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I/IH)KeHepHLle TEXHOJIOI'MH U CUCTEMBI
PELEH3UPYEMBII1 HayYHBIH KypHaJ OTKPBITOTO JOCTYyIa

Lenp HayyHOTO XypHajia OTKPHITOTO AocTyna «HKeHepHbIe TEXHOIOTUH U CHUCTe-
MBD» — 3HAKOMCTBO YHUTATENEH ¢ Pe3y/ibTaTaMi OPUTHHAIBHBIX HAYYHBIX UCCIICIOBAHUM
B 00JIaCTH arpoIpOMBIIIICHHOTO KOMITJIEKCa M MAIIMHOCTpOeHHs1 Poccru 1 3apyOekHBIX
cTpal. Muccus )XypHaia — CO3AaHie MEXIyHapOIHOH IUIOMIAAKK I HAy9HOH JUCKYC-
CHUH HCCIeoBaTelieli, 0OMeHa OIBITOM U IyOJTMKAIIMHY aKTyaJIbHBIX TOCTH)KEHUI B chepe
WHKEHEPHBIX CHCTEM U TEXHOJIOTHH.

KypHan ampecoBaH HcCleOBaTeNsiM M CIICIAAIUCTAM, Pa0OTaIONIMM B MAIlHHO-
CTPOEHMH U CEIBCKOM XO3SHCTBE, MPENofaBaTessiM, aCIUPaHTaM U CTYICHTaM BBICLIHX
y4eOHBIX 3aBEICHUI, a TaKkKe IIMPOKOMY KPYyTy YHUTaTeNeH, MHTEPECYIOLINXCS TIepCIIeK-
TUBHBIMH HalIPaBJIECHUAMH OTEYECTBEHHOH U 3apyOe:KHOI MHKECHEPHH.

Penakuus sxypHasia ocyniecTBIsIeT HayqYHOE pEelieH3UpOBaHKe (JIBYCTOPOHHEE cie-
[I0€) BCceX MOCTYNAIMX cTareil. Pykonuch crarbn HanpapisieTcsl Ha peLieH3upOBaHUEe
JUI OLIEHKHM €€ HayYHOTO COJIEpKaHU HECKOJIBKUM BEAYIIMM CIIELUATNCTaM COOTBETC-
TBYIOIIETO MPOQWIIS, UMEIOIINM HayYHYIO CIIeIIHATH3aINI0, Hanbosee OIM3KYI0 K TeMa-
THKE CTaTbH.

Penakuus xypHana peanu3yeT NPUHIKIT HYJIEBOW TOJIEPAHTHOCTH K Tutaruatry. Mo-
HUTOPUHT HEKOPPEKTHOTO IIUTHPOBAHUS OCYIIECTBISAETCS C TOMOIIBIO CUCTEM «AHTH-
riaruar» u «iThenticate».

Pacnipoctpanenne — Poccuiickast @eneparnus, 3apyOeiKHbIE CTPAHBI.

2KypHan npenocTapisieT OTKPBITBII AOCTYII K ITOJHBIM TEKCTaM ITyOIMKaIui, HCXOAs
U3 CIEIYIOIEro MPUHINIA: OTKPBITHIN JOCTYI K Pe3y/bTaraM MCCleloBaHui crocodc-
TBYET YBEIHMUEHHUIO TII00ATHFHOTO 0OMEHA 3HAHVSIMH.

Kypnan BkiroueH B llepedeHb pelieH3MpYEMBIX HAyYHBIX HM3[aHHH, B KOTOPBIX
JIOJKHBI OBITh OITyOJIMKOBaHbI OCHOBHbIE HAayUHbIE PE3YJIbTaThl JUCCEPTALIMIA HA COMCKa-
HHUE yYeHOH CTENeHN KaHIu/1aTa HayK, Ha COMCKaHHE YUYEHOH CTENEeH TOKTOopa HayK 110
HayYHBIM CITEIIMaJIbHOCTAM M COOTBETCTBYIOIIUM UM OTPACIISIM HayKH:

1.3.2. [Ipubops! 1 METOBI FKCHIEPUMEHTAIBHON (U3UKH (TEXHUYECKUE HAYKH )

1.3.6. OnTrka (TeXHAYECKNE HayKH)

1.3.13. Dnexrpodusuka, dEKTPOPHU3NIECKUE YCTAHOBKU (TEXHUIECKUE HAYKH)

2.5.3. Tpenue n U3HOC B MaIIMHAX (TEXHUYECKHE HAYKH)

4.1.4. CagoBoAcTBO, OBOLIEBOACTBO, BUHOTPAAAPCTBO U JIEKAPCTBEHHBIE KYJIBTYpPBI
(TexHUYECKre HAayKH)

4.3.1. TexHOIOTHH, MAIIMHBI ¥ 000PYIOBAHKE AJIs arPOIIPOMBIIITICHHOTO KOMILJIEKCA
(TexHUYECKre HAyKH)

4.3.2. DIeKTPOTEXHOJOTHH, MEKTPOOOOPYIOBaHIE W SHEProCHAOKEHHE arporpo-
MBIIUIEHHOTO KOMITJIEKCa (TEXHUUECKUE HAyKH )

XKypnan nagexcupyercs 1 apxXuBUpyeTcs B 0a3ax JaHHBIX:
Web of Science Core Collection (ESCI)
Poccuiickom nuaexce HayuHoro nuutupoBanus (PUHLI)

Kypnan sBnsercs wieHom Open Access Scholarly Publishers Association (OASPA),
Directory of Open Access Journals (DOAJ), Committee on Publication
Ethics (COPE), Accounanuu Hay4yHbIX pegakTopoB U uzaareneii (AHPH), CrossRef
1 MEXIyHapOoIHOTo coo01ecTBa peren3entoB Publons

Marepwuaisl )XypHaia JOCTYITHBI 110 JinneH3uu 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 for-
eign 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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PEJAKIHIMOHHASA KOJUIETHUA

CenuH IleTp BacuibeBud — 2nasHblii pe0akmop, TOKTOp TEXHUYECKUX HayK,
npodeccop, PyKOBOAUTEIb BrICIIei IKOIBI 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 ®eneparys)

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

Topauna CBetiiana BUKTOPOBHA — omgenmcmeeHnHblll cekpemapb, KaHIUAAT NeJarorH4eckKnuX Hayk,
ORCID: 0000-0003-2265-418X, vestnik mrsu@mail.ru (Capanck, Poccuiickas ®eneparms)

Aanaxsepaues Cypxaii Parum oribI — JOKTOp OHOJOTHYECKHX HayK, akajJeMuK Poccuiickoit AkaniemMun
EcrecrBo3nanus, npodeccop kadenpst sxorornu 1 npupoponoisioBanust GI'BOY BO «MockoBckuit
TelarorMuecKii rocynapcTBeHHbIH yHuBepceuteT» (MockBa, Poccniickast deneparyst); mpodeccop xadenpst
necHo# nHxycTpru bapreiHCcKOro rocynapcreHHoro yausepcutera (bapremm, Typrs)

AcraxoB Muxauni BiaguMHpoBHY — JOKTOP TEXHUYECKHUX HayK, podeccop kadeapbl KOJIECHBIX
MaIlUH U npukiIagHoi Mexannku Kamyxckoro ¢punnana @I'BOY BO «MockoBckuii rocynapcTBEHHBIN
TexHHuecKuil yHusepcureT uM. H. O. baymana», ORCID: 0000-0001-8675-1611
(Kanyra, Poccuiickas ®exneparust)

ByaraxoB Anexceii ['puropbseBHY — JOKTOp TEXHHYECKUX HayK, Ipodeccop Kadenapbl IPOMBIIIIEHHOTO
u rpaxaanckoro crpourensctsa GI'BOY BO «lOro-3ananHslil rocy1apCcTBEHHbLI yHUBEPCUTET)
(Kypck, Poccuniickas @eneparis); npodeccop CTpOUTENHHOTO (GakynsreTa JIpe3IeHCKoro TeXHHIeCKOTo
yauBepcutera, ORCID: 0000-0003-4261-9840 (dpe3nen, I'epmanus)

I'epGep ¥Opuii BopucoBnY — TOKTOp TEXHUUECKHX HAyK, Tpodeccop, 3aBeayromuii kadenpoit
TEXHOJIOTUH ¥ 000PYyIOBaHHsI TPOU3BO/CTBA U IepepabOTKU MPOAYKIMH xkuBoTHOBoAcTBa DIAOY BO
«K®Y um. B. U. Bepraackoro», ORCID: 0000-0003-3224-6833 (Cumdepomnosb, Poccuiickas denepartust)

Yskens [datiden — Ph.D., mpodeccop, nexan I1Ixonsr sneprernky L[3sHCYCKOrO yHUBEpCUTETAa HAYKI
1 TEXHOJIOTUH, TUPEKTOp MekayHapoaHOH 00BeIMHEHHOMH 1a00paTOpUH MO SKOJIOTHIECKOH SHEPTreTHKE
Cya0B 1 KOHTpomo BeIOpocoB L3sacy, ORCID: 0000-0002-4110-2199 (Yxoubi3sH, Kurait)

Jumurtpos Bajnepuii IleTpoBHY — JOKTOp TEXHUYECKUX HayK, podeccop, 3aBenyronmii kapeapoit
ynpasnenus kagsectBoM PI'BOY BO «/loHcKoi rocynapcTBeHHbIH TEXHUYECKUN YHUBEPCUTETY,
ORCID: 0000-0003-1439-1674 (PoctoB-na-/lony, Poccuiickas ®enepauns)

Kauxun Cepreii lOpbeBHY — TOKTOp TEXHHYECKUX HayK, TIpodeccop Kadeapbl IKCILTY TaluH
TpaHCHOPTHBIX U TexHonorudeckux MamH @I'bOY BO «BopoHexckuii rocyaapcTBEHHbIH arpapHblii
yHHBepcuTeT uMeHu umneparopa Ilerpa I», ORCID: 0000-0002-1844-5011
(Boponex, Poccuiickas deneparis)

KenesnnkoBa Onbra EBrenbeBHa — KaHIUIAT TEXHUYECKUX HAYK, TOLEHT, AUPEKTOP
WuctutyTa snexrponuku u ceetotexHuku PI'BOY BO «MI'Y um. H. I1. Orapesa»
(Capanck, Poccuiickas ®enepanus)

Hrymnos Jleonna AnexkcanapoBHY — JOKTOp (GU3HKO-MaTeMaTHIECKUX HayK, IIPoQeccop, IIIaBHBIH
Hay4HbI coTpynnuk Hayuno-uccienosarensckoro nuctutyta Mexanuku @IAOY BO «HaunonanbHbii
uccienosarensckuii Hikeroponckuit rocynapctBeHHbIN yHuBepenteT uM. H. 1. JloGaueBckoroy,
ORCID: 0000-0003-3035-0119 (Hmxuuit Horopon, Poccuiickas deneparist)

Hcromuna Haranbs JleoHHA0BHA — TOKTOP (PU3UKO-MATEMaTHUECKHUX HAYK, HAYaIbHHUK OTJeIa
¢du3ndeckux Hayk Poccuiickoil akageMun HayK, 3aMECTHTENb aKaJeMHKa-CEKpeTaps 10 HayqHO-
opranun3auuonnoi pabore OOH PAH; npodeccop kadenps! ynpasnenus nanoBauusivu I'50Y BO
«MoOCKOBCKUIT aBUALIMOHHBIN HHCTUTYT (HALIMOHAJIBHBIN HCCIIEIOBATEIbCKUN YHUBEPCUTET)); TIIaBHbIH
penaKkTop Hay4yHO-TeXHHUECKoro xypHana «@oronukay, ORCID: 0000-0001-6008-1226 (Mocksa,
Poccuiickas deneparust)

Keuemaiikun Baagumup HukonaeBu4 — kaHIu1aT 5JKOHOMUYECKUX HayK, TOLEHT, AUPEKTOP
Py3aeBckoro nuactutyTa MamuaocTpoeHuss ®I'BOY BO «MI'Y um. H. I1. Orapeay,
(Capanck, Poccuiickas ®eneparms)

Korun Anexcanap BiaaguMupoBHY — TOKTOp TEXHUYECKHUX HayK, Tpodeccop Kadeapsl MexaHU3aUuu
nepepaboTKH cenbckoxo3siicTBeHHOH nponykunn @I'BOY BO «MI'Y um. H. I1. Orapesay,
ORCID: 0000-0001-8235-0052 (Capanck, Poccuiickas ®enepariust)
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Kycmapues ®@enop BacuabeBuu — Ph.D., nekan pusudeckoro dakynprera Yausepcureta Jlahoopo
(JTap6opo, Benukobpuranus); mpodeccop Komremka HCKyccTB U Hayk YHUBEpcUTETa Xamu(bl
(AGy-/1abu, OAD)

Kyxapes Ousier HukosaeBH4 — JOKTOp TEXHUYECKUX HAYK, IPO(eccop, peKTop
OI'BOY BO «len3enckuil rocynapcTBeHHbIH arpapublii yHusepcuret», ORCID: 0000-0002-3519-4066
(ITen3a, Poccuiickas deneparust)

JlobaueBckuii SIkoB IleTpoBHY — TOKTOp TEXHUYECKUX HayK, npodeccop, akanemuk PAH, nepsbrii
3amectutens qupexkrtopa PI'BHY «®enepanbHblil Hay4HbIN arpoMHKeHEepHbIN LeHTp BUM»;
akazeMuK-cekperaps OTaenenus cenbckoxo3saicTBeHHbIX Hayk PAH, ORCID: 0000-0001-7863-2962
(Mocksa, Poccuiickas ®enepanusi)

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

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

OcTtpukoB Banepuii BacujibeBu4 — JOKTOp TEXHUYECKHUX HAyK, Ipodeccop, UPEKTOP
®I'BHY «Bcepoccuiickuil HayqHO-HCCIe10BATENbCKUNA HHCTUTYT UCTIOJIb30BAHUS TEXHUKHU
1 He(pTenpOAYKTOB B celbCKoM Xo3stiicTBe», ORCID: 0000-0003-2927-768X
(Tam6o0B, Poccuiickas denepanust)

IInorankos Cepreii AjleKCaHIPOBHY — JOKTOP TEXHUIECKUX HAyK, Ipodeccop Kadeapsl TeXHOIOrun
mammHocTpoeHnst I'BOY BO «BsiTckuil rocynapcTBeHHBII yHUBEPCUTETY,
ORCID: 0000-0002-8887-4591 (Kupos, Poccuiickast ®eneparms)

[poiTroB FOpuii HukonaeBuY — 10KTOp CEMBCKOXO3MHCTBEHHBIX HAYK, TIpodeccop Kadenpsl 300TeXHUKH
uMm. ripodeccopa C. A. Jlanmmuaa ®T'BOY BO «MI'Y mm. H. I1. Orapesay»
(Capanck, Poccniickast Deneparmst)

Pynuk ®@ennke SxoBaeBHY — JOKTOP TEXHUUECKHUX HayK, Ipodeccop Kadeapsl TEXHOIOTUI IPOITyKTOB
nuranus ®I'bOY BO «CapartoBckuii rocyqapCTBEHHbINH arpapHblii YyHUBEPCUTET
umernn H. U. Basunosay, ORCID: 0000-0001-8444-0115 (Caparos, Poccuiickas deneparivisi)

Pa6ouxnna IloanHa AHaTo/IbeBHA — TOKTOP (DM3MKO-MaTeMaTHUECKHUX Hayk, mpodeccop,
Hay4HBII PyKOBOANTENH JIAOOPATOPHH ONTHYECKON CHEKTPOCKOIHY JIa3ePHBIX MaTepHaoB
OI'BOY BO «MI'Y um. H. I1. Orapesay», ORCID: 0000-0001-8503-8486
(Capanck, Poccuiickas ®enepanus)

Cagnem Adnean-bagex Moxamen — TOKTOp HayK B 00J1aCTH KOMITBIOTEPHBIX TEXHOJIOTUH, 3aCITyKEHHBIN
npodeccop, pyKOBOAUTEIb UCCIEI0BATEIbCKHUX J1a00paToOpHii B 00JIACTH HCKYCCTBEHHOTO MHTEIUICKTa
¥ 3HaHU, podeccop (akybTeTa KOMIBIOTEPHBIX 1 HHOPMALMOHHBIX HayK yHHBepcuTera AjiH [llamc,
ORCID: 0000-0003-0268-6539 (Kaup, Eruner)

CuMISSHKHH ApKaJuii AHATOJILeBHY — IOKTOP TEXHUYECKUX HayK, Ipodeccop Kadeapbl TEXHUUECKON
skcruryaraiuu Tpancnopra ®I'bOY BO «Ps3anckuil rocynapcTBeHHbIH arpoTeXHOIOTMYECKUN
yausepeuteT M. [1. A. Kocteruera», ORCID: 0000-0001-9761-6183 (Psa3ans, Poccuiickas denepariis)

Ckpsaoun Baagumup AJiekcaHpoBHY — TOKTOP TEXHHYECKHUX HayK, podeccop Kadeapbl TEXHOIOTHi
u obopynosanus MamHOCcTpoeHust ®I'BOY BO «Ilen3eHckuil rocy1apcTBEHHBIN YHUBEPCUTETY,
ORCID: 0000-0001-7156-9198 (Ilen3a, Poccuiickas deneparust)

TapacoB EBrenunii MuxaiiioBu4 — JOKTOp TEXHHUECKUX HayK, mpodeccop, 3aBeayrounii kapeapoit
ABTOMATUKH, TEIEMEXaHUKH U CBA3H Ha xkene3HonopokHoM tpancnopre @PI'BOY BO «Camapckuit
TOCYIapCTBEHHBIN YHUBEpCUTET myTeit coodmienus», ORCID: 0000-0003-2717-7343
(Camapa, Poccuiickas deneparust)

®arpixoB IOpuii AaraMoBu4 — JOKTOp TEXHUYECKUX HayK, mpodeccop, 3aBenyronmii kapeapoi
WHXVHUPHUHTA TEXHOJIOTUIECKOro 000pynoBanust VIHCTHTyTa arpONHKEeHEPHH | IHIIEBBIX CHCTEM
Kanunaunrpaackoro rocynapcTBeHHOro Texanaeckoro yuusepcurera, ORCID: 0000-0002-8189-0433
(Kammaunrpan, Poccuiickas deneparis)

®enynoBa JInnusa Bsiueca1aBoBHA — TOKTOP TEXHUYECKHUX Hayk, podeccop PAH, 3aBemyrommii
9KCIIEPHMEHTAILHON KIIMHUKOH JIabopaTopuy GHOIOTNYECKH aKTUBHEIX BEIIECTB KHBOTHOTO
npoucxoknerns ®PI'BHY «DenepanbHblii HayIHBIH IEHTp MUIIEBBIX cicTeM UM. B. M. I'op6arosa» PAH,
ORCID: 0000-0003-3573-930X (MockBa, Poccuiickas ®enepanust)

HInmenoa Tamapa UabuHAYHA — JOKTOP TEXHUYECKHUX HayK, Ipodeccop kadenpsl GU3nKu
OI'BOY BO «MpkyTckuil HalMOHAIBHBIA UCCIE0BATENbCKUI TEXHUUECKH YHUBEPCUTET)
(Upxkyrck, Poccniickas ®enepanus)
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Annomauus

Bseoenue. B nanHOl cTaTbe BHUMAHHE YAENSAETCS HCCIEIOBAHUIO NEKTPUIECKUX Mapa-
METPOB IIITHAALATH COCTABOB aJbTEPHATHBHBIX TOIUIMB. AKTYyaJbHOHU SIBISIETCS 3ajada
pa3paboTKK OECKOHTAKTHEIX METO/IOB aHAJIN3a COCTABa TOILIHMBA.

Lenv uccnedosanus. IlomydeHne TaHHBIX TUIIEKTPUIECKOH MPOHHUIIAEMOCTH aTbTEepHa-
THUBHBIX TOIIJIUB JJIs ﬂanbﬂeﬁmero IOMCKa CBA3HU C IMOKasaTCJsIMU IIpoLecca CropaHus.
Mamepuanet u memoost. J1j1st IpOBEEHNUSI HCCIIEIOBAHMS OB HCIIONB30BaH KOH/IEHCATOP,
COCTOSIIMI U3 JBYX aJIOMHHHEBBIX IUIACTHH pazMepoM 175x102 mm, a Takke MyJIbTH-
metp Sinometex ZT-Y.

Peszynomamer uccnedosanus. Ilpn cpaBHeHHN 3HAYEHHH IHAIIEKTPHUECKOI IPOHUIIAEMOC-
TH TPEJCTABICHHBIX COCTABOB AIBTEPHATUBHOTO TOIUIMBA MEXTYy MHHHMAJIBHBIM U MaK-
CHMAJIbHBIM COJIep)KaHHEM J00aBJICHHOTO CIIUPTa U PacTUTEIBbHBIX Macel B cMech oOHa-
pyxuBaeTcst 3aBUCHMOCTh. OHa TPOSIBIETCS B XapakTepe 3HaYeHUH JUICKTPUISCKON
MIPOHHUI[AEMOCTH, KOTOPBIE KOPPETHUPYIOT C JMEKTPOEMKOCTBIO KOHICHCATOpa IIPH HATTHINHT
cMecH MeXIy OOKIIagKaMH, U HaOMo#aeTcs AT BceX TpeX Jo0aBiseMbIX B CMECh yIle-
BOZIOPOJIOB: 3TAHOJA, PAIICOBOTO U CypenHoro Macen. OTMmedaercs, 4To JUIIEKTpHIecKast
MIPOHHIIAEMOCTH BO3pacTaeT B auarnasoHe oT 10 1o 50 % nobasaeHHOTO 3TaHONA; PAIICOBO-
IO U CypernHoro Maced, focturas 3Hadenuii ot &= 3,05 no 45,31 mis stanona, ot €= 2,35
110 2,72 nist pancoBoro Macna u ot €= 2,33 1o 2,8 11 cypenHoro maciua.

Obcysicoenue u 3axaroveHue. AHAIN3 3HAYEHUH TUDIIEKTPUICCKON MPOHHUIIAEMOCTH pas-
JIMYHBIX COCTABOB abTEPHATUBHBIX TOILIUB ITOKA3bIBAET, UTO IIPH YBEIUUEHHN COAECPHKAHUI
CIMpTa U PaCTUTENILHBIX Maced B cMecu oT 10 o 50 % audnekTpuyeckas IPOHULAEMOCTb
YBENUUHBAaeTCSA. JTO CIPABEAINBO UL BCEX TPEX YMICBOAOPOJOB: 3TAHONA, PAIICOBOTO
U CYpETTHOTO Macell.

© ITnomnuxos C. A., I'nesawes I1. B., Hluwxun I I1., Kapmaweeuu A. H., 2024
Konrent nocrynen no smnensun Creative Commons Attribution 4.0 License.
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Kniouegvie cnosa: anprepHaTUBHOE TOILUIMBO, DJIEKTPUUECKHUE MApaMETPBI, JUAJICKTPU-
YecKasl IPOHUIIAEMOCTh, OE3MOTOPHBIH METOI, ITAHOJ, PAliCOBOE MACII0, CYyperHOe Mac-
710, IN3€IBHOE TOILTHBO

Kongpnuxm unmepecog: aBTopbl 3asBISIIOT 00 OTCYTCTBUH KOH(IMKTA HHTEPECOB.

bnazooapnocmu: aBTOpH! BBIpAXKAIOT OJIATOJAPHOCTH PELICH3EHTaM, Ybsl KPUTHYECKAs
OLICHKA IPEJICTaBICHHBIX MAaTePUAJIOB U BHICKA3aHHBIC TPEITIOKEHUS TI0 HX COBEPIICHC-
TBOBAHUIO CIIOCOOCTBOBANIN 3HAYUTEIHLHOMY ITOBBIIICHHIO Ka4€CTBA HACTOSIICH CTaThH.

Jlna yumupoeanusn: 30HINPOBAHUE COCTABOB aJbTEPHATHBHBIX TOIUIUB C IEJBIO OII-
peneneHus dnekTpudeckux mapamerpoB / C. A. IlnotaukoB [u ap.] / VHxeHepHBIE
TexHONMOTUH U cuctembl. 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)
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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. [lonyuenue TOUHBIX TaHHBIX O CBOMCTBAaX PeajibHBIX BELIECTB B TFOOOM
COCTOSIHMHU' TPeOyeT CO3/1aHMs YCIOKHEHHBIX YCTAHOBOK, YTO MPUBOIHT K YBEITHYCHHIO
3arpar u BpeMeHu’. Ha ceroqHsIIHui JeHb aBTOTPAKTOPHBIC JBUIATEIH UMEIOT «Tpe-
METHOE» OTHOIIIEHNE K KaueCTBY TOTUIMBOBO3IYIITHOM CMECH, MMOAaBaeMON B KaMepy
cropanus’. OT ee KauecTBa 3aBUCUT IPPEKTHBHOCTD PA0OTHI IBUTATEIS, €TO MOIIHOCTH,
pacxoj TOIUTMBA, KOJIMYECTBO BPEIHBIX BEIOpOCOB B arMocdepy*. HernpaBuibHblil co-
CTaB CMECH MOXKET ITPUBECTH K OBICTPOMY U3HOCY JIeTajel JBUTATENs1, CHIKSHHIO €T0
pecypca, yXyAIIeHHIO SKOJIOTHYEeCKHX TMoKaszareneir’. COOTBETCTBEHHO, pa3paboTka
COBPEMEHHBIX OECKOHTAKTHBIX METO/IOB, CIIOCOOHBIX BBISBISATH HAIMYHE KaK TIPUMECEHH,
TaK W MPUCAZOK B COCTaBE TOIUIMBHOW CMECH, SIBISAETCS BaXKHOM MCCIIEI0BATEIIbCKOM
3anmaueii [ 1-3].

HayunpiM ko/uIeKTHBOM Kadenpbl TEXHOJIOTUU MAIIMHOCTPOESHHMsI BsTckoro rocy-
JApCTBEHHOTO YHHBEPCHUTETA 3a1aHO HOBOE HalpaBlieHne 6€3MOTOPHOTO UCCIICAOBAHUS
nokaszaTesieil mpouecca cropanusi [4—6], a Tak)Ke HamnpaBlICHHE O UACHTUDUKATUU
KHIKHX aJbTepHATUBHBIX TOIUTUB (AT) Ha OCHOBE 3JICKTPUYECKUX JTAHHBIX'.

OO111ei LIeITBIO HAYYHBIX UCCIICIOBAHHH SBISETCS pa3paboTka 0e3MOTOPHBIX METOIOB
orpezeneHus napameTpoB pabdouero mporecca ausens 44H 11,0/12,5 mpu pabote Ha *xu-
KHX TOIUTMBaX. B JaHHOM cTaTbe BHUMaHKE MPEUMYIIIECTBEHHO YIEICHO NCCIIETOBAHUIO
ANEKTPUIECKAX MapaMeTPOB TSTHAALIATHA COCTABOB alIbTEPHATUBHBIX TOTUINB.

O630p auTepatypbl. Bece gamie poccuiickue u 3apy0OexHbIe UCCIeIoBaTeTn
00pamamTca K U3YUYCHUI0 B3aUMOCBSI3H DJIEKTPUUECKUX U (PU3UKO-XUMHUYECKUX
MapaMeTpoOB yIIEBOJOPOIHBIX TOIIUB. Tak, yueHpIMu Ka3aHCKOTO HAI[MOHAIEHOTO
MCCIIEI0BATENbCKOTO TEXHOJIOTHYECKOTO YHUBEPCUTETA MIPEIIOKEH IPOCTOH pedpak-
TO-JICHCUMETPUICCKUH METO]] BU3yaTbHON HJICHTU(PUKAIIMY U YCTAHOBIICHUS TPYIIIO-
BOUM MPHUHAJJIC)KHOCTH WHIUBUYyAIBHBIX OPTaHUYECKUX BEIIECTB, & TAKIKE OLICHKU
IPYNIIOBOTO YIIEBOAOPOAHOTO COCTaBa CBETIBIX HePTenpoaykToB. OHM IT0oKa3amuy,

! JIsotko B., Jlykauun B. H., Xauunsu A. C. [IpumeHenre anbTepHATUBHBIX TOIUIUB B JBHTATEISNX
BHyTpeHHero cropanus / I[Tox pen. B. JIeotko, B. H. Jlykanuna. M. : MAJIH, 2000. 311 c.

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

3 Urunckas H. U., Ky3uenos H. A. TomuBa, Macia ¥ TEXHUYECKHE KHIKOCTH : CIIPABOYHUK. M. :
Arponpomuszat, 1989. 303 c.

* Hukonaes B. @., Kyrymes U. P., Xamenzsuos A. K. Pedpakro-MarHuTOONTHYECKHUI METOT OLIEHKH
IKCIUTYyaTAIlMOHHBIX M TETUIOTEXHUYECKHX XapaKTePHCTUK PEAKTUBHBIX M ANM3ENIbHBIX TOIUTUB // BecTHUK
Kazanckoro rexnonorngeckoro yaueepcutera. 2003. Ne 2. C. 302-314. EDN: HUWHRB

5 Hukudopos A. H. HayuHble 0CHOBBI HCITIOJIb30BaHHS TOTIMBA H CMa30YHBIX MATEPHAIIOB B CEIbCKOM
xo3siictBe. M. : Arponpommsaar, 1987. 248 c.

¢ CmonbaukoB M. B., ITnotaukos C. A., T'neBamies I1. B. Pe3ynbrarsl 2IeKTpUUECKUX U3MEPEHUH YIIIe-
pomocoaepkaIx cMeceil ¢ Au3eNbHBIM TOIUIHBOM // Bymymee Texandeckoit Hayku : Mat-1sl X XII Beepoc.
MOJIOAIXKH. Hay4.-TexH. KoH®. H. Hosropox : HI'TY nwm. P. E. Anekceesa, 2023. C. 369-370.
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YTO IPYIIOBOM COCTaB HEPTEMPOTYKTOB MOKHO YCTAHOBUTH C IIOMOIIBI0 U3MEPEHUS
yaenbHOU pedpakuuu [7; 8].

3apy0eKHBIM HayYHBIM COOOIIECTBOM MTPOBEICHBI UCCIICAOBAHHMS 110 B3aUMOCBSI3M
(PM3BHUKO-XUMHUYECKUX CBONCTB TOIUIUB C IIETAHOBBIM YMCIIOM [9] ¥ IPOILIECHTHOMY COZIEp-
JKaHUI0 OMoau3ens B qu3eiabHoM Tomikee [ 10]. Ha ocHOBe AaHHBIX (PH3HKO-XUMHUYECKUX
CBOWCTB IMPOMCXOAUT MOHUTOPHHT Ka9eCTBAa 0OPaOOTKY IMOMMEPHOTO CBIPhS U YIy4IICHUE
TEXHOJOTHICCKHUX TTapaMeTPOB IpoIlecca MPOU3BOICTBA TOBapHOTO TotummBa [11-13].

I'. E. JlyHaeBcKuii C COaBTOpaMK UCCIIEN0BAIN 3aBUCUMOCTbD JUJIEKTPUUYECKOH MPo-
HUIIAeMOCTH OEH3WHA C Pa3IMYHBIM 3HaY€HHUEM OKTAHOBOTO YMCIIAa OT HAIMYHS U KOH-
[EHTPAaUU MPUCATOK W YCTAHOBUJIM, YTO JO0OABICHUE MPUCATOK K aBTOMOOMIEHOMY
TOIUTHBY B CPETHEM BEJIET K YBEIMUCHUIO 3HAYCHHI AUDIICKTPUUCCKOM TPOHUIIAEMOCTH .

VYuyenbie KyOaHCKOTO TOCYJapCTBEHHOTO TEXHOJIOTHYECKOTO YHUBEPCUTETA IITUPOKO
UCCIICAYIOT BOIPOC MTPUMEHEHHS TEOPUHU TEPMOJMHAMUYIECKOTO TTO00HS J1st 00001IeHNS
CIIPABOYHBIX JIAHHBIX TUICKTPUYCCKON MPOHUIIAEMOCTH NapadUHOBBIX, HAPTCHOBBIX
Y apOMaTHYECKUX YIIEeBOIOPOIOB. JIto0oe cpaBHEHHUE MPEANONaraeT pacCCMOTPEHUE
SIBJIEHUM B OAMHAKOBBIX ycioBUsX. [Ipy conocraBieHnn CBOMCTB BEILIECTB B KAU€CTBE
TaKUX yCIOBUH HE MOTYT OBITh IIPUHSTHI OJIMHAKOBEIC ITApaMETPhI, TAK KaK, HAIIpUMep,
MIPY OJIMHAKOBBIX MTOKA3aTeAX TEMIIEPATYpPhl U IaBICHUS Pa3IMUHbIE BEUIECTBA MOTYT
HAXOAWTHCS B PA3HBIX arperaTHBIX COCTOSHILSIX. COTIIacCHO TeOpHH, (PH3HIECKH TTOI00HbI-
MU JJIS BCEX BELIECTB ABJIIFOTCSI KPUTHYECKHUE COCTOSHUSA, IIOITOMY ITapaMeTpPhI BEIECTBA
B KPUTUYECKOM COCTOSIHUM P,, T,, V, IPUHUMAIOT 32 OCHOBY CPaBHEHHUS TEPMOJIUHAMH-
YECKUX CBOMCTB ra3oB M XKUAKOCTEH. B paboTe ydeHbIX TeopHs TepMOITUHAMIYECKOTO
MoJI00MS MTPUMEHSJIACh K aHAIIN3Y 3aBUCUMOCTH JUIEKTPUIECCKOM IPOHUIIAEMOCTH OT
TEMIIEPaTyPhl HECKOJIIBKUX MapaduHOBBIX, ApOMAaTHYCCKUX M HA()TEHOBBIX YIIIEBOJIO-
pornos. Becero paccMoTpeno 15 BemecTs. DT yriIeBOJOPOAbl HHTEPECHBI TEM, UTO OHU
BXOJISIT B COCTaB IMPHUPOIHBIX YIICBOOPOIOB (Ta3, He(Th, ra30BbIN KOHICHCAT), KOTOPHIS
SBTISIFOTCS IICHHEHIIUM CBIpbeM ISl HedTenepepabarbiBaroneil 1 HehTeXuMHUECKON
MPOMBINIIIEHHOCTH. [IpupoaHbIe YIIIeBOJOPOILI IPU TPEHUH (B TPOIECCE 3aMOTHEHIS
XPaHUJIHII ¥ TIEPEKAYKH ¢ OOJIBIIION CKOPOCTHIO IO TPyOaM, a Takke (BHIIETPAITUH ) JIETKO
JMEKTPU3YIOTCS, U HA UX TIOBEPXHOCTH MOT'YT 00Pa30BBIBATHCS M HAKATUTMBATHLCS 3aPSIIbI
CTaTUYECKOTO JIEKTPUYECTBA, B CBSI3U C YEM BO3MOKHBI B3PBIBBI U IOKAPBHI.

Takum oOpa3om, U3yUeHHE AIEKTPOPU3NICCKUX CBOUCTB, OTHUM H3 KOTOPBIX
SIBISICTCS] TUDJIEKTPUYECKasl IPOHULAEMOCTD, JAHHBIX BEIIECTB U UX COCTABIISAIOINX
BBI3BIBAET KaK HAYUHbIN, TAK U MPAKTUYECKUM UHTEpEC IS Psia XUMUYECKUX MPOU3-
BojIcTB®. HecMOTpst Ha MHOTOUHCIICHHOCTD MyONHKAIHA 110 U3ydYaeMol mpoOieMaTnke,
MPaKTUYECKU OTCYTCTBYIOT UCCIEIOBAHUS 110 U3MEPEHUIO AUAICKTPUUECKUX CBOMCTB
CMECEBBIX TOIUTUB. ABTOPHI BIEPBLIC MOKA3aIH, KaK U3MEHSAETCS NUAJICKTPUUECKast
MPOHUIIAEMOCTh TOIIMB, OCHOBAaHHBIX HA CMECHU AU3EJIbHOTO TOILJIMBA, PACTUTEIbHBIX
Macell U 3TaHoJa.

7 ]lnanekTquecmle CBOICTBa He(bTerO)IyKTOB aBHaHHOHHOﬁ NPOMBIINIJICHHOCTH B obactu Kpaﬁ-
HeBbicokuX yacToT / . E. JlynaeBckuii [u ap.] / CBU-TexHUKA U TETIEKOMMYHHKAIIMOHHBIE TEXHOIOTHH :
Mart-Jibl JoKIanoB 25-oif Mexaynap. Kpeimckoit koHd. T. 2 (6—12 centsiops 2015 ., . CeBacTomons).
Cesacrormons : CeBacTonmoabCKuid rocynapcTBeHHbIi yHuBepeuTeT, 2015. C. 952-953. EDN: UPCAV]

8 ITnosieKTprUYeCcKre CBOMCTBA aBTOMOOKIIBHOTO ToIuMBa ¢ npucaakamu B KBY muanasone / P. A. Kpemsep

[u mp.] // Axryansabie mpobaemsr pamuodusuku AIIP 2019 : ¢6. tp. 8-if MexayHap. Hayd.-IPakT. KOH(.
(1-4 okts16ps 2019 ., 1. Tomcek). Tomck, 2019. C. 212-213.
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MarepuaJsl 1 MeTOABI. J[MAIEKTPUK — MaTepual, KOTOPbIH CIIOCOOEH 3aracaTh
OHCPIrulo Mpu Mpuja0KCHUMU BHCIIHCTO JJICKTPUUCCKOTO IMOJIA. Ecnu ucTtouHuk moc-
TOSITHHOTO HaIlpsDKEHHS BKIIOUEH MapajijiesIbHO 0OKJIaJKaM IUIOCKOTO KOHJEHCAaTopa,
TO OOJIbIIE 3apsaa HAKATUTUBAETCS, KOTIa MEKAY OOKIaKaMU MTOMEIEH JAUDIICKTPUK.
B cnydae oTcyTeTBus Marepuaia (BakyyMa) MEX Iy OOKIa KaMH HAKaIlITMBACTCS MEHb-
Iee KOIMIecTBO 3apsiaa (puc. 1).

B anexrpoMaraeTnzMe MpUHATO a0COMIOTHYIO AMAIEKTPUIECKYIO IPOHUIIAEMOCTD
Ha3bIBaTh TUAJICKTPUUICCKON TTPOHUIIAEMOCTRI0 M 0003HAYaTh €€ TPeuecKoil OYKBOH &,
KOTOpast ABJSIETCSI MEPOH 3JIEKTPUUECKON TOMSPU3YEMOCTH IUdIIeKTpuKa. Ee MoxHO
BBIYHCITATH CIEAYIOUIM 00pa3oM:

C
= om 1
“TC W

BO31

rae C — eMKOCTh KOH/ICHCATOPA [PY HAMYHK CMeCH Mexk 1y oOknaakamu, nF; C - —
€MKOCTb KOHJIEHCATopa 110 BO31yXy, nF.

r

¢ R L
Q I CF——p
) i\
Z

Puc. 1. Cxema u3MepeHns MEKTPUIECKUX MapamMeTpoB AT:
Z —nmnenanc; C — coOCTBEHHO €MKOCTb; 7' — COIIPOTUBIICHHE Yepe3 KHUIKOCTh (OIpeAenseT TOK yTeUKH);
R — mapasuTHOE MoCIe0BaTeNIbHOE COMPOTHUBIICHNE; L — Mapa3uTHAs MOCIeN0BaTeNIbHAS 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

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

Marepuai ¢ BBICOKOH AMANEKTPUIECKON MPOHUIIAEMOCTHIO MOIIPU3YETCS B OTBET
Ha MPUJIOKEHHOE AIEKTPUUYECKOE T0JIe CUIIbHEE, YeM MaTepHall ¢ HU3KOH TUDIEKTPHU-
YEeCKOM MPOHUIIAeMOCTHI0. TeM caMbIM OH HaKaIIUBaeT B MaTepuae OOJbIle SHEPTHH.
B snexrpocraTuke IU3IeKTpUUYECKasi IPOHULAEMOCTh UIPAET BaXKHYIO POJIb B OIpee-
JICHUU €MKOCTHU KOHJeHcaTopa. JusnekTpuueckas IpOHUIaeMOCTh cpelibl — huszndec-
Kasl BEJIMYMHA, XapaKTepU3YIOLIas CBOMNCTBA M30JIMPYIOIIEH Cpebl U IOKA3hIBAIOIAs
3aBUCHUMOCTb JJIEKTPUUECKOH MHAYKLIUHU OT HANPsDKEHHOCTH DIIEKTPHUUECKOTO OIS,

JlabopaTtopHble Hccaeq0BaHU IPOBOIIINCE HAa Kadeape OpraHnuecKO XUMHUN
Bsarckoro rocynapcTBeHHoro yauepcuteta. OObeKTaMu AJIsl HCCIIEI0BaHUS SBISUTUCD
cMecH M3 IBYX BHIOB au3eibHoro tomnusa (AT), B koTopeix cogepxurcs 10 50 %
BO300HOBIISIEMOT0 HCTOUYHHMKA SHEPTUH (CYPEITHOT0, ParicoBOro Macia u 3tanona). Ko-
JIMYECTBO MCCIETyeMbIX CMeCell TOITUB COCTABIUIO 15 mT.
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ITpeameToM HccnenoBaHull ABIANIOCH ONPEIEICHUE HIEKTPUUECKUX NTapaMeTPOB
COCTaBOB TOIUIMB. B KOHEYHOM pe3ynbraTe BBIABIIOCH 3HAUCHHE AUMICKTPUICCKOM
MPOHUIIAEMOCTH JIJIsl BCEX COCTABOB. JJIsT M3MEPEHHUSI ANEKTPUUYECKHUX MapaMeTPOB
IpUMEeHsIICS MynbTHMETp Sinometex ZT-Y (puc. 2).

AUTO POWER OFF
oo W
i

Pwuc. 2. Mynstumerp Sinometex ZT-Y. Asrop m3o6paxenus I1. B. 'neBames, 2022 1.
Fig. 2. Sinometex ZT-Y Multimeter. Photo by P. V. Gnevashev, 2022

PaccmoTpyuM ofHU U3 OCHOBHBIX MOJyYaeMBIX apaMeTPOB MYJIBTHMETpPA C UX
JranazoHaMy U3MepeHuit: m3Mepenue conporunieaus pagHo ot 0,01 Oma g0 10 MOw;
TeHepaTop MPSMOYTOIBHBIX UMITYIIECOB paBeH oT 50 ' mo 5 xI'm; emKxocTs paBHa OT
1 n® no 1000 Mx®d; MOCTOAHHBIN U IEpeMeHHbIH ToK paBeH oT 0,1 MxA mo 10 A; moc-
TosiHHOE HampspkeHue paBHo ot 0,1 MkB mo 1000 B.

PesynbTarsl nccaenoBanus. Vi3MeHeHNe 3HaUEHUI ITOKa3aTeNel mpouecca cropa-
HUS TOIUIMBA B KaMepe CropaHusl JU3eist 0OBIYHO CBS3BIBAIOT C (DM3UKO-XUMHYECKUMU
cBOMCcTBaMH TOILTUB. CIIEAYIOIIUM 3TAIlOM UCCIISIOBAHHUH SBUIIOCH U3yUYCHUE OTHOILICHHUS
YIJIEBOJOPOAHOTO TOIUIMBA K 3JEKTPUYECKOMY TOKY M CHATHE ITapaMeTpOB AJISI BCEX
15 uccnenyembix AT (tabm. 1-3).

Pe3ynbrarsl IpoBeICHHBIX N3MEPEHHI YKA3bIBAKOT HA TO, YTO U3MEHEHHE MPOIICHTHOTO
COZIepKaHMS ITAHOJA B COCTaBE ATAHOJO-TOILTMBHOM cMecu (DTD) He BiusieT Ha OMU-
YECKOE CONMPOTHUBIICHUE KOHJICHCATOPa MMOCTOSHHOMY TOKY (Ta0i. 1). OnHako yBeluueHue
MaccoBoro coaepskanus 3taHona ¢ 10 1o 50 % B cocTaBe 3MyIbCHH MOBBIIIAET 3IEKTPO-
€MKOCTh COCTaBa, IPUMEHIEMOT0 B Ka9eCTBE JUAJIEKTpHKa KoHAeHcaTopa. Hampumep,
€CJIM eMKOCTh KoHzeHcaropa npu Hanuauu cMecu T ¢ conepkanuem stanona 10 %
cocrasnsier C = 1,7 nF, mobasnenne cmpra 50 % B cmech maet emkocts C = 16,3 nF.
Pe3kuii nepenan B cCTOpOHY yBeTHUEHUS 3HAUSHHS EMKOCTH KOHIECHCATOPA IPOUCXOUT
NpHU JOCTUKEHUU MAaCCOBOrO cofiepkaHus 3Tanona okoso 30 %. 1o siBieHue mpouc-
XOJIUT M3-32 HMEIOIIETOCS CBONCTBA HAKOIICHHS AIIEKTPHUYSCTBA HIMEHHO STaHOJIOM.
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[Tomy4yeHHble 3HAYEHHSI SIEKTPOPHU3NIECKUX BEIHUNH OOYCIIOBICHBI TEM, YTO
3TaHOJI, UCIIOJIB3yEMBbI B Ka4eCTBE JOOABISIEMOI0 BELIECTBA, HE COACPIKUT B CBOEM
cocTaBe CoJiel M OpraHUYeCcKUX IPUMECEH, B CBSI3U C U€M HE MEHSIET DJIEKTPUYECKOe
conpotusienue (R = 1,3 MOM) nonydeHHOH TOIUITMBHOM cMmecH (Tadm. 1).

Ta6nuna 1
Table 1
DJIeKTpUYecKHe MapaMeTpsl TOILIHB PA3THIHOTO COCTABA
¢ 1o6aBjeHneM 10 50 % 3TaHo/Ia B cMecH
Electrical parameters of fuels of different composition
with addition of up to 50% of ethanol in the mixture
Cocras Torumisa / EMKocTh KOHIEHCaTOpa 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 % +D210%/ 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 % +D2 50 %/ 163

DF 50% + E 50%

Tpumeuanus: R — conpoTHBIECHHE MEX/Ty 00KIIaqKaMu KoHeHcaropa pasHo 1,3 MOwm; C — eMkocTb
KOHZIGHCATOpa 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 laliee B CTaThe BCE TaOJIHIIbI COCTABICHBI aBTOPAMH.
Source: Hereinafter in this article all tables were drawn up by the authors.

