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10T SYSTEM MODELING AND SIGNAL PROCESSING ON END DEVICES

Zh.Zh. Kozhamkulova
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E-mail: kozhamkulova.zhadra@aues.kz
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© Zh.Zh. Kozhamkulova

Abstract. The rapid development of Internet of Things (IoT) systems increases the
demand for efficient digital signal processing performed directly on end devices. Limited
computational resources, strict energy constraints, and low-latency requirements make the
development of optimized signal processing methods a critical research challenge. In such
systems, the problem of detecting and processing broadband signals under noisy conditions
becomes particularly important. The aim of this study is to develop and analyze digital
correlation processing and matched filtering methods suitable for implementation on resource-
constrained IoT devices. The objectives of the research include analyzing existing signal
detection and matched filtering techniques, developing algorithms with reduced computational
complexity, and evaluating their performance through signal modeling and simulation. As a
result of the research, an adapted digital correlation processing method based on normalization
and computational optimization is proposed. Signal processing simulations were performed
for various signal shapes, including rectangular and broadband signals, in the presence of
additive noise. The results demonstrate that the proposed method provides reliable signal
detection while significantly reducing computational load and processing delay compared to
classical correlation-based approaches. In conclusion, the developed methods can be
effectively applied in [oT systems, sensor networks, and radio engineering applications,
ensuring a balance between detection accuracy and computational efficiency. The obtained
results contribute to the advancement of digital signal processing techniques for end devices
and form a foundation for further research in energy-efficient data processing algorithms.

Keywords: digital signal processing; matched filtering; signal detection; Internet of
Things; correlation processing; broadband signals
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© XK. K. Koxxamkymnosa

Annoramusi. Mateprner 3attapel ([oT) xyienepiHiH KapKbIHABI JaMybl JEpEKTEpi
TiKeJeH COHFbl KYpBUIFbUIApJA THIMAI ©HJAEY KaXeTTUIriH apTTeIpell oThIp. Ecenrey
peCypCTapbIHBIH MIEKTEYIUTIr, YHEPTUsl TYTHIHYABIH TOMEH JEHTeHiHe KOWBUIATHIH TajanTap
YKOHE MUHUMAJIbI YaKbITTHIK KiJipicTep CUTHAIIAP/IbI OHCYAIH OHTAWIaHIBIPBUIFaH SICTepiH
o3iplieyaiH ©3CKTUIriH Kepceremi. MyHmall >kyhenepae Iy >KaFgalbIlHAA KEHKOJAKTHI
CUTHAJIapAbl aHBIKTAY JKOHE OHJIEY MOcelieci epekiie MaHbI3Fa ue. bys 3epTreyniH MakcaThl —
IIEKTEYJII ammaparTelK pecypctapra ue [oT COHFBI KypBUIFBUIAPBIHIA KOJJIAHYFa apHaJFaH
UQPIBIK KOPPEISALUSIIBIK OHICY KOHE KeTICUIreH QUIbTpanus SAICTEpiH a3ipIiey jKoHE Tajiay.
3epTTey MIHIAETTEpIHE CUTHAIIAPABI aHBIKTAy MEH KeNiCUIreH (UIbTPAIUSHBIH KOJIIaHBICTaFbI
o/licTEepiH Tanay, ecenTey KypAeaiIiri TOMEH aJropuTMIEpIi a3ipIiey sKaHe OJIapIbIH THIMAUTITIH
MOJICNIBJICY AapKbUIBI Oaranay Kipefi. 3epTTey HOTHXKECIHAEC ecemnTey omeparusiapbiH
OHTAWJIAHIBIPY MEH HOpMaJM3alUsfa Heri3fenreH UU(PIBIK KOPPEISIIHSUIBIK  OHICYIIH
OeiliMaenTeH 9iCi YCHIHBUIABL. OPTYpai GopMaaarbl CUTHAIIAP, COHBIH IIIIHAEC TIKOYPHIIITHI
JKOHE KCHXKOJIAKTBI CUTHANIAP, aJAIUTUBTI Iy >KaFJalbIHIa MOJCIbICHIl. AJBIHFAH HOTHXKEIED
YCHIHBUTFAH OJICTIH KJIACCHKAIBIK KOPPESAIHMIIBIK OMICTEPMEH CaJbICTBIPFaHA ECeITey
KYKTEMECIH a3aiiTa OTBIPHIN, CUTHAIIAP/IBI CEHIMII aHBIKTAUTHIHBIH KOpceTTi. KophIThIHIbLIAN
kene, a3ipyenren onicrep loT xyienepinae, paaMoOTEXHUKAIBIK JKOHE CEHCOPJIBIK JKEJiaepe
TUIM/I1 KOJIIAaHBUTY bl MYMKiH. 3€pTTEY HOTHKEJIEpl COHFBI KYPhUIFbUIAP 1A IU(PPIBIK CUTHAT AP IBI
OHJICY CaJaChIHJIaFbl FHUIBIMU OUTIMII KEHEWTII, YHEPTUS YHEMIEHTIH alrOpUTMAEP/l OJaH dpi
JAMBITyFa HET13 KalaiIbl.

Tyiiin ce3aep: nudpabIK CUTHATIAPABI OHJEY; KETICIITeH (UIbTpalus; CUTHAIIAP.IbI
aHbIKTay; IHTEpHET 3aTTaphl; KOPPEISALHUSIBIK OHICY; KCHKOJIAKThI CUTHAIIIAp

Hoiiexcoznep ymin: JK.JOK. KoxamkyrnoBa. IoT ky#eciHiH MOJETIH KOHE COHFBI
KYPBUIFbUIApIaFbl CUTHAIAAp bl oHey i 3epTTey // Kazakctan ennipic kemiri. 2026. Tom. 23. Ne
89. 7-28 6et. (Opsic Tin.). https://doi.org/10.58420/ptk/2026.89.01.001.
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© XK. K. Koxxamkyiosa

AnHoTanmusi. B ycnoBusx axkTtuBHOro pasButus cucreM HWHrepnera Bemen (IoT)
BO3pacTaeT Heo0X0UMOCTh (P PeKTUBHOM 00PaOOTKH TU(PPOBBIX CUTHAJIOB HETIOCPEJICTBEHHO HA
KOHEUYHBIX YCTpoiicTBax. OrpaHMYEHHBIC BBIYMCIUTENIBHBIE PECYPCHI, SHEPrornoTpedieHue u
TpeOOBaHUSA K MMUHUMAJIbHBIM BPEMEHHBIM 33/I€pP’KKaM JEIatoT aKTyalbHOM 3a/1ady pa3paboTKH
aIalITUPOBAHHBIX METOZI0B LU(POBOM 0OpaOOTKM CHUTHAIOB, OOECIEYHBAIOIIUX BBICOKYIO
TOYHOCTh MPU CHUKEHHOH BBIYMCIMTENBHOMN clokHOCTH. Oco00e 3HaYeHHE B TAKUX CUCTEMax
npuoOpeTaeT 3a1a4a OOHAPYKEHHUS U KOPPEISLUOHHON 00pabOTKH IIMPOKOIIOIOCHBIX CUTHAIOB
B ycJIoBMAX IIyMma. Llenbto MaHHOrO MCCleOBaHUS SIBISIETCS Pa3pabOTKa M aHAIU3 METOOB
U(PPOBOKH  KOPPEJIALMOHHOW O0OpabOTKM ¥ COIJIACOBAaHHOW  (PUIBTpAllMM  CHUTHAJIOB,
OPUEHTUPOBAaHHBIX Ha IpUMEHEHHe B KOHeuHbIX loT-ycTpoiicTBax ¢ OrpaHUYEeHHBIMU
anmapaTHbIMM pecypcaMu. B pamkax paOoThl TOCTaBlIEHBI CIEAYIOIIME 3a7ayd: aHaIu3
CYLIECTBYIOIINX METOJOB COINIAaCOBAaHHON (PMIIBTpALlMU U OOHApY’KEHHsI CUIHAJIOB; pa3paboTka
QITOPUTMOB C TIOHIYKEHHOH BBIUMCIUTEIBHON CIIOKHOCTBIO; MOACTHMPOBAHNE CUTHAJTIOB U OIICHKA
3QQEKTUBHOCTH MpeajaraeMblX pelleHuil. B pesymbraTe HccienoBaHus —IPeUIOKEH
aJalTUPOBAHHBIM ~ MeTox  LU(POBOM  KOPPEISIMOHHONH  0OpabOTKH, OCHOBAHHBIM Ha
HOpMalu3allMl ¥ ONTUMH3ALMM BBIYMCIUTEIbHBIX omepauuil. IlpoBeneHo MoaenupoBaHue
00pabOTKM CHTHAJIOB pa3nuYHON (POpMBI, BKIIOYAs NPSMOYTOJIbHBIE M LIMPOKOIOJIOCHBIE
CUTHJIbI, B NPUCYTCTBUM aJJAWTHUBHOrO Inyma. llodydeHHble pe3ynbTaThl IOKa3ald, YTO
NpEeUIOKEHHBI MeToJl o0ecreynBaeT HaJae)KHOE OOHApy)KEHHE CUTHAJIOB NpPU CHIKCHHUU
BBIUMCIIUTENBHBIX 3aTpaT M MUHUMAJIbHBIX BpPEMEHHBIX 3aJepXkKKaX I10 CpPaBHEHHUIO C
KJIACCHYECKMMH METOJIaMH KOppensiuu. B 3akimioueHune oTMedaercsi, 4ro pa3paboTaHHBIC
METOABI MOTYT OBbITh 3P PEKTUBHO pUMEHEHBI B cucteMax [oT, paguoTeXHN4ecKnX U CEHCOPHBIX
ceTsax, oOecreunBas OaJaHC MEXAYy TOYHOCTbIO 00paOOTKM M BBIYMCIUTEIBHOU
3ppexTUBHOCTBIO. [losydyeHHBIE pe3ynbTaThl pPACHIMPSIOT BO3MOXHOCTH NPAKTHYECKOH
peanu3anyy nudpoBoil 0OpabOTKU CUTHAJIIOB HA KOHEYHBIX YCTPONUCTBAX U CO3/1al0T OCHOBY JUIS
JATBHEHIIINX UCCIIeIOBaHUHN B 00J1aCcTH YHEPTro3((HEKTUBHBIX aITOPUTMOB 00paOOTKH JaHHBIX.

KnawueBble cioBa: mudpoBas o0paOoTka CHUTHAJIOB; COIJIACOBAHHAS (UIBTpPAIUS;
oOHapyXeHue curHaioB; MHTepHET Bemiel; KoppessiiuoHHas 00paboTKa; MIMPOKOMOJIOCHBIC
CUTHAJIbI

Juasa uutupoBanus: XK.K. KoxamkymnoBa. MoaemupoBanue loT-cuctemsr u 06padoTka
CUTHAJIOB Ha KOHEYHBIX ycTpoiicTBax // Ilombinuiennsit Tpancnopt Kaszaxcrana. 2026. T. 22. No.
89. Ctp. 7-28. (Ha pyc.). https://doi.org/10.58420/ptk/2026.89.01.001.

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

Beenenue

PazButne texnomoruit MurepHera Bemelr (IoT) B mocimemnue roapl 3HAYUTEITHHO
pacIvpuiio BO3MOXKHOCTH MOHHMTOPHHTA, YIPABICHUS W aHalu3a (PU3MUECKUX TMPOIECCOB B
MPOMBIIIIEHHOCTH, TPAHCIIOPTE, YMHBIX TOPOJaxX U APYrUX MPHUKIaIHBIX 001acTsIX. OCHOBHBIMU
aneMeHTaMu [oT-cucreM SBIAIOTCA KOHEYHBIE YCTPOWCTBA, COCTOSILIME W3 CEHCOPOB,
MPOIIECCOPOB 1 KOMMYHHMKAIIMOHHBIX MOJYJIEH, oOecreunBaromume coop, 00paboTKy U nepeaady
naHHbiX. HecMorps Ha axtuBHOe BHeapenue loT, B HaydHOM JMTEepaType OTMEYaeTCs
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HEJI0CTaTOYHAsl MPOpabOTaHHOCTh METOAO0B ITU(GPOBOM 00paOOTKH CHUTHAJIOB HEMOCPEICTBEHHO
Ha KOHEYHBIX yCTpOMICTBaX, OrpPaHMYEHHBIX IO  BBIYMCIUTEIBHBIM  pecypcaM U
SHEPTOMOTPEOICHUIO.

AKTyanmbHOCTh ~ HCCIIEZIOBaHUS ~ OOyCIIOBIEHA ~ HEOOXOIMMOCTBIO  TOBBILICHHUS
addexTuBHOCTH 00pabOTKM JaHHBIX Ha KoHeuHbIX loT-ycTpoiicTBax mpu coXpaHEHUHU
MUHHMAaJIBHOTO O0beMa IepenaBaeMoil MHPOpPMALMU M 00eCHedeHUs] BBICOKOH TOYHOCTHU
NEeTeKTUpoBaHus coObITuH. CyIlecTBYIOIME MOAXOMAbl, NPUMEHSIEMbIE B PaJAHMOJIOKALMH U
THJIPOAKyCTUKE, TaKWe KaK COrjacoBaHHas (MIbTpalus, OOECHEeYyUuBAIOT ONTHMAIbHOE
OTHOLICHWE CUTHAI/IIYM, HO TpeOYyIOT 3HAYMUTENBHBIX BBIYMCIUTEIBHBIX PECYPCOB, YTO
OTrpaHUYUBaET UX NpsAMoe puMeHeHue B [oT-ycrpolicTBax.

O6bexT wmccnenoBanus — loT-cucrema, BKITIOUYAIOIIasi CEHCOPBI, MPOIECCOPHI U
KOMMYHHUKAIIMOHHBIE MOJIYJH, OCYLIECTBIsIOmas cOop, o0pabOTKy M mepegady JaHHBIX.
[IpeameTr wucciaenoBaHUs — METOALI ITUPPOBON KOPPEIAMUOHHON 0OpaOOTKHM CHUTHAJOB Ha
koHeuHbIX [oT-ycTpoiicTBax ¢ OrpaHUYEHHBIMH BBIYMCINUTEIBHBIMU PECYPCAMHU.

ens wuccnenoBanus — paszpadborka 3(dexkTuBHOrO0 Metoga mnudpoBor 00padOTKH
CUTHAJIOB JJISl IETEKTUPOBAHMUS COOBITUN pa3nn4HOi Gopmbl Ha KoHeyHbIX loT-ycTpoiicTBax ¢
MUHHUMH3aIMeH 00beMa repeaBaeMbIX TaHHBIX U 3aJCPKKH 00pabOTKH.

JI1 nocTrKEHMS LIeNU OCTaBJIEHbI CIIEAYIOINE 3aJaun:

- IIpoBecTu aHa/IN3 CyIIECTBYIOIUX METOIOB KOPPEISALIMOHHON 00pabOTKHU CUTHAJIOB M MX
npumenuMocty 1 loT-ycrporicTs.

- OnpenenuTh BEIYUCIUTENBHYIO CIIOKHOCTh TPAJULIMOHHBIX aJITOPUTMOB U MIPEIOKUTh
MOJIXO/1bI K CHH)KEHUIO 00beMa BBIYMCICHUH.

- Pa3zpaboTath airoputM HOpPMaJM30BAaHHOW B3aWMHOW KOPPEJISAIMH, aJIalTUPOBAHHBIN
JUI pabOThI HA KOHEYHBIX YCTPOMCTBAX ¢ OTPAaHUYECHHON Pa3psAAHOCTHIO U YaCTOTOM TaKTOB.

- CmogenupoBath pa0oTy aaroputMa Ha LUGPOBOH MOCIENOBATEIBHOCTH IAHHBIX C
Pa3IMYHBIMH TUIIAMU CUTHAJIOB M OTIPEAEIUTH Y3PPEKTUBHOCTD JETEKTUPOBAHMUSL.

- Ompenenutb TOPOTOBBIE 3HAYCHHS IS 3(PGEKTUBHOTO pasleleHUus COOBITHA |
MUHUMU3ALUH JIO)KHBIX TPEBOT.

MeTtoabl U NOAXOMAbI UCCIIEOBAHUS BKIIOYAIOT aHAIUTUYECKUN 0030p CYIIECTBYIOIIUX
aNropuTMoB 1HU(POBOIl 00pabOTKM CHUTHAIOB, MAaTEMaTHYECKOE MOJEIMPOBAHUE B3aUMHOMN
KOPPENAUOHHON (YHKIIMH, METO/bl KyCOYHO-JIMHEHHOH alpoKCUMAallui CUTHAJIOB, a TAKXe
MoJieTTMpoBaHue anroputMoB Ha minatdpopme MATLAB ¢ ucnons3oBaHUEM TCEBIOCTYUARHBIX
U(PPOBBIX MOCIIETOBATEIHLHOCTEMH.

I'unmote3a umccnenoBaHMs COCTOMT B TOM, YTO NPUMEHEHHUE aJalTHPOBAHHOIO METOJa
COTJIACOBAHHOW (MIBTPAIIMM C HOPMAJIM3alMe W YNPOUICHWEM BBIYHCIHUTEIBHBIX OTEparui
NO3BOJISIET peanu3oBaTh 3(G(PEKTUBHOE JETEKTUPOBAHHE CUTHAJIOB pPa3iIUYHON  (OpMBbI
HETIOCPEJICTBEHHO Ha KOHEYHbIX loT-ycrpolicTBax, oOecrieunBasi MUHUMAIBHYIO 33/ICPKKY H
COKpallleHue o0beMa repejaBacMbIX JaHHBIX.

PesynbTaThl uccienoBaHus MMEIOT TEOPETUYECKYIH0 3HAYMMOCTh, TaK KakK JOIOJIHSIOT
CYLIECTBYIOIIME TMpeJACTaBIeHUsT O ULUPpoBOH 00pabOTKE CHUTHAJIOB B OrPaHMYEHHBIX
BBIUHCIIUTENBHBIX CpeNaxX, U MPAaKTHUYECKYI0 LEHHOCTh, TAK KaK MOTYT ObIThb MCIIOJIb30BaHbI B
pa3paboTKe MPOMBIIIUIEHHBIX, TPAHCTIOPTHBIX M YMHBIX TOPOJICKUX CUCTEM, TPEOYIOIIHNX BEICOKOM
TOYHOCTH W3MEPEHUH NP MUHUMAJIbHBIX pecypcax KOHEUHOTO YCTPOHCTBA.

Matepuajbl M MeTObI HCCJIEJOBAHUS

OOBEeKTOM HCCIIEJOBaHMsI SABIISAIOTCS KOHeuHble ycTpoiicTBa MuTepnera Bemeilr (IoT),
BKJIIOYAIOIIE CEHCOPBI, MPOLECCOPbl U KOMMYHHMKALIMOHHbBIE MOJYJIH, OCYILECTBIISAIOLINE cOOP,
1 poByro 00pabOTKy | Iepenavdy JaHHbBIX.

KauecTBeHHas XxapakTepUCTHKa MaTEPUAJIOB:

- CeHcOppl — YCTpOICTBa, H3MeEpsAOLIME (QUINUECKUE BEIUYMHBI (TEMIEpaTypa,
BUOpalys, AaBJICHUE U JIP.) C TOCIEAYIONINM Mpeodpa3oBaHieM cUrHana B UG poByio hopMmy;
- IIpoueccopst — mukpokoHTposuiepsl (MCU), mudpoBble CUTHATBHBIE MPOIECCOPHI
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(DSP) u mporpammupyemslie jorudeckue narerpaibabie cxembl (FPGA);

- Kommynukanuonusie Monynu — OecnpoBoansie (Wi-Fi, ZigBee, LoRa) u npoBogHbIe
UHTepQEChl epeaun JaHHbIX;

- JlaaHble — 1MQPOBBIE MOCIEIOBATEILHOCTH OTCUETOB (8—16 OWT), UMHUTHPYIOIIHE
peabHbIE U3MEPEHHSI C CEHCOPOB; BKJIIOYAIOT CUTHAJIBI TPEYTOJIBHON U IPSAMOYTOJIBHOM (OpMBI,
a TaKKe CIy4yaliHble IIyMOBbIE KOMIIOHEHTHI.

KonnyecTBeHHas XapaKTepUCTHKA:

- JlnuHa MoJenupyeMbIX IU(POBBIX MOCIE0BATENbHOCTEN JaHHBIX — 10 1077 0TCYeToB;

- PaspsimHocTh curnanoB — 8§ Our;

- Yacrora auckpernzauuu — onpenensemas napamerpamu ALl SR = 1-10 xI'n (B
3aBUCHUMOCTH OT THIIA CEHCOpPa U TPEOYEeMOW TOYHOCTH);

- O0BeM MozenMpyeMoro Tpapuka Ha KOHEYHOM YCTPOHCTBE — 1O JECSTKOB ThICSY
OTCYETOB B CEKYHIY.

- Mcnonp3yeMble MaTepHraiibl O3BOJIMIM BOCTIPOU3BECTH peasibHbIe ycinoBus padbotsl [oT-
YCTPOUCTB W OLCHUTHh A(P(PEKTUBHOCTH MPEMIIOKEHHOTO MeToAa IU(PPOBON KOPPEIAITMOHHOM
00pabOTKH CUTHAJIOB.

Bomnpocsl uccienoBanus:

Hackonpko 3¢ dekTuBeH MeToa COrnacoBaHHOM (UIbTpalMM MpH peaau3alid Ha
KoHeuHbIX [0T-ycTpolicTBax ¢ OrpaHMYE€HHBIMU BBIYUCIUTEILHBIMUA peCypcaMmu?

- Kak Bmustor TMm u ¢opma CUrHaJIOB Ha TOKA3aTelIM KOPPEJSLUH M BEPOSTHOCTh
MIPaBUJILHOTO JACTEKTUPOBAHUS COOBITHI?

- Kakum o00pa3oM MOXHO CHH3UTh BBIUYUCIUTEIBHYIO CIOXXHOCTh QJITOPUTMOB
KOPPEJAIMOHHON 00paboTKH 6€3 MOTepr TOUHOCTH?

- Kakoe noporosoe 3nauenue koppemsiuuu (TH) obecnieunBaeT onTumMaibHOE pa3/ieieHue
COOBITHI ¥ MUHUMHM3AITUIO JIOKHBIX TPEBOT?

l'umore3a  wWccieoBaHUS: aJaNTHPOBAHHBIA  METOJ IM(POBOH  COrIacOBaHHOU
GuIbTpaluy ¢ HOpMaJu3alMeldl M yNPOUIEHHBIMU BBIYMCIUTEIbHBIMU ONEpalUIMU I03BOJISET
peanu3oBath 3PPEKTUBHOE NETEKTUPOBAHUE CUTHAIOB PazIuuHON (opmbl Ha KOHeuHBIX loT-
yCTpOHCTBaX, oOecrneuyrBasl MUHHMAJIbHOE KOJMYECTBO IMEPEJaBacMbIX ITAHHBIX U 3aJEPKKY
00paboTKH, 1axe MPHU OTPAHUYCHHON BEIYUCIUTENLHON MOIITHOCTH MIPOIeccopa.

OTanel UCCIIEIOBAHU:

AHanuTHYecKuil 3Tan: U3ydeHue CyIIECTBYIOIUX METOJ0B HU(PPOBOH KOPPEIAIUOHHON
00pabOTKN CUTHAJIOB, X BHIYMCIUTENBHOMN CII0)KHOCTH U TPUMEHUMOCTH 17151 [oT-ycTpoiicTs.

- Pazpaborka  anropuTma: co3gaHue  aJanTUPOBAaHHOH  Mojenu  HU(POBOIL
KOPPESILMOHHON 00pab0TKH, BKIIOYAIOIIEH HOPMAIU3allli0 U YIPOIICHHbBIE BBIUYNCIUTEIbHBIC
olepalnuu Ajsi KOHEYHOTo yCTPOUCTBA.

- MonenupoBanue JAHHBIX: T€HEpaLUs MICEBJIOCTYYalHbIX UPPOBBIX
MOCJEIOBATENbHOCTEH C BKJIIOYEHHWEM CHUTHAIOB pa3iuyHOW (QOpMbI (TpeyrojbHOM u
IPSIMOYTOJIBHOM ) U ITYMOBBIX KOMIIOHEHTOB.

- Peanmuzanust anropuTMma: mporpaMMHasi peaiu3ais NpPeAoKEHHOI0O MeToAa Ha
mwiarpopme MATLAB niis MoznenupoBaHusi paboThl HA KOHEYHOM yCTPONCTBE.

- AHanmu3  pe3yJbTaTOB: BHIUMCIEHUE  B3aMMHOM  KOppessiLuH,  OIlpe/eeHue
MaKCUMaJbHOTO 3HAYEHUs CHUTHala, IpoBepka moporoBoro 3HadeHuss TH u onenka
3¢ (HEeKTUBHOCTH IETEKTUPOBAHUS.

CpaBHUTENBHBIN aHAN3: OLIEHKA BBIUHUCIUTEIBLHON CIOKHOCTU MPENI0KEHHOTO METO/1a
10 CPAaBHEHUIO C METOJaMH IPSIMOM KOppeJILuy, MOJAIEePTyP U KOJOBBIX CKOJIB3SIIUX CYMM.

Crnenyrolue METOABI UCCIIEOBAHNS OBLIIN HCIIOIb30BaHbI B CTAThE:

- LHudposas xoppensuroHHas 00paboTKa CHUTHAJIOB: MCIIOIb30BaHUE HOPMAIN30BAaHHOMN
B3aWMHOW KOPPEISIIMOHHON (QYHKINU ISl IETEKTUPOBAHUS COOBITHI PAa3TUIHON (DOPMBI.

- Metoabt MaTeMaTH4YeCKOTo MOJICJIMPOBAHUS: TeHEepaIHs U(PPOBBIX
MOCNIE0BATEIbHOCTEH, aANIPOKCUMAllUS CHUTHAJIOB  KyCOYHO-TMHEMHbIMH  (QopmamMu U
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BBIYHCJICHUE KOPPEISILUU C YUETOM 3aJCPHKKH.

- KommbrotepHoe MonenupoBaHue: peanusanus anroputMoB Ha MATLAB, onenka
MaKCUMAaJIbHBIX 3HAYEHUH KOPPESUU U 3()(PEKTUBHOCTH OPOrOBOH (PMIIBTpALIUY.

- CpaBHUTENbHBIN AaHAJIU3: QHAIU3 BBIYMCIUTENIBHON CIOKHOCTH aJFOPUTMOB HPSIMON
KOPpeJSILiMM, IOJANEPTYP M KONOBBIX CKOJB3SIIMX CYyMM; pacdeT 4YHUClIa OIepauud s
Pa3IUYHBIX JUIMH NocaeaoBaTenbHocTeR N.

- Anmapartnas omeska: oocyxaenue npumenenuss MCU, DSP u FPGA s peanuzarim
IPEJIOKEHHOIO METO/1a C TOUKHU 3PEHMSI BBIYMCINUTENBHBIX BO3MOXKHOCTEN U 3a1€PIKKH.

HaydHast HOBU3HA CTaTbH COCTOUT B CIEAYIOLIEM:

- Ilpemnoxen ananTHPOBaHHBIA MeETOA UUGPOBOM COINIACOBAHHOW (MIBTpaluy,
ONTHUMHU3UPOBAHHBIN 1J1s1 KOHEUHBIX [0T-yCTpOICTB ¢ OrpaHUYEHHBIMH PECYPCAMU;

- Pa3paboTtan anroputM HOpMaau3allMM W YIPOIICHUS BBIYMCIMTEIBHBIX OINEpaluit
(MCKIIIOYEHHE oOmepalMy KBaJApaTHOIO KOPHA M 3aMeHa JEJCHMs Ha YCEYeHHEe MIIaJlIMX
pas3psAI0B), MO3BOJISIONINI CHIXKATh 3a/IEPIKKY 00pabOTKH;

- IlpoBeneHa KoMIIIEKCHAas OLEHKa 3()QPEKTUBHOCTH JETEKTHPOBAHUS CHUTHAJIOB
pa3nuYHON (POPMBI C yUETOM OrpaHHUYEHHH YacTOThI JUCKpeTH3auu u paspsanoctu AL

- OGocHOBaHa MpaKTHUYECKasi IPUMEHHUMOCTb METO/1a JUIs IPOMBIIIUIEHHOIO MOHUTOPHUHTA,
YMHBIX aBTOMOOWJIEH M YMHBIX TOPOJOB C BHICOKOCKOPOCTHBIM ITOTOKOM JIaHHBIX.

Pe3yabTaTsl U 00CyKICHTE

PaccmoTrpuMm Mognens cuctembl MIHTEepHETa Belel ¢ TOUKH 3peHusi 0a30BBIX YCTPOICTB,
OCYILECTBIIAIOLIMX Nepeady, IpUeM U 00paboTKy JaHHBIX, a TAKXKe KIFOUEBBIX XapaKTEPUCTHK.
[Ipennonaraercs, 4To BCsi 00pabOTKa AaHHBIX OCYIIECTBISIETCS B IIM(PPOBOM, a HE aHAIOTOBOM
BHJIE, TO €CTh JaXKe IIPH NIepeladye JaHHBIX OT CEHCOPOB K IIPOLIECCOPY MBI OIIEPUPYEM OTCUETAMU
ONPEAEIEHHON Pa3psAHOCTH.

DR, , i
CEHCOP . MPOLIECCOP D3
1 | TEPMMHAN
DR,, DRs, MAATGOPMA i
MOOEM |« ) ) p (0BMAKO) | o >
TRy Dcyy TR3 D3y i
| TEPMMHAN
__________________ rEVT
DRyy ! (NONB3OBATE/H)
CEHCOP ' MPOLIECCOP |
| | Dy, |
’ . DRy,
MOZEM
TRy Deay

DR — cKOpOCTb NOTOKaA AAHHbIX,
TR - nponyckHas cnocobHOCTL KaHana CBA3M,
D — 3agepxKa cBf3aHHas ¢ 0bpaboTKOW OaHHbIX

Puc. 1. Monens loT-cucremsl, ¢ yueToM yCTpOHCTB 00pabOTKH

12 This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives @
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Cencop, mporeccop U MoJeM 00pa3yroT KOHEYHOE yCTPOMCTBO (Momynb). Ompenenum
KJIIOUEBbIE MTapaMeTphl, CBA3aHHBIE C nepenadeit nanHbx (Anufrienko, 2022: 3-8).

DR CKOpOCTb IOTOKA JJAaHHBIX, OUT/C (0aifT/c)

TR [IpomyckHast cmocoOHOCTH KaHaia CBs3H, OUT/c (6aift/c)

D 3anepxka. JlaHHBIN MapaMeTp MOXKET BBIPa)KaThCsl KaK B KOJMUECTBE TAKTOB, JINOO
B CEKyHJIaX (MKC).

s mepBoro MomyJs:

DR11 — 3TO CKOPOCTh OTOKA IAHHBIX OT CEHCOPA K MPOLIECCOPY.

D1 1—3anepkka, cBs3aHHas ¢ 00pabOTKOI MPOIIeCCOPOM MOTOKA TAaHHBIX.

DR 21 — 3T0 CKOPOCTh MOTOKA IAHHBIX MEXKIY MOJIEMOM U IeUTOM,

TR1 — COOTBETCTBYIOIAsI MPOMYCKHAsA CIIOCOOHOCTh KaHaja CBS3M MEXIY MOIAEMOM H

reiitom. Ananoruunsie mapameTpsl (DR3 1; TR3; D3) npuMeHSIOTCS K KaHally «TeUT - 00IaKoy.

B obmem ciyuae:
TRy <TR3;
TRi >M * DR>1, tne M < 1.

JlanHast Mozenb TO3BOJSIET ONEPHUPOBATh 3aJEpKKaMU Ui BCEX METONOB 00pabOTKU
CUTHAJIOB U JOCTaBKM HH(GOpMalUU OT CEHCOpoB B o0aako. Jlanee paccMOTpUM MOJIXOBI K
KOPPENSIUOHHOW 00paboTKE CUTHAJIOB, YTOOBI Jlajee MPOAaHAIM3UPOBATH MOJAXOA LUPPOBOH
00paboTKK HA KOHEYHOM yCTpoiicTBe MHTEepHeTa Bemieid, padboTatomem B coctaBe [oT-cuctemsr.

[lepeiineM k aHaNMM3y CYMIECTBYIOIIUX TOAXOAOB K KOPPEJISAIMOHHON 00paboTke
CUTHAJIOB, YTOOBI B JaJbHEHIIIEM PacCMOTPETh KOMIUIEKCHBIN 1MOAX0a 00paboTKK Ha KOHEYHOM
ycTpoicTBe B coctase loT-cucremsl.

B panuorexHuke Koppemsius akTUBHO UCTOJIb3YETCsl B PaIUOJIOKALNU U THAPOAKYCTHKE
JUI JIETEKTUPOBAHUS M WUICHTU(UKAIMN CUTHAJIOB B mIyme. s yBenudeHus pasperiaronieit
CIIOCOOHOCTH MO AAJIbHOCTU MPU COXPAHEHUH UMITYJHCHOW MOIIHOCTU IIUPOKO MPUMEHSIOTCS
CUTHAJIBI OTHOCUTEJIHO OOJIBIION UIUTEIHOCTH C BHYTPUUMITYJIbCHOM Moayssiuueit (Pabunep,
1978: 234-399). B pamuonokan B KadyeCTBE IITMPOKOIOJIOCHBIX CHUTHAJIOB B OCHOBHOM
UCTIONB3YIOT JMHEHHO-4aCTOTHO Moy IupoBaHHble (JIYM) curaasnsl u cUrHasl ¢ pazoBOKOI0BOU
Manumyssiiuern (OKM) Ha ocHOoBe komoB bapkepa n-ii jmHbl. B Hacrosmiee Bpems s
COIJIACOBAHHOW (PUIBTPAIIMKM B YaCTOTHOW 00JACTH IIMPOKO HMCIIONB3YIOT aJTOPUTM OBICTPOTO
npeoOpazoBanust Dypee (bmeiixyr, 1989: 186-287), o4eBHIHBIM HEAOCTATKOM KOTOPOTO
SBIISICTCS CYIECTBEHHAsh KOHBEHEpHas 3aJepKKa BbIAauM pe3ysibTara 0OpaboTKH, CBsI3aHHAS C
HE0OXOAMMOCTBIO BBIYUCIICHUS ObICTpOTO npeodpazoanust Pypre (BIID) u o6paTHOTO OBICTPOTO
npeoOpaszoBanus Oypee (OBIID).

Jl1st KoppensuoHHOM 00pabOTKH UCTIONB3yeTCs coraacoBaHHbIN GuiIbTp (CD), KOoTOpHII
MaKCUMH3HpYeT OTHolleHue curHan/mym (S/N) Ha Bbixozne. Bribop B KauecTBe KpuUTEpHUs
ONTUMAJIFHOCTH MaKCHMAaJIbHOTO OTHOILIEHHUS CUTHAJ/IIYM Ha BbIXOJe (GuiIbTpa oONpeiesserT
UMITYJIbCHYIO XapaKTEPUCTHKY JTOro QuubTpa. MMIynbcHas  XapakTepucTHKa  (UIbTpa,
o0ecreunBarIero Ha BbIXOJE€ B MOMEHT BPEMEHHU To MAaKCUMyM oTHomeHHs S/N sBisercs
3epKaJbHBIM OTPAXCHHEM CHUTHala, cIBHUHYThIM Ha To (JlamanoB, 2015:57-98). Curnan Ha
Bbixoje CD omnpenensiercs BhIpaKECHUEM:

T
y(t) = | S(OA(t —1)dr, M

@ This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 13
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rae S(t) = S1(t) + q(t), T — 3amepxka, a q(t) — HUIyMOBOH KOMIIOHCHT.
WMIyibCHast XapaKTEPUCTHKA COrTIaCOBAHHOIO (DUIILTPA BHIPAKAETCS KakK:

h(t) ¢ Si(T —t) 2)
r7e ¢ — KoHCTaHTa, Sj(t) — BXOJHOW CUTHAJI, OTIPEEIICHHBINA CIASAYIOIINM 00pa3oM:

_(Si(t), 0LKSt<T,
Si(t)‘{ 0, T<t<O0.

, a T — MOMEHT BpEMEHU AUCKPETU3ALINH.

)

[Ipu HyneBoil 3ajep)KKe HMEEeM aBTOKOPPEISIMOHHYIO (YHKIHIO CHUTHalIa C €ro
JIOKQJILHOU KOITHUEMN:

T

y(t) = ] St(t)dt = r1,(0) 4)
0
B pab6ore (Jlamanos, 2015:57-98) mokaszaHo, 4T0 YCIOBHYIO BEPOSITHOCTH MPaBUIBLHOTO
oOHapy>keHHs (BEepOATHOCTh MPEBBIMICHHS 1TOpora Yo= Kozo Tpu Hanmuyuu curHana) s CD
MO>KHO OIIPENEIUTh KaK:

Wao. = 3 [1- ®(vo)] = 5 [1- D(ug - go)], )

N =

2 v v?
e ) = V2n fo exp(— ?) dv -HUHTErpain BepOsATHOCTH, y KoToporo ®(w) =1, a

®(v) =— O(— v), u() — OTHOCUTEIHHBII MOPOT CPadATHIBAHUS, & ¢S() — OTHOUICHUE CUTHAII/IITYM

Ha BBIXOJI€ COTJIACOBAHHOTO (pUIbTpa. AHAJIOTMYHO, BBIpAXKEHHE [UJIsl pacyeTa BEPOSTHOCTU
JI0KHOM TPEBOTH:

Wy, = 5 [1- D(ug)]. ©)

OyYHKIMU paclpe/iesieHUs] IUIOTHOCTH BEPOSITHOCTEW MOKa3aHbl Ha Pucynke 2, rme
0003HauEeH MOPOTOBHIN YPOBEHb V0.

Puc. 2. TInoTHOCTH pacupeneneHus BEpOsTHOCTEH

Uem BbIIIE MOPOTOBBIM YPOBEHb, TEM MEHBIIE BEPOSTHOCTH JIOKHOW TPEBOTU
Wy r., IpU 3TOM OJHOBPEMEHHO CHMKAETCS U BEPOATHOCTb NMPABHILHOIO OOHAPYKEHUSI

WH.O.

14 This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives ®
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PacuéTHble TaHHBIE XapaKTEPUCTUK OOHAPYKEHUS, s TIOIHOCTHIO U3BECTHOTO CHUTHANA
npezcTaBieHbl Ha PrcyHKke 3, 4TO MO3BOJISET ONpeAesaTh HEOOX0IUMYIO BETHUYHNHY COOTHOIICHHUS
CHTHAJI/IITyM Ha BBIXO/IE ONITUMAJIBHOTO OOHAPYKHUTEIIS, AT 3alaHHOM BEPOSATHOCTH PABHIIBHOTO
obOHapyxenus Wy o (Jlamanos, 2015: 57-98).

HrJ'I].ﬂ.‘-
0,8
0,6
0,4
0,2
~
1 2 4 6 8 10 12 V2E_ /Ny

Puc. 3. XapakrepucTuku 0OHApy>KEHHUsI CHTHAJIOB: CIUTOIIHAS JTMHHS — JUIS CUTHAJA C OJIHOCTHIO N3BECTHBIMU
HapaMeTpamu; IITPUXOBas — JUIsl CUTHAJA C (IIyKTyHpyIOIIeil aMIUINTY 10H; IITPUXITyHKTUPHAS — [UISL CHTHAJIOB C
(uryKTynpyIomei aMIuIUTy 10H 1 ciTydaiHo# a3oit

CornacoBaHHblii (UIBTp peanu3yeT 3a4ady BBIYHCICHHUA (QYHKIMHA B3aUMHOMN
koppensanuonHor ¢pyHkuun (BK®), Mexay mpuHUMaeMbIM U 0KUAaeMbIM (OTIOPHBIM ) CUTHAJIOM.
CHCHOB&TCHLHO, C TOYKH 3pCHUA TIOJIYUCHUSA MAKCUMAJIBHOI'O OTHOIICHUA CI/IFHaJI/ mym,
COTJIACOBAHHBIN (PUIBTP — 3TO ONTUMATIBLHOE YCTPOMCTBO 00paboTKu curHanos (Jlamanos, 2015:
57-98; lllaxtapun, 2015: 233-578; ®enopos, 2011: 566—785; Cussix, 2017: 203-338).

[udposoit cornacoBaHHbi (QWIBTP MaTEeMaTHYECKH OIMMUCHIBACTCS  CIEIYIOIICH
dopmyoii:

y(n) = EkZo h(k) * x(n — k) (7)

rae N - JUIMHa UMITYJIECHOW XapaKTePUCTHKH COTJIACOBAaHHOTO (uibTpa. JJocTomHCTBOM
METOAa SBISIETCS MOJIydeHUE pe3yJbTaToB (UIbTpAlMU C 3a7epKKOW paBHOW jiauHe N.
BbluMCIMTENbHAS CI0KHOCTh IIPOIOPIHMOHAIbHA N2,

B03MOXHO yCKOpeHHE BBIYMCIEHUS KOPPEJSALUU IIyTEM HCIOJIB30BAHUSA TEOPEMBI O
koppensimn 1 BeruucineHns BII® u OBII®. Peammszanms Oymer ObicTpee, WeM mpsiMoe
BBIUMCJICHHE KOPPENSIUU, eclii 4ucio oTcueroB mpesbimmaer 128 (Ifeachor, 2001: 184-245).
Torna cucrema peanusyer BerauciieHue 112(j), KOTOpoe BhIpakaeTcs Kak:

r2() = Fp'[Fy (k) Fy (k)] )

Ha BbIXOJ€ CUCTEMbI UMECM

® This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 15
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N-1
1
ma() = 7 ) ) A gy(n+ Bn+ ) ©)
k=0

rae An - BpeMeHHas 3a/iepxKKa, A — KoddpuimenT 3atyxanus (mo ymonganuio A=1).
Taxk kak curHansl q1(n) u q2(n) cnydaiiHple, TO MAKCUMaTbHBIA BEIUTPHIII OYAET JOCTUTHYT

KOTJ]a CUTHAJIBI UAYT B (ha3e, 9To MPOUCXOJUT PU ] = —An

N-1
1
ma() = 3 ) a3 (10)
k=0

YTO HKBHUBAJCHTHO CpeJHEH MOILIHOCTH. biok-cxema peanusyromias BbIYMCICHHE
npejcTaBieHa Ha Pucynke 4.

q1(t)
— BMN® |— BMo*

—— OBbl®

— BMo =

N-1
1
r2(j) = NZ q1(n) Aga(n + An + )
k=0

Puc. 4. bnok-cxema BbIYUCIIEHUS KOPPEJSLUY ¢ Ucioib3oBaHueM bIID

Kak BuAHO M3 pucyHKa, HEOOXOIUMO ISl Ka)XXAOr0 CHUTHalla MPOU3BOJUTH OMEpaIUio
BII®, nanee ceepTku u obpaTHOTO nMpeodpazoBanus Pypre. HemocTarkom naHHON CXeMBI pU
BblunciieHny bI1® u OBII® sBnsercs cyliecTBeHHAsi KOHBEWEpPHAs 3a€pKKa BbIIa4M PE3yJIbTaTa
00paboTKu, MponopIoHaIbHas 0a3e curHana.

B pa6ore (SInaxos, 2010: 478—481) npennararoTcst CmocoObI COTJIaCOBAaHHOW (DUITBTPALIII
METOZOM MOJANEPTYP U METOJIOM KOJOBBIX CKOJB3SIIMX CyMM. MeTOJ KOJIOBBIX CKOJB3SIIHNX
CyMM TMpefHa3HaueH I (a3oBO-KOMOBO MaHUIYyIUpOBaHHBIX (PKM)-curHamos, a MeTon
HoJanepTyp ist TMHEHHO-4acTOTHO Moy aupoBaHHbIX (JIUM). KonuuectBo onepauuit g CD
METOZIOM KOJOBBIX CKONB3AIIMX CyMM cocTaBiuseT 4VN, a s merona momaneptyp - VN,
COOTBETCTBEHHO.

Peanuzanus metoma mopameptyp TpeOyeT ABOMHON JIMHUU 3aJ€PKKH, B MPOTHBHOM
ciydae N BBIOMpAeTCs TaK 4TOOBI YUCIIO MOJANEPTYP U3MEHUIOCh Ha YroJl KpaTHbIA 7t (SIHAKOB,
2010: 478-481), uro TpeOyeT CHEIUAIbHON MOATOTOBKH W TPYNIHUPOBAHUS MOTOKA BXOIHBIX
JAHHBIX, a TAK)KE€ PEKYpPCUBHBIX onepannil. Pe3ynbTaToM sIBIAsIeTCS 3a1€pKKa BbIJIa4YUd UTOTOBOTO
3HaueHus. Pe3ynpTaThl, NpUBOAMMBIE B JaHHOW paldOTe CIpaBeAJIMBBI JJs NPUMEHEHUs
pealin3anuy anropuTMOB Ha 0a3e CrelnuaTn3upOBaHHBIX MUKPOMIPOIIECCOPOB, HO HE JJISi MHBIX
anmnapaTHbIX apXUTEKTYP.

[oT — ycTpoiicTBa SBIAIOTCA OTHOCHUTEIBHO MAJOMOIUHBIMU C TOYKHA 3PEHUSA
BBIUHCIUTENBHBIX BO3MOXKHOCTEM W JHEPreTUKH, IO CPAaBHEHHUIO C PaJAMOJIOKALMOHHBIMU

16 This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives @
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cTaniusaMu. Yrto, u3 coobpaxkeHuil >PEeKTUBHOCTH HE IO3BOJSIET PEATU30BHIBATH CIOMKHBIE
QITOPUTMBL  TTUPPOBOl  00pabOTKM  CHTHANOB, TpeOyromue OONBIIOr0  KOJIMYECTBA
BBIYMCIIUTENBbHBIX oniepanuid, B yactTHocTh bII®, OBII® nig nocnenoBarenbHocTel 64, 128, 256,
512, 1024 u Goiiee CUMBOJIOB.

CpaBHUTENIBHBIN aHAIU3 KOJIMYECTBA ONEpalldii HA OCHOBE pacyeTa, AJIsl METOAa KOJOBBIX
crkonp3ammx (MKC), merona momameptyp (MIIA), mpsimoro meToga ¢ OOBIYHBIM JEJICHHEM
(*MIIp) m mpsmoro mMerona c paenenneMm yceuenuem (MIlp), B 3aBucHMOCTH OT JIMHBI N
npencrariena B Tabmure 1.

Tabmuma 1 - CpaBHEHHE OIEHOYHOTO KOJMYECTBA BBIYMCIUTEIBHBIX OIEparuii Asis
Pa3IMYHBIX METOJIOB, B 3aBUCUMOCTH OT JUTMHBI N

N 0 2 4 8 16 32 64 128 256 512
MKC 0 6 8 12 16 23 32 46 64 01
MIIA 0 3 3 4 4 5 6 7 8 10
*MIIp 0 4 16 64 256 1024 4096 (16384 65536 262144
MIIp 0 4 8 16 32 64 128 256 512 1024

[Ipu sTOM Kaxymascss BBIYUCIUTENbHASI CIOXKHOCTh MPSMOTO METoAa O0pabOTKH, MO
CPaBHEHHMIO C IPYTUMH, UCXO/sI U3 KOJMYECTBA olepaluii, ooMaHunBa. J{js npsiMoro Metoja, npu
N IponopuxoHanbHOM 27, KOJIMYECTBO ONepaluii cooTBeTcTByeT He N2, a 2N, 3a cueT 3aMeHbI
KJIACCUYECKOW OIepaluu JeJeHUsl, OTCEYEHUEM MIIAIIINX pa3psaoB. [ns Meroga KoJIOBBIX
CKOJIB3SIIMX M METOJ/Ia MOJIaNepTyp OLIEHKAa KOJMYECTBA onepanuil crpaBeanusa npu N > 64, B
MPOTUBHOM CIIydae, pecypchl, 3aTpaunBaeMble Ha obecrieueHne HyHKIIMOHUPOBAHUS alrOpuTMa
3HAYUTEJIBHO TPEBHIIIAIOT IEHHOCTH JocTuraemMoro ¢ dekra (Anydpuenko, 2021: 40-45).

Brimenepeuricnennbie  (akThl, TOBOPSIIME O CIOXHOCTH C OJIHOM CTOPOHBI, H
IPEUMYIIECTBA Psila XapaKTEPUCTHK C JPYrod CTOPOHBI, IMOAYEPKUBAIOT HEOOXOJUMOCTH
pa3paboTK HOBOTO METOJla M aJTOPUTMOB AJis yCTpoWcTB MHTepHeTa Bemieid. B cBsizu ¢ uem
PacCMOTPUM KOPPEIINOHHYIO (PYHKIHIO ToapoOHEe.

Bripaxxenue nis B3aMMHOW KOppensiuuu 712(n) ABYX TOCIEIOBATEIHHOCTEH TaHHBIX

x1(n) u x2(n) cogepkanux N 0TCYETOB MOKHO 3aIHCaTh KaK:

N-1

T = E x1(n) x,(n) (11)
n=0
OpHako, Takoe COOTHOIIEHHE HOacT pe3yJbTaT, 3aBUCAIIMA OT 4YHCIa OTCYETOB.

CoOTBETCTBEHHO, TPEOYeTCSI HOPMUPOBAHNE OTHOCHUTENIBHO uncia orcueToB N. Takum oOpaszom,
HOPMHPOBAaHHOE BBIPAXKEHUE IIPUMET BUI!

N-1
1
re = 5 ) X xm (12)
n=0

Tak Kak MOCIeI0BATEIBHOCTH JaHHBIX X](n) ¥ x2(N) cMEmAITCS APYT OTHOCHTEIHHO

Ipyra He0OXOAMMO BBOJIUTH 3aJepKKy. [1o3ToMy B3auMHasi KOppesuoHHas (QYHKUUS MEXKIY
IByMs MH(QPOBBIMH TOCIEIOBATEIHHOCTSAMHU, KaXAas U3 KOTOPBIX COACPXKUT N MaHHBIX U
HOPMHUPOBAHA Ha YHCJIO OTCYETOB, MOXKET OBITh 3allMcaHa B BUJIE:
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1 N-1

5, (J) =NZ&(H) *x, (n+ ) (13)

r7ie KOppessiius AODKHA OBITh pAacCUMTaHa C 3aep)KKOW MPONOPIHOHAIBHOW 0aze
curHana. B ciyuae, xorga x1 (n) = x2 (n), npouecc O60Jble U3BECTEH KaK aBTOKOPPEISALMOHHAS
(GYHKIHS 1 MOYKET OBITH 3aITMCaH B BUJIC:

O ==K (0)=E (14)

rae E — sHeprus curnana.

3HaueHUs B3aUMHOU KOPPESIINU, BEIYUCIEHHBIE B COOTBETCTBUU C TIPUBEICHHBIMHU BHIIIIC
YPaBHEHUSIMH, 3aBUCIT OT aOCOJIIOTHBIX 3HAYEHUH JaHHBIX. 3HaYeHUs KO3(PQUIMeHTa Kpocc-
KOppeJsilui OOBIYHO HaxoMuTCs B (DMKCHPOBAaHHOM Juamna3oHe 3HadeHui [-1; +1], B ciydae
HaJU4Hs B 00JIACTH JAMarna3oHa BXOJHBIX JaHHBIX OTPHIATENIbHBIX 3HaueHu. ['ae “-1” o3Hadaer
OTCYTCTBHE cOBHajaeHu, a “+1” — 310 monHoe coBmanenue (100 % xoppensuus). Ecim xe
00sacTh 3HAYCHUH TMOJOXKUTEIbHASA, TO 3HAYCHHs Kod(h]HIMeHTa Kpocc-Koppensiuuu OyayT
HaxoauTcs nuanasone [0; +1].

HeobOxonumMo ocyIiecTBiIsSTh HOpMAIM3AIMI0 3HAYEHUI Ha BEIMYUHY, 3aBHUCSILYIO0 OT
SHEpPruM (aMIUTUTYIbI) cUTHANA. 11 HOpManu30BaHHOE BBIPAXEHHUE JJISl 7'12 MPUMET BUI:

P = fir
11\/\/[2"‘2 () *S £ ()] 1

n=0 n=0

BoruncnurenbHas ClI0XKHOCTb 3HaMeHaTelNsl BbIpakeHus (15) OTHOCHTENBHO BBICOKA U
TpeOyeT OOJIBIINX BHIYUCIUTEIBHBIX PECYpPCOB U 3a1epKKki. OCOOCHHO IS OTIepalluyl ISICHUS 1
W3BJICYECHMSI KBAJPATHOTO KOPHSI.

KosmnyecTBO TakTOB 3alepKKM IIpU  OIlEpalMy KBaJpaTHOTO KOpPHSA 3aBUCUT OT
paspsaaHocti U cocraBisger loga(K) — 1. To ectb anst §-OMT, KOJIMYECTBO TAKTOB 3aJCPIKKH
cocTaBuT 7. JlaHHBIN (akT 03HAYAET, YTO [yl CHHXPOHHOTO BBIYMCIIEHHS KBaIPaTHOTO KOPHS IIpU
HAJIMYUU TTOTOKOBOM 00pabOTKM JaHHBIX, TAKTOBAsI YaCTOTa MOJYJIS pacuyeTa KBaJpaTHOTO KOPHs
JIOJDKHA OBITh B 4 pa3a BbIlIE TAKTOBOW 4acTOTHI CUCTEMBI, YTO TpeOyeT MO0 TOMOIHUTEIBHOTO
TaKTOBOTO BXxoJa, 1100 PLL. Jlns onepanuu aeieHus, 3aiepiKKa TakKe 3aBUCUT OT Pa3psIHOCTH
1 MOkeT cocTaBisTh oT log(K) /2 no loga(K) — 1.

C Y4€TOM TOro, 4TO IJid 0003HAUYCHHBIX BHIIIIE T'paHUYHBIX YCJ'IOBI/Iﬁ BBITTOJIHACTCS
HEPABCHCTBO:

N-1 N-1
Z x? (n) = Z x? (n) (16)
n=0 n=0

Tak kak 3HaMEHaTeh HEOOX0IUM Kak KOd((OHUIIMEHT HOPMHUPOBKH, TO €TO BEJIMYMHA HE
JIOJKHA TPUBOJMTH K BOSHUKHOBEHHIO CHUTYyallMH, KOraa p12 > 1, oOpaTHas ke CHTyauus
nonyctuma. Ilostomy, B 3HameHatene Boipaxkenus (15) x2(n) Momuo 3aMeHUTH Ha X(N).

U B uTore 3HamMeHaTeNnb BeipakeHus (15) mpumer Bu:
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N-1

1 2

N z xj (n) = const (17)
n=0

Takum obpazom, Onarojaps celaHHBIM JOMYLIEHUSM, MOKHO M30€XaTh OMepalnuu 1o
W3BJICUCHHUIO KBAJPAaTHOIO KOpHsA. JlOMOJHUTENBHOE IOMYIIEHUE, CBA3aHHOE C IPUBEICHUEM
UTOTOBOI'O 3HAYEHUS 3HAMEHATENS K YMCIy 3KBHUBAJICHTHOMY 27", IO3BOJIUT 3aMEHUTH ONEPALUIO
KJIACCHMUYECKOT0 JIeJIEHHs Ha yCeUeHHEe MIIAAMIMX pa3psanoB. [laHHas omepanus moTpedyer nuoo
BCETO JIMIIb OJHOTO JIOTIOJIHUTENIBHOIO TaKTa, TM00 MOXKET ObITh BBHINOJIHEHA OJJHOBPEMEHHO C
JIPYro# oreparyei.

B nmpunoxenusx nns Marepuera seweit (IlpomslinieHHbie, Y MHbIE aBTOMOOWIIN, Y MHBIN
ropos, TpaHcnopT), B mpoliecce U3MEPEHH MapaMeTpoB CUCTEM, NPU TECTUPOBAHUU WU B
peKuMax SKCIUTyaTallid MCHOJIb3YIOTCS OOJIBIIOE KOJMYECTBO IPYMI JATYMKOB Ha H3JENHUSAX,
TeHEPUPYIOIMX JaHHble. Kak y)e YINOMHMHAIIOCh, HE BCE JAaHHBIC JOJDKHBI IEpEeAaBaTbCi U
HAaKaIUIMBaThCsl C ILENIBI0 XpaHEHUs M JanbHeiied o0paboTku. [IpuMep NpOMBIIUIEHHOTO
npuMeHeHus noka3zaH Ha Pucynke 5. IlpeacraBieH aBuaaBUrareinb B PEXUME MPOBEIACHUS
UCTIBITAaHUH ¢ HAaOOpOM CEHCOpPOB, MEpelarollluX JAaHHbIE B COOTBETCTBYIOUIMH IIEHTp cOopa
JTAHHBIX.

JUIss TOYHOro aHajlinW3a COOTBETCTBHUS IMapaMeTpoB Hambosee BakHa HH(OpMaLus o
MOBEJCHUM Y3JIOB M arperaroB Ha KPUTHUYECKUX M 3aKPUTHUECKUX pPEXUMaxX, OCOOCHHO B
IIPOLIECCE TECTUPOBAHMS M HUCHbITaHUN. VIMEHHO [UIsi TakuX peXUMOB AaKTyajJbHO CHATHE
MOKa3aHUN ¢ MAaKCHUMaJbHO KOPOTKUMHU MHTEpBaIaMM (BBICOKOH yacTOTOM Auckperuzanuu SR).
AKTHBHO pa3BMBAIOIIAs’ACS TEMATHKA CUCTEM INPEAVUKTUBHOM AHAIUTUKU IO3BOJISIET CTPOUTH
IIPOrHO3HBIE MOJIETIM Ha OCHOBE WM3MEPEHHBIX HaHHbIX. COOTBETCTBEHHO, YeM 0oJjee TOYHbIE
pe3yJIbTaThl U3MEPEHUH, TEM BBIILIE TOYHOCTh MOJETIEH.

o AU

2%

MNO/Ib3OBATE/IN

quUATON
qUATON
quATON
quAon
quATON
SUATON

TEAT ‘

Puc. 5. Tunoas TecToBas cxema ¢ BbBICOKOCKOPOCTHBIM ITOTOKOM JaHHBIX

CrnepnoBarenbHO, s TpPEUIaraéMoro MeETOo/a, HEOOXOAMMO YBEIUYHBATH YaCTOTY
TUcKpeTu3anuu SR, Ui MCKIIOYEHHs TMPOITyCKa CUTHAIOB, NPEICTaBISIOMINX NPUKIAJIHON
WHTEpeC JJIs aHAIIK3A.

[lpumep mpomycka W JIETEKTHPOBAHUS COOBITHS B 3aBUCHMOCTH OT YacTOTHI
TUCKpeTH3alu onucaH Ha Pucynkax 6. a) u 0) (Anufrienko, 2020: 21-31). B uudposoii
00paboTKe CHUTHAJOB TakXKe HAONIOMAeTCsl TPEHN Ha MOBBINICHUE YaCTOTHI JUCKPETU3AIH,
npuyYeM pedb UAET KaK O YacTOTe MUCKPETH3AIMU NPU aHAJIOTOBO-IIU(POBOM MpeoOpa3OBaHUU
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Fg, Tak m wyacrore SR, TOo ecTh mpu paboTe C OTCUETaMH JaHHBIX M3 YK€ OLM(pPOBaHHON
M0CJIEI0BATENBHOCTH JAHHBIX.

: 4 l"' 1‘9 g ! ™
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Puc. 6. a) IlpomynieHHoe cOOBITHE IPH HU3KOH CKOPOCTH IOTOKa H 0) BeIsBIeHHOE COOBITHE TPU BEICOKOH
CKOPOCTH TTOTOKa

Ha mnpakThke HEIOCTaTOYHO OIPENENATh, YTO IOCTYINHMBIIUN OT JaT4MKa CHUTHAI,
HarpuMep, 3HaYCHHE TEeMIIEPaTyphl, OOJbIIE WM MEHBIIE MPEIONPEACTICHHOTO (0KUIaeMOr0)
3HAa4YCHHS. BakHO MOMY4YUTh MHPOPMALUIO O TPEHAE — BOCXOISIIUHN, HUCXOISAIINNA, CKOPOCTh
HapacTanus wiu crana. [loaromy, npocteie moporoseie MeTo sl (Thresholding) He moaxonsar amnst
pelIeHus CynIecTBYIOMNX 3a7ad, HECMOTPSI Ha MPOCTOTY peaM3aldy Ha JIOOBIX armapaTHBIX
atdopmax.

Jlnist omHMCcaHusl CUTHAJIOB BOCIIOJIB3YEMCSI METOIOM KyCOYHO-JTMHEHHOM armpOKCHMAIIHH.
Orubarolyro yqacTka CUTHalIa 3aMEHUM JIMHUSMU C ONPECIICHHBIM HAKIIOHOM K OcH abciwcc.
Onpenenum creayromniie GopMbl CUTHAIIOB JyTsl anmpokcumaruu (Puc. 7):

Si[n]: TpeyronbHas 45 rpaaycoB — cpeaHss CKOPOCTh HapaCTaHUS CHTHAJIA;

So[n]: mpsiMoyrosibHas — BBICOKAas CKOpPOCTh HapacTaHus M crhaga (poHTa
CHUTrHaja,

S3[n]: TpeyronpHas 30 rpaaycoB — MEUICHHAs! CKOPOCTh HApaCTaHUsI CHTHAJIA.

Cornacuo (Illaxtapusn, 2015: 233-578), ¢opma curHama He OKa3bIBacT BIUSHHUS Ha
XapaKTePUCTUKH OOHAPYIKCHUSI.
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Puc. 7. Ilpumep coOBITHIA, OTEKAITUX JETCKTUPOBAHUIO

C ydYeTroM TOro, YT0 MBI OINEpUpyeM OUU(GPOBAHHBIM CHTHAJIOM, B OTIMYHE OT
KJIACCMYECKOr0 TMPEJICTABICHHSI aHAJOTOBOTO CHUTHAlla B AaHAJIWTUYECKOM BHJE, B Cllydae
U(PPOBOTO  TPEJCTABICHUS CUTHANA JIOCTATOYHO OIPEACTUTh KOJUYECTBO OTCYCTOB,
COOTBETCTBYIOIIMX JUIMHE N, U UX 3HaueHus1. OnpenenuM cpelHee 3HaYeHUEe CUTHAIIA JJIs JUTHHBI
OCJIEN0OBATEIILHOCTH X0

X = %Z’(}"lx[n] (18)

JUISL  ONpEeNeNiCeHUsT TOpPOrOBOIO  YpPOBHA TOCTOSAHHOW cocTaBisitomied. Torma B
yCTaHOBUBILIEMCS pexume Ao = X.
Onpenenum cienyronme yCiaoBus:

Ta6muia 2 — HaganpHbIe yCIIOBUS TSl peaTi3aIiif

1) [unana3oH 3Ha4E€HUI OTCUCTOB BXOAHOTO TO0TOKa MaHHBIX [0; K-1], tme K = 256; 1024; 16384, onpenenseTcs napamMeTpamu|
IALIIT.

2) Cpennee 3nauenue curnana Ao = X, Ipy JUIMHE TOCIIEA0BATENLHOCTH Xo;

3)[0 < Ao <K-1];

4)[Ao < Si[n] < K-1];

5)[Ado < S2[n] < K-1];
6) [Ag < S3[n] < K-1;

7) Uactora nuckpernzauun SR, omnpenensercs napamerpamu AL

Cxema, KOTOpyr0 HEOOXOAMMO B O0OLIeM cCilydyae pealu3oBaTh Ha KOHEYHOM
YCTpOICTBE B COOTBETCTBUH C BbIpaxkeHHeM (15) npexncrasnena Ha Pucynke 8, rue
x1(n) — onoOpHBIA curHai, a X2(n) — BXOAHAs MOCIEI0BATEIILHOCTb.
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KOHTponnep
Vx 1[n] : P
x2[n] N
— cymMmmaTop H0|<poM.\,|arj|1 aM::Tng g

Puc. 8. biok-cxema KoppesILnoHHOH 00paboTku, peanuzyemoit 1 koHeuHoro [oT ycTpoiicTa

TumnoBas apxurektypa KoHedyHOTro [oT aBTOHOMHOro ycCTpoOiCTBa MpeaCTaBieHa Ha
Pucynke 9 wu Brimodaer B ce0s CeHCOp (maTdWk); OECHpOBOAHOHN (MPOBOTHON) MOMAEM,
BKJIIOYAIOLIUII B CBOIO OYepeb, MPOLECCOp, 3JIEMEHT NUTAHHUS U aKTyaTop pealu3yroIui
YIIPABIIAIOLIME BO3ICHCTBHYS.

Kak nmpaBuio, cymectByronme npoueccopsl 10T ycTpoilcTBa OCHOBaHBI Ha apXUTEKTYpE
ARM, 8051 wnum wuHOW, W TpeAHAa3HAYCHBI Ui oOecmeueHus peanu3anuu  (QyHKIUH
kommyHukanuu (BaseBand), ympaBnenuss gocrymom k cpene (MAC) u  mpuiioKeHH
(Application), To €cTh BBIOJHSIOT CIEHUAIN3UPOBAHHYIO 33[1a4y M MUMEIOT TAKTOBYIO YacCTOTY
1020 MI'u. 1 He moaXomsT C TOYKHM 3pPEHHUS MPUMEHEHHUS €ro Kak CIeUaIu3upOBaHHOIO
BBIYUCIIUTENLHOTO y371a.

CEHCOP 1 - ) )
NPOBOAHOW/ EECMPOBOAHON
MOLEM
MPOLIECCOP
P S -
A
AKTYATOP 1
BATAPES IUTAHMS

Puc. 9. Tunosas 610k-cxema koHeuHoro loT yctpoiictBa

HmenHo nostomy aBTOpbI paboT, pacCMOTPEHHBIX paHee B ['naBe 1, opueHTUPYIOTCS Ha
I'pannusbiil 1 O6ayHBIA TOAXObI, TJI€ BBIYUCICHUS PEATU3YIOTCS HA YPOBHE I'EHTOB U BBILLIE.
[Ipennaraercs cienyromas apxXUTeKTypa KoHeUHOro ycrpoiictsa (Puc. 10).
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CEHCOP 1

NPOBOAHOW/
EECNPOBOOHOWM

. NPOLIECCOP MOOEM

[1-10~4] TbiC. OTCHETOB/C => ~ 1 oTcYeT/ MUH, Yac

BATAPEA NMUTAHUA

Puc. 10. Ilpennaraemas 6:10k-cxema koHeuHoro loT ycTpoiictBa

JlanHast apXuTeKTypa OTIMYaeTcs OT Mpeabiayiie apxutektypbl (Puc. 9) nHamuumem
OTIENIFHOTO TpOoIeccopa, MPEIHA3ZHAYEHHOTO Ui KOppelsuoHHOW 00paboTku. B kadectBe
npuMepa Ha pPHUCYHKE II0Ka3aHO, 4YTO (YHKIMS Mpoleccopa — 3TO CHIDKEHHEe oObema
nepeaBaeMbIX KOHEUHBIM YCTPOMCTBOM JAaHHBIX C JIECATKOB THICSY B CEKYHIY, JO CIUHUIL
OTCYETOB B MUHYTY.

Cy1iecTByeT HECKOJIBKO THUIIOB IU(PPOBBIX YCTPONCTB, KOTOPHIE MOTYT OBITH MPUTOIHBI
JUIsL  33Jlad  OPOTOTUIIMPOBAHMSA U peall3allud  COTJACOBAHHOM  (QMIbTpamuu — 3TO
MukpokoHTposuiepsl (MCU), mudpossie curnanbueie nporeccopsl (DSP) u nmporpammupyemsie
nornueckue uHTerpanbHbie cxeMbl (FPGA). [lorennnansHoe yao0CcTBO MUKPOKOHTPOJUIEPHBIX
YCTPOMCTB 3aKIIFOUAETCSI B TOM, YTO OHU UMEIOT BCTPOCHHBIE JATYUKUA U aHAIOTOBO-IIU(POBBIC
npeoOpazoBarenu (AIIIl), HO TakTOBas dYacToTa W pPa3pAIHOCTH pabOTHl KakK CaMOTo
MUKPOKOHTPOJUIEPA, TAK U BXOJISAIINX B HETO JIEMEHTOB OIPaHUYCHEI.

MukpokoHTposuiepsl U LU(GPOBbIE CUTHAJIbHBIE MPOLIECCOPHI BBIMOIHAIOT ONEPALUU
MOCIIE0BATEIBHO, MOATOMY B Clydae HEOOX0IUMOCTH 0OpabOTKH OONBIIOT0 KOJMYEeCTBa
napaJuleNIbHBIX MOTOKOB, IOTPE0yeTCsl COOTBETCTRYIOLIEE NapaslieIbHOE KOJTUYECTBO 0OpalleHui
K MaMsATH U perucTpam, W 3aJepkka oOpabOTKM CHTHAJia OT MOMEHTA IMOCTYIUICHHS] Ha BXOJ
YCTPOWCTBO JO BBhIXOAa OyAeT 3HAYUTENbHOW. BIUIOTH 10 HEBO3MOXKHOCTH peaTu3alluu
aropuT™MoB 1HQpoBoit  0o0paboTku curHanoB. Ilostomy, DSP um MCU wumeror oudeHs
OTpaHMYEHHBINA MOTEHLIMAJ PUMEHEHUS 7S TIPeJIaraeMoro MeTo1a.

FPGA yctpoiicTBa mnpencTaBisioT COOOH ONTHMAalbHBIM BapHaHT [uis OBICTpOH
napajuiebHOM 00paboTKH B Cilydae COTrJIacOBaHHOTO (UIbTPAa M MHBAPHAHTHBI K CKOPOCTH
notoka (dacrore guckpermsammu SR). ASIC (cmenmanu3upoBaHHBIE HHTErpajbHBIC
MHUKPOCXEMBI) OCOOEHHO TEPCIIEKTHUBHBI B Clydae peain3anuu cuctembl Ha kpuctamie (SoC),
BKIIfOUAtoneil B cebs matuuk(u) u mporeccop. [Ipm mMaccoBoM MpOW3BOJCTBE JaHHAs CBS3KA
o0ecreunT HU3KYI0 UTOTOBYIO cebecTtonmMocTh SoC.

OnpenenyiM  KOJWYECTBO OTCUETOB B ONOPHOM MOCIEAOBAaTENbHOCTH Xi[n] = 8§,
cootBercTBeHHO N = 8. C ydeToMm paHee ompeneieHHbIX ycnoBuil B Tabmuie 2, O10k- cxema
QITOPUTMA BBITTISIANT cieaytommmM odpasom (Puc. 11).

B kadecTBe cpenbl s MmoaenupoBaHus Obl1 icnionbzoBad MATLAB. B nepByto ouepenn
Obula CreHepHpoBaHaA IICEBAOCITyYaiiHas IOCIEI0BAaTEIbHOCTh YMceN B auamnasone [25...35],
pa3MEpHOCTh MaccuMBa JaHHBIX = 1 MiH. oTcueToB. PaspsgHocTh oTcuera = 8-OuT (int8).
HeobxomuMo 3aMeTuTh, YTO MOJACIMPOBAHWE MPOBOIWIOCH JUISl JJIMH IOCIIEIOBATEILHOCTH
MOTOKAa JaHHbIX X2[n] BmIOTh A0 10 MiH. cumBOJOB. J[JI1 HariIsAHOCTH NPEACTaBICHUS
pe3yJbTaTOB, JJIMHA MOCJIEI0BATENbHOCTH X2[1] yMeHbiieHa 10 200 oTcueToB.

B crenepupoBaHHyI0 MOCIIEOBATEILHOCT OBLIN J100ABIICHBI BCIUIECKH - TPEYTOJbHAS
Si[n], npsimoyronbHas S2[n] u S3[n], nauHON 8 OTCUETOB, a TAKXKE Ps AHAJIOTHYHBIX COOBITHI
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(BcruieckoB) B paione 130, 165 u 185 orcueroB TpeyroiabHON GOPMBI pa3IUIHON KPYTHU3HBI U
AMILINTY IBI. C HpaKTH‘ICCKOﬁ TOYKH 3pCHUSA, KOJIUYCCTBO OTCYCTOB B AaHOMAJIbHBIX BCIJICCKAX
3aBUCUT OT 4acTOThl auckpermsanuu SR. Takum oOpa3zom, ObLIM OMpEeNieHBl JBE OMOPHBIC
MOCJIEI0BATEIBHOCTH X1[N] 715l CHTHAJIOB TPEYTOJIbHON (POPMBI M MIPSIMOYTOJIBLHOM.

