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NIAEHTUO®UKALNA T'OPIOYUX T'A30B
TEPMOKATAJIMTUYECKUMU CEHCOPAMMU

TepMokaTanuTHUECKHE CEHCOPHI Ta3a — OJHHU M3 CaMbIX IIUPOKO HUCIOJIb3YEMbIX MPU U3MEPEHUU KOHLIEHTPAIUM
roproyux razoB. OJJHaK0, HECMOTPSI HA MHOKECTBO JOCTOMHCTB JIAHHOTO TUIIAa CEHCOPOB, CYLIECTBYIOT U HEIOCTAT-
KM, OJIHAM M3 KOTOPBIX SIBISIETCS HU3Kasl CEJIEKTUBHOCThH K IIEJIEBBIM TOPIOYHMM Ta3aM. B JaHHOM HCClieZJOBaHMH
MIPEACTaBIEHBl PE3YNbTAThl MPUMEHEHUS METOJIOB MAIIMHHOTO OOYyYeHMs JJIs PACIO3HABaHUS TOPIOYUX Ta30B
B BO3/IyX€ C HCIOJIF30BaHUEM TEPMOKATATUTHICCKAX CEHCOPOB. VI3MepeHns1 CHTHajIa CEHCOpa BBITOIHSIINCH C HC-
MTOJTE30BaHUEM METOAa MHOTOCTaJIUHHOTO W3MEPHUTENBHOTO MMITYJIhCa, OMMMCAHHOTO B HAIIUX TNPEIBIIYIINX pado-
Tax. J7s HACBIICHUs CHTHaNa WH(POPMAIHEH O Ta30BOM COCTaBE OKPYKAIOMICH CPEeIbl JaHHBI METOA OBLT MOJTH-
(UIIPOBAH MTyTEM 3HAYUATEIFHOTO YBEIMYCHUS YUCIIA CTaIuil H3MEepeHU. B kadecTBe IeNeBBIX Ta30B UCIIOIb30Ba-
JIUCh METaH W Mapbl alleTOHa, 3TaHoja U OcH3uHA. [Iyi1 00pabOTKM MHOTOMEPHOTO CHUTHANa CEHCOpa MPUMEHSUIICS
METOJ] OMOPHBIX BEKTOPOB. Pe3ynbTaThl MOKA3bIBAIOT, YTO MPEAJIAracMbIi TOIXO0] MO3BOJSCT UICHTU(DUIIMPOBATH
ra3bl eJUHCTBEHHBIM TEPMOKATAIUTHYECKUM CEHCOPOM, YTO MOXKET ObITh MCIOJB30BaHO MPHU pa3pabOTKe Celek-
THUBHBIX JIETEKTOPOB, PEATHPYIOIINX TOJIHKO HA IEJIEBBIC Ta3hl.

Kn. cn.: TOpHOYME ra3bl U Mapbl, CCHCOPLI I'a3a, TGpMOKaTaJII/ITI/I‘IeCKI/Iﬁ CCHCOp, I/I,Z[GHTI/I(bI/IKaIII/Iﬂ ra3oB

BBEJAEHUE

Hcnonp3oBaHue CpeNCcTB paHHETO Mpeaynpexie-
HUS, TAKUX KaK JIETEKTOPHI Ta3a — OJHO W3 KIF0Ye-
BBIX JEHCTBUH AJIS MOJAEpKaHUs 0€30IacCHOCTH Hpo-
MBILIUIEHHBIX TPOM3BOJCTB W JOMOBIajaeHuil. He-
CMOTpsI Ha TO YTO IEPBBIE JETEKTOPHI ra3a CO3JaHbl
Oomee 100 seT Ha3zan, MOTPEOHOCTH B OBICTPBIX, TOY-
HBIX W CEJIEKTUBHBIX METOJaX IMPOBEICHHUS MOHHUTO-
pUHra M KOHTpPOJIA KOHIIEHTpalMH ra3a coxXpaHsercs
JIO CHX TIOP.

Jlid mpoBeneHUs MOHUTOPHHIA YTEUYEK TOPHOYMX
ra3oB HEOOXOIMMO HCIOJB30BaTh CEHCOPHI, CIOCO0-
HBbIE TIPOBOJUTH U3MEPEHUsI KOHLIEHTPALU TOPHOYHX
ra3oB B BO3/yX€ B JMala30HE JOB3PBIBHBIX KOHIICH-
Tpamuid, KOTOPBIA cOocTaBisieT 0OBIYHO 110 50% HUXK-
HEro KOHIIEHTPAIMOHHOIO Mpefesa paclpoCTpaHeHUs
wramenn (HKIIP) cooTBercTByromero rasa uiam mapa.
Jnd MOHHMTOpMHIa KOHIIEHTPAaLMM TOPIOYMX Ta30B
B BO3/IyX€ HCIOJIB3YIOTCA Pa3IU4HbIE THUIIBI CEHCOPOB
(TepMOKaTanUTHYECKUE, TOITYIPOBOAHUKOBBIE, OITH-
yeckue W Ap.). Kaxneld Tunm ceHcopoB oOnanmaer
CBOMMHM IPENMYIIECTBAMU M HeJocTaTKaMu. Tepmo-
KaTaIUTUYECKHE CEHCOPBl — OAHM U3 CaMbIX CTapbIX
M B TO e BpeMsa HanOojee paclpOoCTpaHEHHBIX CEH-
COpOB Trasza Juid AETEKTUPOBAaHUS JIOB3PBIBHBIX KOH-
LEHTpaLui roprouux razon. Vcrnonb3ys 3TH CEHCOPHI,
BO3MOKHO M3MEPHUTH KOHIEHTPAIMIO BCEX THIIOB IO-
pIOYMX Ta30B B IIMPOKOM JMara3oHe TeMIeparyp.
TepMoKaTamTUTHYECKHE CEHCOPBI 00J1alal0T BBICOKOM
HaJIe)KHOCTBIO M CTaOMJIBHOCTBIO CHUTHANIA, WMEIOT
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JUIMTENBHBIN CPOK ciIykObl. B TO e Bpemst HezocTart-
KaM{ TepMOKATAIUTUYECKUX CEHCOPOB SIBISIOTCS MX
BBICOKOE SHEpPronoTpedaeHne, HU3Kasi CeeKTUBHOCTD
K LIEJIEBBIM TOPIOYUM razaM M YSA3BHMOCTh K OTpaB-
oM cMecsiM [1]. CoBpeMeHHBIE HCCIIeTOBAHUS
B OTHOUIEHWH CEHCOPOB JIAHHOI'O THIA HalpaBJEHbI
Ha Oonee 3(pPeKTHBHOE HCIIOIB30BAaHUE HX TPEUMY-
IIECTB U YCTPaHEHHUE UX HEJOCTAaTKOB [2—4].

CyIiecTByeT HECKOJIBKO CIIOCOO0B yBEIMUYCHUS
CEJIEKTUBHOCTH CEHCOPOB Ta3a [5]. OnHUM U3 HIHPOKO
UCIIOJIb3YEMBIX METOIOB SIBIISIETCSl BEIOOp TeMIIepary-
pBl HarpeBa TakuM 00pa3oM, YTOOBI OTKIIMK CEHCOpa
Ha 1eJIeBOH ra3 OblJI MaKCHUMaIbHBIM, B TO BpeMsl KaK
Ha JIpyrHe ra3bl OCTaBaJICsi MHHHMaJIbHBIM. Yacto
UCTIONIB3YIOTCA (PUIIBTPBI, UCKIIIOYAIONINE YaCTh MPH-
MecCeil.

Hpyroii IMpOKO UCHOJB3YEMBIH METOJ — TeMIle-
paTypHas MoxynAuus. B cOOTBETCTBUU C 3TUM METO-
JIOM, CHTHaJl CEHCOpa H3MepsAeTCs NIPH PA3IUYHBIX
TeMIepaTypax HarpeBa 4YyBCTBUTEIBHOIO 3JIEMEHTA.
Takum 00pazoMm, CHUTHal OTpakaeT TEMIIEPATypHYIO
3aBHCHMOCTb PEAaKIMHM CEHCOpa U SIBISIETCA YHHUKaJb-
HBIM IS Pa3JIMYHBIX Ta30B. ITOT METOJ] IIUPOKO HC-
NOJIB3YETCS IPU NPOBEACHUN N3MEPEHHUH C IIOMOIIBIO
MOy IPOBOJHUKOBBIX CEHCOPOB [6—8].

CymecTByIOT [1Ba Pa3IMyHbIX MOIX0AA K MCHOJIb-
30BaHUIO TEMIEpaTypHONH MOIYJIALWHU IJIs TePMOKa-
TAIATHYECKNX CEHCOpOB. B mepBoM moaxoxae mpo-
¢une HarpeBa MpH NPOBEACHUH H3MEPEHUH HMEET
cuHyconnanbayio Qopmy. Ilpm sTtom mnpoBeneHue
CMEKTPATIBHOIO aHAJIN3a CUTHAJIA [TO3BOJISIET ONPEIEIUTD
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Tun raza [9]. Bo BTopoM moaxoje OCyIIeCTBISETCS
HMMITYJIbCHBI HarpeB CEHCOpA, a aHalIU3 CUTHaja Mpo-
M3BOAMTCS METOJAMH MalIMHHOTO 00y4eHus [10].

