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I/IH)KeHepHLle TEXHOJIOI'HMH U CUCTEMBbI
PELEH3UPYEMBIIl HayYHbIH KypHaJ OTKPBITOTO JOCTYyIa

Lesnp HayyHOTO KypHajia OTKPHITOro AocTyna «HKeHepHble TEXHOIOTUH U CHUCTe-
MBD)» — 3HAKOMCTBO YHUTATENEH ¢ Pe3y/ibTaTaMi OPUTMHAIBHBIX HAYYHBIX UCCIICIOBAHUM
B 00J1aCTH arpoIpOMBIIIIICHHOTO KOMILJIEKCa M MallIMHOCTpOoeHus1 Poccuu 1 3apyOekHBIX
cTpal. Muccus )XypHaia — CO3AaHie MEX/IyHapOIHOH IUIOMIAAKH I HAyYHOH JUCKYC-
CHUHM HCCIeioBarelieli, 0OMeHa OIBITOM U IyOJTMKAIIMU aKTyaJIbHBIX JOCTH)KEHHI B chepe
WHKEHEPHBIX CHCTEM U TEXHOJIOTHH.

KypHan ampecoBaH HcCleoOBaTelsiM M CIICIAAINCTAM, Pa0OTaIONIMM B MaIlHHO-
CTPOEHMH U CEIBCKOM XO3SIHCTBE, MPENOoiaBaTessiM, aCIUPaHTaM U CTYJICHTaM BbICLINX
y4eOHBIX 3aBECHUI, a TaKKe IMPOKOMY KPYyTy YHTaTeNeH, HHTEPECYIOLINXCS TIepCIIeK-
TUBHBIMH HalPaBJIECHUSAMH OTEYECTBEHHOH U 3apyOe:KHOI MHKEHEPHUH.

Penakuus sxypHana ocyniecTBiIsIeT HayqyHOE pelieH3HpOoBaHKe (JIBYCTOPOHHEE ce-
[I0€) BCceX MOCTYNALMX cTareil. Pykonuch crarby HanpapisieTcsl Ha peLieH3upOBaHUE
JUIS OLIEHKH €€ HayYyHOro COAEpKaHMs HECKOJIbKUM BEIYIIUM CHELUAINCTaM COOTBET-
CTBYIOIIETro TPoQuJIsi, IMEIONINM HayYHYIO CIIeITHATU3AINI0, Haubosee OIMM3KyIo K Te-
MaTuKe CTaTby.

Penakius xypHana peanusyeT NPUHIMIT HYJIEBOW TOJIEPAHTHOCTH K Tutaruary. Mo-
HUTOPUHT HEKOPPEKTHOTO IIUTHPOBAHUS OCYILECTBISETCS C TIOMOIIIBIO CUCTEM «AHTH-
wiaruat» u «iThenticate».

Pacnipoctpanenue — Poccuiickast @eneparnus, 3apyOeiKHbIE CTPAHBI.

JKypHan npenocrasisieT OTKPBITBII JOCTYII K ITOJHBIM TEKCTaM ITyOIMKaMi, HCXOAs
W3 CJEAYIOIIETO MPUHIMIA: OTKPBITHIH JOCTYI K pe3yabsTaTtaM MCCIeI0BaHUN Croco0-
CTBYET YBEIIMUCHHIO ITI00ATEHOTO 0OMEHa 3HAHUSMU.

Kypnan BkiroueH B llepedeHb peleH3MpYEMbIX HAyYHBIX HM3IaHHH, B KOTOPBIX
JIOJKHBI OBITh OITyOJIMKOBaHbI OCHOBHbIE HAayUHbIE PE3YJIbTaThl JUCCEPTALIMI HA COUCKa-
HUE yYeHOH CTENEeHN KaHIu/1aTa HayK, Ha COMCKaHHE YUEHOH CTENeHH IOKTopa HayK 110
HayYHBIM CITEIIHAJIBHOCTAM M COOTBETCTBYIOIIUM UM OTPACIISIM HayKH:

1.3.2. [Ipubops! 1 METO/IBI FKCIEPUMEHTAIBHON (PU3HKH (TEXHUYECKUE HAYKH)

1.3.6. OnTrka (TeXHIYEeCKHe HayKH)

1.3.13. Dnexrpodusuka, dEKTPOPHU3NIECKUE YCTAHOBKU (TEXHUUECKUE HAYKH )

2.5.3. Tpenue 1 U3HOC B MAIIMHAX (TEXHUYECKHE HAYKH)

4.1.4. CagoBoacTBO, OBOLIEBOCTBO, BUHOTPAAAPCTBO U JIEKAPCTBEHHBIE KYJIBTYPBI
(TexHuYeCcKre HayKn)

4.3.1. TexHOIOTHH, MALIMHBI U 000PYIOBAaHKE AJIs arPOIIPOMBIIIJICHHOTO KOMIIJIEKCA
(TexHu4ecKre HayKn)

4.3.2. DIeKTPOTEXHOJOTHH, MEKTPOOOOPYIOBaHIE U SHEPrOCHAOKEHUE arpoIpo-
MBIIIIEHHOTO KOMITJIEKCa (TEXHUUECKHE HAyKH )

Kyphnas naaexcupyercs 1 apXuBUpyeTcs B 0a3ax JaHHBIX:
Web of Science Core Collection (ESCI)
Poccuiickom nnaexce HayuHoro uutupoBanus (PUHLI)

Kypnan sBnsercst wienom Open Access Scholarly Publishers Association (OASPA),
Directory of Open Access Journals (DOAJ), Committee on Publication
Ethics (COPE), Accounanuu HayyHbIX pegaktopoB U nzaareneii (AHPH), CrossRef
1 MEXIyHapOoIHOTo coodmecTBa peren3entoB Publons

Marepwuainsl )XypHaia JOCTYyITHBI 110 JinmeH3uu Creative Commons “Attribution”
(«Atpubymmsi») 4.0 Bcemupnas
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Engineering Technologies and Systems
A peer-reviewed open access academic journal

The purpose of the open access academic journal Engineering Technologies and
Systems is to introduce the readers to the results of original scientific research in
the field of agroindustrial complex and mechanical engineering of Russia and fo-
reign countries. The mission of the journal is to create an international platform for
scholarly disputes of researchers, exchange of experience and publication of the ar-
ticles on current achievements in the field of engineering systems and technologies.

The journal is addressed to researchers and specialists working in mechanical
engineering and agriculture, teachers, postgraduates and students of higher educa-
tional institutions, and to a wide range of readers interested in advanced research
directions of domestic and foreign engineering.

The Editorial Board reviews (double-blind review) all incoming papers. The
manuscript of the article is sent for review to several leading specialists of the cor-
responding profile, who have scientific specialization closest to the subject of the
article, to evaluate the scientific content.

The Editorial Board follows the principle of zero tolerance to plagiarism. The incor-
rect citations shall be monitored with the help of Antiplagiat and iThenticate systems.

The journal is distributed in Russian Federation and other countries of the world.

The journal offers direct open access to full-text issues based on the following
principle: open access to research results contributes to the global knowledge sharing.

The journal is included in the List of the leading peer-reviewed scientific
journals and publications, where basic scientific results of dissertations for the
degrees of Doctor and Candidate of Sciences in scientific specialties and their re-
spective branches of science should be published (Higher Attestation Commission
under the Ministry of Science and Higher Education of the Russian Federation):

Instruments and Methods of Experimental Physics

Optics

Electrophysics, Electrophysical Installations

Friction and Wear in Machines

Gardening, Olericulture, Viticulture and Medicinal Plants

Technologies, Machinery and Equipment for Agroindustrial Complex

Electrotechnologies, Electrical Equipment and Power Supply of Agroindustrial
Complex

The journal is indexed and archived by databases:
Web of Science Core Collection (ESCI)
Russian Index of Science Citation

The journal is a member of Open Access Scholarly Publishers Association (OASPA),
Directory of Open Access Journals (DOAJ), Committee on Publication
Ethics (COPE), Association of Scientific Editors and Publishers (ASEP), CrossRef
and the international community of reviewers Publons

All the materials of the Engineering Technologies and Systems journal are available
under Creative Commons “Attribution” 4.0 license
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PEJAKIHIMOHHAS KOJUIETHUA

CenuH IleTp BacuibeBud — 2nasHblil pedakmop, TOKTOp TEXHUYECKUX HayK,
npodeccop, PyKOBOAUTEIb BhICIIEH IIKOJIBI pa3BUTHS Hay4HO-00pa30BaTEIbHOTO
norernuana ®I'BOY BO «MI'Y um. H. I1. Orapesa», ORCID: 0000-0003-3400-7780,
vice-rector-innov(@adm.mrsu.ru (Capanck, Poccuiickas ®eneparms)

JleBueB Auiekceii [laBinoBud — samecmumens 21asno2o pedakmopa, TOKTOP
TEXHUYECKHX HayK, podeccop, 3aBeyIomui kadeapoi TerI0IHEPreTHIEeCKUX CHCTEM
OI'BOY BO «MI'Y um. H. I1. Orapesay», ORCID: 0000-0003-2429-6777, levtzevap@mail.ru
(Capanck, Poccniickas ®enepanust)

Topauna CBetiiana BUKTOPOBHA — omeenmcmeenHblil cekpemapb, KaHIUAAT eJarOrH4ecKnX Hayk,
ORCID: 0000-0003-2265-418X, vestnik mrsu@mail.ru (Capanck, Poccuiickas ®eneparms)

Aanaxsepaues Cypxaii Parum oribI — J0KTOp OHOJOTHYECKHX HayK, akajeMuK Poccuiickoit AkaiemMun
EcrecrBo3nanus, npodeccop kadenpsr sxoornu u mpupoponoisioBanust GI'BOY BO «MockoBckuid
TelarorMuecKii rocynapcTBeHHbIH yHuBepeuteT» (MockBa, Poccniickast deneparyst); mpoeccop xadenpst
necHo# nHycTprn bapTeIHCcKoro rocynapcreHHoro yuusepcutera (bapremm, Typrs)

AcraxoB Muxauni BiiaguMHpoBHY — JOKTOP TEXHHYECKUX HayK, npodeccop Kkadeaphbl KOJIEeCHBIX
MaIlliH U npukiIagHoi Mexanuku Kamyxkckoro ¢punnana @I'BOY BO «MockoBckuii rocynapcTBEHHBIN
TexHUuecKuil yHusepcureT uM. H. O. baymana», ORCID: 0000-0001-8675-1611
(Kanyra, Poccuiickas deneparust)

ByaraxoB Anexceii ['puropbeBHY — JOKTOp TEXHHYIECKUX HayK, IIpodeccop Kadenapbl IPOMBIIIIIEHHOTO
u rpaxaanckoro crpourensctsa @I'BOY BO «lOro-3ananHblil rocy1apCcTBEHHbII YHUBEPCUTET
(Kypck, Poccuiickas @eneparys); mpodeccop CTpOUTENBHOTO (akynbreTa JIpe3neHCKoro TeXHHIeCKOTo
yausepeutera, ORCID: 0000-0003-4261-9840 (dpe3nen, 'epmanus)

I'epGep KOpuii BopucoBnY — JOKTOp TEXHUYECKHX HAyK, podeccop, 3aBeayromuii kadempoit
TEXHOJIOTUH ¥ 000PYyI0BaHHsI TPOU3BOJCTBA U IepepabOTKU MPOAYKIMH kuBoTHOBoACTBa PIAOY BO
«K®Y um. B. U. Bepraackoro», ORCID: 0000-0003-3224-6833 (Cumdepomnosb, Poccuiickas denepariust)

Yskens [daiidpen — Ph.D., mpodeccop, nexan I1Ixomnsr sHeprernky L[3sHCYCKOrO yHUBEpCUTETA HAYKI
1 TEXHOJIOTUH, TUPEKTOp MeskayHapOaHOH 00BEIMHEHHOM T1a00paTOpUH O SKOJIOTHIECKOH SHEPTeTHKE
CyI0B 1 KOHTpomo BeIOpocoB L3srcy, ORCID: 0000-0002-4110-2199 (Yxonbi3san, Kurait)

Jumurtpos Bajepuii IleTpoBUY — JOKTOp TEXHUYECKUX HAyK, podeccop, 3aBenyrommii kapeapoit
ynpasnenus kagectBoM PI'BOY BO «/loHCKoi rocyapcTBEHHbIH TEXHUYECKUN YHUBEPCUTETY,
ORCID: 0000-0003-1439-1674 (PoctoB-Ha-/lony, Poccuiickas ®enepanns)

Kauxun Cepreii FOpbeBHY — TOKTOp TEXHHYECKUX HayK, Ipodeccop Kadeapbl SIKCILTY TalUH
TpaHCHOPTHBIX U TexHonorudeckux MamH @I'bOY BO «BopoHexckuii rocyaapcTBEeHHbIH arpapHblii
yHHUBepcuTeT uMeHu umneparopa Ilerpa I», ORCID: 0000-0002-1844-5011
(Boponex, Poccuiickas deneparist)

Kesesnnkosa Ouibra EBrenbeBHa — KaH/IH/AaT TEXHUUECKUX HAYK, JOLEHT, TUPEKTOP
Wuctutyta snexrponuku u ceetorexHuku @I'BOY BO «MI'Y um. H. I1. Orapesa»
(Capanck, Poccuiickas ®enepanus)

Hrymnos Jleonna AnexkcanapoBUY — JOKTOp (GU3NKO-MaTeMaTHIECKUX HayK, IIPoQeccop, IIIaBHbIH
Hay4uHbI coTpynnuk Hayuno-uccienosarensckoro nuucturyta mexanuku @IAOY BO «HaunonanbHbiit
nccienoBarensckuii Hikeropoyckuit rocynapctBeHHbIN yHuBepenteT uM. H. 1. JloGaueBckoroy,
ORCID: 0000-0003-3035-0119 (Hmxunit Horopox, Poccuiickas deneparist)

Hcromuna Haranbs JleoHu10BHA — TOKTOP (PU3MKO-MAaTEMaTHUECKUX HAYK, HAYaIbHUK OTJAea
¢bu3ndeckux Hayk Poccuiickoil akageMun HayK, 3aMECTHTENb aKaJeMHKa-CeKpeTaps Mo HayqHO-
opranuzaunonuoii pabore OOH PAH; npodeccop kadenps! ynpasnenus nanosauusivu ®I'50Y BO
«MOCKOBCKUIT aBUALIMOHHBIN MHCTUTYT (HALIMOHAJIBHBIN UCCIIEIOBATEIbCKUN YHUBEPCUTET)»; TIIaBHbIH
penaKkTop HayYyHO-TeXHHUUECKOoro xxypHaia «@oronukay, ORCID: 0000-0001-6008-1226 (Mocksa,
Poccuiickas denepariust)

Keuemaiixun Baagumup HukonaeBuy — kaHIu1aT 5JKOHOMUYECKUX HayK, TOLEHT, AUPEKTOP
Py3aeBckoro nactutyTa MammaocTpoeHust @I'BOY BO «MI'Y um. H. I1. Orapeay,
(Capanck, Poccuiickas ®eneparms)

Korun Anexcanap BiaaguMupoBuy — TOKTOp TEXHUYECKHUX HayK, Tpodeccop kadeapsl MexaHU3aluu
nepepaboTKH cenbckoxo3siicrBeHHOM nponykunu @I'BOY BO «MI'Y um. H. I1. Orapesay,
ORCID: 0000-0001-8235-0052 (Capanck, Poccuiickas denepariust)
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Kycmapues ®@enop BacuabeBuu — Ph.D., nekan pusudeckoro dakynprera Yausepcureta Jlahoopo
(JTad6opo, Benukobpuranus); mpodeccop Komremka HCKycCTB 1 Hayk YHUBepcUTeTa Xamu(bl
(AGy-/1abu, OAD)

Kyxapes Ouier HukostaeBHY — JOKTOp TEXHUYECKUX HAYK, IPO(ECcop, peKTop
OI'bOY BO «llensenckuil rocynapcTBeHHbIH arpapubiil yHusepcuret», ORCID: 0000-0002-3519-4066
(ITen3a, Poccuiickas deneparust)

JlobaueBckuii SIkoB IleTpoBHY — TOKTOpP TEXHUYECKHUX HayK, podeccop, akanemuk PAH, nepsbrii
3amectutens qupekrtopa PI'BHY «®enepanbHblii HayuHbIH arporHKeHepHbIN HeHTp BUM»;
akazeMHK-cekperapb OTaeneHus cenbckoxo3saicTBeHHbIX Hayk PAH, ORCID: 0000-0001-7863-2962
(Mocksa, Poccuiickas denepanust)

MukaeBa CBeT/IaHa AHATOJIbeBHA — JJOKTOP TEXHUYECKUX HAYK, JAOLEHT, podeccop Kadeapsl
anexTporuku ®I'BOY BO «MUPDA — Poccuiickuii TEXHOTOTUYECKUI YHUBEPCUTET,
ORCID: 0000-0001-6992-455X (MockBa, Poccuiickas denepars)

Hecmusin Anapeii FOpbeBHY — TOKTOpP TEXHHYECKHX HAyK, IOLEHT, 3aMECTUTEIIb AUPEKTOPA 110
Hay4HOH paboTe U HHHOBALMSIM A30BO-UepHOMOPCKOTO HHKEHEPHOTO HHCTUTYTA
OI'BOY BO «onckoii [AY», ORCID: 0000-0002-5556-1767 (3eprorpan, Poccuiickas Penepars)

OctpukoB Banepuii BacujibeBuY4 — JTOKTOp TEXHUYECKHUX HAyK, Ipodeccop, UPEKTOP
®I'BHY «Bcepoccuiickuil HayqHO-UCCIeI0BATENLCKUNA HHCTUTYT UCTIOIB30BAaHUS TEXHUKH
1 He(pTEePOAYKTOB B celbekoM Xo3stiicTBe», ORCID: 0000-0003-2927-768X
(Tam608B, Poccuiickas denepanust)

Inoruukos Cepreii AjleKCaHIPOBHY — JOKTOP TeXHUIECKUX HAyK, Ipodeccop Kadeapsl TeXHOIOrun
mammHocTpoeHnst PI'BOY BO «BsTckuil rocynapcTBeHHBII yHUBEPCUTETY,
ORCID: 0000-0002-8887-4591 (Kupos, Poccuiickast ®eneparnns)

[pbiTroB FOpuii HukonaeBuY — T0KTOp CEMBCKOXO3SHCTBEHHBIX HAYK, TIpodeccop Kadeapsl 300TeXHUKH
uMm. ripodeccopa C. A. Jlammmua GI'BOY BO «MI'Y mm. H. I1. Orapesay»
(Capanck, Poccniickast Deneparmst)

Pynuk ®@ennke SIkoBaeBHY — JOKTOP TEXHUUECKHUX HayK, podeccop kadeapsl TEXHOIOTUI IPOITYKTOB
nuranust GI'bOY BO «CaparoBckuii rocyqapCTBEHHbINH arpapHblii YyHUBEPCUTET
umernn H. U. Basunosay, ORCID: 0000-0001-8444-0115 (Caparos, Poccuiickas deneparivsi)

Padouxnna Iloanna AnaTosibeBHA — JOKTOP (DM3HKO-MaTeMaTHUECKHUX HayK, mpodeccop,
Hay4HBII PyKOBOANTEb JIAOOPATOPHH ONTHYECKON CHEKTPOCKOIHY JIa3ePHBIX MaTepUaioB
OI'BOY BO «MI'Y um. H. I1. Orapesay», ORCID: 0000-0001-8503-8486
(Capanck, Poccuiickas @enepanus)

Cagnem Adneab-bagex Moxamen — TOKTOp HayK B 00J1aCTH KOMITBIOTEPHBIX TEXHOJIOTUH, 3aCITy)KEHHBIN
npodeccop, pPyKOBOAUTEIb HCCIEI0BATEIbCKHX J1a00paToOpHii B 00JIACTH HCKYCCTBEHHOTO MHTEIUICKTa
¥ 3HaHU, podeccop (akybTeTa KOMIBIOTEPHBIX 1 MHOPMALMOHHBIX HayK yHHBepcuTera Aiin [lamc,
ORCID: 0000-0003-0268-6539 (Kaup, Eruner)

CuMISTHKHH ApKaJuii AHATOJILeBHY — JIOKTOP TEXHUYECKUX HayK, Ipodeccop Kadeapbl TEXHUIECKON
skcruryaranuu Tpancrnopra ®I'bOY BO «Ps3anckuil rocyapcTBeHHbIH arpoTeXHOIOTHYECKUN
yausepcuteT uM. [1. A. KocterueBa», ORCID: 0000-0001-9761-6183 (Psa3anb, Poccuiickas deneparis)

Ckpsoun Baagumup AJiekcaHpoBHY — JOKTOP TEXHHYECKHUX Hayk, podeccop kadeapbl TEXHOIOT it
u obopynosanus MammHocTpoeHust ®I'bOY BO «Ilen3eHckuil rocy1apcTBEHHbBIN YHUBEPCUTETY,
ORCID: 0000-0001-7156-9198 (Ilen3a, Poccuiickas deneparust)

TapacoB EBrennii MuxaiijioBu4 — JOKTOp TEXHHUECKUX HayK, mpodeccop, 3aBeayrouuii kapeapoit
ABTOMATHKH, TEIEMEXaHUKH U CBS3M Ha kene3HoaopokHoM Tpancnopte PI'BOY BO «Camapckuit
TOCYIapCTBEHHBIN YHUBEPCUTET mmyTelt coodmenus», ORCID: 0000-0003-2717-7343
(Camapa, Poccuiickas deneparust)

®arpixoB Opuii AaraMoBu4 — JOKTOp TEXHUYECKUX HayK, mpodeccop, 3aBenyronmii kapeapon
WHKMHUPHUHTA TEXHOJIOTUYECKOTo 000pynoBaHnst VIHCTHTyTa arpOnHKeHEpHH H TTHIIEBBIX CHCTEM
Kanmaunrpaickoro rocynapcTBeHHOro Texanueckoro yuusepeurera, ORCID: 0000-0002-8189-0433
(Kammaunrpan, Poccuiickas deneparis)

®enynoBa JInnusa Bsiuec1aBoBHA — TOKTOP TEXHUYECKHUX HayK, mpodeccop PAH, 3aBemyrommii
9KCIICPHIMEHTAILHON KIIMHUKON JTab0opaTopuy OHOJIOrNYeCKH aKTUBHBIX BEIIECTB KHBOTHOTO
npoucxokenns ®PI'BHY «DenepansHblii HayIHBIH IEHTp MUIIEBBIX cicTeM UM. B. M. I'opbarosa» PAH,
ORCID: 0000-0003-3573-930X (MockBa, Poccuiickas denepanmst)

HInmenoBa Tamapa UabnHAYHA — TOKTOP TEXHHYECKHUX HayK, podeccop kadenpsl GU3nKu
OI'BOY BO «MpkyTckuil HalMOHAIBHbIM UCCIE0BATEIbCKUI TEXHUUECKHI YHUBEPCUTET)
(Upxkyrck, Poccniickas ®enepanus)
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Annomauus

Beseoenue. B nanHOl cTaTbe BHUMAHHE yAENSAETCS MCCIETOBAHUIO NEKTPUIECKUX Mapa-
METPOB IIITHAALATH COCTABOB aJbTEPHATHBHBIX TOILIMB. AKTYyaJbHOU SIBISIETCS 3ajada
pa3paboTKK OECKOHTAKTHBIX METO/IOB aHAJIN3a COCTaBa TOILIHBA.

Lenv uccnedosanus. Ilomydenne TaHHBIX TUIIEKTPUIECKON MPOHHUIIAEMOCTH aTbTepHa-
THUBHBIX TOIIJIUB JJIs ):La.]'leeﬁLLlel"O IOMCKa CBA3H C IOKasaTeJsIMU IIpoLecca CropaHus.
Mamepuanet u memoost. J1j1st IpOBECHUS HCCIIETOBAHIS OB HCIIONB30BaH KOHICHCATOP,
COCTOSIIMI M3 JBYX QIIOMHHHEBBIX IUIACTHH pazMepoM 175x102 mm, a Takke MyJIbTH-
metp Sinometex ZT-Y.

Peszynomamor uccnedosanus. Ilpn cpaBHEHUH 3HAUYSHUH THAIIEKTPUUECKON MPOHHUIIAEMO-
CTH TIPEACTABICHHBIX COCTABOB AJTBTEPHATUBHOTO TOILTHBA MEXTy MUHUMAIIBHBIM H MaK-
CHMAJTbHBIM COJIepYKaHHEeM J00aBJICHHOIO CIUPTa U PAaCTHTEIbHBIX Macel B cMech OOHa-
pykuBaeTcst 3aBUCHMOCTh. OHa TPOSIBIICTCSl B XapakTepe 3HAYCHUH JUICKTPUISCKON
MIPOHHIIAEMOCTH, KOTOPBIE KOPPETUPYIOT C AMEKTPOEMKOCTHIO KOHICHCATOPA TIPH HATTHINHT
cMecH MeXIy OOKIIagKaMH, U HaOIoaeTcs AT BceX TpeX J00aBIsieMbIX B CMECh yIle-
BOZIOPOJIOB: 3TAHOJA, PAIICOBOTO U CyperHoro Macen. OTMedaeTcs, 4To JUAIEKTPHIEeCKast
MIPOHHIIAEMOCTh BO3pacTaet B AuarmazoHe ot 10 1o 50 % nobaBreHHOTO 3TaHOIA; PATICOBO-
IO U CyperHoro Maced, focturas 3Hadenuii ot €= 3,05 no 45,31 mis stanona, ot €= 2,35
110 2,72 niist pancoBoro Macnia u ot €= 2,33 1o 2,8 Ui cypernHoro macia.

Obcysicoenue u 3axaroueHue. AHAIN3 3HAYCHUN TUAIICKTPUYICCKON TPOHHUIIAEMOCTH pas-
JIMYHBIX COCTABOB aJTbTEPHATHUBHBIX TOILIUB ITOKA3bIBAET, UTO ITPH YBEIUUEHHHN COECPKAHUSI
CIMpTa U PaCTUTENILHBIX Maced B cMecu oT 10 1o 50 % ausnekrpuueckas IPOHULAEMOCTb
YBENMUHBAaeTCSA. JTO CIPABEATINBO UL BCEX TPEX YMICBOAOPOJOB: 3TAHONA, PAIICOBOTO
U CYpETTHOTO Macell.
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Kniouesvie cnosa: AJIBTEPHATUBHOE TOIJIMBO, DJIEKTPUUICCKUE MMAPAMETPBI, JUDJIIEKTPUIC-
CKas IMpOHUIAEMOCTD, 663MOTOpHLII71 METOM, 3TaHOJI, pariCcoOBOC Macjo, CypernHoe Maciio,
JU3CJIIBHOC TOIIJIMBO

Kongnukm unmepecoa: aBTopbl 3asiBISIIOT 00 OTCYTCTBHU KOH(IMKTA HHTEPECOB.

bnazooapnocmu: aBTOpHI BBIPAXKAIOT ONArOJAPHOCTH PELEH3EHTAM, Ubsl KPHUTHYECKAs
OLICHKA IPEICTaBICHHBIX MaTEPHAIOB U BBICKA3aHHBIC NPEUIOKEHUS 110 UX COBEpPLICH-
CTBOBAHMIO CIIOCOOCTBOBAIN 3HAUUTEILHOMY TTOBBIIIEHUIO Ka9€CTBA HACTOSIIEH CTaThH.

Jna yumupoganua: 30HAUPOBAHNE COCTABOB ANbTEPHATHBHBIX TOIUIMB C IETBIO OI-
penenenust snekrpudeckux mapamerpos / C. A. IlnorHuxoB [u np.] // VmxenepHsie
TexHonoruu u cuctemsl. 2024. T. 34, Ne 2. C. 178-190. https://doi.org/10.15507/2658-
4123.034.202402.178-190

Probing Alternative Fuel Compositions
to Determine Electrical Parameters

S. A. Plotnikov“*’, P. V. Gnevashev‘, G. P. Shishkin’,

A. N. Kartashevich®

“ Watka State University (Kirov, Russian Federation)

b Kirov State Medical University (Kirov, Russian Federation)
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Abstract

Introduction. In this paper attention is paid to the study of electrical parameters of fifteen
compositions of alternative fuels. The task of developing non-contact methods of fuel
composition analysis is relevant.

Aim of the Study. The study is aimed at obtaining dielectric constant data of alternative
fuels for further search of the relationship with combustion process.

Materials and Methods. For the study there was used a capacitor consisting of two 175x102
mm aluminum plates and a Sinometex ZT-Y multimeter.

Results. When comparing the dielectric constant values of all presented alternative fuel
compositions, there is found the dependence between the minimum and maximum content
of added alcohol and vegetable oils in the mixture. This dependence manifests itself in
the nature of dielectric constant values correlating with the capacitor electric capacity, if
there is the mixture between the plates. It is observed for all three hydrocarbons added
to the mixture: ethanol, rapeseed and colza oils. For example, the dielectric permittivity
increases throughout the range from 10 to 50% of the added ethanol, rapeseed and colza
oils, reaching the values from & =3.05 to 45.31; from &= 2.35 to 2.72; from £=2.33 up
to 2.8, respectively.

Discussion and Conclusion. The analysis of the dielectric constant values of various alter-
native fuel compositions shows that when the content of alcohol and vegetable oils in the
mixture increases from 10 to 50%, the dielectric constant increases. And this is true for all
three hydrocarbons: ethanol, rapeseed and colza oils.

Keywords: alternative fuel, electrical parameters, permittivity, non-motorized method,
ethanol, rapeseed oil, colza oil, diesel fuel
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Beenenue. [lonydyenne TOUHBIX TJaHHBIX O CBOMCTBAaX PeajibHBIX BELIECTB B JTFOOOM
COCTOsIHMHU' TPeOyeT CO3/1aHMs YCIOKHEHHBIX YCTAHOBOK, YTO MPUBOIHT K YBEITHUYCHHIO
3arpar u BpeMeHu’. Ha ceroqHsIHuii JeHb aBTOTPAKTOPHBIC JBUTATEIH UMEIOT «Tpe-
METHOE» OTHOIIEHNE K KaueCTBY TOTUIMBOBO3IYIITHOM CMECH, IMOAaBaeMON B KaMepy
cropanus’. OT ee KauecTBa 3aBUCUT IPPEKTHBHOCTD PaOOThI IBUTATEISI, €TI0 MOIIHOCTH,
pacxoj TOIUTMBA, KOJIMYECTBO BPEIHBIX BEIOpOCOB B arMocdepy*. HernpaBuibHblil co-
CTaB CMECH MOXKET ITPUBECTH K OBICTPOMY U3HOCY JIeTajel JBUTATENs, CHIKCHHIO €r0
pecypca, yXyAIeHHIO SKOJIOTHYeCcKUX mokaszaresieir’. COOTBETCTBEHHO, pa3padboTka
COBPEMEHHBIX OECKOHTAKTHBIX METOJIOB, CIIOCOOHBIX BBISBISATH HAINYHE KaK TIPUMECEHH,
TaK ¥ MPUCATOK B COCTaBE TOIUITMBHOW CMECH, SIBIISCTCS BaKHOM MCCIIE0BATEIIbCKOM
3anaueii [ 1-3].

HayunpiM KoJUIEKTHBOM KadeIpbl TEXHOJIOTUU MAIIMHOCTPOCSHHUsI BsTckoro rocy-
JApCTBEHHOTO YHHBEPCHUTETA 3a/1aHO HOBOE HaMpaBleHUE OE3MOTOPHOTO UCCIICAOBAHUS
nokaszatesieil mpouecca cropanusi [4—06], a TaKKe HamnpaBiICHHE O UIACHTU(DUKATUU
KHKHX aJbTepHATUBHBIX TOIUTUB (AT) Ha OCHOBE HJIEKTPUYCCKUX JTAHHBIX'.

OO111e LIeITBI0 HAYYHBIX UCCIIC/IOBAHUH SBIISETCS pa3paboTka 0e3MOTOPHBIX METOI0B
orpeeeHus napameTpoB pabdouero mporecca ausesns 44H 11,0/12,5 nmpu pabote Ha *&u-
KHX TOIUTMBaX. B JaHHOM cTaTbe BHUMaHKE MPEUMYIIIECTBEHHO YIETICHO NCCIIEIOBAHUIO
ANEKTPUIECKUX MTapaMeTPOB TSTHAILATHA COCTABOB alTbTEPHATHBHBIX TOTUINB.

O030p auTepatypbl. Bece gamie poccuiickue u 3apy0OekHbIe UCCIIeI0oBaTeTn
0o0pamamTca K U3YUYCHUI0 B3aUMOCBSI3H DJIEKTPUUECKUX U (PU3UKO-XUMHUYECKUX
MapaMeTpOB yIIIEBOJAOPOIHBIX TOIIUB. Tak, yueHpiMu Ka3aHCKOTO HAI[MOHAIBHOTO
MCCIIEI0BATENBCKOI0 TEXHOJIOIMYECKOT0 YHUBEPCUTETA IIPEUIOKEH NPOCTOl pedpakTo-
JICHCUMETPUYECKHI METOJT BU3YyaJIbHOUM UACHTH(DHUKAIIMK U YCTaHOBJICHUS TPYIIIIOBOM
MPUHAIICKHOCTH UHANBUAYATbHBIX OPTAHUYECKUX BEIIECTB, a TAKXKE OILICHKHU TPYII-
MOBOTO YTIIEBOJOPOAHOTO COCTaBa CBETIBIX HedTenpoaykToB. OHU JT0Ka3ayIH, 4TO

! JIsotko B., Jlykauun B. H., Xauunsu A. C. [[pumeHenne anbTepHATUBHBIX TOIUIUB B IBHTATEISNX
BHyTpeHHero cropanus / [Tox pen. B. JIbotko, B. H. Jlykanuna. M. : MAJIY, 2000. 311 c.

2 AnexcaumpoB A. A., Apxapos 1. A. MotopHusie ToruiBa. COBpeMEHHbIE aCleKThl 0€30MacHOTO
XpaHEHUs U pean3aluu B ropogax-Meranonucax. M. : U3n-so MI'TY um. H. O. baymana, 2011. 352 c.

3 Urunckas H. NU., Ky3uenos H. A. TomiuBa, Macia ¥ TEXHUYECKHE JKHIKOCTH : CIIPABOYHUK. M. :
Arponpomusaar, 1989. 303 c.

* Hukonaes B. @., Kyrymes U. P., Xamenzsuos A. K. Peypakto-MarHuToONTHYECKUI METOT OIIEHKH
IKCIUTYaTAIIMOHHBIX M TETUIOTEXHUYECKHX XapaKTePUCTHK PEAKTUBHBIX M ANM3ENIbHBIX TOIUTUB // BecTHUK
Kazanckoro texnonorndeckoro yaueepcutera. 2003. Ne 2. C. 302-314. EDN: HUWHRB

S Hukudopos A. H. HayuHble 0CHOBBI HCITO/Tb30BaHHS TOTLIHBA H CMa30YHbIX MATEPHAIIOB B CEIbCKOM
xo3siictBe. M. : Arponpommsaar, 1987. 248 c.

¢ CmonbuukoB M. B., ITnotuukos C. A., T'nesamies I1. B. Pe3ynbsrarsl 2JIeKTpUUECKUX HU3MEPEHUH YIIIe-
pomocoaepKaIix cMeceil ¢ AU3eNbHBIM TOIUIHBOM // Bymymiee Texandeckoit Hayku : Mat-1sl X X1I Beepoc.
MOJIOZICXKH. Hayd.-TexH. KoH}. H. Hosropox : HI'TY nwm. P. E. Anekceesa, 2023. C. 369-370.
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TPYIIOBO# COCTAaB HE(PTENPOAYKTOB MOKHO YCTAHOBUTH C MOMOIIBIO H3MEPCHHUS
yaenbHOU pedpakuuu [7; 8].

3apy0eHBIM HayYHBIM COOOIIECTBOM MTPOBEICHBI UCCIICAOBAHHMS 10 B3aUMOCBSI3IM
(PMBHUKO-XUMHUYECKUX CBONCTB TOIUIUB C IIETAHOBBIM YMCIIOM [9] ¥ IPOILIECHTHOMY COZIEp-
JKaHUI0 Orou3ens B qu3eibHoM Torkee [ 10]. Ha ocHOBe AaHHBIX (PH3MKO-XUMHUYECKUX
CBOMCTB IMPOMCXOAUT MOHUTOPHHT Ka9eCTBAa 0OPAOOTKHY IMOMMEPHOTO CBIPhS U YIyHIIICHUE
TEXHOJIOTHICCKHX TTapaMeTPOB TIpoIlecca MPOU3BOICTBA TOBapHOTO TotummBa [ 11-13].

I'. E. JlyHaeBcKuii ¢ COAaBTOpaMH UCCIIEI0BAIN 3aBUCUMOCTb JUJIEKTPUUYECKOH MPO-
HUIIAeMOCTH OCH3WHA C Pa3IMYHBIM 3HaY€HHUEM OKTaHOBOTO YMCIIa OT HAIWYUS W KOH-
[EHTPAINU MPUCATOK ¥ YCTAHOBUIIM, YTO JOOABICHUE MPUCATOK K aBTOMOOMIEHOMY
TOIUTHBY B CPETHEM BEJIET K YBEIIMUCHUIO 3HAYCHHH AUDIICKTPUYUCCKOM TPOHUIIAEMOCTH .

VYyenbie KyOaHCKOTO TOCYJapCTBEHHOTO TEXHOJIOTHYECKOTO YHUBEPCUTETA IITUPOKO
UCCJICAYIOT BOIPOC IPUMEHEHHS TEOPUHU TEPMOJMHAMUYIECKOTO TOI00Us 15t 0000IICHNUS
CIIPABOYHBIX JIAHHBIX JTUJICKTPUYCCKON MPOHULIAEMOCTU Napa(UHOBBIX, HAPTCHOBBIX
U apOMaTHYECKUX YIIEBOIOPOIOB. JIto0oe cpaBHEHHUE MPEANOIaraeT paCCMOTPEHUE
SIBJIEHUM B OMHAKOBBIX ycloBUsX. [Ipu comnocraBieHnn CBOMCTB BEILIECTB B KAU€CTBE
TaKUX yCIOBUH HE MOTYT OBITh IPUHSTHI OIMHAKOBEIC MTApaMETPhI, TaK KaK, HAIIpIMep,
MIPY OJIMHAKOBBIX MOKA3aTelAX TEMIIEPATYPhl U JIaBICHUS Pa3IMUHbIE BEUIECTBA MOTYT
HAXOIWTHLCS B PA3HBIX arperaTHBIX COCTOSHISIX. COTIIaCHO TEOPHH, (PU3MIECKHU MOIO0HBI-
MU JJIS1 BCEX BELIECTB SBJIIFOTCSI KPUTUUECKHUE COCTOSHUSA, II0ITOMY ITapaMeTphl BEILECTBA
B KPUTUYECKOM COCTOSIHUU P,, T,, V, IPUHUMAIOT 32 OCHOBY CPaBHEHHUS TEPMOIUHAMH-
YECKUX CBOMCTB Ira30oB M KUAKOCTEH. B paboTe ydeHbIX TeopHs TepMOIUHAMHYECKOTO
MoJI00MS MTPUMEHSJIACH K aHAIIN3Y 3aBUCUMOCTH JMAIEKTPUICCKOM TPOHUIIAEMOCTH OT
TEMIIEPaTyPhl HECKOJIIBKUX MapaUHOBBIX, APOMAaTHYCCKUX M HA()TEHOBBIX YIIIEBOJIO-
ponos. Becero paccMoTpeno 15 BemecTs. DT yriIeBOJOPOAbl HHTEPECHBI TEM, UTO OHU
BXOJISIT B COCTAaB IMPHUPOJIHBIX YITICBOIOPOIOB (Ta3, He(Th, ra30BbIN KOHICHCAT), KOTOPHIS
SBJISIFOTCS IICHHEHIIUM CBhIpbEeM sl HedTenepepadarbiBaronieil 1 HeTeXuMHUECKON
MIPOMBINIIEHHOCTH. [IpupoaHbIe YIIIeBOOPOILI IPU TPEHUH (B TIPOIECCE 3aOTHEHIS
XPaHUJIHII U TIEPEKAYKH ¢ OOJIBIIION CKOPOCTHIO IO TPyOaM, a TaKkkKe (PHIIBTPAITUH ) JIETKO
INMEKTPUIYIOTCS, U HA UX TIOBEPXHOCTH MOT'YT 00Pa30BBIBATHCS M HAKATUTMBATHCS 3aPSIIbI
CTaTUYECKOTO JIEKTPUYECTBA, B CBSI3U C YEM BO3MOYKHBI B3PBIBBI U MIOKAPBHI.

Takum o0Opa3om, U3yUCHHUE AIEKTPOPU3NIESCKUX CBOUCTB, OTHUM H3 KOTOPBIX
SIBISIETCS] TUDJIEKTPUYECKasl IPOHULAEMOCTD, TAHHBIX BEIIECTB U UX COCTABIISAIOLINX
BBI3BIBAET KaK HAyUHbIH, TAK U MPAKTUYECKUM UHTEpEC IS Psiia XUMUYECKUX MPOU3-
BojIcTB®. HecMOTpst Ha MHOTOUHCIICHHOCTD MyONHKAIMH 110 U3y4YaeMol mpodieMaTnke,
MPaKTUUYECKU OTCYTCTBYIOT UCCICIOBAHUS 110 U3MEPEHUIO AUIICKTPUUECKUX CBOMCTB
CMECEBBIX TOIUTUB. ABTOPHI BIIEPBLIC MOKA3aIH, KAaK U3MEHSACTCS NUAICKTPUUECKast
MPOHULIAEMOCTb TOIJIMB, OCHOBAHHBIX HA CMECH JAU3EJIbHOTO TOIJIMBA, PACTUTEIbHbBIX
Macell U 3TaHoJa.

7 I[I/DJ'IGKT]:)H‘-IGCKHG CBO¥CTBa He(bTerO)IyKTOB aBHaHHOHHOﬁ MPOMBIINIJICHHOCTU B obJactu Kpaﬁ-
HeBbIcOkuX yacToT / I. E. JlynaeBckuii [u ap.] / CBU-TexHUKA U TETIEKOMMYHHKAIIMOHHBIE TEXHOIOTUH :
Mart-Jibl J0KIan0B 25-oif MexayHap. Kpeivckoit koHd. T. 2 (6—12 centsiopst 2015 ., . CeBacTomnons).
Cesacrormons : CeBacTONoIbCKHI TocynapcTBeHHbIN yHIBepeuTeT, 2015. C. 952-953. EDN: UPCAV]

§ JTnosieKTpruyecKre CBOMCTBA aBTOMOOMIIBHOTO ToIuMBa ¢ npucaakamu B KBY muanasone / P. A. Kpemsep

[u mp.] // Axryansabie mpobaeMsr pamuopusuku AIIP 2019 : ¢6. Tp. 8-if MexayHap. Hayd.-IPakKT. KOH(.
(1-4 oktsi6ps 2019 1, 1. Tomcek). Tomcek, 2019. C. 212-213.
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MarepuaJisl 1 MeTOABI. J[MAIIEKTPUK — MaTepuall, KOTOPbIH CIIOCOOEH 3aracaTh
SHEPruro Mpu NprujIoKCHUN BHCHIHCTO SJICKTPHUYCCKOI'O IMOJIA. Ecan uctounuk mocro-
SIHHOTO HANpsDKEHUS BKIIOUSH NapaljiebHO 0OKIIaJKaM MI0CKOr0 KOHICHCATOPA, TO
OoJblle 3apsiia HAKArIMBaeTCsl, KOTAa MEXIy OOKIaJIKaMU TIOMEIICH AUIICKTPHK.
B ciydae oTcyTeTBus Marepuaia (BaKkyyMa) MEXIy OOKIaKaMH HAKaIlTMBACTCS MEHb-
Iee KOMIecTBo 3apsiaa (puc. 1).

B anexrpoMaraeTnsMe MpUHATO a0COTIOTHYIO JMAIEKTPUIECKYIO POHUIIAEMOCTh
Ha3bIBaTh TUAJICKTPUUICCKON TTPOHUIIAEMOCTRI0 M 0003HAUaTh €€ TPeuecKoil OYKBOH &,
KOTOpast SIBJSIETCSI MEPOH DJIEKTPUUECKON MOSIPU3YEMOCTH TUAIIeKTpUKa. Ee MoXHO
BBIYHCITATH CIEAYIOUUM 00pa3oM:

C
= om 1
“TC W

BO31

rae C — eMKOCTh KOH/ICHCATOPA [PU HAMYMK CMeCH Mexk 1y oOknaakamu, nF; C - —
€MKOCTb KOHJIEHCATopa 10 BO31yXy, nF.

r

¢ R L
Q I 0
A i\
Z

Puc. 1. Cxema u3MepeHns AMEKTPUIECKUX mapameTpoB AT:
Z —nmnenanc; C — coOCTBEHHO €MKOCTb; 7' — COIIPOTUBIICHHE Yepe3 KHUJIKOCTh (OMpeAeseT TOK yTeUKH);
R — mapasuTHOE MOCIIe0BATENIFHOE COMPOTHUBIICHNE; L — Mapa3uTHAs MOCIIeI0BaTeNIbHAS HHIYKTHBHOCTD

Fig. 1. Diagram of measurement of electrical parameters AT:
Z —impedance; C — actual capacitance;  — resistance through the liquid (determines the leakage current);
R — parasitic series resistance; L — parasitic series inductance

Hcmounuk: cxeMa COCTaBICHA aBTOPAMHL.
Source: Figure was compiled by the authors.

Marepwuai ¢ BBICOKOH AMANEKTPUIECKON MPOHUIIAEMOCTHIO MOJIIPU3YETCS B OTBET
Ha MPUIIOKEHHOE AIEKTPUUYECKOE TI0JIe CUIIbHEE, YeM MaTepHall ¢ HU3KOH TUDIIEKTPHU-
YEeCKOI MPOHHUIIAeMOCTHI0. TeM caMbIM OH HaKaIIUBaeT B MaTepuae OOJbIle SHEPTHH.
B snexTpocraTuke IU3IeKTpUUIECKasi IPOHULAEMOCTh UIPAET BaXKHYIO POJIb B OIpese-
JICHUU €MKOCTH KOHZAEHcaropa. J{uanekTpudeckas MIpOHUIIAeMOCTh cpelbl — husnde-
CKasl BEJIMUMHA, XapaKTepU3YIOlIasi CBOMCTBA U30JIUPYIOLIEH Cpebl U OKa3bIBAIOLIAs
3aBUCUMOCTb IEKTPUUECCKOH MHIYKLIUHU OT HANPSLDKEHHOCTH DIIEKTPUUECKOTO OIS,

JlabopartopHble HccaeI0BaHU TPOBOIMINCH HAa Kadeape opraHnuecKO XUMHUN
Bsrckoro rocynapcrBenHoro yausepcutera. OObeKTaMu AJIsl HCCIIEI0BAHUS SBISUTUCD
cMecH M3 IBYX BHIOB au3eibHoro tomnusa (AT), B kotopeix comepxurcs 10 50 %
BO300HOBIISIEMOT0 HCTOUYHHKA SHEPTUH (CYPEITHOT0, ParicoBOro Macia u atanona). Ko-
JIMYECTBO MCCIETyeMbIX CMeCel TOITUB COCTABIUIO 15 mT.
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ITpeameToM HccnenoBaHul ABIANIOCH ONPEEICHUE HIEKTPHUUECKUX NTapaMeTPOB
COCTaBOB TOIUIMB. B KOHEYHOM pe3ynbraTe BBIBISUIOCH 3HAUCHHE AUIICKTPUYCCKOM
MPOHUIIAEMOCTH JIJIsl BCEX COCTAaBOB. JJIsT M3MEPEHHMsI ANEKTPUUYECKHUX TapaMeTPOB
npuUMeHsicst MynbTHMeTp Sinometex ZT-Y (puc. 2).

Pwuc. 2. Mynstumerp Sinometex ZT-Y. Arop m3o6paxenus I1. B. 'neBamies, 2022 .
Fig. 2. Sinometex ZT-Y Multimeter. Photo by P. V. Gnevashev, 2022

PaccMoTpuM oiHM M3 OCHOBHBIX MOJTy9aeMBIX TAPAMETPOB MYJIBTHUMETpPA C UX JH-
amazoHaMHU M3MEpPeHH: u3Mepenue conpotunieaus pasHo ot 0,01 Oma mo 10 MOw;
TeHepaTop MPSMOYTOIBHBIX UMITYSIECOB paBeH oT 50 ' 1o 5 x['m; emKkocTs paBHa OT
1 n® go 1000 Mx®D; MOCTOSHHBIN U TepeMeHHbIH TOK paBeH oT 0,1 MKA 1o 10 A; mo-
cTosiHHOE Hanpshkerne paBHo oT 0,1 MmxB mo 1000 B.

Pesynbrarsl nccaenoBanusi. Vi3aMeHeHNe 3HaUEHU MTOKa3aTesel mpouecca cropa-
HUS TOTUIMBA B KAMEPE CTOPAHUS JAU3eIIsi OOBIYHO CBS3BIBAIOT C (PU3UKO-XUMUYECKUMU
cBoicTBaMH TOILTUB. CIIEIYIOIIUM 3TAIIOM UCCIICIOBAHHUH SBUIIOCH U3yUYCHUE OTHOILICHHUS
YIJIEBOJOPOAHOTO TOIUIMBA K 3JEKTPUUYECKOMY TOKY M CHATHE MapamMeTpOB AJISl BCEX
15 uccnenyembix AT (tabm. 1-3).

Pesynbrarhl IpOBEICHHBIX W3MEPEHHI YKA3bIBAKOT HA TO, YTO U3MEHEHHE MPOIICHTHOTO
COZIeprKaHMs 3TAHOJA B COCTABE ATAHOJIO-TOTTUBHOM cMecu (DTD) He BIusieT Ha oMUYe-
CKO€ COIPOTUBJICHUE KOHICHCATOPA TOCTOSIHHOMY TOKY (Ta0s1. 1). OJHaKo yBeIuUeHUE
MaccoBoro cozepskanus 3taHona ¢ 10 10 50 % B cocTaBe 3MyIbCHH MOBBIMIAET 3IEKTPO-
€MKOCTh COCTaBa, IPUMEHIEMOT0 B Ka9eCTBE JUAJIEKTpHKa KoHAeHcaTopa. Hampumep,
€clIi eMKOCTh KoHzeHcaropa npu Hanuuuu cMecu AT ¢ copepkanuem stanona 10 %
cocrasinsier C = 1,7 nF, mobasnenne cmpra 50 % B cmech naet emkocth C = 16,3 nF.
Pe3kuii nepenan B cTOpOHY yBeTHUEHUS 3HAUSHHS EMKOCTH KOHIEHCATOPA IIPOUCXOHT
IIPU TOCTUKEHUU MACCOBOTO coAepaHus 3TaHosa okoio 30 %. Do siBieHue mpouc-
XOJIUT M3-32 HMEIOIIETOCS CBONCTBA HAKOILJICHHS AIISKTPHUYSCTBA HIMEHHO STaHOJIOM.
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[Tony4yeHHble 3HaYCHHSI ANEKTPOYHU3NIECKUX BEIHMUNH OOYCIIOBICHBI TEM, YTO
3TaHOJI, UCIOJB3yEMBbIil B KQ4eCTBE JOOABISIEMOIO BELIECTBA, HE COACPIKUT B CBOEM
cocTaBe coJiel M OpPraHuueCcKUX MPUMECEH, B CBSI3U C YeM HE MEHSIET DJICKTPUYECKOEe
conpotusienue (R = 1,3 MOM) nonydyeHHOH TOIUITMBHOM cMmecH (Tadm. 1).

Tab6nuna 1
Table 1
DJeKTpUYecKue MapaMeTpsl TOILIHB PA3THIHOTO COCTABA
¢ 1o6aBennem 10 S0 % 3TaHo/Ia B cMecH
Electrical parameters of fuels of different composition
with addition of up to 50% of ethanol in the mixture
Cocras Torummisa / EMKocTh KOHJIEHCaTOpa IPU HAJIMYUU cMecH Mexay obkiankamu, C, nF /
Fuel composition Capacitance of the capacitor if there is the mixture between the plates, C, nF
AT 90 % +D2 10 %/ 1.7
DF 90% + E 10% >
IOT 80 % +220 %/ 25
DF 80% + E 20% >
AT 70 % +230 %/ 8.1
DF 70% + E 30% ’
AT 60 % +D240 %/ 12.0
DF 60% + E 40% K
AT 50 % +D 50 %/ 163

DF 50% + E 50%

Tpumeuanus: R — conpoTHBICHHE MEX/Ty 00KIIaKaMu KoHeHcaropa pasHo 1,3 MOwm; C — eMkocTb
KOHJZIGHCATOpa M0 BO3AYXY (Tepes KaxapiM n3MeperneM) pasHa 0,304 nF.

Notes: R — resistance between capacitor plates 1.3 Mom; C — air capacitance of the condenser (before
each measurement) 0.304 nF.

Hcmounux: 31€ch U laJiee B CTaThe BCE TAOJIHIIBI COCTABICHBI aBTOPAMH.
Source: Hereinafter in this article all tables were drawn up by the authors.

[Tony4yeHnHble U3MepeHHsl YKa3bIBalOT HA TO, YTO U3MEHEHHE MPOLEHTHOTO COAEP-
kauusg PM B cocTaBe TOMITMBHON cMecH B OOJbIIEH CTeNeHH (B OTIIMYHE OT CIHUPTA)
BIIUSICT HA OMHYECKOE CONPOTHUBIICHUE KOHJIEHCATOPa MOCTOSIHHOMY TOKY (TaouI. 2).
Hanpumep, B cmecu AT ¢ 10 %-HbIM conepskanueM parncoBoro macia R = 12,4 MOw,
ToTa Kak mpu nodasnenuu PM mo 50 % 3uadgenue cranoButcs R = 9,7 MOwM. Coort-
BETCTBEHHO, MPOUCXOJIUT CHIKEHHE TIPH YCIIOBHHU YBeNW4eHus conepxkanust PM. Tlpu
3TOM DJIEKTPOEMKOCTh COCTaBa, MPUMEHIEMOTO B Ka9€CTBE AMAIEKTPHUKA KOHIEHCATOPA,
M3MEHSETCS B IPOTHBOMOJIOKHYIO cTOpoHy. C yBenmaeHueM comepxanus PM B AT
¢ 10 no 50 % pacret u 3Hauenue emxoctu ¢ 0,757 nF o 0,820 nF.

Uro kacaeTcs BEIMYUHBI IPSMOYTOJIHHOTO MEPEMEHHOTO TOKa I, TO 3/1ech 3HaYeHne
M3MEHSETCS He3HAYUTEIHHO U IPOTIOPIHOHANLHO pucyTcTBrio PM. [lpu yBennyenun
coaepkanust PM B cMmecu npoucxonut poct ¢ 5,31 10 5,45 MKA, nipu 1oGaBieHnu Cy-
penHoro mMacia — cHuxkeHnue (taon. 3).

CocTaB TOIIMBA C CYpPENHBIM MACJIOM UMEET YBEIIMUEHHOE COMPOTHBIICHUE MEKIY
0o0KITaIKaMHi KOHJEHCcAaTOpa Mo OTHOIIEHUIO K cmecsM ¢ PM (tabix. 3). B emecu [T
¢ 30 %-napIM conmepskanueM parcoBoro Macia R = 11,2 MOwm, a B cmecu [T ¢ 30 %-HbIM
conepykanreM cyperHoro macia R = 28,0 MOM. Benuanaa e mpsMOyTOJIBHOTO Tepe-
MeHHoOTO ToKa B cMecu T ¢ comepskannem cypemnHoro macia ot 10 mo 50 % cHmkaet-
ci(c 4,1 mo 2,3 MKA).
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TabGununa 2
Table 2

JieKTpuUecKHe NapaMeTpbl TOILIUB Pa3IMYHOI0 COCTaBa
¢ nodaBaenueM 10 50 % pancoBoro macJja B cMecH

Electrical parameters of fuels of various compositions
with the addition of rapeseed oil up to 50% in the mixture

CocraB TorumBa /
Fuel composition

ComnpoTuBieHue
MEXIy OOKJIaIKaMu
KOHJIeHcaropa, R,
MOwm / Resistance
between capacitor
plates, R, MOm

EMKoCTh KOH/IEHCAaTOpa
NP HATUYUU
CMECH MEXITY

ookmankamu, C, nF /
Capacitance of the
capacitor if there is
the mixture between
the plates, C, nF

BenuunHa npsiMOyroJibHOTO
HEPEMEHHOTO TOKa
¢ gactoroit 200 kI'ig I,
mpu ¢ = 20 °C, MkA / Value
of a rectangular alternating
current with a frequency of
200 kHz I, at =20 °C, MC

JIT 90 % + PM 10 % /
DF 90% + RSO 10%
JIT 80 % + PM 20 % /
DF 80% + RSO 20%
JIT 70 % + PM 30 % /
DF 70% + RSO 30%
JIT 60 % + PM 40 % /
DF 60% + RSO 40%
JIT 50 % + PM 50 % /
DF 50% + RSO 50%

9,7

0,757
0,765
0,780
0,805

0,820

5,31
5,36
5,38
5.41

5,45

Ipumeuanue: C — eMKOCTb KOHJICHCATOpA 10 BO3AyXy (TIepes KaxapM m3MepenneM) pasaa 0,302nF.
Note: C — air capacitance of the condenser (before each measurement) 0.302 nF.

Tabnuma 3

Table 3
JJeKTpHUecKue NapaMeTpbl TOILUIMB Pa3IMYHOI0 COCTaBa
¢ no6aBaeHueM 10 50 % cypenHoro Macja B cMeCH
Electrical parameters of fuels of various compositions
with the addition of up to 50% of colza oil in the mixture
CONPOTHBICHHE Emkoctb Bennunna
Fl’wem KOHJIeHCaTopa HPSIMOYTOJILHOTO
obKa iZMH [IPY HAJTUYHH MEPEMEHHOT0 TOKa
- CMECH MEX]y ¢ yacroroii 200 kI’ 1,
Cocras TOHJ‘II./I]?a/ KoHzcHCaTopa, obknankamu, C, nF / mpu ¢ =20 °C, MKA /
Fuel composition Ii’:sl}gtoarl\fc/e Capacitance of the | The value of a rectangular
between capacitor capacitor if there is | alternating current with
lates. R II\)/IOm the mixture between | a frequency of 200 kHz I,
p > the plates, C, nF att=20°C, MC

JAT 90 % + CyperHoe Macio 10 % /

DF 90% + wintercress oil 10% 34.0 0,749 4.1
AT 80 % + CyperHoe Macno 20 % /

DF 80% + wintercress oil 20% 30,0 0,760 3.8
AT 70 % + Cypennoe macino 30 % /

DF 70% + wintercress oil 30% 280 0.777 34
AT 60 % + Cypermoe macro 40 % /

DF 60% + wintercress oil 40% 27,0 0.801 2.9
AT 50 % + Cypermoe macino 50 % / 20,0 0,808 23

DF 50% + colza oil 50%

Ipumeuanue: C — eMKOCTbh KOHIGHCATOPA MO BO3AYXY (1epes KaxbiM u3mepenuem) pasia 0,304 nF.
Note: C — air capacitance of the condenser (before each measurement) 0.304 nF.
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Kax u npeanonaranoce, pacTUTENbHBIC Macia HE ABIAIOTCS AUAIEKTpuKamu [23].
AHanu3 TaHHBIX MOKa3bIBACT HEOIHO3HAUHYIO 3aBUCUMOCTD JJIsI BCEX MPEACTABICHHBIX
cMeceil. EMKOCTh KOHJIeHCaTopa 1Mo BO3yXy MpPH BCEX UCTBITYeMBIX 15 cMmecsax AT
ocTaeTcs oCTOSIHHOM (Tabn. 1-3). MccnenyeMble BeIMUMHBI HYKJIAIOTCS B JaTbHEN-
IeM JIETaTbHOM U3yUYCHUN TIPUYUH BOSHUKHOBCHUS TAKUX 3aBUCUMOCTEH. Pe3ynbTarsl
pacdera TUAIIEKTPUIECKON MMPOHUIIAEMOCTH TIPEICTABICHBI B TaOIHIIC 4.