[lonyueHHble M3MEpeHNs YKa3bIBAIOT Ha TO, YTO U3MEHEHHE ITPOLIEHTHOTO COAEPKAHMS
PM B cocTaBe TOILIMBHOW cMecH B OOJIbIICH CTEIEHH (B OTJIMYME OT CIUPTA) BIUSCT
Ha OMUYECKOE CONPOTURIICHUE KOHJCHCATOPA MOCTOSHHOMY TOKY (Tabi. 2). Hanpumep,
B cMecu [T ¢ 10 %-ubIM conepkanueM parcoBoro macia R = 12,4 MOwm, Torna kak
npu no6asnernu PM no 50 % 3nauenue ctanoButcs R = 9,7 MOwm. CoOTBETCTBEHHO,
IIPOUCXOIUT CHIXKEHUE ITPH YCIOBUM yBenndeHus coaepxanust PM. ITpu aTom anexTpo-
€MKOCTbh COCTaBa, IPUMEHIEMOT0 B Ka9eCTBE TNAJIEKTPHUKA KOHACHCATOPA, H3MEHAETCS
B IIPOTHUBOIIONIOKHYIO cTopony. C yBenmnueHuem cogepxanust PM B AT ¢ 10 mo 50 %
pacteT u 3HaueHue emkoctu ¢ 0,757 nF go 0,820 nF.

Uro kacaeTcs BEIMYUHBI IPSMOYTOJIHHOTO MEPEMEHHOTO TOKa I, T 3/1eck 3HaueHne
M3MEHSEeTCS He3HAYUTEIHHO U IPOTIOPIUOHANEHO pucyTcTBrio PM. [lpu yBennyenun
coaepkanus PM B cMmecu npoucxonut poct ¢ 5,31 10 5,45 MKA, nipu 1oGaBieHu Cy-
penHOro Macia — CHuxkeHue (tadn. 3).

CocraB TOIIMBA C CypENHbIM MacioM UMEET YBEIINYEHHOE CONPOTUBICHUE MEXKIY
oOKTazKaMHi KOHAEHcAaTopa Mo OTHOIIEHHUIO K cMecsM ¢ PM (tabmn. 3). B emecu [T
¢ 30 %-upIM conmepkanueM parcoBoro Macia R = 11,2 MOw, a B cmecu [T ¢ 30 %-HbIM
conepkanreM cyperHoro macia R = 28,0 MOwM. Benuanna e mpsMOyTOJIBHOTO Tepe-
MeHHOTO ToKa B cMecu T ¢ comepskannem cypernHoro macia ot 10 mo 50 % cHmkaet-
ci(c 4,1 mo 2,3 MKA).

184 Texnonoauu, mMawunsl u 060pyooeanue



Vol. 34, no. 2. 2024

ENGINEERING TECHNOLOGIES AND SYSTEMS

TaGnuna 2
Table 2

JieKTpuuecKHe NapaMeTpbl TOILIUB Pa3IMYHOI0 COCTaBa
¢ nodaBaenueM 10 50 % pancoBoro macja B cMecH

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

CocraB TorutnBa /
Fuel composition

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

EMKoCTh KOH/IeHCaTOpa
NPH HATUYUU
CMECH MEXIY

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

BenuunHa npsIMOYTOJILHOTO
HEePEMEHHOTO TOKa
¢ gactoroi 200 kI'ig I,
mpu ¢ = 20 °C, MKA / Value
of a rectangular alternating
current with a frequency of
200 kHz 1, at t =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 IO BO3AYyXy (TIeper KaxapM m3MepenneM) pasHa 0,302nF.
Note: C — air capacitance of the condenser (before each measurement) 0.302 nF.

Tabnuma 3

Table 3
JJeKTpUUecKue NapaMeTpbl TOILUIMB Pa3IMYHOI0 COCTaBa
¢ no6aBaeHueM 10 50 % cypenHoro Macjia 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 KOHJICHCaTopa HPSIMOYTOJILHOTO
o6Ka iZMH [IPY HATUY UK MEPEMEHHOT0 TOKa
A CMECH MEXy ¢ yacroroii 200 kI'iy I,
Cocras TOHJ‘II./I]?a/ KoHzcHcaropa, obknankamu, C, nF / mipu ¢ = 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

AT 90 % + CyperHoe Maco 10 % /

DF 90% + wintercress oil 10% 34,0 0,749 4.1
AT 80 % + CypemHoe Maco 20 % /

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

DF 70% + wintercress oil 30% 28,0 0,777 34
AT 60 % + Cypermoe macino 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 KOHIEHCATOPA O 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, pacTUTENbHBIE Macia HE ABIAIOTCS JUAIEKTpuKamu [23].
AHanu3 TaHHBIX MOKa3bIBAET HEOTHO3HAUHYIO 3aBUCUMOCTD JJISI BCEX MPEACTABICHHBIX
cMeceil. EMKocTh KOHJIeHCaTopa 1Mo BO3yXy IPH BCeX MCTBITYeMbIX 15 cMmecsax AT
ocTaetcs ocTostHHOM (Tabn. 1-3). MccaenyeMble BeTMYMHBI HYKIAIOTCS B JATbHEH-
IeM JIETaTbHOM U3yUYCHUY TIPUYUH BOSHIKHOBCHUS TAKUX 3aBUCUMOCTEH. Pe3ynbTaTs
pacdera TUAIIEKTPUIECKON MPOHUIIAEMOCTH TIPEICTABICHEI B TabmIIe 4.

Tabnuua 4
Table 4
JnaekTprnyecKkasi IPOHUIAEMOCTH TONJIUB Pa3JIHYHOI0 COCTaBA
c nodasiennem AT 1o 50 % B cmecn
Dielectric permittivity of fuels of various compositions
with the addition of up to 50% of AF in the mixture

Jusnexrpruyueckast IpOHULIAEMOCTh €
nipu ¢t = 20 °C / Dielectric permittivity € at 1 =20 °C

Nen/m | Cocras TorumBa / Fuel composition ParcoBoe
Oranoi / MACO / Cypennoe
Ethanol . maco / 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 % Cypemntnoe mMacio / - - 2,33
DF 90% + colza oil 10%

4 80 % AT +20 % D/ DF 80% + E 20% 7,98 - -
80 % AT +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 % Cypennoe macio / - - 2,65
DF 70% + colza oil 30%

10 60 % AT +40 % 3/ DF 60% + E 40% 39,47 - -

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

12 60 % AT + 40 % Cypemnnoe maciio / - - 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%

CpaBHUBas 3HaYEHHS AUIJIEKTPUUECKON MPOHUIIAEMOCTH BCEX NMPEACTaBIEHHBIX
COCTaBOB aJFTEPHATUBHBIX TOIUIMB MEXAY MHUHUMAJIbHBIM  MaKCUMaJbHBIM COZEp-
KaHUEM JT00aBJICHHOTO CIIMPTa M PACTUTENBHBIX Macell B CMECh, MOXKHO MPOCTIEINUTh
3aBHCUMOCTh. OOHApPYKUBAETCS B3aUMOCBSI3b XapaKTepa 3HAYeHUH TUAJICKTPUIECKON
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MPOHUIIAEMOCTH C AJICKTPOEMKOCThIO KOHICHCATOPA NPU HAIMYHH CMECH MEXITy 00-
kiaakamu. Tak, HanpuMmep, TUIICKTPUIECKAs TPOHUIIAEMOCTh PACTET BO BCEM JlUara-
30He oT 10 10 50 % 100aBICHHOTO 3TaHOJIa, PAIICOBOTO U CypenHoro Macein. OHa paBHa
3HadyeHusM oT & = 3,05 mo 45,31; or £=2,35 no 2,72; ot £=2,33 no 2,8.

OO0cy:xneHnue u 3aKja0ueHne. Mi3aMeHeHNe IPOIICHTHOTO COACP KaHUS dTaHOIIA
B COCTaBE ITAHOJIO-TOILTUBHOW dMYJIBCHH HE BIUSCT HA OMHYECKOE COMPOTHBICHUE
KOHJIEHCATOpa MOCTOSSHHOMY TOKY, YBEJIMYEHHE jK€ MacCOBOTO COIEpPIKaHUsS dTaHOJa
¢ 10 1o 50 % B cocTaBe 3MyNbCUH IOBBIIIAET JIEKTPOEMKOCTh COCTaBa. 37IECh EMKOCTh
KoHJeHcaropa npu Hanuuuu cmecu T ¢ comepkanuem stanona 10 % cocrtaBnsgeT
C=1,7. lo6asnenue criupra 50 % B cMech gaet emkocts C = 16,3 nF.

VYeranosneno, uto B cMecu AT ¢ 10 %-HbIM coaepkaHuEM parcoBOrO Mac-
ma R = 12,4 MOw, Toraa kak npu no6asienuu PM no 50 % 3HadyeHHEe CTaHOBHTCS
R =9,7 MOM. DaeKTpOEMKOCTb COCTaBa, MPUMEHSIEMOT0 B KaUeCTBE JTUIIEKTPUKA
KOHJIeHCaTopa, U3MEeHAEeTCs B MHYI0 cTopony. C yBenuueHnuem cogepxanus PM B AT
¢ 10 1o 50 % pactet u 3HaueHue emroctu ot 0,757 nF 1o 0,820 nF.

CocraB TOIIUBA C CYPEIHBIM MaCIOM HMEET YBEIIMYCHHOE COMPOTUBIICHUE MY
0o0OKITamKaMu KOHACHCATopa. BemnanHa nmpsMoyroiasHOTO MIEPEMEHHOTO TOKa B CMECH
T c conepxanmnem cypemnHoro macia oT 10 mo 50 % cumxaercs (¢ 4,1 10 2,3 MKA).

BzauMocBs3b TpOCIEKUBAETCA MEXKIY XapaKTepOM 3HAYEHUN THUAIEKTPUYECKON
MMPOHUIIAEMOCTH C JIEKTPOEMKOCThIO KOHIEHCATOpa IPU HAJTUYUNA CMECH MEXKIY
oOKJTagkaMu, IpUYEeM BO BCEX TpeX JOOaBISIEMBIX B CMECh YIIIEBOAOPOAAX (STaHOI,
parcoBoe U CyperHoe Macia).

Ha ocHoOBe nomy4eHHBIX JaHHBIX B TajJbHEHIIIEM OyleT MPOU3BOAUTHCS BBISICHEHHE
CBSI3U TUNEKTPUICCKON MTPOHUIIAEMOCTH & C TIOKA3aTeIIIMH MPOIECCa CTOPAHHS: MAKCH-
MaJIbHBIM JIABICHUEM IIUKIIA P_, JKECTKOCTBIO MPOoLecca cropaunus (dp/dyp),  , CKOPOCTHIO
TemnoBblnenenus (dy/dp) W T. 1. Pe3yabrarhl IPOBEIECHHOTO MCCIEN0BAHMS BHOCST
BKJIJI B pa3BUTHE aHAJIM3a NpoIecca JCHCTBUS JBUTATENIeH BHYTPEHHETO CropaHus
npu paboTe Ha aJIETEPHATUBHOM TOILIHBE.
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Annomayus

Bseoenue. ]l BeneHNs MaJIbIX XO3SHCTB aKTyaJIbHOM SIBISETCS 3a7a4a IPHCIIOCOOIECHIS
THUIIOBBIX KOMOMKOPMOBBIX arperaroB K MECTHBIM KopMaM. M3 cemedek MoJcoIHeYHHKa
HEOOXOIIIMO TOTyYaTh Macio M XHUPHBIH JKMBIX JUI KPYITHOTO POTaToro CKOTa. YHHBEp-
CaJIBHBIX MPECCOB, KOTOPBIE MOAXOAWIHN ObI 715t 3TOro, HeT. CIIOXKHOCTH BBI3BIBAET U IIPO-
I[eCC N3METBUECHNS JKMbIXa. B CBsI3H ¢ 3THM CymiecTByeT BhICOKast HEOOXOIUMOCTh B HabO-
pe CrenuanbHbIX MaIIMH JUIs JAHHOTO BHJA OIEePalHy.

Lenv uccnedosanus. PazpaboTka MaTeMaTHYECKOH MOAENN IPUTOTOBICHUS MOCOTHET-
HOTO XMBIXa Ha y4acTKe ¥ KOMOMKOPMOB-KOHIIEHTPATOB Ha KOMOWKOPMOBOM arperare,
KOTOpast MO3BOJIUT ONPEAENIATh ONTUMATBHBIIN yJacTOK M arperar ¢ MUHUMAIbHBIMU TeX-
HUKO-3KOHOMUYECKIMH MOKa3aTeIsIMH.

Mamepuanvt u memoosi. Pa3pabOTaHHBIN aJTOPHTM € YI€TOM MaTeMaTHYECKOW MOIEIH
peanuzoBal B mporpamme Microsoft Excel 2016. Pe3ynbraTsl 1 pacueTsl 1o BEIOOpY paru-
OHAJIFHOTO BapHaHTa MAIINH IS y9acTKa MMOATOTOBKH JKMbBIXa 1 KOMOMKOPMOBOTO arpe-
rara IpeJCTaBJICHbl B TEKCTE CTaThH. TeXHHKO-3KOHOMUYECKHE ITOKa3aTelN U 3aTpaThl Ha
TIOMEIIEHHE I[€Xa U ero SKCINTYaTaI[HI0 PACCUYUTAHbI COITIACHO PEKOMEHJANMsIM JIOKTOpa
TEeXHHYECKUX Hayk, npodeccopa B. B. KoHoBaoBa ¢ yueToM Mony4YeHHBIX BBIpaKEHHH
JUTSL TEXHOJIOTMYECKOTO pacyera.

Pesynomamur uccredosanus. B crarbe paspaboraHa MaTeMaTH4ecKast MOZIEb IPUTOTOB-
JIeHUsI KOMOMKOPMOB-KOHIIEHTpaToB. [IpoBeieHHbIe pacdeTs! 0 BEIOOPY PaIlMOHAIBHOTO
BapHaHTa y4acTKa U KOMOMKOPMOBOTO arperara noka3ajil CXeMbl MalliH, KOTOPbIE YI0B-
JIETBOPSIOT MOCTABICHHBIM 3a1adyaM HACTOSIIETO HCCIESIOBAHHS.

Obcyaicoenue u saxaouenue. I paccMaTpuBaeMbIX YCIOBUH 3((eKTHBHBIM Bapu-
aHTOM CPEAM TPEACTABICHHBIX yJacTKOB C SKOHOMHYECKOW TOUKH 3PEHUS SBISIOTCS
y4acTOK U KOMOMKOPMOBBIH arperar, peacTaBieHHble Ha cxeme 1 (Tadm. 1). Ha ocHoBe
pa3paboTaHHOTO aNTOPUTMa C YUE€TOM MAaTeMaTHIECKOH MOJENN IPHUTOTOBICHUS KOM-
OMKOpMa-KOHIIEHTpaTa ¥ MPOrpaMMBbI IJIsl €T0 Pealn3aliy IPOBEIeH TEXHOIOTHYECKIH
pacder yJacTKa IOJATOTOBKH >KMBIXa M KOMOMKOPMOBOTO arperara, a TaKXe PacCdH-
TaHBl UX TEXHUKO-DKOHOMHYECKHE MOKa3aTelIH W 3aTparhl Ha MOMEIeHHE 11eXa U ero
9KCIITyaTalHIo, BEIOPAH panMOHANBHBII BapHaHT y4acTKa M KOMOMKOPMOBOTO arpera-
Ta. DKOHOMHYECKHH 3P (EKT MONTyyeH 3a CUeT CHU)KEHHS TOJOBBIX 3KCIUTyaTallMOHHBIX
1 TIPOYNX IPSIMBIX H3JEPIKEK.

Knrouesvie cnoea: MOJEINPOBAHUE, )KUBOTHOBOAUYCCKUE NMPEANIPUATHUA, KMBIX MOACOJI-
He'-lHI:Iﬁ, KOpMa MECTHBIC, KOMGPIKOpM-KOHL[eHTpaT, KOM6HKOpMOBLIﬁ arperar
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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 devel-
oped. 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
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Bgenenue. /[yis noBeinieHus 3PPpEKTHUBHOCTH OTPACIIN KUBOTHOBOICTBA HEOOXOIMMA
KopMoBast 6a3a, Kotopas odecrieunBana Obl )epMbl Ka4eCTBEHHBIME KOpMaMu. BaskHast porb
OTBOJIUTCS TEXHOJIOTHSIM, KOTOPBIC HAIIPABJICHBI HA TIPUTOTOBJICHHE KOPMOB Ha (hepmax [1].
MHorue npeanpusaTHs MaTBIX (GOpM XO3SHCTBOBAHUS HE MTPOU3BOMAT MTOKYIIKY KOPMOB,
WX MIPUTOTOBJICHUE MPOUCXOIUT HA MECTe B HEOOJIBIINX KOMOMKOPMOBBIX arperarax,
KOTOpBIE BHITTOJHSIOT pa3HbIe TEXHOJIOTHYECKHe oneparid. [[puroToBneHre KopMoB He-
MOCPENCTBEHHO Ha )KHBOTHOBOIYECKHUX MPEAMIPUATHSIX MTO3BOIISIET CHU3UTH BEPOATHOCTh
MPUOOPETEHNS TPOTYKTA TIOXOTO KauyeCcTBa M 3aTPaThl HA €0 TPAHCIIOPTHPOBAHUE, XPaHe-
HUE U npurotoBinenue [2; 3]. bonbioe 3HaueHuE UMEIOT UCIIOIB30BAHUE B IOCTATOYHOM
KOJIMYECTBE KOHIICHTPUPOBAHHBIX KOPMOB U MOCTOSIHHBIM POCT MX MUTATEIBHOCTH [4].

[Tepen ManbiMu X035HCTBaMU TIOCTABJICHA 3a]1a4a MPUCIIOCOOJICHUS TUITOBBIX KOM-
OMKOPMOBBIX arperaroB IMoJ] MECTHbIE kKopMma. M3 ceMeuek MOoACOHEYHNKA HeO0OXO0IH-
MO TOJTy4YaTh Maciio M KHUPHBIA )KMBIX AJIs1 KPYIHOTo poraroro ckota (nanee — KPC).
B nHacrosmiee BpemMsi HET YHUBEPCTAIBHEBIX MPOIECCOB, KOTOPHIE MOAXOIUIN OBl TS
MTOJTYICHMSI )KMBIXa.

Lens uccnenoBanust — pa3padOTaTh MaTEMATHUYECKYIO MOJIENTb IPUTOTOBIICHHUS )KMBIXa
MOJICOTHEYHOTO Ha Y9YacTKe W KOMOMKOPMOB-KOHIIEHTPATOB HA KOMOMKOPMOBOM arpe-
rare, MO3BOJISIONTYI0 OMPEAETATh ONTUMAIBHBIN YIaCTOK M arperat ¢ MUHUMaJIbHBIMA
TEXHUKO-DKOHOMUYECKUMH TTOKA3aTeISIMH.

00630p auTepatypbl. Maremarndeckas Mojensd (nanee — MM) addexTuBHOCTH
UCTIONB30BaHUs TOTEHIINAA )KUBOTHOTO, pazpadorannas B. FO. ®dponosem u [, I1. Cri-
COCBBIM, TIO3BOJISCT YBSA3aTh TEXHUKO-IKOHOMUYECKUE TIOKa3arenu ¢ ko3ddunrenTom
a¢dexruBHOCTH cucTeMbl. [IpuBenennas MM TpebyeT SMIUPUYECKOTO YCTAHOBJICHUS
XapakTepa U3MEHEHHsI COMHOXKHUTEINEH Kod(hPuienTa 3ppeKTHBHOCTH CUCTEMBI [4].

ITo MHEeHMIO TOKTOpa TEXHUYECKUX Hayk, npodeccopa B. B. Konoanora u ero
KOJUIET, B MOJIETIH MTOKa3aTel UMEIOT 300TEXHUYECKYIO U BETepHHApHYIO0 OCHOBY. Ha
WX B3IVISII, BIMSTHUE TTOPOJBI M TCHETHKH, a TAKXKE 3J0POBBSI 1 0COOCHHOCTEH JKUBOT-
HOTO BO3MOXXHO OOBETUHUT. J[7151 TEXHUYECKON CITY>KOBI BaYKHBI TTOKA3aTENH, KOTOPEIE
00eCTIeYnBaIOT KUBOTHOTO TIOTPEOHBIM KOJTMICCTBOM U KA9€CTBOM BOIBI M KopMa [4].

B cBoto ouepenp B. B. Konosanos nonyuun MM, kotopasi onpeiensieT MOJIOYHYIO
MPOMYKTUBHOCTH KOPOB MPY M3MEHEHUHN TEXHOJOTHUYECKUX ITPOIIECCOB Ha hepMe U OIIe-
HUBAET YKOHOMUYECKYIO 3 (HEKTUBHOCTH MEPOTIPUATHI C yUETOM COONFOICHHS TEXHO-
norudeckux TpeboBanwmii [4]. Hemoctarok nanHoit MM B TOM, 9TO OHA HE TIO3BOJISIET
yBSI3aTh OJHOBPEMEHHO TEXHOJIOTHUECKUN pacueT, TEXHUKO-3KOHOMHUYECKUE TTOKa3aTeIn
y4acTKa MOATOTOBKH JKMbIXa M KOMOMKOpPMOBOTO arperata (nanee — KA) u 3arparbl Ha
TIOMEIIEHHE 11€Xa, €T0 3KCILTyaTallHtIo.

A. M. Banre u A. H. [lepekorckuii mpeaioxKwIy 1eneByro GyHkimuo MM, kotopast
MIO3BOJISICT OMPENEIATh BIUSHIE CTOMMOCTEH Pa3INYHBIX BHIOB KOPMOB MOKYITHBIX
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1 COOCTBEHHOTO MPOU3BOACTBA HA PAllOHATBHYIO CTPYKTYpY H CTOMMOCTH BCETO €ro
00beMa 110 33JJaHHOMY YPOBHIO MOJIOYHOM MPOAYKTUBHOCTH KOpoB [S5]. lannas MM He
MPUMEHHMA JJIsI IPUTOTOBJIEHHUS KMBbIXa rozconHeyHoro. C. B. Bapakcun, C. M. Jlorienko
u JI. . KproukoBa pa3paboraim 3KOHOMUKO-MaTeMaTHYECKYIO MOJIeIb (nanee — OMM)
JUTSL OLCHUBAHUS (D)YHKIIMOHHPOBAHUSI CUCTEMbI IPUTOTOBIICHHUS KOPMOBBIX IMPOJTYKTOB
pasHoi Gusndgeckoil HOpMEI ¢ JOOABICHHEM COCBO-3¢PHOBBIX KOMITO3UITUH JIJIST MaJTBIX
dbepM Ha cTamuu ee MPOSKTUPOBAHMS [6].

Hpyrue SMM npemnoxkens npodeccopamu C. M. Jlortenko u A. B. Bypmara s
OIIEHWBaHUS TEXHOJIOTHH ITPUTOTOBJICHUS MTPOILYKTOB HA OCHOBE COEBO-PACTUTENBHBIX
1 THIKBEHHO-3€PHOBBIX KOMITO3HIIUH, KOTOPAas MO3BOJISIET HA CTAIUH HX IPOSKTHPOBAHMUS
MOJYYHUTh MaHHbIC 1715 3G (GeKTUBHOCTH (yHKIHMOHUpOoBaHus cuctemsl! [7]. TIpemio-
JKeHHas aBropamMu DOMM He NmpurojHa Jjs MPUTOTOBJICHHUS KOMOUKOpPMA U JKMbIXa U3
ceMsH noxconHeynuka. C. 0. bynaros u coasrops! npeanoxuin MM npurotoBieHus
KOPMOB JIJI51 MaJbIX (JOPM XO3SHCTBOBAHMS, KOTOPAst O3BOJISIET BBISIBUTH OCHOBHEIE
nyTu noBeimeHus 3¢ dexkrnBHOCTH MX Mpou3BoacTBa [8]. Ee HemocTarok B TOM, 4TO
OHAa He MPUTOAHA JAJIS IPUTOTOBIEHUS XKMbIXa U3 CEMSIH MOCOIHEYHHKA, a TAKXKe He
YYHUTBHIBACT TEXHUKO-OKOHOMHUYECKHUE MTOKa3aTeNu pa3pad0TaHHOTO U MPEII0KEHHOTO
00opynoBaHU ISl MPOU3BOACTBA )KMBIXa B YCIOBHAX MAJBIX (JOPM XO3HCTBOBAHNSI.

IIposenennsie nccnenoBanms B. /1. [Tamuarca mo3Bommm pa3padorarh cToxac-
TUYECKYIO MOJIENTb TEXHOJIOTHYECKOTO TPOIIecca MPOMBIIIIIIEHHOTO ITPONU3BO/ICTBA KOM-
OMKOPMOB, KOTOpast 6a3upyeTcs Ha IeIOCTHOCTH TEXHOJIOTHYECKOW cucTeMbl [9—11].
JlaHHast MOJIeNTb HE YUMTHIBAET TEXHUKO-DKOHOMHUYECKIE TIOKA3aTeH PUTOTOBICHUS
KOMOMKOpMa U JKMbIXa U3 CEMSH MOACONHEYHNKa [12—14].

Ha ocHoBanuu npoBeAeHHBIX HccliegoBaHuil npodeccopa A. B. Bypmara u ap.
noixyueHa MM, koTopasi T03BOJISET MPOBECTH OLIEHKY YBIaXXHEHHO-000TallleHHOTO CO-
CTOSIHUS 36pPHOBKH 110 pAaBHOMEPHOCTH €€ HaChIILEHHs MUTaTeIbHBIMU BelecTBaMu [ 15],
OJTHAKO 3Ta MOJIEJIb HE IPUTO/IHA ISl IPUTOTOBJIEHUS ’KMbIXa U3 CEMSH MOJICOTHEUHHKA.

I1. 1O. Kpynenun npennoxun MM, koTopast OMMCHIBaE€T UMITYJIbCHBII XapakTep
JIBIKEHHSI KOPMOBOW CYCIIEH3WH 10 KaHajlaM POTOPHOTO ammapara ¢ yu4eToM OIOKH-
POBKH €r0 4aCcTHUIIAMH IIPOXOTHOTO CEYECHHUS MEX/Ty KaHaIaM{ POTOpa M CTaTropa v To3-
BOJISIET OIIPEENATH OAady POTOPHOTO UMITYJIBCHOTO arlfiapara C MOTPEeIrHOCTRIO OT 4
1o 8 % [16]. larHast Monens HE TO3BONISIET PUTOTOBUTH TIOACOHEYHBIN KMBIX U HE
YYHUTHIBAET TEXHUKO-IKOHOMHYECKHE MTOKA3aTEeIH.

Asropsl uccnenoBanus [ 17] pazpaboramm MM muist mpoBeieHNsI HCCITEOBAHMN HESTBHBIX
MIEPEMEHHBIX B CIIOKHOM CHCTEME HAKOIUICHUS U SHTPONUU OOMEHHOW SHEPTHU KOpMa,
NPUHATHUS ONITUMAIBHBIX MHKEHEPHBIX PELICHUH 0 000CHOBAHUIO U COBEPILICHCTBOBA-
HHIO TEXHOJIOTHI BO3/IENBIBAHHS, YOOPKHU U MPUTOTOBJIEHHSI KOPMOB, a Takxke uX dddek-
TUBHOMY Hcronb3oBaHuto. Hemoctarok MM — oHa oxBaThIiBaeT OONBIIMHCTBO BOIIPOCOB
MIPUTOTOBJIEHNS] KOPMOB, HO HE MPUTO/IHA JIsl IPUTOTOBIEHUS MOJCOTHEYHOTO KMbIXa.

Taxoke cymectByer MM mporiecca CMEIIMBaHUS KUAKUX KOPMOB B 3KCIIEPUMEH-
TaJIbHOHN YCTaHOBKE HA OCHOBE TEOPETUIECKOW MEXaHWKHU M ruapaBiuki [ 18]. Omxaako
OHa HEMpUMEHUMa [T IPUTOTOBIEHUS KMBIXA MOJICOTHEYHOTO.

'"HayuHo-npakTHYeCK1e OCHOBBI TEXHOJIOTUH TIPUTOTOBIEHUS (POPMOBAHHBIX KOPMOBBIX MTPOIYKTOB
C WCIIONB30BaHNEM THIKBEHHO-3epHOBBIX Kommozunuii / C. M. [louenko [u ap.]. brarosemienck : U3a-Bo
JlanbHeBoCT. roc. arpap. yH-ta, 2017. 350 c.
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HexoTopsiMu nccnenoBaTeIiMi pACCMOTPEH CUCTEMHBIN MOAX0 MPUMEHUTEIBHO
K TEXHOJIOTUYECKOMY MPOLECCY CMEIIMBAHUS PA3HBIX KOMIIOHEHTOB CMECH, KOTOPBII
MPECTABIICH B BUJE ICTCPMUHUPOBAHHON MOZACIN (HYHKIIMOHHUPOBAHUS CMECUTES
KOPMOB MEPUOIUICCKOTO JICUCTBHSI HA BCEX dTamax ero paboThl: OT MX 3arpy3KH JI0
MpUeMa U BBIFPY3KH rOTOBOM KopmocmecH [19; 20].

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

YdeHble onmucany 3aBUCHMOCTh MEKIY MOIITHOCTHIO CMECHTENIS U CTETIEHBIO H3METTh-
YEHUS MPOAYKTA, YACTOTOH BpallleHHs IITHEKa, KO3 UIIMEHTAMH TPESHUS, KOJIMYSCTBOM
BUTKOB Ha €IMHUILY AJIMHBI U IIUPUHOHN IIHEKOBOM JIEHTHI [27-29].

B toMm uncie 6puta mpeamoxkera MM TUCKPETHBIX TIPOIIECCOB JIJIS OTIFICAHUS TIOTOKA
KOMOWKOpMa M TeHEepalluy BO3JICHCTBUM yrpaBlieHus. B COBOKYITHOCTH ¢ pa3paOoTaHHOMH
MpoOHO armapaTHO! peanu3alyeii Ooka ynpasieHus (Ha 6a3e HMHTETPUPOBAHHOM I1a-
Tl Arduino) OTKpBIBAIOTCS IEPCIIEKTUBBI B CO3AaHUM M (YHKIIMOHATTLHOM HATIOJIHEHUU
CUCTEMBI YIIPABICHHS COBPEMEHHBIX KOMOMKOPMOBBIX 3aBOIOB [30].

OpnHako NpeAioKEHHbIE MOJEIH UMEIOT PsIT HEJOCTATKOB: B HUX HE YUUTHIBACTCSA
o0opynoBaHUE ST IPUTOTOBJICHHS MOJCOTHEYHOTO KMBIXa U KOMOMKOPMa-KOHIIEHT-
para, a Tak:Ke OHHM HE MOIXOJAT JIUIS dKUBOTHOBOAUYECKHUX MPEIIPHUITUN MAIBIX (Gopm
XO3SIIICTBOBAHMSI.

MarepuaJbl 4 MeTOIbl. ABTOPOM HACTOSIIETO UCCIIEN0BaHUs pa3padborana MM,
KOTOpasi YCTaHABIISIBAET CBSI3b MEXKY TEXHOJOTHYECKUM PACUETOM, TEXHUKO-3KOHO-
MHUYECKMMH TI0Ka3aTeIsIMH y9acTKa TIOATOTOBKU JKMbBIXa 1 KOMOMKOPMOBOTO arpera-
Ta, a TaK)Ke 3aTpaTaMy Ha TIOMEIICHHEe KOMOMKOPMOBOTO II€Xa U €ro IKCIUTyaTalHnIo.
MM umeer cneayronmi BUI:

Pi=a-ny, Kk =a-ngg, Puw =a -ty Py =a -ty

Prop =a- nrop; I)zlep.mu =a- nﬂepﬂm, B{ep.ﬂq =a- n}]ep.ﬂ‘{;

Py Py
Blep.rop =a- nﬂep.rop; B.n = s Men = 5
ki ky
My . Mgy . mrop .
I/6.Bolz>.mu = VGABOPJI‘{ =T I/6A130p.rop =T
Prw Y Psu Y Prop " Y
Mey Mg pep.ru Mg pepsu
I/G.BOPAC.H =T I/ﬁﬂepﬂlﬂ = > Vﬁ.ﬂep.ﬂ‘{ =
Pc : l// pnep.nm : ll/ pﬂ,ep&l‘{ ° l//
mﬁz{ep.rop . M5 x . Mg KK .
I/6,Llep.1‘op =T > I/6.1/131\/1.»( = I/641(1( =T
Prep.rop " Y Px -V PKK "W

MGBOPJ‘ILLI = I/6.Bop.mu * Pow Y5 M6.Bop.5m = I/G.Bop.ﬂll * P Y

MGABOP.I‘OD = I/GABop.rop * Prop " V5 Mﬁxop‘c.n = VY&BOp.Qn *Pe Y,
MG.}IC]JABOD.]'ILL[ = I/6,£lep4mu * Prep.mm * l//s Mﬁﬂep.sop.ﬂl{ = Ilﬁ.ﬂepjl‘l * Prepstu * l//y
MGJlep.BopArop = I/G,Hepmop * Phrep.rop * Wa M64I/I3MA)K = I/6A143MA>K * Px - l//a
Msxx = Voxx - pxx V3
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Z _ M64V[3M4)K . Z _ M6.Bop4c.r[ . Z _ M6.Bop.mu .
I.U3M.K — T [} A.BOp.C.IT1 — T, J.BOp.III — T,
K Bl Tl
Z _ Mﬁsop.ﬂ‘{ . Z _ M6.Bop.rop . Z _ Mﬁ.ﬂep.sop.nm .
A.Bop.saY — T o A.Bop.rop — — o 9 A.gep.op.mu — T 7 9
Pﬂq Prop })ﬂep‘mu
Z _ MG.HCPABOpAH‘l . Z _ MG.ﬂepABop‘rop .
A.1ep.Bop.s4y — Pi’ J.Jiep.Bop.rop — Pia
ziep.sia Iiep.rop
Z _ (MG.BOD.JICD + M6.BOp.3€p.K01‘lM) .
1.KK — )
PKK

ZJI = mln(Zn.KK; Zu.mmx; Z;[.BopAc.n; ZI[.BOp.I'ILLI; ZJI.BOp.H'—I; Zn.Bop.rop;

ZJLHED.BOD.I'II.U ; ZI[,JIE![XBOD,?I‘{ ; Zﬂ.ﬂep.Bop.rop ) ;

G . G .
ZH.I/IBMA)KO = Té 7)1( — min; Zﬂaop.c.no = T; = — min;

X C.II.

6 > Zﬂ.mM.)KO < 2, 5 > ZH.BO[LC.HO < 23

Ga,s .
ZL[BOp,l’I].LIO = Tz: . - mln; 48 > ZLLBO]JAI'ILLIO < 95

juiiig

G.. .
ZLLBopﬂqO = 7:: L= — min; 48 > ZLLBOp.ﬂl{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 .
ZJl}lep.BOpi{‘IO = Tc : — 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

ZL[ = min(ZﬂAmmA)KO; Z}IAI/ISMA)K; Zn.sopc.n; Zzuaop‘c‘no; ZLLBopAmu; ZZLBO].).]'ILLIO;

Zn.sop,sm; Zﬂ.sop.smo; Zﬂ.soprop; Zn.sop.rop(); Zn.ucp.sop.nm; Zzl.)lcpﬁop.nmo;
ZJLHep.Bop.ﬂll; Zﬂ.ﬂep.sop.mlo; Zﬂ.ﬂep.nop.rop; Z[l.)]ep.BOp.l‘OpO; ZJLKK; ZH.KKO);
P)KM = Zz[ < d - Ny, R/IS = ZL( -a- (n3€pHO.HLLI + nSCpHOﬂ‘{ + nsepl—[orop);

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,a : kcma

3,85<t,21,61;3,23 <1, >0,065;

365 .

Za

T = 365G;KP)K — max; T, = 3650:%(

1123 < T 2 471; 943 < T, > 189;
365 P

Y G ko

P, =N, -365-

Iy

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

— max;
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 = 3665% -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 - Pk

an " Rcema

51785109 > I',, < 21765505;

ra'y ZM'Q’IS'C" +1’4'Cay(p+aj+NyM'ua - 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, - ’
+NyG7-u3—>m1n,

5219523 > I,y <2207849; 5178511 > I1,, < 2176550;
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V
E‘IOMy —3 Fny Za.y+ 1 5
E'IOM.a =3. Fn.a 'Zaa +&;
L5
3HOM.y = Crnom * (3 . Fn.y . Zay + lx.yj g mll’l,
31‘[0M.a = Lrnom * ma " £Laa I/Xﬂ i d mln,
L5
1992887 > 3nony < 812184; 7475113 > 30na < 1136619;
365'P](K ( a j
H a — 2 15 C N 3 1 4 Caa PrYS
"= G ko PN+ 100 “100) "
+Cron (3 Foa-Za + Il/strE -1,4-C,. = min;
M, =05 A« 5 5.0, 41,4.C, a ),
G.s ko 10() 100
365-Pa Vs

+N, - 113+CHOM(3~E,Ay-Zay+1‘5J+EH-1,4~C33—>min;

3

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

rne, P PKK’ Pum’ P;m’ Pxop’ Plop’ Puep g Puep;m’ Puep.rop’ Pcu — Maccel CyTOYHOIO HOTpeGHeHHﬂ
M3MEITBYEHHOTO JKMBIXa, KOMOMKOPMAa-KOHIICHTPATa, BOPOXa 3€pHA MIICHUIIBI, TIMEHS
Y TOopoxa, JIEpTH BOpoxa MIIEHUIIbI, JEPTU BOpPOXa SIUMEHS, IEPTH BOpoxa ropoxa, Bo-
poxa CeMsIH MOJCOJIHEYHHKA, KI/CyT; k,, — KO3 PHULMEHT BBIX0A Maciia OACOIHEIHOTO
(km = 0,9); a — noronosse KPC, romn.; m_, — Macca Bopoxa ceMsiH MOJCOTHEYHHKA,
KoTOpast HeoOxonuMa st npurorosienus xmoixa KPC, xr; o, my, I, 10, T, T
e > Tep rop — HOPM@ BBIIAYM M3MENBICHHOTO JKMBbIXa, KOMOHMKOpMa-KOHIIEHTpAaTa,
BOpOXa 3epHa MIICHUIIBL, SYMEHS U TOpOXa, IEPTU BOpOXa MIICHUIIBI, IEPTH BOPOXa sU-
MCHs, ICPTH BOPOXa ropoxa Ha TOJI0BY, KF/CyT; V6.Bop,nm’ V6.Bop.ﬂ'{’ VG.Bop.rop’ VG.Bop.c.n’ V6.;{ep,rm1’
Vs sepssr Voumns Voxcxe — OOBEMBI OYHKEPOB [Tl BOPOXA 3€pHA MIIEHAUIIBI, TYMEHS M TOPOXa,
BOPOXa CEMSIH TMOACOTHEUYHUKA, IEPTH BOPOXa MIICHUIIBI, IEPTU BOPOXA SIIMEHS, IEPTH
BOPOXa TOpOXa, H3MEJIBYCHHOT0 )KMbIXa M KOMOMKOpMa-KOHIIEHTpara, M*; m,,, M., Mg
M e > M6 pepss M seprop> Mo s M i — MACCHI BOPOX@ 3epHa IIICHUIIBI, SIMEHS H TOPOXa,
JIEpTH BOpOXa MIIEHUIIBI, JEPTU BOPOXa SYMEHSI, JIEPTH BOPOXa ropoxa, U3MEIBIEHHOTO
KMBIXa, KOMOMKOPMa-KOHIIEHTPaTa COOTBETCTBEHHO, KT ¥ — CTETIEHb 3aIlOJTHEeHHS OyH-
Kepa (l/’ = 058)5 pn]_u’ pxq’ pmp’ pc’ pacpnm’ pucpﬂq’ pucp.rop’ pnc’ pKK — INIOTHOCTH BOPOXa 3¢pHA
MIIECHULBL, TYMEHS U TOPOXa, BOPOXA CEMSIH MOACOIHEYHUKA, IEPTH BOPOXA MIIECHULIBI,
JIEPTH BOpOXa SUMEHS, JIEPTH BOPOXa ropoxa, H3MEIFYSHHOTO )KMbIXa U KOMOUKOpMa-

KOHIICHTpAaTa COOTBETCTBEHHO, KI/M*; M Bop.m? Mﬁmp'm, M6_Bop_mp, M@aopma M6_Hep_30p_nm,
M e sop.rops M ssmine> M — MACCBI BOPOXa 3€pHa IMILICHHULIBL, SIYMCHSI K TOPOXa, BOPOXa

CEMAH IMOACOJHECYHHUKA, ICPTU BOpOXa MIICHUIILI, IEPTHU BOPOXa AYMEHS, ICPTHU BOPOXa
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ropoxa, U3MCJIIBYCHHOT'O XXMbIXa U KOMGHKOPMB—KOHHCHTpaTa, KOTOPBIC MOT'YT HaXxo0-

JUTHCS B BBIOPAHHBIX OyHKEPAX COOTBETCTBEHHO, KT; Z, o o Z, oo 2o 2o s
Zu.sop.rop’ Z;[.}Zlep.BOp.l‘IHJ’ Zz{.ﬂep.aop.m’ ZL[.}Z[ep.BOp.I‘Op’ Z;{.KK — KOJIMYCCTBO THCH, HAa KOTOPOC MOXKHO

3arOTOBUTH M3MEIIBYCHHBIN KMBIX, BOPOX 3€pHA MIIEHHUIIBI, TIMEHb U TOPOX, BOPOX
CEMSTH IIOJICOTHEYHHKA, CPTH BOpPOXa MIIICHUIIBI, IEPTH BOPOXa SMMEHSI, IEPTH BOPOXa
ropoxa, KOMOMKOPM-KOHIIEHTPAT COOTBETCTBEHHO (110 00beMy OyHKepa), CyT; Z, — KO-

JINYECTBO THEN 00CIy)KMBAHUS OyHKEPAMH MOTOIOBbSL, CYT.5 Z, .05 2, woo e 10> L nop.unos
V4 V4 V4 Z V4

n.Bop.su0? “~a.8op.rop0® “~n.nep.sop.mui0? ;U:LepABop\;qu’ 11.1ep.Bop.rop0? Za.KKO — KOJIM1€CTBO HHeﬁ’ Ha KOTOpOoC
MOXHO 3arOTOBUTH W3MEJIbUCHHBIHN KMBIX, BOPOX 3€pHa MIIEHUIBI, SYMEHb U TOPOX,
BOPOX CEMSH MOACOJIHEUYHUKA, AEPTH BOPOXA MUICHUIIBI, IEPTH BOPOXa SUMEHS, JEPTH
BOpOXa ropoxa, KOMOMKOPM-KOHLIEHTPAT COOTBETCTBEHHO (TI0 MPOU3BOAUTEIBHOCTH
MaImH), cyT; T, —BpeMs cMeHsbl, 4 (7, = 8 u); G, — IpOU3BOANTENHHOCTh yYacTKa Moj-
TOTOBKH XKMBIXa, KI/4; G, — 9KCIUTyaTallHOHHAs! IPOU3BOAUTENEHOCTH KOMOMKOPMOBOTO
arperara, Kr/4; P_ — Macca H3MeJIBIEHHOTO )KMBIXa MTOJICOTHEYHOTO, IPUTOTOBISIEMOT0
3a CMEHY pabOThl Y4acTKOM, KI; P, — Macca U3MEJIbYEHHOIO 3€PHA 36PHOBBIX KOMIIO-
HEHTOB, KT; P, — Macca KOMOMKOPMOB-KOHIIEHTPATOB, IPUTOTaBINBAEMbBIX 32 CMEHY
paboThl KOMOMKOPMOBBIM arperarom, Kr; Z, ., f,, — BPEMs aKTMBHOH paboThl ydacTka
MIPUTOTOBIICHUS KMBIXa 1 KOMOMKOPMOBOTO arperara 3a CMeHY, 9; Iy, I, — BpEMs pabo-
Thl Y4aCTKa IPUTOTOBJICHUS KMbIXa 1 KOMOMKOPMOBOIO arperara 3a CMEHy C y4eTOM
BCIIOMOTaTEJIbHbBIX MEPONPUATHH, 4; k,, — KO3()(PUIHNEHT UCTIOIb30BaHUS BPEMEHH
CMEHBI y4acTKa ¥ KoMOuKopMoBoro arperara (k,, = 0,8); 7, — Bpems paboTbl paboumnx
1exa 3a CMeHy IIpU COBMECTHOM paboTe KOMOMKOPMOBOI'O arperara 1 y4yacTKa MpUro-
TOBJICHHSA XKMBIXa, 4; T, — KOJINYECTBO CMEH Pa0OTHI LIeXa C OAHOBPEMEHHOH paboToi
y4acTKa MOAroTOBKM KMbIXa 1 KOMOMKOPMOBOTO arperara, ¢yT; T, T, — Bpemst paboThl
000pyn0BaHHUs y4aCTKa U KOMOMKOPMOBOIO arperara B 1o, 4; 7,  — Bpems paboThI 1o
00CTy>KMBaHHMIO TIEPCOHAIIA [1eXa B TOJl TP COBMECTHOW paboTe KOMOMKOPMOBOTO arpe-
rara M ydacTKa MOJrOTOBKH XKMBbIXa, 4; N, — KOTUYECTBO OJJHOBPEMEHHO JEHCTBYIONINX
pabounx B nexe, uen. (N, = 1 4en.); P, ,, P, — romoBoi pacxoj deKTPOIHEPTHH KOMOH-
KOPMOBBIM arperaroM U y4acTKOM COOTBETCTBEHHO, KBT; NV, — cyMMapHas MOIIHOCTb
NPUBO/Ia MAIIMH KOMOUKOPMOBOTO arperara, KBT; N, — cyMMapHasi MOIHOCTb PUBOJIA
MAalIMH y4acTKa MOArOTOBKH XKMbIXa, KBT; E,, E, — 3HEprosarparsl Ha IPUrOTOBIEHHUSI
KOMOHMKOPMOB-KOHIIEHTPATOB U )KMbIXa COOTBETCTBEHHO, KBT; 3, — 3aTparsl Ha omiaty
Tpyza pabounm, py0.; C, — TapudHas craBka padbouero, pyo/d (C, = 17 054 py6/4 Ha
01.01.2023 r. 8 KpacHozmapckom kpae); b, b, — Ganancosas croumocts 060pynoBaHust
yJacTka ¥ KOMOMKOpMOBOTO arperara, py6.; I, , I, — TonoBble oKcIuryaTaMOHHbIE
U3JIEP)KKH KOMOMKOPMOBOTO arperara M y4acTKa COOTBETCTBEHHO, py0.; Il — IIeHa
1kBt-4 snexrposneprun, pyo.; c,,, ¢,, — LI€Ha arperara 1 y4acTka COOTBETCTBEHHO, PyO.;
P, @ — IPOLICHTHI OTYHCICHUH HAa peMOHT 1 TO M aMOPTH3aIlMOHHBIX OTYUCIICHUH (p
=8 %, a=12,5%), %; 11, Il , — npo4ue npsiMble H3AEPKKH HA YIACTOK U KOMOMKOP-
MOBBIH arperar, py0.; 7 — IMPOLEHT POYKX NMPAMBIX u3nepxkek (n = 10 %), %; F,,
F 2 — TUIONIA/Tb IOMEMIEHUH yUacTKa M arperara, M’; z,,, z,, — KOJIM4ECTBO Y4aCTKOB
U KOMOUMKOPMOBBIX arperaros B Iiexy, IIT.; V_, V_ — oObeMbl OyHKEpOB, KOTOpHIE
YCTAHOBIEHBI TS YYaCTKa ¥ KOMOMKOPMOBOTO arperara COOTBETCTBEHHO, M’; 3 oy
3,02 — TOMOBBIE 3aTpaThl HAa MIOMELICHN Y4acTKa U arperara, pyo.; C, — BeIMYnHA

nom.a
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3aTpaT Ha SKCIUTyaranuio 1 M? mromanu, pyo/m? (C,,, = 149 902 py6/m?)%; 11
NPUBECHHBIC 3aTPAThI 10 BApUAHTaM y4aCTKOB M arperaros, pyo.