B mammx npensiaynmx pabotax ObUl MpeaniokeH
METOJI MHOTOCTAUHHOTO U3MEPUTEIHHOTO MMITYJIhCa
[2]. ManHbIit METOA MO3BOJISET CYLICCTBEHHO CHU3UTD
CPEIHIOI TOTPEOJIIEMYI0 MOIITHOCTh TEPMOKATaH-
TUYECKUM CEHCOPOM TMpHU MPOBEACHUU H3MEPECHUM.
MocTtoBast cxema C JABYyMsA CeHcopaMu (pabouum
W CPaBHUTEIFHBIM), ITUPOKO HCIONB3yeMast ISl Po-
BEJICHUS U3MEPEHUI, 3aMEHEHAa CXEMOU C OJHHUM CEH-
copoM (CpaBHHTENBHBII CEHCOp HCKIIOYEH M3 CXe-
Mbl). TemnepaTypHas KOMIICHCALMS TIPU 3TOM OCYIIlEe-
CTBIISIETCSL 332 CUET M3MEPCHMS Pa3HOCTHOTO CHTHAJa
(mpu nmByX pasHbIX TemIieparypax). JlaHHbii MeTo[
MOXET OBITh pacIIUPeH TS UCTIOIB30BAHMS TEMIIepa-
TypHOW MOJYJALMW 3a CYET JA00aBIIEHUS HOBBIX W3-
MEPHUTEIBHBIX TOYEK.

B nmanHO# crarhe mpencTaBiIeHBl Pe3yJbTATHI HC-
CJeI0BaHUS IPUMEHEHUS TEMIIEPATYPHOU MOAYJIISLIUU
U METOJIOB MAIIMHHOTO OOYYCHUS I MACHTH(UKA-
LUUU TOPIOYUX Ta30B TEPMOKATAIUTUYECKUMH CEHCO-
pamMu. MeToa MCITOJIB30BaH TIPHU MPOBEACHUH H3MEpe-
HUI MeTaHa W HACHIIIEHHBIX MApOB aleTOHa, 3TaHOoJa
1 OCH3MHA C IEJIbI0 pa3pabOTKHU MOAX0JIa JUIS Pacro-
3HAaBaHWS Ta30B W, B YACTHOCTH, JJISI CEJEKTHBHOTO
JIETEKTUPOBAHUSI TPHUCYTCTBHSI METaHa B BO3JAYXE.
JlanHas 3amada SBISIETCS aKTyaJIbHOW JUISI OBITOBBIX
JNaTYUKOB C TEPMOKATATUTHUYECKUMHU CEHCOpaMu
B ra3u(UIIMPOBAaHHBIX IOMaX, T.K., TIOMHAMO METaHa,
B BO3AYyXE MOTYT IPHUCYTCTBOBATH Maphbl Pa3IUUHBIX
pacTBOpUTENICH, NTPUMEHSAEMBIX B OBITY, Ha KOTOPBIC
JIATYUK TaKXKe MOXKET CpadaThIBaTh.

CHUT'HAJI CEHCOPA TIPHU PA3JINYHBIX
TEMIIEPATYPAX

BrlnionHeHne W3MEpEeHUN NpHU PA3NIHYHBIX TEM-
neparypax CeHCOpa IO3BOJSET MOJYYHUTh JIOHOJI-
HUTEIBHYI0 WH(QOPMAIMIO O XHUMHUYECKOM COCTaBe
cpensl. [lannas wHpOpManus Oazupyercs Ha COCTaB-
JSOIUX CHUTHAJA, 3aBUCAIIUX OT  TEMIEPATypbL:
TeMIlepaTypa Hadajla peakluu FOpeHusi, TeMIEepaTyp-
Has 3aBUCUMOCTb CKOPOCTH XMMMUYECKOW pEaKLUU,
TeMIiepaTypa Havana AU y3MOHHOTO OTpaHHYCHUS
CKOPOCTH PEAKIMHU. DTU COCTABIIAIONIME CO3JAI0T Xa-
pPaKTEpHBIM PUCYHOK CUTHana ceHcopa. JaHHbIM pu-
CYHOK YHHMKaJEH AJI1 KaXAOro raza. OTH XapakTep-
HBIE PHUCYHKH CUTHAQJa MOTYT OBITh HCIOJb30BaHBI
JUISL TIOBBILIEHUS CEJIEKTUBHOCTH MPOBOJIUMBIX H3MeE-
peHuil.

[IpuHIMT paboTH TEPMOKATATUTUYECKOTO CEHCO-
pa OCHOBaH Ha OECIUIAMEHHOM OKHCJICHHH TOPIOYHX
ra3oB Ha MOBEPXHOCTH KaTaiu3aropa ceHcopa. Kara-
JIM3aTOP HAHECEH Ha TEPMOPE3UCTOP, KOTOPBIM Takke
BBINIOJIHSAECT POJIb Harpesareis. Teruo, BbLAEIsIEMOE
OKUCJIUTEIIbHON peakuuel, YBeINYMBAET TEMIEpaTy-

Py 3TOrO TEPMOPE3UCTOpa, M €ro CONPOTUBIICHUE H3-
mensiercst. KonuuecTBO Temia 3aBHCUT OT TEIIOTHI
CrOpaHHs ra3oB, UX KOHIICHTPAIUH U CKOPOCTH MpO-
TEKAHWsI PEaAKIINH:

S=K-AH-C,

rae S — curHan ceHcopa, AH — TemnoTa Cropasus,
C — xoHneHTpanus raza u K — ko3 uIent npo-
MOPLMOHATIBHOCTH, 3aBUCSIIUHA OT ckopocTH Audy-
3UM, CKOPOCTH MPOTEKaHUs XWMHYECKOH peakluu
U Ipyrux hakTopos.

CBsI3p CKOPOCTH XHMHUYECKON peakIiy ¢ TeMIepa-
TypOH MOKHO BBIPa3sUTh 4Yepe3 ypaBHEHHE AppeHHy-
ca:

E
k(T)=k,exp| ——=~ |,
(T) =k, exp RT

rie k) — NpeadKCIOHEHIINATBHBI MHOXHTEIb, KOTO-
pBI 3aBHCHUT OT YaCTOTBl CTOJKHOBEHHI MOJEKYJ
W BEPOSTHOCTH WX MPABUIIBHOW OPUCHTAIINN BO BPEMs
9THUX CTOJIKHOBEHHUH; E, — HHEPrusl akTUBALUU PeaK-
nuu; R — yHUBEpCallbHAs ra30Bas MOCTOSIHHAs U T —
temneparypa. Kosdbdumumenr k&,  Takke 3aBUCHT
OT TeMIepaTypbl, HO 3Ta 3aBUCUMOCTb OTHOCHTEIILHO
MEJIJICHHAs TI0 CPAaBHEHUIO C BIMSHUEM JIPYTHX (ak-
TOPOB.

Kpome TemmepaTypbl, CKOPOCTh pPEaKIMH TaK¥Ke
3aBUCHUT OT CKOPOCTH OU(PQPYy3UH KOMIOHEHTOB peaK-
K B 00beM cencopa. C yBeTUUEHHEM TeMIIepaTyphl
CKOPOCTb PEaKLUH JOCTUraeT 3HaYeHUH, Koraa Hauu-
HAaeT OTPaHUYMBATHCA CKOPOCTBIO TUPQPY3UH KOMIIO-
HEHTOB PEaKUMM U B KOHEYHOM HTOTe MOJIHOCTBIO
ompenensiercs 3TUM QakTopoMm. B To xe Bpems cko-
pocth mudy3un TakKe 3aBUCHUT OT THIIA Ta3a U TeM-
nepatypbl. TakuMm 00pa3zoM, HadanbHas TeMIlepaTypa
OTPaHUYCHHSI CKOPOCTH XUMHUYECKOH PEeaKIuu CKOpPO-
cTbio Qg dy3un TakxKe OTINYAETCS AN pa3HBIX a30B
U SIBIISICTCS UX XapaKTEPHOW YEePTOM.

KOHCTPYKIUSA JATUNKA

W3mepeHus curHaga MpOM3BOAMINCH C IIOMOLIBIO
MpPOTOTUNA AaTyMKa. bjok-cxema JaTduka MpeacTaB-
JieHa Ha puc. 1.

VYipasieHue CXeMON OCYIECTBISAETCS C IOMOIIBIO
MuKpokoHTpoiiepa Atxmegal 6ES5. Ilepemaua man-
HBIX C JJaTYMKa MPOU3BOAUTCS MOCPEICTBOM Oecnpo-
BomHOI cetu. llomkimioueHWe K CETH BBHIMONHACTCS
¢ momomipio Mmoaynsa TelegesisSETRX3. On obecnieun-
BaeT CBSA3b MO IMPOTOKOJIY, COBMECTUMOMY CO CTaH-
naprom IEEE 802.15.4/ZigBee m ynpansieTcst 1o-
cpeactBoM AT-komaH[, NepeJaBaeMbIX IO HHTEp-
¢eiicy UART.