Tabnuua 4
Table 4

JmdiekTpryecKkasi MPOHUIIAEMOCTh TONJIUB Pa3JIHYHOI0 COCTaBa
¢ no6asienunem AT 1o 50 % B cmecn
Dielectric permittivity of fuels of various compositions
with the addition of up to 50% of AF in the mixture

JlusrexTpruyueckast IPOHULIAEMOCTh €
nipu ¢ = 20 °C / Dielectric permittivity € at 1 =20 °C

Nen/m | Cocras TorumBa / Fuel composition ParcoBoe
Dranoi / MACIO / Cypennoe
Ethanol - macio / Colza oil
Rapeseed oil

1 90 % AT + 10 % O/ DF 90% + E 10% 3,05 — -

2 90 % AT + 10 % PM / - 2,35 -
DF 90% + RSO 10%

3 90 % AT + 10 % Cyperntoe macio / - - 2,33
DF 90% + colza oil 10%

4 80 % AT +20 % D/ DF 80% + E 20% 7,98 - -
80 % IT +20 % PM / - 2,41 -
DF 80% + RSO 20%

6 80 % AT + 20 % Cypemnroe macio / - - 2,5
DF 80% -+ colza oil 20%

7 70 % AT + 30 % O / DF 70% + E 30% 27,5 - -

8 70 % AT + 30 % PM / - 2,54 -
DF 70% + RSO 30%

9 70 % AT + 30 % Cypenroe macio / - - 2,65
DF 70% + colza oil 30%

10 60 % AT +40 % 5/ DF 60% + E 40% 39,47 - -

11 60% AT +40 % PM / - 2,63 -
DF 60% + RSO 40%

12 60 % AT + 40 % Cypemntoe macio / - - 2,76
DF 60% + colza oil 40%

13 50% AT + 50 % D/ DF 50% + E 50% 4531 - -

14 50% AT +50 % PM / - 2,72 -
DF 50% + RSO 50%

15 50 % AT + 50 % Cypemnnoe macio / - - 2,8

DF 50% + colza oil 50%

CpaBHHBas 3HaYEHHS AUIJIEKTPUUECKON MPOHUIIAEMOCTH BCEX MPEACTAaBIECHHBIX
COCTaBOB aJIbTEPHATUBHBIX TOIUIMB MEXAY MMUHUMAaJIbHBIM U MaKCUMaJbHBIM COZEp-
KaHUEM JT00aBJICHHOTO CITUPTa M PACTUTEIBHBIX Macell B CMECh, MOKHO MPOCIIEINTh
3aBHCUMOCTh. OOHApPYKUBAETCS B3aUMOCBS3b XapaKTepa 3HAYCHUH TUAJICKTPUIECKOI
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MPOHUIIAEMOCTH C AJICKTPOEMKOCTHIO KOHJICHCATOPA NIPU HAJIMYHH CMECH MEXIy 00-
kiaakamu. Tak, Hanpumep, AUIIEKTPUIECKast IPOHUIIAEMOCTh PACTET BO BCEM JlUarIa-
30He oT 10 10 50 % 100aBICHHOTO 3TaHOJIa, PAIICOBOTO U CypenHoro Macei. OHa paBHa
3HadyeHusm ot & = 3,05 mo 45,31; or £=2,35 no 2,72; ot £=2,33 no 2,8.

OO0cy:xnenue u 3aKjaoueHne. Mi3aMeHeHNEe TPOIICHTHOTO COACPIKaHUS dTaHOIIA
B COCTaBE ITAHOJIO-TOILUTUBHOW dMYJIBCHH HE BIUSET HA OMHYECKOE COMPOTHBIICHUE
KOHJIEHCATOpa MOCTOSSHHOMY TOKY, YBEJIHMYEHHE jK€ MacCOBOTO COJIEpPIKaHUS dTaHOIa
¢ 10 1o 50 % B cocTaBe 3MyNbCUH TIOBBIIIAET JIEKTPOEMKOCTh COCTaBa. 371€Ch EMKOCTh
KoHJeHcaropa npu Hanuuuu cmecu AT ¢ conepkanuem stanona 10 % cocrtaBisget
C=1,7. lo6asnenue criupra 50 % B cMech gaet emkocts C = 16,3 nF.

VYeranosneHo, yto B cmecu AT ¢ 10 %-HbIM copepixkaHueM parncoBOro ma-
cia R = 12,4 MOw, Torna kak npu nobdasineHuu PM no 50 % 3HadueHUE CTaHOBUTCS
R =9,7 MOM. DaeKTpOEMKOCTh COCTaBa, MPUMEHSIEMOT0 B KaueCTBE JUAIECKTPUKA
KOHJIeHCcaTopa, U3MeHseTCs B MHyI0 cTopony. C yBennuenuem cogepxanusd PM B AT
¢ 10 7o 50 % pacteTt u 3Hauenue emroctu ot 0,757 nF 10 0,820 nF.

CocraB TOIUIMBA C CYPEIHBIM MacIOM HMEET YBEIIMYCHHOE COMPOTUBIICHUE MY
0o0OKITamKaMu KOHACHCATopa. BemnauHa mpsMOyTroiasHOTO TIEPEMEHHOTO TOKA B CMECH
T ¢ conepxanmem cypemnHoro Macia oT 10 mo 50 % cumxaercs (¢ 4,1 10 2,3 MKA).

BzauMocBs3b TPOCIEKUBACTCA MEXKIY XapaKTepOM 3HAYEHUN THUAIEKTPUYECKON
MMPOHUIIAEMOCTH C JIEKTPOEMKOCTHIO KOHIEHCATOpa IPU HAJTUYUN CMECU MEXKIY
oOKIJTagkaMu, IPUYEeM BO BCEX TpeX JOOaBISEMBIX B CMECh YIIIEBOAOPOAAX (STaHOI,
parcoBoe U CyperHoe Maca).

Ha ocHoBe nomy4eHHBIX JaHHBIX B ajbHEHIIIEM OyIeT POU3BOAUTHCS BBISICHCHHE
CBSI3U TUNIEKTPUICCKON MTPOHHUIIAEMOCTH & C TIOKA3aTeIISIMH MPOIECCa CTOPAHHS: MAKCH-
MaJIbHBIM JIABICHUEM IIUKIIA P_, JKECTKOCTBIO MPoLecca cropauus (dp/dyp),  , CKOPOCTBIO
TemioBblnenenus (dy/dp) v T. 1. Pe3ynbrarhl IPOBEIECHHOTO MCCIIEN0BAHMS BHOCST
BKJIAJI B pa3BUTHUE aHAJIM3a MPOIEcca JCHCTBUS JBUTATENICH BHYTPEHHETO CropaHus
pu paboTe Ha aJIbTEPHATUBHOM TOILIHBE.
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Annomayus

Bseoenue. ]l BeneHNS MaJIbIX XO3SHCTB aKTyaJIbHOM SBISACTCS 3a7a4a IPUCIIOCOOICHIS
THUIIOBBIX KOMOMKOPMOBBIX arperaroB K MECTHBIM KopMaM. M3 cemedek MoJcoIHeYHnKa
HEOOXO/IIIMO TOTyYaTh MaciIo M KHUPHBIH JKMBIX I KPYITHOTO POTaToro CKOTa. YHHBEp-
CaJIBHBIX MPECCOB, KOTOPBIE MOAXOAMIN ObI 1715t 3TOro, HeT. CIIOKHOCTH BBI3BIBACT H IIPO-
1[eCC N3METBUCHNS JKMbIXa. B CBSI3H ¢ 9THM CyIiecTByeT BhICOKast HEOOXOIUMOCTh B Ha0O-
pe CrenHanbHbIX MaIIMH JUIs JAHHOTO BHJA OIEePaIHy.

Lenv uccnedosanus. PazpaboTka MaTeMaTHYECKOH MOJENN MPUTOTOBICHUS MOICOTHET-
HOTO JXMBIXa Ha y4acTKe ¥ KOMOMKOPMOB-KOHIIEHTPATOB Ha KOMOWKOPMOBOM arperare,
KOTOpast MO3BOJIUT ONPEAENIATH ONTUMATBHBIN yJaCcTOK M arperar ¢ MUHUMAIbHBIMU TeX-
HUKO-3KOHOMUYECKMMH MTOKa3aTeIsIMU.

Mamepuanvt u memoosi. Pa3paOOTaHHBIN aJTOPUTM € YI€TOM MaTeMaTHYECKOW MOJIEIN
peanuzoBal B nporpamme Microsoft Excel 2016. Pe3ynbrarsl u pacueTsl o BEIOOpY pa-
IIHOHAIBEHOTO BapHaHTa MAIINH JJISI yJacTKa MOATOTOBKH KMBIXa 1 KOMOMKOPMOBOTO ar-
perara MpejCTaBlIeHbl B TEKCTE CTaTbU. TeXHHKO-9KOHOMUYECKHE TIOKa3aTeNln 1 3aTpaThl
Ha MOMEIIEHNE I[eXa U er0 HKCILTYaTallnio PACCYUTAHbI COTTIACHO PEKOMEHIallUsIM JIOKTO-
pa TexHHUYeCcKHX Hayk, npodeccopa B. B. KoHoBanoBa ¢ y4eToM MoJIy4eHHBIX BBIpaXke-
HUH JUTS TEXHOJIOTHIECKOTO pacueTa.

Pesynomamur uccredosanus. B crarbe paspaboraHa MaTeMaTH4ecKast MOZIEIb IPUTOTOB-
JIeHUsI KOMOMKOPMOB-KOHIIEHTPaToB. [IpoBeieHHbIe pacueTs! 0 BEIOOPY PaIlMOHAILHOTO
BapHaHTa y4acTKa U KOMOMKOPMOBOTO arperara noka3ajid CXeMbl MalliH, KOTOPbIE YI0B-
JIETBOPSAIOT MOCTABICHHBIM 331adyaM HACTOSIIETO HCCISIOBAHMA.

Obcyacoenue u 3axnouenue. J{ns paccMaTpuBaeMbIX ycIoBUil 2 eKTHBHBIM BapHaH-
TOM CpeIH MPEACTaBICHHBIX YIaCTKOB C YKOHOMUIECKOH TOUKH 3PEHHS ABIAIOTCS yda-
CTOK U KOMOMKOpPMOBBII arperar, npeacraBieHHble Ha cxeme 1 (tabn. 1). Ha ocHoBe
pa3paboTaHHOTO aNrOpPUTMa C YUETOM MAaTeMaTHIECKOW MOJENN TPHUTOTOBICHUS KOM-
OMKOpMa-KOHIIEHTPAaTa ¥ MPOrpaMMBbI ISl €T0 peaTn3aliy IPOBEIeH TEXHOIOTHUECKIH
pacdeT ydacTKa IMOJATOTOBKH >KMBIXa M KOMOMKOPMOBOTO arperara, a TaKXKe PacCdH-
TaHbl UX TEXHUKO-DKOHOMHYECKHE MOKa3aTelIM W 3aTparhl Ha MOMEIICHHE 11eXa U ero
9KCIITyaTalio, BEIOPAH panMOHANBHBIN BapHaHT y9acTKa M KOMOMKOPMOBOTO arpera-
Ta. DKOHOMHYECKHH 2P (EKT MONTyyeH 3a CUET CHU)KEHHS TOJJOBBIX 3KCIUTyaTallHOHHBIX
1 TIPOYNX TPSIMBIX H3JEPIKEK.

Knroueswvie cnoea: MOJEINPOBAHUE, KUBOTHOBOAUYCCKUE MPEANIPUATHUA, KMBIX MOACOJI-
He'-lHI:Iﬁ, KOpMa MECTHBIC, KOMGPIKOpM-KOHL[eHTpaT, KOM6HKOpMOBLIﬁ arperar

Kongpnuxkm unmepecog: aBTopbl 3asBISIOT 00 OTCYTCTBUHM KOH(INKTA HHTEPECOB.

© Ipunopos HU. E., 2024
Konrent nocrynen no munensnu Creative Commons Attribution 4.0 License.
This work is licensed under a Creative Commons Attribution 4.0 License.

191


http://vestnik.mrsu.ru
https://doi.org/10.15507/2658-4123.034.202402.191-212
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

I/IH)KEHEPH]:»IE TEXHOJIOTUN 1 CUCTEMBI Tom 34, Ne 2. 2024

192

@Dunancuposanue: pabota BBINOIHECHA B paMKax rocoromketHoit HUP.
Brazooapnocmu: aBTOphI BBIPAXKAIOT OJIAr0JapHOCTh AaHOHUMHBIM PELICH3EHTaM.

Jna yumuposanusn: llpunopos M. E. MoxenupoBaHue NPUTOTOBICHUS KOMOUKOP-
MOB-KOHIICHTPATOB MpPHU HM3MEHEHWH COCTaBa MAIlUH U KOMOMKOPMOBBIX arperaros //
Wmxenepusle TexHonmornu u cucrembl. 2024. T. 34, Ne 2. C. 191-212. https://doi.
org/10.15507/2658-4123.034.202402.191-212

Modeling of the Producing Concentrated Compound
Feed when Changing the Compound Feed Machinery

I. E. Priporov

1. T Trubilin Kuban State Agricultural University
(Krasnodar, Russian Federation)

™ i priporov@yandex.ru

Abstract

Introduction. For small farms, an urgent task is to adapt standard compound feed ma-
chinery for producing the specified local feeds. It is necessary to use sunflower seeds for
producing oil and fat sunflower meal for cattle. There are no universal presses suitable for
producing sunflower meal. The process of crushing sunflower meal also causes difficul-
ties. Therefore, we need a set of machines for this operation.

Aim of the Study. The article is aimed at developing a mathematical model for producing
sunflower meal on the field plot and feed concentrates with the use of the compound feed
machinery, and for determining the optimal field plot and machinery with minimal techni-
cal and economic indicators.

Materials and Methods. The developed algorithm in view of the mathematical model is
implemented in the Microsoft Excel 2016 program. The results and calculations for the
choice of rational option of machinery for producing sunflower meal on a field plot are
presented in the text of the article. Technical and economic indicators and costs of the
workshop and its operation are calculated according to the recommendations of Doctor
of technical sciences, Professor V. V. Konovalov, but taking into account the expressions
obtained for technological calculation.

Results. A mathematical model for producing concentrated compound feed is develo-
ped. The calculations carried out for the choice of a rational option of the field plot and
the compound feed machinery showed the schemes of machines that meet the objectives
of the study.

Discussion and Conclusion. For the conditions under consideration, an effective option
among the presented field plots, from an economic point of view, is the field plot and
compound feed machinery presented at the scheme 1 (table 1). Technological calculation
of the sunflower meal production plot and the compound feed machinery was carried
out based on the developed algorithm in view of the mathematical model for producing
concentrated compound feed and the program for its implementation, their technical and
economic indicators, and the costs of the workshop and its operation were calculated, and
the rational option of the field plot and the compound feed machinery were selected. The
economic effect of the selected field plot and compound feed machine was achieved by
reducing annual operating and other direct costs, reduced costs.

Keywords: modeling, livestock enterprises, sunflower meal, local feed, concentrated com-
pound feed, compound feed machinery

Conflict of interest: The authors declare no conflict of interest.

Texnonoauu, mawiumvl u o6opy006aﬁue


https://doi.org/10.15507/2658-4123.034.202402.191-212
https://doi.org/10.15507/2658-4123.034.202402.191-212

Vol. 34, no. 2. 2024 ENGINEERING TECHNOLOGIES AND SYSTEMS '

Funding: The study was carried out as part of the state budget research.
Acknowledgements: The authors would like to thank anonymous reviewers.

For citation: Priporov L.E. Modeling of the Producing Concentrated Compound Feed
when Changing the Compound Feed Machinery. Engineering Technologies and Systems.
2024;34(2):191-212. https://doi.org/10.15507/2658-4123.034.202402.191-212

Bgenenue. /[yis1 noBbinieHus 3PPEKTHUBHOCTH OTPACIIN KUBOTHOBOCTBA HEOOXOMMA
KopMoBast 6a3a, Kotopasi odecrieunBaa Obl )epMbl Ka4eCTBEHHBIME KOpMaMu. BaskHast porb
OTBOJIUTCS TEXHOJIOTHSIM, KOTOPBIC HAIIPABJICHBI HA TIPUTOTOBJICHHE KOPMOB Ha (hepmax [1].
MHorue npeanpusaThs MaIbIX (GOpM XO3SHCTBOBAHUS HE MTPOU3BOMIAT MTOKYIIKY KOPMOB,
WX MIPUTOTOBJICHUE TIPOUCXOIUT HA MECTE B HEOOJBIINX KOMOMKOPMOBBIX arperarax,
KOTOpBIE BHITTOIHSIOT pa3HbIe TEXHOJIOTHYECKHe omneparin. [[puroToBneHne KopMoB He-
MOCPEICTBEHHO Ha KMBOTHOBOTYECKHUX TPEATIPUATHSIX TTO3BOJISIET CHU3UTH BEPOATHOCTh
MPUOOPETEHHS TPOTYKTA TIIOXOTO KauyeCcTBa M 3aTPaThl HA €10 TPAHCIIOPTHPOBAHUE, XPaHe-
HUE U npurotoBnenue [2; 3]. bonblioe 3HaueHUE UMEIOT UCIIOIB30BAHUE B IOCTATOYHOM
KOJIMYECTBE KOHIICHTPUPOBAHHBIX KOPMOB U MOCTOSIHHBIM POCT X MUTATEIBHOCTH [4].

[Tepen manbiMu X03sHCTBaMU TIOCTABJICHA 33]1a4a IMPUCIIOCOOICHUS] TUITOBBIX KOM-
OMKOPMOBBIX arperaroB IoJ] MECTHbIE kKopMma. M3 ceMeuek NoACOoIHeYHNKa He0OXO0IH-
MO TOJTy4YaTh Maciio M KHUPHBIA )KMBIX AJIs1 KPYIHOTo poraroro ckota (nanee — KPC).
B nHactosmiee BpemMsi HET YHUBEPCTAIBHBIX MPOIIECCOB, KOTOPHIE MOAXOIUIN OBl IS
TIOJTYYICHMSI )KMBIXA.

Lens uccienoBanust — pa3padoTaTh MaTEMATHYECKYIO MOJIENTb IPUTOTOBICHHUS )KMBIXa
MOJICOTHEYHOTO Ha Y9YacTKe W KOMOMKOPMOB-KOHIIEHTPATOB HA KOMOMKOPMOBOM arpe-
rare, IO3BOJISIONIYO OTPEAETIATh ONTUMAIBHBIN YIaCTOK M arperat ¢ MUHUMAaJIbHBIMA
TEXHUKO-DKOHOMUYECKUMH TTOKA3aTEIISIMH.

00630p auTepatypbl. Maremarndeckas Mojens (nanee — MM) addexkTuBHOCTH
MCTIOb30BaHUsI TOTEHIINAIA )KUBOTHOTO, pazpadorannas B. FO. ®dponoseivm u [, I1. Cri-
COEBBIM, TIO3BOJISICT YBSA3aTh TEXHUKO-IKOHOMUYECKUE TIOKa3arenu ¢ ko3(dunreHTom
a¢dexruBHOCTH cucTeMsl. [IpuBenennas MM TpebyeT SMIUPUYECKOTO YCTAHOBJICHUS
XapakTepa U3MEHEHHsI COMHOKUTEINEH Ko PuIeHTa 3ppeKTUBHOCTH CUCTEMBI [4].

ITo MHEeHMIO TOKTOpa TEXHUYECKUX Hayk, npodeccopa B. B. Konosanora u ero
KOJUIET, B MOJIETIH MTOKa3aTe MMEIOT 300TEXHUYECKYI0 U BeTepHHApHYI0 OCHOBY. Ha
WX B3IVISII, BIMSTHUE TTOPOJBI M TCHETHKH, a TAKXKE 3I0POBBSI H 0COOCHHOCTEH JKUBOT-
HOTO BO3MO)KHO OOBETUHUTE. J[7151 TEXHUYECKON CITY>KOBI BaYKHBI TTOKA3aTEIH, KOTOPHIE
00eCcTIeYnBaIOT KUBOTHOTO TIOTPEOHBIM KOJTMICCTBOM U KA9€CTBOM BOIBI M KopMa [4].

B cBoto ouepenp B. B. Konosanos nonyuun MM, kotopasi onpeiensieT MOJIOYHYIO
MPOIYKTUBHOCTH KOPOB MIPY M3MEHEHUH TEXHOJOTHYECKUX MPOIIECCOB Ha hepMe U OIIe-
HUBAET YKOHOMUYECKYIO AP (HEKTUBHOCT MEPOTIPUATHI C yUETOM COONFOICHHS TEXHO-
norudeckux Tpebosanwmii [4]. Hemoctarox manHoit MM B TOM, 9TO OHA HE TIO3BOJISIET
yBSI3aTh OJHOBPEMEHHO TEXHOJIOTHMUECKUN pacueT, TEXHUKO-3KOHOMHUYCCKUE TOKa3aTeIn
y4acTKa MOATOTOBKH JKMbIXa M KOMOMKOpPMOBOTO arperata (nanee — KA) u 3arparbl Ha
MOMEIIEHHE 1IeXa, €r0 SKCIITyaTallHIo.

A. M. Banre u A. H. [lepekorickuii mpeioxK Iy 1eneByro GyHkiuo MM, kotopast
MIO3BOJISICT OMPENEIATh BIUSHUE CTOMMOCTEH Pa3IMYHBIX BHIOB KOPMOB MOKYITHBIX
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1 COOCTBEHHOTO MTPOM3BOACTBA HAa PALIOHAIBHYIO CTPYKTYpPY H CTOMMOCTB BCETO €ro
00beMa 110 33JJaHHOMY YPOBHIO MOJIOYHOM MPOAYKTUBHOCTH KOpoB [S5]. lannas MM He
MPUMEHHMA JJIsI IPUTOTOBJIEHHUS KMbIxa nozaconHeynoro. C. B. Bapakcun, C. M. Jlorienko
u JI. I". KproukoBa pa3paboranyr 3KOHOMHUKO-MaTeMaTHYECKYI0 MOJIelb (1anee — OMM)
JUTSI OLCHUBAHUS (DYHKIIHOHHUPOBAHUSI CHCTEMbI IPUTOTOBIICHHS KOPMOBBIX IMPOJTYKTOB
pasHoi Gusndgeckoit HOpMEI ¢ JOOABICHHEM COCBO-3¢6PHOBBIX KOMITO3UITHH JIJIST MAJTBIX
dbepM Ha cTamuu ee MPOSKTUPOBAHMS [6].

Hpyrue ODMM npemnoxkens npodeccopamu C. M. Jlortenko u A. B. Bypmara s
OIIEHWBaHUS TEXHOJIOTHH MTPUTOTOBJICHUS MTPOILYKTOB HA OCHOBE COEBO-PACTUTEIBHBIX
Y THIKBEHHO-3€PHOBBIX KOMITO3HIIUH, KOTOPAs MIO3BOJISIET HA CTAIUH HX MIPOSKTUPOBAHUS
MOJYYHTh JaHHbIC 17151 3G GeKTUBHOCTH (yHKIMOHNpOoBaHus cuctembl! [7]. TIpemio-
JKeHHast aBropamMu DOMM He NmpurojHa sl MPUTOTOBICHHUS KOMOUKOpMA U KMbIXa U3
ceMsH nojconHeynuka. C. FO. bynaros u coaBrops! npeanoxuin MM npurotoBieHus
KOPMOB JIJIs1 MaJIbIX ()OPM XO3SHCTBOBAHMSI, KOTOPAst IO3BOJISIET BBISIBUTH OCHOBHEIE
nyTu noBeimeHus 3¢ dexkrnBHOCTH MX MponsBocTBa [8]. Ee HemocTarok B TOM, 4TO
OHa He MPUTOAHA JAJIS IPUTOTOBICHUS KMbIXa U3 CEMSIH MOJCOIHEUHHKA, a TAKXKe He
YUHUTHIBACT TEXHUKO-DKOHOMHUYECKHUE MTOKa3aTeNu pa3pab0TaHHOTO U MPEI0KEHHOTO
00opynoBaHUS sl TPOU3BOACTBA )KMbIXa B YCIOBUAX MAJBIX (JOPM XO3HCTBOBAHNS.

IIpoBenennrie nccnenosanus B. [1. [TaBmuarca mo3Boimiy pa3padoTaTs CTOXaCTH-
YECKYIO0 MOJIENIb TEXHOJIOTHUYECKOTO TIPOIECCa TPOMBIIINIEHHOTO TTPOU3BOACTBA KOM-
OMKOPMOB, KOTOpast 6a3upyercs Ha IeIOCTHOCTH TEXHOJIOTHYECKOW cucTeMbl [9—11].
JlaHHast MOJIeNTb HE YUUTHIBAET TEXHUKO-DKOHOMHUYECKHE TIOKA3aTeIH TPUTOTOBICHUS
KOMOMKOpMa U JKMbIXa U3 CEMsH MOCONHEYHNKa [ 12—14].

Ha ocHoBanum npoBeAeHHBIX HccleaoBanuil npodeccopa A. B. Bypmara u ap.
noxyyeHa MM, koTopasi T03BOJISET MPOBECTH OLIEHKY YBIaXHEHHO-000TalleHHOTO CO-
CTOSIHUS 36pPHOBKH 110 pAaBHOMEPHOCTH €€ HACHIILEHHs MUTaTeIbHBIMU BelecTBaMu [ 15],
OJTHAKO 3Ta MOJIEJIb HE TPUTO/IHA ISl TPUTOTOBJIEHUS ’KMbIXa U3 CEMSH MOJICOTHEUHHKA.

I1. 1O. Kpynenun npennoxun MM, koTopast OMMCHIBa€T UMITYJIbCHBIN XapakTep
JIBIKEHHSI KOPMOBOW CYCIIEH3WH T10 KaHajlaM pPOTOPHOTO ammapara ¢ yueToM OJIOKH-
POBKH €T0 YaCTHUIIAMH MTPOXOIHOTO CEYCHUS MEX Ty KaHaJaMH pOTOpa M cTaTropa H Io-
3BOJISIET OMPEIEINATH 1M01ady POTOPHOTO MMITYIIBCHOTO arapara ¢ MOTPenrHOCThI0 OT
4 o 8 % [16]. [lanHas Mozenb He MO3BOJISAET MPUTOTOBHUTH TOICOTHEYHBIH )KMBIX U HE
YYHUTHIBAET TEXHUKO-DKOHOMHYECKHE TTOKA3aTEeIH.

Agropsr uccnenoBanus [ 17] pazpadoramm MM muist mpoBeieHusI HCCITeIOBAHMI HESIBHBIX
MIEPEMEHHBIX B CIIOXKHOM CHCTEME HAKOIUICHUS U SHTPOIUU OOMEHHOW SHEPTHU KOpMa,
TPUHATHS ONTUMAIBHBIX MHKEHEPHBIX PELICHUH 10 000CHOBAHUIO U COBEPILICHCTBOBA-
HHIO TEXHOJIOTHI BO3/IENBIBAHHS, YOOPKHU U IIPUTOTOBJIEHHSI KOPMOB, a Takxke uX P dex-
TUBHOMY Hcronb30oBaHuto. Hemocrarok MM — oHa oxBaTbiBaeT OOIBIIMHCTBO BOIIPOCOB
MIPUTOTOBJIEHNS] KOPMOB, HO HE MPUTO/IHA JUIsl IPUTOTOBJIEHUS MOJCOTHEYHOTO KMbIXa.

Taxoke cymectByer MM mporiecca CMEIIMBaHUS KUAKUX KOPMOB B 3KCIIEPHMEH-
TaIIbHOHN YCTaHOBKE HA OCHOBE TEOPETUICCKON MEXaHUKHU M THApaBIukH [ 18]. Omxaako
OHA HEeNpUMEHUMa I IPUTOTOBICHUS KMBIXA MOJICOTHEYHOTO.

'"HayuHo-NpakTHUeCKre OCHOBBI TEXHOJIOTUH TIPUTOTOBICHUS (POPMOBAHHBIX KOPMOBBIX IPOIYKTOB
C WCIIOB30BaHNEM THIKBEHHO-3¢pHOBBIX Kommozunuii / C. M. [louenko [u ap.]. brarosenienck : U3a-Bo
JlanbHeBOCT. roc. arpap. yH-ta, 2017. 350 c.
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HexoTopsiMu nccnenoBaTeIiMi pACCMOTPEH CUCTEMHBIN MOAX0 MPUMEHUTEIBHO
K TEXHOJIOTMYECKOMY MPOLECCY CMEIIMBAaHUS Pa3HbIX KOMIIOHEHTOB CMECH, KOTOPBII
MIPEACTABIICH B BUAC ICTCPMUHUPOBAHHON MOJCTH (PYHKIIMOHUPOBAHUS CMECHUTEIIS
KOPMOB TEPUOIUIECCKOTO JICUCTBHSI HAa BCEX ATarax ero paboThl: OT UX 3arpy3KH JI0
MpUeMa U BBIFPY3KH rOTOBOM kopmocmecH [19; 20].

B psne uccnenoBanmii pemaercs 3aa4a IMATAIIMOHHOTO MOJIETMPOBAHUS ITpoIiecca
CMEIIUBAHUS JBYXKOMIOHEHTHOTO Marepuana [21-23]. OmbITbl NpOBOIMINCH HA MOZIEIAX
JIOTIACTHBIX CMECHUTEIIEH CO CTEPKHEBBIMH dJIEMEHTaMH 1 0e3 Hux [24-26].

Y4eHble onmucaiy 3aBUCHMOCT MEKTY MOIIHOCTHIO CMECHTENIS M CTETIEHBIO U3METTh-
YEHUs MPOAYKTA, YACTOTOMN BpallleHHs IITHEKa, KO DUIIMSHTAMU TPEHUS, KOJIMYSCTBOM
BUTKOB Ha €IMHUILY AJIMHBI U IIUPUHOMN IIIHEKOBOM JIEHTHI [27-29].

B tom gncie 6puta mpeamoxxera MM THCKPETHBIX TIPOIIECCOB JIJIST OTIFICAHUS TIOTOKA
KOMOWKOpMa ¥ TeHepalliy BO3JICHCTBUH ynpaBlieHHs. B COBOKYITHOCTH ¢ pa3pa0oTaHHOMH
MpoOHOI armapaTHOW peanu3alel Oioka ynpasieHus (Ha 6a3e MHTErPUPOBAHHOM ITJ1a-
Tl Arduino) OTKpBIBAIOTCS IEPCIIEKTUBBI B CO3aHUM M (DYHKIIMOHATHLHOM HATIOJIHEHUT
CUCTEMBI YIIPABICHHS COBPEMEHHBIX KOMOMKOPMOBBIX 3aBOJIOB [30].

OpnHako NpeAsioKEHHbIE MOJEIH UMEIOT PsIi HEJOCTATKOB: B HUX HE YUUTBIBACTCS
00opynoBaHUE TSI IPUTOTOBJICHHS MOJICOTHEYHOTO KMBIXa U KOMOMKOPMa-KOHIICHT-
para, a Tak:Ke OHHM HE MOIXOJIAT JIJIS dKUBOTHOBOAUECKHUX MPEIIPHUITAN MAIBIX (opM
XO3SIIICTBOBAHMSI.

MarepuaJibl 1 MeTOIbI. ABTOPOM HACTOSIIETO UCCIIE0BaHus pa3paborana MM,
KOTOpasi YCTAaHABISIBAET CBSI3b MEXKY TEXHOJOTHYECKUM PACUETOM, TEXHUKO-IKOHO-
MHUYECKHMH TI0Ka3aTeIsIMH y9acTKa TIOATOTOBKU JKMbBIXa 1 KOMOMKOPMOBOTO arpera-
Ta, a TaK)Ke 3aTpaTaMu Ha TIOMEIICHNEe KOMOMKOPMOBOTO 1I€Xa U €ro IKCIUTyaTallnIo.
MM umeer cneayroumi BUI:

Py =4a - Ny, Pk =4da - nkk, P =4a - Ny, P =4 - Ngq,
I)rop =a- nrop; I)uep.rlm =a- nﬂepnm, I)Hep.ﬂ‘{ =a- nﬂep.ﬂ‘l;

Py Py
B:lep.rop =a- nﬂep.rop; PC.]'[ = s Men = 5
ki ky
My . Mgy . mrop .
I/G.Bop.nm = ‘VGABODJI‘I = I/6A12,()1:\.rop =T
P Y P "W Prop " Y
Me . m’c’).ﬂepﬂm . mﬁﬂep‘uq .
I/6.13013.c.r[ =T Ilﬁ.uepnm = > I/ﬁ.nep.ﬂq =
Pe Y Prep.u ~ Y Prepsa " Y
mﬁ.;{ep.rop . M x . Mg KK .
I/6,Llep.rcop =T > V6.H3M.)K =T VY&KK =T
Prep.rop Y Px ¥ PKK "W

M6ABop4nm = I/6.Bop.mu * Pow Y5 M6.Bop.ml = I/G.Bop.ﬂ‘l * P Y

MG.Bop.rop = I/6.Bop.rop : prop : l//, Mﬁsop.c.n = I/64}30p.c.n : pc : l//,
MG.uep.Bop.nm = I/6.Llep.mu : puep.mu . l//s Mﬁﬂep.BOp.ﬂ‘{ = I/ﬁ.nepﬂq : pnepﬂq : l//,
MG.Hep.BopArop = I/G.nepmop : pnep.rop : l//, MGJ/ISM.)K = I/G.M:{M)K : Px . l//a
Msxx = Voxx - pxx V3
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M64V[3M4)K . M6.Bop4c.r[ . M6.Bop.mu .
VA4 = VA4 = VA4 =
I.U3M.K — T [} A.BOp.C.IT1 — T, J.BOp.III — T,
K Bl Tl
Z _ Mﬁsop.ﬂ‘{ . Z _ M6.Bop.rop . Z _ MG.E[ep.Bop.nul .
A.BOp.SY — Ta JI.BOp.TOp — T ) J.Jep.Bop.Iu — Pi,
S Top Ziep. Tt
Z _ MG.ﬂepBopﬂq . Z _ MG.ﬂepABopmop .
aJjep.Bop.sady — T o 9 AJep.sop.rop — — .~ >
});Lep.ﬂq })uep.rop
Z XK = (MG.BOP.JICD + M6.BOp.3€p.K01‘lM) .
. - )
PKK

ZJI = mln(Zn.KK; Zz{.mmx; ZL[.BO]J.C.H; ZI[.BOp.l'ILLI; Z)I.Bop.ﬂ'-l; Zn.Bop.rop;

ZJLHBD.BOD.I'II.U ; ZI[,JIE![XBOD,?I‘{ ; ZH.HCD.BOD.FOD ) ;

G . G .
Zﬂ.mmxo = Té 7)1( — min; Zﬂaop.c.no = T; = — min;

X C.II.

6 > ZD..VBM.)KO < 2, 5 > ZH.BO[LC.HO < 29

Ga,a .
ZLLBOp,l’I].LIO = Tz: . - mln; 48 > ZL[ABopAnLUO < 95

juiiig

G.. .
ZLLBopﬂqO = 7:: 22 — min, 48 > ZLl.BOp.H‘{O < 95

Py
V4 T Ga in; 68 > Z <13;
n.sop.ropd = L¢ * P — min; > L ppopropd S )
Top
4 =T. Ga in; 120 > Z < 24;
naep.op.mui0 — Lc¢ * T — min; > n.aep.op.mm) — )
Jiep. T
a3 LR .
ZJIJIEp.BOp}{‘IO = T; : — min, 96 > Zzt,)lepﬁopjmo < 19’
niep.sd
4 =T. Ga in; 184 > Z < 36;
n.aep.sop.rop0 — Lc * Pi — min; > n.nep.eop.ropl) — )
niep.rop

G, .
Zyxxko =T - == - min; 15> Z,kko < 3;
KK

ZLL = min(ZﬂAmmA)KO; Z}IJ/ISMA)K; Zn.sopc.n; ZuABOpAcAHO; ZLLBopAmu; ZZLBO].).]'ILLIO;

Zn.sop.sm; Zﬂ.sop.smo; Zﬂ.soprop; Zn.sop.ropo; Zn.ucp.sop.nm; Zzl.)lcpﬁop.nmo;
ZJLﬂep.Bop.,qli; Zﬂ.aep.sop.mlo; Zﬂ.ﬂep.sop.rop; Zﬂ.ﬂep.BOp.l‘OpO; ZJLKK; ZH.KKO);
P)KM = Zz[ < d - Ny, R/IS = ZL( -a- (n3€pHO.HLLI + ni}epHOi{‘{ + nsepl—mrop);

I)KOH = Z}I - a - kK,
Z, - P

Z,- P . B .
=2 > max; fy, = — max;
Gy G

3,08 < £y, > 1,29; 2,58 <t > 0,52;

td)-y
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Z, - Py Z, B
= — max; f, = 2" _ max;
G)K : kcmy Ga,s : kcma

3,85<t,>1,61;3,23<¢, >0,65;

35,

Z,’

T = 365- A — max; T, =m—>max;

X a.n

1123 < Ty 2 471;943 < T, > 189;
365 P
v Ga.a : kcma

P, =N, -365-

Iy

ty = max(ty; t,); 7. =

T, — max; 1404 > T,, < 589;

PKK

a.n

- N, - min; 54872 > P, <15689;

E, = No - N — min; 0,0970 > E, <0,0277;

a.n

365 - P
Gx

Ny - :

E, = N — min; 0,6470 > E, <0,2149;

X

30 = 3G65$ -Cy -2,15 - min; 51481464 > 3, < 21589001,

b. =1,4-C, —» min; by =1,4-C,y — min;
18410000 > b., <399000; 4480000 > b., < 947520;
365 - P

an " Rcema

51785109 > I',, < 21765505;

Fa‘y :M.Q’IS'C" +1’4'Cay(p+aj+NyM'Ha - min;
Gis * Kova 100~ 100 G

52195233 > T',, <22078486;

Py =N, — min; 47231 > P, <15689;

|- -(2,15-CL,+Na-u3)+1,4-Caa(p+lgoj—>min;

100

M.z,15.cq+1,4.cay(1’+“j+
H :L. Gaa'kcma 100 100 .
” 100 365 P , :
+N, —— .11, - min;
L G
365 - A« (p a )
~ 7 2:15C'1 Na' 3 194'Caa —_t —
M = 1| G kewa ( o)+ 100 100) " |
™ 100 365 P . ;
+NyT-H3 — min;

5219523 > I,y <2207849; 5178511 > I1,, < 2176550;
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Viy
Fuowy =3 Fuy - Zay + L 5'
E‘[OM.a =3. Fn4a . Zaa +&;
L5
Buomy = Crom (3 By Ly + lx'yj — min;
3110M.a = Crnowm * ma * £aa I/an g mln,
L5

1992887 > 3iouy < 812184; 7475113 > 30ma < 1136619;

365'P1(K ( a \J
H a — 2 15 C N 3 1 4 Caa PrYS
" Gy o e 16) 100 "100) "
HOM(S Fa- Zaa+11/5j+E -1,4-C,. = min;
M, =05 A« 5 5.0, 41,4.C, a ),
Ga.a : kcma 100 100
+Ny~365G'P*M~u3+Cn0M-(3~E,Ay-Zay+Il/xgj+EH-1,4~Caa—>mir1;

58782604 > I1,, < 28743399; 53573646 > I1,, < 23949069,

rne, P PKK’ Pmu’ P;m’ Plop’ Plop’ Puep g Puep.sm’ Puep.rop’ Pc.u — MaccChl CyTOTHOIO HOTpe6_
JIEHUS] U3MEIBYEHHOTO KMbIXa, KOMOMKOpPMa-KOHILIEHTPATa, BOPOXa 3€pHA MIIECHUIIBI,
A4YMEHs M TOPOXa, IEPTH BOPOXa MIIEHUIIBL, IEPTH BOPOXa SIMEHS, IEPTH BOPOXa rOpoxa,
BOPOXa CEMsH MOJCOTHEYHHUKA, KI/CYT; k, — KO3((QHUIUEHT BBIXOJA Macya MOACOIHEY-
Horo (km = 0,9); a — noronosse KPC, ron.; m_, —Macca Bopoxa CeMsH II0JCOTHEUHUKA,
KOTOpast He0OX0AMMa JIst IPUroToBIeHHs KMbIXa KPC, KT I, Mgy, Ty Ty T e s
T, 0> Wyeprop — HOPM@ BBIIAYM M3MEBIEHHOTO KMbIXa, KOMOMKOPMa-KOHIIEHTPATA,
BOPOXa 3€pHa MIICHUIIBI, SUMEHS U TOpOXa, IEPTU BOPOXa MIIECHULBI, IEPTH BOPOXa
AYMEHSL, JIEPTH BOPOXA rOPOXA Ha TONOBY, KI/CYT; Voo s Ve nopswr Vonoprops ¥ omopens
Vo nepmus Ve nepsos Voo Voxx — OOBEMBI OYHKEPOB /1715l BOPOXA 3epHA MIICHUIIBI, SUMCHSI
Y TOpPOXa, BOPOXa CEMsH IOACOIHEYHUKA, IEPTH BOPOXa MIICHUIIBI, JIEPTU BOPOXA SA4-
MEHsI, IEPTH BOPOXa TOPOXa, U3MEJIBICHHOI'O )KMbIXa M KOMOMKOpMa-KOHLICHTpara, M*;
My Mgy mlop’ m6.uep4um’ mﬁ.uep.m’ m6.uep.rop’ Mg 0 Mexx — MacChl BOpOXa 3CpHa IIICHATIBI,
AYMEHs M TOPOXa, IEPTH BOPOXa MIIEHUIIBL, AEPTH BOPOXa SIMEHS, IEPTH BOPOXA rOpoXa,
U3MEJIBYEHHOI0 KMbIXa, KOMOMKOPMa-KOHIIEHTPAaTa COOTBETCTBEHHO, KT'; i — CTEIIEHb
3aIlOJTHCHNA 6yHKepa (l/j = 0’8)’ prlu_[’ p;{q’ pmp’ pc’ pucpnm’ pucp,xq’ pucp.rop’ pnc’ pKK — INIOTHOCTH
BOpOXa 3€pHA IIIEHHIB], SYMEHS ¥ FOPOXa, BOPOXa CEMSAH IOACOIHEYHUKA, IEPTH BO-
poxa MIIEeHUuIBbl, IEPTH BOPOXa SUMEHs, AEPTU BOPOXA FOPOXa, U3MEIBUYEHHOIO KMbIXa
3.
¥ KOMOMKOPMA-KOHIIEHTPATa COOTBETCTBEHHO, KI/M; M o s M o o Ml pop rops Mis nopens
M e sop > Mo sep sop rop> M wsmins M ke — MACChI BOPOXa 3€pHA ITIICHHLIBI, SYIMCHSI U TOPOXa,

BOpoOXxa CEMSH MOACOJHCUHMKA, ICPTU BOPOXa MIICHUIbI, ACPTU BOPOXa AUMCHS, ACPTU
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BOpOXa ropoxa, U3MeJIbYEHHOI0 JKMbIXa 1 KOMOMKOpPMa-KOHIIEHTpAaTa, KOTOPbIE MOTYT
HAXOIUTHCA B BHIOPAHHBIX OyHKEpax COOTBETCTBEHHO, KT'; Z

LM3M.IK? T aBop.c.m® “Zm.Bop.mmr?
ZL‘[.BOp.ﬂ‘I’ Zz{,Bop.rop’ Z)J.;(ep.aop.mu’ Zz(.nep.sop.‘s'{lw Z:{,z(ep,aop.rop’ ZH.KK — KOJIMYCCTBO HHeﬁ) Ha KOTOpOC
MOXHO 3aroTOBUTH M3MEJIBYCHHBIN KMbBIX, BOPOX 3€pHA NIICHULBI, TYMEHb U I'OPOX,
BOPOX CEMH NMOACOJHCYHUKA, ICPTU BOPOXaA IMIICHUIILI, ACPTU BOpPOXa AUMCHS, 1€PTU
BOpOXa ropoxa, KOMOMKOPM-KOHIIEHTPAT COOTBETCTBEHHO (110 00beMy OyHKepa), CyT;
Z, — KOIIMYECTBO JHEH 00CIyKMBaHUS OyHKEPaMH IOTOJIOBbS, CYT.; Z Z

n.u3m.ox0°2 “ n.sop.c.n0?
Z V4 Z Z Z Z

n.Bop.nm0? “~a.Bop.su0? “m.Bop.rop0? “~n.mep.sop.mmu0> “~n.aep.sop.siu0® “n.;ep.sop.rop0? ZA.KKO_KOHH[IGCTBO 'HHeH’

Ha KOTOPOE MO’KHO 3aT'0TOBUTh N3MEJIBICHHBIN KMBIX, BOPOX 3€PHA IIICHUIIBI, STYMCHb
Y TOPOX, BOPOX CEMSIH ITOJCOITHEYHUKA, IEPTH BOPOXA MIICHULIbI, JEPTH BOPOXa siUMe-
HSl, AEPTHU BOPOXa ropoxa, KOMOMKOPM-KOHIIEHTPAT COOTBETCTBEHHO (IO MPOM3BOIU-
TENBHOCTH MAIIuH), ¢yT; 1. — Bpemst cMeHbl, 4 (7, = 8 4); G, — MpOU3BOJUTEIHHOCTh
ydacTKa TOATOTOBKHU JKMbIXa, Kr/4; G, — SKCIUTyaTallMOHHAs TPOU3BOAUTEIBLHOCTD
KOMOHMKOPMOBOTO arperara, Kr/4; P, — macca U3MeIB4EHHOT0 )KMbIXa IMOJICOIHEYHOTO,
HPUTOTOBJIIEMOTI0 33 CMEHY pabOThI y4acTKOM, KT; P, —Macca U3MeIbueHHOrO 3epHa
3€PHOBBIX KOMIIOHEHTOB, KT; P, — Macca KOMOMKOPMOB-KOHIICHTPATOB, IPUTOTABIIHU-
BAEMBIX 38 CMEHY PabOThI KOMOMKOPMOBBIM arperarom, Kr 4, ., £, , — BDEMs aKTUBHOH
paboThl y4acTKa MPHUTOTOBIICHUS KMbIXa U KOMOMKOPMOBOTO arperara 3a CMeHy, ;
t,, I, — BpeMs pabOThI y4acTKa MPUIOTOBIECHHUS KMbIXa U KOMOMKOPMOBOIO arperara
3a CMEHY C yY€TOM BCIIOMOI'aTeNIbHBIX MEPONPUSITUH, U; k,, — KOO(DOHUIMEHT UCIIOJIb-
30BaHKs BPEMEHHM CMEHbI y4acTKa 1 KomOuKopMoBoro arperara (k,, = 0,8); 7, — Bpems
paboThl pabouux Lexa 3a CMEHy IIPU COBMECTHOW paboTe KOMOMKOPMOBOIO arperara
M y4acTKa IPUTOTOBJICHUS JKMbIXa, 4; T, — KOJIMYECTBO CMEH paboThI LieXa C OIHOB-
PEeMEHHOH paboToi yyacTKa MOATOTOBKH KMbIXa M KOMOMKOPMOBOTO arperara, CyT;
T, T,— Bpems paboTsl 000py0BaHUs yIaCTKa K KOMOMKOPMOBOI'O arperara B rof, 4;
T,, — Bpems paboThl 10 0OCITYKMBAHHIO NIEPCOHANIA 1I€Xa B IO/l IPH COBMECTHOH pa-
00Te KOMOMKOPMOBOTO arperara M yyacTKka MOATOTOBKHU JKMBIXa, 4; N, — KOITUYECTBO
OIIHOBPEMEHHO JIEHCTBYIOIIMX PabOUnX B 1exe, 4el. (N, = 1 uen.); P, ,, P, — ronosoi
PacXoJ1 IEKTPOIHEPTUU KOMOMKOPMOBBIM arperaToM M y4acTKOM COOTBETCTBEH-
HO, KBT; N, — cyMMapHast MOILIIHOCTb IIPHBO/Ia MallIMH KOMOMKOPMOBOIO arperara, kBT;
N, — cymmapHasi MOIIHOCTb NMPUBO/IA MAIIUH Y4aCTKa MOATOTOBKH JKMbIXa, KBT;
E,, E,— 5Hepro3arparhbl Ha MPUTOTOBIECHUS KOMOMKOPMOB-KOHIICHTPATOB M KMbIXa
COOTBETCTBEHHO, KBT; 3, — 3arparsl Ha omary Tpyna padounm, py0.; C, — TapudHas
craBka padouero, pyo/d (C, = 17 054 py6/u na 01.01.2023 . B Kpacnonapckom kpae);
B,,, b, — 6anancosas cTouMocTh 000PYAOBaHKS yIaCTKa M KOMOMKOPMOBOIO arperara,
py6.; I',,, I',, — TONOBbIE IKCIUTyaTaAllMOHHBIE U3EPKKH KOMOMKOPMOBOTO arperara
¥ y4acTKa COOTBETCTBEHHO, Py0.; 11— 1leHa 1kBT-u anekrposuepruu, pyo.; c,,, ¢,, — i€Ha
arperara M y4acTKa COOTBETCTBEHHO, pyO0.; p, @ — IPOLIEHTH OTYUCICHHUI Ha PEMOHT
u TO u amopTU3anMOHHBIX oTuncieHui (p = 8 %, a = 12,5 %), %; pr, Hpa — npoyue
NpSIMbIE U3/ICPKKN HA Y4aCTOK U KOMOMKOPMOBBIH arperat, py0.; 7 — IPOIICHT IPOYUX
npsaMbIX usnepikek (n =10 %), %o; F,,, » F o\, — VIOWA/Ib IOMEIICHUH YYaCTKa U ar-
perara, M*; z,, z,, — KOIMYECTBO y4ACTKOB U KOMOMKOPMOBBIX arperaToB B LI€Xy, LIT.;
V_, V. _—00beMbI OYyHKEpOB, KOTOPHIC YCTAHOBJICHBI TSl yIaCTKa M KOMOMKOPMOBOTO

xy? " x.a
arperara COOTBETCTBEHHO, M*; 3, . 3, . — OJI0BbIE 3aTPaThl HA IOMENIEHHUS y4acTKa
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oy — BEJIMUMHA 3aTpaT Ha dKCIUTyaTanuio 1 M? mromanu, pyo/m?
(Con = 149 902 py6/m?)%; 11, , 11, , — mpHUBe/IeHHBIE 3aTPAThI 110 BApHAHTAM y4aCTKOB
U arperaros, pyo.

Pesyabrarsl ncciaenoBanusi. Pazpaboran anropuTM ¢ y4eToM MareMaTndecKon
Mojenu. JlaHHbIi aropuT™ peanu3opa B nporpamme Microsoft Excel 2016. Mcxontbie
JTAaHHBIE JIJIS TIPOBEICHHS pacueTOB IIPHUBECHBI B Ta0muIe 1.

u arperara, pyo.; C

3.y°

Tabnuua 1
Table 1

HcxonHble 1aHHBIE LIS Bblﬁopa PAMOHAJIBHOI0 BApHAHTA MAllIUH
AJIl y4acTKa MOATOTOBKH KMbIXA U KOMﬁHKOpMOBOFO arperara

Initial data for the selection of a rational machinery for the producing sunflower meal

on the field plot
g?ﬁ?r?le/ Oo6opynoBanue / Equipment Mapka / Make | W, 1/4 | N, kBt
1 Okcrpynep xkmbixa / Sunflower meal extruder KM3-2 0,155 40,000
Wsmenpunrens xMbixa / Sunflower meal crusher CM-2500G 0,181 2,500
Tpancrioprep [uist 3arpy3Kd N3MEIEIEHHOTO KMBIXa / TCHI-100 2,000 1,100
Conveyor for loading crushed sunflower meal
Komb6uxopmosstit arperar / Compound Feed machine KV-2 1,500 26,650
2 Dkerpynep xMbixa / Sunflower meal extruder DK-150 0,075 18,620
W3amenpuurens xmbixa / Sunflower meal crusher SP-1000,65 0,500 1,500
Tparcnioprep AJ1st 3arpy3KH U3METBICHHOTO )KMBIXa / TCII-100 2,000 1,100
Conveyor for loading crushed sunflower meal
Komb6uxopmosstit arperar /Compound Feed machine KM3-2 1,600 21,500
3 Dkerpynep xMbixa / Sunflower meal extruder 13-110 0,065 11,370
Wsmensunrens xmeixa / Sunflower meal crusher SP-1000,65 0,500 1,500
TpaHcriopTep ISt 3arpy3KH N3MENFIEHHOTO KMBIXa / TCII-100 2,000 1,100
Conveyor for loading crushed sunflower meal
Kombukopmogsrii arperar / Compound Feed machine KM3-2 1,200 21,500
4 Dketpynep xMbixa / Sunflower meal extruder 115-180 0,090 18,620
Wsmenpunrens xmeixa / Sunflower meal crusher JP-15 0,700 5,500
Tparcnoprep A71st 3arpy3KH U3METBUECHHOTO KMBIXa / TCHI-100 2,000 1,100
Conveyor for loading crushed sunflower meal
Kombukopmogsrii arperar / Compound Feed machine AK-3000 1,800 45,100
5 Dkerpyzep sxmbixa / Sunflower meal extruder 119-500 0,100 56,100
Wsmensunrens xmeixa / Sunflower meal crusher JIP-25 1,000 7,500
Tparcnoprep A5t 3arpy3KH U3METBUESHHOTO KMBIXa / TCII-100 2,000 1,100
Conveyor for loading crushed sunflower meal
Komb6uxopmosstit arperar / Compound Feed machine KM3-4 2,400 41,740

2 O6 yTBepXKICHHUH CTOMMOCTH OJHOTO KBaJPaTHOr0 METpa OOIIEH MIOIAaN KUIbsl B CEICKON
MECTHOCTH Ha Tepputopuu KpacHomapckoro kpast Ha 2023 roz, HCIOIb3yeMo sl pacyera pa3MepoB
COIMAJIBHBIX BBITUIAT, IPEIOCTABISIEMbIX 32 CUET (peiepabHOTO U KPaeBoro OIO/PKETOB Ha CTPOUTEIHCTBO
(IprOOpeTeHNe) KHUIbsI TPaKAaHaM, IPOKUBAIOIINM Ha CETbCKUX TEPPUTOPHUSIX [ DINEKTPOHHBIN pecypce] :
IMpuka3 MuHHCTEpCTBA CETBCKOTO X03HCTBA U NepepadaThIBatolell mpoMsliieHHocTH KpacHomapckoro
kpast ot 02.03.2023 1. Ne 89. URL: http://publication.pravo.gov.ru/document/2301202303090003 ?ysclid=
Ivxuc900gj990668970 (nara obpamenus: 20.12.2023).
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Oxonuanue mab6n. 1/ End of table 1

1 2 \ 3 [ 4 | 5

6 Dkerpyzep xmbixa / Sunflower meal extruder I15-300 0,150 30,800
Usmensunrens xmeixa / Sunflower meal crusher J1P-2/22 1,800 22,000
Tparcnoprep A7st 3arpy3KH U3METBUYEHHOTO )KMBIXa / TCHI-100 2,000 1,100

Conveyor for loading crushed sunflower meal
Kombukopmogsrii arperar / Compound Feed machinery AKA-3,322 2,400 45,100

7 Dkerpyzep xmbixa / Sunflower meal extruder BM-200 0,095 22,962
Usmensunrens xmeixa / Sunflower meal crusher JIPM-15 0,500 3,000
Tparcnoprep A7st 3arpy3KH U3METBUYESHHOTO KMBIXa / TCUI-100 2,000 1,100
Conveyor for loading crushed sunflower meal
Kombukopmogsrii arperar / Compound Feed machine «AnTaib» 2,100 30,500

8 Oxkerpyaep xmbixa / Sunflower meal extruder [13-250 0,150 37,000
Wsmensunrens xmbixa / Sunflower meal crusher JIMP-18,5 1,000 18,500
Tpancnoprep A5t 3arpy3KH U3METBUESHHOTO KMBIXa / TCHI-100 2,000 1,100
Conveyor for loading crushed sunflower meal
Kombukopmogsrii arperar / Compound Feed machine ATM-3 1,800 28,000

9 Dkcrpyzep xmbixa / Sunflower meal extruder lapanT-Arpo-150 0,075 15,000
Mamenpanress sxmbixa / Sunflower meal crusher JP-25 1,000 7,500
TpaHcroprep [uisl 3arpy3KH U3MEIBIEHHOTO KMbIXa / TCII-100 2,000 1,100
Conveyor for loading crushed sunflower meal
Komb6ukopmossrit arperar / Compound Feed machine AK-2-2 3,000 45,100

Hcmounuk: 31ech 1 janee B CTaTbe Bce TaOIMIbI COCTABICHBI aBTOPOM.
Source: Hereinafter in this article all tables were drawn up by the author.

[Tox yuacTKOM MOJITOTOBKH KMbIXa MOAPa3yMeBaeTCsi HAOOpP MaIlKH, B COCTaB KOTO-
POTO BXOJAT: SKCTPYACP AJIA €r0 MOJIYUCHHA, USMCIIBYUTCIIb JKMbIXa U TPAHCTIOPTEP AJIA
3arpy3KH €ro B M3MeNIeHHOM Buie. [101 KoOMOMKOPMOBBIM arperaToM ImopasyMeBaeTcs
CEpHIHBIN arperar, KOTOPBII MPUTOTABIINBACT BHICOKOKAUECTBEHHBIN KOMOMKOpM. B ka-
YECTBE NCXOTHOTO CHIPhS BRICTYIAIOT PypaskHOE 3epHO (ITIIICHHIIA, POXKb, TIMEHb, OBEC)
1 OeNKOBO-BUTAMHUHHAA 100aBKa. B cocTaB arperara BXOIAT MalllMHEI M 000PYI0BaHUE
JUTSI IPOM3BOJICTBA KOMOUKOpMA.

TexHIKO-2KOHOMUYECKHE TTOKa3aTelH U 3aTpaThl Ha MTOMEIIEHHE 1[eXa U ero IKC-
TUTyaTaIfio PacCuuTaHbl COTIACHO pekoMeHaanusM npodeccopa B. B. Konosanosa®
C YUYETOM IOJTyUYEHHBIX BBIPAKCHHI JJII TEXHOJIOTHYECKOrO pacyera.

PesynbraThl pacyera 1o BeIOOPY pallMOHATBLHOTO BapHaHTa MAIIHMH IS y4acTKa
MOJITOTOBKH JKMbIXa ¥ KOMOMKOPMOBOTO arperara npuBe/IeHbl B TAOIHIIE 2.

Kputepuem, 1o KOTOpOMY IPOUCXOUT BHIOOP PAIIMOHAILHOTO BapHAHTa y4acTKa
u KOM6I/IKOpMOBOFO arperara, ABJIAIOTCA TEXHUKO-DKOHOMNYCCKHUE ITOKa3aTeiv, roOJ0BbIC
OKCIUTYaTallMUOHHBIC U IIPOYHE NPAMBIC U3JICPIKKU, IIPUBECACHHBIC 3aTPaThI.

3 Iep6akos C. U., Imutpues B. @., Konosanos B. B. MexaHu3alusi TeXHOJIOTHYSCKHUX MTPOIIECCOB
KHBOTHOBOJCTBA : yuel. mocooue. [Tensa : PUO III'CXA, 2006. 276 c. EDN: RWHTEZ
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Ha ocnoBe MM mnpoBezieHBI pacueThl M0 ONMPEeNIeHNI0 PAlMOHAIBHOTO BapHaHTa
y4acTka 1 KOMOMKOPMOBOTO arperara. PaimoHaIbHBIM BapUaHTOM SIBIISIETCSI CXe-
Ma 1 (tabm. 1). [Ipon3BOAUTEILHOCTD YYacTKa M KOMOMKOPMOBOT'O arperara COCTaBHIIN
155 u 1500 Kr/4 cOOTBETCTBEHHO. DHEPro3arparskl Ha MPUTOTOBICHHE KOMOUKOPMOB-
koH1eHTpaToB — 0,0277 kB1-u/kr.