Pe3yabrarsl HecaenoBanusi. Pa3zpaboTaH aJlrOPUTM C y4ETOM MaTeMaTHYeCKOH
Mozienu. JlanHbi anroputM peannzosat B mporpamme Microsoft Excel 2016. Mcxonnbie
JaHHbBIC IS TPOBEACHHS PACYeTOB TPHBEACHBI B TabuIe 1.

H3.a -

3.y

Tadonuma 1
Table 1

HcxonHble faHHbIE JIs1 BBIOOPA PALMOHAJILHOIO BAPHAHTA MALIUH
JJ151 y4aCTKA MOATOTOBKH KMBbIXa H KOMOHMKOPMOBOI0 arperara

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

on the field plot
(S:?}?gr?le/ O6opynosanue / Equipment Mapxka / Make | W, 1/9 | N, kBt
1 Okcrpynep xkmbixa / Sunflower meal extruder KM3-2 0,155 40,000
Usmensunrens xmeixa / Sunflower meal crusher CM-2500G 0,181 2,500
Tpancmoprep [uIst 3arpy3KH N3MENEIEHHOTO KMBIXa / TCII-100 2,000 1,100
Conveyor for loading crushed sunflower meal
Kom6uxopmosstit arperar / Compound Feed machine KY-2 1,500 26,650
2 Dkerpynep xMbixa / Sunflower meal extruder OK-150 0,075 18,620
Usmensunrens xmeixa / Sunflower meal crusher SP-1000,65 0,500 1,500
Tparcnioprep AJst 3arpy3KH U3METBIEHHOTO )KMBIXa / TCHI-100 2,000 1,100
Conveyor for loading crushed sunflower meal
Kom6uxopmosstit arperar /Compound Feed machine KM3-2 1,600 21,500
3 Okcrpyzep xmbixa / Sunflower meal extruder 15-110 0,065 11,370
Usmenpunrens xmeixa / Sunflower meal crusher SP-1000,65 0,500 1,500
Tparcnoprep A5t 3arpy3KH U3METBIEHHOTO )KMBIXa / TCHI-100 2,000 1,100
Conveyor for loading crushed sunflower meal
Kom6uxopmosstit arperar / Compound Feed machine KM3-2 1,200 21,500
4 Okcrpyzep xmbixa / Sunflower meal extruder I15-180 0,090 18,620
Usmensunrens xmeixa / Sunflower meal crusher JP-15 0,700 5,500
Tparcnoprep A5t 3arpy3KH U3METBUESHHOTO KMBIXa / TCHI-100 2,000 1,100
Conveyor for loading crushed sunflower meal
Kom6uxopmosstit arperar / Compound Feed machine AK-3000 1,800 45,100
5 Okcrpyzep xmbixa / Sunflower meal extruder I15-500 0,100 56,100
Usmenpunrens xmeixa / Sunflower meal crusher JP-25 1,000 7,500
Tpancnoprep A5t 3arpy3KH U3METBUESHHOTO KMBIXa / TCHI-100 2,000 1,100

Conveyor for loading crushed sunflower meal
Komb6ukopmossrit arperar / Compound Feed machine KM3-4 2,400 41,740

Oxonuanue mabn. 1/ End of table 1

2 O6 yTBepXKJICHHH CTOMMOCTH OJHOTO KBaJPaTHOr0 MeTpa OOIIeH MIOIAaH KUIbsl B CEIBCKON
MECTHOCTH Ha Tepputopuu KpacHomapckoro kpast Ha 2023 roz, HCIONb3yeMo IJIsl pacyera pa3MepoB
COIMANTBHBIX BBITUIAT, IPEIOCTABISIEMbIX 32 CUET (helepabHOTO U KPaeBoro OIO/PKETOB Ha CTPOUTEIHCTBO
(IproOpeTeHNe) KHIbsI TPaKAaHaM, IPOKUBAIOIINM Ha CETbCKUX TEPPUTOPHUSIX [ DNEKTPOHHBIN pecypce] :
IMpuka3 MuHHCTEpCTBA CETBCKOTO X031CTBA U NepepadaThIBatolel mpoMsluieHHOCTH KpacHomapckoro
kpast ot 02.03.2023 1. Ne 89. URL: http://publication.pravo.gov.ru/document/2301202303090003?ysclid=
Ivxuc900gj990668970 (nata obparienus: 20.12.2023).
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6 Okcrpyzep xmbixa / Sunflower meal extruder I15-300 0,150 30,800
Usmenpunrens xmeixa / Sunflower meal crusher J1P-2/22 1,800 22,000
TpaHcoprep [isl 3arpy3KH U3MENBICHHOTO KMBbIXa / TCHI-100 2,000 1,100

Conveyor for loading crushed sunflower meal
Kom6ukopmosstit arperar / Compound Feed machinery AKA-3,322 2,400 45,100

7 Dkctpynep xMbixa / Sunflower meal extruder BOM-200 0,095 22,962
Wsmenpunrens xmeixa / Sunflower meal crusher JIPM-15 0,500 3,000
TpaHcrioptep [Uisl 3arpy3KH NU3MENBIEHHOTO KMBbIXa / TCIHI-100 2,000 1,100
Conveyor for loading crushed sunflower meal
Kom6ukopmosstit arperar / Compound Feed machine «AnTaiiy 2,100 30,500

8 Okcrpyzep xmbixa / Sunflower meal extruder I13-250 0,150 37,000
Wsmenpunrens xmbixa / Sunflower meal crusher JIMP-18,5 1,000 18,500
TpaHcrioprep [Jisl 3arpy3KH U3MEIBIEHHOTO XKMBbIXa / TCII-100 2,000 1,100
Conveyor for loading crushed sunflower meal
Kom6ukopmosstit arperar / Compound Feed machine ATM-3 1,800 28,000

9 Okcrpyzep xmbixa / Sunflower meal extruder T'apanT-Arpo-150 0,075 15,000
Uamensuntens xxmbixa / Sunflower meal crusher JP-25 1,000 7,500
TpaHcrioptep IuIsl 3arpy3KH U3MEIBIEHHOTO XKMBIXa / TCII-100 2,000 1,100
Conveyor for loading crushed sunflower meal
Komb6ukopmoBstit arperar / Compound Feed machine AK-2-2 3,000 45,100

Hemounux: 31ech 1 1ajiee B CTaTbe BCE TAOIHULBI COCTABICHBI aBTOPOM.
Source: Hereinafter in this article all tables were drawn up by the author.

[Tox yuacTKOM MOJTOTOBKH KMBIXa MOAPa3yMeBaeTCsl HAOOp MAIIIMH, B COCTaB KOTO-
POTO BXOJIAT: SKCTPYAEP VI €0 MOMYUEHUs, U3METBIUTENb KMbIXa U TPAHCIOPTEP IS
3arpy3KH €ro B U3MEIbIeHHOM BUjie. [10/1 KOMOMKOPMOBBIM arperaroM Mojpa3yMeBaeTCs
CEpUIHBIN arperar, KOTOpbIi IPUTOTABIMBAET BEICOKOKaYeCTBEHHBIH KOMOMKOpM. B Ka-
YECTBE MCXOJHOT'O ChIPhsS BHICTYIAIOT (PypaskHOE 3epHO (IIIICHUIIA, POXKb, SUMECHb, OBEC)
1 OeITKOBO-BUTaMHUHHAS 100aBKa. B cocTas arperara BXOAST MalllMHBI U 000PYIOBaHUE
JUTSL TIPOM3BOACTBA KOMOMKOPMA.

TeXHUKO-3KOHOMUYECKHUE NTOKA3ATENN U 3aTPaThl Ha NOMEILICHHUE 1IEXa U €ro 3KC-
IUTyaTaIlui0 PaCCUYMTaHbl COIIACHO pekoMeHmamnusam npodeccopa B. B. Konosanosa®
C YYETOM IOJIyYEHHBIX BBIPAXKECHUM JJIs1 TEXHOJIOTMYECKOrO pacyera.

PesynpraTs! pacdera 1mo BEIOOPY pallMOHATHLHOTO BapHAaHTA MAIIHMH IS y9acTKa
MOJITOTOBKH JKMBIXa 1 KOMOMKOPMOBOTO arperara npuBeIeHbI B TA0IHIIE 2.

Kputepuem, o KOTOpoMy MPOUCXOIUT BHIOOP PAlMOHAILHOTO BAPHAHTA YYacTKa
Y KOMOHMKOPMOBOTO arperara, siBISOTCS TEXHUKO-D)KOHOMHYECKUE TIOKA3aTeIH, TOI0BBIE
9KCILTyaTallMOHHBIC U IIPOYHE MPSMbIE U3ACPKKU, IPUBEICHHLIE 3aTPATHI.

3 Ilep6akos C. U., Imutpues B. @., Konosanos B. B. MexaHu3aius TeXHOJIOTHYECKHUX MTPOLIECCOB
KHBOTHOBOJCTBA : yued. mocooue. [lensa : PUO III'CXA, 2006. 276 c. EDN: RWHTEZ
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I/IH)KEHEPH]:»IE TEXHOJIOTUN 1 CUCTEMBI Tom 34, Ne 2. 2024

Ha ocnoBe MM mnpoBeneHBl pacueTsl 10 ONMpeAeTIeHNI0 PAlMOHAIBHOTO BapHaHTa
y4acTka 1 KOMOMKOPMOBOTO arperara. PaniMoHaIbHBIM BapUaHTOM SIBIISIETCSI CXe-
Ma 1 (tabu. 1). [Ipon3BOAUTEILHOCTD YYacTKa 1 KOMOMKOPMOBOTO arperara COCTaBHIIH
155 u 1500 Kr/4 cCOOTBETCTBEHHO. DHEPro3arparsl Ha MPUTOTOBICHHE KOMOUKOPMOB-
koHeHTpatoB — 0,0277 kBt-u/kr.

O0cy:xnenue u 3aka0yenne. Ha ocHOBe TaHHBIX KPUTEPUEB BHIOPAH PAIIOHATBHBIN
BapHaHT yJacTKa 1 KOMOMKOPMOBOTO arperara, KoTopoMmy oTHocHTcs cxema 1 (Taom. 1).
JlaHHBII BapHaHT UMEET I'OJIOBBIE IKCILTyaTallUOHHBIE U3AEPKKU B pazmepe 22 078 486
u 21 765 505 py06.; npoune npsimbie n3aepxku —22 078 49 u 21 765 50 py0.; npuBeneH-
HBIE 3aTpaThl 110 BapraHTaM — 23 949 069 u 28 743 399 py0. COOTBETCTBEHHO.

Taxum 00pa3oM, Ha OCHOBE pa3pabOTaHHOTO AITOPUTMa M IPOrpaMMBbIL IJIsl €ro
peanu3anuy ¢ y4eTOM MaTeMaTHUeCKOM MOJENN NPUTOTOBICHUS KOMOMKOpPMa-KOH-
LEHTpaTa NPOBEJCH TEXHOJIOIMYECKH pacyeT yuyacTKa IMOArOTOBKU KMbIXa U KOMOU-
KOpPMOBOTO arperara, a Takyk€ pacCUuTaHbl UX TEXHUKO-9KOHOMHUYECKHE MIOKa3aTeNn U
3aTpaThl Ha TIOMELICHUE 11eXa U €ro IKCIUTyaTalnio, BEIOpaH paluOHANBHBIA BapHaHT
y4acTka U KOMOMKOPMOBOTI'O arperara. JKOHOMHUUYECKHid (h(heKT BEIOPAaHHOTO y4yacTKa
MOATOTOBKH KMbIXa 1 KOMOMKOPMOBOT'O arperara Mojy4eH 3a C4eT CHUYKEHHSI TOIOBBIX
IKCILTYaTal[HOHHBIX M IMIPOYMX MPSMBIX U3IEPIKEK TPUBEJICHHBIX 3aTPaT.
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Annomauusn

Bseoenue. Texnonornueckas onepanus 00paGOTKH MOYBBI SBISAETCS SHEPrOEMKUM IIPO-
neccoM. HemocpencrBenHoe BiaMsHHE Ha MOKa3aTeldb YHEPro3arpar OKa3bIBAeT TSATOBOE
CONPOTHBIICHUE T0YBOOOPA0ATHIBAIOLINX arperaToB. B cBA3M ¢ 3TUM aKTyalbHOH ABIISET-
csl 3a/1a4a pa3pabOTKM KOHCTPYKIUH pabodero opraHa mapoBOro KyJdbTHBaTopa, obecre-
YUBAIOLIETr0 CHHKEHHUE TATOBOTO CONPOTHBIICHUS.

Lenv uccnedosanus. Tlonck ONTHMAIBHBIX MapaMeTpoB (QYHKIMOHHPOBAHUS pabodero
OpraHa IapoBOT0 KyJIbTUBATOpa IyTEM OIPEIEICHHUs TATOBOTO CONPOTUBIICHHS, CO3/1aBa-
€MOT0 pabouNM OPraHOM.

Mamepuansr u memoost. VccnenoBanue NpoBOAMIIOCH B MOJIEBBIX YCIOBHUAX Ha ONBITHON
YCTaHOBKE C IPIMEHEHHEM MEeTO/[a IIOJHOTO (haKTOPHOTo SKCIIEpUMEHTa ¢ pabodeit Moje-
JIb10, OCHOBAaHHOM Ha TPEXypPOBHEBOM ILIAHE.

Peszynemamer uccneoosanus. IlocpencTBOM perpecCHOHHOTO aHAIN3a YKCIEPHMEHTAIIb-
HbIX JIaHHBIX ObLJIa NOJy4eHa MaTeMaTH4eCcKasi MOJEJIb, II03BOJISIONIAs ONPEIENUTh ONTH-
MaJIbHBIE TTapaMeTps! (PyHKIIMOHUPOBAHUS pabodero opraHa NapoBOro KyJIsTHBATOPA IIPH
BBITIOJHEHHHU TEXHOJIOTUYECKOH onepanin 06paboTKH HOYBBL.

Obcyacoenue u 3axniovenue. B xone pacdeToB ObUIO yCTaHOBIECHO, YTO HaWMEHbBIIEE
TaroBoe conporusnenue P, = 0,72 kH, co3naBaemoe pabounM OpraHoM, JXOCTUTAETCS
NIpH CIEAYIOMHNX 3HAYEHUSIX: ITyOnHa 00paboOTKH MOYBHL /i = 4 CM; yroJi KpOUICHHUS
JIEBOCTOPOHHETO U MIPABOCTOPOHHETO IIIOCKOPEKYIIHX KPbLIbeB f= 0°; CKOPOCTH ABHU-
JKeHus arperata v = 2,61 m/c. B kauecTBe onTHMaNbHBIX TapaMeTpoB (QyHKINOHUPOBa-
HUA pabo4ero opraHa napoBOro KyJbTHBATOPa, OIPEECICHHBIX P TIOMOLIHU T10JIy4eH-
HOU MaTeMaTHYEeCKOH MOMIEIH, YroJl KPOIIEHHs JEBOCTOPOHHETO U IIPaBOCTOPOHHETO
IUIOCKOPEXYILIHUX KPbUILEB PEKOMEHYETCs IPUHATH Kak f = 0°, a CKOPOCTb JBHKEHHS
arperara kak v = 2,91 m/c. Taxke, y4UTEIBasi peKOMEHyeMbIe ONITUMAJIbHBIC TapaMeT-
pbl pabo4ero opraHa, BOSMOXXHO PacCUMTaTh 3HAYCHME I10Ka3aTelst TATOBOIO COINpPO-
TUBJICHUS [IPH Pa3INIHON NryOuHe 00paboTKH MouBsl. TsAroBoe conmpoTuBieHue Oyner
n3MeHAThes B npenenax 0,79-1,81 xH npu my6une o6pabotku noussl ot 4 10 12 cm.
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IMony4yeHHas MaTeMaTHYeCKask MOJEIIb TATOBOTO CONPOTUBIICHUS, CO3aBaeMOro pabo-
YUM OpTaHOM, IO3BOJIUT O0JIee TOYHO MOAXOAUTH K BOIIPOCY MPOESKTUPOBAHUS CEIIBCKO-
X034HCTBEHHBIX MAaIIKH.

Kniouesnvie cnoga: napamerpsl (GyHKIHOHUPOBAHMS, TATOBOE CONPOTHUBIICHUE, TapOBOH
KyJIBTHBATOP, MaTeMaTHIECKasi MOJIEITb, PErPECCHOHHBII aHAITN3
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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 math-
ematical 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 CEIBCKOXO3SHCTBECHHBIX MAIITHH
OJTHOM M3 OCHOBHBIX BEIMYHH SIBIISIETCS TATOBOE COMPOTHBIICHHUE, CO3/1aBAEMOE IIPH Pa3-
JIMYHBIX TApaMeTpax u pexxnMax (yHKIIOHUPOBAHUS arperara. TSroBoe ColpoTHBICHHE
MAIITHH 7151 00pabOTKH MOYBEI IPEACTABIIACT COOOM YNCIIOBOE 3HAUCHHUE 3aTPaT SHEPTHH
TPaKTOpa Ha BBHITOITHEHHE JAHHON TEXHOIOTUIECKOHN OTeparny.

Ha snepromoTpebiieHne 1 KauecTBO BBITIONHSAEMBIX ONEpaIiii HAIPSIMYIO BIHASET
YCTOHYHMBOCTH TIOYBHI K Aedopmarnu. C OHOI CTOPOHBI, TapaMeTpamMHu, BIUSIOIIIMA
Ha CONPOTHUBIICHUE Je(POPMAIINN MTOYBHI, SBISIOTCS €€ MEXaHUYECKHE U CTPYKTYPHBIE
XapaKTEPUCTUKH (BIAXKHOCTh, TBEPAOCTD, IFIOTHOCTH), C APYTOH — 3TO TEOMETPUIECKHE
napameTpsl pabodnx opraHoB (popma u KadyecTBO paboyMX MOBEPXHOCTEN), a TAKKE
BEC arperara.

CoBpeMeHHBIE CeNbCKOX03SHCTBEHHBIE arperaThl AJIsl CIUIOIHON 00paboTKH MOYBHI,
BBIITyCKaeMble CEPHITHO, OCHAIIAIOTCS pabOYMMU OpraHaMM B BHJIE€ CTPENBIATHIX Jall.
Taxoit Tun oOmamaeT psIOM HEIOCTATKOB, CPEAN KOTOPBIX OTCYTCTBHE BO3MOKHOCTH
00paboTKH ITOYBHI HA HEOONBITYIO ITyOnHY (4—6 cM) Oe3 BRIHOCA ITOYBEHHOH BJIard Ha
MOBEPXHOCTh. HebopImas mmprHa 3axBara padOInX OPraHOB BEAET K yBEINUEHUIO
WX KOJIMYECTBA, YTO TOBHIIIAET METAJUIOEMKOCTh M SHEPrO3aTpaThl, HEOOXOTUMBIE JIJIS
OCYIIECTBIICHUS TEXHOJIOTUIECKOHN Olepannuy 00padOTKH MOYBHI.

B cBs3u ¢ aTIM paboTa, HarpaBleHHas Ha CO3/IaHUe KOHCTPYKIIMU Pabovero opra-
Ha KyJIbTHBATOPa, UMEIONIETO (D)YHKIIMIO BEHITIOJHEHUS 00pa0OTKH TOYBBI HA TIIyOUHY
4—6 cM Oe3 BEIHOCA BIIaTW U3 MOYBEHHBIX CIIOEB HA MIOBEPXHOCTH M 00ECICYNBAIOIETO
CHW)KEHUE TATOBOTO COMPOTHUBIICHHUS, CBOCBPEMCHHA U aKTyaJIbHA.

0630p auTeparypbl. B HacTosIee BpeMsl U3yUYSHHUIO BOTIPOCA SHEPTeTUIECKUX
3aTpaT MPH BBIOJHEHUH TEXHOJIOTHYECKOW Orepanuu 00paboTKH MOYBHI YACHSETCS
0ospIII0e BHUMAHKE, U TIPOIIeCC 3TOT JOCTAaTOYHO MOIHO u3y4eH. Tak, B uccieqoBaHuu
E. B. [IpunopoBa nmpuBeaeHbI SHEPTeTHIECKUE TTOKa3aTeNd padoThl KyIbTHBATOPA B 3a-
BHCHUMOCTH OT Pa3MEeUIeHHs padOYNX OPraHOB Ha pame B IMPOIOIHLHOM U TIOTIEPETHOM
HampaBiieHnd [1]. Yaernsie OMCKOTo arpapHOro YHUBEPCUTETA MPH BBIABICHUN KOHC-
TPYKTHBHBIX HEIOCTATKOB PA0OYNX OPTraHOB KyJIBTHBATOPOB yCTAHOBWIIN, YTO OCHOBHOM
MIPUYMHON HEeKa4eCTBEHHOH paboThI arperara sBisieTcs: 00pa3oBaHue 00po3n u rpedHei
BCJIEZICTBUE Pa30poca MOYBHI [0 CTOPOHAM U €€ CTPYKHBaHUS, a TAKKe U3-3a 3aJTUIIaHUS
pabounx opraHoB. B pe3yibpraTe Mu npeniokeHa KOHCTPYKITHs pabodero oprana aiis
CIUIOIIHOM 00pabOTKU MOYBHKI, pellaronias JaHHyo npodiaemy [2].
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CoBpeMeHHbIE SKCIIEPUMEHTANIBHBIE HCCIIEIOBaHNS HAIpaBiICHbl Ha CO3IaHUE
pabouux opraHoB C peryaupyembiMu napamerpamu. Hanpumep, I1. I. CBeuHnKoBBIM
YCTaHOBJIEHO, YTO 3aTpaThl SHEPTUH HA PacKaJbIBaHUE U pa3pe3aHrie MOYBEHHOTO M1acTa
paboYrMu OpraHaMHy CBSI3aHBI C M3MEHEHHEM YIIa KPOLICHHS, 33/1aBaeMOTO BO BpEMsI
MPOEKTUPOBAHUS KOHCTPYKINH pabounx opranos [3]. B nccnenosanuu C. U. Crapo-
BOITOBa B paMKax 3TOMH ke MpOOIeMbI MPeIo’keHa KOHCTPYKIINS CTPENBUATOM Jarbl
C BO3MO)KHOCTBIO M3MEHEHHUS yITIa PE3aHNUS TI0UBBI, & TAKXKE BBIP)KCHHUE [UIS OIIPEAEIICHUS
TOPU30HTAIBHON COCTABJISIONICH TATOBOTO COTIPOTHRICHUS [4].

Tak>ke Ha JAHHOM JTarle pa3BUTHS BOIPOCA yUEHbIE PACCMATPUBAIOT 3aBUCHMOCTH
VIETBHBIX 3aTpaTr 3HEPTHH OT CKOPOCTH IBMXKEHHS U IITyOMHBI 00paOOTKH [TOYBBI KOM-
OMHUPOBAHHBIM KyJIBTUBATOpPOM. JlOKa3aHO, UTO MOKA3aTelb TATOBOTO COMPOTHUBICHUS
pacreT ¢ yBenn4eHneM [1yOuHbl 00paboTKu MOUBHI [5].

C menbio pa3paboTku 3HeproddHeKTUBHBIX MOYBOOOpadaThHBalOINX padbounx
OpraHoB IIpHUBEAEHA KiIacCH(UKAIUs YCIOBHN X QYHKIMOHUPOBAHUS 1 000CHOBAHEI
palroHaIbHBIE KOHCTPYKTHBHEIE TTapaMeTpshl [6]. Paccuntansr nuddepennnansapie
YpaBHEHUsI, yYUTHIBAOIIIE PACIIONIOKEHUE Pa00UNX OPraHoOB Ha paMe arperara, i Bo3-
MYIIEHHS, BOSHUKAIOIINE BCIIEICTBIE HEPOBHOCTEH ITOBEPXHOCTH TOJISI 1 HEpaBHOMEP-
HOCTH DHEPTeTHUCCKUX XapaKTEPUCTHUK padoInx opraHoB [7].

B xoze onbITOB € HCHOIB30BAHUEM KOMIIBIOTEPHON MOAEIH Ae(OpMaLluy TOYBBI
MOJIY4YEHbl XapaKTEPUCTUKH IPOLIECCOB B3aUMOAEHCTBHS pabOUnX OPraHOB CEJIbCKO-
XO35IUCTBEHHBIX MalluH ¢ 104YBOH [8]. C mpuMeHEeHNEM KOMIIbIOTEPHOTO MOAECIHPO-
BaHUS U3yYEHbI Pa3IUYHbIE TUIIBI KOHCTPYKIMHA pabOunX OpraHOB KyJIBTHBATOPOB
U MX B3aUMOJEiCTBUE C pa3HBIMH TUIIaMu 1ouB [9—11]. YcraHoBneHo, uto 00paboTKa
MOYBHI MTAPOBBIX TOJICH, 0COOEHHO B 3aCYIUTUBBIN mepro/ [ 12], mo3BoJIsIeT HAKATLTUBATh
Oospire Bnard [13] B MOYBEHHBIX CIIOSX M MOTYy4aTh OoJiee BBICOKHE YPOXKan 36PHOBBIX
KynsTyp [14; 15].

WHTepec ydeHBIX BBI3BIBACT ONTUMH3ALMS TAPAMETPOB M PEKUMOB (DYHKIIMOHUPO-
BaHUS IOYBOOOPAOATHIBAIOIIX arperaroB ¢ MPUMEHEHNEM U(PPOBIX TeXHOMOTHH. Tax,
I T Macmnos, E. M. FOnuna u . A. Kypuii npeacTaBiiz alrOpuT™ ONTAMAJIBHBIX PEKIMOB
Y TTapaMeTpoB paboThI CTEPHEBOTO KyJIETHBATOpa B BHIE OJ10K-cxeMsl [ 16]. B HacTosmiee
BpEeMsI BEJIETCsI M3yUCHUE U Pa3pabOTKa KyJIFTUBATOPOB Pa3IMUHOM IIMPHHBI 3aXBaTa IS
CIUTOITHOM 00paOOTKH TOYBHI ¢ TPUMEHEHNUEM TEOPHH CITyJaiHBIX Kojiebanuit [17].

C ucnonbp30BaHUEM METOJUKH MHOTO(aKTOPHOTO SKCIIEPUMEHTA UCCIIEoYeTC s BIH-
SIHUE YIETbHOIO BEPTUKAIBHOTO U TOPU30HTAIBHOT'O TATOBOTO COMPOTHUBIIEHUS CEITBCKO-
XO35IICTBEHHBIX MAIIWH U KO3()(UIIMEHT TATOBOTO YCHIIUS B 3aBUCUMOCTH OT TITyOHHEI
00paboTku u ckopoctu aBuxkerus [ 18]. Kpome Toro, mpemiaraeTcss MHOTOMETOTHBIN
AITOPUTM OMpPEAETICHUS PHEPTeTUIECKHX 3aTpaT MOYBOo0OpadaTHBAIOIINX MAIIMH 03
ydeTa MacChl paMbl M BCTIOMOTAaTEIbHBIX JIEMEHTOB arperara (OmopHbIX Koec u 1p.) [19].

OTmeudaeTcst, YTo pH OTNpeIeSICHUH TATOBOTO CONPOTHBICHUS KyITUBATOPOB-TIIIOC-
KOPE30B Ha J0JTt0 cToek npuxoautes 30-45 % oOmumx 3arpar sHepruu'.

Takum 006pazom, TEXHOJIOTHYECKHUH Mporecc 00padOTKH MOYBHI APOBBIX MOJIEH,
BBITIOJTHAEMBIN pab0uYMMH OpraHaMy KyJIBTHBATOPA, SABISIETCS BAXXHOM Oomeparuen,

! Kambynop C. 1. MexaHHKO-TEXHOJIOTHYECKHUE OCHOBBI MOBBIICHHUS YPOBHS (QyHKIIMOHHPOBAHUS
CeJIbCKOXO035I1ICTBEHHBIX arperaros : MoHorp. PoctoB-Ha-Jlony : Teppa IIpunt, 2006. 304 c. EDN: RVPRIL
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OKa3bIBAIOLIEH HETTOCPEACTBEHHOE BIUSHIE Ha 3HEPTOEMKOCTh U TPOU3BOAUTEIHHOCTh
CEJIbCKOXO3AUCTBEHHON TeXHUKH. [lapameTpsl pabounx OpraHOB HYKAAIOTCS B ONTH-

MU3aLUH, YeMY MOCBSIIEHO HACTOSIIEE UCCIeI0BaHHeE.
Marepuaabl u MeToabl. B ArpapHoM HayuHOM IieHTpe «J{oHCKOI» pa3paboran

pabounii opraH MapoBOro KyJisTHBATOpa JJIs CILIONIHON 00paboTku mouBkl (puc. 1 u 2).

Puc. 1. Pabounii opran napoBoro KyJsTHBATOPa JUIsl CIUIOLUIHONH 00paOOTKH MOYBBI:
1 — croiika pabouero oprana; 2 — 1OIOTOOOPA3HBIA HOX; 3 — CBEMHEBIH JepiKaTelb;
4 — 1eBOCTOPOHHEE MIOCKOPEXYILEe KPBLIO; 5 — IPaBOCTOPOHHEE IIIOCKOPEXKYIIEe KPbLIO

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
Hcmounuk: cxeMa COCTaBIe€Ha aBTOPAaMH CTaTbH.
Source: the diagram was drawn up by the authors of the article.

Puc. 2. Pabounii opran napoBoro KyJsTHBaTOpPa JUIs CIUIOMIHON 00pabOTKH HOYBHI.
Asrop ¢ororpadun 1. B. Boxkko, 2023 1.

Fig. 2. Field cultivator tool for continuous soil tillage.

The photo by I. V. Bozhko, 2023
217
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Konerpykims pabouero opraHa mapoBoro KyJIsTHBAaTOPa BBITOIHEHA C BO3MOXKHOCTBIO
PETYIUPOBKHU YITIa KPOLIEHHS JIEBOCTOPOHHETO U MPABOCTOPOHHETO IIIOCKOPEKYIIIUX
KpbUTbeB B Auanazone 0—10° it ycTaHOBJIEGHHUS! ONTUMAJIBHBIX MapaMeTpoB ero (yH-
KIIMOHUPOBAHMS.

Meroauka SKCIIEpUMEHTAIBHBIX NCCIEAOBAHMM MO OMpPENENeHUIO0 TATOBOIO CO-
MPOTHBIICHUSI OCHOBaHA Ha IUIAHUPOBAHHH MOJHOTO (aKTOPHOTO IKCIIEPUMEHTA .
B kauecTBe paboueit Momeny OB BEIOpaH TPEXypOBHEBHIH muaH bokca — benkunas.
Ha nanHoM 3Tame skciepruMEHTaNbHBIX UCCIIENOBAHUN OBLIN MPUHATHI TapaMETPHIL:
riryouHa 00paboTKH MOYBBI Pa0OYMM OpPTaHOM, YTOJI KPOIIEHHS JIEBOCTOPOHHETO
Y TIPaBOCTOPOHHETO TIOCKOPEXKYIUX KPBUTLEB pabouero opraHa, CKOpOCThb JIBHIKE-
HUS arperara.

HccnenoBanus MpoBOAMINCH B MOJIEBBIX YCIOBUAX Ha 3KCIIEPUMEHTAIBHON yCTa-
HOBKe. B kauecTBe n3MepuTEILHOTO 000PY0BaHHS HCTIONB30BaIach MHOTOKaHAIIbHAS
teH3omerpuueckas cucrema ZET 058 (puc. 3) nponsBoncTsa 3eneHOrpaicKoi dIeKT-
POTEXHUYECKOH JTabOpaTOpuu U TEH30/1aTUMK CUJIbI pacTskeHus u cxaruss TEH30-M
C2H-2-C3 (puc. 4), yCTaHOBICHHBIA B IIAPHUPHOM MEXaHU3ME DKCIIEPUMEHTATHLHOMN
YCTaHOBKH IT10 TSATOBOU JUHUH (puc. 3 u 4).

P uc. 3. MHorokanaspHasi TEeH30MeTpHUECKast Puc. 4. TeH30[aTYNK CUIIBI PACTSIKEHUS
cucrema ZET 058. ABrop ¢dortorpaduu u cxarus TEH30-M C2H-2-C3. Asrop
H. B. boxxo, 2023 1. dororpaduu 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

st 06paboTKy MoTy4eHHBIX JaHHBIX HCIOJIB30BATIOCH IPOrpaMMHOE o0ecrieueHne
ZETLab, cpena rpapuueckoro nporpammuposanus SCADA ZET View, nporpamma asst
MPOBE/ICHHUS UCCIIEI0BaHUHN MOKa3aTeseld TATOBOTro COMPOTUBIICHUS, pa3padoTaHHast moc-
peInCcTBOM MpUMEHEHUS cpelibl rpaduyeckoro nporpammuposanusi SCADA ZET View,
Microsoft Excel u STATISTICA.

2 JTocmiexoB b. A. MeTo/uKa 1ojieBoro OIbITa : Y4eOHUK IS CTYJEHTOB BBICIINX CEIbLCKOX03IHCTBEH-
HBIX YUEOHBIX 3aBEJICHUIA M0 arPOHOMHUECKIM CIIeNHABLHOCTAM. M3 1. 6-¢, cTep. M. : Anbsinc, 2011. 350 c.

> Amep 1O. T1. TInanupoBaHue 3KCIIEPUMEHTA MIPH TIOMCKE ONTUMAJIBHBIX YCIOBHH : MOHOTDP. M. :
Hayxka, 1976. 280 ¢c. EDN: TOBZDM

218 Aepoundicenepus


https://www.elibrary.ru/TOBZDM

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

CornacHo I1aHy 3KCIIEPUMEHTa, Ha ONBITHOH YCTaHOBKE OMNpeAessuiach IIyOrnHa
00pabOTKM MOYBHI, HA pab0UYeM OpraHe yCTaHaBIMBAJICS YTOJl KPOIEHHS JIEBOCTOPOHHETO
Y MPaBOCTOPOHHETO IIOCKOPEKYIIHX KPBUTBEB, @ Ha MOOMIEHOM dHeprocpeacTse (MIC)
3ajlaBajach CKOPOCTh JABIXEHUs arperara. B kadectBe MOC HCHONB30BAIICS TPAKTOP
TERRION ATM 3180M 3-to kj1acca TATH arperaTupyeMbIi ¢ SKCTIEPUMEHTAITBHOMN
yCTaHOBKOH (pwcC. 5).

Puc. 5. Tpakrop TERRION ATM 3180M B arperate ¢ 5KCIIEpUMEHTAIbHON YCTAHOBKO.
Asrop dororpaduu 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 IKCIIEPUMEHTAIbHbBIC YIaCTKH IS TPOBEICHUS
HCCJICIOBAHMI IO OMPEACICHHUIO TATOBOTO COMPOTHBICHHUS pabodyero oprana
napoBOTO KynbTuBatopa. Kax bl ydacTok pa3aenuiu Ha Tpu dactu: 20 M — st
BBIXOJ/Ia Ha YCTOWYMBBIA PEXKUM pabOThI TpaKTopa u ero pazsopora, 50 M — 9Kc-
MEPUMCHTAIBHBIA yU4aCTOK, HA KOTOPOM MPOU3BOAMIACH (BUKCAIUs MOKa3aTenei
TeH3zomarunka. Oukcanus mokaszaTeae MPOU3BOAUIACH B TPEX MOBTOPHOCTIX
MPH Pa3IUYHBIX MMapaMeTpax, 3aJaBacMbIX Ha dKCIIEPUMEHTAIBHON YCTaHOBKE,
pabouyemM opraHe u MOOUIBLHOM 3Heprocpeactse. O0o3HaueHUs PaKTOPOB Mpe-
CTaBUM B BHJ€ TaOIHUIBI 1.
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Tabnuna 1
Table 1
Oo6o03Hauenns GpakTopos
Factors Designation
KomuposanHoe YposHH Hurepsan
o6o3HaueHne | BappUpOBaHus / | BapbUPOBAHI
Haumenoanue ¢axropa u 0603Ha4eHUS / taxropa / Variation levels (axropa /
Factor name and designation P Factor
Coded factor o
designation -1 0 | +1 vartation
g
interval
I'myOmna 00pabOTKM TOYBEI pabOYMM OpPraHOM X, 4 6 8 2
h, cm / Depth of tillage with working body 4, cm
‘Yron KpoleHus J1€BOCTOPOHHETO U PABOCTOPOHHETO X,
IUIOCKOPEXKYIIMX KPBUThEB £, Tpaj. / Angle of crumbling 0 5 10 5
of left-hand and right-hand flat-cutting wings £, deg.
CkopocTb IBIKeHHUS arperara v, m/c / Unit movement X, 221 291 361 0,70

speed v, m/s

Hcmounuk: 31€ch U laiee B CTaThe BCE TaOJIHIIbI COCTABICHBI aBTOPAMH.
Source: hereinafter in this article all tables were drawn up by the authors.

B cootBeTcTBHM ¢ pabouei MOZIENbIO U TPEXyPOBHEBBIM ILIAHOM SKCIIEPHUMEHTATBHBIX
UCCIIEIOBaHU TIepe]l HauaoM 3KCIIEpUMEHTa 3Ha4eHUs (JaKTOPOB OBbUIH MPHBECHEI
K 6e3pa3MepHBIM BeTMYNHAM (KOAHPOBAJIHCH).

Pe3ynbTathl HccienoBanus. B pesynbrare npoBeaeHNs HCCIIEIOBAHUI IOITyYEHbI
YHCJIOBBIE 3HAYCHUS TATOBOTO COIPOTUBIIEHHS CO3JaBa€MOro pabodnM OpraHoM Iapo-
BOTO KyJIbTHBATOpa. 3HAUCHHUS TSTOBOTO CONMPOTUBIICHHUS B 3aBUCHMOCTH OT BBIOPaHHBIX

(haKTOpOB IPE/ICTABUM B BHJIE TAOIHIIEI 2.

Tabnuma 2
Table 2

MaTpuua nJIaHHPOBAHHUS IKCIIEPHMEHTA U Pe3yJbTaThl HCCIeJ0BAHMIT
Experiment planning matrix and research results

3HaueHHs (HaKTOpPOB
B 3aKoaupoBaHHOM Buje / Factor

o .
Ne ombira / values in an encoded form

3HaueHHs HaKTOpOB
B HarypanbHoM Buze / Factor
values in a natural form

Tarosoe
CONPOTHBIICHHE,

Experience no. P, kH / Traction

X X, X, };z’, (i:hr/[n/ /. },ngg/ v\;,l\fr/l(/:s/ resistance, P, KN
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 MOJICIHU C YUETOM B3aUMOJICHCTBUS (DaKTOPOB 3aIHIIIeM
B BUJIE TIOJINHOMA BTOPOM CTETICHMU:

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

JlanbHelias 00paboTka pe3yIbTaTOB HCCICIOBAHUI 3aKIF0UACTCS B ONPEICICHUN
3HaYUMOCTH K03()(PHUIIMEHTOB MaTeMaTndeckol Mozaeiu. J{Jist 3TOro BOCIONb3yeMcs
kputeprueM CThIOIEHTA TIPU S-TIPOLIECHTHOM YPOBHE 3HAYUMOCTH.

Pesynbrars! pacueToB 3HaYEHUH KOA(PPUINESHTOB MATEMAaTHIECKONH MOJIEITH U TIPO-
BEPKH MX 3HAYUMOCTH TPEACTaBUM B Tabiwie 3.

Tabnuma 3
Table 3

PesynbTarsl pacyeToB 3Ha4eHHi KO3 (PHUINEHTOB MaTeMaTH4eCKOii Moe1u
¥ MPOBEPKH 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 Tabmramoe
Kosppuunent 3HaueHne kodduimenrta 3HaYEHHE TI0
. t 3HA4YEHHE [0 KPUTEPHIO
MareMaTH4ecKoit MareMaTH4ecKOi MOJIeNn Croronenta. £ / KPHTEPHIO
Mozenu / B 3aKOIMPOBAHHOM BHJIE / Calc lateél alue based Crelonenra, ¢/
Mathematical model | Mathematical model coefficient pated vau N Tabular value
. . 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

AHaNu3 TaHHBIX PACCUUTAHHBIX 3HAYCHU I MTOKA3aJ, YTO BCe KOI(DPHUIUEHTHI B pac-
CMaTpUBAEMOI MaTeMaTH4YeCKON MOJICIH SBJISIOTCS 3HAYMMBIMH, TaK KaK OHH OOJIbIIIE
TaOIUYHOTO (KPUTHUYECKOE 3HAYCHHE — KBAHTHIIB). UHCI0 3HAYMMBIX K03(duimeHToB
IIPU 3TOM paBHO 9.

st Gonee monHOTO aHaM3a MPEICTaBUM JaHHbIE TaONMUIBI 3 B BHJIE TUCTOTPAMMBI
[TapeTo (puc. 6).

Kak BuaHO 13 ructorpammel [lapeto, Hanbonee 3HaUMMBIM (aKTOPOM, OKa3bIBAIO-
HIMM BO3JIEHCTBHE Ha CO3/1aBaeMOe PabOUUM OPraHOM ITaPOBOTO KYJIETHBATOPA TATOBOE
COTPOTHBJICHHE, ABISIETCS (HAKTOP yIlia KPOIICHUS JIEBOCTOPOHHETO M TIPABOCTOPOHHETO
TUTOCKOPEXYIIUX KPbUIbeB. Maremaruieckasi MOJIENIb B 3aKOJIPOBAHHOM BHUJIE OyneT
BBHIIJISIICTH CIEAYIONIAM 00pa3oM:

y=1,4800+0,2375X, +0,3337X, +0,1687X, +0,1625X,, —0,0675X,, —
~0,0750.X,, —0,450X7 +0,1012X2 —0,1762X 2. 2)
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v, M/c(Q) /v, m/s(Q) | lII —67,7342
(Dh, em(@L) /h, em(@L) [ !|“67,17514

By, M/cL)/ v, m/s(L) [ 47,72971
f rpan.(Q) / £ degr.(Q) ' 38,91114
1Lc2L / 1Lby2L [ 32,5
h, cM(Q) / h, em(Q) —17,2938
2Lc3L / 2Lby3L -15,

1Lc3L / 1Lby3L -13,5

p=.,05

Cranjiapmu3npoBRaHHas orieHKa 3qxpexta (AdcomoTHoe 3HaveHne) /
Standardized Effect Estimate (Absolute Value)

Puc. 6. Tucrorpamma Ilapero
Fig. 6. Pareto histogram

Hcmounux: cocTaBlIeHO aBTOPAMH.
Source: compiled by the authors.

J1s OLIeHKH 3HaYMMOCTH MOJyYEHHOW MaTeMaTHUeCKON MOJENN HCIIOIb3YyeM CTa-
TUCTHYECKHN KpuTepuilt Puepa (F-KpuTepHii).

PacueTs! nekoqMpOBaHHBIX 3HAYEHUH K03()(OUIMEHTOB MaTeMaTHYECKONH MOJIENIN
npeAcTaBUM B Tabnue 4.

Tabnuna 4
Table 4
JlexoqupoBaHHble 3HaYeHUsSI KOIPPULIMEHTOB MATEMATHYECKOH MOe/IH
Decoded values of the mathematical model coefficients

Koaddpunuent maremarnaeckoit AexomupoBannbie SHACHMA / /
vonen / Mathematical model k03 unneHToB MAaTeMaTHIECKOH MOZieH Hucnepens
coefficient Decoded value of the mathematical model Dispersion
coefficients
1 2 3
by 5,6054
b, -0,0922 0,4512
b, 0,0225 0,0299
b 0,1126 0,8911
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Oxonuarue mab6n. 4 / End of table 4

1 2 \ 3
b, -0,0081 0,1514
b, -3,5493 0,2278
b, 0,7193 0,4587
b, 0,0162 0,1056
b, —-0,0482 0,0182
b,, -0,0214 0,0225
Sazm 0,0466
SBZOCHP_ 0,0001
Fpacq. 466
Fragnos 3,59
R? 0,94468

AHaJn3 MONTyYeHHBIX JAaHHBIX MMOKa3bIBAET, YTO BCE pacCMaTpuBaeMble (aKTOPHL,
MIPUHATHIE B 3KCIIEPUMEHTAIHHOM HCCIIE0BaHNN OKa3bIBalOT 3HAYMMOE BIIMSHUE Ha
TSTOBOE COMPOTUBIICHHUE, TAK KaK PACCUUTAHHBIC 3HaUeHHs KpuTepus Ouiepa Oospime
TabMMYHOTO (KpUTHYECKOro) 3HaueHus. [1o koaddunmenty nerepmunamu R* = 0,94468
MareMaTrn4ecKasi MoJIeslb JOCTATOYHO MOJTHO ONHCHIBAET N3MEHEHHE TIOKa3aTeNeH TATo-
BOTO COIPOTHUBJICHUS C Y4ETOM U3y4aeMbIX (haKTOpPOB.

