B nanHOM nccenoBanum Oblia BHIMIOJIHEHA OLIEHKA MPOU3BO/ICTBA BETPOBOU DHEPTUU B TOPOJIE
Anpiamad.  Oco0asi MOTHBAalMsS —HCCIIEJOBAaHUS CBSi3aHA C IPOBEJCHHUEM PErHOHAIBLHOTO
IIPOrHO3UPOBAHMSI, TOCKOJIBKY 3TO MEHEe M3yuyeHHas, HO HeoOxoaumas obaacTb npuMeHenus. Jlis
OIICHKH BETPOBOW PHEPruM Ha BeTpoBoil snekTpocranimu (BOC) B mpoBuHIMN AnbIAMaH ObLIN
MIPUMEHEHBI METOJIbl UCKYCCTBEHHOTO WHTEIVIEKTa — HMCKYCCTBEHHas HedpoHHas cetb (ANN) u
aJlarITUBHAs HEYeTKas crucTeMa BbIBosia Ha ocHoBe ceTu (ANFIS).
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mass = Lignite = Other Source

Pucynok 1. Cormacno otdery TEIAS (Typelkas akuumoHepHas KOMIAHHMS IO Iepeiade
AJIEKTPOIHEPrun) 3a anpeinb 2025 roma, pacnpeaeneHue yCTaHOBICHHOM MOIITHOCTH 110 UCTOYHHUKAM
(MBrT)

OcranpHasi 4acTh CTAaTbH OpPraHU30BaHA CIEAYIOIIMM 00pa3oMm. B paznmene 2 mpencraBiieH
0030p nuTeparypel. B pa3aene 3 npuBoauTcs mHGOpPMAIUS O BETPOBOM AIEKTPOCTAHINH, a TAK¥KE
OTIMCHIBAIOTCS HMCIIOJIb3yeMbIE METOJIbI MCKYCCTBEHHOT'O MHTEIUICKTa. B pasmene 4 mpencTaBicHBI
MOJISTUPOBAHNE M METOJ| OIEHKH W MPOTHO3UPOBaHMs d(H(PEKTUBHON CKOPOCTH BETpa HAa OCHOBE
ANN u ANFIS. B pazgene 5 moaBoasTCs WUTOTH HUCCICAOBAHUS M OOCYXIAIOTCA PE3YIbTaThI,
MOJTyYEHHBIC C UCTIOJIb30BAHUEM JIBYX METOJIOB.

O030p uTEpaTypHI

[Ipu paccMoTpeHHH HccaenoBaHuM, MPOBEAEHHBIX B TypIuu, ObUIM MOJYYEeHbI CIEAYIOUINE
Pe3yNbTaThI.

B uccnenoanuu, BeimosHeHHoM ['éprenem m Kamakom (Gorgel & Kavlak, 2020), Oputa
MpoBeJieHa OIEHKa MPOU3BOJACTBA PHEPIHMH HAa OCHOBE €XKEIHEBHBIX M JECATUMHUHYTHBIX TaHHBIX
BETPOBON TypOWHBI, PACMOJIOKEHHOW B perunone WM3mup—Ypna, 3a omun roa. B pabore
WCIIONB30BAJICS TUOpuUaHbIE Meton mona Ha3zBaHueM CNN-LSTM, ocHOBaHHBIM Ha MeETOIax
cBepTouHOi HeporHOU ceTu (CNN) u nonroii kpatkocpounoit namsatu (LSTM). C ucnonp3oBanueM
pazpaboTaHHOTO MeTo1a cpeHeKkBaaparrndHas ommoka (MSE) cocraBuna 1,17.

B wuccnenosanuu, npoenénnom lllenonom m MycaeBbiM (Senol & Musayev, 2017), Obuta
co3/laHa MOJICNIb UICKYCCTBEHHOW HelipoHHOU ceTr (ANN) Ha OCHOBE pa3IMYHBIX BETPOBBIX TYPOUH
Y BBITNOJIHEHA OIIEHKA MPOU3BOICTBA AIEKTPOIHEPTUU U3 BETPOBOM SHEPTHUU.

