IIOBEPXHOCTbB. PEHTTEHOBCKHE, CHHXPOTPOHHBIE H HEHTPOHHBIE HCCIENOBAHHA, 2023, No 3, c. 79—86

YIIK 004.85:004.94:544.478:544.723

OIITUMN3BALNA PEAKIINN OKNCJIIEHUA YTAPHOI'O I'A3A
HA ITOBEPXHOCTHN HAHOYACTHULI TTAJVIAANA METOJOM
MAIINHHOI'O OBYYEHUA C ITIOAKPEINVIEHNEM

© 2023 r.

M. C. JIudapp* ?, A. A. Tepemenko* *, A. H. Byirakos,

A. A. Tyna» **, C. A. Iyna~?, A. B. Conzaros*
“ MescdyHapoonblil uccaedogamenvCckuil UHCMUmMYm UHMeANeKmydaabHbiX Mamepuanos,
FOxucubiii hedepanvhutii ynusepcumem, Pocmos-na-/lony, 344090 Poccus
b Auemumym mamemamuru, mexanuxu u komnsiomeproix Hayk um. M. 1. Boposuua,
FOxcnuiii pedepanvrniii ynusepcumem, Pocmog-una-/lony, 344058 Poccus
*e-mail: tereshch 1 @gmail.com
**e-mail: guda@sfedu.ru

Tlocrynuna B pegakuuio 17.06.2022 r.
IMocne mopabotku 22.08.2022 1.
IIpunsra k nyonukarmu 22.08.2022 r.

BbIxon npoayKToB peakiiuyi 3aBUCUT OT B3aUMOAEHCTBUSI MEXTY MpOlleCCaMU Ha MOBEPXHOCTH KaTalu3a-
TOpa: ancopOIM, aKTUBALIMHY, TeCOPOLIMU U IPYTUX. DTU MPOIIECCHI, B CBOIO OUYepeb, 3aBUCAT OT BETMYUH
MOTOKOB PEaKIIMOHHBIX CMeceil, TeMIiepaTyphl 1 JaBjieHUs. B cTallmoHapHBIX YCIOBUSIX aKTUBHBIE LIEHTPbI
Ha IMMOBEPXHOCTU MOTYT ObITh OTPaBJIeHbI TOOOUYHBIMY TTPOAYKTAMU PeaKIINU WM 3a0JIOKMPOBAHBI N30BIT-
KOM aJicOpOMPOBaHHBIX MOJIEKYJI peareHToB. JIuHaMUUeCKUi KOHTPOJIb ITapaMeTPOB PeaKIIuu YYUTHIBACT
U3MEHEHUsI CBOMCTB MOBEPXHOCTH U COOTBETCTBYIOIIMM 00Pa30M PETYJIMPYET TeMITepaTypy, CKOPOCTH MO~
TOKOB U Apyrue napametpsl. [IpuMeHeH aaroputM o0y4eHUsl C MOAKPEeTJIeHEeM 711 yIIpaBJIeHUs peaKlim-
et okucaeHus yrapHoro raza CO Ha MOBepXHOCTY HAHOYACTUII ITajuIagus. AJITOPUTM ObLI HATPEHUPOBaH
MaKCUMM3UPOBATh CKOPOCTH ITPOU3BOACTBA YIJIEKMCJIOTO ra3a Ha OCHOBe MH(MOPMAIIUM O BEJTMYMHAX IO~
TokoB CO, O, u CO, Ha KaxX10M BpeEMEHHOM Luare. bbll BBIOpaH aJlrOPUTM IPaiUEHTHOM MOJIUTUKU C He-
MPEPBIBHBIM MTPOCTPAHCTBOM JIEHCTBUIA, M pacIliMpeHbl HAOII0eHUS 32 CKOPOCTSIMU MTOTOKA Ha HECKOJIBKO
MOCJIEIOBATEILHBIX BPEMEHHBIX 111aroB, YTO TO3BOJIMJIO TIOJYYUTh HAaOOp HeCTallMOHApHBIX PEIIeHUIA.
MakcuMaabHBIN BBIXO MPOAYKTA TIOCTUTAETCS IIPY TTEPUOIMIECKOM U3MEHEHU U ra30BbIX TIOTOKOB, 0Oec-
revyrBaoleM O0ajaHC MeXAy AOCTYMHBIMU LIEHTPAMU aacopOLUMU M KOHLIEHTpalUUeil aKTUBUPOBAHHBIX
WHTEPMEANATOB. DTa METOMOJIOTUSI OTKPBIBAET MEPCHEKTUBBI ISl ONTUMU3ALMN KaTAUITUTUUYECKUX peaK-
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BBEIAEHME

Hanouactunpl 61aropogHBIX METAJIJIOB, B 4acT-
HOCTH TTaJUIafvsl, — U3BECTHBIEC KaTaIM3aTOPEl MHO-
KECTBa XUMMUECKUX peakKIUii okuciaeHus [1] 1 Boc-
craHoBlieHUs [2]. X karanmuTtudeckasi aKTUBHOCTh
IMMOMMMO pa3Mepa yacTuil [3] 1 MaTepuaia IOmJIOXKN
[4] Takke BO MHOTOM oTIpenensieTcsd n (popMoit Ha-
HouacTull [5—8]. B ctarmmoHapHBIX YCIIOBUSIX IIPOTE-
KaHUS peaklMK MOBEPXHOCTh KaTajau3aTopa MOXKET
JerpagrdpoBaTh 3a cueT pOpMUPOBAHUS OKCUIOB [9],
Kapounos [10] mim agcopOMpPOBAaHHBIX MOJIEKYJ C
OouteIION dHEprueit cega3m [11].