Maremaruueckasi MOZeNIb B AEKOAUPOBAHHOM BHIE OyIeT 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 1MOYBbI, CM; f— yrod
KPOIIEHUS JIEBOCTOPOHHETO U NMPABOCTOPOHHETO IJIOCKOPEXKYILIUX KPbUILEB Pabouero
oprasa, rpas.; v — CKOPOCTb JBIKCHHUS arperara, M/c.

CornacHo noTy4eHHOH MaTeMaTn4ecKOi MOZIeNH, HAMMEHBIIHE OKAa3aTe! TSTOBOIO
conporusienus P = 0,72 xH nocrurarorcs npu nryOune 00paOdOTKH MO4BbI 2 = 4 cM, yIiie
KPOIIEHUS JIEBOCTOPOHHETO U MPABOCTOPOHHET0 IJIOCKOPEKYIINX KPBUILEB Pabouero
oprana /= 0" 1 CKOPOCTH JBIKEHHS arperara v = 2,6 M/c. YroJ KpOIIeHHUs JIeBOCTOPOH-
HETO M MPaBOCTOPOHHETO IIOCKOPEKYILINX KPBLILEB Pab0OUero opraHa peKOMEeHIyeTCsI
NpUHATH Kak /= 0, a CKOPOCTh IBMKCHUS arperara — kak v = 2,91 m/c.

[ony4yeHHyt0 MaTeMaTHYECKYIO MOJEIb MIPEACTABUM B BUJIE IpaduKa TpeXMEpHOU
MMOBEPXHOCTHU OTKIIMKA (pHC. 7).

Jns moctpoenus rpaduka yroia KpomeHus: JIEBOCTOPOHHETO U MTPABOCTOPOHHETO
TJIOCKOPEXKYIINX KPBUTheB paboduero oprana f GUKCHPOBAJICS Ha YPOBHE PEKOMEHIye-
MBIX mapameTpos (07).

VYuuThIBas MpeaaraeMple ONTUMAaIbHBIE TapaMeTpsl pabodero oprasa, mo moiy-
YEeHHOW MaTeMaTH4eCcKOH MOJENN MOKHO PacCYUTaTh 3HAYCHUE IOKA3aTelsl TATOBOIO
COIIPOTHBJICHUS NIPH PA3TUYHON TITyOMHE 00pabOTKH MOYBHI. TArOBOE CONPOTUBICHHUE
Oynetr uaMensThes B penenax 0,79—1,81 kH npu n3menenun riryOuHbsl 00pabOTKH
nmo4Bsl 0T 4 10 12 cm.
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RUERNASERRY

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 MIOKA3aTelIeH B X0/1€ IKCIIEPUMEHTAIBHBIX HCCIIEA0BA-
HUIA OBLTO YCTaHOBIIEHO, YTO HAMOOMBIIEH YCTOHYHUBOCTHIO 1Mo ITyouHe xoxa (7,9—19,6 %)
C HauMeHbIIel HepaBHOMEPHOCTHIO (+0,7—1,0 cM) oOmagaer BapuaHT ¢ yCTaHOBICHHBIM
YIJIOM KPOIIEHHS TIOCKOPEKYIINX KPhUTbeB f = 0 mpu (DyHKIIMOHUPOBAHUH BO BCEM
JMara3oHe cKopocTei ABmkeHus. [Ipu 3ToM ke mapamerpe yria KpoleHHs rpeOHIC-
TOCTb, T10 CPABHEHUIO C ApyruMu Bapuantami (2,5—4,0 cm), Haumenbmas (2,0-2,5 cm).
Taxoke obecnieunBaeTcs Tydlnas BRIPOBHEHHOCTh TIOBEPXHOCTH o a0 1,7-2,0 pas, o
CPaBHEHHMIO C YCTAHOBJICHHBIM YIJIOM Kporenus f= 5 u f= 10",
[Mpu pyHKIHOHMpPOBaHUK BapraHTa ¢ /= 0° CTemeHb KPOIIeHHS I1acTa yBETHUMBACTCS
C pOCTOM CKOpOCTH JiBMkeHHUS: ¢ 87,8—88,2 % mpu 2,21 m/c 10 92,3-92,8 % nipu 3,61 m/c.
[Nony4yeHnHas MaTeMaTH4yecKasi MOZEJb TATOBOTO COITPOTHUBIICHHUS, CO3/1aBaEMOr0 pa-
004MM OpraHoM MapOBOTO KYJBTUBATOPA, TO3BOIMUT 00JIee TOUHO MOAXOAUTH K BOIIPOCY
MPOEKTUPOBAHKUS CEIbCKOXO3MHCTBEHHBIX MalTiH., CTAaHOBUTCS BO3MOYKHBIM PAIlHOHAIBHOES
WCIIONIb30BaHUE MOIITHOCTH MOOIITBFHBIX SHEPTOCPEICTB TP POSKTUPOBAHUH arperaTton
O] KOHKPETHBIN TSATOBBIH KIIACC, 4 TAK)KE CHIDKEHIE METAITIOEMKOCTH BCETO arperara
BBH/Ty ONTHMHU3AINAN KOJTHYECTBA MPUMEHSIEMBIX Pa00YNX OPTaHOB HA paMe MaIIWHBL.
Oo6cy:xnenne u 3aKjouUeHue. B pe3ynprare mpoBeIeHHOTO HCCIENOBaHUs Obliia
MOJy4eHa MaTeMaTH4eCcKast MOJIEib, YIUTHIBAIOINAS BIUSHHUE [ITyOMHBI 00pabOTKH 1O4-
BBI, YIJIOB KPOIIICHUS JIEBOCTOPOHHETO U MPABOCTOPOHHETO TUIOCKOPEIKYIIUX KPBLIHEB
Y CKOpPOCTH JIBMKeHUs arperara. OHa Mo3BoJIsIeT ONPENEIIUTh ONITUMAIILHBIC TTApaMeTPhI
(YHKIIMOHUPOBaHUS PabOYEro opraHa MapoBOro KyJIETHBATOPA C YYETOM HCCIICIYEMBIX
¢axropos. Taxke ObUIO yCTAHOBJIECHO, YTO NPH IIyOWHE 00pabOTKH MOYBHI /1 = 4 M,
yTIIe KPOIIEHHUS JIEBOCTOPOHHETO U MPaBOCTOPOHHETO TUIOCKOPEKYIITUX KPBLUIBEB f= 0
Y CKOPOCTH JIBW)KEHHUS arperara v = 2,61 mM/c TocTUraercsi HAMMEHbIIee TITOBOE COMpPO-
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tusnenue P = 0,72 kH, co3naBaemoe pabo4nM opraHoM. Yros KpoIIeHHs JIEBOCTOPOH-
HETO ¥ MPaBOCTOPOHHETO IIOCKOPEKYLINX KPBLIHEB Pab0OUero opraHa peKOMEeH Iy eTCst
npuHATh f= 07, a CKOPOCTh ABMKEHHs arperara v = 2,91 m/c.

Taxum o0pa3oM, yunuThIBas peKOMEHAyeMble ONTUMaJIbHBIE TapaMeTpsl pabouero
opraHa napoBOro KyJbTUBaTOpa, MO MOJIYYEHHON MaTeMaTU4eCKOW MOJIEIN BOZMOXKHO
paccunTarh 3HaYeHHE TIOKA3aTeNs TATOBOTO CONPOTHBIICHHUS ITPH Pa3InIHON ITyOrHE 00-
paboTKH MoYBEL. TArOBOE COMpPOTURIICHHE OYIET BaphHpoBaThcs B ipeaenax 0,79—1,81 kH
MIPH U3MEHEHUH TITyOHHBI 00pabOoTKH MOUBHI OT 4 10 12 cMm.
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Justification of Dual-Level Opener Parameters
in Digital Twin by the Discrete Element Method

S. G. Mudarisov™, I. M. Farkhutdinov, R. Yu. Bagautdinov
Bashkir State Agrarian University
(Ufa, Russian Federation)

™ salavam@gmail.com

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 technologi-
cal 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 Aa = 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 Ui MOJAECIHPOBAHHS IPOLECCOB 0OPaOOTKH MOU-
BBI SIBIIICTCSI METOJ AWCKPETHBIX 3JIEMEHTOB. MoOIEnnpoBaHHE METOJOM IHCKPETHBIX
9JIEMEHTOB MO3BOJISET CO3aTh IN(PPOBOI ABOWHHUK TEXHOJIOTMIECKOTO Ipoliecca B3auMo-
JIeiicTBUS pabouuX OPraHoB C MOYBOM M MPOBECTH aHAIH3 PadOTHI MOYBOOOpabATHIBaIO-
IMPX ¥ MOCEBHBIX MAIINH C pa3HBIMU KOHCTPYKTHBHO-TEXHOJIIOTHIECKIMH ITapaMeTpaMHy,
a TaKOKe CIIPOTHO3MPOBATH SHEPTETUUECKHUE U arPOTEXHUYECKHUE IT0Ka3aTesId paboThl Opy-
qui. [Ipu 3ToM 171t yBeNHYeHNs! TOYHOCTH MPOTHO3UPOBAHUS PE3YIBTATOB, MONTYyYEHHbBIX
B XOJI¢ pean3alii BUPTyaJIbHON MOJIEIH, HEOOXOIMMO CONOCTABIIATh JAHHEIE C PE3yIlb-
TaTaMH JIAOOPATOPHBIX U MOJIEBBIX HCCIICOBAHUM.

Lenv uccneoosanus. Pazpadorars nupoBoil JBOHHUK OUBEHHOTO KaHaJIa METOJIOM JIHC-
KPETHBIX 3I€MEHTOB M ONTHMHU3MPOBATH C ITOMOIIBI0 HETO OCHOBHBIC KOHCTPYKTHBHO-
TEXHOJIOTHYECKHE MapaMeTpbl KOMOMHHPOBAHHOTO COITHHKA.

Mamepuansl u memooust. JI1s1 MOAENNPOBaHUS NpoLiecca B3aUMOSHCTBUS COITHUKA
C MOYBOM METOJOM JUCKPETHBIX JJIEMEHTOB B KadecTBe 00pas3la KOHTaKTa BbIOpa-
Ha yCOBEpIIEHCTBOBaHHAs Mozenb ['epna — Munanuna. B TakoMm ciydae coszgaercs
BUPTYaJbHbIH NMOYBCHHBIH KaHaJ, KOTOPBII 3amONHAETCS CHEPUUYECKMMH YaCTHLA-
MU auamMeTpoM 10 MM C 3aZaHHBIMH PEOJOTHYECKHUMH INapaMeTpaMu BBIOPaHHOM
Monenu KoHTakTa. OCHOBHBIMH KOHCTPYKTHBHBIMH (akTOpamMH IS HPOBEICHUS
KOMITBIOTEPHBIX YKCIEPUMEHTOB B IIENIAX UX ONTHMM3ALHUK HPUHATHI yTol HAKJIOHA
JIOJIOTa COITHMKA ¢ ¥ YTOJI HaKJIOHa Oopo3noo0pasoBarens f, B KaueCTBE BEIXOJHOTO
napaMeTpa ONTHMHU3ANNU — TATOBOE CONPOTHUBIICHNUE COIIHUKA R.

Pesynomamer uccnedosanus. Peannzanus MHOTO(GAKTOPHBIX SKCIEPUMEHTOB Ha IU(PO-
BOM JIBOW{HHKE ITOYBEHHOTO KaHaja B mporpamme Rocky DEM mo3Bonuia OnTHMHA3HPO-
BaTh KOHCTPYKTHBHO-TEXHOJIOTMYECKHE IapaMeTpsl KOMOMHUPOBAHHOTO COIIHUKA: YTO
HaKJIOHA J0JI0Ta o = 75°, yron HakJioHa 60po3rnoobpaszoBareis = 21°, pacCTOSHIE MEXIY
JooToM U 60po3noobpasoBareneM no BepTukanmu Aa = 11-14 mMm.

Obcysicoenue u 3axnodenue. B pesynbrare MOJAEIMPOBAHMS YCTAHOBJICHO, YTO TSATOBOE
CONPOTHBIIEHNE COLTHMKA PACTET MO KBAJPaTHYHOM 3aBUCUMOCTH OT €ro pabodeil cko-
pOCTH. YBeNnMUYeHHE MOBEPXHOCTHOM 3HEPTUH KOHTAaKTHOW MOJIEIH TaKKe BEAET K POCTY
TSITOBOTO COIPOTHBIICHNUS COLIHHKA.

Kniouesvie cnosa: MonennpoBaHue TEXHOIOTHYECKOTO IIPOIIECcca, MoceB, 00paboTka mod-
BbI, COLIHHUK, TSTOBOE COIIPOTUBIIEHHE, MOAIENb KOHTaKTa, Mozens ['epra — MuniuHa,
Mmozensb [xoHcoHa — Kennanna — Pobeprca, BUPTyaabHbIH OYBEHHBIH KaHAI

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

Qunancuposanue: VCCICIOBAHNE BBINOIHEHO 33 CYET IpaHTa POCCHICKOTO HaydHOIo
donma Ne 23-76-10070.

Jna yumupoeanua: Mynapucos C. I., ®apxyraunoB U. M., barayrnuaos P. }0. O6oc-
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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 model-
ing 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 rheological 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 £, , 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 param-
eters 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.

Fig. 2. Tillage bin, filled with discrete particles
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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 S, 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°.

W
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Table 3
FFE conditions — values of experimental factors
Plan characteristics (dual-le)i}el ogér?:rg rake angle) (ﬁl)fr%weﬁr’riigerflisg'le)
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. 8. Counter plot dependency graph of draught resistance R
on share rake angles a and furrow opener £ 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 V 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.

> 340
M < 320
I < 280
= < 240
[ < 200
B < 160
<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

M

Aa, mm

1; 15 18 20 2 24 26 2 0 2 M 33 180

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

Agricultural engineering 239



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

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 1+ 680.83
300 R?>=0.9895

250

200
L

150
2.0 2.1 22 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 devel-
oped 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 g = 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 f = 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 = 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 f=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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ITapamMeTpsbl U pe:KUMBI pa00ThI THAPABINYECKOM
MHUHHU-CEAJIKHA MEJIKOCEMSIHHBIX OBOIIHBIX KYJIBTYP

E. B. Tpydusk™, U. C. Cropodorauenko, B. K. KonosasioB
Kybanckuii cocyoapcmeennviil azpapHbulil yHuepcumem

(e. Kpacnooap, Poccuiickas @edepayust)

™ trufliak@mail.ru

Annomauusn

Beseoenue. B obnactu BeIpalnBaHus CEIbCKOXO3SMCTBEHHBIX PACTEHHUIT C NCIIOIb30BAHH-
€M BOJIBI U CyCHEeH3MI 0003HaYeHa TeHCHINS Pa3BUTHS THAPOIIOCEBA TA30HHON TPaBHI.
HampaBneHne MeHee M3y4eHO VIS TOCEBA MEIKUX MPOKIIIOHYBIIMXCSI U TPOPOLIEHHBIX
CeMsH OBOIIEH, MOCKOIBbKY CIIENHATH3UpyeTcsd Ha ceMeHax apOy3a, THIKBBI, OTYPIIOB
u tabaka. OTCYTCTBYIOT HCCIIEIOBAHUS ISl THAPOIIOCEBA CEMSH MOPKOBH, IETPYIIKH,
YKpoTIIa, cajlata, TOMaToB 1 cenbiepes. TakuM 00pa3oM, aKTyalIbHBIMH SBISIOTCS TEOPe-
THUYECKHE U3BICKaHHs1, HallpaBJICHHbIE Ha 000CHOBAHUE CIOCO0a U TEXHHYECKUX PELICHHI
MI0CEeBa MEJIKOCEMEHHBIX KyJIBTypP B yCIOBHSAX OTKPBITOTO H 3aKpHITOTO TpyHTa. [Ipobiema
3aKJII0YAETCsl B OTCYTCTBUM KOHCTPYKTHBHO-TEXHOJIOTMYECKOW CXEMbI pe3epByapa s
(OpPMHUPOBAHHS MOCEBHOM CMECH MEITKOCEMSHHBIX KyNbTyp, KOHCTPYKTHBHO-PEKUMHBIX
roKaszaresiel TUIpaBIMYeCcKOil MUHU-CESUTKH PSIIKOBOTO ITOCEBa JUIS MTOBBIIICHHS ero 3¢-
(EeKTHBHOCTH.

Lenv uccneoosanus. ONTHMH3AIMS NTAPAMETPOB U PEKHMMOB PabOTHI THUAPABINYECKON
MHHHU-CESUIKH PAAKOBOTO MOCEBA.

Mamepuansl u memoobt. BbINONHAINCH TEOPETHYECKUE HCCIIEA0BAHUS IIPOLIECCa TOMOTe-
HU3AIMU TIOCEBHOHM CMecH, MOTPEeOHOM MOIIHOCTH MpH paboTe pe3epByapa Uit GOpMH-
poBaHus HoceBHOU cMecu. JlabopaTopHble HCcie0BaHus TPOBOIMINCE B KyOaHCKoM ro-
CyJapcTBEHHOM arpapHOM YHHBEPCHTETE, ITOJIEBbIE — B JIMUHBIX TTOJCOOHBIX X03sHCTBAX
Kpeimckoro paiiona KpacHomapckoro kpasi.

Peszynemamut uccneoosanus. I1omydeHsl BBIpaKeHUS, ONUCHIBAIOIINE 3aBHCUMOCTD BEJTH-
YHUHBI CpeHeH OKPYXKHOH CKOPOCTH IOTOKA IIOCEBHON CMECH, a TaKk)Ke MOLIHOCTH IIPH
pabote pe3epByapa a7st ee GopMUPOBAHMS IPH PANUIHBIX COUETAHMAX KOHCTPYKTUBHBIX
U PeXKUMHBIX NapaMeTpoB. [IpencrapieHa aHaTUTHYECKas! 3aBUCUMOCTb, OIHCHIBAIOIIAsT
BEJINYMHY KOHIICHTPAIUH CEMSH B HECYIIEH Cpelie B 3a/JaHHBI MOMEHT BpeMeHH Ha (k-
CHPOBAHHOH TOYKE BBICOTHI pe3epByapa.

Obcyacoenue u 3axarouerue. ONTUMATIBHBIC TAPAMETPHI U PEKUMBI PaOOTHl YHHBEPCAIIb-
HOM MHAPOCESIIKH TI0 IIary II0CeBa: 4acToTa BPAIICHUs MELIAIKH — 92 MUH'; BeIMYNHA
OTKpBITHA KpaHa — 47 %; ckopocTs cesiiku — 3,1 M/c pu mrare nmocesa 20,5 MM; 1o K03¢-
GbuIMeHTy BapHalMH [Iara OCeBa: YacTOTa BPAICHHS MCUIAIKH — 87 MUH ', BeJIHYHHA
OTKPBITHA KpaHa — 56 %; CKOpOCTh cestTku — 2,7 M/c Ipu BapHalny mmara mnocesa 15 %.
[epcrieKTUBHBIM ¥ 3aCITy)KMBAIOLIMM JAJIBHEHIIIET0 pa3BUTHS HAIIPABICHUEM SIBIISICTCS
HCTIONB30BaHNE CYCIIEH3HH JUIS THAPOIIOCEBA OBOIIHBIX KYIBTYP.

Knrwouesvle cnosa: TuapaBIuuecKuii moces, cCEMeHa, IIOCEBHAS CMECh, BOJA, OBOIIHU, MH-
HH-CESTKA

Kongpnuxm unmepecog: aBrops! 3asBII0T 00 OTCYTCTBUH KOH()IMKTA HHTEPECOB.
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Parameters and Modes of a Hydraulic Mini Seeder
Operation for Small-Seeded Vegetable Crops

E. V. Truflyak™, L. 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 Agrar-
ian 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

BBeaenue. Ha tepputopun Poccun Oonee 20 BUAOB OBOIIHBIX KYIBTYpP UMEIOT
MaccoBoe pacrnpocTpaHeHue. [lnomnaau, oTBeeHHbIE MO HOCEB U COOpP YpOXKasi OBOIIHBIX
KYJBTYp, B XO3HCTBaX BCEX KaTeropHii 3a OCIEAHNE 5 JIET MOKa3bIBAIOT CTA0MIIBHBIH
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pocT. OTpacib 3aKpBITOrO TPyHTA B CTPAHE CTPEMUTCS K ITOJTHOMY HMIIOPTO3aMEIIEHHIO.
[To nanubiM Poccrara, ypoBeHs camoobecnedenus B 2021 r. goctur 71,7 %.

Jng moceBa ra3oHHOM TpaBbl B MOCTIEIHEE BPEMsI UCIIONIb3YeTCsl THAPaBINUECKUN
CHoco0, 3aKITIOYAIONIHICS B TEPEMEITMBAHUN B EMKOCTH CEMSTH, BOJIBI, TeJIsl, KpacHTeIs,
yI0OpEeHNH 1 UX JajbHEHIIEM paBHOMEPHOM PacIpeie]ICHUH Yepe3 IIJTaHT Ha ITOYBY.

Crioco6 WCIoNb30BaHUs BOMBI U CYCIIEH3UH ISl TOCEBAa MEJKUX CEMSH OBOIIEH
ABJISIETCS] MeHee u3y4eHHbIM. O0ecieueHre ypoKaifHOCTH OBOLIHBIX KYJIBTYP 3aKJIa lbl-
BAaeTCA HA ATaIle Ka4eCTBEHHOI'O I1I0CEBA, HO B HACTOSIILIMI MOMEHT OTCYTCTBYIOT yHU-
BEPCAJIbHBIE CESUIKU IS TUAPABIMYECKOTO IT0CEBA MEJIKOCEMSIHHBIX OBOILHBIX KYJIBTYD
(TIPOKJIFOHYBIINXCS U MIPOPOILEHHBIX ) C HCIOIb30BAHMEM B KAU€CTBE MIEPEMELINBAIOLIEIO
U TPAHCIOPTUPYIOILET0 KOMIIOHEHTA BOJY.

AXTyanbHBIMHU SBISIOTCSI BONPOCHI TEOPETUUECKOTO U IKCIEPUMEHTAIBHOTO
UCCIIeIOBaHMs CI0c00a THAPABINYECKOTO IO0CEBA U TEXHUUECKUX PEIICHHUN TS €ro
OCYILECTBICHHS B YCIOBHUIX OTKPBITOTO U 3aKPBITOTO rpyHTa. Heo0xoaumo 060CHOBAT
napameTpsl U pexXUMBbl paboThl YHUBEPCAJIbHON THAPABINYECKON MUHU-CESTKU
MEJIKOCEMSHHBIX OBOIIHBIX KYJIBTYD.

[IpoGiemoii ABns€TCA OTCYTCTBHE KOHCTPYKTHBHO-TEXHOJIOTHYECKON CXEMBI pe-
3epByapa A (popMHUPOBaHUS ITOCEBHOW CMECH MENKOCEMSHHBIX KYJIbTYp, KOHCTPYK-
TUBHO-PEXUMHBIX IT0Ka3aTeleil THAPaBINnYeCKOH MUHH-CESUIKU PSAAKOBOTO IIOCEBa AJIs
MOBBIICHUS d(H(DEKTUBHOCTH TaHHOTO TIpoIlecca.

Llenbro HacTosmel paboTHI SBJISETCS ONTHMHU3ALNS IAPAMETPOB U PEKUMOB PabOTHI
THIAPABINYECKOH MUHHU-CESJIKU PSIAKOBOTO MOCEBA.

O030p uTepaTypsl. TepMHUHOM «THAPOIIOCEB)» B HACTOSILEE BpEeMs 0003HAYAETCs
croco0 roceBa TpaBbl AJIs TA30HOB M CKIIOHOB. [IpH TakoM MeTozie TPUMEHSETCSI CMECh,
B KOTOPYIO BXOJAT CEMEHA, MyJIBUUPYIOIINI MaTepual, KpacuTelb U JPyTUe SIeMEHTH
(puc. 1)".

Hawnbonee pacnpocTpaHeHHBIMU SIBISFOTCSI THAPOCESIIIKA BOJOMETHOTO THIIA
MepeMelllBaHus, IIEHTPOOEKHBIH HACOC KOTOPBIX MPOKAYMBAET MBIy B PEKHME
perupkymsun (puc. 2) [1].

I'mapocestky yHUBEpPCATBHOTO THITA IMEFOT B OaKe BaJIbl C JIOMACTSIMH TSI TIOATOTOBKU
MYJbCHH, YTO 0OECIIeUNBAECT PABHOMEPHOE PACIPEAEICHUE KOMIIOHEHTOB 110 00bEMY
Y TIOJAICP)KUBAET UX B TOMOT€HHOM COCTOSTHHH JIO OITyCTOIIEHUS Oaka [2].

PaccMOTpUM TEXHONIOTrMYIECKHE PEILCHUS U1 TUIPOIIOCEBE METKOCEMSHHBIX KyTBTYD.
I'mnpocesimka CTP-2 (puc. 3), B KOTOpO#i B3BEIIEHHOE COCTOSTHUE CEMSTH 00€CTIeUnBAETCS
MEXaHWYECKOW M MHEBMATUYECCKOM MelIalkaMy, peJHa3HaueHa AJIsl OCYIIECTBICHHS
rnocesa B Teruiniax [3—6].

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

! McripiTaHust CESUTKH IS ITOCEBa CeMsiH ruipasiandeckuM crocobom / E. Y. Bunesckuit [u ap.] /
VHHOBAIMOHHBIE UCCIIEMOBAHUS U Pa3paOOTKH ISl HAYIHOTO 00eCIeueH s IPOM3BOACTBA U XPAHCHHUS
9KOJIOTMUYECKU 0€30MacHOM CenbCKOX03IWCTBEHHON U MUIEBOM MPOMYKIUH : MaT-Jibl MexayHap. Hayy.-
npakT. kKoH}. (0626 anpens 2015 1., . KpacHonap). KpacHonap : ®T'BHY BHUUTTH, 2015. C. 249-252.
EDN: TYVBBX

246 Aepoundicenepus


https://www.elibrary.ru/TYVBBX

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

Puc. 1. ®oto ruaponocesa ra30HHON TpaBbl
Fig. 1. Photo of hydroseeding lawn grass

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

Tunol yemarnogox /
Types of installations

|
| | | |

Booomemnuiii / Vuueepcanvhoiii / T'uopomynvyep / Tuopocuoep /
Waterjet Universal Hydromulcher Hydrocider

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

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

C uenpro obecrieueHUs] paBHOMEPHOTO pacxoja paboueit KUIKOCTH C ceMeHaMH
IpeIoKEHO TTOCEBHOE YCTPOUCTBO C COCYIOM MapHoTTa, IpeiHa3HauYeHHOE /IS T0CeBa
TP TIOCTOSTHHOM JiaBJieHuH (puc. 5). Takxke pazpaboraHa ruipocesiyika ¢ MHeBMaTuyiec-
KHM CIIOCOOOM mepeMernBanus (puc. 6).
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YdensiMu Bosirorpaackoro rocy1apcTBEHHOTO arpapHOro YHUBEPCUTETA MIPE-
JIOKE€Ha CesiiKa ISl MoCeBa MPOPOIIEHHBIX ceMsH Ha ocHoBe cesnku CYITH-8
(puc. 7, 8) [7; 8].

Puc. 3. Pagxoas cesmmka CTP-2 Pwuc. 4. Pa3bpocnas cesuka CIIT-2
Fig. 3. Row seeder STR-2 Fig. 4. Spreading seeder SPT-2

Hcmounux uzobpasxcenuii: http://www.vniitti.ru/
Image source: hitp://www.vniitti.ru/
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Puc. 5. Cxema cesimku Puc. 6. Cxema s ruipaBIUYECcKOro oceBa CeMsIH
Fig. 5. Seeder diagram Fig. 6. Diagram for hydraulic seed sowing

Hcemounuk usobpasicenuii: hitp://www.vniitti.ru/
Image source: http://www.vniitti.ru/
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1< 5

Puc. 7. OOwwuii BUJ CesUTKH P uc. 8. IloceB npopoIeHHBIX OBOLIHBIX KYJIBTYP
Fig. 7. General view of the planter Fig. 8. Sowing germinated vegetable crops

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

I'uppasnuueckas cesika [9] cHabkeHa MexaHUUeCKOl Mernainkoii ¢ [1-o0pa3HbiMu
MePEMENIMBAIOIIMMY IEMEHTaMH I PABHOMEPHOTO pacIpeielicHHsI CEMSIH B BOJIC
NPy HEOONBIION YacTOTe BPAILICHHS.

B pa6orax E. B. Tpyduisika u coaBTOpOB U3y4eH THIPABIHYECKUI T0CEB OBOIIHBIX
KYJIBTYP C ICKTPOAKTHBHPOBaHHOM Bogoi [10; 11].

AHanH3 UCCIeOBaHNH IO TeME ITOKa3aJl, YTO CYIIECTBYIOIIIE MANITIHEI HE MTPeIHa-
3HAYEHBI JUIS IOCEBA CEMSTH OBOIIHBIX KYJIBTYP, TaK KaK He 00€CIIeYnBaIOT pABHOMEPHOE
nepeMelnBaHie X ¢ BoAOH. B ciydae moceBa NpOpOIICHHBIX CEMSH OHH MOTYT HUX
TpaBMHpOBaTh. B HacTosIIei paboTe nmpeaaraeTcs cxemMa YHUKAIIbHOW THAPOCESITKH,
KOTOpasi MO3BOJISIET BHICEBATh PA3IMYHBIC OBOIIHBIC KYJABTYPhI C IPOKIFOHYBITUMUCS
poctkamu. PazpaboTanHas rupocesika MOKET UCTIOJIB30BATHCS U B TEILTUIAX.

B Hpe)lnaraeMoﬁ HaMU CCAJIKE JIsI MEJIKOCCMAHHBIX OBOIIHBIX KYJIBTYP B BBICEBA-
IOIIEeM ammapare KCIojb30BaHa Mellalika, MpeJHa3HaueHHAas I CMEIIUBAHUS CEMSH
C BOJIOW, MOJ/ICPKaHHsI OTHOPOJAHOCTH U PABHOMEPHOTO MEPEMEIICHHUS B CEMSTIPOBO/I.

C 1enpio pacCMOTPEHUS BONPOCA CTEIIEHN TEXHUUECKOH MPOPadOTKH Pe3yIbTaToOB
MHTEIUIEKTYaIbHOW JIESITETFHOCTH B 00JIaCTH THAPOIIOCEBA IPOBEIEH MTATEHTHBIN aHATN3
(tabm. 1) mo caiity ®emepaabHOr0 HHCTUTYTA IPOMBIIIIEHHON COOCTBEHHOCTH?, & TaK¥Ke
peecTpy MaTeHTOB U H300pETeHUIA’.

Ha ocHoBaHMM 0030pa MaTeHTOB M ABTOPCKUX CBUIETENHCTB B 00JIACTH KOHCTPYKITHIA
CESUIOK JJIS1 THAPABINYECKOTO [T0CEBa BBISBICH PsJl HEAOCTATKOB: OTCYTCTBHE BO3MOXK-
HOCTH PSIJTKOBOTO MTOCEBA PA3IMYHBIX MEJIKOCEMSIHHBIX OBOIIHBIX KYJIBTYP; CJI0KHOCTh
KOHCTPYKITHH, UMEIONTUX JOMOJHUTEILHBIC THEBMAaTHUECKIE YCTPOMCTBA; HEPABHO-
MCPHOC MCPEMCIINBAHNUEC CCMSH; HCpaBHOMepHLIﬁ BbICEB MCJIIKOCEMAHHBIX OBOIIHBIX
KYJIBTYD B PAOBI; IIOBPEXAECHUE MPEABAPUTEILHO IIPOPOILIEHHBIX CEMSIH U POCTKOB,
HaJIUITaHUC UX Ha JCTallu.

2 OenepalibHBIA HHCTHTYT MPOMBIIILUIEHHOM cOOCTBEHHOCTH [DieKTpoHHbIH pecypc]. URL: http://www.
fips.ru (nara obpamenwus: 25.12.2023).

3 TTatenTHbIi mouck B P® [Dnekrponnsiii pecype]. URL: www.freepatent.ru (nara oGpamieHus:
25.12.2023).
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Paccmotpum 3apyOesxHbIe pabOTHI B TJaHHOM HAIlpaBIICHUH.

B cBoem uccnenoBanuu I1. Bancain ocsemaet Bonpoc pa3pabOTKu U MPOU3BOACTBA
BBICCBAIOINETO arapara, OCHOBAHHOTO Ha TUAPABIMYECKOM MPHUHIIUIIEC TAKUX CEMSH,
KaK pHUcC, apaxuc, ropox, Kykypysa u ap. [19].

HUccnenoBanue mHeBMarnieckoro 000py10BaHusI JIJIsl BRICEBA MEJIKUX CEMSIH B CTa-
KaHYHKH TIpeacTaBiieHo B padore B. [TactyxoBa u coaBTopos [20].

Pa3paboTan KOMITIEKT THAPOCTPYHHOTO YCTPOMCTRA ST aBTOMATHUECKOTO YIIPABIICHHS
TpeMmsl onepanusMu: cOpaceIBaHHEM, TIOAAYEH CEMSH M KOHTPOJIeM CTpyH ceMstH [21].

Brmsiane ruppornoceBa Ha ypoxaitHOCTh TpaB M 9 ()EKTHBHOCTE HCITONE30BaHUS
BOJIBI HA MCKYCCTBEHHBIX MOYBEHHBIX CKJIOHAX JIECHBIX JIOPOT PacCMOTPEHO B CTAThE
A. Ilapcaxy u xomner [22].

Cy1ecTByoIpe THAPOCESITKA He 00€CIICYHBAIOT PABHOMEPHOTO ITEPEMEIITHBAHUS
CEMSH OBOIIHBIX KYJIETYp ¢ BOOH. B ciyyae moceBa mpoOpONICHHBIX CEMSH OHU MOTYT
TpaBMUpOBaTh UX. B HacTosmIel pabote mpenaraeTcst yHUBEpcalbHast TUIPOCESIIKa, KOTopast
TMO3BOJIACT BBICEBATH PA3JIMUYHBIC OBOUIHBIC KYJIBTYPBI C MTPOKIIFOHYBIIMMHACA POCTKAMH.

MarepuaJjibl 1 MeTOIbI. DKCIICPUMEHTAJIbHAS YCTAHOBKA TUAPOCESITKA aBTOMATU3H-
POBAHHOM C AIEKTPHIESCKIM MPUBOIOM MEIIAIKH U 3aCIIOHKH MPE/ICTaBICHa Ha PUCYHKE 9.

a) 0)
Puc. 9. T'mapocesnka aBTOMaTH3UPOBAHHAS C MEKTPUICCKAM IMPHBOIOM MEIIAIKHU U 3aCITOHKH:
a) Bug cuepeny; 6) ooumii Bux; 1 — AKB; 2 — MoTOpenyKTop IUIsl IPUBOJA MELIAJIKH;
3 — aBUTaTenb U1 MPUBOA KoJiec; 4 — 3MEeKTPOIPHBO 3aCIIOHKH; 5 — KHOIIKY BKITFOYEHHMS IPUBOAA
KOJIEC, MELIAIKY, IEKTPOLMINHIPA; 6 — IMyJIbT JUCTAHIIMOHHOIO YIPABJICHUS.
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 CESUTKU JUTSL YCTPAHEHHUS 3aBUCUMOCTH «YPOBEHbB 3aIIOJTHEHHSI — CKO-
POCTh BEUTHBAY MPUMEHSIACh KOHCTPYKITHS cocyna Mapuotra (puc. 10). Jlns yBemmdae-
HUsI PABHOMEPHOCTH PACTIPEICIICHHS CEMSH U TIPEIOTBPALICHUS 00pa30BaHksI BOPOHKH
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HCIOJIb30BAJIMCh OTPAXKAKOMINE NEPETOPOAKH, KOTOPBIC CIIYKAT JJId OpraHu3alui IOTOKa
KUJIKOCTHU ITYTEM CHUIKCHUA OKPY)KHOﬁ COCTAaBJISIONICH OTOKA U YBCJIMYCHUA oceBoOH
u paﬂHaJ’IBHOﬁ COCTaBIAOIINX.

a 0)
Puc. 10. ByHkep, BRIIOIHEHHBIN C UCTIONB30BaHUEM IPHUHIIMIIA cOocyna MapuorTa:
a) OyHkep B cOope ¢ TpyOKoii; 0) TpyOKa.
Astop ¢pororpaduii 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

IloneBsle 3KCIEPUMEHTHI BBITOJIHSIINCH C UCIONIb30BaHUEM ceMsH 10 OBOIIHBIX
KYJIBTYp: MOPKOBH, YKpOIIa, cajara JMCTOBOIO, METPYIIKHU, peauca, TyKa, KaryCThl
OeJoKauaHHOM, TOMaTa, KalycThl IBETHOM, OT'YPLIOB.

HUccnenoBanns nposoaunrck B KpeiMckoM paiioHe Ha yyacTke pasmepom 10 Ha 15 M
(puc. 11). Hlupuna mexaypsiauii — 25 cMm. OCyIecTBISIICS MOCEB MO 2 psiia KaKIbIM
CIOCco0OM: THUAPOIIOCEB MPEABAPUTEIHLHO 3aMOYCHHBIX Ha 10 4 B Bozie CEMsIH; THIPOIIO-
CeB MPeABAPUTEIEHO HE3aMOUYEHHBIX CEMSIH (CEMEHa 3apaHee CMEIINBAIICh B OyHKepe
C BOJIO#); py4YHO# TOCEB.

' Z 4 4 ; 3 V. A \
- - ] A R 4

Puc. 11. ®0oTO BCXOM0B OBOIIHBIX KyJILTyp.ABTOp tdororpadun E. . pr(bn;[K,2023 L.
Fig. 11. Photo of vegetable crops sprouting. The photos are made by E.V. Truflyak, 2023
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Pe3yabTarnl nccsaenoBanus. PaccMoTpumM o01uii pacxo HOCEBHON CMECH € YIETOM
uccnemoBanuii B. A. Apxumosa, A. C. Ycanuna u mp. (puc. 12)*:

0,056 -10*n,a,0(5V,t, + 9R,,)(C, +1)

1
pceM tﬂCV ( )

Q.. =

rae O, — pacxoj moceBHOi cmecu, M¥/c; N, — KOIMYECTBO OAHOBPEMEHHO 3aCeBa-
€MBIX PAIKOB, IIT.; @ — BEJIMYMHA Me)KZ[ypHI[LSI M; O — HOpMa BhICEBa, Kr/ra; V_—
CKOPOCTbH IBUIKEHHS C€$IJ'IKI/I, KM/4; ¢ — BpeMsl IBUOKCHHUSI CESUIKH, C; R — paauyc
BBINYCKHOTO OTBEPCTHS, M; C, — 00bEMHAs JI0JIA CEMSH B CMECH; p_ — INIOTHOCTh
ceMsH, r/m>,

Pa3paboranHas KOHCTPYKTUBHO-TEXHOJIOTHYECKas cxeMa pesepByapa st (op-
MUPOBaHUSI IOCEBHON CMECH MEITKOCEMSIHHBIX KyJIbTyp (puc. 13) mpemxycmarpuBaet
paboTy B ABYX pexnMax. B mepBoM pexxume B pezepByap 3aJMBaeTCs JKHUIKas cpeaa
M 3aCBINAIOTCS CEMEHA, 3aTeM BKITIOUAETCs IPUBOJ] MEIIATIKU U B pe3epByape CO31aeTCs
TOMOTE€HHAsI KOHIICHTPAIUSI CMECH CEMSH U JKUJIKOH cpesibl. Bo BTopoM peximMe Havu-
HaeTcsl paboYHii XOJ CEsUTKH, OJHOBPEMEHHO C KOTOPHIM OTKPBIBAETCS JTO3UPYIOIIEe
YCTPOWCTBO M TPOU3BOUTCS BBICEB CEMSAH. TakiM 00pa3oM, B IIEPBOM PEKUME PaOOTHI
HEOOXOAMMO OTNPEAEITUTH MapaMeTPhl IEHCTBHS MEPEMEIITHBAIOIIETO YCTPOMCTBA s
CO3/1aHUSI TOMOTE€HHO-KOHIIEHTPUPOBAaHHON CMECH.

HaunGonee yacTo B Mory3MIupryeCKAX THIIOTE3aX TYPOYIEHTHOTO JBHKEHUS MaK-
poMaciiTabHOe pacnpezielieHie KOHIIGHTPAUN TBEPABIX YaCTHUI] B IIOTOKE PACCMATPH-
BaeTCs Kak pe3y/IbTar AByX OAHOBPEMEHHO MPOTEKAIOIINX MPOLECCOB — KOHBEKTUBHOTO
NepeHoca B HalpaBJICHUH TEUSHHsI OCPEIHEHHOTO ITOTOKA CMECH B TYpOYJIeHTHOM Aud-
¢y3un. THTEeHCUBHOCTH TYypOYJIEHTHOTO TIepeHOca TBEPIBIX YaCTHIl B )KUIKOH cpene
onpenensercs kodppuiuentom nuddysuu D, KOTOPBIA XapaKTEPU3yETCsl BETUIUHOM
€ro COCTAaBJISIFOIMX IO OCSIM, Ha3bIBACMBIM JIOKAIBHBIMU 3HAYCHUSME K03 dUIeHTa
typOynenTroi muddysuu Dr,, Dy, Di. Ilpu 3TOM BeIpaxeHue Il MaKpoMacTabHOTO
TIepeHoca TBepABIX YaCTHII B HECYIIIEH Cpesie, C YUETOM COCTABIISIOMINX HAIIPaBICHUS
TeUeHHS U TypOyIeHTHOH T dy3uH, UIMEET BHI:

04 04 04
aDE =y oDy ) Dy
a—A+vx%+v a—A+vza—A— o _ G =0, @
ot ox Yoy 0z ox oy 07

IJ€ ¢ — KOHIEHTpaLys;  — MOMEHT BpeMeHH, ¢; D, Dy, Dr. — nokanbHble 3HaYCHUS
k02 GuIHEeHTOB TypOynenTHOM muddy3un B HapaBieHny oceil x, y, z, M*/c; V, V V.-
COCTABIISIFOIIME CKOPOCTH OCPEHEHHOTO MOTOKA CMECH B HAMPABJICHUH OCEH X, , z we.

Ha pucynke 14 nokazana cxema quddpy3nOHHO-IUPKYISIMOHHON MOJIENHN pe3epByapa
JUTs (POPMUPOBAHUS TIOCEBHON CMECH MEKOCEMSIHHBIX KYJIBTYD.

4 Apxunos B. A., Ycauuna A. C. JIBiwkeHHe 4acTuIl AUCIIEPCHON a3kl B HeCywIe cpene : y4el.
nocobue. Tomck : Uzgarensckuit JJom Tomckoro rocynapcTBeHHOTO yHUBepeHuTeTa, 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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0 107w/ 1 Q107 m's

14 \ \ ‘_ 0., ‘(CV) npu ‘VC =4 KM‘/‘{, o= 40‘ kr/ra/,
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Puc. 12. 3aBuCMMOCTH «pacxo MOCEBHOI — KOHCTPYKTUBHO-PEKUMHBIE TTAPAMETPhI CESLTKI
npu n, = 1; a, = 0,5 m; Rm =0,02 Mm; Peen = 120 xr/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
Hcmounuk: COCTaBIEHO aBTOPAMU.
Source: Compiled by the authors.
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Pwuc. 13. KoHCTpYKTHBHO-TEXHOJIOTHUECKAs CXeMa pe3epByapa
Ju1st ()OPMUPOBAHMS ITOCEBHOM CMECH MEJIKOCEMSIHHBIX KYJIBTYP
Fig. 13. Structural-technological scheme of the tank for the formation of seed mixture of small-seeded crops

Hcmounuk: COCTaBICHO aBTOPAMHA.
Source: Compiled by the authors.
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a)
Puc. 14. Cxema muddy3noHHO-IUPKYIAIMOHHOH MOIENH pe3epByapa Uil GOpMUPOBAHHS
HOCEBHOW CMECH MEJIKOCEMSHHBIX KYJIBTYp: a) BUJ 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

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

3aBUCUMOCTH KPYTSAIIET0O MOMEHTA OT paguyca pe3epByapa, 000pOTOB MEIIAIKH
Y IJIOTHOCTH CMECH UMeeT KPUBOJIIMHEHHBIN BH]I, IPY 3TOM HauOOJIbIIee BIUSHIE OKa-
3BIBACT PAANYC Pe3epByapa, a HAMMEHBIIEe — IIOTHOCTEL cMecH (puc. 15).

Ilpu yBemmuennn paguyca pesepsyapa R, ¢ 0,1 1o 0,6 M kpyTsiiuit MOMeHT M,
Bo3pacTaeT npakrndecku B 7 800 pa3, a MpH yBEeNMUYEHUH IUIOTHOCTH 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 I0CKOIBKY B TIOCEBHBIX
MalllMHaX pajinyc pe3epByapa 3ajJ0KeH KOHCTPYKTUBHO M B IPOLIECCE IKCILTyaTalluH
HE U3MEHsETCsI, TO Hanboiee 1enecoo0pa3Ho B Ka4eCcTBE PETYIMPOBOYHOIO MTapaMeTpa
UCTIONB30BaTh 000POTHI MelIanKy. M3MeHeHne MIIOTHOCTH [TOCEBHON CMECH ITyTEM yBe-
JIMYEHUS KOHIIEHTPAIMK CEMSH WM UCIIOIb30BaHUS B Ka4eCTBE HECYIel cpenibl Kua-
KOCTH ¢ OOJIbIIIEH TUIOTHOCTHIO Oy/IeT IPUBOAUTE K HE3HAUUTEIILHOMY POCTY KPYTSIIIETO
MOMEHTA, a TaK)Ke MOMEHTAa COMPOTUBIICHHUS, UTO He OyJeT OKa3bIBaTh CYIECTBEHHOTO
BJIMSTHHAA HA TIPOIIECC TOMOTE€HU3ALMHU TIOCEBHOI CMECH.

