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Abstract

Efficient wastewater treatment is essential for sustainable environmental management, yet conventional
mathematical models often fail to capture the nonlinear and uncertain dynamics of biological processes. This study
develops a Mamdani-type Fuzzy Inference System (FIS) to model and control wastewater treatment efficiency
using operational data. Nearly 15,000 data samples, obtained from a mathematical process model, were analyzed
to identify the main variables influencing treatment performance. The fuzzy logic framework incorporates linguis-
tic rules and membership functions, enabling the system to manage uncertainty and approximate expert decision-
making in real time. Simulation results demonstrate that the Mamdani FIS achieves accurate predictions of treat-
ment efficiency and provides robust control of critical process parameters under fluctuating conditions. The model
enhances dissolved oxygen regulation, improves pollutant removal, and stabilizes bioreactor operation, ultimately
leading to higher energy efficiency and better effluent quality. Overall, the findings highlight the effectiveness of
Mamdani fuzzy logic as a decision-support tool for intelligent and adaptive wastewater treatment management.

AHHOTAIHSA

D¢ ¢exTuBHAsS OYHCTKA CTOYHBIX BOJ SIBIISIETCS BaXKHEHIIMM (HAKTOPOM YCTOHYMBOTO HSKOJOTMYECKOTO
yapaBJI€HUA, ITPU 3TOM TPAAULIHUOHHBIC MATEMATHYICCKUE MOACIIN YaCTO HE CHOCO6HI>I OTpaXxXaTb HGHHHeﬁHy}O nu
Heonpez[enéHHy}o JANHAMUKY OMOJIOTHYECKUX IpoHeccoB. B JaHHOM HMCCJIC€JOBaHHUN pa3pa60TaHa CHUCTEMA HCUCT-
Koit toruku tuna Mamaanu (FIS) mis MoxenupoBaHus U yrnpaBieHUS 3QPEKTHBHOCTHIO OYHCTKH CTOYHBIX BOJI
Ha OCHOBE 3KCIUTyaTallMOHHBIX TAHHBIX. beumn mpoobpaboTansr okoio 15 000 0Opa31oB JaHHBIX, KOTOPHIE OTY-
YeHBl U3 MaTeMaTHYeCKOH MOJCIH ITpoHecca, ¢ UCJIbI0 BbIABJICHUA OCHOBHBIX IEPEMCHHBIX, KOTOPBIC BJIUAIOT HA
3(1)(1)6KTI/IBHOCTL OYHCTKHU. PaMKM HeUeTKO# JIOTMKY BKJIIOYAIOT JIMHTBUCTHYCCKHE npaBuiia U Q)YHKLII/II/I IpUuHaa-
JIC)KHOCTH, YTO IMMO3BOJIACT CUCTEME YIIPABJIATH HCONTPEACICHHOCTBIO U HpI/I6J‘II/I)KaTB IIPpUHATHUEC pemeHHﬁ JKCIIepTa
B PEXXHME PEanbHOTO BpeMeHH. Pe3ynbTaTel MOJETHPOBaHUA MOKa3bIBatoT, 9T0 FIS THa Mampaanu o6ecrieunBaet
TOYHOE TIPOTHO3UPOBaHKE IPPEKTUBHOCTH OUYUCTKU U HAAEKHOE YIIPaABIICHUE KPUTUUECKHMH MTapaMeTpaMH Ipo-
Lecca IIpyu U3MEHSIOIUXCS yCJIOBUAX. MoJenp yirydnaeT peryJupoBaHue pacCTBOPEHHOTO KUCIOPOAA, IOBBIILIAET
yAalleHue 3arpsi3HAIOIINX BEIECTB U CTAOMITU3UPYET paboTy OHopeakTopa, 4TO B KOHEYHOM UTOTe CITIOCOOCTBYET
MOBBILICHHIO dHEPTrod((HEKTUBHOCTH M YJIyUIIEHHIO KayecTBa cOpoca. Pe3ynbTaThl noguepkuBaT 3QQeKkTus-
HOCTb HEYETKOH JIOTUKM MaMm/aHy B Kaue€CTBE UHCTPYMEHTA NOJACPKKU NPUHATUS PEIICHUN Il UHTEJUIEKTY-
AJIBHOI'O U aJAIITUBHOI'O YIIPABJICHUS OYHCTKON CTOYHBIX BO.

Keywords: Mamdani model, wastewater treatment, dissolved oxygen regulation, Fuzzy logic.
KiaroueBbie ciioBa: MaM}IaHI/I MOJECJIb, OYUCTKA CTOYHBIX BOJ, PEryJIMPOBAHUC PACTBOPEHHOI'O0 KHUCJIO0PO/Ja,
Heuetkas noruxka.

