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PaccmarpuBaeTcst BOSMOXKHOCTh PEeIlIeHUsT 00paTHOM 3a1aui pacyeTa Tra30KUIKOCTHOM CTPYMHOM
opcyHKHM ¢ my3BIPbKOBOI1 CTPYKTYpOIi NByX(haszHoro motoka. Haxomsitcst mapameTpsl, Onipeaesisiio-
mue paboty GopcyHKU (Tiepenan 1aBleHus, TMaMeTp OTBEPCTUS M KOHIIEHTpAIMs BO3yxa), 1Sl 3a-
IAHHOTO 3HAaYeHMUsI cpeaHero nuaMeTpa 3ayTrepa. Jist 3Toro ObLIO IIPOBEASHO SKCIIEPUMEHTAIbHOE
UccaeaoBaHue paboThl CMECUTES C ABYX(a3HBIM paboYrM TeJIOM ¢ (hOPCYHKAMU Pa3IMYHOTO JI1a-
MeTpa Ha IIy3bIpbKOBOM peXXMMe pabOoThl ¢ BOOO-BO3MYIIIHBIM padbouyum TejoM. B mpoiecce akcne-
pUMEHTa U3MEPSUIMCH TTapaMeTPhbl TTOABOIUMBIX K CMeCcUTENIO da3 (pacxoibl, JaBJICHUS U TeMITepa-
TYpBI), a TaKKe JaBjieHUe mepen dopcyHKaMu. JAucnepcHble U CKOPOCTHBIE XapaKTepUCTUKU B pa-
KeJie pacIiblia U3MepSIIUCH JJa3epHbIM TeHeBbIM MeToloM. Ha ocHOBe coOpaHHOIi CTaTUCTHUKM ObLia
MoJTy4yeHa UCKOMasl KOppeJsIIIMOHHAs 3aBUCMMOCTb, MO3BOJIMBIIASI pelllaTh JaHHYIO 3a1a4y.

Knroueswie crosa: nByxdasHbIii ra30KMIKOCTHBIN TTOTOK, My3bIPbKOBasi CTPYKTypa, (hopcyHKa, Kar-
JIN, TUCTIEPCHOCTD, TUCIIEPTUPOBaHNE

DOI: 10.31857/51024708422600877, EDN: TMQHOO

CyliecTByeT MHOXKECTBO YCTPOMCTB, paboTaloIIMX Ha AByXda3HOM pabodeM Tejle, TAKMX Kak, Ha-
MMPUMEP, PACTIBUISIONINE YCTPOMCTBA (DOPCAXKHBIX U OCHOBHBIX KaMep CrOpaHUsI peaKTUBHBIX IBUTATE-
JIeil, coria peakKTUBHOIO Y PAKETHOIO JBUTATEIsI, 3KEKTOPHbBIE YCTPOMCTBA, YCTAHOBKM JISI IIOJIMBA U
OpPOIIIEHUS B CEJIbCKOM XO3SIMCTBE, YCTAHOBKHY IS TyIIeHUs noxapa. [ToaToMy mIst TOBBIIIEHUS 3¢ -
(GEeKTUBHOCTU JAHHBIX YCTPOMCTB U YIIPOIIEHUS TPOSKTUPOBAHUS MIPOBEACHUE UCCICIOBAaHU B 3TOM
00J1aCTH IBIISIETCS aKTyalbHBIM. ClIeIyeT OTMETUTh, YTO pellieHre 0OpaTHOM 3a1a4u IJ1sl pacCMaTpUBa-
€MBIX CUCTEM TUCTIEPTUPOBAHMS B TAKOU IIOCTAHOBKE HE paccMaTpuBaioch. B maHHoi paboTte paccmar-
puBaloTCst POPCYHKM C ra3oKarneabHOM CTPYKTYpOil TOTOKA, B KOTOPOM 00beMHAsl KOHLICHTpALIMS Ta3a
cymectBeHHO Huxe 0.5. Ecim BBecTH Kputepun nonodus asyxdasHoro noroka I, = G,/G,, I, =
=w;/w,, Ils = p,/p,, TOTAa BBIpaXECHHE, ONpPEIENAONIee CTPYKTYPY ABYX(a3HOro Moroka, MmpuMer
Bun o, = 11511, /(I1, + II511,), tne o, — oObeMHast KOHIIEHTpalusl ra3a. Jlo6aBiisieM ypaBHEHHUE TUIOT-