MormutHOCTB, HEOOXOMMMAS ISl TEPEMEITUBAHIS TOCEBHOW CMECH, IIPECTaBIIeHa
CIICIYIONTIM 00pa3oM:

N :wmem X

0,454,4,(418,5107 R, +24,8-10° H>, +3310° R _ 4,~770,1.10° H

: (14,046.565“31{%+55.1055Rpeg)2
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,-590,610" 4;)

pe3

)

Agricultural engineering 255



I/IH}KEHEPHLIE TEXHOJIOTUN 1 CUCTEMBI Tom 34, Ne 2. 2024

rae @, =~ — YIJIOBas CKOPOCTh MENIANKH, pan/c; p  — IIOTHOCTh CMECH,
3. . .
Kr/M’; R — pajuyc pesepByapa, M; H _ — BEIMYHMHA 3aI0OHCHUs Pe3epByapa, M;

4, = 186,808 10°HZ, — 221,718 10 2 K%, — 62,269 - 10°R _H_.:
A3 = pCMwl\ieLUR:)‘C3; A4 = Hpe3 - Rpes; AS = 3Hpe3 - Rpes; AG = RpesHpe3

MKP :MCW 10 Ta /M, =M, 10" Pas s
140 +-M,,(R,,,), n=100 mun’, p,, =1000 k2/m’
130 ——A/Ia (er)’ n=100 min I’ pmir =1000 kW
120 I,
110 i
1004 M, (n), R, =02, p,, =1000 xe/n’
i M, (), R,.=02m,p,. =1000 kg/m’
Y
80 / 4
70
/ ,
60
/ /
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Puc. 15. I'paduk 3aBUCHMOCTHU KPYTSAIIEr0O MOMEHTA MEIIAJKH U 0OILIIETO MOMEHTA
COINPOTHBIICHHUS pe3epByapa sl (HOPMUPOBAHHS TOCEBHOI CMECH MEJIKOCEMSHHBIX KYIBTYP
npu H, =%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 =%H ,H =3R ,u= 1.002-10"TIa-c

e3” ~ " pes
Hcmounuk: cOCTaBIEHO aBTOPAMHU.
Source: Compiled by the authors.

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

_(h-o1+2nH,,)’

c(hty=—Then S Pal 4)

Sior/47 D, t =
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3 V,, — 2bdexTHBHAs CKOPOCTE MOTOKA, M/C; D, — 9 deKTHBHEINH

K09(hUIHEHT TypOYyIEHTHOIO IEPEHOCA; V, — CKOPOCTh OCAKIECHHS (BCILIBITHSA ) CEMSIH
Ha MMOBEPXHOCTH, M/C; /1 — paccMaTpuBaeMasi TOUKa pe3epByapa, M.
I'paduky 3aBHCHMOCTH (4) KOHIICHTPALMH CEMSIH B HECYIIeH cpesie ipu 1 =H_ _ ot

BpPEMEHH UX MPeObIBaHMs B HECYLIEM MTOTOKE MPH PA3IUYHOM YUCIIE 000POTOB MEILIATKI
MIpeJCTaB/IeHbl Ha pUCYHKE 16.

c(h,t) 0,7
0,63
0,56

|
\
0.49 |
0.42 I \
s
\

0,35 M
0.28 T N
0,21 Mt N
0,14 \ \ \\
0,07 i\ |

\ \

WS '~y

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

—

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

c(h, t), n = 80 mun' / min™ c(h, 1), n = 140 mua~' / min™
——c(h, 1), n = 100 My~ / min™! c,=0,02

Puc. 16. I'paduxu 3aBUCIMOCTH KOHLIEHTPAIIUHU CEMSH B HECYIEH cpene IpH h = Hi,,
OT BPEMEHH HX NPEOBIBAHUS B HECYIIEM MOTOKE, MPU Ryes = 0,2 M, Ho . = %3Hpes, Hpes = 3Rpes,
#=1,002-10"Ta-c, peex = 120 xr/™s*, C,, = 0,02
Fig. 16. Plots of dependence of seed concentration in the carrier medium at 42 = H,, on the time of
their stay in the carrier flow, at Rye; = 0.2 M, Hon = %5Hpes, H,,, = 3R

©=1.002-10"TIa-c, p,,, = 120 xkr/m*, C,,= 0.02

Hcmounux: coCTaBIEHO aBTOPAMH.

Source: Compiled by the authors.

pe3?

3aBUCUMOCTh paclpeesieHHs] CeMsIH 10 00beMy pe3epByapa HOCUT 3KCIIOHEHIIH-
anpHbIi Xapaktep. [Ipu yBenuuenun 060potoB Memanku ¢ 60 1o 140 mun ' Bpems Ha
BhIpaBHUBaHKE KOHIICHTpauu yMeHblaetcs ¢ 200 no 10 c. [ns paboTsl ipu 000poTax
Memraiaku oT 60 MuH ' 1 MeHee MoTpedyeTcst 3HAUYUTEILHOE BPEMSI /ISl TOMOT€HH3AI[HH
moceBHoi cMecu. IIpu pabore or 100 o 140 mur' u Gotee BpeMst I TOMOTE€HHU3a-
MY TIOCEBHOM CMECH YMEHBIaeTcs B mpenenax 5—7 ¢. Takum oOpa3om, mpu padote
pe3epByapa it OpMHUPOBAHUS TOCEBHON CMECH B 33JJAHHBIX YCIOBHUAX U ITapaMeTpax
HEOOXOIMMO HCIIOIb30BaTh 000poThl Memraiku ot 70 1o 130 Mun .

[Ipu ruapornioceBe HaOMONAETCSI TIOBBIIICHHE YPOXKAHHOCTH 10 CPABHEHHUIO C O0BIY-
HBIM pYYHBIM criocoOoM mocesa (tabi. 2, puc. 17).
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Tabnuna 2
Table 2
Pe3yabTarsl yOOpKH ypoxkast
Harvesting results
[ToBbiIEHHE ypOXKAHHOCTH
Kynerypa / Jenpb m3mepenus / o doto /
npu ruaponocese, % /
Culture Day measurements Yield increase at hydroseeding, % Photo
VYkporn /
Dill 50 27
Merpymixa /
Parsley 7 36
Orypusr /
Cucumbers 91 61
Tomar /
Tomato 104 22
Jyx /
Onions 140 4l

C 11eITB10 OTIPEIETICHNS ONTUMAITBHBIX TTAPAMETPOB U PEKUMOB PaOOTHI THAPABINYESCKOH
CEesTIKM TIPOBOMIIOCH IJIAHUPOBAHUE SKCIIEPUMEHTA. B KauecTBe MOAETH BBHIOpAH
MOJIMHOM BTOPOTO Mopsiika. GakTopsl ObUTH ONpeeNieHbl B PE3YyJIbTaTe MPeaBapUTEIbHO
ITPOBCACHHBIX OIIHO(I)aKTOpHI)IX OIIBITOB, a TAKKEC UX q)HKCPIpOBaHHI)IX 3HAUYEHUU U BEI-
OpaKkOBKHU HECYIIIECTBEHHBIX (PakTOpoB (Tadi. 3).

Bbutn BEIOpaHbI CIIEAYIONIME TapaMeTphbl ONTHMHU3AIIMH: [IIar TOCeBa O JTHHE
U IIHPUHE psiaa, K03(QGHUIMCHT Bapyalny 1o JJTMHE U MIUPHUHE Psiaa.
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Macca, r / Weight, g

5890
5583
5558
3700 3900
3269 3100
5455 5300 2 688
i 98? 564 e ; g
1387 077
canar / salad ykpon / dill  merpymuika / parsley oryper; / cucumber Tomar / tomato Jiyk / onion

m] m2 m3
Puc. 17. Macca pacrenuii ¢ ofHOrO psaa:
1 — rEOpPOIIOCEB CEMSH 3aMOYCHHBIX; 2 — THAPOIIOCEB; 3 — IIOCEB BPYYHYIO

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

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

[Ipu mIaHUpPOBaHUM 3a1aBAJTUCH CIACIYIOIINE YCIOBUS U OTPAHUYCHUS. YCIOBUA:
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
napamMeTpa ONTHMU3AIMK; Pe3yNbTaThl UCCIESIOBAHUN JTOJDKHBI OBITh BOCIPOHM3BOJIH-
MbIMU. OTpaHUYEHUS: HAZCHKHOCTh PE3YIBTATOB OnbITa o = 0,95; BeMYnHA OTKPBITHSI
kpana 0 <a_ <75 %; ommbka ¢ = +38.

Tab6numa 3

Table 3
®akTOphI U NX YPOBHH BAPbHPOBAHMS
Factors and their levels of variation
®DaxTopsl
Yposun / YacTOTa BPAICHHS BEJIMYHHA OTKPBITUS | CKOPOCTbH JABIKECHHUS
Levels menranku / 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
OcHogroit yposens x, =0/ 100 50 3
Basic level
Hwxuuit yposens x, = —1/ 70 25 2

Lower level

[Mocne maremarndeckoir 0OpabOTKK IKCIEPUMEHTANIBHBIX JaHHBIX MBI TTOJYYHIN
YpaBHEHUS pErpeccru JUIs 1ara nocesa (B HaTypajJbHOM 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 paoa:
Y =11,162-4,56"x, — 1,59-x, - 4,68-x, +
+4,775x,x,+ 0,475-x "x, + 5,725-x,x,— 4,063-x? + 8,287-x3 - 1,563-x3.  (6)

— NO wupuHe paoa:
Y =20,256 +0,15-x, +0,08x,-0,12-x, +
+1,238:x,x, - 0,038-x"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, -
—=2,625'x,x,—4,75'x,"x, —2,525°x,"x,— 5,15°x} — 6,85:x3 + 10,45"x3. (8)

B kauecTBe mpuMepa MoKaxeM MOBEPXHOCTh ONTUMAIBHOTO 3HaYeHUsT K03 duiu-
CHTA BapUaLUH I1ara [I0ceBa 1o JUIMHE psifa (¥, MM) OT 4aCTOTHI BPAILLCHHUS MCIIAJIKA
(n_,MUH ") U BEJIMYMHBI OTKPHITHS KpaHa (0, %) MpH CKOPOCTHU ABHKEHHUS CEAIKH
V. =3,1 xm/4 (puc. 18).

OnTuManbHbIE TapaMeTPhl | PEXXUMBI pa0OTH YHHBEPCATFHOW THIPOCESIIKH 10
IIary mocesa CiIeIyroLIne: 4YacTOTa BPAIICHUS MELIAKH — 92 MUH '; BETHYNHA OTKPBITHSI
kpana — 47 %; ckopocTb cesuiku — 3,1 M/c npu mare nocesa 20,5 Mm.

ax. %

Puc. 18. IlosepxHocTs 3aBucuMOCTH Y 0T 1, 1 o 1ipu 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.

OnTuManpHble apaMeTpbl U PEXUMBI Pa0OThl YHUBEPCAIBHONW TUAPOCESUIKY 110
K02(hGHUIMEHTY BapUaIliK IIara MoceBa: 4acToTa BpAIlCHHUs MeIIaaku — 87 MuH '
BEJIMYMHA OTKPBITUS KpaHa — 56 %; CKOpPOCTh CesUIKH — 2,7 M/C IIpU BapHalluy I1ara
nocesa 15 %.

O0cyskaeHue 1 3aK/JII049eHne. ABTOpaMH HaCTOSIILETO UCCIIENOBAaHUS NIPENTIOKEHA
KOHCTPYKTUBHO-TEXHOJIOTHUECKAs CXeMa YHUBEPCAIbHON THAPABINYECKOH CEsIIKHU, 1103~
BOJISIFOILAS] BEICEBATh Pa3JInUHBIC OBOLIHBIE KYJIBTYPBI C IPOKIIIOHYBIIMMHUCS POCTKAMHU
B YCJIOBHUSX OTKPBITOTO M 3aKPBITOTO TPYHTA.
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C moMopio NPOBEACHUS TEOPETUIECKUX UCCIIEAOBAaHUN OBLIM MOyYeHBI BBIpa-
JKCHUS1, OTIMCHIBAIONINE 3aBUCUMOCTD BEJIMUUHBI CPEHEN OKPY)KHOM CKOPOCTHU TTOTOKA
MOCEBHOI CMECH, a TaKKe BEJIMUMHY MOITHOCTH MpH paboTe pe3epByapa 1t GopMu-
POBaHHMSI MOCEBHOM CMECH NPH Pa3INYHBIX COUCTAHUSIX KOHCTPYKTUBHBIX M PEKHUMHBIX
napaMeTpoB. B mporiecce paboThl pezepByapa st pOpMUPOBAHHUS IOCEBHOM CMECH TIPH
OZIMHAKOBBIX 000POTaX MEIANKK U yBemmueHus paguyca R ¢ 0,1 10 0,6 M morpedHas
MOTMIHOCTH /N Ha puBoj Bo3pactaeT B 7 800 pas.

[lomyueHa aHanUTHYECKasi 3aBUCUMOCTb, ONMCHIBAIOLIAs BEIMUYNHY KOHLIEHTpPA-
LIUM CEMSIH B HECYILEH cpezie B 3a1aHHBIIl MOMEHT BpeMEHH Ha (PUKCUPOBAHHON TOUKE
BBICOTHI pe3epByapa. B pabote pesepByapa 11 GpopMUpoBaHUs HOCEBHONH CMECH MPH
o0bemuo# jone cemsn B cmecu C, = 0,02, paguyce pesepByapa RpeS =0,2 M, BBICOTE
pesepByapa [ = 0,6 M, oTpaxaromux neperopofok Beicotort H, = 0,4 M, BI3KOCTH
Hecymei cpenst 1 = 1,002-107 ITa-c, nnotnoctu cemsn p = 120 kr/m’, yBenndenuu
ypnciia 060poroB Memaiku ¢ 70 1o 130 mun ' moTpeGHOE BpeMs ISl JOCTHKESHHS PaB-
HOMEpHOM KOHIIETpaIliy ceMsH yMeHbIaercs ¢ 64 no 10 c.

[IpensoxeHHbIE B CTaThe TTAPAMETPhI U PEKUMBI Pa0OTHI THIPOCESUIKH IS TOCceBa
OBOIIHBIX KYJIETYP MOTYT OBITh UCIIOJNB30BaHBI KOHCTPYKTOPCKHMH OPTaHU3AIUSIMH
MIpH pa3pabOoTKe CEPUIHHBIX CESUTOK.
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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 PACHPOCTPAHEHHE CEHABHY-CTPYKTY-
PHUpPOBaHHBIC KOMITO3UIIMOHHBIE MaTepHalibl HA OCHOBE COTOBBIX 3allOJHUTENCH B TOHKOM,
HO TIpo4HOi obonouke. K coxaleHuro, /Uil TaKMX MaTepruajoB XapakTepHO 00pa3oBaHHE
IPOM3BOJICTBEHHBIX M JKCIUTYaTAl[MOHHBIX Ae(EKTOB THIA HEMPOKICH» H «OTCIOCHHE),
3aKJTFOYAIOIIMXCS B HAPYLICHHH CBS3el MEXTy OOIIMBKON U COTOBBIM 3aIlOHUTEIIEM, [IPH-
BOLILIMX K YXY/UICHHIO MEXaHUUECKUX, aKyCTHUSCKUX U TETUIOBBIX CBOIMCTB MaTepHaa.
Lenv uccneoosanus. lenvio crateu siBisieTcs: pa3padorka 3G dekTHBHBIX METOIOB 00HA-
pyxeHust 1eGeKTOB KJICeBOr0 COSANHEHHs OOIIMBKY C COTOBBIM HAIIOJHUTEIEM CEH/IBHYA.
Mamepuanvt u memoosi. B pabote ommcan ciocod oOHapykeHus 1e()EeKTOB MPH MOMOIIN
CKaHUPYIOIeH TepMorpaduu ¢ TMHEHHBIM HCTOYHHKOM TeIUIa, OCHOBAHHBIN Ha BBIYUCIIC-
HHH U TTOCIIEIYIONIEM aHAIIN3€e PacIpe/ie/ieH s JIOKaJIbHBIX IPaJUeHTOB TEMIIEPATyPHOTO
TIOJIsl HA TOBEPXHOCTHU M3/CNHSI.

Pesynvmamoi uccredosarus. IIpoBeieHbI 3KCIEPUMEHTHI Ha MOJIETEHOM ITOJIUMEPHOM 00-
paslie ¢ 3aJ0)KEHHBIM UCKYCCTBEHHBIM Ae(eKTOM, MOKa3aHbl OCHOBHBIE HCTOYHHKU BO3-
HHKAOIIUX [IYMOB U OLIMOOK KOHTPOIIS, CIOCOOBI CHIKCHHS MX BIHSHHMS, HPEITIOKEH
YHCIICHHBIH CI0CO0 OIIEHKH TOYHOCTH METO/Ia ONpeAeieHus nedexra.

Obcyarcoenue u 3axmovenue. IIpoBeieHHBIE HA KOHTPOIEHOM 00pa3Iie NCTIBITAHUS TTOKa-
3aJIM, YTO JIOJIs OIHOOK MpH ompeaesieHun Aedekra He npepbimaet 12 %.

Knwouesvie cnosa: nadpakpacuas tepmorpadusi, Hepaspyaoii KOHTPOIIb, KOMIIO3H-
[HOHHBIC MaTePHAIIbI, COTOBBIH 3aIIOJIHUTEIND, 1e(DEKTOCKOIHS, Te(eKT

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

@unancupoganue: NccIeNOBaHNE BBHIMOIHEHO 3a CUYeT IpaHTa PoccHiicKoro Hay4HOTo
¢donpa Ne 20-19-00602 ¢ ucnonn3oBanueM odopynosanus LIKIT TamboBckoro rocyaape-
TBeHHOTO yHHUBepcuTeTra mMeHH . P. Jlepxapuna u LIKIT «Pobororexunka» TamboBckoro
rOCYAapCTBEHHOTO TEXHUYECKOTO YHUBEPCHUTETA.
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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 ad-
dition to ultrasonic testing methods, X-ray?, impedance methods and classical methods
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
Methods 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,
foreign 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 char-
acteristics 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 heat-
ing 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 (100%100) 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.

i 4 A A t°C

40.37
40.92
41.46
42,01
42,56
43.10
43.65
44.20
4474
45.29

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.

|grad(t)], K/pix )
0.28 |grad(t)], Kipix ¢, mrad
0.34

1.00

— 0.29 0.71
on 0.24 043
0.02 0419 0.14
-0.06 0.15 -0.14
G 0.10 043

0.05
0.00

-0.71
-1.00

-0.23

-0.32

b)

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 aver-
age 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).

62.39
60.90
59.41
57.92
56.44

L { 54.95
] o 53.46
W TAT Nl 51.97

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

56 T \: T / -1.5
-25 -20 -15 -10 -5 0 5 10 15 20
Distance from the center of the defect, mm

r T T T T

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.c., 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.

V000! o), K

25.39
2221
19.04
15.87
12.69
9.52
6.35
317

0.00
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;,8)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.

1.0 1

0.8 -

0.6 -

Error share

0.2 1

0.0 T T T T T T T
0 2 4 6 8 10 12 14

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).

0025 —Defect free area
—Defective area

=4

[=3
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L

0.015 ~
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temperature gradient in the vicinity

0.005 -

Probability density for the value of the modulus of the

VA WAA WM

0 0.05 0.1 0.15 0.2 0.25 0.3
The value of the gradient in the vicinity of the point, K/pix
Fig. 8. Weight distribution functions of the gradient modulus

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.

|grad(t)], K/pix
28.56

25.39
221
19.04
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9.52
6.35
317

0.00

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 II 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
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Fig. 11. Distribution of the values of the informative parameter of the improved method
in the defective region and its surroundings
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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. Vicnonp3oBaHUe ONTHYECKOTO MOHUTOPHHTA Ka4eCTBA 3¢PHA ITO3BOJIUT 3HAUH-
TEJIbHO CHU3UTB TTOTEPH ypOorkasl 36pHOBBIX, BEI3BAHHBIE 3aPaKEHUEM MUKOIIATOTEHAMHU.
Llenv uccnedosanus. VI3ydenne 3aBUCUMOCTH CHEKTPAIBHBIX XapaKTEPHCTHK, IapaMeT-
POB BO30Y>KIEHUS U JTIOMUHECHEHIIUN CEMSH 3€pHOBBIX MPHU 3apa’keHUH MUKONIATOTeHa-
MH C IEJBI0 ONpeeIeH:s] HHPOPMATUBHEIX CIIEKTPAIBHBIX AUANa30HOB U MOCIEYIOMEH
pa3pabOTKKM METOJUKH KOHTPOJIS 3apaKEHHOCTH.

Mamepuanet u memoOut. 1 ucciieqoBaHUs ObLUIH HCHOJIB30BaHBl HHOKYJIUPOBAaHHBIE Ce-
MEHa IIEHUIIbI U SIMeHs psaa Fusarium graminearum u Alternaria alternata. CiekTpel
BO30YXK/ICHUS! U PETHCTPALUH JIIOMUHECHECHIINN H3MEPSUINCH C ITOMOINBI0 IU(PPAKIIMOH-
Horo criekrpodiayopumerpa CM 2203 B nuamazone 230-600 um. MHTErpansHble U cTa-
THUCTHUYECKHE MTapaMeTphl CIEKTPOB BRIYUCILUINCH B Iporpamme Microcal Origin.
Pezynemamul uccnedosanus. Yaanoch BBISICHUTB, YTO MPU 3apakK€HUH MHUKOMATOT€HAMU
YMEHBIIACTCS] CHEKTPAIbHAS ITOIIONMaTe b Hast CIIOCOOHOCTE ceMsH. [IJIs MIIeHUIEl UH-
TerpanbHble MapaMeTpPhl TOIIOIIEHHUS CYIECTBEHHO CHIDKAIOTCA TPU 3apa)KEHHU ajlb-
TepHapuel. B ciydae ¢ ssameHeM, Ha000pOT, OoNbIee CHIKEHHE TIPOMCXOIUT TIPH 3apa-
xeHnu ¢Qysapuosom. B obmactu 230-310 HM y 3apakeHHBIX CEMSIH IMOSBISIFOTCSI HOBBIC
MaKCHMYMBI BO30yxaeHus. [Ipn Bo30yXaeHHn H3TydeHneM C JUTHHON BOJHEI A = 284 HM
CIEKTpallbHbIE 1 HHTETPAIbHbIE XapaKTEPUCTUKHU U TTapaMeTPhl 3apa)KEHHBIX CEMSH Ipe-
BBIIAIOT AHAJOTHYHbEIE M He3dapakeHHBIX. [Ipu Bo30OyxmeHMn msmydeHueMm 424 HM
1 485 HM KOJTMYECTBO 3/I0POBBIX CEMSH MIIEHHUIBI U SIMEHs MPEBBILIAET KONUUECTBO 3a-
paXXEHHBIX.

Obcyacoenue u 3axatouenue. ViaMeHeHNs B CIIEKTpax Bo30yXIeHUS U (OTONIOMUHECLICH-
I[UH MOTYT OBITH OOBSICHEHBI 3aMEIIEHIEM IONNCAXapUI0B U OENKOB IIPH IOIIOICHUH
U MOIU(HUKALUKM MUKOKYIIBTYD. [l 0OBEKTHBHOIO KOHTPOJIS 3apayKEHUS CEMSIH MUKOIIa-
TOTEHaMH IIeJIECO00Pa3HO HCIIONIB30BaTh AHana3oH (ortomoMuaecneHnmny 290-310 am
IpY BO3OYKICHUH U3Ty4eHHEeM OKoito 284 HM. /s pa3nudenus 3apakeHus Qpy3apuo3om
U aJIETEPHAPHO30M CIIEyeT UCTIONb30BaTh KOHTPOIb (DOTOIIOMHUHECIICHIINY B HAla30He
380410 um.
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Kongpnuxkm unmepecog: aBTopbl 3asBISIIOT 00 OTCYTCTBUH KOH(IUKTA HHTEPECOB.

bnazooapnocmu: aBTOpH! BBIpAXKAIOT ONArOJapHOCTH PELEH3EHTAM, Ubsl KPUTHYECKas
OLIEHKA IPEJICTABICHHBIX MaTepHUajIoB U BbICKA3aHHbIEC NIPEJIOKEHUS 10 UX COBEPILICHC-
TBOBAHUIO CIIOCOOCTBOBANIN 3HAYUTEILHOMY IOBBIIIEHHIO Ka9€CTBA HACTOSIIEH CTaThH.

Jna yumuposanusn: Onrndeckne (OTONIOMHHECICHTHBIE CBOMCTBA CEMSH pacTe-
HUH npy 3apakeHHH MukonaroreHamu / M. B. BemsixoB [u ap.] // UHxeHepHble Tex-
Hojoruu U cuctembl. 2024. T. 34, Ne 2. C. 281-294. https://doi.org/10.15507/2658-
4123.034.202402.281-294

Optical Photoluminescent Properties
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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 deter-
mine informative spectral ranges and subsequent development of infection control meth-
ods.

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 380410 nm.
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Beenenue. IloBrIIeHNs NPOU3BOAUTENBHOCTH TPYAa B CEILCKOM XO3SMCTBE,
CHIDKEHUS HEPIeTUYECKUX U MaTepHaNIbHBIX 3aTpaT, 00eCIeUeHHs IKOJIOTHIECKOI
0€30MaCHOCTH BO3MOKHO TOOUTHCS IIyTEM CO3JaHMs U BHEAPEHHUS CPEIICTB ABTOMATH-
3anuu, podoTH3auy U HUQPPOBBIX TexHonorui [1]. OqHUM U3 OCHOBHBIX (PaKTOPOB,
BIUSIOIIMX Ha NOTEPU YPOKasl 3€pHOBBIX KYJBTYD, SABISIOTCS OONE3HU pacTeHUH.
Exerogno Bo BceM Mupe Tepsiercst 15-50 % 3epHOBBIX U3-3a 3apak€HUs MUKOIATO-
reHamu. Kpome Toro, 25 % cenbcKkoXo3sHCTBEHHBIX KYIbTYp, HCIIOIb3yEMBIX B MTUIILY
JIOIBMH M )KUBOTHBIMH, 3apakeHbl MUKOTOKCHHaMU [2]. [ToaToMy HeoOXoquMbI Oomee
3¢ (deKTUBHBIC U YCTONUNBBIC TEXHOIOTHH ISl TyUYIIEr0 KOHTPOJISI COCTOSIHHS CEllb-
CKOXO3SIIICTBEHHBIX KYJIBTYD.

®y3apro3Has THUJIb, BEI3bIBaeMasi TpHOKOBBIM IATOTEHOM pofa Fusarium, — XpoHH-
yeckoe 3a00JIeBaHNE 36PHOBBIX BO MHOTHX PETHOHaX 3emienenust. Cpenu 36pHOBbIX KyJb-
TYp MATKas ¥ TBEpAas MIIEHNUIA BOCIPUUMYUBEI K BUny Fusarium pseudograminearum.
Slumensb cunTaeTcs 6osiee TOJIEPaHTHOM KyNbTypOH M JEMOHCTPUPYET OrpaHNYECHHBIC
MOTEPH yposKas MpH 3apaxkeHuu. Fusarium pseudograminearum TaxXe MOXET HH-
¢uLMpoBaTh OBEC, YTO NPUBOIUT JIMIIL K HE3HAYUTEIHLHOMY Pa3BUTHIO CUMIITOMOB
3a00J1eBaHMsI WM X OTCYTCTBHIO.

[NomyuyeHune YMCTHIX CHEKTPOB CUMIITOMOB O0JI€3HEH pacTeHUI HMEET BaXKHOE 3HAYE-
HUE /715 TOBBIIIEHNST HA/IS)KHOCTH METO/IOB UX 3aIUTHI. XapaKTepUCTUKU U TTapaMeTphl
(OTONIOMUHECLICHIINH, TTOTYYEHHBIE U3 YACTHIX CIIEKTPOB, MOYKHO HCIIONIL30BATh B Ka-
YeCTBE IEHHBIX 00yYarOIIUX JJAaHHBIX IS pa3pa0OoTKH aITOPUTMOB, IPEAHA3HAYCHHBIX
JUTsl OOHApY>KeHUs O0JIC3HEW PACTEHUI ONTHYECKUMHU METOIaMHU.

Lenp nccnenoBanms 3aKII0YAETCS B N3yUEHUH 3aBUCUMOCTH CIIEKTPATIBHBIX XapaK-
TEPUCTHK, TAPAMETPOB BO30YXKIEHHS M JFOMUHECIICHIIUY CEMSH MIICHUIbl U STUMEHS
IpU 3apa’KeHUU MHUKOIaToreHaMu Fusarium graminearum u Alternaria alternata nns
orpeneneHust HHGOPMATHBHBIX CIIEKTPAIbHBIX THAIa30HOB U MOCIEAYIOLIEH pa3paboTKH
METOAUKY KOHTPOJIS 3apaKEHHOCTH.

O030p JuTeparypbl. B HacTosee Bpemst Al JUarHOCTHKH HOIMYIALUU TPUOOB
pona Fusarium pa3paboTaH KonudecTBeHHbIN aHaiau3 MetonoM [11P ¢ ncnons3oBanu-
eM 30H70B [3]. Taxke UMeIoTCs JaHHBIE O IPUMEHEHUH METO/Ia aHAIN3a MEXKI0y3/IHH,
BBITIOJTHAEMOTO C UCIIOJIb30BAaHMEM MHTAKTHBIX LIBETYIIUX PACTECHUI MIIEHUIBI, IS
TOYHOU WACHTH(UKALINY TIpoliecca MHPUIUPOBAHMS TKaHEH MIICHUIIBI MUKOIIATOT€HOM
Fusarium graminearum [4]. B ToMm uncie uccnenoBana XUAKOCTHAS XpoMarorpadust
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(rubpugHas Macc-CeKTPOMETPHS) AJsl MIMPOKOTO aHali3a MeTa0ONNIECKUX MPodu-
neit U uneHTHPUKaIuu MeTaboIUTOB COMPOTHBIICHUS CBA3aHHOTO Fusarium xomoca
stameHst [S]. [ucTonaTonornyeckyro oueHKy HH(EKIKU BO30yIuTeeM THUIH Fusarium
pseudograminearum B TKaHSAX IIPOPOCTKOB IIICHUIIBI MOXKHO TIPOBOAUTH U C TIOMOIIBIO
(I1yOpeCLeHTHOM MUKPOCKOMHH [6].

BhIsIBIIEHO CHIEKTpaibHOE Pa3IMYCHHE CUMIITOMOB JINCTOBOH P)KaBUYMHBI, BBI-
3BIBAEMBIX OBYMS 0coObIMU (hopmamu TpuboB. Puccinia recondite f. sp. tritici — Ha
nmenune u Puccinia recondita f. sp. recondite — Ha muCcTOBO# yenrye pxu. CrekT-
pasibHBIE U3MEPEHUS IPOBOIIIINCE Ha criekTpomeTtpe FieldSpec 3 B ananazone miimH
BoJiH 3502500 uwMm [7].

HUccnenoBanus 3apy0OeKHBIX aBTOPOB ITOKA3aJIM, YTO MECTPOTA, IMTMEHTHBII COCTaB
WM CBETOOTPAXKAIOIIME CBOMCTBA M3MEHSIOT (POTOPHU3NIECKOE TOBEICHHUE JIUCTHEB [§].
st pacuera k03¢ GULINUEHTOB MOTIOMIEHHS U PACCESHHI UMHU ObUIH ITOMYYEHBI CIIEKTPBI
oTpakeHus u nponyckanus B YO-suaumoit u onmmxaeit MK-obnactu.

IIupokuil HHTEpPEC Il COBPEMEHHOM HAayKU MPEACTABIISIET TUIEPCIEKTPaIbHas
Bu3yasin3anus. OHa BO3HUKIIA M3 JUCTAHIIMOHHOTO 30HAUPOBAaHUSA U 00BEIUHICT 00-
JIACTU MAITMHHOTO 3PEHHS M TOYEYHOU CHIEKTPOCKOINH, 00eCIIeunBasi MPEBOCXOIHYIO
CerMeHTalnuio u300paxeHus as ooHapyxkeHus nedexros [9-11]. bnaromaps goctu-
KEHUSIM B 00J1acTH 000PYIOBaHMS U aHAIN3A JAHHBIX 3a [OCIIEIHUE [BA NECITUIETHS
TEXHOJIOTHSI TUIIEPCIIEKTPAIbHOM BU3yalIH3alluy IPEBPaTUIIach B MOLIHbIH HHCTPYMEHT
Hepas3pylamero Koutposus [12—15].

K HacrosmeMy BpeMeHH HEIOCTATOYHO M3Yy4EH MOTeHIHaI (POTOIOMUHECLEH-
THBIX METOAOB JIMAarHOCTHKHU 3a00eBaHUN pacTeHUU (y3apruo3zom B ynpTpaduo-
JIETOBOM M BHAMMOM JAMara3oHax. Tak, i CHEKTPOCKOMMYECKOTO HCCIECOBAHMS
E-Z poronzomepuzanum HOBOTO HUPETPEHUITALMIATHIPA30HA CIEKTPHI MOTIOLICHHS
B yIBTPa(UOJIETOBOM JHaNa30He PErHCTPUPOBAINCH HAa IUOJHOM CIEKTpOo(oTOMETpE
Agilent Cary 8454 B nuanazone 250—-600 um. CrieKTpbl U3IydeHHS ObUIH U3MEpe-
HBI Ha criekTpodoromerpe Horiba Jobin Yvon FluoroMax-4 [16]. Mcionb3oBanuch
METOABI ONITUYECKOTO MOTIIOMEHHS U (IyOopECIeHIINH, YTOOBI C/IeNIaTh BHIBOJIBI
0 ToM, Kak aprenuiuinH C Opa3miIbCKOTO 3€JICHOTO MPOIOJINCca B3aUMOJICHCTBYET
¢ am¢puuabHpIMU arperaraMu. CIeKTpbl ONTHYECKOTO IOITIOMEHUS PEACTABIISIN
COCTOSIHUE IPOTOHUPOBAHUSA, IPOJUKTOBAaHHOE JIOKAJIbHBIM pH Ha moBepXHOCTH
MHUIIEIT U JUMUAHBIX TY3bIPbKOB [17].

Takske nccnenosareny, npuMensist pH-3apucumyro Y®O-BUAUMYIO CLIEKTPOCKOITUIO
Y MOJICIUPOBAHHUE CHEKTPAILHOTO PA3JIOKEHHUS, U3yUalOT B3aUMOJCHCTBIE MEKLy COCE/I-
HUMH aMHHOKHCIIOTaMH 1 OMJIMHOM B cemeiicTBe hutoxpomoB [ 18]. dmyopomerpuueckuii
METO[I MO3BOJISIET OLIEHUBATh KOHIIEHTPALUIO XJIOpoduiia a, BHOCUMOTO OTASIbHBIMH
TpyMIiamMy BOAOPOCIIEH B pealbHOM 00paslie, ITyTeM MOATOHKHU €To CIIEKTPa BO30YKICHUS
(ryopecleHIINH K JIMHEHHOW KOMOMHAIIMY HOPMAaJIbHBIX CIIEKTPOB COOTBETCTBYIOIINX
rpymm Bogopocieii [19]. B Tom uncie moiaydeHs! Moje3HbIe JaHHbIE IS ONTHMHU3ALUU
nocyey0OpOoUHbIX (POTOXMMUYECKHX MPOTOKOJIOB C IOMOIIBIO HEPa3pyIIAIOIIEro Ofl-
THYECKOTO natamka [20].

J1s OLICHKH PacTUTEIBHBIX KOPMOB IPUMEHSIOTCS IEPEHOCHBIE ONTHYECKUE TIPH-
Oopsr [21-23].
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Takum o6pa3om, (HOTONIOMUHECLIEHTHBI METOA, HAPAAY C ONTHYECKUM, aKTHBHO
NPUMEHSIETCS TSl HCCIIeIOBAHUS OMOJIOrMYeCKUX 00BbEKTOB M MOXKET OBITh HCIIONB30BaH
JUTSL TUarHOCTHUKH 3apakKeHUsl CEMSIH MUKOIIaTOTe€HAMU.

MarepuaJbl 1 MeToABbI. [ u3MepeHuit aBTopamMu ObLITH B3STHI 00pa3Iibl MIICHHIIBI
«rumupsazeBckag 150» u sumens «6oratsipby. [Iporecce 3apaxenus: ceMsH MUKOIIaToTe-
HaMU TIPOUCXOIUI CICAYIOIHUM 00pa3oM. 3epHa MIIEHUITBI H SIMEHS OBLITH B3BEIICHEI
1 pacdacoBaHsl B makeTsl 1Mo 7,0—7,5 1, a 3areM oOe33apaxkeHsl. [lanee ux moMecTuin
B CTEpPUJIbHBIE CTEKIISIHHBIE YallKy [1eTpy, K KOTOPBIM OTEIbHBIMHU YUCTHIMU IUIIETKAMHU
ITactepa no6aBuin 1o 3 M1 pactBopa co cuopamu Fusarium graminearum u Alternaria
alternata. Taxum 00pa3oMm, 3epHa Ka)10i KYJIbTypbl ObUTH 3apaskeHbl OTAETIBHO JBYMSI
pa3HeIMU natoreHamu. [locie nponenanneix feiicTBuid yamky [leTpyu ObUTH 3ameyaraHbl
napaguIMOM, YIaKOBaHbI B TePMETHYHBIC TAKETHI M IOMEILCHBI Ha XpaHEHUE B TEPMO-
crar npu temneparype 28 °C.

W3mepenus cuekTpoB BO30YyKASHHS U TIOMUHECLIEHIIUY IPOBOIUIIUCH HA CIIEK-
tpodyopumerpe CM 2203 dupmbr «Comnapy. CHavana U3MEpAIUCh XapaKTepuc-
THKH BO30yxaeHus 7,(4) B nuanasone ot 230-600 HM no panee pa3paGoTaHHOM
Meroauke [24]. Ha ocHOBe MONyYEHHBIX PE3yIbTaToB ObUIH M3MEPEHBI CIIEKTPHI
poronromunecuenuun ¢ (4). 1o moNy4eHHBIM CIEKTPAILHBIM XaKTEPUCTHKAM
BBIYMCJICHA MHTErpajbHas MOMNIOIIaTebHasl CIOCOOHOCTh / (B OTHOCUTEIBHBIX
eIUHUIAX — 0. €.) 1o popmyire:

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

M

e #7,(A) — CHEKTpabHas XapaKTePUCTHKA BO3OYKIEHUS, O. €./HM; A , A, — TPaHUIbI
CIIEKTPAILHOTO ana3oHa Bo30yKIeHH, HM.

HHuTerpanbHble TapaMeTpel CIIEKTPOB ¢ (A) — MOTOKHU (poTomomMunecenuu O
(B OTHOCHTENIFHBIX €JMHUIIAX) ONPEICIIUIH 1O GopMmyIe:

o= [o,(2)dz. @)

r1e ¢ (A) — CHEKTpaIbHAs XapaKTEPUCTUKA (POTOTIOMUHECIEHIINH, O. €./HM; A, A, — TPpa-
HUIIBI CIICKTPAJIbHOIO JIHana3oHa (GOTOJIOMUHECIICHIIMHI, HM.

Bce U3MEPEHUA NIPOBOJUINCE B JIBaIIHaTHKpaTHOfI IIOBTOPHOCTHU TakK, 4TOOBI I10T-
PEeLIHOCTh ONpeAeNeHUsT HHTEeTpalbHbIX mapaMeTpoB H u @ He npesbimana 10 %
npu poBeputensHOi BepostHOocTH 0,9. Kpome Toro, B mporpamme Microcal Origin
OBIITH paCCUMTAHBI CTATUCTHYECKUE IMApaMETPHI CIIEKTPOB: MaTeMaTHIECKOE OXKFHJIa-
HUE MP JMCTIEPCHUs G2, aCUMMETpHst A ¢ M 9KCIece E -

Pe3yabsTaTsl ucciaenoBanus. CreKTpalbHbIE XapaKTEPUCTHKHA BO30YKICHHS
MIIEHUIIBI, TTOJIYYCHHBIC NTPU CUHXPOHHOM CKaHHPOBAHUH, MPEACTABICHBI HA PU-
CcyHKe 1, a MHTerpaJIbHbIC TApaMETPHI CIIEKTPOB, pacCYUTaHHbBIE 110 Gopmyie (1), —
B Tabimue 1.
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Puc. 1. CnexrpanbHble XapaKTEPUCTHKU BO30YKICHHUS MITEHUIIbL:
1 — 3mopoBoii; 2 — 3apakeHHOH Fusarium graminearum; 3 — 3apaxkeHHOU Alternaria alternata

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

Hcmounux: 31€Ch 1 laiee B CTaThe BCE PUCYHKH COCTABIICHBI aBTOPaMHL
Source: Hereinafter in this article all figures were drawn up by the authors.

Taonuma 1
Table 1
HHTerpajbHble NapaMeTpsl CHEKTPOB BO30YKIEHUs MIIEHUbI
Integral Parameters of Wheat Excitation Spectra

H, o. e. (1711 ciekTpanbpHOTO AHana3oHa, 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 CTaTbe Bee TaOMHIbI COCTABICHBI aBTOPAMHL.
Source: Hereinafter in this article all tables were drawn up by the authors.

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

WuTerpanbHbIe mapaMeTphl CIIEKTPOB (POTOMOMUHECIIEHIINY MIITEHUTIBI, PACCUUTAH-
HBIE TI0 (hopMmyrte (2), mpeAcTaBICHEI B TAOIUIE 2.

CriekTpaibHble XapaKTePUCTHKH BO30YKACHHUS sIUMEHS, TIOITY4YECHHBIE IPH CUHX-
POHHOM CKaHHUPOBaHMUM, TOKa3aHbl HA PUCYHKE 4, a UHTETrpaJIbHbIE TAPAMETPHI CIIEKT-
poOB — B TabmuIe 3.

Ha pucynkax 5 u 6 npencTaBieHbl CIIEKTPhI (POTOTIOMHUHECHCHIIUHN STIMEHS TPU
BO30YXXJIeHUH H3ayueHreM 284 HM U 424 HM COOTBETCTBEHHO.
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Puc. 2. CHCKTpaJIBHBIG XapaKTePUCTHKH JIOMUHECICHIMH TIICHUIIB! TIPH A, =284 am:
1 — 310poBOH; 2 — 3apakeHHOU 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 JIIOMUHECUCHIMH MILICHHUIIBI TIPH i 424 um:
1 — 3mopoBoi; 2 — 3apakeHHOU Fusarium graminearum; 3 — 3apaxeHHOU 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 MIIeHUIbI
Integral Parameters of Wheat Luminescence Spectra
®, .0.c¢e/|D,0e¢e/|D ,0¢e/| D, 00e€/
Bun cemsn / Type of seed (ﬁm, o cﬁm, o Y Y

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

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

Alternaria alternata

Instruments and methods of experimental physics 287
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Puc. 4. CrnexkrpasibHble XapaKTEPUCTUKH BO30YKCHUS STUMCHS:
1 — 3mopoBoro; 2 — 3apaxkeHHOTO Fusarium graminearum; 3 — 3apaxxeHHOT0 Alternaria alternata

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

n,0.€./n, 1.0

Tabnuma 3
Table 3
HHTerpajbHble NapaMeTpbl CIIEKTPOB BO30Y:KAeHHS TYMEHsI
Integral Parameters of the Excitation Spectra of Barley

H, o. e. (a1 cekTpanpHOTO AMAana3oHa, 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 0.53
with Fusarium graminearum

Bun cemsn /
Type of seed

Sapaxennsie Alternaria alternata / Infected

with Alternaria alternata 0,92 1,31 10,49 2,76

0,18
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Puc. 5. CnexkrpanbHble XapaKTEPHCTUKHU JIIOMUHECIEHIMH SIMEHS TIPH A= 284 HM:

1 — 310poBoro; 2 — 3apaxkeHHOr0 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

p,0.e./ g, r.u.
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Fig. 5. Spectral characteristics of the luminescence of barley at 4 = 424 nm:
infected with Fusarium graminearum; 3 — infected with Alternaria alternate

1 — disease-free; 2 —
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Puc. 6. CnexrpanbHble XapaKTEPUCTUKHU JIIOMUHECUEHIMH SIMEHS TIPH A= 424 Hm:
1 —300poBoro; 2 — 3apaxeHHoro Fusarium graminearum; 3 — 3apa>k€HHOIO Alternaria alternata

620

A, HM /
A, nm

WHTerpanbHble mapaMeTpbl CHEKTPOB (POTOTIOMUHECHEHIINH STIYMEHS TOKa3aHbI

naiee B Tadauie 4.

Tabnuma 4

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

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

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

Alternaria alternata

B Tabnuie 5 npeacTaBneHpl CTATUCTUYECKHE TTApaMETPhI CTIEKTPOB BO30YKICHHUS

NIICHUIIBI U AYMCH.

