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I/IH)KeHepHLle TEXHOJIOI'MH U CUCTEMBbI
PELEH3UPYEMBIIl HayYHBIH KypHaJ OTKPBITOTO JOCTYyNa

Lens HayyHOTO JKypHaJa OTKPBITOrO focTyna « MHKXeHepHbIe TEXHOIOTUH U CHCTe-
MBI — 3HAKOMCTBO YHTATEJIEH C pe3yibTaTaMi OPUTHHAIBHBIX HAyYHBIX UCCIICOBAHUM
B 00J1aCTH arponpoMBIIIICHHOTO KOMIUIEKCA H MaIMHOCTPOeHNUs Poccny v 3apy0eKHBIX
cTpaH. Muccus )KypHajia — CO3IaHHe MEKTYHAPOIHON TUIOLIA KK TS HAyYHOH JTUCKYC-
CHH HCCIIEIOBAaTEleH, 0OMEHa OTBITOM M ITyOIHMKalWK aKTyaJIbHBIX IOCTHKEHHH B cdepe
WHKCHEPHBIX CUCTEM U TEXHOJIOTHH.

Kyphan agpecoBaH uccienoBaTeIsIM U CIIELMATINCTaM, pa0OTaOLIMM B MAIIMHO-
CTPOEHHH H CETTbCKOM XO3SHCTBE, TIPETIOIaBaTelIsiM, aCTUPAHTaM U CTYACHTaM BBICIIIHX
yueOHBIX 3aBEJICHU, a TAKIKE ITUPOKOMY KPYTY YUTATENCH, HHTEPECYIOIIUXCS MEPCTIeK-
TUBHBIMH HalpaBJICHUSAMH OTEYECTBEHHOH U 3apyOe:KHOIM MHKCHEPHH.

Penakis ’xypHaa OCyIeCTBIIET HayYHOE PELICH3UPOBaHKE (JBYCTOPOHHEE CIIETIOE)
BCEX NOCTYNAIOINX cTarei. PyKkomuch craThby HalpaBisieTCsl HA peLieH3UPOBaHUE IS
OLICHKH €€ HayYHOTO COAEPIKaHUsI HECKOJIBKUM BEAYIIMM CHELUATHNCTaM COOTBETCTBYIOILETO
POQHIIST, UMEFOIINM HAay9HYO CIIEIMANIN3aIiIo, HanOoee OIM3KYI0 K TEMAaTHKE CTAaThH.

Penakuus sxypHana peainu3yeT NPUHIUI HYJIEBOW TOJICPAHTHOCTH K TUIarHary.
MOHHTOPHHT HEKOPPEKTHOTO IIUTHPOBAHMS OCYILECTBIISETCS C TIOMOIIBIO CUCTEM
«Antunnaruar» u «iThenticatey.

Pacnpoctpanenne — Poccuiickas ®enepanus, 3apyOeKHbIE CTPAHEI.

Kypnan npenocTaBisieT OTKPBITHIM JOCTYII K IIOJIHBIM TEKCTaM ITyOJIMKALIMN, HCXOS
13 CIEAYIOIIETO IPUHIIMIIA: OTKPBITHIA TOCTYTI K pe3ybTaTaM UCCIEI0BaHUN CIIOCOOCT-
BYET YBEJIMUCHHIO INIO0AIBHOTO OOMEHA 3HAHUSMHU.

XKypnan BrimoyeH B [lepeueHb perieH3UpyeMbIX HayYHBIX H3IaHUM, B KOTOPBIX JOJKHBI
OBITh OITyOJIMKOBAaHBI OCHOBHBIE HayYHBIE PE3YJITaThl AUCCEPTALMI HA COUCKAHUE YUEHOH
CTEICHU KaHIW/JaTa HayK, Ha CONCKaHUE YUCHOW CTENEHM JOKTOPa HayK IO HayYHBIM
CIELHATIbHOCTSM M COOTBETCTBYIOILIUM UM OTPACIISIM HayKH:

1.3.2. TIpuOopsl 1 METOBI AKCIIEPUMEHTANEHON (DU3UKH (TEXHHIECKUE HAYKH)

1.3.6. Ontuka (TeXHHUECKUE HAYKH)

1.3.13. Dnekrpodusnka, 31eKTpoPU3NIECKie YCTAaHOBKU (TEXHUUECKIE HAYKH)

2.5.3. TpeHue u U3HOC B MalIMHAX (TEXHUYECKUE HAYKH)

4.1.4. CanoBoACTBO, OBOIIEBOACTBO, BUHOIPaJapCTBO U JIEKAPCTBEHHbIE KYJIbTYPhI
(TexHIYECKHUE HAYKH )

4.3.1. TexHomoruu, MalyHEI 1 000PYIOBaHHUE IS arpOIIPOMBIIIIIEHHOTO KOMITIEKCa
(TexHUYecKre HayKN)

4.3.2. DneKTpOTEXHOJIOTHH, SIEKTPOOOOPYIOBaHHE H SPHEPTOCHAOKEHHE arpoIpo-
MBIIIIEHHOTO KOMIUIEKCa (TEXHUUECKUE HAYKH )

KypHan uHIEKCHpYeTCs ¥ apXUBHPYETCs B 0a3ax JaHHBIX:
Web of Science Core Collection (ESCI)
Russian Science Citation Index (RSCI)
Poccwuiickom nHaexce HayaHoro nutupoBanus (PHHLI)

Kypnan sensercst wieHom Open Access Scholarly Publishers Association (OASPA),
Directory of Open Access Journals (DOAJ),
Committee on Publication Ethics (COPE),
Accouupanuy Hay4qHbIX peakTopoB u uznareneit (AHPI),
CrossRef
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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 foreign countries.
The mission of the journal is to create an international platform for scholarly disputes of
researchers, exchange of experience and publication of the articles on current achieve-
ments in the field of engineering systems and technologies.

The journal is addressed to researchers and specialists working in mechanical en-
gineering and agriculture, teachers, postgraduates and students of higher educational
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 manu-
script of the article is sent for review to several leading specialists of the corresponding
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 Doc-
tor and Candidate of Sciences in scientific specialties and their respective 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 Science Citation Index (RSCI)

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
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PEJAKIHIMOHHASA KOJUIETHUA

Cenun Iletp BacuibeBuu — 2nagnuulii pedaxmop, TOKTOp TEXHHUECKHUX HaykK, mpodeccop, mpodeccop
kadenpsl TEXHUYECKOro cepBuca MalvH HalMoHaIbHOIO MCClenoBaTelIbckoro MopIoBCKOro rocyaap-
ctBeHHoro yHuBepcurera, ORCID: https://orcid.org/0000-0003-3400-7780, senin53@mail.ru (CapaHck,
Poccuiickas deneparys)

JleBueB Auekceii IlaBaoBUY — 3amecmumens 2n1agHo2o pedakmopda, TOKTOp TEXHUYECKHX HayK, IPO-
(eccop, 3aBenyromuii kadenpor TEIIOIHEPreTHYECKUX cucrteM HalMOHAIbHOIO HCCIIeI0BaTeIbCKO-
ro MopraoBckoro rocygapctBeHHoro yauBepcurera, ORCID: https:/orcid.org/0000-0003-2429-6777,
levtzevap@mail.ru (Capanck, Poccuiickas @eneparis)

Yarkun Muxana HuxonaeBu4 — savnecmumens 2nagnozo pedaxmopa, TOKTOp TEXHUUECKHUX HaykK, IIPoO-
(eccop Kadenpbl MOOMIIBHBIX 3HEPreTHYECKUX CPEICTB U CENIbCKOXO3SAHCTBEHHBIX MAIIMH MMEHHU IIPO-
¢eccopa A. U. Jlemanknna HarpoHansHOTO MCCIIenOBaTeIbcKoro MOpPIOBCKOTO TOCYAapCTBEHHOTO
yauBepeutera, ORCID: https://orcid.org/0000-0002-3758-7066, chatkinm@yandex.ru (Capanck, Poc-
cuiickas Deneparius)

Tl'opanna Exarepuna IlaBioBHa — omeemcmeentbiii cekpemaps PeAaKINU HAydHBIX KypHaAIoB Hamwo-
HaJIbHOTO HCCJIEN0BaTENbCKOro MOpIOBCKOTO rOCYAapCTBEHHOTO YHUBEpcUTeTa, vestnik mrsu@mail.ru
(Capanck, Poccuiickas ®enepanust)

AnnaxsepaueB Cypxaii Parum orisl — oxTop Oronormdeckux Hayk, akageMuk Poccuiickolt Akamemun
EcrectBo3nanms, npodeccop Kadenps! 3KOJIOTHI 1 IPHPOTOIOIB30BaHNS MOCKOBCKOTO MEAArOTHIECKOTO T0-
cynapcTBeHHoro yHuBepcutera (Mocksa, Poccuiickas Deneparust); npodeccop kadeapsl ISCHON UHAYCTPUN
Baprriackoro rocynapcrsennoro yausepceurera (bapremm, Typrwst)

AcTtaxoB Muxana BiraguMupoBHY — TOKTOp TEXHHYECKUX HAyK, Ipodeccop Kadeaphl KOJICCHBIX MAIIH
W MpHUKIagHON MexaHukn Kamyxckoro ¢umana MoCKOBCKOTO TOCYIapCTBEHHOTO TEXHUUECKOTO YHUBEP-
curera umenu H. O. baymana, ORCID: https://orcid.org/0000-0001-8675-1611 (Kanyra, Poccuiickas ®e-
Jieparus)

Byiarakor AJiekceit [puropbeBuY — J0KTOp TEXHHMYCCKHX Hayk, mpodeccop kadeapsl MPOMBINUICHHO-
TO U TpakJaHCKOro crpoutenseTsa KOro-3amagHoro rocygapersennoro yauBepcutera (Kypek, Pocenii-
ckas Denepanus); npodeccop CTPOUTENBHOTO PaKyabTeTa J[pe3qeHCKOro TEXHHIECKOTO YHUBEPCUTETA,
ORCID: https://orcid.org/0000-0003-4261-9840 ([pe3neH, ['epmaniist)

I'ep6ep FOpuii BopucoBnY — TOKTOp TEXHUYECKUX HayK, mpodeccop, 3aBeayronuii kadeapoii TeXHOIOTHI
1 000pyIOBaHMS MIPOU3BOJCTBA M MepepabOTKU MPOIYKIMU JKHBOTHOBOICTBA KpbIMcKoro denepansHoro
yauBepcutera umenn B. 1. Bepranckoro, ORCID: https://orcid.org/0000-0003-3224-6833 (Cumdeporions,
Poccuiickas ®eneparis)

I'ycapos Biagumup BiraguMupoBHy — KaHIUIAT TEXHUYECKUX HAyK, IOLEHT, IeKaH (aKyabTeTa Mexa-
HH3aLHHU CeJIbCKOTo X03sicTBa benopycckoii rocynapcreenHoit opaerno Oktsi6prckoit Peomrorin u Tpy-
noBoro Kpacnoro 3mamenu cenbckoxossiictBeHHON axamemuu, ORCID: https:/orcid.org/0009-0009-
7819-6019 (T'opxu, Pecrry6onuka bemapycs)

Ysxenb [aiipen — Ph.D., mpodeccop, mexan Illkomsl sHepretrkn LI3sHCYCKOrO yHHBEpCHTETa HAyKH
1 TEXHOJIOTHH, TUPEKTOp MeXayHapoqHOH 00bEIMHEHHOH 1a00paTopyuy IO 3KOJIOTHUYECKO SHEPTETUKE CY-
JIOB 1 KOHTpOJTro BEIOpocoB L3stHcy, ORCID: https://orcid.org/0000-0002-4110-2199 (Usxonbizss, Kurait)
Juvurpo Banepuii IleTpoBHY — [IOKTOp TEXHHYECKHX HAyK, Mpodeccop, 3aBenyronuid Ka-
¢denpoil ympaBneHHs KadecTBOM JIOHCKOTO TOCYIapCTBEHHOTO TEXHHYECKOTO YHUBEPCHUTETA,
ORCID: https://orcid.org/0000-0003-1439-1674 (Pocto-Ha-[lony, Poccuiickas deneparms)

Kaukun Cepreii IOpseBHY — JOKTOp TEXHHYECKUX HayK, mpodeccop Kadeapsl SKCILTyTalud TpaHC-
TMOPTHBIX U TEXHOJIOT'MYECKUX MAallInH BOpOHe)KCKOFO rOCyAapCTBEHHOTO arpapHOro yHUBEpCUTETa UMCHU
nmneparopa [erpa I, ORCID: https://orcid.org/0000-0002-1844-5011 (Boponex, Poccuiickas ©enepartuis)

KenesnnkoBa Oabra EBrenbeBHa — KaHANIAT TEXHUYECKUX HAyK, JOLEHT, qUpekTop MHCTUTYTA SI1ek-
TPOHHMKH U CBETOTEXHHKH HallMOHAIBHOTO HMCCIIEN0BATENBCKOr0 MOPIOBCKOTO rOCYIapCTBEHHOTO YHH-
Bepcuteta (Capanck, Poccuiickas deneparms)

HUrymHuoB JleoHua AjeKcaHIPOBUHY — JOKTOp (PU3UKO-MaTEeMaTHIECKUX HayK, podeccop, 3aBeayIOMmunit
kadenpoit TKOM MUTMM HauumonansHoro ncciemoBarensckoro Himkeropoackoro rocyiapcTBeHHO-
ro yunusepcurera nmenn H. U. Jlo6aueBckoro, ORCID: https://orcid.org/0000-0003-3035-0119 (Hmx-
uuit Hosropox, Poccuiickas deneparms)

Hcromuna Hatanabs JleonnaoBHa — JOKTOP (PH3HKO-MaTeMaTHYECKHX HAyK, HAYaJdbHHUK OT/eNa (r3nde-
CKUX Hayk Poccuiickol akajieMuM HayK, 3aMECTHTENb aKaJeMHUKa-CEKpeTaps 10 HayuHOOPraHU3allMOHHON
pabore ODH PAH; npodeccop kadenpsl ynpaieHuss HHHOBAIAAMHA MOCKOBCKOTO aBHAIIMOHHOTO HHCTHTY-
Ta (HAIMOHAJIFHOTO MCCIIEI0BATENIbCKOTO YHUBEPCHTETA); TIIABHBIN PEIaKTOp HAyIHO-TEXHUIECKOTO XKypHa-
na «Poronuka», ORCID: https://orcid.org/0000-0001-6008-1226 (Mocksa, Poccuiickas ®enepariys)
Keuemaiikun Baagumup HukosiaeBHY — KaHI11aT 5JKOHOMUUECKHUX HayK, JOLEHT, AMpEKTOp Py3aeBcko-
ro MHCTUTYTa MalIMHOCTpoeHus HannoHanbHOro ucciaenoBaresbckoro MopaoBCKOro rocyJapcTBEHHOTO
yauBepcutera (Capanck, Poccuiickas deneparis)
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Kotun Anexcannp BraguMupoBu4 — JOKTOp TEXHHYECKUX HaykK, Ipodeccop Kadeapbl MexaHH3aluu
nepepadoTKU CENbCKOXO3IHCTBEHHOH Mpomyknny HanmoHaapHOTO MCCiIenoBaTesbckoro MopIoBCKOToO
rocynapcteenHoro yausepcutera, ORCID: https://orcid.org/0000-0001-8235-0052 (Capanck, Poccuii-
ckas deneparys)

Kycmapue ®enop BacmaseBnu — Ph.D., nexan ¢usnueckoro daxynsrera YHusepcurera Jlag6o-
po (Jlapbopo, BemukoOpuranus); mpodeccop Komremka HCKyccTB M Hayk YHHBepcuTeTa Xamu(bl
(AGy-Habu, OAD)

Kyxapes Oner HukomnaeBu4 — JOKTOp TEXHHYECKUX HayK, mpodeccop, pekrop [len3eHckoro rocyaap-
cTBeHHOro arpapHoro yHusepcurera, ORCID: https://orcid.org/0000-0002-3519-4066 (Ilen3a, Poccuii-
ckast Deneparust)

JlobaueBckuii ko IleTpoBHY — TOKTOP TEXHUYECKHUX HAYK, Ipodeccop, akageMuk PAH, nepBolii 3ame-
cTuTens qupekropa PenepansHOro HaygyHOTo arporHkeHepHoro neHrpa BUM; akanemuk-cekperaps Ot-
neneHus cenbekoxossaicTBeHHbIX Hayk PAH, ORCID: https://orcid.org/0000-0001-7863-2962 (Mockaa,
Poccuiickas ®eneparnusi)

MuxkaeBa CBeT/1aHa AHATOIbeBHA — JOKTOP TEXHUYECKUX HAYK, JOLEHT, mpodeccop kadenpsl anekrpo-
Hukn MUPODA — Poccwuiickoro texnonmornueckoro yausepcutera, ORCID: https://orcid.org/0000-0001-
6992-455X (Mocksa, Poccuiickas deneparis)

Moxaman Bapxm Aéayaiaa — Ph.D., npernonaBarens xadeapsl HEQTIHBIX TEXHONOTHH TeXHHIeCKoro
nHctutyTa Kost DpOmibckoro monurexHuueckoro yHusepcutera, ORCID: https://orcid.org/0000-0001-
8107-6127 (Opbwuis, Mpax).

Hecmusin Anapeii FOpbeBHY — TOKTOp TEXHUUECKHUX HayK, mpodeccop Kaheapbl TEXHOJOTHIA 1 CPEICTB
MEXaHH3aI[1 arpoIpOMBIIUICHHOTO KOMIUICKCA, 3aMECTUTEIIb IUPEKTOpPA 110 HayYHOW paboTe N MHHOBA-
M A30B0-UYepHOMOPCKOTO HH)KEHEPHOTO HHCTUTYTa JIOHCKOTO TOCYIapCTBEHHOTO arpapHOTO YHHBEP-
curera, ORCID: https://orcid.org/0000-0003-3473-8081 (3epuorpan, Poccuiickas Oeneparus)

Octpukos Banepuii BacuibeBuY — TOKTOp TEXHUYECKUX HayK, Ipodeccop, aupekrop Beepoccuiickoro
Hay4YHO-HCCIIEJOBATEIbCKOTO HHCTUTYTA UCIIOJIb30BAHUS TEXHUKU U HEQTEIIPOAYKTOB B CEIECKOM XO3s1i-
ctBe, ORCID: https://orcid.org/0000-0003-2927-768X (Tamb0B, Poccuiickast ®eneparnns)

Inornukos Cepreii AlekcaHAPOBHY — JJOKTOP TEXHUYECKHX HayK, npodeccop kadeapbl TEXHOIOTHI
MaIIMHOCTPOeHUs Bsrckoro rocymapcrBenHoro ynuBepcurera, ORCID: https://orcid.org/0000-0002-
8887-4591 (Kupos, Poccuiickas denepanus)

IpoiTkoB FOpuii HukonaeBUY — TOKTOP CENbCKOXO3SIMCTBEHHBIX HAyK, Mpodeccop Kaheapbl 300TeXHUKH
umenn npogeccopa C. A. JlanmnHa HarmoHansHOro ucciieoBaresibckoro MopioBCKoro rocyiapcTBeH-
Horo yauBepcureta, ORCID: https://orcid.org/0009-0006-4344-4383 (Capanck, Poccuiickas @enepanms)

Pymuk ®@ennkce SIKoBaeBUY — JIOKTOP TEXHUYECKUX HAYK, podeccop Kadeapbl TEXHOIOTHIA TPOILYKTOB
nuTanust CapaToBCKOTO rOCYIapCTBEHHOTO YHUBEPCHTETA TCHETHKH, OMOTEXHOJIOTHH W HH)KEHEPUH UMe-
uu H. U. BaBunosa, ORCID: https://orcid.org/0000-0001-8444-0115 (Caparos, Poccuiickas deneparims)

Psa6ouxuna IlornHa AHaToJbeBHAa — JOKTOP (U3MKO-MaTeMaTHYECKUX HaykK, npodeccop, mpopexkTop
1o Hay4yHOU pabore HanmoHnanbHOro nccnenoBareabckoro MopaoBCKOTo rocyJapcTBEHHOTO YHHBEPCHUTE-
ta, ORCID: https://orcid.org/0000-0001-8503-8486 (Capanck, Poccuiickas denepanns)

Canem Abagenn-Bagex Moxamen — TOKTOp Hayk B 00JIaCTH KOMITBIOTEPHBIX TEXHOJIOTHIA, 3aCITyKEHHBIH
npocdeccop, PyKOBOAUTENb HCCICAOBATENBCKUX T1a00paTopuii B 00IACTH MCKYyCCTBEHHOTO MHTEIUIEKTa
W 3HaHUi, npodeccop pakynbTeTa KOMIBIOTEPHBIX U NH(YOPMAIMOHHEIX HayK YHUBepcuTeTa AfH [llamc,
ORCID: https://orcid.org/0000-0003-0268-6539 (Kaup, Eruner)

CuMassHKIH ApKaauii AHATOJIbeBHY — JJOKTOP TEXHUUECKHUX HayK, Ipodeccop Kadeapbl OnoMexaHNKU
W €CTECTBEHHO Hay4dHBIX AuciuIuiiH Poccuiickoro yauBepcutera cnopra «I'LIOJIMDKy», ORCID: https://
orcid.org/0000-0001-9761-6183 (Mocksa, Poccuiickas deneparus)

Ckpsioun Biagumup AusiekcaHIpoBMY — JOKTOp TEXHHYECKHX HayK, mpodeccop Kadempsl Tex-
HOJIOTMH M O0OpYIOBaHWS MAaLIMHOCTPOSHMS] [I€H3EHCKOro TrOCYHapCTBEHHOIO YHUBEPCUTETa,
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IIAPHUPHBIX HOKell ¢ KPUBOJIUHEHHOH KPOMKOH
B POTALIMOHHBIX 00PE30YHBIX aNmaparax:
pe3yJIbTaThl MapaMeTPUYECKOIo HCCAEAOBAHUA

B. B. Kpacosckuii’ >, 1. M. Tpodumon’, A. A. 3aBamii’

! Kpvimexuil pedepanvuviii ynusepcumem um. B. . Bepnaockozo,
2. Cumcgbepononw, Poccutickaa @edepayus, htips://ror.org/05erbjx97
? Hayuno-ucciedosamenbCKutl uHCImuniym

cenvckoeo xosalicmea Kpvima,

2. Cumghepononw, Poccutickas Dedepayus,
https://ror.org/00dqsh274

™ vitaliy-krasovskiy@mail .ru

Annomayus

Beenenune. CoBpeMeHHBIE POTALIOHHBIE OOPE30YHBIC araparbl 0ONAIal0T BEICOKOH DHEp-
ro3aTpaTHOCTBIO, NIPH 3TOM HX YIAPHbIE HArpy3KH HEraTMBHO BIIMSIOT Ha KAa4eCTBO Cpe3a.
[MoBenuenue 3¢ dexTHBHOCTH 1 00eCTIeYeHNE IAIAIIEr0 PEKIMa PE3aHNs BOSMOXKHO TP HC-
TIOJIF30BaHNUH IIAPHUPHBIX HOXKEH ¢ KPUBOIMHEWHON KPOMKOH B KOHCTPYKIIMM OOPE30YHOTO
armapara. J[yist aToro HeoOxomuMa pa3paboTKa JMHAMHUYECKON MOJIEIH, YUUTHIBAIOLICH B3a-
MMOJIEHCTBHE HOXKA C BETBBIO, CHJIBI HHEPIIMH 1 YIIPYTHE CBOIMCTBA NIPY)KHHHOTO MEXaHH3Ma.
Heas ucciaenoanus. OneHka TMHAMUKH [IaAPHUPHBIX HOXKEH ¢ KPUBOJIMHEHHON KPOM-
KO B pOTAIMOHHBIX OOPE30YHBIX amnaparax Ha OCHOBE MaTEMaTHUYECKON MOJIETH CHUIIOBO-
ro GaJaHca IS OIpeJeNIeHHsI ONTHMAJIBHBIX ITapaMeTpOB IapHUPHOTO MEXaHU3Ma.
Marepuaibl 1 MeToAbl. OOBEKTOM HCCIEIOBAHHS SBISIICS MPOLECC PE3aHUsI OTHONET-
HHX BeTBeil BUHOTPaAHOH J103bI AuameTpoM D = 20 MM ¢ pHU3MKO-MEXaHHIECKUMHU CBOM-
CTBaMH, COOTBETCTBYIOIMMH TPE/eNy MPOYHOCTH IpH cpese 6 = 1-10° ITa. Maremarude-
CKasi MOZIENTb CHIIOBOTO OajaHca MIApHUPHOTO HOXKa OTHMCHIBATIACH CHCTEMOH ypaBHEHUH,
YHCIIEHHOE pelleHHe KOTOPOH OCyIEeCTBIsnoch MeTonoM Pynre — KyTTsl 4-ro mopsixa
B IiporpammHo# cpene Mathcad. [Tapamerpuaeckuii aHau3 BapbHPOBaHUS YaCTOTHI Bpa-
LIEHHST POTOPa ® TPOBOAMIICS B quamasone 25—100 ¢!, a ycunus npy)KHHBI — B AHANa30He
10-200 H. HccnenoBaHue BBIMONHSIOCH B CIEAYIOLIEH MOCIEI0BATEIbHOCTH: 3aJaHNe
HCXOIHBIX TEOMETPUYECKUX U (PU3NKO-MEXaHHIECKUX IIaPAMETPOB CUCTEMBI; YHCICHHOE
MOJISTIPOBAHNE TUHAMHUKHI HOXA ISl KayKA0TO Habopa ImapaMeTpoB; aHAIN3 TOTyICHHBIX
3aBHCHUMOCTEH yIiIa OTKJIOHEHHsSI HOKa M TPAeKTOPUU TOYKHM KOHTAKTa; ONPEACICHNE OIl-
THUMAJIBHBIX PEXHUMOB paOOTEL.
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PesyabTarsl HecenoBanus. [loka3zana 3aBHCHMOCTD yIvia OTKJIOHEHHS HOXKa OT 4acTo-
THI BPAIIECHUS POTOPA U BIUSIHUS JKECTKOCTH IPY>KUHBL. YCTAHOBIICH XapaKTep ABMKCHUS
TOYEK KOHTAKTa PEXKYIIEH KPOMKH M MOBEPXHOCTH pe3a JUIsl MPSIMOJIMHEHHOTO M CIH-
paneBuaHOrO HOXa. OmnpeneneHsl ONTUMANbHBIE AUAMa30Hbl YacTOT BPAIIEHHUS pOTOpa
(o = 28...36 ¢") 1 ycunus npyKUHbI (F,,.= 100..200 H) st a¢dexTrBHOTO pe3anus,
00eCIeunBaromero MUHUMAaJIbHbIE BUOpAalMM W CTa0HIbHOE KaueCTBO cpe3a BETBEH
JnuameTpom 10 20 M.

3akiiouenue. [IpumeHeHne MApPHUPHBIX HOKEH C KPUBOMMHEWHOH (CIIMpaJIeBUIHOMN)
pexxyliel KpOMKOI I03BOJISIET CHU3UTH yAapHble Harpy3ku Ha 25-30 % 1o cpaBHEHHIO
C IPSAMONUHEHHBIMI HOKAMH 3a CUET OoJiee TIIABHOTO CKOJB3SIIIIET0 BXOXKICHHS B MaTe-
puain. [TomyueHHBIe pe3yabTaThl MOTYT OBITH UCIIONB30BAHbI IPH IPOEKTHPOBAHUU U MO-
JEPHU3ANNH POTALMOHHBIX 00PE309HBIX alNapaToB JJIsl BAHOTPaJapcTBa U CaJl0BOICTBA,
YTO IO3BOJIUT IOBBICUTH HAIEKHOCTh 0OOPYIOBAHMS, CHU3UTh YHEPro3arparsl M YiIyd-
MINTh Ka9€CTBO OOPE3KH MHOTOJIETHUX HACAKACHUH.

Kniouesvle cnosa: poTallnOHHBIN PEXyIHHI ammapar, IapHUPHBIC HOXH, KPUBOIUHEHHASL
KpPOMKa, IWHAMHKA HOXeEH, ITapaMeTpHuecKoe HCCIeJOBaHie, YHCISHHOE MOJIEINpOoBa-
HHeE, yAapHbIe Harpy3KH, Ka4eCTBO Cpe3a
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Abstract

Introduction. Modern rotary cutting machines are of high energy consumption, while
their impact loads negatively affect of the cut quality. Increasing efficiency and ensuring
a gentle cutting mode is possible when using free-swinging knives with a curved edge
in the design of the cutting machine. This requires the development of a dynamic model

Technologies, machinery and equipment 463


https://doi.org/10.15507/2658-4123.26363.462-482
https://doi.org/10.15507/2658-4123.26363.462-482
https://ror.org/05erbjx97
https://ror.org/00dqsh274
mailto:*vitaliy-krasovskiy@mail.ru

ggl?)‘ WHXEHEPHBIE TEXHOJIOTMN U CUCTEMbI Tom 36, Ne 3. 2026

taking into account the knife interaction of with the branch, the inertial forces and the
spring mechanism elastic properties.

Aim of the Study. The study is aimed at evaluating the dynamics of free-swinging
knives with a curved edge in rotary cutting machines. The evaluation was based on
a mathematical model of force balance to determine the optimal parameters of the free-
swinging knife.

Materials and Methods. The object of the study was the process of cutting one-year old
grape-vine branches with a diameter of D = 20 mm and with physical and mechanical
properties corresponding to the shear strength ¢ = 1-10° Pa. To conduct the study, there
was developed a mathematical model of the force balance of a free-swinging knife.
This model was described by a system of equations, taking into account the forces of
inertia, spring elasticity and resistance of the branch material. The numerical solution
of the system was carried out by the Runge — Kutta method of the 4" order in the
Mathcad software environment. The parametric analysis of the rotor speed variation
® was conducted in the range of 25-100 s™' and of the spring force in the range of
10-200 N. The study was performed in the following sequence: setting of the initial
geometric and physical and mechanical parameters of the system; numerical simulation
of knife dynamics for each set of parameters; analysis of the obtained dependences of
the angle of deflection of the knife and the trajectory of the contact point; determination
of optimal operating modes.

Results. In the article, there has been shown the dependence of the knife deflection angle
on the rotor speed and the effect of spring stiffness. The pattern of the movement of the
contact points of the cutting edge and the cutting off surface for rectilinear and spiral
knives has been determined. The optimal ranges of rotor speed (® = 28...36 s™!) and spring
force (F | =100...200 N) have been also determined for efficient cutting, ensuring minimal
vibration and consistent cut quality on branches up to 20 mm in diameter.

Conclusion. Numerical solution has shown that the use of free-swinging knives with
a curved (spiral) cutting edge reduces impact loads by 25-30% compared with straight
knives due to a smoother sliding entry into the material. The results obtained can be used
in the design and modernization of rotary cutting machines for viticulture and horticulture
that will increase the equipment reliability, reduce energy consumption and improve the
quality of cutting perennial plants.

Keywords: rotary cutting machine, free-swinging knives, curved edge, knife dynamics,
parametric study, numerical simulation, impact loads, cut quality
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BBEJIEHUE

CoBpeMeHHOE pa3BHUTHE arpONPOMBIILIEHHOTO KOMIUIEKCA, B YaCTHOCTH CaJ0BOJICTBA
¥ BHHOTPAJAPCTBA, XapaKTEPHU3YETCs MEPEX0IOM Ha WHTEHCHBHBIE TEXHOJIOTHH. JTO
0COOEHHO aKTyabHO JUIS PETHOHOB € ONArONPUSITHBIMHU KIIMMATHUECKUMU YCIIOBUSIMH,
Takux kak Pecmyommka Kpsiv 1 FOT Poccun, Tae Bo3pacTaroT 00beMbI paboT 110 YXOIy
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3a MHOTOJICTHUMH HacaxaeHusMu' [1]. B 9TuX ycnoBusx py4Has o0pe3ka CTaHOBUTCS
9KOHOMHUYECKH HEIPPEKTUBHOMN, TaK KaK CYLICCTBYIOIINE OTEYECTBEHHbIC MAIINHBI,
Kak MpPaBWJIO, HE OTBEYAIOT COBPEMEHHBIM TPEOOBaHUSAM IO MPOU3BOAUTEIBHOCTH
Y KauecTBY pabOThI, 2 UMITIOPTHASI TEXHUKA UMEET BBICOKYIO cTOUMOCTS [ 1; 2]. JlanHO®
MPOTUBOPEYHE MTOJUEPKUBAET OCTPYIO HEOOXOTUMOCTD B IIPOBEICHUH HAYYHBIX HCCIIEI0-
BaHMH 1 pa3pabOTOK, HAIPABIEHHBIX Ha CO3/JaHHE BHICOKO3(P(PEKTHBHBIX U TIOCTYITHBIX
PEXYITUX OPTaHOB T 00pe3ku [3; 4].

CyuiecTByoIe MaIIMHbI 17151 MEXaHU3UPOBAaHHOM 0OPE3KH XapaKTEePU3yIOTCs BbI-
COKHM SHEPronoTpeOneHneM, 3HaYUTeNbHBIMU YAAPHBIMU Harpy3KaMH, IPUBOAALINMHI
K MTOBPEXXJCHUIO PACTUTENbHBIX TKaHEH, U OrpaHUuYeHHON (YHKIMOHAIBHOCTHIO IPH
00paboTke BeTBeil paznuyHOoro AuameTpa [5; 6]. JlanHas mpobiema onpenenseT akTy-
AIBHYIO HAYYHO-TIPAKTHUECKYIO 3a/1a4y: CO3/1aHNe BBICOKOA()(EKTUBHBIX U aIalITUBHBIX
PEXYIIMX OPTaHOB ISl POTALlMOHHBIX OOPE30UHBIX anmaparoB, 00eCIeYNBaIOIINX
KaueCTBEHHBIN CPe3 ¢ MUHUMAJIbHBIMU YHEPro3aTpaTaMHy.

B MHpOBOI ¥ OTEUECTBEHHOM TPAKTUKE IIUPOKO PACIIPOCTPAHEHBI AUCKOBBIE, CET-
MEHTHBIC U THOKHE PEXKYIIHE allapaTsl, OCHOBHBIM HEJOCTATKOM KOTOPBIX SIBIISIETCSI
VAApHBIN XapaKTep HAarpy3KH, BBI3BIBAIONINH OBBIIICHHBII H3HOC 000PYA0BaHUS U He-
cTaOMIBHOCTS Mpoliecca pe3anus [5; 6]. PorammonHbie anmaparsl CAUTaIOTCs Hanbosee
NEPCIEKTUBHBIMU JUISI MEXaHU3aLUU O0PE3KH, OAHAKO CYIIECTBYIOIINE KOHCTPYKLIUH
HEIOCTAaTOYHO YUYHUTHIBAIOT JUHAMUYECKHUE OCOOCHHOCTH B3aMMOAEHCTBUS HHCTPY-
MEHTa C HEOAHOPOJHBIM MaTe€pHajiOM BETBEH, YTO MPUBOIUT K BHOPALUAM U POCTY
sHepro3arpar [7-9].

[lepcrieKTUBHBIM HAIIPAaBICHUEM SIBIISIETCS] HCIOIB30BAHNE HIAPHUPHBIX HOXKEH,
CHOCOOHBIX aJanTUPOBAThCA K U3MEHSIOUIMMCS ycIoBUsIM pe3anus [3; 8]. Beenenue
AKTHBHOH CTEIEHU CBOOOIBI TIO3BOMISIET aBTOMAaTHUYECKH PEryINpOBaTh YToil aTaku, CHU-
JKasi MUKOBbIE Harpy3Ku. OIHAKO KOMIUIEKCHBIX MCCIIEI0BaHUN TUHAMHUKH IIAPHUPHBIX
HOXEHU ¢ KPUBOJIUMHENHON pexyIlell KPOMKOM, YUUTBIBAIOIIUX B3aUMOBIIUSHUE KUHE-
MaTUYEeCKUX, CHJIIOBBIX 1 KOHCTPYKTHUBHBIX ITapaMeTpoB, HefocTaTouHo [9]. Ocraercs
OTKPBITBIM BOIIPOC O BIMSIHUM T€OMETPHUYECKOI (HOPMBI JIE3BUSI U YIPYTUX CBOHCTB
MPY>KAUHHOTO HATSDKUTENS Ha XapakTep IBMKEHHS TOUEK KOHTAKTa M paclpenieeHne
YCUJIUA B MpOLIeCcCe PE3aHMsl.

OcHoBHas uzest pabOTHI 3aKITFOYAETCS B 000CHOBAHUH BO3MOKHOCTH YITPABJICHUS
HPOLIECCOM PEe3aHMs IyTEM HCTIONIb30BaHUS LIAPHUPHO 3aKPEIICHHBIX HOXKEH ¢ KPUBO-
TMHEHHOH (CTIMpaneBUIHON ) pexXyIlei KpOMKO#. B oTiimdne oT TpauIIMOHHBIX RKECTKO
3aKPEIUICHHBIX MM MPSIMOJIMHEHHBIX IIaPDHUPHBIX HOXEH, MpengaracMoe pelieHue
MOJKET MO3BOJIHUTh PEANM30BATh IMPHUHLIUI CKONB3AIIET0 PE3aHNUS C aBTOMATHYECKON
ajanTanuel yria ataku, 9YTo 3aMEHUT YAapHOE HArpy>eHHUe MJIaBHBIM BPE3aHUEM,
CHM3HT MIHKOBBIC YCUIIMS M IOBBICUT KauecTBO cpe3a. Pabora pomonHseT cymecTBylo-
1€ MPECTaBIEeHUS O MEXaHUKE Pe3aHusl, BBO/IS HOBbIE KWHEMAaTHYEeCKHE U CHIIOBBIE
B3aMMOCBSI3H B CUCTEME «HOXXK—BETKa—TIPYKUHHBIA MEXaHU3M.

! Tarmoes A.U., Txarcaes B.A. MaluHs! sl KOHTYPHO# 00pe3KH BHHOTPAIHUKOB 1 cajioB. B: JlocTu-
JKeHUS HayKH — CEITbCKOMY XO3SICTBY: Marepualsl Beepoccuiickoit Hayd.-nipakT. KoH(Q. (3a04HOi). Briaau-
kaBka3: [opckuii rocyapcTBeHHbIN arpapHblil yauBepeuteT; 2017. C. 289-293. https://elibrary.ru/ypdksk
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enpto uccneqoBanust BIASETCS OLECHKA BIUSHUS KOHCTPYKTUBHBIX U PEKUMHBIX
mapaMeTPOB MIAPHUPHOTO MEXaHU3Ma (TEOMETPHS PEKYILEH KPOMKH, 4aCTOTa BPAIICHUS
poTopa u ycuiive Ipy>KHHBI) Ha JUHAMUYECKHE XapaKTEPUCTUKH MPOIIECCa pe3aHus
BETBEH B POTALIMOHHOM 00pe30YHOM ammapare. st 3Toro HeoOXoauMo: pa3padboTarh
MaTeMaTH4eCcKyIo MOZEIh CHIIOBOTO OaaHca IIApHUPHOTO HOXKA, YUUTHIBAIONILYTO CHIIBI
pe3aHusl, ”HEPLUMOHHBIE CUJIBL, YIIPYTHE CBOMCTBA IPY>KMHHOIO MEXaHU3Ma U T€OMETPH-
YeCKHe ITapaMeTphl CHCTEMBI; TPOBECTH NMapaMeTPUIECKAN aHAIN3 TUHAMHUKH [IIAPHUAD-
HBIX HOXKEU € MPSIMOJIMHENHON U CIMPAJICBUIHON pexyIlel KPOMKON B 3aBUCUMOCTH
OT YaCTOTHI BpaIlleHNs] POTOPa U YCHIIUS MPYKUHBI, YCTAHOBUTH XapaKTep IBUKECHUS
TOYEK KOHTAKTa PEXYIIEH KPOMKH C MOBEPXHOCTHIO BETKH I O0OOUX TUIIOB HOXKEH
U ONPEIEIUTh TPACKTOPUU UX CMEIICHUS; BRIICHUTh ONTUMAJIbHBIC TUATIa30HbI PEKUM-
HBIX [TAPAMETPOB, 00ECIICYNBAIONIINX MHHUMAJIBHEIC YIapHBIE HATPY3KH U CTAOMILHOE
Ka4eCTBO cpe3a JUIS KaXKI0ro THIa HOXA.

Pemienue ykazaHHOW mpoOJIeMbl UMEET MPSIMOE MPAKTHUCCKOE 3HAYCHHE IS
arponpoOMBIIIIEHHOTO KoMIUIekca. COBEpIICHCTBOBAHIE KOHCTPYKITUN TTO3BOHUT CO-
KPaTHUTh SKCIUTyaTalldOHHBIE 3aTPaThl M MOTPEOHOCTH B KBATH(PUIIMPOBaHHOH paboueii
CHJIE, TIOBBICUTH Ka9€CTBO OOPE3KH M yPOXKaHHOCTH. Pa3BUTHE TEOPETHUECKINX OCHOB
JMHAMHUKH PEXYIIUX OPTraHOB, B3aUMOACHCTBYIOIUX C YIPYTHM U aHU30TPOIHBIM
PaCTHUTENBHBIM MaTEePHAIOM, TTO3BOJIMT CO3/IaTh HMIIOPTO3aMeIaonIne pa3padoTKH.

OB30P JIMTEPATYPbBI

AHanu3 KOHCTPYKUUH PEXYIIMX alllapaToB, IPUMEHSIEMBIX B CEIbCKOM XO35UCTBE,
MO3BOJISIET BBIABUTH PsiJ] CYILIECTBEHHBIX HepocTaTkoB. Illupoko pacnpocTpaHeHHbIE
JIUCKOBBIE, CECTMEHTHBIE U THOKHE anmaparbl JeMOHCTPUPYIOT BBICOKOE 3HEPTOINO-
TpeOeHne, HEyJOBIETBOPUTEIBHOE KaueCTBO Cpe3a, MPUBOISIIEE K MOBPEKICHUIO
pacTUTENbHBIX TKAaHEH, U OTPaHUUCHHYIO (PYHKIIMOHAJIBLHOCTH MPHU 00pa0dOTKe BETBEH
passoro nuamerpa [10; 11]. MccnemoBanus, TOCBSIIICHHBIE MPOIIECCAM U3MEIBUCHUS
JIPEBECHBIX OTXOJI0B, IOATBEPAKAAIOT, UTO YAPHBII XapaKTep Harpy3KH, CBOMCTBEHHBIN
MHOTHM TPaJIUIIMOHHBIM KOHCTPYKIIUSM, SIBISIETCS OCHOBHOW NMPHYUHOM OBBIIIEHHOTO
M3HOCa 000pyIOBaHUS W HECTaOMIBHOCTH TIporiecca pe3anusd. Kpome Toro, onTuMu-
3a1Usl PEKUMOB pe3aHUsl U KOHCTPYKTHUBHBIX NapaMETPOB UHCTPYMEHTA MO3BOJISIET
CYIIIECTBEHHO MOBBICHTD €r0 CTOMKOCTh U CHU3UTH H3HOC [12].

PoranmonHBIE pexyIIHe anmaparhl BISIOTCS HanOO0JIee TTOIXOSIIIAMHE JIJIsl MEXaHH-
3ammu oopesku [9; 10; 13]. OxHako CymecTByIoMHe KOHCTPYKITUH YacTO HE B ITOTHON
Mepe YUHTHIBAIOT IUHAMHUYECKHE 0COOCHHOCTH B3aUMOCHUCTBUS PEXKYILETO HHCTPY-
MEHTa C yIPYTUM U aHU30TPOINIHBIM PACTUTEIBHBIM MaTEPUAIIOM, YTO IPUBOJUT K 3HA-
YUTENBFHBIM BUOPALIUAM, POCTY SHEPro3aTpar U CHIKEHHIO TOATOBeYHOCTH [5; 14; 15].
BaxHBIM acrieKTOM SIBJISETCS HE TOJIBKO () ()EKTHBHOCTD H3MEIBUEHHS, HO U KAUYECTBO
MOTy4aeMOM HIETIBI, YTO aKTYaJIbHO JJIS €€ NAIbHEUIIEro HCIONb30BaHus. 3apyOeKHbIe
MCCIIEeIOBAaTENN OTMEYAIOT 3HAYUTENbHOE BIHSHUE CUCTEMBI HU3METIBYEHHUS Ha ITPOU3BO-
JUTEITFHOCTh MAIlIMHBI U TPaHyJIOMETPHUECKHNA cocTaB mpoaykra [1; 2].

3HauNTEHHBIA BKJIa]] B TOHIMaHHE MEXaHUKHU PE3aHUS PACTUTEIHHBIX MaTepPHaJIOB
BHecn B. H. 'apanun u /1. JI. Bomouxko, pa3zpaboTaBiie MoneNb it 000 CHOBAaHHS OIITH-
MaJIbHBIX CKOPOCTEH pe3aHuUs IPEBECUHBI C yUETOM aHU30TPOIHBIX CBOMCTB MarepHuala.
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B vacTHOCTH, MU IpeATIOKEeHA 3aBUCUMOCTb, CBSI3bIBAIOIIAs CKOPOCTh PE3AHUS CO CKO-
POCTBIO pacpOCTpaHeH!s HAMPSHKEHUH CKaTHs, ITO3BOJIAIONIAs ONPEAEIAT MUHUMAJIBHO
HEOOXOIMMYIO CKOPOCTb 00paOOTKH, TIPY KOTOPOH MCKITFOYAETCS Ype3MepHast AehopMariust
Marepuana u obecriednBaeTcs KauecTBo pesanus [ 14]. Tem He MeHee, BOITPOCH TUHAMUKU
Y CHIDKEHUS yAApHBIX HArpy30K B allllapaTax ¢ MapHUPHO-3aKPEIUIEHHBIMU HOXaMH,
00J1a/1af0IMMY aKTUBHOW CTENEHBIO0 CBOOO/IBI, M3y4EHBI B MEHBIIIEH cTerneHH [8].

IlepcreKTUBHBIM HaNpaBICHUEM JJIs YCTPAHEHUSI IEPEUYHCICHHBIX HEOCTATKOB
SIBJISIETCS] MCIIOJB30BAaHUE IIAPHUPHBIX HOXKEW ¢ KPUBOIMHEUHOMN pexKylIed KpoM-
kol [3; 16]. lapHupHOE KperuieHNEe MO3BOJISIET HOXKY alallTUPOBATHCS K M3MEHSIOIIUMCS
YCIIOBUSAM DPE3aHUs, & KPUBOJIMHEHHBIH MPOQUIb, B YACTHOCTH, peaTu30BaHHBINA 10
criupany Apxumena, odecriednBaeT Oojee IIaBHOE BXOXKICHHE B MaTepHrall U CHUXKE-
HUE MMUKOBBIX Harpy3ok [3; 4]. [locnennue mateHTHBIE pa3pabOTKU B 3TOH 001acTH,
HarpuMmep, ToJie3Hast MOJeNTb U3MEBUHUTEINS PACTUTENIBHBIX MATEPUAIIOB, TOATBEPKIAIOT
aKTyaJIbHOCTh M BOCTPEOOBaHHOCTh TAKUX TEXHHUYECKUX PEIICHHH.

AHanu3 IUTepaTypsl MOKa3bIBaeT, YTO, HECMOTPS Ha HaJIU4HMe 3HAUUTEIbHOIO
KOJIMYECTBA HCCIeI0OBaHMi, 3a/laua KOMIUIEKCHOTO aHalM3a AUHAMMKH IIapHUPHBIX
HOXEH C KPUBOJIMHEHHON KPOMKOW B POTAllMOHHBIX aIlllapaTax, KOTopas yYUTHIBAET
B3aMMOBIIHSHNE KHHEMAaTHYECKHUX, CHIIOBBIX M KOHCTPYKTHBHBIX [TAPaMETPOB, OCTALT-
cs akTyanbHOH [8; 9]. HacTostee uccinemoBanie HammpapieHO Ha BOCTIOJTHEHHE 3TOTO
mpobena myTeM pa3padoTKh KHHEMATHYeCKOW MOJETH W TPOBENEHUS ImapaMeTprude-
CKOTO aHaJIM3a ISl OTPE/IENIEHUs] ONITUMATBHBIX YCIIOBUI paOOThI, 00€CIIeUnBaIOIIIX
MUHUMH3AIIIO YIAPHBIX HArpy30K U MOBBIIIEHHE Ka9ecTBa 00PE3KH.

MATEPHAJIBI U METOJbI

Oobvexm uccnedosanus

OOBEKTOM HCCIIEI0BaHUS SIBISIETCS IPOLIECC PE3aHMs OJHOJIETHUX OJPEBECHEBIIUX
BeTBell BuHOrpaaHou 103kl (Vitis Vinifera L.) B poTalluiOHHOM 0OpPE30YHOM arrapare.
Bri6op 00bekTa 00yCIIOBIEH TUITUYHBIME arpOTEXHUYECKUMH YCIOBHSAMH O0pE3KU
BUHOTpaJHUKOB B PecnyOnuke Kpbim 1 roxHBIX perroHax Poccun. [luametp BeTBeH,
MoJyIeXAaIuX 00pe3ke, B COOTBETCTBUH C TEXHOJIOTHYECKIMH TPEOOBAaHUAMHU COCTAB-
et D = 20 mMm. BeTBr paccMarpuBaich Kak U30TPOITHBIN YIIPYTO-TLIACTHYECKUH
MaTepuall ¢ yCpeIHEHHBIMH (PU3UKO-MEXaHUUECKUMHU XapaKTePUCTHKAMU?, THITHYHBI-
MU IJI51 OOPEBECHEBIINX [T0OETOB IJIOAOBBIX KYJIBTYp: NMpenes IPOUYHOCTH IpU cpese
o = 1-10° ITa, mmotHoCTH p = 600 KI/M>, MOIyNTH yrpyroctu E = 10-10° ITa. Ceuenue
BETKH NPUHUMAJIOCH KPYIJIBIM, 8 €€ OPUEHTALNS] OTHOCUTEIHHO IIIOCKOCTH BPAILICHHS
HOXa — NePIEeHINKYIISIPHOM.

Mamepuanvt u npoyedypa ucciedo6anun

Jlg mpoBeieHus BBIYUCIUTENBHOTO SKCIIEPUMEHTA HCTIOIb30BaINCh CIIPAaBOYHBIE
JIaHHBIE TIO (PH3UKO-MEXaHUUECKUM CBOMCTBAM JIPEBECHHBI BUHOTPATHOM JI03bI, MOJTyYeH-
HBIE U3 OTKPHITHIX HCTOYHUKOB M paHee OITyOIuKoBaHHbIX padort [14]. ['eomeTpudeckue

2 MMama3zoB A.IL., CrosiHoB B.B. OCHOBHBIE OMYIICHHUS CTPYKTYPBI APEBECHHBI BHHOTPAIHOMN JIO3BL.
Becthuk Onecckoii rocynapCTBEHHOM akaeMHH CTPOUTENbCTBA U apXUTeKTyphl. 2005;(20):299-301. URL:
https://mx.odaba.edu.ua/bitstream/123456789/1226/1/OcnoBubre%20nomymenns%20cTpykTyps1 %20
npeBecunb1%20BuHOrpanHoi%20m0361.pdf (1aTa obpamenus: 12.10.2025).
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napamMeTpsl LIapHUPHOTO HOXKA OBUIM BHIOpAHBI HA OCHOBE aHAJH3a CYILECTBYIOIINX
KOHCTPYKLIWH POTAIlHOHHBIX 0OpPE30YHBIX armnaparos [3; 8].

[MapameTpuueckuii aHaTU3 TPOBOAMIN HA OCHOBE BHIOPAHHBIX THANIa30HOB H3-
MEHEHHS OCHOBHBIX TTapaMETPOB, XapaKTEPHBIX JJIsl peabHBIX YCIOBHMA YKCILTyaTa-
UM POTAIMOHHBIX OOPE30YHBIX aNmnaparoB. B 4acTHOCTH, BapbUPOBAJIMCH: YACTOTa
BpallleHUs] POTOPa, YCHIIUE MIPYKUHBI, TEOMETPHUS PEXYIEH KPOMKH (ITPSIMOIHHEH-
Hasl WIK CIIUpaJieBUHAS). 3HAYCHUS U TUAMAa30HbI HCXOMHBIX JAHHBIX JJIs aHATH3a
JUHAMHUKU IIAPHUPHOTO HOXA B IIPOLIECCE PE3aHUsl BETKU NPUBEICHBI B TaOIHLE.
AHaJOTMYHBIA NOAXOA K ONTUMM3AIMH IAPAMETPOB U3MEIBUUTENEH PACTUTEIBHBIX
MaTepHuajIoB C MCIOJIb30BAHUEM PETPECCHOHHOTO MOJEIMPOBAHUS ObLI MPUMEHEH
aBTopamu panee [17].

Tabnuma
Table
Hcxoanblie JaHHBIE 1715 pacyeTa yIjia MoBOpPOTa HOXKA
Initial data for calculating the knife rotation angle
3HadyeHUE JUIs 3HayeHue I

MPSIMOJTMHEHHOTO |  CIIHPAJICBUIHOTO
noxa / Value for noxa / Value for
straight knife spiral knife

Tonuna Hoxa d, M / Knife thickness d, m 3-10°3

Haumenosanue / Name

Juamerp pexymei kpomku d,, M / Diameter of the cutting 3
1 0,05-10

edgd,m

Juametp Betku D, m / Branch diameter D, m 20-107

Pannyc xonTakta HOoxa M BeTkH R, M/ The radius of the 200-10°

contact between the knife and the branch R, m

Jlnuua nueda peruara Hoka a, M / Length of the knife lever 100-10° 213107
arm a, m

Macca noxa M , xr / Knife weight M , kg 200-10°
Hanpsoxenne paspymenus Betku o, [1a / Branch destruction 1-106
stress o, Pa

Cuna neiicrus npyxunet £, H / Spring force F_,N 10200

Yacrora BpaieHus poropa o, ¢/ Rotor speed o, s 50-100 25-50
Pamnyc xperenns mapaupa b, M/ Hinge mounting radius b, m - 48-10°

Vron Hakyiona perdara Hoxa o,°/ The angle of the knife lever - 63
is the angle of the hinge axis position a,,°

Yron nonoxenust ocu mapuupa B, ° / The angle of the hinge - 47,8
axis position f3, °

Hcmounuk: Tabnuia cocTaBlieHa aBTOPaMH Ha OCHOBE aHAJIN3a KOHCTPYKTUBHBIX 1APaMETPOB POTALH-
OHHBIX 00pE304HbIX annaparos [3; 8] u HU3MKO-MeXaHHUECKUX XapaKTEPHCTUK IPEBECHHBI BUHOIPAIHOM
n03sl [14].

Source: The table is compiled by the authors based on the analysis of design parameters of rotary
cutting machines [3; 8] and the physical and mechanical characteristics of grapevine wood [14].

Tabnuna npeacrapiseT coO0H UCXOMHBIE TaHHBIE W JUATIa30HBI BAPBHPYEMBIX
MapaMeTpoB, UCIIOIb30BaHHBIE /ISl YUCIIEHHOTO MOJIEIIUPOBaHUSI.
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Brina paszpaborana quHaAMUYECKast MOJIETh B3aMMOICHCTBUS HOXA C BETBBIO C YIETOM
CWJI MHCPLIMHU, YIIPYTUX CBOICTB MeXaHH3Ma MPYKUHHOT'O HATAXKUTCIIA U TCOMETPUUCCKUX
napaMeTpoB cucTeMbl. OHa MpeArnoaraeT UCTIOIb30BaHNe a0COMIOTHO KECTKOTO HOXKa,
W3TOTOBJICHHOTO M3 MHCTPYMEHTAIBHON CTallM, YTO 00eCleuuBaeT N3HOCOCTOHKOCTD
1 HC BJIMACT Ha BBIABJICHHBIC KWHEMATHYCCKUEC 3aKOHOMEPHOCTH.

Kunernka JABMKCHHUS IIAPHUPHOI'O HOXKA IJIA Cliy4das IIPsAMOI'O KOHTAaKTa €ro mpsa-
MOJIMTHEHHOTO JIe3BHsI ¢ TIOBEPXHOCTHIO BETKH M300pakeHa Ha puCyHKe 1. B cxemy
BKJIFOUEH NIPYKUHHBIA HATSHDKUTENb 3 U CTONOP 2, KOTOPBIE YAEPKUBAIOT IIAPHUPHBII
HOX / B paJuanbHOM HalpaBIEHUU POTOpa 4.

Puc. 1. Cxema KOHTaKTa NIAPHUPHOTO HOXKA C BETKOMH:
1 —HOX; 2 — cTOTIOp; 3 — MPYKUHHBII HATSHKATEIB; 4 — POTOP
Fig. 1. The contact diagram of the free-swinging knife with the branch:
1 —knife; 2 — stopper; 3 — spring tensioner; 4 — rotor

Ilpumeuanue: a— JIMHA IUIeYa pblyara HoXxa, M; b — painyc KpeIuIeHUs apHupa, M; R,— HauaIbHbII
paanyc KOHTaKTa, M; R, — TeKyIuuii paguyc koHTakra, M; C — LEHTp BpalleHus poTopa; O — OCh IapHH-
pa; A — ToYKa KOHTAKTa B HayaJbHBIH MOMEHT; A’ — TEKyIlee I0J0KCHUE TOYKH KOHTAKTa; ® — 4acToTa
BpAIEHHs POTOPa, C'; 80 — yroJ oBopoTa HOXa BOKPYT IIAPHHUPA, °; Y — YIOJI MEXKy IuiedoM Hoxka OA'
u paguycom CA', ©; & — yron noopoTa paanyca KOHTakTa, °; F,,,, — CHJIa CONPOTHBIEHUS pe3anuto, H;
F, — 1eHTpoOexHas CUila HHEPLUH, ACHCTRYOIIas Ha HOX, H; F,,)— cocTaBnsIoNIas eHTPOOEKHOMN CHITBI
WM CUJIa, CBSI3aHHAsl C HHEPLMEil Macchl HOKa B HCXOHOM (HEOTKJIOHEHHOM) T10J10KeHUH, H.

Note: a is the length of the knife lever arm, m; b is the radius of the hinge attachment, m; R, is
the initial contact radius, m; R, is the current contact radius, m; C is the center of rotation of the rotor;
O is the axis pin; 4 is the point of contact at the initial moment; A4’ is the current position of the point;
® — rotor speed, c¢!; da — the angle of rotation of the knife around the pin O; y — the angle between
the shoulder of the knife OA4' and the radius CA’, °; & — the angle of rotation of the contact radius, °;
F,,.,, — the cutting resistance force, H; F,,, — the centrifugal force of inertia acting on the knife, H; F,, -
the component centrifugal force or the force associated with the inertia of the knife mass in the initial
(non-tilted) position, N.

Hcmounuxk: pucyHku 1, 2 cocTaBIeHsI aBTOpaMu CTaTbi B iporpamme Kommac-3/1.
Source: Figures 1, 2 were compiled by the authors of the article in the program Kompas-3D.
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Ha pucynkax 1 u 2 nokasaH peXyIiuii OpraH U ero KHHeMaTHYeCK1e apaMeTphbl.
Berka ycioBHO pacmonokeHa B 30HE KOHTaKTa ¢ HO)KOM (Touka A). Ee ceuenne mep-
MEHAUKYIIPHO IIOCKOCTH PUCYHKA, a YCIIOBHAS JIMHUS pe3a MPOXOAUT Yepe3 TOUKY
A B HampaBJIeHUH, ONIPEEIIEMOM reOMETPUEI KOHTAKTa ¥ BEKTOPOM OTHOCHUTEIHHOM
CKOpOCTH HOXa. [|J1 HarIsIIHOCTH B3aMMO/IEHCTBHA HAa pUCYHKaX | 1 2 BeTKa cxemaTH-
YECKHU He IM0Ka3aHa, TaK KakK [EeJIbI0 JAHHBIX CXEM SIBIAETCS IEMOHCTPAIUI TE€OMETPHU
U CWJI, ACHCTBYIOIIUX HA IMIAPHUPHBIA HOX, @ HE KOH(DUTYPAIIMH BETKH.

Hcnonp3oBaHne NpyKMHHOTO HATSKUTENS U CTOIIOPA, YACPKUBAIOIINX LIAPHUD-
HBIH HOX B PaJualibHOM HAIIPaBJICHUH POTOPA, O3BOJISIET CYIIECTBEHHO YMEHBILIUTD
BEJIMYMHY €T0 OTKJIIOHEHHUS U 00eCIeYnBaeT JOCTIKEHNE NOTPEOHOI CHIlbl pe3aHusi IpH
MaJbIX 4acTOTax BpalleHus potopa. B camoHacTpauBalomeMcs pexxyIemM anmnapare
HaTSDKUTENb UTPaeT poiib 00paTHOU CBSA3H, KOTOpas 00ecreunBaeT aBTOMAaTHIECKOE
YCTaHOBJIEHHE yTJIa CKOJIBKEHUS HOXa M0 JUHUU pe3a BETKHU I MUHUMAJIbHOIO
TpeOyeMoro yCHuius pe3aHusl.

PaccMoTpena KMHeTHKa IBMKEHUS IIAPHUPHOTO HOXA JUIS CIIydas CKOJb3SIIETO
KOHTaKTa KPUBOJIWHEHHOTO JIE3BUS HOXKA C TIOBEPXHOCTHIO BETKHU (pHC. 2).

Puc. 2. Cxema KOHTaKTa NIAPHAPHOTO HOXKA C KPUBOJIHHEHHBIM JIE3BHEM C BETKOU
Fig. 2. Diagram of the contact between a free-swinging knife with a curved blade and a branch

IIpumeuanue: 3 — yroi IOJIOKEHUs] OCH IIAPHUPA OTHOCHTEIBHO LIEHTpa poTopa ((PHKCHPOBAHHBII
KOHCTPYKTHBHBIH mapameTp), °; ¥, — Ha4albHBIH YTOJl MEKITy KacaTelbHOM K CIIUpaIi U PafrycoM (yro
aTakd B MOMEHT MEPBOTO KacaHus), °; Y, — TEKYIHi YTol MEeXk/y KacaTelbHOH K CIUpaii U paanycoM
(IMHAMHUYECKH MEHSIOIIMICS YTOJ CKOJIBKEHHS B IpoLiecce pe3anus), °; F,, — paBHOAEIHCTBYIONIAs [IEHT-
POOEKHOI CHITBI, TPHKUMAIOIIAS HOX K BETKE M IIPOJIBUTAIOIIas ero 1o crupanu, H.

Note: B —the angle of the pivot axis relative to the rotor center (a fixed design parameter), °; vy, — the
initial angle between the tangent to the spiral and the radius (the angle of attack at the moment of first
contact), °; v, — the current angle between the tangent to the spiral and the radius (the dynamically chang-
ing sliding angle during cutting), °; F,, — the resultant centrifugal force that presses the knife against the
branch and propels it along the spiral, N.
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[ox yriom aTtaku HOHMMAETCS YToJl MEKAY PexXylield KPOMKOH M HalmpaBlIeHHUEM
JBWKEHHS HOKa OTHOCUTEJIBHO BETKH; YTOJI CKOJIBKEHHUS — YTOJl MEXK/1y HalpaBieHH-
€M CHJIBI Pe3aHusl U HOPMAJBIO K JIE3BUIO, ONPEACISIOIINI KOMIIOHEHTY CKOJIbKEHHSI
MIPH PE3aHUU; YTOJl BPE3aHUs — YroJl MeXAY JIE3BUEM H HOPMaJIblo K MOBEPXHOCTH
BETKH B MOMEHT Havajia pe3aHusl.

Janee Ui KaXJI0TO COUETaHUS TApAMETPOB BBIITOTHIIIH PacueT JUHAMHKH HOXa
IMyTeM YUCJICHHOTO MHTETPUPOBAaHUS CUCTeMBI ypaBHeHHH (1)—(8) MmeTomom Pynre —
KyTThI 4-T0 OpsiKa ¢ PUKCHPOBAHHBIM mIaroM uHTerpupoBanus Az = 1-10-° ¢. Bpemen-
HOW WHTEpPBaJ MOACTHPOBAHHS BEIOMPAIICS JOCTATOYHBIM TSI 3aBEPIICHHS ITpoIlecca
pezanus (0-0,2 c). PesynpraTom MonennpoBaHus SBISUTUCH BpEMEHHBIE 3aBUCUMOCTH
yIJ1a IOBOPOTa HoXKa 80/(f), CHIIbI pe3anus F () ¥ KOOpPAMHAT TOYKHM KOHTAKTa.

B pazpaboranHoii MaTeMaTH4eCKOH MOJEIH NPOLECC B3aUMOACHCTBHS HOXA C BETKOH
MOZAETHUPYETCA CIEAYIOMUM 00pa3oM. B HauanbHBII MOMEHT BPEMEHU HOXK TOUKOU A
KacaeTcsl MOBEepXHOCTH BeTKU. [Ipu BpameHnu poTopa MpoTHUB YaCOBOW CTPEIKH C Ya-
CTOTOI (® B TOYKE KOHTAKTA BOSHUKACT CHIIA CONPOTHBICHHS F, |, KOTOpasi IPUBOIHT
K IIOBOPOTY HOKa BOKPYT OCH KperuieHus mapaupa O 1o 4acoBO CTpENKe Ha YToll da.
Touka A MOBEepXHOCTH HOXKA MEepeMeniaeTcs B mojoxenne 4'. Paanyc Bparienns To4-
KU A' oTHOCHUTENBHO Toukn C BpallleHUs] POTOpa YMEHBIIAETCS ¥ IOBOPAYMBACTCS HA
yroix &. B pe3ynbrare mMmoBOpoTa BOSHHKACT PABHOJACHCTBYIONIAS CHIT: IIEHTPOOSKHON
F,, ¥ HATSOKCHUSI TIOJIOTHA HOXa. OHa HApaBIIeHa IPOTHB CHIIBI CONPOTHBICHUA F |,
KOTOpasi BEI3BaHA KOHTAKTOM C BETKOH. Kak ToJIpKO paBHOIEHCTBYIOIIAs CHIT CTAHOBUTCS
PaBHOI 110 BETMYMHE CHIIC CONPOTUBICHUA F, , TIOBOPOT HOKa BOKPYT OCH IIAPHUPA
NpEKpaIaeTCsl, HOXK HAUMHACT BPE3aThCs B BETKY, @ BOSHUKILIHMN YTOJI CKOJIBKCHUS HOXKA
CHIDKaeT HeoOXoAnMoe 71l pa3pyLIeHHUs BEeTKU ycuie pe3anus. [lockoibKy ceuenue
BETKH M3MEHSETCS 10 MEepPEe BPE3aHMUs JIE3BHsI HOXKa, YToJl MOBOPOTA HOXKa BOKPYT OCH
HIapHUPA TaKKe H3MEHSIETCS.

CuioBoe B3auMOJIEHCTBHE HOXKA C BETKOM ONMUCAIIN BBIPAKEHUEM:

Fud+ Fcb(SU') + Fspr(aa) Z Fcomp(aa) = Frez’ (1)

e F ,— cuna ynapa Hoxa, H; F/, — paBHOIEHCTBYIOIIAs CHII EHTPOOEKHOM CHIIBI
W CHJIBI HaTSDKEHUS MOJIOTHA HOXka, H; do — yroir moBopoTa HOXa, ©; F,,, — mpoexuus
CWJIBI IPYKUHBI Ha KacaTeNbHYIO K OKPY>KHOCTH BpateHus B Touke 4', H; F— cuna
pe3anus, H.

Cuia ynapa Hoka 10 BeTke F

M, R, (3a.)
Ky|———} 2

Tud

F

ud

e K, — ko3 dunment normtomenus ynapa (0 < K, < 1); M — macca HOXa, KT; © —
—1. .
4acToTa BpalIEHHs POTOPa, ¢ '; T, — BPEMs yaapa, ¢; R (3a) — pajnyc TOYKH KOHTaKTa
HOYKa M BETKU B 3aBUCUMOCTH OT yIJia IOBOPOTA HOXA O, M:
— 2 2 . 0,5
R (8a) = (a’*+b*—2ab-cos(m — o). 3)
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PaBHO#EHCTBYOIIYIO CHJT LIGHTPOOEKHOW CUIIBI M CHJIIBI HATSKEHUSI TIOJIOTHA HOXKa
F, (60) Hauwm 1o (opmysie

F,(6a) = M R (da)tg(y(oa)), @)
TIe
(50 = arcsin(i- 2161;()75 —da.) , 5)
b=|0C|=R,—a, (6)
a=|A40|. (7)

IpoeKuus CHIIbI IPYKMHEI Ha KACATEIbHYIO K OKPY)KHOCTH BPAILICHHS B TOUKe
paBHa

F W(Sa) =F W-sm(&x). ®)

Jlnist yueTta ynpyrux CBOMCTB MPYKUHHOTO MEXaHU3Ma MCIONb30BaIach JTHHEHHAS
MOZCJIb YIIPYIrOCTHU, OIIMCBhIBAIOIIAA 3aBUCUMOCTDb CHUJIbI YIIPYTOCTU IIPYKUHBI OT €€
nepopmanun. JKecTKOCTh PYKUHBI SBJSUIACh OJHUM M3 BapbUPYEMBIX IMapaMeTpoB
IIpyU NPOBEACHNN YUCIICHHBIX 3KCIICPUMEHTOB.

PerieHne cucteMbl ypaBHEHHH CHIIOBOTO OaslaHCa OCYIIECTBISIOCH YHCIICHHbI-
MH METOJaMH C UCIIOJIb30BaHUEM IporpaMMHoro komruiekca Mathcad®. st aToro
ObLTH pa3paboTaHbl CIICIHATH3UPOBAHHBIC TPOTPAMMABI, TO3BOJISIFOIIME PACCIYUTHIBATH
JTMHAMHYECKUE XapaKTePUCTUKU MIAPHUPHOTO HOXKA B 3aBHCUMOCTH OT Pa3IMUHBIX
[apaMeTPOB: YaCTOThI BPAIICHHUS POTOPA, YKECTKOCTH MPY>KUHBI, TEOMETPHH PEIKYIIICH
KPOMKH U (DPU3HKO-MEXaHHMYECKUX CBOWCTB Marepualia BETBH. Y UTEHBI Mpees mpoy-
HOCTH TIPH Cpe3e, IUIOTHOCTh APEBECHHBI U MOJYJIb YIIPYTOCTH; 3HAYEHHS YKa3aHHBIX
XapaKTePUCTHK MPUHATHI IO JAHHBIM KCTIEPUMEHTATBHBIX MCCICI0BAHUIN (HHU3HUKO-
MEXaHUYECKUX CBOMCTB OMHOJICTHEH APEBECHHBI BUHOTPAIHOM 1036 [13].

Ha pucynke 3 npuBeneHbI TEKCTHI POTpaMM pacdeTa yCHIIMs pa3pylleHus, Ha
pHUCyHKe 4 — pacdera yriia MOBOpPOTa HOXKA W KOOPJMHAT CMEICHUS TOYKH KOHTAKTa
HOYKa U BETKH.

Crieyronmm 3TaroM UCCIeI0BaHusI ObUTO OCTPOCHHUE HA OCHOBE TTOTYyYCHHBIX JaH-
HBIX TPaUKOB 3aBUCMOCTEN MAKCUMAIIHOTO YIVIA OTKJIOHEHHS HOXKA 80, OT 4aCcTOThI
BPAILEHHS POTOPA ( MPH PAITHIHBIX SHACHUSX YCUIIHS TPYIKHHbI F,. HpoaHaimsn-
POBAJIM TPACKTOPHH JIBMKCHHUS TOYKH KOHTAKTa HOXKA C BETKOU JUTSI IIPSIMOJIMHEHHOTO
¥ CIIMPANIEBUIHOTO HOXA. CPaBHUIIM BETUYUHbI CUITBI Pe3aHus I/ 1 yIiia OTKIOHEHHS
da 1151 00OMX THITOB HOYKEH TPH OJMHAKOBBIX PEKUMHBIX MapamMeTpax.

3 Bypskos JI.B. Mathcad, MATLAB, MATLAB Simulink, Scilab B aiekrporexnuke: yueb. mocodue.
PocroB-Ha-Jlony: KOxHbIit denepanbhblil yauBepcuret; 2021. 171 c.
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;'«24000
2

R < R0-1000

dl1 < d-1000

k < tan(¢- m)

x<«0

xl %root[(x—R)2 +(k-x—r)? —rz,x]

FrezXX(?) :=|yl < k-x1

x< 2R
X2« root[()rfli’)2 +(k-x—r) 71*2,)(}
V2 < k-x2
D12 ¢ J(x1-x2)* + (y1 - y2)
S« bl2-dll Yewnme
. H/
Fspr < or-§-10° PaspyITICHILA,
P Breaking force, H
a)
21000 ~
2 |y
R < R0-1000 | Fe2R
11 < d-1000 \ x2<—root|:(x7R)z+(k-x7r)z—r2,x]
FrezXX(7) = |k < tan(t - o) } V2 kox2
x <0 | [p12 e« J(xl-x2)? + (y1 - y2)
x1<—root[(x—R)2+(k-x—r)z—r2,x] | IS« bl2-d11
V< k- xl J‘ Fspr < or+ S 10 - Kwr(40,80)
b)

Puc. 3. IIporpamma pacuera yCUIHs pa3pyLlIeHHS:
a) TIpH AEHCTBUN CHIIBI, IEPIIEHIUKY/IIPHON K JTMHHUHU pe3a; b) IpH CKOJB3SIIEM pe3aHun

Fig. 3. Program for calculating the breaking force:
a) under the action of a force perpendicular to the cutting line; b) during sliding cutting

Hcmounuxk: pucyHKH 3, 4 COCTABIICHBI aBTOPAaMH CTaThi B iporpamme Mathcad.
Source: Figures 3, 4 were compiled by the authors of the article in the program Mathcad.
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Alfa:=[i«<0 Alfa:=[i«0
Tb Tb
forte0,—..Tb forte0,—..T
500 orte0, 00 b
a<0 a<0
rez < root(FcbS(a) — FrezXX(¢), o) rez < 0 if FcbS(a) > FrezXX(¢)
alfa, < ¢ otherwise
alfa, | « rez a«0
alfa,, < a-sin(rez) rez < root(FcbS(a) — FrezXX(¢), o)
alfa, ; < a-cos(rez) alfa, , ¢
i i+l alfa;, < rez
alfa Yron moBopoTa HOXKa P PE3aHUH alfa,; , < a-(sin(rez+0.0) —sin(a0)
M KOOP/IMHATHI CMEIICHHS TOUKH KOHTAKTA | |alfy ¢ . (cos(0) — cos(rez+a0))
Hoxa ¢ BeTkoit / The knife rotation angle . "bs
in cutting and the coordinates i+l
of the displacement of the contact point
between the knife and branch alfa
a) b)

Puc. 4. IIporpamMma pacuera yria moBopoTa HOXa:
a) TIpH AEHCTBUHN CHIIBI, IEPIIEHIUKYIIPHON K JIMHHUHU pe3a; b) MpH CKOJB3SIIIEM pe3aHiN

Fig. 4. The program for calculating the knife rotation angle:
a) under the action of a force perpendicular to the cutting line; b) when sliding cutting

[lyTem cpaBHEHUS MOJTYUYEHHBIX XapaKTEPUCTHUK AJIS pa3IMYHBIX KOMOMHALINN
napaMeTpOB ONpPEENIMIN JUaNa30Hbl YaCTOT BPALLCHHUSI POTOPA U YCHUIIHS MPY>KUHBI,
00eceYnBaIONIX MUHUMAIBHBIC YapHbIEC HATPY3KH U CTA0HIBHOE KAYECTBO Cpe3a A
Ka)XJI0TO THTIa HOXa. KpuTepusiMu onTUMaIbHOCTH SIBIISUTMCH: MUHUMAIEHOE 3HAYCHUE
MaKCHMAJIbHOM CHJIBI pe3anus F_, MUHUMAJIbHBIE KOJIEOAHHUs yIla OTKJIOHEHHUS HOXKa
d0(f) 1 paBHOMEPHOCTH TPAEKTOPUH TOUYKH KOHTAKTA.

PE3VYJIBTATBI UCCJIENJOBAHUA

ITomyyeHsl 3aBUCUMOCTH YITIa OTKJIOHEHHUS] HOXa OO OT YaCTOThI BPAILEHHSI pOTOpPa
NPY Pa3INYHBIX 3HAYCHHUSX )KECTKOCTH PYKUHBI M TEOMETPHH PEXYILEH KPOMKH (puc. 5, 6).

HUccnenoanue TpaeKTOpuii TOUKK KOHTAKTa HOXKa € BETBBIO (pHUC. 7, §) MO3BOIHIIO
OILIEHUTh XapaKTep B3aUMOAECHCTBUS PEXYILET0 HHCTPYMEHTA ¢ MaTepHalIoM U OIlpe-
JISIUTH ONTUMAaJIbHBIE TapaMeTpbl TEOMETPUN PEXYIIe KPOMKH. YCTaHOBJIEHO, YTO
MIPU TEOMETPUH, COOTBETCTBYIOIIEH CITUPAIbHOMY HOXKY (Tab.), TPAeKTOPHS TOUKH
KOHTaKTa MPUOIIKAETCS K MPSIMOU JINHHUM, YTO CBHCTEIBCTBYET 0 O0Jiee paBHOMEPHOM
pEe3aHUH U CHIDKEHUH YJIapHBIX Harpy3oK.

Ha ocHOBe IpoBEICHHOTO MapaMeTPHUUECKOTO aHaj3a ObUTH ONpeeNICHbI OIITH-
MaJIbHbIE PEKUMBI PAOOTHI IMIAPHUPHOIO MEXaHU3Ma, 00ECIEUNBAIOIINE CHIKCHHE
yIOAapHBIX HArpy30K U MOBBIIIEHHE KayecTBa cpe3a. ONTUMaNbHbIM AMANa30H 4acToT
BpaIIeHUs pOTOpa cocTapisieT 28—36 ¢!, a onTUMaNbHOE YCHITUE TIPYKUHBI HAXOIAUTCS
B npezenax 100-200 H. B auamasone wactor BpamieHust poropa 28-36 ¢! u ycumust
npyxunsl 100-200 H nocturaeTcss MUHUMAITBHBIH yPOBEHb BUOpAIUii 1 00ecTieurBa-
eTcst cTa0WIIbHOE Pe3aHue BETBEH Pa3MuHOIo TUaMeTpa.
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Puc. 5. l3menenue yra do MoBopoTa HOXa M HEOOXOIUMOH IS Iiepepe3aHus (pa3pymeHus)
BETKM CUJIbI /7, B 3aBUCHMOCTH OT BPEMEHHU KOHTAKTa HOXa C BETKOM IIPH CHIIE MPYHKHUHBI:
a)F =10H;b)F, =50H
Fig. 5. Change in the angle da of the knife rotation and the Frez force required to cut (destroy)
the branch, depending on the time of contact between the knife and the branch at a spring force:
a)F , =10N;b)F=50N

Hemounux: Tpaduky Uit pUCYHKOB 5—8 cocTaBJIeHBI aBTOpaMH CTaThu B mporpamme Mathcad.
Source: Figures 5-8 were compiled by the authors of the article in the software Mathcad.
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Puc. 7. 3HayeHns KOOPAUHAT TOUYKH KOHTAKTA HOKA M BETKH B 3aBUCHMOCTH
OT BPEMEHHU KOHTAaKTa HOXKa M BETKHU IIPH CHIIC PYKHHBI:
a)F  =10H;b)F =50H;c)F, =100H;d)F =200H
Fig. 7. The coordinates of the contact point between the knife and the branch depending
on the time of contact between the knife and the branch at spring force:
a)F  =10N;b)F =50N;¢) F =100N;d) F, =200N
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Puc. 8. TpaexTopus CMEIIEHUs TOYKH KOHTAKTa IIPH CUJIE IIPYKUHBIL:
a)F  =10H;b)F =50H;¢c) F =100H;d) F =200 H
Fig. 8. The trajectory of the contact point displacement at a spring force:
a)F ,=10N;b)F =50N;¢) F =100N;d) F,  =200N

OBCYXJIEHUE

[TomyuyeHHble B X0/ie YUCIEHHOTO MOAEIMPOBAHUS PE3y/bTaThl IO3BOJISIOT HHTEP-
IIPETUPOBATh IMHAMMKY HIAPHUPHBIX HOKEHN C KPUBOJIMHEMHOW KPOMKOM B POTALIMOHHBIX
00pEe30UHBIX anmnaparax. YCTaHOBJIEHO, YTO MCIOJIb30BAHUE CIMPAIEBUAHON (HOPMBI
JIE3BHSL BMECTO TIPSIMOJIMHEIHON MPUHIMITHAIBHO MEHSIET XapaKTep B3aUMOJAEHCTBUS NH-
CTPYMEHTa C BETKOM: ynapHOe Harpy>KeHue, XapakTepHoe JUIsl IPSMBIX HOXKel, 3aMeHseTcs
CKOJTB3SIIIIIIM TIJTAaBHBIM BpEe3aHUEM. JTO MOATBEP)KIAETCA TPACKTOPUSIMU TOYKH KOHTAaKTa
(puc. 7, 8): Wi CiMpalieBHIHOTO HOXKA TPAEKTOPHS MPUOMMKAETCS K IPSMO# JINHAH, 9TO
CBHUACTENLCTBYET 0 O0JIce paBHOMEPHOM U CTaOMIIBHOM pe3aHui. CpaBHUTEIBHBIN aHATIH3
TIOKa3aJl, YTO CIMPAJIEBU/IHBIN HOK OOECTICYMBAET CHUXKEHHE TTMKOBBIX YCUIIHH pe3anus F
Ha 25-30 % 1o cpaBHEHHUIO C PSIMOJIMHEHHBIM TIPH OTMHAKOBBIX PEKUMHBIX TTapaMeTpax.

[omy4yeHHbIE pe3yNbTaThl CONIACYIOTCSA ¢ IPEBLTYIIIMMHI UCCIIET0BAaHUSMH, B KOTOPBIX
OBLIO MOKAa3aHO, YTO TEOMETPHUS U KHHEMATHKA PEXYILET0 HHCTPYMEHTA CYIIECTBEHHO
BIIMSIIOT Ha YCHIIHE OOPE3KH CaI0B M BUHOTPATHUKOB [ 18]; ¥ BEIBOIAMIE O IPEUMYIIIECTBAX
CKOJB3SIIIETO pe3aHus AJIsl aHU30TPONHBIX MaTepuasios [ 1]. OHM JOMOTHSIOT MpeICTaB-
JieHus1 00 ONTUMANbHOW CKOPOCTH pe3aHMs, IIPU KOTOPOH MCKIIFOUAETCsl Ype3MepHast
nedopmanmst Matepuana [ 14], mokaspiBasi, 4TO aHAJIOTUYHBIH A PEKT TOCTUTASTCS HE
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TOJILKO 3a CYET BHIOOpAa CKOPOCTH, HO U 3a CUET FCOMETPUYCCKON ajanTaiuy Je3BUs
(kpuBONHHEHHAS opMa U IIAPHUPHOE KpeIuieH:e). B oTiInume 0T TpaAuIIMOHHBIX KECTKO
3aKpETUICHHBIX HOXKeEH, IpearaeMasi KOHCTPYKIIHS TO3BOJISIET aBTOMaTHYECKH PETYIAHPO-
BaTh YTOJI aTaKH B TIPOIIECCE PE3aHUsL, YTO 00ECIICUNBACT aIANTAIIIO K N3MEHSIOIIEMYCSI
CONPOTHUBICHUIO MaTepuana BeTKU. CXOICTBO ¢ paCCMOTPEHHBIMU Hoaxonamu [2; 3]
3aKJTIOYAETCS B UCIIOIB30BAHUN MIAPHUPHOTO MEXaHMU3Ma, OJTHAKO HOBU3HA TEKYIIETO
WCCIIeIOBAaHUS COCTOUT B KOMIJIEKCHOM y4YeTe B3aHMMOBJIHUSHUS T€OMETPUU JIE3BUS,
YOPYTUX CBOMCTB MPY>KUHBI U PEKUMHBIX ITapaMeTPOB HA TUHAMUKY HOXKa.

CrenyeT OTMETUTDH OTpaHUYCHUSI TIPEIIOKEHHON Monienu. Monenb npenmnonaraet
a0COJTIOTHO JKECTKUN HOXK U M30TPOITHBIE CBOWCTBA MaTepualia BETKH, UYTO SBIISIETCS
YIIPOIIEHUEM peaIbHBIX YCIOBUH. B I€CTBUTENBHOCTH IpEBECHHA BUHOTPATHOM JI03bI
o0naiaeT aHM30TPOITHEH, ¥ B TIPOLIECCE PE3AHMUS BOSMOXKHBI YIPYTHe Ae(hOopMaIiiii HOXKa.
Kpowme Toro, Moaens He yUuThIBaeT AMHAMUKY IPUBOJA POTOPA U BO3MOXKHBIE PE30HAHC-
HbIe siBjIeHUs. CUIIbHON CTOPOHOM MCCIICIOBAHUS SBIISETCS pa3paboTKa YHUBEPCAIbHOM
MaTeMaTH4eCKOM MOJIEIH, TIO3BOJISIOIIEHN TPOBOUTD MapaMETPUUECKUA aHATIN3 JIJIS pas3-
JIMYHBIX TEOMETPUYECKIX U PEXKUMHBIX TTapaMeTpoB. MoJienb MOXKET OBITh a/IaliTHPOBaHa
JUISL IPYTUX TUTIOB PACTUTEIILHBIX MAaTEPUAIIOB IIYTEM 3aMEHBI (DU3NKO-MEXaHHUUECKUX
xapakTepucThK. OHAKO OTCYTCTBUE IKCIICPUMEHTAIBHON BEpUBHUKALINU TOTYUIESHHBIX
PE3yIBETAaTOB OMPENeNsIeT HeOOXOMUMOCTh JATFHEHUIIINX HCCIIEIOBAHMIA.

3AKIIOYEHHUE

CrniupaneBuaHas hopma HoKa oOecriednBaeT Ooee MIaBHOE U paBHOMEPHOE pe3a-
HHE 32 CUET CKOJIB3SILET0 BXOXKAEHUs B MaTepuai. lllapHupHbIe HOXHU C IPY>KUHHBIM
HaTSDKUTEINIEM, YACPKUBAIOIIUM HOX B HAIIPABJICHUH HAUOOJBILETO PaAnyca BpalleHHs,
MO3BOJIAIOT CYLIECTBEHHO YIYUIIUTh YCIOBHS PE3aHUS BETOK Pa3iIMYHOTO CEYEHHUS.
Taxast KOHCTpYKIMSA 00eCIeunBaeT aJanTalrio K N3MEHSIIOUMMCS YCIOBUSAM Pe3aHus
U CHID)KAET yAapHbIE HAaIPy3KH.

Jnist BBIOpaHHBIX 3HaYE€HHH F€OMETPUIECKUX U MACCOBBIX XapaKTEPUCTHK POTOP-
HOT'O IIAPHUPHOTO HOKa yCTAHOBJICHBI IMANa30HbI Pa00YMX YaCTOT BpallleHHs pOTOpa
W yCUITUSI TIPY>KUHEI, oOecrieunBaronne 3pQeKTHBHOE pe3aHne BETOK: ISl IIAPHUPHOTO
JIMHEHHOTO HOa NpsAMoro yaapa — o = 40...80 ¢!, F = 10...50 H; ana mapaupHOTro
CIIMPAIBHOTO HOXA CKOJB3AIIEro yaapa — o = 28.. 36 c'! F =100...200 H.