HAYAIO

3afaHve HavyarnbHbIX YCroBWiA:

x5 [1..200 | — uHMYManu3auma maccmBa OTCYETOB BXOAHbBIX AaHHbIX
x4 [1..8] = vHMUManM3aumsa maccmBa OTCYETOB OMOPHOrO CUrHana
TH — MHMUManu3ayua noporoBoro 3Ha4eHns

!

OnpepeneHne cpegHero 3Ha4yeHns x
ansa maccmea X [1..200 ]

BbIUNCIIEHNE Py
(cBepTKa x5 U x4 U HOPMUPOBKA)

|/
~

HET

L

MNepenaya 3HayeHus py, U x5 [N] B
MoaeMm

KOHEL,

Puc. 11. Aaroput™m KOppeIIIuOHHOI 00paboTKH

Pesynpratel MonenupoBaHHMsT B COOTBETCTBUM C  BBINICONMCAHHBIM  AJITOPUTMOM
JEMOHCTpUpYIoTCcs Ha Pucynke 12. Jns HarysiiHOCTH NPUBOJATCS 3HAUEHUS KOPPENALIUU P12 10
KOMIIapaTopa, TO €CTh 10 pealn3alii OTCEYKH Ha OCHOBE OpOrosoro 3HadyeHus TH.

[lepenaua ¢uHANBHOTO 3HAYECHUS P12 B MOJIEM, IIpU MpeBbimeHnd ypoBHsi TH, momkna
IIPOU3BOJUTHCS BMECTE C COOTBETCTBYIOLIMM JIEMEHTOM I1OCIIEJ0BATEIbHOCTH

x2[n].
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Puc. 12. 3naueHust KOPPEISIIUY IS PA3INIHBIX TUIIOB CUTHAJIOB. ) CBEPXY — JUIS OIIOPHOTO CHTHAJIA TPEYTOJIbHON
¢ opMBI 0) CHU3Y - IJIsl OTIOPHOTO CUTHAJIA NPSIMOYTOJIBHOH (hOPMBI.

Kak Bunno u3 Pucyska 12, npu onopHoi mociae1oBaTeabHOCTH X1[1n] TpeyroiabHOH (opMbl
MaKCUMAaJIbHOE 3HAYE€HUE KOPPEISALUH IPU HAJTHYUH B TOTOKE TAHHBIX COOBITUS TPSMOYTOJIEHON
dopmet S2[n] pi12=0.89, npu HanuuKUK COOBITHS TPEYTONBLHOMN hopMbl THIA S | [1n] MakcuManbHOE

3Ha4YeHHe Koppemsiuuu p12 = 1, a ams tpeyronsHoii hopmsl tuma S3[n] p1o2 = 0,81.

B cnywae onopHoro curHama xi[n] nOpsAMOYroibHOM (QOpMBI M aHAJOTMYHON
NOCJIEI0BATENbHOCTH NOTOKa JNaHHbIX (Puc. 13), curyamus MeHseTcs M yxe sl COOBITHA
IpSIMOYTOJIBHOM (GOpMBI S [n] 3HaUeHHe Koppensimu p12 = 1, a Juis ocTanbHbIX coObIThi — 0,87

u 0,7 COOTBETCTBESHHO.

Kpome Toro, Ha Pucynkax 12-13 mpucytcTByroT Bcruiecku B obmactu 130, 165 u 185
orcueToB. Ho nnsi OMOpHON TMOCIENOBATENBHOCTH MPSMOYTOILHOW (POpPMBI MaKCHMalbHBIC
3HAYEHUS KOPPEISLUU MEHbIIIE YeM I OTIOPHOM MOCIe10BAaTEIbHOCTH TPEYTOIbHOU (POPMBL.
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Puc. 13. TloporoBslii ypoBens TH jutst 3HaYeHHH KOPPEISILMH VISl PA3JIMYHBIX TUIIOB CUTHAJIOB. &) CBEPXY — IS
OIIOPHOTO CUTHAJIA TPEYTOIBHOI (POPMBI 0) CHU3Y - JJIsl OIOPHOTO CHTHANA MPSIMOYTOJILHOH (OPMBI.

Kak ymommHanoce paHee, ¢ TOYKH 3pEHHUS IOJyYEHHUS MAKCUMAJIBLHOTO OTHOIICHHUS
CUTHAJI/IIIyM, COIJIACOBAHHBIA (DUIBTP — 3TO ONTHMAJbHOE YCTPOHCTBO 0OpabOTKM CUTHAJIOB
(JTamanos, 2015:57-98).

Takum 00pa3oM, MOKHO yTBEpXKAaTh, YTO MO KPUTEPUIO MAKCUMAJIBHOTO OTHOIIECHUS
CUTHAJI/IIYM HCIONb30BaHME amanTupoBaHHoro it loT ycTpoiicTB, MeTona coriiacoBaHHON
GuapTpa  MO3BOJISIET pellaTh 3a1ady ACTCKTUPOBAHUS CHUTHAJIOB (COOBITHH) pPa3IMYIHON
(dopMBI MpU peanu3ali Ha JUCKPETHBIX KOHEYHBIX YCTPOMCTBaxX, 4TO MPOJEMOHCTPHUPOBAHO
pe3yJbTaTaMu MOJAEIHPOBAHUS.

Jns apdexTuBHON pabOTHI anropuTMa HEOOXOAMMO ONPEAETUTHh MOPOrOBOE 3HAYCHHE
TH. Jlnsa npuBeneHHbIX yciaoBui, npu ypoBHe TH = 0.9 nmocturaercs a3 dexkTruBHOE pazneneHue.

HtoroBoe 3HaueHUs] 3HAMEHATENs MPHUBOAMTCA K YUCIY SKBHUBAJICHTHOMY CTENEHHU 2,
OIEpALIMIO JICJICHUs BBINOJHAETCA 332 CUET yCEUeHMM MIaalMX pa3psnoB. Kak ynmomuHamoch
paHee naHHas ornepauusi nMorpedyer TuOO0 BCEro JHIIb OJHOTO JOMOJIHUTENBHOTO TaKTa, OO
MOJKET OBITh BBIIIOJHEHA OJJHOBPEMEHHO C APYToi omeparyen.

3akiouenne

B pamkax npoBeIeHHOro HcCCIEIOBaHMs ObUIM pPEaJn30BaHbl IOCTABICHHBIE LETH U
METO/Ibl, HampaBJIeHHbIE Ha H3yueHHEe 3(H(HEeKTUBHOCTU LU(PPOBON KOPPENSAIMOHHOW 00paboTKu
CHUTHAJIOB Ha KOHEYHBIX ycTpoiicTBax Mutepnera Bemieir (IoT). OcHoBHOW 3amadeil sBISIOCH
CO3JJaHME AaJANTUPOBAHHOIO METO/A COTJIACOBAHHOW (WIIBTPAIMM, CIIOCOOHOTO 3(PPEKTUBHO
paGoTaTh NpM OrPaHUYEHHBIX BBIYUCIUTENBHBIX pecypcax M 00ecHeurBaTh HAAEKHOE
JIETEKTUPOBAHHE CUTHAJIOB PA3IMYHOMN (HOPMBI.

B xoze nuccnenoBaHus BBIOIHEHB! CIEAYIOIINE 3TAlbl: IPOBEAEH aHAINU3 CYILECTBYIOIIUX
METO/IOB IH(PpOBOI 00pabOTKM CHUTHANOB; pa3paboTaH AITOPUTM AJANTHPOBAHHOM IH(pPOBOIA
KOPPEISLIMOHHON ~ (DUIbTpallu C HOPMaJM3alUed M YNPOIIEHHBIMH BBIYMCIUTEIBbHBIMU
OTepaIMsIMU; CMOJICIMPOBAHBI IIU(PPOBBIE MOCIEAOBATEIBHOCTH JAaHHBIX, UMUTUPYIOIINE PaOOTY
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CEHCOPOB; pean3oBaH anroput™M Ha arpopme MATLAB u onieneHa ero 3pQpeKTHBHOCTD C TOUKH
3pEHHUSI TOUHOCTH JACTEKTUPOBAHUS M BEIYUCIUTEILHON CI0KHOCTH.

[TomyueHHnble  pe3ynpTaTbl  MOATBEPAWIM  WCTHUHHOCTh  BBIIBUHYTOM  THIIOTE3BI:
NPEeATIOKEHHBI METOJT ITO3BOJIET C BHICOKOM TOYHOCTBIO BBISBIISITH CUTHANIBI PA3IMYHON (POPMBL,
CHIDKasi KOJMYECTBO BBIYUCIUTENbHBIX ONEpaluii U MUHUMH3HPYS 3aJepKKy OOpaOOTKH.
CpaBHUTENBHBIA aHAIM3 IOKa3aJ MPEUMYIIECTBO MPEIIOKEHHOTO IMOJIX0/a 10 CPABHEHHIO C
METOAAMHU MPSIMON KOPPENSLUM, TMOAANEPTyp U KOAOBBIX CKOJIB3SIILUX CYMM, OCOOCHHO MJIst
YCTPOMCTB C OTPaHUYEHHOMN BBIYUCIUTEIBHON MOIIHOCTBIO.

BrIBO/IBI HICCTIEIOBAHMSI MOKHO O0OOIITUTE CIEAYIOMNUM 00pa3oMm:

- AnmanTupoBaHHBIM MeTon IM(POBON KOPPEISIMOHHON (MIbTpalMu o0ecrneyuBaeT
HA/IeKHOE JETEKTUPOBAHUE CHUTHAIOB JaKe NpU OrpaHUYEHHbIX pecypcax KoHedyHbIX [oT-
YCTPOMCTB.

- HMcnonb3oBaHne HOpMaiM3alliyd M YNPOLICHHBIX BBIYMCIUTEIBHBIX ONEpalri CHUXKAET
BBIYHCIIMTENBHYIO Harpy3Ky 0€3 CHHKEHUS] TOUHOCTH 00paboTKH.

- Meroa npuMeHHM AJiS aHAIKM3a CUTHAJIOB PA3JIMYHON (DOPMBI, BKJIIOYAsi TPEYTrOJIbHBIE,
IPSIMOYTOJIbHBIE ¥ ITyMOBBIE CUTHAJIBI, YTO PACIIUPSET €r0 MPAKTUIECKYIO IPUMEHUMOCTb.

[TepcniekTHBBI JaNbHEHIIIEH paOOTHI BKIIOYAIOT:

- peamuzanuio anroputMa Ha amnmapatHeix minargopmax MCU, DSP u FPGA ans
MPOMBIIIEHHOTO TECTUPOBAHMUS;

- aJanTaluuIo METoja il paboThl B PEAIbHOM BPEMEHHU C MOTOKaMH OOJBIINX JAHHBIX B
cUCTeMax YMHOT'O ropo/ia, IPOMBIIIIEHHOIO MOHUTOPUHTA U YMHBIX TPAHCIIOPTHBIX CUCTEM;

- MHTETpalUI0 C JPYIMMH METoJaMH O0pabOTKM JaHHBIX IS yJIy4IIeHHS
9HEprod(HPEeKTUBHOCTH U CHIDKEHUS 00beMa TepeaBacMoil HH(OPMAIIUH.

Takum 00pa3oM, NMPOBEIEHHOE HCCIEIOBAHUE PACHIMPSET HAayyHOE 3HAaHHE B 00JacTH
g poBoii 00paboTku curnanos u [oT, gemoHcTpUpyst BO3MOXKHOCTH A (HEKTUBHON peaTu3ainn
QITOPUTMOB KOPPEISIIIMOHHON (PUIBTpAllili HAa KOHEYHBIX YCTPONCTBaX € OrpaHUYCHHBIMU
pecypcamu. IlodydeHHble pe3yabTaTbl MMEIOT MPAKTHUECKYH II€HHOCTh JUIsl pa3paboTKH
MHTEJICKTYaJIbHBIX CEHCOPHBIX CUCTEM, CIOCOOHBIX paboTaTh B YCIOBHUIX PEaIbHOTO BPEMEHH.
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Abstract. This study is devoted to the analysis of architecture and mechanisms for
Quality of Service (QoS) in wireless networks of the WiMAX standard (IEEE 802.16). The topic
is relevant due to the growing demand for high-speed wireless networks supporting multi-user
applications with different requirements for data transmission rate and latency. The main
objective of the work is to analyze QoS functionality in WiMAX networks and to develop
models for evaluating the efficiency of the QoS scheduler in radio channel resource allocation.
The research objectives include: studying the structure of WiMAX networks and service classes,
developing simulation models using OPNET Modeler 14.0 and eXtended Network Simulator
(XNS), configuring service flow parameters, and conducting tests with different types of traffic
(UGS, RT-VR, NRT-VR, BE, ERT-VR). The results demonstrated that the QoS scheduler
ensures stable operation of latency-sensitive applications (UGS and ERT-VR), while less critical
service flows show increased delays and packet losses under higher load. Simulations confirmed
the ability to flexibly allocate bandwidth and prioritize service flows in real time. In conclusion,
the developed models and methods allow not only the assessment of QoS performance in
WiMAX networks but also their application for optimizing real network infrastructures, testing
new resource allocation algorithms, and training specialists in wireless technologies. The study
opens prospects for further research related to integration with LTE and 5G networks and
improving service quality under high user mobility.

Keywords: WiMAX, QoS, wireless network, scheduler, simulation modeling, service
flows
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AnHoranusi. byn 3eprrey WiIMAX crangaptel (IEEE 802.16) OoiibiHIIAa CHIMCBHI3
Kenijepae KbI3MeT Kepcery camachlH (QoS) KamMTamachl3 €Ty apXHUTEeKTypachl MeH
MEXaHH3MJICPiH 3epTTeyre apHajaFaH. TakKbIphIN ©3¢KTi, ce0edi nepekTepai 6epy JKbUIIaMIBIFBI
MEH KiJipicKe 9pTYpJi Tajamntapbl 0ap Kem KOJAaHYIIbl KOCHIMINAIAPbIH KOJAAMTHIH KOFaphI
KBUTAMJIBIKTBI CBIMCBHI3 KEIIJIEPre CYPaHBIC apThIl OTHIP. JKYMBICTBIH HETI3r MaKCaThl —
WIMAX xeninepingeri QoS KpI3METIH Tanjay *oHE pajuo apHa pecypcTapbhlH 0oy Ke3iHie
QoS xocnapaymbICBIHBIH THIMAUIITIH OaFanay YIIiH MOJENbep a3ipiaey. MakcarTka )KeTy YIIiH
keneci Mingerrep Koubuabl: WIMAX keminepiHiH KYpbUIBIMBIH JKOHE KBI3MET KOPCETY
ceiabinTapei  3eprrey, OPNET Modeler 14.0 xome eXtended Network Simulator (XNS)
apKbUJIbl MUMUTAIUSUIBIK MOJENbIEP 93ipiiey, KbI3MET aFbIHIAPbIHBIH IMapaMeTpiepiH OamnTay,
oprypni tpaduk typrnepimen (UGS, RT-VR, NRT-VR, BE, ERT-VR) Ttecriney xyprizy.
3eprrey HoTmKenepi QoS kocmapiaymibichl Kigipicka ce3iMTan KockiMinanapabiH (UGS sxone
ERT-VR) TypakTpl >KYMBICBIH KaMTaMmachl3 €TETiHIH KOPCETTi, al a3 MaHbI3Abl KbI3MET
arbIHAPBI KYKTEME apTKaHAa KiAipic MeH MaKeT KOFAITYAbIH oCyiH KepceTel. MMUTanusibiK
MOJICTIBICp apHAHBI HMKEMIl 06y »OoHE KBI3MET AaFbIHJIApPbhlH HAKTHl YaKbIT PEKHMIHIIEC
OacbIMBIKKA KOO MYMKIHJITIH pactaiipl. KOpbIThIHABLIAN Kele, 931pJeHreH MOJeNbIep MEH
omicrep WiIMAX keninepingeri QoS TuiMainiriH Oaranayra FaHa €MeC, HAKTBI SKEITIK
MH(GPaKYpHUIBIMIBI OHTAIaHBIPYFa, JKaHa pecypcTapbl 06y alropuTMAEPIH TECTLIEYTE KOHE
CBIMCBI3 TEXHOJIOTHsUIap OOMBIHIIA MaMaHAApAbl aaspiayra MyMKiHmik Oepeni. 3eprrey LTE
xoHe S5G kediiepiMeH MHTErpauusjay >KOHE KOJJaHYIIbUIAPABIH JKOFapbl MOOWIIBAIr
KaFJaibIHIA KI3MET KOPCETY CanachlH KaKcapTy IMEePCIICKTUBATIAPBIH allla Ibl.

Tyiiin ce3nep: WiMAX, QoS, cbIMCBI3 KeTIi, )KoCHapiayIibl, UIMUTAIUSIIBIK MOJIENIBIEY,
KBI3MET aFbIH/IaphI

Joaiiexcesznep ymin: M.O. Kocskos, T.K. TepekennueB, Myxunau Moze (2026). IEEE
802.16 crangaptsr Herizingae WiMAX skemniiepinae Kpi3MeT KkopceTy camachiH (QoS) Mouernbaey
xoHe Kamramachid ety // Kaszakcran enmipic kemiri. Tom. 23. Ne 89. 29-46 Oer.
https://doi.org/10.58420.ptk.2026.89.01.002 (AFbLI. TiI.).

Myanesiep KakTbIFbICBI: ABTOpJap OChl Makajiaga MYJIIelep KaKTBIFBICHI KOK el
MOTIMICH/T.

MOJAEJIMPOBAHUE U OBECIIEYHEHUE KAYECTBA OBCJIIY KUBAHMUSA (QOS) B
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AnHoTanus. /laHHOE uccienoBaHue MOCBALICHO U3YYSHHUIO apXUTEKTYPhl U MEXaHU3MOB
obecrieuenns kadectBa oocykuBanus (QoS) B 6ecnipoBoaHbIx ceTsix crangapta WiMAX (IEEE
802.16). Tema akTyanbHa B CBSI3H C POCTOM CIIpOCa Ha BBICOKOCKOPOCTHBIE OECIIPOBOJIHBIE CETH,
MO/ICPKUBAIOIINE MHOTOIOJIb30BATEIBCKUE MPUIIOKECHUS C Pa3IUYHBIMH TPEeOOBAHUSIMH K
CKOpOCTH TIepelaydl JaHHBIX M 3ajepkkam. OCHOBHOW 1IIeNbl0 paboOThl SBISETCS aHaIu3
¢ynkunonnpoBanusi QoS B cetn WiMAX u pa3zpabotka mojeneit uist oueHkd 3¢ dexTuBHOCTH
wianupoBirka QoS mpu pacmnpeneNeHUud pecypcoB paiuokaHana. J[is mocTikeHus I1enu
MTOCTABIICHBI CIICAYIONINE 3a/1a4: U3ydeHUE CTPYKTYphl ceTh WiMAX 1 Ki1accoB 00CTyKUBaHUSA,
pa3paboTKa MMHTAIIMOHHBIX Mojenei ¢ ucrnonb3oBanneM OPNET Modeler 14.0 u eXtended
Network Simulator (XNS), nHacTpolika mHapaMeTpoB CEPBHCHBIX IIOTOKOB U IPOBEICHUE
tectupoBanusi ¢ pasHeiMu Tunamu Tpaduka (UGS, RT-VR, NRT-VR, BE, ERT-VR).
Pe3ynbTarhl nccnenoBaHus MOKas3ajid, YTO MCIIOJIb30BaHME IUIaHUpoBLIMKa QoS obecnieunBaer
CTaOUIBHYIO pabOTy NPUIIOKEHUH ¢ KpUTUYHBIMU TpeOoBaHusMU K 3anepxkke (UGS u ERT-VR),
IPH 3TOM MEHEE KPUTHYHBIC CEPBHUCHBIC MOTOKU JEMOHCTPUPYIOT POCT 33JepKEK U IMOTEePh
MAKeTOB C YyBeJIWYeHHEeM Harpy3ku. CHUMyISIUd TMOATBEPAMIA BO3MOXKHOCTH T'HOKOIO
pactpeneNieHusl MOJIOCHI MPOIYCKAHUS W MPUOPUTCTH3AIMK CEPBHCHBIX IMOTOKOB B PEaTbHOM
BpeMeHH. B 3akitoueHune OTMEYEeHO, YTO pa3pabOTaHHbIE MOJAETU M METOJbI IMO3BOJIIOT HE
TOJIEKO oneHuBath 3pdextuBHOCTE Q0S B cersx WIMAX, HO W NPUMEHATh HUX JUIA
ONTHMU3ALMUA PEAbHBIX CETEBBIX HH(PPACTPYKTYp, TECTHPOBAHUS HOBBIX aJITOPUTMOB
pacmlpeelieHuss PeCypCcoB M TIOATOTOBKH CIICIUAIMCTOB IO OCCIPOBOJHBIM TEXHOJOTHSIM.
PaGota oTKkpbIBaeT MEPCHEKTUBHI Ui NaJbHEHIINX UCCIEOBAHMM, CBI3aHHBIX C HHTETpaLUeH ¢
cersmu LTE u 5G n noBblmeHreM KadecTBa 00CITYKHBAHUS B YCIOBHSIX BRICOKOW MOOMIIBHOCTH
[10JIb30BaTENEN.
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Introduction.

In the context of the rapid growth in data traffic volumes and the increasing number of
wireless network users, guaranteed Quality of Service (QoS) provisioning is acquiring particular
importance. Modern telecommunication systems are required to support a wide range of
applications, from conventional data transfer to real-time services such as voice and video
communications, which impose stringent requirements on delay, jitter, and packet loss rates.

WiMAX (Worldwide Interoperability for Microwave Access), standardized by IEEE
802.16, was originally developed as a carrier-grade network intended to provide broadband
wireless access over large distances. Unlike many other wireless technologies, WiMAX
incorporates, at the standard level, a well-developed QoS management infrastructure based on
service flows, prioritization mechanisms, and radio channel resource scheduling.

Despite the existence of theoretical models and descriptions of QoS mechanisms in the
IEEE 802.16 standard, questions concerning the practical implementation and performance
evaluation of resource scheduling algorithms remain insufficiently studied. This is particularly
true with respect to the behavior of different service classes under varying load conditions,
subscriber counts, and traffic parameters. Accordingly, simulation modeling of WiMAX
networks is required to investigate QoS management processes under conditions approximating
real-world deployments.

The relevance of the present work is determined by both its theoretical and practical
significance. From a theoretical standpoint, the study deepens understanding of QoS mechanisms
and MAC-layer scheduler operation in WiMAX networks. From a practical standpoint, the
results obtained may be applied in the design and optimization of carrier-grade wireless networks
and in the selection of service parameters for different application types.

The object of investigation is a wireless network conforming to the WiMAX (IEEE
802.16) standard. The subject of investigation is the QoS provisioning mechanisms and the radio
channel resource scheduler in WiMAX networks. The aim of the research is to simulate a
WiMAX network and to evaluate QoS parameters for different traffic classes by means of
simulation modeling using OPNET Modeler software.

To achieve this aim, the following tasks were formulated: to analyze WiMAX network
architecture and the principles of QoS provisioning in the IEEE 802.16 standard; to review QoS
service classes and their characteristics; to develop a simulation model of a WiMAX network in
OPNET Modeler; to configure QoS parameters for different traffic types; to simulate and
analyze throughput, delay, jitter, and packet loss metrics; and to evaluate the influence of QoS
priorities on radio channel resource allocation.

The following research methods are applied: analysis of regulatory and scientific sources
pertaining to IEEE 802.16; simulation modeling of network processes; comparative analysis of
QoS metrics; and statistical processing of simulation results. The underlying approach is a
systems approach, treating the WiMAX network as an integrated set of interrelated elements and
QoS management processes. The research hypothesis holds that the application of QoS
mechanisms defined in IEEE 802.16 ensures priority service for real-time traffic and maintains
required QoS parameters even as load and subscriber count increase.

Materials and Methods.

The research materials comprise regulatory and scientific-technical sources addressing
the construction, deployment, and QoS provisioning of broadband wireless access networks
conforming to IEEE 802.16 (WiMAX). The study draws upon: the international standard IEEE
802.16-2009 (IEEE, 2009: 54-59); peer-reviewed journal articles from IEEE Communications
Magazine and Computer Networks; monographs by international and domestic authors
addressing wireless network theory and QoS provisioning (Andrews, 2007: 114-295; Ahson,
2008: 223-441; Stallings, 2013: 129-334); and electronic scientific resources describing
practical WiIMAX deployment aspects.
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The research questions addressed are: which architectural and protocol features of IEEE
802.16 determine WiMAX network deployment capabilities; what QoS provisioning
mechanisms are applied in WiMAX networks; how QoS parameters depend on traffic
characteristics and wireless network operating conditions; and how effective are existing
resource management methods under different load scenarios.

The hypothesis holds that built-in IEEE 802.16 resource management and traffic
classification mechanisms provide the required QoS level for different service types (data, voice,
video) even under limited bandwidth and varying radio channel conditions. The study was
conducted in four sequential stages: analytical review of literature and standards; systematization
and classification of architectural solutions and QoS service types; modeling stage examining
dependencies between QoS indicators and network parameters; and synthesis stage producing
conclusions and deployment recommendations.

Research methods employed: analysis and synthesis for studying WiMAX architecture;
comparative analysis of QoS mechanisms; structural-functional method for analyzing WiMAX
system element interactions; mathematical and simulation modeling for QoS metric evaluation;
and grapho-analytical method for visualizing network parameter dependencies. The novelty lies
in the comprehensive analysis of QoS provisioning mechanisms with consideration of
deployment specifics and real-world operating conditions.

Results and Discussion.

The IEEE 802.16 standard (IEEE, 2009: 54-59) describes the WiMAX technology.
WiIMAX is a telecommunications technology providing broadband wireless connectivity over
long distances for a wide range of devices, from workstations and laptops to mobile phones. In
its general form, a WiMAX network comprises base stations (BS) and subscriber stations (SS),
with base stations also acting as Internet gateways. Microwave frequencies in the range of 1.5 to
11 GHz are used for inter-station data exchange. Under ideal conditions, data rates can reach 70
Mbps without requiring line of sight between transmitter and receiver (Andrews, 2007: 114-295).

A single base station can support hundreds of subscriber stations operating in the same
radio channel. Each SS may run multiple applications requiring access to the transmission
medium. These applications may have entirely different service quality requirements (bandwidth,
delay, etc.). For example, VoIP applications do not require high channel bandwidth but are
highly sensitive to end-to-end packet delivery delay, while an FTP client is indifferent to delay
but requires adequate bandwidth (Ahson, 2008: 223-441). Since all SS connected to one BS
share the same radio channel, a protocol is required to coordinate all transmitters and receivers.
This protocol must guarantee the contracted QoS level for each application through the QoS
scheduler (Stallings, 2013: 129-334).

The IEEE 802.16 standard defines the physical and data-link (MAC) layers of the OSI
model. The QoS scheduler is a module of the MAC sublayer. Since WiMAX networks were
conceived as carrier-grade networks from the outset, QoS provisioning is a primary concern. The
standard associates QoS provisioning with specific service flows. Each service flow has a QoS
service class, and the subscriber is allocated the necessary bandwidth through a virtual channel
assigned a 16-bit Connection Identifier (CID).

Five QoS service classes are defined (Ghosh, 2005: 129-136; Hoymann, 2005: 341-363;
Park, 2007: 134-141; Stallings, 2014: 411-367; Akhmedov, 2012: 21-27; Sesia, 2009: 367—665):
UGS (Unsolicited Grant Service) providing a pre-negotiated fixed transmission rate, emulating a
circuit-switched channel for applications such as traditional telephony; RT-VR (Real-Time
Variable Rate) for delay-sensitive data at variable rates without quality degradation, suitable for
compressed video streaming; NRT-VR (Non-Real-Time Variable Rate) for delay-insensitive
data requiring a guaranteed minimum rate, such as FTP and HTTP transfers; BE (Best Effort) for
data not critical with respect to transmission rate or delay, primarily general Internet traffic; and
ERT-VR (Extended Real-Time Variable Rate), an intermediate class between UGS and RT-VR,
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providing constant rate and delay for real-time applications such as voice transmission with
silence suppression.

The QoS infrastructure includes: connection-oriented services; delivery services (UGS,
RT-VR, ERT-VR, NRT-VR); modules for enforcing required QoS parameters per subscriber;
admission control modules based on permission policies; and services for creating static or
dynamic service flows. Figure 1 illustrates the complete QoS support architecture across
subscriber, base station, and core network domains.
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Fig. 1. QoS support architecture in WiMAX systems

Since the IEEE 802.16 standard supports QoS infrastructure in the core network as well
as at the BS and SS level, additional functional elements are required: policy function (PF)
modules, admission control (AC) modules, and service flow authorization (SFA) modules. The
PF module, together with associated databases, is part of the NSP. The AAA infrastructure
operates in conjunction with PF modules to determine each user's QoS entitlements and establish
operational policies. The SFA module, typically located in the ASN gateway, uses information
received from the PF module during subscriber connection and service flow management.

Once QoS profiles are loaded, the SFA module creates, accepts, and activates pre-
provisioned service flows. If a user QoS profile cannot be loaded, the PF module may initiate the
creation of new service flows to be used as pre-provisioned flows.

WiMAX network simulation was performed using OPNET Modeler 14.0 (Optimized
Network Engineering Tools), a powerful discrete-event simulation environment that includes
extensive libraries of network technologies and communication protocols including TCP/IP,
HTTP, ATM, Frame Relay, IP-QoS, IEEE 802.11 (Wi-Fi), and ZigBee. To create a wireless
LAN model, a project was configured with the parameters presented in Table 1.
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Table 1 — Wireless LAN scenario parameters

Parameter Value Action
Initial Topology Create empty scenario Click Next
Network Scale Office Click Next
Size 100 m x 100 m Click Next
Model Family Wireless LAN Click Next
Review check values Click Finish

The resulting wireless LAN model comprises: one Ethernet server; one base station; four access
points. Network parameters: frequency band 5 MHz; antenna height 1.5 m; modulation 64-QAM
3/4; queue length 50 packets; simulation duration 100 s. Figure 2 shows the model type selection
interface in OPNET Modeler.
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Fig. 2. Model type selection in OPNET Modeler 14.0

Network components were then configured and QoS parameters were set. Figure 3 shows
the QoS service flow parameter configuration panel with settings for all five traffic classes.
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Fig. 3. QoS service flow parameter configuration in OPNET Modeler
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A scenario was tested in which four hosts are connected to one BS, generating traffic and
competing for uplink channel resources. Each source node generates traffic emulating UGS-type
(voice and video), RT-VR (rtPS), NRT-VR (nrtPS), and Best Effort (BE, Internet) traffic. QoS
class parameters are specified in Table 2.

Table 2 — QoS class parameters

QoS Class Transmission Rate Packet Size (bytes)
BE 1 Mbps 512 to 1024
UGS 1 Mbps 300
rtPS (RT-VR) 1 Mbps 200 to 980
nrtPS (NRT-VR) 1 Mbps 256 to 1024

Throughput results for different QoS traffic classes are presented in Figure 4. The results
show that UGS-type traffic occupies a lower bandwidth compared to BE-type traffic, which
receives a higher packet bandwidth allocation. Accordingly, UGS-type packets receive higher
quality of service than BE-type packets, consistent with the priority scheduling behavior

mandated by the standard.
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Fig. 4. Bandwidth values by QoS class

Host Number

Delay analysis results are presented in Figure 5. As the number of hosts increases, the
bandwidth available to each subscriber decreases, leading to higher packet transmission delays
for all service classes. Bandwidth is distributed among all hosts, and as their number grows, the
per-host share diminishes, increasing the relative priority advantage of higher-priority QoS
traffic classes (Ghosh, 2005: 129-136).
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Fig. 5. End-to-end delay parameters by QoS class

Jitter analysis results are shown in Figure 6. For UGS-type traffic, both delay and jitter
parameters are consistently maintained at low and stable values regardless of the number of
subscribers. For the remaining traffic classes, delay and jitter increase substantially as the
number of subscribers grows, which is consistent with priority-based scheduling expected
behavior (Hoymann, 2005: 341-363).
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Fig. 6. Jitter parameters by QoS class

Packet loss results are presented in Figure 7. The UGS service class remains virtually
unaffected, while other service classes experience significant packet losses due to the
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prioritization algorithms. In a scenario with four different classes, the increase in delay and packet
loss parameters is directly related to the increase in the number of hosts. The highest QoS class
demands the largest bandwidth share.
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Fig. 7. Packet loss ratio by QoS class

The packet loss characteristics presented in Figure 7 clearly demonstrate the influence of
QoS prioritization mechanisms on resource allocation efficiency and service quality stability in
WiMAX networks. The obtained results confirm that the IEEE 802.16 scheduler effectively
enforces differentiated treatment of traffic classes according to their priority levels and QoS
requirements. At the same time, the graph reveals the significant impact of increasing subscriber
load on lower-priority service flows.

The most important observation is that the UGS (Unsolicited Grant Service) traffic class
remains almost unaffected by the increase in the number of hosts. Packet loss values for UGS
traffic remain close to zero across all tested scenarios, even when four hosts simultaneously
compete for radio channel resources. This behavior confirms the effectiveness of the fixed-
bandwidth reservation mechanism implemented for UGS service flows. Since UGS traffic is
intended for real-time applications such as VoIP and constant-bit-rate multimedia transmission,
the scheduler guarantees stable bandwidth allocation and minimal delay regardless of congestion
conditions in the network.

The stability of the UGS class additionally demonstrates that the scheduler correctly
implements strict priority servicing for delay-sensitive applications. Real-time traffic requires
predictable transmission conditions with minimal packet loss, jitter, and latency variation. The
experimental results confirm that the QoS architecture defined by IEEE 802.16 successfully
maintains these requirements even as overall network load increases.

In contrast, the RTPS (Real-Time Polling Service) class exhibits a gradual increase in
packet loss as the number of hosts grows. Under single-host conditions, packet loss remains
relatively low, but as additional subscribers compete for bandwidth, losses rise significantly,
reaching approximately 70 % in the four-host scenario. This behavior reflects the adaptive nature
of RTPS traffic servicing. Unlike UGS, RTPS traffic supports variable-rate real-time
applications such as compressed video streams, where bandwidth requirements fluctuate
dynamically. Consequently, the scheduler allocates resources more flexibly, making RTPS flows
more vulnerable to congestion effects under high network load.
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The nrtPS (Non-Real-Time Polling Service) class demonstrates even more pronounced
degradation. Packet losses for nrtPS traffic increase sharply as the number of hosts rises,
reaching values approaching 100 % in highly congested scenarios. This indicates that lower-
priority non-real-time services are heavily affected by bandwidth competition once high-priority
flows consume the majority of available radio resources. Since nrtPS traffic is designed
primarily for applications such as FTP and large data transfers, the scheduler sacrifices delay-
sensitive performance in favor of maintaining real-time traffic stability.

Figure 8 illustrates bandwidth distribution as a function of QoS priority. Priority service
flows (UGS, ERT-VR) receive the largest bandwidth share, while BE flows receive the
remainder after all higher-priority flows have been satisfied. This confirms that the scheduler
effectively enforces the class-based resource allocation policy defined by the standard (Park,
2007: 134-141).
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Fig. 8 Bandwidth distribution by QoS priority

The primary task of the QoS scheduler is to divide the radio channel bandwidth among
network applications in accordance with the QoS parameters specified for each application. The
scheduler's input data are: (1) the list of service flows and their QoS parameters; (2) the physical
characteristics of the radio channel; (3) the sizes (occupancy levels) of packet queues. The output
data are UL-MAP and DL-MAP frame allocation maps, which specify which service flows' data
and in what quantities shall fill the uplink and downlink subframes, respectively.

The scheduler is physically located on the base station and therefore has complete
information about downlink data queues, but lacks information about uplink data queues located
on subscriber stations. The BS scheduler must plan both the downlink and uplink subframes,
using the Bandwidth Request mechanism by which subscriber stations request uplink subframe
allocations. The scheduler operates as follows before each frame transmission: (1) obtain current
radio channel information; (2) obtain current information about connected SS; (3) obtain current
information about existing service flows; (4) obtain current queue state data (queue occupancy
for downlink flows and bandwidth requests for uplink); (5) perform frame scheduling and
generate DL-MAP and UL-MAP.

In the course of developing the QoS scheduler, the need arose for a test environment
enabling investigation of QoS management processes under near-real-world conditions. The
purpose of the simulator (XNS) is to model the complete closed-loop interaction between the
base station and a subscriber station for data transmission with service quality compliance as
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specified by the WiMAX standard. The simulator abstracts the operation of layers above and
below the QoS module, enabling testing and debugging of QoS algorithms without a full
implementation of the entire component stack. The operation scheme of the simulator is shown
in Figure 9.
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Fig. 9. QoS simulator operation diagram

The simulator employs the TUN/TAP virtual network device driver, which creates a
virtual network interface and associates it with a specific IP address. The virtual interface
operates identically to a real one, allowing the simulator to intercept packets sent by the traffic
generator through the virtual interface and process them according to the QoS algorithms. The
iperf utility (http://iperf.sourceforge.net/) serves as the IP traffic generator, enabling specification
of traffic parameters (bandwidth, packet size) on the transmitting side and measurement of
received traffic characteristics (packet loss, delay, jitter) on the receiving side.

The target hardware platform for XNS testing was: CPU Pentium 4 2 GHz, 1 MB L2
cache, HDD 250 GB SATA, 2 GB RAM. The radio channel was replaced by Gigabit Ethernet (1
Gbps), which exceeds the maximum WiMAX wireless network throughput of 70 Mbps by more
than an order of magnitude, eliminating network congestion losses. During testing, the number
of service flows varied from 10 to 100, with individual flow bandwidth varying from 1 to 600
Kbps.

Table 3 presents the simulator test results: percentage of lost packets relative to total
transmitted, as a function of the number of flows and per-flow bandwidth.

Table 3 — QoS simulator test results: packet loss percentage vs. number of service flows

Bandfvlvo“jvth per 10 flows 20 flows 30 flows 50 flows 70 flows 100 flows
1 Kbps 0% 0% 0% 0% 0% 0%
10 Kbps 0% 0% 0% 0% 0% 0%
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Bandfvlvo“vjsh per 10 flows 20 flows 30 flows 50 flows 70 flows 100 flows
100 Kbps 0% 0% 0% 0% 0% 1.2%
300 Kbps 0% 0% 0% 1.5% 3.2% 8.7%
600 Kbps 0% 0% 1.1% 9.6% 17.4% 28.9%

The results presented in Table 3 provide important insight into the operational stability
and scalability of the developed QoS scheduler under increasing traffic intensity and growing
numbers of simultaneous service flows. The conducted experiments demonstrate a clear
relationship between packet loss probability, the number of active flows, and the bandwidth
allocated to each flow. These results make it possible to evaluate the practical limitations of the
scheduler and to identify the conditions under which QoS degradation becomes significant.

At low bandwidth values of 1 Kbps and 10 Kbps per flow, packet losses remain
completely absent even when the number of service flows reaches 100. This indicates that under
low traffic intensity the scheduler successfully processes all incoming flows without queue
overflow or significant resource contention. In such operating conditions, the processing capacity
of the scheduler and the available network bandwidth are sufficient to satisfy all transmission
requests while maintaining stable QoS parameters. The absence of packet loss additionally
confirms the correctness of queue management mechanisms and the effectiveness of the
implemented flow prioritization procedures.

At a per-flow bandwidth of 100 Kbps, the scheduler continues to demonstrate high
operational stability. Packet losses remain at 0 % up to 70 simultaneous flows, while only a
small packet loss ratio of 1.2 % appears at 100 flows. This result indicates that the scheduler
architecture remains highly efficient under moderate traffic loads and that resource allocation
mechanisms are capable of handling a substantial number of simultaneous service flows without
significant QoS degradation. The observed behavior also demonstrates that the available system
resources — including queue buffers, scheduling intervals, and processing capacity — are still
adequate for maintaining stable operation at this load level.

A substantially different operational behavior emerges at 300 Kbps per-flow bandwidth.
In this scenario, packet losses begin to appear once the number of service flows exceeds 30. At
50 flows, the packet loss ratio reaches 1.5 %, increasing to 3.2 % at 70 flows and 8.7 % at 100
flows. This indicates the beginning of scheduler saturation and reflects the increasing influence
of queue management overhead and processing delays within the software scheduler architecture.
Under such conditions, the total incoming traffic volume approaches the effective processing
capacity of the scheduling subsystem, causing queue buildup and packet dropping during peak
load intervals.

The most significant degradation is observed at 600 Kbps per-flow bandwidth. Even at 30
simultaneous flows, packet losses reach 1.1 %, while at 50 flows the loss ratio increases sharply
to 9.6 %. Further increases in the number of flows lead to severe degradation, with packet loss
ratios of 17.4 % at 70 flows and 28.9 % at 100 flows. These results demonstrate that under high-
bandwidth multi-flow conditions the scheduler encounters substantial limitations associated with
processing overhead, queue congestion, and timing constraints of software-based packet
handling mechanisms.

The obtained results indicate that packet loss growth is nonlinear with respect to both
flow count and per-flow bandwidth. At low and moderate loads, the scheduler operates within a
stable region characterized by negligible losses and efficient resource distribution. However,
once traffic intensity exceeds a critical threshold, queue occupancy increases rapidly and packet
losses grow disproportionately. Such behavior is typical for queue-based scheduling systems
operating near saturation conditions and corresponds to established theoretical models of
network congestion processes.

An important observation is that packet loss growth is primarily associated not with
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physical channel limitations, but with the processing capabilities of the scheduler itself. Since the
experimental environment employed Gigabit Ethernet with throughput substantially exceeding
the maximum WiMAX data rate, the physical transmission medium did not constitute a
bottleneck. Consequently, the observed packet losses reflect limitations of software queue
processing, scheduling decision latency, and service flow management overhead within the QoS
subsystem.

The experimental data additionally confirm the importance of efficient queue
management algorithms in carrier-grade wireless systems. Under high flow counts, the scheduler
must continuously process large numbers of service requests, update queue states, evaluate QoS
priorities, and generate UL-MAP and DL-MAP allocation structures within strict timing
constraints. As the number of simultaneous flows increases, the computational complexity of
these operations grows significantly, increasing scheduler latency and reducing the effective
throughput of the resource management subsystem.

The results also demonstrate the practical significance of traffic prioritization
mechanisms. Under congestion conditions, high-priority service flows such as UGS and ERT-
VR retain relatively stable QoS characteristics, while lower-priority flows experience greater
packet losses and increased delay. This confirms the correct implementation of priority-based
resource allocation mechanisms defined by the IEEE 802.16 standard and validates the
scheduler’s ability to preserve service quality for delay-sensitive applications even under heavy
network load.

From an operational perspective, the obtained results have important implications for the
deployment of WiMAX and other broadband wireless systems. The experiments demonstrate
that network scalability is strongly dependent on the efficiency of scheduler implementation and
queue management architecture. In practical deployments, excessive numbers of high-bandwidth
flows may significantly degrade overall network performance unless advanced scheduling
optimization mechanisms are employed.

Figure 10 shows the packet loss ratio as a function of total packets transmitted under
different per-flow bandwidth conditions.

Packet Loss Ratio,
%

50
45 /\
w0 / \ Bandwidth
35 (Propagation Rate):
30 / \ 1- —— 1kbps
/ \ 2 - —— 200 kbj
25 o
/ \ 3- —— 400 kbps
20
/ \_4 4 - —— 600 kbps
15 /
10 /
-1
. /
/ -3
-2
0 f T T T e
10 20 30 40 50 60 70 80 90 100

Number of Flows

Fig. 10. Packet loss ratio vs. per-flow bandwidth

The graph presented in Figure 10 illustrates the dependence of packet loss ratio on the
number of simultaneous service flows under different per-flow bandwidth conditions. The
obtained results clearly demonstrate the influence of traffic intensity on scheduler stability and
QoS provisioning efficiency within the simulated WiMAX environment.
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At the lowest bandwidth level of 1 Kbps per flow, the packet loss ratio remains
practically constant and close to zero regardless of the number of active flows. This indicates
that under low-intensity traffic conditions the scheduler processes all incoming packets without
congestion effects or queue overflow. The available processing resources and bandwidth
capacity are sufficient to maintain stable operation even when the number of flows approaches
100. Such behavior confirms the effectiveness of the implemented queue management
mechanisms under low-load scenarios.

For intermediate bandwidth values of 200 Kbps and 400 Kbps, packet losses remain
negligible at low and moderate flow counts but begin to increase slightly as the number of flows
exceeds approximately 80—90. This behavior demonstrates the gradual approach of the scheduler
toward its effective processing capacity. Although the QoS subsystem continues to operate
correctly, the increased volume of simultaneous packet processing leads to minor scheduling
delays and temporary queue accumulation. Nevertheless, the packet loss values remain relatively
small, indicating acceptable QoS performance for medium-load operating conditions.

The most significant behavior is observed for the 600 Kbps scenario. In this case, packet
loss remains near zero up to approximately 50 flows, after which a sharp nonlinear increase
occurs. At around 70 simultaneous flows, packet loss reaches its maximum value of
approximately 45 %, followed by a gradual decrease as the number of flows approaches 100.
This behavior indicates the presence of transient congestion effects and scheduler instability
under extremely high traffic intensity.

The sharp increase in packet loss at high bandwidth values reflects the saturation of the
software-based scheduling subsystem. Under such conditions, the scheduler must simultaneously
process a large number of incoming packets, maintain QoS priorities, update queue states, and
generate transmission allocation maps within strict timing intervals. The computational overhead
associated with these operations increases significantly as traffic intensity grows, eventually
exceeding the effective processing capabilities of the scheduler.

An important observation is that the peak packet loss values do not occur at the maximum
number of flows, but rather within an intermediate congestion region around 70 flows. This
suggests the presence of dynamic queue stabilization mechanisms within the scheduler
architecture. At extremely high loads, some flows may effectively experience traffic throttling or
queue saturation effects that reduce the total number of packets entering the processing
subsystem, thereby slightly decreasing the relative packet loss ratio. Such behavior is
characteristic of complex queue-based systems operating near saturation conditions.

The obtained results additionally demonstrate that packet loss growth is strongly
nonlinear with respect to both bandwidth and flow count. Under low-load conditions, the
scheduler operates within a stable linear regime where additional flows produce minimal impact
on performance. Once traffic intensity exceeds a critical threshold, however, queue occupancy
increases rapidly and packet loss grows disproportionately. This corresponds to classical
congestion behavior in communication systems and confirms the validity of the developed
simulation model.

The experiments also confirm that the primary source of packet loss is not the physical
transmission medium itself, but the internal processing limitations of the software scheduler.
Since the experimental environment utilized Gigabit Ethernet infrastructure with throughput
substantially exceeding the maximum WiMAX data rate, physical channel congestion was
effectively eliminated. Therefore, the observed losses are directly related to queue management
overhead, scheduling latency, and processing bottlenecks associated with handling large
numbers of simultaneous service flows through the TUN virtual network interface.

Conclusion.

The present study provided a comprehensive investigation of the architecture, QoS
provisioning mechanisms, and resource scheduling principles in WiMAX networks operating
under the IEEE 802.16 standard. The conducted research combined theoretical analysis of the
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QoS infrastructure with practical simulation modeling using OPNET Modeler 14.0 and a
specialized QoS simulator based on the eXtended Network Simulator (XNS). Such an integrated
approach made it possible to evaluate not only the conceptual principles of QoS management in
WiMAX systems, but also the practical behavior of different traffic classes under varying load
conditions and subscriber densities.

The analysis confirmed that WiMAX technology was originally designed as a carrier-
grade wireless broadband access system in which QoS support constitutes a fundamental
architectural component rather than an auxiliary feature. Unlike many earlier wireless
technologies based primarily on best-effort service models, IEEE 802.16 incorporates a
connection-oriented MAC-layer architecture with integrated mechanisms for traffic classification,
admission control, service flow management, and priority-based radio resource allocation. This
provides the technological basis for supporting heterogeneous applications with significantly
different service quality requirements within a single wireless network infrastructure.

Particular attention in the research was devoted to the analysis of the five QoS service
classes defined by the standard — UGS, RT-VR (1tPS), NRT-VR (nrtPS), ERT-VR, and Best
Effort. The study demonstrated that the differentiation of traffic into specialized service classes
enables the network to allocate radio resources according to the operational priorities and
performance sensitivity of individual applications. Real-time traffic classes such as UGS and
ERT-VR are capable of maintaining stable delay and jitter characteristics even under increasing
subscriber load conditions, whereas lower-priority classes such as BE and NRT-VR experience
degradation of performance parameters as network congestion increases.

The performed simulation experiments confirmed the research hypothesis that the built-in
QoS mechanisms of IEEE 802.16 effectively guarantee differentiated service quality for
applications with diverse operational requirements. Modeling results showed that UGS traffic
maintained the lowest delay, jitter, and packet loss values throughout all tested scenarios. This
behavior is critically important for real-time applications including VolP, video conferencing,
and multimedia streaming, where even minor increases in delay variation may substantially
degrade service quality. Conversely, lower-priority traffic classes demonstrated adaptive
degradation under increasing network load, reflecting the expected operation of the priority
scheduling mechanisms defined by the standard.

The conducted analysis additionally demonstrated the important role of the MAC-layer
scheduler in ensuring QoS stability within WiMAX networks. The scheduler operates as the
central resource management component responsible for distributing uplink and downlink radio
bandwidth among active service flows according to their QoS profiles, queue states, and current
radio channel conditions. The implemented scheduling process dynamically generates DL-MAP
and UL-MAP allocation structures for each transmission frame, thereby ensuring coordinated
bandwidth distribution between subscriber stations and the base station.

An important scientific contribution of the research lies in the development and testing of
a near-real-world QoS simulation environment based on XNS and TUN/TAP virtual interfaces.
Unlike purely theoretical models, the proposed simulator enabled practical investigation of
scheduler behavior under realistic traffic conditions and varying flow counts. The use of the iperf
traffic generator allowed accurate emulation of heterogeneous network traffic and measurement
of key QoS parameters, including delay, jitter, throughput, and packet loss ratios.

The results of simulator testing revealed several important operational regularities. Under
low and moderate traffic loads, the scheduler successfully maintained stable QoS parameters
across all service classes with minimal packet loss. However, as the number of simultaneous
service flows and per-flow bandwidth increased, software processing overhead within the
scheduler became a limiting factor. Particularly at 600 Kbps per-flow bandwidth and high flow
counts, significant packet loss growth was observed. This phenomenon reflects the practical
limitations of software-based queue management systems operating under intensive multi-flow
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conditions and confirms the importance of optimizing scheduling algorithms for high-density
wireless environments.

The conducted research also demonstrated that the efficiency of QoS provisioning
depends not only on the scheduling algorithm itself but also on the interaction between the
scheduler, bandwidth request mechanisms, queue management processes, and physical radio
channel characteristics. As the number of connected subscriber stations increases, the available
bandwidth per subscriber decreases, resulting in increased delays and jitter for lower-priority
service classes. Nevertheless, high-priority traffic remains protected through guaranteed
bandwidth reservation and prioritization mechanisms, thereby ensuring compliance with service-
level requirements for real-time applications.

From a practical standpoint, the obtained results have important implications for the
deployment and optimization of carrier-grade wireless access networks. The developed
simulation models may be applied in the design of WiMAX infrastructure for enterprise,
metropolitan, and regional broadband access systems. The results are additionally relevant for
the optimization of resource scheduling policies, traffic engineering procedures, and QoS
parameter configuration in real wireless network deployments.

The research findings also demonstrate the broader significance of QoS-aware resource
management approaches for next-generation wireless communication systems. Although
WiMAX technology itself has gradually been superseded in many markets by LTE and 5G
systems, the fundamental principles of service flow management, traffic prioritization, admission
control, and adaptive scheduling investigated in this study remain directly applicable to modern
wireless broadband standards. Many QoS concepts originally implemented in IEEE 802.16 were
subsequently adopted and further developed within LTE and 5G network architectures.

Another important conclusion concerns the role of simulation modeling as an effective
methodological tool for evaluating wireless network performance. Real-world deployment
testing of wireless communication systems is often associated with substantial financial and
technical complexity. Simulation environments such as OPNET Modeler and XNS therefore
provide a valuable platform for investigating network behavior, testing new scheduling
algorithms, and analyzing QoS mechanisms under controlled and repeatable experimental
conditions. The integration of simulation-based approaches into educational and research
activities additionally contributes to the training of specialists in wireless communications and
network engineering.

The study additionally confirmed that future wireless communication systems require
increasingly adaptive and intelligent resource management mechanisms. Traditional static
scheduling algorithms may become insufficient under conditions of rapidly fluctuating traffic
patterns, high subscriber mobility, and heterogeneous application requirements. Consequently,
nepcreKTHBHBIM HarpasiieHneM further research is the application of artificial intelligence and
machine-learning techniques for dynamic QoS optimization, predictive bandwidth allocation,
and adaptive traffic prioritization.

Future research may also focus on extending the developed models toward high-mobility
scenarios, multi-cell interference environments, and heterogeneous wireless architectures
combining WiIMAX, LTE, Wi-Fi, and 5G technologies. Additional investigation is required in
the fields of cross-layer optimization, energy-efficient scheduling, cloud-based wireless resource
management, and cybersecurity protection of QoS control systems.

The practical significance of the research lies in the possibility of applying the developed
models and obtained results for the optimization of broadband wireless access networks, the
evaluation of new QoS scheduling algorithms, and the improvement of service quality
management systems in modern telecommunications infrastructures. The proposed approaches
may additionally be adapted for the analysis and optimization of next-generation wireless
systems where guaranteed QoS provisioning remains one of the most critical operational
requirements.
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In summary, the conducted research confirmed that the IEEE 802.16 standard provides an
effective and flexible QoS infrastructure capable of ensuring differentiated service quality for
heterogeneous traffic classes under varying network load conditions. The integration of service
flow management, priority-based scheduling, and adaptive bandwidth allocation mechanisms
enables WiMAX networks to maintain stable operation for real-time and non-real-time
applications simultaneously. The obtained results contribute to the theoretical understanding of
wireless QoS management processes and provide practical recommendations for the
development and optimization of modern broadband wireless communication systems.
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Abstract. In recent years, optimizing neural network models has become a critical
challenge in machine learning. As model sizes and computational requirements grow, there is a
pressing need for methods that maintain high accuracy while reducing model size and accelerating
inference. The aim of this study is to develop and experimentally validate a combined optimization
approach for deep learning models, including iterative weight pruning, quantization-aware
training, and hyperparameter tuning. The objectives are to evaluate the impact of each method on
accuracy, speed, size, and energy consumption; investigate their combination; and test scalability
on different architectures and datasets. Experiments demonstrate that the combined approach
reduces model size by 2.6-3.8 times on average, speeds up inference by 2-2.5 times, and decreases
energy consumption by 3—4 times, with minimal accuracy loss (<1%). Scalability was confirmed
on ResNetl8 and CIFAR-10. Final accuracy remains at 99-99.5% of the original, and error
patterns are preserved. The developed combined optimization method is effective, versatile, and
applicable to computer vision tasks and mobile inference. Results provide perspectives for
deploying optimized models in resource-constrained devices, cloud services, and interactive
systems.

Keywords: optimization, neural networks, quantization, pruning, hyperparameters,
efficiency

For citation: P.Yu. Dzekanov. Development and Optimization of Artificial Intelligence
and Machine Learning Algorithms // Industrial Transport of Kazakhstan. 2026. Vol. 23. No. §9.
Pp. 47-67. (In Russ.). https://doi.org/10.58420/ptk/2026.89.01.003.

Conflict of interest: The authors declare that there is no conflict of interest.

KACAHbI UHTEJVIEKT IEH MAIIIMHAJIBIK OKBITY )FYﬁEHEPIHE
APHAJIFAH AJITOPUTMAEPII 93IPJIEY )KOHE OHTAUJIAH/IBIPY

A.A. Opa3zbaes
"KazTrans Logistic" XKIIIC, Anmvatsr, Kazakcras.

E-mail: orazbayev.adinur@gmail.com

Anunyp Opa3zbdaeB — menemxkep, "KazTrans Logistic" XIIIC, Anmarsl, Kazakctan
E-mail: orazbayev.adinur@gmail.com, https:/orcid.org/0009-0009-1510-229X.

© A.A. Opazbaes

@ This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 47
@ s 4.0 International License




Industrial Transport of Kazakhstan. Vol. 23 (1). 2026

AnHoTauusi. COHFBl KbUIZApbl HEHPOHIBIK KNI MOENbACPIH OHTAWIAHIBIPY
MAaIlIMHAJIBIK OKBITYy CajachblHIa MaHBI3AbI Mocesie OOJBI OThIp. MoIenbIaepAiH KejieMi MEH
€cenTey TaJllanTapbl OCKEH CaibIH, )KOFapbl AJIIKTI CAKTal OTBIPHIN, MOJETb KOJIEMiH a3aiTyra
KoHE MH(MEPEHCTI KeIeNAeTyre MYMKIHIIK OSpeTiH 9ICTepl JaMbITy KaKETTIIIT1 TybIHIai bl
3epTTeyaiH MaKcaThl — TEPEH OKBITY MOJEIbACPIH OHTAMIAHABIPYABIH KSIICH Il TOCUTIH 931pIey
JKOHE TOXKIPUOCNTIK TEKCcepy, OFaH WTEPAaTUBTI CaJMaKTapAbl KBICKAPTY, OKBITY Ke3iHe
kBanTH3ams (QAT) sxoHe rumepmapamerpiepii Oanray kipeai. Mingerrepi: opOip 9IiCTiH
JOJTIKKE, SKBUIAAMJIBIKKA, KOJIEeMIe J>KOHE OHEprusi TYThIHyFa OCEpiH Oaraiay; oficTepmi
OIpiKTipyal 3epTTey; OpTYpil apXWUTEKTypajap MeEH Jaracerrepre OeWiMIenyiH TeKcepy.
DKCTIIEpUMEHTTEP KOPCETKEH IeH, KEIIEH 1 TOCLT MO/IeNb KeJieMiH oprama 2,6—3,8 ece, nHdepeHc
YaKbITBIH 2—2,5 ece a3aiiTyra, 3Heprus TYThIHY/bI 3—4 ece TOMEHIETYTre MYMKIH/IIK Oepei, oIk
xKorantysl MuHUManabl (<1%). Macmra0Oranysl ResNetl8 sxone CIFAR-10 monennepinne
pactanabl. CoHFbl Jonaik Oactamkbl AeHreaiH 99-99,5%-biHna cakrajanuel, Kare yiriiepi
Oy3bIIMaiIbl. O31pJIEHTeH KEIICH 11 OHTAWIaHABIPY dJiCI THIMII, oMOeOar KoHe KOMIIBIOTEPIIIK
Kepy KoHe MOOWIbJI MH(PEPEHC YIIiH KOJAAHbLIaAbl. AJBIHFAH HOTHXKEIEpP PeCcypChl IMIEKTEYi
KYpBUIFBUIApa, OYJITTBI CEpBUCTEpIE >XOHE HHTEPAKTUBTI JKyHeneple OHTaiIaHABIPhUIFaH
MOZETbAEP/Il €HI13y MepCIeKTUBAIAPHIH allla Ibl.

Tyiiin ce31ep: OHTAMIAHIBIPY, HEUPOHABIK JKEJIiJep, KBAaHTH3aLUsA, CaMaKTap.Ibl
KBICKapTy, TUIieprapamMeTpliep, THIMILTIK
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AHHOTanusi. B mocnenHue roapl OoNTHUMHU3alUs HEHPOCETEBBIX MOJENEH CTAHOBHUTCS
KPUTHYECKH BaXXHOW 3ajadeld B oOsacTh MamuHHOTO oOydeHus. C yBEIMYEHHEM pa3MepOB
Mozeneil 1 TpeGoBaHUIl K BBIYMCIUTEIBHBIM pPeCcypcaM BO3HUKAET HEOOXOAMMOCTh pa3padoTKu
METO/IOB, MO3BOJISIONINX COXPAHUTh BBHICOKYIO TOYHOCTb MPU CHIKEHUU 00bEMA M YyCKOPEHUU
uHdepenca. Llenp nccnenoBanus — pa3paboTKa U SKCIIEpUMEHTaJIbHAs MPOBEPKa KOMIIEKCHOTO
MOJX0J]a K ONTUMHU3ALNN MOJiesiel TyOoKoro o0yueHusi, BKIIOUAIOIIEr0 UTEPaTUBHYIO 00pe3Ky
BECOB, KBAHTH3AIHIO ¢ YYETOM 00yUYeHHS U TUIeprapaMeTpUIeCKiii TIOHUHT. 3a/1a4i BKJIIOYAIOT:
OLICHKY BJIMSIHMSI KaXKJJOTO METO/Ia HAa TOUHOCTh, CKOPOCTh, 00BEM 1 SHEPronoTpedIeHue MOIEIH;
UCCIICIOBAHUE COYETAHUS METOZOB; MPOBEPKY MACHITAOMPYEMOCTH IOAXOJa Ha Pa3JIMYHbIX
apXUTEKTypax U Jaracerax. B Xoie 3KciepuMEHTOB MOKa3aHO, YTO KOMOMHUPOBAHHBIA MOIXON
MO3BOJISIET YMEHBIIUTH pa3Mep MOJIENU B cpeaHeM B 2,6—3,8 pasa, yCKOpUTh UH(pepeHc B 2—2,5
pa3a M CHU3UTH 3HepromnorpedneHue B 3—4 paza mpu MUHHUMaIbHON notepe TouyHOCTH (<1%).
Macmrrabupyemocts MetonoB noarsepxkaeHa Ha ResNetl8 u CIFAR-10. UtoroBasi TouHOCTH
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coxpansercs Ha ypoBHE 99-99,5 % 0T UCXOIHOTO 3HAUEHUS, @ CTPYKTYpa OINOOK HE HApyIIaeTCsl.
Pa3zpaboraHHbIi METO KOMILIEKCHOW ONTUMU3ANU YPPEKTUBEH, YHUBEPCATICH U TPUMEHUM JJIsI
3a]1a4 KOMITbIOTEPHOTO 3peHusi U MoOubHOrO HH(pepeHca. [lomyueHHble pe3ynbTaThl OTKPHIBAIOT
NEPCIEeKTUBBl IS BHEIPEHHUS ONTUMHU3MPOBAHHBIX MOJENEH B pecypcoorpaHHMYeHHBIC
yCTpOiicTBa, 00IaYHbIE CEPBUCH] K UHTEPAKTUBHBIE CUCTEMBI.

KiroueBble ciaoBa: onTUMH3alMsa, HEWpPOCEeTH, KBaHTU3alus, oOpe3ka BECOB,
runepnapameTpsl, 3PpGHEeKTUBHOCTH

Jns uutupoBanus: A.A. OpaszbaeB Pa3paboTka W onTUMH3anus alaropuTMOB IS
MCKYCCTBEHHOI'O MHTEJJIEKTa U MalluHHOTO o0y4eHus // [lombinenHsiii Tpancnopt Kazaxcrana.
2026. T. 23. No. 89. Ctp. 47-67. (Ha pyc.). https://doi.org/10.58420/ptk/2026.89.01.003.

KoHduaukT uHTEpecoB: aBTOPHI 3asBISAIOT 00 OTCYTCTBUH KOH(DINKTAa HHTEPECOB.

Beenenue

B mocneanue roapl TEXHOJIOTUH MCKYCCTBEHHOTO MHTEIUIEKTa M MAlIMHHOTO OOYYeHHs
JEMOHCTPUPYIOT CTPEMUTENIBHOE PAa3BUTHE M HAXOIAT ILIMPOKOE NMPUMEHEHHE B pa3IMYHbIX
oOmacTsiX, BKIIOYas  KOMIIBIOTEPHOE  3peHHe, O00paboOTKy  €CTECTBEHHOrO  SI3BIKa,
MHTEJUIEKTYaJIbHbIE PEKOMEH/IATEeNIbHbIE CUCTEMBl U aBTOHOMHBIE ycTpolcTBa. CyIeCTBEHHBIN
nporpecc B ATHX HANpaBICHUSAX ObUI JOCTUTHYT OJlarojapsi HMCIOJIBb30BAaHUIO TIyOOKHX
HEMPOCETEBBIX apXUTEKTYP, 00JIaJat0IUX BBICOKOM BBIPA3UTENbHON CIOCOOHOCTBIO U TOUHOCTBIO
(LeCun, 2015: 436-444; Vaswani, 2017: 5998-6008). OmHako poCT CIIOXHOCTH MOJeNei
HEU30€XKHO COMPOBOXKIACTCA YBEIMYEHHEM BBIUMCIUTENBHBIX 3aTpaT, 00bEéMa NaMIATH U
HHEPromnoTPeOICHUs, YTO CYIIECTBEHHO OTrpaHMYMBAECT WX IMPAKTUYECKOE HCIIOIb30BaHHE,
0COOEHHO B PECYpPCHO-OIPaHUYEHHBIX Cpeax.

AKTyanmbHOCTb BEIOPaHHOM TeMbI 00YCIIOBJICHA HAINYHEM IIPOTUBOPEYUHNS MEXK/Ty BBICOKOU
TOYHOCTBIO COBPEMEHHBIX MOJIEJIel MAIIMHHOTO 00Y4YEHUs M BO3MOKHOCTSAMH UX 3((HEKTUBHOTO
BHEJPEHUs B pEaJbHBbIE IPOrpaMMHO-aNINapaTHble cucTeMbl. HecMOTps Ha 3HA4YMTEIbHOE
KOJINYECTBO MCCIIEAOBAHHM, MOCBAIIEHHBIX OTACIBHBIM METO/JaM ONTHMHU3ALUU — TAKUM Kak
oOpe3Ka BecoB, KBaHTU3ALUS, AUCTUIUISIINSA 3HAHUHN U TOMCK apXUTEKTYp HeHpoHHBIX ceTeid (Han,
2015: 1135-1143; Jacob, 2018: 2704-2713; Hinton, 2015: 1-9; Tan, 2019: 6105-6114), — no
HACTOAILIETO BPEMEHM OCTAaETCA HENOCTATOYHO M3YUYEHHBIM BOINPOC MX KOMIUIEKCHOIO,
COIVIACOBAHHOI'O MPUMEHEHHUs C YYETOM alnapaTHbIX OrpaHUYEHUIl U TpeOOBaHMN K BpEMEHHU
BBIBOZA Mojened. OTo co31aéT MNpoOJIEMHYIO CUTYallUlo, CBS3aHHYI0 C OTCYTCTBHEM
YHUBEPCAJIbHBIX METOAOJIOTMYECKHUX MOJX0J0B K MHOTOLIEJIEBON ONTUMH3AIMH HEHPOCETEBBIX
MOJEJIEN.

[IpakTryeckas 3HAYMMOCTHh HCCIIEAOBAHUS ONpEACNSeTCS PAaCTyIel MOTpeOHOCTHIO B
9HEprod(PPeKTUBHBIX U KOMIAKTHBIX MOJENAX, NPUTOAHBIX Ul UCIOJIb30BAaHUSA B MOOMIIBHBIX
ycTpoicTBax, edge-BeraucieHusx, loT-cucreMax W WHTEPAKTHBHBIX MPHIOKEHHUIX PEATBHOTO
BpeMeHu. TeopeTrueckast 3HaUMMOCTb 3aKJII0YaeTCs B Pa3BUTUU IPEACTABICHUI O MHOTOLIETICBOM
ONTUMHU3ALMKM MOJENEH MAIIMHHOTO OOy4eHHMs, a TaKKe B CHCTEMAaTH3allUd COBPEMEHHBIX
METO0B ONTHUMHU3ALUH C MO3ULMHA KOMIPOMHUCCOB MEX/Ly TOYHOCTBIO, CKOPOCTBIO, Pa3MEPOM U
SHEPrOnoTpeOICHUEM.

OOBeKTOM HCCIEeIOBAHUS SABIAIOTCS MOJAETM MAIIMHHOIO OOyueHHs, OCHOBaHHBbIE Ha
IyOOKMX HEHpOHHBIX ceTsaX. [IpeameToM uccieloBaHUS SIBISIIOTCS METOJbl M aJITOPUTMBI
ONTUMH3AIMM HEHpOCETEeBBIX MOJEJEH, HamnpaBleHHble Ha CHIKEHHE BbIUMCIUTEILHON
CJIOHOCTHU M PECYPCHBIX 3aTpaT IPHU COXPaHEHUH TPeOyeMOro ypoBHS TOUHOCTH.

Lenp uccnenoBaHus 3aKiar0vaeTcss B pa3pabOTKe M HKCHEPUMEHTAIbHOM OOOCHOBaHUHU
KOMOMHMpPOBAaHHOTO  MOJAXO0Ja K  ONTHUMM3alMM  MOJEJed  MalIMHHOrO  OOydYeHus,
o0ecrieynBaroIero 6aJsaHc MeX/ly KaueCTBOM IpeCcKa3zaHHii, CKOPOCThIO HH(EpEeHCa, pa3MepoM
MOJIETIN U SHEPTONOTPEOICHUEM.

JUis  NOCTMXKEHUs TOCTaBJIEHHOW Lenu B paboTe TMpeAnosiaraercss pelieHue
CIIEIyIOIINX 3a]a4:
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- MPOaHAJIM3UPOBATH COBPEMEHHBIE METOJbl ONTUMHU3ALNU HEHpPOCETEBBIX Mojeeil u
BBISIBUTH X OCHOBHBIC OTPaHUYCHHS,

- HWCclenoBaTh BIUSHUE OOpe3KM BECOB M  KBAaHTH3AallMM HA TOYHOCTh U
POM3BOIUTENHLHOCTh MOJIETICH;

- pa3paboTaTh MHOTOATAMHBIA KOMOMHUPOBAHHBIN pipeline onTUMHU3AINH, BKIFOYAFOIITHI
pruning, quantization-aware training ¥ runepnapaMeTpu4ecKy0 ONTHMU3ALHUIO;

- TIPOBECTH IKCHEPUMEHTAIbHYIO OLEHKY 3((EKTUBHOCTH MPEIOAKEHHOIO MOAX0/1a Ha
CTaH/IApPTHBIX JaTaCeTaXx;

- IpOaHANIM3UPOBAaTh  KOMIIPOMHCCHI ~ MEXAY  KIIOUEBBIMH  XapaKTepUCTHUKAMU
ONTUMHU3HPOBAHHBIX MOJIEIICH.

B xonme wuccrnenoBaHMs HCMONB3YIOTCS CIEAYIONIIME METOAbl U TOIXObI: METOJIbI
riy0okoro  oOy4eHHs,  OSBOJIIOLMOHHBIE  alNTOPUTMBl  MHOTOLIEJICBOH  ONTHMHU3ALIMH,
CTaTUCTUYECKUN  aHAJIM3  SKCIEPUMEHTANBHBIX  JAHHBIX, METOJAbl  MpodUIupOBaHUs
BBIYHCIUTENHLHBIX PECYPCOB, a TaKKe MPOrpaMMHasi peau3alus MOJENeH ¢ MCIOJIb30BaHUEM
¢dpeitmBopkoB PyTorch u m”HCTpYMEHTOB aBTOMAaTH3WPOBAHHOTO T0I00pa THIIEPIIAPAMETPOB.

l'umore3a wucciaenoBaHUs COCTOUT B TOM, YTO TIOCJIEJOBATEIBHOE M COTJIACOBAaHHOE
IPUMEHEHHE METOJOB  OOpe3KM BECOB, KBaHTH3alMM € Y4€ToM OO0yuyeHus U
TUIEepIapaMeTPUIeCKO ONTHUMH3AIMN TO3BOJISET CYIIECTBEHHO CHHU3UTHh BBIYUCIHUTEIBHBIC U
SHEPTEeTUYECKHE 3aTPAThl HEHPOCETEBBIX MOJIeNIeH O€3 3HAUMMOMN Jerpaialliid TOYHOCTH.

Hayunas wu mpakTuyeckas 3HAUYUMOCTh pa0OTHI 3aKIIOYACTCI B BO3MOXKHOCTH
MCIIOJIb30BaHUs MOJIYUYEHHBIX PE3yJIbTaTOB MpPH pa3paboTKe U BHEAPEHUU ONTHUMH3UPOBAHHBIX
MoOJIeJiell MAaIIMHHOTO OOYyYeHHsI B MPUKIAJHBIX CHCTEMaX Pa3IMYHOTO YPOBHS CIOKHOCTH, a
TaK)Ke B a/IallTalluy MPEUI0KEHHOT0 TIOX0/a K IPYTUM apXUTEKTypaM U TUIIaM JIaHHBIX.

