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PA3BPABOTKA CBETOANOIHOI'O ®UTOOBJYYATEJIA
N EI'O TECTUPOBAHUE B JIABOPATOPHBIX YCJIOBUAX

[MpoGiema 3HEProcOEpeIKEHUST B ONTHYECKUX IJICKTPOTEXHOJIOTUAX aKTyallbHA Uil COBPEMEHHBIX (uTo0OIyUaTe-
Jiel Ha OCHOBE CBETOJMOJIOB, KOTOPHIC HAa HACTOSIIUN MOMEHT YBEPEHHO 3aHSJIM CBOKO HUIINY B CBETOKYJBTYpE.
Takue GpuTOOOTyUaTETH UMEIOT Psii OCOOCHHOCTEH, TPEOYIOIUX yUeTa MPU UX MPOCKTUPOBaHUM 1 aHanu3e. O0a-
CThIO IPUMECHEHHUS Pa3paboTaHHOTO (PUTOO0OTyUATENS SBISIOTCS MIPEKJIC BCErO IKCICPUMEHTAIBHBIC UCCIICIOBAHUS
0 YHEPTrO3KOJIOTUU CBETOKYJIBTYPHI. BO3MOKHO TaKkKe €ro MCIOIb30BaHHE B YaCTHOM CEKTOPE M MAJbIX TEILIHY-
HBIX XO3sCTBaX JUIss OOJIydeHHUsS] Kak paccajipl, TaKk M JJIHHHOCTEOCIbHBIX pacTeHUi. 3aqadyeil sBISUIOCh CO3/IaHne
MPOCTOr0 YCTPO#CTBA, OOECMEUYMBAIOIIEr0 BO3MOXXHOCTH JOCTATOYHO TOYHOTO Uil MPAKTHKU PETYIHPOBAHUS
CHEKTpa M3JIYyYeHHS M aBTOMATHYECKOrO BKJFOUCHHUS! B 3aBUCHMOCTH OT BPEMEHH CYTOK M YPOBHS €CTECTBEHHOMN
OCBelleHHOCTH. B ycTpoiictBe huToobmyUaTenss NnpUMEeHeH HOBBbIII KOMIOHOBOYHBIA NMPHHIKIT PABHOMEPHO pac-
MPEJCIICHHBIC M0 TEIUIOOTBOIICH MOBEPXHOCTH DPA3HOCHCKTPAIBHBIC CBETOMMONBI OOBEAWHEHBI B OTICIBHBIC
QJICKTPUUYCCKUE T'PYIIIbl, KOMMYTUPYEMBIC B LCIAX MOJTYUCHUA HeO6XOZLl/IMOFO CIICKTPAJIbHOTO COCTaBa IMMOTOKAa U3-
JIyucHUs. MeTO}II/IKa MOJIYYCHUSA SKCHECPUMCHTAJIbHBIX JaHHBIX ONPEAYCMATPUBACT U3MEPCHUC CIICKTPAJIbHbIX, (1)0-
TOMETPHUYECKUX, IJIEKTPUUECKUX M TEIUIOBBIX XapaKTePHCTHK Npubdopa. Pe3ynabraTsl moaTBepauiiv 3 GpekTHBHOCTh

pa3paboTaHHOTO (GUTOOOITyIaTENs, COUETAIOIIETO TOYHOCTh PETYINPOBAHUS CIEKTPA C IHEPT03( () eKTHBHOCTHIO.

Kniouegvie crnosa: cBeTOKyNnbTypa, sHEprocoepexenue, GurooOmyyaresns, CBETOANOI, JHEPTOEMKOCTb

BBEJEHUE

Ceeronuonsl (CJ) Ha HacToAMMIA MOMEHT YyBe-
PEHHO 3aHSIN CBOIO HHITY B CBETOKYNIbType. O0myya-
TENH, WCIOJIb3yeMble TPH BBIPAIIMBAHUU PACTEHUN
(putoobmyuarenn, ®O), UMEIOT pA OCOOCHHOCTEH,
TpeOyIOUINX y4yeTa MPH aHalIu3e, pacueTe U BBITIOIHE-
HUU KOHCTPYKIMH Ha ux ocHoBe. [Ipumenenne CJ|
B coctaBe @O mpu Mpounx paBHBIX YCIOBHUSIX TO3BO-
JSIeT CYLIECTBEHHO CHHM3MTh MX JIEKTPONOTpeOIeHNe
[0 CPaBHEHHUIO C TPAAULUOHHBIMH  OOIydaTeNsIMU
[1]. Tossnenue CJI @O npuBeno K CyHIECTBEHHBIM
TEXHOJIOTHYECKUM H3MEHEHUSIM B PacTEHUEBOCTBE.
Crano BO3MOXKHBIM cO371aBaTh 3P GEeKTHBHBIE "peren-
THI" AJIs1 BBIPALIMBAHUS PACTEHUH, HACTpauBas CIIEKTP
(hOTOCHHTETHYECKN aKTUBHOW pajrialluyl I KaxKI0TO
Buga win copta [2]. CoBpemenHsie @O BBIMONHSAIOT
ONTUMHU3UPOBAHHBIMH JJIsl BBIPALMBAHUS PaCTEHUN
B TEIUIMYHBIX YCJIOBUSX, ABJSISICH OAHUM U3 Hambolee
3¢ (HEeKTUBHBIX W DHEProcOEperarnnx TEeXHUYECKNX
CpeAcTB obecrieueHns PacTeHUH CBETOM C HEOOXOH-
MBIM CITEKTPaJILHBIM COCTaBOM [3].