O0cy:knenue u 3ak/04enne. Ha ocHOBe TaHHBIX KPUTEPUEB BHIOPAH PAITOHATBHBIN
BapHaHT yJacTKa 1 KOMOMKOPMOBOTO arperara, KoTopoMy oTHOCHTCs cxema 1 (Taom. 1).
JlaHHBII BapHaHT UMEET I'OJI0OBBIE IKCILTyaTallUOHHbIE U3AEPKKHU B pazmepe 22 078 486
u 21 765 505 py06.; npoune npsmbie n3aepxku — 22 078 49 u 21 765 50 py0.; npuBeneH-
HBIE 3aTpaThl 110 BapraHTaM — 23 949 069 u 28 743 399 py0. COOTBETCTBEHHO.

Takum 00pa3zoM, Ha OCHOBE Pa3padOTaHHOTO ANTOPUTMA U IPOTrPaMMBbI AJIsl €ro pea-
JIM3aLUH C YI€TOM MaTeMaTHYeCKO MOAEIH IPUTOTOBICHHS KOMOUKOpMa-KOHIIEHTpaTa
MPOBEJCH TEXHOJOTMYECKHH pacyeT ydacTKa MOArOTOBKH KMbIXa U KOMOUKOPMOBOTO
arperara, a TaK)Ke pacCUMTaHbl UX TEXHUKO-DKOHOMHYECKHE MOKa3aTeln U 3aTpaThl
Ha TIOMEILICHHE 11eXa U €ro IKCIUTyaTallio, BHIOpaH palMoHAIbHBINA BapUaHT y4acTKa
¥ KOMOMKOPMOBOTO arperara. DKOHOMHYECKHii 9 eKT BEIOpaHHOTO yYacTKa MOATOTOBKH
KMBIXa 1 KOMOMKOPMOBOTO arperara MoJIy4eH 3a CUeT CHIKSHHS TO/IOBBIX DKCILTyaTa-
IUOHHBIX U MPOYUX MPSMBIX U3JICPIKEK TIPUBEJICHHBIX 3aTPaT.
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Annomauusn

Bseoenue. Texnonornueckas onepauus 00paGOTKH MOYBBI SIBISETCS SHEPIOEMKUM I1PO-
neccoM. HemocpencrBenHoe BiIMsHHE Ha MOKa3aTelIb YHEPro3arpar OKa3bIBaeT TATOBOE
COIIPOTHBIICHUE 10YBOOOPA0ATHIBAIOLINX arperaToB. B cBA3M ¢ 3TUM aKTyalbHOMU ABIISCT-
csl 3a/1a4a pa3pabOTKM KOHCTPYKIUH pabodero opraHa mapoBOro KyJIbTHBATopa, obecre-
YUBAIOLIETr0 CHHKEHHUE TATOBOTO CONPOTHBIICHHUS.

Lenv uccnedosanus. Tlonck ONTHMAIBHBIX MapaMeTPoB (QYHKIMOHHPOBAHUS pabodero
OpraHa MapoBOrO KyJIbTHBATOpa IIyTE€M OINpPEEICHUsS TATOBOTO CONPOTUBICHMS, CO3/ia-
BaEMOro paboINM OPTraHOM.

Mamepuanst u memoost. VccnenoBanue NpoBOAMIOCH B IOJIEBBIX YCIOBHUAX Ha OIBITHON
YCTaHOBKE C IPIMEHEHHEM METO/[a IIOJTHOTO (haKTOPHOTo SKCIIEpUMEHTa ¢ pabodeit Mojie-
JIbI0, OCHOBAaHHOM Ha TPEXypPOBHEBOM ILIAHE.

Peszynemamer uccneoosanus. IlocpencTBOM perpecCHOHHOTO aHAIN3a YKCHEPHMEHTAIIb-
HbIX JIAHHBIX ObLJIa NOJy4eHA MaTeMaTH4eCcKasi MOJIEIIb, TI03BOJISIONIAs ONPEEIUTh ONTH-
MaJIbHBIE TTapaMeTps! (PyHKIIMOHUPOBAHUS PabOdIero oprana mapoBOro KyJIbTHBATOPA IIPH
BBITIOJHEHUN TEXHOJIOTMYECKOH onepanun 00paboTKH MOYBBI.

Obcyacoenue u 3axniouenue. B xone pacdeToB ObUIO yCTAaHOBICHO, YTO HaMMEHbBIIEE
TAroBoe conporusnenue P = 0,72 kH, co3naBaemoe pabounM OpPraHoM, JIOCTUTAETCS
NIpH CIEAYIOMHNX 3HAYEHUSX: ITyOnHa 00paboOTKM IOYBH /i = 4 CM; yroj KpOUICHHUS
JIEBOCTOPOHHETO U MPABOCTOPOHHETO IIIOCKOPEKYIIHX KPbLIbeB f= 0°; CKOpOCTb ABHU-
JKeHus arperata v = 2,61 m/c. B kauecTBe onTHMaNbHBIX TapaMeTpoB (GQyHKINOHNPOBa-
HUA pabo4ero opraHa napoBOro KyJbTHBATOPA, ONPEICICHHBIX P TIOMOLIHU T10JIy4eH-
HOU MaTeMaTHYeCKOH MOIEIH, YyroJl KPOIIEHHs JEBOCTOPOHHETO U IIPaBOCTOPOHHETO
IUIOCKOPEXYILIHUX KPbUILEB PEKOMEHYETCs IPUHATH Kak /= 0°, a CKOPOCTb JBHKEHHS
arperara kak v = 2,91 m/c. Takxke, yauTbIBasi peKOMEHIyeMble OIITHMAJIbHBIC TTapaMe-
Tphl pabo4ero opraHa, BOSMO)XHO pacCUMTaTh 3HAUYCHUE MOKA3aTels TArOBOIO COMpPO-
TUBJICHUS [IPH PA3IUYHON TryOHHE 00paboTKH MOUYBHL. TSAroBoe CONpOTHBICHHE OyneT
n3MenAThes B npenenax 0,79—-1,81 xH npu my6une o6paboTku noussl ot 4 10 12 cm.
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[MonyyeHHas MaTeMaTHYeCKasi MOJEIIb TATOBOIO CONPOTUBIICHUS, CO31aBaeMOro pabo-
YHM OPTaHOM, O3BOJIUT O0I€e TOUHO MOAXOAUTH K BOIPOCY MPOEKTUPOBAHUS CEIBCKO-
X03HCTBEHHBIX MAIIKH.

Knioueswvle cnoga: napamerpsl (yHKIHOHHPOBAHMSI, TATOBOE CONPOTHUBIICHUE, TAPOBOH
KyJIBTHBATOP, MaTeMaTHIECKasi MOJIEITb, PErPECCHOHHbII aHAIIN3

Kongpnuxkm unmepecog: aBTopbI 3asBISIOT 00 OTCYTCTBUH KOH(MIUKTA HHTEPECOB.
@Dunancuposanue: paboTa BHIIIOTHEHA B paMKax rocoromkeTHoit HUP.
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Jna yumuposeanusn: OOOCHOBAaHHE ONTHMANBHBIX MapaMETPOB (YHKIMOHUPOBAHUS
paboyero opraHa mapoBOro KyJbTHBaTopa MO TAroBoMy comportusicHuto / M. B. Box-
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Abstract

Introduction. The technological operation of soil tillage is an energy-intensive pre-
paratory operation. The traction resistance of tillage units has a direct impact on this
indicator.

Aim of the Study. The study is aimed at searching optimal operating parameters for the
field cultivator tool through determining the traction resistance created by this tool.
Materials and Methods. The study was carried out in the field on an experimental facility us-
ing a full factorial experiment technique with a working model based on a three-level design.
Results. Through the regression analysis of experimental data, there was obtained a ma-
thematical model that allows determining the optimal operating parameters for the field
cultivator tool when performing a technological operation of soil tillage.

Discussion and Conclusion. While calculating, it was found that the lowest traction
resistance P = 0,72 kN created by the tool is for the following values: tillage depth
h =4 cm, crumbling angle of the left-hand and right-hand flat-cutting wings /= 0°
and the speed of the tillage unit v = 2,61 m/s. As the optimal operating parameters
for a field cultivator tool, determined using the obtained mathematical model, it is
recommended to use the crumbling angle of the left-hand and right-hand flat-cutting
wings of the working body /= 0°, and the speed of the tillage unit v=2,91 m/s. Tak-
ing into account the recommended optimal operating parameters of the tool, it is pos-
sible to calculate the value of the traction resistance index at different tillage depths.
The traction resistance will change within the range of 0.79—1.81 kN, when the soil
tillage depth changes from 4 to 12 cm. The resulting mathematical model of the trac-
tion resistance created by the tool will allow a more accurate approach to the issue of
designing agricultural machines.
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Brenenue. [Ipu mpoekTupoBaHuu pabouNX OPTaHOB CEIHCKOXO3SHCTBECHHBIX MAIITHH
OJTHOH M3 OCHOBHBIX BEJIMYHH SIBIISIETCS TATOBOE COMPOTHBIIEHHUE, CO3/1aBAEMOE ITPH Pa3-
JMYHBIX MTApaMeTpax u pexxnMax (GyHKIIOHHPOBAHUS arperara. TsSroBoe CorpoTHBICHHE
MAIIIHH 7151 00pabOTKH MOYBEI IPEACTABIISACT COOOM YNCIIOBOE 3HAUCHHUE 3aTPpaT SHEPTHH
TPaKTOpa Ha BBHITOIHEHHE JAHHON TEXHOIOTUYECKOHN OTepariy.

Ha sHepromoTpeOiieHne 1 KauecTBO BBITIOMHAEMBIX OTEpaIiil HAPSIMYIO BIHASET
YCTOHYHMBOCTH TIOYBHI K gedopmaruu. C OHOH CTOPOHBI, MTapaMeTpamMu, BIUSIOIIHMA
Ha COMPOTHUBIJICHUE Je(POPMAIINHN TTOYBBI, SIBISIOTCS €€ MEXaHUYECKHE U CTPYKTYPHBIE
XapaKTEPUCTUKH (BIAXKHOCTh, TBEPAOCTb, IFIOTHOCTH), C APYTOH — 3TO TEOMETPUIECKHE
napameTpsl pabounx opraHoB (popma u KadyecTBO paboUyMX MOBEPXHOCTEN), a TAKKE
BEC arperara.

CoBpeMEeHHBIE CENbCKOX03SHCTBEHHBIE arperaThl sl CIUIOIHON 00paboTKH MOYBHI,
BBIITyCKaeMble CEPHITHO, OCHAIIAIOTCS pabOYMMU OpraHaMM B BHJIE€ CTPENBIaThIX Jall.
Taxoit Tun o0mamaeT psiIOM HETOCTATKOB, CPEAN KOTOPBIX OTCYTCTBHE BO3MOKHOCTH
00pabOTKH MTOUBHI HA HEOONBITYIO TTyOnHY (4—6 cM) Oe3 BRIHOCA ITOUBCHHOH BJIard HA
MMOBEPXHOCTh. HebopImas mmprHa 3axBara padodrx OPraHOB BEAET K yBEINUSHHUIO
WX KOJIMYECTBA, YTO TIOBHIIIAET METAJUIOEMKOCTh M SHEPro3aTpaThl, HEOOXOIUMBIE JIJIS
OCYIIECTBIICHUS TEXHOJIOTUYECKOHN OTepannuy 00padOTKH MOYBHI.

B cBs3u ¢ aTIM paboTa, HarpaBlieHHas Ha CO3/IaHUE KOHCTPYKIIMU Pabovyero opra-
Ha KyJIbTHBATOpa, UMEIONIETO ()YHKIIMIO BBHITIOJHEHUs 00pa0OTKH TIOYBHI HA TIIyOUHY
4—-6 cM 0e3 BBIHOCA BIIaTW M3 TOYBEHHBIX CIIOEB HA MIOBEPXHOCTH M 00ECICYMBAIOIIETO
CHW)KEHUE TATOBOTO CONPOTHUBIICHHUS, CBOCBPEMECHHA U aKTyaJIbHA.

0630p auTeparypbl. B HacTosIiee BpeMsl U3yUYCHHUIO BOTIPOCA SHEPTETUUECCKUX
3aTpaT MpH BBHITOJHEHUN TEXHOJIIOTHYECKOW orepalnu 00paboTKH TOYBHI yACHSETCS
0oJBIII0€ BHUMAHKE, U TIPOIIECC 3TOT JOCTATOYHO MOJIHO u3y4eH. Tak, B HcciIeJ0BaHuU
E. B. [IpunopoBa nmpuBeeHbI SHEPTeTHIECKUE TTOKa3aTend padoThl KyJIbTHBATOPA B 3a-
BHCHUMOCTH OT Pa3MEUIeHHs padOYNX OpraHOB Ha pamMe B IPOIOIHLHOM U TIOTIEPEIHOM
HarpasieHuu [1]. Yaenbie OMCKOTO arpapHOTO YHUBEPCHUTETA TP BBISBICHUH KOH-
CTPYKTHBHBIX HEJIOCTATKOB PA0OYMX OPTaHOB KYIBTHBATOPOB YCTAHOBHIIHN, YTO OCHOBHON
MIPUYMHON HEKa4eCTBEHHOH paboThI arperara sBisieTcsi 00pa3oBaHue 00po3 1 rpedHei
BCJIEZICTBUE Pa30poca MOYBHI [0 CTOPOHAM U €€ CTPYKMBaHUS, a TAKKe U3-3a 3aJTUTIAHUS
pabouunx opraHoB. B pesyibraTe nMu npeniokeHa KOHCTPYKITHs pabodero oprana Jiis
CIUIOIIHOM 00pabOTKU MOYBHKI, pellaroiias JaHHy npodiaemy [2].
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CoBpeMeHHbIE PKCIIEpUMEHTANIBHBIE HCCIIEIOBaHMS HANpaBJiIeHbl Ha CO3/1aHUE
pabouux opraHoB C peryaupyembiMu napamerpamu. Hanpumep, I1. I CBeuHnkoBbIM
YCTaHOBJIEHO, YTO 3aTpaThl S3HEPTUH HA PACcKaJIbIBAHUE U pa3pe3aHre MOYBEHHOTO I1acTa
paboYrMu OpraHaMH CBSI3aHBI C M3MEHEHHEM YIJIa KPOILICHUS, 3a/1aBaeMOTO BO BpEMsI
MIPOEKTHPOBAHUS KOHCTPYKIMH pabounx opranos [3]. B nccnenosanun C. U. Crapo-
BOITOBa B paMKax 3TOM ke MPOOIeMbI MPeUIoykeHa KOHCTPYKIINS CTPEIbUATOM JIarmbl
C BO3MO)KHOCTBIO M3MEHEHUSI yIVIa PE3aHNUs TI0UBBI, @ TAKKE BBIPAKCHUE [UIS OLIPEAEIICHUS
TOPU30HTAIBHON COCTABJISIONICH TATOBOTO COTIPOTHRIICHHS [4].

Tak>ke Ha JAHHOM 3Tarle pa3BUTHS BOIPOCA yUCHbIC PACCMaTPUBAIOT 3aBUCHMOCTH
VAETBbHBIX 3aTPaTr 3HEPIHH OT CKOPOCTH IBMXKEHHS U IITyOMHBI 00PaOOTKH MTOYBBI KOM-
OMHUPOBAHHBIM KyJIBTHBATOPOM. JlOKa3aHO, UTO MOKA3aTEIb TATOBOTO COMPOTHUBICHUS
pacreTt ¢ yBenu4eHneM n1yOuHbl 00paboTKH OB [5].

C menbio pa3paboTku d3HeproddHEeKTUBHBIX MOYBOOOpadaTHBaIONINX Pabounx
OpraHoB IIpHUBEACHA KIacCU(PUKALUs YCIOBHN NX (YHKIIMOHUPOBAHUS U 000CHOBAHBI
palnroHaIbHbIE KOHCTPYKTHBHEIE TTapaMeTpsbl [6]. Paccuntansr nuddepennnanpabie
YpaBHEHUsI, yUUTHIBAOIIIE PACIIONIOKEHUE PA00UMX OPraHoOB Ha paMe arperara, i Bo3-
MYIIEHHS, BOSHUKAIOIINE BCIEICTBIE HEPOBHOCTEHN TTOBEPXHOCTH TOJISI 1 HEpaBHOMEP-
HOCTH DHEPIeTHUCCKUX XapaKTEPUCTUK paboInx opraHoB [7].

B xoze onbITOB € HCHOIB30BAHUEM KOMIIBIOTEPHON MOAEIH Ae(OpPMaLUH OYBBI
MOJTY4EHbl XapaKTEPUCTUKH IPOLIECCOB B3aUMOACHCTBHSI pPabOUNX OPraHOB CEJIbCKO-
XO3SICTBEHHBIX MaIIMH ¢ T04BOH [8]. C mpUMEHEHHEM KOMIIBIOTEPHOTO MOJIETIUPOBA-
HUS U3yYCHBI Pa3IMYHbIC THIBI KOHCTPYKLUUH pabOvruX OPraHoOB KyJbTHBAaTOPOB M UX
B3aMMOZACUCTBHE C pa3HbIMHU TUNaMu 1ouB [9—11]. YeranoBneHo, uro 06paboTka moy-
BbI IAPOBBIX TOJIEH, OCOOCHHO B 3aCyILIMBBIN nepro [12], mo3BoseT HaKarIuBaTh
Oosbre Biard [ 13] B MOYBEHHBIX CIIOSX M MOTYy4aTh OoJiee BBICOKHE YPOXKan 36PHOBBIX
KynsTyp [14; 15].

Wurepec ydeHbIX BBI3BIBACT ONTUMH3ALMS TAPAMETPOB M PEKUMOB (DYHKIIMOHUPO-
BaHUS IOYBOOOPA0ATHIBAIOIIMX arperaroB ¢ MPUMEHEHNEM HU(PPOBIX TeXHOMOTH. Taxk,
I " Macmnos, E. M. FOnuna u 1. A. Kypuii npeAcTaBiiIN arOpuT™ ONTHMAJIBHBIX PEKIMOB
Y TTapaMeTpoB pabOThI CTEPHEBOTO KyJIETHBATOpa B BHIE OJI0K-cxeMbI [ 16]. B HacTosmiee
BpeMsI BEJIETCsI M3yUCHUE U Pa3pabOTKa KyJIETUBATOPOB PAa3IMUHON IIMPHUHBI 3aXBaTa JJIs
CIUTOITHOIM 00paOOTKH TTOYBHI ¢ TPUMEHEHUEM TEOPHH CITyJaiHBIX Kojiebanuit [17].

C 1cnonp30BaHUEM METOAMKH MHOTO(AKTOPHOTO HKCIIEPUMEHTA UCCIIEAYETCS BIIHSI-
HHE YIeIbHOI0 BEPTUKAIBHOTO U TOPU30HTAIBHOIO TATOBOTO CONPOTHBIICHUS CEJIbCKO-
XO3SIICTBEHHBIX MAIIMH U KO3()(OUIHMEHT TATOBOTO YCHIIUS B 3aBUCUMOCTH OT TNTyOHHBI
00paboTku u ckopocTu aBuxkerus [ 18]. Kpome Toro, mpemaraeTcsi MHOTOMETOTHBIN
AITOPUTM OIPEAETICHUS PHEPTETHIECKHX 3aTpar MoYBO0OPadaThIBAIOIINX MAIIMH 03
ydeTa MacChl paMbl U BCIIOMOTATEIbHBIX JIEMEHTOB arperara (omopHbIX Konec u 1p.) [19].

OTtmeuaeTcs, 4TO MPU ONPEAETICHUH TATOBOTO CONPOTUBIIEHUS KYJITHBATOPOB-IIJIO-
CKOPE30B Ha JI0JI0 cToek mpuxoautcs 30—45 % o0mux 3arpar sHepruu’'.

Taxum 006pazom, TEXHOJOTHYECKHUH Mpoliecc 00padOTKY MOYBBI APOBBIX MOJIEH,
BBITIOJTHSIEMBIN pabouyMMH OpraHaMy KyJIBTHBATOPA, SABISIETCS BAXHOM Oreparuen,

! Kambynos C. M. MeXaHHKO-TEXHOJIOTHYECKHE OCHOBBI MOBBIIICHUS YPOBHS (yHKIIMOHUPOBAHUS
CeJIbCKOXO035ICTBEHHBIX arperaros : MoHorp. PoctoB-Ha-Jlony : Teppa IIpunt, 2006. 304 c. EDN: RVPRIL
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OKa3bIBAIOLIEH HEITOCPEACTBEHHOE BIUSHUE HA S3HEPTOEMKOCTh U TPOU3BOJUTEIBHOCTh
CEJIbCKOXO3AWCTBEHHON TeXHUKH. [lapameTpsl pabounx OpraHOB HYKAAIOTCS B ONTH-

MH3aIUH, YeMY MOCBSIIEHO HACTOSIIEE UCCIeI0BaHHE.
Marepuanabl U MeTOAbl. B ArpapHoM HayuHOM IieHTpe «JloHCKOI» pa3paboran

pabounii opraH apoBoro KyJabTUBaTOpa JJis CIIONIHON 00paboTku mouBkl (puc. 1 u 2).

Puc. 1. Pabounii opran mapoBoro Ky;JbTHBATOpa ISl CIUIOMIHOM 00pabOTKH TTOYBBI:
1 — croiika pabouero oprana; 2 — 1OJIOTOOOPA3HBIA HOX; 3 — CEMHBIH JIepiKaTelb;
4 — 1eBOCTOPOHHEE MIOCKOPEXYIIEe KPBIIO; 5 — IPAaBOCTOPOHHEE IIIOCKOPEXKYIIEe KPhLIO

Fig. 1. Afield cultivator tool for continuous tillage:
1 — rack of the working body; 2 — chisel-shaped knife; 3 — removable holder;
4 — left-side flat-cutting wing; 5 — right-hand flat-cutting wing
Hcmounuxk: cxema coCTaBlIeHa aBTOPAMH CTaTbU.
Source: the diagram was drawn up by the authors of the article.

Pwuc. 2. Pabouunii opran napoBoOro KyJsTHBATOpPa JUIsl CIUIOMIHON 00pabOTKH OYBHI.
Astop ¢ororpadun 1. B. bBoxkko, 2023 1.

Fig. 2. Field cultivator tool for continuous soil tillage.
The photo by I. V. Bozhko, 2023
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Koncrpykuus padbouero oprana napoBoro KyJIbTHBATOpPa BITIOJIHEHA C BO3MOXKHO-
CTBIO PETYIIMPOBKH YIJIa KPOLICHUS IEBOCTOPOHHETO U TIPABOCTOPOHHETO TLIOCKOPEKY-
X KpbUTbeB B nuamnazone 0—10° mist ycTaHOBIEHUS ONTUMANIBHBIX MApaMETPOB €ro
(YHKIIOHUPOBAHMSL.

MeTtoanka SKCTIEPUMEHTATBHBIX UCCIEIOBAHUHN 10 OMPEACICHUIO TATOBOTO CO-
MPOTHUBIIEHNS OCHOBaHA Ha MJIAHUPOBAHHWH IMOJIHOTO (PaKTOPHOTO dKCIIEPUMEHTA’.
B kagecTBe paboueii Mmoaenu 0BT BEIOpaH TPeXypOBHEBLIH maaH bokca — benkuna’.
Ha nanHoM 3Tame sKkciepuMeHTaNbHBIX UCCIIENOBAHUN OBLIN MIPUHATHI TAPaMETPHhI:
riryouHa 00paboOTKH TTOYBBI PA0OYMM OPTaHOM, YTOJI KPOIIEHHS JIEBOCTOPOHHETO
Y TIPaBOCTOPOHHETO TIOCKOPEXKYIUX KPBUILEB paboyero opraHa, CKOpOCTh JIBHIKE-

HUS arperara.

WccnenoBanns NpoBOAMINCH B MOJIEBBIX YCIOBUAX Ha 3KCIIEPUMEHTAIBHON yCTa-
HOBKe. B kauecTBe n3MepUTEILHOTO 000PYI0BaHHS UCIIOIB30BaIach MHOTOKaHAJIbHAS
TeHzomeTpuyeckas cucreMa ZET 058 (puc. 3) npousBojcTBa 3esI€HOTPaaACKOM AJiek-
TPOTEXHUYECKOW Ta0OpaTOPHH U TCH30aTYHK CHIIBI pacTsbkeHus u cxatus TEH30-M
C2H-2-C3 (puc. 4), ycTaHOBJIEHHBIH B IIAPHUPHOM MEXaHM3ME HKCIEPHUMEHTATbHOMN
YCTaHOBKH I10 TSATOBOU JTUHUH (puc. 3 u 4).

P uc. 3. MHorokanaspHasi TEeH30METpHUUECKast P uc. 4. TeH30[aTYUK CUIILI PACTSKEHUS
cucrema ZET 058. ABrop ¢dortorpaduun u cxarus TEH30-M C2H-2-C3. Asrop
H. B. boxxko, 2023 . ¢dororpapuu 1. B. Boxko, 2023 .
Fig. 3. Multichannel strain gauge Fig. 4. Strain gauge of tensile and compression
system ZET 058. force TENZO-M S2N-2-S3. The photo by
The photo by 1. V. Bozhko, 2023 1. V. Bozhko, 2023

Jiist 00paboTKHM MOTy4EHHBIX JaHHBIX HCIOJIB30BAIOCH IPOrpaMMHOE o0ecreueHne
ZETLab, cpena rpapuueckoro nporpammuposanus SCADA ZET View, nporpamma asst
MPOBEACHUSI HCCIIEIOBAHUH TOKa3aTelNe TATOBOro COMpOTUBICHHS, pa3paboTaHHas MO-
CpEeACTBOM NPUMEHEHHS cpefibl rpaduueckoro nporpammupoBanusi SCADA ZET View,
Microsoft Excel u STATISTICA.

2 TocmiexoB b. A. MeToauka moyieBoro OmbITa : y4eOHHUK JJIsI CTYAEHTOB BBICIINX CEITbCKOXO3SHCTBEH-
HBIX YUCOHBIX 3aBEJICHUIA 10 arPOHOMHUUECKIM CIIeUAILHOCTAM. 131, 6-¢, cTep. M. : Anbsiae, 2011. 350 c.

> Annep TO. T1. TlnanupoBaHue SKCIEPUMEHTA TIPH TIOMCKE ONTUMABHBIX YCIOBHH : MOHOTD. M. :
Hayxka, 1976. 280 ¢c. EDN: TOBZDM
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CornacHo 1aHy 3KCIIEpUMEHTa, Ha ONBITHOM yCTaHOBKE ONpEAessulach IIyOnHa
00pabOTKH MOYBKI, HA PAO0YEM OPraHe YCTAHABIIMBAJICS YTOJI KPOIICHHS JICBOCTOPOHHETO
Y MIPABOCTOPOHHETO IIOCKOPEKYIIHX KPBUIBEB, @ Ha MOOMIEHOM dHeprocpeactse (MIC)
3ajlaBajach CKOPOCTh JBIKEHUs arperara. B kadectBe MOC HCHONB30BAIICS TPAKTOP
TERRION ATM 3180M 3-To Kj1acca TATH arperaTupyeMbIi ¢ SKCTICPUMEHTAIBHOMI
yCTaHOBKOH (pwc. 5).

Puc. 5. Tpakrop TERRION ATM 3180M B arperate ¢ 9KCIIEpUMEHTAIbHON YCTAaHOBKOIL.
Agtop ¢otorpaduu 1. B. boxkko, 2023 1.

Fig. 5. Tractor TERRION ATM 3180 in a unit with an experimental facility.
The photo by I. V. Bozhko, 2023

Ha nmapoBoMm mosie pa3MeveHbl SKCIICPUMEHTAIbHbBIC YIaCTKH IS TPOBEICHUS
HCCJICIOBAHMI IO OMPEACICHUIO TATOBOTO COMPOTHBICHHUS pabodyero oprana
napoBOro KylabTHBaTOpa. KaXablil y4acTOK pa3aesuid Ha Tpu dacTu: 20 M — s
BBIXOJ/Ia HAa YCTOWUYMBBIA PEXKUM pabOThI TpaKTopa u ero pazsopora, 50 M — 9Kc-
MEPUMCHTANBHBIN yU4aCTOK, HA KOTOPOM MPOU3BOUIACH (UKCAIUs MOKa3aTenei
TeH3zoaarunka. Oukcanus mokazaTejaei MPOU3BOAUIACH B TPEX MOBTOPHOCTIX
IpU pa3jJMvYHBIX IapaMeTpax, 3aJaBacMbIX Ha 3KCHepHMeHTaHLHOﬁ YCTaHOBKE,
pabouyem oprane u MOOUIBLHOM 3HeprocpeacTse. O0o3HaueHUs GPaKTOPOB MpPej-
CTaBUM B BHJ€ TAaOIHULBI 1.
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Tabnuna 1
Table 1
Oo6o03nauenus GpakTopoB
Factors Designation
Kommposannoe YpoBHH Hurepsan
0603HaueHne | BappUpOBaHus / | BapUPOBAHI
Haumenoanwue ¢axropa n 0603Ha4eHUS / taxropa / Variation levels (axropa /
Factor name and designation P Factor
Coded factor o
designation -1 0 | +1 variation
g
interval
[myOuHa 00paOOTKM TOYBBI pabOYMM OpPraHOM X, 4 6 8 2
h, cm / Depth of tillage with working body 4, cm
‘Yron KpoleHus J1€BOCTOPOHHENO U PABOCTOPOHHETO X,
IUIOCKOPEXKYIIMX KPBUIhEB £, Tpas. / Angle of crumbling 0 5 10 5
of left-hand and right-hand flat-cutting wings £, deg.
CkopocTb IBIKEHUS arperara v, m/c / Unit movement X, 221 291 361 0.70

speed v, m/s

Hcmounuk: 31€ch 1 1aiee B CTaTbhe BCE TAOJIHIIbI COCTABICHBI aBTOPAMH.
Source: hereinafter in this article all tables were drawn up by the authors.

B cootBercTBHM ¢ pabouei MOZIENbIO U TPEXyPOBHEBBIM ILIAHOM IKCIIEPHUMEHTATBHBIX
WCCIIeIOBaHU TIepe]l HaualoM 3KCIIEpUMEHTa 3Ha4eHUs (PaKTOPOB OBbUIH MPHBECHBI
K 6e3pa3MepHBIM BeTMYUHAM (KOAMPOBAIIHCH).

Pe3ynbTathl nccienoBanus. B pesynbrare mpoBeIeHNs HCCIIEI0BAHUI 0Ty YEHbI
YHCJIOBBIE 3HAYCHUS TATOBOTO COIPOTUBIICHUS CO3aBAEMOr0 paboIMM OpraHoM Iapo-
BOTO KyJIBTHBAaTOpa. 3HAUCHHUS TSTOBOTO CONMPOTUBIICHHUS B 3aBUCHMOCTH OT BBIOPAHHBIX

(haKTOPOB MPE/ICTABUM B BHJIE TAOIHIIEI 2.

Tabnuma 2
Table 2

MaTtpuua nJIaHHPOBaHHUS IKCIIEPHMEHTA U Pe3yJbTaThl HCCIeJ0BAHMIT
Experiment planning matrix and research results

3HaueHus (HaKTOpOB
B 3aKoaupoBaHHOM Buje / Factor

o .
Ne ombita / values in an encoded form

3HaveHust HaKTOpOB
B HarypanbHOM Buje / Factor
values in a natural form

Tarosoe
CONPOTHBIICHHE,

Experience no. P, kH / Traction

X X, X, };z’, Ccl\r/[n/ /. },ngg/ v\;,l\fr/l(/:s/ resistance, P, kKN
1 +1 +1 0 8 10 2,91 2,01
2 -1 0 +1 4 5 3,61 1,83
3 -1 0 -1 4 5 2,21 1,45
4 0 0 0 6 5 2,91 1,31
5 -1 +1 0 4 10 2,91 0,98
6 0 +1 -1 6 10 2,21 1,71
7 0 -1 +1 6 0 3,61 1,38
8 -1 -1 0 4 0 2,91 0,73
9 0 0 0 6 5 2,91 1,32
10 +1 0 +1 8 5 3,61 1,94
11 +1 0 -1 8 5 2,21 1,83
12 0 0 0 6 5 2,91 1,33
13 0 -1 -1 6 0 2,21 0,80
14 +1 -1 0 8 0 2,91 1,11
15 0 +1 +1 6 10 3,61 1,99
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BripaskeHne MaTeMaTHyeCcKol MOJICIH C YUETOM B3aUMOJICHCTBHS (DaKTOPOB 3alHIIIeM
B BUJIE TIOJINHOMA BTOPOW CTEIIEHMU:

y= bX, + bX,+ bX,+ b, X, X, + b, X, X, + b, X, X, + b, X] +b,X;+ b, X.. (1)

JlanbHelinas 00paboTKa pe3y/IbTaToB UCCICIOBAHUN 3aKIFOUACTCSI B ONIPE/ICTICHUN
3HaYUMOCTH K03()(PHUIIMEHTOB MareMaTndeckor Moxaeiu. J{Jist 9TOro BOCoib3yeMcs
kpureprueM CThIOICHTA TIPU S-TIPOLIEHTHOM YPOBHE 3HAYMMOCTH.

Pesynbrarel pacueToB 3HaYEHUH KOA(PPUIIMESHTOB MATEMAaTHIECKONH MOJIEITH U TIPO-
BEPKH MX 3HAYUMOCTH NPEACTaBUM B Tabmwie 3.

Tabnuma 3
Table 3

PesynbTarsl pacdeToB 3Ha4eHHl KO3 (PHUINEHTOB MaTeMaTHYeCKOii Moe1u
Y NPOBEPKH HX 3HAYUMOCTH Mo KpuTepuio CThioAeHTa

Results of calculating the values of the coefficients of the mathematical model
coefficients and checking their significance using the Student’s test

Paccunrannoe Tabmeramoe
Koadppuunent 3HaveHue Kodpduimenta 3HAYCHHE TI0
. t 3HAYEHHE [0 KPUTEPHIO
MaTeMaTH4ecKoit MaTeMaTH4ecKOH MOJIeIIn CroronenTa. £ / KPHTEPHIO
Mozenu / B 3aKOIMPOBAHHOM BHJE / Calc lateél alue based Crelonenra, ¢/
Mathematical model | Mathematical model coefficient pated vau N Tabular value
. h on criterion Student’s s
coefficient value in encoded form tost. ¢ by Student’s
> criterion, ¢
b, 1,4800 512,6870
b, 0,2375 67,1751
b, —-0,0450 -17,2938
b, 0,3337 94,3988
b, 0,1012 38,9111
b, 0,1687 47,7297 2,16
b, -0,1762 —67,7342
b, 0,1625 32,5000
b, —-0,0675 -13,5000
b -0,0750 -15,0000

=)
o

AHaIu3 TaHHBIX PACCUUTAHHBIX 3HAYCHU I MTOKA3aJ1, YTO BCe KOI(DPHUIUEHTHI B pac-
CMaTpUBAEMOI MaTeMaTHYeCKON MOJICIH SBIISIOTCS] 3HAYMMBIMH, TaK KaK OHH OOJIbIIIE
TaOIUYHOTO (KPUTHUECKOE 3HAYCHHUE — KBAHTHIIb). UKCII0 3HaYMMBIX K03(duiimeHToB
IIPU 3TOM paBHO 9.

Jist Gosiee MONMHOTO aHaM3a MPEICTaBUM JaHHbIE TaOMUIBI 3 B BHJIE TUCTOTPAMMBI
[TapeTo (puc. 6).

Kak BunHO 13 ructorpammel [lapeto, Hanbonee 3HauMMBIM (DaKTOPOM, OKa3bIBAIO-
HIMM BO3JICHCTBHE Ha CO3/1aBaeMOE PabOUYUM OPraHOM TTaPOBOTO KYJIBTHBATOPA TSATOBOE
CONPOTHBJICHHE, SBISICTCS (PAKTOP yIlia KPOIICHUS JIEBOCTOPOHHETO M TIPABOCTOPOHHETO
TUTOCKOPEXKYIIUX KPbUIbeB. Maremarudeckasi MOJIeNIb B 3aKOJIMPOBAHHOM BHUJIEC OyneT
BBIIVISIICTH CIEYIONINM 00pa3oM:

y=1,4800+0,2375X, +0,3337X, +0,1687X, +0,1625X,, —0,0675X,, —
~0,0750X,, —0,450X7 +0,1012X2 —0,1762X2. 2)
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v, Me(Q) /v, m/s(Q) | 7II_—67,7342 1
(Dh, em(L) / h, cm(L) | —II_67,17514 1
@)W, weL)/ v, m/s(L) | Il47,72971 1

f, rpan.(Q) / f, degr.(Q) 38,91114 ]

1Lc2L / 1Lby2L | W 32,5 i

h, emM(Q) / h, cm(Q) | ‘—17,2938 -

2Lc3L / 2Lby3L | J—lS, i

LeaL/ bl b | 7—13,5 ]
;‘>=,05. ‘ I ‘ I I l . l I

CranmapmsupoBaHHast oreHKa ddjekta (AbcomotHoe 3HadeHue) /
Standardized Effect Estimate (Absolute Value)

Puc. 6. 'mcrorpamma [apeto
Fig. 6. Pareto histogram

Hcmounuk: cocTaBIeHO aBTOPAMH.
Source: compiled by the authors.

J1J1s OLICHKH 3HaYMMOCTH TOJyYEHHOW MaTeMaTHYeCKON MOJIENIN HCIIOIb3YyeM CTa-
TUCTHYECKHN KpuTepuil duiepa (F-KpuTepuii).

PacueTs! 1ekoqMpPOBaHHBIX 3HAYEHUH KO3(DOULINEHTOB MaTeMaTHYECKONH MOJIEIN
NpeACTaBUM B Tabnue 4.

Tabnuna 4
Table 4
JlexoqupoBaHHble 3HaYeHUSI KOIPPULIHMEHTOB MATEMATHYECKOH MOeJH
Decoded values of the mathematical model coefficients

Koaddunment maremarnaeckoit AexomupoBannbic SHACHMA / /
vonen / Mathematical model k03 dunneHTOB MAaTeMaTHIeCKOH MozieH Hucnepens
coefficient Decoded value of the mathematical model Dispersion
coefficients
1 2 3
b, 5,6054
b, -0,0922 0,4512
b, 0,0225 0,0299
b 0,1126 0,8911

2
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Oxonuanue mab6n. 4/ End of table 4

1 2 \ 3
b,, ~0,0081 0,1514
b, ~3,5493 0,2278
by, 0,7193 0,4587
b, 0,0162 0,1056
b, ~0,0482 0,0182
b, -0,0214 0,0225
S2. 0,0466

S2 e 0,0001

Faceu. 466

Ea6.m05 3,59
R 0,04468

AHaJIn3 MOJyYeHHBIX JAaHHBIX MMOKa3bIBACT, YTO BCE pacCMaTpUBacMble (aKTOPHI,
MPUHATHIE B 3KCIIEPUMEHTAIHLHOM HCCIE0BaHNN OKa3bIBAIOT 3HAYMMOE BIIMSHUE Ha
TSTOBOE COTIPOTUBIICHHUE, TAK KaK PACCUUTaHHBIC 3HaUeHHS KpuTepust Ouiepa Oospiie
TaOMIMYHOTO (KpUTHYECKOro0) 3Ha4eHus. [1o koaddunmenty nerepmunamu R* = 0,94468
MareMaTn4ecKasi MoJIeslb TOCTATOYHO MOJTHO OTHCHIBAET N3MEHEHHE TIOKa3aTeNeH TATo-
BOTO COIIPOTHUBIICHUS C Y4ETOM U3y4aeMbIX (aKTOpPOB.

Maremaruueckasi MOZEJb B AEKOAUPOBAHHOM BHE Oy[eT BHIVISIETH CIICIYIOUINM
obpazom:

P, =5,6054-0,0922h + 0,1126f— 3,5493v + 0,0162Af— 0,0482hv —
—0,0214fv + 0,0225A%— 0,0081f2+ 0,71932, 3)

e P — TaroBoe conporusienue, KH; /4 — miyouna oOpaboTKu 1OYBbI, CM; f— yrod
KPOLIEHUS JIEBOCTOPOHHETO U NIPABOCTOPOHHETO IIOCKOPEXKYIIUX KPbUILEB Pabouero
opraHa, rpas.; v — CKOPOCTb JBMKCHHUS arperara, M/c.

CormacHO NoJTy4eHHOI MaTeMaTH4eCcKOH MOZIeNTH, HAUMEHBILHE OKa3aTe! TIIOBOIO
conporusienus P = 0,72 kH nocrurarorcs npu nryOune 00paObOTKH MO4BbI 2 = 4 cM, yIiie
KPOLICHUS JIECBOCTOPOHHETO U MPABOCTOPOHHETO IJIOCKOPEKYIIUX KPBUILEB Pabouero
oprana f= 0" 1 CKOPOCTH JBIKEHHS arperara v = 2,6 M/c. YToJ KpOIIeHHUs JIEBOCTOPOH-
HETO M MIPaBOCTOPOHHETO IIOCKOPEKYIINX KPBIIbEB Pab0OUero opraHa peKOMEeH Iy eTCst
NpUHATH Kak /= 0, a CKOPOCTh IBMKCHUS arperara — kak v = 2,91 m/c.

[Tony4yeHnHyto MaTeMaTHYECKYIO MOJEIb IPEACTABUM B BUJIE IpaduKa TpeXMEpHOU
MTOBEPXHOCTHU OTKIUKA (pHC. 7).

Jns moctpoenus rpaduka yroia KpomeHus JIEBOCTOPOHHETO U MTPABOCTOPOHHETO
TJIOCKOPEKYIITUX KPBUTheB pabouero oprana f (GUKCHpPOBAICSI HA YPOBHE PEKOMEHIye-
MBIX mTapameTpos (0°).

YuuThIBas MpeasiaracMble ONTUMAIbHBIC TapaMeTpbl pabodero oprasa, mo moiy-
YEHHOW MaTeMaTH4eCKOH MOJENN MOKHO PacCUUTaTh 3HAUCHUE IOKA3aTessl TATOBOIO
COIIPOTHBJICHUS NIPH PA3TUUHON TIIyOMHE 00pabOTKH MOYBBI. TArOBOE CONPOTHUBICHUE
Oynet uaMensThes B penenax 0,79—1,81 kH npu n3menenun riryOnHbl 00pabOTKH
mo4Bsl 0T 4 10 12 cm.
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WA

Puc. 7. I'paduk TpexmMepHOil MOBEPXHOCTH OTKIIHKA
Fig. 7. 3D response surface plot

Hcmounuk: cocTaBIeHO aBTOPAMH.
Source: compiled by the authors.

C TOUKH 3peHHS KaueCTBEHHBIX MOKa3aTelIeH B X0/1€ IKCIIEPUMEHTAIBHBIX HCCIIEI0BA-
HUIA OBLTO YCTaHOBIIEHO, YTO HAMOOMBIIEH YCTOHYUBOCTHIO 110 ITyonHe xoxa (7,9—19,6 %)
C HauMeHbIel HepaBHOMEpHOCTHIO (+0,7—1,0 cm) oOmagaer BapuaHT ¢ yCTaHOBICHHBIM
YIJIOM KPOIIEHHS TIIOCKOPEKYIINX KPhUTbeB f = 0 mpu (DyHKIIMOHUPOBAHUH BO BCEM
JMara3oHe CKopocTell nBrxkeHus. [Ipu 5ToM ke mapamerpe yriia KpouleHus TpeOHH-
CTOCTb, T10 CPABHEHHUIO C IpyruMu Bapuantami (2,5—4,0 cm), Hanmenbmast (2,0-2,5 cm).
Taxoke obecrieunBaeTcs JTydlnasi BRIPOBHEHHOCTh TIOBEPXHOCTH oist 10 1,7-2,0 pas, mo
CPaBHEHHMIO C YCTAHOBICHHBIM YIJIOM Kportenus /=5 u f= 10",

[Mpu pyHKIHOHMpPOBaHUK BapraHTa ¢ /= 0" CTemeHb KPOIICHHS I1aCTa yBETHUMBACTCS
C pOCTOM CKOpOCTH JiBMkeHHS: ¢ 87,8—88,2 % mpu 2,21 m/c 10 92,3-92,8 % nipu 3,61 m/c.

[ony4yeHnHas MaTeMaTH4yecKasi MOZIEIIb TATOBOTO COITPOTHUBIICHHUS, CO3/1aBaEMOr0 pa-
004YKMM OpPraHoOM MapOBOTO KyJBTUBATOPA, TO3BOIMUT 00JIee TOUHO MOAXOAUTH K BOIIPOCY
MPOCKTUPOBAHUS CEIILCKOXO3HCTBEHHBIX MaliH., CTAaHOBUTCS BO3BMOYKHBIM PAIlMOHAIBHOE
WCTIONTb30BaHUE MOIITHOCTH MOOMITFHBIX SHEPTOCPEICTB TPH POSKTUPOBAHUY arperaTton
OJ] KOHKPETHBIN TSATOBBIH KIIACC, & TAK)KE CHIDKEHIE METAITIOEMKOCTH BCETO arperara
BBH/Iy ONITHMHU3AIAN KOJIMYECTBA MPUMEHSIEMbIX Pa00YNX OPTaHOB HA paMe MAIIWHBI.

Obcy:xnenne u 3akjo4eHue. B pe3ynprare mpoBeISeHHOTO HCCIEIOBaHUS Obliia
MOJy4eHa MaTeMaTH4eCcKast MOJICI b, YYUTHIBAIOINAS BIUSHHIE [ITyOUHBI 00pabOTKH 104~
BB, YIJIOB KPOIIICHUS JIECBOCTOPOHHETO U MPABOCTOPOHHETO TIOCKOPEIKYIIUX KPBLIHEB
Y CKOpPOCTH JIBMKEHUs arperara. OHa Mo3BOJISIET ONPEIEIIUTh ONITUMAIILHBIC TIApaMeTPhI
(YHKIMOHUPOBaHUS PabOYEro opraHa MapoBOro KyJIsTHBATOPA C YYETOM HCCIICTYEMBbIX
¢axropos. Taxke ObUIO yCTAHOBJICHO, YTO NPH IIyOWHE 00pabOTKH MOYBHI /1 = 4 M,
yTIIe KPOIIEHHUS JIEBOCTOPOHHETO U MPABOCTOPOHHETO TUTOCKOPEKYIITUX KPBLUTBEB f = 0
W CKOPOCTH JIBWKEHHUS arperara v = 2,61 mM/c octuraercsi HAMMEHbIIIee TSITOBOE COMPO-
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tusnenue P = 0,72 kH, co3naBaemoe pabo4nuM opranoM. Yroj KpoIIeHHs JIEBOCTOPOH-
HETO ¥ MPaBOCTOPOHHETO IIOCKOPEKYIINX KPBIIHEB Pab0ouero opraHa peKOMeH Iy eTCst
npuHsATh f = 07, a CKOPOCTh ABMKEHHs arperara v = 2,91 m/c.

Taxum o0pa3oM, yunuThIBas peKOMEHyeMble ONTUMaJbHBIE MTapaMeTpsl pabouero
OopraHa napoBoro KyJbTUBaTOpa, MO MOJIYYEHHON MaTeMaTu4eCKOW MOJIEIN BOZMOXKHO
paccunTarh 3HAYCHNE TTOKA3aTeNs TATOBOTO COIPOTHBIICHHUS ITPH Pa3IMIHON ITyOnHE 00-
paboTKH MOoYBEL. TAroBOE COMpOTHRIICHHE OyIeT BaphupoBaThes B ipeaenax 0,79—1,81 kH
TIPHU U3MEHEHHUH TITyOHHBI 00pabOTKH OUBHI OT 4 10 12 cMm.
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Justification of Dual-Level Opener Parameters
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Abstract

Introduction. The discrete element method is the most promising method for modeling soil
tillage. With the use of DEM modeling it is possible to create a digital twin for technolo-
gical process of interaction of tools with soil, analyze the operation of tillage and seeding
machines having various design and technological parameters, and predict energy and
agrotechnical indicators of etheir work. To improve the prediction accuracy, it is necessary
to compare the obtained data with the results of field experiments.

Aim of the Study. The study is aimed at developing a digital twin of the tillage bin through
using the discrete element method and optimizing the main design and technological pa-
rameters of the dual-level opener.

Materials and Methods. To simulate the process of the soil-opener interaction, there was
used the discrete element method; the advanced Hertz—Mindlin model was used as a con-
tact model. For DEM modeling there is created a virtual tillage bin, which is filled with
spherical particles of 10 mm diameter with the specified rheological parameters of the
selected contact model. The main design factors for carrying out computer experiments
in order to optimize them were the opener blade rake angle a and the furrow rake angle f.
The opener traction resistance R was chosen as the output optimization parameter.
Results. Implementation of multifactor experiments on the digital twin of the soil bin in
the Rocky DEM program allowed to optimize the design and technological parameters
of the dual-level opener: bit inclination angle a = 75°, furrow former inclination angle
p=21°, vertical distance between the bit and furrow former Aaz = 11-14 mm.

Discussion and Conclusion. As a result of the modeling, it was found that the opener
traction resistance increases in quadratic dependence on the opener operating speed and
surface energy of the contact model.

Keywords: modeling of technological process, sowing, tillage, coulter, traction resistance,
contact model, Hertz—Mindlin model, Jonson—Kendall-Roberts model, virtual soil bin
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Annomauusn

Beeoenue. Hanbomnee nepcneKTUBHBIM U1 MOJACIUPOBAHHS IPOLIECCOB 00PaOOTKH MOU-
BBI SIBIISICTCSI METOJ AMCKPETHBIX 3JIEMEHTOB. MoIennpoBaHHe METOJOM IHCKPETHBIX
9JIEMEHTOB IT03BOJISIET CO3/1aTh HU(POBOH JBOWHUK TEXHOJOTMYECKOTO Hpolecca B3au-
MOJICUCTBHA PabOYNX OPraHOB € MOYBOM U MPOBECTH aHANN3 PAOOTHI TOUBOOOpadaTHIBA-
IOMUX U TMOCEBHBIX MAIIMH C Pa3HBIMUA KOHCTPYKTHBHO-TEXHOJIOTHIECKHIMH TapaMeTpa-
MH, a TaK)Ke CIIPOTHO3MPOBATH YHEPIeTHIECKUE U arpOTEXHUUYECKHE IT0Ka3aTesIn paboThI
opyauii. [Ipu 3TOM JUIs1 yBEIMYEHHS TOYHOCTH IIPOTHO3UPOBAHMS PE3YIbTaTOB, MONTyYeH-
HBIX B XOJI€ peajin3alliy BUPTYaIbHON MOZIENH, HEOOXOANMO COMIOCTABIATh JAHHEIE C pe-
3y/bTaTaMHu JIAOOPATOPHBIX U MOJIEBBIX HCCIIEJOBAHUMN.

Lens uccnedosanus. Pa3zpaborars udpoBoii ABOHHUK MOYBEHHOTO KaHaJIa METOIOM JIH-
CKPETHBIX 2JIEMEHTOB U ONTHMHU3HPOBATH C MOMOIIBIO HETO OCHOBHBIC KOHCTPYKTHBHO-
TEXHOJIOTMYECKHE MapaMeTpbl KOMOMHHPOBAHHOTO COIITHHKA.

Mamepuansl u memoouwt. JI1s1 MOJIENNPOBaHUs NpoLlecca B3aUMOEHCTBHUS COITHUKA
C MOYBOM METOJOM JUCKPETHBIX JJIEMEHTOB B KadecTBe 00pas3lla KOHTaKTa BhIOpa-
Ha yCOBEpIIEHCTBOBaHHAs Mozenb ['epua — Munanuna. B Takom ciydae coszgaercs
BUPTYaJbHbIH NMOYBCHHBIH KaHaJ, KOTOPBII 3amONHAETCS CHEPUUYECKHMH YaCTHIA-
MH auameTpoM 10 MM C 3aZaHHBIMH PEOJOTHYECKHUMH MapaMeTpaMu BBIOPAHHOI
Mojenu KOHTakTa. OCHOBHBIMH KOHCTPYKTHBHBIMH (DakTOpamH IS HPOBEICHHS
KOMITBIOTEPHBIX YKCIEPUMEHTOB B IIEJIAX UX ONTHMM3ALUK NPUHATHI yroJl HaKIOHA
JIOJIOTa COIIHMKA ¢ M YTOJI HaKJIOHa O00opo3aoo0paszoBarens f, B KaueCTBE BEIXOJHOTO
napaMeTpa ONTHMHU3ANNU — TATOBOE CONPOTHUBIICHHUE COIIHUKA R.

Pesynomamer uccnedosanus. Peannzanus MHOTO(QAKTOPHBIX SKCIIEPUMEHTOB Ha IU(pPO-
BOM JIBOW{HHIKE ITOYBEHHOTO KaHaja B mporpamme Rocky DEM mo3Bonuia OnTHMHA3HPO-
BaTh KOHCTPYKTHBHO-TEXHOJIOTMYECKHE IapaMeTpbl KOMOMHMUPOBAHHOTO COIIHUKA: YIOJ
HaKJIOHA J0JI0Ta o = 75°, yron HakJIoHa 60po31oodpaszoBaress S = 21°, paccTOSHIE MEXIY
JI0II0TOM M 60po31006pa3zoBareneM no Beprukam Aa = 11-14 Mm.

Obcyaicoenue u 3axnodenue. B pesynbrare MOJEIUPOBAHMS YCTAHOBJICHO, YTO TATOBOE
CONPOTHBIIEHHUE COILTHUKA PACTET MO KBAaJPAaTHYHOM 3aBHCUMOCTH OT €ro pabodeil cko-
pOCTH. YBenM4YeHHE MOBEPXHOCTHOM SHEPTUH KOHTAaKTHOW MOJIEIH TAKKe BEAET K POCTY
TSITOBOTO COIPOTHBIICHNUSI COLIHHKA.

Kniouesvle cnosa: MonennpoBaHue TEXHOIOTHYECKOTO IIPOIIECcca, MoceB, 00paboTka mod-
Bbl, COLIHHUK, TSTOBOE COIPOTUBIICHHE, MOAE/Ib KOHTAaKTa, Mozens ['epua — MuniuHa,
Mmozenb [xoHcona — Kennanna — Pobeprca, BUPTyaabHBIH TOYBEHHBIH KaHAI

Kongpnuxkm unmepecog: aBTopbl 3asBISIIOT 00 OTCYTCTBUH KOH(IUKTA HHTEPECOB.

QDunancuposanue: NCCIENOBAHNE BBHIIOIHEHO 3a cueT rpanTta Poccuiickoro HaydHOTO
donga Ne 23-76-10070.

Jna yumupoeanua: Mynapucos C. I., ®apxyraunos U. M., barayrnunos P. }0. O6oc-
HOBaHHUE ITapaMeTPOB KOMOWHHMPOBAHHOTO COIIHMKA B IU(POBOM IBOWHHKE METOIOM
JIUCKPETHBIX dMeMeHTOB // VmkeHnepHble TexHomoruu u cuctembl. 2024. T. 34, No 2.
C. 229-243. https://doi.org/10.15507/2658-4123.034.202402.229-243

Azpoundicenepus


https://doi.org/10.15507/2658-4123.034.202402.229-243

Vol. 34, no. 2. 2024 ENGINEERING TECHNOLOGIES AND SYSTEMS '

Introduction. Meeting the needs of modern fast-developing agriculture requires
constant improvement in the operational efficiency of agricultural machinery and tools.
The methods of theoretical analysis, modeling and experimental research are most often
used to develop new and improve existing machines in order to increase their efficiency.
In view of the developed numerical methods for implementing various theoretical ap-
proaches using applied engineering calculation programs, computer modeling is the most
promising tool for designing machines. Computer modeling has a number of advantages
such as low cost and lack of reference to seasonality compared to experimental studies.

To model the tillage technological process, various modeling methods based on the
numerical implementation of systems of equations for various media dynamics are used,
such as computational fluid dynamics (CFD), the smoothed particle hydrodynamics
method (SPH), the finite element method (FEM) and the most promising to date the
discrete elements method (DEM) [1].

A limiting factor in the effective application of the discrete element method for
modeling soil is the important need for computing resources and high requirements for
calibrating the parameters of the contact models used, because of the great variability
of the physical and mechanical properties of soils and their anisotropy.

Literature Review. At the initial stage, the study of the discrete element method
application for solving soil tillage problems was aimed at calibrating the parameters of
the contact models used. The parameters of the contact models were calibrated mainly by
the angle of repose [2—4]. Despite its simplicity, a comparison of the results by the angle
of the pile formed by the soil and discrete particles resting on a horizontal base after
pouring out of a cylindrical or cone-shaped funnel made it possible to determine the
range of changes in the parameters of contact models [5; 6].

The studies show that the behavior of the modeled soil, obtained by modeling discrete
elements, largely depends on the choice of the contact model parameters. At the same
time, a large number of studied factors such as the Poisson’s ratio, static and dynamic
friction coefficients, Young’s modulus, surface energy, particle diameter, etc must be taken
into account as the main parameters of contact models and properties of model particles.
The evaluation of the parameters significance was carried out by S. G. Mudarisov [7].
It was found out that the pattern of change in the angle of responce of the soil medium,
modeled by the discrete element method, is affected significantly by the surface energy
and particle diameter.

Then, the contact models parameters were specified by more complex calibration
methods, for example, by the draught resistance of working tools or soil movement
(formation of ridges and furrows) based on the results of field tests and modeling.

The research by C. Saunders, M. Ucgul, R. J. Goodwin presents the results of pa-
rameters calibration of a soil modeled simulated by the discrete element method using
spherical particles of different diameters [8]. A tillage bin model with particles having
a radius of 1.5 mm with upper layer of 20 mm thick and a lower layer of particles with
a radius of 10 mm showed the most reliable results of simulating draught resistance of
a tillage tool.

The input parameters of the DEM were calibrated to model a cohesive soil using
a contact model with a hysteresis spring coupled with a linear cohesion model for
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spherical particles with a diameter of 10 mm in the angle of natural slope and in the
displacement of particles (formation of ridges and furrows) when interacting with an
anchor coulter (K. A. Aikins et al.) [9]. According to the research results, the following
input parameters of the contact model are recommended for modeling cohesive soils:
damping coefficient equal to 0.05, stiffness coefficient equal to 0.95, soil liquid limit
equal to 2.8 MPa, particle cohesive energy density equal to 46,400 J/m?, particle cohesive
energy density-tool equal to 14,900 J/m?.

N. R. Makange et al. have compared the DEM of the soil-tillage interaction mode-
ling with a mouldboard plow was compared with the results of field experiments on the
horizontal and vertical draft forces and bulk density of the soil [10]. In their study, the
model of a hysteresis spring and a linear cohesive contact (HS/LC model) was used as
a contact model. According to the experimental results, the accuracy of the prediction
of the vertical force turned out to be higher than the accuracy of the horizontal force.

S.G. Mudarisov et al. calibrated the parameters of the contact model for the improved
Hertz—Mindlin JKR model by comparing the horizontal, vertical and lateral components
of plow body resistance according to the results of laboratory and field studies and also
modelling of a similar body geometrically using the discrete element method [11]. It was
found that the most similar results with an relative error of 4.6—7.6% are observed at the
surface energy of discrete particles equal to 270-400 J/m?.

After obtaining comparable results of modeling by the discrete element method and
of'soil behavior, the researchers evaluated the energy and agro-technical indicators of soil
tillage and justify the structural and technological parameters of the tillage machine tools.

In the work by S. Xuefeng et al. the use of the discrete element method made it
possible to justify the rake angle of the hiller used in ridge-furrow technique for grain
farming at lower draught resistance [12].

The design and technological parameters of a deep-filler in a virtual bin filled with
discrete spherical particles having a diameter of 6 mm was substantiated by S.H. Hosei-
nian et al. [13]. The parameters of the Hertz—Mindlin contact model with parallel con-
nections were calibrated by the natural angle of repose and by the draft force in a soil
bin in a sandy loam.