Jns 3amenneHus nmpoiiecca GOpMUPOBAHUS BTO-
PUYHBIX (a3 Ha TTOBEPXHOCTHU U ITOBBILIEHUST aKTUB-
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HOCTH KaTaJiM3aTopa YCJIIOBUS IIPOTEKAaHUsI peaKIUuu
MOXXHO M3MEHSATh nuHamudecku [12]. Hampumep,
MIpU IIPOBEACHUN KaTaJIUTUYECKOTO LIMKJIMPOBAHUSI
Ha OTIEJIbHOM CTaIuM LIMKJIA ITOBEPXHOCTh KaTalr-
3aTOpa MOXKET OBITh IIPUHYAUTEILHO OYMIIIEHA OT He-
XKenaTeJIbHBIX IIPOAYKTOB M, TaKUM O0Opa30oM, OCY-
IIECTBJIEHA €€ pereHeparus IJisl JIyJIlero 3aceJieHUsI
XXeJlaTeTbHBIMM peareHTaMu Ha Apyrux cragusx [13].
HMcnonb3oBaHre BHEIIHUX BO3MYIIEHUIA MOXET IIpU-
BECTU K OOJIbIIEMY IIPEUMYIIECTBY TMHAMNIECKOTO
peXuMa 110 CPaBHEHUIO CO CTAllMOHAPHBIM, YTO HC-
IOJIB3YETCs JIsl pa3pabOTKU HeCTallMOHAPHBIX peaK-
TOPOB C JIYYIIIMMHU XapaKTepucTukaMu. B yactHocTH,
MOMOYJISILUY peaKIMi MOHOOKCHUIA yIjepoaa Ha Io-
BEPXHOCTM HAHOKATaJIM3aTOPOB OJIATOPOMTHBLIX Me-
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TAJUIOB IIPEICTABIISIIOT OCOOBIN MHTEPEC, ¥ UX MHTEH-
CHMBHO M3YYalOT: 3TO HE TOJBKO PacIIpOCTpPaHEHHAas
MojenbHas peakus st GyHIaMEeHTATbHBIX UCCIIe-
JIOBaHMWIA B 00J1aCTU TeTepOreHHOro Karanu3sa [14—18],
HO U IIMPOKO MCIIOJIb3YEMBIi B HACTOSIIEe BpeMs
MpoLecC B aBTOMOOMJIBHBIX KaTaJIUTUYECKUX KOH-
BepTepax. TamM TpexxomoBble KaTajJM3aToOpPhl IEeprO-
JIWYECKH TIOABEPraloTCs OKUCIUTEIbHOMY (BO3MYyIII-
HBI1 peaKToOp) U BOCCTAHOBUTEIBHOMY (TOILJIMBHBIA
peaKTop) pexXruMaM, U TaKoe LIMKJIMPOBaHME IT03BO-
JIIET Pe3KO YBEIWYUTh 3(P(PEKTUBHOCTh UTOTOBOM
koHBepcuu CO B CO, [19-21].