BBEJIEHUE

O4ncTKa CTOYHBIX BOJI SIBIISIETCS OJHOM U3 BaXK-
HEWINX 3a/1a9 COBPEMEHHOTO SKOJIOTHYECKOTO H pe-
cypcHoro yrpasieHus. [losbimenne 3¢h(HEeKTUBHOCTH
OYHCTKH MO3BOJISIET CHU3UTH BO3JIEHCTBUE HA OKpYKa-
IOMIYIO CPely, a TAKXKE CIIOCOOCTBYET pallMOHAIEHOMY
WCIOJIb30BAaHUIO SHEPTUU U pecypcoB. TpaaunoHHbIe
MaTeMaTHUYeCKHUe MOJIEIIN, KOTOPbIE UCTIONb3YIOTCS IS
ONKCaHMs OHMOJIOTHYECKUX MPOIIECCOB B OHOPEAKTO-
pax, 4acTO CTaJIKUBAIOTCS C OIPAaHUYECHUSMHU NPHU pa-
00Te ¢ HEMMHEWHBIMU, TUHAMHYCCKIMH U HEOTIpeie-
NEHHBIMHA TPOIECCAMH, YTO CHIDKAET TOYHOCTH IIPO-
THORWPOBAHUS U YIIPABIICHHUS.

B HaCTOAICC BPEMA MOAXOABI HA OCHOBE HEYET-
KO JIOTMKM IPUBJIEKAIOT BHUMAaHUE HUCCIEN0BATENEH
Oyiarojapsi CBoel CrmocoOHOCTH MOJIEIUPOBATH CIIOXK-
HBIC CUCTEMBI, TAC TPAAUIHUOHHBIC METOABI OKa3bIBa-
HOTCA HEAOCTATOYHBIMHW W HECTOYHBIMH. CI/ICTeMBI HE-
YETKON JIOTUKUA CHOCOOHBI YYUTHIBATH SKCIICPTHBIC
3HAHUS U HEOIPEeIEHHOCTh JaHHBIX, KOTOPHIC 00ec-
MEYHUBIOT THOKOE M aJalTUBHOE YIIPABICHHE MPOIIEC-
camu B pealbHOM BpeMeHH. OCOOCHHO Ba)KHBIM SIBIISI-
eTCS PeryJIMpOBaHNE PAaCTBOPEHHOTO KHUCIOPOJa, IO-
CKONIBKY O3TOT TMapaMeTp HampsMyK BIHACT Ha
aKTUBHOCTh MHUKpOOHOU ¢iopel U 3 HEeKTHBHOCTH
yIAJICHUS 3arPS3HSIOIINX BEIECTB.
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JlaHHOE HCCIeNOBaHWE HAMPABICHO Ha paspa-
60TKy ¥ IPUMEHEHUE CUCTEMbI HEUETKON JIOTHKH THIIA
Mampaanu A7 MOJISIUPOBAHUS U yIpaBiIeHUS dPdek-
THUBHOCTBIO OYHCTKH CTOYHBIX BOA. lcronp3oBanne
OOIIMPHOTr0o HA0OPa HKCILTYATAMOHHBIX JaHHBIX 1aeT
BO3MOXKHOCTbH BBISIBUTH KIIIOUEBBIE MapaMeTpbl, KOTO-
pble BIMSIOT Ha KAYeCTBO OYMCTKH, U pealli30BaTh HH-
TEJUIEKTYAJIbHYIO CTPATETHIO YNpaBJiIeHUs OMOpEeaKTo-
pom. Pe3ynbraTbl paboTHI MOKa3bIBAIOT BOZMOYXKHOCTH
TIOBBIIICHHS CTa0MIEHOCTH paboThI, YHEProd3hHeKTHB-
HOCTH M KadecTBa cOpoca CTOYHBIX BOJ IPH NPUMEHE-
HUU [IOJIX0J1a HA OCHOBE HEeueTKOoi noruku. Ilpumene-
HHE HEYETKOW JIOTWKU JaeT BO3MOXKHOCTH CO37aBaTh
alaliTUBHBIE CTPATETMU YIPABICHHSA, KOTOPBIE CIO-
COOHBI OBICTPO pearnpoBaTh Ha KOJEeOaHWS ITapaMerT-
POB Iporiecca U NOAJCPKUBATH ONITUMAIIbHBIE YCIIOBUS
paboThel OuopeakTopa. JlaHHOE UCCIeTOBaHUE AEMOH-
CTPHPYET TMPAKTHYECKYI0 mpuMeHuMocTh Mamdani
FIS nns noseimenus 3peKTUBHOCTH OYHUCTKH CTOY-
HBIX BOJI U CJIy’KUT OCHOBOMW ISl TaJIbHEUILIETO BHEH-
pCHUA MHTCJUICKTYAJIbHBIX CUCTEM YIIpaBJICHUA B OT-
paciy BOZOOYHCTKH.