[Mutanue paTunMka OCYIIECTBISIETCS OT JIMTHEBOU
Oarapeiikn HampspkeHuem 3.6 B. Hanpsokenme Oarta-
peiiku mogaercs Ha BXon DC/DC mpeoGpaszoBatens

HAVYYHOE ITPUBOPOCTPOEHMUE, 2022, Tom 32, Ne 1
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DC/DC Knioy
——]npeobpaso- AUTAHUA
BaTenNb
NcTo4HnK .L
NUTaHWA Knio4
\L ZigBee
J_ npueMo- je—=
nepenaT4YnK
MK OnNopHbIA
pe3ucTop
1 AU
PaGo4nn
CeHcop

Puc. 1. brok-cxema nporoTumna JaT4yuka raza

TPS63060, obecrieunBaromero HaNpPsHKCHUE TTHTAHUS
3.2 B mnpu HampspKeHMM Ha BXOAE€ B JUana3zoHe
ot 2.5 B 1o 12 B.

Jns m3mMepennii uConabp3yeTcs TepMOKaTaIuTHIe-
CKUil ceHcop, u3rotopiaeHHbli komnanueit HTL W'/,
CeHCop COCTOMT M3 CHHpANH, U3TOTOBIEHHOW M3 JIH-
TOTO TUTATHHOBOTO MHUKPOIIPOBOZA B KBapIEBOW H30-
nanuy. TonmmHa TUIaATHHOBOTO MHUKPOIIPOBOJA CEH-
copa cocraBmger 10 MKM, TONIIMHA W3OJSIHA —
2 mxM. KBaprueBas u30i1s1ust o0ecreunBaeT 10MOIHH-
TENBbHYIO 3alIUTYy TUIATHHBI OT BHEIIHETO BO3ACHCTBUS
MIPH BBICOKUX TEMIIEPaTypax M TeM CaMbIM CTaOWIIH-
3upyet ee nmapameTpsl. COnpoTHBIEHHE CIUPAIHA CEH-
copa npu Temneparype 20 °C HaxoauTcs B Auana3zoHe
10-12 Om. TemmnepaTypHbIii KOI(QQHUIMEHT COIPO-
TUBJICHHA TUIATHHOBOTO MHKPOTPOBOJA COCTABIISIET
0.0035 1/K.

WsmeputensHas cxemMa yNpaBIsieTCS MHUKPOKOH-
TPOJUIEPOM M BKJIFOUaeT B ceOs aBa kiroua Ha MJIII-
Tpam3ucTtopax. OAWH KIIOY HCIONB3YeTCs IS TOA-
KITIOYCHHUSI CEHCOpa K HArpeBaroIIeMy HaIpsHKEHUIO,
BTOPOM — I MOJKITIOYEHHS K OLIOPHOMY PE3UCTOPY.
Jns ocylecTBieHHsT HarpeBa CEHCOpa MHKPOKOH-
Tposuiep reHepupyer curHaiel MMM c¢ wyacTtotoii
10 kx['m ¥ mupUHOW WMIYIBCOB, COOTBETCTBYIOIIMX
HEOOXOJMMOMY HampsDKEHHIO HarpeBa. M3mepenus
BBITIOJTHAIOTCS MEXAY HMITyJIbcaMi HarpeBa. Kirrod
MOJKIIIOYEHHSI OMOPHOTO COMPOTHBJICHUS OobOecreyu-
BaeT OTKJIIOUYEHHUE MUTAHMUS CEHCOpa B MPOMEKYTKax
MEXTy H3MEPEHHUSIMH.

OnopHbIH PE3UCTOP U CEHCOP 00PA3YIOT JIEIUTEIb
HamNpsDKEHWsI,  MOJAKIIOYEHHBIH K  aHaJOTOBO-
nugpoBoMy MpeoOpa3oBaTeiio, BCTPOCHHOMY B MHK-
pPOKOHTpOJIIEP. AHAIOTOBO-IIM(PPOBOI TpeodpazoBa-
T€Ib MUKPOKOHTpOJIJIEpA UMEET BCTPOEHHBIH YyCHIIH-
TeJb, KOTOPBIA MCHOJB3yeTCs U YCHIIEHHUS] CHUTHala
B § pas, mocje 4ero OCyIIeCTBISETCS ero Impeodpaso-

HAVYYHOE [NPUBOPOCTPOEHMUE, 2022, Tom 32, Ne 1

Banue B mudpoByto ¢hopmy. [lomyyenHoe 3naueHue me-
PECUHTHIBACTCS B 3HAUECHHE CONPOTHBICHUS CEHCOPA.

3ByKoUu3snyvaTesb

CeeToavon

MunKpoKoHTponnep

DC/DC
npeobpasoBaTesb

ZigBee
npuemonepeaaT4nk

Puc. 2. [Ipororun matamka raza B cbope.
a — BHJ CBEPXY, O — BUJI CHHU3Y
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MHUKpPOKOHTpOJUIEp 00ecleunBaeT HarpeB ceHcopa
MO0 33J]aHHOMY 3aKOHY M M3MEpEHHE HaNpsDKCHHS OT-
Kinka. [losydeHHas TakuMm 00pa3oM 3aBHCHUMOCTH
HaNpPsDKEHUSI OTKJIMKA OT MPUIIOKEHHOTO HAIPSDKEHHS
B Pa3NIMYHBIX TA30BBIX Cpeax IepeacTcs Mo Oecnpo-
BOJHOMY KaHaly ¢ IOMOIIpl0 Mojema Telegesis
ETRX3 na [I9BM, Ha KOTOpOH B JalbHEHIIIEM TIPO-
UCXOAUT 00paboTKa MOJNyYeHHBIX AaHHBIX METOJaMHU
MAaIIMHHOTO 00Y4CHUSI.

dororpadus mporoTuna gaTdauka B cOope mpea-
CTaBJIeHa Ha pHC. 2.

KOMIEHCAIUA N3MEHEHUSA TEMIIEPATYPBI
OKPYXKAIOIIEU CPE/IbI

Cropanue ra3oB HE SIBJISIETCS €OUHCTBECHHBIM HC-
TOYHHKOM HM3MEHEHHs TeMIlepaTypbl ceHcopa. Hau-
Oosee yacTbIM (aKTOPOM, MPUBOAAIINM K KOJIeOaHU-
M CHUTHaJIa CEHCOpa, SIBJISIETCS U3MEHEHUE TeMIlepa-
TypBl OKpYJKarommen cpensl. Takue xonebaHus B qua-
na3oHe pabo4yMXx TEeMIEpaTyp CeHcopa MOTYT MPHUBO-
IINTh K 3HAYMMOMY TapasuTHOMY cuTHaiIy (puc. 3),
COIIOCTaBUMOMY [0 BEJMYMHE C IMOPOTOBBIMH 3Haye-
HUSIMA CUTHAJIA ISl Pa3iM4HBIX ra30B. JTO IMPEBbI-
LIEHUE NPHUBOIAUT K JIOKHBIM CpaOaThIBAHUSM YCT-
POMCTB M HX HECTaOMIBLHOM paborTe.

[Ipu npoBeneHun U3MEPEHUIT MHOTOMEPHOIO CHUT-
HaJla, IPEeJHa3HAYCHHOIO Ul PacIlO3HAaBaHUA Ia30B,
B KaXJI0M M3 TOYEK MOXKET IMPOHCXOIUTh TOPEHHE Ta-
3a. IloaToMy TeMmeparypHasi KOMIICHCALMsA CHTHAJIa
3a CYET Pa3HOCTHOTO CHTHAJIa HE MOKET OBITH BBINIOJI-
HeHa. B cBA3M ¢ 3TUM KOMIEHcalus BIUAHUS TEMIIe-
paTypsl IPOBOJIUTCS C HCIIONB30BAaHUEM OTAEIHHOTO
ceHcopa Temreparypsl. [lo 3HaueHHIO Temmeparypbl
BBIYHUCIISIOTCS KaTMOPOBOYHBIE 3HAUCHHS JUIsI KaXKI0OH
TOYKH U3MEPEHHH.

TemneparypHasi 3aBUCUMOCTb B KaXJOH TOYKe
MIPUHUMAETCS JIMHEWHOM:

dR=a-T+b.

OHpeJICHeHI/Ie 3aBHCUMOCTH OCYHICCTBIIACTCA
110 JaHHBIM I/I3MepeHI/Iﬁ AT ABYX M3BCCTHBIX TCMIIC-

patyp:
i\ T,
a,=—2"0
I-T,
b, :Ri,TU ~T1i-a.
IIpn npoBepeHMM H3MEpPEHUM, IOJIyYECHHBIE Ka-

HI/I6pOBOLIHLIC 3HAYCHUS BBIYMTAIOTCS M3 3HAYCHUI
COIIPOTHUBJICHUSA, IMOJYYCHHBIX IIPpU TeKymeﬁ TCMIIC-

parype.