Hoctu rasa p, = p/RT, nipu p = 10 atm. HauGosbiiee 3HaueHUE O, B 9KCTIEPUMEHTAX HE MPEBBILIAECT
s3HaueHud 0.4, T.e. IBJISIeTCS My3bIPHKOBBIM PEXKUMOM.

B HacTos11I1ii MOMEHT IIPOLIECC ITPOSKTUPOBAHNUS TAKUX YCTPOMCTB (pellleHre TIPSIMOM 3a/1a41) Tpe-
OyeT IpoBeACHUS JONOIHUTEIBHBIX 3KCIIEPUMEHTAIbHBIX UCCASIOBAHUI. DTO 00YCIOBIECHO CIOXHOM
¢pU3MKOI MPOTEKAIINX IPpU JAHHOM pPEXMME OMCIEePTUPOBAHUS IBYX(a3HOTO ITOTOKA IIpolieccax.
HecMoTpst Ha TO 4TO B IMOCAEAHNE TOABI YBEINUYMIOCH KOIUYECTBO HAyYHBIX MyOIMKAlIMii Ha 3Ty TEMY,
JI0 CUX ITOP HET paboT, KOTOPhIe MO3BOJIMIN Obl 0000ILIUTE JOCTUXKEHUS B 3Toit obnactu [1]. B naHHoOI
paboTe paccMaTpuBaeTCSI CMECUTENb, (POPMUPYIOMINI ABYyX(ha3HbII Ta30KUIKOCTHBIIA ITOTOK HEOOXO-
JIVMOM ITy3bIPbKOBOI CTPYKTYPhI, UMEIOIINiIT KOHCTPYKIIUIO, IIPEICTaBICHHYIO Ha puc. 1.
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Puc. 1. Cmecurensb.

CMecuTeNIb COCTOUT U3 CIIEAYIOIIMX 3JIEMEHTOB: BXOJHOTo KOH(PYy30pa /, aspaTopa 2, nuddy3opa 4,
COEIVHEHHOTO C VICITBIThIBAEMOM (POPCYHKOM 5, CHAOXKEHHOI HEOOXOIUMBIMU OTBEPCTUSIMHU 6 IIJTsI AVIC-
HeprupoBaHust AByX(a3HOrO MOTOKA.

Jdnddy3op obecrieunBaeT CHMKEHNE TaBISHUS BOOBI 10 HEOOXOIMMOT0 3HAYEHUS, a B ciIydae, €CJIu
JaBJeHUe B adpaTope MeHbllle aTMOC(EpHOro, cMecuTeIb paboTaeT Ha pekuMe 3KEKIMU. A3paTop
MPOM3BOAUT a3palivio BOIbI BO3AYXOM, ITOJaBAEMbIM WJIN 2XKEKTUPYEMBIM Yepe3 oTBepcTust 3. Audy-
30p YBEJIMYMBAECT NaBJICHME ra30KUIKOCTHOM CMeCH 10 3HAaYeHMsI, HEOOXOAMMOTO0 Ha BX0Jie B (pOpCyH-
Ky, MMPOU3BOSIIYIO pacbll CMeCH Yepe3 OTBEPCTHUsI 6.