Matepuajibl U MeTObI HCCJIETOBAHUS

[lenbto wucciaenoBaHusi sIBIsSeTCd U3ydYeHHE S(PPEKTUBHOCTH PA3IUYHBIX METO/IOB
ONTUMH3AIMHA HEUPOCETEBBIX MOEIEH C yUETOM COXpaHEHUs] TOYHOCTH, YCKOpEHHs HH(pepeHca
U CHIDKEHUS SHepronoTpednenns. OCHOBHBIE HCCIEA0BATEIbCKUE BOIPOCHI:

- Kakume wmerompl ontumuzanuu (WTepaTuBHas 0Ope3ka BECOB, KBAaHTU3AIIWA,
TUTIeprapaMeTpuueckas HaCTpOoHKa) 0O0CCICUMBAIOT HAMIYYIIWNA OanmaHC MEXIy TOYHOCTHIO U
pecypco3aTpaTaMu MOJENN?

- Kak metonst HW-aware ontuMu3alnuu BIMSIOT Ha MPOU3BOJAMTEIBHOCT MOJENIECH Ha
pa3IMYHBIX anmnapaTHBIX mIaTdopmax?

- B kakoii cTeneHW NpPHMEHEHWE IEPCHOCUMBIX apXHTeKTyp (transferable models)
MO3BOJIIET YCKOPUTH MPOIIECC ONTUMH3AINH 0€3 CHUKEHHS KauecTBa?

[Ipennonaraercs, 4To0 KOMOMHUPOBAaHHOE NMPUMEHEHHE METOJO0B UTEPATHBHOW 0OpE3KH
BecoB (Pruning), kBanTuzammu c yuérom oOyuenuss (QAT) u rumepmnapameTpuvecKont
ontumuzanuu (Optuna) MO3BOJISIET 3HAYUTEIILHO CHU3UTH pa3Mep U BpeMs uHpepeHca moaenen
npu MHUHUMaJdbHOW moTepe TouHOcTH (<1%), a HW-aware u mnepeHocHMbIE TOIXOIbI
JOTIOJTHUTEIHHO COKPAIIAIOT BEIYHACIIUTEIBHBIC U BPEMEHHBIE 3aTPATHI.

OOBeKT wuCCleOBaHMs: MO TIyOOKOro oOydeHHus, HCIONb3yeMble i 3a7ad
KJaccu(uKauy n300pakeHNH.

[Ipenmer wuccienoBaHUs: METOABl ONTHUMH3AIUMU MOJETCH MAIIMHHOTO OOyYeHHUsS IS
YIIyUIICHUS] COOTHOIIEHHS «KAa4eCTBO MOJIENIA — PECYPCHI — IHEPTOTIOTPEOIICHUEY.

JlaTaceTsl:

- MNIST (70 000 grayscale-u3o0paxenuii, 28x28 mukcenei, 10 kraccoB) — st 6a30Boi
MIPOBEPKU MO/IENEiH;

- Fashion-MNIST (70000 grayscale-uzo6paxennii, 28x28, 10 kmaccoB) — 0Ooiee
CJIOHBIE BU3YAJIbHBIE KIIACCHI;

- CIFAR-10 (60000 RGB-u3o0paxennii, 32x32, 10 kmaccoB) — il IPOBEPKU
MacCIITaOUPyEeMOCTH U O0JIe€ CIOKHBIX APXUTEKTYP.
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- Ilporpammuoe o6ecneuenne: PyTorch 1.12, Optuna (runepnapameTrpuyeckas
onTuMu3anus), 6udnuorexku noct-tpeHupoBouHoil u QAT kBantuzarmwu, sklearn mius anammsa
MaTpHIl OMHUOOK.

- AnmmapatHoe o6ecnieuenue: CPU Intel 17, GPU NVIDIA (Colab u nokanbsHbIe cepBepsl),
MoOwmiIbHBIE inference-moaynu s npoBepku HW-aware ontummusanuu.

DTansl HCCIEIOBAHUS COCTOAT U3 CISAYIOMINX:

1) [TogroroBka 6a30BoO¥ MOAEIH U OOyUYEHHE:

- Kondurypamuss CNN: nBa cBepTouHbIX ci10s (3x3), max-pooling 2X2, 1Ba MOTHOCBSI3HBIX
ciost, Dropout (p=0.25 u p=0.5), ReLU, BbixoaHoi1 cioit log softmax.

- OOyuenme: Adam, 1r=0.001, Negative Log-Likelihood, batch size=64, 15 »smox,
pasznenenue 50k/10k/10k (train/val/test).

- O1leHKa UCXOTHOM TOYHOCTH U PECYPCOEMKOCTH.

WrepatuBHas o0pe3ka Beco (Pruning):

- 'moGanehas L1-00pe3ka HaumeHee 3HauuMbIX BecoB B 3 (azax (30%, 50%, 70%).

- JlooGyuenue mozenu nocie Kaxaoi Gpa3bl 17151 BOCCTAHOBIIEHUSI TOUHOCTH.

Ksantuzamnus ¢ yuérom ooyuenus (QAT):

- Jlo6aBnenue QuantStub/DeQuantStub, Fusion oneparuii (Conv+ReLU, Linear+ReLU).

- Fake quantization Bo Bpemst 00yuenus (5 smox), calibration Ha Banmaanuu.

- Konsepramus B INTS ¢ per-channel u per-tensor kBaHTH3a1Meil BECOB U aKTHUBAIIHIA.

4) N'mnepnapamerpuueckas ontumuszanus (Optuna):

- baitecoBckmii moMCK omNTHUMaNbHBIX KOMOMHaIui learning rate, batch size, dropout,
hidden size, Tuna ontumuzaropa.

- 100+ trials ¢ kpocc-Banuaaruei A ONEHKH CTaOUILHOCTH.

5) KoMOuHMpOBaHHBIN MOAXOI:

- [TocnenoBaTenpHOE puMenenue pruning + QAT + hyperparameter tuning.

- OunanpHas OICHKA MOJENU MO0 TOYHOCTH, pa3Mepy, BpeMeHH WH(epeHca u
SHEPTONOTPEOICHUIO.

6) IIpoBepka MacITabUPyeMOCTH U alapaTHOTO B3aUMOJICHCTBUSA:

- [Tpumenenue ontumm3zanuii Ha ResNetl8 nns CIFAR-10.

- HW-aware ontummzanus: OCSHUYMApKUHT olepauui, ydéT anmapaTHbIX OTpaHUYCHUH,
npodmmpoBanne CPU/GPU.

MeTtoibl Hccae10BaHus:

1 DkcnepuMeHTaIbHBIHN: MOCTPOSHHE B 00y4YeHHnEe MoJieNel ¢ (huKcaluei mapaMeTpoB Ha
Ka)KIOM dTare ONTHUMH3AIHH.

2 MeTo/ibl ONITUMU3AIUH:

- Pruning: urepatuBHas riobGanbHas oOpe3ka BecoB, cTpykTypHas obOpeska Conv/FC
CJIOEB;

- Quantization: post-training u QAT ¢ Fake Quantization u Calibration;

- Hyperparameter tuning: Bayesian Optimization ¢ Optuna.

3 HW-aware onTuMu3alus: OIICHKAa MPOU3BOJUTEILHOCTH Ha IIEIEBOM YCTPOMCTBE,
WHTETpaIHs OTPaHUICHUA apXUTEKTYPHI.

4 Ananus pe3ynbraToB: Accuracy, F1-score, FLOPS, Latency, ucnons3oanne CPU/GPU,
DHEPTONOTPEOICHIE, MATPHIIBI OIIHOOK.

5 MHoroueneBoi noaxo: Gpopmanu3zanus 3agaun ontTuMusanuu kak pyskmuu C(0), A(0),
E(0), M(0), T(0), perrerne ¢ momotnbio MoaudurpoBanHoro NSGA-II.

HoBuzsHa cratbu:

- Co3nman KOMOMHHPOBAaHHBINA pipeline onTumMu3anuy, OOBEIUHSIOMNNA HTEPATHBHYIO
o0pe3ky, QAT u runepnapaMeTpruecKyto HACTpOiiKy ¢ yuérom HW-aware mpuHIUIIOB.

- Baenpens! transferable momenmu u Warm-start NSGA-II, yckopsitomue mporecc
ONTUMHU3AIMH U YMEHBIIAIOUINE BIYUCIUTEIbHBIE 3aTPATHI.
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- DKcIiepuMEeHTaIbHas ITPOBepKa Ha Heckoabkux aaracerax (Fashion-MNIST, CIFAR-10)
M0Ka3aJla COXpaHEHWEe TOYHOCTH IpPH 3HAYUTEIBHOM COKpAIlEHHH PECYypCOB, YTO OTpa)KaeT
MPAKTUYECKYIO U TEOPETHUECKYIO0 3HAYUMOCTD UCCIIEIOBAaHUSI.

Pe3yabTaTsl M 00CyKIeHHE

OntuMu3aius Mojeleld MaIllMHHOTO OOy4YeHHs, OCOOCHHO KPYIHBIX HEHPOCETEeBBIX
ApXUTEKTYp, TPEACTABISIET COOOW CIIOKHBIA MPOIECC, COMPSKEHHBIM € PSIIOM CepbE3HBIX
BBI30BOB. YCIIENIHOE NPHUMEHEHHWE METOJOB ONTHUMHU3alUU TpedyeT TIiyOOKOro MOHWMaHUs
OTpaHUYEHUH, BO3ZHUKAIONIMX Ha KaXJIOM JTame, a Takke pa3padOTKU CTpaTeruil uis ux
npeoaoieHus. Huxe moapodHO paccMOTpeHbl TpH KIIIOUEBbIe MPOOIeMbl ONTUMU3ALMY U MYTH
ux pemenus (LeCun, 2015: 436-444; Han, 2015: 1135-1143; Jacob, 2018: 2704-2713; Hinton,
2015: 1-9; Tan, 2019: 6105-6114; Vaswani, 2017: 5998—-6008).

[Ipobnema perpaganuu TouyHocTd. OHUM U3 Haubosee CepbE3HBIX PUCKOB MPHU
ONTHUMHU3AIMKU MOJENeN sBIsieTcs yXyJAIIeHHe KadecTBa IMpejackazaHuil. ONTHMHU3AalMOHHBIE
NpOIEeyphl, TaKMEe KaK KBAaHTHU3AIMs, oOpe3ka WM AUCTWIUIALMS, 4acTO NMPUBOIAT K HOTEpe
TOYHOCTH, IPUUEM 3TA MTOTEPSI HOCUT HEJIMHENHBIN XapakTep.

KiroueBblie acnekTsl IpoOIeMbl:

HenuneitHas 3aBUCUMOCTD MOTEPh OT CTENEHU onTuMu3anuu: [Ipu yMepeHHOU cTeneHu
ONTUMU3AIHMH (HAIpUMep, Mpu HeOosbmoi oOpe3ke BecoB uinu mepexone ¢ float32 Ha int8)
MOTEpU KauecTBa MOTYT ObITh MUHMMAJIBHBIMHM WM Ja)Ke OTCYyTcTBOBaTh. OnHaKo mpu Oosee
arpeccUBHOM onTUMU3AIMH 3P PEKT MOTeph HAYMHAET PACTH HE JIMHEHHO, a SKCIIOHEHLIUAIBHO.

Ddodext "obprBa" (Cliff Effect): Uacto Habmomaercs sBiieHHE, KOT/Ia TIPH TOCTHKCHUN
OTIpeIeIEHHOTO MOPOTra ONTUMH3AIMKA MOJIENIb BHE3AITHO TEPSIET CIOCOOHOCTh K FeHEepaIn3alim.
Hampumep, npu cuibHON KBaHTH3alWK B 4-OUTHOE TpejacCTaBieHHE 0e3 ydéra 0COOCHHOCTEH
JMAHHBIX MOXET MPOM30WTH pe3koe majeHue ToyHocT Ha 10-30% OykBanmbHO 3a OJHO
npeoOpa3oBaHueE.

Pewenue:

Progressive Optimization Pipeline: BBenenne MHOTOSTaIHBIX CTpAaTETHH MOCTENEHHOMN
ONTUMH3AIMK TOMOraerT u3dexarh 3(pdexra oOpsiBa. BMecTo OIHOKpAaTHOrO NpPUMEHEHHUS
arpecCUBHOM ONTHUMH3AIMH, MOJEIb ONITUMU3UPYETCS MOIIAroBo:

CHauana nmpoBoauTcs J€rkas o0pe3Ka BECOB;

3areM — KBaHTHU3alMsI Ha § OUT C MUHUMaJIbHBIMU NOTEPSIMU;

Jlanee — nepeoOydeHre MOIETTH Ha HOBOM YPOBHE TOYHOCTH;

[locne ycnemHo# crabuin3zanuy — BO3MOXKHO NMPUMEHEHHE Oosiee TIyOOKUX YpOBHEM
ONTUMM3AIMH (HATIPUMED, Tepexo K 4-OUTHOM KBAaHTH3AIUN).

Takoli WTEepaTHUBHBIA MOIXOJA TO3BOJIIET MHUHHUMH3HPOBATH HAKOIUICHHE OIIMOOK U
COXPAaHHUTh BBICOKOE KAayeCTBO MOJENM JaXXe MPH 3HAYUTENFHOM CHIDKEHHUU e€ pasmepa U
CKOpPOCTH BBITIOJTHEHHSI.

AnmaparHele orpaHuyeHus. Jlaxxe eciu Mojelb YCHEIIHO ONTHMU3MPOBaHA Ha
YPOBHE aJTrOPUTMOB, €€ TPOHU3BOJUTEIHHOCTh MOXKET OBITh OrpaHHYEeHAa OCOOECHHOCTSIMH
[[EJIEBOTO almMapaTHOTO 00ECTIeUeHUSI.

OcHoBHbIE TPOOJIEMBI:

[omnepxxkka Hu3koOUTHBIX onepanuii (INT8/INT4): Xots, MHOTME COBPEMEHHBIE
npoueccopsl u yckopurenu (GPU, TPU, NPU) nogaep:xuBatoT 8-OUTHbIE BHIYMCICHUS, JAIEKO
HE BCe U3 HUX 3PPEeKTUBHO 00padaThiBatOT 4-0UTHBIE WM OMHApHBIE onepanuu. OCOOEHHO 3TO
KacaeTcs yCTapeBIINX MOOMIIBHBIX YCTPOHCTB, CEPBEPOB O€3 CHICIMATH3UPOBAHHBIX YCKOPHUTEIEH
WJIM BCTPANBAEMBIX CHCTEM.

Paznuuuns Mexay anmapatHeIMU aTGopmamu: Jlaxe ecim onepamus Bpoie MaTpHIHOTO
YMHOKEHUSI TOAJEPKUBACTCS Pa3HBIMH TMpoIleccopamMH, €€ peanus3alisi MOKET OTINYaThCS.
Hampumep, mopsimok oOpaboTku Oarueid, ONTHUMH3aLMs KIIIUPOBAHWS W KOHBeHepu3aius
omepanuili  MOTYT BapbUpPOBAaTbCA, YTO MPHUBOJUT K HECTAOMIBHBIM  pe3yibTaTaM
POM3BOIUTEIFHOCTH MEX/Ty Pa3HBIMU YCTPOHCTBAMHU.
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Pemenne:

HW-aware ontumuzanus: [Togxon Hardware-Aware Optimization npearnosaraer, 4to Bce
3Tanbl ONTUMM3ALMHU MOJEIU CTPOSTCS C YYETOM KOHKPETHBIX XapaKTEPUCTUK ILIEJIEBOIO
000py10BaHUS:

ABTOMaTHUYECKHI OCHUMApKUHT 0a30BBIX OIEpaIuii Ha yCTPOICTBE;

Hcnonp3oBanue nmpoduiieil mpou3BOIUTENFHOCTH s BhIOOpa Hanbonee 3P PpeKTUBHBIX
TUIIOB OTNEpPAIU;

Wuterpanus B mporuecc oOydeHHUs CHEIMAIbHBIX OTPAaHHMUYEHHM Ha apXUTEKTypy CEeTH
(HarmpuMep, 3aIpeT Ha UCIOJIb30BAHNE TSKEIBIX CIIOEB, HE MOAJCPKUBAEMBIX Ha YCTPONCTBE).

BaxHo yuurtsiBaTh, uTo HW-aware ontuMuzanus 10JKHA HAYMHATHCA HA CaMbIX
pPaHHUX dTanax NPOeKTUPOBAHMSI MOJIENH, a HE TOJIBKO Ha CTa/InU BbIBO/IA U BHEPEHUSI.

Bpemennsle 3atpatsl. [Iporecc onTuMu3anuu COBPEMEHHBIX MOJECIIEH 3a4acTyO
TpeOyeT 3HAUUTENbHBIX BBIUUCIUTENIBHBIX pEeCypcoB U BpeMeHH. OCOOEHHO 3TO aKTyalbHO JUIS
aBTOMATH3UPOBAHHBIX METOJOB NPOCKTHPOBAHUS apXHUTEKTyp, Takux Kak NAS (Neural
Architecture Search).

OCHOBHBIE aCTIEKThI IPOOJIEMBL:

Bricokne BounciutenbHbie 3atpatbl NAS: IlomHouenHslii mnpouecc NAS moxer
noTpedoBaTh OT HECKOJBKUX cOTEeH 110 Thicsiy GPU-uacoB, uTo /enaer ero HeAOCTYIHBIM IS
VHIMBUAYAJIbHBIX HCCIEI0BATENeH U JaXe JJI1 HEKOTOPBIX KOMIIAHUH CpeHero mMacmTaoa.

Yanmunenue Time-to-Market (TTM): IlonmHbli HHMKI ONTUMH3AIMU MoOJEIeH — OT
IPOEKTUPOBAHUS 10 BBIBOJA M NMPO(UIMPOBAHUSA — MOKET CYIIECTBEHHO YBEJIUYUTh BPEMs
BBIXOJa MPOJAYKTa Ha PHIHOK. B OBICTPO MEHSIOUIMXCS PHIHOYHBIX YCJIOBHSX 3TO MOXKET OBITh
KPUTUYECKHM HEOCTATKOM.

Pemenue:

Transferable Optimization Techniques:

Transfer NAS: Hcnonb3oBaHue NpeaBapUTENbHO OOYYEHHBIX M ONTHMH3MPOBAHHBIX
apXUTEKTYp B Ka4eCTBE OTIIPABHOM TOUYKH Ul MOMCKA. BMECTO OIHOTr0 MPOEKTUPOBAHHUS C HYJI,
MOXKHO aJalTHpOBaTh CyllecTBylomue 3((EeKTUBHBIE apXUTEKTYphl K HOBOHM 3amaue 3a
MHUHHMMAaJIbHOE BpeMsl.

Few-Shot NAS: MunnMu3upoBanue KOJu4ecTBa 00y4eHU Mojiesieii B mpoliecce oucKa
C MOMOUIBIO surrogate Moziesieil U MEeTOA0B alMpOKCUMAIMK IPOU3BOIUTEIBHOCTH.

[lepeucnonb3oBanue onTuMHu3anuii: Ecu U3BeCTHBI y1auHble METO/Ibl ONITUMU3ALNH JUIs
OJIHOM MOJeNH, UX MOXKHO aJalNTUPOBaTh K OXO0KUM 3aJladaM ¢ MUHUMaJbHbIMUA U3MEHEHUSIMH,
YTO 3HAYUTEIHHO CHUYKAET BPEMEHHbBIE Y BBIYUCIIUTENIbHBIE 3aTPATHI.

OrpanuueHue npocTpaHcTBa noucka: Hanmpumep, 3a1aBath orpaHuYeHUs] Ha KOJMYECTBO
cy10€B, TUMbI onepauii, TuMuT FLOPS, uT00B yMEHBIINTE 00BbEM MPOCTPAHCTBA, UCCIEAYEMOTO
B IIPOLIECCE ONTUMU3ALINH.

Takum 00pa3zoM, rpaMOTHOE NMPUMEHEHHE NMEPEHOCHUMBIX METOJ0B ONTHUMHU3ALUU
MO3BOJISIET PAJUKAIbHO COKPaTUTh BPEMsT M CTOMMOCTb BBIBOJA MOJENEH Ha pPBIHOK 0e3
HE00XOIMMOCTH MJITH Ha KOMIIPOMHUCCHI B IPOU3BOJUTEIBHOCTH U KaueCTBeE.

3axmtouenue. [IpobnemMbl erpagaliii TOYHOCTH, aNNapaTHBIX OTPaHUYEHUN M
Ype3MEepHBbIX BPEMEHHBIX 3aTpPaT SABJSIOTCS CEPhE3HBIMU MPEMATCTBUAMHU Ha MyTH 3((HEeKTUBHON
ONTUMHU3ALMU MOJieTel MaIMHHOTO 00yueHus. OJJHAKO CYIIECTBYIOLIUE PEIICHUS, TaAKHE Kak
Progressive Optimization Pipelines, HW-aware crtparerun u Transferable Optimization
Techniques, TO3BOISAIOT CYHIECTBEHHO CMSTUYUTh 3TH BHI30OBBHI.

CeroaHslIHNE TMEPEJOBbIE MCCIEIOBAHUSA M Pa3pabOTKHM B OOJIACTH ONTHUMU3ALUHU
HaIpaBJIeHbl UMEHHO Ha TO, YTOOBI CAENAaTh MOJEIU HE TOJIBKO MOIIHBIMU, HO U KOMIIaKTHBIMH,
aJanTUBHBIMU M MakCUMaJbHO 3((PEKTHBHBIMM € TOYKM 3pEHUS  HCHOJIb30BAHUSA
BBIUHCIIUTENBHBIX PECYPCOB. YMENOE IMPEOJI0JIEHUE OINUCAHHBIX BBILIE MPOOJEM CTaHOBUTCS
OJITHUM U3 Ba)XHEHIIMX (DaKTOPOB ycrexa B KOHKYPEHTHOM T'OHKE CO3JaHUs MHTEJIEKTYaJIbHbBIX
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cucreM HoBoro nokosieHus (Raffel, 2020: 1-67; Howard, 2017: 1-9; Brock, 2019: 1-13; Paszk,
2019: 8024-8035; Abadi, 2016: 265-283; Howard, 2019: 1314-1324).

Ha pucyHke mpejcTaBiieHa COBOKYITHOCTh MPOTPAMMHBIX U allllapaTHBIX HHCTPYMEHTOB,
HUCIIOJIB30OBAHHBIX IJIs1 pa3pa60TKH, OGy‘-ICHI/ISI 1 ONTUMHU3aAlIUN MOI[GJIGI\/'I MAIlIMHHOT O 06yquI/151

(Puc. 1).

WHcTpymeHT ONTUMM3aLMOHHbIE BO3MOXHOCTH MoaaepxwuBaembie naaTGopMmbl
TensorRT Layer fusion, kernel auto-tuning, INT8/FP16  NVIDIA GPU

OpenVINO Ipaposas ontumusauus, INT8 quantization  Intel CPU/VPU

TFLite Micro 8-bit quantization, pruning ARM Cortex-M, ESP32

ONNX Runtime Cross-platform optimization Multi-platform

Apache TVM Auto-tuning, hardware-specific optimization ~ Custom ASICs/FPGA

Puc. 1. InctpyMeHTabHas SKOCUCTEMA

KoMOuHMpOBaHHBIA TOMXOJ K ONTHMH3AIMH MOJENEH MAIIMHHOTO O0y4YeHUS.
CoBpeMeHHbBIE MOJIEITH TIyOOKOTO 00YUYEHHS HEPEIKO TOCTUTAIOT (DaHTACTUYECKUX PE3yJIbTaTOB
B Pa3IMYHBIX 33Ja4aX — OT KOMIIBIOTEPHOTO 3peHHsl 70 OOpabOTKM €CTECTBEHHOTO S3bIKA.
OpHaKO BBICOKAsl BHIYHCIUTEIbHAS CTOMMOCTD JISJIaeT UX UCTIOIh30BaHUE B PEATbHBIX MPOAYKTaX
3aTpyIHUTENBHBIM. UTOOBI TPeoaoNeTh 3Ty MpodiieMy, pa3padaThiBalOTCS MHOTOITAIHBIC
METObI ONITUMHU3AIIUH, HAlPaBJICHHBIC Ha COKPAIICHHE pa3Mepa MOJIENIeH, MOBBIIIIEHUE CKOPOCTH
paboThI U CHIDKEHUE DHEPTONOTpedIIeHus: O3 CYIIECTBEHHON OTEPH TOYHOCTH.

OmauM u3 AP GEKTUBHBIX pPEIICHUN SBISETCI KOMOWHHPOBAHHBIA IMOAXO,
BKJTIOYAIOIIMI HECKOJIBKO B3aUMOOMOIHSIOMUX 3TanoB. Ero crpykrypa Takosa:

[TosTanHas BecoBas obpeska (Pruning). [lostamuas oOpe3ka BeCOB MPEACTABISIET
co0O0#i cTpaTeruio MOCTEIIEHHOTO YaleHHsI HaMeHee 3HaYMMBbIX MapaMeTpoB HEHPOHHOH ceTH,
YTO TIO3BOJIIET COXPAHHUTh (YHKIMOHAJIHHOCTh MOJEIH TPU CYIICCTBEHHOM CHIDKCHHU ¢
pasMepa ¥ BBIYHCIUTEIBHON HArPY3KH.

KiroueBbie 0COOCHHOCTH TIpoIiecca:

WrepatuBHblil mpouecc. BmecTo OJHOMOMEHTHOM CHIBHOW OOpe3KH NpUMEHseTCs
mostamnHas cxema: cHadana 30 % HanmeHee 3HAUMMBIX BecoB, 3aTeM 50 %, 3atem 70 %. Takoi
MOJX0/A TO3BOJseT u30exkaTh 3¢ (dexra pe3Kod Jerpajalnuy TOYHOCTH U 0OECIeyHBaeT
CTaOMIIBHYIO aJanTaIyuio MOACITH Ha KaXKIOM dTare.

Global Magnitude Pruning. ITapameTpbl 00pe3aroTcsi Ha OCHOBE TVIOOANBHOW BEIMYUHBI
BECOB, a HE JIOKAJIBHO B TpeJesiax OTIACIBHOTO ciliosi. DTo obecrneunBaeT Oosiee dhexkTuBHOE
COKpallleHUe, OpUEHTUPOBAHHOE Ha CTPYKTYPY BCEH MOJIEIH.

[Tepeobyuenue (Fine-tuning) mocne kaxporo srtama. [locie ynmaneHust BecoB
MOJIEJIb  00sI3aTeIbHO  J00OydYaeTcsi, YTOOBI KOMIIEHCHPOBAaTh IMOTEPI0 HWHPOpPMAIUU U
BOCCTAaHOBHUTH TPE/ICKA3aTEIbHbBIE CIOCOOHOCTH.

DTOT ATanm NMPUBOJUT K 3HAYMTEIHPHOMY YMEHBIICHHIO YHCIAa TApaMETPOB MPHU
MUHHMAaJIbHON IOTEpe TOYHOCTH M CO3HAET TPOUYHYIO OCHOBY JUIS MOCIEIYIOIIHX JTAroB
OTITUMH3AIIHH.
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Quantization-Aware Training (QAT). KsanTtuzanus ¢ y4deToM o0OydYeHHUS
(Quantization-Aware Training) — 3TO MeTOJ, NPU KOTOPOM MOJIENb OOydYaeTcsi C y4eToM
orpaHuueHuil OyAylIero npeacTapieHus e€ napaMmeTpoB U onepaluuii B HOHWKEHHOW TOYHOCTH.

OCHOBHBIE 3JIEMEHTHI peaTU3aIiN:

Fake Quantization Bo Bpems o0yueHus. CrnenuanbHbIe ONEPAM UMHUTHPYIOT
KBAaHTHU3AIMIO BECOB M aKTHBALMH elé B Mpolecce 00ydeHHUs, YTO MO3BOJSET MOJEIH 3apaHee
aJanTUPOBATHCS K U3MEHEHHIO YHCIOBOTO IIPEICTABICHHUS.

Per-channel Quantization nns BecoB. KBaHTH3a1Ms BECOB MPOBOAUTCS OTACIHHO
JUIsL Ka)KJO0ro KaHala (Hampumep, B CBEPTOUHBIX CJOSAX), YTO MO3BOJIAET JIyYIlle COXPAHUTH
TOYHOCTh M N30€KaTh UCKAKEHHS BAXXHON MH(OPMAITUH.

Per-layer Quantization st akTHBaInuid. AKTHBAIlMA KBAaHTU3UPYIOTCS HA YPOBHE
CJIOEB, YTO YIPOILACT peaM3alliio U CHIDKACT BHIYUCIIUTENbHBIE TpeOOBaHUS MPH UH(DEpEHCe.

QAT mo3BoJIsIeT 3HAYNTEIBHO CHU3UTH Pa3psAaHOCTh (10 int8, a MHOTIA W HIKE)
0e3 MmoTeph TOYHOCTH, YTO KPUTUUYECKH BaXKHO JUISI HCIIOJIb30BaHHU Ha MOOMIJIBHBIX yCTPOHCTBAX
U B CUCTEMaX peajbHOr0 BPEMEHHU.

['unepnapamerpuyeckas  ontumuzanus.  OnNTUMM3aLMs — TUIEPIIAPAMETPOB
ocTaércs BaXKHEMIIMM KOMIIOHEHTOM MOBBIIICHUS 3()()EKTUBHOCTH MOJENel, 0COOEHHO IMociie
NPUMEHEHHUS CTPYKTYPHBIX U3MEHEHUH, TAKUX KaK pruning u quantization.

Jeranu npouecca:

baiiecoBckuii mouck ¢ ucnonb3zoBanueMm Optuna. B oTindne OT HAaMBHBIX METOJOB
nepebopa, OaliecoBCKas ONTHMHU3ALMS CTPOUT BEPOSTHOCTHBIE MOJENTU 3aBUCHMOCTH MEXIY
THIEepIapaMeTpaMi M LEJNEeBOM METPHKOW, MO3BOJss ObICTpee HaxXOIUTh ONTHUMAJbHbIC
KOMOWHAIINH.

[MpoBenenue 100+ wucneiTanuii (trials). Kaxknmas wurepamust BKIIOYaeT KpOccC-
BaJIMJIALIMIO JUIS OLIEHKU CTAaOMIBHOCTH PELICHUS U MPEeI0TBpAIlleHUs IepeoOydeHHs.

OnTuMu3anus CIeayIonux napaMmeTpos:

Cxkopoctu o0ydenus (learning rate)

PasmepoB 6arua (batch size)

Koaddurmentor perymnsipuzanuu

Crpareruit pacnucanust o0yuyenus (learning rate schedulers)

['unepnapamerpuueckas ONTHUMM3AIMS TO3BOJISIET KOMIIEHCUPOBATH BO3MOXKHBIE
MOTEPU TOYHOCTH TMOCJE CTPYKTYPHBIX ONTHUMH3AIMI U Jake B HEKOTOPBIX CIydasx YIy4IlIUTh
HCXOJIHBIC PE3YIIbTATHI.

OxunaeMble pe3yinbTaThl IPUMEHEHHsS] KOMOWHUPOBAHHOTO MOAX0Aa

YMeHbIeHne pazMepa MOJENU: B CpeaHeM 110 3.8 pa3 MO CpPaBHEHUIO C OPUTHHAIBHOU
MOJIETIBIO;

Yckopenrne uHQepeHca: yBETHMUEHHE CKOPOCTH paboThl MPUMEpPHO B 2.5 pasa, 49To
0COOCHHO Ba)KHO I MPHUIIOKEHUN PeaTbHOTO BPEMEHHU;

MuHMMaIbHBIE TIOTEPU TOYHOCTH: TIOTEPU TOYHOCTH OTPAaHHYUBAIOTCS YPOBHEM MeHee 1.2
%, uT0 B OONBIIMHCTBE 3a7a4 OCTA&TCS B Mpe/esiax J0MYCTUMBIX 3HAUCHHIA;

CHmXeHne »HepronoTpedsIieHus: ONTUMU3UPOBAHHBIE MOJeN moTpedstroT Ha 3.1 pasa
MEHBIIIE SHEPTUH, YTO JeNaeT UX uaeanbHbIMu 11t edge-Borancienuit u loT-ycTpolicTs.

Taxum obpazom, MPEIJI0KEHHBIN KOMOMHHPOBAHHBIN METOJI naér
cOaaHCUPOBAHHOE YJIYYIICHHE BCEX KIIOYEBBIX XapaKTEPUCTHK MOJENIH 0e3 CyIIeCTBEHHOTO
yuiepOa 1ist €€ KauecTBa.

dopmanbHas MOCTAaHOBKA 3a1auu onTumu3aiuu.lIpomece ontuMuzanuu Moaenen
MOYKHO BBIPa3UTh KaKk MHOTOIIEJIEBYIO 3a/1a4y, B KOTOPOil HEOOXOAMMO OTHOBPEMEHHO YIIyYIIHTh
HECKOJIBKO XapaKTePUCTHK, HAXOIALINXCSA B KOH(IMKTE MEKITY COOOH.

dopmanuzaiys BeITISIUT cienyomuM oopasom (Puc. 2):

rae:
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minimize [C(6),—A(0),E(0)]

subject to:
Af) > o
M(6) < p

TO) <7

Puc. 2. ®opmyna nocTaHOBKH 3aa4l ONTUMU3ALUN

C(0) — BplUMCHIMTENBHAS CJHOXKHOCTh Mojenu (Hampumep, FLOPS, xomumuectBo
oreparuii);

A(0) — tounocts Mmoaenu (Accuracy, F1-score u 1pyrue METpHUKH);

E(0) — snepronorpebienne Bo BpeMst HHpEpeHca;

M(0) — Tpebyemblii 00beM TaMATH IS MOJIEIIH;

T(0) — Bpems BeiBoga ogHoro npumepa (Latency);

0, W, T— 3apaHee 3a/JaHHbIC TOPOTOBbIC 3HAUCHHUSI, ONIPEEIISIONINE IOy CTUMBbIE ITPEIEIbI
KayecTBa, MaMATH U BPEMEHU OTKJIHKA.

OTa TOCTaHOBKAa IO3BOJISIET  CTPOUTH  ONTUMH3AIMOHHBIE  TPOLEIYPHI,
OpUEHTUPOBAaHHBIE HE TOJBKO HA OJWH KPUTEpHUIl (HampuMmep, pa3Mep MOJeNH), HO U Ha
COBOKYMHOCTb TPeOOBaHUil, YTO OCOOCHHO Ba’KHO B PEAJIbHBIX CHCTEMaX C OrpaHHYCHHSIMU.

Anroput™m pemennsi: MonudumupoBanasiii NSGA-IT

Jns  pemieHuss ~ MHOTOIENEBOW — 3a7auyd  ONTHMHU3ALUU  HCIOJIBb3YeTCs
YCOBEPIICHCTBOBAHHBIM BapHAHT KJIACCHYECKOTO 3BOOIMOHHOr0 anroputMa NSGA-II (Non-
dominated Sorting Genetic Algorithm II), obnagaromuii cinenyomuMu 0COOEHHOCTAMHU:

Adaptive Mutation Rate. Yactora myTamuii B MOMYyJSAIHH aBTOMAaTHYECKH
MOJCTPAaNBACTCS B 3aBUCUMOCTH OT CTaJUHM ONTHMM3ALMU: HA PAaHHHUX ATallaX — BBICOKas IS
HCCIIEIOBAHUS TPOCTPAHCTBA PEIICHUH, HA MTO3IHUX — HU3KAsl JJIsl TOHKON HAaCTPOMKH.

Constraint-handling  mexanu3mbl. Moaudukanus  ajiropurMa  IMO3BOJISET
YUUTHIBATh OTPAaHUYEHUS HE MOCTHAKTYM, a MPSMO B MPOIECCEe FeHepallii HOBBIX PEUICHHH, YTO
CYIIIECTBEHHO MOBHIIIACT 3()(HEKTUBHOCTH TOUCKA.

Transfer Learning mist Warm-start. Micrionp3oBaHue npenBapuTeIbHO 00yUEHHBIX
WINA YaCTHYHO ONTUMH3UPOBAHHBIX MOJeNei B KadecTBE HAYAJIbHOW MOIYJISIUH, YTO YCKOPSET
CXOJMMOCTb QITOPUTMA U CHUKAET TPeOOBaHUS K BBIUUCIUTEIBLHBIM pECypcam.

Taxum 00pa3oM, MpeIoKeHHas: ONTUMHU3AIMOHHAs CXeMa 00ecreunBaeT OaslaHC
MEXIy KauecTBOM MOJIENH, €€ pa3MepoM, CKOPOCThIO PabOThI M SHEPronorpedIeHHEeM, YTO
KPUTHYECKH BaKHO JUISl IIPAKTUYECKOT O TPUMEHEHUs1 coBpeMeHHbIX N -pemenuit.

Ha pucynke mnpencraBieHa 3aBUCHMOCTh KIIIOYEBBIX XAPAKTEPUCTHUK HEUPOCETEBOM
MO/JIEJIN TIPY IPUMEHEHUH Pa3IMYHBIX METOA0B ontumusanuu (Puc. 3).
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Puc. 3. Ananu3 komnpomuccon

KitoueBbie TOUKM KOMIIPOMHUCCA!
PexxrM MakcMManbHOM TOYHOCTH:

Pazmep: 2.0MB

Tounoctb: 98.2 %

Ucnonws3zoBanne: KpuTuuHble K TOUHOCTH MPUITIOKEHUS

COaslaHCHpPOBAHHBIN PEKUM:

Pasmep: 1.2MB

Tounocts: 96.7 %

Hcnonws3oBanue: bonbIIMHCTBO MPOMBILUIEHHBIX 33124

PexxuM MakcMManbHOM ONTHUMU3ALAN:

Pazmep: 0.7MB

Tounoctb: 93.1 %

Ucnonws3zoBanue: Kpaiine pecypc-orpaHu4eHHbIE yCTPOUCTBA

Br160op onTrManbHON TOUKH 3aBUCUT OT KOHKPETHBIX TPeOOBaHUM MPUIOKEHUS U
arnmnapaTHbIX OrpaHUYECHUI.

Jlist SKCIEPUMEHTAIBHOTO HMCCIIEOBAaHUS METOJOB ONTHUMH3AIMK OblIa pazpaboraHa
stanoHHass CNN-mozenbs Ha 6aze ¢peiimBopka PyTorch 1.12. Monens npenHasHaueHa uis
Kiaccudukanuu n3obpakennid 3 maracera Fashion-MNIST, conmepxkamero 70,000 grayscale-
n3zoopaxenuit 28x28 mukceneit 10 kareropuii ogexasl (Puc. 4).

ApPXUTEKTYpHBIE OCOOCHHOCTH:

JIBa cBepTOUHBIX CIIOs ¢ iApamMu 3x3

Max-pooling ¢ okHOM 2x2

JIBa MOHOCBSI3HBIX CIOS

Dropout ans perynspuzanuu (p=0.25 u p=0.5)

Oyuknuu aktuBanuu ReLU

BrrxonHotii cioii ¢ logsoftmax
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import torch

import torch.nn as nn
import torch.nn.functional as F
from torch.quantization import QuantStub, DeQuantStub

class FashionCNN(nn.Module):
def __init__(self):

super(FashionCNN, self).__init__()
self.quant = QuantStub()
self.convl = nn.Conv2d(1, 32, kernel_size=3, stride=1, padding=1)
self.conv2 = nn.Conv2d(32, 64, kernel_size=3, stride=1, padding=1)
self.pool = nn.MaxPool2d(kernel_size=2, stride=2)
self.drop1 = nn.Dropout2d(6.25)
self.fc1 = nn.Linear(64*14*14, 128)
self.drop2 = nn.Dropout(6.5)
self.fc2 = nn.Linear(128, 18)
self.dequant = DeQuantStub()

forward(self, x):
= self.quant(x)
F.relu(self.convi(x))
self.pool(F.relu(self.conv2(x)))
self.drop1(x)
torch.flatten(x, 1)
F.relu(self.fc1(x))
self.drop2(x)
self.fc2(x)
return self.dequant(F.log_softmax(x, dim=1))

X X X X X X X X

Puc. 4. Peanuzaius Moaenu

[Tpouenypa oOyueHUs:

Ontummsatop: Adam (Ir=0.001)

Oynkuus noteps: Negative Log-Likelihood

Pa3mep Gatua: 64

Koanuectso 3mox: 15

Paznenenne nannbix: 50k/10k/10k (train/val/test)
PesynbraTsl 0a30Boi MoJenu:

TouHocTh Ha TecToBOM Habope: 91.23+0.15 %

Pazmep monenu: 4.72 MB (FP32)

Bpewms undepenca (CPU Intel 17-1185G7): 39.7+1.2 mc

KonuuectBo napamerpos: 1,199,882

[ToTpebnenue namsatu npu padore: ~450 MB
PeanusoBana ycoBepiieHCTBOBaHHAs cTpaTerus oopesku, couetaromas (Puc. 5-6):

I'mo6anpayro L1-00pe3ky mo BeTnyuHe BECOB

WrepaTtuBHblii npouecc (3 $ha3bl 00pe3ku-1000yueHHs)

CrpyxkrypHyto o6pe3ky mist Conv- u FC-croes
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def iterative_pruning(model, train_loader, val_loader, prune_amounts=[0.3, 6.2, 8.1]):
for i, amount in enumerate(prune_amounts):

louMeHeHue

parameters_to_prune = []
for name, module in model.named_modules():
if isinstance(module, (nn.Conv2d, nn.Linear)):

parameters_to_prune.append((module, ‘weight'))

prune.global_unstructured(
parameters_to_prune,
pruning_method=prune.L1Unstructured,
amount=amount

train(model, train_loader, val_loader,
epochs=5 if i < len(prune_amounts)-1 else 18,
1r=0.0001%(8.5%*i))

for module in model.modules():
if isinstance(module, (nn.Conv2d, nn.Linear)):

prune.remove(module, 'weight')

return model

Puc. 5. Anropurm o0pe3ku

Mertpuka [o obpe3skn Mocne obpeskn A

lMNapameTpbl 1,199,882 719,929 -40%

TouHocTb (%) 91.23 90.05 -1.18

Pasmep moaenu (MB) 4.72 2.61 -44.7%

Bpems wHdepetca (mc) 39.7 ¢ -27.2%

Puc. 6. Peaynbrarsl 0Ope3ku

PeanuzoBan pacmupennsii pipeline kBantoBanus (Puc. 7-8):
IToaroroBxa Moaenu
Hob6asnenne QuantStub/DeQuantStub
Fusion oneparwmii (Conv+ReLU, Linear+ReLU)
OO0y4eHne ¢ MCeBIOKBAHTOBAHUEM:
5 snox ¢ fake quantization
Calibration Ha BanuIaIlIMOHHOM Habope
Konseprauus B INT8
Per-channel kBanTOBaHME BeCOB
Per-tensor kBaHTOBaHUE aKTHUBAIUI
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Kon peanuzanuu:

def prepare_qat(model):
model.qconfig = torch.quantization.get_default_gat_qconfig('fbgemm')
torch.quantization.prepare_qat(model, inplace=True)
return model

def quantize_model(model, train_loader):

train(model, train_loader, epochs=5, 1r=0.0001)

quantized_model = torch.quantization.convert(model.eval(), inplace=False)
return quantized_model

Puc. 7. Kox peanuzanuu

Mertpuka FP32 Moaenb INT8 Moaenb A

Pasmep moaenm (MB) 2.61 1.52 -41.8%

Bpems vHdepetca (mc) 28.9 17.6 -39.1%

TouHocTb (%) 90.05 89.82 -0.23

Motpe6bnenue namsty  ~450 MB ~120 MB -713.3%

Puc. 8. PezynbraThl KBAaHTOBaHUS

[TpoBeneHO KOMIUIEKCHOE HMCCIEOBaHUE MPOCTpaHCTBa runeprapamerpos (Puc.
9-10):
Hccnenyembie mapameTpsl:
Learning rate (morapudpmuueckuit macmrad le-5..1e-2)
Dropout rate (0.1..0.5)
Pa3mep 6artua (32..256)
KomnmuaectBo HelipoHoB (64..512)
Tun onrumu3zaropa (Adam, RMSprop, SGD ¢ MomenTOM)

study = optuna.create_study(

direction="maximize",
sampler=optuna.samplers.TPESampler(),

pruner=optuna.pruners.HyperbandPruner()

)
study.optimize(objective, n_trials=108, timeout=3600)
Puc. 9. Kouduryparms Optuna
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MapamerTp OnTtumanbHOe 3HauyeHue

Learning rate 3.2e-3

Dropout rate 0.31

Batch size 128

Hidden size 256

OntuMmmsartop AdamW

Weight decay 1le-4

Puc. 10. Jlyqimue napameTpsl

DddexT oT onTUMHU3AINN:
YBennuenue TouHoctu: +0.84 % (¢ 91.23 % no 92.07 %)
CHmxeHune BapuaTuBHOCTH: 6 yMeHblmiach ¢ 0.15 % mo 0.08 %
Yckopenue cxoguMocTu: Ha 20 % MeHblIIe 310X A0 CXOAUMOCTH
HHTerpupoBaHHbIi TOAXO0 COYETAET:
HtepatuBhyto 006pe3ky (3 dasbn)
QAT-o0yueHne ¢ BOCCTAHOBJIEHHEM TOUHOCTH
OnTUMH3UPOBaHHBIE TUIIEPIIAPAMETPBI
[TomaroBas nponeaypa (Puc. 11):
HauansHoe o0ydeHnue ¢ mogo0paHHBIMK TUIIEpIIapaMETPaMH
[IpumeneHne uTepaTuBHOI 00pe3KU
JlooOy4enue ¢ perymspusanuei
[Moaroroka k QAT u kanuOpoBKa
O6yuenue ¢ fake quantization
®unanpHas KoHBepTauus B INT8

Mertpwuka basosas OntumusvpoBaHHas A

TouHocTb (%) 91.23 91.05

Pasmep mogenu (MB)  4.72 1.81

Bpems uHdeperca (mc) 39.7 19.8

MapameTpbl 1,199K 575K

lMamate npu pabote ~450 MB ~95 MB

Puc. 11. CpaBHUTEIIbHBIC PE3YIIBTAThL
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D¢ hHEeKTUBHOCTH METOJIOB:
OO0pe3ka nana HauOonblee cokpaiieHue napamerpos (-40 %)
KBanroBanue ob6ecrnieunsio MakcuMaiabHoe yckopeHue (-39 %)
Hyperparameter tuning KOMIeHCHPOBAJ TIOTEPH TOYHOCTH
KauecTBeHHBIE U3MEHEHUS:
Coxpanenue 99.8% UCXOHON TOYHOCTH
YMeHbleHne pazMepa MoJienu B 2.6 paza
Cokpanienue BpeMeHH nHpepeHca B 2 pasa
YMeHbllIeHHe nmoTpedieHus mamsTa B 4.7 pasza
IIpakTrueckas 3HaYUUMOCTD:
Mopnens crana npurofHa Jyisi pa3BepThiBaHUs Ha edge-yCcTpoicTBax
YBenuuunach 3HEProdPPeKTUBHOCTD
CoxpaHeHa yCTOHYMBOCTh K IEPEOOYyICHHIO
OrpanuueHus:
Tpebyetcs noMoONHUTENBHOE BpeMs Ha ONTUMU3ALIHIO
HeobxomuMocTh 1ocTyna K HCXOAHBIM NaHHBIM st QAT
3aBHUCHUMOCTH PE3yJIbTATOB OT anmnapaTHON MIaThOpMbI

PazpaboTaHHBIi ~ METOMOJIOTHYECKMHA  TOAXOX  JEMOHCTPUPYET  BBICOKYIO

3¢ HeKTUBHOCTD AJS 337a4 KOMIBIOTEPHOTO 3PEHUS U MOXET ObITh aJanTHPOBaH IS IPYTHX
APXUTEKTYp W THUIIOB JaHHbIX. KOMOWHAIMS HECKOJBKUX METOJIOB ONTHMHU3ALUU TO3BOJISET
JOCTUYb 3HAUUTEIHHO JYUIIUX PE3yIbTaTOB MO CPABHEHUIO C UX OTACIbHBIM IPUMEHEHHEM.

I[.HSI MPOBCACHUA SKCIICPUMCHTOB IO ONTHMU3AIIMU W TCCTUPOBAHUIO MOI[CHCP'I

ObLJIa MCIIOJI30BAHA CIICYIOIIAs anmapaTHO-TiporpamMmMHas cpena: (Puc. 12)

KomnoHeHT Xapakrepucruka
OnepauuoHHan cucrema Ubuntu 22.04 LTS

MNMpoueccop (CPU) Intel Core i7-11800H

lpaduuecknii yckoputens NVIDIA RTX 3060, 6GB VRAM

OneparueHan naMmaTb 16 GB DDR4

Xeécrkmn auck SSD 512 GB

A3bIK npOfpaMMb*)OBaHMﬂ Python 3.10.9

OpelMBOpKU PyTorch 2.0, Torchvision

MHCTpyMeHTb onTuMM3aumMm Optuna, ONNX, TensorRT, TFLite

Cpeaa paspabortku Jupyterlab, VS Code

Puc. 2. AunaparHo-nporpamMmHas cpena

JlononHurtensHO ucnoib3oBanachk cpena Google Colab ns npoBepku mMozenu Ha

pPECYpCHO-OTpaHWYCHHBIX TUaTgopmax, Takux kak CPU-mHCcTancel m MoOmibHbIE inference-
MOJTyJIH.

I[J'IH 06y‘-IeHI/I$I 1 TCCTUPOBAHUA UCIIOJIB30BAJIUCH TPHU OTKPBITHIX AAaTACETa, KOTOPBLIC

pas3nnyaroTCs MO CIOKHOCTH, TUIY JaHHBIX M BU3yallbHBIM Xapakrepuctukam (Puc. 13).
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QNaracer

MNIST

Fashion-MNIST

kcIFAR-10

Tun uzo6paxeHuni Kon-eo knaccoe O6bem aaHHbIX

Y4/6, pyxonucHblie umppbl 10 60 000 train / 10 000 test
Y/6. npeameTsl oaexabl 60 000 / 10 000

RGB, 06bexTbl ¥ XUBOTHbIE 50 000 / 10 000

Puc. 13. Jlaracerst

MNIST nonxomut s 6a3o0Boil mpoBepku moneneld. Fashion-MNIST — Gonee
cI0XHBIN, HO (hopmasibHO aHamorudHblii MNIST mo dopmary. CIFAR-10 — RGB-u3o6pakenus,
TpeOyromme Oosnee crnoxHBIX apxurekryp (Hampumep, ResNet, EfficientNet) u sBrnsromuecs
XOPOIIUM TECTOM JIJIsl MACIITA0OMPYEMOCTH ONITHMH3AIINH.

DKcrepuMeHTalbHas 9acTh MCCIIEOBAaHMs ObLIa MPOBeeHAa B HECKOJIBKO 3TaIOB.
L{es1b — OICHUTH BIHMSHUE PA3JIMYHBIX METOMOB ONTUMH3AIMH Ha Ka9€CTBO, CKOPOCTh U pa3Mmep

MOICIN.

Ortan 1 — ba3zoBas Momenb:
UcnoneiyeTcst 6€3 U3MEHEHUH, Kak pedepeHc.
Monens 00y4yaeTcs CTaHIAPTHBIM CIIOCOOOM 03 ONTUMHU3AITHH.
Oran 2 — O6pe3ka BecoB (Pruning)
Vnansrorcs HaumeHnee 3HauuMbIe Beca (10 40 %).
[IpoBoauTcs n000OydeHHE MOJENH TTOCIIe 0OPE3KH.
Oran 3 — KeanTtuzanus (Quantization)
[Ipumensiercs post-training quantization (int8).
Taxxe nporectupoBad Quantization-Aware Training (QAT).
Oran 4 — [Mox6op runepmapameTpoB (Optuna)
Ucnonezyercs Optuna ¢ anroputmom TPE.
[Tapametpsr: learning rate, dropout, hidden size u np.
Ortan 5 — KoMOMHMPOBaHHBIIN TIOXO0T

[IpumeHneHs! cpa3zy HECKOIBKO MeTO/10B: pruning + QAT + tuning.

Htorosasi Mozenbs cpaBHUBAeTCsl ¢ 0a30BOM MO BCEM METPUKAaM: TOYHOCTh, BpEMs, Bec,

SHEpromnorpedIeHue.

st ananuza 3¢pheKTUBHOCTH Pa3IMYHBIX METOJJOB ONITUMU3AIIMH ObLTH CPAaBHUMBI

Moaens Tounocts (%) Bpema nndpepetca (mc)
bazoean 40

Mocne pruning - 29

MNMocne quantization . 18

OuHansHan (QAT + Optuna) i 20

Puc. 14. CpaBHeHHE MoJemnei
BriBognt:
Bpewms nndepenca cHU3MIOCH B 2 pasa;
Pa3mep monenu yMmeHbIIUIICS IOYTH B 3 pasa;

CIIeIyOIIMe MOIeNH: 0a30Basi, OCIe pruning, mocie quantization ¥ UTOroBasi ONTUMHU3UPOBAHHAS
monenb (QAT + Optuna) (Puc. 14).

Pazmep mogenn (MB)

47

26

1.5

18

ITorepu B TouHOCTH cocTaBWId MeHee 1 % Mpu UCTIONIB30BAHUU BCEX METO/IOB COBMECTHO.
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Jns oueHkn MacmTaOMpPyeMOCTH METOIOB ONTHMHU3ALMU OblIa HCIOJIb30BaHa
apxutektypa ResNetl8, oOyuennas nHa maracere CIFAR-10. Beimm mpoBeneHbl T€ ke ATarbl
ONTHUMU3AIMH: pruning, quantization u tuning (Puc. 15).

Mogaens TouHocTs (%) Bpemsa nHdepenca (mc) Pazmep moaenm (MB)
ResNet18 (6azoeasn) i 65 447

MNMocne pruning & 51

lQuantized . 39

Distilled + tuning v 42

Puc. 15. Anamuz CIFAR-10

BBIBOI: METOMBI ONTUMU3AINY TAKKE MPUMEHUMBI K 00JIee CIIOKHBIM MOJIEIISIM 1
RGB-u3o6paxennsiM. 3hPeKTUBHOCTD COXpAHAETCSI, a TOTEPHU B TOYHOCTH MUHUMAJTHHBI.
JIJist HarIsTHOTO aHallM3a KadecTBa Kiaccuukanuu ObLTH MOCTPOeHBI confusion
matrix g moxeneit, o0yuenHbix Ha Fashion-MNIST u CIFAR-10.
[Ipumep mia Fashion-MNIST:
BONpIIMHCTBO ~ OMIMOOK  TPOHMCXOMAT TPHU  KIACCU(PHUKAINK  TOXOKUX  KJIaCCOB:
KPOCCOBKH/OOTHHKH, pyOaiku/pyTOoiKu.
[locme onTUMHU3alMKM TOYHOCTH OCTAa&TCS BBICOKOM, a THIOBBIE ONIMOKA HE
YBETHMYUBAIOTCS.
[Tpumep nna CIFAR-10:
YacTelie ommOKH: KOIIKa <> cobaKa, CaMoNET < MTHUIIA.
OntuMuzanusi He YXYOIIaeT CTPYKTypy OHIMOOK, YTO TOATBEPXKIAET COXpaHCHUE
0000Mar0IMX CITIOCOOHOCTEH MOJIEIH.
Martpuinpl  OImMOOK MOXKHO BH3YaJU3UpPOBaTh C TIOMOIIBI0  OWMOIHMOTEKH
sklearn.metrics. ConfusionMatrixDisplay.
Jlnst oneHKH 3¢G(HEKTUBHOCTH ONTHMHU3AIMK MPOBEACHO MPOGUIUPOBAHUE MOACIICH IO
OCHOBHBIM MeTpuKkaMm: ucrnonszoBanue CPU, 3arpy3ka GPU u snepronorpebnenue (Puc. 16).

Moaens CPU Usage (%) GPU Load (%) SHepronotpebaenue (Br)
bazoeas 67 78 55

Mocne pruning 52 68 42

Mocne quantization 29

OuHanbHas (QAT+Optuna) 30

Puc. 16. IlpopunupoBaHme pecypcoB

BI)IBOI[I OIITUMMU3allMd CHMXACT 3H€pFOHOTpe6J'IeHI/IC IIOYTH BABOC M YMCHBLIIACT
Harpy3Ky Ha BBIYHCIUTEIbHBIE PECYPCHI, HE )KEPTBYSl TOUHOCTBHIO.
OKCIEPUMEHTHI TTIOATBEPMIIN BBICOKYI0 A((EKTHBHOCTh KOMOWHUPOBAHHBIX
METOJI0B onTHMH3auuu. HecMoTps Ha TeopeTHueckue MOTEpU TOUYHOCTHU NPU KBAHTHU3ALMM U
o0pe3Ke, UX MOKHO KOMIIEHCUPOBATh TPAMOTHBIM 00y4YeHHEM U ITOJ00POM THITEPIIapaMeTPOB.
OO0pe3ka CHIKAeT U30BITOYHOCTh CETH, HE BIIMAS HA TOUHOCTD IPH Pa3yMHBIX 3HAYCHUAX
(o 50 %).
KBanTuzanus 3HauMTeNbHO YCKOpsieT BbIBOZL, ocobeHHO Ha CPU u  MOOMIBHBIX
YCTPOUCTBAX.

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




Industrial Transport of Kazakhstan. Vol.23 (1). 2026

['unepnapameTrpudeckas ontumuzanus (Optuna) KOMIEHCUPYET TOTEPH M CTAOMITU3UPYET
oOyueHme.

KomOuHanus 3Tux METO[0B Jaja Jy4IIui pe3yasTaT ¢ TOYKU 3PEHHs CKOPOCTH,
00bEMa M KauecTBa MOJICIH. YCTOWYMBOCTH K IMEPEO0yUEHHIO TAKXKE YIIyUIInIach, 0COOEHHO MpU
pabore ¢ Fashion-MNIST u CIFAR-10.

Ha ocHOBaHuM 3KCIIEPUMEHTOB MOYKHO BBIIEIUTH PEKOMEHIAIMH 110 IPUMEHEHHIO
ONTHMH3UPOBAHHBIX MOJEIICH:

Mobunsable u loT-ycTpoiicTBa: HMCIOIB30BaTh KBAHTH3ALMIO U OOpE3Ky, NMPUMEHATH
TFLite min ONNX Runtime.

Ob6naunsie API u cepsepnbie M-cepBHCH: TPUMEHATH THIIEPIapaMeTPHUUECKUN TIOHUHT
u kactoMHbie KoMnusITopsl (TVM, TensorRT).

WuTepakTuBHBIE CUCTEMBI: Uconb30BaTh QAT i coXxpaHEeHUs! TOYHOCTH MpH OBICTPOM
00paboTKe 3ampoCoB.

PecypcoorpanndeHHble cpe/ibl: IPUMEHATH MIpeBapUTeNbHOE NPO(QUIMPOBAHUE MOETICH,
BBIOOp HAMJTYUIIETO OalaHCca MEX/Ty BECOM M TOUHOCTHIO.

Takum 00pa3om, MOIXOJ MOXKHO aJalTUPOBAaTh MOJA KOHKPETHBIE 33Ja4d — OT
edge-KOMIIBIOTHHI A 1O MacIITaOUPYEMBIX PACIIPENEIEHHBIX CUCTEM.

3akiarouenue

B pamkax Hactosiiero uccieqoBaHUs Obla IOCTABICHA LEJNb H3YyYUTh U OLEHUTH
3 PEKTUBHOCTH COBPEMEHHBIX METO0B ONTHMHU3ALUU HEHPOCETEBBIX MOJIEICH C TOUKH 3pEHUs
COXpPaHEHUs TOYHOCTH, CHIDKCHMs BBIYMCIMTENBHBIX 3aTpaT, YCKOpeHUs HHpepeHca u
YMEHBIICHUsI 3HepronoTpebnenus. s peanu3anuu NMOCTaBICHHOW Ilenu Oblia pa3paboTaHa
METOJI0JIOTHSI, BKJIIOYAIONIAsl IOCIEN0BAaTEIbHOE INPHUMEHEHHE HTEPATUBHOM OOpE3KU BECOB
(Pruning), xBanTH3amuu ¢ yudérom oOydenus (Quantization-Aware Training, QAT) wu
runepnapaMeTpuueckor ontummiainuu (Bayesian Hyperparameter Tuning ¢ ucmoib30BaHHEM
Optuna). JlononHUTENHO OBITH YUYTEHBI allapaTHble OTPAaHUYCHUS C HCTIONb30BAHUEM ITOJX0/
HW-aware ontuMu3anuy 1 NpoBepeHa BO3MOKHOCTb IEPEHOCA ONITUMU3HPOBAHHBIX aPXUTEKTYP
Ha HOBBIE 3a7a4M uepe3 meTonbl Transferable Optimization.

Ienu nccnenoBanus ObUIN peaau30BaHbl Y€pE3 psifl ATAIOB!

- co3manue u obyueHue 6a3oBoil momenu CNN mns kinaccupuKanuu M300pakeHH Ha
nmaracetax MNIST, Fashion-MNIST u CIFAR-10;

- uTepaTUBHas 00pe3ka BecoB ¢ MoOanbHON L1-MeTpukoit U cTpyKTypHOH afanTtanuen
CJI0EB, COIPOBOXK1aeMasi 1000yUEHUEM JJIsl BOCCTAHOBIIEHUSI TOYHOCTH;

- o0yuenue c ncesnokBanToBanueM (QAT) ¢ mocnenyroeii kouBepranueit monenu B INT8
JUTS CHYDKEHHSI BEIYMCIIUTENILHON CIIOKHOCTH M YCKOpEHUs HH(epeHca;

- moxbop rumepnapaMeTpoB uepe3 Bayesian Optimization a7 KOMIEHCAIMM TNOTEPh
TOYHOCTHU U TIOBBIIIEHUS YCTOMYMBOCTU MOJIEIIEH;

- KOMIUIEKCHasl HHTETpalusi METOJ0B B €IUHBIN ONTUMU3ALMOHHBIN pipeline u npoBepka
Macitabupyemoctu Ha Oonee cioxHbix apxuTektypax (ResNetl8) u RGB-naracerax (CIFAR-
10);

oneHka 3(p(EeKTHBHOCTH Ha ammapaTHhIX IIaTGopMax ¢ pa3TMYHON BBIYUCIUTEIHHON
MOIIIHOCTHIO, BKItouass CPU-uncrancel, GPU u moOunbHbIe inference-momynu.

B pesynbrate npoBenEHHBIX 3KCIEPUMEHTOB ObUIO TOIYYEHO HECKOJIBKO KIIFOUEBBIX
pE3YIBTATOB:

- CHWKEHHE pa3Mepa Mojelieii: KOMOMHMPOBAHHBIA TIOAXOJ TIO3BOJIMJI YMEHBIIUTh
KOJIMYECTBO IapaMeTPOB B CpeHEM Ha 2,6—3,8 pa3a 6e3 cylecTBeHHOH oTepy TOYHOCTH;

- yckopenue uHpepeHca: BpeMs 00padoTKH OAHOTO NMPUMEpa YMEHBIIIIOCH B 2—2,5 pasa,
YTO MOATBEPXkAaeT 3)(HEKTUBHOCTh ONTUMH3ALMN AJISi CUCTEM PEabHOTO BPEMEHHU;

- COXpaHEHHE TOYHOCTU: UTOTOBAsI TOUHOCTh MOJIENIEN IIPU UCIIOJIb30BaHUU BCEX METOJIOB
octaBasiacb Ha ypoBHe 99-99,5 % wHCXONHOrO 3HAYeHWs, a BapUATUBHOCTH PE3YJILTATOB
3HAYUTEIHHO YMEHbIINIIACH;
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- CHIDKEHHUE SHEPronoTpedyieHus: ONTUMU3UPOBAHHBIE MOJEIU MOTPEOISIOT B CPETHEM B
3—4 pa3a MeHbIIIe YHEPTUH, YTO KPUTHIHO IS edge-BhIYHCICHUI 1 MOOUIBHBIX YCTPOUCTB;

- MacIITabMpyeMOCTh: METObl ONTUMH3AIMHU YCIIEITHO MPUMEHUMBI K OoJiee CI0KHBIM
monensiMm 1 RGB-naraceram, Bkimtodas ResNetl8 u CIFAR-10, Ge3 3HauuTeNbHON Aerpaaanuu
KayecTBa MpeICKa3aHuii;

- CTPYKTypa OoUIHOOK MpH KIacCU(UKAIMU OCTaIach CTaOMIBHOM, a TUTIOBbIE OIIMOKU HE
YBEJTUYMIIUCh, YTO TOATBEPIKIACT COXpaHEHHWE OOOOIIAIOIIMX CIMOCOOHOCTEH Mojeneld mocie
ONTUMU3ALIIH.

Ha ocHoBaHuU NOTY4YEHHBIX PE3yabTaTOB MOXKHO CHIE€IaTh CIEIYIOIINE BHIBOJIBI:

- lloaTBepkaeHa THUIOTE3a MCCICIOBAHUSA, COIIACHO KOTOPOH KOMOMHHPOBaHHOE
NPUMEHEHHWE UTEPaTUBHOM O0Ope3Ku, KBAaHTH3allMM U TUIEpHapaMeTpUuecKoro moadopa
MO3BOJISICT IOCTUYh OaaHca MEXAYy TOYHOCTBIO U PECYPCHBIMU XapaKTEPUCTHKAMU MOJICIICH;

- Ilpumenenne HW-aware ontumuzanumd M TNEPEHOCUMBIX APXUTEKTYp 3HAUUTEIIHHO
YCKOPSET MPOLECC ONTUMH3ALMN, CHUKAET BBIYMCIUTENbHBIC 3aTPAThI U MO3BOJISIET aIalITUPOBATh
MOJIEJIH K Pa3JIMYHbIM allapaTHbIM I1aTgopmam;

- MeTtoaonorus KOMIUIEKCHON ONTUMU3AIUU IEMOHCTPUPYET BBICOKYIO 3PPEKTUBHOCTD U
YHUBEPCAIBHOCTbD, IPUMEHUMA K 3a/1auaM KJacCU(PUKAINKU U300paKeHUH pa3InuHOM CI0KHOCTH
¥ MOXET OBITh pacIIfpeHa Ha 3a7a49i KOMIIBIOTEPHOTO 3pEHHsI, 00pa0OTKH €CTECTBEHHOTO SI3bIKa
U ApyTHX 00JacTei TITyOOKOTO 00yUYCHHUS.

[IpakTuueckass 3HAUUMOCTb PE3YJAbTATOB 3aKIIOYAETCS B BO3MOXKHOCTHU BHEAPECHHS
pa3paboTaHHBIX METOJIOB B CJIEAYIOLIUE HAIPABICHHUS:

- Edge-xommbrotunr u loT-ycTpoiicTBa: ucmonb30BaHNE ONTUMHU3UPOBAHHBIX MOJEIEH C
INTS8-kBaHTH3aIMEH U UTEPATUBHON OOPE3KOM /I CHIXKCHHSI YHEPTOTIOTPEOJICHUS M yCKOPEHUS
uHpepeHca;

- oOauHble Al-cepBucol u CepBEpHBIE MIPUIIOKEHUS: NpUMEHEHUE
rUneprnapamMeTpuueckoro Tionnara 1 HW-aware ontumusanuii 11 MacitrabOupoBaHusl MozeTeit
U ycKopeHus time-to-market;

- THTEPAKTUBHBIE CHCTEMBI U MOOUITbHBIC IPHIIOKeHUs: nHTerparnus QAT nis coxpaHeHus
BBICOKOM TOYHOCTH MPHU OIPAaHUUYEHHBIX pecypcax U ObICTPOM OTKIIMKE Ha 3allPOCHI MOJIb30BaTEeIs.

[lepcniekTHBBI TANIBHENIINX UCCIEAOBAHUN BKIIFOUAOT:

- pacuipeHue MEeTOAOB Ha Oojiee CIIOKHBIE apXUTEKTyphl, Takue kak Transformers,
EfficientNet, Vision Transformers (ViT);

- UCCJIEOBAHME aJalITUBHOM KBAHTH3AaLMM M JUHAMHYECKON OOpE3KH BECOB, C yUETOM
pacnpeaeneHus: BAKHOCTH apaMeTPOB B PEaIbHOM BPEMEHHU;

- MHTErpauusi ¢ aBTOMAaTU3MPOBaHHBIM MNOMCKOM apxutektyp (NAS) mns yckopeHus
ONTUMHU3AIMYA U MUHUMH3AIIUU BBIYUCIUTEIBHBIX 3aTParT;

- OIIEHKA MEPEHOCHUMOCTH METOJI0B Ha MYJIBTUMOJAJIbHbIE JaHHbIE (TEKCT, N300pakeHNUs,
BUJIE0), a TaKKe B cucTemax reinforcement learning;

- pa3paboTKa MHCTPYMEHTAJIBHBIX TMAKETOB M Open-source OMOTMOTEK IS yHPOIICHUS
MPUMEHEHHUS KOMILJIEKCHOW OMTUMMU3AINH Ha TPAKTHKE.

Takum o00pa3oM, Ha JaHHOM OJTale HCCIEIOBaHUS JOKa3aHa A(P(PEKTUBHOCTh
KOMITJIEKCHOTO TOAX0Ja K ONTHUMH3AIMH HEHPOCETEBBIX MOJENCH: MpEeATOKEHHBIE METOIbI
MO3BOJIAIOT JTOOWTHCSI 3HAYUTEIBHOTO COKpalleHus: o0béMa © BpeMeHH WHQepeHca Npu
MUHUMAJIBHBIX TOTEPSIX TOYHOCTH, OOecIeurBas OJHOBPEMEHHO BBICOKYIO aJaNTHUBHOCTh U
YHUBEPCAIBHOCTh Mojieeil. PaboTa BHOCHUT BKJIaa B pa3BUTHE MPAKTUUECKUX M TEOPETHUECKUX
3HaHUU B 00JAacCTH ONTHUMM3AIMH TITyOOKHMX HEWpOceTel, OTKphIBask HOBBIE BO3MOXXHOCTH MJIs
BHEAPEHUS B PECYPCOOTPAHUYEHHBIE CUCTEMBl M  pPACIIUPEHUS  (YHKIHMOHAIbHOCTU
MHTEIJICKTYaTbHBIX MPUIOKEHUH.
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Abstract. In modern urban traffic, one of the most pressing issues is ensuring road
safety at intersections, where traffic flow intensity reaches its peak. This study investigates the
use of radio-technical systems for tracking vehicle positions to improve measurement accuracy
and traffic management. The aim of the study is to develop and analyze methods for enhancing
the accuracy of vehicle position measurements at intersections using radio-technical systems.
To achieve this aim, the following objectives were set: analysis of existing vehicle tracking
methods, development of algorithms for distance calculation under various receiver
configurations, modeling of signal attenuation using free-space and two-ray models,
determination of absolute and relative measurement errors, and comparative analysis of
different equipment configurations. The results demonstrated that using a single receiver leads
to high measurement errors (A = 0.5 m, 6 = 5.3 %), making accurate lane determination
impossible. Implementing two receivers on opposite sides of the roadway significantly reduces
absolute and relative errors, provides accurate lane determination, and considers the impact of
weather conditions and signal reflections from the road surface in the two-ray propagation
model. Modeling in Pascal confirmed the correctness of the developed distance and signal
attenuation calculation algorithms and visualized signal loss dependence on distance. Using a
dual-receiver configuration of radio-technical systems at intersections ensures high accuracy
in vehicle position determination, reduces measurement errors, and enhances road safety. The
developed methods can be integrated into intelligent transportation systems and automated
traffic control systems. Future research may focus on adapting algorithms to varying weather
conditions and traffic intensity.
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AnHoTanus. Ka3ipri KajnanbiK KeJiK )KyHeciHIe eH 63eKTi MacenenepIiH 0ipi — )KOI-KeJiK
KO3FaJIBICHIHBIH KayilNCI3AIriH KaMTamachl3 €Ty, ocipece >KOoJauphIKTap/a, MYHJa KeJiK
arbIMBIHBIH KapKBIHBI €H JKOFaphl JeHrelre skeremi. by skymbicTa paguoTeXHUKa KyWelaepiH
naianaHbII, KOJIK KYpalaapbIHbIH OPHBIH JI9J OJIIICY KOHE KO3FaJIbICThl OacKapy THIMJIUIITIH
apTTHIPy KapacThIPhUIAAbL. 3EPTTEYAIH MaKCaThl — PAaTUOTEXHHUKAIBIK Kypalgapasl KOJIaHa
OTBIPBIN, KOJIK KYpaJAapbhIHbIH >KOJAWPBIKTapAaFrbl OPHBIH AHBIKTAYJIbIH JOJIITIH apTThIpy
onicTepiH jkacay jkoHe Tangay. OChl MakcaTKa >KeTy YIIiH KeJeci MIHACTTep KOWBUIABI: KOJiK
KypalmapelH  OakbUIayJIblH  Ka3ipri  oicTepiH  Tainjay,  opTypii  KaObUIIAFbIII
KOH(UTypalysiapblHIa KAIIBIKTBIKTBl €CENTey aITOPUTMICPIH jKacay, CUTHAIJBIH QJCipeyiH
«EpKIH KEHICTIK» XOHE €Kl CoyJie MOJIETiH KOJJaHa OTBIPBIT MOJIEIbICLY, aOCONIOTTI KOHE
CAJIBICTBIPMAJIBI OJIIIIEY KaTeJepiH aHBIKTAy, COHMAal-aK >KaOAbIK OpHATY KOH(UTYpalusiapbiH
CaJBICTBIPMAJIBI TaJIZIAy KYPrizy. 3epTTey HOTHXKeENepl KOpCeTKeH e, Oip FaHa KaObUIIAFbIII
KOJIJIaHy eneynep/e yikeH karemikke (A = 0,5 m, & = 5,3 %) okeneni, OYJ1 KONIKTiH KOJIIaFbI
OpHBIH JIoJT aHBIKTayFa MYMKIHAIK Oepmeiiai. JKonapiH €Ki »arblHa €Ki KaObUIIAFbIIl OPHATY
a0CONIOTT] JKOHE CaNBICTHIPMANbl KaTEJNEepAl aWTapibIKTall a3aiTaibl, >KONIAFbl OPBIHIBI JQI
aHBIKTayFa MYMKIHIIK Oepei, COHAai-aK aya paibl JKaFaaiiapbl MEH K01 OCTIHEH CUTHAJIIBIH
HIAFBUTBICYBIH €Ki Coylie MojieTiHAe eckepei. Pascal Timinae Moaenbiey KalbIKTHIK IEH CUTHAIT
QJICIpEYIH €CeNTey aJrOPUTMIEPIHIH IYPBICTHIFBIH pacTal, CHUTHAJN >KOFATYbIH KAIlIBIKTBHIKKA
OaiimaHpICTRl BHU3yanu3anusaaabl. JKomalpelKTapaa €Ki KaOBULAAFBIIITH PaAHOTEXHUKAIBIK
KyWenepal malganaHy KeJIiKTIH OpHBIH JI9J aHBIKTayFa, ©JIey KATeJIriH a3aiTyFa >KOHE KOl
KO3FaJIBICBIHBIH KayINCI3IIriH apTThIpyFa MYMKIHIK Oepeni. XKacanran oaicTep HHTEIICKTY I IbI
KOJIK )KYyHelepiHe )KoHe aBTOMAaTTaHABIPhUIFaH OaKplIay KyHelepiHe HHTeTpalusIaHybl MyMKIH.
Bonamak 3eprreyiep anropuTMIepAi aya paiibl MEH KO3FalbIC KapKbIHBIHA Oedimzaeyre
OarpITTATYbl MYMKIH.