Ceerorexnnueckue xapakrepuctuku PO Heno-
CPEACTBEHHO BIMSIOT Ha POCT M yPOXKaHHOCThH pacte-
Huii [4]. [uOKOCTH B yNpaBICHUU CIIEKTPOM H3ITyde-
HUS UMEeT KJIOUYeBOE 3HA4YCHWE JJISl ONTHMH3ALUH
(bnUTOOOTYydEHNS B PAa3MMYHBIX CTaAMsIX POCTa pacTe-
HUW U JUIS PAa3IMYHBIX BUJOB KyJbTyp. B pasHeie Ie-
PHOABI POCTAa pacTeHUil TpeOyroTCs pa3iUYHbIE KOM-
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OMHAIMK CTIEKTPaJIbHBIX TUANAa30HOB, YTOOBI CTHMY-
JMPOBATh ONpEAETICHHbIE (PU3HOIIOTHYECKUE IPOLeC-
cbl: hoTocuHTE3, IIBETEHHE U (POPMUPOBAHUE TUIOJIOB.
Kaxxnplil ciekTpasibHbli Juana3zoH M0-CBOEMY 3HaYUM
u HCO6XO[{I/IM AJid yCHICIIHOTO pa3BUTUA pPACTCHUA.
[npoko pacnpoctpanensr PO, moctpoeHHsie Ha CJI,
M3ITyYaroIuX B HanOosee (DOTOCHHTETHIECKH aKTHBHBIX
CIIEKTpPalbHBIX JHana3oHax: cuHeM (400-500 ©M)
u kpacHoM (600-700 uM) [5]. B cuHeM amamnasoHe mpo-
WCXOJIMT WHUIMAIINSA CHHTE3a XJI0po(Ulia, OH Urpact
BOXHYIO pPOIb B (OTOMOPHOTEHHBIX HW3MEHEHHUSX
B pacTeHMsIX, BKJIIOUYas y[UIMHEHUE CTeOJIsI U paspac-
TaHUE JMCTHEB, ABIAETCS BaXKHON COCTaBIISIOIIECH IS
¢doToTponM3Ma U yCTBHYHOW amepTyphl, CIIOCOOCTBY-
€T YBEJIMYCHUIO cofepkaHus xjopodwmmnia. KpacHsrii
IMAIa30H SIBJISIETCS OCHOBHBIM [UIS BBIPAILMBAHUS
CEeNTbCKOXO3AUCTBEHHBIX KYJIBTYp Ha OOJBIIMHCTBE
9TanoB pocTa U passutusa. OH Hanbosee YHepreTude-
CKH 3(QGEKTHBEH sl CTUMYJIUPOBaHUs (DOTOCHHTE3A.
Wznyuenne B mganpHekpacHOM nuama3one (700—
800 HM) BBI3BIBACT CHHAPOM H30€raHusi TEHH, CBsI-
3aHHBIA C YAJMHEHUEM MEXAOY3JIHH, CIIOCOOCTBYET
YBEJIMYEHHIO IJIOLIAIN JIMCTHEB M LIBETEHUIO, CTUMY-
JUPYeT HaKOIUIeHHE (UTOHYTPHEHTOB. [Ipu mcmonb-
30BaHMU JAJIBHETO KPACHOTO M3JIyYCHHS B COUETAHUH
Cc 60Hee KOPOTKMMU [JJIMHAMHU BOJIH NPOUCXOAUT CH-
HEPreTU4ecKoe CTUMYJIMPOBAaHHUE PAa3BUTHUSI PACTEHUI
("a¢ddext ycunenus Omepcona”) [6]. 3enensie (500—
600 mMm), xentsie (540-570 uMm) u opamxkessie (570—
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600 am) CJ] uMeroT MeHbIyI0 (HOTOCHHTETHUECKYIO
3¢ (eKTHBHOCTD, HEKOTOPBIE MCCIIEIOBATENN CUUTAIOT
ux npumenenne B @O HemenecoobOpasueM [7]. Ilo-
MuMO 1BeTHBIX CJl, M3myuaronmx B pa3HBIX Y3KHX
JUana3oHax BUAUMOro cnekrpa, B @O ucmonb3yroT
CJ1 6enoro cBera, M3TydYarolue B IIMPOKOM JTHAIA30-
He (400-700 aMm). X nmpuMeHeHre BO3MOXKHO Ha Tpo-
TSOKEHUM OCHOBHOTO Tiepuona pocta [8]. KomOuHa-
rus pasnuaHbeix TaoB CJl obecrieunBaer Goee TOH-
KAH TOA00p W3Iy4eHHUs] PazIMyHOrO CIEKTpa JUIs
Pa3IMYHBIX BUIOB paCTCHI/II‘/'I.

OOBIYHO pa3pabaTbiBacMble JUISI CBETOKYIBTYPHI
@O opHEeHTHPOBaHBI B MEPBYIO OYepens Ha obecre-
YeHHE MAaKCHMAJIbHO OJIArONPHUSITHOIO peXuMa pocTa
u pasButus pactenuid [9]. OmHako mx (yHKIMOHANA
HEIOCTaTOYHO B HKOJIOTMYECKUX HCCIICIOBAHUAX VIS
CO3JIaHHS U BOCIIPOU3BEACHHSI YCIOBHH YIPaBIseMO-
ro crpecca. B wmccnenoBaHHAX TO 3HEPTOIKOIOTUU
CBETOKYJIBTYPbI TaKU€ PEXXUMBI BaXKHBI Ul OTPabOT-
KM METOJIOB OWOMHIMKAIIMM, CO3JIaHUsl MPUOOPHOr0
o0ecrieyeHus UCcciel0BaHni, pacIIUPeHHsl uana3oHa
HU3MEPSACMBIX BCIIMYHH IMYTEM YIIPABIAEMOTO M3MCHE-
Hus ¢peHoTuna pacrenuit [10].

Henbto HacTosimeil paboOTHl SBISETCS pa3zpadoTKa
U TECTUPOBAHUE HKCIIEPHUMEHTAIBHOTO CBETOIUOIHO-
ro ®©O, no3BOJSIOMET0 BapbUPOBATh CHEKTPAIBHBIM
COCTaBOM M3ITYYEHHSI, O0IYUEHHOCTBIO U (HhOTOMEPHO-
JIOM B MCCJIEOBAaHUIX IIPH M3YUEHHUH BIUSHUA CTPEC-
COBBIX YCJIOBHM B CBETOKYJIbTYPE.