B wuccnenoBannu Kaiin u coaBropoB (Kaya, Caner, & Oguz, 2016) Oblna mpeanpuHsTa
MOTBITKA OLICHUTh MOTEHIIMAJI BETPOBOM SHEpruu B nmpoBUHIMKU KacTaMoHy myTeM co3/laHus ABYX
Pa3IMYHBIX MOJIETICH C MCIOIb30BAaHHEM JaHHBIX PA3IUYHBIX BETPOBBIX TypOuH. C mpUMEHEHHEM
METO/I0B UCKYCCTBEHHBIX HEHPOHHBIX ceTell (ANN) 1 aJanTHBHBIX HEMPO-HEUETKUX CUCTEM BHIBOIA
(ANFIS) 6b111 O1IeHEHBI MaKCUMAJIbHBIE 3HAUYEHUSI MOIIHOCTH, KOTOPbIE MOTYT OBITh MOJIyY€HBI B
3aBUCHUMOCTH OT THIIa UCIIOJIb3YyEMBIX TYPOUH.

B uccnenopanuu Jloranmku u coasropos (Doganci, Ertiirk, Ozsunar, & Arcaklioglu, 2016)
OIICHKA BETPOBOM SHEPTHU MPOBOANUIIACH HA OCHOBE BHIOOPOYHBIX TAHHBIX U3 MPOBUHIIUN U palloOHOB
HentpansHoro u 3amaaHoro IlpuuepHomopss. Ilpu wucnonszoBanum Merona ANN  ObuI0
YCTaHOBJICHO, YTO pacCYUTaHHBIE MPOTHO3HBbIC 3HaueHus ans badpsl, Muebony, 3oHrynmaka u
Kapabroka, moydeHHbIE ¢ HCTIOIB30BAHUEM PA3JIMYHBIX KOMOMHAIINN TTapaMeTpoB (TaKUX KaK THUII
anroputMa, (GYHKIMS akTUBAIMH, QYHKIHUS OOYy4eHHS, KOJIWYECTBO CIOEB M YKCIO HEWPOHOB),
corjacyroTcs ¢ PaKTHUYECKHUMH 3HAUCHUSMHU.

B uccnenosanuu Keinbsiua u Apabamxku (Kilig & Arabaci, 2015) 6yaymire 3HaueHUST CKOPOCTH
BeTpa B MpOBUHIMHK bBypayp Obimu oueHeHbl ¢ ucnoiibzoBaHueM metoga ANN. B pesynbrate
pacueToB Ha OCHOBE JaHHBIX, MOJYYEHHBIX OT TyperKoro MeTeopoorHuecKOT0 HHCTUTYTa, ObLIO
caenaHo 3akirodeHue, 4yTo Metoa ANN MokeT ObITh MOAXOMASAIIUM MIJisi MPOBEICHUS MOJI0OHBIX
aHaJIM30B.
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BkJiiax 1aHHOrO HCCJIeJOBAHUS B HAYYHYIO JIUTEPaTypy:

» B HayuHoll tuTeparype He 0OHapyKeHO ucciiejoBaHuil, B KOTopblx MeToibl ANN n ANFIS
MPUMEHSUTUCH ObI COBMECTHO JUIsl OLIEHKHM MPOU3BOCTBA BETPOBOM HEpruu. B Hamem
UCCIIEZIOBAHUM TH [1BA METOJIa UCIIOJIb3YIOTCSI BMECTE.

e B 0601x MeTo/1aX yIaJIOCh YCIIEUTHO AOCTUYD CXOAUMOCTH C (PaKTHYECKHUMH 3HAYCHUSIMU
IIPOM3BOJICTBA PHEPIUH.

e B Hammx nBYX METO/1aX MCIOIB3YIOTCS HOBbIE HAOOPHI TAHHBIX, OCHOBAHHBIC HA JAHHBIX
peaJIbHOM CHCTEMBI, a HE TOTOBbIE CTaHIaPTHBIE HAOOPHI TAHHBIX.