—8— 20.459
03 1 =~ 16.651
—h— 12.745
—¥— 7.422

0.2

=
f
1

OTHocuTenbHoe con POTUBNEHWNE, Om
o
=]
L

—0.1

T T T T
0.0 0.2 0.4 0.6

T T T T
0.8 1.0 1.2 1.4

Hanpsixxenne, B

Puc. 3. TemneparypHas 3aBHCHMOCTb CUT'HaJIa CEHCOPA.
[IpencraBneHs! curHAMBI A1 Temnepatyp 7.422, 12.745, 16.651, 20.459 °C
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Puc. 4. TeMnepaTypHaﬂ KOMIICHCAllUA CUTHaJla CCHCOpa MO HE3aBUCUMBIM HU3MCPCHUAM

TEMIIEPaTyphI.

Ha Bpe3ke — oTKannOpOBaHHbBIC 3HAYCHUS CHTHAJIA

Pe3ynbTaT TeMneparypHoil KOMIIEHCAlMKM CUTHAJIa
P KCIIOJIB30BAHUM JAHHOTO METOJa NPEICTaBICH
Ha puc. 4.

OBPABOTKA MHOI'OMEPHOI'O CUTHAJIA
CEHCOPA

JlaTunkn Ta30B OOBIYHO HCIONB3YIOT MOPOTOBBIC
3Ha4YeHHUs [UIS OTOBEUIEHHS MpPH HUX MPEBBIIICHUU.
Jns oOpaboTkM MHOTOMEpPHOTO CHUTHAlla CEHCOopa,
NPEACTABIAIONIETO COOOH 3aBUCHMOCTH  OTKJIHMKA
OT TIPHJIOKEHHOTO K CEHCOpY HAIPsDKEHUS, MCIIOJNb-
30BaJIICh METOJBI MaIlMHHOTO 0o0y4eHus. B tepmu-
HaX MalIMHHOTO OOyueHUs, 3ajaya JEeTeKTUPOBAHUS
raza, BBIIOJHSEMAas [JATYMKOM, SBJSIETCS 3ajadei
knaccudukanuu. [Ipu 3ToM ocymiecTBisercs: pasfe-
JICHWE CHTHAJIa Ha JIB€ KaTETOPHHU: HAJMYNeE [IEJIEBOTO
rasa ¥ €ro OTcyTrcTBHe. TakuMm oOpazoMm, Il JAETeK-
THPOBAaHUS Ta30B MOTYT OBITh WCIIOJNB30BAaHBI aJTo-
PUTMBI MAaIIMHHOTO OOYYEHHS, peallu3ylolue JBYyX-
KJIACCOBYIO KITacCH(PHUKALUIO.

Krnaccudukanwst ocymecTBisiach ¢ TOMOIIBI0 Me-
ToAa omopHBIX BekTopoB [11]. Ilpm mcmons3oBaHUU
SAJIEPHON (QYHKIIMH TAaHHBIA METO| TO3BOIISET PACCUH-
TaTh Pa3ZelsAoNIyI0 TMIIEPIOBEPXHOCTh B MPOCTPaH-
CTBE BBICOKOW MJIM OECKOHEYHOW Pa3MEpHOCTH, B KO-
TOPOM OCYLIECTBIISIETCA pazfeliecHue o0beKkToB. Me-
TOJI OCHOBaH Ha MJ€€ ONTHMAaJIHHOTO MOCTPOCHUS T'H-
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MEPIIOBEPXHOCTH MyTEM MaKCHMH3ALMU 3a30pa MEX-
Iy THUTIEPTIOBEPXHOCTHIO U 00BeKkTaMu. [ oOyueHws
MOJIEIIN MCIIOJIb30BaIack OubmmoTeka scikit-learn [12].
JluneiiHbIe anTOPUTMBI KIIaCCH(HUKAINH, TAKHE KaK
METOJ] ONOPHBIX BEKTOPOB, YSI3BUMBI K pPa3InYUIO
B JIMara3oHax MepeMeHHBIX. TOYHOCTh METOo/1a OIop-
HBIX BEKTOPOB MOXKET 3HAYMTEIHHO CHUXKATHCS, €CIU
naHHele He HOpManu3oBaHbl [11]. IloaTtomy u3mepen-
HbIi MHOTOMEPHBIM CHTHal CeHcopa MOoABEpraercs
HOpMaJIM3alluK, B pe3yjibTare KOTOPOH BCE KOMIIO-
HEHTHI CUTHAJIa IPUBOJIATCA K Auamna3ony [0, 1] B co-
OTBETCTBUU CO CIEAYIOLINM BBIPAKECHUEM:

X, —min(x)

a max(i) — min(x)

Beibop MeToma OMOPHBIX BEKTOPOB OCHOBAH
Ha €ro HU3KUX TPEeOOBaHMAX K MAaMATH M BBIYUCIIH-
TEIBHBIM pecypcaM NpU BBIUMCIECHUHU pPa3Jeisiomen
GbyHKIMM yXe OOy4YeHHOW MOJENH. DTO IMO3BOJISIET
peanu30BaTh y)ke OOYYCHHYIO MOJENb Ha YCTPOMCT-
Bax C HU3KOH NMPOM3BOIUTEIHHOCTHIO U 00BEMOM ITa-
MSTH, TAKUX KaK MUKPOKOHTpOJUIephl. Paznenstomas
(YHKIIEST METOZa OIOPHBIX BEKTOPOB OIMHUCHIBAETCS
CIIEIYIOIINUM BBIPAKEHUEM:

Z y,a.K(n,n)+b,

ieSV
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rae y;, a; b — KospQUUUEHTHI, OIy4YeHHBIE B pe-
3ynpTaTe oOydeHust Mmoaenu; SV — MHOKECTBO OIOp-
HBIX BEKTOPOB, MOJYYCHHBIX IPU OOYYEHUU MOZEIH;
K(n;, n) — snepHas GyHKUUS, BBIMONHSIOMAS HEIH-
HeifHoe mpeobpa3oBaHME MPOCTpaHCTBA. B kadecTse

anepHOd  (QYHKIMM  HUCIOJIB3YETCS  pagualibHoO-
GazucHast pyHKIMSA:
2
d (ni,nj)
K(ni,n/.)zexp —
' 21

rae d — EBKJIMJOBO PacCTOsiHUE, a [ — JIMHEHHBIN
MacimTab spa.

[lepen oOyueHMeM OCYIIECTBISIETCS YMEHBIICHUE
pa3MEpHOCTH MHOTOMEPHOTO CHUTHAjla MPUMEHEHHUEM
METO/Ia TJIaBHBIX KOMITOHEHT [13].

MeTo/ TIaBHBIX KOMIIOHEHT 4YacTO HCIIOJIBb3YeTCs
JUTSL UCCIICZIOBaHUSI MHOTOMEPHBIX JaHHBIX, OOHapy-
JKEHHSI BBHIOPOCOB, YMEHBIICHHS Pa3MEPHOCTH U JIp.
MeToz moJie3eH ISl BU3YalIM3allMU CKPBITHIX CTPYK-
Typ AaHHBIX. MHTepnperamus 3TUX CTPYKTYp MO3BO-
JISICT JTy4Ille TTOHSTh CBSA3U B JAHHBIX, YEM ATO JOCTH-
JKUMO TOJIFKO Ha OCHOBE aHan3a OTHACIBbHBIX Iepe-
MEHHBIX, OCKOJIbKY METOJ] TJIABHBIX KOMIIOHEHT T10-
3BOJISICT BBIMOJHUTH MHTEPIPETAILIMIO Ha OCHOBE BCEX
MEPEMEHHBIX OJTHOBPEMEHHO. MeTo/ 4acTo HCIOJb-
3yeTcsl Kak IMEpPBbId MIar B aHAJM3¢ MHOTOMEPHBIX
JAaHHBIX. Pe3ynbTar NpUMEHEHUs METO/a TJIaBHBIX
KOMIIOHEHT TPEJICTABIISACT COOOW HA0OP KOMIIOHEHT,
KOTOpBIE OMKCHIBAIOT HAUOOJBIIYIO AMCIIEPCHIO TIpe-
00pa30BaHHBIX JaHHBIX. Pa3lioxeHue Ha KOMIIOHEHTHI
BBIIIOJIHEHO C MOMOIIBIO OubOmmorexku scikit-learn
[12].

B nmanHOl pabote pasneneHue OCYIIECTBIISIIOCH
B (popMe KiIaccu(UKaIUU C IByMS KJIaCCaMU — MEX-
Iy METaHOM W JIPYTHMH Ta3aMu u napamu. [Ipu oOy-
YEHUU MOJICNIM JIaHHBIC OalaHCHPOBAIUCH ISl 00ec-
MEYCHHUS OJIMHAKOBOTO COOTHOIICHHUSI 00OMX KJIIaCCOB
Y PaBHOTO MPEJCTAaBICHUS BCEX ra30B B Kiacce.