Heasn

Lenpro manHOHN pabOTHI SBISIETCS pa3paboTka n
peanu3ays HEYETKOW MOJENN Ha OCHOBe MamaaHu
JUISL TIOCTPOEHNUS N(POBOTO JBOMHMKA OHMOpeakTopa,
HCTIOJNIb3YEMBIH B IIpOIiecce OYMCTKH CTOYHBIX BoJ. Mc-
CJIe/IOBaHUE HAIPABIICHO HAa ONTUMM3AIMIO PETYIHPO-
BaHMsl Ba)XHEHIIMX MapaMeTpoB Ipollecca, BKIIOYas
PacTBOPEHHBIN KUCIOPOA, C LIEJIbIO MOBBILIEHUS CTa-
OwipHOCTH paboThl OWoOpeakTopa, 3(deKTHBHOCTH

yAaJeHUs 3arpsA3HSIONINX BEIIeCTB W 3HEProdddek-
TUBHOCTH Tiporiecca. JlaHHbIH UPOBOH JBOWHHK TTO-
CTPOEH C LIENBIO MOBBILICHHUSI TOYHOCTH POTHO3UPOBA-
HUSI BBIXOJHBIX ITAPAMETPOB CHCTEMbI, IPH 3TOM
yJydiiasi yIpaBJICHHs! TEXHOJIOTUYECKHM ITPOIIECCOM U
a/IalITUBHOCTBHIO MOJIETM K N3MEHSIOIINMCS YCIOBUSIM
9KCILTyaTal|H.

HauaabHble yciaoBus

B nanHoOIT paboTe B KayecTBEe 00BEKTa MOICITUPO-
BaHUS paccMaTpPUBAeTCs a’poOHBIN OHOpeakTop, HC-
MOJIb3YEMBIii JJIsl OYMCTKU CTOYHBIX BOJ. Mojenp pas-
pabaTpIBacTCI Ha OCHOBE HabOpa CHUMYJIIMOHHBIX
JAHHBIX, KOTOpbIE OTpPaKAKT (YHKIHOHHUPOBAHUE
YCTAHOBKH B Pa3lUYHBIX peKUMax padotel. st mo-
CTpoeHust HeueTkoi momenn Mamdani Gbum ompene-
JICHBI IIECTh BXOJHBIX I1apaMeTPOB, KOTOPBIE XapaKTe-
PU3YIOT Ba)KHEUIIWE YCIOBHS M IPOLECCH BHYTPH
6uopeakropa. K BBIOpaHHBIM BXOJHBIM IapaMeTpam
OTHOCSTCS: pacXoJ NPUTOYHOM BOJbI, BO3BPATHBIN IO-
TOK WJIa, CKOPOCTh OTTOKAa OTXOJOB, KOHIIEHTPALUs
cyOcTpakTa, KOHLEHTpaLKs KUCIOpoJia B pe3epByape
peaktopa, KOHIIEHTpanuu ounomaccel. B kauecTBe BbI-
XOJIHBIX [TAPAMETPOB MOJICIH PACCMATPHUBAIOTCS TAKHE
MOKa3aTe KOTOpPbIE OTpaxkaroT 3PPEeKTUBHOCTH
OYKMCTKH M TEXHUYECKOE COCTOSIHUE cUcTeMbl. K HUM
OTHOCSITCS CTETICHB YIAJICHUS] OPraHUYECKUX 3arpsi3He-
HUM, KOHUEHTPALUsS OCTATOYHOTO aMMOHHS, MHKPO-
Ouonornyeckast akTUBHOCTD (Ml OMoMacca akTHBHOTO
wia). Mozenb CTposiTCS. Ha OCHOBE OJHOTO M3 HIIKE
HpeCTaBIeHHOOTr0 TUddepeHInaNnbHOro ypaBHEHHSL.

dXu  qr qt- (gF +qr) pH Ss So - b
at ?}L”y ?X” + (gr + qr) * Yu (KS t SQ) (KOH 50) X1 = fp)" X )
Hmxe mpencrapneHas Tabauma ¢ OCHOBBIHMH Ma-

paMeTpaMy, KOTOPbIe OMHCBIBAIOT MPOLECC OHOJIOTH-

YECKOW OUMCTKHU.

Tabauna 1. OCHOBHBIE MapaMeTPhl MOJIEIH.

