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BUKOPUCTAHHA KOHTPOJIBOBAHOI'O TEPMIYHOT O 1Y-BUITPOMIHEHHSA
JJIA BOPOTBbBU 3 TAPASUTAMU MEJOHOCHHMX B/KIJI

Y pobomi 3anpononosano koncmpyxyito mepmoxamepu O 6UKOHAHHA Oe3iHGeKyitinux 3ax00ig y 60pomvoi 3 Kiujem
Varroa, sixa tpynmyemucs na sukopucmanmi ingppauepsonoeo (I49) eunpominenns y noconanni 3 yughpogoio cucmemoio mep-
Mmope2ynayii. B 0cHO8y KOHCMPYKMUGHO20 PIlUEeHHs 3aKAA0eHO MOPPONOLIUHI Ma MEPMOUYMAUSE 0COOAUBOCIE NAPAZUMA, 30-
Kpema 6pasnugicmyv SHAMOCOMU MA 8eHMPANbHOL YacmuHu 00 niosuweHoi memnepamypu. 3anpononoeana KOHCMpPYKYis
sxnioyac nioneomuy mpyoy, ingppauepsony ramny ma mepmopene STC-1000, wo niompumye cmabinory memnepamypy 6 me-
orcax 42-45 °C, besneuny ons 60dicin, ane 32y6my oas napasuma. Cucmema € asmoHOMHOW0 ma eHepeoedexmugnoro. Mooenro-
sanns 6 cepeoosuuyi MATLAB/Simulink niomeepouno cmabinbnicms memnepamypHo2o KOHMpO0 ma epexmueHicms Kepy-
BAHHSA HASPIBOM I3 YPAXYBAHHAM 3aMPUMOK Y pobomi pere.

Knrouogi cnosa: napazum,; mepmoxamepa, ingppauepsone gunpominenns; ki Varroa, mepmoperne.

Puc.: 5. Bion.: 11.

IlocTranoBka mpodaemu. [1IpoGremoro, 3 AKOIO 3IMITOBXHYJIHUCS MACIYHUKKA YKpaiHH, Ta
KOTpa MoTpedye HOBUX LUIAXIB pillleHHs, € Kiminy Varroa (puc. 1). Ilapa3uT He nuiie BUCHaXYe
OJ/KUT IUTSIXOM JKUBJICHHS TeMOJIiM(]oto, a i € IEPEHOCHUKOM HU3KH BIPYCHUX 3aXBOPIOBaHb,
10 IPU3BOJIUTH O MACOBOI 3arubeni OKOTUHUX CIMEH.

Puc. 1. Kniw Varroa

VY TpaguiiiiHOMy ceHCi 60pOoTHOU 3 Mapa3uTaMu OJIKIT 3aCTOCOBYIOTHCS XIMIYHI IIpETapaTy,
KOTp1 CHHTE30BaH1 3 POCIIMHHUX KOMIIOHEHTIB 200 € XIMIYHHUM 3aC000M, 3 OJTHOTO OOKY, MOXKYTh
OyTH TOKCHYHUMH JUTS CaMHX OJK1J, a 3 1HILOTO — CIIPUSIIOTH (POPMYBAaHHIO PE3UCTEHTHOCTI Y KITi-
MIiB, 3HIKYIOUH €PEKTHUBHICTh 00p0o0OK. OTKe, € PU3UK HAKOMMYEHHS (DEPMEHTIB MpernapartiB y
NPOIYKTAX O/UKIIBHHULITBA, 110 CYNIEPEUUTh MPUHIIMIIAM €KOJIOTTYHOT O€3MeKH Ta SKOCTI.

HesBaxxarouu Ha TOCTPOTY iICHYIO4O1 TPOOIEMH, Ha CHOTOHI 3ATHIIIAETHCS BIIKPUTHM IS
NOUTYKY e(eKTUBHE TEXHOJOT1UHE PillIeHHs, KOTpe 3a0€3MeUnTh HelHBa3UBHY Ta eHeproedek-
TUBHY 00pOOKY OJ1K1I Bij Kiia Varroa 6€3 BUKOPHUCTAHHS XIMIYHUX 3aC001B.
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MyTyro4# Ta MiAJamTOBYIOUYHUCh A0 XIMIYHMX Ta O10JIOTIYHHUX 3ac00iB OOPOTHOM, KITIII]
Varroa crioHyKkae 70 MOIIYKY HOBHX a00 MOJIEpHi3allii iCHyI0OUHX METO1iB OOpOTHOH 31 MIKif-
HUKOM, 0a3yl0uu JOCIIKEHHS HE TIJIbKA Ha METO0JI0Tii 00pOTHOH, a i Ha CEeNEKIITHUX 0CO-
OJIMBOCTSIX MOMYJIAIIT METOHOCHUX OJ[KIN y MOAATBIIOMY.

Amnanizyroun [1-4], iCHyl0Ul METOJIM MAalOTh CYTTEBI OOMEXEHHs, KOTPi CTalOTh OCHOB-
HUMU TIEPENOHAMH, 10 3MEHIIIYIOTh BiJICOTKOBI MOKAa3HUKY Ae3iHdekiii. OaHaK JOCTiHKEHHS
Mopdotorii Ta (Hi3107I0TIYHOT Iy TIIMBOCTI KJIiIIa BKA3YIOTh HA HOTO BPa3JIMBICTh JI0 ITiABHUIIE-
HUX TeMIEepaTyp, OCOOIHBO B 30HI THATOCOMHU. TOMY € MOXIJIUBICTh JIOT1YHO BUKOPUCTATH CIa-
OKICTh MMapa3uTy J0 TEPMIYHUX KOJIMBAHb Ta PO3POOUTH aTbTEPHATHUBHY MOJIEIb s Ae3iH(e-
Kii, sika OyJie 0IHOYACHO e(PEeKTUBHOIO IPOTU Varroa Ta 6€3MeYHOI0 ISl MEJJOHOCHUX OJIK1II.

OpmHUM 13 IEPCTIIEKTUBHUX HATIPSMIB € 3acTocyBaHHs iH(padepBoHoro (1Y) BunpomineHHs
3 KOHTPOJIbOBAHUM TEeMIIEPATYPHUM PEKUMOM, IO O3BOJISE IIJIECTIPSIMOBAHO BIUIMBATH HA
TEPMOUYYTJIMBI IUITHKY Mapaszuta 0e3 mxoau s o mkonu. [Ipore ms peanizamii Takoro mij-
X0y HeoOXiHa po3poOKa BiAMOBITHOI anapaTHOi CUCTEMH 3 TOUHUM PETYJIIOBaHHAM TEMIIe-
patypu Ta e(peKTUBHOIO CXEMOIO YIIPABITIHHS.

AHaJIi3 0CTaHHIX J0C/iIKeHb Ta myOaikaniii. JlocmikeHHs B CUCTeM] B3aeMOIii mapa-
3WTa Ta HOCIS IPOBENICHO B po0OTi [ 1], 1€ aBTOpH ONMHUCYIOTH B3a€EMOIIIO, 10 MOJISITAE HE TITBKH
B IMOTJIMHAHHI reMOTiM(H, a i HaCIiIKOBOMY PYHHYBaHHIO 010TH Tija, 110 (OPMYIOTh IMyHHY,
TEPMOPETYIIIOI0UY Ta MPOTUTOKCUHHY J1it0. 3BEPHEHHS YBaru Ha MOOIYHHI TpoIIec 3apaKeHHs
CYIIyTHIMHU LIbOMY Tiporiecy Bipycamu. Cam ki Varroa 1o0pe agantyeTbes 10 HOBUX YMOB
Ta cTBOpIoe cuHeprito matoreHHocTi [1]. Hocmigauku R. D. Schmid-Hempel Ta iammi okpecnro-
I0Th YITKUH 3B’S30K MK JIOTJISAOM 3a O/pKOTaMHu, piBHEM MiATOTOBKHU OJKOJSPIB Ta BTPATOIO
O/DKONMHUX ciMel y mporieci 6opoTebu 3 Varroa. UiTka cTpykrypoBaHa po6oTa 3 e(peKTHBHOTO
KOHTPOJIIO MOMYJIAMIT KIIIIIA MAa€ YiTKy 3aJI€KHICTh BiJl iIHTErpalii TeXHOJIOr1i, BUOOpY mpena-
paTiB, JOTPUMaHHS TEPMIHIB Ta piBHA 00poOKHU. Y poOOTi [2] BCTAaHOBIICHO, 110 HECTa4Ya 3HAHb,
BiJIXHWJICHHS Bl TEXHOJIOT1H Ta HaIMIpHE BUKOPUCTAHHS XIMIYHHUX 3aC001B Ipu 00poOIIi 3011b-
IIYIOTh CMEPTHICThH O/KOIOCIMEH.

JlocnipKeHHsT ToKas3anu, o Varroa Bpa3iuBi 10 TEPMIYHUX KOJIUBaHb, TOMY II€ CTaJIO
OCHOBOIO ISl PO3POOKH TIMEpTEPMIYHUX MPUCTPOIB, AKI HarpiBawTh OkiI 10 42-45 °C, BU-
KIIMKAIOUU 3aru0ens napasuta 6e3 mkoau A Hocis. Y pobotax [3] Ta [4] mokazaHO edeKTu-
BHICTh TinepTepmii B 0OMEKEHHX yMOBax, aje BOJHOYAC IMOKAa3aHO MPOOJIEMY 3aCTOCYBaHHS
TEXHOJIOTi! Ha piBeHb MPOMMCIIOBUX MAaciK. TaKoX y CBITOBIM MPAKTHUII 3 SIBIAIOTHCS CIIPOOU
010TEXHOJIOTIYHOTO MIIX0Ty A0 KOHTPOJIo Varroa, 3oxkpema yepe3 RNA-inTepdepentitiro abo
CEJICKIIIIO JIiHIi O/KiN, 9yTinuBuX A0 HasBHOCTI kiminiiB (VSH). OgHak Taki pilmieHHs MarOTh
JIOBIOCTPOKOBY TMEPCIEKTHBY 1 HE BUPIMIYIOTh HArAJIBHOI MOTPEOH Y TEXHOJOTIYHUX 3ac00ax
JIOKAJIbHOT 00POOKH.

AHaJi3 HayKOBHUX Iy OJTIKaIlii 3aCBITYy€ BUCOKY 3aIlIKaBJICHICTh Y (DI3WYHUX MeToAax 00-
potebu 3 Varroa destructor, ofHaK Ha CbOT'OJHI BIICYTHI KOHKPETHI pe3yJIbTaTH.

BuaisieHHs1 HeOCIiIKEHNX YACTHH 3arajabHoil mpooaemu. [Torpu BeMKy KUIBKICTB J10-
CJDKEHB, IPUCBIYCHUX BUBUCHHIO Oiojorii kmima Varroa ta po3podii MeToiB 60poTHOH 3
HUM, HHU3Ka KIIOYOBHX ACTEKTIB 3aJIMIIAE€THCS HEIOCTAaTHHO PO3KpuTOro. [lo-mepre, HasBHI
(bi3u4HI METOIM 3HE3apakeHHs CTUKAIOThCA 3 MPOOJIEMOI0 aanTOBAHOCTI 1X 10 IIUPOKOMAC-
MTaOHOTO BIPOBAKECHHSI Y TIOJILOBUX YMOBaX. BiicyTHI MPUCTPOI, 110 TOETHYIOTh HACTYIIHI
SIKOCTI, @ caMe: KOMITaKTHi, aBTOHOMHI Ta MPOCTi y BUKOPUCTAaHHI MPUCTPOI, 3/1aTHI 3a0e3rme-
YUTH OE3MEeUHy TEPMIUHY 00pOoOKYy Ok 6€3 HeoOX1JHOCTI BTpYUYaHHs orepaTopa abo mopy-
IIEHHS MIKPOKJIIMATy BYJIHMKA.

Takox HemocipKeHa MpodiieMa aBTOMAaTH30BAHOTO KOHTPOITIO TEMIIEPATYPHOTO PEXKUMY
OTPOMIHEHHSI JIJIs1 30€peKEeHHsI BOJHOYAC MPOCTOTH Ta HAAIMHOCTI 3 BUCOKOKO SIKICTIO KOHT-
POJTIO 3 ypaxXyBaHHSM 1HEPIIHOCTI HArpiBAJILHUX €JIEMEHTIB Ta MOBEIIHKOBUX 0COOINBOCTEH
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0ok, [CHyrO41 TOCITIIPKEHHST HE BpaXxOBYIOTh BapiaTUBHICTh TEMIIEPATYPHUX YMOB (SIK 30BHi-
IIHIX, TaK 1 BHYTPIIIHIX), K1 MOXYTh CyTTEBO BIUIMBATH Ha €(EKTUBHICTH TEPMOOOPOOKH Ta
Oe3reKy It KoMax.

Mertoro cTaTTi € po3poOKa TEPMIYHOI KaMepH JJisi O0pOTHOU 3 KJiIilieM Varroa ajist JTiTHO1
O/KOJH 32 PaXyHOK CBITJIOTEXHIYHHUX €JIEMEHTIB Ta 3aC001B KOHTPOJIIO.

BuxkJan ocHoBHoro matepiany. [Ipu po3po6iii Ta Monudikarii ycTaHOBOK 171t 00pOTHOH
3 KjimeM Varroa Jijist mo4aTKy MOoTpiOHO 3BEpHYTH yBary Ha MopdoJIorito mapa3uTa. 3aBIasKu
PI3HOMAaHITTIO O10JIOTIYHUX XapaKTEPUCTHK Mapa3uTa, MUTaHHS HOro i1eHTHdikalii TpuBaiuii
Yac 3aJIMIIAIIOCs Y IIEHTP1 yBaru HayKoBIliB. Ha OCHOBI 1OCiIKeHbh HAYKOBIIIB, MOYKHA BU3HA-
YUTH OCHOBHI IMapaMeTpH TiJia Ta OCOOIMBOCTI TKAHUHHMX MOKPUBIB Mapa3uTa, 1o € BaXKJIH-
BHUMH JJIsI BIOCKOHAJICHHS M PO3pOOICHHS €(PEeKTUBHOTO MeXaHi3My 00poThOU 3 HUM. Y poOoTi
JOCITITHUKIB [5] BHOKpEeMJICHI apaMeTpu Tijia IIst OCOOMHH, Taki gk 1-1,77 MM y JOBXHHY Ta
1,50-1,99 MM y mmpuHy, IpH 1IbOMY CIIBBIIHOIIEHHS TOBXWHU JI0 ITUPUHHA BapilO€ B MEXax
0,53-0,93 MM. Mo>kHa criocTepiratu esiki 0cOOIMBOCTI Mapa3uTiB A0 301IbIIECHHS CBOIX Mapa-
METpIB Ta IX MPHUB’SA3KY J0 KIIMaTUYHUX 30H Ta reorpadii 3HaxomkeHHs maciku [5-8]. [lomo
0co0IMBOCTEH MOKPUBY Ta MOpdostorii 6yJ0BU Tijla, caMme TIJIO CKIAJAEThCS 3 ABOX OCHOBHHUX
BIJIZIIJTIB: TOJIOBOTPYAH a00 TIPOCOMa, SIKa MICTUTh POTOBY MOPOKHUHY Ta KIHIIIBKH, Ta Yepe-
BIIe, a00 OMICTOMY; LIl YaCTHHA 3HAXOAMUTHCS 3a3BUYal 32 HEBUIUMOI Bi3yalbHO CTOPOHH T1a-
pasuta. Ko po3risaaTy AeTaibHille, TO BTOPUHHO TUIO MOJUIAIOTh HA YTBOPEHY 3JIUTTAM
(parMeHTiB — iJicOMy — Ta THATOCOMY, sIKa Ma€ TIeBHE BUIOBXKEHHS 3 OOKiB, Ha KOTpii po3Ta-
IIIOBaH1 PyXOMi MEAIMaJIbIIA Ta XETIEPH.

IToBepxHeBi TKaHMHHU KJIiIa Varroa € JOCTaTHO YyTJIIMBUMU J0 30BHILIHIX (paKTOPiB, 30-
KpeMa Horo rHaToCcoOMa Ta 1/1il0coMa MaroTh OOMEKEHY CTIHKICTh 10 eKCTpeMalIbHUX TeMIIepa-
TYpHHUX KOJUBaHb. Kl MaroTh MiABUILEHY YyTIUBICTh 1O 3POCTaHHS TeMIIEpaTypH, 0CO0-
JIUBO II€ CTOCYETHCS MOKa3HUKa Temriepatypu + 42 °C >y Tijl mapa3uTa CIoCTepiraeTbes 3a
TaKUX YMOB TPOIIEC ACHATypallii O1IKa, 10 MPU3BOIUTE 0 pyHHAIT MIXKKITITHHHHUX 3B’ SI3KIB
Ta JAeTpajarlito M’ s130BOi TKAHUHH. A 3pOCTaHHS TEPMIYHOTO HATPIBY 3a TEMIEPATYPHUH TOKa-
3HUK t+ 45 °C > nokasye, 1110 B Mapa3uTa TepMIYHUN 0K, KOTpUi Beje A0 3aruodeni. Haiipas-
JUBIIIAMH € BHYTPIIITHI CTPYKTYPH, III0 PO3TAIIOBaHI 3 BEHTPAJILHOTO OOKY (THaTOCOMa), SIKHI
MEHII 3aXHUIIEHUNA KYTHKYJISIPHUM I1apoM. Lle nae 3Mory BUKOPHCTOBYBATH CIIPSIMOBAHE TeTl-
JIOBE OTIPOMIHEHHS SIK OJIUH 13 (PI3UYHUX METO/IIB KOHTPOJIIO BApOATO3y, HAMIPUKIIA, Y CIIEITi-
albHUX TepMoKamepax [9-11].

YcranoBKa JU1si BAKOHAHHS CTEpHITi3allii Biff Kiima Varroa Mae pocTy CTPYKTYpPY Ta CKJia-
JIA€THCS 3 EMHOCTI, sIKa BUCTYIIAE PE3EPBYapOM JUIsi OOpOOKH, HarpiBaJbHOTO €JIeMEHTa, Tep-
MoOpeJIe Ta JpKepesa )KUBJICHHs (puc. 2).

&0
— / ’

Puc. 2. Koncmpyxyis mepmoxamepu 071 cmepunizayii MeOoHOCHUX 004cin 8i0 kniwja Varroa:
1 — mepmokamepa, 2 — namna inghpauepeoro2o BUNPOMIHIOBAHHS, 3 — meniose peie;
4 — mepmooamuyuku, 5 — 8ynuK, 6 — 1bOMOK (8Xi0 00 Kamepu);
7 — KaHan Oii inghpauepeoro2o 8UNPOMIHIOBAHHS
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VYcraHoBKa pU3HaueHa I 3He3apaKeHHsI MEJOHOCHUX OJIKUT IIJIIXOM KOPOTKOYaCHOTO
ornpoMiHeHHs iHppadepBoHUM (1Y) BUIPOMIHIOBAaHHSM MiJ1 Yac iX MPOXOPKEHHS Yepe3 BXiTHY
TpyOy ByJIHKA.

KOHCTpYKTHBHO yCTaHOBKA CKJIAAAETHCA 3 TPhOX OCHOBHUX €JIEMEHTIB: mepmokamepa (1),
iH(ppavepBoHOi Jammu (2) Ta TermoBoro pene (3) 3 Tepmoaarunkamu (4). Tepmokamepa repme-
THUYHO 3’ €THYETHCS 3 BYJIMKOM (5) Ta Ma€ JbOTOK IS MiJUTbOTy O10konu (6). BHYTpiliHI CTiIHKH
TEPMOKaMEpH BUTOTOBJISIIOTHCS 3 TEPMOCTIMKOTO MaTepiaiy, a il KOHCTPYKTHUBHO CIIPSIMOBAHUI
kaHaJ (7) 3abe3nedye NpuMyCOBe MIPOXOHKEHHS O/ Kpi3b 30HY BIUIMBY iH(QpauepBOHOTO BU-
MIPOMIHIOBaHHS. Y BEPXHIM YacTUHI TPYOH PO3MIIIyEThCs 1H(paYepBOHA JIaMIia MOTYKHICTIO
100...150 BT, sixa BUIIPOMIiHIOE iH(ppauepBOHE BUIIPOMIHIOBAHHS B Jlialla30Hi JTOBKHH XBHIIb
0,8...1,4 um, mo € eheKTUBHUM JJIsl TEPMIYHOTO BIUTMBY Ha IIKITHUKIB. B yCTaHOBII 32 OCHOBY
IPUHHATO A0 BUKOpUCTaHH:A Jamiy tuiy 150 W E27 R123, sika npeacrasieHa Ha puc. 3, 4.

a 7]

Puc. 3. Ingppauepsone 0xcepeno eunpomintosanms:
a — namna muny 150 W E27; 6 — cnekmpanbHuti po3nooin 1amnu

Ha puc. 3, 6 300paxkeHO TUIIOBHI crieKTpaidbHUi po3nonin sammu 150 W E27 R123 3 no-
MIHYIOUOIO JIOBKMHOIO XBWIII B Mexax 0,8-1,4 um, mpuuomy MiKOBa IHTEHCUBHICTh KOHIICHT-
pyeThest 61 1 um, 110 3HAXOAUTHCS BCEPEAMHI 3asiBIICHOTO Jiana3oHy. Takuil ciekTp 3abes-
neuyye e(eKTUBHUI TEIUIOBMH BIUIMB TPH  BIHOCHO HU3BKHX BHCBITIFOBABHUX
XapaKTepUCTHKAaX, 10 BXXIIUBO JUIS 337a4 TepMoKaMep Yy 60poTh0i 3 KiieM Varroa: OCHOB-
HUUN aKIeHT pOOUTHCS Ha TETUIOBY 110, a HE Ha CBITJIOBE OCBITJICHHS.

TemmnepatypHHii pekxuM B 30HI OIPOMIHEHHSI KOHTPOJIIOETHCS 32 JOMTOMOTOI0 TEPMOpETIE,
SKE 3YUTYE JIaHl 3 TePMOAATUHKA 1 aBTOMATHYHO PETYIIOE poOOoTy Jammu (puc. 4, a).

I 7ayma [*

Temnose peie

135 1

a o
Puc. 4. Cxema ycmanosxu ons mepmiunoi o6pooxu:
a — cmpykmypHa cxema, 6 — mepmopeeynamop muny STC-1000
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VY koHCTpYKIIii 3armpornoHoBaHo Bukopucratu tepmopese tumy STC-1000, skuii npeacras-
neHo Ha puc. 4, 6. Tepmoperystop tury STC-1000 € OCHOBHHM KepYIHOUUM €JIEMEHTOM CHCTEMH,
Horo (hyHKIIIS IOJIATaE y peryJIroBaHH1 poO0TH 1HGPAYEPBOHOT JIAMITH BiJIIOBIIHO JI0 TEMIIEpaTy-
PHUX TIOKa3HHUKIB, 110 HAXO/STH 13 TEPMOJATUMKA, PO3MILIEHOTO Y MiUILOTHIN TpyOi.

TepmoperynsaTop 34nuTye TeMIiepaTypy B peaIbHOMY 4aci Ta MOPIBHIOE ii 13 3aJJaHUM KO-
pHUCTyBaueM Jliana3oHoM. Y pa3i 3HWKEHHS TEMIIEpaTypH HUKUE BCTAHOBJIEHOT'O TIOPOTY MPH-
CTpill aKTUBY€E HarpiBaJIbHUHN €JIeMEHT — iHGpaYepBOHY JaMITy, a MPU JTOCATHEHHI BEPXHBOTO
JTIMITY TeMrepaTypH — BUMHKae ii. OTxe, Taka (yHKIIOHAJIbHA OCOOJIMBICTh 3a0€3Meuye Ipo-
CTOTY aJITOPUTMY Jiii, JO3BOJISIE TOUHO MIATPUMYBATH KPUTHUHY TEMIIEPATYPY, IO € 3ryOHOI0
TUTSE TIapa3uTa, ajne Oe3MeYHO0 s CaMHX OJIKII.

PoGounii TemneparypHuil aiana3oH MATPUMYEThCS Ha piBHI 42-45 °C — mocTaTHIN 1yist
ne3iHgexuii, ane 6e3neunHiit s camux Omkin. Cucrema € aBTOHOMHOIO, 1110 3a0e3reuye cTa-
O011pHY poO0TYy O€3 BTpyuaHHs oneparopa [11].

[lepeBaramMu yCTaHOBKH €: O€3KOHTAaKTHICTh OOpOOKHM, BIICYTHICTh XIMIYHOTO HaBaHTa-
JKEHHS Ha O/DKOJMHY CIM’I0, €eHeproeeKTHBHICTh 32 PaxXyHOK KOPOTKOTPUBAJIOl poOOTH Ja-
MIIH, a TAKOK BUCOKA TOYHICTh PETyJIIOBAHHS TeMIepaTypu. BoHa miaxonuTs K A 1HAMBI-
yalbHUX MAciK, TaK i AJs IPOMUCIOBOIO BUKOPUCTAHHS 32 YMOBH ITONIEPETHHOTO TECTYBAHHS.

Jns migBUIIEHHS €(QEeKTUBHOCTI PEKOMEHJOBAHO BHKOPHCTOBYBATH TEILIOI30JISMIIIO
TpyOu, BimOuBaui 11l (POKyCyBaHHS BUIIPOMIHIOBAHHSI, & TaKOXX CHCTEMH KOHTPOJIO PyXy
OJUKIUT 3 METOIO YHUKHEHHS MEPErpiBy B pa3i CKYITYEHHsS. Y CTAaHOBKA Ma€ 3HAYHUN MOTEHITial
JUISl BIPOBA/DKEHHS B Cy4yacHY ariTeparnito Ta 0i00e3neuHe yrpumanHs nacik. J{ms peamizarmii
YCTaHOBKH 3alpoIrioHOBaHa (pyHKIIOHaNbHA cxema (puc. 5).

TeepaoTiNEHE

P — e, ————

TACKIIOBaY

HanaromxeHHa KEBTeHES
pe3HCcIOopa

Puc. 5. Qynxyionanvna cxema onss mepmiunoi 06poobKu

Ha ¢yHkuioHanpHii cxemi TepMOAATYMK YMOBHO NPEJCTAaBICHUN y ceKuii TpyOH mij mo-
3Ha4YeHHSIM R1 — 11e TepMope3ucTop, SKUid 3MIHIOE OTip 3aJIeKHO B Temrepatypu. Came BiH:

o Bumipioe TemnepaTypy BcepeanHi MiAIbO0THOL TPpyOu.

o [Ilepenae curnain a0 omnepaniiHoro miacuiaroBada Al, SKuil MOCUITIOE CIa0KHiA aHAJIOTO-
BHI CUTHAJ.

e Jlami curHanm oOpoOJII€THCS MPOMOPIIIMHO-IHTETPYIOUUM TiAcHIIoBadeM A2, mo0 3a-
0e3neunTy TUTaBHE KEPyBaHHS TBEPAOTLINM pelie Ta Jammoro L1.
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Jlist aHamizy Ta SIKOCTI KepyBaHHS caMoOi yCTAaHOBKU IPOBEICHO MOJICIIOBAHHS CTIMKOCTI
cucteMu B nporpamMmHomMy cepenoBuili MATLAB/Simulink st mpepeBipku peanizanii HarpiBy
kamepu [YU mpoMeHsIMU 3 KEpYBaHHIM 4Yepe3 TePMOPETyIITop. B MojentoBaHHI BUKOPUCTAHO
NEeBHI OOMEXEHHS, SKi € palliOHaJTbHUMH Ta JIOMYCTUMUMHU: T, <43'C ta T, >45'C,ac

sarpuMku pene ¢ = 3c. [loOynoBani pe3ynbTaTh MOJICIIOBAHHS NPEICTABIEHO HA PUC. 6.

Puc. 6. Ilepexionuii npoyec memnepamypnozo xkoumponio (STC-1000)

Ha rpadiky 300paxkeHO nepexiHuii mpouec podOTH CUCTEMH TePMOPETYJIALi, 110 OTPH-
MaJjio peasizallito nusixoM 3actocyBanHs Tepmoperyisitopa STC-1000 3 geoma pene. Temme-
paTypHUi KOHTPOJIb 3A1MCHEHO 32 BBEJICHUMH Ta 00YMOBIICHUMH BHIIIE OOMEXEHHAMHU. Pery-
JIOBaHHS HArpiBy BHUKOHYETHCS IUISIXOM BMHKaHHS Ta BUMHUKaHHS mkepena [Y. Takwmii
MPUHIIAIL T03BOJIUTH MIATPUMYBATH TEMIIEPATypy B 3aJlaHUX MEXKax 3 ypaxyBaHHSIM iHEpIliii-
HOCTI1 00’€KTa.

I'pacdix nemoHcTpye cTabibHy poOOTY CUCTEMH. 3 HBOTO BUJIHO IJIaBHUI HaOip Temrepa-
Typu B 00’ eMi kamepu. PoGoTta perne nmpoaeMoHCTpOBaHA 3 TICBHOKO 3aTPUMKOIO IS peai3artii
poOOUNX XapaKTEPUCTUK pealibHOTo mpucTpoio Lle 3abe3neuye edeKTHBHE KepyBaHHS TeMIlepa-
TypOI0, 30KpeMa rmpu o0poOITl KB Varroa, e BaXKJIMBO TOYHO IMIATPUMYBATH 3aJaHy TEMIIe-
partypy 6e3 pi3KHX KOJIHMBaHb.

BucHoBku. BukoHaHi TOCHTIKEHHS TO3BOJIWIH PO3POOUTH KOHCTPYKIIIO YCTAHOBKH JIJIsI
TEPMIYHOTO 3HE3apakeHHsI MEIOHOCHUX OJKIN Bix Kiitna Varroa destructor, mo 6a3yeTbes Ha
BUKOPHUCTaHHI i1H()PAYEPBOHOTO BUITPOMIHEHHS 3 KOHTPOJIbOBAHUM TEMIIEPATYPHUM PEKUMOM.
3anponoHoBaHa cucTeMa BKIo4ae iHdpauepBony gammy tumy 150 W E27, repmonarunk NTC
10kQ ta mmudposuit repmoperyisatop STC-1000, sxuit 3a6e3nedye cTabUTbHY TIATPUMKY TEM-
nepatypu B Mexax 42...45 °C — 6e3neunoi uist O/kin 1 3ryoHoi ans mapasuta. [IpoBenene
KOMIT I0TepHe MojemoBanHs y cepenoBuili MATLAB/Simulink mokasarno, mo cucrema 37a-
THa 3a0€3MeUYNTH MJIaBHUNA TIepeXiJHUM MpoIiec HarpiBy 3 MiHIMaJIbHIUMHU KOJIMBAaHHIMH Ta I10-
XUOKOI0 perymoBanHs He Oitbine + 0,5 °C. Byno miarBeppkeHo, 0 MKOBa JOBXHUHA XBHITI
BUIIPOMIHEHHS JlaMnu B Mexax 1,0 um e(pexkTuBHO BIUIMBA€ HAa TEPMOUYTJIMBI 30HH KIIIIA,
30KpeMa THaTOCOMY, 110 OOYMOBIIIOE BUCOKHI CTYTMiHb 3HE3apa)K€HHs 0€3 XIMIYHOTO BTpY-
yaHHs. Cucrema € eHeproeeKTUBHOI0, ABTOHOMHOIO Ta TEXHOJIOTIYHO MPOCTOIO, 110 JI03BOJISIE
aZlanTyBaTH 11 SK 17151 IHAUBIIyaJIbHUX MACIK, TaK 1 11 IPOMHCIOBOTO BUKOPUCTaHHS. Bpaxo-
BYIOUH pe3yJIbTaTH MOJICIIIOBAaHHS, @ TAKOXK IIPOCTOTY pealtizalii 1 HaJiiHICTh, 3alIPOIOHOBAaHA
TEpMOKaMepa MOKe CTaTH MEPCIEKTUBHOIO aJbTEPHATUBOIO TPAIUIIITHUM XIMIYHUM METO/1aM
00pOTHOM 3 BAPOATO30M Yy Cy4aCHOMY OJIKITHHHUIITBI.

369



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(41), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

3asBa npo BukopuctanHs reveparuBHoro LI Ta rexnosoriit Ha ocHosi LI
B IIpOLeCi HANIMCAHHS TEKCTY CTATTI

[Tix yac HamMcaHHS ILOTO MaTepiany aBTOp(M) BUKOpUCTOBYBaB(JM) [https://chatgpt.com]
— [t 3MenmenHs 06’ €My TEKCTY MpoaHai30BaHUX AOCIIHKEHB 3a TEMAaTHKOIO My OJIiKaIii Ta
cucTeMaTH3alii i y3aralbHEHHs pe3yJIbTaTiB MOJICIIIOBAHHS MiepexigHoro npouecy|. Ilicis Bu-
KOPHUCTAHHS IIbOTO IHCTPYMEHTY/CEpBICY aBTOp(M) MeperisiHyB(JIn) Ta BigpeaaryBa(iif) 3MiCT
3a moTpeOu 1 B3sB(JI) Ha ceOe MOBHY BiAMOBIIAIBHICTD 3a 3MICT Ty OJIiKallii.
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USING CONTROLLED THERMAL IR RADIATION
TO COMBAT HONEY BEE PARASITES

The article discusses the development and research of a hardware complex for combating the Varroa destructor mite in
honey bees by using controlled thermal infrared (IR) radiation. The basis of the design solution is the morphological vulnera-
bility of the parasite, in particular the gnathosomes and the ventral part of the body, to elevated temperatures in the range of
42-45 °C, which is safe for bees but detrimental to the mite.

The proposed installation is a thermal treatment module integrated into the hive's approach pipe, equipped with an IR
lamp of type 150 W E27 R123 and a digital temperature controller STC-1000 in combination with a NTC 10 kQ temperature
sensor. The system operates in automatic mode, maintaining the set temperature by adjusting the operation of the heating
element depending on the sensor data. The design provides for the directional action of IR radiation in the wavelength range
of 0.8-1.4 um, with a peak of about 1 um, which is optimal for point thermal effects on the parasite with minimal light load.

To verify the operability and stability of the temperature regime, mathematical modeling was performed in the MATLAB/Simulink
environment. The results showed a smooth transient heating process with a control error of no more than + 0.5 °C and the absence of
sharp temperature fluctuations, which confirms the suitability of the technology for safe processing of bees.

The advantages of the developed system are environmental safety (absence of chemicals), autonomy of operation, energy
efficiency due to short-term activation of heating, as well as simplicity of design and the possibility of integration into existing
hives without significant modifications. The proposed approach can be an effective alternative to traditional chemical methods
of combating varroa and has the potential for implementation in both individual apiaries and industrial beekeeping.

Keywords: parasite; thermal camera; infrared radiation; Varroa mite; thermal relay.
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BIIJIMB BHYTPIIIHBOI'O OITIOPY HA ®YHKIIOHYBAHHA
TPAHC®OPMATOPHO-K/IIOYOBOI'O PET'YJIATOPA HAIIPYT'

Bukonano ananiz eéniugy 6Hympiunb020 onopy mpanc@opmamopHo-Kio408020 pe2yisimopa Hanpyau, wo QyHKyionye
Ha NPUHYUNT OUCKPEMHO-PA308020 Kepysanhs kmovamu. Tlokaszano, wo 6niue 6HympiuiHb020 0nopy KOJICHOI HACMYnHOIL cmy-
neni pe2yiosants mpancohopmMamopHo-KIoH08020 RPUCMPOIO HA 3a0isnuil Koepiyicum mpancopmayii nogunen Gymu ma-
KuM, W00 8IOHOUEHHSL 3HAYEHb NONEPEeOHbO20 Koepiyichma 00 HACMYNHO20 He NePesUy8alo Ny camy eIUdUry, o € Xapa-
KMEPHOIO 0151 PEdCUMY XOIOCMO20 X000y Npucmpoio. Bukonanns yiei ymosu 3abesneyye He3MiHHICMb NOXUOKU Pe2ylio8aHHs y
npoyeci pobomu npu 3MIHI 6EIUHUHU YU XAPAKMEPY HAGAHMAICEHHSL.

Knrouoei cnosa: mpaucgopmamop, knou; Komymayis, pe2ynosants Hanpyau,; mooemosanus, Simulink.

Puc.: 8. bion.: 8.

AKTYaJIbHICTh TeMH A0CHiTxKeHHs. [[uCKpeTHO-CTyiHYacTe a00 TUCKPETHO-Pa30Be pe-
TYJIIOBaHHS HANpPyTH IUIIXOM KOMYTallii HaJleXHUX BIBOMAIB CHUJIOBOTO TpaHcdopMaTopa,
TOOTO BiJIMIOBITHOIO 3MIHOIO KoedilieHTa Horo Tpancdopmailii, € HAUIOIMPEHIITNUM CIIOCOO0M
JOCATHEHHSI HeoOXimHuX pesynbrariB [1-3]. IIpore, mpu nboMy HEe BHCBITIIOIOTHCS MUTAHHS
BIUTMBY BHYTPIIIHBOTO OMOPY KOMIIOHEHTIB CHJIOBOTO MIPUCTPOIO B YACTHHI1 301IBIIICHHS TTOXU-
Oxu perymoBaHHs. ToMy aKkTyaJlbHUMU € TOCIHIPKEHHS OO0 MOJIIMIIEHHS e()eKTUBHOCTI (y-
HKI[IOHYBAaHHS TAKOTO POAY MPHUCTPOIB.

IMocranoBka npodaemn. CbOroJICHHS XapaKTePU3yEThCA NIUPOKUM BUKOPUCTAHHAM IIH-
(GpOBHUX CHCTEM YIpaBJIiHHS Ta PeTyatoBaHHA. TeHIeHIii 10 (GYHKI[IOHATBLHOTO Ta arapaTHOTO
YCKJIAJIHEHHS TAKOTO POy €JIEKTPOTEXHIYHUX YCTAaHOBOK BUMAraroTh HaJIC)KHOTO KOMIT IOTEp-
HOTO MOJICTIIOBAHHS CHCTEM YTPABIIHH 1 IXHIX BY3JIIiB, @ TAKOXK CHJIOBHX BY3JIIB TAKOTO POITY
YCTaHOBOK. BUKOpHCTaHHS TPOrpaMHUX CEPEAOBHII Bi3yalbHOTO 00’ €KTHO-OPIEHTOBHOTO MO-
JIeITIOBAaHHS JI03BOJISIE OJICP>KAaTH HOB1 TOCTOBIPHI Ta HAOUHI PE3YJBTATH, 1110 3arajoM CIpOILy€e
aHaJi3 Ta crpHsie X OUIBII IPYHTOBHOMY OCMHMCICHHIO. Lle mepeayciM TakoX CTOCYEThCS BH-
KOPUCTAaHHS TIOMMPEHOTO 1 MOCTIHHO 00HOBIIOBaHOTO Mmaketa MatLab/Simulink.

AHaJi3 ocTaHHIX J0CTiTKeHb Ta myOaikaniii. JlocnikeHHS BUKOHABYMX BY3IIiB PETY-
JFOBaHHS HANPYTH, 10 Peaji3yloThCs y BUMIAAI KOMOIHAIIHHOTO MO€AHAHHS 6arar00OMOTKO-
BHUX TpaHC(OpMaTOPiB Ta KIIOYIB MTUPOKO BUCBITIIOETHCS y HAyKOBUX MyOmikarisx [4-8]. Oc-
HOBHUM 3aBJaHHSM, M0 BUPINIYEThCS TNpU LbOMY, € QopMyBaHHSA OaxaHoi GdopMu
PEryIroBaJIbHOT XapaKTEePUCTUKH LUIIXOM BHOOPY HEOOX1THUX BUTKOBHX CITIBBIIHOILIEHb Tpa-
Hc(opMaTopiB 1 BIAMOBITHOTO YBIMKHEHHS IO BUBOIB THX UM 1HIIIMX 0OMOTOK, KOMYTaIlliTHUX
KOMMOHEHTIB. [Ipy iboMy CTaBIATHCS 3a7adi 110 MiHIMIi3aIlii KUTBKOCTI 0OMOTOK, KITIO4iB, Tpa-
HC(OpPMATOPIB, 3MEHIIEHHS CTPYMiB, 1[0 KOMYTYIOThCS TOILIO.

Bujinennsi He1oC/IiI:KeHUX YACTHH 3arajJibHOI MPooJjeMu. 31e01TBIIIOT0 TaKi 3aBIaHHS
BUPINIYIOTHCS 32 YMOB HE3MIHHOCTI HABAHTAXKEHHS YU HEXTYBaHHS HOTO BIUITMBOM, IO MOXKE
OyTH HENPUUHSATHUM, ajie 3aBKAMU € MEePUIMM €TaroM BHOOpPY CXEMHU CHJIOBOTO PEryisiTopa.
[IpupoaHo, 1110 pU PEryNIOBaHHI HOTO BHYTPILIHIH OIip 3MIHIOETHCS, OCKLIBKH 3MiHA HAIIPYTH
peanizyeThes B MPOIIECl OCHTIIOBHUX MEPEXOIIB B/l OTHOTO KoedilieHTa TpaHchopmarlii 10
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iHmoro. ToMy 3anmumraeThesi HEOOXiTHICTh MOJANBIINX JOCTIKEHD MO0 PO3IIUPEHHS TAaKUX
3aB/laHb y YaCTHUHI BU3HAUYCHHS MPUHHSATHUX YMOB BIUTMBY BHYTPIIIIHBOTO OMOPY TpaHchopma-
TOPHO-KJTt04oBOTO perymnsropa Hanpyru (TKPH).

MeTo10 T0CTiIKEeHHsI € BU3HAYCHHS NMPUHHATHUX YMOB BIUTMBY BHYTPIIIHBOTO OTIOPY
TKPH, 1m0 3MiHIOETBCS y MpOLIECI PETYNIOBaHHS, 3a SKUX OW 3abe3neuyyBanacs ogHa i Ta X
MOXHUOKA PETYIIIOBAHHS.

Bukiaan ocHoBHoro marepianay. [Ipoanamizyemo mpoOieMy peryirOBaHHS HAllpyrd Ha
MIPUKJIAI BUKOHAHHS TPhOXKItodoBoro cuinoBoro TKPH, mo 3a6e3nedye miaATpuMKy piBHS BH-
xigaoi Hanpyru U2 (puc. 1) y mexax Big U2.1 no U2.2 B miana3oHi BxigHoi Hampyru Ul y
mexax Big Ul.1 1 mo Ul.4 (puc. 2).

O K1
S
K2
~—e
K3
U1 ¢
u2 | £
f | ¢

Puc. 1. Tpvoxknrouosuii pecynsimop Hanpyau

Buxozsiau 3 reomeTpuyHUX TOJI0KEHbD, 3HAUYeHHS KoediiieHTiB Tpanchopmartii Kt mopiBHro-
I0Th BEIMYMHI TaHTE€HCa KyTa HaXWiIy BIAMOBIIHOI mpsmoi a0 oci BxigHoi Hanpyru Ul. Cama
BeJIMYMHA BUX1AHOI Hanpyru U2 BU3HAYAE€THCS BUTKOBUMH CITIBBIIHOIICHHSIMH aBTOTpaHC(Op-
Maropa Ta OIHUM i3 TphoX yBiMKHeHUX KitouiB (K1 ... K3, puc. 1). To6To mimiana3onu BXigHOT
Hanpyru Ul.1 - U1.2,U1.2 -U1.3,Ul.3 - Ul.4 (puc. 2) BiAMNOBI1al0Th YBIMKHEHOMY CTaHy BiI-
nosigao karouis K1, K2, K3.

Puc. 2. I'paghiuna diazpama podbomu mpancghopmamopHo-Kirou08020 pe2yisimopa Hanpyeu

3 puc. 2 Bumubae, mo Ktl =U2.2/U1.2, a Kt2 =U2.1/U1.2. BpaxoBytouu BiTHOIICHHS
[IUX BUPa3iB OJIMH /0 iHIOro, oxepxxkumo: Kt1/Kt2 = U2.2/U2.1. L1i ciiBBiIHOIICHHS OB’ A3y~
I0Th He0OXiH1 3HaYeHHS Kt 1 MOXuOKy peryitoBaHHS CHCTEMH, III0 BU3HAYAETHCS PI3HUIICIO
U2.2 — U2.1. dxmro no3nauutu: ¥ = Kt1/Kt2 = U2.2/U2.1, To 04€BHUIHO, III0 KOKEH HACTYITHUI
KoedimieHT TpaHcopmallii, SKUif TOBUHEH OyTH BUKOPHCTAHHUI HAa YEPrOBOMY CTYTICHI pPEry-
JIIOBaHHS TIOBMHEH OyTH OLIbIUi a00 MEHINNA Ha Ty K caMy BEJIMYMHY — Y. BiacHe moTpu-
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MaHHS 11i€1 YMOBHU CTOITh B OCHOB1 KoMOiHariitHoro cuate3y TKPH perymtoBanHs 3MiHHOT Ha-
npyru. [l cipomieHHs, K MpaBuiIo, TAKUK aHaji3 BUKOHY€ETHCS MIPU HEXTYBAaHHI BHYTPIIIIHIM
0omopoM 0OMOTOK TpaHC(hHOPMATOPIB Ta KIOUYOBUX KOMIIOHEHTIB CX€MHU, TOOTO BIMOBIIA€E pe-
KUMY X0J0cToro xoay (XX) npuctporo.

KoHKpeTHIIMM Ta HAOYHIIITUM € BUKOpUCTaHHA cepenoBuinia MatLab/Simulink. Y Takomy
pasi, s cxemu (puc. 1) 3a ymos, mo U2.1 = 210B i U2.2 = 230B po3paxyHKOBIi CIiBBiIHO-
IICHHST MOXKYTh MaTH BUIJISI, SIK Ha PHC. 3

Puc. 3. Obuucnrosanvna mooenv onsa cxemu puc. 1

[Tpu upomy rpadiuna niarpama podotu TKPH (puc. 2) npuiime Bua GibIll KOHKPETHUH
BH/I, 1110 HABEJICHUH Ha puc. 4.

Puc. 4. I'paghiuna diacpama pobomu mpancghopmamopro-Ki0u08020 pe2yiimopa Hanpyeu

st peanizanii oouncmoBanbHoi Mozeni TKPH (puc. 3) mnoctarHbo KUIBKOCTI KOMITOHEH-
TiB 0a3oBoi 6i0mioTrexku MatLab/Simulink. 1le: Constant —1st 3a7aHHST XapaKTePHUX 3HAYCHD
BxigHoi Hanpyru Ul.1, Ul.2, UL.3, Ul.4 Ta Gain — npeacTaBIeHHs BiAMIOBIIHOTO KOediIlieHTa
tpancdopmariii (Ktn). [HI11 KOMIIOHEHTH Bi3yallbHOT MOIeIi 00UHCIIEHh BUKOHYIOTh (DYHKIIIIO
BUBEJ/ICHHS OJICPIKaHUX PE3yJbTaTiB.

JUis 1pbOTO0 KOHKPETHOTo BHMAnKy (puc. 3, puc. 4) y= U2.2/U2.1=230/210 = 1,0952,
T00TO NpH KoedirienTi Tpanchopmartii Kt2 =1,0 (mpu yBiMkHyTOMY Kitrodi K2, puc. 1) cymi-
KHI KoedirienTn moBuHHI MaTu 3HadeHHsA Ktl = Kt2xy =1,0952, a Kt3 = Kt2/y =0,913. Ilo-
niOHUM YWHOM BH3HauatoTbess 1 3HauenHs Ul.1...Ul.4, a pisauas (puc. 4)
Ul.4-Ul.1=251,9-191,7= 60,2 B BianoBigae BenuuuHi aiana3ony BxigHoi Hanpyru Ul.

ITpote oueBUAHO, 110 KOXKEH 1HAYKTUBHUM KomrnoHeHT TKPH mae cBiii BHyTpimHii omip,
B I[bOMY BHIAJKy aKTHBHO-IHIYKTHBHOTO XapakTepy, IO MOXKHA IMPEJICTaBUTH SK Bapiallii
IIbOTO Oropy B mporeci 3Minu koHdirypauii TKPH B mporeci perynatoBanHs. 3aHanoM 3 Bapia-
II€10 HaBaHTaXeHHA Z (puc. 1) 11e MPUBOAUTD 10 CHHXPOHHUX 3MiH Koe(ilieHTiB TpaHchop-
Marlii, BUXiTHOI HAIIPYTH TOIIO.
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[Ipoanamnizyemo cxemy, HaBeJeHy Ha puc. 1. YBIMKHeHOMY cTaHy kimroda K2 Biamosimae
HYJIbOBE 3Ha4eHHs BHYTpimHboro onopy TKPH (mpu HexTyBaHHI maliHHAM HAlpyTy Ha KO-
yax), a B iHmmxX cranax (mpu yBiMmkHeHHX K1, a6o K3) #ioro BenmnunHa yxe Oyie BUSHAYATHCS
aKTUBHHMM OIOPOM Ta IHAYKTHUBHICTIO PO3CIIOBaHHS BIAMOBITHUX 00MOTOK. TakuMm 4uHOM, 1€
NPU3BOIUTH 10 3MeHIeHHs 3HadueHb Ktl, Kt3 3a neaminnoi Benmunuu Kt2. Skmo nomyctutu
3menmenHs Ha Ktl 1 Kt3 na 5 %, To po3paxyHnkoBa moaens (puc. 5) ta aiarpama po6otu TKPH
(puc. 6) nemo Monu(piKyIOTbCS Ta MATUMYTh CYTTEBO 1HIINUN BUIIISL.

Puc. 5. Obuucniosanvna mooens 3 ypaxy8aHHAM aKMUBHO20 ONOPY Ma iHOYKMUBHOCHI

I3 mopiBHsHHS puc. 4 Ta puc. 6 BUAHO, 10 JIEMI0 30UIBITMIOCH 3HAYECHHST HIDKHBOI MEXKH
(201,8 B) mianma3zoHy BXiJHOT HampyrH, MPOTE OUIBII CYTTEBUM € PO3pUB TpadiuHoi AiarpamMu
po6otu perymnsaropa (230-242,1 B) npu 3aganux mexax U2 (210-230 B). Lle npu3Boauts 110
BTPATH MPaLE3JaTHOCTI CUCTEMH IIISIXOM IIEPEXOLy 10 CTaHy aBTOKOJIUBAJIBHOCTI B MEXKax Ta-
KOTO pO3puBy. BinHOBIEHHS (PyHKIIIOHAIIBHOCTI MOXJIMBO TIpH 3HWKEHHI 3HaueHHs U2.1 1o
3HAYCHHSI, MEHIIIOTO 32 BEIMYMHY MpOeKIilii Touku «a» (puc. 6) Ha Bick U2, mpoTe 11e piBHO-
I[IHHO CYTTE€BOMY 301IBIIICHHIO TTIOXUOKU PETYIIIOBAHHS.

OueBuaHO, 110, SIK BapiaHT, BIAHOBUTH SIKICHI TTOKQ3HUKW CHCTEMU MO)KHA YBIMKHYBIIU
nociigoBHo 3 kimoueM K2 (puc. 1) iHIYKTUBHICTB, 3 XapakTepoM IOBHOTO OIOpY, aHAJOTi-
HOMY €KBiBaJIeHTHOMY onopy aBrorpanchopmaropa (T) mpu ioro 3aisiHiii Tii 4u 1HITIH ceKil
(W2 abo W3). BinnosizmHo 1 po3paxyHKoBa cxema (puc. 5) moBuHHaA OyTH MoAu(iKOBaHA MIs-
XOM YBIMKHEHHSI IBOX JOJIaTKOBUX KOMITOHEHTIB (0oku nepemHokeHHst — Produkt 1 BimoOpa-
KeHHs 3MeHIeHHs 3HaueHHs1 Kt — Contant), 1110 BUKOHYIOTh (DYHKIIiI0 3MEHIICHHS 3aJiTHUX Y
TKPH BignoBigaux koedimienTiB Tpancdopmaitii. [Ticis mporo Ta y pasi cipomieHHs KoHDIry-
pattii po3paxyHKoBOi Mozeni (puc. 5) BoHa OyJe MaTu BUIIISA, HABEACHUH HaA puc. 7.

Puc. 6. I'paghiuna diacpama pobomu mpauncghopmamopHo-Ki0108020 pecyisimopa
Hanpyau no mooeni puc. 5
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Puc. 7. Obuucnosanvna mooens 3 ypaxy8aHHam HeIMIHHOCMI NOXUOKU pe2y08aAHHS

L1i#t po3paxyHKOBiii Mozeni BianoBigae rpadiuna aiarpama po6oru TKPH, sika HaBenena
Ha puc. 8.

Puc. 8. I'paghiuna diacpama pobomu mpancghopmamopHo-Ki0408020 pe2yiamopa
3 HE3MIHHICIMIO NOXUOKU Pe2yi08aHHS.

SIK1110 MOPIBHATH JliarpamMy puc. 8 3 aHaJIOT14HOI0, XapakTepHoto /i pexumy XX TKPH,
HaBEJICHOIO Ha pHC. 4, TO BUIHO iX aHAJIOTIYHICTh MO opMi. TOOTO TakuM CrTOCOOOM BUKOHAHO
BigHOBJIeHHS (yHKIioHanbHOCTI TKPH mpu Takux e 3HaAYCHHSX Y MEXax MOXUOKHU Peryo-
BaHHs (U2max— U2min = 230-210 B), six 1 npu pexumi XX.

BucnoBku. TakuM unHOM, 11100 320€3MEYNTH HE3MIHHICTh TOXHOKHU PETYITIOBaHHS y TIPOIIEC]
poOOTH TIpH 3MiHI HABaHTAKEHHS, BIUIMB BHYTPIIITHHOTO OIOPY KOXKHOI HACTYITHOI CTYTICHI Pery-
JIOBaHHS TPaHC(HOPMATOPHO-KIIIOUOBOTO MPUCTPOIO HA 3afisHui KoediuieHT Tpanchopmartii Kt
MOBUHEH OyTH TakuM, 100 BIJHOIICHHS 3HaUYeHb MorepeaHboro koedirienta Kt(n-1) mo nactyn-
Horo Ktn He nepeBuityBaino Beanuuny Y = Kt(n-1)/Ktn, 1110 € XapakTepHUM IS pEKUMY XOJIOCTOTO
xomy nipuctporo. [Tpu oMy poOounii miarma3oH BXiAHOT HAIPYTH BiATIOBITHO 3MICTUTKCS, aje ¢o-
pMa giarpaMu poOOTH BITHOCHO BUXITHOI HAMMPYTH 3AJTUIIATHCS B THX CAMHUX MEXKax.
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VOLTAGE REGULATION OF THE TRANSFORMER-SWITCHED DEVICE

Discrete-one-time voltage regulation by switching the appropriate taps of the power transformer and correspondingly
changing its transformation ratio is the most common and obvious way to achieve the desired results. The synthesis of such
voltage regulation actuators is based on a combination of multi-winding transformers and switches. The effect of the internal
resistance of the transformer windings is often not taken into account. This affects the accuracy of maintaining the required
voltage at the device output. The paper shows that this leads to a violation of the visual integrity of the graphic diagram of the
operation of the regulating body, which can lead to a disruption of the operation of the control system, or the need to signifi-
cantly increase the regulation error. Using graphical tools and MatLab/Simulink, it is shown that it is possible to avoid this
problem by simple means. Understanding the problem is shown on a simple example of implementing a three-key power trans-
former-key voltage regulator, which must ensure that the output voltage level is maintained within specified limits during var-
iations in the input voltage and load magnitude.

To ensure that the control error remains constant during operation when the load changes, the effect of the internal resistance
of each subsequent control stage of the transformer-switch device on the transformation ratio involved must be such that the ratio
of the values of the previous coefficient to the next does not exceed the same value. For such discrete-time voltage regulators, this
value should be the same as for the idle mode. In general, this ratio also determines the regulation error of the system.

Keywords: transformer; switch, switching, voltage regulation; simulation; Simulink.

Fig.: 8. References: 8.
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HAMNIBIPOBIJHUKOBI NEPETBOPIOBAYI EJIEKTPOEHEPIII
3 BACOKOYACTOTHUMHA MATHITHUMH INIACAJTIOBAYAMHU
A IHOOPMANIMHUX TEXHOJIOT'TH

Pospobaeno ma docniosxceno kKoryenyiro no6y0osu enepeemuyHo2o 3abe3neyerts 3aco0ig IHOPMayitiHuX MexHON02I Ha
OCHO8I HANIBNPOBIOHUKOBUX NEPEMBOPIOBANIS i3 8UCOKOUACTNOMHUMU MASHIMHUMY NIOCUTIOBAYAMU 3 BUCOKOIO AKICIIO GUXIOHUX
Hanpye, 6UCOKUM PIGHEM OUHAMIYHUX XAPAKMEPUCIUK, BUCOKOIO eqheKMUBHICTIO MAa HAOIIHICMIO, HUICYOI0 cobisapmicmio.

Onucano pospobnenuil nepemaoplosay eiekmpoenepeii na euxioni napamempu 5 B, 50 A ons ingpopmayiiinozo mabno.
Ilpeocmagneno 3anpononoganuil Hepe2yibo8aHull 6UCOKOYACMOMHUL MPAH3UCMOPHUL IH6epMOp (CUNOBULL ABMO2eHepamop)
07151 cymMicHOT pobomu 3 pe2yiamopamu Hanpy2u Ha OCHOBI BUCOKOUACMOMHUX MASHIMHUX niocunosayie. IIposedeno excnepu-
MeHmanbHe 00CIONCeHHA OUHAMIYHUX XapaKmepucmux po3pobienozo nepemsopiogaua. Bukopucmano 3anpononoganuii me-
MO0 3MeHuleHHs 6MPam y CUloBOMY AsmozeHepamopi npu noby00e6i nepemaopiosaya eieKmpoenepzii Ha GUxXioni napamempu:
24 B, 10 A, xoegiyieum xopuchoi 0ii iioeo 92 %. Hasedeno memoou niosuwjenns epexmusnocmi enepeemuynozo sabesne-
uenHsl IHhOpMayiliHUX MEXHONO02IN 34 PAXYHOK 8UKOPUCAHHSA CUHXPOHHO20 SUNPAMIEHHS MA 3a6e3neyeHHs PexcuMie pobomu
NO0IbOBO2O MPAHZUCIIOPA 3AMICMb 360POMHO20 0i00a y UXIOHOMY inbmpi y QyHKkyii Hanpye Opocenie HacCuYeH s BUCOKOYA-
CMOMHUX MASHIMHUX NIOCUNI08AYIE Oe3 86e0eH S HCOOHUX 000AMKOBUX 360POMHUX 38 A3KI6 YU Opaiieepis 6 ix cxeMOmexHiKy.
Ipu yvomy rxoeghiyicum kopuchoi 0ii nepemeoprosaua na uxioui napamempu 24 B, 15 A csaenys 95,7 %.

Kniwouosi cnosa: nanienpogionuxosuili nepemeopiogay enekmpoenepeii; inghopmayitini mexHoaozii; ucoKo4acmomHuii
MazHimHull RIOCUIO8AY, NPAMOKYMHA Nemis 2icmepe3ucy,; cmabinizamop nanpyau,; epexmugHicma.

Puc.: 10. Bi6n.: 10.

3

AKTyalbHicTh TeMu AocaimkeHHs. CydacHi iHpOpMaIiiiHi TEXHOJOTII 3317151 CBOTO €(heKTH-
BHOTO (BYHKITIOHYBaHHS TIOTPEOYIOTH BIAMOBIHOTO €EHEPreTHIHOTO 3abe3neveHHs. Ha croromHi i
(yHKILIT BUKOHYIOTh BUCOKOYACTOTHI HaMiBIIPOBITHUKOBI epeTBopioBayi enexrpoeneprii (HIE),
IPOEKTYBAHHS SIKUX BEIETHCS 3a TAHUMHU 3aMOBHHUKA BiITOBIHO JI0 TAaKMX KPUTEPIiB:

- 3abe3nedyeHHs QYHKLIOHAJIHHHUX TapaMeTpiB;

- e(EeKTUBHOCTI;

- HamIfHOCTI;

- Maco-rabapuTHUX MOKa3HUKIB;

- [HW.

VY KOKHOMY BUTIQJKy BHCYBarOThCsl cBoi BuMmoru 1o HIIE. Ognak, 3po3ymisio, 1o Haioi-
JIBIII 3HAUYEHHS BArOBUX KOEQIIIEHTIB MPU NEPUINX YOTUPHOX KPUTEPISAX MOKYTh OyTH JOCSAT-
HYTI TUTBKH 32 PaXyHOK IiHA. TOMY aKTyaabHHUM € JOCIIKEHHS, sIKe O JI03BOJIMIIO peati3yBaTu
HIIE nns 3aco6iB iHQOpMaIiiiHUX TEXHOJIOT1H 3 BUCOKUM PiBHEM EKCILTyaTalliiHUX XapakKTe-
PHUCTHK MpU MiHIMaJIbHUX (PIHAHCOBUX 3aTparax.

IHocranoBka npodiaemu. Crenudika podoTu 3aco0iB iHPOpPMALIHHUX TEXHOIOTIH hopMye
0COONTMBHI HAO1p BUMOT JI0 X EHEPreTHYHOTO 3a0€3MEUCHHS, SIKI MO’KHA OKPECITUTH TAKUM YHHOM:
- BHCOKa SKiCTh BUXiAHUX HAanpyT y 100 % niana3oHi 3MiHU CTPyMy HaBaHTaKEHHS;

- 4acTO BUCOKHI PiBeHb CTPyMy HaBaHTA)KCHHS;

- BHUCOKHUH PIBEHb AUHAMIYHUX XapPAKTEPHCTUK;

- HM3BKUI piBEHb €JIEKTPOMArHITHUX 3aBas;

© B. I fcekis, 1. ®. [Tomnin, A. B. Scbkis, 2025
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- BHICOKHH piBeHb €(DEKTUBHOCTI Ta HAIIHHOCTI;

- 3aJI0BUIbHUHN PiBeHb MacO-rabapuTHUX MOKA3HHUKIB,

- CIOXHMBA4 4acTo MOTpedye KijbKa PIBHIB HANPYT 13 PI3HUMH J1alla30HAMH 3MIHHU 1X
CTPYMiB HaBaHTAXKCHHSI.

Tomy BUHMKa€e HEOOXITHICTh Y CTBOPEHHI BiMOBIAHOTO €HEPTETUIHOTO 3a0€3IICUCHHS, SIKE
0 T03BOJIUJIO B KOMITJIEKC1 BUPIIIUTH MOCTABIICH] 3aBIaHHS.

AHaJi3 ocTaHHIX Hocaigxkenb i myosikamii. [TosBa cydacHUX BHCOKOYACTOTHUX MarHi-
TOM’SIKMX MaTepiaiiB CIPUIMHIIIA TTOJATBIITNI PO3BUTOK Ti€l YACTHHH MEPETBOPIOBATILHOI Te-
XHIKH, sika 0a3yeThCsl HA BUKOPUCTAHHI TEXHIKM MAarHITHOTO IiJICUJICHHS 1 mepeTBopeHHs. Oc-
HOBHHMH €JIEMEHTaMH ii € CUJIOBI KOMYTalliifH1 €JIEMEHTH, peati30BaHi Ha BUCOKOYACTOTHHX
MarHiTHUX macuwioBadax (BMIT) [1-11]. Bucokuii piBeHb TEXHIYHHX XapaKTEPUCTHK BUKOPH-
CTOBYBAaHMX MarHiTHUX MarepiaiiB (aMOp(HUX CILIaBiB 3 MPSAMOKYTHOIO METIEIO TiCTepe3ucy
(TII1I")) Ta mpocTota MeToaiB kepyBanHs BMII Ha iX OCHOBI 103BOJISIIOTH OTPUMATH BUCOKOE-
¢dexTuBHI iMIynbcHI cTabimizaropu noctiHoi Hanpyru (ICITH) 31 100 % niamazonoM 3MiHH
CTPyMy HaBaHTa)XCHHS Ta BUCOKUM PIBHEM IMUTOMHUX MMOKA3HUKIB.

3a cBoer cyrTio BMII — 116 01HOOOMOTKOBHIA MIBUAKOMIFOYMA MArHiTHUN T1ICHUITIOBAY
(mpocenr HaCMYEHHs ), poOOUMiA IUKIT IKOTO Ha BUCOKIH yacToTi (50-100 kI'1) 3a6e3meuyeThes
3a paxyHOK PO3HECEHHS B 4aci MiBIEepioay KEpyBaHHS Ta poO0YOro MmiBIEpiofy BUIPSIMHUM Ta
po3MarHiuyrouuM gionamu. [Ipu oMy MUPOTHO-IMITYIECHA MOYJIALIISL B pOOOYHIA TTiBIIEPiO
3a0e3MeuyeThCsl 3MIHOKO ITTUOWHU PO3MarHideHHs y QyHKIIT CUTHATY KEPyBaHHS B KEPYIOUMH
MIBTEPI0/, 110 MTPU3BOIUTH 10 3MIHU CIIBBIIHOIICHHS YaciB HACHYEHOTO Ta HEHACHYEHOTO CTa-
HiB MK B Mexax oHOTO TIepiomy.

Takum unHOM, CcTpyKTypa OaratokaHanpHOoro HIIE HaOyBae BUTISAY — HEperyabOBaHUN
BUCOKOYACTOTHUM TPAaH3UCTOPHUHN 1HBEPTOP, Y BTOPUHHUX OOMOTKaX CHIJIOBOTO TpaHC(hopMa-
Topa sikoro BBiMkHeHi [CITH na BMII.

[TepeBaru marniTHoro KJiitoua Ha BMIT mopiBHSHO 3 TpaH3UCTOPHUM KIIFOUEM € CYTTEBUMHU:

- € KIII0YeM 3MIHHOI HallpyTH;

- HE KpUTHYHHH 10 (OpMH BXiHOI HANpyTH;

- koedimienT miacwieHHs mo ctpymy ao 1000;

- TpocToTa cXeMu KepyBaHHA (1-2 TpaH3UCTOPH B JTIHIHHOMY PEXUMI);

- HE € JDKEepEJIOM eeKTPOMAarHiTHUX 3aBa/l;

- € (biIpTPOM BXIJHMX 3aBajl (SIK B HEHACHUEHOMY, TaK 1 B HACHUECHOMY CTaHaXx);

- Bucokuit KKJI (99 %), BTpatu He 3anexarh Bijl CTpyMy HaBaHTaXCHHS,

- BHCOKa pafiarfiiiHa i MeXaHi4Ha CTIHKICTB;

- He BUMarae 3aXucry (caM CIyTye eJIEMEHTOM 3aXHCTy TPAaH3UCTOPHOTO IEPETBOPIOBAYA);

- ©Oararo¢yHKIIOHAJIBHICTh: MiJCUIIOBAY IMOTYXKHOCTI, CHJIOBHI KOMYyTalliiHUI ene-
MEHT, ITUPOTHO-IMITYJILCHUN MOJYJISTOP, BUKOHYE (YHKII1 IHTErparopa, KoMIaparopa, ejie-
MEHTY 3aXHCTY.

BujaisieHHs1 HeTOCTiIKEeHNX YACTHH 3arajbHoi mpodJjemu. [IpoBenennii anatiz ocTaH-
HiX JOCIIKEHb 1 MmyOmiKaIiil mokasas, 0 caMe HaIiBIIPOBITHUKOBI IEPETBOPIOBAUl HA OCHOBI
BHCOKOYACTOTHUX MArHITHUX MiJICHIIOBAYiB € MEPCIIEKTUBHUMU JIJIsl KUBJICHHS 3ac001B 1H(O-
pMariitHux TexHonorii. OMHaK BOHM BUMAararTh JOCITIKEHHS THHAMIYHIX XapaKTePUCTHK Ta
BUKOPHUCTAHHS JOPOOKY aBTOPIB Y HAmNpsIMKy ITiJBHINCHHS €(PEKTUBHOCTI NMEPETBOPIOBAUIB
came Jis )KMBJICHHA 3ac001B 1H(OpMAaLiHHUX TEXHOIOT1H.

MeTo10 cTaTTi € pO3pOOJICHHS Ta TOCTIIHKEHHS KOHIIEMII MOOyI0BH €HEPreTUYHOTO 3a-
Oe3nedyeHHs 3ac00iB iHPOPMAIiTHUX TEXHOJIOTiH Ha OCHOBI HAIiBIPOBIAHUKOBHX IIEPETBOPIO-
BaviB 13 BUCOKOYACTOTHUMH MAarHITHUMH T1JICHITIOBAYaMH 3 BUCOKOIO SIKICTIO BUX1THUX HAIIPYT,
BUCOKHMM piBHEM JMHAMIYHUX XapaKTEPHCTUK, BUCOKOIO €(EKTUBHICTIO Ta HAIIHHICTIO, HUXK-
4010 cO0IBapTICTIO.
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BuxJjax ocHoBHOTro matepiasy. /{7 sxuBnenns iHpopmariiiitnoro tadmo 0yino po3pooiaeHo
MepeTBOpIOBaY Ha BUX1AHI mapamerpu 3 B, 50 A, cTpykTypHa cxema SIKOro MpeAcTaBIeHa Ha
puc. 1.

Puc. 1. Cmpyxmypna cxema 00cniodncy8ano2o 0xicepena HCUeieHHs1:

1 — 3asa0o3axuchuii pinemp; 2 — mepedxcesutl sUNpAMIAY, 3 — npucmpiti 3aps0y KOHOeHCAmopa,
4 — emmicnutl ghinomp, 5 — Hepe2yIbo8anULl BUCOKOYACMOMHUL MPAH3UCTOPHULL IHBEPMOP,
6 — cunosull BUCOKOYACMOMHUL MPAHCHOPMAmOop, 7 — IMIYIbCHULL CMAOini3amop
nocmitiHoi nanpyau Ha BMIT

SIK BUITHO 13 CTPYKTYPHOI CXeMH, TOCIIKYBAaHUN MTPUCTPiil CKIIATAETHCS 3 IBOX OCHOBHUX
HE3aJIe)KHUX YACTHH, MTOB’ SI3aHUX Mk COOO0I0 CHIIOBUM BUCOKOYACTOTHUM TPaHC(HOPMATOPOM,
a caMme: HeperyJIbOBaHOTO BHCOKOYACTOTHOT'O TPAH3UCTOPHOTO iHBEpTOpa 1 cTadinizaropa mo-
cTiifHo1 Hampyru Ha BMIL. ¥V pomni BUCOKOYaCTOTHOTO TPaH3HCTOPHOTO 1HBEPTOpPA BUKOPHC-
TaHO PO3POOJICHUI aBTOpaMH HEPETYILOBAaHUN CUIIOBUI aBTOreHepaTop [12] 1o miBMOCTOBIM
cXeMmi 3 I0JaTHUMHU 3BOPOTHHUMH 3B’ 3KaMHM 3a BHXIJTHOIO HAMPYTroOl iHBEPTOpa U 3a CTPYMOM
Kojekropa (puc. 2.). OcoOIMBICTIO HOTO € BUKOPUCTAHHS BUCOKOYACTOTHOTO APOCENSI HACH-
YeHHs 3 MaTepiay 3 IPSIMOKYTHOIO METIIEIO TiCTepEe3UCy B KOJIi 3BOPOTHOTO 3B’SI3KY 3a HaIpy-
r'Ol0, Yac TIOBHOTO MEPEeMarHiuyBaHHs SKOTO B PEXKHUMI DKepesia CTpyMy BU3HA4Ya€ TPUBATICTh
niBnepiony poOOY0i YaCTOTH KOMYTallii iHBEpTOpa, SIKa € CTa0UIbHOI0 B YChOMY Jiama3oHi
3MiHM BXi/THOi HAaIlpyTH >KUBJICHHS Ta CTPYMY HaBaHTa)KCHHS.

Puc. 2. Cxema sucokouacmommnoco Hepe2yib08aH020 MPaH3UCIOPHO20 THEEPMOpa

Jlo OCHOBHUX IepeBar iHBepTOpa HaJeKaTh: BUCOKUH piBeHb €(PEKTUBHOCTI Ta HaliHO-
CTi; HU3bKHUI PIBEHb €IEKTPOMArHiTHUX 3aBaJl; BUCOKA CTA0UIbHICTh YaCTOTH KOMYTAIlii y IIH-
poKoMy Aiama3oHi 3MiHM BXiqHOi Hampyru Ta nipu 100 % niama3oHi 3MiHM CTpyMy HaBaHTa-
JKEHHS;, TIPOCTOTA TOIOJOTIi — BIACYTHICTh CXEMH KEPYBaHHS TPaH3UCTOPOM, HE MOTPiIOHO
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JI0JJATKOBE JDKEPEIIO JKUBJICHHS ISl CXEMH KEPYBaHHS;, M SIKHH CTapT MOYUHAETHCS 3 BUCOKOI
YaCTOTH KOMYTaIllii; BIZICYTHICTh aCHMETpli HAMarHi4eHOCTI CUIIOBOTO TpaHchopmaTopa; mpu
NepeBaHTAXKEHHI BUXOJUTD 3 JIaJly JMIIE OJWH TPAH3UCTODP; HU3bKA BAPTICTh.