Tyiiin ce3aep: pagHOTEXHUKANBIK XKYHe, KOJAUPBIK, KOJIIK Kypaslbl, CUTHAJ QJICipeyi,
OJIIIIeYy KATENIT1, KO3FaJIbIC KayIICi3Air

Moiiexcosnep ymin: P. Cadun, E. barmommayner, 135 Boii. Xom kupLisicTapbiHaa
aBTOMOOWJIH KOJIIriH OeiHeTipkey xynenepi // Kazakcran enaipic kemiri. 2026. Tom. 23. Ne 89.
68-82 6et. (Opsic Tin.). https://doi.org/10.58420/ptk/2026.89.01.004.

Myanesep KakTbIFbICBI: ABTOpJIAap OChl Makajlaga MYIIENep KaKTBIFBICHI KOK JETl
MOTIMICH/I.
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AHHOTamusi. B COBpEeMEHHOM TOpPOJCKOM TPAHCIOPTHOM MPOCTPAHCTBE OJHOM U3
aKTyaJIbHBIX MPOOJeM sBJIsieTCs oOecredeHne Oe30MacHOCTH JIBMKEHHUS Ha TMepeKpécTKax, rue
MHTEHCUBHOCTb TPAHCIIOPTHBIX MOTOKOB IOCTUTAaeT MaKCUMAaNbHBIX 3HaYeHU. B nanHoil pabore
UCCIIEAyeTCSd HUCHOJNb30BAaHUE PAJMOTEXHHYECKHX CHCTEM M (PHUKCAUUU  TOJIOKCHUS
TPAHCIOPTHBIX CPEACTB C LENbIO MOBBIIICHUS TOYHOCTH U3MEPEHUN U YIyUIIEHHUsS YIPaBICHUS
nBkeHueM. llens mccnenoBaHus — pa3paboOTKa M aHAJIW3 METONOB IOBBIIICHUS TOYHOCTH
ONpEIEICHUsT TOJIOKEHUSI TPAHCHOPTHBIX CPEACTB HAa TNEPEKPECTKAX C HCIOJIB30BAaHUEM
PaZMOTEXHUYECKUX CPEACTB. [l MOCTHKEHUS ATOH 11eNTi OBbUIH ITOCTABJICHBI CIICAYIOLINE 3aadH:
aHaAJIM3 CYIIECTBYIOIIMX METONOB (PUKCAIMM TPAHCIOPTHBIX CPEICTB, pa3paboTKa aJropuTMOB
pacy€ra pacCTOSHMM [UI Ppa3IMYHBIX BAapUAHTOB pa3MEINCHUS IPUEMHBIX YCTPOUCTB,
MOJICIMPOBaHUE 3aTyXaHMsl pPaJMOCUTHAjJa C HCIOJIb30BaHHMEM Mojeseill  «cBoOogHOE
MPOCTPAHCTBO» H JABYXJIy4€BOW MOJENH, OMpeAc/ieHue aOCOMIOTHOW U OTHOCUTEIHHOMN
MOTPEIIHOCTH M3MEPEeHUH, a TakKe CpPaBHUTEIbHBIA aHaIM3 Pa3IuYHbIX KOHPUTYpauun
YCTaHOBKM 000pyHOBaHMs. Pe3ynbTarel MCCIENOBaHUS MOKA3ald, YTO HCIOJB30BAaHHE OHOTO
MpUEMHOIO yCTPOICTBA MPUBOAUT K BBICOKOM morpemHocTy uamepennii (A = 0,5 m, 6 = 5,3 %),
YTO J€JIaeT HEBO3MOXKHBIM TOYHOE ONPEIEIICHUE psla, B KOTOPOM HAXOIUTCS TPAHCIOPTHOE
cpenctBo. IIpuMeHeHWe IBYX NPUEMHBIX YCTPOHMCTB MO 00€ CTOPOHBI MPOE3KEH YaCTH
3HAUUTENIbHO CHMXAET a0CONIOTHYIO M OTHOCHTENBHYIO MOTPEHIHOCTh, 00ECIIEUMBACT TOYHOE
ONpeIeeHUE psiaa, a TAKKE YUUTHIBAECT BIMSHUE MTOTOIHBIX YCIOBUNA M OTPAKEHUI CUTHAJIOB OT
MOBEPXHOCTHU JIOPOTH MPU JIBYXJIy4E€BOM pacmpocTpaHeHud. MozaenupoBanue Ha s3bike Pascal
MOJATBEPAWIIO KOPPEKTHOCTh AJITOPUTMOB pacdy€ra pacCTOSHMM M 3aTyXaHMsl paJuOCUTHalA,
BU3yaJIU3UPOBAaB 3aBUCUMOCTb IOTEPh CUTHAJAa OT paccTosiHUs. Vcronb30BaHue AByXIPUEMHON
KOHQUTypaluu pagloTeXHUYECKUX CUCTEM Ha MepeKpECTKax 00eCrneurnBaeT BHICOKYIO TOYHOCTD
OTIpeICIICHUS TIOJOKEHHSI TPAHCTIOPTHBIX CPEICTB, CHIDKAET BEPOATHOCTD OMIMOOK U3MEPEHUN U
MOBBIIIAET OE30MaCHOCTh JOPOXKHOTO JBIKeHUs. Pa3paboTaHHble METOABI MOTYT OBITH
MHTETPUPOBAaHbl B MHTEJUIEKTYaJIbHbIE TPAaHCIOPTHBIE CHUCTEMbI U CHCTEMBI aBTOMAaTUYE€CKOTO
KOHTPOJISI IBUKEHHUS, a MEPCIEKTUBHBIM HAIMPABICHUEM JAIBHENIINX HCCIEIOBAHUMN SIBISIETCS
aJanTanys ajJropuTMOB M0/l U3MEHSIOIUECS TOTOHBIE YCIOBUS U UHTEHCUBHOCTD IBUKEHUS.

KuiroueBble ci1oBa: painoTeXHHYECKas: CUCTEMA, IEPEKPECTOK, TPAHCIIOPTHOE CPEICTBO,
3aTyXaHUe CUTHaJla, MOTPEUIHOCTh U3MEPEHUH, 0€30ITaCHOCTD ABHKEHHS
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Juas nqurupoBanusi: P.T. Cadun, E. barmomnayiel, (351 Boait. Cuctemsr Buneodukcaum
aBTOMOOMJILHOTO TpaHcmopTa Ha nepekpéctkax // Ilombiennsiit Tpancnopt Kazaxcrana. 2026.
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KoH(pIMKT HHTepecoB: aBTOPHI 3asBISIIOT 00 OTCYTCTBUU KOH(MIMKTAa HHTEPECOB.

Beenenne.

B coBpeMeHHOM TOpOJCKOM TpPAaHCIIOPTHOM MPOCTPAHCTBE OJHUM M3 HaubOoONee OCTPHIX
BOIIPOCOB SIBJSIETCSI 0OecTieueHne 0e30MacHOCTH JIBKEHHS HAa TIEPEKPECTKAX, TIe MHTEHCUBHOCTh
TPAHCIOPTHBIX TOTOKOB JIOCTUTAeT MaKCUMallbHBIX 3HauyeHWd. Ha ocHoBaHMu aHanmmsza paboT
npemmectseHHUKOB (Unuepuna, 2001: 14-30; Ky6a, 2006: 183; EBcees, 2011: 524-531) BbIsiBICHO,
YTO CYUIECTBYIOLIME METOAbI KOHTPOJISI TPAHCIIOPTHBIX TOTOKOB, B YACTHOCTH (DUKCALUS TTOJIOKEHHS
MIOIBIKHBIX 00BbEKTOB, IMEIOT OTPAHUYEHHYIO TOUHOCTh M HE YUUTHIBAIOT BIHSIHUE psifia (DaKTOpOB,
TaKuX KakK MOTOAHbIE YCJIOBHS, PAIbl JBWKEHHUS TPAHCHOPTHBIX CPEICTB U BBICOTA YCTaHOBKH
obopynoBanus. Takum o00pa3oM, CymIECTByeT TMPOOJIEMHAs CHTyalls, 3aKIIOYalonascs B
HEJOCTAaTOYHOM JIOCTOBEPHOCTH M3MEPEHHM PACCTOSHUNA [0 TPAHCHOPTHBIX CPEICTB U, Kak
CIIC/ICTBHE, BOBMOKHOM CHMKEHHH (P(HEKTUBHOCTH CHCTEM YTIPABICHUS TBIKCHHEM.

AKTyaJIbHOCTh ~ TEMBI ONIPENENSeTC POCTOM HWHTEHCUBHOCTH TOPOJCKOTO  JBIKEHUS,
Pa3BUTHEM HWHTEIUICKTYalbHBIX TPAHCIOPTHBIX CHUCTEM M HEOOXOJAMMOCTHIO BHEAPEHUS HOBBIX
METOJIOB PAJMOTEXHUYECKOT0 KOHTPOJS, OOECIeunBAIOIMX BBICOKYI0 TOYHOCTH (huKcarmu
MOJIOKEHUS TPAHCTIOPTHBIX cpeicTB Ha nepekpécTkax (Ilonukap, 2010: 914-918; Escees, 2011: 524—
531; JlaBpentnes, 2015: 17; HukonaeB, 2016: 45-52; Ky3nenos, 2017: 88-95; Annudepos, 2018:
23-30: Yuctsikos, 2019: 65—74). HecMoTps Ha CyILIECTBYIOLIME UCCIEI0BAHUS, HET €AMHOTO MOIX0/1a,
KOTOpBI y4YUThIBaJ Obl KOMIUIEKC (DaKTOpOB, BIMSIONIMX HAa TOYHOCTh W3MEPEHHM, BKIIOYast
pacnonoxeHne MPUEMHBIX YCTPONCTB, MOJCIMPOBAHHUE PACTIPOCTPAHEHUS PAJAMOCUTHANA U BIIUSHUE
HeOIaronpuATHBIX MOTOAHBIX YCIoBHM. [IpakTHueckas 3HAYMMOCTh MCCIIEIOBAaHMS 3aKIIIOYAeTCs B
BO3MOKHOCTH TIOBBIIIICHUSI O€30MaCHOCTH JTOPOKHOTO JBIDKCHUS U ONTUMH3AIUH pabOThI CUCTEM
KOHTPOJISl Ha TMEpeKpEécTkax, a TeopeTHyeckas — B PpACIIMPEHHUH 3HAHUA O NPUMEHEHHU
PaAMOTEXHUYECKUX CPEACTB JJI1 MOHUTOPHUHIA TPAHCIIOPTHBIX TOTOKOB.

OOBEKTOM HCCIeOBAHUS SBISIOTCS PAJUOTEXHUUYECKUE CHUCTEMBI (PUKCAIMU TOJOKEHHS
TPAHCIIOPTHBIX CPEACTB Ha PETYITUPYEMBIX MEPEKPECTKAX.

[Ipenmer uccnenoBaHus — METO/bI U AITOPUTMBI OIIPEAETICHUS PACCTOSHUS 10 TPAHCHIOPTHBIX
CPEJICTB C HCIOIb30BaHUEM MTPUEMHBIX YCTPOUCTB U MOJIENEH pacpOoCTpaHeH sl paJroCUrHama.

Lenp uccnenoBanus — pa3pabOTKa U aHAIM3 METONOB TOBBIIICHUS TOYHOCTH W3MEPEHUS
MOJIOKEHUSI TPAHCIIOPTHBIX CPEICTB Ha MEPEeKpPECTKaX C HCIOIb30BAHUEM PAJIUOTEXHHUUECKUX
CpECTB.

JIns  JOCTIDKEHUS TIOCTaBIEHHOM 1enu ObUIM  chOpMYITUpPOBaHBl  CIEAYIOIINE 3aa49H
HCCIIEIOBAHMSL:

- [IpoBecTu aHaM3 CYIIECTBYIOIIMX METOAOB (PUKCAIMHU TTOJIOKEHUS TPAHCTIOPTHBIX CPEICTB
Y OTIPEICIIUTh UX OTPAHUYCHHUS.

- Pa3zpabotars anroputmbl pacdéra pacCTOSHUS 10 TPAHCTIOPTHBIX CPEICTB Ml PA3THUHBIX
BapHUaHTOB Pa3MEIICHUS IPUEMHBIX YCTPOUCTB.

- MogenupoBars 3aTyxaHU€ paJUOCUTHANIAa C HCIOIB30BaHUEM MoJETIed «CBOOOIHOE
MIPOCTPAHCTBOY» U JABYXJTy4YEBON MOJIEIH.

- Onpenenuth aOCOMOTHYIO U OTHOCUTEIBHYIO TOTPEIIHOCTh U3MEPEHUI TPU Pa3THYHbIX
KOH(UTYpalUAX YCTAHOBKU 00OPYI0BAHUSI.

- IlpoBecTn cpaBHUTEbHBIM aHAIM3 BapUAHTOB pa3MEIICHHUS NPUEMHBIX YCTPOMCTB H
BBIOpaTh HAMOOJIEE ONMTUMAITBLHBIH JISl PAKTUIESCKOTO TPUMEHEHHUSI.

Mertoapl  MCCNEOBaHUS BKIIOYAIOT — MaTeMaruyeckoe  MOJCNUpOBaHHE,  pa3paboTKy
ITOPUTMOB Ha si3bIke Pascal, ncronb3oBanue Mojiesield paclipOCTpaHSHHST PaMOCHTHATA, a TaKKe
KaueCTBEHHBII U KOTMUYECTBEHHBII aHATU3 TOMYYEHHBIX JaHHBIX.
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['mnore3a uccrenoBaHys 3aKII04AETCS B TOM, YTO YCTAHOBKA JBYX MPUEMHBIX YCTPOMCTB 11O
00e CTOpPOHBI TPOEIPKEH YacTH TO3BOJISIET CYIIECTBEHHO MOBBICUTH TOYHOCTH ONpECTICHUS
MOJIOKEHUSI TPAHCIIOPTHBIX CPEICTB M CHU3UTH aOCOMIOTHYI0 M OTHOCHTENIbHYIO IOTPEIIHOCTH
M3MEPEHUM 110 CPABHEHHUIO C UCITOJIb30BAHUEM OHOTO MPUEMHOIO YCTPOMCTBA.

HayuHoe 3HaueHue HCClIeIOBAHUS COCTOUT B pa3pabOTKe METOJOJIOTHYECKUX MOAXOIOB K
HOBBIILIEHUIO TOYHOCTH PaJIUOTEXHUYECKOIO KOHTPOJSI TPAHCHOPTHBIX IOTOKOB, a MPAKTUYECKOE
3HaUEHUE — B BO3MOXKHOCTM BHEJIPEHUS NPEAJOKECHHBIX PpELICHHH B HHTEIUICKTyaJIbHbIC
TPAHCIIOPTHBIE CUCTEMBI JUISI TIOBBILICHUS 0€30IIaCHOCTH JJOPOKHOTO JIBHKECHHUS.

MarepuaJjibl 1 METOABI.

B xauectBe MaTepuaia uccien0BaHus UCIIONb30BAIUCH CIIETYIOLIUE MIEMEHTHI:

- OObekThl HAOMIONEHUS — TPAHCIIOPTHBIE CPENCTBA, ABIXKYIIMECS IO PEryIupyeMbIM
nepekpectkaM. OHU MPECTaBISIOT COO0M OKOHEUYHBIE Y37Ibl, C KOTOPBIX U3MEPSETCs PACCTOSIHUE JI0
PaaMONPUEMHOTO YCTPOMCTBA.

- Wudpactpykrypa mnepekpecTka — CBETO(OpBI, CTON-TMHHHM, TEIIEXOJHbIE MEePEXOIbI,
JOPOJKHBIE Pa3METKH U CUTHAJIbHbIE TUHUU. VX XapaKTepHCTHKH (IIMPHUHA TOJIOC, PACCTOSIHUE 10
CTON-JIMHUM U NEPEXOA0B) UCIIONb30BaHbI Ul pacuéTa TPACKTOPUM ABMKEHUS U T€OMETPUUYECKOIO
PacroNOKEHNs] TPUEMHBIX YCTPOMCTB.

- Papmorexnnueckoe 000py10BaHUE — YIPABIISIONIEEe YCTPOHCTBO M MPUEMHBIE yCTPONUCTBA
(aHTEHHBI), YCTaHABIMBAEMbIe Ha BBICOTE ToabEéMa cBetodopa (okomo 5 ). s uccremoBaHus
UCTIONb30BAJMCh OJHO- M JBYXNPHUEMHBIE KOHPUIYypallMH, a TaKkKe pa3IMyHble BapHAHTHI
PacIoJIOKEHHsI Ha IIUPUHY [TPOE3KEN YaCTH.

- IIporpammuoe oOecrieueHne — MoOAENb pPAcu€roB peaqn3oBaHa Ha s3blke Pascal.
Hcnionp30BaHbl aJITOPUTMBI pacuéTa pacCTOSHUI 10 OKOHEUHBIX Y3JI0B, (hOPMYJIbl 3aTyXaHHs CUTHAIA
(cBOOOHOE MPOCTPAHCTBO U ABYXJTy4eBasi MOJIEIE), @ TAKXKE pacdéT abCOMIOTHON M OTHOCHTEIILHON
MOTPELTHOCTH.

- Mctounnku nHpopMaIvy — HOpMaTHBHBIE MaTepUalIbl [0 CTaHAApTaM JIOPOXKHOM pa3MeTKH,
JUTEepaTypHbIe UCTOYHUKH 10 PAUOTEXHUIECKUM cucTeMaM U ceTsim (Ynuepuna, 2001; Ky6a, 2006;
Texas Instruments, 2006; EBcees, 2011).

HccnenoBanrie NpoBOAMIOCH C HCITOJIb30BAHUEM KaUECTBEHHBIX M KOJIMYECTBEHHBIX METOJIOB:

Bormpoce! uccienoBanus:

- Kak pa3zmernienne paanonpruémMHbIX yCTPOMCTB BIHSET HA TOYHOCTh U3MEPEHUS PACCTOSTHUS
JI0 TPAHCHOPTHBIX CPEICTB?

- Kak norognele ycnoBust (10%/1b, TYMaH, CHET) BIMSIOT HA JOCTOBEPHOCTh U3MEPEHUI?

- Kak pasnuunble Momenu pacmpoCTpaHEHHUsl paJuocurHana (CBOOOJHOE MPOCTPAHCTBO,
JIBYXJTy4€Basi) BIUSIOT Ha Pacu€T 3aTyXaHUsl U TOUHOCTh U3MEPEHUA?

l'unotesa (Te3uc uccrnenosanus): Pazmenienre AByX MPUEMHBIX YCTPOMCTB MO 00€ CTOPOHBI
MPOEKEHN YaCTH MOBBIIIAET TOYHOCTh U3MEPEHUSI PACCTOSHUS IO TPAHCIIOPTHBIX CPEJICTB U CHHKAET
aOCOMIOTHYIO ¥ OTHOCHUTENIFHYIO MOTPEIIHOCTh B CPABHEHUH C MCTIOIH30BAHUEM OIHOTO MPUEMHOTO
YCTPOMCTBA.

Dranbl UCCIEIOBAHUS:

- IlocraHoBka 3a7auMl M TOCTPOECHUE CXEMBbl INEPEKpPECTKA € YYETOM BCEX JOPOXKHBIX
AJIEMEHTOB.

- Pa3zpaGorka aJropuTMOB BBIYHUCIEHHUSI PACCTOSHHMS [0 TPAHCHOPTHBIX CPEACTB C
MCIOJIb30BAaHUEM OJTHOM M JIBYX aHTECHH.

- Pacu€r 3aryxaHus paguocurHaia 1no MofessiM CBOOOIHOIO MPOCTPAHCTBA U JIBYXJIy4EBOM
MOJIEITH.

- Onpenenennie aOCOMIOTHON U OTHOCUTEIBHON MOTPELTHOCTH.

- CpaBHHUTENBHBIA aHAIM3 PE3YNBTATOB MJIsI PA3NUYHBIX KOH(PUIYpallii yCTaHOBKH
000pyIOBaHUS.

Mertonbl ucClieIOBaHUS:
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- Maremarndeckoe MozienpoBaHue (pacu€T pacCTOsTHUM, POPMYITbI 3aTyXaHus, IOCTPOECHUE
TPEYTOJILHUKOB 110 [ €poHy).

- [Iporpammuas peanmzaiust anropuTMoB Ha Pascal.

- CpaBHUTENBHBIN aHATIN3 PE3YIBTATOB ISl pa3HBIX KOHPHUTYpaIluii 000pyI0BaHHUSI.

- KauecTBeHHbIN aHaNM3 BAMSIHASA TAPAMETPOB YCTAHOBKH U TIOTOJIHBIX YCIIOBHM HA TOYHOCTh
U3MEPEHUH.

Pe3ysbTarsl 1 00CyXKICHHE.

[Tpu ucnonb30BaHUM (PUKCAIMH MTOJBIKHBIX OOBEKTOB HA TIEPEKPECTKAX YIUII, peah3alys,
KOTOPOM MOXET CIIOCOOCTBOBATH MOBBIIIEHUIO 0€30MIaCHOCTH JBMKEHUS [IPU OpraHU3alliH Criocoda
MOTy4eHUsI HH(POPMAITUH O TIOJIOKESHUH aBTOMOOUIISI OTHOCUTENILHO CTOM-TUHUH C UCTIONB30BaHHEM
paOTEXHNYECKUX CPENICTB.

[Tpu ydere BO3MOXKHBIX (PaKTOPOB (CHIILHBIE OCAIKU, TyMaH U MPOYUE TIOTOHBIC YCIIOBHS),
CHOCOOHBIX BIMATH Ha JOCTOBEPHOCTh M3MEPEHHsS W CIOCOOHBIX MNPUBECTH K 3HAYUTEIHbHOU
MOTPEITHOCTH U3MEPEHUI HEOOXOIUMO 00ECTICUUTh PSi MEPOTIPUSTHH, YITyUIIAIOIINX Ka9eCTBCHHBIC
noKazarenu cucTeMbl. B pa3paboTKy BXOIUT oOMpelesieHHe YIy4IIeHHOro ajaroputMa paloThl
CHCTEMBI, pacyeT OCHOBHBIX MapaMEeTPOB MEPEAavn CUTHAJIA HAa PAIMOTPACCE U PACUET BEPOSITHOCTH
OIIINOKHU.

[pemmnaraercss pa3MecTUTh Ha MEPEKPECTKEe PaAUOTEXHUUECKOe 00opyaoBanue. Ha pucynke
HIDKE TIPUBEICHO CXEMaTHueckoe u300pakeHne Tmepekpectka. Kak BumHo u3 Pucynka 1,
YIIPABIISIOIIEE YCTPOHCTBO JOHKHO OBITH COSAMHEHO CO CBETO(POPOM, OHO YCTAHOBJIEHO HA YPOBHE
BBICOTHI TOJTbEMa CBETO(OPA, T.€. MPUMEPHO OKOJIO 5 MeTpoB. Ha TakoM ke ypoBHE BIOJb CBETOOpa
JIOJDKHBI OBITH YCTAHOBJICHBI MPUEMHBIE YCTPOICTBA, HO TOINBKO OHU OyIyT pa3HECEHBI Ha IIUPHUHY
MIPOE3KEH YaCTH, TO €CTh PACCTOSTHAE MEXKTy IPUEMHBIMU YCTPOMCTBAMH OYy/IET COCTABIIATH OKoJI0 10
MeTpoB. [IpunepxuBasich crangapTam J0pOKHONU pa3METKHU Ha MOJIOTHE AOPOTU, MOYKHO OIPEICTIUTD,
YTO PACCTOSHUE MEXAY CBETO(POpOM M MEUIEXOIHBIM TEPEXO0M, KOTOPBIA paBHSAETCS 3 MeTpam,
IIMPHHA TENIEXOJHOIO MEPEX0/ia — TAKXKe 3 METpa, PACCTOSIHUE OT MEMIEXOAHOTO IIEpeEXoa 10 CTOI-
JIMHUU COCTAaBJISIET 2 METpa.

Bo3MOHBI pa3nyHble BApHAHTHI Pa3MEILEHHs IPUEMHBIX YCTPONCTB U UX KOJIMYECTBO. B
CBSI3U C 3TMM HEOOXOIMMO CPaBHUTH 3TU BapUaHTHI U BEIOPATh HanOoee MpUueMIIEMbIH ISl pelleHUs
JTAHHBIX 3a71a4.

U

4,5 ———

YcnoBHEIEC 0003HAYCHMS:

1 — Cron-nunus;

2 — [lemexonHeplii Iepexoxn;

3 — JIBoiiHas CTUTOIIHAS JTUHUS;

4,5 — Jlunuu psina;

6,7 — OKOHEUHBIE Y371l HA TPAHCIIOPTHBIX CPEICTBAX.
Puc. 1. Cxema nepekpecTka
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PaccmoTpum BapuaHT pa3MelieHHsl OJHOTO MPHEMHOIO YCTPOMCTBA, MPUMBIKAIOIIETO
HETOCPEICTBEHHO K YIPAaBISIOIIEMY YCTPOICTBY OKOJO CBeTO(Opa M HANpaBICHHOTO BIOJIb
MIPOEe3Kel YacTH HaBCTPEUy BXOIALIEMY MTOTOKY MalllH, TOKa3aHHOMY Ha PUCYHKeE 2.

Kak BugHO w3 PucyHka 2, ympamnsioniee yCTPONCTBO MOMKHO OBITH COEIMHEHO CO
cBeT0(OpOM KOTOPOE YCTAHOBJIEHO Ha ypOBHE BBICOTHI Moabema cBeTodopa h, T.e. mpumepHO
okono 5 meTpoB. Ha Takom ke ypoBHe Ha cBeTo(ope IOMKHO OBITh YCTAaHOBIEHO MPUEMHOE
ycTporctBo. [IpuaepxkuBasich CTaHIApTHON Pa3METKH JOPOKHOTO MOJIOTHA, MOKHO ONPEACIUTh,
YTO PACCTOSTHUE MEXKIY CBETO()OPOM U MEIIEXOAHBIM EPEX0J0M ai PaBHAETCS 3 MeTpaM, HIMPUHA
MEMIEX0IHOTO Tepexoja a2 — Takke 3 MeTpa, pacCTOsHUE OT MENIEXOAHOTo Mepexoja 0 CTOI-
JVHUU a3 — 2 MeTpa.

3Hasi, 4TO OTpe/ieTICHIE PACCTOSHUS MEXTy OKOHEUHBIM Y3JIOM U IPUEMHBIM YCTPOHCTBOM
b HampsAMyrO 3aBUCUT OT YPOBHSI MOIIHOCTH NMPHUHATOTO CHUTHAJIA, MOXKHO PAcCUYUTATh 3HAYCHUE
pacCcTOSIHUSL MEXJy OKOHEYHBIM Y3JIOM M NPUEMHBIM YCTPOWCTBOM MJIs JBYX pa3iIHYHBIX
TPAHCIIOPTHBIX CPEJCTB, HAXOASIINXCS HA OJMHAKOBOM PACCTOSIHMH OT CTOII-JTMHHH, HO B Pa3HBIX
psanax.

TpaHcnopTHOE CpeACTBO 6 HAXOAUTCA HA PACCTOSHUU 8 METPOB OT MEPEKPECTHOM 1OpOTH
U JAaHHOE PACCTOSHUE CKJIAJbIBACTCS M3 PACCTOSHUSA MEXAYy CBETOGOpPOM M MEIIEeXOAHBIM
nepexoqoM (3 MeTpa), MHUpUHA TEHIEX0JHOTO nepexona (3 MeTpa) U pacCTOSHUS OT MEIIEXOAHOTO
nepexoga A0 crom-TuHUM (2 MeTpa). Takke ciemyeT ydecTh, YTO MPUEMHOE YCTPOMCTBO
pacronaraercsi Ha BbICOTE€ 5 METPOB OT JOpOXKHOTO mojotHa (Ynuepuna, 2001: 56).

) ?r|||||\9
1/ i

SR

4,5

YcnoBHBIE 0003HAYCHUS

1 — Cromn-nuuus;

2 — [lemexonHbIN IEPEXO;

3 — JIBoiiHas CIUIONIHAS JIMHUS;

4,5 — Jlunuu psna;

6,7 — OKOHEYHBIE Y3JIbl HA TPAHCIIOPTHBIX CPEACTBAX;
8 — Yopasisroniee ycTpoicTBo;

9 — IIpuemMHOE yCTPOICTBO.
Puc.2. Cxema n300paxeHHs NEPEKPECTKa ¢ OTHUM MPUEMHBIM YCTPOWCTBOM

TakuM 00pa3oM, paccTOsSHHE OT TPAaHCIOPTHOIO CPEACTBAa IO NMPUEMHOIO YCTpOicTBa
HaxoauTcs o dopmyne 1:
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bs= J(<a1+az+a3>2+h2), (1)

IJIe a1 — PaCCTOSIHUE MEXKIY CBETO(POPOM M MEIIEXOAHBIM IIEPEXOIOM, M;
a2 — IIMPHUHA MEeUIEXOAHOT0 Mepexoaa, M;

a3 — pacCTOSIHUE OT MEMIEXOJHOTO MePexo/ia 10 CTOI-JINHUH, M;

h — BeIcOTa morBEMA CBETOdOpA, M.

b= /((3+3+2)2+52)=x/@= 9,4 M.

TpancroptHOe cpencTBo 6 pacronaraercss Ha pacCTOSTHUU 9,4 METpPOB OT MPUEMHOTO
YCTPOMCTBA.

TpaHcnopTHOE CPEACTBO 7 HAXOAUTCS HA PACCTOSIHUU 8§ METPOB OT MEPEKPECTHOM JOpOru
U JIaHHO€ PACCTOSIHUE CKIIAJbIBACTCSI U3 PACCTOSHHUS MEXIy CBETO(GOpPOM M IEUIeXOIHBIM
nepexonoM (3 MeTpa), IKUpPHHA MEMIEX0AHOT0 repexoaa (3 MeTpa) U pacCTOSHUS OT MELIEXOAHOT0
nepexoaa A0 crom-mMHUM (2 Merpa). Taxke ciemyer y4decTb, 4TO HMPHUEMHOE YCTPOHCTBO
pacrnojaraercs Ha BbICOTE 5 METPOB OT JAOPOXKHOIO IOJIOTHA M TOIJA TPAHCIIOPTHOE CPEICTBO
HAXO[UTCS B KpaillHEM NpaBOM psly, 3HAYUT CABHMHYTO BIPABO OTHOCHTEIBHO IMPHEMHOIO
ycTpoiictBa Ha mupuHy psna C, to ectb Ha 3 Merpa. CrienoBareiabHO, PAcCTOSHUE OT
TPAHCHOPTHOT'O CPEACTBA /10 IPUEMHOIO YCTPONUCTBA HAXOAUTCS O opmyie 2:

b7=J ((artaytas) +h+c?), )

7€ a1 — PaCCTOSTHUE MEXKIY CBETO(POPOM H MEIIEXOAHBIM ITEPEXOIOM, M;
a2 — IIMPUHA MEIIEX0JHOI0 Nepexoaa, M;

a3 — PacCTOSHHUE OT MEHIEXOAHOTO TIePEX0a A0 CTON-INHUH, M;

h — BeicoTa mogbeMa cBeTodopa, M;

C — IIUpPHHA psfa, M.

b= \/((3+3+2)2+52+32)=«@=9,9 M.

TpancnopTHOe cpencTBO 7 pacronaraeTcsi Ha paccTOSHUM 9,9 MeTpoB OT MPUEMHOTO
YCTPOMCTBA.
AOcomnoTHas TOTPENHOCTh A B paccTossHUU b 1 b7 HaxoauTes o ¢popmyne 3:
A =dy-bg, 3)
A =9,9-9,4=0,5 m.

OTHOcHTeNnbHAS TIOTPEITHOCTH O B pacCTOSTHUM be 1 b7 onpenensercs mo Gopmyre 4:

=2 #100%=""*100 %, 4)
6 6

5=% *100%=5,3%
9,4 o

Hcnonw3ys popmyiny 5 3aTyxaHus paloCUTHAA MPU PACIPOCTPAHEHUH:
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L,=20ig (), 5)

rae d — paccTosiHUE MEXAY TepeaTIuKOM U IPUEMHHUKOM, M;

f — gacrora paguocurnana, ['m;

C — CKOPOCTh CBETa B BaKyyMe, M/C;

Lp — 3aTyxaHue cUrHasa IpH pacipocTpaHeHuH, 1b.

MO)XHO HalTH 3aTyXaHUE CUTHAJIA Ha PACCTOSHUM, paBHOM bs 1 b7;

4%3 14%9 4% 4%1(°
3*10%

Lp,=20lg =59,5 1B,

4%3 14%9 9% 4%1()°
3*108

Lp,=20lg =59,9 nb.

CrnenoBarenbHO, pa3HUIA MEXKAYy 3aTyXaHUSIMHM CHUTHajla IIPH COOTBETCTBYIOIIMX

paccrosiHusX be 11 b7 coctaBnsier 0,4 nb (Ky6a, 2006: 183—-192; Texas Instruments, 2006: 3—19).

[Tpu KcrIONB30BaHUU TOJNBKO OAHOTO MPUEMHOTO YCTPOMCTBAa aOCOMIOTHAS MOTPEIIHOCTh

BBIUHCIIEHUN paccTosHus A coctasiseT 0,5 METpOB, OTHOCUTEINIbHAS OIPEUTHOCTD BBIYUCICHUN
paccrosiHust 0 coctaBisier 5,3 %. IlorpemHocTs Takoro ypoBHsI HE HpuemieMa JUisl pellieHus

IIOCTABJICHHBIX 3a/1a4, B CBA3M C 4Y€M, IIPEJIaracTcs pacCMOTPETh BTOPOM BAPUAHT Pa3MELICHUS
MIPUEMHBIX YCTPOMCTB.

bl paccMOTpEH BapuaHT pa3MELIEHUs IByX IIPUEMHBIX YCTPOMCTB, PAaCIIOIOKEHHBIX Ha

YPOBHE BBICOTHI cBeTO(Opa, HO IO 00€ CTOPOHBI POE3KEN YaCTH.

4,5

)

YcnoBHBIE 0003HAYCHUS:
1 — Cromn-nuHus
2 — [emexoaHbli epexon
3 — JIBoiiHas CILIONIHAS JTUHUS
4,5 — Jluauu psana
6,7 —OKOHEYHBIE Y3JIbl HA TPAHCIIOPTHBIX CPEACTBAX
8 — Ynpasnsioniee ycTpoicTBo
9,10 — [TpueMHbIe yCcTpOHCTBA
Puc. 3. Cxema m300pakeHUE MIEPEKPECTKA C UCTIONB30BAHUEM JIBYX IIPUEMHBIX YCTPOHCTB
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Kak BumHO M3 pucyHKa 3, ymNpaBIsOIIee YCTPOHCTBO IOJKHO OBITH COEIWHEHO CO
cBeTO(OpPOM, OHO YCTAaHOBJIEHO HAa YPOBHE BBICOTHI MOIbeMa cBeTodopa h, T.e. MpUMEPHO OKOJIO
5 merpoB. Ha Takom >xe ypoBHe Ha cBeTO(Ope MOKHBI OBITH YCTAHOBJIEHBI IPUEMHBIE
ycrporcTsa. [IpunepxuBasch CTAaHIAPTHON Pa3sMETKH JOPOKHOTO IOJIOTHA, MOXKHO OIPEICIIUTD,
YTO PACCTOSTHUE MEXAY CBETO(GOPOM U MEUIEXOAHBIM IEPEXOAOM a1 paBHAETCA 3 MeTpaM, IUPHUHA
MEMIEXO0IHOTO Mepexoja a2 — TaKkKe 3 METpa, pacCTOSHUE OT IEHIEXOAHOI0 Iepexoja 10 CTOIl-
JUHUU a3 — 2 MeTpa, a TAaKK€ M3BECTHO PACCTOSIHUE MEXIY NPUEMHBIMH YCTPONCTBAMHU I U
paBHsieTcst oHo 10 meTpam.

AJNTOPUTM BBIUYHCIIEHUS PACCTOSHUS OT CTOI-JIMHUM 10 TPAHCIIOPTHOTO CPEICTBA ITOKA3aH
Ha IpUMepe TPAaHCIIOPTHOI'O CpeAcTBa 6.

Brraucnsemoe paccTossHiE @ OT TPAHCIOPTHOTO CPEACTBA JO MPUEMHOIO YCTPOUCTBA 9 U
paccrosiHie b OT TPAHCIOPTHOTO CPEACTBAa JO MpUeMHOro yctpoiictBa 10. 3Hast paccrosHue
MEXIy NMPUEMHBIMU yCTpoWcTBaMH 7, paBHOe 10 MeTpaM, MOXEM IMOCTPOUTH BOOOpakaeMbIi
TPEYTOJIBHUK, CTOPOHAMH KOTOPOTO SIBJISIOTCA paccTosinus a, b, r. ITo popmyne ['epona 6 MmoxxHO
ONPEIEIUTh TUIOAAb JAHHOTO TPEYTOJIbHUKA:

S=v/p(p-a) (p-b)(p-1), (6)
I7€ p — NOJYNEPUMETP TPEYTrOJIbHUKA, M;
a — pacCTOSIHUE OT TPAHCIIOPTHOTO CPEACTBA 10 MPUEMHOIO YCTPOMCTBA 9, M;
b — paccTosiHUE OT TPAHCIIOPTHOTO CPECTBA JI0 MPUEMHOTO ycTpoiicTsa 10, M;
¥ — PacCTOsTHUE MEXIY MPUEMHBIMU yCTPOMCTBAMHU, M.

3Has Gopmynny mIomaaM TPEYTOJbHHUKA IO CTOPOHE W BBICOTE 7, OMYIIEHHON Ha ATy
CTOPOHY, BBIPa)KaeM BBICOTY TPEYTOJIbHHUKA /i, U3 €r0 ILIOLIAIN:

h="", 0

e S — IoIaab TPEYrolbHUKA, M%;

¥ — PAacCTOSHUE MEKAY MPUEMHBIMH YCTPOMCTBAMH, M.

MunuManabHOEe 3HaYeHHE hr, IPH KOTOPOM elle pa3peraercsi ABMKEHUE TPAHCIOPTHOTO
cpeacTBa paBHO 9,4 METPOB.

Takum 00pa3om, mpUMEHEHHE JBYX MPUEMHBIX YCTPOHCTB YCTpaHSIET HEOOXOIUMOCTh
HOyYeHHUs JONOJTHUTENbHON HH(pOPMAIMH O pAe, B KOTOPOM HAXOJHUTCS TPAHCIIOPTHOE
CPEACTBO JAJIS MOJYy4eHHUs Oojiee TOYHOTO BBIYMCICHHUS O PACCTOSHHM MEXIY TPaHCIOPTHBIM
CPEZICTBOM U CTOII-JIMHH.

B pabote Ob11a paccMoTpeHa Mojiesib CBOOOHOTO MPOCTpaHCTBa. B ¢BsA3M ¢ TeM, uTo cpena
pacImpoCTpaHEHHs CHTHajla — OTKPBITOE MPOCTPAHCTBO, MOXXHO BOCIIONB30BaThCs MOJIEIBIO
pacrpocTpaHeHus paJAHOBOJIH «CBOOOIHOE MIPOCTPAHCTBOY.

N3BecTHO, 4TO B CBOOOTHOM MPOCTPAHCTBE YPOBEHb MOIITHOCTH 3JIEKTPOMArHUTHBIX BOJIH
YMEHBIIAeTCsl 00paTHO KBaJpaTy pPacCTOSHUS MEXKIY MEepelaTYuKOM M IPUEMHHMKOM, OTCIOA
CIIE/TyeT, YTO 3aTyXaHHe CUI'Haja B CBOOOTHOM IIPOCTPAHCTBE MOXKHO OMHUCATh POPMYIIOH §:

7\‘2
Lp=—, (®)
IJe A — IJMHA BOJIHBI CUTHAJA, CM;
d — paccrosinue, KM;
Lp —3aryxanue, 1b.
Jannyo GpopMyiy MOXXHO 3arucarh Mo-Apyromy:
FSL=Lp=-33,24-201g(f) -201g(d), 9)

rae FSL (free space loss) — motepu B cBOOOJJHOM NPOCTpaHCTBE, 1b;
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f — eHTpanabHas yacToTa KaHaia, Ha KOTOpOM paboTtaeTr cuctema cBsazu, MI'w;

d — paccrosiHue MeX1y IByMsl TOUKaMH, KM.

[Tomumo 3aTyxaHusi B CBOOOAHOM MPOCTPAHCTBE UMEETCS TaKKe TaKas XapaKTepHUCTUKA,
KaK CyMMapHO€ yCUJIeHHe cucTeMbl. Pacuer mpousBoautcs no cieaytomeit popmyne 10:

Y;[EZPZ,LLE+Gt,z[B+Gr,z[E 'Pmin,z[B'Lt,z[E 'Lr,z[Ba (10)
rae P:os — MOIITHOCTH Tiepenaryuka, dBm;
G105 — KO3 (DHUIMEHT yCUICHUS TIEPEIArOIICH aHTCHHBI, 1bH;
Gr,05 — K03 UIUEHT YCUICHUS TPUEMHON aHTEeHHBI, 1bu;
Puin,os — peanbHas 4yBCTBUTEILHOCTD IIpUEMHUKA, dBm;
Lio5 — IOTEpH CUTHAJIA B KOAKCHATILHOM Kabesie ¥ pa3beMax MepeaaroIiero Tpakra, nb;
Ly05 — IOTEpH CUTHAJIA B KOAKCHATFHOM Kabele U pazbeMax MPUEMHOT0 TpakTa, ab.

Y, 5=-10+0+0-92-1,05-1,05=79,9 nb.
Cymmapaoe 3aryxanue 1o Gopmyre 11 10mKHO paBHATHCS CYMMapHOMY yCHIIEHHIO:

-Ly=Y . (11)

Taxke HE0oOXOAMMO B3SThH 3amac MO MOUIHOCTU Ui yYBEPEHHOTO MpHeMa, 3amac B
SHEPreTUKe PaguoCBsi3u paBHseTcst okoio 10-15 nb, orcioga cienyer, yTo HEOOXOAMMO BHECTH
nonpaBky B ¢popmyny 11. @opmyna OyaeT BBITIAAET CIEAYIOMUM 00pa3oM:

-L,=Y +SOM, (12)

rae SOM — 3anac B 3HepreTuke paguocssisy, 1b.
[Tpumem SOM pasubiM 10 nb.

-Lp=79,9-10=69,9 nb.
[Hockonbky FSL=L;, T0o u3 popmyisl (9) MoxkHO BbIpa3uTh d — paccTOsIHUE, B PE3YNIBTATE:

FSL 3324

d=10"20 "0 80, (13)

69,9 ,33,24
d=10020""20 =29y,

Hwoke npencraBiieHO OKHO IMTPOrpaMMBbl JUISI IPUBEICHHBIX BBIIIE PACYCTOB MTPOrPaMMbI Ha
s3pike Pascal (Puc. 5).

@ DOSBox0.72, Cpu Cycles:  max, Frameskip 0, Program:  BP
[Borland Pascal Bepcus 7.8 [lepesén Uadimon, 1999

1 automobil
vedite rasstoyanie me jdu svetoform i pewexodnym perexodom (m)
vedite znadenie wiriny pewexodnogo perexoda (m)

vedite rasstoyanie mejdu pewexodnym perexodom i stop-liniey (m)

vedite znadenie vysoty svetofora (m)

ransportnoe sredstuo naxoditsya wna rasstoyanii 9.43 metrouv
vedite poludennoe znadenie (m)

9.43

vedite dastotu signala (GHz)

2.4

[zatuxanie L ravno 59.53 (dB)

vedite rasstoyanie ot IS do ZigBee ustrostuva-1 (m)
13

vedite rasstoyanie ot IS do ZigBee sttroystua—Z (m)
18

vedite wirinu proezjey 4asti (m)

18
[5 uoora jaemogo treugolnika 49.40(ku.m)
rasstoyanie ot T3 do svetofora 9.88 (m)

Puc 5. CKpHHIIOT KOMIWIIALUH IporpaMmbl Pascal

78 This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives @ ®

4.0 International License —t



Industrial Transport of Kazakhstan. Vol.23 (1). 2026

FSL(d). 1B - 40T

d. M

Puc. 6. I'padiik 3aBUCUMOCTH 3aTyXaHHs CUTHAJIA OT PACCTOSHHS MEXIY MePeJaTINKOM U IPUEMHHKOM

13 pucyHka 6 cienyet, 4To HUKHsISI TPaHNLA 3aTyXaHus CUTHajla cocTaBiseT -69,9 nb npu
PAcCTOSSHUM MEXJy IepelaTiuKoM M IPUEMHUKOM, paBHOM 29 Merpam. BepxHsas rpanuna
3aryxaHus cocTasisieT -60 ab npu pacCTOSHUM MeX 1y NIEPENaTYINKOM U IPUEMHHUKOM, pPaBHOM 9,4
MeTpam.

OpHako IpU MOIENMPOBAHMM JBYXJIy4€BOIO PACIpPOCTPAHEHHs CHUTHANA PEalbHOCTU
XapakTep pacIpOCTPAaHEHMs PaJUOCUTHAIA BO3MOXKHO IPEACKA3aTh JHIIb C HEKOTOPOU IOJIEH
BEpOSTHOCTH. [l03TOMYy HEOOXOIMMO paccMOTpeTh IOBEACHHE pPAJUOCHUTHAIA B Cilydae
JIByXJIy4€BOI'O PaCIIPOCTPAHEHHsI CUTHAJIA.

JIByxislydueBass MOJENb PAaCHpPOCTPAaHEHUS PaJMOCUTHAJIA HCIIONIB3YETCS B TEX CIydasx,
KOTZIa CUTHAJI, OTIPABICHHBIM INEPENATYUKOM, JOCTUraeT IPUEMHMKA II0 JBYM TPACKTOPHIM:
IIPSIMOTO PAacIpPOCTPAHEHHS U OTPAKEHHOIO OT 3¢€MHOU ITOBEPXHOCTH.

[epBast cocTaBnsomas sBASETCS OMUCAHUEM U3 (POPMYIIBI TOTEPh NPU PACIPOCTPAHCHUN
B MoOJEJM CBOOOJHOrO NpOCTpaHCTBa. lcmomb3yss MeETOJ HAJIOXKEHHs, MOIYYHM, 4YTO
IIPUHUMAEMBII CUTHAJI B IByXJIy4€BOU MOJIEIIN.

'(2,1 N 2y
"y (l‘)=;—;r [\/au(?e/ R\/_u(tr?ej ] cos(2nf t+p,) , (14)

e t=(r+r—1)/c - BpeMeHHas 3aJepKKa OTPWKEHHOIO OT 3EMIIM CHTHaja TO
OTHOLIEHUIO K COCTABJISIONIEH TPSAMOTO CUTHAJIA, MC;

R - xoadpunmenT orpakeHus ot 3eMiy;

Gr - pe3ynbrar B3aMMOACHCTBUA IOJIEW C YYETOM AuarpaMMaM K HaIlpaBIE€HHOCTH,
nepeiaonieil ¥ NpUueMHON aHTEHH VIS T U 1.

Ecnu mnepenaBaemMblii CUTHANI SIBJSIETCSL  Y3KOINOJIOCHBIM  OTHOCHUTEIIBHO BPEMEHHOM
3a/IEPKKH.

Taxum 06pa3om, MOITHOCTh MPUHUMAEMOT'0 CUTHAJIA IS pacCMaTpUBaeMON MOJIEIIN:

Pep Ly [ b (15)

rae Ag - pa3HOCTH (pa3 MEXIy IBYMS COCTABISIOIIUMU TPUHUMAEMOTO CUTHAIA.
Ecnu d — paccrosiHue Mex 1y aHTeHHaMu, M; ht — BbIcOTa nepesarolieil aHTeHHbI, M; U hr
— BBICOTA MIPUEMHON aHTEHHBI, M; TO Pa3HOCTH (a3 ONpeAesieTCs KakK:

S CORTN GO 19
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Pa306poc mo 3ameprkke A7l ABYXJTy4eBO MOJIENIN — 3TO JONONHUTEIbHAS 3aJepiKKa MpH
orpakeHHH OT 3eMi t =(r + r— 1)/c. KoadduuumeHT 3eMHOro OTpa’keHHs ONpenenseTcs o
dopmymnam 17 u 18:

_ sin0-Z
 sinb+2” (1 7)

7Z=1/¢,~cos*0, (18)

Tae &, — AUDJICKTpUYICCKasa IMOCTOTHHA noz[cmna}omeﬁ IMOBEPXHOCTH, KOTOpA AJIs1 3EMIIN

WK TOPOXKHOTO TIOKPBITHS MPUOIU3UTEILHO PaBHA TUIIEKTPHUECCKON TIOCTOSHHON JNAJIEKTPUKA
(e =15).

ITo ¢opmyrae 19 HaxoguM OTHOILIEHHWE MPHHATOM MOIIHOCTH K W3JIYyYEHHOH B
JorapuGpMHUIECKOM MACIITA0E ISl BIMSHES OTOAHBIX YCIOBUH (I0KIb, TyMaH, CHET):

Lp=101g (%) (19)

P
L=101g (F) ~10log(1,098%10°”7) =-69,6 1B.
t

VYuuteiBasi 3amac B SHEPreTUKE PaJUOCBSA3M, BHOCHUM TNONpaBky B dopmymy 19 s
CBOOOHOIO NMPOCTPAHCTBA:

P,
Ly=101g (F) +SOM=-69,6+10=-59.,6 1.

t

[Ipn wWCMONB30BaHWKM MOJIENM CBOOOJAHOTO TIPOCTPAHCTBA IPH  PACHpPOCTPAHCHHUH
pajgvocUTHaNa JJIs PACCTOSIHHSI MEXKIY IMepelaTuukoM U mpueMHukoMm d, paBHOTO 9,4 MeTpos,
OBLIO MOTYYEHO 3HAYEHUE 3aTyXaHus paauocurnana Lp=-60 nb.

B cnyuae mpuMeHeHUs ABYXJy4eBOW MOJAENH PaCIpOCTPAHEHUS paJuOCHTHANA IS
paccTOsTHUS MEXKIy MepelaTinukoM U mpueMHUKoM d, paBHOTO 9,4 METpOB, MOIYYEHO 3HAYECHUE
3aTyXaHUs paJJuOCUTHAIA MPU BBINAJECHUU OCAJKOB (JI0K/b, CHET, TyMaH) Lp=-59,6 nb.

AOCOII0THAS TTOTPENTHOCTH BBIYKMCICHUH A cocTaBisieT o hopmyse (3):

A=-59,6-(-60)=0,4 1b.

OTHOCUTENbHAsI MOTPEIIHOCTh BbIUMCIEHU O cocrtaBiseT no ¢opmyne (4) (Escees,
2011K524-531):

2

&=
60

*100%=0,7%.

3akiarouenue.

B nanHo# pabote Obl1a BHIMOTHEHA KOMIUIEKCHAS OIIEHKA METOIOB (PUKCAIIMH ITOIBUYKHBIX
00bEKTOB Ha MEPEKPECTKaxX C HCIOJIb30BAaHMEM pPaJMOTEXHUYECKHX cpeacTB. MccnenoBanue
IPOBOAMIIOCH C LIEJbIO TOBBIMICHUS O€30MaCHOCTH JIBMXKEHHUS 3a CUET TOYHOTO OMpEACTICHHUS
TIOJIO’KEHHSI TPAHCIIOPTHBIX CPEACTB OTHOCUTENBHO CTOI-JIMHUM.

Peanusanus nenen u METOHOB HCCIIEIOBAHUA:
Henn wuccnenoBaHus BKIIOYAIM  pa3padOTKy ajIrOPpUTMOB  BBIYMCICHHS  PACCTOSHUIM,
MOZCTUPOBAHNE 3aTyXaHHUs PAJAMOCUTHANA W OIpEJeICHUE IOTPEIIHOCTEH H3MEpeHHH JUis
pasNMYHbIX KOH(UIypauuil yCTaHOBKM 0OOpyaoBaHUs. sl NOCTHIXKEHMs STHUX Lened Obuu
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IPUMEHEHbl MaTeMaTh4ecKkhe pacué€Thl, MOAEIMpPOBaHUE Ha s3blke Pascal, ananus3 mopenei
pacrpocTpaHeHusi curHaiga (CBOOOAHOE MPOCTPAHCTBO M JBYyXJydyeBas MOJENb), a TaKxKe
CPAaBHMUTEIBHBIN aHAJIN3 BAPUAHTOB Pa3MELICHNs TPUEMHBIX YCTPOICTB.

Pesynbrarel ucciieqoBaHus:

- YCTaHOBJIEHO, YTO HCIOJIB30BAaHUE OJHOTO INPUEMHOTO YCTPOMCTBA JAET BBICOKYIO
norpemHocTs usMeperuii (A= 0,5 m, 6 =5,3 %), 4TO SIBIIETCS HEOIMYCTUMBIM JIJISl TPAKTHYECKUX
3ajad.

- Pasmenienue nByX MpUEMHBIX YCTPOUCTB MO0 00€ CTOPOHBI MPOE3KENH YaCTH MO3BOJISET
YMEHBUINTb A0COIIOTHYIO X OTHOCUTENIbHYIO OIPEIIHOCTb, a TaKXkKe o0ecreyrBaeT 0ojee TOUHOe
OIIPEIEICHUE Psia, B KOTOPOM HAXOAUTCS TPAHCIIOPTHOE CPEACTBO.

- Pacuérel 3aTyxaHus paguoCHrHana MoKa3ajld, YTO 3HAYCHHs BapbUPYIOTCA B JUAIa30HE
otT -69,9 nb o -60 nb npu paccrosHUAX OT 9,4 10 29 METPOB, UTO COMIACYETCS C MOAEISAMU
CBOOOZHOIO NMPOCTPAHCTBA U ABYXJIYUEBOM MOJENbIO pacCpOCTPAHEHUS.

- Ilorogusie ycnoBusi (10XkAb, CHET, TyMaH) OKa3bIBAalOT JOMOJHUTEIBHOE BIUSHHE Ha
3aTyXaHHE CUTHaJIa, OJHAKO UCIOIb30BAHKUE JBYXJIy4€BOM MOJEIIH MO3BOJISAET YUECTh OTPAKEHUS
Y CHU3UTH BEPOSITHOCTH OIIMOKH.

BriBogrbr:

- Ilpumenenue nBYyX NpUEMHBIX YCTPOWCTB Ha MEPEKpECTKAX 0OECIEUMBAET BHICOKYIO
TOYHOCTB ONPEACIICHUS NOJI0KEHHs TPAHCIIOPTHOTO CPEACTBA.

- PazpaboTaHHble aropuTMBbI pacyéTa pacCTOSHUHN U 3aTyXaHUs PaJloCUTHATIA TIO3BOJISIOT
YYHTBIBATH PA3IIMYHBIC PSIIBI IBUKEHUS U IIOTOJIHBIE YCIIOBUS, MOBBIIIAs HaEKHOCTD CUCTEMBI.

- MonenupoBanue Ha s3bike Pascal mokaszano KOppeKTHOCTh MPEIIOKEHHBIX METOIOB H
IIO3BOJIMJIO BU3YyAJIN3UPOBATH 3aBUCUMOCTD 3aTyXaHHs CUTHAJIA OT PACCTOSHHUSA.

IIepcriekTHBEI U BO3MOXKHOCTH BHEAPCHMUS:

- IlpakTnyeckoe NPUMEHEHHE PE3ylbTaTOB HCCIIEAOBAaHMS BO3MOXKHO IpU pa3paboTke
MHTEIJIEKTYalbHbIX TpaHcnopTHeIX cucteM (ITS) m cuctem aBTOMarMueckoro KOHTPOJISL Ha
MEPEKPECTKAX.

- Baenpenue npeuioxKeHHOW CUCTEMBI ITO3BOJIMT CHU3UTH PUCK JOPOKHO-TPAHCIIOPTHBIX
IPOMCIIECTBUH U MOBBICUTH 0€30MACHOCTb JBHKEHHUSL.

- IlepcneKTUBHBIM HaIlpaBIEHUEM AAJIbHEHIINX HCCIEJOBAHUN SBISETCS WHTETpaLUs
cucreMbl ¢ OecrnipoBoiHbIMU ceTssMu [0T M HMcrnonb30BaHMEM aJIrOPUTMOB HMCKYCCTBEHHOIO
MHTEJUIEKTA JIJIsl aHaJIM3a OOJNbIINX OTOKOB TPAHCHOPTHBIX JaHHBIX.

- Bo3MoxkHa pa3paboTka aJanTHBHBIX AJITOPUTMOB, YYHUTHIBAIOUIUX H3MEHSIOLINECS
IIOTO/IHBIE YCIOBUS M1 UHTEHCUBHOCTbH Tpa(uKa B peaJbHOM BPEMEHH.

Takum o00pazom, IpOBeAEHHOE MCCIENOBAaHUE IMOATBEPIMIO BBIABUHYTYIO THUIIOTE3Y O
NOBBILICHUY TOYHOCTH M3MEPEHUH NPU HCIOJIb30BAHUU IBYX NPUEMHBIX YCTPOWCTB, a TAKXKe
MIOKA3aJI0 3HAYMMOCTh y4YeTa Pa3jIudHbIX MOJEJIEH paclpOCTPaHEHUs PaAMOCUTHANIA U BIUSHUSA
MOTO/IHBIX YCJIOBUH Ha JIOCTOBEPHOCTh H3MepeHuil. Pa3paboTaHHble MeTOObl MOTYT OBITh
WCIIOJIB30BAaHbl ISl JAJbHEHIIETO COBEPIIEHCTBOBAHUS CHCTEM MOHMTOPUHIA W YIIPABICHUS
JBUKCHHEM Ha NEPEKPECTKAX.
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Abstract. This paper is devoted to the study of controlled electric drives of direct and
alternating current operating in the dynamic braking mode using high-frequency pulse converters.
Increasing requirements for energy efficiency, reliability, and controllability of industrial electric
drives necessitate an in-depth analysis of the processes occurring in the power circuit during
braking, as well as an assessment of the influence of discontinuous and continuous current modes
on static and mechanical characteristics. The aim of the research is to substantiate the parameters
of the power part of a controlled electric drive and to determine the boundaries of the stable
operating range of pulse converters in the dynamic braking mode. To achieve this goal, circuit
solutions were analyzed, simulation models were developed, static and mechanical characteristics
were investigated, and boundary duty cycle values of pulse converters were determined. Using
analytical methods and simulation modeling in the MATLAB—-Simulink environment, families of
static and mechanical characteristics for electric drives of various power ratings were obtained. It
was established that with increasing motor power, the region of discontinuous current operation
significantly decreases, while the continuous current region expands. Boundary duty cycle values
corresponding to the transition between current modes were determined, and it was shown that
these values weakly depend on the armature time constant and are mainly governed by the back
electromotive force. The obtained results confirm the proposed hypothesis and contribute to the
development of scientific knowledge on controlled dynamic braking modes of electric drives. The
practical significance of the study lies in the applicability of the results to the design and tuning of
automatic control systems for industrial electric drives.
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AHHoTanms. Byl JKyYMBIC KOFaphl JKUUTIKTI WMITYJIBCTIK TYPACHIIPTIIITEPl KOJIIAHY
apKBUTBI OaCKapbhUIATHIH JUHAMUKAIBIK TEXKEY PEKUMIHIET TYPAKThl KOHE aWHBIMAIIBI TOKTHI
PETTENIETIH AIIEKTP KETEKTEPIH 3epTTeyTe apHAIFaH. OHEPKACINTIK AIIEKTP KETEKTePiHEe KOWbLIATHIH
SHEPTUsl THIMALTIIT MEH CEHIMIUTIK TaJanTapbIHbIH apTybl TEXKEY PEXUMIEpPIHIEC KYIUTIK OeIiKTe
JKYPETIH TPOIIECTEP/Il TEPEH TAIIAY/IbI )KOHE TOKTBIH Y31K JKOHE Y3/IIKCI3 PEKUMJICPIHIH CTAaTUKAJIBIK,
opl MeXaHUKaJbIK CHUIaTTaMajapra ocepiH Oaramaylbl KaKeT eTeli. 3epTTeyAiH MakcaTbl —
JTUHAMHKAJIBIK TEXEY PEKAMIHACTI PETTENETIH JIEKTP JKETETiHIH KYIITIK OOIriHIH mapaMeTpiaepiH
HETI3/Iey JKOHE MMIYJIBCTIK TYPJIEHIIPTIIITEpAiH TYPAKThl KYMBIC THANa30HBIHBIH IIeKapaJapblH
anbIKTay. OChI MaKcaTKa JKETy YIIIH CXeMaJbIK MICTIIMACPAl Taliay, UMUTAIUSIIBIK MOACITBACPII
a3ipiey, CTATHUKAIBIK, PETTEY )KOHE MEXaHUKAIBIK CHITATTaMalIap bl 3epTTEY, COHIai-aK MMITYIIbCTIK
TYPACHIIPTIIITIH MEKTIK TONTHIPY Ko3(pduimeHTiH aHbIKTay MiHgeTTepl Koubuiasl. MATLAB—
Simulink oprackiHAa XYpPri3UIreH aHATUTUKAIBIK JKOHE MMHTALMSUIIBIK MOJIENBICY HOTHXKECIHEe
OpPTYpITi KyaTTaFbl JIEKTP KETSKTEPIHIH CTaTHKAIBIK JKOHE MEXaHUKAJIBIK CHITATTAMAJIAPhI aTbIHIbL.
DJEKTp KO3FAITKBIIIBIHBIH KyaThl apTKaH CalblH Y3iK TOK aiMarbIHBIH TapbUIBIN, Y3HIKCI3 TOK
aliMarbIHBIH KEHEWETiHI aHBIKTANIBL. TOK pEXHMMIIEPIHIH aybICybIHA COMKEC KEeJeTiH WUMITYJIbCTIK
TYPJACHAIPTIIITIH MEKTiK TOATHIPY KOA(P(UIIMEHTTEP] aHBIKTANIBII, OJAPIBbIH AKOPh Ti30€TiHIH YaKbIT
TYPaKTBICBIHA TOYEJILIIT QJICI3 €KeHl KOpCeTUIl. AJIBIHFAaH HOTIDKENIEP YCHIHBUIFAH THIOTE3aHBIH
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AHHoTanusi. PaboTa TmOCBSIIIEHA UCCIEOBAHUIO PETYIHUPYEMBIX AJIEKTPUUYECKUX
MPUBOJOB TMOCTOSSHHOTO W TEPEMEHHOTO TOKa B PEXUME YIPABISIEMOT0 JAMHAMUYECKOTO
TOPMO>KEHHUS C IPUMEHEHUEM BBICOKOYACTOTHBIX UMIYJILCHBIX MpeoOpa3oBareneil. [loBblenue
TpeOoBaHUil K SHEProdPPeKTUBHOCTH, HAMEKHOCTH M YNPABISEMOCTH TMPOMBIIUICHHBIX
3JICKTPONPUBOJIOB  OOYCJIOBIIMBAET HEOOXOAUMOCTh YIUIYOJIEHHOTO aHaju3a IPOIECCOB,
MPOTEKAIOIIUX B CUJIOBOM YacTU NMPUBOJA IIPU TOPMOKEHHH, a TAKXKE OLICHKU BIUSHUS PEKUMOB
MIPEPHIBUCTOIO M HEMPEPHIBHOIO TOKA HA €0 CTATMYECKHE M MEXaHMYECKHE XapaKTEPHUCTUKH.
[lenpro WccienoBaHusl SIBISIETCS OOOCHOBAaHHE IMApaMETPOB CHUIIOBOW YaCTH PETYIHPYEMOTO
AIIEKTPONPUBOAA M OIpeAeSeHHEe TpaHUI] YCTOMYMBOro pabodero auana3oHa HMITYJIbCHBIX
npeoOpaszoBareieil B pexuMe JUHAMUYECKOTO TOPMOXKEHUS. J[Is HOCTMIKEHHUS LETH pPelIeHBI
3aJjayi BBIOOpA CXEMHBIX pELICHUH, pa3paOOTKM HMHUTALMOHHBIX MOJEJel, Hcciaea0BaHus
CTaTUYECKUX, PETYJIUPYIOIIUX M MEXAHUYECKUX XapaKTEPUCTHK, a TaKXKe ONpeleTeHus
TPaHUYHBIX 3HAUYEHUH CKBAaXXHOCTU HMITYJbCHBIX MpeoOpa3oBareneil. C HCMOIb30BaHUEM
AHATUTUYCCKUX METOJIOB M HMHUTAIMOHHOTO MojenupoBanus B cpene MATLAB-Simulink
MOJly4eHbl CEMEHCTBAa CTATUYECKUX U MEXAHWYECKUX XapaKTEPUCTHK DJIEKTPOIPUBOJIOB
Pa3IUYHON MOIIIHOCTHU. Y CTAHOBJIEHO, UTO C YBEJIMYEHUEM MOLTHOCTH AJIEKTPUUECKOTO JBUTATEIS
0o0yacTh TPEPHIBUCTOTO TOKAa CYLIECTBEHHO Cy)KaeTcs, a o00JacTh HEMpPepbhIBHOTO TOKa
pacmmpsiercs. OnpeneneHpl TpaHUYHbBIC 3HAYEHUS] CKBAKHOCTH MMITYJIBCHBIX ITPeo0pa3oBarTeeii,
COOTBETCTBYIOIINE MEPEXOLy MEXKIY PEKMMaMU TOKA, U MOKAa3aHO, YTO B IIMPOKOM JHAara3oHe
MOIITHOCTEH OHM C1a00 3aBUCAT OT IOCTOSHHOM BpEMEHH SKOPHOM LIeM M B OCHOBHOM
onpenensitorcs BenuuuHod OJ[C. IlomydyeHHble pe3ynbTaThl MOJATBEPKAAOT BBIABUHYTYIO
TUIIOTE3y W PACHIMPSIIOT HAy4YHbIE MPEJCTABICHUS O PEKUMAX YIMPABISIEMOr0 JTUHAMUYECKOTO
TopMokeHus. [IpakTuueckas 3Ha4MMOCTh PabOTHI 3aKJIFOYAETCSI B BO3MOXXHOCTH MCIIOJIB30BaHUS
MOJIYYEHHBIX 3aBUCUMOCTEH MpHU MPOCKTUPOBAHUU W HACTPOMKE CHCTEM aBTOMATHYECKOTO
peryarpoBaHus JIEKTPOIIPUBOJIOB.

KuroueBble cjioBa: 3JEKTPUUYECKUN TPUBOJ; JUHAMUYECKOE TOPMOXKEHHE; UMITYJIbCHBII
npeoOpa3oBareib; MPEPHIBUCTHIA TOK; MEXaHMYECKas XapaKTepUCTHKA; HMHUTALMOHHOE
MOJICJIUPOBAHUE

Juasa mutupoBanusi: A.b. AG3anxanoB. CTaTHYECKHE XapaKTEPUCTUKH PETYIUPYEMOTO
DIIEKTPOTIPUBOIA B PEXKUME TUHAMHYECKOTO TOpPMOXeHUS // [lOMBINUIEHHBI TpPaHCIOPT
Kazaxcrana. 2026. T. 23. No. 89. Crp. 83-102. (Ha pyc.).
https://doi.org/10.58420/ptk/2026.89.01.005

KoH}auKT HHTEpecoB: aBTOPHI 3asBISIOT 00 OTCYTCTBUH KOH(DIMKTAa HHTEPECOB.

BBenenune

CoBpeMeHHOE pa3BUTHE 3JIEKTPOIIPUBOIOB MPOMBILIUIEHHOTO HazHAYCHMS
xapaKTepmyeTc;[ HII/IpOKI/IM BHGI[peHI/ICM perynnpyeme CUCTEM C HUCIIOJIB30BAHUEM CI/IJ'IOBOI\/JI
MOJYPOBOIHUKOBOM 31eKTpOHUKUA. Ocoboe MECTO B TaKMX CHUCTEMaxX 3aHUMAIOT PEKUMBI
TOpMO)KeHI/Iﬂ, B YaCTHOCTH pe)KI/IM ynpaan{eMoro OTUHAMUYCCKOI'O TOpMO)KeHI/Iﬂ, KOTOpBIfI
[IMPOKO MPUMEHSETCS B METaJUTypruu, TOPHOAOOBIBAIOIIEH MPOMBIIIIECHHOCTH, TPAHCIIOPTHBIX
yCTaHOBKaX " TCXHOJIOTHNYCCKHUX KOMIINICKCAX C ITOBBIINICHHBIMHU Tpe6OBaHI/I$IMI/I K 6630H&CHOCTI/I,
9HEeprod(hPeKTUBHOCTH U TOYHOCTHU YTIPABICHHUS.