ITapameTtp Oobo3HaueHue Ennnunsl 3Hauyenue

Konnentpanus opraandeckoro cyoctpara (BITK) Ss MI/JT 4.4
KoHIeHTpalys pacTBOPEHHOTO KHCIOPOJia, MI/JI So MI/T 3.0
KoHuenrparums rerepotpodHoii 6uomaccsl, Mr/i XH MI/01 5
CKOpPOCTh MOTOKA Oe M3/cyT 50
CKOpPOCTh MOTOKA PEHHUPKYJISIHH Or M3/cyT 50
CKOpOCTh OTTOKA OTXOJIOB gw M3/cyT 4.8
O0beM pesepByapa aspalyu V M3 125
MaxkcumasbHasi CKOPOCTh OMOMACCHI UH 1/cyT 3.733
KoadpunmenT Haceienns cyocrpara Ks MT/JT 20
KoadpunuenT Haceimenns cyocrpara Kon MT/JT 0.2
KoaddunreHt npon3BouTebHOCTH Yh 0.6
CKOpPOCTh TeTepOTPOPHOTO pa3I0KEHUI bu 1/cyT 0.4
KoHueHTpauys HachllEHUs! KUCIPOIa Sosat Mr/in 10

Oto ypaBHeHue (1) mpencTaBiseT JTMHAMUKY KOH-
HEHTParN KUCIOpOo1a HEeOOXOAUMBIN AJIST a3pOOHOTO
OKHUCJIEHHs opraHudeckuil Bemects. IlepBoe cnarae-
MO€ B YPaBHEHHSI OTpaXKaeT MPUTOK KUCIOPOIa C BXOJI-
HOU BOJIOM, BTOPOE ClIaraeéMoe 03Ha4aeT BBIHOC KHUCIIO-
poAa ¢ BRIXOAAIIEH )KUKOCThIO. TpeThe caaraemoe mo-
Ka3pIBacT MOTPEOJCHUE KHCIOpOAa TMpPH  POCTE
ouomaccel. [Tocienuee ciaraeMoe OTpaXkaeT MPOLIECC

a’palluu, TO €CTh MEPEHOC KUCIOpOoJa M3 BO3IyXa B
KUAKOCTh. PaboTa OnopeakTopa OYUCTKH CTOYHBIX BOJT
SIBIISIETCSl CJIOKHBIM OOBEKTOM, KOTOPBI COCTOHT W3
OMOXMMHYECKUX peakiuil W ruaponnHamukud. Ha oc-
HOBE BBIIIE MpeacTaBiIeHHOTo Au(QepeHInaIbHOrO
YpaBHEHHUS OCYLIECTBIISIETCS B3aMMOCBS3h MEXKIy Ta-
pamerpamu. Ha ocHOBe ypaBHEHHsI MOXKHO BBLACIUTH,
YTO YeM BbIIIE KOHLUEHTpaluus XH TeM HUHTCHCHBHEE



Norwegian Journal of development of the International Science No 164/2025

79

yruimzanus cyoctpara Ss. Takum o6pa3om , poct 6mo-
Macchl HANpPSIMYIO CBSI3aH C JOCTYIHBIM CyOCTpaToM,
HO TaK)Ke OrocpenoBaH 4yepe3 kuciaopon. s a’poo-
HOTO JIBIXaHUsI HEOOXOIMM PACTBOPEHHBIN KHCIOPO/I.
YBenuuenue Xy U Ss MPUBOAUT K YCKOPEHUE OMOTPO-
1ecca, a 3T0 03Ha4a4yeT K yCKOPEHHOMY IOTPEOJICHUIO
kuciopoaa. CienoBaTeabHO, OTMEYACTCS CBA3b MEKITY
KUCJIOPOZOM M OHOMAcCOM CyIecTBYyeT oOparHas
cBs3b. TO ecTh KUCIIOPOJ aKTHMBHPYET POCT, HO TMPH
3TOM caM moTpeodisieTcs: B 3ToM mpoiecce. [Ipeacras-

JICHHOE ypaBHEHHE MMOKA3bIBAET OMOXMMHUYECKHE MPO-
LIeCChl, MPU ITOM OlecrednBasi TOYHOE MaTeMaTHde-
CKO€ OTHCaHue PaboTH OHopeakTopa.

Mertoabt

C mnomompio cpeast  Fuzzy Logic Designer
MATLAB crtpoutcs Moenb IUPPOBOrO TBOWHHUKA
JUIL OMOpeakTopa OYUCTKH CTOYHBIX BOJA. B manHOM
cllydac TPHUMEHSCTCS CTPYKTypa Ou3a IpaBHI
Mamdani FIS. OcHoOBBIBasICh Ha aHAIM3 B3aUMOCBSI3€i
MEXy BXOJAMH M BBIXOJIAMH U C YYETOM IKCIIEPTHBIX
3HAHUI 0 IEATeTHFHOCTH OMOpeakTopa OMpeIeiIeHo 00-
11ee KOJIMYECTBO HEUSTKHX MTPABUIL.

