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Hemuoenko B.E. ImiTamiiiHa MOAens MOCTPUTy TapMaTH Ta METOAM BepHuikarlii
HOro >KUTTEBOTO IUKIY B KOMIT IOTEPHO-IHTETPOBAaHIM CHUCTEMI YIPaBIIHHA. —
Kgsamidikaiiitna HaykoBa poOoTa Ha IIpaBax PyKOIHCY.

JlucepTaris Ha 3100y TTS HAYKOBOTO CTYTICHsI JOKTOpa (histocodii 3a CreriaabHICTIO
151 — aBTomaTu3allis Ta KOMII IOTEPHO-IHTErpoBaHl TexHosorli. — HaronansHuit
yHiBepcuteT «Onecbka nomitexHikay MOH VYkpainu, Opneca, 2024.

Huceprarniitna po6oTa IpUCBSIYCHA MiABUIIEHHIO €()EKTUBHOCTI Ta 3MEHIICHHIO
yacy BUKOHaHHA OoioBoi po6otu KICY mnpaktuuHuMu CTpuibOaMu rapmMaToro MpHU
BUHHMKHEHHI P13HUX 30ypeHb 3acO00M yJOCKOHAJEHHS IMITAlIHHOI MOJEIl MOCTPLIY 1
MeTOAIB Bepu(ikaiii JIaHOK JIaHLIOTa CTaHIB JKUTTEBOTO LHUKIY  KOXKHOTO
apTUJIEPIACHKOTO TMOCTPLTY, fAKI yTBOPIOIOTH 3BOPOTHUN 3B’SI30K. 3 I1€I0 METOIO
HEOOXITHO PO3poOUTH crnocid Bepudikalii CKIaay MIPOTEXHIYHOI CyMIIIl METOJIOM
010J110TEKH TUIAXOM YJAOCKOHAJIEHHS MOJIeJl PIBHOBAXKHOI TEPMOACCTPYKIIi 3a
TeMIEepaTyporo CyMillli IHEpTHOTO Ta MOPOXOBUX ra3iB. € morpeda yI0CKOHAIUTH METOIU
i cnocoOM aBTOMATHU30BAHOIO KEPYBaHHS CTPUILOOK0 MPUYINHUX apTUIIEPINCHKUX
YCTaHOBOK 32 paxXyHOK BUKOPHCTAHHS MOJIEJIEH CTOXaCTUYHUX MPOIIECIB, HA OCHOBI SIKHX
PO3pOOUTH 3pa3ku 00MOBOT pOOOTH OKPEMUX CAMOXIJTHUX apTHICPIMCHKUX CUCTEM IS
3a0e3nedeHHs Bepudikailii eeKTUBHOTO MOCTPUTy. PO3poOuTH MOIEINb 1 METO/ TOILITYKY
3a/1aHOi KUIBKOCTI BUMIPIOBAUIB cepes, Oe3nmiui MOXIJIMBUX IO JIIHII CTPLIBOH, K1 O
3abe3neuniii  €eKTUBHY peecTpallito OamiCTUYHOI 1 AYyJIbHOI XBWJIb JJII CUCTEMH
Bepu(diKallii mocTpiiB.

VY nepmomy posain «IHpopmariiiina gokanizaiis Ta Bepudikallisi CTaHiB MOCTPLTY
apTHJIEPIACHKOI TapMaTH» OJIEPKAHO TaKi pe3yJIbTATH.

— IIpoBeneHo anami3z MeTOAIB 1 cOcOOIB BepudiKallii JaHOK JaHIIOTa CTaHIB
«3apsan — 3apsaHa KaMopa — CTBOJ — TPAEKTOPIs CHApsAa — IUTbY» KUTTEBOTO ITUKITY