HecmoTpst Ha 3HAYNUTENBPHOE KOJIMYECTBO MCCIEAOBAHUM, MOCBAIMIEHHBIX PETYIMPYEMBIM
ANIEKTPONPUBOJAM IOCTOSIHHOTO M TEPEMEHHOTO TOKA, BOIPOCHI, CBA3aHHBIE C BIUSHUEM
UMITYJIbCHBIX ~ TIpeoOpa3oBarenield Ha CTaTHYECKHE H  MEXaHWYECKHE XapaKTePHUCTUKU
3JEKTPONPUBOJA B PEKUME JAUHAMHUYECKOTO TOPMOXKEHUS, OCTAKOTCS HEJOCTATOYHO
M3Y4YEHHBIMU. B 4acTHOCTH, OTCYTCTBYET €IMHBIA MOJIXOJ K ONPEAENIEHUIO I'paHull pabouero
JUarna3oHa HWMITYJIbCHBIX —TpeoOpazoBaTeneil, YCIOBUM mepexofa MEXIy peKuMaMu
HpepI)IBI/ICTOFO nu HerepBIBHOFO TOKa, a TAKXXC K OLICHKE BIHUSAHUA HapaMeTI)OB ﬂKOpHOfI oecnm n
YIPaBJISIOLIUX BO3ACHCTBUN HA yCTOMUYMBOCTh TOPMO3HBIX PEKUMOB.
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AKTyalbHOCTh HACTOAIIETO MCCIEN0BaHMs 00YyCIOBI€HAa HEOOXOIUMOCTbIO TOBBIIICHHUS
HaI&KHOCTH U 3(P(PEKTUBHOCTH PEryIMPYEMBIX 3JEKTPONPHBOJOB 3a CUYET OOOCHOBAHHOTO
BbIOOpa 3JEMEHTOB CHUJIOBOM 4YacTH, ONTHUMH3AlUU DPEKUMOB pPAOOTHl  HMMITYJIBCHBIX
npeoOpa3oBaresieil U yTOYHEHUS METOJUK HMMHUTALMOHHOTO MojenupoBaHus. Ilpaktuueckas
3HaYUMOCTb Pa0OOTHI 3aKII0YAETCS B BO3MOKHOCTH MIPUMEHEHHUS MOJMYyUYEHHBIX Pe3yiIbTaToOB MpU
NPOCKTHUPOBAHUU M HACTPOUWKE CHCTEM aBTOMATHYECKOI'O PEryJIMPOBAHUS 3JIEKTPONPHUBOIOB,
paboTaroumx B peKuMe JMHAMUYECKOTO TOPMOXEHHS, ¢ MUCIOJIb30BAHUEM BBICOKOYACTOTHBIX
HMMITYJIbCHBIX npeoOpa3zoBareneit (Bottowski, 2020: 15-421; Gabriel, 2021: 37; Bauer, 2020: 24;
Shimizu, 2018: 2; Zhang, 2020: 648—-655).

OOBeKTOM HCCIeI0OBaHUS SBISIETCS PEryIUPYEMBbIN 3JIEKTPUUECKUN TIPUBOJ] TOCTOSTHHOTO
U TIEPEMEHHOTr0 TOKa B PEKHUME YNPaBIsIeMOro JUHAMHUYECKOTO TOPMOKEHUSI.

[IpenmeToM uccnenoBaHUs ABISIOTCS CTATUYECKHE, PETYIUPYIOIIME U MEXaHHYEeCKHe
XapaKTEPUCTUKU AJIEKTPOINPUBOA, (popMupyembie Ipu paboTe UMITYJIBCHBIX MPeoOpa3oBaTeIe
B CHUJIOBOM 4acTH SIKOPHOM (MJIK CTATOPHOM) IIETH.

Henpto wuccnenoBaHus siBiseTcs pa3paboTka W aHANIM3 HMMHUTALMOHHBIX MoJenei
PEryJIUpyeMbIX 3JIEKTPOIPUBOJIOB /Il 00OCHOBAHHUS TAPAMETPOB CHIIOBON YaCTH U ONPECTICHHS
TPaHUYHBIX YCJIOBUH YCTONYMBONW paboOThl B pEeXHME YHOPABISIEMOro TUHAMHYECKOIO
TOPMOKCHHUS.

Jlis nocTrkeHus MOCTaBICHHOM 11eJi B pa0oTe pelaTces CielyIonue 3a1a4un:

- aHamu3 U BBHIOOP OCHOBHBIX CXEMHBIX PEIIECHUH CHJIOBOM YacTW 3JIEKTPOINPHBOAA B
PEXHUME PETYJIUPYEMOT0 TUHAMUYECKOTO TOPMOKECHHUS,;

- pa3paboTKa MMHTAIIMOHHBIX MOJEJNEH M MPOTPAMMHBIX CPEACTB ISl HUCCIIEIOBAHUS
CTaTMYECKUX M TUHAMUYECKHX XapaKTEPUCTUK JIEKTPOIIPUBO/IOB;

- ompexeneHue pabodero auamna3zoHa HMMITYJIBCHOTO IpeoOpaszoBaTensi, O0O0XOIsIero
SKOPHYIO LIE€TIb, ¥ YCTAHOBJIEHHE TPAaHUYHBIX 3HAYEHUI CKBAXKHOCTH;

- MCCJEI0OBAaHNE BIMSHHUS MApaMeTPOB MMITYJICHOTO Mpeodpa3oBaTeist U UHIAYKTUBHBIX
3JIEMEHTOB IIETH SKOPS Ha XapaKTEPUCTUKU AIIEKTPONPUBOA;

- aHANM3 MEXAaHWYECKHUX XaApPaKTEPUCTHK HIICKTPONPUBOIOB PA3IUYHON MOUIHOCTH B
peXUMax IPephIBUCTOTO U HEMIPEPHIBHOTO TOKA.

MeTtoapl HCCIEOBAHUS BKIIOYAIOT AHATMTUYECKUE METOAbl TEOPHH AIIEKTPHUYECKUX
Heneil U 3MeKTPOMEXaHMYECKHX CHCTEM, a TakKe METOAbl MMHUTALMOHHOTO MOJEIMPOBAHUS C
UCroib30BaHueM mporpamMMmHbix mnaketoB MATLAB u Simulink (Bkirouas Oubnuorexu
SimPowerSystems). B mporecce paboThl MPUMEHSUTUCh YHCICHHBIC METOJIBI HHTETPUPOBAHUS
muddepeHIMaTbHBIX YPaBHEHUN C MEepeMEHHBIM I1aroM, 00ecledYrBaloIfe aJeKBATHBIM y4ET
HEJIMHEHHBIX MPOIIECCOB B CHIIOBBIX MOIYTIPOBOHUKOBBIX YCTPOUCTBAX.

Hayunas HOBH3HA pabOThI 3aKIIOYAaeTCSd B YCTAHOBJICHMHM 3aKOHOMEPHOCTEH Mepexona
AJIEKTPOIIPHUBO/IA U3 PEKUMA MPEPHIBUCTOTO TOKA B PEKHUM HEMPEPHIBHOTO MPU JUHAMHYECKOM
TOPMOXKEHUHU, a TaKkKe B TOJIYyYEHUU alnreOpandecKux 3aBUCUMOCTEH TPaHUYHBIX 3HAYCHUU
CKBXHOCTH HMITYJICHBIX MpeoOpa3oBarenedd, cinabo 3aBUCSIIUX OT IMOCTOSIHHOW BpEMEHH
SKOPHOM I[ENU B IIMPOKOM JHAra30He MOIIHOCTEH.

[IpakTHyeckass 3HAYUMOCTH COCTOMT B BO3MOXKHOCTH HCITOJB30BAaHHUS IOTYYEHHBIX
3aBHCHUMOCTEHl W PEKOMEHAALUN TMPU MPOCKTHUPOBAHUH PETYIHUPYEMBIX SJEKTPONPHUBOIOB U
CHHTE3€ CHCTEM aBTOMATHUYECKOTO pEeryJHpOBaHUs, OOECIECUMBAIOIINX YCTOWYHBOE U
sHeprodhPexkTHBHOE TUHAMHYECKOE TOPMOKEHHE.

Matepuanbl U MeTOIbI HCCJIETOBAHUS

MeTtoonorus HMCCIENOBaHMs HallpaBleHa Ha KOMIUIEKCHOE W3Y4YeHHE MPOIIECCOB,
MPOTEKAIOIINX B PETYJIUPYEMBIX JEKTPUICCKUX TPUBOJIAX MMOCTOSTHHOTO U TIEPEMEHHOTO TOKA B
peKHUME YOPaBISEMOT0 JIWHAMUYECKOTO TOPMOXKEHHsS, C Y4ETOM BIHUSHUS HWMITYJIbCHBIX
npeoOpa3oBareseil Ha UX CTATUYECKHE, PErYIHPYIONINE U MEXaHHUECKUE XapaKTEPUCTHKH.

B pamkax paboThl paccMaTpUBAINCH CIEAYIONIME OCHOBHBIE HCCIEI0BATEIbCKUE
BOTIPOCHI:
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- KakuM oO0pa3oM TMapaMeTpbl HMITYJIBCHOTO TIpeoOpa3oBareisi W SKOPHOW IenH
ANIEKTPUYECKOTO JBUTATENsl BIUSIOT Ha CTAaTUYECKUE M MEXAHMYECKHE XapaKTEePUCTHKHU
3JIEKTPOINPUBO/IA B PEKUME TUHAMUYECKOTO TOPMOKECHHUS;

- KAaKOBbI TPAaHUYHbIE YCIIOBUS MIEPEX0/1a ANEKTPOIPUBOA OT PEKUMA MPEPHIBUCTOTO TOKA
K PEKUMY HEMPEPHIBHOTO;

- KaK U3MEHsEeTCs pabouuil Tuana3oH UMITYJIbCHOTO TIPeoOpazoBaTes pH BapbUPOBAHUN
MOIIHOCTH 3JIEKTpUYECKOro apuratens u 3HaueHu IC axops;

- B KaKOW CTEMEHU MapaMeTpbl MHAYKTUBHBIX M AKTUBHBIX 3JIEMEHTOB CHJIOBOW YacTH
ONPEACNISAIOT YCTOMUHUBOCTh U KECTKOCTh MEXaHUUECKUX XapaKTEPUCTHUK AJIEKTPOIPUBOIA.

B xagectBe paboueli runoTe3bl NPUHATO MOJI0KEHUE O TOM, YTO YCTOMYUBOCTD U pabOUHii
JIAana3oH PEryJIMPyeMOro J3JIEKTPONPUBOJA B PEKUME JIUHAMHUYECKOTO TOPMOXKEHHUS B
3HAUUTENIBHON CTENEHU ONPENENIAIOTCS PEKUMOM TOKa SKOPHOW (MM CTATOPHOM) LienH, a
TpaHUYHBIC 3HAYCHUS CKBAKHOCTH HWMITYJBCHOTO MpeoOpa3oBaTenst ci1abo 3aBHUCIT OT
MIOCTOSIHHOW BPEMEHU SIKOPHOM LIENHU B IIUPOKOM TUANA30HE MOIUTHOCTEN JIEKTPUYECKUX MALLIKH.
[Ipennonaraercs, 4To NEPEXol OT PEKUMA MPEPHIBUCTOTO TOKA K PEKUMY HEMPEPHIBHOIO MOKET
OBITh ONMUCAaH AHAIUTUYECKOW 3aBHUCHUMOCTBIO, TOJITBEPKIAEMON CpPEJICTBAMH MMHUTAIMOHHOTO
MOJIETTUPOBAHUS.

HccnenoBanue npoBOaUIOCH B HECKOJIBKO MOCIE0BATENbHBIX ITAIOB:

-AHAJIUTUYECKU ATall, BKIIOYAIOIIUA aHaliu3 HW3BECTHBIX CXEMHBIX pElICHUN
pPEryJIUPYEMbIX DIIEKTPOIPUBOAOB B PEXKUME JTUHAMHUYECKOTO TOPMOXKEHHS, a TaKkKe
TEOPETUYECKOE OIMUCAHUE TPOILIECCOB B SIKOPHOM IENUW NPU HCMHOJb30BAHUU HMMITYJIBCHBIX
npeoOpa3oBarenei.

- Oram pa3pabOTK UMHUTAIIMOHHBIX MOJIEJIEH, HA KOTOPOM CO3/]aBaJIUCh MaTeMaTHUYECKUE
U CTPYKTYPHBIE MOJIENU 3JIEKTPOIPUBOAOB MOCTOSHHOIO U MEPEMEHHOIO TOKA C HE3aBUCHUMBIM
BO30YXJICHHUEM W YaCTOTHBIM yIIpaBiecHUEM. MoOAenn YYUTHIBAIM HEJIWHEWHBIC SJIEMEHTHI,
UMITYJIECHBIC PEKUMBI pAOOTHI CHIIOBBIX KITFOUEH U pealibHbIC TapaMeTPhl AJEKTPUIECKUX MAIIIHH.

- OTan MMUTALMOHHBIX SKCIEPUMEHTOB, BKIIIOYAIOMIMN HUCCICIOBAHUE CTAaTUYECKUX,
PEryJIUPYIOIINX U MEXaHUYECKUX XAPAKTEPUCTUK DJIEKTPONPHUBOAOB PA3JIMYHON MOIIHOCTH, a
TaK)Ke OIpeCIICHHE TPAHNYHBIX 3HAYECHUN CKBAXXHOCTH UMITYJILCHBIX ITpeoOpazoBaTeiei.

- Drtan 00pabOTKU U aHalW3a pe3yJbTaTOB, HA KOTOPOM BBITIOIHSIIACH MHTEPIPETALUS
MOJYYECHHBIX 3aBUCHUMOCTEH, CpPaBHHUTEIIbHBIM aHAIU3 XapaKTepPUCTUK I Pa3IMYHbIX
MOIIIHOCTEH U HOPMYIHUPOBKA OOOOIIEHHBIX BHIBOIOB.

Marepuanom uccie0BaHus SBISUIACH:

- MAaTeMaTHYeCKHE MOJEIH PETyJIUPYEMbIX HIIEKTPOIPUBOIOB IOCTOSIHHOTO TOKa C
HE3aBUCHUMBIM BO30YKJICHHEM MOIIHOCTHIO 5,5; 15; 30 u 68 kBT;

- MOJIETIM ACUHXPOHHBIX 3JIEKTPONPUBOJOB C YACTOTHBIM YMPABICHHEM B JAHANa3zoHE
MomHocTer ot 4 1o 160 xBT;

- MapaMeTphl AKOPHBIX U CTATOPHBIX LENEH IEKTPUUECKUX MAILWH, BKIIOYas aKTUBHBIC
COMPOTHUBIIEHHUS, UHIYKTUBHOCTH, D/]C 1 37eKTpOMEXaHNYECKUE TTIOCTOSIHHBIE BPEMEHU;

- pe3ynbTaTbl MMHUTAIMOHHBIX SKCIEPUMEHTOB, NojyuyeHHble B cpege MATLAB-
Simulink.

XapakTepucThka  Marepuajga  HCCIEJOBaHUS  HOCHT  KaK KauyeCTBEHHbBIM,  Tak
Y KOJIMYCCTBCHHBIN XapakTep. KauecTBeHHBIN aHATN3 BKIIFOYAT U3y4YeHHE (DOPM XapaKTEPUCTHK,
obnacTeil yCTOMUMBOCTH U PEKUMOB PabOTHI, TOT/Ia KaK KOJMYECTBEHHBIM aHAlIN3 OCHOBBIBAJICS
Ha BBIYHCICHUM TOKOB, HAINPSKCHHI, MOMEHTOB, YIJIOBBIX CKOpocTed W K03()PUIHEHTOB
KECTKOCTU B OTHOCUTENBHBIX M aOCONIOTHBIX €AMHMIIAX. BBIOOp AMAana3oHOB MapamMeTpoB U
MOIITHOCTU JJICKTPUUECKUX MAaIIuH OO0ECIeYnuBaET PEMPE3eHTATUBHOCTh M JOCTOBEPHOCTH
MOJIYYEHHBIX BBIBOJIOB.

B paGote ncnonp30BauCh CAEAYIONINE METOIBI:

- QHAJIUTUYECKUE METO/Ibl TEOPUU SIIEKTPUUECKUX LIENEH U AIEKTPOMEXaHUYECKUX CUCTEM
JUTSI BBIBOJIA YPABHEHHI COCTOSTHUS M YCTAHOBIICHUS ()YHKITMOHATIBHBIX 3aBUCUMOCTEHH;
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- METOABl MMHUTALIMOHHOTO MOJEIUPOBAHUS, PEaIU30BaHHBIC B IPOrPAMMHBIX IAKETax
MATLAB 7.01 — Simulink 6.1 u MATLAB 7.0 (R2010b) — Simulink 7, ¢ mpumeHeHueM
oubmmotek SimPowerSystems;

- YHUCICHHbIE METOJbl HMHTErpUPOBaHHS IU(QepeHINaIbHbIX YpaBHEHUH, BKIIOYAs
onHomaroBeli Metoa Pynre—KyTra BTOpOoro m tperbero mopsaka (ode23tb) ¢ mepeMeHHBIM
1arOM UHTEIPUPOBAHNS;

- rpadOaHINTUYECKUE METOJBI AN  ONpEAETCHHUs IKECTKOCTH  MEXaHHYECKHX
XapaKTepUCTHK U aHAJIN3a TIEPEXOIHBIX TPAHUL] PEXKUMOB paboTHI;

- METOIbl  CPABHUTEIBHOIO  AHAIM3a Il  COIOCTaBICHUS  XapaKTEPUCTHK
JIEKTPONPUBOIOB PA3IMYHON MOIIHOCTH U TUIIOB.

[Tpu npoBeneHNN HIMHUTALMOHHBIX SKCIIEPUMEHTOB MaKCUMAaJIbHBIN 1Al HHTETPUPOBAHUS
BBIOMpAJICS C y4ETOM HAMMEHBUIMX IMOCTOSIHHBIX BPEMEHHM MCCIIEIYyEMBIX CHUCTEM M YacCTOTHI
KOMMYTAllUd MMITYJIbCHBIX IpeoOpa3oBaTeliell, 4To 00eCreuynBao JOMYCTUMYIO HOIPEIIHOCTh
MOJEIIUPOBAHUS U KOPPEKTHBIN YUYET HEJIMHEUHBIX IIPOLIECCOB.

HoBuszHa wuCHOIB3yeMBIX MATE€pUAJIOB M METONOB  3aKIIOYACTCS B COBMECTHOM
IPUMEHEHNN aHAJIUTUYECKMX 3aBHUCHUMOCTEM M MMHUTALMOHHBIX MOJENEW i1 ONpeesieHus
I'PAaHUYHBIX 3HAYEHUH CKBa’KHOCTH UMITYJIbCHBIX ITPe0Opa3oBaTeseil, a TAKKe B UCCIEIOBAHNH UX
cJ1a0boi 3aBHCUMOCTH OT IIOCTOSTHHON BPEMEHHU SIKOPHOH IIENH B IIMPOKOM JHara3oHe MOIIHOCTE!
JNEKTPUYECKUX MAILINH.

Pe3yabTarsl M 00CyKIeHUE

Jlns BBIOOpa 3JIEMEHTOB CHJIOBOM YacTH PEryJIMPYEMOro 3JIEKTPOIPHUBOAA B pPEXHUME
JTMHAMUYECKOTO TOPMOKEHHsI, ONpE/IeleHUsI TPaHULl pabovyero AMana3oHa U OLECHKH BIUSHHA
YIPAaBIAIOIUX BO3ACHCTBUI Ha CTATHUYECKUE XAPAKTEPHUCTUKH PEINAIOTCS CIEAYIOIIHE 3aladn
(Terzi¢, 2016: 117-123; Kynpssues, 2007: 86-90; Memepsikos, 2015: 175-17; Isembergenov,
2018: 59—-66; lemuna, 2019: 50):

Bb160p OCHOBHBIX BapUaHTOB CXEMHBIX DPELICHWH CHUJIOBOM YacTH 3JEKTPONPHBOIA B
pPEKHUME PETYINPYEMOTO TUHAMUYECKOTO TOPMOKECHHS.

Pa3paboTka UMUTAIIMOHHBIX MOJIENIEH U IPOTPAMM Il IPOBEICHUS SKCIIEPUMEHTOB.

Omnpenenenne paboyero auama3oHa HWMITYJIBCHOTO IpeoOpa3oBaTelis, OOXOMISIIEero
SKOPHYIO I1IeTIb, IIs1 00eCTIeUeHUs] YCTOHYUBOTO TOPMOKEHHS.

HccnenoBanue BIUsAHUS pPabOThl MMITYJBCHOTO IIpeoOpa3oBarenss B LEMNH  SIKOPS
AIIEKTPUYECKOTO JBUTATENS HA CTATUYECKHUE U INHAMUYECKUE XapaKTEPUCTUKHU 3JIEKTPOIIPUBO/IA.

N3yuenne perynupymomux MU MEXaHUYECKUX XapaKTEPUCTHUK CTATUYECKOM dYacTH
AIIEKTPONPUBOAA.

Jlns onpeneneHusi CTaTUYECKUX XapaKTEPUCTUK MPUMEHSINCh aHAIUTUYECKUE METO/IbI U
METO]Ibl UMUTALIMOHHOTO MOJAEIUPOBaHUs. DKCIEPUMEHTAIBbHOE MOJEIUPOBAHUE IPOBOAMIIOCH C
ucronb3oBanueM nporpamMuoro makera MATLAB 7.01 — Simulink 6.1 u MATLAB 7.0
(R2010b) — Simulink 7. B xome WMHTAMOHHBIX SKCIEPUMEHTOB OBLIO YCTAHOBJICHO, YTO
napaMeTpbl HHAYKTUBHBIX KOMIIOHEHTOB LIETIH SIKOPSI AIEKTPUUYECKOTO JBUTATENS CYLIECTBEHHO
BJIMAIOT Ha CTAaTUYECKHE XAPAKTEPUCTHKH IOCTOSHHOIO TOKa 3JIEKTPONpPHUBOJAA IpU paboTte ¢
UMIYJIbCHBIM IIUPOTHO-UMIYJIBCHBIM ITpeoOpa3zoBarenem (LLINM).

Jlns1 onpeneneHns CTaTHYECKUX XapaKTEPUCTHUK 3JIEKTponpuBoaa ¢ nomonibio MATLAB—
Simulink mperaraercst crieayOMMKA METO MMUTALMOHHOTO SKCIIEPUMEHTA!

Hcnonbp30BaTh METOJ MHTETPALMH, YUUTHIBAIOIINN HEJIMHEHHBIE JUHAMHYECKHUE CBS3H,
TakKhUe€ KaK «UMIYJbCHBIH MpeoOpa3oBaTelb», C NPUMEHEHUEM HIMPOTHO-UMITYJIbCHON
MOJTYJIALIAH.

Pexomenayercs nmpumeHsATh OXHOMIAroBbId MetoJ PyHre-Kyrra BTOpOro M Tperhero
nopsiaka, Ha3eiBaeMblit ode23tb.

i cokpallleHHsT BpEeMEHU OJKCIEpPUMEHTa NPEeIaraeTcsi HCIOIb30BaTh METOJ C
NIEPEMEHHBIM ILIarOM HHTErpupoBaHus. IIpu nmpoBeneHMNM MMUTAIMOHHBIX SKCIEPUMEHTOB C
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MTOJIYITPOBOIHUKOBBIMHM CHJIOBBIMU 3JIEMEHTAMH OIBIT MOKA3bIBAET, YTO OrPAHUYECHHE CTABUTCS
TOJILKO Ha MAaKCUMAaJIbHBIN IIar HUHTCrpanuy, a MUHUMAJILHBIN 1ar BI:I6I/IpaeTC}I ABTOMATHUYCCKU.

Beibop ~ MakcuManbHOrO  3HAUYEHHUA  I[Iara  UHTETPUPOBAHUS  OMpelelisercs
CIEAYIOIIUMHU yCIOBUIMMU:

— mar He JobkeH mnpeBbimate 0,1 OT HauMeHbIIEH  BPEMEHHOM  MOCTOSTHHOM
HCCIIElyEMOU CUCTEMBI;

— s cllydash NPUMEHEHHs IIMPOTHO-UMIYJbCHOM MOJIYJISLIMM pa3Mep Iiara He JOJDKEH
IMPpEeBbINIATL 3HAYCHUC, onpeaenéHHoe AUarna3oHoOM pCryJIMpOBaHUA U JacTOTOU KOMMYTaluu
HUMITYJILCHOTO Npeo0pa3oBaTess.

B Tabmume 1 nmpuBeAeHBI PEKOMEHIyeMble 3HAYCHHS MaKCHMaJIbHOTO  IIara
WHTEIPUPOBAHUS Ui HMMHUTALMOHHOIO MOJEIMPOBAHUS PETYJIHPYEMBIX 3JIEKTPONPHUBOIOB
nocrossHHOro Toka (POIIT) ¢ UMIyIbCHBIMM YaCTOTHBIMU IPeoOpa30BaTENIIMU Ul Pa3InIHbBIX
KJIACCOB MAalllMH U MEXAHU3MOB.

Tabmuia 1 — Pexomenyemple 3HaUCHHUsI MAKCUMAJIBHOTO IIara HHTETPUPOBAHMS

KommMyTanmonnas — [PekoMeHyeMblii
HacTora MaKCHMAIbHBIH 111ar
peoOpasoBaresst  |[MHTErparyn

IPesxum paboThI /Inano3oH
By mpeoOpazoBaTests pHUBOIA KOHTPOJISt

IMMITyJIbCHO-UMITY ILCHBIN
IMOZLYJIITOP C BEICOKOYACTOTHBIM JluHamudeckoe
MMITyJIbCHBIM IIpeo0pa3oBaTeeM  [TOpPMOXKEHHE 1:100 1 xI'g 0,01 Mkc

Tabnuua moka3plBaeT THI TNpeoOpa3oBaTelsi, PEXUM padOThl MPHBOAA, TUANA30H
PEryJIUpOBaHMsl, YaCTOTY KOMMYTAIIMH TpeoOpa3oBaTesi U peKOMEHAyEMbli MaKCUMAaJIbHbIH 1I1ar
UHTETPUpPOBaHUs. J[7s BBICOKOYACTOTHOTO HUMITYJIBCHOTO MpeoOpa3oBaTeiiss C HMITYJIbCHON
MOJYJISIIUEH B PEKUME AUHAMHYECKOTO TOPMOXKEHHMS C Auana3oHoM perynupoBanus 1:100 u
yacToTod KkommyTaumu 1 k[’ pexkoMeHayeTcs UCHOJIb30BaTh MAKCUMAaJbHBIM  miar
unaterpupoBanus 0,01 mMxc. 910 pexomMeHAyeTcs 1 000CHOBaHUS JTOMYCTHMOW TOTPEITHOCTH
MOJEIUPOBAHUS.

BennunHa nmorpemHocTH 3aBUCUT OT OKUIAAEMBIX MAaKCUMAaJlbHBIX 3HAYEHUN CUTHAJIOB.
Pexomenayemoe cootnomenue cocrasiser 0,01-0,001 or MmakcuManbHOTO 3HaUYE€HUSI TOKOBOTO U
HaIPSKEHYECKOT0 CUTHAJIOB B LIETIM CHJIOBOM YaCTH 3JEKTPONPUBOJIA.

Bpemss MopenupoBaHusi 3adaeTcsi 3HAUCHUSIMU Hadalla M OKOHYAHUS HCCIIEyEMOTO
mporecca.

[Ipy nonydyeHMM CTATUYECKUX XapaKTEPUCTUK MOJENeH, BKIOYas TUIHYHBIE
JUHAMHWYECKHE 3BEHbS, CKOPOCTh U3MEHEHUS 3aJaHHOTO JIMHEMHOTO0 BO3MYLIEHUS ONIPENEIAeTCs
HEOOXOIUMOCTBIO CHIKECHUS BIUSTHUS TUHAMAYECKUX TIPOIIECCOB B AJIEKTPOMEXaHUYECKOHN 4acTh
JIBUTATEJNsl HA cTaThdeckue xapaktepuctuku POIIT.

Ha pucynke 1 mpuBenena oOoOméHHass (pyHkuuoHanbHas cxema monenu POIIT mus
HCCIIEA0BAHUS CTATUYECKUX XapaKTEPUCTHUK.

BIII 3o
aAprymMeHT ¢ i hyHKLMA
| » A 30 »] simout1
- = Ll
S
1 simout 2
1 2 3
Puc. 1. O600mEnHast QyHKIIMOHAIbHAS CXeMa MOJICITU [Tl HCCIICOBAHUS CTATHYCCKUX XapaKTEPUCTHK
3JIEKTPONPUBO/IA
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B dynkumonansHo# cxeme (Puc. 1) cooTBercTByIOImME OJOKH M KOOPAWHATHI UMEIOT
cnenyromue QyHKIUOHAIBHBIC HA3HAUCHUS:

1 — onpenenuTens TMHEWHO U3MEHSIOIIETOCS YIIPABIISIIOIIETO BO3ICHCTBHUS;

2 —uccnenyemsbrii 00bekT (MO), Hauanbubie yenoBus (HY), Bpennoe Bo3aeiicteue (BB);

3 — KOMIUJIEKC PETUCTPALIMU U U3MEPEHU.

3HaueHUEe MOCTOSIHHOM COCTABIISIONIEH HAa BXOJIE MHTETpaTopa, GOpMHUPYIOIIETOo 3aJaHHOE
JUHEMHOe W3MEHEHHE BO3JCUCTBUSA, BBIOMPAETCS IO YCIOBUIO JIOCTHXKEHUS apryMEHTOM
HOMHHAJILHOTO 3HAa4YeHMs] K KOHILy Meprojia MOJICIUPOBaHUA. J[s SIeKTponmpuBOaa CpenHei
MOIIIHOCTH PEKOMEHAyeMble 3HAYEHUs NEpUOAa MOJACIUPOBAHUS MOXXKHO TOJIYYUTh U3
cootHomieHus (1).

At=4 TmaxOU (1)

3nece At — JUIMTENBHOCTH IEPEXOJHOIO BPEMEHHOIO uHTepBana, TmaxOU —
MaKCUMaJlbHasl MOCTOSIHHAs BPEMEHHU HccielyeMoro oobekra. KOHKpeTHbIe XapaKTepHUCTUKU
UCCIIEyeMOro 00BbEeKTa, TaKue KaK BXOJHBIC U BBIXOAHbIE KOOPAWHATHI, HAadaJbHbIE yCIOBHUSA,
NMana3oHbl W3MEHEHMs, a TakKe 3HAUeHMs YIPaBISAIOIIMX BO3ACHCTBUH M BO3MYILEHHM
ONpEAEIAIOTCA IS KaXA0M OTAENbHOM 3aJaul UMUTALMOHHOTO MozienupoBanus. [lpu pemennun
pa3IMYHbIX 3a/1a4 B [IPOLIECCE MOAETMPOBAHNUS 3TH TApaMETPhl MOTYT U3MEHSATHCS B 3aBUCUMOCTH
OT UX XapakTepa.

JUis aHanu3a 3aBHCHMOCTH HMHTEIPAJIbHOTO 3HAYEHUS TOKA SIKOPS OT YIPABISAIOIIErO
CHUTHAJIa UMIYJbCHOTO MpeoOpa3oBaTeliss B CHIOBOM YacTH 3JIEKTPOINPHBOAA C HE3aBHUCUMBIM
BO30YyKJIEHHEM 2JIEKTPUUECKOTr0 IBUTraTesl Oblila CO3/laHa UMUTAIIMOHHAs MOJIETIb HEU3MEHAEMON
4acTH, IOKa3aHHAs Ha PUCYHKeE 2.

W2 Laz Rsas

V1 @Thm N |—|IH

To YWorkspacel
AETIMS

GBII Cl T 1

ﬂT_ ‘l‘ IEE!I‘ Eiﬂ ﬂT_GBZ
T 1 I

Al

¥ e < ]|

To YWorkspace3
Puc. 2. ImutaniioHHasi MOZIEb HEU3MEHIEMON YacTH 3JIEKTPOIIPUBOIA C OTPAaHUYECHHEM HAIlPsDKEHUS Ha
KOHJICHCATOpE

bmok Al npennasHaden Uit QOpMHUpOBAHUS — JIMHEHHO  WM3MEHSIOIIETOCS
YIIPaBJIAIOLIErO BO3ACUCTBUS.

Mogaenp SKOpHOW DJIEKTPUYECKON IEeNu JJIEKTPOABUTATENsl BKJIIOYAET AKTUBHOE
conpotuBiieHne Rs, ucTtouHuk mnoctossHHOro Hanpsbkenuss — GB2, moapens DJIC  sAxops.
VYnpasieHne  peXKUMOM  TOPMOMKEHHMS  OCYUIECTBIIAETCS €  MOMOLIBIO  MMITYJIbCHOTO
npeoOpasoBarens V3, obo3HaueHHoro kak E3, u nuoxa V2. B uMHUTallMOHHON MOAENH UMEETCs
HeJlMHelHas oOpaTHasl CBs3b, cocTodmas u3 anemeHToB GB1 u V1. Perucrpanus 3aBucumoctu
TOKa SKOpS OT YMPaBISIOUIETO CUTHANIA OCYIIECTBIsSEeTCA uepe3 Onoku to workspace 3 u to
workspace 1. Perymmpyroiue XapakTepUCTHKA CHHUMAIOTCS IPH HEU3MEHHBIX 3HAYCHHUSIX
noctostHHOM DJ[C siKopst B KaXKI10M 3KcIiepuMeHTe. MoienupoBaHue MpoOBOAWIOCH Ha MPUMEpe
AJIEKTPOJIBUTATEIICH HOMHHAILHOU yriioBoi ckopoctu 1500 06/MuH 1 MontHOCTIMH 5,5; 15; 30 1
68 kBT. B Tabnuie 1 mpuBeneHbl TEXHUYECKUE XapaKTEPUCTUKH dIIEKTpoiBUTaTeneil. Pesynbprarsl
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MMUTAIMOHHBIX HKCIIEPUMEHTOB IJIsi COOTBETCTBYIOIUX 3JIEKTPOJBUIraTeel MpeaCcTaBICHbl Ha
pHuCyHKe 3.

Puc. 3. Perynupyrolie XapakTepUCTHKH 3JIEKTPONPUBO/IA TI0 TOKY SKOPS B CKBKMHHON (DYHKIUH MMITYJIECHOTO
mpeobOpaszoBares

Perynupyromyie XapakTepUCTHKH MPUBEICHBI [UIS PA3JIMYHBIX 3HAUCHUH HATPSIKCHHUS
AUn.

HJUn=Uc.max — Es, (2)

CooTBeTCTBHE KOJUYECTBA PETYJIUPYIOIMIUX XapaKTePUCTHUK M 3HAYEHUH pa3HULIbI
HanpsbkeHuit Ul npuBeneno B Tabmuie 2.

Tabnuua 2. CooTrBercTBue 3HaUeHHH Un U peryiIupyonmx XapakTepuCcTUK

Ne xapakTepuCTUKH 1 2 3 4 5 6 7 8 9

ou, B 50 100 150 200 250 300 350 400 450

B perynupyrommx XapakTepUCTHKax HMEIOTCS JIB€é 00JacTh: MpPepbhIBUCTOIO U
HENpPEepPhIBHOIO TOKa. B HMXKHEH 4YacTH XapakTepUCTUK, OrpaHWYeHHOW payramu A-b,
JIEKTPUUYECKUI IPUBOJ pabOTAET B peXKHUME MPEPHIBUCTOrO TOKA, & B BEPXHEN YaCTH — B PEKUME
HENPEPBIBHOTO TOKAa. lIpM yBENMYEHMM MOIIHOCTH JJIEKTPUYECKOTO NPHUBOJA IPOUCXOIAT
CJIEAYIOUINE U3MEHEHHsI: 00J1aCTh MPEPHIBUCTOIO TOKA CY>KaeTcsl, a 001aCTh HEMPEPHIBHOTO TOKA
pacmpsieTcsi. JT0 OOBICHAETCS YBEIHMYCHHEM OOIIeld HWHIYKTHBHOCTH SIKOPHOW IIETIH H
yMeHblIeHneM e€ ob1ero aktuBHoro conpotusnenus (Puc. 3). Ilpu yBenuuenuu 3Hauenus Un
Nepexo/ OT peKUMa MPEPHIBICTOTO TOKA K PEKUMY HETIPEPBIBHOTO TOKA MPOUCXOANT IpH Ooee
BBICOKOW BEJIMYMHE CKB@)XHOCTH, 4YTO YKa3blBaeT Ha CyXEHHE JAMana3oHa paboThl
npeoOpa3oBarensi mpu Bo3pacTanuu 3HaueHus Ul. Jlna pacmmpenust nuama3zoHa paboThI
umIysabcHoro npeodpaszosarens V3—E3 (Puc. 3) HeoOxoauMo ymeHbUTh 3HaueHue Ul.

I'pannuHOE 3HAaYEHHE SKOPHOIO TOKA, IIPU KOTOPOM IPOUCXOIHUT IMEPEXOJ] OT pexuMa
JIBUTATEN K PeXUMY TOPMOXKEHHUS, CUIIBHO 3aBHCHUT OT CKBa)XKHOCTHU IpeoOpaszoparens V3—E3
(Puc. 2) u nocruraer makcumyma npu y = 0,5. D10 cBA3aHO ¢ HauOoNbLIEH aMIUIUTYION
NyJbCalluii IKOPHOTO TOKA, BBI3BAaHHOM paboToi MMIyJbCHOro npeobpasosarens V3 (Puc. 2),
KOIrJla BpeMEHa 3aMKHYTOTO M pPa30MKHYTOIO COCTOSHUM Kioya V3 coBmajarwT, 4YTO
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COOTBETCTBYET BpEMEHaM 3apsAKd M pa3psAakd oOmed HWHIYKTUBHOCTH SKOPHOW Lienu
AJIEKTPOJIBUTATETIS.

HccnenoBanne MeXaHMYECKMX XapaKTEPUCTHK AIIEKTPUUYECKOTO TPUBOJAA SBIISETCS
BXHBIM TpeOOBaHMEM IIpH pa3paboTKe CHUCTEMBI aBTOMATHYECKOTO peryiupoBanus. Jlis
M3YYEHHS MEXaHUYECKUX XapaKTEPUCTUK PEryIUPyEeMOro 3JEeKTPOIPUBO/IA MOCTOSHHOTO TOKa C
HE3aBUCHMBIM BO30yXIeHHEeM Oblla co3/laHa MoJenb, (YHKIMOHAIbHAs CXeMa KOTOpOH
Mpe/cTaBiIeHa Ha pucyHke 4. B manHoi mozaenu orpannyeHue B Oyioke "A" peanmusyercs yepes
HEJIMHENHYIO CBSI3b, COCTOSAILYIO U3 UCTOYHUKA NMOCTOsTHHOTO HanpsbkeHust GB1 u auona V1.

A b B T M ®
V2 Ls Rsr Ta Workspace3
1 !g "'rﬁ“\_M' In . Mo . Dr;ﬁjce o To Warkspace!
V]. _; o hr.. + 1 N
Lals W s [ 7 % Es
HEI[MEl r
I U . ° Ce*du Al
T Mc
1(}311 T
M Mc
To Warkspace2

Puc. 4. ImutanmoHHast MOJETh 3JIEKTPUUECKOTO NPUBOJIA C HE3aBUCUMBIM BO30YKICHUEM B PEXHME YIIPABISIEMOTro
TOPMOKEHHS

HccnenoBanust NpPOBOAUINCH C HUCHOJIb30BAHUEM HWHCTPYMEHTOB HMMHTALMOHHOTO
MOJCIIMPOBAHUS HAa IPUMEPE YETBIPEXCEPUMHBIX JJIEKTPUUYECKUX JABUrareined. Mogens,
npuBeaEHHAs Ha pucyHke 2.3, Obuta pa3paboTaHa B NMPUKIATHON Cpeie MporpaMMHPOBAHUS
MATLAB R2010b ¢ ucnionb3oBaarem 6ubmuorek Simulink u SimPowerSystems.

B monenu snektponpuBoaa DC axops mpeacTaBieHa B BUAE UCTOYHUKA CTATUYECKOTO
HanpsbkeHus: Es. B mporecce MMHUTALIMOHHBIX 3KCHEPUMEHTOB PETUCTPUPOBAIUCH 3HAYCHUS
HaANpsOKEHUS Ha PE3UCTOpe AMHAMHYECKOrO TOPMOKEHHUS U BEJIMYMHA CHUTHANA YIpPaBIICHUS
UMITYJIbCHBIM TpeoOpa3oBareneM mnpu nomomu OiokoB to Workspace u to Workspace 4
COOTBETCTBEHHO.

Mopnenb 3IEKTPUYECKON CXEMBI SKOpS JBUTATENsl MpejacTaBlieHa (DYHKIIMOHATBHBIM
6sokom "B", B koTOpOM: 3HaueHHe L y4MTHIBaCT MHAYKTHBHBIC KOMITIOHEHTHI, a 3HaUeHHEe R —
AKTHUBHOE CONPOTHUBIICHUE SKOPS JBUTATEeNs, JTOMOJHUTENbHBIX MOJIOCOB U KOMIIEHCAIIMOHHOU
00MOTKH. MexaHn4eckass 4acTh JIEKTPHUECKOTO JBHUTATENsl PEa30BaHa B (DYHKIIMOHAIEHOM
omoke "I™".

Jlig mpoBeieHUs] CPaBHUTENBHOIO aHAJIM3a MEXaHMUYECKUX XapaKTEpUCTUK ABUTaTeleH
pa3HOM MOIIHOCTH, SIEKTPOMArHUTHBII MOMEHT M YIJIOBas CKOPOCTb PErHCTPUPOBAINCH B
OTHOCHUTENIbHBIX enuHHIaxXx. B kauecTBe 0a30BBIX 3HAYCHHM NPUHUMAINCh HOMHHAJIbHBIC
3HAYEHHUS] MOMEHTA 1, COOTBETCTBEHHO, YTJIOBOH CKOPOCTH.

B xone uMUTalMOHHBIX SKCIIEPUMEHTOB OblIa MOJTY4YeHa COBOKYITHOCTh MEXaHHYECKHX
XapaKTePUCTHK [UJIsl PA3MUYHBIX 3HAYEHUH CKBOXHOCTH (CM. Tabmuily 3) U MOIIHOCTHU
AJIEKTPUYECKOTO MTPUBOJIA.

Tabmuua 3 — 3HaYeHnst CKBaKHOCTH .
Ne x 1 2 3 4 5 6 7 8 9 [ 10

r 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
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Pe3ynbpTaThl IMUTALIMEHHBIX SKCIIEPUMEHTOB MTOKa3aHbl HA PUCYHKE 5
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Puc. 5. MexaHndeckre XapakTepUCTHKHU IEKTPHIESCKOTO MPUBO/A C HE3aBHCHMBIM BO30YXKICHHEM

MexaHuueckue  XapaKTepUCTHKU  AJIEKTPUYECKOTO  TNPUBOAA C  HE3aBUCUMBIM
BO30YXKJIEHUEM B PEXHUME YIPABIIIEMOr0 JUHAMUYECKOIO TOPMOXKEHUSI UMEIOT JIBE OTUYETIMBO
BbIpaKEHHbIE 00J1aCTH: 001acTh I, COOTBETCTBYIOIIAsl HEMPEPHIBHOMY TOKY, M oOmacth II —
MPEPBHIBUCTOTO TOKA, KOTOPBIE pa3esieHbl MeXKIy co0oit myroit "A—B".

B pexume HenpepplBHOIO TOKAa MEXaHMYECKHUE XapaKTEPUCTHKU JUIs OJHOTO THIIA
JJIEKTPUYECKOT0 ABUTATENsl PACIONAraloTCs MNapajljIesIbHO ApPYyr ApYry B Ipeaenax OHOU
quarpamMmel. B CBSI3M € 3TUM JKECTKOCTh XapaKTEPUCTHKU MOXHO OINpPEAEIUTh, pacCMaTpuBas
BapHUaHT C MOJHOCTBIO OTKPBITHIM TpaH3UCTOpoM VT2 B cxeme MUMITyJIbCHOTO IpeoOpa3oBaTelis
EVNM2-VT2 npu 11060M 3Ha4YE€HUHN CKBAXKHOCTH.

[Io Mepe yBenuUeHUs MOILHOCTH 3JEKTPUYECKOrO MpHBOJAa 00JacTb NPUMEHEHHUs
IPEPBIBUCTOrO TOKa yMeHbInaercsa. [l mpuBoaa MoIIHOCTBIO 68 KBT ycTaHOBUTH pEXUM
HENPEPBIBHOIO TOKAa HA BCEM [Mana3oOHE KPYTALIETO MOMEHTAa M 3HAUEHUSAX CKBaXXHOCTU
UMITYJIbCHOTO TIpeoOpa3oBaTelisi OKa3ajJoCh HEBO3MOXKHBIM. B pekumMe HENpephIBHOTO TOKa
MEXaHMYECKasl )KECTKOCTh 3HAYMTEIBHO BBILIE, YEM B PEKUME MIPEPHIBUCTOIO TOKA, U Pa3HULA B
MEXaHMYECKON JKECTKOCTH MEXIy OSTUMHU JABYMsI peXHUMaMH BO3PAaCTaeT C YBEIMYEHHUEM
JNEKTPUYECKON MOIIHOCTH.

OTH 0COOCHHOCTH MEXaHMUYECKUX XapPaKTEPUCTHK HEOOXOAMMO YYHUTHIBATH TPU CHHTE3E
CHUCTEM aBTOMATHYECKOT'O PETYJINPOBAHUA JIEKTPUUECKHUX NIPUBOJIOB B PEKUME TUHAMHYECKOIO
TOPMO>KEHHUS C UCTIOJIb30BAaHUEM BBICOKOYACTOTHBIX UMITYJIbCHBIX ITPE0Opa3oBaTeeii.

Crnenyer OTMETUTB, YTO B YNPABIAEMOM PEKUME TOPMOXKEHHUS B IIPUBOJIE MOCTOSIHHOIO
TOKa HAOJIIOAIOTCS CIIEAYIOIINE SBICHUS: — U3MEHEHNE Kod(PUIMeHTa epeiadn Ipy epexoe
OT peXuMa IPEPBIBUCTOIO TOKA K HEMPEPBIBHOMY; — IPU 3TOM C YBEJIWYEHHEM MOIIHOCTHU
AJEKTPOABUraTest 0071acTh MPEPHIBUCTOTO TOKA CYIIECTBEHHO YMEHBIIAETCS, OJJHAKO BEIUYHMHA
K03(puLmeHTa nepeaayn Bo3pacraer.

VY CTaHOBIEHO, YTO B MPOILIECCE UMUTALMOHHBIX 3KCIEPUMEHTOB PEXHUM IMPEPHIBUCTOIO
TOKa XapaKTEepeH M JJIEKTPUYECKOrO NPHUBOJA B PEXKHUME JIUHAMUYECKOTO TOPMOXKECHMS,
peanu3yeMoM C HCHOJIb30BAaHUEM OOXOAHOW IENu SKOPHOIO KOHTypa 4epe3 HMITYJIbCHBIN
npeoOpa3oBarenb. B CBs3u ¢ 3THMM BO3HMKAeT BaXkHas 3ajaya — OINPENEIUTh I'PaHUYHBIE
3HAYeHUsI CKBAXHOCTU HMMITYJIbCHOTO MpeoOpazoBaTelisi, ONMUCHIBAIONINE MEPEXO OT pPexKHMa
IIPEPBIBUCTOIO TOKA K HENPEPBIBHOMY.
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JUid peanmzanuy pexuma JUHAMHUYECKOTO TOPMOXEHMs Obula pa3zpaboTaHa cxema
BKJIIOUEHUS PETYJIUPYEMOTO JIEKTPUUECKOTO IIPUBOA, TOKA3aHHAsl HA PUCYHKE ©.

L. VD1
Ra 1 N
L~
_|_
EITM1
Ubac

>
Puc. 6. Cxema nepeKIIIoueHust peryIupyeMoro 3IeKTPUIecKOro MPUBOA B PEKUME THHAMUYECKOTO TOPMOXKEHUS

Ha pucynke 6 npencrapieHa cxema MEepPeKITIOUEHUs JIEKTPUUECKOTO MPUBOA B PEKUME
JTUHAMHYECKOTO TOpMOXKeHHU. KOMMyTaliMOHHBIH UK UMITYJIBCHOTO MPE00pa3oBaTesi COCTOUT
W3 JBYX BPEMEHHBIX HHTEPBAJIOB: — t1 COOTBETCTBYET 3aMKHYTOMY COCTOSIHUIO CHUJIOBOTO KJIFOUa
S1, — t2 — OTKpBITOMY COCTOSIHHIO.

B teuenue neporo uaTeppaia Ti, MpU HENPEPHIBHOM TOKE HA Ka)XKJOM 3Tare, Ha4aJlbHbIE
YCJIOBHS IKOPHOTO TOKA MPUHUMAIOT HYJIEBbIC 3HAUCHHUS.

Jns nanpHEWIIEro HWCCIeNOBaHUS IMEpexXofa AJIEKTPUYECKOTO IMPHUBOJA OT peKUMa
INPEPBIBUCTOTO TOKA K PEXUMY HEMPEpPHIBHOIO TOKA M OMpelNeieHHs O0O0JAaCTH TPaHHYHBIX
3HAYCHUH CKBaXXHOCTH HCIIOJIB30BAJICA YHCICHHBIM MeToA. lcciemoBaHue BBIIIOJIHEHO C
UCIIOJIb30BAHUEM CPEACTB HMMHUTAlMOHHOro MmojenupoBanus B cpeae MATLAB. Mogens,
MIPUMEHSIEMas B UCCIICIOBAHUY, TTOKA3aHA HA PUCYHKE 7.
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Puc. 7. ImutanmoHHast MOJeb pacyéTa TPaHMYHOrO 3HAYEHHsI CKBAYKHOCTH HMITYJIbCHOTO IIpeoOpa3oBaTes B
3apucumocTu oT JIC sxops

B Omoke «A» paccuMTBHIBAIOTCS 3HAYEHUS IOKa3aTeleill CTENeHW ABYX CllaraeMbIX
BeipakeHus (8). IlepBoe crmaraemoe MopenmupyeTcsi ¢ momoibio Oioka «B», BTOpoe — ¢
noMmoIiplo Onmoka «B». JluHeiHoe Bo3pacranme 3HaueHus JJC skops Qopmupyercs ¢
ucrnosb3oBanueM 010koB Constant2 u Integrator3.
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JIs1 3a1aHHOTO TTOCTOSTHHOTO 3HAYCHUS BPEMEHU SIKOPS, B COOTBETCTBHUH C Tabiuie 4, ¢
[EeNbI0 pacuéra TPaHWMYHOTO 3HAYEHUS CKBAKHOCTH W OOCCIICUCHUS BBITIONHEHUS YCIIOBUS,
BeIpakenue (10), a Takke Mozaenb BeipakeHus (12), peanu3oBaHbl B Buae 010ka Subsystem Ha
pUCYHKE 7 ¥ TIOTIOJTHEHBI OTPUIATEILHOM 00paTHON CBS3BIO C HHTETPATBLHBIM 3aKOHOM.

B pe3ynbraTe HMHUTAIIMOHHOTO 3KCIIEpUMEHTa Oblja Moyy4yeHa rpaduyeckast 3aBUCUMOCTD
TPAHUYHOI0 3HAYEHHS CKBAKHOCTH OT MOCTOSIHHOM BpemeHH sikopst 1 DIC.

Tabnuua 4 — 3HayeHHUs MOCTOSTHHOM BPEMEHH SIKOPS JJIs1 HMUTAIIHOHHBIX SKCIICPUMEHTOB
c 1 mo 8.

Ne 1.5, 1 2 3 4 5 6 7 8
JBu rarens - ATID112S (5,5) | 4IlIdD132S (15) - 411D 160S (30) - - 411180
(P,xBT) M (68)
Ts, MC 2,11 9,44 39 154

NS
0,6 RN =~
A

’ 3,4,5,6,7.8

. N
’ AN

Ea*®

02 0.4 0,6 0,8 1

¥

6)

Puc. 8. rpaHPI‘-IHLIe 3HAa4YCHUS CKBa)XHOCTHU

Ha pucynke 8a mpenacTtaBieHbl TpaHHYHBIC 3HAYCHUSI CKBaKHOCTH JJISI AJIEKTPHUUYECKOTO
IpUBO/Ia B peXUME MpepbIBUCTOr0 Toka. Ha pucynke 80 moka3aHbl IMPOEKIUHM 3aBUCHUMOCTHU
CKBRXHOCTH HMITYJIbCHOTO TmpeoOpazoBarenss or JJIC skops. B memsx wusydeHus 3TuX
3aBUCUMOCTEH OBIIM MPOBEACHBI UMUTALIMOHHBIE SKCIICPUMEHTBI.

Jlist 3NeKTpoABHUraTesel ¢ MOCTOSIHHBIM COOTHOLICHHEM BpeMeHH wummyisca 0,1 ¢
BPEMEHEM, IPaHUYHbIE 3HAYEHUSI CKBA)KHOCTU JIEMOHCTPUPYIOT MOYTH JIMHEHHYIO 3aBUCMOCTb
or DJIC saxops. OgHaKko Ha MPaKTUKE 3T 3HAYEHUS NPAKTHUUECKU HE 3aBUCAT OT 3HAUEHUS
IIOCTOSIHHOM BpeMeHH. [l MOATBEPXKIEHHS HTOr0 BBIBOAA OBUIM IOCTPOEHBI HPOEKIMH
3aBUCUMOCTH CKBaXHOCTH OT DJ[C siKOpsi NpH pa3iUyHBIX 3HAYEHHSIX MOCTOSHHOM BpEeMEHH
SIKOpSI C HCIOJB30BaHWEM Ta0nu4HOro penmaktopa Excel. MakcumanbHas ommuOka MeExXIy
3aBHCHUMOCTSIMU JJIs1 CKBaykKHOCTHU IIpH 3HaueHusx 0,009469 c u 0,1541 ¢ He npesbicuna 1 %.

Takum o0pa3zoMm, Ui pPEryauMpyeMoro MpUBOJAa IOCTOSHHOIO TOKa B pEXHUME
JTUHAMUYECKOTO TOPMOXEHHUs TOJyueHa anreOpanyeckas 3aBUCUMOCTh T'PAaHUYHBIX 3HAUCHHI
CKBOXHOCTH UMITyJIbcHOTO TipeoOpazoBarenss S1-EIM1 (11) B o6nacTu 3Ha4€HH TTOCTOSHHOU
BPEMEHHU KOPHOH LIEIN.
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B ynpasisieMoM pexyMe ITMHAMUYECKOI0 TOPMOXKEHHUs OblIa pa3paboTaHa UMUTALMOHHAS
MO/JIEJIb ACHHXPOHHOTO 3JIEKTPUYECKOTo mpuBoja B cpeae MatLab 7.01 ans ompenenenus ero
PEeryIMpOBOYHBIX XapaKTEPUCTUK. Mozenp noKka3zaHa Ha pUCYHKe 9.
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Puc. 9. Mozaenb MOIeTHPOBAHUS ACHHXPOHHOTO 3JIEKTPHUUECKOTO NIPUBOJA B PEKHUME IUHAMUUECKOTO TOPMOKEHHS

B Monenu MonenupoBaHUs TpyHIbl 3JIEMEHTOB OOBEIUHEHBl B (DYHKLHMOHAIBHO
3aBepIIEHHBIC OJOKU, BHITOIHSIOMINE CIeAYIONNE GYHKINN:

brox "A" MopenupyeT HauyaigbHbIE YCIOBUS HANpsDKEHHWS Ha KOHJEHCATOpe
nocnepoBarensHOil RLC-BeTBH;

Bbnok "B" peanu3yeTr GyHKINN OrpaHUYEHUS HAIPSHKEHHUS HA 3TOM KOHIGHCATOPE;

bnok "I™" conepKUT MOJieNb JIEKTPOABUraTeNsi C HUHBEPTOPOM U CHCTEMOM YIIpaBIICHHUS;

biok "JI" BKITIOUaeT perucTpupyloiiee 000pyA0BaHUE C JIEMEHTAMH MacCIITaOMPOBAHMS
U 1peoOpa3zoBaHMs 3a(pUKCUPOBAHHBIX CUTHAJIOB.

Henuneiinas nens cextopa "A" monenu 3a7aéT HayalbHbIE YCIOBHUS HANpPSDKEHUS Ha
oOKJIa/Ikax KOHJAEHcATopa, a B cekrope "Bb" peanu3zoBaHa Mojenb OrpaHUYEHHs HANpsKEHUS Ha
koHaeHcarope Cl, kotopbliit HaxonuTcs B cekrope "B".

Bo BpeMsi MosienupoBaHusl MOMEHT BpallleHus ABUTaTens 3aaaércs uepes 0ok Step. s
MUTAHUSI AaCHHXPOHHOTO JBUTATENS yepe3 Subsystem gopmupyercs TpéxdazHoe HampsHKeHUE C
yIpaBiIseMbIMU YaCTOTOW U aMIUIMTY 0.

B xoz1e uMuUTalIMOHHOTO SKCTIEpUMEHTA OBbLITN 3a()MKCUPOBAHbI 3aBUCUMOCTH CJIEAYIOLINX
apaMeTpoB:

VYrioBas CKOpPOCTh 3JEKTPUUECKOT0 IPUBO/A,

Monynb Toka B 0OMOTKax cTaTopa JBUrartess,

ITocTosiHHBIN TOK HAa BXOJI€ aBTOHOMHOTO HHBEPTOPA,

OJEeKTPOMAarHUTHBI MOMEHT B (DYHKIMM CHTHajla yHPaBJICHUS YacTOTOM MUTAIOILETro
HanpspbkeHus craropa asurarens (Puc. 10).

PerynupoBouHble XapakTEepUCTUKM aCMHXPOHHOI'O NMPHUBOJA B PEKUME TUHAMUYECKOTO
TOPMOXKEHHS UMEIOT JBa yyacTka — "A" u "B", KOoTOopble pa3nu4aroTcsl HalpaBiICHUEM TOKa B
ey nocTostHHOro Hanpsbkenus (Puc. 10).

B oGnactu "B" HampaBieHue TOKa COOTBETCTBYET PEXHMMY, MPU KOTOPOM 3HEPIHs,
BblpabaThiBaeMasi 3JIEKTPOJBUTATENEM, PACXOAyeTCs Ha HarpeB JAMHAMHUYECKOTO TOPMO3HOIO
pesuctopa rtr_trt (Puc. 10).

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



Industrial Transport of Kazakhstan. Vol.23 (1). 2026

w17 hL®
h il

oo™ L. . . [

14 1.2%

;L".\mth . H l il

" [T 0.4 0.6 0.8 1 " e 0.z 0.4 0.6 0.8 1 1.2
a) KTA> 100L4, P=4 kBT B) KTAD 25054, P=75 kBT
- - hl, ll‘
ek A} B ey | HJL A _ _ B

-

T 0.2 0.4 0.6 X 1 1.z L .5 S
o 0.2 0.4 0.6 0.8 1 12
0)KTAZ 200M4, P=37 kBT 1) KTAD 28054, P=110 kBT
PR
A b

; ; : LT+ yrmpif)
o 0.2 0.4 0.6 0.8 1 1z

T) KTAD 31554, P=160 kBT

Puc. 10. PerynmupoBo4HbIE XapaKTEPUCTHKN ACHHXPOHHOTO ICKTPUYECKOTO NPUBOJIA B PEXKUME ANHAMUYECKOTO
TOPMOKECHHS

3nech: M*, o*, [* — smekTpoMarHUTHBIM MOMEHT, YTJI0Basi CKOPOCTh U TOK B CTATOPHOM
L[EMHA COOTBETCTBEHHO B OTHOCUTEIbHBIX €IUHULIAX.

B sTom cnyuae ympaBieHre peKUMOM TOPMOXKEHHS Yepe3 YIPaBIISIOIIUN KaHAT MOXKET
OBITH peaTM30BaHO B AMamna3zoHe 1:4 Juid 3IeKTPUYECKUX MPHBOJOB MOIIHOCTHIO Oosee 37 kBT.
Jns mpuBOoOB MONIHOCTRIO MeHee 37 KBT HaOmromaeTcss HE3HAUMTENIBHOE COKpAICHHE
Jyana3zoHa peryJiupoBaHusl.
Tak, 17151 SIEKTPUYECKOTO MPUBO/Ia MOIITHOCTRIO 4 KBT auanaszoH peryiaupoBaHus B oomactu "B"
coctanJiser 1:3.

TexHonOrnuecKuit pexxuM TOPMOKEHHUSI MOKET ObITh PeaJu30BaH B JHMala3oHe HE MEHee
1:20 B o0acTsax "A" u "B".
B oGmactu "A" pexxuM TOPMOMKEHHsI OCYIIECTBIISETCS MCKIIOUUTEIBHO 3a CUET MOTpeOIeHUs
3JIEKTPOIHEPTUU OT BHEIIHETO UCTOYHUKA.
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JI1s momyyeHus: MeXaHMYeCKHX XapaKTePUCTUK 3JIEKTPHUUECKOr0 MPUBO/IA B UCCIIEAYEMOM
pexxume ObUTa pazpaboTaHa UMUTAIIMOHHAS MOJEIb IEKTPHUUECKOro MpUBOJIa, IPUBEAEHHAS HA
pucyHke 11.

Ourt 1
Saturationz Transfer Fonl  Stepd

1

Universal Bridge1
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Puc. 11. Moenb MOIETUPOBAHUS HEKTPUIECKOTO MPHBOJIA ISl UCKIFOUEHHUSI MEXaHMYECKUX XapaKTEPHCTHK B
peXHMe reHeparopa

DJeMEeHTBI MOJENIN MOAEIUPOBAHUS BBIIOJIHAIOT ClEAyIOmNe GYHKINN:
DV — uCTOYHMK IOCTOSSHHOT'O HAIIPSIYKEHUS,

Subsystem — cucrema ynpaBieHUss HHBEPTOPOM;

Universal Bridge 1 — ynpaBnsemslii uHBepTOp;

Asynchronous  Machine —  Mozmenbp  aCMHXPOHHOTO  DJEKTPOJBHUTATENS  C
KOPOTKO3aMKHYTBIM POTOPOM;

Machines Measurement Demux —  ¢opmupoBarenb  BBIXOIHBIX  KOOPAHHAT
SJICKTPOABUTATCIIA;

Saturation — GJIOK OrpaHUYEHUs] MAKCUMAJIBHOTO 3HAYEHMS KPYTAIIET0 MOMEHTA,

Transfer FCN1 — unrerparop;

Step4 — 6J10K, ONpeneAONINi TEMIT yBEIIMYEHHSI KPYTAIIET0 MOMEHTA.

NuBeprop Universal Bridge 1 cMmonenupoBaH ¢ uCHOib30BaHHMEM OJI0OKa HCTOYHHUKA
nocrosinHoro HanpsbkeHust DC Voltage Source. Mexannueckue XxapakTepUCTUKH ObUIH MOTYUYEHBI
JUIS pa3IMYHbIX 3HAUEHHH YacTOThl HANPsKEHHUs OOMOTOK CTaTOpa, 3aJlaHHbIX B Ta0nuLe 2, MpH
YCIIOBUH, YTO aMIUIMTYAA HANPsKEHUsI 0OOMOTOK CTaTOpa BO BCEX UMUTALIMOHHBIX KCIIEPUMEHTaX
OCTaBajach HEM3MEHHOW M COOTBETCTBOBaJIa HOMUHAJIBHOM BeIUMUMHE. B X0/1€ MMUTAaIMOHHOTO
AKCIEPUMEHTA KPYTALIUNA MOMEHT U3MEHSIICS B COOTBETCTBUU C JIMHEMHBIM 3aKOHOM, KOTOPBIN
dopmupoBacs ¢ nomolibio 0;10k0B Saturation 2, Transfer FCN1 u Step4. C nenbio yMeHbIIeHUsS
BJIMSIHUSI MHTETPAJIBHOTO 3aKOHA U3MEHEHMSI KPYTAILLEr0 MOMEHTA Ha UCKa)KEHUE MEXaHU4ECKOU
IPOM3BOIUTENBHOCTH, BpeMs uHTerparopa transfer FCN1 Obuto BeIOpaHo B /1Ba pa3a Ooibliie
MAaKCUMaJIbHOW BPEMEHHOU ITOCTOSTHHOM 2JIEKTPOABUTATEIIA.

Tabnuna 5 — CooTBETCTBHE HOMEPOB MEXAHWYECKUX XapaKTEPUCTUK CTATOPAa U YaCTOT
HaNpsKCHUS.

Ne xapakTepucTuku 1 2 3 4 5

YacToTa HanpspkeHuss 00MOTOK cTatopa, 1 50 40 30 20 10

Jl1st paccMaTprUBaeMBbIX THIIOB JIEKTPUUYECKHUX JBUTATENICH B pe3yJIbTaTe UMUTAIIMOHHOTO
MOJICTTUPOBAHUSl  TOJIy4EHO CEMEHCTBO MEXaHWYECKUX  XapaKTEPUCTUK  YIPABISIEMOTO
JTUHAMHUYECKOTO TOPMOXKEHHUS, TPEACTABICHHBIX B CEKTOpe «A». CpaBHUTEIBHBIM aHAIU3
JKECTKOCTH TIOMYYEHHBIX MEXaHMYECKHX XapaKTEPUCTUK ObUT BBHIMIOJHEH JUIsi ACHHXPOHHBIX
AJIEKTPOIPUBOJIOB C YACTOTHBIM YMPABICHUEM MOITHOCTHIO B Auamna3oHe oT 4 kBT mo 160 kBrT.
Omnpenenenne *KECTKOCTH OCYIIECTBISIIOCH C MOMOIIBIO BBIPAKEHUS M TpadoaHaTUTHIECKOTO
METO/Ia Ha IMHEWHBIX YYaCTKaX B CEKTOPE «A».
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4 =
PxBr fl'n
Puc. 12. 3aBI/ICI/IMOCT]) JKECTKOCTHU MeXaHI/IquKOﬁ XapaKTECPUCTHUKU aCUHXPOHHOT'O 3JICKTPOIIPpHUBO/Ja OT YaCTOThI
HaIpsKCHUS Ha 06MOTKaX cTaTopa 1npy pasjinvHbIX 3HAYCHUAX MOIIHOCTHU.

Jnst snextponBurareneii ¢ MoOmHOCTBI0O OT 4 no 160 kBT mpu CHMXKEHHHM YacTOTHI
MUTAIONIETO HAPSKEHUsI 0OMOTOK cTaTopa HalMroAaeTcs 0osee ueM 1eCATUKPaTHOE YBETUUECHHE
JKECTKOCTH MEXaHWYECKOU XapaKTEPUCTUKU. B 1uama3zoHe MOLIHOCTH 3JIEKTPOABUTATENS OT 75
10 160 kBT %eCcTKOCTh MPAaKTUYECKU HE U3MEHSETCS IPU OJHOM M TOM K€ 4aCTOTE HAINPSIKEHUS,
TOrJa Kak IpHU yMEHBIIEHUU MOLIHOCTH NpuBoAa oT 75 kBT 1o 4 kBt xecTkocTh HanpspkeHus
cHmkaetcs B 10 pas.

3AKJIIOYEHUE

B mpencraBneHHol paboTe BBINOIHEHO KOMIUIEKCHOE HCCIIEIOBAHUE PETYIHPYEMbIX
JJNIEKTPUYECKUX IIPUBOJOB IIOCTOSHHOIO M IIEPEMEHHOIO TOKA B PEXUME YIPaBIAEMOIO
JTUHAMHYECKOrO TOPMOXKEHHUSI C MCIOJB30BaHWEM HMITYJIbCHBIX IMpeoOpa3oBaresneil. OCHOBHON
[IEJIBI0 MCCIIEIOBAHUS SIBIISTIOCH OOOCHOBAHHME MapaMeTpPOB CHIIOBOM YacTH 3JIEKTPOIPHUBOAA,
onpejieNieHue TpaHUI] YCTOMYMBOrO paboyero Auana3oHa UMIYJIbCHBIX IpeoOpazoBaTeneil u
aHaJIU3 BIMAHMS YIPABIIONIMX BO3ACHCTBUI HAa CTATUYECKUE, PETYJIUPYIOLIUE U MEXaHUYECKUE
XapaKTePUCTUKU DJEKTPUUECKUX MallUH pa3iudHoi MomHocTd. [locTaBieHHas uenb ObLia
peann3oBaHa IOCPEACTBOM  COYETAHMS  AHAIUTUYECKUX METOJOB U HMMHUTALMOHHOIO
MOJEJIMPOBAHUS, YTO MTO3BOJIMIIO MTOIYYUTh JOCTOBEPHBIE U BOCIIPOM3BOAUMBIE PE3YJIbTATHI.

Jnist ToCTH KEHUS TOCTABJICHHBIX 3a/1a4 Oblila pa3paboTaHa COBOKYITHOCTh UIMUTAIIMOHHBIX
MOJIeJIeH ANIEKTPONIPUBOIOB IMOCTOSHHOTO TOKAa C HE3aBUCUMBIM BO30YKJIEHHEM M aCUHXPOHHBIX
AJIEKTPONPUBOAOB C YAaCTOTHBIM YIIPaBICHUEM. B MOJENIX yUUTHIBAINCh peaIbHbIE TapaMeTPhbl
AKOPHBIX M CTAaTOPHBIX LIETEH, HEIMHEMHBIE XapAaKTEPUCTUKH CUJIOBBIX IOIYNPOBOIHUKOBBIX
AJIEMEHTOB, PEKUMBI LTUPOTHO-UMITYJIbCHOW MOJYJIALIMY U BIUSHUE NHIYKTHUBHBIX KOMIIOHEHTOB
uenu. [IpuMeHeHHE YHCIEHHBIX METOJOB HHTETPUPOBAHMS C IEPEMEHHBIM  IIAroM,
aJIalITUPOBAHHBIX K OCOOCHHOCTSM HUMITYJIbCHBIX PEXHMOB, 00€CHeumIo KOpPpPEeKTHOE
BOCIIPOM3BEJICHUE JMHAMHYECKHMX IPOLIECCOB W  TMO3BOJWIO IOJIYYUTh CTaTHYECKHUE
XapaKTEPUCTUKHU C JOITYCTUMOM IOTPEUTHOCTBIO MOACINPOBAHUS.

B xome wuccnenoBaHHs YCTaHOBJIEHO, YTO NapaMmeTpbl WHAYKTUBHBIX M aKTHUBHBIX
3JIEMEHTOB SKOPHOH LIENH 0Ka3bIBAIOT CYIIECTBEHHOE BIMSHUE Ha (JOPMHUPOBAHUE CTATUYECKUX U
PEryJIUPYIOIIMX XapaKTePUCTUK DIIEKTPOIPUBOAA B PEKHUME AUHAMUYECKOIO TOPMOKECHMS.
[TokazaHo, YTO HpPU YBEIMUYEHHUH MOITHOCTH 3JIEKTPHUECKOro ABHraTenss o0iacTb paboThl B
peXuMe MPEepbhIBUCTOTO TOKa CYIIECTBEHHO CyKaeTcs, TOrJa Kak o0JacTb HENPEPHIBHOTO TOKa
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pacmmpsieTcsi. OTO OOYCIOBICGHO POCTOM CyMMapHOM HWHIYKTUBHOCTH SIKOPHOM IIEMU |
CHIKEHHEM €€ aKTUBHOI'O CONPOTUBJIEHUS, YTO MPUBOAUT K YMEHBIICHUIO aMIUTATYAbI
MyJIbCAIIM TOKA U MOBBIIICHUIO YCTOMYUBOCTH TOPMO3HOTO pexkKUMa.

[Tonyuenbl cemeiicTBa PpEryJHPYIOIIUX XapaKTEPUCTUK IO TOKY SKOpS IS
AJEKTPONPUBOJOB PA3IUYHON MOIIHOCTH IMpPH BapbUPOBAHMM CKBAXHOCTH HMITYJIBCHOTO
npeoOpaszoBareisl W 3HAYCHHW PA3HOCTH HAMPSHKCHHA MEXIYy MaKCHUMAIbHBIM HaIpsKeHUEM
koHzaeHcaTopa u JDJIC skops. YCTaHOBJIEHO, YTO MPHU YBEJIMYECHUU YKa3aHHOW Pa3HOCTHU
HaIpPsKEHUH MePeXo]l OT PeKUMa MPEPHIBUCTOIO TOKA K PEKUMY HEIIPEPHIBHOT'O MPOUCXOIUT MPHU
O0onee BBICOKMX 3HAUYCHUSAX CKBAXHOCTH, 4YTO (AKTUUECKH CyKaeT pabouuii auamazoH
UMITYJIbCHOTO TIpeoOpasoBaTens. Ha OCHOBaHMM 3TOro ClielaH BBIBOJ O LEJIECO00pa3sHOCTH
YMEHBIIIEHUS PA3HOCTH HAMPSHKCHUH JIJIs1 PACIIMPEHHMsSI AUana3oHa yCTOMUYMBON paOOTHI CHIIOBOM
YacTH IEKTPONPUBOJA B PEXKUME TUHAMUYECKOIO TOPMOYKEHUS.