OCHOBHO# BKJIaJ paOOThI 3aKII0YaeTCs B pa3pa60TKe MaTeMaTHIecKoi Mojenu
CHJIOBOTO 0allaHca IAapHUPHOTO HOXKA ¢ KPUBOJIMHEWHOW PEXYyIIeH KpOMKOH, YUUTHI-
BalOILEH B3aUMOBIHUSHIE T€OMETPHUUECKUX, KHHEMATHUECKUX U YIPYTHX IapaMeTPOB.
BriepBble Ha 0CHOBE KOJIMYECTBEHHOTO aHANN3a [T0KAa3aHO, YTO CIIMpaieBuIHast popma
JIe3BHS B COYETAHHUH C IAPHUPHBIM KPETJICHUEM MTO3BOJISIET CHU3UTh TMKOBBIC yAaPHBIE
Harpy3KH [0 CPaBHEHHIO C MPSIMOIUHEHHBIMU HOXXaMH 32 CUET peann3alii MpUHLIKIA
CKOJIB3AIIETO Pe3aHusl C aBTOMaTH4ECKON afanTanyel yria aTaku.

Bo03MOXXHOCTE IPUMEHEHHS NOTYUYEHHBIX PE3YNBTATOB AJIS ONTUMH3ALUN KOH-
CTPYKTHBHBIX MTapaMeTPOB POTALMOHHBIX 00PE30YHBIX AMNapaToB MO3BOJIHUT MOBBICUTD
UX HaJIeKHOCTh, COKPATUTh 3HEPro3aTparhl K 00ECIIEUYUTh BEICOKOE Ka4eCTBO 00PE3KH
MHOTOJIETHUX HacaxeHui. Pa3paboTanHas MOIeIb MOXKET CIIy>KUTh HHCTPYMEHTOM AJIS
ONTUMM3ALUH KOHCTPYKTHBHBIX IIAPAMETPOB PEXYIIUX OpraHoB. JlanpHelimme nccne-
JOBaHUS JOJKHEI OBITH HAIIPaBJICHBI Ha SKCIIEPUMEHTANIBHYIO IPOBEPKY MOITYyUEHHBIX
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PE3YyNBTaTOB, ONTUMH3ALNIO0 KOHCTPYKIIUY IAPHUPHOTO MEXAHU3MA C YIETOM PEAIbHBIX
YCIIOBHH 3KCILTyaTalllH, & TAK)Ke Pa3pad0TKy CHCTEMbI aBTOMAaTUYECKOTO YIIPABIICHUS,
o0OecIeunBaroel moaaep)kaHue ONTUMAIBHBIX PEKUMOB PaOOTHI B 3aBUCHMOCTH
OT AuaMeTpa U (PU3UKO-MEXaHUIEeCKUX CBOWCTB BETBEH.
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Abstract

Introduction. In the context of developing energy-saving technologies and machines based
on digital twins, the use of the discrete element method for modeling the technological
process of sowing is the most in-demand area. The key advantage of DEM modeling is the
ability to minimize the cost of creating new technology through virtual testing and opti-
mization. The quality of the sowing machines is known to directly affect the uniformity of
sowing and, ultimately, the yield. Therefore, the creation of adequate digital twins taking
into account the physical and mechanical properties of real seeds is an important scientific
and practical task. To model the process of sowing peas, it is necessary to solve two main
tasks: to select an adequate contact model and calibrate its parameters that is the main aim
of this work.

Aim of the Study. The study is aimed at determining the parameters of the contact model
of a digital twin of pea seeds for modeling using the discrete element method.

Materials and Methods. The object of the study is the calibration of the parameters of the
Linear Spring Dashpot contact model applied to pea seeds. The stages of the study include:
identifying the limitations of calibration methods when modeling seed movement; deter-
mining the effect of moisture content and fractional composition of pea seeds on friction
coefficients; developing a method for calibrating the contact model taking into account force
impact in conditions close to the sowing machine operation; verifying models by comparing
DEM modeling with data from field experiments in a coil apparatus.

Results. There has been determined the fractional composition of pea seeds showing
pronounced polydispersity of the material. The dominant fraction (83.4%) has a diameter
of 6.0-7.0 mm, which has been taken into account when parameterizing the DEM model
in the Rocky DEM software package to create a representative digital twin. The significant
influence of seed moisture content on their friction properties has been experimentally
proven. With an increase in moisture content from 9% to 23%, the coefficient of dynamic
friction increases that leads to a regular increase in the torque on the sowing machine
shaft from 0.3 to 1.0 N-m. There has been has been developed and tested a comprehensive
calibration method using the torque on the shaft of the sowing machine as a compliance
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criterion. There has been defined the range of the main parameters of the Linear spring
dashpot contact model, ensuring high modeling accuracy: the coefficient of dynamic fric-
tion between seeds k,= 0.14...0.16; the coefficient of dynamic friction of seeds with the
walls of the device k,, = 0.07...0.09. Based on the results of the experiments, there has
been developed a nomogram for selecting the dynamic friction coefficient depending on
the moisture content of pea seeds.

Conclusion. The use of the proposed calibration method based on torque allows the
creation of high-precision digital twins suitable for optimizing the design and technological
parameters of sowing machines that contributes to improving the quality of sowing and
saving resources in agricultural production.

Keywords: contact model, torque, dynamic friction coefficient, fractional composition, pea
seeds, digital twin, discrete element modeling
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Annomayus

Bgenenue. B koHTeKcTe pa3paboTKy 3HEProcOeperaromx TEXHOIOT Uil 1 MallliH HA OCHOBE
1 (POBHIX JBOMHUKOB Hanboee BOCTPEOOBAHHBIM ISl MOJCIMPOBAHHS TEXHOIOTHYe-
CKOTO IIpoliecca I0ceBa ABIAETCS METO AUCKPETHBIX IeMeHTOB. Ero mpeumyInecTBo —
MHHHUMU3ALUs 3aTPaT Ha CO3/IaHNE HOBOH TEXHUKH 3a CUET BUPTYaJIbHOTO TECTHPOBAHUS
u ontumusanuu. KimroueBoil 3agadeii ABIsSETCS MPEOAOTICHUE MAacITAOHOTO pa3phiBa
MEXy (PHU3UKO-MEXaHUIECKIMH CBOHCTBAMH CEMSH U MAKPOCKOIIMIECKUMU ITOKA3aTeIIIMU
KagecTBa pabOTHI BhICEBaroNIero amnmapara. CoznaHue ageKBaTHBIX HU(POBBIX JBOHHHIKOB,
YUHUTBIBAIOLIUX CBOUCTBA PEasIbHBIX CEMSH, IO3BOJIUT TOBBICUThH KAYECTBO MOJICTUPOBAHUS
1 TOYHOCTH IIPOTHO3UPOBAHHS, UTO SIBIISIETCS] HEOOXOMMBIM YCIIOBHEM IS MOCIIETYIOIIETO
YBEIMUYEHUS] yPOKAHHOCTH.

Heanb uccnenoanus. OnpeaencHue mapaMeTpoB KOHTAKTHOH MOEITH IIU(POBOTO ABO¥-
HUKA CEMSH TOpOXa JUIs MOJEIHPOBAHHS METOJIOM AUCKPETHBIX JIEMEHTOB.
Martepuajbl 1 MeTobl. OOBEKTOM HCCIIEN0BAHUS SBIACTCS MPOLIECC KATHOPOBKY TTapame-
TpOB KOHTaKTHO# Mozienu Linear Spring Dashpot npumeHuTeNnbHO K ceMeHaM ropoxa. JTarbl
TIPOBEACHUS NCCIIET0BAHNS BKIIIOYAIOT: BEIIBICHUE OTPAHWICHIS METOIOB KaTMOPOBKH ITPH
MOJICTUIPOBAHUHY ABIKCHUS CEMSH; OTIPEAEICHNE BIMSHUS BIAXHOCTH U (PPAKIIOHHOTO
cocTaBa CeMstH Ha K0d(HUIMEHTHI TPEHNS; pa3pabOTKy METOMKY KaTHOPOBKH KOHTAKTHOM
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MOJIEJIN C YYETOM CHJIOBOTO BO3IEHCTBUS B YCIOBUSX, ONU3KHX K pabOTe BBICEBAOLIETO
anmapara; Bepudukanuio Moaenei myrem cpasHeHHs DEM-MonenpoBaHus ¢ JaHHBIMH
HaTYPHBIX 3KCIIEPUMEHTOB B KaTyIIEYHOM armaparte.

Pe3yabraThl Hece10BaHUs. YCTaHOBIICH (DPAKIIMOHHBIIN COCTAB CEMSH TOPOXa, MOKa3aBIIHi
BBIPAKEHHYIO MTOMUANCIIEPCHOCTS MaTeprana. Jlomunupyromas ¢pakius (83,4 %) nmeer
nuametp 6,0—7,0 MM, uTO yuTeHO mpu napametpusanun DEM-Monenu B mporpaMMHOM
komiutekce Rocky DEM s co3nanus penpe3eHTaTHBHOTO H(pOBOro ABOWHHUKA. DKCIIe-
PHMEHTAIBHO JOKa3aHO CYIIECTBEHHOE BIHMSHIE BIAXXHOCTH CEMSIH Ha UX (PPUKI[OHHBIC
cBoiictBa. C yBeIHUEHHEM BIAXHOCTH OT 9 110 23 % K03(hGHUIMEHT TUHAMUYIECKOTO
TPEHHs BO3PACTAET, YTO IIPUBOAUT K 3aKOHOMEPHOMY POCTY KPYTSIIEr0o MOMEHTA Ha BaJTy
BbIceBatoniero ammapara ¢ 0,3 mo 1,0 H-m. Pa3paborana u anpoOupoBaHa KOMIUIEKCHAS
METOAMKA KalTuOPOBKH, HCIONB3YIOIIAsl B KAUECTBE KPUTEPHsI COOTBETCTBUS KPYTAIIUHA
MOMEHT Ha BaJly BHICEBAIOIIEH KaTYIIKH CeSUIKM. YCTaHOBIICH AMANa30H OCHOBHBIX Iapame-
TPOB KOHTAaKTHOM Mozenn Linear Spring Dashpot, o6ecnednBaroniuii BEICOKYIO TOYHOCTh
MOJIEIUPOBaHHS: KO3(PDUIMEHT IMHAMUYECKOTO TPEHH Mex Ly cemMeHamu k, = 0,14...0,16;
K09 QHUIHMEHT TUMHAMUYECKOTO TPEHHS CEMsH CO CTeHKaMu anmapara k,, = 0,07...0,09.
Pa3paborana HoMorpammMa BIOOpa K03 GUIMEHTa TMHAMHIECKOTO TPEHHS B 3aBUCHMOCTH
OT BJIAKHOCTU CEMSH TOpOXa.

3axaouenne. Mcronp3oBaHne npeyioKeHHOW METOIMKN KaJTMOPOBKH Ha OCHOBE KPYTs-
IIIETO0 MOMEHTA MO3BOJISIET CO3/aBaTh BEICOKOTOUHBIE IIN(POBBIEC TBOWHUKY, IPUTOTHBIE IS
ONTHMH3ALIH KOHCTPYKTUBHO-TEXHOJIIOTHYECKUX MAapaMeTPOB BBICEBAIOIIHX aNlapaTos,
YTO CIIOCOOCTBYET IOBBIIICHUIO KaueCTBa [IOCEBA U PECYpPCOCOEPEIKECHHIO B CEIIbCKOXO-
3IHCTBEHHOM HPOU3BOJICTBE.

Kniouesvie cnosa: KOHTaKTHAsI MOJIEITb, KPYTSIUN MOMEHT, KO3 (HUIIUEHT TUHAMHIECKOTO
TpeHusi, GPaKIUOHHEBII COCTaB, CeMeHa ropoxa, U(POBOH ABOWHUK, MOAEITHPOBAHHE
METOZIOM JHCKPETHBIX JIEMEHTOB

DuHaHcuposaHue: UCCISI0BAHNE BHIIOIHEHO 3a cYeT rpanTa Poccuiickoro HayqHOro oHma
Ne 23-76-10070 (https://rscf.ru/project/23-76-10070).

Kongnuxm unmepecog: aBTopbI 3asBISIOT 00 OTCYTCTBUH KOH(IIUKTA HHTEPECOB.

Jlns yumuposanusa: MyxamerauHoB A.M., Mynapucos C.I., Mudraxos U.P. [Tapamerpst
MoiesH LE(POBOTO ABOHHMKA N'OPOXa JUIsSl MOJICTTMPOBAHHS METOZIOM JMCKPETHBIX AJIEMEHTOB.
HUnorcenepnvie mexronozuu u cucmemsl. 2026;36(3):483—-499. https://doi.org/10.15507/2658-
4123.26363.483-499

INTRODUCTION

Discrete element modeling (DEM) is a modern approach to analyzing technological
processes, including the sowing of agricultural crops. This area is particularly relevant
in the context of developing energy-saving technologies and machines based on digital
twins. A key advantage of DEM modeling is the ability to minimize the cost of creating
new technology through virtual testing and optimization.

Peas are one of the main legume crops cultivated in the Republic of Bashkortostan,
and their share in the structure of sown areas in some agricultural enterprises reaches
10%. However, the yield of this crop depends on the quality of the pea seeds. The quality
of sowing equipment, as is well known, directly affects the uniformity of sowing and,
ultimately, crop yields. Therefore, the creation of adequate digital twins that take into
account the physical and mechanical properties of real seeds is an important scientific
and practical task. To simulate the process of sowing peas, two main tasks must be
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solved: selecting an adequate contact model and calibrating its parameters that is the
main goal of this work.

Currently, considerable attention is being paid to calibrating the parameters of contact
models in the DEM and improving the adequacy of digital twins of seeds created on its
basis. The analysis of the literature shows that research is being conducted in several
key areas.

The study is aimed at developing an improved method for calibrating the parameters
of the contact model for pea seeds, which allows for the dynamic processes of particle
interaction under the operating conditions of the reel seeder to be taken into account.
The objectives of the study are: to identify the limitations of existing calibration methods
(based on natural slope and collapse to determine experimentally the effect of moisture
content and fractional composition of pea seeds on their friction properties (static and
dynamic friction coefficients); to develop a method for calibrating the parameters of
the contact model, integrating data on the force exerted on the seeds under conditions
similar to those of the seeding machine; to verify the accuracy of the calibrated model
by comparing DEM modeling data with the results of field experiments in a reel seeder.

LITERATURE REVIEW

A number of works, such as studies by C. Coetzee, J. Horabik, B. Ghodki are devoted
to the direct calibration of parameters for specific agricultural materials [1-3]. In particular,
B. M. Ghodki has successfully calibrated the models for legume seeds, showing that
the results of modeling using the Hertz — Mindlin and Linear spring-dashpot models
do not exceed the statistical error compared to the full-scale experiment that confirms
the applicability of these models for creating digital twins [4].

Another area is related to the use of calibrated models for the design and optimization
of working parts of agricultural machinery, as, for example, in the works of K. Bangura
on the modeling of fertilizer spreaders [5] and X. Gao on the analysis of sowing machines,
which demonstrates the influence of the physical and mechanical properties of seeds on
the design parameters of the equipment [6; 7]. At the same time, the studies by S. Lee,
N. Sharaby, and J. Fan emphasize the critical importance of considering external factors,
in particular the material of the contact surface and the moisture content of seeds, which
significantly affect their friction properties [8—10].

In the study by J. Wang the DEM is successfully applied to investigate the operating
parameters of sowing machines, demonstrating high predictive power in optimizing
fertilizer application processes [11]. Of particular value is the relationship identified by
the authors between the microscopic characteristics of particles (force, kinetic energy,
free space) and the macroscopic performance indicators of the device (coefficient of
variation). This confirms the promise of using DEM to analyze processes similar to pea
sowing simulation, when accounting for seed moisture content and fractional composi-
tion requires detailed study of particle mechanics.

There is presented a comprehensive experimental approach developed to deter-
mine the physical and mechanical parameters of granular mineral fertilizers for
calibrating DEM models based on the angles of natural slope and collapse of seeds
when poured from a rectangular container [12]. The analysis of the study shows that,
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despite the achieved accuracy of calibration of the contact model parameters based
on the angles of natural slope and collapse, the methods used are simplified and
have a fundamental limitation. They simulate the process of particle spillage under
the action of gravity in static conditions, which does not allow for adequate consi-
deration of the real dynamic processes occurring in reel sowing machines. In these
conditions, seeds are subjected to complex forces, including forced movement by
working parts, friction against various surfaces, impact interactions, and compression
effects, which differ significantly from free spillage. In order to accurately simulate
the movement of seeds in a sowing machine, it is necessary to develop a more sophis-
ticated calibration method that will directly take into account the specific force and
kinematic conditions of the sowing process.

A team of scientists from the USA using a comprehensive approach for calibrating
dry bulk materials by the discrete element method, employing shock wave propaga-
tion, cone penetration, direct shear, triaxial loading, and flow in a bunker, came to the
conclusion that calibrating parameters for DEM is a non-trivial task, and its accuracy
critically depends on the correct determination of contact stiffnesses and damping [13].
This confirms our hypothesis about the need to develop an improved calibration method
that goes beyond static tests and the promise of using a comprehensive approach to
simulate real dynamic processes in agricultural machinery.

Thus, despite the progress achieved, the dominant calibration methods based on deter-
mining the natural slope angle and arch angle have significant limitations. In particular,
they do not fully take into account the change in the dynamic friction coefficient of
pea seeds depending on moisture content and its effect on the force loads in the device,
and also ignore the polydisperse distribution of seeds by fractions, which also critically
affects the nature of their interaction in the working area of the sowing machine. The
current task is to develop an improved calibration method that integrates these factors
to improve the accuracy of digital twins.

MATERIALS AND METHODS

On the basis of analyzing literary sources and previously conducted own research,
there was identified limitations of calibration methods (angles of natural slope and
collapse) when modeling seed movement.

There was determined the effect fractional composition of pea seeds on friction
coefficients. There was used a sieve analysis to evaluate the polydisperse distribution
of pea seeds by fractions. Due to the close spherical shape of the seeds, there were
used sieves with round holes. The range of cell sizes was determined by measuring the
minimum and maximum seed sizes with a micrometer. After sifting, the seeds were
divided into fractions and their mass was measured on an electronic scale.

There was developed a method for calibrating the contact model taking into account
force effects in conditions close to the operation of the seeding apparatus. To calibrate
the parameters of the DEM model in terms of torque, there was developed a laboratory
installation based on the John Deere 1910 seeding machine. The torque was measured
using a digital dynamometer. The experiments used pea seeds with variable moisture
content in the range from 9 to 23%.
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Verification of models by comparing DEM modeling with data from field experi-
ments in a coil apparatus. This was done by comparing the results of experiments to
determine the torque in a laboratory installation with different moisture content levels
of pea seeds and in the Rocky Dem software package with a different coefficient of
dynamic friction between particles k, when changing the coefficient of dynamic friction
of particles with the walls of the apparatus.

There was used the sieve analysis was used to evaluate the polydisperse distribution
of pea seeds by fraction. Since pea seeds are nearly spherical in shape, a set of sieves
with round holes was used for classification (Fig. 1 a). The range of cell sizes was
determined based on preliminary measurements with a micrometer of the minimum
(< 4.5 mm) and maximum (> 7 mm) linear dimensions of the seeds.

Seeds sifted through sieves with hole sizes of 4.5, 5.0, 5.5, 6.0, and 7.0 mm were
divided into fractions and their weight (Fig. 1 b) was measured on HL-100 electronic
scales. Peas with a density of 1,200 kg/m?and a bulk density of 720 kg/m3 were used
for the study, with a sample weight of 0.5 kg.

a)

Fig. 1. Study of the fractional composition of pea seeds:

a) sieve classifier; b) pea seed fractions: / — seed size with a diameter of less than 4.5 mm;
2 — fraction seed size with a diameter of 4.5 to 5.0 mm; 3 — fraction seed size with a diameter
of 5.0 to 6.0 mm; 4 — fraction seed size with a diameter of 6.0 to 7.0 mm,;

5 — fraction seed size with a diameter of more than 7.0 mm

Note: d — diameter of the sieve classifier mesh, fraction, mm.

Source: The photographs for figure 1 a was taken by A. M. Mukhametdinov during experimental research
in the laboratory of biochemical analysis and biotechnology at Bashkir State Agrarian University in 2024.

One of the main physical and mechanical parameters of pea seeds is their friction
properties. The main type of friction that occurs between seeds and the surfaces of the
working parts of sowing machines is sliding friction. The dynamic friction coefficient
characterizes the resistance to the movement of seeds relative to the surfaces of the sowing
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machine parts, as well as between the seeds themselves. The seeds are captured by the
reel and held by adhesion and friction forces. Under the action of rotation, the working
part of the reel transports the seeds. A change in the dynamic friction coefficient affects
the force required to move the pea seeds. This creates resistance to the rotating coil,
which requires effort to overcome the friction forces and requires a certain torque to
turn the coil. We used the change in torque in the coil drive depending on the physical
and mechanical properties of the seeds as a comprehensive criterion for calibrating the
parameters of the DEM model.

To calibrate the DEM model parameters based on torque, we developed a laboratory
setup based on the John Deere 1910 seeding complex (Fig. 2 a). Torque was measured
using a digital dynamometer (Fig. 2 b). The experiments used pea seeds with varying
moisture content ranging from 9 to 23%. It should be noted that the optimal moisture
content for sowing peas according to GOST R 52325-2005" is 11-19%, which meets
the agronomic requirements for active swelling and germination without the risk of
fungal diseases. This factor, along with the increase in moisture content during etching,
determined the upper limit of the range under study.

The design of the installation (Fig. 2 a) includes a hopper 2 for pea seeds /, a reel
sowing machine 3 with a housing 4, and a digital dynamometer 5 with a key 6 for measuring
torque. The field experiment method consisted of filling the hopper with 1 kg of seeds
and then rotating the reel 3 using the key 6. The rotating reel captures and transports the
seeds inside the housing 4, and the resulting torque is recorded by the dynamometer 5.

b)

Fig. 2. Conducting field experiments:
a) laboratory setup of the sowing machine; b) digital electronic dynamometer

Source: The photographs for figure 2 a was taken by A. M. Mukhametdinov during experimental
research at the Department of Mechatronic Systems and Agricultural Machinery of Bashkir State Agrarian
University in 2025.

' GOST R 52325-2005. [Seeds of Agricultural Plants. Varietal and Sowing Qualities. Technical Conditions].
Auvailable at: https://fsvps.gov.ru/files/gost-r-52325-2005-nacionalnyj-standart-rossi/ (accessed 14.08.2025).
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To conduct model experiments in the KOMPAS-3D environment, there was deve-
loped a three-dimensional model of a full-scale laboratory setup (Fig. 3 a), which was
then imported into the Rocky DEM software package (Fig. 3 b). The created digital twin
allows visualizing the movement of pea seeds in the working area of the sowing machine.

b)

Fig. 3. Model of the laboratory setup: a) 3D model in KOMPAS; b) model in Rocky DEM:
1 — pea seed particles; 2 — particle generator Inlet; 3 — hopper; 4 — coil; 5 — housing; 6 — cleaner

Note: Y(m) — the coordinate axis; Z(m) — the coordinate axis; X (m) — the coordinate axis; 4 — particles
in the hopper moving under the action under the influence of gravity; B — particles captured by the coil
grooves and transported by its rotation; C — particles in the gap between the coil and the body, whose
movement is caused by the shear of the active layer; D — diameter; w — angular velocity.

Source: Figures 3—6 compiled by the authors of the article.

The simulation of the process begins with the generation of seed particles through
Inlet 2 and filling of the hopper cavity 3. The specified rotation of coil 4 ensures the
capture and transport of particles inside housing 5, while cleaner 6 prevents their reverse
movement.

To rotate a coil with a diameter D at an angular velocity w, it is necessary to overcome
the torque, the value of which is determined by the physical and mechanical properties
of the seed particles and the material of the sowing machine (Fig. 3 b). During opera-
tion, three characteristic zones of particle movement can be distinguished:
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— Zone A: particles in the hopper moving under the action under the influence of
gravity;

— Zone B: particles captured by the coil grooves and transported by its rotation;

— Zone C: particles in the gap between the coil and the body, whose movement is
caused by the shear of the active layer.

The intensity of the active layer movement in zone C is determined by the dynamic
friction coefficient between both the seed particles and between the particles and the
inner surface of the sowing machine shell.

Based on an analysis of research in the field of seed modeling using the discrete
element method, it has been established that the Linear spring dashpot model is used as
the contact model. This model takes into account both elastic and dissipative (friction)
parameters of particles. The normal contact force /| in this model consists of a linear
elastic repulsive force and a restoring force between pea seed particles, determined by
the formula [13-15]:

F:’l = knlsn + Cnsnl >
where F, —normal contact force, N; k,, — normal contact stiffness of a linear hysteresis
spring, N/m; s, — contact with normal overlap, m; C, — is the recovery coefficient; s, —
is the time derivative of the contact normal overlap, m/s.

The degree of seed elasticity is determined by the recovery coefficient C, upon impact,
which is the ratio of the normal component of the pea seed velocity before impact to
its value after collision with the working surface of the sowing machine working parts.

The main parameters of the Linear spring dashpot contact model, based on our own
research and scientific works [1; 15], are presented in Table 1.

Table 1
Parameters of the contact model

Parameter Indicators
Young modulus E, Pa [14; 15] 1.9-2-108
Poisson ratio v [14; 15] 0.22
Coefficient of static friction between seeds f;, 0.4-0.6
Dynamic friction coefficient between seeds f, 0.14-0.16
Recovery coefficient £, 0.24-0.34
Coeflicient of static friction between seeds and the walls 0.3
of the apparatus f, ,
Coefficient of dynamic friction between seeds and the walls 0.08 (based on experimental
of the apparatus k,, studies)
Particle diameter d, mm based on studies

of the polydisperse

distribution of pea seeds

Source: the tables 1-3 were compiled by the authors of the article.

The calibration of the parameters of the contact DEM model of pea seeds was
performed according to the algorithm presented in the block diagram (Fig. 4).
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Initial installation

basic parameters

Particle size and shape, particle density,
elastic modulus, shear modulus,

4; Poisson’s ratio, bulk density

Define target values
for calibration

v

Simplify the material L+ Create a calibration model S5 Enter the contact model
parameters parameters
Cocfficient of static friction Ly Set the initial parameters
Dynamic friction coefficient for calibration
—= Adapt the parameters = Launch the model
4 No KH
Complethn Have the target values C h Its with
of calibration Q= b hed? q: ompare the results wit
Yes [KH een reached: the target values

Fig. 4. Parameter calibration using the discrete element method

The model of the sowing machine operation was implemented using Rocky Dem
software on a computer with an Intel Core 19-14900HX processor with a frequency of
2.39 GHz and a GeForce RTX4060 (8 GB) video card.

RESULTS

Table 2 shows the polydisperse distribution of pea seeds by size based on the results
of sieving.

Table 2
Results of determining the polydisperse distribution of pea seeds by size
Seed Fraction (size) seeds . . .
name No with a diameter of mm Cell Seed weight, g | Fraction yield, %
Peas 1 less than 4.5 - 1.4 0.3
2 4.5-5.0 4.5 2.0 0.4
3 5.0-6.0 5.0 11.6 2.3
4 6.0-7.0 6.0 416.8 834
5 7.0-10 7.0 68.2 13.6
492
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The sieving results show pronounced polydispersity of the seed material. It was
found that the bulk of the seeds (83.4%) are concentrated in the diameter range of
6—7 mm. A significant proportion (13.6%) falls into the large fraction with a diameter
of more than 7 mm, while small fractions (less than 5 mm) account for less than 3%.
The obtained distribution was used to parameterize the DEM model in the Rocky
DEM software package by specifying the corresponding percentage ratio of particles
of different diameters.

Table 3 shows the results of experiments to determine the torque on a laboratory
setup at different moisture contents of pea seeds and in the Rocky Dem software
package at different coefficients of dynamic friction between particles k, when changing
the coefficient of dynamic friction of particles with the walls of the apparatus.

Table 3
Results of experiments on a laboratory setup and modeling in Rocky Dem
Full-scale experiments
Seed moisture content W % 90 112 138 151 17.0 193 214 230
Average torque value M, N-m 0.3 0.3 0.5 0.6 0.7 0.8 1.0 1
Dispersion 0.007 0.013 0.022 0.017 0.013 0.003 0.027 0.028
Mean square deviation 0.08 0.11 0.15 0.13 011 005 0.16 0.17

Modeling in Rocky Dem
Dynamic friction coefficient between 0.135 0.14 0.145 0.15 0.155 0.16 0.165 0.17
particles k,
Average torque value M, N'-m £,,=0.07 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.8
at a coefficient of dynamic 4 —008 03 04 05 06 07 08 1.0 1

friction between particles and
walls k,, at k,,=0.09 04 0.5 0.6 0.7 0.7 1.0 1.1 1.1

Based on the data in Table 3, there were constructed the graphs showing the depen-
dence of torque on the moisture content of pea seeds (Fig. 5 a) and on the dynamic
friction coefficient of the simulated particles (Fig. 5 b).

2 127 y=—0.0004x+ 0019122 0.2392x + 11756 12

" 10 R*=0.9849 . g 1o il

Zz e z :

<08 e = 08 B

3 . P .

§0.6 0. g 06 .

5] - = . N

204 204 . k= 0.07

= R E -

s 02 02 L__ k4= 0.08

7 9 11 13 15 17 19 21 23 0.13 0.14 0.15 0.16 0.17

Seed moisture content w, % Dynamic friction coefficient

between particles k,

Fig. 5. Torque dependence: a) on the moisture content of pea seeds in a field experiment;
b) on the coefficient of dynamic friction in Rocky Dem

For modeling, the coefficient of dynamic friction of pea seeds with the walls of
the apparatus k,, was used in the range from 0.07 to 0.09. The most accurate values
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of torque and the nature of the change (slope of the trend line) lie within the range of
the particle-particle dynamic friction coefficient k, = 0.14...0.16, which corresponds to
a moisture content of 11.2 to 19.3%. At the same time, the torque varies in the range
from 0.3 to 1.0 N-m.

As a result of parametric research, it was established that the most adequate corre-
spondence to full-scale experiments is achieved with the following friction coefficient
values in the Linear spring dashpot model:

— coefficient of dynamic friction between particles k, = 0.14...0.16;

— coefficient of dynamic friction between particles and the walls of the apparatus
k,,=0.07...0.09.

A 3=0.0618x— 0.3644 E y=26x—334
Z 08 R =0.9806 Z 081 “r=0982 ’
= X ’
g 0.6 . % 0.6 "y
Z : g
2 04 o 04
e =
=02 0.2
11 13 15 17 19 0.140  0.145  0.150  0.155
Seed moisture content w, % Dynamic friction coefficient
between particles &,

Fig. 6. Nomogram for selecting the dynamic friction coefficient depending
on the moisture content of pea seeds

The nomogram obtained will be used in further research for the digital twin of the
pea seed sowing process and the operation of the sowing machine when selecting the
parameters of the contact model in the Rocky Dem software.

DISCUSSION

Field experiments demonstrated a clear correlation between seed moisture content and
torque on the sowing machine shaft. As moisture content increased from 9 to 23%,
the average torque value increased from 0.3 to 1.0 N-m, indicating a significant effect
of moisture content on the friction characteristics of seeds. The dispersion of measure-
ments was in the range of 0.003—0.028, confirming the reproducibility of the results.

This range of parameters corresponds to seed moisture content of 11.2-19.3% and
provides a calculated torque of 0.3—1.0 N-m, which statistically significantly coincides
with the experimental data.

A comparison of the results of physical and numerical experiments showed satisfac-
tory agreement: the experimental torque values (0.3—1.0 N-m) are completely within
the range obtained in the simulation (0.2—1.1 N-m).

The studies conducted made it possible to establish the main patterns determining
the interaction of pea seeds with the working parts of the sowing machine. Analysis of
the particle size distribution (Table 2) showed a pronounced polydispersity of the seed
material: the predominant fraction (83.4%) has a diameter of 6—7 mm, while large seeds
(> 7.0 mm) account for 13.6% and small seeds (< 5 mm) account for less than 3%.
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The data obtained are consistent with the results of studies by B. M. Ghodki [4],
V. 1. Khizhnyak [16], and A. N. Marthekha [17], confirming the representativeness of
the sample. The established fractional structure was taken into account when parameter-
izing the DEM model in the Rocky DEM software package, where the corresponding
percentage ratio of particles is specified. The observed relationship between seed size and
friction-larger and heavier seeds exhibit a lower coefficient of dynamic friction due to
easier sliding-was also reflected in the model.

The significant influence of seed moisture on their friction properties has been
experimentally confirmed. With an increase in moisture from 9 to 23%, the coefficient of
dynamic friction increases, which leads to an increase in the torque from 0.3 to 1.0 N-m
required for the seeding machine to operate. A comparative analysis of the dependencies
(Fig. 5 a, b) showed that with a coefficient of friction between the seeds and the walls
of the device k,, = 0.8, the Rocky DEM model most accurately reproduces the nature
of the torque change observed in the full-scale experiment. These results correlate with
data from previous studies on the calibration of pea seed parameters [15].

Three characteristic modes of operation of the apparatus were identified depending
on seed moisture content:

—range 9—11%: the torque is minimal and stable, which is explained by the easy
movement of dry seeds with low friction.

—range 11.2-19.3%: a progressive increase in torque is observed, due to increased
adhesion and friction.

— range above 19.3%: torque stabilizes, probably due to a decrease in adhesion
between overmoistened seeds.

Calibration of the contact model parameters of the digital twin showed that of all
the parameters studied (Poisson’s ratio 0.22; Young’s modulus 1.9-2x10? Pa; recovery
coefficient 0.24-0.34), the coefficient of dynamic friction between seeds has the greatest
influence on the nature of the torque change. It has been established that the values of
k,=0.14...0.16 in the model correspond to the experimental data at a moisture content of
11.2-19.3% and provide a calculated torque of 0.3—1.0 N-m, which confirms the adequacy
of the calibrated DEM model.

CONCLUSION

Based on the established dependencies, a nomogram was constructed for the rapid
determination of the dynamic friction coefficient depending on seed moisture content,
which will be used in further studies of the digital twin of the sowing process.

The results obtained confirm the adequacy of the developed DEM model and demon-
strate the promise of using the method of calibrating the parameters of the contact model
by torque to predict the performance characteristics of sowing machines.

The study allowed us to develop and verify a method for calibrating the parameters
of the contact model for the digital twin of pea seeds, which adequately describes their
behavior in the working area of the coil seeder. The following main conclusions were
obtained as a result of the work.

The fractional composition of pea seeds was established, showing a pronounced
polydispersity of the material. The dominant fraction (83.4%) has a diameter of 6—7 mm,
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which was taken into account when parameterizing the DEM model in the Rocky DEM
software package to create a representative digital twin.

There was experimentally proven a significant influence of seed moisture content
on their friction properties. With an increase in moisture content from 9% to 23%, the
dynamic friction coefficient increases, which leads to a natural increase in the torque
on the shaft of the sowing machine from 0.3 to 1.0 N-m.

A comprehensive calibration method has been developed and tested, using torque as
a criterion for conformity. The range of key parameters of the Linear spring dashpot
contact model has been established, ensuring high simulation accuracy:

— seed-seed dynamic friction coefficient & : 0.14-0.16;

— dynamic friction coefficient seed-apparatus wall k, : 0.07-0.09.

A nomogram was constructed for the rapid determination of the dynamic friction
coefficient depending on seed moisture content, which allows for the effective configura-
tion of a digital twin for modeling the sowing process under various conditions.

Verification of the model confirmed its adequacy: the discrepancies between the
results of field experiments and DEM modeling data do not exceed 10%, and the nature
of the torque change is reproduced correctly.

The use of the proposed calibration method based on torque allows the creation
of high-precision digital twins suitable for optimizing the design and technological
parameters of sowing machines, which contributes to improving the quality of sowing
and saving resources in agricultural production.
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Abstract

Introduction. Agriculture requires efficient processing of large land areas (fields,
orchards, pastures). The use of distributed swarm robotics systems allows automating
these processes, reducing labor costs and increasing the precision of operations.
The efficiency of these systems largely depends on the control methods ensuring coordina-
tion of robots, optimal task distribution, and reliable communication between them that is
critical for parallel processing and minimizing downtime.

Aim of the Study. The study is aimed at improving the robot swarm control efficiency
by developing an advanced method with the use of relay communication and a distrib-
uted ledger.

Materials and Methods. The object of the study was a swarm robotics system for
processing agricultural areal objects. The study was conducted using a software model
implemented in Python, which simulated the operation of a robot swarm with relay-based
communication. At the first stage, there was implemented an improved control method
involving a distributed ledger of processed targets and a mechanism for dynamic role
redistribution among robots. At the second stage, the system operation was simulated
using a set of synthetic test tasks with varying sizes of the objects processed and different
robot numbers in the swarm. At the final stage, the improved method was compared with
baseline control method terms of task execution time, followed by a statistical evaluation
of the obtained results.

Results. There has been developed an improved robot swarm control method with a relay-
based communication involving a distributed ledger of processed objects and a mechanism
for dynamic redistribution of roles among robots. The simulation results demonstrated
a 5.75% reduction in the average time of execution of full set of test tasks compared to the
base approach. For performing the subset of tasks when the proposed method can realize
fully its advantages, the reduction in processing time reaches 10.34%.
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Conclusion. The improved robot swarm control method enables more effective
task distribution and an increased degree of parallelism in processing. This has high
practical significance for application in agricultural robotic systems, especially when
using budget-friendly equipment. The development prospects include adaptive control,
integration with other optimization methods, and the expansion of the approach to
heterogeneous swarms.

Keywords: agricultural robots, UAVs, swarm control, data transmission, relay communi-
cation, distributed ledger
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Annomayus

Beenenne. Cenbckoe X035icTBO TpeOyeT 3 pekTrHBHON 00paboTKH OONMBIINX IIOMAIHBIX
00BeKTOB (10514, cajpl, mactouia). Mcnoap3oBaHue pacpeiesieHHbIX POSBBIX POOOTH3H-
POBaHHBIX CHCTEM I03BOJSET aBTOMAaTU3UPOBATh ATU IIPOLIECCHl, CHUXAsL TPYL03aTPaThl
¥ HOBBIIIAst TOYHOCTH omneparyii. D(hPeKTHBHOCTh TAKMX CUCTEM B 3HAYUTEIILHON CTETICHH
3aBUCHUT OT METOJIOB yIIPABIIEHHS, 00€CTIEUHBAIOIINX KOOPIMHALIIO POOOTOB, ONTHMAIbHOE
pacrpezesieHue 3a/1a4 ¥ yCTOWUMBYIO CBS3b MEX/Iy HUMH, YTO KPUTHIHO JUIsI 00eCIIeUeHUS
TapajiensHOi 00pabOTKH 1 MUHUMH3ALUH TPOCTOEB.

Heap ucciaenosanus. [TospieHne 3pGEeKTUBHOCTH yIPABICHUS POEM OIOMKETHBIX
poOOTOB IyTeM pa3pabOTKH yCOBEPLIIEHCTBOBAHHOTO METO/A MCIIONB30BAHUS PEJICHHON
CBSI3H M PACIIPE/IENICHHOTO PeecTpa.

Matrepuansl 1 MeToAbl. OOBEKTOM HCCIIE0BAHNS ABIISIIACH POEBast POOOTOTEXHHYECKAsT
cucTeMa, peHa3HaYeHHas JuIsl 00pabOTKM IUIOMAAHBIX OOBEKTOB CEJIbX03HA3HAUCHNSI.
HccnenoBanue mpoBOIUIOCh € UCTIONB30BaHUEM IPOrPAaMMHOM MOJIENH, peaTi30BaHHON Ha
Python, B koTopoii MonenpoBanack paboTa post poOOTOB ¢ perneliHoit cBa3bi0. Ha mepBom
9Tarre ObUI pean30BaH YCOBEPIICHCTBOBAHHBII METO]] YIIPABICHHS, BKIIOUAIOIINHI pacipe-
JIeTIEHHBIHA peecTp 00paboTaHHbIX IeNIeld 1 MEXaHU3M JHHAMIIECKOTO ITepepactpeieIeHus
poieii Mex 1y poboramu. Ha BTopoM 3Tarie BHINOIHAIOCH MOJIEITHPOBAHNE PAOOThI CHCTEMBI
Ha Habope CHHTETHYECKHUX TECTOBBIX 3a/1a4 C PAa3INYHBIMU pasMepaMu 00pabaTbIBaeMbIX
00BEKTOB M YHCICHHOCTHIO post. Ha 3akimrounTeIsHOM 3Tare IpOBOAUIOCH CPaBHEHHE
¢ 6a30BbIM METOJOM YIPABJICHHS 110 BPEMEHH BBINOJHEHHS 33aJa4 M CTaTHCTHYECKas
OLICHKA [IOIy4EHHBIX Pe3yJIbTaToB.

Pe3yabTaThl uccaenoBanus. Pazpaboran yCcoBepIIeHCTBOBaHHBIN METOM YIPaBICHUS
poeM poOOTOB ¢ pesneliHOil CBsI3bI0, BKIIOYAIOIINI paclipeie/ieHHbII peecTp obpaboTan-
HBIX 00BEKTOB M MEXaHU3M JJMHAMHYECKOTO IIepepacipeaesIeHUst polied Mex Iy poooTamu.
IIpoBenenHOE MOmENMMpPOBaHNE MOKA3aJI0 COKPAIICHNE CPETHEr0 BPEMEHH BBIITOITHEHUS
HOJIHOTO Habopa TECTOBBIX 3aja4 Ha 5,75 % 1O CpaBHEHHIO C 0Aa30BBIM MOAXOIOM.
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Ji1st HOMMHOXKECTBA 33/1a4, B KOTOPBIX IIpe/yIaraeMblii METOJ] MOXKET B IOJHOM Mepe pe-
aNn30BaTh CBOM MPEHMYIIECTBA, COKpAIleHue BpeMeHH 00paboTku pocturaet 10,34 %.
3axiouenue. MoiepHIU3MPOBAaHHBIM METOA YIIPaBIEHHS pOeM pOoOOTOB MO3BOJISET Oosiee
3G PEKTUBHO paCPENEUTh 3a]a491 U MOBBICUThH CTEIICHb Mapajuieian3Ma 00padboTku. D1o
HMEET BBICOKYIO MPAKTHYECKYIO 3HAYMMOCTD JUISl IPHMEHEHHS B arpOTEXHOJIIOIHUECKUX
poOOTH3UPOBAHHBIX CHCTEMaX, OCOOCHHO MPH HUCIOIB30BAHUU OIOMKETHON TEXHHKH.
[epcriekTHBBI Pa3BUTHS BKJIIOYAIOT aJalTHBHOE YIPABICHHUE, HHTETPALHIO C APYTUMH
METOJIaMH ONITUMH3AIINK M PACIIMPEHUE TOJX0/1a Ha TeTEPOTreHHBIC POU.

Kniouesvie cnosa: cenbckoxossiicrBenHble pobotsl, BITJIA, poeBoe ynpasieHue, nepenada
JIAHHBIX, PeNeiHas CBSI3b, PACIPEICICHHbIN peecTp

Konghnuxm unmepecos: aBTop 3asBisieT 00 OTCYTCTBUH KOH(INKTA HHTEPECOB.

Jna yumuposanus: TapanoB A.lO. Pa3paboTka cuctembl peeiHOro ynpaBieHUs poeM
POOOTOB IS CENBCKOXO3SUCTBEHHBIX PA0OT. MHoiceHepHble MEXHON02UL U CUCTIEMbL.
2026;36(3):500-517. https://doi.org/10.15507/2658-4123.26363.500-517

INTRODUCTION

Agriculture is a strategically significant sector of any economy, because of it
provides food security, ensures regional development, and maintains rural employment.
Improving the efficiency of agricultural production remains a key problem, especially
considering the growing demands for the volume and quality of production, and the
need to reduce labor costs. Traditional methods of field cultivation and crop tending
require significant time and human resources that limit the scale and speed of opera-
tions, particularly over large areas.

One of the most promising approaches to solving this problem is the automation of
agricultural processes using robotic systems. Automation increases the accuracy and
speeds up the execution of operations, and optimizes the use of resources. In recent
years, there has been active implementation of unmanned aerial vehicles, autonomous
land robots, and swarm control systems. These technologies enable the execution of
a wide range of tasks, including the inspection of agricultural lands, monitoring crop
conditions, assessing soil moisture and plant health, chemical treatment of crops, and
many others.

The use of robots processing agricultural areas, such as fields, orchards, and
pastures, where cyclic operations must be performed regularly, is of particular
importance. In these cases, controlling robots as part of a swarm makes it possible
to distribute the tasks among individual robots and perform these tasks in parallel
reducing the time required to process large areas and decreasing labor and equipment
costs. However, existing swarm control methods have a number of limitations,
namely, many methods require expensive devices, provide limited coordination
over large areas, or do not consider the potential for optimal task distribution when
using budget robots. These issues significantly constrain the practical application of
swarm systems in general and in agriculture in particular that is especially relevant
for small and medium-sized farms.

In this and previous articles, the term budget robots refers to mass-produced,
compact, autonomous or semi-autonomous robotic systems designed to minimize the
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unit cost while maintaining a basic set of navigation and sensing functions enough to
perform typical agricultural tasks.

These platforms include inexpensive unmanned aerial vehicles and mobile land
robots of consumer-level, whose cost is several times lower than that of semi-professional
systems and approximately by 1-3 orders of magnitude lower than of specialized industrial
solutions. The significant difference in cost enables the use of a larger number of robots
in a swarm to scale task execution while maintaining overall system efficiency. At the
same time, low-cost platforms remain financially accessible for small and medium-sized
farms, where budget constraints are a critical factor.

The term budget robots is not term of marketing, but it is used in a strictly applied
context meaning economically accessible robotic systems that allow scaling the system
by increasing the number of robots rather than by increasing the complexity and cost
of individual units.

Previously presented by the author and colleagues concept and method of using
a swarm of low-cost robots with relay-based communication, have demonstrated
significant advantages over using a single expensive robot [1; 2].

The aim of the study was to develop an improved method capable of achieving
higher performance while relying on the same core idea: the effective use of less
expensive robot models while maintaining the same level of reliability and increasing
swarm productivity.

The study objectives include the development of an improved swarm control method
with relay-based communication and the implementation of a distributed ledger of
processed objects. A further task is the design of a mechanism for dynamic redistribu-
tion of roles among robots within the swarm, and the development and implementation
of a software simulation model of the system. The study also includes the execution
of computational experiments to evaluate the effectiveness of the proposed method,
followed by a comparative analysis with the baseline control method and statistical
processing of the obtained results.

LITERATURE REVIEW

The search for a simple yet effective way to organize the operation of a robot swarm
for processing areal objects is a highly relevant problem, as evidenced by the considerable
number of publications devoted to this topic. However, the studies presented in this area
have not sufficiently considered the issue from the perspective of using budget devices
while simultaneously ensuring a high level of system reliability.

The analysis of the scientific and technical literature has shown that the existing
articles in this area can be conditionally divided into several groups.

The first group includes the studies in which the authors consider relay-based data
transmission over long distances using robots organized into a swarm [3—5]. Additional
studies investigate communication performance and data throughput in multi-hop UAV
relay networks [6; 7]. These studies are difficult to use for solving the problem considered
in this article, since they primarily address the formation of static or low-dynamic robot
swarm configurations, when active robot movement is generally not assumed. In addi-
tion, in this group of studies there are often used computationally intensive algorithms
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that raise questions regarding their applicability when using budget-level computing
equipment.

The second group consists of the studies that investigate the approaches based on
the use of separately designated relay robots [8—10]. It should be acknowledged that this
is a very simple and reliable approach. However, at the same time, the acquisition of
dedicated robots solely for relaying functions undermines the budget-oriented nature of
such systems: resources that could otherwise be used to solve the primary task processing
agricultural land) must instead be allocated to building an infrastructure that ensures
the operability of the robotic swarm system.

In addition to the groups mentioned above, there is a number of studies that employ
predefined behavioral scenario constructions to organize robot swarm operation. As a rule,
these approaches rely on efficient but very resource-intensive algorithms (for example,
those reduced to solving multiple traveling salesman problems [11] or based on multi-
agent learning methods [12]). This makes it impossible to ensure dynamic swarm
reconfiguration without the use of expensive computing equipment that excludes these
solutions from the category of budget-oriented ones. It is possible to apply an approach
based on the preliminary computation of all possible scenarios, which take into account
various system failures and corresponding responses [13]. However, this approach is
extremely difficult to implement, because of its high computational complexity, even
for relatively small robot swarms.

A separate category of the studies is focusing on the reconfiguration capabilities
of robot swarms [14—16]. Additional studies consider formation reconfiguration and
structural control strategies for multi-robot systems in complex environments [17-19].
Another group of studies is devoted to swarm resilience, collision avoidance, and recovery
mechanisms under disturbances and attacks [20-22]. Finally, several studies consider
general approaches to swarm topology organization and reconfiguration optimization
methods [23; 24]. Although the number of these studies is quite large, all of them either
do not consider the possibility and/or necessity of relay-based communication (which
is the basis for achieving a low-budget solution) or are computationally complex, or
require additional extensive research aimed at adapting these methods to comply with
existing constraints and requirements.

Based on the review of scientific and technical sources, the following conclusions
can be drawn:

— Since the publication of the previous article on this topic, there have been no
fundamentally new approaches or results that would provide a solution to the problem
under consideration;

— A large number of robot swarm organization methods applicable to areal object
processing satisfy only one criterion: either budget minimization or reliability assurance;

— Attempts to combine different methods in order to obtain a hybrid solution that
satisfies both requirements are likely to lead either to conflicts between the requirements
of the combined technologies or to significant time and resource expenditures.

Despite the significant number of studies in the field of swarm robotics, several
important aspects remain insufficiently explored. In particular, there is a lack of
approaches that simultaneously integrate relay-based communication, low-cost hardware
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constraints, and dynamic task reconfiguration within a unified framework. Existing
methods typically address these aspects separately, focusing either on communication
efficiency, system reliability, or optimization of swarm behavior, but not on their joint
implementation under strict budget limitations.

Moreover, the behavior of swarm systems operating under conditions of distributed
relay communication with continuously changing topology is not yet fully understood,
especially in scenarios involving resource-constrained robotic platforms. This creates
a gap between theoretically developed models and their practical applicability in real-
world agricultural environments.

These limitations define the necessity of developing new approaches that combine
relay-based coordination, distributed control, and adaptive reconfiguration while main-
taining computational and hardware efficiency.

Based on these considerations, there is a clear need for the development of a new
improved method that would satisfy all the stated requirements. The approach proposed
in this article is aimed at addressing these limitations by combining relay-based coordina-
tion, distributed control, and adaptive reconfiguration while maintaining computational
and hardware efficiency.

MATERIALS AND METHODS

Description of the baseline method

As a basis for developing the improved swarm control method with relay-based
communication, there was used a previously developed method [2], which ensures
coordinated robot behavior based on the mFabrik algorithm and data exchange among
the robots within the swarm.

The swarm operation scheme is based on forming a chain in which the terminal
robot (the one farthest from the base) is assigned as the leader, while the remaining
robots act as followers.

The leader task is to process the assigned area object within its area of responsibility
by visiting predefined points and performing the required actions at those points
(mapping [25], monitoring [26], chemical treatment of crops [27], pollination [28], etc.).

The primary task of the followers is to ensure communication between the leader
and the base, for example, for transmitting monitoring data or progress reports on task
execution. In addition, the followers, within their capabilities, perform tasks similar to
those of the leader in their own areas of responsibility in parallel (without compromising
their primary function of maintaining communication between the base and the swarm).

After completing its assigned tasks, the leader transfers the leadership role to the
nearest follower in the chain and returns to the base. The swarm operation then continues
with the new leader.

During operation, the movement of all robots is determined by the leader robot,
which constructs the trajectories of the other swarm members using a modified Fabrik
algorithm (Forward and Backward Reaching Inverse Kinematics). Modified Fabrik, or
mFabrik, is a modified version of the algorithm that allows robots to change the distance
between each other while keeping it within specified limits, that is, without exceeding
the communication range between robots.

W
n
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This algorithm enables the search for the required robot positions through
a computationally simple problem of finding a point on a line. Despite the iterative nature
of the algorithm, this provides a significant advantage over other, more computationally
demanding methods used for the same purposes: Fabrik and mFabrik are several times
faster than the Follow-the-Leader method [29], an order of magnitude faster than the
Cyclic Coordinate Descent method [30], and several orders of magnitude faster than
approximation methods based on Jacobian matrices (Jacobian Transpose!, Damped Least
Squares (DLS)?, DLS with Singular Value Decomposition®, Selectively DLS [31], etc.).

During operation, robots may be in one of four states (modes): normal operation,
task is completed, task is completed with failure, and loss of one or more robots in the
swarm for any reason. In each state, robot behavior is determined by its role — leader or
follower. A detailed description of the FABRIK algorithm [32], as well as the mFabrik
algorithm and the swarm control method based on it [2], is provided by their authors
in the corresponding publications.

Analysis of the baseline method and identified limitations

The results of the baseline method analysis, carried out using a software model
implementing its principles, revealed the presence of two characteristic features.
Although these features do not have a critical impact on the overall method performance,
elimination of them could potentially increase the method effectiveness and further
enhance its performance.

First, during the process of assigning target areas to the robots within the swarm,
a situation may arise when multiple robots simultaneously select the same target point.
Since, at the target assignment stage, each robot makes decisions based only on locally
available information and current optimality criteria, the system lacks a mechanism to
prevent such overlaps. As a result, a collision is formed, representing competition for
a limited resource in the form of an object (point) available for processing.

Upon reaching the selected point, only one robot can perform the actual calculating,
while the others, arriving later, are forced to abandon the operation and initiate a repeated
search for a new target. This process leads to inefficient consumption of time and fuel
resources, as the functional capabilities of such robots remain underutilized during
movement. As a result, these effects reduce the overall productivity of the swarm by
limiting the degree of process parallelism.

Second, in the original version of the method, each leader robot returns to the base
after completing its assigned tasks. If, for any reason, the swarm loses one or more active

! Balestrino A., De Maria G., Sciavicco L. Robust Control of Robotic Manipulators. In: 9th IFAC World
Congress: A Bridge Between Control Science and Technology: IFAC Proceedings Volumes. Budapest;
1984. pp. 2435-2440. https://doi.org/10.1016/S1474-6670(17)61347-8

2 Wolovich W.A., Elliott H. A Computational Technique for Inverse Kinematics. In: The 23rd
IEEE Conference on Decision and Control: IEEE. Las Vegas: IEEE; 1984. pp. 1359-1363. https://doi.
org/10.1109/CDC.1984.272258; Wampler C.W. Manipulator Inverse Kinematics Solutions Based on Vector
Formulations and Damped Least-Squares Methods. IEEE Transactions on Systems, Man and Cybernetics.
1986;16(1):93—101. https://doi.org/10.1109/TSMC.1986.289285

3 Nakamura Y., Hanafusa H. Inverse Kinematic Solutions with Singularity Robustness for Robot
Manipulator Control. Transactions ASME, Journal of Dynamic Systems, Measurement, and Control.
1986;108(3):163—171. https://doi.org/10.1115/1.3143764; Baillieul J. Kinematic Programming Alternatives
for Redundant Manipulators. In: Proceedings. 1985 IEEE International Conference on Robotics and
Automation. St. Louis: IEEE; 1985; pp. 722—728. https://doi.org/10.1109/ROBOT.1985.1087234
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robots, the system compensates for these losses by dispatching robots from the base
that have already completed their part of the task (provided that sufficient fuel reserves
are available). However, this approach contradicts the general concept of parallel task
execution: the robot expends fuel first to return to the base and then again to re-enter
the operational area. Although, during movement, it may additionally process parts of
the assigned areal object, this remains a secondary function and does not make such an
operational mode truly efficient.

Proposed modifications

In using the baseline method, the process of assigning target areas to the robots
within the swarm often turns out to be suboptimal. There are numerous methods to solve
this problem, including resource contention and coordination approaches in multi-agent
systems* [33], game-theoretic and optimization-based allocation strategies [34], and
concurrency orchestration techniques for swarm systems [35], but they are computa-
tionally demanding As a simpler and more efficient solution, the use of a distributed
ledger is proposed.

In the proposed approach, robots pre-book a specific portion of the areal object,
before starting their movement, effectively securing it for themselves. The robot that
successfully accomplishes this begins to move to its new position. Other robots that
could have claimed the same location select a different target point for processing.
This approach can be implemented using synchronization mechanisms analogous
to semaphores or mutexes, which ensure the atomicity of resource pre-booking
operations.

The recommendations of the International Telecommunication Union, ITU-T Y.2345°
and ITU-T Y.2348¢, consider mechanisms for coordinating access to limited resources in
distributed digital environments. The Y.2345 document defines approaches for monitoring
resource status, automating their allocation, and preventing conflicts among participants,
which functionally corresponds to a semaphore model for restricting parallel access.
The Y.2348 standard describes an architecture for the shared use of network resources
based on a distributed ledger, within which smart contracts provide coordinated access
control, constraint enforcement, and conflict resolution. The combination of these features
allows the distributed ledger to be regarded as an effective mechanism for coordinating
access to limited resources, functionally equivalent to classical semaphores.

Moreover, distributed ledger can be implemented with low resource requirements,
making it ideally suited for the problem under consideration’.

* Youssefmir M., Huberman B. Resource Contention in Multiagent Systems. In: The proceedings
of First International Conference on Multi-Agent Systems (ICMAS 1995). San Francisco: AAAI Press;
1995. pp. 398-403.

5 Recommendation ITU-T Y.2345 (05/2023). Scenarios and Requirements of Network Resource Sharing
based on Distributed Ledger Technology. Available at: https://www.itu.int/epublications/publication/itu-
t-y-2345-2023-05-scenarios-and-requirements-of-network-resource-sharing-based-on-distributed-ledger-
technology (accessed 16.12.2025).

¢ Recommendation ITU-T Y.2348 (03/2025). Functional Architecture of Network Resource Sharing
Based on Distributed Ledger Technology. Available at: https://www.itu.int/epublications/publication/
itu-t-y-2348-2025-03-functional-architecture-of-network-resource-sharing-based-on-distributed-ledger-
technology (accessed 16.12.2025).

7 Rodina A.A. [Consensus Mechanisms in Distributed Ledger Technology for Monitoring Systems].

In: XIV All-Russian Multiconference on Control Problems (MKPU-2021): conference proceedings paper.
Rostov-on-Don: Southern Federal University; 2021; pp. 123—126. (In Russ.) https://elibrary.ru/rbxfjl
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The second feature of the baseline method, as noted earlier, is the not always
optimal behavior of the leader robots. A solution to this problem is the introduction of
an additional operational mode in the robot behavior model — the satellite mode.

After completing its assigned tasks, the leader, as in the baseline method, relinquishes
its leadership role by passing it to the next robot, but instead of returning to the base, it
enters the satellite mode. In this mode, the former leader begins operating by moving
around the current leader, assisting in the processing of its portion of the areal object and
thereby parallelizing the process.

Since the current leader will eventually complete its own tasks and transfer leadership
further, it also enters satellite mode in the same manner. That is, the number of satellites
can, in general, be arbitrary, and accordingly, a procedure regulating their behavior is
required to maximize the overall efficiency of the robotic system. In particular, the
satellite robots must: not interfere with the work of the current leader; not interfere with
each other; maintain connection with the swarm.

To satisfy all the above requirements, the following satellite robot behavior model
is proposed.

All satellites calculate target points for their movement, so that they are located
at a sufficient distance from the leader. The satellite distance R, from the leader is
chosen to maximize communication efficiency and prevent conflicts. For example, it
could be half the length of the stable communication range. After obtaining the target
point, a satellite robot assigns as its goal the nearest point of the areal object that
requires processing. This ensures the first requirement — minimizing interference with
the leader’s work.

It is evident that, under this behavioral model, the satellite robots will tend to posi-
tion themselves on a circle. Accordingly, to satisfy the second requirement — minimizing
interference among satellites — it is sufficient to arrange the leader — satellite vectors for
each satellite at angles of 360°/N, where N is the number of satellites.

Finally, to satisfy the last requirement, a satellite robot must abandon its current task
and move toward the leader if it comes too close to the limits of the communication
zone R .. (i. ., beyond a certain return distance R ). Proximity to this limit should
be determined empirically, based on current conditions, for example, those affecting
the quality of the wireless connection at a given place and time.

A diagram illustrating the described principles for forming the swarm subsystem
leader — satellites is shown in Figure 1.

The described satellite robot behavior can be implemented as follows. A notional
circle is constructed around the leader, on which target points are evenly distributed in
a quantity equal to the number of satellites.

Since the problem of evenly placing N points on a circle has multiple solutions,
it is desirable to find the most optimal one. The criterion of optimality in this case is
the path length that the satellites need to travel to reach these points. Minimizing this
value allows the swarm to expend the least amount of fuel, thereby increasing the overall
system operating time.
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Fig. 1. General diagram of the satellite robots’ operation

Note: R.eum— return distance threshold for satellite robots, m; Reomm — cOmmunication range radius, m;
R.,— satellite distance from the leader, m; min — minimum distance between satellite robot’s current target
point and closest target point to process, m; o — rotation angle of the satellite constellation, °; 360°/N —
angular spacing between adjacent satellites in an ideal uniform configuration, ° (where N is the number
of satellites).

Source: Figure 1 is compiled by the author using OpenOffice Draw.

Ideally, the satellite robots should be positioned on the circle around the leader
at equal angular intervals. Essentially, all solutions differ only by the rotation of
the satellite constellation around the circle’s center. Accordingly, the search for the
optimal orientation of such a constellation reduces to selecting the angle o defining
this rotation. Any one-dimensional numerical optimization method can be used for
this purpose.

Next, for each target point, the nearest point of the areal object requiring processing
(i.e., to be visited by a swarm robot) is determined. The assignment of these points to the
satellite robots can be carried out using any algorithm for solving optimal assignment
problems.

The choice of specific algorithms, including methods of one-dimensional numerical
optimization and optimal assignment, is made taking into account the technical
characteristics of the robotic system, accuracy requirements, and other constraints.

Implementation

To verify the proposed approach, a software model of the swarm was created,
implemented in Python (Fig. 2).

Since the proposed method does not assume the use of strictly defined algorithms,
their selection is carried out according to the implementation conditions. In the software
model developed to verify the method, the following algorithms were used:
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— The angle o, which defines the rotation of the satellite robot constellation around
the leader, is determined using a one-dimensional numerical optimization method — the
bounded golden-section search?;

— The determination of target points for the satellites is performed using the
Kuhn — Munkres algorithm (the Hungarian algorithm)’.

50 m

Fig. 2. Software model in operation (example with a swarm of 5 robots and an areal object
with dimensions of 3,000%3,000 meters)

Note: L — leader robot; S — satellite robot; numerals denote robot IDs.

Source: Figure 2 is a screenshot of the developed simulation program.

The following parameters should also be noted:

— The satellite distance R,,, which defines the optimal radius for positioning satellites
around the leader, was chosen as 5 diagonals of the rectangular sections into which
the areal object is divided, with the points requiring processing (visitation) located at
their centers;

— The return distance R,.im = 0.99 XRomm, Which provides a reserve to safely keep
the satellite within the reliable communication zone during unpredictable maneuvers
of the leader robot, external disturbances (e. g., strong wind gusts), and possible errors
in coordinate determination.

Methodology for testing and evaluating efficiency

The study did not aim to compare the performance of a swarm of budget robots
with that of a single expensive robot. The effectiveness of the swarm approach was
substantiated and demonstrated in a previous publication [2]. The main focus was
on comparing the baseline method with the newly proposed improved method. This
approach allows evaluating the impact of introduced changes and innovations on the
swarm’s performance under various conditions and operational scenarios.

8 Pronzato L., Wynn H.P., Zhigljavsky A.A. A Generalized Golden-Section Algorithm for Line Search.
IMA Journal of Mathematical Control and Information. 1998;15(2):185-214. https://doi.org/10.1093/
imamci/15.2.185

° Munkres J. Algorithms for the Assignment and Transportation Problems. Journal of the Society for
Industrial and Applied Mathematics. 1957;5(1):32-38. https://doi.org/10.1137/0105003
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The methods were compared according to the following scheme: for each experi-
ment, a set of maps of different sizes and varying numbers of robots were selected. For
each combination, swarm operation was simulated, and a key metric was recorded —
the time required to complete the assigned tasks. This metric indicates task execution
speed and allows evaluating the efficiency of the task allocation method used among
the robots.

The potentially new software model is capable of handling three-dimensional
landscapes; however, only two-dimensional (flat) maps were used for method comparison,
as the previous version implementing the baseline method did not have this capability.
This ensured equal conditions for comparing the methods.

There was no guarantee that all maps would be fully processed, as some maps
were intentionally designed with conditions under which the robots would not be able
to complete the task entirely. This experimental setup allows testing the methods’
resilience to unforeseen situations that may arise in real-world operation, for example,
when robots are forced to return to the base without completing the processing of an
areal object due to communication range limitations.

This methodology allows not only evaluating the overall effectiveness of the swarm
but also identifying the advantages and limitations of each method under random and
potentially extreme conditions. Such comparison provides a quantitative basis for analysis
and enables an objective assessment of how the proposed modifications enhance the
robotic system’s efficiency.

Initial conditions and test parameters used to evaluate the proposed method:

— Areal object sizes: 1,000x1,000 m, 2,000%2,000 m, 3,000x3,000 m, 5,000x5,000 m,
7,000x7,000 m, and 10,000%10,000 m (each object was divided into 100100 m sec-
tions, with a processing point located at the center of each section);

— Number of robots in the swarm: 1-3, 5, 7, and 10.

The tests comprised 36 trials, covering all combinations of object sizes and swarm
sizes.

The software model operated with a homogeneous swarm of robots possessing
identical characteristics: stable communication range of 1,500 m, movement speed of
16 m/s, fuel reserve sufficient for 2,500 seconds of flight, and a coefficient for increased
fuel consumption during hovering due to the absence of translational lift'° — 1.15 (it was
assumed that a swarm of aerial robots was modeled, although for ground robots, this
coefficient could potentially be set to 1.00).

RESULTS

As a result of the conducted study, data were obtained that make it possible to
compare the baseline method with its improved version proposed in work (Fig. 3).

As can be seen from the diagram presented below, the improved method demonstrates
a clear advantage in scenarios where the number of robots is sufficiently large (the lower-
left region of the diagram below its main diagonal), such that the surplus of robots
enables faster task completion through parallel execution.

10 Headquarters, Department of the Army. Fundamentals of Flight. Field Manual FM 3-04.203.
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Fig. 3. Comparison of execution times for equivalent tasks using the baseline and improved methods

Source: Figure 3 is a Python-generated plot, enhanced in OpenOffice Draw.

The only anomalous values in this areal correspond to tests with 1, 2, and 10 robots
preocessing n area object of size 1,000x1,000 m. However, these anomalies have a simple
and logically consistent explanation.

In the first case (1 robot), the improved method cannot demonstrate its advantages,
since only a single robot is present in the system and no other robots are available to act as
satellites. As a result, the final outcome fully coincides with that of the baseline method.

In the second case (2 robots), the size of the test area is too small: after completing its
assigned tasks, the leader transitions into the satellite mode, but does not have sufficient
time to influence the process, as the new leader completes all remaining work before any
noticeable effect can occur.

The third case (10 robots) demonstrates that an excessive number of robots operating
within a limited area begins to interfere with swarm operation, thereby reducing all
advantages of the improved method to zero, although at first glance an increase in the
number of robots would be expected to accelerate task execution. Moreover, in the general
case, these conditions may even result in the baseline method being more efficient.

Overall, the obtained results indicate that the proposed improved swarm control
method with relay-based communication outperforms the baseline method in terms of
execution speed. The average task completion time was reduced by 5.75%.

It is worth noting separately that, when comparing the methods, the quality of task
performance remained the same in both cases.

To assess statistical significance, a paired Student’s -test was performed, yielding
a t-statistic of approximately 3.16 and a significance level (p-value) of approximately
0.0032, indicating a statistically significant reduction in execution time. It should be
noted that the paired Student’s t-test is robust to moderate deviations from normality,
512
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and the number of observations (n = 36) is sufficient for its application. Nevertheless,
to verify the normality of the differences, a Shapiro — Wilk test was conducted, which
revealed some deviation from a normal distribution. Consequently, the nonparametric
Wilcoxon signed-rank test was additionally applied, confirming the statistical signifi-
cance of the observed speedup (test statistic = 0, p-value = 0.0002).

Thus, the experimental data demonstrate that the proposed method provides a stable and
statistically significant reduction in task execution time compared to the baseline method.

At the same time, the obtained results reflect the effect across the entire set of test
tasks, including those in which the method cannot fully realize its advantages. For the
subset of tasks in which the method is able to fully exploit its capabilities, the average
reduction in execution time reaches 10.34% and remains statistically significant, as
confirmed by both the Student’s t-test and the Wilcoxon test.

DISCUSSION

The conducted study has demonstrated that the proposed improved swarm control
method with relay-based communication provides more efficient task distribution and
reduces the time required to process agricultural areal objects compared to the baseline
method. The improvement is mainly achieved through the introduction of a distributed
ledger of processed objects, which eliminates conflicts in target assignment among
robots and increases the degree of parallel task execution. In addition, the satellite
robot mechanism contributes to further parallelization of processing while preserving
communication stability and coordination within the swarm.

The proposed improved method, building upon the previously suggested swarm
control approach, introduces new coordination elements, allowing the potential of budget
robotic systems to be more fully realized. This new approach enables more optimal task
distribution among robots through enhanced coordination and data exchange within the
swarm, reducing operation times and the number of units required. Thus, the method
allows for increased efficiency in processing areal objects without increasing capital
or operational costs.

In the available literature on swarm robotic control, the considered models
predominantly rely on direct or quasi-global communication among robots and do
not account for relay-based data transmission or the use of a distributed task ledger.
For this reason, a direct quantitative comparison of the obtained results with those
reported by other researchers under a comparable problem formulation is limited.
Nevertheless, the effects identified in the present study-namely, an increased level of
parallel task execution and a reduction in processing time are qualitatively consistent
with the general findings reported in studies focused on relay-based communica-
tion and connectivity maintenance in mobile robot swarms [7; 8; 11]. These results
are also consistent with studies addressing dynamic topology organization and swarm
maintenance [22]. Further agreement can be observed with research on decentralized
resource allocation and coordination!! [33; 34] mechanisms, as well as on concurrency
orchestration in robot swarms [35].

1 Youssefmir M., Huberman B. Resource Contention in Multiagent Systems.
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To ensure the consistency of the results and confirm the applicability of the proposed
method, robots with characteristics similar to those previously described in [2] are
modeled in this study.

Experimental data obtained through simulation confirm that the improved method
achieves a statistically significant reduction in task execution time, with the effect being
most pronounced for swarms of medium and large sizes. An analysis of anomalous
scenarios revealed limitations of the method at very small or excessively large swarm
sizes, enabling more accurate identification of the conditions under which the method
demonstrates maximum efficiency.

A comparison of the obtained results with the stated objectives of the study indicates
that the primary goal has been achieved: improving an existing approach in a manner
that enables efficient use of budget robotic platforms while maintaining high swarm
performance. Achieving this result opens opportunities for large-scale deployment of
robotic systems in agriculture, particularly in small and medium-sized farms, where
budget constraints are a critical factor.

The behavior of the proposed method in boundary (extreme) operating modes of
the swarm deserves separate consideration. Such modes were not the subject of direct
simulation within the scope of the present study, but they are fundamentally important
from the standpoint of system reliability.

At an extremely small number of robots (1-2 units), the algorithm degrades to the
baseline method, since the mechanisms of role distribution and formation of satellite
robots cannot be fully realized. In this case, the expected performance does not deteriorate
compared to the baseline approach, but it also does not demonstrate any advantages,
which is consistent with the obtained experimental data.

In the opposite extreme case (an excessively high density of robots in a confined
area), mutual interference effects, increased coordination overhead, and a decrease in the
efficiency of parallel task execution may occur. As demonstrated by the simulation results
for the case of 10 robots operating in a 1,000x1,000 m area, this effect can neutralize
the gain provided by the improved method and, in certain configurations, may lead to
its performance being comparable to or even inferior to that of the baseline approach.

In scenarios involving partial robot failures or temporary loss of communication
between robots in the swarm, it was assumed that the mechanisms of the distributed
ledger and role reassignment would allow the system to adaptively redistribute unfinished
subtasks among the remaining robots. Within the logic of the algorithm, this may
lead to an increase in the overall task completion time; however, it does not result in
a complete loss of swarm operability, provided that the connectivity of the communication
graph is preserved.

Under conditions of abrupt changes in the external environment (emergence of
obstacles, deterioration of weather conditions, changes in terrain traversability, etc.),
a temporary decrease in efficiency is expected due to the disruption of the initial processing
plans, after which the system stabilizes through the assignment of new leaders and task
redistribution. A detailed investigation of these modes represents a separate direction
for future research.
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CONCLUSION

The article demonstrates that the use of a swarm with the improved control method
provides greater efficiency to a greater efficiency with similar resource expenditures,
representing a novel approach compared to the previously proposed method. This opens
up opportunities for more extensive implementation of robotics in agriculture.

The practical significance of this study is in the fact that the proposed method
reduces time and labor costs associated with processing agricultural areal objects without
increasing expenditures on robotic equipment. The approach can be adapted for both
unmanned aerial vehicles and autonomous land robots, thereby expanding the range of
agricultural tasks that can be performed swarm-based robotic systems.

Promising directions for future research include:

— Optimization of satellite robot behavior under dynamic external conditions, such
as terrain, weather factors, and obstacles;

— Development of adaptive real-time task redistribution algorithms to handle failures
or unforeseen changes in the operational area;

— Investigation of integration possibilities with other planning and optimization
methods to further improve overall swarm performance;

— Formulation of methodological guidelines for deploying swarm systems under
various operating conditions;

— Application of the proposed approach to heterogeneous swarm systems composed
of robots with different characteristics and functional capabilities.

In summary, this work demonstrates that employing an improved swarm control
method for budget robotic platforms enhances the efficiency of area object cultivating,
ensures reliable system operation, and provides a foundation for the further development
of robotic agricultural technologies. It is expected that the continued implementation of
these solutions will contribute to the expansion of agricultural automation, increased
productivity, and reduced labor costs.
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Bgenenue. Lludposoe penoTrnupoBanue cyxoro CHOImoBOro Marepuaia ropoxa HeoOxo-
JIIMO JUIsl yCKOPEHNS! CEJICKIIMOHHBIX paboT B PACTCHUEBO/ICTBE. ABTOMATHYECKHUI aHAIIH3
TaKUX 00pa3IoB OCIOKHIETCS EPEKPHITHEM OPTaHOB, X HI3KOH KOHTPACTHOCTBIO, OMu3-
KOW OKpacKOH W SKCTpeMajbHBIM AUCOATAHCOM IMHUKCETICH MeXIy MOp(OIOorHyecKuMU
kiaccamu. it permenust npoOJieMbl IpeiaraeTcesi KackaaHblil HelipoceTeBoit 1oaxo, co-
YeTaroNUH MHOTOKIIACCOBYIO CEMAaHTHIECKYIO CETMEHTAIHIO Ha KPOMax C MOCIIEAyIOMNM
YTOYHEHUEM CIIELUAT3UPOBAHHON OMHAPHOI MOZIENBbIO C1abO0MpeICTaBICHHOTO Klacca.
Lens nccaenoBanmus. Pa3zpaboTka HelipoceTeBOro moaxoaa st LUPPOBOro (HeHOTHITN-
POBaHUSI CHOIIOBOTO MaTepHaljla ropoxa, OCHOBAaHHOTO Ha ITOCIIEN0BATENIFHOM IPHMEHe-
HUHM CEMaHTHYECKOH MHOTOKJIACCOBOM CETMEHTALMH U CIECHHAIHM3UPOBAHHON OMHApHON
MOJIeJIY YTOYHEHUS IS clIaboNpeCTaBICHHBIX MOP(OIOTNUECKUX OPraHoB.
Marepuanabl 1 MeToabl. VcxonHblii HaOop TaHHBIX BKIOYAN 162 n300pa)keHUs] ceMU
COPTOB TOpOXa ¢ PyYHOH pa3METKOW IATH KiaccoB (OpraHoB): (oH, cTeOemnb, MPUINCT-
HUK, 600 1 kopeHb. baszoBas U-Net apxutekrypa ¢ suKozepoM ResNet-34 oOyvanack Ha
LENBHBIX H300paKeHUAX U Kponax pasmepoM 512x512 nukcerneit ¢ HCIONb30BaHUEM KOM-
OMHMPOBaHHON (YHKIMH TOTEpb. J[JIs KOPHS NONONHUTENbHO cOpMHUpOBaHa OMHApHAS
root-only MOJIENIb C COOTBETCTBYIOMICH (DyHKIIMEH MOTEPh U MapaMeTpoM pos_weight = 50,
YBEIMYIHBAIOMINM MITpad 3a OMHOKH Ha MOIOKUTEIFHOM KJIacce.

Pe3yabTarsl uccienoBanus. KauectBo HelipoceTeBoi ceMaHTHUECKOH MHOTOKIIaCCOBOH
CerMEHTAIlMN B 3HAYHUTEIBHON CTEIEHH ONpPENeNseTcss He TOJBKO apXHUTEKTypol Moje-
7, HO ¥ COCOOOM MOATOTOBKH JaHHBIX. [Ipn coxpanenmm apxurtekrypsl U-Net mepe-
XOJ] OT LIeTBHBIX M300paXkeHnH K Kporam noBbicui cpeanuii loU pacro3naBaHus Ki1accoB
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¢ 42,89 10 92,01 %. B o xe Bpems loU muHopurapHoro kitacca Root ocrascs Ha ypoBHe
30,63 %. CnenuanusupoBaHHas root-only Mozxens mokasana poct Root IoU mo kimaccy
Root 10 88,46 %. DT0 moATBepXKAALT, YTO JUIst cabO0 MPEACTABICHHBIX U BU3YalbHO
CJIO)KHBIX OPTaHOB PAaCTEHHs Ha H300paKEHUSX Ie7Ieco00pa3Ho MPUMEHSTh CIeIHaln-
3UPOBAHHYIO MOJIENb YTOUHEHHS.

3akJ04eHHe. YBEeIMYEHHE YHCIIa 310X CaMo Mo ceOe He yCTpaHseT BIMSHHE KCTpe-
MaJibHOTO ancOaliaHca KiaccoB 1o nukcensiM. HanGomnee pesynbTaTHBHBIM OKa3ajaoch
pazneneHne oOIeH M CIeNUANU3NPOBAHHON 3a1a4 cerMeHTanud. IIpeyiokeHHbI Ka-
CKaJIHBIH HEHpOCETeBOH MOAXOI MOXKET OBITh MCHONB30BaH KaK OCHOBA IMPOTPaMMHOTO
KOMIUTEKca IU(POBOTo ()eHOTHITMPOBAHUS U aJalTHPOBAH K APYTHM KYJIBTypaM, IS KO-
TOPBIX XapaKTEePHBI MaJIble, CTA00KOHTPACTHBIE U PEAKO MPEACTABICHHBIC OPTaHbL.

Kniouesvie crosa: Topox MOCEBHOH, PU3HAKH MOP(HOIOTHIECKUE, KOMIIBIOTEPHOE 3pe-
Hue, undpoBoe pEHOTHITHPOBAHUE, CETMEHTAIMS CEMaHTHYECKast, CeTh HeHPOHHAs

Kongnuxm unmepecos: aBTopbl 3asBISIOT 00 OTCYTCTBHU KOH(IMKTAa HHTEPECOB.

Jna yumuposanusa: T'abutos U.U., Capun O©.P., KarkoB A.A., Imurpue A.M., Kazp-
mupyk A.C., KamarnoB A.A. HefipocereBoii moaxox B nudpoBoM (eHOTHIUPOBAHUH
CHOIIOBOTO MaTepHaia ropoxa: OT MHOTOKJIACCOBOH CETMEHTAINH K CIICIHAIN3HPOBaH-
HBIM MOJEJISIM YTOUHEHHS. Mnowceneprsvie mexnonoeuu u cucmemsl. 2026;36(3):518-540.
https://doi.org/10.15507/2658-4123.26363.518-540
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Abstract

Introduction. Digital phenotyping of dried pea sheaf material is essential for accelerating
breeding work in plant-growing. Automatic analysis of such samples is complicated
by overlapping organs, low contrast, similar coloration, and extreme pixel imbalance
between morphological classes. To solve this problem, there has been proposed a cascade
neural network approach combining multi-class semantic segmentation on crops with
subsequent refinement of underrepresented classes using a specialized binary model.
Aim of the Study. The study is aimed at developing a neural network approach for digital
phenotyping of pea sheaf material. This approach consists in the sequential application of
semantic multi-class segmentation and a specialized binary refinement model for poorly
represented morphological organs.

Materials and Methods. The original dataset included 162 images of seven pea varieties,
manually labeled into five classes (organs): background, stem, stipule, pod, and root.
The baseline U-Net architecture with the ResNet-34 encoder was trained through using
full images and 512x512 pixel crops with the use of a combined loss function. For the
root, there was formed a binary root-only model with an appropriate loss function and
a pos_weight parameter of 50, increasing the penalty for errors in the positive class.
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Results. The quality of neural network semantic multiclass segmentation is largely
determined not only by the model architecture but also by the data preparation method.
Maintaining the same U-Net architecture, the transition from whole images to cropped
images increased the average class recognition IoU from 42.89 to 92.01%. Meanwhile,
the IoU for the minority Root class remained at 30.63%. A specialized root-only model
demonstrated an increase in Root IoU for the Root class to 88.46%. This confirms
that a specialized refinement model is appropriate for poorly represented and visually
complex plant organs in images.

Conclusion. The obtained data show that increasing the number of epochs alone does not
eliminate the impact of extreme class imbalance across pixels. Separating the general and
specialized segmentation tasks is the most effective. The proposed cascade neural network
approach can be used as the basis for a digital phenotyping software suite and adapted to
other crops characterized by small, low-contrast, and sparsely represented organs.

Keywords: pea, morphological features, computer vision, digital phenotyping, semantic
segmentation, neural network
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BBEJIEHUE

HudpoBoe GpeHoTHIIMPOBAHNE PACTEHHH SBISETCS KIIFOUEBBIM HAIPABICHUEM Pa3BH-
THS COBPEMEHHO arpapHOi HayKu, IOCKOJIbKY CKOPOCTh MOITY4YEHHs] FEHOTUIIUYECKOU
1 (peHOTUTTYECKOM HH(POPMAITIH CYIIIECTBEHHO BBIIIIE BO3MOKHOCTEH TPaJUIINOHHBIX
METO/IOB onpeeneHns. Ero CBA3BIBAIOT C UCTIONB30BAHMEM OIITHIECKIX CEHCOPOB, aB-
TOMaTU3UPOBAHHBIX ILIAT(OPM, KOMIBIOTEPHOTO 3pEHHS ¥ MAIIMHHOTO 00yueHus [ 1-3].

Topox moceBHol (Pisum sativum L.) — BaKHasi MPOJOBOJILCTBEHHAS U KOPMOBast
KyJIbTypa, UTPparoIias 3aMETHYIO POJIb B OMOIOTUYECKOH (hukcanuu a3ota. B cenekmuu
ropoxa KJIHUYEeBbIMU SBJISIFOTCS OOBEKTUBHBIC OIICHKH MOP(OIOTUYCCKHUX U MPOAYKTHB-
HBIX MPU3HAKOB, HA OCHOBE KOTOPBIX BEIETCSA OTOOP MEPCIEKTUBHBIX 00pa3ios [4; 5].
TpaUIIMOHHBIN PYYHOH y4deT (M3MepeHHe JITUHBI cTeOsl U KOpHS, ojcueT 6000B
U JIp.) TpeOyeT 3HAYMTEILHBIX BPEMEHHBIX 3aTpaT ¥ HOCUT CyOBEKTUBHEIN XapaKTep.
Brenpenne HEHPOCETEBHIX METOIOB OTKPBIBACT ITyTh K OBLICTPOMY, BOCIIPON3BOTUMOMY
1 TOYHOMY THPPOBOMY (DEHOTUITUPOBAHUIO.

Panee mpeutoyKeHHBIE aITOPUTMBI KOMITBIOTEPHOTO 3PEHHUS TOITBEP I BO3MOXK-
HOCTh aBTOMATH3aI[MHN aHAIN3a TOPOXa, HO HEe 00ECIIEUIIIN YCTONYNBOTO BBIIEICHUS
BCEX OPTaHOB, TPeXk/ie Bcero KOpHs [6]. OcOOEHHO CIIOKHOM SBISETCS aBTOMATHU3aINS
aHaJn3a CHOIIOBOTO MaTepuana. B ominuue ot KUBBIX paCTeHUN, CHUMAEMBIX B TIOJIE
WIH B KIIMMaTHYECKON KaMepe, CyX0H CHOM MpEACTaBIsaeT cO00H aeopMUpOBaHHBIN
00BEKT, B KOTOPOM OpraHbl PpaCTEHUS YaCTHYHO MEPEKPBIBAIOT APYT JIPyra U UMEIOT
Onm3kyro okpacky. [Ipu aTom omuH oOpasel T0OJKEeH pacCMaTpHUBAaThCs KaK eIuHas
(heHOTUIIMUECKAsE CHCTEMA: BBIICJICHUE TOJILKO PACTSHUSI B II€JIOM HE ITO3BOJIICT U3Me-
PUTH JUIMHY OTACIBLHBIX OPTaHOB, OLIEHUTH X B3aMMHOE PACTIONIOKEHUE U IIOATOTOBUTH
JTAaHHBIC JIJIST aBTOMATH3UPOBAHHOTO MOP(HOMETPHIECKOTO yUeTa.
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Lenp nccnenoBanus — pa3paboTKa KacKaJHOTO HEHPOCETEBOrO MOAX0Aa, COUeTa-
IOLIEr0 MHOI'OKJIACCOBYIO CEMaHTHYECKYIO CETMEHTALIMIO Ha KPOIIaX C IOCIIEAYOIUM
YTOYHEHHEM MHUHOPUTAPHOTO KJIacca CIelualn3upOBaHHON OMHAPHOM Mozenblo. s
JOCTIKEHHS 3TOH LIeTM HEOOXOMMMO PEIUTh 3a/1a4y 110 MPEOIONIeHUIO (PyHIaMeHTaIbHOM
poOIEeMBI SKCTPEMANIBHOTO IucOaliaHca KIIACCOB, XapaKTEPHYIO IS CyXUX PacTeHUI
¥ HE MUMEIOIIYIO MPSIMBIX aHAJIOTOB B M3BECTHBIX MCCIIEIOBAHUAX IO (DEHOTHITMPOBAHUIO
CHOIIOBBIX KYJIBTYP.