Tabnuma 5

Table 5
CrarucTHYECKHE MapaMeTPhl CEKTPOB BO30YKIeHHUs MIIEHULBI H TYMEHSI
Statistical Parameters of the Excitation Spectra of Wheat and Barley
Bup cemsn / Type of seed M,om/M,nm | o A E,
1 2 3 4 5
IMrennia 3mopoBast / Disease-free wheat 417 2897 0,34 6,99-10°
IMmennna 3apaxennas Fusarium graminearum / Wheat 411 4245 -0,13  2,89-10°
infected with Fusarium graminearum
ITienuna 3apaxxennas Alternaria alternata / Wheat 401 5724 -0,11 2,52:10°
infected with Alternaria alternata
Instruments and methods of experimental physics 289
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Oxonuanue maén. 5 / End of table 5

1 2 | 3 [ 4] s
STamens 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 3apaxeHHbIi Alternaria alternata / Barley 397 6174 0,07 229-10°

infected with Alternaria alternata

O0cy:xaeHue u 3aKa049eHne. 113 pucyskos | u 4 BunHa oOmas TEHACHIUS YMEHb-
HICHHS CIIEKTPaJIbHON MOMIOIIATENLHOM CIOCOOHOCTH 1) IPH 3apa’keHUH MUKOIIaTOTeHa-
MU. OHAKO A7 MIICHUIBI 3apakKeHUe ajJbTepHapUeii CYIIeCTBEHHO OOJIbIle CHUYKAET
MOMIOIIAONINE XaPAKTEPUCTUKH U TIAPAMETPbI, MPUMEPHO B 3 pasa st H,  (Tabm. 1),
a JUIsl SYMEHS1, HA000POT, OOJbIIee CHIKEHHE TPOMCXOANUT IPH 3apakeHHH (hy3apro3oMm
(83,8 pasa s H,o ). B JUIMHHOBOHOBO¥ 00IACTH BCE CTIEKTPBI COXPAHSAIOT TIOA00HE,
a B obmactu 230-310 HM y 3apakeHHBIX CEMSH MOSIBIISIFOTCSI HOBBIE MAKCHMYMBI BO30YK-
neHus. V MIIEHUIBI MHTerpanbhbiid napamerp Hy, o B 2,7-3,2 pasa Juist 3apaeHHbIX
CeMsIH IPEBBIIIACT aHAJOTUYHBIH U He3apa)KeHHBIX, a UL TUYMEHS TaKO€ IIPEBbILICHUE
cocrasnseT 4,7-5,4 paza.

[TosiBierre o0OHBIX THKOB OBLIO OTMEUYEHO HCCIeNoBaTeNsiMu padee [24], HO
B 00JIee KOPOTKOBOIHOBOM 00nMacTu (0koio 232 HM), YTO MOXKET OBITh CBS3aHO CO Bpe-
MEHEM 3apa’kKeHUsI pacTeHUH ¢ IPUBA3KOH K (aze co3peBaHMs CeMSH. DTO MOATBEPKAACT
UCCIeoBaHUE, TI€ OTMEYAJI0Ch OTHOCUTEIBHOE YBEIMUCHHE T0JH KOPOTKOBOIHOBOTO
BO30YXIIeHHS y HE3peTbIX ceMsiH [25].

[MonoOHas TeHACHINS COXPAHSIETCS U JUIS CIIEKTPOB (oToMOMUHeceHInu. [Ipn
BO30YKICHUU H3ITyUYE€HUEM C JUTMHOM BOJHBI A = 284 HM CIieKTpalbHbIe U HHTETPallb-
HbIE XapaKTePUCTUKH U TTapaMeTPhl 3apaKEHHBIX CEMSH MPEBBIIIAIOT aHATOTUYHbIC
JUIsT He3apaKeHHBIX. ISl MIIeHUIBI HauOONBIIMH TOTOK (OTOIFOMUHECICHITNU
OTMEYaeTcs y CeMsH, OPAKEHHBIX (y3apruo30M, a Ul CeMSH s[UMEHS — aJbTepHa-
pro3oM (tabm. 2, 4). [Ipn Bo30ykIeHUN JIIMHHOBOIHOBEIM H3JIydeHUEM (A = 424 HM
u A =485 HM) MOTOKH 3J0POBBIX CEMSIH KaK IIICHUIBI, TAK U SIMEHs [IPEBBIIIAIOT
MMOTOKH 3apaKeHHBIX (Tadm. 2, 4).

W3-3a Hanu4uMs MaKCUMYMOB B KOPOTKOBOJIHOBOH 005acTu (puc. 1, 4) maremarnueckoe
OXHJIAaHHUE AJIS 3apaKEHHBIX CEMSH YMEHBLIAETCs, 0COOCHHO AJIS sSIMMEHS MHOKYIHPO-
BaHHOTO rpuboMm Alternaria alternata. KauecTBeHHO MEHSETCS BEIMYMHA ACHMMETPHUH:
MEHSIETCS 3HAK M YMEHbBIIAECTCsl a0COMOTHOE 3HAUYCHHE. Y 3apasKeHHBIX CEMSH 3KCIECC
cHuXkaeTcs B 2,4—2,8 pasa 1 miieHus! U B 3,9-5,7 pa3a ans suMeHsl.

[MpeanonoxeHue o 3aKOHE pacrpeesieH si MOYKHO POBEPUTH C IMTOMOIIBIO K03(h-
(UIMEHTOB ACUMMETPHUH 1 dKciecca. BEIIBUHYB HITOTE3y O HOPMAIBHOM pacrpesielie-
HUM 3aBUCUMOCTEH 77 (4) Juist ypoBHs 3HauuMocTu 0,05 u3 Tabnuibl 5, MbI BUAUM, YTO
HOPMaJIbHBIMU MOKHO CYMTAaTh TOJIBKO CIIEKTPAJIbHBIE XapaKTEPUCTUKH BO30YKACHUS
IUTSL 3apaKeHHBIX CeMsH (110 BenuuuHe acummerpun). [lo kpurepuro sxcuecca Bce
MOJTy4EHHbBIC 3aBUCUMOCTH HE MOTUYMHSIOTCS HOPMAIbHOMY 3aKOHY PAaCIpEAeICHuUsI.

W3meHeHus B CTIeKTpax BO30YKICHUS U (POTONOMHHECLEHLIUN MOT'YT OBbITh 00BbsIC-
HEHBI I3MEHEHUSIMU CTPYKTYPBI U XUMHYECKOTO COCTaBa OBEPXHOCTH 3€pHA, 3 HIMEHHO
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3aMelIeHUEM MONIMUCAaXaprua0B M OEIKOB MPU HOMIOIEHHN U MOAN(PHUKALIHA MUKOKYIBTYP
Fusarium u Alternaria. Taxoke 13-3a BIUSIHUS Ha CIIEKTPBI TUTMEHTOB STOTO BO30YIUTEIIS
(py3apuna) n mukotokcunoB (DON, ZEL, T-2 u NT-2) criekTpsl OymyT TpUOIHKATHCS
K CIIEKTPaM 3THX BEILECTB.

Takum 00pazom, st 00bEKTUBHOTO KOHTPOJISI 3apasKeHHSI CEMSIH MUKOTOKCHHAMU
1e7Ieco00pa3Ho UCIOIB30BATh JUANIA30H KOPOTKOBOIHOBOH (POTOIOMUHECIIEHITNH
290-310 am npu BO3OYKICHUH H3TydeHHEM OKoJio 284 HM. s paznudeHus 3apa-
*KeHHs (y3apruo30M U aJbTEPHAPHO30M BO3MOXKHO HCII0JIb30BaTh KOHTPOIIb (OTOIIIO-
MuHecneHnud B nuanazoHe 380410 HM mpu Bo30yKIeHUN U3TydeHneM A = 362 HM
ISl MIeHUnsl. s ssaMeHs 1eaecoo0pa3Ho MCIOIb30BaTh OTHOIIEHHE TOTOKOB
¢doromoMuHecieHIU Ipu Bo30yxaeHun 362 u 424 um. Bo3OyxaeHue nu3nydyeHuem
485 HM Hcnonb30BaTh Mano3((PEeKTHBHO H3-3a CPAaBHUTEIBHO CIa00ro (OTOIOMU-
HECLIEHTHOTO CUTHaja.
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Annomauusn

Beeoenue. B NITHIEBOACTBE MEPCIEKTHBHBIM HANPABICHUEM SBIISETCS IPUMEHEHNE CUC-
TEM JIOKaJIbHOTO CBETOAMOAHOTO OCBEIICHMSI C M3MEHSEMON OCBELIEHHOCTBIO M KOppe-
JIMPOBAHHOM IIBETOBOI TEMIIEPATyPOil ONTHYIECKOTO U3Iy4EHUS CBETUIILHUKOB B TEUCHNE
CBETOBOTO Ieprona. [yt TOYHOTrO MoaJep)kaHusi MHTCHCUBHOCTH CBETa HAa 3aJaHHOM
ypOBHE TpeOyeTCsl CHCTEMA aBTOMAaTHYECKOTO PEryINPOBAHUS OCBEIIEHHOCTH.

Lenb uccnedosanus. Onpenenenue NapaMeTpoB POHOPLUOHAIBHO-HHTETPaIbHOTO PEry-
nsTOpa M(POBOH CHCTEMBI ABTOMaTHYECKOTO PETYINPOBAHMS OCBELIEHHOCTH B KIIETKaX
IUTSL COZIEPKaHUS CEeTbCKOXO3SIHCTBEHHON NTHUIIBI, 00eCIIeYnBAOIINX TpeOyeMble IoKa3a-
TENN KadecTBa.

Mamepuanv u memoowi. B pabore HCHOIb30BaHbI NIEMEHTHl MAaTEMAaTHYECKOH CTaTHC-
THKH, TEOPHHU TIIAHUPOBAHUSI SKCIIEPHMEHTAIBHBIX HCCIEIOBAHUM, KOPPEISINOHHO-PET-
PECCHOHHOTO aHaIN3a, TEOPHU aBTOMATHYECKOTO YIPaBJICHHUS ¥ KOMIIBIOTEPHOTO MOJe-
nupoBaHus. HaTtypHble SKCiepuMeHTH TPOBOAMINCE Ha abopaTtopHoM obOpasue mudpo-
BOW CHCTEMBI JMHAMHUYECKOTO JIOKAIFHOTO OcBeleHust. KoMIbproTepHOEe MOZIEIMpOBaHUE
0bL10 BEIMONHEHO B cpene SimInTech.

Pesynbmamur ucciedosanus. Pazpaborana koMnbroTepHas Moeldb HU(PPOBOI CHCTEMBI
aBTOMAaTUYECKOTO PETyIMPOBAHUS OCBEILEHHOCTU. Brinonnen pacuer Hactpoek I1H-pe-
rynstopa no merogam CHR, BTU, Konenosuua. IIpousBeneHa cpaBHUTENbHAS OLEHKA
KayecTBa Mpolecca PEryIHpOBaHU MO TpadHKaM MEePEXOIHBIX MPOLECCOB, MOMYIEHHBIX
MyTeM KOMIBIOTEPHOTO MOJCIMPOBaHHS. JJOCTOBEPHOCTH PE3yJbTaTOB KOMITBIOTEPHOTO
MOJICTUPOBAHUS CHCTEMBI aBTOMAaTHUECKOTO PETYINPOBAHHS OCBELUIEHHOCTH MOATBEPIK-
JIeHa SKCIIEPUMEHTAIIBHO.

Obcyorcoenue u 3axioyerue. Bricokre moka3aTeny KadyecTBa PeryaIupoBaHust TH(POBOH
CHCTEMBI aBTOMATHYECKOTO PETYIMPOBAHHS OCBEIIeHHOCTH obecneumn [1M-perymstop
ck,=14,027 107 u T, = 145,72 mc, paccuntanusivu 110 Metoty Konenosuua. Cpasau-
TeJIbHAs OLIECHKA ITEPEXOJHBIX IIPOLIECCOB B peajibHON CHCTEME U B KOMITBIOTEPHOM MOZIEIN
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JTAHHOW CHCTEMBI ITO3BOJISICT CLIENIATh BBIBOJI O BBICOKOH TOYHOCTH pa3pabOTaHHOTO 00pa3-
11a ¥ KOPPEKTHOCTH BBIOOpa MapaMeTpoB MonenupoBanus B cpene SimInTech. Dxcnepu-
MEHTaJIbHO YCTAHOBJIEHO, YTO TpeOyeMoe KaueCTBO MPOIecca PeryIHupPOBaHUs CHCTEMBI
obecrieqnBaeTcs s IUPOKOTO TUana3oHa 3aJaHHOH OCBEIEHHOCTH OT 1 110 25 Jik.

Kniouegwie cnosa: cuctema I10KaIbHOTO OCBEIICHNS, CBETOIUOIHBIA CBETUIBHHUK, YIIPaB-
nenne ocsenieHHocThi0, CAP, [TH-perynsatop, MoaenupoBaHue, KOMIBbIOTEPHAs MOJENb,
SimInTech
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JIna yumuposeanusa: 1labdaes E. A., Pomanosernr M. M. KomnbrorepHoe MonenrpoBaHue
(poBOI CHCTEMBI aBTOMaTHUYECKOTO PETYIMPOBAHUS OCBeNmIeHHOCTH // 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 devel-
oped 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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Brenenue. OprannsM CelTbCKOX03IHCTBEHHOM NTHITH OUCHb TYBCTBHUTEIICH K BO3ZICHC-
TBUIO cBeTa [1]. MHOTrHe mpouecchl ee KXKU3HEAESTeNbHOCTH HAIPAMYIO WM KOCBEHHO
PETYIAUPYIOTCS CBETOTEMHOBBIM ITUKIOM [2—4]. B yCIIOBUSX MHTEHCU(UKAIINA TTPOU3-
BOZICTBA HCKYCCTBEHHAS Cpella CONeP KaHMs >KUBOTHBIX U IITUI] HE BCETAa COOTBETCTBYET
(U3HONOrMYeCKM NOTPEOHOCTAM MX Oopranusma [5—7]. 3a cuer cozaanus OnaronpusTHON
CBETOBOM Cpe/Ibl MOXKHO MOBBICUTB MTPOJYKTHBHOCTB CEJIbCKOX03HCTBEHHOM NTHIIBL. [I1s1
9TOH Lenu HanboJiee MepPCeKTUBHO MPUMEHEHUE JIOKAaIbHOTO OCBEIICHUS ¢ OONBIINM
KOJIMYECTBOM CBETHJILHHKOB Majoi MomHocTH [8—10].

PeanuzoBaTh UCKYCCTBEHHYIO CBETOBYIO Cpelly € pallMOHAJIbHBIMH MapaMeTpaMu
No3BOJIsIET U(POBAs CUCTEMA TUHAMHYIECKOTO JIOKAILHOTO OCBENICHHS KJIETOK C M3MEHsI-
€MO OCBEIIICHHOCTHIO M KOPPETUPOBaHHOH IIBETOBOM TemItepaTypoii (nanee — KI[T) [10].
Takast cucreMa Mo3BOJIIET B aBTOMaTHIE€CKOM PEKUME YIIPABIATH CBETOBBIMHU MTOTOKaMHU
CBETO/IMO/IOB TETUIOTO U XOJIOHOTO CBEYEHUM, U3MEHsIs1 ypoBeHb ocBelleHHocTr u KI[T
ONTUYECKOTO M3JIyYeHUSI CBETUILHUKOB B COOTBETCTBUH C AMHAMHUKON €CTECTBEHHOIO
coiHevyHOTO cBeTa [11; 12], 9TO MONOKHUTENEHO CKa3bIBAETCS Ha IPOAYKTHBHOCTH U (PH-
3UOJIOTHYECKOM COCTOSIHUH CEJIhCKOX03IMCTBEHHOM NTHILIbI [13—17].

TouHoe nonAEpxKaHue 3aJaHHOTO YPOBHS OCBEIIEHHOCTH 00ECTICUMBACTCS CHCTEMON
aBTOMaTH4eckoro perynmupoBanus (ganee — CAP) ocsemennoctu. [lpumenenne CAP
MO3BOJISIET KOMIIEHCUPOBATh 3aIlbIJIEHHOCTh CBETUIILHUKOB, IETPaJalliio CBETOAHOIOB
B TIPOLIECCE IKCIUTyaTallui U U3MEHEHHsI (POHOBOH OCBEIIEHHOCTH B IOMEILCHUH.

B pesynwrare ananuza u cuate3a CAP ocBemeHHOCTH HEOOXOIUMO OINPEACIIUTh
THUI 3aKOHA YIPaBIeHHs W ONTUMAaNbHbIE HACTPOIKU perynaropa. [Ipu aTom ciemyer
YYUTHIBATh MIUPOKUH AUANa30H H3MEHEHNS 3aJaHHOTO YPOBHS OCBEIIEHHOCTH U CIETy-
FOIIHE TIOKA3aTeNTN KaueCTBa PETYINPOBAHMS B YCTAHOBUBIIIEMCS PEXXUME: CTaTHYEeCKast
ommbka AE . < 2,5 %; Bpems perynmuposanus £, < 1 ¢; nepeperymiposanue o < 10 %;
KOJIMYECTBO MepeperynupoBanmii n < 1.

IIpoBeneHHbIE paHee UCCIEAOBAHUS ITIOKA3aIIH, YTO SKCIEPUMEHTAIBHBIM OI00POM
3HAUYEHUH NapaMeTpOB PEryssITopa HAalTH UX ONTHUMAJIbHbIEC BEIMUNHBI 3aTPYIHUTEIb-
HO [18]. B nogo6Hpix CAP BO3MOXXHO BOBHHMKHOBEHHE CYIECTBEHHBIX ITYJIbCAIHH
CBETOBOTO MOTOKA CBETUJILHUKOB CO 3HAYUTEIBbHBIM IEPEPETYIHPOBAHUEM, a TAKIKE
pabota B kojebarensHoM pexxume. B CAP ocBenieHHOCTH 1enecoo0pa3Ho NpUMEHEHNE
[MU-perynsaTopa, obecrnieunBaromiero Tpedyemblie mokaszarenu kadectsa CAP co craruc-
TUYECKOH OMIMOKOM, ONM3KOH K HYITIO.

Lenbro HacTosimedt paboTHl siBNsAETCS onpeneieHue napamerpos [11-perymns-
topa nudpopoit CAP ocBemeHHOCTH B KJIETKAaX JIJIsl COJIEPKAHUS CEIbCKOX03SHC-
TBCHHOU MTHUIIBI, 00CCTIEINBAIOIINX TpeOyeMbIe MoKa3aTean KauecTBa mpoiiecca
peryiaupoBaHusl.
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O030p TuTEpPaTYpHl. YUCHBIMHU paccMaTpUBaloTCs napameTpsl nudposoii [11-pe-
TYISTOpa — IPOIOPLIUOHATIBHBIN KOY((GUIMEHT U OCTOsHHAS BpEMEHU HHTETPUPOBa-
Hus'. Taxoke 1715t 1UPOBOTo PeryisTopa B Ka4ecTBE BAPHUPYEMOT0 apaMeTpa MOKET
BBICTYIIATh BpeMs nuckperusanuu [19; 20]. s onpenenenus napaMeTpoB peryasTopa
B OTEUCCTBEHHON M 3apyOeKHOM MpaKTHKE MPUMEHSIOTCS aHAIUTHICCKUE H DKCIIe-
pUMEHTabHBIE METOIBI pacuera, Takue kak BTU, CubTexOnepro, Metos 3a1aHHOTO
3aryxanus, Komemosuda, Crorecrana, [{urnepa — Hukonsca, Kyna, llenens, AMIGO,
Yuna-Xponeca-Pecsuka (CHR), uncinenHoi onrumusanuy u ap.2 [21-29].

OnuuM 13 Hanbosee U3BECTHBIX SKCIIEPUMEHTAIBHBIX METOAOB OIIPEAEICHHUS apa-
METpPOB perynaropa sieisiercs Meton Llurnepa — Hukonbca, ocHOBaHHBIHM HA MOTyYEHUT
rpaduka nepexoaHoro mporecca CAP Ha rpaHuile YyCTOWYUBOCTH CHCTEMBI® [26—29].
OpHaxo MPUMEHEHHUE €r0 HE BCETAa BO3MOXKHO M HE TapaHTUPYET ONTUMANIBHBIX MOKa-
3aTenei KkauecTBa mepexoaHoro mpoiecca* [29].

Metox CHR?® [28; 29] siBnsiercst pa3Butuem Metoza Llumiepa — Hukonbca 1 0cHOBaH
Ha aHaJIM3€e OTKJIMKa O0BEKTa PETYINPOBAHNUS Ha CTYIIEHYAaTOE TECTOBOE BO3/ICHCTBHE.
JlaHHBIH METOJ MO3BOJISIET MONYYUTH OOJNBIIHIA 3amac yCTOHUNBOCTH cucTeMBI® [29].
Pacuer nmponopuuonanbHoro ko3 duuumenta k, 1 NPUBEIEHHON IIOCTOSHHON BPEMEHH
unrerpuposanus 1, no merogxy CHR s anepruony€eckoro nepexoHoOro mporecca Mu-
HUMaJIbHOM AJIMTENbHOCTHU IIPU U3BECTHBIX XapPAKTEPUCTUKAX OOBEKTa PEryIMPOBaHUS
MOXET OBITh IPOU3BEAEH 10 BBIPAKECHUIM:

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

e k,, — ko3pHUIHEHT nepenaun 00bEKTa PEryIMpoBanus; 7, — MOCTOSHHAsA BPEMEHH
00BEKTa, C; T, — 3ama3/IbIBAHUE HA OOBEKTE, C.

! Cpena IMHAMHYECKOTO MOJICNTMpOBaHus TexHInIeckux cucteM SimInTech : TTpakTHKyM MO MOZETHPO-
BaHMIO CHCTEM aBTOMATHUYECKOTO perynupoBanus / b. A. Kapramos [u ap.]. M. : IMK Ilpecc, 2017. 424 c.

2 Kopenun O. H., CrankeBuuyc A. A. VccienoBanue v ananus MeTooB Hactpoiiku [TUT-perymstopa /
HNudopmanmonnsie cucteMsl U TexHoiorud : C6. mar-nmoB XXV MexayHap. Hayd.-TexH. koH). H. HoB-
ropox : HI'TY um. P. E. Anekceesa, 2019. C. 634-640. EDN: ZIFTIM; I'ycapoB A. B., Konusikos I1. C.
HccnenoBanne meromoB HacTpoiiku [11/]-perymsaropa st cCHCTEM ¢ MaJIbIMH TTOCTOSSHHBIMH BPEMEHH //
Texuuueckue Hayku B Poccun u 3a pyoeskom : Mat-ibl VIII Mexnynap. Hayd. koH}. (20-23 urons 2019 .,
r. KpacHonap). Kpacaonap : HoBamus, 2019. C. 22-23. EDN: CSVHOR; YUepros b. A. Hacrtpoiika cucrem
ABTOMaTHYECKOTO YIPABICHHS U PEryJHpPOBaHUs : yueld. mocobue Ui MaruCTPpaHTOB CHENHAIEHOCTH
6M070200 — Apromaru3zanus u ynpasneane. Anmatel : HAO AYDC, 2019. 87 c.; Komemosuy A. I1. Un-
XKEHEpHBIE METOIbI pacueTa IpU BbIOOpE aBTOMATHUYECKUX peryasTopo. M. : [ocynapcTBeHHOE Hay4yHO-
TEXHUYECKOE M3IaTeNILCTBO JIUTEPATYPHI II0 YepHOH 1 IIBETHOH MeTaiutypruu, 1960. 192 c.

3 Kopenun O. H., CrankeBuuyc A. A. VccienoBanue u aHaiu3 MeTooB Hactpoiiku [THUI-perynstopa.

4 Cpena AMHAMHYECKOTO MOICTMPOBaHMs TexHnIeckux cucteM SimInTech : [TpakTuKyM 10 MOJEITHPO-
BaHMIO CHCTEM aBTOMAaTHUYeCKoro perynupoBanus / b. A. Kapramos [u ap.]; Kopenun O. H., CtankeBuuyc
A. A. UccnenoBanue u ananu3 MeronoB Hactpoiiku [IN]I-perynstopa.

5 Kopenun O. H., CrankeBuuyc A. A. VccnenoBanue U aHanu3 MetoqoB HacTpoiiku [TU/]-perymsito-
pa; I'ycapor A. B., Komsxos I1. C. UccnenoBanue metonoB Hactpoiiku [T /I-perymsitopa ans cucteM
C MQJIBIMH TIOCTOSTHHBIMH BPEMEHH.

¢ T'ycapos A. B., Konunsixos I1. C. VccnenoBanue metonoB Hactpoiiku [T ]JI-peryssropa s cuctem
C MQJIBIMH TIOCTOSTHHBIMH BPEMEHH.
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JlnuTenbHyo IpoBepKy BpeMeneM npoiien merox BT, [Tpubnmxennbie GpopMyiibi
JUIS| BBIYHCIICHHUS [TApaMETPOB HACTPOMKH PETYISTOPOB 10 IAHHOMY METO/Y OBLTH IOy~
YeHBI Ha MOJIEIAX OOBEKTOB U PEANTbHBIX PETYNATOPOB C MPUCYIIUMU UM HEITMHEHHOCTS-
Mu. B kauecTBe kputepus napamerpudeckoii ontumuzaiyu B Gopmynax BTU npunsTe
CTeTIeHb 3aTyXaHus ¢ = 75 % M uHTerpanbHast KBaApaTUIHas OI[eHKA KadeCcTBa, OIM3Kas
x MmunuMyMmy. Pacuer k, u T, no metony BTH nj1s oTHOCHTENBHOTO 3amasabiBaHust Ha
o0Obekre perynuposanus 7,,./T, .= 0,2-1,5 npoussoautes mo Gpopmynam:

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

kp

B oreyecTBeHHOI MpakTHKE® IPOCTOTOM ONpeAeIeHNs TPHOIMKEHHBIX TapaMeTPOB
HACTPOWKHU PETYISATOPOB OTIAMYAETCS MeTol, onyoinukoBanHbli A. I1. Konenosuuem®.
Onpenenenwue k, u T, no merony Konenosuya st aniepuou4eCcKOro NEPEXOJHOIO IIPo-
1ecca MUHUMAJIbHON AJIUTEIbHOCTH IPOU3BOIUTCS 110 BBIPAKEHUSIM:

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

Martepuanasl U MeToAbI. B paboTe ncnonb30BaHbI JIEMEHTHI MaTeMaTHIECKOM
CTaTUCTUKH, TEOPUH TUIAHUPOBAHMS SKCIIEPUMEHTAIBHBIX UCCIET0BaHHM, KOPPEISIIIH-
OHHO-PErPECCHOHHOTO aHAJIN3a, TEOPUN aBTOMAaTHYECKOTO YIIPABIEHUS U KOMITBIOTEP-
HOTO MojenupoBanusi. O0paboTKa SKCIIEPUMEHTANBHBIX UCCIICIOBAHUI BBITIONHSIACH
B mporpamme Microsoft Office Excel.

KoMmbroTepHOE MOAEINPOBAHUE IPOBOAMUIIOCH B CPENIE JUHAMUYIECKOTO MOEIHPO-
Banus SimInTech ¢ ucnonp3oBanuem merona naTerprpoBanus Ditnepa. [locTosHHBII
urar uaterpupoBanust 4,883-1077 ¢ mpUHAT ¢ yUeTOM YacTOThI U paspsaanoctu [IINM-
CUTHAJIOB TOKOB CBETOM3Iydaromux auonos (manee — CHU/I). Pacuersr napamerpos
[IN-perynaropa npousBoaunucs no merogam CHR, BTU u Konenosuya.

OO0bexToM HccenoBanust sBisiercs nudposas CAP ocBeleHHOCTH KIETOK IS Coaep-
JKaHUS CeNTbCKOX03SICTBEHHOM MTULIBL. McciemoBanus MPOBOAUIUCE Ha IaA0OPAaTOPHOM
o0pasiie HuUQpOBOH CUCTEMbI TMHAMUYECKOTO JIOKAJTLHOTO OCBEIEHHS, N300paKeHHOM
Ha pHCyHKe 1, KOTOpbIil BKITIIO4aeT B ce0s YIPaBISIOUINI IPOrpaMMHUPYEMBI JIOTHYEC-
knid kouTposep (nanee — [1JIK) Trim5 ¢upmer Segnetics, MHOTOKaHAJIBHBIN CBETOAH-
OIHEIN npaitBep (manee — apaiisep CHJ1) u TutaTy ynpaBiieHAsS ¢ MAKPOKOHTPOJIIIEPOM
ATmega328P, cBeTonMoAHbIE CBETUIILHUKY, JAaTYNK OCBEIIEHHOCTH U JIOTIOJIHUTEIbHOE
anexrpoobopynoBanue [10]. Ha 6oxoBo# maHenn cTeHaa pactoinokeH pa3beM ISt TIOI-

KIIFOUCHHMA BHCIIHHUX CBCTHJIBHHUKOB U JaTYHMKa OCBCIICHHOCTH (z[anee - I[O)
"Yepuos b. A. Hactpoiika cucteM aBTOMAaTHYECKOTO YIIPABICHHUS U PETYIUPOBAHHSL.
8 Tam ske; Kopenun O. H., CrankeBuuyc A. A. Vccnenosanue 1 anaiu3 MeTonoB Hactpoiiku [TU]T-

peryasropa.
° KomesioBu4 A. I1. MHKeHEpHbIE METOIBI pacyeTa MpH BEIOOPE aBTOMATHYECKHX PETYISITOPOB.
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Puc. 1. JlaboparopHslii oO6pa3eir (G pPOBOM CHCTEMbI JUHAMHYECKOTO JIOKATBHOTO OCBEICHHUS.
Agtop ¢ororpaduu 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) OBbII MOAKIIOUEH OTACIBHBIA KOMIAKTHBII
CBETOIMOJHBINA CBETWIBHUK [30] cHCTEMBI JIOKJIBHOTO TUHAMUYECKOTO OCBEILECHUS,
3aKperuieHHbIH Ha moaBece 1 udpooii 10 Ha 6aze mukpocxembl OPT3001. Paccrosaue
OT CBETWJIBHHUKA JI0 BOCIIPUHUMAIOIIEH OBEpXHOCTH faTurka paBHo 0,5 M. Ha atom
PacCTOSIHUM CBETHJIBHUK CO3/1aeT MAaKCUMaJIbHYIO OCBeUIeHHOCTh 51,4 nk. /uanason
HU3MEHEHHs cBeTOBOTO noToka coctarisieT oT 0 1o 100 %, KIIT — ot 2 660 10 5 640 K.
VYrpasnenne Tokamu CUJ] Terioro u XoinoqHOTO CBEUYCHUS OCYIIESCTBISIETCS IBYMS
HIMM-curnanamu ¢ gactotoi 2 kI u paspsgHocThio 10 OuT.

ODyHKITMOHAIBHAS CXeMa MCCIIeyeMO CUCTEMBI n300pakeHa Ha pucyHke 2. O0b-
ektoM perynupoBanus (nanee — OP) B marroi CAP sSBisieTcs KieTKa s conep KaHms
HTHLBI C Pa3MEIIEHHBIM CBETOJUOIHBIM CBETHIBHUKOM. DYHKINIO 3a1a10IIEr0 OpraHa
(manee — 30) Bemonaset [1JIK. Bocnpuaumaromum opranom (manee — BO) cimy)ut
mudposoit J1O. CBeTonnoaHsli IpaliBep NMpeacTaBiIsieT cOO0OH PEeryInpyrOIUi oprad
(manee — PO). MukpoxonTtpomep (ganee — MK) ocymectsisier pyHkuun npeodpasy-
fommx opranos (nanee — CO, [101, [102) u peryastopa. I[101 popmupyer LHNUM-cur-
Hautel ynpasineHus, [102 npous3Bogut GpuisTpaluio CUrHaia JaTunka OCBELICHHOCTH.
Perynupyemoii BEIIMYMHOM SIBIISIETCS OCBELEHHOCTD £, co3qaBacMas Ha JHE KOPMYLIKU.
3a OCHOBHOE BO3MYIIIEHHUE NIPHHATO H3MEHEHHE (POHOBOM OCBEIIEHHOCTH £, B TIOMEIIe-
Huu. Bennunna E noaaep)kuBaeTcs Ha 3aJJaHHOM YPOBHE 3a CYET U3MEHEHUS Perylu-
pytoriero BoszeicTsust [, — TokoB B pexume [IINM-ynpasieHus, mpOTEKatOIHX Yepe3
CBETONMOMABI CBETHIIHbHUKA. 3anatomuM curHaioM CAP sBisieTcst 3aaHHbBIN YPOBEHD
OCBEIICHHOCTH HA KOHTPOJIbHOM MOBEPXHOCTH £ ,.
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Puc. 2. ®ynkunonanbHas cxema mudposoit CAP ocBemeHHOCTH
Fig. 2. Functional diagram of digital ACS of lighting

Hcmounux: 30ech U anee B CTaTbe BCE H300PaKEHHS COCTABIICHBI aBTOPaMH.
Source: Hereinafter in this article all figures were drawn up by the authors.

Hccnenyemas CAP pabotaet cremyrontim o0pa3oM. KoHTpoIs TeKyIIero ypoBHsi oc-
BEILLIEHHOCTH £ MPON3BOAUTCS AATYMKOM OCBEILIEHHOCTH, KOTOPHBII Ha BBIXOZE (POPMHUpPYET
1u(poBOii CUTHAJ M3MEPEHHOH OCBeleHHOCTH £, 1 IiepeiaeT ero yepes untepdeiic I°C
Ha MK muiatel ynpasnenus. B MK npousBoanTcs criia)xuBaHue pe3yasTaToB U3MEPEHUI
OCBEILEHHOCTH £, IM(pPOBBIM (PUIBETPOM U CPABHEHUE CHTHAJIA OCBELIEHHOCTH Ha BBIXOZIE
(uisTpa £, ¢ 3a1aHHBIM 3Ha4eHHeM £ . B pesyibrare 5T0ro 00pasyeTcs CUrHai paccoryaco-
Banus AE = E,— E,. 3anannoe 3Ha4enue ocsereHnoctu popmupyet [UJIK u nepemaet ero
yepes unrepdeiic RS-485 8 MK. MukpokoHTpoiep 1o curHainy AE ¢ ydeTtoM TpeGyeMoro
KOT onTuyeckoro u3imyyeHusi, IPUHATOrO 3aKOHA YNPABIEHUSI U HACTPOEK PEryJsaTopa
BEIMHCISIET KoddurmerTs! 3amonaeHs D [HNM-ummynbcoB u hopMUpyeT COOTBETC-
tBytomue [INM-curnanst U, Hanpsbkenust. JlaHHbIe CHIHAJIBI TOCTYNAIOT B IpanBep
CH/I 1 OCYIIECTBISIOT YIIPABICHHE BBIXOTHBIMY TPAH3UCTOPAMH, HCIIOJIB3yEMBIMH JUIS
crabumizaimu 1 IHVM-perynpoBanust TOKOB /) 4€pe3 CBETOMMOIbI CBETHIIEHUKOB.

Ha ocHoBe ¢yHKIMOHAIBHON cXeMBbl OblIa COCTaBlI€HA CTPYKTYpHas cxema Iud-
poBoii CAP ocsemennoctu (puc. 3). Ilpu 3TOM NpUHATHL CIEAYIONINE AOMYIICHUS:
KBaHTOBAHHE CHI'HAJIa OCBEMIEHHOCTH £, 110 ypoBHIO JIO ABJISETCS HECYNIECTBEHHBIM,
HE YYTEHO TEeMIIEpaTypHOe U3MEHEHHe cBeToBoro notoka CU/I; BnusHue TeMnepary-
pwt apaiiBepa CHU/ Ha TouHOCTh cTabmuian3auny Toka CH ]l He3HAuYNTENbHO; BEIXOAHAS
xapakrepucTrka apaiisepa CHU ] sBisiercst abComoTHO JnHeHo [31].

Ey
— Wi (s)

®oHOBHII cBET /

Mukpokontpoanep / Microcontroller

[ e e — Background light
E; AE D U, 1, E. E E,
| rt N N :
W, (s) Wioi (s) TN Who () T W, (s) [T Wi (s) —>
| [IU-peryastop/ [enepatop | JpaiiBep CeeTuabHUK / Habatonarens /
| Pl controller IIIHUM /PW M| CUI/LED Luminaire Observer
generator driver E
| 1
| 0 : Wao (5)J
L @nﬂp/_Filtir ] Hudposoii 10 /

Digital light sensor

Puc. 3. Crpykrypnas cxema uudpooit CAP ocenieHHOCTH
Fig. 3. Block diagram of digital ACS of lighting
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[Ipaktrueckoe GpyHkunoHnposanue uccienyemon CAP xapakTepusyercs IUpOKUM
JIMara30HOM 33JJaHHOTO YPOBHS OCBEIIEHHOCTH.

Boixonnas Benuunna E . (puc. 3) — OCBEIIEHHOCTb, CO3/[aBaeMasi CBETOANOIaMU
ceeTuibHUKA B pesxume [ITUM-Tokos. Ilepenarounas Gpynkuus nadmonarens W, (s)
n00aBIieHa B CTPYKTYPHYIO CXeMY JIJISl OIICHKH KaueCTBa PEryaMpOBaHHs OCBEIICHHOC-
TH E,, Ha KOHTPOJILHOM MOBEPXHOCTH € y4ETOM OCOOEHHOCTEN 3PUTEBHOTO armapara
YyeJoBeKa.

Jnnamudeckre cBoiicTBa 00beKkTa perymupoBanus u snemeHToB CAP ocsemien-
HOCTH OITHCBIBAIOTCS CIIETYIOIINMH MEePEeAaTOIYHBIMHU (DYHKIIMSIMA H MATEMaTHIECKAUMHU
BBIPAKECHUSAMH.

Ilepenarounas QyHKIMs 0OBEKTA PETYAMPOBAHUS 10 33IAI0IIEMY BO3JIEHCTBHUIO JUIS
TEIUIOT0 U XOJIOJJHOTO KaHaJla CBEUECHMUS:

Wiy (8) = Kews 7
Wic ()= kg ®)
TIe s — oreparop nepemnarodHon GpyHknun B mpeodpa3zoBanuy Jlamaca.

[lepenarounbie KOO)PUIMEHTSI &, U k, . CBETONMONHOTO CBETHIILHUKA VISl KAHAJIOB
TEIIOTO W XOJIOJHOTO CBEYCHUSI:

E E
k. = — MAX ; 9
Ly L V) ®
E E
kEC — _—c _ MAX (10)

I, 1,(1+ky.)

roe E wH E - — OCBCILIEHHOCTH, CO3/1aBacMbIe CH ]I Terioro 1 X0JIOAHOTO CBEUCHHS, JIK;
I, w1, — NeiCTBYyIONIME 3HAYEHUS TOKOB, npoTekaroiux yepe3 CUJL Temnoro u xo-
nozgHoro cBeuenus, A; E, = 51,4 K — MakcuMasbHas OCBEICHHOCTh, CO3/1aBaeMast
ceetuwibHuKOM; [, = 0,1 A — ammuiutynnoe snadenue HIMM-curnanos toka CUJL;
ke = 0,9274 — k03 HUIHMEHT COOTHOIIEHUS OCBEIICHHOCTEN, CO3IABAEMBIX «TETUIBIND)
u «xonogasiM» CHUJ] cBeTHIIBHUKA.

Ilepenarounast pyHKIHMSA 0OBEKTA PETYIUPOBAHS TT0 BOSMYIIEHHUIO:
Wy(s)=1. (11)

[Mepenarounas GyHKIUS 3pUTEIHHOTO annapaTa HaOIroaaTens:

1

T,s+1 (12)

Wis ()=

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

[udporoii /IO npon3BoauT H3MEPEHNE CUTHANIA TT0 CIICMYIOMEMY aJlTOPATMY: CHavaIa
BBITOJIHAETCS] CYMMUPOBaHHE U3MEPSIEMOM OCBEIIEHHOCTU B TEUEHUH BPEMEHU UHTETPU-
pOBaHUsI, 3aTeM OIpeeIseTCs CpeaHee 3Ha9YeHNE U (OPMHUPYETCS] KOHEUHBIA Pe3yIbTaT
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H3MepeHI/Iﬁ C y4€TOM 12-0utHOrO paspeuicHrd Curaaja. ypaBHeHI/Ie, OITMCBhIBAIOIICC
nmpouecc u3MEpeHUss OCBCIICHHOCTU JATYNKOM, MOKET OBITH MMpEeACTAaBJICHO B BUAC!:

E] — ZEJTJ’

Tpo

(13)

e 7, = 0,1 ¢ — Bpems unrerpuposanus mupposoro J10; 7, — Bpemst npeodpazoBanust
curnana AL ¢; £, — 0cBemEHHOCTh etMHnIHOr0 usmepenns AL

Taxke HEOOXOIUMO YIUTHIBATh BPeMs, 3aTpadunBacMoe Ha 0O0pabOTKy MaHHBIX
U3MEPEHUil TaTINKOM U X repenady uepes uarepdeiic 1*C. DKcriepuMEHTaIbHO YC-
TaHOBIIEHO, YTO CyMMapHO 00pa0oTKa U repeada JaHHBIX JaTYMKOM OCBEIIEHHOCTH
3aHuMaet 7, = 3,0041-107 c.

[lepenarounas pyHkuus nudpoBoro GUIETPa B TMHEHHOM MPEICTABICHUH OIHACHI-

BAaCTCAd YPABHCHHUCM aAlICPHUOJAUYCCKOTO 3BCHA IICPBOT0 MMOPAIKA:

1
Whoa (8) = m (14)

e T, — MOCTOsIHHAsT BPEMEHU ¢uneTpa, C.
Curnan pacconmacoBanus CO 3anumieM Kak:

AE=E,-E,. (15)

[lepenarounas Gyukius uudposoro [1M-perymsitopa B IMHEHHOM IPEACTABICHUN
BBIIJISAJIAT KaK:

1 k
W (s)=k,|1+— |=k,| 1+~ |, (16)
T.s s
e k, — uarerpanbHbii kod3dpuuuent I[TH-perynsropa.
Hampsxenust Ha Beixogax reHeparopoB HIMM-curnanos s ynpasinenus CHU/L
TEIUTBIM M XOJIOAHBIM CBEYCHUEM MOTYT OBITh ONPEAEIICHBI NCXOMs U3 YCIOBHI:

U,eciut=t
y ONW
Upw = ; (17)
0,ecnu t =1,y
U - U, ecmmt =1,
pc = ; (18)
0, ecmu 1 =1,
e U, =5 B — ammuryna Hanpsokenust [IHHIMM-curyanoB ynpasieHus; ¢, At . —
npomokuTensHOCTh uMITyabca LIHNMM-curnana st CUJ Temmoro u X0JiomIHOTO CBe-
YEHUS, C; £, U L) — TIPONOIDKHMTENBHOCTD Nay3bl [IIMM-curnana g CUJI rerioro

" XOJIOOHOI'O CBCUCHMUS, C.

1

Lovw = ; 19
ONW DWf ( )
1
toye = ; 20
ONC Dcf ( )
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1 .
Lorrw :7_t0NW’ @1

1
Lorrc = 7 —lone’ (22)

e DW ubD o ko3 unuent 3anonnenus LLHIMM-curnana Toka C1J] Ternoro u xomon-
Horo cBeueHus; f= 2000 ['n — vactora HIUM-curnanos.

Kosppuumentst D, u D .3aBucsr ot tpebyemoii KIIT onruueckoro usnydenus. [pu
MOJETMPOBaHUHI HEOOXOMMO YUUTHIBATH EPUO] BBHIMOIHEHHMS LIMKIIA IPOTPAMMBI, CpeIHee
3HaYEeHHE KOToporo cocTapnser 7, .= 1,021-107 ¢ (onpeneneHo 3kcrepuMeHTaNIbHO).

[epenarounsie GpyHkiuu apaiisepa CH/] Terioro u XxoaoHOro KaHaJ0B CBEUCHUS
OTIMCHIBAIOTCS BBIPAKEHHUSIMHU:

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

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

B skcriepuMeHTax MO CHATHIO KPUBBIX TIEPEXOIHBIX MPOLECCOB HA J1a00paTOpHOM
yCTaHOBKE B KauecTBe 3a/1ato1ero oprana ucrnons3oaics [1K. Bosmymenne cozgaBanoch
Ha MPOrPaMMHOM yYPOBHE ITyTeM CTYTIEHUATOr0 M3MEHEHHS KOO PUIIMEHTOB 3aI0HEHUS
[INM-curnana TokoB CUJ Ha BENMMYKHY, COOTBETCTBYIONIYIO E . ONBITHBIE TaHHBIE
sammceiBanuch Ha [1K, cautriBanne ganasix ¢ MK ocymecTBIsmiocs aepes narepdeiic
UART ¢ nomompto BctpoernHoro npeodpazorarenst UART<=>USB. PazpaboTka skcrre-
pUMeHTanbHOU mporpamMmMsl Ut MK miaTsl ynpaBieHNs IPOU3BENEHA C UCIONb30BaHUEM
nporpamMMHoTo obecrieuernss FLProg u ArduinolDE Ha si3pikax mporpaMmMHpOBaHUS
FBD u Arduino C. KonmnuecTBO MOBTOPHOCTEH IIJIsT KQXKIOTO OMBITA C PA3IMIHBIMU
3HaueHusaMu £, u E, paro 10. Jlist Kax 104 OBTOPHOCTH MCTIONB30BAIOCH CIIy4ailHOEe
cMelleHe Havyana BpeMenu unrerpuposanus J1O. Ilpu MonenupoBanuu 3a1aBascs mar
CMEIIeHUs Hayalla BpeMEeH! HHTErprupoBaHus natunka 10 mc.

PesyabTarsl uccienopanms. Ha ocHoBe cTpykTypHOi cxembl CAP ocBemeHHOCTH
(puc. 3) u onMcaHUs €€ OCHOBHBIX 3JICMEHTOB ObLjla COCTABJICHA CTPYKTYpHAas cXema
monenupoBanus CAP B cpene SimInTech (puc. 4).