SKCHEPUMEHTAJIBHBIE PE3YJIBTATHI
N OBCYXJIEHUE

MHOroMepHbIil CUTHaJI CEHCOpa MPEJICTABISIET CO-
00l COBOKYITHOCTh 3HaYCHHH OTKIMKA CEHCOpa, W3-
MEpEHHBIX IpH pPa3HBIX TeMIeparypax. M3mepenus
CHTHaJIa OCYIIECTBILUTICH MPH TEMITEpaType OKpy Karo-
e cpefipl M MU HarpeBe HampspbkeHuem ot 125 mMB
1o 1.5 B ¢ marom 25 mB.

Curnan ceHcopa JJisi JaHHOTO paszziesia u3Mepsscs
1u1g Bo3ayxa, 0.5 06.% MeraHa M HaCBHIIIEHHBIX TApOB
alleToHa, JTaHoJa M OeH3uHa (MpH TeMIepaType
25 °C). Jlng moyyueHHbIX JaHHBIX OblIa IPOHU3BE/ICHA
npeaBapuTenbHas 00pa0doTKa C Ha3HAYEHUEM KIlac-
coB. MToroBelii HabOp AAHHBIX BKJIIOYaeT Oosee uem
150 00BEKTOB C paBHBIM pacHpPECICHHEM KIIACCOB.
Kaxxaprit sx3eMIUIsip Kjlacca BKJIIOYAeT JaHHBIE CHT-
Hajla CeHcopa MpH Pa3InYHBIX TeMIlepaTypax ¢ IMpo-
BEJICHHOM KOMIIEHCAlIUEl TeMIEepaTypHbIX H3MEHe-
HUH OKpY’Karomei cpeasl, Kak OblJI0 OMMCAaHO BHILIE.

YcpenHeHHbIe 3HaUEHMs] CUTHAja Ul OTIENBHBIX
KJIaCCOB IpeJCTaBlIeHbl Ha puc. 5. Kak BuUnHO Ha pH-
CYHKE, CHTHaJl MeETaHa HMEET SApKO BBIPAKCHHBIN
MaKCUMyM TpU HanpsbKeHWH HarpeBa Boime 0.6 B.
B To Bpems Kak curHajq MapoB pacTBOPUTENEW MMEET
MakCHUMyM TpH HanpsbkeHuu Hwke 0.6 B u nmeer Ten-
JICHIIMIO K CHI)KEHHIO TI0 MEpe POCTa HAPSHKEHHUS.
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Puc. 5. Ycpennennsle 3Haue-
HUsI MHOTOMEPHOTO CHI'Haja
CEeHCopa JUIs Pa3INYHbIX ra30B
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NAEHTUOUKALIA TTOPIOUYUX I'A30B

v Boanyx

AueToH

= 3ranon
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4 MeTaH

Kax 6pu10 CKka3aHO BEINIE, TIEpen OOyYeHHEM MO-
JISIA TIPOU3BEJICHA HOPMAIM3alusi JaHHBIX, IJI BbI-
paBHUBAHMS MAcCIITAa0OB TEPEMEHHBIX, COCTABIISIO-
X MHOTOMEPHBIN CUTHAIL.

[lepen oOydenuem Mojaenu Jyis KiacCU(UKALUU
00BEKTOB, MPOU3BOIWIOCH OOYYEHHE MOJETH METO-
JIOM TJIABHBIX KOMIIOHEHT C MOCJIEAYIOIUM Tpeolpa-
30BaHUEM JaHHBIX. Pe3yibrar mpeoOpa3oBaHus Npe-
CTaBJICH Ha puc. 6. PaznoxxeHue BIOMHSIIOCH Ha 3 TJ1aB-
HBIX KomrtoHeHTRI: PCO, PC1 u PC2 nHa pucynke.

3D-npencraBiieHue TOKa3bIBaeT, 4YTO OOBEKTHI,
MPEJICTABJISIONINE OJUH KJIAcC, (HOPMUPYIOT TPYIIIIBI,
PacIoNOKEeHHBIE B Pa3IMYHBIX O0JIACTSAX HA PACcCTOS-
HUM JIpYyT OT Jpyra. Takoe pacroyiokeHue TPYII 0-
Ka3bIBAET, YTO CYIIECTBYET 3HAYUTEIILHOE OTIHYUC
B IIPU3HAKAX OT/CIBHBIX OOBEKTOB, MPEACTABISIONINX
pasjMyHbIC KJIACChl. DTH Pa3indusl JCIAI0T BO3MOXK-
HBIM pasjelieHue OOBEKTOB, HCIOJIB3Ys METOJBI Ma-
IIMHHOTO O0YYEHUs, U UX KJIACCU(DUKAIUIO.

Jiis pa3neneHdss MeTaHa M MapoB pacTBOpUTENEH
ObL1a 00yUeHA MOJISNIb HA OCHOBE aJITOPUTMOB METO/Ia
OTOPHBIX BEKTOPOB. Paszzaensionias mOBEPXHOCTh MO-
JISNIA TIpeJicTaBiieHa Ha puc. 6. [Ipoekiuu noBepxHO-
CTH TOKa3aHbl JUHUIMH, 0003HAYAIOIIUMHA HEU3MEH-
HO€ 3HAYCHHE TJABHOTO KOMIIOHEHTA, KOTOPBIA OT-
CYTCTBYET B JJAHHOH CHCTEME KOOP/IMHAT.

Kak BumHO W3 pHcyHKa, TONydeHHas pa3felsiio-
11ast MOBEPXHOCTh HAJICIKHO OTACISICT OOBEKTHI, IPEJI-
CTaBJIAIONINE COOOW METaH, OT OOBEKTOB, MPEICTaB-
JISIONIMX alleTOH, 3TAaHOJ, OCH3MH M YHUCTHIA BO3AYX.
UucTelii BO3AYX W METaH HanOoJiee YeTKO OTIEICHBI
Ha Bcex rpadukax. B To Bpems kak OOBEKTHI, Mpeji-
CTaBJITIONTHE COOOM Taphl alleToHa, dTaHOJA U OCH3HU-
Ha, JOCTATOYHO CHJILHO PacIipelieleHbl 10 MPOCTPaH-
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Puc. 6. I'maBHbIE KOMHIOHEHTHEI MHOIO-
MEpHOI'0 CUTHaJIa CEHCOpa U pa3Aemsiomas
MOBEPXHOCTD JJI1 ME€TaHa
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CTBY W UMEIOT MEPECEUCHUsI. ITO OOBICHSICTCS ABYMS
npuyrHamMu. Bo-miepBbIX, KOJeOaHHUSMHU WX KOHILIEH-
Tpauuu. Bo-BTOpBIX, mpoduiieM HarpeBa, KOTOPBIH
3a/1aH paBHOMEPHBIM IIaroM TI0 HATPSHKEHHIO.

Takum o00pazoM, OBLJIO TPOBEACHO MAIIUHHOE
o0ydeHHe W3MEpHUTEIbHONH CHUCTEMBI, BKJIIOYAOIICH
matyuk raza u 110 Ha kommbioTepe ans oOpaboOTKH
JMAHHBIX JaT4MKa, JUTS pacro3HaBaHHWS METaHa B BO3-
nyxe. Tenepb, eciu MPOBECTH U3MEPEHUE HEM3BECT-
HOTO YTJEBOJOPOJAa B BO3AyXe, W TONYYEHHBIA pe-
3yabTaT 00paboTKH "momnagaer” BHYTPb pa3/esstonien
MOBEPXHOCTH METaHa, MOKHO CJAENaTh 3aKI0YeHHe,
YTO IIEJIEBBIM T'a30M SIBJISETCS METaH, T.e. ObLIa BBI-
MOJTHEHa TepBas 3ajadya 10 MOHUTOPHHTY COCTaBa
BO3IyXa — PACIIO3HAH IIEJIEBOH Ta3 (ciemyromieit 3a-
Jaueil Oyzer u3MepeHue ero koHueHtpanuu). [omy-
YEeHHOE pa3/ie]IeHne MOXET OBITh HCIOJIB30BaHO
B KayecTBE IIOPOTOBOTO 3HAYECHHS I WHIUKAIIUU
HAJIMYUSl METaHa WIIK MOXKET CIYXHUTh (DUIBTPOM, T0-
clle TPUMEHEHHS KOTOPOTO IOpOT OmpeIelnseTcs
M0 YPOBHIO CHTHajla Ha TeMIlepaType MaKCHUMaJIbHOMN
YyBCTBHTEIHHOCTH CEHCOpA.

B nanHOM ciydae pasneneHue JApyrux ras3oB
HEe TpencraBiseT uHTepeca. OaHaKo Mpu HEOOXOIU-
MOCTH HMX pa3JieIeHHe MOXKET OBbITh BBITIONHEHO aHa-
JIOTUYHBIM 00pa3oM.

Pa3nensiromasi OBEpXHOCTH OIHCHIBACTCS C HC-
MOJIb30BaHNEM 9 ONOPHBIX BEKTOPOB. TOYHOCTH Kitac-
cudukamun cocraBiusger 100%, B cuiry AOCTaTOYHO
00JIBLIOTO pa3nuyius B ypOBHIX CUI'HAJA.