HMccnenoBaHue poBOAWIIOCH Ha YCTAHOBKE, coAepKallieil Bce HEOOX0aUMBbIe yCTpOCcTBa 1151 hop-
MUPOBaHUsI UCXOMHOTO ABYX(a3HOIo paboyero Tejiaa ¢ IMOOXOMSIIUMU CTPYKTYPOM M mapaMeTpaMu,
MO3BOJISIONIEH UX PEeryJInupOoBaTh HA cTanusIx ¢OpMUPOBAHUS 1 AUCIIEprupoBaHusi. PaHee Ha maHHOM
YCTaHOBKE MPOBOIUIMCH aHAJIOTUYHbBIE UCcienoBaHus [2—4].

OKCITEPUMEHTAJIbBHOE NCCIIEJOBAHHME

HccnenpoBanue ¢akena pacibiia IPOBOAWIOCH TEHEBBIM METOOOM, BXOISIIMM B IPOTPAaMMHBIA
komrIiekce LaVision [5]. IIpuHuun paboThl JAHHOTO METOIa CICAYIOIIMIA; TIOTOK YaCTUIL] MPOCBeYNBa-
€TCSI MOIIIHBIM JIa3epoM. ETo CBeT IpoxoauT yepe3 paccenBaTeslb, IpUOOpeTasi paABHOMEPHYIO CTPYKTY-
PV, 4 OCBEIIIaeT YaCTUIBL. TeHb OT YaCTHUII ITOITagaeT Ha KPOCCKOPPEISILMOHHYIO KaMepy Yepe3 TUCTaH-
LIMOHHBII MUKpocKoIl. C kaMepbl n3oopaxkeHue nomnanaet B [1K, rae B nmporpammHoM nakete DaVis
IPOMCXOOUT €T0 aHAIN3, MACHTU(UKALIMS KalleJIb M BEBIYUCISHUE UX pa3Mepa.

DKCIIEpUMEHTAJIbHOE MCCIEAOBaHNE IIPOBOAMIIOCH B 3aJaHHBIX AMANAa30HAaX IJIsl OIPEACIISIOIINX
napaMeTpoB. Jlrarma3oHsbl ceayonye: nepenan napjieHus nepen ¢opcynkamu AP — 1—12 atM, macco-
Bas KOHUeHTpauus Bosnyxa G, /G, = 1/11;, — 0-0.004 (G, — pacxon Bosnyxa, G, — pacxon Bosl). Hc-
MOJIb30BATNCh (POPCYHKHN, MMEIOIINE BBIXOAHBIE OTBEPCTUS ITOCTOSTHHOrO nuamMerpa: 2, 2.5, 3 MM, HO
pa3HOE YKCIIO OTBEPCTHIA, OT 6 10 9, Ha OMHY (DOPCYHKY.

HMccnenoBaHue MOTOKa TEHEBBIM METOIOM ITPOU3BOAUIOCH B 00J1aCTH TIepexoia OT MEPBUYHOTO pac-
naga K BTopuaHoMmy. JIpobGieHue Xunkoii ¢pa3bl UMeeT IBe 30HbI (DOPMUPOBAHUS KalleIbHO! CTPYKTY-
pBI: TIEpBasi 30Ha, MIPUMBbIKAIOIIas K BBIXOAHOMY CeYeHUIO (hOpCYyHKU, (hOpMUPYET KaIlJIu, COOTBETCTBY-
IOIIME PaCIbLTy OMHOMA3HOM XXUAKOCTU MPU MapamMeTpax nepen (hopcyHKoii, BTopasi 30Ha pacroyioxe-
Ha Ha paccrosgHuu oT 20 go 100 kanmmbpoB auamerpa oTBepcTuii. ITocKoibKy CKOpOCThH Tasa,
BBITEKAIOIIETO U3 (POPCYHKM, CYILIECTBEHHO OOJIbIIIE CKOPOCTHU XUIAKOCTH (IIPU ONMHAKOBOM AaBACHUN
nepen GOpCyHKOIT), TO peain3yeTcs BTOpU4HOE ApobsieHue Kamneb. [IpuMep mosyyaemoro pacrnpene-
JICHUS TIPUBEICH Ha pUC. 2, B BUIE 3aBUCUMOCTH OT YMCJIa KaIeiab, OTHOCSIIIMXCS K JaHHOMY AuaIia3o-
Hy pa3MepoB ((pakiiuu Karesb).