L. Liu et al. has been developed a model to analyze the soil covered with straw and
the T-shaped furrow-opener interaction by discrete element method [14]. The accuracy
of the model was confirmed by comparing the draught force, down force, displacement
of'soil forward and sideways, as well as displacement of straw forward through physical
and simulation experiments. The modeling helped to justify the shape of the opener side
blades and the range of operating speeds for effective performance.

K. Liu et al. used a discrete soil simulation to evaluate the impact of structural and
technological parameters of a subsioler on draught resistance [15]. The modeling made
it possible to justify the rake angle of the ripper paw with a lower draught resistance.
At the same time, as in the previous case, the simulation results were compared with
the results of field studies on the tillage bin.

The analysis of works shows that discrete element modeling allows analyzing the
interaction of soil with tillage and seeding tools having different design and technological
parameters. It is also possible to predict energy and agro technological operating results
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of the tools. At the same time to increase the accuracy of predicting the results obtained
during virtual model implementation of soil-tillage tool interaction, it is necessary to
compare the data received with the laboratory and field study results.

The aim of the study is to develop a digital twin of a tillage bin by using the discrete
elements method and optimize the basic design and technological parameters of the
dual-level opener.

Materials and Methods. To develop a model of soil and dual-level opener interaction
process there was used the discrete element method. The improved Hertz—Mindlin JKR
(Johnson Kendall Roberts) model was selected as a contact model based on previous
studies [7; 11] to take into account the adhesive and cohesive properties of the soil. For
this model, the Young«s modulus £, MPa, Poisson’s ratio v, coefficient of static fric-
tion f,, dynamic friction coefficient f, surface energy J,, J/m* and etc. are established
as rtheological parameters included in the contact model. For conducting experiments,
according to the data of previously conducted [11] experiments, the following values
of these parameters were taken (Table 1).

The parameters of the Hertz—Mindlin JKR model were calibrated by comparing
the components of the draught resistance of the plow body at different humidity levels
according to the results of laboratory studies on the tillage bin and modelling by the
discrete elements method in an early study [11].

Table 1
Contact Model Parameters

o Parameters Value
1 Young’s modulus of soil particles £, MPa 1x108
2 Young’s modulus of steel (dual-level opener) £, MPa 1x10%
3 Poisson’s ratio v 0.3
4 Soil-on-soil static friction coefficient £, 0.7
5 Soil-on-soil dynamic friction coefficient f, 0.6
6  Surface energy G, J/m’ 300-340
7  Recovery coefficient 0.3
8  Coefficient of static friction f, , 0.3
9 Coefficient of dynamic friction f,, 0.15

Source: Hereinafter in this article all tables were drawn up by the authors.

For discrete element modeling a virtual tillage bin is created. Its dimensions are de-
termined on the zone of soil deformation by working tools. According to the technique
described in our previous study [7], in order to avoid exposure of tillage bin walls on
soil mass, which is formed during soil-opener interaction, the tillage bin dimensions are
taken as follows: width is 1,200 mm, height is 500 mm, length is 1,500 mm (Fig. 1a).
3D model of a tillage bin with specified dimensions is created in COMPASS 3D program,
which is then imported to RockyDEM program.

The tillage bin is filled with particles at one cycle by creating layers of particles
around a specified central starting point of coordinates (Fig. 1b). These layers continue
to be created, increasing a number of particles of a specified size and shape until one of
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the two things happens: either they reach a specified mass value or they reach specified
limits of the tillage bin walls (Fig. 1b). Based on the previously justified data [16], for
this series of experiments there were adopted the particle parameters presented in Table 2.

Table 2
Parameters of Discrete Particles for Filling the Bin

Ne Parameter ‘ Value

1 Diameter of particles, mm 10

2 Shape of particles sphere

3 Apparent density of particles, kg/m? 1,400

4 Density of particles, kg/m? 2,333

5 Number of particles in a bin 716,198

> »

channel wall

central
coordinate point

b)

Fig. 1. Virtual soil bin: a) bin size dimension; b) the process of filling the bin with particles
Source: Hereinafter in this article all figures were drawn up by the authors.

716,198 particles are required for filling the tillage bins with given geometric di-

mension.

At the top of the tillage bin a 3D model of opener is installed at a specified seeding
depth. It is designed in COMPASS 3D program for the design and technological para-
meters specified according to matrix of conducting experiments (Fig. 2). For modeling
the soil-opener interaction process, the opener must move along the channel at a speed

corresponding to its operating speed.

X

Fig. 2. Tillage bin, filled with discrete particles
234
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Fig. 3. Dual-level opener for variable depth application of fertilizers and seeds:
1 —tine; 2 — share; 3 —furrower; 4 — a tube for applying liquid complex fertilizer; 5 — grain tube

To implement the proposed scheme of separate sowing and fertilization, we intro-
duce a dual-level opener (Fig. 3). The technological process of multi-depth application
of liquid fertilizers and seed sowing is carried out by installing two furrowers 3 on the
sides of the share 2. The tubes for applying liquid complex fertilizers 4 are installed
behind them at a certain distance from the seeds.

The share 2 of the dual-level opener forms a seedbed in the furrow, where seeds
enter through seed ducts 5, and furrowers 3 form two grooves in the soil, where liquid
fertilizers enter through tubes 4. After the dual-level opener has passed, the formed fur-
rows are closed with crumbled soil and pressed with a roller [16].

The main design and technological parameters of the dual-level opener are the depth
of sowing a, the depth of applying fertilizers a, the working speed V and the width of
the share 6. The best-investigated design and technological parameters are working
speed, stroke depth of the working body, and the width of the dual-level opener. The
influence and dependencies of these parameters on the energy indicators are well known.
The optimal position of fertilizers to seeds in our case determined by the vertical and
horizontal distances of the soil between the dual-level opener and the furrowers is justi-
fied by C. J. Baker [17].

In this regard, the main factors for conducting computer experiments with the purpose
of optimizing them, there are taken the following design and technological parameters
of the dual-level opener (Fig. 3):

1. X1 is the rake angle the coulter share o, degrees;

2. X2 is the rake angle of the furrower f, degrees.

The draught resistance of the coulter R is accepted as the output parameter of the
optimization of the experiment.

Three measurements are taken for each of the factors: the lower, zero and upper
levels. Table 3 shows the values of the experimental factors at these levels and the con-
ditions for conducting a full-factor experiment (FFE). The experiments were carried
out according to the plan 3>= 9 for encoded and decoded values of factors. Factor X1
varied between 70° and 90° with a zero level of 80°, factor X2 varied between 15° and
35° with a zero level of 25°.
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Table 3
FFE conditions — values of experimental factors
Plan characteristics (dual-l;(/::l ogér?:rg ;:licse angle) (fu)r(r%)wg’ ri?(%iféle)
Lower level 70 15
Zero level 80 25
Upper level 90 35
Variation interval 10 10

The laboratory experiments were carried out on a tillage bin filled with chernozem
soil of loamy sand mechanical composition at a humidity level of 17.9-19.5%.

For the experiments, there were manufactured removable furrowing devices with
different angles £. In addition, the design of the experimental dual-level opener made it
possible to change the distance Aa between the share and the furrower vertically (Fig. 3)
that was an additional factor in the experiments. Thus, the furrower rake angle 5 and the
distance Aa between them were chosen as factors of laboratory experiments, and the
draft resistance of the opener R was chosen as the output parameter.

The experimental segment with a dual-level opener (Fig. 4b) trough a parallelogram
mechanism was fixed to a three-point suspension device of a tillage bin drive trolley
(Fig. 4a). Strain gauges are installed in the hitch draft arm allowing the load to be
recorded up to 3 tons (Fig. 4b).

Measuring complex MIC-400D was used for recordings the readings of strain
meters during the experiments (Fig. 4). The calibration of the measuring sensors of
the Strain gauge was carried out using a calibrator — a hydraulic breaking machine
GRM-20.

Fig. 4. Experimental section with dual-level opener on a tillage bin:
a) dual-level opener; b) general view of the device. The photo by S. G. Mudarisov, 2023

The software package for statistical analysis STATISTICA was used to process the
experimental results obtained during the implementation of a multifactorial experiment.
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The obtained results were processed by methods of mathematical statistics, the adequacy
of the model was evaluated according to the Fisher criterion.

Results. The implementation of the developed digital twin of the tillage bin by the
discrete element method allows visualizing the soil and dual-level opener interaction.
Figure 5 shows a fragment of the soil deformation process by dual-level opener during
operating in the longitudinal plane. Figure 6 shows the process of furrow and seedbed
formation after share applying and compacted furrow after furrow opener applying. The
colour palette on figures shows the vertical motion of particles.

Fig. 5. Soil deformation process Fig. 6. Furrow formation process
by dual-level opener for seeds and fertilizers
As aresult of the implementation of the FFE, a regression equation was obtained
in decoded form:

R=124.50 + 1.29a + 13250~ 11.400°4,

which allows us to assess the influence of factors — the rake angle of the coulter share
o and the furrower £ of the coulter on its draught resistance R.

Figure 7 shows 3D surface dependency graph of draught resistance R of dual-level
opener and rake angles of share a and furrower . Figure 8 shows counter plot graph
(two-dimensional sections) of this dependency.

From the presented dependencies (Fig. 7, 8) it can be seen that the draught resistance
of the coulter has its minimum values at the angles of furrower to the bottom of the fur-
row equal to f = 15-22°and share installation at o = 74-81°.

In the course of computer model experiments to clarify calibrated parameters the
influence of surface energy J; and operating coulter speed V on its draught resistance
R was evaluated.
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Fig. 7. Three-dimensional surface dependency graph of draught resistance R
on share rake angles a and furrower f of dual-level opener

70 72 74 76 78 80

[, angle

32

Fig. 8. Counter plot dependency graph of draught resistance R
on share rake angles o and furrow opener f of dual-level opener

Figure 9 shows the graphical interpretation for the dependencies of the opener

draught resistance R on its working speed V" at different values of surface energy J, of
the discrete elements contact model.
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Fig. 9. Dependence of dual level opener draught resistance R on velocity / at the change
of contact model J surface energy: 1 —J =300 J/m?* 2 —J = 320 J/m?; J — 340 J/m?

Figure 10 shows three-dimensional surface graph of dependency of draught resis-
tance R on the angle of furrow opener installation £ and the distance between share and
furrower Aa. Figure 11 shows two-dimensional section of this dependency at the share
width b = 15 mm according to the results of laboratory experiments on tillage bin.

B > 340
Il < 320
B < 280
[ < 240
[ < 200
B < 160
B <120

Fig. 10. Three-dimensional surface graph of dependency of draught resistance R
on the angle of furrower installation and the distance between share and furrower a

10 340
300
260
8 DSOS e —_— 220

4 15 18 20 22 24 26 28 30 32 34 36 m
B, angle
Fig. 11. Counterplot graph of dependency of draught resistance R on the angle
of furrower installation and the distance between share and furrower a
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From the obtained dependencies (Fig. 10, 11) it can be seen that coulter draught
resistance R is minimal if used with furrower having rake angle f = 21-29° and the
vertical distance between share and furrower Aa = 11-14 mm.

Discussion and Conclusion. From the obtained dependencies (Fig. 8) it can be seen
that the coulter draught resistance R increases according to quadratic dependence which
does not contradict the laws of classical agricultural mechanics.

An increase in surface energy also leads to an increase in draught resistance. With
an increase in surface energy from 300 to 340 J/m?, the draught resistance at a speed
of 2 m/s increases by 22.6%, and at a speed of 2.3 m/s by 57.1% (Fig. 12). Such an
increase of draught resistance coincides with correlation dependencies obtained by
S. G. Mudarisov [16] on the values of surface energy modeled by the discrete elements
method of the soil environment to the humidity of real soil [11] according to which the
increase in surface energy allows us to simulate the type and humidity of the soil. Ac-
cording to [11], the values of the surface energy J = 320-340 J/m? correspond to the soil
of a heavy loamy mechanical composition, and J,= 300 J/m* corresponds to a loamy
soil mechanical composition.

R, H
350 y=156.43x% — 566.99x + 680.83
300 R>=0.9895
250
>
200 S
150 - i
2.0 2.1 2.2 2.3 V, m/s

Fig. 12. Dependence of dual-level opener draught resistance R n surface energy of simulated soil J;
1-V=20m/s;2-V=22m/s;3-V=24m/s

Ultimately, a computer model of the coulter-soil environment interaction process in
the soil bin, implemented by the discrete elements method is a digital twin of the deve-
loped dual-level opener. The implementation of multifactorial experiments on a digital
twin made it possible to visualize the process of coulter-soil interaction and optimize
its design and technological parameters:

— the rake angle of the coulter share to the bottom of the furrow o = 74-81°;

— the rake angle of the coulter furrower to the bottom of the furrow f = 15-22°.

Laboratory experiments with an experimental opener on a tillage bin made it pos-
sible to clarify the installation angle of the furrower f = 21-29°, at which the traction
resistance is minimal. Thus, in the course of modeling and field laboratory experi-
ments, there were obtained results close to optimal values of the angle of inclination
of the furrower = 15-22° and f = 21-29°, respectively that indicates the right choice
of parameters of the contact model when modeling the soil using the discrete element
method.
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The variation in draught resistance between the results of laboratory and model
experiments is 2.9-5.8% at the distance between the coulter share and the furrower
Aa = 0-15 mm and 1.5-4.2% at the distance Aa = 16-35 mm, which shows good con-
vergence of the results when predicting the draught resistance of the coulter based on
the results of modelling by the method of discrete elements.

When comparing the results of modelling and field experiments for practical use, the
following design and technological parameters of the dual-level opener can be recom-
mended: the rake angle of the share o = 75°, the rake angle of the furrower f = 21°, the
distance between the share and the furrower vertically Aa =11-14 mm.

Discussion and Conclusion. A developed digital twin of the dual-level opener is a com-
puter model of the soil environment-dual-level opener interaction process in the bin by the
discrete element method. The improved Hertz-Mindlin JKR model has been adopted as
a contact model for taking into account the adhesive and cohesive properties of the soil.

A virtual tillage bin with dimensions filled with 716,198 spherical particles with
a diameter of 10 mm was created for discrete element method modelling.

The implementation of multifactorial experiments on a digital twin made it possible
to optimize the design and technological parameters of the combined coulter:

— the rake angle of the share coulter to the bottom of the furrow o = 72—-83°;

— the rake angle of coulter furrower to the bottom of the furrow f = 15-25°.

The draught resistance of the coulter increases according to quadratic dependency
on its operating speed. An increase in the surface energy of the contact model also
leads to an increase in the draught resistance of the coulter. With an increase in surface
energy from 300 to 340 J/m?, the draught resistance increases by 22.6% at a speed of
2 m/s and by 57.1% at a speed of 2.3 m/s.

In the course of laboratory studies with an experimental coulter on a tillage bin, the
minimum draught resistance of the coulter was obtained at the installation angle of the
furrower f = 21-29°.

For practical use, the following design and technological parameters of the dual-level
opener are recommended: the rake angle of the share a = 75°, the rake angle of the fur-
rower = 21°, the distance between the share and the furrower vertically Aa = 11-14 mm.

The digital twin of the soil bin, simulated by discrete element method, allows us to sub-
stantiate and optimize the parameters of the of tillage and seeding machines working bodies
by numerically modelling their operation, taking into account various options for structural
and technological parameters and soil properties. By justifying the parameters of the coulter
in a digital twin using DEM, you can get valuable information about the operation of the
coulter and make informed decisions on improving its design and characteristics.
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ITapamMeTpsl U pe:KkUMBI pad0ThI THAPABINYECKOM
MHUHHU-CEAJIKHA MEJIKOCEMSHHBIX OBOIIHBIX KYJIbTYP

E. B. Tpydusk™, U. C. Cropodorauenko, B. . KonopasioB
Kybanckuil cocyoapcmeennviil azpapHbulil yHUepcumem

(e. Kpacnooap, Poccuiickas @edepayust)

™ trufliak@mail.ru

Annomauusn

Beseoenue. B obnactu BhIpalnBaHusl CEIbCKOXO3SIMCTBEHHBIX PACTEHHUIT C HCIIOIb30BAHH-
€M BOJBI U CyCICH3UI 0003HaYeHa TeHCHINS Pa3BUTHS THAPOIIOCEBA TA30HHON TPaBHI.
HarmpaBiieHne MeHee M3y4eHO JUIS T0CEBA MENIKUX MPOKIIIOHYBIIMXCSI U TIPOPOIIEHHBIX
CeMsH OBOIIEH, MOCKOIBbKY CIICIHATH3UpyeTcsd Ha ceMeHax apOy3a, THIKBBI, OTYPIIOB
u tabaka. OTCYTCTBYIOT HCCIIEOBAHUS JUIsl THAPOIIOCEBA CEMSH MOPKOBH, IETPYIIKH,
YKpoOTIIa, caara, TOMaToB 1 cenbaepes. TakuM 00pa3oM, aKTyalbHBIMH SBISIOTCS TEOpe-
THUYECKHE U3BICKaHHs1, HallpaBJICHHBIE Ha 000CHOBAHHUE CIIOCO0A N TEXHUYECKUX PELICHHUI
MI0CEBA MEIKOCEMEHHBIX KyIBTYpP B yCIOBHAX OTKPBITOTO M 3aKPHITOTO TpyHTa. [Ipobiema
3aKJII0YAETCSl B OTCYTCTBHHM KOHCTPYKTHBHO-TEXHOJIOIMYECKOW CXEMbI pe3epByapa s
(OpMHUPOBAHHS TOCEBHOH CMECH MEITKOCEMSHHBIX KyIbTYpP, KOHCTPYKTHBHO-PEKUMHBIX
rokasarejiel TUIPaBIMYeCcKOil MUHU-CESUTKH PSIIKOBOTO ITOCEBA JUIS MTOBBILICHHS ero 3¢-
(EeKTHBHOCTH.

Lenv uccneoosanus. ONTHMH3AIMS TAPAMETPOB U PEKUMOB PabOTHI THIPABINYECKON
MHHH-CESUIKH PAAKOBOTO MOCEBA.

Mamepuanvl u memoobt. BbINONHAINCH TEOPETHYECKUE HCCIICA0BAHUS IIPOLIECCa TOMOTe-
HU3AIMU TTIOCEBHOM cMecH, MOTPeOHOM MOIIHOCTH MpH paboTe pesepByapa Uit GOpMu-
poBaHus oceBHOU cMecu. JlabopaTopHbIe HCCe0BaHus TPOBOIMIHCE B KyOaHCKOM To-
CyIapCTBEHHOM arpapHOM YHHBEPCHTETE, ITOJIEBbIC — B JIMUHBIX TTOJCOOHBIX X03sHCTBAX
Kpeimckoro paiiona KpacHomapckoro kpasi.

Peszynemamut uccneoosanus. I1omydeHsl BBIpaKeHUS, OMMCHIBAIOIINE 3aBICHMOCTD BEJTH-
YHUHBI CPEHEH OKPYKHOH CKOPOCTH IIOTOKA IIOCEBHON CMECH, a TaK)Ke MOIIHOCTH IPH
paboTe pe3epByapa A7st ee GopMUPOBAHUS MPH PANUIHBIX COUETAHMAX KOHCTPYKTUBHBIX
U PeKUMHBIX NapaMeTpoB. [IpencrapieHa aHATUTHYECKAs! 3aBUCUMOCTb, OIHCHIBAIOIIAsT
BEJINUMHY KOHIIEHTPAIINH CEMSH B HECYIIEH Cpelie B 3a/JaHHBII MOMEHT BpeMeHH Ha (uk-
CHPOBAHHO TOYKE BBICOTHI pe3epByapa.

Obcyacoenue u 3axarouerue. ONTUMATIBHBIC TAPAMETPHI U PEKUMBI PaOOTHl YHHBEPCATb-
HO# MHAPOCESIIKH 110 IIary I0CeBa: 4acToTa BPAIICHHUs MCIIAIKH — 92 MUH '; BeIMYNHA
OTKpBITHA KpaHa — 47 %; ckopocTs cesiku — 3,1 m/c mpu mrare nmocesa 20,5 MM; 1o K03¢-
GbuIMeHTy BapHalMK [1ara 0CeBa: YacToTa BPAICHHS MCLIAIKH — 87 MUH ', BeJIWYHHA
OTKPBITHA KpaHa — 56 %; CKOPOCTH CestTKu — 2,7 M/c Ipu BapHaluy mara mocesa 15 %.
[TepcrieKTUBHBIM ¥ 3aCITy)KMBAIOLIMM JAIBHEHIIET0 Pa3BUTHS HAIIPABICHUEM SIBISICTCS
HCTIONB30BaHNE CYCTIEH3HH ISl THAPOIIOCEBA OBOIIHBIX KYIBTYP.

Knroueswie cnosa: FI/I,HpaBIII/I‘IGCKI/Iﬁ II0CEB, CEMCHA, MOCEBHAA CMECh, BOJA, OBOIIH, MH-
HHU-CCsJIKA

Kongpnuxkm unmepecog: aBTopbl 3asBISIIOT 00 OTCYTCTBUH KOH(INKTA HHTEPECOB.
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Parameters and Modes of a Hydraulic Mini Seeder
Operation for Small-Seeded Vegetable Crops

E. V. Truflyak™, 1. S. Skorobogachenko, V. 1. Konovalov
Kuban State Agrarian University

(Krasnodar, Russian Federation)

™ trufliak@mail.ru

Abstract

Introduction. In the area of sowing with water and suspensions, there has been observed the
trend of the development of hydroseeding lawn grass. The direction is less studied for sow-
ing small seeds (germinated and sprouted) of vegetables. Existing works are mainly aimed at
substinating the sowing of germinated seeds of watermelons, pumpkins, cucumbers and to-
bacco. At the same time, there are no studies for hydroseeding of carrot, parsley, dill, lettuce,
tomatoes and celery seeds. Thus, theoretical research aimed at substantiating the method and
technical solutions for sowing small-seeded crops in open and closed ground conditions are
relevant. The problem is the lack of constructive-technological scheme of the tank for forma-
tion of sowing mixture of small-seeded crops, design and mode parameters of hydraulic mini
seeder for sowing in drills to increase the efficiency of sowing.

Aim of the Study. The study is aimed at optimizing parameters and modes for operation of
a hydraulic mini seeder for sowing in drills.

Materials and Methods. Theoretical studies of the process of homogenization of the seed
mixture, power consumption during the operation of the reservoir for the formation of the
seed mixture were carried out. Laboratory studies were carried out in Kuban State Agra-
rian University, field studies in private farms of Krymsky district of Krasnodar Krai.
Results. There have been jbtained the expressions describing the dependence of the value
of the average circumferential velocity of the seed mixture flow and the power during the
operation of the reservoir for the formation of seed mixture for various combinations of
design and operating parameters. The analytical dependence describing the value of seed
concentration in the carrier medium at a specified moment of time at a fixed point of the
tank height is presented.

Discussion and Conclusion. Optimal parameters and modes for the operation of a uni-
versal hydroseeder for a seeding step are: agitator rotation frequency — 92 min'; crane
opening value — 47%; seeder speed — 3.1 m/s at seeding step 20.5 mm; for seeding step
variation coefficient: agitator rotation frequency — 87 min'; crane opening value — 56%;
seeder speed — 2.7 m/s at seeding step variation 15%. The use of suspensions for hydro-
seeding vegetable crops is promising and should be developed.

Keywords: hydraulic seeding, seeds, seed mix, water, vegetables, mini seeder
Conflict of interest: The authors declare no conflict of interest.

For citation: Truflyak E.V., Skorobogachenko I.S., Konovalov V.I. Parameters and
Modes of a Hydraulic Mini Seeder Operation for Small-Seeded Vegetable Crops. Engi-
neering Technologies and Systems. 2024;34(2):244-264. https://doi.org/10.15507/2658-
4123.034.202402.244-264

BBenenue. Ha tepputopun Poccun Oonee 20 BUAOB OBOIIHBIX KYJIBTYP HUMEIOT
MaccoBoe pacrnpocTpaHeHue. [lnomiaam, oTBeeHHbIE O] HOCEB U COOP YpOXKast OBOILIHBIX
KYJBTYD, B XO3HCTBaX BCEX KaTeropHii 3a MOCICAHNE 5 JIET MOKA3bIBAIOT CTA0MIIBHBIH
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pocT. OTpacib 3aKpBITOTrO TPyHTA B CTPAHE CTPEMUTCS K TIOJTHOMY HMIIOPTO3aMEIIEHHIO.
[To nanubiM Poccrara, ypoBens camoobecnedenus B 2021 r. goctur 71,7 %.

Jlng moceBa ra3oHHOM TpaBbl B TIOCTIEIHEE BPEMsI UCTIONIb3YeTCsl THAPABINYECKUN
C1oco0, 3aKITFOYAIONIUICS B TEPEMEITMBAHUN B EMKOCTH CEMSTH, BOJIBI, TEJIsl, KpacHTeIs,
yA0OpEeHNH 1 UX JajbHEHIIIEM paBHOMEPHOM PacIpeie]ICHUH Yepes IIJTaHT Ha TTOYBY.

Crioco6 WCIonb30BaHUs BOJIBI U CYCIIEH3UH ISl TOCEBA MEJKUX CEMSH OBOIIECH
SBJseTCA MEHee u3ydeHHbIM. O0ecrnedeHne ypoKailHOCTH OBOILHBIX KYJIBTYP
3aKJIa/IbIBA€TCsI Ha ATAIC KaY€CTBEHHOIO I10CEBA, HO B HACTOALIMN MOMEHT OTCYTCTBY-
10T YHUBEPCAJIbHbBIC CESIIKH ISl THAPABINYECKOTO MOCEBA MEJIKOCEMSHHBIX OBOIIHBIX
KyJIBbTYD (IIPOKJIIOHYBILUXCS U MPOPOILEHHBIX ) C HCIOIb30BAaHUEM B KAUECTBE IIepeMe-
HIMBAIOLIETO U TPAHCIIOPTHUPYIOIIET0 KOMIIOHEHTA BOJY.

AKTyanbHBIMU SBJISIOTCSI BONPOCHI TEOPETUUECKOTO U IKCIIEPUMEHTAIBHOTO
UCCIIeIoBaHMs CI0c0o0a TUAPaBINYECKOTO TOCEBA U TEXHUUECKHUX PEIICHHUN TSl €ro
OCYILECTBICHHS B YCIOBHUIX OTKPBITOTO U 3aKPBITOTO rpyHTa. HeoOxoaumo 060cHOBATS
napameTpsl U peXUMBbl paboThl YHUBEPCAJIbHON THIPABINYECKON MUHU-CESITKU
MEJIKOCEMSHHBIX OBOIIHBIX KYJIBTYD.

IIpoGnemoii sBIsIeTCSI OTCYTCTBHE KOHCTPYKTHBHO-TEXHOJIOTHYECKON CXEMBI pe-
3epByapa A (popMHUPOBAaHUS ITOCEBHOW CMECH MEJIKOCEMSHHBIX KYJIBTYp, KOHCTPYK-
TUBHO-PEXUMHBIX ITOKa3aTeeil THAPaBINnYeCKOH MUHH-CESUIKU PSAKOBOTO IIOCEBa AJIs
TTOBBIICHUS d(H(DEKTUBHOCTH TaHHOTO TIpOIlecca.

Llenbto HacTos el paOOTHI SBJISETCS ONTHMHU3ALNS APAMETPOB U PEKUMOB PabOThI
THIAPABINYECKON MUHU-CESIIKU PSIAKOBOTO MOCEBA.

O030p uTepaTypsl. TepMUHOM «THAPOIIOCEB» B HACTOSILEE BPEMs 0003HAYAETCS
croco0 rocesa TpaBbl AJIsl Ta30HOB M CKIOHOB. [IpH TakoM MeTozie MPUMEHSETCSI CMECh,
B KOTOPYIO BXOJAT CEMEHa, MyJIBUUPYIOIINI MaTepual, KpacuTellb U JPyTrue JIeMEHTh
(puc. 1)".

Hanbonee pacnpocTpaHeHHBIMU SIBISFOTCSI THAPOCESIIIKA BOJOMETHOTO THIIA
MepeMellBaHus, IIEHTPOOCKHBIH HACOC KOTOPBIX MPOKAYMBAET IMyJbIy B PEKHME
perupkymsun (puc. 2) [1].

I'mapocestiky yHUBEpCATbHOTO THITA IMEFOT B OaKe BaJIbl C JIOMACTSIMH TS TIOATOTOBKU
MYJIBCHH, YTO 00ECIIeUNBAECT PABHOMEPHOE PACHPEIEICHNUE KOMIIOHEHTOB 110 00bEMY
Y TIOJIZICP)KUBAET UX B TOMOTEHHOM COCTOSTHUH JIO OITYCTOIIEHUS Oaka [2].

PaccMOTpUM TEXHOIOTMYECKHUE PEIICHUS 1S TUIPOIIOCEBE METIKOCEMSHHBIX KYIBTYD.
I'mnpocesimka CTP-2 (puc. 3), B KOTOPO#i B3BEIIEHHOE COCTOSTHUE CEMSTH 00€CTIeUnBACTCS
MEXaHMYECKOW M MHEBMAaTHYECCKOM MellalKkaMH, peJHa3HaueHa AJIsl OCYIIECTBICHHS
rnocesa B Teruiniax [3—6].

Ha pucynke 4 npencrasnena pa3opocHas cesinka CIIT-2, arperarupyemas ¢ Tpak-
TopoMm T-16.

! McripiTaHust CesUTKH IS [T0CEBa CeMsiH ruipasiandeckuM criocooom / E. Y. Bunesckuii [u ap.] /
VHHOBAIMOHHBIEC WCCIICOBAHUS U PAa3paOOTKH ISl HAYIHOTO 00eCIIeueH s IPOM3BOICTBA U XPAHCHHUS
9KOJIOTMUYECKU 0€30MacHOM CelbCKOX03IWCTBEHHON U MUILEBOM MPOIYKIUH : MaT-Jibl MexayHap. Hayy.-
npakT. KoH}. (0626 anpens 2015 1., . KpacHomap). Kpacnonap : ®I'6HY BHUUTTH, 2015. C. 249-252.
EDN: TYVBBX
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Puc. 1. doro ruaponocesa ra30HHON TpaBbl
Fig. 1. Photo of hydroseeding lawn grass

Hcmounux uzobpascenuil. https://gazony.com/
Image source: https://gazony.com/

Tunvl ycmanogox /
Types of installations

|

Booomemmuiii / Vuusepcanvnoiii / Tuopomynvuep / Tuopocuoep /
Waterjei Universal Hydromulcher Hydrocider

Pwuc. 2. Tumsl ruapOCesIIOK
Fig. 2. Types of hydroseeders

Hemounux uzobpascenui: ru.wikipedia.org
Image source: ru.wikipedia.org

C uenbro obecrieueHus] paBHOMEPHOTO pacxoja paboueil KUIKOCTH C ceMEHAMHU
NPEIIoKEHO TIOCEBHOE YCTPOUCTBO C COCYIOM MapHoTTa, IpeiHa3HauYeHHOE /IS T0CeBa
TIPH IIOCTOSTHHOM JIaBlieHUU (pHc. 5). Takxke pazpaboTana rufpocesika ¢ THeBMaTH4e-
CKHM CII0CO00M TiepeMermBanms (puc. 6).
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YuenbiMu BoJirorpaickoro rocyaapCcTBEHHOIO arpapHOTro YHUBEPCUTETA IIPEI-
JIOKEeHa CesijKa ISl MOCeBa MPOPOIIECHHBIX ceMsH Ha ocHoBe cesnku CYITH-8
(puc. 7, 8) [7; 8].

. ,;,‘ B "~
Pwuc. 3. PaagxoBas cesmka CTP-2 Pwuc. 4. Paszbpocnas cesuka CIIT-2
Fig. 3. Row seeder STR-2 Fig. 4. Spreading seeder SPT-2

HUcmounux uzobpasxcenuii: http://www.vniitti.ru/
Image source: http://www.vniitti.ru/
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Puc. 5. Cxema cesimku Puc. 6. Cxema i ruipaBInYeCcKOro 1oceBa CeMsiH
Fig. 5. Seeder diagram Fig. 6. Diagram for hydraulic seed sowing

HUcmounux uzobpasxcenuii: http://www.vniitti.ru/
Image source: http://www.vniitti.ru/
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o - 2 Bt T . e
Puc. 7. OOwmwuii BUJ CesUTKH P uc. 8. IloceB npopoIIeHHBIX OBOLIHBIX KYJIBTYP
Fig. 7. General view of the planter Fig. 8. Sowing germinated vegetable crops

HUcmounux uzobpasxcenuii: https://volgau.com/
limage source: https://volgau.com/

I'uppasnuueckas cestiika [9] cHabkeHa MexaHHMUECKol Menraikoit ¢ [1-o0pa3Hbivu
NEepEeMENIMBAIONIMMY JIEMEHTaMH IS PABHOMEPHOTO pacIpesielicHHsI CEMSIH B BOJIC
NpY HEOOJIBIION YacTOTe BPAIICHHSI.

B pa6orax E. B. Tpydusika 1 cOaBTOpOB U3yUeH THAPABIHYECKUI T0CEB OBOIIHBIX
KYJIBTYP C 2IEKTPOAKTHBUPOBaHHOM Bogoi [10; 11].

AHaNmM3 HCCIeIOBAHUH O TeMe MTOKa3aJl, YTO CYIIECTBYIOIIIE MAIIMHBI HE TTPETHA3-
HA4YeHBI JUTS TIOCEBA CEMSTH OBOIIHBIX KYIIBTYP, TaK KaK He 00€CIeYnBaIOT paBHOMEPHOE
MepeMelMBaHue UX ¢ BOJOW. B citydae moceBa MpOpOIICHHBIX CEMSH OHU MOTYT HX
TpaBMHpPOBATh. B HacTosIei paboTe nmpeaiaraeTcs cxemMa YHUKAIbHOW THAPOCESITKH,
KOTOpasi MO3BOJISIET BHICEBATh PA3IMUHBIC OBOIIHBIC KYJIBTYPhI C POKIFOHYBITUMHUCS
poctkamu. PazpaboTanHasi rupocesika MOKET UCTIOJIB30BATHCS U B TEIUITUIIAX.

B Hpe)J;HaraeMoﬁ HaMU CCAJIKE JIsI MEJIKOCCMSAHHBIX OBOUIHBIX KYJIBTYP B BBICEBaA-
IOIIEM arrapare KCIojb30BaHa Mellalika, peJHa3HaueHHAas I CMEIIUBAHUS CEMSH
C BOJIOW, MOJ/ICP’KaHUSI OTHOPOJHOCTH U PABHOMEPHOTO MIEPEMEICHHUS B CEMSITIPOBO/I.

C 1enpIo pacCMOTPEHUS BONPOCA CTEIEHN TEXHUUECKOH MPOpadOTKH Pe3yIbTaToB
MHTEIUIEKTYaIbHOW JIESITETEHOCTH B 00JaCTH THAPOIIOCEBA MPOBEICH MATEHTHBIN aHATN3
(tabm. 1) mo caiity ®enepaabHOr0 HHCTUTYTA IPOMBIIIIEHHON COOCTBEHHOCTH?, & TaK¥Ke
peecTpy MaTeHTOB U H300peTeHUIA’,

Ha ocHoBaHMM 0030pa MaTeHTOB M ABTOPCKUX CBUJIETEIHCTB B 00JIACTH KOHCTPYKITHIA
CESUIOK JJISl THAPABINYECKOTO [T0CEBa BBISIBICH PsiJl HEAOCTATKOB: OTCYTCTBUE BO3MOXK-
HOCTH PSIJTKOBOTO MTOCEBA PA3IIMYHBIX MEJIKOCEMSIHHBIX OBOIIHBIX KYJIBTYP; CJI0KHOCTh
KOHCTPYKITUH, UMEIOIIUX JOMOJHUTEIIbHBIC THEBMATHUECKUE YCTPONCTBA; HEPaBHO-
MCPHOC ICPEMCIINBAHNUEC CCMSIH; HCpaBHOMCpHLII;'I BbICEB MCJIIKOCEMAHHBIX OBOIIHBIX
KYJIBTYDP B PAOBI; MIOBPEXAECHUE MPEABAPUTEILHO IIPOPOILIEHHBIX CEMSH U POCTKOB,
HaJIUITaHUC UX Ha JCTaJIu.

2 OeepalibHBIA HHCTHTYT MPOMBIIUIEHHOM cOOCTBEHHOCTH [DrieKTpoHHbIH pecypc]. URL: http://www.
fips.ru (nara obpamenwus: 25.12.2023).

3 TTatenTHbIl mouck B P® [Dnexrponnsiit pecype]. URL: www.freepatent.ru (nara oOpamieHus:
25.12.2023).
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Paccmotpum 3apyOeskHbIe pabOTHI B TJaHHOM HAIlPaBICHUH.

B cBoem uccnenosanuu I1. Bancai ocsemnaet BOnpoc pa3pabOTKK U MPOU3BOCTBA
BBICCBAIOIIETO arapara, OCHOBAHHOTO Ha THAPABIMYCCKOM MPHUHIIUIIE TAKUX CEMSH,
KaK pHUcC, apaxuc, Topox, Kykypysa u ap. [19].

HccnenoBanue nHeBMaTnieckoro 000py10BaHUsI JIJIsl BBICEBA MEJIKUX CEMSIH B CTa-
KaHYHKH MpeacTaBiieHo B padore B. [TactyxoBa u coaBTopos [20].

Pa3paboTan KOMITIEKT THAPOCTPYHHOTO YCTPOHCTRA ST aBTOMATHUECKOTO YIIPABICHHS
TpeMmsi onepanusmMu: cOpaceIBaHHEM, TIOAA4Yei CEMSH B KOHTPOJIEM CTpyH ceMstH [21].

Brmsiaue ruppornoceBa Ha ypoxKaitHOCTh TpaB M () ()EKTHBHOCTH MCIIONB30BaHUS
BOJIbI HA MCKYCCTBEHHBIX MOYBEHHBIX CKJIOHAX JIECHBIX JIOPOT PacCMOTPEHO B CTAThe
A. Ilapcaxy u xomuer [22].

Cy1ecTByIoIIHe TUAPOCESITKA He 00E€CIICYNBAIOT PABHOMEPHOTO ITEPEMEIITHBAHUS
CEMSIH OBOIIHBIX KYJIBTYp C BOZIOH. B ciyyae moceBa mpOpOIICHHBIX CEMSH OHU MOTYT
TpaBMUpOBaTh UX. B HacTosel pabote mpearaeTest yHUBepcaabHast TUIPOCESIIKA, KOTOpast
TMO3BOJIACT BBICEBATDH PA3JIMYHBIC OBOUIHBIC KYJIBTYPBI C MTPOKIIFOHYBIINMHACA POCTKAMH.

MarepuaJjibl 1 MeTOIbI. DKCIICPUMEHTAJIbHAS YCTAHOBKA TUIPOCESUTKY aBTOMATH3H-
POBaHHOM C MEKTPUIECKUM TIPUBOJIOM MEIIAJIKK U 3aCJIOHKH TIPEJICTaBIICHA HA PUCYHKE 9.

a) 0)
Puc. 9. T'mapocesnka aBTOMaTH3UPOBAHHAS C NEKTPUIESCKAM MPHBOIOM MEIIAIKHU 1 3aCITOHKH:
a) Buj cuepenn; 6) ooumii Bux; 1 — AKB; 2 — MOTOpeayKTOp [UIsl IPUBOJIA MELIAJIKH;
3 — ABUTATeNb U1 MPUBOJA KOJeC; 4 — 3MEeKTPONPHBO 3aCIIOHKH; 5 — KHOIIKH BKITFOUEHHMS TPUBOJA
KOJIeC, MEIIAJIKH, 3JIEKTPOLMINHPA; 6 — My/IbT JUCTAaHLIUOHHOIO YIIPaBICHUS.
Astop ¢pororpaduii E. B. Tpydmsk, 2023 1.

Fig. 9. Automated hydroseeder with electric drive of agitator and flap:
a) front view; b) general view; 1 — battery; 2 — geared motor for agitator drive;
3 — motor for wheel drive; 4 — electric drive of flap;
5 — buttons for wheel drive, agitator, electric cylinder; 6 — remote control unit.
The photos are made by E.V. Truflyak, 2023

B KoHCTpYKIIUH CesUTKH ISl yCTPaHEHUS 3aBUCUMOCTH «YPOBEHB 3aMIOJTHEHUS — CKO-
POCTh BEUTHBAY MPUMEHSIIACh KOHCTPYKITHS cocyna MapuotTa (puc. 10). s yBemmnde-
HUS PABHOMEPHOCTH pacTpe/ie]ICHNs CEMSH U TIPEIO0TBPAIeHNsT 00pa30BaHUs BOPOHKH
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HCIOJIb30BAJIMCh OTPAXKAKOIINE NIEPETOPOAKH, KOTOPBIC CIIYKAT JId OpraHu3alui NOTOKa
JKUJIKOCTHU ITYTEM CHUIKCHUA Opr)KHOﬁ COCTAaBIISIONICH TOTOKA U YBCJIMYCHUA OCeBoit
u paﬂHaHBHOﬁ COCTaBJIAOIINX.

a 0)
Puc. 10. Bynakep, BBINOIHEHHBIN C UCTIONB30BaHUEM IPHUHIIUTIA cOocyna MapuorTa:
a) OyHkep B cOope ¢ TpyOKoii; 0) TpyOKa.
Astop ¢ororpaduii E. B. Tpydsik, 2023 1.
Fig. 10. Bunker made using the principle of Marriott’s vessel: a) hopper assembled with a tube; b) tube.
The photos are made by E.V. Truflyak, 2023

IToneBsle 3KCIEPUMEHTHI BBITOJIHSIINCH C UCIOIb30BaHUEM ceMsiH 10 OBOIIHBIX
KyJIBTYp: MOPKOBH, YKpOIIa, cajara JMCTOBOIO, METPYIIKHU, peauca, JyKa, KalryCThl
0eJoKauaHHOM, TOMaTa, KalycThl IBETHOM, OT'YPLIOB.

HWccnenoBanns nposoaurck B KpeiMckoM paiioHe Ha yuacTke pasmepom 10 Ha 15 M
(puc. 11). llIupuna mexxaypsaauii — 25 cM. OcymecTBISUICS TIOCEB MO 2 psifa KayKIbIM
CIoco0OM: THUAPOIIOCEB MPEABAPUTENLHO 3aMOYCHHBIX Ha 10 4 B BOzie CEMSIH; THIPOTIO-
CeB MPEABAPUTEIEHO HE3aMOYCHHBIX CEMSIH (CEMEHa 3apaHee CMEINBaINCh B OyHKepe
C BOJIO#); py4YHO# TOCEB.

¢ ) p { \
A\ R e
p dororpapun E. B. Tpydusik, 2023 .
Fig. 11. Photo of vegetable crops sprouting. The photos are made by E.V. Truflyak, 2023

Puc. 11. ®0oT0O BCXO10B OBOIIHBIX KYJIBTYpP. ABTO

252 Aepoundicenepus



Vol. 34, no. 2. 2024 ENGINEERING TECHNOLOGIES AND SYSTEMS '

Pe3yabraThl nccienoBanus. PaccMoTpum 001U pacxo/] TOCEBHOM CMECH ¢ YYETOM
uccnenosanuii B. A. Apxumosa, A. C. Ycanuna u mip. (puc. 12)*:

_0,056-10n,a,0(5%1, + 9R,,)(C, )
- pCeMt C

(1

rae O — pacxoj MoceBHOM cMecu, MY/c; N — KOIMYECTBO OJHOBPEMEHHO 3aCeBa-
EMBIX pSI,Z[KOB IIT.; @ — BEJINYUHA Me)K,Z[ypﬂ)lLH M; O — HOpMa BBICEBA, KI/Ta; V —
CKOPOCTH IBMIKCHHS CCSIJ'IKI/I, KM/4; ¢ — BpeMsl IBIOKECHHUSI CESUIKH, C; R — paanyc
BBINY CKHOTO OTBEPCTHS, M; C, — 00bEMHas 10N CEMSH B CMECH; p_ — IIIOTHOCTh
ceMsiH, T/M3,

Pa3paboranHass KOHCTPYKTHBHO-TEXHOJIOTHYECKas cxeMa pe3epByapa Juisi Gop-
MHPOBAHHUS TTIOCEBHON CMECH METKOCEMSIHHBIX KyJIbTyp (puc. 13) mpemxycMmarpuBaet
paboTy B IByX pekuMmax. B mepBom pexxmmMe B pe3epByap 3aJUBaEeTCs KUAKAS cpena
1 3aCHITIAIOTCS CEMEHA, 3aTEM BKITIOUAETCs IPUBOJT MEIIATIKK U B pe3epByape co3aaeTcs
TOMOTEeHHasI KOHIIEHTPAIMsI CMECH CEMSTH U JKUAKOH cpenbl. Bo BropoM pexnme HavH-
HaeTCsl pabOYHil XOJl CEesUTKH, OJJTHOBPEMEHHO C KOTOPHIM OTKPBIBAETCS JTO3UPYIOIIEe
YCTPOWCTBO ¥ MTPOU3BOIUTCS BBICEB CEMSH. TakiM 00pa3oM, B IIEPBOM PEIKUME PaOOTHI
HEOOXOOMMO OTNPEeTUTh apaMeTphbl ASUCTBHS EPEeMELINBAIOIIETO YCTPOHCTBA IS
CO3JaHHUsI TOMOTCHHO-KOHIICHTPUPOBAHHOM CMECH.

HawuGosnee yacto B MONYySMIIUPUYCCKUX TUIIOTE3aX TYPOYJICHTHOTO JIBUIKCHHS
MakpoMaciTabHoe pacrpe/iesieHie KOHIIEHTPAIM TBEPAbIX YaCTHIL B IOTOKE paccMa-
TPHUBAETCS KaK Pe3yNbTaT JBYX OJTHOBPEMEHHO MPOTEKAOIIHX MPOLECCOB — KOHBEKTHB-
HOTO NIepeHOCa B HANIPABJICHUH TEUEHHS OCPEAHEHHOTO TIOTOKA CMECH U TypOYyJICHTHOM
i dysun. MTHTEeHCHBHOCTD TypOYJIEHTHOTO TIEpeHOCa TBEPIIBIX YACTHIL B XKUAKOU cpejie
onpenensercs Kooppurmentom muddysuu D, KOTOPHIA XapaKTEPU3yETCsl BETMIMHOM
€ro COCTaBJISIONINX TI0 OCSIM, Ha3bIBAEMbBIM JIOKAJTHHBIMH 3HAYEHUSIMHA KO3 PHUIIHEeHTa
TypOynenTHoi muddysuu Dy, Dy, Ds. Ilpu 3TOM BeIpaxeHue Ul MaKpOMaclITabHOTo
TIepeHOCca TBEPABIX YACTHII B HECYIIIEH Cpesie, C YUYETOM COCTABIISIFOIINX HAIIPaBICHUS
TEYeHUs U TypOyJAeHTHOH muddy3un, UMeeT BU/I:

04 04
o4 o4 o4 oa ODn %) oDy, ay) oDz 5

— VY, —+V, —+V, —— =0, (2
ot ox Yoy 07 0x oy 0z

TJI€ ¢ — KOHIIEHTpalusl; f — MOMEHT BpeMeHH, C; Dy, Di,, Dj. — N1OKaabHbIE 3HAYEHUS

k02(huIMEeHTOB TypOyneHTHOM MU dy3un B HapaBIeHuy oceii x, y, z, M*/c; V, Vo V.-

COCTaBJISIOIIIE CKOPOCTH OCPEHEHHOTO IIOTOKA CMECH B HAIPaBIEHUH OCeH X, Y, Z, M/C.
Ha pucynke 14 noka3zana cxema au¢$y3u0OHHO-IIUPKYIISIIMOHHON MOJIEITH pe3epByapa

Uit POPMUPOBAHNUS TIOCEBHON CMECH MEJIKOCEMSIHHBIX KYJIBTYD.

4 Apxunos B. A., Ycauuna A. C. JIBiwKeHue 4acTull AucrepcHol (asel B Hecywlei cpene : y4el.
nocobue. Tomck : Uzgarensckuit Jlom Tomckoro rocynapcTBeHHOTO yHUBepeuTeTa, 2014. 252 c.; bparun-
ckuii JI. H., Beraue B. U., bapa6am B. M. [lepememmBanne B sxuakux cpenax. JI. : Xumus, 1984. 336 c.
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O 107 /e 1 Q107 m"s

\ \ { \
14 \ \ 0. (G) mpu V, =4 xm/u, Q=40 kr/ra /
i | |1 /9, (G)atV, =4kmh,0=40kgh /
BE | \ | /
12 ! \‘/ 0.,(C) mpu V, = 4 xm/u, Q = 25 xr/ra /
' 0,,(C,)at ¥V, = 4 km/h, 0 =25 kg/h
11 | 1
I )/ \ { AL
10 ! v 0.(C)mpu V, =4 km/u, 0= 10 xr/ra /
g | ( )/Qm(cy)atn:4km/h,Q:10kg/h
e ( \
5 l/\\/ \ /< 0., (V) npi €, = 0,02, 0= 40 xr/ra / |
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IR / \ ! \ |
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Puc. 12. 3aBuCMMOCTH «pacxo MOCEBHOI — KOHCTPYKTUBHO-PEKUMHBIE TTAPAMETPBI CESLTKI
npu i = la, =05m; R _=0,02mp =120 Kr/m?
Fig. 12. Dependencies «seed rate — design and mode parameters of the seeder»
atn =1;a =05m;R_=0.02m;p_ =120 kg/m’
P M OTB cem
Hcemounux: cOCTaBICHO aBTOPAMH.
Source: Compiled by the authors.
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Puc. 13. KOHCTPYKTHBHO-TEXHOJIOTHYECKAsE CXEMa pe3epByapa
Jutst opMHUPOBAHUSI TOCEBHOM CMECH MEJIKOCEMSIHHBIX KYJIBTYP
Fig 13. Structural-technological scheme of the tank for the formation of seed mixture of small-seeded crops
Hcmounux: COCTaBIEHO aBTOPAMHU.
Source: Compiled by the authors.
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Puc. 14. Cxema muddy3noHHO-IMPKYIAIHOHHON MOIENN pe3epByapa Ui GOpMUPOBAHHS
MOCEBHOW CMECH MEJIKOCEMSHHBIX KyJIbTYp: a) BHJ COOKY; 0) BUJI CBEpXY

Fig. 14. Schematic diagram of diffusion-circulation model of the reservoir for formation
of a seed mixture of small-seeded crops sowing mixture of small-seeded crops: a) side view; b) top view

Hcmounuk: cOCTaBICHO aBTOPAMH.
Source: Compiled by the authors.

3aBUCUMOCTH KPYTSAIIET0 MOMEHTA OT pajuyca pe3epByapa, 000pOTOB MEIIATIKH
Y TUTOTHOCTH CMECH UMEET KPUBOJIMHEHHBIN BHI, TPH 3TOM HAHOOJIbIIIeE BIUSHIE OKa-
3BIBACT PAANYC Pe3epByapa, a HAMMEHBIIEe — IIOTHOCTEL cMecH (puc. 15).

Ilpun yBemmuenun paguyca pesepsyapa R ., ¢ 0,1 o 0,6 M kpyTsiituit MOMeHT M,
Bo3pacraeT npakrndecku B 7 800 pa3, a mpH yBENHUYEHUH IIOTHOCTH p_,, cMecH ¢ 800
o 1800 kr/m*® momenT M, Bo3pacTaet B 2,3 pasa. [lepeunclieHHbIE JIEMEHTBI TAKOE e
BIIMSTHHUE OKA3bIBAIOT HA BEIMYMHY CPETHEH OKPYNKHOM CKOPOCTH. I [0CKOIBKY B TIOCEBHBIX
MalllMHaX pajnyc pe3epByapa 3aJ0KeH KOHCTPYKTUBHO M B IPOLIECCE SKCILUTyaTaluH
HE U3MEHsIETCsI, TO Hanboiee 1enecoo0pa3Ho B Ka4eCTBE PETYIMPOBOYHOIO MTapaMeTpa
UCTIONb30BaTh 000POTHI MelIanKu. M3MeHeHne MIIOTHOCTH [TOCEBHOW CMECH ITyTEM yBe-
JIMYEHUS] KOHIIEHTPAIMK CEMSIH WM UCIIOJIb30BAaHUS B Ka4eCTBE HECYyIel cpesibl Kua-
KOCTH ¢ OOJIbIIIEH TUIOTHOCTHIO Oy/IeT MPUBOAUTE K HE3HAUYUTEIILHOMY POCTY KPYTSIIIETO
MOMEHTA, a TaK)Ke MOMEHTa CONPOTUBIICHHUS, UTO He OyJeT OKa3bIBaTh CYNIECTBEHHOTO
BJIMSTHHA Ha TIPOIIECC TOMOTE€HN3AMU TIOCEBHOI CMECH.

MormutHOCTB, HEOOXOMMMAS TSl TEPEMEITUBAHIS TOCEBHOW CMECH, TIPEICTaBIIeHa
CIICIYIONTUM 00pa3oM:

N:COMEI.U x
0,454,4,(418,5107 R, +24,8-10° H>, +3310° R _ 4,~770,1.10° H
(14,046-10°H__ +5510°R )’
73,3107 4, 4,(1,3-10" R, ~216,8-10% H2, +3,4-10° H,_, 4,+828,1-10° 4;)

(14,046 10" H _ +5510°R )’

4,-590,6:10" 4,)

pe3

)
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rae o, =~ — yIJIOBas CKOPOCTh MENIANKH, pan/c; p  — IMIOTHOCTh CMECH,
3. . .
Kr/M’; R — pamuyc pesepByapa, M; H  — BEIMYMHA 3aIOHCHUs Pe3epByapa, M;

4, = 186,808 - 10°HZ, 221,718 10 2 K%, — 62,269 - 10°R _H_:
A3 = pcmwl\iemRsea; A4 = Hpe3 - Rpes; AS = 3Hpes - Rpes; AG = RpesHpe3

M= M 10~ Ma-c / Pas's

conp?

140 +M, (R,.,), n =100 muH', p,, = 1000 kr/m’ /
130 1My, (R,.,). =100 min", p,, = 1000 kg/}/
120 II
110 f
100 | M, (n),R,.,.= 0,2 M, p, = 1000 kr/m" /
% M, (n). R, =02m,p,, = 1000 kg/m’ A
| )
80 / v
/
70 / y
60 ~
[ 2
2 My, (o), Rooy= 02, n = 100 wini'/
40 = %
M, (/)CM/), " (32 m, n= 100 min )’
30 / ——
/
20 —
____--"‘ -~
10 —=
- -
0 0,1 02 03 04 05 Ry.Mm/m
1 i T 1 1 1
0 70 100 130 160 190 », vur'/ min’
T Il T 1 i 1
0 800 1000 1200 1400 1600 p,,, kr/m'/kg/m'

Puc. 15. I'paduk 3aBUCHMOCTHU KPYTSAIIEr0O MOMEHTA MEIIAJKH U 0OILIIETO MOMEHTA
CONPOTHBIICHHUS pe3epByapa uisi (HOPMUPOBAHHS TOCEBHOI CMECH MEKOCEMSIHHBIX KYIBTYP
npu M, =%H . H =3R ,u=1002 10°TIa-c
Fig. 15. Graph of dependence of agitator torque and total torque of the tank resistance
for the formation of the seed mixture of small-seeded crops
atH = %Hpu, Hpc3 = 3Rpc3, 1=1.002-10"TIa-c

Hcmoynuk: cOCTaBICHO aBTOPAMU.
Source: Compiled by the authors.

KonrmenTpanuro cemsiH B HeCyIei cpese B 3aJaHHBI MOMEHT BpeMEHH! Ha (PUKCH-
POBaHHOM TOYKE BBICOTHI Pe3epByapa 3aIuileM Kak:

_(h-o1+2nH,,)’

m < 4D,
clhit)y=—"2__ N e e 4
. Sior\/47 D, t Z *
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3 V., — 2pdexTHBHAS CKOPOCTE M0TOKA, M/C; D\ — 9 deKTHBHEIH

K09(hUIMEHT TypOYyIEHTHOIO IEPEHOCA; v, — CKOPOCTh OCAKIEHHUS (BCILIBITHSA ) CEMSIH
Ha [TOBEPXHOCTH, M/C; /1 — paccMaTpuBaeMasi TOUKa pe3epByapa, M.

I'paduku 3aBucUMOCTH (4) KOHIEHTPALIMK CEMSIH B HeCylLel cpeae npu s = H ot
BPEMEHH UX MPeObIBaHMS B HECYILIIEM MTOTOKE MPH PA3IUYHOM YUCIIE 000OPOTOB MEILIATKI
MIpeJCTaBlIeHbl Ha pUCYHKE 16.

c(h,t) 0.7
0.63
0,56

\
\

0.49 \ \
gl i1 %
|
i

0,42
0,35

0,28 \ \
0,21

0,14 \.\ \ \\\
SOBLS S———

"~y

0 20 40 60 80 100 120 140 160 180 ¢, c/s

c(h, t), n = 60 mua' / min™ c(h, ), n =120 mun" / min™

c(h, t), n = 80 mun~' / min™' c(h, 1), n = 140 mun~' / min™!

c(h, £), n =100 mua~" / min™! ¢, =0,02

Puc. 16. I'paduxu 3aBUCIMOCTH KOHLIEHTPAIIUH CEMSH B HECYIEeH cpene pu & = Hi,,
OT BPEMEHH HX NPEOBIBAHMS B HECYIIEM MOTOKE, MPU Ryes = 0,2 M, Ho . = %3Hpes, Hyes = 3Rpes,
#=1,002-107Ta-c, peex = 120 xr/™*, C,, = 0,02
Fig. 16. Plots of dependence of seed concentration in the carrier medium at 2 = H,, on the time of
their stay in the carrier flow, at Rye, = 0.2 M, Hon = %5Hpes, H,., = 3R

1=1.002-10"Tla-c, p,,, = 120 kr/m*, C,,= 0.02

Hcmounux: coCTaBIEHO aBTOPAMH.

Source: Compiled by the authors.

pe3?

3aBUCUMOCTh paclpeaesieHus] CeMsIH 10 00beMy pe3epByapa HOCUT 3KCIIOHEHIIH-
anpHbIi Xapaktep. [Ipu yBenumuenun 060potoB Memanku ¢ 60 1o 140 Mun ' Bpems Ha
BhIpaBHUBaHKE KOHIICHTpaluu yMenblaetcs ¢ 200 no 10 c. [nst paboTsl ipu 000poTax
Memraiaku oT 60 MuH ' 1 MeHee MoTpedyeTcs 3HAUYUTENLHOE BPEMSI /ISl TOMOT€HHU3AI K
moceBHoi cMecu. Ipu pabore or 100 mo 140 mur' 1 Goree BpeMst I TOMOTE€HHU3a-
MY TIOCEBHON CMECH YMEHBIaeTcs B mpenenax 5—7 ¢. Takum oOpa3om, mpu padote
pesepByapa it JOpMHUPOBAHUS ITOCEBHON CMECH B 3aJJaHHBIX YCIOBHUSAX U ITapaMeTpax
HEOOXOIMMO HCTIONB30BaTh 000poThl Memmanku ot 70 10 130 mun .