CrabinizaTop BUXiaHOT HanpyTu peanizoBaHo Ha BMII o qBoTakTHil cxeMi 3 cepelHbOI0
Toukor0. DyHKIIIOHAIEHA CXEeMa JIOCITIKYBAaHOTO JDKEpeta )KUBIICHHS ITO/IaHa Ha PHUC. 3.

Puc. 3. @ynkyionanvrna cxema 00CnioHcy8ano2o 0xcepena HcusieHHs

Jlist aHami3y AMHAMIKH pO3pOoO0JICHOTO HKepesa >KUBJICHHS (yHKIIOHATbHA cXeMa CTali-
nizaTopa Hanpyru Ha BMII moxe OyTu mojaHa B 4acTOTHIM 00JacTi CTPYKTYPHOIO CXEMOIO
(puc. 4), ne K — koedirieHT miacuiIeHHs cxeMu KepyBanHs, Wrs(p) — bynkiis nepenadi BMIT,
Wao(p) — byHk1is nepeaadi BUXigHoro GiuibTpa, f— Koe]ilieHT MoAiIbHIKA BUX1THOT HATIPYTH.

Puc. 4. Cmpykmypua cxema 00cnioncy8ano2o oxcepena #CugieHHs 8 4acmomHuii oonacmi

VY HamoMmy BUNAAKy BUXIAHHK (UIBTp peanizoBaHO y BHIJSAAI JIBokackamHoro LC-
¢inprpa. @yHKIIA epenadi qpocess HacuueHHs (y T. 4. 11t BMIT) moxe OyTu nmogana sik

W — AU@M}C
s — ,
Al

ne Aly—npupicT CTpyMy KepyBaHHS;

AUgyux— BIITIOBITHAN MPUPICT BUX1THOI HAMPYTH B MAarHiTHOMY ITiICHJTIOBaYi (Hampyra Ha
HABAaHTAXCHHI).

BigHomeHHs mMpUpOCTy BHXITHOI HANPyTd MArHiTHOTO IMiJICHIIOBaya J0 BIATMOBIAHOTO
MPUPOCTY CTPYMY KEpyBaHHS € TaK 3BAaHUM TepeaBaIbHUM OnopoM Kg, SIKUi MOke OyTH BU-
paxeHuH Yepe3 OCHOBHI MapaMeTPy MarHiTHOTO MiJCHIIOBaYa TAKUM YHHOM

2 /W3S xAB, ) S
AH I ok

R

ne f—poboua yacTora;
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W — KIUJIBKICTh BUTKIB OOMOTKH;
S — akTuBHa TIOIIA Nepepi3y ocepas BMII;
[ — cepenHst JOBXKMHA MAarHiTHOT JIiHIT,
Mo— abCOIOTHA MarHiTHAa NPOHHUKHICTB;
Mq — TMHaMIYHA MarHiTHa MPOHUKHICTH (32 IUHAMIYHOIO KPUBOIO PO3MArHiueHHs);
AHy — ipupicT HaNpYKEHOCTI 30BHIIIHBOTO IMOJIS Y MIBIEPiol KEpyBaHHS;
ABy — BITNOBITHUN TIPUPICT THAYKIIIT.
B iammii crioci6 Kr Moke OyTH BUPKEHHN TaKUM YHHOM
K, =% =V,

4

ne H,, — HanmpyXeHICTh TOJIS IOBHOTO NTepeMarHidvyBaHHs Ha 3aJlaHii 4acToTi,

U; — npuBesieHe 3HAUYCHHS HANIPYTW HACUYCHHS HA OJIUH BUTOK;

73— €KBIBAJICHTHHH OITip TIEpeMarHiuyBaHHs Ha OJUH BUTOK.

Ockinbku 3MiHa BuXigHoi Hanpyru BMII e gyHKITIEI0 cTpyMy KepyBaHHS B TOTIEPEIHIN
HiBIEPio KepyBaHHs, TO HOTO MOXKHA PO3IJIAJATH SK JIAHKY 13 3ami3HeHHsAM. Yac 3ami3HeHHs
piBHUII MiBIIEpioAy YacTOTH HampyrH xkusieHHS. OyHkuis nepenaui BMII 3 ypaxyBaHHIM
yacy 3aIi3HeHHs Ma€ BUTJIS]

Wrs(p)= Kr+exp(-pT/2).

JluHaMika jpKeperna )KUBJICHHS Oy/ie BU3HAYAaTUCh JIUIIE TapaMeTpaMu €JIEMEHTIB CTadii-
3aropa Hanpyru Ha BMII, ockinbky 9ac mepeMuKkaHHs TPAaH3UCTOPHHUX KITFOUiB BUCOKOYACTOT-
HOTO 1HBEpPTOPA € Ha KUJIbKa TOPSIKIB MEHIITUM 32 4ac KOMYTaIllii MarHiTHOTO IiJICHTIOBaYa.

30BHIIIHIN BUTIISA JOCTIIKYBAHOTO JKEpeia )KUBIICHHS Ha BUX1IHI mapamerpu 5 B, 50 A
MPEACTAaBICHO Ha puc. 5. JlocmimHuii 3pa30K BUTOTOBJIEHO B MEXaX BUKOHAHHS CIUIBHOTO
npoekTy 3a IIporpamoro yKpaiHCBKO-KMTaHCHKOTO HAyKOBO-TEXHIYHOTO CITIBPOOITHHIITBA.
Moro excriepuMeHTaNbHi JIOCIiIKeHHs TPOBOIMINCE Y 1abopatopisx ¢ipmu Jinan Rongda
Electronics Co., Ltd (M. I{3unans, KHP) i B mabopaTtopii cucreM BTOPHHHOTO €JIEKTPOXKHB-
nennss THTY (Tepuomins, Ykpaina).

Puc. 5. 306mniwHiti 6uensd 0ocuioxrcysanoeo 0xicepena dcueieHHs Ha 6uxioni napamempu 5 B, 50 A

OCHOBHI TeXHIUH1 JaHi JOCIiHOTO 3pa3Ka pKepesna KUBJICHHS:

- BXIJIHA HaIpyra 135...270 B, 50 I'ry;
- BUXIiJHA Hampyra 5 B;

- CTPYM HaBaHTAKCHHS 0...50 A;

- poboua yacToTa 5 Okl

- KK 70-80 %;

- 3arajgbHa HECTAOUIBbHICTh BUXIIHOI HANIPYTH <1 %;

- BHCOKOYACTOTHI MyJIbCaIlil BUX1AHOI HAPYTH 20 MB;

- TOABIMHMI po3Max BUCOKOYACTOTHUX IIKiB <100 mB;
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- TUTOMA MOTYXHICTb PH NPUPOTHHOMY
O0XOJIODKEHHI 130 B/am?;

- rabaputu 100%220%60 mm.

Jlist ekcriepuMeHTaNbHUX JOCTiKEeHb JUHAMIKU PO3POOJICHOTO JKEpeTa KUBJICHHS BH-
KOPHCTOBYBaJIAaCch HACTyITHA BUMIpIOBaJIbHA anapaTypa: ocuuiorpad «Tektronix TDS1012» ta
porpaMoBaHe eJIeKTpoHHe HaBaHTakeHHS «Chroma 63103».

Ha puc. 6 mokazaHo ocuuiaorpamMu Hanpyr, OTPUMaHUX 3 OJHOTO BUTKA CUJIIOBOTO BUCOKO-
YacTOTHOTO TpaHc(opmaTopa, sKi UTIOCTPYIOTh MPOIIECH NMEPEMUKAHHS CHIIOBHX TPAaH3UCTOP-
HUX KT04iB (dac nepemukanus 40-50 HC mpy HOMIHATBLHOMY BUX1THOMY CTpyMi).

a o

Puc. 6. Ilepeoniii (a) ma 3aouiti (6) ppoumu Ha cuno8oMy Kiro4a Npu 1020 KOMymayii
8 MPAH3UCMOPHOMY HEPE2YTbOBAHOMY IHEEPMOPI (CUNOBOMY ABMO2EHePaAMOopi)
npu HOMIHATbHOMY BUXIOHOMY HABAHMANCEHHI

Puc. 7 imrocTpye mporuecu 3MiHU BUX1AHOT HAIPYTH NPH BBIMKHEHHI JKepelia )KUBJICHHS B
NEPBUHHY MEPEeXy Ta HOro BUMKHEHHI. TpUBaicTh NepexiTHUX NPOIECiB 3HAXOAUTHCS Ha Pi-
BHI 50 mc. Ocnuiorpamu, moAaHi Ha puc. 8, UTFOCTPYIOTh MEPEXiJHI MPOLecH BUXIAHOI Ha-
NOPYTH TpH Aiil MUKITIYHOTO HABAHTAXKEHHS 4acTOTOr0 5 K[ 'IT 13 IIUIMHHICTIO ABiiKa MpU 3MiH1
cTpyMy HaBaHTaxkeHHs B Mexkax 0-100 % Tta 60-100 % BignosinHo.

a o

Puc. 7. Ilepexionuii npoyec 8uxionoi Hanpyeu:
a — npu 8GIMKHEHHI 0xcepena; O — npu UMKHEHHI 0Jcepend HCUBIeHHS
npu HOMIHAILHOMY 8UXIOHOMY HABAHMANCEHHI
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a o

Puc. 8. Ilepexioni npoyecu euxionoi nanpyeu npu 0ii YUKIivHO20 HABAHMANCEHHS YACTOMOI0
5 kl'y 3 winunnicmio 08iliKa npu 3MIiHI HABAHMANCEHHSL:
a — 6 meorcax 0-100 %, 6 — 6 meacax 60-100 %

SIK BU/IHO 3 HABEJCHUX PE3YJIbTATIB JOCHIKECHb!

- B YCIX BHITaJIKaX BiJACYTHI Oyab-sIKi IEPEPETYTIOBAHHS BUX1HOI HANIPYTH;

- TPUBAJIICTh MEPEXiTHUX MPOIIECIB € MiHIMATBHOIO;

- HI3BUYAHHO MaJIMK Yac MEePEKIIFOUYCHHS CHIIOBUX OIMOJIIPHUX TPAH3UCTOPIB BUCOKOYA-
CTOTHOT'O TIEpETBOPIOBAYa.

TakuM YMHOM, JTOCSTHYTHUH pe3yJbTaT € HACIHIAKOM MPABUIBHOTO MOEIHAHHS HAIIBIIPO-
BITHUKOBHX Ta MarHiTHUX €JEMEHTIB 13 3a0e3MEeUCHHAM ONTHMAJIbHUX PEXUMIB IXHBOI po-
60TH. J{7151 JOCATHEHHS CX0XKHX PE3yJIbTATIB TPAAUIIHHIMU METOIaMH TIOCTA€E CKIIaHA 3a7a4da
CHHTE3Y BIAMOBIIHUX CXEM KE€pyBaHHs CUJIOBUMH KIIIOUAMH.

Ha puc. 9 HaBeneHo rpadik 3aexHOCTI KoedimieHTa KOPUCHOI il BiJ CTpyMy HaBaHTa-
KEHHS, OTPUMaHUH [T Pi3HUX 3HAUYEHb BXIJHOI HAIPYTH.

n
0,9

0,8 § . L . -

0,7 §

0,6

0,5

0,4

0,3

0,2

0,1
0 I,A
0 5 10 15 20 25 30 35 40 45 50

Puc. 9. I'paghix 3anescnocmi koegiyienma KopucHoi 0ii 8i0 cmpymy HABAHMANCEHHSL
npu Pi3HUX 3HAYEHHAX XIOHOT Hanpyeu:
* — ona nanpyeu 150 B, 50 T'y;
. — onst Hanpyeu 220 B, 50 I'y
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[TinBumenHst epeKTUBHOCTI TEPETBOPIOBaYA 33 3aIPOMOHOBAHOIO CTPYKTYPOIO MOXKIIMBE
3a paxXyHOK 3MEHIIIEHHS BTpaT Ha pe3uctopi RS, sakuii 3aae cTpyM nepemMarHiueHHs IpOCEITio
HacuyeHHs1 TS y BHCOKOYAaCTOTHOMY HEPETyJIhOBAHOMY TPaH3UCTOpPHOMY iHBepTopi [12]. 3
II€I0 METOI0 OYJI0 3aIIPOMIOHOBAHO BUKOPHCTATH TEHEPATOP CTPYMY, AK MOKa3aHo Ha puc. 10.
Ile 103BOMMIIO HA TOPSAAOK 3MEHIIUTH BTPATH B KOJ1 JI0AATHOTO 3BOPOTHOTO 3B’A3KY 3a BUXI-
JTHOIO HANpyTol0 iHBEPTOpA.

Came Take pimenHs O0yno Bukopuctano npu po3po6ui HITE mns indopmariiiitnux TexHo-
Jorii Ha BuXigHi napamerpu 24 B, 10 A 1 no3Bommiio pocsarayti KK/ Ha piBHi 92 % mipu xu-
BJICHHI B1JI ME€pexXi MPOMHCIIOBOT YacToTu. Jlyis mopiBHsHHS OyB momipssauii KK/ anasnoriu-
HOT'O IIEpeTBOPIOBAaYA TABAaHCHKOTO BUPOOHUIITBA, SIKUH ckilaB 88 %.

Hacrynue migBuieHHs koedilieHTa KOPUCHOI Mii € MOKJIMBUM 32 PaXyHOK 3MEHIICHHS
BTpAT Ha Jiojax BUXiIHOTO BUNpsiMisda. Tak, y po6ori [13] aBTOpaMu 3ariponoHOBaHO BUKO-
pUCTaHHS CHHXPOHHOTO BUIIpsIMIIsTYa B repeTBoproBaui Ha BMII. ¥V 3anponoHoBanomy ctadi-
Ji3aTOP1 MOCTIHHOT HANPYTH 3a0e3Meuy€eThCsl BACOKUH piBEeHb KoedillieHTa KOPUCHOT il 3a pa-
XYHOK TOTO, 110 y JBOTAaKTHOMY BHIIPSIMJISIYL 13 CEPEAHBOI0 TOYKOK BHUKOPHUCTAHO MOJHOBI
TPaH3UCTOPH, SIKI KEPYIOThCS CHHXPOHHO BiJ BIIIOBITHUX BTOPHHHUX OOMOTOK CHIJIOBOTO BH-
COKOYaCTOTHOTO TpaHChopmaTopa. A TosiBa HACKPI3HUX CTPYMIB Y JBOTAKTHIN CXeMi € HEMO-
AJIMBOIO 3aBIsKU npuHImIy podotu ICITH na BMII — cunioBwmii ctpyMm y poOouuii miBnepion
BMII y koxHOMY T1€4i TBOTAKTHOI CXEMH 3’ IBJISIETHCS TICIIS TOCATHEHHS HACHYEHHS MaTepi-
aiy ocepas BMII. To6to 3aBxau nepekoMyTallist y TBOTaKTHIN cXeMi BiIOYBA€eTbCA MPH Bij-
CYTHOCTI CTPYMYy HaBaHTaXXEHHS B CHJIOBOMY KoJji. Came 11e J03BONIIO 0e3MocepeTHE BUKO-
PUCTaHHS CHHXPOHHUX BHUIIPSAMIISYIB (0e3 BBEICHHS OYAb-KHMX JOJATKOBUX €JIEMEHTIB Ud
cxem kepyBanHs HUMH) B ICITH na BMII i ctBopmiio nepexymosu st nodynosu HIIE 3 Bu-
COKHMM piBHEM CTPyMY HaBaHTaKEHHs (JECATKU-COTHI aMIiep) MPH BUCOKOMY KOe]ilieHTi KO-
PHMCHOI i1 IepeTBOpIOBava B IIJIOMY 3 MiHIMAIbHUMU (DiIHAHCOBHMH 3aTpaTamHu.

Puc. 10. I'enepamop cmpymy Ha HanignpoBiOHUKOBUX KOMNOHEHMAX ) KOAi 000amMHO20
3860POMHO20 368 'A3KY 3A BUXIOHOIO HANPY 2010 BUCOKOYACTNOMHO20 HEPe2yIb08AHO20
MPAan3UCMOPHO20 THBEepMOpa
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OxpiM TOrO, B 3alPONOHOBAHOMY CTa01Ii3aTOpi MOCTIMHOT HANIPyTH 3a0e3MeYy€eThCs BU-
COKHMIA piBeHb KoeillieHTa KOPUCHOI Aii 32 paXyHOK 1 TOTO, 110 Y BUXIAHOMY (UIBTPi BUKOPH-
CTaHO MOJIbOBUN TPAH3UCTOP, IKUI KEPYETHCS HAPYTraMu JOJaTKOBO BCTAHOBJIEHUX BIAINOBI-
THUX OOMOTOK KEPOBAaHUX JAPOCENiB HACHMYCHHS 03 BBEACHHS OyAb-KUX JOJaTKOBHX
€JIEMEHTIB YM CXeM KepyBaHHS (apaiiBepiB). [IporonoBanmii metox peanizanii ICITH na BMIT
13 CHHXpPOHHUM BUNpAMIIeHHIM 3a0e3neuye 100 % nianazoH 3MiHU CTpyMY HaBaHTa)KEHHS MPU
Iii BCixX 30yprorounx (akTopiB.

Tak, ans mepeTBoproBayua Ha BUXigHI napameTpu 24 B, 15 A nipu >xuBJeHHi Horo Bijg mxe-
pena nocTiitHoi HanpyTu 310 B (ekBiBasieHT MepeKi MPOMHUCTIOBOT YaCTOTH) PYU BUKOPUCTAHHI1
3alpONOHOBAHUX METOJIB e€(eKTUBHICTh Horo aocsarna 95,7 %, a B Aiana3oHl 3MIHH CTPyMY
HaBaHTa)XeHHA Bix 3 A 1o 11 A 3HaxomuThes B Mexxax 94-95,7 %.

3abe3neuenns Bucokoro piHsa KK/ 3abe3nedyerbes mpu HU3bKINA COOIBApTOCTI IEPETBO-
proBayva. Tak, BapTiCTh JOCIIIKYBAaHOTO JIOCIITHOTO 3pa3Ka Ha BUXiAHY NOTYXHicTh 10 400 BT
Ha pobouiit yactoti 50 kI'11, peaizoBaHOTO 32 CTPYKTYPOIO: BUCOKOYACTOTHHI HEPETYJIhOBa-
HUI TpaH3UCTOPHUI mepeTBoproBay Hanpyru (cuinoBuii aBroreneparop) i ICIIH na BMII y
BTOPHUHHOMY KOJIi, cTaHOBUTH MeHIe 20 $, o criBMipHO 3 BapTiCTIO OAHOTO CHIIOBOTO MPH-
nagy o GaN-TexHoJorii.

BucHoOBOK. 3aniponoHOBaHO Ta AOCIIKEHO KOHIIEMIiI0 TOOYI0BU €HEPreTUYHOTOo 3a0e3-
neyeHHs 3aco0iB iH(QOpMAIIfHUX TEXHOJIOT1 Ha OCHOBI HAIIBIPOBIAHUKOBUX MEPETBOPIOBA-
4iB 13 BUCOKOYACTOTHUMH MAarHITHUMH TiJCHIIOBaYaMH, siKa mepeadavyae BUKOPUCTAHHS Ha-
CTYITHOI CTPYKTYPH: HEPETyJIhOBAaHUI BHCOKOYACTOTHHI 1HBEPTOP, Y BTOPUHHUX OOMOTKAX
cunoBoro Tpancgopmaropa sikoro BBiMkHeHi ICITH na BMIL. IlepeBaru:

- BHCOKa SKICTh BUXIJHUX HAMpPyT (BIICYTHS HU3bKOYACTOTHA CKJIAJ0Ba, MiHIMAJIbHI BH-
COKOYaCTOTHA CKJIaJI0BA Ta BUCOKOYACTOTHI IMKH);

- BHUCOKMH piBE€Hb JMHAMIYHHUX XapaKTEPUCTHK (BIANpAlIOBaHHS 30ypeHHsS 3IIHCHIO-
€ThCS 32 Yac, pIBHHUH MiBIEpioay poOOUO0i 4acTOTH KOMYTaIlii, BIICYTHI OyIb-sIKi IEPEPETYIIIO-
BaHHS B MEPEXiTHUX PEeKUMAaX, MEePeXiTHUIN MPOLEC 3aBEPIIYETHCSI B MOMEHT JOCATHEHHS pe-
TyJIbOBAHOIO BEJIMUUHOIO ii yCTaIeHOro 3HAYCHHS);

- BHCOKa €(PeKTHBHICTb;

- BWINA HAAIMHICTB 3a paxyHOK K (izuuHoi npupoan MK, Tak i CyTTEBOTO CIIPOIIECHHS
CXECMOTEXHIKH;

- MOXIIUBICTH peatizallii BACOKOTO PiBHS CTPYMY HAaBaHTAXKCHHS;

- HMIWK4Ya coOiBapTiCTh;

- IIUPOKHUH Jlama3oH 3MiHU BX1IHOI HaNpyTH;

- BHUCOKHH PiBEHb MUTOMOI MOTY>KHOCTI;

- BHICOKHH piBeHb yHi(iKaIlii — MOXIIMBICTE BUKOPUCTAHHS OJHOTO TUIIOPO3MIPY OCepis
BMII ta omH#X 1 THX K€ CXeMOTEeXHIYHUX pimeHb 1 peanizaiii HITE B mmpokomy niama3oni
BUXIJTHUX NTapaMeTpiB;

-  MOXJMBICTh peani3alii 6ararokananbHuX JIBEX 13 piBHOIIIHHUMUY 1 HE3aJIE)KHUMHU BU-
xigHumu ka"anami 13 100 % niana3oHOM 3MIHHM CTPYMY HaBaHTa)KEHHSI.

Crnncox BUKOPHCTAHMX JIZKepeJt

1. Harada K., & Nabeshima T. (1988). Applications of magnetic amplifiers to high-frequency DC-
to-DC converters. Proceedings of the IEEE, 4 (76), 355-361. https://doi.org/10.1109/5.4422.

2. Lee, J.,, Chen, D. Y., & Jamerson, C. (1988). Magamp postregulators: Practical design
considerations to allow operation under extreme loading conditions. Proceedings of the IEEE Applied
Power Electronics Conference and Exposition (APEC 1988), 368-376.

3. Jamerson, C., & Chen, D. Y. (1993). Magamp postregulators for symmetrical topologies with
emphasis on half-bridge configuration. /EEE Transactions on Power Electronics, 8(1), 26-29.

4. Wen, C. C., Chen, C. L., Chen, W., & Jiang, J. (2001). Magamp post regulation for flyback
converter. Proceedings of the IEEE Power Electronics Specialists Conference (PESC), 333-338.
https://doi.org/10.1109/PESC.2001.954042.

387



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(41), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

5. Chen W, Han J., & Wen C. C. (2002). Bi-directional resetting scheme of the magamp post-
regulator. In Proceedings of the IEEE Applied Power Electronics Conference, 838-842.

6. Chen C.-L., & Wen C.-C. (2005). Magamp application and limitation for multiwinding flyback
converter. [EE Proceedings — Electric Power Applications, 3(152), 517-525. https://doi.org/10.1049/ip-
epa:20040829.

7. Chen W., & Hui S. Y. (2011). A Dimmable Light-Emitting Diode (LED) Driver with Mag-Amp
Postregulators for Multistring Applications. /[EEE Transactions on Power Electronics, 6 (26), 1714-1722.

8. Austrin L. (2007). On Magnetic Amplifiers in Aircraft Applications. Royal Institute of
Technology. Sweden. Elecromagnetic Engineering, School of Electrical Engineering.

9. Yao, W.-X., Hong, X.-Y., & Lu, Z.-Y. (2008). A novel current-sharing scheme based on magamp.
Journal of Zhejiang University SCIENCE A, 9(8), 1150-1156. https://doi.org/10.1631/ jzus.A0720112.

10. Mam ano, B. (n.d.). Magnetic amplifier control for simple, low-cost, secondary regulation
(SLUP129). Unitrode Corp. Retrieved from http://www.ti.com/lit/ml/slup129/slup129.pdf.

11. NASA Technical Reports Server (NTRS). (1993, March 1). Large space structures and systems
in the space station era. A bibliography with indexes (Supplement 05) (NASA SP-7085(05), Document
ID 19940009938). Retrieved from https://archive.org/details/NASA NTRS Archive 19940009938/
page/nl45/mode/2up.

12. Yaskiv V., & Oleg Yurchenko. (2020). Unregulated Transistor Inverter for High-Frequency
MagAmp Power Converters. Computational Problems of Electrical Engineering, 1(10), 45-50.
https://doi.org/10.23939/jcpee2020.01.045.

13.4cwkiB, B. 1., FOpuenko, O. M., & fcekiB, A. B. (2025). CuaXpOoHHHUI BATIPAMIISY B IMITYJIBC-
HOMY cTa0i1i3aTopi MOCTIHHOT HAIIPYTH HA OCHOBI BUCOKOYACTOTHUX MAarHITHHUX ITiJCHUIIOBAdiB. TexHi-
yHa enexmpoounamixa, 1, 35-41. https://doi.org/10.15407/techned2025.01.035.

References

1. Harada K., & Nabeshima T. (1988). Applications of magnetic amplifiers to high-frequency DC-
to-DC converters. Proceedings of the IEEE, 4 (76), 355-361. DOI:10.1109/5.4422.

2. Lee, J., Chen, D. Y., & Jamerson, C. (1988). Magamp postregulators — practical design
considerations to allow operation under extreme loading conditions. Proceedings of IEEE APEC. 1988.
(P. 368-376).

3. C. Jamerson, & D. Y. Chen. (1993). Magamp Postregulators for Symmetrical Topologies with
Emphasis on Half-Bridge Configuration. /EEE Transactions on Power Electronics, 1(8), 26-29.

4. Wen C. C., Chen C. L., Chen W., & Jiang J. (2001). Magamp Post Regulation for Flyback
Converter. Proceedings of the IEEE Power Electron. Spec. Conf., PESC Record, (P. 333-338). DOL:
10.1109/PESC.2001.954042.

5. Chen W,, Han J., & Wen C. C. (2002). Bi-directional resetting scheme of the magamp post-
regulator. Proceedings of the IEEE Applied Power Electronics Conference. (P. 838-842).

6. Chen C.-L., & Wen C.-C. (2005). Magamp application and limitation for multiwinding flyback
converter. [EE Proceedings — Electric Power Applications, 3(152), 517-525. DOI: 10.1049/ip-epa:20040829.

7. Chen W., & Hui S. Y. (2011). A Dimmable Light-Emitting Diode (LED) Driver with Mag-Amp
Postregulators for Multistring Applications. /EEE Transactions on Power Electronics, 6 (26), 1714-1722.

8. Austrin L. (2007). On Magnetic Amplifiers in Aircraft Applications. Royal Institute of
Technology. Sweden. Elecromagnetic Engineering, School of Electrical Engineering.

9. Yao W.-X., Hong X.-Y., & Lu Z.-Y. (2008). A novel current-sharing scheme based on magamp.
Journal of Zhejiang University SCIENCE A, 1150-1156. DOI: 10.1631/jzus.A0720112.

10.Mam ano, B. (n.d.). Magnetic amplifier control for simple, low-cost, secondary regulation
(SLUP129). Unitrode Corp. Retrieved from http://www.ti.com/lit/ml/slup129/slup129.pdf.

11.NASA Technical Reports Server (NTRS) 19940009938 Large space structures and systems in
the space station era: A bibliography with indexes (supplement 05). 139. https://archive.org/details/
NASA NTRS_Archive 19940009938/page/n145/mode/2up.

12.Yaskiv V., & Yurchenko, O. (2020). Unregulated Transistor Inverter for High-Frequency
MagAmp Power Converters. Computational Problems of Electrical Engineering, 1(10), 45-50. DOI:
https://doi.org/10.23939/jcpee2020.01.045.

388



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(41), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

13.Yaskiv V. 1., Yurchenko O. M., & Yaskiv A. V. (2025). Synchronnyi vypriamlach v impulsnomu
stabilizatori postiinoi napruhy na osnovi vysokotchastotnych mahnitnych pidsyluvatchiv [Synchronous
rectifier in DC voltage stabilizer based on high-frequency magnetic amplifiers]. Tekhnichna
Elektrodynamika — Technical electrodynamics, 1, 35-41. https://doi.org/10.15407/techned2025.01.035.

Otpumano 20.09.2025

UDC 621.314
Volodymyr Yaskiv', Ihor Domnin?®, Anna Yaskiv’

"Doctor of Engineering Sciences, Professor of the Radio Engineering Department
Ternopil Ivan Puluj National Technical University (Ternopil, Ukraine)
E-mail: yaskiv@mail.yahoo.com. ORCID: https://orcid.org/0000-0003-0043-3909. ResearcherID: IZE-2184-2023
SCOPUS Author ID: https://www.scopus.com/authid/detail.uri?authorld=6507314717

Doctor of Engineering Sciences, Leading Researcher, Institute of lonosphere
National Technical University “Kharkiv Polytechnic Institute” (Kharkiv, Ukraine)
E-mail: domninpro@ukr.net. ORCID: https://orcid.org/0000-0002-9824-4403
SCOPUS Author ID: https://www.scopus.com/authid/detail.uri?authorld=36092533000

3PhD in Technical Sciences, Associate Professor of the Information Systems Department
Wroclaw University of Economics (Wroclaw, Poland)
E-mail: anna.yaskiv@ue.wroc.pl. ORCID: https://orcid.org/0000-0003-1806-1322
SCOPUS Author ID: https:/www.scopus.com/authid/detail.uri?authorld=59545123700

SEMICONDUCTOR POWER CONVERTERS WITH HIGH-FREQUENCY
MAGNETIC AMPLIFIERS FOR INFORMATION TECHNOLOGIES

Modern information technologies require appropriate power supply systems to function efficiently. Therefore, it is rele-
vant to conduct research that enables the implementation of semiconductor power converters for information technology de-
vices with high operational performance and minimal financial costs.

The operational specifics of information technology devices imposes particular set of requirements on their power supply
systems, which can be summarized as follows: high quality of output voltages across the 100 % range of load current variation,
often a high level of load current, high efficiency, reliability, and dynamic characteristics, low electromagnetic interference,
and satisfactory weight and size characteristics. Additionally, consumers often require multiple voltage levels with different
load current ranges.

The aim of the article is to develop and investigate a concept for designing power supply systems for information tech-
nology devices based on semiconductor converters with high-frequency magnetic amplifiers that provide high output voltage
quality, superior dynamic characteristics, high efficiency and reliability, and lower cost.

A developed power converter with output parameters of 5 V and 50 A for an information display is described. A proposed
unregulated high-frequency transistor inverter (power self-oscillator) designed to operate together with voltage regulators
based on high-frequency magnetic amplifiers is presented. Experimental studies of the dynamic characteristics of the developed
converter were conducted. The proposed method for reducing losses in the power self-oscillator was used to build a power
converter with output parameters of 24 V and 10 A, achieving an efficiency of 92 %. The paper also presents methods for
improving the efficiency of power supplies for information technology systems using synchronous rectification and by enabling
field-effect transistor operation instead of a reverse diode in the output filter, in a function of the voltages across the windings
of the saturable cores of the high-frequency magnetic amplifiers, without introducing any additional feedback or driver circuits.
As a result, the efficiency of the converter with output parameters of 24 V and 15 A reached 95,7 %.

A concept for building power supply systems for information technology devices based on semiconductor converters with
high-frequency magnetic amplifiers is proposed and investigated. This concept consists in the use of the following structure:
an unregulated high-frequency transistor inverter (power self-oscillator), in whose the secondary circuits the pulse voltage
stabilizers based on high-frequency magnetic amplifiers are connected. The advantages of this approach include high quality
of output voltages, high level of dynamic performance, efficiency, and reliability, the ability to operate at high load currents,
lower cost at wide range of change of input voltage, high power density, and unification.

Keywords: semiconductor power converter; information technology, high-frequency magnetic amplifier, rectangular
hysteresis loop; voltage stabilizer; efficiency.

Fig.: 10. References: 10.
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NPUYUHUA JECTABLIIBALI MPOIECY EJEKTPOILIIAKOBOT'O
HAIIVTABJIEHHA Y CTANIOHAPHOMY CTPYMOIIIIBIIHOMY
KPUCTAJII3ATOPI

Poszenanymo npoyec enekmpowinako8o2o HanIa61eHHs y CmpyMOniogioHoMy KpUCMAizamopi cmayionapnoco muny 3i
CXemMor nio ' €OHAHHA 00 0XHCEPENa JICUBTEHHSL, 34 AKOI KIeMA HCUBTEHHS CMPYMONIO8IOHOT ceKyii Kpucmanizamopa 3 ' €OHaHa 3
Kemoro nidooua. Take nio €OHAHHA KpUCMANI3amopa 00 0Jicepena HCUGIeHHs. 3a0e3neuye 6UCOKY NPOOYKMUBHICIb NPOYecy
nannasnenns. OOHax HA8imv 3a NIOMPUMKY ROCMINHOT WEUOKOCMI n0O0ayi enekmpood y WaAaKosy 8aHHy CNOCMepiealomues
3HAUHI KONUBAHHA CIMPYMY elleKmpood. Amnaimyoa yux xonueans docseac matidice 50 % MakcumManbHo20 3HAYEHHS CIPYMY 3
nepioouunicmio 10...25 c. Lle ceiouums npo cymmeei KoMeanHsa memMnepamypu wiaxKosoi éannu y npoyeci nannagienns. Taxi
KOMUBAHHA MOJICYMb NPpU3Gecmu 00 HebadXscanux 3min Qi3uKo-mexaHivHux i CmpyKmypHux e1acmugocmetl Hania1eHo20 me-
mauny. Ilpoananizoeéano npuuunu uHUKHeHHs nOOIOHUX Konueans. Hasooamuvcsa cnocobu ix smenuients ma nioguujenns cma-
binbHOCMI NPoYecy HanIae1eHHs.

Knrouogi cnosa: cmayionapnuii cmpymoniogionuti KpUcmanizamop, Mexamizm camopezyniosants, Myibmugisuine mo-
0enoganHs; eneKmpouIaKose HANIAGIeH A, CMAbiNi3ayis eneKmpouIaKo8020 NPOYeCy.

Puc.: 7. Bién.: 12.

AKTyaJIbHICTh TeMU AocailkenHsi. Enekrponnakose Hartasnenns (EILH) 3anumaeTsest
AKTYaJIbHOIO TEXHOJIOTIEIO JIJISl BITHOBIICHHS Ta 3MIITHEHHSI METAJIEBUX JIETaJei, 0COOIUBO 3 BU-
KOPUCTAHHSIM CTpyMOIMiaBigamx kpucramizaropi (CIIK). Moro sHauenHs 0GyMOBiIeHe moTpe-
06aMH IPOMUCIIOBOCTI Y TiIBUIIEHH]I €KCIUTyaTaIliTHUX XapaKTepUCTHK 00JIaJHAHHS Ta 3HIKEHHI
BUTpaT Ha peMoHT. [lorpu oOMexeHHs (BUCOKA €HEPTOEMHICTbD, CKIIATHICTh miarotoBku), EIITH
y CIIK 3anumaersest KITIFOYOBUM METOIOM ISl MAIIMHOOY/TyBaHHs Ta METalIyprii uepe3 yHika-
JEHY KOMOIHAIIIFO MPOYKTUBHOCTI, SIKOCTI Ta BapTicHOI epexTrBHOCTI. Bukopucranus CIIK mo-
3BOJISIE KEPYBAaTH CTPYKTYpPOIO METAly HUISIXOM PETYJIIOBaHHS €JIEKTPOMArHITHUX IPOILECIB Y
IJIAKOB1H BaHH1, PO3IIMPIOE TEXHOJIOTTYHI MOMIIMBOCTI, HAITPHUKJIAI, HATUTABJICHHS 1Py 3aBTOB-
IIKH JI0 AECATKIB CAHTUMETPIB 32 OJMH MPOXiJ, BAPOOHUIITBA OiMeTalleBUX TPyO 3 KOpo3iifHOC-
TINKUM ITOKPUTTSM, HATUIABJICHHSI POKATHUX BAJIKIB Ta IIITAMIIIB TOIIIO.

IHocTtanoBka nmpodaemu. [Iponec EIIIH y cramionapnomy CIIK Bumarae craGiibHOCTI
JUTsl 3a0€3MeUeHHsT BUCOKOI SIKOCTI HaruiaBieHoro Metany. CTaOUIBHICTh TAaKOTO MPOIECY BHU-
3HAYa€THCS PIBHOBArOIO KIIFOYOBUX MAapaMeTpPiB: TEMIIEPATypOIO IIITAKOBOI BaHHH, IIBU/IKICTIO
nojiayui eleKTposa Ta cuiio cTpyMmy. OnHAK Ha MPAKTHUIl BEIMYMHU LUX MapaMeTpiB 4acTo
KOJIMBAIOTHCS Uepe3 TEIJIOBY 1HEPIliI0 CUCTeMHU a0 HeCTaOIbHICTh JKepena xKuBieHHs. Taki
BIIXWJICHHS TIPU3BOMIATH IO HEOTHOPIAHOCTI CTPYKTYPH METAITY, 3HUKEHHS TBEPIOCTI Ta YTBO-
peHHs MikpoTpinmH. Came TOMY BHUABICHHS NMPUYMH JecTadinizamii Ta po3poOka aaropuTmis
ix kommeHcarii (HampuKiad, 3a JOTOMOTOI0 aJalTUBHUX CUCTEM YIPABIIIHHS) € KPUTHYHO Ba-
MJIMBUMHU JUIsI MACOBOTO 3aCTOCYBAHHS TEXHOJIOTII y MalInHOOYTyBaHH.

AHaJIi3 0CTaHHIX JocaiIzKeHb Ta nmyoJikamiii. Y [1] po3misiHyTO TTpotiec cTadiizarii Tem-
neparypu nuiakoBoi BanuH (LLIB) 3a He3MiHHOT (hopMU MIXKETEKTPOIHOTO IPOCTOPY, & TAKOXK IH-
TaHHS cTaduTi3aMii y BUnaikax MmBUAKOL Ta MOBUIBLHOI 3MIHHU IIOTO TPOCTOPY. AHAJI3y CTa0LIb-
HOCTI pPOOOTH KpHCTalizaTopa NPUCBSIYEHO HHU3KY pOOIT, y SKUX BHUKOPUCTOBYIOTHCS
MartematudHi Mozeni [2-8]. Hampuknan, y [2] HaBeAeHO TPUBUMIPHY MOJENb JJIST TOCI1HKCHHS
poduTI0 Ta NIMOWHYU 3aHYPEHHS BUTPATHOTO €JIEKTPOo/Ia B HeCcTablIbHUX yMOBax. ExexTpon 3mi-
HIOBaB ()OpMY BiJ] TUIOCKOJJOHHOTO J0 KOHYCOMoAiOHOTOo. [TMbnHa HOoro 3aHypeHHsS CIIOYaTKy
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JIEIIO 301IbITyBaJIacs, a MOTIM MOCTIMHO 3MEHIITyBajlacsl yepe3 HECTIMKE CITIBBIIHOMICHHS MIX
MIBUAKOCTSIMHU TUTABJICHHS Ta OMycKaHHS. Y [3] HUIIXOM po3B’s3aHHA MaTeMaTUYHOI MOJENI
OTPHUMAHO PO3IOJLT TEMIIEPATyPHOTO MO Ta BCTAHOBJIEHO 3B 130K MIX YaCOM JIOKAJILHOTO 3a-
TBEPAIHHS Ta MDKACHAPUTHOIO BiZICTAaHHIO B IIPOLIEC] 3aTBEpAiHHS 31uBKa. Llei 38’30k po3mis-
JAETHCS SIK KPUTEPIH OIIHKH SIKOCTI KprcTaizalii. Moaes mporoHy€eThCsl BUKOPUCTOBYBATH JIJIsT
MIPOTHO3YBaHHS CTAOUTLHOCTI MTEPEIIaBy Ta IKOCTI 3IMBKIB. Y [4] MpoBeneHo MOICITIOBaHHS 0€3-
MIEPEPBHOTO 3pOCTaHHS 3JIMBKa IpH enekTponniakopomy neperiasi (ELLIT). 3okpema, mist Bepu-
¢ikawii Moaemni gocHipKyBaIucs MMOUHA Ta GopMa BaHHU PO3IUIaBy. TakuM 4WHOM, 3arporo-
HOBAHO CrOci0 aHallizy BIUIMBY poOOYMX MapaMeTpiB Ha mepeOir mporecy. Y [5] mokazaHo, 1o
3arajJbHUMN JHKOYJIEBUI HArpiB IUTAKY 30UIBIIYETHCS 31 301TBIIEHHAM HOTO KiIBKOCTI, TOM K ce-
penHs TycTUHA I[bOTO HarpiBy 3HMKYEThbCA. MeHIa mubrHa 3aHypeHHS eJIeKTpo/ia € KpalluM
BuOopom st riporiecy EII, ockinbku 3a6e3nedye OUTbIy cTa0lIbHICTD IpoIiecy. Y [6] pe3yib-
TaTH MOJICTIOBAHHS JICMOHCTPYIOTh, IO €IEKTPUYHHUI CTPYM Tede 10 O19HOT CTIHKHM KpHCTasi3a-
TOpa, 0COOIMBO B IIapi NUTaKy. Po3nonin JKoyaeBoro Teria HaBKOJIO Kparuli MeTalty JUHaMIYHO
3MIHIOETBCS Y TIporieci ii mazinas. Haifrapsdinia o6macts opMyeThes il 30BHIIIHIM pajilycoM
KIHYMKA eJIEKTPOAA, OPYY 13 TPAHHUIICIO PO3ZUTY LIUIAK/METal, a HE Ha cCaMOMYy KIHYMKY €JeKT-
pona. Y [7] Oyso onTUMi30BaHO MIBUAKICTH IJIABJICHHS Ta MOKa3aHo, Mo 98 Kr/roj € BiIMOBia-
HOIO IIBUJIKICTIO TUIABJICHHS /ISl Iporiecy Oe3mepepBHOro cripsiMoBaHoro 3arBepainas EILIT 3
dbopmoro miamerpom 160 mm. Y [8] po3misiHyTO pi3HI TEXHIKU Ta TEXHOJOTIT HarutaBiaeHHs. Eme-
KTPUYHHIA PeXUM HaIIaBlICHHS OOUPABCs 3 ypaxyBaHHSM OTPUMAHHS CTA0LILHOTO €JIEKTPOIII-
JakoBoro npotuecy. Apropu [9] nocniukyBanu Biie ctpymoniasony B CIIK Ha enexrpomarsi-
THI TPOLECH Yy KpHUCTaIi3aTopi A ENEKTPOLUIAKOBOTO HAIUIABICHHS METally LUIIXOM
MaTreMaTUuYHOro MOJETIOBaHHsS oOepTaHHS NIIakoBOi BaHHU. [TokazaHo, 110 mEepeMilIeHHs 10
a3UMYTY BEpXHBOI KJIEMH KPUCTaII3aTopa, sika MpHEIHAHA IO CTPYMOITIIBITHOT CEKIIii, BITHOCHO
il BEpTHKAJILHOTO PO3Pi3y CYTTEBO BIUIMBAE HA €JICKTPOMArHITHI CHJIM y NIJIAKOBIN BaHHI, ajie HE
3MIHIOE TIOTY>KHICTb TETUTOBUILIEHHS B CHCTEMI.

Buninennsi HeloCJiIKeHUX YaCTHH 3arajbHoI Mpo0JjeMu. Y 3raJlaHux BUIIEe poOOTax,
okpiM [8; 9], mpobiemu cTabinizawii mpouecy po3nIsIaIuCs IePEeBaKHO ISl KPUCTATI3aTopiB
kaHoHiuyHoro Ttumy. Omnak juisi CIIK HaliBaxnuBimmM aectabitizamiitHuM GakTopom € 3MiHa
MDKEIEKTPOIHUX BiJICTaHEH, 1110 HE BPaXOBYBaJOCh B OUIBIIOCTI JOCTIKEHb. L5 3MiHa BUHU-
Ka€ Tpu 30UIBIICHHI BUCOTH HAIUIABJICHOTO IApy METaly Ta HAOMMKEHHI PIBHS METaJeBOi
BaHHM JI0 TpaditoBoro gyrepyBaHHs cTpymoniaBinHoi cekuii kpucranizaropa (CIICK). Ha Bi-
JIMiHY BiJ] IOTIEPEIHIX POOIT, HAIIIE IO CIIIKEHHS 30CEePEIKEHO Ha aHalli31 caMe [IbOTO acIeKTy,
110 JTIO3BOJISIE TOYHIIIE BUSHAYUTH MTPUUYMHHA HECTAOUTHHOCTI Ta PO3POOUTH €(DEKTUBHI METOIH
iX yCYHEHHS JiJIsl CTaIllOHAPHUX CTPYMOITIIBITHIX KPUCTAII3aToOPiB.

MeTo10 aocaigxeHHsl € BU3HAUYCHHS NMPUYMH HECTAOUTHHOCTI TUTABJIICHHS €JIEKTPO/a B
CIIK Ta po3pobka nuisaxiB iX yCyHEHHS.

L1 poboTa € MpoJOBKEHHAM paHille po3noyatux Jociimkenb Topiesoro EIIH enekrpo-
JIOM BEITUKOTO Tepepi3y B CTPYMOIIiIBiTHOMY KpucTamizaropi. ¥ [10] po3misganucs Ta mopis-
HIOBJIMCS Pi3HI TEXHIUHI PIIEHHS 3 MOIVISAY MPOCTOTH iX peai3alii Ta 3abe3nedeHHs cTaoi-
JHLHOCTI SIKOCT1 HATUTaBJICHHS. 3MIHHUN CTPYM JJIsI HAaIlJIaBICHHS 0OpaHO K HAUMOIMUPEHI T
MIPH EJIEKTPOILTAKOBHUX TeXHoJorisx [11; 12].

Buxuiag ocHoBHOro marepiaiy. [lns ekcriepuMeHTanbHOro aociimkeHHs nporecy EIITH
0OyI10 po3po0IIEHO CXeMy MIIKITIOUEHHS [HKEpesia KUBJICHHS 10 CTalliOHApPHOTO CTPYMOIIPOBITHOTO
Kpucraiizaropa (puc. 1). Cxema mia’eHaHHS 10 JpKepena )KuBieHHs Tuiy «E» (i3 3araisHumM ene-
KTPOZIOM) Tiepedadac 3’ € THaHHS KJIEMH JKUBJICHHS CTPYMOIIIIBITHOT CEKIIIi KpucTamizaropa 3 Kie-
Mo¥0 TioHa. CUTHAIM y BUDVISAI HAMIPYTH, TIPOTIOPIIIMHOT CTpyMaM y Kojlax JpKepert, 3HIMaJIHCS
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3a JIOMTIOMOTOI0 BUMIpIOBaJIbHUX cTpyMoBUX 1yHTIB R1 Ta R2. Hanpyra na enexrpoai Ue Ta cur-
Ha cTpyMiB CIICK (Ienex) 1 mimmony (In) BBogumucs yepes «biioK y3romKeHHsST CUTHATIBY, 110
BUKOHYE€ POJIb 3aXUCTY BiJl IEpeBaHTAXEHD 1 (PLTBTPa BUCOKOUACTOTHUX 3aBajl, B ALIII 3 yactororo
muckperuzantii 1 k['1 1 moTiM nepenaBanucs Uit 0OpoOKH B KOMIT FOTEp.

Puc. 1. Cxema nioknrouenns 0dxcepena sdHcugieHusi 00 CMayioHapHo2o
CMPYMONPOBIOHO20 KpUCMANI3amopa

3a gonomororo nporpamHoro 3abesneueHHs PowerGraph pospaxoByBanucs epeKTHBHI
(miroui) 3HaYEHHS BX1THUX CUTHAJIIB 3MIHHOTO CTPYMY, sIKi 30€pirajucs B mam’ siTi KOMIT FOTepa.
Crpym mxepena skuBieHHS (Ix) 004nCIIOBaBCS B KOMIT I0TEPI IUIIXOM ITiZICYMOBYBaHHS CTPY-
miB CIICK i migmoHa.

Ha puc. 2 HaBeneHo pparMeHT ocruiorpadiyHOro 3anmucy 3MiHU CTPYMIB Ta HAIIPYTH KpU-
cTali3aTopa, OTPUMAaHUX y Pe3yJIbTaTl eKCIIEpUMEHTY. BUKOHYBaIOCh HaIlIaBIIEHHS 3aTOTOBKU
3 «PLAKUMY CTapTOM 13 BUKOPUCTaHHAM JiKepena 3MinHoro ctpymy THIII-10 Ha npyromy cry-
MEH1 PETYJIIOBAHHS HAIIPYTH.

Hiamerp CIIK cranoButs 180 MM, niameTp enexkrpoaa — 90 mm. TpuBanicTh HarIaBIeHHS —
550 ¢ mpm MBHAKOCTI TOjadi eyleKkTpoma 22 MM/XB, IO 3a0e3MedyBajio MPOAYKTHBHICTH
132 kr/roa. CepenHsi MPOBIAHICTh KPUCTANIi3aTOpa B MEPILIii MOJIOBUHI MPOLECY HAIUIaBICHHS
craoBuiia 33 Cwm, a B apyriii — 31 Cm. Cepenns mpoBigHicTs KaHaty «enekTpoa—CIICKy y me-
piwiii mosoBHHI npotiecy AopiBHIoBana 27 Cwm, a B Apyriid nonoBuHi — 24 Cm. CepenHsi poBif-
HICTh KaHATY «EJICKTPOA—IIIIIOH» cTaHOBMIA 5 CM.

ExcnepuMeHT ckiiafaBcs 3 1BoX yacTHH. [lepma yactuna tpuBana 6,17 XB, pu 1bOMY
MIBUIKICTh TOJIa4l €JIeKTPoa CTaHOBUIa 26 MM/XB, a MMPOAYKTHBHICTh — 155 kr/rox. Jlpyra
YyacTUHA TpUBaJa 3 XB, IBUJKICTh TOJa4i €IEKTPOa B IIbOMY BUIIAJKy CTaHOBWIA 14 MM/XB,
a IPOTyKTUBHICTh HAaIUTaBICHHS — 84 Kr/TOj.

Ha ocuunorpamax (puc. 2) 4iTKO BUJHO 3HAa4YHI NEpiOJUYHI KOJIMBAHHS CTPYyMY JDKepesa
JKUBJICHHS, a TAKOX HANpyru Ha enekTpo/l. [Ipomec HamaBneHHs OyB HECTAOUTHHUM TIPAKTH-
YHO 3 CaMOro ovyaTKy. BiH CynmpoBOIKYyBaBCsl KOJIMBAHHAMHU 3arajlbHOTO CTPYMY 3 YaCTOTOIO
0,01...0,04 I'u. Ilpu bOMyY pEXHUM IIBOTO EKCIIEPUMEHTY XapaKTepu3yBaBCs HabaraTto MeH-
II0I0 MPOBIIHICTIO KaHATY «EJEKTPOA—IIIIIOH», HK PEKUM €KCIIEPUMEHTY 3 HaIlJIaBJICHHS 3a
cxemoro tuny «II» (i3 3aranmbHUM TiggoHOM), 3a sikoro kiema kuBiaeHHs CIICK 3’eqnana 3
KJIEMOIO €JIeKTpoia. Y OpyTiii MOJIOBHHI IPOLECy Yy 3B’ A3KY 31 3SMEHIIEHHM IIBHJIKOCTI 04l
€JICKTpO/Ia y NUIAKOBY BaHHY 70 14 MM/XB, pekuM cTaB cTaOUThbHIIIMM. KonuBaHHS CTpyMiB
CIICK i migaoHy CTalld YacTIIIMMH, a IXHS aMIUTITyAa BITHOCHO 3MEHIIWIACs. AHAJ3 YaCTOTH
Ta aMILTITYIM IUX KOJMBAHb JO3BOJIMB BCTAHOBUTH, 1110 BOHU KOPEIIOIOTH 31 3MiHAMH MTPOBII-
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HOCTI B MIXKEJICKTPOIHUX MPOMIKKax. 30Kpema, 301IbIIICHHS aMIUTITY 11 KOJTUBaHb CTPYMY CBi-
JUUTH PO HEPIBHOMIPHE TUIABJICHHS €JIEKTPO/Ia Ta 3MiHY IUIOII KOHTAKTY MK €JIeKTPOJIOM i
[IUTAKOBOIO BAaHHOIO, 1110 IPU3BOIUTH /10 HECTAOUTLHOCTI Mporiecy. TUM HE MEHII, 3a Pe3yibTa-
TaMU eKCIIEPUMEHTIB, pexxuM HaruiaBieHHs B CIIK cramioHapHOTo THITY 3 i1’ € THAHHSM JKe-
pelia )KUBJICHHS 3a cXeMO0 «E» OyIi0 BU3HaHO HAHTIPOIyKTHBHIIIIUM.

100 200 300 400 500

Puc. 2. Ocyunoepamu sminu cmpymie ma Hanpyau Kpucmanizamopa,
OMPUMAHUX Y pe3yIbmami eKCnepumMeHmy:
Ue — nanpyea ma enekmpooi, B; Il — cmpym, wo npoxooums uepez CIICK, kA,
1, — cmpym, wo npoxooums uepe3 nio0oH, kA, Ly — cmpym Oxcepena sxcusnenms, kA

MaremaTuuHe MoaejoBaHHsl. Ha OCHOBI eKClIepUMEHTANbHUX JaHUX OYyJ10 CTBOPEHO
mynbTH(i3nany Monens CIIK mist ananisy B3aemozii e1eKTpOMarHiTHUX 1 TEIJIOBUX MPOLIECIB
y IIJaKOBIM BaHHI. Mojiesb BpaxoBye€ KOHCTPYKTHBHI OCOOJMBOCTI KpUCTaIi3aTopa, BKIIIOUYa-
104U MiJIHY BOJOOXOJIOJKYBaHY BTYJIKY, rpadiToBe pyTepyBaHHS Ta IUIaBKUM enekTpon. OcHo-
BHOIO METOIO0 MOJICITIOBaHHS OyJ10 BUSIBJICHHS 30H KOHIICHTpAIIil TETUIOBOI €Heprii Ta IXHhOTO
BIUIMBY Ha CTa0UIbHICTh NMPOLIECY HAIIABICHHS.

Mynbsrrdiznuae MOIETIOBaHHS MPOBOAWIOCS Ha TpadiuHii TPUBUMIPHIN MO 3 ypaxy-
BaHHSIM JpKoyineBoro HarpiBy [13]. [Ipuxmanu cxemu Mozeni HaBeneHo Ha puc. 3. Mozens mic-
TuTh B 001 BepxHI0 CIICK, 110 cKi1agaeThes 3 MiJIHOT BOIOOXOJI0PKYBAaHOI BTYJIKUA 0€3 BEpTH-
KaJIBbHOTO po3pidy Ta rpaditoBoro ¢yrepoBanus (I'dD), a Takox HUKHIO (HOPMYIOUY CEKIIiIO
kpuctainizaropa (PCK), sika € qpyroro MiHOO BTyJIKOI0. KpiM TOTO, MOIEh MICTUTh TUTABKUN
€JIEKTPO]I, IIIJIAKOBY BaHHY, 3aTpaBKy (BUPi0), MiJJI0H, rapHicaX MiX (POPMYIOUOIO CEKIII€0 Ta
IIIB 1 BupoOOM, a Takok a30€CTOBY 130JISAITiF0 MIXK CEKITISIMH KpHCTaIi3aTopa Ta MiJI0HOM.

393



TEXHIYHI HAVKU TA TEXHOJIOT T Ne 3(41), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

a 7]

Puc. 3. Mynomugpizuuna modenv cmayionaprozo CIIK 3 niaskum enekmpooom:
a — cmpykmypa CIIK; 6 — pospaxyukosa cimka CIIK

VY [8] Oyno mpoBeeHO MOJENIOBaHHS BILIMBY CTPYMOIIIIBOLY Ha €JIEKTPOMArHiTHI MPo-
1ecu y kpucraiizaropi. byio mokasaHo, 1110 KOHCTPYKIIiSl CEKIIIMHOTO KpUCTaizaTopa 3abe3-
neuye o0epranHs nuiaky y [1IB, ane cyTTeBo He BIUTMBAE Ha ii 3araJibHUIl TEIUIOBHUH CTaH.

Y nporeci HaMMMX AOCTIIKEHB €IEKTPOIIIAKOBOTO HAIIJIABJICHHS METAITy OyJI0 TIPOBEICHO
EKCIEPUMEHT, IIiJ Yac SIKOTO CIOCTEpirairncs 3HauHi KOJUBAHHS CTPYMY JIXKepela >KUBJICHHS
Ta CIOXMUBaHOI MOTY»)HocTI nuakoBoi BauHM (L1IB). 111 konmuBanHs gocsaranu maibke 50 % Big
MakcuMaiabHOTO 3HaueHHs (puc. 2). [loganeimmii aHami3 BUSBUB, 10 TaKl 3HAYHI KOJMBAHHS
CTPYMY B KpHCTaJII3aTOPI OB’ s13aH1 3 KOJMBAHHIMH €JIECKTPOTPOBITHOCTI 000X MIKEICKTPO/I-
HuX poMiXKKiB (e1ekTpoa-CIICK i enekTpoa-mianoH), ki, B CBOIO Uepry, 3ajexarhb BiJl KOJIU-
BaHb BEJIMYMHM 3arIMOJICHHS eJleKTpoja. BaknuBo 3a3HauMTH, 10 MPUMYCOBA LIUPKYIISIISA
nuaky y 1B, siky 3a6e3neuye ctpymoniasin 1o CIICK, Binirpae BaxIuBy poiib y TEII000MiH1
Ta po3noALT goMimok. OmHak, sk Oyyo moka3aHo B [8], Taka UPKYIIAIIS MIJIaKy HE Ma€ CyT-
TEBOTO BIUIMBY HA 3araJIbHUN TETUIOBUW CTaH BaHHH Ta HE MOXKE MOSICHUTH 3HAYHI KOJTMBAHHS
CITOXKMBAHOT MOTY>KHOCTI B TAKOMY BUMAIKY. Tomy npu nojansinomy mozaenoBanHi CITK mu
BUPILIWIN B MOJIEJII HE 3ACTOCOBYBATH PO3Pi3HY CTPYMOIIIIBITHY CEKIIi10, 1110 3a0e3mneuye 0oe-
pranns [1IB y ropu3oHTanbHIN TUIONIKHI, Ta HE PO3B’A3yBaTH TiApoaAuHaMIuHy 3amady. Hato-
MICTh MU 30CEPEIMIHCS Ha eIEKTPOMATHITHIN Ta TeTOBii Moaensax. Takuii miaxia 103BOJIHB
HaM JIeTajbHIIIE JOCIIIUTH BIUIUB KOHCTPYKTUBHUX napameTpiB CIIK 1 pexxumiB HariaBieHHS
Ha PO3IMOJLI TEMIIEPAaTypH B IUIAKOBii BaHHI.

JleTanbHU OMKC IPUHIIMITIB TOOYI0BH MOJIET, a TAKOXK MapaMeTPH eJIEKTPO- 1 Tertodi3u-
YHUX BJIACTHBOCTEH MaTepiajiiB aHAJIOTiIUHI TUM, 10 BUKOpucTaHi B [13]. ¥V monem npuitHaTi
HACTYITHI TapaMeTpy KOHCTPYKIIii: BHYTpilIHIi Aiamerp Kpuctaiizaropa Dy = 180 mm; BucoTta
CIICK 90 mMm; miametp enekrpoaa De = 90 mm; Bucota @CK 88 mm; Bucota I'd 80 mMMm; ToBITMHA
I'® 15 mm; BucoTa 3aTpaBku 15 mM; Bucora miamona 20 MM; TOBIIHMHA 0XOJIOIKYBAHOT BOJIOIO
noBepxHi migHO1 BTysku CIICK 7 mm; ToBIIMHA rapHicaKy Ha moBepxHi MigHOI BTyku OCK 2
MM; TOBIIMHA OXOJIOKYBaHOT BO00 TToBepxHi MinHOT BTyKH @CK 15 MM; BucoTa a36ecToBoi
130JISII1THOT POKJIaKK 7 MM; BIZICTaHb BiJl 3aTPaBKH JI0 HKHLOTO Kparo rpadiToBoi GyTepoBKH
hsa = 87 MMm; mouatkoBa rimbuHa 11IB 92 Mm; 3armubneHHs HEIIABKOTO €JIEKTPO/Ia y MITAKOBY
BaHHY (3MiHHA) hsue = 5...130 Mm; BucoTa BupoOy (HarwtaBiaeHoro mapy) huw = 0...50 Mmm.

Ha 3a3naueniit MmynbTH}i3nuHii Mozeni Oys0 NpoBeIeHO MAaTEMAaTUYHUM EKCTIEPUMEHT 3 J10-
cimimpkenHs BBy yrBopeHux y CIIK aBoX 30H KOHIICHTpaIlli TEIIOBOT €Heprii (SIKi BUHUKIIN K
pesynbrat nin’ennanss CIIK 1o mxepena sxuBlieHHS 3a cxeMolo THITy «E») Ha mpotiec riiaBiaeHHs
eJIeKTpo/1a. 30HM KOHIIEHTpAIlii TETUIOBOI €HEeprii BU3HAYAIOTHCS HAsIBHICTIO IBOX OCHOBHUX KaHa-
JIiB MPOXODKEHHS cTpyMy Bin enekrpona go CIIKC i Bix enexkrpona 10 mijaoHa.
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JocmimpkyBanucst B3aEMO3aJIeKHOCTI KITFOUOBHUX MapaMeTpiB mporiecy. [Ipu mboMy crioxu-
BaHa MOTYKHICTh, BETMUMHH CTPYMIB 1 HAIIPYTH, €IEKTPUYHA IPOBIAHICTD ABOX KAHATIB MPOXO-
TOKeHHs cTpyMy jpkepena (kaHan «enekTpoa—CIIKCy 1 kaHam «eneKTpo—miaion»), po3mo il
tera y 1B, ii piBeHb BiTHOCHO HMKHBOTO Kpato ['D € 3a5exHUMH 3MIHHUMH, a pO3TaITyBaHHS
TOPIIS €JIEKTPOJIA, IO TUIABUTHCS, BITHOCHO IMOBEPXHI HAIUIABICHHS Ta BHCOTA HAILIABICHOTO
37IMBKA € HE3AJIKHUMH 3MIHHUMH. TOMY B MOJIeJli BAKOPUCTOBYBABCS HETUIABKUH €IEKTPO/I.

Heo0ximHo 3a3HaYUTH, 110 MOJIEJh J03BOJISIE BU3HAYATH yCTAJICHI 3HAYCHHS JOCTIKyBa-
HUX [apaMeTpiB, ajie He 00UUCITIOE TMHAMIKY iX 3MiHH. [1if yac aHani3y TMHAMIYHHUX 3MiH IIPO-
11eCy HaIUIaBJICHHS BUKOPUCTOBYBAIACs OKpeMa MoJieib, moOyaoBaHa B maketi MatLab.

PesynbraTi MOJENIOBaHHS MOKAa3ald, 110 3MiHA IVIMOMHU 3aHYPEHHS TOPLS €JIeKTpona
CYTTEBO BIUIMBAE Ha PO3IOiI TEMIEPATypH B ITUIaKOBii BaHHI. Ha puc. 4 HaBeeHO pO3MOLT

TEMIIepaTypy y LUIAKOBIM BaHHI JUIA TPHOX 3HAYEHBb 3arjvOJIeHHS elneKTpoaa hswe =60 (a),
80 (6) 1 110 (8) MM IIpH BUCOTI HATUTIABIICHOTO 3MHUBKA hy = 0 MM.

a 9] 8

Puc .4. Po3noodin memnepamypu y winaxkosiu 6aHHi 015 8eIUYUH 3a2IUONEHHS eNeKmpood
60 (a), 80 (6) i 110 (8) mm

JIeMOHCTPYETHCS, SIK 3MIHIOETHCS TETIOBE IMOJIE 3AJIEKHO Bifl TITMOMHY 3aHYPEHHS €JICKT-
poaa y muiakoBy BaHHY. Posmomin TerutoBoro mosist HaOyBae (hopmH, OJU3bKOI CIIOYATKY /10
KOHIYHO1, TIOTIM /IO €JIICOIMHOT 13 MAaKCUMAIBHOIO TEMIIEPATYPOIO MOOIHU3Y TOPIIS eNEKTPOIA.
OueBuIHO, III0 YMM O1TBIIE 3aTJTUOICHHS eJIEKTPO/Ia, TUM IJIHOIIIe Y IIJIAKOBY BaHHY Oy7e 3Mi-
IIyBaTUCs 007aCTh MaKCUMAILHUX TEMIIEPATYD.

Ha puc. 5 HaBeieHO pO3paxyHOK MOTYKHOCTI, 1110 BBOJUTHCS Y IUIAKOBY BaHHY, 3aJIC)KHO
BiJl BETUYHMHU 3ariUOJIEHHSI €NeKTpoaa AN 000X ii CKIagoBUX (ISl KaHATIB «EIEKTPOJI—
CIICK» 1 «enexTpon—miJioH») TpH TPhOX 3HAYCHHSX BHCOTH HAIUIABJICHOTO 3JIMBKA
huw =0 (a), 25 (6) 1 50 (8) MMm.

a 9] 8
Puc. 5. 3anesxcnocmi sminu nomysxcrnocmi, wo 6600UmMbCsl y WAAKO8Y 6aHHY, 610 8eIUYUHU
3a2nubNeHHs elekmpooa npu sucomi Hanaasnenozo 3ueka 0 (a), 25 (6) i 50 (8) mm
Ha xpusiii moty>xnocrti, mo Buaisierbes Ha CIICK, cocTepiraeMo HassBHICTh IBOX KPUTHY-
HUX To4yoK 1 12. Touka 1 BiIMoBizae MakKCUMaIbHOMY 3HAYEHHIO MTOTY>KHOCTI, IO BUIUISETHCS HA

395



TEXHIYHI HAVKU TA TEXHOJIOT T Ne 3(41), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

CIICK, dPcuew/dhsse = 0. Touka 2 BiAmoBigae ToUIl MEPETUHY KPUBUX MOTY>KHOCTEH, 1110 BUILIS-
1otbest Ha CIICK 1 mimnowi. [ToTyxHicTs, mo Buziiserses y 11IB npu npoTikanHi cTpyMy Mix ere-
krpoaoM 1 CIICK, mpu mBHIKOCTI To/1a4i €JEKTPO/Ia, 110 BIAMOBIIAE MOJIOKEHHIO HOTO TOPIIS B
niana3oHi Bifg 0 MM JI0 TIOJIOXKEHHS B KPUTHYHIM TOYIIl 2, 3aBXK/IU OLIbINA 32 TOTYKHICTb, 1110 BH-
TUIIETHCST CTPYMOM, SIKUH TIPOTIKAE MK €JIEKTPOAOM 1 mimmoHoM. [LmaBineHHs eneKTpoaa, mojo-
KEHHS SIKOTO 3HAXOJUTHCS B MPOMDKKY J0 KPUTHYHOI TOYKH 2, BiJOYBAETHCSI B OCHOBHOMY IO
O14Hii TOBEPXHI €JIEKTPOIa. 32 KPUTUIHOIO TOYKOIO 2 3pOCTa€E POJib TEIUIA, 10 YTBOPIOETHCS 3a
PaxyHOK BUAUICHHS TOTY>KHOCTI B MIKEJIEKTPOJAHOMY TPOMIXKKY «ENEKTPOA—TIiAI0H». 31 301Ib-
IICHHSIM BUCOTH HAIUTaBJICHOTO 3JIMBKA TOUYKA 1 3MIIIYEThCS JIIBOPYY y OiK 3MEHIIICHHSI BETTMUUHI
3arJMOJICHHST HEIUIaBKOTO €JIEKTPOa, a TOYKa 2 3MIIIy€eThCsl MPpaBopyd y OiK 30UIbLICHHS 3HA-
YEeHHS 3ariu0JIeHHs HeTUTaBKoro enekTpoa. I1pu hyw = 50 MM Touka 2 BUXOIUTH 3a MEX1 KOHC-
Tpykuiitaux MoxuBocteil CIIK, ockiTbku MOXIMBHI TIEpPEIUB IUIAKy. Y MeXax 3MiHU BUCOTH
HarutaBieHoro mapy 30...50 MM HEOOX1AHO CTEKHUTH 3a IMIBHJIKICTIO TI0adl €JIEKTPOA Ta IMOCTY-
NOBO i1 3MeHIIyBaTh. [Ipy 11bOMy MpoIeC BXOAUTH Y KOJIMBAIBHUN PEXXUM Yepe3 HOro 3MilieHHs
JBOPYY BiJl KpUTUYHOI TOUKH 2. Ko Topers enexTpoaa npy MOCTiHHIM MIBUAKOCTI IMOIa4l OImy-
ckaeTbes y 11IB 1 nocsrae piBHOCTI IIBUAKOCTI 3aHYPEHHS Ta IIBUIKOCTI IUTABJICHHS, MTOJI0KEHHS
HOT0 TOPIIS BIIHOCHO TTOBEPXHI HAIUTABJICHHS Ma€ cTaduizyBatucs. [IpoTe 11boro He Bi10yBa€eThCs
Yyepe3 BiJCTaBaHHS B 4aci 3pOCTaHHS TEMIEPATYpH BiJl 3pOCTaHHS MOTYKHOCTI, 110 BUIUISETHCS
Ha CIICK. Ile sBume noB’si3aHe 3 TerioBoro crajioro 4yacy 1B trcy. Uepes aesikuii mpoMiKok
yacy temneparypa LLIB moGmu3y Topis enekTposa miBUILYETHCS, IIBUAKICTD IJIaBICHHS 3017Tb-
IIYETHCS, BIJICTAHb TOPIIS BIJIHOCHO MOBEPXHI HAIUIABJICHHS 301IbIIY€ETHCS. BUHNKa€e 3BOPOTHHIA
PYX TOPLIS €JIEKTPO/Ia 10 30HU KOHIIEHTpallii TETUIOBOI €HEpril, IKUi € IPOTHIIEKHUM JI0 HAIIPSIMKY
PYXy caMoro ejeKTpoa.

3a 101OMOror0 MyJIbTH(I3UIHOT MOJIENI IPOBEACHO aHAaJI3 IMHAMIKY 3MIHU TEMIIEPaTypH
1B npu 3MiH1 MONI0XKEHHS TOPIS €NEKTPO/a, IPH IbOMY BH3HAUEHO TEIIOBY cTairy yacy 11IB
Trcy. Bysio oTpuMaHo BiATYK TeMIepaTypu TOpLs €JIeKTpo/Ia Ha CTPUOKOMOAI0HY 3MiHY 3ariu-
OJICHHS HETUTAaBKOTO eiekTpoaa (puc. 6).

Puc. 6. Bioeyx memnepamypu mopys enekmpooa na cmpubKonooioHy sminy
3aenubaeHHs HeNIa8K020 eleKmpood

Biaryk remnepaTypu Topls €J1eKTpoaa, TOOTO 1HepIifHOTO JaHIora MepIioro mopsIKy,
0 CHOCTepiraBcss B XOJAi  MATEMaTHYHOTO  EKCHEPUMEHTY, ONHUCYEThCS  SIK:

T, (t)=T,, +tAT(1- "1 "), e Tre(t) — Temneparypa Topus enekrpoa, °C; Tros — MOYATKOBA
temriepatypa, 1000 °C; AT — pizuuns mix temneparypamu yctaneHoro (1400 °C) 1 Trou. ¥V
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pe3ynbTaTi 00UHUCICHh OTPUMAHO 3HAYCHHS Trey ~ 9 C. LI BemuumMHa KOPEIOE 3 eKCIIEPUMEH-
TaJIbHUMHU JJAHUMH MPO TIEPI10]T KOJMBAaHb 3BapIOBAIBHOTO CTpyMy 3 yactotoro 0,01...0,04 T'mr.
3a3Buuail nepioj] Ut yCTAIEHOTO MPOLECY CTAHOBUTD 3...4 3HAUCHHS TEIUIOBOI CTaJIOl yacy.

3Ha4yeHHs Trcy OyJI0 BUKOPUCTAHO JJIs aHami3y B makeTi MatLab auHaMiuHUX 3MiH Mpo-
1[eCy HaIlJIaBJleHHs. BBeeHHs B MOJIeNb MpoIlecy 3HaUEHHS TEIUIOBOI CTaIol Yacy J03BOJIHIO
OTPHMATH 3MIHHU B 4aci CTpyMy enekTpofa le(t), remnepaTypu topius enekrpona Tre(t) 1 Bemu-
YUHY 3arTHOJICHHS TIaBKOTO eNeKTpoa hse(t) (puc. 7). 3 rpadika (puc. 7) BUIHO, 10 B MOMEHT
gacy 20,251 ¢ y mo3utii 1 ctpym le(t) mocsirae Makcumymy nipu TemmepaTtypi Topist Tre(t) =
2254 °C, mo BiANMOBIgA€ MPUOIU3HO MOJIOBUHI 11 MAKCUMAJILHOTO 3HaUCHHS. Y 3B S3KY 3 MMOJ1a-
JBIIUM 3pPOCTAHHAM TEMIIEPATypH IIBUIKICTH IJIABJICHHS €NEKTPojaa 301UIbIIY€EThCS, 3arino-
JICHHSI TUTaBKOTO €JIEKTPOJIa 3MEHIIY€EThCA 1 cTpYM le(t) 3MEHIITy€eThCs Yyepe3 3HUKEHHSI eJIeKT-
ponpoBigHOCTI KaHamiB. [licns gocsruenns temmnepatypu Topus 2179 °C (mo3utis 2), ToOTO
IpY MPAKTHYHO Tii K€ TeMIeparypi, o i y mo3utlii 1, KoJIu MBUAKICTH IUIABICHHS €JIeKTPOIa
Ta MIBUKICTH HOT0 MoAa4i BUPIBHIOIOTHCS, TOYMHAETHCS 3BOPOTHHM Tpouec. [Ipu 1iboMy Tem-
nepaTypa Topis 3MEHINY€EThCS, hse 301TbITY€eTHCS 1 cTpyM le(t) Takok 301IbIIY€ETHCSS. BuHUKae
CBOEPIJIHA «TOMIATIKaY 13 HE3aTyXal4o0 aMIUTITY0I0 KOJHBAHb.