OB30P JIMTEPATYPbI

YpoBeHb pazBuTHA IU(GHPOBOTO (PEHOTHITMPOBAHUS PACCMATPUBAETCS KaK OTpaHH-
YUBAIOIMIHUN (aKTOP B TIOBHIICHNHN () ()DEKTUBHOCTH CENEKIIMOHHBIX PaboT U OUOJIOTH-
Yyeckux uccnenosanuii [7-9]. Ocoboe 3HaueHune B 1H(HPOBOM (PEHOTHIIUPOBAHNH UMEET
CeMaHTHYeCcKas CETMEHTALMs, KOTOpasi MO3BOJIAET KKl MUKCENb N300paskeHHs
OTHECTH K omnpeaeieHHoMy kiaccy. CoBpeMeHHbIe 0030pbl OKa3bIBAIOT €€ IPUMEHH-
MOCTB ISl PACTIO3HABAHUS KYJIBTYP, IHATHOCTHKY OONIe3HEH, OLIEHKH JINCTOBOH MOBEPX-
HOCTH M PoAYKTUBHOCTH [10—12]. OgHako OONBIUIMHCTBO PEUICHHUH OPHUEHTUPOBAHO
Ha aHAJIN3 CEJIbCKOXO3HCTBEHHBIX TIOCEBOB U CEMEHHOTO MaTepuaa 10 Pa3IndHbIM
npusHakaMm [13; 14]. Tak, gaxxe Mpu HaJTUIUH Pa3BUTHIX HEHPOCETEBBIX MIaThOpM
CYIIIECTBEHHBIMHA UCTOYHHKAMHU OMIMOOK OCTAr0TCS NMEPEKPHITHE OPTaHOB PACTEHHH,
HEOIHOPOMHOCTh CHEMKH U OTPAaHUYICHHOCTh pa3MeTkH [15-17].

O030pBI IO CerMeHTaINy PaCcTeHUH cucTeMarn3upytoT encoder-decoder-cetu (xo-
JUPOBIINK-EKOINPOBIINK-CETH ), MEXaHI3Mbl BHIMaHUs, TpaHC(OpPMEPHI U instance
segmentation (cerMeHTalMs SK3eMIUISIPOB), OHOBPEMEHHO OTMeuasi 3aBUCUMOCTD
KauecTBa paclo3HaBaHMs KJIAcCOB OT Pa3METKH, YCIOBUH CHEMKH U M3MEHYHUBOCTH
mopdonoruu [9; 10]. [Tnardopma Deep Plant Phenomics 1 mpoBeaeHHbIE SKCIEPUMEHTHI
3apyOeKHBIX YUEHBIX MOKa3aJIH BEICOKYIO 3P (EKTUBHOCTH TITYOOKOTO 00yUeHuS ISl aHa-
JI3a 0OETOB M KOPHEH, HO MPEUMYIIIECTBEHHO 110 KOHTPOJIUPYeMbIM ciieHapusiM [17; 18].

HccnenoBanus oTneNbHBIX OPraHOB MOATBEP)KIAIOT IPEUMYIIIECTBA CIIEIUANIN3AIHNH.
OnTHYeCcKre METO/IbI TIO3BOJISIFOT OLICHUBATh (hopMYy, pa3Mephl U cBoiicTBa cemsiH [13].
Cucrema st KyKypy3HBIX TOYaTKOB aBTOMaTH3UPYET BBIJENIEHUE U KOMHYECTBEHHYIO
oreHky 3epeH [14]. Eff-UNet++ pemraer cerMeHTanuio 1 moacyeT JucTheB [19]. [e-
TaJbHO pa3MeueHHbIE JAaTaceThl K CPAaBHUTEILHOE UCCIIECIOBAHIE Pa3/IelIeHHUS JINCTHEB
CITOCOOCTBOBATM OOBEKTUBHOMY COIOCTaBICHHIO aITOPUTMOB, OJJHAKO BBISBIICHBI
YCTOHYMBEIE TPYIHOCTH TIPU COITPUKOCHOBEHNH 00BEKTOB U MX NepeKphIThu [15; 16].

OteuecTBeHHBIE MyOIUKAIIUN IEMOHCTPUPYIOT PAKTUIECKYIO 3PEI0CTh HaIpaB-
neHus: paspadborana onboard-cucrema aerekiuu ¢uromnaronoruii [11], cemanTuue-
CKasi CETMEHTALUs MOopaXeHUH mieHunsl [ 12], HelipoceTeBas OLEHKa COACPKaHUS
xyopodmiia [20], o0nauyHbld CEPBUC BBISBICHUS TPOOJIEMHBIX Y4acTKOB mojeit [21]
Y METOJIbI TeHEPALIMU CHHTETUIECCKUX JAHHBIX JIJIsI CETMEHTAIIUU a30THOTO pexuma [22].
[IpenmectByroimas padora o ropoxy [6] chopMupoBaia aropuTMUIECKYI0 OCHOBY
uGppoBoro GeHOTUTUPOBAHNS, HO 3ajlada HaJIe)KHOTO BBIJICIICHUS KOPHS B COCTaBe
CYXOT0 CHOTIa OCTaJIach HEPEIIeHHOM.

Hawnbomee 6nm3ku Kk GEHOTHITMPOBAHUIO CYXHX CHOIT METOABI (DEHOTHUITHPOBAHUS
KopHeBoM cucteMbl. RootNav 2.0 aBToMaTU4eCKU BOCCTAHABIUBAET apXUTEKTYPy

Technologies, machinery and equipment 521



&El-g WHXEHEPHBIE TEXHOJIOTMN U CUCTEMbI Tom 36, Ne 3. 2026

kopHelt [23], a RootPainter cokpamaer 00beM pa3METKH 3a CYET KOPPEKTUPYIOIIETO
o0yuenus [24]. [1pu 3ToMm unciioBoe cornocranieHue MetoioB RootNav 2.0 u RootPainter
HEBO3MOXKHO 0e3 OOIIHMX JaTaCeTOB U €AMHOTO MPOTOKOIA OIeHKH. O030phI TAKKE MO~
YEPKHUBAIOT CIIOAKHOCTH TOTIOJIOTUH KOPHEH U MOyYeHHs ATAIOHHBIX TaHHBIX [25; 26].
OnHaKo Takue METObI OOBIYHO aHATH3UPYIOT KOPEHD OTACIBHO.

ABTOMaTH4eckas uaeHTA(UKAIN TepOapHBIX 00pa3IoB MOATBEPKIAET TIPUME-
HUMOCTH TITyOOKHX CETeH K CyXOMy Marepuaiy, HO OTHOCHUTCS K KiacCH(HUKAIun
n300pakeHus resnkoM [27]. g Topoxa 3Toro He0CTaTOYHO, TaK Kak CEICKITMOHHASL
[IEHHOCTh KYJIBTYPHI M BApHAOETbHOCTh €€ IPU3HAKOB TPEOYIOT OTpPEIETICHNS U H3Me-
pEeHUs OTAENbHBIX OPTraHoB [4; 5].

Meroauyeckasi OCHOBA CTaTbl COOTBETCTBYET COBPEMEHHBIM MPECTABICHUSIM
o cermenTaiuu. U-Net oOecrieurBaeT TOYHYIO JJOKATH3aLHI0 PH OrpaHUIEHHOM 00beMe
naHHbIX [28], a ocTarouHas apxutektypa ResNet addexTuBHA Kak MpenBapUTEIbLHO
o0yueHHbIH 3HKOzAEp [29]. O0I1IMe MeTO bl KOMIICHCAIMU AucOananca U QyHKIUH 10-
Tepb ceMelicTBa Dice MOBBIIAIOT YyBCTBUTENBHOCTD K penkuM obiactsm [30; 31], Ho
HE TapaHTHPYIOT TOUHOTO Paclo3HaBaHUs KJIacca, KOTOPbI OTHOBPEMEHHO MaJl, TOHOK
Y BU3YyaJIbHO CXOZEH C IIOCTOPOHHUMH 3JIEMEHTaMHU.

CpaBHeHHe MyONMKalUi MOKAa3bIBAET, YTO OAHOW M3 MPAKTHUUECKH 3HAYUMBIX
Y OJHOBPEMEHHO METOIWYECKH CIOKHBIX 3a/1ad SBIsETCS MUppoBOe PEeHOTUTHPO-
BaHWE CHOIOBOTO MaTepHalia — IeNIbIX pacTeHUH, OTOOPAaHHBIX W BHICYIICHHBIX AJIS
noclenyrorero yuera. Hayuanas nmpobnema onpenemnseTcs coueTaHneM Tpex (haKTOpoB:
AKCTPEMAITFHOTO MTUKCEHFHOTO ArcOanaHca, HU3KOH KOHTPACTHOCTH OPTaHOB PACTEHUS
Y UX TIEPEKPBITHSL.

MATEPHAJIBI U METOJbI

Oobvexm uccnedosanus

B kxagecTBe 00beKkTa HCCeI0BaHMs IPUHST CHOITOBOM MaTepual ropoxa. MicxonHsiit
Ha0Op JaHHBIX (araceT) BKIouanl 162 n3o0paxkeHust C pa3MeYeHHBIMU BPYYHYIO Mac-
kaMu ropoxa. B naracer Boruiu u3o0paxenus cemu coptoB: Aksakskiy usatiy, Kaban,
Vizger, Alla, Gambit, Yaguar u Yuldash.

Memoout, o60opydosanue u npoyedypa uccied08anus

PaszpabarpiBaeMas Mozenp pelraia 3agady pacupeneseHus KaKIoro MuKces
n300pakeHus 1o kiaccam: GoH, cTeOenb, MPIITUCTHUK, 000 1 KopeHb. M300paxenus
HOJTy4aJIM B CONIOCTaBUMBIX JIAOOPATOPHBIX YCIOBUSIX. PacTeHns pa3Mernaiy Ha CBETIIOM
MaciiTaOHOM (DOHE C BUAMMOM Pa3MEUEHHON 3apaHee CETKOM, YTO MO3BOJISIIO COXPAHATh
NPOCTPAHCTBEHHYIO MIPUBA3KY IJIs ocienyomei moppomerpun. B Habop Brirowanu
M300paKeHN C Pa3TMYUMBIMU OpPraHaMH PacTeHUsI, JOCTATOYHON YETKOCTHIO M BUITMMBIM
MaciTaOHBIM OpueHTHpOM. V3 aHamM3a HCKITIoYalli CHUMKHY C KPUTHYECKUM «CMa3oMy,
OTCYTCTBHEM 3HAYMMOM 4acTH 00pa3iia WK C TAKUMH TEHSIMHU U MEPEKPBITHSIMHU, TIPH
KOTOPBIX py4YHas UACHTH()UKAIMS OPraHOB CTAHOBHJIACH HEOHO3HAYHOM.

Pydnas pa3MeTka BBIMOIHSIACH OJJHUM ITOJTOTOBICHHBIM YEJIOBEKOM I10 €INHOMY
IIPOTOKOILY € MOCIIEAYIOIIEH BU3YaJIbHOM MPOBEPKOM LIBETHBIX KOHTPOJIBHBIX MACOK. J1J1st
CHIJKEHUS CyOBEKTHBHOCTHU UCIIOJIb30BATINCH: (PUKCUPOBAHHBIN HNOPSIOK HATIOXKEHUS
KJIaCCOB, €MHOE [IBETOBOE KOAUPOBAHUE, IPOBEPKA COOTBETCTBUS MHICKCUPOBAHHBIX
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MAacOK [[BETHBIM MackaM BU3yalnbHOTO KOHTpOIs. [1pu 3ToM HE0OXOOMMOCTE B MEXKIKC-
MEPTHOM COTTaCOBAHHOCTHU OTCYTCTBOBAJIA.

[pu coznanum Macok cTebGesTh HAaHOCHIICS TIEPBBIM M pacioiarajics B HIKHEM cJIo€.
[ToBepx HETO HAHOCUIIHCH KOPEHB, IPUINCTHUKY B 000B1. Takast mocienoBaTeIbHOCTb
BhIOpaHa n3-3a BEPOSITHOCTH IIEPEKPBITUS KPYITHOU MacKo CTeOIs OCTaIbHBIX OPTaHOB
ropoxa.

Macku n3o0paxeHuil GOpMHUPOBAINCH B IByX BapHaHTaX: MHIEKCHUPOBaHHAas
masks_id mmst oOydeHus u userHas masks color mis BuzyanpHOM mpoBepku. LlBera
BBIJICIISIEMBIX KJIACCOB MIPUBEACHBI K €MUHOMY CTaHAapTy (Tabm. 1).

Tabnuna 1

Table 1
Kunaccsl 1 1BeTOBOE KOIUPOBAHHE HX MACOK
Classes and color coding of their masks
ID (Homep knacca) /| Ha3Banwme knacca / RGB (uBeroBoe konupoBanue) /
ID (class number) Class name RGB (color coding)

0 ®omn / Background -
1 Crebenb / Stem 255,96, 55 (kpacHO-opamkeBblit / red-orange)
2 IMpwmucrank / Stipule 250, 50, 83 (HeoHOBBIH po30BO-KpacHEIH / neon pink-red)
; £5,1:255 Gmnpmmapumonut apo-cmi
4 Kopens / Root 61, 61, 245 (tmy6oxwuii sipko-cuauit / deep bright blue)

Hcmounux: Tadauiel 1-2 cOCTaBICHBI aBTOPAMHU CTAThU.
Source: The tables 1-2 were compiled by the authors of the article.

OO6yuenne MOZIeNT! BHITIONHAJIOCH C UCTIONB30BaHNeM HelponHoi cetn U-Net Tuma
encoder-decoder (KOMAPOBIINK-IEKOANPOBIIIHK ), ITHPOKO IPUMEHSIEMOH TS PEeIISHUS
3a/1a9 110 CEMaHTHIECKOM CerMeHTaItni n300pakeHnii. OHa MO3BOJIAET HE TOIBKO OTIpe-
JETUTh OOBEKT Ha M300paKEHUH, HO M BBIACIUTH €r0 KOHTYP Ha YPOBHE OTAEIBHBIX
MHKCeNeH (KayKA0MY MTUKCENI0 H300paskeHusI IPUCBANBAETCS COOTBETCTBYIOILMIA KIIAacc).
KauecTBo MHOTOKIIaCCOBOH CerMeHTalru oleHnBaIoch 1o loU (MeTpHKa rnepeceyeHust
K 00bEJMHEHHIO, TOKAa3bIBAIOIIAs CTECIICHb COBIAJCHHUS MPEACKa3aHHON U 3TAJTOHHOM
obnacreit) 6e3 yuera ¢ona u no loU kaxxnoro LeneBoro Knacca.

B xadecTBe sHKOAEpa HcHoONb30Bajgachk ceth ResNet-34, paccmarpuBaeMasi Kak
YacTh MOZICTM U TIO3BOJISIIONIAS M3BJIEKATh M3 U300paKeHUs] COOTBETCTBYIOIIUE TPH-
3HAKH (TPaHHILIBL, TEKCTYPY, POpMy U JpyTrHe BU3yaibHbIe 0COOEHHOCTH). [IprMeHeHue
ResNet-34, nmpensapurensHo 00ydeHHOH Ha Habope m3o0paxenuii ImageNet, mo3BomuiIo
MCTIOJIH30BAaTh yke c(hopMHUpOBaHHBIE HU3KOYPOBHEBBIE MPU3HAKHA Ha M300paskeHHUIX
u O1arozaps 3TOMY yCKOPHUTh 00ydeHHE MOZENN Ha MajJoM KOIUYECTBE CIELUaIN3HU-
POBaHHBIX JIaHHBIX.

Kom6unamms U-Net + ResNet-34 BpiOpana kak BOCIPOU3BOJUMAS U XOPOIIIO U3Y-
YyeHHas 0a30Bas cxema A 3aJad CEMaHTHYECKOH CerMEHTAalUH P OrpaHUICHHOM
o0beMe pa3MEueHHBIX JaHHBIX, [JIe BaKHBI TOUHAS JIOKAJIN3alKs KOHTYPOB H BO3MOXK-
HOCTB MCIIONIb30BaHMsI IPU3HAKOB, MPEABAPUTEIbHO c(hopMHUPOBAaHHBIX Ha ImageNet.
Bonee coBpemenHbie apxuTekTypbl, Bkitodas DeepLabV3+, SegFormer u Tpancdop-
MEpHBIE MOJIEH KOMITBIOTEPHOT'O 3pEHUS, B TAHHOM HCCIIEIOBAHUHU HE TECTUPOBAJIHCD,
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MOCKOJIbKY X CpaBHEHHE TOTpeOoBao Obl OTAENBHOTO UCCIEIOBAHHS C HACTPOUKOI
TUIepnapaMeTpoB, HECKOJIbKUMU 3aIlyCKaMH U €JUHBIM IPOTOKOJIOM CTaTUCTHYECKON
oneHku. [ToaToMy mosyueHHBIE BBIBOABI CIEAyeT TPAKTOBATh HE KaK JI0Ka3aTeIbCTBO
ontuMmanbHOCTH U-Net + ResNet-34 cpean Bcex BOBMOXKHBIX apXUTEKTYP, a KaK MoJI-
TBepXkIeHNE dYPPEKTHBHOCTU MPEAJIOKEHHON KaCKaJHON CTpaTeruy npu BEIOpaHHOH
0a30Boit MOzIETH.

IIpu 0OyveHNH MOJIETH UCTIONB30BaIach KOMOMHUpOBaHHAS (PYHKIIHAS OTEPh (Ma-
TeMaTH4YecKasi Mepa OINOKN HEHPOHHOH CETH, KOTOPYIO ONITUMHU3aTOP MHHUMHU3HPYET
npu oO0ydenun), Bxmodaromas (yakmun Dice Loss n Cross Entropy Loss. Dice Loss
OIICHMBAaET COBIA/ICHUE MPEICKa3aHHON MACKHU C STAJIOHHOU M ITOJIe3HA TIPU PEIIeHUN
3a/1a4 CerMEeHTalNH, riae BakHa Gopma BeigensseMoit odnactu. Cross Entropy Loss
OLIEHMBAET MPABMIIBHOCTH KJIaCCU(UKAIIMN KaXIOTO OTAEILHOTO IIUKCEIS 10 Klaccam
(ObIa BKIMIOUEHA B cocTaB (DYHKIIMH TOTEPb JIs MOBBIILIEHHUS YCTOMYMBOCTH O0YUIECHUS
MOZEJH U IOTIOTHUTEIBHOTO KOHTPOJIA KIaCCUPHUKALUH 1O MTUKCEIISIM).

HUcnonw3oBanack komounanus 0,7 - Dice Loss + 0,3 - Cross Entropy Loss. Bonb-
i ynenbHbId Bec pyHKus Dice Loss nMena B cBs3U ¢ HEOOXOMMOCTBIO ITOTYYEeHHS
MIPaBHIILHON 00JIACTH OPTaHOB PACTEHUSI.

OnTuMu3anys mapamMeTpoB MOJENH BBITOIHSIACH C HCTIOIB30BAaHUEM aJTOPHT-
Ma AdamW, KOTOpHIH TTO3BOJISIET ITOCTEIICHHO M3MEHSATHh BEC KIACCOB TaK, YTOOBI
YMEHBIIUTH OMNOKY Mpeacka3anuii. HaganpHas ckopocTh 00ydeHHs, OnpeaensieMas
napamerpoM weight decay (sBisieTcst 6e3pa3MepHBIM U ONPEACIISeT BETHINHY H3Me-
HEHUs BECOB KJIacca Ha Ka)KIOM IIare ONTHMH3aIiH ), coctaBisiia le-4 (T. e. 0,0001).
Taxkast ckopocTh BbIOpaHa aiis Oojiee CTaOMIIBHOTO U3MEHEHHS MapaMeTPOB MOIEIIH.
Hcnonp3oBanue napamerpa weight decay mo3Bonmio JOMOTHUTENBFHO CHU3UTH PUCK
nepeoOydenus. Hapsay ¢ atum npumensics u tuianupoBiuk ReduceLROnPlateau,
YMEHBIIAIOMINN CKOPOCTh 00YUEHHS, €CIIM Ka4eCTBO PAaCIO3HABAHMUS HA IIPOBEPOYHON
BBIOOPKE MEpecTaeT yly4IlaTbes.

PE3YJIBTATBI UCCJIEJJOBAHMUSA

Ha nepBom aTane uccienoBanus Mojielb 00yJaliach Ha [ENbHBIX H300PKEHHSX.
Paznenenne Ha obygaromntyro (Train) u Banmunaruonnyto (Val) BEIOOPKY IIETBHBIX H30-
Opaxenmit BemoaHmIM B cootHommeHnu 80/20 (130 mzobpakennii B Train u 32 n3o0pa-
xerus B Val) ¢ popmupoBannem naracera pea_dataset unified. [Ipu dopmupoBarnn
oOyyJaroieii U BaUIalMOHHON BRIOOPOK YUUTHIBAICS COPTOBOM COCTAB MCXOHOTO
Ha0Opa JaHHBIX, YTOOBI M300paKEHUsI CEMH COPTOB OBLIM MPECTaBICHBI B 00enX Ya-
cTsax BeIOOpkH. Bemonmammy 50 3mox (MoTHBIX 00y4arouX [UKIOB) ¢ OTpeIeICHHEM
BeimuuHb loU (puc. 1).

B cBs13u ¢ Tem, uTo oH 1 cTebens 3aHuMaK OONBIIYIO YacTh H300paKeHHUS, MOZIEIb
OBICTPO 00yYasiach BBIICISATH UMEHHO CTeOEIb, TOTa Kak 000bI, IPUIIMCTHUKU U KO-
PEHB OCTaBaJINCh IJIOXO pacro3HaBaeMbIMU. Ha myuieit 33 smoxe KOpoTKoro MporoxHa
Ha IEJBbHBIX H300paxenusx cpeauuii loU (0e3 yuera dona) cocrasui 39,63 %. [pu
atoM 1o ctebito IoU 0wt paBen 76,32 %, npummctaukam — 19,63 %, 606am — 38,64 %,
kopHIO — 0 %.
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Puc. 1. Jlunamuka oOydeHust MOJIeNIH Ha IEIbHBIX H300pakenusx (50 amox): a) morepu; b) TOYHOCTD
Fig. 1. Dynamics of model training on whole images (50 epoch): a) loss; b) IoU

Hcemounux: pucyHku 1, 2, 4, 6 cocTaBlIeHB aBTOPaMH CTaThH B IIporpaMMHoi cpene Python ¢ uc-
nonp3oBanueM oubnuorexu Matplotlib o pesynbraram oOyueHus1 HEHPOHHOI ceTH.

Source: Figures 1, 2, 4, 6 were compiled by the authors of the article in the Python software environment
using the Matplotlib library based on the results of neural network training.

W3-3a HU3KOM TOYHOCTH PACIO3HABAHMS OPraHOB rOpPOXa KOJIWYECTBO 30X OBLIO
yBenmmdeHo 1o 150. luraMuka oOydeHus: MO MoKa3aHa Ha PUCYHKE 2, a IpuMep
YAyYIIEeHUs pelIcCKa3aHuii 0 OpraHaM ropoxa Ha pUCyHKe 3.

9]
N
9)]
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Puc. 2. Jlunamuka oOydeHus MOJEIH Ha LENbHBIX n3o0paxkeHusx (150 smox): a) norepu; b) TO4HOCTH
Fig. 2. Dynamics of model training with whole images (150 epoch): a) loss; b) IoU
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b)

Puc. 3. Busyanuzauus pe3ynsratoB 00y4eHUsI MOJENH Ha LIEJIbHBIX H300PKEHHAX
(ucxomHOE N300paXxkeHHe; Macka, HOydeHHas! Pa3METKOH BPYUHYIO; MacKa, IOTydeHHas: 00y4eHHOH
MOJIEINBIO): @) Ha Ha4aIbHOM JTarie; b) mo pesynsraram o0ydenus Ha 150 smoxax

Fig. 3. Visualization of the results of model training with whole images
(original image; mask obtained by manual labeling; mask obtained by the trained model):
a) at the initial stage; b) based on the results of training with 150 epochs

Hcemounux: pucyHku 3, 5, 7 cocTapiIeHbI aBTOPaMHU CTAaThH B IPOrpaMMHO# cpeae Python ¢ ucnons-
3oBanueM oubanorek PyTorch, NumPy, OpenCV no pe3ynsraram o0yueHuUsI HEHPOHHOIT CeTH.

Source: Figures 3, 5, 7 were compiled by the authors of the article in the Python software environment
using the PyTorch, NumPy, and OpenCV libraries based on the results of neural network training.

VBenuueHue oOydaromux HUKIoB 10 150 nossicuno obmuit loU. Ha myumeit 66 smoxe
cpennuii loU (6e3 yuera dona) noctur 42,89 %, oqHako pe3ysbTar o KOPHIO OCTaJCs
Hu3KkIM (8,64 %). [locne 3Toit 310X HavYanoch nepeodydeHue MOMICIH.

CnoXHOCTh B paclpeleeHHH MUKCeNIel Mo KiaccaM 3aKJIIo4alach B CUILHOM
JucOanaHce KOJMYECTBa 3THX MUKCeIel, OTHOCSIINXCS K OTpeNIeIEHHOMY Kiaccy. JTo
MPUBEJIO K HU3KOW 00y4aeMOCTH MOJEIH 10 BBIACTICHUIO METIKUX U PEIKO BCTpeyaro-
HIMXCSl OPraHOB (MUHOPUTAPHBIX KIIACCOB).

Hwuskas To4HOCTB pacrio3HaBaHWsi MUHOPHTAPHOTO Kilacca Root cBs3aHa ¢ cCOBOKyII-
HOCTBIO ()aKTOPOB: 3aHUMAET KpaiHe MaTyIo IO TTHKCENIeH U UMeeT TOHKYIO GopMmy;
3a49aCTyI0 €ro KOHTPACTHOCTh OjIM3Ka K (JOHY U BU3YaJIbHO OH MOXKET OBITh MOX0X Ha
TEHH, PACTUTENILHBIE OCTATKU WM TOHKHE ()parMeHThI OPraHOB TOpoOXa.
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B cBsI3M ¢ OTHOCHTENBHO HU3KOH TOYHOCTBIO PACIIO3HABAHUSI MEJIKUX OPraHOB
WCXOHbIEC LeNbHBIC H300pakeHUs1 ObLTH Pa30oHUThI Ha KPOIIbl ((PparMEeHT UCXOAHOTO
n300pakeHus GUKCUPOBAHHOTO pa3Mepa, UCIOIb3YEMbIN KaK OTACIbHBIN 00yJaromuii
npumep) ¢ GpopmupoBanneM garacera pea_dataset crops. TO MO3BOJIUIIO YBETUIUTD
JIOJII0 MEJIKUX OpPTraHOB ropoxa Ha Kporax.

Pasmep xpoma 0bu1 BeIOpaH 512x512 nukceneit. M3 162 ucxoaHbIX H300paXKeHUH
0110 TToITydeHo 13 726 kponoB (pa3doUBKa OCYIIECTBILIACH CO CMETIICHHEM Ha 384 K-
cesl, T. €. BO3HUKANIO NepekpriThe B 25 %). Takue pasMepsl Kpora 1 mar CMeIeHus
BBIOpaHbI KaK KOMIIPOMHCC MEKAY COXPaHEHHUEM JIOKaJIbHOTO MOP(OIOTHUECKOT0 KOH-
TEKCTa U BBIYUCINTENBHON Harpy3koil. Ilepexpritue B 25 % yMeHbIIaI0 BEpOATHOCTD
MIOTEpH OpraHa Ha rpaHuue Kpornos. B BeiOopkax Train ucnomns3oBanocs 10 981 kpor,
a Val — 745.

C yderom aucOananca JaHHBIX IO KilaccaMm MX Beca ObLIM BHIOpaHbBI 3BPUCTHYE-
cku. JJns Cross Entropy Loss ucnons3oBanucs Beca kiaccos [0,2; 1,5; 1,2; 1,4; 3,0],
COOTBETCTBYIOIIUX (B MOCIEA0BATEILHOCTH) KilaccaMm: QoH, cTeOeNb, MPUINCTHHK,
000 u xopenb. Bec ¢ona 0bu1 ymMeHbIieH 10 0,2, Tak KaKk OH 3aHUMaJT OOJIBIIYIO YacTh
n300pakeHusI ¥ TIPU PABHOM Bece C OCTAILHBIMU KJIACCAMU MOT IOMHHUPOBATH B IPO-
necce obyuenus. Bec kopust Obut yBenmdeH 10 3,0, MOCKOJIBKY OH SIBIISIETCS Hanbosee
PEOKUM 1 TPYIHO BBIIEJIAEMBIM MUHOPUTAPHBIM KiaccoM. [ist cTe0uis, pUIINCTHUKOB
1 6000B Bec Takke ObLT YBEIWYEH, TaK KaK OHH yCTYTald (OHY I10 YUCITY THKCETEH.

PesynbraTel nccaenoBaHu IpeaCTaBICHBI HA PUCYHKaxX 4 U 5.

Jlyummii pe3ynbTar 1mo oOy4eHHI0 MOJENH Ha Kpolax moiaydeH Ha 50-i smoxe.
Cpenunsist tounocts loU no knmaccam (6e3 yuera ¢ona) cocrasuia 92,01 %. Io otnens-
HbeIM Ki1accaM: Stem — 90,38 %, Stipule — 92,21 %, Pod — 93,90 %, Root — 30,63 %. I1o
MOJTY4YE€HHBIM pPe3yJabTaTaM BBISIBICHO, YTO TaKUE OPTaHbl ropoxa, Kak cTe0elns, npu-
JIMCTHUKU U 00OBI ONPENENSUINCH C BBICOKOH TOYHOCTBIO, OHAKO IO KOPHIO PE3YBTaThl
OCTaJIiCh TaK)Ke Ha HU3KOM ypOBHE.

B cBsI3M ¢ OTHOCUTENHEHO HU3KOH TOYHOCTHIO pacro3HaBaHMsI MUHOPUTAPHOTO
kiacca Root 6611 chopMupoBaH OTACIbHBIN OMHAPHBIH 1aTaceT pea_dataset root crops.
B o6y4enun ncronb3osaiock 1 736 kpoma (708 ¢ mHanmmuuem xopHs u 1 028 6e3 Hero).
B BriOopxkax Train ucnons3oBanochk 1 389 kporma, a B Val — 347.

CnenmansHast OMHapHas Mozenb root-only oOydanach Ha AByX Kiaccax: Root
(xmace 1) m Background/Not Root (kmacc 0). Kimacc Background/Not Root o6bemn-
HsUT (hOH, cTeOeNb, MPUIMCTHUKHN U 000bI, a Root BKIIOUan OTAEIBHO TOJIBKO KOPEHb.
3TO NMO3BOJIMIIO MOJIENI COCPENOTOUUTHCS Ha TIOMCKE TONIBKO Kiacca Root. [Ipu aTom
BBIXOJTHOHM CJIOH ObLT U3MEHEH, U MOZETb BhlJaBajia OfHY KapTy BEPOSTHOCTH, IOKa-
3BIBAIOIIYI0, HACKOJIBKO KaKJIbIH MUKCENb TIOX0XK Ha KOPEHb.

B 00yuennn ucnonb3oBaiack OuHapHas pynkuus noreppb 0,55 - Dice Loss +
+ 0,45 - BCEWithLogitsLoss. Dice Loss oTBeuasna 3a coBnasieHre GopMbl BbIEICHHON
o0nacT KOpHs ¢ 3TanoHHoi Mackoii, a BCEWithLogitsLoss olieHnBana npaBuiIbHOCTb
OuHapHOU KiaaccuUKaUU MUKCENIeH Ha JBa Kiacca (KOpeHb U HE KOPEHb).
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Puc. 4. Ilunamuka obydenus moaenn Ha kpomnax (50 amox): a) norepu; b) TOYHOCTD
Fig. 4. Dynamics of model training with crops (50 epoch): a) loss; b) loU
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Puc. 5. Busyanusauus pe3ynsTaToB 00y4eHHs] MOACIH Ha KPOIax
(ucxonHoe U300paXkeHne; Macka, MoTy4YeHHas Pa3METKON BPyUHYIO; MacKa, IOJIyueHHas 00y4eHHO
MOJIENBIO): @) Ha HaYaJIbHOM JTare; 6) o pe3ynbraram oOyuenust Ha S0 amoxax

Fig. 5. Visualization of the results of model training with crops
(original image; mask obtained by manual marking; mask obtained by the trained model):
a) at the initial stage; b) based on the results of training on 50 epochs

Jnist KOMIIeHCAIMK MaJIOro KOJIMYECTBa MUKCeTel KOpHsI ObLI MCIIONBb30BaH Hapa-
metp pos_weight = 50. On yBennumBan mrpad 3a oIUOKH Ha MOJIOKUTEIILHOM KJIACCe
(Ha MUKCeTsIX KOpHs1). DTo ObUTO HEOOXOIMMO B CBSI3HM C TEM, YTO JaKe Mmociie oToopa
root-only KpomnoB JoJis MUKcesel KOPHs Ha N300pakeHnsIX cocTanisiia He 6onee 0,4 %.
be3 ycuneHus monokKuTeIbHOTO KIacca MOAENb MOIIIA OBl TOTYYUTh HU3KYIO TOYHOCTb
pacnio3HaBaHus (MIOYTH BCErJa OTHOCS MUKcenu K kinaccy Background/Not Root)
U TIJIOXO HaXOIUTh CaM KOPEHb.

g root-only Mozmenw JOTTOTHUTENHHO paccUUTHIBAIIUCH Dice (MeTpHKa CXoACcTBa
MAacoK, Onun3kas 1o cMbicay K loU, Ho 00bIYHO puHUMaoLIast 6onee BICOKHE 3Hade-
HUsA), Precision (1osst npaBUIBHBIX MTUKCENEH cpeay BCeX MUKCEIIEH, MPeaCKa3aHHbIX
KakK HyXHbIH Kkiacc) u Recall (momst HaliieHHBIX TUKCENel Cpeau BCceX MUKCeNel Ta-
JoHHOTO Knacca). Beicokwuii Recall mpu Huskom Precision o3HawaeT, 4To MOJENb OUTH
HE MPOIMYCKaeT KOPeHb, HO OIIMOOYHO OTHOCUT K HEMY JIMIIHUE MHUKceIHn. Bricokuit
Precision mpu Hu3koMm Recall o3Ha4aeT ocTOpOXKHYIO MOJIENb, KOTOPask PEIKO OInda-
€TCsI, HO TIPOITyCKaeT YacTh KOPHSI.

530 Texnonozuu, mawunsl u 060py006anue



Vol. 36, no. 3. 2026 ENGINEERING TECHNOLOGIES AND SYSTEMS %El?}

PesynbraTel 00yueHus crienMaIn3UpOBAaHHON OMHAPHON MOJENn MpeaCcTaBIeHbI
Ha pUCYHKax 6 u 7.
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Puc. 6. JJunamuka oOy4eHus CrieUAIN3UPOBaHHOM root-only Momenu (80 3mox):
a) notepu; b) TOYHOCTH

Fig. 6. Dynamics of training a specialized root-only model (80 epoch): a) loss; b) IoU
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b)

Pwuc. 7. Buzyanuzauus pe3ynsraroB o0y4deHus root-only Mozienu Ha Kporax 0e3 Halu4dust KOpHs
Ha N300paxxeHHH (MCXOIHOE N300paXkeHNe; Macka, OJTydeHHas! pa3MEeTKOI Bpy4JHYIO; MacKa,
nosy4yeHHast 00y4eHHON MOJIENBIO): a) Ha HadaJbHOM dTare; 0) mo pe3ysabTaTam oOydeHus Ha 80 amoxax

Fig. 7. Visualization of the results of training a root-only model with crops without the presence
of a root in the image (original image; mask obtained by manual labeling; mask obtained by the trained
model): a) at the initial stage; b) based on the results of training with 80 epochs

[To pucyHKy 7 BHUIHO, 4TO Ha HaYaJIbHBIX 3Tanax o0y4eHUs] MOJENb OIIHO0YHO
omnpenensia kixace Root, myTas ero ¢ apyruMu opranamu ropoxa. B nporecce oOyuenns
TOYHOCTD OIIPEJENICHUsI KOPHS BO3pOcCia U OIINO0YHOE OIPEETICHUE YMEHBIINIOCH.

Root-only Monens gocturia mydrero pesynsrara K 78-i smoxe: Root IoU — 88,46 %,
Dice — 93,85 %, Precision — 88,26 %, Recall — 95,50 %. 13 Hux BuaHO, 4TO OOY4UEeHHAS
MOJeJIb CMOIIa HAalUTH 0K0I0 95,50 % nuKcesnel, OTHOCALIMXCA K KJIacCy KOpHS, U IpU
aToM 88,26 % nukceneH, NpeacKa3aHHbIX KaK KOPEHb, NEUCTBUTEIBHO OTHOCUIUCH
K 9TOMY KJIaccy.

OBCYXJIEHHUE

[IpoBoayMBbIe SKCIIEPUMEHTAIBHBIC UCCIICA0BAHMS BBITOIHSINCH IPH (PUKCUPOBAH-
HOM pa30MeHNH NaHHBIX U MPOTOKOJIE 00y4YeHUs (CpaBHUBACMBIE 3TAIIbI BHITIOIHSIIUCE
Ha OJIHOM Ha0Ope JAHHBIX, P OHOM 0a30BOM APXUTEKTYPE U €AUHOM JIOTUKE OLICHKH).
MHoOrokparHble He3aBUCUMBIE 3aILyCKU MOJIEIIH C pa3HbIMU HadaJIbHBIMU YCIIOBUSAMU HE
IIPOBOAMIINCH, CTAaHIAPTHBIE OTKJIOHEHUSI METPUK HE OIIPEEISUINCh. DTO OTPAHUYUIIO
CTaTUCTHYECKYTO OLIEHKY BOCTIPOM3BOIMMOCTH a0COMIOTHBIX 3HadeHu loU, omHako He
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IIOMECHHAIIO MCTO,I[I/IHGCKI/II‘/'I BBIBOJ O HCO6XOJII/IMOCTI/I BBIACJICHUS KOPHA B OTACIBHYIO
OouHapHy0 3a1a4y. OO00ILEHHBIE HTOTOBBIE PE3YIIBLTAaThl SKCIIEPUMEHTANBHBIX HCCIIe-
JIOBaHU NPEJICTABIICHBI B Tabmure 2.

Tabnuuma 2

Table 2
Pe3yabTaThbl 00yueHHst MojieJiei 1o IKCepuMeHTaM
Results of training models based on experiments
Jlyumast | Bamuna- Kiacc / Class
310Xa MPH | HHOHHAS
c) / 0 /

Ig;;glfxggg OT}III?E;I:: TI(())}I?OoZ)T;) Crebenb, % /| [punuctauk, % /| Boo, % /| Kopens, % /
epoch in Val Stem, % Stipule, % Pod, % | Root, %
learning | IoU, %

50 smox /
Ha LeJbHBIX
msoGpaxemmsx /50 epoch 33 39,63 76,32 19,63 38,64 0,00
with whole 150 snox /
images 150 epoch 66 42,89 76,92 19,29 41,91 8,64
Ha kpomax (50 smox) /
on crops (30 epoch) 50 92,01 90,38 92,21 93,90 30,63
Ha root-only Mozxenu
(80 smox) / with root-only 78 88,46 - - - 88,46
models (80 epoch)

[TonmyuyeHHBIE pe3yabTAThl IOKA3BIBAIOT, YTO KAYECTBO HEHPOCETEBOW CEMaHTH-
YECKOW MHOTOKJIACCOBOM CETMEHTALMH B 3HAUUTENILHOW CTETICHU ONpEAesieTCs He
TOJIBKO apXUTEKTYPOH MOAEIH, HO M CIIOCOOOM MOATOTOBKY JaHHBIX. [Ipy coxpanennn
Tol e apxuTekTypsl U-Net mepexos oT HeNbHBIX H300paKeHUH K KPOIaM MOBBICHIT
cpenuuii loU (6e3 yuera ona) ¢ 42,89 10 92,01 %. OcoOeHHO 3aMETEH POCT TOUHOCTH
ompeeneHus o 6006aM 1 IPUIUCTHUKaM. B To jke BpeMsi KOpeHb OCTaJICs «cIa0bIM))
KJIACCOM, YTO CBSI3aHO HE TOJIBKO C €r0 MaJIOH MPEACTaBICHHOCTHIO HAa H300paKeHHH,
HO U C HU3KOM BU3yallbHOW BBIPAKEHHOCTBIO.

Crienmanu3upoBaHHas root-only MozeNb TIOKa3aia, 4To BbIAEICHUE MPOOIEMHOTO
KJlacca B OTJCIbHYI0 OMHAPHYIO 3a/1auy MOXKET OBbITh () (EeKTHBHEE, YeM JanbHeiiee
YBEIMYCHHE YrCIIa 310X 00ydeHust. [logqoOHbIi oIX0M 0COOCHHO TIOJIE3EH B CITyJasiX,
KOTJIa OJIMH U3 KJIACCOB MMEET pe3KHuil AucOaiaHc ¢ APYTUMH KJIACCaMH, CIIOKHYIO
($opMy U BBICOKYIO BEPOSITHOCTD CXOXKECTH C APYTHMH OpraHaMH.

[oka3aTenbHbIM SBISIETCS CPaBHEHUE PE3YJIBTAaTOB CETMEHTALIMN TI0 MUHOPHUTApPHOMY
knaccy Root. B o6mieit monenu Ha kponax loU kimacca Root cocraBun 30,63 %, Torna
Kak B Clienuanu3upoBanHoi ouHapHoit monenu Root loU noctur 88,46 % (mpupoct
cocraBui 57,83 %). D10 monTBepKAACT, YTO AJIs c1abo MpeACTaBICHHBIX U BU3yalbHO
CJIOXHBIX OPTaHOB PACTEHHUS HA N300PaKEHUSIX LIENecO00pPa3HO IPUMEHSTD CIICIUANH-
3MpPOBAaHHYIO MOJIETb YTOUHEHHUS.

IIpennoxeHHbIM OAX0A PACCMATPUBAECTCSI KAK CETMEHTAIlMOHHBINA MOIYJb IPO-
rpaMMHOTO KOMIUIeKca U(POBOTro PEHOTUITUPOBAHHUS, & HE KaK IMOJHOCTHIO 3aBEp-
IIIEHHAsI CUCTEMA CENIEKIIMOHHOTOo yueTa. [IpakTndyeckoe nmpuMeHeHne STHX MPU3HAKOB
B CEJIEKIIMOHHOM IIpoliecce TpeOyeT OTAeNbHOM IPOBEPKU TOYHOCTH aBTOMaTH4ECKUX
M3MEPEHUH 110 PYYHBIM TAJIOHAM.
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OTaenbHO creyeT OTMETUTh OTPaHUYEHHYI0 BO3MOYKHOCTh CEMaHTHUECKOM cerMeH-
TaIMK IJ1s1 33134 ITOJICUeTa OTAENbHBIX 00beKTOB. MozeNnb BBIACTSIET KIIACC TUKCENIeH,
HO HE pa3InvaeT OTACIbHbIC dK3eMIULIphl. K mpumepy, eciu 1Ba 606a comnprkacaroTcs
1 GOPMUPYIOT OJTHY HETIPEPHIBHYIO 00JIacTh Ha MackKe, TO ITOCTOOpaboTKa 110 KOMIOHEH-
TaM MOXET ITOCUYNUTATh UX KaK OJUH 0O0BEKT. J{JIs mpeaBapuTeTbHON OIIEHKH Ka4ecTBa
MOJICYeTa MOYKHO HCIIONIb30BaTh YHCIIO CBA3HBIX KOMIIOHEHT, CPETHIOI0 a0COIIOTHYIO
omubOKy mozacdera 00bekToB (MAE), oTHOCHTENnBHYIO ommOKy noacueta (MAPE),
a Taxke Precision, Recall u Fl-score mist 00bEKTOB IPH COMTOCTABIICHUH aBTOMATH-
YECKHUX M PYyUHBIX IK3EMILISIPOB 0 Hopory nepekpbiTus loU. [l rapaHTHPOBaHHOTO
HOJICYETa OTACNIBHBIX SK3EMIULIPOB B AabHEHIIIEM 1IE1eCO00pa3HO PacCMOTPETh instance
segmentation, Hapumep, Mask R-CNN nimu YOLO-seg.

B pamMkax BBITOIHEHHOM pabOTHI MPEATIOKEH U AKCIIEPUMEHTAIBHO anpoOupoBaH
HelipoceTeBol MOIXox A1 HU(pPOBOro PEeHOTUIHPOBAHHS CYXOT0 CHOIIOBOTO MaTepraa
Ha TpUMepe ropoxa. B oTnuumne oT cymecTByOmuX pemeHnid, (POKyCHPYIOMINXCS Ha
JKUBBIX PACTEHHUSAX WJIHM OTJENbHBIX X OpraHax, pejjaraeMblii o1Xo/l BIiepBbIe pea-
JIN3YeT KacKaJHBIN Mepexo OT MHOTOKJIACCOBOM CErMEHTAIIUH K CIIEIMATU3UPOBAHHON
OMHApHOVM MOJENH YTOYHEHHS, YTO MO3BOJISIET TIPEOIOJIETh XapaKTepHOE A CYXHX
CHOITIOB COYETaHUE MUKCEIHHOTO aucOanaHca U HU3KOW BU3yaJIbHONW KOHTPACTHOCTH
MHUHOPUTAPHBIX OPTaHOB.

IToxazaHo, YTO MPUMEHEHNE CEMAHTUYECKOW MHOTOKJIACCOBOW CETMEHTAllnU Ha
LENBHBIX N300paKEHUSIX CHOIIOBOTO MaTepuala MPUHIHUINAIBHO HECIIOCOOHO obec-
NEYUTh MOJIHOLIEHHOEe (eHoTunupoBanue: aaxe npu 150 snoxax IoU kmacca Root
He npeBbicuia 8,64 %, 4To 00yCIIOBIEHO MHUKCENBHBIM AUCOATaHCOM M BU3YyabHOM
HEPa3TNIUMOCTBIO 3TOTO Kilacca.

Paz0uBka n300pakeHn i Ha KPOIIbI C 3BPUCTUYECKUM B3BEIIMBAaHUEM (QYHKIINH 110~
Tepb sBisgeTcs 3G HEKTUBHOM cTpaTerkel ik MHOTOKJIACCOBOM CErMEHTAIIMU OCHOBHBIX
opraHoB ropoxa. Takoit moxxos mo3onui noay4uuts cpeauuii loU 92,01 % u noctuus
BBICOKOM TOYHOCTH 110 CTEOIt0, puiuctHruKaM 1 606am (IoU 90,38...93,90 %), onHako,
He permB rpobaemy st kopHs (IoU 30,63 %).

IIpennoxeHHbIN KacKaJHBIN IEPEXO]T OT MHOTOKJIACCOBOM MOJIENH K CHIELMATIU3UPO-
BaHHOI1 OMHApHOI! root-only MOAENN yTOUHEHHS SIBIIAETCS KIIFOUEBBIM JIEMEHTOM IIO/IXO-
Ja. bnaropaps BblaEIeHUIO KOPHS B OTIEIBHYIO 3aa4y ONpEAeIeHNs Ha H300pakeHUN
Y TIPUMEHEHHUIO arpecCUBHON KoMIleHcarmu aucbamanca (pos_weight = 50) ymanocek
MOBBICUTH TOYHOCTH cerMeHTanuu kiacca Root mo loU 88,46 % mpu Recall 95,50 %,
YTO MPAKTUYECKHI IIPUMEHUMO JUIsl KOJIMUECTBEHHOH OLICHKH B CEJIEKLIMOHHOM IIPOLIECCE.

3AKJIIOYEHUE

KomOuHHMpOBaHME MHOTOKJIACCOBOM U OWHAPHOW Mojenei (hOpMHUPYET SIUHYIO
JEeTalbHYI0 (PEHOTUIMMYECKYI0 MAacKy IIeJIOT0 PacTeHUsl, MPUTOIHYIO AJIsSi aBTOMATH-
YECKOTO M3BJICUCHUST MOPPOMETPHUECKHUX MPU3HAKOB. [IpenoKeHHbI KacKa HbIN
TIO/IXO]1, BKITFOUYAFOIIHI IOCIIOMHYO Pa3METKY OpraHoB, 00y4eHHE Ha KPOoTax U CIeIH-
ATM3UPOBAHHOE YTOUYHEHHE, MOXKET pacCMaTprBaThCs KaK YHUBEpCAIbHAS METOIOIIO-
rusi U¢PoBOTo (PEHOTHITMPOBAHUS CHOIIOBOTO MarepHalia KyJabTyp C aHaJOTHYHBIMA
npoOiemMamu mucOaranca U HI3KOW KOHTPACTHOCTH.
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W3 pe3ynsTupyIonux MacoK IUIAaHUPYETCs U3BJIEKATh: JUIMHY CTEOJS U KOPHS T10-
CJIC CKCJICTU3alluU U IEpecUcTa MUKCceaeH B (I)I/I3I/ILICCKI/I€ CAUHHUIBI I10 MaCIHTa6HOMy
OPUCHTHDY, IUIOIIAAb U IICPUMETP OTACIBHBIX OPraHOB; YUCJIO U CYMMApPHYIO IUI0Iaab
0000B; OTHOCHTENBHBIE TTOKA3aTENN PACIIPEACTICHUS! OPTaHOB B CTPYKTYpE PACTCHUSI.
OTH MPU3HAKY TPEACTABIAIOT HHTEPEC IS TTOCIEAYIOMIETO CENEKITMOHHOTO YIeTa, Of-
HaKO X TOYHOCTH JOJIDKHA OBITE MIOATBEPKACHA CPAaBHEHHUEM C PYUYHBIMU U3MEPCHUAMUN
¢ pacaetom MAE, RMSE, ko3 punueHToB KOppensiuu 1 OTHOCHTEITHLHOM OITHOKH.

JlanmpHeimee pa3BuTHE pabOTHI MpEAIIoIaraeT 00beINHEHUE dTANIOB B CIMHBINA
MPOrpaMMHBIN KOMILIEKC U TIEPEXO K METONaM instance segmentation sl IPSIMOTO
MOJICYEeTa OT/IENBHBIX OPTaHOB TOPOXA, YTO ITO3BOJIUT PACIIUPHUTH BO3MOXKHOCTH IH(]-
POBOTO (PEHOTHITMPOBAHUSI CHOIIOBOTO MaTepuaia.
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Annomayus

BBenenue. YcnoxxHeHHe KOHCTPYKIUH COBPEMEHHON CENTbCKOXO3SHCTBEHHOM TEXHUKN HA
(oHe cucteMHOro AeduunTa KBATHOUIHMPOBAHHBIX HHKECHEPHBIX KaJpOB 00YyCIIOBIHBAET
POCT TPYZOEMKOCTH PerIaMEHTHBIX PabOT U IOBBIMIAET PUCK OIIMOOK MPU TEXHHYESCKOM
obcmyxuBanuu. Jlo 15-25 % pabodero BpeMeHH oIepaTropa HEMPOU3BOAUTENHEHO PAacXo-
JyeTcs Ha HOMCK CIPaBOYHON HHPOPMAIUK B TEXHUYECKOH JOKYMEHTALNH.

Henns uccaenoBanust. [Topbimenne 3p¢eKTHBHOCTH TEXHUIECKOTO 0OCITY)KHBAHHUSI CEITBCKO-
XO3SMCTBEHHBIX MAIIMH 3a CYET Pa3pabOTKH M BHEIPEHHS IPOTrPaMMHO-AIIAPATHOTO KOM-
wiekca «L{uppoBoii accucTeHT nHmKeHepa» Ha 0a3e TEXHOIOTHUH JIOTIOHEHHON PeabHOCTH.
Marepuansl 1 MeToabl. OOBEKTOM HCCIIEIOBAHUS SIBIISETCS TEXHOJIOTHYECKUH IpoLece
€KECMEHHOTO TEXHHUECKOTo oOcykuBaHMs TpakTopa John Deere 6125M. AnmaparHas
YacTh KOMIUIEKca pealu3oBaHa Ha 0a3ze mpombinuieHHbIX AR-oukoB RealWear HMT-1,
nporpaMmHasi — Ha si3bike Kotlin ¢ jokanbpHON 6a30it JaHHBIX, obecriedrBaronIeil aBTo-
HOMHYIO paboTy. [IpoBeneH ogHO(MAKTOPHBIH CPaBHUTENBHBIA SKCIEPUMEHT C yIacTHEM
50 omeparopoB HaYaJbHOTO YPOBHS KBaMH(pUKAMK (KOHTPOJIbHAs TPpyIMIa — TPaJuliOH-
Hasl IOKyMeHTauus, n = 25; onbITHas rpynna — AR-accucteHt, n = 25). Bpems BbinonHe-
HUS OIEpaIii H3MEPsIIOCh METOAOM CILUIOIIHOTO XPOHOMETPaxKa.

Pe3yabTaThl HcCIeJ0BAHHMS. YCTaHOBIEHO CTAaTUCTHUECKM 3HAYMMOE COKpaIllle-
HHUE O0IIero BpeMEHH TEXHHUYECKOro obcmyxuBanus Ha 24,6 % — ¢ 820,6 = 123,8 ¢ 1o
618,6 £ 94,8 c. JlekoMno3umms 3aTpar mokaszana, 9ro 45,5 % sxoHoMHH oOecrednBacT-
Csl COKpallleHHeM MH(OPMAIIMOHHOTO MOUCKa. AOCONIOTHAS BAPUATHBHOCTD PE3YJIBTATOB
cHU3MIACh Ha 23,4 %.

3akaouenne. AR-texHonorus 3((EeKTUBHO KOMIIEHCHpPYET HENOCTAaTOK HpaKTHde-
CKOTO OINbITAa Y HAUMHAIONIUX CHEIHANINCTOB, CTAHIAPTU3HPYs MPOIECC TEXHUIECKOTO
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obciyxuBaHusl. ['010Bo# skOHOMUYECKHH G deKT cocTaBisieT 5,61 4en.-u Ha eIUHULLY
TeXHHUKU. [IepCcrIeKTHBBI CBA3aHBI C IPUMEHEHHUEM PE/IaraeMoil TEXHOIOTHH JUIS CII0K-
HBIX BHJJOB TEXHU4YECKOTO OOCITY)KMBaHUS M PEMOHTA.

Kniouesvle crosa: TeXHUYECKUN CEepBHC, AOMONHEHHas pearsHOCTh (AR), mudporuza-
st AIIK, skcrmyaramus MTII, Tpynoemkocts pabot

Kongnuxm unmepecog: aBTOpbI 3asBISIIOT 00 OTCYTCTBUH KOH(INKTA HHTEPECOB.

Jna yumupoesanus: Ycxko WL.A., Jonrymun A.A., lllunkuaa M.B., PakoB H.B. Ouenka
a¢dexruBHOCTH MpUMeHeHust AR-acCHCTeHTa B TEXHHYECKOM CepBHCe MaliuH. HHoice-
Hepuvie mexnonoeuu u cucmemslt. 2026;36(3):541-560. https://doi.org/10.15507/2658-
4123.26363.541-560
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Abstract

Introduction. The increasing complexity of modern agricultural machinery design
options, coupled with a systemic shortage of qualified engineering personnel, has led to
greater routine maintenance labor input and increased risk of errors during maintenance.
Up to 15-25% of working time an operator wastes to search reference information in
technical documentation.

Aim of the Study. The study is aimed at improving the efficiency of maintenance of
agricultural machines by developing and implementing the hardware-software complex
“Digital Engineering Assistant” based on augmented reality (AR) technology.

Materials and Methods. The object of the study was the daily maintenance process for
the John Deere 6125M tractor. The hardware component of the system was implemented
using industrial AR glasses RealWear HMT-1, while the software was developed in Kotlin
with a local database ensuring autonomous operation. There was conducted a single-
factor comparative experiment involving 50 novice operators (control group: traditional
documentation, n = 25; experimental group: AR assistant, n =25). The time of performing
operations was measured by continuous timing.

Results. The was determined a statistically highly significant reduction in total
maintenance time by 24.6% — from 820.6 + 123.8 s to 618.6 = 94.8 s. Cost breakdown
revealed that 45.5% of the savings resulted from a reduction in information search time.
The absolute variability of the results decreased by 23.4%.

Conclusion. AR technology effectively compensates for the lack of practical experience
of novice specialists through standardizing the maintenance process. The annual economic
benefit is 5.61 person-hours per a unit of equipment. The prospects are determined by
applying the proposed technology for complex maintenance and repair operations.

Keywords: technical service, augmented reality (AR), digitalization of the agro-industrial
complex, operation of agricultural machinery, labor input of operations
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BBEJEHUE

IIpoGnema noBeimeHns 3¢ GEKTUBHOCTH TEXHUUECKOTO CEpBUCA MAIIMHHO-TPAK-
topHoro napka (MTII) octaeTcs B uncie IpUOPUTETHBIX 3a/1a4 arpapHON HHKECHEPHH.
[lo maHHBIM HCCIENOBAaHUM, 3aTpaThl HA TEXHUYECKOE 0OCTYKMBaHUE U PEMOHT CO-
CTaBISIIOT A0 35 % COBOKYMHBIX AKCIUTyaTAllMOHHBIX PacXOJ0B CEIbCKOXO3SHCTBEH-
HBIX TPEANPUATHH, IPH 3TOM 3HAYUTENbHAsI UX 4acTh 00yCJIOBIEHA HE CTOMMOCTBIO
3alacHBIX YacTell M MarepualioB, a TpympoemkocTbio padot [1]. C. FO. XKypasnes
MOTYEPKUBAET, UTO COBPEMEHHAasI KOHIENIUS OPraHU3allii TEXHUYECKOTO CEepBHUCa
B arponpombitieHHoM koMiutekce (ATTK) TpeOyeT nepexona ot peakTHBHOM (10 hakTy
0TKa3a) K MPEBEHTUBHOM CTPAaTeTHH 0OCITYXUBAHHS, OHAKO €€ peau3alus OrpaHu-
YyeHa KaApoBbIM 1 HHPOpMarmoHHbIM AedummtoM [2]. R. Khodabakhshian B 0630pe
CHCTEM IPEBEHTUBHOIO 0OCITY>KUBaHUS TPAKTOPOB U CEIILCKOXO35AHCTBEHHBIX MAIlIUH
OTMEYaeT, YTO CTaHAAPTU3ALMS PEIIaMEHTHBIX IIPOLEAY SBIAETCS HEOOXOIUMBIM, HO
HEJIOCTATOYHBIM YCJIOBHEM HOBBIIIEHUS 3P PEKTUBHOCTH — TPEOYIOTCSI HHCTPYMEHTEI
WH(GOPMAIIMOHHON TOAIEPKKH oreparopa [3].

[Ipobnema ycyryOnseTcst MOCTOSHHBIM POCTOM KOHCTPYKTHBHOM CIIOKHOCTH COB-
pemennoit arporexuuku. FO. A. Ilapes u O. 0. [lapes nokazanu, 4To yBeIUYEHUE
YHCIIa JIEKTPOHHBIX MOJCHCTEM B CEJILCKOXO3ANHCTBEHHBIX MAIIMHAX 3aKOHOMEPHO
MOBBIIIAET TPeOOBaHMS K KBATU(PHUKALUU OOCITYKUBAIOIIEr0 NepCOHANa U YITHHSET
IUKI periaMeHTHBIX padort [4]. C. JI. HuKuTYeHKO aHaIM3upyeT MPOTUBOPEUNE MEKIY
POCTOM CJIO)KHOCTH TEXHHUKH U peaTbHBIM YPOBHEM MOJATOTOBKH KaJIpOB, Jieas BHIBOJ
0 HEOOXOJIMMOCTH IIU(PPOBBIX HHCTPYMEHTOB YIPABJICHHS TEXHHIECKHM 00CITyKHBAaHUEM
(TO) B ycnoBusAx aBTOMaTH3aNH PONU3BOACTBA [5]. AHAIOTHUYHBIE BEIBOMIBI COJCPIKATCS
B HCCJICIOBAHUSAX, ITOCBSIIEHHBIX OLIEHKE BIUSHUA MH(YOPMALMOHHOTO 00€CIIeYEeHHS
Ha Ka4eCTBO TEXHUUYECKOIO CEPBHCA B YCIIOBUSIX KPYIHBIX arpapHbIX PEANPUATHIH [6].

Takum 00pa3om, B Hay4uHOH JuTeparype chopMHUPOBATIOCH yCTOHYMBOE HOHUMAaHHE
npoOJIeMBI: YCIOKHEHNE TEXHUKHU ITPU AePULIUTE KBUTU(PUIIMPOBAHHBIX KaIPOB TPEOyeT
HOBBIX TOIXO0J0B K MH(OpMALMOHHON NOAEPIKKE MPOLIECCOB TEXHUYECKOTO CepBUCa
MamuH. OHaKO KOHKPETHBIE TEXHOJIOTMUECKUE PEIIEHUS U MX KOJTMYECTBEHHAS OIICHKA
OCTAaroTCsl IPEIMETOM JTUCKYCCHH.

TexHonorus nonoaHeHHOH peanbHocTH (Augmented Reality, AR) paccmarpuBaercs
MHUPOBBIM HayYHBIM COOOIIIECTBOM KaK OIHO U3 KJIIOUEBBIX HampaBlieHu udpoBu3a-
IIAU MIPOLIECCOB TEXHUUECKOTO OOCITY>KUBaHUS B paMKax KoHtenun «amyctpus 4.0%.
VYuensie u3 [lopTyranum B cucreMarnieckoM 0030pe, oxBarbiBarolieM nepuoz ¢ 1997
1o 2023 1., BRIACISIOT TpY HOKOJICHHSI AR-CHUCTEM ISl TEXHUYIECKOTO 00CITy )KUBaHHUS:
dKCIIEpUMEHTANbHBIE TTPOTOTHIEI (1997-2010), mumotHBIe BHEenpenus (2010-2018)
1 ipombIieHHsIe pemmenst (¢ 2018 ) [7]. ABTOpsI PUKCHPYIOT YCTOHYUBBINA POCT YH-
cira myonukarnwmii mo Teme (6onee 300 crareii 3a MOCIIEAHNE MATH JIET) M KOHCTATHPYIOT
nepexoz oT 1a00paTOpHBIX HKCIIEPUMEHTOB K MPAKTHUECKOMY TPUMEHEHHIO.
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ens uccnenoBaHus 3aKi04aeTcs B OllCHKE 3(D(DEKTUBHOCTH MTPUMEHEHHS TEX-
HOJIOTHH JIONIOJTHCHHOM PeajbHOCTH MPH BBHIMOJHECHUH TEXHHYECKOTO 00CTYKHBaHUS
CCIBCKOXO3SMCTBEHHBIX MAIIIHH.

JIOCTUTHYTh OCTABJICHHOM IISJIM TIO3BOJIUT pa3paboTKa aBTOHOMHOTO A R-mipuiio-
sxerns «L{uppoBoii aCCUCTEHT HHXXEHEPa» ¢ MOAYJIEM aBTOMAaTH3MPOBAHHOTO HMIIOPTA
TEXHOJIOTUYECKUX KapT, CHCTEMOM rOJI0COBOM HaBUTAIIMH M aBTOMATHUYSCKUM (POPMHUPO-
BaHHEM OTYETHOCTH. HeoOXomnMo Takke MPOBECTH CPABHUTEILHBIA SKCIIEPUMEHT T10
oTleHKe BIHSHISA AR-accucTeHTa Ha IPOIOIKUTEIEHOCTE BEITIOTHEHHS PETJIAMEHTHBIX
oreparii exxecMeHHoro TexHmdeckoro oocmykuBanus (TO-10) Tpakropa John Deere
6125M U BBINOIHUTH CTATUCTUUYECKUNA aHATIU3 PE3YJIbTAaTOB, BKIIOYAsl OLEHKY AOCTO-
BEPHOCTH pa3Inymii U pa3mepa d3pdeKTa, a TaKKe BBISBUTh MEXaHU3MBI TTOBBITIICHUS
3¢ EKTUBHOCTH.

OB30P JIUTEPATYPbI

B nHacrositiee Bpemst poBeieH cucteMatinueckuii 0030p 50 pabot mo AR B Tex-
HU4YeCKOM oOciyxuBaHuu. OyHkiu AR-crucTeM KIIacCUMUIUPYIOTCS HA YEThIpE
KaTeroOpyU: BU3yallM3allHs POLEAYD, yAaJeHHAs SKCIIEPTHAS MOJICPKKa, 00ydYeHUE
TiepcoHaia ¥ KOHTPOJIh kKadecTsa [8]. OTMeuaeTcst, 4To HanOombIui 3 HEeKT JocTUraeTCs
MIPH BBIMTOJTHEHUH CIIOKHBIX MHOTOATAITHBIX MPOLEAYP C BHICOKOH MH(OPMAIIHOHHON
Harpy3koil. AR/VR-TexHOIOTHH B TEXHIUECKOM 00CTYKHBaHUU 00€CIIEYUBAIOT TIOBBI-
menne 3(h(HeKTHBHOCTH TIOATOTOBKH TIEPCOHAA, TIOAIEPKKY BHITTOIHEHHS CEPBUCHBIX
oTieparvii ¥ CHIDKEHHE BIMSHHS HEAO0CTaTKa IMPAKTHYECKOTO OITbITa OIeparopos [9].

KonnuectBennsle oneHku 3ppexktnBHOCTH AR B TeXHUYECKOM OOCTY>KHBaHUH
NPEACTaBICHBl B Psijie SKCIEpUMEHTaIbHBIX uccnenoBanuid. E. Bottani u G. Vignali
B 0030pe npuMeHeHus AR B pou3BOACTBEHHOM cekTope 3a necsatmierue (2009—2018)
NMOATBECPAUITIN CTATUCTUUCCKU 3HAYUMMOC COKpall€HNUEC BPEMCHU BBITTOJIHCHHUA 3ada4
(cpennwuii pasmep addekra d = 0,8...1,2 no nmikane KosHa) v MOBBIIIIEHHUE TOYHOCTH JICH-
cTBUil onepatopos [10].

Psan 6onee mO3MHUX MCCIENOBAHUMA MOATBEPKIACT M YTOUHSIET OTH PE3yIIBTATHI.
J. Egger u T. Masood B cuctemarmaeckoMm 0030pe AR i1t HHTEIIEKTyaIbHOTO TIPOM3-
BOJICTBA ITOKa3ayd, 9To 3¢ dekt AR Hanbosee BeIpakeH IpH padoTe ¢ MATOOIBITHEIM
MIEPCOHAIIOM — UMEHHO Ta KaTeropusi pabOTHUKOB, KOTOPas HCITBITHIBAET HAMOOIBIIIHE
3aTPyIHEHHS TIPH OOpaIleHnH K TPaIuIInoHHONW qokyMeHTanuu [11]. Mccnemosarenn
u3 YHuBepcuteta [laTpbl mponeMOHCTPpUPOBAIH COKPAIIEHHE BpEMEHH O0CITyKUBAHUS
IPOMBIIIJICHHOTO 000pynoBanus Ha 32 % npu ncnonbp3oBaHuM AR-HHCTpYKIMA Ha
6a3ze HoloLens 2 1 oTMeTHIIN, YTO KDUTUIECKUM (DAKTOPOM yCIIeXa SBJISIETCS KaYeCTBO
CTPYKTYPHPOBaHMA MOLIAaroBeIx HHCTpykuwmid [12]. MccnenoBana npoGiieMa KOTHU-
TUBHOM Harpys3Ku oreparopa IpH UCIoNb30BaHUU AR U npeioskeHsl peKOMEH Ay
110 MPOCKTUPOBAHUIO I/IH(I)OpMaIII/IOHHI)IX 3JIEMCHTOB, MUHUMHU3UPYIOINUX OTBJIICYCHUC
BHUMaHus [13].

[Homxox x coznannio AR-crucTemM Ha OCHOBE «MHXKEHEPHHY 3HAHUIDY, 00€CTIeUNBaIOIINIA
aBTOMarndeckoe popMupoBanue AR-MHCTPYKIHMI U3 CYIIECTBYIOIINX 0a3 TEXHMYECKUX
JaHHBIX [ 14], KOHIIENTYaIbHO ONM30K K PETM30BAHHOMY B HACTOSIIIEM HCCIICIOBAHUN
MOJTYJTIO aBTOMaTH3HUPOBAHHOTO UMITOPTA TEXHOJIIOTHIECKUX KapT.
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VYyensle u3 ['epManny IpoBeNn CpaBHUTEIBHBIN SIKCIIEPUMEHT 10 HCIOIB30BAHUIO
AR (Microsoft HoloLens), nnanmiera u OyMa>kKHBIX HHCTPYKIHH, B X0/I¢ KOTOPOTO OBIJIO
yCcTaHOBIIEHO, 4TO AR obecrieunBaeT HanbOoJIbIIeE MPEUMYIIIECTBO HIMEHHO ITPU IIEPBOM
BBINIOJIHEHUH HE3HAKOMOM IPOLEAYPhI — CLEHAPH, XapaKTEpHBIN ISl BBOJIA B CTPOI
MOJIOJBIX CIIeIaInucToB [15].

Pazpabotana u anpobupoBana AR-crucremMa i1 00CITy>)KUBaHHSI CYTOBBIX JU3EITh-
HBIX ABHrareseil, 3aMKCHPOBaHO COKPAIEHHE BPEMEHHU BBIIIOIHEHHSI PEIIaMEHTHBIX
pabot Ha 27 %, 9To OMU3KO K pe3yapTaTaM HacToAlIero nccienopanus (24,6 %) [16].
Oco00 oTMeuaeTcss 3HAYMMOCTh aBTOHOMHOM paboTel AR-ycTpoiicTBa B yCIOBHUAX
OTpaHMYEHHOH ceTeBON MHPPACTPYKTYphl — IIpodieMa, TakKe akTyaiabHas IJIs Cellb-
CKOXO3AHCTBEHHON 3KCILTyaTallHu.

Bwmecte ¢ TeM aHanu3 nUTEpaTyphl BBIABISET, UTO a0COIIOTHOE OOJIBIIMHCTBO
SKCIIEpUMEHTANBHBIX UccaenoBaHui AR mpoBeeHo B yCIOBUSAX MPOMBIIUIEHHOTO
MPOM3BOJACTBA (aBUAILIMA, aBTOMOOHMIIECTpOCHHE, SHepreTuka). [Ipumenenne AR mms
TEXHUYECKOTO 00CTYKUBAaHUSI MOOWMIIBHBIX MAallliH, SKCILTYaTHPYEMBIX B TIOJIEBBIX
YCIIOBUSIX, U3yUEHO 3HAUUTEIILHO ciialee.

[Mpumenenne AR/VR-TexHONOTHH B arpapHOM CEKTOPE HAXOIUTCS HA paHHEH CTaIuH
uccienoBaHui. AR npenMyIeCTBEHHO U3y4aeTcsl B KOHTEKCTE TOUHOTO 3EMIICIETHS
(Bu3yanu3alys JAHHBIX JAaTYUKOB, HABUTAlMA) U OOy4EHUsSI ONEPaToOpOB, TOTNA KAK
npuMeHeHne AR B TEXHHYECKOM CEPBHUCE CEIIbCKOXO3IHCTBEHHOM TEXHUKH PEICTaB-
JIEHO eNMHUYHBIME pabotamu [17].

Agtopsl P. Phupattanasilp u S.-R. Tong cuctemaTi3upoBaiu OnbIT HCIOIb30BAHUS
AR B cenbcKoM X03S5HCTBE U BBIACIHMIIM ISITh OCHOBHBIX HalpaBleHUH: 00y4yeHne, Mo-
HUTOPHHT TIOCEBOB, YIIPaBJICHUE )KHBOTHOBOJCTBOM, HABUTallWsl TEXHUKH M TEXHUYE-
ckoe obcayxuBanue [18]. OHM OTMEUAIOT, YTO MMOCIIeIHEE HAIPABICHUE UCCIICIOBAHO
HauMeHee MOIHO.

OTteuecTBEHHBIE YUeHBIE 00OCHOBBIBAIOT BHeApeHUue AR-TexHOIOTHI u1d Tex-
HUYECKOTO OOCITY)KMBaHHUS CENbXO3TEXHUKH, MpeJarasi HCIOIb30BaHHE MOOMIIBHBIX
pEIIeHH I OTIepaTUBHOTO AOCTyNa K JOKYMEHTAIMH B TOJEBBIX YCIOBHX [19].
IToguepkuBaercs sKoHOMHUUECKas 3G GeKTHBHOCTH BHepeHus AR 3a cuer cokpareHus
IPOCTOEB TEXHUKH M ONTHMHU3aMK paboThl mepcoHaina. Takxke nocrasieHa nmpobnema
MHTErpaluu TexHoiorndeckux kapt TO B cucteMy IONIOJHEHHON peanbHOCTH, U 000-
CHOBaHa HEOOXOAMMOCTh aBTOMAaTH3UPOBAHHOTO UMIIOPTa JAHHBIX U3 CEPBUCHBIX 0a3
MPOU3BOANTENCH TEXHUKH.

KiroueBoii Bkinag B pa3pabOTKy OTEUECTBEHHBIX NMPUKIaAHBIX AR-pemennit nis
TEXHUUYECKOTO cepBHca celabxo3TexHuku BHec P. JI. TonuapoB. ABTop 000CHOBBIBAET
nepexo]] Ha OTKPBIThbIE OMONMMOTEKH, MpeAIaraeT MeTOIbl TpaHChOpMaLuH IKCILTyaTa-
IIMOHHON OKyMEHTAlluM B MHTEPAKTUBHBIE CIICHAPUU U IEMOHCTPUPYET COKpalleHue
BpEMEHH TTOMCKa HEUCTIPABHOCTEH Yepe3 HaTypHbIC HCIBITAaHHUS Ha 36PHOYOOPOUHBIX
koMOaitHax [20].

Hcnons3oBanne JOMOTHEHHONW PeaTbHOCTH MOXKET COKPATHTh HETIPON3BOANTEIbHBIE
3arparbl BpEMEHH Ha TIOWCK WH(OPMAIINH, TIOBBICUTH HATTISTHOCTh TEXHOJIOTHYECKIX
onepauuili ¥ CHU3UTh 3aBUCHMOCTb PE3yJbTara OT YPOBHS KBaJU(HUKALUU UCIIONHU-
Tesis [6]. biu3kue BBIBOABI MOTY4EHBI B HCCIIEIOBAHUY, [TOCBSILIECHHOM [IPUMECHEHUIO
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MHTEPAKTUBHBIX TEXHOJIOTHI 151 TEXHUYECKOW MOJIEPKKH B 00CITYKHBAaHHHU CETbCKO-
XO3SUCTBEHHOH TeXHUKU [7]. B COBOKYIHOCTH 3TH JaHHBIE TOATBEPIKIAIOT aKTyallb-
HOCTB TIEpexo/ia OT CTAaTHYHOM TOKYMEHTAIlMH K KOHTEKCTHO-3aBUCHUMBIM [IU(QPOBHIM
CpeACTBaM MOAJICPKKH.

TakuM 00pa3oM, CyIIeCTBYET BBIPAKCHHBIN HCCIIEA0BATEIbCKUN MPoOeN: mpu
o0mMpHON oKa3aTenbHOU 6aze 3¢ dexTnBHOCTH AR M HapacTaroeM WHTepece
K I1(poBU3aIMM arpapHOTO CEKTOPa, KOINYECTBEHHbIE SKCIIEPUMEHTAIbHBIE JaHHbIE
0 npuMeHeHnH AR npu TeXHHYECKOM 00CIYKMBAaHHH CEJIbCKOXO35HCTBEHHBIX TpPakK-
TOPOB (PaKTUYECKH OTCYTCTBYIOT.

Br16op anmapaTtHoii m1aTdOpMBel ABISETCS KPUTHIECKUM (HaKTOPOM, ONPEAETISIO-
IIMM MIPAKTHYECKYI0 MPUMEHUMOCTh AR-pemienns. CoBpeMEHHBIN PHIHOK ITpesiaract
HECKOJIKO KaTeropuil yCTPOMCTB: OMHOKYJISIpHBIE OYKHM C MPO3PAYHBIMH AUCIUICSIMH
(Microsoft HoloLens 2, Magic Leap 2), MOHOKY/IApHBIEe TpoMBbILLIeHHBIE 0ukH (Real Wear
HMT-1, RealWear Navigator 500, Google Glass Enterprise Edition 2, Vuzix M400),
a Taroke TianmeTHeie AR-cuctemsr [21].

CpaBHUTENBHBIN aHaNN3 TUIATGOPM ISl IPOMBIIUIEHHOTO IPUMEHEHUSI TIOKA3al,
yro st 3a1a4 «hands-free maintenance» Hanboee MPUTOAHBI MOHOKYIISIPHBIE YCTPOIi-
CTBa C TOJIOCOBBIM YIIPABICHUEM, TIOCKOJIBKY OHH HE OIPaHUYHMBAIOT NepU(epuitHoe
3peHue oreparopa u 00eCreunBalOT MaKCHMAaIbHYI0 0€30IIaCHOCTh TIPH paboTe ¢ TEXHHU-
Kot [22; 23]. Uccnenorarenu conoctaBmian HoloLens 2 m RealWear HMT-1 B 3amagax
YAAJIEHHOW SKCIIEPTHON MOANEPKKHU IPU PEMOHTE 000pYIOBaHUS U YCTAHOBHIIH, YTO
RealWear obecrieunBaet 60sbI1yI0 CyObEKTHBHYIO YIOBIETBOPEHHOCTH OIIEPaTOPOB 32
cdet MeHbIero Beca (380 T u 566 T) U OTCYTCTBHUS EPEKPBITUS OIS 3pEHUSL.

J17151 oJIeBBIX YCIOBUH CENBCKOX03HCTBEHHOM AKCIUTyaTally JONOTHUTEILHBIMU
KPHUTEPHUSIMU BBIOOPA SIBIISIFOTCS: KIIACC 3aIUThI OT IBUTH U Biiaryu (e Humxke [P66), aBro-
HOMHOCTH aKKyMYJISITOpa (He MeHee § 1), yCTOHUYMBOCTh K MEXaHHYECKUM BO3IEHCTBUSIM
1 pabOTOCIIOCOOHOCTD MPU MIMPOKOM Jinana3one Temmeparyp [17; 19]. RealWear HMT-1
YIOBIIETBOPSIET COBOKYITHOCTH yKa3aHHBIX TpeboBaHuii: [P66, aBToHOMHOCTB 70 10 1,
pabounii quana3on temmeparyp ot —20 g0 +50 °C, cepTudukaius no cTaHgapTaMm
MIL-STD-810G.

[IpoBenenHslit 0630p MO3BOISET CHOPMYIUPOBATH CIACLYIOLIIE HEPELIEHHBIE BO-
IPOCHI, OTIPENEIIAIONINE aKTyaJIbHOCTh HACTOALIETO UCCIEA0BaHMUSA:

— OTCYTCTBHE IKCIEPHMEHTAJIbHBIX NAaHHBIX IJIS arpapHoro cexkropa. Komnue-
CTBEHHBIE OLICHKH (PPEeKTUBHOCTH AR B TEXHMYECKOM CepBUCE MAIIMH IOITY4EHBI
MPEUMYIIECTBEHHO I MPOMBILIICHHOTO 000pYIOBaHH (aBUALIIOHHbBIE ABUTATEIH,
ABTOMOOWJIBHBIE Y3IIbl, JHEPTETHUECKHE YCTAaHOBKHM) [24]. DKcriepiMeHTaNbHbIEC TaHHbIE
IUISL CEbCKOXO3SICTBEHHOM TEXHUKH OTCYTCTBYIOT, XOTS clieln(HUKa UX 00CITyKIBa-
HUSl (Pa3HOPOTHOCTH MapKa, MOJNEBbIe YCIOBHSA, Pa3InUHbIA YPOBEHb KBaJTHU(QHUKALIUH
NepcoHala) CylnieCTBEHHO OTIMYAETCS OT MPOMBIIIJICHHBIX CLIEHAPHEB;

— 3aBUCHMOCTb CylecTByronmx AR-pemennii ot cereBoit uH(pacTpykTypsl. bosb-
HIMHCTBO OITMCAHHBIX B IUTepaType AR-crcTem s TeXHUYecKoro cepBrca QyHKIHO-
HUPYIOT B pEXKUME 00JIAYHOTO TTOKIFOYCHHUS, YTO HEMTPUEMIIEMO TS CEITbCKOXO3SICT-
BEHHOI 3KCIUTyaTalluu IPU yCIOBUSIX OTCYTCTBHS YCTOHUMBOIO MHTEPHET-OKPBITHS
B CEIbCKOM MecTHOCTH [19];
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— npobJeMa UMIopTa TexHoJorndeckux kapt. CymecTtBytomune AR-pemenns, kak
NpPaBUIIo, TPEOYIOT PyYHOTO CO3/1aHHS MOLIATOBBIX MHCTPYKLUH, YTO JeJaeT MacIiTa-
OMpoBaHUE CHCTEMBI Ha IIMPOKUN MAPK TEXHUKH YKOHOMUYECKH HEIPPEKTHBHBIM.
ABTOMaTH3UPOBAHHBIA UMIOPT JaHHBIX M3 CEPBHCHBIX 0a3 MPOHM3BOAUTENEH (TaKHX
kak John Deere Service Advisor) octaercsi HepeIICHHOM 3a/1auci;

— HEJIOCTaTOYHAs OI[eHKA BIUSHUSI AR Ha HAYMHAIOIIUX CIIEIUATUCTOB. XOTS P
aBTOpOB oTMedaeT, uTo AR Hanbomee rddekTrBHA TpH pabOTE C MAIOOMBITHRIM TIEp-
COHAJIOM, CHCTEMaTH4YeCKNE SKCIIEPHMEHTAIBHBIC TAHHBIC ISl KaTeTOPUH «MOJIOOH
CIIELIMAJIICT B CEIBCKOM XO3SHCTBE» OTCYTCTBYIOT, HECMOTPSI Ha OCTPOTY KaJIpOBO
npobnemsl B otpachu [11; 15].

Taxum 00pa3zoM, akTyallbHOH Hay4yHOI 3aa4eil sBIsieTcs pa3padoTKa U HKCIICPH-
MEHTaJbHas anpoOayst aBTOHOMHOW CHCTEMbI HH(POPMAILIMOHHOM NOAJEPIKKH OIepa-
TOpa, aJalTHPOBAHHOHN K MOJICBBIM YCIOBHSIM 3KCIUTyaTallud CEeTbCKOX03IHCTBEHHON
TEXHUKH, OCHAIICHHON MOJYJIEM aBTOMaTH3HMPOBAHHOTO UMIIOPTA TEXHOJIOTHYECKUX
KapT 1 QYHKIUOHUPYIOIIEH Ha HOCUMBIX yCTpOHCTBax kiacca «hands-freey.

MATEPHUAJIBI U METO/IbI

O6vexkm uccneoosanus

OOBEKTOM HCCIIEIOBAHUS SBISIICS TEXHOJIOTHUUECKHH MPOIECC €XeCMEHHOTO
texaHndeckoro oocmyxkuBanus (TO-10) Tpakropa John Deere 6125M (HomuHAMBHAS
MOIITHOCTH apurarens — 132 kBT). Beibop nanHo# Momenn o0yCIIOBIEH ee IMUPOKOH
pacpoCTPaHEHHOCTHIO Ha CEIbCKOXO3IHCTBEHHOM MPOU3BOACTBE, BRICOKON HACHI-
IMIEHHOCTHIO AJIEKTPOHHBIMH U THJIPABINYECKUMHU CHCTEMaMU, a TAKXKe HAINYUEM
JIETAIM3UPOBAHHOTO PETIaMEHTa TIPOU3BOIUTEIIS C YETKO CHCIU(UIIMPOBAHHBIMU
KOHTPOJIBHBIMHU TOUKAMHU.

Memoowt, 060pydosanue u npoyedypa ucciedo6anus

B xadectBe miatgopmMel HHGOPMALMOHHON MOAJIEPKKH OIIEPaTOpa UCTIOIL30BAHBI
npombinuieHHble AR-oukn RealWear HMT-1 (puc. 1). O6ocHoBaHue BEIOOpa JaHHOTO
YCTPOICTBA OIPENENSUIOCh COBOKYITHOCTBIO SKCILTYaTallMOHHBIX TPEOOBaHU: HATTHYHE
MOJTYJISI TOJIOCOBOTO YIIPABJICHHS, 00 CIIEIUBAIOIIETO PEKUM PAOOTHI «CBOOOTHEIE PYKIDY
(hands-free) B cooTBeTCTBHM C TPEOOBAHUSMHE OXPAHBI TPyAa MIPH 00CTY>)KUBAaHUH TEX-
HUKH; KJ1acc 3aiuThl [P66, monmyckaromnuil SKCIuTyaTaluio B yCIOBUIX 3alIbLIIEHHOCTH
¥ TIOBBIIIIEHHOH BIQYKHOCTH; MOHOKYJIAPHBIA MUKpOIUCILIeH (pa3pemenue 854 X 480 mik-
cerneii), He IePEeKPHIBAIOIINI OCHOBHOE TI0JI€ 3pEHUS OIeparopa; BCTpOeHHas Kamepa
16 MI1; eMKOCTh aKKyMyJIsITOpa, 00eCIIeYMBAarOIasl HEIIPEPHIBHYIO pabOTy B TEUCHHE
paboueli cMeHEI (10 8 ).

[IporpaMmHas yacTh KOMIDIEKCA MPEICTaBICHA AaBTOPCKUM MOOHIIEHBIM MTPUIIOKSHUEM
«n¢poBoii acCUCTEHT MHKEHEPay», pa3padoTaHHBIM Ha si3bIke Kotlin ¢ npuMeHeHnem
apxutekTypHoro narrepsa MVVM (Model-View—ViewModel) u npunnumnos Clean
Architecture. KittoueBoii 0c0OEHHOCTBIO cTalla CIOCOOHOCTH paboTaTh 0€3 MOAKIIOUEHHUS
K ceTH Onaromapst BCTpoeHHoU 0a3e gaHHbIX Room (SQLite) — 3T0 npUHIMIHAATIBEHO
Ba)KHO MPH IKCIUTyaTallly B YCIOBUAX yIaJIeHHBIX 00bEKTOB. [TaBHOE MEHIO COCTOUT
13 4 3JIEMEHTOB W MPEACTABICHO Ha PUCYHKE 2.
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CBEeMHBIH IOATOTOBHHK /
Removable Head Pad

CBeMHBIH TOTOBHOM peMeHb /
Removable Head Strap

Mukpodour Bl /

—

Mic Bl
. [Mlapaup Kameps /
Knomnka +—— Shoulder Joint
ITHTAHAS / DOHAPHK /
Power Button Flashlight
[IporpaMmupyemas
KHOTIKA / JTucrneii /
Action Button Display
]HapHHp/ s I\/IHKPOIQJOH Al/
Elbow Joint Camera Mic Al
\ [ToxBIZKHBIN JepKaTensb JHCIUTES /
Boom Arm

Puc. 1. Cxema ycrpoiictBa RealWear HMT-1
Fig. 1. RealWear HMT-1 device schematic

Hcmounuxk: anantupoBaHO aBTOPaMU HA OCHOBE JOKyMeHTaruu kK RealWear HMT-1".
Source: Figure 1 was adapted by the authors from RealWear HMT-1 documentation.