INOCTAHOBKA 3AJJAYN

OcHOBHO# 001aCTHIO0 IPUMEHEHUST pa3padOTaHHO-
ro ®O sBasroTCA SKCIICPUMCHTAJIbHBIC UCCIICAOBaHUSA

[0 DHEProdKOJIOTHU CBETOKYJIBTYpHL. Bo3moxHO
npumeHeHne @O B 4aCTHOM CEKTOpPE M MalbIX Tell-
JIMYHBIX X03siicTBax. B cBsA3M ¢ ATHM 3amadeil sBIsIeT-
csl CO3JlaHMe MPOCTOrO YCTpOMCTBa, obecneunBaro-
IIETO BO3MOYKHOCTB JIOCTATOYHOIO I TPAKTHUKH
TOYHOTO PETyJHPOBAHHUS CIEKTpa H3JIy4EHHUs, aBTO-
MaTHYECKOTO BKJIFOUEHUS B 3aBUCUMOCTH OT BPEMEHHU
CYTOK M YPOBHS €CTECTBEHHON OCBEIIIEHHOCTH U IpHU-
TOZHOTO AJIsl OOJIyueHMS Kak paccanpl, TaK U JUIMHHO-
cTeOeNbHBIX PACTECHHH.

CriekTpaJIbHBIH COCTaB U3IY4YEeHHUs JAOKEH B Mak-
CUMAaJIbHOM CTENEHU OKa3bIBaTh CTPECCUPYIOLIEE Eh-
CTBHE Ha pacTeHHs, BIUSSI Ha UX (PEeHOTUN. DToMy
TpeOOBaHUIO YJOBJIETBOPAIOT KpaWHUE IUara3oHbI
ONTUYECKOr0 U3JIy4eHUs] — CUHUIN U JAIBHEKPACHBIN.
Hanmume Gemoro HeoOXoAWMO IS TPOBENEHUS 00-
CITy’)KUBAIOIIMX PaboT, a TakKe KaK OCHOBa JIsl JIO-
0aBNeHNs] Y3KOCHIEKTPAIBbHBIX M3Nmy4deHui. s ynoo-
CTBa B JKCIUTyaTallid PEAIN30BAaHO CTYNEHYATOE pe-
TYyJIMpOBaHME CIEKTpa 3a CYeT KOMMYTHPOBAaHHUS

rpymm C/I.

YCTPOMCTBO ®UTOOBJIYYATEJIA

bnok ympaenenus / (puc. 1) moMenieH B TepMeTHd-
HYIO IUIACTUKOBYIO KOPOOKY, NPUKPEIUIEHHYIO K BBI-
MOJIHEHHOMY 13 aJIFOMUHHEBOTO Mpouisl ¢ opedpeHu-
€M paguTopy 2 B €ro BEpXHEH NMpHU TFOPU3OHTAILHOM
pacrionoxeHun paauaropa yactd. [lomaua murarorero
HAIIPSDKEHUS] B KOPITYC OCYILECTBISIETCS C MOMOILBIO
ceTeBoro kabemns § uepe3 repMeTnaHbIN BBOA 9. Kopryc
CIABHUHYT K OJTHOMY M3 TOPILIOB paguaTopa.

Puc. 1. YcrpoiictBo putooOydaTes.

1 — Onok ympaBneHus; 2 — pagmarop; 3 — peTyIupyeMmblil npaiiBep; 4, 5, 6 — cuHue, Oeiple
U JaJbHEKPacHbIe CBETOAMOJIbI; 7 — 3alUTHOE TOKPBITHE; § — CeTeBOM Kabenb; 9 — repMeTHaHbIN
BBOJ; /0 — repMeTH4HBIH pa3beM; /[ — TMOTeHUUOMETp; /2 — BBIKIIOUaTENb; /3, 14 — TepBbIit
U BTOpOH mepextoyareny; /5 — pene BpeMeHH; /6 — pere OCBEUIEHHOCTH; /7 — JaT4hK €CTeCT-
BEHHOH OCBeIleHHOCTH; /8, /9 — mepBasi U BTOpas NPOYIINUHBI

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 34, Ne 3
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Puc. 2. [IpunuunuansHas anexkrpuyeckas cxema ©O.
Howmepa 3nmeMeHTOB COOTBETCTBYIOT HOMEpaM Ha puc. |

K stomy ’xe Topiy mpukpersieHa neppas npoyIiu-
Ha /8, BrOpas mpoymwmHa /9 TpuUKperyieHa OKe
K €ro JpyromMy TOply K IUIOCKOCTH pajauaTopa, Mpo-
THBOIIOJIOKHON MOBEPXHOCTH PACIIOJIOKEHHS OJIoKa
CBETOAMO0B. [IpOoyIINHEI IPUKPEIIEHB] K PAIUATOPY
MapHUPHO, C BO3MOXKHOCTHIO TOBOpoTa Ha 90°, 4to
obecrieunBaeT nojasemnBanie @O B TOPU30HTATBHOM
U BCPTUKAJIBHOM IIOJIOXKCHHUAX. K mmxuel yactu pa-
quaTopa MpPUKPeNsIeHbl I'PYIIbl CBETOAMOA0B. biok
CBETOAMOJOB IPUKPBIT 3alUTHBIM IIOKPBITUEM 7.
JlaT4uMK eCTECTBEHHON OCBEIIEHHOCTH /7 IPUKPEIUIEH
K MEpBOM NPOYyIIMHE MNEPHEHAMKYJISIPHO €H, 4TO
o0ecreunBaeT TOPU3OHTAIBHYIO IUIOCKOCTh CBETO-
BOCTIPHHUMAIOIIIEH MOBEPXHOCTH JJaTYUKA MPH JTFOO0M
nonoskennu @O B pocTpaHCTBE.

