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HEMPOMEPEXEBA CUCTEMA TEILIOBOI JTE®EKTOMETPII

A.C. Momom, Hayionanvnuii mexuiunuil ynieepcumem Ykpainu “Kuiscokuti
nonimexuiynuu incmumym imeni leopsa Cikopcbkoeo ”, m. Kuis

Ha cygacHoMy erami po3BHTKY TeIIOBOro HepyiHiBHOrO KoHTpoo (HK) BaxmuBum
HaIpsIMOM JIOCITI/IKEHB € TIONIYK ab0 po3poOka MeTo1iB IuppoBoi 00poOku Tepmorpam. Taka
HEOOXIJTHICTh MOSICHIOETHCS THM, 110 OTpUMaHi iH(ppayepBoHi 300paKeHHS 3a3BUYAl MiCTATh
BHCOKI PiBHI ITyMiB. 3aBaJli MOXYTh OyTH BUKJIHMKaHI HEPIBHOMIPHICTIO HArpiBy, CKJIaIHOIO
BHYTPIIIHBOIO CTPYKTYpoio 00’ekTy KoHTpodto (OK), HemoCKOHAJICTIO BHUMIpIOBAIBHOI
arapaTypu Ta iHIMMH ¢daktopamu. lle mpu3BOAUTH 10 CIIOTBOPEHHS TEIJIOBHX BIJOWTKIB
nedeKTiB, M0 YCKIAaTHIOE BH3HAYCHHS MOJOXEHHA Ta (OpMHU BHSBICHHX aHOMamiil. B
0araThbOX BHIAJKaX HEOOXITHO OTpUMATH iH(OPMAII0 HE JUIIe MPO PO3TALIYBAHHS Ta
norepeyHi po3Mipu Ae]eKTiB, a i BU3HAYUTH MIMOMHY iX 3asiTraHHs, TOBLIMHY, TOOYIyBaTH
TEIUIOBI ToMorpamu. B ymoBax BHCOKOi 3allyMJIEHOCTI BXIJHUX JaHHX Ta BIUIMBY Ha
pe3yabTaT AIarHOCTHKH BEJHKOI KUTBKOCTI B3a€MOIIOB’S3aHHUX IapaMEeTpPiB aKTyaJbHUM
3aBJaHHAM € po3poOka aBToMaru3oBaHMX cucrteM TemoBoro HK, sxi 3abe3neuyBanu ©
BUCOKY 1H()OPMATUBHICTH Ta TOCTOBIPHICTH KOHTPOJIIO.

BusHauenHst mmOuHM 3aisraHHA Je(eKTIB MOXJIMBE 3a pe3ysbTaTaMd IPOBEICHHS
AKTHBHOTO TEIUIOBOTO KOHTpoiro. Jlis amamizy muHamiuHoro Tteruioporo monsi OK mig bac
HPOLIEAYPH KOHTPOJIO 3 MEBHOK KaJIPOBOIO YACTOTOIO 3aIUCYIOThCS HOCIIOBHOCTI TEPMOIpaM.
TemmeparypHi podisti B TOUKax TepMorpaMu OyIyTh BiIPI3HATUCS 11 1eeKTHOI 1 6e3nedekTHOT
TUISTHOK. AHamizytoun (opmy, yacoBi Ta (ha3oBi XapaKTEPUCTUKUA TEMIIEPATypHUX MPOQiiB,
pOOJIATH BUCHOBKHM IOAO TVMOMHH 3aJsiTaHHSA Ta po3MipiB JedekTiB. OCKUIbKU TeMIepaTypHi
npodii € OJHOMIPHUMH BEKTOpaMH, IO MICTSATh IMIKCENbHI 3HAUEHHs TeMIeparyp B TOYKax
noBepxHi OK, ast iX omparfoBaHHSI 3aCTOCOBYIOTbCS METOIM LUPPOBOi 00poOKH curHaiis. B
poOoTi [1] mpoBeneHM MOPIBHUIBHUI aHANI3 ICHYIOUMX METOMIB 00poOku Tepmorpam. B xomi
JIOCII/DKEHHST aBTOpaMH BCTAHOBIICHO TIEPEBAard Ta HEJONIKH METOIy BEWBIIET-TIEPETBOPEHHS 1
METO/ly aHaIi3y TFOJIOBHMX KOMIIOHEHT, JMHAMIUHOI TEerioBoi ToMorpadii Ta HEHPOHHUX Mepex
(HM). B pe3ynbraTi BCTaHOBJEHO, IO aJrOPUTMH Ha 0a3l HEMPOHHUX MEpPEeX € HaWOLIbII
ONTUMAIBHUMM JJIsI 3aCTOCYBAaHHS B CKJIaJl aBTOMATH30BAaHUX CHUCTEM AKTHUBHOTO TEIJIOBOIO
koHTpoimo. Lle mosicHIoeThest BUcOkoro amanTuBHICTIO HM, iX 37aTHICTIO mpariioBaTi B yMOBax
BUCOKUX DIBHIB 3aBaj Ta €(EeKTHUBHO BHpILIYBaTH OaraTornapaMeTpoBi HemiHiiHI 3amadi [2]. B
TEIJIOBOMY KOHTPOJII HEHPOHHI MEpeski MOJKYTh OyTH BUKOPUCTaHI JJIsl Kitacudikariii Ta no0y1oBu
KapT 1e(eKTiB, a TAKOXK B 33/1a4ax TEIUIOBOi JedeKToMeTpii Ta ToMorpadii.