[Ipu ruaporioceBe HaOMOASTCSI TOBBIIICHHE YPOXKAIHOCTH 10 CPABHEHUIO C O0BIY-
HBIM pYYHBIM criocoOoM nocesa (tadi. 2, puc. 17).
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Tabnuna 2
Table 2
PesyabTarsl yOOopKH ypoxkast
Harvesting results
Kynsrypa / JleHp m3mepenus / HO;I;’;IH;;I;PII;I}T’(I: g:;aeﬁ%/(: 7TH doto /
Culture Day measurements Yield increase at hydrosceding, % Photo
VYkpor /
Dill >0 27
Merpymixa /
Parsley 7 36
Orypusr /
Cucumbers 91 61
Tomar /
Tomato 104 22
Jlyx /
Onions 140 4l

C 11e7TB10 OTIPEIENICHNS ONTUMAITBHBIX TTAPAMETPOB U PEKUMOB PaOOTHI THAPABINYCCKOH
CesITIKM TIPOBOMIIOCH IJIAHUPOBAHUE DKCIIEPUMEHTA. B KauecTBe MOIETH BBHIOpAITH
MOJIMHOM BTOPOTO Mopsiyika. GakTopsl ObUTH ONpelieNieHbl B PE3yJIbTaTe MPEABaAPUTEIHHO
IMPOBCACHHBIX OI[HO(I)aKTOpHI)IX OIIBITOB, a TAKKC UX q)HKCPIpOBaHHI)IX 3HAUYEHUU U BEI-
OpaKOBKHU HECYIIIECTBEHHBIX (PaKTOpoB (Tadi. 3).

Bbutn BEIOpaHbI CIIEAYIONIME TapaMeTPhl ONTHMHU3AIIMH: [IIar [TOCeBa MO JJTHHE
U IIHPUHE psiaa, K03QGHUIMCHT BapUallny 10 JUTHHE U MIUPHUHE Psiaa.
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Macca, v/ Weight, g

5890
5583
5558
3700 3900
3 263 o5 3100
2357
1980 1465 2300 2200
1387 1077
| [ 0
canar / salad ykpor / dill  merpyruka / parsley orypen / cucumber  Tomar / tomato nyk / onion

=] m2E3
Puc. 17. Macca pacrenuii ¢ ofHOTO psiaa:
1 — rugpoIIOCeB CEMSIH 3aMOYCHHBIX; 2 — THAPOIIOCEB; 3 — IIOCEB BPYYHYIO

Fig. 17. Weight of plants from one row:
1 — hydroseeding of soaked seeds; 2 — hydroseeding; 3 — manual sowing

Hemounux: coCTaBICHO aBTOPaMU.
Source: Compiled by the authors.

[Ipu nmaHUpOBaHUM 3a1aBAJTUCH CIACIYIOIINE YCIOBUS U OTPAHUYCHHUS. YCIIOBUS:
HEOTPHUATENBHOCTE (pakTopos 72, > 0; o > 0; V> 0; kax b1l pakTop NPUHUMAET OTHO
WJIM HECKOJIBKO 3HaYeHut (n = 1...n; 0 = 1...n; V= 1...n); KONMMYECTBEHHOE BHIPAKEHUE
napamerpa ONTHMU3AIMK; Pe3yJIbTaThl UCCIESOBAHUN TOJDKHBI OBITh BOCIPOHM3BOJIHU-
MbIMU. OTpaHUYCHUS: HAJCKHOCTh PE3YIbTATOB OnbITa 0 = 0,95; BeIMYWHA OTKPBITHSI
kpana 0 <a_ <75 %; ommbka & = +38.

Tabnuma 3

Table 3
DakTOphI U UX YPOBHH BAPbHPOBAHMS
Factors and their levels of variation
®DaxTopsl
Yposun / Y4acTOTa BPAICHHS BEJIMYMHA OTKPBITUS | CKOPOCTb JBIIKCHHUS
Levels Mermranku / rotational speed |kpana / valve opening |  cesutku / seeder
of agitator (x,), n,, MUH ' value (x,), a, % speed (x;), V., km/a
Bepxnuii yposens x,= +1/ 130 75 4
Upper level
OcHogrol yposens x, =0/ 100 50 3
Basic level
Hwxuuit yposens x, = 1/ 70 25 2

Lower level

[Tocne maremarndeckoir 06pabOTKK SKCIEPUMEHTAIBHBIX JaHHBIX MBI TTOJYYMIN
YpaBHEHUS pErpeccry JUIs 1ara rnocesa (B HaTypajbHOM BHIE):
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— no OauHe psoa:
Y =20,631-1,69x, +0,82-x,+0,04x, -
—=0,612-x-x,+0,112-x x, + 1,313-x,x,— 1,331-x} + 2,419-x3 + 1,219-x3.  (5)

— KO3 puyuenm sapuayuu no oauHe poa:
Y = 11,162 —4,56-x, — 1,59-x, — 4,68x, +
+4,775x 'x,+ 0,475 x x, +5,725x,x,— 4,063 x} + 8,287 x3 — 1,563-x3.  (6)

— NO wupuHe poa:
Y =20,256 +0,15-x, +0,08x,—0,12-x, +
+1,238:x,x, = 0,038x"x, — 0,187-x,x,—2,756°x{ — 1,906-x3 + 4,594-x3.  (7)

— KO3 puyuenm sapuayuu no wupuHe paoa:
Y =1575-714x —1,74-x,+4,62:x, -
=2,625xx,—4,75x ' x, —2,525-x,x,— 5,15-x} — 6,85:x3 + 10,45-x3. (®)

B kadecTBe npuMepa MokaxeM MOBEPXHOCTh ONITHMAITLHOTO 3HAYCHHS KO PHITHEH-
Ta BapHALlMK 1Uara [0cesa 1o JMHe psiaa (Y, MM) OT 4aCTOThI BPALLCHHS MEIIAJIKH
(n_,MUH ') U BEJMYMHBI OTKPHITHS KpaHa (0, %) MpH CKOPOCTHU IBUKEHHS CEAITKH
V. =3,1 xm/4 (puc. 18).

OnTuManbHbIE TTapaMeTPhl B PEXKUMBI padOThl YHHUBEPCATHEHON THAPOCESIIKU 110
IIary noceBa CJIeayoIie: YacTOTa BpalieH s MEIIaIKH — 92 MUH ', BEJIMYHUHA OTKPBITHS
kpana — 47 %; ckopocTb cesuiku — 3,1 m/c mpu mare nocesa 20,5 Mm.

Puc. 18. IlosepxHocts 3aBucumoctn Y ot n, o npu V, = 3,1 km/4 1 ee ceuenue
Fig. 18. Surface of the dependence of ¥, onn, and o, at ¥/, = 3.1 km/4 and its cross-section

Hcmoynuk: coCTaBICHO aBTOPAMU.
Source: Compiled by the authors.

OnTuManbHBIEe TApaMEeTPBl B PEXKUMBI padOThl YHUBEPCATBHON THAPOCESAIKU 110
K02 PUIMEHTY BapHAIMH IIara IMOCeBa: YaCTOTa BPAIICHUS MK — 87 MuH
BEITMYMHA OTKPHITHS KpaHa — 56 %; CKOpOCTh cesyku — 2,7 M/C Ipu BapHaIiy I1ara
nocesa 15 %.

Oocy:kaeHue U 3aKJII04eHne. ABTOPaMH HACTOSIIIIETO NCCIICOBAHUS MPEII0KEeHa
KOHCTPYKTUBHO-TEXHOJIOTUYECKasl CXeMa YHHUBEPCAILHOMN TUAPABIUYECKON CESITKH, T103-
BOJISOIIAs BEICEBATH PA3IMYHbBIC OBOIIHBIC KYJIBTYPBI C IIPOKIIOHYBIIUMUCS POCTKAMHU
B YCIJIOBHSIX OTKPBITOTO U 3aKPBITOIO TPYHTA.

260 Azpoundicenepus



Vol. 34, no. 2. 2024 ENGINEERING TECHNOLOGIES AND SYSTEMS '

C moMoIbio NPOBEACHUSI TEOPETUIECKUX HUCCIIEAOBAaHNN OBbLIM MOyYeHBI BBIpa-
JKCHUS1, OTIMCBIBAIONINE 3aBUCUMOCTD BEJIMUUHBI CPEJHEN OKPY)KHOM CKOPOCTH TTOTOKA
MOCEBHOI CMECH, a TaK)Ke BEJIMUMHY MOITHOCTH NMpH padoTe pe3epByapa st opMu-
POBaHMSI MOCEBHOM CMECH NIPH Pa3INYHBIX COYCTAHUSIX KOHCTPYKTUBHBIX M PEKHUMHBIX
napameTpoB. B nporiecce paboThl pezepByapa st OpMHUPOBAHHUS IOCEBHOM CMECH TIPH
OZIMHAKOBBIX 000POTaX MEIANKK 1 yBemmaeHus paguyca R ¢ 0,1 10 0,6 M moTpedHas
MOIITHOCTH /N Ha mpuBoj Bo3pactaeT B 7 800 pas.

[TomyueHa aHanUTUYECKasl 3aBUCUMOCTD, OIUCBIBAIOLIAS] BEIMUNHY KOHLIEHTPA-
LIMM CEMSIH B HECYILEH Cpezie B 3a1aHHBIIl MOMEHT BpEeMEHH Ha (PUKCUPOBAHHON TOUKE
BBICOTHI pe3epByapa. B pabote pesepByapa 1 GpopMUpoBaHUs HOCEBHON CMECH MPH
o0bemuol jone cemsn B cmecu C, = 0,02, paguyce pesepsyapa RpeS =0,2 M, BbICOTE
pesepByapa H = 0,6 M, oTpaxaromux neperopofok Beicotort H, = 0,4 M, BI3KOCTH
Hecymeit cpenst 1 = 1,002-107 I1a-c, nnornoctu cemsn p = 120 kr/m’, yBennaenuu
ypuciia 060poroB Memaiku ¢ 70 1o 130 mun ' moTpeOHOE BpeMs ISl JOCTHKECHHS PaB-
HOMEpHOM KOHIIeTpaIy ceMsH yMeHsbIaercs ¢ 64 mo 10 c.

[IpenioxeHHbIE B CTaThe TTAPAMETPhI U PEKUMBI PA0OTHI THIPOCESUIKH JIJIS TOCceBa
OBOIIHBIX KYJIBETYP MOTYT OBITh UCIIOJIB30BaHBI KOHCTPYKTOPCKHMH OPTaHU3AIUSIMH
MIpH pa3pabOTKe CEPUIHHBIX CESITOK.
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Abstract

Introduction. Recently, sandwich-structured composite materials based on honeycomb
core and strong thin shells have become widespread.

However, these materials are characterized by manufacturing and operational flaws such
as “non-gluing” and “delamination” that is the breaking of the bonds between the shell and
the honeycomb core that result in the deterioration in the mechanical, acoustic and thermal
properties of the material.

Aim of the Study. The study is aimed at developing effective methods for detecting flaws
in gluing shell with comb core in honeycomb polymer materials.

Materials and Methods. The article describes a method for detecting these flaws using
scanning thermography with a linear heat source, based on the estimation and subsequent
analysis of the distribution of local temperature field gradients on the product surface.
Results. The experiments were carried out on a model polymer specimen with an embed-
ded artificial flaw; there were shown the main sources of emerging noise, control errors,
and the ways to reduce their influence; a numerical method for assessing the accuracy of
the flaw measurement method was proposed.

Discussion and Conclusion. Tests carried out on a control specimen showed that the pro-
portion of errors in measuring a defect does not exceed 12%.

Keywords: scanning thermography, non-destructive testing, composite materials, honey-
comb core, flaw detection, delamination
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Annomauusn

Bgeoenue. B mocnenHee BpeMs MOMYyUYHIH IIHPOKOE PACIPOCTPAHEHHE CEHABHY-CTPYKTY-
PHUpPOBaHHbBIE KOMITO3UIIMOHHBIE MaTepHalibl HA OCHOBE COTOBBIX 3aIlOJHHUTENCH B TOHKOM,
HO TIpo4HOi obonouke. K coxaleHuro, /Ui TaKMX MaTepruaioB XapakTepHO 00pa3oBaHHE
IPOM3BOJICTBEHHBIX M JKCIUTYaTAl[MOHHBIX JAE(EKTOB THIA «HEMPOKICH» H «OTCIOCHHE»,
3aKITFOYAIOIIHMXCS B HAPYLICHHHN CBS3el MKy OOIIMBKON U COTOBBIM 3allOIHUTEIIEM, [PH-
BOJUILIMX K YXY/IICHHIO MEXaHUUECKUX, aKyCTHYECKUX U TETUIOBBIX CBOIMCTB MaTepHaa.
Lenv uccneoosanus. lenvto crateu siBisieTcs: pa3padorka 3Gp(eKTHBHBIX METOOB 00HA-
pyxeHust 1eGeKTOB KJIEeBOr0 COSANHEHHsI OOIIMBKY C COTOBBIM HAIlOJHUTEIEM CEH/IBHYA.
Mamepuanvt u memoosi. B pabote onmcan crmocod o0HapykeHus Ae()EKTOB IPH MOMOIIN
CKaHUPYIOIeH TepMorpaduu ¢ TMHEHHBIM HCTOYHUKOM TeIUIa, OCHOBAHHBIN Ha BBIYUCIIC-
HHH U TTOCIIEIYIONIEM aHAIIN3E PaCIIPEIC/ICH s JIOKAJIbHBIX IPaNeHTOB TEMIIEPATyPHOTO
TIOJIsl HA TOBEPXHOCTH M3CIHSI.

Pesynvmamor uccnedosanus. TIpoBeeHBI 3KCIIEPUMEHTHI HA MOJICIBHOM ITTOJIUMEPHOM
obpasie C 3aJ0KEHHBIM HCKYCCTBEHHBIM Je()eKTOM, MOKa3aHbl OCHOBHbBIE HCTOYHHKH
BO3HHKAIOIIHUX ITYMOB U OIIMOOK KOHTPOJISL, CIIOCOOBI CHIIKCHHS MX BIMSHUSL, IPEITIOKCH
YHCIICHHBIH CII0CO0 OIIEHKH TOYHOCTH METO/Ia ONpeeieHus qedeKTa.

Obcyarcoenue u saxmoyenue. IIpoBeieHHbBIe HA KOHTPOIEHOM 00pa3Iie NCTIBITAHUS TTOKa-
3aJIM, YTO JIOJISl OIIHOOK MpH ompeaesieHun Aedekra e npepbimaet 12 %.

Knwouesvie cnosa: nappakpacuas repMmorpadusi, HepaspyaroIii KOHTPOIIb, KOMITO3H-
[HOHHBIC MATEPHUAIIbI, COTOBBIH 3AIIOJIHUTEINb, 1e()EKTOCKOIHS, Te(eKT

Kongpnuxkm unmepecog: aBTopsI 3asBISIOT 00 OTCYTCTBUH KOH(IIUKTA HHTEPECOB.

@unancupoganue: VNCCIeAOBaHNE BBHIMOIHEHO 3a CUYeT IpaHTa PoccuiicKoro Hay4HOro
¢donma Ne 20-19-00602 ¢ ucnonbzoannem obopynosanus LIKIT TamboBckoro rocynaper-
BeHHOTO yHHBepcutera nMeHH [. P. [lepkaBuna n LIKIT «PoGoTorexnuka» TamboBckoro
rOCYAapCTBEHHOTO TEXHUYECKOTO YHUBEPCUTETA.
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Introduction. The development of modern technology is impossible without the
introduction of materials that meet the highest requirements for strength, rigidity and
reliability. Such materials include composites with an internal honeycomb core and an
external shell made of a polymer composite material glued to it. Honeycomb structures
can be made from various types of metallic' [1; 2] and non-metallic materials [3], such
as aluminum alloy [5—6], stainless steel [7; 8], Nomex [9; 10], craft paper [11; 12] and
glass fiber [13; 14]. There are widely used honeycomb composites in which the filler
(plastic polymer) is made of aramid paper impregnated with phenolic resins, resulting
in the formation of a honeycomb hexagonal thin-walled structure.

Their superior physical, mechanical and other structural properties such as low density,
corrosion resistance, fire resistance, good thermal insulation and high compressive strength,
and good fatigue strength make aramid paper honeycomb composites the base material to make
details for aerospace, automotive (race car), high-speed railway and shipbuilding industries,
and for the parts of sport equipment and safety helmet. In the aircraft industry, honeycomb
composites are used primarily for floors, doors, flaps, wing fairings, rudders, overhead stor-
age compartments, ceilings, sidewall panels, engine cowlings, spoilers, nacelles and fairings.

However, in manufacturing of the products from these materials and during their
operation, there may be formed such flaws as “non-gluing” and “detachment” that is the
breaking of bonds between the shell and honeycomb. These flaws reduce the strength
and rigidity of materials that increases the risk of destruction of the product during its
operation and makes the procedure for flaw detection of these materials in demand.

Currently, ultrasonic testing is used as the main method for detecting flaws in honey-
comb composites. However, the sandwich structures of these materials are characterized
by rapid attenuation of ultrasonic waves with frequencies above 1 MHz, which signifi-
cantly complicates the use of traditional ultrasonic methods. Therefore, new ones are
being actively developed, including vibrational acoustic-ultrasonic methods operating
at a frequency of less than 100 kHz, and methods based on the use of phased arrays.
In addition to ultrasonic testing methods, X-ray?, impedance methods and classical me-
thods of free vibrations (tapping) [15] are used.

Each of these methods has its own characteristics and it is advisable to use a set of
methods for the reliable flaw detection. For example, to identify subsurface flaws such as
shell “detachment” or “non-gluing”, it is advisable to use active scanning thermography
methods, which have proven themselves to be universal, high-performance, safe, visual
and easy to implement [16; 17]. These methods are based on the use of a heat source
acting on the test object and further dynamic recording of the temperature field of the
product surface. Anomalies in the distribution of the temperature field indicate a viola-
tion of the material structure, including the presence of the above-mentioned defects
in it*. However, honeycomb composites, by definition, are inhomogeneous in structure

! Price T.L., Dalley G., McCullough P.C., Choquette L. Handbook: Manufacturing Advanced Com-
posite Components for Airframes. USA: Federal Aviation Administration, Office of Aviation Research;
1997. 226 p. Available at: https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/ ADA325978.
xhtml (accessed 06.10.2023).

2 ASTM E2662-15. Standard Practice for Radiographic Examination of Flat Panel Composites and
Sandwich Core Materials Used in Aerospace Applications. Book of Standards Volume: 03.04. 2015 June 1.
6 p. https://doi.org/10.1520/E2662-15

3 Golovin D.Yu., Tyurin A.I., Samodurov A.A., Divin A.G., Golovin Yu.I. [Dynamic Thermographic Me-
thods of Non-Destructive Express Control]. Moscow: Technosphera; 2019. 214 p. (In Russ.) EDN: NATTIX
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and therefore the temperature field on their surface during active thermal control is also
inhomogeneous. For this reason, it is necessary to develop more complex mathematical
models, methods and algorithms that make it possible to reliably identify such flaws as
“non-gluing” or “detachment” using primary data obtained in the experiment.

Literature Review. The active thermography method can be applied to a greater
class of materials than many other traditional quality control methods, such as radiation
testing, ultrasonic testing, eddy current testing, capillary testing, etc. [18—20]. It can be
applied to both metals and non-metals containing subsurface flaws such as cracks, fo-
reign inclusions, peeling, delamination, etc.

Due to the advantage of inspecting a large area in one test, the infrared thermog-
raphy is widely used for non-destructive testing of detachment flaws in honeycomb
composites. Various sources of thermal excitation can be used depending on the types
of flaws and types of materials. In solid polymer composite materials, the ultrasonic
infrared thermography can be used [7], which makes it possible to determine the cha-
racteristics of small flaws, “closed” flaws, etc. [21]. To identify these flaws, the method
of electric force thermography is also used [22]. The microwave thermography [8] has
a good thermal effect on ceramic and wooden products. The eddy current thermography
is used for metal products. Compared with other thermal excitation methods, the optical
excitation is the simplest and most practical one. IR pulse thermography is a universal
method for detecting flaws [10—12]; however, it should be taken into account that when
the heat source (for example, a quartz lamp) is turned off, the inevitable effects of infrared
afterglow will influence the experimental results [11].

Depending on the geometric shape of the thermal influence zone of the test object,
one can distinguish:

— point-scanning, when the heating of an object is limited to a circle-shaped area
of a known diameter with uniform surface rating and simultaneous moving along the
object surface at a given speed and along a given trajectory [23];

— linear scanning, which is heating an object along a segment of a given length during
the object movement perpendicular to this segment at a given speed [24];

— continuous heating, when a large area of the test object is exposed to heat that
ensures rapid testing.

The disadvantage of continuous heating is that it is difficult to ensure uniform hea-
ting all over the surface of the test object, especially if the latter has a curved surface.
Spot heating with a laser makes it possible to examine the product curved surface, but
the performance of this method leaves much to be desired.

A compromise is the linear scanning method, which provides high performance and
enables to examine surfaces with one-dimensional curvature. However, for honeycomb
composites, the development of algorithms for identifying defective regions with shell
delamination remains relevant.

Materials and Methods. For the experiments, a rectangular specimen with dimen-
sions of (102x102x12) mm was used. The specimen imitated a fragment of a honeycomb
panel and consisted of two parts: a polymer honeycomb core and a shell glued to it.
The honeycomb core was made by photopolymer 3D printing from the photopolymer
Anycubic 3D Printing UV Sensitive Resin Basic produced by Shenzhen Anycubic
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Technology Co., Ltd (Shenzhen, China). The 3D printer Saturn 2, manufactured by
Elegoo (Shenzhen, China), was used to print. This printer is equipped with an 8K UV
display, which allows printing with a horizontal resolution of 28.5 microns. Vertical
resolution was 1.25 microns.

The honeycomb core is a honeycomb structure with through hexagonal cells located
periodically. The dimensions of the area with cells were (100x100) mm, along the perimeter
of the area with cells there was a rim of 1 mm thick. The height of the filler was 10 mm.
The distance between the parallel walls of one honeycomb was 4.8 mm, the wall thick-
ness was 0.2 mm. To simulate a delamination defect a rectangular recess with a size of
(20.2%20.2) mm and a depth of 0.25 mm was made in the array of honeycomb filler cells.
The indentation was built into the digital model before printing and was completed by the
printer. The depth was checked using a Veeco NT 9080 profilometer and was 0.259 mm.

A fragment of fiberglass STEF GOST 12652—74 with a thickness of 0.5 mm and
dimensions of (102x102) mm was used as a shell. To increase the absorption and emis-
sion coefficients of the specimen surface and prevent it from being heated in depth by
radiation, its surface was painted with the matte black paint “Monarca 21200 Black”
sprayed from a spray can. The thickness of the paint layer was less than 0.02 mm.

To record thermal films, there was developed an installation consisting of a three-
coordinate portal-type base from a MP7 milling machine with numerical control manu-
factured by Purelogic (Russia, Voronezh). A heater was attached to the machine portal.
At the end of the machine table, there was a support for mounting an infrared (IR) camera
(hereinafter referred to as a thermal imager), which allows recording the dynamics of
changes in the temperature field.

The heater was made of the Thermika 1000 W 235 V 355/272 mm SK15 reflector IR
lamp placed in the reflector housing. The lamp power consumption was 1 kW. The glass
bulb of the lamp had the shape of a cylinder with a diameter of 11 mm with an emitting
spiral length of 272 mm. The total length of the lamp was 355 mm. The reflector housing
was made of a piece of aluminum profile — a rectangular pipe measuring 40x20 mm, with
a wall thickness of 1 mm, and a length of 355 mm corresponding to the overall length
of the IR lamp. The housing had a 6 mm wide slot along its entire length. The housing
was designed to distribute IR radiation from the lamp along the heating spot, which was
a line located perpendicular to the direction of movement during scanning, provided for
by the concept of active scanning thermography with a linear source.

For the installation there was used a COX CG640-G20 thermal imager manufactured
by COX (South Korea, Seoul). The thermal imager used a ULIS detector — an uncooled
microbolometer matrix with a resolution of (640x480) pixels. The temperature sensitiv-
ity of the detector was below 50 mK, the perceived wavelength range of IR radiation
was (8...14) microns.

When recording thermal films, the specimen was placed on the installation table. The
distance from the heater housing to the specimen surface was 20 mm. The portal with
a fixed heater moved relative to the specimen at a speed of 20 mm/s, ensuring heating
of the specimen surface to no more than 80 °C. The thermal imager remained motion-
less. As a result, the records of sequences of thermograms with time stamps, hereinafter
referred to as “thermal films”, were obtained. To work with recorded thermal films, we
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used original software “Thermal Film Analyzer CRD” and several auxiliary utilities for
working with data uploaded using the above application and other auxiliary functions.
The developed software was written in the Processing language.

Results. For thermographic methods, the flaw is local heterogeneity of thermal
physical characteristics. In the case of a honeycomb material, considering a flaw as
inhomogeneity is complicated by the inhomogeneous structure of the material itself. In
addition, the honeycombs have slightly different sizes and shapes, and therefore the heat
removal from the heated surface layer may be uneven and irregular, and much lower
than for a solid material. This is due to the fact that the entire volume of the material
participates in heat removal from a solid specimen, whereas in the case of a material
with a honeycomb core, heat is removed into the material mainly by thin honeycomb
walls made of polymer and having low thermal conductivity. Figure 1 shows a fragment
of a thermogram of a defect free region of a honeycomb composite material.
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Fig. 1. Thermogram of a composite material section with honeycomb core. “Honeycombs” are clearly
visible, appearing due to heat leakage along the walls of the honeycomb deep into the filler

Source: Hereinafter in this article all figures were drawn up by the authors.

During the cooling of the shell in the areas above the honeycomb walls, the tempera-
ture at the beginning of the cooling process decreased faster than above the honeycomb
centers that leads to the occurrence of a thermal pattern on its surface, reflecting the
structure of the honeycomb filler. After some time, the temperature equalized and the
honeycombs became invisible again.

The presence of a cell wall in contact with the housing manifested itself in the oc-
currence of a local temperature minimum. The “detachment” flaw is characterized by
poorer (or even absent) contact between the honeycomb walls and the shell. Hence,
the task of detecting a flaw can be considered as the task of searching for honeycombs
under the top layer of material. Thus, when a flaw became visible, the development of
a numerical criterion for its detection was reduced to the problem of feature engineering.
Due to heat leakage into the walls of the honeycomb, there were lateral heat flows on the
surface of the material, the magnitude of which at a point corresponds to the magnitude
of the gradient. Accordingly, the temperature gradient on the surface in the defect free
area should be higher than in the area over delamination.

To verify this assumption, there was selected a thermal film frame immediately fol-
lowing after the heater output of the flaw area. Using specialized software, the gradient
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values in the frame were calculated. The gradient for each point was calculated on
a circular area with a radius of 6 pixels. This radius was chosen so that the gradient
calculation area corresponded to the size of the area of monotonic temperature change,
which made it possible to estimate the temperature gradient created by heat leakage into
the nearest wall. Since the gradient was proportional to this leakage, and the amount of
leakage depended on the flaw presence, the gradient can be used to determine flaw in
the area of a selected point. In this case, gradients along the x and y axes were calculated
as the coefficient of linear regression of temperature on the corresponding coordinate.
This approach suppresses the noise, since each coefficient results from processing many
pixels. Using the linear regression coefficients of temperature from x and y, the gradi-
ent magnitude and its direction (i.e., the polar coordinates of the gradient vector) were
calculated. Figure 2 shows the obtained results.
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Fig. 2. Distribution of gradients in the defective area and its surroundings:
a) in rectangular coordinates, the red component is x, the green component is y; b) in polar coordinates,
color saturation is the value, color tone is the direction; the defective area is shown by a dotted square

The above images clearly show that the magnitude of both the gradient components
along two axes and the length of the gradient vector in the defective area were on ave-
rage lower than in the defect free area. To numerically evaluate this effect on a selected
fragment of a thermal film frame, a line was selected that was close to the centers of
the cells (Fig. 3).
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The defective area is shown by a dotted square; the selected section is shown by a line

The gradient was calculated in a sliding window 13 pixels wide, which corresponded
to the length of the section of monotonic temperature change associated with heat leakage
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into the cell walls. The temperature on the line and the temperature gradient along it
are shown in Figure 4.

——Temperature ----Boundaries of the defective area ——Temperature gradient

61 4

Temperature at a point on the line, °C
Gradient value, K/mm

cc
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-25 -20 -15 -10 -5 0 5 10 15 20
Distance from the center of the defect, mm

Fig. 4. Values of temperature on the selected line and temperature gradient
on the selected line along it

The average amplitude of the gradient in the defect free area was 1.91 K/mm, in
the defective area it was 0.47 K/mm, which was 4.01 times lower. This amplitude
discrepancy made it possible to use the temperature gradient as a criterion for flaw
identification. Since the reason for the difference in gradients in the defective and
defect free areas was different heat leakage into the walls of the honeycomb, the
gradient should be calculated in a area that coincides in size with the value of the
monotonic dependence of temperature on the coordinate. This size was the distance
from the wall to the center of the cell, i.e., half the center-to-center distance of cells
having a common wall. However, the value of the gradient was not constant: for
points corresponding to the center of the cell or the middle of the wall, the gradient
took a near-zero value, i.e., in terms of the gradient value at these points, the defective
and flawless areas were indistinguishable. The discrimination problem can be solved
by comparing the gradient values at points between the center and the wall, but this
required an additional algorithm for searching and identifying cells. Therefore, it was
advisable to introduce such an informative parameter by which one can judge the
presence or absence of a flaw at each point of the observed surface, without reference
to the elements of the honeycomb structure. One of the ways to do this is to use the
sliding average of the absolute value of the gradient as an informative parameter for
the presence or absence of a flaw at a point. As a sample implementation, a moving
average of the gradient was calculated on the data shown in Figure 4 in the window
which width was equal to the center-to-center distance of the cells. The distribution
graph of the obtained parameter value is shown in Figure 5.
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Fig. 5. Distribution of an informative parameter over a selected segment

The graph (Fig. 5) clearly shows that the selected informative parameter had a lower
value in the defective area. However, the choice of a specific threshold value that would
allow reliable defect detection was impossible without additional processing. Therefore,
it was necessary to calculate the gradient value over a larger number of pixels and take
measures to reduce the noise inherent to the method.

A way to use more pixels was the calculation of the gradient not along the section line,
but around the area. However, if the gradient was not calculated on a line perpendicular
to the walls, the gradient component in one direction was not sufficient. Therefore, the
vector length for the neighborhood of each point was calculated. A visualization of the
result is shown in Figure 6.

Igrad(t)], Kipix
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Fig. 6. Calculation of the absolute value of the gradient in the defective area and its surroundings
at different times after heating: a) 0s; b) 1 s;¢)2s;d)3s;e)45s;f)5s;2)6s;h)7s
The informative parameter had a lower value in the defective area, however, de-
veloping a threshold value that allowed, without additional processing, separating the
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defective and defect free areas with satisfactory accuracy was impossible, because the
defective and defect free areas had too large portions of the areas in which the value of the
selected informative parameter was similar. When developing a criterion, it was necessary
to reduce the probability of errors of the first and second types as much as possible (Table).

Table
Errors of the first and second type in defect detection
Area ‘ Flaw found ‘ No flaw found
Defect free Error of the first type Correct operation
(a error, false positive conclusion)
Defective Correct operation Error of the second type

(p error. false negative conclusion)

Source: Complited by the authors.

To reduce the likelihood of such errors, the minimum average risk criterion (Bayes
criterion) was chosen. When applying the Bayes criterion, there must be some parameter
indicating whether a point belongs to a defective or defect free area, a threshold value
of this parameter and the area under the probability density curves of this parameter for
the defective and defect free area.

To estimate the change of thermal flow in defect area the simplest informative pa-
rameter, calculated as a moving average of the absolute value of the surface temperature
gradient can be used.
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Time after heating of the area, s

Fig. 7. Sum of Type I and Type II errors probabilities as a function
of time after the passage of the heater through the section

As can be seen from the Figure 7, the minimum error value corresponded to the
moment immediately after the lamp passes through and was about 38%. This value was
quite large that brought the method closer in reliability to random guessing, and therefore
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it was necessary to improve the method to reduce the proportion of errors. The distribu-
tion curves of the gradient value at the moment of the greatest difference (immediately
after the passage of the heater) overlapped significantly (Fig. 8).
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Fig. 8. Weight distribution functions of the gradient modulus

Probability density for the value of the modulus of the
temperature gradient in the vicinity

Since the pattern of spatial distribution of the gradient modulus repeats the honeycomb
structure, it is proposed to use a moving average taken over a circular area, the size of which
corresponds to the minimum repeating pattern of the honeycomb structure, as an informative
parameter. Such averaging should lead to a decrease in parameter oscillations with a period
corresponding to the cell size. The result of this transformation is shown below in Figure 9.
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Fig. 9. For each fragment is counted from the moment of complete passage
of the heater over the observed region at different times after heating:
a)0s;b)1s;¢c)2s;d)3s;e)4s;f)5s;8)6s;h)7s
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The change in the sum of type [ and type Il errors for the method is shown in Figure 10.

Averaging the result on an area improved the result significantly; the minimum er-
ror became 11.8%. The distribution of gradient modules in the defective and defect free
areas at the moment of the smallest error and visualization of the gradient distribution
for this moment are shown in Figure 11.
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Fig. 10. Error proportion before and after improving the method by introducing averaging

0.05

—Defect free area

—Defective area

e

[}

S
1

0.03

0.02

0.01

temperature gradient in the vicinity

0 0.05 0.1 0.15 0.2 0.25 0.3

Probability density for the value of the modulus of the

The value of the gradient in the vicinity of the point, K/pix

Fig. 11. Distribution of the values of the informative parameter of the improved method
in the defective region and its surroundings

276 TIpuboper u Memoodbl IKChepUMEeHMANbHOU PUIUKU



Vol. 34, no. 2. 2024 ENGINEERING TECHNOLOGIES AND SYSTEMS

Discussion and Conclusion. The article discusses a method for identifying flaws in
honeycomb polymer composite materials, based on calculating the gradient as an indica-
tor that most closely corresponds to the physical meaning of the difference between heat
transfer processes in defective and defect free areas. For the method, possible sources of
errors were identified, and methods for compensating them were proposed. As a result
of applying an improved version of the developed method, it was possible to classify
defective and defect free areas with an error rate of no more than 12%. The method used
traditional image processing methods applied in technical vision. This distinguishes
the developed method from some of the known ones that use artificial neural networks
detect and indentify defects.

The results obtained can be used to create automated systems for identifying flaws
in honeycomb polymer materials.
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Annomauusn

Bseoenue. Vicnonb3oBaHUe ONTHYECKOTO MOHUTOPHHTA KAa4eCTBA 3¢PHA ITO3BOJIUT 3HAUH-
TEeJIbHO CHU3UTB TTOTEPH ypOrkasl 3€PHOBBIX, BEI3BAHHBIE 3aPaKEHUEM MUKOIIATOTEHAMHU.
Llenv uccnedosanus. VI3ydenue 3aBUCUMOCTH CHEKTPAIBHBIX XapAaKTEPHCTHK, IapaMeT-
POB BO30Y>KIEHUS U JIIOMUHECHEHIIMN CEMSH 3€pHOBBIX MPU 3apa’keHUH MUKOTIATOTeHa-
MH C IEJBI0 ONpeeIeHHs] HHPOPMATUBHEIX CIIEKTPAIBHBIX ANANa30HOB U MOCIIETYIOMeH
pa3pabOTKKU METOJMKN KOHTPOJIS 3apaKEHHOCTH.

Mamepuanet u memoOut. 171 BcciieJOBaHUS ObLIH HCHOJIB30BaHBl HHOKYJIUPOBAHHBIE Ce-
MEHa IIEHUIIbI U SIMeHs psjaa Fusarium graminearum n Alternaria alternata. CieKTpel
BO30YK/ICHUSI U PETHCTPALUH JIIOMUHECHECHIINN H3MEPSUINCH C IMTOMOIIBIO IH(PAKIIMOH-
Horo criekrpoduryopumerpa CM 2203 B muanazone 230—-600 um. MHTErpanbHble U cTaTu-
CTHYECKHE ITapaMeTpPhI CIIEKTPOB BEMHUCIISUIUCE B IporpamMme Microcal Origin.
Pezynemamul uccnedosanus. Yaanoch BBISICHUTB, UTO MPU 3apakK€HUH MHUKOIATOT€HAMU
YMEHBIIACTCS] CHEKTPAIbHAS TTOIIOMaTeIbHasT CIIOCOOHOCTE CeMsH. [JIs MIIeHUIBI UH-
TerpaibHble MapaMeTphl TOIIOIIEHHUS CYIECTBEHHO CHIDKAIOTCA TPU 3apaKeHHU ajlb-
TepHapuei. B ciydae ¢ ssameneM, Ha000poT, OobIee CHIKEHHE TIPOMCXOIUT MPH 3apa-
xeHnu ¢Qysapuosom. B obmactu 230-310 HM y 3apakeHHBIX CEMSIH IOSBISIFOTCSI HOBBIC
MaKCHMYMBI BO30yXaeHus. [Ipn Bo30yXaeHHN H3TydeHNeM C JUTHHON BOJHEI A = 284 HM
CIEKTpallbHbIE ¥ HHTETPAIbHbIE XapAKTEPUCTUKHU U TTapaMeTPhl 3apa)KEHHBIX CEMSH Ipe-
BBIIAIOT AHAJIOTHYHbIE IS He3apakeHHBIX. [Ipm Bo3OyxaeHmn msmydeHueMm 424 HM
1 485 HM KOJIMYECTBO 3/I0POBBIX CEMSH MIIEHHUIIBI U SUMEHs MPEBBILIAET KOIUUECTBO 3a-
paKEHHBIX.

Obcyscoenue u 3axatouenue. ViameHeHHs B CIEKTpax Bo30yXIeHUS U (POTOMIOMUHECLICH-
IIUM MOTYT OBITH OOBSICHEHBI 3aMEIIEHIEM IONNCAXapUI0B U OEJIKOB IIPH ITOIIOICHUH
U MOIU(HUKALUKM MUKOKYIIBTYD. J[J1s1 0OBEKTHBHOIO KOHTPOJIS 3apayKeHUS CeMSH MUKOIIa-
TOTEHAMH IIEJIECO00Pa3HO HCIIONB30BaTh AHana3oH (oromoMmuaecneHnnu 290-310 am
py BO3OYKICHUH U3ITy4eHHEM OKoiIo 284 HM. [l pa3nudenus 3apakeHus Qy3apuo3om
U aJIETEPHAPHO30M CIIEyeT UCITIONb30BaTh KOHTPOIb (DOTOIIOMHUHECIICHIINY B HAIa30He
380410 um.

© Bensikos M. B., Mocrosckuii M. H., E¢ppemenkos U. FO., Hosukos B. C., Kysneyos C. M.,
Boiiko A. A., Muxaiiiuuenxo C. M., 2024
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Knrouegnle cnoea: cevena, MUKOIIATOT€Hbl, ONTHYECKHE CIIEKTPBI, (JOTOIFOMHHECLICHLINS,
anpTepHapuo3, hy3apuos, Fusarium graminearum, Alternaria alternata

Kongpnuxkm unmepecog: aBTopbI 3asBISIIOT 00 OTCYTCTBUH KOH(IUKTA HHTEPECOB.

bnazooapnocmu: aBTOpH! BBIpAXKAIOT ONArOJApHOCTH PELEH3EHTAM, Ubs KPUTHYECKas
OLIEHKA IPECTABICHHBIX MAaTEPHAJIOB U BbICKA3aHHBIC NPEUIOKEHUS 110 UX COBEPLICH-
CTBOBAHMIO CIIOCOOCTBOBAIN 3HAYUTEIFHOMY TOBBIIICHUIO KadeCTBA HACTOSIIEH CTAThH.

Jna yumuposanusn: Ontndeckne (OTONIOMHHECICHTHBIE CBOMCTBA CEMSH pacTe-
HUH 1py 3apaxkeHuH mukonartorenamu / M. B. BemsixoB [u ap.] // UnxenepHble Tex-
Honoruu U cuctembl. 2024. T. 34, Ne 2. C. 281-294. https://doi.org/10.15507/2658-
4123.034.202402.281-294
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Abstract

Introduction. Using digital technologies such as optical monitoring of grain quality will
reduce losses of grain crops caused by infection with mycopathogens.

Aim of the Study. The study is aimed at investigating spectral characteristics, excitation
parameters and luminescence of cereal seeds when infected with mycopathogens to de-
termine informative spectral ranges and subsequent development of infection control me-
thods.

Materials and Methods. In the study, there were used wheat and barley seeds inoculated
with Fusarium graminearum, Alternaria alternata. Excitation and luminescence registra-
tion spectra were measured by a diffraction spectrofluorimeter CM 2203 in the range of
230-600 nm. Integral and statistical parameters of spectra were calculated with the use of
Microcal Origin program.

Results. It was found that the spectral absorbency of seeds decreases when infected with
mycopathogens. For wheat, the integral absorption parameters decrease more significantly
when infected with alternaria, and for barley, on the contrary, a greater decrease occurs
when infected with fusarium. In the area of 230-310 nm, new excitation maxima appear
in infected seeds. When excited by radiation with a wavelength of 4 =284 nm, the spectral
and integral characteristics and parameters of infected seeds exceed those for uninfected
ones. When excited with 424 nm and 485 nm radiation, the number of disease-free seeds
of both wheat and barley exceeds the number of infected seeds.

Discussion and Conclusion. The changes in excitation and photoluminescence spectra can
be explained by the substitution of polysaccharides and proteins during mycoculture up-
take and modification. To objectively monitor the mycopathogen infestation of seeds, it is
advisable to use a photoluminescence range of 290-310 nm when excited by radiation of
about 284 nm. To determine if the infection caused with fusarium or alternariasis, photo-
luminescence monitoring should be used in the range of 380-410 nm.
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Beenenue. [loBrIIeHNs NPOU3BOAUTEIBHOCTH TPYAa B CEIBLCKOM XO3SMCTBE,
CHID)KCHUS SHEPIeTUUYECKUX U MaTepHAJIbHBIX 3aTpPaT, 00eCIeUeHHs IKOJIOTHIECKOI
0€30MacCHOCTH BO3MOKHO 1OOUTHCS ITyTEM CO3JaHMs U BHEAPEHHUS CPEIICTB ABTOMATH-
3auuu, podoTH3auy U UUPPOBBIX TexHOonorui [1]. OMHUM U3 OCHOBHBIX (PAKTOPOB,
BIUSIIOIIMX Ha MOTEPU YPOKasl 3€PHOBBIX KYJIBTYD, SBISIOTCSI OONE3HN pPacTCHUH.
Exerogno Bo BceM Mupe Tepsiercst 15-50 % 3epHOBBIX U3-3a 3apak€HUsT MUKOIATO-
reHamu. Kpome Toro, 25 % cenbCcKoX03sHCTBEHHBIX KYIbTYp, UCIIOIb3YEMbIX B MTUIILY
JIIOJIbMH M )KUBOTHBIMH, 3apakeHbl MUKOTOKCHHaMU [2]. [ToaToMy HEoOXoauMBI Oosee
3¢ (deKTUBHBIC U YCTONUNBBIC TEXHOIOTHHU ISl TyYIIEr0 KOHTPOJISI COCTOSIHHS Cellb-
CKOXO3SIICTBEHHBIX KYJIBTYD.

Dy3apro3Hast THWIIb, BBI3bIBaEMasi TPUOKOBBIM MTATOT€HOM poia Fusarium, — XpoHH4e-
CKO€ 3a00JI€BaHNE 36PHOBBIX BO MHOTHX pETHOHAaxX 3emienenus. Cpeau 3epHOBBIX KyJIBTYD
MSTKasi ¥ TBepJas MIIeHULA BOCIPUUMYNBLI K BULY Fusarium pseudograminearum.
Slumenb curTaeTcst 6osiee TOJIEPAHTHOM KyJIbTYpOH M JEMOHCTPUPYET OrpaHNYCHHbIC
MOTEPH yposKas NpH 3apaxkeHuu. Fusarium pseudograminearum TaxXe MOXET HH-
¢unMpoBaTh OBEC, YTO NPUBOIUT JIMIIL K HE3HAYUTEIHLHOMY Pa3BUTHIO CUMIITOMOB
3a00J1eBaHMsI WIIM UX OTCYTCTBHIO.

[omyuyeHue YMCTHIX CHEKTPOB CUMIITOMOB O0JI€3HEH pacTeHUI HMEET BaKHOE 3HAYE-
HUE /71 OBBIIIEHHSI HA/IS)KHOCTH METO/IOB UX 3alUTHI. XapaKTepUCTUKU U TapaMeTphbl
(OTONMIOMUHECIICHIINH, TTOTYYCHHBIE U3 YUCTHIX CIIEKTPOB, MOYKHO MCIIONIb30BATh B Ka-
YeCTBE IEHHBIX 00yYarOIUX JIAHHBIX ISl pa3pa0O0TKH aIrOPUTMOB, IPEIHA3HAYCHHBIX
JUTsl OOHApY)KeHUs O0JIC3HEH PACTEHUI ONTHYECKUMHU METOIaMHU.

Lenp nccnenoBanys 3aKII0YAETCS B U3yUYEHUH 3aBUCUMOCTH CIIEKTPATIHHBIX XapaK-
TEPUCTHK, TapaMeTPOB BO30YXKIEHHS M TFOMUHECIICHIIMY CEMSH MIICHULbI U STUMEHS
IpU 3apa’KeHUU MUKOIaToreHaMmu Fusarium graminearum u Alternaria alternata nis
orpeieNieHust MTHPOPMATHBHBIX CIIEKTPaIbHBIX THANIa30HOB 1 MOCIEAYIOLIEH pa3paboTKH
METOAUKH KOHTPOJIS 3apaKEHHOCTH.

O030p JuTeparypbl. B HacTosiiee Bpemst Al JUarHOCTUKH MOIMYISALUU TPUOOB
pona Fusarium pa3paboTaH KolmudecTBeHHbIN aHaiau3 MetonoM [11P ¢ ncnonb3oBanu-
eM 30H70B [3]. Taxke UMeIoTCs JTaHHbIE O IPUMEHEHUH METO/1a aHAIM3a MEXKI0y3/IHH,
BBITIOJIHSAEMOTO C MCIIOJIb30BAaHUEM MHTAKTHBIX LBETYIIUX PACTEHUI MIIEHULBI, IS
TOYHOU WACHTH(UKALINY TIPOLiecca MHPUIUPOBAHMS TKaHEH MIICHUIIBI MUKOIIATOI€HOM
Fusarium graminearum [4]. B Tom uncie uccnenoBana KUAKOCTHAS XpoMarorpadust
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(rubpugHas Macc-CleKTPOMETPHS) AJsl MIUPOKOTO aHali3a METa0ONNIECKUX MPOoQu-
Jeit U ueHTHPUKAIUU METaOOINTOB COMPOTHBIICHUS! CBA3aHHOTO Fusarium xomoca
stameHst [S]. [ucTonaronornyeckyro oueHKy HH(EKIUKU BO3OYIUTeNIeM THUIH Fusarium
pseudograminearum B TKaHSX IPOPOCTKOB MIIEHUIIBI MOXKHO TIPOBOANTH U C TIOMOIIBIO
(I1yOpecCLeHTHOM MUKPOCKOHH [6].

BhIsIBIICHO CTIeKTpanbHOE Pa3THUCHUE CUMIITOMOB JIUCTOBOM PXKaBUHHBI, BBI3bIBAC-
MBIX ABYMSI 0COOBIMU popMaMu TpruOOB. Puccinia recondite f. sp. tritici — Ha TITIICHUTIE
u Puccinia recondita f. sp. recondite — Ha nucTOBOH denrye p>ku. CreKTpaIbHbIe
nU3MepeHust npoBoauiauck Ha cnekrpoMerpe FieldSpec 3 B nuamasone niuH BOJIH
350-2500 um [7].

HccnenoBanus 3apyOeKHBIX aBTOPOB IMOKA3aJIM, YTO IECTPOTA, MUTMEHTHBII COCTAB
WM CBETOOTPAKAIOIIME CBOMCTBA M3MEHSIOT (POTOPHU3NIECKOE TTOBEICHHUE JINCTHEB [§].
Jnst pacuera k03 GULMEHTOB MOTIOMIECHHS U PACCESHHS UMU OBLTH TOTYYEHBI CIIEKTPBI
oTpakeHus 1 nponyckanus B YO-puaumoit n onmmxaeit MK-obnactu.

[IIupokuil UHTEpPEC Il COBPEMEHHOM HAayKHU MPEACTABIISIET TUIEPCIEKTPAIbHas
Busyasin3anus. OHa BO3HUKIIA M3 JUCTAHIIMOHHOTO 30HAUPOBAaHUS U O0BEIUHSICT 00-
JIACTU MAITUHHOTO 3PEHHS M TOUYCUHOU CIIEKTPOCKOINH, 00eCIeunBasi PEBOCXOIHYIO
CerMeHTaInIo0 U300pakeHus s ooHapyxkeHus nedexron [9—-11]. bnaromaps goctu-
KEHUSIM B 00J1acTH 000PYJOBaHMS 1 aHAIN3A JAHHBIX 3a [IOCIIEIHUE [BA NECITUIETHS
TEXHOJIOTHSI TUIIEPCIIEKTPAIbHOM BU3yall3alluy IPEBPaTUIIaCh B MOLIHbIA HHCTPYMEHT
Hepaszpylaroumero Koutposs [12—15].

K HacrosimeMy BpeMEHH HEAOCTATOYHO M3Yy4eH MOTEHUHal (OTOJIOMUHEC-
LEHTHBIX METOAOB IMAarHOCTHKH 3a00JIeBaHUN pacTeHUH Ppy3apno3oM B ynbTpadu-
OJIETOBOM M BUJUMOM Juana3zoHax. Tax, Ais CIEKTPOCKOMMYECKOTO UCCIICIOBAHMS
E-Z ¢poronzomepuzannm HOBOTO HUPETPEHUITALMIATHIPA30HA CIIEKTPBHI MOTIOLICHUS
B yIBTPa(UOIETOBOM JHAaNa30He PErHCTPUPOBAIKNCH HA IUOTHOM CIIEKTpOo(OoTOMETpe
Agilent Cary 8454 B nuamnazone 250—-600 am. CrieKTpbl U3JIydeHHS ObUIH U3MEpe-
HBI Ha criekTpodoromerpe Horiba Jobin Yvon FluoroMax-4 [16]. Mcnionb3oBanuch
METO/BI ONTUYECKOTO MOTIIOMECHHS U (IYyOpPECIEHIINH, YTOOBI C/IeNIaTh BBHIBOJIbI
0 ToM, Kak aprenuuinH C Opa3uiIbCKOTO 3€JIEHOTO MPOTOINCa B3aUMOIEHCTBYET
¢ am¢pupuiabHbIMU arperaraMu. CIeKTpbl ONTHYECKOTO IOIIOMEHUS NPEACTABIISIN
COCTOSIHUE IPOTOHUPOBAHUS, IPOJUKTOBAaHHOE JIOKAJIbHBIM pH Ha moBepXHOCTH
MHUIIEJT U JUMUIHBIX TY3bIPbKOB [17].

Takoke nccienosarenu, npuMensist pH-3aBucumyto Y®O-BUINMYIO CLIEKTPOCKOITUIO
1 MOJECIMPOBAHHUE CIEKTPAILHOIO PA3JIOKEHUS, H3yUYalOT B3aUMOJICHCTBUE MEXY
COCEIHUMHU aMUHOKHCIIOTaMHU M OMJIMHOM B ceMeicTBe GUToXpoMoB [ 18]. diyopome-
TPUUYECKUH METOJ IMO3BOJISIET OLIEHUBATH KOHLEHTPALMIO XJIopoduiia a, BHOCUMOTO
OT/EJIHBIMHU IPYIIIaMH BOJOPOCIEH B peallbHOM 00paslie, MyTeM MOJATOHKH €T0 CIIEKTpa
B030ykIeHMs (PIIyopeceHIInH K IMHEHHOH KOMOWHAIIMY HOPMAJIbHBIX CIIEKTPOB COOT-
BETCTBYIOIUIHMX TPyl Bogopocieii [19]. B Tom uncne nomydeHs! none3Hble JaHHbIe 1S
ONITUMH3AIINH TTOCICYOOPOUHBIX (DOTOXMMHUYECKUX IMPOTOKOJIOB ¢ IOMOIIBIO HEpaspy-
IAIOIIETO ONTHYecKoro narauka [20].

Jl1s1 OLICHKH PacTUTEIbHBIX KOPMOB IPUMEHSIOTCS [IEPEHOCHBIE ONITHYECKUE TIPH-
Oopsr [21-23].
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Takum 06pa3om, (HOTOIIOMHUHECHEHTHBI METOA, HAPAAY C ONTHYECKUM, aKTHBHO
HPUMEHSIETCS TSl HCCIIEIOBAHMSI OMOJIOrNYeCKUX 00BbEKTOB M MOXKET OBITh HCIONB30BaH
JUTSL TUarHOCTHUKH 3apakKeHUsl CEMSTH MUKOIIaTOTeHAMU.

MarepuaJibl 1 MeToABI. []Jis U3MepeHHi aBTOpaMu ObLITH B3SITHI 00pa3Iibl MIICHHI[BI
«rumupsazeBckag 150» u sumens «6oratsipby. [Iporece 3apaxenus ceMsH MUKOIIaTore-
HaMU TIPOUCXOIUI CICAYIOMINM 00pa3oM. 3epHa MIIEHUIIBI U SIMEHS OBLITH B3BEIIICHEI
1 pacdacoBaHbl B makeTsl 1Mo 7,0—7,5 1, a 3areM o6e33apakeHsbl. [lanee ux moMecTuiIn
B CTEPUIIbHBIE CTEKIISTHHBIE Yalliku [1eTpH, K KOTOPBIM OTAEThHBIMU YACTHIMHA ITUTIETKAMA
[Tactepa mo6aBumy 1o 3 MJI pacTBOpa co criopamu Fusarium graminearum u Alternaria
alternata. Takum o0pa3om, 3epHa KaXKI0H KYJIBTYPbI ObLITH 3apaXkeHbI OTACIBHO ABYMS
pasHbME TatoreHamu. [locie mpoaenanHubpIx aeiicTBuil yamku [letpu ObuTn 3aneyaraHbl
napaguIMOM, YIaKOBaHbI B TePMETHYHBIC TAKETHI U IOMEILICHBI Ha XPaHEHHE B TEPMO-
crar npu temneparype 28 °C.

W3mepenus ciekTpoB BO30YKACHHS M JTIOMUHECLEHIIUN TPOBOIUIIUCH HA CIIEK-
tpodayopumerpe CM 2203 dupmbr «Comnap». CHadaga U3MEpSINCh XapaKTepH-
CTUKH BO30yXkeHus 7 ,(4) B inanazone ot 230-600 um 1o panee pa3paboTaHHON
Meroauke [24]. Ha ocHOBe MOJIyYeHHBIX PE3ylIbTaToB ObUIH M3MEPEHBI CIIEKTPHI
poronromunecuenuun ¢ (4). 1o mony4eHHBIM CIEKTPAILHBIM XaKTEPUCTHKAM
BBIYHCIIEHA WHTETPaIbHAS MOTIOMIaTe bHas CITIOCOOHOCTh [ (B OTHOCHTEIBHBIX
eIUHHIAX — 0. €.) o popmyire:

2
H = [n,(1)d2, (1)

M

e 7,(A) — CEKTpabHas XapaKTEPUCTHKA BO30YKIEHUS, 0. €./HM; A, A, — TPaHUIbI
CIIEKTPAJILHOTO Anana3oHa Bo30yKICHHs, HM.

WuTerpanbHbie MTapaMeTpel CIIEKTPOB ¢ (A) — MOTOKHU (poTomomunecenuuu O
(B OTHOCHTEIJIFHBIX €JMHUIIAX) OTPEICIUIH O GopmyIe:

X
®= jgo,(z)d/l, (2)

r1e ¢ (A) — CHEKTpaIbHAs XapaKTEPUCTUKA (DOTOTIOMUHECIEHIINH, O. €./HM; 4, A, — TPa-
HUI[BI CIICKTPAJIbHOIO JIHana3oHa (OTOJOMUHECIICHIIUH, HM.

Bce U3MEPCHUA ITPOBOAUIINCE B IIBa)IHaTHKpaTHOfI IMOBTOPHOCTH TakK, 9TOOBI I10-
TPEIIHOCTh OMpEAeNIeHNs] HHTEeTpalbHBIX apameTpoB H u @ He npesbimana 10 %
pu poBeputensHol BepostHocTr 0,9. Kpome Toro, B mporpamme Microcal Origin
OBIITM paCCUMTAHBI CTATUCTUYECKUE IMapaMETPHI CIIEKTPOB: MaTeMaTHIECKOE OXKHJIa-
HUE MP JIMCTIEPCHUs G2, aCUMMETpHst A ¢ M 9KCIece E -

Pe3yabTaTsl ucciaenoBanusa. CrieKTpalibHbIe XapaKTEPUCTUKHA BO30YKICHHS
MIICHUIIBI, TTOJIYYCHHBIC NTPU CUHXPOHHOM CKaHHPOBAHUU, MPEACTABICHBI HA PU-
cyHKe 1, a MHTerpaJibHbIC ITapaMEeTPhI CIIEKTPOB, pacCYuTaHHbIE 110 Gopmyie (1), —
B Tabimue 1.
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Puc. 1. CnexrpanbHble XapaKTEPUCTHKN BO30YKICHHUS MITEHUIIbL:
1 — 3mopoBoii; 2 — 3apakeHHOH Fusarium graminearum; 3 — 3apakeHHOU Alternaria alternata

Fig. 1. Spectral characteristics of wheat excitation:
1 — disease-free; 2 — infected with Fusarium graminearum; 3 — infected with Alternaria alternata

Hcmounux: 371€ch 1 laliee B CTaThe BCE PUCYHKH COCTABIICHBI aBTOPAMHL.
Source: Hereinafter in this article all figures were drawn up by the authors.

Taonuma 1
Table 1
HHuTerpajbHbie NapaMeTphl CHEKTPOB BO30Y KIEHUS MIIEHU LB
Integral Parameters of Wheat Excitation Spectra

H, o. e. (1711 criekTpanbpHOTO AHaa3oHa, HM) /
,]?HH Cetl,“’m 0/1 H, r. u. (for the spectral range, nm)
ype of see 230-310 | 310-380 | 380-470 | 470-540
3nopossie / Disease-free 0,29 3,17 9,06 1,72
3apaxennsie Fusarium graminearum / Infected with 0,79 1,22 5,82 0,77
Fusarium graminearum
3apaxenusie Alternaria alternata / Infected with 0,92 1,09 3,06 0,64

Alternaria alternata

Hcmounux: 3mech 1 ajiee B CTaThe Bee TAOMHIBI COCTABICHBI aBTOPAMIL
Source: Hereinafter in this article all tables were drawn up by the authors.

Ha pucynkax 2 n 3 oToOpaskeHbI CIIEKTPHI (DOTOTIOMHHECIICHITUH TIIICHUIIBI TIPH
BO30YKIeHNH n3nydeHneM 284 HM u 424 HM COOTBETCTBEHHO.

WuTerpanbHbIe mapaMeTphl CIIEKTPOB (POTOIOMUHECIICHIINH MIITEHUIIBI, PACCUUTAH-
HbIE TI0 (hopMmyIte (2), mpeCcTaBICHBI B TA0IUIIE 2.

CrieKTpaibHbIe XapaKTePUCTUKU BO30OYKACHUS sSTMMEHS], IOy YeHHbIE TIPH CUHXPOH-
HOM CKaHMPOBAHUH, [TOKa3aHbl HA PUCYHKE 4, a UHTETPAJIbHBIE IAPAMETPBI CIIEKTPOB —
B Tabnuie 3.