ITouck onTUManbHbBIX pEAKIIMOHHBIX YCJIOBUIA S1B-
JISIeTCSl CJIOKHOM 3afaveil paxe IUisl CTallMOHAPHBIX
PEXMMOB M 3HAUUTEIBbHO YCIIOXHSIETCS B Cilyyae Ju-
HaMUYeCKU U3MEHSIOLIMXCS TTapaMeTpoB. ONHUM U3
MePCIeKTUBHBIX MOAXOIOB JJIs1 pellieHUs JaHHOI 3a-
Jlauyu SIBJISIETCS MCIIOJb30BaHUE MAIIMHHOTO O0yyYe-
HUd [22, 23] 1, BYaCTHOCTU, OOYUSHUS C TTOJKpeTlIe-
HYeM (M3BECTHOIO B 3apyOexHol JuTeparype Kak
Reinforcement Learning) [24—26] njiss mpOrHO3UpoO-
BaHUWS HAWJIYYLIEero AMHAMUUYECKOTO peXXrumMa U yCiio-
BUM MpoTeKaHUsI KaTaTuTudeckux peakuuii. Hemas-
HO B [27] oO0oCHOBaIM KOHLEIIINIO UCITOJIb30BaHUS
MAallMHHOro 00Y4YeHMS € MOAKPETJIeHUeM AJIsl ONTH-
MU3alM1 BbIXO/JAa BOJOPOJA B peakiluu YaCTUYHOTO
okuciaeHusi MetaHa. C 3TOU LIeJbI0 OHU OOYYMJIU
areHToB Q-00yuyeHus [28, 29] 1 rpagreHTa ITyOo0KOit
JIeTEpPMUHUPOBAHHOU MoAUTHKY [30] 1151 MpOTrHO3U-
pOBaHUSI TIPOU3BOJACTBA BOAOPO/IA ITyTEM PEryJIMpO-
BaHUS TEMIIepaTypbl, 1aBJ€HUS], CKOPOCTU MOTOKA U
cocTaBa TIOJIOKKU B CMOJEMPOBAHHOM peakTope
WIeaJIbHOTO BBITeCHeHMsI. ABTOpPHI [31] mpomeMoH-
CTPUPOBAIU MPUMEHUMOCTb MAIlIMHHOTO OOY4YeHUsI
C MOAKpeTJIeHUEM B COYCTAHUU C TPOTHOCTUYECKUM
KOHTPOJIEM 9KOHOMWYECKOUN MOMIEIN JJIsl TIPOU3BOI-
CTBa OKCHJa 3TWieHa. Takke, UCIOJb3ys MyooKoe
o0yueHMe C MOoJKpeIieHrueM, paHee ONTUMU3UPOBa-
JIV pa3JInYHble MUKPOKAareJIbHble XUMUUECKHE pPeaK-
LIMM1, HAITPUMEP CUHTE3 U30XMHOJIMHA, 3aMelIeHHO-
ro XMHoOJIMHA U pubo3zodocdara [32]. B pe3ynbrate
JaHHBIM TTOAXOM MO3BOJIMJI YTOYHUTh ONTHUMAJIbHbBIC
9KCIIepUMEHTAJIbHbIE YCIOBUS, YTO NaJ0 BO3MOX-
HOCTb YBEJIMWUYUTb CKOPOCTb MPOTEKAHUS pEaKIIUid.
B Hacrosieit pabore nmpoBeneHa ONTUMU3ALMS Ma-
pamMeTpoB peakiiuu okucieHuss CO, npoTekatolieii
Ha IToBepxXHOCTU HaHouacTull Pd, ¢ ucronb3oBaHueM
MOJAX0Ja MAIIMHHOTO OOYYeHUS C MOAKPEIJIEHUEM.

OKCITEPUMEHTAJIbHAA YACTb

AJropuT™M 00yYeHMsI C MOOKpEeIIeHueM TpeOyeT
MHOI0O MPOOHBIX 1IaroB ajis1 ooydyeHus1. McrnblTaHus
BBITMOJIHSIIOT MOCIEA0BATEIbHO OJIsl pa3HbIX 3Hade-
HUI TTapaMeTPOB, BHIOMPAEMBIX aJITOPUTMOM, U TAKUM
00pa3oM MOKPBIBAIOT BaxKHBbIE OOJIACTH IIPOCTpPaH-
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CTBa NapaMeTpPOB peaKkIuu. DTOT MOAXO/ OTINYAETCS
OT MallIMHHOTO OOyYeHUs C yuuTeseM (M3BECTHOTO B
3apyOexxHoil mTepatrype Kak Supervised Machine
Learning), korga Becb HAOOp UCTIBITAHUI TIepenaeT-
Csl aJITOpUTMY TIoJib30BartelieM. B aToM paznene onu-
11IeM MaTeMaTUYECKYIO MOEIb PEaKIIMU OKUCIEHUS
CO, ocHOBaHHYIO Ha cucTteMe TuddepeHITnaTbHBIX
YpaBHEHMUIA, KOTopasl CIYXKUT Cpeloi 111 00ydeHuUs
aJiropuTMa.

Cxema peakuuu okuciaeHuss CO Ha Pd mMoxer
OBITh OITMCAaHA YPaBHECHUEM:

2CO + 0, — 2CO,. (1)

Oxkucnenue CO Ha HaHovacTulax Pd MmoxHo pasne-
JINTH Ha YEThIPE 3JIeMEHTAPHBIX 3TAra Mo MEXaHU3MY
Jlenrmiopa—XuHmenbByaa [33, 34]:

CO + Pd*—% 5 COyy, 2
COpy; —r2—CO + Pd*, (3)
0, + 2Pd*—*%_520,,, 4)
COpy + Opy —X—CO, + 2Pd*, ®)

rae Pd* — cBoOonHbI LEHTp aacopOuuu, a k; — KOH-
CTaHTa CKOpPOCTH cTamum i = 1—4. 3HadyeHUsT KOH-
CTaHT CKOPOCTHU OIIPEIEIUINU, UCTOIb3Ys CIIeIyIO-
mue popMyb:

= X0, (©)
Hpg
E
k, = v,exp| ——2 |, 7
2 2 p( kBT] (7
F
ky =—2, (8)
Npy
E
k, =v,exp| ——% |, 9
4 4 p( kBTJ 9)

tne Feo u F,, — noroku CO u O,, COOTBETCTBEHHO,
Npy — TTOBEPXHOCTHAsI TUIOTHOCTb aToMOB Pd (np; =
= 1.53 x 10" Mm72?), v, — 9acTOTHBIi (dakTOp DJI€-
MeHTapHo# peakuuu i (v, = 10° ¢ ' mv, = 1077 ¢71),
E, — sHeprusi akKTUBaUUK 3JIEMEHTAPHON peakiuu i