LinppoBoit accucTeHT LindpoBoi acCUCTEHT Liudposoit accucTeHT Undposoi accucTeHt
WHXeHepa MHXeHepa NHXeHepa VHXeHepa

/ > [ e

Pepaktop MNposeaeHne pa6or Otuetsl Hacrpoikn

CospaHme v PeRAKTUPOBaHHE MNowaroaoe BeinONHEHUE MpocMaTp oTueTos O HacTpoiika NpUnOxXenun
TEXHONOrUUECKMX KaPT TEXHONOTUUECKHX KAPT BLINONHEHMBIX PaBoTax accouvaumia paanos

P uc. 2. DneMeHTHI NNIaBHOTO MeHIO npuiioxkeHust «[[ndpoBoii aCCHCTEHT HHKEHEepay
Fig. 2. Main menu of the “Digital Engineer Assistant” application

Hcmounuk: CKpUHILIOT SKpaHa MPOrpaMMBbl C/ICNIaH aBTOPAMH CTATBH.
Source: Screenshot of the program screen was made by the authors of the article.

! RealWear: caiit [DnexrponHsiii pecype]. URL: https://support.realwear.com/knowledge/realwear-hmt-1
(mara obpamenus: 03.11.2025).
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PernamenT TO-10 npeayCMaTpuBacT BBIITOJHCHUEC CEMHU OCHOBHBIX onepaunﬁ

(ta6. 1).

Tadonuma 1
Table 1

Ilepeyens periiaMeHTHBIX ONEpPalHil eskeCMEHHOT0 TexHu4eckoro oocay:xuanus (TO-10)
TpakTopa John Deere 6125M (cornacHo madmaony omal226037 John Deere Service Advisor)

List of scheduled shift maintenance operations (SM-10) for John Deere 6125M tractor
(according to omal226037 John Deere Service Advisor template)

Ne Omneparws / Operation

‘ Conepxanue / Description

1 TlpoBepka TOIUIMBHOW CHCTE-
Mmsl / Fuel system inspection

2 IlpoBepka 3JIEKTPOCUCTEMBI /
Electrical system inspection

3 IlpoBepka ypoBHEH TeXHUYE-
CKHMX XXUAKOCTEH U OYMCTKA
Bo3xymrHoro ¢uiasrpa / Fluid
level checks and air filter
cleaning

4 OcmoTp 6axoB ¥ MarucTpaien
Ha onTekn Macia / Inspection
of tanks and lines for oil leaks

5 CnuB KOHJEHCATa U3 PeCHBe-
pa / Condensate drain from
receiver

6 Kommekc cMa309HBIX paboT /
Lubrication service complex

7 Odopmienne TOKyMeHTalnH /
Documentation

BusyasbHblit KOHTPOJIb TEPMETHYHOCTH TOIUTUBOIIPOBOIOB, COCTOSHHUSI
¢dueTpoB, ypoBHs TorutiBa / Visual inspection of fuel line integrity,
filter condition, fuel level

Kontpoins cocrosiaus kaemm AKB, 11e10cTHOCTH TPOBOIKH, paboTo-
CIOCOOHOCTH IPHOOPOB OCBENICHH U curHam3anuy / Inspection of
battery terminals, wiring integrity, lighting and signaling operability
KoHTponb ypoBHEW MOTOPHOTO Maciia, OXJIXKAAIOLICH KHUAKOCTH,
THIPaBIMYECKOTO Macia, o4rcTKa Bo3aymHoro ¢uisrpa / Check
engine oil, coolant, and hydraulic fluid levels; clean the air filter

BusyanbHBI 0OCMOTp Y37I0B Ha HAJHYHE MOATEKOB M KalelbHBIX
Teueit / Visual examination of assemblies for drips and seepage

OTKpBITHE CIIMBHOTO KJIallaHa, yIJICHHe CKOMUBIIET0Cs KoHieHeara /
Opening drain valve, removing accumulated condensate

Ob6cayxuBanue O6onee 15 ToYek CMa3KH: MEPEAHss HaBecKa, map-
HHPBI PYJIEBBIX KYJIAKOB MEPEIHEr0 MOCTA, HIJTMIEBOE COSTMHEHUE
KapJaHHOTO BaJia, CLEIHbIE YCTPOIICTBA, TOBOPOTHBIE MTOAIIHITHUKH,
MObEMHBIE TATH 3aJHEeH HaBECKH, TOUKH 3aJHero Mocta / Service
of 15+ lubrication points: front linkage, front axle steering knuckle
joints, driveshaft spline connection, coupling devices, pivot bearings,
rear linkage lift arms, rear axle points

3anonnenue xxypHana TO, dukcanys BBIIBICHHBIX 3aMeuaHuid /
Maintenance log entry, recording identified defects

Hcemounux: Tabmunpl 1, 2 cocTaBIeHbl aBTOPAMH CTATHH.
Source: The tables 1, 2 were compiled by the authors of the article.

Paccmotpenu nportece TO kak ympaBisseMyIo CUCTEMY, BBIXOIHON ImapaMeTp Ko-
Topoi (Bpems BeImoHeHHS TO) onpenensercs COBOKYITHOCTRIO BXOIHBIX (haKTOPOB.
Ob6mas ¢pyHKIHOHATBHAS 3aBUCUMOCTh UMEET BUJI:

TTO =f(X1,X2,X3,X4,X5),

rae T, — ob1ee BpeMs BBIOIHEHHUS KOMILIEKCA PErIaMEHTHBIX OIepaLuid, C; X, — METO.
MHPOPMaIIMOHHOTO obecneueHns ornepaTopa (BapbupyeMblil ¢pakTop); X, — ypoBEHb
KBaJIM(UKALIUU OnlepaTropa (CTax pabOoThI C JAHHBIM TUIIOM TEXHUKN); X, — CIO)KHOCTb
onepanyu TO (KOTUYECTBO IaroB B TEXHOJIOTHYECKO KapTe); X, — yCIIOBUS BHEIIHEN
cpenbl (OCBELIEHHOCTh, TEMIIEPATypa); X — BUA TEXHUUECKOTO OOCITYKUBaHUSL.
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JUst M30II1UK BIUSHUA HCclleyeMoro (aktopa X, Ha GyHKuuio otkiuka ¥ =T,
daxropsl X, — X; pukcupoBaHbl Ha MOCTOSHHBIX YPOBHsX (Tabm. 2). Takum oOpazom,
peann3oBaH 01HO(AKTOPHBIN SKCTIEPUMEHT C IBYMS YPOBHSIMHU BapHUPOBAHMSL:

X, = {0 — Tpapuuuonnas nokymenrauus (CG); 1 — AR-accucrent (EG)},

rae CG — xkoHTposbHas Tpymma; EG — onbITHAs rpymnma.

Tabonuma 2

Table 2
®akTOpHOE MPOCTPAHCTBO H YCJIOBHUS MPOBEAEHUS] IKCIIEPUMEHTA
Factor space and experimental conditions
Oo6o3HaveHue / 3Ha4YeHHe B IKCIIEPUMEHTE /
®dakrop / Factor Symbol Experimental value Craryc / Status

Merton HHPOPMAIIMOHHOTO X, 0 — TpanunonHas gokymenranms (Ser- Bapbupyemsiii /
obecrnieuenus / Information vice Advisor); 1 — AR-accucrent / 0 — con- Variable
support method ventional documentation; 1 — AR assistant
Ksamudukamnus omneparo- X, HauanpHbId ypoBeHB (CTymneHTHI HHXe- Bapbupyemsrii /
pa/ Operator qualification HepHOTro mpodusi, 6e3 onbiTa paboThI Variable

¢ oowsexTom) / Entry level (engineering

students, no prior experience with the

object)
Cnoxunoctb oneparuu TO / X, TO-10: 7 onepanwuii, > 15 Touek cMa3ku /  DukcupoBaH /
Maintenance complexity SM-10: 7 operations, > 15 lubrication points Fixed
Venosus cpeast / Environ- X, 3akpsbiThiii 6oke: t=20-22 °C; E>300 1k / ®Dukcuposan /
mental conditions Indoor bay: = 20-22 °C; E > 300 Ix Fixed
Bun TO / Maintenance type X Execmennoe (TO-10, mepuogmunocts  @DukcupoBaH /

10 moto-4) / Shift maintenance (SM-10, Fixed

interval 10 engine-hours)

Oo6mee Bpems BoeimoHeHUsT TO TpeacTaBieHo Kak CyMMa BPEMEHHBIX 3aTpar 1o
KaKJ0M 13 N perlaMeHTHBIX OTIepaIlfii, IPH 3TOM BpeMsl KaXKII0H OTIepaIiiy CTPyKTypHO
JIEKOMIIO3MPOBAHO HA TPH KOMITOHEHTA!

N
TTO = Z(timpi + tinfi + tnexti)’
i=1
TI€ £, ; — BPEMsl HEMOCPEICTBEHHOTO BBIIIOJIHEHHS - OTlepaliii (MaHyallbHbIC IEHCT-
BUS), C; £, ., — BpeMsl HH(GOPMALMOHHOTO TOKCKA JUIs i-i omnepaiuu (oOpaleHue K J10-
KyMEHTalluW, UACHTU(DUKALINS Y3JI0B U KOHTPOJIBHBIX TOUEK), C; £,...; — BPEMs Ilepexoa
MEXly OmeparusiMu (TlepeMenieHine BOKPYT MalluHbI, TOTOTOBKAa HHCTPYMEHTA), C;
N — xonn4ecTBO periaMeHTHBIX onepanuit TO-10.

Pabouas runoresa uccnenoBaHus 0a3upyeTcsl Ha IPEANOI0KEHUN O TOM, YTO
AR-accHuCTeHT OKa3bIBa€T MPEUMYIIECTBEHHOE BO3EHCTBIE Ha MH(POPMAIIMOHHYIO
COCTaBJISIFOILYIO /, ;,, MUHUMH3HPYS HEIPOU3BOAUTEIILHBIC 3aTPaThl BPEMEHH Ha TIOMCK
Y MHTEPIPETALUIO TeXHHUecKor nHpopManuu. PopMaibHO AaHHAs TUIIOTE3a BbIpa-
JKAETCSl COOTHOIICHUEM:

R =tk THe 0 < kyp <1,

inf i
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rne k,, — Koo PuIueHT cokpaimieHns: BpeMeH! WH()pOPMALMOHHOTO MTOUCKA MPHU
ucnonbs3oBaHnu AR-accuctenTa (OIIEKUT IKCIEPUMEHTAIHBHOMY ONPEIECTIECHUIO);
tﬁ? ;U tit;?i — BpeMsl MH(OPMALMOHHOIO MIOUCKA IIPU TPAJULIMOHHOM METOJE U IpU
HCIIONB30BaHNHN AR-accucTeHTa COOTBETCTBEHHO.

s ctatuctrueckoi hopMaIu3aiuy CpaBHUTEIBHOTO YKCIIEPUMEHTA TIPUHATA
JIMHEWHAast MOJIeIb JIJIsl IByX HE3aBUCUMBIX TPYTII:

T, =p+1, +g,,

rie 7T, — Bpems Bbimonnenus TO j-M oreparopoM B i-if rpymme, ¢; u — olliee cperee
3HayeHue Bpemenu TO, c; T, — GUKCHpOBaHHBIN 3B QEKT i-To MeToaa NHPOPMALIMOHHOTO
obecrieyenws (i=1-CG, i =2 - EG); g, — ciy4aiiHas OuMOKa, peAronaraeMasi HOpMajibHO
pacnpesieNIeHHO! ¢ HyJEBBIM CPEAHUM M TOCTOSTHHOM Jucnepcueii; j =1, ..., n,rae n =25.

[IpoBepsiemas cratuctuueckas rumoresa: H, : 1, = 1, (MeToq HHPOPMAIIMOHHOTO
obecnieuenus He BrusieT Ha Bpemsi TO); H, : T, # T, (METOI OKa3bIBa€T CTATUCTHYECKH
3HaYNMOE BITUSHHE).

st mpoBepKU TUMOTE3bl NPUMEHWIH f-KpuTepuid CThIONEHTa IS He3aBHCUMBIX
BBIOOPOK:

rae T, Tp; — cpennue apudpmerndeckrue BpeMeHH TO B KOHTPOJIBbHOM M ONBITHOM
rpymmax, ¢; Se, S — BEIOOPOUHBIE JUCIICPCHH, C2; Neg = Ngg = 25.
[IpenBapurenbHas MpoBepka JOMYIIEHNs 0 HOPMaJIbHOCTH paclpeiesieHHs TaHHBIX
B Ka)XJI0W TpyImie BhImonHAnach no kpurepuro Hlanmpo — Yunka (W-tect). Hynepas
TUTIOTE3a O HOPMAaJTLHOCTH MpUHUMATack ipu p > 0,05.
J1st KONMM4ecTBEeHHOH OLIEHKH MPAKTHYECKOH 3HAYNMOCTH OOHAPYKEHHBIX Pa3THIHi
paccuntas pasmep 3ddekra mo Kosny d:

TCG — TEG
S

p

d=

b

TIe Sp — 00beIMHEHHOE CTaHIaPTHOE OTKIOHCHHUE:

(nCG _1)Séc +(nEG _I)Séc
Aeg + Mg —2 '

WnTepriperanus 3HaueHn# d ocymiecTsisuiack mo mkane Kosna: d = 0,2 — mansiid
addext; d = 0,5 — cpennnit; d > 0,8 — Gonmbioi 3pdexr.
OTHOCHUTENBHBIN KOAQPULIMEHT TOBBILIICHUS 3)(HEKTUBHOCTH PACCUUTAIIH:
T..-T,
n= €6 TEG 100 %.

CcG

9,
O
—
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[enepanbHyI0 COBOKYIHOCTB COCTABUIIN CTYACHTHI HHKEeHEPHOTO mpoduns Cubup-
CKOT'0 TOCYIapCTBEHHOTO YHUBEPCUTETA HHKCHEPHH U OMOTEXHOJIOTHI ¢ HaYalbHBIM
ypOBHEM KBaJIM(PUKAUK (OTCYTCTBUE MPAKTUYCCKOTO OMbITa PabOThl C 0OBEKTOM
uccienoBanus). Beioop maHHON reHepaibHOM COBOKYITHOCTH 000CHOBAH TEM, YTO OH
MOJENIMPYET MPAKTUIECKH 3HAYMMYIO CUTYaIlIO BBO/IA B CTPOX MOJIOJBIX CIICIIHAIH-
CTOB — HanboJIee MacCOBYIO KaTETOPHIO ONIEPaTOPOB, UCTIBITHIBAOIINX 3aTPYIHEHUS TIPU
MIPOBEICHUH PETIIaMEHTHBIX paboT. O0muit 00heM BEIOOPKH cocTaBmi N = 50 deoBexk.
Pacnpenenenue o rpynmnam BbIIIOJHEHO METOOM MPOCTON paHIOMHU3ALH:

KontponsHas rpynmna: n., = 25 oneparopos, BeimoaHsaBmux TO-10 ¢ ncrnons3osa-
HUEM cTaHAapTHoro mabiaoHa omal226037 John Deere Service Advisor (TekcToBbIe
MHCTPYKLUH C rpad)nueCKUMU MPUIIOKEHUSIMU Ha SKpaHe IUIaHIIeTa).

OmneITHas rpymnmna: n,; = 25 oneparopos, BemonHABmUX TO-10 ¢ npumeHeHneM
IpOrpaMMHO-anmnapaTHoro kommiekca «L{uppoBoii acCUCTEHT MHXKEHEpa» Ha OYKax
RealWear HMT-1.

O0beM BBIOOPKH (7 = 25 B KaXKIOH IpyIIie) oNpeeNieH, HCX0sd U3 TpeOoBaHUHI
K peTpe3eHTaTHBHOCTH JaHHBIX B IKCIIEPUMEHTAIBHBIX UCCIEAOBAHUIX, K 00€CTIeYnBaeT
BBITIOTHEHUE YCIOBUI MPUMEHUMOCTH MapaMeTprIecKux Kpurepues. HopmansHOCT
pacrpeneneHus B KaKI0H rpyTie noaTeepskacHa kpurepuem Llammpo — Yunka (p > 0,05).

Jist obecrieuenust BHyTPEHHEH BaJIMIHOCTHU SKCIIEPUMEHTA yCIIOBUS €TI0 IPOBEACHUS
ObUIN CTaHAAPTU3UPOBAHBL:

— paboThI BHIIONHSIINCH B 3aKPBITOM JIa00PaTOpHOM OOKce Kaeapbl SKCIUTyaTaluu
MAaIIMHHO-TPAKTOPHOTO NapKa;

— TeMIieparypa Bo3yxa noajepxusanacek B nfuanasone 20-22 °C;

— UCKYCCTBEHHasI OCBELIEHHOCTh paboueii 30061 He MeHee 300 Tk (KOHTPOJIb IOBe-
pennbsM smokemerpoM TKA-ITKM, knacc Tounoctu 2);

— Tepe] KaKAbIM 3aMepoM 000pyI0BaHIE TPAKTOpa MPUBOJMIOCH B CTAHJAPTHOE
MCXOIHOE COCTOsIHUE (YHU(DUKAIHS CTAPTOBBIX yCIOBUH);

— KaXJIOMy OIleparopy Mepea HayajaoM paOoThl IPEeI0CTABIISIICS OJMHAKOBBIN 10
MPOIOIKUTENHHOCTH (5 MHMH) BBOIHBIM HHCTPYKTaX MO COOTBETCTBYIOIIEMY METOAY
(mrabmon Service Advisor — st CG, AR-ouku — miia EG);

— TIOPSIIOK BBITTOJTHEHHSI OTIEPAIii COOTBETCTBOBAJ TEXHOJIOTHYECKOH KapTe mpo-
W3BOJUTENS U ObLI UACHTUYEH Ul 00EUX IPyIII.

W3mepeHne BpeMeHH BBINOJIHEHNUS PEIIAMEHTHBIX ONEPaLHii POBOAUIOCH METOAOM
CIUIOLITHOTO XPOHOMETpaXka C MCIOIb30BaHUEM CEPTH(GHUIINPOBAHHOTO 3JIEKTPOHHOTO
cexynaomepa «Murerpan C-01» (muckperaocts 0,1 ¢). Pukcuposanock odiiee Bpems
nonHoro nukiaa TO-10.

XpOHOMETPUPOBaHUE OCYLIECTBISUIOCH ONHUM U TEM K€ HabmomareneM ais
WCKIIIOUYEHUS CyObEKTUBHON MOTPEIIHOCTH MEXAY 3aMeplIMKaMu. JJaHHbIE MPOTOKO-
JMPOBAIUCH B AIICKTPOHHYIO TAOIHILY JUIsI TOCIENYIONIel CTaTUCTUIECKOH 00paboTKH.

PE3VJIBTATbI HCCJIEAOBAHUSA

B xozne sxcriepuMeHTa BBIIOJIHEH CPABHUTENIBHBIN XPOHOMETPAK CEMH PEINIAMEHT-
HeIX oneparuit TO-10 tpakTopa John Deere 6125M B KOHTPOIBHON H OIBITHOM TPYIIIIE.
Pesynbrare! npencrasieHs! B Tabmmme 3.
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Tabnanuna 3
Table 3
CpaBHuTeJbHbI XxpoHoMmeTpax onepauuii TO-10 Tpakropa John Deere 6125M (N = 50)
Comparative timing of SM-10 operations for John Deere 6125M tractor (/V = 50)

o . CG,c(M+=SD)/ |EG,c M £SD)/
Ne Omneparms / Operation CG,s(M+SD) | EG,s(M=SD) A, % . p
1 HpOquKa TOIUIUBHOW CHUCTEMBI / 784+ 14.8 68.2+ 106 13.0 2.80 <0.010
Checking fuel system > > ’ ’ > > >
2 Ilposepka snekrpocucteMsl / Che- 9124158 804+ 11,6 118 2,76 <0010

cking electrical system
3 IlpoBepka ypoBHEH >KUIKOCTEH

U OYUCTKA BO3AyLIHOTO (uiabTpa /
Checking fluid levels and cleaning 108,6 19,4 94,8+ 14,2 12,7 2,87 <0010

the air filter
4 OcMmoTp 6akoB U MarkcTpaye Ha oj-
teku / Tank and line leak inspection

5 Cnus xoHzeHcara u3 pecusepa / Con-
densate drain from receiver

742+ 132 68,6+ 10,8 75 1,64 >0,050
38,6+ 8,4 36,2+ 7,4 6,2 1,07 >0,050

* -
6 Komnaexe cwasounbix pabor™ /Lu- 336 44 568 2704+386 196 481 <0,001
rication service COmpleX

7 O¢opmnenne noxymentanuu / Docu- 932+17.6 Ok 100,0 - -
mentation
O6uiee Bpems / Total time 820,6 + 123,8 618,6 + 94,8 24,6 6,48 <0,001

Ipumeuanue: *Komiieke cMa304HBIX paboT BKIoYaeT obcinyxuBanue 6omnee 15 Touek cMmasku:
HepeIHss HaBecKa, MApHUPBI PYJICBBIX KYJIaKOB MEPEAHEr0 MOCTa, IUIMIEBOC COCAMHCHHE KapIaHHOTO
BaJIa, CLEIHbIC YCTPOUCTBA, IOBOPOTHBIC MOLIUITHUKY, ObEMHBIE TATH 33/{HEH HABECKH, TOYKHU 33JHETO
MocrTa (COINIacHO PEerIaMeHTy POU3BOAUTEN); **POopMUPOBaHHE OTYCTHON JOKYMEHTALMH BBIIOIHSICTCS
ABTOMAaTH4eCKHU MOAYJeM IporpamMsel «L{ndpoBoil acCHCTEHT MHXEHEpay B MpoLiecce NPOBEICHNS Olle-
parmii 1—6 6e3 JONONHUTENBHBIX 3aTpaT BPEMEHHU OIepaTopa.

Note: *Lubrication service complex includes servicing of 15+ lubrication points: front linkage, front axle
steering knuckle joints, driveshaft spline connection, coupling devices, pivot bearings, rear linkage lift arms,
rear axle points (per manufacturer’s schedule); **Report documentation is generated automatically by the
“Digital Engineer Assistant” software module during operations 1-6 requiring no additional operator time.

OO01mast MpooLKUTENTbHOCTH BhionHeHus TO-10 npu ucronb3oBanuu AR-accucrenta
cokparuiack Ha 202,0 c, uro coctaiseT 24,6 % — ¢ 820,6 = 123,8 ¢ B KOHTPOJIBHOI
rpynme 10 618,6 + 94,8 ¢ B onbITHO# rpymie.

Hesnaunmoe (p > 0,05) cokpamenue 3auKCHpOBaHO Ha OTEpaIusIx ¢ mpeodia-
JTAHWEM TIPOCTHIX MaHyaJbHBIX IEHCTBHUI: OCMOTp OaKOB M MarucTpalieil Ha OATEKH
Y CIIMB KOHJIeHcaTa U3 pecuBepa. [lociennss onepanus sBISIETCS JIEMEHTAPHBIM
MEXaHU9IECKUM JIeHCTBHEM (OTKPBITHE CITMBHOTO KJjlamaHa), Tpu KOTOpoM HH(OpMa-
[IUOHHBIN TIOUCK MPAKTHYECKN OTCYTCTBYET, MOATOMY AR-accucTeHT He oOecrieunBaeT
3HAYUMOTO MPEUMYIIeCTBa. JJaHHBIN pe3ynbTaT MOATBEpKAAeT PaOOUYI0 TUIIOTE3Y
0 IPEeUMYIIECTBEHHOM Bo3/elicTBUH AR Ha WH(OPMAIMOHHYIO COCTaBISIONTYIO
nporecca f, ;: 4eM BBIIIE A0JI1 HHPOPMAILIMOHHOTO MOKCKA B ONEPALlH, TeM OOJIbIIe
3¢ ekt ot npumeHenus AR.

ManyasnbHas COCTaBISONIAs (HEOCPEICTBEHHOE BBIMIOJIHEHUE TEXHUUECKUX JICH-
CTBUI) COKpaTUIacCh HE3HAYUTENbHO — Ha 2,2 % (¢ 532,0 mo 520,2 c). lanHoe cokpa-
IIeHUEe 00BSICHSETCS 00Jiee YBEPCHHBIMH M TOYHBIMU JICHCTBUSIMH OTIEPATOPOB, MOJTY-
YaIOIIMX MMOIIArOBbIC BU3YyalbHbIC HHCTPYKIIMH, YTO CHUXKAET KOJIMYECTBO MOBTOPHBIX
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Y KOPPEKTUPYIOLINX ABHKEHUH. BpeMs mepexomoB Mex 1y onepauusiMi YMEHBIIUIOCH
Ha 6,6 % (c 75,4 no 70,4 c) 3a cueT ONTHUMH3ALMU MapLIPyTa OllepaTopa BOKPYT MAILMHbI,
oOecrneunBaeMoi JTOTHYECKO TOCTIe10BaTelbHOCTRIO 1aroB B AR-kapre.

CornacHo obmenpunsToii mxane Kosna (d = 0,2 — manslii a¢dexr; d = 0,5 — cpenanit
a¢pdekr; d > 0,8 — Oonbioi 3¢ dekr), noaydeHHoe 3HadeHue d = 1,83 cBUACTEIBCT-
ByeT 00 oueHb O0JIBIIOM pa3Mmepe dddekTa, CyImecTBeHHO peBhImaionieM nopor 0,8.
Buenpenne AR-accucTenTa 0OKa3piBaeT BRIPAKEHHOE MPAKTHIECKOE BO3ICHCTBHE Ha
nponospkutesbHoCTH TO.

OBCYXJIEHUE

AHanu3 NaHHBIX TAOIUIIEI 3 BRISBISET JBa IPUHIMITHAILHO PAa3IMYHBIX MEXaHU3Ma
NOBbIEHNS 3PPEKTUBHOCTH.

[lepBrIit MexaHW3M — aBTOMAaTH3aLuUs JOKyMeHTHpoBanus. Onepanus 7 «Odopmie-
HHE JOKYMEHTAL[H» MOJTHOCTBIO HCKITIOUeHA U3 Paboyero HKIIa OepaTopa ONbITHOM
rpynmbsl. Moylib aBTOMaTHUECKOM 0TY4eTHOCTH AR-accucTeHTa (PUKCHpYeT XpOHOME-
TPHYECKHE JaHHBIC M PE3YJBTAThI KAXKI0H orepanni B QOHOBOM peXKUME IO Mepe MX
BBITIOIHEHUS ¥ POPMUPYET TOTOBBII MPOTOKOJ O€3 ydacTus oneparopa.

Bropoii Mmexann3M — cokparienne HHPOPMALMOHHOTO MMOUCKa. B dncie TexHomo-
THYECKUX Omeparuii (mo3uuu 1—6) MaKCUMaIbHBIA PE3yIbTaT OTMEUYEH MPHU BHITION-
HeHnH oneparun 6 «KoMrureke cMa304HbBIX paboT» — yMeHbIeHue Ha 19,6 % (mepexon
oT 336,4 + 56,8 c x 270,4 +£ 38,6 c, bomp = 4,81, p <0,001). OTa onepanus OTIIHYAETCS
HaWBBICIIeH HHOOPMAITMOHHOM CJIOKHOCTBIO, TaK KaK CIIEIUAINCTY TpeOyeTcs orpe-
JISIINTh MECTOTIOIOKEHHE U TTOCIIEA0BaTeIbHO 00paboTarhk Oosee 15 cMa30uHBIX Y3II0B,
pa3MEIIEHHBIX B PAa3HBIX CEKUUAX TPAaKTOpa. B KOHTPONBHOM IpymIe CyliecTBEeHHAs
94acTh BPEMEHH yXOAMJa Ha JIOKAIU3alMI0 TOYEK CMa3KH COMIACHO CXeMaM TeXHHYe-
CKOM TOKyMEHTAI[MU U UX COMOCTABIEHUE C PealbHbIMM KOMIIOHEHTAMH TEXHHUKHU.
B cBoro ouepenps, AR-accHCTEHT MpeAoCTaBIsIT MOATANMHYI0 BU3YAIN3ALNI0 KA I0TO
CMa304HOTO y3JIa C TEKCTOBBIMH MOJICKa3KaMH U TpaUueCcKUMU yKa3aTesIMH, 4TO 1AJI0
BO3MOXXHOCTbH 3aMETHO COKPATHTh JAHHBIN HEPE3yJIbTaTUBHBIN JTaIl.

Takum obOpazom, AR-acCUCTEHT cokpamaeT BpeMs HHPOPMAITMOHHOTO TTOMCKA
B cpenHeM Ha 77 %. Octarounsie 28,0 ¢ MpUXOAATCS HA MHHAMAIFHOE BPEMS BOC-
npusaTus AR-mmoncka3ok (YTeHHe TEKCTOBOM MHCTPYKIIMH Ha IHCITIEE, pacio3HaBaHUE
BH3YaJILHOTO MapKepa), KOTOPOe He MOXKET OBITh TTOTHOCTHIO AIIMMUHUPOBAHO.

ITommyuennoe coxpamnienne BpeMeHn TO Ha 24,6 % comtacyercs ¢ pe3ylbTaTaMy
3apyOeXHBIX UCCIIeOBaHUM MpUMeHeHH AR B TEXHUYECKOM 00CITYKMBAaHUH TIPOMBIIII-
nenHoro obopynosanus. CornacHo cucreMarndeckoMy o03opy A. Malta, T. Farinha
1 M. Mendes, THIMYHBIH q1ana30H COKPAILCHUS] BPEMEHH POBEICHUS TEXHUIECKHX
oneparuii mpu ucrnonb3zoBanuu AR cocrapnseT 1545 % B 3aBUCUMOCTH OT CIOXKHOCTH
3agaun ¥ Tuna AR-ycrpoiictsa [ 7]. [lonyuennstit pe3ynbrar (24,6 %) nonaaeT B HUX-
HIOIO YacTh YKa3aHHOTO TUaIa3oHa, 4To 00bsAcHseTcs cnenndukoit exxecmernnoro TO:
JAHHBIA BUI OOCITY)KHBAaHUS BKJIIOUAET 3HAYUTEIHHYIO JONIO MPOCTHIX MaHyaJIbHBIX
orepanuii, Ha KoTopbie AR He Oka3bIBaeT CyIeCTBEHHOTO BIMSIHUSA. 1151 O0siee CI0KHBIX
BunoB TO (TO-1, TO-2, TO-3) ¢ 6GompaumM 00beMOoM HH(POPMATOHHO-HACHITTICHHBIX
omepanuii MO>KHO TIPOTHO3UPOBATh 00JIee BRIPaKEHHBIHN 3P PEKT.
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OTtnenpHOrO BHUMaHUS 3aciyXuBaeT pasmep 3ddekra d = 1,83. B meraananusze
E. Bottani u G. Vignali, 0600muBiiem pe3ynsrarsl 20 dKCTIepUMEHTaIbHBIX HCCIIEH0-
BaHui AR B IpOMBILINIEHHOCTH, cpeHui pasmep agdekra cocraBmi d = 0,8—1,2 [10].
ITomyueHHO€E B HACTOSIIIEM MCCIIEIOBaHIY 3HaUeHUE d = 1,83 MpeBHINIaeT 3TOT TUAIA30H,
YTO MOXKET OOBSICHATHCS IBYMSI (JaKTOpaMH: YIACTHUKH C HA9aJIbHBIM YPOBHEM KBaJIH-
(bUKanuy B HANOOJIBIICH CTETICHH BRIMTPHIBAIOT OT HHPOPMATMOHHON TToaepkKu AR ;
JIOTIOJIHUTENBbHBII BKJIaJ] BHOCUT aBTOMAaTH3aLUsI JOKYMEHTHPOBAHHS — MEXaHU3M,
OTCYTCTBYIOIINH B OONBIIIMHCTBE paHee H3ydeHHbIX AR-cucTem.

Bwmecrte ¢ Tem HE00X0AMMO OAYEPKHYTh, UTO ITOJIyYCHHBIE PE3YIIbTATHI SBIISIIOTCS
OIHMMH M3 IEPBBIX KOJMUECTBEHHBIX JaHHBIX O MpuMeHeHnu AR MonoxpiMu cnienu-
ANMCTaM{ IPU TEXHUYECKOM O0OCITYXKHBaHUH CEIbCKOXO3SIMCTBEHHBIX TPAKTOPOB, UTO
OTIpeeNsieT X HayYHYIO0 HOBU3HY.

3AKJTIOYEHUE

Ha ocHoBaHMM MPOBENEHHOTO HCCIIENOBAaHHS CPOPMYITMPOBAHBI CIEAYIOIINE OC-
HOBHBIC PE3YJIbTaTbl U BHIBOABI.

Paspaboran nporpamMmmHo-anmapartHbiii komrnieke «L{iudpoBoii accrcTeHT HHXEHEpay,
peanm3oBaHHbBIN Ha 6a3e poMbIIUICHHBIX AR-oukoB RealWear HMT-1 u aBTOpckoro
MOOWITEHOTO TIPIIIOKEHUS Ha si3bIke Kotlin. OTiuanTesbHBIMA 0COOCHHOCTSIMH KOM-
TUTEKCA SBIISIOTCS: TTOJTHASI aBTOHOMHOCTE (DYHKITHOHHPOBaHMS (JIOKaJIbHAS 0a3a TaHHBIX
Room/SQLite), MOmyTb aBTOMATH3HPOBAHHOTO UMIIOPTA TEXHOJIOTHYECKHUX KapT U3 Cep-
BUCHBIX 0a3 MPOM3BOUTENECH TEXHUKH, CHCTEMA FOJIOCOBOI HABUTAIIUH TI0 ITyHKTaM TEXHO-
JIOTUYECKOM KapThl M MOYJIh aBTOMAaTUYECKOTO (POPMHUPOBAHUS OTYETHOM TIOKyMEHTAIIHH.

Hokazano, uto npuMenenne AR-accrucrenrta obecreqnBaeT CTaTHCTUIECKH 3HAYUMOE
(femp = 6,48, p < 0,001, d = 1,83) cokpauenue obuiero Bpemenu Boinonuenus TO-10
tpakTopa John Deere 6125M Ha 24,6 % (¢ 820,6 £ 123,8 ¢ 10 618,6 + 94,8 ¢). [Tomumo
atoro, mpuMeHeHue AR-acCUCTEHTa CHIDKAET OOIIYI0 BAPUATUBHOCTE PE3yJIbTATOB Ha
23,4 %, 4TO CBUAETENBCTBYET O HUBEIUPOBAHNH HHINBHIyaJIbHBIX Pa3INYHii B ypOBHE
IOATOTOBKU MOJIOABIX CIICIIMAJIMCTOB.

YcTaHOBIICHO, YTO TOBBITIICHHE d(H(DEKTHBHOCTH 00€CTICUNBACTCS 3HAUNTEIHLHBIM
COKpalieHneM BpeMeHH MH(POPMAaIMOHHOTO MTOMCKa U aBTOMaTH3aIuel mporecca
JOKyMeHTHUpOBaHMsI. CyMMapHBIM BKJIaJ 3TUX MEXaHU3MOB cocTaBisieT 91,6 % ot
o0miero cokpamienus Bpemenn nposenerns TO. Takum 00pazom, ¢ y4eToM MacIITadu-
PYEMOCTH pellieHNs M HE3aBUCUMOCTH OT HHTEPHET-HH(PACTPYKTYPHI, pa3padoTaHHAS
AR-TexHOI0THS IPEICTABISIET COO0H MPUMEHUMBIN METO] TIOBBIICHUS () (DEKTUBHOCTH
TEXHUUYECKOTO CEPBHCA MAIIKH.
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Annomayus

Beenenue. Hannune ocTaTouHbIX KOIMYECTB aHTHOMOTHKOB B MOJIOKE IIPEJICTaBIISIET IPs-
MYIO YTpO3y JUIsl 310pOBbS HOTPEeOHTENEH, IPOBOLUPYS aIeprHIecKre peakiuu H Hapy-
HIEHUSI MUKPOQIIOPHI KUIIeYHNKA. 711 TPON3BOAUTENCH MOJIOYHON MPOAYKIMN JaHHAS
npobiiema 00yCIIOBIMBAET SKOHOMUYIECKHE TIOTEPH H3-3a HEKOHAUIIMOHHOTO COCTOSTHHUS
CYLIECTBEHHOT'O KOJMYECTBA MapTHil ChIpbs. beCKOHTaKTHBII (HOTOTIOMHUHECIEHTHBIN
KOHTPOJIb HAJTMYMST aMOKCHIIMJUIMHA B MOJIOKE [TO3BOJIUT CYIIECTBEHHO ITOBBICHTh KA4€CTBO
HNPOAYKIIMU ¥ CHU3UTH YKOHOMHUYECKHE 3aTPaThl Ha MOKYIIKY OJHOPA30BBIX TECT-CUCTEM.
JIJ1st BXOZHOTO KOHTPOJIS CHIPBsI HA TIepepadaThIBAIONINX MPEANPHUATHIX U 3aIlIUTHI IPaB
noTpebuTenel Heo6xoanMa pa3paboTKa TyBCTBUTEIBHBIX M ONICPATHBHBIX METOOB JHar-
HOCTHKH, TAKMX KaK aHAJIN3 TEMIIEPATyPHBIX CIIEKTPOB TFOMHHECLIECHIIUH.

Ieab nceaenoBanmsi. OLeHKa CIIEKTPaIbHBIX XapaKTEPUCTHK JTIOMHHECIISHIINA MOJIOKA,
3arpsI3HEHHOTO AMOKCHIMJUIMHOM IIPU M3MEHEHHH TEMIEepaTyphl, a TAKXKe ONpeieIeHHe
MH(MOPMATUBHBIX [TAPAMETPOB U AUANa30HOB CIIEKTPA IS MOITyIeHHBIX 3aBrcuMoctei ¢(7)
IIPU NOCIIERYIomeH pa3paboTke METOAUKH KOHTPOJSI HAIMYHS aHTHOMOTHKOB B MOJIOKE
B TEXHOJIOTHIECKOM TIPOIIECCe.

MarepuaJibl M MeTOAbI. B KauecTBe 3arps3HsIeMoOl Cpebl HCIOIB30BAIN MOJIOKO arpo-
¢dupmMbl «MudyprHO». KOHTpOIb HATMYUs aMOKCHIIMIIIIMHA OCYIIECTBISIIN TECT-CHCTEMOM
«BIOEASY» 4in1 BSCT. HU3mepeHne TeMIepaTypHbIX CIIEKTPOB, a TaK)Ke BO30YKICHHS
Y JIFIOMHUHECIICHIIMU OCYIIECTBISUTH Ha criekTpodiryopumerpe CM 2203. O6paboTKy Criek-
TPOB, pacdeT TyBCTBUTEIHHOCTH OCYIIECTBILIN B IIporpamMme Microcal Origin.
Pe3yasTarsl uccienoBanus. [Ipu sarpeBanun mosoka ¢ 10 1o 60 °C mpoucxoauT Tymie-
HHE TIOMHHECLEHIIHN, TOUKA IepeTHoa TeMIIEpaTypPHOTo CIEKTpa MOJIOKA 6€3 aMOKCHIIHII-
JIMHA OTJIMYAETCsl OT MOJIOKA C aMOKCHIMILTHHOM. [1pu B30y IeHNH yIbTpadHOIeTOBBIM
W3JIydeHHEM OTHOIICHUE PAa3HOCTH MHTEHCUBHOCTH K TEMIIEpaType yMeHbIIaeTcst oT 28 110
83 % mpu 106aBICHUN B MOJIOKO aMOKCHIIMJLINHA. ATIIIPOKCHMAIN HU3KO- U BBICOKOTEM-
neparypHbIX obnactei mMeeT kodddumment nerepmuHarmn 6omnsire 0,97.

3akmouenue. Tymenne TIOMIHECIICHITNHE MOJIOKa CBS3aHO C AEHATyparuel Oeika mpu
YBEIMUEHUH TeMIepaTypsl. MI3MeHeHne TOuKH mepernda TeMIepaTypHBIX CIEKTPOB
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npy 100aBICHUN aMOKCUIMJUIMHA B MOJIOKO MOXKET OBITH OOBSICHEHO BKJIAZIOM aHTH-
OHMoTHKa B CKOPOCTH JICHATYpaIy OenKoB. J{JIs THarHOCTHKY HAJIMYUS aHTHOMOTHKOB
B MOJIOKE LI€JIECO00pa3HO MCHONIB30BaTh HCTOYHUK M3Iy4eHHs ¢ A = 325 HM, IpHeM-
HHK H3JIy4eHHs C PEKEKTOPHBIM (QUIBTPOM, JIHOO MOHOXPOMATOPOM, HACTPOCHHBIM Ha
A =439 HM, C OCIENYIOUIMM OCTPOCHUEM TEMIIEPaTyPHON 3aBUCHMOCTHU B JHMAaIa30He
10-36 °C u pacueToM 4yBCTBUTEIBHOCTH CIIEKTpa. Pe3ynsraTbl MOIYT OBITH IPUMEHEHBI
HpH pa3paboTKe TEXHOIOTHH (POTOIIOMUHECIICHTHOTO KOHTPOJISI MOJIOKA B TEXHOJIOTHYe-
CKHX IIpoIleccaXx, CBI3aHHBIX C I3MCHEHHEM TeMIIePaTyphIL.

Kniouesvle crnosa: MOJIOKO, aMOKCUIIWJUIMH, TEMIICPATYPHBIC CIICKTPbI, OTUYCCKAasL
JUArHoCTUKa, TeMIIEpaTypHas 4yBCTBUTCIbHOCTD JJIOMUHECHECHIITUN

Koungpnuxm unmepecog: aBTOpbI 3asBISIIOT 00 OTCYTCTBUM KOH(IMKTA HHTEPECOB.

Jna yumuposanus: bensikor M.B., Edpemenxor U.10. O6HapyxeHne aMOKCHUIIHMII-
JUHA B MOJIOKE METOJOM aHajHu3a TeMIepaTypHBIX 3aBUCUMOCTEH (HOTONIOMHUHEC-
neHuuu. Uuocenepnvie mexunonozuu u cucmemst. 2026;36(2):561-577. https://doi.
org/10.15507/2658-4123.26363.561-577

Determination of the Presence of Amoxicillin in Milk
by the Temperature Photoluminescence Properties

M. V. Belyakov™, I. Yu. Efremenkov
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™S bmw20100@mail.ru

Abstract

Introduction. The presence of antibiotic residues of antibiotics in milk poses a direct threat
to the health of consumers causing allergic reactions and intestinal microbiota dysbiosis.
This problem also results in serious economic losses for dairy producers, because of
the substandard condition of a significant amount of raw material batches. Non-contact
photoluminescent monitoring of amoxicillin present in milk will significantly improve
product quality and reduce the economic costs of purchasing single-use test systems.
Therefore, the development of sensitive and operational diagnostic methods, such as
the analysis of luminescence temperature spectra, is essential for incoming control of raw
materials at processing plants and protecting consumer rights.

Aim of the Study. The article is aimed at studying spectral characteristics of luminescence
of amoxicillin-contaminated milk when the temperature changes and at determining
informative parameters and spectral ranges to find dependencies ¢(7) for developing
a methodology to monitor the presence of antibiotics in milk in the technological processes.
Materials and Methods. The milk from the agricultural company “Michurino” was
used to be contaminated. The presence of amoxicillin was monitored by the test system
BIOEASY 4inl1 BSCT. The temperature spectra and excitation and luminescence spectra
were measured using the spectrofluorimeter CM 2203. The spectra were processed and
sensitivity calculated using the software Microcal Origin.

Results. When heating the milk from 10 to 60 °C, the luminescence quenching occurs
and the break point of the temperature spectrum of milk without amoxicillin differs from
the break point of the temperature spectrum of milk with amoxicillin. When excited by
ultraviolet radiation, the ratio of the intensity difference to temperature decreases from 28%
to 83% when amoxicillin is added to the milk. The approximations of low-temperature and
high-temperature areas have a coefficient of determination greater than 0.97.
Conclusion. Quenching the milk luminescence is related to protein denaturation with
increasing temperature. The change in the temperature spectra ibreak point when amoxicillin is
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added to milk can be explained by the contribution of the antibiotic to the protein denaturation
rate. To detect the presence of antibiotics in milk, it is advisable to use a radiation source of
A =325 nm, a radiation receiver with a notch filter or monochromator of A =439 nm, followed
by constructing a temperature dependence in the range of 10-36 °C and calculating the
spectrum sensitivity. The results can be used for developing photoluminescent milk control
technology in technological processes that occur with temperature changes.

Keywords: milk, amoxicillin, temperature spectra, optical diagnostics, temperature
sensitivity of luminescence
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BBEJEHUE

IoBbImeHne 6e30macHOCTH, KOHTPOJb Ka4eCTBA IPOAYKIHH, CO3/IaHIE MHHOBAIIMOHHBIX
MoOJIeTIel ¢ IPUMEHEHHEM HCKYCCTBEHHOTO WHTEJUIEKTA SIBIISIOTCS] OJHUMH M3 BaXKHBIX
3a1ad CeIbCKOTO X03sicTBa [ 1]. BHeApeHue miudpoBeIX CHCTEM M aBTOMAaTH3UPOBAHHOTO
KOHTPOJIS B CENILCKOX035HICTBEHHBIE IPEAIPUSITHS HEOOXOAUMO /151 KOHKYPEHTOCIIOCO0-
Hoctu Poccuu [2]. B yrcino Takux KOHTPOJIbHO-aHATUTUYECKUX IIPOLIEAYP MOXKET BXOAUTh
MPOBEPKa Ha OCTAaTOYHOE COZEPKaHNE AHTHOMOTHKOB B IIPOAYKTAX MUTAHUS, B YACTHOCTH,
B MoJioke. [Ipon3BoauTenu cenpXo3npoayKInH, IPUMEHSIOIINE aHTHOMOTUKH, 00sI3aHEbI
rapaHTHPOBATh OE30MACHOCTh MPOAYKLMH T ToTpedutens [3; 4].

[NennmrHOBAs TPyIIa aHTUOMOTHKOB — OJTHA M3 PAcIIPOCTPAHEHHBIX aHTHOAKTE-
pHUATIBHBIX CPENICTB JJIs JIEYEHHSI MOJIOYHOTO cKoTa [5]. Tak, aMOKCHUIIMIIIIMH COCTABIISIET
40,47 % oT 001I1eTO YKCIa BCeX MPUMEHSIEMBIX aHTHOMOTHKOB [6]. [1pu OeCKOHTPOITEHOM
WCTIONB30BAHNH AaHTUOMOTHUKHI MOTYT HAaKaIIMBAThCSI B OPTaHU3ME CEeNTbCKOX03SIHCTBEHHOTO
KHBOTHOTO M JUTUTEIIFHOE BPEMsI IIMPKYJINPOBATh B HEM. BIIoceICTBUN HX COEANHEHNS
MOTYT MUTPHPOBATh B MPOAYKTHI KHBOTHOBOACTBA, TAKHE KaK MOJIOKO | Msico. Ilpu
YHOTPeOIEeHUH 3TUX IPOAYKTOB y OTPEOUTEINS MOTYT BOSHUKHYTh HMMYHOIIATOJIOTH-
geckue 3P PEeKThI, peIpPOAYKTUBHEIC paccTpoicTBa u Ap. [7; 8]. B ¢Bs3H ¢ 3TM 0c00yI0
aKTyaJIbHOCTb IPHOOpETaeT pa3paboTka COBPEMEHHBIX ITPUOOPOB U IKCIIPECC-METOI0B
IU1s1 KOHTPOJISL COAEPIKAaHUSI AaHTUOMOTHKOB B MOJIOKE.

[TomyueHune 3aBUCMMOCTEN MHTEHCUBHOCTH JIIOMUHECLEHIMHN OT TEMIIEpaTyphl
MOJIOKA, a TAaK)Ke UX aHAIN3 B 3aBUCUMOCTH OT KOHLEHTPALMU aMOKCUIMJIJIMHA TT03BO-
JIUT aTh HAYaJo pa3paboTke JOCTYMHBIX U MPOCTHIX B UCIOIB30BAHUN aHATUTHIECKUX
npubopoB. B nocnenytomieM OyzieT BO3MOMKEH Iepexo/] K CHCTEME TOTAIbHOTO BXOSILETO
W BBIXOTHOTO KOHTPOJISI MOJIOKA KaK Ha caMmoid (hepme, Tak U MPH MPUEMe ero Ha 3aBOI.
Onrtryeckre METObI, B TOM YHCIIE€ OCHOBaHHBIE HAa KOHLIEHTPAIIMOHHOM U TeMIIepaTyp-
HOM TYIICHHUHU JIIOMUHECICHIINH, SBISIOTCS OBICTPOACUCTBYIOIINMH, CEIEKTHBHBIMH,
HEepa3pymaIUMHA H OTHOCUTENIFHO HeoporuMu. [IprMeHeHne JaHHBIX TEXHOIOT U He
TOJBKO OyZIeT rapaHTUPOBATh OE30I1aCHOCTh FOTOBON IPOAYKIIMY JUI IOTpeOUTENs, HO
1 1aCT SKOHOMHYECKHUE BBITOJIbI IPON3BOAUTEISM IIyTEM NIPEAOTBPAILCHUS IIOCTYIUICHUE
HETIPUTOAHBIX TAPTUH ChIPbSI U SKOHOMHH Ha 3KCIPECC-TECTaX, TAKUX KaK TECT-MOJIOCKU.

Lenp ucciaenoBaHusi — U3yUeHUE TEMIEPATyPHBIX 3aBUCUMOCTEH CHEKTPaIbHBIX
XapaKTEPUCTUK JIIOMUHECLHEHIIMN MOJIOKA NIPU 3arpsS3HEHUN aMOKCULMIIIIMHOM IS
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omnpeneneHus HHOOPMATHUBHBIX JUANA30HOB U MOCIEAYIOUIeH pa3pabOTKH METOJUKH
KOHTPOJI HaJIM4usl aHTHOMOTHUKOB. {7151 3T0r0 He0OX0IUMO: U3MEPUTH JIFOMHHEC-
LEHTHBIE (POTOCHTHAIIBI IPH PA3IMYHBIX TeMIleparypax MOJIOKa; allpOKCUMHPOBATh
IIOJIy4EHHBIE 3aBUCUMOCTH U pacyeT apaMeTpOB TEMIIEPaTypPHON 4YyBCTBUTEIBHOCTH
JIFOMHUHECLICHIIUY MOJIOKA; ONPEIEINTh ONTUMAaJIbHbIEC AJTMHBI BOJIH BO30YXIEHHS U
TEMIIEPATYPHOM KOHTPOJIE JIIOMUHECLICHIINN MOJIOKA.

OB30P JIMTEPATYPbI

[[Inpoxoe mpuMeHEHNE ONTHYECKUX METONOB I OOHAPYKEHUST aHTHONOTHKOB
B MOCJICTHUE JABA/IATh JICT OOBSICHICTCS UX KIIFOUEBBIMU IPEUMYIIICCTBAMU: ObICTPBIN
IIUKJI aHAJIM3a, BRICOKAs YyBCTBUTEILHOCTRIO H TTpocToTa [9].

B Hacrosiuit MOMEHT pa3paboTaH METOI /sl OOHAPYKEHUS aHTHOMOTHUKOB B MOJIOKE,
OCHOBaHHBIN Ha TexHONMOTHH OnodoTornkH [ 10]. 3apydexHbIe yUeHbIE CO30AIIN OIITH-
YEeCKUU MIIa3MOHHBIM CEHCOP, € MOMOIIBI0 KOTOPOTO ONPEACTSETCS HATUYUE TICHUITUII-
nuHa B MoJsioke [ 11], ¥ OITOBOIOKOHHBIN TaTYUK 7151 OOHApY)KEeHHUs OeTTa-TaKTaMHBIX
aHTUOMOTHKOB B poaykTax nutanus [12]. Mccnenoarenu n3 Typuuu u Kuras aktuBHO
MIPUMEHSIOT Ha IPAKTUKE METO/] IOBEPXHOCTHOTO IIa3MOHHOIO pE30HAHCa 11 O0Ha-
pyXeHus aHTHONOTHKOB[ 13; 14].

J1y1s1 OBICTPOTO M YYBCTBUTEIBHOIO OOHAPYKESHHUS aMOKCHUIIMJLIHA B MOJIOKE ITUPOKO
pUMEHSIOTCS (uTyopectieHTHBIe 30HbI [ 15]. OHM MO3BONSIOT MTPOBOAUTH CENEKTHBHBIN
aHaJlu3, 4To JIEJIAeT UX MEPCICKTUBHOW aJIbTePHATUBOW TPaIUIIMOHHBIM crioco0am [ 16].

Cpeny nonyssIpHBIX METOJIOB AUArHOCTUKHM aHTHOWOTHKOB B MOJIOKE aKTUBHO HCIIOJTh-
3YIOTCSI COBPEMEHHBIC HHCTPYMEHTAIBHBIE METO/IBI, TAKME KaK MacC-CIIEKTPOMETPHS,
paMaHOBCKast, ”H(ppaKpacHast ¥ SHEPrOTUCIICPCHOHHAs clieKTpockommst. OHM o0ecTieyn-
BaIOT BBICOKYIO YYBCTBUTEIBHOCTh U CEJIEKTUBHOCTH aHau3a. Hanpumep, npumenenue
SHEPTOAUCIIEPCHOHHON CIEKTPOCKOITMHU MO3BOJSET OCYIIECTRISTH I€TEKTHPOBAHNE
aMOKCHLIMIUTHHA B Moloke [17]. Ha ocHOBe MOBEpXHOCTHO-YCHIICHHON PaMaHOBCKOM CIIEK-
TPOCKOTINH pa3paboTaH MPOCTON U HEAOPOTOM METOJI OIPEACIICHHS CIICTOBBIX KOJIMICCTB
amokcuuinHa [ 18]. OcTarouHOE KOMMYECTBO aMOKCUIIMIUIMHA B MOJIOKE OPEIENIETCS
C MOMOIIBIO MAaCC-CIIEKTPOMETPUH U JKHAKOCTHON XpoMarorpadu [ 19]. KomekTus yueHbIx
n3 bpazunuu u3yunn nporece oOHapyKEeHHS aMOKCHUIIMILIMHA C TIOMOIIBI0 WH(paKpac-
HOM CIIEKTPOCKOIHH C IpeodpasoBaHreM Dyphbe 1715 COBEPIIICHCTBOBAHMS MOHUTOPUHTA
anTnonoTHKoB [20]. OmHaKo TPHMEHEHNE JaHHBIX METOAOB TPeOyeT HAIIMYHS JOPOTOCTO-
SIIEro 000PYyI0BaHUsI, KBATU(UIIMPOBAHHOIO TIEPCOHAIA U 3HAYMTEIILHOTO BPEMEHH Ha
MPOBEICHIE UCCIIEOBAHII. DTO 00YCIIOBIMBAET MX MAJIOTIPUTOXHOCTS JIJIS TOBCEAHEBHOTO
OIIEPaTUBHOTO KOHTPOJIS Ha (hepMax, MOJIOKO3aBOJIaX U B ITYHKTAX MPHUEMa ChIPbSI.

Hcrnons3oBanre HAHOTEXHOIOTHIA, TAKMX KaK YIJIIEPOAHbIE HAHOTOYKH, OTKPHIBAET
HOBBIE BO3MOXXHOCTH JIJIsl 0OHAPY KEHHUS CIICIOB aHTUOMOTUKOB B MOJIOKe. PazpaboTaHbl
YIJIEPOIHBIC HAHOTOUKH, JICTHPOBAHHBIE a30TOM, C TEMIIEPATYPHBIM U (DITyOpeCIIEHTHRIM
CEHCOpaMH JIJIs MarHOCTUKY TUHUAA301a B MoJioke [21]. CuHTe3npoBaHbl BRICOKOA(]-
(UHHBIE HAHOYACTHUIIBI, KOTOPBIC UCIIOJIL3YIOTCS IPU Pa3pabOTKe CeHCopa Ha OCHOBE
MMOBEPXHOCTHOTO TIA3MOHHOTO Pe30HaHca ISl OOHAPYKEHUS TUTIPOGIIOKCAIIUHA,
MoKcuduIoKcanHa U oduiokcannHa B Mojoke [22]. Pa3paboran HaHOpEepMEeHT Ha
OCHOBE TIOJINOKCOMETAJIATa C aKTUBHOCTHIO, UMHTUPYIOIIEH JIAaKKazy, Ui OOHAPYKEHUS
KaHaMHIIMHA C TOMOLIBIO0 KOJIOPUMETPUUYECKOTO aHalin3a B MOJoke [23].
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N3yyeHa BO3MOXHOCTh IUarHOCTUKH aMOKCHUIMJJINHA B MOJIOKE C TTIOMOUIBIO
JIOMUHECIICHTHOM criekTpockonuu [24]. C npumenenuem tepous Tb(I1I) pazpaboran
CIoco0 JIIOMUHECIICHTHON TUarHOCTUKY JieBoduiokcaruua [25]. Bemack paspabotka
(YHKIIMOHAIN3UPOBAHHOTO KPEMHUEBOTO HAHO30H1a HA OCHOBE KOMILIIEKCA €BPOIIHSI
Eu®" 1s TIOMHHECIIEHTHOTO OTIpeAeICHHs TeTpanukiInaa [26].

AHanm3 TUTepaTypsl MOKa3aj, 9To B HACTOSIIEE BpeMs HEAOCTAaTOYHO HHPOpMAIHN
00 M3MEHEHUAX TEMIIEPATYPHBIX CIIEKTPOB (POTOTOMUHECIICHIINY TPY JT00aBICHUN
B MOJIOKO aMOKCHIIMJUTMHA. Takke HEM3BECTHO, MOXKET JIM JIaHHOEe W3MEHEHUe OBITh
YHUKAJIBHBIM OECKOHTaKTHBIM CIIOCOOOM ISl IUAarHOCTUKY OCTAaTOYHBIX aHTHOaKTe-
PHAIIBHBIX CPEJICTB B MOJIOYHOM CHIpbe. KiTtoueBbIM MpoOenoM SBIISIETCS OTCYTCTBHE
CHCTEeMaTHYEeCKHUX 0a3 TaHHBIX O TEMIIEPATYPHBIX 3aBUCUMOCTAX MOJIOKA C aHTHOHOTHU-
KaMH. B cBS3H € 3THUM €CTh HEOOXOAMMOCTD B IIOCTPOCHUH TEMIIEPATYPHBIX CIIEKTPOB
¢doromomuHecueHnuu B nuanazone 10—-60 °C s 00pa3LoB ¢ pa3HOI KOHLEHTpanue
AHTUOHMOTHKA, YTO TMO3BOJIHT Pa3paboTaTh 000CHOBAHHBIM KPUTEPHUH AETEKTUPOBAHUS,
HE TPeOYIOIIUN CIIOKHOW XUMUYECKON TTPOOOTIOATOTOBKH.

MATEPHAJIBI U METObI

Memoout, o60opyoosanue u npoyedypa uccied08anus

B xauecTBe ucciemyeMoro Marepuasa ObUIO UCIIOJIB30BAHO MOJIOKO arpoupMbl
«MugaypuHO» € )KUPHOCTBIO 3,2 %. B Hero mo6aBisiii pacTBOp aMOKCHIIMJUTAHA ISt
nonyuenust koHnenTpain 0,004 MKT/cM?, KOTOpast IBJISIETCS TIOPOTOBO B COOTBETCTBUH
¢ Texunueckum peramenToM TamoxkerHoro coro3a 033/2013!. B kavecTBe apOuTpax-
HOT'O METOJIa KOHTPOJISl aHTHOMOTHKOB CHOJB30BajIX TecToBblii Habop « BIOEASY» 4inl
BSCT. Usmepenue criekTpoB BO30YKICHUS U JTFOMHHECUICHITHN OCYIISCTBIISIIN B ONMKHEM
yABTpadroIeTOBOM M BUAMMOM JAnana3oHe Ha criekrpodyopumerpe CM 2203 (puc. 1).

' CM 2203# =r=

Pwuc. 1. Bremnnuii Bux criekrpodiyopumerpa CM 2203
Fig. 1. Appearance of the CM 2203 spectrofluorimeter

Hemounux: dororpadus s pucyrka 1 cienana aBropamu cTatbu B uroie 2025 1. B gaboparopun
VIHHOBAMOHHBIX TEXHOJIOTHI M TEXHUYECKUX CPEICTB KOPMJICHHS B )KHUBOTHOBOJCTBe PDeepanbHOro
Hay4HOT'O arpoOMH)KeHepHoro 1enTpa BUM.

Source: The photo for Figure 1 was taken by the authors of the article in July 2025, in the Laboratory
of Innovative Technologies and Technical Means of Feeding in Animal Husbandry of the Federal Scientific
Agroengineering Center VIM.

' O 6e30macHOCTH MOJIOKA ¥ MOJIOYHOM MpoayKinu. TexHuaeckuil periaMeHT TaMO)KeHHOTO COr3a
033/2013. URL: https://docs.cntd.ru/document/499050562 (nata obpamenue: 12.06.2025).
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Janserii ciekrpodiayopumerp 000pyIoBaH TEPMOCTATHPYEMBIM JepKATENEM JJIst
KBapIIeBbIX KIOBET. [Ipoliecc BapbUpOBaHMS TEMIIEPATYPbl MOJIOKA OCYIIECTBIISIIN
B auamnazone ot 10 1o 60 °C c marom 1 °C, mapamieasHO OCYIIECTBISSA CIIEKTPAILHEBIE
nu3Mepenus. Cucrema oOpaTHOM CBS3H Ha CIIEKTPOGIIYOPHMETPE, BKIIIOYAIOIIAS aTYUK
TEMIIEPATyPbl U HArPEBATEIIbHBIN JIEMEHT, aBTOMAaTHUECKH PETyIMPOBaia MOLHOCTh
Harpesa JUis MOJAJIEpXKaHusl 3aJaHHON TeMIepaTyphl, 4YTO TapaHTHPOBAIIO BHLICOKYIO
CTaOMIIBHOCTH B XOJIe 9KCIIepuMeHTa. KOHTpOIb TeMIepaTypsl IPOBOIWICS B CBSI3U
C BBIPQYXEHHOW 3aBUCHMOCTBIO CIIEKTPAIBHBIX XapaKTEPUCTUK OMOIOTHIECKIX 00be-
KTOB OT TEPMUYECKUX yCIOBHIA.

ITonGop nnvH BONH IJIs MOJYYEHUS CHEKTPATbHBIX XapaKTEePUCTHK BO30Y-
JKJIEHHS MOJIOKA OCYIIECTBIISUTH M0 MAKCUMYMaM CIIEKTPaIbHBIX XapaKTePUCTHK
MPU CUHXPOHHOM CKaHUpOBaHUHU. CIIEKTpaIbHbIE XapaKTCPUCTUKH BO30YKIACHUS
MOJIOKa U3MepsiIH ¢ marom 0,2 HM 1 TOTy4YeHUsl UX MAaKCUMYMOB criekTpoB. [Tomy-
YEeHHBIE MAKCUMYMEI cocTaBisu 295, 325, 375 u 457 um. [lanee moay4eHHBIMU
MaKCHMyMaMH JJIMH BOJH OCYLIECTBISUIM BO30YKJIEHHUE MOJIOKA M PETHCTPALHIO
JOMUHECLEHIINU, & UMEHHO:

— A, =295 nm, nnanason perucrpanuu 300450 um;

— A, =325 uMm, nuanason perucrpanuu 355-650 um;

—A,= 375 uwm, nuanason peructpanuu 420-660 Hm;

— A, =457 um, nnanason perucrpauuu 480660 Hwm.

JlroMUHECTIEHTHBIE XapaKTEPUCTHKH, KaK U XapaKTePUCTUKA BO30YKACHHUS, H3Me-
psuu ¢ marom 0,2 HM, 9yBCTBUTENBHOCTD (DOTOIEKTPOHHOTO YMHOKHUTEIS «CpemHsisn.

W3MepeHne 3aBUCHMOCTH CIIEKTPAIBHOM TNIOTHOCTH TIOTOKA OT Temrieparypsl (1)
OCYIIECTBIISIIN IIPU CPEIAHEH UyBCTBUTEILHOCTH (DOTOANIEKTPOHHOTO YMHOXKHTEIS U HU3-
KOW CKOPOCTH CKAaHUPOBAHUS JIIsI MUHUMU3AITIH (PIyKTyalluil CUTHAIA [TPYU U3MEPEHHUSX.
B xauecTBe AMH BOJIH BO30YKICHHS ¥ PETHCTPALIMU BEIOPAU 3HAUCHMSI, SIBIISIOIIHECS
MaKkCHMYyMaMH CHEKTPOB BO30YXIEHHS M JIIOMUHECIIEHIIUH, & UMEHHO: A, = 295 HM,
A =360 um; A, = 325 um, A, =439 um; A, = 325 um, A = 516 um; A, = 375 HwM,
A =546 um; A =457 um, & = 542 um.

Oopabomka pezynbmamos usmepeHuil

Jns 00BeKTUBHO# OIleHKH «Todek u3noma» ¥ rpadukos ¢(7) mpu H3MEHESHUH
WX yIJIa HAKJIOHA OCYIIECTBIISUIA MOCTPOEHNE KacaTelbHBIX K JIEBOMY U IPaBOMY
y49acTKy KpHUBBIX. [locie 3Toro ocymiecTBIsIIN UX ampOKCUMANNIO JIMHEHHBIMHA
GYHKIUAMHE C TOCIEAYIOIAM pacyeToM KoddduuneHTa gerepmutanuu R>. B mare-
MaTudeckoM makete Microcal Origin Haxoaunu ToUky nepecedenus ¥ anmpokcu-
MaIMOHHBIX KPUBBIX. AOCIIMCCa KOOPUHAT JaHHOU TOUKU WV ABISIETCS TPaHUIHON
Temueparypoi uszioma 7.

UyBCTBUTENBHOCTD JIOMUHECHECHIIUU S K U3MEHEHUIO TeMIIePaTypPhl BEIYUCIISIIH
o Gopmyie:

A
§="2, )
AT
rne AQ — pa3HOCTh KOHEYHON M HAYalbHOW WHTEHCUBHOCTH ()OTOTIOMHUHECIICHIINN
(cnexTpanbHON TJIOTHOCTH TIOTOKA) Ha ydacTke Temrieparyp A7, o. e.
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PE3YJIBTATBI UCCJIEJJOBAHUSA

Ha nepBom 3Tane ObutM MONTYy4eHBbI CIIEKTPHI BO30yxaeHus. [lo nx Makcumymam
OpUTH TOT0OpaHb! 3(h(heKTHBHBIE AITUHBI BOIH H3ITYYEHUS TSI IOTYYSHUSI MaKCHMallhb-
HOTO CUTHajia ()OTONOMUHECHEHINH, II0CIE Yer0 SKCIEPUMEHTAIbHO YCTaHOBUIIN
ONTUMAaJIbHBIE AMAITa30HEI €€ perucTpanuu (puc. 2).
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@  CIIEKTpaJIbHAS XapaKTePUCTHKA BO3OYKICHUS MOTOKA /
Spectral characteristics of milk excitation

CriekTpaibHas XapaKTepUCTUKA JTFOMHHECIICHITMH MOJIOKa /
Spectral characteristics of milk luminescence

Puc. 2. CrnexkrpajibHble XapaKTePUCTUKH BO30YKICHHUS ¥ JTIOMUHECLICHIIUH MOJIOKa
MIpH JJIMHAX BOJH BO30OYxaeHus: a) 295 um; b) 325 am; ¢) 375 am; d) 457 am

Fig. 2. Spectral characteristics of excitation and luminescence of milk at excitation wavelengths:
a) 295 nm; b) 325 nm; ¢) 375 nm; d) 457 nm

Hcemounux: rpadyKy JUIsl pUCYHKOB 2—6 COCTaBJICHBI aBTOPaMH cTathby B mporpamme Microsoft Excel.
Source: Figures 2—6 were compiled by the authors of the article with the use of Microsoft Excel.

Ha Bropom sTare ObIIH MOMYYEHB! TeMIepaTypHbIe CIEKTPHI (HOTOTIOMUHECIICH-
MM MOJIOKa 63 aMOKCHIIMIIIHA U C TIOPOToBO# ero kourentparuei 0,004 Mxr/cve.
Ha pucynkax 3—6 npencTaBieHbl CHEKTPHI TIOMHHECIICHITIH MOJIOKA C aMOKCHITHILTHHOM
u 0e3 pr Bo30yKaeHnH u3nydenueM 295, 325, 375 u 457 HM COOTBETCTBEHHO, a TAaKKe
UX TeMneparypHble 3aBucuMOCTH ¢( 7).
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O VIHTEeHCHBHOCTb JIOMUHECLICHIIMU MOJIOKa
C KOHLeHTpauyel antuouoTrka 0 Mxr/cm? /
Luminescence intensity of milk with an
antibiotic concentration of 0 mcg/cm?

O VIHTEHCHBHOCTb JTIOMHHECLICHIIHU MOJIOKa
¢ KoHLeHTpauuel antuouorrka 0,004 Mr/cm? /
Luminescence intensity of milk with an
antibiotic concentration of 0.004 mcg/cm?

® Touka msnoma WV, °C / The breaking point ¥, °C
e JTiHst TpeHaa / Trend line

Puc. 3. TemmeparypHbie CTIEKTPBI IIOMUHECTEHIAN TIpH A, = 295 HM, A = 360 HM MONOKa
C Pa3IMYHBIM COACPKAHHEM aMOKCHILIMIIINHA

Fig. 3. Temperature spectra of luminescence of milk with different amoxicillin content
at, =295 nm, A =360 nm
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O VIHTeHCHBHOCTH JIIOMUHECIICHIIMH MOJIOKA ¢ KOHI[EHTpaIyei aHTuouoTuka 0 Mxr/em® /
Luminescence intensity of milk with an antibiotic concentration of 0 meg/cm?

O VIHTeHCHBHOCTD JIOMHHECIIEHITHH MOJIOKa ¢ KOHIeHTparueit antuonoTrka 0,004 Mxr/cm? /
Luminescence intensity of milk with an antibiotic concentration of 0.004 mcg/cm?

® Touxa usnoma ¥, °C / The breaking point P, °C
e J iy tpenna / Trend line

Puc. 4. TemneparypHble CIEKTPBHI IFOMHHECIICHIIIH MOJIOKA C PA3JIMYHBIM COJIEPKAHUEM
aMOKCHIMJLIMHA: ) o, = 325 uM, & =439 um; b) A =325 um, A, = 516 um

Fig. 4. Temperature spectra of luminescence of milk with different amoxicillin content:
a) A, =325 nm, A =439 nm; b) A = 325 nm, A, = 516 nm
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O VHTEHCHBHOCTH JIIOMUHECLCHIINH MOJIOKA
¢ KOHLIEHTpaluen anTuéroTrka 0 Mxr/cm? /
Luminescence intensity of milk with an
antibiotic concentration of 0 mcg/cm?

O MHTEHCUBHOCTb JIIOMUHECLIEHIIMY MOJIOKA
¢ KoHLeHTpauyel antnonoruka 0,004 mxr/cm? /
Luminescence intensity of milk with an
antibiotic concentration of 0.004 mcg/cm?

® Touka uznoma W, °C / The breaking point ¥, °C

e Jlunust Tpenna / Trend line

Puc. 5. TemmeparypHble COEKTPHI IIOMHHECIICHIINH TIpH A, = 375 HM, A, = 546 HM MoJIOKa

C pas3JIMYHBIM COACPKAHUEM aMOKCULIUIUIMHA

Fig. 5. Temperature spectra of luminescence of milk with different amoxicillin content

at A, =375 nm, A, = 546 nm
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O MHTEHCHBHOCTD JIIOMUHECLIEHLIMH MOJIOKA
¢ KOHIEHTpauuel anTuouoTrka 0 Mkr/cm’ /
Luminescence intensity of milk with an
antibiotic concentration of 0 mcg/cm?

O  HMHTEHCUBHOCTH JIOMHUHECLIEHIIMH MOJIOKA
¢ KoHLleHTpanueil antubuoruka 0,004 mxr/cm? /
Luminescence intensity of milk with an
antibiotic concentration of 0.004 mcg/cm?

® Touka uznoma ¥, °C / The breaking point ¥, °C

e Jlunus Tpenaa / Trend line

Puc. 6. TemnepaTypHble CIEKTpPBI JIOMUHECHEHIMH NIPU A, = 457 HM, A, = 542 HM MoJIOKa

C pa3JIMYHbIM COACPIKAHNEM aMOKCUIIUJUIMHA

Fig. 6. Temperature spectra of luminescence of milk with different amoxicillin content

at =457 nm, A =542 nm
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Paccunranusie o gopmyiie (1) mapaMeTpbl TEeMIIEPATYPHBIX CIICKTPOB JTFOMUHEC-
LEHIIUH MTPEJICTABICHBI B TAOIHIIC.

Tabnuma

Table

HuTterpaibHble U TeMIepaTypHble IapaMeTPhbl CIEKTPOB JIOMHUHECHEHIIHH MOJI0KA
Integral and temperature parameters of milk luminescence spectra

Ae, BM/ | A, M / C, mxr/em® / C, meg/em?

[Mapamerpsr / Parameters

he; nm | A, nm 0 0,004
Touka uznoma ¥, °C / The break point ¥, °C 25,5+0,3 25,7+0,2
S10:265 0. €./°C / S19.26, 1. 1./°C 0,029+0,001 0,021+0,001
295 360 82660, 0. €./°C / Sz6.60, 1. 1./°C 0,042+0,001 0,043+0,002
R21026 0,98+0,10 0,99+0,10
R%6.60 0,99+0,10 0,99+0,10
Touka uznoma ¥, °C / The breaking point ¥, °C 34,3+0,2 36,3+0,3
Si036, 0. €./°C / Sio36, 1. 1./°C 0,158+0,006 0,226+0,012
439 S36:60, 0. €./°C / S36.60, 1. 1./°C 0,038+0,002 0,042+0,002
R%10.36 0,99+0,10 0,98+0,10
R340 0,97+0,10 0,99+0,10
325 Touka uznoma ¥, °C / The break point ¥, °C 32,6+0,3 32,2+0,3
Si0.32, 0. €./°C / Siosn, T. U./°C 0,162+0,007  0,19620,008
516 S32-605 0. €./°C / S32-60, 1. 1./°C 0,032+0,002 0,039+0,002
R0 0,99+0,10 0,97+0,10
R%560 0,97+0,10 0,99+0,10
Touka uznoma ¥, °C / The break point ¥, °C 25,8+0,4 23,6+0,2
S102s, 0. €./°C / Syg.25, 1. 1./°C 0,039+0,002 0,028+0,001
375 546 S25.60, 0. €./°C / Sp5.60, 1. 1./°C 0,091+0,003 0,102+0,005
R?1025 0,97+0,10 0,99+0,10
R%s.60 0,92+0,10 0,99+0,10
Touka uznoma ¥, °C / The break point ¥, °C 29,0+0,3 30,8+0,5
Si031, 0. €./°C / Syo31, 1. u./°C 0,0170+0,0008 0,0030+0,0001
457 42 S0, 0. ©./°C / Sy1.00 T. 0./°C 0,070£0,004  0,084+0,004
R1031 0,84+0,10 0,31+0,10
R%1.60 0,99+0,20 0,99+0,20

Hcmounuxk: Tabnuna 1 coctaBieHa aBTOPAMH CTaThU.
Source: The table 1 was compiled by the authors of the article.

[Tomyuennbie 3aBucumoctu ¢(7) cneayer pa3feNnuTh Ha JBa y9acTKa, KaxIbId

13 KOTOPBIX MOXKHO alllIPOKCHMHUPOBATh TUHEHHBIMU XapaKTEPUCTHKAMH C TOUKaMU
uznoma Y. OTHOCUTENbHAS HOTPEIIHOCTh YYBCTBUTENbHOCTEHN S He peBbIlaeT 7 %.
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OBCYXJIEHHUE

TemmeparypHsie XapakTepucTUku ((7) YUCTOTO MOJIOKA KOTMYECTBEHHO MEHBIIIE,
YeM y MOJIOKa C aHTHONOTHKOM. Bce XapakTeprCTHKH MOYXKHO Pa3fAeNiTh Ha IBE YACTH:
C Pa3HBIM HAKJIOHOM U € BBIPOKEHHBIMU To4uKamu uzioma V. [lpu A = 325 HM 3aBuCHMO-
cti ¢(7) BOTHYTHIE, a TP JUTMHAX BOJH BO30yxaeHus 295, 375 u 457 HM — BBIYKITBIE.

Bozoyxnenne Ha 295, 325 u 375 HM omnpezenseTcs B OCHOBHOM TpUTNITO(aHOM,
BUTaMUHOM A u Oenkamu [27-29]. Jlnsg A, = 457 HM OCHOBHOM BKJIaJl BHOCUT puOOQ-
naBuH — BuTamMuH B2 [30]. 3HaunTenbHOE TEMIIEpaTypHOE TyLIEHHE TPOUCXOANUT IIPH
BO30yKIeHHHU U3yueHneM 295 1 325 HM: yMeHbILIEHHE CUTHANIA (OTONIOMUHECLICHIINH ()
otHocuTenbHO HavankHOM (10 °C) u koneunoii (60 °C) Temmeparypsl cocTaBiseT ot 60
10 79 %. JlanHOE yMEHBIIEHNE CUTHAJIA B OCHOBHOM CBSI3aHO C JeHarypanuei Oenka
Y B MEHBIIIEH CTENEeHH ¢ QIYKTyallusIMU TPUNTO(PaHa U BATaMUHA A, TaK KaK B JaHHOM
TEeMIIepaTypHOM JHana3oHe OHU MPaKTUYecKH He paspymratorcs. [Ipu annHax BOIH
B030yx1eHus 375 u 457 uMm (puc. 5, 6) yMeHbIICHHE HHTEHCUBHOCTH () B TEMIIEpaTyp-
HoM auana3one 10-60 °C cocrauser ot 12 10 29 %, Tak kak BuTamMuH B2 cunuraercs
CTOMKHUM IO OTHOILEHHIO K HarpeBaHuo. He Bce TexHOmornueckue remmeparypHble
PEXKHUMBI [IPU IPOU3BOACTBE MOJIOYHBIX IIPOAYKTOB CHOCOOHBI IPUBECTH K PA3PYILCHUIO
aHTHOaKTEepHaIBHBIX MperaparoB [31].

i Ka>kaol [UIMHBI BOJIHBI BO30Y>KACHUSI UMEETCs CBOSL TOUka m3noma. Hampu-
Mep, naa A, =295 am u A, = 360 um — T'= 25,5 °C; ma A, = 325 uMm u A_= 516 M —
T=32,2 °C u ¢ no6aBICHUEM aHTUONOTHKA MPAKTUICCKHU He n3mensiercs. s ke= 325 um
U =439 um, A =375 am u A = 546 um — T ymenbiuaercs Ha 2 °C npu 106aBieHun
amoxcuuuiuna. [lpu A =457 um u A = 542 um vaobopot yBennuusaercs Ha 1,8 °C.
T. €. 10 TOYKE U3JI0Ma MOXKHO CZeJIaTh BBIBOJ O HAIMYMU MIJIM OTCYTCTBUH aMOKCHLIMII-
JIMHA B MOJIOKE.

UyBCTBUTEIBHOCTD S, ABIAIONIAsICS OTHOIIEHHEM Pa3HOCTH WHTEHCUBHOCTH JIIOMU-
HECIICHITUH ¥ TeMITIEpaTyphl, BeraucisiemMas mo hopmyie (1), mist obnacreit ¢ MEHBITIMHA
u OonpIIMMH TeMIeparypaMmu — pasHast. Hanpumep, ¢ 106aBieHneM aMOKCULMIUIMHA
B MOJIOKO 11t A, = 295 aM u A = 360 um, A, = 375 uM u A = 546 um, A, = 457 Hm
v A = 542 HM 49yBCTBHMTENBHOCTh B Juana3one temmneparyp 10-30 °C ymenbmaercs
Ha 38, 28 u 83 % cooTBeTcTBEHHO. J1J1s1 IBYyMOJANBHOM (DOTOMIOMHUHECIIEHTHOM XapaK-
TEPUCTUKH, BO30y)KnaemMoi 325 HM u perucTpupyeMod Ha A, = 439 umu A = 516 Hm,
Hao0O0pOT yBennurBaeTcs ¢ fodaBieHneM anTuOnoTrKa Ha 31 1 18 % cooTBETCTBEHHO.
PacueTr 4yBCTBUTEIBHOCTH B BBICOKOTEMIIEPATYPHOM JUANa3oHE MpH JINHAX BOJH
peructpauuu 360 u 439 HM He sBisieTcs nHpopMaTHBHEIM. C IPYroi CTOPOHBI, IPU
Xr: 516 am u 546 HM 9yBCTBUTENHHOCTh U3MeHseTcs oT 11 1o 18 %.

[Tpu nuHeiHOM anpokcuMaIuK y4acTkoB 3aBucumoctert (7)) koaddurmenT nerep-
mMuHauu R*> 0,97 Ha BCcex M3MePsAeMbIX JUTMHAX BOJIH U TEMIIEPATyPHBIX JAUaNa30Hax,
kpome A =457 uM, A = 542 Hm, 1€ JUIst MOJIOKa O€3 aHTHOMOTHKOB HAOIIONAETCS TIa-
HOMEPHOE M3MEHEHNE CUTHAIA B Anara3one Temmeparyp or 10-31 °C ¢ R?= 0,84+0,1,
a ¢ autuonoTukamu ¢ R?= 0,31£0,1. D10 MOKET OBITH CBA3AHO C BIAUSHUEM AMOKCHU-
LIJUIMHA Ha JUJIMHHOBOJIHOBYIO 00J1acTh BO30Y)KIEHUS MOJIOKA.

OTHOcHTENbHAs TOTPEIHOCTG He MpeBbImaeT 2 % ansa Touek usnoma ¥ u 5-7 %
ULl YyBCTBUTEIBHOCTH S B 3aBUCUMOCTH OT TeMIIepaTypHoit obnactu n3mepenus. [Ipu
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onpenencHun ko3 duireHToB nerepmuHanmu rpadgukor ¢(7) HOrpeNIHOCTh COCTAB-
qsiet 10 10 % mns mivH BoiH Bo30ykneHus 295, 325 u 375 M. [yt JyIMHBI BOJTHBI
BO30YxIeHMs 457 HM JaHHAs OTPELIHOCTh Bo3pacTtaeT 110 35 %.

OrpaHuyYeHUEM HCCIICIOBAHMS SIBJIICTCS U3MEPEHHUS TOJIBKO B TE€X CIIEKTPAIbHBIX
JiMara3oHax, Ijie MPOUCXOAUT BO30yKaeHHE (DOTOTIOMUHECHIEHIMH (KOPOTKOBOJTHOBBIM
BHJIUMBIN B ONVDKHUH YIIBTpadrOJIETOBBIN AWAITa30H), a TAK)Ke HEOOXOMUMOCTE yUeTa
BPEMCHH HarpeBa U OXJIaXJICHUS MPoObl MOJIOKA TP BHEAPEHUH JAHHOTO METOJa
B CYIIICCTBYIOIINE TEXHOJIOTHH.

3AKIIOYEHHE

[omyyennble TeMnepaTypHbIe XapaKTEpPUCTHKKA MOTYT OBITh YUTEHBI ITPU pa3paboTKe
Pa3InYHBIX METOAUK (OTOIMIOMHUHECIEHTHOTO KOHTPOJISI KauecTBa MOJIOKa (Haludue
AHTUOMOTUKOB U JIPYTHUX MOCTOPOHHUX KOMIIOHEHTOB, KHCIIOTHOCTB, CO/IEPIKAHHE
0EJIKOB, XKHPOB U JIp.) B CBSA3H C TE€M, YTO TeMIleparypa MeHseTcs: npumepHo ot 37 °C
y CBEKEBBIJOEHHOT0 MoJioka 710 3—5 °C npu xpaneHuu. [Ipu 3ToMm MeHsIOTCS Korde-
CTBEHHBIE TIApaMeTpPhI JIIOMHUHECICHIIMH. Tak, HanOoJbIlas TeMIeparypHas CTaOuIIb-
HOCTB (DOTOTFOMHUHECIIEHTHOTO CUTHAJIA HAOTFOIAeTCsl TIPH UCTIONH30BAHHUH JITHH BOJH
B3Oy xaeHuU 295, 375 n 457 HM.

Jlis BBIABICHHS aHTUOMOTHKOB B MOJIOKE II0 TEMIIEPAaTyPHBIM CBOWCTBAM PEKO-
MEHJyeTCsl METOANKA, OCHOBaHHast Ha peructpauuu ¢(7) Uix HHTErpantbHOro IIOTOKa
®(7) B mnanazone 10-36 °C. Ilpu naHHBIX TeMIiepaTypax MOJIOKO HE TIOABEPTaeTcs
CYLIECTBEHHOMY TEPMHUYECKOMY pa3pylIeHHI0. MeToauKa BKIIOYaeT B ceds creay-
IOIIME ATAlBbI:

— BO30yX/I€HHE MOJIOKa M3IyYCHHEM OT CBETOIMOJOB JHO0 Ja3epa npu AJUHE
BOJIHBI A, = 325 HM;

— HarpeBaHue MoJioka ¢ maroMm B 1 °C B nuanaszone temneparyp 10-36 °C u peru-
CTpalys CUTHAJIA JIIOMUHECUEHLIUH () HA JJINHE BOJHBI X’,Z 439 HM, UCTIONB3YS IPUEM-
HUK WU3TYYEeHHUS] ¢ MOHOXPOMATOPOM HJIM PEKEKTOPHBIM (QHIBTPOM C MOCIIETYOIUM
MIEPEBOIOM TOJTYYEHHOTO CUTHANA B IU(POBYIO GOPMY MUKPOKOHTPOILIEPOM;

—mocrpoenue rpaduka ¢(7) MOTIOKa C TIOCIEAYIOIINAM PacieTOM TYBCTBUTEIBHOCTH S.
Ecmm §> 0,17 — B MOJIOKE IPUCYTCTBYET aMOKCHITMILITHH, ecii S < 0,17 — OTCyTCTBYET.

JanpHeHmM HarpaBIeHUEM UCCIIEA0BAHMS SIBISIETCS pacIIMPEHNE HOMEHKIIATY PhI
oIpenesnsieMbIX aHTUOMOTUKOB.
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P PeKTUBHOCTH TENJI000MEHA NIPH HATPeBe
MOJI0Ka B cucTeMe «CoJTHEeYHbIH KOLJIEKTOP —
IUIACTUHYATHIN TENJI000MEeHHUK

10. B. I'epoep ™, A. I1. Bepouukuii
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Annomayus

Beenenue. ITepepaboTka CeIbCKOXO3SHCTBEHHOTO ChIPbs TPEOYET CYIIECTBEHHBIX dHEP-
TeTHYECKUX 3aTPaT, COCTAaBJISAIONIMX 3HAYUTEIbHYIO 4acTh ce06eCTOMMOCTH FOTOBOTO IIPO-
nykra. ONTUMH3AIMS CUCTEMBI HarpeBa IMPOAYKTa TEIVIOHOCHTEJEM B IUIACTHHYATOM
TEIUIO0OMEHHHUKE MO3BOJIUT JOCTHYb PAIMOHAIBLHOTO COOTHOIICHHUS MEXKIY CKOPOCTHIO
Harpesa M 3HEpProdPpQeKTUBHOCTHIO, YTO MOCHOCOOCTBYET YITyUYIIEHHIO SKOHOMHUECKUX
HoKa3aresei MPOn3BOACTBA.

eas uccaenoBanusi. OnpeneneHne 3aBUCHMOCTEH TEMIIEPaTyphl HAPEBAEMON JKH[I-
KOCTH OT TeMIIEpaTypbl ¥ pacxoa TEIUIOHOCHUTENS, a TaK)Ke BBISBICHHUE ONTHMAIbHOTO
COOTHOLICHHS PACXOJOB B KOHTYPaX TEIUIOHOCUTENS U HarpeBacMoOM JKUIKOCTH IS JO-
CTHIKEHHSI MAKCUMaJIbHON 3 ()EKTHBHOCTH TEIIONEPEIaUH.