OcHOBHY 1H(pOpMaIil0 NpPO MapaMeTpu Ta XapaKTEpPUCTUKU Je(EKTIB HECYyTb He
TEpMOrpaMH, 110 € JBOBUMIPHUMH LU(POBUMH 300pa’KCHHSMH, a OAHOBUMIpHI TeMIIEpaTypHi
npodini. 3BaXkaroul Ha MPOCTOTY (HOPMH BXITHHX JTAHUX, B aKTUBHOMY TEIUIOBOMY KOHTPOJI
JIOLIJIBHO BUKOPUCTOBYBATH HEHPOHHI MEPEsKi 3BOPOTHOTO MOIIMPEHHS MOXUOKH. JI71si HaBuaHHS
Mepexi Ha 11 BXOJIM MOAAI0THCS 3pa3Ky TEIUIOBUX MPoduTiB 1epeKTHUX Ta 6e31ePEeKTHUX TOUOK,
y BIIMOBIIHICTh SIKUM CTaBUTHCS TEBHA XapaKTEPUCTUKA Ae(PeKTy. XapaKTEPUCTUKOIO MOXKe
Oyt Tunm abo kiac aedekry, rauOWHA MOTrO 3asTaHHs, TOBIIMHA a00 OYyAb-IKWNA I1HIIWAN
napamerp. ['HydkicTh Ta BUCOKa ajganTuBHICT HM 103BOJSIIOTH BHpINIyBaTH 33jadi, sIKi Ha
CBOTOJHIIIHIN JIEHh HEMOKJIMBO PO3B’SI3aTH TPAAUIIIMHAMU CTATUCTUYHUMH 200 aHAIITHIHUMH
merofamu. Hanpuknan, ToBmuHy (po3kpuB) aedektiB B TeruioBomy HK MoxHa ominuty nmre
BimHOocHO [3]. Jns 1poro TOPIBHIOIOTH BEIMYMHY MAaKCUMAIBHOTO — JU(EPEHIIIHHOTO
TEMIIEPaTypHOTO CUTHATY s Ae(eKTiB, 10 3a/sAraloTh Ha OJHAKOBIM TIMOWHI Ta MalTh
OJTHAaKOBY IUIONIYy. [HIIN METOAM BHM3HAYEHHS TOBIIMHU Oa3ylOThCS HAa CXOXKHX TPHHIIHIIAX.
BukopucTtanHs HEHpPOHHUX MEpEeX J03BOJISIE OTPUMATH KOHKPETHI YHMCIIOBI 3HAUEHHS TOBIIMHU
JeEKTIB 3 TOUHICTIO /IO OJIMHUIT BiJICOTKIB.
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3acobamu nporpamuoro nakety NI LabVIEW 06yno peanizoBano anroputMu cucteMu
teroBoi Aedexromerpii. Ilepennss maHenp BIpTyalbHOTO TNpHIAAY IOKa3aHa Ha pwuc.l.
Snpom cucteMu € Tpu HepoMepekeBuX Moy Ti. KoxeH i3 MOAyImiB BUpPIIITYe OKpeMy 3ajady
— BH3HAUYCHHS THIY Je(QeKTy, BHU3HAYCHHA TJIUMOWHU 3aisraHHs JeeKTy, BH3HAYCHHS
TOBIIUHKU Je(PeKTy. 3a3HAYMMO, HI0 ICHYE MOXKIUBICTh BHKOpHCTaHHS ojaHiei HM s
BUPINICHHS BCIX MEpeNideHnX 3anad ogHouyacHo. OJHaK, TakuW MiAXiJ € HEBUIPABIAHUM,
OCKIUIbKH TPU3BOJUTH 10 3HAYHOTO 3POCTAHHS CKIAJHOCTI CTPYKTYPH MEPEXi i MOMITHOTO
301IbIIEHHS TOXMOKM Ta OOYHCIIOBAIBHUX BUTpaT. B yciX TphOoX MOIYJsIX
BUKOPHCTOBYBAJIaCsl HEHPOHHAa Mepeka 3BOPOTHOTO TONIMPEHHS TMOXHOKH, MoOyJoBaHA
3acobamu Habopy iHcTpyMeHTiB NNtool nmporpamuoro naketry MATLAB.