1]
(E, = 136 xk[Ix - monb~! u E, = 59 k/IX - Monp}),
kg — xoHcTaHTa bonbpiimMana (kg = 0.008314463 kX -
-monp~! - K71), T — temneparypa o6pasua (440 K).
151 KOHCTAaHTBI CKOPOCTHU ypaBHEHUS (4) B BbIpaxke-
Hue (8) ObUIM AOIOJHUTEIHLHO BBEIECHbI MOIPaBKU
Ha Aerpafaliiio U pereHeparuio MOBEPXHOCTH KaTa-
JI3aTopa ¢ TCUeHUEM BPEMEHU:

B B
ko + kVy|0.25— =22 [Ar, =2 50.25
k‘" — PCO (e[6]

10
P, P, (10)
Ky + (1= k). 0252 |Ar, =22 <0.25.

CcoO CcoO
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rae V; — napameTp, ONUCHIBAIOIINIA CKOPOCTb Aerpa-

nanuu nosepxHoctu (V; = 0.01 c_l), At — BpeMeH-
HOII MHTEpBaJl, B X0/l KOTOPOTO MPOUCXOAUT Aerpa-
Hauus Win pereepauusi, Foq U B, — mapuuaibHbie
nasienust CO u O,, V., — nmapameTp, ONUCHIBAIOLIUIA

-1
CKOpPOCTb pereHepauuu nosepxHoctu (V, =1.5¢ ).
B cnydae, ecim gonss CO B cmecu Obuta Majia (OTHO-
B R
2 > 2), Bdopmyie (9) —2
co co
MaJli paBHBIM JIBYM, YTOOBI OrpaHUYMUTb CKOPOCTb

Jerpajaluu Katajiuzaropa. B naHHo Monesiu u ObL1
KCIIO0JIb30BaH TOT (PaKT, YTO UBMEHEHUE AKTUBHOCTU
MOXET OBbITh CBSI3aHO, HAMpUMEp, C POCTOM HOJIU
MPUMECHOM ha3bl HAa MOBEPXHOCTU Mayutamus [9].
HamepeHHo 6bu10 BBIOpaHO coOTHOLICHUE Fy & Fog =
=1 : 4 B KayecTBe MOrpaHUYHOrO (Iae KaraauszaTop
He MoJBepraercsl Aerpajallid WIM pereHepanun),
IMOCKOJIbKY OHO aJIEKO OT CTEXUOMETPUUYECKOTO CO-
OoTHOWEHUs1 By : Fog = 1 : 2, 4TO MO3BOJISIET MOy~
YUTh HECTallMOHApHbIe pellieHus. BennunHy notoka
ONpeAesIu C UCTIOIb30BAaHUEM TaplUaTbHBIX 1aB-
JICHU# COOTBETCTBYIOLIUX ra30B Mo hopmysaM:

IMEHHNE ITOTOKOB

MPUHU-

Feo = ——, (11)

==, (12)
2ntM,

N kgT

rae Prg n PO2 — napuuanbHblie napieHuss CO u O,,
Mco m My, — wmonekynsipasie maccel CO u O,
(Mo =28 x 107 xr - momb™' u M, =32 x 107 kr -

-monb~ '), N, — mocrostHHast ABoranpo. Ha ocHoBe
9TO# MOJEIN MOXHO BBECTH YPaBHEHUS IIJTSI TTOKPBI-
THSI HOBEPXHOCTH MOJIEKYJIaMHU MOHOOKCHIA YIJIePO-
Ja 1 aTOMaMHU KUCIIOpOIa:

dt

dO,
—2 =2k.S5. — k40060,
i 390, 4YcoYo

= kiSco — kzeco - k4ecoeo, (13)

(14)

rae Oco U 0, — MOKPBITUS MoBepXHOCTH Pd Moneky-
mamu CO 1 aToMaMu KUCIOpOna, a Sco U S, — COOT-
BETCTBYIOIINE KO3(POUIIMEHTH NpUIUIaHus (M3BeCT-
HBIE B 3apyOeKHOM iuTepaType Kak sticking coeffi-
cients). 3aBUCUMOCTU KO3 (DUIIMEHTOB NPUIUIIAaHUS
Sco and S, OT MOKPBITHUST U TeMITePaTypHBIX 3 dek-
TOB ONpeae/siiv Mo hopMyJiam:

Sco = Sgo 1- eﬁfx -Cr On?ax > (15)
Bco 0o

MOBEPXHOCTb. PEHTTEHOBCKHUE, CUHXPOTPOHHBIE U HEUTPOHHBIE UICCIEJOBAHUS  Ne 3

0 1-8c0 _ 0o 80 _ 8o
So, = ’ 8co 0o 0co 0o (16)
O. 1 eCO _ 6O

T max max
eCO eO

0 0
e Sco U S, — HadalbHbIe KO3 OUIMEHTHI IPUIIH-
MaHusl IIPU HYJIEBOM MOKPBITUA COOTBETCTBEHHO,

Sgo = 096 u or TeMmepaTypbl HE 3aBHUCHT,
ng = (0.78—7.4)><1074T, rne T — temmeparypa 06-
pasia, 0.y =0.5u0," = 0.25, C; GbUI IPUHST paB-
HbIM 0.3. TTapameTpbl Moaenun ObLIU B3STHI U3 [35].
Hrorosyio ckopoctsb popmuposanust CO, (7o, ) onpe-
JeJsiiu 1o (hopMyJie:

Ico, = k4Bc00o. (17)

PE3VJIBTATBI 1 UX OBCYXIEHHWE

KiroueBoIMM MMapameTpa ajaroputMa oOydeHUs C
MONKPETIJICHUEM SIBJISIOTCS Cpelia M areHT. ATEHT BbI-
MOJHSET NEMCTBUS Ha OCHOBE IOJIWTUKHU, 3adaBac-
MO HEWPOHHON CEThIO, KOTOpas IMOJIydaeT Ha BXOJ
3HAYEHUS HaOJIIOJaeMbIX ITApaMETPOB M3 Cpeabl U
Ha BBIXOJI€ BbIIAET IeicTBUS. BbUI MCIIONIb30BaH ai-
TOPUTM TpagueHTHOI TMoauTUKM Vanilla Policy Gra-
dient (VPG) c HemnpepbIlBHBIMM 3HAYEHUSIMU Jeii-
crBuii. I[lomuTka anropmTMa OOHOBIISIACH UTEpa-
IMOHHO B XOAe 0O0yYeHMsI Ha MOJIEIIM, IIOCTPOSHHOI
Ha ocHoBe nuddepeHIaIbHbIX YpaBHeHUI1. 1lenbio
00y4eHMsI ObLJIa MAKCUMU3aLUs MHTETPpajJIbHOTO 3Ha-
YeHUST Harpaabl B U3MEHSIIOIINXCST YCIOBUSIX CPEIbI.
Mogens 1 0OydeHMe OBLJIM 3alTporpaMMHPOBAaHBI HA
sa3e1ke Python ¢ ncnons3oBannem 6mubmmorexku Ten-
sorforce u ppeitmBopka Tensorflow. [1pu onmTumm3a-
1 Ko3PPUILIMEeHTOB HeIipOHHOI CETH UCIIOIb30Ba-
Jiu ckopocthb ooydyeHust 0.001. Ha Bxoapl HeiipoHHOI
CeTU T10JaBajii HOpMUPOBaHHbIE 3HAYEHUS [TIOTOKOB
rasoB, IpuBeAcHHBIC K nuana3oHny [0; 1]. Cxema pa-
OOTHI aJITOpUTMAa MMOKa3aHa Ha puc. 1.

Anroput™ VPG o00ydyeHUs ¢ TOOKpEIUIEHUEM OT-
HOCHUTCS K KJIacCy aJITOPUTMOB on-policy, T.e. aaro-
PUTMOB, KOTOPbI€ OIITUMU3UPYIOT ITOJIMTUKY areHTa,
0a3upysICh TOJBKO Ha MHAOPMaAUU, IIOJIYYEHHON B
XOJIe MCIOJb30BaHUS TeKyleil monutuku. Ilomuru-
Ka — (pyHKIMS, onpeaesisiolias, Kakoe neiicTBre 0y-
JIeT BBIOMpPAaTh aJITOPUTM MCXOMAS U3 TEKYIIIETO COCTO-
aHug cucteMbl. OOydeHMe areHTa MPOMCXOIUT B
TeuyeHHe OOJIBIIOro YHMCia SIIM30I0B OOYy4YeHUS.
AJTOpuUTM B T€YCHHUE 3MK304a IIUTEeIbHOCTHIO 500 ¢
MPUMEHSET MOJIMTUKY, 3alIpOrpaMMUPOBAHHYIO B BUZIE
HeWpoHHOI ceTu. 3afaya MO HAaXOXIACHUIO areHTOM
ONTUMAJIbHON IOJUTUKU CBOOUTCS K ONITUMU3ALIUN
napamMeTpoB MOJUTUKU — BECOB HEMPOHHOI CETHU.

2023
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Puc. 2. Cymmapnsrii Beixon CO,, IeNeHHBI Ha [UIMHY
3Mn30/a, KaK QYHKIUSI OT HOMepa 3MM30/a.