Onekrprdeckas cxema ®O (puc. 2) obpa3oBaHa
MEePBUYHON M BTOPUYHOM LENsMH ApaiiBepa 3, pery-
JMPOBAaHUE BTOPUYHOTO TOKA KOTOPOT'O OCYLIECTBIIS-
eTcst moTeHimomMeTpoM [ /. IlepBudHast 1ienb MOIKITIO-
yeHa k cetd 220 B. B Hell mocienoBaTeNbHO BKITIOYE-
Hbl KOHTaKTHl BBIKItOuUatenss /2, pene BpemeHH 15
U pelle OCBEIIEHHOCTH /6, COEAMHEHHOTO C TaTYMKOM
€CTECTBEHHOMN OCBEIIEHHOCTH /7. KOHTaKThl NepBUY-
HOU IIEN UMEIOT BBIXOJ HA TePMETHYHBIN pazbeM /().
Bropuunas niens ympasnsiemoro apaiiBepa oOpa3osa-
Ha TIOCJTIeOBAaTEeNbHO BKJIIOUEHHBIMH KOHTAKTaMHU
MIEPBOTO IepekitoyaTens 13, napajyiebHO BKIIFOUEH-
HBIMU T'pyIliaMu CBETOAUOJ0B W KOHTAKTaMH BTOPO-
ro mnepekmodarens /4. CBETOOWMOIBI OTIENBHBIX
TPYNIl COEJMHEHBI OCIEeI0BAaTEIbHO B CBOU JJIEKTPH-
yeckue 1enu. [lomoxxeHus nepekioyaresneil npu Bbl-
Oope TpyIm CBETOAUOIOB 4, 5 U 6 TPOMapKHUPOBAHEI
cumBosiamu B (Blue, cunmit), W (White, Genbiif) u R
(far Red, mampHeKpacHBI) COOTBETCTBEHHO. Bce
TPYNONBl CBETOAMOAOB B TOYKE, COOTBETCTBYIOIIEH
IBYM TpETSAM OT OOIIEro KOJMYECTBAa CBETOAMOJIOB

B rpynmne N ¢ 0IHOTO ee KOHIIAa U OJTHOW TpeTH C Apy-
rOro, 3JIEKTPUYECKH COEAMHEHBI MEXIY COOOH mepe-
MBIYKOM 7. KOMIIOHOBOYHO CBETOAMOBI Pa3MEICHBI
Ha pazuaTtope B TPU JIMHHWH, CBETOAMONBI C OJHUM
CIICKTPOM H3JIIYUCHHUA YCPCAYIOTCA IO HIMPHUHE U T10
mmHe OO.

HeoOxoaumbllii CrIieKTpanbHBIA COCTaB HM3JIyYCHUS
3a/1al0T TIOJIOKEHUEM PYUeK Mepekitouatenei /3 u 14
(1Ba mepexmoyarenst Ha TPU MOJIOKEHHSI, UTOrO pea-
TU3yeTcs JeBsITh KOMOWHAIuMi cnektpa). [loTeHumo-
MeTpoM [/ BBICTABIISAIOT NMUTAIOMINUNA CBETOANOIBI TOK
BO BTOPHUYHOM ILieNu JpaiiBepa 3, OT KOTOPOro 3aBH-
CUT MHTEHCHBHOCTb M3JIy4aeMoro cBeToanonamu ¢ho-
TOHHOTO moToKa. [lepexirouarens /3 3amaer 2/3 mo-
TOKa BBHIOpAHHOTO IWamna3oHa, MepekioyaTens [4 —
1/3 moroka. B 3aBucuMocTu OT HE0OXOAUMOIO IOJIO-
xeHust @O B MpoCTpaHCTBE HCHONB3YIOT I €ro
noaseca NepByr /8 u BTOpyro /9 mpoylHUHBI — ro-
PH30HTAIBHOE MOJIOKEHUE, WIIK TOJIBKO MEPBYI0 /8 —
BEpTUKaIbHOE HojokeHue. C MoMOIIbIO pesie BpeMe-
HHU 15 3a4al0T MOMECHTHI BKJIFOUCHUSA N BBIKJIHOYCHHA
@O. llogaroT mUTarOIIee HAMPSDKEHHE Ha CXEMY
¢ nomoupio Bbikouatens /2. Ilpu HU3KOM ypoBHE
€CTECTBEHHOM OCBEIIEHHOCTH, U3MEPSEMON TaTUNKOM
17, KOHTAKT peJie OCBEIICHHOCTH /6 3aMKHYT. Uepes
repMETHYHBIM pa3beM /() BO3MOXKHO MOJKIIOYEHHE
JOTIOJTHUTEJIBHBIX HMCTOYHHKOB CBETa WJIHM JIPYroro
AJIEKTPOOOOPYIOBAHUSI.

Y U3roTOBIEHHOrO OMBITHOTO oOpasma PO B Ka-
YecTBE pajuaropa MCIOJb30BATN  ATIOMUHUEBBINA
npouiab ¢ OpeOpeHUeM, JUTHMHA TIOMIAKK MO OJIOK
cBeTOaMO0B cocTaBisieT 990 MM. Bee cBetoamonsl
CKOMIIOHOBAJIM B TPH JUHUU MO 45 mT. B KaXaA0H
Ha aJIOMUHHUEBBIX TEIUIOOTBOAax Tuma Star. Kpemex
TEIUIOOTBOJIOB K PaguaTopy NPOHM3BOAMIN OOITaMHU
M3 ¢ npumMeHeHueM TepMonacTel. PaccTosiHue Mexay

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 3
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KPEMeXHBIMH MECTaMH  TEIUIOOTBOAA COCTABIISET
21 mm. Otctyn muaME oT Topma PO cocraBmser
22.5 M. OguH OOAT KPENHUT OJHOBPEMEHHO JIBa TETI-
JI0OTBO/Ia C MX MPOTHUBOMOJIOKHBIX CTOPOH. 3alIUTHOE
HNOKPBITHE 7 HM3TOTOBWJIM W3 NPO3PAvyHOIo IUIACTHKA
TOJIIIMHON 2 MM.