Puc. 7. 3minu 6 uaci ¢hynxyiii le(t), Tme ma hse 3 mabauyero nosicHensb

Takum YMHOM, MOKHA CTBEPIXKYBATH, 10 aMILTITy/Ia KOJIHBAHb CTPYMY Ta €JIEKTPOIPOBiJI-
HocTi moB’s1i3aHa 3 A’ eaHanasM CIIK 1o mkepena ctpymy 3a CXeMOIO 13 3aralIbHUM €JIEKTPOJIOM
Tuy «E» Ta yTBOpEHHSIM JBOX 30H KOHIIEHTpallii TeTUI0BO1 eHeprii. 31 301IbIIEHHSIM IIBUIKOCTI
nmojiavi exekTpoaa (B Mekax JOIMYCTUMOTO JIiala3oHy) 3pocTae aMILTITy[a KOJMBaHb 3ariimo-
JICHHS TOPLA €NEKTpoJa y IIJTAKOBY BaHHY. Lle MOsSCHIOEThCS 3MEHIIEHHSM MiXKEJIEKTPOIHOTO
MIPOMIXKKY, 110 MPU3BOUTH JI0 TIOCUJICHHS BIUTMBY €JIEKTPOIPOBITHOCTI MIXK IT1IOHOM 1 €JIEKT-
POZIOM Ha 3arajibHy eJIEKTPOIIPOBIIHICTh KpUCTali3aTopa. BomHovac BIUIMB €1€KTPONPOBITHOCTI
MIX CTPYMOITIIBITHOIO CEKITIEIO Ta €IEKTPOAOM 3MeHIyeThbes. Leit eexT 3ymoBeHnit HasiBHI-
CTIO TEIIOBO CTaJIOi Yacy MIIAKOBOI BAHHH Ta 3BOPOTHUM BIUTUBOM 30HM KOHIIEHTpALI] TEILIO-
Boi1 eHeprii, yrBopenoi CITIKC, Ha Topers enekTpo/ia, o pyXa€eThes 0 MioHa. 3MiHa TITHOMHI
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3aHYPEHHS TOPIIA €ICKTPOIa 3MIHIOE PO3TIOT TETIOBOTO TIOJIS T TIOTYKHICTb, 110 BUILTSIETHCS
B kaHanax «enektpoa—CIICK» i «enekrpoa—mimmon». s crabimizanii mporecy HeoOXiHO Bpa-
XOBYBATH IIi 0COOJIMBOCTI Ta PETYIIFOBATH MIBUIKICTh MOJa4i €JIEKTPO/Ia 3aJICIKHO Bl BUCOTH Ha-
TUTABJICHOTO Iapy.

BusiBneno, 1o nmpu 3011bIIEHH] 3arTHOICHHS €IEKTPOa 10 KPUTHIHOT TOUKH 1 criocTepi-
TaroOThCSl HACTYITHI SIBUIIIA:

— 3pOCTae aMILTITYy1a KOJMBaHb 3ariu0ieHHs enekrpona y 1B npu ogHOouacHOMY 3MeEH-
IICHHI 1X YaCTOTH;

— IOCHITFOETHCS BIUTUB MIKEJIEKTPOAHOT poBimHOCTI («enekTpoa—CIIKCy) Ha ruraBieHHs
eJIEKTPO/Ia.

3’sicoBaHO, 110 MPHU MOJAITBIIOMY 301IBIICHH] 3arTHOJIEHHS €IEKTPO/Ia BiJl KpUTUIHOI TO-
YK | 10 KpUTUYHOT TOUKH 2 BiZIOyBa€ThCS HACTYIIHE!

— 3MEHIIYETHCS aMILTITYJa KOJIMBaHb 3ariu0ieHHs enektponaa y LIB mpu omHOwacHOMy
301JIBIICHH] 1X YaCTOTH,

— BiOyBa€TbCsI TTOCTYIOBE 301IBIIIEHHST MKEICKTPOIHOT MPOBIAHOCTI («EIEKTPOA—TTi -
JIOH») 3 OJTHOYACHUM 3MEHILIEHHIM MDXKeNIEKTPOaHOI mpoBigHOCTi («enekTpoa—CIIKCy).

BusiBneHo, 110 npu AOCSATHEHHI 3ariUOJIeHHS eIeKTPoIa KPUTHYHOI TOYKU 2 1 TOJalTb-
oMy Horo 3arnuOieHHI BifOyBaeTbCs HACTYIIHE:

— 3MEHIIYETHCS MIKEICKTPOIHUNA TPOMIKOK MIXK ITIITOHOM 1 €JIEKTPOJIOM, 1, SIK HACIIIOK,
MOCUJTIOETHCS BIUIUB €JIEKTPOIPOBIAHOCTI MIXK IMiZIOHOM 1 €JIEKTPOOM Ha 3arajibHy eJIeKTpO-
nposigHicTs CIIK;

— 3HUXKYETbcs BITUB enekTpornposigHocTi Mk CIIKC i enekTposom Ha 3arajbHy €JIeKT-
ponposinnicts CIIK;

— 3MEHIIYETHCS TUIONIA OIYHOTO TUIABIICHHS €NIEKTPOIa;

— MPUIHHSIETHCS MPOIEC KOJIMBAHB 3aruOIeHH enekTpoaa y 11IB;

— MiABUILY€EThCS pu3nK neperpiBy 1B i1 3akunanss muaky, o norpedye KOpeKIii mBuI-
KOCTI Iofiadi eJeKkTpoaa B 01K 3MEHIIICHHS.

BucHoBkH. 1. PO3ristHyTO MpUYMHM 3HAYHOI HECTaOUIBHOCTI 3ariauOIeHHS TOPIS €JIEeKT-
ponay mIakoBy BaHHY. BcTaHOBIIEHO, 1110 11€ sIBUIIE XapakTepHe 11t cxemu i’ exHands CIIK
110 JpKepena cTpyMy i3 3aranbHuM enekTpoaom aist CITKC 1 mignony (cxema tumy «E»).

2. Pe3ynpTaT MOJEIIOBAHHS TIATBEPIMIIN ICHYBaHHS BOX 30H KOHIICHTpAIlil TETJIOBOT
eHeprii y IIIaKoBii BaHHI, sIKi (POPMYIOTHCS Yepe3 PiI3HHUIIIO B MOTYKHOCTI CTPYMOBHX KaHAJIiB
«enekTpoa—CIICK» 1 «enekTpoa—miamon». L{i 30HM BIUIMBAIOTh Ha JIOKaJIbHI TEMIIEpaTypHi
I'PaJi€HTH Ta MPOBIAHICTH MDKEIEKTPOIHUX MPOMIXKKIB, 10 € KIIOUOBHUMHU (haKTOpaMH HecTa-
O1TBHOCTI TIporieCy HaruTaBineHHs. [ 3a0e3neueHHs cTablIbHOCTI HEOOXITHO BpaxOBYBaTH IIi
0co0aMBOCTI MpH npoekTyBanHi pexumis ELTH.

3. BUBYCHO BIUTUB BUCOTH HAILIABICHOTO 3JTMBKA Ta PO3TAIIYBaHHS TOPIIS TUIABKOTO eJie-
KTpOJla BITHOCHO TOBEPXHI HAIUIaBIIEHHS Ha Il mapamerpu. Ha oCHOBI mpoBeIeHOTO JOCTTi-
JDKEHHS HaJTaHO PEKOMEHIAIIi1 010 BEACHHS MPOIIeCy HATUIABJICHHS y 3a3HAYCHUX YMOBaX.

4. lopmanpii AOCIIIPKEHHS MOXYTh OyTH CIIpsIMOBaHI Ha po3po0Ky aBTOMAaTHU30BaHOI CHU-
cremu kepyBanHs nporiecoMm EIIIH Ha ocHOB1 oOTpuMaHuX pe3yJbTaTiB.

Excnepumenmu 3 nannagnenus nposoOUnucs nio KepisHUymeom ma 3a yyacmio O.m.H.
0. M. Kyckoesa (Incmumym enexmposzeaprosanns im. €. O. [lamona HAH Ykpainu).
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REASONS OF DESTABILIZATION OF THE ELECTROSLAG MELTING
PROCESS IN THE STATIONARY CURRENT-BASED CRYSTALLISER

The paper considers the process of electroslag melting in the stationary type current-carrying crystallizer with a power
supply connection scheme in which the power supply terminal of the current-carrying section of the crystallizer is connected
to the terminal of the pallet. This connection of the crystallizer to the power source ensures high productivity of the melting
process. However, even if the electrode feed rate into the slag pool is maintained at the constant rate, significant fluctuations
in the electrode current are observed. The amplitude of these fluctuations reaches almost 50% of the maximum current value
with a frequency of 10-25 s. This indicates significant fluctuations in the temperature of the slag bath during the melting
process. These fluctuations can lead to undesirable changes in the physical, mechanical, and structural properties of the de-
posited metal. The causes of these fluctuations are analyzed. The ways to reduce them and increase the stability of the melting
process are presented.

Keywords: stationary current-driven crystallizer; self-regulating mechanism; multiphysics modeling,; electroslag melting;
stabilization of the electroslag process.
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REMOTE DESIGN OF SAFETY CONTROLLERS
FOR INDUSTRIAL AUTOMATION SYSTEMS

PLCs are the core of most industrial automation systems (IAS). Modern IAS development emphasizes hardware unifica-
tion and increased software significance. Remote PLC programming boosts efficiency by reducing time and travel costs, while
supporting advanced training. Using safety controllers in the example of IAS, this paper presents hardware and PLC-specific
software tools enabling remote PLC programming and IAS monitoring. The results are applicable in IAS development and
engineering education.

Keywords: industrial automation systems (IAS); programmable logic controllers (PLC); safety controllers;, PLC soft-
ware; remote PLC programming; remote engineering education; microprocessor.

Fig.: 6. References: 27.

Urgency of the research. The current stage of industrial development is characterized by
the widespread use of automation technologies, which ensure high quality of mass-produced
end-products while simultaneously reducing production costs. This automation largely relies
on programmable logic controllers (PLCs) [1, 2], which, through associated input and output
devices, integrate a variety of field equipment, including switches, sensors, converters, relays,
motors and other devices. Modern PLCs [3, 4], in contrast to earlier relay-based controllers, are
based on microprocessor technologies. This allows for the use of a unified structural framework
to control diverse industrial processes, with customization for specific applications achieved
through modifications to the software executed by the microprocessor.

In 2024, the global market for PLCs was valued at approximately USD 13 billion, repre-
senting a 7% increase compared to the previous year [5]. Consequently, PLC programming
remains a crucial aspect of developing and configuring automation systems, particularly in sec-
tor, including: industrial manufacturing, automotive engineering, pharmaceuticals, and energy.

Target setting. Manufacturers of PLCs typically provide proprietary software tools for
programming their controllers, which generally support the programming languages defined by
the standard [6]. Most PLC software development environments follow a similar approach: a
computer running the specific development tool is connected to the PLC via a programming
interface. The application, developed and debugged in simulation mode, is then uploaded to the
PLC. Afterward, an interactive process of testing and iterative refinement begins directly within
the industrial automation system. This allows for verification of functionality and performance
during interaction with the intended field devices.

Testing the PLC program within the specific configuration of field devices, including the
length and characteristics of connection lines, power supply sources, and operational conditions,
enables an accurate assessment of critical timing parameters, detection of developer errors, iden-
tification of equipment incompatibilities, and an overall evaluation of the industrial automation
system's operability. If the outcome of this testing is unsatisfactory, it becomes necessary to return
to the PLC software development environment and refine the program accordingly.

The challenge becomes even more critical when developing the safety system, a crucial
component of any modern industrial automation system. In this context, numerous regulatory
requirements must be met, typically achieved through the integration of additional PLCs,
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known as safety controllers. Industrial automation systems incorporating such safety controllers
rely on specialized hardware and software tools to enable certification by stringent and com-
prehensive safety standards.

The physical separation of certain industrial automation system components from the PLC,
the need to improve production technologies and/or safety systems, as well as reconfiguration
for different product types, often necessitate regular updates to PLC programs. This, in turn,
requires the frequent presence of developers on-site, which is economically inefficient.

This issue can be addressed by enabling remote access capabilities, both during the initial
development and throughout the maintenance and operation phases of the industrial automation
system. Such an approach can reduce labor costs associated with in-house developers or travel
expenses for external specialists, while also minimizing their downtime.

Moreover, the ability to remotely program and verify PLC software opens new opportuni-
ties in education and the training of highly qualified specialists. It allows for reduction in the
amount of expensive laboratory equipment by enabling individual students to access it at con-
venient times, facilitates resource sharing among educational institutions, enhances the special-
ization of laboratories and the quality of instruction, and improves safety in the context of pan-
demics and other contemporary disruptions.

Actual scientific research and issues analysis. Due to the widespread PLCs adoptionof
and the growing demand for specialists capable of working with them, as well as the increasing
relevance of remote education, research in this field has been ongoing for quite some time. For
instance, [7] the concept and architecture of an automation laboratory that enables users to re-
motely connect to a PLC is offered. The software for direct interaction with PLCs, referred to
as PLC-specific software (PSS), is installed exclusively on the host computer, while the remote
user's computer functions as an authorized client accessing the PSS. The network connection is
established using Cisco VPN Client and Cisco VPN Server through a secure VPN tunnel.

In [8], a solution for remote monitoring of mechatronic devices is proposed by integrating
PLCs with the Advantech WebAccess/SCADA software. In [9] and [10], PLCs are employed
as intermediary components for collecting data from remote industrial process sensors and sub-
sequently transmitting this information to end users.

Uninvestigated aspects of general problem definition. The main drawbacks of the afore-
mentioned and other known solutions lie in the fact that the IAS developer working with PLCs
does not interact directly with the instrumental PSS and lacks access to the full range of features
provided by the programming environment. Special attention should be given to safety control-
lers (e.g., [11]), which are similar to conventional PLCs but possess specific characteristics due
to their intended purpose. These specifics must be strictly observed during IAS development
and are supported by dedicated PSS tailored for such controllers [12].

In the education context, it should be noted that when students rely on various intermediate
or auxiliary software tools, they cannot fully acquire practical skills in working directly with a
specific PSS. This includes essential steps, including locating the software, reviewing its docu-
mentation on the manufacturer’s website, downloading, installing, and configuring it. As a result,
future challenges may arise, i.e. difficulties in mastering new PLCs and PSS platforms or adapting
to the continuous changes inherent in both this domain and computer technologies in general.

The research objective. The objective of this study is to develop an architecture for a
hardware-software system that enables a safety subsystem developer of an industrial automa-
tion system to perform, from their local workstation equipped with the original instrumental
PLC-specific software, any actions supported by the safety PLC manufacturer for program de-
velopment, as well as to verify the results on a real remote IAS.
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To achieve the stated objective, it is necessary to develop a generalized structure of the hardware
components and connection schemes for individual elements, using specific predefined models of
PLCs, field devices, and auxiliary components. Based on the obtained results, appropriate software
tools must be selected, configured, refined, and adjusted to ensure the functionality of the proposed
structure. Finally, a comprehensive verification of the developed architecture should be carried out,
the results analyzed, and a plan for further actions formulated.

Achieving the stated objective will yield positive outcomes across various areas related to
interaction with PLC-based industrial automation systems, including:

e Reducing working time and other expenses associated with the activities of IAS de-
velopers.

e Minimizing the amount of laboratory equipment required for training IAS developers.

o Enabling interaction with IAS at a convenient and safe time.

The statement of basic materials

Structure and hardware components of the PL.C-based system under study. The struc-
ture of the PLC-based system under investigation is shown in Fig. 1. The system is built using
components from SICK [11], specifically the SICK Safety Controller FX3-CPU000000 (de-
noted as Main PLC Module in the figure) [13], which serves as a main control and interfacing
module. Directly connected to it are the FX3-GEPR00000 (Ethernet Gateway) [14] and the
FX3-XTIO84002 (Input/Output Module) [15], both of which can be configured via software.
Additionally, the system includes the UE410-4RO4 (Relay Module) [16], which can only be
controlled through hardware using additional wired connections.

Fig. 1. Structure of the PLC-Based System Under Study
Source: developed by the authors.

The industrial compatible PLC Controllino [17] is applied for substitution of typical infra-
structure components of industrial safety systems, such as Emergency stop button, Motor Start
and Motor Stop buttons, and Safety scanner. Also, the real LED-based Light column is con-
nected to the outputs of the Safety PLC. The opening and closing of a pair of built-in Controllino
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relays emulates for the Safety PLC the effect of pushing and releasing a typical 2-chain E-Stop
button like ES21 [18], which, according to the industrial safety standards, opens and closes the
electrical loop between built-in special signal sources to Safety PLC and safe inputs of the same
PLC. Another couple of built-in relays produce an effect of pressing of Motor Start and Motor
Stop buttons, which correspond to a high logical level applied to non-safe inputs of Safety PLC.
The pair of digital outputs of Controllino emulates the OSSD1 and OSSD2 signals like on the
output of nanoScan3 safety laser scanner [19]. The logic outputs of the input/output module are
connected to three signal lamps — red, yellow, and green located on a Light column, as well as
to the Relay module, which connects the Motor via a DC/DC converter DT.J2024D05 [20] to
power. Closing the relay upon command from the main module supplies power to the converter
input, thereby starting the motor. A single-board computer, Raspberry Pi 4 with 8 GB of RAM
[21], is a key element of experimental setup, connecting main units to a unified system. The
entire setup is powered by an AC/DC Power supply unit WDR-120-24 [22].

Fig. 2 shows the physical appearance of the connected hardware components during the
execution of the test program.

Fig. 2. Physical view of the connected hardware components
Source: developed by the authors.

Architecture and software components of the studied PLC-based system. The de-
ployed software architecture generally resembles a typical three-tier web architecture, as used,
for example, in [23], and illustrated in Fig. 3.

The most critical component of the system is Raspberry Pi, which runs on the Debian-
based Raspberry Pi OS (32-bit). The three virtual servers provide Internet-based access and
interaction between remote users and experimental hardware.

e The web server Apache? is listening for remote TCP connections on port 80. It provides
an interactive web interface, which contains software buttons and an embedded video stream.
Each pressing of a software button is being processed by PHP/AJAX handler to a specific code
and forwarded via USB interface to Controllino.

e The streaming server MJPG-streamer [24] listens for TCP connections on port 8080 and
allows a web server to capture and broadcast the video stream from a web camera.
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e The USB/IP Linux package runs the process which accepts TCP connections on port
3240 via the Internet from installed on user computer USB/IP client [25].

Fig. 3. Architecture of remote interaction with electronic equipment
Source: developed by the authors

On the client PC side (Windows 10 Pro, version 22H2, build 19045.5965; Intel(R)
Core(TM) i7-4770 CPU @ 3.40 GHz, 16.0 GB RAM), in addition to the Sick Safety Designer
PLC development environment, the USB/IP Client for Windows [25] is also installed. This setup
enables Sick Safety Designer on the client PC to access the Safety PLC remotely via the standard
driver as if it has a virtual USB cable connected directly to the PLC.

A screenshot of the Sick Safety Designer PSS window in PLC configuration view mode is
presented in Fig. 4.

Fig. 4. Screenshot of the Sick Safety Designer window in PLC configuration view mode
Source: developed by the authors.

Functional opportunities. The hardware and software components of the system de-
scribed above allow their main functions to be implemented.

e Program and debug the Safety PLC from a remote computer as if his computer were
connected to the PLC using a USB cable.
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e Change remotely via web interface the state of different inputs of Safety PLC as if the
real corresponding hardware were connected to Safety PLC.

e Get visual feedback, observe indicators on the Safety PLC, Light column, and propeller
of electric motor through the video stream from web camera.

The web interface, presented in Fig. 5, allows control of the virtual input devices by emu-
lating via the Controllino corresponding input signals for the I/O module. This setup enables
remote testing of the PLC program’s response to the pressing and releasing of the E-Stop button,
introducing a fault (breaking one of the wires of the safety chain) and fixing it. It also allows
for initiating or canceling the confirmation from Safety scanners. In case the user program,
which is uploaded remotely into the Safety PLC, is correct and the safety chain is correctly
“assembled”, the Motor can be started and stopped by pressing of corresponding buttons.

Fig. 5. Screenshot of the client browser window in PLC monitoring mode
Source: developed by the authors.

Fig. 6 illustrates the procedure of visual PLC programming using the Sick Safety Designer
software.

While monitoring the system in real time, it is also possible to work with Sick Safety De-
signer to create a new project or modify the current one and upload it to the internal memory
of the PLC.

Conclusions. As a result of the conducted research, the newest hardware-software system
architecture has been developed and experimentally validated for the first time. This architec-
ture enables the use of the original PLC development environment, Sick Safety Designer, both
in standard local mode and remotely via the Internet. It allows the users to upload the created
program to the industrial automation system located in the remote research or educational la-
boratory, as well as to monitor the operation of this system in real time.

The developed system is configured at the hardware level; however, due to the use of an
intermediate industrial controller, it is possible to emulate specific safety scenarios within the
industrial automation system under development and to perform hardware modifications re-
motely. This expands the potential applications of the proposed architecture in the educational
process of training engineers in the fields of electronics and automation.
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Fig. 6. Screenshot of the Sick Safety Designer window in Logic Editor mode
Source: developed by the authors.

The obtained practical results confirm the validity of the chosen strategy and demonstrate
the feasibility of organizing remote work for industrial automation system (IAS) developers, as
well as enabling students to conduct laboratory research in the distant - learning format.

To integrate the developed system into the educational process, it is necessary to extend its
functionality by incorporating access control mechanisms, implementing a queuing system [26],
and enabling interaction with a learning management system (e.g., MOODLE or CANVAS).

It is also advisable to experimentally verify the effectiveness of the proposed approach
when working with other PLCs, as well as to implement remote interaction with laboratory
equipment including various development boards (e.g., STM32 Nucleo Board and others). This
would enable the execution of remote laboratory assignments for other engineering courses,
including Microcontrollers, Microprocessor Technology, Analog Electronics Devices, Elec-
tronic Monitoring and Visualization Tools, and others [27].

Declaration of generative Al and Al-assisted technologies in the writing process. During
the production of this work, the authors utilized Grammarly, Copilot, and DeepL services to en-
hance readability and language quality. After using these services, the authors reviewed and edited
the content as needed and take full responsibility for the content of the publication.
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JUCTAHIIMHA PO3POBKA KOHTPOJIEPIB BE3IIEKH
AJIS1 ITPOMUCJIOBOI CUCTEMHM ABTOMATHU3ALII

Ipozpamosani noeiuni konmponepu (PLC) € 0cHo6010 cyyacHux npomMuciosux cucmem agmomamusayii, a maxooic wu-
POKO 3aCmOCO8YIOMbCsl Y MPaHCNopmi, enepzemuyi, pobomomextiyi, cucmemax Oesnexu, 6000NOCMAUANHA MA 60008i06e-
Oenns, 6 6)0ienax i cnopyoax, y meouynux npunaoax. B ocrnogi no6yoosu PLC nexcumsv mixponpoyecop, a momy pospobka ma
cynposodxcenns cucmemu Ha 6asi PLC nompebye sucoxoxsanigikosanux cneyianicmis, axi posymitoms modxcausocmi PLC,
ocobnueocmi ixHbOi 63a€MOOIi 3 NONLOGUMU NPUCMPOAMU MA 30aMHi npayloeamu i3 cneyu@iuHum iHCMpPyMenmanoHUM npo-
epamuum 3abesnevennam PLC. 3siocu euniusae akmyanvnicms npobiemu nioguujenis egpekmusHocmi pobomu makux cneyi-
anicmis, @ Makoc iXuvboi AKICHOI nid2omosKu, wo nompebye b6azamo yacy ma 6apmicHo20 0ONAOHAHHSL.

Pozsumox ingopmayiiinux i komn romepuux mexHonoeiti 8iOKpUBAE MAKY MONCIUBICTb V BUPIWEHH] 3A3HAYEHOT npo-
Oremu, AK 3acmMocy8ants OUCMAHYIIHUX MeMOOi8 po3pOOKU, A MAKOJIC HABUAHHS pOOOMI 3 I00ANEHUMU CUCHEMAMU ABMOMA-
muzayii na 6a3i PLC. L]eii nioxio cmae ocobnuso axmyanvhum 6 YKkpaini, 0CKinbKu 0036015€ He MiNbKU eKOHOMUMU Ha 8i0psi-
OJHCeHHAX cneyianicmie uu KinbKocmi NOmpiOHo20 1aOOpamopHo20 YCcmamikyeawus, ane U niosuujye 0Oesnexy 3a0AKu
posocepeddicennio noodeil. Cunepeemuynuti epexm modice 6ymu 0ocsaeHymuil i 3a paxyHox niany8aHHs 4acy pobomu sk cneyi-
anicmis, max i 0ONAOHANHA, A MAKOHC MOHCIUBOCTNI IXHBOI 320024CeHOT CRINbHOT 83A€MOOI.

Ocobnugy ponv y npomuciosii agmomamusayii gidieparoms cucmemu Oe3nexu, OCKiIbKU GUPOOHUYUL MPAGMATMUSM €
HEenpunyCmuMUM aui 3 CYCRINbHO20, aHi 3 eKOHOMIUHO20 no2nady. L{n cmamms 30pienmogana na OUCmanyiiny po3pooxy ma
Haguanua pobomu came 3 Konmponepamu besnexu, ki, no cymi, sagnaiome coboro PLC, npome maiome cneyughiyni nonvosi
npucmpoi, guxopucmogyroms Haoitini npomoxonu 36 ’a3xy 3 PLC ma nompebyloms 8ionogionoi cepmudpixayii neped mum, sax
bymu 3anposaddicenumu y 6upooHuymeo. Mema 6UKOHAHO20 OOCHIOHCEHHS — CMBOPEHHS APXIMeKmypU npoepamHo-anapamuoi
cucmemu, KA OA€E MOJUCTUBICIb NPAYIOBAMU 3 KOHMPONlepamuy be3nexy OUCMAHYINIHO, BUKOPUCTIOBYIOUU CIAHOAPMHE IHCMPY-
menmanwhe 3abe3nevenns PLC, a makooic i 0ooamkogi komnonenmu. Lfi komnonenmu 003601:10mbs 6 peanbHOMy Haci cnocme-
pieamu 3a 8i00aneHOI0 CUCIMEMOIO aBMoMamu3ayii ma Moougikysamu i npoepamy, i anapammuy KoHgieypayiio.

Jna eupiwenna nocmasnenux 3aoay oyna pospobnena cmpykmypa cucmemu oesnexu na 6aszi PLC, poszopnyme 6iono-
8IOHe npozpamue 3a0e3neyetts, d MAKoN’C NPOBEOEH] eKCNEPUMEHMAIbHI O0CIONCEHH, SIKI NIOMEEPOACYIOMb MONCIUBICb
oucmanyitinoi 83aemooii 3 NOMPIOHUMU ANAPAMHUMY 3ACODAMU, Y MOMY YUCTT NIO YAC BUKOHAHHA 1AOOPAMOPHUX 3A80AHD
cmyoenmamu iHdIceHepHUX cneyianbHocmetl.

Cmamms mooice 6ymu Kopuchoio 0 po3podnuxie cucmem asmomamusayii na o6asi PLC, a makodc sukopucmana
OCBIMHbOMY NPOYECI.

Knrwwuogi cnosa: npomucnosi cucmemu asmomamusayii; npozpamosari noeiuni konmponepu (PLC); konmponepu 6e3-
nexu, npoepamue 3abesneuenns PLC,; oucmanyiiina po3pobxa npoepamu ons PLC; oucmanyitine indicenepue HaguanHa,; Mik-
ponpoyecop.

Puc.: 6. Bion.: 27.
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JOCIIZKEHHSA CIIEKTPAJIBHOI'O CKVIAY LED-®ITOJAMII
JJIA HIABUIMEHHA ITPOAYKTUBHOCTI OBOYEBUX KYJIBTYP
Y 3AKPUTOMY IPYHTI

Posenanymo cnexmpanvhi pesrcumu pobomu LED-ghimonamn sax eghexmusrnoeo 3acoby cmumynosans pocmy ma niosu-
WieHHs1 NPOOYKMUBHOCHIT 080YEBUX KYAbMYP y 3aKpumomy ipyumi. IIpoananizosano pezyiomamu eKcnepumeHmanibHux 0oci-
0dicetb BNIUBY HePBOHO20, CUHBO2O, THPAUEPBOHO20 MA YIbMPADIONEMOB020 BUNPOMIHIOBAHHI HA OCHOBHI biOMempUYHi no-
KasHuku momamig i canamy. Hageoeno nopigHanvhi Xxapakmepucmuku 4Omupbox apianmie CNeKmpaibHO20 0CGIMIEHHS, U0
00360UN0 6CMAHOBUMU ONMUMATLHY KOMOIHAYII0 CREKMpPI8 015l NiOGUWEHHS 8POACAUHOCIT MA YOMOCUHMEMUYHOT aKmMue-
nocmi. Ompumani pe3yabmamu MoJCyms Oymu 6UKOpUCMaHi 05 NPOEKMYBAHHs eHepeoeheKMUBHUX CUCTNEM OCBIMACHHS 8
MENTUYHOMY 20CHOOAPCMEI.

Knrwouogi cnosa: ¢pimonamna; cnekmpanvnuii cknad,; LED-oceimaennsn; meniuune eupobHuymeo,; pomocunme3s; 06o-
uegi Kynbmypu.

Puc.: 3. Tabn.: 3. bi6n.: 14.

ITocTanoBka npodsemu. [licisiBoeHHE BiTHOBIEHHSI YKpaiHU BUMarae CUCTEMHOTO ITiJT-
X0y 110 3a0e3MedyeHHs MpoA0BOIbYOI Oe3neku AepkaBu. OIHUM 13 KPUTUYHUX HANpsMIB Ta-
KOT'O BiTHOBJICHHS € IHTEHCHU(IKaIlisl arpOIPOMHUCIIOBOT'0 KOMIUIEKCY, 0COOJIMBO B PETiOHAX, /1€
yepe3 pyrHHyBaHHS, 3aMiHyBaHHS a00 3MiHU KIIIMAaTUYHUX YMOB BIAKPUTHH IPYHT CTaB MaJlo-
NPUAATHUM IS TPAIUIIHHOTO 3eMJIepoOCTBa. Y IIbOMY KOHTEKCTI TEIUIMYHE OBOYIBHMIITBO
HaOyBae 0COOTMBOrO 3HAYCHHS K CTPATEriUHUM IHCTPYMEHT Uil CTaOLIBbHOTO Ta KOHTPOJIBO-
BAaHOT'O BUPOOHUIITBA OBOYEBOI MPOAYKIIii TPOTITOM POKY.

3aBISKH MOYIJIMBOCTI IIJIOPIYHOTO BUPOIILYBAaHHS OBOYIB, 3€JI€HI Ta SIT1Jl TEIIMYHI KOM-
IUIEKCH JTO3BOJISIOTH 3a0€3MeUnTH CTa0lIbHE MOCTaYaHHs CBKUX MPOAYKTIB XapuyBaHHS Ha-
BITh y 3UMOBHH Iepioj] 1 3MEHIIUTH 3aJICKHICTh BiJl IMIOPTY, 110 € KPUTUYHO BAXKIUBUM Y
nepio; HecTablTbHOCTI JIOTICTUYHUX JIAHITIOTIB 1 BAIIOTHUX KOJIMBaHb. OKPIM TOTO, TEITUYHE
BUPOOHHUIITBO CHPUSE MBUIAKOMY €KOHOMIYHOMY BiJIHOBJIEHHIO MOCTPAXJAJIMX PETIOHIB, Ha-
JIAI0YX MOXKJIMBICTh MAJIMM 1 cepeliHiM epmMepaM MOBEPHYTHUCS /10 arpapHOI TisSUIbHOCTI 3 Bif-
HOCHO MEHIIIMMHM KamiTaJOBKIAJICHHIMH, HIK Y BUTIAJKY TPAJAULIIHHOTO IMOJIHOBOTO 3eMJIEPO0-
cTtBa. Y CBITJII KIIMaTHYHHUX 3MiH, IO MPU3BOMAATH 10 JeAasi YacTIIHMX IMOCYX, 3JHB Ta
TEMIIEpaTypHUX aHOMaJIil, 3aKPUTUH IPYHT 13 KOHTPOJIbOBAHUM MIKPOKJIIMATOM BHUCTYTIAE SIK
HaJIHHUAN IHCTPYMEHT CTaOUTBHOTO BUPOOHHUIITBA HE3AJICI)KHO BiJl 30BHIIIIHIX YMOB.

CyyacHi TEXHOJIOT1i — aBTOMAaTH30BaH1 CUCTEMH TIOJIUBY, KIIIMaT-KOHTPOJIIO, T1APOIOHIKA,
eneproouiagHe LED-0cBiTIeHHS Ta BIAHOBIIOBAJIBHI HKepela eHeprii — BIKPUBAIOTh TepCIIe-
KTUBU PO3BUTKY BUCOKOTEXHOJIOTTYHOTO TEITHYHOTO CEKTOPY, IO MOETHYE MPOJOBOIBYY (Y-
HKIIi10 3 iHHOBaMIHOW [1]. Takum YMHOM, IHBECTHIIIT B PO3BUTOK TEIJIMYHOTO TOCIOAAPCTBA
€ He JIMIIEe TAKTUYHUM, a i CTpaTeriyHuM KPOKOM JJIsi BITHOBJICHHS Ta 3MILHEHHSI arpapHoOro
noTeHIiay YKpaiHu B yMOBax MOBOEHHOI TpaHchopMartii.

Ycminiae BUPOIIyBaHHS OBOYCBUX KYJIBTYP Y 3aKPUTOMY IPYHTI 3HAUHOIO MIpPOIO 3aJICKUTh
BiJI TapaMeTpiB IITYYHOT'O OCBITICHHS, 30KpEMa BiJl CIEKTPAIbHOTO CKIIAJy CBITJIA, IKUI BU3HA-
yae (Hi310JI0TIUHI POIeCH POCIHH — (hoTocuHTe3, PopMyBaHHs 6iOMACH, MPOLIECH LIBITIHHA Ta
miooHomeHHs [2]. Ha BimMiHy Big IPUPOIHOTO COHSYHOTO CBITJA, (hITOJIAMITH JTal0Th 3MOTY

© B. A. Mapmsseko, A. 0. Pynenko, 2025
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IJIECTIPSIMOBAHO BIUTUBATH HAa POCIIMHU, MMOKPAIIUTH 1X PO3BUTOK IIISIXOM PETYJIFOBAHHS CITiB-
BIJTHOIIICHHSI JIOBXKMH XBWJIb y CBITJIOBOMY TOTOII. L{e 0cOOIMBO BaXKIMBO B YMOBaxX YKpaiHH,
Jie TeTUTMYHI KOMIUIEKCH 3MYIIEHI MpaIloBaT B YMOBaX HeCTaOLIbHOTO €Hepro3ade3rnevyeHHs,
KOPOTKOTO CBITJIOBOTO JTHS Ta HEOOXITHOCTI MAaKCUMAJILHOTO BUKOPUCTAHHS PeCypCiB.

Bukopucranss ¢iTosamir i3 pi3HUMH CIEKTPATLHUMHU XapaKTePUCTUKAMU JT03BOJISIE ONITH-
Mi3yBaTl (POTOCHHTETUYHY aKTUBHICTH POCIIUH, MiIBUIIIUTH iX IPOAYKTHUBHICTb Ta MOKPALTUTH
AKICTh Bpoxkarto [3]. JlocmikeHHsT pearyBaHHs POCIUH JI0 3MIH CIIEKTPAJIbHOTO CKJIaly CBITJIa
CHPUSTUME PO3BUTKY TEXHOJIOTIH, 1110 3a0e3MeuyloTh cTabiibHe BUPOOHUIITBO OBOUYEBOI MPO-
JYKIIii B yMOBaX 3aKpUTOTO IPYHTY Ta BEPTHKAILHOTO 3eMJIEPOOCTBA.

Cyuacni LED-ditonaMmnu 103BOISIOTh GOPMYBATH CIIeLiaibHi CIIEKTpalIbHI podii OCBi-
TJICHHS 3 aKIIEHTOM Ha 4epBoHui (660 HM), cuHiit (450 HM), a TAaKOX 1HIII Jiama30HH, IO 3a-
6e3neuytoTh (OTOMOP(POreHETHUHY PETYIIALII0 pocTy KynbTyp [4]. IIpoTe eeKTHBHICTD KOH-
KPETHOTO CIIEKTPAIBHOTO CKIIAAy MOXKE BapiroBaTHCS 3aJIKHO BiJl KYJIbTYPH, €TAITy PO3BUTKY
POCIHMHHU, YMOB MIKPOKJIIMAaTy TEILIHII Ta TEXHOJIOT1i BUPOIIYBaHHS.

HesBaxaroun Ha akTHBHE BUKOPUCTAHHS (DITOIAMIT Y TPOMHUCIIOBOMY TEIUTMYHOMY BUPOOHH-
IITBI, 3AJIMIIAETHCS HEJJOCTATHRO BUBYCHUM BIUIUB OKPEMHUX CIEKTPAIbHUX Jiala30HiB Ha MPOAY-
KTUBHICTh OBOYEBHX KYJIBTYD, 5IKI IOTPEOYIOTh HEProeheKTUBHHUX Ta aIaITUBHKUX PIIICHb.

AHaJi3 oCTaHHIX J0CTiTKeHb Ta myOJaikaniii. CBiTnonioaHi ¢iToraMnu sl OMPOMi-
HEHHSI POCJIMH KOHCTPYKIIIE€I0 HE BIAPI3HAIOTHCSA Bix 3Bu4aitHuX LED ocBiTatoBanbHUX MpH-
CTPOiB — BUIIPOMIHIOIOYi KPUCTAJIH I/l BIUIMBOM €JIEKTPUYHOTO CTPYMY F€HEPYIOTh CBITIOBHUIA
MOTIK MEeBHOI TOBXWHU XBUI (Tadm. 1).

Tabauys 1 — Ceimaosuil ROMiK 3a1edHCHO 610 00BHCUHU XBUI

. Jliarma3oH TOBKUHH . . .
Komnip XBUIL, HM Jliama3on vacrot, TT' MHiamazon eneprii poToHis, eB
®diosieTOBHIH 380-440 790-680 2,82-3,26
CuHii 440-485 680-620 2,56-2,82
BnakuTHmit 485-500 620-600 2,48-2,56
3eneHuit 500-565 600-530 2,19-2,48
JKoptuii 565-590 530-510 2,10-2,19
ITomapanueBuit 590-625 510-480 1,98-2,10
UepBoHuit 625-740 480-405 1,68-1,98

Biaminnicte ¢itomamn ta LED-nipucTpoiB ciocTepiraeTbCst y CKIIajli CIEKTpa — HE BY3b-
KU 1HTEPBaJI TEIIOro O1JI0T0 CBITIHHSA SIK JJAMIT PO3KapIOBaHHS, a INUPOKUH Jiana30H BiJ yib-
TpadioneTy 1 ax J0 YePBOHUX MPOMEHIB [5]. Y IbOMY CIIEKTPi, 110 BUTTPOMIHIOETHCS, 1 TIOJIATAE
OCHOBHA IlepeBara CBITJIONIOAHUX (iTonamil i pociauH — LED BUIIPOMIHIOIOTE CBITJIO Haii-
MOTPiOHIMKX AJIT KIMHATHUX POCIUH CIEKTPIB.

ditonaMn € CrielialbHUMU JPKEPETaMHy CBITIA, K1 IMITYIOTh IPUPOIHE COHSIYHE OCBIT-
JICHHSI Ta 3a0€3MeUyl0Th POCIMHH HEOOXITHUM CIIEKTPOM ISl iXHBOTO POCTY Ta PO3BUTKY.
BoHN 0coOIMBO KOPUCHI B YMOBaxX HEAOCTATHBOTO MPUPOIHOTO OCBITICHHS, HANPHKIAJ,
B3UMKY a00 MpH BUPOIIYBAaHHI POCIHH Y TPUMIIICHHSX.

Pi3Hi cniekTpu CBiTJia MarOTh 3HAYHUN BIUIMB Ha (POTOCMHTETHYHY aKTHBHICTh POCIHH, 1
11e MUTaHHS aKTUBHO JIOCHIKYBaJocs y 0araTb0X HayKOBUX poOoTax. AHami3 pobotu [6] po-
3IIIAJ1a€ MEXaHI3MH, 32 JIOTIOMOTOI0 SIKUX Pi3HI CIIEKTpalibHI KOMIIOHEHTH CBITJa — 30KpeMa,
YEPBOHMH, CUHIHN Ta 3€JICHUH CIIEKTPU — MOXKYTh TTOKpaIyBaTH ab0 3HIKYBaTH €(PEKTUBHICTh
dboTocuHTE3y B pOoCcIHAX. Y TXHBOMY JIOCII)KCHHI HarOJIOMIYyEThCS Ha BXKJIMBOCTI B3a€EMOII1
cBiTJIa 3 (OTOCHCTEMaMH POCIIMH HA PiBHI XJIOPOIUIACTIB, A€ CIICKTPAIbHUI CKJIaj CBITIA O€3-
NOCEPEIHBO BIUIMBAE Ha CHEPTETUUHUH Oananc (OTOCHHTETUYHOTO anapary.
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Po6Gora [7] netanbHO po3riisnae BIUIMB CIEKTPIB CBITIIA, 30KpeEMa YEPBOHOT'O Ta CHHBOTO,
Ha (OTOCUHTETUYHY aKTUBHICTh POCIHMH. ABTOPH MiKPECIIOIOTh, 10 AJIS ONTUMI3alil ¢poTo-
CHUHTE3Y POCIIMHA BUKOPUCTOBYIOTh Pi3HI CIIEKTPabHI KOMIIOHEHTH CBITJIa 3aJI€KHO BiJI 1HTE-
HCHBHOCTI Ta YMOB HaBKOJHILIHBOTO CE€peNOBUIIa. BOHU TakoX MiAKPECTIOTh BaKIHBICTH
KOMOIHOBAHOT'O BHKOPHMCTAHHSI IIMX CHEKTPIB I MaKkcuMizalii epexkTuBHOCTI (HOTOCUHTERY,
OCKIUJIBKH KOXKEH CIIEKTP CTUMYJIIOE Pi3Hi (POTOCUCTEMH POCIIHH.

VY po6oTi [8] aklleHTyEeThCS yBara Ha TOMY, SIK CIIEKTPAJIbHUM CKJIaJ1 CBITJIA, 30KpeMa uep-
BOHMI Ta CHHIN Jllalla30HU, BIUTUBAE HA MIBUAKICTH (POTOCHHTETUYHHX IMPOIIECIB 1 3araabHUI
pict pocnvH. BoHM 30CcepelKyIOThCS Ha aHalli31 TOTO, sIK 3MiHU B IHTCHCUBHOCTI CBITJIa 1 CITe-
KTPi MOXYTh 3MiHIOBAaTH NMPOIYKTUBHICTh (POTOCHHTE3Y B PI3HUX YMOBaX, 30KpeMa B J1abopa-
TOPHUX €KCIIEpUMEHTAaX.

VY pobotax [9, 10] BuB4a€eThCS BIUIUB CBiTIa HA POTOCUHTETUYHY aKTUBHICTH 3 OCOOJIUBUM
aKIICHTOM Ha POJb (POTOCUHTETHUYHHUX MITMEHTIB, TAKUX K XJ0podisn 1 kaporuroinu. Jloci-
JDKEHHS TIOKA3yIOTh, SIK Pi3HI CIIEKTPHU CBITJIa BIUIMBAIOTH HA BUPOOJICHHS €Heprii B XJIoporuia-
CTax, M0 € KPUTHYHUM I €(DEKTUBHOTO (DOTOCHHTE3Y. 30KpeMa, BiH aHAJI3YE, sIK CIIEKTpa-
JbHI KOMIIOHEHTH CBITJIa MOXYTh MPHU3BOJUTH JO CTpEeCy B pOCIMHAX abo, HaBIakKH,
MOKpAIyBaTH iX (POTOCUHTETUYHY aKTUBHICTh B YMOBaX MEBHUX CIIEKTPAIbHUX CKJIaJ0BUX.

PesynbpTatu poboTH [11] 30cepemkyoThes Ha METOJaX BUMIPIOBaHHS (PIIyopecieHIlii XJo-
podiny, sika € BAXKJIUBUM ITHCTPYMEHTOM JIJIS OLIIHKK (JOTOCHHTETUYHOT aKTHBHOCT1. BoHM oru-
CYIOTb, SIK Pi3HI CIIEKTPHU CBITJIa 3MIHIOIOTh MapaMeTpu (IyopecueHIlii, Mo J03BOJIsE TOYHO
BUMIPIOBATH €(PEKTUBHICTh (POTOCHHTETHYHHUX MPOIECiB. 30Kpema, (IIyOpecIeHIlis XJI0po-
¢iny € nyxe 4yTIMBUM MOKAa3HUKOM JUIsi BUBYEHHS TOTO, SIK CBITJIO Pi3HOI TOBKMHHU XBHJI
BIUTUBA€E Ha (POTOCUHTES.

3arasiom, i JOCTIKEHHS MiATBEPAXKYIOTbh, IO CHEKTPAIbHUN CKJIaJl CBITJIA € BAXKIUBUM
dbakTopom s onTUMi3aIlli (POTOCMHTETUYHUX MPOIeciB. UepBOHUI Ta CUHINA CIIEKTPU 0CO0-
JIMBO BAXJIMBI UISI CTUMYJIIOBaHHS ()OTOCUCTEMH, @ KOMOIHOBaHE BUKOPUCTaHHS PI3HUX CIIEK-
TPiB JO3BOJISIE JOCSITTHA HAWKpaAITUX Pe3ynbTaTiB y hoTOoCHHTE31. TakuM YMHOM, 111 pOOOTH BijI-
KPHUBAIOTh HOB1 MOJIMBOCTI JIJIsl TOKPAIIEHHS! YMOB BUPOILYBaHHS POCIUH, 30KpeMa B yMOBaxX
MITYYHOTO OCBITJIICHHS 200 TETUIUIIb.

OT>xe, OCHOBHI CHIEKTPHU CBITJIA BIAIrparoTh KIIOYOBY POJIb Y MPOLECaX POCTY, PO3BUTKY
Ta MPOAYKTUBHOCTI POCIIMH, 3a0€3MeUy0YH iXHI MOTPeOr Ha PI3HUX CTAISAX KUTTEBOTO IUKITY.

Buninennsi He0CHiIsKeHNX YACTHH 3arajibHoi mpoodJemu. [Tonpu 3HaYHY KUTBKICTB J10-
CIIPKeHb, MPUCBIYCHUX BIUIMBY CIIEKTPAIBHOTO CKJIQJy CBITJIa HA PICT 1 PO3BUTOK POCIIHH,
OKpeMi acmeKTH Iiel mpoOJieMy 3aIHIIAI0THCS HEIOCTATHBO BUBYCHUMHU. 30KpeMa, oTpedye
MOTAJIBIIIOTO BUBYCHHS KOMIUICKCHA Jisl PI3HUX CHEKTPATbHUX KOMITIOHEHTIB (4€PBOHOTO, CH-
HBOTO, IH()PaUEPBOHOTO Ta YIbTPa]ioIETOBOr0) y HOEAHAHHI, iX BIUIMB HA MPOYKTUBHICTh Ha
pI3HHX €Tamax OHTOT€HE3Y, a TAKOXK €(PEeKTUBHICTh TAKOT'O OCBITJICHHS 3 TIOTJISIAY €HEProCIo-
YKUBAHHS Ta €KOHOMIYHOI JOLUIBHOCTI. BiICyTHICTD LITICHOTO MiIXOy 10 BU3HAYEHHS OMTHU-
MaJIbHOTO CHEKTpa U KOHKPETHUX KYJIbTYp B YMOBAaX 3aKPUTOrO IPYHTY 3yMOBIIIO€ aKTyallb-
HICTh MOJANBIIUX OCITIIKEHb y IIbOMY HaIPsIMi.

MeTo10 po00TH € BUBUCHHS BIUIMBY CrIeKTpasibHOTO ckitany LED-ditomamm Ha pict, pos-
BUTOK 1 MPOAYKTUBHICTh OCHOBHHX OBOYEBHX KYJIBTYpP, BUPOILIYBAHHUX Y 3aKPUTOMY IPYHTI, 3
METOIO MOKPAIIEHHS TeXHOJIOT1] TeIINYHOT0 BUPOOHUIITBA.

BuxkJjaa ocHoBHOro Mmatepiany. 3a pesyiabTatamu gociikenss [12; 13] moxna nodyay-
Batu rpadik (puc. 1), 3 IKOro BUIHO, K Pi3HI JOBXHUHU XBWJIb CBITJIa BINTMBAIOTH Ha (POTOCH-
HTETUYHY aKTHBHICTh pOCIHMH. BuaHo, mo depBonuit (6sm3bko 650 HM) 1 cuHill (O1M3bKO
450 uM) cniekTpy HariepeKTUBHIMI 7151 (POTOCHHTE3Y.
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Puc. 1. Bniue cnexmpa céimna Ha goomocunmes

3a pesynbratamu [ 14] Takox MoxHA 00y yBaTH rpadik (puc. 2), sKUil IeMOHCTPYE 3ara-
JHHUW BIUIMB JIOBKWHU XBHUJI1 CBITJIA HA PICT POCIIHH.

Puc. 2. Bnnug 0oeoicunu xeuni ceimaa Ha picm pociuH

Haii0inbmmuii pict coctepiraerses B uepBonomy (650-700 Hm) Ta cuabomy (450 HM) crie-
KTpax, 10 BIAMOBIAa€ OCHOBHUM ()OTOCHHTETHYHO aKTUBHHM Jliarma3oHaM. TaKiuM YHHOM, Ma€
CEHC 3aCTOCOBYBAaTH KOMOIHOBaHE BUKOPHCTAaHHSI ITUX CIIEKTPIB y (iToNIammax, 1o 3ade3neuye
KOMITJIEKCHY CTHUMYJIALIIIO POCTOBUX 1 MPOAYKTHBHUX MPOIIECIB, IO MOXKE OyTH OCHOBOIO IS
€(EKTUBHOTO TETJIMYHOTO BUPOOHUIITBA B YMOBAX Cy4YaCHHUX arpoTeXHOJIOT1H.

BianoigHo 10 MeTH i€l poOOTH, HaMU OyJI0 MPOBEACHO EKCIIEPUMEHTAIBbHI TOCITIKCHHS
I10/10 BIUIMBY CIIEKTpajibHOTO ckiany LED-¢iTomammn Ha picT, po3BUTOK 1 BpOXKaiiHICTh OBO-
YeBUX KyJIbTYyp Ha 0a3l HaB4yaibHOi Terumii. Sk po3camy Oyno oOpano tomatu (Solanum
lycopersicum copty «Uymak») Ta canar squctkosuii (Lactuca sativa copty «Oneca 75»).

Jlnst mpoBeneHHsT Aociiay Oyino chopMoBaHO 4 eKclepMMeHTAIbHI BapiaHTH OCBIT-
JieHHA 3 Bukopuctanusim LED-¢itonamn notyskHictio 100 BT, BcTaHOBIEHNX Ha BUCOTI 25 cM
HaJl POCIIMHAMM:

BapianT 1 (kouTpoabHUIT) — oBHUH criekTp (380-780 HMm).

Bapiant 2 — nepeBakno cuniii criektp (70 % cuniit, 30 % yepBoHUIA).

BapianT 3 — nepeBaxxno uepBonwuii criektp (70 % uepBonuit, 30 % cuHiii).

BapianT 4 — kom0iHoBanuii criektp i3 gfogaBanHsaM [U 1 YO (50 % uepBonwuii, 30 % cunii,
10 % I4, 10 % Y D).
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VYci iHI11 yMOBH BUPOILYBaHHS OyJIM CTAaHIAPTHUMHM Ta OJHAKOBUMHU:
o Temneparypa: + 23 °C Buens, + 18 °C BHOUI,
o BouJoricts moBitps: 65-70 %;
o ®otomnepioa: 16 roa/no0ys;

e Cy0cTpaT: TOpd’ THO-KOKOCOBA CYMIIIL;
e IloamB: KpanenbHU, aBTOMaTU30BaAHUI;

o Kupiaennsi: pozuna NPK 12-12-18 3 MikpoeneMeHTaMH.

ITapameTpu, 110 AOCTIAKYBATUCA: CEPEIHS BUCOTA POCIHH (CM); KIJIBKICTh CIIPaBXHIX
JUCTKIB (IIT); IJIOIIA JIUCTKOBOI MOBEPXHI (CM?); Maca cupoi O6iomacH (T); BMICT XJI0pohiTy
a+ b (3a ApHOH); ypoxkaitHiCTb (KI/M?).

Jlani 30upanucs HOTWXKHS NPOTAroM § THKHIB Bererarlii. CTaTucTuany 0OpoOKy pe3ynbTarTiB
3IIICHIOBAIN METOJIOM JuctiepciitHoro anaiizy (ANOVA) 3 piBHem 3HauymiocTi p < 0,05.

VY pesynbTaTi AOCTIIKEHHS] BCTAHOBJICHO, IO CIIEKTPAIBHUM CKJIaJ OCBITJICHHS 1CTOTHO
BIUIMBA€E HA PIiCT, PO3BUTOK Ta MPOIYKTHBHICTH OBOYCBHUX KYJIBTYP y 3aKPHTOMY IPYHTI. Y3a-

rajJpHeHi JaHi 1o BapiaHTax JOCHiy MMOJaHO B TaOIMIAX 2, 3.

Tabnuys 2 — Bniue cnekmpanbHo2o ckaady (imonamn Ha NOKA3ZHUKU MOMAamy

IMoxaznux BapiaHT ! Bapianr 2 (cuniii) Bapianr § BapiaHT 4 .
(OBHMIA CIIEKTP) (1epBOHMIT) (komMOiHOBaHUT)
Bucota pociun, cMm 45,2 38,6 49,7 52,4
KinbKicTh KBITOK, IIT 15 11 18 20
Maca mioiB, r/pocianHa 243 211 267 288
YpoxkalHiCTb, KI/M? 4.1 3,6 4.5 4.9
Bwmict xsopodiny, Mr/r 1,82 2,06 1,67 1,94

Tabnuys 3 — Bnaue cnekmpanbHo2o ckiady (imonamn Ha NOKAZHUKU CATamy

IToka3nux BapiaHT ! Bapianr 2 (cuniit) Bapiaur § BapiaHT 4 N
(TIOBHMIA CIICKTP) (uepBoHMIT) (xoMOiHOBaHMIT)
Bucota pociun, cMm 17,5 14,9 20,4 22,1
JIncTkoBa noBepxHs, CM> 282 316 268 305
Maca cupoi biomacu, T 158 134 172 186
Bwmict xsopodiny, Mr/r 2,08 2,47 1,77 2,38
Cyxuii 3ok, % 6,2 6,5 6,8 7,1

3a y3araJlbHEeHHUMHU JaHUMH TaOnuip 2, 3, MOXKHA MOOYAyBaTH AlarpaMu, sKi MOKa3ylOTh
BIUIMB Pi3HUX CHEKTpaibHUX pexkuMiB LED-¢iTomami Ha BUCOTY pOCIHH, BMICT XJI0podity Ta

ypoXaiHicTh (puc. 3).
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Puc. 3. Bnnue cnekmpa ¢imonamnu na picm ma npooyKmusHicmo.:
a — momamy, b6 — canamy

Sk BUIAHO, HAWBHIII MOKA3HUKH 32 BCIMa KPUTEPISIMHU JOCSATHYTO IIPH BUKOPUCTaHHI KOM-
01HOBAHOT'O CIIEKTpa.

AHaJi3 OTpUMaHuX pe3yJIbTaTiB 3aCBIIUMB, IO JJIl TOMATy HAWBHII MMOKA3HUKH 3a BCIMa
KJIIOYOBUMH MTapaMeTpaMH CIIOCTEPIraucs Mpu BUKOPUCTAHHI KOMOIHOBAHOTO CIIEKTpa OCBIT-
JeHHs. YpoxaiHICTh y IbOMY BapiaHTi csarana 4,9 kr/m?, mo Ha 19,5 % Buiie 3a KOHTPOIBHUI
BapiaHT (MOBHUM criekTp) 1 Ha 36 % — 3a BapiaHT i3 JOMIHYBaHHIM CHHBOTO CIIEKTpa. AHAJO-
riyHa TWHaMiKa BUSBJICHA 32 MaCOIO TUTO/IIB Ta KIJTBKICTIO KBITOK. 30UIbIIEHHS O10Macu Ta picT
POCIIUH Y [ILOMY PEKUMI MOSICHIOETHCSI CHHEPTIYHOO JIi€10 CUHBOTO ((popMyBaHHS JTHCTSIHOT
MacH), YepBOHOTO (PEryJisilis IJI0IOHOMICHHS ), 1HPPaYepBOHOTO (PO3BUTOK KOPEHEBOI CHUC-
TEMH) Ta yJIbTPa(]ioseTOBOTO CBiTIa (aKTUBALIS CTIHKOCTI).

Xoya cuHiM criekTp 3a0e3neunB HalBUIIUK BMICT Xjopodiny (2,06 Mr/T), BiH HE KOMIICH-
CYBaB 3arajibHy BTpaTy MPOIYKTUBHOCTI, IMOBIPHO 4Yepe3 BiICYTHICTh aKTUBHOTO CTHMYJIIO-
BaHHS T€HEpaTUBHUX MpolieciB. YepBOHMI CIIEKTp, HABIAKH, CYTTEBO aKTHBI3yBaB ILIOJIOHO-
IHICHHS, ajie 6e3 HaJIe)KHOI BETeTaTUBHOI MiATPUMKH, 1110 MIO3HAYMUIIOCS Ha PiBHI XJIopodiny Ta
JIOBIOTPUBAJIOCTI PO3BUTKY.

Jlnst canaty mepeBara KOMOIHOBAHOTO CIIEKTpa MPOSIBUIIACS Y MAaKCUMAaJbHUX 3HAUYCHHSIX
6iomacu (186 r), Bucoru (22,1 cm) Ta cyxoi peuoBunu (7,1 %), o Bkasye Ha 30amaHCcOBaHUI
picT 1 BuCOKy sKicTh mponykiii. CuHiil cnekTp 3a0e3nednB HaWBUIIMKA BMICT XJIOpO(iTY
(2,47 mr/r) 1 utonty JmcTkoBoi moBepxHi (316 cM?), ogHAK MOCTyNaBCs y 3arajbHii Maci Bpo-
xaro. Lle maTBepKye, 110 CUHIHM CIEKTP € KPUTHYHO BAKIMBUM JJIsl pAHHIX €TaliB pOCTY, aje
JUTS MAKCUMAJTBHOT TPOYKTHUBHOCTI HEOOX1JHA TPUCYTHICTh 4epBOHOTO Ta [Y-KOMITOHEHTIB.

Takum 9MHOM, MMOETHAHHS YEPBOHOTO, CUHBOTO, [U Ta YV ®-BUNIPOMIHIOBAHHS B aJIalITHB-
HoMy pekuMi LED-0cBITIE€HHS! CTBOPIOE ONTUMAJIbHI YMOBH ISl PO3BUTKY SIK BET€TaTUBHUX,
TaK 1 TeHEpPAaTUBHHUX OPraHiB OBOUEBUX KYJBTYP.

BucHoBok. Pe3ynpTaTi MoJeIOBaHHS Ta aHaNi3y CHEKTPAIbHOTO BIUIMBY (hiTONAMI HA
picT, GOTOCUHTETHYHY aKTHBHICTh 1 MPOAYKTUBHICTh OBOYEBHUX KYJBTYp CBIIYaTh PO BUPI-
AJTBHY POJIb KOMOITHOBAHOTO CIIEKTPAIBHOTO PEXXKHUMY Y TiJIBHINECHHI e(DEKTUBHOCTI TETUINY-
HOro BHpoIyBaHHs. [loeqHaHHS YEpPBOHOIO, CHHBOTO, IH(PAYEPBOHOTO Ta YIbTpadioneTo-
BOTO BHIIPOMIHIOBaHHs 3abe3nedye 30ajaHCOBAHWUN PO3BUTOK POCIWH Ha BCIX eTamax
OHTOTeHe3y — BiJl ()OPMYBaHHS BET€TaTUBHOI MacH JI0 IUIOAOHOUICHHS.
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BcTanoBiieHo, 1110 npy BUKOPUCTaHHI KOMOTHOBAHOTO CIIEKTpPA CIIOCTEPIraeThCs MaKCHUMa-
JIbHE 3POCTAaHHS YPOKaHOCTI TOMaTy (110 4,9 Kr/M?), a TakoXkK 301IbIIeHHS OioMacH canary (10
186 r/pocnrHa) 3 OJHOYACHUM MOKPAIEHHSM SKICHUX MTapaMeTpPiB, TAKUX K BMICT XJI0pohiTy
Ta cyxoi peuoBUHU. [TOpiBHAHO 3 MOHOCTIEKTPAIILHUMH BapiaHTaMU, KOMOIHOBaHE OCBITJICHHS
3a0e3nedye HaWBUILY pecypcHY e(peKTHBHICTh, ONTUMI3ye (GoToMopdoreHes Ta MiABHILYE
CTIMKICTb POCIIMH /10 CTPECOBHUX (PaKTOPIB.

Takox HeoOximHO BpaxoByBatu, mo LED-ditomaMnu MOXyTh AMHAMIYHO 3MiHIOBAaTH
CIIBBIIHOIICHHS Pi3HHUX JIOBXXHH XBUJIb, HA BIAMIHY BiJ] TPAIUIIHHUX JIAMII, BOHU JI03BOJISIFOTh
TOYHO HAJIAIITOBYBATH CIIEKTP y PEKUMI peaslbHOTO Yacy. Takum 4nHOM, 3actocyBaHHs LED-
dbitonamn 3 KOMOIHOBAaHUM CIIEKTPOM € HE JIMIIIE arpOTeXHIYHO €(DEKTUBHUM, ajie i €KOHOMI-
YHO JOUIJBHUM PIIICHHSM ISl Cy4acHOTO TEIUIMYHOTO rocnogapcTsa. e ontumizye mporiec
OTIPOMIHEHHSI Ta EHEPrOCIOKUBAHHS, 3a0€31euye 3HIKEHHS BUTPAT Ha 3aKYITiBIO JIOJATKO-
BHX JIAMII Ta CIIPHUSE IMABUIIICHHIO €KOHOMIYHOT PEHTA0CIbHOCTI TETUIMYHOTO BUPOOHUIITBA B
yMOBaX 0OMEXKEHHX PECYpPCiB.

OTxe, BOPOBAKEHHSI aIallTUBHIX CBITJIONIOHUX CHCTEM 13 KEPOBAHUM CIIEKTPOM Y TeTl-
JMYHOMY BUPOOHMIITBI CIIiI PO3IJISIIATH SIK IHHOBALIHHY CKJIQJIOBY CYy4acHOTO arpapHOro cepe-
JIOBUIA, 0COOJIMBO B KOHTEKCTI MiCISIBOEHHOTO BiIHOBJICHHS MPOOBOJIBUOI Oe3reKn YKpaiHu.

3asBa npo BukopuctanHs reveparuBHoro LI ta rexnosoriit Ha ocHosi LI
B MPOLECi HAITUCAHHS TEKCTY CTATTI.
[Tix yac HanrcaHHs IBOTO MaTepialy aBTOp(¥M) BUKOpUCTOBYBaiM [https://chatgpt.com] —
[ 15 3MEeHIIeHHST 00’ €My TEKCTy MPOAHAII30BaHUX JOCIIHKEHB 3a TEMATUKOIO MyOmiKaiii Ta
CHUCTEMaTH3aIlis 1 y3araJlbHeHHS pe3yJIbTaTiB eKcriepuMeHTy |. [Ticist BUKOpucTaHHS bOTO 1H-
CTpYMEHTY/cepBicy aBTOp(M) eperisiHyB(JIn) Ta BiipenaryBa(u) 3MiCT 3a HOTPeOH 1 B3AB(JIH)
Ha ce0e TIOBHY BiNOBIIATBHICTH 3@ 3MICT MyOTiKaIlii.
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RESEARCH OF THE SPECTRAL COMPOSITION OF LED PHYTOLAMPS
TO INCREASE THE PRODUCTIVITY OF VEGETABLE CROPS
IN CLOSED GROUND

In the current conditions of development of the agricultural sector of Ukraine, especially in the context of post-war recovery,
the relevance of implementing highly efficient technologies for growing vegetable crops in closed soil is increasing. One of the key
factors in successful greenhouse production is the rational use of artificial lighting, in particular LED phytolamps with variable
spectral composition. The use of modern LED light sources allows increasing the efficiency of photosynthetic processes, activate
plant growth and development, reduce energy consumption, and increase the profitability of greenhouse farming.

The aim of the article is to experimentally study the effect of the spectral composition of LED phytolamps (red, blue, IR,
UV components) on the growth, physiological state, and yield of tomatoes and lettuce grown in protected soil.

The paper presents results of the comparison of four spectral lighting options using similar microclimate conditions,
which allowed us to clearly trace the effect of each spectrum and their combinations. Data are provided on changes in plant
height, leaf surface area, chlorophyll content, biomass mass, and yield for each option.

It has been shown for the first time that the combined use of red, blue, infrared, and ultraviolet radiation creates a
synergistic effect that ensures balanced development of both vegetative and generative organs of vegetable crops. Statistical
analysis of the results confirmed the reliability of the positive impact of the combined spectrum on key agronomic indicators.

The presented results can be used to improve methods for selecting LED lighting, designing adaptive spectrum management
systems in greenhouses, and as a basis for further scientific research in the field of energy-efficient agricultural production.

Keywords: phytolamp; spectral composition; LED lighting, greenhouse production; photosynthesis; vegetable crops.
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ADAPTIVE CONTROL TO ENHANCE ENERGY EFFICIENCY IN QUASI-
RESONANT SWITCHED-MODE CONVERTERS UNDER DYNAMIC LOADS

Modern demands for energy efficiency and power density are stimulating the transition to quasi-resonant converters
capable of minimizing switching losses. This article systematizes the limitations of both classical linear regulators and common
nonlinear approaches to power switch control. To increase the energy efficiency of quasi-resonant converters, a hybrid control
architecture based on artificial intelligence is proposed. The task of an artificial intelligence control system is to ensure stability
and increase the energy efficiency of switched-mode voltage converters. Al-based control options are considered, namely:
neural networks, fuzzy logic, and reinforcement learning.

Keywords: quasi-resonant converter, zero-current switching; zero-voltage switching; artificial intelligence; pulse-width
modulation; energy efficiency,; switched-mode voltage converter.

Fig.: 4. Table: 4. References: 21.

Relevance of the research. Modern energy efficiency standards impose strict requirements
on switched-mode voltage converters, demanding high power conversion efficiency (PCE) not
only in nominal mode but across the entire range of load parameter variations. For classical
converters with pulse-width modulation (PWM), this task is challenging, as their PCE signifi-
cantly decreases at light loads due to the dominance of switching power losses inherent to PWM
converters at high operating frequencies. A promising alternative is quasi-resonant converters,
which, by implementing zero-current switching (ZCS) or zero-voltage switching (ZVS), can
minimize switching losses.

The main obstacle limiting their application is a systemic problem: the primary control
method—pulse-frequency modulation (PFM), used to maintain the zero-current or zero-voltage
switching mode of the power switches as the load changes—itself becomes a source of significant
losses. The physics of the process is that to increase the energy transferred to the load, the system
reduces the on-time of the power switch, while the duration of the resonant process remains con-
stant, leading to a sharp increase in operating frequency. Such an increase in frequency negates
the advantages of operating with ZVS and ZCS by activating other loss mechanisms: gate drive
losses and core losses in magnetic components increase. Thus, a fundamental contradiction exists
between the necessity of maintaining zero-current or zero-voltage switching modes and the re-
duction in efficiency due to the side effects of traditional control methods, which necessitates the
search for new intelligent approaches.

Target setting. The drawback of classical approaches to controlling quasi-resonant converters,
including industrial controllers and PID (Proportional-Integral-Derivative) based regulators, is their
optimization for a narrow operating region. When operating beyond its boundaries, these systems
are unable to adapt to a wide range of loads and other factors, which manifests in the loss of the
zero-current or zero-voltage switching mode and, as a consequence, a significant drop in efficiency.
The analysis of existing research shows that a key gap remains as follows: the absence of compre-
hensive solutions that simultaneously optimize integral efficiency, dynamic regulation perfor-
mance, and compliance with electromagnetic compatibility (EMC) standards.

In this context, the research objective is to create an adaptive control method capable of cal-
culating optimal switching instants in real-time for the guaranteed maintenance of the zero-cur-
rent or zero-voltage switching mode. This controller must not only stabilize the output voltage
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but also minimize total power losses (conduction, switching, and control), considering hardware
limitations and requirements for the level of electromagnetic interference. The idea is that com-
bining a model-oriented part to guarantee stability with intelligent methods (neural networks, re-
inforcement learning) will make it possible to solve this complex problem.

Actual scientific researches and issues analysis. Over the last decade, power electronics
has seen a steady transition towards quasi-resonant and switched-mode voltage converters. Fun-
damental research has substantiated the advantages of using quasi-resonant converters, which
have enabled increased power density and efficiency compared to classical converters with
PWM [1]. These solutions are enhanced by the introduction of wide-bandgap semiconductors
(GaN, SiC), which, thanks to their high-speed operation, allow for raising operating frequencies
into the megahertz range, imposing even stricter requirements on the accuracy and adaptability
of control systems [2].

The implementation of wide-bandgap semiconductor power switches (GaN, SiC) is a
promising direction for the development of switched-mode voltage converters. The ability to
operate at frequencies measured in units and tens of megahertz allows for achieving high power
density, but at the same time, it reduces the time windows for decision-making to nanoseconds.
Under these conditions, traditional controllers based on discrete calculations with a fixed clock
cycle prove to be too slow. Their limited speed does not allow for tracking instantaneous
changes in the resonant circuit, leading to the inevitable loss of the soft-switching mode, a sharp
increase in dynamic losses, and potential loss of stability. Thus, the transition to GaN/SiC trans-
forms the task of adaptive control from a desirable optimization into a critically necessary con-
dition for realizing the potential of the modern component base.

Systems based on Fuzzy Logic Control (FLC) have proven their effectiveness in controlling
complex nonlinear quasi-resonant converters, demonstrating improved transient responses without
the need for a precise mathematical model [3]. The latest research demonstrates the potential of Deep
Reinforcement Learning (DRL), which has been successfully applied to create a fully autonomous
[4], model-dependent control system for a complex three-level Neutral-Point-Clamped (NPC) in-
verter, showing results that surpass even Model Predictive Control (MPC) [5].

However, the analysis reveals key gaps, including: most works on DRL concern simple
PWM topologies, while for more complex switched-mode voltage converters, they are limited
to simulation. There is a lack of comprehensive solutions that simultaneously optimize integral
efficiency, dynamics, and EMC indicators, and that have been brought to experimental proof
on real equipment.

The aim of the research is to develop an experimental validation of a hybrid adaptive
control method that solves the problem of efficiency drop under dynamic load changes and
ensures consistently high integral energy efficiency. The key objectives to achieve this goal are
increasing integral energy efficiency and complying with strict constraints on the level of elec-
tromagnetic interference and the thermal management of the switched-mode voltage converter
elements. Moreover, the synthesized controller must be oriented towards practical implemen-
tation with a minimal set of required sensors and acceptable computational costs for microcon-
trollers or Field-Programmable Gate Arrays (FPGAs) [6]. The effectiveness of the proposed
approach must be proven through comparative simulation and experimental research on a test
bench using the proposed control strategies.

The statement of basic materials. For decades, converters with PWM have been the foun-
dation of power electronics, which was fully justified by their simplicity and reliability. However,
the technological revolution, driven by the rapid development of very-large-scale integrated cir-
cuits, has fundamentally changed the requirements for energy efficiency. The transition to com-
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pact and increasingly powerful digital systems has brought entirely new priorities for power sup-
plies to the forefront, namely: maximum power density and high energy efficiency across differ-
ent load levels. It is under these new conditions that classical PWM topologies require significant
improvement.