MatepuaJjibl 1 METOAbI

B nanHOM wucciiejoBaHMM HCHOJIb30BAINUCH JAaHHBIE O IPOU3BOJCTBE 3HEPIMHM BETPOBOI
ANIEKTPOCTAHIINH, pacnojioxkeHHOH B FOro-Bocrounom AHaTonuiickoM peruone, B paiioHe ChIHIKUK
npoBUHIMK AnbisiMaH, 3a nepuoa 60 mecsieB (saBapp 2019 — nexabps 2024 rr.). [Ipu ananmze
YUUTBHIBAIUCH I'€OJIOTHYECKHE U METEOPOJIOTHYECKHE JaHHbIE, TAKME KaK CKOPOCTh BETPA, BHICOTA,
CpeIHEMECSIUHble 3HA4YeHMs, MaKCHUMallbHas CKOpOCTb BeTpa, JoJarora u muporta. Bcee
METEOPOJIOTUYECKUE YCIIOBUS, T'eoJoruueckas HHQopManus U JaHHbIE O MPOU3BOJCTBE BETPOBOM
anekTpoctaniuu (BOC) Obuty momydeHbl HETOCPEACTBEHHO C CAMOM CTAHIIMH.

Monenb, ucnionb3yeMas B UCCIIEIOBaHUM, OCHOBaHa Ha METOJaX MCKYCCTBEHHBIX HEHPOHHBIX
cereit (ANN) m Long/Short Term Memory (LSTM). MozenupoBanue ¥ pacu€Thl BBIOJIHSIIUCH C
ucnoJib3oBanueM nporpammuoro odecrneuenuss MATLAB (Bepcuu 2020a u R2018).

BerpoBas snekTpocTaHIus pacrosiokeHa B mpenenax paioHa ChIHIKUK MPOBUHIIMH
Anpisimad. CTaHIUST TIPEICTaBIAET COOOM MPOEKT MO MPOU3BOJICTBY AICKTPOIHEPTHU HA OCHOBE
BETPOBOM HSHepruM U OblUIa BIHEPBbIE JIMIEH3UPOBaHA YIPABJICHWEM IO PETYIHMPOBAHHUIO
sHepreTuueckoro peiaka Typrmu (EMRA) nist mpou3BoacTBa AIEKTPOIHEPTHHL.

DNEeKTPOCTAHIUA COCTOUT U3 11 BeTpoBBIX TypOWH M monkiodeHa k cucteme TETC gepes
noacrannuio Sincik Basin TM 154 kB. YcranosieHHas MOIIHOCTL CTAHIIMM cocTasisgeT 27,5 MBT.
Crannus Obla BBeJieHA B dKCIUTyaTanuio B staBape 2014 rona.

B Tabmume 1 mpencraBieHa uHGOpMAIHs O JOITOTE, IIUPOTE M BBHICOTE pacmosioxeHus 11
TYpOUH.

Ta6auna 1. Uadopmanus o g0aroTe, MMUPOTE U BBICOTE PACTIONOKEHHS TYPOUH.

Ilupora Hoarora H(EHTpaJIbH BLICOTa OT YpoBeHnb

Ha3Banue bIi 3eMJIH
N Q| = = QO | = = 3eMJIH WJIH

BeTPOBOH | 2 z> g = = = MepHIHaH oT KOLILIM (BbICOTA HAX
Typounsr | § | = = S E £ [3ome1 (UTM) p ypOBHEM

=8 = o =9 = O (6 rpagycoB) At Mopsi)
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
WTG5 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
WTGS8 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 HeiipoHHbIe ceTH (ANN)
ANN (Artificial Neural Network) — 310 BBIUMCIUTENBHAS CHCTEMa, pa3pabOTaHHAs IO
AHAJIOTUU CO CTPYKTYpOW OMOJOrMYECKUX HEHPOHHBIX KJIETOK M MX CHOCOOHOCTBIO K OOYYEHHIO
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(Sengiir, Tiirkoglu, & ince, 2005, Principe, Euliano, & Lefebvre, 2000). IIponecc 00yueHns B Takux
CHCTEMAX OCYIIECTBIISIETCS C MCIONb30BaHHEM IpuMepoB wimu  BbIOopok (Oztemel, 2003).
HckyccTBeHHBIE HEHPOHHBIE CETH IIMPOKO MPUMEHSIOTCS B MH)KEHEPUH, OCOOEHHO C pa3BUTHEM
MH(GOPMAIMOHHBIX TEXHOJIOTHA, M YACTO UCIOJB3YIOTCS B MAIIMHHOM 00y4eHnu. OHU CO3/1aBAIUCh
[0 BJOXHOBEHHIO OT CTPYKTYpPBl YEIOBEYECKOIO MO3ra Ha OCHOBE MHHHMH3AIMH OLIMOOK W
pacro3HaBaHusl 1a0JIOHOB.