4] Fuzzy Logic Designer: mamdani63 - a X
File Edit View
] (mamdani)
FIS Name: mamdani63 FIS Type: mamdani
And method min v Current Variable
Or method max " Name in1
T input
Implication min v Y 1z
Range [01]
Aggregation max e
Defuzzification centroid 7 Help ‘ Close
System "mamdani63": 6 inputs, 1 output, and 481 rules

Pucynok 1. Cmpyxkmypa neuemrou mooenu Mamoanu ons yughpoeoeo 0eotinuxa duopeaxmopa

Ha pucynke 1 npezcraBiieHa apXUTEKTypa HEYET-
KOM Mozend MampaHu, IIe [OKa3aHa 3aBUCUMOCTH
dXu/dt oT IBYX KITFOUEBBIX BXOJHBIX TIEPEMEHHBIX CH-
cTeMbl. PUCYHOK yKa3bIBaeT Ha CIOXKHOCTh JUHAMUKHU
npoiecca U NOAYEPKUBAET, YTO TPAJAUIIMOHHBIE JINHEH-
HbIE MOJENH OBbLIU ObI HEOCTATOYHBIMU JJIS1 OIIUCAHUS
[IOBEJEHUs CUCTEMBL. MCIOIb30BaHUE HEYETKOH JI0-
riukr MaMIaHu 103BOJISIET THOKO YYUTHIBATH TAKHE HE-
TUHEHbIe B3auMoaelcTBus. JlaHHo# paboTe mpume-
Hsiercst okosio 15000 manubix m3 ANFIS. Ilects nmapa-
METPOB SIBJSFOTCS BXOJAHBIMHU MEPEMEHHBIMUA MOJIEIH,

KOTOpPbIE XapakTepU3YyIOT Ba)KHEHIINE TEXHOJOTHYe-
CKHE XapaKTepUCTHKH mpouecca. Kaxnas BxoaHas re-
peMEeHHasi IIPOXOJUT 4epe3 dTan (azznpukanuu, rae
3HAYEHHS IEPEBOATCA B COOTBETCTBYIOIINE HEUSTKHE
MHOXKECTBA Ha OCHOBE IIPEIBAPHUTEIHLHO 3a/laHHBIX
(GyHKIMIA TpUHAIUIEKHOCTH. B 3aBepiieHne akTuBupy-
I0TCSI HEUETKHE MpaBHiIa, KOTOpble (POPMUPYIOTCS OC-
HOBBIBASICh HA 3HAHHUAX 00 OOBEKTE W IKCIEPTHOM JI0-
ruky. JlanHas Moaens o0ecreyrBaeT BBICOKYIO TOY-
HOCTB, aJalTHBHOCTE W HMHTEPIPETUPYEMOCTh, HUTO
nenaet e€ 3 PeKTUBHBIM KOMIOHEHTOM TIPH ITOCTPOE-
HUM OHU(GPOBOTO JBOHHHKA B 007aCTH BOZOOUYHNCTKH.
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4| Rule Viewer: mamdani63 - O X
File Edit View Options
in1=0.5 in2=0.5 in3=0.5 ind=0.5 in5=0.5 in6=0.5 out! = 0.526
1 [ ] [ ] [ ] [ ) \ ] [ ) C A 1
2 LA ]
3 CA ]
4 C A ]
5 A
6 [ [ ] ] CA ]
7 ] ] C A ]
8 ] ] CA ]
9 \ \ C A
| 5 ] | —
| 11 [ ) [ [ ] ] [ ] A
| 12 A
113 A ]
| 14 e
| 15 A
| 18l A
|17 LA ]
18| CA ]
| 19 ——
| 20 [——
|21 C A ]
22 C A ]
| 23 C A ]
24 [ [ ] ] C A ]
| 25 [ [ \ \ A
| 26 ] ] A
| 27 ] ] CA ]
| 28 \ \ C A
| 29 ] ] A
30l [ 1 [ 1 [ 1 1 [ 1 [ A 1
Input: - 10 5:0.5:0.5:0.5:0.5:0.5] Plot points: 404 Move: left | right | dgwn| up |
Opened system mamdani63, 481 rules Help | s |