The main drawback of PWM converters lies in high switching losses, which arise from the
simultaneous presence of high voltage and current on the switching element during switching
transients. These losses, dissipated as heat, become excessive as the operating frequency in-
creases. Thus, high switching losses impose a strict upper limit on the operating frequency,
which, in turn, limits the achievable power density. In practice, this limits the power density of
PWM converters. In addition to losses, the high rates of change of current (di/dt) and voltage
(dv/dt), characteristic of hard switching, generate significant electromagnetic interference
(EMI), which complicates the design and requires additional filters [7].

Table 1 presents a comparative analysis of two fundamental approaches to designing switched-
mode voltage converters, namely: traditional PWM with hard switching and modern quasi-resonant
converter topologies with soft switching. The table systematizes the key differences across five cri-
teria. Switching losses are the main drawback of PWM, whereas quasi-resonant converters mini-
mize them by switching at zero current or zero voltage. This, in turn, allows for a significant increase
in the operating frequency in quasi-resonant converter systems, which is limited in PWM systems
due to rising losses. Consequently, quasi-resonant converters have a much lower level of electro-
magnetic interference. The final row highlights the trade-off: although quasi-resonant converter
technologies are generally more efficient, their efficiency can decrease during rapid changes in load
parameters not using complex adaptive control algorithms [8].

Table 1 — Comparison of PWM and quasi-resonant converters

Characteristic PWM converters (hard switching) Quasi-resonant converters (soft switching)
Switching losses High, dominant Minimal (theoretically zero)
Operating frequency |[Limited by losses High (allows for smaller component sizes)
EMI level High (due to sharp di/dt and dv/dt) Low (due to sinusoidal current or voltage wave-
forms)
Efficienc Decreases at high frequencies and High over a wide range, but can decrease under
y light loads variable loads without adaptive control

Source: developed by the authors.

Soft switching is a key technology that allows overcoming the limitations of PWM con-
verters. Its fundamental principle consists of using a resonant circuit—a network of inductors
and capacitor—to shape the voltage and current signals in such a way as to avoid their simulta-
neous presence on the power switch during switching. This is achieved through two main mech-
anisms: zero-current switching or zero-voltage switching.

Zero-voltage switching: This mechanism ensures that the voltage across the switching element
is zero immediately during its turn-on or turn-off. This effectively eliminates the losses associated
with recharging the power switch's capacitances, which are dominant at high frequencies. This is
typically achieved using a resonant capacitor connected in parallel with the power switch.

Zero-current switching: This mechanism guarantees that the current flowing through the
switch is zero during its turn-on or turn-off. This minimizes the losses associated with breaking
an inductive circuit. It is implemented using a resonant inductor connected in series. The sche-
matic of a parallel quasi-resonant converter with zero-current switching and its timing diagrams
are shown in Figure 1 and Fig. 2, respectively.
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Fig. 1. Schematic of a parallel ZCS quasi-resonant converter
Source: [9].

Fig. 2. Timing diagrams of the ZCS quasi-resonant converter
Source: [9].

The advantage of zero-current or zero-voltage switching is the ability to significantly in-
crease the operating frequency of the switched-mode voltage converter without a substantial
increase in switching losses. High-frequency operation, in turn, allows using smaller electronic
components, leading to a significant increase in power density and overall system efficiency.

Table 2 details the two main mechanisms underlying soft-switching technology, namely:
zero-current and zero-voltage switching. For each mechanism, the table explains the principle
of operation—the condition under which the power switch is turned on. It then identifies the
specific type of loss that is eliminated: for zero-current switching, it is the losses from recharg-
ing the power switch's output capacitance, which is critical at high frequencies, and for zero-
voltage switching, it is the losses associated with breaking an inductive circuit. This table serves
to clearly distinguish between these two fundamental principles.
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Table 2 — Main mechanisms of soft switching

Principle of operation Type of loss eliminated Key resonant element
Switching occurs when the voltage  |Losses from recharging the power Capacitor connected in parallel
across the switch is zero switch's output capacitance with the power switch

Switching occurs when the current  |Losses associated with breaking the  |Inductor connected in series with
through the switch is zero inductive circuit the power switch

Source: developed by the authors.

Figure 3 shows the functional schematics for implementing the quasi-control mode in
quasi-resonant converters: a— ZCS quasi-resonant converter, b—ZVS quasi-resonant converter.
In the initial stage of operation, the control system generates a short pulse that turns on the
power switch. Subsequently, on the secondary windings of the current transformer (for a ZCS
quasi-resonant converter) or voltage transformer (for a ZVS quasi-resonant converter), signals
appear that are proportional to the resonant current or resonant voltage, respectively. The re-
sulting signals are amplified by a threshold amplifier and converted into control pulses for the
power switches, creating a local positive feedback loop that holds the transistors in the on state.
At this point, the initial pulse from the control system is no longer needed; during the subse-
quent on-state interval, the power switches operate directly from the feedback loop. This forms
the basis of the quasi-control principle.

When the value of the resonant current (in the case of a ZCS quasi-resonant converter) or
voltage (for a ZVS quasi-resonant converter) approaches zero, the positive feedback action
ceases, and the power switches automatically turn off. The conditions for the emergence and
cessation of the positive feedback are determined by the principles of automatic control theory
for closed-loop systems [10].

a b
A — amplifier (- I1 — migcumroBay)

AL — amplifier-limiter (ITO — miacumoBay-oOMeKyBay)
CT — current transformer (TC — tpanchopmaTop cTpymy)
VT — voltage transformer (TH — tpancdopmarop Hanpyrn)
CS — control system (CK — cucrema kepyBaHHs)

Fig. 3. Functional schematics of the quasi-control mode implementation:
a — ZCS quasi-resonant converter; b — ZVS quasi-resonant converter
Source: [10].

Equation 1 shows the calculation of energy losses in the power switch of a series of the quasi-
resonant converter with zero-current switching. The approach consists of dividing the operating
period of the switched-mode voltage converter into four characteristic intervals, for each of which
the time dependencies Urp(?) and i7p(2) are determined. Based on these dependencies, the instan-
taneous power losses are calculated [10]:
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1 .
b, = :—1 . IUTP(t)'lTP(t)dt' (1)

n n-11t,,

Sliding Mode Control (SMC) is a powerful nonlinear technique that has gained recognition for
its energy efficiency in various operating modes. In many power electronics applications, SMC is
considered a more appropriate and widely researched alternative to fuzzy and adaptive control [11].

Principle of operation: In a switched-mode converter that switches at zero current or zero
voltage, the power switch is part of a resonant circuit with an inductor L and a capacitor C, in
which energy is periodically exchanged between the magnetic field of the inductor and the
electric field of the capacitor. When the power switch turns on, the current through it begins to
rise not linearly, but according to a sinusoidal law. At the moment of switching, the control
system waits for this sinusoidal current to naturally decrease to zero. It is at this moment that it
turns off the transistor. “Sliding” is the process during which the controller “slides” along the
curve of the falling current, awaiting the moment of zero crossing. It does not forcibly turn off
the power switch when the current is still high but “allows” the oscillatory process to bring the
current to zero on its own. This provides ideal conditions for turn-off. There are two main ap-
proaches to implementing SMC in converters:

e SMC based on hysteresis modulation: This is a classical approach that is simple to im-
plement, but its main drawback is a variable switching frequency. This complicates the design
of output filters and can create problems with electromagnetic compatibility.

e SMC based on fixed-frequency PWM: This more modern approach solves the problem
of operating over a wide frequency range, making it significantly more effective in practical
applications. General methods have been developed for synthesizing PWM control laws for
switched-mode converters operating in both continuous and discontinuous current modes.

The application of SMC allows bridging the gap between control theory and the practice
of power electronics, providing reliable and fast regulation for DC-DC converters.

Fuzzy logic-based control is another intelligent strategy that does not require a precise
mathematical model. It is based on human experience and qualitative control rules in an “if-
then” format, making it ideal for complex nonlinear systems, including quasi-resonant convert-
ers where linear PID regulators are challenging to apply.

The standard architecture of a traditional FLC includes three stages: converting crisp input
values, such as the error and the change in error, into fuzzy sets; applying a rule base (e.g., a 7x7
table with 49 rules); and converting the fuzzy conclusion into a crisp control signal. However,
this approach has significant practical drawbacks, especially for embedded systems: high com-
putational complexity, substantial memory requirements for storing the rule base, and difficulty
in tuning the scaling factors and the rules themselves. These limitations can reduce the maximum
achievable switching frequency and complicate implementation on microcontrollers or digital
signal processors.

To solve these problems, simplified fuzzy logic controllers (SFLC) have been developed.
The innovation of SFLC lies in using a single input variable and a one-dimensional rule base.
This significantly reduces memory requirements and computational complexity. As a result, the
algorithm becomes simpler to implement and tune, and also increases performance speed, allow-
ing it to be effectively used in high-frequency quasi-resonant converters for current or voltage
regulation. The evolution from FLC to SFLC is a clear example of the engineering search for a
compromise between energy efficiency, control system stability, and the complexity of its practi-
cal implementation [12].

A promising direction in the control of electronic power switches is the application of deep
learning. Reinforcement learning is based on the purposeful acquisition of experience: the controller
manages the power switch and the load, and through trial and error, learns to make better decisions.
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The control task is conveniently formalized as a Markov Decision Process (MDP) [13], namely:
“states — actions — reward function”. The goal of the controller is to find an effective control policy,
that is, a rule for selecting actions based on the current state. In deep reinforcement learning, deep
neural networks are used to approximate the value function, which allows for handling diverse sit-
uations and preparing the control system for operation with a real device. The practical design of a
DRL controller requires the careful definition of three main elements:

e State (st): This is a set of observable variables that fully characterize the current state of
the system. For a power converter, this would include: the output voltage error, inductor cur-
rents, and capacitor voltages.

e Action (at): This is the set of possible control inputs. For switched-mode converters, this
can be a discrete set corresponding to the permissible switching states of the power switches,
or a continuous value such as the duty cycle or switching frequency. The choice of control
algorithm depends on the capabilities of the quasi-resonant converter and the expected results.

e Target (reward) Function (rt): The design of the reward function is of paramount im-
portance as it defines the control objective. A well-designed reward function allows for achieving
minimization of the output voltage error, ensuring voltage balancing in the DC link of NPC in-
verters, and improving energy efficiency [14].

Fig. 4. Schematic of a DRL controller's operation
Source: [15].

The NPC inverter is a fundamental topology for low and medium-power switched-mode
converters due to its reduction of total harmonic distortion, limitation of the rate of voltage
change (dv/dt), and lower operating voltages across the power switches. At the same time, syn-
thesizing a control system for this inverter is a complex task, as it requires simultaneously en-
suring voltage balance on the DC-link capacitors and selecting optimal switching vectors from
a set of permissible configurations, considering criteria for loss minimization and compliance
with electromagnetic compatibility requirements.

DRL (specifically, a Deep Q-Network, DQN, agent) offers a model-free solution that can con-
trol the switching process to simultaneously regulate output parameters and balance the neutral-
point voltage. This is achieved through a reward function whose goal is to maintain the system's
stability and energy efficiency. The DRL approach compares favorably to traditional methods, in-
cluding space-vector modulation [16)] or model predictive control [17], thanks to its ability to adapt
to parameter changes and system uncertainties without requiring a precise mathematical model.

A critical problem for applying DRL in physical systems is the difference between simulation
and real-world operation (the “sim-to-real” gap). DRL agents require millions of iterations for trai-
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ning, which is impractical and unsafe on real equipment. Therefore, training is conducted in a simu-
lation environment. The problem is that control policies trained in an ideal simulation can show
significantly worse results when deployed on a real system due to unmodeled dynamics, sensor er-
rors, and parameter discrepancies. To overcome this gap, the following strategies are used:

e Environment randomization: Training the agent in various simulation environments
with randomized physical parameters (inductance, capacitance, load) to force it to learn more
robust methods for stabilizing the system's energy efficiency.

e System identification: Using experimental data to build a more accurate model of the
real equipment, which is then used in the simulation.

e Fine-tuning on hardware [ 18]: After initial training in simulation, a short and safe stage
of online training is conducted on the real switched-mode voltage converter to adapt the con-
trol policies.

Hardware-in-the-Loop (HIL) simulation: The use of HIL systems, such as Opal-RT, as an
intermediate stage between pure simulation and a physical prototype is a key tool for verifying
the effectiveness of the control method [19].

The success of DRL in power electronics depends not only on the algorithm itself but also
on the parallel development of high-precision simulations and knowledge transfer methods.
This changes the role of the control engineer—from a developer of mathematical models to a
designer of training environments and reward function systems.

The practical implementation of advanced control systems requires consideration of two
key aspects, namely: combining different methodologies to create synergistic hybrid systems
and selecting the appropriate hardware platform (Digital Signal Processor (DSP) [20] or FPGA)
for executing computationally intensive algorithms in real-time.

Modern control approaches do not require the complete replacement of old approaches
with new ones. Instead, hybrid architectures allow for combining the effective aspects of dif-
ferent methods to achieve better results. In renewable energy systems, an artificial neural net-
work [21] can predict the optimal operating point (e.g., the maximum power point), while SMC
is used as a fast and reliable inner loop to track this reference point.

The main principle of these hybrid systems lies in functional distribution: the tasks of learning
and adaptation are assigned to the artificial intelligence component (neural network/fuzzy logic),
while guaranteed stability and energy efficiency are provided by the traditional component
(SMC/PID). Executing complex control algorithms in real-time requires appropriate hardware plat-
forms. The two main classes of devices used for these purposes are DSPs and FPGAs.

DSPs are specialized microprocessors optimized for the rapid execution of mathematical op-
erations. They are programmed using high-level languages (e.g., C/C++), which provides flexibility
and a relatively fast development cycle. DSPs are best suited for sequential, complex algorithms.

FPGAs are a configurable hardware platform. They do not execute program code but are
configured to create specialized digital circuits. Their key advantage is the ability to perform a
multitude of simple operations simultaneously with very low latency. This makes them effective
for tasks that can be executed in parallel.

The choice between a DSP and an FPGA for implementing Al-based control systems
largely depends on the structure of the algorithm itself. DSPs are well-suited for traditional
control loops and more sequential Al algorithms. In contrast, FPGAs, thanks to their architec-
ture that enables the massive parallel execution of a large number of tasks, are the appropriate
choice for implementing neural networks, as quasi-resonant converter systems require pro-
cessing a large amount of data in parallel. Modern FPGAs contain specialized tensor blocks to
accelerate the matrix and vector operations that form the basis of Al algorithms, providing
higher performance and energy efficiency for such tasks. The low latency of FPGAs is also
critically important for high-frequency control loops.
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To generalize and systematize the considered control methods, their key characteristics,
advantages, and disadvantages are summarized in two comparative tables. This approach allows
for a separate evaluation of the technical performance indicators and the practical aspects of
implementing each control method.

Table 3 presents a comparison of the technical characteristics and performance indicators of
the considered control methods. The analysis is conducted based on four key criteria. Model de-
pendency shows how sensitive the method is to the accuracy of the system's mathematical de-
scription. Robustness to disturbances assesses the controller's ability to maintain stable operation
during changes in load or parameters. Dynamic response characterizes the speed of reacting to
changes, and computational complexity indicates the requirements for hardware implementation.
The table demonstrates the evolution from simple (PID), but unstable, methods to complex intel-
ligent methods (SMC, DRL), which offer high stability and speed at the cost of significant com-
putational resources.

Table 3 — Characteristics and performance indicators of control strategies

Control Model Robustness to disturbances | Dynamic Computational
Strategy Dependency and parameter changes response complexity
Linear PID High Low Slow Low
Phase-shift Medium Low Moderate Low
SMC Low Very high Very fast Medium
FLC Model-free High Fast Medium-High
DRL Model-free Very high Very fast Very high
Hybrid (FNSM) Low Very high Very fast High

Source: developed by the authors.

Table 4 supplements the previous analysis, focusing on the practical aspects of the imple-
mentation and application of each control method. Design complexity assesses the effort re-
quired to develop and tune the controller. For each method, its key advantages and disad-
vantages are highlighted. The final column defines the primary application domain, which
allows a developer to choose the optimal approach for a specific task, balancing performance
and implementation complexity.

Table 4 — Practical aspects and application domains of control strategies

Control . . . Primary Application
Strategy Design Complexity Key Advantage Key Disadvantage Domain
Linear Low Simolicit Poor performance for Simple DC-DC
PID (systematic tuning) phicity nonlinear systems converters
Phase- Simple implementation Limited control range, .
. Low of zero-current or zero- . ; . Resonant inverters
shift o high circulating currents
voltage switching
. . . Reliable industrial
SMC Medium (r.equlres Guaranteed stability Yarlable fr;quency drives, DC-DC
expertise) (in hysteretic types)
converters
High (requires ex- | Handles nonlinearities, | Computational cost, tun- | Quasi-resonant conver-
FLC SR : . )
pert knowledge) intuitive ing complexity ters, nonlinear systems
. . o Difference between ideal | Complex multi-objec-
Very high (requires | Autonomous optimiza- | . . . ; .
DRL . . . o simulation conditions and | tive systems, real-time
simulation and data) tion, adaptability . .
the real device system adaptation
Hybrid Hich Combination of learning Implementation High-performance sys-
(FNSM) & (NN) and stability (SMC) complexity tems with uncertainties

Source: developed by the authors.
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Conclusions. The analysis has shown that in quasi-resonant converters, energy efficiency
can decrease during rapid changes in operating load due to the limitations of classical control
methods. Modern power switches based on GaN and SiC have switching times measured in
nanoseconds. Therefore, the future of power electronics lies in the realm of hybrid control ar-
chitectures. The combination of existing control methods that guarantee stability with intelli-
gent, Al-based control methods is the most promising path for creating switched-mode voltage
converters capable of realizing their maximum efficiency under a wide range of changing ex-
ternal factors (e.g., changes in supply voltage, load parameters, temperature).

Future research directions. Future research should focus on creating a control model us-
ing Al; validating the results through simulation; and comparing the simulation results with
experimental research.
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AJJAIITUBHE KEPYBAHHA JIUIA NIIBUINEHHA EHEPITOE®EKTUBHOCTI
Y KBA3IPE3OHAHCHHUX IMITIYJIbCHHUX IIEPETBOPIOBAYAX
3A YMOB JUHAMIYHUX HABAHTAKEHb

Axmyanvricms 00CniONCeHHA 3YMOBNIEHA CYYACHUMU CIMAHOAPMAamMu enepeoeqhekmusHoCcnli, AKI 8UCYBAIOMb HCOPCMKI
6UMO2U 00 IMUYIBCHUX NEPemeopIosayie Hanpyeu, a came: 8Ucoko2o koepiyichma kopuchoi 0ii (KKJ]) y ecbomy dianazoni
nasanmaoicenv. Knacuuni nepemeopiogaui 3 wiupomHo-iMnyibCHOI0 MOOYIIAYIEIO He 3a006ONbHAIONMb YUM BUMO2AM Hepe3 Nio-
suwjeni komymayitini empamu. IlepcnekmugHoio anbmepHamueoIo € KeasipesonancHi imnynvcui nepemeoprosayi (KPIII), wo
MIHIMIZYIOMb 8Mpamu 3a605Ku KoMymayii npu Hynbogomy cmpymi abo nanpysi. OOHaK iXHs epeKmugHiCmb Modice 3HUICYBA-
mucs yepes HeOMIKU ICHYIOUUX MemOoOi8 Kepy8aHHsl, 30Kpema YacmomHo-IMInYIbCHOT MOOYIAYIT, IKA NP 3MIHI HABAHMANCEHHS
npu3600Ums 00 WEUOKoi 3Mminu poboyoi yacmomu ma 36inbuye xomymayitini eémpamu. Ilocmanoska npobremu nonseae
momy, wo kaacuuni nioxoou oo kepyeanns KPIII, exniouno 3 I1I/]-pecynamopamu, onmumizosani ona 8y3ekoi pobouoi oonacmi.
L]e mooice cnpununumu empany pesicumy m ’'axoi komymayii ma smenuenns KKJ[. IlepcnekmusHum € cmeopenHs KOMNIeKCHUX
piwiens, wjo 0OHOUACHO ONMUMI3YIOMb eHep20edeKmMuUHICMb, AKICHI OUHAMIYHI NOKA3HUKYU Mda 8i0N0GIOHICMb CIMaHOapmam
enexkmpomaerimuoi cymicnocmi (EMC). Memoio docniodscennsa € po3pobka 2ibpuoHo2o adanmusHo20 Memooy Kepy8anHs, 30a-
muozo 30inowumu KKJ{ npu ounamiuniti 3mini nasanmasicenus ma sabesneuumu cmabilbHO 8UCOKY eHep2o-eQeKmUGHiCmb.
Koumponep mae 6 peanvromy uaci obuucniosamu onmumanbii MOMeHmMU KOMymayii, cmabinizysamu 6uxiony Hanpyay ma mi-
Himizyeamu empamu. Y cmammi npoananizogano nepesazi m sakoi komymayii Hao JCOPCMKOI0, PO3TAHYIMO MeXaHizmu nepe-
MUKAHHA NPU HYI08OMY cmpymi ma Hanpy3si. Cucmemamu3z06ano icHyloui memoou Kepyeanus.: 6io ainitinux I1J] 0o neninitinux,
maxux sk kepysauua y koeznomy pexcumi (SMC) ma na ocnosi newimroi nocixu (FLC). Ocobnugy ysazy npudineno nepcnex-
MUBHUM RIOX00AM HA OCHOGI 21b0K020 HaguanHs 3 niokpinaennam (DRL). Bucnoeku niomeepodicyioms nompeby 6 cmeopenni
2I6pUOHUX cuCmeM KepYBAHHA HA OCHOBI WNYYHO2O0 iHMENeKmy.

Kniouogi cnosa: xeazipesonanchuii nepemeopiosay; KOMymayis npu HyIb060My CHpyMi; KOMymayis npu HYIbo8ii Ha-
npysi; WmMyyHUll iIHMeieKm,; WupomHo-IMRYIbCHA MOOYVIAYIs; HeYimKa J02iKa, eHepeoeheKmUuGHICMb,; iIMIYIbCHULL Nepemeo-
prosay Hanpyau.
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RESEARCH ON METHODS OF MODIFICATION
OF WINDING MACHINE FOR TOROID TRANSFORMERS

In the paper; the design of a winding machine for toroidal cores, developed to reduce the cost and improve the ergonomics
of the machine in the process of its operation is considered. The main shortcomings of analogues are analyzed. Modifications are
proposed, including the use of modern production methods to reduce the cost of the winding machine while maintaining quality
performance, automation of the winding process and the introduction of a sensor system to control the quality parameters of
transformer winding. Special attention is paid to the prospects for the application of machine learning algorithms to improve the
quality of winding. The proposed solutions contribute to the creation of an effective and inexpensive winding machine, compared
to analogues, for laboratory, educational and small-scale use.

Keywords: winding machine; toroidal cores, transformer, automation, machine learning,; microcontroller; digital inter-
face; Raspberry Pi; electric drive.

Fig.: 4. References: 13.

Relevance of the research topic. In modern electrical industry and scientific research,
toroidal transformers play a key role, have high efficiency, compactness and reduced level of
electromagnetic interference, due to the evenly distributed magnetic flux in the form of a circle
in the middle of the core [1]. Toroidal coils with several windings such as transformers and
chokes on a common core are also widely used. However, the process of their manufacture
remains complex and resource-intensive, especially for small-scale production, for the needs of
educational, scientific and laboratory research.

The proposed research is aimed at developing an affordable toroid winding machine
(TWM), which has a low cost, a fairly simple design and the ability to be individually config-
ured, which will make the technology more accessible to scientific, technological and educa-
tional institutions.

Thus, the study of the modification of TWM is of considerable relevance, as it contributes
to reducing the cost of equipment, accelerating the development process, automating produc-
tion and increasing the versatility of the device. This opens up new opportunities for scientific
and educational activities, ensuring more efficient use of resources and expanding technological
capabilities in the field of manufacturing electronic components.

Problem Statement. Industrial winding machines for toroidal transformers are designed
mainly for mass production, which largely determines their design solutions, functionality and cost.
Types of these devices are JG-6204[3] and NTK-1[4], which, although they provide high perfor-
mance, have a number of significant limitations. The vast majority of such machines have a high
cost (from 3,000 US dollars), which increases the cost of production, especially in laboratories and

© M. Shevchenko-Hryshko, V. Parkhomets, A. Revko, O. Horodniy, 2025
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small enterprises. The high cost is explained by the industrial high-cost production of components
of winding machines and specialized control systems that are adapted to mass production.

In addition, these devices have a significant weight, which complicates their transportation
and installation. For example, the mass of the NTK-1 is 460 kg, which limits its mobility and
makes it impractical for use in research laboratories or small production workshops. The high
weight is due to massive metal structures, which, although they provide strength, at the same
time increase the costs of production and operation.

Fig. 1. Electrical products on a toroidal core:
1 — Step-down network transformer [2], 2 — Common-mode coil [2], 3 — Inductance coil [2],
4 — Four-winding choke [2]; 5 — TWM manufactured by Guangri [3]

Another significant drawback is low ergonomics and the complexity of user interaction.
For example, in the JG-6204, program control is implemented through a button interface that
wears out during use. The NTK-1 lacks even basic means of automation of settings, which
significantly increases the requirements for operator qualifications.

Thus, the high cost, significant weight, complexity in use and insufficient automation of existing
solutions create serious obstacles to small-scale production of toroidal transformers. These problems
necessitate the development of a more accessible and versatile winding device that would allow for
efficient wire winding on toroidal cores without significant financial and technical costs.

Analysis of recent research and publications. The development of toroidal transformer
winding technologies is reflected in a number of patents that offer various approaches to automating
and improving this process. Let us consider patents US4424939 [5], CN110600260 [6],
US2850247A [7], US3506207A [8], US3400894A [9] and EP0190929 [10] from the point of view
of their suitability for use in small-scale production, educational processes and laboratory research.
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Fig. 2. lllustration from patent US2850247A [6]
stages of wire drawing on a ring-type machine
¢ —core, w—wire, b — bobbin

The analysis of the mentioned patents revealed both original technical solutions and most
of the above-mentioned shortcomings of commercial machines, such as: complexity of design
and control, high cost of manufacturing and operation, and limited flexibility and adaptability.

Additionally, the analysis of the patents revealed the following aspects that indicate their
obsolescence and inconsistency with modern technological requirements:

1. Lack of flexible digital control. In many cases, the winding process is controlled using
analog, mechanical, or simple digital systems with a push-button interface [3], which limits
accuracy, ease of use, and repeatability of operations.

2. Use of outdated materials and technologies. Some patents describe the use of massive
metal structures and traditional processing methods, which increases the weight and cost of the
equipment. Modern technologies, such as 3D printing and laser cutting, allow for the creation
of lighter and cheaper components with sufficient strength in small-scale production.

3. Lack of integration with modern manufacturing processes. Many of the described solu-
tions do not take into account the possibility of integration with computer-aided design and
manufacturing (CAD/CAM) systems, which is a standard in modern engineering practice.

In accordance with the above limitations, the project [11] deserves attention. This project
is aimed at developing an inexpensive and easy-to-use winding machine for toroidal coils and
transformers, based on the use of available materials, 3D printing technologies and laser cutting.
This approach allows you to significantly reduce the cost of manufacturing equipment, while
maintaining the necessary functionality and accuracy.

Thus, the analysis of existing patents and modern developments indicates the need to create
affordable, flexible and technologically modern solutions for winding toroidal transformers that
would meet the requirements of small-scale production, educational and scientific research.

Purpose of the article. The purpose of this article is to find ways to modify the existing
TWM, created as part of the project [ 11], taking into account its further development. The main
emphasis is on improving the versatility, increasing the reliability and accuracy of operation, as
well as expanding the functionality of the device without significantly increasing its dimensions
and weight.

One of the important tasks is to ensure greater versatility of the device, which will allow it
to be adapted to different types and sizes of toroidal cores without the need for significant de-
sign modifications. Special attention is also paid to increasing the winding accuracy, which is
critically important for the quality of transformer parameters, especially in cases where the uni-
form distribution of turns determines the electromagnetic parameters of the product.
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Maintaining the compactness and low weight of the device is another priority area of re-
search, as this will ensure its availability for educational institutions, laboratories and small-scale
production. A lightweight and compact design will facilitate transportation and installation.

In addition, an important aspect is the expansion of the device's functionality, which will allow
automating some winding processes, reducing the impact of the human factor and increasing the
repeatability of results. The proposed improvements are aimed at creating an effective, personalized
solution for small workshops and research laboratories, which will significantly simplify the manu-
facturing toroidal transformers while maintaining its economic feasibility.

Main part. The winding machine considered in the thesis was created to provide an af-
fordable and effective method of winding wire onto toroidal cores. The design solutions used
in its development are partly based on the principles set forth in patents [7, 10], which describe
the mechanisms for tensioning and uniform distribution of wire. The frame of the machine was
made of affordable materials, which significantly reduced the cost of production. The main
advantage of such a design will be its compactness and lightness. Fig. 3, a shows a diagram
with the minimum required number of mechanical elements.

Fig. 3.TWM mechanism:
a — Simplified scheme, M — driving roller (motor); b — Vacuz industrial TWM [12]
Source: created by the authors.

However, a number of significant shortcomings were identified during the implementation
process. The main problems were the use of secondary materials and insufficient precision in the
manufacture of individual parts, which reduced the repeatability and accuracy of the winding
process. In addition, due to limited project funding, it was difficult to ensure sufficient structural
rigidity and high quality of mechanical components. This, in turn, led to uneven wire tension and
increased wear of moving parts.

To improve this design, it is first necessary to preserve the general concept of the device,
since its advantages, in particular compactness and economy, remain key. At the same time, the
quality of execution can be significantly improved by using modern production methods, such
as 3D printing, which will ensure high precision of parts and simplify their replacement. The
use of more reliable materials, in particular composites and high-strength polymers, will also
contribute to increasing the durability of the device.

The user interface, which in the initial version was limited only to the ability to manually
adjust the speed and set the number of turns, also needs a significant update. The introduction
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of a digital interface will allow the display of additional parameters, including wire tension,
rotation speed and diagnostic messages. This will significantly increase the usability of the de-
vice and reduce the requirements for operator qualifications. In addition, the interface will dis-
play the estimated parameters of the transformer itself, such as: pulse power, overall power,
impedance and power dissipation of the windings, transformer efficiency. Auxiliary parameters
will also be calculated, such as: minimum conductor diameter, length of the conductor used —
to warn the user about possible problems, or provide recommendations. To do this, the user will
need to enter the following transformer parameters: K — number of windings; U; — winding
voltage, V, where i=1, 2..K; I; — pulse current of windings, 4, where i=1, 2..K; F — pulse repe-
tition frequency, kI'u; ¢, — pulse duration, ps; tpe, — permissible heating temperature of wind-
ings, °C; j — desired current density in the conductor,A/mm?; D;. — diameter of the metal con-
ductor of the winding, mm, where i=1, 2..K; D;¢ ;, — Diameter of the conductor with insulation,
mm, where i=1, 2..K; az — temperature coefficient of the metal to the conductor,1/°C; NN; —
number of parallel conductors in the winding, where i=1, 2..K; Dyyr — outer diameter of the
toroid, mm; D,y — inner diameter of the toroid, mm; H — height of the toroid, mm; w; — number
of turns in the winding, where i=1, 2..K;

Using the formulas from [13], we define the expressions for determining the pulse (1) and
overall (effective) (2) powers of the transformer:

P, = Xi, Uil;; (D
TR Uieflie
Piim = 17” ()

Taking the formulas from [13] for the transformer transformation ratio (3), for effective
winding voltage (4), for effective winding current (5), for the effective current of the primary
winding (6).

Uj

K = 3)
1
Uieq) = Ui \/_6 (4)
1
Il'ef = Il' \/_6 (5)
Ler = Yiey lie Kin. (6)
Substituting (3), (4), (5) into (2) we get (7).
Ui vk (1i Ui Kk Uil
_Zi=2( i )"’Zi:z
Py = {22 ——00Q (7

Simplifying expression (7), we get (8).
1
Paim = ;- 1. (8)

Knowing that the pulse duty cycle Q is (9).
103
= )
A simplified expression for the overall power (8), provides ease of implementation in
software and quick obtaining of an estimated value for the user.
To determine the minimum required conductor diameter to ensure permissible operating

characteristics of the winding, we use the corresponding formula from [13] (10).

Iie
Dy = 1.13 /]N—va (10)

To estimate the length of the conductor used, we first find the perimeter of the cross-section
of the toroid (11).
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lror = Dour — Dinn + 2H. (11)
where lror — the perimeter of the cross-section of the toroid, mm.
Since the wire will be superimposed on the surface of the toroid, we will determine the
average length of the wire used in one turn (12) by modifying the equation for the perimeter of
the toroid (11) taking into account the outer diameter of the wire.

leps = Dgy — D + 2H + 4Dycip,. (12)

where [, ,, — the average length of the wire used in one turn, mm.
Accordingly, the average length of the wire used in the winding will be equal to (13).
leps Wi
in = 505 (13)
where [;;; — the average length of the wire used in the winding, m.
To find the winding resistance, we use the corresponding formula from [13] (14).
4-1;-108
R = NN;m-D3,

(14)

Since during the operation of the pulse transformer, the voltage and current in the windings
change with the frequency F, the skin effect phenomenon occurs in the conductors in the windings.
It occurs due to parasitic self-induction inside the conductor, which makes the current density in the
conductor uneven. As a result, the current begins to flow closer to the surface, the higher the fre-
quency F. As a result, the cross-section of the conductor through which the current passes decreases,
the resistance of the conductor increases, and therefore the heating costs also increase.

To find the depth of the skin effect, we use the formula [14], and calculate the depth of the

skin effect (15).
_ / 1
6= p— (15)

where § — the depth of the skin effect, mm.

Knowing the depth of the skin effect, we calculate the effective cross-sectional area of the
conductor, marked in green in fig. 4, a, and find the conductor diameterD;y. (fig. 4-2), which
corresponds to this cross-sectional area.

a b

Fig. 4. The influence of the skin effect:
a — the appearance of the influence of the skin effect on the conductor;
b — the effective cross-section of the conductor taking into account the skin effect
Source: created by the authors.

First, we find the diameter of the zone that does not participate in current transfer, marked
in red in Fig. 4, a (16).

D,, = Diy — 26. (16)
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Knowing the diameter of the inner zone, we find the area of the outer zone through which
the current flows (17).

2 2
mDjy  TDie

Sep = ol e (17)

This area can be represented by an equivalent conductor with a diameterD;ye ,

2

et = Sy (18)
Substituting equation (16) into equation (17) and simplifying, we obtain (19).

Dijter = Dity — Dfe. (19)
Substituting the formula for D,., (16) into equation (18), we obtain (20).

Dier = Diyy — (Dim — 26)2. (20)
Opening the brackets and simplifying (20), we get (21).

Diter = 46(Diy — 6). (21)

Knowing the new equivalent diameter of the conductor, we find the new resistance of the
windings (22).
4-1;y-108
Ravi=p NN;-48(Djy—8)"
The resistance formula (22) takes into account the influence of the skin effect on the transformer
windings, which makes it possible to more accurately estimate the heating losses of the windings.
Knowing the total resistance, we find the power dissipation of the winding (23).

Py = I(RaLLi- (23)

Since the windings will heat up during operation, we will find the total power dissipation
at the permissible winding temperature (about 100 °C ... 120 °C)[12] (24).

(22)

Pu = (14 r(t%0n — %) ) B Pay. (24)
Knowing the total power dissipation, we find the efficiency of the transformer (25).
_ Z{(zz Uied) Iied)
nTP B Z{(zz Uied) Iied) +PM' (25)

Using the calculated values, it is possible to create a number of recommendations and
warnings regarding the selected transformer parameters entered by the user. It is possible to
initially configure the device before starting the wire winding process, and to provide the user
with future parameters of the output transformer.

In addition to mechanical improvements, an important stage of modernization is the intro-
duction of intelligent quality control algorithms. To implement the previously considered im-
provements, the use of an STM32 microcontroller will be sufficient, since it provides the neces-
sary computing power, supports various interfaces for connecting sensors and has low power
consumption. However, the key problem of all existing solutions is the lack of real quality control
of winding, since most mechanisms only maintain wire tension without analyzing whether it is
evenly distributed.

To solve this problem, the use of artificial intelligence is promising. The use of machine
learning algorithms will allow automatically assessing the uniformity of winding, detecting de-
fects and adjusting process parameters in real time. However, the main difficulty is the process
of training and testing such algorithms, since it is necessary to collect a significant amount of
data on high-quality and defective windings.
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One way to solve this problem is to use the machine itself for data collection and testing
algorithms. This will not only improve the quality of winding, but also create a platform for fur-
ther research in the field of automation and quality control of transformer windings. Given the
need to process a significant amount of information, it is advisable to use a more powerful con-
troller or one board computer, such as RaspberryPi 5, to implement intelligent algorithms, which
will provide sufficient performance for working with neural networks and analytical algorithms.

Thus, the improvement of the considered winding machine is possible through the use of
modern production methods, the introduction of digital quality control systems, automation of
the winding process and the use of artificial intelligence to evaluate the results of work. This
will not only increase the accuracy and reliability of the device, but also make it promising for
commercialization, since it will be able to compete with industrial analogues due to its low cost
and flexibility in use.

Conclusions. The article considered the design of a winding machine, which is characterized
by compactness and availability in production. Despite the advantages, a number of shortcomings
were identified that limit the effectiveness of its application. A number of improvements were
proposed, including modernization of the design, the use of higher-quality materials, the intro-
duction of a sensor system for controlling wire tension, and automation of the winding process.

A promising direction for further research is the integration of artificial intelligence for
analyzing the uniformity of winding and adaptive adjustment of process parameters. This will
not only improve product quality, but also minimize the influence of the human factor. The use
of modern microcontrollers and digital technologies will ensure increased efficiency and ex-
pand the functionality of the device.

Thus, the improved machine has the potential for use in scientific and educational institu-
tions, small-scale production, and laboratory conditions, ensuring high quality winding at an
affordable cost.
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JOCJIIIKEHHA CIIOCOBIB MOI[I/I(I)IKAHIi HAMOTYBAJIBHOI'O BEPCTATY
JJIAA TOPOIJHUX TPAHCPOPMATOPIB

Y pobomi posensioaemucs npoyec npoexmyeanus ma 6u20mosieHHs HAMOMYBANbHO20 6epCmama Ol MopoioanrbHux
CepOeyHUKIB, CNPAMOBAHUL HA 3HUICCHHS GUDOOHUYUX SUMPAM MAd NOKPAUeHHs O0OCMYRHOCHI ) OpiOHOCepilinoMy 8upobHU-
ymei. Ananiz iCHyIOUUX piliensb, Y MOMY YUCA | 3aKOPOOHHUX NAMEHMIE, BUSHAYUE KIHOYOBI HeOOIKU, 00 SKUX 6X00Mb | He-
00CMAMHS AHCOPCMKICIb KOHCIMPYKYIT Ma HepIGHOMIPHULL Hamse Opomy nio Yyac HamomyeanHs. s eupiuienHs yux npoonem
3anpononosani 800CKOHANeHHs, AKI nepedbaialoms UKOPUCIANH NepedosUx BUPOOHUYUX meXHOoNo02il, makux aKk 3D-opyk
ma nasepue pizanis, GNPoBaAOINCEHHs CUcmeMit MOHIMOPUNZY HA OCHOBI ONMUYHUX OAMYUKIG, 30KpeMa | cucmemu MauuHHo20
30pYy, ma NOGHY A6MOMAMU3AYII0 NPoYecy HaAMOMYEAHHSL.

3uauna ysaza npuoinacmocs MOACIUBOCIT NOMEHYIIHO20 3ACNOCYBAHHS AN2OPUMMIE MAWUHHO20 HABYAHHS OIS NiOGU-
WenHs AKOCMI npoyecy HamMomyeanHsa. Inmezpayis wimyuno2o iHmenekmy 8 cucmemy moogxce 3a6e3neyumu 6UuseieHHs dedex-
Mig y pedxcumi peanbHo2o 4acy, 003601UMb BUKOHYEAMY A0ANMUBHe HATAWMYBAHHS NAPAMEMPI8 Ma KOHMPOMIO8AMU AKICb
i3 MiHiManbHum empyyannam aoounu-onepamopa. OKpim mozo, 8 00CHIONCeH i aKYeHMYEMbCA y8azd HA 6UKOPUCIAHHT CY-
4ACHUX MIKpOKOHmMpOepie ma oononiamuux Komn tomepis, exmouarouu STM32 ma RaspberryPi 5, siki 3acmocogyiombcs ons
06poOKU Ma KepyBaHHs OAHUMU 8 PedCUMi peanbHo2o dacy. Hasedeni mamemamuuni 6upasu, wjo MojICyms 6UKOPUCMOBYEA-
MUCA 8 NPOSPAMHOMY 3a0e3neuenti HaMOMYBAIbHO20 6epCmama Ol POSUWUPEHHA 11020 YYHKYIOHATY.

3anpononosani 600CKOHANEHHA CRPUSAIONb CMEOPEHHIO ePEKMUBHO20, EKOHOMIUHO OOYITbHO2O Md YHIBEPCAILHOZO HA-
MOMY8ANLHO20 8epcmama, npudamuo2o 0Jia 1a00pamopHUX 3aCMOCY8aHb Ma OPIOHOCEPIIHO20 8UpOOHUYMEA. 3a80AKU 6NPO-
BAO0XHCEHHIO YUPPOBUX CUCmeM KepyBaHHs ma 3abe3nedents AKOCmi npoyecy HAMOMYBAHHS HA OCHOBI WUMYYHO20 THMENEKMY
800CKOHANEHA KOHCMPYKYIA MAE NOMEHYIan KOHKYPY8Amu 3 PilleHHAMU NPOMUCI0B020 KAACY, 30epiearodu npu ybomy 0ocnty-
NHICMb WUPOKOMY 3a2aNY MA MAIO4U SHYUKICIb 011 NOOATbUUX 600CKOHAIEHD.

Kniwouosi cnosa: namomysanvnuii éepcmam, mopoioni ocepos;, mpancghopmamop,; asmomamu3ayis;, MawuHie HA6-
YaHHs; MIKPOKOHmpoaep, yugposuil inmepgetic; Raspberry Pi; erexmponpusio.

Puc.: 4. bion.: 14.
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TPAHC®OPMAILIISA OCBITU B T'AJNY3I T'EOJIE3II TA 3BEMJIEYCTPOIO

Y ecmammi npoananizoeano emanu esonioyii niocomosku paxisyie 3a cneyianvricmio «leodesis ma zemneycmpiily y
suwitt oceimi Yxpainu npomseom 1991-2025 pokis 3 ypaxysanHam 3a2aibHOHAYIOHATILHUX OCBIMHIX pehopm, MeXHIYHO20 Npo-
epecy, yugposizayii ma GUKIUKIE, CRPUYUHEHUX NOBHOMACWMAOHOIO 8iliHol0. Buokpemneno wvomupu emanu, sixi xapaxmepu-
3YIOMbCL CYMMEGUMU AKICHUMU 3MiHamu. Poskpumo ocobnusocmi cneyianbHocmi, wo NOCOHYE THIICeHePHI, NpUpoOHUYi, npa-
6061 MA eKOHOMIUHIi KOMNOHEHMU, Ma € 6a308010 OJiA YNPAGNIHHA 3eMENbHUMU PECYPCAMU, NPOCNOPOBO20 NIAHYE8AHHS, 8E0EeHH S
0EpIICagHO20 3eMENbHO20 Ka0acmpy ma KapmozpagyeanHsi.

Knrouogi cnosa: ceooesis; semneycmpiii; niocomoska @axisyis; euwja oceima; oceimus npozpamd.

Puc.: 3. Bion.: 27.

AKTYaJIbHICTh TeMH IOCJTII:KeHHsI. YIIPOJOBXK OCTAaHHIX JCCATHIITH CHCTEMa BHUIIOT
OCBITH YKpaiHM 3a3Hasia HU3KU CYTHICHHX TpaHC(hopMalliid, 3yMOBICHUX SK BHYTPILIIHIMH pe-
dbopMamu, Tak 1 30BHIIIHIMH BUKIuKaMu. L{i TpanchopmariitHi mporiecu BinOyBaavcs Ha TIi
CYTTEBHX COL1aJIbHO-€KOHOMIYHHX 1 TEXHIKO-TEXHOJIOTTYHUX 3MiH, 30KpeMa IM100aIbHUMH TIPO-
recamu udposizallii Ta TEXHIYHOTO MPOTPECY, EBPOIHTETPaIllli, HAI[IOHAIILBHUMH OCBITHIMU pe-
dopmamu, CyCriabHO-TIONITHYHUMH BUKJIMKAMH Ta HACTiIKaMU IIOBHOMAcIITabHOT BiifHu. Ha-
BeleHe OOYMOBWJIO mepersia 3MicTy, Gopm 1 meTomiB miarotoBku ¢axiiiB. OcoOmuBo
NOMITHUMH I1i 3MiHHM € Yy Tay3i reosiesii Ta 3eMJIeyCTpoIo, sIKa, 3 OTHOTO OOKY, € TpaIULiHOI0
TEXHIYHOIO TUCIUILUIIHOIO, a 3 1HIIOTO — JMHAMIYHO PO3BUBAETHCS Y HAMPSIMKAX IMPOCTOPOBOTO
IUTaHYBaHHS, KaJacTpy, OLIHKKA HEPYXOMOCTI Ta reoiHpopmaniiHux cucrem. He3Bakatoun Ha
BKJIMBE 3HAYCHHS I11€1 CMEIaIbHOCTI JIJIsl YIPaBIIiHHS 3€MEJIbHUMHU PECYypCaMH, MPOCTOPO-
BOTO IJIAHYBaHHS Ta (PyHKI[IOHYBAaHHS JEPKABHOTO 3€MENbHOTO KaJacTpy, AOCHIHKEHb, 5Kl O
IIJTICHO aHaTI3yBaJIM €TaIly €BOJIOIIT MiITOTOBKU KaJIpiB y Mepioa Bij 3100y TTs YKpaiHOIO He-
3aJIeKHOCTI JI0 CbOTOCHHS, HEOCTAaTHRO. Lle cTBOpIOE HAYKOBO-MPAKTHUHUI PO3PUB MIXK CY-
YaCHUMHU BUMOTaMHU PUHKY TIpaIli Ta 3MiCTOM OCBITHIX MPOTpaM.

AHaJi3 ocTaHHiX gociaizxeHb i myOmikaniii. [Ipobiaemarrka po3BUTKY OCBITH y cdepi
reojie3ii Ta 3eMJICyCTPOIO PO3IVIsAAaIach y Mpalsx BITYM3HSIHUX 1 3apyOIKHUX HAyKOBIIB, 1€
aKIIEHTOBAHO yBary Ha MOJIEpHi3allii OCBITHIX Iporpam, BOPOBaKEHHI reoiH(opMaliifHuX Te-
XHOJIOT1M Ta €BPOMEUCHKUX CTAaHAAPTIB MiArOTOBKU (axiBmiB [1-12]. JlocmimkeHHsS OCTaHHIX
POKIB BUCBITJIIOIOTh MUTaHHA LM POBi3allii HABYAJIILHOTO MPOIIECy Ta IHTEerpalii Cy4yacHUX Te-
XHIYHUX 3aC001B y MIATOTOBKY CTY/IEHTIB. Pa3om 3 THM, KOMIJIEKCHUN aHaIi3 TpaHchopmarriit
y CHUCTeMI BHIOi OCBITH YKpaiHu 3a cnemianbHicTiO «l'eonesis Ta 3emMieycTpiity y KOHTEKCTI
OCBITHIX pedopM, TEXHIYHOTO MPOTPECy Ta BOEHHUX BUKIIUKIB OTPEOY€E T0IATKOBOTO aHAII3Y.

MeTa pociigkeHHsi. MeTOrO CTaTTi € aHAIII3 eTalmiB €BOJIOLIT MATOTOBKY (axiBIIiB 3a CIie-
mianpHICTIO «leome3is Ta 3emieycTpiiy y BUIIii OCBITI YKpainu Bipoaosxk 1991-2025 pokis 3
ypaxyBaHHSIM HaIllOHAJIbHUX OCBITHIX peOopM, PO3BUTKY IIM(PPOBUX TEXHOJOTIH Ta aKTyaIbHUX

© 0. C. Iletpakosceka, M. 0. MuxanboBa, 2025
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BUKIJIMKIB, CIPUYMHEHUX BOEHHUMU JisIMU. Y JTOCIIHKEHHI OyJI0 BAKOPUCTAHO HU3KY 3arajibHO-
HAyKOBUX Ta CIEIiai30BaHUX METOMIB JIOCHIHKEHHS ISl IPOBEICHHSI TITUOOKOT0, CUCTeMaTHY-
HOTO aHaJIi3y €BOJIIONIT MAroTOBKH (axiBIliB y ramy3i «leomnesis Ta 3emiueycTpii». Y crarTi 3a-
CTOCOBaHO ICTOPUYHUH, PETPOCIEKTUBHUN, MOPIBHAJIBHUN Ta CHUCTEMAaTUYHUM MiIXOIH.
IcToprunuMii Ta peTPOCTIEKTUBHUA METOM OyJIM BUKOPHUCTAHI JUIS aHAJI3y KIIFOYOBHX €TarliB po-
3BUTKY OCBITH B rairy3i reosiesii Ta 3eMJICyCTpPOIO, 30KpeMa B KOHTEKCTI HalllOHAJIbHUX pedopM
BUIIO1 OCBITH, 3aKOHOJIABYMX 3MIH Ta TpaHC(hOpMalliid OCBITHIX mporpaM. CHCTeMaTHYHUHN ITi/I-
XiJ1 3a0e31e4unB BceOiuHe PO3yMiHHS MIXKIUCIUIUTIHAPHOTO XapaKTepy CIEialbHOCTI, 1110 OXOI-
JIIO€ THXKEHEPHI, TPUPOIHUYI, FOPUINYHI Ta EKOHOMIYHI KOMITOHEHTH.

Bukuiaa ocHoBHOro marepiauy. CrienianpHIicTh «[eone3is Ta 3emieycTpiit» 3a 4acu mij-
TOTOBKH (haxiBI[IB y He3aJIexkH1I YKpaiHi 3a3Haja CyTTEBUX 3MiH. SIKIIIO pO3IVISTHYTH 3arajbHy
JTUHAMIKy PO3BUTKY BHIIOi OCBITH Ta MiATOTOBKH ()axiBIiB B YKpaiHi, TO MOXHA BUOKPEMHUTHU
YOTHPU OCHOBHHX €TaIlH:

1. CraHOBIIEHHSI CUCTEMH BHILOT OCBITH B He3asexHii Yipaini (1991-2000).

2. YHOpMYBaHHS OCBITHIX CTaHJApTiB Ta YKpyIHeHHs HanpsmiB (2001-2014).

3. IaTerpariii 10 €BpOMEWCHKOTO OCBITHROTO MPOCTOPY Ta yHi(ikarii kBamidikariitHux pa-
MoK (2015-2021).

4. Hudposoi aganraii Ta CTIHKOCTI B KpU30BUX YMoOBax (2022-noremnep).

Po3Butok cnermiansHOCTI «l€ome3is Ta 3eMIIeyCTpii» KOPECIIOHAYEThCS 3 HaBEICHUMH
eTaramH 1 € BiJOOpaKeHHIM CKIIAHHX MPOIIECiB CTAHOBJICHHS JACPKABHOCTI, 3eMeTbHOI pedo-
PMH, PO3BUTKY PUHKOBUX BIIHOCHH Ta IHTErpaiii y CBITOBHI OCBIiTHi# mpocTip. [Iporsarom
IIbOTO TIepioAy BiAOy/IMcs 3HAYHI 3MIHM Yy Ha3BaxX HAIMPSIMKIB Ta CIEI[iaIbHOCTEH, 110 BigoOpa-
JKaloTh TpaHc(opMaIliro OCBITHROTO MPOIIECY.

Ha eramni craHOBIIEHHS cHCTEMa BHUILOi OCBITH yCIaAKyBajia 6arato puc paisiHCbKoOi CHCTEMHU
3 MOTYKHOIO 1H)KEHEPHOIO Ta TEXHIYHOK CKJIa/10BOor0. [Ipu migrorosin ¢axisiiB 3 reoaesii Ta
3eMJICYCTPOIO aKLIEHT POOMBCS Ha TEXHIYHUX ACMEKTaX Ieofe3NYHIX BUMIpIOBaHb, KapTorpadi-
YHOTO BUPOOHUIITBA, a TAKOXK HA MTUTAHHSIX OpTraHi3allii 3eMJICKOPUCTYBAaHHS B yMOBaXx IMepexi-
HOTO Tepiojy Bij TJIAHOBOI 10 PUHKOBOI €KOHOMIKH. KiTlouoBMM piBHEM MOBHOI BHIIOT OCBITH
OyB «CIIELIaIiCT» 3 I’ ATUPIYHUM TEPMIHOM IMiATOTOBKH. [0 mepeniKy HanmpsiMiB Ta CreialbHO-
CTE, 3a SIKUMH 3]IIHCHIOBAJIACH MiITOTOBKA (PaxiBIliB y 3akiaaax Buioi oceiTy (3BO) 3a Biamo-
BIJTHUMH OCBITHBO-KBaTi(piKAIIHHUMU PIBHSAMH, BXOIUB HarpsM miarotoBku 0709 «I'eone3is, ka-
prorpadist Ta 3eMIeBIOPAAKYBaHHD». OCHOBHUMHM CIELIaIbHOCTAMHU, sSIKi Oy/IM HaJIEXaNIu 10
IILOTO HAIPSIMKY ¥ 32 SIKMMH BUITYCKaIUCh (axiBili, Oymu: «['eonesisnn, «DoTorpammerpisy, «3e-
MIICBIIOPAIKYBaHHSA 1 KagacTpy, «[eoindopmaniiiHi cucremu 1 Texnomorii» [10].

Ha apyromy erari BinOymnucs mpuHIMIOBI TpaHcopMmalii y Bumriid ocsiti. Y 2002 pori
OyB 3armouarkoBaHui nepexia 10 bomoHckkoi [BOpiBHEBOI crcTeMu — Oakanasp 1 marictp [11].
[Ticnsa mignucanns bomoncbkoi nexmapariii y 2005 porri, Ykpaina 3000B’s13amacst BIIPOBaIKY-
BaTU MOAYJIbHO-peHTHHTOBY cuctemy, European Credit Transfer and Accumulation System,
KOMMETeHTHICHUHN miaxia. [loganm 3’sIBISTHCS HaBYAJIbHI IJIAaHW HOBOTO 3pa3Ka, IO MICTHIIH
KOMIIOHEHTH CYYacHUX OCBiTHIX mporpam. Ilpu mpomy ocBiTHBO-KBamiQiKaliiiHuii piBeHb
«cneriagicT o]iIiiHO CIIBICHYBAaB 13 piBHAMH «0akamaBpy 1 «Marictp» 10 2016 poky, B sKOMY
Ha0ip Ha OCBITHIN piBeHb «creuiamicT» Oyno mpunuHeHo [12]. OTpumMaHi AUIIIIOMH crieniati-
CTa MPUPIBHSAIN 10 JAWIUIOMIB Marictpa. 3 I[bOTO Yacy MiAroToBKa (axXiBIiB 3A1HCHIOETHCS
JIMIIE 32 CTYNEHAMH «OakanaBpy 1 «Marictp». Jlo 2016 poky MOBHOIO BUIIIOIO OCBITOIO BBaXKa-
BCSI OCBITHBO-KBaTI(hiKAIIIHUI PIBEHB «CHEIiamicT» abo «marictp». bakanasp Oy siuiie Oa-
30BUM piBHEM, a HE 3aBEPIICHUM IIUKJIOM OCBITH. 3 2016 poKy, BiANOBITHO A0 HOBOTO 3aKOHO-
JIaBCTBA, OCBITHIA CTYIiHb OakaiaBpa B YKpaiHi BU3HAETHCS MOBHOIO BHIIOK OCBITOIO, IO
3aMiHIO€ TIONEPEeIHIN PiBEeHb CreniaiicTa.
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YV 2003 porti 6yB mpuiinaTuii 3akoH Ykpainu «IIpo omiHKy 3eMenby, B KoMy OyJid BU3HA-
YeHi MIPaBOB1 3aCa/Id MPOBEACHHS OLIIHKH 3eMeJb, MPodeciitHOi OLIHOYHOT NiSIBHOCTI Y cdepi
OIliHKHM 3eMenb B Ykpaini. ¥ 2006 pori criibHUM Haka3oM Jlep:KaBHOTO KOMITETY YKpaiHH 10
3eMeNbHUX pecypcax, MiHicTepcTBa arpapHoi MOMITUKKA YKpainu, MiHicTepcTBa Oy/liBHULITBA,
apXITEKTYPH Ta KUTIOBO-KOMYHAJILHOTO TOCIIOIAPCTBA YKpaiHH, YKPaTHCHKOT akaaeMmii arpap-
Hux Hayk Ne 18/15/21/11 6ys 3arBepmxenuil [lopsiok HOpMATUBHOI IPOIIOBOI OLIHKU 3€MEIlb
CLIbCHKOTOCIIOAPCHKOTO MPU3HAYEHHS Ta HACEJIEHUX ITyHKTIB.

Binrykom Ha 3akoHOMaBYI HOBOBBEIECHHS CTAIO BKJIFOYCHHS 0 TEPEITiKy CIelialbHOCTeH
OIIIHIOBaHHS 3eMJIi Ta HepyxoMmoro MaitHa. Y 2010 porri 10 nepeniky cremiaabHOCTEH, 3a SKUMA
3I1MCHIOETHCS MiArOTOBKA (haxiBIiB Y BUIIMX HABUYAIBHHX 3aKJIaJax 32 OCBITHHO-KBaJi(iKaIliii-
HUMH PIBHSAMU CIEIliallicTa 1 Marictpa, 10 raiay3i 3HaHb «leonesis Ta 3emieycTpiiny» yBIMIUIH
HacTymHi crieniansHOCTi: «leonesisny, «Kaprorpadisy», «3emneyctpiil i kagactpy, «I eoindopma-
IIHI CUCTEMH 1 TEXHOJIOT11», «OIiHKa 3eMJII Ta HEPYXOMOTO MaitHa», «DoTorpaMmmeTpist Ta -
CTaHILiHE 30HAyBaHHs», «KocMiuamii MoHITOpHHT 3emui» [13].

VYV 2011 pomi Oymna po3pobieHa HamioHaIbHA paMKa KBai(hikalli BimoBiaHO 10 €Bponei-
cekoi pamku kBamidikaniit (€EPK). Lle Oyno yacTuHOO BUKOHAHHS 3000B’s13aHb YKpaiHU B Me-
)kax Yronu mipo acomiarito 3 €C [14] 1 crano BaXIMBUM KPOKOM Ha NUIAXY IHTETpallii yKpaiH-
ChKOi OCBITH 10 €BpOIEHCHKOro mpoctopy. bymo BusHadeHo 8 piBHIB KBamidikariid, Mo
BIJIMOB11at0Th piBHAM €PK, 1110 3p00HII0 3p03yMiIOI0 «CXOAMHKY» KOXKHOI OCBITH 1 MOYKJIMBO-
CT1 IIepexoy MK piBHAMH. BripoBa/keHHS! KOMIETEHTHICHOTO MiIX01y 00yMOBHIIO OPI€HTY-
BaHHS OCBITHIX ITpOrpaM HE TUTbKW Ha 3HAHHS, a i Ha KOMIIETEHTHOCTI: YMIHHS 3aCTOCOBYBATH
3HAHHS Ha MPAKTHUIll, KOMYHIKallisl, KPpUTHYHE MUCJICHHS TOIIO. Lle mochmmio MoXXiIMBOCTI Mo-
OLTHHOCTI CTYACHTIB 1 BUKJIaJIaqiB, CIIPHUSIO MIKHAPOIHHUM IIporpaMaM MOABIHHUX JTUTIIIOMIB,
MOJIETTIINIIO BU3HAHHS YKPATHCHKUX TUTUIOMIB 32 KOPJIOHOM.

BaxxnmuBuM KpOKOM y 3MiHI TTIIXO/AIB 10 BU3HAHHS PIBHSA MATOTOBKH (haxiBIliB cTasia Mpo-
deciiina ceprudikaris 1HKeHepiB-Te0e3UCTIB Ta IHKEHEPIB-3eMJICBIIOPSIHUKIB, sSKa Oyia 3a-
npoBapkeHa y 2013 pori. [le 06yMmoBUII0 KoperyBaHHs HaBYaIbHUX IJIAHIB BIAMOBIIHO 10 pe-
ATBHUX BUMOT POOOTOABIIB 1 3MiCTy KBaTi(piKaI[iTHUX ICITUTIB.

Oco0OnmMBOCTI IBOTO €Tary, MY MiATOTOBII (haxiBIliB 13 Teone3ii Ta 3eMJICYCTPOIO, BiII3Ep-
KaJIIOBAJIM MTOCUJICHHS yBaru 710 reoiH(opmManiiHuX CHCTEM Ta TEXHOJOTIH, X 1HTerparii y Ka-
JACTPOBI CUCTEMH Ta MPOLIEC HaBUYaHHSI, BIPOBAPKEHHS CYyITyTHUKOBUX TEXHOJIOT1H y Te€0/Ie3UyH1
BUMIPIOBaHHS Ta TpaHC(OpMallis HaBJaJIbHUX IUIaHIB 32 paXyHOK BKJIIOYECHHS TUCLHUILTIH 3 OIli-
HKH 3eMJI1 Ta HEPYXOMOCTI, YIIPaBIiHHS 3€MEIbBHUMH PECYpPCaMH, MOHITOPHHTY 3€MEJTb TOIIIO.

V¥ 2014 porti Ha 3aKOHOIABUOMY PiBHI 3aIIPOBAKEHO MOHSTTS «OCBITHS IPOrpaMay Ta BU-
3HA4Y€H1 BUMOTH /IO CTAaHJAPTIB BUIOI OCBITH y MEXKaxX MIEBHOTO PiBHS BUIIOI OCBITH Ta CIICIIi-
anpHOCTeH [15]. Cranmaptu 3a6e3meumid €iHI BUMOTH J0 SKOCTI MiATOTOBKHU (haxiBIliB MO
BCii YKpaiHi, He3aJeKHO BiJl 3aKJI1a/1y BUIIO1 OCBITH, 1 3pOOIIIH iX 3pO3YMUTAMH ISl MIXKHAPO-
THUX naptHepiB. [Ipu ipoMy 3akiagaM BUIIOL OCBITH Oylia Ha/laHA TIEBHA aBTOHOMISI.

JloBruii yac criemiaybHICTh «I €oae3is Ta 3eMieycTpii» Oylla OKpeMOIO Tary33t0 3HaHb, Y
MeKax Kol OyJIM BperyabOBaHi pi3Hi CHEMialbHOCTI, Cepesl IKUX HAaHOUIbII CTaTuMH OyIH 1 €:
«l'eomesisay, «3emeycTpiit 1 kagacTpy, «[eoiHbopMaIiitHI cucTeMH 1 TEXHOJIOT11», « OIiHKa 3¢e-
MJIi T2 HEPYXOMOTO MaifHay.

[Tepiom 2015-2021 pokiB cTaB BU3HAYaJILHUM €TAIllOM Y TPOIIEC] 1HTEerpaiii yKpaiHChbKOi
BUIIIOT OCBITH /10 €BPONEHCHKOTO OCBITHHOTO MpOocTOpy. IIiArpYHTAM ISl IIUX 3MiH CTaJO yX-
BasieHHs1 y 2014 pori HoBoro 3akoHy Ykpainm «IIpo BuIy OCBITY», SKWH BIAKPUB IUISX 0
cucteMHUX pedopm. OqHUM 13 TOTOBHUX 3aBIaHb Oyno yHiikyBaru KBamidikamiiHi paMKy,
10 J1ajI0 3MOTY MIBUIMUTH SKICTh OCBITHIX MOCITYT Ta 3a0€3MEYUTH TOCTYIIOBY 1HTETPAIIilO
BUIIIOT OCBITH Y €BpONEHCHKHI TPOCTIp.
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VY 2015 pomi posnodano poboty HamoHanbHe areHTCTBO 13 3a0€3MeUeHHs IKOCTI BUIIOT
ocsitu (HA35BO), a Takox Oyno BIIPOBaXKEHO HOBI MEXaHI3MH aKpeauTalii OCBITHIX Hpo-
rpaM, OpiEHTOBaHI Ha KOMIETCHTHICHUU MiAXiJ, TOTPUMaHHS MIKHAPOJHUX CTaHAAPTIB Ta
MPUHIIUIIB aKaJIEMIYHOI JOOPOYECHOCTI.

VY 2015 porti Oy710 3aTBEPIKEHO ACTATLHUIN TIEPETIiK TaTy3el 3HaHb 1 CTemiaIbHOCTEH 13 3a-
3HAYCHHSM PIBHIB OCBITH Ta BIAMOBITHUX KOMIB JACTANII30BaHOI Tairy31 Mi>KHApOIHOI CTaHIapT-
Hoi knacudikarii ocBitu ISCED-F 2013. 3rigHo 3 nuM gokymeHToM «leonesis Ta 3emiieycTpiiin
SIK CTIeIiaJIbHICTH Oylia IHTErpoBaHa 10 raty3i 3HaHb « ApXiTekTypa Ta OyniBHUITBO» [16]. 32016
POKY 3aTBEpPIXKYIOTHCSI CTAaHJAPTH BHILOT OCBITH JIJIsl KOKHOTO PiBHSI Ta criemianbHoCTi. OCBiTHI
IpOrpaMH BiANOBIAATIH JIEpKaBHUM CTaHAapTaMm, ajie (opMyBaJCh Ha piBHI YHIBepcHTETY. 3a-
KJIQJW BUIIIOT OCBITH OTPUMAJIH MPABO CAMOCTIHHO CTBOPIOBATH, 3MIHIOBATH, OHOBIIFOBATH OCBI-
THI TIporpaMu. Po3mmpeHHst aBTOHOMI1 3aKJIaiB BUIIIO1 OCBITH HA/IAJIO iM O1IbIIIe TOBHOBAYKEHB
y pO3poO0I1i CTPYKTypH i BU3HAYEHHI 3MICTY HAaBYAJbHHX IUIAHIB 1 Iporpam, M0 CIPHIIO iXHIN
THYYKOCTI Ta aIaiTUBHOCTI. Y MeXax crerianbHoCTi «leofe3ist Ta 3eMyeyCcTpiiy yHIBEpCHTETH
OTPUMAJI MOXKJIMBICTD PO3POOJISTH PI3HOMAHITHI OCBITHI IMTPOTpaMu, 110 BiA0OpaXkayio TeH ICH-
1111 1 MOTpeOu PUHKY TIpalli 1 CIIPHUSUIIO MBUIKOMY pearyBaHHIO Ha TOTPEOH PUHKY Ta PeTiOHAIbHI
ocobmBocTi. 3 2016 poxy 3aKiIaau BHUIOI OCBITH PO3POOISIIOTE BJIACHI OCBITHI MTPOTpaMu TijT
JireH30BaHi cnerianbHocTi. [ cnemiansHocTi «I'eomesis Ta 3emiieycTpiin» po3po0ieHi crania-
PTH BHILOI OCBITH JUISl OCBITHIX piBHIB OakanaBpa (2021) i marictpa (2023).

V¥ 2017 ta 2021 pokax yaoCKOHaIOBaJIACh MpolLeypa cepTudikaii iHKeHepiB-Tre0Ae31CTiB
Ta IHXKEeHepiB-3eMIeBNOPsAHUKIB [17]. Bumorn 10 ¢axiBiiB, sSKi JOMYCKAIOTHCS 0 CKIaIaHHS
KBaJTi(DiKAIIHUX 1CTIUTIB, MPUBEJH 10 MOSBU B OaraThoxX yHIBEpCUTETaX 00’ €THAaHOI OCBITHHOI
porpamu, sika TyOroe Ha3By crerianbHOCTI «[eonesis 1 3emmeycTpiii». Lle cnpuunHeHo Mox-
JIMBICTIO BUITYCKHHUKA TAKOT IPOTrpaMu MPOXOIUTH IpodeciiiHy cepTUdikalito mo reoaesii i 3em-
aeycTporo 6e3 HeoOXiTHOCTI 3100yBaTH JBa AUTUIOMH 32 PI3HUMH OCBITHIMH ITPOTPaMaMH.

[puiinsaTTa 3akoHy «lIpo HaioHaJIBbHY 1HPPACTPYKTYPY reOnpocTopoBuX HaHux» (2020)
Ta BHECEHHS 3MiH JI0 3aKOHOJIAaBYMX aKTIB IIOJIO TUIAHYBAaHHS BHKOpPUCTaHHS 3eMelb (2020) 1
BJIOCKOHAJICHHSI CHCTEMH YIIPaBIIHHS Ta JAeperyismii y cdepi 3emenbHuX BigHOCHH (2021)
CIIPUYMHIIIO HOB1 BUMOTH JI0 KOMITIETEHTHOCTEH (paxiBIliB 3 reose3ii 1 3eMJIeyCcTporo. 3pocTae
3HAYCHHS YIPABIIHCHKUX Ta NU(POBUX KOMIIETEHTHOCTEH 3 ypaxyBaHHSIM CydacHUX MOTpeO
IPOCTOPOBOTO PO3BUTKY TEPUTOPIATBbHUX T'POMAJ, arpolnpOMHUCIOBOTO KOMILJIEKCY, OXOPOHHU
3eMellb, CTAJIOr0 3eMJICKOPUCTYBAHHS, 110 00YMOBMIIO TIOAAIBITY TPaHC(OPMAIIiFO 3MICTY cIie-
mianbHOCTI «l'eome3is 1 3emmeycTpii». Ha ibomy eTarmi akTHBHO pO3BHBAETHCS aKaIeMidHA MO-
OLTBHICTB 3100yBaviB BUIIOI OCBITH 1 MEJATOTTYHOTO MTEPCOHAITY.

Ilepion i3 2022 poky MO0 CHOTOJCHHS XapaKTEPU3YETHCS CyTHICHUMH TpaHchopMaliisiMu y
CHCTEMi BHUIIOI OCBITH YKpaiHM 3arajoMm Ta y raiy3i reoiesii i 3emieycTporo 3okpema. Ilig
BIUTMBOM TEXHIKO-TEXHOJIOT1YHUX, EKOHOMIYHUX, COI[IaJIbHUX YWHHUKIB, & TAKOX y 3B SI3KYy 3
TPUBAJIMMH BOEHHUMHU JTISIMH, TUPPOBOIO TpaHC(HOPMAIIIEIO Ta MTPOIIECAMU EBPOIIEUCHKOT 1HTE-
rparii, cdpopMyBaBCsS HOBHI €Tall pO3BHTKY OCBITHBOTO mpocTopy. Lleit eranm Big3Ha4aeThCs
3pOCTaHHSM THYYKOCT1 OCBITHIX TPAEKTOPiH, aKTUBHUM BIIPOBAIKCHHSIM ITU(MPOBUX TEXHOJIO-
Tii 1 MOCUJICHHAM Opi€HTallll Ha MPAKTUKO-OPIEHTOBAHY MMiJrOTOBKY (haxiBLiB.

Boenna arpecis, MacoBa peJOKallisi CTyACHTIB 1 HAyKOBO-NEIAroriyHUX IpalliBHUKIB,
BTpaTa MarepiajibHO-TEXHIYHOI 0a3M B OKpPEMHUX perioHax YKpaiHH 3yMOBHJIM HEOOXIIHICTh
OTIEPAaTUBHOI aJanTaIlii OCBITHROTO MPOIIECY A0 KpH30BUX YMOB. Lle cipuunHmio MacmradHy
nudposizalito, mepexia 10 OHMaiH-GOpM HAaBYaHHS, IHTEHCUBHE BIPOBAHKCHHS JTUCTAHITIH-
HUX TEXHOJIOT1H Ta po30yI0BY €JEKTPOHHUX OCBITHIX CEPEIOBUIIL.

VY npodeciiiHiif maroToBIi 3a OCBITHIMU MpOrpaMaMy 3 Teo/e3ii Ta 3eMJIeyCTPOIO BHILE-
3rajiaHi BUKJIUKU COPUYMHWIN MTOTIMOICHHS 3MICTY HaBUYaHHs y HanpsAMax nudpoBoi kapror-
padii, ynpaBmiHHS TPOCTOPOBUMH TaHUMH, T€OIH(POPMAIIIMHOTO MOJIEIIOBAHHS, aBTOMAaTH30-
BaHOTO KaJIaCTPOBOTO OOJIIKY Ta BUKOPUCTAHHS CYITy THUKOBHX TEXHOJIOTiH. OKpemMe 3HaYCHHS
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HaOyJIM MUTaHHS MATOTOBKU (haxiBIliB A0 Y4acTi y Ipoliecax micasIBOEHHOI BIIOYI0BH, MTPOC-
TOPOBOTO TUIAHYBAHHS, BITHOBJICHHS 1H(QPACTPYKTYpU Ta PEKyJIbTUBALl TepUTOpill, 10 3a-
3HaJM pyHHYBaHb BHACIIIOK BOEHHHX JIiH.