Takas MOJiesIb HICKYCCTBEHHOM HEHPOHHOM ceTy 00yyasiach U pa3BUBaJIach, AN TUPYS MOJEIb
oOyuenus ['e66a. Moieip MHOTOCIIOHHOTO MepIenTpoHa, pa3padoranHas B 1980-x rogax, yCHenHo
pemiana 3ajayu Kiaccu(uUKaluyd, 0COOEHHO C HCIOJIb30BAHHWEM allrOpUTMa 00yueHusi oOpaTHOro
pacripoctpanenus omuoOku (backpropagation), 4to oTKpbUI0 HOBYIO 3py B pa3zsutuu ANN (Uguz,
2019,Ge¢mez & Genger, 2021).

HckyccTBeHHBIE HEHPOHHBIE KIIETKH, UCTONb3yemMble B ANN, BKIIIOYAIOT ISITh OCHOBHBIX
KOMIIOHEHTOB: Beca (Wi), BXOJHbIE 3HaueHus (Xi), cymmapHas (QYHKUMS, BBIXOA M (DYHKIHIO
aKTHBAIMK. BXOJHBIE 3HAYEHUS YMHOKAIOTCS HA COOTBETCTBYIOIIME Beca ISl TIOJMYYCHUST HOBBIX
3HAaYeHUH, K KOTOPBIM NPUOABISETCS MTOPOTOBOE 3HAYEHHE. BBIX0 MOXKHO MOJIY4nTh, 00paboTaB
pe3ynbTaT uepe3 PyHKIMIO aKTUBAIUH.

CriocoOHOCTh K 00Y4EHHUIO0 HCKYCCTBEHHOTO HEMPOHA 3aKJII0UaeTCsl B KOPPEKTHOM HACTPOWKe
3HAYECHHUI BECOB COTJIACHO BhIOpaHHOMY anroputMmy odyderus (Elmas, 2003, Sahan & Okur, 2016).
Mogens ANN, coaepskaiiasi JOCTaTOYHOE KOJIMYECTBO HEWPOHOB BO BHYTPEHHHUX CIIOSX, MOXKET
MO/JICTUPOBATH pa3InUHbIC TUIIBI HeJTMHEHHBIX QyHkuuil (Fausett, 1994).

AnanTuBHasi HeyeTKasi cucTeMa Ha ocHoBe ceTu (ANFIS)

B ctpykrype ANFIS ucnons3yroTcst Kak HeueTKas JIOTUKA, TaK U HICKYCCTBEHHBIE HEPOHHbBIE
cetu (ANN). ANFIS mpeacrasmsier coboii ceTeByr0 MOJENIb HEUeTKOW cuctembl Tuma CyreHo ¢
BO3MOXHOCTSIMU HEHPOHHOTO O0y4eHUSI.

Uto kacaetcsa cTtpykTypbl, ANFIS Bkitouaer mapbl BXOJA-BBIXO M MTPAaBUJIA BUJIA «ECIU—TO» B
HEYeTKOM cucremMe BbIBoja. [Ipu oO0ydeHHHM cHCTEMbl NPUMEHSIOTCS AaJTOPUTMBI OOy4YEHUS
HMCKYCCTBEHHOW HEMPOHHOM CETH.

Ecnu 0603HauuTh Z Kak BBIXOJ, a X U Y — Kak BXOJIbl, 0a30Basi CTPYKTypa MpaBHJia MOKET
OBbITh 3allMcaHa TakK:

Ecmmx AinyBi, 10 fi=pirx+qy+mn

3nech p u  — JuHEHHBIC TapaMeTphl Boixoa. [lepemennbie Al u Bi ucnosb3yroTes B Moaenu
JUISL TIPEJICTaBJICHUs] BepOabHBIX MIEPEMEHHBIX Ha TepBoM cioe. 3HadeHus Ai u Bi ymanstores us
ciost ¢ pyHKIMEH MPUHAUICKHOCTH, TPUHUMAs UX CTeneHn npuHapiexkHoct: 1 Ai(X), 1 Bi(y) .