Pucynox 2. Ilpasuno (Rule Viewer) ¢ modenu Mamdani

Ha pucyske 2 npencrasieH uaTepdeiic Bu3yaiu-
3anuu npaswi Mamdani Fuzzy Inference System (FIS)
¢ 481 mnpaBuiaoM Ui MOZEIMPOBAaHUS IpoLecca
OYNCTKH CTOYHBIX BOJ. Ha pHCyHKe mpencTaBICHEI
IIECTh BXOAHBIX ITepeMeHHBIX (inl—in6), kaxxmas u3 Ko-
TOPBIX MMECT HaudanbHOe 3HaueHue 0,5, U BBIXOAHAS
nepemenHas (outl), 3HaYeHHE KOTOPOH COCTaBJIAET

0,526. C momompto nHTEpdetica BOIMOKHO BH3YAITEHO
OILICHUTPH BIMSIHAE Ka)KIOTO BXOJHOTO ITapaMeTrpa Ha
BBIXOJI CHICTEMBI M CIYXXHUT HHCTPYMEHTOM aHaln3a U
OTJIAZKH HedeTKoH Momenu Mamdani, oGecreyuBas
MMOHWMaHWe JIOTUKA TPUHATHA PEUICHUH B YCIIOBHIX
HEONPEJIEIeHHOCTH.

4] Surface Viewer: mamdani63

File Edit View Options

0.52585
0.5258
0.52575
0.5257

0.52565
1

X (lnlet) in1 viY (lnpul) in2 v Z (Oulput)i out1 ~
X grids: 15 Y grids: 15 Evaluate

Ref. Input: [NaN NaN 0.5 0.5 0.5 0.5] |Plot points: 4o Help | Close |
Ready

Pucyuo:é'3. Tlosepxnocmy 6vi600a (Surface Vl:éwer) modenu Mamdanu

Ha pucynke 3 mnokazaHa TpéxmepHas IOBEpX-
HOCTb, KOTOpas CO3JlaHHa € MOMOLIbIO MHCTPYMCHTA
Surface Viewer B cpeme MATLAB Fuzzy Logic
Designer, otpaxaroiuas oBeJeHHe HEYETKOH MOIeIH
TUIla MaMIlaHI/I. I[aHHa)I BU3YyaJin3alvs IOKa3bIBACT
3aBUCUMOCTb MCKAY ABYMA BBIGpaHHBIMI/I BXOAHbIMHU

napamerpamu — iNl 1 iN2 — BIUSIFOT HA 3HAYEHHE OJ1-
HOT0 U3 BBIX0I0B cucTeMbl — 0Ut 1. Och X (inl) - mep-
BBIH BX0J MozenH, Bapeupyercst ot 0 1o 1. Ocp Y (in2)
- BTOpOM BXOA MOJeiu, Takxke Bapbupyercs ot 0 1o 1.
Ocb Z (outl) — Bapbupyercst ot 0.52565 no 0.52585.
I'maBHyIO BH3yaJIM3aluio 0OecIieYnBacT ceTka. JInHuu
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CETKH YeTKO BBIICIIIOT M3MEHEHHE BBIXOTHOHW BEIU-
YUHBI IPH U3MEHEHNH BX0J0B. [lo puCYHKY 3 MOXHO
BBIICNIATH. UTO MOBEPXHOCTH IIOCKAS YTO yKa3bIBACT
Ha HU3KYIO YYBCTBUTEIHHOCTH BBIXOTHOH ITEpEeMEHHOM
K M3MCHCHHEM BXOJIOB B yKa3aHHOM juamna3zone. He-
OonpIve KoJeOaHus CBUACTEIBCTBYET 00 MHHAMAIIb-
HOM M3MCHCHHE BXOJHOTO 3HAUCHUS MPH KOMOMHUPO-
BaHHOM BJIMSIHUC BXOJOB. TakKe MOXKHO BBIAYJIUTh.
YTo cnerka BO3BBIINICH KpacBbIC 3HAYCHUsS Trpaduka.
UTo CBHIETENBCTBYET O HE3HAUUTEIEHOM HEJTMHEHHOM
a¢p¢exre Ha BBIXOAE. [N KOMMYECTBEHHOW OLICHKU
TOYHOCTH pazpaboTaHHON HEeUYeTKOW MoaeTr MaMaanu
OBLT HWCIIONB30BaH ITOKA3aTeNb CPeIHEKBAAPATHIHON
ommbku (RMSE, Root Mean Square Error), 3Hauenune
kotopoii cocrapmwio 0.466. 3naucame RMSE (Root
Mean Square Error), paBaoe 0.466, xapaktepusyer
CPEIHECKBAIPATUYHOE OTKJIOHEHHE IPEACKA3aHHBIX
MOJICTIbI0 3HAUYEHHH OT (PaKTHYECKUX JaHHBIX. OTO
CBHUJICTEIILCTBYET, UTO B CPEIHEM OIIHOKHU IpeacKa3a-
HUH cOCTaBISIIOT 0KoJIo 0.466 emuHUI] U3MEpEHus pac-
cMmarpuBaeMoro napamerpa. RMSE sBnsietcs ogno# 13
HanboJlee 9acTO WCIIOIB3YEMBIX METPHK U1 OLCHKH
TOYHOCTH MOJIENEH, TIOCKOIbKY OHa YyBCTBHTEIBHA K
KPYITHBIM OIMHOKaM: OOJBINHE PACXOXKICHHUS MEXKIY
MpeICKa3aHHbBIM M (PaKTHYSCKUM 3HAYEHHEM BHOCST
OONBIIHIA BKJIA/T B UITOTOBYIO OLIEHKY. TakmM o0paszom,
MOJYYCHHOE 3HAUYCHUE NEMOHCTPHPYET YIOBICTBOPH-
TCIBbHYIO CTCHECHb COOTBETCTBUA MOICIN PCalbHBIM
JTAaHHBIM, TIO3BOJISISI KCIIOJIB30BATh €€ I MPOTHO3HPO-
BaHUs W aHAJIN3a MPOIECCa ¢ YYSTOM CYIICCTBYOIIECH
MOTPEIIHOCTH.