OKPEMOTO apTUJIEpPINCHKOr0 MOCTPLLy, SIKHH KOHCTAaTyBaB (DYHKIIOHYBaHHS JIMILE
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okpemux JaHok. [lo-mepine, I1CHYIOTh MOJENl 1 METOAU aBTOMAaTHU30BAHOIO
J1arHOCTYBaHHS CTBOJIIB TapMaT 3a piBHEM 3HOIICHOCTI HA OCHOBI MOTOYHOT'O aHAIi3y
Ta KiIacudikalii akyCTUIHUX TOJIIB Y BUTJISAII TyJIHHOT 1 0allICTUYHOT XBUJIb TTOCTPIIIB
i 9ac 00MOBOi POOOTH NIl MIABUINCHHS JOCTOBIPHOCTI OI[IHIOBAHHS MOYAaTKOBOI
IIBUAKOCTI CHapsiia Ta 3MEHIICHHS 4acy JIarHOCTYBaHHS CTaHy apTHIEPHUICHKOTO
ctBona. Ilo-mpyre, Bigomi Mojenb 1 METOA AaBTOMATHU30BaHOI MMapaMeTPUYHOI
JIarHOCTHKU TEXHIYHOTO CTaHy IOCTPUTy Ha OCHOBI ileHTU(IKAIIl He3aleKHUX
napaMeTpiB MPU PO3MIUPEHHI MOPOXOBUX rasziB Ta JOTOpPaHHI BUIBHOTO BYIJICIIO B
atMocdepi mig yac mocTpuliB. Ilo-Tpere, iCHye METON BIACTEKEHHS PYXOMOIO
apTWIEPIMCBKOrO0 CHapsiaa MiJ yac [Jli Ha HbOro 30ypeHb Ha OCHOBI peecTparli
OaylicTUYHOT Ta JyJIbHOT XBHJIb Ha BIJICTaHI, 10 (BIKCY€ NabHICTh HOTO MEPEMIIICHHS.
Takuii MeTon AO03BOJIUB 3AIMCHUTH BepU(IKaLil0 CTaHy MOCTPULY apTUIEPIHCHKOI
rapMaty 1 BU3HaYUTH TOUYKY 3ITKHEHHSI CHapsija 3 MOBEPXHEI0 Ha OCHOBI MapadoiyHO1
anpoKCUMAIIHHOT MO/IeJIl IOTO JUHAMIYHUX XapaKTePUCTHUK.

— Ilokasano, 1o 115 BepudIKalii JaHIora CTaHiB )KUTTEBOTO LIUKIY OKPEMOTO
apTHIIEPIACHKOTO TOCTPLUTY JUISl TAHKU «3apsi» HEOOX1THO pO3pOOUTH METO/I 1 MOJIENb
Bepu(ikalli CKiIaay MIPOTEXHIYHOI CyMIIIl 3apsly Ha OCHOBI PIBHOBaXXHOI
TEPMOJIECTPYKIIi 32 BUMIPIOBAHHSIM TEMIIEpAaTypy CyMIIll YTBOPEHUX 1HEPTHOIO Ta
nopoxoBux rasziB. JloJaTKoBO JOBENEHO, IO JI JAHKU «TPAEKTOPis CHapsaa»
IUIIXOM YJOCKOHAJIEHHSI METOY 1 MOJIeNll aBTOMAaTH30BAaHOTO KEpyBaHHS 0OMOBOIO
pOOOTOI0 MPUYINTHUX APTHICPINCHKUX YCTAaHOBOK HEOOXITHO 3HAWTH MiHIMAJIbHUMN
MEXOBUM 4Yac 1 Ha LIl OCHOBI po3poOUTH MojeNl OO0KWOBOI POOOTH OKpPEMHX
CaMOXIJIHUX apTUJIEPIACHKUX CUCTEM JUisl 3a0e3reueHHs: Bepudikailii epeKTUBHOTO
nocTpury. JlJs JaHOK «TpaekTopis CHapsga» 1 «UUIb» PO3POOUTH MOJETi 1 METON
MIOIITYKY 3aJ1aHOi KIJIBKOCTI BUMIPIOBAYiB cepell €314l MOXKIUBUX 10 JIiHIT CTPLILOH,
AK1 0 3a0e3MeuniTi peecTpariiro 6aliCTUYHOT 1 JyJIbHOT XBUJIb I TOOYI0BU CUCTEMH
Bepu(diKallii MoCTpiIiB 1 pO3paxyHKy KOOPJIUHATH 31TKHEHHS CHAPAJA 3 IOBEPXHEIO.

— OOrpyHTOBAaHO CTPYKTYPY JOCHIIKEHHS 1 TOCTABJICHO 3aB/IaHHS, IKE MOJISTaE y

MiBUIIEHHI €(DEeKTUBHOCTI BUKOHAHHS 3aBJIaHb ITiJ1 YaC MPAKTUYHUX CTPLIHO rapMaToro.



JlocmiPKeHHST Ma€e BpaxOBYBaTH BILUIMB PI3HUX 30BHIIIHIX 30ypeHb Ha MPOIEC CTPUILOU.
HeoOxiaHO yIOCKOHATUTH METOJ YHPaBIiHHS JJIs 3MICHEHHS €(EKTUBHOTO MOCTPLIY B
peaJIbHUX YMOBax 3aco0OM 3a0e3MleueHHs 3BOPOTHOIO 3B 3Ky MIDK CcIocoOamu
Bepu(dikallii KOXKHOT JIJAHKH YKUTTEBOTO MUKy MMOTOYHOTO TTOCTPLITY.