Hcnons3oBanu peryiupyeMblid  IpailBep MapKu
HIIC120-700 TY IP67 1202. MakcuManbHBIH TOK
BTOpPHYHOH 1lenu apaiiepa 0.69 A, auana3zoH Hanps-
s)kenut 85—-172 B. Hcnonw3oBanu tpexBaTTHbie CJ]
npousBoacTBa Kuraii.

METOAUKA ITOJIVYEHU A
OKCITEPUMEHTAJIBHBIX TAHHBIX

UccnenoBanne ®O mpoBoauiy Ha J1adOpPaTOpHOM
CTEHIIE, NIEKTPUUYECKOEe MMUTaHWE KOTOPOro OCYILECT-
BIsUTM 4epe3 crabuimsarop b2-3, oOecneunBarommii
HECTaOMJIBHOCTh BBIXOJHOTO HANpsOKCHHS He Oosiee
1% mpu n3mMeHeHuu HanpsbkeHus cet Ha 10%.

Cnexmpanvhvii cocmas W3Iy4eHUs OIpeAessiin
cnekrpomerpom UPRtek MK350N. Coxpansuu
B rpadnyeckue (aitipl n300pakeHUs: CIIEKTPOB B OT-
HOCUTEIIbHBIX €IMHUIAX, a B (aiinbl B popmate xls —
a0COJIIOTHBIE 3HAYEHMs CIEKTPAIbHOM IUIOTHOCTH
JHEPreTUYEeCKoil oOnmyuenHoctn E, [MBT - M “HM ']
Ha OTAENBHBIX JIUHAX BOJH B AuanazoHe 380—780 HM
c maroM | HM. DHepreTHdecKkyio OOIyuyeHHOCTh E,
[BT - "M ] onpeensan CyMMUPOBAHUEM TIOTyUEHHBIX
OTCYETOB

720

E, =) E,10°. )
380
Nurerpanbhyto  GoToHHYIO 00IyYeHHOCTh  Ey
[MKMOIB M “¢ '] B cootBetcTuH ¢ [11] onpenensimm
o Gopmyiie

BALE
Ey=2 ~——107, 2)

380 h +C- NA
rae h — mocrosuuas [lnauka, & = 6.62610°* Jx-c;
¢ — ckopocth cBeta, ¢ =310 mc'; N , — 9HuCIo
Asorazpo, N, = 6.02310% mons .

OcBenieHHOCTh £, M3MEpSUIH C TIOMOIIBIO JIFOKC-
Merpa TKA. JlaTuuku cHEeKTpoMeTpa U JHOKCMETpa
pasmemany HanpoTuB cepearabl PO, Ha paccTOSIHUU
50 cm.

@omonnvii nomox Fy [MkMons - ¢ onpenensimm
KOCBEHHBIM METOJIOM, CYMMHPYs BKJIa] Kaxgoro CJI
B U3MEpsEMYIO0 (OTOHHYIO 00Iy4eHHOCTh E, B TIpe-

TOJIOKEHHU KOCHHYCHOT'O 3aKOHA IIPOCTPAHCTBEHHOT'O
pacnpeneNeHns H37Iy4aeMoro MoToKa.

HAYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 34, Ne 3

Dnexmpuueckue XapaKkTepUCTUKH (HAMPSHKCHUS,
TOKH, aKTUBHAs MOLIHOCTb) M3MEPSUIM acTaTUYECKHU-
MU riprOopamu kiacca TouroctH 0.5. Bartmerp ¢ Ho-
MUHaJIbHBIMU 3HaueHusAMHU SA 1 150 B ncnons3oBanu
¢ Tparcpopmaropom Toka M54 (xmacc tounoctu 0.2,
koa(¢uiment Tpanchopmarmu 0.1). Benuuuny mu-
TAIOIIETr0 cXeMy HampsbkeHus BoIcTaBisud JIATPom
U KOHTPOJUPOBAIM BOJNbTMETpoM J[566 kiacca Tou-
Hoctu 0.2. [Tapamerpsr @O cHUMaNH MPU BKITIOYSHUN

paznuunbix rpynn CJI, a Takxe Ha rpynnax WW npu
W3MEHEHWH TOoKa napaiBepa [ ,. B oTHOCHTENBHBIX
rnapaMmeTpa

BEJIMUMHAX X onpenensuim

o popmye

3HA4YCHMUA

szXdJ/XH, 3)

rae X,, X,— COOTBETCTBEHHO (PAKTHMYECKOE M HO-
MUHaIbHOE (IPU MaKCUMaJbHOM TOKE JpaiiBepa
I, =0.69 A) 3HaueHus TMOKa3aTelNlsl B COOTBETCTBYIO-
X QU3NYECKUX EIMHUIIAX.

Jnst aHanu3za onepeemuyeckux xapakrepuctuk O
Kak OObEKTa HCCIEIOBAHUS MPHUMEHEH IPHHIUII
CKBO3HOTO JHEpreTudeckoro anamusa [12], xopomio
3apEKOMEHJIOBABIIMH ce0s IIPU UCCIIEAOBAaHUN ITAIIOB
TEXHOJIOTHUECKOTO TIpoliecca OOIydeHHst B ONTHYE-
CKHX 3JeKTpoTexHojorusx [13], B WacTHOCTH TpHU
aHann3e paboThl CXEMBI Ta30pa3psIHbIX JamIl ¢ Oaj-
JACTaMH Pa3NUYHBIX THMOB [14], mpu m3ydeHnn 3¢-
(hDeKTUBHOCTH JIaMTI, pabOTAONINX B YCIOBHSIX OTKJIO-
HEHUS MUTAIOIIEro HanpsukeHus [15].