Bo BTOpOM cioe BXo/AHbIE 3HAUEHUSI YMHOKAIOTCS APYT Ha Apyra U MOJAl0TCs Ha y3el:

wi=tt A(X)* u Bi(y) i=1,2,3,....9 (1)
Hpouecc HOpMaJIM3allu B TPETHEM CJIO€ BBIIIOJIHACTCA CICAYIOIIUM o6pa30M:
Wi:Wi/ZWi i:1,2,3,.....9 (2)

Mogenb TaKYFI/I—CYFeHO—KaHFa IMPUMCHACTCA TTOCJIC YETBECPTOI'O CJIOA. B sToM crnoe kaxabiit
HOpMElJ'IH?»OB&HHBIfI BE€C YMHOKACTCA Ha COOTBCTCTBYIOIIYIO (I)yHKI_[I/IIO BbIXO/Ja:

w * fi =wx (pix +piy +17) (3)
371ech JIMHEWHbIE IEPEMEHHBIE 17}, P;, U ¢;U3BECTHBI KaK apaMeTpbl Pe3ybTara.
[larelii cnoli OTBEYaeT 3a BBIUMCIEHUE YMCIEHHOTo 3HaueHus Bbixoga ANFIS nyrem
CYMMHPOBaHUS BBIXOJOB YETBEPTOIO CIIOS:

Total Output=Y w; /Y w; 4)
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B naHHOM wuCClieIOBaHUM €XEMECSUYHbIE MAaKCUMAJIbHBIE CKOPOCTH BETpa, 3HAYCHHS
IIPOM3BOJICTBA, IIUPOTA, CPEJHEMECSUHASL CKOPOCTh BETPA, BbicoTa U AonroTa st 11 typoun BOC
OBbLIN 3aMKcaHbl B IporpaMMHOM obectieueHuu Excel, Bcero 660 cTpok, 6 cTos10110B 1 3960 3HaYCHUI
IaHHBIX. YacTk 3TUX JaHHBIX npejacTaBieHa B Tabmuie 2.

Tabéauua 2. HexoTopsie 3HaUSHUS MPOU3BOJICTBA, CPSAHEMECSIYHON M MaKCHUMAITLHOU
CKOPOCTH BETpa, IMUPOTHI, JOJITOTHI U BEICOTHI ist 11 TypOuH

Cpeanemecsi | MakcumaiabH
Ha3Banue ITpousson

BeTpOBOii Jara et BOC | THAA ast  ckopocts | upor |doar |Beic

Typ6HmbI (MBr-u) | CKOPOCTD BeTpa 3ala ora |oTa

BeTpa MecsIl

Jan 2018 | 225,638 5,2 441 38,2 | 38,34 | 1445
Feb 2018 | 186,212 4,7 43,6 38,2 | 38,34 | 1445
Mar 2018 | 179,167 4,1 4,5 38,2 | 38,34 | 1445
Apr 2018 | 183,694 4,7 40,2 38,2 | 38,34 | 1445
May 2018 | 258,755 5,5 41,2 38,2 | 38,34 | 1445
WTG1 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 5,4 28,5 38,2 | 38,34 | 1445
Sep 2018 76,36 4,1 2,3 38,2 | 38,34 | 1445
Oct 2018 128,251 2,9 41,1 38,2 | 38,34 | 1445
Nov 2018 | 249,324 5,4 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 5,1 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

HJ'ISI MaCI_HTa6I/IpOBaHI/IH BCCX JAHHBIX B AHUAIIa30HEC OT 0 a0 1 MMPUMCHSJICSA METOA MAKCUMYM—
MHUHUMYM HOpMaJIU3aluu 110 (l)opMyJIe:

X0—Xmin
Xn=—"T"_—

(5)

Xmax—Xmin

T/Ie Xy U X, — HUCXOJHBbIC U HOPMAJIM30BAaHHBIE JAHHBIE COOTBETCTBEHHO, & Ximin U Xmax —
MUHUMAaJbHbIE 1 MaKCUMallbHbIe 3HaueHus nanHbix (Gorgel & Kavlak, 2020).
HekoTopsie 3HaueHus1, MOTy4eHHBIE TOCIe HOpMAaIU3aluu, MpuBeAeHbI B Tabmule 3.