BaxxHpiM pe3ynbTaToM HCCIEAOBAaHUS SBISETCS OINpeAeNieHHe TPaHUYHBIX 3HAYCHHM
CKB2XHOCTH MMITYJIbCHOTO MPeoOpazoBaTesi, COOTBETCTBYIOIIUX MEPEXOy dIEKTPONPUBOJIA OT
peXHMMa MPEPHIBUCTOrO TOKAa K peXHUMY HempepblBHOro. C HCMONb30BAaHHEM HMHUTALMOHHOTO
MOJIETIMPOBAHUSI M UYHUCIIEHHBIX METOJIOB IOKa3aHO, YTO B IIMPOKOM JAMAINa30HE MOIIHOCTEN
ANEKTPUYECKUX MAIIMH M 3HAYEHHUH MOCTOSHHOW BPEMEHHU SIKOPHOM LenH JaHHbIe TPaHUYHbIE
3HAUEHUSl JEMOHCTPHUPYIOT ClIa0yl0 3aBUCHMOCTh OT WHEPIIMOHHBIX TapaMeTPOB SIKOPS U B
ocHOBHOM ompenensitorcs BenmuunHo JJ[C. IlosyyeHHble 3aBUCHUMOCTH TOATBEPKIAIOT
BBIBUHYTYI0O B pa0oTe TUMOTe3y H TO3BOJSAIOT YNPOCTUTh WHKEHEPHBIE pPAcu€Thl TIpHU
MPOEKTUPOBAHUU PETYIINPYEMBIX JIEKTPOIPUBOIOB.

HccnenoBanne MeXaHMYECKHUX XAPAKTEPUCTUK AIIEKTPONPUBOAOB IOCTOSHHOIO TOKA B
peXHMME YIPABIAEMOI0 IUHAMHYECKOrO TOPMOXKEHMS IOKA3aJ0 HalIM4yue IBYX OTUETIMBO
BBIPQKEHHBIX 00JIaCTEH, COOTBETCTBYIOIIUX PEKHUMaM HEMPEPHIBHOIO M MPEPHIBUCTOIO TOKA.
VY cTaHOBIIEHO, YTO B peXUME HEMPEPhIBHOTO TOKA MEXAHWYECKHE XapaKTEPUCTHKU O00JIaIaroT
3HAYUTEIBHO OOJbIIEH KECTKOCTHIO MO CPABHEHMIO C PEKUMOM IPEPBIBUCTOrO TOKA, MPUUYEM
pa3HHIa B JKECTKOCTH BO3pAcTaeT C YBEJIMYEHHEM MOIIHOCTU JIIEKTpONnpuBojaa. JlaHHBIE
0COOEHHOCTH HEOOXOJMMO YUYHUTHIBATH MIPU CHHTE3€ CUCTEM aBTOMATHUYECKOTO PEryJIUpOBaHMUSA,
TaKk KaKk MU3MEHEHHE PEeKHMMa TOKa IMPUBOIUT K CKaYKOOOpazHOMY M3MEHEHHIO Ko3(QuineHrta
nepeaavyu U JUHAMUYECKUX CBOMCTB CUCTEMBI.

B xozme paGoThbl TakKe BBIOJHEHO MOJEIMPOBAHHE ACMHXPOHHBIX 3JIEKTPOIPHUBOJIOB C
YaCTOTHBIM yMpaBICHHEM B pEXHME JTUHAMHYECKOro TopMokeHus. IlokazaHo, dTO
pPEeryJIMpOBOYHBIE M MEXAaHWYECKHE XapaKTEPUCTUKH ACHUHXPOHHOTO IPUBOAA HMMEIOT JBa
XapaKTepPHBIX yYacTKa, pa3IUYaloONIMXCsl HaNpaBlIeHUEM MOTOKA SHEPTUU B IIEMH MOCTOSHHOTO
TOKA. Y CTAHOBJIEHO, YTO JIJIS AJIEKTPONPUBOAOB MOLTHOCTRIO Oosiee 37 kBT ynpaBnenue pexumom
TOPMOXKEHUS MOXET OBITh PealM30BaHO B JOCTATOYHO IIMPOKOM JAMANa3oHe, TOTAa Kak MAiis
IPUBOJOB MEHbIIEH MOIIHOCTH  HaOJIONAaeTCs HEKOTOPOE  COKpallleHHuEe JMaras3oHa
perynmupoBanus. [lomydeHHbIE 3aBUCHMOCTH >KECTKOCTH MEXaHHMUYECKHUX XapaKTEPUCTUK OT
YaCTOThl MHUTAIOIIETO HAMNPSIYKEHUS U MOIIHOCTU JIBUraTelis MOATBEPKIAIOT BO3MOXHOCTH
3¢ (HEeKTUBHOTO YIIPaBJICHUS TOPMO3HBIMU PEKUMAMH MyTEM U3MEHEHHUS YacCTOThI M aMILIUTY b
HaNpsDKEHUs cTaTopa.

Ha ocHoBaHMM BBIMOTHEHHOTO HCCIENIOBAHUS MOXKHO CJIIeNaTh BBIBOJ O TOM, YTO
[IOCTaBJIEHHbIE LIEJTU W 3aJayd palboThl MOJHOCTHIO PEATU30BaHbl, a BBIABUHYTas THUIIOTE3a
MONTydnsia TEOPETUYECKOE U IKCIEepUMEHTaNbHOE MOATBepKAcHHE. [lomyueHHbIe pe3ynbTaThl
BHOCST BKJIaJl B Pa3BUTHE HAYYHBIX MPEJICTABICHUN O PEKMMax yNpaBiIsieMOro JUHaAMHYECKOIO
TOPMO>KEHHUS IEKTPUUECKUX MPUBOIOB U YTOUHSIOT YCIOBUS YCTOWYNBOM PabOTHI UMITYJIbCHBIX
npeoOpasoBaresieil B CUI0OBOM YacTH 3JIEKTPONPUBO/IA.

[IpakTudeckas 3HAYUMOCTD PE3YIHTATOB 3aKJIIOYAETCS B BO3MOKHOCTH MX UCIIOJIb30BAHUS
[P IPOEKTUPOBAHNUU U MOJEPHU3ALMH PETYIUPYEMBIX 3JIEKTPOIPUBOOB JJIsl MPOMBILIUIEHHBIX
YCTaHOBOK, a Takke Mpu pa3paboTKe anropuTMOB YIIPABICHUS CHCTEM aBTOMATHYECKOTO
perynupoBaHusi, paOoTaloIMX B peXuMax TOpMokeHUs. [IpennokeHHbIe 3aBUCHUMOCTH H
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PEKOMEHJALMU MOIyT OBITh HCIIOJIB30BaHbl A BBIOOpa IapaMeTpOB  HMMITYJIbCHBIX
npeoOpa3oBareseil, OIEHKH JOMyCTUMBIX JUANa30HOB CKBa)KHOCTH M MOBBIIICHUS HaIEKHOCTH
TOPMO3HBIX PEKUMOB.

[lepcrieKTUBBI AaTbHEWIIMX HMCCIEIOBAHUN CBSI3aHBl C PacCIIUPEHHEM pa3padOTaHHBIX
MOJIEJIEH Ha MHOTOJIBUTaTENIBHBIE CHCTEMBI, YYETOM TEIIJIOBBIX ITPOLIECCOB B CHIIOBBIX 3JIEMEHTAaX
M 3JICKTPUYECKUX MAIIMHAX, & TAKXKE UCCIICOBAHNEM BIIMSHUS IUPPOBBIX CUCTEM YIIPABICHUS U
aJalTUBHBIX AJTOPUTMOB PEryJUPOBAaHUS HA XapaKTEPUCTHKU JJIEKTPOIPUBOLOB B PEKHUME
JTMHAMUYECKOro TopMokeHUs. Kpome Toro, mpencraBisieTcsl LenecooOpa3HbIM MpOBEIECHHE
HaTypPHBIX 3KCIEPUMEHTAJIBHBIX MCCIEIOBAHNIN A BepU(UKALMH MTOJYyYEHHBIX Pe3yIbTaTOB U
YTOYHEHHMsI PEKOMEHIALUN [IJI1 KOHKPETHBIX IPOMBILIIJICHHBIX IPUMEHEHUN.
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Abstract. In the context of increasing demand for alternative energy sources, the development
of efficient autonomous photovoltaic systems becomes particularly important. This study focuses on
the creation of a photovoltaic installation with Extreme Stepwise Power Control (ESPC), which allows
optimization of solar energy utilization and improves system efficiency. The aim of the research is to
develop and experimentally test the ESPC algorithm to enhance the energy utilization coefficient of
solar panels in autonomous systems. To achieve this aim, the following objectives were set: analysis
of existing power control methods, development of the ESPC algorithm, creation of an experimental
model, conducting simulations and laboratory tests, and evaluating the effectiveness of the proposed
method. The results demonstrated that the ESPC method can increase the energy utilization coefficient
of solar panels up to 97-98% under various insolation conditions, ensuring stable operation and
reducing energy losses. Modeling confirmed the effectiveness of the algorithm and its scalability to
more powerful autonomous systems. Thus, the study verified the research hypothesis, expanded
scientific knowledge in the field of autonomous photovoltaic systems, and opened prospects for
practical implementation and further development of solar panel management technologies.
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AnHoranusi. bamama sHeprusi Ke3jepiHE CYpPaHBICTBIH apTyblHA OailIaHBICTHI THIMJII
ABTOHOM/IBI (DOTOANEKTPIIIK KOHIBIPFBUIAP/BI 33ipJiey epeKile MaHbI3Abl 00JbIn OThIp. by
3epTTey IKCTpEeMaIbl KaaaMmablK KyaTTel peTtey (OKP) omici 6ap hoTo3eKTpiK KOHIBIPFBIHBI
’Kacayra apHaJFaH, OJ1 KYH SHEPIHACHIH TUIMJII MaialaHyFa jKoHe )KYHEeHIH KYMbIC THIMAUTIITIH
apTThIpyFa MYMKIiHIIK Oepemi. 3epTTeyaiH MakcaThl — aBTOHOMIIBI KyHenepae KyH
OarapesyiapblHBIH SHEprus TUIMAUITIH aptTelpy yuwiH OKP amroputmin o3ipiey xKoHe
TOXKIpUOEIK TeKcepy. MakcaTka JKeTy YIIH KeJieCcl MIHJIeTTep KOWBUIIBI: KyaTThl 0acKapyIbIH
Oap omicrepin Tangay, DKP anroputmin a3ipiey, TOXKIpUOENiK MakeT KYpy, MOJENIbILY KOHE
3epTXaHAIBIK CBIHAKTAP KYPri3y, YCHIHBUIFAH JMIICTIH THIMIUTITIH OaFanay. 3epTTey HOTHXelepi
OKP omiciHiH KYH OaTapesuiapbIHBIH SHEPrus THIMIUTITIH SPTYPIl MHCOJSIIUS JKaFnaiibiHaa 97—
98%-ra AeiiiH apTThIpa aNaThIHBIH KOPCETTI, OYJI KOHABIPFBIHBIH TYPAKThI )KYMBICBIH KAMTaMachl3
€Te/l KOHE DHEepPrusl MIBIFBIHBIH a3aiTansl. Mojenbley aarOpUTMHIH THIMAUTIITIH OHE OHBI
KyaTTbl aBTOHOMJBI JKyHesepre macimradTay MYMKIHAITIH pactanbl. Ochuiaiiiia, Xypri3iireH
JKYMBIC 3€PTTEy THUIIOTE3aChlH pacTar, aBTOHOMJIBI (POTOIEKTPIIIK KOHIBIPFBLIAP CAIaChIHIAFbI
FBUTBIMU O1TIM/TI KEHEHTII, KYH OaTtapesuiapbiH 0acKapy TEXHOJOTHSIIAPBIH MPAKTUKAIIBIK CHT13y
MEH 9pi Kapail 1aMbITy TIEPCIIeKTUBAIAPHIH AIITHI.

Tyiiin ce3aep: aBTOHOM/IBI (POTORIEKTPIIIK KOHIBIPFBI, KYH OaTapesiapbl, SKCTpeMabl
KaJaMIbIK PETTey, THIMIILIIK, MOJIEIbCY, SHEPTHUs
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AHHOTanusi. B ycnoBusix pactymeil MOTpeOHOCTH B albTEPHATUBHBIX HCTOYHHMKAX
sHepruMm ocoboe 3HaueHue TmpuobperaeT pa3pabotka APPEKTUBHBIX  ABTOHOMHBIX
(doTo37eKTpUUECKUX YCTaHOBOK. Hacrosiiiee uccineoBaHie MOCBSIEHO CO3aHNUI0 YCTAHOBKHU C
9KCTpEeMaJIbHBIM IIaroBbIM peryiupoBanueM MouiHoctd (D11IP), uro mo3BosiseT onTUMU3UPOBATH
UCTIOJIb30BaHUE COJTHEYHOW SHEPrHHM M MOBBICHTH 3((eKTHBHOCTL paboThl cucTembl. Llenbio
WCCJICIOBAHUS SBISETCS pa3paboTKa M AKCIEpUMEHTAbHAs mpoBepka anroputma OIIP mms
HOBBIIIIEHUS K03()(DUITMEHTa UCTIONB30BAaHUS COJTHEYHBIX OaTapeil B aBTOHOMHBIX cucTemax. Jlns
JOCTHKEHUS 1eNU ObUIM TOCTaBJICHBI CIENYIOIIME 3aJaud: aHaju3 CYIIECTBYIOUIMX METO/0B
peryJIupoBaHHUs MOIIHOCTH, pa3paboTka anroputma OIIP, co3manme sKCHIEpUMEHTATBHOTO
MakeTa, MPOBEIEHUE MOJEIUPOBAHUSA U JIAOOPATOPHBIX HCIBITAHUN, OleHKa 3(eKTUBHOCTU
IPEUIOKEHHOIO MeTona. Pe3ynbrarTel HcciaenoBaHus MOKaszainu, 4yTo mnpumeHenue OIIIP
MO3BOJIAET YBEIUYUTh KOA((ULIMEHT UCTIONb30BaHMSI SHEPTUU COJTHEUHBIX Oatapeit 1o 97-98%
IPY Pa3JIMYHBIX YCIOBHUIX HHCOJISIIINU, O0eCTIeYrBast CTAOMIBHYIO pabOTy YCTaHOBKHU M CHHYKCHHE
NoTeph 3HepTruu. MojenupoBanue NoATBEpAUIO 3G (HEKTUBHOCTh AITOPUTMA U BO3MOKHOCTD €r0
MacmTaObupoBaHusi Ha Oosiee MOUIHbIE aBTOHOMHBIE CHCTEMBbl. TakuM 00pa3oM, NMpOBEICHHAs
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paboTa f0Ka3ajga runoTe3y UCCIIEA0BaHUs, pacIIMpUiia HayYHbIe 3HAHUS B 00JIaCTH aBTOHOMHBIX
(OTO3EKTPUUECKUX YCTAaHOBOK M OTKpbLIA MEPCIEKTUBBI JJIsi MPAKTHUYECKOTO BHEAPEHHUS U
JAJIbHEHIIero pa3BUTHsI TEXHOJIOTUH yIIPaBICHUs COJTHEUHBIMU OaTapesiMH.

KiroueBble cioBa: aBTOHOMHAsi (DOTORJIEKTPUUECKAss YCTaHOBKA, COJIHEYHBbIE OaTapew,
9KCTPEMAJIbHOE LIIar0BOE PEryJIMpOBaHKE, 3PPEKTUBHOCTh, MOJCINPOBAHUE, YHEPT U

Jas murupoBanus: ['.C. AiirkasueBa. Pa3paboTka 3HEpreTMYecKol YCTaHOBKU C
9KCTPEMAJIbHBIM IIArOBBIM PEryJIMPOBaHUEM MOUIHOCTH CONHEYHbIX OaTapeil // [lomblIIeHHbIHI
tpancnopt  Kazaxcrama. 2026. T. 23. No. 89. Crp. 103-131. (Ha pyc.).
https://doi.org/10.58420/ptk/2026.89.01.006

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

BBenenue

Pa3ButHe anbTepHaTUBHBIX MCTOYHUKOB SHEPTUU SIBISIETCS OJHOW M3 KIIIOUEBBIX 3aj]ad
COBPEMEHHOM HAyKH M TEXHUKH. B TIoce1Hre TOAbI Ha0MI0aeTCst OBICTPBIN POCT MOTPEOHOCTH B
aBTOHOMHBIX PHEPreTHUECKUX CUCTEMAaX Ji 0ObEKTOB Pa3IMYHOTO Ha3HAYEHHMS: )KUIIBIX JOMOB,
YAaNEHHBIX HAYYHBIX CTAHIMHA, TEIEKOMMYHHKAIIMOHHBIX Y3JI0B M CEJIbCKUX HACEIEHHBIX
nyHKTOB. ®oToanekTpuueckue yctaHoBkH (CB) 3aHnMaroT ocoboe MecTo cpein albTepHATHBHBIX
HUCTOYHUKOB JHEPruM OJiarojapsi BO3MOXKHOCTH TMpeoOpa3oBaHUS COTHEYHOTO H3IIyYCHUS B
AIIEKTPUYECKYIO SHEPTHIO 0€3 BPEIHBIX BHIOPOCOB U 3HAYUTEIHLHOTO YPOBHS IIyMa.

HecMoTpss Ha mmpokoe pacrpocTpaHeHue (OTOIIEKTPUUECKUX CHCTEM, Mpodiema
3¢ (PEKTUBHOTO WCTIOIB30BAaHUS COJIHEUHOM HHEPrUM OCTaércs akTyalbHOW. Ha mnpaktuke
KO(DPUIMEHT HCIIOIb30BAHMS MOIIHOCTH COJIHCYHBIX Oarapeil 4YacTo CHUIKAeTCs H3-3a
HEMOCTOSHHOTO COJTHEYHOTO U3JTy4YEHHUs, U3MEHEHHUH TeMIepaTyphbl U OTPaHUYEHUN CTaHJapTHBIX
CXEM peryiaupoBanus. B HayuHO# auTeparype onucaHbl METO1bl MakcuMu3auu MomHoctu Chb,
OJIHAaKO OOJIBIIMHCTBO U3 HUX OPUEHTUPOBAHO Ha CTAOMIM3AIUIO HANIPSKEHUS UM IPUMEHEHUs
TPAIULIMOHHBIX AITOPUTMOB OTCIEKMBaHUA MakcuMaibHOU MmomrHoctu (MPPT), xoTophie He
YUHUTHIBAIOT SKCTpEeMajbHbIe KOJeOaHUs TapaMeTpPOB HCTOYHUKA.

Br16op TembI HecnenoBaHus 00y CI0BIEeH HE0OX0TUMOCTBIO Pa3pad0TKH MHHOBAIIMOHHOTO
nmoaxoAa — TPUMEHEHHs SKCTPEMAJIBHOTO IIIaroBOro perynupoBanus MormHoctu (DIIP),
MO3BOJISIOIIET0 MOBBICHTh KO3 duuueHT ucnonszoBanus Cb u 3 PeKTHBHOCTH aBTOHOMHBIX
(b OTORIEKTPUUECKUX IHEPTETUUECKUX YCTAaHOBOK.

AKTyalnbHOCTh  HCCJENOBAaHUS  ONpEeNeNsieTcs  MPaKTHUYeCKO  HE0OXOTUMOCTBHIO
TIOBBIIICHUSI YHEPTCTHUYECKON 3(PPEKTUBHOCTH aBTOHOMHBIX CHCTEM JJICKTPOCHAOXKEHHS TpU
MUHUMANbHBIX 3aTpaTax Ha 000pyaoBaHue 1 00cykruBaHue. COBpeMEHHBIE YCTAaHOBKH YacTO HE
WCIIOJIB3YIOT MOTEHIIMAN COJTHEUHBIX OaTapel MOJHOCTHIO, YTO CHIDKACT MX DKOHOMHYECKYIO U
9KOJIOTHYECKYIO 3D PEKTUBHOCTD.

TeopeTrueckass 3HAUUMOCTh PA0OTHI 3aKITIOYACTCS B pa3paboTke U 00OCHOBAaHWH HOBOU
METOJIUKH yrpaBiieHus: MOoITHOCTHI0O Cb Ha ocHoBe DIIIP, mo3Bosistone:

- OBBICUTH KOAPPUIHEHT ucronb3oBanus sHeprun Cb 1o 98%;

- CHU3UTb MOTEPU YHEPTHH MPH HECTAOMIBHON HHCOJSIINH;

- obecrieunTh HaAGKHOEC (YHKIIMOHHPOBAHWEC ABTOHOMHOW YCTAaHOBKH B Pa3IUYHBIX
KITUMATHYECKHUX YCIOBHSIX.

[IpakTrueckass 3HAYUMOCTH HCCJICIOBAHUS 3aKIIOYAETCSd B BO3MOXKHOCTH BHEIPCHHS
pa3paboTtanHoit yctaHOBKH ADDY-0,5 my1st aBBTOHOMHOTO 3JIEKTPOCHA0KEHHUS MaJIbIX 00BEKTOB, a
TaKKe aJanTalliu MPEeUIOKEHHOTO METOJa YIpaBJieHHUS Il 0o0Jiee MOIIHBIX CHUCTEM H
WHTETpaIiy B THOPUIHBIC YDHEPTOCETH.

OOBEKT WCCIICIOBAHMS: aBTOHOMHASI ()OTOAICKTPUICCKAsT JHEPreTUYecKas yCTaHOBKA
ADDY-0,5 c conHeuyHbIMU OaTapesiMu.

[Ipenmer wuccrenoBaHus: METOABI PETYJIHUPOBAHUS MOIIHOCTH COJIHEUHBIX OaTapeil ¢
LEJIbI0 MAaKCUMU3AIUU K03 (PUIIMEeHTa HCTIONb30BaHMS SHEPTUU U MOBBIIICHUS () (PEeKTUBHOCTH
pabOThI yCTAHOBKH.
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[lenp wuccrnenoBaHus: pa3paboTKa M AKCIEPUMEHTaJbHAas IPOBEpKa aBTOHOMHOM
(OTO3EKTPUUECKOI IHEPTeTHUECKONW YCTAHOBKHU C AKCTPEMAJIbHBIM LIArOBBIM PETYJIHMPOBAHNEM
MotrHoctu Ch, mo3Bosstomneil MOBBICUTH 3P GEKTHBHOCTH MPE0OPa30BaHUs COTHEUHON IHEPTHUH.

3ajauu uccae0BaHUS:

- MpOaHAIM3UPOBATH CYIIECTBYIOLIME METOMbl PETyJIMPOBAHUS MOIIHOCTHU COJHEUHBIX
Oarapeil v BBISIBUTh UX OTPaHUYCHUS.

- pa3paboTaTh METOJ SKCTPEMaJBHOTO MIAroBoro peryiaupoBanus moimHocTH (DIIP) u
JITOPUTM pabOTHI KOHTpOJUIEpa 3apsiia.

- c0311aTh dKcriepuMeHTanbHbId MakeT ADIY-0,5 ¢ unrterparueit J1IP.

- IPOBECTH JTA0OPATOPHBIC U MOJIEBBIC UCTIBITAHUS YCTAHOBKH ISl OIIEHKU KO3 uIreHTa
ucnoiir3oBanus momHoct Ch.

- BBIOJIHUTH MoOjeNupoBaHue paboTel cuctemMbl B Matlab Simulink u cpaBHHTB
Pe3yJIbTaThl C HIKCIIEPUMEHTAIbHBIMU JAHHBIMHU.

- ompeAenuTh onTuMaibHble napaMmerpsl OUIP 118 MoBBILIEHUS SHEPreTU4EeCcKOn
3¢ (PEKTUBHOCTH yCTAaHOBKH.

Jist JOCTHXKEHHS TTOCTABJICHHOW eI MPUMEHSIIUCH CIIEIYIOINEe METOIbI:

- DOKcnepuMEeHTalIbHbIC: UCIIBITAHUS YCTAHOBKHM C pEAJIbHBIMH U UMHUTHPYEMBIMU
CONHEYHBIMU Oatapesimu, usMepenne BAX, MomHocTH, Temmepatypbl H Ko3dduuuenra
MCIIOJIb30BaHUS DHEPTHH.

- Anamutnueckue: pacu€r KIIJ], koaddunmeHTa UCHOIB30BaHUS MOIIHOCTH U
MOCTPOCHUE TpaUIECKUX 3aBUCUMOCTEN.

- MonenupoBaHue: IMUTAIMOHHOE MOJAEITUpOBaHUE pabOThl cHCTeMBbI B cpeae Matlab
Simulink my1st mpoBepku ycTOMYMBOCTH U oNTUMU3aKK mapameTpoB DIIIP.

- CpaBHUTENbHBIA aHaNU3: conocTaBieHue 3(pQeKTUBHOCTH pPAaOOTHI YCTAHOBKU C
TPaAULMOHHBIMU METOJaMH CTaOMIIN3AlMH HAMIPSKEHUS.

IMonxox wuccnenoBaHMs OCHOBAaH HA KOMIUIGKCHOW MHTETpAallMd TEOPETHYECKHX U
AKCIIEPUMEHTAIbHBIX TAHHBIX C LIETBIO MOATBEPKICHUS HAYYHOU TMIOTE3bI.

[TpumMeHeHne 3KCTPEeMaIbHOTO IArOBOI'0 PEryJIMPOBAHUS MOIITHOCTH COJTHEUHBIX OaTapei
B aBTOHOMHOW yctaHOBKe A®DDVY-0,5 MO3BOJUT MOBBICHTH KOI(PPHUIIMEHT HCIOJIb30BAHUS
sHeprun Cb 10 98% u moBbBICUTH OOLIYI0 3HEPreTHdeckyro 3()(EeKTUBHOCTH YCTAaHOBKU IIO
CPaBHEHMIO C TPAJAULIMOHHBIMU METOJJaMH YITPABJICHUS.

Hayunoe 3naueHne paboThl 3aKkiodaeTcss B pa3paboTKe HOBOTO METOJ/Ia PETyJIUPOBAHUS
MOIIHOCTH COJIHEYHBIX OaTapel ¢ MOATBEPKIEHHON AIKCIIEPUMEHTAIBLHO U YEPE3 MOJEIINPOBAHNE
sddektuBHOCTIO. [IpakTHUeckas IIEHHOCTh — CO3/1aHHE aBTOHOMHOHM YCTaHOBKH, CITOCOOHOM
00ecrevYnTh BBICOKYIO 3((EKTHBHOCTh 3JCKTPOCHAOKEHUS MAJIbIX OOBEKTOB W TEPCIICKTHBY
MacIITabupoBaHus Ha 00Jiee MOIIIHBIE CUCTEMBI.

Matepuajibl U MeTOIbI HCCJIETOBAHUS

OOBEeKTOM UCCIEeIOBaHMs SIBISIETCSA ABTOHOMHAs (DOTOANEKTpUUECKas dHEepreThudecKas
yctaHoBka ADPDVY-0,5 ¢ skcTpeMalbHBIM IIArOBBIM PEryJIUPOBAHUEM MOIIHOCTH COJHEYHBIX
6arapeii (Cb). YcraHoBka mpefHa3zHaueHa sl 0OECIeYeHHsI aBTOHOMHOTO AJIEKTPOCHA0KEHUS
MajblX OOBEKTOB MPU MEPEMEHHOW COTHEYHOM MHCOJSIMM M U3MEHSIOIIUXCS TEMIEPaTypPHBIX
YCIIOBUSIX.

B kxauecTBe 3KCHIEpUMEHTAILHOTO MaTepHaja UCIOIb30BAINCH CIEAYIONNE KOMIOHEHTHI
ADDY-0,5:

1) ®otoanexkrpuyeckue moaynu KCM-160 — nBa Moay:ist MomiHOCTbIO 110 160 BT KaxkabIid.

- TexHonorusi: KpeMHHUEBBIE TAHEIN MOHOKPUCTAIIIMYECKOTO THIIA.

- Hanpsixenue xonocroro xoaa (Uxx): 34-50 B.

- Tok kopotkoro 3ambikanus (Ik3): 1-10 A.

- PaGouwnii quamazon Temmeparypsl: +20—+70 °C.

2) Axxymynsatopabie Oatapen TUDORT 12V 155FT - naBe mocneaoBateiabHO
coeMHEHHBIE OaTapen.
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- Texnonorus AGM.

- EmkocTs: 159 Au; nanpsoxenue: 12 B kaxknas.

- @usnyeckue pazmepbl: 560x125%290 mm; Bec: 55,4 k.

- Cpok ciryx0bI: 3—5 5er.

3) Kontpomnep 3apsna Ab ¢ 3KCTpeMalbHBIM IIAroBBIM peryisitopoM MorqHoctu Ch
(K3AB).

- MukpokonTposiep: Atmegal28.

- CunoBas cxema: noHmxkaromuit DC-DC mpeoOpa3oBarerb.

- Jlatunku: TokoBsie (Lemlv25-p) u nanpspkenus (Lemla25-np).

- Pesxumebl paboTel: pyuHoii (cTabunu3arus HanpspkeHus Cb) u apromatuaeckuii (D1LIP —
HKCTpPEMaJIbHOE [IarOBOE PEryIMpOBaHUE MOIIHOCTH).

4) Unuseptop TS 1500-224

- Beixognas momHocts: 1,5 kBT; BeixogHoe Hanpspkenue AC: 230 B, cunycoupanbHas
dopma.

- Bxognoe nanpsoxenue DC: 24 B.

5) JlonomHUTENBEHOE 000PYIOBaHHE:

- JlpaiiBepsl maroBbix gurareseit DM356M.

- Jlatuuku nosoxenusi CoHIa.

- Kontpomnnep naBenenus Ha ComHie.

- KK-monyns MT-20S4M najig BU3yanu3aluu napaMmeTpoB.

6) Wmuratop comnHeunort Oarapem WNBC-200/7-4 ncrionp3oBancs s 1a00paTOPHBIX
ucnbITaHui ¢ 3agaHHbIMU BAX (BOJIbT-aMIIEpHBIMU XapaKTEPUCTUKAMMU).

OcHOBHBIE BOTIPOCHI, HA KOTOPBIE HAIIPABJIEHO HCCIIEA0BaHNUE!

- Kak Bamsier skcTpemanbHOE MIArOBOE PETYJIMPOBAHHE MOIMHOCTH Ha KO3(PPHUIHECHT
MCIIOJIb30BaHUs COJTHEUHBIX OaTapeit B peaibHbIX U Ja00PaTOPHBIX yCIOBUSIX?

- Kakue mapamerpsr DIIP (Benmumna mara AU, yactoTa HW3MEHEHHUs HAIPSHKCHUS)
obecrneunBarOT MaKCUMaIbHYIO dHEpreTudeckyto s dexruHOCTh ADIY-0,5?7

- Kak wu3mensiercs KIIJ xouTposiepa 3apsiga B 3aBUCHUMOCTH OT COCTOSIHHS
aKKyMYJIITOPHOU OaTapew W MmapaMeTpPOB COTHEYHBIX MOIYJICH?

I'mnore3a wuccnenoBaHUs: MPUMEHEHHWE SKCTPEMAJIBHOTO IIarOBOTO  PETYJIUPOBAHUS
MOIITHOCTH COJIHEYHBIX Oaraper B A®DPDVY-0,5 mno3Boaser moOBBINATE KOIDPHUIIUCHT
ucnons3oBanusi sHepruu Cb no >98%, kommeHcupysh TemmepaTypHble M HMHCOJSIIMOHHBIC
KoeOaHus, ¥ TIOBBIIIACT OOIIYI0 YHEPreTHYECKyr 3(D(EeKTUBHOCTH yCTaHOBKH a0 28% 1m0
CPaBHEHHIO C OOBIYHOM CXEeMOil cTabmIn3auy HanpsbkeHus Ha yposae 30 B.

DTanbl UCCIEI0BaHUS:

1) AHaTUTUYECKHIA ITaIT:

- M3yuenue nuteparyphbl MO CHCTEMaM aBTOHOMHOTO JJICKTPOCHAOKEHUS M METOJaM
Makcumuzanuu MormHocT Chb.

- @opmupoBaHne TpeOOBaHMH K OKCIIEPUMEHTAIFHOW YCTaHOBKE H  BBHIOOp
KOMIUTEKTYIOIIUX.

2) IIpoextupoBanue u uzrorosienune AOIY-0,5:

- Pa3paboTka cTpykTypHOi cxembl (pHcC. 1) 1 AIEKTpUYECKO CXeMbI KOHTPOJIEpa 3apsiaa.

- COopka 2JIEKTPOMEXaHWYECKOW YacTH W HMHTErpalus KOHTpoOJUIepa, WHBEPTOpa W
aKKyMYJIATOPHBIX Oatapeil.

3) JIaboparopHsie uctibiTanus ¢ umutaropom Ch:

- [IporpammupoBanue koHTposuiepa B pexum DIIP u pydHoit ctabunuzanuu.

- Wsmepennme BAX, BBX (BONbT-BaTTHBIX XapaKTepUCTHK) U Kod(h(uIMeHTa
MCIIOJIb30BaHUS MOIIIHOCTH.

- BappupoBanue napamerpoB BAX: HanpspkeHue xonoctoro xojna UXX M TOK KOPOTKOTO
3ambIkaHus (k3.

4) DxcnepuMeHTaIbHBIE UcceqoBaHus ¢ peaibHbiMu Ch
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- Omnpenenenne kodduimenta wucnoiap3oBanus MouHocTH Cb mnpu  pa3audHBIX
TEMIIepaTypax U UHCOJIALINH.

- Konrpons Temneparypsl Cb u Ab, Busyanuzanus napametpoB uepes XKK-aucrei.

- Onpenenenne KIIJl koHTposnepa 3apsiia U aHAJIN3 U3MEHEHUS BHIXOAHON MOIIHOCTH B
TEYEHUE CYTOK.

5) MoaenupoBanue B cpeae Matlab Simulink

- BocnipousBenenue paboThl yCTaHOBKU MPH pa3inyuHbIX BeanunHax mara AU u yactoTax
M3MEHEHUS HAIIPSKEHUSL.

- CpaBHEHHE SKCIEPUMEHTANIBHBIX TAHHBIX C pe3yJbTaTaMU MOJEINPOBAHUS.

Mertobl uccae10BaHus:

1) DkcriepuMeHTaIbHBIE METO/IBI:

- JJaboparopusie ucnbitanus ¢ umuratopom Chb ans noctpoenus BAX u BBX.

- OnbITHAS 3KCIUTyaTalys yCTAHOBKY MPU PEATIBHOM COJTHEYHOM OCBEILLEHUU.

- HenpepsiBHBIIT MOHUTOPUHT HanpsbkeHus U Toka Cb n Ab, usmepenue temmeparypsl u
MOIIIHOCTH.

2) MeToapl aHaJIM3a TAHHBIX:

- Pacuet ko3 duninenTa nucrnonb30BaHus MOITHOCTH:

PC C,

(1

rae Pepen — cpemnsis momuocte Cb B Toukax wu3MepeHUs], Puvaxe — MakcuManbHas
TEOPETHYECKH BO3MOKHAsI MOIITHOCTb.

- CpaBHenue pesynbTaToB npu DIIP u ctabunu3zanuu HarpsKEHUSI.

- I'pahuyeckoe oToOpaskeHHE 3aBUCUMOCTEN MOLTHOCTH, TEMIIEPATyphbl U K03 uIeHTa
HCIIOJIb30BaHUS B TCUECHUE CYTOK.

3) Metoasl MOAETHPOBAHMUS:

- IMuTanmonHoe MoAenupoBaHue paboThl KOHTPOJUIEpa U AIEKTPOMEXaHNYECKOH 4acTu
yctanoBk# B Matlab Simulink.

- BappupoBanue napamerpoB AU M 4acTOThl mIara JUisl ONPEACIICHHs] ONTHUMAJIBHBIX
YCIIOBUH pabOTHI.

- [IpoBepka ycroitunBoctu anroputma D1IIP u ToyHOCTH 3aXBaTa HSKCTpEMyMa MOIIIHOCTH.

4) MeTozp! BU3yaau3alMi U KOHTPOJIS:

- UcnonszoBanue XK-monyns MT-20S4M nns oroOpaxeHHs] TEKyLIMX MapaMeTpoOB
YCTaHOBKH.

- CBeTOIMOIHbIE UHUKATOPbI COCTOSHUS NCTOYHUKOB ITUTAHMSL.

- Perucrpanus curHajioB 0 HEMCIPABHOCTAX U 3aIIUThI aKKYMYJIITOPHBIX OaTapei.

Pe3yabTaTsl H 00CyKICHUE

B cratbe mnpuBOAATCA pe3ydbTaThl Pa3pabOTKU aBTOHOMHOM (poTORsIeKTpUUYECKOH
sHepreTuueckoi yctaHoBkM A®DPIVY-0,5 ¢ sSKCTpeMalbHBIM HIArOBBIM  PETYJIHMPOBAHHUEM
MOIITHOCTH COJHEYHBbIX OaTapel, a Takke pa3pabOTKH KOHTpOJUIEpa 3apsia ¢ IKCTpeMallbHbIM
IIaroBbIM PETYJIMPOBAHUEM MOIIHOCTH COJHEYHbIX Oarapeit. [lpeacraBineHbl pe3yibTaThl
HKCHEPUMEHTAIbHBIX MCCIEIOBAaHUN HHepretuueckoil sddextuBHocTH ADIY-0,5, um ux
CpPaBHEHHUE C pe3ysIbTaTaMu MOJEIUPOBAHMUSL.

Pe3ynbTaThl AuMCCepTAlMOHHBIX HCCIIENOBaHUI OBUIM HMCIOJIB30BaHbl MpPU pa3paboTKe
HAy4HO-HMCCIIE0BATENbCKOM aBTOHOMHOM (DOTO3JIEKTPUUECKON SHEPreTH4ecKol YCTaHOBKU
(ADPDVY-0,5) ¢ peanuzanueidl pexxuMa 3KCTPEMaIbHOTO PETYJIMPOBAHUS MOIIHOCTU COJIHEYHBIX
Oarapeil. AO@DY-0,5 nocTpoeHa Ha OCHOBE CTPYKTYPHOU CXEMBbI, IPEACTaBICHHON Ha pUCYHKE 1,
re OpuHATHL crnenyrone oboszHaueHusi: Cb — conneunas Garapes; KHC — kontposep
HaBeneHus Ha Connue; JJUI/1, JLIJI2 — npaiiBeps! ynpaBieHus maroBbiMu gsuratensmu; AI1C
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1, AIIC2 — natunku nonoxkeHus: CoiHia no azuMyty u yriay mecta; KB 1 - KB 4 — koHeuHbie
BbIKIItOUarenu, M1, M2 — maroBsie nsuratenu; P1 — P4 — penykropsr; K3Ab — xonTposiep
3apsna akKyMyJIATOpHBIX Oatapeit; I — uaBeprop; Abl, AB2 — akkyMysITOpHBIE OaTape.

h B4
: LTI .
KBS = T T T BHE K3AB B
KCM- ~ 0T
CB 16 I
: n ——
Ab1
. e
Ab2
P3 __@ | I | J-

Puc. I. ®ynxuuonansHas cxema AODY-0,5

[To mpusenennoit cxeme (Puc. 1) B ToMcKkOM rocyIapcTBEHHOM YHHUBEPCUTETE CHUCTEM
VOpaBlIEeHUST W PAJAMOAIEKTPOHMKM W3TOTOBJICHA M HCIBITAaHA HAyYHO-HCCIIEAOBaTEIbCKas
aBTOHOMHAasi (OTORJIEKTpUUECKass dHepreruueckas yctaHoBka ADDOY-0,5 cocrosimas u3
JMEKTPOMEXaHUYECKOM dYacTu; KOHTpoiuiepa 3apsga Ab ¢ 3kcTpeManabHBIM — IIarOBBIM
perynsaropom MomiHoctu Cb; aByx Cb — KCM- 160; asyx Ab — TUDORTI12VI155FT;
KOHTpoOJJIepa HaBeleHUs (oTolnekTpuyeckux manenedt Ha ComnHIie; ApallBepoOB YIpaBIICHUS
maroBeiMu aBurarensimMu (DM356M); unsepropa TS 1500-224.

®dororpadusi >MEKTPOMEXAaHUYECKOW YacTU IHEPreTHMYECKON YyCTaHOBKH IPUBEICHA Ha
pUCYHKE 2, KOTOpasi COCTOMT M3 pambl ¢ ABYMs (oTodnekTpudeckumu mMoxyiasimu KCM-160;
MOJIBIYKHOTO METaJUIMYECKOTO KapKaca; HEMOJBHKHOTO METAINTMYECKOrO Kapkaca; peayKTopa
MIOBOPOTA IO YTy MECTA; peIlyKTOpa MOBOPOTA [MOA3UMYTY; IBYX IIAroBbIX ABuratenen tuna [I/1-
51; aByx matuukoB mnonoxeHus Connna (Ilunskos, 2011a: 282-287; Ilunskos, 20116: 283;
[unsikos, 2015: 12—18; unskos, 2010: 102—107).
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Puc. 2. DnekTpoMexaHNYECKas 4acTh YHEpreTHIeckoi ycranoBku ADDY-0,5 ¢ nBymMst GoToaIeKTpraecKuMu
na”exsimu KCM-160

AKKymynsTOpHas —Oarapes COCTOMT €3 JBYX I[IOCIIEOBATEIbHO COEAMHEHHBIX
akkymynaropoB « TUDORTI12V 155FT» mo 12 B kaxpgas. BHemHwuii BUA aKKyMYJISITOPHBIX
Oarapeii, ucronb3oBaHHbIX B ADDY — 0,5, mpeacraBieH Ha pucyHKe 3.

Puc. 3. Buemnuii Bus akkymyisitopsix 6atapeit TUDORT12V 155FT

Kpatkue napameTpsl:

® TexHousiorus npoussoactsa — AGM;
® Ccpok ciyxOsbI 3-5 ner;

® Hamnpsbkenue = 12 B;
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eMKOCTh = 159 Au;
JuMHa = 560 MM;
mupuHa = 125 mm;
BbIcOTa = 290 MM;

BeC HETTO = 55,4 KT.
®otorpadus BHemHero Bujaa uHBepropa Toka TS 1500-224 npencraBieHa Ha pUCYHKE

1500Watt .t
POWER INVERTER  ~

Puc. 4. Bremnnii Bug uasepropa toka TS 1500-224

OcHOBHBIE XapaKTEPUCTUKHU:
® BLIXOJHAs MOIIHOCTL — 1,5 kBT;
e pxoaHoe HamnpsikeHue DC — 24 B;
® BrixogHoe HanpsbkeHnne AC — 230 B;
® (opma BBIXOTHOTO HANPSKEHUS — YUCTHIN CUHYC;
® pazmep —420%220%88 mMm.
OyHKIIMOHABHASA CXeMa pa3padOTaHHOTO M U3TOTOBJICHHOTO KOHTPOJIIEpa 3apsiaa
aKKyMYJIATOPHBIX OaTapei mpuBe/ieHa Ha PUCYHKE 5, TJie MPUHSATHI CAeAyIonie 0003HauYeHus:
CB1, CB2 — ¢otosnexrpuueckue moayin KCM-160; MK — mukpokontpomiep ATmega 128;
Ab1, AB2 — akkymynstopasie 6atapen Tudor 12B, 155 Au; ATcs, ATAs — naTunku Toka
Lemlv25-p; IHcs, IHAB — natunku Hanpspkerus Lemla25-np. B paspaboTanHom KOHTpoIuiepe

IIPUMEHEHA CHJIOBAs CXeMa Ha OCHOBE MOHMIKAIOIIEro IpeoOpa3oBaTelis HalpsHKEHUs
(Kyapsimos, 1992: 17-24; Otro, 2012a: 211-215; Otro, 20126: 179-182).
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Puc. 5. OynkunonansHas cxema K3AB ¢ peanuzanueii pyHKINMIKCTpEMaIbHOTO peryaupoBanus MoiHoctd Ch

B KoHTpomnepe mpeaycMOTpeHO JBa pexuMa padoThl,

HN3MCHSACMBIX BPYYHYIO

HOJIOKEHHUEM TajieTHOro nepekitoyarens. [lepBoiil pexxum — crabunuzanuu HanpsokeHussChb Ha
3a/laHHOM YPOBHE, B KOTOPOM T0JIb30BaTENIb B PYYHOM PEKUME MOXKET 33/1aTh HYKHYI0 pabouyto
touky BAX Cb. Bropoii pexxum — DIIIP, B 3TOM pexume TpOUCXOIUTABTOMATUYECKUI MOUCK
Toukn BAX ¢ MakcumanbHOM BbIXOAHON MouiHOCThIO. KoHTpoiuiep 3apsna Ab npowusBoauT
peryJinpoBaHue HAIPSKEHHUs B ONITUMAJIBHON TOYKE 110 IaroBOMY CIOco0y MOHUCKA IKCTPEMyMa.
AnroputMm padotsl K3AbB npusenenna pucyske 6.
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Puc. 6. CtpykrypHast cxema anropurma ¢yukipronuposanus K3ABesimonusiomtero ¢pynkuuto 3apsaa Ab u SIIP Cb

[Ipexxne Bcero, mpou3BOAUTCS ONpoc AaTYMKOB HanpsikeHust Ab u Cb. @nar pazpenieHus
3amycKa KOHTpOJIJIEpa yCTaHABIMBAETCA TOJIBKO B TOM ClIydae, €CJIM HAMPSKEHUE XOJIOCTOr0 X0/1a
Cb mpeBbiliaer HanpsbkeHue AbB, B MPOTHBHOM cilydae BKJIIOYEHHE KOHTPOJUIEpAa HE UMEET
cMmbicna. [pyrum ycrioBueMm 3amycka sIBIseTCS HEmonHblA 3apsn Ab, 4to ompexpensieTcs mo
HarnpsikeHuto Ab, KoTopoe He OJDKHO MPEeBBIIATH ONpeaeaeHHOro 3HadyeHus. Clenyromum
JNEHCTBHEM  3aJar0TCsl HadajbHbIE yCIOBUS pabOThl  KOHTPOJIEpa, YCTaHABIUBAETCSA
OTHOCHUTEJIbHAS JUIMTENBHOCTh MMILYJIbCOB YIIPABICHUS Ymin U ITOJOKUTEIBHBIN TEKYyLIUM 3HAK
npupanienus +Ay. Jlaneenpou3BoAUTCS OMPOC MEPEKIIoYaTeNs pekuMa 00paTHOM CBS3H: €Cld
NEepeKIIoYaTelb HAaXOQUTCsl B MoyiokeHUH «OPM», To KoHTpoiep paboTaeT B peXUME
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aBTOMAaTHYECKOTOTIONCKA HKCTPEMYMA, €CIIU B M0I0KeHUH Uck — py4HOTO TIOHUCKA.

B pexume crabunusanuu HanpspKeHHsT KOHTpoJulep ctabunmsupyet HampspkeHue Cb Ha
YPOBHE, 3alaHHOM II0JIb30BaTeNeM. JlOCTHraeTcsi 9TO NMPUMEHEHUEM UHTETPUPYIOILErO 3aKOHA
yIpaBJICHUs, T.€. UTEPALIMOHHOH [TOIIAr0BOW NOJCTPONKH, UTOPEATU3YETCS CIEIYIOUM 00pa3oM:
TeKy1ee 3HaueHue HanpspkeHust Cb cpaBHUBAeTCS € €ro ONOpHBIM CTAOUIM3UPYEMbBIM 3HaUEHUEM
Uon. Ecimu Ucs Gomblne, TO Y yMEHBIIAETCS, €CIIM MEHBIIE, Y YBEIUYHBACTCS HA MOCTOSHHYIO
BEJIMYMHY Ay, OIPEEIAIONIYI0 TOUHOCTh U OBICTPOICHICTBUE CUCTEMBI, B JAHHOM ClIyyae 00paTHO
IPONOPLMOHAIBHBIX ApYr Apyry. [IppuMeHeHne Takoro 3aKoHa yIpaBJIEHUS CTAl0 BO3MOXHBIM
BBUJYy MHEPLMOHHOCTH M3MEHEeHUs Kak mapamerpoB Cb, Tak m Harpysku. [{ng craGunbHOCTH
paboThI CUCTEMBI B KOHTYp OOpaTHOI CBS3M BBOJIUTCS 30HA HEUYBCTBUTEIBHOCTU. DTOT PEXKHUM
IPEIHA3HAYEH i1  MPOBEICHUS OTJIaJ0YHBIX MEPONPUATHN WM IPUMEHSETCS IIpHU
BO3HUKHOBEHUH HEIUTATHBIX CUTYaLHil.

[Tpu pabore koHTpOIUIEepa B pexkume DIIIP onpammBaroTcs 1aTYUKM TOKA U HATPSKCHUS
CBb, paccuutsiBaeTcs BbixoaHast MoitHocTh Cb. Ha ocHOBaHMM U3MEPEHHOT0 3HaY€HU S MOLITHOCTU
omnpezesaeTcsl ynpasiiomee BosaciicTeue. [Ipomecc 3axBara TOYKM 3KCTpeMyMa MOIIHOCTH
[I0OKa3aH Ha PUCYHKE 7.

Puc. 7. lmarpamma nepemenieHns paboueil TOYKH MO BOJIBT-BATTHOHXAPAaKTEPUCTHUKE B MPOLIECCE 3aXBaTa TOUKH
9KCTPEMyMa MOITHOCTH

[Ipennonoxum, uro padouas touka BBX, Haxomsmascs B Touke A, ABUKETCS BBEPX K
MaKCUMyMy MOIIHOCTH. B Touke A paccuuThIBaeTcs COOTBETCTBYIOLIasl €l MouIHOCTb. [lanee
OIIIP nmepememaet pabovyro TOYKY B TOM K€ HampaBleHUH - B Touky B. MomrHocTh TOUkH B
OoJbllIe MOIIHOCTH TOYKHM A, MO3TOMY pabouasi TOYKa MPOJOJKAET CIBUIAaThbCA B MPEKHEM
HanpasiieHuu. [Tocne nepexona B Touky C ¢ MeHbIIEH MOIIHOCTHIO MPOUCXOJUT CMEHA 3HaKa
npupaiieHus Hanpspkenuss Cb u anroputm nepemeriaer padbouyto Touky B B. Ilpu cneayromem
1iare ¥ cpaBHeHUM3Ha4eHU MoITHOCTH Touek B u C 1aet nonoxuTenbHoe M3MEHEHNE MOLITHOCTH
CB. CootBeTcTBeHHO pabouasi TOUKa MEPEMEIIAETCs] B MPEKHEM HAIPABICHUH, T.€. MOMAJacTB
TOUKY A, IJle U3BMEHEHHE MOIIHOCTH OTHOCHUTEIbHO TOYKHM B oTpuiarenpHoe, cucteMacHOBa
MEHsIeT 3HaK JIBUKEHUs pabouel TOUKH, KoTopas romnajaet B Touky B. Jlanee apukeHue padboueit
TOUYKH [TOBTOPSIETCS MO OoNucaHHOU TpaekTopuu (TBepbsiHOBHY, 1986: 11-14).

Jpyroii BaxkHOW (QyHKUUEH KOHTpoJuIepa SIBJISETCS YINpaBlIeHUE HWHBEPTOPOM U
BKJIIOUEHUEM-BBIKIIIOUEHUEM pexuma 3apsana Ab, s 3Toro B ajaropur™Me NpUCYTCTBYET
HOCTOSIHHBINA KOHTPOJIb HanpshkeHus Ha AB. BelkitoueHne HHBepTOpa MPOUCXOIUT MO YCIOBUIO
JOCTHXKEHUS HanpsbkeHueM Ab nonmyctuMoro MuHMMyMa, YTO TOBOPUT OIIpeAebHOM paspsae Ab
U HEJIONyCTUMOCTH MMUTaHMs Harpy3KH, ocTaBIuascs sHeprust Ab pacxonyercst Ha mUTaHUE y3J10B
YIOpaBJI€HUs U MOJAEPKaHNUs KOHTPOJUIepa B paboyeM COCTOSIHUU.

Hns 3amutel Ab oT mepesapsaa mpousBOAMTCA cpaBHeHUE HamnpsbkeHus Ab c ero
MaKCHMaJbHBIM 10Ty CTUMBIM 3HaueHueM. Eciin Hanpsokenne Ha AB Bozpocio 1o makcumyma (28
B) nnu BbllIe, Mojiaua SHEPrUU Yepe3 KOHTPOJIEp NMPEKPALIaeTCs 3a CUeT 3alUpPaHusi CUIOBOTO
TpaH3UCTOpA.

Jis BU3yanu3alMM TEKyLIMX [apaMeTpoB NMPUMEHEH >KUAKOKPUCTAUIMYECKUN MOIYJIb
MT-20S4M, cocrosiuii u3 koHTposuiepa ynpasieHus u JKK manenun. Moayns oroOpaxaer 4
cTpokH 1o 20 cCUMBOJIOB B MaTpuIle 5X8 TOUeK, MeXly CHMBOJIAaMU UMEETCsI MHTEpBaJl LIUPUHON
B OJIHY TOUKY.

Ha nepenneil maHenu HaxOAMTCS NEPEKIOYATENb, ONPEACISAIOIIUN PEXUM pabOThI
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KOHTpoJuiepa, OPM — aBToMaTnueckuii MOMCK MaKCUMyMa MOIITHOCTH Witk Ucs — pyYHOU PEKUM.
Takxke psaaoM pacHoJIOKEH PETryJsTOp, C MOMOIIBIO KOTOPOrO IPOM3BOJAUTCS MOACTPOMKa
HanpspkeHus: Cb B pyuHoM pexnMe.

MukpormnporeccopHass CHCTeMa YIPAaBJICHUS KOHTPOIJIEPOM 3apsiga KOHCTPYKTHUBHO
MIpe/ICTaBIsAEeT eUYaTHYIO IIaTy, COAEPKally 0 MUKPOKOHTposuiep Atmegal28, naT4iKku BXOIHBIX
YU BBIXOJHBIX IapaMeTPOB KOHTPOJUIEpA 3apsaa, BTOPUYHBIM HUCTOYHUK mMuTaHus. YacTh
3JIEMEHTOB CHJIOBOM 4YacTH KOHTpOJIJIEpa 3apsla TakKe pacrojlaraeTcs Ha IeYaTHOM IuiaTe
CUCTEMBI YIIPABJICHUS, YTO IO3BOJISIET MUHUMHU3UPOBATH MAPA3UTHYIO HHIYKTUBHOCTH IIETICH
yIpaBleHUsI.

Ha pucyske 8 npencrasneHa ¢pororpadus H3roTOBISHHOT0 SKCIIEPUMEHTAIBHOT0 00pasia
KOHTpoJuiepa 3apsiaa Ab ¢ pyHKInel skcTpeManbHOTo peryiaupoBanus momHocTa Chb.

Puc. 8. Konrpoitepa 3apsaa ¢ OPM Cb

Jlanee mpuBEICHO KpaTKOE OMHUCAHWE W BU3yalbHOE OTOOpakeHHEe (DYHKIMA BO BpeMs
paboThI KOHTpOJLIepa 3apsaa aKKyMYJISTOPHBIX OaTapen.

[Mocne maxarus kHonkH «Ilyck» 3amyckaercsi OCHOBHAsI IPOTpaMMa MUKPOKOHTPOJLIEPA.
[MpousBonutcs ompoc natumkoB HampsokeHuss Cb u Ab. Tlocne mpoBepku JaT4MKOB Ha
OTCYTCTBHE 3alpellaloninx padoTy CHUTHAJOB paspemiaercss pabota wuHBepTopa. I[lpm
0oOHapYKEHUH YKa3aHHBIX CUTHAJIIOB COOTBETCTBYIOMIATMH(DOPMAIIHS BRIBOJAUTCS HA TUCIUICH.

[Mpu waxatun KHONKKM «CTOM» KOHTPOJUIED OCTAaHABIMBAET BCE IPEOOpPA30OBAHMSA,
3aBepIlaeT TEKyIIUe Mpolelyphl IpueMa/nepeiaun JaHHbIX, 3anperiaercs paboTa HHBEPTOpa U
CHJIOBOTO TpaH3UCTOpa. PaboTa OCHOBHOM MpOTrpamMMBbl 3aBEPIIACTCS, U KOHTPOJIJIEP IEPEXOTUT B
PEKUM MaKCUMAIILHOTO 3HEPTOCOEePEIKECHHUS.

Cucrtema cHaO)KeHa 3aIIUTON IO TOKY HAarpy3KH ¥ 10 BXOAHOMY TOKY KOHTpoJiuiepa. [Ipu
MPEBBIIICHAH TOKOM TMIPENeIbHO JOMYCTUMBIX 3HAUYEHUN KOHTpoyuiep GopMmupyeTr curHai
OTKJTIOYCHHUSI WHBepTOpa. [Ipu MOSBICHUM CUTHANAa OT OJHOTO W3 JaTYUKOB paboTa MHBEPTOpPA
3ampeniaercs W Ha AWCIUICH BhIBOAMTCS WH(OpMmamms o HewcrnpaBHOcTH. [locie ycTpaHeHus
HEHCIIPaBHOCTH PadOTa HHBEPTOPA pa3pemiacTcs.

[Ipu BKIFOYEHHH aBTOMATHYECKOTO BBIKIIFOUATEINS, COequHsIomero Ab ¢ KOHTposiepoM
Ha Jqucruiee, oToOpaxkaercss Hammuch «llutanme BrmoueHo» (Puc. 9), uto roBoput 00
YCHEIIHON MHUINATN3AIUN U TECTaX y3JI0B YIIPABICHHUS.
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Puc. 9. «IlutaHue BKIIOYEHOY

[Ipu BrJIFOUEHMHU aBTOMATHUYECKOIO BBIKIIIOUaTes, coequnstoniero Cb ¢ kouTposiepom,
3aropaetcsi cBeToaAn0 «MICTOUHUK.

Jliis1 3ammycka KOHTpoJuIepa Heo0X0IMMo HaxKaTh KHOTIKY «Ilyck», mocie 4ero KoHTpoIiep
HAaYHET TECTHUPOBAHUE MApPaMETPOB MCTOYHHKOB MUTaHUsI ADIY.

[IpouzBoautcs npoBepka HanpspkeHust Chb. Ecnu nanpsbxenne Ha Chb MeHbIIEHATPSKEHUS
ADb, Ha unaUKaTOpe oToOpasuTcs Haanmuch «HemocrarouHoe HaNpsHKEHWE COJTHEYHOUM OaTapemny
(Puc. 10).

Puc. 10. «HemgoctaTouHOE HANIPSHKCHUE COTHEYHOM OaTapem»

[IpousBonutcs mnposepka HampsbkeHuss Ab, ecnum HampsbkeHne Ha AbB mpesblinaer
MaKCUMaJIbHO JIOMyCTUMOE, Ha MHAMKATOpe OTOOPa3UTCsA HAANUCh «AKKYMYJATOpHas Oarapes
3apsiKeHa, KOHTPOJUIEp NMepeBeAeH B Ay pesxxum» (Puc. 11).

Puc. 11. «AxkymynsaTopHas 6aTapes 3apsHKeHa, KOHTPOIIIEP MEPEBEICH B KIYIIHN PEXKUM»

B xnymeMm pexxuMe mpoiosKaeTcesl KOHTPOJIb HANPSKEHUsI, U KaK TOJIBKO HAIpsKEHHE
CHU3UTCA 10 26 B, HauHeTcs npouecc 3apsaaa.

B mpouecce paboThl 0TOOpakarOTCs TEKYIIUE MapaMeTPbl HICTOYHUKOB ITUTAHHS UPEKUM
pabotel AB. Pexxum 3apsina otoOpakaercst cuMBosioM «Abl]», a pexxum paspsaa CHMBOJIOM
«AB[».

®opmar otobpaxkenus: uapopmauuu (Puc. 12):1-s crpoka: Tekymue TOK U HanpsKeHue
Chb;

2-s cTpoka: BbeIXonHBIE mapameTrpel Ab, coctosnue Ab (3apsg, paspsn);3-s1 cTpoka:
cocrosinue Ab (3apsan, paszpsn), napaMeTpbl HHBEPTOPA;

4-s cTpOKa: CTaTyC KOHTpOJUIepa, HaIMuKie cpaboTaBIINX aBapUHHBIX 3aLIUT.
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Puc. 12. Texymue napameTpsl HICTOYHHKOB ITUTaHUS U pexuMpadoTsl Ab

B nponiecce paGoThl MPOU3BOINUTCS HEMPEPHIBHBIN MOHUTOPUHT HampsikeHus: Ha Ab, npu
MpEeBbIICHUH HanpsbkeHus Ha Ab nmonmyctumoro 3Hauenus 28 B mporecc 3apsiaanpekpaiiaercs
NyTeM TPUHYJIUTEIBHOTO BBIKIIOYEHHS] KOHTPOJUIEpA, UTO COMPOBOXKAAECTCS BBIBOJAOM
COO0IIeHUsT «AKKYMYJISTOpHAsI Oarapesi 3apshHKeHa,KOHTPOIUIEp MEPEBEICH B HKAYIIHA PEKIM)

(Puc. 13).
_‘—w-

Puc. 13. «AxxymynsiTopHast 6atapest 3apspkeHa, KOHTPOILIEp IEepeBeIeH BXKITY U PexXIM»)

[loce mnpekpamieHust 3apsja NPONOJDKAETCS KOHTPOJb HANPSDIKEHMS, KAaK TOJIBKO
HaNpsDKEHUE CHU3UTCS 110 26 B, mporiecc 3apsiga BO30OHOBUTCS.

IIpu paspsne Ab no Hanpsbkenus 22 B mpoucXOAWT NPUHYIUTEIBHOE OTKIIOYEHHE
Harpy3ku, u Bcs sHeprusi Cb ncnons3yercs ans 3apsna AB, mpu 5ToM BBIBOAUTCS COOOIICHHE
«ADb pazpskena, Harpyska oTkinroueHar. [Ipu 3apsae Ab no 24 B koHTpoJuiep CHOBA MOAKIJIIOYAET
Harpy3ky (Puc. 14).

Puc. 14. «Ab pa3pspkeHa, Harpy3ka OTKIIOYEHa»

Hwxe npencraBneHs! pe3yabTaThl, IOJIyYEHHBIE B X0JI€ TPOBEICHUS SKCIIEPUMEHTAIbHBIX
UCCIICIOBAaHUI HHEPTreTHUECKO A(PPEKTUBHOCTH HCIOIb30BaHUS COJIHEYHOH Oarapen mpu
crabmnmm3anuu HanpspkeHus: Ha Cb, paBHom 30 B. Takoe 3HaueHHe ypOBHsI CTaOMIM3alIUA
HanpspkeHus Ha Cb cooTBETCTBYyET ONTHMaIbHOMY HanpsbKeHUIo HarpeTslx o +60 °C - + 70 °C
dbortoanekrpuuecknx Mmoxayien KCM-160 (peanbHbIii pexuM padOThl  (HOTOIIEKTPUUECKHUX
Moyneii B netHee Bpemsi) Ctpebkos, 1998: 6; TeepbsinoBuy, 1986: 11-14; Oxotkun, 2013: 222—
230; Uponnonos, 2000: 23 c.; UBanuypa, 2014: 111-120.

HcnplTanus mpoBOAWIMCH C HUCIOJNBb30BaHUEM HMMHUTaTopa coiHeuHou Oarapen WBC-
200/7-4. BonpT-aMIiepHasi XapaKTepUCTHKA COJTHEYHOU OaTtapen u3MeHsIach Bauama3oHe Ixxcs =
1A-10A; Uxxcs = 34B — 50B. Mcnbitanust npoBoauiuch npu paspstkennon (Uas =23 —24,5B) u
zapsokeHHOM (Uap = 25 — 27 B) akkymynstopHoit 6atapee.

Ha pucynke 15 mpuBeneHsl TpU BOJBT-aMIEPHBIX M BOJBT-BATTHBIX XapaKTEPUCTUKU
conaeunol Oarapeu (1. Uxx = 34B; ks = 5A; 2. Uxx =34 B, [is = 7A; 3.Uxx =34 B, [is = 9A) ¢
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HaIpsHKEHUEM OMNTUMAJbHON TOUKM MeHee crabunmsupyemoro HampsbkeHuss Ucs = 30 B.
OTMmeueHbl ypOBHU TeHepupyeMmbix MomHocTted npu HampsbkeHun Ucs = 30 B, a Ttaxke
rpau4eckd MOKa3aHbl 3HA4YEHUs Heaoucnoiab3oBaHus Cb 1o MOLIHOCTM HpU OTKIOHEHHUH
ONTUMAaNIbHBIX 3HaueHuil MomHoctd Cb oT 3HaueHuiinpu crabunuzanuu Hanpsbkenus B 30 B
([1Pcs1, [1PcB2, [1PcE3).
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Puc. 15. BAX uBBX ¢ Uonr <30B

W3 ananu3a rpadukoB cieayeT, 4To Heaoucnonb3oBanue Chb 1o MOIHOCTH B 3TOMCITy4ae
CYILIECTBEHHO 3aBUCHUT OT TOKAa KOPOTKOI'O 3aMbIKaHUs COJIHEUHOU OaTtapeu u coctasiser 1t Cb
1 -8%,Cb?2-14%, Cb 3 - 25%.

B Ttabmune 1 npuBeneHsl 3HaYeHHS KOX(PQUIMEHTA WCIIOIB30BAaHHUS I10 MOIIHOCTH
conmHevHbIX OaTapeit ans BBX, paccMOTpeHHBIX BhIIIIE.

Tabmuuma 1 — Pe3ynbTartel SKCHEPUMEHTAJIBHBIX HCCIIEAOBaHUN  Ko3(¢uieHTa
UCIIOJIb30BAaHUsl COJHEYHOM OaTapeu Mo MOIIHOCTH OT ONTHMAJbHOTO HaIpsDKeHUs paboueit
touku BAX npu ctabunuszauuu HanpspKeHUs

Conneunast 6aTapest BAX Ke, %
Uom, B Iom, A

Cb 1 27,2 4,3 92

Cb2 27,2 6,02 86

Cb3 27,2 7,74 75

Ha pucynke 16 mnpuBeneHbl BOJIBT-aMIIEPHBIE M BOJIT-BATTHBIE XapPaKTEPUCTUKHU
conmunevynoit 6atapeu (1. Uxx =38 B, Iis = 5A; 2. Ux =38 B, [is = 7A; 3. Uxx = 38B, s = 9A) ¢
HANPSDKEHUEM ONTHUMAIbHOW TOYKH, COBMNAIAIOIINM CO CTAaOMIM3UPYeMbIM HamnpsibkeHueM Ucs =
30 B. JlanHbIii pekuM pabOThl COOTBETCTBYET ONTUMAILHOMY HAIPSDKEHUIO HarpeThix 10 +50 °C
¢doroanexrpuueckux moayneit KCM-160.

W3 ananu3a rpadukoB cienyeT, 4To B 3TOM Cilydae Heoucnonb3oBanus Cb mo MomHocTi
NPAaKTHYECKU HET, COTHEUHAsI OaTapes reHepupyeT MaKCUMalbHO BO3MOKHOC3HAUECHUE YHEPTHUH,
Kpr =98-100 %.
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W3 ananu3a rpauKoB CIIeAyeT, 9YTO B ITOM CIIydae COJTHeUHas OaTapest HeJIOMCIIONb3yeTCs
10 MOIITHOCTH MPUOIU3UTEIHHO OIMHAKOBO 1715 Kaxaoit BBX — na 7-8 %, Kp= 92-93 %.

Tabmuua 2 — Pe3ynabTarThl SKCIEPUMEHTAIBHBIX —HCCIENOBaHUN  Kod(uImenTa
UCITIOJIb30BAaHUSl COJTHEYHOW OaTapeu MO0 MOLIHOCTH OT ONTHMAJbHOTO HAaNpsKeHHsA paboueil
Touku BAX npu crabuian3anuy HanpspKeHUs

ConHeuHas O6atapest IBAX Kp, %
Uom', B Iour, A

CB 1 35,6 4.4 92

Cb 2 35,6 6,16 93

Cb 3 35,6 7,92 92

Ha pucynke 18 mpuBeneHBI UTOTOBBIE 3aBHCUMOCTH K03((UIIMeHTa NCTIONB30BaHUS TI0
MouHocTH Kp coHeuHbIX 6aTapeii OT HanpsbKeHHst SKCTpeMaiibHoM Touku BBX paccMoTpeHHbIX
BBIIIIE XapPaKTEPUCTUK. 3aBUCUMOCTH ITOKA3bIBAIOT CHIKEHNE K03 puimeHTa ncrnoap30Banus Mo
MOIITHOCTH COJHEYHbIX Oatapeil mnpu oOTkIOHEHHMH Uonr OT YpPOBHS CTaOMIIM3HPYEMOIO
Harnpsikenuss Ucs = 30 B (yem cunbHeeTemmeparypa maHesneil (OTOIIEKTPUUECKUX MOIYJIeH
KCM-160 otnnuaetcs ot npuHaTol padoueit Temneparypsl +25 °C).

K-, %
m+ - - — — — = — - — — — — — —
90 +
BAX (Iiz = 54)
80 +
|
|
|
|
|
|
|
|
70 + I
| |
1
|
|
| |
] |
0 26 28 30 32 34 36 38 40
Uomr, B
Puc. 18. 3aBucumocty k03()HHLIHUCHTA HCIOIB30BAHMUS 10 MOIIHOCTHCOJIHEUHBIX OaTapeil OT HaIpsDKEHHUS SKCTPEMabHOI

Touku BBX

[lanee npuBeneHsbl pe3yabTaThl SKCIEPUMEHTAIBHBIX UCCIIEIOBAHUN KOHTpOJUIepa3apsaa,
00eCTIeYNBAaIOIIEr0 PEKUM SKCTPEMATILHOTO [IIaroBoro peryiauposanus MourHoctd Ch. [Tpu aToMm,
TSI TIPOBEACHUS SKCTICPUMEHTAIBHBIX PaboT B peskuMecTabmibHoi BAX HCTIOIB30BaH UMUTATOP
conHeuyHbIX Oatapeil. [lapametpsl 3amanabix BAX npuBenens! B Tabnuue 3.

Tabmuua 3 — IMapamerpsl 3agannbix BAX Ch

lUxx CB, B Ix3 CB, A Uomr CB, B lonr CB, A
36 5 28,8 4.3

38 6 30,4 5,22

40 7 32,4 6,09

44 8 35,6 7,04

48 9 39,4 8,01

50 10 41 9
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Huarpamma mnepemenieHust pabodeit Toukn Ha BBX mpum perynupoBaHNMM MakcHMyMma
Mo1tHocTH B pesxuMe OPM Cb npexncrasieHa Ha pucyHke 19.

4,5 1 2 3
T 140
5 g
o
+ 135
o 32 33 34
U,B
Puc. 19. lnarpamma nepemMereHus padoudeit Touku Ha BBX npuperynupoBanuu MakCUMyMa MOIIHOCTH B PEXKHUME
OPM Cb

VYcraHoBneHo, 4TO mepemeimieHne pabdodeit Touku Cb B pekume peryaupoBaHUS
MakCHMyMa MOIIHOCTH TPOUCXOAUT MO TPEeM TOYKaM, YTO OOYCIIOBICHO 3aJaHHBIMU
rapaMeTpaMu CXeMbI TOMCKA SKCTPEMyMa — YaCTOTOM U3MEHEHUsI HanpspkeHus 1 1’11 1 BenrmanHoi
mara [JU=1 B.

B mporecce skcriepuMeHTaNbHBIX HUCCIEA0BAaHUN U MOJIEIMPOBAHUS KOHTpOJUIepa3apsiia
AB onpenenena cpennsis MmomHocTh Chb B pexxume PM mo dopmyiie:

P, +2-P+Pc
Pop=—— =, (M

rae Pa — momuocTts Cb B Touke A;
Ps — momuocTh Cb B TOuKe B;
Pc — momnocTs Cb B Touke C.
Ha pucynkax 20-29 npezacrtaBiieHbl JuarpaMMbl, IMOJYYEHHBIE TPU MOAECIMPOBAHUU
ADDY B cpene UMUTAIIMOHHOTO MojenupoBanuss MatLab Simulink npu pa3nuuHbIX 3HaYEHUSIX
BEJIMUMHBI [1ara SKCTPEMAIbHOTO PETYJIMPOBAHUS U YACTOTE PETyIHPOBAHUSL.

1CB, A

P-Kantponnep, BY

Ocneuersocrs. Briwsm.