Y  nopyromy posaimi  «Metogu Bepudikamii CkiIaay Ta  €HEPreTUYHOI
XapaKTePUCTUKH MIPOTEXHIYHOT CyMIIIl METOJOM O101i0TeKH» PpO3po0JIeHO Ta
JOCTIIKEHHO METOAM IMiIBUILEHHS e()eKTUBHOCTI CTPLILOM HA MiICTaBl YAOCKOHAICHHS
MOJIel PIBHOBAKHOI TEPMOAECTPYKIIIT HITPOLEIIOJIO3HOTO MOPOXY 3a TEMIIEpPaTyporo
CyMillll 1HEPTHOTO Ta MOPOXOBUX raziB y 0OakoBi (pikcoBaHOro 00’emy. Maemo Taki
pe3yNbTaTy.

— Bu3HaueHO HEMOXJIMBICTH ONUCY SIBUIIA YTBOPEHHSI CaXki Y BHKOPUCTaHHI
HassBHUX MOJENel BHYTPIIHBOI OamicTUKU. Jl0 CKIagy MOpPOXOBUX Ta3lB BXOMASThH
Cc0,C0,,H,,H,0 Ta BinpHUM C, 1II0 HE BIATOBIA€ HI OCHOBHOMY, HI MOAU(DIKOBAHOMY
npaBuity KicTskoBcbkoro-BincoHa. AHami3 JiTepaTypHUX JPKEepes MiITBEpuB, 110 Ha
CKJIaJ] MTOPOXOBHUX Ta3iB, KpIM XIMIYHOTO YMHHUKA Yy BUIJIAMI B1J €MHOTO KHCHEBOTO
OaylaHcy, BIUTMBAIOTH 1 (Di3WyHI mapameTpu mocTpiry. Y IabopaTOpHUX YMOBax HeE
BJIA€THCS BIATBOPUTH MapaMeTpH, Kl BIANOBIAAIOTH TEPMOJAMHAMIYHIN CTafll MOCTPLIY.
He BusiBneHO yMOB 3a0e3ledyeHHsS BIAMOBIIHOCTI PE3YJbTAaTIB EKCIEPUMEHTATBHUX
JOCIIKEHb TTapaMeTpaM MPOIIeCy MOCTPLTY.

—  3ampomoHOBaHO  MOAM(DIKOBaHY  IMITallliiHy  MOJAENIb  PIBHOBaXKHOI
TEPMOJIECTPYKIIIT MOPOXOBOI cyMirli. JJisi BU3BHAUYEHHS PIBHOBAXKHOTO CKJIAy MPOAYKTIB
TOpIHHA, IO MICTATh Ta30MOJI0HY Ta KOHAEHCOBaHY (ha3u, BUKOPUCTAHO iX MOJbHI
yacTKkd. Ha OCHOBI KOHCTaHT XIMIYHOI PIBHOBAru NapuiajibHUX THCKIB ISl IOPOXOBOTO
ra3zy BU3HaA4€HO KOHCTAHTHU MOr0 MOJIbHUX YaCTOK.

— Po3po0s1eHo Mo/ieib BU3HAUYEHHSI TEMIIEPATypU CyMillll IHEPTHOTO Ta MOPOXOBUX
ra3iB y 0akoBi (piKCOBaHOTO 00’€My, IO JI03BOJISIE TMPU CHATIOBAHHI MOPOXY 3aJaHOTO
CKJIaZy 3a0€3MeUuTH 3MIHY TeMIEpaTypy MOPOXOBHUX Ta3iB CHATIOBAHHSAM MPOO pi3HOI

MacH Ta 3MIIIyBaHHSIM 3 IHEPTHUM Ta30M MOCTIMHOTO 00'eMy. [HepTHUI Ta3 3a0e3neuye
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BIJICYTHICTh JOTIAJIOBAaHHS TOPOXOBUX Ta3iB MPU HETaTUBHOMY KHCHEBOMY OajaHCl
MOPOXOBOI CyMIIITi, 4epe3 1€ CYTTEBO HE 3MIHIOETHCS CKJIal TOPOXOBUX Ta3iB.

— 3anponoHOBaHO METOJ| 3alOBHEHHsS 010J11I0TEKH pPO3B’SI3KOM MPSMOI 3aj1ayl y
BUTJISAJII TPUBUMIPHOTO MacuBy. OCHOBOIO IIbOTO MAacHBY € KHCHEBHM OallaHC, KW
JOCSITAEThCS TMMiJT Yac TEPMOJAECTPYKIli BYTJIMIICBO-BOJHEBOI CITONYKH, SKa MICTHUTh
KuceHb. llelt OamaHC BUKOPUCTOBYETHCS SK MapaMeTp sl BUOOPY, HEOOXIAHHWM JUist
PO3B’si3aHHS 3BOPOTHOI 33/aul Mpo HasBHUM ckiajn cnoinyku. 11[o0 po3s’sizatu Taky
3a/1auy, He0OX1THO MEPETBOPUTH BUXIIHI JIaHI B UMCIIO-3rOPTKY. Take uncnoBe 3HAUCHHS
YTBOPIOETHCS HA OCHOB1 MO3UIIITHOTO MPUHITUITY 3aITUCY AECATKOBUX drcel. Po3B’s3aHHs
3a/1a4l 3 JaHUX, SIKI OTPUMAHO 3a paxyHOK aHai3y c(hOpMOBaHOTO TPUBUMIPHOTO MACHUBY,
B1IOYBA€ThCS 4epe3 3acTOCYyBaHHS oOMexeHb. OOMeXKEeHHS JO03BOJISIOTH IOCIIIOBHO
UK 32 IUKJIOM 3MEHIIYBAaTH JUISTHKU 301y JaHUX.