B sikocTi BXiIHMX JJaHUX CHCTEMa BUKOPUCTOBYE MACHBH ITIKCEIILHUX 3HAUCHB TEMIIEPATYD,
SKI CKJIJalOThCsl 3 HAOOPIB TeMIepaTypHUX Mpo@uIiB y KOXKHIM TodIlll Tepmorpamu. B manomy
BHUIAJIKy, HA0Ip BXiHUX JaHUX OTPUMAHO 3a JIONIOMOI'OK) KOMIT FOTEPHOTO MOJICITFOBAHHS
AKTUBHOTO TEIUIOBOIO KOHTPOIIIO amOMiHi€BOI tacTiHU po3mipoM 100 x 100 MM Ta TOBIIMHOIO
10 mm. B cepenyi miacTiHE po3MIIIEH] IITY4YHI MOJIeNi Ae(EKTIB Pi3HOTO pO3MIpY, 1110 3AJISTaI0Th
Ha pi3Hii rmouHi. [InacTuHa HarpiBagacs TEIUIOBUM MOTOKOM 3 TYCTHHOIO MOTYKHOCTI 10 kBT,
SKUA OyJIO TPHKIIAJICHO JO JMIbOBOI rpaHi twiactHu npotsrom 0,3 cekyHn. B pesymbrarti
3aIKCaHo MOCTIIOBHICT 3 50 TepMorpam po3autsHoro 3aarHicTio 400 x 400 mikceniB. BimmosiaHo,
KOXKEH TeMmIieparypHuid mpodiis ckiamaerbes i3 50 enemenTiB. MojielltoBaHHS BUKOHYBAJIOCH B
nporpamaomMy nakeri COMSOL Multiphysics.

Mapametpu i noxubkn  OBpobka |
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Puc. 1. Ilepenns maHenb BipTyaJbHOTO NPHJIay CUCTEMH TEIIOBOI AeeKTOMEeTpii

[lepenuss maHenb po3pobieHOi cucTeMu MICTUTh 4 TpadiyHUX BiKHA, SIKI MICTATH
300paxxeHHs] KapTh Je(eKTiB, MOYaTKOBUX TEpMOrpaM Ta TEIJIOBI TOMOIpaMH.
BukopucToByloUM BIAMOBIAHI IHCTPYMEHTH M POOOTH 3 KapTolo JAe(dekTiB, icHye
MO>KJIMBICTh BUMIPSITU MOMEPEYHI PO3MIpHU Ta IJIoUly AePEKTiB, BUBHAYUTH iX THUII, IITHOUHY
3aJTraHHs Ta TOBIIMHY. Y BIKHI, IO MICTUTh TOYAaTKOBI TepMOrpaMu, IepeadayeHa
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MO>KJIUBICTh BHUMIPSTH HAQJIMIIKOBY TeMIIEpaTypy B 3ajaHiil Tourll. TermioBa ToMorpama
MICTUTh 300pa’keHHsI BIIOWTKIB JeeKTiB Ha BIANOBIMHINA TMHOMHI 3aisraHHs. 3HAIOUU
TOBIIMHY J1e(DEeKTIB, MOXKHA BIATBOPUTH iX (popMy B cepelrHi 00’€KTy KOHTporo. Ha sxanb,
NI LabVIEW He Haznae 3aco0iB 1s1 CTBOPEHHS MOBHOLIHHOTO 3D 300pakeHHs! BHYTPIIIHBOT
cTpykTypu 00’€kTy. ToMy 300pa’keHHSIMH Ie(PEeKTIB BUCTYIAIOTh HAIIBIIPO30Pi BEPIIUHH
CTOBITYMKIB Ha TEIUIOBil ToMorpami. HasBHUX iHCTpyMEHTIB Ta 3ac00iB JOCTAaTHBO, 100 B
MOBHIM Mipi BUPINIYBaTH 33J1a4i TEIUIOBOI Je(heKTOMETPIii.