Ha puc. 3 npuBeneHa npuHUMIIUATIBHAS 3JIEKTPU-
gyeckas cxema BkitoueHus: @O (M3MepuTenbHbIE IpU-
0opsl He MmoKasaHel). [Ipon3BeneHa pa3MeTka CXeMbI
JUIsl TIPOBEACHUS SHEPTETHUECKOT0 aHaJIn3a, KOTopas
3aKiroUaeTcs B Beyienennn BOb (BupTyanpHBIX dHEp-
TEeTHYECKUX OJIOKOB), COOTBETCTBYIOIINX JTamam Ipe-
oOpasoBanuss 3uepruu [16]. B paccmarpuBaemom
cryqae BOB,; sBisiercs aOGcTpakiueil 3IeKTpuIecKoi
LeNy MOAKIIOYCHUS ApakiBepa K MHUTArOIIeH cetu /,
BO9b,— npaiisepa 2, BOb,, — CJI 3. Cookyn-
HOCTh 3TUX OJIOKOB IMPEICTaBISICT COOOH OOIImii
BOB, .

[loTrpebnsiemass W3 ANEKTPUYECKONH CETH JHEPTHUS
Q! nopaercs Ha Bxox BOB, (Q) =0!). Ora sneprus
COOTBETCTBYET TonHoi Mommoctn S [B-A] BOB,,
OTIpeIeNIIEMO MMOKAa3aHUsIMH BOJIBTMETPA, M3MEPSIO-
LIEro HalpsokeHue cetd U, n aMmmnepMmeTpa, U3Mepsito-
IIET0 MOTPEOJIIEMBIiA TOK /).

Ha Beixone BOB, ¢uxcupyercs sueprus Q;, co-

OTBETCTBYIOIIasi akTHBHOW MomHocti P, [Bt], mo-
TpeOnsieMor IpaiflBepOM M U3MEPSIEeMON BaTTMETPOM.
[Ipupona motepb 3Hepruu Ha 3ToM stane AQ, 3a-

KIIFOYaeTcs B HECHHYCOWJAIBHOM XapaKTepe MTHO-
BEHHBIX 3HAUCHUM TOKa /; u Hanpspkerus U, [17].
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Puc. 3. Cxema k ananusy sHepreruueckoit a¢pexrusHoctu DO.

Bennuuna 3THX OTEPH
AQ, =0/ - 0. 4)

Oneproemkocts BOB, [B-A-Br '] cocraBmsier

H_i_UCII

= _

g, = 5
o TR h ©

[Tone3no wucmonb3yemass sHeprus (; ¢ BBIXOJA
H __ K
BOB, noctynaer Ha Bxox BOb, (O,=0;). Ha BbI-

xone BOB, duxcupyercs sHeprus (), COOTBETCT-

BYIOIIasi aKTUBHOW MoImHOcTH P, [BT] B BBIXOTHOMU
LENH MOCTOSIHHOTO TOKa JpaiiBepa W ompelelseMast
MOKa3aHUSAMH BOJBTMETPa, HW3MEpSIoniero (GpopmMu-
pyemoe npaiiBepoM HamnpsbkeHue U, W ammepmerpa,
m3mMepstomiero padoumnii Tok CJ| [,. Ha atom stame

norepu sHeprun AQ,, onpenenstorcss KI1J[ npaiise-
pa. BenuunHa 3THX OTEPh

AQ, = 2 - Q}(I (6)

Oneproemkocts BOb,, [oTH.en.] cocTaBuser

_n _ B _UL

=== : (7
O, P Ul

un

Jlanee mone3Ho ucnonszyemasi sHeprus O, ¢ BbI-
xona BOB, mocrynaer Ha Bxox BOb,, (Q,=0;).
Ha ero Beixoze ¢uxcupyercst sueprust 0, , COOTBET-

-1
c |
[Norepu Ha sToM Tare AQ,, ONpEeNesIoTCs CTere-

HbI0 coBepmieHcTBa npuMmeHsembrx CJI. Bennumna
9THX HOTEPH

cTByromas (pOTOHHOMY MOTOKY Fy [MKMONb -

AQI[[ = QII;I - Q;(II . 3

Dueproemkocts BAB, [Jlx - MkMonb '] cocTapiseT

— ;}1 _&zuzlz'

g, =
1 Q,K” F F

)

OOpatHast HalZIEHHON YHEPTOEMKOCTH BENWYMHA TIPEe/-
o ~1
CTaByseT 000 POTOHHYIO OTHAdYy 17, [MKMONBJDK ).

O6mias sHeproeMkocTs BOB [B-A-MKMOIB ' “C]

€= Q:/Q: =E€848y - (10)
OO6mue noTepu SHEPrun
AQ =0 -0 =A0, +AQ, +AQ,, . (11)

Tennosvie xapaxmepucmuxuy ®O onpenensiu, us-
Mepsisi UI3MEHEHHE TeMIIEpaTyphl pajnaTropa ¢ I1aroM
10 MuH KOHTpoJUIEpOoM TemiepaTypsl Evco ¢ partuu-
koM NTC. Jlatumk pacmosiarajidi BHYTPH paaudaTopa,
MOCEepEeINHE €T0 JITWHBI, B KOHTAKTe ¢ IUIACTHHOM pa-
quaTopa, Ha KoTopod cHapyxu 3akpervieHsl CJI.
W3 mepexomHOro Tmporecca OMpeaeNsiid TerIOBYIO
MOCTOSTHHYIO T [C] Kak BpeMs, 32 KOTOPOe pajnaTop
HarpeBaeTcs Ha 63% OT yCTaHOBUBIIIETOCS TEperajia
temmnepatyp AT [K].