Marepuajsl 1 MeToABbI. J[J1s1 HCCeIOBaHMS Mpoliecca HarpeBa KUKOCTHBIM TEIIOHO-
CHUTENIeM HarpeBaeMOW JKUIAKOCTH MCIOJIB30BAINCH TPYOUaThIil FeJIMOKOIIEKTOp U J1abo-
PaTOPHBIH IJIACTUHYATHIH TEINIOOOMEHHUK, COCIMHEHHBIE TPYOOIIPOBOIAMH C COOTBETCT-
BYIOILIeH THpaBInYecKoil apmarypoil. MccnenoBanue mpoBeaeHo pH GpUKCHPOBAaHHBIX
pacxofax HarpeBaeMoM JKUAKoCTH (MoJioka) (3,5, 4,25 u 5,0 1/MUH) U IEpEeMEHHOM pac-
xone termonocurens (0,80—3,5 j1/MUH), MOCTYMAIOIIET0 U3 TeIHOKOJUIEKTOpa. B kavecT-
Be KpuTepus 3p(EeKTUBHOCTH pabOThI TEMIIOOOMEHHHKA HCIIOIb30BajCs Ko3()GHIUSHT
OT/[a4u TeTIa k , OTpeseNAeMblil Kak OTHONIEHHE Pa3HOCTH TEMIIEPaTyp HarpeBacMoi
JKHUIAKOCTH K Pa3HOCTH TEMIIepaTyp TEINIOHOCUTEIIS.

Pe3yinbTarbl HccIe10BaHusA. PaccMOTpeH mpoluecc B3auMOIEHCTBUS TEIUIOHOCHTEINS
U HarpeBaeMoM >KUJIKOCTH (MOJIOKA) B IUIACTMHYATOM TEIIOOOMEHHHKE, paboTaromeM
B IIape C MOJYJIEM COJIHEYHOIo HarpeBa. Temieparypa MpoayKTa Ha BBIXOJE MPOHOPIIH-
OHAJIBHO 3aBHCHT OT Pacxofia U TeMIIepaTypbl TeloHocuTens. Hanbonpimii poct 3¢-
(eKTUBHOCTH HAONIONACTCS NPH YBEIMYCHHH COOTHOIICHHS PACXOMOB TEIFIOHOCHTENS
n HarpeBaeMoi xuaxocta (Q,/0)) B ananazoHe ot 0,5 1o 0,75. [lanpHelimee yBenndeHne
cootHoutenus 10 1,0 BereT K pocTy B MEHbIIEH CTeneHH, Bolme 1,0 — K He3HaUUTEIbHO-
My NpHUpocTy 3()HEKTHBHOCTH.

© I'epoep FO.b., Bepouyxuii A.I1., 2026
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3akoueHne. ONTUMAITBHOE IS SHEPTETHUECKOH 3P PEKTUBHOCTH COOTHOIIICHHE pac-
xonoB Q,/0, = 0,7...1,0. OTo mo3BOISIET MHHIMHU3HPOBATH SHEPro3arpaTsl Ha IOgaTy
(mepekadky) TEIIOHOCHUTENs MPHU BbICOKOM (Goree 75 %) koadduimenTe oTaaum Tera.
Pesynbrarsl MOTYT OBITH IPUMEHEHBI IIPU IIPOSKTUPOBAHUY M IKCILTyaTalluy SHeprodd-
(heKTUBHBIX CHCTEM MOJa49X TEIUIOHOCHUTEINS B arpOIPOMBIIIICHHOH cdepe. s obec-
MeYeHNs] HU3KOMOTEHIINATbHBIX TEIIOBBIX MPOIIECCOB U MPEIBAPUTENHHOTO MOJ0TPEBa
IpH JanbHeHIed BBHICOKOTEMIIEPAaTypHOH 00paboTke (TacTepH3alii) 3KOHOMUYECKH
1esecooOpasHo MCIONIB30BAHUE COTHETHOH YHEPTHH.

Knrouesvie cnosa: 3hHEKTUBHOCTh TETUIOOOMEHA, CONHEYHBIA KOJUICKTOp, TUIACTHHYATHIN
TEIUI00OMEHHHUK, KO3 PHUIIMEHT OTAAYHN TEIIa, BO30OHOBIISIEMast JHEPreTHKA, FeIMOCHCTEMA

Kongnuxm unmepecos. aBTOpbI 3asBISIOT 00 OTCYTCTBUU KOH(IMKTAa HHTEPECOB.

Jis yumuposanus: Tepbep 10.B., Bepbuukuii A.Il. DddexruBHocts TemioodMeHa
IpH HarpeBe Mojoka B cucteMe «CONTHEUHBIH KOJUIEKTOp — IUIACTHHYATHIN Teruioo0-
MEHHHK». HHowcenepnvie mexnonocuu u cucmemvlt. 2026;36(3):578-594. https://doi.
org/10.15507/2658-4123.26363.578-594

Heat Transfer Efficiency during Heating Milk
in a Solar Collector-Plate Heat Exchanger System

Yu. B. Gerber™, A. P. Verbitsky
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Simferopol, Russian Federation, https://ror.org/05erbjx97
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Abstract

Introduction. Processing agricultural raw materials requires significant energy cost that
makes up a significant part of the finished product cost. Optimizing the product heating
system with a heat transfer fluid in a plate heat transfer unit will allow achieving a rational
balance between heating rate and energy efficiency that will help to improve economic
indicators of production.

Aim of the Study. The study is aimed at determining the dependences of the temperature
of the being heated liquid on the temperature and flow rate of the heat transfer fluid, and
at identifying the optimal ratio of the heat transfer fluid flow rate and being heated liquid
to achieve maximum heat transfer efficiency.

Materials and Methods. A tubular solar collector and a laboratory plate heat transfer unit
connected by pipelines and appropriate hydraulic fittings were used to study the process
of heating liquid with a heat transfer fluid. The studies were conducted at fixed flow rates
of the being heated liquid (milk) (3.5, 4.25 and 5.0 1/min), and a variable heat transfer
fluid flow rate (0.80-3.5 I/min), incoming from the solar collector. As a criterion for the
efficiency of the heat transfer unit system, there was used the heat transfer coefficient %,
which is defined as the ratio of the temperature difference between the being heated liquid
(milk) and the temperature differential of the heat transfer fluid.

Results. There have been considered the process of the interaction between a heat transfer
fluid and a being heated liquid (milk) in a plate heat transfer unit operating in pairs with
a solar heating module. The outlet product temperature depends proportionally on the
flow rate and temperature of the heat transfer fluid. The greatest increase in efficiency is
observed when the ratio of the heat transfer fluid flow rate and being heated liquid flow rate
(0,/0)) is increased from 0.5 to 0.75. A further increase in the ratio to 1.0 leads to a smaller
increase in efficiency, while an increase above 1.0 results in a slight increase in efficiency.
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Conclusion. As a result of the conducted study and data processing, there has been found that the
optimal ratio O, /O, for energy efficiency is 0.7...1.0, which minimizes energy consumption for the supply
(pumping) of the heat transfer fluid while ensuring a high (more than 75%) heat transfer coefficient. The
results can be applied in the design and operation of energy-efficient systems for heat transfer fluid supply
in the agro-industrial sector. The use of solar energy is economically feasible for low-potential thermal
processes and preheating for further high-temperature processing (pasteurization).

Keywords: heat exchange efficiency, solar collector, plate heat exchanger, heat transfer coefficient,
renewable energy, heliosystem
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BBEJIEHUE

D¢ hEeKTUBHOCTD IIPOIIECCOB TEIUIONEPEIaun M TEIDIOOOMEHA SIBIISICTCS OHOW U3
KJTFOYEBBIX 33J1a4 B SHEPTEeTUKE, MUIIEBON MPOMBIIUICHHOCTH, XOJIOAHIBHON TEXHUKE
W MHOTHUX JIDYTHX OTPACIISX MPOMBIIUIEHHOCTH. OCHOBHBIM aIapaToM, B KOTOPOM
OCYIIECTBIISICTCS TAHHBIN TPOIIECC, SIBIACTCS TETNIOOOMEHHHUK, OT ONTHMAIBHBIX PEXKHMOB
paboThl KOTOPOTO HAMPSIMYIO 3aBUCAT SHEPro3aTpaThl, SKOHOMUYECKUE MMOKA3aTeITH
Y 9KOJIOTUMHOCTH TEXHOJIOTUYECKUX IIUKIOB. HecMOTps Ha pa3BUTHII TEOpETHUECKUN
0a3nc 1 MHOTOOOpa3ue KOHCTPYKTUBHBIX PEIICHUH, 3a/1a4a MOUCKa ONTUMAIbHBIX
PEKUMOB KCILTyaTalUHU JJIsl KOHKPETHBIX YCIIOBHIA OCTaeTCs akTyaabHOH [1-3].

OCHOBHBIMH PEryNupyeMbIMH TapaMeTpaMu B CUCTEME C IByMS KOHTYpaMH (TEMJI0HO-
CHUTCJIb U HarpeBacMmas XKUJIAKOCTb — HpOI[yKT) YacCToO ABJIAIOTCA UX PACXOJ U TEMIICpATypa
Ha Bxoze'. I[Tpy 5ToM TemItieparypa HarpeBaeMoi JKHIKOCTH Ha BBIXOJIE, KIFOUeBast IieieBast
nepeMeHHast, (POPMUPYETCsI TOJT CIIOKHBIM B3aHMHBIM BIHSHAEM 3THX (akTopoB. C omHOM
CTOPOHBI, U3BMEHEHHE PACXOJIOB HAMPSMYIO BIUSCT Ha KOI(DPHUITUEHT Terutonepeadn,
WHTEHCU(DUIIUPYS WK 3aMeyisas portece [4]. C npyroii CTOPOHBI, OHO JK€ OIIPEAeIIseT
BEJINYHMHY CPEIHETO JOrapu(GMUIecKoro TEMIIepaTypHOTO HAmopa — JIBUKYIIEH CHITBI
nporecca. ITo MPUBOJMT K TOMY, YTO 3aBHCUMOCThH KOHEUHOM TEMITepaTyphl OT PACXOIIOB
HOCHT 9KCTPEMANbHBIA XapakTep, CIeIOBATEIbHO, CYIIECTBYET TAKOE OMTHUMATBHOE
COOTHOIIICHHE PACXOA0B, IPH KOTOPOM 3(PPEKTUBHOCTH TEIUIONEPEaun JOCTHTAST
MaKCUMyMa.

[Ton 3¢ heKTUBHOCTRIO TaHHOTO NPOoIlecca MOXKHO TTOHUMATh KaK MaKCHMaJIbHYIO
TETUIOBYIO MOIITHOCTH NMPH (PUKCUPOBAHHBIX pa3Mepax arrapara, Tak 1 MUHAIMHU3AIUI0
OKCILTYyaTallMOHHBIX 3aTpaT, YUUTHIBAIOIIUX SHCPIUIO Ha IMMPOKAYKy TEIJIOHOCHUTEIICH.
TakuM 00pa3oM, yBEIMUCHUE PACXOI0B HE BCETIIa ABJISICTCS pallMOHAIbHBIM. Tpedyercs
Hay4YHO 000CHOBaHHBIH MOJXOJ K BBIOOPY PEKUMHBIX ITAPAMETPOB.

Pa3Butre BO300HOBIsIEMON OHCPICTUKU ABJIACTCA OHUM U3 KITFOYEBBIX HaHpaBHeHI/II;’I
JUISL CHIDKCHUSI 3aBHCUMOCTH OT TPAIUIIMOHHBIX HCKOTIAEMbBIX PECYPCOB U YMEHbBIIICHHUS

! Tyxman A.A. TIpuMeHeHHe TeOpUH TOM00HS K UCCISIOBAHUIO MPOIIECCOB TEILIO-MacCO0OMeHa
(mpoueccsl epeHoca B ABMKyLIeHcs cpene). M.: Beiciias mkona; 1974. 328 c.
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AHTPOIOTEHHOM HArpy3KH Ha OKpYyKaroulyro cpeay” [5]. Cpean TeXHOIOTHiA BO30OHOB-
JSIEMBIX HCTOYHUKOB SHEPTHH COTHEYHOE TEII0CHA0KEHHE IEMOHCTPUPYET BBICOKYIO
3 PEeKTUBHOCTD JUIsI CHCTEM TOPSYETO BOJOCHAOKEHHUS B YCIOBUAX YMEPEHHOTO
kaumMara’® [6]. Takum 06pa3oM, coueTaHre UCIIOIb30BAHUS MEHEE JOPOTOr0 HCTOYHHKA
SHEPTHUH IS TETJIOBOTO MPOIECCa U ONTUMH3AIMS TETUIONIEPEIadr TTO3BOIUT TTOBBI-
cuTh 3¢ (EeKTUBHOCTD TEIJIOBOM 00pabOTKH MPH NMPOU3BOJCTBE MPOAYKTOB MUTAHHUSA,
B YaCTHOCTH, MOJIOYHBIX.

Lenbto uccnenoBaHus ABISETCS 3KCIEPUMEHTAIBHOE ONPEIeNIeHUE 3aBUCMOCTH
TEMIEpaTypbl HarpeBaeMoM XKUIKOCTH M K03 (UIIMEeHTa OTAaYM TeIUla OT pacxona
Y TEMIIEPATyPbl TEMJIOHOCUTENS B KOHTYPE IUIACTUHYATOTO TEIUIOOOMEHHHKA, a TAKKE
BBISIBJICHHE ONTHMAJILHOTO COOTHOLICHHS PACXOA0B, 00ECIEUNBAIOLIETO BEICOKYIO
SHEpreTU4ecKyro 3pPekTHBHOCTH cucTeMsl. 1151 3TOro Tpedyercs: co3aanne dKCIepu-
MEHTaJbHOM YCTAaHOBKU C HEOOXOAMMBIMHU MPHOOpaMu, 000pyI0BaHHEM; IPOBEACHHUE
MCCIIeIOBaHUM B COIHEUHOE BPEMsI CyTOK; 00pabOTKa MOMyYEHHBIX JaHHBIX.

OB30P JIUTEPATYPbBI

Bomnpocawm Temionepenaun moCBAMIEHBI KJIACCUYECKIE TPYABI 10 TEOPUH TETLIO-
obmena aBropoB A. C. I'yxmana*, B. I1. Ucauenko®, B. A. Ocumnosa, [Ix. X. Jluaxapn.
B paboTax 3THX yueHBIX NpuBeAeHBI (yHIaMEHTaJbHbIE YPABHEHUS U pacueTa
KOHBEKTHUBHOTI'O TEIJIOOOMEHA U TelionpoBogHocTy. KitoueBoii sBnsieTcs 3aBUCH-
MOCTB K03 QHUITEeHTa TEIIOOTAaYN OT PeKUMa TedeHHus (Kputepuu PeliHombICA,
[Ipanntns, Hyccenbra) u cBoiicTB xuakoctu. M. E. Cemenos, A. 0. MackuHckas,
. A. Anxacosa, H. 1O. Hukynus npoBenu TeIIOTEXHUYECKUE U THAPOJUHAMUYE-
CKHE HCCIIEOBAaHMs, HaIpaBJICHHbBIC HA MHTCHCU(UKAIIMIO TEIIOBBIX MPOLECCOB
B IUTACTHHYATHIX anmnapaTax. Mu Takxe Obliia H37105%KeHa TEOPHsI TETII000MEHHBIX
anmnapaToB. B ocHOBe KOHCTPYKIHH MJIACTUHYATBHIX TEIUIOOOMEHHBIX anapaToB
JieXKaT pe3ynbTaThl UCCIIEI0OBAaHUHN TEMIOTHAPOAMHAMUYECKUX MTPOILIECCOB B KaHaIaxX
cioxHol reomerpuu [4; 7; 8]. OnHaKO KOHKPETHBIE PEKOMEHIAINH 110 BEIOOPY
JUHAMUYECKHUX PEXKUMOB pabOThl TEINIOOOMEHHUKOB B CBSI3KE C I'eJINOCUCTEMAMHU
OTCYTCTBYIOT.

TunoBas cucreMa COJIHEYHOTO FOPSYEro BOLOCHAOXKEHNUS BKIIIOYACT B ce€0s resIno-
KOJIIEKTOP, TETFIOOOMEHHBIN amnmapar u 0ak-akkymyasaTop [6; 9]. [InactuHuarbie Terio-
0OMEHHHKH HIMPOKO IPUMEHSIOTCS B TAKMX CHCTEMax 0Jarogaps CBOei KOMIIAKTHOCTH,
BBICOKUM K03 uireHTam Teronepesadys 1 BO3MOKHOCTH PaOOThI IPH OTHOCHUTEIHHO
HHM3KHX nepernanax temneparyp® [10; 11].

2Tyxman A.A. O6 ocHoBaHUsIX TepMmoarHaMuku. M.: Dueproaromusmar; 1986. 384 c.

3 Tyxman A.A. [IpiMeHeHHEe TEOPHUH TOJOOUS K UCCIIEOBAHUIO TPOIIECCOB TEILIO-MaccoOOMeHa
(TIporiecchl mepeHoca B IBIKYIIEHCS cpene).

4Tyxman A. A. O6 OCHOBaHHSAX TEPMOIUHAMUKH.

5 Ucauenko B.II., ComomoB A.IL., fxymesa E.B. Temnoo6MeH mpu KOHASHCAIMH BOISHOTO Mapa,
coJieprKaliero J00aBKy OKTaellJIaMIHa, Ha BEPTHKAJIBHOM 11acTune. Tennosnepeemuxa. 1983;(9). URL:
https://unilibrary.ru/articles/journals/teplojenergetika/teplojenergetika-1983/teplojenergetika-1983-09/
isachenko-vp-solodov-ap-jakusheva-ev-teploobmen-pri-kondensacii-vodjanogo-para-soderzhashhego-
dobavki-oktadecilamina-na-vertikalnoj-plastine (mara oopamenns: 15.10.2025).

¢ Tam xe.
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O dexTHBHOCTD pabOTHI BCEH CHCTEMBI B 3HAUNTEIBHOM CTEIIEHH OMpPEACIsIeTCs
PEXKUMOM TEII00OMEHa MEKIY KOHTYPOM TEIUIOHOCUTENS (BOIBI, aHTHU(pH3a) OT
COJTHEYHOT'O KOJIJIEKTOpa U KOHTYPOM HarpeBaeMoi ®uakocTu (mpoaykra). [Ipumenu-
TEJIBHO K arporpoOMBIIUIEHHOMY TPOU3BOJCTBY 3TO MOXKET OBITH MOJIOKO, COKU U JIp.
KrroueBsiMu yIpaBisOmUMY TapaMeTpaMy B KOHTYpax SBISFOTCS pacxonsl [ 12]. Muorme
MCCTIeIOBAHMS MTOCBSIICHBI OIIEHKE BIMSHUS Ha MPOTEKaHHE MPOIecca KOHCTPYKTUBHBIX
rmapamMeTpoB TeIuiooOMeHHuKa [13—15], MONCKY ONTUMAaIBHBIX KOHCTPYKTHBHBIX
Y TEXHOJIOTHYECKHX [IapaMETPOB, a TAK)KE MaTEPUaJIOB, OBBIIIAIONINX KOI(DUIIMEHT
MIOJIE3HOTO NEHCTBUS yCTPOUCTB [16—18].

HeontumanbHOEe COOTHOIIEHHE PACXOAOB MOXKET MIPUBECTH JHOO0 K HEAOCTATOU-
HOMY HCIIOJIb30BaHMIO TEIJIOBOTO MOTEHIIMAIA TEIUIOHOCUTENS (HU3Kas TeMIeparypa
HarpeBaeMoi cpeabl Ha BBIXO/E), TM00 K M30BITOUHBIM SHEPro3aTparaM Ha IOArOTOBKY
U NoJlady TEIJIOHOCUTEN Yepe3 KOHTyp reiauokosiexkropa [19-21]. Kpome toro,
yKa3aHHOE OTKJIOHEHHE HETaTUBHO CKa3bIBA€TCA Ha KOHCTPYKTHUBHBIX MapameTrpax
TEIIOOOMEHHHKA, BEJIeT K HEONpPaBIaHHO 3aBBIIICHHBIM pa3MepaM YCTaHOBKH,
YBEITMYCHUIO €€ MaCCHI U TIOBBIIIICHUIO cTOMMOCTH [22]. HecMOoTps Ha cymiecTBOBaHUE
TEOPETUYECKUX MOJENEH, IPAKTHIEeCKNE NaHHbIE, TO3BOISIONINE BepUPUIINPOBATH
9TH MOJIETH U 1aTh KOHKPETHBIE PEKOMEH IAITNH JJIsI HHKEHEPHOTO MPOESKTHPOBAHUS,
OTCYTCTBYIOT.

HoBusHa HacTos1LeTO MCCIe0BaHNS 3aKII0YaeTCsl B yCTAHOBICHUH KOJIMYECTBEHHOM
3aBUCHMOCTH KO3((UIMEHTa OTIa4H TeT1a OT COOTHOLIECHUSI PACXOI0B U1l KOHKPETHON
KOH(UTypauu CUCTEMbI COTHEYHOTO TEIIOCHAOKEHHS.

MATEPHAJIBI U METObI

Oobvexm uccnedosanus

B kadecTBe 00BbeKTa UCCTIEIOBaHMSI paccMaTpHUBajcs Mpolecc HarpeBa >KUAKOCTH
YKUJIKOCTHBIM TEIUIOHOCHUTENEM B IIACTUHYATOM TETFIOOOMEHHHUKE B 3aBUCIMOCTH OT
COOTHOLIEHHS PACXOJIOB IEPBHYHOIO TEMIOHOCUTEIS B TETMOKOILIEKTOpe (), ¥ Harpe-
BaeMOI JKUAKOCTH O,

Mamepuanwt u 060pyoosanue

OKCIEpUMEHTHI POBOFIIICH B JTA00OPAaTOpUH Kad)enphl TEXHOJIOTHI M 000PYI0BaAHIS
IIPOM3BOCTBA U NEPEPaObOTKH MPOLYKIIMU KUBOTHOBOJICTBA ATrpPOTEXHOIOTUYECKOM
akazemuu. bouta cobpana naboparopHas ycraHoBka. CxeMa NOAKIIOUEHHS TaTIMKOB
TEMIIepaTypbl IPEICTaBIeHa HAa PUCYHKeE 1.

B TemnooOMeHHUK 5 moAaBanack BOIA, Harperas B IeJIMOKOUIEKTOpE /, a Takxke
NPOAYKT, TOAJIekKAaIii HarpeBy — Mosioko. Kontyp / (4/-1/) — gacts TpyOOIpoOBOIOB
CHCTEMBI, 10 KOTOPBIM JBHKETCS] MOJIOKO: IPOAYKT C TIOCTOSIHHBIM BXOJHBIM PacXoJ0M
(Q, = const) u HavanbHOM Temneparypoit 16-17 °C. Kontyp 2 (2/-3/) — vacts Tpy6o-
MPOBOJIOB CUCTEMBI, TIO KOTOPHIM JABHXKETCS TEIUIOHOCUTENb — BOJIA, IPEBAPUTEIHHO
HarpeTas B MOJyJIe TEIMOHATPEBa, C IEPEMEHHBIM pacxoaom O, .

OOmuit BUI SKCTIEPUMEHTAIBHON YCTAaHOBKH U OJIOK 3aMepa TeMIleparyp moka3aH
Ha pUCYHKax 2—4.
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B TEXHOJIOTMYE CKUI
. mpouecc/ |
in the technological H
process
Pwuc. 1. Cxema 3KCHIEpHMEHTAIBHOTO CTEH/IA C YKa3aHHEM TOUEK U3MEPEHHUs TeMIIepaTyphl:
1 — rennoxoiIeKkTOp; 2 — 6aK-aKKyMYJISITOp HarpeToi Boasl; 3 — Hacoc;
4 — HaKOTMHTEIb MPOTOYHOH BOJBL; 5 — INTACTUHYATHIA TETUIOOOMEHHHK

Fig. 1. Experimental setup diagram with temperature measurement points:
1 — solar collector; 2 — heated water storage tank; 3 — pump; 4 — flow water storage tank;
5 — plate heat transfer unit

Ilpumeuanue: 1] — BBIXO HarpeBaeMoro NpoayKTa; 2/ — BXOJ TEIUIOHOCHTENS; 3/ — BBIXO/ TEIIOHO-

cutens; 4/ — BXoI HarpeBaeMoro NpoayKTa.
Note: 1/—heated product outlet; 2/ — heat transfer fluid inlet; 3/ — heat transfer fluid outlet; 4/ — heated

product inlet.

Hcmounux: pucyHok 1 cocrasieH aBropamu cratbi B mporpamme KOMITAC-rpaduk.
Source: Figure 1 was compiled by the authors of the article in the program KOMPAS-Graphic.

Pwuc. 2. O6mmuii Buz 3KCIIepUMEHTAIBHON yCTaHOBKH:
1 — Gak-aKKyMyJIATOp; 2 — FeJIMOKOIUIEKTOP; 3 — TEINI00OMEHHUK

Fig. 2. General view of the experimental setup:
1 — accumulator tank; 2 — solar collector; 3 — heat transfer unit

Hemounux: dororpaduu 1uist pucyHKoB 2—4 ObUIM ClIeTaHbl B IEPUOJ IPOBEACHHS SKCIIEPUMEHTOB
06.08.2025-11.08.2025 B maBrIbOHE MEXaHU3AIMN HHCTUTYTA «ATPOTEXHOJIIOTHYECKAst akaieMisD» KpbiM-
cKoro QezepanbHoro ynusepceurera umenu B. WM. Bepranckoro.

Source: The photos for figures 2—4 were taken during the period of the experiments (06.08.2025—
08.11.2025), in the pavilion of mechanization of the Agrotechnological Academy, V. I. Vernadsky Crimean
Federal University.
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Puc. 3. CoenuHeHue KOHTYpa IeJIMOKOJIEKTOPA € TEINI00OMEHHUKOM
Fig. 3. Connecting the solar collector circuit to the heat exchanger

. ‘ |
I * & e , \
Puc. 4. Brok aneKTpoHHON pEeTUCTpaNiU TEMIIEPATYPhI B TOYKaX ITOJIa4H U BBIXO/IA TETUIOHOCHTEIIS

nu HarpeBaeMoﬁ KUAKOCTHU

Fig. 4. Electronic temperature recording unit at the inlet and outlet of the heat transfer fluid
and being heated liquid

Ilpoyedypa uccneoosanus

B xone skcnepuMeHTa (GUKCHPOBAIMCH TEMIIEpaTyphl Ha BXOJE U BBIXOE 000MX
KOHTYpOB (naruuku 1/~4/). Cepun S5KCTIEPUMEHTOB MPOBOMIIKCH B TPEX MOBTOPHOCTSX IS
Tpex (PMKCHPOBAaHHBIX 3HAYEHUN Pacxo/ia MPOIyKTa: Qp1 = 3.5 i/muH, sz =425 n/muH,
Qp3 = 5,0 /MuH. B kaX101 cepun BapbUpOBAJICS PACXOM TETUIOHOCHTENS O, .

B kadecTBe MHTErpaIbHOTO KpUTEPUS IPPEKTHBHOCTH TEIIIO0OMEHa OBIT IPUHST
K09 GUIMEHT OTa4YM TeTIa k , PACCUMTHIBAEMBIH 110 (hopmyIre:

ATp_Tl_T4
" AT, T-T°
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e T, — Temneparypa npoaykTa Ha Beixozie, °C; 7, — Temnieparypa npoaykra Ha Bxoze, °C;
T, — Temniepatypa TEIIOHOCUTETIS Ha BXoJE, °C; T, — TeMIeparypa TeIIOHOCUTENs Ha
Boixojie °C. JlaHHbIi K03 QUIIMEHT XapaKTepU3yeT OO PeaibHO MEePEIaHHOM TEIIOBOM
SHEPTHUH 10 OTHONICHUIO K MAKCUMAJIBHO BO3MOXKHOM B HicaIbHOM cirydae. J[anHoe
BBIpa)KEHHE TIOTYYCHO B PE3YNIBTaTe PACCMOTPEHHS YaCTHOTO CiIydas — paBEHCTBA
MPaBbIX YacTel ypaBHEHHH TETUTOBOTO OajaHca I MPOIYKTa:

0, =Mc(T —T,)

e MP — Macca POJIyKTa, KI; ¢, — TeIIOEMKOCTh IIPOYKTa, Jix/(xr-K); T o T ,p ~ KOHCUHasT
Y HadaJbHAs TeMIleparypa npoaykra, °C.
JIJI TEeTII0OHOCHUTES:

th = th chc (Tkhc - T'nhc)’

e M, — macca TEIIOHOCUTENS, KT; €, — TEIIOEMKOCTD Tertonocures, Jhx/(xrK);
T, T, —XOHe4Has U HaYaJIbHas TeMIeparypbl TertonocuTens, °C. B nanHoM ciyyae 3aiaqa
TEII000MEHa pacCMOTPEHA TSl OTHOIICHHSI PAa3HOCTEH COOTBETCTBYIOIINX TEMIIEPATyp.
st pacuera XapaKTepUCTUK TEUCHHSI MOJIOKA B3AThI HCXOAHBIC CIIPABOUHBIC XapaK-
tepuctuku. [TnotHocts p = 1 030 kr/m3; quHAMUYEcKas BA3kocTh W = 2,5-107 Ta-c;
KHHEMAaTH4YecKas BI3KoCTh v = Wp = 2,43-107¢ m%/c; Ternonposoxuocts A = 0,55 Br/(M-K);
yaenbHast TeroeMkocts C, = 3 900 Jhx/(kr-K); koapuument remnepary ponpoBoaHOCTH

o=M(pC,) = 1,37-107 m*/c; kodpPuiment oobemMHoro pacumpenus f§ =4,5-10* K.

PE3VYJIBTATBI UCCJIEJOBAHMUA

3agucumocmey memnepamypHviX RAPAMEmpPo8 Om pacxo0a MmenioHoCUmens

[IpoBeneHsB! MIECTh OMBITOB NPH PA3IUYHBIX 3HAYEHUSX TEMIEPATyphl TEMJIOHO-
curenst. C MOMOIIBIO TEMIIEPATYPHBIX JaTYNKOB B KaXKIOM OIBITE 3aMePSUIN 3HAYCHUS
TeMIIeparyp MpOayKTa U TEIJIOHOCUTENS Ha BbIXxoze U Bxoje (puc. 4). IlomydyenHsie
B pe3yJIbTaThl U3MEPEHNH CBEICHbI B Ta0numy 1.

Taonuuma 1
Table 1

3aBHCHMOCTB TEMIIEPATYPHOTO PeKMMA TeNJI00OMEHHHKA 0T PacxoJa TenJIOHOCHTeJIs
B KOHTYpe reJJMOHArpesa JJist Qp= 5,0 i/mMun

Dependence of the heat transfer unit temperature on the heat transfer fluid flow rate
in the heliothermy circuit Qp =5.0 L/min

Bapuant 1 / | Bapuanr 2 / | Bapuanr 3 / | Bapuant 4 / | Bapuant 5 / | Bapuanr 6 /
Ne narunka / Option 1 Option 2 Option 3 Option 4 Option 5 Option 6

esensot To [ [0, « 0] ¢ [0 ¢ |0 ] ¢ ]0.] 1
1 08 21,6 1,5 219 20 231 25 231 3,0 239 35 279
2 - 442 - 458 - 46,1 - 468 - 478 — 48,6
3 - 251 - 258 - 273 - 278 - 284 334
4 - 169 - 169 - 169 - 169 - 169 16,9

Hcmounuk: Tabmunpl 1—4 cocTaBIeHbI aBTOPaMH CTaThU.

Source: The tables 1-4 were compiled by the authors of the article.

Tpumeuanue: *Pacxon, n/mun; **Temnepatypa, °C.

Note: *Consumption, L/min; **Temperature, °C.
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[TepemMeHHO# BeTMYMHON ObLT PacXo/l TEMIOHOCUTENS (J, ; PACXOJ HArPEBAEMOTO
IIPOAYKTA OCTABAJICS TOCTOSHHBIM, Qp= 5,0 n/mMuH.

[Nonmy4eHHbIe 3aMephI TO3BOJIMIIN ONIPEACTUTH TEMIIEPATyPHBIN IPUPOCT HATPEBAEMOTO
MpOJIyKTa B TeM1000MeHHIKe AT, TeMIIepaTypHYI0 pasHOCTb, OTAHHYIO TEIIOHOCHTENEeM
AT, , u paccauTarh KO3(QQUIMEHT OTa49M TeIIa B TEIII0O0OMEHHHKE &, (Tabu. 2).

Tabnuma 2

Table 2
Ioka3aTtenn 3¢(peKTHUBHOCTH PadOTHI TENJI00OMEHHHKA
Performance indicators of the heat transfer unit
1 4,7 20,0 0,235 23,5
2 5,2 19,1 0,272 27,2
3 6,5 18,5 0,351 35,1
4 7,8 17,5 0,446 44,6
5 9,0 16,8 0,536 53,6
6 11,0 15,2 0,724 72,4

PacueTsl OCHOBHBIX ITOKa3aTeIey TEUSHUS MOJIOKa I10 pr6aM H CCKIHUAM TEII000-
MCHHUKA ITPU PA3TIAYHBIX 3HAYCHUAX CKOpOCTCI\/'I C YUCTOM UCXOAHBIX CBOMCTB MOJIOKa
JIJTH CIICYIONIUE pe3ynbTarhl (Tad. 3).

Tabnauna 3
Table 3
TuapaBinyYecKne XapaKTEePUCTHKH MePeMeIeHis MOJIOKA B TEXHOJIOTHYECKOM 000PYI0BAHUM
Hydraulic characteristics of milk movement in processing equipment

Ckopocrts V., M/c / | Uucno Peiinonbiaca Re / Pexxum Teuenust / UYucno Hyccensra Nu /
Speed V,,, m/s The Reynolds number Flow mode The Nusselt number
0,2 4115 Jlamunapusrii / Laminar Flow 43,6
0,3 6173 [epexonnsiii / Transitional 78,5
0,5 10 288 Hauano TypOynentHoro / 109,0
The Beginning of the Turbulent
0,8 16 461 TypOynentnsrii / Turbulent 162,0
1,0 20576 TypOynentnstit / Turbulent 190,0

I[aHHI)IC MOKa3aTCIiu XapaKTCPHLbI IJIs1 TPAHCTIOPTUPOBKH MOJIOKA. HpI/I JABHXXCHUH
B CCKIUAX TEII00OMEHHUKA CKOPOCTb NEPEMCUICHNA COCTABIIACT:

V.=(0,5...0,6)V,

rae V,— cKkopocTh ABMKEHUS MOJIOKA B TEIIOOOMEHHHKE, M/C; V, — IOMyCTHMAasi CKOPOCTh
TPaHCHOPTUPOBKH MOJIOKa JJIsl YCIIOBUH, YKa3aHHBIX B TabnuIe, M/C.

XapakTep IBHKEHHSI MOJIOKa B IAHHOM CITy4ae HaXOAUTCS B paMKax MEPEXOAHOTO
pexuMa, Tak Kak urcio PeitHosbaca Haxoautes B penenax: 2 300 < Re < 107,

[To moy4eHHBIM pe3ynbTaTaM MOCTPOCHBI TPapUKH 3aBUCUMOCTH TEMITEPATyPHBIX
3HaUEHUH OT pacxoja TeIIOHOCHUTENS (puc. 5).
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Pacxon reruionocurenst Q,,., 1/mun / Coolant consumption Q,,., L/min

==@==TemmnepaTypa HarpeBaeMoro MpoyKra Ha BbIX0Jie U3 TerooomMeHHuka 71 /
Outlet heated product temperature Ti

Temmeparypa Teruionocurens Ha Bxoze 12/ Inlet coolant temperature 7>
Temneparypa terioHocutens Ha Beixoae 73 / Outlet coolant temperature 73

=@ Temneparypa npoaykra Ha Bxoze 74/ Inlet product temperature 7x

Puc. 5. 3aBUCHMOCTD TEMIIEPATypPhl KOMIIOHEHTOB TEIIOOOMEHA OT PacXo/ia TeIUIOHOCUTEIIS
Fig. 5. Dependence of the temperature of heat exchange components on the heat transfer fluid flow rate

Hcemounuxk: rpaduku Uit pUCYHKOB 5, 6 cocTaBJIeHbI aBTOpaMu cTaThu B mporpamme Microsoft Excel.
Source: The graphs for figures 5, 6 were compiled by the authors of the article in the Microsoft Excel.

O¢ddexTuBHOCTE UCCIIEayEeMOro poliecca OleHUBaIACh KO3(D(UIIMEHTOM OTaa4u
tera k,. Henunelinas 3aBUCUMOCTb K03(h(hUIIMEHTA OT BEINYUHBI PAcX0fia TEIUIOHO-
CUTEJIS TIOKa3aHa Ha PUCYHKeE 0.

1,0 -
0,9 -
0,8 -
0,7 -
0,6 -
0,5 -
04 -
03 -
02 -
0,1 -

KoadummenT ornaun remna k,/
Heat transfer %,

T T T 1

0 1.3 2,0 2,8 3,5 43

Pacxon rennonocurens Q. I/MuH /
Coolant consumption (., L/min

Puc. 6. 3aBucumocThb Ko3(huIKenTa OTAaYM TEMIa OT pacxoia TermnoHocutens npu O, = 3,59 n/mun
Fig. 6. Dependence of the heat transfer coefficient on the heat transfer fluid flow rate for O, =3.59 L/min

Ha navansnom ywactke (Q, B mpemenax 1,3-2,0 i/Mun) HabnrOmaeTCs HHTEH-
CHUBHBII pocT k. [lanee 3¢(eKTUBHOCTD MPOIOKAET PACTH, HO TEMIIBI pOCTa 3aMel-
nsrores. [pu moctvkennn 3Ha4eHud O, OKOIO 3,5 J/MHH U BBIIIE KPUBAs BBIXOIUT
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Ha cTa0WIn3anuio, ¥ B JanbHeieM HaOonaeTcs ropasio MeHee JUHAMUYHBIN POCT,
IMOBBLIINICHUE pacxoaa TCINIOHOCUTECIIA HE NPHUBOAUT K CYIICCTBCHHOMY ITOBBIIIICHUTIO ko'
Bnuanue coomnowenus pacxoooe na ghghexkmusnocms mennooomena
st 06001eHUs pe3ynbTaToB ObLT BBEIeH Oe3pa3MepHbIi ITapaMeTp, OTPasKarOIIHi
MMHAMUKY TETUIOOOMEHHHUKA — COOTHOIIIEHNE PACXOI0B th/Qp (Tabm. 4).

Tabnuma 4
Table 4

3HauyeHust KO3(PHUIHEHTA OTIAYM TeNJIa B 3aBUCUMOCTH OT COOTHOLIEHUS th/Qp
Values of the heat transfer coefficient depending on the th/Qp ratio

Bapuant/Option | 0,,, /mun/ Q,,, L/min | 0./0, | k,, %
0,=3,50 n/muH / 0=350 L/min
1 0,80 0,23 23,6
2 1,25 0,36 24,4
3 2,00 0,57 28,4
4 2,75 0,78 54,7
5 3,50 1,00 76,8
6 4,25 1,20 78,6
Qp= 4,25 n/mun / Qp= 4.25 L/min
1 0,80 0,19 12,1
2 1,25 0,29 49,8
3 2,00 0,47 65,1
4 2,75 0,65 75,0
5 3,50 0,82 90,3
6 425 1,00 88,6
Qp: 5,00 n/mun / QPZ 5.00 L/min
1 0,80 0,16 23,5
2 1,25 0,25 272
3 2,00 0,40 35,1
4 2,75 0,55 44,6
5 3,50 0,70 53,6
6 4,25 0,85 72,4

B tabmnuiie 4 npencrapiieHa 3aBUCMMOCTD 3HaUCHHH k03 UIlMEeHTa OTIauH Teria
k, OT COOTHOIIEHMSI PACXOIOB JIs BCEX IPOBEIECHHBIX S3KCIIEPUMEHTOB.

OBCYXKJIEHUE

AHaJIn3 MOJIyYEHHBIX SKCIEPUMEHTAIBHBIX JaHHBIX ITOKa3aJl YCTOHYUBYIO 3aBH-
CHMOCTB: C POCTOM Pacxo/a TEINIOHOCHTENA (, TIPU NOCTOSHHOM 3HAYEHHMH Pacxoza
npoxykta O TeMIeparypa HarpeBaeMoro mpoaykTa Ha BBIXOAE 7' MOBBIIIACTCH.
Hampumep, npu 3HaueHuun Qp = 3,5 n/mun ysenuaenue @, ¢ 0,8 10 3,5 1/MuH npuseno
K POCTY TeMIIEpaTypsl MpoaykTa Ha Beixone T, ¢ 23,9 no 35,0 °C. Ilpu 3nayennn
0,=50 n/mun yBenmdennn O, ¢ 0,8 10 3,5 71/MUH TIPUBEJIO K POCTY TEMIEPATypbl
HarpeBaeMoro npoiykra Ha seixoze 7, ¢ 21,6 no 27,9 °C.
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AHanornyHasi TeHISHLUS HaOI0Ialach BO BCEX CEPUSX OMBITOB. DTO OOBSICHSETCS
YBEJTUYEHHEM KOJUYECTBA TEIJIOTHI, IEPEHOCUMOH B €IMHHILY BPEMEHH Yepe3 CTCHKY
TUTACTMHYATOTO TETI00OMEHHHUKA.

CornacHo MOJy4YeHHBIM JaHHBIM, IPUPOCT TEMIIEPATyphl MPOAYKTa B IMPOBE-
JIIeHHBIX ombITax u3MeHsiucs ot 4,7 go 11,0 °C (taba. 2). PocT BenmuynHBI ATp
SIBIISIETCSI TIPSIMBIM CJICJICTBUEM yBeNndeHUs () QEeKTUBHOCTH TEIUIONEpejau, YTO
¥ OTpakaercs B pocte k , %.

Pasnocts Temnieparyp temonocuress AT, camwkaercs ¢ 20,0 mo 15,2 °C, u3 yero
cienyert, 9to 3(ppeKTHBHOCTP MCTIONB30BAHUS IOTEHITHANA TEIUIOHOCHUTEIST CHUKAETCS
IPpH YPE3MEPHOM YBEJIMYEHUH pacxoja Harpesaemoro npoaykra. Cuwkenue AT,
03HA4aeT, YTO TEINIOHOCHUTEIb OTJAET MEHbIIE TEMJIOBOW SHEPTUHU B TEIUIOOOMEHHHUKE.

[lo pe3ynbraram NpOBEACHHBIX HCCIEIOBAaHUM IUIACTUHYATHIA TEMI000MEHHUK
MOKa3aJ BO3MOKHOCTh ()YHKIIMOHUPOBAHUS B IIMPOKOM JHana3oHe 3¢ GeKTHBHOCTH —
ot 23,5 1o 72,4 %. 310 03HaUYaeT, YTO MpaBUIbHAS HACTPOUKA PACcX0/ia TETUIOHOCUTEIIS
SIBJIICTCS KJIFOYECBOM JIJ1st oOecrieueHus ero 3G GekTuBHO# paboThI.

JlaHHBIE SKCTIEpPUMEHTA MTO3BOJILSIFOT BBIOPATH ONTHMAITBHBIN PEXKUM pabOThI, HAXOIsI-
mmics B 001acTh BRICOKUX 3HaueHui k . Hanpumep, npu pacxoze npoaykra 4,25 i1/MuH
3HayeHne ko3 ¢umenta gocrurano 90 % (tadm. 3).

Harsimao moarsepxnaetes GpyHIaMeHTaIBHBIN TPUHITAIT TEII000MeHa — ero 3 dek-
TUBHOCTb HAIIPSAMYIO 3aBHCHUT OT PEKMUMA TSUSHHUS JKUAKOCTEH, KOTOPBIH PEeTyIHpyeTcs
ux pacxomamu. Tak kak B JaHHOM cIy4ae IPOU3BOIUICS HATPEB MOJIOKA, HEOOXOMMO
yKa3aTh Ha TEXHOJIIOTHYECKHE 0COOEHHOCTSX Mporiecca. TeXHOIOTHYeCKUe OrpaHHt-
YEHUS 10 XapaKTepy TEUSHUS MOJIOKA B TEIUIOOOMEHHHKE CIIeYIOIIIe: He0OX0AUMOCTh
MIOJTHOTHI ITpHeMa Teruia (HarpeBa) — 3T0 MUHUMH3HPYET CKOPOCTh; MPEIOTBPaIleHUe
OCaKACHUS ¥ PUTOPaHHUs — OTPaHMUEHHE IT0 MUHUMYMY CKOPOCTH; IPeI0TBpalCHUE
paccioeHust MOJIOKa Ha ()paKkLui — OTPaHUYCHHUE [0 MAKCUMYMY CKOPOCTH.

PexoMenayembie HOpMaTHBHEIE 3HAYCHUSI CKOPOCTH MEPEMEIICHHUST MOJIOKa
¥ MOJIOYHBIX IPOAYKTOB 10 TPyOaM clieqyromiue:

— ONTHMAJILHBIN IHAITa30H IS eJIbHOoro Moaoka — 0,25-1,2 m/c;

— KPUTHYECKUI MAaKCUMYM (JUI KOPOTKHX YYacTKOB) — 1,5 M/c;

— MHHAMAJIbHASI CKOPOCTH IS IPEIOTBPAIICHHUS TpUropaHus ocaxaeHus — 0,2 m/c.

st 06e3KUpEHHOTO MOJIOKA IOy CTUMEI O0Jiee BEICOKHE ckopocTh: 1-2 M/c. B aTom
CIy4ae PHCK pacciiOCHHUS MEHBIIIE U3-3a CHIDKEHHOTO COMIePIKaHuUs JKUpa.

TexHONMOTHYECKHE TIOCIIEICTBUS MPEBHIIICHHS] CKOPOCTH TEPEMEIICHHS] MOJIOKa
(V> 1,5 m/c) umerot HeratuBHbIe 3¢ dexTsl. HabmonaeTcs paccinoenne KupoBoi (hasel
(oOpa3oBaHNe CIMBOYHOTO CJI0S, HEPABHOMEPHOE PaclpeeeHue XXupa, yXyIIIeHHe
OpraHOJIENTHYECKUX CBOMCTB); MEXaHWYECKasl AeCTPYKIHS (pa3pylIeHHE KUPOBBIX
IIapUKOB, aKTUBALM JUMa3bl (OKUCIUTENbHAS T0pYa), OBBIIIEHNE KUCIOTHOCTH).
Kpome Toro, HabmrogaeTcst adpanus npoaykra (HACKIIICHUE KUCIOPOIOM, Pa3BUTHE
OKHCIIMTENBHBIX MTPOIIECCOB, MOTEPST BATAMUHOB).

Eciu MonouHOe ChIpbe HJIET Ha MPOU3BOJCTBO CTPYKTYPHUPOBAHHBIX MOJIOYHBIX
MPOIYKTOB (CMeTaHa, HorypT, keup), TO CKOPOCTh IMEPEeMEIICHNS Ha HUKHEM TIpeJieIie
pexomenayercs a0 0,3 m/c. CiieoBaTeabHO, pEXKUM TCUCHHS MOJIOKA — JJAMHHAPHBIN —
HaJaJo MmepexomHoro. Eciu ceiphe UeT B MaidbHEUIeM Ha CEeMapupOBaHUE C IETBI0
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pasiesieHusl Ha CIMBKU M 00€3:KUPEHHOE MOJIOKO, CKOPOCTh MEPEMEIICHUS MOXKET
ObITh yBenuueHa 10 0,8 M/c 6e3 prcka MOTepH CBOMCTB CHIPHS MPH TPAHCIIOPTUPOBKE
Y KauecTBa KOHEYHOTO MPOAYKTA. DTOT PEKUM MOKHO XapaKTepU30BaTh KaK HAYaIo
TypOyJIEeHTHOTO.

CoracHo TpeboBaHusIM MexayHaponubix crannapros IDF (International Dairy
Federation) pekomenmyer MakcuMainbHyt0 ckopocts 1,0-1,2 m/c, EHEDG (European
Hygienic Engineering) — < 1,2 m/c ans smynbcuid. [lo TpeGoBaHMsIM HaIIMOHATBHBIX
craugaproB ITOCT P 52090-20037, CaulluH 2.3.4.551-96% MakcuMalbHBIE 3HAYECHHS
nepeMenienns Mojoka cocrasisitor 1,0 — 1,5 m/c.

Ha ocHOBaHuM pac4yeToB, NPOBEICHHBIX 110 HCXOAHBIM XapaKTEPUCTUKAM MTPOAYKTa,
MOJKHO BBIJEIUTH 30HY ONTUMAJIBLHOIO COOTHOWEH! pacxonos O, /0,=0,75...0,95.
B sToM nnanasone obecrnevnBaeTcs BHICOKMH KO3(GPUUHMEHT oTaa4n Temna (k >
75 %), uyTo cBUIETEALCTBYET 00 3((PEKTUBHOM HCIOIB30BAHUU TEMIIEPATYPHOTO
MOTEHIIHAaJa TETUIOHOCHUTEIIA, a TaKXKe 00eCIeunBaeTCsl peXKUM TEUCHHSI TPOTYKTa,
orpevatonnii ycnosusim IDF, EHEDG, Tpe6oBaHHsIM HAIIMOHATBHBIX CTAHAAPTOB.
DKCNepruMEHT TI0Ka3all, YTO yBEJIMUYEHUE PacXo/ia MPOAYKTa BhIIIE PacXo/ia TEeIIOHO-
CHUTEJIsI BeJIeT K CHIKeHu10 dddextruBHOCTH: 90 % mpu pacxozae npoaykra 4,25 /MuH
u 72 % npu pacxonae 5,0 1/muH. PaboTa mpu MEHBIINX COOTHOIICHUSIX (HapuMep,
0,/0,< 0,5) saBasercs HedPHEKTUBHOM, TaK KaK 3HAYMTEIbHAS YaCTh TEIIOBOM
SHEPrUU TEIUIOHOCUTEISI HE NepeaaeTcs] HarpeBaeMoi )KMIIKOCTH U BO3BpaIlaeTCs
B I'eJINOKOJUIEKTOP.

3AKIIOYEHHUE

B pesynbrare skcriepiMeHTaIbHBIX HCCIIEJOBAHUN YCTAHOBJIEHBI KONMUYEeCTBCHHBIC
3aBUCHMOCTH TEMIIEpaTypbl HArpeBaeMOH )KUAKOCTH Ha BBIXOJIE INIACTUHYATOTO TEILIO-
OOMEHHHUKA OT pacxofia U TeMIepaTyphl TEMIIOHOCHTEIIS, IIOCTYMAIOLIETO U3 COTHEYHOTO
Kosuiektopa. [Ipu nocTosHHOI TemmnepaType [o1laBaeMoro Ha HarpeB MPOAyKTa Ha BXOJE
B yKa3aHHOM JIMara3oHe N3MEHEHUsI TEMIIEPaTyphl TETIOHOCUTENS BO3pacTaeT 3HauCHUE
TEMITepaTypbl HArpeToro NPoyKTa Ha BBIXOJE U3 TeriooOMeHHnKa. [IpocnexuBaercs
KOPPEJSIHS TUHAMUKH U3MEHECHUS TEMIICPaTyPhl TEIUIOHOCUTEINSI Ha BXOJIE U BBIXOJIC
U3 YCTaHOBKH C M3MEHEHHEM TeMIepaTypsl MPOAyKTa. MakCUManbHOE CONMMKEeHne
TeMIlepaTyp HarpeBaeMoro IMpOIyKTa U TEIIOHOCHTEIIS Ha BBIXOIE OTpa’kaeT MOBBI-
meHne 3PPEeKTHBHOCTH TETIIO0OMEHa.

YcTaHoBIEHa M IPOAHATM3UPOBaHA 3aBUCUMOCTh KO3 (HIMenTa 0Taa4u Ternna k,
JUTSL KOH(UTYpaLuK CUCTEMBI «T€TMOKOIUIEKTOP + IUTACTUHYATHIN TEIUIOOOMEHHHK)» OT
6e3pasmMepHOro mapameTpa — COOTHoIIeH s pacxonos O, /O . BeiiBieno, uto sddek-
TUBHOCTB TEMIOOOMEHA BO3pACTAET NpH yBenuueHuu O, / 0,10 0,95, mocie yero poct
3aMeJIIeTCS U BBIXOJUT Ha IIATO NMPU th/Qp> 0,95.

[MonyueHHble AaHHBIE TalOT OCHOBaHUE PEKOMEHJIOBAThH ISl MPAKTUYECKOTO
MPUMEHEHHS ONITUMAIBHOE COOTHOILIICHHE PACX0JI0B TEINIOHOCUTENSI U HarpeBaeMoit

"TOCT P 52090-2003. MoJiOKO MUTHEBOE M HAIMUTOK MOJIOUHBIH. TexHudyeckue ycmosusi. URL:
https://docs.cntd.ru/document/1200032512 (mara obpamenus: 04.08.2025).

8 CanlluH 2.3.4.551-96. Ipeanpustust MUIIEBON U TepepabaThIBarONIeii TPOMBIIICHHOCTH (TeX-
HoJornueckue mpouecchl. Ceipbe). [Ipon3BoacTBO MOMOKa M MOMOYHBIX mpoxyktoB. URL: https://docs.
cntd.ru/document/1200006398 (nata odpamienus: 04.08.2025).
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JKUJIKOCTH B JTHAra3oHe th/Qp =0,75...0,95. Peanuzanusi 1aHHOTO pekUMa MO3BO-
JIeT MOCTHYh KOIPPUIIMEHTA OTJAauU Terlia ko cBeImie 75 % mpu MUHUMU3AIUU
JHepros3arpar Ha TPaHCIIOPTUPOBKY TeIUIoHOcUTeNs. [loATBEepIKICHA TEXHOIOTHYECKAs
BO3MOXKHOCTh U 3()(PEKTUBHOCTD MCIIONB30BAHUS COTHEUHOM YHEPTUU JJIs Harpesna
BOJIbI Y€pe3 MIACTHHYATHIN TEII00OMEHHHUK, YTO MO3BOJISET CYIIECTBEHHO CHU3UTh
notpebiicHre TPaJAUIMOHHBIX dHEProHocuTenei. [IepCreKTHBbI JaIbHEHIIIMX HCCIIET0-
BaHUU CBSI3aHBI C U3yUYCHUEM BIIMSHHS THIIA K T€OMETPUH TUIACTHH TEIIO0OMEHHUKA
Ha 3QHEKTUBHOCTD, & TAKIKE C UHTETPAIHEH TTOTYUYECHHBIX TAHHBIX B MATEMATHYECKY O
MOJIEb Il ONTHUMU3AIUK PAOOThI BCEH CHCTEMBI COITHEUHOTO TEIIOCHAOKEHHUS
B IMHAMUYECKUX PEIKUMAX.
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Annomayus

BBenenue. Crparerndeckoid menpio BeAeHUS 3(P(HEKTHBHOTO 3eMIICTIONB30BAHUS IPU
BO3JICJIBIBAHUN TEXHUYCCKUX KYJIBTYP SABJISACTCA HCO6X0}1HMOCTB TOBBIIIECHUS UX YpPO-
JKaHHOCTHU C COXpaHEHHEM KadecTBa I10Ty4aeMOro ChIPbs, YTO BO3MOXKHO peajii30BaTh,
Ha4aB ¢ MOJTOTOBKH Ka4€CTBEHHOTO CEMEHHOTO MarepHala.

Iens HecenoBanust. DKCIIEPHMEHTAIBHO OLCHUTH BIIMSHUE IPEIIOCEBHOIT 00paboTKN
CeMsH JIbHA-JOJTYHIIAa MArHUTHBIM I'PaIEHTHBIM II0JIEM ITOCTOSTHHOTO TOKa Ha UX POCT,
pa3BHUTHE U MPOAYKTUBHOCTb.

Marepuajibl 1 MeTobl. B KadecTBe 00bekTa BBIOpAHBI CeMeHa JIbHa-IoNryHia. s n3-
MEHEHHS TTapaMeTPoB PEXXUMOB I'PAJUEHTHOH MAarHUTHOHM NpENIOCEBHON 00OpabOTKH HC-
T0JIb30BaHa CIICLMAIM3HPOBAHHAs JJa00PATOpHAs YCTAaHOBKA, TI03BOJISFOLLAS. M3MEHSTH T1apa-
METPBI IrPaAUCHTHOIO MAarHUTHOI'O II0JIA B CJIICAYIOIIEM AUalla3oHe: MHAYKIHUSA MarHUTHOIO
ot BHyTpH paboueit kameps! — ot 0,83 mo 8,00 mTu, cnma Toka B ooMotkax — ot 0,2 1o
2,0 A, HanipsbkeHue muTaHus — ot 2,5 10 25 B. O6paboTka ceMsiH U HCCIIeI0BaHUs Ha BCXO-
JKECTh M DHEPIrUI0 IPOPacTaHMsl OCYLIECTBILUINCH B JIAOOPATOPHBIX YCIOBHsX. [loneBbie
OIBITHI IPOBOAMIIVCE Ha OITBITHOM Y4acTKe, II0YBa KOTOPOTO NMeNIa CIIeIyIOIIHEe XapaKTepH-
CTHKH: JGPHOBO-CPEIHENO30MUCTast JIETKOCYNIMHUCTAsE OCTATOYHO KapOOHATHAs TyieeBarast
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Ha MOpEHE, XapakTepusyercs rymycoM — 1,6 %; nonswknbM (ocdopom PO, — 345 mr/kt,
obmenHbM kammem K O — 85 mr/kr; pH, , — 5,03; MomHOCTBIO MaxoTHOTO criost — 20-22 cm.
Pe3yabTarhl Hcceq0BaHus. DHEPrHs IPOPACTaHUs 00paOOTaHHBIX CEMSH YBEIHMYMIACh
B cpenHeM Ha 11,4 %, a maboparopHas BcxoxxecTh — Ha 14,8 %. [lonTBepaniach mojaoxu-
TeJbHAs peakiys CeMsH Ha 00pa0oTKy — 00IIas BEDKHUBAGMOCTh PACTCHUH JIbHA-IOJTYH-
I1a Ha OTAENbHBIX BapHAHTAX YBENHUHIACh ¢ 22,9 (koHTpoIb) 10 35,6 %. 3adukcupoBaHo
YBEIUUCHHUE YPOXKAMHOCTH JBHOTPECTHI ¢ 25,6 (KOHTpoJb) 10 51,8 1/ra u JIbHOCEMSH —
¢ 6,6 (xoHTpONB) 10 12,6 1/Ta. [TOCKONBKY JIEH-IOITYHEI BO3/ICIBIBAJIICS HA CEMECHHEIC
uenu, ObuT onpereeH kodpduunueHT pasmHoxkeHus. Ha oTnenbHbIX BapuaHTaX OH paB-
Hsicst 32, 33 u 37 en., no cpaBHeHHIO ¢ 17 ell. Ha KOHTpOJIE.

3axuouenue. Hammydmasi OT36IBYMBOCTD CEMSH JIbHA (BCXOXKECTh, SHEPTUS POCTA, BbI-
JKUBAeMOCTb U JIp.) 3auKCHpoBaHa NpH X 00pabOTKEe B MATHUTHOM II0JIE C MHIYKIHEH
5,81; 6,70 u 7,35 mTn. Takue mapameTpsl MarHUTONIPAMUHIA MTO3BOJISIIOT TEXHUUECKH
MPOCTO U SKOHOMHYECKH BHITOJHO OPTaHU30BaTh 0OPa0OTKY CEMSH U HX IMSATHIHEBHYIO
OTJIEKKY B MECTaX HEMOCPEICTBEHHOI'O CKJIAACKOTO XPaHEHUs C OCIEIYIOLINM BEICEBOM
B mouBy. JlanpHeiinme Mccie0BaHusl MOTYT OBITh HANPABJICHBI HAa MPOBEICHUE MHOTO-
JIETHUX HaOIFONCHUH, YTO MO3BOJIUT ITOATOTOBUTH PEKOMEHIAINH 110 IPHMEHEHUIO 3TOTO
arpoTeXHUYECKOr0 MpUeMa JUIsd BHEAPEHUS B OpPraHU3alllM U X034HCTBa, KOTOpPhIE 3aHU-
MAIOTCsl CEMEHOBOJICTBOM M MHTCHCHUBHBIM BBIPAIIIMBAHUEM JIbHA-IOTYHIIA.

Kniouegble cnoea: MpeanoceBHas CTUMYIISLMS CEMsH, IPaJEHTHOE MArHUTHOE TI0JIe, Ce-
MEHa JIbHa-I0JII'YHIa, apaMeTPhbl U PEKUMbI 00paOOTKU, HHAYKIMS MarHHUTHOTO IOJIS,
BCXOXECTb CEMSIH, SHEPIHsl POCTa, CTPYKTYpa ypoxKas

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

Jna yumupoesanus: FOnaes 11.B., Akumo A.A, Cksopuos C.C., Usantoruna H.H., benen-
koB A.., ITnotauukuit 1.O. TloBplmieHne MOCEBHBIX KaYeCTB CEMSIH JIbHA-IONTYHIA TIPH
00paboTKe B MArHUTHOM I'PaJIUCHTHOM I10JIE ITOCTOSTHHOTO TOKA. MHoicenepHble mexHonosuu
u cucmemut. 2026;36(3):595-617. https://doi.org/10.15507/2658-4123.26363.595-617

Improving the Sowing Qualities of Fibre Flax Seeds
Treated in a Direct Current Magnetic Gradient Field
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Abstract

Introduction. The strategic objective of efficient land management in cultivating indus-
trial crops is the increase of their yield while maintaining the quality of the raw materials
obtained that can be achieved if prepare high-quality seed material.
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Aim of the Study. The study is aimed at determining experimentally the effect of pre-
sowing treatment of fibre flax seeds in a direct current magnetic gradient field on their
growth, development and productivity.

Materials and Methods. The study object was fibre flax seeds. To vary the parameters of
the gradient magnetic pre-sowing treatment modes, there was used a specialized laborato-
ry setup, which allows adjusting the gradient magnetic field parameters within the follow-
ing ranges: magnetic field induction inside the working chamber — from 0.83 to 8.00 mT,
current in the windings — from 0.2 to 2.0 A, and supply voltage — from 2.5 to 25 V. Seed
treatment and studies germination ability and germination energy were carried out under
laboratory conditions. The field experiments were conducted on an experimental plot, the
soil of which was soddy-medium-podzolic light loamy residual carbonate gleyic on mo-
raine with content — 1.6%; labile phosphorus P,O,— 345 mg/kg, exchangeable potassium
K,O -85 mg/kg; pH, ., — 5.03; thickness of the arable layer — 20-22 cm.

Results. The germination energy of the treated seeds increased on average by 11.4%,
and laboratory germination — by 14.8%. The results of field studies confirmed the posi-
tive response of seeds to the treatment — the overall survival of fibre flax plants in certain
variants increased from 22.9% (control) to 35.6%. There has been recorded that the fibre
flax straw yield increased from 25.6 (control) to 51.8 c/ha, and flax seed yield — from 6.6
(control) to 12.6 c/ha. Since fibre flax was cultivated for seeds, there has been determined
the multiplication coefficient. In certain variants, it was 32, 33 and 37 units, compared to
17 units in the control.

Conclusion. The best response of flax seeds (germination, growth energy, etc.) was re-
corded after treating in a magnetic field with an induction of 5.81, 6.70 and 7.35 mT.
These magnetopriming parameters make possible a technically simple and cost-effective
treatment of seeds and their five-day warehouse storage followed by sowing into the soil.
Further research may be aimed at conducting long-term observations that will allow pre-
paring recommendations for using this agricultural method at agricultural organizations
and farms involved in seed production and intensive cultivation of fiber flax.

Keywords: pre-sowing stimulation of seeds, gradient magnetic field, fiber flax seeds,
treatment parameters and modes, magnetic field induction, seed germination, growth en-
ergy, yield structure
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BBEJEHUE

B nacrosmee Bpemst Poccuiickas @eneparus o0nanaeT CyIieCTBEHHBIM MOTEHITH-
aJIOM JUTs IIPOM3BOICTBA HUIIIEBEIX KYJIBTYP, CPEIU KOTOPBIX BBIACIACTCS BayKHAS IS
HApOIHOTO XO35HCTBA TEXHUYECKAS KYIbTypa — JICH-IOJITYHEII, BOJIOKHO W3 KOTOPOTO
“MeeT Hanbosiee BBICOKYIO IPOYHOCTD 110 CPABHEHHIO C XJIOTIKOBEIM.

IToceBHbIe mIomamu B PoCCM HECKOIBKO YTPATHIM CBOM MTOKA3aTEIH HE TOIHKO
1o cpaBHEeHUIO ¢ 1990 romom, HO 1 ¢ 1913 1 1938 romamu. Tak, B 1913 roxy miomaas
moceBoB cocrtaBisia 1 020 TeIc. Ta, B 1938 — 2 500 THIC. T, B 1990 — 418 THIC. TA,
B 2000 — 108 ThIC. ra, a B 2015 1 2020 — Tonbko 53 ThIC. ra. Poccuiickue npousBoaute-
JIM JIbHA TaKXKe OTMEUAIOT, YTO B HACTOSIIIIEE BPEMS HE YIaeTcsi COOpaTh IJIaHUPYEMBbIA
ypoXaii U3 CEMSIH OTEYECTBCHHOM CEJICKIIUH, B TO BPEMsI KaK CEMEHa JIbHa (DpaHIly3CKOi
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1 OeJIBTUICKOM CeNeKIIH OKa3bIBaIoTCs Oosiee MpoayKTUBHBIMH. [I03TOMY BoccTaHOB-
JIEHHE TTPOU3BOACTBA JibHa B Poccuiickoin denepannu ABISIETCA aKTyalbHOUM 3agaueit
JUISL arpapHOTO CEKTOpa OTICIBHBIX PErHOHOB CTpaHsl [1].

TexHoIorus BO3AEIbIBAHYS JIbHA XapAKTEPU3YETCSl HU3KOW HETATUBHOM HKOJIOTMYECKOU
Y aHTPOIIOTEHHOW Harpy3KOil Ha OKpYy Karollee MPOCTPAHCTBO: arPOTEXHUKA IPEATIONAraeT
MpUMEHEeHNEe HEe3HAYUTEIHHOTO KOMYeCTBa yIOOPeHNH 1 MECTUIU/IOB, a IMoTydaeMast
MIPOMYKITAS TIOUTH TIOJTHOCTRIO TIepepadaThIBaeTCs, OCTABIISSI MUHUMYM OTXOIOB [2].

IIpyn moaroToBKE CEMSH JIbHA K IIOCEBY BayKHBIM JTAIlOM SIBIIICTCS UX IIPOTPABIH-
BaHHE U MHKpycTHpoBaHue. C y4eTOM 3KOJOTHYECKUX TPeOOBaHUI PEKOMEHIYETCs
MPUMEHSTH MpoTpaBuTeny — «BuraBakcy, «®enopam», TMT]] u Ouonpenaparsl
«Arat 25» n «Oxoct 1I'®». Beepoccuiickuil HayqHO-MCCIEN0BAaTENbCKUNA HHCTUTYT
JIbHA PEKOMEH/1yeT POBOANTH HHKPYCTUPOBAHHS COBMECTHO C IPUMEHEHUEM MUKPOYIO-
Openuii — 0OpHOI KHCIOTHI, MONMUOEHOBOKHCIOTO aMMOHHSI, CEpPHOKUCIIOTO IIMHKA [3].

B cenbckoM X03sHCTBE TPEANPUHUMAIOTCS TOMBITKY MOUCKa d(PPEKTHBHBIX, Ma-
JIOPHEPTOEMKHUX M IKOJIOTHUECKH YUCTBIX TEXHONOTHH [4], KOTOphIE MOTYT HOBBICUTH
BCXOXKECTh, YBEIUYUTh SHEPTUIO MPOPACTAHUS U YPOKaHHOCTH 3a cueT 00paboTKu
ceMsH (U3NIECKUMHU BO3IEHCTBUSAMH, B IEPBYIO OYEpEab, HIEKTPOMArHUTHOUN MPH-
POIBI: DIEKTPUUECKUM TIONEM [5]; HU3KOYACTOTHBIM 3JIEKTPOMAarHUTHEIM ToJieM [6];
AMITYJIECHBIM 3JICKTPUIECKUAM TToJieM [7].

Lenp uccaenoBaHus 3aKIIOYACTCS B onpeaeiaeHnd 3¢ GEeKTUBHOCTH MarHUTHOTO
TPagUEeHTHOTO OIS TOCTOSTHHOTO TOKA, KAK arpOTEXHOJIOTMYECKOTO IIpUeMa s pe-
MOCEBHON 00pabOTKM ceMsiH JbHA-IONTyHUA. {151 JOCTH)KEHHS MOCTABICHHON LEIH
HEO0OXOANMO: H3yYHUTh BIMSAHUE PEKUMOB 00paOOTKH B MATHUTHOM T'PaJEHTHOM I10JIe
MOCTOSTHHOTO TOKAa M MapaMeTPOB 3TOTO MOJIS Ha BCXOKECTh M 3HEPTUIO POCTa CEMSIH
JbHA-IONTYHIIA B JTa0OPAaTOPHBIX YCIOBHSIX; UCCIEAOBATh POCT M pa3BUTHE PACTEHUN
JbHA-IONTYHIIA, TIOTyYSHHBIX U3 CEMSIH, 00pa0OTaHHBIX B MATHUTHOM II0JIE, B TCUCHHE
BCETo MepHo/a UX OHTOTEHE3a.

OB30P JIMTEPATYPbI

B ycrnoBum cBOEro ecTeCTBEHHOTO MPOU3PACTAHUS PACTEHHS MOABEPTraloTCs
HOCTOSIHHOMY MarHMTHOMY BO3E€HCTBUIO M3-3a HAJIMYMS Y MJIAHETbl COOCTBEHHOTO
reOMarHuTHOro 1ojsi. Ero mHTeHCHBHOCTH Konebiercs ot 3HaueHus MeHee 30 MxTi Ha
Oounpmeit yactu Tepputopuii FOxkuoM AMepuxn u Adpuku 1o 3Hadenns moutn 70 Mx T
Ha TEPPUTOPHSIX OKOJIO MarHUTHBIX MOIIOCOB, Ha ceBepe KaHanbl u rore ABcTpanuu,
a Taxke yacTuyHo Ha teppuropun Cubupu [8]. Komnexktus aBropos n3 HuxHero
Hogsropozaa coBmecTHO ¢ uccnenosareneM u3 M3panms mpeamnonaratoT, YT0 MarHUT-
HOE T10JIe MOXKET BO3JeHCTBOBATh Ha 3 PEKTUBHOCTH MOACTPONKH (PU3NOTOTHUECKUX
MIPOLIECCOB PACTEHUH, a TaKKe Ha UX aAaNTalMI0 K CTPECCOBBIM U U3MEHSAIOIIUMCS
yCIIOBUSM. B pesysnbraTe MOKET MPOSBIATHCS «3alIUTHBII» 3Q(EKT — «TOBBIIICHNE
BBDKMBAEMOCTH PAaCTEHHH B CTPECCOBBIX YCIOBHUAX MIPU U3MEHEHUH HHTEHCUBHOCTH
MarHUTHBIX TTonei» [9].

AHanu3 pe3ynbTaToB KCIEPUMEHTAIBHBIX HCCIEOBAHUH C apTyMEHTHPOBAHHBIM
000CHOBaHMEM BIMSHUS MArHUTHOTO IOJI HA Pa3BUTHE PACTEHUH Nperosaral IposiB-
JIeHne ayKCUH-TT0I00HOTO A deKrTa (MATHUTOTPOIIN3MA) OT BO3AEHCTBHS MATHUTHOTO
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noss Ha npopacratouiue cemena [ 10]. MTHTeHCHBHO U pa3HOCTOPOHHE U3y4aeTcs BiH-
SIHUE UCKYCCTBEHHO CO3IaHHOTO MarHMTHOTO TOJISI HA PacTUTEIbHBIE 00beKTHL. Ero
BO3JICIICTBUE MPOSBISETCS B BUAE CTUMYAHpYIomIero agdekra, onpeaensieMoro B BUJE
Pa3IUHBIX GU3HUONOTHUECKHIX PEAKIMIA CO CTOPOHBI pACTEHHH U UX CEMSIH, K KOTOPBIM,
B MIEPBYIO OYepe/Ib, OTHOCST: MPOPACTAHNUE CEMSH, BpeMs [IBETeHUS, (POTOCHHTE3, U3-
MEHEHHEe O0MOMAacChl, aKTUBAITMIO KPUIITOXPOMa, POCT U pa3BUTHE IMTOOETOB.

OTueTsl 110 IPOBEJCHHBIM UCCIIEIOBAHUSM CBUIETEIBCTBYIOT O TOM, YTO PACTEHUS
JEMOHCTPHUPYIOT OIIEPEXKAIOIIMI POCT ¥ pa3BUTHE B OTBET HA BO3/ICHCTBUE BHELIIHUX Mar-
HUTHBIX Toneit [11; 12]. Cemena cnaakoro nepua (Capsicum Annuum L.), TOMBEpTHYTHIE
BO3CUCTBUIO MATHUTHOT'O MOJISt KHTEHCUBHOCTHIO 57—60 M1, moka3any NOBHIIEHHYIO
CKOPOCTB IIPOPACTAaHMS U YBEIMYECHHBIH IPOLICHT HOPMAaIbHO IPOPOCLINX CEMSH C Ooee
WHTEHCHBHBIM U YCKOPEHHBIM TEMITOM POCTa, a TAKXKe YIy4llIEeHHEM KaueCcTBa IJI0JI0B,
KOTOpPBIE XapaKTepU30BaJIICh BBICOKHM cofepkanueM ¢ocdopa u Buramuna C [11].
[ToneBble uccnenoBaHusl HA OCHOBE KPAaTKOBPEMEHHOH MpeABapUTENLHONH 00pabOTKH
CeMSH MarHUTHBIM 110JIEM HHTEHCUBHOCTHIO 5—15 MTi u ainmutensHOCTRIO 5—15 MUHYT
TMOKa3aJly yBeJMUEHNE BCXOKECTH, POCTa M YPOXKalHOCTH pacTeHuil muenusl (Triticum
Aestivum L.) [12].

B T0 e Bpems npopoctku ssumenst (Hordeum Vulgare L.), BelpalieHHBIE B MATHUT-
HOM TI0JIe ¢ MHTEHCHBHOCTHIO 10 MTi, XapakTepru30BaanuCch CHIDKEHUEM CHIPO MacChl
nmoberoB Ha 12 % u xopHel Ha 35 %, a Taxke cyxoif Macchl moderos Ha 19 % u xopHen
Ha 48 % 110 CpaBHEHMIO C KOHTPOJIILHBIMHU 00pa3laMu, BEIPAIIEHHBIMH B YCIOBHSIX HX
€CTECTBEHHOI0 IpouspacTanus. [1o pesynsraTram ObUI CieNaH BBIBOJ, YTO MarHUTHOE
10JI€ C OYeHb HU3KOH MHTEHCHBHOCTBIO CIIOCOOHO 3a/epKUBATh KakK (POPMHUPOBAHHE,
TaK M pa3BUTUE OPTAHOB PACTCHUS'.

Viydienue napameTpoB IpopacTaHHs CEMSIH, pOCTa U Pa3BUTHS pacTEHUH Hcce-
JIOBaTeIM OOBSCHSIOT MOBBIIICHHBIM MOMIOIIEHHEM MMUTATeNbHBIX BemecTB. Habmo-
JIa0Ch, 4TO MPUMEHEHHE MarHUTHOTO MOJIS BIMSIET HEMOCPEACTBEHHO Ha MEMOpaHBbI
CeMsIH, MPUBO/A MOCIEAHUE K MOBBIIIEHUIO UX MPOHUIIAEMOCTH C YMEHBIIEHHEM
YTEUKH 3apsHKCHHBIX HOHOB BO BpeMsi HaOyxanus [ 13]. Taxke Obu10 00HApPYKEHO, YTO
JUTHIHBIA KOMIIOHEHT KJIETOYHOW MeMOpaHbl 3HAYUTEIHHO YCHIINBAETCS B CEMEHaxX
tomara (Solanum Lycopersicum L.) ociie IpUMEHEHUS BHENTHETO MAarHATHOTO TTOJIS
MHTEHCHBHOCTHIO 126 1 208 MTi1. DTO MOBHIIIAET MPOHUIIAEMOCTh MEMOpaHbI [14]
Y, B KOHEYHOM UTOTE, IPUBOIUT K MIEPEMEIIECHHIO TUTATEJIbHBIX BEIIECTB BHYTPb KJIETOK
yepe3 KaHajabl MeMOpaH. TakuM 00pa3oM, B3aMMOAEHCTBHE UCKYCCTBEHHO CO3IaHHO-
r0 MarHUTHOTO MOJIsI C MEMOPAHHOM CHCTEMOM pacTUTENBHOIO OOBEKTa MOKET OBITh
KIIFOYEBBIM (PAKTOPOM B KOHTPOJIE (PU3MOTOTMYECKUX PeaKiii pacTeHNH.

VYuensiMu u3 ['pernu Obi1a mpoBeieHa ceprsi SKCIEPUMEHTOB 110 00pa0OTKe B CTATH-
YEeCKOM MarHMUTHOM I10JI€ CEMSIH OBOILHBIX KyNIBTYp: ToMara (Solanum Lycopersicum L.),
canara (Lactuca L.) v pyxonst (Eruca SATIVA L.) [15]. Paccaga Tomara Jrydiiie pa3Bu-
BAJIUCh U3 CEMsIH, 00pabOTaHHBIX B MATHUTHOM TIOJIE ¢ MHIYKIuer 45 MT1 1 BpeMeHeM
Bo3neiictus 60 n 90 MUH IO CpaBHEHHIO C KOHTpOJIeM. JIJIsl yIrydIeHus: pocTa paccasl
PYKOJIBI MarHUTHAsI HHIYKIHS AOIDKHA cocTaBisaTh 150 mTn. Pesynbrarer ans cemsaH

! Jle6enes C.U., bapauckwuii IL.U., JTurBunenxo JL.I., usu JI.T. Poct stamenst B cBepxciaaboM mar-
HUTHOM TI0JIe. Dnekmpornuas obpabomka mamepuanos. 1977;(3):71-73.
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canara ObUTH IPOTUBOPEYUBBIMH, T. €. OBUIO HESICHO, CIEAyeT JIU IPUMEHSTh Oolee
HU3KY0 (45 MTon) i 6onee Bricokyto (300 MTi) nHAYKIMIO MarHUTHOTO oA [15].

Wzy4anack BO3MOXHOCTh PUMEHEHHUS 00pabOTKH B CTATHYECKOM MarHUTHOM IT0JIe
cemsiH jbHa (Linum Usitatissimum L.). MHOTO(aKTOPHBINA SKCIICPUMEHT MO3BOJIHIT
OTIPENIETNTH SHEPTHIO MMPOPACTAHUS M BCXOXKECTh CEMSIH MTPH PA3INIHBIX SHEpreTHde-
CKHX J103aX 00pabOTKM Ha yCTaHOBKE C TIOCTOSHHBIMH MarHutamu. beuto mokazaHo,
YTO ONTHMAJIFHBIMH TIapaMeTpaMH PeKnMa MPEAroCeBHOW 00pabOTKH CeMsH JIbHA
B MATHUTHOM IIOJIE SIBIISTIOTCS: YETHIPEXKPATHOE TIepeMarHNIMBaHNe; MarHUTHAS MHYK-
st — 65 MTor; mosrocHoe nenenne — 0,23 M; cKopocTh nepeMerntienns cemsH — 0,4 m/c;
no3a sHeprun — 1,79 JIx-c/kr. Ilpu Takoit 00paboTKe SHEPTHsl MPOpacTaHus pacTeHUN
yBenuumnack Ha 30 %, BcxoxecTs — Ha 2,6 %, unHA cTebist — Ha 10,5 %, ypoxaiiHOCTh
conoMsbl 1 ceMmsiH — Ha 0,7 u 7,9 n/ra cooTBeTCcTBEHHO [16].

[HonoxxurenbHOE BO3ACHCTBIE MArHUTHOTO MOJSI MIPOSIBISIETCS B YBEITUUCHUH:
BCXOXKECTH CEMSIH; JUIMHBI KOPHEH 1 1o0eros; nornoumenuu Bogasl 1 CO,; conepkanus
(OTOCHHTETHYECKUX TUTMEHTOB. DTO CIIOCOOCTBYET YCTOHUYHMBOMY BEACHUIO CEITLCKO-
XO3HCTBEHHOTO MPOU3BOJICTBA AaXKe B YCIOBHIX aOHOTHUECKUX cTpeccoB [17-19].
OpHaKo B OTAETBHBIX CIy4asx MAarHUTHOE TI0JIE BBI3BIBAJIO YTHETEHHE POCTa PACTEHHIH,
Y BBIIIEYIOMSHYTHIE TapaMeTpsl yxXyammincs [20; 21].

MexaHu3M, C IIOMOIIIBI0 KOTOPOTO PAaCTEHHUS BOCIPUHUMAIOT MAaTHUTHOE TIOJIE
Y pearupyioT Ha ero IposBIIeHIEe, He U3ydeH MOoTHOCThIo [22]. [TosToMy mi1st ToBBITIIE-
HUS BCXOXKECTH CEMSTH, YBEIMUESHHSI YPOXKaWHOCTH W YITYYIIECHUS Pa3BUTHUS KyTBTYPHI
JIOTIONTHUTEITFHO HEOOXOMMO BEISIBUTH IPAaBUIBHOE COYETAHNE HHTEHCUBHOCTH U Bpe-
MEHH BO3JIEMCTBUS MATHUTHOTO NOJIs. OTAEIBHOTO U3YUYEeHHUS TPeOyeT BOIIPOC BIUSHUS
IpaZMeHTHOTO MarHUTHOTO OIS HA IPEANIOCEBHYIO 00pabOTKy CeMsIH, a TaKKe OLICHKa
OTBETHOH peakuuu, NpOSBIIONIEiicS B BIE NU3MEHEHHUS pOCTa M Pa3BUTHUS PacTCHHH,
(dopMupoBaHus ypoxkasi.

I'panveHTHOE MarHUTHOE TOJI€ — 3TO, MPEXkKE BCETO, YACTHBIN Cilydail HeoIHO-
POAHOTrO MarHUTHOTO TOJIs, B KOTOPOM MarHUTHAast MHAYKIMS 10JIs, €r0 HalpaBieHue
WM TO ¥ IPYyroe OAHOBPEMEHHO M3MEHSIOTCA B MPOCTPAHCTBE. Takoe rmojie MOXHO
3adukcUpoBaTh, HAPUMEP, BOIM3U MOCTOSHHBIX MArHUTOB, KaTYIIIEK HHIYKTHBHOCTH
WA B YCTPONCTBAX, UCMOIB3YIOMNX MAarHATHBIE TIOJS JJIS YIIPaBIEHUS TBHKCHUEM
yactunl 1 Ap. OCHOBHOM XapaKTEPUCTUKON CO3/1aBaeMOT0 I'PaJeHTHOTO MATHUTHOTO
TOJIS SIBJISIETCSI €TO TPAUeHT — BEKTOP, KOTOPBIN MOKA3bIBAET, KaK OBICTPO M B KAKOM
HaIpaBICHUN U3MEHIETCS MarHUTHAS HH Y KIIHSL.

[IpoBenennsie B Poccun nccnenoBaHus Mo U3YYSHUIO BIUSHUS TPAJIUEHTHOTO
MarHUTHOTO TIOJIS1 KacaJliuCh B OCHOBHOM 0OpaOOTKM CEMsIH OBOIHBIX, 3TaKOBBIX, Ma-
CIIMYHBIX U APYTUX KynbeTyp [23]. Tak, sKcriepuMeHTaNbHBIM ITyTeM ObLT MOATBEPKACH
MOJIOKUTEIbHBIN 3 ekt 00padoTku cemsiH orypua (Cucumis sativus L.). YctoitunBas
CTaOMIILHOCTh MAarHUTOOHONIOTHYECKUX 3(h(hEeKTOB y MpOpOCTKOB Orypiia Obuia 3aduK-
CHPOBaHa ITPU CKOPOCTH JBHKEHUSI CeMsTH 1—2 M/C B MATHUTHOM T10JI€, HAIIPSKECHHOCTh
KOTOpOro ObIa B inanazone 3HadeHui 3 979—11 937 A/m. ChopmupoBaBnecs pacTeHUs
B CpaBHEHHUH C KOHTPOJIBHBIMU OOpa3liaMu UMeJH 0ojiee BBICOKYIO MPOILYKTHBHOCTD
mporiecca GoToOCHHTE3a U 00Iama Iy OOJBITUM YHCIIOM KEHCKUX IBETKOB. CiemoBa-
TEBhHO, YPOJKaWHOCTD B OTBITHBIX BapHaHTaxX yBennduiack (Ha 7,6—15,3 %) [23].
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AHanu3 NpoBeIeHHBIX HCCIEJ0BaHUI MO3BOIMI CHOPMHUPOBATH OOLINE 3aKOHO-
MEPHOCTH MOJIOKHUTEIBHOTO BIUSHUS MAaTHUTHOTO TIOJISL HA pa3BUTHE CEMSIH CEJIbCKO-
XO3HCTBEHHBIX KyIbTyp. K ocHOBHBIM 3¢pekram, crnocoOCTBYIOIUM MOBBIIICHUIO
YPOXKAWHOCTH, OTHOCSITCS: YBEJIMUCHHE BCXOXKECTH; IMOBBIIIEHUE yCTOWYUBOCTH
K CTpeCcCOBBIM (hakTopaM (3acyxa, 00JIe3HH); YCKOPEHHUE POCTA U Pa3BUTHUS PACTCHHIA,
a Take dKoJornueckas 0e30MacHOCTh METO/A, TaK KaK pacCMaTpUBaeMbId MOIXO]]
SBIISIETCS SKOJIOTHYECKH YNCTON TEXHOIOTHEH U CITYKHUT abTePHATHBON XUMHYIECKAM
00paboTKaMm.