JeiicTBHe areHTa B HACTOsIIIEi paboTe 3aKII09aeTCs
B usMeHeHuu notokoB CO u O, kaxabie 10 ¢ mpous-
BOJILHBIM 00pa3oM B TIpelesiaX 3aJaHHOTO Iuana3o-
Ha. Ha Bxon HelipOHHOIi CeTU MoJaloT HOPMUPOBAH-
Hble 3HaueHus notokos CO, O, u CO, Ha TekylleM
mare 1 (OIIIMOHAIILHO) 3HAYEHUSI COOTBETCTBYIO-
IIX IIOTOKOB Ha OJHOM WJIY IBYX IIPEIbIAYIIMX IIa-
rax ooyuyeHusi. Ha BbIXoJie CUMTHIBAIM HOBbIE 3HaUe-
Hus 11oToKoB CO u O,. 1o oKOHYaHUIO 3110XM 00yye-
HHS KO3 GUIMEHTH HeHPOHHOI CeTH OOHOBIISIIOTCS
COIJIaCHO MpaBUIIy:

Bpi1 = 6, + 0V (J (1)), (18)
rie 6 — Beca HelipoceT, T, — MOJUTHKA areHra,
J(mg) — oxumaemast KyMYJISITUBHasi Harpana [UIst
JTAaHHOU MOJMUTUKU Ty. [panueHT B popmyse (18) Ho-
CUT Ha3BaHUE rpaaueHTa noautuku. Harpama J BbI-
YUCTISIETCI KaK MHTerpajbHbli Bbixon Mojekya CO,
peakinu okucienust CO + O,. Ha puc. 2 nokasaH npu-
Mep o0ydyeHus1 ajiropuTMa Ha rpoTsekeHur 10000 amu-
30m0B. HabGmaromaercss HEMOHOTOHHOE yBEIWYEHUE
Harpaabl, IOJydaeMoOil aJiITOPUTMOM 3a OIHY BIIOXY.
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Br160op crioco6a HarpaxkmeHUs 1 CIielInPUKaIim co-
CTOSIHUSI M ICHCTBUSI OIPENEJISIIOT Ka4eCTBO U CKO-
pOCTb OOyYEeHMS aJITOpUTMA.

YT008BI O11eHUTH 3(PPEKTUBHOCTH PEIIICHU, Hali-
JIEHHBIX aJITOPUTMOM OOY4YeHMsI C MOAKPEILUIEHUEM,
OBLIIO IPOBEICHO CPAaBHEHME UX C PEIICHUSIMM, Hali-
JIEHHBIMHM MHBIM MeTOIOM. PaccMaTpuBain cymMmmap-
Hblli Bbixoa CO, 3a anu301 Kak (PyHKIMIO OT MOTO-
KoB O,(%) u CO(?): R = R(O,(7), CO(r)). danee pac-
CMaTpUBaIM TOJBKO CTAllMOHAPHBIC PEIICHUS, T.C.
Ttakue, 4yto O,(f) = O, = const, CO(r) = CO = const.
3aTeM MakCUMU3UPOBaIM R Kak (DYHKIIMIO ABYX Be-
IIECTBEHHBIX MEePEMEHHBIX, UCTOJb3Ys1 MeTon He-
nepa—Muna, wm cuMinieke-Merorn [36]. IMonydyeH-
HO€ CTalMOHApHOE pEIICHUE WCIIOJIb30BaIM IS
CpaBHECHUS C pElICHUEM, HaliIcCHHBIM OOy4YeHHEeM C
MOOKPEIIJICHUEM.

B 1a6n. 1 cobpaHbI pe3ysibTaThl TPEHUPOBKHU B Te-
yenue 10000 snu3omoB IS pa3HBIX KOMOWHALIUIA.
Kak BugHO, Hawrydilee Ka4yeCcTBO OOydyeHUsI OBLIO
JNIOCTUTHYTO MpPH HCIIOJb30BaHUM WHGOpPMAIIMU O
IMOTOKaX ra30B Ha MPOTSKEHUH TPeX MOCAeNHUX 11a-
roB 1mo BpeMeHM. [lociae TpPEeHUPOBKMU aJITOPUTM
MOXHO TIPUMEHSITh 1S ONITUMAJIbHOTO yIpaBieHUs
9KCIEpUMEHTAILHOM ycTaHOBKO# cuHTe3a. Ha puc. 3
MOoKa3aHbl pe3yJibTaTbl HAWJEHHOW MOJUTUKU IJISI
ypaBHeHM (1)—(3) co caydyaliHBIMM HadYaJabHBIMU
YCJIOBUSIMM, TMOJYYEHHBIMU C MTOMOIIIBIO ONTUMU3A-
uu (puc. 3a), U MOJUTHUKA, HAIEHHAS aJITOPUTMOM
o0OyueHMs1 C TogkperieHUeM (puc. 30) COOTBET-
CTBEHHO C UCITOJIb30BaHUEM Mojeau 6e3 ydeTa ne-
rpajgaluu.

M3 pucyHKOB BUJHO, YTO NPU OTCYTCTBUU B MO-
JleJIV yueTa ieTpaiallMy KaTajinu3aropa ajilrlopuTM Ha-
XOJIUT CTallMOHApHOE pellieHue ¢ PUKCUPOBAHHBIMU
MOTOKaMU ra3oB, 0J1M3K0e K HaliIeHHOMY OTITUMU3a-
e, ¢ cootHoreHrueM notokon CO : O, okoso 0.446.
CxoxXJieHue alroput™Ma K MOCTOSIHHOMY DelIeHUIO
MOXHO OOBSICHUTH T€M, UTO JI0JIsI TIOBEPXHOCTH, J10-
CTYITHOM 1151 ipotekaHus peakiuu CO + O,, ocTa-
eTCcsl HEM3MEHHOI B mpoliecce CMHTe3a U OJM3KOit
K ONITUMaJIbHO#. B maHHOM cilyyae mepuoaunyecKkas
peakTUBalMsl TIOBEPXHOCTU KaTajau3aTopa MOBbI-
IIIEHHBIM TOTOKOM KK CJIOPO/ia HE MPUBEIET K YBEIU-
yeHuto Beixoaa CO,.