— [IpoBeaeHo Bepudikailiro Ta BaliJaIil0 METOIY PO3PAXYHKY CKJIaTy TOPOXOBUX
ra3iB Jijisi 3arnoBHEeHHs 010m10Teku. [lokazano 30ir pe3ysbTaTiB pO3paxyHKIB 13 TaHUMHU
JUTSI Ta3010A10HUX POAYKTIB TOPiHHA. BiITBOPEHO Yy TIMBICTh BU3HAYEHHS KUTbKICHOTO
CKJIay Ta TeMIepaTypu NPOAYKTIB 3TOpaHHS TpU BUOOpl iX KOMIIOHYBaHHS, IO
BIIpI3HAETHCS BiA AificHoro. Takum uYuHOM JyIsi peanizailii 3aBIaHHs Bepudikarii
JIAHITIOTa CTaHIB KUTTEBOTO LHUKIY OKPEMOTO apTHIEPIMCHKOTO MOCTPLTY ISl JIAHKH
«3apsaa» TPOJEMOHCTPOBAHO AJCKBATHHM XapakTep BiAOOpPaKeHHS 3MIHHU KUIBKOCTI
ra3ono/ii0HOT Ta KOHAEHCOBaHOi (a3 Mpu 3MiHI TeMIEpaTypu Ta 301roBi KUIbKICHUX
XapaKTEPUCTHUK Y PEIIEPHUX TOUKAX.

Y TperboMy po3Aull «YIOCKOHAJEHI MOJEIb 1 METOJ aBTOMAaTH30BaHOTO
KepyBaHHs 00MOBOI0 POOOTOI0 apTUIIEPINCHKOTO MiAPO3IUTY» PO3TISHYTO MPUUINHI U
OKpeMi CaMOXIJHI apTHJIEPIAChKI CUCTEMU Mia yac Bepu(ikallii mocTpuly Ta OAepKaHO
TaKl pe3yJbTaTu.

— Po3po0ieHo croxacTUyHy IMITaIiiHy MOAENb 0O0MOBOI POOOTH MPUYIMTHUX
apTHJIEPINCHKUX YCTAHOBOK, IO JO3BOJIMJIO BpaxyBaTH BUIIQJKOBHI XapaKTep TaKUX

napameTpiB, K HIBUAKICTb CHapsijia, 4yac Ha Mepe3apsaKy, MMOBIPHICTh BHSBICHHS



CYIPOTUBHUKOM, Ta IHTEIPyBaTH B MOJIEJb TaKl 30BHIIIHI 30ypeHHs, SIK MTOT0JIHI YMOBHU
Ta TEXHIYHHUM CTaH apTUIEPIACHKUX YCTAHOBOK MEPE MOCTPLIOM.

— IlpoBeneHo MojentoBaHHS 32 YMOB 3MIHM BOTHEBHMX MO3MIIN MNPUYITHUX
apTUJIEPICHKUX YCTAaHOBOK, IO JO3BOJIJIO BpaxyBaTH 4Yac Ha TPAHCIOPTYBaHHS 0
0010BO1 MO3MIIlT, MOXKJIHMBI BTpAaTU OO€3ATHOCTI MiJ Yac pyXy Ta pPU3HMK BUSBICHHS Ta
aTaku 3 OOKy CYNpPOTHUBHHKA IT1]1 YaC TPAHCIIOPTYBaHHs 0 00H0BO1 mo3uilii. Po3pobieHno
ITOPUTMHU JIJIs1 BA3HAYCHHSI ONTUMAJIbHUX CTpaTeriid 3MiHU BOTHEBHUX MO3UIIIH.