Ha mam B3mms171, rpaineHTHOE MarHUTHOE Tos1e S GEKTUBHEE OJJHOPOIHOTO BCIIE/ICT-
BHE TOTO, YTO OHO BHOCHT IPOCTPAHCTBEHHYIO HEOMHOPOAHOCTh, KOTOpast IIpeBpaIiaer
ANIEKTPOMArHUTHOE BO3ACHCTBHE U3 OKPYKAIOIIET0 PACTUTENHFHOTO «(DOHAY) B AKTHBHBIN
(axTop, crocoOHBIH:

— (pusnuecku nepemMeInaTh 3apsIKCHHbBIC U HeUTPAITBHBIE AIEMEHTAPHBIC YaCTHIIBI —
OCHOBY HIOCTPOEHUS BHYTPEHHEH CTPYKTYPhI CEMEHH 32 CYET CHJI POTIOPIIMOHATBHBIX
TPaJMEHTY TIOJIS;

— WHUIUMPOBATH KBAHTOBBIE MEPEXO/bI B CIIMHOBBIX CUCTEMaX, COCTABIISFOIINX
BHYTPHUKJIETOYHBIC OCHOBBI IIOCTPOSHUS PACTUTEIBHBIX OPraHU3MOB, YTO OCOOCHHO
NPOSIBIISIETCSL B CTPYKTYPUPOBAHHOM BOJIE, M 3aITyCKaTh OMOXUMHYECKHE TPOIIECCHL;

— obecreunBaTh 0oJiee MOTHOE W PABHOMEPHOE «IIPoOyKICHHE)» MeTadoIn3Ma
CEMEHH, YTO MOJITBEPKIAETCS POCTOM HYHCIIa KOPEIIKOB, YBEITMUEHUEM OMOMAaCCHI
Y NOBBILIEHHOM ypOXKailHOCTBIO.

B kauectBe pabodeli TUITIOTE3bI MOXKHO TIPEATIONOXKUTH CIEAYIOIISE: CEMSI COINEPIKUT
CJIOKHBIE OPTaHUYECKUE MOJICKYIIBI M BOLY, KOTOpas SBJIsIeTCs AuaMarneTukoM. OHa
c1a00 HAMarHMYUBACTCS B HANPABJICHUH, TPOTHBOIOJIOKHOM BHEIITHEMY MAarHUTHOMY
TOJTIO, U3-32 OTCYTCTBUSI HECTIAPEHHBIX IEKTPOHOB. JTO 3HAYMT, YTO BOAA OTTAIKUBACTCS
MarHUTHBIM IIOJIEM, XOTS ATOT 3PPEKT OYCHB CJIa0 U HE3aMETCH B OOBIYHBIX YCIOBHUSIX.
B rpasueHTHOM 10JIe Ha MOJIEKYITBI BOJIBI, BXOJISIIIUE B COCTAaB CEMEHH, IEHCTBYET CHIIA,
«BBITAJIKUBAIOIIAS» MX B CTOPOHY MEHBIIIEH WHTEHCUBHOCTH MarHUTHOTO TOJA. DTO
CO3J1acT JIOKAJbHBIE TPAIUCHTHI JIaBICHUS] U KOHIIEHTPAIIMK BHYTPH KIIETOK CEMEHH,
YTO MOXET CITYXKHUTh TPUTTEPOM JUTS aKTHBU3AIIUH METa0O0IH3Ma.

MATEPHAJIBI U METO/bI

Ob6vexkm uccneoosanus

Jns m3ydeHus mporecca MpearnoceBHOH 00pabOTKH B MATHUTHOM I'PaTHEHTHOM T10JIe
MOCTOSIHHOTO TOKA C II€JIbI0 CTUMYJISILIUHI IOCEBHBIX KaY€CTB, POCTA, PA3BUTHUS U MPOAYK-
TUBHOCTH PacTeHUH ObLIN BEIOpaHbI ceMeHa JbHa-1oNryHua (Linum usitatissimum L.)
copra «ATnaHTy, BKIO4eHHOro B [ocpeectp mo CeBepo-3amnagHoMy peruoHy.

Jlen-nonrynen copra «ATIaHT)» PEKOMEHIOBAH ISl BO3ENIBIBaHUS B Bonoronckoit
u Teepckoii oonactax. Cre0esb NMHHBINA. TOUeUHOCTh YaIIeTUCTUKOR OTCYTCTBYET MU
o4eHb ciabasi. BeHuuk nmpu mojHoM pa3BuTUH cuHuil. KopoOouka maneHbKkas, 6axpom-
9aTOCTh JIOKHOU TIEPEeropoaKu OTCyTCTBYET. CeMs TeMHO-KopudHeBOe. BpeMst Hagama
IIBETCHUS paHHee. BereTarmoHHbIN Ieproa cocTapisieT 87 mHel. Bricora pactenumii —
79 cm. Macca 1 000 cemsit — 4,9 1. YCTOWYHMBOCTS K IOJIETaHUIO — 4,6 Oajuia, a K OChIa-
auto — 5,0 6aina. Coneprkanne BojokHa — 31,1 %, BEIXOM IITMHHOTO BosTokHA — 22,4 %,
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OTHOCHUTeNbHAs pa3phIBHAS pacueTHas Harpyska (mpouHocts) — 140,3 mH/Tekc. Copt
YCTOWYMB K (y3apr03HOMY YBSIaHUIO U prKaBUMHE, a Takke K Qy3apuosy. CpenHsis
YPOXKalHOCTB JILHOCOJIOMBI cocTaBisieT 46,5 1/ra, uro Ha 0,9 1/ra BhIlIe cTaHAapTA.
YpokaliHOCTh CEMSIH Ha YpOBHE cTanaapra — 4,6 1/ra.

Jns mocesa ucnonb3oBasuch cemeHa kareropunt OC (Marounas anuta 2 roma),
00paboTaHHEIE COTTIAaCHO CXEME OIBITA.

Memoowt uccneoosanusn

Mertoznonorust uccie0BaHus BKI0Yala KOMIIEKC Ja0OpaToOpHbIX, MOJIEBBIX, HH-
CTPYMEHTAJIbHBIX M CTATUCTUYECKUX MOAX0R0B. MccnenoBanus nposoauiu B 2024 roxy
B YCJIOBUSIX J1a0oparopuu Kadeapsl arpOXUMUH, 3eMIICIENS 1 JIECONOoIb30BaHus Trep-
CKOI TOCYyZapCTBEHHOM CENILCKOXO35MCTBEHHOM akageMun. JIJabopaTopHy1o BCXOKECTb
CeMsIH M MX SHEprHIo npopactanus onpeaensim cormacHo [OCT 12038-842.

IToneBoil onBIT 3aKnaAbIBAIA HAa OIBITHOM y4acTKe TBEpCKOM roCyAapCTBEHHOU
CENbCKOX03IMICTBEHHOM aKaJIeMUU Ha JIEPHOBO-CPEIHEIIOA30IUCTOM JIETKOCYNIMHUCTON
0CTaTOYHO KapOOHATHOM IJIeeBaToi Ha MOpEHE TT0uBe. ATPOXHUMUYECKHE MOKa3aTeIH
MaXOTHOTO CJIOSI TIOUBKI JI0 3aKJIJIKH OIbITa ObLIH clieaytomue: rymyc (o Tiopuny) —
1,6 %; nonsmxueiii pochop P,O, — 345 mr/kr, oomennbiit kammii K,O — 85 mr/kr
(mo Kupcanosy); pH, ., — 5,03; MomHOCTh maxoTHOro ¢j10st — 2022 cM. [10BTOpHOCTH
OIIbITa ObLJIA YETHIPEXKPATHOM, pa3MellleHIe BAPHAHTOB — PEHAOMU3UPOBAaHHbIM, I1JI0-
Ia/Tb OTTBITHOM JICJISTHKH cocTaBisiia 18 Mm%

ATpOTEeXHHUKa BO3/ICNIbIBAHNS JIbHA-JONTYHIIA COOTBETCTBOBAJIA OOIETIPUHSTON IS
TBepckoii 00nacTy, BKII0UAs AUCKOBaHHUE, BCTIAILIKY, KyJIbTHBALIMIO, BHECEHUE MUHEPAIb-
HBIX yaoOpenuii (a3oocka 3 11/ra), y3KOpsITHBIN IIOCEB C HOPMOH BbIceBa 12 MITH BCXOKHX
ceMsH Ha | ra, mpukaTeiBaHHe, 00pabOTKy repOUIMIaMu U CIUIOMIHYIO YOOPKY ypoKasi.
WHcTpyMeHTanbHbIE H3MEPEHNS BKITIOUAIM ONIpEIeNIeHNE TapaMeTPOB YCTAHOBKH IS
MarHUTHOU 00paboTKM: 00IIEro CONPOTUBIICHHS M HHAYKTUBHOCTH Karymiek (11,5 Om
1 0,059 I'n cooTBeTcTBEHHO), cuibl Toka (0,2-2,0 A), HanpskeHus nuTtanusd (2,5-25 B)
Y MHAYKIIMH MarHUTHOTO TOJisi BHYTpH paboueii kameps! (0,83—8,00 mTir), koTopyro
usmepsun udposeiM raycemerpom GOYOJO GT129A.

g coznanust TpaAREHTHOTO MAarHUTHOTO TIOJIS MCTIONB30BAIACh CIIEHATH3HPO-
BaHHasl YCTAHOBKA C BEPTUKAIBHOU IMMJIMHIAPUYECKON KaMepOil, OCHOBHBIMHU U JIO-
HOJHUTEIBHBIMU COIVIACHO-BCTPEYHO BKIJIFOUEHHBIMU OOMOTKAaMH, (DOPMUPYIOIUMHI
JIMHENHBIN aKCHAJIbHBIN I'PaJUCHT.

B xone mosneBbIX 3KCIEPUMEHTOB NPOBOAMIN MOPGOMETPHUECKUE U3MEPEHHUS:
OTIPEEISUIN BBICOTY PACTEHHUH, TEXHUYECKYIO IJIMHY U TOJIIUHY CTEOIs, KOTUYECTBO
pacTeHuii nepes yOOpKoi, Yuciio KopoOoUYeK Ha OJHOM PACTCHUH, YUCIIO CEMSH B OTHON
KOpOOOUKe, Maccy CeMsiH ¢ OfHOH kopoOouku u maccy 1 000 cemsiH. YpoxkaitHOCTh
JHHOTPECTHI U ILHOCEMSIH YYUTHIBAIIM B 1I/Ta C MIEPECYETOM HA CTAHAAPTHYIO BIIAX-
HOCTbh. KauecTBO BOJIOKHA OLIEHHWBAJIH IO COJIEPKaHUIO BOJIOKHA U €r0 YPO)KalfHOCTH.
ATpoXMMUYeCKUI aHaJIu3 MOYBHI BKJIIOYAN ONpEAeTeHHE COAepX aHus ryMmyca, oa-
BIKHOTO (hocdopa 1 0OMEHHOTO Kajiusi, KUCIOTHOCTH. CTaTUCTUYCCKYHO 00paboTKy
9KCTIEPUMEHTAIBHBIX JAHHBIX TPOBOIMIN METOIOM JHCIIEPCHOHHOTO aHANIN3a C OLIEHKON

2TOCT 12038-84. CemeHa CeNbCKOXO3SUCTBEHHBIX KYJIBTYyp. METOIbI OMpeIeieH s BCXOKECTH.
URL: https://docs.cntd.ru/document/1200023365 (nara obpamenus: 14.08.2025).
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HauMeHbIel cymectsenHol pasnoctu (HCP () mist moaTBepkIeHUs 10CTOBEPHOCTH
MOJTYYEHHBIX PE3yJIbTAaTOB. JJOMOMHUTEIHLHO PACCYMTHIBAIN KOI(DPHUIIUCHT Pa3MHOKCHHUS
KaK OTHOIICHHUE MOJIYYCHHOT'0 YpOorKasi CEMsTH K Macce BHICESHHBIX CeMsiH. Busyanu3zanus
Pe3yJIbTaTOB UCCIIEI0BaHUM OCYIIECTBISIIACH C HCIIOIb30BaHUEeM nporpamMm Microsoft
Excel, nanoCAD u ZBrush.

Oobopyoosanue u npoyedypa uccieoo8anus

Cemena JTpHA-A0TYHIIA TIEpE] BEICEBOM IPEIBAPUTEIHLHO MTOABEPTaIN 00padoTKe
IPaJIMCHTHBIM MAarHUTHBIM ITOJIEM MTOCTOSTHHOTO TOKa Ha CHEIHAIN3HPOBAaHHON ycTa-
HoBke (puc. 1)°.
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Puc. 1. YcraHoBka juis IpeanoceBHOH 00pabOTKK CeMsIH JIbHA B I'paJUeHTHOM MarHUTHOM IOJIe:
a) ycJIOBHAs cxeMa: / — HICTOYHHUK IIOCTOSTHHOTO TOKa; 2 — 3arpy304Hasi BOPOHKa;
3 — ocHoBanue; 4 — OCHOBHAsI OOMOTKA; 5 ¥ 7 — COIVIACHO BKJIIOUYEHHEIE JIOMOJIHUTEILHELIE OOMOTKH;
6 — BCTPEYHO BKJIOUCHHAS TOTIOMHHUTENFHAE 0OMOTKa; § — mpueMHbIl OyHKep; b) 3D-mMonens

Fig. 1. Installation for pre-sowing treatment of fiber flax seeds in a gradient magnetic field:
a) schematic diagram: / — direct current source; 2 — loading hopper; 3 — base; 4 — main winding;
5 and 7 — series-connected additional windings; 6 — counter-connected additional winding;

8 — receiving hopper; b) 3D model

Hcmounux: pucynku 1, 2 coctaBieHsl aBTOpaMH cTaTel B iporpammax «nanoCAD» u «ZBrushy.
Source: Figures 1, 2 were compiled by the authors of the article in the program «nanoCAD» u «ZBrushy.

YcTaHoBKa 15 IPEANOCEBHOM 00paboTku (puc. 1) CeMsH JbHA-IOITYHIIA TIPe-
CTaBIsieT cO00W KOHCTPYKIIMIO, COCTOSIYIO U3 HCTOYHHUKA IMOCTOSTHHOTO ToKa [ ¢ pe-
TYIAPYEMBIMHU BBIXOJTHBIMHU TTapaMeTpaMH — HalIPsDKEHUEM M TOKOM, a TakKe u3 pado-
4yero oprana — pabodeil kKaMepsI (aKTUBATOpa), B KOTOPOH OCYIIECTBIETCS 00padboTKa
ceMmsH. KOHCTpYKTHBHO KaMepa N3rOTOBJIEHA B BIJIE BEPTUKAIBHON IUITHHIPUYECKON
TPYOBI-KOJIOHHBI C BHyTpEHHEH Tpy0Ooii-0CHOBaHHEM M3 HEMarHWTHOTO Marepuaina 3,
pa3MelIeHHBIMHI Ha Heil 0OMOTKaMH 4—7 W BHEUTHETO 3alIUTHOTO KOXKyXa-Kopiryca
13 HEMarHWTHOHM HepikaBeroeil cranu. Ha BHyTpeHHel TpyOe pasMeleHa OCHOBHAs

3 Kyruc C. ., Kyruc T.JI. DeKTpOMATHUTHBIE TEXHOJIOTHH B PACTEHUEBOJICTBE. DIEKTPOMArHUTHAS
00paboTKa ceMsiH U mocagouHoro Marepuana. M.: PUJIEPO; 2017. 76 c.
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00MOTKa, Ha TTIOBEPXHOCTH KOTOPOI 3aKPEILICHBI JIOMOJIHUTEIbHBIC OOMOTKH J—7,
pa3HEeCEHHBIC TI0 BBICOTE pabouero opraHa, CorlaCOBaHHO-BCTPEYHO COCTUHCHHBIC
Y pa3MELIECHHbBIE B ONPEACICHHON MPOCTPAHCTBEHHOM MOCIEN0BaTENbHOCTU. Mex 1y
€000 3TH 0OMOTKH COCTUHEHBI TAKMM 00pa30M, 4TO, HECMOTPS Ha MPOTEKAIOIIUN 10
HUM ITOCTOSTHHBIN TOK, CO3Ja€TCsA MCHAOIICCCS 110 AJTHHE KOJ'IOHHLI-pr6BI TpaaucHT-
HOe (akcuanbHOE) MarHuTHOE ToJie [24]. OHO co3maeTcs BHyTPH U CHAPYKH pabodero
OpraHa yCTaHOBKH ITPH TIOMOIIM KaTyIIeK, IT0 KOTOPBIM MPOTEKAET IMOCTOSHHBIA TOK
aMIUIUTYbl B nuanaszone oT 0,2 1o 2,0 A, HO IPOTUBOMONIOXHOIO HAMPABJICHUS, YTO
MIPUBOJUT K MOSBIICHUIO MATHUTHBIX TOJIeH pa3Hou momsapHocTy. [Ipu oObequHeHnn
M3MEHSIONINXCS MATHUTHBIX TOJIel 00pa3yeTcs uX JIMHEHHOe M3MEHEHHEe MEXIy Ka-
TYIIIKaMH, 9TO POPMHUPYET JIMHEHHBIN IPaJHUEeHT MATHUTHOTO IT0JIs, HAIIPUMeEp, KaK JIBe
KaTyIIIKW CO3/JIAI0T IPaJMEHT, KOTOPBIH SBIISETCS JIMHEHHBIM TOJIBKO B cepenuHe (puc. 2).
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Puc. 2. ®dusnyeckuii npuHImI GopMUpOBaHUS TMHEHHOTO IPAJANSHTa MATHUTHOTO TIOJIS
Fig. 2. Physical principle of forming a linear magnetic field gradient

B xnaccuueckoit cxeme i1 CO3AaHUs TMHEHHOTO aKCHAIbHOTO IPaleHTa Jalie
WCTIOJIB3YIOT JIBE KAaTYIIKH, OHAKO TPH KaTyIIKH TAKXKe MOTYT OBITh UCIIOIb30BAHBI
B OoJiee CI0KHOW KOH(PHUTYpaluuu, HanpuMep, HeHTpalbHas KaTyllka BKIIOYEeHa B Ofl-
HOM HalpaBJICHHH, a IBE KpaifHHE — B IPOTHBOIIOJIOKHOM. DTO [TO3BOJIACT YBEIUUUTD
00JIaCTh IMHEHHOCTHU TPaJUeHTa WK NONTYyYUTh Oosee BRICOKYIO 3P PEKTUBHOCTD MPH
TeX ke radapurax.
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BryTpu BepTHKAILHON YaCTH (AKTUBATOPA) YCTAHOBKH CO3/IAETCSI OCHOBHOE OJTHO-
pOIHOE MarHUTHOE TOJIE, HO TIOBEPX HETO 3a CYET Pa3MEIICHUs Ha IMIMHIPUIECCKON
OCHOBHOHM OOMOTKE CIHEI[HaIbHBIX TPaJIueHTHBIX KaTYIIEK CO3/[aeTcsl HEOJHOPOAHOE
MarauTHoe moje (puc. 2). Co3naHue rpaIMeHTHOTO TOJIS B pado4eii kamepe (aKTHhBa-
TOpE) — ATO pe3yibTaT UHTEP(PEPEHIINH MOJIeH OT HECKOIBKUX CHEIHAIBFHO CIPOQH-
JUPOBAHHBIX U CKOMMYTHPOBAaHHBIX KAaTyIIEK, KOTOPHIE BMECTE CO3AIOT CyMMapHOE
ToJie, TMHEWHO MEHSIOIIEeeCs B HY)KHOM HalpaBJICHHH.

CemeHa 3arpyxaiy B IPUEMHYIO BOPOHKY 2 H TIOCIie CBOOOIHOTO, CAMOTEYHOTO
MepeMeIeHNs OHU ITOCTYTIAN B HAKOITMTEIFHYIO BRITPY3HYIO eMKOCTh §. Hampspkenne
Ha yCTaHOBKY MOJABAIOCh OT MPOMBIIIIEHHO BBITYCKA€MOTO HCTOYHHUKA TIOCTOSTHHOTO
TOKa C PETYIUPYEMBIMHU TIApAMETPaMHU — TOKOM M HaIlPSDKEHUEM.

ConocTaBuii 3HAYCHHS TOKA U HANPSHKSHUS U3MEPEHHBIM 3HAYCHHUSAM WHIYKIIUA
MarHUTHOTO IIOJIsI, PEXKUMBI KOTOPOU Jist y1o0CTBa MPOBeACHUS 00paboTKH ObLTH
MIPEABAPUTEIILHO OTTAPUPOBAHBI B 3HAUCHHUSX aMILTUTY/Ibl HHYKIIUH MAaTHUTHOTO TIOJIS,
W3MEpPEHHOM BHYTpH pabouel KaMepshl.

[Tepen HawamoM UccieAOBaHMI ObLIH MTPOBEACHBI IPEIBAPUTEIBHBIC TOBEPOUHBIC
WCTIBITAHUS YCTAHOBKH, B PE3YJIbTaTe KOTOPHIX OMPENETHIN CIEAYIOIINE € TapaMeTphl
1 XapaKTePUCTUKU:

— o01ree conmpoTUBIIEHNE M MHAYKTUBHOCTD Karymiek paBHbI 11,5 Om 1 0,059 I'n;

— WHAYKIHAS MarHUTHOTO TIOJIS, M3MEpPEHHasl BHYTPH YCTAaHOBKH, COCTaBWIIA JTHA-
ma3oH 3HadeHni ot 0,83 mo 8,0 mTim;

— CHJIa TOKA JUIsl YKa3aHHBIX 3HAUCHUI MHAYKIUH BapbupoBaiach ot 0,2 10 2,0 A;

— HanpspKeHUe UTaHus, T01aBaeMoe Ha OOMOTKH, H3MEHSIIOCHh OT 2,5 o 25 B;

— XapakTep U3MEHEHUsI UHAYKIUU MAaTHUTHOTO TI0JISI HA IIOBEPXHOCTH 3al[UTHOTO
KoXyxa pabouell kamepsl (aKTHBATOPa), KOTOPBIH MPENCTaBIsUT COO0W O0bEAMHEHUE
Pa3HOMONSIPHBIX OTKIIOHCHUW MAarHUTHOTO TIOJIsI OTACIBHBIX Map TPaJUCHTHBIX KaTy-
ek (puc. 3). [TocTosiHHBINA TOK, MPOTEKAOIINH 10 00MOTKaM yCTaHOBKH, paBeH 0,6 A;
1,2A; 1,8 A.

IToBBITIaTE HATPSKEHUE BHIIIE YCTAHOBICHHBIX 3HAYCHUH HE CIICAYET M3-3a BhIICIIC-
HUSI TETUIA HATrPEBAIOIIIUXCSI 0OMOTOK, UTO H3MEHSET MapaMeTPbl MATHUTHOTO BO3ICHCTBHUS
Ha ceMeHa (MCKaKaeTCsl YUCTOTa MAarHUTHOW 0OpabOTKH), TIO3TOMY JOITOTHATEIHEHO
HEOOXONMO KOMILIEKTOBATh YCTAHOBKY CHCTEMOW MIPUHYAUTEIHHOTO OXJIaKICHHS.

Cxema OITbITa, B COOTBETCTBHH C KOTOPBIM CEMEHaA JIbHA-TONTYHIIa OBLIH TIOABEPT -
HYTHI 00paboTKe, MpeacTaBieHa B Tadmuie 1.

OO0paboTka o4BkI B OCEHHHUI EPUOI 3aKIII0UaIach B AMCKOBaHUH arperaroM MT3-82
¢ B/IT-3 u nocneayromieil Bcnamkoi Ipy MOSBICHUU MacCOBBIX BCXOJOB COPHSIKOB
arperarom MT3-82 ¢ T1JIH-3-35. BeceHnHtoro 00pabOTKy MPOBOIMIN KyJIbTHBALUCH
B 1Ba ciena arperarom T-150 ¢ KBM-8. MuHepainbHbie yIoOpeHus: BHOCHIUCH O]
MPEINOCeBHY0 00padoTKy, B HOpMe — 3 1/ra azodocku (16:16:16). [IpeanoceBuyro
00paboTKy mouBsl nmpooauiau arperaroM T-150 ¢ KEM-8 B onun cien. [Toces nbHa-
nmonryHia ocymecTtisuics 27 mas 2024 rona arperatom MT3-82 ¢ CIIY-3 ¢ Hopmoit
BbIceBa 12 MITH. BCXOXKHX CeMsTH Ha | ra y3KkopaHbIM criocobom nocesa. [locne mocera
MouYBy npuKateiBasn arperaroM MT3-82 ¢ KK3-6.
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Puc. 3. PacnpeneneHne MarHuTHON MHAYKIIMK Ha IOBEPXHOCTH paboyero opraHa yCTaHOBKH
111 06pabOTKYU CeMsH JIbHA-JOIIYHIIA B IPaAHEHTHOM MarHUTHOM IIOJIe
Fig. 3. Distribution of magnetic induction on the surface of the working element of the installation
for treatment of fiber flax seeds in a gradient magnetic field

Hcemounuxk: pucyHKH 3—6 cOCTaBICHBI aBTOpaMH CTaThU B porpamMme Microsoft Excel.
Source: Figures 3—6 were compiled by the authors of the article in the program Microsoft Excel.

Tabmuma 1
Table 1
Cxema onbITa 00paGOTKH CeMSH JIbHA-A0JTYHIIA B MATHHTHOM IPAJHEHTHOM I10J1e
Scheme of the experiment on treating fiber flax seeds in a magnetic gradient field

Bapuant 06pabotku / Treatment option Bun o6padotku / Type of treatment

Be3 06paboTku B MarHUTHOM TpamueHTHOM moie / Without
magnetic gradient field treatment

KonTpons / Control

O06paboTKa B MArHUTHOM aKCHAJIbHOM I'PaJIMEHTHOM I10JI€ ¢ MHAYKIMEH BHYTpH
pabouero npoctpaHcTBa kaMmepsl / Treatment in a magnetic axial gradient field with induction
with induction in the central part inside the working space of the chamber

Bapuant 1 / Option 1 0,83 MTn
Bapwuant 2 / Option 2 1,68 mTn
BapwuanT 3 / Option 3 2,51 MTn
Bapuant 4 / Option 4 3,34 MmTn
BapuanT 5 / Option 5 4,20 MTn
BapwuanT 6 / Option 6 5,04 MTn
Bapwuant 7 / Option 7 5,81 MTn
BapuanT 8 / Option 8 6,70 MTn
Bapuant 9 / Option 9 7,35 MTn
BapwuanT 10 / Option 10 8,00 MTn

Hcemoynux: Tabmuipl 1—4 cocTaBIeHbl aBTOPAMU CTAThH.
Source: The tables 1-4 were compiled by the authors of the article.
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[IpuMmeHeHre TPOTUB COPHSIKOB 0AKOBOW cMecH repourmmoB Arpurtokc (1 n/ra),
Xanrep (3 n/ra), Cexarop Typ6o (0,1 1/ra) npoBonuIoCh B a3y «eI0UKI» IIPH BBICO-
Te meIpes mon3ydero 10—15 cm omprickuBarenem KYK BpyuHyio ¢ HOpMOI pacxona
paboueit sxuakoct 400 n1/ra. Yoopka ypoxast ocyinecTisiiach 14 ceHtsaops 2024 rona
CIIOMTHBIM criocoboM arperarom MT3-82 ¢ JIK-5A.

ATpOMETEOPONIOTHIECKHE YCIOBHS MPU TPOBEJICHUH UCCIICI0BaHHUI CHIIBHO OTIIHYA-
JIMCh OT CPETHUX MHOTOJICTHUX 3HaYeHUI. HeOnaronpusTHple OrOIHbIE YCIIOBHS B Mae
(aHOMaTEHO HHU3KHUE TEMITEpaTyphl HA (POHE 3aCYNITHBBIX SIBIICHHH ) TO3BOJIMIIU TIPOBECTH
CEB TOJILKO B KOHIIe Mecsiia. Hemocrarounoe BnaroobecrnedeHue Ha (poHe aHOMATbHO
BBICOKHX CPETHECYTOUHBIX TEMIIEPATYP B MEPBOIl IcKa Ie HIOHS HE TO3BOJIMIN MONYIHTh
MTOJTHOLIGHHBIE BCXOMBI KYJIBTYpPEL. B pe3ynbrare moneBas BCXOXKECTh JbHA OKa3aiach
BechMa HU3KOH. Ha mpoTshkeHuM BereTanuu KyJabTypbl OTMEYAIOCh KaK HEIOCTaTOUYHOE
yBIQKHEHHE (KOHEI[ MIOHS — HAuaJIo MEOJIs ), TAK U TIEPEYBIIAKHEHUE TTOYBHI B OT/ICIBHBIC
JICKa/IbI [IPHU I0CTaTOYHO BBICOKOH CPEJHECYTOYHOHN TEMIIEpaType BO3AyXa B HIOHE-UIOJIE.

KoaddunmenTt pasmMHOKeHUsI 1S JIbHA-TIOJITYHIIA OMPEICIISIIN B 3aBUCUMOCTHU OT
N3y4acMbIX BaAPUAHTOB OIIBITA O6pa6OTKI/I CCMsSH B MArHUTHOM I'PaIMUCHTHOM I10JI€ KaK
OTHOIICHHE MACChI COGpaHHBIX CEMJSH C CAMHUIIBI IUIOIIAaAN K MaCCC BBICCAHHBIX CEMAH
(c yaerom dakTrudeckoir HOpMBI BeiceBa 1 Macchl 1 000 cemsiH). JlaHHBIN TOKa3aTelh
MTO3BOJISIET OIEHUTDH A((HEKTUBHOCTH IPUMEHEHUS TPEIITOCEBHOW MarHUTHOW 00pa-
OOTKH I CEMEHOBOJTYCCKHUX IIEIICH.

PE3VYJIBTATBI UHCCJIEJOBAHUSI

Ha pucyHke 4 npeicTaBieHbl THCTOTPaMMBI, XapaKTepU3YIOLIME SHEPTUIO IIPOpacTa-
HUA 1 1a00paTOPHYIO BCXOXKECTh CEMSIH JIbHA-J0JITYHIIA B 3aBUCHMOCTH OT BAPHAHTOB
UX IpeANoCEeBHOM 00pabOTKH.

90
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40
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0

postb /
control Bapuant 06pabotku / Processing option

Dueprus npopactanus, % / Germination energy, %

& JlaGopaTopHast BecxoxkecTb, % / Laboratory germination, %

Puc. 4. BousHue npeanoceBHoH 06padOTKN HA SHEPIHIO IPOPACTaHUS
1 1a00paTOPHYIO BCXOXKECTh CEMSH JbHA-I0ATyHIa, 2024 rog

Fig. 4. Effect of pre-sowing treatment on germination energy and laboratory germination
of fiber flax seeds, 2024
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Ha pucynke 5 npeacTaBieHbl JaHHBIC 1O 00IIEH BBDKUBAGMOCTH PACTCHUIA JThHA-
JIOJITYHIIA B 3aBUCUMOCTH OT U3y4aeMbIX BAPHAHTOB MIPEAIOCEBHOM 00pa0OTKU CEMSH.
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Puc. 5. Brmusaue npeanoceBHOi 00pabOTKH CeMsH Ha OOy BEDKHBAEMOCTh JIbHA-TONTYHITA
Fig. 5. Effect of pre-sowing seed treatment on overall survival of flax

YpoxkalHOCTE JThHA-TONTYHIIA (T1/Ta) B 3aBUCHMOCTH OT NMPHEMOB TIPEATIOCEBHOM
00paboTku cemsH (2024 ron) nmpeacrapiieHa B Tadmuie 2.

Tabnuma 2

Ypo:xaiiHOCTh JTbHA-T0JTYHIA (1I/T2) B 3aBUCHMOCTH
OT NPHEMOB NpeanoceBHOl 00padoTku ceMsiH, 2024 rox

Fiber flax yield (c/ha) depending on pre-sowing seed treatment methods, 2024

Table 2

YpoxaifHOCTS, 1/Ta /

[Tpubasxka / Increase

Bapp[aHT 06pa6OTKI/I / Productivity, c/ha wra / c/ha %
Processing option TpecTtbl / | cemsiH/ | TpecTbl/ | ceMsiH/ | TpecTbl/ | cemsH /
trusts seeds trusts seeds trusts seeds
Kontposs / Control 25,6 6,6 - - - -
Bapuant 1 / Option 1 41,2 10,5 15,6 3,9 60,9 59,1
Bapuant 2 / Option 2 35,4 8,8 9,8 2,2 38,3 33,3
BapuanT 3 / Option 3 459 11,0 20,3 4,4 79,3 66,7
BapwuanT 4 / Option 4 33,2 8,6 7,6 2,0 29,7 30,3
BapuanT 5 / Option 5 55,3 12,6 29,7 6,0 116,0 90,9
BapuanT 6 / Option 6 58,9 12,4 33,3 5,8 130,1 87,9
BapwuanT 7 / Option 7 50,0 14,1 24,4 7,5 95,3 113,6
Bapwuant 8 / Option 8 69,5 15,7 43,9 9,1 171,5 137,9
BapwuanT 9 / Option 9 66,9 16,6 41,3 10,0 161,3 151,5
BapuanT 10 / Option 10 61,3 15,2 35,7 8,6 139,5 130,3
B cpennem no Bapuantam 51,8 12,6 26,2 6,0 102,2 90,2
00paboTku cemstH / Average
by seed treatment options
HCP — - 1,9 1,1 — —
608
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B Tabnuue 3 npuBeneHa CTpyKTypa yposkaltHOCTH JbHA-noaryHua (2024 ron).

Tabonuma 3

Table 3
CTpyKTYypa ypo:kailHOCTH JIbHA-10/ITYHIA, 2024 ron
Fiber flax yield structure, 2024
KomnmuectBo ‘ucno
Bapuant pacTermii eper KopoGouek Yucno ceman | Macca ceMsH Macca
06pabotku / | yOopkoi, mt./m? / Ha OILHOM B ONHOH ¢ ORHOH 1 000 cemsH, T/
Treatment Number pacTeHuy, IT. / |KOpoOoUKe, IIT. /| KOPOOOUKH, T / Weicht of
. Number of |Number of seeds| Weight of seeds g
option of plants before | : b | 1,000 seeds, g
harvesting, pes/m? oxes on one | in one box, pcs | per capsule, g
> plant, pcs
KonTpons / 275 10,3 7,14 0,034 4,70
Control
Bapuant 1/ 340 10,6 7,33 0,034 4,77
Option 1
Bapuant 2 / 319 12,9 6,56 0,031 4,62
Option 2
Bapuant 3 / 427 12,7 7,11 0,035 4,95
Option 3
Bapuant 4 / 277 10,4 6,99 0,035 4,79
Option 4
Bapuanr 5 / 312 12,2 6,65 0,030 4,62
Option 5
BapuanT 6 / 416 8,2 6,94 0,033 4,70
Option 6
Bapuant 7 / 355 16,5 4,78 0,022 4,42
Option 7
Bapwuant 8 / 403 16,9 5,83 0,029 4,60
Option 8
Bapuant 9 / 346 15,0 6,16 0,031 5,10
Option 9
BapwuanT 10 / 400 17,4 6,38 0,031 4,76
Option 10
B cpennem 360 13,3 6,47 0,031 4,73
110 BapHaHTaM
00paboTKH
ceMsH /
Average by

seed treatment
options

Ha pucynke 6 npencTaBieHo BIUSHAE MPEANIOCEBHON 00pab0TKK CeMsH Ha KOd(]-
¢bunreHT pa3MHOXeHUs TbHa-aonTyHNa (2024 rom).
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Pwuc. 6. Bausaue npeanoceBHoH 06paboOTKN ceMsH
Ha k03 GUIUEHT pa3MHOKEHHUS JIbHA-IoNTyHIa, 2024 rox
Fig. 6. Effect of pre-sowing seed treatment on the multiplication factor of flax, 2024

B Tabnurie 4 npuBeCHbI JaHHbBIC O MOKA3aTENIIX KaueCTBa BOJIOKHA JIbHA-IONTYHIIA.

Tabnuma 4

Table 4
IHoxa3zarenn kayecTBa BOJIOKHA JbHA-T0JIYHIA, 2024 rog
Fiber flax quality indicators, 2024
s Texuuueckas T c
BICOTA JTHHA JIIAHA JKAHN N
Bapnant 06paborku / paCTeH(I:/I(;[, oM/ CTC%J‘IH,. oM/ CTC%J'II;III, MM / B(?J'IHOeII;Ha, %3 %ﬂ%ﬁigflgﬁg’/
Treatment option Plant Technical ~ Stem Fiber Fiber yiei d. o/ha
height, cm length of | thickness, mm| content, % ’
stem, cm
KonTpons / Control 85,3 68,2 1,78 18,3 4,7
Bapuant 1/ Option 1 98,8 81,7 1,86 18,4 7,6
Bapmant 2 / Option 2 89,4 70,8 1,84 19,1 6,8
Bapuanr 3 / Option 3 104,1 85,4 1,95 14,3 6,6
Bapuant 4 / Option 4 100,5 84,6 1,89 17,5 5,8
Bapuanr 5 / Option 5 102,1 84,1 1,98 16,3 9,0
Bapuant 6 / Option 6 102,0 85,5 1,77 18,6 11,0
Bapwuant 7 / Option 7 106,3 84,4 2,16 19,3 9,7
Bapuanur 8 / Option 8 108,1 85,4 2,33 15,4 10,7
Bapuant 9 / Option 9 105,5 85,6 2,09 16,3 10,9
Bapwuanr 10/ Option 10 97,9 78,0 2,04 16,5 10,1
B cpenrem mo 101,5 82,6 1,99 17,2 8,8

BapuaHTaM 00pabOTKH
cemsiH / Average by
seed treatment options

OKcnepruMeHTalIbHbIE TaHHbIE BHISIBIIIN BIMSHUAE PEINOCEBHON 00paOOTKH Mar-
HUTHBIM TPaJHUCHTHBIM IOJIEM CEMSH JIbHA-IONTYHIIa Ha TTOKa3aTel POCTa, Pa3BUTHS
Y TIPOYKTHBHOCTH. DTO MO3BOJISIET MEPEHTH K 00CYKICHIIO MEXaHI3MOB HaO0IaeMbIX
3¢ PEeKTOB 1 000CHOBAHUIO ONTUMAIILHBIX PEKUMOB 00pabOTKH.

610
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OBCYKJIEHUE

AHanu3 pe3yabTaToB 1ad0paTOPHBIX HCCIIEN0BaHU (pHc. 4) moKa3al, 4To SHePrus
IpOpacTaHus U BCXOKECTh CEMSTH JIbHA-JIONITYHIIa ObLTH MUHUMATLHBIMH Ha KOHTPOJIBHOM
Bapuanre — 42,5 u 59,0 %. [IpumeHeHne BapuanToB 0OPabOTKM CEMSIH B MATHUTHOM
TPaJFEHTHOM IT0JI€ TIO3BOJIMJIO 3HAYUTEIEHO TIOBBICUTE 3TH TIOKazaTenu ¢ 42,5 1o 69 %
u ¢ 59 no 84,5 % coorBercTBeHHO. Tak, HanOOMBIIAsK SHEPTHS TPOPACTaAHU ObLIa MO-
nmy4yeHa Ha BapraHTax 1 u 9 — 60 u 69 %, a maboparopHasi BCXO)KECTh — Ha BapUaHTax
5u9-84,5u8l,5%.

Takum 00pa3oM, MOXKHO TOBOPHUTB O TOM, UTO MPEANIOCEBHAS MarHUTHAs: 00paboTKa
CEMSIH JIbHA-I0JTYHLA [TO3BOJISIET YBEJIMUNTH SHEPTHIO IPOPACTAHUS CEMSH B CPEAHEM
Ha 11,4 %, a naboparopHylo BcxoxecTb — Ha 14,8 %.

Habmronenue 3a pocToM U pa3BUTHMEM PAacTEHUH JbHA-IONTYHIA I0KA3aJI0, YTO
B pe3yJbTare 3aCyLUIMBHIX SABJICHUH B HaYaje BereTaluy Ha (JOHE aHOMAaJIbHO BBICOKHX
TEMIIepaTyp IOJIeBasi BCXOKECTh KYJIBTYphI OblJla HEBHICOKOH M HAXOAWIACh HA YPOBHE
50-55 %. B nanpHelieM npu HOPMaJIU3allMU MOTOJHBIX YCIOBUI POCT M pa3BUTHE
KYJIBTYPbI MOYKHO 0XapaKTEepHU30BaTh Kak BOLIEAININE B HOpMY. JIeH mpomien Bce (eHo-
norudyeckue (a3bl Pa3BUTHS M 3aKOHYMI BETETAIMIO B CEPEIUHE CEHTSOPSI.

AHaNMM3Upys TUCTOTPAMMbI PHCYHKA 5, MOXHO CJIeNIaTh 3aKJIIOUEHHUE, YTO BapH-
AHTBI IPEAII0CEBHON 00pabOTKY CEMSH B MArHUTHOM T'Palu€HTHOM I10JI€ TI03BOJIMIIH
YBEJIMYUTH OOIIYIO BEBDKHBAEMOCTH JIbHA-A0NTYHIA ¢ 22,9 1o 35,6 % wiun, B cpenHeM
1o BapuanTam, Ha 7,1 %. HanGomnpias o0mmas BeKUBAaeMOCTh ObllIa OTMEUYECHA B Ba-
puantax 3 u 6 —35,6 u 34,7 %, T. €. ona Bo3pocna Ha 12,7 u 11,8 % cOOTBETCTBEHHO.

[HonoxxuTensHOE BIMAHUE U3yYaeMble BApUAHThI IPEANIOCEBHON 00pabOTKU OKa-
3anu ¥ Ha GOpPMUPOBAHUE YPOKaWHOCTH JIbHA-AONTYHIA (Tabm. 2). be3 mpumeHenus
NpennoCeBHON 00padOTKH CEMSH YpOKaitHOCTb TPECThI cocTaBmiIa 25,6 1/ra, a ceMsiH —
6,6 wra. [IpennoceBnas maruuTHas obpaborka cemsn pocrosepro (HCP = 1,9 w/ra
u HCP = 1,1 n/ra) yBennuuia ypoxxaiHOCTB JILHOTPECTHI B cpeaHeM ¢ 25,6 1o 51,8 wra,
a JpHOCeMsH — ¢ 6,6 mo 12,6 n/ra win Ha 26,2 u 6,0 1w/ra (102,2 u 90,2 %) cooTBeT-
ctBeHHO. Cpe/in n3ydaeMbIX BapHaHTOB MPEIIIOCEBHON 00paOOTKU CEMSH OOJBIIYIO
YPOXKANHOCTH 110 000MM TIOKa3aTelIsIM 00€CTICYNBaT BAPHAHTHI 8 1 9.

Pa3Huiy B ypoxxaliHOCTH Kak TPECTbI, TAK U CEMSIH MOXHO OOBSICHUTh BIMSHUEM
U3y4aeMbIX IIPHEMOB 00paOOTKU CEMSIH B MArHUTHOM I'PaIMCHTHOM I10JI€ HA OCHOBHBIE
3JIEMEHTBI CTPYKTYPHBI yposKasi TbHa-noiryHua (tadm. 3). KonuuectBo pactenuii mepen
yOOpKoOii, 4rcio KopoOodeK Ha ofHOM pacTeHnu 1 Macca 1 000 ceMsH B cpeHeM 1Mo
BO3/EHCTBHEM M3yYyaeMbIX BAPHAHTOB MPEANIOCEBHON 00paOOTKH B MarHUTHOM Ipa-
JUEHTHOM TI0s1e Bo3pociu. [Ipu 3TOM CylIeCTBEHHOE BIMSIHUE OKa3ald U3ydaeMble
NpUEMBI Ha KOJIMYECTBO pacTeHHUH nepes yOOpKoH M 4uciio KopoOOUYeK Ha OTHOM pa-
CTEHMH, KOTOpbIE YBEIMYMWINCH B cpefneM Ha 33,3 u 29,1 % coorBeTcTBeHHO. [leiicT-
BUE U3y4YaeMbIX MPUEMOB Ha KOJIMYECTBO PACTCHUH Tepe yOOpKoi ObLIo Oojiee SIpKo
BBIPaYKEHO Ha 3-M U 6-M BapuaHTax, Yiciao Kopobouek — ¢ 7-ro o 10-if BapuaHT, Macca
1 000 cemsta — 3-if 1 9-it BapuaHTEHI.

TakuMm 00pa3oM, H3ydeHHE MPUEMOB TIPEANOCEBHOM 00pabOTKU ceMsH TOKa3aio
OompITiee UX BIMSHHAE HA KOJTUYECTBO pacTeHHUH Iepes yOOPKOHW M 9UCI0 KOpOoOOIeK
Ha OJTHO pacTEHHUe.
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[TockonbKy JeH-A0NTYHEL BO3/ENbIBAJICS HA CEMEHHBIE LIENU, TO OBbLI ONpeaesicH
K03 DUITUEHT pa3MHOKEHHS JJIsl TAHHOW KYJIBTYPBI B 3aBUCUMOCTH OT U3y4aeMbIX
BapHaHTOB ONbITAa 00Pa0OTKM CEMSH B MATHUTHOM TPaJHEeHTHOM T1oi1e (puc. 6).

Wzyuaemble preMbl IPENNOCeBHON 00pabOTKN CeMsTH PUBOAST K YBEITHUYSHUIO
ko3 urmenTa pazmHoxenus ¢ 17 go 37. [Ipu aTom cambie 6onpine k03(pPUITIEHTHI
ObutM moNy4yeHsl Ha 3-M, 8-M u 10-M BapuanTax oOpabotku (32, 33 u 37 en.).

BricoTa pacTeHuit Mo BIUSHUEM MPEIIIOCEBHOM 00paOOTKH CEMSH BO3pacTaeT
¢ 85,3 10 101,5 cM, TexHHYeCKas JIMHa cTe0s — ¢ 68,2 10 82,6 cM, TONIIHHA CTEOIS —
¢ 1,78 1o 1,99 mm, ypoxaitHocTh BojiokHa — ¢ 4,7 110 8,8 11/ra (Tadi. 4).

SIBHOTO TIONOKUTENBHOTO BIHSHUS M3y4aeMbIX BapUaHTOB 00pabOTKU HA copuep-
JKaHWe JTbHOBOJIOKHA He OBLITO BBISIBIICHO. B TO ke BpeMs HEKOTOpPOE yBEITHYCHUE ITOTO
nokazarens (Ha 0,8 u 1,0 %) ormedanochk Ha 2-M u 7-M BapuanTtax. [Ipu onpenenennn
YpOXKalHOCTH BOJIOKHA OBLIO 3a(hMKCHPOBAHO MOJIOKUTEIEHOE BO3/ICHCTBUE U3yIaeMbIX
BapHaHTOB 00pabOTKHM CeMsH Ha ero 3HadeHue. borpmas ypoxxaifHOCTh TbHOBOJIOKHA
nonydyeHa Ha 6-M, 8-m u 9-m (11, 10,7 u 10,9 1/ra) BapuanTax oOpabOTKH, YTO BBIIIIE,
YyeM Ha KOHTPOJIBHOM BapHuante B 2,34 — 2,28 pa3za.

3AKJIIOYEHHUE

OcCHOBHO# BKJIaJ pabOTHI 3aKTIOUACTCS B OKCTICPUMEHTATEHOM 000CHOBAaHUH (-
(EeKTUBHOCTH MPUMEHEHUSI aKCHAJIBHOTO TPAANEHTHOTO MAarHUTHOTO IOJIS TOCTOSTHHOTO
TOKa JUIs MIPEJIIOCEBHON 00pa0OTKH CeMsIH JibHA-IONTYHIIA. BriepBhie moka3aHo, 4To
IPOCTPAHCTBEHHAs! HEOMHOPOIHOCTH HOJIS ¢ IMHEHHBIM I'PaJHEeHTOM HHIYKLUH B AHA-
nazoHe 0,83—8,0 MmTn obecrieunBaeT Ooliee BBIpaXEHHBIH CTUMYIUPYIOIHNA P PEKT 1Mo
CPaBHEHHMIO C M3BECTHBIMH aHAJIOTaMH. DTO MOATBEPIKIACTCS yBEIMUCHUEM YHEPTUH
npopactanus Ha 11,4 %, naboparopHoii Bcxoxkectu Ha 14,8 %, a Taxke KpaTHBIM PoO-
CTOM ypOKaHOCTH 710 2,3 pa3a. YCTaHOBJIEHBI ONTHMAJIbHbIE PeXXUMBI 00paboTkH 5,81
1 6,70 MTi1, Ipu KOTOPBIX AOCTUTAETCS MaKCUMalbHbBIN KO3 QUIIMEHT pasMHOKEHUS
ceMsH 110 37 equHuUI] IpoTUB 17 B KOHTpOIIE.

IIpennoxeHHasi TEXHOJIOTHUS SIBJSICTCSI KOJIOTHUECKH O€30I1aCHOM, MOCKOIBKY
UCKITIOYaeT MPUMEHEHNE XUMHYECKHX CTUMYJISITOPOB U IPOTPaBUTENICH IJIsl aKTUBALUU
MeTabonr3Ma CEMSIH, MaJI03aTPATHOM U TEXHOJIIOTHYHOM, TaK KaK peaanu3yeTcs Ha KOM-
NaKTHOW yCTAHOBKE C peryInpyeMbIMHu apaMeTpamu. OHa obecrednBaeT cTabMIbHBIN
MIPUPOCT YPOXKANHOCTH J1aXKe B HEOIATOMPHUATHBIE MO MMOTOAHBIM YCIOBHUAM TOJBI, YTO
MOATBEP)KAAET MOBBIIIEHHE aIalTUBHOTO NOTEHIMAJa PacTeHUH Hocae 0o0padoTKy,
a TAKXe MO3BOJISET CYIISCTBEHHO YBEJIUYUTh BBIXOJ TOBAPHOTO BoJjoKHA 10 11,0 1/ra
U YIy4IIUTh BOCIIPOU3BOJACTBO CEMEHHOIO Marepuaia.

[lepcekTHBBI AaNbHEHIINX UCCICIOBAHUN CBS3aHBI C M3yUYEHUEM MOJIEKYISp-
HO-OMOJIOTHYECKHUX MEXaHNU3MOB BO3/ICHCTBHS TPaJMEHTHOTO MarHWTHOTO IO Ha
MeMOpaHHbBIE CTPYKTYPHI U EepMEHTATUBHBIC CUCTEMBI CEMSTH, BKJIIOYast OLICHKY aK-
TUBHOCTH TTEPOKCUIA3BI, COJIEPIKAHUS aICHO3UHTPU(POCHATOB U U3MEHEHUSI CIICKTPa
KHUPHBIX KUCIIOT. Heo0X0nuMo Takke ONTUMHU3HPOBATh KOHCTPYKLHUIO YCTAHOBKH AJIS
MPOMBIIICHHOW peain3alnuy, pa3padoTarh NPOTOYHBIE MATHUTHBIE aKTUBATOPHI
C AaBTOMAaTUYECKUM KOHTPOJIEM PEKMMOB U CUCTEMOM OXJIaXKJI€HUsl, IPOBECTH MHO-
roakTOpHBIE MOJEBbIE SKCIEPUMEHTHI B Pa3IUYHBIX MOYBEHHO-KIUMATHIECKUX
30HAaX BO3JIEIBIBAHMS JIbHA-JIONTYHIIA JIJIs1 yTOYHEHHUS 30HAIBHBIX PEKOMEHAINH 110
pexuMaM 00paboTKH.

612 Onexmpomexnonozuu u s1eKmpoodopyoosanie



Vol. 36, no. 3. 2026 ENGINEERING TECHNOLOGIES AND SYSTEMS ggl?)\

CIIMCOK JIMTEPATYPBI

1. Poxwmuna T.A., [Tanosa JI.H., [Tonaxxes B.I1., 3axaposa JI.M. JIbHsHast OTpaciib Ha IIyTH K BO3POXKICHUIO.
3awuma u kapanmun pacmenuii. 2018;(1):3-8. https://elibrary.ru/ynmxfe

2. bacosa H.B., HoBukos 3.B., be36aduenko A.B. IIpon3BoacTBo u nepepaboTka TyOsSHBIX KYJIBTYp
B Poccun kak snemeHT umnopro3amemenus. AIIK: skonomuxa, ynpasnenue. 2022;(8):71-78.
https://doi.org/10.33305/228-71

3. AxumoB A.A., Usantoruna H.H., BacunseB A.C., [Ipo3noB U.A., @apuniok FO.T., 3aiiues C.C.
IIpyembl MOBBIICHHS POAYKTUBHOCTH COPTOBBIX IOCEBOB JIbHA-A0JITYHIIA NIPH BBIPAIIUBAHUY HA
3aICKHBIX 3eMIISIX. MencOYHAPOOHDBILL JCYPHAL NPUKTIAOHBIX U (DYHOAMEHMATLHBIX UCCIE008AHUL.
2019;(12):206-211. https://doi.org/10.17513/mjpfi.12981

4. Baev V.1, Yudaev V., Petrukhin V.A., Baev 1.V., Prokofev P.V., Armyanov N.K. Electrotechnology
as One of the Most Advanced Branches in the Agricultural Production Development. In: Handbook of
Research on Renewable Energy and Electric Resources for Sustainable Rural Development. Hershey:
IGI Global; 2018. pp. 149—-175. https://doi.org/10.4018/978-1-5225-3867-7.ch007

5. Kazakova A.S., Yudaev 1.V,, Fedoischenko M.G., Mayboroda S.Yu., Ksenz N.V., Voronin S.M. New
Approach to Study Stimulating Effect of the Pre-Sowing Barley Seeds Treatment in the Electromag-
netic Field. OnLine Journal of Biological Sciences. 2018;18(2):197-207. https://doi.org/10.3844/
0jbsci.2018.197.207

6. HopoxoB A.C., Harueirua ML.E., AkcenoB A.IL., llubpsesa JI.C., baunos H./., Yynkos A.C. u ap.
O06padoTKa CeMSTH 3¢PHOBBIX KYIBTYP B HI3KOYACTOTHOM JIEKTPOMATHUTHOM 11oJie. CetbCKoX03aLiCmEeHHble
mawiunvt u mexvonozuu. 2023;17(4):4-11. https://doi.org/10.22314/2073-7599-2023-17-4-4-11

7. Xaiinosckuii B.1., Konbsuiosa O.C., Kosbipes A.E. PacueT 103 BO31€HCTBUS UMITYJIBCHOTO JIEKTPHUYECKOTO
TIOJIA HA CEMEHHOU MaTepuail. Aepaprnas Poccus. 2012;(9):37-40. https://doi.org/10.30906/1999-5636-
2012-9-37-40

8. Finlay C.C., Maus S., Beggan C.D., Bondar T.N., Chambodut A., Chernova T.A., et al. Interna-
tional Geomagnetic Reference Field: the Eleventh Generation. Geophysical Journal International.
2010;183(3):1216-1230. https://doi.org/10.1111/j.1365-246X.2010.04804.x

9. Grinberg M., Mudrilova M., Kozlova E., Sukhova V., Sarafanova F., Evtushenko A. Effect of Extremely
Low-Frequency Magnetic Fields on Light-Induced Electric Reactions in Wheat. Plant Signaling
& Behavior. 2022;17(1):¢2021664. https://doi.org/10.1080/15592324.2021.2021664

10. Maffei M.E. Magnetic Field Effects on Plant Growth, Development, and Evolution. Frontiers in Plant
Science. 2014;(5):445. https://doi.org/10.3389/fpls.2014.00445

11. Ahamed M.E.M., Elzaawely A.A., Bayoumi Y.A. Effect of Magnetic Field on Seed Germination, Growth
and Yield of Sweet Pepper (Capsicum annuum L.). Asian Journal of Crop Science. 2013;5(3):286—-294.
https://doi.org/10.3923/ajcs.2013.286.294

12. Hussain M.S., Dastgeer G., Afzal A.M., Hussain S., Kanwar R.R. Eco-Friendly Magnetic Field
Treatment to Enhance Wheat Yield and Seed Germination Growth. Environmental Nanotechnology,
Monitoring and Management. 2020;14:100299. https://doi.org/10.1016/j.enmm.2020.100299

13. Vashisth A., Nagarajan S. Exposure of Seeds to Static Magnetic Field Enhances Germination and Early
Growth Characteristics in Chickpea (Cicer Arietinum L.). Bioelectromagnetics. 2008;29(7):571-578.
https://doi.org/10.1002/bem.20426

14. Poinapen D., Toppozini L., Dies H., Brown D.C.W., Rheinstddter M.C. Static Magnetic Fields En-
hance Lipid Order in Native Plant Plasma Membrane. Soft Matter. 2013;(9):6804—6813. https://doi.
org/10.1039/c3sm50355k

15. Koukounaras A., Boursianis A., Kostas S., Theopoulos A., Bantis F., Samaras T. Pre-Sowing Static
Magnetic Field Treatment of Vegetable Seeds and Its Effect on Germination and Young Seedlings
Development. Seeds. 2023;2(4):394-405. https://doi.org/10.3390/seeds2040030

16. Savchenko V., Synyavsky O. Energy Dose of Flax Seed Treatment in a Magnetic Field. Energy and
Automation. 2022;59(1). https://doi.org/10.31548/energiya2022.01.005

17. Efthimiadou A., Katsenios N., Karkanis A., Papastylianou P., Triantafyllidis V., Travlos 1., et al. Effects
of Presowing Pulsed Electromagnetic Treatment of Tomato Seed on Growth, Yield, and Lycopene
Content. The Scientific World Journal. 2014;(1):369745 https://doi.org/10.1155/2014/369745

Electrical technologies and equipment 613


https://elibrary.ru/ynmxfe
https://doi.org/10.33305/228-71
https://doi.org/10.17513/mjpfi.12981
https://doi.org/10.4018/978-1-5225-3867-7.ch007
https://doi.org/10.3844/ojbsci.2018.197.207
https://doi.org/10.3844/ojbsci.2018.197.207
https://doi.org/10.22314/2073-7599-2023-17-4-4-11
https://doi.org/10.30906/1999-5636-2012-9-37-40
https://doi.org/10.30906/1999-5636-2012-9-37-40
https://doi.org/10.1111/j.1365-246X.2010.04804.x
https://doi.org/10.1080/15592324.2021.2021664
https://doi.org/10.3389/fpls.2014.00445
https://doi.org/10.3923/ajcs.2013.286.294
https://doi.org/10.1016/j.enmm.2020.100299
https://doi.org/10.1002/bem.20426
https://doi.org/10.1039/c3sm50355k
https://doi.org/10.1039/c3sm50355k
https://doi.org/10.3390/seeds2040030
https://doi.org/10.31548/energiya2022.01.005
https://doi.org/10.1155/2014/369745

&gl?} WHXEHEPHBIE TEXHOJIOTMN U CUCTEMbI Tom 36, Ne 3. 2026

18.

19.

20.

21.

22.

23.

24.

614

Menegatti R.D., de Oliveira L.O., Costa A.V.L., Braga E.J.B., Bianchi B.J. Magnetic Field and
Gibberelic Acid as Pre-Germination Treatments of Passion Fruit Seeds. Revista Ciéncia Agricola.
2019;17(1):15-22. https://doi.org/10.28998/rca.v17i1.6522

Bezerra E.A., Carvalho C.P.S., Costa Filho R.N., Silva A.F.B., Alam M., Sales M.V,, et al. Static Mag-
netic Field Promotes Faster Germination and Increases Germination Rate of Calotropis Procera Seeds
Stimulating Cellular Metabolism. Biocatalysis and Agricultural Biotechnology. 2023;49(1):102650.
https://doi.org/10.1016/j.bcab.2023.102650

Xia X., Pagano A., Macovei A., Padula G., Balestrazzi A., Holubowicz R. Magnetic Field Treat-
ment on Horticultural and Agricultural Crops: its Benefits and Challenges. Folia Horticulturae.
2024;36(1):67-80. https://doi.org/10.2478/thort-2024-0004

Sari M.E., Demir L., Yildirim K., Memis N. Magnetopriming Enhance Germination and Seedling
Growth Parameters of Onion and Lettuce Seeds. International Journal of Agriculture, Environment and
Food Sciences. 2023;7(3):468-475. https://doi.org/10.31015/jaefs.2023.3.1

Sarraf M., Kataria S., Taimourya H., Santos L.O., Menegatti R.D., Jain M., et al. Magnetic Field (MF)
Applications in Plants: An Overview. Plants. 2020;9(9):1139. https://doi.org/10.3390/plants9091139
Anrtunkuna JI.A., Jlesun B.U., bopeiueB C.H., Cumnsnkun A.A., Kampun J.E. Ucnons3zoBanue
TPaIIeHTHOTO MarHUTHOTO ITOJIS B IPE/IIIOCEBHO 00paboTke ceMstH orypra. AepodxoHngo. 2022;(1):25.
https://doi.org/10.51419/202121123

Yudaev 1.V., Akimov A.A., Belenkov A.L, Plotnitsky 1.O. Influence of Pre-Sowing Seed Treatment
in a Magnetic Gradient Field on Growth, Development and Productivity of Long-Staple Flax. In:
BIO Web of Conferences: International Scientific and Practical Conference “Agriculture and Food
Security: Technology, Innovation, Markets, Human Resources” (FIES 2024). Kazan: EDP Sciences;
2025. https://doi.org/10.1051/biocont/202516100062

REFERENCES

Rozhmina T.A., Pavlova L.N., Ponazhev V.P., Zakharova L.M. Linen Industry on the Way to Revival.
Plant Protection and Quarantine. 2018;(1):3-8. (In Russ., abstract in Eng.) https://elibrary.ru/ynmxfe
Basova N.V., Novikov E.V., Bezbabchenko A.V. Production and Processing of Bast Crops in Russia as
an Element of Import Substitution. 4IC: Economics, Management. 2022;(8):71-78. (In Russ., abstract
in Eng.) https://doi.org/10.33305/228-71

Akimov A.A., Ivanyutina N.N., Vasiliev A.S., Drozdov .A., Farinyuk Yu.T., Zaytsev S.S. Productivity
Methods Increasing of Flax Varieties at Grown on Fallow Lands. International Journal of Applied
and Fundamental Research. 2019;(12):206-211. (In Russ., abstract in Eng.) https://doi.org/10.17513/
m;jpfi.12981

Baev V.I., Yudaev L.V, Petrukhin V.A., Baev 1.V., Prokofev P.V., Armyanov N.K. Electrotechnology
as One of the Most Advanced Branches in the Agricultural Production Development. In: Handbook of
Research on Renewable Energy and Electric Resources for Sustainable Rural Development. Hershey:
IGI Global; 2018. pp. 149-175. https://doi.org/10.4018/978-1-5225-3867-7.ch007

Kazakova A.S., Yudaev 1.V., Fedoischenko M.G., Mayboroda S.Yu., Ksenz N.V., Voronin S.M. New
Approach to Study Stimulating Effect of the Pre-Sowing Barley Seeds Treatment in the Electromag-
netic Field. OnLine Journal of Biological Sciences. 2018;18(2):197-207. https://doi.org/10.3844/
0jbsci.2018.197.207

Dorokhov A.S., Chaplygin M.E., Aksenov A.G., Shibryaeva L.S., Blinov N.D., Chulkov A.S., et al. Grain
Seed Treatment by a Low-Frequency Electromagnetic Field. Agricultural Machinery and Technologies.
2023;17(4):4-11. (In Russ., abstract in Eng.) https://doi.org/10.22314/2073-7599-2023-17-4-4-11
Khainovsky V.I., Kopylova O.S., Kozyrev A.E. Calculation of the Doses of Pulsed Electric Field
on Seed Material. Agrarnaya Rossiya. 2012;(9):37—40. (In Russ., abstract in Eng.) https://doi.
0rg/10.30906/1999-5636-2012-9-37-40

Finlay C.C., Maus S., Beggan C.D., Bondar T.N., Chambodut A., Chernova T.A., et al. Interna-
tional Geomagnetic Reference Field: the Eleventh Generation. Geophysical Journal International.
2010;183(3):1216-1230. https://doi.org/10.1111/j.1365-246X.2010.04804.x

Onexmpomexnonozuu u s1eKmpoodopyoosanie


https://doi.org/10.28998/rca.v17i1.6522
https://doi.org/10.1016/j.bcab.2023.102650
https://doi.org/10.2478/fhort-2024-0004
https://doi.org/10.31015/jaefs.2023.3.1
https://doi.org/10.3390/plants9091139
https://doi.org/10.51419/202121123
https://doi.org/10.1051/bioconf/202516100062
https://elibrary.ru/ynmxfe
https://doi.org/10.33305/228-71
https://doi.org/10.17513/mjpfi.12981
https://doi.org/10.17513/mjpfi.12981
https://doi.org/10.4018/978-1-5225-3867-7.ch007
https://doi.org/10.3844/ojbsci.2018.197.207
https://doi.org/10.3844/ojbsci.2018.197.207
https://doi.org/10.22314/2073-7599-2023-17-4-4-11
https://doi.org/10.30906/1999-5636-2012-9-37-40
https://doi.org/10.30906/1999-5636-2012-9-37-40
https://doi.org/10.1111/j.1365-246X.2010.04804.x

Vol. 36, no. 3. 2026 ENGINEERING TECHNOLOGIES AND SYSTEMS ggl?)\

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Grinberg M., Mudrilova M., Kozlova E., Sukhova V., Sarafanova F., Evtushenko A. Effect of Extremely
Low-Frequency Magnetic Fields on Light-Induced Electric Reactions in Wheat. Plant Signaling
& Behavior. 2022;17(1):€2021664. https://doi.org/10.1080/15592324.2021.2021664

Maftei M.E. Magnetic Field Effects on Plant Growth, Development, and Evolution. Frontiers in Plant
Science. 2014;(5):445. https://doi.org/10.3389/fpls.2014.00445

Ahamed M.E.M., Elzaawely A.A., Bayoumi Y.A. Effect of Magnetic Field on Seed Germination, Growth
and Yield of Sweet Pepper (Capsicum annuum L.). Asian Journal of Crop Science. 2013;5(3):286-294.
https://doi.org/10.3923/ajcs.2013.286.294

Hussain M.S., Dastgeer G., Afzal A.M., Hussain S., Kanwar R.R. Eco-Friendly Magnetic Field
Treatment to Enhance Wheat Yield and Seed Germination Growth. Environmental Nanotechnology,
Monitoring and Management. 2020;14:100299. https://doi.org/10.1016/j.enmm.2020.100299
Vashisth A., Nagarajan S. Exposure of Seeds to Static Magnetic Field Enhances Germination and Early
Growth Characteristics in Chickpea (Cicer Arietinum L.). Bioelectromagnetics. 2008;29(7):571-578.
https://doi.org/10.1002/bem.20426

Poinapen D., Toppozini L., Dies H., Brown D.C.W., Rheinstddter M.C. Static Magnetic Fields En-
hance Lipid Order in Native Plant Plasma Membrane. Soft Matter. 2013;(9):6804—6813. https://doi.
org/10.1039/c3sm50355k

Koukounaras A., Boursianis A., Kostas S., Theopoulos A., Bantis F., Samaras T. Pre-Sowing Static
Magnetic Field Treatment of Vegetable Seeds and Its Effect on Germination and Young Seedlings
Development. Seeds. 2023;2(4):394-405. https://doi.org/10.3390/seeds2040030

Savchenko V., Synyavsky O. Energy Dose of Flax Seed Treatment in a Magnetic Field. Energy and
Automation. 2022;59(1). https://doi.org/10.31548/energiya2022.01.005

Efthimiadou A., Katsenios N., Karkanis A., Papastylianou P., Triantafyllidis V., Travlos L., et al. Effects
of Presowing Pulsed Electromagnetic Treatment of Tomato Seed on Growth, Yield, and Lycopene
Content. The Scientific World Journal. 2014;(1):369745 https://doi.org/10.1155/2014/369745
Menegatti R.D., de Oliveira L.O., Costa A.V.L., Braga E.J.B., Bianchi B.J. Magnetic Field and
Gibberelic Acid as Pre-Germination Treatments of Passion Fruit Seeds. Revista Ciéncia Agricola.
2019;17(1):15-22. https://doi.org/10.28998/rca.v17i1.6522

Bezerra E.A., Carvalho C.P.S., Costa Filho R.N., Silva A.F.B., Alam M., Sales M.V,, et al. Static Mag-
netic Field Promotes Faster Germination and Increases Germination Rate of Calotropis Procera Seeds
Stimulating Cellular Metabolism. Biocatalysis and Agricultural Biotechnology. 2023;49(1):102650.
https://doi.org/10.1016/j.bcab.2023.102650

Xia X., Pagano A., Macovei A., Padula G., Balestrazzi A., Hotubowicz R. Magnetic Field Treat-
ment on Horticultural and Agricultural Crops: its Benefits and Challenges. Folia Horticulturae.
2024;36(1):67-80. https://doi.org/10.2478/thort-2024-0004

Sari M.E., Demir 1., Yildirim K., Memis N. Magnetopriming Enhance Germination and Seedling
Growth Parameters of Onion and Lettuce Seeds. International Journal of Agriculture, Environment and
Food Sciences. 2023;7(3):468—475. https://doi.org/10.31015/jaefs.2023.3.1

Sarraf M., Kataria S., Taimourya H., Santos L.O., Menegatti R.D., Jain M., et al. Magnetic Field (MF)
Applications in Plants: An Overview. Plants. 2020;9(9):1139. https://doi.org/10.3390/plants9091139
Antipkina L.A., Levin V.I,, Borychev S.N., Simdyankin A.A., Kashirin D.E. Use of a Gradient Mag-
netic Field in the Pre-Sowing Treatment of Cucumber Seeds. AgroEcolnfo. 2022;(1):25. (In Russ.,
abstract in Eng.) https://doi.org/10.51419/202121123

Yudaev 1.V., Akimov A.A., Belenkov A.IL., Plotnitsky 1.0. Influence of Pre-Sowing Seed Treatment
in a Magnetic Gradient Field on Growth, Development and Productivity of Long-Staple Flax. In:
BIO Web of Conferences: International Scientific and Practical Conference “Agriculture and Food
Security: Technology, Innovation, Markets, Human Resources” (FIES 2024). Kazan: EDP Sciences;
2025. https://doi.org/10.1051/bioconf/202516100062

06 asmopax:

IOnaes Urops BukTopoBHY, TOKTOp TEXHHYECKUX HAyK, Mpodeccop, mpodeccop Kadeaps! dIeK-
tpocHabxenus Kybanckoro rocygapcrBeHHoro arapuoro ynusepcurera umenu . T. Tpybununa

Electrical technologies and equipment 615


https://doi.org/10.1080/15592324.2021.2021664
https://doi.org/10.3389/fpls.2014.00445
https://doi.org/10.3923/ajcs.2013.286.294
https://doi.org/10.1016/j.enmm.2020.100299
https://doi.org/10.1002/bem.20426
https://doi.org/10.1039/c3sm50355k
https://doi.org/10.1039/c3sm50355k
https://doi.org/10.3390/seeds2040030
https://doi.org/10.31548/energiya2022.01.005
https://doi.org/10.1155/2014/369745
https://doi.org/10.28998/rca.v17i1.6522
https://doi.org/10.1016/j.bcab.2023.102650
https://doi.org/10.2478/fhort-2024-0004
https://doi.org/10.31015/jaefs.2023.3.1
https://doi.org/10.3390/plants9091139
https://doi.org/10.51419/202121123
https://doi.org/10.1051/bioconf/202516100062

&gl?} WHXEHEPHBIE TEXHOJIOTMN U CUCTEMbI Tom 36, Ne 3. 2026

(350044, Poccuiickas ®enepanus, r. KpacHonap, yin. Kanununa, 1. 13), ORCID: https://orcid.org/0000-
0002-3435-4873, Researcher ID: GRF-0468-2022, Scopus ID: 57191251878, SPIN-kox: 6836-5529,
etsh1965@mail.ru

AKHMMOB AJlekceii AllekceeBHY, KaHIUIAT CEIIbCKOXO3SHCTBEHHBIX HAYK, IOLEHT, 3aBEAYIOLIHHA Kade-
JIpOi arpOoXMMHUH, 3€MJISIIEIINS 1 JIECOIOJIb30BaHus TBEPCKOM roCynapCcTBEHHON CeNTbCKOX03iCTBEHHOM
akagemuu (170904, Poccuiickas @enepanus, r. Teeps, ya. Mapmiana Bacunesckoro (CaxapoBo), 1. 7),
ORCID: https://orcid.org/0000-0002-9363-6678, Scopus ID: 57217391960, SPIN-kox: 6890-2481,
akimov-agro@yandex.ru

CxBopuoB Cepreii CepreeBu4, KaHANIaT CETbCKOXO3HCTBEHHBIX HAyK, JOIIEHT, JOLEHT Kadeaphl pacTe-
HHUEBOJICTBA M TEXHOJIOTUIT TepepaboTKH IbHA TBEPCKOH TOCYAapCTBEHHOM CEbCKOX03IHCTBEHHON aKaIeMUH
(170904, r. Teeps, yn. Mapmrana Bacunerckoro (Caxaposo), 1. 7), ORCID: https://orcid.org/0000-0001-
8128-070X, SPIN-kom: 4243-4968, sskvorcov@tvgsha.ru

HBamornna Haranss HukosaeBHa, KaHANAT CEIILCKOXO3SHCTBEHHBIX HAyK, MOLEHT Kadeapsl arpo-
OMOTEXHOJIOTHH, epepadaThIBAIONINX IPOU3BOICTB M CEMEHOBOICTBA TBEPCKOM TOCyIapCTBEHHON Celb-
ckoxo3siicTBeHHOI akanemun (170904, Poccuiickas Denepanus, r. Teeps, yin. Mapinana BacuneBckoro
(Caxaporo), 1. 7), ORCID: https://orcid.org/0000-0002-6885-8607, Scopus ID: 57221781403, SPIN-kox:
3868-5960, nivanjutina@tvgsha.ru

BenenkoB Anekceil UBaHOBHY, TOKTOP CENbCKOXO3IHCTBEHHBIX HAyK, podeccop, KOHCYABTAHT (ere-
paJILHOTO HAYYHOTI'O LIEHTpa KOPMOIIPOU3BOJCTBA U arposkosioruu umenu B. P. Bunbsamca (141055, Poccuii-
ckast Genepanys, . JIoOHs, yn. Hayussriit roponok, k. 1), ORCID: https://orcid.org/0000-0003-0422-4936,
Scopus ID: 57216614445, SPIN-koa: 8397-1599, belenokaleksis@mail.ru

[nornuuxuii Urops OJieroBuY, HH>XEHEP-UCCIEI0BATENb, reHepanbHbli qupekTop OO0 «O0be-
nuHeHue nHHOBawi» (142000, Poccuiickas denepanus, 1. JJomonenoso, yi. OxTsa0peckas, a. 97),
https://orcid.org/0009-0002-8253-2985, piol 00@yandex.ru

Bxrao asmopos:

1. B. IOnaeB — KOHTpOIIb, IUAEPCTBO U HACTABHUYECTBO B IIPOLECCE IUIAHUPOBAHUSA U IIPOBEACHUS
UccleoBaHus; HOPMYITUPOBAHHE UICH UCCIICIOBAHUS, LIENICH 1 33/1a4; KPUTHYECKUH aHaIN3 YepHOBHKA
PYKOIUCH, BHECEHUE 3aMEUaHUll U MCIPABICHUN, BU3yalIU3alus pe3yabTaTOB UCCIEJOBAHUS U TIOJY-
YEHHBIX JAHHBIX.

A. A. AkuMoB — pa3paboTKa HIH IPOEKTHPOBAHIE METOIOJIOTHHU HCCIICOBAHNUS; OCYIIECTBICHIE Hayd-
HO-HCCIIEZI0BATENbCKOTO MPOLIECcCa, BKIIIOYAsl BHITOTHEHHUE SKCIIEPUMEHTOB HITH COOp JaHHBIX; CO3/aHUE
U MOATOTOBKA PYKOIMCHU: BU3yalIM3alysl Pe3yabTaToB HCCIECAOBAHUS U MOIYYECHHBIX JaHHBIX; CO3/aHHE
Y TIOATOTOBKA PYKOIMCH: HAallMCAHHUE YePHOBHUKA PYKOIHCH, BKIIOUAst €T0 MIEPEBOJl HA MHOCTPAHHBIN S3BIK.

C. C. CKBOpIIOB — OCYIIECTBICHNE HAyIHO-HNCCIIEN0BATEIHCKOTO MPOIIeCCa, BKITIOUas BHITOITHEHHE IKC-
MEPUMEHTOB WU COOp JTaHHBIX.

H. H. UBaHrotnHa — OCYHICCTBJICHUEC HAYYHO-UCCICAOBATCIBCKOIO MPOLECCa, BKIOYAas BBIITIOJIHCHUC
OKCIIEPUMEHTOB UJIA 060p JJAHHBIX.

A. . beneHkoB — npiIMeHEHHE CTaTUCTHYECKNX, MATEMAaTHIECKHX, BBIYUCIUTEIBHBIX WU APYTUX Bop-
MaJIbHBIX METOJIOB JUIsl aHAJIN3a, WM CHHTE3a JTAaHHBIX UCCIIE0BaHNUs; (OPMYIHPOBAHHE HCCIIEOBAHUS
3a/1a4; KpUTHUECKUI aHaJIu3 YepHOBHUKA PYKOITMCH, BHECEHUE 3aMeUaHUi U UCTIpaBICHUI.

. O. [InoTHUIKMIA — pa3paboTKa WU MPOCKTUPOBAHUE METOTOJIOTHU HCCIICIOBAHUS; OCYIICCTBICHHE
Hay4YHO-HCCIIEI0BATEIHCKOTO MPOIIeCcca, BKIIFOUAs BBIMTOTHEHUE SKCIIEPUMEHTOB W cOOp JaHHBIX.

Bce asmopur npouumanu u 0006punu okonuamenbublii 6aPUAHM PYKONUCU.

Tlocmynuna 6 peoaxyuto 21.01.2026; nocmynuna nocne peyensuposanus 25.02.2026;
npunsma x nyonuxayuu 10.03.2026

616 Onexmpomexnonozuu u s1eKmpoodopyoosanie


https://orcid.org/0000-0002-3435-4873
https://orcid.org/0000-0002-3435-4873
https://www.webofscience.com/wos/author/record/GRF-0468-2022
https://www.scopus.com/authid/detail.uri?authorId=57191251878
http://elibrary.ru/author_profile.asp?spin=6836-5529
https://orcid.org/0000-0002-9363-6678
https://www.scopus.com/authid/detail.uri?authorId=57217391960
http://elibrary.ru/author_profile.asp?spin=6890-2481
https://orcid.org/0000-0001-8128-070X
https://orcid.org/0000-0001-8128-070X
http://elibrary.ru/author_profile.asp?spin=4243-4968
https://orcid.org/0000-0002-6885-8607
https://www.scopus.com/authid/detail.uri?authorId=57221781403
http://elibrary.ru/author_profile.asp?spin=3868-5960
https://orcid.org/0000-0003-0422-4936
https://www.scopus.com/authid/detail.uri?authorId=57216614445
http://elibrary.ru/author_profile.asp?spin=8397-1599
https://orcid.org/0009-0002-8253-2985

Vol. 36, no. 3. 2026 ENGINEERING TECHNOLOGIES AND SYSTEMS ggl?)\

About the authors.:

Igor V. Yudaev, Dr.Sci. (Eng.), Professor, Professor of the Department of «Power supply», 1. T. Trubilin
Kuban State Agricultural University (13 Kalinin St., Krasnodar 350044, Russian Federation), ORCID:
https://orcid.org/0000-0002-3435-4873, Researcher ID: GRF-0468-2022, Scopus ID: 57191251878,
SPIN-code: 6836-5529, etsh1965@mail.ru

Alexey A. Akimov, Cand.Sci (Agr.), Associate Professor, Head of the Department of Agrochemistry,
Agriculture and Forest Management, Tver State Agricultural Academy (7 Marshal Vasilevsky St., (Sakha-
rovo), Tver 170904, Russian Federation), ORCID: https://orcid.org/0000-0002-9363-6678, Scopus ID:
57217391960, SPIN-code: 6890-2481, akimov-agro@yandex.ru

Sergey S. Skvortsov, Cand.Sci (Agr.), Associate Professor, Associate Professor of the Department of Crop
Production and Flax Processing Technologies, Tver State Agricultural Academy (7 Marshal Vasilevsky
St., (Sakharovo), Tver 170904, Russian Federation), ORCID: https://orcid.org/0000-0001-8128-070X,
SPIN-code: 4243-4968, sskvorcov@tvgsha.ru

Natalia N. Ivanyutina, Cand.Sci (Agr.), Associate Professor of the Department of Agrobiotechnology,
Processing Industries and Seed Production, Tver State Agricultural Academy (7 Marshal Vasilevsky St.,
(Sakharovo), Tver 170904, Russian Federation), ORCID: https://orcid.org/0000-0002-6885-8607, Sco-
pus ID: 57221781403, SPIN-code: 3868-5960, nivanjutina@tvgsha.ru

Aleksey I. Belenkov, Dr.Sci. (Agr.), professor, consultant, Federal Williams Research Center of For-
age Production and Agroecology (1 Nauchny Gorodok St., Lobnya 141055, Russian Federation),
ORCID: https://orcid.org/0000-0003-0422-4936, Scopus ID: 57216614445, SPIN-code: 8397-1599,
belenokaleksis@mail.ru

Igor O. Plotnitsky, research engineer, general director, Association of Innovations LLC (97 Oktyabr-
skaya St., Domodedovo 142000, Russian Federation), ORCID: https://orcid.org/0009-0002-8253-2985,
piol00@yandex.ru

Author contribution:

I. V. Yudaev — oversight and leadership responsibility for the research activity planning and execution,
including mentorship external to the core team, formulation or evolution of overarching research goals and
aims, preparation, preparation, creation of the published work by those from the original research group,
specifically critical review, commentary or revision.

A. A. Akimov — development or design of methodology; conducting a research and investigation process,
specifically performing the experiments, or data; preparation, creation of the published work, specifically
visualization; preparation, creation of the published work, specifically writing the initial draft (including
substantive translation).

S. S. Skvortsov — conducting a research and investigation process, specifically performing the experiments,
or data collection.

N. N. Ivanyutina — conducting a research and investigation process, specifically performing the experi-
ments, or data collection.

A. 1. Belenkov — application of statistical, mathematical, computational, or other formal techniques to
analyses or synthesize study data; formulation of overarching research goals and aims; preparation, creation
of the published work by those from the original research group, specifically critical review, commentary
or revision.

L. O. Plotnitsky — development or design of methodology; conducting a research and investigation process,
specifically performing the experiments, or data collection.

All authors have read and approved the final manuscript.

Submitted 21.01.2026, revised 25.02.2026; accepted 10.03.2026

Electrical technologies and equipment 617


https://orcid.org/0000-0002-3435-4873
https://www.webofscience.com/wos/author/record/GRF-0468-2022
https://www.scopus.com/authid/detail.uri?authorId=57191251878
http://elibrary.ru/author_profile.asp?spin=6836-5529
https://orcid.org/0000-0002-9363-6678
https://www.scopus.com/authid/detail.uri?authorId=57217391960
http://elibrary.ru/author_profile.asp?spin=6890-2481
mailto:akimov-agro@yandex.ru
https://orcid.org/0000-0001-8128-070Х
http://elibrary.ru/author_profile.asp?spin=4243-4968
https://orcid.org/0000-0002-6885-8607
https://www.scopus.com/authid/detail.uri?authorId=57221781403
https://orcid.org/0000-0003-0422-4936
https://www.scopus.com/authid/detail.uri?authorId=57216614445
http://elibrary.ru/author_profile.asp?spin=8397-1599
https://orcid.org/0009-0002-8253-2985

ggl?)‘ WHXEHEPHBIE TEXHOJIOTMN U CUCTEMbI Tom 36, Ne 3. 2026

https://vestnik.mrsu.ru ISSN 2658-4123

Check for
updates

eISSN 2658-6525

MAMNWHOCTPOEHME /
MECHANICAL ENGINEERING

EDN: https://elibrary.ru/ydnrzi
YIAK/UDK 631.354.2:001.8

Opueunanvras cmamos / Original article

Kaaccudpukanus pexxumMoB padoThI
THIPOLWIHH/APA 3ePHOYOOPOYHOI0 KOMOaHA
10 JAHHBIM IKCIIEPUMEHTAJIbHBIX UCCJICI0BAHUI
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Annomayus

Beenenue. OHepronG(HeKTUBHOCTH U KCILTyaTAI[MOHHAST HAJAEKHOCTD 36pPHOYOOPOTHBIX
KOMOaitHOB B 3HAYUTENBHOM CTENICHN ONPEEISIETCS TEXHUIECKIM COCTOSHHEM THIPABIIH-
YECKOT0 PUBO/A, OTKA3bI KOTOPOT'O IIPUBOJIAT K YBEINUYEHHIO IIPOCTOEB U SKOHOMUYECKHM
n3zepkkaM. [Ipn 5ToM O0TCYTCTBYIOT YHH(DHUINPOBAHHBIE SKCIIEPHMEHTAIBHO 000CHOBAH-
HBIE TTOAXO0bI K (POPMHUPOBAHHIO JAHHBIX, IPUTOAHBIX JJIS1 HHTEIIIEKTYaIbHON MOIAEPKKH
NPUHATHS SHEProcOeperarouuX pemeHni Py SKCILTyaTaluy THAPOarperaTos.

Hens uccaenoBanus. GopMupoBaHHE PENPE3EHTATUBHOW BBIOOPKH SKCIEPHMEHTAIb-
HBIX JIaHHBIX U Pa3paboTKa MHTEPHPETUPYEMBIX MoAeNnel Ad AuddepeHInanuu pexu-
MOB PabOTHI TUIPOLMIMHAPA KaTKK 3epHOyOopouHoro kombaitna RSM 161 B mHTEepecax
MHTEIUICKTYaTbHOH OIEPKKH SHEProcOeperaiomux permeHui.

Marepuanbl 1 MeToAbl. OOBEKTOM HCCIIEI0BAHUS SBISIETCS THAPOLMIMH/AD JKaTKH 3ep-
HOyOOpouHOro kombaitna RSM 161. DkcrniepruMeHTaIbHbBIC UCCIICOBAHUS BHIIOHEHBI Ha
CHEHUAaNbHO Pa3padOTaHHOM T'HPABINIECKOM CTCHIE C HCHOJIB30BAaHHEM METOIOB ILUIa-
HUPOBaHUs JKCIIepUMeHTa. BappupyembiMu ¢akTopamu BeIOpaHbl pabodee M HArpy3o0d-
HOE JJaBJIeHHE, a TaKXKe JUIMTENFHOCTh XO/a IITOKa. B KauecTBe BBIXOAHBIX MapamMeTpoB
paccMaTpHBaIiCh TEMIIEpaTypa THAPABINIECKOrO Macya, MaJAeHNe JaBICHHUs B THAPOLHU-
JUHApPE U YCKOpPEHHE IITOKa B MOMEHT Hayana ABMkeHHs. Craructudeckas oOpaboTka
JTAHHBIX U MOCTPOSHHE PErpeCcCHOHHBIX MOJIEIIeH OCYIECTBIISUTUCE C IPUMEHEHHEM METO-
JIOB PETPECCUOHHOTO aHAIN3A.