Taﬁ.mma 3. HCKOTOpLIC HOPMAJIN30BAHHBIC 3HAYCHUSA HPOU3BOJACTBA, CpeHHeMCCH‘{HOﬁ u
MaKCHMaJIbHOM CKOpPOCTH BCTpPaA, IIHUPOTHI, AOJTOTHI U BBICOTHI JJIA 11 Typ6I/IH
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Cpeanemecsi | MakcumaibH « -
HazBanue IIpousBoact = s
. yHasi asi CKOpOCTh = ° )
BeTpoBoii | /JlaTa Bo BOC g = ]
TypOHHBI (MBT-4) CKOpPOCTh BeTpa 3a g el z
BeTpa Mecs1 =

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

WTG1 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 ]0,113994309 | 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

Pe3yabTarsl

[Tocne co3zmanus moaenu ANN s HporHo3upoBaHMsS NOTEHUIUATBHOTO IMPOU3BOJICTBA
BETPOBOM SHEPruM ObLITN HauaThI Mpoliecchl 00yueHus u TectupoBanus. B monensx ANFIS, ANN u
LSTM nns mporHo3upoBaHHsS TPOU3BOJCTBEHHBIX TaHHBIX BeTpoBOW snekrpoctanuuu (BIC)
WCIIOJIb30BANIUCh TSTh METEOPOJIOTUYECKUX U Teorpaduyeckux mapaMeTpoB: MaKCHMasbHas
CKOPOCTh BETpa, J0JIr0Ta, IHUPOTa, CPeTHEMECSUHAS CKOPOCTh BETPa U BBICOTA.

B xoxme uccnenoBanus Obliia MpEeANpPUHATA MOMBITKA OMPENCIUTH JIYUIIYI0O MOJEIh MyTEM
n3MeHeHus mnapametrpoB ANN, TakuMX Kak KOJMYECTBO HEMPOHOB B CKPBITOM Cioe, (PyHKIUS
neperayd CKpPBITOro clos, BbIXoAHass GyHKOus W ¢GyHKuus oOydeHus. Moaenr ANN Obuia
pa3zpaboTaHa ¢ UCHOJIB30BAHUEM alTOPUTMa OOpaTHOTO pacmpocTpaHeHus omuOku JleBenOepra—
Mapksapara (trainlm), ¢ynkuum oOyuenus Learngdm mus oOywaromero Habopa IaHHBIX U
TaHTeHIIMATLHOW CUTMOUIANBbHON QyHKIMY (tansig) B kKauecTBE QYHKIIMH aKTHBAITHH.

B nannom uccnegoanuu g oOydenus mojenu ANN Obio BeimonHeHo 1000 ureparmii. B
pe3ynbTaTe ObLIO MOTYYeHO 3HaYeHHe TpajueHTa 1e—7 mpu HyJaeBO# oImoke.

Jl7is OlleHKH pe3yibTaTOB MCIIOJIB30BANMCH JBa MOKA3aTels: CPeAHEKBaJpaTHYHAs OIIMOKa
(MSE) u xoa¢pdunuent xoppemsimun (R). Kospdunuent koppensuun moxaspiBaeT CBSI3b MEKIY
(hakTUYEeCKUM 3HAYEHHEM IMPOU3BOJICTBA DHEPTUU U MPOTHO3UPYEMBIM 3HAYEHHEM IMPOU3BOJICTBA
[27]. 3nauenne R? moxxer BappupoBaThes oT 0 g0 1. Uem Onmmke 310 3HadeHue Kk 1, Tem cuibHee
CBSI3b MEXIY MPOTHO3UPYEMBIMU 3HAYSHHUSIMHA MOJIENH U (PaKTHUECKUMHU 3HAYSHHSIMH TTPOU3BOICTBA
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BOC. Kpome Toro, 3Hauenust R?, 6nuskue k 1, ykaspIBaloT Ha 6oJiee BHICOKYIO YyBCTBUTEIBHOCTD
moenu (Kalogirou, 2000).
[Tapametprr 06yuenus u uarepgeiic ANN B MATLAB npencraBieHsl 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