2 4 6 8 0 2 14 6 1

o
Offset=0

Puc. 20. Bpemennsie quarpammbl Motiaoctd CB B pexume DIIIP (Benmuuna mara — 0,5 B, yactora trara — 5 '),
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Puc. 21. Bpemennsie quarpammsl MomtHoct Cb B pexxume DIIP(Benmunna mara — 0,5 B, gactora mara — 2 I'n)
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Puc. 22. Bpemennsie nuarpammsl mouHoct Cb B pexxume DIIP(Bennuunna mara — 0,5 B, yactora mara — 1 I'n)

rcs.A
T T T
: M
2
: | I |
2 s ° s 0 2 1 .» s 3

UKonrponnepa, B

2 4 5 8 0 12 " ® » 2

P-Kowrponnep, BY

B
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Offset=0

Puc. 23. Bpemennsie nuarpammsl MomHocT Cb B peskxume DIP(Bennunna mara — 1 B, wacrora mara — 5 ')
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Puc. 24. Bpemennsle nuarpammsl mouiHoct Cb B pexxume DIIP(Bennunna mara — 1 B, gactora mara — 2 I'iy)
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Puc. 25. Bpemennsle quarpammsl MoutHoctd Cb B pexxume DIIP(Bennunna mara — 1 B, wacrora mara — 1 ')

+CB.A

UKowrponnepa. 8

P-Kowrponnep. 8t

Ocseusersoct. Braem.
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Offset=0

Puc. 26. Bpemennsie quarpammsl MomuaoctH Cb B pexxnme DIIIP(Bennunna mara — 1 B, gactora mara — 0,5 ')

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 123
4.0 International License




Industrial Transport of Kazakhstan. Vol. 23 (1). 2026

Los A
10— T T T T —
ol //W”u”—u%%”—u”—u”—u"u%%”—u”—u%%”—u%”m”—u”—\:
""" —
2
o e}

|
o 2 3 s ® 10 12 " 3 e 20
|

Uskonponnepa, B

150 —
100
50— —

o O |
I I I
o 2 P o o o 2 I o o B
B
1000 — T T ;
—
. /
700 // ol
-
00— —
—
00 = | L |
o > P B o 0 e “ 0 m 20
ofeor-0

Puc. 27. Bpemennsle quarpammsl MoutHoctd Cb B pexxume DIIP(Bennunna mara — 2 B, yacrora mara — 5 ')
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Puc. 28. Bpemennsie quarpammsl MomHoctd Cb B pexnme DIIP(Bennunna mara — 2 B, yactora mara — 1 I'n)
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Puc. 29. Bpemennsle muarpammbl MontHoctu Cb B pexxume DIIP(Bennunna mara — 2 B, wacrora mara — 0,5 ')
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Ananmu3 rpadukoB mokazpiBaeT, 4to OIIIP ¢ BenmuumHON Mmara peryaupoBaHUS
HanpspkeHuss (/U = 1 B u wactotoil perynupoBanus 1-2 I'l mo3BOJSET OOCTUYBL 3HAYEHUS
koddp¢unuenta wucnonb3oBanus Cb no wmomHoctu 6onee 98%. B xoxme mnposenenus
MOJCIIUPOBAHUS U HKCIIEPUMEHTATBHBIX HCCIEAOBAaHUN MOJYyYEHbl TPATUEHTHI HU3MEPSIEMBIX
MOIIHOCTEH, TOCTaTOYHbIE ISl YCTOWYMBOIO PETYJUPOBAHUS MaKCUMyMa MOIIHOCTH MO TpeM
TOYKaM.

BapsupoBanne mapamerpoB BAX, Takux Kak HanpspkeHue xosnoctoro xoga Uxx HMTOKa
KOPOTKOTO 3aMbIKaHUs Ik3, He MpHUBENO K CYIIECTBEHHOMY HW3MEHEHHIO Ko3(dduuuneHTa
WCIIOJIb30BaHMs, COXPAHSIONIETO CBOE 3HaUeHue B npeaenax Kp = 98-98,5%.

[Ipumenenne sxcTpeManbHOro peryiaupoBanus MoriHoctd Chb mo3BossieT cyuiecTBEHHO
YIAYUYIIUTh dHEpreTudeckyto 3¢ dexkruBHOCTh ADDY-0.5. B cpaBHEHHH COCXEeMOW COETUHEHUS
cunoBblX MMH Cb u Ab npu OTKIIOHEHHMH TeMIepaTyphl NaHenen

dboTornekTpudeckux mMoayner Ha + 40 rpamycoB 3HepreTudeckas 3h(HEKTUBHOCTh TPH
OPM Cb yBennuusaercs 10 28 %.

Taxxe npoBeeHbI SKCIIEPUMEHTANIbHBIE HCCIIeI0BAHUS YPHEPreTUYeCcKoi 3 pekTUBHOCTH
pEeXHMa SKCTPEMAILHOTO PEryJIUPOBaHUs MOIIIHOCTH COJIHEUHOM OaTapeu ¢ peanbHbiMu Cb (1Ba
Moyt KCM-160) u mpu peailbHOM COTHEUHOM OcBeleHue. Pexxum paboTsl ycTaHOBKH ADDY -
0,59PM:

- yroia HakioHa miockocTH Cb k ropu3oHTy = 56°;

- Bpewms npoBeaeHus skcrepumenTa ¢ 10:00 mo 17:00;

- ycraHoBka ADDVY-0,55PM copuentuposana Ha IOr.

Pe3ynbpTaThl SKCIIEpUMEHTANBHBIX HCCIENOBaHUI cBeleHbl B Tabnuiy 4.HaOmomaercs
u3MeHeHue mnapamerpoB BAX, koTropoe MOIo ObITh BBI3BAHO MLEIBIM PSAAOM (aKTOPOB:
n3MeHeHueM ocpemeHHoctu Cb BenencTBue cyrounoro mytu CosHIano HeOeCHOMY CBOJY, €T0
3aT€HEHMs, U3MEHEHHEM TeMIIEPaTyphl COJIHEUHBIX MaHeNIeH UT. 1.

Tabmuua 4 — Pe3ynabrartel SKCHEPUMEHTAJBHBIX HCCIIEAOBAaHUN  Ko3(¢uireHTa
UCIIOJIb30BaHUs COJIHEYHOM OaTtaper 0 MOLTHOCTHU OT HapsbKeHUs XosiocToro xoaa Uxxiipu OPM
Cb

t,u 10:00 | 11:00 12:00 13:00 | 14:00 | 15:00 | 16:00 | 17:00
Uxx, B 39 39 38 38 39 39 43 42
tes, °C 45° 45° 50° 55° 50° 50° 40° 40°

t oxp.cp., °C 22° 27° 28° 30° 31° 32° 29° 27°
Pcg, Bt 138,5 176,3 198,3 2251 | 213,11 177 122 86
KP, % 99 98,7 99 98,9 99,2 98,6 98,5 98,6

[IpoBeneHHbIE HUCHBITAHUS TOKa3ajid, YTO MapaMeTphl SKCTPEMAJIbHOTO IIIaroBOTO
perynMpoBaHusi MOIHOCTH, cocTaBistouie [ |U=1 B u yactory usmenenust Hanpspkenus 1 I'm,
obecrnieunBaroT KomreHcamnuio mnapamerpoB Cb mpu npeiibe BAX B peanbHBIX yCIOBHSX.
PesynpTaTel 1puM  peambHOM  COJHEYHOM  OCBELEHUMM IPAKTHMUECKH COBINAJAKOT €
9KCIIEPUMEHTAIbHBIMU JTAHHBIMU, MOJyYEHHBIMH NPU HCIOJIB30BAaHUU MMUTATOPA COJIHEUHBIX
6arapeit UBC - 200/7—4, a Taxxe ¢ pe3yJabTaTaMi MOJICITUPOBAHUSI.

DKCIEPUMEHTAIBHO TOJYYEHbl 3HAYEHUSI BBIXOJHOW MomHOCTA Cb OT BpeMEHH CYyTOK
(Puc. 30). DxciepuMeHT MPOBOAMIICS TPH YCIOBHUAX HEOOIBIION 00JIaYHOCTH, B PE3yJIbTaTe Yero
HE MOJTy4YE€HO MaKCUMaIbHO BO3MOKHOE 3HAUE€HUE MOIIIHOCTH, TEHEPUPYEMOE JIBYMS COTHEUHBIMU
6arapesmu KCM-160.
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200 +

t, o
Puc. 30. 3aBucumocts momHOcTH Cb OT BpeMeHH CyTOK

Ha pucynke 31 mnpuBemeHbl 00O0OIIEHHBIE pe3yJbTaThl W3MEHEHHUS TeMIIepaTyphl
(b OTORIIEKTPUIECKUX MTPeoOpa3oBaTeeii OT BPEMEHH CYyTOK, MOMyYEHHBIC B X0/1€ IKCIIEPUMEHTA.

35 L e
©
e -
- N
30— ———— ———— D
- A _togrp.cp..C
’ < Kp.Cp.,
7 -
25 L — — — — -
F
F 4
Vi
204+ —— -
i
0 102 112 122 32 42 52 6% 72

f,d
Puc. 31. 3aBUCHUMOCTb TeMIepaTypsl POTONICKTPUIECKHUX MPeoOpa3oBaTesiell OT TEMIIEPaTyphl OKPYKAIOIIESH Cpeabl U
BPEMEHH CYTOK

Ha pucynke 32 n300pa’keHbl 3aBUCUMOCTH KO3 GHUIIMEHTA UCIIOIH30BaHUS 110 MOIIIHOCTH
Kp conneunsIx Oatapeii mpu crabuinuzanuu HanpspkeHus padouerr Touku Cb u OPM Cb, npu
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peaTbHOM COJTHEYHOM OCBEIIECHUH U ¢ ucrnonb3oBanuem MbC-200/7—4.

Ke, %
w4+ -—-—- -
3PM CB
3PM HEC
90 |
BAX (Txs = 5A) crab Ucsk
BAX (Iiz=TA)
80+
BAX (Iic = 9A)
|
I
|
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I
70 + !
i |
I
I
| I
I I
L :
0 26 28 30 32 34 36 38 40

Uonr, B
Puc. 32. 3aBucumocTr Ko3(p(HUIMEHTA HCIOIB30BAaHUS 110 MOITHOCTH Kp conHeUHBIX GaTapeli mpy cTabnimm3anuu
HanpsbkeHus pabouei roukn Cb u OPM Cb

Koapduuuent ucnonszoBanus npu 9PM Cb usmensercs B npenenax KP = =98,5-99 %.
OT0 00BACHAETCA pa3InYUeEM MoyoKeHUs Touek perynnpoBanus UCH oTHOCHTENBHO BEpLIMHBI
BBX.

[pupoct momHocTH conHeuHoil Oarapen npu OPM Cb mo cpaBHEHHIO € pEXUMOM
ctabmin3anuu HanpspbkeHuss Ha ypoBHe 30 B cocraBnser no 28 %. PaspaboranHas cuctema
MIOWCKA IKCTPEMyMa C BHIOpAaHHBIMH ITapaMeTpaMu o0ecrieunBaeT KOdQQHUIIMEHT UCIIOTH30BAHNUS
MotnHoctu Cb Kp > 98 %.

JApyruM BakHBIM OJKCIEPUMEHTAIBHO IPOBEPEHHBIM mapamerpoM sBisercs KII
KOHTpoJuiepa 3apsiaa. I1o sKkcnepuMeHTaIbHBIM JaHHBIM MOCTPOEHA YCPeAHEHHas 3aBUCHUMOCTh
KIIJI Osoka 3apsga OT BBIXOAHOW MOIIMHOCTH COJIHCUHOW OaTaped TIpH pa3psHKCHHOU
akkymysstopHoit Oatapee (Uas = 23,1-24,3B) u 3apsokennHoit Ab (Uas = 25,4-27B),
IpeJCTaBlICHHAass Ha pUCYHKEe 33 (B KayecTBE COJHEYHOM Oaraped HUCHOJIb3yEeTCs UMHUTATOP
conHeyHoi 6atapeu MBC-200/7-4).
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Puc. 33. Ycpenuennas 3aBucumocts KITJI 6oka 3apsina ot Puuxcs npu paspspxennoit Ab (Uas = 23,1 —24,3 B) u
3apspkenHoit AB (Uas = 25,4 — 27 B)
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Amnanu3 3aBucumoctu nokassiBaet poct KIIJI B nuanazone 92,5 %—96,5% B 3aBucumMocTu
OT BBIXOJHOW MOIITHOCTH COJTHEUHBIX OaTapei.

B oOkoHuUaHMM JKCHNEPUMEHTOB OBLTM MPOBEPEHBI TEXHUYECKHE XapPaKTEPUCTUKH
sHepreTndeckoit ycranoBku ADDY — 0,5 mpu crabunuzanuu Hanpsokerns Ha Cb paBaoM30 B (Ucs
= 30 B) u n3menenun MomHocTtu Harpy3ku ot 50 o 1000 Bt. McnbiTanus npoBOAMINCH IpU
pazpspkenHol (Uas = 22,6-24,2 B) u 3apsxennoit (Uas = 25,5-27 B) akkymynsTopHoii 6atapee.

OCHOBHBIMH HCCIIEAYEMBIMH MTApaMETPaAMU SIBIISLTUCH:

- BeIXOoAHOE HampsikeHue AOJY —0,5;
- 3aBUCUMOCTh TOKa M MOIIHOCTH AB OT MomHOCTH Harpy3ku W napametpoB BAX
COJIHEYHOH OaTapewu.

BrixogHoe HanpskeHUE OnpenesiseTcsi TEXHUYECKUMHU MapaMeTpamu uHBeptopa A 302—
1K7-F3 u cootrBercTBYET €ro nacnopTHeIM AaHHbIM — Ussix = 230 B + 23 B.

Ha pucynke 34 mnoka3zaHbl MOTOKHM MOIIHOCTA MEXKIY COJHEYHOW, aKKyMYJISITOPHOU
OarapesMu 1 Harpy3koi npu paspsoxeHHoi (Uas = 22,6 — 24,2 B) u 3apsoxennoit (Uas = 25,5-27
B) akxymynstopaoit 6atapee mis tpex BAX (1.Uxx =36 B; Ixs = 5SA.Pcrio) = 120 Br;

2.Uxx =40B, Iis = 7A. Pcsizo) = 192 Br;

3. Uxx =48B, Ixs = 9A. Pcpio) = 268 BT).

las A
20+ BAX (Uxx =48B, Ixz = 94)
BAX (Usx=40B, I;zs=T7A)
10
BAX (Uxx = 36B, Ixz = 5A)
0
Pu. Br
-10
-20
-30 1

Puc. 34. 3aBucumoctu Toka Ab ot MomHocTH Harpy3ku 1 napameTpoB BAX Cb mpu Uas = 22,6-24,2 Bu UAB =
25,5-26,9B

Kaxmyio kpuBy10 MOXKHO pa30UTh Ha J1BA y4acTKa:

- nepBbiit [as> 0 - mpoucxonut 3apsig Ab Bcem u3osiTkom mMotHocTH Ch;

- BTOpoi Iap < 0 - mMpoUCXOIUT pa3psa aKKyMyJIaTopHol Oatapeu, AbkommneHcupyet
HegocraTtok MourHoctH CB. Yewm Bbimie MomHocth Cb, TeM npu Oosiee BHICOKOM 3HAUYEHUU
Harpy3KH MPEeKpaIiaeTcs 3apsia akKKyMyJISITOPHON OaTapeu U HaYMHAETCs ee pa3psl.

3akino4eHue

B mnacrosmieit pabore Oblna BBIMOJTHEHAa pa3paboTKa U HCCIEIOBAHUE ABTOHOMHOM
(bOTOANEKTPUUECKON SHEPTETUUECKOM YCTaHOBKHU Majioi MomHocTH (ADIY-0,5) c npuMeHeHuEM
METO/Ja SKCTPEMAJILHOTO IIaroBoro peryiupoBanus moutHocTH (DIIIP) comneunsix OaTapeid.
OcHOBHas 1IeNIb UCCIIEAOBAaHUS — MOBBIMIEHHE 3(PPEKTUBHOCTH MpeoOpa3oBaHUsl COTHEUHOU
SHEPruM U ONTUMHU3ALKA PAOOTHl ABTOHOMHOW YCTAHOBKM — ObUIa TMOJHOCTHIO pealii30BaHa
Onmaromapst KOMIUIEKCHOMY  HCIIOJIb30BAaHHIO  TEOPETHYECKUX, OKCHEPUMEHTAIbHBIX U
MOJIETTUPYIOIINX METOIOB.
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JUis BOCTHXKEHUS OCTaBIEHHON 1€/ ObLTU IPUMEHEHBI CIIEAYIOLINE METOIbI:

- TEOPETUYECKUN aHAJIN3 CYLIECTBYIOIIUX IOAXOJ0B K PETYJIMPOBAHUIO MOIIHOCTU
COJIHEUHBIX OaTapeil, BbIABICHHE UX JOCTOMHCTB U HEJIOCTATKOB;

- DKCIIEPUMEHTAJIbHBIE HUCIBITAHUS YCTAHOBKH C WU3MEPEHHEM KIIIOUEBBIX [1apaMETPOB:
TOK, HAaIpsSXKEHHUE, MOIIIHOCTb, KO3()(UIIMEHT UCTIONb30BaHUS SHEPTHUH;

- MozenupoBanue B Matlab Simulink, HanpaBieHHOe Ha MPOBEPKY YCTOHUMBOCTH pabOTHI
YCTaHOBKH M oNTUMU3anuio napamerpon DIIP;

- CpPaBHUTENBbHBIA aHAIN3 d3PPEKTUBHOCTH MPEUIOKEHHOTO METOAA C TPaJAULUOHHBIMU
crioco0amMu peryJimpoBaHMsI MOIIHOCTH.

OTalbl UCCIIEI0BAaHUS BKIIIOYAIIN:

- aHaJM3 HAy4YHOH JIMTepaTypbl M INPAKTUYECKHX DPELICHUH B 00JACTH aBTOHOMHBIX
(OTODIEKTPUIECKUX CUCTEM;

- pa3paboTKy aIropuTMa KCTPEMAIBHOTO Iar0BOI0 PEryJIMPOBaHUs MOIIHOCTH;

- CO3JIaHUE IKCIIEPUMEHTAIBHOTO MakeTa ycTaHoBKM ADIY-0,5;

- IPOBEJICHUE JIAOOPATOPHBIX U MOJIEBBIX UCTIBITAHUN;

- 00pabOTKy MOJTYYECHHBIX TaHHBIX U (POPMHUPOBAHNE HAYUHBIX BHIBOJIOB.

Hcnonp30BaHne KOMIUIEKCHOTO MOAX0/1a 00€CHeUnIo MOJHOTY U3yUEHHs UCCIEAyEMOro
00BbEKTa W TO3BOJIMJIO BBIIBUTH npeumymiectBa JIIP mepex cymecTByrommMu MeTOAAMU
yIpaBJIEHUS COTHEYHBIMU OaTapesiMH.

B pesynbrare npoBeaéHHOI paboThI OBLTH MOJTyYEHBI CICAYIONINE PE3YIbTaThI:

- Pa3zpabotrka wm BHempenue anroputma OIIIP, KoTOpBIA MO3BOSIET TOBBICUTH
K02(pPHUIIMEHT UCTIONB30BAaHUS SHEPTHH COTHEYHBIX OaTapeit 10 97-98 % B pa3INYHBIX YCIOBUSIX
UHCOJISLINY;

- DKCIIepUMEHTalIbHOE TOATBEepKIeHHE dPPeKTHBHOCTH paboTel ADDY-0,5: ycTaHoBKa
JNEMOHCTPUPYET CTa0WIbHOE (DYHKIMOHUPOBAHHE, BBICOKYIO DSHEPreTHYECKYI0 OTAady M
aJaNTUBHOCTb K U3MEHSIOIUMCS YCIOBUAM COJIHEUHOTO U3IIy4ECHHUS;

- MonenupoBanue nokasano, 4yto BHeApeHue JIIIP no3BosiseT CHU3UTh NOTEPH SHEPTUU
pU HECTAOMIBHOM OCBEIIEHHOCTH, 0OOecrednBasi 0ojiee paBHOMEPHOE paclpeielieHue Harpy3Ku
Ha aKKyMYJIATOpHbIE OaTapeu;

- CpaBHUTEnbHBIH  aHAMU3 C  TPAAULMOHHBIMH  METOAAMH  CTaOMIM3aLUU
HanpspKeHUs BeIABUI IpeBocxoacTBo OIIP no ko3 duimenty ncnonb3oBaHus MOIIHOCTU H
o01m1eit 3pPeKTUBHOCTH yCTAaHOBKH.

Takum 00pa3oM, NOITyUYEHHBIE PE3yIbTAThI IOATBEPHKAAIOT BHICOKYIO pab0TOCIIOCOOHOCTD
U MIPAKTUYECKYIO0 IPUMEHUMOCTb MPEJI0KEHHOT0 METO/1a JIIsl aBTOHOMHBIX (DOTOIEKTPHUECKUX
CUCTEM.

Ha ocHoBaHMM NpPOBEIEHHOIO HCCIEAOBAHUS MOXXHO CQOPMYJIHPOBATH CIEAYIOIINE
BBIBO/JIbI:

- Ipennoxennsiit meron OIIP nokazan cBoro mnpakTuueckyr 3((eKTHBHOCTH A
ABTOHOMHBIX (POTOAIEKTPUUECKUX YCTAHOBOK Majoi MOIIIHOCTH;

- DOKCIepUMEHTaJbHbIE M MOJEJIUPYIOUIME Ppe3yNbTaTbl IMOATBEPAWIM THUIOTE3Y
uccnenoBanus: npuMeHernne OIIP  moBeimmaer kod()(UIMEHT WCMONB30BAaHUS —YHEPTHUU
COJIHEUHBIX OaTapeil u 00IyI0 SHEPreTUYECKYI0 F3PPEKTUBHOCTh YCTAHOBKH;

- HayuHoe 3HaHuMe O MeTOJax YNpaBiCHUsS ABTOHOMHBIMHM (DOTOINEKTPUUECKUMU
CHUCTEMaMH PACHIMPEHO 3a CU€T pa3pabOTKM HOBOTO MOJXO0/a K PETYJIMPOBAHUIO MOIIHOCTU U
MOJITBEPKJIEHUS €r0 pab0TOCTIOCOOHOCTH.

[TonmyueHHble BBIBOJBI BHOCAT BKJIAJ B pa3BUTHE HAyKH B O0JIACTM ABTOHOMHBIX
BO300HOBJISIEMBIX JHEPreTUYECKUX CHCTEM U MPEAOCTABISIIOT OCHOBY s JajbHEHIIMX
HUCCJIENOBaHUM.

PesynbTars! uccnenoBanus 0071a1a0T BHICOKOW MPAKTUUECKON 3HAYMMOCTBIO:

- PazpabGorannas A®DVY-0,5 wMoxeT OBITh UCHONB30BaHA IS aBTOHOMHOTO
AIIEKTPOCHAOKEHHUSI MaJbIX OOBEKTOB, BKJIIOYas YaCTHbIE JOMa, YJAJIEHHbIE CTaHIUM U
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TEJIEKOMMYHHUKAIIMOHHBIE Y3JIbI;

- Meron OIIP moxer ObITh MacmITaOUpOBaH Ha Oojiee MOIIHBIE YCTAaHOBKH U
MHTETPUPOBAH B THOPUIHBIC SHEPTOCUCTEMBI C BETPOBBIMH WIIN TN3EIEHBIMH T'€HEPATOPaMU;

- JlanbHelmuye uccieqoBaHusl MOTYT OBITh HampaBiIeHbl Ha pa3pabOTKy MPOrpaMMHOTO
oOecrieueHns Uil aBTOMAaTH3aIllMM YNPABICHHUS yCTAaHOBKAMH, BHEIPEHHE HMHTEIUICKTYaIbHBIX
QITOPUTMOB ~ NPOTHO3MPOBAHUS  COJNHEYHOHM  HMHCOJSIUMM M ONTUMHU3AIMIO  pabOTHI
aKKyMYJIATOPHBIX OaTapei B TOJTOCPOYHON MEPCIICKTHRE.

Takum obOpa3om, mpoBeaEHHas paboTa MOATBEpKIaeT 3(h(HEKTUBHOCTH MPEIIOKEHHON
METOJIMKH, PACIINPIET HAyYHOE 3HaHHE B 00JaCTH aBTOHOMHBIX (DOTORTIEKTPHUYECKUX YCTAaHOBOK
U OTKPBIBACT HOBBIE MEPCHEKTHBHI JJIsl MPAKTUYECKOTO MPUMEHEHUS M JAIbHEHIIEro pa3BUTHUS
TEXHOJIOTUI yIPaBICHNS COJIHEUHBIMH OaTapesiMH.
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Abstract. This study addresses the problem of optimizing the parameters of passenger train
formation and movement on railway transport. The relevance of the topic is determined by the
need to improve transportation efficiency, passenger comfort, and reduce operational costs. At the
current stage of railway development, there is a lack of comprehensive methods for train
composition formation considering different types of carriages, train weight, and speed. The aim
of the study is to determine optimal parameters for passenger train formation and operation to
ensure rational resource use and economic efficiency. The following tasks were set: analysis of
existing train formation methods, collection and processing of statistical data, development of a
methodology for optimizing train composition and operation, mathematical modeling, and
comparative analysis of results. The research revealed dependencies between train composition,
weight, operation mode, and economic efficiency. Recommendations for train formation with
different carriage types were developed, allowing cost reduction and improved passenger comfort.
Optimizing train formation and operation parameters confirms the hypothesis that efficiency can
be increased through a systematic approach. The results can be applied in railway practice and
further scientific studies in transportation modeling.
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AnHoTanus. by sepTTeyae TemMipKoi KeMirine xoaayubliap noibi31apblHbIH KYpPaMbIH
KAJIBIITACTRIPY KOHE KO3FAJIBIC TMapaMeTpiiepiH OHTAMIAHABIPY MOceNleCi KapacThIPhLIAIbL.
TakpIpbIll ©3EKTUIIr TachIMaAay THIMAUTTIH apTTHIPY, JKOJAYIIbUIApFa BIHFAUIBUIBIK JKacay
JKOHE DKCIUTYaTAIMsUTBIK IIBIFBIHIAP/IBI @3alUTy KaXKETTUTITIMEeH TyciHaipineai. Kasipri Temipkon
calachblH JaMbITy Ke3€HIHAE OpTYypJli BaroH KaTeropusjiapbl, MOWBI3JbIH CalIMarbl >KOHE
KBUIIAMJIBIFBIH €CKEPETiH KEIICH[I 9MicTep JKETKIMiKCi3. 3epTTeyliH MaKCaThl — PECYpCTapbl
THIMII TaianaHy >KOHE SKOHOMHUKAIBIK THIMAUNKTI KamMTamachl3 €Ty VIIiH >KOJayIlIbliap
MOWBI3IapPBIH KAJBIIITACTBIPY OHE KO3FaJbIC MapaMeTpiiepiH OHTalIaHIbIpy. MakcaTka JKeTy
YIIIiH KeJleci MiHACTTep KOWBUIIBI: IIOMBI3 KYPaMbIH KaJBIMITACTBHIPYIBIH Ka31pri 9/IICTEPiH Talaay,
CTAaTHCTUKAIIBIK JIEPEKTEP JKUHAY KOHE OHJEY, KYpaM MEH KO3FaJbIC PEXUMIH OHTAMIAHABIPY
OMICTEMECIH 93ipJiey, MAaTEMATUKAIIBIK MOJIEIbICY JKOHE HOTHIKEJIEPl CABICTBIPMAJIbI Tajaay.
3epTTey TMOWBI3 KYPAaMBIHBIH, CalIMarblHBIH, KO3FaJbIC PEKHUMIHIH JKOHE HKOHOMHUKAIBIK
THIMIUTIKTIH ©3apa OailIaHBICKIH KOPCETTI. OPTYPJIi BaroH KaTeropusiapbl 0ap MOMBI3IapbI
KaJIBINITACTHIPy OOMBIHINA YCHIHBICTAP JKaCaJIbl, OYJ1 AKCIUTYaTaUsUTBIK IIBIFBIHAAPABI a3aliTyFa
KOHE JKOJIayIIbIJIapFa BIHFAMIBUIBIKTEL apTThIpyFa MYMKIHIIK Oepemi. [IoWbI3 KypamblH KOHE
KO3FaJIbIC TapaMeTpiiepiH OHTAWIAHABIPY THIMAUTIKTI JKYHenmi Tocia apKbUIbl apTTHIPY
MYMKIHIITIH pacTaiiibl. AJIBIHFAH HOTIDKENIEP TEMIPKOI TOKIPUOECIHAEC KOHE KOJIKTIK
MOJIETIB/ICY CallAChIHIAFbl FEUIBIMU 3€PTTEYJIepIe KOIIaHBLTYbl MYMKIiH.
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AHHoTanusi. B HacrosieMm uccieqoBaHUM paccMaTpUBaeTcs ImpobiieMa ONTHUMM3AINH
napamMeTpoB (GOpMHUpPOBAHUS M JBIKEHUS IMACCAKUPCKUX TMOE3J0B HA JKEIE3HOIOPOKHOM
TpaHcnopTe. AKTyalIbHOCTb TEMBI OTIPEeNIeTCs HE0OXOAMMOCThIO OBBIICHUS () (PEKTUBHOCTH
MEPEeBO30K, YIyYIIeHUS KOMGPOPTHOCTU IS MACCAKHUPOB M CHIDKEHUS HKCIUTYaTaIl[MOHHBIX
3arpar. Ha coBpeMEHHOM »JTame pa3BUTUS JKEJIE3HOJOPONKHOW OTpaciu Halmroaaercs
HEJOCTaTOYHAs Pa3pabOTaHHOCTh KOMIUIEKCHBIX METOJO0B (DOPMHpPOBAHUSI COCTaBa MOE3MIOB C
y4e€TOM pa3IUYHbIX KAaTeropuil BaroHoB, MAacChl IMO€3JAa U CKOpPOCTH JBmkeHus. lLlens
UCCIICTIOBAHMS 3aKII0YACTCS B ONPEICICHUN ONTHUMAJbHBIX IMapaMeTpoB (OPMUPOBAHUS U
JBUKEHHS TACCAXKUPCKUX MOE3/10B, 00€CTIEYNBAIOLINX PAllMOHAILHOE UCTOIb30BaHUE PECYPCOB
U OKOHOMHYECKYI0 J(P(GEKTUBHOCTh IEpPeBO30K. /[l MOCTHKEHHS LN IOCTaBIICHBI
CIIeIyIOIINE 3a/la4l: aHaju3 CYLIECTBYIOIIMX MeT0J0B (OpPMUPOBAHUA TMOE3[0B, cOop u
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00paboTKa CTaTUCTUYECKUX JAaHHBIX, pa3pabOTKa METOJUKU ONTUMHU3ALUU COCTaBa U PEKUMa
NBIDKEHUS, MaTeMaTHU4YecKoe MOJCIMPOBAHME M CPABHUTENBHBIA aHAINW3  TOJyYEHHBIX
pe3ynbTaToB. B pesyibTare MpOBENEHHOTO HCCIEIOBAHUS BBISBICHBI 3aBUCUMOCTH MEXAY
COCTaBOM II0€3/1a, €r0 MAacCOH, PEKUMOM JBI)KEHUS M SKOHOMHUYECKOH 3()()EeKTHBHOCTHIO
nepeBo3ok. Pa3pabGoranbl pekoMeHAanmuu 10 (OPMUPOBAHUIO TOE3I0B C Pa3IUYHBIMU
KaTerOpusIMH BAaroHOB, MO3BOJISIOIIME CHU3UTH SKCIUTyaTallMOHHBIE 3aTpaTbl U TOBBICUTH
koMpopT nmaccaxkupon. OnTumMuzanus napaMeTpoB GOPMHUPOBAHUS U JBUKEHHS MMACCAKUPCKUX
M0€3/I0B MOATBEPKIACT TUIIOTE3Y O BO3MOXKHOCTH MOBBIIEHUS 3(P(EKTUBHOCTH NEPEBO30K NpHU
cucteMHoM mnonxoje. [lomydeHHble pe3yiabTaTbl MOTYT OBITh HCHOJIB30BAaHBl B IMPAKTHKE
KENIE3HOJOPOKHBIX TEPEeBO30K M Ui JNAJbHEHIIMX HAyYHBIX MCCIEOBAaHUNH B OO0JIACTH
TPAHCTIOPTHOTO MOJEIUPOBAHHUS.

KiroueBble  cjI0Ba: MacCa)kXMpCKU  IOE3/, COCTaB, ONTHUMU3ALUA, CKOPOCTD,
SKOHOMUYECKast 3PPEKTUBHOCTD, KEIE3HOJOPOKHBIA TPAHCTIOPT

s nuruposanus: B.H. I'ynues. Mertoauka onpezesnenyst ONTUMAIBHBIX 1apaMETPOB
dbopMuUpOBaHUA U IBUXKEHUS MaccaXxupckux noesnos // Ilomplnennsiit Tpancnopt Kazaxcrana.
2026. T. 23. No. 89. Ctp. 132—150. (Ha pyc.). https://doi.org/10.58420/ptk/2026.89.01.007

KoHduaukT uHTEpecoB: aBTOPHI 3asBISIOT 00 OTCYTCTBUH KOH(DINKTAa HHTEPECOB.

Brenenmne

B ycrnoBusx QuHaMUYHOTO Pa3BUTHUS SKEJIE3HOIOPOXKHOTO TPAHCIOPTa U yBEIWYEHUS
MacCaKUPOIOTOKOB BOZHUKAET HEOOXOAMMOCTh COBEPIIICHCTBOBAHUS MTPOIIECCOB (POPMUPOBAHUS
Y JBIKCHUS TACCAKUPCKUX MOE3/I0B. AHAIN3 CYIIECTBYIOIIMX UCCIIEIOBAaHUN MOKA3bIBAET, YTO
JI0 HACTOSAIIETO0 BPEMEHH BOIPOCHI ONTHMH3AIMHA COCTaBa MOE3JI0B M PEKUMOB HX JBIKCHUS
M3y4YeHbl HEJIO0CTAaTOYHO. B 94acTHOCTH, OOJBIIMHCTBO padOT IMOCBAIICHO JUOO TEXHHUYCCKUM
aCmeKTaM OJKCIUTyaTalliil JOKOMOTHUBOB, JIMOO MacCaKUPCKOMY KOMQOPTY, HO KOMILJIEKCHOE
pacCMOTpPEHHE B3aUMOCBSI3M COCTaBa I0€3/1a, BECa, CKOPOCTH JABUKEHUS U IKOHOMHYECKOM
3¢ (PEeKTUBHOCTH BCTPEYACTCS PEIIKO.

[IpoOGneMHast cuTyarus ycyryoisieTcss OTCYTCTBHEM YHUDHIIMPOBAHHBIX METOAMK pacueTa
ONTUMAIBHOM KOMITO3HMIIMHM TIO€3/I0B C YYETOM pEeabHBbIX JKCILTyaTallMOHHBIX YCIOBHH U
pa3HOOOpa3usi KaTeropuii BaroHoB. I1osiBJIeHHE HOBBIX THUIIOB BarOHOB M MOJICPHU3HPOBAHHBIX
JJOKOMOTHBOB CO3/Ia€T HEOOXOOUMOCTH IEPEeCMOTpa CYIIECTBYIOIMIMX PEKOMEHIAMH |
pa3pabOTKHM HAayYHO OOOCHOBAHHBIX IMOJXOJO0B K (DOPMHUPOBAHHUIO COCTABOB. TakuM 00pazom,
BBEIOOP TEMBI HCCIICIOBAHUS OOYCIIOBICH aKTyallbHOM MPAaKTHYECKON 3aJaveid IMOBBIIICHUS
3G (HEeKTUBHOCTH MACCAXUPCKUX TMEPEBO30K, a Takke NOePUIUTOM KOMIUIEKCHBIX HAyYHBIX
HCCIIeIOBAaHUM B 3TON 00J1aCTH.

AKTYaJIbHOCTb HCCJICJOBAHMS OIPEICISICTCS KaK TEOPETUUYCCKOM, TaK M MPAKTUYCCKOMN
3HAYUMOCTBIO. Teoperwyeckass 3HAYUMOCTh 3aKJIIOYAeTCSI B BO3MOXKHOCTH  YTOYHEHHS
CYIIECTBYIOIIMX MOJENIeH (opMUpOBaHUS TIOE3OB M PACHIMPCHUS HAYYHOTO 3HAHHS O
B3aMMOCBSI3U MMapaMETPOB COCTaBa C AKCIUTYyaTAIIMOHHBIMU M YKOHOMHUYECKUMHU TOKA3aTEISIMHU.
[IpakTrueckass 3HAYUMOCTh TPOSBISACTCS B IOTEHIHANE BHEAPCHHUS pa3paboTaHHBIX
PEKOMEHIAlU Ha KEJIE3HOJOPOXKHBIX JIMHUAX, YTO TO3BOJUT TOBBICUTH 3()PEKTUBHOCTH
WCIIONIb30BaHUsl TOJBMKHOTO COCTaBa, CHU3HUTH OJKCIUTyaTallMOHHBIE 3aTPaThbl W YIYYIIUTh
KauecTBO oOcCyuBaHUs maccaxupoB (mutpenko, 2006: 34-38; Baxurosa, 2006a: 96-98;
BaxutoBa, 20066: 294-298; Kobaukos, 2007: 263-266; KacsimoB, 2006: 49-52; TuxomMupos,
1979: 67-234; Mycramnaesa, 2006: 75-81).

OOBEKT HCClIeIOBaHUS — MPOIIECChl POPMUPOBAHUS M ABMIKEHUS MTACCAKUPCKUX TTOC3I0B
Ha OKENE3HOJOpOKHOM TpaHcmopTe. [lpeamer wuccnemoBaHusi — mapaMeTpbl  COCTaBa
MAaCCAKUPCKUX MOE3/I0B, BKIIFOYAs KOJUYSCTBO M THUIT BATOHOB, MACCy IMOE3/1a, PEXKUM JABUKCHUS
U UX BIMSHUE HA SKOHOMHYECKYIO 3((HEKTUBHOCTD IIEPEBO30K U KOM(OPT MaCCaKUPOB.

Ilens wccnenoBaHUS — ONPEACIUTh ONTHUMAJIBHBIC IMapaMeTpbl (OPMHPOBAHUS U
JIBIDKCHUSI TTACCAKUPCKUX TOE370B, MOATBEPKIAIOIINE THUIIOTE3Y O BO3MOXKHOCTH TOBBIIICHUS
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HKOHOMUYECKOH 3(pPEeKTUBHOCTH MEPEBO30K MPU CUCTEMHOM aHAIM3€E COCTaBa MOE3/1a U PeKruMa
€ro JIBIKCHUSI.

Jlns nocTHKeHHUs TMOCTaBIEHHOW Ienu ObUIM chOpPMYJIMPOBAHBI CIEAYIONINE 33aJa4UH
UCCJICTOBAHMS:

- MPOBECTH aHAJIM3 CYUIECTBYIOIIUX MOAX0/I0B K (POPMHUPOBAHUIO MACCAKUPCKHUX MOE3/10B
Y BBISIBUTH UX OTPAHUYCHUS;

- OCYHIIECTBUTH cOOp M 00pabOTKY HCXOJHBIX NTaHHBIX O IMAaCCAKUPCKUX COCTaBax,
JIOKOMOTHBAaX U UHPPACTPYKTYPE;

- pa3paboTaTh METOJUKY ONTHUMM3AIMM COCTaBa IMOE3/1a C YyYeTOM KaTeropuil BaroHOB,
Beca U CKOPOCTH JBUKCHHS,

- IPOBECTH MaTeMaTU4YeCcKoe MOJECIMpPOBaHNE U TpadoaHaATUTHUECKHI aHaJIN3 BapHaHTOB
(dbopMHpOBaHUs TIOE3/IOB;

- CpaBHHUTbH IMOJIyY€HHbIE pe3yJbTaTbl C HOPMATHUBHBIMU TpPeOOBAaHUSMU U OILICHUTH
MPAKTUYECKYIO0 TPUMEHUMOCTH TPEJI0KCHHBIX PEIICHUH.

B uccrnenoBannm UCmob30BalMCh KOMIUIEKCHBIE METObI, BKIIOYAIOIINE:

- aHaTU3 HAYYHOU JIUTEpaTyphl U HOPMATUBHBIX JIOKYMEHTOB;

- cOOp U CHCTEMAaTU3AlNI0 CTATUCTUUECKHUX U SKCILTYyaTallHOHHBIX TAHHBIX;

- MaTeMaTU4YeCKOe MOJICTUPOBAHUE COCTaBa TI0E3/1a U PeKUMA €TO JIBIKEHUS;

- rpadoaHanUTUYECKU METOA JJid aHalu3a 3aBHUCHUMOCTEHl HSKOHOMHMYECKHUX U
AKCIUTYaTAI[MOHHBIX MTOKA3aTeNei;

- CPaBHUTEJIBbHBII aHAU3 PE3YyJIbTATOB C CYIIECTBYIOIIMMH PEKOMEHIALUIMHU.

BreigBuraercs rumotes3a: ONTUMHU3AIMS COCTaBa W PEKUMA JIBIDKEHUS TMACCAKUPCKUX
MOE370B BO3MOKHAa IPU CHCTEMHOM aHajM3€ TEXHUKO-3KOHOMHMUYECKHUX IOKazareneil u
MaTEMaTHYeCKOM MOJICTUPOBAHUU C y4E€TOM KaTeropwii BaroHOB, MacChl TO€3/1a U CKOPOCTH
JIBUKCHUSI.

Hay4uHoe 3HaueHMe UCCIIEIOBaHMS 3aKIIOYACTCSI B YTOYHEHHH METOJ0B (hOPMUPOBAHUS
MOE3/I0B U BBISABICHUU HOBBIX 3aKOHOMEPHOCTEH BIUSHUS COCTaBa M CKOPOCTU ABM)KEHHS Ha
SKOHOMUYECKHE U IKCIUTyaTallMOHHBIC MOKa3aTenu. [IpakTuiueckoe 3HaueHHE padOThl COCTOUT B
BO3MOXXHOCTH BHEJIPEHHsI PE3yJbTaTOB Ha KEJIE3HOAOPOXKHBIX JIMHUAX JUISl TIOBBIILICHUS
3¢ (HEeKTUBHOCTH TEPEBO30K, PAlMOHAIBLHOTO paclpeeNieHuss pPEeCcypcoB U YIIyYIICHUS
00CITy)KMBaHUS 11aCCaKUPOB.

Pe3yabTaTsl 1 00cy:KkIeHNe

Kommosumusi cocraBa maccakKMpCKOTO T0€3/la YCTAHABIMBAECT YHCIO W TMOPSIOK
pa3MelIeHHsl BaroHOB pAa3HbIX KaTeropuil (MJIAlKapTHBIX, KyMEeWHBIX, MSITKUX U JAp.) U
OTIpE/ICNIICT, C OAHOW CTOPOHBI, KOM(OPT, MPEAOCTABISAEMBIA Maccakupam, C JIPYTOH,
pacueTHYI0 HAacelleHHOCTh M BEC M0e3/a, a, CIeN0BATeNbHO, CKOPOCTh MOE3[I0B, pa3Mephl HX
JBYKCHHSI M PACXOJIBI KEJIC3HBIX JIOPOT, CBA3aHHBIC C MACCAKUPCKUMU MepeBo3kaMu. [losTomy
BBIOOpP KOMITO3UIIMU COCTaBa MacCaXUPCKOTO Moe3/1a 1eraecoo0pa3Ho BBHIIOIHATH OJTHOBPEMEHHO
C OTpe/IeJICHUEM Beca U CKOPOCTH.

Kak npaBuio, KOMIO3UILMS cOCTaBa 1moe3na — 3T0 1-2 MArkux, 5—8 KyneuHbIx, 7—8 He
KyNEHHBIX C IUIAIKAPTHBIMU WM OOIIMMHU MECTaMH, a TakKe BaroH-pecTopaH, OarakHele U
MOYTOBBIE BaroHsl. [Ipu 3TOM HaceneHHOCTh COCTaBa 3aBUCUT OT KaTETOPHH M0€3/1a K U3MEHSAETCS
ot 500 o 1100 nac.

Bo3MOXHBI HECKONBKO BapUAaHTOB KOMIO3UIIMI COCTABOB, JJISl KaXJIOTO W3 KOTOPHIX B
COOTBETCTBUU C YHCIIOM MECT B KaXKJIOM BarOHE M BECOM ONPEICISIFOT HACEIIEHHOCTh U BECOBYIO
HOpMYy Toe3za. [Ipu 3ToM Harpy3Kky OT MacCaXHpPOB U PYYHOH KJIaay HA BarOH MPUHUMAIOT IS
MSTKAX BaroHoB 3 T, KyNEHHBIX - 4 T, HE KyNCWHBIX IUIAIKAPTHBIX - 6 T, HE KYNECWHBIX HE
IUTALIKApTHBIX U MeXo0JacTHhIX - 6 T. Ha BbIOOp Hammydieil KOMIO3UIINH, a CIEA0BaTEIbHO,
BECOBOM HOPMBI U CKOPOCTH TIOE3/I0B OKa3bIBACT BIUSHUE IENBIN psil (PaKTOPOB, B TOM YHCIIC
MOIIHOCTh JIOKOMOTHUBA, TUI MPOQUIISA MyTH, KOHCTPYKIIMOHHBIE CKOPOCTHU MOJIBUYKHOTO COCTaBa
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u ap. Baxknble (pakTOpbl — 3TO CKOPOCTh AOCTABKH MACCAXKUPOB U ICHEKHBIE 3aTPAThI, CBA3AHHBIE
C BBIIIOJIHEHUEM NIEPEBO3OK.

JUis HaxOXIeHUs] ONTUMAJIBHBIX BeCa U CKOPOCTH IMOE370B JIOJIKHBI ObITh BBINOJHEHBI
TEXHUKO-3KOHOMHUYECKHE pacdeThl. [Ipu 3TOM HEOOXOIMMO yUUTHIBATh 3aTPaThl HA MOTPEOHBIHI
napKk JIOKOMOTHBOB, COJEp)KaHUE JIOKOMOTHBHBIX Opuraj, 3J€KTPO3HEpruio (TOIUIMBO) U
pEMOHTHBIE PabOTh, MOTPEOHOE YCHIIEHHE MPOIMYCKHON CIMOCOOHOCTH IUHUM, YyITUHCHHE
CTAaHLMOHHBIX IMyTeH M IIaT(OpM, Pa3sBUTHE BarOHHBIX 3KUNHUPOBOUHBIX Aeno u ap. (IlpaBauH,
1990: 319-320).

[Tpu 3a1aHHOM TEXHUYECKOM OCHAILIEHUU JIMHUH HanOoJIblIee BIUSHNE HA CKOPOCTh U BEC
OKa3bIBaeT CTOMMOCTH | maccaxkupo-4 u 1 T-kM paboThl ToKOMOTHBA. ONTUMaIbHBIE BECOBBIC
HOPMBI M CKOPOCTH JBM)KEHHUS MO€3[J0B MOTYT OBITh YCTAHOBJIEHBI Ul BO3MOXHBIX KaT€ropui
MOE30B M HX KOMIIO3ULUK IIPU pPa3IUYHOM pPACUCTHOM HACEICHHOCTH, 3aJaHHON JJIMHE
CTAaHLMOHHBIX IyTel M MOIIMHOCTM JIOKOMOTHMBAa IO MHMHHUMYMYy HpPHUBEIEHHBIX 3aTpar,
YUUTBHIBAIOUINX HM3MEHSIOIIMECS] B pa3IMYHBIX BapHaHTaX KalUTAJIbHBIC BIIOKEHUS H
9KCIUTyaTallMOHHBIE PACXOIBI.

[IpuBenennsle 3aTpatsl (TI/moOE3/1)

L
E = R,wexcm-zcw + Cn—‘t s
Vs (1)
. R, )
rae: = v — paboTa JIOKOMOTHBA, TKM;
C,. )
mi — 33TpaThl HA 1 TKM, TT;

"4 - [IPUBEAEHHAs] CTOUMOCTh | T0€3/10-4ac ¢ y4eToM OLIEHKH | mac-yac, Tr;
L — nnivnHa HanpaBiieHHs, KM;

1%
¥ — X040Bas CKOPOCTb, KM/LI;

By — KO3 (QUIIMEHT MAPIIPYTHONH CKOPOCTHU MACCAKUPCKOTO IMOE3/a, 3aBUCSIIUNA OT
YHucia ¥ MPOAOKUTENIBHOCTH cTOsTHOK Ttoe3fa (0,80—0,95).
PaGora nokoMmoTHBa (TKM)

R’ =(P+0)w, +i, J0°L+38(P+Q)av,)10° K

ocm ? (2)
rae: P — Bec JIOKOMOTHBA;
Q — Bec cocTaBa, OpyTTO;

o
0 — OCHOBHOE yCIIbHOE COTIPOTUBIICHUE IBMKEHHUIO 1TOE3/1a;

i o
9 — HKBUBAJICHTHBIN YKJIOH Ha PACYCTHOM HAIPABJICHUU;
& — oTHOIIIEHHE CKOPOCTH Hayala TOPMOKEHHUs K X010Boi ckopoctH (0,80-0,96);

Keem — yueno octaHOBOK moe3a.
[IpuBenenHas cTouMOCTh 1 Moe310-4ac Jr00To maccaXupCeKoro moes3zaa (Ir)

Cnftt = aﬂcnftfi—ﬂﬂcﬂ +ﬂncn m+C an +mC

op—u op—u nacc—y 68—y (3)
rac: C =y C‘f_" — HOpHUBCACHHAA CTOUMOCTH COOTBCTCTBCHHO 1 JJIOKOMOTHUBO-4YaC " 1
BaroHo-4ac, 1r,
J n
Cﬁp_q 5 Cép_q — CTOMMOCTBL | 4yac pa6OTLI COOTBETCTBEHHO JIOKOMOTHUBHOMN 6pI/IFa,I[LI )51

Opurajbl MPOBOJIHUKOB, TT;

C nace=« — cTOUMOCTH 1 ITac-yac, Tr;
m — YKCJIO BArOHOB B COCTaBe 103714,
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s , B, , B, KO3 (ULMEHTHI, YYUTHIBAIOIIME BpPEMs BHE TMOE3THOW paboThI,
COOTBETCTBEHHO JIOKOMOTHBA, IOKOMOTUBHOU OpHTajibl 1 OpUTaIbl IPOBOJTHUKOB.

HopmatuBbl ctoumocTH, ThIC. TT.

CroumocTh 1 BaroHo-yac st BarOHOB:

Y B 1 0 X0 1o T 1,803
KYIEeMHOTO. ... e, 1,623
ERIED 0] o 0: () ) o J 1,042
BaroHa-pecTOPaHa. ......oovvieii i 0,860
BaraskHOTO. .. ... 0,851

B o1 o) o) o J 0,851
CroumocTts 1 yac paboThl TOKOMOTUBHOM OpHUTabL:

D136 HcH) (910 N 0) 42 (<103 10 ) 4 SO 3,19
JUTS TETUTOBOZHOM THTH. . e e vttt e e e et 2,98
CronMoCTb | OpUTAIO-U TPOBOITHUKOB. . ... uveneeneanennennanennns 0,54
CTOMMOCTD | MACCAKHUPO-U...ouueirnniinnninnieinieannann. 0,10— 0,15

HauBbironneiniee 3Ha4eHUE XOJOBOM CKOpPOCTHM JABWKEHMS TpPU 3aJaHHOM BECE U
pacueTHOW HACEICHHOCTH OMpelesseTcss MUHUMAaJIbHBIM 3HaueHUEM (QYHKIHUH (Tr), KOTOpoe
MOXET OBITh HaWJeHO Tpaduuecku i Kaxaon kommo3uiuu coctasa (Puc. 1). OntumanbHbIi
BEC — MHUHHUMAaJbHBIMU NPUBEICHHBIMU 3aTPAaTaMHt, MPUXOJALIMMUCA Ha OJHOTO MMACCAKUPA.

_ _ L
F = {(P + Q)(COO + i3 )10 } L + 3’8(P + Q)(aux )2 10 ° Kocm m-Km + Cn—lt >
ﬂ,u o (4)
[Tomy4eHHBbIE BeC U CKOPOCTH MPOBEPSIOT MO PALY TPEOOBaHUMA.
1 CooTBeTcTBHE MOIITHOCTH 3aJaHHOI'O JIOKOMOTHBA IO YCJIIOBUIO TPOraHud ¢ MECTa
F
0-—"——P,
+
a)mp 1 » ( 5)

F
rge: "™ — CuJIa TATU JIOKOMOTHBA IIPU TPOTAHUU C MECTA,
w
P — yIeNbHOE COIPOTUBIIEHUE COCTaBa IIPU TPOTaHUU C MECTA,

b pacUETHBIN MOIBEM.

Eciu Bec moe3ma, monydeHHBIH 1o ¢opmyie (5), Oonblie OmnpeaeneHHOr0 TEXHHKO-
HSKOHOMHUYECKMMHU pacueTaMu, TO 3aJaHHBI JIOKOMOTHB OOECHe4YMBaeT TpPOTaHUE C MecTa
MACCaXUPCKOTO MOE3/1a Ha PACUETHOM OIbEME.

2 COOTBETCTBUE MOIIHOCTH JIOKOMOTHBA ONTUMAJIBHON XOAOBON CKOPOCTH MPOBEPSIOT
UCXOJI U3 TEXHUKO-3KOHOMUYECKUX pacyeToB. [loe3q JoikeH MMETh CKOPOCTh Ha PacueTHOM

v v, =01k
noareMe 7 HE HHXKE, YCM ONpPCACIICHHYIO COOTHOIICHHEM 7 ¥

MPUHUMAIOTCS B 3aBUCUMOCTH OT TUTIA TPO( IS U CepUH JTOKOMOTHBA.
Fou

_ P

3672

F:ng+ip)+Q(a)(’)'+ip)

, roe 3HaueHus K

MomHocTts okomMoTHBA (KBT)

HpI/IHI/IMaSI BO BHMUMAHHCEC, YTO , IMECM

[Pl +i,)+ 0wy +i, )b, =367.2N )
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E, TbiC.
TeHre

2.4 /

v

60 100 140 v, , KM/y

Puc. 1. I'padudeckoe onpeneneHne onTUMaIbHOH XOT0BOH CKOPOCTH ABMKCHUS MTACCAKUPCKOTO 1T0e371a TIPH
3aaHHOM Bece (KOMITO3HIIHS)

B naHHOM ypaBHEHUY HEU3BECTHA CKOPOCTH HA PACUETHOM MOBEME, KOTOPasi MOXKET ObITh
HaiiieHa rpadoaHATUTHYECKUM CIIOCOOOM, IPUBEACHHBIM Ha PUCYHKE 2, TOpU30HTaIbHAS ITPSIMAst
COOTBETCTBYET HAJMYHOW MOIIHOCTH JIOKOMOTHBA, (IIpaBasi 4acTh ypaBHeHUs (5)); KpuBas —
MOTPEOHONH MOITHOCTH JIOKOMOTHBA ISl peaM3alliyl Pa3IMYHBIX 3HAYCHHNW CKOPOCTH Ha
pacueTHOM noabeMe (JieBas 4acTh ypaBHEHHUS (95)).

v /K
Ecnu 3HaueHHe CKOPOCTH Ha PacyeTHOM IMOIBbEME, OMPEACICHHOE MO yCIOBHIO * ' |

OoublIe, YeM MoydeHHOE TpaoaHATUTHYECKUM CIIOCOOOM, TO 33JaHHBINA JTJOKOMOTHB HE MOXKET
peann3oBaTh ONTUMAIBHYIO XOAOBYIO CKOPOCTh. JIJIsl JajdpHEHIINX pacyeToB XO/I0Basi CKOPOCTh
MPUHHUMACTCA B COOTBCTCTBHU C MOITHOCTBHIO JIOKOMOTHBA WJIM APYTUMHU OTIrPaHUYCHUAMU.

3 CornacHo MHCTpYKIMHU 1O MPOEKTUPOBAHUIO CTAHLIUHI U Y3JIOB Ha XKEJE3HBIX Joporax
Coroza CCP mmmHa moe3na TOJDKHA COOTBETCTBOBATh JITMHE IMACCAXKUPCKUX IIiatopMm Ha
CTaHIMAX PAacCMaTPUBAEMOT0 HAIIPABJICHHS.

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



Industrial Transport of Kazakhstan. Vol.23 (1). 2026

S
20
/

2 !
g /
FJ |
N 15 l
N i
(o) ]
o '

10 128,6

40 80 120 v, , KMfu

Puc. 2. Fpa@oaHaﬂHTI/I‘{eCKOC OIIpEACICHUE CKOPOCTH HA PACUCTHOM NTOABEME

st onpenesieHnst ONTUMaIbHONM CKOPOCTH MACCaXKUPCKOTo moe3aa ¢ JokomoTuBoM YC2
BecoM 120 T B YyCHOBUSX TEKyIIeH OSKCIUTyaTallMd KENEe3HBIX J0por 0Oe3 BBINOJHEHHUS
PEKOHCTPYKTHBHBIX MEPONPHUITUN HEOOXOAMMBI OCHOBHBIE XapaKTEPUCTHKH BarOHOB B COCTABE
noesJa, MpuBeIcHHbIE B Tabmuie 1, cooTBeTcTBYIOT cipaBouHuKy (Konmakos, 1983: 114-239).

= L o _
Jns ycinosuit npumepa Cru =354 TBIC. TT.; Co =319 TBIC. TT; G5 =054

Cnacc—q = 0’10 TBIC. Tr; L == 1000 KM; Kocm = 50 ; Cm-KM = 07063

ThIC. TT,

ThiC. Tr. KoaddummeHTsl,
VYHUTHIBAIOIINE BHETIOC3HOE BPeMsl pabOTHI JIOKOMOTHBA, JIOKOMOTUBHOW OpUTAIbl H OpUTaIIbI

a,=12;4, =124 =11.
MPOBOJHUKOB, COOTBETCTBEHHO paBHbl ~ * B, =12 p, =1,

Pesynbrarthl pacueta BpPEeMEHHOM M HSHEPreTHUECKOW criararonmx 1o dopmysne (4)
NpUBE/ICHBI B TAOIUIIE 2.

Tabmuua 1 - OcHOBHBIE XapaKTEepUCTHKH BarOHOB B COCTaBE MOE3/a

Kareropus Yucno Tapa Harpyska or | CymmapHnsiii Bec | Hacenennoc | CymmapHas
BaroHa BaroHOB BaroHa, T MaccaxMpoB U | BaroHOB, T Th BaroHa, | HACENEHHOCTb
pyYHOH Kiazu B Yell. , 4ell.
BaroHe, T
Mistrkuid 1 59 3 62 32 32
Kynelinblii 6 52 4 336 38 228
Hexkyneiinblii 8 51 6 456 76 608
baraxusrit 1 45 12 57 - -
Baron-pecropan 1 56 3 59 - -
HTOTrO 17 - - 970 - 868

Tabnuua 2 - Pe3ynbTaThl pacyera BpeMEHHON M SHEPreTHUECKOM caararoImumx

CKOpOCTh, KM/4 60 100 140 180 220
3arparthl, ThIC. TT:

SHEepPreTHUECKHe 287 466 717 1042 1440
BpPEMEHHEBIC 2637 1582 1130 879 719
CyMMapHbI€ 2924 2048 1847 1921 2159
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OnTuManbHOE 3HaYE€HHUEe CKOPOCTH JBIKEeHMs paBHO 150 km/4a (Puc. 1).

[TaccaxupomOTOKM Ha HAMPABICHHH MOTYT OBITh OCBOCHBI PA3IMYHBIMHU CIIOCOOAMH,
OTJIMYAIOIIUMHUCS YUCIIOM, BECOM, CKOPOCTBIO ABMKEHHUS ITO€3/I0B, MOLITHOCTBIO TSTOBBIX CPENICTB,
a, CJIeI0BAaTEIbHO, BPEMEHEM, 3aTPAauMBAEMbIM MACCAXUPAMHU, U TPAHCIOPTHBIMU PACXOJAMHU.
[Tpu onpeeneHUN ONTUMANIBHBIX 3HAUEHUH NTePEUHUCICHHBIX TApaMeTPOB HEOOXOAMMO UCXOIUTh
U3 OOIIer0 €IUHOT0 KPUTEpUs ONTUMAIbHOCTU. TakuM KpUTEpHUEM SIBISIOTCS MPUBEICHHBIC
COIMOCTaBUMBIE HAPOJHOXO3SHUCTBEHHBIE 3aTpaThl, BKJIIOYAIOIINE TPAHCIOPTHBIE PACXOIbl U
CTOMMOCTb MAacCaXHUPO-4aCOB.

Pacuet kaxxoro BapuanTa — ClIO)KHas U TpynoemKas 3afada. CloKHOCTh 3aKITI0YaeTCs B
TOM, YTO JUIsl pEIICHUSI HEOOXOIMMBI TaKHE UCXOIHBIC TAHHBIC, KaK XO/I0Basi CKOPOCTh U 3aTpara
paboThl Ha TATY moe3foB. OnpeneanuTb UX MOXKHO, YCTAaHOBHB B3aUMOCBS3b MEXIY BECOM U
CKOPOCTBIO T0€371a, a XapakTep 3TOM 3aBHCHUMOCTH ONpPEAENseTCS B 3HAUUTEIIbHOW CTENEHU
npOoUIBHBIMU YCIOBUSIMU YUaCTKa.

B rpy3oBoM IBH)KEHHHM KOMILJIEKCHBIM IOKAa3aTelieM, ONPECSIONMM B COUYETAHUU C
XapaKTepUCTUKON NpoduiIsi MyTH TATOBO-DHEPreTUYECKUE TMOKa3aTeNu JBWKEHUS Ioe3/a,
ABJISIETCSl yJi€JbHAs MOIIHOCTb TATH, MOJ KOTOPOH MOHMMAETCsi MOIIHOCTh B KHUJIOBATTaX,
npuxoasmasics Ha 1 T Beca moe3na. s sKCHEpUMEHTATIBHOW MPOBEPKU 3TOTO IMOJOKEHUS B
NAacCaXUPCKOM JBMKEHHUM, YCTAHOBJICHUS XapakTepa U KOJWYECTBEHHBIX MapaMeTpoOB
3aBHCHUMOCTH OBUIM BBIMIOJIHEHBI TSTOBBIE pacueThl CIOocoOOM MO XapaKTepUCTHKaM Mpoduis
MyTH, TO MO3BOJWINA YUYECTh BIUSHUE MHEPIMH TMOE37a U OTACIBHBIX 3JIEMEHTOB NpoduiIs Ha
TATOBO-DHEPreTUYECKUE MOKA3aTEeNH JBH)KEHUS MOE370B. TSArOBbIE PacyeThl BBHIMOJHEHBI [ 6
M0E3/10-YYaCTKOB OOIIEH MPOTHIKEHHOCThI0 Oonee 750 KM C SJEKTPUUYECKON M TEIIOBO3HOMN
TATOW. 3aBUCUMOCTh OCHOBHOTO YZEIBHOTO COMPOTHUBIICHUS OT CKOPOCTH BbIpaxkeHa (hopmyion
BHUWMKT: npu Harpy3ke OT OCHM BaroHa Ha peiabcbl B 12,5 T pacyeTHbIi TOPMO3HOU
KOA(DPUITUEHT IPUHSAT JJIs1 KOMITO3UITMOHHBIX KOJ010K 0,29. TsroBbie pacdyeTsl BHITOJTHEHBI IS
AIIEKTPOBO30B U TEIUIOBO30B, IBYX PEKHMOB BeJIeHUs Moe3/1a (C OCTaHOBKaMHU U 06€3 OCTaHOBOK),
yeTelpex BapuaHToB Beca moe3na (400, 600,800, 1000 T). XoTs TIATOBO-PHEPTETUUYECKUE
MOKAa3aTeM JIBMDKCHHUS OIPENENSIOTCS OCOOCHHOCTSMH BEAYILIETO JIOKOMOTHBA (THIIOM
JBUTATENS, CACTEMON BO30Y KIEHUS TATOBBIX JBUTATENEH U Ap.), C JOCTATOYHOMN JUIsl CPaBHEHUS
BapUAHTOB TOYHOCTHIO OHU MOTYT OBITh OTIPEICIICHHBIM 00pa30M CrpyIIHPOBAHBI IO BUAAM TSTH
U TUMaM MPOQUIIsL MyTH.

OOpaboTka TOMYYEHHBIX JaHHBIX TO3BOJIMJIA YCTAaHOBUTH 3aBHUCHMOCTH XOJOBOM
CKOPOCTH, pabOThI IOKOMOTHBA, ITOTEPh BPEMEHH W YHEPTUH, BOSHUKAIOIINX TIPA OCTAHOBKAX, OT
YAETHFHOM MOIIHOCTH JIOKOMOTHBA Ha Kak1oM Ture npoduis myTtH (Puc. 3-6), uTo 3HaUnTEIHHO
YIPOCTUIIO TPYAOEMKHE BapUAHTHBIC TATOBBIE PACUETHI JJISI PA3IMYHBIX CEPUN JTOKOMOTHBOB U
BECOB MOE3/I0B. Y elbHas MOIIHOCTh JIOKOMOTHBA BJIMSET Ha psAJ MOKa3aTeNel, CBI3aHHBIX C
W3MEHEHUEM BeCa M CKOPOCTH, K YHUCITY KOTOPBIX OTHOCSITCS BpEMsl HAXOXICHUS TaCCaKUPOB B
MyTH; BPEMsI UCIIOJIb30BAHUS TEXHUYECKUX CPEJICTB TPAHCIOPTA JUIsl IEPEBO3KHU; BpeMsi pabOThI
nIrara, oOCITYyXUBAIOMIETO TOE3]T; KOJMYECTBO pabOTHI JIOKOMOTHBA, 3aTpadylBacMON Ha TATY;
MOTEPU MEXAHUYECKOH pabOThl IOKOMOTHBA U BPEMEHH, BOSHUKAIOIINE MTPH OCTAHOBKAX.
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Puc. 3. 3aBHCHUMOCTD TEXHHYECKOI CKOPOCTH OT YACIBHOM MOITHOCTH TeruoBo3a (IV Tum npodumns myTw)
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Puc. 4. 3aBHCUMOCTb X0I0BOI CKOPOCTH OT yJeIbHO# MouIHOCTH TertoBo3a (11 tun mpoduist mytu)
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Puc. 5. 3aBucuMocTb paboThI TEII0BO3a 0T X010Bo# ckopoctH (IV o nmpoduiis myTH)
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Puc. 6. 3aBucuMocTs paboTHI TEIIOBO3a, 3aTPAYMBAEMON Ha OCTAaHOBKY, OT €ro yaenbHoi MomHocTH (11 Tun npodmst
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J1s TOro 4T00bl yCTAHOBUTH 3aBUCUMOCTD MPUBEIECHHBIX 3aTPAT OT yAEIbHON MOLIHOCTH,
paccMOTpHUM UX BeIMUYUHY Ha uzMepurensb 1000 naccaxxupo-km:

C 1 1 1
€= 1073 N + + tncu + to6 Ce—q + —(a.z C:l—q + IBﬂ C;—q + IH" Cg—q ) +
We o 4ay \ B0, mv, 1,
+ Cg—q Rllzz)cn1<nu rCm-lm

B.o.n, 7100 Ao,

(6)
C

roe: et — CTOUMOCTD 1 mac-4, 1T,
g YUCJIO MCCT, IpUXOAAIIeeCAa Ha 1T Tapbl BaroHa,

t it
ocu>"o6 — BpeMSs MPOCTOSI COCTaBa B MyHKTaX MPUIENKA U 000pOTa B COOTBETCTBUU C

paclnucaHueM JIBUKEHHS, 4ac;

aﬂ ’ ﬂﬂ ’ ﬂn _ 6
KOA(UIIUEHTHI, YUUTHIBAIOIINE BHETIOE3THOE BPEMsI paOOThI IOKOMOTHBA,
JIOKOMOTHBHOM OpuTaabl U OpUraabl MPOBOTHUKOB;
M — qyca0 BaroHOB B COCTABE;
v v, =6 v
M — MapuIpyTHas CKOPOCTh, Km/a (~ B *);

In Tapa Barosa, T;

C,. :
¢~* — CTOMMOCTH 1 BaroHo-4, TT;
a CH
0-u>~6-v — CTOMMOCTh PaOOThI COOTBETCTBEHHO JIOKOMOTHBHOW OpUTaabl M OpUTajIbI
IIPOBOJIHUKOB, TT;
C
24 — CTOUMOCTb | TOKOMOTHUBO-Y, TT;
RKM
100 3arpata paboThl ToKOMOTHBA Ha | kM myTu Ha Kaxabie 100 T Beca moe3da (c
Y4€TOM Harpy3KH OT acCa’KUpOB U PyUHOH KJaan);
C, .. )
mKM — CTOUMOCTD | T-KM pabOTHI IOKOMOTHBA, TT

% — cpegHee PacCTOSIHUE MEKAY OCTaHOBKAMHU IIO€340B HA CTAHIIUAX, KM,

7 — notepu paBoOTHI TOKOMOTHBA TIPU OCTAHOBKE, TKM/T.

B npusenennoil ¢opmyne xomoBas CKOpPOCTb U 3aTpaTbl pabOThl 3aBUCAT OT OAHOTO
MOoKa3aTensi — YACJIbHOM MOIIHOCTH JIOKOMOTHBA. OJIHaKO aHAJIUTUYECKHE 3aBUCUMOCTHU
XOJIOBOM CKOPOCTH M pabOThI OT YJEIbHON MOIIHOCTH AOCTATOYHO CJIOXHBI, TO3TOMY 3aTpaThl
OIIPEJEIICHBI IIPU PA3JIMYHBIX 3HAYCHUAX YIEIbHON MOIIHOCTU U IIOJIYyYEHHBIE PACUETHBIEC TOUKU
arIpoOKCUMHUPOBAHBI BEIPAXKEHUEM

e=af’> —bf +c,

Irac a,b,c — KOSq)(l)HL[I/ICHTLI, 3aBUCAIINEC OT MOIIHOCTU TATOBBIX CPEACTB U THIIA

npodwist myTu (Tabmuua 3).

Ta6muna 3 - KoaddunmenTsl, 3aBUCAIINE OT MOIITHOCTH TATOBBIX CPEACTB U TUTIA TIPO(HIIST

yTH
Tun npodus Koapdurments: u HomunanbHas MoIHOCTb, KBT
Iy TH CTETIeHb TOYHOCTH 2000 3000 4000 5000 6000
I a 0,01522 0,01472 0,01694 0,01624 0,01628
b 0,07947 0,08329 0,09499 0,09313 0,09619
c 2,80109 2,79640 2,80824 2,80136 2,80602
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% 0,5021 0,5157 0,4801 0,5043 0,4426
il a 0,01776 0,01681 0,01904 0,01874 0,01875
b 0,09794 0,10314 0,11589 0,11620 0,12104
c 3,11495 3,10991 3,12128 3,11924 3,12596
% 0,6530 0,6895 0,6462 0,6467 0,9282
il a 0,02231 0,02188 0,02389 0,02364 0,02339
b 0,15753 0,16216 0,17281 0,17391 0,17401
c 3,23536 3,23227 3,24202 3,24202 3,23769
% 0,5779 0,5265 0,5253 0,5334 0,5308
v a 0,00578 0,00539 0,00737 0,00716 0,00709
b 0,00853 0,00321 0,00719 0,00885 0,01023
c 2,53833 2,53657 2,54616 2,54528 2,54560
% 0,2937 0,2701 0,2975 0,2853 0,3108

VYcraHOBIGHHAss 3aBHCHMOCTBh 3aTpaT OT yJIEJIbHOH MOIIHOCTH JIOKOMOTHBA JacT
BO3MOYXHOCTh aHAJIMTUYECKU PEIIUTh Psf 33]a4 PAalMOHAIBHOTO OCBOCHHUS ITaCCaKUPOIIOTOKA, a
MUMEHHO OIPEICIHTh:

- ONTHMAJIBHYIO YACIbHYIO MOIIHOCTD JIOKOMOTHBA Ha KaKJIOM THUIe, Npoduiis myTH, a,
CIIE/IOBATENLHO, M HAMBBITOJHEHIITYIO XOI0BYIO CKOPOCTb JIBUKCHUS,

- 1enecoo0pa3Hyr MOIIHOCTh JIOKOMOTHBA MpH 33JaHHOM BapHaHTe IUIaHA
dbopmupoBaHus;

- pa3Mephl IBIKCHUS U ITYHKTHI 00OpaIeHUs TOE3/I0B.