Ha pucynkax 5 u 6 npencraBieHbl CIIEKTPhI (POTOTIOMHUHECLHEHIIUN STIYMEHS TIPU
BO30YXJIeHUH n3yueHreM 284 HM U 424 HM COOTBETCTBEHHO.
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Puc. 2. CHCKTpaJIBHBIG XapaKTePUCTHKHU JIOMUHECICHIH TIICHUIIB! TIPH A, =284 am:
1 — 310poBOi; 2 — 3apakeHHOUN Fusarium graminearum; 3 — 3apakeHHOU Alternaria alternata
Fig. 2. Spectral characteristics of wheat luminescence at A, = 284 nm:
1 — disease-free; 2 — infected with Fusarium graminearum; 3 — infected with Alternaria alternate
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Puc. 3. CneKTpaanble XapaKTePUCTHKHU JTIOMHUHCCUCHIMH MILICHHUIIBI IIPH i 424 um:
1 — 3mopoBoi; 2 — 3apakeHHOU Fusarium graminearum; 3 — 3apaKeHHOU Alternaria alternata

Fig. 3. Spectral characteristics of wheat luminescence at 2, = 424 nm:
1 — disease-free; 2 — infected with Fusarium graminearum; 3 — infected with Alternaria alternata

Tabnuma 2

Table 2
HHTerpajbHble MapaMeTpbl CIEKTPOB JIOMHHECHEH U MIIeHULbI
Integral Parameters of Wheat Luminescence Spectra
®, .0¢e/|D, 0c¢e/|D ,0¢e/| D, 00e€/
Bun cemsn / Type of seed (ﬁm, o cﬁm, o r e Y

Disease-free / Healthy 0,61 33 43 18
Bapaxxennsie Fusarium graminearum / Infected 3,06 72 30 10
with Fusarium graminearum

Bapakennsie Alternaria alternata / Infected with 2,19 66 19 9

Alternaria alternata
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Puc. 4. CrnexkrpasibHble XapaKTEPUCTUKH BO30YKICHUS STUMEHS:

1 — 3mopoBoro; 2 — 3apaxeHHOTO Fusarium graminearum; 3 — 3apaxxeHHOTO Alternaria alternata

Fig. 4. Spectral characteristics of barley excitation:
1 — disease-free; 2 — infected with Fusarium graminearum; 3 — infected with Alternaria alternata

_

Tabnuma 3
Table 3
HHTerpajbHbie MapaMeTPbl CIIEKTPOB BO30Y:KAeHHs TYMEHS
Integral Parameters of the Excitation Spectra of Barley

H, o. e. (11 cekTpanpHOTO AMana3oHa, HM) /
H, r. u. (for the spectral range, nm)

230-310 | 310-380 | 380-470 | 470-540
Disease-free / Healthy 0,17 1,04 17,44 4,80

3apaxeHHsle Fusarium graminearum / Infected 0.80 1,00 2.10 053
with Fusarium graminearum

Sapaxennsie Alternaria alternata / Infected
with Alternaria alternata

Bu cemsn /
Type of seed

0,92 1,31 10,49 2,76
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Puc. 5. CnexrpanbHble XapaKTEPUCTUKHU JIFOMUHECIEHIMH SIMEHS TIPH A, = 284 HM:
1 — 310poBoro; 2 — 3apaxkeHHOro Fusarium graminearum; 3 — 3apaxxeHHoro Alternaria alternata

Fig. 5. Spectral characteristics of the luminescence of barley at 4 =284 nm:
1 — disease-free; 2 — infected with Fusarium graminearum; 3 — infected with Alternaria alternate
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Puc. 6. CrnexrpanbHble XapaKTEPUCTUKHU JIIOMUHECIEHIMH SIMEHS TIPH A= 424 Hm:
1 —3n0poBoro; 2 — 3apaskeHHOro Fusarium graminearum; 3 — 3apaKeHHOIO Alternaria alternata

Fig. 5. Spectral characteristics of the luminescence of barley at 4 =424 nm:
1 — disease-free; 2 — infected with Fusarium graminearum; 3 — infected with' Alternaria alternate
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Tabnuma 4

Table 4
HHTerpajbHbie NapaMeTphbl CHEKTPOB JIIOMUHECHEHIIUU STYMEHSI
Integral Parameters of Barley Luminescence Spectra
Type ofsend At I Sl Il I o

3nopossie / Disease-free 0,36 34 89 59
3apaxennsie Fusarium graminearum / Infected 1,80 143 14 8
with Fusarium graminearum

3apaxenublie Alternaria alternata / Infected with 2,39 54 57 34

Alternaria alternata

B Tabmmie 5 npeacTaBneHpl CTATUCTHYECKHE TTApAaMETPhI CTIEKTPOB BO30YKICHHUS
TIIICHUITB U STIMEHS.

Tabnuma 5
Table 5
CratncTnyecKkne mapaMeTpsl CIEKTPOB BO30Y:KAeHHsI MIIEHUIIbI U STYMEHsI
Statistical Parameters of the Excitation Spectra of Wheat and Barley

Bup cemsn / Type of seed M,vam/M,nm | o A E,
1 2 3 4 5
TMwenntia 3mopoBasi / Disease-free wheat 417 2897 0,34 6,99-10°
[Mmennna 3apaxennas Fusarium graminearum / Wheat 411 4245 -0,13  2,89-10°
infected with Fusarium graminearum
IMTenuna 3apaxkeHnas Alternaria alternata /| Wheat 401 5724 0,11 2,52-10°

infected with Alternaria alternata

Instruments and methods of experimental physics
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Oxonuanue maén. 5 / End of table 5

1 2 | 3 [ 4] s
Slamens 3n0poBei / Disease-free barley 445 2379 041 1,30-10°
Slumenb 3apakeHHbli Fusarium graminearum / Barley 433 4263 —0,18 3,36:10°
infected with Fusarium graminearum
Slumens 3apaxeHHbI Alternaria alternata / Barley 397 6174 0,07 22910°

infected with Alternaria alternata

O0cy:xaeHue u 3aKia04eHne. 113 pucynkos | u 4 BunHa oO1mas TEHACHIUS YMEHb-
HICHHS CIIEKTPaJIbHON MOMIOATELHOM CIOCOOHOCTH 1) IPH 3apa’keHUH MUKOIIATOTeHa-
MU. OHAKO A7 MIICHUIBI 3apa)kKeHUe ajJbTepHapUeil CYIIeCTBEHHO OOJbIle CHUYKAET
MOMIOIIAKONINE XaPAKTEPUCTUKH U TIAPAMETPbI, TPUMEPHO B 3 pasa st H, - (Tabm. 1),
a JUIs TYMEHS1, HA000POT, OOJIbIIIee CHUKEHHIE MPOUCXOANT NPH 3apakeHUH (hy3apro3om
(83,8 pasa i H,, - ). B JNIMHHOBOMHOBO¥ 001IaCTH BCE CTIEKTPBI COXPAHSAIOT TTOA00HE,
a B obmactr 230-310 HM y 3apakeHHBIX CEMSH TOSBIAIOTCS HOBBIE MAKCUMYMBI BO30Y-
KJICHUS. Y MIIIEHUIBI HHTETpatbHbli napametp H,, . B8 2,7-3,2 pa3a Juis 3apaeHHbIX
CeMsIH IPEBbIILIACT aHAJOTUYHBIH I He3apa)KeHHBIX, a U1 TUYMEHS TaKO€ IIPEBbILICHUE
cocrasysert 4,7-5,4 paza.

[osiBerne o J0OOHBIX TUKOB OBLIO OTMEYEHO HCCIenoBarensiMu panee [24], HO
B 00JIee KOPOTKOBOIIHOBOH 00nacTw (0KoJo 232 HM), YTO MOKET OBITh CBS3aHO CO Bpe-
MEHEM 3apa’KeHUsI paCTeHUH ¢ IPUBSA3KOH K (ha3e co3peBaHMsI CEMSH. DTO MOATBEPKIAACT
ucclieIoBaHue, T/I€ OTMEYAJI0Ch OTHOCUTEIBHOE YBEIHMUCHHE OJIH KOPOTKOBOIHOBOIO
BO30YXKIIEHHS y HE3peTIbIX ceMsiH [25].

[TonoOHast TeHACHIIMS COXPAHSETCS U UIS CIIEKTPOB (hoToMOMUHecieHInu. [Ipu
BO30YKICHUU M3ITyUYE€HUEM C JUTHHOM BOJHBI A = 284 HM ClieKTpalibHble U HHTETPallb-
HbIC XapaKTePUCTUKH U TTapaMeTPhbl 3apaKEHHBIX CEMSH MPEBBIIIAIOT aHAJIOTUYHbIC
ISl He3apaKeHHBIX. JIIsl MIIeHUIBI HauOONIbITUH TTOTOK (OTOIFOMUHECICHITMU
OTMEYAETCs y CEMsH, MOPAKEHHBIX (y3apruo30M, a Ul CEMSH sIUMEHS — aJIbTepHa-
pro3oM (tabm. 2, 4). [Ipu Bo30ykICHUHN JIIMHHOBOJTHOBEIM U3JIydeHUeM (4 = 424 HM
u A =485 HM) MOTOKM 3J0POBBIX CEMSIH KaK IIICHUIbI, TAK U SUYMEHs [IPEBBIIIAIOT
MMOTOKH 3apaKeHHBIX (Tabm. 2, 4).

M3-3a Hanuuus MakCMMyMOB B KOPOTKOBOJIHOBO# 00macTu (puc. 1, 4) maremarnueckoe
OXKHJIAaHHE TS 3apa’KEHHBIX CEMSH YMEHbBIIAETCs, 0COOCHHO AJIS sSIMMEHS MHOKYJIHPO-
BaHHOTO rpubom Alternaria alternata. KauecTBeHHO MEHSIETCSl BEIMYMHA ACHMMETPHUH:
MEHSIETCS 3HAK M YMEHbBIIAeTCsl a0COMOTHOE 3HAUCHHE. Y 3apaskeHHBIX CEMSH IKCIECC
cHmXKaeTcs B 2,4—2,8 pasa i miieHus! U B 3,9-5,7 paza ans suMeHsl.

[peanonoxeHnue o 3aKOHE pacrpeesieHHsi MOYKHO POBEPUTH C MTOMOIIBIO KO-
(UIMEHTOB ACHMMETPHUH M dKcliecca. BEIIBUHYB IHITOTE3y O HOPMAIBHOM pacrpeielie-
HUM 3aBUCUMOCTEH 77 (4) Juist ypoBHs 3HauuMocTu 0,05 u3 Tabuuibl 5, MbI BUIUM, Y4TO
HOPMaJIbHBIMU MOKHO CUMTAaTh TOJIBKO CIIEKTPAJIbHBIE XapAKTEPUCTUKH BO30YKICHUS
IUTsl 3apaKeHHBIX ceMsH (110 BenumuuHe acummerpun). [lo kpurepuro skcuecca Bce
MOJTY4YEHHBIC 3aBUCUMOCTH HE MOJUYNHSIOTCS HOPMAIbHOMY 3aKOHY PACIpPEACICHUSI.

W3meHeHus B crieKTpax BO30YKICHUS U (POTONOMHHECLEHLIUN MOT'YT OBbITh 00BbsIC-
HEHbI I3MEHEHUSIMU CTPYKTYPBI U XUMHYECKOTO COCTaBa MOBEPXHOCTH 3€pHA, @ IMEHHO
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3aMeleHUEM MONINCaXaprua0B M OEIKOB MPU NOMIOMIEHHH U MOAN(PHUKALHN MUKOKYIBTYP
Fusarium n Alternaria. Taxoke 13-3a BIUSIHUS Ha CTIEKTPBI TUTMEHTOB STOTO BO30YIUTEIIS
(py3apuna) n mukotokcunos (DON, ZEL, T-2 u NT-2) criekTpsl OymyT IpUOIHKATHCS
K CIIEKTPaM 3THX BEILECTB.

Takum 00pazoM, st 00bEKTUBHOTO KOHTPOJISI 3aPasKeHHSI CEMSIH MUKOTOKCHHAMU
1[e7Ieco00pa3HO HUCIOIB30BATh JUANIA30H KOPOTKOBOJIHOBOH (POTOITIOMUHECIICHITNN
290-310 am mpu BO3OYKICHUH H3TydeHHEM okoyio 284 M. s pa3nudeHus 3apa-
KeHHs (y3apruo30M U aJIbTEPHAPHO30M BO3MOXKHO HCII0JIb30BaTh KOHTPOIIb (hOTOIIIO-
MuHecneHnuu B nuanazone 380410 HM mpu Bo30yKIeHUU U3TydeHneM A = 362 HM
JUIS1 MIeHUnsl. s ssaMeHs 1eaecoo0pa3Ho MCIOJb30BaTh OTHOIIEHUE TOTOKOB
¢doromoMuHecieHINU Ipy Bo30ykaeHun 362 u 424 um. Bo3OyxaeHue nu3nydeHuem
485 HM Hcnonb30BaTh Mano3((PEeKTHUBHO U3-3a CPABHUTEIBHO €1a00ro (OTOMOMH-
HECLIEHTHOTO CUTHaja.
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Annomauusn

Beeoenue. B nTuiieBoAcTBE MEPCHEKTHBHBIM HAIMIPABICHUEM SIBIAETCSA MPUMEHEHUE CH-
CTEM JIOKAJIBHOTO CBETOJMOIHOTO OCBEIICHUS C M3MEHSEMOH OCBEIIEHHOCTBIO M Koppe-
JMPOBAHHOM IIBETOBOI TEMIEPATYPOil ONTHYIECKOTO M3Iy4EHNS! CBETUIILHUKOB B TEUCHNE
CBETOBOTO Ieprofa. [yt TOYHOTrO MoAaJep)KaHWsi MHTCHCUBHOCTH CBETa HA 3aJaHHOM
ypOoBHE TpeOyeTcs CHCTEMA aBTOMAaTHUECKOTO PEryINPOBAHUS OCBEIIEHHOCTH.

Lenb uccnedosanus. OnpeneneHne NapaMeTpos POHOPLIUOHAIBHO-HHTETPaIbHOTO PEry-
nsITOpa U(POBOH CHCTEMBI ABTOMaTHYECKOTO PETyINPOBAHMS OCBEIIEHHOCTH B KIETKaX
JUISL COJIEPIKaHUS CEeITbCKOXO3SIHCTBEHHON NTHUIIBI, 00eCIeUNBAOIINX TpeOyeMble ToKa3a-
TENN KadecTBa.

Mamepuanet u memoosi. B paboTte NCTIONB30BaHbI AIEMEHTHI MATEMAaTHIECKOH CTaTUCTH-
KH, TEOPUH IUIAHUPOBAHMS SKCHEPUMEHTAIBHBIX HCCIEAO0BAHUMN, KOPPETAHOHHO-PET-
PECCHOHHOTO aHAIN3a, TEOPHU aBTOMATHYECKOIO YHPaBJICHUS M KOMIIBIOTCPHOTO MOJe-
nupoBaHus. HatypHble SKCiepuMEeHTHI TPOBOAMINCE Ha TabopaTtopHoM o0pasue mudpo-
BO CHCTEMBI IMHAMHUYECKOTO JIOKAIFHOTO OcBeneHust. KoMbproTepHOe MOZIeIMpOBaHUE
05110 BEIMONHEHO B cpene SimInTech.

Pesynbmamur ucciedosanus. Pazpaborana KoMIbroTepHas Mojeldb HU(MPOBOH CHCTEMBI
ABTOMAaTUYECKOTO PETyIMPOBAHUS OCBEIEHHOCTU. Brinonnen pacuer Hactpoek [1H-pe-
rynstopa o merogam CHR, BTU, Konenosuua. IIpousBeneHa cpaBHUTEIbHAS OLCHKA
Ka4yecTBa MpoIecca PEryIHpPOBAHU MO TpadHKaM MEPEXOIHBIX MPOLECCOB, MOMYIEHHBIX
IyTeM KOMIBIOTEPHOTO MOJCIHPOBAaHHS. JJOCTOBEPHOCTH PE3y/IbTaTOB KOMITBIOTEPHOIO
MOJIETUPOBAHUSI CUCTEMbI ABTOMAaTHYECKOTO PETYIHPOBAHUS OCBEHIEHHOCTH IOATBEP-
JKJICHA DKCIIePUMEHTAIIBHO.

Obcyorcoenue u 3axoyerue. Bricokue mokasareny KadyecTBa PeryaIupoBaHust U(poBoi
CHCTEMBl aBTOMATHYECKOTO PETYIMPOBAHHS OCBEIEHHOCTH obecredmn [TM-perymsitop
ck,=14,027 107 u T, = 145,72 mc, paccuntauubivu 110 Metoy Konenosuua. Cpasau-
TeJIbHAS OLIEHKA ITEPEXO/JHBIX IIPOLIECCOB B PealIbHON CHCTEME 1 B KOMITBIOTEPHOM MOZIEIIN
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JTAaHHOM CHCTEMBI ITO3BOJISICT CIIENIATh BBHIBOJI O BBICOKOH TOYHOCTH pa3padOTaHHOTO 00pa3-
11a ¥ KOPPEKTHOCTH BBIOOpa MapaMeTpoB MonenupoBanus B cpene SimInTech. Dkcnepu-
MEHTAJIbHO yCTAHOBJIEHO, YTO TpeOyeMoe KaueCTBO MPOIecca PEryIHUpPOBaHUS CHCTEMBI
obecrieqnBaeTcs IS IUPOKOTO TUana3oHa 3aJaHHOi 0CBEIEHHOCTH oT 1 110 25 Jik.

Kniouegvie cnosa: cuctema T0KaIbHOTO OCBEIICHIS, CBETOIUOIHBINA CBETUILHHUK, YIIPaB-
nenne ocsenieHHocThi0, CAP, ITH-perynsarop, MoaennpoBaHue, KOMIbIOTEPHAs MOJIENb,
SimInTech

Kongpnukm unmepecos: aBTopsb! 3asBISIIOT 00 OTCYTCTBUH KOH(INKTA HHTEPECOB.
Bnazooaprocmu: aBTOpbI BEIPAXKAIOT 01ar0JapHOCTh aHOHUMHBIM PELICH3EHTaM.

Jna yumuposeanua: 1abdaes E. A., Pomanoserr M. M. KomnbrorepHoe MoaenrpoBanue
(poBOI CHCTEMBI aBTOMaTHUYECKOTO PETYIHPOBAHUs OCBelmIeHHOCTH // MHxeHepHbIe
TexHoioruu u cuctemsl. 2024. T. 34, Ne 2. C. 295-317. https://doi.org/10.15507/2658-
4123.034.202402.295-317
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Abstract

Introduction. In the poultry industry, the use of local LED lighting systems with change-
able light and correlated color temperature of the luminaire optical radiation during the
photoperiod is promising. To maintain light intensity accurately at a specified level, the
use of an automatic control system (ACS) of lighting is required.

Aim of the Study. The study at aimed at determining the parameters for the PI controller
of the digital ACS of lighting in all-age cages, providing the required quality indicators of
the regulatory process.

Materials and Methods. For the study there were used the elements of mathematical sta-
tistics, experimental research design theory, correlation and regression analysis, automatic
control theory and computer simulation. Real experiments were carried out on a laboratory
sample of a digital dynamic local lighting system. Computer simulation was performed in
the SimInTech program.

Results. A computer model for a digital ACS of lighting has been developed. The tun-
ings of the PI controller were calculated using the CHR, VTI, and Kopelovich methods.
A comparative estimation of the control process quality was carried out using graphs of
transient processes obtained by computer simulation. The reliability of the results of com-
puter simulation of ACS lighting has been confirmed experimentally.

Discussion and Conclusion. High regulator performance indicators for the digital ACS
of lighting were ensured by a PI controller with k, = 14.027-107 and 7, = 145.72 ms cal-
culated using the Kopelovitch method. A comparative assessment of transient processes
in a real ACS and in a computer model of this system allows concluding that the develo-
ped model is highly accurate and the choice of simulation parameters in the SimInTech
program is correct. It has been experimentally established that the required quality of the
control process of ACS is ensured for a wide range of specified lighting: from 1 to 25 lux.

Keywords: local lighting system, LED lamp, lighting control, digital automatic control
system, PI controller, simulation, computer model, SimInTech
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BBeaenue. OprannsM ceIbCKOX03HCTBEHHON MITUITH OUSHD TyBCTBUTEIICH K BO3/ICH-
cTBUIO cBeTa [ 1]. MHOTHE MPOIIeCcCH ee JKU3HEACATEIbHOCTH HAPSIMYTO MITH KOCBEHHO
PETYIUPYIOTCS CBETOTEMHOBBIM ITUKIOM [2—4]. B yCIIOBUSX WHTEHCU(HUKAIINA TTPOU3-
BOJICTBa HCKYCCTBEHHAS CPe/ia COJIEPKAHMUS KUBOTHBIX U IITHUI] HE BCETIa COOTBETCTBYET
(U3HONIOrMYEeCKIM NOTPEOHOCTAM MX Opranusma [5—7]. 3a cuer coznanus OnaronpusTHON
CBETOBOM Cpe/Ibl MOXKHO MOBBICUTB MTPOYKTHBHOCTB CEJIbCKOX035CTBEHHOM NTHIIBL. [J1s1
9TOH Lenu HanboJee MEePCIEeKTUBHO MPUMEHEHUE JIOKAIBHOTO OCBEIICHUS ¢ OONBIINM
KOJIMYECTBOM CBETHJIbHHKOB Majoi MomHocTH [8—10].

PeanuzoBarh UCKYCCTBEHHYIO CBETOBYIO CpeJly € PallMOHAIBHBIMH MapaMeTpaMu
no3BoJIsieT U(POBasi cCUCTEMa JUHAMHYIECKOTO JIOKAILHOTO OCBEIICHHS KJIETOK C NU3MEHSI-
€MO¥i OCBEIIICHHOCTHIO M KOPPETUPOBAHHOM IIBETOBOM TemriepaTypoii (manee — KI[T) [10].
Takast cucTema Mmo3BoJII€T B aBTOMaTHIECKOM PEKUME YIIPABIATH CBETOBBIMHU MTOTOKaMHU
CBETOJIMOJIOB TETUIOTO U XOJIOHOTO CBEYEHUM, U3MEHsIs1 ypoBeHb ocBelieHHoCcTH 1 KI[T
ONITUYECKOTO M3ITYYCHHUS CBETHIILHUKOB B COOTBETCTBHUH C JMHAMUKOW €CTECTBEHHOTO
coiHeYHOTO cBeTa [11; 12], 9TO MONOKHUTENEHO CKa3bIBAETCS Ha POAYKTUBHOCTH U (PH-
3UOJIOTHYECKOM COCTOSIHUM CEIhCKOX03IMCTBEHHOM NTHIIbI [13—17].

TouHoe noIEepKaHNE 3aJAHHOTO YPOBHS OCBEILIEHHOCTH 00ECTICUMBACTCS CHCTEMON
aBTOMaTH4eckoro perynmupoBanus (ganee — CAP) ocsemennoctu. [lpumenenne CAP
MO3BOJISIET KOMIIEHCUPOBATh 3aIbIJIEHHOCTh CBETUIILHUKOB, IETPaJalliio CBETOAHOI0B
B TIPOLIECCE IKCIUTyaTallui U U3MEHEHHsI (JOHOBOH OCBEIIEHHOCTH B TIOMEILCHUH.

B pesynwrare ananuza u cuateza CAP ocBemeHHOCTH HEOOXOIUMO OMPEACIIUTh
THUI 3aKOHA YIPaBJIEHHs U ONTUMAaNIbHbIE HACTPOIKM perynaropa. [Ipu atom cienyer
YYUTHIBATh MIUPOKUH AUANa30H N3MEHEHNS 3a/JaHHOTO YPOBHS OCBEIIEHHOCTH U CIIE/Ty-
FOIIHE TIOKA3aTeNN KaueCcTBa PETYINPOBAHMS B YCTAHOBUBIIIEMCS PEXKUME: CTaTHYeCKast
ommbka AE. < 2,5 %; Bpems perynmuposanus £, < 1 ¢; nepeperymiposanune o < 10 %;
KOJIMYECTBO TMepeperyaupoBanmii n < 1.

[IpoBeneHHbIE paHee UCCIeI0BaHUS MTOKA3aIIH, YTO SKCTIEPUMEHTAIBHBIM ITOI00POM
3HaYeHN TapaMeTPOB PETyIATOpPa HAWTH UX ONTHUMAIIbHBIC BETHUYUHBI 3aTPyTHATEb-
HO [18]. B mogo6Heix CAP BO3MOXXKHO BOBHMKHOBEHHE CYILIECTBEHHBIX ITYJIbCAIMH
CBETOBOTO MOTOKA CBETUJILHUKOB CO 3HAYUTENIBHBIM MEPEPETryIUPOBaHUEM, a TAKKe
pabota B koebarenbHoM peskume. B CAP ocenienHOCTH 11e1€c000pa3Ho NPUMEHEHUE
[MU-perynsTopa, obecreunBaroiiero TpedyeMole nmokaszarenu kadecrsa CAP co craru-
CTHUYECKOM OIINOKOH, OJIN3KOH K HYITIO.

Lenbro HacTosimet paboThl siBIsETCS onpeeieHue napamerpos [1M-peryns-
topa uuppoBoit CAP OCBEIIEHHOCTH B KJIETKAX IS COJEPKAHUS CEIIHCKOX03sIH-
CTBEHHOW NTHUIBI, 00ecTeunBaonMX TpedyeMble TTOKa3aTelIn KauecTBa mpoiecca
perynupoBaHus.
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O030p TuTEpPaTYpBl. YUECHBIMHU paccMaTpUBatoTCs napamerpsl nudposoii [-pe-
TYJISTOpa — IPOIOPLIUOHATIBHBIN KOY((GUIIMEHT U OCTOsIHHAS BpEMEHU MHTET PHPOBa-
Hus'. Taxoke 1715t HPOBOTO PeryisaTopa B Ka4eCcTBE BAPHUPYEMOT0 MapaMeTpa MOKET
BBICTYIIATh BpeMs nuckperusanuu [19; 20]. s onpenenenus mapaMeTpoB peryasiTopa
B OTEUCCTBECHHON M 3apyOeKHOM MpaKTHKE MPUMEHSIOTCS aHAIUTHYCCKUE U DKCIIe-
pUMEHTaNbHBIE METOBI pacdera, Takne kak BTH, CubTexDuepro, MeTos 3a1aHHOTO
3aryxanus, Komemosuda, Crorecrana, [{urnepa — Hukomnsca, Kyna, llenens, AMIGO,
Yuna-Xponeca-Pecsuka (CHR), uncienHoit onrumuszanuu u ap.2 [21-29].

OnHuM 13 Hanbosee U3BECTHBIX SKCIIEPUMEHTAIBHBIX METOAOB OIIPEACICHUS apa-
METPOB perynsaropa sieasiercs Meton Llurnepa — Hukonbca, ocHOBaHHBIHN HA MOMTyYeHUT
rpaduka nepexoaHoro mpoiecca CAP Ha rpaHuile yCTOWYUBOCTH CUCTEMBI® [26-29].
OpHaxo MPUMEHEHUE €r0 HE BCErAa BO3MOXKHO M HE TapaHTUPYET ONTUMANIBHBIX MOKa-
3aTenei KauecTBa mepexoaHoro mpoieccat [29].

Metox CHR?® [28; 29] siBnsiercst pa3Butuem mMetoza Lluriepa — Hukonbca 1 ocHOBaH
Ha aHaJIM3€e OTKJIMKa OOBEKTa PETYINPOBAHNUS Ha CTYIICHYAaTOE TECTOBOE BO3/ICHCTBHE.
JIaHHBIH METOJ] MO3BOJISIET TONYYUTH OOJNBIIHIA 3amac yCTOHUNBOCTH cucTeMBI® [29].
Pacuer nmponopiuonanbHoro ko3 duimenta k, 1 NPUBEIEHHON IIOCTOSHHON BPEMEHH
unrerpuposanus 1, no meromxy CHR s anepruoanyeckoro nepexoiHoOro mporecca Mu-
HUMaJIbHOM AJUTENbHOCTHU IIPU U3BECTHBIX XapPAKTEPUCTUKAX OOBEKTa PEryIMpPOBaHUS
MOXET OBITh IPOU3BEAEH 110 BBIPAKECHHUSIM:

0,357
kp =—7——9b; (D
d kosTos
T, =1,2T, @)

e k, — ko3pdHUIHEHT nepenaun 00beKTa perympoBanus; 7, — MOCTOSHHAs BDEMEHH
00BEKTa, C; T, — 3amas/IbIBAHUE HA OOBEKTE, C.

! Cpena IMHAMHYECKOT0 MOJICNTMpOoBaHus TexHIYecknx cucteM SimInTech : TTpakTHKyM MO MOZETHPO-
BaHMIO CHCTEM aBTOMATHUYEeCKOTO perynupoBanus / b. A. Kapramos [u ap.]. M. : JIMK Ilpecc, 2017. 424 c.

2 Kopenun O. H., CrankeBuuyc A. A. HccrnenoBanue u aHanu3 MeToaoB Hactpoiiku [TU]I-peryms-
Topa // UHpopManmoHHble cUcTeMbl B TexHoioruu : CO. Mar-1oB XXV MexayHap. Hayd.-TeXH. KOHQ.
H. Hosropon : HI'TY um. P. E. AnexceeBa, 2019. C. 634—640. EDN: ZIFTIM; I'ycapos A. B., Komusxos
I1. C. UccrnenoBanue metonoB HacTpoiiku [11/]-perymnsaTopa Ui cuCTeM ¢ MaJbIMH IIOCTOSTHHBIMHU BpeMe-
Hu // Texuuyeckue Hayku B Poccun u 3a pydeskom : Mar-ibl VIII Mexaynap. Hayd. koH®. (20-23 uroHs
2019 1., . Kpacnonap). Kpacuonap : Hosarus, 2019. C. 22-23. EDN: CSVHOR; YepnoB b. A. Hactpoiika
CHCTEM aBTOMAaTHYECKOIO YIPAaBJICHUS ¥ PEryJIMPOBaHHUs : yueOd. HOCoOue sl MaruCTPAaHTOB CIEHab-
Hocti 6M070200 — ABromaru3anus u ynpasinerne. Anmarsl : HAO AYDC, 2019. 87 c.; Komenosuy A. I1.
WmxeHepHbIe METOIBI pacyeTa Mpy BEIOOpE aBTOMAaTHYECKUX peryisiTopoB. M. : TocynapcTBeHHOE Hay4HO-
TEXHUYECKOE M3aTeNIbCTBO JTUTEPATYPHI 10 YepHOH M IIBETHON MeTautypruu, 1960. 192 c.

3 Kopenun O. H., CrankeBuuyc A. A. VccrenoBanue u aHaiamu3 MeTo1oB Hactpoiiku [TH]I-perynsitopa.

4 Cpena AMHAMHYECKOTO MOICIMPOBaHUs TexHruecknx cucteM SimInTech : [TpakTHKyM 110 MOJEIHPO-
BaHMIO CHCTEM aBTOMATHUYeCKOro perynupoBanus / b. A. Kapramios [u ap.]; Kopenun O. H., CtankeBuuyc
A. A. Uccnenosanue u ananus MeronoB Hactpoiiku [INI-perynstopa.

5 Kopenun O. H., CrankeBuuyc A. A. VccrnenoBanue u aHanu3 MetooB HacTpoiiku [T J-perymsito-
pa; ['ycapos A. B., Kommsixos I1. C. UccrnenoBanue meronoB Hactpoiiku [T /I-perymsitopa ans cucteMm
C MQJIBIMH TIOCTOSTHHBIMH BPEMEHH.

¢ Tycapos A. B., Konusikos I1. C. MccnenoBanue metonoB Hactpoiiku [T ]JI-perysstopa uist cucteM
C MQJIBIMH TIOCTOSTHHBIMH BPEMEHH.
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JlnuTenbHyo poBepKy BpeMeHneM npoiien merox BT, [lpubnmxennbie GpopMyiibi
JUIS| BBIYHCIICHHUS TAPAMETPOB HACTPOMKH PETYISATOPOB 10 IAHHOMY METO/Y OBLTH IOy~
YeHbI Ha MOJIEIISIX OOBEKTOB U PEaSTbHBIX PETYIATOPOB C TPUCYIIUMH UM HEITMHEHHOCTS-
MH. B kauecTBe kputepus napamerpudeckoi ontumusayu B Gopmynax BTU npunsTel
CTeTIeHb 3aTyXaHus ¢ = 75 % W UHTerpanbHast KBaApaTuIHas OI[eHKa KadecTBa, OJIM3Kas
x MmunumMymy. Pacuer k, u T, no metony BTHU s oTHOCHTENBHOTO 3ana3abiBaHus Ha
o0Obekre perynuposanus 7,,/T, .= 0,2-1,5 npoussoautes mo Gpopmynam:

_ O,38(TOB/TOE+O,6). 3
kop (TOB/ Top - 0’08)
T, = 0,87 4)

kp

B oreyecTBeHHOI MpakTHKE® IPOCTOTOM OMpeAeIeHNs TPHOIMKEHHBIX TapaMeTPOB
HACTPOWKHU PETYIISTOPOB OTIAMYAETCS MeTol, onyonukoBanHbi A. I1. Konenosuuem®.
Onpenenenue k, u T, no merony Konenosu4a st anepuouueCcKoro NEPEXOJHOrO IIpo-
1ecca MUHUMaJIbHON JAJTUTETFHOCTH IPOU3BOTUTCS 110 BBIPAKEHUSIM:

0,67,
kp = 705 5)
P kosTos
T, = 0,87, + 0,57 (6)

Marepuanabl U MeToAbI. B paboTe nCnonb30BaHbl 2JIEMEHTHI MaTeMaTHUECKOM
CTaTUCTUKH, TEOPUH TUIAHUPOBAHMS SKCIIEPUMEHTAIBHBIX UCCIIETOBAaHHM, KOPPEISIIH-
OHHO-PErPECCHOHHOTO aHaJIN3a, TEOPUN aBTOMAaTHYECKOTO YIIPABIEHUS U KOMITBIOTEP-
HOTO MoenupoBanus. O0paboTKa SKCIIEPUMEHTATBHBIX UCCIICTIOBAHUH BBITIONHSIACH
B mporpamme Microsoft Office Excel.

KoMmbroTrepHOe MOEIMpPOBaHUE TIPOBOAMIOCH B CPENIE JUHAMUYIECKOTO MOZIEIHPO-
Banus SimInTech ¢ ucnonp3oBanuem merona naTerprpoBanus Ditnepa. [locTosHHBII
nrar uarerpuposanust 4,883-1077 ¢ mpUHSAT ¢ yUeTOM YacTOThI U paspsanoctu [IITNM-
CUTHAJIOB TOKOB CBETOM3Iydaromux auoaos (manee — CHUJI). Pacuersr napamerpos
[IU-perynaropa npousBoaunucs no merogam CHR, BTU u Konenosuya.

O0bexToM mccnenoBanus siBisiercst nupposas CAP ocBemeHHOCTH KIETOK st
COZIePIKaHMS CeNIbCKOX03HCTBEHHON NTUIBL. MccnenoBanusi MpoBOAMINCE Ha labopa-
TOpHOM 00pasiie H(POBOI CHCTEMbI TMHAMUUECKOTO JIOKAILHOTO OCBEICHUS, H300pa-
JKCHHOM Ha PHUCYHKE 1, KOTOPBIH BKIIIOYAET B ce0s YIPABISIIONINIA TPOrpaMMHUPyEMBbIi
sorudeckuit kouTposiep (nanee — ITJIK) Trim5 ¢upmbr Segnetics, MHOTOKaHaIbHBIN
CBETOAMONHBIN npaiiBep (manee — apaiteep CH /1) u turaTy ynpaBieHHsS ¢ MUKPOKOHTPOJI-
nepom ATmega328P, cBeToIMOIHbIE CBETUIILHUKH, IATYMK OCBEIIEHHOCTH U JJOTIOJHU-
TenpHOE AnekTpoobopynoBanue [10]. Ha GoxoBo# maHe w CTeH 1A PacIioIoKeH pa3beM

JUIA MIOAKIIOYCHUA BHCITHUX CBETHUJIBHUKOB M JAaTYMKAa OCBCIICHHOCTHU (z[aﬂee - I[O)
"Yepuos B. A. Hactpoiika cucreM aBTOMAaTHYECKOTO YIPABICHHUS U PETYIHUPOBAHHUSL.
8 Tam sxe; Kopenun O. H., CrankeBuuyc A. A. Vccienosanue u anaiu3 MeToqoB Hactpoiiku [TU]T-

peryasropa.
° KomesioBnd A. T1. MH)KeHEpHbBIE METO/IBI pacyeTa MpH BEIOOPE aBTOMATHYECKHX PErYIISITOPOB.
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LUNOPOBAA CUCTEMA OAUHAMUYECKOIO NIOKANIbHOIrO OCBELUEHUSA

ABAPUW NMUTTAHUE
@ r=iaton
. OBPbIB UENW
@ rsenmimm

( coennmnci ) 4 e )

Rk 1 W
IC cocvmmi™) (" coevaninz ) »

( coemeims” ’ . l;csnmmm ‘ lll) ((Zoeninioo )
N um

[ Coemvanin 100

Puc. 1. JlaboparopHslii oO6paserr (G pOBOM CHCTEMbI JHHAMHYECKOTO JIOKATBHOTO OCBEIICHHS.
Agtop ¢ortorpaduu E. A. I11abaes, 2023 .

Fig. 1. Laboratory sample of a digital dynamic local lighting system.
The photo by E.A. Shabaev, 2023

K naboparoproii ycraHoBke (puc. 1) OBbIIT MOAKIIOUEH OTACIBHBINA KOMIAKTHBII
CBETOJUOJHBIN CBETWIBHUK [30] cCTEMBI JIOKAJIBHOTO TUHAMHUYECKOTO OCBEILEHUS,
3aKperuieHHbIH Ha moasece 1 nudpooii 10 na 6aze mukpocxembl OPT3001. Paccrosiaue
OT CBETWJIBHHUKA JI0 BOCIIPUHUMAIOIIEH MOBepXHOCTH naTurka paBHo 0,5 M. Ha atom
PacCTOSIHUM CBETHJIBHUK CO3/1aeT MAaKCUMaJIbHYIO OCBelIeHHOCTh 51,4 nk. /lnanason
U3MeHeHHs cBeToBOTO notoka coctarmsieT ot 0 1o 100 %, KIIT — ot 2 660 10 5 640 K.
VYapasnenne Tokamu CHUJ] Temioro u Xon0aHOTO CBEUCHUS OCYIIESCTBISICTCS IBYMS
HIMM-curnanamu ¢ gactotoi 2 kI u paszpsaHocThio 10 OuT.

DOyHKITMOHAIBHASI CXeMa MCCIIeyeMO CUCTEMBI n300paskeHa Ha pucyHke 2. O0b-
ektoMm peryrmupoBanus (nanee — OP) B marrOi CAP sSBIsICTCS KIIETKA TS CONEPIKaHMS
HTHLBI C PA3MEIIEHHBIM CBETOJUOIHBIM CBETHIBHUKOM. DYHKIINIO 3a/1a10IIEr0 OpraHa
(manee — 30) Bemonnset [1JIK. Bocpuaumaromum opranom (manee — BO) cimy)ut
nugposoit J1O. CBeTonnoaHbIi IpaliBep MPEACTaBIsSeT COOO0M PEeryIupyIONIHiA OpraH
(manee — PO). Muxkpoxontposep (nanee — MK) ocymectsnsier pyHkuuu nmpeodpasy-
foumx opranos (nanee — CO, [101, [102) u peryastopa. I[101 popmupyer LHNUM-cur-
Hautel ynpasienus, [102 npons3Boaut GpuiasTpaluio CUrHaia JaTunka OCBELICHHOCTH.
Perynupyemoii BEJIMYMHOM SIBJIIETCS. OCBEIEHHOCTD £, co3aBacMast Ha JHE KOPMYLIKH.
3a OCHOBHOE BO3MYIIIEHHUE IPHHATO H3MEHEHHE (POHOBOM OCBEIIEHHOCTH £, B TIOMEIIe-
Huu. Bennunna E noaaep:kuBaeTcs Ha 3aJJaHHOM YPOBHE 3a CHEeT U3MEHEHUS Peryin-
pytorero BoszeicTsust [, — TokoB B pexume [IINM-yrpasieHus, mpOTEKatoIHX Yepe3
CBETONMOMABI CBETHIIbHUKA. 3amatomuM curHaioM CAP sBisieTcst 3amaHHbI YPOBEHD
OCBEIICHHOCTH Ha KOHTPOJIbHOM MOBEPXHOCTH £ ,.
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MuxkpokoHTpomnep / Microcontroller Ey,
r 1 l
E; | >\ AE D | U, I, E
» P »{ 101 H PO OP >
| | o
| E | E,
| d l'noer — II BO I‘L
L _

Puc. 2. ®ynkunonansHas cxema udposoit CAP ocBemeHHOCTH
Fig. 2. Functional diagram of digital ACS of lighting

Hcmounux: 30ech U ajee B CTaThe BCE H300PAKEHHS COCTABIICHBI aBTOPAMH.
Source: Hereinafter in this article all figures were drawn up by the authors.

Hccnenyemas CAP pabotaet criemyronim o0pa3zom. KOHTpoIs TEKyIero ypoBHsi oc-
BEILLIEHHOCTH £ MMPON3BOAUTCS AATYNKOM OCBEILIEHHOCTH, KOTOPBII Ha BBIXOZE (POpMUpYET
1r(ppOBOH CUrHal U3MEPEHHOH OCBELIEHHOCTH £, U nepeiaeT ero yepes uutepdeiic I°C
Ha MK muiatel ynpasnenus. B MK npousBoanTcs criia)xnuBaHue pe3yasTaToB U3MEPEHNI
OCBEILEHHOCTH £, IM(pPOBBIM (PUIBETPOM U CPABHEHUE CHTHAJIA OCBELIEHHOCTH Ha BBIXOIE
(uisTpa £, ¢ 3a1aHHBIM 3Ha4eHHeM £ . B pesyibrare 3T0ro 00pasyeTcs CUrHal paccoryaco-
Banus AE = E,— E,. 3anannoe 3Ha4enue ocsemennoctu popmupyet [UJIK u nepemaet ero
yepe3 naTepdeiic RS-485 B MK. MukpokoHTpouiep 1o curaany AE ¢ y4eToMm TpedyeMoro
KIT onTuyeckoro u3imyyeHusi, IPUHATOrO 3aKOHA YNPABIEHUSI U HACTPOEK PEryJsaTopa
BBIYHCIIIET KoddduimeHTs! 3anomHeHus D [NM-uMiryascoB 1 GOpMUPYET COOTBET-
crytonue [TUM-curnanst U, Hanpsbkenust. JlaHHbIE CUTHAIIBI OCTYTIAIOT B JpaiBep
CHJl 11 OCYIIECTBISIIOT YIIPABICHHE BBIXOIHBIMY TPAH3UCTOPAMH, HCIIOJIB3yEMBIMH JUIS
crabumizarmu 1 IIHVM-perynpoBanust TOKOB /) 4€pe3 CBETOMO/IbI CBETHIILHUKOB.

Ha ocHoBe ¢yHKIMOHAIBHON cXeMbl OblJIa COCTaBlI€Ha CTPYKTYpHas cxema Iud-
posoit CAP ocsemennoctu (puc. 3). Ilpu 5TOM NpUHATHL CIEAYIONINE AOMYIICHUS:
KBaHTOBaHHE CHI'HAJIa OCBEMIEHHOCTH £, 110 ypoBHIO JIO ABJISETCS HECYNIECTBEHHBIM,
HE YYTEHO TEeMIIEpaTypHOe U3MEHEeHHe cBeToBoro notoka CU/I; BnusHue TeMnepary-
pwt apaiiBepa CHU/l Ha TouHOCTh cTabuin3annu Toka CH /1 He3HaunTeIbHO; BEIXOAHASL
xapakrepucTrka apaiisepa CHU /L sBisiercst aOcomoTHO JmHerHow [31].

Ey
— Wi (s)
o Suapo AMiSTOlOARSIE Backeround hight
E, «~AE D U, I, E, E E,
W, (s) Wioi (s) T Wro () T W, (s) T » Wi (s) —>
| [U-peryastop/ [enepatop | JpaiiBep CBeTuibHUK / Habatonarens /
| Pl controller 1IWM/PWM CHUJI/LED Luminaire Observer
| EF generator i driver EI
Ve P
| Who: (s) | Wio (5)
| @unptp / Filter N Hudposoit JO /

Digital light sensor

Puc. 3. CrpykrypHas cxema nudposoii CAP ocBemeHHOCTH
Fig. 3. Block diagram of digital ACS of lighting
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[Ipaktrueckoe GpyHkunonnposanue uccaenyemon CAP xapakTepusyercs IUpOKHM
JINAIa30HOM 33JJaHHOTO YPOBHS OCBEIIEHHOCTH.

Boixonnas Benuunna E . (puc. 3) — OCBEIIEHHOCTb, CO3/[aBaeMasi CBETOANOIaMU
ceeTHibHKKA B pesxume [ITUM-Tokos. Tlepenarounas Gpynkuus nadmonarens W, (s)
no0aBIieHa B CTPYKTYPHYIO CXEMY JUJIsl OLIEHKU KauyecTBa PEryJIUpOBaHUSI OCBEIICHHO-
cru E, Ha KOHTPOJIbHOM MOBEPXHOCTH ¢ YYETOM OCOOEHHOCTEH 3pUTENIHHOTO arapara
YyeJloBeKa.

JlnnaMudaeckne CBOMCTBA 00beKTa perynupoBanms 1 seMeHToB CAP ocBemeHHo-
CTH OMUCHIBAIOTCS CIIEAYIONIMMHE MEePEeTaTOYHBIMU (PYHKIIUAMHA ¥ MaTeMaTHIeCKUMHU
BBIPKECHUSMH.

Ilepenarounas QpyHKIMs 00BEKTA PETYAMPOBAHUS TI0 33IAI0IIEMY BO3JIEHCTBHUIO JUIS
TEIUIOT0 U XOJIOJJHOTO KaHaJla CBEUEHMS:

Wiy (8) = Kgws )
Wic ()= kg ®)
TIe s — oreparop nepemnarodHoi GpyHkmun B mpeodpaszoBanuu Jlamaca.

Ilepenarounpie KOO)PUIMEHTSI &, U k, . CBETONMOMHOTO CBETHIILHUKA /ISl KAHAJIOB
TEIIOT0 W XOJOJHOTO CBEYCHUSI:

E E
kyy =5"-=7— 20— ©)
B Iy 1+ k)
kEC — EC — EMAX (10)

1. 1,(1+ky)

rae E wH E - — OCBEIIICHHOCTH, CO3/1aBacMbIe CH ]I Terioro 1 X0JIOAHOTO CBEUCHHS, JIK;
I, 1, — NeiCTBYIONIME 3HAYEHUS TOKOB, npoTekaromux yepe3 CUJL Temoro u xo-
noxHoro cBeuenus, A; E, = 51,4 K — MakcuMajbHas OCBEIEHHOCTh, CO3/1aBaeMast
ceetwibHuKoM; [, = 0,1 A — ammuiutynnoe snadenue [HIMM-curnanos toka CUJL;
k. = 0,9274 — k03 GUIMEHT COOTHOIIEHUS OCBEIIEHHOCTEN, CO3IABAEMBIX «TETUIBIM)
u «xonogasiM» CHUJ] cBeTHIIBHUKA.

[Mepenarounas GyHKIUS 00BEKTA PETYIUPOBAHHSI IO BO3MYIICHHIO:
Wy(s)=1 (11)

[Nepenarounas GyHKIUS 3pUTETHHOTO armapaTa HaOIoaaTeNs:

1

T,s+1 (12)

Wis ()=

rne T, = 0,05-0,20 ¢ — mocrosinnas Bpemenu [18].

[udporoii /1O mpon3BoauT N3MEPEHNE CUTHANIA TI0 CIICMYIONIEMY aJITOPUTMY: CHavaIa
BBITOJIHAETCS] CYMMUPOBaHHUE U3MEPSIEMOM OCBEILIEHHOCTU B TEUEHUH BPEMEHU UHTETPU-
pOBaHUs, 3aTeM OIpeeIsieTCs CpeaHee 3Ha9YeHNE U (POPMHUPYETCSI KOHEUHBINA Pe3yIbTaT
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H3MepeHI/Iﬁ C y4€TOM 12-OutHOrO paspeuicHud Curaaja. ypaBHeHI/Ie, OITMChIBAIOIICC
nmpouecc u3MEepeHUuss OCBCIICHHOCTU JAaTYNKOM, MOKET OBITH MMpeaACTaBJICHO B BUAC!:

E, = 2 EzT, ’

Tpo

(13)

e 7, = 0,1 ¢ — Bpems unrerpuposanus mupposoro J10; 7, — Bpemst npeodpazoBaHust
curnana AL ¢; £, — ocBemeHHoCTs etuanaHoro usmepenns ALIL

Taxxke HEOOXOIUMO YUIUTHIBATH BPEMs, 3aTpadunBaeMoe Ha 0O0pabOTKy MaHHBIX
U3MEPEHHI JaTINKOM M UX repenaqy yepe3 unrepdeiic [*C. DKcrepuMeHTaIbHO yCTa-
HOBJICHO, YTO CyMMapHO o0paboTKa U mepenava JaHHBIX JaTYUKOM OCBEIIEHHOCTH
3aHuMaet 7, = 3,0041-107 c.

[lepenarounast pyHkMs upoBOTO GUIBTPA B TMHEHHOM MPEICTABICHUH OIHCHI-

BAaCTCAd YPABHCHHUCM allCPHUOJAUYCCKOTO 3BCHA IIEPBOT'0 MMOPAJIKA:

1
Whoa (8) = W (14)

e 7). — MOCTOsSIHHAs BPEMEHN ¢buneTpa, C.
Curnan paccornmacoBanus CO 3amuimieM Kak:

AE=E,-E,. (15)

[Mepenarounas Gpynkius mudposoro [1M-perymsitopa B JIMHEHHOM IPEACTABICHUN
BBIIVISAJIAT KaK:

1 k
W (s)=k,|1+— |=k,| 1+~ |, (16)
T.s s
e k, — nnrerpanbHbii ko3 puuuent I[TH-perymnsaropa.
Hampsoxenust Ha Beixogax reHeparopoB HIMM-curnanos s ynpasienns CHU/L
TEIUIBIM M XOJIOAHBIM CBEYEHUEM MOTYT OBITh ONPEAEICHBI NCXOs U3 YCIOBHI:

U,,ecmm t=t,
Uow = {0 At;cm/l t=t o (17
) = ‘oFFw
U, ecmmt =1,
Upc = 0,ecmu t =t ’ (18)
’ = ‘oFFc
e U, =5 B — ammuryna Hanpsokenust [IHHMM-curyanoB ynpasieHus; £, Wt . —
MPOAOIKUTENHHOCTh uMITyabca LIHMM-curnana mist CUJL Temmoro u X0J0IHOTO CBe-
YEHUS, C; £, U L) — TIPONOIDKHMTENBHOCTD Nay3bl [IIMM-curnana g CUJI terioro
Y XOJIOHOTO CBEYEHUH, C.
1
low =35 (19)
v S
1
love = ’ (20)
D.f
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1 .
Lorrw =7_tONW’ @1

1
Lorrc = 7 —lone’ (22)

e DW ubD o ko3 dunment 3anonnenus LLHIMM-curnana Toka CUJ| Teroro u xonos-
Horo cBeueHust; f= 2000 ['n — vactora HIMMM-curnanos.

Koasppuumentsr D, u D .3aBucsr ot tpebyemoii KIIT onruueckoro usmyuenus. [pu
MOJICTMPOBAHUHI HEOOXOAMMO YUUTHIBATH EPUO] BBHINOIHEHHUS LIMKIIA IPOTPaMMBI, CpEIHee
3HaYEHHE KOTOporo cocTapnser 7, .= 1,021-107 ¢ (onpeaeneHo sKcrepuMeHTaNIbHO).

[epenarounsie GpyHkiuu apaiisepa CH/] Terioro u xonojHOro KaHaJI0B CBEUCHUS
OTIMCHIBAIOTCS BBIPAKCHHUSIMHU:

Woow () = k3 (23)
Weoc (8) =k (24)

rie k,, = 0,02 A/B — nepenarounsiii kosdpunuent npaiisepa CUJL.

B skcniepuMeHTax MO CHATHIO KPUBBIX TIEPEXOIHBIX MPOLECCOB HA J1a00paTOPHOM
YCTaHOBKE B Ka4eCTBE 3a/aolero oprana ucnonb3osaics 11K, Bo3mymenune co3na-
BaJOCh HA TPOTPAMMHOM YPOBHE ITyTEM CTYNEHYATOr0 N3MEHEHHs KOP(PPUICHTOB
sanonnenus [HIMM-curnana tokos CHUJI Ha BesmuuHy, COOTBETCTBYIONIYIO E . OmbIT-
Hble na"Hble 3anuckiBanuch Ha IIK, cunteiBanne nanHbix ¢ MK ocymecTBisnocs
gepe3 uaTepdeiic UART ¢ momornrsto BetpoeHHoro mpeodpaszosarenss UART<=>USB.
Pazpabotka sxcriepuMeHTanpHOM iporpaMmbl it MK marer ynpasieHus npou3BeieHa
¢ ucroib3oBaHueM nporpamMmmuoro obecrnedenns FLProg u ArduinolDE Ha si3p1kax
nporpammuposanus FBD n Arduino C. KonnuecTBo HOBTOPHOCTEH AT Ka’KIOTO OITBITa
C pasMYHBIMU 3HAYeHUAMU £, u E, paHo 10. Jlnst Kax 104 NOBTOPHOCTH UCIIONB30Ba-
JIOCh CllyyaiiHoe cMelleHre Hayaa BpeMeHu naterpuposanust J1O. Ilpu monenupoBanuu
3aJaBaJics IIar CMEIeHHs Hauyaja BpeMEHH HHTETprupoBaHus qardyrka 10 Mc.

Pesyabtarsl uccienopanus. Ha ocHoBe cTpykTypHO# cxembl CAP ocBemeHHOCTH
(puc. 3) u onucaHus €€ OCHOBHBIX 3JICMEHTOB ObLila COCTABJICHA CTPYKTYpHAs cXema
monenupoBanus CAP B cpene SimInTech (puc. 4).

B crpykrypHoii cxeme MozenupoBanus (puc. 4) omoku «I1JIK», «MK», «JIpaiiep
CUl», «CretrmsHUKY, «IIudporoii JJO» seistoTcs cyomonensmu. CTpyKTypa TIIaBHOM
cyomomenn « MKy mipencraBieHa Ha pUCyHKE 5.

brnoku «Pacuer D» u «I'eneparop LLIMIM» (puc. 5) peaqu3oBaHbI C UCTIOIB30BAaHUEM
TEKCTOBOTO SI3bIKa ITPOTpaMMHUpoBanus, BcrpoeHHoro B SimInTech. B 6noke «Pacaer Dy
MPOUCXOIUT pacueT ko3 dpunnentos 3anonnenus: LIMM-curnanos tokoB CUJI Teroro
Y XOJIOMHOTO CBEYEHHUs B 3aBUCUMOCTH OT TpeOdyemoil KLIT onrtudeckoro uznmy4eHus.
MonenupoBanue nposeneno st KT, paBuoit 3779,57 K, koTopast cOOTBETCTBYET
MaKCHUMaJIbHOW OCBEIIEHHOCTH, CO3/JaBa€MOM CBETUILHUKOM.

brok «I'eneparop LLINM» dhopmupyer LLINM-curnansr HanpsbKeHHs: B COOTBETCTBHU
¢ ypaBHeHwsivH (17-22) mist ynipasieHus Tokamu uepe3 CH I Tetioro 1 X0JI0qHOTO CBEUCHHSL.
broxn «3aneprxka MKy yaUTHIBAIOT 3a€pKKY Ha IEPHUOJT BBITTOIHEHUS LIUKJIA POTPAMMBI.
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|

MuKpoKoHTpoJLIep / Ev
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— uw Udw Idw P 1dw + A
= @ U Udc Tdc 1dc g * Z M
Ez Jpaiiep CU/l/ CBeTHJIbHUK / E=f(t)
LED driver Luminaire

Ei E

ludposoii 40 /
Digital light sensor

VA YAWN k

A A0 e

Ei=f(t) En=f(t) Ha6moparens /
Observer

Puc. 4. CrpykrypHas cxema moaenuposanus undposoit CAP B cpene SimInTech
Fig. 4. Simulation block diagram of digital ACS of lighting in the SimInTech program

Jlumur 0..1 /

K 0...1 limit
Ei -
Ts+1
dunvstp / Ef=f(t)
Filter
3779.57 P

dw
et PL
de
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KUT / Jlumut CCT / Pacyer D/ —» Teneparop €
CCT CCT limit  Calculation D LIUM / PWM 3agepxka /
generator Delay

Puc. 5. Ctpykrypa cyomoznenu 610ka « MUKPOKOHTPOIIIEPY
Fig. 5. Structure of the submodel of the «Microcontroller» block

B pazpaborannoii komnbeioTepHOi Moaenu 1udposoit CAP ocBemeHHOCTH B cpeze
SimInTech nmuckperuszanus o yposHio 1 Bpemenu LLIMM-curHanoB HanpspkeHHs pea-
nu3yeTcs ¢ momotkio Ooka «I'eneparop LMy (puc. 5) 11 MOCTOSHHOTO 1ara MHTET-
PUPOBaHHUs, PABHOTO MUHUMAJIBHOH 1HpuHe umnynbca [IINMM HanpskeHui.

Onpeoenenue napamempos 0bobuennoco obvexma pecyiuposanus. B cooTBeT-
cteun ¢ Mmetogamu CHR, BTH u Konenmosuya myst pacuera mapamerpos [11-perymsatopa
TpeOyroTcs 3HaueHns Kod(puumnenra nepenadn k , MIOCTOAHHON Bpemenu 7. 1 3amna-
3/IbIBaHUS T, 0000MIEHHOr0 0OBEKTA PETYIUPOBAHMS, KOTOPBIH BKIIFOYAET B ce0s1 BCE
sneMeHThl CAP 0cBeIeHHOCTH, KpOME 33/1a10IIET0, CPAaBHUBAIOILETO U HEMOCPEICTBEH-
HO peryssitopa. ITH napamMeTpbl 00bEKTa MOTYT OBITh PACCUMTAHBI AHATUTUYECKU HITH
ornpe/eneHbl rpad)uuecky 0 KPUBBIM Pa3roHa.

Koaduiment nepenaun & 9MCIEHHO PABEH 3HAYEHUIO MAKCUMATBHON OCBEILEHHO-
CTH, CO3/1aBAEMOM CBETUJILHUKOM, CIIENOBATENbHO, k. = 51,4. Ilapametp T, onpenes-
€TCs IOCTOSHHON BpeMenu (uibrpa, To ecth T = T, = 0,125 c. OOuee 3ana3ipiBanue
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B CUCTEME CKIIA/IBIBAETCS U3 POJIOJDKUTENILHOCTH MHTErPUPOBanus 7, , udpposoro J10,
3a/IEPKKH Ha 00pabOTKY JIAHHBIX U3MEPEHUH U MX TIEpeiady T, , IEPUOOM BBITIOJTHEHHUS]
UMK IPOrpamMMsl 7, .0 T, =7, + 7,  +17, .=1,04107c.

Onpeodenenue napamempos IH-pecynamopa, oyenka kauecmsa npoyecca pe2yiu-
posanust. B coorBerctBum ¢ BeiOpanubiMu Metonamu CHR, BTH u Konenouua 1o
BBIpakeHUsM (1—6) mpom3BeneHsI pacueTsl mapameTpoB [ -perymsaropa, pe3yabTaTsl
KOTOPBIX TIPE/ICTaBICHbI B Ta0muIe 1.

Tabnuua 1

Table 1
IMapamerpsl HacTpoiiku ITH-peryisitopa 1Jist pa3HbIX MeTO/I0B pacueTa
PI controller tunings for different calculation methods
Meron / Method k, T,
CHR 8,182:107 150 mc / ms
BTU / VTI 14,076:107° 100 mc /ms
Konenosuua / Kopelovich 14,027-1073 145,72 mMc / ms

Hcemounux: 31€ch U jajiee B CTaThe BCE TAOJIUIIBI COCTABICHBI aBTOPAMH.
Source: Hereinafter in this article all tables were drawn up by the authors.