PesynbTaTrel uccnegoBanms. IlomydeHs! perpeccCHOHHBIE MOJEIH BTOPOTO IOPS-
Ka, OIMCHIBAIONINE 3aBHCUMOCTH BBIXOAHBIX IapaMeTpPOB OT KOMOWHAIMH dKCILTya-
TaIMOHHBIX ()aKTOPOB. YcTaHOBIEHA BHICOKAsl MPEIAUKTHBHAS CIIOCOOHOCTH MoJenei
TEeMIIepaTyphl Macia U yckopeHus mrToka (R* = 0,99 u R* = 0,98 COOTBETCTBEHHO),
MOATBEPIKACHA CTATHCTHYECKAst 3HAUUMOCTh BIIMSIHASI paOOYNX PEXKUMOB Ha SHEPIeTH-
YeCKyl0 Harpysky ruaponmnnaapa. COBOKYIMHOCTh M3MEPSIEMBIX ITapaMeTpoB MO3BO-
JSIeT ycTOW4HMBO TU(depeHIUPOBaTh HOPMATIBHbIH, NEPEXOAHBIH H IMEperpyKeHHbIH
PEXUMBI pabOTHI THAPOTIPUBOJIA.
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3akaouenue. PaspaboranHas METOJMKA U MTOTyYSHHBIE MOJIEIH 00ECIIEUNBAIOT (HOPMHU-
pOBaHNE CTPYKTYpPHPOBAHHON U pENpe3eHTaTUBHON AKCIePUMEHTAIBHOH 0a3bl TaHHBIX,
MPUTOJHOM [UIsi ayrMEHTAlMH OOyYarolMX BBIOOPOK M IMpEeJBapUTEIBHOTO OOydeHUs
HEHPOCETEBIX AITOPUTMOB. Pe3yIbTaThl CO34al0T OCHOBY VISl pa3pabOTKH MHTEIUICKTY-
QJIBHBIX CHCTEM ITOAJEPKKH NPUHATHS SHEProcOeperarolnx pereH il 1 HalpaBJieHbl Ha
CHUKCHHUE DHEPIrCTUYCCKUX MOTEPL IMPHU MOBBIIICHUU 3KCHHyaTauHOHHOﬁ HaJCKHOCTH
3epHOYOOpPOUHBIX KOMOAIHOB.

Kniouesswie cnosa: TUAPOUUIIMHAP JKATKHU, FI/II[paBJ'II/I'-ICCKI/Iﬁ npuBoOa, CUCTEMA ITOAACP-
JKKU MPUHATHUSA pemeHHﬁ, PEIKUMBI pa6OTLI THAPOCUCTEMbL KOM6aI71Ha, OKCIUTyaTalluoOH-
Has HaACKHOCTD, OTKAa3 THAPOHUINHAPA JKAaTKHU, BHepl"OSq)(beKTI/IBHOCTB, HUHTCJUICKTY-
aJlbHasg CUCTEMa

Kongnuxm unmepecog: aBTOpbI 3asBISIOT 00 OTCYTCTBUH KOH(IUKTA HHTEPECOB.

Qunancupoeéanue: WCCIENOBAHUE BBHINOIHEHO B paMKax peanu3anud IpaHTOBOro
npoekTa MUHHCTEpPCTBA HAyKH W BBICIIETO oOpaszoBaHus Poccuiickoit demepamun
Ne 075-03-2025-302/1 ot 25.03.2025.

Jna yumuposanus: Jlumapenko H.B., CaenkoB /I.H., CyxanoB M.K. Knaccudukarmst
PEKUMOB pabOTHI THAPOLMIMH/IPA 3ePHOYOOPOUHOT0 KOMOalHa ITO0 JAHHBIM 3KCIIEpHIMEH-
TaJbHBIX MCCIIENOBAHUN. MHowcenepnvie mexnonozuu u cucmemsl. 2026;36(3):618—643.
https://doi.org/10.15507/2658-4123.26363.618-643

Classification of the Operating Modes
of a Combine Harvester Hydraulic Cylinder based
on Experimental Study Data

N. V. Limarenko ™, D. N. Savenkov, M. K. Sukhanov

Don State Technical University,

Rostov-on-Don, Russian Federation, https.//ror.org/00x5je630
™ nlimarenko@donstu.ru

Abstract

Introduction. Improving the energy efficiency and operational reliability of combine har-
vesters is largely depends on the technical condition of the hydraulic drive, operational
failures of which lead to increased downtime and economic costs. At the same time, there
are no unified, experimentally based approaches to generating data suitable for intelligent
support of energy-saving when operating hydraulic units.

Aim of the Study. The study is aimed at selecting representative sample of experimental
data and developing interpretable models for differentiating the operating modes of the
hydraulic cylinder of the combine harvester RSM 161 for intellectual support for energy-
saving solutions.

Materials and Methods. The object of the study was the hydraulic cylinder of the combine
harvester RSM 161. Experimental studies were performed on a specially designed hydrau-
lic test rig using experimental planning methods. The operating and loading pressures, and
the rod stroke time were selected as variable factors. The output parameters were the tem-
perature of the hydraulic oil, the pressure drop in the hydraulic cylinder and the acceleration
of'the rod at the time of the start of movement. There were used regression analysis methods
to process statistical data processing and construct regression models.

Results. There have been constructed the second-order regression models describing
the dependences of output parameters on combinations of operational factors. There has
been also found the high predictive ability of the oil temperature and rod acceleration
models (R?=0.99 and R?> = 0.98, respectively) and there has been confirmed the statistical
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significance of the influence of operating modes on the energy load of the hydraulic cylin-
der. The totality of the measured parameters makes it possible to consistently differentiate
between normal, transient, and overload hydraulic drive operation modes.

Conclusion. The developed methods and models ensure the formation of a structured
and representative experimental database, which can be used for augmentation of train-
ing samples and pre-training of neural network algorithms. The results create the basis to
develop intelligent systems for making energy-efficient decisions and are aimed at reduc-
ing energy losses while increasing the operational reliability of combine harvesters.

Keywords: harvester hydraulic cylinder, hydraulic drive, intelligent system, support sys-
tem for making decisions, operating modes of the combine hydraulic system, operational
reliability, header hydraulic cylinder failure, energy efficiency
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BBEJEHHUE

PaszButue arponpomelnieHHOro Komiuiekca Poccuiickoit deaepannu B yCIoBUSIX
peanu3anuu JJOKTpUHBI IPOJIOBOIBCTBEHHON 0€30MAaCHOCTH', CTpATEerHii pa3BUTHUS
arponpOMBIIIUICHHOTO U PBIO0X03sHCTBEHHOTr0 KoMIuiekcoB 10 2030 roxa’ Tpedyet
BHEAPEHUS SHEProdheKTUBHBIX U pecypcocOeperaronmx TeXHomorui. B ycnoBusx
TEXHOJOTHYECKUX BBI30BOB M CAHKIIMOHHOTO JABJICHUS yBEIMYHUBACTCS CIPOC Ha
pelenusi, 00eCIieunBaIOIINe COXPAHHOCTh HMEIOIIET0CsI MAITMHHO-TPAKTOPHOTO Map-
ka [1; 2]. B 3HaunTenpHOU creneHn 3Heprodh(HEeKTUBHOCTL CETbCKOX03SHCTBEHHON
TEXHHUKH oTpeaensercs kodpduimenToM ee rotoBHOCTH [3; 4]. OTKa30yCTOMINBOCTb,
PEMOHTOIIPUTOAHOCTH, COXPaHAEMOCTD M JOITOBEYHOCTH Y3JI0B M KOMITOHEHTOB CEJTb-
CKOXO3SMCTBEHHBIX MAIIMH UTPAIOT 3HAYUTENBHYIO POIIb TIPH OIeHKe dHEprodddek-
THBHOCTH peaji3yeMbIX UMH IIPOILECcCOB U omnepanuii. I3BeCTHO, 4TO KPUTHIECKOE
3HaYEHHE MMePEYHCIICHHBIE TOKA3aTelI UMEIOT sl yOOPOYHOU TEXHUKH U, B YACTHOCTH,
JUTs 3epHOYOOpouHbIX komOaiHoB (3K). OmHuM 13 IoKa3arenei 3HepreTuyeckon dpQek-
TUBHOCTH 3KCIUTyaTauuy KoMrnoHeHToB 3K sBisieTcss KoapPHULUUEHT ero TeXHUIECKOH
roroBHOCTH. CornlacHO AaHHBIM Poccrara, a TakkKe OTKPBITHIM ITyOIMYHBIM OTYETaM,
napk 3K B Poccuiickoit @enepannu nmo coctosHuio Ha koHer 2022 roga cocTaBiseT
nopsizka 51 ThICSYH eIUHUIL IPU yCpeHEHHOM K03 duumente roroBHocTr 0.9°.

! JTokTprHa MpoJOBONBCTBEHHOMN Oe3omacHocT Poccuiickoit Menepanun [IneKTPOHHBINA pecypc].
URL: https://docs.cntd.ru/document/564161398 7 marker=65A01Q (mara oopamenus: 12.11.2025).

2 Ctparerust pa3BUTHSI arPOTPOMBIIIIIEHHOTO W PHIOOXO03SIHCTBEHHOTO KOMIUTeKcoB Poccuiickoii De-
neparmu Ha iepuon 1o 2030 roga [DnekTponubit pecypc]. URL: http:/government.ru/docs/46497 (nata
obpamenust: 12.11.2025).

3 Hannuue TEeXHUKH, JHEPTeTHIECKUX MOIIHOCTEH B CEITbCKOXO3CTBEHHBIX OpraHu3aluax Poccuii-
ckoit ®eneparmu B 2022 roxy (Poccrar). URL: http://ssl.rosstat.gov.ru/storage/mediabank/Nalich texni-
ki 2022.xIsx (mara oOpammenus: 14.11.2025).
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O/IHUM U3 OCHOBHBIX CITOCOOOB MEpeIaYy JHSPTUH arperaraM CeIbCKOX03IHCTBeH-
Hoii TexHukH (CXT) apnsercsa runpasnunueckuid npusoy (I'Tl). Kak BuaHo u3 Tabnu-
bl 1, mpocToi, BeI3BaHHBIN oTKa3zamu I 1, sBAsI€TCS 1O0CTaTOYHO MPOAOKUTEIBHEIM.
[IpencrapneHHasbie Ha pUCyHKe B TaOnuile 1 auarpamma udpbl 0000IIAETIOT JaHHBIC
pecypca [4]. Boioop I'T1 B kauecTBe 00bEeKTa HCCCIOBAHMS O0YCIIOBICH JOCTATOYHO
BBICOKOM YaCTOTOM OTKAa30B, KPUTHICCKON BAXKHOCTHIO JJISI BBIIOTHEHUST YOOPOTHBIX
paboT M OTCYTCTBHEM alpOOMPOBAHHBIX METOIOB WHTEIUICKTYaIbHON JTHArHOCTHKH
JUISl TaHHOT'O y3JIa B OTJIMYHME OT MOTOPHOM YCTAHOBKH M XOJOBOM 4acTH, IJi€ TaKue
METOJIBI IIIMPOKO TpeAcTaBieHbl. COOTBETCTBEHHO, pa3padOTKa MHTEIIEKTYaTbHBIX
ACCHUCTEHTOB, MTO3BOJISAIONINX MOBBICHTH YHEPTETUUECKYIO 3P (EKTUBHOCTH UCIIONb-
30BaHUS U CBOEBPEMEHHO Ipenynpexaars otkas ['Tl, sBisercsa 3HaUUMOHN 11l HAyKU
Y TEXHUKH.

Tabnuma 1
Table 1

BeposiTHOCTH BO3HMKHOBEHHS 0TKa3a Y3J10B 3¢PHOYOOPOYHOro KoMOaiiHa
U COOTBETCTBYIOIIME UM NPOAOIAKUTEIbHOCTH YCTPAHEHUsI 0TKa3a

The probability of failure of the CC nodes and the corresponding duration of failure elimination

Otkas, %/ | IIponomkuTenbHOCTh YCTPaHeHUsI OTKa3a, 4 /
VYsen / Component Refusal, % Duration of failure elimination, h

MortopHast ycTaHOBKa / 15 58
Engine installation > ’
Xomosas gactsk / Undercarriage 1,1 42
Onexrpoobopynosanue / 6.7 0.5
Electrical equipment > >
Tunpasnuueckuii npusos /

Hydraulic drive 10,0 1>
Karka / Harvester 34,0 0,5
Haxmonnas kamepa / 4.1 25
Inclined camera > >
MexaHndeckue nepenauu /

Mechanical transmissions 24,2 3,0
Tpancnopreps! u npusozna / 76 45
Conveyors and drives ’ K
MonoTHbHbIH anmapar / 1.6 26
Threshing machine ’ ’
Cemnaparop / Separator 0,7 0,5
Komuwurens / Stacker 0,5 0,5
KommoneHTsI Ky30Ba / 37 11

Body components

BcnomoraresbHbIC JIEMEHTBI / 43 17
Auxiliary elements i i

Hemounux: Tabnuupl 1-2 cocTapieHbl aBTOPaMH CTaThU.
Source: The tables 1-2 were compiled by the authors of the article.

Hecmotps Ha To, 4T0 KO3 GUIMEHT TEXHUUECKOH TOTOBHOCTH UMEET KOCBEHHYIO
CBSI3b C TIApAMETPaMU, XapaKTEPU3YIONIMMHU SHEPTeTUIECKYIO 3P PEKTUBHOCTh 3epHO-
yOopouHOro Kom0aiiHa, OH ITO3BOJISET OTCIEIUTH BKJIal OTKa30B IO X KaTETOPHSM.
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J1s1 OIIeHKY SKOHOMHMUYECKHUX 3aTpaT U BBISBICHUS 3HAUMMOCTHU BHEIPEHUS TEXHU-
YECKUX PEIICHUH, HAallpaBJICHHBIX Ha MOBHIIIICHUE YHEPTeTHICCKOU 3 (HEKTUBHOCTH
3K, npuBeneHbl yCpeAHEHHbIE 3HAYSHUS 3aTpaT Ha SKCILTyaTaluIo: PACXO/l IU3€IbHOTO
TorutnBa Ha 1 ra— 10 1, cpeaHss 1ieHa 3a JIUTP JU3eTbHOTO Toruea — 70 pyo0., cyTodHas
MIPOU3BOIMTENIEHOCTH KoMOaitHa — 50 ra, pabouux gueii B roxy — 70.

IIpakTukoi yCTaHOBIEHO, YTO MUHUMAIBHO JOCTATOYHBIM YPOBHEM JOCTHXKCHHUS
3Heprod’¢hHeKTUBHON dKCcITyaTaruu 3K SBISETCS COKpaIlleHHE TOIIMBHBIX 3aTpar
Ha 7 %. Ha ocHOBe sMIupuYecKUx MoKa3areiei SKCILTyaTUPOBaHUS 3epHOYyOOpOU-
HBIX KOMOAWHOB ¥ MPUHSATOTO ITOKA3aTeNIs COKPAIEHUS TOIUTUBHBIX 3aTPaT SKOHOMHUS
Ha JUHUIY TEXHUKH MOXKET COCTAaBUTH Mopsiaka 75 Teic. pyO./T. Ecnu npuHSTS,
YTO Ha OJHO XO35HCTBO POCTOBCKOM 00JIacTH B CpeHEM MPUXOAUTCS 3 KoMOaliHa,
TO TPOTHO3HAsI SKOHOMHS MOXKET COCTaBUThL Mopsaka 220 Teic. py0./T. Ilo maHHBIM
Poccrara* mapk 3epHOyOOpOUHBIX KOMOAHHOB Ha KoHel 2022 roja COCTaBUII MOPSIIKA
51 TIc. en. TexHUKH. TakuMm 00pa3oM, IKOHOMUYECKHH 3(P(EKT B paMKax CTPaHbI
MPU JOCTUKEHUU NPUHITOTO 3HAYCHUS SKOHOMUU TOIUIUBHBIX 3aTpaT COCTABUT IO-
psanaka 4 mapa. pyo./T.

YcTaHOBIIEHO, YTO KITFOYEBBIM pabounM anemerToM [T, a cooTBETCTBEHHO 1 Ham-
Oomnee HArpyKCHHBIM y3JI0M, SIBISICTCS TUAPOIMIHHAP. [IpexaeBpeMEeHHBIN BBIXO U3
CTpOSI ATOTO Y3714 MPUBOAUT K 3HAYUTEITHHBIM SKOHOMUYECKUM ITOTEPSIM, 00YCIIOBIEHHBIM
MPOCTOEM TEXHUKHU. B pe3ynbrate MpoOBEACHHOTO MPEABAPUTEILHOTO UCCICTOBAHUS’
U aHaJw3a MPakThK [5—7] 6pw10 yeTanosieHo, uTo ['T1 xkarku geMoHCTpupyeT Hanmbomee
BBICOKHE TTOKa3aTel HHTEHCUBHOCTH W3HOCA, YTO 00yCIIaBIMBaeT BHIOOP ATOTO y3Ia
B KauecTBE 00BbEKTa MCCICIOBaHMs. B 4acTHOCTH, OTCYTCTBYIOT YHU(DUIIUPOBAHHBIC
METOANKH cOOpa ¥ HOPMHPOBAHUS JAHHBIX O pabOYMX MapaMeTpax THIpPOarperaros,
YYUTHIBAKOIIUE X CHeM(UKY U YCI0BUs dKCcIuTyatanuu [8]. B mporecce akcmnyara-
AW TUAPOIMIIMH]IPA U3HANUBACTCS €T0 IITOK, YTO CBSI3aHO C KECTKUMHU YCIOBHSIMHU
AKCILTyaTalllH IIPU BEICOKOM pabouyeM AaBICHUH U TEMIIEPATYPe THAPOKUAKOCTH B T'H-
JIpaBIMIECKOM KOHTYpE. [Ipr 3TOM 3aKOHOMEPHOCTH BIUSHUS yCIOBUHN IKCILTyaTallun
I'TI Ha 3KkCcIUTyaTallMOHHYI0 HaAEeKHOCTH [9] 1 octarounslil pecype CXT [6; 10] Takxke
W3YYCHBI HEOCTATOYHO.

B npomecce skcruryaraiy THAPOIHINHID TOABEPKEH OONBIIOMY KOIINYECTBY ITH-
KJIMYECKHUX 3HAKOTIEPEMEHHBIX Harpy30K, MPUBOISAIINX K YCKOPEHHOMY U3HOCY IIITOKA
U TOTePe TEPMETUIHOCTH THAPOIMIINHIPA. Pe3yIbTaToM SBISETCS MPOCcaaKa JaBICHUS
THUAPOKHUIIKOCTH, & TAK)KE POCT SHEPTONOTPeOIeH s, MPUBOIAIINAN K TIEPEXOIy C HOP-
MaJIbHOTO peXUMa PadoThl Ha TIeperpykeHHbIi. [IpoomkeHne 3KCIUTyaTHPOBAHUS TAKOTO
[WJIMHAPA IPUBOAUT K CKOPOMY BBIXOY U3 cTpos cucteMbl I 11 1 HeoOX0anMoCTr 3aMeHBI
ruAponHapa. M3secTHo, yTo mporiecc Bbixoaa u3 ctposi [Tl MoxHO pa3nenuTs Ha
TPH CTaIUW: HOpMaJTbHAs, IEpeXoaHas U eperpykeHnas. [1pu n3aMeHeHUH COCTOSTHUS
C HOPMAJILHOTO Ha MEPEXOJIHOE U J1ajice Ha MEPErpy>KEHHOE MPOUCXOAUT YXYALICHUE
(YHKIIMOHAIBHBIX XapaKTEPUCTHK THIPOIMINHAPA, B YACTHOCTH, TIOBBIIIAIOTCS SHEP-
TeTHYeCKHe TIOTepH Npu padboTe y3ma. Kpome Toro, Bo3pacTaer BEpOSTHOCTh OTKa3a

* Hann4ue TeXHUKH, SHEPreTHIeCKUX MOIIHOCTEH B CEbCKOXO3SIMCTBEHHBIX Opranu3anusax Poccuii-
ckoii @enepannu B 2022 rony (Poccrar).

3 JTumaperko H.B. CriocoObI 1 HHCTPYMEHTBI MOBBIIICHHSI OKCILTyaTalMOHHOM 93()()eKTUBHOCTH Y3JI0B H ar-
pEeraToB CeNTbCKOXO3MHCTBEHHOU TeXHUKH: MOHOTD. PoctoB-Ha-J[oHy; 2024. URL: https://ntb.donstu.ru/content/

sposoby-i-instrumenty-povysheniya-ekspluatacionnoy-effektivnosti-uzlov-i-agregatov-selskohozyaystvennoy-te
hniki?ysclid=m1za67z6qq360607673&clckid=9bddce25 (nara obpamenus: 27.09.2025).
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TEXHUKH B MPOLIECCE IKCILTyaTal|H, YTO BJICUYET 3a COOOM 3HAYMMEBIC SKOHOMHUECKHE
pucku. B cBs3M ¢ 3TUM mpesicka3anne 0TKasza M OIEHKH 0CTAaTOYHOTO pecypca paboTh
TUAPOLMIMH/PA KOMOaiiHa SBISETCS IPUOPUTETHON 3a1a4uei.

Il perieHus 3ToM 3aauu TPeOyeTCs CUCTeMa MOICPIKKH TPUHATHS SHEProdd-
(heKTUBHBIX pElIeHH, KOTOpask TO3BOJIMT MUHUMH3UPOBATh SKOHOMHYECKHE 3aTPaThI
3a cyeT MH(POPMUPOBAHUS MEXaHH3aTOpa O MPHUOIMKAIOIIEMCs] PUCKE 0TKa3a THIPO-
MWIAHIPA WM HEOOXOIUMOCTH €T0 €KETHEBHOTO TEXHHYECKOTO 00CTy>KuBaHus. s
peanu3aliy 3asBIEHHOTO MEXaHN3Ma HE00XOUMO OTIPEICTUTh 3HAYUMOCTh KOPPEIISAIHiA
MEXIy U3MEHEHUEM (DU3MKO-MEXaHMUECKHX XapaKTePUCTUK THIPOLMIMHIPA KATKU
Y €r0 OCTaTOYHBIM PadOYHM PECYPCOM.

Henb nccnenoBanus — GOpMUPOBAHUE PETIPEICHTATHBHOM BEIOOPKH SKCTIEPUMEH-
TaNBHBIX IAHHBIX ISl MHTEJUICKTYaIbHOW CUCTEMBI MOAJIEPIKKH PHHATHS dHeprocoepe-
TarOIIUX PEUICHUI 110 SKCIUTYaTAI[HOHHBIM [TOKA3aTesIsIM THAPOIMIINH/IPA, Ha IpUMepe
KaTKH 3epHOYyOOpodHOTO KOMOaitHa RSM 161.

Jnst moCTHKEeHHsI TTOCTABIEHHOM 1[N He0O0X0MUMO 000CHOBATh aKTyallbHOCTh
U MPaKTHYECKYIO IIEHHOCTh Pa3pa0O0TKU CHCTEMbI HOMIEPIKKUA TPUHATHS dHEProcoe-
perapIuX peleHrui Mpu dKCIDTyaTallii 3epHOyOOpodHOTo KoMOaitHa; pa3paboTarb
METOAUKY IPOBEICHUS SKCIICPUMECHTAJIbHBIX UCCICAOBaHUU JJi1 HOPMUPOBAHUS
TECTOBON BBHIOOPKH TU(EpeHINPYIONICH peKUMBI pabOTHl THAPOIMIMHAPA KATKH
3epHOyOOpouHOTo KoMOatiHa RSM 161; mpoBecTH 3KCIiepUMEHTaIbHBIC UCCIICIOBAHUS,
OCYIIECTBUTH COOP U CHUCTEMATH3AIIMIO IaHHBIX, IOJIYYUTh BEIOOPKH ITapaMeTPOB, Xa-
PaKTepU3YIOIIUX PEKUMBI paOOTHI TUAPOIMINH/IPA KATKH; OLIEHUTH CTATUCTHIECKYIO
3HAYUMOCTb MTOJTYUYEHHBIX JAHHBIX, UX PEMPE3CHTAaTUBHOCTh U BO3MOKHOCTh IIPHUMCHEHHS
JUTSE TIpeToOyYeHHS MTPOTHOCTUIECKON MO/ HEHPOHHOM CeTH.

OB30P JIMTEPATYPbI

WuTennexTyann3upoBaHHbIC CHCTEMbBI aKTHBHO BHEAPSIOTCS B arPOITPOMBIIILICHHBIH
KOMILJIEKC OombiMHCTBa cTpaH [11-13]. MHoOrHe ucciiefoBaHus HapaBICHbI HA MX
pa3paboTKy ¥ MpUMeHeHHe B (hepMEepCKOM IIPaKTHKe: IS ITPeCKa3aHusl yPOKAWHOCTH
KyasTyp [14; 15], ckopocTt ux pocra [16], aBTOMarn4eckoro nmoucka copHskoB [17]
¥ aBTOMAaTH3UPOBAHHOTO KOHTPOJS 3a cocTossHueM Trojiel [18]. OmanM u3 crioco6oB
NOBBIIICHUS 3P PEKTUBHOCTH cOOpa ypoxas MOKeT ObITh MUHUMH3aLus ipoctost CXT
BCIIE/ICTBHE PEMOHTA U OTKa30B [7]. PecypcHbIe HCTIBITaHNS 1 MOHUTOPUHT TEXHUIECKOTO
cocrosans CXT, Bxmrouas [T, kpuTrueckn BaxHBI U1 00eCTIeueH s UX SKCIUTyaTaIu-
OHHOU Ha/IGKHOCTH U dHeprodddextuBHocTH [7; 19]. CoBpeMeHHbIE TCHACHIIUH B 00-
JIACTH MOHUTOPHHTA TeXHIUECKOro cocTossHUsI CXT CBS3aHBI C aKTHBHBIM BHEJPEHHEM
MHTEIUIEKTYaJIn3UPOBAHHBIX CUCTEM M CUCTEM HOAJAEPKKH MPUHATHS pemeHuit [20],
BKJTIOYAIOIIMX IEMEHTHI poOoTH3anyu [21], MCKyCCTBEHHOTO MHTEIIEKTa [22], METOIBI
UMUTAIMOHHOTO MojienupoBanus [23—25] u nudpossie nBoitauky [24; 25]. Jlo Havana
pa3paboTKH U MOCIIEAYIONIET0 BHEAPEHNS TAKUX CUCTEM MPOBOATCS MPEIBAPUTENbHBIC
WCCIIEZIOBAHUS IS OTICHKH MapaMeTpoB pexxuMoB ¢yHkmmoHupoBannus CXT [26; 27].
[Tocxe sToro cocrapisieTcsi 000CHOBaHHE ONTUMAIBHOCTH 3a()MKCHPOBAHHBIX TIapamMe-
TpoB [24; 28] nan nmpemIokeHre BO3MOKHBIX MOTA(DUKAITII 711 YITyIIICHHS SKCITTY-
aTallMOHHBIX XapakTepucTHk [29; 30].

MeTopl HMUTAIIHOHHOTO MOJICTUPOBAHHS C BO3MOXKHOCTBIO Pa3paboTKH U(po-
BOTO JIBOHHUKA MOJIEINPYyEeMOTro 00beKTa IPUMEHHUMBI IS CITydaeB, Koraa d3QQexTs
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MapHOTO B3aMMOAEHCTBUS (PaKTOPOB HE3HAYUTENbHBI MM 3aKOHBI UX B3aUMOAEUCT-
BHSI B paMKax pacCMaTPHBAEMBIX TPAHUYHBIX YCIOBHH n3BecTHHI [25]. Lludpossie
JBOMHUKHU U MaTEeMaTH4Ye€CKHUE MOJEIN NPUMEHUTEIBHO K KOHTPOJIIO COCTOSAHUSA
anemeHToB CXT He MO3BOJISIIOT JOCTHYb JOCTATOUHOM NMpeacKa3aTeNbHON TOYHOCTH
10 MPUYMHE HEBO3MOXXHOCTH y4eTa KOMIUIEKCHOTO BJIMSHHS MHOXKECTBA BHEIIHHUX
(hakTOpoB, KOTOPBIC BHOCAT BKIaJ B u3HOC KomnoneHToB CXT [31]. Jns ['TT takum
KOMIUIEKCHBIM BO3JEHCTBHEM, OKa3bIBAIOIIUM CYIIECTBEHHOE BIMSIHHE HA U3HOC,
obnasaeT coueTaHue CIeAyIIHX (GaKTopoB [8]: MapKu THAPABIMYECKON KUIKOCTH, €€
Temmeparypsl u pabouero gasnenus ['Tl. B 3amauax, paccMaTpuBaonmx KOMILIEKCHOE
BIMsIHUE (PAaKTOPOB PA3ITMYHON NPUPOIBI HA TapaMeTpPhl KauecTBa (GyHKLIMOHUPOBAHUS
THIPOCHCTEMBI, pAIlHOHATIHHO HCITOIB30BaHUE CUCTEM C 3JIEMEHTaMU HCKYCCTBEHHBIX
HeiporHbIX cereit (MHC). [Ipumenenne MHC ans korTpons coctosHus y3i1oB CXT
MO3BOJISIET MOJy4aTh AaHHBIE HE TOJIBKO MPH M3BECTHHIX KOMOWHAIMAX BHEIIHUX
(akTOpOB, HO U NP N3HAYAITHHO HEYITCHHBIX X COUETAHUAX C IPUEMIIEMOIl cTere-
Hbto TouHOCTH [30; 31].

AHanu3 myOIMKalui HIUTIOCTPUPYET PACTYIIYIO TEHACHIIHIO B 00IaCTH pa3padOTKH
WHTEIUIEKTYaTN3HPOBAaHHBIX CHCTEM KOHTPOJIS cOCTOsIHUSA y3110B CXT Ha 0TeueCTBEHHOM
poiaKe [7; 22; 32]. OqHaKo BBISBIEHO OTCYTCTBHE MPAKTHUK MCIOIb30BAaHUS MHTE-
JIEKTYaJIbHBIX CHCTEM IMONIECPKKU NMPUHIATHA PEHICHHN IPUMEHUTEIBHO K KOHTPOIIIO
COCTOSIHHSI THIIPOIIPHBO/IA 3€PHOYOOPOUHOT0 KOMOaiHa, YTO SIBISAETCS MPEATIOUTH-
TenbHBIM perieHneM. [Ipumenenne anementoB MHC npu pa3paboTke Takoil cucTemMsbl
MO3BOJIMT JOCTHYB JOCTaTOUHOW TOYHOCTH OLIEHKH COCTOSIHUA y3710B 3K 1 B KOHEUHOM
UTOT€ MOBBICUTH YPOBEHB SHEPTO- U PECYPCOCOEPEIKEHHUS MAITMHHO-TPAKTOPHOTO MapKa.

MATEPHUAJIBI U METO/IbI

Oobvexm uccnedosanusn

OOBEKTOM HCCIEIOBAHUS SIBIISIETCS TUAPOLMIMHIIP )KATKU 36PHOYOOPOYHOTO KOM-
6aitna RSM 161, npeameTroM — nmapameTpsbl, XapaKTepH3YIOILIHE PEXXUMBI €0 padOTHI.
B xauecTBe THAPOKHUIKOCTH B TAKUX THAPOLMMIHHPAX TPUMEHSIOTCS CIICIIHATH3HPO-
BaHHBIC MUHEPAJIbHBIC Macia. [ MAPOUMINHAP BHIMOIHICT (PYyHKIIMIO HCIIOTHUTEIIEHOTO
MeXaHu3Ma, IPeJHa3HauYeHHOTO /I TIOAbEeMa U OITyCKaHMS KaTKH KoMOaliHa, a TakkKe
JUTSL TIOJIZICPKAHUS €€ B 3aJJaHHOM TOJIOKeHUH. [lramna3oH pabovero AaBieHUs THAPO-
AIMH/IPA KaTKH KoMOaitHa HaxoauTcs B mpeaenax ot 160 mo 360 MIla.

Memoowt uccnedosanus

Ha ocHoBe npuHIHIa paboThI THIPOIMIMHAPA KATKU MPUHSITN JaBICHUE B ITOPIII-
HEBOH IMOJIOCTH pabOYnM, a B MITOKOBOM — Harpy304HBIM. J[JTUTEIHPHOCTD X0/a IITOKA
XapaKTepU3yeT HEe TOJILKO PA3HHUITY JaBICHUH B MOJIOCTIX THAPOLMIMHIPA, HO U BEJIH-
YUHY TPEHUS MTOKA. TaK, B KA9YeCTBE BAPbUPYEMBIX (DAKTOPOB, OKA3LIBAIOIINX BIIMSHUC
Ha ()YHKIMOHUPOBAHHE THIPOIMINHIPA, BRIOPAHbI: pabovee U Harpy304HOE JaBICHHE,
JUTATEIIEHOCTh XO0/1a IITOKA.

OcHOBHOE pa3pyIIaroiiee BO3ACHCTBIE Macel Ha 3JIEeMEHTHI THIPOCUCTEMBI OKa3bl-
BaeT TpeHue. M3BecTHO, YTO K OCHOBHBIM (DM3MKO-XUMHUUCCKHM ITOKA3aTENIsIM Macia,
BIUSIOIIMM Ha BOSHHUKHOBEHHE TPEHUS, OTHOCSTCS: JOJS CONEP KaHHS ITPOTHBOU3-
HOCHBIX, aHTUOKHUCIIUTEIbHBIX, IPOTUBOTICHHBIX U JIEIMYJIBIUPYIONIUX MPUCATIOK,
OKa3BIBAIONINX BIIHMSIHIC Ha YACIBHYIO BI3KOCTh Macia. i1 TMHaMHIeCKOTO KOHTPOJIS
COCTOSIHUSL Macyia HeoOX0IUMO 3HATh 3aKOH W3MEHEHHS] KHHEMaTHYeCKOW BA3KOCTH
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B 3aBHCHUMOCTH OT TE€MII€paTyphl, YCTAHOBICHHBIN ISl MPUMEHSIEMON MapKu Maca.
[lepeurcneHnbple TOKAa3aTeN Macia CTATUIHEI U XapaKTePU3YIOT YCIOBHUS MTPOBOTUMOTO
SKCIIEPUMEHTAILHOTO UCCIIEOBAHMS.

Pexxumbl pabOThI TUAPOIMIIMHPA 110 SHEPrOMOTPEOICHUIO TIOAPA3ICISIIOTCS Ha
HOPMAJTbHBIN, TIEPEXOAHBIN U TIeperpyKeHHbIi. i3MeHeHre paboyero pexuma Compo-
BOXKAAeTCS M3MEHEHHEM psifa MOKa3aTeeil THIPOUMINHIPA, KOTOPbIE MOTYT OBIThH
n3MepeHsl. [lepexoaHblii 1 meperpyKeHHbIN PEKUMBI CBA3aHBI C POCAAKON pabodero
JIABJICHUS B TUAPOIMINHIPE. B 3TOM citydae TpeOyeTcs MOBBIIICHUE padovero JaBie-
HUS JJ151 COBEPIIEHUS TOH e pabOTHI M0 IIEPEeMEICHHIO IITOKA. YBEITNUEHHUE TaBICHUS
MIPUBOJIUT K YCKOPEHHOMY POCTY TEMIIEPaTyPhl OTHOCUTEIFHO HOPMAILHOTO PEXIMA,
M3-3a 4eTO KHHEMAaTUYeCKas BI3KOCTh Maclia ¥ TPEHUE IITOKa yMEHbIatoTcs. Benencer-
BHE ATOTO YCHITUBAIOTCS yTeUKH Macia. OnricaHHble N3MEHEHUS MOXKHO 3a()MKCHPOBAThH
M0 YCKOPEHHIO IITOKA B MOMEHT Hauajia ABMXKCHHsSI U IO TeMIepaType Macia. Takum
00pa3oM, 9TOOBI OTIPENCTUTH PEKUM PAOOTHI THAPOIMIINHIPA PH OTPEIACIICHHON KOM-
OuHanMu QaKTOPOB U YCIOBUHN TOCTATOYHO U3MEPEHHSI TEMIIEpaTyphl Maclia, MaJeHUs
JaBJICHHA U YCKOPCHHA HITOKA B MOMCHT HavdaJia IBUKCHU .

Ha ocHOBe onrcaHHBIX TapaMeTpoB KauecTBa (PyHKIIMOHUPOBAHS THAPOIMIIHHIPA,
YCIIOBHIA ¥ ()aKTOPOB COCTaBJICHa KHOSPHETUUECKAst MOJICIIb UCCIICIOBAHNUS, TPECTAB-
JIeHHas Ha pUCyHKe 1.

( ) B
Mapxka ruzpomacia / C] Bapeupyemsie daxropsl / Variable
plies el e ol v [_] O6wekT uccnenopanus / Study object

[ Tewesrammsomemed | D Venosus / Conditions

Oil heat capacity [:] Llenessie mapamerpsl / Target

C] Pacuernbie napamerpsl / Calculated parameters

\. J

PaGouee naBnenue
ruipoMaciia B KOHType,

MIla (X;) / Working [ ( \) - -
0 0 ITanenvie naBieHus, -~ a3 o
pressure of hydraulic oil > ESES
in the circuit, MPa (Xi) e s S FZ g
- ’ J drop, MPa 8 E & 2
5525
HarpysouHoe 1aBieHHe N g IEE
X285
runpoxkuakoetn, Mla | ) Temmneparypa g3 8
(X2) / Loading pressure of N ruzpomacia, °C / =

The temperature of the | >

hydraulic fluid, MPa (X2) )
hydraulic oil, °C

\_

J

JlmTensHOCT X0Aa
ITOKA, ¢ (X3) / Duration [
\_ of the move stock, ¢ (X3)

[ Ipucanxu / Additives ]—P

YckopeHue mroka

B MOMEHT Havajia

| nemwkenns, mm/c? / Rod

acceleration at the start
of movement, mm/s?

(\ )

Hydraulic cylinder of the combine harvester

I'uapouunuHIp JXaTKu 3epHOYOOPOYHOro KoMbaiiHa /

hydraulic oil, cSt

Kinematic viscosity of

VenbHast BA3KOCTb Macia /
Specific viscosity of oil

Kunemarnueckas BA3KOCT
rugpomacna, cCr /

|

Puc. 1. KubepHernueckass MOJECIb HCCIIEIOBAHMS
Fig. 1. The cybernetic study model

Hcemounux: pucyHok 1 cocraBiieHn aBropamu crathi B mporpamme Microsoft Excel 2022.
Source: Figures 1 was compiled for the authors of the article in the program Microsoft Excel 2022.
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Oobopyoosanue

Jiist poBeieHns SKCIIEPUMEHTAIBHBIX HCCIIEIOBAHUH UCTIONB30BAJICS THIPABIYE-
CKHi1 CTeH]I, UIMUTHPYIOLTHH paboTy THAPOTIPUBO/A )KaTKH 36pHOYOOPOYHOTO KoMOaiiHa.
OH 1O03BOJIMIT BOCIIPOM3BOJUTE Pa3IMUHbIE PEKUMBI HATPYKSHUS THAPOIMIHHIPA
C KOHTPOJIEM padOYHX ITapamMeTpOB.

Ha pucynke 2 mpencrapieHa ruipaBiindeckas cxeMa IKCIIepUMEHTAITFHOTO CTeH/Ia,
a Ha pUCYHKe 3 — ero oOmui BUI.

Plnad

work

O O

R

%’)WWXITHPS%

gO
| T

Puc. 2. I'mapaBnmyeckas MpUHIUNNAIBHAS CXeMa YKCIEPHMEHTAILHOTO CTEH/Ia:
1 — xyanaH npeoXpaHUTeNbHbIH (2 T.); 2 — Ki1anad oOpaTHeId (2 WT.); 3 — THAPOIMIMHAP (2 IMT.);
4 — npoccenb peryaupyeMslii (2 mT.); 5 — MAaHOMETp MEXaHHIeCKHi (4 mT.);
6 — ruapopactpenenutens 4/3 (1 mt.); 7 — 3akpsIThIil THAPOOAK C AaBIeHHEM Bbliile arMocdeproro (1 mT.);
8 — Hacoc ¢ HepeBePCUBHBIM IIOTOKOM (2 IIT.)

Fig. 2. Hydraulic schematic diagram of the experimental stand: / — safety valve (2 pcs);
2 — check valve (2 pcs); 3 — hydraulic cylinder (2 pcs); 4 — adjustable throttle (2 pcs);
5 — mechanical pressure gauge (4 pcs); 6 — hydraulic distributor 4/3 (1 pc);
7 — closed hydraulic tank with pressure above atmospheric pressure (1 pc);
8 — non-reversible flow pump (2 pcs)

*

— —

8

Hcmounux: pucyHok 3 cocTaBiieH aBTopaMu cTaThi B porpamme Kommac 3D.
Source: Figures 3 was compiled for the authors of the article in the program Kompas 3D.
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Puc. 3. OOmwuii BuI 9KCIEPUMEHTAIBHOTO CTeHIa: [ — IaTYHKU JaBICHUS MAaHOMETPHUICCKHE,
2 — pykaBa BBICOKOTO JIaBJICHHS; 3 — APOCCENb MOIYIbHBIN ¢ 00paTHeIM KinamanoM HQ-012 52;
4 — runpopacnpenenurens DHE-0711 DC 20; 5 — natuuk Temneparypsl TT41;
6 — MOAYABHBIN TpenoxpannTenbHblid kKiaanad HM-011/350 40; 7 — niuTa KOJUIEKTOpPHAS ¢ MAHOMETPOM;
8 — rHAPaBIMYECKHUI HArPYKATEIb OCTYIIATEILHOTO ICHCTBHS;
9 — TUIPOCTAHIHS CTEHAA
Fig. 3. General view of the test rig: / — pressure gauge sensors; 2 — high pressure hoses;
3 — the throttle module with a check valve HQ-012 52; 4 — hydraulic distributor DHE-0711 DC 20;
5 — temperature sensor TT41; 6 — modular safety valve HM-011/350 40;
7 — collector plate with pressure gauge; 8 — translational hydraulic loader;
9 — hydroelectric station of the test rig

Hemounux: dororpadus 1uis pucyHka 4 Oblia clielaHa aBTOpaMy CTaThU IPH IIPOBEICHUHU KCIICPH-
MEHTaJIBHBIX MCCIEeIOBaHNN Ha 0a3ze HayuHO-HccienoBarenabckoi nadoparopunn PCM-STAR Jlonckoro
roCyapCTBEHHOTO TEXHHYECKOTO YHHBEPCHTETA.

Source: The photograph for the Figure 4 was taken by the authors of the article during experimental
studies at the RSM-STAR research laboratory of the Don State Technical University.

CreH/l COCTOUT M3 JABYX THAPABIMUECKUX KOHTYPOB (pabodero v Harpy304HOro),
KOTOPBIEC CBsI3aHbI Uyepe3 OOIIHK CIMBHON Oak. Pabounii KOHTYp UMHTHPYET padboTy
TUAPONPHUBOA KATKU 3€pHOYyOOPOUIHOTO KOMOAaifHa, a Harpy304HBIN — Beca JKaTKH.
Bepxanii ruAponAIHHAP UIMATHPYET paOb0Ty peatbHOTO THAPOMMIHHPA KaTK! 1 Ha-
3pIBaeTcs pabounM. HmkHUI THAPOIIMITHHIDP UMEET OO IITOK C PadOYNM U SBISIETCS
Harpy304HbIM. J{J151 MOIeTMpOBaHHS HATPY3KH Beca JKaTKH NPY IIOMOIIY Harpy309HOTO
MWIAHIPA PETYIUpPYeTCs 00paTHOE JaBJICHHE Ha MITOK 3a CYEeT HACTPOUKHU JIaBICHUS
B HArPy304YHOM KOHTYPE.
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Jly1g ucTIbITaHMH MCIIOIB30BATIOCHh MUHEpaJIbHOE Macio Bs3koctu ISO VG 32, mpu-
MeHsseMoe Ha komOatinax RSM u cootBercTBytomee cranaapty TOCT P 59107-20206.

[Ipu npoBeeHUU IKCIIEPUMEHTAIBHOTO UCCIICIOBaHUS ObLIa UCTIOJIb30BaHA
MareMaTHuyecKkas Teopus IuiaHupoBaHus. Ha ocHoBaHWM cpOpMUPOBaHHBIX KpUTE-
pUEB ONITUMAJIBHOCTHU BI)I6paH G-0ONTUMAaJIbHBIN IIIaH IMPOBCACHUA DKCIICPUMEHTOB.
B uccnenosannu BapeupoBanoch Tpu akropa: pabodee (MOpIIHEBOE) NaBieHuE X,
Harpy304HO€ (IITOKOBOE) NaBIEHUE X, M JUIMTENBHOCTD X012 mToKa X,. B xome mpo-
BEJICHISI TTPEIBAPUTEINBHBIX HCCIENOBAHMU I KaXKI0T0 (hakTopa OBLIH OIIpeneIeHbI
YpOBHH BapsupoBaHHs (pakTopoB. Takol MOIXOJ TO3BOISIET MOCTPOUTH TPEXYPOB-
HEBBIH IJIaH SKCIIEPUMEHTa, COOTBETCTBYIOIINN TuTaHy bokca — beHkeHa u sBIsitO-
HIWICS TPUEMIIEMBIM C TOYKH 3pEHUS PAKTHKH JUTsl QOPMHUPOBAHUS PETPECCUOHHON
monenu. ChopMynupoBaHHEIE PaKTOPHI U YPOBHU UX BApbUPOBAHMUSI OBLIN CBEICHBI
B Ta0MIly 2, T/Ie K&XKI0MY YPOBHIO BapbHpOBaHUs (haKTOpa COOTBETCTBYET 3HAUCHUE
KOJAMPOBAHHOW NEPEMEHHOM.

Tabonuma 2

Table 2
@DaKTOpHI M YPOBHH UX BAPLUPOBAHUS
Factors and levels of their variation
YpoBeHb BapbUpOBaHHsL /
Bapbupyembie axtopst / The level of variation
Variable factors Hxanit / Lower Cpennmit / Bepxnmnii / Upper
-1 Average (0) +
Pa60q¢e naBnenue X, 6ap / 110 160 210
Operating pressure X;, bar
[Jasnenue B Harpyske X, 6ap /
Load pressure X5, bar 60 100 140
Hponon)lcmeanocn X, c/ 20 15 10
Time X;, s

TpexypoBHEBBIH IUIaH 3KcriepuMenTa bokca — benkeHa npejHa3HaueH JUist IOCTPO-
€HUS TPEX PerpecCUOHHBIX MOENEH, KOTOPHIE B 3KCIIEPUMEHTAX SBISIOTCA IEIEBBIMU
NepEMEHHBIMU:

— TepBasi MoJieNib HeoOXorMa ISl TIpeACKa3aHus TeMIIepaTypsl Macia B THAPaB-
nM4YeCKoM KoHType (Y, — BemecTBenHoe uncio, °C);

— BTOpasi MOJEJb CIIYKHUT JUISI IPENICKa3aHus [IaIeHHS IaBJICHHS] B THAPOLMINHAPE
(Y, — nenoe uncio, 6ap) B MOMEHT €TO HATPYKEHUS,

— TPEThSl MOJEIIb ITO3BOJISIET ONPENENIATh YCKOPEHHE ITOKA THAPOLMIMHAPA B MO-
MEHT Hayaja ero ABMKeHus (Y, — BeleCTBEHHOE YHCIIo, M/C?).

Marpuna miaHupoBaHusl B KOAUPOBAHHBIX M HaTypaJbHBIX IEPEMEHHBIX TpPEa-
cTaBJieHa B Tabnuue 3.

¢*TOCT P 59107-2020. Macna 6a3oBsie. Texanueckue ycnoBusi. URL: https://docs.cntd.ru/docu-
ment/566395793 (nara obpamenus: 04.08.2025).
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Tabnauna 3
Table 3
Marpuua nJIaHHPOBAHUS B KOAMPOBAHHBIX NePeMEHHbIX
The planning matrix in coded variables
Koauposanssrie / Harypansnsie / OTxiuky /
Coded Natural Responses
x | x | x X X, X Y, Y, Yy
-1 -1 -1 110 60 20 62 43 0,77
-1 -1 0 110 60 15 64 50 1,33
-1 -1 1 110 60 10 66 50 2,98
-1 0 -1 110 100 20 99 45 0,70
-1 0 110 100 15 100 47 1,35
-1 0 1 110 100 10 100 48 3,26
-1 1 -1 110 140 20 130 54 0,80
-1 1 0 110 140 15 130 57 1,20
-1 1 1 110 140 10 131 63 2,91
0 -1 -1 160 60 20 72 41 0,74
0 -1 0 160 60 15 72 48 1,32
0 -1 1 160 60 10 73 50 3,02
0 0 -1 160 100 20 111 36 0,75
0 0 0 160 100 15 112 41 1,34
0 0 1 160 100 10 112 43 3,01
0 1 -1 160 140 20 144 45 0,80
0 1 0 160 140 15 146 46 1,40
0 1 1 160 140 10 146 45 3,18
1 -1 -1 210 60 20 69 50 0,75
1 -1 0 210 60 15 70 50 1,35
1 -1 1 210 60 10 70 50 2,99
1 0 -1 210 100 20 110 36 0,84
1 0 0 210 100 15 115 34 1,65
1 0 1 210 100 10 118 32 3,79
1 1 -1 210 140 20 152 70 0,71
1 1 0 210 140 15 152 74 1,58
1 1 1 210 140 10 153 83 3,19

Pabota ¢ JaHHBIMH 0CYIIECTBISIOCH C HCIIOIb30BaHHEM (DYHKIUI, HATHCAHHBIX
Ha Python. I[IpenBapurensHas 00paboTka U CMCTEMaTU3AIMS OCYIIECTBISUINCH TIPH
nomou 6ubmuorexkn NumPy. CrarucTuueckuii aHanms, BKIOYast (OPMHPOBaHUE
PETPECCHOHHBIX MOJIENIel M OLICHKY X CTaTUCTHUECKHX MOKa3aTeNled, OCYLIeCTBIIS-
nu ipu nomou 6ubnuoreku Scikit-learn. [lyia Busyanuzanuu f1aHHBIX TPUMEHSIICS
nakeT Statistica 6.0.

PE3VJIBTATbBI UCCJIIEJOBAHUSL

Ha ocHOBe 3KCTIepUMEHTaNbHBIX TaHHBIX C UCIOIB30BAHUEM METOIOB PETPECCH-
OHHOTO aHajn3a ObLTU CPOPMHUPOBAHBI PErPECCHOHHBIC MOJICIH, MIPEICTABICHHEIC
MTOJTMHOMAaMH BTOPOH CTETEHH, 3a CUET Yer0 yAAIOCh JOCTHYb TOCTATOYHON CTETICHH
TOYHOCTH PETPECCHOHHBIX MOJIETIEN MTPY COXPaHEHNH (PI3UIECKON HHTEPIPETHPYEMOCTH
aNTMPOKCUMHUPYIOMIEH MOBEPXHOCTH /ISl BCEX MOTYYESHHBIX MOJIETEH.
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Jn1s1 3aBUCMMOCTH NaieHus TaBJICHUS B THAPOLMIMHIPE OT KOMOWHALWUHU paboyero
X, 1 Harpy304HOro X, NaBineHus cpopMUpOBaHa CIIEAYIOIIask PErPECCUOHHAs MOJIEIIb:

Y, =0,0085X; +0,0032.X] +0,0019.X, X, —1,8628 X, —1,2045.X, +215,2219.

ATNPOKCUMUPYIONIAast TOBEPXHOCTH, MOCTPOSHHAsI HA OCHOBE pacCMaTpHUBaeMOM
MOJIENH, TIpeZicTaBlieHa Ha pucyHKe 4. Taxke Ha anpOKCHMHPYIOIHE TTOBEPXHOCTH,
MIpYBEICHHBIE HA PUCYHKaX 4—9, HaHeCEeHBI SKCIIEPUMEHTAIBHBIE TOUKH, TIO3BOJISIOIINE
BH3YaIIbHO OIEHHUTH Pa30pOC AIMITMPUYECKUX JAHHBIX OTHOCUTEIHHO MPeICKa3aHHbBIX

3HaYeHuH. OHU SBISIIOTCS MIPEACTABUTEIFHON WILTIOCTpauyel MPUBEACHHBIM 3HAYEHUIM
K03 GHULIKEHTOB JeTepMUuHanuu R2.

hydraulic

e Y2, ¢/
cylinder Y2, s

[lajeHue JABIEHAA
B m;_(poummﬂﬂp
Pressure drop in the

B > 30
Il <76
B <66
[ 1<56
B <46
M <36

Puc. 4. IloBepXHOCTb OTKJIMKA MAJCHUS aBICHUS B THAPOLMIMHAPE Y2 B 3aBUCHUMOCTH
OT pabovero JIaBIeHUs THAPOCHCTEMBI X| M IaBJICHHS B HArpy3Ke X,
Fig 4. The pressure drop response surface in the hydraulic cylinder Y, depends on the operating
pressure of the hydraulic system X, and the pressure under the load X,

Hcmounux: pucyHku 4-9 cocTaBlieHbl aBTOpaMU CTaThH B porpamme Statistica 10.
Source: Figures 4-9 was compiled for the authors of the article in the program Statistica 10.

YcTaHOBIIEHO, YTO MUHUMAJIbHOE MAaJ€HUE NABJICHUS B TUAPOLMIMHIPE Xapak-
TepHU3yeT MEHBIIYIO Harpy3Ky Ha TuaponpuBo. 13 pucyHka 4 BUIHO, YTO HAUMEHEE
Harpy>XCHHBIMU SABJIAIOTCA COCTOSIHUA TUAPOCUCTEMEI ITPU KOM6I/IHa]_II/II/I pa60qer0 " Ha-
rpy3ouHoro nasieHmid mopsaka 160 u 110 6ap coorBeTcTBeHHO. Hambonbmas Harpy3ka
Ha THJIPOIMIMH]P OKa3bIBACTCS MPU MAKCHMAILHOM pabodyeM JaBIeHUH.

3aBUCHMOCTH NAJICHNS JaBJICHUS B THAPOLMIIMHIPE OT KOMOMHAINH paboyero aaBs-
nenus X| 1 IPONODKUTENBLHOCTH MKIIA HATpY)eHus X, hopManu3yeTcs Clemyromen

perpeCCHOHHOﬁ MOZICJIBIO:

Y, =-0,02X7 +0,0032.X] +0,0035X, X, —0,4489.X, —1,0633.X, +134,4622.
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Ha ocHOBe omnucaHHON PEerpecCHOHHON MOJIENTH TOCTPOSHA ANIPOKCUMHPYIOIIIAst
MOBEPXHOCTH (pHC. 5).

Y5, ¢/
e hydraulic

[ajeHye AaBICHUL
B THAPOLMAIUB/PS
cylinder 12, s

Pressure drop in th

{Oeo;.
M > 50
<50
M <40

Puc. 5. TIoBepXHOCTh OTKJIMKA NAICHHUS JABICHUS B TUIPOLUINHADPE ¥, B 338BUCUMOCTH
OT pabouero JlaBienns X, U MPONOIDKUTEIBHOCTH [UKIIA HATPYKEHHS X,

Fig. 5. The pressure drop response surface in the hydraulic cylinder Y, depends
on the operating pressure X, and the duration of the loading cycle X,

[To mpuBenenHoMy rpaduky (puc. 5) BUAHO, YTO MajJcHUE JABICHUS B T'H-
ApOUMIMHAPE Y, MEIJIEHHO BO3PACTaeT C YBEIUYCHUEM JUTUTEIBHOCTH [IUKIIA
narpyxeunus X,. [Ipu sTom nagenue napnenus Y, or pabovero naBjieHus macia
B TUJIPABIMYCCKOM KOHTYpE X 3aBUCHUT napabonnuecku. Tak kak MeHbIIee ma-
JACHUEC TaBJICHUA XapaKTCPU3YET MUHUMAJBHYIO HAarpy3kKy Ha ruapomnpuBoj], TO
HaNMEHBIIYIO Harpy3Ky FHAPABINYECKas CUCTEMA UCTIBITHIBAET IIPY MUHUMAJIBHON
IPOIODKMTENBHOCTH MKJIA HATPYIKEHHUs X, M CPEIHUX 3HAYEHUAX paboUero naB-
nenus X, U3 paccMarpuBaeMoro jauanasona. Hambonee HarpyKeHHBIM PEXUMOM
B pacCMaTpUBAEMOM Cllydae SIBIIEeTCS KOMOMHALNSA MaKCUMaIbHOM MPOLOJIKHUTEIb-
HOCTH LIMKJIa HArPY>KEHHS CUCTEMBI X, M KPaHETO 3HaUeHHUs pabovero naBneHus X,
B paMKax y4TEHHOTO JHana3oHa.

Hcnonb3ys METONMKHA MaTeMaTU4eCKOM TEOPUU IUIAHUPOBAHUS SKCIIEPUMEHTA
Y TIOCJIEAYIOIETO PErPECCHOHHOTO aHaJM3a, ObLIH MOTY4YeHbI (PyHKINOHANbHBIE 3aBU-
CHUMOCTHU, TPECACTABJICHHBIC HUKE. (DYHI[aMeHTaJII)HI)IC OCHOBBI UCITOJIB3YEMbBIX METOANK

npexacrasneds! H. Jpaitaepom u I'. CMuTOM’, MPaKTH9IECKHI OIBIT X UCITOIB30BAHHS
OTHCaH B IPEIBIIYINX UccienoBanmsax [33-35].

7 Npaitaep H., Cmur I. TIpuknaaHoii perpeccuonHblii ananus. M.: Crarucruka. 1973. 392 c.
Mechanical engineering
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I[J'Iﬂ almnpoKCUMalru 3aBUCUMOCTU TEMIICPATYPhI MacCjia B THAPABIINYCCKOM KOH-

Type Y, oT koMOuHauuK paboyero X, ¥ Harpy304HOro napjeHui X, chopmuposana

CIIeIIYIOIIasi pErPECCUOHHAsT MOJIEITh:

Y, =-0,0019.X; —0,0019.X] +0,002.X,X, +0,9719.X, +0,5542 X, — 38,6009 .

PaccmarpuBaemast Mofenb IPEACTABIEHA B BUAE ANIIPOKCUMHUPYIOIEH TOBEPXHOCTH
Ha PUCYHKE 6.

owrrype Y1, °C/
he hydraulic
circuit Y1, °C

HUECKOM K

TenmepaTypa Macia
erature in !

B TAApPABI
Qil temp!

M > 160
<152
<132
<112
T <92
L : <72
I <52

Puc. 6. IIoBEpXHOCTH OTKJIMKA TEMIIEPATYPBI Mac/ia B THAPABIHYECKOM KOHTYpe Y
B 3aBHCHMOCTH OT pabo4ero X, ¥ Harpy304HOTO JaBIeHUH X,

Fig. 6. The response surface of the oil temperature in the hydraulic circuit ¥, depends
on the operating X, and load pressures X,

Ha ocnose HpI/IBeILCHHOﬁ AuarpaMMbl MOKHO CACJIaTh BBIBO/I, YTO IIPU YBCIIMYCHUN
Harpy304HOI0 JaBJeHUS X, paCTeT U TeMIIepaTypa Macia B THIPaBINYECKOM KOHTYpe Y.
O):[HaKO ITIOBBIIIICHHUEC paGoqero ,Z[ElBJIeHI/I}I)(1 TAaKXXC OKa3bIBACT BJIMAHUE HA POCT TEMIIC-
paTyphbl Yl’ IIPUYEM I3TO BJIIMAHNUE YCUIIMBACTCS C ITOBBIMICHUEM OaBJICHUA B HArpy3Ke )(2

[anee npencraBieHa perpecCHOHHAs MOJETh 3aBHCHMOCTH TEMIIepaTyphbl Maciia
B TH/PABJINYECKOM KOHTYpe Y| OT KOMOMHAIIMK BAPbUPYEMBIX MTAPAMETPOB: pabouee
JaBieHue X, U MPOIODKUTENBHOCTD IUKIIA Harpyxenus X,. Perpeccrnonnas Mouenb
UMEET BH/I:

Y, =—0,0069.X2 —0,0019.X> —0,0013.X X, +0,1878.X, +0,7784.X, +36,7686.

OrnuceiBacMasi perpecCuoOHHasl MOJIETh BU3yaJU3UpOBaHa B BUJIC allIIPOKCHUMUPY-
IOIIIeH TOBEPXHOCTH HAa PUCYHKE 7.
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Y, °C /

e hydraulic

OHTYPE

erature in th
circuit Y1, °C

Temmeparypa Macia
WUECKOM K

B r“;{paBﬂ
Oil temp

112
<112
B <108

| <104
B <100
Il <9

Puc. 7. TloBepxHOCTb OTKIIMKA TEMIIEPATYPbI Macia B THAPABINYECKOM KOHTYype Y,
B 3aBUCHMOCTH OT pabodero JapieHus X| U IPOODKUTENEHOCTH IIMKIIA HATPYXKeHHs X;

Fig. 7. The response surface of the oil temperature in the hydraulic circuit ¥, depends
on the operating pressure X, and the time of the loading cycle X;

PaccmarpuBaemast MOBEpXHOCTH TIOKA3bIBAET POCT TEMIIEPATypPhl Macia B THIPAB-
JIMYECKOM KOHType Y| IpH BO3pacTaHuu pabodero maeienus macia X . Ipu stom
YBEJIMYEHUE MPOJOJDKUTENLHOCTH UK/ HATPYKEHUsT X, HE3HAYMTENBHO MOBBIIIAET
TEMIIEpaTypy Macia Y|, Ha HECKOJILKO IpajlycoB. B naHHol KoMOMHALMK BapbUPYEMBIX

(I)aKTOpOB HaNMMCHEC HArpy>XCHHBIM PCXKUMOM JISI TUAPOIIPUBOAA SABIACTCA pa60Ta
IIpyu MUHUMAJIBbHOM pa60qu JaBJICHUU

|» KOTOPOE XapaKTEPU3YeTCsl OTHOCUTEIHLHO
HU3KOW TeMIeparypoi macia Y .

Paccmotpenu, kak U3MEHsIETCS YCKOPEHHE IMTOKA THAPOIMINHIIPA B MOMEHT Havaja
€ro IBWKEHUs Y, TIpY BapbUPOBAHUH 3HAYECHUI KOMOWHALMHU pabouero X, M Harpy3o4-
HOTO X, IaBJICHUH B THAPOLUIMHIPE. PErpecCHoHHas MOJIENb Uik MaTeMaTHIeCKOro

0000IIeHNS TaHHOW 3aBHCUMOCTH UMEET BU/I;
Y, =-0,000082.X> +0,000023.X] +0,000023.X, X, +
+0,0134.X, —0,0079.X, +1,6084.

ANPOKCUMUPYIOIAs HOBEPXHOCTH, XapaKTepU3yollas pacCMaTpUBAEMYIO 3aBH-
CUMOCTb, IPEACTABIEHA HA PUCYHKE 8.

Ha ocHoBe paccMOTpeHHON MOBEPXHOCTHU, NMPEACTABICHHON Ha PUCYHKE &,
BH/IHO, YTO YCKOPEHUE IITOKA TUAPOLMIMHIPA B MOMEHT Hayala €ro JBWKeHUs Y,
MOCTENEHHO BO3PACTAET C POCTOM padOoYero NaBiICHUS Maciia B THAPABINYECKOM
koHType X,. IIpy 5TOM Ha yCKOpEHHWE WITOKA Y, HArpy304HOE JaBieHUE X, BIUAET

Mechanical engineering
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Tom 36, Ne 3. 2026
napa60m/1quKI/I. Hau6Gonee mraBHoe Hayago ABMIKCHUC IITOKA TUAPOUMIIMHIpA Xa-
PAKTCPUBYCTCH MI/IHI/IMHS&I.[PICﬁ BO3I[CfICTBH$I CWJI TPCHUA U 3aMCJICHHUEM IIPOILECCa
HU3HOCA TUAPOUWIIMHAPA B LICJIIOM. HOBTOMY TUAPONPUBO HAMMEHEC HAI'PDYIKCH IIPU
KpaﬁHHX 3HAYCHUAX NAaBJICHHUSA B HAIPY3KE X2 N3 YYTCHHOI'O JUalla30Ha 3HAYCHUH

1 MUHHUMaJIbHOM paGoqu JaBJICHUH Xl'

MOMEHT
Ys, M/c*
d at the moment R
S

£it's movement Y,

Y ckopeHHe WToKa B
Hauana ero JBIKSHIT
Acceleration of the ro
of the beginning O

Il >2

Il <2

<19

L <18

I <1,7
<16
Puc. 8. TIoBepXHOCTD OTKIMKA YCKOPEHHS MITOKA THAPOMIMEAPA B MOMEHT HaYalla €T0 IBIKEHHS Y,

B 3aBUCUMOCTH OT KOM6PIHaL[I/II/I pa60qero )(1 1 Harpy3o4Horo X2 }laBJIeHI/IfI

Fig. 8. The surface of the acceleration response of the hydraulic cylinder rod at the moment
of its movement Y,, depending on the combination of operating X, and loading X, pressures

YCKOpCHI/Ie HITOKA T’UAPONWIMHAPA B MOMCHT Havdajia €ro ABUKCHUA Y 3 B 3aBUCUMOCTHU

oT KOM6I/IH3,LII/II/I pa60qero JaBJICHUS MacnaXl U MIPOAOJLKUTCIIbHOCTHU IUKJIA HATPYIKCHUA
)(3 XapaKTCpU3yeTCs pCrp€CUOHHBIM YPAaBHCHUCM:

Y, =0,0226 X7 +0,000023.X> —0,0003.X, X, —0,8731.X, —0,0017.X, +9, 6847.

Jlist BU3yanu3anuyd pacCMOTPEHHOW MOJIENIH MOCTPOCHA alpOKCUMHUPYIOMIAs
MMOBEPXHOCTH (puc. 9).

IIpencraBieHHas NOBEPXHOCTh WILIIOCTPUPYET MPSAMYIO 3aBUCHUMOCTbD YCKOpe-

HHUS ITOKA Y, OT NPOJODKUTENBLHOCTH IIUKIIA Harpy)keHus X,. OHaKo yBeInYeHHE

pabouero napneHus X| He OKa3bIBAET 3HAYMMOTO BIMSHUA HA M3MEHEHHUE YCKOPEHHS

IITOKA THIPOLMINH/PA B MOMCHT Hadaa ero IBikKeHus Y,. Tak kak Bo3pacTaHue

YCKOpPEHHUS CBSI3aHO C POCTOM HAarpy3Ku Ha TMAPOIIPHUBOL, TO C YBEIUUYEHUEM MIPO-

JOJDKUTEIIHOCTH LUKJIa HArPY)KEHHs THAPOLUMINHAPA X, pacCTeT U HAarpys3Ka Ha
TUIPOIPUBOL.

634

MamuHocmpoeHue



Vol. 36, no. 3. 2026

ENGINEERING TECHNOLOGIES AND SYSTEMS &KEE

S2

-
=]
— .7
£ 872
R
e 2§
ey
a8 S 9
S EBE
O‘—im
8§0f¢:
833 < o
o Hus ©
= o © on
- B =
PRI
R
S5
~532

E ‘ B

b= : B <33

& Il <33

9 B <23

<23

<18

<13

<038

Puc. 9. TIoBepXHOCT OTKIINKA YCKOPEHHS IITOKA THIPOMMIMEAPA B MOMEHT HaYalla €T0 IBIKEHHS Y,
B 3aBUCHMOCTH OT KOMOMHALMK paboyero JapieHus X, U IPOOIKUTENbHOCTH IIUKIIA HArPyKeHus X,

Fig. 9. The surface of the acceleration response of the hydraulic cylinder rod at the moment
of its movement Y, depending on the combination of operating pressure X, and the time of the loading cycle X,

[Mocne 06001IeHNs PEe3yabTATOB SKCIIEPUMEHTAILHBIX HCCIICAOBAHUN OBLIH TIOJTY-
YEHBI YPABHEHHS PETPECCHH JUISL TPEX UCCIIEYEMBIX ITapaMeTpoB cuctemsl (Y, ¥, 1)).

72
Jlnst onvcaHus 3aBUCMMOCTH TEMIIEPATYPhl Macia B TMAPOLMIMHIPE Y, OT KoOMOMHAIMK
uccenyeMbix GakTopos (X, X, X)) momyuena MOzeb:

Y, =111,991+7,060.X, +37,000.X, —1,161.X, +4,080.X X, -

-0,330X, X, —4,820X; —2,990.X; —0,170.X;. (1)
Koaddurment nerepmunanmu monenu (1) R?= 0,99, 4to cBUAETENBCTBYET O J0-
CTaTOYHO BBICOKOM MPEIUKTUBHOM CIIOCOOHOCTH MOJICNU. F-KpUTEpUi MOJICTU 3Ha-
uuM npu yposHe o = 0,05 (F = 1932,7 (npu F = 2,56), p < 107°). Craructudecku
3HauuMbIMH (Tipu o = 0,05) okazayuck JuHeHHbIe 3¢ G EKTh pad04ero ¥ Harpy304HOTO
nasnenus (X, X,), B3aumoneiicteue X, X,, a Taxke KBagparnunbie sGdextsr X, X,
CretoBaTesIbHO, MOZIENb I€KBAaTHO OIHCHIBAET BIMSIHUE PACCMAaTPHBAEMBIX (PaKTOPOB
Ha TEMIIepaTypy Maciia ¥ MOKET MCIIOIb30BaThCs MIPU MTPOTHO3UPOBAHHUH ITOCTPOCHUS
TPaHUI] PeKUMOB pabOTHI THIPOLMINHIIPA.
Jl1s1 onrcanys 3aBUCHMOCTH MMaJICHKs 1aBJICHHUS B THIPOLMIMHpPE Y, OT KOMOMHALMH
uccnenyeMbIx (pakTopos (pabodee X, 1 Harpy304Hoe X, NaBIeHUE, IPOIODKHTENBHOCTD

IMKJIa HATPYKEHUS THAPOLMIMH/PA X,) MOTyYeHa MOJIENb:
Y, =35,220+1,190.X, +5,810.X, —2,440.X; +3,880.X X, +

+0,881X, X, —0,460X, X, +8,080X12 -+-13,580X22 —0,502X32. 2)
Mechanical engineering
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Koahdunuent aerepmunaruu mozenu (2) R?= 0,68. F-KpuTepHii MOACTH 3HAYNM
npu yposae o = 0,05 (F,,. = 3,89 (upu F,, = 2,56), p < 0,0077), uTo NOATBEPKAAET
o0m1yto anekBaTHOCTh Mozienu. CtatucTuuecku 3Ha4MMbIME (Tipu o = 0,05) okazanuck
NUHEHHBIH 2 (eKT Harpy304HOTro NaBIeHus X, n KBagpaTHdHble dhdexTsr X, X,
OcTanbHble KOOQQUIMEHTH! HE SIBISIOTCS 3HAYUMBIMHU, YTO YKa3bIBaeT HA JIOMUHU-
PYIOIIYIO POJIb KBaIPAaTUIHON 3aBUCUMOCTH OT pabodero u Harpy304HOTrO JaBICHHUH.
Mopenb o3BOJISIET OIIEHUTD TEHISHITNIO0 M3MEHEHNS MTaICHHS IABICHHS B 3aBUCHMOCTH
OT pexuMa padoThl THAPOMMIHHAPA. Moaens (2) mociie ueKiiodeHns GYHKIUNA Tpu
CTaTHCTUYECKH HE3HAYMMBIX IEPEMEHHBIX MIPUHSIIIA BUJI:

Y, =35,220+5,810.X, +8,080X; +13,580.X;. (3)

21.]'[51 OIMMCaHUA 3aBUCUMOCTH YCKOPCHHA IITOKA TUAPOUTUIIMHAPA B MOMECHT
Havajaa ero JBMKEHHs Y, OT KOMOMHAaUMM HCCIenyeMbix (pakTopos (X, X,, X))
MOJTyYeHa MOJICTb:

Y, =1,440+0,086 X, +0,029.X, —1,190.X, +0,047 X, X, —
-0,066X, X, —0,020.X,X, +0,057X; —0,131.X; +0,564 X7 4)

Kosdduiment nerepmunaimu Moaenu (4) R>= 0,98, 4To CBHICTEIBCTBYET O €€
JOCTaTOYHOM MPEIUKTUBHON CIIOCOOHOCTH. F-KpUTepuil MO 3HaYUM IIPH yPOBHE
a=0,05 (F,. = 1353 (upu F,, = 2,56), p < 107"%). CraTuCTUYECKH 3HAYNMBIMH OKa-
3aJIMCh JIMHEHHBIN 9 (EKT MTENBHOCTH X0 WITOKA X3, KBaApaTHIHbIH addekt X7,
nuHelHbIA 9ddekT paGodero xasnenns X, u KBaaparuuelii sddexr X;. Moznens (4)
NoCJIe UCKITFOUCHUS (PYHKIUH P CTaTHCTHYECKN HE3HAYMMBIX TIEPEMEHHBIX MPUHSIIA
CIEAYIOUIUI BUI:

Y, =1,440+0,086.X, —1,190.X, —0,131.X7 +0,564 X?. (5)

Perpeccnonnsie mogenu (1), (3), (5) o0mamaroT 1OCTaTOYHON CTEICHBIO TOYHO-
CTH ¥ PETIPEe3eHTaTHBHOCTH IPH COXPAaHEHUH HHTEPIPETHPYEMOCTH KO PHUIIEHTOB
YPaBHEHHS B pacCMaTPUBAEMbIX I'PAHUYHBIX YCIOBUSX. JJaHHBIC MOZIEIN TIO3BOJIAIOT
HPOBOJHTH AQyTMEHTALUIO YKCIIEPUMEHTAIBHBIX AaHHBIX VIS MPEABAPUTEIBHOTO 00-
y4eHus nporaoctuueckoi mogenu MHC.

OBCYXJEHUE

[onyuennsie perpeccuonnbie mosenu (1), (3), (5) naemoncTpupyrot auddhepeHnnupo-
BaHHYIO 9YBCTBUTCIBLHOCTb JUATHOCTUYCCKUX ITaAPaMETPOB K BAPLUPYCEMBIM @aKTOpaM.
Bricokast TpeqMKTHBHAS CIIOCOOHOCTh MOJICIICH, (hOPMaIM3YIOLIas CBS3b HCCIICAYEMbIX
(dakTopoB Ha Temmeparypy macia (R? = 0,99) u yckopenue mroka (R* = 0,98), nox-
TBEpIKIaeT aIeKBaTHOCTh BHIOPAHHOTO (paKTOPHOTO MPOCTPAHCTBA U KOPPEKTHOCTH
KHOCPHETHYECCKON MOJIEIH HCCIIeIOBaHus. TeMIepaTypHBIH PeKUM THIPOCUCTEMBI
OTIpe/ieNIsieTCsl COBMECTHBIM BIMSHHEM Pab0dyero U Harpy309HOTO JIABJICHHUS, YTO TIOA-
TBEPXKJAeT KPUTUIECKYIO 3HAYMMOCTh THIPOMEXaHHUYECKUX T0Teph. [IpoBeneHHbIMU
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SKCIIEPUMEHTaMU MOATBEPKICHA 3aBUCUMOCTh YCKOPEHUS IITOKA OT AJIUTEIbHOCTU
[MKJIA HATPYXKCHUS, YTO OOBSICHICTCS BIUSHUEM CUJI TPEHUS U UWHEPIIUOHHOCTHIO
TUAPOIMINH/IPA B MEPEXOIHBIX pekuMax. bojee HU3Kas TOYHOCTH MOJETH MaCHUS
nasienus (R? = 0,68) CBHAETENBCTBYET O HAIMYHUH JTOTIOJHUTEIHPHBIX HEYUYTCHHBIX
(dakTopoB (BSI3KOCTh Macjia, CTCIICHb €0 3arpsi3HEeHUs ), BIUSHUE KOTOPHIX TpeOyeT
OTAECIBLHOIO UCCIIEOBAHM.

IlonydeHHBIE pEe3yIbTATHI COTIACYIOTCS C BBIBOJAMH, MOATBEPKIAIOIIUMHA
3HAYUMOCTH KOMIUICKCHOW OICHKH IapaMeTPOB THAPOCUCTEMBI TIPH THATHOCTHKE
€€ TEeXHUYeCKoro coctosiHus [8; 22; 25]. B otnuuune oT METOJ0B UMUTAIIMOHHOTO
MOJIETTUPOBAHUS U ITUPPOBBIX JBONHUKOB, MTPEATIOKEHHBIN SKCIIEPUMEHTATBbHO-CTa-
TUCTUYECKHI TTOJIXO0]T YYUTHIBAET peallbHbIe YCIOBUA dKCIuTyaTanuu. [lo cpaBHeHUIO
C CUCTEMaMHU MOACPKKYU NPUHATHS pelIeHui obOmero HazHauenus [20; 22], npen-
JaraeMbIi OX0J] 00ecreunBaeT KIaCCU(UKAIIUI0O KOHKPETHBIX PEKUMOB pabOThI
TUAPOLUIUHAPA, YTO CO3/1a€T OCHOBY JJIS IPUHSATHUS OTIEPATUBHBIX dHEprocoOepera-
fomux pemeHuid. K auciy orpanndeHuit cieyeT OTHECTH MPOBEACHUE IKCIIEPUMEH-
TOB Ha OJTHOM THIIOpa3Mepe runaporunuaapa (RSM 161) u ¢ ogHo#t Mapkoi macia
(ISO VG 32). [Ipu 5ToM B KaueCTBE MPEUMYIIECTBA BHIACIISAETCS MUCIIOIH30BAHIE
METOJIOB TUTAHUPOBAHUS IKCIIEPUMEHTA, 00CCIICUNBAIOIINX PEIPE3CHTATUBHOCTh
1 MUHAMH3ANHAI0 00beMa UCTIBITaHuH. DU3ndecKasi HHTEPIPETHPYEMOCTD MOJIyIeH-
HBIX MOJEJICH 00JIeTUyacT UX HHTETPAINIO B HEHPOCETEBEIE alTOPUTMEI B KA4eCTBE
JIOTHYECKOTO SIApA.

3AKJIIOYEHHUE

B pe3ynbrare npoBeeHHBIX SKCIEPUMEHTAIBHBIX UCCIE0OBaHUH yCTaHOBJIEHBI CTa-
TUCTUYECKHU 3HAYMMBbIE 3aBUCMOCTH TPEX JUArHOCTUYECKUX MapaMeTPoB (TeMIeparypa
Maca, aJeHue JaBJICHHUs U YCKOPEHHE ITOKa) OT BAPbUPYEMBIX IKCILTyaTallOHHBIX
(bakxTopoB: paboyero 1 Harpy304HOTO AABJICHHUS, [UIUTEILHOCTH Xo/a mToKa. [lomy-
YEHHBIE PErPECCHOHHBIC MOJICIHM BTOPOTO MOPsi/IKa o0ecrneunBaroT auddepeHunaniio
HOPMaJBLHOTO, TIEPEXOIHOTO U MEePErpy>KEeHHOTO PEXUMOB pabOThl THAPOLMINHAPA
KaTKH 3epHOyOOpodHOTO KOMOaitna RSM 161.

BriepBsie mpemiioykeH KOMITIEKC HHTEPIIPETHPYEMBIX PErPECCHOHHBIX MOieNne, (hop-
MUPYIOIUX HHPOPMATHBHOE IPOCTPAHCTBO MTPU3HAKOB IS KIIACCH(PHUKAIINT PEKUMOB
THIIPOTIPUBO/IA O€3 UCTIONB30BAHUS TPYITHON3MEPUMBIX THArHOCTHUECKUX TTOKa3aTeNei.

Pa3paboranHbie MOMIENN MOTYT OBITH HCITOIB30BAHBI JIJIS CO3/IAaHHSI CHHTETHUECKUX
AKCIIEPUMEHTAIIBHBIX JaHHBIX MPHU MPEI00yICHUH HEHPOCETEBhIX aJrOPUTMOB, UTO
MOXET COKpPaTUTh MOTPEOHOCTH B TOPOTOCTOSIIIUX HATYPHBIX HUCHBITaHUAX. LHTET-
panust Mozielel B CUCTEMY MOJAEPKKH MPUHATHS PEIICHUI TTO3BOJIUT CBOEBPEMEHHO
MHPOPMHUPOBATh MEXaHU3aToOpa O MPUOIIKEHHN MEPETPYKEHHOTO PEKUMa, CHHUXKAS
pUCK OTKa3a TMAPOLMIIMHAPA U TOIUIMBHBIE 3aTparhl. [lepcriekTuBoN AanbHEHIINX
WCCIIEZIOBAaHUII ABJISIETCS pacINpEeHHEe HOMEHKIATYPBI UCITBITYEMbIX THAPOLMINHIPOB
¥ MapoK Macell, pa3padoTka Gu3nuecKu-000CHOBAHHOW HEHPOCETEBON apXUTEKTYPhI
C HCITOJIb30BaHUEM TOIYYEHHBIX YPAaBHEHUH B Ka4eCTBE JIOTHYECKOTO S7pa, a TaKxKe
BaJIMIAINS pa3pabOTaHHOW CICTEMBI B peabHBIX YCIOBHX IKCIUTyaTallny 3epHOY00-
pOYHOTO KOMOaifHAa.
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Abstract

Introduction. Subsoilers operating in rocky soils are subjected to high dynamic and shock
loads, leading to damage to working bodies, reduced reliability, and decreased produc-
tivity. Traditional mechanical protection systems fail to provide an adaptive response to
overloads.

Aim of the Study. The article is aimed at designing and evaluating experimentally the
effectiveness of an intelligent closed-loop hydraulic system for automatic protection of
a subsoiler against shock loads in rocky soils.

Materials and Methods. The article presents a hydraulic schematic and a physical model
of the implement. The system comprises a pump, a pilot-operated check valve, a four-way
electro-hydraulic directional valve, a pressure sensor, a double-acting cylinder, and a relief
valve. Control is implemented via a closed loop with a draft force threshold of 28 kN.
Performance was evaluated using C++ simulation, field trials with MATLAB data acquisi-
tion, and comparative analysis with a spring safety system.

Results. Simulations and field trials confirmed the control logic functionality. Compared
to the spring system, the hydraulic system demonstrated a 10 % weight reduction,
a 11 % higher field performance, a 14 % lower hourly fuel consumption, and a 40 % faster
response time (from 3.0 to 1.8 s). There was determined a linear correlation between
system pressure and draft force validating the component selection. The automatic
response reduces mechanical loads on the frame and working body, while smooth valve
control minimizes harmful transients.

Conclusion. The developed hydraulic protection system is effective and technically feasible.
It provides automatic protection of the subsoiler under overload conditions, reducing
mechanical stresses. The mathematical analysis has confirmed the component selection
correctness, and closed-loop control enhances reliability. The system has potential for further
development with the use of advanced electronic control systems and digital sensors.

Keywords: hydraulic circuit, rocky soil, plow, valve, tillage, reliability (safety), computer
simulation
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Annomayus

Bgenenne. IiyGokopsIxiuTeny, paboTaloMmUe HA KAMEHUCTHIX MOYBAX, MOIBEPTarOTCs
BBICOKUM JUHAMHUYECKHUM U YAAPHBIM HArpys3kam, 4TO IIPUBOJAUT K ITOBPEKACHUIO pa60—
YHX OPraHOB, CHIDKEHUIO HAIe)KHOCTH U IPON3BOAUTENHEHOCTH. TpaIuIMOHHbEIE MEXaHH-
YeCKHE CHCTEMBI 3aIIUTHI He 00€CIEeUNBAIOT AIATHBHON PEaKIX Ha IEPETPy3KH.
Heas ucciaenoBanms. Pazpaborka n SKcriepiMeHTaIbHAS OLIeHKa d((OEKTHBHOCTH HH-
TEIUIEKTYabHOM THAPABINIECKOW CHCTEMBI 3aMKHYTOTO YIPABICHUS [UISI aBTOMAaTHIe-
CKOM 3alUTHI ITyOOKOPBIXIIUTEISI OT YAAPHBIX HATPy30K HA KAMEHHCTBHIX ITOYBAX.
Marepuansl u MeToabl. B paboTe mpeacTaBieHa NpUHUMIHMANBHAS THAPABIMYECKast
cxeMa ¥ (u3ndeckas Mozaens opyans. CucreMa BKIIIOYAaeT HACOC, IIAIOTHEBIA 00OpaTHBII
KJIaIlaH, YeTHIPEXX0I0BOH MEKTPOTUAPABINIECKHUI paCIpeeIUTeNb, JaTIUK JaBICHHS,
JIBYCTOPOHHHH T'MIPOLIIMHID U NPEeOXPaHUTEIbHbIN KianaH. YIIpaBiIeHue peaan3oBa-
HO TI0 3aMKHYTOMY KOHTYpY C HOPOTOBBIM 3HadeHHeM TsiroBoro ycunus 28 kH. Onenka
3¢ $EeKTUBHOCTH TPOBOAMIACH C HCIONb30BaHUEM C-++-MOIETUpPOBaHUs, MOJEBBIX HC-
IbITaHUH ¢ peructpauueil n1aHHbIX B MATLAB 1 cpaBHUTEIBHOIO aHayu3a ¢ MPYKUH-
HOM CHCTEMOH 3aIlUTHI.

Pe3yabTarhl HcclieoBaHus. MoienupoBaHUe U MOJIEBBIE HCIBITAHHS TTOATBEPAUIH Pa-
60TOCIIOCOOHOCTh JIOTHKM YIpPAaBIeHHs. B cpaBHEHMH ¢ NPYXWHHOW THIpaBIMYecKast
cucTeMa Mokasajla CHrbkeHne Maccsl Ha 10 %, moBbImeHue noieBoi 23(p(heKTUBHOCTH Ha
11 %, cHIDKEHHE 9acOBOTO PacXofa TOoInBa Ha 14 % U cokpalieHne BpeMeHN PeaKknuH
Ha 40 % (c 3,0 o 1,8 c¢). YcraHoBileHa TMHENHAs KOPPEJALS MKy NaBICHUEM B CH-
CTeME M TSATOBBIM YCHJIHMEM, YTO IIOATBEP)KIAET KOPPEKTHOCTH BHIOOpA KOMIIOHEHTOB.
ABTOMaTHYECKUI XapakTep cpabaThIBAHUSI CHCTEMBI CHIDKAET MEXaHHIECKHE Harpy3Ku
Ha paMy ¥ pabouuii opraH, a IIaBHOE yIpaBieHHEe KJIamaHOM MHHHMHU3HPYET ONacHbIE
TIEPEXOIHBIE TTPOLIECCEHL.

3akmrouenne. PaspaboTranHas ruapaBIuuecKasl CUCTEMA 3alIUTHI ABISETCS dPPEKTUB-
HOU M TeXHHUYECKH 000CHOBaHHOW. OHa 00eCcneYnBacT aBTOMAaTHICCKYIO 3alUTy [Ty00-
KOPBIXJIUTEIIS IIPH MIeperpy3kax, CHIDKasi MEXaHHIeCKUe HalpspKeHus. Maremarndeckuit
aHaNIM3 MOATBEPAMI MPABHIBHOCTH BHIOOpAa KOMIIOHEHTOB, a 3aMKHYTOE YIIPaBICHHUE
MOBBICHJIO HaJeXHOCTh. CHCTeMa MMeeT MOTEeHIMAI JUIsl JajbHEeHIIero pa3BUTHs C HC-
TIOJTE30BaHNEM 0o0Jiee COBEpIICHHBIX AJIEKTPOHHBIX CHCTEM YIPaBIEHHS M IH(PPOBBIX
JaTINKOB.