CyyvacHi OCBITHI IporpamMu AeAajIi YacTille IHTerPy0Th HaBYAIbHI MOJYJI1, III0 OXOIUTIOIOTh
OIIIHKY 3€MEJIb 1 HEpYyXOMOTO MaliHa, ypOaHICTHUKY, EKOJIOTTYHUIA MOHITOPHHT Ta MPOCTOPOBE I1J1a-
HyBaHHs. Taka MUKIUCIUITIIHAPHA CTPYKTYpa CIPHUSE PO3IMIUPEHHIO PODECIHHUX MOKITUBOC-
Tel BUITYCKHUKIB 1 3a0e3meuye e()eKTUBHY MIKTaTy3€BY 1HTETPAIIiI0 3HAHb. 3POCTAIOYHil IOMTUT
Ha PUHKY Ipalli Ha (axiBLiB i3 KOMIUIEKCHUMH KOMIIETEHTHOCTSIMU 3yMOBITIOE€ HEOOX1/THICTD TIe-
peopieHTallii BUIIOT OCBITH Ha MYJIBTUAMCIUILTIHAPHUH MIIX1]1, IO PO3IIMPIOE €IIEMEHTH IPaBa,
1H(pOpMaLIHHUX TEXHOJIOT1H, EKOHOMIKH, €KOJIOT1i Ta yIPaBIiHHS IPOCTOPOBUM PO3BUTKOM. YHi-
BEPCHUTETH, BIJIMOBIIHO, aAaNTYIOTh 3MICT OCBITHIX MPOTpam J0 BUMOT CY4acHOTO CYCITLJILCTBA,
cnpusitour OpMYBAHHIO KOHKYPEHTOCTIPOMOXKHHX 1 MOOUTHHUX (haxXiBITiB.

VY 2024 pomi 3arnpoBapKeHi HOBI 3MIHHU 10 MEPETiKy Tajdy3el 3HaHb 1 CHeliaJbHOCTeH, 1
«leonesist 1 3eMIEyCTpiit», K CIENialbHICTh, BKIIOYCHO J0 rainy3i 3HaHb «[HXKeHepis, BUpoO-
HUNTBO Ta OymiBHUITBOY [ 18]. Kpim 11p0r0, y 2025 porti 115 crieiiaabHICTh BiIHECEHA 10 Tiepe-
JIKy CIeIiaTbHOCTEH Ha PIBHI BHINOI OCBITH, IO MepeadadaroTh AOCTyN 10 mpodecii, s
SKUX 3alPOBA/KEHO JIOJATKOBE PEryTIOBaHHs. MIHICTEPCTBO OCBITH 1 HAYKH 1HIIIFOBAJIO OHO-
BJICHHS OCBITHIX CTaHJIapPTIB IS CHEIliaIbHOCTEH, 30KkpeMa «I eome3is Ta 3emieycTpii». OcHo-
BHA yBara Ipu LIbOMY 30CepePKeHa Ha pe3yabraTax HaBUYaHHS, 110 BiOOpakaloTh K Mpode-
CiifHi, TaK 1 SOft-KOMIIETEHTHOCTI.

3 2014 poky mpOCTEXKYETHCS OpIEHTAIlIS JEPKABHOT MOMITUKH Ha CKOPOYCHHS KLUITBKOCTI
3aKyaiB BUIOI ocBiTH. Y CTparerii po3BUTKY BHUIIOI OcBITH Ykpainu Ha 2021-2031 poku me-
pendadeHo ontumizaiiiro mepexi 3BO 3 ypaxyBaHHsIM aeMorpadiyHuX TeHICHIIIH, TepuTopia-
JBHOT JOCTYITHOCTI Ta €(peKTUBHOCTI IXHBOT JAISIIBHOCTI, @ TAKOXK MOCTYIIOBE 3MEHIIICHHS YHCIIa
MasioepeKTUBHUX 3aKiafiB. Pa3oM i3 TUM, 10 IIbOTO POKY KUIBKICTb 3aKJIa/liB, L0 31HCHIOIOTh
HiATOTOBKY Ta BUITYCK (haxiBLiB, MPAKTHYHO HE 3MEHIITyBajiacs i yTpuMyBaJiacs Ha piBHi 49, a
TEHCHIIIS 10 CKOPOUEHHS IPOCTEXYeThCs nute 3 2025 poky (puc. 1).
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Puc. 1. 3axnaou suwoi oceimu, wjo npononyoms oceimui npozpamu 3 2e00esii ma 3emneycmporo

3 orjsiay Ha BUMOTH JIO CIICHIAJIbHOCTEH, M0 TepeadadaroTh AOCTYI 0 PETyIhOBaHUX
npodeciii, 30KpeMa y 4acTHUHI Y4iTKOTO BU3HAYEHHS OCBITHIX MPOTpaM, sIKi MOXKYTh pealli3oBy-
BaTHUCS B MEXax crienianbHocTi «['eoesis Ta 3eMneycTpiii», aBTopaMu 0yJI0 TPOBEICHO aHAai3
OCBIiTHIX mporpam [19-27], mo QyHKIIOHYIOTh y 3aKJIaax BUIIOI OCBITH YKpaiHU HMPOTATOM
2020-2025 pokiB (puc. 2, 3).

Haiimommupenimmmu nporpamMamu € ['eonesis Ta 3emiieycTpiii, 3emieycTpiid 1 KamacTp,
Ominka 3emyii Ta HepyxomocTi, ['eomesis Ta I'eoindopmariiini cuctemu. [lounnaroum 3
2020 poky, MPOCTEKYETHCS 3POCTAHHS KUTBKOCTI YHIBEPCHUTETIB, SIKi 3/IIHCHIOIOTH ITiATOTOBKY
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3a mporpamoro ['eoesist Ta 3eMieycTpiid ik Ha 6aKaIaBpChbKOMY, TaK 1 Ha MariCTepChKOMY pi-
BHSIX, 1110 3yMOBJICHO IPUYMHAMH, OKPECICHUMHU BHUIIle. TaK0oXX CIIOCTEPIraeThCst 3pOCTaHHS 1H-
Tepecy 0 ImporpamMu 3emMieycTpiii i KagacTp, ocoOarBo Ha piBHI MaricTparypu. Lle cBiguuTh
po 3pocTarouy norpedy y BHCOKOKBami(pikoBaHUX (haxiBISIX, 3AaTHUX MPAIIOBATH 3 Cydac-
HUMH KaJJaCTPOBUMH Ta PEECTPAIITHIMHU CHCTEMaMH, 110 € HAJI3BHYANHO BAXKIIUBUM IS PO3-
BUTKY €()EeKTHBHOTO PUHKY 3eMii. HaTtomicTe mokasnuku 3a mporpamamu: OIiHKa 3emMili Ta
HepyxomocTi, ['eonesist Ta ['eoindopmarliiiiHi CUCTEeMH 3aJIMIIAIOTHCS BIIIHOCHO CTa0ITbHUMH
MPOTATOM OCTAaHHIX IT'ITH POKIiB.
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Puc. 2. Oceimni npoepamu 3 2eodesii ma 3emneycmporo, 0C8imHill piseHb Mazicmp
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Puc. 3. Oceimui npoepamu 3 2eode3ii ma 3emueycmporo, 0C8IMHill pieeHb 6AKAIA8P

OTtpuMaHi JaHi CBITYaTh MPO 3alliKaBICHICTh 3/100yBadiB y HABUaHHI 32 IHTETPOBAHOIO CIICITi-
QITBHICTIO, 1110 BIIKPHBAE IIUPII TEPCIECKTHUBH IS MOJATBIIOrO MpareBIamTyBaHas. BogHoyac
BOHH JIEMOHCTPYIOTb 30€peKEHHs ONHUTY Ha BUCOKOKBaNi(hiKOBaHUX (DaXiBIiB y OUTBII BY3bKUX
CTICLiaTi30BaHUX HANpsIMaX, K 3aJMIIAI0THCS HEB1I'€MHOIO CKIIJ0BOIO 3arajibHOI rajmys3i.

BucHoBku. 3 MOMeHTY 3100yTTs YKpaiHOIO HE3aIEKHOCTI MiATOTOBKA (axiBLiB y cdepi
«"eonesis Ta 3eMiIeyCTpiity IponIIa 3SHAYHUN UIAX TpaHchopmMallii, afanTyOYuCh 10 BUKJIHU-
KiB 3eMeJIbHO1 pe)OopMHU, CTAHOBIICHHSI pUHKOBHUX BITHOCHH Ta 3aKOHO/IaBYMX 3MiH, 1 TOCTIHHO
BiJIoOpakajna JUHaMIKy TTOTpeO Jep)KaBu Ta CYCIUIbCTBA y (DaxiBIIX, 3JaTHUX IMPAIIOBATH 13
3eMeIbHUMU pecypcamu. MaiOyTHiil pO3BUTOK OCBITHIX MpOrpaM Mae OyTH Opi€HTOBAaHUI Ha
NOJAJIBITY IHTETpalilo iHHOBAIIMHUX I'€ONpPOCTOPOBUX TEXHOJIOTIH, OCUICHHS MPAKTUYHOI
HiATOTOBKM Ta PO3BUTOK MDKAMCUUIUTIHAPHUX KOMIIETEHTHOCTEH. 3a TCHCHIIIE€I0 3pOCTaHHS
3aIiKaBJICHOCTI Y (axiBIAX 3 KOMIUIGKCHUMHU 3HAHHSIMH CIIOCTEPITAa€ThCs TEHJCHIIIS 30epe-
JKEHHS MOTPEOH B EKCIIepTax y OUTbI BY3bKHX, ajie HEBIJI'€MHUX CKJIAJOBHUX CICIIaIbHOCTI.
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TRANSFORMATION OF EDUCATION IN THE FIELD
OF GEODESY AND LAND MANAGEMENT

Over the past three decades, the higher education system of Ukraine has undergone profound transformations shaped by
both internal reforms and external challenges. These processes evolved alongside broader socio-economic shifts, global digi-
talization, European integration, and the disruptive impact of full-scale war. Within this dynamic context, geodesy and land
management stand out as a field that simultaneously preserves its traditional technical foundations while expanding towards
spatial planning, land cadastre, property valuation, and geoinformation systems. Despite its crucial role for sustainable land
resource management and state land cadastre operations, there remains a noticeable lack of comprehensive studies addressing
the evolution of professional training in this specialty since Ukraine s independence. This gap reflects a broader misalignment
between labour market demands and higher education curricula. The article aims to systematically analyse the evolution of
professional training in “Geodesy and Land Management” within Ukrainian higher education from 1991 to 2025. Historical,
retrospective, comparative, and systematic approaches were applied to trace key stages of curricular reforms, legislative
changes, and the integration of innovative technologies. The analysis emphasizes the interdisciplinary nature of the specialty,
which combines engineering, natural sciences, law, and economics. The findings highlight a growing interest among students
in integrated educational programs offering wider career opportunities, while at the same time confirming the steady demand
for narrow-profile specialists in core technical domains. The study concludes that professional training in this field has con-
sistently reflected the socio-political and economic transformations of Ukrainian society. Moving forward, higher education
programs should strengthen the integration of geospatial technologies, emphasize practice-oriented learning, and foster inter-
disciplinary competencies.

Keywords: zoning; functional area; territorial zone; land plot purpose; spatial planning.
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OBIPYHTYBAHHS HEOBXITHOCTI ®OPMAJIIBAIII IOHATTS
«CTAJIE BEMJIEKOPUCTYBAHHS»

Y ecmammi obrpynmosano neobxionicme ghopmanizayii nonsmms «cmane 3emMaeKopUcmy8anHtay K 6a308020 NPUHYUNY yn-
PaeiHHA 3eMenbHuUMU pecypcamu. Poskpumo cynepeunocmi YuHHO20 3aKOHOOAGHO20 BUSHAUEHHSL, 3ANPONOHOBAHO MEXHIYHE Y-
MaueHHs ROHAMMA MA MEXAHIZMU 1020 BNPOBAOXHCEHHA HA MicyeeoMy pieHi. Ocobaugy yeazy npudineHo poni KOMNIEKCHUX NIAHIE
nPOCMOPOBO20 PO3BUMKY 2pOMAO, d MAKONC MOOEPHI3ayii cucmemu MOHIMOpUH2y 3emens i3 gukopucmanuam IT-mexnonoeii.
3pobneno ucrosok npo HeoOXiOHiCMb MINCOUCYUNTTHAPHO20 NIOX00Y 00 CIMAN20 YNPABIIHHA 3eMebHUMU PeCyPCamu.

Knrouogi cnosa: cmane 3emnekopucmysans; cmanuii po3eumox; HpoCMopose NaaHy8aHHs, mepumopiaibha epomaoad;
MOHIMOpUHE 3emeid

Puc.: 1. Bion.: 21.

AKTYyaJIbHICTH TeMH J0cJimxenHsi. ChoroaHi YKpaiHa r'iJHO TPOTUCTOITh HAHOLIBIIIOMY
BUKIIMKY 32 ICTOpil0 CBO€i He3anexkHOCTI. He 3Bakaroun Ha BCi CKJIQJHOIII BifHU, TUTaHHS
e(heKTUBHOT0 3eMJIEKOPUCTYBAHHS 3aJIUIIATUMETHCS aKTyaJIbHUM [Tl HAIIO1 Iep>KaBU i HaBITh
3aroCTPIOETHCS. YKpaiHa € OJJHUM 3 TapaHTiB MPOJOBOJIBIOI OE3MEKH Y CBITI, 1 MONPU BEITHMYE3HI
BTpaTH, COPUYMHEH] TOBHOMACIITAOHUM BTOPTHEHHSM POCIMCHKOI (hemeparlii, MpoaoBKye 3a-
JMIIATUCS KIIFOYOBUM MOCTAaYaIbHUKOM Ha CBITOBUX PMHKAX 3€pHA Ta COHSIIHUKOBOT oii [21].
OpHie€ro 3 KIIIOYOBUX 0COONMMBOCTEHN (PYHKITIOHYBaHHS YKPaiHCHKOTO PUHKY ClICHKOTOCIIOIAP-
CHKHUX 3€MeJb Y BOEHHUH Mepio € Te, 10 iXHs BapTIiCTh POPMY€ETHCS HE JIMIIE HAa OCHOBI sKiC-
HUX XapaKTEPUCTUK I'PYHTIB UM MPOAYKTHUBHOCTI, @ 1 3HAUHOIO MIpOIO 3aJICKHUTh BiJl 0€3MEKOBUX
YMOB, PiBHS PU3UKIB BOEHHUX JIil, JOCTYIHOCTI IO PUHKOBOI 1HPACTPYKTYPH Ta MOMKIIUBOC-
Tel mojankinoro Bukopuctanus [ 1]. [Ipogorxkye 3pocTaru mONMUT HA 3eMJTIO Y BIIHOCHO Bijja-
JICHUX Bij JiHII POHTY HaceleHuX MyHKTax. [IpoTe BUKOpHUCTAHHS 3eMelb, HE3aJIEXKHO BiJ
iXHBOTO LILTLOBOTO MPHU3HAYEHHS, Ma€ OyTH palliOHAJIbHHUM, a SKIIO MU MParHEMO PO3BUTKY
JEp’KaBU B JOBTOCTPOKOBIM MEPCIIEKTUBI — TO II€ 1 CTAJIMM.

IlocTanoBka npodsaemu. Cepen MPUHIUIIIB 3€MEIBLHOTO 3akoHOMaBcTBa [13] 3abe3me-
YEeHHs palllOHATBHOTO BUKOPUCTAHHS Ta OXOPOHU 3eMeJb MOCIJa€ BaroMe Micie. 3pemrToro, yci
3axo7H y cepi 3eMIIeyCcTporo, MicTOOYIyBaHHSI Ta YIPABIIHHS TEPUTOPISIMU MAIOTh 3a7]0BOJIb-
HSITU BUMOTH PaIliOHaIbHOTO BUKOPUCTAHHS 3eMellb Ta 3a0e3medyBaTtH ix oxopoHny [5]. I3 3ako-
HOJIAaBYOTO BH3HAYCHHS TEPMIHY «3EMIICYCTpPii», IO TPAKTYETHCS K CYKYIHICTh COIlaJbHO-
€KOHOMIYHHUX Ta CKOJOTIYHUX 3aXO0JliB, BUILTUBAE, 10 BiH € KIFOUOBUM 1HCTPYMEHTOM JJIS 10~
CSATHEHHS paIlioHaJIBHOTO 3eMJICKOPUCTYBaHHs [13].

He 3Bakaroun Ha Te, 10 «pallioHaIbHE BUKOPUCTAHHS 3€MEJIb) € HapKHUM KaMEHEM 3e-
MEJBHOTO 3aKOHOAABCTBA, Y HOPMAaTUBHO-IIPABOBUX aKTaX HEMa€ BU3HAUYEHHS L[bOTO TepMiHa.
OTxe, BiICYyTHI HOPMATUBH 1 CTAHJAPTH PALIOHATBHOTO 3eMJICKOPUCTYBAHHS, 1110 YHEMOXKIIH-
BJTIO€ HOTO 1ICHTH(IKAIIIIO Ta SKICHY OITIHKY.

[TOHATTS CTAIOTO 3€MIIEKOPUCTYBaHHS Oe3M0CcepeIHbO BUITUBAE 3 IPHHLIUIIB pallioHaIb-
HOTO BUKOPHUCTAHHS 3€MeJIb 1 € CKJIaJJOBOIO LIUPIIOT MapaJurMH CTaJIOr0 PO3BUTKY. Y CTarTi 1
3akony Ykpainu «IIpo 3emmeycTpiiy BU3HAUCHO, IO cmaie 3eMIeKOPUCMY8aHHs — TIe TaKe
BUKOPUCTAHHS 3€Mellb, SIKE BHU3HAYAETHCSI TPUBAIUM KOPUCTYBAHHSIM 3€MEJIBHOIO AUISHKOIO
0e3 3MiHHU 11 HIJTLOBOTO MPU3HAYEHHS, MOTIPIICHHA ii SKICHUX XapaKTEPUCTHK Ta 3a0e3neuye
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ONTUMAaJIbHI TApaMETPH €KOJIOTIYHHUX 1 COIIalIbHO-eKOHOMIYHUX (PyHKIIi# TepuTtopiii [12]. Ox-
HakK, B [bOMY BU3HAUCHHI OfIpa3y 3aKJiaJicHa CyNepeyHiCTh, OCKUIbKH ICHYI0Y€ BUKOPUCTAHHS
3€MENILHOI JUITHKN JAJIEKO HE 3aByKIM A1HCHO BIAMIOBIZAa€ BUMOTraM «ONTUMAJIBHOCTI» 1 MOXKE
notpeOyBary 3MiHU. HeBU3HAYEHNM 3aJIMIIAE€THCS TAKOXK, SIKI caMe MapaMeTpH €KOJIOTIYHHX 1
COIlaTbHO-CKOHOMIYHHX (PyHKIIM Teputopiit Tpeda oriHioBaTy. [HIMMU cioBamMH, Xxo4a I0-
HATTA «CTaje 3eMJICKOPUCTYBAaHH» 1 BU3HAUCHE Ha 3aKOHOJIAaBUOMY piBHi, BOHO JIOC1 3aJIMIIIA-
€ThCS HA PIBHI aOCTPAKTHOT 1€ Ta HE Ma€ KOJHUX TEXHIYHUX XapPaKTEPUCTHK YU MapaMeTpiB,
3a IKUMHU HOTO MOYKHA OL[IHUTH.

AHaJi3 3aKOHOJJaBCTBA 3aCBITUYE, IO BIICYTHICTh 3aKOHOIABYOTO 3aKPIIJICHHS KPUTEPIiB
palioHaIbHOTO 3€MJIEKOPHCTYBAaHHS Ta CTajJOro BHUKOPUCTAHHS 3€MEb CTBOPIOE CYTTEBI
Oap’epu 1715 3a0€3MeUEHHS HAJICKHOTO KOHTPOJIIO 32 JOTPUMAHHSIM 3€MEIbHUX 1 PUPOI00X0-
POHHUX HOPM yCiMa Cy0’€KTaMH 3eMEIbHHUX BiJHOCHH.

AHaJIi3 OCTAHHIX JOCTIIKeHb | mMyOJaikamiid Ta BUIIJIEHHS HeJO0CTiI?KeHUX YACTHH 3a-
rajibHoi npodemMu. TeopeTHyHi Ta NPaKTUYHI 3aCaJX PALliOHATILHOTO BUKOPUCTAHHS 3€MElIb,
MEePEBAXKHO CLIHCHKOTOCIIOIAPCHKOTO IPU3HAYCHHSI, JOCIIKYBAIN YKpaiHChKi BUeHI B. AHj-
piitayk, A. Arapymenxo, IT. Taitnymskuii, JI. lo6psx, U. Jopomr, A. Kyuep, A. MockaneHxko,
B. Tpero6uyk, O. Tapapiko, A. Tpetsak, O. XonakiBcbka Ta iHmI. OQHAK y TUX TOCTIIHKEHHIX
3eMJIsl pO3IIIIAETHCS caMe SIK 3aci0 BUPOOHUIITBA B CUIBCHKOMY rocrofapcTsi. HatomicTs He-
JOCTaTHBO JOCIIKCHUMH 3aJTUIIAIOTHCS ITUTaHHS PalliOHATFHOTO BUKOPHCTAHHS 3eMelTb Y Ha-
CEJICHUX IyHKTaX, /I 3eMJIsl BUKOHY€ POJIb IPOCTOPOBOTO 0a3UCy sIK i 3a0e31eueHHs noTped
KUTTEISITHHOCTI HACETICHHS, TaK 1 YIS PO3MIIIEHHS CyCHIJILHOTO BUPOOHHUIITBA.

3 MicTOOY/1IBHOTO TOTJISITY, TUTAHHS CTAJIOr0 BUKOPHCTAHHS 3eMeb AociikyBamu B. To-
pnauyk, M. Isomin, H. Kabmak, A. Maptua, M. MuxansoBa, . HoBakoBcrka, O. IlerpakoB-
ceka, JI. [TepoBuu, A. [TnemkanoBcrka, O. Cunraisceka, M. Tpery0, A. Tpetsk, A. Vb, I. @i-
apBapoB. He3pakaroum Ha 3HaYHWH BHECOK KOXKHOTO 3 HUX y JTOCIHIPKEHHS IIbOTO IMUATaHHS,
npobieMa po3poOsieHHsI KOHKPETHUX MOJIEIeH Ta MeXaHi3MiB (POPMYyBaHHS CTAJIOTO 3€MJIEKO-
PUCTYBaHHS B HACETICHHUX ITyHKTAX 3aJIMIIAE€THCS HE BUPILICHOIO.

MeTo10 cTarTi € 00rpyHTYyBaHHA NOTpeOH y (hopmarizallii MOHATTS «CTalle 3eMIJICKOpHUC-
TYBaHHS» SIK BU3HAYAJILHOTO YHHHUKA CTAJIOTO PO3BHUTKY TepuTOpiid Ykpainu. Lle mependavae
B/IOCKOHAJIEHHS! IPOCTOPOBOTO TUIAHYBAaHHS Ha PiBHI TpoMajl, pO3BUTOK 3aKOHO/IaBUOi 0as3u Ta
CHCTEMHU MOHITOPUHTY 3eMeJb. AKTYaIbHICTh MPOOJIEMH 3pOCTa€ B yMOBaX BOEHHHUX PyWHY-
BaHb 1 0COOJMBO Y KOHTEKCTI TOBOEHHOTO BiTHOBIICHHS. ABTOPKH MPArHyTh MEPEBECTH IIe T0-
HATTS 3 TEOPETHYHOI TUIOMIMHY Y chepy NpakTUIHUX TEXHIYHUX BUMOT, IO J03BOJIUTH 3a0€3-
neunTy 30amaHCOBaHE YIPABIIHHS 3€MEIBHUMH PECypcaMy 3 ypaxyBaHHSIM EKOHOMIYHHX,
€KOJIOTIYHUX 1 COLAIIbHUX BUK/IMKIB CHOTOJICHHS.

BuxkJan ocHoBHOro MarepiaJy. Ha Hanry nymky, popmasisaiiist MOHATh «CTaJie 3€MJICKO-
PUCTYBaHHS» Ta «IUIAHYBaHHS CTAJIOTO 3¢MJICKOPHCTYBAaHHSD) Ta IEPEBEICHHS 1X 3 O3PSy Te-
OpPETUYHHX KOHIICTII B TPYITy TEXHIYHUX BUMOT JIO0 BUKOPHCTAHHS 3€MeJb € Ha Yaci 3 pIy
NPUYHH.

[To-mepire, cTpaTeriyHUM 3aBIaHHAM HACTYITHUX JECATHIIITH JJI HAIIOI IepPKaBU CTaHE
MOJTOJTAHHS MacCIITAOHKMX 1 0araTOBUMIPHHMX HACIIIKIB ChOTOIHIIIHBOI BIHHU K y COIaIbHIH,
€KOHOMIYHIM, TaK 1 B eKoJoriuHii omuHax. OcoOnIMBO aKTyaqbHUM 1€ MUTAHHS MOCTAE y
cepi 3eMIIEKOPUCTYBaHHS, JI¢ BIUTMB 30pOHHOTO KOH(MIIIKTY MPOSIBISIETHCS Y pyHHYBaHHI 1H-
dpacTpykTypu, Aerpanaiii ypoaHiCTUUHUX 1 arponanamadTiB, 3a0pyAHEHH] IPYHTIB Ta 3MiHi
IIXO/IB J0 TUIAaHYBaHHS BUKOPUCTAHHS TepUTOPii [2; 3; 4]. BaxxmuBo migkpecanuTy, o Hac-
TiAKU OOMOBUX JiH ICTOTHO BIAPI3HSIOTHCS 3aJICKHO BiJl TUITY 3eMelb — 3a0yI0BaHi TEpUTOPIT
Ta arpapHi JaHamadTH 3a3HAIOTh PI3HOTO PIBHA 1 XapaKTepy BTpaT. 3eMJis, K BIJIOMO, Ma€
TPUEINHY CyTHICTh — BOHA OIHOYACHO BUCTYIIAE TEPUTOPIAIbHUM 0a3UCOM JUIS TPOCTOPOBOTO
PO3BUTKY, IPUPOTHUM PECYPCOM, IO TMOTPEOYE 3aXUCTY, 1 OCHOBHUM 3aCO00M BUPOOHHMIITBA Y
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ClIbChKOMY Ta JTicoBoMy rocriofapctsi [ 13]. KoxkHa 3 mux yHKIIi# 3a3Haa CyTTEBUX BUKJIMKIB
YHACHIIOK BINCHKOBHUX Jii, 1 TOMYy MOTpedye OKpeMoro aHami3y. Taki HacHiKu MOBUHHI OyTH
He juire 3adikcoBaHi, ajie W rmapaMeTpU30BaHi, KIJIbKICHO Ta SKICHO OIIHEHI 3a JIOTIOMOTOI0
HAayKOBO OOIPYHTOBAHHUX IMiJXOMAIB 1 HIM(PPOBUX IHCTPYMEHTIB.

Opnak, cam 1o co0i aHaJTi3 CUTYaIlii He 37aTeH 3a0€3MeYNTH BiTHOBJICHHS 3€MJICKOPUCTY-
BaHHs. [ Toro mo0 epeKTuBHO peaizoByBaTH 3aX0aH 3 peadiiTalii HoCTpaXKAaInX TepH-
TOPiid, MOTPiOHE HiTKE POPMYITIOBAHHS IIIBOBUX OPIEHTUPIB. Y 1IbOMY KOHTEKCTI MIOCTA€E Hara-
JbpHA 1oTpeda y dopmarizalii MOHATH «cTaje 3eMICKOPHCTYBAaHHS) Ta «IUIAHYBAaHHS CTaJIOTO
3eMJIEKOPUCTYBaHH». L1 MOHATTS MalOTh CTaTH OCHOBOIO JUIsS pO3POOKH HOpMAaTHBHO-IIPABO-
BUX, CTpPATEriuHUX 1 MPOCTOPOBUX pillleHb, 5IKI 3a0e3MeUyBaTUMyTh OajJaHC MK €KOHOMid-
HUMH, €KOJIOTIYHUMH Ta COIlaIbHUMHU MOTpedamu, 0coOIMBO y MOBOEHHUH mepioa. Ha Hamry
JTYMKY, Ha BiIMiHY BiJl 3aKOHO/IaBYO 3aKPIIJICHOTO BU3HAYEHHS, M CIAIUM 3eMIEeKOPUCTTY-
6aHHAM JTOIIBHO PO3YMITH TaKy MOJI€Ib OpraHi3allii BUKOPUCTAHHS 3eMETbHUX PECYPCIB, KA
HE JIMIIE TapaHTye iX 30epeskeHHs U1 MalOyTHIX MMOKOJIIHB, ajie i nepeadayae BiJHOBICHHS
MOPYIICHUX E€KOCHUCTEM, 3a0e3MeUeHHs MPOJOBOIBIO0I Oe3MeKnu, eKOHOMIYHOT €()eKTUBHOCTI,
IPOCTOPOBOI 30aJIaHCOBAHOCTI Ta COLiaJIbHOI CIipaBeTMBOCTI. BomHOUYac BoHa Mae ciuparucs
Ha THYYKI TIPABOB1 ¥ THCTUTYIIHHI MEXaHI3MH yTPaBIIiHHS, BPaXOBYBaTH O€3MEKOBI BUKIIUKH,
KyJIBTYpHI IIIHHOCTI Ta 3a0e31evyBaTH aJalTUBHICT A0 KIIIMATHYHUX, EKOHOMIYHHUX 1 COLIialb-
HUX 3MiH. BianoBigHO, MIaHyBaHHS CTAJIOTO 3€MJICKOPHUCTYBAaHHS Ma€ MPOBOIUTHUCH Ha yCiX
PIBHSX I€P>KaBHOTO YIIPaBIiHHS (HALlIOHAIEHOMY, PETIOHAIBHOMY i JIOKaJIbHOMY) Ta OXOILTIO-
BaTH MMPOKHUH CTIEKTP MPAKTUYHUX 1HCTPYMEHTIB.

Takum 9rHOM, JIHIIIE TiCsT KOMIDIEKCHOTO JOCIIHKEHHS HACIIIKIB BIHCHKOBOI arpecii Ta
PpO3p0OKH BIAMOBIAHUX CTPATETiH, sIKl 0a3yIOTHCS Ha TPUHITUIIAX CTAJIOTO PO3BUTKY, MOXKHA I'0O-
BOPUTH PO e(eKTUBHE 1 TPUBAJIC BiTHOBICHHA 3eMiIeKoprcTyBaHHs. L{eit mporiec mae 6yTu He
MPOCTO BiOYIOBYMM, a TpaHC(HOPMAIIHHUM — TaKHM, IO JO3BOJIMTH MEPEOCMHUCIUTH CTaB-
JICHHS JI0 3eMJIl SIK O OOMEKEHOT0 1 Bpa3IMBOTO pecypcy Ta chopMyBaTH MEpPEeIyMOBH IS
HOTO BIMOBIJATBHOTO 1 CTINKOTO BUKOPUCTAHHS B MallOyTHHOMY.

[To-npyre, 3 1 ciunsg 2028 poky AJis BCIX TEPUTOPiabHUX T'poMaj YKpaiHu 3alpoBaKeHa
000B’s13K0Ba BUMOTa I110JI0 PO3pPOOJIEHHS Ta 3aTBEPKEHHS KOMILIEKCHOTO IJIaHy MPOCTOpO-
BOrO pO3BUTKY TepuTopii rpomaau [10]. Lleit tokyMeHT Mae KiII04OBe 3HAYECHHS 171 popmy-
BaHHS MallOyTHHOTO KOKHOI T'POMa/JIH, aJI’Ke 10ro OCHOBHOIO METOIO0 BU3HAUEHO 3a0e3MeueHHs
ii cranoro po3BuTKy [11]. Y KOHTEKCTI MPOCTOPOBOTO TJIAaHYBAHHS Ta YIPABIIHHS 3eMEIbHUMHU
pecypcamMu, caMe KOMIUIEKCHUHN TUIaH MOKJIMKAaHUN CTaTH OCHOBHHUM CTPATEriuHUM JIOKYMEH-
TOM, SIKMH y3TOJPKy€ EKOHOMI4HI IHTEpECH, EKOJIOTIYHI 0OMEXEHHS Ta CoLlialbHI HOTPeOH rpo-
Maau. TakuM 9YMHOM, BiH MIOBUHEH BiJIrpaBaTH IIEHTPAIBHY POJIb Y BIPOBAKEHH] TPUHITUTIIB
CTaJIOTO 3eMJICKOPUCTYBaHHS HA MiCLIEBOMY PiBHI.

3aKOHOAABUO KOMILJIEKCHUM IUIaH MPOCTOPOBOTO PO3BUTKY BXKE MO3HUIIIOHYETHCS K Odi-
[iITHUI IHCTPYMEHT TUTaHyBaHHs cTajoro 3emiiekopuctyBanns [11]. IIpore Ha mpakTuili edex-
TUBHICTb I[bOTO 1HCTPYMEHTY CYTTEBO 3HMXKYEThCS uepe3 HU3Ky nmpobmem. Hacammepen crno-
CTEpIraeThCsl BIJICYTHICTh HaJeXHOTO (iHAHCYBaHHSA pPOOIT 3 #oro po3poOienHs [7], 1mo
0COOIMBO KPUTHUYHO JIJISI MEHIII €KOHOMIYHO PO3BHHEHUX TPOMaJI, IKi MarOTh 0OMEXEH1 pecy-
pcu. BonHouac BificyTHe HanexxHe Kaprorpadidae 3a0e3nedeHHs s po3pOOKH KOMITICKCHUX
IJIaHIB, MO YCKIAAHIETHCS 3acCTapUIMMH Ta HEMIOBHUMH AaHUMHU. BoeHHI mii mormmOmo0Th
npoOieMy uepes BTpaTy mMarepiajiB, 0OMEXeHICTh AOCTymy 110 reoindopmaii. Kpim Toro, ic-
Hye aedinut kBamidikoBaHux (GaxiBIliB, 3AaTHUX PO3POOIISATH JOKYMEHTH MPOCTOPOBOTO IIjia-
HYBaHHS 3 YpaxXyBaHHSM 3 YpaxyBaHHSM KOMIUIEKCHOCTI 3aB/IaHb CTAJIOTO pO3BUTKY. BiquyBa-
€ThCS TAKOXK HEJOCTATHS 3allIKaBJIICHICTh 3 OOKy OpraHiB MICIIEBOTO CaMOBPSIyBaHHS, IO
YacTo CIPUUMAIOTh 1Iei JOKYMEHT SIK ()OPMaJIbHICTh, a HE AK J1€BUI IHCTPYMEHT YIpPaBIiHHS
PO3BUTKOM TEPHUTOPIi.
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Oco0nuBOi yBaru 3aciayroBylOTb HOPMaTHBHO-IIPABOB1 aKTH, SIKI PETYJIOIOTH MPOLEAYPY
CTBOPEHHS Ta CTPYKTYPY KOMIUIEKCHOTO IJIaHYy MPOCTOPOBOro po3BUTKY [18; 8; 15]. Xoua B
HUX Mepea0adeHo BKIIFOUCHHS TAaKUX BAKIMBUX PO3AUTIB, K «3arpo3u Ta KOHMIIKTH IPUPOJIO-
KOpHCcTyBaHHs» Ta «L{i1i Ta 3aX01M 3 OXOPOHM JOBKULIS Ta CTAJIOr0 MPUPOTOKOPUCTYBAHHS
[18], omHak mi BUMOTH chOPMYIHLOBaHI HAJTO 3arajibHO [6]. BiCyTHICTh KOHKPETHUX METO-
JUYHUX PEKOMEHJAIlIN 1 YiTKO BU3HAYEHUX KPUTEPIiB MIOA0 3MICTy 3a3HAYCHUX PO3ILUTIB TIPH-
3BOAMTH J0 TOTO, 10 BOHU 3aIIOBHIOIOTHCS JIEKJIaPATUBHUMU Te3aMU 03 aHAJIITUYHOI NTUOUHU
Ta MPaKTHUYHOI opieHTalii. SIK HACTiOK, KOMIUIEKCHUH TJIaH POCTOPOBOTO PO3BHUTKY BTpadae
CBOIO 3JIaTHICTh OyTH PEAIbHUM MEXaHI3MOM CTaJIOTO PO3BUTKY, 30KpeMa B YAaCTHHI CTaJIOTOo
3eMJICKOPUCTYBaHHS.

SAxIo 1mi CTPYKTYypHI Ta METOIWYHI HEAOJIKM HE OyIyTh YCYHYTI Ha eTar, Ko poboTa
HaJl KOMIUIEKCHUMH IUIaHAMH B YKpaiHi TUIbKH TMOYMHAETHCS, TO ICHY€ 3HAUHUM PU3HK, LI0
KOMIJIEKCHI IJIaHU MIPOCTOPOBOTO PO3BUTKY TakK 1 3aiuiuarbest GopMaIbHUMH JOKYMEHTaMHU.
VY TakoMmy pasi BTpadyaeTbCcs MOXJIMBICTH IHTErpallii CTaJoro 3¢MJIEKOPHCTYBAHHS B CHCTEMY
YIPaBIIHHS PO3BUTKOM I'POMAJ, 110 CYIEPEYHTh camiii MEeTi iX BIpOBaKEHHs. ToMy Hapasi
HEOOX1/THUM € He JIUIIE TOTPUMAaHHS 3aKOHOJJaBYMX BUMOT III010 CTBOPEHHS KOMIUIEKCHUX I1J1a-
HIB, a i IEpenIsiI HOPMAaTUBHOT 0a3u 3 aKIIEHTOM Ha KOHKPETH3AI[il0 BUMOT 10 iX 3MICTY, Mij-
BUIIIEHHS ()aXxOBOTO pPiBHS BUKOHABLIIB Ta 3a0€3MEUCHHS PEabHOI 3alliKaBICHOCTI TpOMal y
pe3yabprarax MpoCTOPOBOTO MIaHYBAHHS.

3aranom, Ha Hallle IEPEKOHAHHS, BUPIIIEHHS MUTaHb (POPMYBAHHS CTAJIOTO BUKOPUCTAHHS
3eMeJIb HaceJICHUX IyHKTIB Ma€ BiJOyBaTUCS caMe Ha PiBHI TEPUTOPIaIbHUX rpoMajl. Xoda Te-
pUTOpiaIbHI IPOMaaN HE € 00 €KTOM aJMiHICTPaTUBHO-TEPUTOPIATILHOTO YCTPOIO YKpaiHH 3ri-
nHo 3 Konctutymiero [14], BOHM BHU3HAYEHI aMiHICTPAaTHBHO-TEPUTOPIATHHUMHU OIUHUIISIMHU
6a3zoBoro piBHsA KoHuerniiero peopMyBaHHS MICIIEBOTO CaMOBPSIIyBaHHS Ta TEPUTOPIaTbHOT
opranizariii Bnaau B Ykpaini [19]. Opran miciieBoro camoBpsIIyBaHHs, 1110 TIPEACTABIISE 1HTE-
pEecH MEUIKaHIIB TePUTOPIaIbHOI TPOMaJIH, TAKOK BUKOHYE (DYHKIIIO PO3NOPSTHUKA 3EMENb
KOMYHaJIbHOI BJIACHOCTI I1i€1 rpoMajiy, ii OF0/PKETHUX KOIITIB, yIIOBHOBA)KCHUM BUCTYIIATH 3a-
MOBHHKOM KOMIUIEKCHOTO IIJIaHy IPOCTOPOBOTO PO3BUTKY TEPUTOPIATBbHOT IPOMAIH.

OCKUIBKY TEpHUTOpiabHA TPOMaJIa CAMOCTIHHO 3/1HCHIOE YIIPABIIIHHS CBOEIO TEPUTOPIELO,
came BOHa € Cy0’ €KTOM, BiMOBiIadbHUM 32 ()OPMYBaHHS CTAJIOTr0 3€MJICKOPHCTYBAaHHS Ha Mi-
crieBoMy piBHI. Opranm MICIIEBOTO CaMOBPSTyBaHHS MalOTh HAWIIMPIIHMKN TEpesiK MTOBHOBA-
XKEHb y c(epi OXOPOHHU 3eMeIb Ta KOHTPOIIIO 32 X BUKOPUCTAHHSM, TOMY BOHH MOXYTb pPO3pO-
OUTH Ta IMIJIEMEHTYBaTU JOKYMEHTH 3 IUIAHYBaHHS CTaJIOro 3eMJIEKOPHUCTYBaHHS (30Kpema,
pOrpaMy BUKOPUCTAHHS Ta OXOPOHHU 3€MEJIb TPOMAJIN ).

[To-Tpete, cydacHa cucTemMa MOHITOPHUHTY 3eMeNb B YKpaiHi moTpedye CyTTEBUX 3MiH Ta
YAOCKOHAJIEHb I 3a0e3redeHHs] e()EeKTUBHOTO YIPABIiHHS 3€MEbHUMH pECypcaMu, 0COo0-
JIUBO Y KOHTEKCTI TEPUTOPIH, 110 MOCTPAXKIAAIH B BINCHKOBUX Mii. 3 OIVISAY HA 1€, MPOTITOM
2022-2024 pokiB Oys10 IpUHHATO BaXKJIMBI HOPMAaTUBHO-TIPABOBI aKTH, AKi epe10avaroTh 3/iii-
CHEHHSI MOHITOPHUHTY JOBKULIS 3 BUKOPUCTAHHIM B3a€MOIIOB’SI3aHUX Tay3eBUX aBTOMATU30-
BaHuX iH(popmamiiiaux cucreM [20; 9; 16; 17]. BaxxnuBo, 1110 OUIBIIICT IUX aKTiB HAOUPAIOTh
YUHHOCTI Yepe3 IIICTh MICSIIIB 3 IHS CKacyBaHHS Y IPUIIMHEHHS BOEHHOTO CTaHy, TOOTO 3apa3
(akTHYHO TpHUBA€ MiATOTOBKA JI0 CTBOPEHHA KX iH(QOpMAIIHUX crcTeM, BiiOyBaeThes (op-
MYyBaHHsI KOHIIETIIIT.

19 ciuns 2022 poky Posnopspkennsm Kabinery MinictpiB Ykpainu Ne 70-p Oyno cxBa-
neno Konuenuito 3aragpHofepaBHOI LIJILOBOI MPOrpaMy BUKOPUCTAHHS Ta OXOPOHU 3€METIb,
sKa, cepesl 1HIIoro, nepeadayae po3poOIeHHs 1 BIPOBAKEHHs HU(POBUX MPOLECIB Mg Yac
3MIIHCHEHHSI 36MJIEYCTPOIO Ta MOHITOPUHTY 3€MeJTb, aBTOMATHU30BaHUX 1H(POpMaIIHHO-aHATITH-
YHUX CHCTEM 13aC001B JUCTAHIIIITHOTO 30HIyBaHHS 3€MJIi, 2 TAKOK KPUTEPIiB 1 TEXHOJIOTIN TSt
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3MIIHCHEHHS] MOHITOPUHTY 3€MeJTb 1 3eMEJIbHUX BiTHOCHH, 30KpeMa 3 BUKOPUCTAHHSAM aJTOPUT-
MiB IITy4yHOTo iHTeNekTy [20]. ¥V mboMy KOHTEKCTiI 0COOIMBOI aKTyaJlbHOCTI HaOyBa€e J0CIHI-
JDKEHHS CBITOBOI IIPAKTUKHU 3aTy4YCHHS IHCTPYMEHTIB IITYYHOTO iHTEJIEKTY A0 MPOIECiB MOHi-
TOPHUHTY 3€MEJIbHUX PECypCiB 1 MPOTHO3YBaHHS HACTIJKIB 11 HABKOJIHUIIHBOTO CEPEIOBHILA,
aJDKe Taki MiAXOAN CIPUSIOTh aBTOMATHU3AIli1l Ta 3[CIIEBICHHI0 MOHITOPHHTOBUX MIPOIICTYP.

3 MeToro0 3a0e3eueHHs OTPUMaHHS TOCTOBIpHOT iH(OpMAIIil PO cTaH 3eMeNbHUX pecyp-
CiB, a TAaKOX €(PEKTUBHOTO KOHTPOJIIO 3a IX BUKOPUCTAHHAM 1 0XopoHOI0, KoHIemniero nepen-
0a4eHO CTBOPEHHS aBTOMAaTH30BaHOI CHUCTEMH MOHITOPHHTY 3€Mellb 13 3aCTOCYBAHHAM JaHHUX
JTUCTAHIIMHOTO 30HAyBaHHs 3emiti. Y po3BUTOK ux miaxoniB 20 6epe3ns 2023 poky OyB yx-
BasieHnid 3akoH Ykpainu Ne 2973-1X «IIpo BHECEHHS 3MiH JI0 JESKUX 3aKOHOJABUMX aAKTIB YK-
paiHu o0 Jep’KaBHOI CUCTEMH MOHITOPUHTY TOBKULISA, 1H(OpMAIIil Mpo cTaH JOBKULIA (€KO-
joriuHoi iHpopmarii) Ta iHpopMaliitHoro 3abe3nedeHHs ypasiaiHHs y cdepi ToBKULI» [9].
3aKoH, Sk HaOy/le YUHHOCTI Yepe3 IIICTh MICSIIIB MICs CKaCyBaHHs YU NMPUITMHECHHS BOEH-
HOTO CTaHy, rnepeadadae BIPOBAHKEHHS MOHITOPHHTY JTOBKUIIS HA OCHOBI B3a€EMOIIOB’ I3aHUX
rajgy3eBUX aBTOMaTH30BaHUX iHGOpMaLIHHNX cucTeM. J{Jis peanizaiiii Horo MoJ0KeHb YPSJIOM
y’Ke po3po0IeHO i 3aTBEPKEHO BIMOBIIHI MiA3aKOHHI HOPMATUBHO-TIPABOBI aKTH, K1 Ha0e-
PYTh YMHHOCTI OJHOYACHO 3 OCHOBHHM 3aKOHOM.

JloriyHNM MTPOIOBKEHHIM peopM y chepi MOHITOPUHTY CTaJ0 3aTBEPIKEHHS 13 uepBHs
2024 poky IlocranoBoro KaGinery MinicTpiB Ykpainu Ne 684 «Ilopsiaky (hyHKIIOHYBaHHS
JEp>KaBHOT CUCTEMH MOHITOPUHTY JOBKULIA Ta ii migcucrem» [16]. BiamoBigHo 10 1bOro 10-
KyMEHTa, JIep’KaBHa CHCTeMa MOHITOPHHTY JTIOBKIJIJISI BU3HAYAETHCS SIK CHCTEMA CTIOCTEPEKEHb,
30upanHs, 00poOneHHs, aHami3dy, 30epiranss iHpopmarii Ta oOMiHy iH(pOpMAaLi€EI0 TPO CTaH
JOBK1UJIJIS, BIUIMB Ha HHOTO, ITPOTHO3YBAHHS HOTO 3MiH Ta po3po0IeHHS HAyKOBO OOTPYHTOBA-
HUX peKOMEHAALil i NpUHHATTA e()EeKTUBHUX YNPaBIIHCHKUX pillleHb B YKpaiHi 3 METOIO
3abe3nedeHHs nocsarueHHs Llinei cramoro po3BuTky. CucteMa MOHITOPUHTY BKJTIOYAE ITUTANA
pSA miZCHCTEM, 1 Cepes IHIIUX — MiJCUCTEMY MOHITOPUHT 3eMelb 1 IpyHTIB. MOHITOpPUHT 3a
MiJICHCTEMaMU TIPOBOAMTHCS 3TITHO 3 BIIMOBITHUMHU TIOPSIKaMH, 3aTBepKkeHnMH KabineTom
MinicTpiB Ykpainu.

3 oy Ha 11e, 23 mumHs 2024 p. [ToctanoBoro Kadinety MinictpiB Yipainu Ne 848 OyB
3aTBeppKkeHuii HOBUH «Ilopsaok mpoBeieHHs] MOHITOPUHTY 3eMellb 1 IpyHTiB» [17], skuii 3a-
MiHuB 3actapine [lonoxeHHs: Tpo MOHITOPUHT 3eMenb Bif 1993 poky. JIOKyMeHT BU3HAYae Me-
XaHI3M 3/1iCHEHHs] MOHITOPHHTY 3 METOI0 CBOEYACHOTO BUSBJICHHS 3MiH y CTaHi 3eMellb, 3a-
OpyIHEHHS Ta 3MiH BJIACTUBOCTEH IPYHTIB, a TaKOX JJII OLIHKK €(PEKTUBHOCTI 3aXOiB 13
OXOpPOHHU 3eMellb, 30epeKeHHS Ta BITHOBJICHHS I'PYHTOBOI POMIOYOCTI, 3ar00iraHHs HETaTHB-
HUM TIpoliecam 1 JJiKBiAarii iXHiX HaCIiAKiB. Ba)KITMBUM HOBOBBEJICHHSIM CTaJIO BITPOBAKEHHS
MOHSATTS «aBTOMAaTH30BaHa iH(opMmalliiiHa cucteMa MOHITOPUHTY 3e€Mellb 1 IPYHTIB» K iH(Op-
MallifHO-KOMYHIKAI[IfHOT CUCTEMH, 1110 3a0e31euye aBTOMaTH3alli0 IPOIeCiB MOHITOPUHTY Ta
BIZIKPUTHUH TOCTYI KOPUCTYBAYiB /10 HOTO pe3ynbTaTiB, CHPUSIOUN IPO30POCTi, OOMiHY iH(OP-
Malli€o MOA0 CTaHy 3eMelb, 3eMJICKOPUCTYBAaHHS Ta 3aJ0BOJICHHIO iH(OpMaIiitHuX moTped y
ctepi oxoponu 3emens. [lependayaeTbes, MO 3a JOMOMOTOI0 aBTOMATH30BaHO1 1H(popMaIiiHOT
CHUCTEMH MOHITOPUHTY 3€MEJIb 1 TPYHTIB MPOBOAUTHCA 30ip, 00poOKa, mepenaBanHs, 30epe-
KEHHS Ta aHalli3 iH(opMmalii, OTPUMaHOI MIISIXOM CHCTEMAaTHYHUX CHOCTEPEkKEHb 32 CTAHOM
3eMeJIb 1 IPYHTIB, TICIs Y0ro (POPMYIOTECS PE3yJbTaTH MPOBEACHHS iX MOHITOPUHTY. Tomy 3a-
pa3 HeoOxinHO chopMymmIOBaTH KpUTEPii MOHITOPHHTY, SIKi JO3BOJIATUMYTh (PIKCYBaTh CTYIiHb
BIJIMOBITHOCTI CTaHy 3€MeJlb 1 IPYHTIB BUMOT'aM CTAJIOTO 36MJICKOPHCTYBaHHSI.

brok-cxema oOrpyHTyBaHHS HEOOXiTHOCTI (hopMatizaiii MOHATTSA «CTasle 3eMICKOPUCTY-
BaHHS» HaBelIeHa Ha puc. 1.
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Puc. 1. Brok-cxema ootpynmyeanus neobxionocmi gpopmanizayii noHsamms
«cmane 3eMNeKOPUCYBAHHLY

BucnoBku. B ymMoBax HEOOX1THOCTI BiTHOBJICHHS YKpaiHU 0COOJIMBOI aKTyaJIbHOCTI Ha-
OyBae motpebda y dhopManizallii MOHITTS «CTalle 3eMJICKOPUCTYBAHHS» K 0230BOTO MPUHIIUITY
YIOpaBIiHHSA 3eMEJIbHUMHU pecypcaMy. 3aKOHOIaBYe BU3HAYEHHS L[OTO TEPMiHA € JIeKIapaTu-
BHUM 1 HE MICTHTb YITKUX KPUTEPIiB I HOTO OILIHKY, IO YCKIIATHIOE peatizalliio epeKTUBHOT
3eMeJIbHOI MOJIITUKU Ta TPOCTOPOBOTO TUIaHyBaHHsA. KoMIIeKCH1 Mi1aHu MpoCcTOpOBOTO PO3BU-
TKY TEpUTOPiaIbHUX IpoMaJ, 110 HaOynu 060B’s3k0BocTi 3 2028 poKy, BU3HAUYEHI OCHOBHUM
IHCTPYMEHTOM BITPOBA)KEHHSI IPUHIIMITIB CTAI0ro 3eMiekopuctyBaHHs. [IpoTe Hapa3i moTeH-
iiiHa e(PeKTUBHICTh TAKHX IOKYMEHTIB 0OMEXYETHCS METOAUYHUMH, KaJIpOBUMH Ta (piHAHCO-
BUMH NMPOOJIEMaMH, a TaAKOXK BIJICYTHICTIO YITKUX HOPMAaTHBHHUX OPIEHTHUPIB y cepi cTanoro
BUKOPUCTaHHA 3eMenb. OcoOnuBy poiib y (hOpMyBaHHI CTAJIOT0 3eMJICKOPUCTYBAHHS MAalOTh
BIJIIrpaBaT OPTaHHW MICIIEBOTO CaMOBPSAYBaHHS, K1 BiAMOBIZAIOTH 3a YIPaBIiHHSA TEPUTO-
pi€ro rpomay, IIaHyBaHHSA ii pO3BUTKY Ta OXOPOHY 3eMenb. BogHouac i 3a6e3neueHHs Ha-
JISKHOTO KOHTPOJIIO 32 CTAHOM 3€MeNb 1 MPUIHATTS OOTPYHTOBAaHUX YHPABIIHCHKHUX PIIICHb
HEOOXITHUM € 3aIPOBA/KCHHS CyYacHOiI aBTOMATH30BaHOI CHCTEMHM MOHITOPHUHTY 3eMeNb 1
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IPYHTIB, 3aCHOBAHO{ Ha TaHWX JUCTAHIIHHOTO 30HAYBaHHS Ta AITOPUTMAX ITYYHOTO iHTEJE-
KTy. Takum ynMHOM, (popMaizallist MOHATTS «CTalle 3€MJIEKOPUCTYBAaHH) Ma€ CIIUPATUCS Ha
MDKIUCITUTITIHAPHUH MIIX17, SKHH BPaxOBY€E B3a€EMO/III0 €KOJIOTIYHUX, eKOHOMIYHUX 1 CoIlia-
JHHUX YAHHMKIB HA yCIX PIBHAX YIPABIIHHS.

3asBa npo BukopuctanHs reveparuBHoro LI Ta rexnosoriit Ha ocHosi LI
B IIpOLieCi HANIMCAHHS TEKCTY CTATTI.

[Tix yac HamMcaHHS IbOTO MaTepiay aBTopu BUKOpucToBYBayin Mermaid Chart — nmst Bi-
3yauizanii 61ok-cxemu Ha Puc. 1; ChatGPT — anst oopmiteHHS CIMCKY BUKOPHCTAHUX JKEpel
y ctiumi APA Ta xnacudikarii cratti 3a Y /IK. [Ticns BuKopucTaHHs IMX IHCTPYMEHTIB aBTOPH
NeperisHyIN Ta BiApenaryBajid pe3yabTar 1 B3sau Ha ce0e MOBHY BiAMOBITAIBHICTh 3@ 3MICT
myOJTiKarti.
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SUBSTANTIATION OF THE NECESSITY TO FORMALIZE
THE CONCEPT OF “SUSTAINABLE LAND USE”

The article highlights the conceptual, legal, and organizational aspects of forming sustainable land use in Ukraine under
the current conditions of wartime challenges and the future reconstruction of the state. It emphasizes that the current legislative
definition of “sustainable land use” is declarative and lacks clear technical parameters for evaluation, which complicates the
implementation of a rational land management policy. The paper reveals contradictions in the normative interpretation of the
term, proposes its technical clarification, and identifies directions for its formalization through the development of assessment
criteria, regulatory indicators, and the implementation of modern land monitoring tools.

Considerable attention is paid to analyzing the role of comprehensive spatial development plans for territorial commu-
nities, which, starting in 2028, will become mandatory and are intended to ensure the sustainable development of territories.
1t is stated that the effectiveness of this instrument is hindered by insufficient funding, a shortage of qualified specialists, and
the absence of methodological guidelines, which often turn such plans into formal documents without real influence on the
spatial policy of communities. The article emphasizes the need to strengthen the institutional capacity of local self-government
bodies as key actors in promoting sustainable land use.

Particular attention is paid to the reform of the state land and soil monitoring system. The paper analyzes new legislative
acts adopted in 2022-2024 that provide for the establishment of an automated information system for monitoring based on
remote sensing of the Earth and artificial intelligence algorithms. These approaches are expected to enhance transparency,
scientific validity, and timeliness of management decisions in the field of land protection.

The study concludes that the formalization of the concept of “sustainable land use” should be based on an interdiscipli-
nary approach combining legal, environmental, economic, and technological dimensions. This will transform the theoretical
idea of sustainability into a practical management tool essential for the effective restoration, reconstruction, and further de-
velopment of Ukraine’s territories.
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EXPERIMENTAL VALIDATION OF THE CREATION OF CONDITIONAL
NOOSPHERIC INTELLIGENCE USING GEOINFORMATION MODELING

The aim of this study is to test a model for the formation of conditional noospheric intelligence (CNI) based on data from
academic staff of higher education institutions in Ukraine, using methods of mathematical and geoinformation modeling. CNI
is considered a complex structure that includes administrative intelligence, integrated intelligence, and the qualification po-
tential of natural intelligence carriers.

The study demonstrates that the qualification potential of academic staff'is the foundation for the formation of CNI. The
proposed methods and analytical schemes contribute to improving the rating evaluation system of academic staff'in universities
and to the creation of a prospective cadastral system of intellectual resources.
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Urgency of the research. The current stage of scientific and technological progress is charac-
terized by the active development of research in the fields of artificial intelligence (Al) and infor-
mation technologies that utilize knowledge models. The rapid growth of information volumes and
their accelerating increase create conditions that some researchers describe as approaching infor-
mational singularity. This necessitates the development of new approaches for the collection, pro-
cessing, and analysis of large datasets, as well as the integration of knowledge from diverse sources.
In response to these challenges, Grid and Smart technologies are evolving, including “smart” de-
vices, buildings, cities, and other complex systems capable of adapting to changing conditions and
ensuring efficient resource management. Therefore, this study proposes to examine the potential of
an intellectual system representing the scientific capacity of Ukraine.

Target setting. The representation of information evolves as technical capabilities for its
collection, processing, and storage improve. With the emergence of artificial intelligence tech-
nologies, perceptions of information have also changed. When considering information and
data generated by both Al and humans, there remain certain differences and characteristics —
human-generated information tends to be more accurate and of higher quality. This gives rise
to the problem of transforming and integrating high-quality human-generated information into
a unified complex. To address this, it is necessary to develop a coherent structure and classifi-
cation of such information with reference to its creators.

Actual scientific researches and issues analysis. To form an understanding of the current
state of research on the application and development of intelligent systems in education, works
[1-5] were analyzed. The features of modeling for studying collective intelligence were examined
in works [6-8]. For the analysis of GIS applications in modeling elements of intelligent systems,
works [9=10] were reviewed. Relevant source data were obtained from materials [11-12].
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Uninvestigated parts of general matters defining. Analysis of previous studies has shown
that research on intelligent systems in various human activities has already been conducted. This
includes the field of education, which conceptually remains a source of scientific potential for
any country. In general, various concepts and models for developing different types of intelligent
systems have been proposed. However, a key limitation is that these systems address scientific
potential only to solve specific, isolated tasks, without focusing on the source of scientific ideas
and solutions for the respective tasks. Moreover, quantitative indicators of the scientific compo-
nent applied to the formation and functioning of intelligent systems are largely absent.

The research objective. The purpose of this study is to test a model for forming a condi-
tional noospheric intelligence based on data from academic staff of higher education institutions
in Ukraine, using methods of mathematical and geoinformation modeling.

The statement of basic materials. This study introduces the term conditional noospheric
intelligence (CNI), based on V. I. Vernadsky’s concept of the noosphere. CNI is understood as
the system’s ability to form groups of experts from among academic staff — the intellectual elite
of higher education institutions — to solve current scientific, educational, and practical tasks.
This process considers their qualifications, experience, competencies, and capacity for collab-
orative work, allowing for effective knowledge integration and ensuring high-quality decision-
making across various fields.

The authors developed a model of conditionally noospheric intelligence, the core of which
is implemented in analytical form:

CUTHATypa

MUY =(P(Y),IA, I QY, @87, T). (1)

where P(Y) — denotes the qualification potential of natural intelligence bearers, determined by
the set of multiple intelligence vectors Y={pi}, i=1,9;

I? — represents administrative intelligence, i.e., collective intellectual activity within or-
ganizational structures (department, meeting, council, etc.);

I® — is the integrated (hybrid) intelligence, combining collective intelligence with
knowledge models and artificial intelligence to solve weakly structured problems;

Q}f’* — describes the relationships of “being useful for solving tasks within a group of se-
lected academic staff in the core Q7

QBY — denotes the set of relations forming morphism cones within the core Q for solving
complex problems across different subject areas;

Cc — is the inclusion relation, reflecting the formation of the CNI core as a subset of the
academic staff universe;

QBY — represents the time axis, illustrating the process of knowledge accumulation, com-
petence formation, and professional growth of academic staff.

Based on the previously obtained research results, the task arises to assess the quality of
expert groups forming the core of CNI. Currently, there exist methods for achieving consensus
in decision-making, including the Delphi method, decision matrices, and the judgment method,
among others. The assessment of these methods’ quality is based on the calculation of the Con-
cordance Coefficient, which characterizes the degree of agreement among experts’ opinions
(expressed as ranks) across a set of criteria.

Unfortunately, this method cannot be fully applied when evaluating collective intelligence,
particularly integrated intelligence and, even more so, CNI.

The authors of this study decided to verify specific provisions of I4 formation using their
own example — a quantitative assessment of the collective intelligence of the co-authors
(Prof. K. O. Meteshkin, Associate Professors M. A. Kukhar and V. O. Shevchenko, and Senior
Lecturer L. O. Masliy).
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The input data included values of qualification indicators and rules proposed at Kharkiv
National University of Municipal Economy named after O. M. Beketov, which reflect all pos-
sible outcomes of academic staff member (ASM) intellectual activity and their evaluations.

In the case of the qualification indicators of Professor Kostiantyn Oleksandrovych
Meteshkin’s intellectual activity, they are tabulated and partially presented in Table 1 in bold font.

Table 1 — Qualification potentials of ASM and their quantitative characteristics

Ne Rating Indicator Quantltat'lve Note
Score (points)
1 2 3 4
K1 Teaching experience ti=1; t3=2; Temporary horizons purposefulness
t3=3; t;=4. | professional NPR activities
K2 Academician / Corresponding Member of 60/40 60 — with training load;
the National Academy of Sciences of 40 — without training load
Ukraine
K3 Laureate of the State awards 50/40 50 with training load;
40 — without training load
K4 Award Winner Cabinet of Ministers of 30/20 30 with training load;
Ukraine 20 — without training load
K5 Academician / Corresponding Member 20/10 20 with training load;
(International, non-governmental 10 — without training load
academy)
K6 Doctor of Science/ Candidate of Science 20/10 20 — doctor;
10 — candidate
K7 Honorable title « Honored» scientist and 20
engineer
K8 of Honor of the President of Ukraine, 20
Cabinet of Ministers of Ukraine
K9 Publication in the reporting period period 20/15 20 — textbook;
textbook or manual with the stamp of the 15 — manual
Ministries of Education and Science of
Ukraine
K9.1 | - individual textbook 20xk k — number publications
20x1=20
K9.2 | - two authors textbook 20/2xk k — number publications
K9.3 | - three or more authors 20/nxk n — number co-authors;
k — number publications
K9.4 | - individual manual 15xk k — number publications
K9.5 | - two authors manual 15/2xk k — number publications
7.5%4=30
K9.6 | - three or more authors 15/nxk n — number co-authors;
15/3%1=5 k — number publications
K10 | Edition monographs in the reporting pe- 20 For each edition
riod period
K10.1 | - alone 20xk k — number publications
20x4=80
K10.2 | - two authors 10/2xk k — number publications
K10.3 | - three or more authors 20/nxk n — number co-authors;
20/4x3=15 k — number publications
K11 Scholarship holder (grantee) of the Presi- 15
dent of Ukraine, Cabinet of Ministers of
Ukraine
K12 | Awards of the Ministries of Education 10
and Science of Ukraine and others minis-
tries (excellent badge) education, etc.)
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End of table 1

1 2 3 4
K13 | of Honor from the Ministry of of Educa- 10
tion and Science of Ukraine
K14 Member of the State certification com- 10

mission, expert council of Ministries and
of Education and Science of Ukraine
K15 Chairman/ Scientist secretary / member 10/7/5xk 10 — Head;

of the special council from protection dis- 5%2=10 7 — scientist secretary;

sertations 5 — member of the special council,
k — number special council

K16 | Member of the Scientific and Methodo- 5

logical Committee commissions Ukraine
K17 | Member of editorial boards

K17.1 | - international magazines 10xk k — number magazines

K17.2 | - national professional journal according 5xk k — number magazines

to the list of the Higher attestation com-

mission Ukraine

K18 10xk k — number guides / consultations
10x4=40
K19 | Leadership earlier protected candidate 5/3 5 — patents;
dissertations, scientific consultancy doc- 3 - other
toral dissertations
K20 | Patents / copyrights certificates (other se- For each

curity documents) received in the report-
ing period period

K20.1 | - Articles published in the reporting year 6
period

K20.2 | - in journals with an impact factor 4

K20.3 | - in foreign magazines 144

K20.4 | - injournals according to the lists of the 8

Higher attestation commission Ukraine

Source: developed by the authors.

The professional activity of the professor was carried out at three higher education institu-
tions, namely: Kharkiv Military University (KMU), the International Slavic University (ISU),
and Kharkiv National University of Urban Economy named after O. M. Beketov. The duration
of the professor's intellectual activity exceeds 30 years. He has published over 200 scientific
and scientific-methodological works and possesses extensive experience in supervising candi-
dates for academic degrees as well as providing consultation for doctoral students.

Formally, the set of ASM according to the staff schedule of the higher education institution
and its organizational structure can be represented as:

Poys = (P&, P{', P5, P, P1}, ((Py, P, P;) € Pf') € P2, 2)

where P; — ASMs at the beginning of their careers, holding positions of assistant and lecturer,
whose knowledge and intelligence are still in the developmental stage;

P, — senior lecturers and associate professors, whose knowledge and intelligence allow them
to perform educational-methodical tasks as well as solve research problems with good quality;

P5; — department professors, whose knowledge and intelligence are highly organized and
enable them to solve educational-methodical and scientific problems with high quality;

P#, P2 —heads of departments, deans of faculties, doctors and professors, whose knowledge
and intelligence allow them to make correct and effective decisions. The superscript «A» denotes
that these categories belong to the administration of the higher education institution.
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It should be noted that the requirements of the Ministry of Education of Ukraine regarding
academic titles and degrees of higher education institution academic staff initially establish
certain preferences among teaching positions. Formally, this can be represented as a system of
preferences or a career progression system for ASMs.

P& >Pf>P;>P, > P, 3)
where the symbol “>" denotes the preference relation of ASMs for a particular position.

The question arises as to which indicators can be used to evaluate the effectiveness of a
professor's intellectual activity over different time horizons of their professional career. In our
view, one such indicator may be the qualification potential of an ASM, which takes into account
the history of their intellectual activity.

The input data for constructing its utility function and determining the qualification potential
realized by the professor at Kharkiv National University of Urban Economy named after O. M. Be-
ketov may include a list of published scientific and methodological works, as well as information
from the human resources department regarding the professor's personal achievements.

Thus, the analysis of this data showed that the utility function of the professor’s intellectual
activity over the entire professional career, i.e., over the interval [0, t}] takes the form:

Q[0,t3] - (Ky > K¢ > Ko > K19 > Ki5 > Kig > K3p), 3)
Let us decompose the preference system (2) according to the highlighted intervals and de-
termine the qualification potential for each of them:

QLo,t]) - (Ki(2) > K3(2) > K3p.4(1)) . (4)
At the beginning of their professional career, during the interval [0, t]) years, the ASM co-
authored two educational manuals and published three articles in scientific professional journals.
Then it can be written as Y} K(n) = 7, where K~ denotes the total qualification potential
realized during the initial interval of professional activity, i — is the indicator number in Table
1, j —1is the total number of indicators, and nnn is the score for a single indicator. The total score
characterizing the qualification of the ASM over the time interval [0, t{ | is equal to 7.
Similarly, utility functions will be constructed for the intervals [t{, t5) and [t}, t5). They
will take the following form:

Q[t, t5) — (Ki(2) > Kdg(2) > (Koa(D); TIR(m) =11, (5)
Qlts, t5) - (KF(3) > (KE: (1) + Kfo3(1)) > (Khoa(6) + K£5(28) ), £/ K (n) =90. (6)

In formulas (5) and (6), K and K denote the total qualification potentials realized by the
ASM over the intervals [t], t5) and [t5, t5) respectively.

The utility function for the fourth interval will take the following form:

Q[ts, ti] »
- K1 (4) > K4 (20)
> (K91.1(20) + K355(5) + K56(2)) > (K31 (3) + Ki2(10) + K5 (5)) > 1 ()
> KZ5(5) > K5 (10) > ((K733(2) + K3o4(1)

the total score characterizing the qualification potential of the ASM over the interval [t5, th]
will be equal to Z{ K(n) =365.

By analogy, we calculate the total qualification potential of Associate Professor M. A. Kukhar.

The professional activity of Associate Professor Maksym Anatoliyovych Kukhar began at
Kharkiv National University of Urban Economy named after O. M. Beketov. The duration of

his intellectual activity is 5 years. He has published over 49 scientific and scientific-methodo-
logical works.
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The utility function of the intellectual activity of the associate professor over his entire
professional career, i.c., for M. A. Kukhar, over the interval [0, t5] according to the data in
Table 1, takes the following form:

Q[0,tz] = (K1 > K¢ > K10 > K30), (8)
Q[0, ) — (KI(1) > K3(10) > Kio3(6) > Kigs(1), ©)
Q[t1, t3) = (K (2) > K3 (10) > Kiy3(5) > (K301 (1) + K353(1) + K304(1))). (10)

The total score characterizing the qualification of the ASM over the time interval [t],t5)
is Z{ K(n) = 33.

The total score characterizing the qualification potential of the ASM over the entire period
[, 5] is X K(n) = 60.

The professional activity of Associate Professor Viktoriya Oleksandrivna Shevchenko be-
gan at Kharkiv National Automobile and Highway University. The duration of her intellectual
activity is 26 years. During this time, V. O. Shevchenko has published over 78 scientific and
scientific-methodological works.

The utility function of the intellectual activity of Associate Professor V. O. Shevchenko

over her entire professional career, i.e., over the interval [0, t;], according to the data in Table
1, takes the following form:

Q[0,t3] = (K1 > K¢ > Ko > K19 > K19 > K3), (11)
Q[0,t9) = (K (1) > Ko4(D)), (12)
Q[t1, t3) = (K1 (2) > (K3p3(1) + K304(1))), (13)

O[E5 £5) - (Kf(a) > K§(10) > K55(3) > Kio3(4) > (K302(1) + Kig5(1) +>, (14

+ K354(1)

1 1 3 2 2
Q[ts, th) — (Kl (4) > Kio3(4) > Iit}((;i(:)(;(zo.l(l) + K353(1) + ) (15)

The total score characterizing the qualification of the ASM over the time interval [t5, t})
is Z{ K(n) = 44.

The total score characterizing the qualification potential of the ASM over the entire period
[tf, 5] is X} K(n) =123.

The professional activity of Senior Lecturer Liubov Oleksiivna Masliy began at Kharkiv
National University of Urban Economy named after O. M. Beketov on April 1, 2014, in the
position of laboratory assistant in the Department of Land Administration and GIS, where in
the same year, in the autumn, she was additionally appointed as an assistant on a part-time basis.
The duration of her intellectual activity exceeds 10 years. She has published over 35 scientific
and scientific-methodological works.

The utility function of the intellectual activity of the senior lecturer over her entire professional
career, i.e., over the interval [0, t§], according to the data in Table 1, takes the following form:

QI[0,t3] = (K1 > Ky > K19 > K3p), (16)

Q[0,t]) = (K1 (1) > Kiy3(1) > K}y, (1)), (17)

Qt1, t5) = (K1 (2) > K36(5) > K5 3(1) > (K31 (3) + K5 3(2)), (18)
Q[t5, t5) - (Ki(3) > Ky3(2)). (19)

The total score characterizing the qualification of the ASM over the time interval [t}, t5)
is Y R(n) = 11.

The total score characterizing the qualification potential of the ASM over the entire period
[t5, 5, 5] is X)) R (n) = 46.
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The obtained results are summarized in Table 2.