BaxxHo oOTMETHTB, YTO TPOBOAUTH OOPaOOTKY
CIIO)KHOTO CHTHala JaT4WKa, UCIONb3Ysl ero coOcCT-
BEHHBII MUKPOKOHTPOJUIEP, HE BCET/Ia MPEICTaBISIeT-
cs BO3MOXHBIM H omnpaBaaHHbIM. COBpEeMEHHOU
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TEHJICHINEH sBIIsETCA pa3pabdoTKa CEHCOPHBIX CeTel,
B TOM YHCJIE i MOHHUTOPHHra ra3oBOTO COCTaBa
BO3/[yXa Ha NMPOMBIIUICHHBIX 00bekTax [14]. B cocTar
CEHCOPHBIX CEeTe BXOJAT KaK CaMH JaT4YHUKH, TaK
W MCTIOJIHUTENIbHBIE YCTPOHCTBA (2 B HEKOTOPBIX CIIy-
YasiX U PETPaHCIATOPHI). YIPaBIECHUE CETHhIO OCYIlle-
CTBJISIET KOOPAWHATOP CEHCOPHOW CETH, B KadecTBe
KOTOpPOTO MOXXET BBICTYNaTh OTAEIBHOE YCTPOMCTBO
C MOUIHBIM KOHTPOJUIEPOM, OOJILIINM 00BEMOM IaMsi-
TH W Pa3IWYHBIMU Tepu(epuifHBIMA YCTPOICTBaMU
win gaxe [IDBM. B stom ciryuae UMEHHO KOOpIrUHA-
TOp CETH MOXET HCIOJIb30BaThCA I 00pabOTKH
Oonpmioro o0beMa JaHHBIX OT JaTYMKOB. Bo3zmoxkHa
TaKkKe OTMpaBKa JAHHBIX B OOJIAYHBIC IIEHTPHI 00Opa-
oorku [15].

3AK/JIIOYEHUE

B nanHO# cTaThbe mpejicTaBieHbl pe3yJibTaThl UC-
CJIeIOBaHMs PAacHO3HABAHHUA CMECEH TOpIOYMX Tra3oB
C BO3JyXOM C IIOMOIIbIO TEPMOKATATUTHYECKUX CEH-
copoB. V3MepeHHs MPOW3BOAMINCH C MOMOIIBIO Me-
TO/a MHOTOCTAIUITHOTO H3MEpPHUTEIBLHOTO HMITYJIbCa
C YBEIHYEHHBIM 4uclioM cTanuil. [Ipu aTom Temnepa-
TypHasi KOMIICHCAIIMS BBITIOJIHSIIACH IO JIAaHHBIM HE3a-
BUCHUMBIX H3MEpPEHHI TeMIepaTypsl OKpY Karomei
CpEJIBL.

BrlnonnHeHHe M3MEpeHMM CHUrHajga ceHcopa IpH
Pa3IMYHBIX TEMIIEpaTypax YyBCTBUTEIBHOTO JJIEMEH-
Ta TO3BOJISIET MOJNYYUTh JONOJIHUTENBHYIO HHPOpMa-
U0 O MPOTEKaHWH OKHCIUTEIHHOW PeaKInH, KOTO-
past BeIpakaeTcsi B M3MeHeHUH (opMbI curHana. JlaH-
Has (opma 3aBUCHUT OT THIIA Ta3a U MOXKET OBITh WC-
MOJIb30BaHa JUIsl UCHTU(DUKAIINY.

Bruto BRITIONTHEHO pasfeneHne MeTaHa W TapoB
areToHa, dTaHoJa U OeH3WHA. Pa3jeneHue BBITOIHS-
JIOCh METOJaMH MallMHHOTO OOy4YeHHsI W TpEACTaB-
JSUT0 cOO0O0M KITacCHU(UKAINIO 00BEKTOB Ha J[Ba KJlac-
ca: MeTaH U jApyrue rassl. s oOydeHus Moaenu uc-
MOJTB30BAJIC METOJI OTOPHBIX BeKTOpoB. OOydeHue
OCYIIECTBISUIOCh HA TMPEABAPUTENILHO HOPMAIH30-
BaHHOM M 00pabOTaHHOM C TIOMOIIBI0 METOAA TJIaB-
HBIX KOMIIOHEHT MHOTOMEPHOM CHUTHAJIE CEHCOPA.

[IpencraBneHHbple pe3yabTaThl MOKAa3bIBAIOT, YTO
MPEJUIOKEHHBIE METOJbI TIO3BOJISIFOT HAJIe)KHO WJICH-
TUPHUIHAPOBATH Ta3bl, YTO MOXKET OBITH MCIIOIB30BAHO
mpu pa3paboTKe CEJIEKTHBHBIX JIETEKTOPOB TOPIOYHX
ra3oB, B 4YaCTHOCTU NpH pa3pabOTKe Tra30BbIX JaT4d-
KOB JIJIl CEHCOPHBIX CETEH I HKOIOTUYECKOTO MO-
HUTOPUHTA BO3IyXa.

Hccnedosanue svinonneno npu (uHarcogol nodoepaic-
ke POOU u HHDU 6 pamkax nayunozo npoexma Ne 20-
57-56001.
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IDENTIFICATION OF COMBUSTIBLE GASES
WITH CATALYTIC SENSORS

D. N. Spirjakin, A. M. Baranov

Moscow Aviation Institute, Russia

Thermocatalytic gas sensors are among the most widely used for measuring concentrations of combustible
gases. However, in spite of the variety of advantages of this type of sensors, there are also shortcomings, one of
which is low selectivity to target combustible gases. This study presents the results of the application of machine
learning methods for the identification of flammable gases in the air using thermocatalytic sensors.

The sensor signal measurements were performed using the multistage measuring pulse method, which was
described in our previous papers. To enrich the sensor signal with information about ambient gas composition,
the number of stages of the method was drastically increased. Methane and vapors of acetone, ethanol and gaso-
line were used as the target gases. The multivariate data was processed with the support vector machine method.
The results show that the proposed method allows for gas identification using a single catalytic gas sensor. The
method can be used in the development of highly selective gas detectors responding only to target gases.

Keywords: combustible gases and vapors, gas sensors, catalytic sensor, gas identification

INTRODUCTION

The use of early warning tools, such as gas detec-
tors, is one of the key actions to maintain the safety of
industrial facilities and households. Despite the fact
that the first gas detectors were created more than
100 years ago, the need for fast, accurate and selective
methods for monitoring and controlling gas concentra-
tions still remains.

To monitor the leaks of combustible gases, it is ne-
cessary to use sensors capable of measuring the con-
centrations of combustible gases in the air in the pre-
explosive concentration range, which is usually up to
50% of the lower concentration limit of flame propa-
gation (LEL) of the corresponding gas or vapor. Vari-
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ous types of sensors (thermocatalytic, semiconductor,
optical, etc.) are used for monitoring the combustible
gas concentration in air. Each type of sensor has its
own advantages and disadvantages. Thermocatalytic
sensors are one of the oldest and, at the same time, the
most common gas sensors for detecting pre-explosion
concentrations of combustible gases. Using these sen-
sors, it is possible to measure the concentration of all
types of combustible gases over a wide temperature
range. Thermocatalytic sensors have high reliability
and signal stability, and have a long service life. At
the same time, the disadvantages of thermocatalytic
sensors are their high energy consumption, low selec-
tivity towards target combustible gases, and vulnera-
bility to toxic mixtures [1]. Modern research in rela-
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tion to sensors of this type is aimed at more efficient
use of their advantages and the elimination of their
disadvantages [2—4].

There are several ways to increase the selectivity
of gas sensors [5]. One widely used method is to se-
lect the heating temperature so that the response of the
sensor to the target gas will be maximized, while the
response to other gases will remain minimal. Filters
are often used to exclude some of the impurities.

Another widely used method is temperature mod-
ulation. According to this method, the sensor signal is
measured at different temperatures of the sensor.
Thus, the signal reflects the temperature dependence
of the sensor response and is unique to different gases.
This method is widely used in measurements using
semiconductor sensors [6—8].

There are two different approaches to using tem-
perature modulation for thermocatalytic sensors. In
the first approach, the measurement heating profile is
sinusoidal. At that, spectral analysis of the signal al-
lows for the detection of gas type [9]. In the second
approach, pulse heating of the sensor is carried out,
and signal analysis is conducted by machine learning
methods [10].

In our previous studies, the multi-stage measure-
ment pulse method has been proposed [2]. This me-
thod significantly reduces the average power con-
sumption of the thermocatalytic sensor during mea-
surements. A bridge circuit with two sensors (operat-
ing and comparative), widely used for measuring, is
replaced with a single sensor circuit (the comparative
sensor is excluded from the circuit). Temperature
compensation is carried out by measuring the differ-
ence signal (at two various temperatures). This me-
thod can be extended to use temperature modulation
by adding new measurement points.

This article presents the results of a study on the
use of temperature modulation and machine learning
methods for the identification of combustible gases
with thermocatalytic sensors. The method was used to
measure methane and saturated vapors of acetone,
ethanol, and gasoline in order to develop an approach
for recognizing gases and, in particular, for selectively
detecting the presence of methane in air. This task is
relevant for household sensors with thermocatalytic
sensors in gasified houses because, in addition to me-
thane, the air may contain vapors of various solvents
used in everyday life, by which the sensor can also be
triggered.