ITyTeM KOMIIBIOTEPHOTO MOJCIUPOBAHHS OBUIN MOTYUYCHBI IIEPEXOJHBIC TPOLECCHI
CAP nnis nacrpoek [1U-perynsitopa, npeacrasieHsbix B Tadnuue 1. Kpussie pazrona
IS 3aJ1a101IET0 Bo3aekcTBHA £, = 10 JIK COOTBETCTBYIOT BPEMEHH MOJIEIMPOBAHKSA
t,,= 0-2 ¢, uIs NOJOKUTENLHOTO ¥ OTPULATEBHOIO BO3MYIIEHUH — ¢, = 2-4 ¢
u ¢, = 4-6 c. IlepBoe ctynenyaroe usmenenre GoHoBOH ocpemenHocTy ot 0 1o 1 1k
(AE, = +1 nx) npousseneHo mpu ¢, = 2 ¢, Bropoe — ot 1 10 0 1k (AE, = —1 5x) npu
t,,=4 c. Pe3ynbrarhl MOJIEIMPOBAHUSI TIPE/ICTABIICHBI HA PUCYHKAX 6 1 7, T1I€ KPUBBIE
1, 2 m 3 coorBeTcTBYIOT HacTpoiikam [IM-perynsaropa, onpeaeseHHbIM 0 METOAaM
CHR, BTU u Konenosuua.

14 (Ey, 1x/Ix

2

12
AN

t, Mmc / ms

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Puc. 6. Ilepexonusie npoueccel CAP 1o 3aaaromiemMy BO31CHCTBUIO
Fig. 6. Transient processes in ACS for a master control
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Puc. 7. Ilepexonnsie npoueccel CAP 1o Bo3MyILICHHIO
Fig. 7. Transient processes in ACS for a perturbation action

BusyanbHbIi aHaN3 KpUBBIX TIepexoaHbIX porieccoB CAP, n3o0pakeHHBIX Ha pH-
CYHKe 6, TIOKa3bIBaEeT, YTO HAMITyUIlIee Ka9eCTBO IIEPEXOHOTO IMPOIIECcca MO0 33/1al0IIEMy
BO3JIEHCTBUIO 0OecrieunBaroT napamerpsl [IM-perynaropa, momydeHHBIE 110 METOY
Konenosuua. Ilepexonusiii npouecc CAP a1 mapameTpoB perymistopa, BBIYUCIEHHbBIX
no metony CHR, obecneunBaeT anepronuueckuil mepexoAHblid mpouecc 6e3 nepepe-
TYIUPOBaHUs, HO UMeeT OOJbIIOE BpeMsl peryanpoBanus. [lepexoaHblii mporecc npu
HACTpOMKax peryisTopa, noiny4eHHbix no merony BTU, xapakrepusyercs 3HaYUTEIbHBIM
(6oinee 25 %) nepeperynupoBaHUEM.

AHann3 KPUBBIX MEPEXOAHBIX TPOIIECCOB IO BOBMYIIICHHUIO (PHC. 7) TTOKA3BIBACT, UTO
napametpsl [I1-perymsatopa, moaydeHHbIe 1o MeToxy KomenoBuda, Takxke 00ecreunBaoT
Jy4IIee KaueCTBO PETYIUPOBAHMS.

3a cuer HIMM-ynipagsenuns TOKaMu CBETOMOIOB OCBEIIEHHOCTh £ KONEOIETCs ¢ am-
TIATYR0M 17 MITK OTHOCHTENBHO cpeHero 3a repuon (0,5 mc) 3aavenns. Ha rpaduxax
TIEPEXOTHBIX MPOIECCOB, M300paKEHHBIX Ha pUCYHKE 7 B yBEIIMYEHHOM MaciTade, 3To
MIPOSIBIISIETCS B YBEITMUCHUH TOJIIIUHBI KPUBBIX /, 2 1 3 HA TOPU3OHTAJIBHBIX yUACTKAX.

Paccuurannbie nokazarenu kauectBa peryauposanusi CAP ocBenieHHocTH Ipu Ha-
CTpOWKax peryisaropa, Mojay4eHHbIX 110 MeToy KomenoBuya, y10BIE€TBOPSIIOT HCXOIHBIM
TpeGoBaHMsIM (Tad. 2).

Ouenka kayectsa perynuposanus CAP npoussenena 1jis 0CBEMEHHOCTH £, KOTO-
past XxapakTepu3yeT BO3/IeiiCTBUE CBETa Ha HAOIIOAATENS C Y4eTOM HHEPIIMOHHOCTH €T0
3pUTENBHOTO armapara Ipy BOCIPUATHN MUMITYJIbCHOTO CBETOBOTO MOTOKA (KpuBas /
Ha puc. §).

HecmoTpst Ha CyIIECTBEHHYIO IMCKPETU3ALMIO 110 BpeMEHU curHana £, = f(f) na
BBIXOJIE TaTYNKA OCBEIEHHOCTH, 33 CUET PABEHCTBA ITOCTOSHHBIX BPEMEHHU U (PPOBOTO
¢unbrpa T, u 3puTenbHOTO anmnapara Hadmonarens 7, noay4eH >3p(eKT HIEHTHYHOCTH
kpuBbIX £, = f{f) u E,, = f(t) co capurom no Bpemenu okoso 103 mc (puc. 8). Ot1o mo-
3BossieT CAP Gornee KoppeKTHO (hOPMHUPOBATH YIPABIISOIIEE BO3ACHCTBUE C TIOMOIIHIO
[IN-perynaropa, 4To CIOCOOCTBYET YAYUILICHHIO KAaUeCTBA PErYIUPOBAHUSL.
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Tabnuna 2
Table 2
Ioxka3arenn kavyecrBa peryaupoBanusi CAP
Regulator performance indicators of ACS
IToxasarens kayecTsa / 3anatoniee Bo3aeicTaue / Bosmymaromee
Regulator performance Master control P BO3ACHCTRHE /
erturbation action
Craruueckas ommbka AE, 1k / Static error AE ., K =0 =0
Bpewmst perymuposanus £,, Mc / Control time #,, ms 384,16 382,35
Ilepeperymuposanue o, % / Overshoot g, % 3,18 6,80
UYucno nepeperymmposanuii 2 / Number of overshoots 7 1 1
14 (E, nx/1Ix 2
12
1 3
10 ~
v

g /| /

VY
N

VAV

0 100 200 300 400 500 600 700 800 900 1000

Puc. 8. Ilepexomnsie npoueccsl B CAP 1o 3anaronieMy BO3IeiCTBHIO
npu £,=100k: 1 -E,2-E,3-E,
Fig. 8. Transient processes in ACS for a master control for £,=10Ix: 1 - E,,2 - E,3 - E,

t, Mc / ms

Oxenepumenmanvuasn nposepka mooenu CAP oceewyennocmu. C 1EIbIO OICH-
KH JIOCTOBEPHOCTH PE3y/IbTaTOB KOMITBIOTEpHOTO MojieupoBanusi CAP ocBelieHHOCTH
MIPOBE/ICH PS/I HATYPHBIX SKCIIEPUMEHTOB IO TIOIYYCHUIO TaHHBIX H3MEHEHHUS BO Bpe-
MEHH OCBEIIEHHOCTH £, Ha BBIXO/IE HU(POBOTO (PUIIBTPA IPH CTYIIEHYATHIX 33/1AI0IIEM
Y BO3MYIIAIOIINX BO3MEHCTBHAX. OMBITHI MPOBOAMIUCH Ha JJA0OPATOPHOH YCTaHOBKE,
n300pakeHHoM Ha pucyHke 1. [Ipu aToM 3a7aroniee 1 BO3MYIIAIOIINE BO3IECHCTBHS CO-
3[1aBAJTMCh AHAJIIOTUYHO MTPOBEICHHOMY KOMITBEOTEPHOMY MOJISIIUPOBAHUIO, PE3YIBTaThI
KOTOpPOTO 0TOOpaKeHBI Ha PUCYHKAX 6 1 7.

HarnsimHoe cpaBHeHue peanbHOTO repexoanoro mnporecca B CAP ¢ pesynbraramu
KOMIIbIOTEPHOTO MoaenupoBanus s £, = 10 nx u KT = 3779,57 K Bo3MOKHO 1IyTeM
COTIOCTABJICHUSI KPUBBIX, KOTOPBIC MIPHUBEICHBI HA PUCYHKE 9. [paduku nepexoHbix
npoueccos £, = f{¢) mOCTpoeHsl 10 pe3ynsTaTaMm 00paboTKU SKCIIEPUMEHTATbHBIX
maHabIX 10 OmBITOB.
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Puc. 9. Ilepexogusie npoueccsl B peanbHoil CAP (cuHss TuHMS)
1 B €€ KOMIILIOTEPHOU Moziesu (KpacHast nunust) js £, = 10 ak:
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a) 10 3a/laloeMy BO3IEHCTBHIO; 6) 10 Bo3MyInenuio npu AE, = +10 %

Fig. 9. Transient processes in a real ACS (blue line) and in its computer model (red line)
for £, = 10 Ix: a) for a master control; b) for a perturbation action equal to AE, = +10 %

Busyansno pesynbsrarsl MosenupoBanus CAP o0cBEeHHOCTH XOPOIIO COIOCTaB-
JIAIOTCS ¢ KPUBBIMU pa3roHa peasibHON cucTeMbl (puc. 9), HabmogaeTcsi O4eBUAHOE
CXOJZICTBO BCEX XAaPAKTCPHLIX YHYAaCTKOB KPHBBIX. Yucnennas OII€HKa COBIIaACHUA
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9KCIEPUMEHTAJBHBIX JaHHBIX C pe3yibTaTaMUu MOJIEIUPOBAHUS NMPOU3BEACHA 11O
K03(pPUIHMEHTY JeTepPMUHALUH IJIsl MPOJOJKUTEILHOCTH MEPEXOAHBIX POIECCOB,
paBHO# 1 ¢ 1o 3ajaronieMy BO3/IEHCTBUIO U BO3MYyIIeHUAM. COMocTaBiIeHne TOYEK
pacdeTa mpoM3BOAMIOCH IPU OJMHAKOBOM BPEMEHH, B KaU€CTBE NCXO/IHBIX 3HAaUeHUN
10 BpEMEHH MPUHUMAJIUCH OTIBITHBIE JAHHBIE PEaIbHOTO MEPEXOAHOTO MpoLecca, Ipu
HE0OXOUMOCTH Pe3yIbTaThl MOACINPOBAHNS JIJIS 33JaHHOTO BPEMEHH OTIPEIEIIAITUCH
MHTEPIIOJUPOBAHNEM 3HAUCHUN OCBEMICHHOCTEH IS MBYX OMMIKAWIIIX MOMEHTOB
Bpemenu. CoBIajieHre KPUBBIX MEPEXOIHBIX MpoIieccoB (puc. 9) Ha ypoBHe R* > 98 %
(Tabin. 3) MOXET CITY)KHUTh OLEHKON BEICOKOW TOYHOCTH pa3pabOTaHHOW KOMITBIOTEPHOM
monenu CAP ocBeleHHOCTH.

Tabnuma 3
Table 3
OueHka coBnajgeHusi epexoAHbIX NPoLeccoB
Estimation of the coincidence of transient processes

R’ 110 3ajaronieMy BO3/ICHCTBHIO / R? 110 BO3MYILICHHIO /
Ey e/ 1x R? for a master control AE,, mx / Ix R? for a perturbation
+0,5 0,9357
1 0,9887
-0,5 0,9050
+1,0 0,9828
10 0,9993
-1,0 0,9857
+2,5 0,9913
25 0,9995
-2,5 0,9906

JlomoTHUTENbHO aHAJIOTHYHBIM 00pa30M MPOU3BEJeHA OI[EHKA TOYHOCTH MO-
nenn CAP ocBenleHHOCTH IJid APYTUX 3HAYCHUH EZ Hu AEV (Tabm. 3; puc. 10, 11).
AHalli3 NaHHBIX, IPEJCTABICHHBIX B TA0IULE 3, MOKA3bIBAET, YTO C YBEIMUCHUEM
3a/IaHHOTO 3HaY€HHUsI yPOBHS ocBelleHHOCTH (puc. 10) ko dunmenT gerepmuna-
MM TIOBBIIIAETCS.

s E,= 1 1k (puc. 11), HecMOTps Ha BEICOKOE 3HaUYeHHE KO3 PULIMEHTA NeTepMHU-
HAIMHY 10 3ajaronieMy Bosaeiictauio (R? = 0,9887), mepeperymmpoBaHue B peaabHOI
CAP na 4,6 % BBIIIIC OTHOCUTEIHFHO KOMITBIOTEPHOM Momenu. I1epexomanblii mpoiecc mo
BO3MyIIeHHIO B peanbHoi CAP xapakrepusyercst 6osee OBICTPHIM BBIXOIOM Ha ycTa-
HOBHBIIIEECS] 3HAUEHHUE 110 CPABHEHHIO C MOJIEIBIO.

VXyameHne coBITaIeHNsT KPUBBIX IMEPEXOIHBIX TIporieccoB B peanbHoit CAP 1 B ee
KOMITBIOTEPHOM MOJIENI Ha MAJIBIX YPOBHSIX 33/IaHHOM OCBeIeHHOCTH (puc. 11) cBsza-
HO ¢ OoIee CymecTBEHHBIM BIUSHUEM MOTPENTHOCTEH H3MEPEHHIA, TIOMEX U TTPUHSATHIX
B MOJIENM JionyIenuit. Hecmorps Ha 910, 11 £, 1 IK MOZIENB I0CTATOYHO IOCTOBEPHO
onuceIBaeT nepexoaHsie mporneccel B CAP, a ucnonezyemsle Hactpoiiku [IU-perynsaropa
o0ecreunBaioT TpedyeMoe KaueCTBO PeryIHpOBaHMs OCBEIICHHOCTH.

O0cy:xneHue u 3akiaouenue. Pazpadorannas moaens nudposoit CAP ocsemen-
HOCTH U nporpammHoe odecrieuenne SimInTech mo3Bonunu npoBecTH uccienoBaHue
nanHoit CAP MeTomoM KOMITBIOTEPHOTO MOICTUPOBAHUS.
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Pwuc. 10. Ilepexomusie mporeccs! B peanbHoi CAP (cuHss THHUS) U B €€ KOMITBIOTEPHOM MOJIeITH
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Fig. 10. Transient processes in a real ACS (blue line) and in its computer model (red line)
for E,= 25 Ix: a) for a master control; b) for a perturbation action equal to AE,=—-10 %
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Puc. 11. Ilepexonnsie nmponeccel B peanbHoit CAP (CHHSS TMHMS) U B €€ KOMIBIOTEPHON MOAEIN
(xpacnas mununs) 11 £, = 1 JI: a) 10 3ajaroueMy BO3I€HCTBHIO; 0) Mo BosMylienuio npu AE), = 0,5 1k

Fig. 11. Transient processes in a real ACS (blue line) and in its computer model (red line) for £, = 1 Ix:
a) for a master control; b) for a perturbation action equal to AE, =—0.5 Ix

Br10op MeTonoB HaxoxkaeHus pabounx HacTpoek nudposoro [1M-perymsatopa cneqyer
MPOU3BOIUTH C YUETOM HAIUYHS JUCKPETH3AIUH CUTHAJIOB M0 YPOBHIO U BO BPEMEHH
mudposbiMu ementamu CAP ocBettieHHOCTH. J{7st CHYDKEHHS BIMSHUS TIOMEX 1 00-
Jiee KOPPEKTHOTO (hOPMHUPOBAHHUSI PETYIISITOPOM YIIPABIISAIOIICTO BO3ICHCTBHUS C YIETOM
BOCIIPHSITHSI UMITYJIbCHOTO CBETOBOTO TIOTOKA HAOIIOIATENIEM CIISYET MCIIOJIb30BaTh
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g poBoit GpubTp. Beicokue nmokazarenu kadecTsa perynupoBanus mudposoii CAP obec-
neunsio npumenenue [-perynsaropa ¢ nactpoiikamu k, = 14,027-107 u T,= 145,72 mc,
paccuuTaHHBIME 110 MeToy Konenosuya.

CpaBHHTENbHAS OI[EHKA MEPEXOAHBIX MPOIECCOB MO 3aA0IIEMYy M BO3MYIIAI0-
UM BO3ACUCTBUSAM B peanbHOUM CAP, peann3zoBaHHO#N Ha 1a00paTOpHON yCTaHOBKE,
Y B KOMITBIOTEPHOM MOJIEIH TaHHOM CHCTEMBI MTO3BOJISIET CAENaTh BHIBOJ O BHICOKON
TOYHOCTHU Pa3pabOTaHHON MOZIENIN U KOPPEKTHOCTH BBIOOpA IIapaMeTPOB MOAEIUPOBAHUS
B cpene SimInTech. IIpu ManbIx ypoBHSIX 3a/1aHHOM OCBEIIEHHOCTH Ha ()YHKIIMOHHUPO-
BaHnu CAP oxxnmaemo Oosblie cka3bIBalOTCS IOMEXHU U CHIIbHEE MPOSIBIISICTCS BIAMSHUE
JOIYLICHUH, NPUHATHIX P Pa3paboTKe KOMIIBIOTEPHOI MoAEIH. DKCIIEPUMEHTAIBHO
YCTaHOBJICHO, YTO TpedyeMoe KauecTBo npoiecca perynmuposanus CAP obecneunBaercs
JUTS ITMPOKOTO TUANa30Ha 33JaHHOM OCBEIIEHHOCTH: OT 1 J10 25 JK.

Pazpaborannas CAP ocsemennoctu ¢ [11-perynstopom MOkeT ObITh HCTIOIB30BaHA
B IIM()POBOH cHCTEME TMHAMUYECKOTO JIOKaJIbHOTO OCBEHICHHS KIICTOK AJISl CONIEPIKaHUSI
CENTbCKOXO3IMCTBEHHOM NTHIIBL. [IepcrieKTHBHO NCTIONB30BaHKE Pa3padOTaHHON MOETH
CAP u xommniploTepHOr0 MozieupoBanus B cpene SimInTech uist yrouneHus onTumanb-
HbIX HacTpoek [T1- niu ITU/I-perynsaropa ¢ IOMOIIBIO TapaMeTPUIECKOM ONITUMU3ALUH
TIpY pa3nuaHbIX codeTanmsix ocsermeHHocT 1 KT ontruaeckoro m3mydenus 1 co3aanus
anantuBHOW CAP 0CBEmEeHHOCTH ¢ H3MEHIEMBIMHI HACTPOHKAMU PETYIIATOpA.

CIIMCOK JIMTEPATYPbI

1. MycaeB A. M. BiusiHue JHEBHBIX W HOYHBIX PUTMOB Ha MPOAYKTUBHOCTB SITTOHCKOTO TIE€peresa
(Japonicus coturnix L) // Bectauk Bamkupckoro rocyaapcTBeHHOro arpapHoro yausepcurera. 2015. Ne 2 (34).
C. 53-56. URL.: https://vestnik.bsau.ru/netcat _files/vestnic/file/2015-34.pdf (nata obpamenns: 30.10.2023).

2. Significance of Light in Poultry Production: A Review / S. J. Patel [et al.] // Advances in Life Scien-
ces. 2016. Vol. 5, Issue 4. P. 1154-1160. URL: https://clck.ru/3Audhy (mara obpamenus: 30.10.2023).

3. Influence of LED Bulb on Reproductive and Production Performance of Different Poultry Species:
A Review / O. M. Oso [et al.] // World's Poultry Science Journal. 2022. Vol. 78, Issue 2. P. 515-529. https://
doi.org/10.1080/00439339.2022.2044273

4. Soliman F. N. K., El-Sabrout K. Light Wavelengths/Colors: Future Prospects for Broiler Beha-
vior and Production // Journal of Veterinary Behavior. 2020. Vol. 36. P. 34-39. https://doi.org/10.1016/j.
jveb.2019.10.014

5. letkoBa A. E. 3oorurneHndeckas OeHKa mapaMeTpoB MUKPOKJIMMATa COACPIKAHHS NTHIB POJIH-
TEJBCKOTO CTaja Kpocca Xaiiceke YaiT // Monoznexs u Hayka. 2018. Ne 6. C. 28. EDN: YADUNF

6. Lighting, Density, and Dietary Strategies to Improve Poultry Behavior, Health, and Production /
K. El-Sabrout [et al.] / Journal of Animal Behaviour and Biometeorology. 2022. Vol. 10, Issue 1. Article
no. 2212. https://doi.org/10.31893/jabb.22012

7. Impact of Housing Environment on the Immune System in Chickens: A Review / T. Hofmann [et al.] //
Animals. 2020. Vol. 10, Issue 7. Article no. 1138. https://doi.org/10.3390/ani10071138

8. JlokalbHOE CBETOIMOIHOE OCBEIICHHE — ITyTh MOBBIIICHUS 2(PEKTUBHOCTH NMTHULIEBOACTBA /
B. U. ®ucunun [u np.] // Joctmxenus Hayku u TexHuku AITK. 2011. Ne 6. C. 61-62. EDN: MMXNCU

9. Thomson A., Corscadden K. W. Improving Energy Efficiency in Poultry Farms through LED Usage:
A Provincial Study // Energy Efficiency. 2018. Vol. 11. P. 927-938. https://doi.org/10.1007/s12053-018-9613-0

10. l1ab6aeB E. A., Pomanosery M. M. LudpoBas cucteMa TUHaAMHYECKOTO JIOKAJTBHOTO OCBEIICHHUS
KJIETOK JUTS COAEPIKAHMUS CENTbCKOXO3SMCTBEHHON NTHIIBI // DIEKTPOTEXHOIOTHH U JJIEKTPOOOOpyIOBaHIE
B AIIK. 2022. T. 69, Ne 1 (46). C. 26-30. https://doi.org/10.22314/2658-4859-2022-69-1-26-30

Electrical technologies and equipment 313


https://vestnik.bsau.ru/netcat_files/vestnic/file/2015-34.pdf
https://clck.ru/3Au9hy
https://doi.org/10.1080/00439339.2022.2044273
https://doi.org/10.1080/00439339.2022.2044273
https://doi.org/10.1016/j.jveb.2019.10.014
https://doi.org/10.1016/j.jveb.2019.10.014
https://www.elibrary.ru/YADUNF
https://doi.org/10.31893/jabb.22012
https://doi.org/10.3390/ani10071138
https://www.elibrary.ru/MMXNCU
https://doi.org/10.1007/s12053-018-9613-0
https://doi.org/10.22314/2658-4859-2022-69-1-26-30

I/IH)KEHEPH]:»IE TEXHOJIOTUN 1 CUCTEMBI Tom 34, Ne 2. 2024

11. Shabaev E. A., Romanovets M. M. Mathematical Models of Sunlight for Dynamic Lighting Systems
of Agricultural Objects // IOP Conference Series: Earth and Environmental Science. 2021. Vol. 659. Article
no. 012110. https://doi.org/10.1088/1755-1315/659/1/012110

12. Crioco6 JI0KaIbHOTO AMHAMHYECKOTO OCBEIICHH ST KIICTOK JUISl COACPIKAHMUS CEITbCKOXO3SIHCTBEHHOM
NTHIBI C MOJICTUPOBAHUEM €CTECTBCHHOM CBETOBOM cpenbl : mareHT 2797873 Poccuiickas Deneparst /
[abae E. A., Pomanoserr M. M. Ne 2022117323 ; 3asBi. 24.06.2022 ; onyoun. 09.06.2023, Bron. Ne 16.
7 ¢. URL: https://patents.google.com/patent/RU2797873C1/ru (nara obpamenus: 30.10.2023).

13. IIpoyKTHBHOCTb Kyp IIPH CBETOAMOIHOM OCBEIICHHHU C U3MEHSIEMOI IBETOBOW TeMIepaTypoit /
A. 11I. Kaprapamumu [u ap.] // IItuuesoxctso. 2017. Ne 3. C. 27-29. EDN: YLKCGV

14. Archer G. S. Color Temperature of Light-Emitting Diode Lighting Matters for Optimum Growth
and Welfare of Broiler Chickens // Animal. 2018. Vol. 12, Issue 5. P. 1015-1021. https://doi.org/10.1017/
S1751731117002361

15. Oyoposckuii A. A., CmupHosa B. B. Vcnonb30BaHne CBETOIUOIHOTO OCBEIICHHS C PA3TUYHON
L[BETOBOIl TeMIeparypoil Py BhIPALMBAHUK POAUTENBCKOTO CTaja NTHUIbI / BecTHHK MUYypHHCKOTO
rocyaapcTBeHHoro arpapaoro ynusepcutera. 2020. Ne 4 (63). C. 188-195. URL: https://www.mgau.ru/
sciense/journal/PDF _files/vestnik 4 2020.pdf (mara oopamenus: 30.10.2023).

16. Aldridge D. J., Scanes C. G., Kidd M. T. Performance and Preference of Broilers Provided Dual
Light Warmth // Journal of Applied Poultry Research. 2021. Vol. 30, Issue 4. Article no. 100187. https://
doi.org/10.1016/j.japr.2021.100187

17. Impact of Light Intensity or Choice of Intensity on Broiler Performance and Behavior / D. J. Al-
dridge [et al.] // Journal of Applied Poultry Research. 2022. Vol. 31, Issue 1. Article no. 100216. https://
doi.org/10.1016/j.japr.2021.100216

18. I'azanos B. C., I1labaes E. A., Pomanosenr M. M. MoaenupoBanne CAP 0CBEIIEHHOCTH JTHUHA-
MHYCCKOI cucTeMbl ocBelenns Ha RGB-cBeTommonax // Arpodxoludo. 2019. Ne 2. 14 ¢. URL: https:/
agroecoinfo.ru/TEXT/RUSSIAN/2019/st 223 annot.html (nata obpamenus: 30.10.2023).

19. Ma3zypoB B. ABromaTuueckue peryisTopbl B CUCTeMax yIpaBIeHUs U UX HacTpoiika. YacTs 3.
[udpossie perynsropsl u ux Hactpoiika / Komnonents! u texuonoruu. 2003. Ne 6. C. 146-151. URL:
https://clck.ru/3AvWeU (nara oopamenus: 30.10.2023).

20. Anuchin A. S. Calculation Techniques for Parameters of a Digital PI Controller in an Elec-
trical Drive // Russian Electrical Engineering. 2014. Vol. 85. P. 290-297. https://doi.org/10.3103/
S1068371214050022

21. Astrom K. J., Higglund T. Revisiting the Ziegler-Nichols Step Response Method for PID Control /
Journal of Process Control. 2004. Vol. 14, Issue 6. P. 635-650. https://doi.org/10.1016/j.jprocont.2004.01.002

22. Controller Tuning Method for Non-Linear Conical Tank System / G. Saravanakumar [et al.] // Asian
Journal of Applied Science and Technology (AJAST). 2017. Vol. 1, Issue 2. P. 224-228. URL.: https://ssrn.
com/abstract=2942425 (nara obpamenus: 30.10.2023).

23. Pa3paboTka METOANKH OIPE/ICIICHHUSI ONITUMAJIbHBIX APAMETPOB HACTPOMKH IPOMBILIICHHBIX Pe-
ryastopos / T. A. 3ocumosa [u ap.] // Bectauk HTUDU. 2020. Ne 3 (106). C. 5-20. URL: https://vestnik.
ngiei.ru/?page id=1841#commentspost (nata obpamenus: 30.10.2023).

24. Metaheuristic Algorithms for PID Controller Parameters Tuning: Review, Approaches and Open
Problems / S. B. Joseph [et al.] // Heliyon. 2022. Vol. 8, Issue 5. Article no. €09399. https://doi.org/10.1016/j.
heliyon.2022.¢09399

25. Reinforcement Learning Approach to Autonomous PID Tuning / O. Dogru [et al.] // Com-
puters & Chemical Engineering. 2022. Vol. 161. Article no. 107760. https://doi.org/10.1016/j.comp-
chemeng.2022.107760

26. Lolu S. J., Lolu G. D. Comparison of PID Tuning Methods for First Order Plus Time-Delay
System // International Journal of Advance Research in Science and Engineering. 2018. Vol. 7, Issue 1.
P. 3647. URL: https://ijarse.com/images/fullpdf/1515747909 J1006.pdf (nata obpamenus: 30.10.2023).

27. OHemun U. O., Cabnuna I. B. Mccnenosanne Meto0B HacTpoiiku napamerpos [T /I-perynsitopa //
ABromatuka u nporpammHast umkenepusi. 2020. Ne 1 (31). C. 174-181. URL: https://jurnal.nips.ru/ru/
node/127 (mara oopamenus: 30.10.2023).

314 Onexmpomexnonozauu u 21eKkmpoo6opyoosanie


https://doi.org/10.1088/1755-1315/659/1/012110
https://patents.google.com/patent/RU2797873C1/ru
https://doi.org/10.1017/S1751731117002361
https://doi.org/10.1017/S1751731117002361
https://www.mgau.ru/sciense/journal/PDF_files/vestnik_4_2020.pdf
https://www.mgau.ru/sciense/journal/PDF_files/vestnik_4_2020.pdf
https://doi.org/10.1016/j.japr.2021.100187
https://doi.org/10.1016/j.japr.2021.100187
https://doi.org/10.1016/j.japr.2021.100216
https://doi.org/10.1016/j.japr.2021.100216
https://agroecoinfo.ru/TEXT/RUSSIAN/2019/st_223_annot.html
https://agroecoinfo.ru/TEXT/RUSSIAN/2019/st_223_annot.html
https://clck.ru/3AvWeU
https://doi.org/10.3103/S1068371214050022
https://doi.org/10.3103/S1068371214050022
https://doi.org/10.1016/j.jprocont.2004.01.002
https://ssrn.com/abstract=2942425
https://ssrn.com/abstract=2942425
https://vestnik.ngiei.ru/?page_id=1841#commentspost
https://vestnik.ngiei.ru/?page_id=1841#commentspost
https://doi.org/10.1016/j.heliyon.2022.e09399
https://doi.org/10.1016/j.heliyon.2022.e09399
https://doi.org/10.1016/j.compchemeng.2022.107760
https://doi.org/10.1016/j.compchemeng.2022.107760
https://ijarse.com/images/fullpdf/1515747909_J1006.pdf
https://jurnal.nips.ru/ru/node/127
https://jurnal.nips.ru/ru/node/127

Vol. 34, no. 2. 2024 ENGINEERING TECHNOLOGIES AND SYSTEMS

28. Mazypos B. ABromaruueckue peryisrtopbl B CUCTEMax YIPaBICHUS U UX HacTpoiika. Yacts 2.
ABTOMaTHYECKHE PETYJISATOPBI U UX HacTpoiika. OOIIKe CBEICHUS O MPOMBIIUICHHBIX CUCTEMaX Peryiu-
posanus // Kommonents! u Texromorun. 2003. Ne 5 (31). C. 114-118. URL: https://clck.ru/3AviNy (nara
obpamtenus: 30.10.2023).

29. lenucenko B. ITNJI-peryasitopsl: Borpocs! peanu3anuu. Yacts 2 / CoBpeMeHHas SICKTPOHUKA
u TexHonorun apromaruzanuu. 2008. Ne 1. C. 86—99. URL: https://www.cta.ru/articles/spravochnik/v-
zapisnuyu-knizhku-inzhenera/125043/ (nara oopamenus: 30.10.2023).

30. [l1abaes E. A., Pomanoseny M. M., Kynaunnckwuii B. A. MccnenoBanue HarpeBa CBETOIMOIOB KOM-
MAKTHOTO CBETHJIbHHUKA JUISI CUCTEMBbI JIOKAJILHOTO OcBelieHus / BectHuk arpapHoit Hayku Jlona. 2022.
T. 15, Ne 1 (57). C. 78-86. https://doi.org/10.55618/20756704 2022 15 1 78-86

31. lIabaes E. A., Pomanosenr M. M., Kynaunnckuii B. A. MccnenqoBanne MHOTOKaHATBHOTO BbI-
COKOBOJIBTHOTO CBETONMOAHOTO japaiiBepa / Bectnuk HITMDU. 2023. Ne 4 (143). C. 67-78. https://doi.
org/10.24412/2227-9407-2023-4-67-78

REFERENCES

1. Musayev A.M. Influence of Two Day and Two Night Rhythms on Productivity of Japanese Quail
(Japonicus Coturnix L). Vestnik Bashkir State Agrarian University. 2015;(2):53-56. (In Russ., abstract
in Eng.) Available at: https://vestnik.bsau.ru/netcat _files/vestnic/file/2015-34.pdf (accessed 30.10.2023).

2. Patel S.J., Patel A.S., Patel M.D., Patel J.H. Significance of Light in Poultry Production: A Review.
Advances in Life Sciences. 2016;5(4):1154-1160. Available at: https://clck.ru/3AuShy (accessed 30.10.2023).

3. 0so O.M., Metowogo K., Oke O.E., Tona K. Influence of LED Bulb on Reproductive and Production
Performance of Different Poultry Species: A Review. World's Poultry Science Journal. 2022;78(2):515-529.
https://doi.org/10.1080/00439339.2022.2044273

4. Soliman F.N.K., El-Sabrout K. Light Wavelengths/Colors: Future Prospects for Broiler Behavior
and Production. Journal of Veterinary Behavior. 2020;36:34-39. https://doi.org/10.1016/j.jveb.2019.10.014

5. Detkova A.E. Hygienic Evaluation of the Microclimate of the Poultry Parent Stock of Cross Hajseks
White. Youth and Science. 2018;(6):28. EDN: YADUNF

6. El-Sabrout K., El-Deek A., Ahmad S., Usman M., Dantas M.R.T., Souza-Junior J.B.F. Lighting,
Density, and Dietary Strategies to Improve Poultry Behavior, Health, and Production. Journal of Animal
Behaviour and Biometeorology. 2022;10(1):2212. https://doi.org/10.31893/jabb.22012

7. Hofmann T., Schmucker S., Bessei W., Grashorn M., Stefanski V. Impact of Housing Environment on
the Immune System in Chickens: A Review. Animals. 2020;10(7):1138. https://doi.org/10.3390/ani10071138

8. Fisinin V.I., Kavtarashvili A.Sh., Novotorov E.N., Gladin D.N. Light-Emitting Diode Illumina-
tion — Morrow in Poultry Farming. Achievements of Science and Technology in Agro-Industrial Complex.
2011;(6):61-62. (In Russ., abstract in Eng.) EDN: MMXNCU

9. Thomson A., Corscadden K.W. Improving Energy Efficiency in Poultry Farms through LED Us-
age: A Provincial Study. Energy Efficiency. 2018;11:927-938. https://doi.org/10.1007/s12053-018-9613-0

10. Shabaev E.A., Romanovets M.M. Digital System of Dynamic Local Lighting for Poultry Cages.
Electrical Technology and Equipment in the Agro-Industrial Complex. 2022;69(1):26-30. (In Russ., abstract
in Eng.) https://doi.org/10.22314/2658-4859-2022-69-1-26-30

11. Shabaev E.A., Romanovets M.M. Mathematical Models of Sunlight for Dynamic Lighting Systems
of Agricultural Objects. IOP Conference Series: Earth and Environmental Science. 2021;659:012110. https://
doi.org/10.1088/1755-1315/659/1/012110

12. Shabaev E.A., Romanovets M.M. [Method for Local Dynamic Lighting of Cages for Poultry with
Simulation of Natural Light Environment]. Patent 2,797,873 Russian Federation. 2023 June 09. 7 p. Avai-
lable at: https://patents.google.com/patent/RU2797873C1/ru (accessed 30.10.2023). (In Russ.)

13. Kavtarashvili A.Sh., Novotorov E.N., Gusev V.A., Gladin D.M. [The Productive Performance of
Layers under LED Lighting with Variable Color Temperature]. Ptitsevodstvo. 2017;(3):27-29. (In Russ.)
EDN: YLKCGV

Electrical technologies and equipment 315


https://clck.ru/3AvfNy
https://www.cta.ru/articles/spravochnik/v-zapisnuyu-knizhku-inzhenera/125043/
https://www.cta.ru/articles/spravochnik/v-zapisnuyu-knizhku-inzhenera/125043/
https://doi.org/10.55618/20756704_2022_15_1_78-86
https://doi.org/10.24412/2227-9407-2023-4-67-78
https://doi.org/10.24412/2227-9407-2023-4-67-78
https://vestnik.bsau.ru/netcat_files/vestnic/file/2015-34.pdf
https://clck.ru/3Au9hy
https://doi.org/10.1080/00439339.2022.2044273
https://doi.org/10.1016/j.jveb.2019.10.014
https://www.elibrary.ru/YADUNF
https://doi.org/10.31893/jabb.22012
https://doi.org/10.3390/ani10071138
https://www.elibrary.ru/MMXNCU
https://doi.org/10.1007/s12053-018-9613-0
https://doi.org/10.22314/2658-4859-2022-69-1-26-30
https://doi.org/10.1088/1755-1315/659/1/012110
https://doi.org/10.1088/1755-1315/659/1/012110
https://patents.google.com/patent/RU2797873C1/ru
https://www.elibrary.ru/YLKCGV

I/IH)KEHEPH]:»IE TEXHOJIOTUN 1 CUCTEMBI Tom 34, Ne 2. 2024

14. Archer G.S. Color Temperature of Light-Emitting Diode Lighting Matters for Optimum Growth and
Welfare of Broiler Chickens. Animal. 2018;12(5):1015-1021. https://doi.org/10.1017/S1751731117002361

15. Dubrovsky A., Smirnova V. The Use of LED Lighting with Different Color Temperatures when
Raising a Parent Flock of Poultry. Bulletin of Michurinsk State Agrarian University. 2020;(4):188-195.
(In Russ., abstract in Eng.) Available at: https://www.mgau.ru/sciense/journal/PDF _files/vestnik 4 2020.
pdf (accessed 30.10.2023).

16. Aldridge D.J., Scanes C.G., Kidd M.T. Performance and Preference of Broilers Provided Dual Light
Warmth. Journal of Applied Poultry Research. 2021;30(4):100187. https://doi.org/10.1016/j.japr.2021.100187

17. Aldridge D.J., Owens C.M., Maynard C., Kidd M.T., Scanes C.G. Impact of Light Intensity or Choice
of Intensity on Broiler Performance and Behavior. Journal of Applied Poultry Research. 2022;31(1):100216.
https://doi.org/10.1016/.japr.2021.100216

18. Gazalov V.S. Shabaev E.A., Romanovets M.M. [Modeling of Automatic [llumination Control System
of Dynamic Lighting System with RGB-LED Lighting]. AgroEcolnfo.2019;(2):14. (In Russ.) Available at:
https://agroecoinfo.narod.ru/journal/STATY1/2019/2/st_223.doc (accessed 30.10.2023).

19. Mazurov V. [Automatic Regulators in Control Systems and Their Tuning. Part 3. Digital Controllers
and Their Setting]. Components & Technologies. 2003;(6):146—151. (In Russ.) Available at: https://clck.
ru/3AvWeU (accessed 30.10.2023).

20. Anuchin A.S. Calculation Techniques for Parameters of a Digital PI Controller in an Electrical
Drive. Russian Electrical Engineering. 2014;85:290-297. https://doi.org/10.3103/S1068371214050022

21. Astrom K.J., Higglund T. Revisiting the Ziegler—Nichols Step Response Method for PID Control.
Journal of Process Control. 2004;14(6):635—650. https://doi.org/10.1016/j.jprocont.2004.01.002

22. Saravanakumar G., Dinesh S., Preteep S., Sridhar P., Suresh M. Controller Tuning Method for Non-
Linear Conical Tank System. Asian Journal of Applied Science and Technology (AJAST). 2017;1(2):224-228.
Available at: https://ssrn.com/abstract=2942425 (accessed 30.10.2023).

23. Izosimova T.A., Mikhailova O.V., Maksimova M.V., Galynya A.V. Development of the Methodo-
logy for Determining Optimal Setting Parameters of Industrial Regulators. Bulletin NGIE. 2020;(3):5-20.
(In Russ., abstract in Eng.) Available at: https://elibrary.ru/item.asp?id=42593977 (accessed 30.10.2023).

24. Joseph S.B., Dada E.G., Abidemi A., Opeoluwa Oyewolaet D., Khammas B.M. Metaheuristic
Algorithms for PID Controller Parameters Tuning: Review, Approaches and Open Problems. Heliyon.
2022;8(5):¢09399. https://doi.org/10.1016/j.heliyon.2022.¢09399

25. Dogru O., Velswamy K., Ibrahim F., Wu Y., Sundaramoorthy A.S., Huang B., et al. Reinforcement
Learning Approach to Autonomous PID Tuning. Computers & Chemical Engineering. 2022;161:107760.
https://doi.org/10.1016/j.compchemeng.2022.107760

26. Lolu S.J., Lolu G.D. Comparison of PID Tuning Methods for First Order Plus Time-Delay System.
International Journal of Advance Research in Science and Engineering. 2018;7(1):36—47. Available at:
https://ijarse.com/images/fullpdf/1515747909 J1006.pdf (accessed 30.10.2023).

27. Demin 1.O., Sablina G.V. Research of Methods for Setting Parameters of the PID Controller. Auto-
mation & Sofiware Engineering. 2020;(1):174-181. (In Russ., abstract in Eng.) Available at: https://elibrary.
ru/item.asp?id=47420113 (accessed 30.10.2023).

28. Mazurov V. [Automatic Regulators in Control Systems and Their Tuning. Part 2. Automatic
Regulators and Their Adjustment. General Information About Industrial Control Systems]. Components
& Technologies. 2003;(5):114—118. (In Russ.) Available at: https://clck.ru/3AviNy (accessed 30.10.2023).

29. Denisenko V. [PID Controllers: Implementation Issues. Part 2]. Sovremennaya Elektronika i Tekh-
nologii Avtomatizatsii. 2008;(1):86—99. (In Russ.) Available at: https://www.cta.ru/articles/spravochnik/v-
zapisnuyu-knizhku-inzhenera/125043/ (accessed 30.10.2023).

30. Shabaev E.A., Romanovets M.M., Kulachinskii V.A. The Research of the Heating of LEDs of
a Compact Luminaire for a Local Lighting System. Don Agrarian Science Bulletin. 2022;15(1):78-86.
(In Russ., abstract in Eng.) https://doi.org/10.55618/20756704 2022 15 1 78-86

31. Shabaev E.A., Romanovets M.M., Kulachinskiy V.A. Research of the Multichannel High-Voltage
LED Driver. Bulletin NGIEL 2023;(4):67-78. (In Russ., abstract in Eng.) https://doi.org/10.24412/2227-
9407-2023-4-67-78

316 Onexmpomexnonozauu u 21eKkmpoo6opyoosanie


https://doi.org/10.1017/S1751731117002361
https://www.mgau.ru/sciense/journal/PDF_files/vestnik_4_2020.pdf
https://www.mgau.ru/sciense/journal/PDF_files/vestnik_4_2020.pdf
https://doi.org/10.1016/j.japr.2021.100187
https://doi.org/10.1016/j.japr.2021.100216
https://agroecoinfo.narod.ru/journal/STATYI/2019/2/st_223.doc
https://clck.ru/3AvWeU
https://clck.ru/3AvWeU
https://doi.org/10.3103/S1068371214050022
https://doi.org/10.1016/j.jprocont.2004.01.002
https://ssrn.com/abstract=2942425
https://elibrary.ru/item.asp?id=42593977
https://doi.org/10.1016/j.heliyon.2022.e09399
https://doi.org/10.1016/j.compchemeng.2022.107760
https://ijarse.com/images/fullpdf/1515747909_J1006.pdf
https://elibrary.ru/item.asp?id=47420113
https://elibrary.ru/item.asp?id=47420113
https://clck.ru/3AvfNy
https://www.cta.ru/articles/spravochnik/v-zapisnuyu-knizhku-inzhenera/125043/
https://www.cta.ru/articles/spravochnik/v-zapisnuyu-knizhku-inzhenera/125043/
https://doi.org/10.55618/20756704_2022_15_1_78-86
https://doi.org/10.24412/2227-9407-2023-4-67-78
https://doi.org/10.24412/2227-9407-2023-4-67-78

Vol. 34, no. 2. 2024 ENGINEERING TECHNOLOGIES AND SYSTEMS

06 asmopax:

IIla6aeB EBrennii AAMMoBHY, KaHANIAT TCXHUYCCKUX HAyK, JTOLCHT KadeIpbl SICKTPOTCXHUKH
U 2JeKTpuyeckux MaimuH KyOaHCKOro rocyiapCTBEHHOTO TEXHOJIOTH4eckoro yHusepeutera (350072,
Poccuiickas @enepanus, . KpacHoaap, yin. Mockosekast, a. 2), ORCID: https://orcid.org/0000-0003-
2675-0670, sea007@rambler.ru

PomanoBen Muxaus MuxaiiioBu4, acCUCTCHT KaeIpbl SKCIUTyaTallii SHEPreTUIECKOro 000pyI10-
BaHUsS U EKTPUUECKUX MalnH A30B0-UepHOMOPCKOro HHKeHepHoro HHCTuTyTa JloHnckoro I'AY (347740,
Poccwuiickas @enepanus, T. 3epHorpa, yi. Jlenuna, 1. 21), ORCID: https://orcid.org/0000-0003-1945-1744,
romanovetsm@yandex.ru

3asenennvlii 6K1a0 asmMopos:

E. A. lllabGaeB — HayyHOE PYKOBOJCTBO, HOPMYIMPOBAHNE OCHOBHOW KOHIICTII[HH UCCIICIOBAHHS U BbI-
BOJIOB, pa3pabOTKa KOMIBIOTEPHON MOJIENH, 0pabOTKa TeKCTa.

M. M. PomaHoBel1 — IIpoBeIeHUE SKCIIEPUMEHTAIBHBIX CCIIeJOBaHHH, 00pab0TKa pe3ysIbTaToB dKCIIe-
PUMEHTOB, pa3paboTKa KOMITLFOTEPHOW MOJICIIH, JINTSPATYPHBIN aHaJ K3, GOPMUPOBAHUE IEPBOHAYAILHOTO
BapUaHTa TEKCTa

Bce asmopul npouumanu u 0006punu okoHuamenbHblil 6aPUAHM PYKORUCU.

ITocrynuna B penaxiuio 30.11.2023; noctynuia nocne penensupoanus 22.01.2024;
npuHsATa K myonukanuu 07.02.2024

About the authors:

Evgeniy A. Shabaev, Cand.Sci. (Eng.), Associate Professor of Chair of Electrical Engineering and
Electrical Machines, Kuban State Technological University (2 Moskovskaya St., Krasnodar 350072, Rus-
sian Federation), ORCID: https://orcid.org/0000-0003-2675-0670, sea007@rambler.ru

Mikhail M. Romanovets, Assistant of Chair of Operation of Power Installations and Electrical Ma-
chines, Azov-Black Sea Engineering Institute of Don State Agrarian University (21 Lenin St., Zernograd
347740, Russian Federation), ORCID: https://orcid.org/0000-0003-1945-1744, romanovetsm@yandex.ru

Authors contribution:

E. A. Shabaev — scientific guidance, formulation of the main concept of the study, developing a com-
puter model, formation of conclusions, revision of the text.

M. M. Romanovets — experimental research, processing experimental results, developing a computer
model, carrying out literary analysis, preparing the initial version of the text.

All authors have read and approved the final manuscript.

Submitted 30.11.2023; revised 22.01.2024; accepted 07.02.2024

Electrical technologies and equipment 317


https://orcid.org/0000-0003-2675-0670
https://orcid.org/0000-0003-2675-0670
https://orcid.org/0000-0003-1945-1744
https://orcid.org/0000-0003-2675-0670
https://orcid.org/0000-0003-1945-1744

I/IH)KEHEPH]:»IE TEXHOJIOTUN 1 CUCTEMBI Tom 34, Ne 2. 2024

http://vestnik.mrsu.ru ISSN Print 2658-4123

ISSN Online 2658-6525

Opueunanvnas cmamus / Original article

VIK 637.5

doi: 10.15507/2658-4123.034.202402.318-335

OobocnoBanue napamerpoB CBU-ycraHOBKH
JJIS1 00e3:KUPUBAHUA KOCTell YOOMHBIX KMBOTHBIX

I'. B. HoBukoBa '™, A. A. Tuxonos’, M. B. IIpocBupsikoBa’,
B. ®. Cropuesoii’, O. B. MuxaiiiioBa’, A. B. CtopueBoii

" Huorcecopoockuii 2ocyoapcmeenmulil
UHIICEHEPHO-IKOHOMUYECKUL YHUBepCUmem

(e. Knsieununo, Poccutickas @edepayuist)

? Huoiceeopoockas 20cyoapcmeenHast
CeNbCKOXO3AUCMBEHHAS AKAOEMUSL

(e. Huorcnuu Hoszopoo, Poccutickaa @edepayust)

3 Poccutickuil 20cy0apcmeennvlil acpapHulil YHUeepcumenm —
MCXA umenu K. A. Tumupszesa

(e. Mockea, Poccutickas Dedepayust)

* Poccutickuil 6uomexnonoeu4eckuil yHueepcumen

(e. Mockea, Poccutickas Dedepayust)

™ NovikovaGalinaV@yandex.ru

Aunnomayusn

Beseoenue. CymecTByromue crioco0bl 00e3:KUPHBAHUS KOCTCH KHUBOTHBIX MATOA(P(EKTUBHBL
1 TpeOyIOT BHICOKHX IKCILTYaTAllMOHHbIX 3aTpar. J{Jist perieH s JaHHOH mpo0IeMbl aBTOpaMu
HACTOSIIICH CTAThU MPEIaracTcsi YCTAHOBKA CO CBEPXBBICOKOYACTOTHBIM SHEPIOMOBOJIOM
B PE30HATOP, TJIe U3MEIIBICHHOE ChIPhE TOABEPraeTCsi TEPMOMEXaHUIECKOMY BO3ICHCTBHIO.
Lenv uccneoosanus. Ioswimenne 3)HeKTUBHOCTH M3BICUCHNUS )KUPA U3 KOCTEHl yOOHHBIX
JKUBOTHBIX C COXPaHEHHEM KOPMOBOH [IeHHOCTH rpoaykra B CBU-ycTaHOBKE HEMPEPhIBHO-
MIOTOYHOTO ACHCTBHS ¢ KOAKCHAJIBHBIM PE30HATOPOM 0e3 SKPaHHPYIOIIETo KOpITyca IyTeM
obecrieueHns] BEICOKOW HAMPSDKEHHOCTH JIEKTPUYECKOrO OISl U TePMOMEXaHUIECKOTO
BO3JICHCTBUS Ha CHIPBE.

Mamepuaner u memooul. TpeXMepHOE IEKTPOMArHUTHOE MOJIEIHPOBAHNE MPOLIECCOB
pacnpesesieHus AIEKTPOMArHUTHOTO TIOJISI B KOAKCHAJILHOM PE30HATOPE TPOBOAMIOCH
B cucreMax npoekrupoBanust CST Microwave Studio, Computer Aided Design (CAD)
u Computer Aided Engineering (CAE).

Pesynomamul uccredosanus. CBEpXBBICOKOYACTOTHASI YCTAHOBKA COAEPKUT Hedeppomar-
HUTHBII YCEUEHHBIH KOHYC, BHYTPU KOTOPOTO COOCHO PACIOIIOKEH AJICKTPOIPUBOITHOM
OnueBoil poTop ¢ HeheppOMArHUTHBIM BaJOM, 00pa3yromieii KOAaKCHAIBHBI PE30HATOP
C KOHHYECKHM KOJIBIICBBIM MPOCTPAHCTBOM. Ha Bay poTopa co CIBUTOM IO BBICOTE 3a-
KpeIuieHb! (PTOPOILTACTOBBIE CTYMHI[BI, K KOTOPBIM ITOMAPHO C 00SHUX CTOPOH MPUKPEIICHBI
KopyH10BbIe Omima. C y4eTOM UCXOTHBIX MapaMeTPOB M3MEIBYCHHOTO KOCTHO-)KUPOBOTO
CBIPbsI OTIpE/IeieHa AMHAMIKA HAarpeBa MPH Pa3HbIX yaeabHbIX MoiHocTsx CBY-reneparopa.
Obcyoicoenue u 3axnouenue. Pe3ynsraTbl HCCIEIO0BAHMS EKTPOJMHAMUYECKIX TapaMeTPOB
pe30HaTOpa CBHACTEIBCTBYIOT O TOM, YTO HAMPSDKCHHOCTD HJIEKTPUUECKOTO OIS, J0CTa-
TOYHASI JUIsl CHIKCHHUS OaKTepHAILHOI 00CEMEHEHHOCTH TIPOTyKTa, COCcTaBisieT 2—5 kB/cM.
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D deKTUBHBIN PEXIM 00€3)KUPUBAHUS KOCTHOTO ChIPbsl JOCTUIACTCs IIPH YACIBHON MOIIL-
HocTH reHeparopa 0,71 KBT/Kr, pogoIKUTETbHOCTH BO3ICHCTBUS CBEPXBBICOKOUACTOTHOTO
3J1€KTPOMArHUTHOTO 110J1st 6,55 MUH (IIpH 3arpy3ke pe3oHaropa 9,3 Kr), IpOU3BOIUTEIBHOCTI
85 kr/4, sHeprernyeckux 3arparax 0,141 kBt u/kr u Temneparype Harpesa 90—100 °C.

Knirouesvie cnosa: KoakcuaabHbIH pe30HATOD, ONUEBO POTOP, PTOPOIIACTOBBIC CTYIIHUIIBL,
kopyHoBoe 6mio, CBU-ycTaHoBKa, 00€3)KHPHUBAHUE, KOCTHOE ChIPHE

Kongpnuxkm unmepecog: aBTopbl 3asBISIIOT 00 OTCYTCTBUM KOH(IIMKTA HHTEPECOB.

Jna yumuposanus: O6ocHoBanue napamerpoB CBU-ycTaHOBKY [T 00€3KUPUBAHHUS KO-
cteit yooitHbIxX sxuBoTHBIX / [. B. HoBuKkoBa [u ap.] // HKeHepHbBIE TEXHOIOTHH M CUCTEMBI.
2024. T. 34, Ne 2. C. 318-335. https://doi.org/10.15507/2658-4123.034.202402.318-335
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Abstract

Introduction. The existing methods of removing fat from the bones of meat-producing
animals are low-efficient and require high operating costs. To solve this problem, a unit
with an ultra-high-frequency energy supply to the resonator is proposed. In this unit the
crushed raw materials are subjected to thermomechanical action.

Aim of the Study. The aim of the study is to increase the efficiency of removing fat from the
bones of meat-producing animals while preserving the product feed value in a continuous-
flow process microwave unit with a coaxial resonator without a shielding housing by
providing a high electric field strength and thermomechanical effect on the raw materials.
Materials and Methods. Three-dimensional electromagnetic modeling of electromagnetic
field distribution processes in a coaxial resonator was carried out in the CST Microwave
Studio, Computer Aided Design (CAD) and Computer Aided Engineering (CAE).
Results. The ultrahigh frequency unit contains a non-ferromagnetic truncated cone, inside
which an electrically driven whip rotor with a non-ferromagnetic shaft is coaxially located,
forming a coaxial resonator with a conical annular space. Fluoroplastic hubs are fixed to
the rotor shaft with a height shift, to which corundum bilas are attached in pairs on both
sides. A shell of a truncated cone coated with an abrasive material is coaxially attached to
the inner shell of a non-ferromagnetic truncated cone. The dynamics of heating at different
specific capacities of the microwave generator is determined taking into account the initial
parameters of the crushed bone and fat raw materials.

Discussion and Conclusion. The results of studying the electrodynamic parameters of
the resonator indicate that the electric field strength 2—5 kV/cm is sufficient to reduce
bacterial contamination of the product. An effective mode for removing fat from bone raw
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materials is when the generator specific power is 0.71 kW/kg, duration of exposure to an
ultrahigh frequency electromagnetic field is 6.55 min (when loading the resonator 9.3 kg),
productivity is 85 kg/h, energy consumption of is 0.141 kWh/kg and heating temperature
is 90-100 °C.

Keywords: coaxial resonator, whip rotor, fluoroplastic hubs, corundum bilo, microwave
installation, degreasing, bone raw materials
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Beenenne. CornacHo nanubiM Poccrara!, B 2022 1. 06beM mpousBeicHHON B Poccuun
MSICOKOCTHON MYKH COCTaBIISICT 564 ThIC. T. B 3T0li CBsI3U yBeNIMYMIACh U MIOTPESOHOCTH
B TEXHOJIOTHUSX BBITOINKH KHPA U3 KOCTHOTO CHIPhA. B MPUHATON MpPaKTHKE MUIIEBYIO
KOCTh 00€3KHUPHUBAIOT CyXUM HIJIM MOKPBIM CIIoco00M rpu temmeparype mo 100 °C.
KagecTBo upa 3aBUCUT OT MAKCUMAIBHON TEMIIEPATYPHI U MTPOJAODKUTEILHOCTH TEP-
Mo00padoTtku. [Ipumenenune Temmnepatypsl Boitie 120 °C oTpumiareIbHO CKa3bIBaCTCS HA
cBoiicTBax xwupa [ 1-3]. HammensbImast mpogoKATEIFHOCTE 00paOOTKH OTPEISISICTCS
BpPEMEHEM IUIABJICHHS JKAPA M BBIIECPKKU CHIPhS IS YHUYTOKESHHUS ITaTOTeHHONH MUKPO(h-
nopsl. I3BeCTHO, 4TO yrenpHas TeruioTa, Heooxoaumast st 00paboTKH )KUPOCHIPhS, HE
3aBHCHT OT CIIOCO0a ITOIBOJIa SHEPTUH, & IPOJIOIDKUTEIBHOCTH 00PaOOTKH OIpeIesieTcs
BHJIOM IOJIBOAA SHEPIrUU, HHTEHCUBHOCTBIO EPEHOCA TEIUIOTHl U MACChl, TUIOMIA/IbIO
MMOBEPXHOCTH CBIPhSI U €T0 AMEKTPO(YU3MISCKUMU CBOMCTBAMHU. J{J151 TEXHOJIOTHUECKOTO
MPOIIeCCa BBITOIKH JKUPa U3 KOCTEH YOOMHBIX )KUBOTHBIX U MOJTY4YEHHSI KOCTHOTO OCTaTKa
JUTSE BEIPAOOTKH JKEJIAaTHHA HITU [TPOU3BOJICTBA OSIIKOBOTO KOPMa UCIIOJIB3YIOTCS yCTa-
HOBKH C Pa3JIMIHBIMHU CIIOCO0aMu dHEpromnoaBoaa [4—6]. Psa asropos? [7; 8] oTMeuaror,
9T0 00BEMBI MPOU3BOICTBA OEIIKOBOTO KOPMa M3 KOCTHOTO CHIPhSI IOCTaTOYHO HU3KHE,
U MpeJIaraloT BapuaHThl paCIIUPEHUsI CPepbl MPUMEHEHHUS KOCTHOTO ChIPbs. Takxe OHU
OTNHMCHIBAIOT OCHOBHBIC BHIBI alllIapaTOB M TEXHOJIOTHUN MepepabOTKH KOCTHOTO CHIPHS
IUUIST IPUTOTOBIICHUS Pa3HBIX MTPOIYKTOB.

Ienp nccmemoBanms — MOBBICUTH d(OPEKTHBHOCTHh U3BJICUCHUS KUPa U3 KOCTEH
yOOMHBIX JKHBOTHBIX C COXpPaHEHNEM KOPMOBOH [IEHHOCTH MTPOIYKTa B CBEPXBBICOKOYA-
CTOTHOH YCTaHOBKE HEIPEPBIBHO-IIOTOYHOIO ACUCTBUS C KOAKCUAIbHBIM PE30HATOPOM
0e3 3KpaHNPYIOIIETO KOPITyca C IOMOIIBIO BBICOKOH HAIPSKEHHOCTH DIIEKTPUYECKOTO
MOJIsl U TEPMOMEXaHUUECKOTIO BO3IECHCTBUS Ha chiphe. IIpu aTOM pemiaroTcst Takue
3aJlauu, KaK aHaiuu3 000pyJIOBaHUs JIJIs TEPMOMEXaHHUECKOM 00pabOTKK KOCTEH JKHU-
BOTHBIX, pa3paboTka pabouell KaMepbl C MAarHETPOHAMHU BO3/YIIHOTO OXJIAXICHUS,
OTIpEeIeICHIE TPOAOKUTETLHOCTH CBEPXBBICOKOUYACTOTHOTO BO3CHCTBUS U PEKUMOB
paboThl YCTAaHOBKH.