Table 2 — Quantitative assessments of the total qualification potentials of collective inte-
lligence (TQPCI)

Full Name (F. M. L.) Z’ kKm) Z' Rn) Y
I3 L
Meteshkin K. O. 90 365 01,03, P2, D5 Pe» P7, Po
Kukhar M. A. 33 60 D3, P Pe
Shevchenko V. O. 44 123 D3, Pa, Per Per Pa
Masliy L. O. 11 46 01,03, Po
Iz 178 594 Y b, -,

Source: developed by the authors.

Table 2 presents data characterizing the collective intelligence I of the group, in this case,
the co-authors of this article. It shows the total coefficients that represent the qualification po-
tential of the group (the collective of co-authors). This composition cannot be considered an
expert group, as it includes only one expert.

Analyzing the collective intelligence of this group, we find that the set Y is incomplete, and the
group of co-authors lacks a bearer of natural intelligence with the properties p,. However, the sci-
entific and educational focus on the study of cadastral systems does not require musical abilities from
the authors, and this can be neglected. This fact is indicated in Table 2 by the relation V p,, —p5.

For a clearer understanding of this approach, it is possible to visualize the TQPCI (Total
Qualification Potential of Collective Intelligence) across Ukraine. Conditionally, we assume
the average TQPCI of a Doctor of Sciences is 365, of a Candidate of Sciences
(60 +123) /2 =91 and for those without an academic degree, 46. As of early 2024, in the Uni-
fied State Electronic Database, there was presented 82091 academic staff members, 86,2 % of
whom hold academic degrees: 20,4 % are Doctors of Sciences, 65,8 % are Philosophiae Doctor
Candidates of Sciences, and 13,8 % have no academic degree. According to the registry of
educational institutions in Ukraine, there are currently 519 higher education institutions (HEISs).

The conditional number of academic staff per HEI is 82091 /519 = 158, including 32 Doctors
of Sciences, 104 Candidates of Sciences, and 22 without an academic degree. Accordingly, the
TQPCI per HEI is calculated as: 32365 + 10491 + 2246 = 22156.

Based on these data, a QGIS model of the TQPCI distribution across Ukrainian HEIs was
created (Fig. 1).

Fig. 1. Model of TOPCI Distribution by Number of HELs and ASM in Ukraine
Source: developed by the authors.
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These data are relevant and approximate to reality according to the experiment and open
sources of the Ministry of Education. They reflect variations in scientific outcomes across HEIs
depending on the composition of academic staff. However, these studies require a larger dataset
to represent a complete and reliable model, taking into account not the average experimental
indicator, but relevant data from various academic staff members.

Conclusions. In this study, the qualification potential of academic staff is presented for the
first time as an element of conditional noospheric intelligence in a quantitative form. A model
has been developed that integrates mathematical and geoinformation modeling methods, ena-
bling the visualization and evaluation of the collective intellectual potential of higher education
institutions across Ukraine. The model was tested, and quantitative indicators of the authors’
qualification potential were established. Based on these indicators, a GIS-based model of the
qualification potentials of the collective intelligence of Ukraine’s regions was constructed.
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EKCINNEPUMEHTAJIBHUM IIJIXIJI IO CTBOPEHHA
YMOBHOTI'O HOOC®EPHOI'O IHTEJIEKTY
3A JTOIIOMOI'OIO 'EOIH®OPMALNINHOI'O MOJAEJIIOBAHHSA

Memoio yvozo docnioxcenns € anpobayis ma eepudixayis mMooeni Gopmysants yMoOGHO-HOOCHepHO20 iHmenekmy Ha
OCHOBI OAHUX HAYKOBO-NEOa202iuHUX NPayi6HUKI6 3ax1adie euwoi oceimu Ykpainu i3 3acmocy8antam memooie mamemamuy-
HOo20 ma 2eoingopmayitinozo mooenioganns. Memooonoziuna ocHosa 00caioxcenHsa nepeddbayac KOMNJIEKCHUl HayKosull nio-
Xi0, AKUll iHMe2pye Memoou MOOeN08AHHs, AHANI3Y, CUHME3Y, N02IYHO20 Y3a2albHeHHA Ma eMRIPUiHi Memoou, o 3abesneyye
6cebiune gusUeH s OUHAMIKY MA NOMEHYIANY KOIeKMUGHUX IHMeleKmyanbHux pecypcis. Jlpicepenamu 0ocuiodtcenHs sucmyna-
10mb pe3ynbmamu HayKoeoi 0isibHocmi asmopis ma iokpumi dani Minicmepcmea ocsimu Yxpainu.

V yiii pobomi esooumucs mepmin «ymosno-noocgepnuii inmenexmy (YHI), saxuii 6azyemvcs na konyenyii noocgepu
B. I. Bepnaocwroeo. I1io YVHI pozymiemuca 30amuicme cucmemu popmyeamu 2pynu eKcnepmis i3 4ucia Hayko8o-neoazoeiuHux
npayienuxie (HIII1) — inmenexmyanvhoi enimu BH3 — Ona eupiwenns akmyanbHux HAyKoBUX, OCS8IMHIX Ma Npakmu4Hux 3a60aHs
cyuacnocmi. basyouucs na yvomy, asmopamu 6yna pospobnena mooens popmyeanHs YMOBHO-HOOCHEPHO20 iHmMeneKmy.

Lna sepudbixayii moodeni npoeedeHo KinbKicHy OYiHKY KOJIEKMUBHO20 iHMeNeKmy cnieagmopie 00CIiONCeHHs 3 YPAXy8aH-
HAM IXHIX KeaniikayitiHux NOKA3HUKIE, Npogheciiinozo 00ceidy ma Haykogux 3000ymxie. Buxopucmano gyuryii kopucnocmi
iHmMeneKmyanbHoi OisLIbHOCMI HA PI3HUX YACOBUX [HMEPBALAX, U0 00360IUL0 BUSHAYUMU CYMAPHUL K8ANIQIKaAYIlIHULL nOmeH-
yian epynu ma oyiHumu eexmueHicmes KOAeKMueHo2o inmeiekmy. Anaiiz nokazas, wo He 6ci 1ACmMugoCmi nPUPOOHO2O iH-
menexmy Oy NOSHICMIO NPe0CmAgieri 8 2pyni, npome cneyu@ixa 00cHioNicend Y 2any3i Ka0acmposux cucnem 003680JI51€ 66a-
olcamu ye oOMedCeHHs Hecymmeeum 07 yinell pobomu.

Ha ocnogi ompumanux oanux cmeopeno 2eoin@opmayitiny Mooens po3nooiny Keari@ikayitiHo2o nomenyiany Koiekmue-
HO20 iHmenexmy no 3akaadax euwoi oceimu Yxpainu. Mooens demoncmpye 6nius ckaady HayKo80-neoazo2iuHux npayieHuKie
Ha HAyKo8I pe3ylibmamu 3aKk1aoie, 003601A€ OYIHUMU NOMEHYIA KONeKMUBHO20 iHmeleKmy Ha pieHi ycmanosu ma 3abesneuye
0CHOBY 071 NPULIHAIMMSA YNPAGNIHCLKUX PilieHb Wo00 PO3GUMKY iHMENeKMYaibHUXx pecypcis.

Hocniooicenns noxaszye, wo xkeanighikayivinuii nomenyian Hayko68o-nedazo2iuHux npayieHuKie € hynoamenmom Gopmy-
BAHHSL YMOBHO-HOOCHEPHO20 iHMENeKNtY. 3anpOnoHO8AHT MEMOOU MA AHATIMUYHI CXEMU CHPUAIOMb YOOCKOHAIEHHIO cucmemu
pelimunzo60i OYiHKU HAYKOBO-Ne0a2o2iuHUX NPAYIGHUKIE, CIBOPEHHIO NePCNeKMUBHOL Kadacmpogoi cucmemu iHmeneKmyaib-
HUX pecypcis, a maxoic Modcyms Oymu adanmosani 051 GUKOPUCAHHA 8 THUUX cghepax HayKo8o-nedazo2iunoi ma opeaiza-
yitHoi disnvrocmi. Lle niokpecnioe npakxmuuny 3HaUywicms 00CHIONCEHHS 0N NIOGUUEHHS eDeKMUBHOCTE YNPAGIIHHS 3HAH-
HAMU MA ONMUMI3AYIT BUKOPUCAHHS TI00CLKO20 KANIMALY Y 8UWill 0C8IMi ma CyMidcHUX cepax.

Knouosi cnosa: mooens 3namns; inmenekmyaisha cucmema, Hoocgepnuii inmenexm, 2eoingpopmayiiine mooemosannsi; T'IC.
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AHAJII3 HEOBXITHOI MOTYKHOCTI JIJIsSI MIPUBEJEHHS B PYX JIOIIATEA
YCTAHOBKU JJIAA TIPUT'OTYBAHHA HI3/IPIOBATUX BETOHIB

B ymosax inmencusnozo po3eumxy 0y0ieenvHUX mexHoa02ii i 3pOCmMants UMo2 00 eHepeoeheKmueHoCmi ma aKocmi
8UpobHUYMBa 6yOigenbHUX Mamepianie, 30Kpema NiHOOemony, aKmyarbHUM NOCMAE 3a80AHHA 600CKOHANEHHS KOHCMPYKYill
3mMiwy8anvHo2o obnaonanns. Y cmammi npedcmagneno meopemuine 00CAiONCeHHs npoyecy pobomu 3miulyeaiua ma usHa-
YeHHS. NOMYHCHOCII, HeOOXIOHOT 01151 NpUSeOeHHs 8 pyx pob04020 Op2any MOOLTbHOI GEMOHO3MIUYBATLHOT YCMAHOBKU NPUMY-
c060i 0ii. [Iposedeno ananiz KOHCMPYKMUSHUX NApamempis 3miulyéaua ma eceomempii ionameil. Busnaueno ocHosHi ckiadosi
3a2a1bHOT NOMYIHCHOCI. eHePeOSUMPAMU HA POPMYBAHHS | NIOMPUMAHHS BUXPOBO2O PYXY CYMIUL, A MAKOIC NOMYICHICIY,
HeoOXiOHa 015 NOOOAAHHS ONOPY cepedosuwa npu pyci ronameti. Ompumani pe3ynvmamu 00360A10Mb OYIHUMU 6NIUE KOHC-
MpyKyii ma KinemamuuHux napamempis na enepeocnodcuganhs. O6Ipynmosano nioxoou 0o eubopy npusody ma nioBULeHHs.
eexmusrocmi pobomu MobibHUX OEMOHO3MIULY8ATLHUX YemaH080K. Ocobnusy yeazy npudiieHo Xapakmepucmuxkam nycko-
8020 pedCcUMy, OCKINbKU came 8 yell MOMEHmM CROCMEePIcacmbCsl MAKCUMANbHe HABAHMAdICEHHs Ha npueio. Ananimuuni 3ane-
JICHOCE MOJCYMb OYMu 6UKOPUCIAHT HA emani NPOEKMY8anHs 0 onmumizayii ceomempii poboyux opearis i ubopy enep-
200U4a0H020 pedcumy pooomu.

Knrouogi cnosa: nomyoicnicmo npugooy; 10name,; 3Miuy8ants; Oemono3miuysay npumycogoi 0ii; enepeis pyxy, eumep-
2oeghexmuanicme.

Puc.: 3. bion.: 11.

AKTYaJIbHICTh T€MH J0CJiIKeHHsl. B yMOBax cy4acHOro po3BUTKY OyiBETLHUX TEXHO-
JIOT1i Ta 3pOCTAaHHS BUMOT JI0 SIKOCT1 i eHeproe(eKTUBHOCTI BUPOOHHUIITBA Oy 1IBEIbHUX MaTe-
piaiiiB, 30KpeMa Hi3IpIoBaTUX OETOHIB, aKTYyaJli3y€eThCsl HEOOXIAHICTh yIOCKOHAJIIEHHS 3MIIIy-
BajgpbHOrOo oOmamHanHs [1]. Take oOmagHaHHS Mae 3a0e3nedyBaTd OJHOPIAHICTH Ta
CTaOUTBbHICTh PELeNITYp HaBITh P 3MIIIyBaHHI CKJIaJHUX 33 CTPYKTYPOIO Ta TEKYUiCTIO CyMi-
meit. Oco0muBo1 yBaru nmoTpeOyroTh MOOLTBHI 3MINTyBadl TPUMYCOBOI [Iii, iK1 TOBUHHI BiJIIO-
BIJIaTU KPUTEPISIM KOMITAKTHOCTI, TEXHOJIOT1YHOI THYYKOCTI Ta €HeproeeKTUBHOCTI. 3HAYHA
YacTHHA €HEProCIOXUBAaHHS TaKOTO OOJIaIHAHHS NPHITAA€ HA TIOTYXHICTh, HEOOXIIHY IS
NpUBOAY POOOYOro oprany — jomnareil. 3 orjsay Ha Te, [0 TeOMETpis JIomaTeH, X KiUIbKICTb,
KyT HaXWily, a TaKOXK KiHEMaTW4Hi MmapaMeTpu Oe3MocepeiHbO BILUTUBAIOTh HAa €PEKTHBHICTD
MepeMiIlyBaHHs Ta OIip 3MIIIYBAaHOTO CEPEIOBHUINA, BU3HAYCHHS PaIliOHAIBHOI MOTYXHOCTI
MIPUBOAY € OJTHUM 13 KJIIFOUOBHX €TarmiB nmpoekTyBaHHs [2]. HemocraTtHa abo HaamMIKoBa 1o-
TY>KHICTh MOKE TIPU3BECTH /10 HEEPEKTUBHOTO TIEPEMINTYBaHHS a00 MEPEBUTPATH €HEPTii, 110
€ KPUTUYHO BKIMBUM B YMOBaX MOOIJTbHOTO BUKOPUCTAHHS YCTAaHOBKH.

ITocTaHoBKa npodaeMu. Y Mexax I[bOr0 JTOCTIIKEHHS PO3TISAA€ThCS MOOUTBHUH Oe-
TOHO3MiIIyBa4 npuMycoBoi Aii. [Iporec mpoekTyBaHHs 3MilIyBaJbHUX MPHUCTPOIB TaKOTO
TUITY TIepen0avae He JUIIe JOTPUMaHHSI YMOB, HEOOX1THUX JIJIs 3a0€31eUeHHsI BUCOKOT 1HTe-
HCHBHOCTI IIEPEMIITyBaHHS! KOMIIOHECHTIB, aJie i CTBOPEHHS KOHCTPYKIIi1, 31aTHOT €()eKTUBHO
(GYHKIIOHYBAaTH 3 PO3YMHOBUMH CYMIIIaMH PI3HOI KOHCHCTEHIIIT Ta IUPOKOTO Jiarma3oHy
IpaHyJIOMETpUYHOro Ckiaay. OTHUM i3 BaXKIMBUX 3aBJaHb i 9ac MPOEKTYBAaHHS TaKHX
NPUCTPOIB € BU3HAUEHHS MOTY>KHOCTI, HEOOX1IHOT JJIsl IPUBENEHHS B PyX JIOMaTei 3Milry-
Bava. Burpata eHeprii 6e3mocepeiHbO 3aJIeKUTh BiJl (PI3UKO-TEXHOJIOTIYHUX BIIACTMBOCTEH
00p0o0IIIOBAHOTO CepeOBHINA, TCOMETPUIHHUX TTApPAMETPIB 3MIIIyBaua, a TAKOX PEKUMY HOTO
po6otu. HamMipHa MOTY>XHICTh MPUBOAY MPHU3BOJIUTH 0 MEPEBUTPATH €HEPTii Ta 30171b-
IICHHST BAPTOCT1 00IaIHAHHSA, TOI1 5K 11 HEOCTATHICTh CIIPUYNHSE 3HIKEHHS €(PEKTUBHOCTI
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nepeMilTyBaHHsI U HEOHOPIAHICTh CTPYKTYPH CyMilIi. Y 3B’S3Ky 3 IIMM MOCTa€ HAYKOBO-
MPaKTUYHE 3aBJaHHS: PO3POOHUTH MIJIXiJ 10 TEOPETUIHOTO BU3HAYEHHS MOTYXHOCTI, HEOO-
XiIHO1 AN mpHUBOAY POOOYOro OpraHy MoOOUIBHOrO OeTOHO3MillyBada 3 ypaxyBaHHSM
BIUIMBY (Di3MKO-MEXaHIYHUX BIACTUBOCTEH CyMillli, KIHEMaTHKH PyXy JonaTei 1 KOHCTPYK-
TUBHHUX OCOOJMBOCTEH 3MillTyBayva.

AHaJi3 ocTaHHIX JXKepeJ aocailKkedb. Ha cygacHOMy eTari po3BUTKY TEXHOJIOT1H y ra-
Jy31 BUPOOHHIITBA CyXUX OYIIBEIbHUX CYMIIICH OJHUM 13 HaWOUIbII aKTyalbHUX 3aBlIaHb €
CTBOPEHHSI BUCOKOS(EKTUBHUX 3MIITyBaviB YAOCKOHaJIEHOT KOHCTpyKUii [3; 4]. OcHOBHUMU
BUMOTaMH JI0 TAKUX YCTAHOBOK € 3HWKEHHSI CHEPrOBUTPAT MPHU OJTHOYACHOMY PO3LIUPEHH] HO-
MEHKJIATYPH OJEP>KYBaHOI MPOAYKIIi1 Ta 3a0€3MeUeHH] BUCOKOI SKOCTI 3MIIITyBaHHS.

[Iporiec mepeminryBaHHs CUTIKMX MaTepiajiB sBJs€ COO0I0 CKIIaJHE MEXaHIKO-TEXHOJIOT1-
YyHE SBUIE, CPEKTUBHICTH SKOTO 3HAYHOIO MIPOI0 BH3HAYAETHCS KOHCTPYKTUBHUMH OCOOJIH-
BOCTSIMU 3MIIIIyBaJIbHOTO 0OnaaHaHHs [5; 6]. [Ipu aHami3i TUIIB 3MIlTyBadviB 3 MO3UINHN KiHe-
MaTUKH pPOOOYMX OpraHiB Ta TiJPOJAWHAMIKM MOTOKY NEPCHEKTUBHUMU € YCTaHOBKU
IPUMYCOBOI Aii, sIKi CTBOPIOIOTH IHTEHCUBHUI BILTUB Ha 3MillyBaHy Macy. OcoOnuBuii iHTEpec
CTaHOBJIATH 3MIITyBayi 3 BEPTUKAJIBLHUM PO3TAIIyBaHHIM Baly, B AKMX 3a0€311€Uy€ThCSI IHTEH-
CHBHA B3a€MOJIisl pOOOYHX OPraHiB 13 MaTepiajoM 3aBISKH CTBOPEHHIO 30H 3HUKEHOTO OIOPY
MEePEMIIIICHHIO YACTHHOK. Y TaKUX 30HaX BUHUKAE €(EKT MCEBIO3PIHKEHHS MOPOIIKOTIOII0HOT
MacH, 110 CHpHsIE aKTHBI3allli MEePEeMINTyBaIbHOTO MPOIECY. 3a PAXYHOK IIbOTO JOCSITAETHCS
i BUIICHA OJHOPIHICTh 0AaraTOKOMIIOHEHTHUX CYMIIIIEH, 30KpeMa TaKuX, [0 MalOTh CKJIaIHY
penentypy abo HU3bKY TeKy4icTb [7; 8].

AHani3 HayKOBO-TEXHIUHOI JIiTepaTypH, MaTeHTHOI JokymeHTauii [9, 10] Ta pe3ynbrariB
EKCIIEPUMEHTAIILHUX JTOCIIIHKEHD MTOKa3ye, 10 3MIITyBadi 3 BEPTUKAIBHO OPI€EHTOBAHUM BaJIOM
JIEMOHCTPYIOTh MiJABUIICHY €()EKTHBHICTh MPH BUTOTOBJICHHI CYXHX OyIBEIBHUX CYyMIIIEH,
BKJTIOUYAI0YU MOIM(DIKOBaH1 KOMIO3UIIIT 13 3aJaHUMH (hi3UKO-MEXaHIYHUMU BJIacTUBOCTIMU [11].

Buninennsi HeIoCisKeHMX YACTHH 3arajibHoiI mpodJemMu. BuTpara moty)HOCTI Ha
eTari 3amycKy OETOHO3MIIIyBauiB € BaXXJIMBUM TE€XHIKO-€KOHOMIYHUM MOKa3HUKOM, 110 Oe3-
NIOCEPEHHO BIUIMBAE HA €HEProe(PeKTUBHICTH poOOTH OOJIaJHAHHS Ta HOTO eKCIUTyaTaliiiHy
HaJIHHICTh. BCTaHOBICHHS 3aKOHOMIPHOCTEH MK TEOMETPi€I0 pOOOUNX OpraHiB, BIACTHBOC-
TSIMH 3MIITYBAHOTO CEPEOBHIIA Ta EHEPTETUIYHIUMHU BUTPATAMH TPU MYCKY J03BOJISIE PO3IIH-
PUTH 3HAHHS PO KOHCTPYKIIIFO PUCTPOIO 3 METOIO 3MEHIIICHHS ITyCKOBHX HAaBAaHTAXKEHB 1 ITiJI-
BUIICHHS HOTO €()eKTUBHOCTI.

Merta cTaTTi —TeOpeTUYHE TOCTIKEHHS CHIIOBOI B3a€MO/Iii poO0Uoro oprany po3pooie-
HOTO MOOUTHHOTO O€TOHO3MIIIIyBaya MPUMYCOBOI JIii 3 PO3YMHHOIO CYMIMIIIIO. Y MeXax J0CTi-
JOKCHHSI BAKOHAHO aHaJl13 KIHEMaTHYHHUX XapaKTEPUCTHK 3MIllTyBava Ta BU3HAYECHO MOTYKHICTb,
HEOOX1THY JIJIsl MPUBEACHHS B PyX HOTO JIoTaTel 3 ypaxyBaHHIM (Di3UKO-MEXaHIYHUX BIACTHBO-
cTeit 00pOOIIOBAHOTO CEPEIOBHIIA Ta TEOMETPUYHUX TapaMeTpiB poOOUYHX €JIeMEHTIB.

BukJjaa ocHoBHOro MaTepiasy. 11 mpoBeIeHHS KOMITJIEKCHOTO aHalli3y Jii MOOIJIbHOTO
0eTOHO3MIlTyBa4Ya IPUMYCOBOI Jii, 300pa’KeHOr0 Ha puc. 1, MPU3HAYCHOTO [ IPUTOTYBAHHS
KOMITOHEHTIB ITi/1 YaC BUPOOHHUIITBA MHOOETOHY HEOOX1THO BpaXOBYBAaTH KOHCTPYKTHBHI 0CO-
OJIMBOCTI POOOYOT0 OpPTraHy Ta YMOBH HOTO B3a€MOII1 3 MaTepiaioM, 10 3MIilTyeThes. [IpuHmmm
poOOTH TaKoro 3MilTyBada I'PYHTYEThCA Ha 00€pTaHHI JIOMATEH, 3aKPITUICHUX Ha BEPTUKAIIb-
HOMY NPUBOJHOMY BaJly B HWXKHINM 4acTHHI 3MillyBajibHOI kKamepu. [1i yac obepTaHHs Jonari
31IMCHIOIOTH IHTCHCUBHHI MEXaHIYHUHN BIUTUB Ha CyMII, 3a0€3Meuyr0dyr piBHOMIPHHIA PO3MO-
JIJT KOMIIOHEHTIB y BCbOMY 00’ €Mi poOou0i 30HH.
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Puc. 1. Mobinbruti 6emonosmiutyeaua npumycogoi oii:
1 — 6epmukanvruii 8an; 2 — pyxomi 1onamxu, 3 — 306HIUHA CMPIUKA, 4 — 3MiUly8albHUL
KOHmeuHep, 5 — enekmpoo8uzyt; 6 — nyivm Kepy8anHs,; 7 — GUBAHMANCYBATbHUL HCON0D,
8 — pama; 9 — 3acunnuii omsip, 10 — koneca, 11 — pyuka

3 MeToro 3a0€3MeUeHHs paIlioHaIbHOTO BUOOPY KOHCTPYKTUBHHX 1 KIHEMAaTUYHUX ITapame-
TpiB OETOHO3MIIITyBay4a, a TAKOXK 3HUKCHHSI EHEPrOBUTPAT Y MPOIIEC] MPUTOTYBaHHS Oy 1iBEITh-
HUX CyMilllel, BHHUKAa€ HEOOXIAHICTh Y BU3HAYCHHI TIOTY>KHOCTI, III0 BUTPAYAETHCS Ha MepeMi-
IITYBaHHS YaCTMHOK y poO0o4YoMy 00’ €Mi 3MillTyBayva /It IPUTOTYBAaHHS Hi3IPIOBATUX OCTOHIB.

3arasibHa MOTYKHICT P MOOUIBHOTO OETOHO3MIITYBa4a MPUMYCOBOI [ii, ika HeoOXiHa
JUIs 3MIITyBaHHS YaCTUHOK MaTepiaiy, CKIaJaeThesl 3 OTYKHOCTI, 10 BUTPAYAEThCS HA MiT-
PUMKY IIBHIKICHOTO PEXXHUMY CYMIIIi B 30HI BUXPOBOTO pyXy P, , Ta MOTYXHOCTI, 1110 BUTpa-

w.p.>

Ya€ThCsl Ha TIOIONAHHS CUJI OTIOPY pyXy Jjonati F, , .

3aranpHa MOTYXHICTH P MOOUTBHOTO O€TOHO3MIIITyBa4a BU3HAYAETHCS:

P:PmAp.+P0.pAﬂ’ (1)
ne P, , — NOTYXHICTb, 0 BATPAYAETHCS HA MIATPUMKY IIBUIKICHOTO PEKUMY CyMIlIi;
P — OTYXHICTb, 1110 BUTPAYAETHCS HA MOAOJIAHHS CHJI OTIOPY PYXY JIOMATI.

0.p.JI.

JIst OOYMCIIEHHS CIOKUTOI MOTY>KHOCTI Ha MIATPUMKY IIBHIAKICHOTO PEXUMY CYMIlI B
30HI BUXPOBOrO pyxy £, CTBOPIOEMO PO3PaxyHKOBY CXeMy, Ky 300pakeHO Ha puc. 2, Ta

BHU3HAYMMO €HEPTiI0 BUXPOBOTO £ PyXy B 30HI BUPBH:

2
5 Rmax dé‘
E=2-mca) (hy—h,) [ || rdr, )
- \dr
ne  h,, —MakcHMalbHa BHUCOTa MiJHOMy MaTepiany B OyHKepi;
h,, — INIAOWHA yTBOPEHOI BOPOHKH;

a, — IIOJIOXKCHHA BEKTOpa HIBI/II[KOCTi;

O — KyT HaXWly BEeKTOpa MIBUAKOCTI;
¢ —KOe(DILIEHT, IKMIA TPUAMAEMO BIITTOBIHO 0 TEOPETUYHUX JTOCITIIPKEHb, IPUHHATH PIBHUM:

czR_oa (3)

e m — Maca Marepiaiy sSKuil 6epe yuacTb y BUXPOBOMY pYCi;
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R, —paniyc yTBOpeHHi y BEpXHii 4YaCTHHI BOPOHKH.

o

% /7I77£7X

Puc. 2. Cxema PO3PAXYHKY 60POHKU

[Ticnst mepeTBOpPEeHb Ta PO3B’A3KY PIBHIHD OTpI/IMyCMO PIBHSIHHS y BUTJISIL:

E=og.20 Vo (hmax =, a? 4)
k R,
OGcsr marepiany, 110 6epe y4acTb y BUXpOBOMY pyci MaTepiany V,, , BUSHAYA€TbCS TAKUM
CIIIBBIIHOIIIEHHSIM:
Vi =7 R (R =y )=V, o)

[TixcraBuBim (5) mpuBOAUMO PIBHSHHS (4) 10 CITiBBiTHOIICHHS:

E:Z]z'.g()'Vgux_(hmax_hmin)_ COZ-LZ- ]+ -
k R, 4-p

_2 g .hmin . (6)

BukopuctoByroun criBBiHOmEHHs (6), 3HAXOAUMO BHpa3 ISl BEIMYMHH TOTYXKHOCTI
P HEOOXITHOT 71 MATPUMKH BHUXPOBOTO PYXy YACTHHOK CYMIIlll TIPU BHCOKOIIBHJIKIC-

w.p.?

HOMY 3MIIIIyBaHHi:

Pmp :272..8().V8ux _(hnm\f_hmm),a). a)Z.LZ- ]+ ] 2 _Z'g'hmm

()

Takum unHOM, OTpUMaHe CHIBBIAHONICHHS (6) BU3HAYAE 3HAYCHHS MOTY>KHOCTI, SIKY HEOOXi-
JTHO BUTPATUTH HA MIATPHUMKY BUXPOBOTO PyXy YACTHHOK CYMIlIIi.

Horyxwicte P, , , , HEOOXiIHA JUTs IOJOIAHHS CUJI OTIOPY PyXY JIONATi 3MilyBaya, Oy/e CKiia-
JIaTUCA 3 IOTYXKHOCTI P, , sIka BUTPAYaeThCs Ha MOI0IaHHS CUIIN OHOPY THCKY MaTepiaity CyMilii
Ha MOBEPXHIO Jonari, P,  , 1110 BUTPAuaeThCsl HA MOAOJIAHHS CUJIH OIOPY TEPTS 110 BHYTPILIHIN
O14H1} MOBEPXHI LIIIHAPUIHOTO KOPITYCY BHACTIJOK BIILEHTpOBOi cuit F,, , P, BUTpavyaeTbes

Ha MOJI0JIAHHS OIIOPY 3CYBY CyMIllll MaTepialy IIOA0 CyMillli, pO3TallloBaHOI HaJ Jlonarow, P,
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MOTYKHOCTI Ha TMOJIOJIAHHS OTIOPY TEPTS MO OCHOBI MWTIHAPUYIHOTO KOPITYCYy MPH MEepeMillleHH]
JIOIIATOI0 MaTepiany:

POp/'l = PWI\/I +Pmn +P3L + P}’n.K. ° (8)
OGuncnumo Macy Matepialy CyMiln m,, , 0 HEePEMILIy€eThCs JIONATO B IMIIHAPUIHOMY
KOHTEHHEpI:
&
m, = 0. h-cosa-I?, )
} k

ne & — BucorTa Jiomnari;
&, — MOYATKOBE 3HAYEHHSI IILIBHOCTI MaTepiany;
k — xoedilieHT pO3MyMIEHOCTI CyMiIli;
O — KyT BIIXWJICHHS JIONIATi BiJl BEPTUKAJIL.
JUtst oGUMCIIeH s IOTYKHOCTI P, 3BepHEMOCS IO PO3PaxyHKOBOI CXeMH, TIPECTABICHOI HA

puc. 3. 3 ypaxyBaHHSIM IPEACTABICHOI CXEMH 3HAXOAUMO:
T-sina=m,-g, (10)

ne 7' — Benu4rHa CUIIM TUCKY, 110 HaJAa€ThCsl Ha JIOMATy MaTepialioM, 1110 MepeMIIy€eThCS.

e

Puc. 3. Pospaxynxosa cxema 0o uznauenHss cui, wjo 0itoms Ha I0NAmy:
a — pobouuti opean MoOLILHOI YCMAHOBKU Y 8U2NAOL IONAMI NPAMOKYIMHO20 Nepepisy;

6 — pobouuti opear MOOIILHOI YCMAHOBKU Y UTIA0L TONAMI MPUKYMHO20 nepepizy

3Ha4YeHHs NOTYXKHOCTI P, BU3HAUaTUMETHCSI TAKUM CITIBBITHOIICHHSIM:

1

-8, (11)

Pm.,w = lu.T.UcAM . c.M.
Sinao

e M —KoedilieHT TepTS YaCTUHOK MaTepiaily IO JOoMaTi;

L, , — BeINYMHA HIBUJKOCTI CXOJKEHHS MaTepiady 3 Jomarti 3MilllyBaya B paJiaIbHOMY
HAaIpsMKYy:
w, L
_ 0
Uc.,w - H (12)
2-u

Je @, —4acrora 00epTaHHs MaTepialy CyMilli;

L — noBkuHa jonari.
[Ticnst mepeTBOpEHHh OTPUMYEMO:
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P,M=7r'80-h-L3-0),,-g-ctga. (13)
T2k
Benmuuna noryxHocti P, OyJe BU3HAYaTUCh TAKUM CITIBBITHOILICHHSIM:
P, =ty F-a, L. (14)

Binuentposa cuna F,, Oyzae BU3HAYaTUC:

2 2
_m.M'a)O'L :ﬁ'go_h.LS )

o= ’.cosa. 15
8i0 L k 0 ( )
3 ypaxyBanssm (15) dopmyna (14) npuiimae Takuii BUTIIS:
mﬂz%-h-ﬁ-@j-cosa. (16)

Bennuuny noTHYHUX HanpyXeHb 7(7 ), 10 BUHUKAIOTh Y CHITy4YOMY Matepialli Ha BiICTaH1
BiJI OC1 00epTaHHs 3HaX0IMMO 32 (JOPMYJIOIO:

1 ¢g,-
o(r)=—-208 ;. (17)
2 k
Toni BenmuuuHa cuii onopy 3cyBy F, Marepiaily JONATTIO JOPIBHIOBATHME:
L-h-g,-
FT=h~L~cosa-r(r)=—0gcosa-r. (18)
2k
Bemmuuna pobGotu A4, . , sika noTpiOHA Ha mojosaHHs onopy cuid (17), BU3HaYaTUMEThCS
CIIBBIIHOIIIEHHSIM:
L
L-h-¢
A, =[Fdr= 0’8 .17 cosa. (19)
" 4-k
Ha nincrasi (19) 3HaxoauMo Bupas, 0 BU3HAYa€ 3HAYEHHS MOTYKHOCTI P,
L-h-g,-g-o
P, =A”-a),,=¢-ﬁ-cosa. (20)
. e 4.k
Bennuuny norysksocti P, 3Hai[eMo BIIIOBIIHO 10 CIIBBITHOLIECHHS:
Pmk::u‘m,w'g‘ljcep’ (21)
e er — CepelHE 3HAYCHHSI OKPY>KHOT IIBUKOCTI JIOATI, SIKE BU3HAYAETHLCS 3T1HO 3 BUPA3OM:
_ 10)
U,pp = 70 L. (22)

[TincraBuBmm dpopmyiy (22) B (20) 3 ypaxyBanHaM (9) mIpUBOIUMO J0 TAKOTO Pe3yIbTaTy:

Buw =754 .

SIKIIO Ha Baly 3HAXOAMTHCS JIONATe 71, TOZl TMOBHY MOTYXHICTh P, 110 BUTpadaeThcs Ha
MIPUBEJICHHS B PYX Y BHCOKOIIIBUIKICHOMY JIONATEBOMY 3MillTyBadi MaTepiaiy, BU3HaYaTHME Ha-
CTYITHUW BUpa3:

1 .ﬂ-h-go-g-wo.y. (23)

P = PlMp + lfl ’ n ’ (Pm.,l'h + PmJ’lA + Pfﬁ’ACA ) + Pm (24)

K.

ne y, — KoedilLieHT, 10 BpaXOBYe B3a€MHUI BILUIUB JIONATI OJUH HA OJJHOTO IPH iX pyCL.

Otpumane mrykaHe piBHSHHS (24) 103BOJIsIE BA3HAUYNUTH CYMapHY MOTY>KHICTh MOOUJTEHOTO Oe-
TOHO3MIIITyBaya 3aJI€KHO BiJl HOTO KOHCTPYKTUBHUX XapaKTEPUCTHUK 1 peKUMY poOOTH.
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BucHoBKH. Y MeXax IMPOBEIECHOT0 TEOPETUIHOTO JIOCIIHKEHHS MPOAHAII30BaHO KOHCTPYK-
11i10 MOOLIBHOTO OETOHO3MIIITyBa4Ya PUMYCOBOI JIii Ta BU3HAYEHO OCHOBHI (DAaKTOpPH, 10 BILIMBA-
I0Th Ha CHEPTOCIIOKMBAHHSA IIiJ] Yac TepeMilryBaHHs OyiBETbHUX CYMIIIEH PI3HOTO CKIIay.
OTpuMaHO aHANITHYHY 3aJISKHICTh U1l BU3HAYECHHS 3arajIbHOI OTY>KHOCTI, HEOOX1THOT JJIs IpH-
BEJICHHS B PyX JIOMaTel 3MilllyBaya, sIKe BpaxOBY€E T€OMETPUYHI IMapaMeTpr poOoUoro opraHy Ta
KiHEMaTU4H1 XapaKTePHUCTUKH 0OEpTaHHSI.

Cnmcok BUKOPUCTAHMX JIKepeJt

1. Hazapenxo, L. I. (1999). Mawuru onsa eéupodonuymesa 6yoieenvhux mamepianis. Kuis: KHYBA.

2. Rudyk, R., & Salnikov, R. (2024). Analysis of the mixer geometry and rheology impact on concrete
mixture mixing efficiency. Texnixa 6ydisnuymsa, (41), 77-84. https://doi.org/10.32347/tb.2024-41.0409.

3. €EmenbsiHOBY, . A., & Animenko, A. I. (2012). BuzHaueHHSI 0CHOBHUX MOKa3HUKIB pOOOTH TEXHOJIO-
TYHOTO KOMIUIEKTY OONaJHaHHS, IO CKJIAJA€ThCs 3 OETOHO3MIIlyBaya IpaBiTALiMHO-IIPUMYCOBOI Jii Ta
CTPIYKOBO-CKPEOKOBOTO KUBHILHHUKA. 30IpHUK HAYKOGUX npays. I anyzese mawunodyoyeanms, OyOieHuy-
meo, (1), 28-34.

4. Hazapewnxo, . 1. (2017). BuznaueHHs paljioHaIbHHX MApaMeTpPiB rpaBiTaliiHuX OETOHO3MIIITYBadiB.
Tipnuyi, 6yodisensni, dopooicni ma meniopamushi mawunu, (90), 67-72.

5. Onmmenxo, O. I, & Bamenxko, K. M. (2006). Po3paxyHOK MOTYKHOCTi Ta BU3HAYCHHS OTIOPIB, 1110
BHUHHUKAIOTB ITPX POOOTI CTPIYKOBOTO ITHEKOBOTO PO3urHO3MINTyBada. Bicnux KTV, 1(36), 58-63.

6. Ceupuaiok, 1. 5. (2011). AHasi3 Ta OLiHKa KOHCTPYKTUBHO-TEXHOJIOT YHHX ITapaMeTpiB OETOHO3Mi-
nryBadiB. Teopis i npakmuxa 6ydisnuymsea, (8), 11-14.

7. Pyunncekuit, M. M., & Ceupumiox, . 5. (2013). JocnimkeHHs KoIMBaHb BiOpaLiitHOro 6€TOHO3-
MilllyBaua 3 ypaxyBaHHSIM BIUIMBY [IEpeMilllyBaHOTO Marepiaiy. Texuixa Oyoienuymsa, (31), 35-42.

8. Kopobko, b. O., Bacuibes, O. C., & Porosin, 1. A. (2015). Anaii3 KiIHEeMaTHK{ CyMillli B KOPITYCl
3MIllTyBa4a 3 BEPTUKAILHUM IITHEKOM 31 3MIHHOIO TBIpHOI0. CxioHO-E8poneiicbKull HCypHA nepedosux me-
xuonoeiu, 3/7(75), 48-52.

9. Kopo6ko, b. O., Bacunbes, O. C., & Porosin, 1. A. (2015). Bepmuxanvruti amiutysay i3 uwiHeKo8oo
cmpiukoio 3i 3minnoio meiproio (Ilarent Ykpainu Ne 99566).

10. Kopo6xo, b. O., Bacuibes, O. C., & Porozin, 1. A. (2013). Yemanoska pozuunosmiuysanvha 3 ée-
pmuxanvrum wiHekom (Ilarent Yrpainu Ne 81413).

11. Bipuenxo, B. B. (2006). IIpuroTyBanHs OyAiBeIbHUX PO3YNHOBUX CyMIIIIeH 3a JOITOMOTOIO e(heK-
TUBHUX 3MIITyBadiB. Bicnux Kpemenuyyvkoeo HayionanbHo2o yHisepcumeny imeni Muxaiina Ocmpoepao-
cvroeo, 1(66)(1), 71-74.

References

1. Nazarenko, L. I. (1999). Mashyny dlia vyrobnytstva budivelnykh materialiv [Machines for the pro-
duction of building materials]. KNUBA.

2. Rudyk, R., & Salnikov, R. (2024). Analysis of the mixer geometry and rheology impact on con-
crete mixture mixing efficiency. Tekhnika budivnytstva — Technology of construction, 41, 77-84.
https://doi.org/10.32347/tb.2024-41.0409.

3. Yemelianova, 1. A., & Anishchenko, A. 1. (2012). Vyznachennia osnovnykh pokaznykiv roboty
tekhnolohichnoho komplektu obladnannia, shcho skladaietsia z betonozmishuvacha hravitatsiino-
prymusovoho dii ta strichkovo-skrebkovoho zhyvylnyka. [Determination of the main performance indicators
of a technological set of equipment consisting of a gravity-forced concrete mixer and a belt-scraper feeder].
Zbirnyk naukovykh prats: Haluzeve mashynobuduvannia, budivnytstvo — Collection of scientific papers: In-
dustry-specific mechanical engineering, construction, 1, 28-34.

4. Nazarenko, . I. (2017). Vyznachennia ratsionalnykh parametriv hravitatsiinykh betonozmishuvachiv
[Determination of rational parameters of gravity concrete mixers]. Girnichi, budivelni, dorozhni ta meliora-
tivni mashini — Mining, construction, road and land reclamation machinery, 90, 67-72.

5. Onyshchenko, O., & Vashchenko, K. (2006) Rozrakhunok potuzhnosti ta vyznachennia oporiv, shcho
vynykaiut pry roboti strichkovoho shnekovoho rozchynozmishuvacha. [Calculation of power and determi-
nation of resistances arising during the operation of a ribbon screw mortar mixer.] Visnyk KDPU — KDPU
Journal, 1(36), 58-63.

478



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(41), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

6. Svyrydiuk, D. Ya. (2011). Analiz ta otsinka konstruktyvno — tekhnolohichnykh parametriv beto-
nozmishuvachiv. [Analysis and evaluation of structural and technological parameters of concrete mixers].
Teoriia i praktyka budivnytstva — Theory and practice of construction, (8), 11-14.

7. Ruchynskyi M. M., Svyrydiuk D. Ya. (2013) Doslidzhennia kolyvan vibratsiinoho betonozmishu-
vacha z urakhuvanniam vplyvu peremishuvanoho materialu. [Research of vibrations of a vibrating concrete
mixer taking into account the influence of the mixed material]. Tekhnika budivnytstva — Construction tech-
nology, 31, 35-42.

8. Korobko, B. O., Vasyliev O. S., & Rohozin I. A. (2015) Analiz kinematyky sumishi v korpusi
zmishuvacha z vertykalnym shnekom zi zminnoiu tvirnoiu. [Analysis of the kinematics of the mixture
in the housing of a mixer with a vertical screw with a variable generator]. Skhidno-Yevropeiskyi zhurnal
peredovykh tekhnolohii — Eastern European Journal of Advanced Technologies, 3/7(75), 48-52.

9. Korobko, B. O., Vasyliev, O. S., & Rohozin, 1. A. (2015). Vertykalnyi zmishuvach iz shnekovoiu
strichkoiu zi zminnoiu tvirnoiu [ Vertical auger ribbon mixer with variable feed] (Patent Ukrainy — Patent of
Ukraine No. 99566).

10. Korobko, B. O., Vasyliev, O. S., & Rohozin, I. A. (2013). Ustanovka rozchynozmishuvalna z
vertykalnym shnekom [Mortar mixing plant with vertical screw] (Patent Ukrainy - Patent of Ukraine No.
81413).

11. Virchenko, V. V. (2006). Pryhotuvannia budivelnykh rozchynovykh sumishei za dopomohoiu efek-
tyvnykh zmishuvachiv [Preparation of mortar mixtures using efficient mixers]. Visnyk Kremenchutskoho
natsionalnoho universytetu imeni Mykhaila Ostrohradskoho — Bulletin of the Kremenchuk National Univer-
sity named after Mikhail Ostrogradsky, 1(66)(1), 71-74.

Otpumano 07.08.2025

UDC 693.542.524
Oleksii Vasyliev', Volodymyr Kulai®

'PhD in Technical Sciences, Associate Professor of the Department of branch machinery and mechatronics
National University «Yuri Kondratyuk Poltava Polytechnic» (Poltava, Ukraine)
E-mail: a.s.vasiliev.76@gmail.com. ORCID: https://orcid.org/0000-0002-9914-5482

2PhD Student, Department of branch machinery and mechatronics
National University «Yuri Kondratyuk Poltava Polytechnic» (Poltava, Ukraine)
E-mail: lykym339@gmail.com. ORCID: https://orcid.org/0009-0007-4990-5336

ANALYSIS OF THE POWER REQUIRED TO DRIVE THE BLADES
OF A PLANT FOR PREPARING EXPLOSIVE CONCRETE

In the conditions of intensive development of construction technologies and increasing requirements for energy efficiency
and quality of production of building materials, in particular foam concrete, the task of improving the designs of mixing equip-
ment is urgent. A significant part of the energy consumption of such equipment is the power required to drive the working body
of — blades. Insufficient or excessive power can lead, respectively, to inefficient mixing or energy overspending, which is critical
in the conditions of mobile use of the installation. In this connection, a scientific and practical task arises: to develop an
approach to the theoretical determination of the power required to drive the working body of a mobile concrete mixer, taking
into account the influence of the physical and mechanical properties of the mixture, the kinematics of the movement of the
blades and the design features of the mixer. The article presents a theoretical study of the operation process of the mixer and
the determination of the power required to set the working body of the mobile concrete mixing plant in motion. An analysis of
the design parameters of the mixer and the geometry of the blades was carried out. The main components of the total power
are determined: energy costs for forming and maintaining the vortex movement of the mixture, as well as the power necessary
to overcome the resistance of the medium during the movement of the blades. The obtained results make it possible to assess
the influence of design and kinematic parameters on energy consumption. Approaches to choosing a drive and increasing the
efficiency of mobile concrete mixing plants are substantiated. Special attention is paid to the characteristics of the starting
mode, since it is at this moment that the maximum load on the drive is observed. Analytical dependencies can be used at the
design stage to optimize the geometry of working bodies and choose an energy-saving mode of operation.

Keywords: drive power; blade; mixing; forced-action concrete mixer, motion energy, energy efficiency.

Fig.: 3. References: 11.
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MPOBJIEMH OIIHKA KATEI'OPIN MMOMKO)KEHHSA KPYITHOITAHEJIBHUX
YACTKOBO 3PYHUHOBAHMX BYJIUHKIB HICJS JUHAMIUHHUX
I BUBYXOBMUX BIIJIUBIB

Y emammi npeocmasneno ananiz payionarenocmi ma eKoHOMiUHOI egheKmusHOCmi NOCUNEHHS MA KANIMAIbHO20 PeMo-
HMY 4ACMKOBO 3PYUHOBAHUX BEIUKONAHENbHUX 0)0igenb I0N0GIOHO 00 GUIHAUEHOI Kame2opii NOUKOO’CEHb BHACTIOOK OUHA-
MIYHUX MA YOapHUX 6NIUGI8, OMPUMAHUX Y pe3yabmami 60tosux Oiti. Buxoosuu 3 npakmuunoi ma ekoHomiuHoi 0oyinbHOCMI,
npoananizoéano MONCIUGI Memoou ma cnocodu niocuneHHs GelUuKonaneIbHux 0yoieeib ma 3anponoHO8aHO NOKAZHUK iHme2-
PANbHO20 3HOCY O/15 IOHECEeHHs 00 2PAHUYHOT KAMe2opii NOUKOOHCEHD.

Knrwouoei cnosa: senuxonanenvui 6yoieni, kamezopii pyuHyeanus, memoou nioCuienHs, KanimanibHull pemMoum.

Puc.: 2. Tabn.: 2. Bi6n.. 9.

2

AKTYyaJILHICTh TeMH J0CJiTKeHHs1. BemkonanenbHi Oy/1iBiIl CTaHOBJIATH 3HAYHY YaCTHHY
KHUTIOBOTO (POH/TY TIOCTPAASHCHKUX KpaiH, BKIIOUAIOuN YKpaiHy, Ae iXHs yacTka csrae nmonan 40
% OararonoBepxoBoi 3a0yoBH. CrioyaTky i KOHCTPYKII{ MPOEKTYBAUCS JUIs IIBUIKOTO 1HyC-
TPiaJbHOTO CKJIAJJaHHA Ta €KCIUTyaTallii B yMOBaX HEBHCOKHMX JHUHAMIUHHUX BIUIMBIB, MPOTE CY-
YacHI YWHHUKY BIUTUBY CYyTTEBO 3MIHWIM YMOBH IXHBOI ekcrutyararii. OCHOBHUM MapaMeTpoM
Ha 2025 pik € BO€HHI [Ii1, 110 IPOJOBXKYIOTHCS Ha TEPUTOPil KpaiHU Ta MPU3BOIATH 10 YACTKOBHX
1 TOBHHUX TTOIIKO/KEHB KU TIIOBUX MAaCHBIB: BUOYXOBI Ta yAapHI XBWJII MatOTh JUHAMIYHUN Xapa-
KTep, aHAJIOT1UHI CEHCMIYHUM BIUTMBAM, BUKJIMKAIOUM SIK TIOBHI PYHHYBaHHS KOHCTPYKTUBHHX
CHUCTEM, TaK 1 JIOKaJIbHI O0OBaJICHHS, y TOMY YHCJI1 TIOIITKO/PKEHHS CTHKIB MiX ITaHEIISIMHU.

IMocTanoBka npodiaemu. [Ipobrema parioHaJIbHOCTI Ta eKOHOMIYHOT €(pEeKTUBHOCTI TO-
CHJICHHS Ta KaIliTAIHPHOTO PEMOHTY BEJUKOTAHEIbHUX Oy/IiBEIIb CTA€ OJHUM 13 KIFOYOBHX 1H-
KCHEPHHUX 3aBJIaHb, [II0 MA€ HE JIUILE HAYKOBE, a i BEJIMKE colliajbHE 3HAYCHHS, BPAXOBYIOUH
0OMEXEHICTh 3aCTOCYBaHHS OKPEMHX TOJIOKEHb Ta Haka3iB 1070 Takoro 3aBmaHHs [1]. Lls
npoOieMa NoB’s3aHa 3 MUTAaHHSIMU Oe3MEKH HaceJICHHS, IPOIOBKEHHS TepMiHy CIyxO0u Oyi-
BEJIb Ta EKOHOMIYHOI JOILIJIBHOCTI BXKATHUX 3aXOIB.

AHaJi3 1ocaizkensb i myoaikanii. BUB4eHHs CTaTUCTUKY pe3ysIbTaTiB JOCTIKEHb 111010
MTOIIKO/PKCHHS Ta MOCHJICHHS IMAHEIbHUX OY/IIBEIIb M1l JUHAMIYHUMHU Ta CEHCMIYHUMH HaBaH-
TaXXEHHAMH BelyTbes 3 1970-X pokiB. Y KIACMUHUX poOOTaX HAroJOLIyBajoCs Ha CIAOKHX
MICIISIX BEJTMKOTIAaHEIBbHUX OYyIliBENb, SKUMHU € CTHKOBI1 3’€IHaHHsS MK manensmu [3]. Pyiiny-
BaHHsa npu Cmitakcekomy 3emieTpyci (1988, BipMenis) miaTBepaniv, 1m0 came yIIKOIKEHI
3BapHi BY3JIM PU3BOAATH JI0 MPOTPECYIOUYHX (JaBUHOMOAIOHNX ) 00BaiB [5].

Y MiKHapomHiN JiTeparypi 6arato yBard IpHAUICHO BPa3IUBOCTI 30ipHUX KOHCTPYKIIIH
(precast large panel buildings) npu quHaMidHEX 1 ynapHuX BIuBax. ¥ pociuimpkeHHsx FEMA
(CIA) Ta Eurocode (€C) 3a3na4eHo, 1110 03 criemiaJlbHIX 3aX0/11B IMaHell MaloTh HU3bKY TIja-
CTHUYHICTh 1 00MEXKEHY €HePrOEMHICTH [6].

© JI. M. 3e3tokoB, M. M. Maxinbko, [I. C. Heuemypenko, 2025
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[Tpaxktruni ciocTepexenHs 3a Oynuakamu B [py3ii, Bipmenii, Kazaxcrani Ta PymyHii noka-
3aIH, 110 BEJTMKOIMIAHEIbHI CHCTEMH OCOOIMBO BPA3JHBI 10 KOMOIHOBAaHUX AWHAMIYHHX BIUIMBIB:

1) pyiiHyBaHHS 3BapHUX 3aKJIAIHHUX JCTAJICH Y CTUKAX MK TTAHEISIMH Ta BUTAIaHHS TTaHETIeH;

2) ycyHeHHs a00 BUIIMPAHHS MTaHEJIel Yepe3 KPUXKe pyHHYBaHHS CTHKIB;

3) mosiBa MPOrPECYOUNX TPIIIUH Y 30HAX CTIOJIYUYEHHS manesneu [7].

VY cyudacHUX MyONiKaIisx 3yCTpiyaeThCsl aHaji3 HOBHX METONIB MOCHJICHHS: 3aCTOCYBaHHS
FRP (Fiber Reinforced Polymers) — komrio3uTiB (Marepiair Ha OCHOBI IOJIIMEPIB, ApPMOBAHUX BO-
JIOKHAMH (CKIISTHUMHU, ByTirerieBuMu adbo apamigaumiu)); UHPC (Ultra High Performance Concrete
Jackets) — 000iM 3 yJIBTPaBHCOKOMIITHOTO IIEMEHTHOTO Marepiajly 3 MIIHICTIO Ha CTHCK 150-
250 MITa), BHamTyBaHHs MOHOIITHHX TOACIB Ta Aiadparm sxopcrkocri [8, 9]. IxHs epexTusHicTs
MIATBEpIKEHA eKCIIEPUMEHTAILHIMY BUIPOOYBAHHSMH Ta pO3paxyHKaMu, MPOTE MUTaHHS Maco-
BOT'O BIPOBA/DKEHHS Y BITHOBJICHHS )KUTJIOBOTO (DOH/TY 3AJTUILIAIOTHCS BIIKPUTHMH.

Merta crarTi nosisirae B aHaji31 parioHAIBHOCTI TEXHIYHUX Ta EKOHOMIYHUX aCIEKTIB TIja-
HYBaHHSI TOCWJICHHS Ta KalliTaJIbHOTO PEMOHTY BEITUKONAaHETHbHUX Oy/IiBelb BiAMIOBITHO JI0 BU-
3HA4Y€HO1 KaTeropii MOIIKOAKEHb 3 YACTKOBUMU PYHHYBaHHSIMH BHACIIOK IMHAMIYHHUX Ta y/a-
PHHX BIUIMBIB, OTPUMaHUX Yy pe3yJbTari 00HOBUX Aiil.

OCHOBHMMH 3aBIaHHSMU CTATTI €:

1) anHani3 XapakTepHUX MOLIKOKEHb MAaHEIbHUX OyIiBENIb MPU TUHAMIYHHUX Ta YIapHUX
BILJINBAX;

2) aHai3 ICHYIOYUX CIIOCO0IB MOCWICHHS Ta KaliTaIbHOTO PEMOHTY;

3) omiHKa IOIIILHOCTI MiJICKJICHb Y KOHTEKCTI YaCTKOBO IMOIIKOKEHOTO KUTIOBOTO (o-
H/y MacoBOi 3a0y/I0BH;

4) 3anpomnoHyBaHHs PEKOMEH/AIIT 0710 BUOOPY CTparerii: MOCUIICHHS, KamTaIbHUN pe-
MOHT YH BiICYTHICTh €KOHOMIYHOI pamioHaIbHOCTI iX peanizallii;

5) nuTaHHSA €KOHOMIYHOI €()EKTHUBHOCTI MPU MPUUHSATTI PIIICHBh MO0 MOBHOTO JCMOH-
Ta)ky Ta HOBOTO Oy/liBHUIITBA.

Bukaaa ocHoBHOro marepiaJjy. XapakTepHi YIIKOIKEHHSI BEJTMKOMAHEIbHUX Oy/liBelb
MOXHa KJacu(iKyBaTH 32 TAKUMH THUITAMU:

1. CTukoBi pyiiHyBaHHS: PO3PHUBH 3BApHUX 3’ €qHAHB, OCIIA0JICHHS 3aMOHOJIIYCHUX BY3JIIB,
BUTAJIAaHHS OKPEMUX EJICMEHTIB.

2. TpilHOYTBOPEHHSI: PO3BUTOK JIIarOHAIBHUX Ta BEPTHKAIBHUX TPIIIHH Y MICIIX CITO-
JTy4YeHHS, PO3KPUTTSI TPIIIMH HA TOPIISIX MaHEICH.

3. JlokanpHa BTpaTa HECYy4Oi 37JTaTHOCTI: BIAKOJIM OCTOHY, OTOJICHHS apMaTypH Ta KOpO3is
3aKJIaJHUX JeTaJIeH.

4. I'nobanpHi nedopmariii: mepekocu MOBEPXiB, BTpaTa MPOCTOPOBOI KOPCTKOCTI.

5. YikomkeHHs OCHOB Ta (DyHJaMEHTIB: 0caJika OCHOB, HEPIBHOMIpHI aedopmartii.

Micrist CTUKIB Ta KOHTAKTHI TTOBEPXHI MMaHeIeH 4acTO MalOTh HEMIUILHUN KOHTAKT 13 OeTo-
HOM/T€PMETHKOM, TYJIU POHUKAE Bojora, Xjaopuau 1a COz, 10 BUKIHKAE PUCKOPEHY EIEKTPO-
XIMIYHY KOpO3ito 3aKkiaaHux aetaneid. Koposis 3akimaHux nerajeil Ta 3BapHUX IBIB, BUABITIO-
BaHHs1/BIAIIAPYBAHHS 3aXHUCHOTO 1Iapy OCTOHY BHACIIIOK YTBOPEHHS MPOLYKTIB KOPO3ii Bee 10
3MEHIIIEHHS KOPCTKOCTI Ta MIITHOCTI CTUKIB 3’€IHAHHS MK IMaHESIMH. SIKIo 3aKajHa JeTaib
y CTHKY HE 3aXullleHa a00 Ma€ MOBITPSIHI MPOLIAPKU MK OETOHOM 3aMOHOJIIYyBaHHS, IIPU Tepi-
OJIMYHOMY YM MOCTIHHOMY 3BOJIOKEHHI Ta HasBHOCTI arpecuBHUX cepenoBuil (xjopuau, COz,
peareHTH) BoHa Moxke Brpadaru 110 0,1-0,2 mM/pik, Ta 3a 10-15 pokiB 3MeHIIUTH IEpeTUH Ha 1-2
MM [4]. OTxe, mpUIMarOuu CepeHii Tepio eKCITyaTallil BeTMKOaHeIbHUX OyTiBelIb MacOBOT
3a0y10BH, 110 TOPIBHIOE Ha ChOTOHI 50 POKIB, a TAKOXK BIACHUI JOCBI TEXHIYHOTO OOCTEIKEHHS
BEJIMKOIAHEIbHUX OY/TiBEIb PI3HUX CEPiid, KOPO3isd 3aKJIaTHUX ACTANIEH Y CTUKaX MOXKE JOCATaTH
3-5 MM, YacTo IpH BILIMBI TUIBKU MEPIOTAUYHOTO 3BOJIOKEHHS.
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Omnucani AeheKTH TOCWITIOIOTHCS BIUTMBOM AUHAMIYHUX Ta yIapHUX HaBaHTAXKCHb BIMCh-
KOBOTO XapakTepy (yaapHi XBUJIi, apTOOCTPiIH), 10 pOOUTH MpobIeMy 0cOOINBO aKTyaIbHOIO
Ui YKpaiHu, MPH [[bOMY THITOBUMH YITKOKCHHSIMH MaHEIbHOTO OYIMHKY TPU JTUHAMIYHUX
Ta yJapHUX HAaBAaHTKEHHSX €: MPOTPECYI0Ul TPIIMHU B CTUKAX; PYHHYBAaHHS 3BApPHUX 3aKJa-
JTHUX JIETaJICH; MepeKic Ta BUNIaJaHHs NaHesel Ta nedopmaitii mepeKpuTTiB.

Puc. 1. Tunosi kpumepii nowkooicenHs naneavbHux 0yoisensb
JiKeperno: po3pobIeHO aBTOPaMH.

Jlo nokanpbHUX 3aXOiB MiACHICHHS MOYKHA BITHECTH 1H €KTYyBaHHS TPIIIUH Ta IIBIB IIeMe-
HTHUMH Ta MOJIMEPHUMH CKJIaJaMHU, TIOCUJICHHS CTHKIB CTaJIeBUMHU aHKepaMHu Ta OOJITOBUMU
3’e€qHAHHAMH, a Tako)K FRP-apmyBanHs ByTieneBuMu ab0 CKIIOKOMITO3UTHUMH CTPIYKaMHU.

Taki MeToaM 3aCTOCOBYIOTHCSI B KOPOTKI TEPMIHU NPH HE3HAUHUX YIIKOKEHHsX | kare-
ropii (3rigHo 3 MeToauKoro [1]), 6€3 mepeceneHHs MEIIKaHIIIB, ajle Tal0Th OOMEKESHHUI MPUPICT
KOPCTKOCTI.

Jlo cucTeMHMX 3aX0/1iB MOYKHA BiTHECTH BJIAIITYBAHHS MOSICIB Ta 3aTSKOK IO IEPUMETPY Oy-
JIBeTb T 00’ € THAHHS IMaHENeH, BIAITyBaHHS BEPTUKABHUX JliadparM )KOPCTKOCTI, IO BIIAIII-
TOBYIOTHCSI B CXOJIOBHUX KJTITHHAX Ta IO TOPILIX OYiBelb, 00JAIITyBaHHS KaPKaCHUMHU paMaMH 13
craii abo 3a1i300€TOHy 13 BKIIIOUEHHSIM y CHUIbHY pOOOTY Ta MOCUIJICHHS OCHOB Ta (DyHJAMEHTIB.

Li 3axoau TPyAOMICTKI 1 BUMararoTh TOPIBHSIHO BEITUKUX BUTPAT, ajie 3HAYHO ITiIBHIILY-
I0Th 3arajbHy KOPCTKICTh Ta CTIHKICTb.

IrHoBamiianmM MeTogoM MoxHa BBaxkatu UHPC-000MH — TOHKI 000JIOHKH 3 HaJIBHCOKO-
TpuBasoro 6etony. Lli TexHomorii piAKiCHI B MaCOBOMY 3aCTOCYBaHHI 1 ChOTOJHI HE PO3BUHEHI
B YKpaiHi, ajie TOKa3ylTh BUCOKY €()EeKTHBHICTh B €KCIIEPUMEHTAX.

OCHOBHOI0 TTPOOIEMOI0 MOCHICHHS BEIMKONAHEIbHUX Oy 1iBEJIb CTal0OTh CTUKH MIX ITaHe-
JISIMH, TII0 € HAUOIITBIN ypa3IMBUMU €JIEMEHTaMH, 1 caMe BiJl IXHbOI MIITHOCTI Ta IJIaCTUYHOCTI
3aJIeKUTh MPOCTOPOBA POOOTA OYIiBIIL.

J1o KIF0490BHX MPOOJIEM HaIeKaTh TaKi:

1) cTuku (By37H 3’€JHAHHS) MK TaHETSIMH Oy 1iBEJIb MPOEKTYBAUCS ISl CTATUYHUX Ha-
BaHTa)KEHb 1 HE MaIOTh JOCTATHLOI MIIACTHYHOCTI;

2) 3BapHi 3’€IHAHHS ACTPAIYIOTh MPU TUHAMIYHHMX Ta YJApPHUX HaBAaHTAKEHHSX; METall
MOYMHAE KPUIIUTHUCS, a HASBHICTh KOPO3ii MPUCKOPIOE PyHHYBaHHS;

3) 3aMOHOJIMYEHI LIBH YaCTO BUKOHAHI PO3YMHOM HU3bKOi MAapKH, CXHJIBHUM JI0 pO3Tpic-
KyBaHHS 1 BTpaTH 34YEIUICHHS,

4) nOCTyH 10 CTUKIB CKJIaHUI yepe3 03100JCHHS Ta IHKEHEPHI KOMYHIKallii;

5) pi3Hi cepii OyIMHKIB MalOTh Pi3HI KOHCTPYKTHBHI PIIIICHHS BY3JIiB, III0 YHEMOKIIUBITIOE
€IMHUH yHIBepCabHUI METO]] IIOCUIICHHS.

J10 OCHOBHHMX METO/IIB TIOCHJICHHS CTUKIB ITPH KaIliTAIbHOMY PEMOHTI MO>KHA BIJJHECTH TaKi:
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1) BnamTyBaHHsI OOJITOBUX Ta aHKEPHUX 3B’ SI3KIB, a TAKOXK JAYOIIOI0OUMX 3BAPHUX IIIBIB.

2) iH’€KTyBaHHSI IIIBIB BUCOKOMIITHUMH CKJIaJIaMU 3 TIOKPAIIEHOIO aJIre3i€r0.

3) BBeICHHS 30BHIMIHIX 000¥M 31 cTasi a6o FRP-koMmo3uTiB /711 OXOIUICHHS BY3JiB Ta
MiBUIICHHS HECY4O0l 3aTHOCTI.

4) BKIIIOYCHHS CTHUKIB y MOHOJIITHI 3aJT1I300€TOHHI MOSICH Ta KapKacH, 110 MePEPO3MMOIiIsi-
I0Th 3YCHILISL.

[Tpuxnany 3 NpakTUKU KaMiTaTbHOTO PEMOHTY 3 MOCHJICHHSIM:

VYkpaina (anmopixoxs, 2023 p.): y Oyauakax cepii 464 0yi0 npoBeaeHO MOCUICHHS CTUKIB
13 3aCTOCYBaHHSM 1H €KIIIHHUX CKJIJIB HA OCHOBI MOJIiypeTaHy. MeToj oka3aB BUCOKY ede-
KTHUBHICTb MIPH BiAHOBIEHHI TEPMETHYHOCTI Ta MIIIHOCTI BY3JIiB MICJIs MOMIKOKEHb BT yAap-
Ho1 xBwii. Hesnauni ymkomkenns | kareropii (3rigHo 3 MeToaukoro [1]).

Bipmenis (micns Critakebkoro 3emierpycy, 1988 p.): MacoBO 3aCTOCOBYBAJIOCS BIIALITY-
BaHHsI MOHOJIITHUX TIOSICIB JIMIIIC HA PIBHI MEPEKPUTTIB 13 3aXOIJICHHSAM CTUKIB. Lle 3HauHO mi-
JIBUILUJIO TIPOCTOPOBY >KOPCTKICTH Oy TMHKIB.

Kazaxctan (Anmaru, ceiicMoHeOe3neyHa 30Ha): MPAKTUKYETHhCS 30BHINTHE apMyBaHHS
CTHKIB 3 BUKOpucTaHHsIM FRP-CTpiuoK, 110 0OKJICIOIOTHCS 110 IEPUMETPY BY3TiB. Takuii METO
HE BUMAarae pO3KpUTTS CTiH 1 MIXOIUTh Il OyAiBENb, M0 €KCILTyaTyHOThCS.

TakuM 4MHOM, cCaMe CTHKH 3aJIUIIAI0THCS «CIIAOKOI0 JTAHKOIO» Y CeHCMOCTIMKOCTI Ta 10B-
TOBIYHOCTI MaHenbHUX OyziBens. EdekTuBHE iXHE MOCHUIIEHHS BH3HAYaA€ 3arajbHy CTIHKICTh
KOHCTPYKTUBHOI CUCTEMH.

ExonomiuHa eeKTHBHICTH Ta JAOIIILHICTD, SIK MPABUJI0, BU3HAYAETHCS CITIBBIAHOIICHHIM
BUTPAT Ha MOCWJICHHS Ta OYiKyBaHOT'O MPOJIOBKEHHS TEPMiHY CITyXOu:

1) JlokxanbHi 3ax01 (CTaHOBIATH 5-15 % BapTOCTI HOBOrO OYIBHUIITBA) Ta IPOJAOBKYIOTh
TepMiH ciy>k0u Ha 10-15 poxkis.

2) Kommiekcue nocuseHHs (cTaHoBUTH 10 60-70 % BapTocTi HOBOro OyAiBHUITBA) 3a0€3-
neuye 10 30-40 pokiB excrutyararii.

3) IToBHMIT AEeMOHTaX Ta HOBE OYIIBHUIITBO €KOHOMIYHO JIOIIJILHO ITPH PYHHYBaHHI TTOHAT
60 % Hecy4HX €JEMEHTIB 3 OTJISy Ha CTaH CTUKOBUX 3’ €THAHb HETIOBHICTIO 3pyHHOBAaHUX Ya-

CTUH OYIIBII y CKJIaJl €IUHOTO OJIOKY, 3QIMIIKOBA MIITHICTh KX CTAHOBUTH Y CEPEIHBOMY
Bix 15 1o 30 %
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Puc. 2. I'paghix exonomiunoi 0oyinbHocmi 8iOHOBNIEHHS NOUIKOONCEHUX BETUKONAHENbHUX 0YOi6eb
JIKepeIno: po3pobIeHO aBTOPaMH.
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BpaxoByrouu cortianbHi Ta eKCIUTyaTamiidi GpakTopu, palioHATBHUMH € METOJIH, IO J10-
3BOJISIFOTH BUKOHYBATH poOOTH MpH 30epekeHH] xKUTia (0e3 BiiceNeHHs ) NP1 He3HAYHUX Pyii-
HyBaHHsAX. [Ipu 1ibomy 3actocyBanHss FRP-kOMIO3uTIB, aHKEpHHUX CHOJYK Ta 1H €KTYBaHHS
MoOKe OyTH HalO1IbII MPaKTHYHOIO TexHoJoriet0. [Ipu pyiiHyBanHsaX ToHaa 60 % eKOHOMIYHO
JIOTITFHO TUTAHYBATH JICMOHTAXK Ta HOBE OY/IIBHUIITBO Cy4YaCHUX eHeproePeKTUBHUX OYIiBEIIb.

Tabnuys 1 — Iopieusanus cnocobis niocunenns

. BinnocHa . . ByniBns
Crioci6 mimcuneHHs e EdexruBHIiCTh Yac pobit YAIBI,
BapTICTh II0 eKCIUTYaTyEThCS
IH’ekTyBaHHS HU3bKA JIOKaJIbHA KOPOTKHUHU TaKk
HHU3bKa — .
BrnamryBanns FRP cepenHs KOPOTKHI1 TaKk
cepenHs
BunamryBanns .
. . cepenHs BHCOKa cepenHii YaCTKOBO
MOHOJTITHHX TIOSICiB
BunamryBanns . .
. BHCOKa BHCOKa TPUBAIUIA Hi
niapparm
BOymoBa kapkacy JTy’KE BHCOKA MaKCUMaJlbHa TPUBAIHUIA Hi
Braurysanis cepenss BHCOKa cepeaHii YaCTKOBO
UHPC-06oiim P P

Jlxepeso: po3poOIeHO aBTOpaMH.

Tabnuys 2 — ExoHomiuna echekmugHicmo

Cryninb . . JloJist BapTOCTi HOBOTO
PexomennoBaHna mipa TepmiH ekcruryaTarii . o
MOIIKOKEHD OyniBHUITBA, %o
Jlerki JIOKJTbHE T ACHIJICHHS + 10-15 pokiB 5-15
Cepenni KOMIUIEKCHE ITIICHICHHSA + 25-30 pokiB 40-60
Baxki IEMOHTAX HOBUH TepMiH 100

JIxxepeno: po3poOIeHO aBTOpaMHu.

3 IpUKIIaiB JOCBIly MMOCUJICHHS MOYKHA HABECTH TaKi BUTAJIKH: MACOBE ITOCUJICHHS TTaHEe-
JHHUX OyJMHKIB MOHOJITHUMH paMaMHU TIICIIs 3eMJIeTpyciB y PymyHii 1977 poky; BUKOpUCTaHHS
3aJ11300€TOHHMX JiadparM Ta craneBux odoim micis Cnuraka y Bipmenii; BnpoBamkenns FRP
Ta METAJIEBHUX 3B’ S3KIB MTPH peMOHTI OymuHKiB y Kazaxcrani. LI mpukiiaam mokas3yooTh, 10 KOM-
TUTEKCHUH TT1IX1]] MOXKJTMBHIA, aJie MOTpedye JOBIOCTPOKOBOI AEP>KaBHOT MIPOTPaMH.

3 OCHOBHHMX PEKOMEH/Iallii 1010 BiAHOBJIEHHS YaCTKOBO 3pyIHOBAaHUX BEJMKOMAHEIbHUX
OyaiBens HAUOUIBII JOUITBHUMU MOXKYTh OyTH HACTYIIHI:

1) Po3poOka TUIIOBUX MPOEKTIB MOCWICHHS JJIsl HAWTIOMMPEHIINUX CEePiid MaHeIbHUX Oy-
JIUHKIB.