SENSOR SIGNAL AT VARIOUS
TEMPERATURES

Additional information on the chemical composi-
tion of the medium can be obtained by carrying out
measurements at different temperatures of a sensor
element. This information is based on the signal com-

ponents that depend on temperature: the temperature
of the beginning of the combustion reaction, the tem-
perature dependence of the rate of the chemical reac-
tion, and the temperature of the beginning of the dif-
fusion limitation of the reaction rate. These constitu-
ents create a characteristic pattern of the sensor signal.
This figure is specific to each gas. These characteristic
signal patterns can be used to increase the selectivity
of measurements.

The operating principle of a thermocatalytic sensor
is based on the flameless oxidation of combustible
gases on the surface of the sensor catalyst. The cata-
lyst is applied to a thermoresistor, which also acts as a
heater. The heat generated by the oxidative reaction
increases the temperature of this thermistor and its
resistance changes. The amount of heat depends on
the heat of combustion of the gases, their concentra-
tion, and the rate of reaction:

§S=K-AH-C,

where S is the sensor signal, AH is the combustion
heat, C is the gas concentration, and K is the propor-
tionality coefficient depending on the diffusion rate,
the chemical reaction rate, and other factors.

The relationship between the chemical reaction
rate and temperature can be expressed through
the Arrhenius equation:

E

k(T)=k,exp| —=
( ) 0e p( R TJ’
where k is a pre-exponential factor that depends on
the frequency of collisions of molecules and the like-
lihood of their correct orientation during these colli-
sions; E, is the activation energy of the reaction; R is
the universal gas constant and 7 is the temperature.
The coefficient ky also depends on temperature, but
this dependence is relatively slow compared to the

influence of other factors.

In addition to temperature, the reaction rate also
depends on the diffusion rate of the reaction compo-
nents into the sensor. As the temperature increases,
the reaction rate reaches values when it begins to be
limited by the diffusion rate of the reaction compo-
nents and, ultimately, is completely determined by
this factor. At the same time, the diffusion rate also
depends on the type of gas and temperature. Thus, the
initial temperature of limiting the chemical reaction
rate by the diffusion rate can also vary for different
gases and is their distinctive feature.

SENSOR DESIGN

Signal measurements were made using a prototype
sensor. The sensor block diagram is shown in Fig. 1.
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Fig. 1. Block diagram of a gas sensor prototype

The circuit is controlled by the microcontroller
Atxmegal6ES. The data is transmitted from the sensor
via a wireless network. The connection to the network
is done using the TelegesisSETRX3 module. It pro-
vides IEEE 802.15.4 / ZigBee compliant communica-
tion and is controlled by AT commands sent over the
UART interface.

The sensor is powered by a 3.6 V lithium battery.
The battery voltage is supplied to the DC/DC input of
the TPS63060 converter, which provides a 3.2 V
supply voltage at an input voltage in the range of
25Vt 12 V.

For measurements, a thermocatalytic sensor manu-
factured by OOO "HTL[ UI']" [NTC IGD Ltd] is
used. The sensor consists of a spiral made of cast pla-
tinum microwire with quartz insulation. The sensor
platinum microwire is 10 um thick, the insulation is 2
um thick. Quartz insulation provides additional pro-
tection for platinum from external exposure at high
temperatures and thereby stabilizes its parameters.
The resistance of the sensor coil is in the range of 10—
12 Q at a temperature of 20 °C. The temperature coef-
ficient of resistance of the platinum microconductor is
0.0035 1/K.

The measuring circuit is controlled by a microcon-
troller and includes two keys on MOSFET transistors.
One key is used to connect the sensor to the heating
voltage, the second one — to connect it to the refer-
ence resistor. To heat the sensor, the microcontroller
generates PWM signals with a frequency of 10 kHz
and a pulse width corresponding to the required heat-
ing voltage. Measurements are made between the
heating pulses. The key for connecting the reference
resistance ensures that the sensor power is discon-
nected in the intervals between measurements.

The reference resistor and sensor form a voltage
divider connected to the analog-to-digital converter
built into microcontroller. The analog-to-digital con-
verter of the microcontroller has an integrated am-
plifier, that is capable of amplifying the signal by
8 times before being converted to digital form. The
resulting value is converted into the resistance value
of the sensor.

The microcontroller provides sensor heating ac-
cording to a given pattern and a response voltage
measurement. The obtained response voltage depen-
dence on the applied voltage in various gas media is
transmitted over a wireless channel using
a Telegesis ETRX3 modem to a PC, on which the re-
ceived data is subsequently processed with the use of
machine learning methods.A photograph of the as-
sembled sensor prototype is shown in Fig. 2.
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Fig. 2. Prototype gas sensor assembly.
a— top view, 6 — bottom view

COMPENSATION OF AMBIENT
TEMPERATURE CHANGES

Gas combustion is not the only source of sensor
temperature change. The most common factor causing
fluctuations in the sensor signal is a change in the am-
bient temperature. Such fluctuations in the sensor op-
erating temperature range can result in a significant
spurious signal (Fig. 3) comparable in magnitude to
the signal thresholds for various gases. This excess
leads to false alarms of the devices and their unstable
operation.

Fig. 3. Temperature dependence of the sensor signal.
Signals for temperatures 7.422, 12.745, 16.651,
20.459 °C are presented

When measuring a multidimensional signal for gas
recognition, gas combustion may occur at each of the
points. Therefore, temperature compensation of the
signal due to the difference signal cannot be per-
formed. In this regard, compensation for the effect of
temperature is carried out using an individual temper-
ature sensor. The calibration values for each mea-
surement point are calculated from the temperature
value.

The temperature dependence at each point is taken
as linear:

dR=a-T+b.

Dependency determination is performed according
to measurement data for two known temperatures:

R .
a;, = ,
L-T
b=R; —T,-a,.

During measurements, the obtained calibration
values are subtracted from the resistance values ob-
tained at the current temperature.

The result of temperature compensation of the sig-
nal using this method is presented in Fig. 4.

Fig. 4. Temperature compensation of the sensor sig-
nal in accordance with independent temperature mea-
surements.

On tie-in — calibrated signal values
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PROCESSING OF MULTIVARIATE
SENSOR SIGNAL

Gas sensors typically use threshold values to alert
when they are exceeded. Machine learning methods
were used to process the multivariate sensor signal,

which is the dependence of the response on
the voltage applied to the sensor. In terms of machine
learning, the gas detection task performed by the sen-
sor is a classification. In this case, the signal is se-
lected into two categories: the presence of target gas
and its absence. Thus, machine learning algorithms
implementing the two-class classification can be used
to detect gases.

Classification was carried out using the method of
support-vector machines [11]. When using the kernel
function, this method allows for the calculation of the
separating hypersurface in high- or infinite dimen-
sional space, in which the objects are separated. The
method is based on the idea of optimal construction of
hypersurface by maximizing the gap between the
hypersurface and objects. The scikit-learn library was
used to train the model [12].

Linear classification algorithms, such as support-
vector machines, are vulnerable to differences in vari-
able ranges. The accuracy of the support-vector ma-
chines can be significantly reduced if the data has not
been normalized [11]. Therefore, the measured multi-
variate signal of the sensor undergoes normalization,
as a result of which all components of the signal are
brought to the range [0, 1] in accordance with the fol-
lowing expression:

X, —min(x)

- max(i) — min(x)

The choice of support-vector machines is based on
their low requirements for memory and computational
resources when calculating the separating function of
an already trained model. This allows the already
trained model to be implemented on devices with low
performance and memory, such as microcontrollers.
The separating function of the support-vector ma-
chines is described by the following expression:

ZylaK n,n)+b,

ieSV

where y;, a;, b are coefficients obtained as the result of
model training; SV is a set of support vectors derived
from model training; K (n;, n) is a kernel function that
performs a nonlinear transformation of space. As
a kernel function, a radial basic function is used:

d(mm, )

n.n
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where d is the Euclidean distance and [/ is the linear
scale of the kernel.

Prior to training, the dimensionality of a multiva-
riate signal is reduced using principal component
analysis [13].

Principal component analysis is often used for
multivariate data exploration, outlier detection, di-
mensionality reduction, and more. The method is use-
ful for visualizing hidden data structures. The inter-
pretation of these structures allows for a better under-
standing of the relationships in the data than is
achievable only on the basis of the analysis of indi-
vidual variables, since principal component analysis
allows the interpretation to be performed on the basis
of all variables at the same time. The method is often
used as a first step in multivariate data analysis. The
result of the principal component analysis is a set of
components that describe the largest variance of the
transformed data. The decomposition into components
is performed using the scikit-learn library [12].

In this work, the separation was carried out in the
form of a classification with two classes — methane
and other gases and vapors. When training the model,
the data was balanced to ensure the same ratio of both
classes and an equal representation of all gases in each
class.

EXPERIMENTAL RESULTS
AND DISCUSSION

The multivariate sensor signal is a collection of
sensor response values measured at different tempera-
tures. Signal measurements were carried out at am-
bient temperature and during heating with a voltage
from 125 mV up to 1.5V, a step of 25 mV.