BoiBoabI

PazpaboTka w peanmm3amus HEYETKOW MOJCITH
MampaaHu TpUMEHSIETCS. U IIOCTPOSHHS II(PPOBOTO
JIBOMHUKA OHMOpeaKTopa, MCIOIB3yeMOro B CHCTEMax
OYNCTKH CTOYHBIX BOJA. MoJenb OCHOBaHAa Ha MIECTH
KITFOUEBBIX BXOIHBIX MTapaMeTpax, KOTOPhIe OTPaKaIOT
TEXHOJIOTHYECKUE M (PH3UKO-XUMUIECKUE XapaKTepH-
CTHKH IIpoIiecca, U (HOpPMHUPYET TPU BBIXOJHBIX CHI-
HaJla, TPEICTABRISIONINX BaKHEHININE TOKa3aTenu 3¢-
(exTuBHOCTH paboThl OGuopeakTopa. Vcmonb3oBaHHUe
unctpymentoB MATLAB Fuzzy Logic Designer naer
BO3MOKHOCTh BHU3yaJIM3HPOBATh pabOTy HEUETKON CH-
CTEMBI, OTJIAJIKU IIPpaBUJI BBIBOJIA, CTCIICHU ITPUHAIJICIK-
HOCTH ¥ OKOHYATENHHBIX PE3yJIbTaToOB Jeda33uuka-
un. JIaHHBIA pe3yNbTaT MOATBEPXKAAET, YTO MOICIH
aJICKBaTHO OIMCHIBACT IMPOIECC M MOXKET HCIIONB30-
BaThCsI JUTS MPEJICKAa3aHUs BBIXOJA CHCTEMBI B 3a/IaH-
HBIX TpejieNiaX. AHAJIN3 PEe3yJIbTATOB IOJTBEPKAACT
KOPPEKTHOCTD JIOTHYECKOH CTPYKTYPhI MOJIEIIH, COTJIa-
COBAHHOCTh NTMHAMHYCCKUX XAPAKTECPUCTUK CUCTEMBI,
a TaK)Ke BBICOKYIO MHTEPIIPETUPYEMOCTb M aJaIllTHB-
HOCTb IIPY BAPbUPOBAHUHU BXOJHBIX MapameTpoB. Ilo-
CTPOCHHAs] MOJCIb JCMOHCTPHPYET YCTOMYHUBOCTH U
TOYHOCTh B TIPOTHO3MPOBAHMK (PYHKIIMOHUPOBAHNE
OmopekTopa, 1axe B ONPEICIICHHBIX YCIOBUIX HEIH-
HEHHOCTH W HEONpE/IeICHHOCTH. Pe3ynbraTel CBHUIE-
TENBCTBYET 00 3(h(HEKTUBHOCTH U HAJIS)KHOCTH IIPHME-
HCHHIO HMHCTPYMEHTa U1 IIOCTPOCHUS IU(PPOBTO
JIBOMHUKA JIJIs1 OHOpEeaKTopa.