! AHanutrdeckuii 0630p phIHKa KOPMOBBIX 100aBOK [Dnekrponnsiii pecypc]. URL: https://clck.
ru/39yftQ (mara obpamenus: 01.08.2023).

2 MyxamertoBa A. D., SImaneraunosa K. III. KomruiekcHOe HCIONB30BaHHE KOCTHOM MACChl KaK Me-
TOJ IMOBBILICHUSA S(b(beKTI/IBHOCTI/I Mﬂconepepa6aTLIBa}omero MpEAnpuATUs // I/IHHOBaL[I/II/I 1 HAYKOEMKHUE

TEXHOJIOTHH B 00Pa30BaHMU U SKOHOMHKE : MaT-Jibl X MexKayHap. Hayd.-[IpakT. 1 MeTol. KoH(. Ya :
Bamkupckuii rocynapetBeHHblit yHuBepeutert, 2022. C. 35-37.

320 Onexmpomexnonozauu u 21eKkmpoo6opyoosanie


https://doi.org/10.15507/2658-4123.034.202402.318-335
https://clck.ru/39yftQ
https://clck.ru/39yftQ

Vol. 34, no. 2. 2024 ENGINEERING TECHNOLOGIES AND SYSTEMS '

O030p auTeparypsl. B HacTos1ee BpeMst H3BECTHBI THPOMEXAaHUUECKHE 1 AJIEKTPO-
UMITYJIbCHBIE CTIOCOOBI M3BJICUEHHS JKUpa U3 KocTei. O0e3KuprBaHUE MPEIBAPUTEIEHO
M3MEIBYEHHBIX KOCTEN B CMECHU € BOAOW B THIPOMEXAHUYECKON MalllMHE OCHOBaHO Ha
MIPUHIIAIE YAAPHO-UMITYJIECHOTO Pa3pyIIEHHUS KUPOBBIX KIETOK. IMITyIbChbl BOSHUKAIOT
MIPH JBM)KEHUH OWJI, BPAIIAIONIUXCS Ha DJIEKTPOIPHUBOTHOM BaTy B KOPITyCE MAIIUHBI.
IIpu ymape cmecu o TypOynnu3aTop cO3qaloTcsl ruapomMexanndeckue 3¢ dexrsr, odec-
MEYNBAIOIINE BBIACICHUE KUpa. Jlagee cMech jkHupa, BOABI U KOCTEH MO NEHCTBHEM
LEHTPOOEKHOM CHIIBI BEIOPACHIBACTCS B Pa3ACIUTEIb, IJI€ XKHUP BCIUIBIBAET, OTKYa €ro
HAMNpaBJISIOT B IUIABWIBHBIN anmapar-.

K HemocrarkaM Takoro MeTosa He0OXOIMMO OTHECTH 3HAUYMTEIbHBIA PacXo/l BOJBL,
00JIBIIOE KOJIMYECTBO 3a1€HCTBOBAHHBIX alIIapaToB (B TOM YHCIIE THIPOMEXaHHYECKOH
MAIIHbBI BBICOKOH MMPOU3BOAUTEIBEHOCTH), @ TAKXKE TO, YTO SHEProdH(HeKTUBHOCTH Cca-
MOH YCTaHOBKH HE OTBe4aeT TpeOoBaHUAM (HEepMEPCKUX XO3SHMCTB (JOCTATOYHO UMETh
yctanoBky 110 200 kr/q).

B aneKkTpouMNyIbCHBIX anmaparax HET 3JIEKTPONPUBOAHBIX y3i10B. g 06e3-
JKUPUBAHUS KOCTEH CO3/1al0T JUHAMHUYECKHNE UMITYJIbCHI B )KUJIKOCTH C TOMOIIBIO
AIEKTPUIECKOTO IPOOOS MEXAY ABYMS JIEKTPOAAMH IMIPH pa3psijie KOHIAESHCATOPOB.
IIpu >TOM HMITyIbCHASA KaBUTAIMSA CIIOCOOCTBYET pa3pylIEHUIO 000JI04YEK JKUPOBBIX
KJIETOK M MOCIENYIOIIEMY BBIMBIBAaHUIO kHpa. Ilociie mponyckanus depes 30HYy
paspsiia KOCTb 00€3KUPHUBACTCS, a 3aTeM BbIrpyskaercs. JKup nocie orcrauBaHUs
B aIlrapaTe BBIBOAUTCS Yepe3 TMApOo3aTBOpP. DHEPreTHUECKUE 3aTpaThl JOCTATOYHO
HU3KHE, OJTHAKO armapar paboTaet npu HanpspDKeHUH Ha dnekTpoaax 30—60 kB, a kop-
nyc 3anonHeH Bopoil. [Ipobusnoe nHanpsoxenue Bozayxa — 30 kB, mostomy TpedyeTcst
cTporoe coOnoaeHNE IEKTPOOE30MaCHOCTH, YTO B YCIOBUSIX (EPMEPCKUX XO3SICTB
BBITIOJIHAETCS HE BCET/a.

B nayunoii mkosie paspaboransl necsatku CBU-ycraHoBok aist repmooOpa-
OOTKHM BTOPUYHOTO CHIPBS KUBOTHOTO Mpoucxoxjaenus [9—12]. Hanmpumep, mo-
nyiabHas CBU-ycTaHOBKa HENMPEPHIBHO-TIOTOYHOTO JAEHCTBUS ISl TEPMOOOPaOOTKH
1 00e33apaKMBaHUs CHIPHS )KHBOTHOTO MPOUCXOXkAeHUA [13] comepKUT cheMHbIe
00beMHBIEC PE30HATOPHI B BUE Tpex Moayiael. [lepBolil MOy s TpeaHa3HAYEH IS
TepMOOOPAOOTKH BTOPHUIHOTO OMOTOTHIECKOTO CHIPHS JKHBOTHOTO IIPOMCXOKICHUS,
BKJIIOYAs 3AMOPO’KEHHBIE OJIOKH MSICHBIX OTXOJI0B, HO HE MOXKET ObITh HCII0JIb30BaH
JUIS1 U3BJICUYEHHUS )KUPA U3 KOCTEH.

U3BectHa CBY-ycTaHOBKa ¢ KOHHYECKUM PE30HATOPOM ISl 00€3BOKHUBAHUS
U TepMOOOPaOOTKH MSCHBIX OTXO0B (HemuILeBas 00pe3b, CyOnpoayKThl, KpoBb) [14].
YcTaHOBKa COAEPAKUT KOHMUECKUI 3KPAHUPYIOMIMM KOPITYC ¢ CUTOBBIM PE30HATOPOM
B BUJIC YCEUCHHOTO KOHYca 0€3 OCHOBAaHHH, BHYTPH KOTOPOT'O HAXOAUTCS AUIJICKTPH-
YEeCKUH POTOP B BUJIE YCEUEHHOTO KOHYCA, TOKPBITHIH MEIKO3EPHHUCTHIM a0pa3uBHBIM
MaTepHualioM. YCTaHOBKa 00€CIeunBacT COBMEUICHUE MPOIECCOB 00E3BOKUBAHMS
M3MEIBYCHHBIX MSCHBIX OTXOJIOB, TOHKOTO M3MEJIBUCHUS U TEPMOOOPAOOTKH ChIPbSI
TBepaoi (a3pl. JlaHHas ycTaHOBKA Tak)Ke HE pacCYMTaHa Ha M3BJIECUEHHUE JKHUpa U3
KOCTEH.

3 MBamoB B. U. Texuonoruueckoe 000pyI0BaHne TPEIIPHITHI MICHO# mpombIinuteHHocTH. Y. 1.
Oo6opynoBanue A/ yoos u epudHOi 06padotku. M. : Komoc, 2001. 552 c.
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Cymectyer CBU-ycTaHOBKa ¢ OMKOHUYECKHM PE30HATOPOM U MAaKETOM TapesioK
JUTsL TEpMOOOPaOOTKU MICOKOCTHBIX KOH(uUCKaToB [15; 16]. BHyTpeHnHuii naker ¢ro-
POTIJIACTOBBIX TAPEJIOK YCTAHOBJIEH Ha 3JIEKTPONPHUBOIHON AUIIEKTPUUYECKUI Ball CO
CIMPAIBEHBIM JTUDJICKTPUYECKAM [ITHEKOM B HW)KHEH KOHWYecKoW oOeuaiike. BepxHsist
oOedaiika mephopupoBaHa U COOCHO PACIOJIOKEHA B SKPAHUPYIOIIEM YCEYEHHOM KO-
Hyce. Mcnonp30Banne JaHHOW yCTAHOBKH MO3BOJIHT MTOBBICUTEH KaueCTBO 00paObOTKH
MSICOKOCTHOTO ChIpbsi. HemocTaTkoM sIBIsIETCS CIOKHAS JUIsl CAHUTAPHOM 00paboTKU
B YCJIOBUSX ()epPMEPCKUX XO3AUCTB KOHCTPYKIIMS.

O030p CyLIECTBYIOIMX TEXHOJIOTUI U 000PYIOBaHMS NIOKA3aJl, YTO YUCHBIMH HE
B TIOJIHOM Mepe peIleH BOMPOC BBITOIKHU XHpa U3 KocTei. DPdhekTHBHOCTH mpoLecca
BBITOIKM 3aBUCUT OT CII0C00a MOABO/IA TEIIa, TEMIIEPATyphl HarpeBa Chlpbs (He Ooree
120 °C), BeM4IMHBI U3METBYCHHBIX YaCTHLI, COTTIACOBAHHOM ¢ ITyOMHOM MPOHUKHOBEHUS
BOJIHBI ITPU JU3JIEKTPUUECKOM Harpese.

Takum oOpa3zom, HayuHasi mpolIeMa 3aKiodaeTcs B Hu3Kou 3 dexruBHOCTH ar-
MapaToB AJIsl U3BJICUCHUS KHUPa U3 KOCTEH YOOHHBIX )KUBOTHBIX. 1J1s1 HHTEHCU(HUKALIUH
Teryioo0MeHa aBTOpaMM HACTOAIIEH cTaTbM mpesaraercs ycraHoka CBY-snepro-
MOJIBOJIA B PE30HATOD, T/I€ MPEABAPUTETHHO U3MEIBUEHHOE ChIPhE OyIeT MOABEPraThCs
TEPMOMEXaHHUYECKOMY BO3JICHCTBHIO.

MarepuaJbl 4 MeToAbI. TpexMepHOe MOAEINPOBAHUE IEKTPOAUHAMUYECKUX
MIPOLIECCOB PACIPEACICHUS IEKTPOMATHUTHBIX MOJIEH B PE30HATOPE HECTaHIApTHOMI
KOHCTPYKLHMH U OIPeIeNICHUE PALMOHATIBHBIX HJICKTPOIUHAMHUYECKUX apaMeTpoB Mpo-
BOJIMIIH C UCTIONIb30BaHUEM cucTeM mpoektupoBanust Computer Aided Design (CAD)
u Computer Aided Engineering (CAE) [17-19].

s mpoeKTupoBaHUs, YUCIEHHOTO MOAETUPOBAHUS U ONITUMHU3ALUN TPEXMEPHBIX
SIIEKTPOMATrHUTHBIX CUCTEM MCIIOB30BaIH Takxke makeT HHeTpyMenToB CST Microwave
Studio Suite. Mmerorcest pa3ubie nporpammsbl [20; 21], comepxaliue 0a3y JaHHBIX
BOJTHOBOZIOB I OOBEMHBIX PE30HATOPOB, U3 KOTOPHIX MOXHO BBIOPATh MOIXOASAIINE Mapa-
METPU30BaHHBIE MOJIENIN U IKCTIOPTHPOBATH IaHHBIE B YKa3aHHBIH MTaKeT MHCTPYMEHTOB
JUTS BBITIOJTHEHUS] MOZICTIMPOBAHNUS U ONTUMI3aUH. YacToTy BpalieHus OndeBoro poropa
JUTSE TOHKOTO M3METBIEHNs KOCTHOTO ChIphs MpUHUMaNH 1o qanaeM B. WM. MBamosa.
Omna pasna 200-250 06/MuH.

Pe3yabrarsl uccienoBanusi. Ha pucynke 1 nmokasana CBY-ycranoBka Hempe-
PBIBHO-IIOTOYHOTO ACHCTBUS AJIsl U3BJICUCHHSI )KUPa U3 KOCTEH YOONHBIX JKUBOTHBIX,
coZieprKallasi BEPTUKAIBHO PACIIOIOKEHHbIN He()eppOMAarHUTHBIN yCEUEHHBIN KOHYC 4
C 3arpy304Hoii / u npueMHo# // eMkocTsIMU. BHYTpH 3arpy304Hoii HedeppoMarHUTHOM
eMKOCTH / pacrnojoxeH mpezaep 2. B ycedeHHOM KOHyce COOCHO pacloNOXKeH dJeK-
TponpuBOgHOH OnueBoii potop 8. HedeppomaruuTuslil Bas 3 1 HeeppoMarHUTHBINA
YCEUCHHBIN KOHYC 00pa3yloT KoaKCHallbHBIN pe3oHatop 9. Ha HapyxHOlI MOBepXHOCTH
KOaKCHaJIbHOTO pe3oHaTopa co casurom Ha 120 °C o nepuMeTpy yCTaHOBJIEHBI IO BbI-
COTE MarHeTpoHbI /() BO3AYIIHOTO OXJIaXKICHUS ¢ BOITHOBOAaMH. Ha HedeppoMarHUTHBIH
BaJly OMYEBOTO POTOpA C IIOMOIIIBIO IITTOHOK 3aKPETICHBI (PTOPOIUIACTOBBIE CTYIHIIB 0,
K KOTOPBIM Ha TaJIblIaX MOMAPHO C JABYX MPOTHBOMOIIOKHBIX CTOPOH MPUKPETIIIEHB! YETHIPEe
KOpyHIOBEIX Omta 7. Kaxmas ciemyromas mapa oun cmemieHa Ha 30 °C, 9ro co3maeT
addext BuHTOBOM MUHUHU. K BHYTpeHHEH 0OeUaiike HeheppOMarHUTHOTO YCEUSHHOTO
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KOHYCa MPUKPEIUICH AUDJICKTPUUECKUH yCeUeHHBII KOHYC 5, TOKPBITHIN aOpa3suBHBIM
MarepuanoM. Mexy BHEIIHEeH KpOMKOI Oul 7 OM4eBOro potopa § U BHyTPEHHEH I10-
BEPXHOCTBIO JUIIEKTPUIECKOTO YCEUCHHOTO KOHYca 00pa3oBaH 3a30p 2—3 CM.

a) ) b) c)

Puc. 1. udposas monens CBU-ycTaHOBKH [Tl U3BJICUCHHUS JKUPA M3 KOCTEH yOOUHBIX YKUBOTHBIX:
a) oOmmit Bup; b) o0ImuMil BUA B pazpese ¢ MO3ULUIMIE;
C) KOaKCHaJIbHBII PE30HATOP C KOHUYECKUM KOJIbLIEBBIM IIPOCTPAHCTBOM;
1 — 3arpy3o4Hast eMKOCTb; 2 — mpezaep; 3 — HeeppOMarHUTHEIH Bal ONYEBOTO pPOTOPa;
4 — He(eppOMArHUTHBII yCEUCHHBIH KOHYC; 5 — AMAICKTPUUSCKUN YCEUCHHBII KOHYC;
6 — cTynuIbl PTOPOIUIACTOBBIC; 7 — OWIIBI U3 KOPYH[A; 8§ — OMYEBOM POTOP;
9 — KoakcuanbHbIN pe3oHarop; 10 — MarHeTpoHsI ¢ BOIHOBOAAMH; 11 — mpuemMHas eMKOCTh

Fig. 1. Digital model of the microwave installation for extracting fat from the bones
of slaughtered animals: a) general view; b) general view in section with positions;
¢) coaxial resonator with conical annular space;
1 — loading tank; 2 — shredder; 3 — non-ferromagnetic shaft of the scourge rotor;
4 — non-ferromagnetic truncated cone; 5 — dielectric truncated cone; 6 — fluoroplastic hubs;
7 — corundum bilas; 8 — whip rotor; 9 — coaxial resonator; 10 — magnetrons with waveguides;
11 — receiving capacity

Hcmounux: 37€ch 1 lajiee B CTaTbe BCE PUCYHKU COCTABIICHBI ABTOPAMH.
Source: Hereinafter in this article all figures were drawn up by the authors.

TexHOIOTHYECKNH MPOIIeCC U3BJICUEHHS JKUPA U3 KOCTEH YOOHHBIX dKHBOTHBIX TIPO-
UCXOIUT CIeAyroImuM o0pazom. CHauasia HeoO0X0MMO BKITFOUUTE AIIEKTPOITPUBOJL Onde-
BOTO POTOpA U AIEKTPOIIPUBO 1Ipeaepa. Jlanee kKocTu yOONHHBIX )KUBOTHBIX 3aIPysKatoT
B €MKOCTb. V3MeNBIeHHBIE C IOMOILBIO HIpeiepa KOCTH )KUBOTHBIX IMOCTYIAIOT Yepe3
3arpy304Hyl0 €MKOCTb B KOAKCHAJIbHBIA PE30HATOP U MOMNAAA0T M0 BPAIIAIOLINECs
omet (200-250 06/MuH). [locne BKITIOUEHHSI MATHETPOHOB B KOAKCHAIBHOM PE30HATOPE
B030yxaercs OMIICBY — snexTpoMarHuTHOE MOJIE CBEPXBBICOKOW YacTOTHI (JIMHA
BOJIHBI paBHA 12,24 cM), U3MEIBICHHOE XKUPOCOAECPIKAIIEE ChIPhE TIOBEPIaeTCs 3H/I0-
TEHHOMY HarpeBy MOJ AeHCTBHEM TOKOB MOJISPU3ALIHH.

Tak kak K BHyTpeHHel oOeuaiike yceueHHOro HeheppOMarHUTHOTO KOHyca MpH-
KperieHa o0evaiika TUAIIEKTPUIECKOr0 YCEUeHHOT0 KOHYyca, MOKPhITas abpa3suBHBIM
MarepuaoM, IoJl IeHCTBHEM LIEHTPOOEIKHBIX CHII CBHIPhE paclpeensieTcs 0 CTeHKaM
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JIURJIEKTPUYECKOTO YCEUSHHOTO KOHYCa, yapssick 00 abpasnBHoe MOKpbITHE. B 3a30pe
MEX/1y BHEIIIHUMU KPOMKaMU OWJI U JTUDJICKTPUUCSCKUM YCEUCHHBIM KOHYCOM ChIPhE
JIBUKETCS BMECTE ¢ OMJIaMHU BHH3, TaK KaK OHH PacIioyioxkeHbl co ciurom Ha 30 °C o
BBICOTE paboueil KaMephl.

3a cueT MHOTOKPATHOTO y/iapa OMYeBbIM POTOPOM B TIPOIECCE IHJIOTEHHOTO HAarpeBa
paspyliaeTcs MorpaHUYHbIN CI0H Ha MOBEPXHOCTH U3MEITBICHHOTO ChIPhSI, YCKOPSISI TEM
CaMBIM TIPOIIECC MaccorepeHoca (MOBBIIIAETCs CTENIEHb N3BIIedeHus xupa). [Ipu aTom
CO3AI0TCs TepMOMEXaHUIEeCKHE dPPEKTHI, 00ECIIeINBAIONTNE BEIICICHHE KIPA U3 U3-
MEJTBYEHHBIX YaCTHII CHIPhs. PacmonoikeHne O 0 KOHMYECKOM JIMHUU 00ecTiednBaeT
MPOIOTIbHOE cMeteHne cMecH. ChIphe MO JeHCTBUEM IIEHTPOOSKHBIX CHIT BpalllatoIie-
rocst ON4eBOro POTOpa OTOpPaACKIBACTCS K aOpa3uBHON MMOBEPXHOCTH JIUAIIEKTPHUECKOTO
yceueHHOro Konyca. [Iponcxoqut 3aBuxpeHne u3MeNbIeHHbBIX YaCTHI] KOCTHO-KUPOBOTO
CBIPbS (TypOyIHM3aLus ChIPhS).

OHo moxBepraeTcs MHOTOKPaTHOMY MeXaHHueckoMy yraapy. I[pogomkuTensHOCTh
npoiecca ooezkupuBanus ceipbsi B OMIICBY cocrasnser 5—7 MuH (B 3aBUCUMOCTH
OT yIeTBbHOM MOITHOCTH TeHepaTopa), Mmocie 4ero noj| JeHCTBUEM LHEeHTPOOSKHBIX
CHJI CMECh JKMPa M YaCTHUI] KOCTEH BBIOpACKIBACTCSI Yepe3 OTBEPCTHE B MallOM OC-
HOBaHUHU YCEUCHHOTO KOHyCa B IPUEMHYIO HEEPPOMArHUTHYIO eMKOCTh /] ¢ 3a-
CIIOHKOH. 3armoIHEHHYI0 €MKOCTh CJIEAyeT MEPeaBUHYTh. B HEell Up BCILIBIBAET
Ha MTOBEPXHOCTh, a KOCTH OCENAlOT Ha AHO. bombmias ckopocTh OMYEBOro poTopa
Y BBICOKAsl HAIPSHKEHHOCTD JIEKTPUUYECKOTO TOJsA 00€CIednBalOT MOBBIIICHUE
WHTEHCUBHOCTH 00€3’)KUPUBAHUS TOHKOM3MEIBUEHHOTO CHIPhs. TexHOIOrndecKui
3¢ (deKT CyIecTBEHHO 3aBUCUT OT YaCTOTHI BpAIlleHHs OMUEBOTO POTOPA, 32a30pa MEK-
oy 6udaMu 1 aOpa3uBHON MOBEPXHOCTHIO YCEUEHHOTO JUAIEKTPUUECKOrO KOHYCa,
KOJIMYECTBA TOHOK (KOPYHJOBBIX OHIJI C IMAJIEKTPUUCCKUMH CTyNIHIlaMu). budyeBoi
POTOpP BHIMONHAET QYHKIUIO YAAPHOTO U TPAHCIOPTUPYIOLIEr0 BO3ACHCTBHS Ha
ceipbe. s obecrieueHnss MeXaHUYeCKOro BO3elcTBHS U nudPepeHInpoBaHHON
CKOPOCTH TPaHCTIOPTHUPOBAHUSI CHIPHS IO BHICOTE PE30HATOPA TOHKH YCTAHOBIICHBI
MOJI Pa3IMYHBIMH YIJIaMHU K OCH BaJja.

XapakTepHoi 0COOEHHOCTBhIO KOHMUECKOTO PE30HATOpA SBISIETCSI HAIMYKE B Pe-
30HaHCHOM 00OBeMe 00macTell ¢ pe3ko BBHIPAKEHHBIM KCITOHEHIIHAIBHBIM 3aKOHOM
M3MEHEHHS DJIEKTPOMArHATHOTO 1oiisd. Hanwdaune oGacteld ¢ TakuM pacripeielieHueM
TOJISI TIO3BOJISIET YIaJIUTh YACTh IIOBEPXHOCTH C COXPaHEHNEM BBICOKOW COOCTBEHHOM
JMIOOPOTHOCTH pe30HATOPA ISt HEKOTOPBIX THIIOB KOJIEOAHUH M TEM CaMbIM Peain30-
BaTh OTKPBITYIO PE30HAHCHYIO cucTeMy IUis ¢pyHKunoHupoBanus CBY-ycTaHOBKH
B HETIPEPHIBHO-TIOTOYHOM PEXHUME C COONIONEHUEM 3JIEKTPOMarHuTHO# Oe3omac-
HocTH [22].

[Tpu naBneHUH )KUPa MPOUCXOAAT U3MEHEHHS €T0 JUAJICKTPHUUECKHUX U TeTI0PH3H-
YeCKUX XapaKTePHUCTHK, YTO BIMSET HA TPOAOKUTEILHOCTD IMAIEKTPUIECKOTO HAarpeBa
JI0 TIOJTHOTO 00€3KUPUBAHHUSI KOCTHOTO CBHIPBS.

C yueToM yenbHOU TeII0eMKOCTH paciuiaBienHoro xupa 2300 J[x/kr°C, pakropa
MAJICKTPpUUIECKUX MOTeph pu Temmeparype 80—100 °C u oxxumaeMoit HanpsbKeHHOCTH
AIEKTPHUYECKOTO MO B KOAKCHATBHOM pe3oHaTope 5 KB/cM mpenBapuTensHO BEIYUCIEHA
MPOJIOJKUTENIBHOCTD Bo3siericTBuss DMITCBY Ha chiphbe.
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W3 BBIpakeHNs1, XapaKTEepHU3YIOIIEro CKOpocTh Harpesa xupa (A7/Az, °C/c), npo-
JOJDKUTETBHOCTD Bo3aeiicTrst DMITCBY* onpenesiercs mo opmyire:

10 e (BY 100
£20,55510 ka(CMj n-10 c "

At p-C c

e f— yacToTra eKTpoMarHuTHOTo noJist, MI'; k — dakTop JUANeKTpUIecKuX OTePb;
E — HanpspKeHHOCTD AIIEKTPUYECKOTo 1Motisi, B/M; 77 — Tepmudeckuii koa(GUIMEHT mo-
JIE3HOTO JIEHCTBUS; p — IUIOTHOCTh PACIUIABICHHOTO JKUPA, KI/M*; ¢ — TEINIOEMKOCTb
pacruiaBieHHoro xupa, Jx/kr- °C.

IIpomomxutenpHOCTH Bo3aekicTBrus DMIICBY paccuntaeM ciemyronmm o0pa3oMm:

= 90-930-2300
0,555-107"2.2450-10°-20-5000%-0,72

=393 ¢ = 6,55 MuH. 2)

Pacuerbl MOKa3bpIBaOT, YTO MPU HAMPSDKEHHOCTH JICKTPUYECKOTO I0JIsl, paBHOM
5 kB/cwM, pogomkutenbHOCTh Bo3aelicTBus IMIICBY cocrasnser 6,55 mun (0,109 1),
ecmu Tepmudecknit KI1JI cocrasmser 0,72-0,75.

B KOHCTPYKIIMOHHOM HCIIOJTHEHNH YCTaHOBKH HEOOXOIMMO PEaTn30BaTh TEXHOIOTH-
YECKYIO 331a9y pa3pylIeHHs )KUPOBBIX KIETOK U BBIJICIICHUS KHPa 32 TIEPHOJT TEPMOME-
XaHUYECKON 00pabOTKH ChIPhs. [ paBHOMEPHOTO HArpeBa U3MEIBIeHHOTO KOCTHOTO
CBHIPBS B 3JIEKTPOMArHUTHOM TT0JIe OETyIIei BOIHBI IIPEAyCMOTpeHa TypOyTru3aims
YacTHUI] KOCTHO-)KUPOBOTO CHIPBsI MO ACHCTBUEM LIEHTPOOEKHBIX CHJI BPAIIAIOLIETOCS
OryeBoro potopa. BeruucIeHHY 0 TPOAOIKUTENBHOCTh TEPMOMEXaHHYECKOi 00padoT-
KU CBIPbS CIEAYyeT KOPPEKTUPOBATh C yYETOM TPEOOBaHHUN TEXHOJIIOTHUH U PE3YJIBTaTOB
9KCTIIEPUMEHTALHBIX UCCIIEJOBAHHIA.

PacueT KOHCTPYKTHBHBIX [TApaMETPOB OTKPHITOTO KOAKCHATIBLHOTO PE30HATOpA MPO-
BOJIWJICS C YYETOM JUTUHBI BOJHBI 12,24 cM [23-25], yMeHbIIeHHUS [ITyOUHBI TPOHUKHOBE-
HHS BOJIHBI B KOCTHOE ChIphe TpH 00ekupuBanuu 10 11,2—1,7 cm’ [26-28], n3BecTHBIX
METOJUK PacueTOB PE30HATOPOB CAHTUMETPOBOTO auarnazona [29-31].

st o6ocHOBaHUS Y (HEKTHBHOM KOHCTPYKITUN PE30HATOPA OBIITH MPOBEICHEI TE€O-
peTUYEeCKHEe pacyeThl C UCTIOIb30BAaHNEM M3BECTHBIX MaTEMaTHUYECKUX BBIPAKECHUN,
a TaK)Ke KOMIThIOTEPHOE MOJISITHPOBAHUE AIEKTPOJIMHAMUIECKUX MTPOLIECCOB B KOAK-
CHAJIBHOM PE30HATOPe C KOHMYECKUM KOJIBLIEBBIM MPOCTPAHCTBOM B mporpamme CST
Microwave Studio. Tak, npenBapuTeabHO paccuuTaHa COOCTBEHHAs: JOOPOTHOCTD Pe30-
HaTopa Ipy pazMepax yCedeHHOTO KOHYCa, COITIACOBAaHHBIX C JUTMHOW BOJHBI 12,24 cM.
Bricora paBHa 122,4 cm; auamerp OOJBIIOTO OCHOBaHUS — 61,2 cM; IUaMeTp MaJioro
ocHoBauusA — 9 cM. CobcTBeHHAs JOOPOTHOCTH BRIYKCICHA uepe3 00seM (V, M*) u mito-
11a/lb TOBEPXHOCTH CTEHOK aJFOMHHHEBOTO pe3oHaTopa (S, M?) ¢ yu4eTOM TOJIIUHBI

4 Crpexanos A. B., Crpekanos 0. A. DnekTpoMarHuTHbIE TIOJIS U BOJHEI : Y4eb. mocobue. M. : PUOP:
NHOPA-M, 2014. 375 c.

3 Poros 1. A. Diektpohu3nyecKue, ONTHIECKUE U aKyCTHISCKUE XapaKTePUCTHKH ITHIIEBBIX IIPOYK-
ToB. M. : Jlerkast u nuiueBast IpoMbIIIUIEHHOCTb, 1981. 288 c.

Electrical technologies and equipment 325



I/IH)KEHEPH]:»IE TEXHOJIOTUN 1 CUCTEMBI Tom 34, Ne 2. 2024

ckuH-ciost (A = 1,72 mxm) mipu gactote 2 450 MI'11°. O6beM U MI0Ia b MOBEPXHOCTH
KOAKCHUAJIbHOTO PE30HATOPA BBIYUCIICHBI 10 HUKEIIPUBEICHHBIM (hOPMYyJIaM:

Viowe = % - R -H = % :3,14-30,6% -122,4 = 119 959 cm’; 3)
S o =T R-(R+L)=3,14-30,6- (30,6 + 126,17) = 15 063 cn’; )
VKouyc:%‘ﬂ'rz‘hZ%-3,14-4,52-182381,50M3; )
veenron, =X (P D =3,14-45-(4,5+7,6) = 171 em?; (6)

V en o = 119959 = 381,5 = 119 5775 ow’; %

N = 15063 — 171 = 14 892 e, ®)

yced. KOH.

rne R, L, Hwur, [, h — mapamMeTpbl KOHCTPYKIIMH: KOHyCa U YCEUSHHOW YacTU KOHyca
COOTBETCTBEHHO.

C yuerom oObema 3 599 cm® 1 mtoraau 1 176 cM? moBepXHOCTH HeeppOMarHUTHOTO
Bajyia quaMeTpom 3,06 cM 00bEeM U TUIOMIAb TOBEPXHOCTH KOAKCHATILHOTO PE30HaTOpa
C KOHUYECKUM KOJIBIIEBBIM 00HEMOM COCTABIISAET:

Vo =119577,5-3599 =115979 cm’

peson.

S =14892-1176=13 716 c™m™ C)

Pe30H.
CoOcTBeHHast 100POTHOCTh KOAKCHAIBHOTO PE30HATOPa BEIUUCISIETCS 10 popmyIe:

2.V 2-0,115979
S-A 1,3716-1,72-10°°

0= =98322. (10)

PacueTbl MoKa3bIBaOT, 4TO COOCTBEHHAS TOOPOTHOCTH KOAKCHAIBHOTO PE30HATOPA
paBHa 98 322, cnegoBarensHo, Tepmuueckuii KI1/I moxeT cocraButs 0,72—0,75.

PesynbraTsl KOMIBIOTEPHOTO MOICTMPOBAHUS deKTponuHaMuaeckux (J]1) mporeccon
B KOAKCHAJIbHOM PE30HATOPE C KOHMUECKHUM KOJIBIIEBBIM 00BEeMOM (BBIIICYKa3aHHBIMHU
3aJjaBaeMBIMH TTapaMeTpamMu KoHCTpyKinu) B iporpamme CST Microwave Studio
MpUBEeHBI Ha pUCyHKe 2. OHU CBUIETENIECTBYIOT O TOM, YTO KOHUYECKHE PE30HATOPHI
WCKITIOYAIOT BBIPOXKJIEHUE MMAPA3UTHBIX THIIOB KOJeOaHUM, a 3TO TO3BOISET AOCTUYh
BBICOKHX 3HaYeHHI COOCTBEHHOH JTOOPOTHOCTH.

Pe3ynbrarel MosenupoBaHus paclipoCTPAHEHUS MHKPOBOJIHOBOTO TOJISL JJIS KO-
AKCHAIILHOTO PE30HATOPA C KOHUYECKUM KOJbIIEBBIM 00beMoM 115 979 cm?® (puc. 2),
BBITIOJTHEHHOTO B TIPOTPAMMHOM KOMITJICKCE AJICKTPOAMHAMUYECKOTO MOJICIIUPOBAHUS
CST Microwave Studio, Computer Aided Design (CAD) u Computer Aided Engineering
(CAE), no3Bonmiu monyuuTs pacnpeaenacaue DMII mo koopAuHATHEIM OCSM, BEIYUCITUTD
HAIPSDKEHHOCTh AIEKTPUYCCKOTO MOJIsI, HAPSHYKEHHOCTh MArHUTHOTO T10JIsI, IIOBEPX-
HOCTHBIH TOK, SHEPTHUIO 3JICKTPUYSCKOIO ¥ MATHUTHOTO TOJICH.

¢ TTuenpHukos FO. H., Ceupuios B. T. DiiekTpoHHKa CBEPXBBICOKUX 9acToT. M. : Paamo u cBsizb, 1981. 96 ¢.
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Mode 1 H Energy Type H-Energy
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h
Puc. 2. Pe3ym,Ta"gfLI KOMIBIOTEPHOTO MOJICITUPOBAHHS BHEKTPOI[I/IHaMI/I‘){eCKI/IX apamMeTpoB
KOAKCHAJIBHOTO PE30HATOPA C KOJIBIIEBBIM KOHHUECKUM 00beMoM (Moza 1) B ccTeMax MPOeKTUPOBAHUS
CST Microwave Studio, Computer Aided Design (CAD) u Computer Aided Engineering (CAE):
a) pacnpezeneHre IMIT o KOOpAHHATAM X, Y, Z; b) HANPSHKEHHOCTh AIEKTPUYECKOT0 1oJisi, B/M;
C) HANPSKEHHOCTh MATHUTHOTO 1osist, A/M; d) MOBEPXHOCTHBIN TOK, A/M; ¢) E-sueprus, Br/m3;
f) E-sueprus B paspese, Br/m*; g) H-aueprus, Br/m*; h) H-sueprus B paspese, Br/m?
Fig. 2. Electrodynamic parameters of a coaxial resonator with an annular conic space (mode 1)
in the system CST Microwave Studio, Computer Aided Design (CAD) and Computer Aided Engineering
(CAE): a) EMF distribution by x, y, z coordinates; b) electric field strength, V/m; ¢) magnetic field
strength, A/m; d) surface current; e) E-energy, W/m?; f) E-energy in section, W/m?;
2) H-energy, W/m?; h) H-energy in section, W/m?
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st obecriedeHnst HEMPEPBIBHOTO PEKUMa pabOThl YCTAHOBKH KOHMUECKUI KOPITyC
yCeueH U MpeACTaBIeH KaK OTKPBIThINA pe3oHarop. C n3MEHEeHHEM yIvia IIpU BEepIIMHE
KOHyca C()OPMHUPOBAHO IMEKTPOMArHUTHOE T0JI€, CKOHIIEHTPUPOBAHHOE B OCHOBHOM
B IICHTPAJIbHOM 00JaCTH KOAKCHAIBHOTO PE30HATOPA, YTO CIIOCOOCTBYET MOBBIIICHHIO
CcOOCTBEHHOH JJOOPOTHOCTH PE30HATOPA C KOHMYECKHM KOJIBIIEBBIM IIPOCTPAaHCTBOM.
B cpenneit wactu Takoro pe3oHaropa CyIecTBYIOT BOJHBI, TOCTOSHHBIE PacIpOCTpa-
HEHUS KOTOPBIX YMEHBITIAIOTCS B CITydae yIajJeHus OT IeHTpa pe3oHaropa (puc. 4). Ha-
HPSHKEHHOCTH 3JIEKTPUUYECKOTO M10JIsl B PE30HATOPE HAXOMUTCs B IIpeaenax 5 kB/cm, uto
MO3BOJISIET YMEHBIINUTH 0011Iee MUKPOOHOE YHCIIO B IPOLYKTE J0 IPEAEIBHO IOIYCTUMOTO
yposas 500 teic. KOE/T. 0. B. Kopuarus u coaBrops [32] q0ka3anu, 4To yBeIUICHHUE
HaNpPSHKEHHOCTHU 3JIEKTPUUECKOTO I10JIs, BO30YKACHHOTO MaJOMOLIHBIM HCTOYHUKOM
CBY-uznyuenus, Boiue 1,2 kB/cM obecnieunBaeT yHUUTOKEHHE MUKPOOPTaHU3MOB.

AHanu3 snexTpoanHaMuku nponeccoB CBU-TepMo0OpabOTKH KOCTHOTO CHIPBS
U Pe3yIbTaThl KOMIIBIOTEPHOTO MOJEIUPOBAHUS JIEKTPOMAarHUTHBIX BOJIH IOJATBEP-
JKIAI0T IOCTOBEPHOCTh PE3yIbTaTOB TEOPETUUECKUX HccieoBaHuil. B nmepcniexkTuse
iaHupyercs co3nate CBY-ycTaHOBKY ¢ KOAKCHAJIBHBIM PE30HATOPOM C KOJIBIIEBBIM
KOHUYECKUM TPOCTPAHCTBOM M YTOUHUTH PE3ybTaThl MOACITUPOBAHMS.

ITouck 3¢ dekTuBHBIX peKUMOB padboTel CBU-ycTaHOBKM CBOAMTCS K BBIIBICHUIO
yCJI0BUH, 00€CTICUNBAIOLINX MHTEHCUBHOE 00€3KUPUBAHUE ChIPbS [IPH J103€ BO3IEHCTBUS
OMIICBY 77-78 Br-u/kr (6,6 kBT - 0,109 w /9,3 xr = 77,35 Br-u/kT).

Tak, 3 QeKTUBHBIN pEKUM 00€3KUPUBAHUS JOCTUTACTCS IIPU YAEIbHONH MOLITHOCTH
reneparopa 0,71 kB1/kr; mpomomxurensHocTH Bo3aeicteust OMIICBY 6,55 mun (pu
3arpyske pezoHnaropa 9,3 Kr); Ipou3BOAUTEILHOCTH 85 KI/4; SHEPTeTUUECKHUX 3aTpaTax
0,141 kBt u/kr; Temneparype narpesa 90—100 °C.

Texunueckue xapakrepuctuku CBU-ycTaHOBKH 17151 00e3KUPUBaHUS KOCTeH yOoii-
HBIX JKHBOTHBIX IIPUBE/EHHI B Ta0nuIe 1.

Tab6numna 1

Table 1

Texnuueckue xapakrepuctuku CBU-ycTaHoBKH 17151 00e3:KMPHUBAHUS KOcTel YOOI HBIX JKMBOTHBIX
Technical characteristics of a microwave unit for degreasing the bones of slaughtered animals

[Mapametpsr /
Haumenoanme / Name Parameters
1 2
Kommaectso CBY-reneparopos, mrt. / Number of microwave generators, pcs. 6,000
IIpousBoauTensHOCTB, KI/4 / Capacity, kg/h 85,000
Macca enMHOBpPEMEHHOI 3arpy3ku chipbsi, K/ Mass of one-time loading of raw 9300
materials, kg ’
MoIIHOCTh IeCTH MarHeTpoHoB, KBT / Power of six magnetrons, kW 6,600
MOIIHOCTB LIECTH BEHTUIISITOPOB /ISl OXJIAXKICHHSI MATHETPOHOB, KBT (BEHTHIIATOD
ocesoi kananpHbIi CV-150, 30 Bt) / Power of six fans for cooling magnetrons, kW 0,180
(axial channel fan CV-150, 30 W)
MourrocTts 6udeBoro poropa, kBt / The power of the whip rotor, kW 4,000
Yactota BpamieHus: 6uueBoro poropa, o6/muH / The frequency of rotation of the 200.000
whip rotor, rpm ’
MoimHocTs mpenepa, kBt / Shredder power, kW 1,220
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Oxonuanue mab6n. 1/ End of table 1

1 2
Totpebnsiemast moruHocts CBY-ycranoBku, kBt / Power consumption of the 12.000
microwave unit, kW ’
VnenvHbIe SHEPreTUYECKHE 3aTpaThl, KBT u/kr / Specific energy costs, kW-h/kg 0,141

[Tnanupyemast GanaHcoBasi CTOMMOCTb, ThIC. py0. / Planned book value, thousand

e 200,000

Hcmounuk: cOCTaBICHO aBTOPaMH.
Source: Complited by the authors.

3a cueT HeheppOMArHUTHOTO HIpe/iepa B 3arpy304HON €MKOCTH U YCEUCHHUs KO-
Hyca Ha YPOBHE KPUTHYECKOTO CEYeHHs (IUaMeTp Majoro OCHOBAaHHS paBeH 9 cM),
korma DOMII orpakaeTcs BHyTph pe3oHaropa (puc. 4), P HEMPEPHIBHOM PEKUME
pabOTBI YCTAHOBKH OKHIACTCS 0OCCIIEUECHHUE ICKTPOMAarHUTHOW O€30ITacHOCTH Ha
HPENENIbHO TOIYCTUMOM YPOBHE (JOITyCTHMAasi MOLTHOCTD ITOTOKA U3IYUCHUH paBHA
10 mxBt/cm?) [32].

OO0cy:x1eHue u 3akJroueHue. PazpaboranHas TEXHOIOTHS TEPMOMEXaHUUECKOTO
METO/Ia N3BJICUEHNS KUPA N3 N3METBUEHHOTO KOCTHO-)KUPOBOTO CBIPBSl U KOHCTPYKTHBHOE
ucnonHenne CBY-ycTaHOBKH ¢ KOaKCHaIbHBIM PE30HATOPOM € KOJIBLIEBBIM KOHUYECKUM
00BEMOM U OMYEBBIM POTOPOM MOTYT OBITH HCIIOJIb30BAHBI ISl BHITOIIKH JKHpa U3 KOCTEH
yOOMHBIX KUBOTHBIX B (pepMEPCKUX XO03s5HCTBaX.

Coueranne Bozaeiictsust OMIICBY 1 MHOTOKpaTHOTO yiapa npeiBapuTeabHO U3-
MEJIBICHHOTO CHIPhSI C TOMOIIBIO JIUAIIEKTPUIECKOT0 OMIEBOTO poTopa 00 abpa3uBHYIO
MTOBEPXHOCTH TIPH MEPEIBIKEHIH Yepe3 KOAKCHAIbHBIN Pe30HaTop B TypOyICHTHOM
PEKMME YCKOPSIET PoLecC 00€3KUPUBAHUS ChIPhS IIPU HEIPEPHIBHOM PEXHUME PAOOTHI
YCTaHOBKH C COOTIONEHNUEM DIIEKTPOMArHUTHOM 0€301TacHOCTH.

Pe3ynbrarsl BBIYMCICHUS U BU3YaIU3aLMU PACIPEICTICHHS SIEKTPOMAarHUTHOTO MOJIs
B PEXHME [IEPEXOIHOTO IPOLIECcca B KOAKCHATIBHOM PE30HATOPE C KOJIBLEBBIM KOHUUECKUM
00bEMOM IO3BOJIMIIM KOMIUIEKCHO OLICHUTh OCHOBHBIC MTAPAMETPhI ANIEKTPOJHHAMHIYC-
CKOH cHUCTEMBI (COOCTBEHHYIO TOOPOTHOCTh, HANPSHKEHHOCTD JIEKTPHUYECKOTO MOJIs,
MOBEPXHOCTHBIN TOK, E-3Hepruro u ap.).

Pesynbrarsl ncenenoBanus mokaspiBaroT, 4to CBY-ycTraHOBKa € 1IECTHIO MArHETPOHAMHU
BO3/IyIITHOTO OXJIQXKICHHUS MOIIHOCTHIO 110 1,1 KBT npu n3mens4eHun KOCTHO-KUPOBOTO
CBIPbsI YOOMHBIX )KUBOTHBIX MOXKET 00€CIIEYNTh TEPMOMEXaHUYECKOE BO3/ICHCTBHE HA
CBIPbE MTPOU3BOAUTEILHOCTBIO 85 KI/4 B HEMIPEPHIBHOM PEXKHUME TIPU BBICOKOW HAarpsi-
JKEHHOCTH JIEKTPHUYECKOTO Tois 5 KB/cM.

Hns obecrieueHus HEOOXOMMMOM TEXHOJIOTHYSCKOH 3P HEKTUBHOCTH MpoIiecca
00€e3KUPUBAHUS ChIPbsI CIEIYET MOAAEPKUBATH CIEAYIOINN PexXUM paboThl ycTa-
HOBKHM: HaIlpSDKEHHOCTD IEKTPHUUYECKOTo moist paBHa 2—5 kB/cM; yaenbHas moul-
HOCTB TeHepatopa paBHa 0,71 kBT1/kr; nmponoinkuTeabHOCTh Bo3aeiicTBus DOMIICBY
paBHa 6,55 MuH (mpu 3arpy3ke pe3oHartopa 9,3 Kr); IpOU3BOIUTEIHHOCTh paBHA
85 xr/u; sHeprernueckue 3arparsl paBubl 0,141 kBt u/kr; Temneparypa Harpesa
paBaa 90-100 °C.
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' WHXXEHEPHBIE TEXHOJIOTMHW U CUCTEMBbI Tom 34, Ne 2. 2024

HNndopmanus 171 aBTOPOB U YHTATEICH

Hayunstit ;xypHan «HxeHepHbIE TEXHOIOTUH U CUCTEMBD) ITyOITMKYET OPUTUHAITBHBIE HAYYHBIE HCCIIE-
JIOBaHMSI, CIIOCOOCTBYIOIINE PAa3BUTHIO HAYKH B 00IACTH MH)KCHEPHBIX CUCTEM U TEXHOJIOTUH.

Kypnan BxitoueH B Ilepeuenb perieH3UpyeMbIX HAyUHbBIX U3aHUH, B KOTOPBIX JOKHBEI OBITH OIY-
OJIMKOBAaHBI OCHOBHBIC HAay4HBIE PE3yJIBTaThl JUCCEPTAIMil HA COMCKAaHWE YYEHOH CTeleHH KaHAuaara
HayK, Ha COMCKaHHE yYCHON CTETeHH JOKTOPA HAayK MO HAyYHBIM CIICIMANBHOCTSM U COOTBETCTBYIOIIHM
UM OTpacisM HayKH:

1.3.2. IIpnOopEI ¥ METOABI SKCIIEPUMEHTAIBLHON (DH3UKY (TEXHIIECKHE HAYKH)

1.3.6. OnTuka (TeXHUYECKHE HAyKH)

1.3.13. Daexrpodusuka, MeKTpoGU3NIECKHIE YCTAHOBKY (TEXHNUECKUE HAyKHN)

2.5.3. TpeHue 1 M3HOC B MAIIMHAX (TEXHUYECKHE HAYKH)

4.1.4. CanoBoacTBO, OBOLIEBOICTBO, BUHOTPAIaPCTBO U JICKAPCTBEHHBIE KYJIBTYPBI (TEXHUYECKUE HAYKH)

4.3.1. TexHoOrNM, MAIIHMHBI 1 000PYIOBAaHKE VTS arPONPOMBIIIIICHHOTO KOMIUIEKCA (TEXHUYECKUE HAYKH)

4.3.2. DAEKTPOTEXHOJIOTUH, SEKTPOOOOPYIOBAHHE U SHEPrOCHAOKEHHUE arpONpPOMBIIIICHHOTO KOM-
IUIeKca (TEXHMIECKHE HayKH)

He nomyckaercst HanpaBIeHNE B PEAKIMIO YKe OIyOMMKOBAaHHBIX CTAaTel WM CTaTeH, OTIIPaBICHHBIX HA
IyOJIMKAIHIO B IPyTHE XKypHAJIEL. B ciryuae oGHapy:KeHHs! 0THOBPeMEHHOM MOTAYH PYKOIHCH B HECKOIBKO
H3/1aHUI ONy0JIMKOBAHHAS CTAThs OyIeT peTparupoBana (0T03BaHa U3 ne4yarTu). MOHUTOPHHT HECAHKIINO-
HHUPOBAHHOTIO [IUTHPOBAHUSI OCYIIECTBISIETCS C IOMOIIBIO CHCTeM «AHTUIIIarnam u «iThenticatey.

JKypHnan npuBeTcTByeT CTaThH, IMEIOIIHE ITOTCHINATEHO BEICOKII MMITAKT-()aKTOP W/HITH COepIKaIIne
Marepuall O 3HAYUTEIbHBIX JOCTH)KEHUSX B YKa3aHHBIX HarpasieHusx. Oco0oe BHUMaHKE CIIeyeT yAeINTh
Ka4ecTBy IepeBoja. JKemarensHo, 4T0OBI OH OBLT BEIITOIHEH HOCHTENEM aHIIHICKOTO SI3BIKA.

I1pu moAroTOBKE CTaThM K MyONUKAINK B XKypHane «HkeHepHbIe TEXHOIOTUH U CUCTEMBD» HE00X0-
JIIMO Y4Y€CTh CJISYIONIHE TyHKTHI:

1. Vkazars YJIK.

2. 3aroJI0BOK CTaThH JJOJKEH KPAaTKO U TOYHO OTPAXKaTh COJEPIKAHNE CTaThU, TEMATUKY U PE3yIbTaThl
HPOBEJICHHOTO UCCIENOBAHUSL. [IpU600umcs Ha pycckomM U aHeIUNICKOM A3bIKAX.

3. AunoTtanms (200-250 ci0B) BEITONHAET (QYHKINIO PACIIMPEHHOTO HAa3BaHUS CTATHH U MTOBECTBYET
0 ee coziep>kaHuy. B Hell TOIDKHEI OBITh YETKO 0003HAYESHBI CIIEYIONIHE COCTABHBIC YaCTH:

1) Benenwue (Introduction);

2) lens crathu (Aim of the Article);

3) Marepwuains! 1 Metoxs! (Materials and Methods);

4) Pesynbrarsl uccnenosanus (Results);

5) O6¢cyxnenue u 3akmoucnue (Discussion and Conclusion).

TIpusooumcs na pycckom u aHIUICKOM A3bIKAX.

4. KiroueBble cioBa (5—10) sBIAIOTCS NOMCKOBBIM 00pa3oM Hay4yHOH cTaTbu. B CBs3UM ¢ 3TMM OHH
JIOJDKHBI OTPa)kaTh OCHOBHBIE ITOJIOKEHYIS, TOCTHKCHUS, Pe3Y/IbTaThl, TEPMUHOIOTHIO HAYIHOTO MCCIIEI0Ba-
HUSL. [Ipugooamces na pycckom u anenuticKom A3bIKax.

5. baarogapuoctu. B 3TOM paznene ciaeayer yrnoMsHyTh JIIO/IeH, MOMOTraBIIMX aBTOPY MOJITOTOBUTH
HACTOSIIYIO CTAaThIO, OPraHU3alNH, OKa3aBIIre (PHHAHCOBYIO MOIICPAKKY. XOPOIINM TOHOM CUHTACTCS BHI-
paxkeHue OIarogapHOCTH AHOHUMHBIM PeLleH3eHTaM. [Ipugooamces Ha pycckom U aneIuiCKoM A3bIKAX.

6. OCHOBHOIi TEKCT CTAaThH M3JIaraeTcsl Ha PyCCKOM HIIM QHIIIMHCKOM SI3BIKAX.

1) BBenenne — moctaHOBKa HAay4yHOH MPOOJIEMBI, €€ aKTyalbHOCTb, CBSI3b C BKHEHWIIMMH 3a/1a4aMH,
KOTOpBIE HEOOXOIMMO PELINTh, 3HAYCHNE [UIsl Pa3BUTHS OIPE/ICIICHHOI 0Tpacin HayKH WM MPaKTHYECKON
JIeATEIBHOCTH.

2) O630p nuTeparypsl. HeoOxonumo onucarth OCHOBHBIE (IIOCIEAHME MO BPEMEHH) MCCIECIOBAHUS U
IMyOJIMKAINK, Ha KOTOPBIE OIMPAETCSI aBTOP; COBPEMEHHBIE B3INIS/IBI Ha MPOOJIEMy; TPYIHOCTH IIPH pas3pa-
60TKe JAHHOH TEMBI; BBIICIUTH HEPEIIEHHBIE BOIIPOCH B Ipeenax 00meH mpooneMsl, KOTOPBIM MOCBAIICHA
CTaThsl.

3) Marepuansl 1 MeToAbl. B 1aHHOM pasjene ONMHMCHIBAIOTCS MPOIECC OPTaHU3aIMU SKCIEPUMEHTa,
HPUMEHEHHbIC METOIMKH, UCIIOJb30BAHHAS allaparypa; JaloTcst MoApoOHbIe CBeleHUS 00 00beKTe Hccie-
JIOBAaHMSI; YKa3bIBaeTCsl MOCIEI0BATEIbHOCTh BBITOJIHEHHS UCCIICJOBAaHNS M 0OOCHOBEIBAETCSl BHIOOP HC-
TOJTb3YEMbIX METOIOB (HAOMIOIeHNE, ONPOC, TECTHPOBAHHUE, IKCIIEPUMEHT, Ta00PATOPHBIH OIIBIT U T. 11.).

4) Pe3ynbrarhl HccieI0BaHus. TO OCHOBHOW pasJied, LeIb KOTOPOro — PH MOMOILIY aHaJIn3a, 000011e-
HUS ¥ Pa3bICHEHUSI TAHHBIX JJOKA3aTh PaOOUyIo THIOTE3y (TUIIOTe3bl). Pe3ybTaTs JOMKHBI OBITH N3IIOKEHBI
KpPaTKo, HO TIPU 3TOM COJIEPKaTh JOCTATOYHO MH(OPMAIMH JIJIs OLIEHKHU C/IENIAHHBIX BHIBOIOB. TaKoKe JT0MK-
HO OBITH 000CHOBAHO, TIOYEMY IS aHaIM3a ObIIN BEIOPAHBI IMEHHO ATH JIAHHBIE.
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5) OGcykieHHe U 3aKIIFOUCHUE. B 3aKIF0UEHHN CYMMHUPYIOTCS PE3YJIbTaThl OCMBICTICHHS TEMBI, Jeia-
I0TCsI BBIBOJIBI, 0OOOIICHHS U PEKOMEH/IAIINH, BBITCKAIOIINE U3 PaOOThI, OIYEPKUBACTCS UX MPAKTHYECKASL
3HAYUMOCTb, & TAK)KE ONPEIEIAIOTCSI OCHOBHBIC HANPABJICHHUS [UTsl JalbHEIHIIIero UCCaeI0BaHus B 3TOH 00-
JIacTH.

7. Cnucok Jurteparypbl (opopmisercss B cootBeTcTBuH ¢ TpedoBanmwsmu ['OCTa P 7.0.5-2008).
CcpuiaThCs HY’)KHO B TIEPBYIO OUepe/lb Ha OPUIHHAIBHBIC HCTOYHUKHY U3 HAYyYHBIX JKYPHAJIOB, BKIIOUCHHBIX
B II00aJIbHBIC MHCKCHI LIUTHPOBaHus. JKenarenbHo nenoib3oBarh 30—40 ncroynukoB. 3 HUX 3a mocien-
Hue 3 rofia — He MeHee 20, HHOCTpaHHBIX — He MeHee 15. Cnenyer ykaszare DOI nnm agpec noctyna B ceT
Wnrepuet. Ogopmnsemces ha pycckom u aHenuiickom s3bIKax.

8. 00 aBropax. ®.1.0., oprannzanusi(n), agpec opranuzauun(if) (Tpedyercs ykasarh BCe MecTa pa-
0OTBI aBTOPA, B KOTOPBIX BBIIOIHSUIHCH UCCIIEOBAHMS (IIOCTOSIHHOE MECTO, MECTO BBIITOIHEHHSI TIPOCKTa U
Ip.)), IOIKHOCTH 1 yaeHoe 3Banue, ORCID, Researcher 1D, snekrponHas modra, Tene(oH, MO4TOBBII agpec
JUISL OTIPABKU ABTOPCKOTO IK3EMILIAPA. [Ipusooumcst Ha pycckom u aHeIUiCKOM A3bIKAX.

9. 3asBJIeHHBIH BKJIa aBTOPOB. B KoHeI pykonncy He0OXOANMO BKIIFOYUTE PHMEUAHNS, B KOTOPBIX
pazbsicHseTcs (paKTHYECKU BKIIA]] KaXKI0T0 COABTOPA B BBIIOIHEHHYIO paboTy. [Ipusooumcs Ha pycckom u
AHSTUTICKOM SI3bIKAX.

10. Texuuueckoe oopmiaenue.

1) Penakumst mprHUMaeT TEKCThI, coxpaHeHHbIe B (opmare .doc, .docx, .rtf. XKenareasHo ncmonbp30BaTh
mpudt Times New Roman, kernb 14 u mHTepBan 1,5 cTpokn. PaccraHOBKa MEpeHOCOB BPYYHYIO HE JIOIY-
CKaeTCs. 3alpelaeTcsi UCIONIb30BaTh JBOWHBIC MPOOENBI B TEKCTE, a TAKXKE BBIIOIHSITH OTCTYIBI (KpacHas
CTPOKa), UCTIONb3Ysl IIPOOEIIBL.

2) ®opMynbl HAOMPAIOTCS COYETaHHEM OCHOBHOTO Iipu(Ta U mprdTa Symbol (MckrodeHne s 1pooeit,
cyMM, KBazparHoro kopssi) B Microsoft Equation 3.0 (Penakrop dopmy:n B Microsoft Word) um Math Type 6.
Jlarunckue 3Haku B hopMynax ¥ 0003HAUEHMSX (KaK B TEKCTE, TAaK U Ha PUCYHKaX) HAOMPArOTCsl KypCHBOM.
DopMyIIbI HyMEPYIOTCS B KPYIVIBIX CKoOKax. HymepoBarh cieyeT ToNbKO Te (JOpMyIIbl B yPaBHEHHs, Ha KOTO-
PpbIe €CTh CCBUIKA B OCIIEIYIOLIEM H3JIOKECHUH.

3) Bce Ha3BaHMs, OMINCH U CTPYKTYPHBIE SJIEMEHTHI TpadUKOB, TAaOIHIL, CXeM H T. 1. 0QOPMILIIOTCS Ha
PYCCKOM U aHIJIMHCKOM SI3bIKAX.

4) PucyHky MOTyT OBITH IIPEJICTABIEHEI B PACTPOBOM MIIH BEKTOPHOM (hopMaTe ¢ pa3perieHIeM He HIDKE
300 dpi. OHM DOKHBI IOMYCKaTh PENAaKTHPOBAHUE TEKCTa M BO3MOKHOCTH M3MEHEHHMS pa3mepoB. Bcee rpa-
(ryeckue TaHHBIE NTOMEIIAIOTCSI B TEKCT CTAaThH, a TAKXKE BBICBUIAIOTCS JIOTIONHUTENIBHO B BUE OTACIBHBIX
(aiinos. PazHoXapakTepHbIC HUTIOCTPALMH HEOOXOIMMO IPHBOJUTH K SAHHOMY CTHIIIO IPad)HYECcKoro NCro-
HeHHs, coOmozias eanHooOpasue ux odopmieHns. I'padukn, cxembl U arpaMMbl HEOOXOAUMO OOPMIIATH
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