B crpykrypHoii cxeme MogenupoBanus (puc. 4) omoku «I1JIK», «MK», «JIpaiiep
CU]l», «CetrmsauKY, «Iludposoii JJO» seistorcs cyomonensmu. CTpyKTypa TIIaBHOM
cyomomenn « MK» mpemcraBieHa Ha pUCyHKE 5.

brnoku «Pacuer D» u «I'ereparop LLIM» (puc. 5) peaqn3oBaHbI C UCTIOIE30BAaHHEM
TEKCTOBOTO SI3bIKa ITPOTrpaMMupoBanus, BcrpoeHHoro B SimInTech. B 6noke «Pacaer D»
MpOUCXOIUT pacueT Kodddunnentos 3anonnenus: LIMM-curnanos tokoB CUJI Temoro
Y XOJIOONHOTO CBEeYEeHHUs B 3aBUCHUMOCTH OT TpeOdyemoil KIIT ontudeckoro uznmydeHusl.
MonenupoBanue nposeneno st KT, paBuoit 3779,57 K, koTopast cOOTBETCTBYET
MaKCHUMaJIbHOW OCBEIIEHHOCTH, CO3/]aBa€MOM CBETUIHLHUKOM.

brok «I'eneparop LLINUM» dhopmupyer LLINM-curaansr HanpspKeHHs: B COOTBETCTBHU
¢ ypaBHeHwsvu (17-22) mist ynipapieHus Tokamu uepe3 CH ] TeTnioro 1 X0JI0qHOTO CBEUCHHSI.
broxu «3aneprxka MKy yaUTBIBAIOT 3a€pKKy Ha IEPHUOJ BBITTOIHEHUS LIUKJIA POTPAMMBI.
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MuKpoKoHTpoJLIep / Ev
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— uw Udw Idw P 1w +
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Ez Jpaiiep CU// CBeTHJIbHUK / E=f(t)
LED driver Luminaire
Ei E
lludposoii 40 /
Digital light sensor
A~ o k
&y f\& Ts+1
Ei=f(t) En=f(t) HaGumoparens /
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Puc. 4. CrpykrypHas cxema moaenupoBanus undpposoii CAP B cpene SimInTech
Fig. 4. Simulation block diagram of digital ACS of lighting in the SimInTech program

& D>

Kp Jlumur 0..1 /
i K = 0...1 limit
Ts+1 Tm\@
Quibtp / Ef=f(t)
Filter —
3779.57 — ::<* -TS
CCT «t PL
- )
KUT / Jlumut CCT / PacyerD/ —» leHepartop
CCT CCT limit  Calculation D LIUM / PWM 3apgepxka /
generator Delay

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

B pazpaboTanHoii kKoMIbI0TepHOI Mozaenu nugpoBoit CAP ocBereHHOCTH B cpe-
ne SimInTech auckpernzanus no yposHio u BpeMeHu HIMM-curnanoB HampsokeHHsT
peanusyetcs ¢ moMmoIipio 01oka «I'eneparop LMy (puc. 5) ¥ MOCTOSHHOTO ITara
HMHTErPUPOBAHMS, PABHOI'O MUHUMAaNbHON mMpruHE uMityasca MM HanpsokeHHui.

Onpedenenue napamempos 06006uenHo20 00vbekma pe2yniuposanus. B COOTBETCTBHN
¢ meromamu CHR, BTU u Konienosrua mytst pacuera mapametpos [T -perymsropa TpeOy-
I0TCs 3HAYEHMSA Koo duimMenTa nepeaum k., MIOCTOSHHON BpeMerH T, ¥ 3ama3/IbIBaHust
7,,; 0000IEHHOr0 00BEKTA PETYIMPOBAHHMS, KOTOPBIH BKIIFOYAET B ce0s1 BCe aneMenTsl CAP
OCBELICHHOCTH, KPOME 33IaI0ILETr0, CPABHUBAIOIIETO U HEMOCPEACTBEHHO PETYIISTOPA.
Otu napaMeTpsl 00BbEKTa MOTYT OBITH PACCUMTAHBI aHAIMTHUECKU HIIU ONPENEICHBI
rpaMuecKy 1Mo KpUBBIM pa3roHa.

Kospdpunment nepenaun k , 4MCIEHHO PaBEH 3HAYEHUIO MAKCUMAJILHOM OCBEIEH-
HOCTH, CO3/1aBAEMOM CBETUIILHUKOM, CIIEN0BATENBHO, k. = 51,4. [Tapamerp T onpene-
JIETCSA MOCTOSHHOM BpeMenu ¢puibtpa, 10 ecthb 7, = T, = 0,125 c. OOuiee 3anas/ipBanue
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B CHCTEME CKIIA/IBIBAETCS U3 POIOJDKUTENILHOCTH MHTErPUPOBanus 7, , udpposoro J10,
3a/IEPKKH Ha 00pabOTKY JIAHHBIX U3MEPEHUH U MX TIEpeiady T, , IEPHOOM BBITIOJTHEHHUSI
UMK IPOrPamMMBbl 7, .0 T, =7, + 7,  +7, .=1,04107c.

Onpedenenue napamempos ITH-pezynamopa, oyenka kauecmea npoyecca pe2yiu-
posanust. B coorBerctBun ¢ BeiOpanubiMu MetonamMu CHR, BTH u Konenoeuua 1o
BBIpakeHUsM (1—6) mpom3BeneHsl pacueTsl mapameTpoB [ -perymsropa, pe3yabTaTsl
KOTOPBIX TPE/ICTaBICHEI B Ta0OmuIe 1.

Taonuuma 1

Table 1
ITapamerpsl HacTpoiiku ITH-peryasitopa 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 14,076:10°° 100 mc /ms
Komnenosuya / Kopelovich 14,027-1073 145,72 mMc / ms

Hcmounuk: 31ech U Jjanee B CTaTbe Bce TaOlHIbI COCTaBICHbI aBTOPAMH.
Source: Hereinafter in this article all tables were drawn up by the authors.

ITyTeM KOMIIBIOTEPHOTO MOJACIUPOBAHHS OBUIN MOTYUYCHBI IIEPEXOJHBIC TPOLECCHI
CAP nnia nacrpoek [1U-perynsitopa, npeacraBieHHbix B Tadnuue 1. Kpussle pasrona
IUISL 3aJ1a101IET0 Bo3eicTBHA £, = 10 JIK COOTBETCTBYIOT BPEMEHU MOJIEIMPOBAHMS
t,,= 0-2 ¢, Ui NOJOKUTENBLHOTO ¥ OTPULATEIBHOIO BO3MYIIEHUH — ¢, = 24 ¢
ut, = 4-6 c. IlepBoe ctynenyaroe usmMmenenre GoHoBOM ocpermenHocTy ot 0 1o 1 1k
(AE, = +1 5x) npousseneHo mpu ¢, = 2 ¢, Bropoe — ot 1 10 0 1x (AE, = —1 5x) npu
t,,=4 c. Pe3ynbrarhl MOJIETMPOBAHUSI TIPE/ICTABIICHBI HA PUCYHKAX 6 U 7, T1€ KPUBBIE
1, 2 m 3 coorBeTcTBYIOT HacTpoiikam [IM-perynsaropa, onpeneneHHbIM IO METOAAM
CHR, BTU u Komnenosuua.

14 [Ey, ax/1x
N
12 2
/ 3 \
/-

[ —
\‘

t, Mc / ms

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Puc. 6. Ilepexonnsie npoueccel CAP no 3aaaroiiemMy BO31CHCTBUIO
Fig. 6. Transient processes in ACS for a master control
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Puc. 7. Ilepexonnsie npoueccel CAP 1o Bo3MyILeHHIO
Fig. 7. Transient processes in ACS for a perturbation action

[\

BusyanbHbIi aHAN3 KpUBBIX TIepexoaHbIx mporeccoB CAP, n3o0pakeHHBIX Ha pH-
CYHKe 6, TIOKa3bIBa€eT, YTO HAMITy4IlIee Ka9eCTBO IIEPEXOIHOTO MPOIIEcca MO 33/1al0IIEMy
BO3JIeHCTBUIO 0OecrieunBaroT napamerpsl [I1M-perynaropa, momydeHHBIE 110 METOIY
Komnenosuua. Ilepexonusiii npouecc CAP a1 mapamMeTpoB perymisTopa, BEIYUCIEHHbBIX
o metony CHR, obecrnieunBaeT anepruoudueckuii IepexoHbIi mporecc 0e3 nepepe-
TYJIUPOBaHUs, HO UMeeT OOJbIIOE BpeMsl peryanpoBanus. [lepexoaHblii mporecc npu
HACTpOMKax peryisTopa, noiny4eHHbix o merony BTU, xapakrepu3syercs 3HaYUTETbHBIM
(6onee 25 %) nepeperynMpoBaHUEM.

AHanmn3 KpUBBIX MEPEXOAHBIX TPOIIECCOB IO BOMYIIIEHHUIO (PHC. 7) TOKA3BIBAET, UTO
napametpsl [1H-perynaTopa, monydeHHsie 1o Metoay KorenoBuua, Takxke 00eCeunBaroT
Jy4Iiee KaueCTBO PETyINPOBAHMS.

3a cuer IMM-ynipagsenns TOKaMu CBETOMOIOB OCBEIIEHHOCTD £ KONEOIETCS ¢ am-
wmTyno# 17 MiTk OTHOCHTENNBHO cpenHero 3a repuon (0,5 mc) 3aauenns. Ha rpaduxax
MIEPEXOHBIX MIPOIECCOB, H300paXEHHBIX Ha PUCYHKE 7 B yBEIIMYEHHOM MaciTade, 3To
MIPOSIBIISIETCS B YBETTMUECHUH TOJIIUHBI KPUBBIX /, 2 ¥ 3 HA TOPU3OHTAJIBHBIX yUACTKAX.

Paccunrannsie mokazarenu kadecTsa perynupoBanus CAP oCBEIEHHOCTH IPY Ha-
CTpOWKax peryisaropa, Moay4eHHbIX 110 MeToay KomenoBuya, y10BIE€TBOPSIIOT HCXOAHBIM
TpeGoBaHMsIM (Tad. 2).

Ouenka kayectsa perynuposanus CAP npoussenena ajis 0CBEMEHHOCTH £, KOTO-
pas XxapakTepu3yeT BO3JIeiiCTBUE CBETa Ha HAOIIOAATENS C Y4eTOM HHEPIIMOHHOCTH €T0
3pUTENBHOTO afapara Mpy BOCIPUATHH MUMITYJIbCHOTO CBETOBOTO MOTOKA (KpuBas /
Ha puc. 8).

HecmoTpst Ha CyIIECTBEHHYIO IMCKPETU3ALMIO 110 BpeMEHU curHana £, = f(f) na
BBIXOJIE IaTYHNKA OCBEIEHHOCTH, 33 CUET PABEHCTBA ITOCTOSHHBIX BPeMEHU I (PPOBOTO
¢unbrpa T, u 3puTenbHOTO anmnapara Hadmonarens 7, nomy4eH 3p(eKT HIEHTHYHOCTH
kpuBbIx £, = f(f) u E, = f(f) co capurom no Bpemenu oxono 103 mc (puc. 8). I1o mos-
BonsieT CAP Gosee KOppeKTHO OPMHPOBATH YIIPABIISIONIEE BO3ICHCTBHE C IIOMOIIBIO
[IH-perynaropa, 4To CIOCOOCTBYET YAYUILICHHIO KAUeCTBA PErYIUPOBAHUSL.
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Tabnuna 2
Table 2
Ioka3arenn kavyectBa peryaupoBanusi CAP
Regulator performance indicators of ACS
[oxazarens kauecTBa / 3anatoree Bo3aeiicTBre / B03My£11a}omee
BO3zIEiicTBHE /
Regulator performance Master control - -
Perturbation action
Craruueckas ommbka AE,, nk / Static error AE, K =0 =0
Bpewms perymuposanus £, Mc / Control time #,, ms 384,16 382,35
Ilepeperymuposanue o, % / Overshoot g, % 3,18 6,80
Yucno nepeperyauposanuii 7 / Number of overshoots 7 1 1
14 [E ax/1x )
12 /
3
1

8 A

Vv
VAV

0 100 200 300 400 500 600 700 800 900 1000

Puc. 8. Ilepexonnsie npoueccsl B CAP mo 3axatonieMy BO3IeHCTBHIO
npu £,=100k: 1 -E,2-FE,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 mooeau CAP oceewyennocmu. C 11eIbIO OICH-
KH JJOCTOBEPHOCTH PE3yJIBTaTOB KOMITBIOTEpHOTO MonenupoBanust CAP ocBelieHHOCTH
MIPOBECH PS/I HATYPHBIX SKCIIEPUMEHTOB IO TIOIYYCHUIO TaHHBIX H3MEHEHHS BO Bpe-
MEHH OCBELIEHHOCTH £, Ha BBIXO/IE HU(POBOTO (DUIIBTPA IIPH CTYIIEHYATHIX 33/IAI0IIEM
Y BO3MYIIIAIOIINX BO3MEHCTBISIX. OMBITH MPOBOAMIIUCH Ha JTA0OPATOPHOH YCTaHOBKE,
n3o0pakeHHoM Ha pucyHke 1. [Ipu aToM 3a7aromiee 1 BO3MYIIAIOIINE BO3EHCTBHS CO-
3[1aBAJTMCh AHAJIOTUYHO MTPOBEICHHOMY KOMITBEOTEPHOMY MOJISITUPOBAHUIO, PE3YIBTAThI
KOTOpPOTO 0TOOpaKeHBI HA PUCYHKAX 6 1 7.

HarnsHoe cpaBHeHue peansHOro nepexoanoro npomecca B CAP ¢ pesynbraramu
KOMIIbIOTEPHOTO MoaenupoBanus s £, = 10 nxk u KT = 3779,57 K Bo3MOKHO 1myTeM
COTOCTABJICHUSI KPUBBIX, KOTOPBIC MIPUBEIICHBI HA PUCYHKE 9. [paduku nepexomHbix
npoueccos £, = f{¢) MOCTPOEHBI 10 pe3ynsTaTaM 00paboTKU SKCIIEPUMEHTATBHBIX
maHHeIX 10 OmBITOB.
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Puc. 9. Ilepexognsie npoueccsl B peanbHoit CAP (cuHss TUHMS)
U B €€ KOMIILIOTEPHOU Mozien (KkpacHast nunust) jis £, = 10 ak:
a) 10 3a/IaloMIeMy BO3IEHCTBHIO; 6) 10 Bo3MyIIeHuio 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 MonenupoBanus CAP 0CBEIIEHHOCTH XOPOIIO COMOCTaB-
JIAIOTCS ¢ KPUBBIMU pa3roHa peayibHON cucTeMsl (puc. 9), HabmomgaeTcsi O4eBUAHOE
CXOJZCTBO BCEX XapAaKTCPHBIX YHYAaCTKOB KPHBBIX. Yucnennas OII€HKa COBIIaACHUA
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SKCIIEPUMEHTAJBHBIX JaHHBIX C pe3yidbTaTaMUu MOAEIHUPOBAHUS NMPOU3BEACHA 11O
K03(pPUIHEHTY OeTepMUHALUH AJIsl MPOJOJKUTEIFHOCTH MEPEXOAHBIX IPOIECCOB,
paBHOH 1 ¢ 1o 3ajaronieMy BO3/IEHCTBUIO U BO3MyIIeHUAM. CoMmocTaBileHne TOYEK
pacdeTa mpoM3BOAMIOCH IPU OJMHAKOBOM BPEMEHH, B KaU€CTBE MCXOIHBIX 3HAaUeHUN
10 BpEMEHH MPUHUMAJIUCH OTIBITHBIE JAHHBIE PEATbHOTO MTEPEXOAHOTO MpoLecca, Ipu
HE0OXOUMOCTH Pe3yIbTaThl MOACINPOBAHNUS IS 33JaHHOTO BPEMEHH OTPEIEIIITUCH
MHTEPIIOJUPOBAHNEM 3HAYCHUN OCBEIMICHHOCTEH IS MBYX OMMIKaWIIIX MOMEHTOB
BpeMenu. CoBIajieHre KPUBBIX MEPEXOIHBIX MPoIieccoB (puc. 9) Ha ypoBHe R* > 98 %
(Tabin. 3) MOXET CITYXHUTh OLEHKOH BEICOKOW TOYHOCTH pa3pabOoTaHHOW KOMITBIOTEPHOM
monenu CAP ocBeleHHOCTH.

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

R’ 1o 3ajaronieMy BO3ACHCTBHIO / R? 1o Bo3My1eHHO /
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

JlonmoTHUTENbHO aHAIOTHYHBIM 00pa30M MPOU3BEeHA OI[EHKAa TOYHOCTH MO-
nenu CAP ocBenieHHOCTH OJid APYTUX 3HAYEHUH EZ Hu AEV (Tabm. 3; puc. 10, 11).
AHalu3 1aHHBIX, IPECTABICHHBIX B Ta0IuLe 3, MOKAa3bIBAET, YTO C yBEINUCHHUEM
3a/IaHHOTO 3HaY€HHUsI yPOBHS ocBelleHHOCTH (puc. 10) ko uunenT agerepmuna-
LMY TOBBIIIAETCS.

s E,= 1 51k (puc. 11), HecMOTps Ha BEICOKOE 3HaUYeHHE KO3 PULIMEHTA AeTepMHU-
HAIMHY 110 3ajafomieMy Bosaeiicteuio (R? = 0,9887), mepeperymmpoBaHue B peaabHOI
CAP na 4,6 % BBIIIIe OTHOCUTEIHFHO KOMITBIOTEPHOM Moenu. Ilepexoanblii mpoiecc mo
BO3MyIIeHHIO B peanbHOi CAP xapakrepusyercst 6osee OBICTPhIM BBIXOIOM Ha ycTa-
HOBHBIIIEECS 3HAUYEHHUE 110 CPABHEHHIO C MOJEIIBIO.

VXyameHue coBIaIeHNsT KPUBBIX IEPEXOMHBIX TporieccoB B peanbHoit CAP 1 B ee
KOMITBIOTEPHOM MOJIEN Ha MaJIBIX YPOBHSIX 33IaHHOM OCBeIeHHOCTH (puc. 11) cBsza-
HO ¢ OoIee CymeCTBEHHBIM BIUSTHUEM MOTPENTHOCTEH H3MEPEHHIA, TIOMEX U TPUHSATHIX
B MOJIENH JionyInenuid. Hecmorps Ha 910, 11 £, 1 IK MOZIENB I0CTATOYHO IOCTOBEPHO
onuceIBaeT nepexonausle mporneccel B CAP, a ncnonezyemsle HacTpoiiku [IU-perynsaropa
o0ecreunBaloT TpedyeMoe KaueCTBO PeryIHpOBaHMsI OCBEIICHHOCTH.

O0cy:xneHue u 3ak/iaouenue. Pazpadorannas mogens nudposoit CAP ocsenien-
HOCTH U mporpammHoe obecrieduenne SimInTech mo3Bonuiy npoBecTH UcciaenoBaHUe
nanHoit CAP MeTomoM KOMITBIOTEPHOTO MOICTTUPOBAHUS.

310 Onexmpomexuonozuu u 31eKkmpoo6opyoosanue



Vol. 34, no. 2. 2024

ENGINEERING TECHNOLOGIES AND SYSTEMS .

30

25

20

15

10

25,4

25,0

24,6

24,2

23,8

23,4

23,0

Ep, nx/ 1x

/

/

/

t, Mc / ms

100

200

300

400 500

a)

600 700 800 900 1000

Ep, nk/1x

fﬁ

\

\

M

~

t, Mc / ms

4000 4100 4200 4300 4400 4500 4600 4700 4800 4900 5000

0)

Puc. 10. Ilepexonusie npoueccsl B peanbHoil CAP (cuHSS ITMHUA) U B €€ KOMIIBIOTEPHON MOzenn
(xpacHas yuaus) i E, = 25 NIK: a) 110 3a1ai0MeMy BO3IEHCTBHIO; 0) 0 Bo3MyIueHuio mpu AE, = —10 %

Fig. 10. Transient processes in a real ACS (blue line) and in its computer model (red line)
for £, = 25 Ix: a) for a master control; b) for a perturbation action equal to AE, = —-10 %
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Puc. 11. Ilepexoxusie nporeccs B peanbHoit CAP (cuHss THHUS) U B €€ KOMIIBIOTEPHOI MozenH

(xpacHas muHuA) 11 £, = 1 JIK: a) 10 3aJaro1eMy BO3I€HCTBHIO; 0) Mo BosMymienuio npu AE, = 0,5 nk

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

Br160op MeTOI0B HaxX0oXACHHS pabodux HacTpoek nudposoro [T1-perymnstopa
ClieAlyeT MPOU3BOIUTD C YUYSTOM HATMYHS AUCKPETHU3AIMHM CHUTHAJIOB 10 YPOBHIO M BO
BpeMeHu 1 poBbiMu dnieMenTamu CAP ocBemeHHOCTH. [{)si CHYUKEHUS BIIUSHUSA T10-
MeX U 00Jiee KOPPEKTHOTO (POPMUPOBAHUS PETYIIATOPOM YIPABIISIFOIIECTO BO3ACHCTBUS
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C YYETOM BOCTIPHATHS HMITYJIbCHOTO CBETOBOTO IIOTOKA HAOMIOaTeNIeM CIIeyeT UCTIONb-
30BaTh nu(ppoBoii GUIETP. BricoKne mokas3arenu KauecTBa peryIupoBaHus HU(PPOBOit
CAP o6ecneunno npumernenue [TH-perynsTopa ¢ mactpoiikamu k, = 14,027-107 u T,
= 145,72 Mc, paccuutanHbIME 110 MeToAy KomemoBuya.

CpaBHHTENbHAS OIEHKA MEPEXOAHBIX MPOIECCOB MO 3aJA0MIEMy W BO3MYIIA0-
UM BO3IEUCTBUSAM B peasibHOM CAP, peann3zoBaHHO#N Ha 1a00paTOpHON yCTaHOBKE,
U B KOMIIBIOTEPHON MOJIENH JAaHHOM CHUCTEMBbI MIO3BOJISIET CAETIATh BBIBOJ O BBICOKOI
TOYHOCTHU Pa3pabOTaHHON MOZIENIN U KOPPEKTHOCTH BEIOOPA IapaMeTPOB MOAETUPOBAHUS
B cpene SimInTech. IIpu ManpIx ypoBHSIX 33/1aHHOM OCBEIIEHHOCTH Ha ()YHKIIMOHHUPO-
BaHnu CAP oxxumaemo Oosbliie cka3bIBalOTCS IOMEXHU U CUIIbHEE MPOSIBIISICTCS BIAMSHUE
JOIMYLICHUH, NPUHATHIX P pa3paboTKe KOMIIBIOTEPHOI MoAeIH. DKCIIEPUMEHTAIBLHO
YCTaHOBIIEHO, YTO TpedyeMoe KauecTBo npoiecca perynmuposanus CAP obecneunBaercs
JUTSL LIMPOKOTO TMara3oHa 33JaHHOM OCBEIIEHHOCTH: 0T 1 110 25 Jk.

Pazpaborannas CAP ocBemennoctu ¢ [11-perynsatopom MOKeT ObITh HCTIOIB30BaHA
B IIM(POBOI cHCTEME TMHAMUYECKOTO JIOKaJTbHOTO OCBEIICHHS KIICTOK AJIS CONIEPIKaHMSI
CENTbCKOXO3IHCTBEHHOM NTHIIBL. [IepCcrieKTHBHO NCTIONB30BaHUE Pa3padOTaHHON MOEITH
CAP u xommiploTepHOT0O MozieupoBanus B cpene SimInTech uist yrouneHus onTuMalnb-
HbIX HacTpoek [11- niau ITU/I-perynaropa ¢ TOMOIIBIO TapaMeTPUIECKON ONTUMU3ALIH
IPH Pa3IndHbIX coueTaHusAx ocserneHHocTH ¥ KIIT onTrnueckoro u3ny4eHus u co3aaHus
anantuBHOW CAP 0CBEImEHHOCTH ¢ H3MEHAEMBIMH HACTPOHKAMHU PETyJIATOpa.
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Annomayusn

Beseoenue. CymectByronue crioco0bl 00e3:KUPHBAHUS KOCTCH KHBOTHBIX MO (EKTUBHEL
1 TpeOyIOT BBICOKHX IKCILTYaTAllMOHHbIX 3aTpar. J{Jist perieHus JaHHOH mpo0IieMbl aBTOpaMu
HACTOSIIECH CTAThU MPEIJIaraeTcsl YCTAHOBKA CO CBEPXBBICOKOYACTOTHBIM SHEPrOMOBOJIOM
B PE30HATOP, TJIe U3MEIIBICHHOE ChIPhE TOABEPraeTCsl TEPMOMEXaHUIECKOMY BO3ICHCTBHIO.
Lenv uccneoosanus. Iopwimenne 3 (eKTHUBHOCTH M3BICUCHNUS )KUPa U3 KOCTEH yOOHHBIX
JKUBOTHBIX C COXpaHEHHEM KOPMOBOH [IeHHOCTH npoaykra B CBU-ycTaHOBKE HEMPEPhIBHO-
MIOTOYHOTO AEHCTBHS C KOAKCHAJIBHBIM PE30HATOPOM 0e3 SKpaHHUPYIOIIETo KOpITyca IyTeM
obecreueH s BEICOKOW HAMPSDKEHHOCTH JIEKTPUYECKOTO OISl U TEPMOMEXaHUIECKOTO
BO3JICHCTBUS Ha CHIPBE.

Mamepuaner u memoowl. TpexMepHOE IEKTPOMArHUTHOE MOJIEIHPOBAHNE POLIECCOB
pacnpesieieHus SJIEKTPOMArHUTHOTO TOJISI B KOAKCHAJILHOM PE30HATOPE MPOBOAMIOCH
B cucreMax npoekrupoBanust CST Microwave Studio, Computer Aided Design (CAD)
u Computer Aided Engineering (CAE).

Peszynomamul uccredosanusi. CBepXBBICOKOYACTOTHASI YCTAHOBKA COAEPKUT Heeppomar-
HUTHBII yCEUEHHBIH KOHYC, BHYTPU KOTOPOTO COOCHO PACIONIOKEH AJICKTPOIPUBOIHOM
OMueBOi poTOp ¢ He(heppOMArHUTHBIM BajoM, 00pa3yromeil KOaKCHABHBINA PE30HATOP
C KOHHYECKHM KOJBIICBBIM MPOCTPaHCTBOM. Ha Baiy poTopa co CIBUTOM IO BBICOTE 3a-
KperuieHs! (PTOPOILTACTOBBIE CTYHI[BI, K KOTOPBIM IIOMAPHO C 00SUX CTOPOH MPUKPEIIICHBI
KopyH10BbIe Omita. C y4eTOM UCXOTHBIX MapaMeTPOB M3MEIBYCHHOTO KOCTHO-)KUPOBOTO
CBIPbsI OTpE/ieieHa ANHAMIKA HAarpeBa MPH Pa3HbIX yaeabHbIX MomHocTsix CBY-reneparopa.
Obcyoicoenue u 3axnouenue. Pe3ynsraTbl HCCIIEIOBAHMS EKTPOIMHAMUYECKIX TapaMeTPOB
pe30HaTOpa CBHACTEIBCTBYIOT O TOM, YTO HANPSDKSHHOCTD dJIEKTPUYECKOTO OIS, JOCTa-
TOYHAS JIsl CHIKEHHUS OaKTepPHALHOH 00CEMEHEHHOCTH POIYKTa, COCTaBIsIeT 2—5 KB/cM.

© Hosuxkosa I B., Tuxonoe A. A., Ilpocsupsaxosa M. B.,
Cmopuesoii B. @., Muxatinosa O. B., Cmopuesoii A. B., 2024
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D dexTHBHBIN PEKIM 00€3)KUPUBAHUS KOCTHOTO CHIPbSl JOCTUTACTCS IIPH YASIBHON MOII-
HocTH reHeparopa 0,71 KBT/KT, poZOIKUTETFHOCTH BO3IEHCTBUS CBEPXBBICOKOYACTOTHOTO
3J1€KTPOMArHUTHOTO 10JIst 6,55 MUH (IIpH 3arpy3ke pe3oHaropa 9,3 Kr), IpOU3BOIUTEIbHOCTH
85 kr/u, sHeprerryeckux 3arparax 0,141 kBt u/kr u Temneparype Harpesa 90—100 °C.

Knirouesvie cnosa: KoakcuaabHbIH pe30HATOD, ONYEBO POTOP, PTOPOIIACTOBBIEC CTYIIHUIIBL,
kopyHoBoe 610, CBU-ycTaHoBKa, 00€3KHPHUBAHUE, KOCTHOE CHIPHE

Konghnuxkm unmepecog: aBTopbl 3asBISIIOT 00 OTCYTCTBUM KOH(IUKTA HHTEPECOB.

Jlna yumuposanun: O6ocHoBanue napametpoB CBU-ycTaHOBKH 7151 00€3KUPUBAHKS KOC-
Teit yooitHbIX kuBoTHBIX / [. B. HoBukoBa [u ap.] / IHkeHepHbIE TEXHOIOTUH U 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

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

For citation: Novikova G.V., Tikhonov A.A., Prosviryakova M.V., Storchevoy V.F.,
Mikhaylova O.V., Storchevoy A.V. Justification of the Microwave Unit Parameters for
Removing Fat from the Bones of Meat-Producing Animals. Engineering Technologies and
Systems. 2024;34(2):318-335. https://doi.org/10.15507/2658-4123.034.202402.318-335

Beenenne. CornacHo nanubiM Poccrara!, B 2022 1. 06beM mpousBeieHHON B Poccuun
MSICOKOCTHON MYKH COCTaBIISET 564 ThiC. T. B 3T0li CBsI3U yBeNIM4HMIaCh U MOTPESOHOCTH
B TEXHOJIOTHUSX BBITONKH KHUPa U3 KOCTHOTO CHIPhA. B MPUHATON MpaKTHKE MULIEBYIO
KOCTh 00€3KUPHUBAIOT CyXUM HJIM MOKPBIM CIocoOoM rnpu temmeparype mo 100 °C.
KagecTBo upa 3aBUCUT OT MAKCUMAIBHON TEMIIEPATYPHI U MTPOJAOHKUTEILHOCTH TEP-
Moo0padoTtku. [Ipumenenune Temnepatypsl Boitie 120 °C oTpuriareIbHO CKa3bIBaeTCs Ha
cBoricTBax xwupa [1-3]. HammensImas mpogomKATEIFHOCTE 00pabOTKH OIPEIeIsIeTCS
BPEMEHEM ILJIaBJICHUS KUPA U BBIJICPIKKHU CHIPbA I YHUUTOXKEHUS TATOTEHHOW MUKPO-
¢mopsl. MI3BecTHO, UTO yAETbHAS TETUIOTA, HeoOXoauMast Ij1st 00paboTKH JKUPOCHIPHS, He
3aBHCHT OT CIIOC00a ITOJIBO/Ia SHEPTUH, & POJOIDKUTEIBHOCTS 00PaOOTKH OIpeesieTcs
BHJIOM IOJIBOAA SHEPIrUU, HHTEHCUBHOCTBIO NIEPEHOCA TEIUIOTHl U MACChl, IUIOMIAIbIO
MTOBEPXHOCTH CHIPhSI M1 €T0 AIEKTPO(YU3MIECKUMU CBOMCTBAMHU. J{J151 TEXHOJIOTHUECKOTO
MPOIIeCCa BBITOIKH JKUPa U3 KOCTEH YOOMHBIX )KUBOTHBIX U MOTY4YCHHS KOCTHOTO OCTaTKa
JUTSL BEIPAOOTKH JKeJIaTHHA WU MTPOU3BOJICTBA OCIIKOBOTO KOPMa UCIIOJIB3YIOTCS yCTa-
HOBKH C Pa3JIMIHBIMHU CIIOCO0aMH dHEpromnoasoaa [4—6]. Psa aropos? [7; 8] oTMeuaror,
9T0 00BEMBI MPOU3BOICTBA OEIIKOBOTO KOPMa U3 KOCTHOTO CHIPHSI IOCTaTOYHO HU3KHUE,
U MpeJIaraloT BapuaHThl paCIIUPEHUs Chephl MPUMEHEHUS KOCTHOTO ChIPbs. Takke OHU
ONMCHIBAIOT OCHOBHBIE BHIBI alllIapaToB M TEXHOJIOTUN MepepabOTKH KOCTHOTO CHIPHS
TSI IPUTOTOBIICHUS Pa3HBIX MTPOIYKTOB.

Ienp nccemoBanms — MOBBICUTH d(ODPEKTHBHOCTH U3BJICUCHUS KUPa U3 KOCTEH
yOOIHBIX KUBOTHBIX C COXPAaHEHHEM KOPMOBOW IIEHHOCTH MPOAYKTa B CBEPXBBICOKO-
YaCTOTHOM YCTAHOBKE HENIPEPHIBHO-IIOTOUHOTO IEHCTBHSI C KOAKCUATIbHBIM PE30OHATOPOM
0e3 3KpaHUPYIOIIETO KOPITyca C IIOMOIIBIO BBICOKOH HAIPSKEHHOCTH 3IIEKTPUYECKOTO
MOJISl ¥ TEPMOMEXaHUUECKOTO BO3AEHCTBUS Ha chiphe. IIpu aTOM pemiaroTcst Takue
3aJlauu, KaK aHaiu3 000pyJIOBaHUs JJIS TEPMOMEXaHHUECKOM 00pabOTKK KOCTEH K-
BOTHBIX, pa3paboTka pabouell KaMephl C MarHETPOHAMH BO3/YIIHOTO OXJIAXICHUS,
OTIpEICICHHIE TTPOAOKUTEILHOCTH CBEPXBBICOKOUYACTOTHOTO BO3JEHCTBHUS U PEKUMOB
paboThI YCTAaHOBKH.

! AHanutndeckuii 0630p phIHKa KOPMOBBIX 100aBOK [Dmexrponnsiii pecypc]. URL: https://clck.
ru/39yftQ (mara oopamenus: 01.08.2023).

2 MyxamertoBa A. D., SImaneraunosa K. III. KomrutekcHOe UCIONB30BaHHE KOCTHOM MAcChl KaKk Me-
TOJ IMOBBILICHUSA S(b(beKTI/IBHOCTI/I Mﬂconepepa6aTLIBa}omero NpEAnpuATUs // I/IHHOBaL[I/II/I 1 HAYKOCMKHUE

TEXHOJIOTUH B 00pa30BaHMU U SKOHOMHUKE : MaT-Jibl X MexayHap. Hayd.-IpakT. U MeTol. KoH}. Ya :
Bamxkupckuii rocynapetBensslit yHusepcutert, 2022. C. 35-37.
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O030p auTeparypsl. B HacTos1ee BpeMs H3BECTHBI THAPOMEXAHUUECKHE U NIEKTPO-
UMITYJIbCHBIE CTIOCOOBI M3BIICUEHHS JKUpa U3 KocTei. O0e3KuprBaHUe MPEIBAPUTEIEHO
M3MEIBYEHHBIX KOCTEN B CMECHU C BOAOW B THAPOMEXAHUYECKON MalllMHE OCHOBaHO Ha
MIPUHIIAIE YAAPHO-UMITYJICHOTO Pa3pyIIEHHUs KUPOBBIX KIETOK. IMITyIbChbl BOSHUKAIOT
MIPH JBM)KEHUH OWJI, BPAIIAIONMINXCS Ha DJIEKTPOIPHUBOTHOM BaTy B KOPITyCE MAIIHHBI.
IIpu ynape cmecu o TypOynnu3aTop cO3qaloTcsl rupomMexanndeckue 3¢dexTs, odec-
MIEYNBAIOIINE BBIACICHUE XKupa. Jlagee cMech kupa, BOIBI U KOCTEH MO NEHCTBHEM
LEHTPOOEKHOM CHIIBI BEIOPACHIBACTCS B Pa3AEINTEINb, IJI€ XKHUP BCIUIBIBAET, OTKYJa €ro
HAMpaBJISIOT B IUIABWIBHBIN anmapar-.

K HemocrarkaM Takoro MeTozna He0OXOIUMO OTHECTH 3HAYUTEIbHBIA PAacXoll BOJBL,
00JIBIIOE KOJIMUECTBO 3a1€HCTBOBAHHBIX alIIapaToB (B TOM YHCIIE THIPOMEXaHHYECKOH
MAIIHBI BEICOKOH MMPOU3BOAUTENIBHOCTH), @ TAKXKE TO, YTO SHEProdH(HeKTUBHOCTH Cca-
MOH YCTaHOBKH HE OTBedaeT TpeOoBaHUAM (HepMEPCKUX XO3SMCTB (JOCTATOYHO UMETh
ycTtaHoBKy 110 200 kr/q).

B anekTpouMNyIbCHBIX anmaparax HeT 3JIeKTPONPUBOAHBIX y3710B. g 06e3-
JKUPUBAHUS KOCTEH CO3/al0T JUHAMHYECKHNE UMITYIBCHI B )KUJIKOCTH C TOMOIIBIO
3IEKTPUIECKOTO IPOOOS MEXAY ABYMS AJIEKTPOAAMH IPH pa3psiie KOHAESHCATOPOB.
IIpu >TOM HMITyTbCHASA KaBUTAIMSA CIIOCOOCTBYET pa3pylIEHUIO 000JI04YEK KUPOBBIX
KJIETOK H MOCIENYIOIIEMY BBIMBIBAaHHIO XHpa. 1lociie mponyckaHus depes 30Hy
paspsiia KOCcTb 00€3KUPHUBACTCS, a 3aTeM BhIrpyskaercs. JKup mocie orcrauBaHus
B aIlliapaTe BBIBOAUTCS Yepe3 TMAPO3aTBOpP. JHEPreTHUECKUE 3aTpaThl JOCTATOYHO
HU3KHE, OJTHAKO ammapar paboTaet npu HanpspDKeHHH Ha nekTponax 30—60 kB, a kop-
nyc 3anonHeH Bopoil. [IpobuBHoe Hanpsoxenne Bozayxa — 30 kB, mostomy Tpebyetcs
cTporoe coOmoaeHNe IEKTPOOE30NaCHOCTH, YTO B YCIOBUAX (EPMEPCKUX XO3SICTB
BBITNIOJIHAETCS HE BCETIA.

B nayunoii mkosie paspaboransl necsatku CBU-ycraHoBok anst repmooOpa-
OOTKHM BTOPUYHOTO CHIPBS KUBOTHOTO Mpoucxoxjaenus [9—12]. Hampumep, mo-
nynbHas CBU-ycTaHOBKA HENMPEPHIBHO-TIOTOYHOTO AEHCTBUS ISl TEpMOOOPabOTKH
1 00e33apaKMBaHUs CHIPHS )KHBOTHOTO MPOUCXOXkAeHUA [13] comepKUT cheMHbIe
00beMHBIE PE30HATOPHI B BUE TpexX Moayiel. [lepBrlil MOy s peaHa3HAYEH IS
TepMOOOPAOOTKH BTOPUIHOTO OMOTOTHIECKOTO CHIPHS JKHBOTHOTO ITPOUCXOXKICHUS,
BKJIFOYAs 3aMOPOXKEHHBIE OJIOKH MSICHBIX OTXOJI0B, HO HE MOXKET OBbITh HCII0JIb30BaH
JUIS1 U3BJICUYEHHUS )KUPA U3 KOCTEH.

U3BectHa CBY-ycTaHOBKa ¢ KOHHYECKUM PE30HATOPOM MJIsI 00€3BOKHUBAHUS
¥ TepMOOOPaOOTKH MACHBIX OTXO0B (HemuIeBas 00pesb, CyOnpoayKThl, KpoBb) [14].
YcTaHOBKa COAEPKUT KOHMUECKUIN SKPAHUPYIOMINM KOPITYC C CUTOBBIM PE30HATOPOM
B BUJIC YCEUCHHOTO KOHYca 0€3 OCHOBaHH, BHYTPH KOTOPOT'O HAXOAUTCS JUIIEKTPH-
YEeCKHUH POTOP B BUJI€ YCEUEHHOTO KOHYCA, TOKPBITHIH MEIKO3EPHHUCTHIM a0pa3uBHBIM
MaTepHualioM. YCTaHOBKa 00eCIeurnBacT COBMEUIEHUE MPOIECCOB 00€3BOKUBAHMS
W3MENBYECHHBIX MSCHBIX OTXOJIOB, TOHKOTO H3MEJIBUCHUS U TEPMOOOPAOOTKH CHIPbSI
TBepaoi (a3pl. JlaHHas ycTaHOBKA Tak)Ke HE pacCUYMTaHa Ha M3BJICUCHHUE JKHUpa U3
KOCTEH.

3 MpamoB B. U. TexHonorudeckoe 000pyI0BaHne NPEIIPHIATHIA MICHO# mpombinuteHHocTd. Y. 1.
O6opynoBanue A/ yoos U mepBudHOi 06padotku. M. : Komoc, 2001. 552 c.
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Cymectyer CBU-ycTaHOBKa ¢ OMKOHUYECKHM PE30HATOPOM U MaKETOM TapesioK
JUTsL TEpMOOOPaOOTKU MICOKOCTHBIX KOH(HUCKaToB [15; 16]. BHyTpeHnnuii naker ¢ro-
POTIJIACTOBBIX TAPENIOK YCTAHOBIIEH Ha 3JIEKTPONPUBOIHON AUIIEKTPUUIECKUI Ball CO
CIMPANBHBIM TUJICKTPUYECKUM [ITHEKOM B HW)KHEH KOHWYecKol oOeuaiike. BepxHsist
obedaiika mepoprupoBaHa U COOCHO PACIMOIOKEHA B 3KPAHUPYIOIIEM YCEYEHHOM KO-
Hyce. VMcnonp30BaHne JaHHOW yCTAHOBKH IMTO3BOJIMT MTOBLICUTEH KaueCTBO 00paObOTKH
MSICOKOCTHOTO ChIpbsi. HemocTaTkoM sBIsIeTCS CIOXKHAS JUIsl CAHUTAPHOM 00paboTKU
B YCJIOBUSIX (epPMEPCKUX XO3AUCTB KOHCTPYKIIHS.

0O030p CyLIECTBYIOIUX TEXHOJIOTUI U 000PYIOBaHMS IIOKA3all, YTO yUYCHBIMH He
B IIOJIHOW Mepe PEeIIeH BOIMPOC BBITOIKHU XHpa U3 KocTei. DPdhekTHBHOCTH mpoiecca
BBITOIIKM 3aBUCUT OT CIIOC00a MOABO/IA TEIIa, TEMIIEPATyphl HarpeBa Chphbs (He Oornee
120 °C), BeM4IMHBI U3METFYCHHBIX YaCTHLI, COTTIACOBAHHOMU ¢ ITyOMHO MPOHUKHOBEHUS
BOJIHBI ITPU JU3JIEKTPUIECKOM Harpese.

Takum oOpa3om, HayuHas mpodeMa 3aKiIodaeTcs B HU3KoW 3 dexruBHOCTH ar-
MapaToB AJISl U3BJIEUCHUS KHUPa U3 KOCTel yOOHHBIX >KUBOTHBIX. [1J1s1 HHTEHCU(HUKALTUH
TerI000MeHa aBTOpaMM HacToAIIeH cTaTbu mpensaraercs ycraHoka CBY-snepro-
MOJIBOJIA B PE30HATOD, T/I€ MPEABAPUTEIHLHO U3MENBUEHHOE ChIPhe OyAeT MOABEPraThCs
TEPMOMEXaHHIECKOMY BO3IICHCTBHIO.

MatrepuaJbl 4 MeToAbI. TpexMepHOE MOAEINPOBAaHUE IEKTPOAUHAMUYECKUX
IIPOLIECCOB PACIPEACICHNS NEKTPOMATHUTHBIX MOJIEH B PE30HATOPE HECTaHIApTHOM
KOHCTPYKLMH U OIpeeNICHNE PALOHATIBHBIX 3JICKTPOIUHAMHYECKUX apaMeTpoB Mpo-
BOJIWIIH C UCTIONb30BaHUEM crcTeM mpoektupoBanust Computer Aided Design (CAD)
u Computer Aided Engineering (CAE) [17-19].

g mpoeKkTupoBaHus, YUCIEHHOTO MOAETUPOBAHMS U ONITUMHU3ALUHN TPEXMEPHBIX
3NIEKTPOMATrHUTHBIX CUCTEM HCIIOIB30BaH Takxke makeT HHCTpyMeHToB CST Microwave
Studio Suite. ImeroTcs pazubie mporpammsl [20; 21], coneprkainue 6a3y JaHHBIX BOTHO-
BOJIOB U 00BEMHBIX PE30HATOPOB, U3 KOTOPBIX MOXKHO BHIOpATh MOAXOASIINE TapaMeT-
PpHU30BaHHBIE MOAEH U SKCTIOPTHPOBATH JaHHBIE B YKa3aHHBIN MaKeT HHCTPYMEHTOB IS
BBITIOJTHEHUSI MOJICTTUPOBAHMS M ONTUMH3AINK. YacToTy BpalieHns OU4eBoro poropa
JUTSE TOHKOTO M3METBIEHNS KOCTHOTO ChIphA MpUHUMaIHK 1o qaneeM B. WM. MBamosa.
Omna pasna 200-250 06/MuH.

Pe3yabrarsl ucciegoBanusi. Ha pucynke 1 mokasana CBY-ycraHoBka Hempe-
PBIBHO-IIOTOYHOTO ACHCTBUS AJIs1 U3BJICUEHHS )KUPa U3 KOCTEH YOONHBIX )KUBOTHBIX,
CoZeprKallasi BEPTUKAIBHO PACIIOIOKEHHbIN He()eppOMarHUTHBIN yCEUEHHBIN KOHYC 4
C 3arpy304Hoii / u npueMHo# /] eMkocTsIMU. BHyTpu 3arpy304Hoii HeeppoMarHUTHOM
€MKOCTH / pacrojoxeH mpenaep 2. B yceueHHOM KOHyce COOCHO pacroNOKeH IEKT-
porpuBoaHO# 6nueBoit potop 8. HedeppomarnuThslil Baa 3 U HeeppoOMarHuTHBIN
YCEUCHHBIH KOHYC 00pa3yloT KoaKCHalbHBIN pe3oHarop 9. Ha HapyxHOH MOBEpXHOCTH
KOaKCHaJIbHOT0 pe3oHaTopa co casuroM Ha 120 °C o nepuMeTpy yCTaHOBJIEHBI IO BBI-
COTE MarHeTpoHbI /() BO3AYIIHOTO OXJIaXKICHHS ¢ BOIHOBOIaMH. Ha HedeppoMarHUTHBIH
BaJly OMYEBOT0 POTOpA C IIOMOIIBIO IITTOHOK 3aKPETICHBI (P TOPOILUTACTOBBIE CTYIHIIB 0,
K KOTOPBIM Ha TaJIblIaX MOMAapHO C ABYX MPOTHBOMOJIIOKHBIX CTOPOH MPUKPETIIIEHBI YETHIPe
KOpyHIOBEIX Omita 7. Kaxmas ciemyromas mapa oun cmemiena Ha 30 °C, 9ro co3mgaeT
addext BuHTOBOM MMHUHU. K BHYTpeHHEH oOedaiike HeheppOMarHUTHOTO YCEUSHHOTO
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KOHYCa MPUKPEIUICH AUJIEKTPUUECKUI yCeueHHBII KOHYC 5, TOKPBITHIN aOpa3suBHBIM
MarepuanoM. Mex 1y BHEIIHeH KpOMKO# Oul 7 OM4eBoro potopa § U BHyTPEHHEH I10-
BEPXHOCTBIO AUIIEKTPUIECKOTO YCEUCHHOTO KOHYyca 00pa3oBaH 3a30p 2—3 cM.

a) | b) c)

Puc. 1. udposas monens CBU-ycTaHOBKH [T U3BJICUCHHUS JKUPA M3 KOCTEH yOOUHBIX )KUBOTHBIX:
a) o0t Buz; b) o0Imuil BUa B pazpese ¢ MO3ULUIMIE;
C) KOaKCHAaJIbHbBII PE30HATOP C KOHUYECKHM KOJIBLIEBBIM IIPOCTPAHCTBOM;
1 — 3arpy3o4Hast eMKOCTb; 2 — mpezaep; 3 — HeeppoMarHUTHEIH Ba ONYEBOTO pOTOpa;
4 — He(eppOMAarHUTHBIN yCEUCHHBIH KOHYC; 5 — AMAICKTPUUSCKUN YCEUSHHBII KOHYC;
6 — cTynuIBl PTOpPOIUIaCTOBEIE; 7 — OWIIBI U3 KOPYyHNA; 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

Hcmoynux: 31€ch 1 laliee B CTaTbe BCE PUCYHKU COCTABIICHBI aBTOPAMH.
Source: Hereinafter in this article all figures were drawn up by the authors.