Ha pucynky 2 moka3zaHo OJNOK-fiarpaMy OJIHOTO 13 HEHPOMEpEeKEBUX MOIYIIIB.
CuHanTU4HI Barv, 3HAYCHHS 3MIIICHb HEHPOHIB Ta IHIN MMapaMeTpHd MEPEXi IMIIOPTYIOThCS 3
TEKCTOBOTO (haiiiry. AJITOPUTM pOOOTH MEPEXi peai3oBaHO y BUIIISII POrPAMHOTO KOIY MOBOIO
MATLAB. [lnsa inrerpamii komy B cepemopuiiie NI LabVIEW BHKOpHUCTOBYETHCS MOIYJIh
MathScriptRT. Takwii miaxig 103BOJISE 3HAYHO 30UIBIIATH IIBUIKOIIO BCIET CUCTEMHU, OCKUTHKH
rpa(bqua MoBa mporpamyBaHHsa G, mo BukoprcTtoByeThcsi B NI LabVIEW, € mMoBoro BHCOKOTO
piBus. Ii 3amiHa Ginbin HU3BKOPIBHEBOIO MOBO HakeTy MATLAB mpu3BomuTh 10 TIOMITHOIO
MPUILIBHUIIIEHHS. pOOOTH 3a BEJIMKUX 00CATIB PO3PAXYHKIB.

Pobota cuctemMyn MOYMHAETHCS 3 IMIIOPTY Ta 3aBaHTaKEHHS TEPMOTPaM, HEHPOHHHX
Mepex Ta ix mapamerpiB. Hactymuum kpokom 3amyckaerbes po6ora HM nnst BusHaueHHsS
tuny nedekriB. Ha ocHOBI pe3ynbrariB ii pobotn Oymyerbes kapta aedekriB. Ha nanomy
eTami aHami3yloThCs BCl TOUkH Tepmorpamu. [licns Bu3HadeHHS JePEKTHUX TOUOK, B
HACTYITHI MOJYJIi CHCTEMH TE€PENalOThCs JIUIIE BiAMOBIAHI BEKTOPU TEIUIOBUX MPOLTiB, 1m0
MO3UTUBHO BIUIMBAa€ Ha MIBUAKOMI0. I BUSABICHUX AEPEKTHUX TOUYOK JPYTHM MOAYJIEM
BU3HAYAEThCS TAMOWHA 3amsraHHs aedekry. 3a OTPUMAHMMHU pe3ylIbTaTaMH OyIyeThCs
TerioBa Tomorpama. OCTaHHIM 3amycKaeTbcsi B POOOTY MOAYJIb BU3HAYEHHS TOBIIWHU
nedexTiB Ta mo0yaoBu 300pakeHHs BHYTPIHBOI cTpykTypH OK.

O6pobra 3asamtakenns  OBpobka
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[ % Pobora mepexi
VAR é = y1 =tanh(IW * input_preprocessed + b1);

fin.

i} y2 = tanh(LW * y1 + b2);

Crapr HM i 1]
[ -m ol 3 = tanh(OW *y2 +b3);
s}
ST b ' res = (y3-out_ymin) .* (out_xmax-out_xmin) /(out_ymax-out_ymin) + out_xm
-
- Al for n_type=1:4

3 ; if res(n_type)<=0.8
= res(n_type)=0;

= elseif res(n_type)>0.8
I res(n_type)=1;