@b opcyHKM ¢ TMaMeTpoM oTBepcTuit 2 MM, mipu G,= 0.414 kr/c, G, = 0.7 1/c, AP =2 atm.

Hanee miIs KaxXaoro paciipeneeHus ObUl HAaAeH CpemHUui fuaMeTp 3ayTepa U IMIOCTPOCHBI €ro
3aBUCUMMOCTU OT OCHOBHBIX MapaMeTpoB (pOpCYHKU, ITOKa3aHHBIC Ha puc. 3, 4. JIJ1s1 KaueCTBEHHOM
OLIEHKM U CpaBHEHMUS pe3yJIbTaTOB pabOTHl (POPCYHOK Ha TpadrKax MCIIOJIb30Bajlach IMHEITHA all-
NpOKCUMAIIUSI.

HMcnonab3ys moaydeHHYI0 CTATUCTUKY, ITPEICTABUM KOPPEJISIIIMOHHOE YpaBHEHIE B BUIE

G
dy, = f| AP, d,—* (1)
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Pacnipenenenne Karenb 1o paamepam
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Puc. 2. InddepeHnnanibHoe pacipeaeicHue TMaMeTPOB Karelb 10 pa3MepaM.
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Puc. 3. 3aBucuMocTh AuaMmeTpa 3ayTepa OT maBjieHusI reped ¢GOpCyHKaMU, TMaMeTPbl OTBEPCTHUII KOTOPBIX yKa3aHbI
B JIeTeHe d, M.

B xayecTBe OCHOBBI KOPPEISILIMOHHOTO YpPaBHEHUSI BOCHOJb3YEeMCS ypaBHEHUEM, MOJTYYSHHBIM
B pabote [6], B pe3yibTraTe 3-X MEPHOTO YMCJISHHOTO MOACIMPOBAHMS paclblia IByX(a3HOTo IMOTOKa
MYy3bIPEKOBOI CTPYKTYPhI

—0.4686 ~0.1805 0.6675 0.1714 0.1382
B 1 Gg AP d u Y
d3p(y0) = 0'000505[0. 12 CTJ (5 X 106) (ﬁ) (E) (R) *

rae U — KoeOUIUEHT BA3KOCTHU XUIKOCTH, 0 — CUJIa IOBEPXHOCTHOTO HaTsXXEHUs. B KauecTBe Kpu-
Tepusl KauecTBa OyAeM UCITOJIb30BaTh CPEAHIOI0 a0COMIOTHYIO TTPOLIeHTHYI0 o1noKy (MAPE)

I~ |4 - F
MAPE ==~ ) |Z—1 3
e ®

1
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Puc. 4. 3aBucumoctsb tuameTpa 3aytepa oT 00beMHOI 10JI1 Bo3ayxa nepes hopcyHKaMu, AMaMeTpbl OTBEPCTUI KOTO-
PBIX YKa3aHBbI B JiereHae d, M.