Ha puc. 4 npuBeneHs! pelieHus, OJTy9eHHEIE IJIsI
MOJIEJIEN C yU4ETOM JIeTpadallii; CTallMOHApHOE pellle-
HHe, HaliIcCHHOE C TTOMOILIBIO ONITUMM3ALUK (puc. 4a),
U pellleHue, HaliIeHHOEe aJITOPUTMOM OOYUYEeHUS C
nonkperuieHueM (puc. 460). CpaBHeHue Boixoaa CO,
MOKA3bIBAET, YTO JJISI MOJICIIN C YYETOM Jerpagaliii ajl-
TOPUTM CMOT HaiiTh TMHAMUYECKOE PEIIeHIEe, KOTOPOE
obecnieynBaeT 3HAYMTENbHO OobLnii Bbixon CO,.

Ilpy nmnuTeNbHOM HAaXOXIEHWM KaTajau3aropa
nmayutagus B atMocdepe ¢ HepaBHOBECHBIM COIepKa-
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Ta6mmma 1. BeI6op coCTOSTHUS TS TPDEHUPOBKHU aJITOPUTMA M MHTETPATBbHBIN BBIXOM MPOIYKTOB PeaKIIUU 3a OTHY ITTOXY

CocrostHUE

BhIXomI MTPOAYKTOB peakIluM 3a 3IOXY, OTH. eIl.

IloToku razoB Ha TCKYLIEM 1I1are 1o BpEMEHU:

Obs, = (CO, O,, CO,) 8.54
IToToku razoB Ha TeKylIeM

. 9.35
1 MpenbinyleM mare no speMeHu: Obs,, Obs;
[ToToKM ra3oB Ha Tpex MOCJIEAYIONINX 111arax 10.16

o BpemeHu: Obsy, Obs;, Obs,

HUEM KHCIIOpoaa WM MOHOOKCHUIA YIJIepOaa MOXKET
o0Opa3oBbIBaThcsl (paza KapOuaa Uil OKCuia, KOTO-
past yxyalaeT KaTaJIMTUYeCKUE CBOMCTBA MTOBEPXHO-
ctr. B yacTHOCTH, BO3MOXKHO YMEHBIIICHHE TOJTH TT0-
BEPXHOCTHU, NOCTYMHON ISl MPOTEeKaHUSI peakLuu
CO + O,, u yBenuueHue HepreTuyeckoro 6aprepa
9TOil peakluu. DTO OOBSICHSET, TTOUEeMYy aJTOPUTM
MpearoyesT Mepuoaudeckoe YMEHbBIIIEHUE ITOTOKOB
CO u O, B npotuBodase, Mpu KOTOPOM TIpUMecHast
¢da3a Ha MOBEPXHOCTHU He ycIieBaeT choOpMUPOBATHCS

(@)

10} 2
o 8r
=
5 o Co
[aa]
g AT
2_
0 1 Il Il Il Il Il
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Bpewms, ¢
(8)
10+ (0}
. st f
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E‘I 4l CO
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O | | | | 1 1
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Bpewms, c

1 paspymacTtcda B N30BITKE Kucjaopoga, BCICACTBUC
qero I/IHTCI‘paJIBHLII‘/'I BBIXO/, C02 YBCIMYMUBACTCA.

IMonyueHHBIEe pe3yabTaThl COIIACYIOTCSI C DKCITe-
pUMeHTaIbHBIMU TaHHBIMU. Kak Ob110 moKa3aHo pa-
Hee [37—39], nepexod OT CTaTUYECKHUX YCJIOBUM K
JIUHAMUYECKUM MOXET 3HAUUTEJIbHO YCKOPUTH IPO-
TekaHue peakunu. Hanpumep, B padore [40], omm-
coiBaroleit okucinenue CO Ha Pd/Al,O,, nepuonu-

yeckoe mnepexkiatoyeHue mnogauu mexay CO/N, u
0,/N, TT03BOJIUIIO TOOUTHCST YCPEAHEHHOUN CKOPOCTU

(6)
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Puc. 3. Pemienue: a, 6 — craiitmoHapHoe, HalileHHOE METOI0M ONITUMU3AIINN; B, T — MTOJIyYeHHOE C TIOMOIIIBIO aJITOpUTMa 00y~
YeHMsI ¢ TToIKperieHrueM. B o6oux ciyyasix Mcrnoib30BaHbl MOZie/IM 6€3 yyeTa Jerpagaluuy MoBEpXHOCTH KaTayiim3aropa. [1o-
KasaHbl 3anaBaemble notoku CO u O, (Ipeacka3aHHbIe MOJIUTUKN) (@, B) U COOTBETCTBYIOIMII UM Bbixon CO, (0, r).
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Puc. 4. Penrenue: a, 6 — crallMOHapHOE, HaiileHHOE METOIOM ONTUMU3AIINK; B, T — IMHAMHYECKOE, MOJTYYEHHOE C TTIOMOIIBIO
ajiropuT™Ma 00y4JeHUs C TIOAKpeIUIeHreM. B 060uX citydasx MCIIOIb30BaHbI MOIEN C YIETOM Jerpagallii IIOBEPXHOCTH KaTa-
sm3aropa. [TokasaHbl IpencKasaHHbIe MOIUTUKH (a, B) 1 Beixod CO, (6, I).