b end
© end

s}
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Puc. 2. Briok-niarpama Moaynro st podotu 3 HM
[Ticna 3aBepmenns pobotu HM, Bci HelipomepexkeBl MOyl CTalOTh HEAKTHUBHHUMHU.
Ha mpoMy erami omeparop Mae 3MOTY OIpamOBaTH OTpUMaHi pe3ynbraTtd. Po3pobieHa
cucTeMa JI03BOJISiE OTPUMATH HAMOLIBII JOCTOBIPHI PE3yNbTAaTH BHUMIPIOBAHHS TIIMOMHU
3aJsiTaHHs] Ta TOBUIMHM Je(EeKTIB y MOPIBHSAHHI 3 ICHYIOUMMH MeTojgamu [4]. 3HaueHHS
CepeIHbOKBAPATHYHOI MOXMOKM BHU3HAUEHHS XapaKTEPUCTUK Je(PEeKTiB HaBeJeHI B TaOJIHUII
1. TToxubka wmacudikamii aedekriB ckmamae 31,2%. lle mosicHIOETBCS THUM, IO 3HAYHA
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KUIBKICTh TIKCENB OynM BU3HA4YEHI K Ne(PeKTHI 4Yepe3 BIUIMB BUCOKOTO PIBHS TEIJIOBOI
mudysii. 3a HaBeneHUX yMOB KOHTpouto Ta mapamerpiB OK i1 gedexTiB yHUKHYTH BHCOKHX
CIIOTBOPEHb (POPMHU TEIUIOBHX BIJIOMTKIB HEMOXJIWBO. ToMy MoxmOKa BHU3HAYECHHS ILIOII
TAaKOXX Ma€ BHCOKHH piBeHb. 3HaueHHS KpUTepito TaHIMOTO A JAHOTO JOCHITY CKJIajo

68,2%, 1110 € HETIOTaHUM PE3YJIBTATOM CEpe]l aHATIOTTYHUX JOCITiIKEHb [5].
Tabmmms 1. [loxuOku BUMipIOBaHHS mapaMeTpiB AedeKTiB

[TapameTp: [Tnoma | 'mubuna 3ansranns | ToBmmHa

CepennbokBaaparnyna noxudka (MSE), % | 46,6 0,1 0,49

Otrxe, po3poOieHa cucTeMa J03BOJIIE TPOBOJUTH TEIUIOBY JE(PEKTOCKOMiI0 Ta
Ne(QEeKTOMETPII0 3 BHCOKOIO TOYHICTIO. 3aCTOCYBAaHHS HEHPOHHHUX MEPEX B SKOCTI 3aco0y
00poOKM  TepMorpamM  MPHU3BOJAWUTH 10  MIABUINEHHS  JIOCTOBIPHOCTI  KOHTPOJIIO.
PexkomeHTyeThCsl BUKOPHCTOBYBATH JaHy CUCTEMY JUIsl KOHTPOJIIO OJHOTUIIHHX BHPOOIB, 110
noTpedyBaTUMe JIMIIE OJHOKPAaTHOTO HaBYaHHS Mepex. KOoHTpomb ciig mpoBoauTH B
7a00paTOpHUX yMOBaxX 3 METOK 3MEHIICHHS BIUIMBY CTOPOHHIX (aKTOpiB Ha HOTO
pe3ynbTaTi. B iHIIOMY BUNIaAKy iCHyBaTUME HEOOX1AHICTh (hOpMyBaHHS 3HAYHOI 32 00CITOM
0a3y HaBYAIBHUX JAaHUX Ta YCKIATHEHHS apXiTEKTypH MEpexX, M0 HETaTHBHUM YHHOM
BIUIMHE Ha iXx edekTuBHICTb. HenomikoMm cHcTeMH € 3HA4YHA 3aJE€KHICTh TOYHOCTI
BUMIPIOBaHb BiJ TapaMeTpiB TEIUIOBi3iiHOI amapaTypu. HalOimbml TepCHeKTHBHUM €
3acTocyBaHHs cucteM Ha 0a3i HM s koHTpoiro OararomapoBHX Ta KOMITO3HIIHHHX
MarepiasiB y 3B’s3Ky 31 CKJIQIHICTIO iX BHYTPIIIHBOI OyJOBM Ta HAsSBHOCTI BUCOKUX PiBHIB
3aBajl. BUkopuCTaHHS 1HTENEKTYaIIbHUX CHUCTEM OOpOOKM AaHUX JO3BOJISE 3MEHIINTH POJIb
orepaTopa B HPUUHATTI PillleHb, IO TMO3WUTHBHO BIUIUBAE HA JIOCTOBIPHICTH pPE3y/IbTATIB
KOHTpOJII0. OCHOBHUM 3aBJaHHSM JUIS MOJATBIINX JOCII/DKCHB € MOUTYK IIISXiB ONTHMIi3arii
CUCTEMH 3 METOIO TiABUIICHHS ii IIBUAKO/IIT Ta MOYXJIMBOCTEH pOOOTH y peaibHOMY Yaci.
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