The sensor signal was measured for air, 0.5 vol.%
methane and saturated acetone, ethanol and gasoline
vapors (at 25 °C). For the data obtained, preprocessing
was performed with the assignment of classes. The
resulting dataset includes more than 150 objects with
an equal distribution of classes. As described above,
each instance of the class includes sensor signal data
at different temperatures, compensated for tempera-
ture changes in the environment.

The average signal values for the individual classes
are shown in Fig. 5. As shown in the figure, the me-
thane signal has a pronounced maximum at a heating
voltage above 0.6 V. While the solvent vapor signal
has a maximum at a voltage below 0.6 V and tends to
decrease as the voltage increases.

Fig. 5. Average values of the multivariate sensor sig-
nal for different gases
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As mentioned above, prior to training the model,
data was normalized to equalize the scales of the va-
riables making up the multivariate signal.

Before training the model for classifying objects,
the model was trained using the principal component
method followed by data transformation. The result of
the conversion is shown in Fig. 6. The decomposition
was carried out into 3 main components: PC0O, PC1
and PC2 in the figure.

Fig. 6. Principal components of the multivariate sen-
sor signal and the separating surface for methane

A 3D view shows that objects representing the
same class form groups located in different areas at
a distance from each other. This arrangement of
groups shows that there is a significant difference in
attributes of the individual objects representing differ-
ent classes. These differences make it possible to sep-
arate objects using machine learning methods and
classify them.

A model was trained based on support vector ma-
chine algorithms for the separation of methane and
solvent vapors. The separating surface of the model is
shown in Fig. 6. Surface projections are shown by
lines indicating the constant value of the principal
component, which is absent in this coordinate system.

As can be seen from the figure, the obtained sepa-
rating surface reliably separates objects that are me-
thane from objects that are acetone, ethanol, gasoline,
and clean air. Clean air and methane are most clearly
separated in all the graphs. While the objects that are
vapors of acetone, ethanol, and gasoline are quite
strongly distributed in space and have intersections.
There are two reasons for this. Firstly, due to fluctua-
tions in their concentration. Secondly, the heating pro-
file, which is given by a uniform voltage step.

Thus, machine training of a measuring system in-
cluding a gas sensor and software of a computer for
processing sensor data for detecting methane in the air
was carried out. If we measure an unknown hydrocar-
bon in air, and the obtained processing result "enters"
the methane separating surface, we can conclude that
the target gas is methane. That is, the first task of moni-
toring the air composition was completed — the target
gas is recognized (the next task is to measure its con-
centration). The obtained separation can be used as
a threshold value for methane indication or may serve
as a filter after which the threshold is determined by
signal level at the temperature of the maximum sensi-
tivity of the sensor.

In this case, the separation of other gases is of no
interest. However, if necessary, they can be separated
in a similar manner.
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The separating surface is described using 9 support
vectors. The accuracy of the classification is 100%,
due to the sufficiently large difference in signal levels.

It is important to note that it is not always possible
and justified to process a complex sensor signal using
its own microcontroller. The current trend is the de-
velopment of sensor networks, including for monitor-
ing the gas composition of air at industrial facilities
[14]. Sensor networks include both sensors them-
selves and actuators (and, in some cases, repeaters).
The network is managed by a sensor network coordi-
nator, which can be an individual device with a po-
werful controller, large memory and various peripher-
al devices or even a PC. In this case, it is the network
coordinator which can be used to process a large
amount of data from sensors. Data can also be sent to
cloud-based data centers [15].

CONCLUSION

This article presents the results of a study of the
recognition of mixtures of combustible gases with air
using thermocatalytic sensors. Measurements were
made using the multi-stage measuring pulse method
with an increased number of steps. Temperature com-
pensation was carried out according to additional
measurements of ambient temperature.

The measurement of the sensor signal at different
temperatures of the sensor element provides additional
information on the progress of the oxidative reaction,
which is expressed in the change in the signal shape.
This form depends on the type of gas and can be used
for identification.

Separation of methane and vapors of acetone,
ethanol and gasoline was carried out by machine
learning methods and by means of a classification of
objects into two classes: methane and other gases. The
support vector analysis was used for teaching. The
training was carried out on a multivariate sensor sig-
nal, previously normalized and processed by the me-
thod of principal components.

The presented results show that the proposed me-
thods make it possible to reliably identify gases,
which can be used in the development of selective
combustible gas detectors, in particular in the devel-
opment of gas sensors for sensor networks for envi-
ronmental air monitoring.

REFERENCES

1. Baranov A.M., Osipova T.V. [Recent trends in the devel-
opment of sensors for pre-explosive concentrations of
flammable gases and vapors of flammable liquids (re-
view)]. Nauchnoe Priborostroenie [Scientific Instrumen-
tation], 2021, vol. 31, no. 4, pp. 3-29. DOI: 10.18358/np-
31-4-1329 (In Russ.).



34

J. H. CIIUPAKNH, A. M. BAPAHOB

. Spirjakin D., Baranov A.M., Somov A., Sleptsov V. In-

vestigation of heating profiles and optimization of power
consumption of gas sensors for wireless sensor networks.
Sensors and Actuators A: Physical, 2016, vol. 247,
pp. 247-253. DOI: 10.1016/j.sna.2016.05.049

. Samotaev N., Oblov K., Ivanova A., Pershenkov V. Low

power thermocatalytic sensors with nanostructured gas
sensitive materials. 2019.
URL: http://repository.utm.md/handle/5014/5753

. Karpov E.E., Karpov E.F., Suchkov A., Mironov S., Ba-

ranov A., Sleptsov V., Calliari L. Energy efficient planar
catalytic sensor for methane measurement. Sensors and
Actuators A: Physical, 2013, vol. 194, pp. 176—180. DOI:
10.1016/j.sna.2013.01.057

. Korotcenkov G., Cho B.K. Engineering approaches for

the improvement of conductometric gas sensor parame-
ters: Part 1. Improvement of sensor sensitivity and selec-
tivity (short survey). Sensors and Actuators B: Chemical,
2013, vol. 188, pp. 709-728.

DOI: 10.1016/j.snb.2013.07.101

. Hiranaka Y., Abe T., Murata H. Gas-dependent response

in the temperature transient of SnO, gas sensors. Sensors
and Actuators B: Chemical, 1992, vol. 9, no. 3, pp. 177-
182. DOTI: 10.1016/0925-4005(92)80213-H

. Cavicchi R.E., Suehle I.S., Kreider K.G., Gaitan M., Cha-

parala P. Fast temperature programmed sensing for micro-
hotplate gas sensors. IEEE Electron Device Letters, 1995,
vol. 16, no. 6, pp. 286-288.

DOI: 10.1109/55.790737

. Parret F., Ménini Ph., Martinez A., Soulantica K., Mai-

sonnat A., Chaudret B. Improvement of micromachined
SnO, gas sensors selectivity by optimised dynamic tem-
perature operating mode. Sensors and Actuators B: Chem-

Contacts: Spirjakin Denis Nikolaevich,
denis.spirjakin@gmail.com

11.

12.

13.

14.

15.

ical, 2006, vol. 118, is.
10.1016/j.snb.2006.04.055

1-2, pp. 276-282. DOIL:

. Brauns E., Morsbach E., Kunz S., Baeumer M., Lang W.

Temperature modulation of a catalytic gas sensor. Sen-
sors, 2014, vol. 14, is. 11, pp. 20372-20381. DOL:
10.3390/5141120372

. Kalinowski P. Wozniak L., Strzelczyk A., Jasinski P.,

Jasinski G. Efficiency of linear and non-linear classifiers
for gas identification from electrocatalytic gas sensor. Me-
trology and Measurement Systems, 2013, vol. 20, no. 3.
pp. 501-512. DOI: 10.2478/mms-2013-0043

Ben-Hur A., Weston J. A user’s guide to support vector
machines. In: Carugo O., Eisenhaber F., (eds.) Data min-
ing techniques for the life sciences, USA, New Jersey,
Humana Press, 2010, pp. 223-239. DOI: 10.1007/978-1-
60327-241-4 13

Scikit-learn: machine learning in Python.

URL: https://scikit-learn.org

Jolliffe 1.T., Cadima J. Principal component analysis:
a review and recent developments. Philosophical Trans-
actions of the Royal Society A: Mathematical, Physical
and Engineering Sciences, 2016, vol. 374, no. 2065,
Id. 20150202. DOI: 10.1098/rsta.2015.0202

Yi W.Y.,, Lo KM., Mak T., Leung K.S., Leung Y.,
Meng M.L. A survey of wireless sensor network based
air pollution monitoring systems. Sensors, 2015, vol. 15,
no. 12, pp. 31392-31427. DOI: 10.3390/s151229859
Arroyo P., Herrero J.L., Suarez J.I., Lozano J. Wireless
sensor network combined with cloud computing for air
quality monitoring. Sensors. 2019, vol. 19, no. 3, Id. 691.
DOI: 10.3390/s19030691

Article received by the editorial office on 07.12.2021

HAVYYHOE ITPUBOPOCTPOEHMUE, 2022, Tom 32, Ne 1