rae A; — ¢pakTrueckoe 3HaueHUe, a F; — nporHo3Hoe. Benmnmunna MAPE coctaBuna 44.3%. Kak BugHO
13 TUCTOIPAaMMBI Ha pUC. 5, TMTOJABIISIOLISE YUCIIO MPeAcKa3aHU UMEIOT MPUMEPHO TaKYIO e Iorpel-
HOCTb. OTHAKO TIPHUCYTCTBYIOT M MPOTHO3BI ¢ MOTPEITHOCTEI0O MeHee 10%. TakKe ciaemyeT OTMETHUTD,
YTO BCE ITPOTHO3HBIC 3HAYEHMS OTKIIOHSTIOTCS OT PeaTbHBIX B MEHBIITYIO CTOPOHY. DTO MOKET OBITH CBSI-
3aHO C TEM, YTO ypaBHeHUE (2) ObUIO MOJYYEHO Ha pe3yJibTaTax YUCIEHHOTO MOJASIMPOBaHUS, KOTOPOE
HE CMOIJIO YYeCTh KaKUX-TH0o stBiaeHuii. HanmpuMep, HepaBHOMEPHOCTh pacIipene/ICHUST ITy3bIphKOB
BO3Iyxa. A 3TO MPUBOIUT K 00pa30BaHUIO KPYITHBIX (pparMeHTOB, HEe pacHagalomInxcs Jaxke Ha 3HATH -
TeJIbHOM yIaJIeHUU OT (pOPCYHOK, KOTOPHIE, B CBOIO OYepelb, YBEIUNUMBAIOT 3HAUCHUE CPEIHETO aua-
MeTpa.

Bsuny HeynoBiaerBoputenbHoro 3HaueHuss MAPE “niepeoOyunM” mMoneib Ha ITOJIYyYE€HHBIX 9KCIIe-
PUMEHTAIBHBIX TaHHBIX. Ha puc. 6 mpeacrapieHa 3aBUCUMOCTD a0COTIOTHOM TTOTPEeITHOCTH MOJETHN OT
MeTona obydeHus. Nelder-Mead — meron nedopMupyeMoro MHororpaHHuka [7], Powell — meTon,
INaysnia unu Meton conpsikeHHbIX HampasiaeHuit [8], CG — MeTon CONpsKeHHBIX TPaaIueHTOB (METO
®netuepa—Pusca) [9], BFGS — anroputm bpoitnena—®neruepa—lonbpndapba—Illanto [10],
L-BFGS-B — Moaudukanus ¢ orpaHUYEHHBIM UCITOJb30BaHUEM MaMsTH B MHOTOMEpHOM Kybe [11],
TNC — yceuennsie MeTonbl HeioroHa (Truncated Newton methods) [12], COBYLA — orpanudyeHHas
ONITUMM3AlIN ¢ IMHeHOoM armpokcuManmeit [12], SLSQP — mociaenoBaTrenbHOE KBagpaTUIHOE ITIPO-
rpammupoBaHue [13].

Kak BumHO 13 puc. 6, GOJIBITMHCTBO METOIOB JaJI0 IPUMEPHO OMMHAKOBBIN pe3ynbTat. i mpak-
TUYECKOrO MCIIOJBb30BaHUSI BO3bMEM Mojelib, o0ydeHHyo MetogoM L-BFGS-B ¢ MAPE = 7.6%.
CKOppeKTUpOBaHHOE YpaBHEHNE UMEET BU/I:

—0.082
G -0.189 1.32 -0.09 -0.314
dyy = 505.| . 2= ( AP 5) ( d ) (E) [_0 3) (4)
0.17 G, 5x10 092/ \2)  l4ex10

Bnaromapst HAMMYKMIO JTAHHOTO YPaBHEHUSI MOXHO PEILINTh OOpaTHYIO 3afavy, T.e. HAUTU 3HAYECHUS
napaMeTpoB (hOpPCYHKU, 0OECeunBaIOIINX HY>)KHOE 3HaUCHUE d3, MIPU 3aJJaHHbIX OTpaHUYEeHUsIX. Ta-
KYI0 3a7a4y MOXKHO CBECTH K 3ajaue MUHUMM3ALIMY HEKOTOPOI (DYHKINY ITOTEPh, B KAUESCTBE KOTOPOIA
MOXET BBICTYIIUTh, HAIIpUMep, aOCOTI0THAS OIINOKa (Pa3HOCTh IO MOAYJIIO LIEJIEBOTO U IMPOTHO3UPYE-
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Puc. 5. IuddepeHiinanbHoe pacipeaeacHue abCoMIIOTHOM MPOLEHTHOM OIMOKY ypaBHEeHUS (2).
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Puc. 6. 3aBUCMMOCTb aGCOTIOTHOM MTOTPEITHOCTU OT METONa OOYyJEHHS.