Pucynok 2. I/IHTepti)eﬁc ANN B MATLAB mnipu o0yueHnuu Ha TaHHBIX

Jna  onpenenenuss 3((eKTUBHOCTH Tpoliecca MOJEIUPOBaHUS OBLIM  COMOCTaBJICHBI
nporHosupyemble 3HaueHHs ANN u  QaxThuueckue 3HAYEHUS MPOM3BOACTBA HSHEPTUU. ITH
pe3yNbTaThl MPEACTABIEHBI C UCTIOIb30BaHHEM O0YyYalONINX, BaJUIallMOHHBIX U TECTOBBIX JaHHbIX,
a TaK)K€ PErpeCCUOHHBIX KPUBBIX JIJISl BCEX JAHHBIX HA 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
PI/IcyHOK 3. PerpeCCI/IOHHLIe KPHBBIC PC3YIILTATOB I BAJIMJAIIMOHHBIX, o6yqaloumx,
TCCTOBBIX U BCCX AAHHBIX.

ITpu aHanu3e pe3yabTaToB OBLIO YCTAHOBJIEHO, YTO 3HAYEHMS PErpeccuu i BCeX JTaHHBIX
6mu3ku K 1. CnenoBarenbHo, BbIxoAHbIe 3HaueHUs Mojienn ANN okas3anuchk 10CTaTOYHO OIM3KUMU
K (DaKTHYECKUM 3HAUYEHUSIM.

st oueHku 3(ppeKTHBHOCTH MPEATIOKEHHOTO METoa cpeHeKBaapaTiyuHas omuoka (MSE)
cocrasmia 0,00308.

Hns onpenenenus 3¢p¢pextuBHOocTH Mojenu ANFIS mapamerpbl HECKOJIBKUX MOJAEIBHBIX
UCTBITAHUM OBUIM M3MEHEHBI C IIeJIbI0 HaXOXKACHUs Hauimydieil monenu. B kauectBe (QyHKINH
NpUHAIIeKHOCTH Oblta BbiOpaHa ¢yHkuus Trimf. HaGop naHHbIX ObUT pazfenéH ciexyronum
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obpazom: 20% mns rectupoBanust u 80% a1t 0OydeHusI.

Jlist ONTHUMHU3AaMOHHONW MOJETH ¢ OOpaTHBIM paclpoCTpaHEHHEM OIIMOKU JIOMYCK OIIMOKH
Obu1 ycTaHoBJeH paBHBIM 0, a kommaecTBo utepanuii — 1000.

OcHOBHBIE TapaMeTPBl MOJIEITH CIIEIYIOLIHE:

® KOJIMYECTBO JIMHEHHBIX MmapamMeTpoB — 243,

® KOJIMYECTBO y3J10B — 524,

® KOJIMYECTBO HETMHEHHBIX mapameTpoB — 60,

® KOJIMYEeCTBO 0OyUaromux map naHabix — 330,

e 001Iee KoJIMm4yecTBO mapamerpoB — 303,

® KOJIMYECTBO HEUSTKUX MpaBmiI — 243,

® KOJIMYECTBO NMPOBEPOYHBIX (TECTOBBIX) Map JaHHBIX — 132.

Ha pucynke 4 npencraBinena ucnoJibzoBanHas monaens ANFIS. Ha pucynke 5 mokaszaHsl
MIPOrHO3HbBIE JaHHBIE, MOJydeHHbIe ¢ momoIibio ANFIS.

CpennexBanparuunas ommroka (MSE) B pesynbrate urepanuii cocrasmia 0,00321.