2) BukopuctanHs OararopiBHEBHX 3axXOJiB: JIOKAJIbHE IMOCHJICHHS MacOBOTO 3acTOCY-
BaHHS, KOMIUIEKCHE — JUISl CTPATET1YHO BAXKIIUBUX 00’ €KTiB (IIIKOJIH, JTIKapHi).

3) IliaTpumMka Aep>kaBHUX MPOTrpaM MOJCPHi3allii )KUTIa 3 ypaxyBaHHSIM HACJIiIKiB BOEH-
HUX pyHHYBaHb.

4) BrimroueHHsI €EKOHOMIYHOT OIIHKH JI0 TIPOIEeCY MPUHHATTSA PillleHb, BPAXOBYIOUH COITia-
JTBHUHN €eKT.

BucHoBku. BenukomanenbHi Oy/IiBili MarOTh IMIBHUINEHY BPA3JUBICTh J0 JTWUHAMIYHHX 1
yIapHUX BIUIMBIB Yepe3 ociaabiieHl CTHKOBI 3’ €JHAHHS Ta iX 3HM)KEHY JKOPCTKicTh. HaiOubm
XapaKTEePHI MOITKOHKCHHS BEJIMKOMIAHEIbHUX Oy/IiBEh HaluacTile OB’ s13aHl 3 PyHHYBaHHIM
caMme 3aKJIaJHUX JIeTalel y CTUKaX MK MaHEeIsIMH Ta TPIITUHOYTBOPSHHSM Ha MaHEeNsIX 4yepe3
HasIBHICTb HEPETYIISIPHOTO, & YaCOM MOBHOI BIZICYTHOCTI poO0YOro apMyBaHHS. Y LIJIOMY €KO-
HOMIYHA JIOIUTbHICTh JIFOUMX 3aXOIB 3HAYHO 3aJICKHUTh BiJl MACIITA0Y YIITKOIKEHB: IPU YacT-
KOBUX PYyWHYBaHHSX y Airo4iii Mmetoami [ 1] pekoMeHayeTbCcs BUKOHAHHS KalliTaJbHOTO PeMO-
HTY 3 JIOKQJTHHUM TIOCUJICHHSM 1 JIMIIIE 33 3HAYHUX YIIKOKEeHb (Bix 81 %) moBHUMN AeMOHTaXK
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Oymieii. [Ipu BUKOHAHHI OLIIHKYU JJIs TIPUCBOEHHS KaTEropii YIIKOHKEHh HE BPAXOBY€ETHCS TO-
JI0OBHA TIpo0iiemMa, a caMe: CTaH CTUKOBHUX 3’ €HaHb HETIOBHICTIO 3pyHHOBAaHUX YaCTHH OYyIiBIIi
y CKJIaZll €JMHOTO OJIOKY, 3aJIMIIKOBA MIIHICTh SIKUX CTAaHOBUTH y cepeaHbomy Bif 15 1o 30 %
1 11e 6e3 ypaxyBaHHS 3HIKEHHSI )KOPCTKOCTI MiCIs TUHAMIYHOTO/yIapHOTO BILIMBY. Partionans-
HOIO TEXHIYHOIO MEKEIO /711 YXBaJICHHS PillIeHHS PO MOBHUUA JEMOHTaX OyJliBIIi pEeKOMEHI0-
BaHO 3HaYeHH: 60 %, SKIIO BOHO OTPHMAaHE Ha MiICTaBi IHTErPaIbHOTO 3HOCY.

VY micnsaBoeHHUH Yac npiopuTeTHUM Oyzie po3poOKa TEXHOJIOTIH, 10 103BOJISAIOTH IPOBO-
JUTH TIOCWJICHHs 0€3 MMOBHOTO BiJICENICHHS MemmKaHIiB. HaykoBuii cynpoBin Ta po3poOka Tu-
MOBUX PIIICHb IMOCUJICHHS ISl MAaCOBHUX CEpii BETMKOTIAaHEIbHUX Oy/iBEJIb MAIOTh CTaTH IPio-
PHUTETOM JIEP>KAaBHOI MOJITHKH.
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PROBLEMS OF ASSESSING DAMAGE CATEGORIES OF LARGE-PANEL
PARTIALLY COLLAPSED BUILDINGS AFTER DYNAMIC
AND EXPLOSIVE IMPACTS

The article presents the analysis of the rationality and economic efficiency of strengthening and major repairs of partially
destroyed large-panel buildings in accordance with a certain category of damage due to dynamic and impact effects received
as a result of hostilities, which is becoming one of the key engineering tasks, which has not only scientific but also great social
significance, given the limited application of certain provisions and orders on recognizing large-panel buildings as destroyed
in the appropriate category. This problem is related to the issues of public safety, extension of the service life of buildings and
economic feasibility of the measures taken. Based on practical and economic feasibility, possible methods and ways of strength-
ening large-panel buildings for characteristic damage during dynamic and impact effects are analyzed; assessment of the
feasibility of reinforcements in the context of partially damaged housing stock of mass housing, economic efficiency when
making decisions on complete dismantling and new construction. The economic feasibility of strengthening measures depends
significantly on the damage sclae. In case of partial destruction, the current standards recommend performing major repairs
with local reinforcement and only in case of significant damage, complete dismantling of the building. When performing the
assessment for assigning the damage category, the condition of the butt joints of the building panels as part of a single block
is not taken into account, therefore, the article proposes an appropriate indicator of integral wear to assign the building to the
limit damage category.

Keywords: large-panel buildings, destruction categories; reinforcement methods,; major repairs.

Fig.: 2. Tabl.: 2. References: 9.

3estokoB JI. M., Maxinmeko M. M., Heuenypenko [I. C. IlpoGnemu OIIHKH KaTeropiii NOIMIKOPKEHHS KPYHMHONAHEIbHHX YacTKOBO
3pyHHOBaHMX OyIMHKIB Iicis AMHAMIYHMX i BUOYXOBMX BIUMBIB. Texwiuni mayku ma mexuonoeii, 2025. Ne3(41). C. 480-486. DOI:
https://doi.org/10.25140/2411-5363-2025-3(41)-480-486.

486



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(41), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

DOI: https://doi.org/10.25140/2411-5363-2025-3(41)-487-493
VIIK 528

Hamania Ilempisna Apema’, Bonooumup Izoposuu Hixyniwun?,

Ceimnana Bacuniena /lemixoea’, Anopiit Pomanosuu Cozop*

KaHIUIAT TEXHIYHUX HAYK, IOLEHT Kadeapu Kaprorpadii Ta reonpocTopOBOro MOJIETHOBAHHS
Hanionansauii yHiBepcuteT «JIpBiBchKa noitexHika» (JIbBiB, Ykpaina)

E-mail: nataliia.p.yarema@lpnu.ua. ORCID: https://orcid.org/0000-0002-5796-2038. Scopus Author ID: 57218923725
’KaHIUIAT TEXHIYHUX HAYK, TOUEHT Kadenapu kapTorpadii Ta reonpocTopoBoro MOAEMOBaHHS
Hauionaneuuii yHiBepcuteT «JIpBiBcbka mositexHika» (JIbBiB, YkpaiHa)

E-mail: volodymyr.i.nikulishyn@lpnu.ua. ORCID: https://orcid.org/0000-0003-0027-3511. Scopus Author ID: 56148982600

3

BUKJIa/1a4u KadeIpu ryMaHiTApHUX HAYK
HauionanbHa akazeMisi CyXOMyTHHUX Bilicbk iMeHi rerbmana [lerpa Caraiigaunoro (JIeBiB, YkpaiHa)
E-mail: svitlanademikhova@gmail.com. ORCID: https://orcid.org/0000-0002-6088-6195.

4KamUIaT TEXHIYHKUX HAYK, JOLEHT Kadeapu kaprorpadii Ta reornpocTopoBOro MOIEIIOBAHHS
Hanionansuuii yHiBepcuteT «JIpBiBchKa notiTexHika» (JIbBiB, YkpaiHa)
E-mail: andrii.r.sohor@lpnu.ua. ORCID: https://orcid.org/0000-0002-0084-9552. Scopus Author ID: 57224950613

CTBOPEHHS CEPIi BEBKAPT, IPUCBSUYEHUX ITAM’SAATI TEPOSI YKPATHH,
BIIOMOTI'O OIIEPHOI'O CIHIBAKA BACWJIA CJIITAKA

Y emammi onucano npoyec cmeopenns cepii seoxapm, npucsesauenux nam’ami I'eposi Yxpainu, suoamnozo oneprozo cni-
saxa Bacuns Cninaxa. Pozensiymo Odicepena ma memoou 300py OaHux, wo UKOPUCHO8YIOMbCsl Ol HANOGHEHHS Kapmozpagpiy-
nozo mamepiany. Ocobausa yeaza npuodinaemocsi emanam po3pooxu eeoxkapm 3a donomoeoio niamgpopmu ArcGIS Online. Taxooic
yeniwno 6yno suxopucmaro ArcGIS StoryMaps — onnaiin-incmpymenm Ol cmeopeHHs ma 0OMiHy icmopiamu 3a 00NOMO2010
inmepaxmuenux kapm. Lleti incmpymenm 6y10 6uxopucmano 015 npeocmasnentss 2e0npocmoposux OAHUX Ma OKpeMUx Crolcem-
Hux Kl 3 6iozpaii Bacuns Cninaka. Peszynbmamom npoekmy cmanu meMamuyhi Kapmu, uwo nocOHyIoms mekcmogy ingopma-
yito, pomocpaghii ma npocmopogi dami 6 couHomy 8izyanvomy cepedosuwyi. Taxui nioxio He nuwie 30epizac nam sims npo 6Uoa-
MHY nocmams, ane i crysxcums npukiaoom suxopucmanns I'IC y cehepi 30epesrcennss KynomypHoi cnaouuHu.

Kniouogi cnosa: sebrapmoecpagpis; ArcGIS; ArcGIS Online; kapmoepagiunuii 6e6000amox; cepis kapm.

Puc.: 6. Bion.. 6.

AKTYyaJIbHICTH TeMH JocjiakeHHsi. CydacHe BeOKkapTorpadyBaHHS aKTHBHO BUKOPHCTO-
BYETHCSl B HAUPI3HOMAHITHIIKX cdepax — Bl HAYKH Ta OCBITH J0 TYPU3MY, MICTOOYIyBaHHS
Ta KyJIBTYypHOI criaamuau. [leil iHHOBaIiiHUN 1HCTPYMEHT TO3BOJISIE HE JIMIIE Bi3yaslizyBaTH
MIPOCTOPOBI JIaHi, a i CTBOPIOBATH 3MICTOBHI UQPOBi icTopii [1; 3].

Came TOMY MM BUPILIWIN BIPOBATUTH CEpil0 IHTEPAKTUBHUX KapT, MpUCBIYeHUX [eporo
Vkpainu Bacumo Crninaxy, BUZaTHOMY ONEPHOMY CITIBaKy Ta BOiHY, KM BiIJJaB CBO€ KHUTTS
3a cBOOOAY cBO€T KpaiHu. BukopucToByroun reoiH(opMariiiini TeXHOJOr11, MU ITparHeMo Moka-
3aTH KJIIOYOBI BiXH HOTO JKUTTS, Tpalli Ta 60poThOH, 1100 BIIAHYBATH MaM’ATh 1€l yHIKaIbHOT
0COOHUCTOCTI.

ITocranoBka npoosemu. OCHOBHI 3a/1a4i, SIKi OyJIM TOCTABIICH] TIEpe]] HATMCAHHSAM CTaTTi:

1. CTBOpUTH Ta CTPYKTYpYBaTH HaOIp BXITHUX JAaHUX, sIKi OyJIM OTPUMaHI 3 PI3HUX JIKEPEIT:
Oiorpadiunux myOmikaIii, MeaiapecypciB, apXiBHUX 3aMUCIB Ta IHPOPMAIIHHUX TIIATGOPM.

2. BukopuctoByroun kaptorpadiuny miardopmy ArcGis Online, cTBOpUTH cepiro IHTEpaK-
TUBHUX BEOKapT.

3. Buxopucrosytoun ArcGIS StoryMaps, ctBoputH ictopito y BeOkaprax rpo Bacusst Crinaxa.

AHaJni3 ocTaHHIX J0ocaiTxKeHsb i my0sikamiii. Y crarti [6] onucano Bukopuctanas Beo-1'1C
JuIs 300py, cuctemMarn3aii Ta myOmikamii iHpopMmarlii Mpo BOEHHI 3JI0YMHU Ta JKEPTBU BIMHH Ha
TepuTOpii YKpaiHH, a TAKOK CTBOPEHHS IHTEPAKTUBHUX KapT IS JOCTYITYy TPOMAJICHKOCTI. Y cTar-
X [4, 5] pO3DIAIAIOTHCSI TEOPETUYHI Ta METOIOJIOTIYHI OCHOBH CTBOPEHHSI BEOKapT ISt TOCTBIM-
CBKOBHX 00’ €KTIB, BKJIFOYAIOUHM TIPUHITUITA ICTOPU3MY, CHCTEMHOCTI, TOCTOBIPHOCTI, 1H)OpPMATHB-
HOCTI Ta JOCTYITHOCTI, 1110 3a0€31MeuyroTh e(heKTUBHY Bi3yasTi3allito Ta MPEe3eHTAIlII0 JaHUX.

© H.II. fpema, B. I. Hikyninms, C. B. Jlemixosa, A. P. Corop, 2025
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BuaijieHHs1 HeOCTiIKEeHUX YACTHH 3arajbHoi npoodiaemu. [lonpu HasgBHICTh YMCIICH-
HUX myOmikanii 1 marepianiB nmpo Bacunsa Crinaka, HOTo KHUTTS Ta TBOPUICTH MEPEBAXKHO JOC-
JipKyBanucs y 6iorpadgiaHoMy a0 MUCTEIITBO3HABIOMY KOHTEKCTi. HeocTaTHRO BUBYEHO BH-
KOPUCTAHHS Cy4YaCHUX reoiH(GOpMaIIHIX TEXHOJIOT1H I Bi3yasisarlii 6iorpadiuHux IaHuX,
a TaKoXX iHTerpairii mpocTopoBoi iH(OpMaIlii 3 ICTOPUKO-KYIBTYPHUM Ta BIHCHKOBO-TIATPIOTH-
YHUM KOHTEKCTOM. Masio yBaru nmpuaiisuIoch CUCTEMATH3allli Ta CTpyKTypH3alii 6iorpadidHoi
Ta TBOpUOi iH(DopMarlii y popmari, 10CTyITHOMY JJI ITUPOKOT ayIUTOPii Ta OCBITHIX MPOEKTIB.

Merta cTaTTi — JOCTIANTH Ta y3arajJbHUTHU KXKUTTEBHM 1 TBOpumi nuisax Bacuns Crimaka, a
TaKOXX YBIYHUTH T1aM’SITh PO HBOTO 3aC00aMM CydacHUX TeoiH(GOpMaIliiHuX TeXHOIOTIH. J{is
JIOCSITHEHHS I1I€1 METH CTBOPEHO CEepi0 IHTEPAKTUBHUX KapT mam ATl y cepemoBuim ArcGIS
Online Ta ArcGIS StoryMaps, siki BimoOpaaroTh KJIFOUOBI moii 6iorpadii mutiis, reorpadito
HOTO YKUTTS Ta ISTTLHOCTI, @ TAKOXK MICI, TIOB’s13aH1 3 HOTO TPOMAISTHCHKOIO TTO3UIIIEIO Ta y4a-
CTIO Y POCIHChKO-yKpaTHCHhKIN BiiiHI. BuKopucTanHs TexHooTiH BeOKapTorpadii 103BoJIsE MO-
€IHATU TEKCTOBI, Bi3yaJIbHI Ta MPOCTOPOBI JJaHi B €JMHUI IHTEPAKTUBHHUMA pecypc, IO CIPHsE
nomyisipusanii nocrari Bacuis Criinaka, 30epeXeHHI0 HalliOHaIbHOT 1aM ATl Ta IEMOHCTPYE I10-
TeHLiaN U(POBUX KapTorpadiyHUX IHCTPYMEHTIB Y TYMaHITapHUX TOCIIKESHHSIX.

Buxkiax ocHoBHOro marepiajy. /Iy CTBOpEHHSI IHTEpaKTUBHUX BeOKapT OyJI0 MPOBEICHO
perenbHUA eran 300py Ta cucremarusanii qanux. [Hopmaniitna 6a3a ¢popMyBasacs Ha OCHOBI
MarepialiiB, OTPUMaHUX 3 BIIKPUTUX IHTEPHET-IPKEPE1, 30KpeMa OiorpadiuHux myOmiKariii, me-
JiapecypciB, apXiBHHX 3alMCiB Ta iHpopManiiHuX miardopm. 3HaYHUI BHECOK Y (hopMyBaHHs
JoKepenbHOi 0a3u mpoekTy 3poouB Opect Crinak, 6par Bacuns Crinaka, sikvii HaJjaB yHIKJIbHY
1H(pOpMaIlit0, YTOUHEHHS Ta Marepialy, 0 3HaYHO MOITMOMIIN 3MiCcT BeOKapTorpagiqHoro pe-
cypcy. Yci 3i0paHi gaHi Oyiu OpraHi3oBaHi B aTpUOYTHBHY TAOIUINO 3 TIOAATBIINM TeMaTHIHIM
nozizoM. OCHOBHI pO3/IisH, 3a SIKUMHU CTPYKTYypyBaJiacs iH(opMallisi, BKIIFOUAIN TaKi IMipo31iIu:

1. KonneptHa nisipHICTh Bacuns Crinaka.

2. Yyactp y OoifoBux aisx Ha Cxoai Ykpainu.

Takuit migxia 3a0e3Me4rB MOKIUBICTE TOYHOTO MPOCTOPOBOTO MPEICTABICHHS MO Ta
(axTiB, 0 CTOCYIOTHCS SIK TBOPYOTO LUIAXY, TaK 1 BilicbkoBoi Oiorpagii Bacuns Crimaka.

[Iponiec cTBOpeHHS KapTy BKIIIOYAB KiJIbKa €TAITiB:

1. 36ip i 06poOka JaHuX — MepeBipka JKepell, cucTeMaru3anis (pakTiB Ta MmiAroToBka Tad-
muti anst imnopty B ArcGIS Online.

2. CTBOpEeHHS IHTEPaKTUBHUX IIAPIB — JOaBAaHHsI JIOKAII30BaHUX 3HAYKIB 1 MyIbTUME/IH-
HUX €JIEMEHTIB ((POoTO).

3. Odopmnennas ArcGIS StoryMaps — nmoetHaHHs KapTorpadiqHUX mapiB i3 TEKCTOBUMHU
OsoKaMu Ta MyJIbTUMEIIA I TOKPOKOBOTO OTOBiAaHHS icTopii )kuTTsa Bacwis Crinaka.

4. PenaryBaHHS Ta TECTYBaHHS — IepEBipKa KOPEKTHOCTI BioOpakeHHs iHbopMariii, ajaa-
NITallisl 7151 PI3HUX MPHUCTPOIB Ta 3a0€3MeYeHHS 3pYUYHOCTI KOPUCTYBaHHS.

Tabmurs arpulyTiB MiCTHIIA TaKi aTpUOYTH: IHUPOTA, JOBTOTA, JaTa KOHIEPTY, MICTO, Kpa-
iHa, KOHIIEPTHHH 3aJ1, iHhOpMAaIIis IPO KOHIIEPT, iHpopMallis mpo micTo, iHGopmarllis mpo Kpa-
iHy, iHbOpMaIIis PO KOHIEPTHUH 3ai. Jlpyra Tabmuirs arpuOyTiB MICTHIIA TaKi aTpuOyTH: ITH-
poTa, T0OBroTa, MicTo, KpaiHa, iHpopMallisi mpo MicTo, iH(opmartis mpo 00ioB1 Aii.

OmparpoBaHi Ta CUCTEMAaTHU30BaHi JaHi Oy immoproBaHi B cepenoBuiiie ArcGIS Online,
XMapHy TeonpoCTOPOBY IIarGopmy, sika T03BOJISIE CTBOPIOBATH, 30epiratu, oOpoOIsTH Ta Imy-
OmikyBaTu IpocTopoBi nani y BeOdopmari. ArcGIS Online Hagae mupoki MOXITMBOCTI AJIS T10-
OyZ10OBY 1HTEPAKTUBHUX KapT, aHAJIi3y T€0/IaHuX, IHTETpallli MyJIbTUMEAIIHOTO KOHTEHTY Ta Op-
ra”izaiii JOCTymy J0 Pe3yJbTaTiB AOCIIIKEHb JJIA PI3HUX Kareropid kopuctysadiB [2]. VY
paMKax MPOEKTY Ha OCHOBI BBEACHUX aTpuOyTiB Oy/IM CTBOPEHI TeMaTW4HI BEOKapTH, K1 J0-
3BOJISIFOTH MPOCTOPOBO BIJOOPA3UTH KITFOUOBI €TaIM KUTTS Ta AisutbHOCTI Bacums Crimaka.

TemarnuHa CTPYKTypa CTBOPEHUX BEOKAPT OXOTUIIOE KiJTbKa OCHOBHUX HAMpPSMKIB:
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1. «CTaHOBJIEHHS K OMEPHOTO CIiBaka» — KapTa, M0 UTFOCTPYE €Tanmu MY3UYHOI OCBITH
Bacwis Crinaka, mepiri BUCTYIIH Ta Y4acTh y KOHKypcax 1 ¢pectuBaisix. Tpeba BIAMITUTH, IO
Bacwie Crninak HapoguBcs Ta Bupic y JIbBoBi. CmiBaB y JIbBiBChKil X0poBiit kKameni «Jlymy-
puk». Moro mepii BucTymnu Binbymucs y JIbBIBCbKOMY HAI[iOHATLHOMY TEaTpi OIIEpH Ta GaeTy
imeni Conomii Kpymenpauipkoi Ta y JIbBiBChKiit obnacHiii ¢imapmonii. Ha puc. 1 moka3ana
BeOkapTa «CTaHOBJICHHS SIK OMEPHOTO CITiBAKa.

Puc. 1. Cmanosnenns ax oneproco cnisaxa
Jlxepeno: https:/storymaps.arcgis.com/stories/c0147a87287f4761a07c586bf98d8e13.

2. «KoHnepTHa AiSTBHICT» — KOPOTKHUI 3MICT BUCTYIIIB apTUCTA Ha PI3HUX CLIEHAX CBITY.
VYce B xkutTi Oyn0o moB’s3aHo 31 ciBoM. 182 koHuepty y 23 kpainax city. Ha puc. 2 npexcra-
BJICHA BeOKapTa, sfiKa IOKa3ye yCI0 KOHLEPTHY IisuibHicTh Bacuns Crinaxka.

Puc. 2. Konyepmnua oisinonicme
Jlxepeno: https://storymaps.arcgis.com/stories/c0147a87287f4761a07c586bf98d8e13.

3. «Konuepru B CIIA Ta Kanazai» — 1ie nmpoctopoBe BiioOpakeHHs 3aKOPJJOHHUX TacTpoJiei
Bacuns Criimaka y [iBaiuniit Ameputi. Amxe y 1990 p. criBak Binginas 20 mict CILIA Ta Kananu.
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Puc. 3. Konyepmu 6 CLIIA ma Kanaoi
Jlxepeno: https:/storymaps.arcgis.com/stories/c0147a87287f4761a07c586bf98d8e13.

4. «®panuis Ta €Bpona» — Kapra, IpUCBIYeHA TBOpuoMy mnepioay Bacuns Crinaka y
®panrrii Ta €BpoNeHCHKUX KpaiHax, /e BiH mpairoBas comictoM [lapuspkoi onepu. Ille myxe
monoauit Bacunpe Criinak y 1997 pori ycniniHo nporIioB KOHKYpCHE BUIPOOYBaHHS Ha BCTYII
no ckimany Ilapuspkoi HamiosansHOi omepu. Moro romoc nas 3Mory oMy IOYaTH COJNBHY
kap’epy y @panuii Ta €Bpori.

Puc. 4. Opanyia ma €spona
JIxepeno: https://storymaps.arcgis.com/stories/c0147a87287f4761a07¢586bf98d8e13.

5. «Konneptu B YkpaiHi» — BiToOpakeHHs] BUCTYIIIB apTUCTa Ha OATHKIBIIHHI.
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Puc. 5. Konyepmu 6 Ykpaini
Jlxepeno: https:/storymaps.arcgis.com/stories/c0147a87287f4761a07c586bf98d8e13.

6) «Ydacte y BiiiHI Ha Cxomi YKpaiHW» — KapTa, 10 JOKYMEHTYE OCHOBHI €Tallu y4acTi
Bacuns Crnimaka y 60HOBHX [isiX, BKJIFOUAIOYH MICIIS JUCTOKaIlii, 00MOBUX 3aB/IaHb Ta 3aru0eli.
Ha kapti mo3naueni 60i y AnuiiBmi, Bonsaomy. 29 uepBus 2016 p., BuUKoHyt0un 0o0i0Be 3a-
BIAHHS K KYJIEMETHHUK Yy ckiaii 1-i mrypmMoBoi potu JJoOpoBOIEYOTr0 YKpaiHCEKOTO KOPITYCY
«IIpaBuii cextop» (YK IIC), 3arunyB y 6010. BOiH 1iHOIO BIaCHOTO KHUTTSI BPATYBaB MOOpaTH-
MiB. 3aXMCHUKH BIIOWIIM aTaKy pOCiiiCbKHX 30poitHux GopmyBanb Ha cMT Jlyranceke (baxmyT-
ChKHI paiioH, JloHelbka 067acTh) 3 60Ky M. JlebanbiieBe Ta meperImy y KOHTPHACTYII, TIOCYHY-
BIIIM TPOTHBHUKA 3 IBOX YKPITUIEHHUX MO3MILIIH Ha BUCOTaX Mooam3y c. JlorBuHoBe. Mice cMepTi
Bacuns Cninaka — cmt Jlyranceke, baxmytcbkuit paiion, Jlonerpka 001acThb).

Puc. 6. Yuacmy y siini na Cxo0i Ykpainu
JIxepeno: https://storymaps.arcgis.com/stories/c0147a87287f4761a07¢586bf98d8e13.

491



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(41), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

BucHoBku. CtBopeHuit kaprorpadiuyauii pecypc Moxke OyTH BUKOPHUCTAHUH SK y HayKO-
BUX, TaK 1 B OCBITHIX LUIAX. 30KpeMa, BIH MOXKE CIYT'yBaTH JOAATKOBUM 1HCTPYMEHTOM ISt
BHUBYEHHS HOBITHBOI 1CTOPIT YKpaiHu, MeA1arpaMOTHOCTI, KyJIbTYPHOI CITaJIITUHHU, @ TAKOXK JJIS
nourMpeHHs iHpopMallii mpo repoiB HAILIOTO Yacy cepell MOJIOI Ta IUPOKoro 3araiy. Llei yHi-
KaJIbHUHN KapTorpadiuHuil MPOEKT € HE JIMIIE JaHUHOIO IaM’ATi BUAATHIN 0coOucTOCTI, a i Ba-
YKJIMBUM BHECKOM Yy 30€peKEeHHS KyJIbTYPHOI Ta ICTOPHYHOT CTIAAIIUHI YKpaiHu. 3aBIsIKH HOMY
nam’saTh Tipo Bacwis Crinaka >KUTHME B CEepISIX JIFOICH 1 3aJMIIATHMEThCS JHKEPEIoM Ha-
TXHEHHS TSl MAOyTHIX MOKOJiHb.

OKpiM TOTO, IIE¥ MPOEKT BIJKPUBAE HOBI MOXKIIMBOCTI JJIS IHTETpaIlii CydacHUX reoiHdop-
MallifHIX TEXHOJIOT1HM y TYMaHITapH1 HAyKH, CIIPUSIOYN TITUOIIIOMY PO3YMIHHIO 1ICTOPHYHHUX T10-
Il uepe3 MpocTOpoBHA KOHTEKCT. Y MailOyTHHOMY pecypc Moxe OyTH pO3IIUpPEHUil Ta 010-
BHEHUI HOBUMH JaHWMHU, IO 3pOOUTH HOTO Ie IIHHIMKUM IS TOCTIIHUKIB, BUKIAAA4iB Ta
IIUPOKOT ayIUTOPIi.

3asBa npo BukopuctanHs reveparuBHoro LI ta rexnosoriit Ha ocHosi LI
B Npoleci HAMUCAHHS TEKCTiB.
[Tix yac HamucaHHs bOTO MaTepiany aBropu BukopuctoByBaiu LI (ChatGPT) ans mok-
palnieHHs YnTabeIbHOCTI Ta BUMPABIICHHS CTUIICTUYHUX 1 TPAMaTHYHUX TIOMUJIOK Y ITiH CTaTTI.
[Ticns BUKOPUCTAHHS LHOTO IHCTPYMEHTY aBTOPH MEPETIITHYIIH Ta BiApeaaryBain 3MicCT 3a
noTpedu 1 B35 Ha cebe MOBHY BiAMOBIIAIBHICTE 32 3MICT MyOmiKarii.
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CREATION OF A SERIES OF WEBMAPS DEDICATED TO THE MEMORY
OF THE HERO OF UKRAINE, THE FAMOUS OPERA SINGER WASSYL SLIPAK

A series of memory cards dedicated to Vasyl Slipak, a famous Ukrainian opera singer, volunteer, and participant in the
Russo-Ukrainian War, has been created. These cards are designed to honor his life, work, and heroic journey, as well as to
convey information about significant events and places related to his activities.

The series of maps aims to combine biographical data, the artist's creative work, and the geography of his life — from
Lviv, where he was born and studied, to France, where he gained recognition on the opera stage, and to Ukraine, where he
died defending his homeland.

This approach allows users to trace the life path of Vasyl Slipak in a spatial dimension and gain a deeper understanding
of the scale of his figure.

Creating interactive maps also contributes to the popularization of digital cartographic technologies, in particular the
ArcGIS Online, ArcGIS StoryMaps platform, as a means of presenting complex information in a convenient and visual format.

Users can view key events in the artist's life, learn about his work and achievements, and track places associated with
his heroic deeds. Thus, the series of maps performs not only an informative but also an educational function, contributing to
the preservation of national memory and patriotic awareness among different categories of audience.

Keywords: web cartography,; ArcGIS; ArcGIS Online; web application; series of maps.

Fig.: 6. References: 6.
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THERMAL EFFICIENCY ASSESSMENT OF ECO-ORIENTED PREFABRICATED
MODULAR BUILDINGS: CASE STUDY

The relevance of eco-oriented modular construction is constantly growing due to the aggravation of housing and envi-
ronmental problems associated with military operations on the territory of Ukraine. At the same time, there are certain chal-
lenges limiting the widespread use of modular buildings in Ukraine, which are mainly associated with a high level of consumer
skepticism regarding the quality and energy efficiency of modular buildings compared to traditional construction practices.
On the example of a frame modular single-family building « QHome-26», located on the outskirts of the Chernihiv city, the
thermal characteristics of prefabricated modular construction were studied. By using infrared thermography, monitoring of
existing cold bridges and the main heat losses in the building's envelope was carried out. It was experimentally established
that the potential source of heat loss of the building is translucent structural elements that does not meet modern standards, as
well as the foundation of the building. At the same time, the results of the thermal calculation of the building's enclosing
structures showed that the main source of heat loss at the level of 38.5 % of the total losses are walls. Heat losses for heating
ventilated air are 26.3 %. While up to 14.5 % of heat is lost throughout the windows. Heat losses through the roof and floor
are 12.6 % and 9.9 %, respectively.

Keywords: Sustainability; modular buildings, eco-construction; thermal efficiency.

Fig.: 5. Table: 4. References: 18.

Urgency of the research. The construction industry is one of the major pollutant as well
as the largest natural resources user, which affects negatively the worldwide sustainability. The
conventional construction practices has always been a huge contributor to the global green-
house gases and carbon dioxide emissions [1; 2].

According to the International Energy Agency (IEA), construction industry consumes more
than 50 % of steel production, 60-70 % of cement production, 40-50 % of overall energy. On top
of that, the modern buildings releases about 30-40 % of CO> emission on atmosphere [3].

All of these increased dramatically the environmental concerns among the government and
other stakeholders all over the globe.

Target setting. The intentions to go green and minimize natural resources consumption
requires shifting of our habitual construction practices toward the more sustainable and energy-
efficient ones [4]. In this context, the modularization in construction become one of the modern
trend. This is mainly due to the fact that modular prefabrications focuses directly on the eco-
logical and energy saving approaches in building construction that allows to downsize hazard-
ous environmental impact, resources and energy consumption and construction waste.

The idea of modularization in house construction isn't new. It refers to the 1947 when
French modernist architect Le Corbusier first provides his concept called “Unit of Dwelling”
as an early example of modular house architecture. His well-known work “The Modulor” al-
lowed for modularization and standardization in architectural design [5].

It noteworthy that World War II became a booster for modular buildings development as
the rapid and affordable housing.

In Ukraine the demand in modular prafabs steadily growing after the full-scale Russian
invasion in 2022. According to the UN statistics, the amount of internally displaced people in
Ukraine from February 2022 by the beginning of 2025 counts more than 3.6 million people [6].

Modular prefabrications or modular prefabs implies the off-site manufacturing where
whole building or its separate components are manufactured in controlled factory environment
with further transportation and installation on construction site [7].
© M. Bolotov, I. Prybytko, 2025
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Actual scientific researches and issues analysis. It should be noted, that the prevalent
majority of studies have focused mainly on sustainable performances of modular buildings, it's
life cycle, operation and maintenance. For instance, the works [8; 9] explores the environmental
benefits of modular housing in terms of CO> reduction by using of more eco-friendly materials.
In work [10], the advantages of the off-site construction regarding the construction time reduc-
tion, higher level of prefabricated components quality control and minimization of on-site er-
rors was shown. The works [11, 12] was dedicated to the newest advancements in modular
buildings manufacturing based on the BIM technologies application. BIM tools allows the dig-
ital planning and design of building’s components with high level of precision ensuring dura-
bility and sustainability during whole life cycle of a building.

However, there are some challenges limiting the modular buildings widespread application
particularly in Ukraine that mainly related with the high level of consumer s skepticism regarding
the quality and thermal efficiency of modular buildings compare to the traditional brick or con-
crete made. In our opinion, such a perception is mainly because of lack of profound knowledge
about the energy performances of eco-oriented materials, which is the basis for sustainability.

As it is known, the heat energy has a tendency to disappear by conductivity through the
enclosures (walls, windows), floor (basement) and the roof. In turn, the rate of the heat losses
will be determined by the thermal characteristics of insulation materials, particularly it's ther-
mal transmittance value.

The research objective. In this case, the aim of current research is to provide a deeper
understanding of thermal performances of eco-oriented prefabricated modular housing based
on the real example.

The statement of basic materials. Our case study is the single-family modular prefab
“QHome-26" [13], which was off-site manufactured in 2023 by the Ukrainian company
“QHome” supported by the UN Refugee Agency (UNHCR) and installed in the vicinity of
Chernihiv city in Novoselivka village. As a foundation of the building, the FBS base blocks
were used. The building's exterior, its installation process, 3D model of the timber carcass as
well as the premises plan with its explication are given in Fig. 1.
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d

Fig. 1. External view of studied single-family modular prefab (a), its installation process (b),
3D model of the timber carcass (c) and the plan of the premises with its explication (d)

The basis of the house is a timber-made frame with the dimensions of 9400x3450 mm and
the thickness of the partitions of 300 mm. The building is made up of two premises, particularly,
combined living room and kitchen with the area of 21.75 m? and the bathroom of 3.88 m?. Thus,
the living area of 25.63 m? and the total area of the building of 31.96 m?.

As far as it’s known, the building's envelope plays a crucial role in terms of thermal per-
formances of the buildings especially when it comes to the modular ones. In this case, the core
content of the building’s energy efficiency and sustainability is the thermal insulation perfor-
mance of enclosure structures.

In our case study, as the insulator the ecologically friendly basalt wool was used which
provides a high level of thermal efficiency with the low coefficient of heat conductivity about
0.038 W/m-K. On top of that, the basalt wool well-known as non-combustible, vapor permeable
and soundproofing one.

The enclosing structures were manufactured as the sandwiches, which are made up of the tim-
ber frame, hydro barrier membrane, OSB plates, insulator, vapor barrier, and wooden lining as an
internal decorative layer. The roofing consists of two layers of felt paper, OSB, timber checkrails,
hydro barrier membrane, insulated timber rafter, vapor barrier, checkrails and wooden lining. The
floor is detached from the ground on a distance of 250 mm and made up of the timber checkrails,
two layers of felt paper, OSB, timber beams, insulator, OSB and PVC internal lining.
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Reinforced timber frame of the building is the dry calibrated timber with the OSB-3 plates,
bitumen primer, vapor and waterproof, roofing material (roofing felt EPP 2.5 and EPP 4.0.). The
construction details of the enclosures (walls, floor, and the roof) are given in Fig. 2. It should be
noted that the thickness of the walls and roof'is 250 mm while the thickness of the floor is 300 mm.

On the Southern facade, there are two triple-glazed windows of 4-10-4-10-4 type with the
three air filled chambers profile system with the dimensions of 1.2x1.2 m were installed.

The house is heated up by the solid fuel boiler with the power of 7 kW, which is easily
allows to heat the building up to the total area of 100 m?.

Before the assessment of studied building's thermal efficiency the infrared thermography
inspection in order to get the information about the existing thermal bridges and the main heat
loss in the building envelope was conducted.

Fig. 2. The detailed content of the enclosures of studied modular building

The inspections were carried out on 12" of February 2025 approximately from 10:00 to
11:00 am when the weather was overcast, the temperature of the environment was about —
16 °C, wind speed doesn’t exceed of 3 m/s with the humidity level of 60 %. The probability of
precipitations was about 10 %. It should be noted that inside temperature at the time of inspec-
tion was fixed at a level of 21 °C more the 12 hour. The inspections of thermal bridges were
carried out with HTi thermal imaging camera.

The inspection methodology consists of the following steps:

1. Checking the total heat loss through the walls, windows and roof;

2. Searching for areas with increased heat loss in typical problem zones;

3. Analyzing heat dissipation through gaps in window sashes and doorways;

4. Assessing heat leaks through ventilation and air conditioning systems (if available).

The results of infrared thermography are given in Fig. 3.
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c e f
Fig. 3. Thermogram of Southern facade (a), window (b), basement (c), Eastern facade (d),
Western facade (e) and Northern facade (f) of inspected building

Analyzing the obtained infrared thermal images of studied building it can be noticed that the
main weaknesses that affect negatively of enclosure’s thermal behavior is the windows. The ther-
mal bridges concentrated directly along the window's frame contour, which can evidenced both
the poor quality of installation, as well as the low quality of manufactured frame and insulating
glass. It can be seen that on the surface of one window the temperature varies from -11 up to —
5 °C depending on the measurement point, which indicates the heterogeneity of the heat flow
passing through the window and the heterogeneity of the thermal resistances of its components
accordingly. From the other hand, as it was already mentioned, the off-site manufacturing ex-
cludes the fabrication errors because of meticulous quality control of all production stages.

The other significant aspect of heat loss that weakens thermal performances of examined
building this is foundation. Remind that our case study contains the FBS base blocks as a foun-
dation without external thermal insulation frames. Additionally, there are no any heat leakages
through the heat exchanger as well as the split air conditioning system were detected.

For deeper understanding of building's envelope energy performance, the meticulous ther-
mal engineering calculation is required. The calculation is carried out to determine suitability
of actual state of the enclosure structures thermal insulation to the regulatory requirements.
Normally, it begins with determination of thermal characteristics of building's envelope. The
material properties of the walls, floor and roofing are given in pivot Table 1.
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Table 1 — Material characteristics of enclosure structures

Ne of . Thickness Therrr.lal. Ref. Thermal
layer Material conductivity resistance
3, m A, W/(m-K) m?- K/W
External walls characteristics
1 Timber lining (Pine) 0.016 0.18 [14] 0.089
2" Closed air gap 0.025 - [14] 0.155
3 Vapor barrier 0,002 0,3 [14] 0.0066
4 Basalt wool 0.15 0.038 [14] 3.947
5 OSB 0.01 0.13 [14] 0.077
6 Diffusive membrane 0.002 0.23 [14] 0.0087
7 Closed air gap 0.025 - [14] 0.155
8 Facade (Pine) 0.02 0.18 [14] 0.111
Characteristics of the floor
1 PVC Lining 0.003 0.33 [14] 0.009
2 OSB 0.010 0.13 [14] 0.077
3 Closed air gap 0.03 - [14] 0.155
4 Vapor barrier 0,002 0,3 [14] 0.006
5 Mineral wool 0.2 0.044 [14] 4.762
6 OSB 0.01 0.13 [14] 0.077
7 Closed air gap 0.02 - [14] 0.155
8 Check rail (Pine) 0.03 0.18 [14] 0.167
9 Roofing felt 0.005 0.17 [14] 0.029
Characteristics of the roof
1 Timber lining (pine) 0.012 0.18 [14] 0.067
2 Closed air gap 0.02 — [14] 0.155
3 Vapor barrier 0,001 0,3 [14] 0,003
4 Basalt wool 0.15 0.038 [14] 3.947
5 Diffusive membrane 0.002 0.23 [14] 0,0086
6 Timber beams (Pine) 0.03 0.18 [14] 0.167
7 Closed air gap 0.02 - [14] 0.155
8 OSB 0.01 0.13 [14] 0.077
9 Roofing felt 0.005 0.17 [14] 0.029

“The systems of closed air gaps with the thickness of 0.025-0.03 m were provided by timber checkrails
frame.

The calculation of enclosing structures were conducted with accordance to the models are
shown in Fig. 4.
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Fig. 4. The calculation models of enclosing structures:
a—walls; b — floor, ¢ — roof

Thermal resistance of every separate enclosing layers in table 1 were determined as follows
[15]:

k=2 (1)

where R; — thermal resistance of i layer of enclosure, (m?-K/W); 6; — the thickness of i layer;
Ai — thermal conductivity of i layer.
Thermal resistance of multilayered enclosing structure (Ry) can be determined as [15]:
RO:Rint+2Ri+Rm :Rim+zn:i+R ; (2)

ext
i=l1 i=1 7Y

where Ri; and Rex — 18 the heat transfer resistance on the inner and external surfaces of
enclosure, (m?-K)/W; ZR; — is the sum of layers thermal resistance, (m?-K)/W.
The values of R and Rex determines as follows [18]:
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Rim :_;Rext = (3)

a.

int ext

where ain, oext — the heat exchange coefficients near the internal and external surfaces of
enclosure. According to [16], ain, = 8.7 and ttexs = 23.

Substituting the values obtained when calculating the (1) and (3) into a formula (2) allows
us to obtain the actual values of enclosures heat transfer resistance that given in Table 2.

The standard values of heat transfer resistance for existing types of enclosure structures are
determined with accordance to [16].

Table 2 — Comparison table of standard and actual values of thermal resistance

Type of enclosure Thermal resistance, m>-K/W
Actual value Standard value
External walls 4.817 >4
Floor 5.596 >5
Windows 0.48 >0.9
Combined enclosing bordering the outside air 4.76 >7

Analyzing of obtained data it can be concluded that the 4-10-4-10-4 type windows doesn't
meet the regulatory requirements at all. That is also correlates with the results obtained after
infrared thermography. In order to improve the energy performances of the windows with ac-
cordance to a standard value the 4i-10Ar-4-14Ar-41 type windows with five air filled chambers
profile system or better should be installed. According to our calculations such windows system
provides the thermal resistance at a level of 0.95 m?-K/W with the energy loss about 0.178 kW.
Additionally, the thickness of the roofing insulation of 150 mm is not enough. Our calculations
has revealed that in order to get the regulatory value the roofing insulation thickness should be
increased up to 250 mm.

The temperature distribution through the enclosing layers was calculated as follows [17]:

t, —t 1
TnZtin_(m—m]'(_-'_Rl+R2+R3+"'+R”j; (4)
R, a;

int

where ¢, — temperature of internal air, #;,; = 22 °C; t..s— estimated temperature of external air,
(according to [16], fex =-23 °C); Ryp— overall thermal resistance of enclosure; R;, R, R3, R, —
thermal resistances of /s, 2.4, 32 and n layers of enclosure accordingly.

The estimated temperature distribution among the enclosing layers are given in Fig. 5.
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Fig. 5. The calculated temperature distribution among the building's enclosure layers:
a—walls; b — floor; ¢ — roof

Analyzing of obtained results it should be noticed, that the temperature distribution between
the walls and the roof layers has similar feature mainly because of similarity in their construction.
The average temperatures of the building's enclosures in the period of the coldest month of the
year revolve around the positive values, particularly + 3.67 °C for walls, + 1.95 °C for the floor
and +5.4 °C for the roof. Thus, building's envelope provides the positive temperatures inside
enclosures without any considerable deviation even though the significant daily and seasonal out-
side air temperature fluctuations. Theoretically, this should exclude the probability of condensa-
tion formation and as a result the possibility of thermal bridges development in the future.

Heat loss through the enclosing structures was determined as follows [17]:

0, =—(t,~t..) n-(1+2_B); (4)
R
where F — calculated area of enclosing structures, m?; Ry —thermal resistance of enclosure structure,
(m%-K)/W; ti, tex — internal and external temperatures, °C; n — the coefficient taking into account
the dependence of the position of the outer surface of the fence with respect to the outside air, (n =
1) [17]; 2 — the sum of additional heat loss as a share of the main losses, (2 = 1) [17].
External walls area as well as their spatial orientation are given in Table 3.
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Table 3 — External walls area

The heat loss for heating of ventilation air is determined by the formula [18]:
Qva=0'28'L'p.c'(tin_text); (5)
where L - air flow rate, m*/h (for residential buildings, the specific normalized flow rate is can
be taken as 3 m*/h per 1 m? of residential area); p - indoor air density, kg/m?; ¢ - specific heat
capacity of indoor air, ¢ = 1.005 kJ/(kg -°C) [18].
353
TP ©)

The calculation results obtained by calculating of (4) and (5) are shown in the Table 4.

Table 4 — Calculation of heat loss through the enclosures and for heating of ventilation air

Characteristics of enclosing structures %, from the
Type of ) i Dimensions Heat loss, kW overall
enclosures Orientation 2 m b, m Area F, m? losses
South 8.62 3.7 31.9 0.582 13
Walls West 3.45 3.7 12.76 0.238 5
North 9.4 3.7 34.78 0.649 14.6
East 3.45 3.65 12.6 0.235 5.3
Total: | 24.92 | 14.75 91.32 1.3 31.9
Floor - 8.99 3.04 27.3 0.404 9.9
Roof - 8.99 3.04 27.3 0.515 12.6
Windows Left 1.2 1.2 1.44 0.343 7.245
Right 1.2 1.2 1.44 0.343 7.245
Total: 1.44 1.44 2.88 0.686 16.8
Total loss through enclosures: 148.8 2.9 71.3
Heat loss for heating of ventilation air: 1.165 26.3
Overall heat loss: 4.43

Conclusions. It can be concluded that the walls are the main source of the heat loss with
the overall balance of 31.9 % from the building's total heat loss. Increasing the thickness of the
wall insulation up to 200 mm leads to a reduction in the percentage of heat loss to 27 % of the
total amount.

Heat loss for heating of ventilation air is the second source of the building's heat loss that
is 28.6 % from the total heat loss.

With the existing characteristics of translucent structures with the thermal resistance within 0.48

2
_0.52 MK , heat loss through the windows is 16.8 %. It should be noted that the 4-10-4-10-4 type

windows doesn't meet the regulatory requirements and must be replaced with more energy efficient

ones. Therefore, to meet regulatory requirements for thermal insulation properties, windows must

have at least a 4i-10Ar-4-10Ar-4i design, i.e. they must have a soft selective coating on the outer and

inner glass, and the air gaps must be filled with an inert gas, particularly argon. Bringing the thermal
2

resistance of windows to the standard values of 0.95 2~ K

reduces the heat loss through the win-

dows up to 4.39 %.
The floor and ceiling have almost the same heat loss ratios of 9.9 % and 12.6 %, respectively.
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OIIHKA TENJIOBOI EOEKTUBHOCTI EKOJIOTTYHO OPIEHTOBAHHUX
3BIPHO-MOAYJBHUX BYAIBEJIb: PO3BIP IIPAKTUYHOI'O KEUCY

Axmyanvricme eKon02iuno OpiEHMO8aH020 MOOYIbHO20 OYOI6HUYMEA NOCMIIHO 3pOCMAE Yepe3 3a20CMPEeHH s JHCUMII080-
€KON02TUHUX NPObIEeM, OB A3AHUX 3 GILICLKOGUMU Oisimu Ha mepumopii Ykpainu. B ceoio uepey, exonoiunuil nioxio ma minimizayis
CROJICUBAHHS NPUPOOHUX PECYPCI8 UMAAIOMb 3MIHU 36UUHUX OY0iBenbHUX NPAKMUK Y OIK 6116 CIMILIKUX MA eHepeoedeKmUsHUX.
YV yvomy xonmexcmi mooynsnicme y 6yoisnuymei cmae ooHicio 3 cyuachux menoenyiti. LLlupoxe enposadaicents MoOyAbHUX 301p-
HUX KOHCMPYKYILl 6e3n0Cepeonbo 30Cepe0dicete Ha eKONOSTHHUX MA eHepeo30epiearoyux NPaKmukax y 0yoieHuymel, uwjo 00360711€
3MeHwumu Hebe3neyHull 6NaUG Ha HABKOTUWHE Cepedosuye, CNOJNCUBAHHS pecypcie ma enepeii, a maxodc OyoisenvHi 8i0X00u.
Boonouac icnyromu nesni uxauku, uo 0omedHcyoms wiupoKe UKOPUCMAHH MOOYIbHUX OYOieenb 8 YKpaiti, sAKi 20106HUM YUHOM
N06'13aHI 3 BUCOKUM PIGHEM CKENMUYUIMY CHONCUBAYIE WOO0 AKOCII MA eHep20eheKmusHOCMi MOOYIbHUX 6Y0i6enb NOPIGHAHO 3
mpaouyitiHumu 6y0ieenbHUMU NPAKMUKamu. Y 36 13Ky 3 yum, Memoro 0ano2o 00CHiOHCeHHSA € 2nubuie pO3YMIHHA MeNnI08Ux xapa-
Kmepucmuk eKono2iuHo opicHmMosano2o 30ipHo20 MoOYIbHO20 JICUMILA HA OCHOBI peanbHo2o npukiady. Ha npuknadi kapkacrozo
MOOYIbHO20 00HOKEapmupHo2o 6younky "QHome-26", posmawosanoeo Ha oxonuyi micma YepHrieig, 6y10 00Ciodceno meniosi
Xapaxmepucmuxu 36ipHo-mo0yibHo2o 6yoisnuymea. 3a donomozoro ingpauepsonoi mepmocpaii 6yno nposedeno Monimopute
ICHYIOYUX MICIKIB X000y Ma OCHOGHUX MENOBMPAM 8 020PO0AUCYBANbHIN KOHCIMPYKYTT 6yOieni. ExcnepumenmanbHo 6Cmanos-
JIEHO, WO NOMEHYIIIHUM 0dicepelioM menaosmpam 6yo0iei € CIMuonPO30pi KOHCMPYKIMUBHI eleMeHmU, Wo He 8i0n08ioaomy cy-
YACHUM CIMAHOAPMam, a makodxc gyrnoamenm 6yoieni. Boonouac pesynomamu meniogozco po3paxyHky 020p00X*CY8aANbHUX KOHC-
mpyKyiii 6y0ieni nokasanu, wjo OCHOBHUM OJicepellom meniogmpam Ha pieni 38,5 % 6io 3aeanvrux empam € cminu. Tennoempamu
Ha HA2pieanHs 6eHMUNbLOBAHO20 Nosimpsa cmanosnams 26,3 %. YV moii uac ax uepes gikna empauacmocs 0o 14,5 % menna,
empamu menna yepes oax ma nionozy cmanogaamo 12,6 ma 9,9 % sionogiono.

Knrouogi cnosa: cmanuii po3gumox,; mooyneHi 6y0ieni; ekoOyoigHuymeo; menioga egreKmusHicms.

Taébn.: 5. Puc.: 4. bion.: 18.

Bolotov M., Prybytko 1. Thermal efficiency assesment of eco-oriented prefabricated modular buildings: case study. Technical sciences and
technologies, (3(41)), 494-505. DOI: https://doi.org/10.25140/2411-5363-2025-3(41)-494-505.
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METOJIA TA TEXHOJIOT'TI IU®POBOI'O MOHITOPHUHI'Y B 3EMJIEPOBECTBI

Lugposuii monimopunz € KNo408UM IHCIMPYMEHMOM ) PO3GUMKY MOYHO20 3eMaepodcmea, 3abe3neuyiouy onepamuseHy oyi-
HKY CIamy azpocucmem i MONCIUBICIb NPOCIOPOBO 0OTPYHMOBAHO20 YNPAGIIHHS MEXHONOTHHUMU npoyecamu. B ymosax niogu-
WeH020 HABAHMAIICEHHA HA PecYpPCU, 3MINU KAIMamy ma eapiamueHOCmi IPYHIMOBUX YMOG GUHUKAE NOmpeda 8 KOMNIEKCHOMY
aHanisi napamempis, wo eNIUBaIOMy HA BPONHCAUHICIb CLTbCLKO20CHOOAPCHKUX KYIbIMYP. AKMyanvHicms 00CHIONHCEHHS 3yMO6-
JIeHa HeOOXIOHICIIO BNPOBAOIICEHHS ITHHOBAYILIHUX YUPPOBUX MEXHONO2II Y 3eMAepOOCME], 30amHUX NIOGULYUMU eheKMUBHICMb
azposupobHUYMea, a0anmueHicms 00 yMO08 Cepedosuwa ma 3MEeHWMUMY 6Mmpamu pecypcie. J{o 0CHOBHUX 3ACMOCOBANUX NIOX00i8
Hanexicamy.: azpoxXimMiunull ananiz (6micm asony, gocgopy, Kanito, KUCIOMHICIb), RPOCMOPO8e 30HOYEAHHSL LeKMPONPOBIOHOCMI
IPYHMIB Ol BUAGTLEHHS CIPYKMYPHUX GIOMIHHOCIEl, d MAKONC OUCIAHYiliHe 30HOY8AHHS 30 OONOMO20I0 CYNYMHUKOBUX OAHUX
Sentinel-2 ona pospaxynxy eecemayiiinozo indexcy NDVI. JJooamkogo euxopucmarno meiemempuyni 0aHi noib080i MexHiKu, axi
00380UNU OYIHUIMU ePEeKMUBHICTNG BUKOHAHHS IEXHON02TUHUX Onepayill, 30Kpema Kapmozapaghyeamu sumpamu naisnozo. Ompu-
MaHi pe3yibmamu ROOAHO Y 8UIA0i MEMAMUYHUX Kapm ma madiuyb, wo UIoCmpyioms Rpocmoposy 8apiamugHicms Ko4o8uUx
NOKA3HUKIB. JJOCTI0HCeH s NOKA3ANO0 3HAUHY PI3HOPIOHICIb IPYHIMOBUX XAPAKMEPUCTIUK Y MEHCAX OOHO2O0 NOJS, U0 NIOMBEePOAuC)-
EMbCA AK AZPOXIMIUHUMU PE3VTLINAMAMY, MAK | NOKASHUKAMU enekmponpogionocmi. Ilpocmopogi iominHocmi y 3HAUEHHAX
NDVI cgiouame npo HeoOHOpiOHICHb pO3BUMKY NOCIBI8, 3yMOBIeHY KOMOIHAYIEIO TPYHMOBUX, KAIMAMUYHUX MA MEXHONOIYHUX
Gakmopie. Ananiz menemempuuHUX OAHUX GUABUE MEHOEHYIT 00 BNOPAOKYBAHHS MAPUIPYmMI6 | payioHanizayii GUKOPUCTAHHS me-
XHIKU, WO ONOCEPEOKOBAHO BNIUBAE HA eHEPLOePEeKMUSHICIb NOTbOBUX pobim. Inmezpayisn yudposux memoodie Monimopuney —
aA2poXimMiuHO20, enekmpoizutto2o, meremMempuiHo20 i OUCMAnYilino20 — 3abe3neuye 6azamosuMipHe pO3YMIHHS CIMAHY Azpo-
cucmem. Taxuil nioxio 0036015€ nputimMamu OOIPYHMOBAHT PIULeHHS U000 OUPEPEHYILI08AHO20 YNPAGTIHHS, SHUNCYE PUSUKU Ne-
pesumpam pecypcie i Cmeoploe 0CHOBY 0151 CMAN020 PO3GUMKY A2POBUPOOHUYMEA.

Knrouogi cnosa: yugposuii monimopune;, moune zemaepoocmeo (I13); eeoingpopmayitini cucmemu (I'IC); menemempis;
oucmanyiiine 3on0yeanns 3emni ([{33); eecemayitini indexcu; NDVI (nopmanizosanuii ougepenyitinuii 6ecemayitinuii iHoexc);
ASPOXIMIYHUL AHANI3; KAPMOZPADYSAHHSA, PECYPCOePDEKMUBHICHIb, NPOCMOPOBUL AHANI3; AZPOMEXHONOCIT.

Puc.: 9. Bién.: 31.

AKTYaJIbHICTh TEMH A0CJTiIKeHHsI. 3pOcTaloya reTepOTreHHICTh arpojanamadTiB, 3yMo-
BJICHA TPUPOAHUMH 1 TEXHOT€HHUMH (aKTOPaMH, YCKITAHIOE YXBAJICHHS arpOTEXHOJIOTTUHIX
pieHs 3a TpaguiinauMu cxemamu. [{udpoBuii MOHITOPUHT JO3BOJISIE aIaNITyBaTH 3€MJIEPOO-
CBbKi IIPAKTHKH /10 3MIHHUX YMOB, 3MEHIIYIOYH BUTPATH Ta €KOJIOTiYHE HaBaHTaXXeHHS. ToMmy
aKTyaJbHUM € BUBYCHHS €()EKTHBHOCTI IU(PPOBHUX PIIEHbh Y KOHTEKCTI IPOCTOPOBOI MIHIUBO-
CT1 CIIIbCHKOTOCTIOAPCHKUX TEPUTOPiil Ta pealbHUX BUPOOHUYUX YMOB.

IMocTaHoBKa mpo0JeMH. Y CydyaCHOMY arpapHOMY BUPOOHHIITBI BiZIOYBa€ThCS CTPIMKHIA
nepexiJ A0 IHHOBAaLIWHUX TEXHOJIOTIH yIpaBliHHSI NPUPOAHOPECYPCHUM MOTEHIIAIOM, CIIPS-
MOBAaHUX Ha MiJABUILEHHS CTIMKOCTI, €()eKTUBHOCTI Ta €KOJOT1YHOCTI arpocucTeM. B ymoBax
HiIBUIEHOTO KJIIMaTHYHOTO HABAaHTAXXECHHS Ta PECYpCHUX 0OMEKEHb arpapHUil CEKTOp BUMa-
ra€ 3aCTOCYBaHHsI PillIEHb, IO 0a3ylOThCS Ha TOYHUX, MPOCTOPOBO OOTPYHTOBAHUX JaHUX. Y
IIbOMY KOHTEKCT1 0COOIMBOI yBaru Ha0yBa€e MU(POBUH MOHITOPHHT — K KOMITJISKCHHM TIi]1-
xi7 1o 300py, 00poOKku ¥ aHami3y iHGOpMaIlii Ipo CTaH IPYHTIB, IMOCIBIB Ta JOBKIJUISA 3a J0TIO-
moroto J[33, I'lC, GPS, TenemeTpii Ta CCHCOPHUX CUCTEM.

HoBu3Ha Ta npakTHYHA HiHHICTH A0C/iT:KeHHsA. POOOTa BiIPI3HAETHCSA KOMITJIEKCHIM
3aCTOCYBaHHSAM arpoXiMi4YHMX, MPOKCUMAaJbHHUX, AUCTAHIIIMHUX Ta TEIEMETPHUYHUX METOJIIB
MOHITOPHUHTY JUIs1 OLIHKH IIPOCTOPOBOI HEOAHOPITHOCTI arpOEKOCUCTEM Ha PIBHI OKPEMHUX I10-
JiB y rocrionapcerBax YepHiriBebkoi Ta TepHomninbchkoi obmacteit. OcoONMBICTIO € MTOETHAHHS
BJIACHUX MOJLOBHUX BUMIipPIOBaHb, CYITyTHUKOBUX 3HIMKIB Sentinel-2 Ta TeneMeTpuyHUX JTaHUX
CLIbCHKOTOCTIOAAPCHKOT TEXHIKH 3 IHTETPALi€I0 pPe3ysIbTaTiB y reoiHpopMalliiine cepeoBuILe
JUISl CTBOPEHHSI TEMAaTUYHUX KapT 1 MPaKTUYHUX peKoMeHaaii. OTpumaHni pe3yIbTaTH MOXKYTh
OyTH BHKOPHUCTaHI I TU(EepeHIIiOBaHOTO BHECEHHS JOOPHUB, ONTHUMI3allii MapIIpyTiB TEX-
HIKH Ta CBOEYACHOTO BUSBJICHHSI CTPECOBUX 30H TOCIBIB.

© B. B. Bopox, O. B. I'1o6a, 2025
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AHAaJi3 0OCTaHHIX TOCTiTAKeHb. YTIPOIOBXK OCTAaHHIX POKIB CITOCTEPITa€ThCS aKTUBHE 3PO-
CTaHH$ KUJIBKOCTI HAYKOBHX IPallb, IPUCBAYCHUX U (PPOBOMY 3eMIIepOOCTBY, L0 MiATBEPAKY-
eThcs gJaHuMHu 3 6a3 Scopus Ta Web of Science. 3okpema, OMUCYIOTh IHTETPAIlii0 CYITyTHUKO-
BUX CIIOCTEPEKEHb 3 aJITOPUTMAMHU aHATI3Y JUIS MMiIBUIIEHHS TOYHOCTI IPUHHATTS piteHs[23],
Ta aKIEHTYIOTh yBary Ha poui Bereraniiaux iHaekciB (NDVI, NDRE, SAVI) y aniarnoctwuiri
ctany nociBiB [14; 27]. BiTun3HsHI HayKOBII 3a3HAYAIOTh, 110 BIPOBAKECHHSI IIU(PPOBUX TEX-
HOJIOT1H y epMEPCHKUX TOCTIOAAPCTBAX JI03BOJISE TiIBUIIUTH aIalITUBHICTh arpOTEXHOJIOTIH
[29], ane BogHOUac Tpeba 3BEPHYTH yBary Ta MiJKPECIUTH KPUTHUUYHY POJIb SIKOCTI BXIIHUX
JMaHUX JJI MOJIENIel MallIMHHOTO HaB4aHHs B arpocdepi[16]. Takoxk, Z0BOII € aKTyaTbHUM ITH-
TaHHS €KOHOMIYHOT e(peKTUBHOCTI U(PPOBUX CHCTEM JUIA MauX rocrnoaapcets [30].

[Torpu MO3UTUBHI PE3yIBTATH TOCIIKEHb, 3ATHAIIAETHCSI HU3Ka HEPO3B I3aHUX MIPOOIIEM:
0oOMeKeHa 1HTEerpaIlisi FTeTepOreHHUX JKEPeJT TaHuX Yy €IMHI aHATITHYHI TUIaTOpMHU; BIJICYT-
HICTh y3arajJbHEHUX ITiIXOJiB IO OLIHKA TOYHOCTI MOJIEJICH Y Pi3HUX IPYHTOBO-KIIMATHUYHUX
YMOBax; HEJIOCIIKEHICTh acleKTiB MaclITab0OBaHOCTI HU(POBUX PILLICHb Y MeXaX YKpaiHH.
Binrak BuHMKae noTpeba y nmpakTH4HiH arpobarii I poBUX METO/1iB MOHITOPUHTY B yMOBaxX
peasbHOTO BUPOOHHMIITBA 3 ypaxyBaHHSAM ITPOCTOPOBOI MIHIIMBOCT] arpOEKOCUCTEM.

00’exT i mpeamer pociigkeHHss. O0’€KTOM JOCITIKEHHS € arpoyianamadTh K MpOCTO-
poBO HeotHOPIAHI cucTeMu. [IpemMerom — 1 poBi TEXHOJOTIi MOHITOPUHTY CTaHy IPYHTIB,
POCIMHHOCTI Ta arpOTEXHIYHHUX MapaMeTpiB, BKIIOYAIOYHN aHaJli3 BEreTaliifHuX 1HJIEKCiB, ar-
POXIMIUHI AOCHIHPKEHHS Ta IPOCTOPOBY OOPOOKY TeNEMETPUYHUX JAHUX.

Merta cTaTTi HOJIATaE y CHCTEMHOMY aHalli31 Ta MPAKTUYHIN OLiHIII €()eKTUBHOCTI IIM(DPOBUX
METOJIIB MOHITOPUHTY B arpOBHPOOHUIITBI, 3 MOATBIIOI0 Bi3yalli3alller0 pe3yabTaTiB Ta popmy-
BaHHSIM aHATITUYHOT OCHOBH JIJISl IPUHHATTS YIPABITHCHKHUX PIIIICHh Y TOUHOMY 3€MJIEpOOCTBI.

Bukaaa ocHoBHOro martepiamay. LludpoBuii MOHITOpUHT B 3eMJepoOCTBiI mependayae
KOMILJIEKCHE BUKOPUCTAHHS Cy4aCHUX TEXHOJIOTiH 11t 300py, 0OpoOKHM Ta aHaNi3y AaHUX MPO
cTaH arpoekocrcreM. OCHOBHUMH 00’ €KTaMH MOHITOPUHTY BUCTYNAIOTh IPYHT, TIOCIBH, ITOTO-
JTHI YMOBH Ta CUTBCHKOTOCIIOIapChKa TeXHIKAa. MeTOIH, 110 3aCTOCOBYIOTHCS IS IIBOTO, TIOE-
HYIOTh KJIAQCHUYHI MiJXO0Md arpoXiMidHOi J1arHOCTHUKH 3 1HHOBAI[IWHUMHU IUGPOBUMHU PIllICH-
HSIMH — B1J] aBTOMaTH30BaHUX CEHCOPHUX CHUCTEM JI0 MOJIeJIeH MAIIMHHOTO HaB4YaHH:A [23; 26].

[TouaTkoBHM eTarnoM € arpoxiMidHe OOCTEe)KEHHsI IPYHTIB, sike nepeadavae IIaHyBaHHS
TOYOK Bi10OpY, IXHIO F€ONPOCTOPOBY MPUB’SA3KY Ta TaOOpaTOPHUIA aHAII3. Y Cy4acHOMY 3€M-
71epoOCTBi mepeBaxkae ciTkoBui miaxix (grid sampling), e moje IUIMTHCS HAa OCEPEIKH, a
poOu OepyThCs B IICHTP1 KOKHOT KITHHH TUB.(pHC. 1). ATbTepHATUBOIO BUCTYIIA€ KOMIPKOBA
cTparteris auB. (puc. 2), 3a AKOi 3MIHCHIOETHCS MHOKWHHUN 3a01p 3pa3KiB y MEKax KIITHHKA
ISt O1bIoi TouHocTi [31].

Puc. 1. Komipxosa cxema 6i06opy npoo Puc.2. Touxosa cxema 8iobopy
IpYHMY 3 0iA2OHATbHUM X000M [31] npo6 tpynmy [31]

[TonpoBuii BinOip 3A1HCHIOETHCS ABTOMAaTH30BAaHUMHU NMPOOOBIIOIpHUKAMH, OCHAIIIEHUMHU
GPS Ta konTponepamu. Lle 103BoOSIE 3HAYHO MiABUITUTH MIBHJIKICTh 1 TOUHICTH MOJBOBHUX PO-
0iT. Binbip rpyHTY 3aiiicHIOeThCS Ha ruouny 0-25 oM (s opHEX 3eMenb) 1 10 60 cMm npu
aHayi3i HiTpatHoro azorty [28]. Ctanmaptu Bimoopy pernameHTyroThes JICTY 4287:2004 Ta
METOJMKAaMH, aJaITOBAHUMH JI0 arpoJianamadTHux ymoB[17].
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Hanami 3aiiicHIOETBCSI IPOCTOPOBE MOJIETIOBAHHS IMapaMeTpiB IPyHTY MmeTojmamu IDW-
iTepnoisii (Inverse Distance Weighting), mo 3a6e3neuye mporao3 3HauyeHb MK TOYKAMH
BHUMIPIOBAHHS 3 BUCOKOIO TOUHICTIO [7].

[MoenHaHHs pe3ynbTaTiB arpoXiMivHUX AociikeHb 3 ['IC-aHamiTHKOIO Ta AUCTaHIIHHUM
30H/IyBaHHAM 3a0e3ledye HayKOBO OOIPYHTOBaHE YIPaBIiHHS IPYHTOBUMH pECypcaMy Ha
JIOBIOCTPOKOBY MEPCIIEKTUBY, THUB (puc.3).

Puc.3. Kapma-3ae0anns na enecents 000pus 01 CilibCbK020CNO0APCLKOI MEeXHIKU,
CMBOpeHa Ha OCHOBI TPYHMOBUX NOKAZHUKIE [31].

[IpokcumainbHe 30H1yBaHHS I'PYHTIB (proximal soil sensing) siBisie 00010 BUKOPUCTAHHS
MOJIOBUX CEHCOPIB/MaTuukKiB y Oe3nocepeaHiid 0JI1M3bKOCTI (Ha BiACTaH1 MEHIIEe 2 M BiJ] TIOBe-
pxHi) a00 KOHTAKT1 3 TPYHTOM IS IIIBUIKOTO 3YMTYBaHHS MOT0 BIacTHBOCTEH. Taki ceHcopu
MOXXYTb OyTH CTamlioHapHi (BCTAaHOBJIEH] Ha MICIII /TSI IOCTIMHUX BUMIPIB) a00 pyxoMi (3akpi-
IUIEH]1 Ha TPaHCHIOPTHOMY 3aco0i uu maatdopmi s pyxomoi «on-the-goy» 3itomkn) [8].

[HTerpartist CCHCOPHHUX AAHUX 13 CYIYTHHUKOBOIO HaBITaIli€lo BiAKPUBAE MPUHIIUIIOBO HOBI
MOYJIMBOCTI JJIS1 TPOCTOPOBOTO KapTorpadyBaHHs I'PyHTOBUX BIACTUBOCTEH. BukopucTanus
GNSS-npuctpoiB, ocodamBo 3 peasibHuM dacoM Kopekilii (RTK-GPS) ta TounicTio mo3uitiro-
BaHHS Ha PiBHI 1-2 cM, Ja€ 3MOTY IIPHUB’ I3yBaTH KOYKHE BUMIPIOBAHHS /10 TOYHUX KOOPAMHAT 1
BHCOTHUX BIIMITOK [1]. YCTaHOBHBIIM Ha OJIMH PYXOMUH arperat KiJIbKa TUIIIB CEHCOPIB, MO-
KHAa OTpPUMATH CHHXPOHHUN HaOlp JaHMX 3a PI3HUMH BIACTHBOCTSMU IPYHTY, IO J03BOJISIE
BCeOIYHO OLIIHIOBATH MOTO CTaH 1 TOUKOBO KOPUI'YBAaTH arpOTEXHIUHI Oneparii.

Xoua JiesiKi CydacHi JaTYUKH 0e3MocepeIHbO BUMIPIOIOTh arpOHOMIYHO 3HAYYIIII MTapame-
TpU (HAPUKJIaA, KUCIOTHICTh IPYHTY), OLIBIIICTh MPWIAJIIB PEECTPYIOTh MPOMDKHI (Pi3UKO-
XIMIYHI XapaKTEPUCTHUKH, K1 MOTPIOHO KamiOpyBaTh JabopaTopHUMU BUMiproBaHHSIME [20].

CyuacHi mpoKCUMaJIbHI CUCTEMH 30HAYBaHHS JTal0Th 3MOTYy OTIEpaTUBHO Ta 6e3 Jabopa-
TOPHUX JIOCJIIJ)KEHb OLIHIOBAaTH TOJIOBHI XIMIYHI XapaKTepPUCTUKU IPYHTY. [l BUSHAUCHHS
3amaciB qoctynHuX pociuHaM makpo- (N, P, K, S) ta mikpoeneMeHTiB BUKOPUCTOBYIOTHCS
CHEKTPOCKOMIYHI METOAM y BUAMMOMY, yIbTpadioieToBoMy Ta iH(pauepBOHHMX (OIHK-
HBbOMY, CEpEIHbOMY) Jiarma3oHax, Kl aHal3yITh BIIOUTHUN TPYHTOM CBITJIOBUM CHEKTp, a
Takox 10HHO-cenekTuBHI gaTtyuku (ISFET) 1 enexrpodopernyni miaxoqu [3]. Kucinorao-my-
KHUH OalaHC KOHTPOJIIOIOTHh BUKIIFOUYHO 10HHO-CEJIEKTHBHUMH MOJLOBUMH TPAH3UCTOPAMH,
110 3a0e31euyroTh Oe3nepepBHE KapTorpadgyBaHHs 3MiH KUCIOTHOCTI. BMicT opraniuHoi pe-
YOBHMHH JIETKO OIIIHUTH 3a JIOTIOMOTOI0 TUX caMuX [Y-CEeKTPOCKOIIYHIX CUCTEM, aJlalTOBa-
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HUX JUIS KUTBKICHOTO aHaJi3y BYIJICIIO Ta TYMIHOBHUX KOMITOHEHTIB [22,25]. [IpobGiemu Bu-
COKOT'0 BMICTY HaTpIiIO Ta 3aCOJICHOCTI IPYHTY BHSBIISIOTHCS Yepe3 €ICKTPOMArHiTHY 1HIYK-
I[i}0 Ta BUMIPIOBaHHS €JIEKTPUYHOTO OTMIOPY IPYHTY, 1110 103BOJISIE OTIEPATUBHO KAPTYBATH Bi-
JIIOBIIHI XIMIYHI 30HU.