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 3
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Tepmuueckoe conpotnsierne R, [K-Br '] P (15)
a= ,
SAT
T
R, =—, (12) S
cm rac — %KBHBaHCHTHaﬂ mIomaiab HOBCpXHOCTI/I pa—
aTopa, M".
rpe ¢ — yﬂeJ}lBHfllﬂ TEIUIOEMKOCTD (ISl alIFOMUHHUS JKcrepuMeHTaIbHBIC JaHHBIe 00pabaThIBAIU C UC-
¢ =881 lxkr K'); m — wmacca paauaropa, Kr. nonb3oBannem nakera EXCEL.
MomnocTs Harpesa, P [Br]
AT PE3VJIBTATHI 1 X OBCYXXJIEHUE
P=" (13)
R
th Cnexmpor ©O
MouHocTs, 3aTpaunBaemast Ha usiydenue, L, [Br] Ha puc. 4 moka3zaHbl CieKTphl H3TydeHUs (B OTHO-
y
P P P 14 CUTCIIbHBIX eIlI/IHI/IHaX) HpI/I pa3JII/I‘IHI)IX COUYCTAHUAX
e 127 av (14) nepexyrouatenei /3 u /4, KOMMyTHPYIOIINX pa3ind-
Kosdduuuent temoornaun a [Br-m *-K'] Hbie rpynmet CJI.
Tlo3umum
MEPEKITO-
yaTtesnen
13, 14 B W R
1200 800 800
1000 Ll 700 4.+ 700 4
0 | 600 -+ 600 1+
Bl s poffe 500 1= 500 4.7+
600 [ a0 {—F 400 £F
400 300 : 300 -
200 4.8 -} 200 +—4-
BEE 100 4= e — 100 += . -
0 _..‘. ; ‘ : ; : ; 0 ‘\‘_““‘ 0 ‘ : ‘ : : A
380 430 480 530 580 630 680 730 780 380 430 480 530 580 630 680 730 780 380 430 480 530 580 630 680 730 780
Jonu
b, g, fr 99.5:0.2:0.2:0.1% 76.8:12.3:9.7:1.2% 60.5:0.3:3.5:35.7%
400 — 100 200
350 +—
300 80 9= 150
W | 20 = 60 -
150 £ RADOY £
100 20 oGt 50
50 : .
0 T T T T T T ’ 0 ; T T T T 7 T 0 T T T T T T T
380 430 480 530 580 630 680 730 780 380 430 480 530 580 630 680 730 780 380 430 480 530 580 630 680 730 780
Jomu
b, g, fr 49.6:26.6:21.1:2.7% 14.0:45.9:35.8:4.4% 6.9:242:23.1:45.9%
400 400 600
B0 350 == 500 {2
300 +——— 300 =
R 250 4 ) 250 fo 400 1=
200 {34 200 4- 300 417
150*:.: . 150 1~ 200 -
100 L2 B 100 L
50 4 50 - 100 +—
0 4 F— " r r r 4 FR— 0 . - * . r + . 0 r r r r r —— e
380 430 480 530 580 630 680 730 780 380 430 480 530 580 630 680 730 780 380 430 480 530 580 630 680 730 780
Jomu
b g1, fr 28.4:02:6.4:64.9% 3.0:10.2:14.9:71.9% 0.2:0.3:8.9:90.6%

Puc. 4. CriekTpsl U3iIydyeHus: IpU BKJIIOUYEHUH pa3inyHbIX rpynn CJI.
Junana3oHsl criekTpa: b — CHHUH, g — 3€JIeHBIH, I — KPacHBIH, fr — maapHeKpacHBII

HAYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 34, Ne 3
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VYKa3zaHbl TakKe MPOLEHTHBIE CIEKTPAIbHBIE CO-
OTHOUICHUSI JHEPIUU B OTHENBHBIX AHMANa30HAX —
cuteM (b), 3eneHom (g), kpacHOM (T), JaJIbHEKPACHOM
(fr) — mo OTHOIIEHHI0O K CYMMapHOW HU3IydaeMoi
SHEPTHUH.

[Ipu coueranmn BB (Ttompko cuume CJI) cmextp
W3Ty4eHUs PEACTaBIAeT cOOON Y3KU MUK Ha JJIMHE
BOJHBI 433 HM U LIMPUHOW HA YPOBHE IOJIOBUHBI aM-
mwnTyapl 22 HM. [IpakTHuecku Bcsl SHEpPrus U3Iyda-
eTcs B cuHeM nuanasoHe. Ilpu coueranuu RR (Tonbko
nanbHekpacHble CJl) criekTp M3IMydeHus: MpeiCTaBIIs-
eT co0OH y3KH MUK Ha JJIMHE BOJIHBI 729 HM HIMpH-
Hoit 38 HM. OcHoBHas yactb 3Hepruu (90.6%) uzny-
qaeTcs B JallbHEKpacHoi o0OmactH, 8.9% — B KpacHOi
obiactu. Ilpu Brmouenun rpymmn WW  (Tombko Oe-
aple CJ) cmekTp W3IydeHHs MpeicTaBiseT coOOH
COBOKYITHOCTh y3KOT'O MHKa Ha JJUHE BOJHHBI 452 HM
mmpuHoit 32 M (14.0% sHeprun) u obiactu u3nyue-
HUS ¢ MAaKCUMYMOM Ha JUTMHE BOJHBI 584 U mupuHON
120 uM, 3axBatbiBarolier 3eneHyto (45.9% sueprun)
u kpacHymo (35.8% sueprun) obnactu crnekrpa. Coue-
Tanuss RB u BR MO3BOJSAIOT NONY4YHUTH CHEKTPHI,
B KOTOPLIX COOTHOUICHUA SHEPTUU B CUHEM U J1aJIbHE-
KpacHOM JHara3oHaxX CcocCTaBIsAOT 28.4 64.9%
u 60.5 : 35.7% coorBeTcTBEeHHO. M3i1yueHue B 3ene-
HOM M KpAaCHOM JJualia3oHax IMPaKTUYCCKU OTCYTCTBY-
er. Coueranmss WB um BW mo3BonstorT momydnTh
CIICKTPLI, B KOTOPBIX COOTHOUICHUA SHEPTUU B CUHEM,
3€JJeHOM M KpacHOM IMana3oHax COCTABJISIOT
49.6 : 26.6 : 21.1% u 76.8 : 12.3 : 9.7% cooTBeTcT-
BEHHO. M3iyueHne B JalbHEKpAaCHOM JWama3oHe
nmpakThdeckn otcytcTByeT. Coueranns RW um WR
MO3BOJIAIOT IMOJYYUTH CHEKTPbI, B KOTOPBIX COOTHO-

IIIEHUs SHEPTHH B 3€JIEHOM, KPaCHOM H JallbHEKpac-
HOM nwmamna3zoHax cocrtaBimstror 10.2 : 149 : 71.9%
u 24.2 : 23.1 : 45.9% cootBeTcTBeHHO. 3myuenue
B CHHEM JTMana30He MPaKTHIECKH OTCYTCTBYET.