— Po3pobieno momeni 00ioBOT POOOTH OKpPEMOi CaMOXITHOI apTHIEPIMChKOL
CUCTEMH HOBOTO IMOKOJIHHS Ha 0a3l 3pa3ka MPUYINHOI apTHIIepIdchkoi cuctemu. Jlis
IIOT'0 PO3POOJICHO METOJMKY JTUHAMIYHOTO OLIIHIOBAHHS IMTOTOYHOTO CTaHy 00€3/1aTHOCTI
OKPEMOi CaMOX1JHO1 apTHiIepiiicbkoi cucTteMu. Po3po06iieHo 1epeBo cTaHiB 00€3aTHOCTI
OKpPEMOi OJMHUIl Ta BHUSBJIEHO PIBEHb 3aJEKHOCTI KUIBKOCTI MOCTPLIIB CaMOXIAHOI
apTUJICPIMCHKOI CHUCTEMHM, HEOOXITHUX I ypakKeHHS IUI IIJIBHUINEHOI HEOE3NeKu
BIIPOJIOBIK 3a/1aHOTO IHTEPBAILY Yacy.

— Y 10CKOHAJIEHO IMITallIiHy MOJIEJIb MOCTPLITYy Ta METOJT €(PEKTUBHOTO KEPYBAHHS
cTaHaMu OOMOBOI POOOTH MPHUYIMTHOI APTUIIEPIMCHKOT TapMaTh 32 HASBHOCTI 30BHIIIHIX
JUHAMIYHUX 30ypeHb, SIKI 3aJie)KaTh BIJl 4acy 3J1MCHEHHs MOCTPUIB MiJ 4Yac 3MIHH
BOTHEBOI MO3UIIIi, [0 A0 MOXKJIUBICTh BU3HAUNTH Yac BUKOHAHHs OOHOBOTO 3aBIaHHS
OKpPEMHUX CaMOXIJTHUX apTHWIEPINCHKUX CHUCTEM TpHU BTpaTi OOE3MaTHOCTI TUIBKU 3a
pPaxyHOK BHYTPIIIHIX JWHAMIYHUX 30ypeHb MpHU BUKOPUCTAHHI 3alPOIIOHOBAHOT
YOTUPUKOMIIOHEHTHOT MOJIeNIl KEepyBaHHS OOWOBUMH [ISIMH OKPEMOI CaMOXiJIHOT
apTuiepiiicbkkoi cucteMu O€3 3MIHM BOTHEBOI TMO3WIII, 10 JO3BOJUJIO IPOBECTU
Bepu(DIKallllO JJAHKK TPAEKTOPIT B JAHIIOTY CTAHIB KUTTEBOTO LIUKIY apTUIEPINCHKOTO
MOCTPLITY.

VY derBeproMy po3aiuni «Meroa BH3HAYEHHS TPbOX aKyCTHMUHUX CEHCOPIB IS
peecTpairii 0amicTUIHOT XBUJII apTHIIEPIACHKOTO MOCTPLTY» AJi 3a0e3nedeHHs HailO1IbII
eheKTHUBHOI peecTpallii 6aicTUYHOI 1 Ty IbHOI XBWJIb TP TTOOYA0B1 CUCTEMU Bepudikaiii

MOCTPUIIB OTPUMAHO TaKi pe3yJbTaTH.
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— Po3pobiieHo y3araabHEHy CTPYKTYpY CEHCOPHOI CHCTEMH, WLIO JO03BOJISIE
3MIIACHIOBATH PEECTpalito OaTICTUUHUX XBHIJIb Ta MOAAJBITY MapaboIiuHy alpoOKCUMAIIi0
U1 Bepudikalii apTuiaepiicbKuX MOCTPUIIB B yMOBax Jii BUNAAKOBUX 30ypeHb y 30HI
BEJICHHS CTPiIHOM.

— Po3pobneHo Ta qociiakeHo MeTo 1 BU3HAYEHHS TPhOX aKyCTUYHHX CEHCOPIB IS
HaWOLIbI eeKTUBHOI peecTpallii OaJiCTUYHOI Ta AYJbHOI XBHJIb apTHIEPIHCHKOTO
nocTpity. 3ampornoHOBaHUM METOJ| JO03BOJSiE BUKOHATH 3aBJaHHS BHOOpPY TpPbOX
aKyCTHYHHMX BUMIPIOBAYIB 3 O€37114l HAABHUX Y 30H1 BEJICHHS CTPLILOH, K1 1aIOTh 3MOTY
3/11ICHIOBATH HAOUIbII €PEKTUBHY peecTpalito OaIICTUYHOT Ta T1yIbHOI XBUJIb TOCTPLITY
3 ypaxyBaHHSM iX pO3TalllyBaHHs MO BIJHOLIECHHIO 70 JIiHIT HAPSAMKY CTPUIbOHU, TOXHUOKHU
BUMIPIOBAHHS Ta UMOBIPHOCTI 0e3mepeOiiiHOi pOOOTH.