J1J1s1 IpOCTOPOBOTO MOHITOPUHTY KITFOUOBUX (Pi3UYHUX XapaKTEPUCTUK IPYHTY 3aCTOCOBY-
I0Th HU3KY MPOKCUMAJIbHUX CEHCOPHUX TEXHOJIOTiH. MeToau eneKTpOMAarHiTHoOi iHayKuii Ta
BUMIPIOBaHHS €JIEKTPUYHOTO OTOPY ITiJ] Yac pyXy arperaTy J03BOJISIOTh OL[IHUTH €JIEKTPOIPO-
BIJIHICTh IPYHTY, 110 KOPEJIOE 3 HOTO BMICTOM TJIMHH, EMHICTIO KATIOHHOT'O OOMIHY Ta 3amacoM
noctymnHoi Bojoru (puc. 6) [11].

[MpokcuMmaibHE 30HAYBaHHS JOTIOBHIOE KIIACHYHI IMiXO/IH 32 paXyHOK BUKOPHCTAHHS CCH-
copiB y Oe3nocepenHiii OMU3bKOCTI 0 MOoBEepXHi IPpyHTY. Cepell HAaMMOIMPEHIIINX — eNEKTPO-
MarHiTHI CEHCOPH (/151 OIIIHKHU €JIEKTPOIPOBITHOCTI), CIIEKTPOCKOIIYHI CHCTEMH (OIiHKa Opra-
HiYHOI pedoBHHH, pH, Bosoru), ioH-cenexTuBHI cencopu (pH, Hatpiit) Ta Temosi naTuuku [22].

CrexTpockomisi y BUIUMOMY, OJIFDKHBOMY Ta CEpeTHbOMY 1H(ppauepBOHUX Alana3oHax Jae
3MOTY CyJIUTH IIPO TEKCTYPY, BMICT OpPraHigYHOI pEYOBUHHM Ta BOJIOTICTh BEPXHIX IIApiB IPYHTY,
a TepMasibHa 1H(payepBoHa 31i0MKa (IKCy€e TeMIepaTypHi aHOMaTii, 10 BiIOoOpakaroTh HEpi-
BHOMIPHICTb BOJIOTOYTpUMaHHs. PamionokariiiHi cuctemu (pagapHe 30HAYBaHHS) Ta BUMIpIO-
BaHHSI TSATOBOTO OTIOPY IPYHTOOOpOOHUX 3Hapsab (tillage draft) BuKopucTOBYIOTBCS 117151 BUSIB-
JeHHs CyONOBEpXHEBUX IMEPENoH — YIIIIbHEHUX IIapiB a00 KaM’SHUX BKIIOYEHb, LIO0
0OMEXYIOTh PO3BHTOK KOPEHEBOI1 CUCTeMH. [ orepaTiBHOTO KOHTPOJIIO BOJIOTH TMPOTATOM
BEreTalliifHOro nepioy MMPOKO BIPOBAKYIOTH IPYHTOBI BOJIOTOMIPH Pi3HUX THUIIIB, a TAKOXK
TeIJIOBE 1H(paYepBOHE NUCTAHIIITHE 30HTYBaHHS, 1110 JO3BOJISIE B PEATBHOMY Yaci CTEKHUTH 3a
JMHAMIKOIO BOJIOTH. BUSABICHHS 30H Mepe3BOIOKEHHS i MiATOMICHHS 3A1HCHIOETHCS TIO€THAH-
HsM IUGPOBUX MOJIETIEH BHCOT, JOKAJIbHUX BUMIPIOBaHb €JIEKTPOIPOBIIHOCTI Ta CIIOCTEpE-
KEeHb PIBHS IPYHTOBUX BOA y MiHim e3oMeTpax [10].

ABTOMAaTH30BaHi TICHETPOMETPH 3aCTOCOBYIOTHCS IS TAOOPAaTOPHO-TIOIBOBOTO BUBUCHHS
SIBUIIA TBEPAOCTI IPYHTY, sIKa XapaKTePH3y€eThCs 1HIEKCOM Omopy KoHyca (cone index) i 6e3-
MOCEPEIHBO BiI0Opakae CTyMiHb YIIUIBHEHHS IPYHTOBOT Macu. Beepenuni mpunamay TeH30/1a-
TYHK (strain gauge) abo KOHYCHHIA TpaHcItocep (PIKCYIOTh 3MiHY CHIH (OTIOpY IPYHTY) U Tiepe-
nae tipo 1ie iHdopmMmario B peectpatop. [lapanensHo 3 BUMipioBaHHSIMU BUKOHYEThCsT GPS-
TeOnpuB’sA3Ka, 110 T03BOJISIE OTPUMATH MIPOCTOPOBY KapTy PO3IMOALITY TBEPAOCTI 32 IITMOUHOIO
10 30-50 cm 13 kpokom 1-2 cMm. BiaTBoproBaHICTh pe3yJIbTaTiB 3a0€3Medy€eThCs CTaHAapTH3a-
IIi€I0 KOHYCHOTO KyTa 1 IIBUKOCTI 3aHYpPEHHS, a eJIEKTPOHHA CUCTEMa PEECTpallil TrapaHTye
BHUCOKY TOYHICTh BHUMIPIOBaHb 1 MOKJIMBICTh MOJANBIIOTO CTATUCTUYHOIO Ta T€OCTaTHUCTUY-
Horo aHamizy [21].

[TpucTpoi mpokcUMabHOTO 30HAYBaHHSI — 1€ (PAKTUYHO «PO3yMHI» CeHCOpHU (BOJIOTO-
MipH, TaTYUKU eNEKTPONpoBinHOCTI, pH-30HaM TOI10), KOTPi 30MparoTh AaHi Oe3rnocepeIHbO B
nouti. 11100 3pobuTtH 111 BUMiIpH TOCTYITHUMH B PEAIbHOMY Yaci KOJKEH 13 TAaKUX CEHCOPIB ITiJIK-
mrodatoth 10 loT-mepexi. [t mepenadi NOKa3HUKIB 13 OIS BUKOPUCTOBYIOTh HU3bKOILIBU/I-
KicHi, eHeproedekTuBHI Mepexi — LoRaWAN (mepeska BenrKoi 1aabHOCTI Ta IMUPOKOTO T10-
kputts), NB-IoT (By3pkocmyroBuii loT-pedeil) Tomo, uui NPOTOKOIM J03BOJISIIOTH
BIJIMPABIISATH KiJIbKA JECATKIB OAWT JaHMX 4yepe3 NMECATKU KUIOMETpiB 0€3 3HaYHOTO CIIOXKH-
BaHHs eHeprii [12]. lani i3 ceHcopiB 30upae nokansHui loT-KoopauHaTop, a MOTIM Yepes3 iH-
TEPHET HAJICUJIA€ HAa XMapHY MmiaTGopmy 4u cepBep. Tam BOHU arperyrThes, 00pOOIsSIOThCS
aHAJITHYHUMH aJITOPUTMAMU Ta 30epiraroTbes B 6a3i TaHUX.

3aBasaku loT-miaknroueHHI0 arpoHoM uu pepMep MOKe y OyIb-SIKHl MOMEHT MOOAYUTH
MOKAa3HUKH BOJIOTOCTI, TEMIEPATYPH, €IEKTPOIPOBIAHOCTI IPyHTY abo piBHA pH y KokxHOMY
«BY3J11» MEpPEkKi — HaBITh 13 MOOUTBHOTO TOJATKYy YW BEOIOpTay.
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MeTeoOMOHITOPUHT — I1€ KOMIUIEKCHA CUCTEMA PETYJISIPHUX CITOCTEPEkKEHb, 300py, 00po-
OKM Ta aHaJi3y JaHHWX MPO CTaH OCHOBHUX aTMocepHUX mapaMeTpiB (TemrepaTypa, BOJo-
TiCTh OBITPS, ONAH, BUIKICTH Ta HAMIPSMOK BITPY, COHSYHA pajiallis, TUCK TOIIO) 3 BUKO-
PUCTaHHSIM MeEpEeXi HAa3eMHHMX METEOCTaHIii, paaapiB, CYNyTHHKOBHX Iutatdopm W
ABTOMATHYHUX JaTYUKIB.

TpanuiiitHi cTamioHapHi MOJLOBI METEOCTaHIIIT po3MilieH1 6e3mocepeIHbO Ha 011 UM T10-
0JIM3y HBOTO Ta OE3MEepEepPBHO BUMIPIOIOTH KJIIFOYOBI METEOTIOKA3HUKHU (TEMIIEpaTypy MOBITpS,
BiZTHOCHY BOJIOTICTh, KUIBKICTh OMaJiB, IIBUAKICTH BITPY TOIIO) B OJHIiH Jokamii. Bonu 3a0e3-
nevyroTh 6a30Bi 1aHi PO MIKPOKJIIMAT TOCIIOAAPCTBA Ta CIYTYIOTh €TAJIOHHUMHU TOYKAMH CIIO-
cTepekeHHs. MOOUIbHI METEOCTaHIIii, 1[0 BCTAHOBJIIOIOTHCS HAa TPAHCIOPTHUX 3aco0ax 4u
BITJIA, monmoBHIOIOTH CTAI[IOHAPHI MYHKTH, JO3BOJISIIOYM 30MpaTH J1aHi 3 pI3HUX YaCTUH TOJIS
Ha pI3HUX BUCOTaX. [ '010BHA mepeBara MOOUTBHHMX CTAHIIIN — BUCOKA MTPOCTOPOBO-YacoBa Jie-
Taji3aris JaHuX: pyxoma miatdopma 3ade3nedye mibHINTY CITKY BUMIPIOBaHb MIKPOKJIIMATy
10 TepUTOpii rocrogapcTa. be3apoToBi ceHCOPHI MepeXkKi BENHUKOI KITbKOCTI APIOHUX AaTUH-
KiB (CEHCOPIB), BCTAHOBIIIOIOTHCS Yy TPYHTI Ta HaJl HOBEPXHEIO MO BCI IUIOIII MOJIA, 1€ KOXKEH
CEHCOp MO>K€ BUMIPIOBATH JIOKAJIbHI apaMeTpu (TeMIeparypy IpyHTY i HOBITps, BOJIOTICTb,
IHTEHCHUBHICTh BHITAPOBYBAHHS TOIO) Y PEXUMI peanbHOro vacy. JlaHi nmepegaroTbes 6e3apo-
TOBUM IUISIXOM Ha IIEHTpalibHY 0a30BY cTaHIi0. /{15 Takoi TenmeMeTpii 3aCTOCOBYIOTHCS €HEp-
roomaaHl JaneKoairoui pagioMepexi. be3mpoToBi ceHCOpHI MEpeki J03BOJIIOTH arpapism
OTPUMYBATH JIaH1 MPO MIKPOKIIIMAT 13 Pi3HUX TOYOK OJHOYACHO B PEKUMI pEalbHOTO yacy,
JOCATAI0YH T€ONPOCTOPOBOTO OXOIICHHSI BCi€l MO oISt (Ha BiAMIHY BiJ] TOYKOBHX CTAIlioO-
HapHUX BUMIPIOBaHb) [6].

[HIIMM TTOTYXHUM 1HCTPYMEHTOM € AucTaHIiiHe 308 yBanHsa 3emii (/133). OnTuyHi cy-
nyTHUKH (Sentinel-2, Landsat-8), pagapni matdopmu (Sentinel-1) Ta rimepcrnekTpalibHi CeH-
copu (Hyperion) 103B0Is110Th 3A1HICHIOBATH MOHITOPHHT BOJIOTOCTI, OPraHIYHOI PEYOBHHH, 3a-
conenns, NDVI, NDMI Ta inmmx iHaekciB. Y Tabn. 1 y3araJbHEeHO Ha OCHOBI BiIKPHUTHX
HAYKOBHUX JDKEpEJ Ta CUCTEMATH30BaHO ITiJ] ITOTPeOH OIIIHKK CTaHy IPYHTIB 1 OCIBIB Y MeXax
JOCITITHUX TIOJIiB MOJaHO MOPIBHAJIBHY XapaKTEPUCTUKY PI3HUX TUIIB CYITyTHUKOBOTO 30H]TY-
BaHHs [9; 19]. CynyTtaukosi /I33-cucremu, Taki sik Landsat, Sentinel-2, MODIS ta EOS-SAT
1 € 6a30BUMH IHCTPYMEHTAMH UCTAHIIIMHOTO MOHITOPUHTY IPYHTIB [29].

[TpoTsiromM OCTaHHIX AECATHIIITH CYITyTHUKOBI CUCTEMH 3HAYHO BJIOCKOHaJMIUCs. HaiiBa-
JKJIMBIII 3MIHH BKJIFOYAIOTh:

* 30UIBIICHHS MTPOCTOPOBOI po3pizHeHocTi — Bif 80 M y mepmmx cymyTHukax Landsat
10 < 1 My cyuacHux cuctemax, Takux sk GeoEye, WorldView;

* TIJIBHINECHHS YaCTOTH MOBTOpHOTO 3HIMaHHS — Bif 18 nmHiB (Landsat) mo maibke 1m1o-
JIEHHOTO OHOBJICHHS AaHuX (2-3 JH1) 3aBASKK MepexaM CyIyTHHKIB, TAKUM 5K Sentinel-2 abo
PlanetScope;

* PO3IIMPEHHS CIEKTPAILHOTO Jiana3oHy: CyYacHi rinepcreKTpaibHi CEHCOPH, HalpH-
kian Hyperion (NASA), 3natHi ¢ikcyBatu nonan 200 criekTpanbHUX fiana3oHiB Big 400 mo
2500 aM 13 kpokoM 10 HM 3 MPOCTOPOBOIO PoO3pi3HEHICTIO 30 METPiB.

OnTtuuni cynmyTHUKH (sk-0T Sentinel-2, Landsat) 103BOJISIFOTE OLIIHIOBATH BOJIOTICTH IPY-
HTY OTIOCEPEIKOBAHO — Yepe3 CIEKTpaIbHI IHIACKCH YU TeMIlepaTypy moBepxHi. Hampukian,
Landsat 5/7/8 Thermal Infrared Sensor (TIRS) npaiitoe B 10OBroxBmis0BOMY iH(pauepBOHOMY
niamaszoni (6mu3pko 10-12 MKM) 1 peecTpye sicKpaBiCHY TeMIlepaTypy MOBEpXHi 3eMii, 3 IKoi
3a JIOTIOMOT'010 KOPEKIiii Ha eMICUBHICTh Ta aTMOC(Epy OOUUCITIOITH TEMIIEPATYPY 3€MHOT I10-
BepxHi (LST) [16; 19].
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Tabnuys 1 — IlopieusanbHa xapakmepucmuka Mmemooié CYNYMHUKOB020 30HOYBAHHS
0714 3a80aHb YUPPOB020 MOHIMOPUHSY 8 MOYHOMY 3eMaepoOCmEI

[Tapamerp ITanxpomaTidHi MynpructiektpaibHi | imepcriekTpaibHi Panapni (SAR)
KinbkicTh 1 (MiKpOXBHITHO-
; 1 4-10 100-400 (iipox
KaHAJliB BHI)
Tun Bumpomi- MIKpOXBHITI
COHsIYHE (TTaCHBHE) coHsuHe (TTacuBHE) | COHsSYHE (MTAaCHUBHE)
HIOBaHHSI (axTUBHE)

Yy TnuBicTh 10

BHCOKA
(HenpuaaTHi Mpu

BHCOKa (3aJICKUTh

BHCOKa

HU3bKa (Tparoe
3a OyIb-sSIKHX

HOTOa1 . BiZl XMapHOCTI
A xMapHocTi > 10%) 8 P ) YMOB)
JieTaji3oBaHe KapTorpa- | aHaniz 6iomacu, po- .
. . MOHITOPHHT BO-
. (dyBaHHA penbedy; MiA- | 3paxyHOK CIIEKTpa- aHaJIi3 HeSIBHUX ;
OcHOBHI .. . . } JIOTOCTI IPYHTY,
BHUIIIEHHS IPOCTOPOBOI JIBHUX 1HJEKCIB, 3MiH IPyHTOBOI'O .
3aBJaHHs . . . penbedy, 3MiH y
YITKOCTI 32 JJOIOMOT OO0 MOHITOPHUHT CTaH MIOKPHUBY .
. POCIMHHOCTI
HaHMIapIEHIHTY pOCIHH
OpOroBapTiCHa CKJIaHA
MoHoxpomHe . /1oP P . . -
OOMexeHHs cepenHs TOYHICTh | 00poOKa, CKIaaHui IHTepIIpeTauis
300paKeHHS .
aHami3 JAHUX

Jlxepero: BIacHa po3pooka.

Cy4acHi TeXHOJIOTIi AUCTAHIIIMHOTO 30HIyBaHHS HAIAIOTh arpapisM JOCTYII 10 MOTOAHOL
iHpopmalii 3 CyMyTHHKIB, IIO JOTOBHIOE Ha3eMHI BUMipioBaHHS. Hampukian, mmoGanibHi
OTaJM CHhOTOAHI MOYKHA MOHITOPUTH 13 BHKOpUCTaHHsAM cynyTHHKa NASA GPM (Global
Precipitation Measurement) Ta eBporeiicbkux Sentinel-cymyTHUKIB.

OKpiM CYIyTHHUKIB, BAKIIUBY POJIb BIIITPAIOTh YHCEITbHI MOJIei aTMochepH Ta KITIiMaTH4IHI
peaHanizu y IporHo3yBaHHI OTO/U st 3eMiiepoOcTBa. Peananizn — noeHaHHS MOJIEIBHOTO
MIPOTHO3Y 3 YCIMa JIOCTYITHUMH CIIOCTEPEKEHHSIMH (SIK HA3€MHUMH, TaK 1 CyMyTHUKOBUMH) 32
TPUBAJIMI Mepioz, 110 Ja€ MOTO/IHI AaHi HA PErYISPHIN CITII 3 BUCOKOIO po3pi3HeHicTio. [Ipu-
kiag — ERAS Big €Bporneiichkoro eHTpy cepenHbOCTpOKoBUX MporHo3is noroau (ECMWEF),
110 HaJla€ TIOTOJHI MapaMeTpu (TeMIiepaTypa, BOJIOTiCTh, BITE€p, OMa TOLIO) HA IOOANbHIN
citii 30 kM 3 yacoBuM Kpokom 1 ronuHa. Jlani ERAS-Land 13 miiBUIIIEHOIO TPOCTOPOBOIO PO-
3pi3HEHICTIO (10 9 KM) Ha CYXO0/10J11 YCIIIITHO 3aCTOCOBYIOTHCS JIJIs1 OLIHKH 3BOJIOKCHHS IPYHTIB
1 BOJHOTO OaaHCy Ha IMOJISX, [0 BAXKIUBO AJIsI MPUAHATTS PillieHb 1010 3poiieHHs [ 15]. Bonun
JI03BOJISIFOTH TIPOBOIUTH PETPOCIIEKTUBHUM aHaIi3 KIIIMaTHYHAX PU3UKIB, MOJICITIOBATH PO3BH-
TOK TMOCIBIB 32 PI3HHUX MOTOJHUX CIICHAPIiB, a TAKOXK BIOCKOHAIIOBATH KOPOTKOCTPOKOBI MPO-
THO3M TOTOAM TSl KOHKPETHHUX JIoKaiii. Ha ocHOBI peaHasi3iB Ta ONEpaTUBHUX MOJENICH Ha-
[IIOHAJIBHI T1IPOMETCITY>KOH 1 IPUBATHI cepBicH (POPMYIOTH IMPOTHO3M MOTOM HA KUIbKA JIHIB
BIIEPE/I 3 IPHB’SA3KOI0 10 KOHKPETHHX TIOJIB.

Iarepuet peueit (IoT) cboromHi MpOHUKAE B arpOMETEOPOIIOTit0, 00’ €THYIOUH MEPEexki ce-
HCOPIB, O€3APOTOBHI 3B’S30K 1 XMapHI TEXHOJIOTIi JIJIT aBTOMAaTU30BaHOTO 300py Ta aHATI3y
JaHUX Tpo noroxy. be3npoToBa nepenavya JaHuX y HOJIBOBUX YMOBAX peali3yeThes 3a JOMOMO-
roro pizHux TexHosorid [oT-3B’sA3Ky: nis BIIHOCHO HEBEIMKUX BiJCTaHEH (IECATKH METPIB)
BUKOPHCTOBYIOThCS MMPOTOKOJIH Ha KITanT Bluetooth abo Zigbee; mis cepennix auctaHmiii (co-
THI MeTpiB) — Wi-Fi un Mesh-mepexi; a 1u1st BETUKUX TOCIIOAAPCTB 1 BIJAAICHUX JTaTYUKIB —
LPWAN-mepexi.

Cy4acHi miatopMu arpOMOHITOPUHTY 1HTETPYIOTh PI3HOPIIHI AaH1 (YUCIOBI BUMIPIO-
BaHHs, GPS-koopanHaTy, yacoBi psiiv, HaBITH Bi3yalibHI 300pa)KeHHs) Y €IUHOMY iH(pOpMa-
[IHHOMY CepeOBHII. 3aCTOCYBaHHS aJTOPUTMIB 0OPOOKHU JT03BOJISIE ABTOMATUYHO BUSBIISATH
TeHJIeHIII1 Ta anoMaJii. Hanmpukian, cuctemMa MoXke B peKUMI peasibHOTO Yacy MpoaHai3yBaTu
TEJIEMETPII0 3 JIECATKIB JATUYUKIB BOJIOTOCTI TPYHTY 1 Ha OCHOBI 3a/IaHUX MOPOTIB T€HEPYBaTH
CHOBILICHHS PO PU3UK MOCYXH Ha MEBHINA IUISHII moist. AOO K, OTPUMABIIH JaHi PO pi3Ke
3HIDKECHHS Temneparypu Ha o, loT-mardopma HeraitHO OBIIOMHUTH (hepMepa Mpo 3arpo3y

511



TEXHIYHI HAVKU TA TEXHOJIOT T Ne 3(41), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

3amMopo3kiB. Takum unHOM, loT-TE€XHOIOTIT pOOIATH METEOMOHITOPUHT MTPOAKTUBHUM: HE JTUIIIE
(iKCYIOTh MOTOHI TOKA3HUKH, a i 0/Jpa3y MEepEeTBOPIOIOTh iX Ha CUTHAJIM JJIsl IPUHHATTS arpo-
TEXHIYHUX PIIIEHB.

BucokorouHa oIliHKa CTaHy MOCIBIB TaKOXK MOXUIHBa 3a gonoMororo BITJIA, ocHameHnx
MYJIBTH- Ta TIMEePCIEeKTPaTbHUMH KaMEPaMH, a TAKOX TeTuioBi3opamu (puc. 4). Bonu 3a0e3me-
4yIoTh AeTtanizamito 10 10...30 cM i 703BOJISIOTH BUABIATH (HITONATOIOTIUHI CTaHHU 1IE JI0 TO-
SIBH BI3yaJIbBHUX CUMITTOMIB [4]. JI71s1 aBTOMaTH30BaHOTO BUSBIICHHS Oyp sIHIB Ta 30H YPaKCHHS
KyJBTYp BUKOPHCTOBYIOTbCS 3ropTKOBI HeilpoHHI Mepexi (CNN), 30kpema Mopeni THILY
YOLOV3 [26].

a o 8

Puc. 4. RGB-3nimox (a), yOocKOHaieHe 3a O0NOMO2010 OIUNICHLO20 THPPAUEPBOHO20
i uepsOHO020 KPali08o2o Oianasowis 300padicentss (6) ma kapma cemManmudHoi ceemenmayii
nocisie Kykypyosu i oyp ‘anis (8) [26]

CydJacHi TOCHIKEHHsI Y Tally31 BUSIBJIICHHS IIKITHUKIB 37€OUTBIIOTO MEPEXOASITh HA TIIH-
Ooke HaBuyaHHS. 3ropTkoBi HeWpoHHI Mepexi (CNN) caMOCTiHHO BYAThCS BUIUISITH CKJIAIHI
O3HaKH 3 JaHuX. J{i1st nporo Texx BUKoprcToByroThest BITJIA-3HiMku. Hampuknan, nponu 3 ten-
JIOBUMHU Ta CIIEKTPAJIbHUMH KaMepaMH BUKOPHCTOBYBAJIH JIJIsl MOHITOPHHTY MMO3HAUYEHUX 3a JI0-
MIOMOTOF0 MOJIelTi cerMeHTartii 300paxkens Y OLOv3 xinomniB-mutHEKIB (T. papillosa) y cagax [5].

Mogeni pocTy CUTbCBKOTOCTIONAPCHKUX KyIbTyp (crop models) cumyimoroTs (iziomnorito
POCJIHMH Ha OCHOBI BX1IHUX JaHUX PO MOTOAY, IPYHT, COPT KYJIbTYpU Ta IPUHOMHU 0OPOOITKY.
Mopneni APSIM, DSSAT, AquaCrop TOIIO MIMPOKO 3aCTOCOBYIOTHCS JIJIS MOJCITIOBAHHS ITyK-
poBUX OypsKiB, 3€pHOBHX, ONIMHUX KyJbTYp Tomio. Y pociimpkeHHi 2024 poxky Monenb
AquaCrop Oyna HajaropkeHa Ha IMOTOJHMX 1 IPYHTOBUX JaHUX TepuTopii [lombIi, 1 KiHIIeBa
CepeTHbOKBAIPATHIHA TOXUOKA MPOTHO3Y BPOKaHOCTI ckiana Bchoro Bif 0,21 mo 1,65 % Bin
CEPEeHBOTO BPOXKAIO (sl KYKYPY/I3H i IIyKpOoBUX OypsikiB) [18].

CynytaukoBi mnatdopmu Copernicus (Sentinel-1, -2), Landsat, Bucoko4acToTHi CymyT-
Huku PlanetScope ta BITJIA 3 MynbTH- 1 TinEepCHIEKTpATPHUMHU KaMepaMu 3a0e3neuyroTh Oara-
TOpiYuHi cepii 300paxeHb pOCIMHHOCTI. Mojenb pocty nociBiB DSSAT 3 HaBuanpHUMHE 1a-
HuMu y Burisial iHgekcy LAI pgo3Bommma B Mepinenai (CIIA) oTpumatu po3yMHO TOYHI
MIPOTHO3H BPOXKAK0 KYKYPY/3H 1 COi: MPU I[bOMY HOPMaJTIi30BaHa CepeIHbOKBAIpATHYHA TTOXH-
Oka cranoBmia 1-20 % Big cepennboro Bpoxkaro [13]. Y Hu3MI AOCTIHKEHD TINEPCIEKTPAIbHI
3aiMKku BITJTA Big cTanii IBITIHHS 10 3alIOBHEHHS 3€PHIBKU JTO3BOJIMIN MOOYMyBAaTH MOJETI,
Jie KOMOTHAITIT CTIeKTpaTbHUX 1HAEKCIB 1 JTIHIHHOT perpecii 3a0e31meuyoTh Koe(DIilieHT 1eTepmi-
Harii nonan 0,62-0,78 aist BpoxkaitHOCTI mieHui [2].

Mogeni MallMHHOTO HaBYaHHS — aJTOPUTMHU, IO HABYAIOTHCSA HA ICTOPUYHHMX JAHUX 13
CYITyTHUKOBHUX 3HIMKIB Ta MOJbOBUX BHMIpiB, JO3BOJIIIOTH BUBYATH CKJIAIHI 3aJIEKHOCTI MIXK
BXITHUMH O3HaKaMu Ta ypokaeM. Cepen Hux: ancambieBuii meton Random Forest (RF),
Gradient Boosting, meto onopuux BekTopi (SVM) Ta rimuboki HeliponHi Mepexi (CNN mst
npoctopoBux marepHiB i LSTM/RNN nist yacoBuX psifiB).
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[{udpoBuii MOHITOPHHT TEXHIKM peajizyeTbcs uepe3 TenemaTuudi cuctemu (JDLink,
TELEMATICS, Trimble). 3a nonomoroto GNSS-moaymiB, ceHCOpiB 00epTiB, TUCKY Ta BUTPAT
MajJpHOTO MOKHA 30MpaTH JaHi PO poOOTY arperaTiB y pexumi peanbHoro yacy (puc. 7). o
NPUKIANy Ui TOOYIOBU KapTH BHUTPAT MaJbHOrO OYJIO0 3aCTOCOBAHO KOMIUICEKCHHMA METO/,
KWW TIOETHYE arpoTeXHIYHI pO3paxyHKH, TE€OMPOCTOPOBHI aHAII3 Ta CTATUCTUYHY KiIacudi-
Kallifo, 0 JT03BOJISI€ BU3HAYUTH (DaKTUYHE CIIOKUBAHHS MAIBHOTO 3 YpaxXyBaHHIM MPOUIEHOT
BIJICTaHI Ta IIMPUHM 3aXBaTy TEXHIKHU (Bupas 1).

B FUEL(n)
FUELn/ra= DISTANCE (mM)*SWATHWIDTH (m)

Takuit MeTo/ Ja€ MOXKIIMBICTh BUSHAYUTHU 3aTPaTH MATHHOTO Ta MPUHHATH KOMILIEKC 00-
TPYHTOBAHHUX PIlICHb ISl MOAAJBINIOT €KOHOMIT BiJl OOpOOITKY IPYHTY 110 30MpaHHS BPOXKAo.
Hanpuknan, anani3 Big komnanii «Farmonauty mpoaeMOHCTpyBaB, 110 TeJIeMaTH4H1 )KHUBAPKU
JOCSITaloTh 3HWKEHHS BUTPAT NaJIbHOTO Ha TOHa 16 % mpu IHTErpoBaHOMY BUKOPUCTAHHI J1a-
HUX TesneMeTpii. [HI gociKeHHs MATBEPIXKYIOTh, 1110 3arajbHa €KOHOMis pecypciB (maiu-
BHO-MAaCTHJILHUX MaTepiaiiB, 33P, 1oOpuB) mpu mepexo/ii Ha CUCTEMHU TOYHOTO 3emMiIepoOCTBa
CKJIQ/Ia€ BiJl KUTBKOX IO IECATKIB BiICOTKIB 3aJIe’KHO BijJ MacmTady ¢pepMu i cTymneHs udpo-
Bizaii [24].

JlociiKeHHs aBTOpaMu MIPOBOAMIIOCS Ha ol moiomieto 309,6 rekrapa, 1o po3ramoBaHe
no6nu3y cena bepiszka y Bapsuncekiit TI' [Ipunymekoro paitony YepHiriBcbkoi o6macti, Ha
OCHOBI JgaHux arpoxomnanii «Kepuem» Ta nmone riomiero 117 rekrapis, 3Haxoautbes B Tep-
HOMIBCHKIN 00macTi Hemoaamik cena [lumiBmi 3amimuHCEKOTO palioHy HAa OCHOBI JTaHUX ar-
pOKOMITaHii « ATpocem».

[pyHTH TIOJISA TIEPEBAYKHO TIPEACTABJIEHI TUTIOBUMH MAJOTYMYCHUMH YOPHO3EMaMHM Ta JIe-
IpaJOBaHUMHU JIETKOCYTTTUHKOBUMH YOPHO3EMaMH, [0 XapaKTEPU3YIOThCSI BACOKUM arpapHUM
MOTEHITIaJIOM, ajieé BOJHOYAC MOTPEOyIOTh 0COOIMBOI yBaru 10 30€peKeHHS 1X POIIOYOCTI Ta
CTpyKTypu. Hac € KpuTHYHUM (PaKTOpPOM Uil OTPUMAHHS HAJIIMHUX 3HAYCHb MTOKA3HUKIB IPY-
HTY. Jlo puKIIamy, e1eKTPONPOBIIHICT IPYHTY 3QJICKUTD BiJl BMICTY COJIEH y TPYHTOBOMY pO-
3upHi. [1[06 oTpumaTu TOYHI BUMiIpIOBaHHS, HEOOX1THO JOYEKATHUCS, KOJIM KOHIICHTPAIlis 10HIB
CTabLTI3yETHCS TICHA 3MINTyBaHHS 3 BOJOIO UM IHITUM PO3YHHOM.

CucremMaTnyHU arpoxXiMiyHUI MOHITOPUHT I'PYHTY /A€ 3MOTY KUJIbKICHO OLIIHUTH IpOC-
TOPOBY ¥ TMMYacOBY MIHJIMBICTh MOTO BiacTUBOCTEH (Tabm. 2). 11i maHi j1exarb B OCHOBI JH-
(epeHIiiioBaHOT0 BHECEHHS JOOPUB 1 3aXUCHHUX 3aXO0/1iB, 11O MiIBUIILYE €(PEKTUBHICTH BUKOPU-
CTaHHS PECYPCIB Ta 3MEHIIIY€ PU3UKHU JETpajallii Ta Bi3yali3ylThCs Y BUIIISAI KApTOTpaM JTUB.
(puc. 5, a).

x10000. (1)

Tabnuys 2 — Pe3yniomamu azpoxiMiuHo20 00CmMedHceHHs NOJisk NPOMASOM OeCAmUnNimmsl

CepenHe 3HaUCHHS [KUIBKICTh IPYHTOBUX ITPo0]
Hokasiii MeTon 2010 2013 2016 2020
pH (KCI), on.pH JACTVY ISO 10390:2019, IDT 6,25 [56] - 5,84 [31] 5,7[30]
OpraniuHa pedo- .
suna, % JACTY 4289:2004 3,96 [11] 3,77 [28] - 3,7 [30]
Pyxomutii pocdop JICTY 4115-2002 (3a meTO-
(P,05), Mr/xr siom Ynpikosa) 100,0 [32] | 111,0[59] | 146,2[31] | 142,9[30]
JACTY 4115-2002 oOpani MmeToau BHNPOOyBaHHS
(3a metomom Ympu- | («Recommended chemical soil
KOBa) test procedures for the Central
North Region. Chapter 7: 105,5[32] | 100,5[59] | 106,5[31] | 121,2[30]
Potassium and other Basic
Cations» by D. Warncke and
J.R. Brown)

Jxepeno: maHi, HaJaHi arpokoMItaniero «Kepuem»
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OmHuM 13 HAUTIPOCTIMIUX METO/IIB OTPUMAHHS KapTorpadiyHuX JaHUX IS TPEIU31HHOTO
3eMJIepoOCTBa € 1HTEPHOJIALsl — METOJ MAaTeMaTUYHOTO TPOTHO3yBaHHS 3HAYEHb Y
HEBIJIOMHX TOYKAaX Ha OCHOBI BHUMIpSHHUX 3Hau€Hb y BIJOMHUX TOYKax auB.(puc.56). Takox
IIMPOKO BHKOPHCTOBYETHCS TE€OCTATHCTUKA, a/pKe€ HEMOXIIMBO 3pOOUTH aHaJi3 KOXKHOTO
KBaJPaTHOTO MeTpa Moyisi. TOMy IHTEPHOJIAIMiNHI Ta TE€OCTaTUCTUYHI METOAM J03BOJISIOTH
OLIIHIOBATH MTPOCTOPOBUIT PO3ITOILT TAPAMETPIB 13 MEHIIOO KITBKICTIO OJIBOBUX BUMIPIOBAHb,
TOOTO TpW OUTBIIUX PO3MiIpax KOMIPKH CITKH, 30epiraroyd IpH IIbOMY BHCOKY TOYHICTh
nporHo3iB. Hapasi iCHylOTh W I1HIII TEXHOJOTIi, 32 JOMOMOTOI0 SIKHX MOXXHa IPOBECTH
arpoximiuHe OOCTEXEeHHs IPYHTOBOTO MOKpHBY. Hampukman, ekcrmpec-TecT Ui aHalizy
IpyHTY 0a3yl0ThCS Ha KOJIOPOBUX PEaKIisfX. [XHs TOUHICTh YacTo 3amuiiae 6axkaTy Kpamioro
yepe3 MIBUKE 31HCHEHHS, 1110 MIOPOKYE HEXTYBaHHS BCIMa BUMOTaMH 3 KOPEKTHOTO BiIOOPY
IPYHTOBOI PoOH, iX 30epiraHHs, BUCYLTYBaHHS, TOIPiOHEHHS TOLIO.

a) 0)
Puc.5. Ilpocmopose mooentoeanus emicmy Kalilo: mouKosi pe3yibmamuy GU3HAYEHH S
emicmy Kanio y IpyHmi (a), kapmozpama po3nooiny eMicmy Kaito, CMeopeHa Memooom
inmepnonsayii IDW (Inverse Distance Weighting) (6)
Jlxeperno: BnacHa po3podOka

Ha (puc.6) npencraBieHo kapTorpamy eJIeKTpOIPOBITHOCTI IPYHTY, CTBOPEHY Ha OCHOBI
JAHUX TPOKCUMAJIBHOTO 30H/1yBaHHS, SIKE TIPOBOAMIIOCS Ha IO 13 3aCTOCYBAHHM IOJILOBOTO
ceHcopa. Merto BUMiproBaHHs 0a3yBaBCsl HA MIPUHITUII €JIEKTPOMArHiTHOI 1HAYKIIT Ta J03BO-
JUB OTPUMATH MPOCTOPOBO-AETANI30BAHY KapTHHY PO3MOIUTY E€JIEKTPOIPOBITHOCTI B MeKax
ycboro MacuBy. OTpuMaHi 3HaYCHHS Bapilol0TheA B Aiana3oHi Bix 2,21 go monan 31,8 MmSm/cm,
10 CBITYUTH MPO BUPAKEHY HEOTHOPIAHICTh IPYHTOBOTO TTOKPHUBY.

Puc. 6. Kapmoepama enexkmponposionocmi tpyHmy
JIKepeIno: BIaCHO po3po0Ka.
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Enexrponposinnicts (EC) € iHTErpanbHUM IHANKATOPOM, SKHUH KOPEIIOE 3 BOJIOTICTIO TPY-
HTY, BMICTOM TJIMHUCTHX (PaKIlii, CTyIIEHEM 3aCOJIEHOCTI, MIJILHICTIO Ta KaTIOHHO-OOMIHHOO
emHicTIO. [IpocTOpOBE 30HYBaHHS, SIKE CIIOCTEPIraeThesl HA KapTorpami, Bijoopaskae 3Miny (i-
3UKO-XIMIYHHUX BJIIACTUBOCTEH y MEXKaX OJHOTO MOJIs, 10 MOXE OYTH 3yMOBJICHO SIK TIPUPOJI-
HUMH YUHHUKaMHU (penbed, CKIaa IPYHTOYTBOPIOBAJILHUX MOPiN), TaK 1 BIUIMBOM T'OCTIONAPCH-
KOT IisUTbHOCTI (YUIUIbHEHHS, HepIBHOMIPHE 3BOJIOKEHHS, 3QJIUIIKH T0OPUB).

HasiBHiCcTh cTa0lIbHUX 30H 3 HU3BKOIO €IEKTPONpoBinHICTIO (10 6,3 MCM/cM) CBIAYHTH
PO JIETKI 32 MEXaHIYHUM CKJIAJIOM IPYHTH 3 HU3BKOIO BOJIOTICTIO 200 HEJIOCTAaTHHOIO CTPYKTY-
pHicTio. BonHouac miaBuieHi 3HadeHHs (moHan 16 MSM/cM) MOXYTh BKa3yBaTH Ha BaxKi
IPYHTH 3 IiIBUILICHUM BMICTOM TJIMHH, OPTraHiK{ a00 HaIMipHOIO BOJIOTICTIO, 30KpeMa B 30HaX
BOJIO3aTPUMAHHSI.

OTtpumani pe3yibTaTH € OCHOBOIO Ul arpo30HYBaHHSI MOJISl Ta CTBOPEHHS KapT-3aBJIaHb y
cucTeMax TOYHOTO 3emiiepobcTBa. 30kpema, iHpopMallis Ipo eIeKTPONPOBITHICTh MOXKe OyTH
BUKOPUCTAHA IS TJIaHyBaHHS AUQEPEHITIHOBAHOTO BHECEHHS JOOPUB, 3MIHHOI TTTMOMHU 00-
pOOITKY TPYHTY, PETYJIIOBAaHHS HOPMH BHUCIBY Ta IHIIUX aJaliTUBHUX arpoTexHojorii. [Tpoc-
TOpPOBa CTPYKTYpa, 3adikcoBaHa Ha KapToOrpami, MiITBEP/KYE e€(PEKTUBHICTh BUKOPUCTAHHS
MIPOKCUMAJILHOTO 30HIYBaHHS SIK IHCTPYMEHTY ONEPATHBHOI arpoiarHOCTUKHU 03 moTpedu y
MacoBOMY Ja0OpaTOpHOMY aHasi3l. TakuM YMHOM, 3aCTOCYBAHHS MOIOHUX KapT J03BOJISIE
npuitMaTi OOTPYHTOBAHI PILlICHHS 3 MiABUIIEHHS e()eKTUBHOCTI FOCIIOIapPIOBAHHS HA PiBHI OK-
pPEMOTO TIOJISL.

[udpoBuii MOHITOPUHT CLITLCHKOTOCIIONAPCHKOT TEXHIKH Mepeadavace mocTiiiHe aBTOMaTH-
30BaHE CIIOCTEPEKEHHS 3a MapaMeTpaMy poOOTH MalliH (TPAaKTOpiB, KOMOAHIB, arperaris) 3
BUKOPUCTAHHSAM TEJIEMAaTUKA Ta MEpPEXKEBUX JATUMKiB. BiH 103BOJIsI€ MPOrHO3YyBaTHU 3HO-
IICHHS, BUSABJISITH aHOMAJIii Ta MiIBUIYBaTH €()eKTUBHICTh BUKOPUCTAHHS TEXHIKHU (puc. 7).

Puc.7. 3ibpani 3i 3epro3doupanbHoeo kombauny
(John Deere mooeni: s770, s670) Oani npo mpaekmopiro pyxy ma opieHmayiro mexHiKu
8 NOJli, KOHMPOJIb WUPUHU 3AX6AMY, AGMOMAMUYHE GIOKTIOUEeHHs CeKYill ma 4aco8i MimKu
3anucy, HeoOXIiOHI 0l CUHXPOHI3ayii menemempii 3 IHUUMU OAHUMU
(Oani, HaoaHi acpoxomnauicto Agrosem)
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Puc. 8. Kapmoepama winenocmi npoxo0dis ciibCbko2cocnooapcbkoi mexHiku, nooyoosaua
asmopamu Ha ocHosi GPS-0anux menemempii, Memoouxa 30Hy8aHHs ma 8izyanizayii
y cepedosuwyi I'IC (/[ocepeno:enacna po3poobka)

Ha puc. 8 300paxkeHo kapTorpamy IIUIBHOCTI MIPOXO/IB CUTBCHKOTOCTIONAPCHKOT TEXHIKH,
no0y/10BaHy Ha OCHOBI TeneMeTpuaHuX GPS-1aHnx, OTpUMAaHUX I1i]] 4aC BUKOHAHHS arpoTeX-
HIYHUX omeparlliif Ha nodii. Bizyanizaiis BinoOpaskae KiIbKiCTh IPOXO/IiB TEXHIKU B PI3HHUX 30-
Hax TOJISI 32 IONOMOTOI0 KOJIbOpoBoOi mkanu. Haitmenma kinbkicth nmpoxoxais (Bix 0,1 1o 3,2)
MO3HAYCHA CHHIMH Ta OJMaKUTHUMH BiATIHKaMU 3 1 TUISTHKA MOTJIH OyTH 0OpoOieHi Juiie
OJIMH pa3 a00 3aMIIUTUCS 1032 yBarow TexHiku. JKoBTi Ta cBiTi0-3eneH1 3084 (4,3—6,5 npo-
XO1y) BIJIOBIJaIOTh OCHOBHIN Maci MoJis, e TeXHIKa pyxajach cTabUIbHO Ta 0e3 HaaMIpHUX
nepekpuTTiB. BomHovac yepBoHi Ta opanxeBi obnacti (8,7-9,8 mpoxoy) BKa3yroTh Ha 30HU 3
Ha/IMIPHOIO KUJIBKICTIO MTPOXO/iB, 1110, HMOBIPHO, € PE3yJIbTaTOM MTOBTOPHUX 00POOOK, pO3BO-
poTiB ab0 HepalioHAILHOTO MAapIIPYTy. Takuil MPOCTOPOBUHN aHAIII3 TO3BOJISIE BUSBUTH TIPO-
ONeMHI JUISHKY T0JIs1, ONTHMI3YBaTH JOTICTUKY PyXy MAllHMH, 3MEHUIIMUTH BUTPATH MaJbHOTO
Ta PIBHOMIPHO PO3MOIUIATH arpoTeXHIYHI HaBaHTaKeHHs. KapTorpama € BaXJIUBUM 1HCTPY-
MEHTOM Y CHCTE€MI TOYHOIO 3eMJIepOOCTBa, OCKIIBKHU 3a0e3Meuye BidyalbHEe MpEeCTaBICHHS
e(heKTUBHOCTI POOOTH TEXHIKH Ta J03BOJISIE (POPMYBATH PEKOMEHAAIIIT 1T aBTOMATH30BaHOTO
IUTaHYBaHHS MapIIPYTiB Y HACTYITHUX CE30HAaX.

3aBasgku reoiHdopmarnitiuM cucteMaM (puc. 9) MokHa Bi3yai3yBaTu KapTH 3aTpar Ta-
JMBA JUIs yXBAJICHHS €(DEKTUBHUX PillICHb.

a 7]

Puc. 9. Kapmu eumpam nanvroco ons noas niowero 117 2a 3a 2021
ma 2023 poxu, no6y008ari asmopamu Ha 0CHO8I meieMempudHUxX OaHUXx,
HAO0AaHUx azpoKomMnauicio «Aepocem»
IDicepeno: enacna pospodxa.
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VY pe3ynbTati IpoCTOPOBOTO aHAMI3Y TEIEMETPHUYHHX TaHUX, 310paHMX IT1/1 Yac BUKOHAHHS
noap0BUX poOiT y 2021 Ta 2023 pokax Ha 1o OyiI0 BUSBICHO CYTTEBY 3MiHY CTPYKTYPH BH-
TpaT NaJbHOTO, 110 CBITYUTH MPO MiABUIICHHS €()eKTUBHOCTI POOOTH CLIHCHKOTOCTIOAAPCHKOT
TEXHIKH 3 yacoM (Talir. 3).

Tabnuys 3 — Bumpamu nanvnoeo 3a oanumu eceonpocmopogoeo ananizy 3a 2021 ma 2023 p.
(Oani, HaoaHi acpoxomnanicio Agrosem)

Kac CepeaHi BUTpaTH MATLHOTO Cepenni BUTpaTu Pizaumg mix
2023 (n/ra) najgpHoro 2021 (i/ra) (2023-2021) n/ra
1 10,83 10,68 +0,15
2 11,75 12,15 -0,40
3 12,27 12,89 -0,62
4 12,69 13,43 -0,74
5 13,55 14,44 -0,89
6 14,16 15,12 -0,96
7 15,15 16,22 -1,07
8 34,16 34,41 -0,25

Jlxepeno: BIacHa po3poOka.

3riIHO 3 aHATI30M OTPUMAHUX TEIJIOBUX KapT BUTpAT majasHOTOo 3a 2021 Ta 2023 pokwu, y
2023 pori MOKa3HUKU €HEProCIOKUBAHHS Ha T€KTap BUSABHINCS HIDKYMMHU B YCIX KJacax, 3a
BUHSITKOM HAaWHMXKYOTO (KJ1ac 1), Mo CBITIUTH PO BIOCKOHAJIECHHS TEXHOJOTIYHUX MTPOIIECIB.
Haii0inbi cyTTeBe 3MEHIIEHHS CIIOCTEPIrajocs y Kjacax 3 BUCOKUMHU BUTPAaTaMH MaJbHOTO,
10 BKa3y€ Ha BIPOBAKEHHS 3MiH Y JIOTICTHIIl TTOJIbOBHX POOIT: ONTHUMI3AIliI0 MapIIPYTiB Te-
XHIKH, YHUKHEHHS MEPEKPUTTIB, a TAaKOX MOKpAIIEeHHs poOOTH 00JaJHaHHS, 110 3MEHIINUIIO
HABAaHTAKCHHS HA JIBUTYHU Ta MIABUIIIIO €HEPTOE(HEKTUBHICTD.

[TpocTopoBuii po3noaia BUTpat naibHoro y 2023 pori OyB 3HaYHO BIIOPSIKOBAHIIINM TO-
piBHsHO 3 2021 pokom. Ha TermmoBux KapTax 4iTKO OKPECITIOBAIIUCS 30HU 3 PI3HUM PiBHEM BHU-
TpAaT, 110 BKa3ye€ Ha BUILLY y3TO/KEHICTh MIXK KapTaMHU-3aB/IaHb 1 pealbHUM BUKOHAHHSAM POOIT.
Ile, iMOBIpHO, CTAJIO PE3yIHTATOM aHANI3y TEIEMETPUYHUX JAHHUX IMOIMEPEAHIX CE30HIB 1 iX
NOJAJIBIIION0 BUKOPUCTAHHS JUIs TOYHOTO IUIaHyBaHHs onepatiif. Y 2021 poui po3mnoaina BH-
TpaT OyB XaOTHUYHIIINM 1 HE IEMOHCTPYBAB YiTKO1 30HAIBHOCTI, 1110 YCKJIATHIOBAIO MPUHHSITTS
TuQepeHIiifoBaHNX YIPABIiHCHKUX PillICHb Ha PiBHI MOJI.

JlnHamika MpocTOpoOBOi BapiaTUBHOCTI BUTPAT MATBHOTO € HE JUIIE IHANKATOpOM ede-
KTUBHOCTI BUKOPUCTAHHS TEXHIKH, a i OCHOBOIO ISl TIOAAIBIIOTO MJIAHYBAHHS B MEXax
KOHIIEMIIii TOYHOTO 3emMiepoOcTBa. JlaHi Mpo eHePTOCIOXKUBAHHS MOXYTh BUKOPHCTOBYBa-
TUCS JJI1 CTBOPEHHS KapT-3aBJaHb, alallTOBAHUX M1 OKpeMmi IisHKH nost. e mo3Boisie
3MEHUIUTH BUTPATH MaJbHOTO, JOOPUB, Yacy Ta 1HIIMX PECYpCiB, OJHOYACHO 3HUKYIOUH
HETaTUBHUH BILIUB Ha JOBKIJLIS.

[TapanenbHO 3 TeIEMETPIEIO BCE MIMPIIE BIPOBAIKYIOTHCS TEXHOJIOTIT AUCTAHIIIHHOTO 30-
HYBaHHS, SIKi JaIOTh 3MOTY OI[IHIOBATH CTaH MOCIBIB 1 arponanAmadTy 3 pi3HOI MPOCTOPO-
BOIO JeTanizamiero. CynmyTHUKOBI TUIaTGopMu 3a0€3MeUyI0Th PETyIIpHUNA MOHITOPUHT BEJIH-
KUX TUTOII, I03BOJISIFOYH BiJICTEKYBATH CTAH POCIIMH 32 IOTIOMOTO0 YaCOBHX PSAIIB 1 BUSBIIATH
3MiHM y BereTallii. Boun 0co011BO KOpHCHI Ha piBHI MOJIs1 200 TPYIIX OB, JIe TOTpiOHA oTe-
PaTUBHICTh B YXBaJICHHI PillICHb.

J171s1 TOKaTbHOTO MOHITOPHHTY 3 BUCOKOIO TOYHICTIO 3aCTOCOBYIOTHCS O€3MIJI0THI JTiTANbHI
amapaTH 3 MyJbTH- 1 TIIepCHEeKTPAIbHUMHU CEHCOpaMH. BOHU O3BOJISIOTH BUSBIATH IpooIe-
MHI JUJISTHKH - Te(DIIUT MOKUBHUX PEYOBHH, YPOKCHHS IIKITHUKAMH YA XBOPOOAMU — IIIE JI0
NOSIBU Bi3yaJIbHUX O3HAaK. TerIoBi KaMepH, BCTAHOBIICH] Ha JIpoHaxX abo JiTakax, BAMIPIOIOTh
TEMIEPATypPy POCIUHHOTO MOKPUBY, IO € BAXKJIMBUM MOKa3HUKOM BOJIHOTO CTpECY, TPAHCIII-
patii Ta 3araJbHOTO (i310JOTIYHOTO CTaHy KYJBTYP.
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CnexTpaibHHMI aHami3 y OmmwkHbOMY i1HGpadepBoHOoMy mianazoHi (700-1300 M) mae
3MOTY OILIHIOBATH IUIOIILY JJUCTOBOT'O arapary Ta 3arajibHUi cTaH (OTOCHHTETHUHUX CTPYKTYP
pociuH. Hait6inpm nommpennM nokasHukoMm € NDVI, mo BimoOpaxae CIiBBITHOIICHHS MIXK
NOTJIMHAHHSM Y€PBOHOTO CBITJIA Ta BIAOUTTM iH(PadepBOHOTO i JO3BOJISE€ BU3HAUATH IHTCH-
CHBHICTB POCTY Ta CTaH POCIMHHOTO TIOKPHBY. J[JIsi KOMIUIEKCHOT OIIHKH 3BOJIOYKEHOCTI BUKO-
pucroByethes iHAeKc NDMI, sikuit 9y TIUBHUi 10 BMICTY BOJIOTH B POCJIMHAX 1 IPYHTI Ta J0TO-
Marae BUSBJISTH Tiepionu BomHoro ctpecy. Iloemnane BukopuctanHs NDVI ta NDMI
iIBHIIYy€ TOYHICTh MOHITOPUHTY TOCIBIB, Aa€ 3MOTY i1eHTH(]iKyBaTH (a3 aKTUBHOTO POCTY
Ta BU3HA4YaTH MOTpeOy y 3pOIIeHHI Ui BHECEHH1 00puB (quB. Tadmnwuiro 4).Mozem po3BUTKY
CLIbCHKOTOCTIOAAPCHKUX KYJIBTYP MaTeMaTHUHO OMHUCYIOTh PICT POCIIUH, OajaHC BOJIH Ta IMO-
JKUBHHMX PEYOBHH, (pa3oBy (PeHOIIOTIIO 1 peakIlito KyJbTypH Ha cTpecH (rmocyxa, AehiluT a30Ty
tomo) Tta xBopodbu. Hampuxman, DSSAT (Decision Support System for Agrotechnology
Transfer) — Ha01p y3roKeHUX MOAeNIel BUPOITyBaHHS MOHA T 40 CITbCHKOTOCTIOIAPCHKHX KY-
JABTYD, IPU3HAUEHHH 115 OLIHKY BIUTUBY HOTOJHUX, IPYHTOBUX, TEHETUYHUX 1 YIIPABIIHCHKUX
(dhakTOpiB Ha BPOXKANHICTB.

[Ticna in¢ikyBaHHS POCIHH KOJIMBAHHS CIEKTPAIBHOI BIIOMBHOCTI, TEKCTYpH a0 TeMIie-
paTypu MOKyTh OyTH BUsBIJICHI aHaMi30M 3HIMKIB. BIIJIA-mmaTdhopmu, obnagHaH1 rinmepcnek-
TpaJIbHUMHU KaMepaMH, T03BOJISIOTh MOOAYUTH 3MIHU KOJIBOPY JIUCTS, MIFMEHTAIII] Ta TeMIepa-
TypH, CIOPUYMHEHI XBOpoOaMH Ta HalOTh YHIKQJIbHI CHEKTpajabHI BIAOWTKH: BHUKOPHUCTAHHSI
rinepcrnexTpa 103Boisie (PIKCyBaTH LI «BIIOMTKM» HA PaHHIX CTalifX.

Tabauya 4 — Jqunamixa 3navenv NDVI ma NDMI ons docrionozo noas y Yepniciscokiti
obaacmi nio KyKypy03010 Ha 3epHO Ha pizHux emanax gecemayii (29.06-22.09.2017)

NDVI [ara NDMI
1 2 3
29.06.2017
22.07.2017
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3axinuenns maobn. 4
1 2 3

21.08.2017

22.09.2017

Jlxxepeno: BIacHa po3poOka

Junamika Bereranitaux inaekcisB NDVI ta NDMI ynpooB:k BereTamiiHoOro nepioay Ky-
Kypy/13u Ha 3epHO y YepHiriBchkii oosacti (29.06-22.09.2017 p.) BimoOpaxkae 3minu (izioo-
TYHOrO CTaHy MOCIBIB Ta PiBHs 3BOJOXKEHHS I'pyHTY. Ha mouatkoBomy erami (29.06.2017)
NDVI cranoBus 0,56, NDMI — 0,28, mo BianoBigae ¢a3i akTHBHOTO HapOCTaHHS JIMCTOBOI
MacH. Y cepenuHi ce3ony (22.07.2017) 3adikcoBaHo MakcuMalbHi 3HaueHHs iHAeKCiB (NDVI
—0,79; NDMI — 0,42), sixi cBiq4aTh Mpo HAUBUILY (POTOCUHTETUYHY aKTUBHICTh Ta ONTHMAa-
apHUN BogHMN pexxuM. [1ig gac popmyBanns Bpoxaro (21.08.2017) cioctepiranocst 3SHUKEHHS
NDVI no 0,73 Ta NDMI no 0,36, 1o moke OyTH OB’ S13aHO 3 YaCTKOBUM BOJIHUM CTPECOM 1
noyaTkoM Jo3piBaHHs. Hanpukinii cezony (22.09.2017) innexcu 3menmmucs a0 0,48 ta 0,22
BIJITOBIJTHO, 110 BiI0Opakae 3aBEepIIICHHS BEreTaI[IiHUX MPOIIECiB 1 3MeHIIeHHs 6iomacu. Taka
JMHAMIKa J03BOJIA€ 1eHTU(]IKYBAaTH MEPIOAN MAKCHUMAIBHOTO POCTY Ta BPA3IHBOCTI KyJb-
TYpH, IO € OCHOBOIO TSI KOPUTYBaHHS arpOTEXHIYHUX 3aXO0/IiB.

[Mapanensuuii ananiz NDMI, sikuii € 4yTIMBUM J10 3MiH BOJIOTOCTI POCIMHHOTO TMIOKPHUBY
Ta IPYHTY, MMOKa3aB MOI0OHY 3arajibHy TCHJICHIIIO, aje 3 OLIbII BUPAKECHUMHU KOJIMBAHHIMU Y
Hepioin HeIOCTaTHHOTO 3BOJIOKEHHs. 3pocTaHHs iHekcy Bix 0,28 Ha moyaTKy Ce30HY 10 Ma-
kcumymy 0,42 y ¢dasi akTHBHOTO POCTY CBIYHUTH MPO CHPHUATIUBUANA BOJHUN PEXKUM Y IICH Tie-
pioa. [lonansme 3umxenast NDMI go 0,36 mix yac ¢popmyBanHs Bposkato Ta 10 0,22 Hanpuki-
HIIi CE30HY BKa3y€ Ha MOCTYMOBE BUCHAKEHHSI 3aIlaciB BOJIOTH Ta MOKJIMBHI MPOSIB BOJTHOTO
CTpecy, 0 Koperoe 3i crioctepekeHHsMu 3HmxkeHHst NDVI. 1le migkpecitoe J0UinbHICTh MO-
eaHaHHS 000X 1HAEKCIB JIJIsl KOMIUJICKCHOI OI[IHKH CTaHy TOCIBIB.

OTxe, MOEHAHHS TaHUX IIU(PPOBOIO MOHITOPUHTY CTBOPIOE HaAIHHY 0a3y a1 moOy10BH
aIalITUBHOI CHCTEMH YIPABIIHHS arpoTEeXHOJOTISIMH. 3aBASKH I[bOMY arpapii OTpUMYIOTh
3MOTY OIEpaTHBHO pearyBaTH Ha 3MiHYy YMOB, IJIaHyBaTH 0OpOOITOK 13 BpaxyBaHHSM IPOCTO-
POBOT HEOTHOPIAHOCTI Ta TIOCTYMOBO BIPOBADKYBATH NMPUHIUITA TOYHOTO, PECYPCOCPEKTHB-
HOT'O Ta €KOJIOTIYHO OPIEHTOBAHOTO 3eMJIEpOOCTBA.
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BucHoBku. KoMIuiekcHe 3aCTOCYBaHHSI arpoXiMigHOTO, IPOKCUMAIILHOTO, TeJIEMETPHY-
HOT'O Ta JUCTAaHIIITHOrO MOHITOPUHTY J103BOJIMJIO BUSBUTH IIPOCTOPOBY HEOJHOPITHICTD IPYyH-
TOBUX Ta 010(pI3WYHUX XapaKTEPUCTUK JOCIITHUX TOJIB, & TAKOXK OLIHUTH €()eKTUBHICTD BU-
KOPUCTAHHSA CUIbCHKOTOCIIOAAPCHKOT TEXHIKH.

ATpoXiMiIYHUN aHaJIi3 TTOKa3aB CYTTEBI BIIMIHHOCTI Y BMICT1 €JIECMEHTIB KUBJICHHS Ta KH-
CJIOTHOCTI IPYHTY HaBiTh Y MeXaX OJHOTO mouisd. Taki pe3ynbTaTH MiATBEPAKYIOTh HEOOXia-
HICTh BIIPOBA/DKEHHS 30HAJIBHOTO YIPABIIHHS POTIOYICTIO, IO J03BOJISIE YHUKHYTH K HAJI-
JUIIKOBOTO, TaK 1 HEIOCTATHHOTO BHECEHHS T0OPUB.

JlaHi MPOKCHMAJTLHOTO 30HAYBaHHS (€JIEKTPOMPOBITHICTh) BUSIBIIIN YITKO OKPECIICHI 30HU 3
pi3HUMH (Pi3UKO-XIMIYHIMH BIIACTUBOCTSAMH IPYHTY. BCTaHOBIIEHO, 1110 BUCOKI 3HAYEHHS €JIEKT-
POTIPOBITHOCTI KOPETIOIOTH 3 BAXKKMMHU IPYHTAMH Ta 30HAMH HAKOTTMYCHHS BOJIOTH, TOJII SIK HU3bKI
3HAUEHHS XapaKTepHi JUIs JIETKUX IPYHTIB 3 MiABUIIIEHIM PU3MKOM mocyxu. Lle cTBoproe miarpy-
HTS [T QIalITABHOTO TUIAHYBAHHS TJIMOWHU 00pOOITKY, TIOJMBY Ta HOPM BHECEHHSI TOOPUB.

TeneMeTpuyHUN MOHITOPUHT TEXHIKHM 3aCBIIYUB HASIBHICTH JOKAJIBHUX JUISHOK 3 HaJ-
JUIITKOBUMH TIPOXOJIaMH arperaris, 1[0 HETaTHBHO BIUIUBAE HAa CTPYKTYPY IPYHTY 1 301IbIIy€
enepropurpatu. [lopiBusuus qarux 2021 ta 2023 pokiB moka3ao, 1o micjis OnTuMi3allii Ma-
PUIPYTIB Ta BUKOPUCTAHHA KapT-3aBAaHb BAAIOCS 3MEHIIIUTHA BUTPATH AJIBHOTO HA OLIBIIIOCTI
TUTSTHOK, OCOOJIMBO Y 30HAX 3 MMOYaTKOBO BUCOKUM CIIOKUBAHHSM, IO MiATBEPKYE €PEKTUB-
HICTb IHTETpaIlii TeIeMeTpii B YIPaBIIHCHKI MTPOIIECH.

JlucraHniifHuii aHami3 MOCIBIB 3a CYNMyTHHKOBUMH 3HiIMKamu Sentinel-2 Ta iHmekcamu
NDVI/NDMI no3BonuB Bu3Ha4uTH (ha3u aKTUBHOTO POCTY Ta MEPIOIA BOJHOTO CTPECY KYJIb-
Typ. BcTanoneHo, 1110 KpUTHYHOIO (Pa3010 3 TOUKH 30py BOAHOTO 3a0e3neueHHs € nepion ¢o-
pPMyBaHHs BpOXkaro B MEPioj CEpIHS MOTOYHUX pokiB, ko NDMI 3uu3uBcs Ha 14 % Bin mi-
KOBOro 3HaueHHs. Lle mae 3Mory 3a3ganeriip miaHyBaTH 3pOIICHHS Ta arpOTEXHIUHI 3aX0AU
JUTSL 3MEHIIIEHHSI HETATUBHOTO BIUIMBY CTPECY HA BPOXKAWHICTb.

InTerparis pesynsratiB y equnomy ['IC-cepenoBuii 3a0e3neunia MOXKIHBICTb TPOCTOPO-
BOT Bizyaumizarlii KJIFOYOBHX MOKA3HUKIB 1 (OPMYyBaHHs KapT-3aBIaHb s JUGEPEHIIHOBAaHOTO
BHECEHHS TOOPHB Ta ONTHMI3alii pyXy TexHiKU. Takuii miaxiJ J03BOJISIE MiIBUIIUTH €EKTHB-
HICTh BUKOPHUCTAHHS PECYPCiB, 3HU3UTH BUTPATH MAIILHOTO Ta MiHIMI3yBaTH HETAaTUBHUI BIUINB
Ha JIOBKUIJIS, 110 BiAMOBIAAa€ MPUHITUITAM TOYHOTO Ta peCypcoeeKTUBHOTO 3eMIepOOCTBa.
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METHODS AND TECHNOLOGIES OF DIGITAL MONITORING
IN AGRICULTURE

Digital monitoring is a key tool in the development of precision agriculture, providing timely assessment of the state of
agroecosystems and enabling spatially justified management of technological processes. Under conditions of increasing re-
source pressure, climate change, and variability of soil conditions, there is a need for a comprehensive analysis of parameters
influencing crop yields. The relevance of this research lies in the necessity of implementing innovative digital technologies in
agriculture, which can improve production efficiency, adaptability to environmental conditions, and reduce resource losses.

The main approaches applied include agrochemical analysis (nitrogen, phosphorus, potassium content, acidity), spatial
sensing of soil electrical conductivity to detect structural differences, as well as remote sensing using Sentinel-2 satellite data
for calculating the NDVI vegetation index. Additionally, telemetry data from field machinery were used, which made it possible
to assess the efficiency of technological operations, particularly mapping fuel consumption.

The results obtained are presented in the form of thematic maps and tables illustrating the spatial variability of key
indicators. The study revealed significant heterogeneity of soil characteristics within a single field, confirmed by both agro-
chemical results and electrical conductivity indicators. Spatial differences in NDVI values indicate heterogeneous crop devel-
opment caused by a combination of soil, climatic, and technological factors. Analysis of telemetry data revealed trends toward
route optimization and rationalization of machinery use, which indirectly affects the energy efficiency of field operations.

The integration of digital monitoring methods — agrochemical, electrophysical, telemetry, and remote sensing — pro-
vides a multidimensional understanding of the state of agroecosystems. This approach enables well-founded decisions regard-
ing site-specific management, reduces the risks of resource overuse, and establishes a foundation for the sustainable develop-
ment of agricultural production.

Keywords: digital monitoring, precision agriculture (PA), geographic information systems (GIS), telemetry, remote sens-
ing (RS), vegetation indices, NDVI (Normalized Difference Vegetation Index), agrochemical analysis, mapping, resource effi-
ciency, spatial analysis, agrotechnologies.

Fig.: 9. References: 31.

Bopox B. B., I'mo6a O. B. Metoau Ta TexHoIOTri] ()pOBOro MOHITOPUHTY B 3eMIIepOOCTBi. Texniuni Hayku ma mexnoaozii, 2025. Ne 3(41).
C. 506-524. DOI: https://doi.org/10.25140/2411-5363-2025-3(41)-506-524.

524



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(41), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

OCHOBHI BUMOI'M 1O OPOPMJIEHHA TA ITIOJAYI PYKOIIUCIB
HAYKOBHUX CTATEHU 1O HAYKOBOI'O )KYPHAJY
«TEXHIYHI HAYKH TA TEXHOJIOT'Ti»

HlanoBHi nonucyBayi!

JJis mogaHHs CTaTTi HEOOXITHO CIIOYATKYy HAJIICTATH CTATTIO Ta iHPOPMAIIIIO PO aBTOPA,
3 IKHM KOHTaKTYyBaTH 100 MyOJTiKaIiii craTTi, opopMiIeHi 3a BCTAHOBIICHUMH BUMOTaMH, JIJIsI
MOTIEPETHHOTO PO3TIISALY PEAAKIIIHHOI KOJETIEr KXypHATY « TeXHIYHI HayKH Ta TEXHOJOTI.
3a yMOBH BiJIIOBITHOCTI CTATTi CIELIaTbHOCTSAM, 33 SKUMHU aKPEIUTOBAHO XKYPHAJ, BIAMOBII-
HOCTI HOpMaM aKaJeMidyHO1 JOOPOUECHOCTI 3a pe3yJibTaTaMt MEePEBIPKHU Ha IuIariat, MO3UTHB-
HOI He3aJIeXKHOI pereH3ii Bii MPU3HAUEHOTO PEeJAKIIHOIO KOJIETIE0 PELEH3eHTa, CTATTS PO3-
MIIYETHCS B MAKET1 KypHAITY.

PenakiitHa kosneris 3a0e3mnedye po3riisi]] Ta He3aJIe)KHE PelieH3yBaHHS MOJJAaHKUX JI0 Iy OJTi-
Kallii MaTepianxiB BUCHUMHU, SKi MAIOTh HAYKOBH CTYIIIHb Ta 3A1MCHIOIOTH TOCIIIKSHHS 32 CIIe-
1abHICTIO, 1110 BiJIMOBiAa€ TEMATHUII TOJAAHOTO I MyOmiKaIii MaTepiany, 1 € aBTopamu (CIiB-
aBTOpPaMHM) 3araJibHOIO KIUIBKICTIO HE MEHIIE TPhOX MyOmiKamii y HayKOBHX BHJIAHHSIX,
BKIIIOUEHUX JI0 KaTteropii «A» Ta/abo kareropii «b» [lepeniky HaykoBHUX (aXxOBUX BHAAHb YK-
painu, Ta/abo y 3aKOpPJOHHHMX BUIAHHSX, MPOiHAEKCcOBaHMX y Oa3ax manmx Web of Science
Core Collection ta/abo SCOpuUS 3a BiAMOBIIHOK CHEHIATBHICTIO, OMPHIIOIHCHUX YIIPOIOBK
OCTaHHIX II’ATH POKiB.

Omny0nikyBaHHsSI HAYKOBUX CTaTel y KypHauli « TeXHIYHI HAYKH Ta TEXHOJIOTI1» € IJIaTHUM.
BapricTh my0uikaiiii HayKoBOi CTaTTi CTAHOBUTH:
- 80 rpu/1 cTopinka (3a yMOBH, SIKIIIO aBTOpaM MOTPiOHA MarepoBa Bepcis )KypHaIY);
- 60 rpu/1 cropinka (3a yMOBH, IKII[O aBTOPAM JIOCTATHRO €JIEKTPOHHOT BEpCii KypHAITY).
OcrarouyHa BapTICTh MyOJiKalii (OpMyEThCS MICsI TOTOBHOCTI €IEKTPOHHOIO MaKeTy XKyp-
HaJTy Ta MOBIJOMIIIETHCS aBTOPY, BIANOBIIAILHOMY 3a IyOJtikatlito crarTi. Onjara mijaTBeppKy-
€ThCS] KBUTAHIIEIO.

YMOBH ITYBJIIKAITI, BHMOI'H II[O]0 O®OPMJIEHHA CTATEH, PEKBI3UTH
OIUIATH TA OCTAHHI HOMEPH HAYKOBOI'O /KYPHAIY « TEXHITHI HAYKH
TA TEXHOJIOI'II» POSMILIEHO HA CAHTI»: http://tst.stu.cn.ua/

KonTakTHa indopmanis:

Mopo3s Hatanis BikropiBHa

Ten.: (0462) 665-225

E-mail: tst.technical.sj@gmail.com

BinnosinaabHicTh 32 MaTepianu, HaBeJeHi y CTaTTi, Hece aBTOP.
HenpasuibHo odopMIieHi aBTOPOM CTATTS Ta CYNPOBiIHI JOKYMEHTH,
110 He BIANOBIIaI0Th 3a3HAYEHUM BUMOTIaM, PO3IJIsiAaTHCS He Oy1yTh.

Peoaxyis pozenadae Haoxoocenusn nyoaikayii ma cynpogioHux 00KyMeHmis

5K 3200y donucysaya (i) wjo0o nepedadi agmopcbKko2o NPasa HA BUKOPUCMAHHS MEOPY
(Mmupasxcysanms, po3no8cro0HCeHHs MOUo0).
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