peakinu, Kotopas 6ojee 4eM B 40 pa3 mpeBHIIIaia
MaKCUMAaJIbLHO JOCTUXXHMMYIO CKOPOCTh B CTallMOHap-
HOM peXUMe.

3AKJIIOYEHHME

AJITOpUTM OOYYEHUS C TIOAKPETIIEHUEM OBLIT TTPU-
MEHEH ISl UCCIeAOBaHUsI TPOCTPAHCTBA PabOUYUX
nmapameTpoB peakuun okucjieHuss CO. AreHT rpagu-
enta moantukn VPG monygan Ha Bxon motoku CO,
O, u CO, Ha TeKylleM U TpeabIAyIlleM BPpEeMEHHBIX
Iarax 1 npeackasblBas onTuMalibHble ToToku CO u
O, Ha cienyoueM mare. O0yyeHue aaropurma npo-
BOIWJIOCH HA MOJAEIMN peaKIIMi OKUCICHUSI MOHOOK-
cuza yriepoaa Ha IIOBEPXHOCTHU Majijlaaus Kak 0e3
ydeTa, TaK U C YYE€TOM Jerpajalliy IIOBEPXHOCTU B
HepaBHOBECHBIX IOTOKAaX peareHTOB. B pesyibrare
HUCccliefoBaHUSI ObUIY TOJIyYeHbl CTallMOHApHbBIE TT0-
JIMTUKU W TIOJIMTUKU TMEPUOINYECKOTO MEpPEeKIIode-
HUs1. MaKCUMaTbHBIN BBIXOM MMPOAYKTa ObLI TOCTUT-
HYT IIPY UCTIOJIb30BAaHUY MOJEJIM C YIETOM Aerpaaa-
U1 KaTaJIn3aTopa Ipy IMepruoInIeCKOM N3MEHEHNN
ra3oBbIX IOTOKOB, 00€CIICYNBAIOIINX OAJIAHC MEXIY
JIOCTYIHBIMU aICOPOLIMOHHBIMU YYaCTKAMK Y KOHIICH-
Tpalnueil aKTUBUPOBAHHBIX MPOMEXYTOYHBIX IPO-
IyKToB. IIpomeMOHCTpUpPOBAaHHBIM IMOMXOM MOXET
OBITh PACIIMPEH IS ONITUMU3AIUNA MHOTUX APYTUX

MOBEPXHOCTb. PEHTTEHOBCKUWE, CUHXPOTPOHHBIE U HEUTPOHHBIE UCCJIEIOBAHUS

IIPOMBIINIJICHHO 3HAYMMBIX peaKHI/Iﬁ 1 KaTaJIuTHU4eC-
CKHX CUCTEM.
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Reaction of CO Oxidation on the Surface of Pd Nanoparticles: Optimization
by Reinforcement Learning

M. S. Lifar-2, A. A. Tereshchenko! *, A. N. Bulgakov!-2, A. A. Guda'**, S. A. Guda'-2, A. V. Soldatov!
!The Smart Materials Research Institute, Southern Federal University, Rostov-on-Don, 344090 Russia

2Vorovich Institute of Mathematics, Mechanics, and Computer Sciences, Southern Federal University,
Rostov-on-Don, 344090 Russia

*e-mail: tereshch 1@gmail.com
**e-mail: guda@sfedu.ru

The yield of reaction products depends on the interaction between processes on the catalyst surface: adsorp-
tion, activation, reaction, desorption, and others. These processes, in turn, depend on the magnitude of the
flows of reaction mixtures, temperature, and pressure. Under stationary conditions, active sites on the surface
can be poisoned by reaction by-products or blocked by an excess of adsorbed reactant molecules. Dynamic
control of reaction parameters takes into account changes in surface properties and adjusts temperature, flow
rates and other parameters accordingly. A reinforcement learning algorithm was applied to control the oxida-
tion reaction of carbon monoxide CO on the surface of palladium nanoparticles. The algorithm was trained
to maximize the rate of carbon dioxide production based on information about the magnitude of CO, O, and
CO, fluxes at each time step. A gradient policy algorithm with a continuous action space was chosen, and ob-
servations of the flow rates were extended over several successive time steps, which made it possible to obtain
a set of non-stationary solutions. The maximum yield of the product is achieved with a periodic change in gas
flows, which ensures a balance between the available adsorption sites and the concentration of activated in-
termediates. This methodology opens up prospects for optimizing catalytic reactions under nonstationary
conditions.

Keywords: machine learning, reinforcement learning, catalyst, palladium nanoparticles, adsorption, carbon
monoxide.
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