Moro 3HaueHuii). HazoBeM Takyto GyHKLUIO error v chOpMyTUPYEM 3a1auy €€ MUHUMU3ALUU CIAeayI0-
M 00pa3oMm:

error(dyy, dsy) — min (5)

tae ds, v ds, — LIeJIeBOe 1 IPOTHO3HOE 3HAUeHUEe fuamMeTpa 3ayTepa.
BexTop BXOIHBIX TapaMeTPOB

x = (AP,d,G,,G,)

o N
Z[OHOJIHI/ITG.TIBHO 3aJa€TCA MHOXKECTBO JOITYCTUMbIX PCIICHUN XcR , TIC N — 4ucyio BXOOHBIX ITa-
pPaMEeTpoOB, T.C. IJIMHAa BEKTOpPAa X.

Hwuzxe B Tabnuiie pPacCMOTPEHBI HECKOJILKO CPaBHUTECIbHBIX IIPUMEPOB.

M3 Tadm. 1 BUOHO, YTO MPECIJIOKEHHAA KOPPEIAIIMOHHAA MOICIIb JA€T IIPOTHO3bI, COITIaCyIOIIUNECA C
SKCIICPUMMCHTAJIbHBIMU JaHHBIMU.
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Taoauna 1. CpaBHCHI/IC PE3YJbTAaTOB PCHICHUA O6paTHOI7I 3a1a4y C SKCIICPUMEHTOM

D35, MKM AP, at™ d,m G, /Gy
3nauenue| Teop. Okcn. | ITorp. % Teop. Oxkcn. | IMorp. % Teop. Okcrr. | Morp. %
354 5 4.5 10 0.00255 | 0.0025 2 0.002 0.0017 18
342 2.00 2.00 0 0.00214 0.002 5.6 0.0014 0.0017 18
238 9 8.8 2.3 0.00206 | 0.002 2.4 0.002 0.0014 35
SAKJIFOYHEHUE

HOJ’[Y‘ICH OKCIIEPUMCHTAJIBbHO CTaTUCTUYECKUIA MaT€puai, CBSI3bIBAIOIIN I PEXKMMHBIC TTapaMETPbI

Ha BXOJI€ C AUCTIEPCHBIMU XapaKTePUCTUKAMM Ha BBIXOJE. DTO OBUIO UCITOJIB30BAaHO BMECTE C MaTeMa-
THYECKUMHU METOZaMM OOyJeHUS M ONTHUMU3AIINH, YTO MO3BOJMIO pa3paboTaTh METOIUKY PEIICHUS
0o0paTHO# 3amadm ompeneieHUs 3adaHHBIX PESKUMHBIX M CTPYKTYPHBIX MapaMeTpOB ITy3BIPHKOBOTO
IBYX(a3HOTO TOTOKA PACITBUISIONIETO CTPYMHOTO YCTPOMCTBA HA BXOJE MPHU 3aJaHUM IMapaMeTpoB Ha
BBIXOe 13 Hero. [loydeHHBIe pe3yIbTaThl MOTYT OBITh MCIOJIB30BAaHBI IIPY TPOSKTUPOBAHNHY Pa3INd-
HBIX paCIBUISIONMNX YCTPOMCTB B KaMepaX CTOpaHUs M B IPYTUX YCTPOMCTBAX, MCITOIB3YIOMINX IBYX-
(hasHbIC MTOTOKM, COTIIAX 1 IKEKTOPaX, PA3TMIHBIX CMECUTEIIbHBIX YCTPOHCTBAX.
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