— JIns1 OLIIHIOBaHHS aKyCTUYHUX CEHCOPIB Y MPEJACTABIEHOMY METO/1 pO3pO0JIEHO
Ta JIOCIIPKEHO HEUITKO-JIOTIYHY MOJIelb, SIKa JO03BOJSE PO3PAaxOBYBAaTHU KpUTEPIH
MPUJIATHOCTI CEHCOPIB 3 HAJIC)KHUM ypaxyBaHHSAM IMOTOYHHUX 3HAYEHb iX MapaMeTpiB AJis
e(eKTUBHOI BepHU(iKaLlil apTUIEPINCHKOTO TOCTPLITY.

— Jlitst mocimpkeHHs e(DeKTUBHOCTI 3alPOIIOHOBAHOI'O METOTy Ta HEHITKO-JIOT1YHOT
MOJIeTli TIPOBEAEHO OOYMCIIOBAIbHI EKCIIEPUMEHTH Ha TMPUKIAAaxX apTHIEPIHChKUX
MOCTPUTIB 3 PI3HUMHU MapameTrpaMu. B nmociimpkeHHl Oyjao BUILIEHO MO TPU aKyCTUYHI
CEHCOpH, K1 3a0e3MeuyBaii HalOJIbII TOYHY PEECTPAIIii0 OaTICTUYHOI Ta TyJIbHOI XBHJIb
MOTOYHOT'O MOCTPLTY, IO MIATBEPAXKYE €PEKTUBHICTh pO3pOOJIEHUX METOY Ta MOJIEI, a
TaKOXX JOIMUIBHICTh 1X 3aCTOCYBaHHS JJII BH3HAYCHHS CEHCOPIB 3 METOK IMOJAIBIIOL
peanizaiii Bepudikaiii apTUIepiichbKOro MOCTPUTY 3 BUMAJAKOBUMH 30YpPEHHSIMU IS
BU3HAUCHHS KOOPAMHATHU 31ITKHEHHSI CHAps/Ia 3 IOBEPXHEIO.

Brnepiie 3ampomnoHOBaHO METON TMOIIYKY TPhOX BHUMIPIOBadiB cepen Oesmidi
HasIBHUX, PO3TAILIOBAHUX M0 JiHIT CTPUILOH, 1711 HAHOUIbII €(hEKTUBHOTO BIJICTEKYBaHHS
apTHJIEPIACHKOTO TIOCTPITY 3 TMOJANBIIOD MOKIIUBICTIO Bepu(ikallli JIaHKH TOYKH
31ITKHEHHS CHAps/ia 3 MOBEPXHEIO B JIAHITIOTY CTaHIB JKUTTEBOTO IIUKITY apTHUIIEPIACHKOTO
MOCTPUTY Ha OCHOBI MapaloJIiuHOI ampoOKCUMAIlli XapaKTEPUCTHK TPAEKTOPIi, MO SKIA

XAETHCS CHApSI, I (L 120)1 MIT FOTEPHO-THT BaHy CHCTEMY YIIpaBJIiHHS
a€ThbCs CHapsij, 110 3a0e3MeYnsio KOMIT IOTEPHO-1IHTErpOBaHy CHUCTE aByl
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rapMaTol0 CEHCOPHOI CHCTEMOIO JJIsi KOMITGHCAIll BUMIAJKOBUX 30ypeHb, SIKi JIIIOTh Ha
CHapSII ITiJT 9ac MOCTPLTY.

OTxe, oTpuMaHi B pO3AiJIax HAYKOBI pe3yJbTaTH B CYKYITHOCTI JIO3BOJIHIIN
JOCATHYTH TIOCTABJICHOI METH JUCEPTAIIHHOTO JOCITIDKESHHS.

KarouoBi cjoBa: cHapsj, TEXHIYHMA CTaH, METOJ BH3HAUCHHS KOOpJWHAT,
CTpaTerisi, MaTeMaTHYHa MOJIEJb, KOMIT FOTEpHA CHCTEMa aBTOMAaTHU3allii, Teopis irop,
MOJICTTIOBAHHS, TOYHICTh, HEPYHHIBHUI KOHTPOJIb, aBTOMAaTH30BaHA CHCTEMa KEpyBaHHS,

Bepudikarlis, apokcUuMariiitna MoJ1eib, JKUTTEBUM ITUKJI.
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ABSTRACT

Demydenko V.E. Simulation model of a gun shot and methods of verification of its
life cycle in a computer-integrated control system. — Qualifying scientific work on the
rights of the manuscript.

Dissertation for obtaining the scientific degree of Doctor of Philosophy in specialty
151 — Automation and computer-integrated technologies. — National University "Odesa
Polytechnic" of Ministry of Education and Science of Ukraine, Odesa, 2024.