Kniouesvle cnosa: TruAapaBINYEeCKasa CXeMa, KaMEHHCTAas 1o4Ba, IUTYT, KjlallaH, H0q13006pa-
60TKa, HaZACKHOCTH, KOMIIBIOTEPHOE MOACIUPOBAHNE

Kongnuxm unmepecog: aBTop 3asBisieT 06 OTCyTCTBUH KOH(INKTAa HHTEPECOB.
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Jlna yumuposanus: Autubac W.P. TIpoekTupoBaHHE U OIICHKA WHTEJUICKTYadbHOW TH-
JIPABIMYECKON CUCTEMBI 3aIUTHI ISl [TyOOKOPBIXIUTENel Ha KAMEHUCTBIX MoYBax. HMH-
orcenepuvle mexuonozuu u cucmemsl. 2026;36(3):644—661. https://doi.org/10.15507/2658-
4123.26363.644-661

INTRODUCTION

The design and implementation of intelligent protection systems is a key area
of development for modern agricultural and earth-moving machinery, especially for
equipment operating in extreme conditions. A subsoiler plow, which is tasked with
breaking up compacted soil layers, encounters high dynamic and shock loads when
operating in rocky soils. This leads to the risk of damage to the working tool and frame
components, increased wear, frequent maintenance stops, and, consequently, a significant
reduction in productivity and an increase in operational costs.

Despite extensive research on hydraulic systems for agricultural machinery, the
behavior of subsoiler plows under extreme shock loads in rocky soils remains insufficiently
understood. In particular, there is a lack of quantitative data on the dynamic response of
working tools during collisions with solid obstacles, as well as on the transient processes
that occur in hydraulic circuits under such conditions. Existing studies have primarily
focused on steady-state performance, energy efficiency, and component reliability, while
the transient dynamics of electro-hydraulic protection systems during impact events
have received limited attention.

Furthermore, the interaction between hydraulic parameters (pressure, flow rate)
and the mechanical response of the plow (lifting speed, depth recovery) under varying
soil conditions has not been systematically investigated. This gap prevents the optimal
calibration of protection thresholds and limits the development of truly adaptive systems.
Without a clear understanding of these dynamic relationships, it is difficult to design
a protection system that balances rapid response with smooth actuation, thereby avoiding
both structural damage and unnecessary interruptions.

Traditional protection systems, based on mechanical shear elements or hydraulic
circuits with a fixed pressure threshold, have significant drawbacks. They provide only
a single-use, passive response, requiring subsequent operator intervention to resume
work, or they inefficiently dissipate energy when damping an impact. However, the
fundamental limitation of these approaches is their inability to adapt to varying soil
conditions and impact intensities, as they rely on predetermined thresholds that do
not account for the real-time dynamics of the obstacle encounter.

To address these gaps, the present study focuses on developing an intelligent hydraulic
protection system that incorporates real-time feedback control. The key novelty lies
in the integration of a closed-loop control strategy that continuously monitors draft
force and adjusts the plow position instantaneously, enabling both rapid protection and
automatic recovery. This approach is expected to provide a more comprehensive solution
than existing systems by combining fast response, smooth actuation, and operational
autonomy.

Thus, the objective of this work is to design, model, and experimentally evaluate
the effectiveness of an intelligent hydraulic protection system for a subsoiler plow
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intended for operation in rocky soils. To achieve this objective, the following tasks
were accomplished: development of a schematic diagram and design of the hydraulic
protection system; development of a mathematical model and computer simulation
of the system dynamics; experimental validation of the system performance through
field trials.

The expected scientific and practical result of the work is a well-founded system
design and operating algorithm that will increase the reliability and service life of the
subsoiling unit, reduce downtime, and enhance labor productivity when cultivating
complex rocky soils.

LITERATURE REVIEW

Previous research on hydraulic systems for agricultural machinery has established
a solid foundation for understanding component behavior and overall system
performance. Researchers from the USA demonstrated the importance of collecting
operational data from tractor hydraulic systems for analyzing machine performance and
improving energy efficiency [1]. Their work showed that precise measurement and
control are essential for optimizing hydraulic power delivery. However, their study
focused primarily on steady-state operation, leaving the transient response during
shock loads unexplored.

In the area of hydraulic circuit modeling, there were applied lumped parameter
methods to evaluate the impact of flow and pressure changes on the efficiency of
agricultural equipment [2]. While their approach provided valuable insights into
system design and performance, it did not address the dynamic behavior under impact
conditions. Similarly, scientists from China developed pressure control methods for
electro-hydraulic hitch systems in electric tractors, demonstrating improvements in
traction efficiency [3]. Nevertheless, their work did not consider the protection of
working tools against sudden overloads, which is a critical requirement for implements
operating in rocky soils.

The need for diagnostic tools has been addressed by A. P. Miller and K. G. Pugin, who
showed that monitoring hydraulic cylinders can reveal internal leaks and faults before
they occur [4; 5]. While their research enhanced operational reliability, it focused on
preventive maintenance rather than real-time protective response. Additional contributions
have been made to the study of the reliability of hydraulic systems reliability, yet
their studies did not explore adaptive control strategies for overload protection [6; 7].
D. V. Sychev, N. N. Trushin and S. N. Rednikov examined the evolution of hydraulic
drives, highlighting the trend toward improved reliability, but they did not specifically
address the challenge of shock load mitigation in tillage implements [8].

Regarding modeling and simulation, A. Y. Popov developed simulation models
for positive displacement pumps and hydraulic drives to study system response and
improve energy efficiency [9]. While this work demonstrated the power of simulation
as a design tool, it did not incorporate the dynamic interaction between the hydraulic
circuit and the mechanical structure of the implement. Chinese researchers explored
electro-hydraulic control of hitch systems, focusing on optimizing tillage depth and
traction speed for overall efficiency [10; 11]. These studies, however, assumed relatively
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uniform soil conditions and did not account for the sudden resistance changes caused
by rocks or other obstacles.

More recent work on intelligent agricultural systems has introduced advanced control
techniques. A. Navone, M. Martini and M. Chiaberge reviewed autonomous robotic
pruning, demonstrating the potential of intelligent control for precision agriculture [12].
A team of scientists from Switzerland developed calibrated dynamic models for force
estimation in hydraulic machinery, showing the feasibility of integrating control systems
with real-time feedback [13]. However, their applications were limited to relatively
low-speed, predictable operations, unlike the high-impact conditions encountered in
deep tillage.

Despite these advances, a critical gap remains: no existing system integrates closed-
loop pressure feedback with fast-acting electro-hydraulic valves to provide simultaneous
overload protection and automatic depth recovery. Research has focused on energy
efficiency and leakage compensation [14; 15], as well as high-pressure systems for
stationary applications [16; 17]. Although overall efficiency and dynamic modeling
have been analyzed [18; 19], the specific issue of protecting tillage implements from
impact loads on rocky soils has not been addressed.

In summary, while the literature provides a comprehensive understanding of hydraulic
system design, modeling, and control, it does not sufficiently address the dynamic
protection requirements for subsoilers operating in rocky soils. The transient behavior
during obstacle impacts, the interaction between hydraulic and mechanical responses,
and the integration of closed-loop adaptive control remain underexplored.

MATERIALS AND METHODS

Objects of Study

The objects of this study are: the subsoiler plow (chisel plow) operating on rocky
soils, which serves as the mechanical implement requiring protection from shock loads;
the hydraulic protection system designed to automatically lift the plow upon detection
of overload conditions; and the dynamic interaction between the hydraulic circuit pa-
rameters (pressure, flow rate) and the mechanical response of the plow (lifting speed,
depth recovery) under variable soil conditions. The study focuses on the transient
behavior of the system during impact events, specifically when the draft force exceeds
the critical threshold of 28 kN.

Equipment

The following materials and components were used in the development of the
hydraulic protection system. A hydrostatic positive displacement pump (gear type)
with a displacement of 16 cm’/rev, capable of delivering a constant flow rate of
45.42 L/min at a nominal speed of 2,800 min™' and a maximum operating pressure of
21 MPa, was employed as the hydraulic pump 3 (Fig. 1). The directional control valve
system comprised two main components: a pilot-operated check valve 4 (Fig. 1) with
a cracking pressure of 0.35 MPa, which allows fluid flow in one direction and prevents
reverse flow unless a pilot pressure signal is applied; and a four-way electro-hydraulic
directional control valve 5 (Fig. 1) with a flow capacity of 45.42 L/min and a maximum
operating pressure of 21 MPa.
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Fig. 1. Hydraulic circuit of the designed protection system:
1 — an additional protection element in the form of a pressure relief valve;
2 — sensitive electrical pressure switch; 3 — the plow; 4 — double-acting hydraulic cylinder;
5 — pilot-operated check valve; 6 — four-way directional control valve with electromagnetic actuation;
7 — positive displacement hydraulic pump; 8- oil filter; 9 hydraulic fluid reservoir

Note: P — pressure line (supply from pump); 7' — tank line (return to reservoir); 4 and B — working
ports connected to the cylinder (4 — rod end, B — cap end).
Source: The figures 1, 2, 6, 7 are compiled by the authors using Compass program.

This valve is solenoid-actuated and spring-centered, featuring a “wet armature”
coil design for improved cooling and performance stability. The internal anatomy of
the valve and spool position are shown in Figure 2, the operating principle of the elec-
tromagnetic actuation mechanism is illustrated in Figure 3, and the valve used in the
circuit is displayed in Figure 4.

XL
A XAl

Fig. 2. Internal anatomy of the valve and spool position
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Fig. 3. Operating principle of the electromagnetic actuation mechanism

Source: Figures 3, 4 are prepared by the author based on hydraulic engineering references!.
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Fig. 4. Valve used in the hydraulic circuit

A sensitive electrical pressure switch 6 with an adjustable setpoint range of 5-30 MPa,
accuracy of £0.5%, and a response time of less than 20 ms was used as the pressure
sensor. The hydraulic actuator was a double-acting cylinder 7 with a piston diameter
of 50 mm, a rod diameter of 28 mm, a stroke length of 200 mm, and a maximum op-
erating pressure of 21 MPa, designed to generate an extension force of approximately
41 kN and a retraction force of approximately 28 kN at nominal pressure; the cylinder
is shown in Figure 5.

! Parr A. Hydraulics and Pneumatics: A Technician’s and Engineer’s Guide. Oxford: Butterworth
Heinemann; 2011. 238 p.; Esposito A. Fluid Power with Applications. Upper Saddle River: Pearson
Education. 2014. 248 p.
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Fig. 5. Double-acting hydraulic cylinder: Piston diameter 50 mm, rod diameter 28 mm,
stroke length 200 mm?
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A direct-acting pressure relief valve 9 calibrated to 23 MPa served as the primary
safety element. ISO VG 46 mineral oil with a viscosity index of 95 was used as the
hydraulic fluid. For measurement and data acquisition, the following equipment was
employed: a strain gauge load cell with a range of 0—50 kN for draft force measurement;
a pressure transducer with a range of 0—35 MPa for hydraulic pressure monitoring; an
NI cDAQ-9189 data acquisition system with a sampling rate of 1,000 Hz; and a laptop
with MATLAB R2022a for data logging and analysis. The test tractor was an MTZ-1221
(Belarus) with a rated power of 130 hp and a standard hydraulic system with a flow
rate of 60 L/min at 18 MPa.

Methods

The following methodology was employed to design, simulate, and evaluate the
proposed hydraulic protection system. The hydraulic circuit schematic (Fig. 1) was
developed using AutoCAD Electrical, and component selection was based on force
calculations derived from preliminary field measurements of draft forces under rocky soil
conditions. A threshold value of 28 kN was established according to the structural strength
limits of the subsoiler frame and working tool. Hydraulic and electronic components
were selected to ensure rapid response, precise control, and reliable operation under
harsh field conditions. Figure 1 illustrates the complete hydraulic circuit. A simplified
mathematical model was formulated to describe the relationship between draft force F,
hydraulic pressure P, and valve state.

The control logic of the hydraulic circuit was first verified through computational
simulation using a custom program developed in C++. The program implemented
the mathematical model to evaluate the relationship between draft force, hydraulic
pressure, and valve operation. For draft forces below 28 kN, the calculated hydraulic

2 Sea HydroSystems. How Does a Double-Acting Hydraulic Cylinder Work? 2024. Available at:
https://seahydrosys.com/double-acting-hydraulic-cylinder-work (accessed 03.03.2025).
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pressure remained within the normal operating range. When the applied draft force
reached or exceeded the threshold, the program generated an activation signal for the
protection system, confirming the correctness of the control logic before experimental
implementation.

The dynamic performance of the system was subsequently evaluated through
field experiments conducted on a test plot with rocky soil containing approximately
15-20% rocks by volume, with particle sizes ranging from 50 to 200 mm. The sub-
soiler operated at depths of 3—6 (baseline), 20 and 40 cm, while maintaining a constant
forward speed of 3.8 km/h. Each operating depth was tested for at least 30 min, with
three replications.

Draft force and hydraulic pressure were continuously recorded at a sampling
frequency of 1,000 Hz using a strain-gauge load cell (0-50 kN), a pressure
transducer (0—35 MPa), and an NI cDAQ-9189 data acquisition system. All
overload events (draft force > 28 kN) were recorded, including system activation
time, hydraulic cylinder response time, and recovery time. The acquired signals
were filtered using a low-pass Butterworth filter with a 20 Hz cutoff frequency
to eliminate high-frequency noise and were subsequently analyzed and visualized
in MATLAB R2022a.

Finally, the performance of the proposed hydraulic protection system was compared
with that of a conventional spring-based mechanical protection system under identical
field conditions. The evaluated performance indicators included system weight, response
time, field efficiency, and fuel consumption. Response time was defined as the interval
between the draft force exceeding 28 kN and the initiation of hydraulic cylinder retrac-
tion. Field efficiency was calculated as the ratio of effective working time to the total
operating time, whereas fuel consumption was measured using the tractor’s onboard
fuel flow meter. There was conducted the statistical analysis, including calculation of
the mean, standard deviation, and paired #-test (p < 0.05), to compare the two protection
systems. In addition, regression analysis was conducted to quantify the linear relation-
ship between hydraulic pressure and draft force.

Research Procedure

The study was conducted in seven sequential stages. Stage 1 involved prelimi-
nary field measurements, during which the subsoiler was operated on the test plot at
depths of 20 and 40 cm without a protection system. Draft force was recorded at
1,000 Hz over a total operating time of 3 h. The collected data were analyzed to
determine the typical draft force range and peak loads during obstacle encounters,
and a threshold value of 28 kN was established as the activation limit for the pro-
tection system.

In the second stage focused on hydraulic circuit design and component selection.
Based on the measured draft forces, the hydraulic circuit (Fig. 1) was designed, hy-
draulic and electronic components were selected and sized according to the required
performance specifications, and the circuit was simulated using the developed C++
model to verify control logic and component compatibility. Valve timing and pressure
settings were subsequently optimized based on the simulation results.
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Stage three, the hydraulic system was fabricated and assembled. All components
were installed on the test frame, the double-acting hydraulic cylinder 7 was connected
to the plow lifting mechanism, and the pressure switch 6 was calibrated to activate at
28 kN (approximately 14.3 MPa, based on the effective cylinder area). The electrical
control circuit was then wired, tested, and validated through preliminary bench experi-
ments to ensure correct valve switching and cylinder operation.

At the fourth stage consisted of field testing of the hydraulic protection system.
The assembled system was installed on an MTZ-1221 tractor, and the subsoiler was oper-
ated at depths of 3—6 (baseline), 20 and 40 cm at a constant forward speed of 3.8 km/h.
Each operating depth was evaluated for at least 30 min with three replications. Draft
force and hydraulic pressure were continuously recorded at 1,000 Hz, while all overload
events (draft force > 28 kN) were logged together with system activation time, cylinder
response time, and recovery time.

At the fifth stage, comparative experiments were carried out using a conventional
spring-based mechanical protection system. After replacing the hydraulic system with
the mechanical system, the same experimental procedure was repeated under identical
soil and weather conditions. Performance indicators, including system weight, response
time, field efficiency, and fuel consumption, were recorded for comparison.

Stage six involved data processing and statistical analysis. The recorded signals
were imported into MATLAB R2022a, filtered using a low-pass Butterworth filter
with a 20 Hz cutoff frequency, and analyzed to determine response time, field ef-
ficiency, and fuel consumption. Response time was defined as the interval between
the draft force exceeding 28 kN and the initiation of hydraulic cylinder retraction.
Statistical analysis, including the calculation of the mean, standard deviation, and
t-test (p < 0.05), was performed to compare the hydraulic and mechanical protec-
tion systems.

Finally, stage seven focused on validation of the proposed system. Regression analysis
was used to evaluate the relationship between hydraulic pressure and draft force, while
the experimental results were used to verify the hypothesis that the proposed electro-
hydraulic closed-loop system provides faster and more reliable overload protection than
the conventional mechanical system. The overall system performance, limitations, and
recommendations for future development were then established.

Circuit Operation Mechanism. Normal operation mode (F < 28 kN)

During normal operation, when the measured draft force remains below the threshold
value of 28 kN, the solenoid coil of the four-way directional control valve 5 (Fig. 1)
remains energized. Pressurized oil supplied by the hydraulic pump 3 (Fig. 1) flows from
port P to port B of the valve and then enters the cap end of the hydraulic cylinder 7,
causing the cylinder to extend and maintain the subsoiler § in its working position. Si-
multaneously, oil from the rod end of the cylinder returns through port 4 to port 7 and
is discharged into the reservoir / (Fig. 1). Figure 6 illustrates the hydraulic flow paths
and energy transfer during this operating condition.
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F <28 KN F<28KN
= =5
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Fig. 6. Operation of the protection circuit in the normal state (No Overload):
1) — hydraulic pump, which supplies pressurized oil to the system;
2) — four-way directional control valve, which, in its energized state, directs the oil flow to the cap end
of the hydraulic cylinder.

Note: T — low pressure; P — high pressure; (1) — hydraulic pump, which supplies pressurized oil to
the system; (2) — four-way directional control valve, which, in its energized state, directs the oil flow to
the cap end of the hydraulic cylinder.

Protection mode during overload (F = 28 kN)

When the sensor 6 (item) detects that the draft force reaches or exceeds the
threshold value of 28 kN — due to the plow hitting a solid obstacle — the control
unit immediately cuts off the electrical current to the four-way valve’s solenoid
coil 5 (Fig. 1). The loss of magnetic force causes the internal return spring to
move the spool back to its default (center) position. This shift changes the path
of the pressurized oil; it now flows from port P to port 4, entering the upper end
(rod end) of the cylinder. Consequently, the cylinder retracts rapidly, pulling the
plow arm upward in a quick lifting motion. This action immediately reduces the
penetration depth, thereby lowering the draft force to a safe level and avoiding
potential damage. During this process, oil is drained from the lower end (cap end)
of the cylinder via port B to port 7. Figure 7 shows the detailed schematic of fluid
flow and component movement in this protection state. The circuit automatically
returns to normal operation mode (Fig. 6) once the measured draft force falls back
below the critical threshold.

This sequence corresponds to positions (1), (2), and (3) in the diagram: At posi-
tion (3), the draft force reaches the limit of /> 28 kN. The plow experiences excessive
soil resistance, and hydraulic pressure rises to the threshold value. The pressure switch 6
detects this increase and is triggered. No mechanical movement occurs yet — this is
the sensing stage, shown on the diagram as the point where the force arrow indicates
F > 28 kN, typically marked in red as a warning zone.
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Fig. 7. Operation of the protection circuit during increased force (Overload)

At position (2), the pressure switch generates an electrical control signal and sends
it to the solenoid coil of valve 5 (Fig. 1). This signal de-energizes (turns off) the sole-
noid, which stops holding the valve spool in its shifted position. On the diagram, this is
represented by a dashed or dotted line (electrical connection) going from the pressure
switch to the solenoid of the valve. This is the control stage.

At position (3), after the solenoid is de-energized, the spring mechanism inside
valve 5 (Fig. 1) pushes the spool back to its central (neutral) spring-centered position.
Now the hydraulic flow changes direction: high-pressure oil flows from the pump
(port P) to port A4, entering the rod end of the cylinder. The piston rod retracts (pulls in),
which lifts the plow upward. Oil from the cap end of the cylinder is pushed out through
port B and returns to the reservoir via port 7. This is the actuation stage — the plow is
automatically raised to prevent damage from overload.

In terms of hydraulic line colors: at position (1), the entire system is under pressure
with no return flow yet. At position (3), the pressure line (red) goes from P to 4 to
retract the cylinder, while the return line (blue) goes from B to T to drain oil back to the
reservoir. The dashed signal line at position (2) represents the electrical control path.

To summarize the entire sequence: the plow works normally with force below
28 kN, the valve is energized, the cylinder extends, and the plow is lowered. When soil
resistance increases and force reaches 28 kN at position (1), the pressure switch sends
a signal at position (2), the solenoid is de-energized, the valve spring returns the spool
to center at position (3), oil flows from P to A4, the cylinder retracts, the plow lifts, and
oil returns from B to T to the reservoir. This protects the plow from overload damage.

When draft force reaches 28 kN, the pressure switch 2 sends a signal to de-energize
the solenoid of valve 5 (Fig. 1). The valve spool returns to its center (spring-centered)
position, redirecting flow from port P to port 4, retracting the cylinder and lifting the
plow. Oil from the cap end returns to the reservoir via port B to port 7 (Fig. 6).

n
9]
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RESULTS
Figure 8 shows the time-series data of draft force recorded during field trials at
different plowing depths.
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Fig. 8. Relationship between force and time at different plowing depths

Source: The figure 8 is compiled by the authors using software Microsoft Excel.

At a shallow depth (3—6 cm), the draft force recorded a stable and regular pattern, with
amean value of 12.5 £ 2.1 kN. At a depth of 20 cm, the mean draft force was 22.3 =3.4 kN;
at the 110-second mark, a sharp increase to 31.6 kN was recorded due to the plow
striking a stone. The force exceeded the critical threshold of 28 kN, and the system
responded by lifting the plow within 1.8 seconds. After the obstacle was passed, the
system automatically returned the plow to the working depth. At a depth of 40 cm, the
mean draft force was 34.8 + 4.2 kN; impact with another stone caused the draft force
to rise to 42.3 kN. The system responded within 1.7 seconds, mitigating the shock and
protecting the components. The mean system response time across all overload events
was 1.8 £0.2s.

A quantitative comparison was conducted between the performance of the plow
equipped with the hydraulic protection system and a traditional system relying on
mechanical protection via springs. Table summarizes the comparison results.

The intelligent protection system resulted in a 10% reduction in total weight (from
260 to 235 kg), a 26% increase in operating speed (from 2.8 to 3.8 km/h), and an 11%
increase in field efficiency (from 1.20 to 1.35 ha/h). The mean response time decreased
to 1.8 seconds, compared to 3.0 seconds in the spring-based system, representing
a 40% improvement. The system also led to an 8% reduction in energy consumption
(from 48.2 to 44.2 kWh) and a 14% reduction in specific fuel consumption (from
10.2 to 8.5 kg/ha).

Table
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Comparison between mechanical and hydraulic protection systems

Values of Indicators

Indicators Tractor Mg;};?;irfal Hydraulic System
Weight, kg 3,000 260 235
Working width, m - 0.54 0.54
Operating speed, km/h - 2.8 3.8
Response time, s - 3.0 2.2
Field efficiency, ha/h - 1.20 1.35
Hourly energy consumption, kW/h - 48.2 442
Hourly fuel consumption, kg/ha - 10.2 8.5

Source: The table was compiled by the author of the article.

Correlation analysis revealed a strong positive linear correlation between hydraulic
pressure and draft force, with a coefficient of determination R? = 0.97. Statistical analysis
using a paired t-test showed that all performance improvements were significant at p <0.05.

DISCUSSION

The presented results support the study’s core hypothesis that integrating hydraulic
and automatic control technologies within a closed-loop framework provides an effec-
tive solution for protecting equipment from shock loads under difficult soil conditions.
The system transforms an electrical signal from the pressure sensor into rapid hydraulic
action, while the strong linear correlation between hydraulic pressure and draft force
(R?* = 0.97) confirms the reliability of the design and enables accurate calibration of
the intervention point. The electro-hydraulic directional control valve, combined with
pilot-operated check valves, ensures fast response and smooth energy transfer while
minimizing harmful transient effects.

The obtained results are consistent with previous studies emphasizing accurate
hydraulic control and power management. However, unlike previous studies that
focused on performance and hydraulic circuit analysis [1; 2], the present study addresses
transient overload conditions by integrating real-time hydraulic feedback with the
mechanical response of the subsoiler. Similarly, while demonstrated the advantages
of electro-hydraulic control for traction systems [3], the proposed system specifically
targets overload protection, a challenge not addressed in the previous work. In contrast
to the diagnostic approaches of A. P. Miller and K. G. Pugin [4; 5] and the low-speed
applications reviewed [12; 13], the developed system provides immediate protection
under severe and unpredictable field conditions.

Compared with the conventional spring-based protection system, the developed hy-
draulic system achieved a response time of 1.8 s, representing a 40% improvement over
the mechanical system (3 s). Experimental results confirmed the successful implementa-
tion of the hydraulic circuit, mathematical model, and field validation, with measurable
improvements in response time, field efficiency, and fuel consumption. These findings
demonstrate that the proposed system successfully achieved the study objectives.
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The study combines theoretical modeling, numerical simulation, and field experi-
mentation to comprehensively validate system performance. Its main strengths include
the novel application of closed-loop pressure control for subsoiler protection, quanti-
tative comparison with a conventional protection system, reproducible methodology,
and consistent automatic operation during field trials. Nevertheless, several limitations
should be considered. The experiments were conducted under a single soil condition
using one tractor—implement combination, while the mathematical model neglected
fluid inertia and friction losses. In addition, the overload threshold was specific to the
tested plow, and long-term durability of the hydraulic components was not evaluated.

The proposed system also provides important operational and economic benefits.
Rapid electro-hydraulic response reduces shock loading, metal fatigue, and wear, thereby
extending implement service life. Field efficiency increased by 11%, operating speed by
26%, and fuel consumption decreased by 14%. Furthermore, the reduced system weight and
automatic protection lower repair downtime and operating costs, demonstrating the
practical value of the developed hydraulic protection system for agricultural applications.

CONCLUSION

This study successfully designed, analyzed, and experimentally evaluated an effective
hydraulic protection system for a subsoiler plow operating under varying soil resistance.
The proposed closed-loop electro-hydraulic system automatically responds when the
draft force exceeds the threshold value of 28 kN by lifting the plow and reducing the
working depth, thereby protecting the implement from overload. Mathematical analysis
confirmed the correct selection of the hydraulic cylinder dimensions, operating pressure,
and flow rate, while field experiments verified reliable performance under practical
operating conditions. The use of a pressure switch and an electrically actuated directional
control valve improved system reliability and minimized dependence on manual control.

The principal contribution of this research is the development and experimental
validation of an intelligent hydraulic protection system that integrates real-time pressure
feedback with fast electro-hydraulic valve actuation. Unlike conventional protection
systems, the proposed design provides both automatic overload protection and rapid
depth recovery. Experimental results demonstrated a 40% faster response time, an 11%
increase in field efficiency, and a 14% reduction in fuel consumption, confirming the
effectiveness of the proposed approach.

The developed system offers a practical solution for protecting subsoiler plows while
improving operational safety, reducing operator intervention, and lowering operating
costs. Its compatibility with conventional tractor hydraulic systems facilitates practical
implementation without major modifications. Future studies should investigate long-
term durability, different soil conditions and tillage implements, and the integration of
advanced sensors, predictive control algorithms, and wireless monitoring to further
improve system performance and adaptability.
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Annomayus

Beenenne. ITomimepHble KOMIIO3UTHI, MOAM(DUIMPOBAHHBIE YIIIEPOIHBIMU HAHOTPYOKa-
MH, [TO3BOJISIFOT CO3/1aBaTh MAaTEPHAIIbI C YIYUIICHHBIMH MEXaHHYCCKUMH, DIICKTPHYCCKHU-
MH U TEIUIONPOBOAAIINMH cBoiicTBaMH. OIHAKO NIMPOKOE NPHUMEHEHHE TAKNX MaTepHaioB
OrpaHMYCHO HEPaBHOMEPHOCTHIO PACHPENCICHUs HAHOTPYOOK B MOJMMEPHOH MarpHiie
U UX CKJIOHHOCTBIO K arperanuu. [ pelmeHns: JaHHOH mpoOiIeMbl MOXKET HPHUMEHSTh-
csl XUMHU4ecKas (QyHKIMOHAIM3aUUs YIIEPOIHBIX HAHOTPYOOK, B YACTHOCTH, KUCIIOTHAS
obpaboTka. OeHKa ee BIMSIHUS Ha paclpeseneHne HaHOTPyOOK B MOJMIMMEPHOI MaTpuiie
IIO3BOJIUT IIpU MaCL[ITa6I/IpOBaHl/Il/I TEXHOJIOTUU CHU3UTH 3aTpaThl HA MPOU3BOACTBO Mac-
Tepbaryeil U u3neNnii Ha OCHOBE TOJIMMEPHBIX KOMITO3UIIMOHHBIX MaTepPUaIOB.

Lens nccaenoBanms. PazpaboTka mansmero pexxuma GyHKIMOHAIN3AINN MHOTOCTEH-
HBIX YIVIEPOHBIX HAHOTPYOOK, 00ECIIEYNBAIONIETrO MOMYYESHHE TOTUMEPHBIX KOMIIO3HIIH-
OHHBIX MaTepHajIoOB C pABHOMEPHBIM PaCIpeeIeHHeM HallOIHUTEILS.

Marepuajbl 1 MeTobl. OObEKTOM BBICTYIHIN MHOTOCTEHHBIE YIIIEPOJHbIE HAHOTPYOKH
mapku LUCAN BT 1001M B ucxogaoM 1 00paboTaHHOM (B CMECH a30THOH U CEPHOM KHC-
JIOT) BUE. YIeNbHas IO/ (b TOBEPXHOCTH 00pa3LIOB OINpeeisiiiach aICOPOLIMOHHBIMH
METOJJaMH U aHaJIM3UpoBanack MeTonoM bpyHayspa — OMmera — Tennepa. VcenenoBanue
pacnpeneneHuss UCXOAHBIX U 00pabOTaHHBIX MHOTOCTEHHBIX YIJICPOIHBIX HAHOTPYOOK
OCYIIECTBISIIOCH METOIOM OITHYECKOH MUKPOCKOIIHH.

Pe3yabTaTsl HecieoBaHus. YenbHas IOBEPXHOCTh MHOTOCTEHHBIX YIJIEPOIHBIX HAHO-
TpyOOK yBeM4MBaeTCs Mociie UX GyHKIHoHamu3auu. 1x o6paboTka B maasiimeM pexu-
Me MO03BOJISIET MOJIyYaTh YCTOWYMBBIE BOAHBIC IWUCIIEPCHH W BBOAUTH UX B ITOJMMEpHEIE
Cpelbl, IOCTUTasi PABHOMEPHOT'O PaCIIpe/ie/ICHUs] HAITOTHUTEIS.
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3akiouenune. J[s1 IpaKTHYSCKOTO MPUMEHEHHSI YIIEPOIHBIX HAHOTPYOOK HE0OX0omuma
WX IpenBapuTenbHas 00padoTka i pynkunonanmzanun. [lansmas o6paboTka mokasza-
Ja cBOIO 3()(EKTUBHOCTH MPU BBEJCHUHU U paclpeie’eHUN HAaHOTPYOOK B IMOJUMEPHOM
MAaTpHIIE JUIS TOJTyYSHHsT KOMITO3UIIMOHHBIX MaTepUAIIOB.

Kniouesvle crosa: MHOTOCTEHHBIE yriepoanbie HaHoTpyOku (MYHT), dyHkimonammsa-
1M, TTOJIMMEPBI, KOMITO3UIIMOHHBIE MaTepPHaIIbI, )KHIKO(a3HOE OKHCIEHHE, TONUMEepHast
MaTpHla, MOJUMETHIMETaKpHJIaT

Qunancuposanue: paboTa BBHIMONHEHA 3a CUET rpaHTa AkaneMud Hayk PecrmyOnuku
Tarapcran Ne 88/2024-I1/1, mpenocTaBIeHHOTO MOJIOABIM KaHIUAATaM HayK (IOCTHO-
KTOpaHTaM) C LEJIbIO 3aLUTHI JOKTOPCKOH MHCCEPTAIMH, BBHITOIHEHUS] HAyYHO-HCCIIe-
JIOBaTEIbCKUX Pa0OT, & TAKKE BBIMONHEHUS TPYIOBBIX (PYHKIIMI B HAyYHBIX U 00pa3oBa-
TEeNbHBIX Opranu3anusax Pecryonuku Tatapcran B pamkax [0cynapCTBEHHON IIPOrPaMMbL
Pecnybnuku Tarapcran «HayuHo-TexHOMOrH4eckoe pazButue Pecriyonuku Tatapcrany.

Kongnuxm unmepecog: aBTopsI 3asBISAIOT 00 OTCYTCTBUHM KOH(INKTAa HHTEPECOB.

Jna yumuposanusa: XantumepoB C.M., I'apunos P.P., Emenbsano U.A., Cyneiima-
HOoB H.M. [loBBImIEHNE AWCTIEPTHPYEMOCTH MHOTOCTEHHBIX YIJIEPOAHBIX HAHOTPYOOK
U UX PABHOMEPHOE paclpelieieHne B MOJIMMEPHON MAaTpULe IPU MATKOM KUCIOTHOM
obpaboTke. HHowceneprvle mexnonocuu u cucmemvl. 2026;36(3):662—675. https://doi.
org/10.15507/2658-4123.26363.662-675
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Carbon Nanotubes and Their Uniform Distribution
in the Polymer Matrix Using Soft Acid Treatment
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Abstract

Introduction. Modern polymer composites modified with carbon nanotubes open up
new possibilities for creating materials with improved mechanical, electrical and thermal
conductivity properties. The key problem limiting wide application of these materials is the
uneven distribution of nanotubes in the polymer matrix and their tendency to aggregate.
To solve this problem, there can be used chemical functionalization of carbon nanotubes,
in particular acid treatment. When scaling up the technology, evaluating the effect of this
treatment on the distribution of carbon nanotubes in a polymer matrix will allow reducing the
cost of manufacturing masterbatches and products based on polymer composite materials.

Aim of the Study. The study is aimed at developing a gentle carbon nanotubes func-
tionalization regime that ensures the production of polymer composite materials with
a uniform filler distribution.

Materials and Methods. The object of the study was multi-walled carbon nanotubes
LUCAN BT 1001M in their original and treated (with a mixture of nitric and sulfuric
acids) forms. The specific surface area of the samples was determined by the adsorption
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methods and analyzed with the use of the Brunauer—-Emmett—Teller method. The distribu-
tion of the original and treated multi-walled carbon nanotubes was investigated by the
optical microscopy method.

Results. It has been found that the specific surface area of multi-walled carbon nanotubes
increases after functionalization. It has shown that the treatment of carbon nanotubes in
a gentle mode makes it possible to obtain stable aqueous dispersions and distribute them
uniformly in a polymer matrix.

Conclusion. The results obtained indicate the need for a functionalization procedure of carbon
nanotubes for their practical application and indicate the effectiveness of a gentle nanotube
treatment regime for obtaining composite materials with uniformly distributed filler.

Keywords: carbon nanotubes, functionalization, polymers, composite materials, liquid-
phase oxidation, polymer matrix, polymethylmethacrylate
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BBEJEHUE

Yrneponnabie HaHOTPYOKH (YHT) meMOHCTPHPYIOT MCKITIOUUTENBHBIN TOTECHITHAIT
JUTS CO3ZIaHNSI HOBOTO MTOKOJIEHHSI KOMITO3UTHBIX MaTepUaIOB C YTyYIIEHHBIMHU SKCILTY-
aTalMOHHBIMU XapakTepucTukamu [1; 2]. bnarogapsi cBomM yHHKaIbHBIM CBOMCTBaM
YHT uMeroT mepcreKTHBB TPUMEHEHHS B 00JIaCTH METUITINHEI [3; 4], MaTepHraoBeie-
Hus [5], sHEepreTuky [6], skonoruu [7], MammHO- 1 ipudopoctpoerus [8]. bompmoi
WHTEpEC MPENCTABISET HX MPUMEHEHUE B CTPOUTENBHOM HHAYCTPUH [9], TIe OHU MOTYT
3HAYUTENHHO TOBBICUTH IPOYHOCTD, JOJTOBEYHOCTh B (DYHKIIMOHAIBHBIE CBOWCTBA
CTPOUTENBHBIX MaTepualioB. B momumepusix komno3utax YHT BeicTynmaroT B kaue-
CTBE MHOTO(YHKIIHOHAJILHOTO HAMOJHUTEINS, CIIOCOOHOTO OHOBPEMEHHO YITyUIIaTh
MEXaHUYECKYIO MPOYHOCTh, TEIIONPOBOIHOCTh U 3JIEKTPOIPOBOJHOCTh MarepHaia.
[TonumepHbIe 3EKTPONPOBOASAIINE KOMIIO3UIIMOHHBIE MaTepHajbl B 3aBUCUMOCTH
OT KOHIIEHTPALlMX HaHOTPYOOK B MOJIMMEPHOIN MaTpulle MO3BOJIAIOT CO37aBaTh aH-
THCTAaTUYEKHe, MIPOBOIAIINE U SKPAHUPYIOIINE MOKPBITHS, a TAKKe KOHCTPYKIIHH,
BOCTpeOOBaHHBIE B aBUAITMOHHON M aBTOMOOMIIBHOM MTPOMBIIIIEHHOCTH, XUMHYECKOM
MIPOU3BOJICTBE, MprOopocTpoeHNH 1 Ap. [10—12].

[IpakTryeckoe mpuMeHeHHEe KOMITO3UIIMOHHBIX MaTepHAIIOB HA OCHOBE MTOJIMMEPOB
u YHT 3arpymgasieTcs TeM, 9TO yIIIepOonHbIe HAHOTPYOKH B HCXOJHOM BUJIE TTPEICTABIS-
10T COOOM KPYITHBIE ariioMepaThl B BUE KI'YTOB U KIYOKOB, COCTOSIINX U3 OOJIBIIOTO
YHUCIIa CKPYYEHHBIX HAHOTPYOOK (32 MCKIIFOYEHUEM CIIeIUATbHBIX METOIUK CHHTE3a,
KOTOpBIE TIO3BOJISIOT CHHTE3UPOBATh HHAUBUAYalbHbIE U BIpoBHEHHbIE YHT [13]).
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Pazpymienue Takux araoMepaTroB MOXET OBITh JOCTHTHYTO MYTEM YIbTPa3BYKOBOM
00paboTKH, OHAKO CO BpeMEHEM HaHOTPYOKH MOTYT BHOBB arjiOMepUpoBarh M3-3a
BBICOKOH MOBEPXHOCTHOM HEpruu [ 14]. OqHUM U3 HIUPOKO UCTIOIB3YEMBIX MTOIXO/IOB,
MIPUMEHSIEMBIX JIJIS peleHus npooiieMbl armoMepupoBanus YHT, sBisiercs xumudeckas
MOJM(UKANNS TTOBEPXHOCTH HAHOTPYOOK C UCIIOJNB30BAHMEM KUCIIOT WIIM MIENIOYei
Jutst GOPMHUPOBAHMS KUCIOPOACOAEPKAIIUX (DYHKIIMOHAIBHBIX TPYII HA UX MOBEPX-
HoctH [15-17]. bnaromaps Takoit o6padorke YHT MoryT 6oee paBHOMEPHO pacipe-
JISNATHCS B TIOIMMEPHON MaTpUIle 3a CUET YBEIWYCHHUS SHEPTUU UX B3aUMOICHCTBUS
U CHIbKEHUA 3Hepruu B3anMonericteust YHT npyr ¢ apyrom. Kpome Toro, B HCX0nHOM
BUJIE yIJIEPOIHBIE HAHOTPYOKH CONlep KaT MPUMECH B BUJIE Pa3yIOPSIOYEHHOTO YIIIepoia
Y OCTaTOYHBIX YACTHIl METAIUTMYECKOTO KaTaanu3aropa, KOTOPhIe MOTYT OBITh yAalleHbI
B Mpolecce XMMUYECKoil 00paboTKu. DTa mpoueaypa oObIYHO HpeACTaBIAeT coO0M
JIUTensHBIN nporecc kumsueHus: Y HT B peakimonnoit cmecu [18—19]. Onnako xumu-
Yyeckas 00padOTKa B CUIIBHBIX OKUCIIUTEIIAX B TCUCHHUE JUIUTEIIBHOTO BPEMEHH MOXKET
MIPUBOJUTH K U3MEHEHUIO (YXYAIICHHUIO) JICKTPOPU3MICCKUX U (PU3HKO-MEXaHUIECKIX
CBOWCTB yIIIEPOIHBIX HAHOTPYOOK M3-3a MOSIBIICHUS CTPYKTYPHBIX nedekror [20-21].

[ToaTOMy 1enbIO HCcaeIoBaHus ABISETCSA pa3pad0TKa METONWKH IIaasdmeil Tep-
MOXUMHUYECKON 00pabOTKM MHOTOCTCHHBIX yriepoaHbix HaHoTpyook LUCAN BT
1001M xommaamu LG Chem, KoTopast HO3BOJIUT MOIyYaTh (QyHKIIMOHATH3NPOBAHHEIE
yIIepoHble HAHOTPYOKH W MOJIMMEpPHbIE KOMIIO3UIIMOHHBIE MaTepHUallbl HA OCHOBE
MOMTUMETHIIMETAKpUJIaTa C PABHOMEPHBIM pacipeelieHueM HATIOTHUTEIS.

J1s mocToKeHHsI TOCTaBICHHOM el He0OXOAMMO OIIEHUTh: CYIIECTBYIOIINE Me-
TOAWKU XMMUYECKOH 00paOOTKH YIIIepOAHBIX HAHOTPYOOK; 3 (heKTHBHOCTH METOIUKHU
00pabOoTKK TaKuX HAHOTPYOOK IMPH CHIDKEHHUH KOJMYECTBA BPEMEHU U TEMITEPATyPhI
00paboTKH; BO3BMOXHOCTh MMPUMEHEHUS pa3paOOTaHHONW METOIAUKHU JJIs TOTYUEHUS
MOJIUMEPHBIX KOMITO3UITMOHHBIX MATEPUAJIOB C PABHOMEPHO pacrpeIeICHHBIM HATIOJ-
HUTENEM Ha IIpUMepe NMOoTMMEeTHIMETaKpuIaTa.

OB30P JIUTEPATYPbI

B ocHoBHOM 15t ouncTku U GyHKImoHam3anun Y HT npuMeHsroTcs cMecu Ha
OCHOBE a30THOH [22; 23] 1 cepHOU KHCTIOT WK uX cMecH [24—26]. Kpome aToro BcTpe-
YJaloTCsS METOIUKH, OCHOBaHHBIC HA IPUMCHECHHH IeIodei [27].

HUccrenoBarenyu n3 MpaHa mpeioxRKIi OCyIECTBISATh OYUCTKY U (PyHKITMOHATI3a-
IO OJTHOCTEHHBIX YIIIEPOIHBIX HAHOTPYOOK myTem oOpadoTku B NaOH B Teuenue 6 yacos
u nocnenyromiei o6padorke 8 HNO, B Teuenue 1 uaca npu remneparype 100 °C [22].
[Tonmy4eHHbIe pe3yabTaThl AEMOHCTPUPYIOT 3G HEKTUBHOCT TAKOH 00PaOOTKH C TOUKH
3penust yaanenus npumeceil. OnHaKo He OblTa pacCMOTPEHA AUCTIEPCHOCTD YIIEPOJHBIX
HaHOTPYOOK M BO3MOXKHOCTB MX paclpe/ielieHHs B Pa3IMUHbIX Cpeax.

B cBoto ouepenp, N. Sezer u M. Ko¢ nzyumniu 3¢ GpeKTHBHOCTh 00paOOTKH MHOTO-
CTEHHBIX yIIepoAHbIX HaHOTPYOoK (MYHT) B pazinnuHbIX cocTaBax Ha OCHOBE a30THOM
xucnotel (10 M HNO,, 15 M HNO,, 10 M HNO,/H,SO,, 15 M HNO,/H,SO,) [23].
Coornomenne MYHT x okuciurento coctamsuio 1 mr Ha 1 mut pactBopa. O6paboTka
MPOBOIMIIACH B TeueHUe 5 gacoB npu temmeparype 120 °C. IIpoBepka ycTOHIHUBO-
CTH BOIHBIX IHcTIepcHii, oOpadoranaeix MY HT, nmokasaia, 9To HCXOMHBIC 00pa3Ibl
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u 00pa3siel, oOpadboTanHeie B 10 M HNO,, Bbimanu B ocazok, a o0pas3iipl, 00pado-
tannbie B 15 M HNO, u 10 M HNO,/H,SO,, coxpanuiu CBOIO yCTOHYMBOCTh JakKe
nocie 3 MecsLes.

OrteuectBeHHbIe yueHble iist 00padotkn YHT tuna TayHuUT Takke HCIONB30BAIN
A30THYIO KUCJIOTY M CMECh CEpHOM U a30THOM KUCHOT [24]. OmHAKO JIUTETEHOCTD KU-
ns9eHns coctasmwia jgumb 10 MuHyT, 1 cootHomeHue YHT k KucioraM oTamyanocs.
Tak, B cimyuyae a30THO# kucioTs 1151 00padotku 20—100 mr YHT 651310 Bcmions30BaHO
10 M1 KUCTIOTHI, a B cirydae co cMechio kuciot Ha 20 mr YHT — 10 mur okucnurens.
Kpowme Toro, 0b110 Hcce0BaHo BIHsHUE TepMudeckoro okuciaenns MYHT Ha Bozayxe
npu Temneparype 230 °C. CreneHs (GyHKINOHATU3AIUHN OIEHUBAIACH METOIOM AH(]-
(epeHInanbHO-TEPMUIECKOTO aHai3a. bl clienan BBIBOX 0 TOM, uTo 00padorka YHT
B a30THOM KHCJIOTE T03BOJISIET POPMHUPOBATH Ha MOBEPXHOCTH HAHOTPYOOK OoJblee
KOJMYECTBO ()YHKLUMOHAIBHBIX TPYI MO CPABHEHHUIO C IBYMS JPYTHUMH IOIXOaMU.
Takske OBLIO YCTaHOBJICHO, YTO Takast 00padOTKa MO3BOJISIET MOBBICUTH TEPMUYECKYTO
ycToiurBocTh HaHOTPYOOK Ha 100 °C. IIponeMoHCTpHUpOBaHa BO3MOKHOCTD TPHU-
MeHeHust 06paboranasix YHT miis co3ganust MeMOpaHHO-3TIEKTPOIHBIX OJIOKOB IS
JNEKTPOXUMHYECKUX MPeodpazoBaresieil SJHEpTiH, OJJHAKO HE MOKa3aHa UX JTUCIePTH-
pyeMocTs [25; 26].

Hapsny ¢ npenmymiecTBamu (OJHOBpEMEHHAs OYMCTKA U (DyHKIIMOHATIM3ALMA yIJIe-
POIHBIX HAHOTPYOOK) XUMHUUeCKast (PyHKLIMOHAIN3ALUS UIMEET 1 HEIOCTAaTKH, CBSI3aHHbIC
C MOSIBJICHHEM JIe()EKTOB B YIVIEPOAHBIX HAHOTPYOKaX U yXy[AIIEHHEM UX cBOMCTB. Tak,
HarpuMep, yYeHbBIMU U3 QU3HKO-TeXHUYecKoro nHCTUTyTa M. A. @. Modde Obina nc-
CJIEZI0BaHA IEKTPONPOBOTHOCTH 00PA3LOB YIIIEPOAHBIX HAHOTPYOOK, TOTTMPOBAHHBIX
azotom nocie kumstuenus B 30 % (macc.) HCl u pyHKIMOHAMM3aMK Ty TEM KUIISTIEHUSI
B 68 % (macc.) HNO, B teuenue 0,5-12 4 [27]. Onu nmokasainu, 4to ¢ pOCTOM BpEMEHU
00pabotku yBenuuuBaercs conporusiicHre Y HT. Takxke ObUIO UCCIIEIOBAHO BIUSIHUC
CMECH KOHIICHTPUPOBAHHBIX a30THOH M CEPHOM KUCIIOT Ha pacTBOPEHHE aMOP(HOTO
yrinepona 1 MYHT [28]. BapsupoBanuck Takue napaMmeTpbl, Kak BpeMst 00paboTKH,
COOTHOIIIEHUE KHUCIIOT, 00BEM HCIOIB3yeMOW CMeCH KHCIIOT. Macca pacTBOPEHHOTO
yIIeposia yBENININBAJIACH C YBEIHMUEHHEM BpPEMEHH, TEMITEPAaTypsl 1 00beMa HUCTIONb-
3yeMOW CMECH KHUCJIOT.

Takum 00pa3zoM, OAX0J, OCHOBaHHBIA Ha COKPAILEHUN BPEMEHHU M TEMIIepaTypbl
00paboTKH yIIIepOIHBIX HAHOTPYOOK, BHI3BIBAET HHTEPEC C TOUKU 3peHUs d(PpPeKTrB-
HOCTH (yHKUMOHaNU3auuu u aucnepruposanns Y HT, a Taxoke CHIOKEHHS BO3IEHCTBUS
Ha UX CTPYKTYpY H JIEKTPOHHBIE CBOHCTBA.

MATEPHUAJIBI U METO/IbI

Ob6vexkm uccnedosanus

B kauecTBe 00beKTa MCCIICOBAHUS ObUIH B3SThI UCXOJHBIC (HEOOpPaOOTaHHBIC)
1 00paboTaHHBIC B CMECH a30THOM M CEPHOM KUCJIOT MHOTOCTCHHBIC YITICPOHbBIC Ha-
HotpyOoku LUCAN BT 1001M kommannu LG Chem co ciaeayromuMy TeXHHUECKUMU
XapaKTepPUCTHUKAMM: HachImHas oTHocTs — 0,110 r/em®, cpenuamii quameTp — 10 HM,
CpenHss JTHHA — 16 MKM, IDIOIAAb TOBEPXHOCTH — 250 M%/T, cofiepiKaHue YIIEPOIHBIX
HaHOTPYOOK 96 Mac. %.

666 IIpuboper u Memoobl IKCHePUMEHMANLHOU PUIUKU



Vol. 36, no. 3. 2026 ENGINEERING TECHNOLOGIES AND SYSTEMS %;73

Mamepuanwst, 060pyoosanue u npoyedypa Ucci1e006anus

O6paborka MYHT npoBoauiack ¢ UCIOAB30BAHHEM CMECH XMMHUECKH YUCTBHIX
65 mac. % HNO, npoussonctea Merk u 93,6 mac. % H,SO, npoussonctsa Curma Tex
B 00bemuoM cootHomennn HNO,:H,SO, = 1:3. O6paborka MYHT ocyiuectssiiace B Te-
yeHre | yaca c UCIonp30BaHueM YIIbTpa3BykoBoii BaHHBI [ICB-9560-05 o6pemom 9,5 7,
MotrHOoCcThI0 03ByunBaHus 300 Bt u gactoroit 60 kI'm. O6sem mucriepcuu YHT/cmech
kuciot coctasisut 400 mut. B poriecce 06pabotku cmeck MYHT/okucnurens HarpeBa-
nach 110 43 °C (nauasisHas remmneparypa 20 °C). YapTpa3ByKoBoe BO3ACHCTBHE O3BOIIIIO
PazOuUTh arsioMeparThl, 4TO CIOCOOCTBOBAJIO YTYUIICHUIO MPOLEAYPB! GYHKIMOHATIM3AIINH.

[Mocne oxoHyaHus poLeaypbl 00pabOTKH YIIIEpOAHBIE HAHOTPYOKH OT(HIBTPOBLI-
BAJIMCHh METOAOM BaKyyMHOU (UIBTPAL[IH U IPOMBIBAITICH TUCTHILIMPOBAHHON BOJIOH.
ITocne noctwxenus HeitpansbHoro pH MYHT nepeHOoCHITUCE B BBITAPUTEIBHYO YallLy,
Y C TIOMOIIBIO 3JIEKTPUIECKOH IUTUTKH OCYIIECTBISIIOCH BRITAPUBAHUE KUAKOCTH IPU
temmeparype 100 °C. [Tocne BemapuBanuss MYHT monmogHUTENBHO CYIIMIIACH B Ba-
KyyMHOU Tieun 2 gaca mpu remmeparype 100 °C.

VYrenpHast HOBEPXHOCTh 00Pa3[0B MHOTOCTEHHBIX YITIEPOAHBIX HAHOTPYOOK OIpe-
Jiensiachk o Metony bpynayapa — Ommera — Temrepa Ha aHanM3aTope Ta30BOI COPOIHH
QUICK 200 mpu TemnepaType >KHIKOro a30Ta.

J1a kauecTBEHHOW OLleHKH YPPEKTHBHOCTH 00pa0OTKH YIIEPOIHBIX HAHOTPYOOK
ObUIM U3TOTOBJICHBI JUCTIEPCUU HAHOTPYOOK B BOAE, M IPOBOAMIICS BU3YaJIbHBIM TECT
¢ puKcanuel BpeMeHH, KOTOPOe MPOIILIO ¢ MOMEHTA W3rOTOBIECHUsI 00pa3noB. [ nomy-
vyeHust nucnepcuit 10 Mr HaHoTpyOOK nucneprupoBanich B 100 M1 JUCTHIUTMPOBaHHOM
BOJIBI B TEUEHUE MOJTydaca ¢ UCIOIb30BAHUEM YIBTpa3BykoBoro reHeparopa M10-0,63.
YcToNYMBOCTh BOJIHBIX AUCIIEPCUIN OLIEHUBAJIACh Cpa3y MOCIE NPUTOTOBIICHHUS, YEPE3
yac U MoJroa.

[Mony4enune 06pa3oB KOMIIO3UIIMOHHOTO Marepralia Ha OCHOBE HCXOIHBIX M 00pa-
6orannsix YHT ocymectsisiiocs pactBopenuem nonumernnmerakpuiara (IIMMA)
npom3BoacTBa Acros Organics B XUMHIECKH YUCTOM XJIopOeH30I1e Tpom3BoacTBa Scharlab
B KoHIeHTpanuu 0,5 mac. % nonuMepa u AUCIeprupoBaHueM B TaHHOM pacTBope YHT
B koHIeHTpannu 0,1 Mac. % k macce nonmumepa. ucneprupoBanne YHT ocymecTsis-
JIOCh MpY OMOUIH YABTpa3ByKoBoro reHeparopa 1110-0,63 na yacrore 22 xI'1; ¢ Mo-
HocThio 03ByunBanus 300 Br. O6sem mucnepcun (C H,C/IIMMA/YHT) — 100 mu.
Jnsa uccnenoBanus pacnpenenennss MYHT B nonmumepHoi MaTpulle Ha CTEKJISTHHOM
MIO/ITIO’KKE METOIOM CITMH-KOYTHHTa (POPMUPOBATIHCH TOHKHE IIEHKH KOMITO3HLIMOHHO-
ro Marepuaia Ipy CKOPOCTH BPALICHHS MOUIOKKH ¢ 00pasiom nopsaka 3 000 mun .

HUccnenoBanue pacnpeneneHns HAHOTPYOOK B IMOJTMMEPHON MaTpHIIe MPOBOTUIOCH
MPY TIOMOIIX ONTHYECKOTO MHUKPOCKOIA, KOTOPBI BXOJHUT B COCTAB JIaA0OPATOPHOTO
xomiuiekca Solver BIO (HT-MUT, 3enenorpan, Poccus).

PE3VYJIBTATBI UCCJIEJOBAHUA

s onpenenenns pausiamst 00padoTkn YHT Ha ux yaenbHyIo MOBEPXHOCTh METOIOM
Bbpynayspa — Ommera — Tennepa uccnenoBansl UCXoAHble 1 0Opadoranasie MYHT.
Ha pucynke 1 npencraBineHbl H30T€pMBI acOpOIMU 00pa3LoB. DKCIEPUMEHTAIBHBIE
TOYKH allPOKCUMHUPOBAHBI MPSIMOi TMHUEH ¢ Koadduuuentom xkoppessiuuu > 0,999.
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Puc. 1. U3zorepmbr agcopOun i1t 00pa3ioB MHOTOCTCHHBIX YIIICPOIHBIX HAHOTPYOOK:
a) UCXOIHBIX; b) 00paboTaHHBIX

Fig. 1. Isotherm of adsorption of multi-walled carbon nanotubes: a) original; b) treated

Hcmounux: TpahuKu 1)1 pUCYHKa 1 cocTaBIeHbI aBTopaMu cTatby B iporpamme OriginPro, Version 2022.
Source: The graphes for figure 1 were compiled by the authors of the article in the program OriginPro,
Version 2022.

AHanu3 3KCIIEPUMEHTATBHBIX Pe3yasTaToB MeTooM bpyHayapa — Ommera — Temnepa
MO03BOJIMJI YCTAHOBUTD, UTO YIAEJbHAs IUIOAJAb HOBEPXHOCTH JJIsl UCXOAHBIX MYHT
cocraBuia 250,3 u 277,8 M/t nnst oopaboTtanubix. [Tociae 00pabOTKH YIIepOIHBIX
HaHOTp}I6OK HX yACibHasd MOBEPXHOCTh YBECINYMUBACTCA, UYTO MOXKET OBITH CBSI3aHO
¢ ynaneHueM 0oJiee IMIOTHRIX IpUMecel 13 00pasiia U ¢ «OTKPBITHEM» HAaHOTPYOOK 3a
cYeT OKUCIICHUS Moy dysuiepeHoi ronoBku. [Ipn 3Tom mocie 06paboTkn HaHOTPYOOK
B TedeHre | gaca HaOIIOIANOCh YBEIMUEHHUE YIeNbHON TUTOIAAN IOBEPXHOCTH 00pasia
Ha ~11 %.

Pe3ymnbrarhl o1ieHKY yCTOWYNBOCTH BOJHBIX JUCTIEPCHI M300pakeHBI HA PUCYH-
ke 2. brnaronaps ynpTpa3ByKoBOMY JUCIIEPTHPOBAHMIO HCXOAHbBIE H 00pabOTaHHbIE
MVYHT o006pa3yoT oZHOpPOAHbIE BOIHBIE AUCTIEPCHH, HO CO BpEMEHEM AHUCIIEPCHS Ha
OCHOBE HE0OpaOOTaHHBIX YTIEPOAHBIX HAHOTPYOOK HauMHAET pacciauBarbes. U3
pucyHka 2 b BUIHO, 4TO OOJIbIIAS YaCTh UCXOAHBIX YITICPOJHBIX HAHOTPYOOK yiKe
oOpasoBana ocasok. B cinyuae aucnepcun Ha ocHOBe (YyHKIIMOHAITM3UPOBAHHBIX
MVYHT npucnepcust coxpaHsiia CBOIO yCTOMYMBOCTH Jake uepe3 6 MecsleB mocie
N3IrOTOBJICHUA.

Hns uccnenoanus pacupenencauss MYHT B monmuMepHBIX cpefiax OBLIH H3T0-
TOBJIEHHI 00pa3iel Ha ocHOBe IIMMA u HaHOTpYOOK ¢ KOHIeHTpamuei 0,1 mac. %.
OO0pasIel MPenCTaBIAIN COO0M CTEKITHHYIO TTOIOKKY ¢ KOMITO3UTHOH TIIEHKOH Ha
noBepxHocTH ¢ TonmuHoi 50 HM. Ha pucynke 3 npencraBinensl MukpodoTorpadun
00pa31oB KOMITIO3UITMOHHOTO MaTepHaia Ha OCHOBE UCXOMAHBIX U 00pabOTaHHBIX
MVHT.
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a)
Puc. 2. ®ororpaduu BogHsIx aucnepcuit oopasnoB MYHT:
0 — ucxonueie; I — obpaboranHble B TeueHue | daca: a) cpasy mocie AUCIePrupoBaHus;
b) uepes 1 gac; ¢) yepe3 6 MecsneB

Fig. 2. Photographs of aqueous dispersions samples of MWCNT: 0 — original; / — treated for 1-hour:
a) immediately after dispersion; b) 1 hour after dispersion; ¢) 6 months after dispersion

Hcmounux: dotorpaduu ms pucynka 2 6suta caenans! P P. IapumossiM. OOpa3nbl XpaHWINCH
B IKady Ui XpaHEHHsl PeakTUBOB, (OTOChEMKa MPOBOAMIIack Oe3 nepemernieHus obpasuos 17.10.2024
n 17.04.2025 1. COOTBETCTBEHHO.

Source: The photos for figure 2 were taken by the author R. R. Garipov. The samples were stored
in a reagent cabinet, the photos were taken without moving the samples October 17, 2024, and April 17,
2025, respectively.

a) b)
Puc. 3. Mukpodororpaduu 06pa3iioB KOMIIO3UIIMOHHOTO MaTeprana Ha ocHoBe MYHT:
a) UCXOIHBIX; b) PyHKIIMOHAIN3UPOBAHHBIX

Fig. 3. Micrographs of composite material samples based:
a) original; b) treated multi-walled carbon nanotubes

Hemounux: dororpadun st pucyHka 3 Obut cienasbl P. P. [apunoBbIM ¢ MOHHTOpPA ONTHYECKOTO
MHKPOCKOIIa, KOTOPBIi BXOAUT B cocTaB Jaboparoproro komiuiekca Solver BIO (HT-M/IT, 3enenorpan,
Poccust) B KOTU OUI KasHIT PAH 21.04.2025 .

Source: The photos for figure 3 were taken by the author R. R. Garipov from the monitor of an optical
microscope that is part of the Solver BIO laboratory complex (NT-MDT, Zelenograd, Russia) at the Kazan
Federal University on April 21, 2025.

VYreponasie HAaHOTPYOKH O6e3 00pabOTKU OCTAIOTCSI B aIJIOMEPHPOBAHHOM COCTO-
SIHAW JIaXKe TOCJIe UCTICPTUPOBaHMS YIIbTpa3BykoM (puc. 3 a). B To ke Bpems oOpa-
OortanHble npu maasimeM pexxume MYHT He o0pa3yror arioMeparsl 1 paBHOMEPHO
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pacrpenenstoTcs B noauMmepHoii Marpuie (puc. 3 b). Co BpeMeHeM, Kak U B CiIy4ae
¢ BoaHbIMU pucniepcusmu (puc. 2), emeck C H,CI/TIMMA/YHT na ocnose HeoGpabo-
tanHbeix MYHT pacciounnachk, a Ha 0CHOBE 00pabOTaHHBIX — COXPAHUIIACH OJJHOPOTHOM.

OBCYXJIEHHUE

[TomyuenHbIe pe3ynbTaThl MOKA3bIBAIOT, YTO, B OTIWYHE OT METOJUK, Mpe.-
ToJIaraloIuX KUISTYEHUE B KUCIBIX cpenax [23; 26; 27], xumudeckas odpadboTka
MHOTOCTEHHBIX YTJIEPOIHBIX HAHOTPYOOK Oe3 Harpesa /0 KUMIEHUS B TECUCHHE He-
MPOAOJKUATEIHHOTO BPEMEHH MOXKET OBITh T0CTaTOYHO 3(PpPEeKTUBHOM MPpH yAaICHUN
npuMecei U crnocoOCcTBOBaTh paBHOMEpHOMY pactpenenennio MYHT B monmumep-
HOU Marpuiie. Tak, HapUMep, €I CPAaBHUBATH IMOJTYyUYCHHBIC PE3YIbTaTHI (puUC. 2)
¢ pe3ynbraramu uccneaosanuii N. Sezer u M. Kog, kotopsie oopabareiBanu MYHT
B TeueHue 5 yacos npu Temmneparype 120 °C, a moTOM OLEHHBAIN YCTONYUBOCTh
BOJHBIX AucIepcuit [23], TO MOXHO OTMETHUTh, YTO IpejjiaraemMasi METouKa Mo-
3BOJIMJIA JOCTUTHYTHh aHAJIOTUYHBIX PE3YJbTaTOB C MEHBIINMH SHEPreTUYECKUMU
¥ BpeMeHHBIMU 3aTparamMu. Kpome Toro, 06paboTaHHBIE 11O MPEITI0KEHHON METOANKE
YHT moryT npuMeHSTHCS I MOITYYEeHHUS MOJIUMEPHBIX KOMIIO3UTOB HAa OCHOBE
MOJTUMETHIIMETaKpUJIaTa ¢ PABHOMEPHBIM pacupeeieHrueM HanmoHuTens (puc. 3).
Taxoke, 3TO aKTyallbHO TIpH paboTe C PEaKTOTUIACTUYHBIMY ITOJUMEPAMH, OJTHAKO
CYIIECTBYET OTPaHNYCHIE 110 TPUMEHESHHUIO METOIUKH K TepMOIUIacTaM, 0COOCHHO
YCTOMYHMBBIM K PA3JIMYHBIM PACTBOPHUTEISM.

3AKIIOYEHUE

PaBHOMepHOE pacnpeneneHne MHOTOCTEHHBIX YITIEPOAHBIX HAHOTPYOOK B IOJIH-
MEPHOI MaTpHLIe MOXKET OBITh JOCTUTHYTO IpH Mcnonb3oBannn MYHT, moaBeprayThix
(GYHKIMOHAIM3AMH B IAJSIIEM PEXUME MPH MajloM BpEMEHHU UX 00paboTKu U Oe3
KUTISTYEHUSI B cMecH KUCTOT. [Ipu 9TOM BOAHBIE AUCTIEPCHH HA OCHOBE 00pa0OTaHHBIX
YIJIEPOAHBIX HAHOTPYOOK COXPAHSIOT YCTOHYUBOCTb.

PazpaboTtanHas MeToanKa MO3BOJISIET MOJYYaTh HOJUMEPHBIE KOMITO3UTHI C OJ1-
HOPOJTHBIM PAaCIpe/IeICHHEM HAIlOIHUTEIS, YTO BaXKHO MPH pa3paboTKe M CO3MaHUU
MaTepuaoB C YIyUdIIEeHHBIMH (PU3UKO-MEXaHUUECKUMH XapaKTEPUCTHKAMHU.

JanpHeHni riiad ucciae0BaHui MpearnoiaraeT MpoBeIeHNe PaclIMpeHHOTo aHa-
7132 MEXaHUYECKHUX U 3JIEKTPOPU3NIECKUX CBOHCTB KoMmo3uToB oT Y HT, nomy4yenHpIx
o pa3pabOTaHHON METOIUKE HE TONBKO Ha ocHOBe [IMMA, HO 1 IpYTUX MOIUMEPOB.
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&EQ WHXXEHEPHBIE TEXHOJIOTMN U CUCTEMBbI Tom 36, Ne 2. 2026

HNudopmanus 111 aBTOPOB U YU TATEICH

Hayunplii sxypHan «/HKeHepHbIe TEXHOJIIOTUH U CHCTEMbD» ITyOINKYyeT OpUTrHHAIbHBIC Hay4YHBIE HC-
CIIETIOBAHNS, CIOCOOCTBYIOIINE Pa3BUTHIO HAYKH B OOIACTH HHXKEHEPHBIX CHCTEM U TEXHOJIOTHH.

XKypnan BkiroueH B [lepedeHs penieH3UpyeMbIX Hay4YHBIX W3/IaHUH, B KOTOPBIX JOJDKHBI OBITH OITY-
OIMKOBAHBI OCHOBHBIC HAay9YHBIC PE3YIbTAaThl AUCCEPTALMH HAa COMCKAHUE yYCHON CTENEHH KaHIugara
HayK, Ha COUCKaHHE YUCHO! CTEeNeHH JJOKTOpa HAayK 110 HayYHBIM CIELHAILHOCTSAM U COOTBETCTBYIOIINM
UM OTpacIsIM HayKH:

1.3.2. IIpu0opb! 1 METOABI SKCIIEPUMEHTAIILHON (DH3UKH (TEXHHYECKHUE HAYKH)

1.3.6. OnrTuka (TeXHUIECKHE HAYKH)

1.3.13. Dnekrpoduzuka, 3eKTpoGU3NIECKre yCTAHOBKU (TEXHUUECKUE HAyKN)

2.5.3. TpeHue ¥ U3HOC B MAIlIMHAX (TEXHUYIECKHE HAYKH)

4.1.4. CanoBoncTBO, OBOLIEBOACTBO, BHHOTPAIAPCTBO U JISKAPCTBEHHBIE KyJIBTYPbI (TEXHHUYECKUE HAayKH)

4.3.1. TexHONOTMH, MAILIMHEI X 000PYIOBaHUE IS arpONPOMBILILIICHHOTO KOMIUIEKCA (TEXHUYECKHIE HayKH)

4.3.2. DNeKTPOTEXHOJIOTHH, SIEKTPOOOOPYI0BaHHE M SHEPrOCHAOKEHUE arpONPOMBIIUICHHOTO KOM-
TUIeKca (TEXHUUCCKHIE HAYKH)

JKypHaJ pUBETCTBYET CTAaThU, UMEIOLINE OTEHIMAIBHO BEICOKHI MMITAKT-(haKTOp /WY COZlepIKalie
MaTepHa 0 3HAYUTENbHBIX JOCTIKCHISAX B yKa3aHHBIX HanpaBieHmsX. Ocoboe BHUMaHUE CIEyeT yASIUTb
Ka4ecTBy nepeBosa. JKenarenbHo, 4TOObI OH OB BBIIIOJIHEH HOCHTEJIEM aHIVIMICKOTO SI3bIKA.

He nomyckaercst HarpaB/IeHNE B PEIAKIHUIO YK€ OITyOIMKOBAHHBIX CTaTeH WM CTaTeil, OTIPaBICHHBIX
Ha IMyOJMKaIMIO B IpyTHe JKypHaIsl. B ciayuae oGHapy:keHHUsI 0lHOBPeMEHHOI MOAaYH PYKOINCH B He-
CKOJILKO M3IaHUii OMy0JIMKOBAHHAS CTATHS OyIeT peTparupoBaHa (0T03BaHa M3 Me4yaTu). MOHUTOPHHT
HECaHKLMOHUPOBAHHOTO [IUTHPOBAHMS OCYILECTBIIIETCS C TOMOIIBIO CHCTeM «AHTHILIaruam u «iThenticate.

ITpu moxroToBKe cTaThU K MyONNKAIMH B 5KypHaie «HmkeHepHble TEXHOIOTUH U CHCTEMBD» HE00X0-
JIMO Y4YECTh CJICAYIONHE ITyHKTHI:

1. Ykazars VK.

2. 3aroJI0BOK CTATHH JIOJDKEH KPATKO ¥ TOYHO OTPaXkaTh COAEPIKAaHNUE CTaThU, TEMATHKY U Pe3yJIbTaThl
MPOBEAECHHOTO UCCIIENOBAHUS. [Ipugooumcs na pycckom u aH2IUtiCKOM A3bIKAX.

3. Aunotanus (200-250 cioB) BBINONHSET (YHKIMIO PACIIMPEHHOTO Ha3BaHUsI CTAaThH U IIOBECTBYET
0 ee coziepykaHu. B Helt OIKHBI OBITh 4ETKO 0003HAYEHBI CIIEIYIONIHE COCTABHBIC JACTH:

1) Beenenue (Introduction);

2) Lens crarbu (Aim of the Article);

3) Marepuainsl 1 Metonsl (Materials and Methods);

4) Pesynbrarsl uccnenosanus (Results);

5) 3akmrouenue (Conclusion).

TIpusooumcs na pycckom u aHeAULICKOM A3bIKAX.

4. KroueBble cioBa (5—10) sBISIOTCS MOUCKOBBIM 00pa3oM Hay4HOH CTaThd. B cBsi3u ¢ 9THM OHM
JIOJDKHBI OTPa’kaTh OCHOBHBIE TTOJIOKEHUSI, TOCTIKEHUS, PE3yNbTaThl, TEPMHHOIOTHIO HAYIHOTO HCCIIEN0-
BaHUS. [Ipuoosimces Ha pyccKom U aHeTUICKOM A3bIKAX.

5. bnaaropapHoctu. B 5TOM pazznene cinenyeT ynoMsHYTh JHOIEH, TOMOraBIIMX aBTOPY HMOATOTOBUTH
HACTOSIIIYIO CTaThIO0, OPraHHU3allK, OKa3aBLIne (MHAHCOBYIO HOJIEPIKKY. XOPOIIMM TOHOM CUHTACTCS BBI-
paxkeHHe OIarogapHOCTH AaHOHUMHBIM PELIEH3EHTaM. [Ipuooamces Ha pycckom U aneIuicKoM sA3bIKax.

6. OCHOBHOIi TEKCT CTAaTbU U3J1aracTCsl Ha PyCCKOM MM aHIIUICKOM SI3bIKAX.

1) Bsedenue — moctaHOBKa HayYHOH MPOOJIEMEI, €€ aKTyaJbHOCTbh, CBS3b C BAKHEUIINMHU 3aJa4aMH,
KOTOpBIE HEOOXOAMMO PEeIINTh, 3HAYCHUE IS Pa3BUTHUSI ONPEEIICHHOI OTPaCciIi HAYKH WM TIPAaKTHYECKOI
JEATENBHOCTH.

2) O630p aumepamypwi. HeoO0X0muMO ormcath OCHOBHBIC (IIOCIICIHKE 10 BPEMEHH ) UCCIICIOBAHKS U ITy-
OnuKanuy, Ha KOTOPBIE OMHPAETCS aBTOP; COBPEMEHHBIE B3IISIBI HA MPOOIeMy; TPYIHOCTH IPH pa3padoTke
JTAHHO¥ TEMBI; BBIIEINTH HEPEIICHHBIE BOIPOCHI B IIpeJiesiax 00Lel poOieMbl, KOTOPBIM HOCBSIIICHA CTAThsL.

3) Mamepuanet u memoosl. B naHHOM paszieie OMUCHIBAIOTCS IPOLECC OPTaHU3aUK YKCIIEPUMEHTA,
NPUMEHEHHbIE METOIUKH, UCIIOJIb30BaHHAsI allllapaTypa; JaroTcs MOAPOOHbIE CBeACHNUS 00 00BEKTE HCCie-
JIOBAaHMSI; YKA3BIBACTCSI MOCIIEIOBATENIBHOCT BHIMOIHEHHS HCCIIEIOBAHMISA M 00OCHOBBIBACTCSI BBIOOP HC-
HOJIb3yeMBIX METOIOB (HaOIIONCHHE, OIPOC, TECTUPOBAHUE, IKCIIEPUMEHT, JIAOOPATOPHBIN OIIBIT U T. 11.).

4) Pesynvmamsl uccne0o8anuss. IT0 OCHOBHOH pa3fe, Lelib KOTOPOro — MPU MOMOIIH aHajmu3a, 000-
OLIeHNs M pa3bsCHEHHS JaHHBIX JI0Ka3aTh pabouyo THIOTe3y (THIOTe3bl). Pe3yabTraTsl JOIKHBI OBITH U3J10-
JKEHBI KPaTKO, HO IIPH 3TOM COAEPXKaTh JOCTAaTOYHO HH(OPMAIMH AT OLECHKH CICTaHHBIX BBIBOJIOB. Takxke
JIOJDKHO OBITH 000CHOBAHO, ITOYEMY JUTsl aHaIn3a ObLIN BBIOpAHBI IMEHHO 3TH JIaHHEIE.

5) Obcysrcoenue. B maHHOM paszzene MOMyYCHHBIE JaHHBIC aHATUTUYECKH OCMBICIUBAIOTCS, 00001Ia-
I0TCSL M Pa3bSICHSIIOTCS, M3JIOKEHHE BBICTPAUBAETCSl OT YaCTHOTO K oOmieMy. IToBTOPSIIOTCS Lieib, THIIOTE3bI
Y METOZOJIOT YIS, PE3YIIBTAThI COOTHOCSITCS C INTEPATypO; IPEIAraloTCsl aTbIepHATHBHbIE OOBSICHEHHS BbI-
BOZIaM JIPYyTHX MCCIIEIOBAHMUIH.
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6) 3axmouenue. B 3aKITIOUCHIN CYMMHPYFOTCSI PE3yJIBTaThl OCMBICIICHHS TEMBI, ICTIAI0TCS BBIBOJIBI, 000-
OIIeHwst 1 PeKOMEHIAINH, BHITEKAIOIINE 13 paOOTHI, IIOAIEPKUBACTCS UX MPAKTHYCCKas 3HAYUMOCTD, a TaK-
K€ OTIPEJICNISIOTCS] OCHOBHBIE HAITPABJICHHSI JUTS JAJIBHEHINIET0 HCCIIEJOBAaHMUS B ATOM 00JIacTH.

7. Cnucok Jjurepatypsl (0GpopMIIIeTCss B COOTBETCTBHH C TpeOOBaHHAMH BaHKyBEepCKOTO CTHIIS).
Ccpu1aThCst Hy)KHO B IIEPBYIO OYepe/ib Ha OPUTHHAIBHBIC HCTOYHHKY M3 HAYYHBIX JKYPHAJIOB, BKIIOUSHHBIX
B II00anpHbIe HHACKCH IuTHpoBaHus. Cnenyet ykazars DOI wim agpec goctyna B cetu UatepHeT. Ogop-
MISIEMCA HA PYCCKOM U AHSTUTICKOM S3bIKAX.

8. 06 aBropax. ®.1.0., opranuzanusi(u), anpec opranuzanun(it) (TpedyeTcs yka3aTb Bce MecTa pa-
0O0THI aBTOpA, B KOTOPHIX BBIOIHSUIMCH HCCIIENI0BaHNS (IIOCTOSIHHOE MECTO, MECTO BBINIOJIHEHHUS IIPOEKTa
U 1p.)), nomwkHOCTh U yuenoe 3Banue, ORCID, Researcher ID, amexrponHas modra, TenedoH, IOYTOBBIN
azpec U1 OTIIPaBKU aBTOPCKOTO dK3eMILIApa. [Ipusooumcs Ha pycckom u auenuiickom A3bIKax.

9. 3asBieHHBIN BKiIaa aBTOPOB. 11 HOpMYITHMPOBKH (aKTHUECKOTO BKJIaga KaKIOTO COaBTOpa
B BBITIOJIHEHHYTO paboTy Heo0Xoaumo ucroib3oBarh TakcoHoMuo CRediT (Contributor Roles Taxonomy) —
cTaHzAapT, paspaboranHblii HarpionaneHO# opraHu3anueid mo wmHpOpManuoHHEIM cTaHmapTaM (National
Information Standards Organization, NISO) (https://credit.niso.org/). [Topsiiok ykazaHust aBTOPOB K COaBTO-
POB CTaThH COINIACYETCSI IMH CAMOCTOSITENIBHO. [Ipugooumcs na pycckom u aH2iuticKoM s3blKax.

10. Texuuueckoe oopmiieHue.

1) Pemakuust mpuHAMAaET TEKCTHI, coXpaHeHHbIe B hopmare .doc, .docx, .1tf. JXKenarensHo Mcnonbp30Barh
mpudT Times New Roman, xerie 14 n untepBain 1,5 ctpoku. PaccraHoBKa 1epeHOCOB Bpy4HYIO HE JOITY-
CKaeTcsl. 3anpelaeTcs NCIoIb30BaTh BOHHBIE TIPOOEIBI B TEKCTE, a TAKKE BHIMOIHATH OTCTYIHI (KpacHast
CTPOKa), UCTIONB3YS IPOOEIBL.

2) ®opMyisl HaOMparoTCsl CodeTaHHeM OCHOBHOTO mpHdTa 1 mpudra Symbol (MckimodeHwe a1 Apo-
oeit, cymm, kBanparnoro kopust) B Microsoft Equation 3.0 (Pegakrop dopmyn B Microsoft Word) wmn Math
Type 6. JlaturCcKHe 3HAKU B (hopMynnax 1 0003HAYEHMAX (KaK B TEKCTE, TaK U Ha PHCYHKaX) HAOUpAroTCs Kyp-
cuBoM. DopMyITBI HyMepyIOTCs B KPYIIIBIX CKoOKax. HymepoBarh cieyeT TonbKo Te popMysibl M ypaBHEHMS,
Ha KOTOPBIE €CTh CCHUIKA B MOCIIEAYIONIEM H3T0KECHH.

3) Bce Ha3BaHwMs, MOITUCH ¥ CTPYKTYPHBIE IIEMEHTHI TPaHKOB, TAONIHLL, CXEM U T. JI. OpOPMIISIIOTCS Ha
PYCCKOM U aHITIMHCKOM SI3BIKAX.

4) PucyHku MOTYT OBITB TIPEJICTaBICHBI B PACTPOBOM WM BEKTOPHOM (hopMate C pa3pelieHHeM He HIKe
300 dpi. OHE IOIDKHBI IOIYCKATh PEIaKTHPOBAHME TEKCTa M BO3MOXKHOCTh W3MEHEHHs pa3MepoB. Bee rpa-
(rdeckue naHHbIE TTOMEIAIOTCS B TEKCT CTaThH, A TAKXKE BBICBUIAIOTCS JIOTIOJTHUTEIFHO B BHIE OTASIBHBIX
(haiioB. PazHOXapakTepHbIE WILTIOCTPALIIK HEOOXOIMMO MPHUBOAUTE K €IHHOMY CTIUTIO TpayuecKoro UCIo-
HeHusl, coOmonast eqrHoo0pasue ux opopmiieHus. I paduxn, cxeMsl 1 AuarpaMMbl HEOOXOAUMO O0(OPMILSITH
B Microsoft Excel.

IIpu nonave cTaTby B PeJAKIMIO aBTOP COIVIAIIACTCS C MOJIOKESHUSIMU MTPUIIaraeMoro JIMIEH3UOHHOTO
JIOTOBOpA.

BaxnbIM sTarom B npouecce otbopa CTaThy sBISIETCS pelieH3upoBanue. B sxypHaie «/HxeHepHbIe
TEXHOJIOTHH U CHCTEMBD» HMPHHSITO «JIBOMHOE Clierioe» (PEeH3eHT U aBTOp HE 3HAIOT UMEH APYT Apyra)
perieH3upoBanue crareil. PeieH3eHT Ha OCHOBAHHMY aHAJIM3a CTAaThH IIPUHUMAET PELICHHE O PeKOMEHJAlMN
ee K ITyONMKaIuy WM O ee OTKIOHEHUH. B ciryuae Hecormacus aBTopa CTaTbH C 3aMEYaHUSMH PEIeH3eHTa
€ro MOTHBHPOBaHHOE 3asBJICHUE PACCMaTPUBACTCS PEIAKIIMOHHOM KOJIIerneH.

TomuTrka pegakIOHHON KOJUIETHH JKypHaIa 0a3supyeTcsl Ha COBPEMEHHBIX IOpPUANIECKUX TpeOoBa-
HUSIX B OTHOLICHWM KJICBETHI, aBTOPCKOTO IIPaBa, 3aKOHHOCTH U IuIaruara, rnoajepxusaetr Kozgekc sTuku
HAay4YHBIX MyOnuKanuii, copmynrpoBaHHbld KOMHUTETOM MO 3THKE HAy4YHBIX MyOJIHMKAWi, ¥ CTPOUTCS
C Y4eTOM STHYECKHX HOPM paboThI peJaKTOPOB M M3/1aTeliel, 3aKperIeHHbIX B Kozekce moBenenus u pyxo-
BOZISIIIMX IPHHIUIAX HAWTYYIIeH IPAKTUKH AT peIakTopa KypHana 1 Komexce noBeaeHust A1 H3AaTeNst
JKypHaua, paspaboransbix Komurerom no myomukaronnoi stuke (COPE).

«VHXKeHepHbIe TEXHOIOTHH U CHCTEMBD) — JKypHAJI OTKPBITOTO JOCTYIA, TO €CTh BCE COJEPIKAHME
HaXOUTCsI B CBOOOJHOM JOCTYyIIe OSCIUIaTHO JUIs MOJIb30BaTelsl B COOTBETCTBHH ¢ ompeneneHneM BOAI
OTKpPBITOTO JOCTyna. Marepuaisl XKypHaja JOCTymHBI 1o juneH3uu Creative Commons “Attribution”
(«Atpudynusi») 4.0 BcemupHast.

JKypnan pacripocTpaHsieTcs 10 TIOATIICKE, 3asiBKaM BBICIINX y4eOHBIX 3aBEJICHHI, yaIpekIeHUI oOpa-
30BaHUs ¥ OTAENbHBIX UL, IloanucHoit unnexc — 70539.

Cenun Iletp Bacusberiy — miaBHbIi peqaktop. Ten.: +7 (8342) 25-44-39.

JleBueB Anexceit [TaBnoBud — 3amMecTrTENb TIAaBHOTO pepakTopa. Tem.: +7 (8342) 25-41-01.
Uarkun Muxaun HukonaeBuy — 3amecTuTeNb I1aBHOTO penakropa. Tei.: +7 (8342) 25-44-20.
Topauna Exarepuna [1aBnoBHa — OTBETCTBEHHBIH cekpeTaph. Tem.: +7 (8342) 48-14-24.
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Engineering Technologies and Systems journal accepts unpublished earlier original research results
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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 scien-
tific specialties and their respective branches of science should be published (Higher Attestation Commis-
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1) Introduction;

2) Aim of the Article;

3) Materials and Methods;

4) Results;
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6. The main body of the article should be written in Russian or in English.

1) Introduction. 1t contains formulation of the scientific problem, its relevance, connection with the
most important tasks to be solved, the importance for the development of a particular area of science or
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6) Conclusion. In conclusion, the results of understanding the topic should be summarized; conclusions,
generalizations and recommendations arising from the work should be made, their practical significance should
be emphasized and the main directions for further research in the studied area should be determined.

7. References should be formatted in accordance with the requirements of the Vancouver Style.
The original sources from scientific journals included in the global citation indices should be cited first of
all. DOI or the URL of the source should be indicated.

References should be written in Russian and English.

8. Information about the author(s) includes: the author’s first name and last name, the name of the
institution and its address (it is required to specify all the institutions where the author works and where the
research was conducted (permanent place of work, the place where the project was done, etc.)). The author’s
position and academic title, ORCID, Researcher ID, e-mail, phone number, postal address for sending a per-
sonal copy of the journal issue.

Information about the authors should be written in Russian and English.

9. Authors contribution. To formulate the actual contribution of each co-author to the work performed,
it is necessary to use the taxonomy CRediT (Contributor Roles Taxonomy), a standard developed by the
National Information Standards Organization (NISO) (https:/credit.niso.org/). The order of indication of
authors and co-authors of the article is agreed by them independently.

Contribution of the authors should be written in Russian and English.

10. Manuscript Format Guidelines.

1) The manuscript should be typed in the Microsoft Word text processing program for Windows
(.doc, .docx, .rtf): sheet size — A4, Times New Roman font, font size — 14, line spacing — 1.5. Manual hyphen-
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