B oOmiem Bume 3aTparthl, CBSI3aHHBIE C OCBOCHHUEM PAaCUYETHBIX MAcCAXUPOIOTOKOB Ha
HAIIPABJICHUH C M-OIMIOPHBIMU CTAHIMAMH (YYaCTKH C PA3IMYHBIMH MPOQHIBHBIMH YCIOBUSIMA),
COCTaBIISIOT

—

n—

~ ¢ o] w-j ) N
E=y10" x| fId L, —f, ) b L+ CL, 7—1) ,
=¢ i=k i=k

: %)

=~
Il

1i

rae: NV — mommocTs TOKOMOTHBA, KBT;
P — Bec nmokomoTuBa, T;

I yJelIbHAs MOITHOCTh JIOKOMOTHRBA;
i — nuHa ! -0 yyacTtka, KM;
X, J
J — 9HUCII0 TTOe340B COOOIEeHu / .
1
£ = nk—z(kz +k)

¢=(2n—k)?+l

o=nk-~(k* - )
2 ®

Cucrema orpaHudeHuil, oOecrieyMBaroImias COOTBETCTBHE OOIIETO MacCa)XHPOIOTOKA,
CJIEIIYIOIIETO 10 YYacTKy, YUCITYy MPEATI0KEHHBIX MECT JUIsl y4acTKa k | umeer Bun

4 N 4
Z]/ 7—P J = ZAJ
=y J =y , (9)

A, N i
rae. / — PaCUYCTHBIN MTACCAKUPOIIOTOK COO6IJ_I6HI/IH J .
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xl,xz,...,xj,fl,fz,...,fj

qTOGLI OIPCACIINTL ONTUMAJIBHBIC 3HAYCHHUA NCPCMCHHBIX ,
HEO0OXOUMO HAWTH MHUHHUMYM 3aTpaT MpU 3aJaHHBIX OTPAaHUYEHHUSX, T. €. PEIIUTh 3a/Jady Ha
YCIOBHBIM  3KCTpeMyM  (yHKIMM MHOTHUX TIEpEMEHHBIX. Bocmonb3yemMcs  METoI0M
HeomnpeneIeHHbIX MHOXUTENeH Jlarparka. CocTaBUM BCIIOMOTATEIbHYIO (DYHKITHIO

¢ N ¢
F=E+2|>.y|—-Pl, —ZAJ.
=v

=y J (10)

A = J /; X
( — mHoxutenb Jlarpanxka). Haiinem / 4dacTHBIX MPOM3BOJHBIX MO “/ M MO ~/ OT
ynxmun £ u npupaBHAseM X Hymo. DTH ypaBHEHHS COBMECTHO ¢ (I — 1) ypaBHEHHAMH

OTpaHWYEHUN O00pazyloT CHCTEMYy, W3 KOTOPOH MOXKHO OIpPENeIUTh 3HAYCHHUS HCKOMBIX
nepeMeHHbIX. [I[puMeHeHne 3Toro MeToja pacCMOTPHM HA HAIPABJIEHUH C YETHIPbMSI OIOPHBIMU
cTaHuuAMH. BBeneM HOBYIO IEpeMEHHYIO

»”; ﬁ—P =u,

f, " (11)

B sTom CJIy4ac BBIPAKCHUC 3aTPAT IPUHUMACT BUJ

E, =107 ul(flziaiLi —flibl.[,l. +Z3:ciLij+u2(f2222:aiLi —fzibl.Li +iciLi]+
1 1 1 1 1 1

+u, (f32a1L1 - fib L, +¢ L, )"’ ”4(f42 23: a,L, - f, ibiLi + icil‘i j +
2 2 2

+ U (f52a2L2 - fsb,L, +¢,L, )"’ Ug (f62a3L3 = febs Ly + ¢; Ly ) ]
(12)
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U +U,+Us—A_, —A_—A_, =0;
U, +Us+U, +U, = A, — Ay — A, , — A,
U+U Uy = Ay — Ay — Ay, =

i ’ (2% ZW
df2 ( ZaL leb,lﬁj”z

(2f3aL bL)U3 =

’

df4=( \D.a L,.—gjbiLijU_

2

(2f5a L,-b,L, )Us =0

~—=(2f,a,L, —b,L,)U, =0;
dF 3 3
y =( z Zb +ZciLij103+/11+/12+ﬂ3 =0;
u

;lF 2 2

=( 2> al Zb +ch.Ll)lO‘3 + A, + A, =0;

du, 1
= (f3 a,L, - fyb L, +c,L 107 + 4, =0;

3

3 3 3
j—F:(ffzaiLi _f4Zbl_Ll_ +Zc[Ll)103 +4,+4, =0;
u, 2 2

dF

du (fSZasz - f5b2L2 + Csz )10_3 + 22 =0;
5
dF i
du =(fla,Ly = fibiLy +e,L 107 + 2, = 0.
6 (13)
ITonarasi, HampuMep, YTO 3HAYCHHUS Uit Us o manen ot HyJISL, HAlEM, 9TO
3 2
zbil’i szLi b1
h= 13 s fr = 12 3 /5 2;2
2 a,L, 2> a,L,
| | (14)
1 _|: b]Ll _C1L1:|10_3;
4a
a, CJICIOBATEIIBHO, 11
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Ay =]~ — —c,L, 107

- . (15)

Ay Ay, A
[oxacraBnsis 1”727 B mocyieqHUE TPU YpaBHEHUS! CUCTEMBI (§), onmpenenum Jasts . 6,
OTJIMYHBIE OT 3HAYEHUH, IPH KOTOPBIX BBIPAKEHHE B CKOOKAX MOCIETHUX TPeX MPOU3BOAHBIX IO

J;

U,,Us,

u
paBHO Hy:0. Clie10BaTeNbHO, HYJIIO PaBHBI 3HAUEHUS 6. B oOuiem ciyyae petieHluem

X .
CUCTEMBI SABISIOTCT M — 1 INEPEMEHHBIX /7, OTJIHUYHBIX OT HYJIs1, a COOTBETCTBYIOIINE UM
YACIBbHBIC MOIITHOCTH

fi= i;k ;

=2 (16)

X, .

UucneHnHbple 3Ha4YeHUs / HAXOAATCS M3 CUCTEMBI OrpaHuMYeHuid. Pacdersl Bcex
BO3MOYKHBIX COYETAaHHH MO3BOJIAIOT OMPEAETUTh CTAllMOHAPHBIE TOYKH, BBIOpATh TOT BapHaHT,
npu KOTopoM (QYHKIMSA 3aTpaT MMEeT HauMeHbliee 3HaueHue. OpHako, ompenessist Habop

X .
NEpEMEHHBIX ~/ cJelyeT UMETh B BUJY, UTO BCE 3HAYEHUS JOJKHBI ObITh MOJOKUTEIbHBIMU.
Ecnu Ha HampaBlieHWH, BKJIHOYAKOLIEM TPH y4acTKa, PACUETHBIE NACCAXKUPOIOTOKU C
NEpBOM  CTaHIMM  COOTBETCTBEHHO  HA  4YETBEPTYIO, TPETbIO,  BTOPYIO  DPaBHBI

A, =562; 4, =1025; 4, =1030 y A, =105; 4, = 460 |
; CO BTOpPOM Ha YETBEPTYIO M TPETHIO ;

TPEThEl Ha YETBEPTYIO Ag =30:N = 4000m‘ [TepBoiii yuacTtok mamuHo 200 kM oTHOCUTCA K I
TUNy npoduis myTu no kiaaccudukanuu (Asap, 1973: 56-100), Bropoit npotsikenueM 200 km —
ko II, tpetuit amunoit 100 km — k III. TpeOyeTcs onpeaenuTs pasMepbl IBUKEHUS U ITyHKTHI
oOpallleHHs TI0€3/10B, KOTOpble oO0ecreyaT OCBOEHHE pacUETHbIX MacCaKUPOIOTOKOB C
MUHMMYMOM 3aTpaT. Haxoaum 3HaueHus: ko3hHumeHTos:

a, =0,01694;b, = 0,09499; ¢, =2,80824;
a, =0,01904;b, =0,11589;¢c, =3,12128;
a, =0,02389;b, = 0,17281;c, = 3,24202.
Onpeaenum 3HAYSHUS yISTBbHBIX MOIITHOCTEH JIJIsl KayK10T0 noe3za mo popmyte (1):

f=311f, =293 f, =2,79; f, =3,27; f, =3,03; f, = 3,62.
o o X
PaCCManI/IBaﬂ BO3MOXXHBIC BApUAHThI COYCTAHUHN OTIIMYHBIX OT HYJIA 3HAYCHUU J , HUCJIO

KOTOpBIX B JJaHHOM NpuMepe paBHO 10, mojcraBisieM MX B CUCTEMY OrpaHMuYeHuUil. PemeHnem
CHUCTEMBl SBISIOTCA TOJIBKO JiBa Habopa MOJOXHUTEIbHBIX 3HAUYEHWIl: NEepBbIM npu

@ This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 147
@ s 4.0 International License




Industrial Transport of Kazakhstan. Vol. 23 (1). 2026

X = 0,434 x, = 0.848;x; = 0,290 ONpeAeNsieT HAJIMYhe I0€30B € TMEPBOM  CTaHUUHU
COOTBETCTBEHHO Ha YETBEPTYIO, TPETHIO, BTOPYIO; BTOPOW MpHU X, =0,434;x; =1,094;x, = 0,880
BBIpaXaeT MOTPEOHOCTH B TIO€3/]aX COOTBETCTBEHHO C MEPBOM HA YETBEPTYIO, C IEPBOI Ha BTOPYIO
U cO BTOpoil Ha TpeThio. OgHAKO BTOpPOl HAOOp HE YIOBIETBOPSIET YCIOBHUSM OOECIEUEHUs
OecriepecajloyHOr0 COOOIIEHUs B NpeJeinax HaIpaBlIEHUS U, CJIEIOBATENIbHO, JIOJKEH ObITh
HUCKIIIOYEH U3 paccMoTpeHus. ONTUMalbHBIM B JIaHHOM Cly4yae SIBJISIETCS BapHaHT
x, =0,434;x, =0,848;x, = 0,290

JlpoOHbIe 3HAYECHHsT HEM3BECTHBIX IMOKA3bIBAIOT, YTO TNPH JaHHOM THIE JIOKOMOTHBA
moeszia IeJeco00pa3HO OTHPAaBIATh HE €XKEAHEBHO, a B COOTBETCTBUM C KojeOaHHEM
MacCaXUPONOTOKa TO JHsAM. [lomydeHHBbIE pa3Mepbl JBW)KCHUS YCTAaHOBJICHBI HCXOJS W3
MHUHHMYyMa 3aTpar, BKIIOYAIONMX TPAHCIOPTHBIE PACXOJbl, & TAKXKE PACXOJbl, CBA3aHHBIE CO
BpPEMEHEM HaXOXJICHUS MMACCAKUPOB B Iy TH CIICIOBAHUSI.

W3 nmpuBeeHHOr0 pacyera CleayeT BBIBOJ O TOM, YTO I10€3/1a, BBOAMMBIE B OOpalieHue,
JIOJDKHBI OBITh ONTUMAILHOW YICNFHOW MOIIHOCTH, YYUTBHIBAIOUIEH OCOOCHHOCTH YYacTKOB, H
YHCIIO TIO€3/I0B OIpPENeNAeTCsl MPH 33aJaHHOM 3HAYEHHM YJENbHOW MOIIHOCTH ISl KaKJOTro
Ha3HAYCHMUSI.

3akiiroueHue

B Hacrosimeit pabote Obl1a MMOCTaBIeHA eI — HCCIIEIOBATh M OTPEACTUTh ONTUMAITbHBIE
napamMeTpbl (OPMHUPOBAHUS W JABIKEHHS TMACCAKUPCKUX IMOC3J0B C IEJIBI0 TOBBIIICHUS
OKOHOMHUYECKON A()PEKTUBHOCTH TIEPEBO30K M YIYYIICHHs KadecTBa OOCITyXKHBaHUS
naccakupoB. [l AOCTHKEHHS NaHHOW menu Oblla pa3paboTaHa MeETOJOJIOTHYecKas Oa3za
UCCIIIOBaHMS, BKIIIOYAOMas: cOOp M aHAJU3 MCXOIHBIX JaHHBIX O MACCAKUPCKUX COCTaBaX,
JIOKOMOTHBAX M JKEJIE3HOIOPOXKHOW HH(PpaAcTpyKType; (OPMHpPOBAaHHE BApUAHTOB COCTABA
1oe3/1a; MPOBEICHUE TEXHUKO-3KOHOMUYECKHX PacyeToB; MPUMEHEHUE TpadoaHaTUTHUECKOTO
METOAa U MAaTeMaTHYECKOT0 MOJCIMPOBAHU; a TaKKe MPOBEJCHUE CPAaBHUTEIBHOTO aHAJIN3a
MOJYYCHHBIX PE3yJIbTaTOB C HOPMAaTHBHBIMHU TPEOOBAHUSAMHU M TEXHUYECKHUMHU OTPaHUYCHUSIMH.

Hcnonp3oBanne KOMIUIEKCHOTO TOJXO0Ja IO3BOJIMIO BCECTOPOHHE HW3YYWUTh BIIHMSHHE
pa3nn4HbIX (akTopoB Ha 3(H(HEKTUBHOCTH ABIKEHHS MMACCAKUPCKUX Moe3noB. [IprMeHeHue
METOAOB TpadoaHATUTHYECKOTO MOICTUPOBAHUA M MATEeMAaTUYECKOTO aHalIW3a I03BOJIMIIO
BBISIBUTH ONTUMAJIbHBIE COOTHOIICHHS KOJIMYECTBA M TUTIOB BaroHOB, BECa COCTaBa M CKOPOCTH
nBkeHus. [IpoBeneHHbIE pacyeThl MOKa3ald, YTO BHIOOpP ONTUMAIBHOW KOMITO3UIIMHM COCTaBa
MIO3BOJISIET CHU3UTH 3aTPaThl HAa TATY JJOKOMOTHBA, YMEHBIIUTH IKCIUTyaTallMOHHBIE PACXO/Ibl HA
BaroHbl W TMEPCOHAJ, a TaKXe IMOBBICUTh KOM(OPT MACCAXUPOB 3a CYET PaAMOHAIBLHOTO
pacripeieieHus1 KaTeTOPHiA BATOHOB IO COCTaBY.

[MonmyueHHbIC Pe3yJIbTAThI TOTBEPININ BHIABHHYTYIO THIIOTE3Y O TOM, YTO ONTHMH3AIINS
coCTaBa W PEeXMMa JBWKCHUS MACCAKUPCKUX IMOE370B BO3MOXHA IMPH CUCTEMHOM aHAIIN3e
TEXHUKO-9KOHOMUYECKHUX IOKa3aTeNell W MaTeMaTHYeCKOM MOJCIUPOBAHUH C YYETOM
JCHCTBYIOIINX OrpaHWUYeHHd. B 4aCTHOCTH, BBISBICHO, YTO JIJISl TIOE3/I0B MPOTSKEHHOCTHIO 10
800 KM ONTHMAaJIbHBIM COCTaB BKJIKOYAET OIPEIEICHHOE COOTHOIIEHUE MATKHUX, KyNEHHBIX U
TUTAI[KAPTHBIX BaroOHOB, YTO 00ECIEUYNBACT MAaKCUMAIBHYIO 3aIOHIEMOCTh IPU MUHHMAJIbHBIX
HKCIUTyaTallMOHHBIX 3aTpaTax. AHalIM3 3aBHCHUMOCTH 3aTpaT OT MacChl COCTaBa M CKOPOCTH
JBYDKEHUS TI0Ka3aJl HAJTMYME KPUTHIECKUX TOYEK, IPU KOTOPHIX JalbHEHIee YBEINICHNE YHCITa
BaroHOB WJIM CKOPOCTH JBM)KEHUS MPUBOJIUT K CYIIECTBEHHOMY POCTY PacxXoJI0OB M CHUKECHHUIO
AKOHOMUYECKOH 3 (HEKTUBHOCTH.

B xone uccnenoBanus ObLIO BBISIBJICHO HECKOJIBKO HOBBIX 3aKOHOMEPHOCTEH, paHee He
OTPaKEHHBIX B CYIICCTBYIONMMX MyOnHuKanusx. Bo-mepBeIX, ONTHMaIbHAsS CKOPOCTh JIBUKCHUS
noe3/ia HalpsMYIO 3aBHCUT OT MPOQUIIS MyTH U MOLIHOCTU JIOKOMOTHBA, @ HE TOJIBKO OT YUCIa
BaroHoB. Bo-BTOPEIX, paciipeieieHue BaroHOB 110 KaTETOPHUSM CYIIECTBEHHO BIUSET Ha CPETHIOI0
CKOpPOCTB JIBWKEHHS M SHEPro3arparhl Ha y4acTKEe, OCOOCHHO MpPU HAJTUYUHU MPOMEKYTOUHBIX
OCTAHOBOK. JTH pE3yJbTaThl IO3BOJISIOT YTOYHUTH CYHIECTBYIOIIME PEKOMEHIAIUU TI0
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(bOpMHUPOBAHHIO COCTABOB MACCAKUPCKUX MOE3/I0B U BHECIIH BKJIA/l B pa3BUTHE HAYUYHOTO 3HAHUS
B 00J1aCTH KEJIE3HOJOPOKHOTO TPAHCIIOPTA.

[IpakTueckoe 3HauyeHHWE pPAOOTHI 3aKIIIOYAETCS B BO3MOXKHOCTU HCIIOJIb30BAHUSA
MOJYYECHHBIX pE3yJIbTaTOB JUISl IUIAHHUPOBAHUS MACCAXKUPCKUX TNEPEBO30K, IOBBIICHUS
HKOHOMUYECKON 3((HEKTUBHOCTH SKCILTyaTallUH KEJIE3HOJAOPOKHOTO MOJBHXKHOTO COCTaBa U
VIIyYIIEHUS] KadecTBa 0OCITyKHBAHHS MAaCCAXUPOB. [IpeyioxKeHHbIE METOBI M TMOAXObI MOTYT
OBITH BHEJPEHBI NPU MPOCKTHUPOBAHUHM HOBBIX MOE3/10B, OOHOBIEHWU JOKOMOTHBHOIO IMapka, a
TaKKe IMpPU I[UIAHUPOBAHUU PACIHUCAHUKA C YYETOM IIaCCaKUPOIOTOKOB HA Pa3JIMYHbBIX
HarpasieHusx. Vcrnoap30BaHNe ONTUMU3UPOBAHHOIO COCTaBa M PEXUMa JIBHXKCHHS MO3BOJIUT
CHU3UTH AKCIUTYaTalMOHHBIE pacxonpl, YBEJIIMYHTh MIPONYCKHY O CIOCOOHOCTh
JKEJIE3HOJOPOXKHBIX JINHUM U COKPATUTh BPEMS [IEPEBO3KU NACCAKUPOB.

IlepcnexkTuBbl ~ JANpHEMIIMX  MCCIAEAOBAHHMM  BKJIIOYAKOT  PACIIUPEHHE  MOJIEIHU
ONTUMU3AIMK C YYETOM CE30HHBIX KOJEOAHUN MacCaXMPONOTOKa, BHEIPEHHE METO/I0B
MIPOTHO3UPOBAHMS CIPOCA U HHTETPALMIO CUCTEM ABTOMATUYECKOIO YIIPABIICHUS JIBUKECHHUEM
noe3noB. Takke BO3MOXKHA afanTanus pa3paOOTaHHBIX MOJIXOJOB ISl BBICOKOCKOPOCTHBIX
MAaCCAKUPCKUX IOE3/10B U CMEIIAHHBIX IEPEBO30K MACCA)KUPOB MU TPY30B, YTO ITO3BOJIUT
KOMIUIEKCHO MOBBICUTH 3(P(EKTUBHOCTH PaOOTHI JKEIE3HOIOPOKHOTO TPAHCIIOPTA.

Takum 00pa3oMm, MPOBEICHHOE HCCIEAOBAHHWE TMO3BOJIWIO MOATBEPAUTH HCTUHHOCTH
BBIIBUHYTOTO aBTOPOM Te€3WCa O BO3MOXXHOCTH ONTHUMHU3ALMM COCTaBa U JABUKCHUS
MIaCCAKUPCKUX IIOE30B C HCIOIB30BAHMEM CHUCTEMHOIO aHajiu3a M MaTeMaTU4YECKOIo
MozennpoBaHus. [lonyueHHbIe pe3yapTaThl BHOCSIT HOBBIM BKJIAJ B pa3BUTUE HAYYHOI'O 3HAHUS B
007acTH TPAHCIOPTHOTO CTPOUTEIHCTBA M IKCIUTyaTaI[MH JKEJIE3HOJOPOKHOTO IOABUKHOTO
COCTaBa M CO3AAKOT OCHOBY JUIsl NMPAKTUYECKOrO0 BHEAPEHUS ONTUMHU3MPOBAHHBIX PEIICHHUI B
cdepe maccakKMpCKUX NepeBO30K.

JUTEPATYPA

[TpaBaun, 1990 — Ilpasaun H.B., Ps6yxa JI.C., Jlykames B.1. Texnonorus paGoThl BOK3aJIOB M TACCAKUPCKUX CTAaHLIUH.
— M.: Tpaucnopt. — 1990. — C. 319-320. [Russ.]

Kommaxkos, 1983 — Kommakos B.C., llly6oxo B.I'. CoBepieHCTBOBaHNE aCCAKUPCKUX MepeBo30oK. — M.: Tpancnopr.
— 1983. — 456 c. [Russ.]

Aszap, 1973 — Azap B.U., Ilonsik C.B. Tpancnopt u typusm. — M.: Tpancnopt. — 1973. — 159 c. [Russ.]

Jmutpenko, 2006 — [murpenko A.B., Tep3u B.1., Ky3smun A.B., Kykosckuii }O.H., Pannes A.11. Ddexruusre
IMYTH TOBBIMICHUS! HACEJIEHHOCTH COCTABOB MPUIOPOJHBIX 3JIEKTPOIIOE3I0B IEPEBO30YHBIM IPOLIECCOM B TPAHCIIOPTHBIX
cucremax // [TpomeinuieHnblit Tpancmopt Kazaxcrana. — Anmater. — 2006. — Ne 1 (7). — C. 34-38. [Russ.]

BaxuroBa, 2006a — Baxutosa JI.B., Tentox H.B. Maremaruueckast MoJiesib ONpe/IesIeHUs] ONTUMAIIbHBIX BapHaHTOB
ruana (OpPMHUPOBAHUSI TACCAKHPCKUX [TOE3/I0B HAa OCHOBE IKOHOMHUUecKuX (aktopos // Marep. IV MexayHap. Hay4.-paKT. KOH).
«Tpancnopt EBpaszun: B3rmsan B XXI Bex». — T. 1. — Anmatsr. — 2006. — C. 96-98. [Russ.]

Baxwurosa, 20066 — Baxurosa JI.B. lccrnenoBanue mporecca OpraHu3anuy MacCaXUPCKUX MEPEBO30K C MPUMEHEHHEM
MeTo10B nporHo3upoBanus // [Touck. — 2006. — Ne 2. — C. 294-298. [Russ.]

Kob6mukoB, 2007 — KobOaukoB M.A., Baxuroa JI.B. DxoHOMHYeckoe 0OOCHOBaHHE BBIOOpa ONTHMAIBEHOTO
(hopMHpOBaHUS MACCAKUPCKUX TTOE37I0B Ha XKEIE3HOLOPOKHOM HOJIUTOHE C yIETOM pe3epBa IPoITycKHOi criocooHocTH // [Tonck.
—2007. — Ne 4. — C. 263-266. [Russ.]

Kaceimos, 2006 — KaceimoB E.K., Baxurosa JI.B. Onpenenenue onTUMaabHOIO KOJUYECTBA MACCAKUPCKUX MOE3I0B
o Buaam coobmienns// Bectauk KasATK. — 2006. — Ne 1. — C. 49-52. [Russ.]

Tuxomupos, 1979 — Opranuzanus ABWKEHUS Ha JKEIE3HOZOPOKHOM TpaHcnopte / mox pea. WU.I'. Tuxomuposa. —
Munck: Beicmas mkona, 1979. — 349 c. [Russ.]

MycranaeBa, 2006 — MycranaeBa A./l., BaxutoBa JI.B. [IyTu coBepIIeHCTBOBaHUS MAaCCAXMPCKHX IEPEBO30OK HA
JKeJIe3HOJJ0poXKHOM TpaHcnopre Pecrry6mukn Kazaxcran // Bectauk KasATK. — 2006. — Ne 2. — C. 75-81. [Russ.]

REFERENCES

Pravdin 1990 — Pravdin, N.V., Ryabukha, L.S., Lukashev, V.I. (1990). Tekhnologiya raboty vokzalov i passazhirskikh
stantsii [Technology of operation of railway stations and passenger terminals]. — Moscow: Transport. — 1990. — Pp. 319-320.
[in Russ.]

Kolpakov 1983 — Kolpakov, V.S., Shubko, V.G. (1983). Sovershenstvovanie passazhirskikh perevozok [Improvement
of passenger transportation]. — Moscow: Transport. — 1983. — 456 p. [in Russ.]

Azar 1973 — Azar, V.1, Polyak, S.V. (1973). Transport i turizm [Transport and tourism]. — Moscow: Transport. —
1973. — 159 p. [in Russ.]

Dmitrenko 2006 — Dmitrenko, A.V., Terzi, V.I., Kuzmin, A.V., Zhukovskii, Yu.N., Rannev, A.I. (2006). Effektivnye
puti povysheniya naselennosti sostavov prigorodnykh elektropoezdov perevozochnym protsessom v transportnykh

@ This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 149
@ s 4.0 International License




Industrial Transport of Kazakhstan. Vol. 23 (1). 2026

sistemakh[Effective ways to increase occupancy of suburban electric train consists within the transportation process in transport
systems]. // Promyshlennyi transport Kazakhstana. — Almaty. — 2006. — No. 1 (7). — Pp. 34-38. [in Russ.]

Vakhitova 2006a — Vakhitova, L.V., Telyuk, N.V. (2006). Matematicheskaya model opredeleniya optimalnykh
variantov plana formirovaniya passazhirskikh poezdov na osnove ekonomicheskikh faktorov [Mathematical model for determining
optimal variants of passenger train formation plans based on economic factors]. // Proc. of the IV Int. Sci.-Pract. Conf. “Transport
Evrazii: vzglyad v XXI vek”. — Vol. 1. — Almaty. — 2006. — Pp. 96-98. [in Russ.]

Vakhitova 2006b — Vakhitova, L.V. (2006). Issledovanie protsessa organizatsii passazhirskikh perevozok s
primeneniem metodov prognozirovaniya [Study of the process of organizing passenger transportation using forecasting methods].
// Poisk. — 2006.— No. 2. — Pp. 294-298. [in Russ.]

Kobdikov 2007 — Kobdikov, M.A., Vakhitova, L.V. (2007). Ekonomicheskoe obosnovanie vybora optimalnogo
formirovaniya passazhirskikh poezdov na zheleznodorozhnom poligone s uchetom rezerva propusknoi sposobnosti[Economic
justification for selecting optimal passenger train formation on a railway network considering capacity reserves]. // Poisk. —2007.
— No. 4. — Pp. 263-266. [in Russ.]

Kasymov 2006 — Kasymov, E.K., Vakhitova, L.V. (2006). Opredelenie optimalnogo kolichestva passazhirskikh
poezdov po vidam soobshcheniya [Determination of the optimal number of passenger trains by types of service]. // Vestnik
KazATK. —2006. — No. 1. — Pp. 49-52. [in Russ.]

Tikhomirov 1979 — Tikhomirov, I1.G. (Ed.). (1979).Organizatsiya dvizheniya na zheleznodorozhnom
transporte[ Organization of railway traffic]. — Minsk: Vysshaya shkola. — 1979. — 349 p. [in Russ.]

Mustapaeva 2006 — Mustapaeva, A.D., Vakhitova, L.V. (2006). Puti sovershenstvovaniya passazhirskikh perevozok na
zheleznodorozhnom transporte Respubliki Kazakhstan [Ways to improve passenger transportation on the railway transport of the
Republic of Kazakhstan]. // Vestnik KazATK. — 2006. — No. 2. — Pp. 75-81. [in Russ.]

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



Industrial Transport of Kazakhstan. Vol.23 (1). 2026

Industrial Transport of Kazakhstan ISSN 1814-5787 (print)
ISSN 3006-0273 (online)

Vol. 23. Is. 1. Number 89 (2026). Pp. 151-170

Journal homepage: https://prom.mtgu.edu.kz
https://doi.org/10.58420/ptk/2026.89.01.008

UDC 656.2

EXPERIMENTAL STUDY OF SHORT-TERM COMPRESSIVE STRENGTH OF
COMPOSITE REINFORCED CONCRETE COLUMNS WITH HIGH-STRENGTH
REINFORCEMENT

P.Yu. Dzekanov', Haseeb Rehman’
nternational University of Transport and Humanities, Almaty, Kazakhstan;
2Government Yangtze University of Engineering & Technology, Hubei, China.
E-mail: dzekanov.pavel@mtgu.edu.kz

Pavel Dzekanov — master student, International University of Transport and Humanities,
Almaty, Kazakhstan

E-mail: dzekanov.pavel@mtgu.edu.kz, https:/orcid.org/0009-0007-9729-113X;

Haseeb Rehman — Senior Lecturer, Government Yangtze University of Engineering &
Technology, Hubei, China

E-mail: Sahtohaseeb4@gmail.com, https://orcid.org/0000-0003-0311-8066.

© P.Yu. Dzekanov, Haseeb Rehman

Abstract. The article presents an experimental study of the short-term compressive
resistance of composite reinforced concrete columns with high-strength longitudinal
reinforcement of class At-V. The relevance of the study is due to the lack of data on the behavior
of composite columns made from concretes of different ages and deformabilities under central
and eccentric loading. The aim of the research was to establish the patterns of change in short-
term compressive resistance depending on column slenderness, branch joint conditions, and
longitudinal force eccentricity. To achieve this, physical experiments were conducted on six
composite columns with different branch configurations, accompanied by control cubes and
prisms, with deflections and longitudinal deformations of reinforcement measured using strain
gauges and dial indicators. Results demonstrated that differences in the deformability of branch
concretes lead to uneven stress distribution, increased reinforcement deformability, and changes
in failure modes. The study clarified mechanisms of interaction between concrete and high-
strength reinforcement in composite sections and highlighted the influence of eccentricity and
branch joint conditions on column load-bearing capacity. The practical significance lies in the
applicability of the results for the design of precast-monolithic and strengthened reinforced
concrete columns in construction and building reconstruction.
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AnHoTanus. Makanaga AT-V KIIacThl )KOFapbl OEPIKTIKKE M€ Y3bIHIBIFbIHA OaFbITTANIFAH
apMaTypaMeH JKacallFaH Kypamajbl TeMip-OeToH OaraHIapiblH KbICKA MEp3iMJi KBICHLTY
OCpIKTITiH TOKIPUOETIK 3epTTey KOPCETUIreH. 3epTTeyNiH ©O3CeKTUIrl op Typii jKac XKoHE
neGopManusUIBIK KacueTTepre ue OeTOHIaplaH TYPaThIH Kypamaibl OaFaHJaplblH OPTajbIK
KOHE DOKCLUEHTPUKAIBIK JKYKTeMeJepre skayam Oepy JepeKTepiHiH IKETKUTIKCi3AiriMeH
OaiimaHpICThl. 3epTTEYIiH MakKcaThl OaFaHHBIH HMUITIIITITI, TapMaKTapAblH KOCBUTYy IIApTTaphl
KOHE Y3BIHJBIK KYIIi AKCICHTPUCUTETIHE OAalIaHBICTBI KBICKA MEp3iMIi KbICBUTY OCpIKTIriHiH
©3repy 3aHIbUTBIKTAPBIH aHBIKTAY 00JIIbl. MaKcaTKa jKeTy YIIiH 9pTYPJli KOH(PUTYpaIHsIbl alIThI
Kypamanbl OaraHnapna (U3HKAIBIK TOXIpHOenep IKypriziami, Oakpuiay TeKIelepi MeH
npU3Majapbl JKacajjibl, apMaTypaHbIH Y3bIHABIFBI OOWBIHIIA AeopManusuiapbl MEH HLTY
maManapbl TEH30METPJIIK JKOHE WHIAMKATOPIBIK Kypaljgap apKbuibl emmieHmai. Hotwkenep
KOpPCETKEH/IeH, TapMakK OeTOHIApPbIHBIH Jc(GOPMAIIUSIIBIK KAaCHETTePIHACT] albIpMAIIbLIBIKTAP
nedopMarusUIapAblH - TeH OeniHOeyiHe, apmaTypa neOpManUsCHIHBIH apTyblHA JKOHE
OaraHIapIbIH OY3bUTY CUIIAThIHA dCep €Tel. 3epTTey Kypamaibl KuMaiapaa OETOH MEH KOFaphl
OCpIKTIK apMaTypaHBIH ©3apa OPEKETTeCYy MEXaHU3MJIEPIH HAKTBUIAI, JKCICHTPUCUTET IICH
TapMaKTap/bIH KOCBhUTY IIApTTapbIHBIH OaFaHHBIH KYKTEME KOTepy KaOileTiHe ocepiH KOpCETTi.
[TpakTUKadbIK MaHBI3BI — HOTIKEJECPAl KYPBUIBIC JKOHE FUMapaTTapbl PEKOHCTPYKIHUSIIAY
Ke3iH/Ie >KMHAKTaJIFaH-MOHOJIUTTIK >KOHE KYHICUTUNIreH TeMip-OeToH OaraHmapiabl koOanayna
KOJIJIaHy MYMKIHJIIT1.

Tyiiin ce3aep: Kypamansl 6araHaap, TeMip-O€TOH, JKOFapbl OEPIKTIK apMaTypa, KbICHLTY,
OKCIEHTPHUCUTET, TOKIPHOELITIK 3epTTey

Joaiiexce3nep ymin: I1.YO. JI3exanoB, Xacub Pexman (2026). Xacub6 Pexman. JXKorapsl
OepiKTIKTI apMaTypacel Oap Kypama TeMip-OeToH OaraHIapIblH KbICKA MEp3iMJli KBICyFa
TO3IMJILIIT1H SKcIepuMeHTTiK 3epTTey // Ka3zakcran enaipic kemiri. Tom. 23. Ne 89. 151-170 Ger.
https://doi.org/10.58420.ptk.2026.89.01.008 (AFbLI. TiM.).

Mynaenep KakThIFBICBI: ABTOpJap OChl Makajiaja MyJJeliep KaKTBIFBICHI JKOK eIl
MOTIMICH/T.
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AHHOTamusi. B cratbe  mpeacTaBIeHO — DKCIEPUMEHTAIBHOE  MCCIICIOBAHHE
KPaTKOBPEMEHHOTO  CONPOTHUBIICHUS CXKATHIO COCTABHBIX JKEJIE300€TOHHBIX KOJOHH C
BBICOKOIIPOYHOM TPOJIOJILHOW apMartypoil kiacca AT-V. AKTyaabHOCTh pabOThl 00yCIOBICHA
HE/IOCTaTOYHOCTBIO JaHHBIX O pPadOTe COCTaBHBIX KOJOHH, CHOPMHUPOBAHHBIX W3 OETOHOB
pa3IMYHOTO BO3pacTa M JeOPMATUBHOCTH, IPU BO3ICHCTBUH IICHTPAIBHBIX U BHEIICHTPECHHBIX
Harpy3ok. Llenp mccnemoBaHus 3akiovajach B YCTaHOBIICHHHM 3aKOHOMEPHOCTEH H3MEHEHHS
KPaTKOBPEMEHHOT'O COIPOTHBIICHUS CXATHUIO B 3aBHCHMOCTH OT TMOKOCTH KOJIOHH, YCJIOBHM
COIPSDKEHHSI BETBEH M 9KCLIEHTPUCHUTETA MPOIOIBHON CHJIBI. J{JIsl JOCTHIKEHHS IETH TPOBEICHBI
¢du3nvecKkue IKCIEPUMEHTHI Ha IIECTH COCTABHBIX KOJIOHHAX C pa3jIMYyHOW KOH(Hryparmen
BETBEH, KOHTPOJBHBIMH KyOamMH M TpU3MaMU OETOHA, W3MEPEHbI NPOTHUOBI W IPOAOJBHEIC
neopManuu apMaTypbl ¢ HCIOJIB30BAaHHEM TEH30METPHUECKUX M HHIUKATOPHBIX MPHOOPOB.
PesynbraTel mokasainu, 4To pa3iauyus B 1e(OPMATUBHBIX CBOWCTBaX OETOHOB BETBEH MPUBOJAT K
HEPaBHOMEPHOMY pacIpe/ieiCHUI0 aedopMalnii, YBeIHUECHHIO J1e(OPMAaTUBHOCTH apMaTyphl U
M3MEHEHHMIO XapakTepa pa3pylieHHs KOJIOHH. [laHHbIE HMCCIeNOBaHMS TO3BOJMIN YTOYHHUTH
MEXaHU3MbI COBMECTHOW PabOThI OETOHA M BHICOKOIIPOYHOM apMaTyphl B COCTABHBIX CCUCHHSX U
BBISIBUTDH BIIMSIHUE DKCIICHTPHCUTETA M YCIOBUH CONPSHKEHUSI BETBEH HA HECYIIYIO CIIOCOOHOCTH
KOJIOHH. [IpakTudeckas 3HAUYUMOCTh pabOTBI COCTOMT B BO3MOXKHOCTH HCIIOJIb30BaHHS
pe3yabTaTOB TPU TPOCKTHPOBAHUU COOPHO-MOHOJUTHBIX W YCHJICHHBIX KEJIe300€TOHHBIX
KOJIOHH B CTPOMTEJIBCTBE M PEKOHCTPYKIIUH 3IaHUI U COOPYIKECHHIA.

KaoueBble cji0Ba: COCTaBHBIE KOJOHHBI, JKEJIE€300€TOH, BBICOKOIIPOYHAS apMarypa,
C)KaTHe, IKCIICHTPUCUTET, IKCIIEPUMEHTAILHOE UCCIIEIOBaHHE.

Juasa uutupoBanus: [LIO. [[3exanoB, Xacub® Pexman (2026). DxcnepuMeHTaIbHOE
UCCIICZIOBAaHUE KPAaTKOBPEMEHHOTO CONPOTHBICHHS CXKATHIO COCTABHBIX IKEJIe300€TOHHBIX
KOJIOHH C BBICOKOTIpOUHOU apmarypoii // [Tomsinmennstii Tpancriopt Kazaxcrana. T. 23. No. 89.
Crp. 151-170. https://doi.org/10.58420.ptk.2026.89.01.008 (Ha anrm.).

KoH(pIHKT HHTEPECOB: aBTOPHI 3asBISIOT 00 OTCYTCTBUU KOH(MIMKTA HHTEPECOB.

Introduction.

The development of contemporary construction practice is characterized by the
progressive introduction of high-strength materials and by the refinement of design methods for
reinforced concrete structures, which is particularly relevant to the design and strengthening of
compressed elements such as columns and posts. Substantial contributions to the study of
compressed reinforced concrete members with high-strength longitudinal reinforcement have
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been made in the works of domestic and international researchers, who established the
effectiveness of high-strength reinforcement in short and medium-slenderness columns
(Chistyakov, 1981: 70-80; Riskind, 1982: 5-39; Mailyan et al., 1982: 47-56; Sheikh, 1982:
703-722).

At the same time, a review of the published literature indicates that the majority of
experimental studies have addressed monolithic reinforced concrete columns, whereas the
structural behavior of composite reinforced concrete elements formed from concretes of different
ages, strengths, and deformabilities remains insufficiently investigated. Data on the short-term
compressive resistance of medium-slenderness composite columns reinforced with high-strength
non-prestressed At-V reinforcement under central and eccentric loading are particularly limited
(Kalyaskin, 1999: 5-140; Khlifi, 1998: 6-179).

The relevance of the present study is further supported by the widespread use, in building
reconstruction practice, of column strengthening methods based on the placement of monolithic
reinforced concrete jackets, which results in composite cross-sections whose structural behavior
differs fundamentally from that of monolithic elements (Onufriev, 1974: 96-103). The
concurrent use of concretes of different compositions and ages, together with high-strength
longitudinal reinforcement, leads to non-uniform strain and stress distributions that are not fully
accounted for by existing analytical models.

Thus, notwithstanding the general interest in improving the load-bearing capacity of
reinforced concrete columns, comprehensive experimental data are lacking that would permit an
assessment of the influence of branch joint conditions, longitudinal force eccentricity, and
differences in concrete deformability on the short-term compressive resistance of composite
reinforced concrete columns with high-strength reinforcement. This gap defines the relevance
and scientific novelty of the present study.

The object of investigation is composite reinforced concrete columns of medium
slenderness.

The subject of investigation is the stress-strain state and load-bearing capacity of
composite reinforced concrete columns with high-strength At-V longitudinal reinforcement
under short-term central and eccentric compression.

The aim of the research is to experimentally establish the behavioral features and to
determine the patterns governing changes in short-term compressive resistance of composite
reinforced concrete columns with high-strength reinforcement as functions of slenderness,
branch joint conditions, and longitudinal force eccentricity.

To achieve this aim, the following tasks were formulated:

— to conduct experimental studies of short-term compression of composite reinforced
concrete columns under various load eccentricities;

— to determine the influence of differences in deformability characteristics of branch
concretes on the distribution of strains in concrete and reinforcement;

— to investigate the development of lateral deflections and longitudinal reinforcement
strains at all loading stages;

— to establish the failure mode and ultimate strains of high-strength reinforcement;

— to compare the experimental results with data from previously published studies.

The research methods comprise experimental testing of reinforced concrete specimens
under short-term compression, measurement of concrete and reinforcement strains using strain-
gauge and dial-indicator instruments, and analysis and processing of experimental data in
accordance with applicable regulatory standards (GOST 12004-85; GOST 10180-90; GOST
18105-86).

The study is grounded in an experimental-analytical approach that makes it possible to
identify the actual features of the composite behavior of concrete and high-strength
reinforcement in composite cross-sections.

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



Industrial Transport of Kazakhstan. Vol.23 (1). 2026

The hypothesis of the study holds that the presence of concretes of different ages and
deformabilities within a column leads to non-uniform strain distribution and increased
deformability of the reinforcement located in the cast-in-situ (monolithic) branch, which exerts a
substantial influence on load-bearing capacity and on the failure mode of columns under short-
term compression.

The scientific significance of the work consists in obtaining new experimental data on the
behavior of composite reinforced concrete columns with high-strength reinforcement, thereby
broadening understanding of the mechanisms governing their deformation and failure.

The practical significance lies in the possibility of using the research findings in the
analysis and design of precast-monolithic and strengthened reinforced concrete columns in the
construction and reconstruction of buildings and structures.

Materials and Methods.

The present study was designed to answer the following research questions:

— How do differences in deformability and strength characteristics of the branch
concretes in composite reinforced concrete columns influence the stress-strain state under short-
term compression?

— How do the load-bearing capacity and failure mode of composite columns with high-
strength At-V longitudinal reinforcement change under central and eccentric loading?

— To what extent do branch joint conditions and the magnitude of longitudinal force
eccentricity influence the distribution of strains in concrete and reinforcement?

The research hypothesis holds that the presence of concretes of different ages and
deformabilities in composite cross-sections leads to non-uniform strain distribution and elevated
deformability of the high-strength reinforcement in the cast-in-situ branch, thereby reducing the
efficiency of the cross-section under eccentric compression and determining the specific failure
characteristics of the columns.

The study was carried out in the following stages:

— review and synthesis of results from previously published experimental and theoretical
work on short-term compressive resistance of reinforced concrete columns with high-strength
reinforcement (Chistyakov, 1981: 70-80; Riskind, 1982: 5-39; Kalyaskin, 1999: 5-140);

— development of the experimental program and design of test specimens of composite
reinforced concrete columns;

— fabrication of column specimens, control cubes and concrete prisms, and preparation of
reinforcement test coupons;

— short-term testing of composite columns under central and eccentric compression;

— determination of strength and deformability characteristics of concrete and
reinforcement;

— processing and analysis of experimental data and assessment of deformation and failure
behavior.

The experimental material comprised data obtained from testing six composite reinforced
concrete columns of medium slenderness, fabricated from conventional heavy-weight aggregate
concrete and reinforced with high-strength non-prestressed At-V (A800) longitudinal
reinforcement.

Each column consisted of two branches connected along their full length by steel ties.
The combined cross-section was rectangular with dimensions h x b = 100 x 120 mm, at a
specimen length of 1500 mm, yielding slenderness ratios in the range A = 44-52.

The branches had different cross-sectional dimensions (100 x 60 mm and 120 x 50 mm)
and were fabricated from concretes of different compositions and ages, thereby modeling the
behavior of strengthened precast-monolithic reinforced concrete columns. The branches were
joined with a time interval of approximately 135 days on average, which ensured a difference in
the deformability characteristics of the branch concretes.
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The longitudinal reinforcement of each branch comprised two bars of 12 mm diameter,
class At-V, while the transverse reinforcement consisted of steel ties made from 4 mm diameter
wire of class Bp-I at a spacing of 100 mm.

To determine concrete properties, control cubes and prisms were fabricated
simultaneously with the main specimens; for each concrete batch, no fewer than five cubes and
three prisms were tested, thereby ensuring the statistical reliability of the data obtained (GOST
10180-90).

The primary research method was a physical experiment involving short-term
compressive testing of reinforced concrete columns.

Short-term tests were performed in a purpose-built rigid steel portal frame using a
hydraulic jack. Loading was applied in increments, with instrument readings recorded at each
loading stage.

Tests were carried out under central and eccentric compression with relative eccentricities
lo /h ranging from 0 to 0.208. Eccentricities were applied both along the branch joint interface
and in the perpendicular direction, enabling an assessment of the influence of joint conditions on
column behavior.

Longitudinal reinforcement strains were measured by electrical resistance strain gauges
bonded to the reinforcing bars prior to concreting, and were additionally monitored by dial-type
indicators. Lateral deflections were measured by Maksimov-type deflectometers.

Strength and deformability characteristics of concrete were determined by standard
methods on control specimens in accordance with GOST 10180-90 and GOST 18105-86.
Tensile testing of reinforcement specimens was carried out in conformity with GOST 12004-85.

To study the deformability of concrete under sustained loading, spring-loaded creep
frames were used, enabling the determination of creep and shrinkage strains necessary for
assessing the influence of rapidly developing creep on the behavior of composite columns under
short-term loading.

The methodological novelty of the study consists in the comprehensive experimental
investigation of medium-slenderness composite reinforced concrete columns with high-strength
reinforcement, fabricated from concretes of different ages and deformabilities, under various
eccentric loading configurations. In contrast to previously published works, the present study
gives particular attention to the compatibility of branch deformations and to the distribution of
strains in the high-strength reinforcement, thereby enabling a more complete assessment of
failure mechanisms and reserves of load-bearing capacity in such structures.

Results and Discussion.

Experimental investigations into the short-term compressive resistance of composite
reinforced concrete members fabricated from conventional heavy-weight aggregate concrete
with high-strength At-V (A800) longitudinal reinforcement were conducted and the results were
analyzed at the Department of Transport Construction, Bridges and Tunnels of the International
University of Transport and Humanities. The influence of the magnitude and direction of
longitudinal force eccentricity on column strains and load-bearing capacity was examined.

The influence of the aforementioned factors was studied at slenderness values in the
range A =44 to A = 52.

In selecting the slenderness values, account was taken of the fact that, by the time the
present research commenced, a substantial body of experimental data had already been
accumulated on short-term (predominantly) and sustained compressive resistance of short
reinforced concrete columns, and the practical effectiveness of high-strength longitudinal
reinforcement in such elements had been firmly established. Reference is made primarily to the
works of E.A. Chistyakov and his collaborators (Chistyakov, 1981: 70-80; Chistyakov, 1975:
15-127), B.Ya. Riskind (Riskind, 1982: 5-39), E.I. Gamayunov (Gamayunov, 1968: 26-39), and
other investigators (Dovgalkzh, 1975: 15-137; Kalyaskin, 1999: 5-140; Khlifi, 1998: 6-179;
Mailyan, 1982: 47-56; Frolov, 1988: 17; Sheikh, 1982: 703-722).
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From a practical standpoint, the selected slenderness values of A = 52 and A = 44 may be
regarded as representing the most favorable ratio between the cross-sectional dimensions and the
length of compressed reinforced concrete members. In developing the experimental program, it
was recognized that reliable data on columns with high-strength reinforcement at or close to
these slenderness values were absent from the literature. As is well known, at these slenderness
values, the use of indirect (intensified transverse) reinforcement becomes practically ineffective
(Scott, 1982: 13-27).

A further significant consideration is that the behavior of reinforced concrete members
assembled from concretes of different compositions essentially models the behavior of
reinforced concrete columns strengthened by monolithic reinforced concrete jackets. This
method of strengthening columns in buildings under reconstruction is one of the most
widespread in construction practice (Onufriev, 1974: 96-103).

Additional relevance is lent to the problem by the possibility of using high-strength
materials, in particular high-strength reinforcement, in the construction of precast-monolithic
structures and the reconstruction of buildings.

To investigate the interaction between the constituent elements of composite reinforced
concrete members containing high-strength At-V longitudinal reinforcement and concretes with
different deformability and strength characteristics, six column specimens were fabricated.

Each column consisted of two branches connected along the full length by ties. The
columns had a combined rectangular cross-section of dimensions h x b =100 x 120 mm (Figures
1, 2, 3). The variable parameters were the branch joint conditions; the branches also had a
rectangular cross-section with dimensions of 100 x 60 mm and 120 x 50 mm. In Series K-I
specimens, the branches were joined along the 100 mm side, while the remaining Series K-II
specimens were joined along the 120 mm side (Figures 1, 2, 3). The concrete mix compositions
are presented in Table 1.

Table 1 — Concrete mix compositions per 1 m?
Mix No. Cement, kg Crushed stone, kg Sand, kg Water, kg Ww/C
Mix 1 (Branch 1) 330 1267 700 190 0.59
Mix 2 (Branch 2) 340 1170 648 200 0.59

The spacing of steel ties made from 4 mm diameter Bp-I wire was constant at 100 mm.
The longitudinal reinforcement of each branch comprised two bars of 12 mm diameter, class At-
V (Zakharov, 2005: 161-163; Uzunova, 2005: 243-245; Uzunova, 2006: 125-129). The strength
and deformability characteristics of the longitudinal reinforcement, determined from tensile tests
of coupons cut from the main reinforcing bars (GOST 12004-85), are presented in Table 2.

Table 2 — Strength and deformability characteristics of At-V reinforcing steel

Steel grade co .0 2 ,MPa co .0 5 ,MPa co .2 ,MPa ou, MPa du, % Esx10™ 5 ,MPa

At-V 628.5 777.1 985.0 1257 7.5 1.92

To determine the strength and deformability characteristics of the concrete used in the
test specimens, control cubes and prisms were fabricated simultaneously with each batch of
concrete (GOST 10180-90; GOST 18105-86). The mean values of concrete properties, obtained
from testing five control cubes and three prisms per batch at various concrete ages, are presented
in Table 3.

@ This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 157
@ s 4.0 International License




Industrial Transport of Kazakhstan. Vol. 23 (1). 2026

Table 3 — Strength and deformability characteristics of concretes

Mix No. Concrete age, days R, MPa Rb, MPa Eb x 10°, MPa

Mix 1 (Branch 1) 15 142 9.6 227
30 16.1 10.6 227
60 16.7 11.0 2.34
90 16.8 11.2 —
150 17.0 11.6 —
400 17.5 11.5 24

Mix 2 (Branch 2) 7 12.2 8.1 1.73
35 14.6 9.6 2.17
120 15.8 10.9 2.34
180 16.2 11.2 —
240 16.1 11.5 2.17

All specimens were cast in timber formwork. The concrete mix was placed by hand and
consolidated using an internal vibrator. The formed specimens gained strength under ambient
conditions with continuous wetting of the outer surfaces.
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Fig. 1. Cross-sectional configurations of Series K-I and K-II column specimens and compression testing schemes
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Fig. 2. Testing scheme for Series K-1I columns under eccentric compression and photograph of column failure
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Since the principal objective of the study was to investigate the interaction between
concretes with different deformability characteristics (Branches 1 and 2) and their compatibility
of deformation with At-V (A800) high-strength reinforcement, the branches were cast with a
time interval averaging 135 days. Seven days after joining the precast (earlier-placed, Branch 1)
and monolithic (later-placed, Branch 2) concretes, short-term tests to failure were conducted on
the resulting composite members under compressive forces with relative eccentricities lo /h
varying from 0 to 0.208.

Short-term tests were carried out in a purpose-built rigid steel portal frame (Figure 4).
The load was applied by a hydraulic jack connected to a manual pump station. Loading
proceeded in increments; at each stage, instrument readings were taken immediately after load
application and again immediately before the next increment. Longitudinal reinforcement strains
were measured by electrical resistance strain gauges bonded to the bars prior to concreting and
additionally monitored by dial-type indicators. Lateral deflections were measured by Maksimov-
type deflectometers. Tests were conducted under the “standard scheme,” i.e., with pin-jointed
end conditions. The slenderness in the plane of lateral buckling was variable; for a column length
of 1500 mm and cross-sectional dimensions of 100 x 120 mm, it varied depending on the
direction of the assigned or accidental eccentricity but did not exceed A = 52.5 (Figures 1, 2, 3).
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Fig. 4. Testing apparatus for short-term tests on main specifnens: 1 — specimen; 2 — dial indicators; 3 — Maksimov-type
deflectometer; 4 — strain gauge leads; 5 — pin support; 6 — hydraulic jack; 7 — digital voltmeter; 8 — welded steel portal frame]

The eccentricities of the longitudinal forces, including their accidental components, did
not exceed 25 mm. These eccentricities were either assigned along the branch joint interface or
treated as acting (accidentally) in the direction perpendicular to the joint interface, both toward
the monolithic and toward the precast concrete sides. The magnitude of the assigned eccentricity
was chosen so that the cross-sections of the specimens remained fully compressed at the time of
loading. Accordingly, the slenderness ratios of the columns in the plane of assigned or accidental
eccentricity were different (43.4 and 52.5). Thus, slenderness A was treated as an independent
variable parameter, alongside branch joint conditions and the magnitude of relative eccentricities.

Throughout the short-term tests, changes in the longitudinal strains of the high-strength
reinforcement and the mid-height deflections of the columns were recorded at all loading stages,
from the first increments through to failure. Loss of load-bearing capacity was identified either
by physical failure of the specimen or by the onset of uncontrollable pressure decline on the
manometer gauge despite continued pumping of the hydraulic station. In the latter case,
significant increases in both deflection and longitudinal strain developed simultaneously and
assumed an avalanche-like character. Direct failure was typically brittle in nature, manifested by
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crushing of concrete in the end zones of the columns, and occurred in the majority of cases under
nominally concentric compression.

Testing of auxiliary specimens (prisms and cubes) to determine concrete strength and
deformability characteristics (cube and prism compressive strengths, and elastic moduli) was
carried out by the standard procedure on a 500 kN press in conformity with GOST 10180-90. To
study the deformability of concrete under sustained loading, spring-loaded creep frames were
employed.

Concrete creep was investigated on prisms of 100 x 100 x 400 mm, each subjected to
sustained compression in individual spring frames (Figure 5).

Throughout the period of sustained testing, free shrinkage strains of unloaded concrete
prisms were measured with dial-type indicators having a graduation of 0.001 mm (Figure 6). In
determining creep characteristics, free shrinkage strains were subtracted from the total
deformations of the loaded prisms. Shrinkage curves for the two concretes are presented in
Figures 7 and 8.

The effect of ambient humidity on the development of shrinkage and creep strains was
monitored using a psychrometer, whose readings were recorded simultaneously with shrinkage
and creep strain measurements.
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Fig. 6. General view of apparatus and specimens for concrete shrinkage tests
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Fig. 8. Shrinkage curves for Branch 2 concrete

The results of short-term tests on auxiliary specimens, including reinforcement coupons,
are presented in Tables 2 and 3. The results of sustained tests for the determination of shrinkage
and creep strains for the precast (Mix 1) and monolithic (Mix 2) concretes are presented in
Tables 4 through 7.

At all observation ages, the creep coefficient curves share a common feature: a rapid
accumulation of strains within the first day, and even within the first hours of loading, followed
by an exponential decay at an approximately uniform rate (Figure 9).

The magnitude of the rapidly developing creep strains is substantial, ranging from 40 to
60 percent of the total, i.e., ultimate, values at times when their attenuation becomes evident.
These data are necessary for evaluating the effect of rapidly developing concrete creep on the
stress-strain state of cross-sections under short-term service loading.

Table 4 — Mean values of shrinkage (eb,Sh), creep (eb,pl), elastic (ebe), and total (eb)
strains, and creep coefficient (@b,t) for precast concrete (Mix 1) loaded at age t1 = 153 days

Observation period t—t1, days 8],3 ) abf: ) gb’,s hx abipl ) ob,T
107 3 107 » 107 s 107 s

2 70.48 40.5 1.01 28.97 0.74

7 80.04 40.5 1.04 38.5 0.96

12 88.0 40.5 1.15 46.35 1.12
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Observation period t—t1, days 8]_3 . ab_e ) ab,_S hx ab,_pl § ob,T
107 > 10" » 107 » 107 »
17 93.0 40.5 1.03 51.47 1.26
24 95.5 40.5 1.05 53.95 1.31
33 98.0 40.5 1.0 56.5 1.42
42 95.5 40.5 1.6 53.4 1.35
52 102.2 40.5 1.52 60.0 1.5
85 112.25 40.5 1.65 70.6 1.74
149 118.26 40.5 1.86 75.9 1.87

Table 5 — Mean values of shrinkage (eb,Sh), creep (gb,pl), elastic (ebe), and total (eb) strains, and

creep coefficient (ob,t) for precast concrete (Mix 1) loaded at age t1 =298 days

Observation period t—1, &b x gbe x €b,Sh x eb,pl x
days 10" s 10" 5 10" 5 10" 5 bt
1 52.5 37.75 1.03 13.72 0.39
7 57.5 37.75 1.04 18.71 0.50
14 61.45 37.75 2.05 21.65 0.57
30 67.2 37.75 2.03 27.42 0.78
60 70.0 37.75 1.8 30.45 0.85
90 75.75 37.75 1.95 36.05 0.95
150 77.0 37.75 2.06 37.19 0.98

Table 6 — Mean values of shrinkage (eb,Sh), creep (eb,pl), elastic (ebe), and total (eb)
strains, and creep coefficient (¢b,t) for monolithic concrete (Mix 2) loaded at age t1 = 7 days

Observation period t—l, &b x ebe x €b,Sh x eb,pl x
days 10" 5 107 5 107 5 10" 5 ¢b,T
2 41.1 329 1.0 10.2 0.31
7 58.4 329 4.0 21.5 0.63
12 67.1 329 5.5 28.7 0.87
17 74.3 329 6.5 34.6 1.05
24 79.2 329 7.5 38.8 1.18
31 83.15 329 8.25 42.0 1.28
40 93.7 329 9.7 51.1 1.55
50 110.1 329 10.5 66.7 2.03
83 114.4 329 10.8 70.7 2.15
150 122.4 329 11.0 78.5 2.40

Table 7 — Mean values of shrinkage (eb,Sh), creep (eb,pl), elastic (ebe), and total (eb)
strains, and creep coefficient (@b,t) for monolithic concrete (Mix 2) loaded at age t1 = 193 days

Observation period t—1, &b x gbe x eb,Sh x eb,pl x
days 107 5 107 5 10" 5 107 5 bt
1 72.25 57.5 1.0 13.75 0.24
7 80.0 57.5 1.0 21.5 0.37
14 91.5 57.5 2.5 315 0.55
30 103.98 57.5 5.35 43.13 0.72
60 110.5 57.5 6.0 47.0 0.85
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Observation period t—11, b x gbe x €b,Sh x gb,pl x b
days 10™ s 10™ s 10™ s 10™ s eo.T
90 121.2 57.5 7.0 56.7 0.99
150 131.2 57.5 7.2 67.5 1.17

Table 8 presents the mean values (averaged over two nominally identical specimens) of
lateral deflections and longitudinal strains of the most-compressed and least-compressed
reinforcement in the primary Branch 1 (¢’s1 and es1) and in the strengthening Branch 2 (¢’s2 and
€s2). These values correspond to compression levels close to the sustained loading level for those

columns subsequently tested to failure after a preliminary period of sustained loading.

Table 8 — Mean values (from two specimens) of most-compressed (¢’si) and least-

compressed (esi) reinforcement strains at N/Nu = 0.74-0.79

Fig. 9. Time variation of the creep coefficient ¢t as a function of concrete age at loading t and loading duration (t—t) for Branch

1 (earlier concrete) and Branch 2 (later concrete)

Speci N, NN ¢0, g'sl x esl x g's2 x £s2 x
pecimen kN Yl mm | 107 107 5 10”3 107 5 cm
K'Il'_lz’ K- 277.0 0.745 0 142.7 128.0 158.0 136.0 0.4
K-II-1,
K112 277.0 0.79 0 123.3 204.8 0.3
K-II-7, B
K-I1-8 184.5 0.76 25 187.7 42.9 237 19.1 0.6
Table 9 — Ultimate reinforcement strain values
. Ultimate load Nult, Eccentricity €0, esl x 107 5 €82 x 107 5
Specimen
kN mm (Branch 1) (Branch 2)
K'I'lz’ Kl- 372 0 376 529
K-II-1, K-
Lo 351 0 456.2
K-II-7, K-
s 243 25 518 840
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Fig. 11. Development of strains &’s in the most-compressed reinforcement of test specimens

Analysis of the experimental results shows that the deformation behavior of the tested
composite columns was governed not only by the magnitude of the applied longitudinal force,
but also by the internal non-homogeneity of the cross-section. The presence of two concrete
branches with different ages, stiffnesses, shrinkage histories, and creep characteristics caused
redistribution of stresses between the branches during loading. As a result, even in specimens
tested under nominally concentric compression, the stress-strain state was not symmetrical.

Under nominally central compression, the nearly linear increase in deflections and
reinforcement strains up to approximately 0.75Nu indicates that, within this loading range, the
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composite section retained sufficient stiffness and deformation compatibility between concrete
and reinforcement. At this stage, the column behaved as a single composite member, and the
increase in internal forces was accompanied by relatively stable deformation development.
However, after reaching approximately 75% of the ultimate load, stiffness degradation became
more pronounced. This was caused by the accumulation of microcracks in concrete, local
crushing in highly compressed zones, and increasing non-uniformity of strain distribution
between Branch 1 and Branch 2.

The sharp acceleration of deformation growth near failure indicates the transition of the
columns from a stable deformation stage to an unstable limit state. At this stage, small increases
in load caused disproportionately large increments of deflection and reinforcement strain. Such
avalanche-like behavior is typical for compressed reinforced concrete members in which second-
order effects, stiffness reduction, and concrete damage develop simultaneously. For composite
columns, this process is additionally intensified by the difference in deformability between the
precast and cast-in-situ concrete branches.

The experimental data confirm that eccentric compression has a much stronger effect on
deformation development than nominally central compression. When initial eccentricity was
introduced, bending moments arose from the first loading stages, causing an uneven distribution
of stresses across the section. The compressed zone became more localized, while tensile or
weakly compressed zones developed on the opposite side. As the load increased, lateral
deflections grew rapidly, producing additional secondary moments. This explains why, near
failure, the rate of growth of deflections and reinforcement strains increased by a factor of 5 to 6.

The difference in failure modes between centrally and eccentrically compressed
specimens is also significant. Under nominally central compression, failure occurred mainly
through crushing of concrete in the end zones, which indicates that the load-bearing capacity was
controlled by the compressive strength of concrete and local stress concentration. In eccentrically
compressed columns, failure was more complex: lateral bending, tensile cracking, and
compression-zone crushing developed simultaneously. The appearance of extensive cracking in
the tensile zone confirms that eccentricity changed the stress state from predominantly axial
compression to combined compression and bending.

The reinforcement strain results are especially important for evaluating the effectiveness
of high-strength At-V reinforcement in composite columns. In eccentrically compressed
specimens, strains in the most-compressed reinforcement reached approximately 0.8%, which
significantly exceeded the strain values recorded under nominally central compression. This
indicates that eccentric loading promotes more active involvement of high-strength
reinforcement in resisting bending moments and axial force. However, such high strain levels
also demonstrate that the reinforcement operates under more unfavorable deformation conditions
and that the risk of local concrete crushing or instability increases sharply near failure.

The fact that strictly concentric compression was not achieved even in specimens without
assigned eccentricity is of practical importance. In real construction conditions, accidental
eccentricities are almost inevitable due to geometric imperfections, uneven concrete properties,
deviations during installation, and non-uniform loading. The experimental results show that even
relatively small accidental eccentricities may produce measurable lateral deflections and unequal
reinforcement strains at opposite faces of the column. Therefore, design methods for composite
reinforced concrete columns should not assume ideal central compression without considering
possible bending effects.

The repeated observation that the largest reinforcement strains developed on the side of
Branch 2 confirms the decisive influence of concrete deformability on internal force
redistribution. Branch 2, corresponding to the later-cast monolithic concrete, had higher
deformability than Branch 1. Because of this, the reinforcement embedded in Branch 2
experienced greater longitudinal strains under otherwise identical loading conditions. This means
that the stiffer branch and the more deformable branch did not participate equally in resisting the
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applied load. Instead, deformation compatibility forced redistribution of stresses, increasing the
role of reinforcement in the more deformable part of the section.

This effect is particularly relevant for strengthened reinforced concrete columns, where a
new concrete jacket is added to an existing column. The old and new concretes usually differ in
age, modulus of elasticity, shrinkage, creep, and bond conditions. As shown by the experiments,
these differences may lead to non-uniform strain distribution and unequal utilization of
reinforcement. Therefore, when assessing the load-bearing capacity of strengthened columns, it
is necessary to account not only for the total cross-sectional area and reinforcement ratio, but
also for the deformation compatibility of the old and new concrete components.

The development of tensile stresses in the reinforcement farthest from the line of action
of the compressive force in eccentrically loaded specimens indicates that part of the section
approached or crossed the boundary between full compression and compression with tension.
This is especially important when the initial eccentricity is located near the elastic kern boundary.
In such cases, small changes in accidental eccentricity or stiffness distribution may significantly
alter the stress state of individual reinforcement bars. However, the experiments showed that
accidental eccentricities did not substantially change the ultimate load values, which suggests
that the global behavior was governed mainly by the assigned eccentricity, section stiffness, and
material deformability.

The comparison of nominally identical companion specimens also indicates that
composite reinforced concrete columns may exhibit noticeable scatter in strain development
even under similar test conditions. This scatter is caused by the natural variability of concrete
properties, local differences in bond between concrete and reinforcement, slight deviations in
eccentricity, and different degrees of interaction along the joint interface. Such variability should
be considered when developing calculation models and safety factors for composite compressed
members.

Overall, the expanded analysis confirms that the short-term compressive behavior of
composite reinforced concrete columns with high-strength reinforcement is governed by a
combination of axial compression, bending effects, second-order deformation, concrete stiffness
degradation, and deformation incompatibility between branches. The most important
experimental conclusion is that the cast-in-situ branch with higher deformability consistently
caused larger reinforcement strains, even when the geometry of the specimen favored
eccentricity toward the stiffer branch. This demonstrates that material deformability may be
more influential than geometric arrangement in determining local strain distribution.

These results have direct practical significance for the design and strengthening of
reinforced concrete columns. In engineering calculations, it is advisable to consider accidental
eccentricities, differences in concrete modulus of elasticity, time-dependent deformation
properties, and the position of the joint interface. For strengthened columns, special attention
should be given to ensuring reliable bond between old and new concrete, proper detailing of
transverse ties, and adequate confinement of end zones where brittle crushing is most likely to
occur.

Thus, the experimental observations confirm that composite reinforced concrete columns
cannot be evaluated simply as monolithic members with averaged material properties. Their real
behavior is more complex and requires design models capable of reflecting non-uniform
deformation, unequal reinforcement strain development, and the influence of eccentricity on
failure mode and load-bearing capacity.

Conclusion.

The present study investigated the short-term compressive resistance of composite
reinforced concrete columns with high-strength longitudinal reinforcement of class At-V. The
problem considered is of significant theoretical and practical importance, since composite
compressed members are widely encountered in precast-monolithic construction and in the

@ This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 167
@ s 4.0 International License




Industrial Transport of Kazakhstan. Vol. 23 (1). 2026

strengthening of existing reinforced concrete columns during reconstruction. In such structures,
the joint operation of concretes of different ages, strengths, and deformability characteristics
creates a complex stress-strain state that is insufficiently reflected in traditional design
approaches developed mainly for monolithic reinforced concrete members.

The experimental programme made it possible to evaluate the influence of column
slenderness, branch joint conditions, longitudinal force eccentricity, and concrete deformability
differences on the behavior of composite columns under short-term compression. Six medium-
slenderness composite specimens were tested, together with control cubes, prisms, and
reinforcement coupons. The use of strain gauges, dial indicators, and deflectometers enabled
continuous observation of longitudinal reinforcement strains, lateral deflections, and failure
development at different loading stages.

The results confirmed that concretes of different ages and deformabilities within one
composite section do not deform identically under compression. Even under nominally central
loading, the strain distribution across the section was non-uniform, and lateral deflections
developed from the early loading stages. This indicates that absolutely concentric compression of
composite reinforced concrete columns is difficult to achieve in practice due to accidental
eccentricities, stiffness differences between branches, and the non-homogeneous structure of the
cross-section.

A key experimental finding is that the largest longitudinal strains consistently developed
in the reinforcement located in Branch 2, corresponding to the later-cast monolithic concrete.
This confirms the research hypothesis that the more deformable concrete branch attracts higher
reinforcement strains and influences the redistribution of internal forces within the composite
section. The effect was observed both under nominally central compression and under eccentric
loading, demonstrating the importance of accounting for concrete age and stiffness differences in
design calculations.

The experiments showed that, under nominally central compression, deflections and
reinforcement strains increased approximately uniformly up to a load level of about 0.75 of the
ultimate load. After this stage, deformation growth accelerated significantly, and immediately
before failure the increase in strains and deflections became avalanche-like. Failure was
predominantly brittle and was accompanied by crushing of concrete in the end zones of the
columns.

Under eccentric compression, the behavior of the specimens changed substantially.
Lateral deflections increased more rapidly, tensile stresses appeared in the reinforcement farthest
from the line of action of the longitudinal force, and failure was accompanied by more
pronounced cracking in the tensile zone. Ultimate reinforcement strains in eccentrically
compressed columns reached values approximately 1.5-2 times greater than those observed
under nominally central compression. This confirms the significant influence of eccentricity on
the deformability and failure mode of composite reinforced concrete columns.

The obtained data also demonstrate that branch joint conditions affect the redistribution
of strains and the overall load-bearing capacity of composite columns. The orientation of the
joint interface relative to the direction of eccentricity influences the stiffness of the section, the
development of accidental bending, and the concentration of strains in individual reinforcement
bars. Therefore, when designing strengthened or precast-monolithic columns, the position of the
joint plane and the quality of branch connection should be treated as important structural
parameters.

The results of creep and shrinkage testing further clarify the deformation behavior of
composite sections. Rapidly developing creep strains constituted a considerable part of total
concrete deformation, especially in the early loading period. This effect is important because
short-term loading of composite columns may still be accompanied by time-dependent strain
redistribution between older and newer concrete branches. Consequently, differences in
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shrinkage and creep characteristics should be considered when assessing the stress-strain state of
strengthened columns.

The study confirms that the use of high-strength At-V reinforcement in composite
compressed members is effective, but its efficiency depends strongly on deformation
compatibility between concrete branches. High-strength reinforcement can provide additional
load-bearing capacity, but non-uniform strain distribution may prevent full and uniform
utilization of reinforcement strength across the section. This is especially relevant for
eccentrically compressed columns and for columns strengthened by monolithic jackets.

The scientific significance of the research lies in obtaining new experimental data on
medium-slenderness composite reinforced concrete columns with high-strength reinforcement
under central and eccentric compression. The results refine understanding of the interaction
between concrete and reinforcement in non-homogeneous composite sections and clarify the
mechanisms of deformation development, internal force redistribution, and failure formation.

The practical significance of the study consists in the possibility of applying the obtained
results in the design and assessment of precast-monolithic and strengthened reinforced concrete
columns in buildings and engineering structures. The findings may be used when selecting
reinforcement schemes, evaluating the effectiveness of reinforced concrete jackets, determining
the influence of eccentricity, and improving calculation models for composite compressed
members.

Overall, the research hypothesis was confirmed. The presence of concretes of different
ages and deformabilities in one composite section leads to non-uniform strain distribution,
increased deformability of reinforcement in the later-cast branch, and changes in the load-
bearing capacity and failure mode of the columns. These effects must be considered in
engineering calculations, especially when designing strengthened columns subjected to eccentric
compression.

Further research should focus on expanding the experimental database by testing columns
with different concrete strength classes, reinforcement ratios, slenderness values, joint
configurations, and loading durations. It is also advisable to study long-term loading effects,
cyclic loading, seismic action, and the influence of different strengthening technologies.
Development of refined analytical and numerical models based on the obtained experimental
data will improve the reliability of design methods for composite reinforced concrete columns
with high-strength reinforcement..
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