The dissertation work 1s devoted to increasing the efficiency and reducing the time
of combat work of the CICS by practical gun firing in the event of various disturbances
due to the improvement of the simulation model of the shot and methods of verification
of the links of the chain of states of the life cycle of each artillery shot, which form
feedback. To do this, it is necessary to develop a method of verifying the composition of
the pyrotechnic mixture using the library method based on the improvement of the
equilibrium thermal destruction model by the temperature of the mixture of inert and
powder gases. To improve the methods and models for the automated firing control of
towed artillery installations due to the use of models of stochastic processes, on the basis
of which to develop models of the combat operation of individual self-propelled artillery
systems to ensure the verification of an effective shot. Develop a model and method of
finding a given number of meters among the existing set along the firing line, which would
ensure effective registration of ballistic and muzzle waves for the shot verification system.

The following results were obtained in the first chapter "Information localization
and verification of artillery gun firing states".

— An analysis of the methods and approaches of verification of the links of the chain
of states "charge - charging chamber - barrel - projectile trajectory - target" of the life
cycle of a separate artillery shot was carried out, which proved the existence of only
certain links. First, there are models and methods of automated diagnosis of gun barrels
according to the level of wear based on the current analysis and classification of acoustic

fields, in the form of muzzle and ballistic waves, shots during combat work to increase
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the reliability of estimating the initial speed of the projectile and reduce the time of
diagnosing the state of the artillery barrel. Secondly, the model and method of automated
parametric diagnostics of the technical condition of a shot based on the identification of
independent parameters, during the expansion of powder gases and the afterburning of
free carbon in the atmosphere during shots, are known. Thirdly, there is a method of
tracking a moving artillery projectile when it is subjected to disturbances based on the
registration of ballistic and muzzle waves at a distance formed over the range of its
movement. This method made it possible to verify the firing state of an artillery gun and
determine the point of contact of the projectile with the surface based on the parabolic
approximation model of its dynamic characteristics.

— It is shown that in order to verify the chain of states of the life cycle of an
individual artillery shot for the "charge" link, it is necessary to develop a method and
model for verifying the composition of the pyrotechnic mixture of the charge based on the
model of equilibrium thermal destruction by measuring the temperature of the mixture of
inert and powder gases formed. In addition, it is shown that for the "projectile trajectory”
link, it is necessary to find the minimum time limit through the improvement of the
method and model for the automated combat operation of towed artillery installations, on
the basis of which to develop models of the combat operation of individual self-propelled
artillery systems to ensure the verification of an effective shot. For the "projectile
trajectory" and "target" links, develop a model and method for finding a given number of
meters among the existing set along the firing line, which would ensure the registration of
ballistic and muzzle waves for building a shot verification system and calculating the
coordinates of the meeting of the projectile with the surface.

— The structure of the research is substantiated and the task is set, which consists in
increasing the efficiency of the performance of tasks during practical shooting with a
cannon. The study should take into account the influence of various external disturbances
on the firing process. It is necessary to improve the control method to achieve an effective
shot in real conditions by providing feedback from the verification methods of each link

of the life cycle of the current shot.
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In the second chapter "Methods for verifying the composition and energy
characteristics of a pyrotechnic mixture using the library method", methods of increasing
firing efficiency were developed and investigated based on the improvement of the model
of equilibrium thermal destruction of nitrocellulose gunpowder based on the temperature
of the mixture of inert and powder gases in a tank of fixed volume, where the following
results were obtained.

— The impossibility of describing the phenomenon of soot formation using existing
models of internal ballistics was determined. The composition of powder gases includes
C0,CO0,, H,, H,0 and free C, which does not correspond to either the basic or the modified
Kistiakovsky-Wilson rule. The analysis of literary sources confirmed that the composition
of powder gases, in addition to the chemical factor in the form of a negative oxygen
balance, is also influenced by the physical parameters of the shot. In laboratory conditions,
it is not possible to reproduce the parameters that correspond to the thermodynamic stage
of the shot. No conditions were found to ensure that the results of experimental studies
correspond to the parameters of the firing process.

— A modified simulation model of equilibrium thermal destruction of a powder
mixture is proposed. To determine the equilibrium composition of combustion products
containing gaseous and condensed phases, their mole fractions were used. Based on the
chemical equilibrium constants of partial pressures for powder gas, the constants of its
mole fractions were determined.

— The developed model for determining the temperature of a mixture of inert and
powder gases in a tank of a fixed volume allows, when burning powder of a given
composition, to provide a change in the temperature of powder gases by burning samples
of different masses and mixing with inert gas of a constant volume. The inert gas ensures
that there is no afterburning of the powder gases with a negative oxygen balance of the
powder mixture and the composition of the powder gases is not distorted.