Pucynok 4. Ctpykrypa cetH, co3ianHas ¢ ucnosiab3oBanuem ANFIS

Trainingdata:o FIS output:*

0 0 m ) oW 50 &0

Pucynok 5. [Iporuosssie qanHsie, noyydeHHusie ¢ nomoubio ANFIS

O¢¢pextuBHOCTE 00yueHHbIX Mozene ANN u ANFIS, nosnydenHas B pesyibTare 3THX
MIPOLIECCOB, MOXET OBbITh NpPOBEpPEHa IyTeM CpaBHEHUs (PAKTHUECKUX JaHHBIX MPOU3BOJICTBA
sHepruu BeTpoBbiX TypOuH Nell u Ne3, No5 ¢ mporHO3HBIMU JaHHBIMU, MOJTYYEHHBIMHU C TOMOIIBIO
ANFIS u ANN, koTopble npeicTaBlIeHbI B TabIuUIIE 4.

Ta6amua 4. CpaBHeHue (HaKTUUYECKUX 3HAUYCHUMU, TMOITYYEHHBIX C HEKOTOPBIX TYpOWH, C
MPOTHO3UPYEMBIMU 3HAUYEHUSMU M TIOKa3aTeNsIMU OIMIMOOK, PACCUUTAHHBIMH C HCIOJIb30BaHUEM
metoioB ANFIS u ANN.

Name ANFIS

of the Date éﬁgilction Q::l)laluction 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 10,43 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

WTGS 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
3akiaoueHue

[enpro JAHHOTO KMCCIEA0OBAHMS OBLIO TPOTHO3UPOBAHUE ITOKA3aTENICH MMPOU3BOACTBA BETPOBOM
3JNIEKTPOCTAHIIMM C YCTAHOBJIEHHOM MOILIHOCTBIO 27,5 MBT, pacnonoxeHHol B pailoHe ChIHIKUK
npoBuHuMu AneisiMad. [locne pazpabotku moxeneir ANN m ANFIS mist onenku morteHnuana
BETPOBOM PHEPTHH OBLITU HAYaThI ATArbl OOYUYEHUSI U TECTUPOBAHUS.

B Mopensx MCHonb30BaluCh ISITh METEOPOJOTHYECKMX M Teorpadpuueckux mapaMeTposB:
CpeIHEMECSIUHAsl CKOPOCTh BETPa, JOJITOTA, MaKCHUMallbHasi CKOPOCTh BETpPa 3a MECHI, BHICOTA U
IMPOTa JUIsl MPOTHO3UPOBAHMS IIPOU3BOICTBEHHBIX TaHHBIX BOC.

Jl7is OLIEHKH pe3yabTaTOB TECTHPOBAHUS OBLIO yCTAHOBJIEHO, YTO MPOTHO3HBIC 3HAYCHUS,
MOJIy4YE€HHBIE MOJICISIMU, 0Ka3aJIUCh COTJIACOBAaHHBIMU U HAACKHBIMU. [Ipy cpaBHEHNU (paKTUUECKUX
U MPOTHO3UpYEeMbIX 3HaueHuil Mojenun ANN perpeccuoHHbIE 3HAYEHHUs BCEX JAaHHBIX, BKIIOUas
oOyuaroniue W BaJWJallMOHHBIE AaHHbIe, Obutn Onu3ku K 1. bimsocts »THX 3HaueHWidl K 1

CBHUICTCIILCTBYCT O YCIICITHOCTU pa3pa60TaHH0171 MOJCIIN.
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3nayvenne MSE mnpu ounenke ¢ wucnonb3oBanmem ANN cocraBuno 0,00271, a mpwu
ucnons3oBanuu ANFIS — 0,00321. Ilpu cpaBHenuu mnokaszateneit ommbok ANFIS mokazana
HEMHOTO Jy4Iine pe3yabTatsl, ueM ANN, npu 3ToM pasHuia Obljia HE3HAYUTEIBHOM.

MeTo, WCIOJIb30BAHHBI B JaHHOM HCCIEIOBAHUM, MOXKET OBbITh TPUMEHEH s
MIPOTHO3UPOBAHUS MPOM3BOJICTBEHHBIX JAHHBIX JPYIHX DJIEKTPOCTAHIIMH WU TreorpapuuecKux
JIOKALMM, TEHEPUPYIOIINX PA3JIMYHBIC THITHI YHEPTUU.
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