B mepcnexTHBe manmbHEWIEEe PAa3BUTHE MOJCITH
MOJKET BKJIIOYATh BHEAPCHHE MEXaHH3MOB aJalTHB-
HOTO OO0Y4YeHHs, HHTETPALHUIO C HEHPOCETEBBIMU KOM-

MTOHEHTAMH, @ TaKKe e€ UCIIOJIB30BAHNE B COCTABE MH-
TEJJICKTYQJIBHBIX CHCTEM YIPABICHUS B PEXHME pe-
AIIEHOTO BPEMEHH.
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This study examines the complex interaction between anthropogenic air pollution and atmospheric turbu-
lence. Particular attention is given to the critical role of turbulence in dispersing harmful substances within the
atmospheric boundary layer. It is shown that pollutants such as soot not only deteriorate air quality but also sup-
press turbulent transport, thereby creating a positive feedback loop. This process leads to atmospheric stabilization
and the accumulation of hazardous concentrations of fine particulate matter with diameters smaller than 2.5 um,
ultimately forming persistent smog. Conversely, reducing soot emissions can enhance turbulence and improve
ventilation. The study summarizes field observations and modeling results that demonstrate the influence of the
turbulent barrier effect and meteorological factors on pollutant transport. The findings provide a foundation for
developing effective strategies to improve air quality and protect public health.

Keywords: air pollution, turbulence, soot, feedback, smog

Atmospheric pollution intensifies the greenhouse
effect, contributes to the formation of acid rain, reduces
air quality, and leads to the accumulation of toxic sub-
stances in soil and water, resulting in ecosystem degra-
dation and biodiversity loss. Human interaction with
the environment has long been the subject of research,
as anthropogenic activities significantly affect both bi-
otic and abiotic components of ecosystems. Pollution is
defined as the release of harmful substances into the en-
vironment in concentrations exceeding natural levels,
which leads to the degradation of air, water, and soil, as
well as to climate change. Since the Industrial Revolu-
tion, mass production and the increase in emissions
have become key drivers of environmental deteriora-
tion and a major threat to public health [1].

CO: emissions and soot exert opposite effects on
turbulence and the height of the planetary boundary
layer. With increasing CO: concentrations and decreas-
ing aerosol emissions, the number of severe air pollu-
tion episodes is expected to decline, further confirming
the health benefits of reducing black carbon emissions

[2].

Theoretical models of the atmosphere have tradi-
tionally relied on radiative transfer and the characteris-
tics of the underlying surface, where solar heating and
anthropogenic emissions serve as primary energy
sources. However, at the local scale, a significant factor
is the kinetic energy of motor vehicles, which generates
turbulence and influences the vertical distribution of
pollutants in the lower troposphere. The authors of [3]
developed a parameterization of vertical pollutant
transport induced by traffic-related turbulence, drawing
an analogy with subgrid approaches for industrial
plume dispersion. Turbulence is a key factor contrib-
uting to ground-level pollution, while also being af-
fected by it. Within the boundary layer—the lowest part
of the atmosphere—turbulence mixes pollutants and
can facilitate their removal (far-left panel).

At high concentrations of absorbing aerosols, such
as soot, heating of the upper boundary layer stabilizes
the air, reduces turbulence, and promotes the accumu-
lation of pollutants closer to the surface (middle panel).
Pollution studies have also revealed a weaker turbu-
lence-enhancing effect associated with surface warm-
ing caused by greenhouse gases such as CO: (far-right
panel). Under weak wind conditions, intermittent tur-
bulence frequently develops in the atmospheric bound-
ary layer, substantially limiting the vertical diffusion of
pollutants and contributing to the formation of dense
haze. Turbulence can vanish at specific altitudes, lead-
ing to the formation of a barrier layer that prevents the
vertical transport of contaminants. Based on turbulence
data across five layers and concentrations of fine par-
ticulate matter with diameters smaller than 2.5 um at
two levels, it has been demonstrated that the vertical
turbulence barrier is directly linked to the accumulation
and vertical distribution of particles [4-5].

Atmospheric turbulence and the properties of the
planetary boundary layer play a crucial role in modu-
lating near-surface concentrations of fine particulate
matter (PM2.s); however, the mechanisms of their influ-
ence remain insufficiently understood. Using meteoro-
logical observations, PMz.s data, turbulence measure-
ments, and high-resolution sounding, a regional
transport episode was analyzed. During the growth
stage, northerly winds (2—-4 m/s) carried a polluted air
mass, which was accompanied by an increase in PMa.s
concentrations. During the pollution period, a decline
in turbulent kinetic energy and heat fluxes correlated
with rising PM..s levels, with the nature of this relation-
ship varying across different stages of the event: a neg-
ative correlation was observed during the initial and
maintenance stages, while a positive correlation was
found in the growth stage.

The absence of a pronounced inversion below 500
m and vertically uniform northerly winds facilitated the
transboundary transport of pollutants, whereas wind
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