TexHOIOTHYECKUH POIIECC N3BICUEHHS J)KUPA U3 KOCTEH YOOHHBIX )KUBOTHBIX TIPO-
UCXOIUT CIeAyroImuM o0pazoM. CHauasia HeoOX0AUMO BKITFOUUTH AIIEKTPOIIPUBO Onde-
BOTO POTOpA U AEKTPOIPUBO] 1Ipeaepa. Jlanee kocTu yOOHHBIX )KUBOTHBIX 3aIPY’KatoT
B €MKOCTb. VI3MeNBIEeHHBIE C IOMOIIBIO HIpeiepa KOCTH )KUBOTHBIX IMIOCTYIAIOT Yepe3
3arpy304Hyl0 €MKOCTb B KOAKCHAJIBHBIA PE30HATOP U MONAAA0T IOJ BPAIIAIOLINECs
omet (200-250 06/MuH). [locne BKITIOUEHHSI MATHETPOHOB B KOAKCHAIEHOM PE30HATOpE
B030yxnaercas OMIICBY — snexTpoMarHuTHOE HOJIE CBEPXBBICOKOW YacTOTHI (JIMHA
BOJIHBI paBHA 12,24 cM), U3METBIEHHOE KUPOCOACPIKAIIEE ChIPhE TIOABEPIaeTCs 3HI0-
TEHHOMY HarpeBy MO AeHCTBUEM TOKOB MOJISAPHU3ALHH.

Tak kak K BHyTpeHHel oOeuaiike ycedeHHOTo HeheppOMarHUTHOTO KOHYyca MpH-
KperieHa o0evaiika IUAIEKTPUIECKOr0 YCEUeHHOTO KOHYyca, MOKphITas abpa3suBHBEIM
MaTepualoM, IoJl IeHCTBHEM LIEHTPOOEIKHBIX CHII CBHIPhE paclpeensieTcs 0 CTEeHKaM
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JIU3JIEKTPUYECKOTO YCEUSHHOTO KOHYCa, yapssick 00 abpasnBHOe MOKphITHE. B 3a30pe
MEXy BHEIIHUMHU KPOMKaMU OWJI M JTUDJICKTPUUYCCKUM YCEUCHHBIM KOHYCOM CBIPhE
JIBUKETCS BMECTE ¢ OMJIaMHU BHH3, TaK KaK OHH PacIioyioxeHsl co ciurom Ha 30 °C o
BBICOTE paboueil KaMephl.

3a cyeT MHOTOKPATHOTO y/iapa OMYeBBIM POTOPOM B TIPOIECCE FHIOTEHHOTO HAarpeBa
paspyliaeTcs MOrpaHUYHbIN CI0H Ha MOBEPXHOCTH U3MEITBYEHHOTO ChIPhSI, YCKOPSISI TEM
caMBIM TIPOIIeCC MaccolepeHoca (TOBBIIIAETCS CTENIEHb 3BIIedeHus xupa). [Ipu sTom
CO3aI0TCs TepMOMEXaHUIeCKHEe YPPEKThI, 00eCIICINBAIONTNE BRIICICHHE KIPa U3 13-
MEJTBYEHHBIX YaCTHII CHIPhs. PacmonokeHne O 0 KOHMYECKOH JIMHUU 00ecTieanBaeT
MPONOTIbHOE cMeteHne cMecH. ChIphe MO JeCTBUEM IIEHTPOOEKHBIX CHIT Bpalllatole-
rocst ONYEeBOTrO POTOPa OTOpaAChIBACTCS K aOpa3uBHON MOBEPXHOCTH JAUAIIEKTPHUECKOTO
yceueHHOro KoHyca. [Iponcxoqut 3aBuxpeHne U3MeNbYeHHBIX YaCTHI] KOCTHO-)KUPOBOTO
CBIPbS (TypOyIHU3aLus CHIPhS).

OHo monBepraeTcs MHOTOKPaTHOMY MeXaHHuecKkoMy ynapy. IlpogomkuTensHOCTh
nporecca ooezxkupuBanus ceipbsi B OMIICBY cocrasnser 5—7 MuH (B 3aBUCHUMOCTH
OT YIEeTBbHOW MOITHOCTH TeHepaTopa), mocie 4ero moj JeHCTBUEM LHEHTPOOeKHBIX
CHJI CMECh JKMpPa U YacCTHUI] KOCTEH BHIOpACKIBAETCSI Yepe3 OTBEPCTHE B MaJlOM OC-
HOBaHUM YCEUEHHOTO KOHYyCa B IPUEMHYIO HEPEPPOMATHUTHYIO eMKOCTh /] ¢ 3a-
CIIOHKOH. 3armoIHEHHYI0 €MKOCTh CJIEAyeT MePeaBUHYTh. B Hell Up BCILIBIBAET
Ha MMOBEPXHOCTh, a KOCTH OCENAIOT Ha AHO. bombmast ckopocTs OMYEBOTO poTOpa
Y BBICOKAsI HaIPSHKEHHOCTH JIEKTPUUYECKOTO TOJsA 00€CIednBalOT MOBBIIIICHUE
WHTEHCUBHOCTH 00€3’)KUPUBAHUS TOHKOM3MEIBUEHHOTO CHIPhs. TexXHONIOrndecKui
3¢ eKT CyIecTBEHHO 3aBHCUT OT YaCTOTHI BpallleHHs OMYEBOTO POTOPA, 32a30pa MEXK-
oy 6udaMu 1 abpa3uBHON MOBEPXHOCTHIO YCEUEHHOTO JUAIEKTPUUECKOTO KOHYCa,
KOJIMYECTBA TOHOK (KOPYHJOBBIX OWIJI C IMAJEKTPUUCCKUMHU CTynHIlaMu). buduesoit
POTOp BHIMONHSAET QYHKIUIO YAAPHOTO U TPAHCIOPTUPYIOLIErO BO3ACHCTBHS Ha
ceipbe. Jlyis obecrieueHnss MeXaHUIeCKOro Bo3IecTBHS U nudPepeHnrnpoBaHHON
CKOPOCTH TPaHCTIOPTHUPOBAHUS CHIPHS MO BHICOTE PE30HATOPA TOHKH YCTAHOBIICHEI
MOJ| Pa3IMYHBIMH YIJIaMHU K OCH Baja.

XapakTepHoil 0COOEHHOCTBhIO KOHHYECKOTO PE30HATOpA SBISIETCS HAIMYKE B pe-
30HaHCHOM o00OBeMe 00macTelt ¢ pe3Ko BBEIPaKEHHBIM HKCITOHEHIIHAIBHBIM 3aKOHOM
M3MEHEHHS DJIEKTPOMArHUTHOTO 1oiisd. Hanwdaune obmacteld ¢ TakuM pacripeelieHueM
TIOJISI TIO3BOJISIET YAATUTH YacTh MMOBEPXHOCTH C COXPAHEHHUEM BBICOKOW COOCTBEH-
HOW TOOPOTHOCTH PE30HATOpa IJIsi HEKOTOPHIX THIIOB KOJIEOAHUN M TEM CaMBbIM
peaiu3oBaTh OTKPHITYIO PE30HAHCHYIO CUCTeMYy 1 QyHKIuoHupoanus CBY-
YCTAHOBKH B HETMPEPBIBHO-MIOTOYHOM PEKUME € COOTIONEHUEM 3IEKTPOMAarHUTHON
OesomacHocTH [22].

[Tpu naBneHUH )KUPa MPOUCXOAAT U3MEHEHUS €T0 JUANIEKTPHUECKHUX U TeTI0PH3H-
YeCKUX XapaKTePHUCTHK, YTO BIMSET HA POAOKUTENILHOCTD JUAIEKTPUIECKOTO HAarpeBa
JI0 TIOJTHOTO 00€3KUPUBAHHUSI KOCTHOTO CBHIPBSL.

C y4eToM yienbHOU TeII0eMKOCTH paciuiaBienHoro xupa 2300 J[x/kr°C, pakropa
MAJIEKTPpUIECKUX MOTeph pu Temmeparype 80—100 °C u oxxumaeMoit HanpsbKeHHOCTH
SIIEKTPHUYECKOTO MO B KOAKCHAIBHOM pe3oHaTope 5 kB/cM mpenBapuTesHO BEIYHCICHA
MPOJIOJDKUTENBHOCTE Bo3aiericTBuss DMIICBY Ha chiphbe.
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W3 BBIpaXkeHHUs1, XapaKTEepHU3YIOIIEro CKOpOCTh Harpesa xupa (AT/Az, °C/c), npo-
JOJDKUTETBHOCTD Bo3aeiicTBrs DMITCBY* onpenersiercs mo opmyire:

10 e (BY 100
gzo,ssslo ka[CMj n-10 c "

At p-C c

e f— 4acToTa deKTpoMarHuTHOro noJst, MI'; k — dakTop quaneKTpuaeckux moTepb;
E — HanpspKeHHOCTD AIIEKTPUYECKOTo 1motisi, B/M; 77 — Tepmudeckuii koa¢GUIUEHT mo-
JIE3HOTO JIEHCTBUS; p — IUIOTHOCTh PACILIABICHHOTO JKUPA, KI/M*; ¢ — TEIIOEMKOCTb
pacruiaBieHHOro xupa, Jx/kr- °C.

IIpomomxuTenpHOCTE Bo3aekcTrus DMIICBY paccunTaeM ciemyronmm oOpa3oMm:

= 90-930-2300
0,555-107"2.2450-10°-20-5000%-0,72

=393 ¢ = 6,55 MuH. )

PacueTbl MOKa3bIBaIOT, YTO MPU HAMPSDKEHHOCTH JICKTPUYECKOTO I0JIsl, paBHOH
5 kB/cM, pogomkutensHOCTh Bo3aekicTBus OMIICBY cocrasnser 6,55 mus (0,109 1),
ecmu Tepmuaecknii KI1JI cocrasmser 0,72-0,75.

B KOHCTPYKIIMOHHOM HCIIOJTHEHNH YCTaHOBKH HEOOXOIMMO PEaTn30BaTh TEXHOIOTH-
YEeCKYIO 331a9y pa3pylIeHHs >KHPOBBIX KIETOK M BBIIEIICHUS KHPa 32 TIEPHOJT TEPMOME-
XaHWYECKON 00pabOTKH ChIPbs. [l paBHOMEPHOTO HArpeBa U3MEIBIEHHOTO KOCTHOTO
CHIPBS B 3JIEKTPOMArHUTHOM TOJIe OETyIIei BOIHBI IPeayCMOTpeHa TypOyru3aims
YacTHUI] KOCTHO-)KUPOBOTO CHIPhsI MO ACUCTBHEM LIEHTPOOEKHBIX CHJI BPAIIAOIIETOCS
OuyeBoro poropa. BeluucneHHY0 TPOAOIKUTENBFHOCTh TEPMOMEXaHHYECKO 00padoT-
KU CBIPbA CIIEAYEeT KOPPEKTHPOBATh C yYETOM TPEOOBaHHUN TEXHOJIIOTUH U PE3YJIETATOB
9KCIIEPUMEHTAIBHBIX UCCIICJOBAHMH.

PacueT KOHCTPYKTHBHBIX MTapaMETPOB OTKPHITOTO KOAKCHATIBLHOTO PE30HATOpA MPO-
BOJIWJICS C yYETOM JUTMHBI BOJHBI 12,24 cMm [23-25], yMeHbIIeHHUS [ITyOUHBI TPOHUKHOBE-
HHSI BOJIHBI B KOCTHOE ChIphe Mpu 00ekupuBanuu 10 11,2—1,7 cm’ [26-28], u3BecTHBIX
METOJIUK PacueTOB PE30HATOPOB CAHTUMETPOBOTO auarazona [29-31].

st o6ocHOBaHUS 3¢ (GEKTUBHOW KOHCTPYKITUH pe30HATOpA OBLIH MTPOBEICHBI Te-
OpPETUYECKHE PACUEThI C HCIIOIF30BAHUEM M3BECTHBIX MAaTEeMaTHYECKUX BHIPAKECHHN,
a TaK)Ke KOMITHIOTEPHOE MOJISTHPOBAHUE AIEKTPOJMHAMUYECKUX MPOLIECCOB B KOAK-
CHAJIBHOM PE30HATOPe C KOHMYECKUM KOJIBIIEBBIM MPOCTPAHCTBOM B mporpamme CST
Microwave Studio. Tak, npenBapuTeabHO paccuuTaHa COOCTBEHHAsI JOOPOTHOCTh Pe30-
HaTopa IpH pazMepax yCedeHHOTO KOHYCa, COITIACOBAHHBIX C JUIMHOW BOJHEI 12,24 cM.
Bricora paBHa 122,4 cm; auamerp OOJBIIOT0 OCHOBaHUS — 61,2 cM; IUaMeTp Majioro
ocHoBauusA — 9 cM. CobCTBeHHAs JOOPOTHOCTE BRIYKCICHA uepe3 00neM (V, M*) 1 mito-
11a/lb TOBEPXHOCTH CTEHOK aJTFOMHHHEBOTO pe3oHaTopa (S, M?) C y4eTOM TOJIIUHBI

4 Crpexkanos A. B., Crpekanos 0. A. DnekTpoMarHuTHbIE OIS U BOMHEI : Y4eb. nocobue. M. : PUOP:
NHOPA-M, 2014. 375 c.

3 Poros 1. A. Dnektpodhu3nyecKue, ONTHIECKUE U aKyCTHUECKUE XapaKTePUCTHKH ITHIIEBBIX POy K-
ToB. M. : Jlerkast u nuiueBast IpOMBILIUIEHHOCTb, 1981. 288 c.
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ckuH-ciost (A = 1,72 mxm) nipu gactote 2 450 MI'116. O0beM U MI0Iaabh MTOBEPXHOCTH
KOAKCHUaJIbHOTO PE30HATOPA BBIYUCIEHBI 10 HUKEITPUBEICHHBIM (hOpMYyJIiaM:

Vionye =%~n-R2 -H =%-3,14~30,62 -122,4 =119 959 em?; 3)
S o =7 R-(R+L)=3,14-30,6- (30,6 + 126,17) = 15 063 cn’; )
onuyc:%'ﬂ-r2~h=%-3,14-4,52-18:381,5CM3; )
veenron, =X 1P+ D =3,14-45-(4,5+7,6) = 171 em?; (6)

V en won = 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® u mtornaau 1 176 cM? moBepXHOCTH HeeppOMarHUTHOTO
Bajyia quaMeTpom 3,06 cM 00beM U TUIOIIAAb MTOBEPXHOCTH KOAKCHAIILHOTO PE30HATOpa
C KOHUYECKUM KOJIBIIEBBIM 00HEMOM COCTABIISAET:

V.o =119577,5-3599=115979 cm’

peson.

S =14892-1176=13 716 c™m™ C)

Pe30H.
CoOcTBeHHas 10OPOTHOCTH KOAKCHAIBHOTO PE30HATOPa BEIUUCISIETCS 10 opmyIe:

2.V 2-0,115979
S-A 1,3716-1,72-10°

0= =98322. (10)

PacueTsl MoKa3bIBaOT, 4TO COOCTBEHHAS TOOPOTHOCTH KOAKCHAIBHOTO PE30HATOPA
paBHa 98 322, cnegoparensHo, Tepmuueckuii KIT/ moxet cocrasuts 0,72—0,75.

PesynbraTsl KOMIBIOTEPHOTO MOICTMPOBAHUS deKTponuHaMuaeckux (J]1) mporeccon
B KOAKCHAJIbHOM PE30HATOPE C KOHUUECKUM KOJIBIIEBBIM 00BEeMOM (BBIIICYKa3aHHBIMHU
3aJjlaBaeMBIMH TTapaMeTpaMu KOoHCTpyKinu) B iporpamme CST Microwave Studio
MpuBeeHBI Ha pucyHKe 2. OHU CBUIETENECTBYIOT O TOM, YTO KOHUYECKHE PE30HATOPHI
WCKITIOYAIOT BBIPOXKJIEHUE MMAPa3UTHBIX THIIOB KOJeOaHUM, a 3TO TO3BOISET AOCTUYD
BBICOKHX 3HaYeHHH COOCTBEHHOH TOOPOTHOCTH.

Pe3ynbrarel MosenupoBaHus paclpoOCTPAHEHUS MHUKPOBOJIHOBOTO TOJIS JJIS KO-
AKCHAITLHOTO PE30HATOPA C KOHUYECKUM KOJIbIIEBBIM 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 moiryuuTs pacupeaenacare DMII mo KoopAUHATHEIM 0CSM, BEIYUCITUTH
HAMpPsHKEHHOCTH IEKTPUYESCKOTO OIS, HAMPSDKEHHOCTh MArHUTHOTO T10JIs1, TOBEPXHOC-
THBIH TOK, SHEPTHIO 3JICKTPUICCKOTO U MArHUTHOTO TIOJICH.

8 TTuenpHukoB FO. H., Ceupuzios B. T. DiieKTpoHHKa CBEPXBBICOKUX 9acToT. M. : Paquo u cBsi3b, 1981. 96 ¢.
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Puc. 2. Pe3ym,Ta%LI KOMIBIOTEPHOTO MOJICTTUPOBAHHMS HEKTPOIMHAMUIECKHX TTapaMeTpOB
KOAKCHAJILHOTO PE30HATOPa C KOJIBIIEBHIM KOHHUECKUM 00beMoM (Moza 1) B ccTeMax MPOEKTUPOBAHUS
CST Microwave Studio, Computer Aided Design (CAD) u Computer Aided Engineering (CAE):

a) pacnpezeneHre IMII o KOOpAHHATAM X, Y, Z; b) HaNPsHKEHHOCTh AIEKTPUYECKOro mosisi, B/M;

C) HANMPSKEHHOCTh MATHUTHOTO 1osist, A/M; d) MOBEPXHOCTHBIN TOK, A/M; ¢) E-sueprus, Br/m3;

f) E-sueprus B paspese, Br/m*; g) H-aneprus, Br/m3; 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-energy, W/m?; f) E-energy in section, W/m?;

g) H-energy, W/m?; h) H-energy in section, W/m?
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st obecriedeHust HEMPEPHIBHOTO PeKUMa pabOThl YCTAaHOBKH KOHHUECKUH KOpITyC
yCeueH U MpeACTaBIeH KaK OTKPBIThINA pe3oHarop. C M3MEHEHHEM yIvia IIPU BEpIIMHE
KOHyca C()OPMHUPOBAHO MEKTPOMArHUTHOE T0JIE, CKOHIIEHTPUPOBAHHOE B OCHOBHOM
B IICHTPAJILHOM 00JaCTH KOAKCHAIBHOTO PE30HATOPA, YTO CIIOCOOCTBYET MOBBIIICHHIO
COOCTBEHHOH JJOOPOTHOCTH PE30HATOPA C KOHMYECKHM KOJIBIIEBBIM IPOCTPAHCTBOM.
B cpenneit yactu Takoro pe3oHaTopa CymieCTBYIOT BOJHBI, TOCTOSHHBIE PacIpOCTpa-
HEHUS KOTOPBIX YMEHBITIAIOTCS B CITydae yIajJeHus oT IeHTpa pe3oHaropa (puc. 4). Ha-
HPSHKEHHOCTH 3JIEKTPUUYECKOTO II0JIsl B PE30HATOPE HAXOMUTCA B IIpeaenax 5 kB/cum, uto
MO3BOJISIET YMEHBIINUTH 00IIIee MUKPOOHOE YHCIIO B IPOLYKTE J0 IPEAEIBHO IOIYCTUMOTO
yposas 500 teic. KOE/T. 0. B. Kopuarus u coarops! [32] qoka3anu, 4To yBeIUICHHAE
HaNpsHKEHHOCTHU 3JIEKTPUUECKOTO I0JIs, BO30YKACHHOTO MaJOMOLIHBIM HCTOUHUKOM
CBY-uznyuenus, Boiue 1,2 kB/cM obecneunBaeT yHUUTOKEHHE MUKPOOPTaHU3MOB.

AHanu3 snexTpoanHaMuku nponeccoB CBU-TepMo0oOpabOTKH KOCTHOTO CHIPBS
1 pe3yabTaThl KOMIBIOTEPHOTO MOAETUPOBAHUS JIEKTPOMArHUTHBIX BOJIH ITOATBEPIK-
JIal0T JIOCTOBEPHOCTh PE3yJIbTaToOB TEOPETHUECKUX HCCleloBaHui. B nepcnexTuse
iaHupyercs co3nate CBY-ycTaHOBKY ¢ KOAKCHAJIBHBIM PE30HATOPOM C KOJIBIIEBBIM
KOHUYECKUM TPOCTPAHCTBOM M YTOUHUTH PE3ybTaThl MOACITUPOBAHMS.

ITouck 3¢ dexTuBHBIX pekUMOB padboTel CBU-ycTaHOBKH CBOAMTCS K BBIABICHUIO
yCJI0BUH, 00€CTICUNBAIONINX MHTEHCUBHOE 00E3KUPUBAHUE ChIPbS IIPH J103€ BO3ICHCTBUS
OMIICBY 77-78 Br-u/kr (6,6 kBT - 0,109 w /9,3 xr = 77,35 Br-9/kT).

Tak, 3 peKTUBHBIN pEKUM 00€3KUPUBAHUS JOCTUTACTCS IIPU YAETbHONH MOLITHOCTH
rereparopa 0,71 kB1/kr; mpomomxurensHocTH Bo3aeicteust OMIICBY 6,55 mun (pu
3arpyske pezoHaropa 9,3 Kr); Ipou3BOAUTENLHOCTH 85 KI/4; SHEPTeTHYECKHUX 3aTpaTax
0,141 xBt-u/kr; Temneparype Harpesa 90—100 °C.

Texuuueckue xapakrepuctiuku CBU-ycTaHOBKH 17151 00e3KUpUBAHUS KOCTEH yOoii-
HBIX JKHBOTHBIX IIPUBEEHHI B Ta0nuIe 1.

Tab6numna 1

Table 1

Texnnueckue xapakrepuctuku CBU-ycTaHOBKH 17151 00e3:KMPHBAHUSA KOCTel YOOI HBIX JKMBOTHBIX
Technical characteristics of a microwave unit for degreasing the bones of slaughtered animals

IMapametpsr /
Haumenoanue / Name Parameters
1 2
Komnaectso CBUY-reneparopos, mt. / Number of microwave generators, pcs. 6,000
IIpousBoaurtensHOCTD, KI/4 / Capacity, kg/h 85,000
Macca enMHOBpPEMEHHOM 3arpy3Ku Chipbsi, KT/ Mass of one-time loading of raw 9300
materials, kg ’
MoIHOCTh IeCTH MarHeTpoHoB, KBT / Power of six magnetrons, kW 6,600
MOIIHOCTB LIECTH BEHTHIISTOPOB /IS OXJIAXKICHHS MATHETPOHOB, KBT (BEHTHIIATOP
ocesoi kananbHb CV-150, 30 Bt) / Power of six fans for cooling magnetrons, kW 0,180
(axial channel fan CV-150, 30 W)
Mourtocts 6udeBoro poropa, kBt / The power of the whip rotor, kW 4,000
Yactota BpamnieHus 6uueBoro poropa, o6/mMuH / The frequency of rotation of the 200.000
whip rotor, rpm ’
MoiHocTs mpenepa, kBt / Shredder power, kW 1,220
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Oxonuanue mab6n. 1/ End of table 1

1 2
Iotpebnsiemast moruHocth CBU-ycranoBku, kBt/ Power consumption of the 12.000
microwave unit, kW >
VYnensHbIE SHEPreTUYEcKue 3aTpatsl, KBT-u/kr / Specific energy costs, kW-h/kg 0,141

[Inanupyemast GajaHCOBasi 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 pe3oHaTopa (puc. 4), P HEMPEPHIBHOM PEKUME
pabOTBI YCTAHOBKH OKHIACTCS 00CCIIeUeHNE DICKTPOMAarHuTHON O€30ITacCHOCTH Ha
HPENENIbHO TOIYCTUMOM YPOBHE (JOITyCTHMAasi MOLTHOCTD ITOTOKA U3IYUCHUH paBHA
10 mxBt/cm?) [32].

OO0cy:xneHue u 3aKJroueHue. PazpaboTranHas TEXHOIOTHS TEPMOMEXaHHUYECKOTO
METO/Ia N3BJICUEHNUS XKUPA U3 N3METBUEHHOTO KOCTHO-)KUPOBOTO CBIPBS U KOHCTPYKTHBHOE
ucnonHenne CBY-ycTaHOBKH ¢ KOaKCHAIbHBIM PE30HATOPOM C KOJIBLIEBBIM KOHUYECKUM
00BEMOM U OMYEBBIM POTOPOM MOTYT OBITH HCIIOJIB30BAHBI ISl BHITOIIKH JKHPA U3 KOCTEH
yOOMHBIX KUBOTHBIX B (pepMEPCKUX XO03sHCTBaX.

Coueranne Bozaeiictsust OMIICBY 1 MHOTOKpaTHOTO ynapa MpeiBapuTeIbHO U3-
MENBICHHOTO CHIPHSI C MOMOIIBIO JIUAIIEKTPUIECKOTO OMIEBOTO poTOpa 00 abpa3uBHYIO
MOBEPXHOCTH MPH MEPEIBIKEHIH Yepe3 KOAKCHAIBbHBIN Pe30HaTop B TypOyJIeHTHOM
PEKUME YCKOPSIET NPOoLiecC 00e3KUPUBAHUS ChIPhsI IIPU HENIPEPBIBHOM PEXUME PaOOThI
YCTaHOBKH C COONIONEHNEM DIIEKTPOMArHUTHOM 0€301TacHOCTH.

Pesynbrarhl BEIYMCICHUS U BU3YyaIM3allMK PacpeaesieHUs 3JIeKTPOMarHuTHOTO
NOJISl B PEXKUME IEPEXOIHOr0 MPOLECCa B KOAKCHAIIBHOM PE30HATOPE C KOJIBLEBBIM
KOHHYECKUM 00bEMOM MO3BOJIHIIN KOMIIJIEKCHO OLIEHUTH OCHOBHBIE TIAPaMETPhI 3JIEKTPO-
JUHAMHUYECKOH cucTeMbl (COOCTBEHHYIO JOOPOTHOCTH, HAPSKEHHOCTD SJIEKTPHYECKOTO
07151, TOBEPXHOCTHBIN TOK, E-aHepruto u ap.).

Pesynbrarel ncenenoBanus mokaspiBaroT, 4to CBY-ycTaHOBKa € IECTHIO MArHETPOHAMHU
BO3IyIIHOTO OXJIAXKICHUS MOIIHOCTHIO 110 1,1 kBT npu n3mens4eHun KOCTHO-KHPOBOTO
CBIPbSI YOOMHBIX )KUBOTHBIX MOXKET 00€CIIEYNTh TEPMOMEXaHUYECKOE BO3/ICHCTBHE HA
CBIPbE MPOU3BOAUTENLHOCTBIO 85 KI/4 B HEMIPEPHIBHOM PEXXHUME TIPU BBICOKOW HArpsi-
JKEHHOCTH JIEKTPHUYECKOT0 Tois 5 KB/cM.

Hns obecriedenms HEOOXOMMMOM TEXHOJIOTHYECKOH 3P HEKTUBHOCTH MpoIlecca
00€3>KUPUBAHUS ChIPbs CIENYET MOANEPKUBATH CIEAYIOINUN PexXUM paboThl ycTa-
HOBKHM: HaIlpsSDKCHHOCTD JIEKTPHUYECKOTo moist paBHa 2—5 kB/cMm; yaenpHas mou-
HOCTB TeHepaTopa paBHa 0,71 kBT1/kr; nponomkuTeabHOCTh Bo3aeiicTBus OMIICBY
paBHa 6,55 MuH (mipu 3arpy3ke pe3oHaTopa 9,3 Kr); IpOU3BOIUTEIHHOCTh paBHA
85 xr/u; sHeprernueckue 3arparsl paBHbl 0,141 kBT u/kr; Temneparypa Harpesa
paBaHa 90-100 °C.
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HNudopmanus 1711 aBTOPOB U YHTATEICH

Hayunslit ;xypHan «HXeHepHbIE TEXHOIOTUH U CUCTEMBD) ITyOITMKYET OPUTUHAIIBHBIE HAYYHBIE HCCIIE-
JIOBaHMSI, CIIOCOOCTBYIOIINE PAa3BUTHIO HAYKH B 00IaCTH MH)KCHEPHBIX CUCTEM U TEXHOJIOTUH.

Kypnan BkimroueH B [lepedeHb perieH3UpyeMbIX HayIHBIX W3aHUI, B KOTOPBIX JOMXKHBI OBITH OIy0-
JIMKOBaHBI OCHOBHBIE HAyYHBIE PE3YJIbTAThI IUCCEPTALMI Ha COMCKaHUE YICHOH CTEeTIeHN KaHIUaTa HayK,
Ha COMCKAaHWE YYEHOH CTENEHH JOKTOpa HayK MO HAyYHBIM CIICIHAIBFHOCTSM M COOTBETCTBYIOIINM MM
OTpaCisIM HayKH:

1.3.2. IIpnOophI 1 METORBI SKCIIEPUMEHTAIBHON (DH3UKH (TEXHIIECKHUE HAYKH)

1.3.6. OnTuka (TeXHUYECKHE HAyKH)

1.3.13. Dnexrpodu3uka, MeKTpoGU3NIECKHE YCTAHOBKY (TEXHUUECKUE HAyKHN)

2.5.3. TpeHue 1 M3HOC B MAIIMHAX (TEXHUYECKHE HAYKH)

4.1.4. CanoBoncTBO, OBOLIEBOICTBO, BUHOTPAIAPCTBO U JIEKAPCTBEHHBIE KYJIBTYPhI (TEXHUUECKUE HAYKH)

4.3.1. TexHoMOrMHM, MAIIHMHBI 1 000PYIOBAaHKE VTS arpONPOMBIIIIICHHOTO KOMIUIEKCA (TEXHUYECKHUE HAYKH)

4.3.2. DIEKTPOTEXHOIOTHH, HEKTPOOOOPYIOBAHIE U SHEPrOCHAOKEHHE arpOIPOMBIIUICHHOTO KOMII-
Jekca (TeXHUIECKHe HayKH)

He nomyckaercst HanpapiIeHNE B PENAKIHIO YKe OITyOMKOBAaHHBIX CTAaTel MM CTaTeH, OTIIPABICHHBIX Ha
IMyOJIMKAIHIO B IPyTHE XKypHAIEL. B cirydae oGHapy:KeHHsI OTHOBPeMEHHOM MOIAYH PYKOIHCH B HECKOIBKO
M3/1aHUI ONy0JIMKOBAHHAS CTAThs OyAeT peTparupoBana (0TO3BaHAa U3 ne4yaTu). MOHUTOPHHT HECAHKIIHO-
HHMPOBAHHOTO [IUTHPOBAHUSI OCYIIECTBISIETCS C IOMOIIBIO CHCTEM «AHTUIIIaruam u «iThenticatey.

JKypHan npuBeTcTByeT CTaThH, IMEIOIIHE ITOTEHIHATEHO BEICOKIH MMITAKT-()aKTOp W/HITH COAeprKaline
Marepual O 3HaYUTEIbHBIX JOCTI)KEHUSX B YKa3aHHBIX HarpasieHusx. Oco0oe BHUMaHKE CIIeyeT yAeIUTh
KadecTBy HepeBosa. JKemarensHo, YT0ObI OH OBLT BEIITOIHEH HOCHTENEM aHIIMICKOTO SI3BIKA.

Ipu MOATOTOBKE CTaThH K MyONUKAINH B XKypHane «HXeHepHbIe TEXHOIOTUH U CHCTEMBD» HE00X0-
JIMMO Y4YECTh CIISTYIONHE TyHKTHI:

1. Ykazars YJIK.

2. 3aroJI0BOK CTaThH JJOJKEH KPAaTKO U TOYHO OTPaXKaTh COJEPIKAHUE CTaThU, TEMATUKY U PE3yIbTaThl
HPOBEJICHHOTO UCCIENOBAHUSL. [Ipu6ooumcs Ha pycckoM U AHIUNICKOM A3bIKAX.

3. AunoTtamms (200-250 c0B) BHITONHAET QYHKIUIO PACIIMPEHHOTO HAa3BaHUS CTATHH U MOBECTBYET
0 ee coziep>kaHu. B Hell OIKHBI OBITh YETKO 0003HAYEHBI CIIEIYIONIHE COCTABHBIC YaCcTH:

1) Beenenwue (Introduction);

2) lens crathu (Aim of the Article);

3) Marepwuains! 1 Metoxs! (Materials and Methods);

4) Pesynbrarsl uccnenosanus (Results);

5) O6¢cyxnenue u 3akmouenue (Discussion and Conclusion).

TIpusooumcs na pycckom u QHUICKOM A3bIKAX.

4. KnroueBble ciioBa (5—10) sBISIOTCS HOMCKOBBIM 00pa3oM HayyHOH cTaThu. B CBs3M ¢ 3TMUM OHH
JIOJDKHBI OTPa)kaTh OCHOBHEIE ITOJIOKEHYS, TOCTIKEHUS, PE3Y/IbTaThl, TEPMUHOIOTHIO HAYIHOTO MCCIIEA0Ba-
HUSL. [Ipugoosamces Ha pycckom u an2IuiicKom A3bIKax.

5. baarogapuocTu. B 3TOM paznene ciaenyer ynoMsHYTh JItOfIeH, MOMOTraBIIMX aBTOPY MOJITOTOBUTH
HACTOSIIYIO CTaThIO, OPraHU3alNH, OKa3aBIIre (PHHAHCOBYIO MOIICPKKY. XOPOIINM TOHOM CUHTAETCS BEI-
paxkeHue OJIaroapHOCTH AaHOHUMHBIM PeLIeH3eHTaM. [Ipugooamces Ha pyccKom U aHeIUCKOM A3bIKAX.

6. OCHOBHOIi TEKCT CTAaThH M3JIaraeTcsl Ha PyCCKOM HIIM QHIJIMHCKOM SI3BIKAX.

1) Beenenne — moctaHOBKa HAydyHOH NPOOJIEMBI, €€ aKTyalbHOCTD, CBSI3b C BKHEHWIIMMH 3a/1adaMH,
KOTOpBIE HEOOXOIMMO PEeLINTh, 3HAYEHUE JUIsl PA3BUTHS OIPEEICHHOI 0Tpacin HayKH WM NPaKTHYECKON
JeATEIHOCTH.

2) O630p nuTeparypsl. HeoOxomumo onucars OCHOBHBIE (IIOCIEAHHE IO BPEMEHH) MCCICIOBAHUS U
IMyOJIMKanK, Ha KOTOPBIE OIMPAETCsI aBTOP; COBPEMEHHbIE B3INI/IBI Ha NMPOOJIeMy; TPYIHOCTH NP pas3pa-
60TKe JAHHOH TEMBI; BBIICIUTH HEPELIEHHBIE BOIIPOCH B IIpeeax 00ImeH mpoOieMbl, KOTOPBIM MOCBSIIECHA
CTaThsl.

3) Marepuansl 1 MeToAbl. B 1aHHOM pasiene ONMHMCHIBAIOTCS MPOIECC OPTaHU3aIMU SKCIEPUMEHTa,
NPUMEHEHHbIC METOIMKH, UCIIONb30BAHHAS alllaparypa; JAaloTcst MoApoOHbIe CBeleHH 00 00beKTe uccie-
JIOBaHMSI; YKa3bIBaeTCsl MOCIEIOBATeIbHOCTh BBITOJHEHHS HCCIIEOBAaHNUS M 0OOCHOBEIBAeTCS BHIOOP HC-
MOJTb3YEMbIX METOIOB (HAOMIOIEHNE, OIPOC, TECTHPOBAHHUE, SKCIIEPUMEHT, Ja00PAaTOPHBIH OIIBIT U T. 11.).

4) Pe3ynbrarsl Hcciaen0BaHus. ITO OCHOBHOW pasJied, Leb KOTOPOTro — PH IMOMOIIY aHai3a, 00001ie-
HUS ¥ pa3bICHEHUSI TAHHBIX JOKA3aTh paOOUyIo THIOTE3y (TUIOTe3bl). Pe3ynbraTs! JOMKHBI OBITH N3IIOKEHBI
KpPaTKo, HO TIPU 3TOM COJIEPKaTh JOCTATOYHO MH(OPMAIIMH JJIsI OLIEHKU CAETAHHBIX BHIBOIOB. TaKoKe TOMK-
HO OBITH 000CHOBAHO, TIOYEMY I aHaJIM3a ObLIN BEIOPAHbI IMEHHO ATH JAHHEIE.
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5) ObcykieHre U 3aKIIIOUCHUE. B 3aKIF0UeHHH CYMMUPYIOTCS PE3YJIbTaThl OCMBICTICHHS TEMBI, Jeia-
0TCSI BEIBOZIBI, OOOOIICHNUST M PEKOMEHIAINH, BHITEKAIONINE U3 pabOTHI, MOIIEPKUBACTCS HX MPAKTHIECKAs
3HAYUMOCTb, @ TAK)KE ONPEICIAIOTCSI OCHOBHBIC HANPaBJICHHUS [Tl JalbHEIMIIero HCCaeI0BaHus B 3TOH 00-
JIacTH.

7. Cnucok Jurteparypbl (opopmisiercss B coorBercTBuH ¢ Tpedosanmsmu ['OCTa P 7.0.5-2008).
CcpuiatbCsi Hy’)KHO B TIEPBYIO OUepellb Ha OpPUTHHAIBHbIE HCTOYHUKY U3 HAyYHBIX JKYPHAJIOB, BKIFOUCHHBIX
B II0OAJIbHBIC HHJIEKCHI NUTHpoBaHUs. JKenarensHo ncmons3oBars 3040 ncrounnkos. M3 HUX 3a mocien-
Hue 3 rofa — He MeHee 20, HHOCTpaHHBIX — He MeHee 15. Cnenyer ykaszate DOI nnu agpec noctyna B cetu
Unrepuer. Ogopmnsemces ha pycckom u aHTUICKOM A3bIKAX.

8. 00 aBropax. ®.1.0., oprannzanusi(u), agpec opranuzanun(if) (Tpedyercs ykasarb BCe MecTa pa-
0OTBI aBTOPA, B KOTOPBIX BBIIOIHSUIMCH UCCIIENOBAaHUS (IIOCTOSIHHOE MECTO, MECTO BBIITOIHEHHS IIPOCKTa U
Ip.)), IOIKHOCTH U yaeHoe 3Banue, ORCID, Researcher 1D, snekrponHas modra, TeseoH, MOYTOBBII agpec
JUISL OTIIPABKU @BTOPCKOTO IK3EMIUIAPA. [Ipusooumcst Ha pycckom u aHeIUICKOM A3bIKAX.

9. 3asBIeHHBIH BKJIa aBTOPOB. B KoHeI pykonncy HeoOXOAMMO BKIIFOYUTE IPHMEUAHNS, B KOTOPBIX
pasbACHsAETCS (AaKTUUECKUI BKJIA]] KaJKAOTO COABTOPA B BBINOIHEHHYIO paboTy. [Ipusooumcs na pycckom u
AHRTUTICKOM SA3bIKAX.

10. Texuuueckoe oopmiaenue.

1) Penakumst mprHHUMaeT TEKCThI, coxpaHeHHbIe B (opmare .doc, .docx, .rtf. XKenarenasHo ncmonb30BaTh
mpudt Times New Roman, ke 14 u uatepsan 1,5 crpoku. PacctaHoBKa IIepeHOCOB BPYYHYIO HE JOIyCKa-
eTcsl. 3ampenacTcs HCTONIb30BaTh JBOWHbIE MPOOENBI B TEKCTE,  TAKXKE BBITIONHSATH OTCTYIIBI (KpacHast CTpo-
Ka), UCTIOJIb3Ys POOEIIBL.

2) ®opMynbl HAOMPAIOTCS COYETaHHEM OCHOBHOTO Iipu(Ta U mprdTa Symbol (MckirodeHne s 1pooei,
cyMM, KBazaparHoro kopssi) B Microsoft Equation 3.0 (Penakrop dhopmyin B Microsoft Word) um Math Type 6.
Jlatunckue 3Haku B hopMynax 1 0003HAYEHMSIX (KaK B TEKCTE, TAaK M Ha PUCYHKaxX) HaOMPAroTcsl KypCHBOM.
DopMyITbl HyMEpYIOTCsI B KPyIIbIX CKoOKax. HymepoBars ciiemyeT TonbKo Te (hOpMyITbl i ypaBHEHHs, Ha KOTO-
PbI€ €CTh CChUIKA B IOCIIEIYIOIIEM U3I0KCHUH.

3) Bce Ha3BaHMS, OMIMCH U CTPYKTYPHBIE SJIEMEHTHI Tpad)UKOB, TaOMHI, CXeM U T. 1. 0QOPMILIIOTCS Ha
PYCCKOM U aHIJIMHACKOM S3bIKAX.

4) PucyHKku MOTyT OBITH IIPEJICTABIIEHBI B PACTPOBOM MIIH BEKTOPHOM (hopMaTe ¢ paspelieHIeM He HIDKE
300 dpi. OHM DOKHBI IOMYCKaTh PElaKTHPOBAHUE TEKCTa M BO3MOKHOCTH M3MEHEHHMs pa3MepoB. Bcee rpa-
(yueckue TaHHbIe OMEIIAIOTCS B TEKCT CTAaThH, @ TAKXKE BBICBUIAIOTCS JIOIIOIHUTENFHO B BUE OTACIBHBIX
¢aiinos. PazHOXapakTepHbIe HINTIOCTPAIIME HEOOXOIMMO IPUBOINTE K €IHHOMY CTHIIIO TPa)IecKoro UCIO-
HeHHs, coOmozias eauHooOpasue ux odopmiieHns. I'padukn, cxembl n 1UarpaMMbl HEOOXOAUMO OGOPMIIATH
B Microsoft Excel.

Ipu mozmave craThy B PEAAKIMIO aBTOP COIMIAIIAETCS C MOJNIOKEHHSAMH MPHIIaraeéMor0 JINLEH3HOHHOTO
JIOroBOpA.

BaxHBIM 3TamoMm B mporecce 0TOOpa CTaThH SIBISCTCS peleH3upoBaHue. B xypHane «/HxeHepHbIe
TEXHOJIOTHH U CHCTEMbI» MPHHSITO «IBOIHOE clernoey (PeleH3eHT U aBTop He 3HAIOT UMEH JIPYT pyra) pe-
LIEH3NpOBaHue cTaTell. PerieH3eHT Ha OCHOBAaHNY aHaIM3a CTAaThH IPUHAMAET PEIICHIE O PEKOMEH AN ee
K IMyOMKaIY WK O €€ OTKJIOHEHHH. B ciTydae Hecommacus aBTopa CTaThi C 3aMEUaHUSIMH PELICH3EHTa €T0
MOTHBHPOBAHHOE 3asBJICHUE PACCMATPUBACTCS PEIAKLIMOHHON KOJIETHEeH.

IMonmuTHKa peqakIMOHHON KOJUIETHH JKypHaa 0a3upyeTcst Ha COBPEMEHHBIX I0PUIMIECKIX TPeOOBaHN-
S1IX B OTHOLIEHUU KJIEBETHI, aBTOPCKOI'O IIpaBa, 3aKOHHOCTHU U IU1arvara, noaacpKuBact KO}IBKC OTHUKHU HAy4-
HBIX ITyOMuKarmii, copMyanpoBaHHEIH KoMuTeTOM 10 STHKE HayYHBIX ITyOIHMKaIUi, X CTPOUTCS C YIETOM
3TUUYECKUX HOPM PabOThI PEIAaKTOPOB U M3AaTeNel, 3aKperuieHHbIX B Konekce moBeieHus U pyKOBOISAIINX
NPUHIMIAX HAWIydIlel MPaKTUKK JUTs pelakTopa sxypHaia u Kojekce moBeneHus Uis H3aTess Ky pHaa,
paspaboranHbx Komurerom mo mybnukanuonHoit atuke (COPE).

«VIHKeHepHbIe TEXHOJIOTUH U CHCTEMBD» — XYPHAJI OTKPBITOTO JOCTYIIA, TO €CTh BCE COACPKAaHNUE HAXO0-
JIATCS B CBOOOTHOM JOCTYIIE OECIUIaTHO IS TT0IB30BaTeNs B COOTBETCTBHU ¢ omnperenenneM BOAI oTkpeI-
TOTO JocTymna. Marepualbl KypHalia JocTynHbl 1o jmieH3nn Creative Commons “Attribution” («Atpuly-
musi») 4.0 BeemupHast.
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specialties and their respective branches of science should be published (Higher Attestation Commission
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1) Introduction;

2) Aim of the Article;

3) Materials and Methods;

4) Results;

5) Discussion and Conclusion.
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