— A method of filling the library with solutions of a direct problem in the form of a
three-dimensional array is proposed. The basis of this array is the oxygen balance, which

is achieved during thermal destruction of a carbon-hydrogen compound that contains
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oxygen. This balance is used as a parameter for selection, which is necessary when solving
the inverse problem about the presence of the composition of the compound. To solve
such a problem, it is necessary to transform the raw data into a convolutional number.
Such a numerical value is formed on the basis of the positional principle of writing
decimal numbers. The solution of the problem from the data obtained through the analysis
of the formed three-dimensional array occurs through the application of constraints. The
constraints allow to successively reduce the areas of data overlap cycle by cycle.

— Verification and validation of the method of calculating the composition of
powder gases for filling the library was carried out. The coincidence of the calculation
results with the data for gaseous combustion products is shown. The sensitivity of
determining the quantitative composition and temperature of combustion products when
choosing their list, which differs from the actual one, is shown. Thus, to implement the
task of verifying the chain of states of the life cycle of an individual artillery shot for the
"charge" link, the adequate character of the display of the change in the amount of gaseous
and condensed phases with a change in temperature and the coincidence of quantitative
characteristics at reference points has been demonstrated.

In the third chapter "Improved model and method of automated control of the
combat work of an artillery unit" trailers and separate self-propelled artillery systems
during shot verification were considered and the following results were obtained.

— A stochastic simulation model of the combat operation of towed artillery
installations was developed, which made it possible to take into account the random nature
of parameters such as projectile speed, reloading time, the probability of detection by the
enemy, and to integrate into the model external disturbances, such as weather conditions
and the technical condition of artillery installations before firing.

— Simulation was carried out under the conditions of changing firing positions of
towed artillery installations, which allowed to take into account the time for transportation
to the combat position, possible losses of combat capability during movement and the risk

of detection and attack by the enemy during transportation to the combat position.
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Algorithms have been developed to determine optimal strategies for changing firing
positions.

— Models of the combat work of a separate self-propelled artillery system of a new
generation based on a model of a towed artillery system have been developed. For this, a
technique of dynamic assessment of the current state of combat capability of a separate
self-propelled artillery system has been developed. A tree of individual combat capability
states was developed and the level of dependence on the number of shots of a self-
propelled artillery system necessary to hit a high-danger target during a given time interval
was revealed.

— The simulation model of a shot and the method of effective control of combat
states of a towed artillery gun in the presence of external dynamic disturbances, which
depend on the time of firing when changing the firing position, were further developed,
which made it possible to determine the time of execution of the combat task of individual
self-propelled artillery systems in the event of loss of combat capability only due to
internal dynamic disturbances when using the proposed four-component model of combat
control of a separate self-propelled artillery system without changing the firing position,
which made it possible to verify the link of the trajectory in the chain of states of the life
cycle of an artillery shot.

In the fourth chapter "The method of determining three acoustic sensors for
recording the ballistic wave of an artillery shot" to ensure the most effective registration
of ballistic and muzzle waves during the construction of a shot verification system, the
following results were obtained.

— A generalized structure of the sensor system has been developed, which allows
registration of ballistic waves and subsequent parabolic approximation for the verification
of artillery shots under the conditions of random disturbances in the firing zone.

— The method of determining three acoustic sensors for the most effective
registration of ballistic and muzzle waves of an artillery shot has been developed and
researched. The proposed method makes it possible to solve the problem of choosing three

acoustic meters from the existing set in the firing zone, which allow for the most effective
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registration of ballistic and muzzle waves of a shot, taking into account their location in
relation to the line of the firing direction, measurement error, and the probability of
trouble-free operation.

— For the assessment of acoustic sensors in the presented method, a fuzzy logical
model was developed and researched, which allows to calculate the sensor suitability
criterion with due consideration of the current values of their parameters for the effective
verification of an artillery shot.

— To investigate the effectiveness of the proposed method and fuzzy logic model,
computational experiments were conducted on examples of artillery shots with different
parameters. In the study, three acoustic sensors were identified, which provided the most
accurate registration of ballistic and muzzle waves of the current shot. Which confirms
the effectiveness of the developed method and model, as well as the expediency of their
application to determine sensors in order to further implement the verification of an
artillery shot with random disturbances to determine the coordinates of the collision of the
projectile with the surface.

For the first time, a method of finding three meters among the existing set located
along the firing line was proposed for the most effective tracking of an artillery shot,
which made it possible to verify the link of the meeting point of the projectile with the
surface in the chain of states of the life cycle of an artillery shot based on the parabolic
approximation of the characteristics of the trajectory along which the projectile moves,
which provided a computer-integrated gun control system with a sensor system to
compensate for random disturbances acting on the projectile during a shot.

Thus, the scientific results obtained in the sections together made it possible to
achieve the set goal of the dissertation research.

Key words: projectile, technical condition, coordinate determination method,
strategy, mathematical model, computer automation system, game theory, simulation,
accuracy, non-destructive testing, automated control system, verification, approximation

model, life cycle.
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