Ha puc. 5 npencrasiena criekTpaibHas INIOTHOCTh
(hoTOHHOW O0ITy4eHHOCTH B aOCONIOTHBIX €IWHHUIIAX
IIpU pa3IMIHBIX COYCTAHUAX MOJIOKECHUSA NNEPCKIII0Ya-
Teneil. B aOCOMIOTHBIX emWHUIAX CHEeKTpajIbHas
IUIOTHOCTh (POTOHHOHM OOJIy4YEHHOCTH MPU COYETAHUH
BB cocraBmser 4.05 MkMomb'M “¢ 'HM, RR —
3.10 MKMOJ'IL"Mfz'Cfl'HM, WW — 0.46 MKMOJIb "M >C "HM.
OTO U ompeAeNseT pa3INyHyI0 BEITHUUHY WHTETpalib-
HOTO ()OTOHHOTO MTOTOKA TPYIIIL.

Ilapamempor O npu paznuunvix couemanusx
epynn CJ

Pesynprarer m3mepenuit nmapamerpoB OO mpu Ha-
npsoxkeHnn cetd U, = 220 B ¥ MakCUMaJIbHOM TOKE
BO BTOpUYHOHU menu ApaiiBepa /,= 0.69 A npu pas-
TUYHBIX codeTanusix rpymn C/l mokaszansl B Tabm. 1.
[ToTpebnsembrii TOK BapeupyeT B auamnazone ot (.35
(RR) mo 0.56 A (BB); motpebisiemast akTHBHAsI MOIII-
Hocth — 0T 74.0 (RR) mo 121.0 Bt (BB); Hampsixke-
HUE BO BTOpHYHOW menm ApaiBepa — oT 99.0 (RR)
no 162.0 B (BB); MomHOCT, BO BTOPUYHON IIemH
npaiisepa — oT 68.3 (RR) no 111.8 Bt (BB); monnas
motHocTh — 0T 77.0 (RR) no 123.2 B-A (BB). Huc-
JICHHBIE 3HAYCHUS ITUX IJIEKTPUUECKUX IapameTpoB
NPUHUMAIOT MHHUMAaJbHbIE 3HAYEHUS HA TpyNnax
¢ kpacHbiMU CJl 1 MakcUMasbHbIE 3HAUEHHS Ha TPYII-
max ¢ cuaumu CJI.

4.5
4.0
3.3
3.0

1

1

-2

2.5

. MKMOJIb-M ‘C -HM
[R]
o

E

480

530

580 630 680 730 780

JlmiHA BOJTHBI, HM

Puc. 5. CnexrpajibHas IIOTHOCTh ()OTOHHOM OOJIYYEHHOCTH IPU BKJIIOYEHUH Pa3IMYHBIX

rpynn CJI.
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Tao6u. 1. ITapamerps! @O npu pa3znuuHeix couetanusx rpynn CJJ

ITapametp BB BW BR WB ww WR RB RW RR
I,,A 0.56 0.554 0.49 0.55 0.54 0.48 0.42 0.415 0.35
P ,Br 121.0 | 120.0 | 1050 | 118.0 | 117.0 | 103.0 89.0 88.0 74.0
U,,B 162 160 141 158 156 138 120 118 99
P,,Br 111.8 | 1104 97.3 109.0 | 107.6 95.2 82.8 81.4 68.3
S,BA 123.2 | 1219 | 107.8 | 121.0 | 118.8 105.6 92.4 91.3 77.0
Fy, MKMOIIb C ', 122.4 107.9 130.2 96.9 81.4 106.3 142.6 129.5 153.4
Ury vxmoms- x| 1,10 0.98 1.34 0.89 0.76 1.12 1.72 1.59 2.25
E, , xik 0.417 | 2.020 | 0.301 3.578 4.984 3.437 0.191 1.786 0.093
E,, Br-m* 28.6 23.6 25.6 19.5 14.5 17.0 23.8 19.2 21.5
E,,

¢ o 104.0 91.6 110.6 82.3 69.1 90.3 121.2 110.0 130.3
MKMOJIb'M ~'C
g, ,BA Br' 1.02 1.02 1.03 1.03 1.02 1.03 1.04 1.04 1.04
€, , OTH. €ll. 1.08 1.09 1.08 1.08 1.09 1.08 1.07 1.08 1.08
;1” ’ O 0.91 1.02 0.75 1.12 1.32 0.90 0.58 0.63 0.45

JK*MKMOJIb
](;0;% O 1.01 1.13 0.83 1.25 1.46 0.99 0.65 0.71 0.50

*A°MKMOJIb *C

DOTOHHBIHN MOTOK  BAPbUPYET OT 81.4 (WW)
no 153.4 mxmons-c' (RR); doronHas ornaua —
or 0.76 (WW) mo 225 wmxmoms-Jlx'  (RR);
(hoToHHas o6nyquH00TL — ot 69.1 (WW)
10 130.3 Mxmonb-m * -¢ ' (RR). Takum 06pa3oMm, u3-
TyJaromias CHOCO6HOCTL OO muHMMaIRHA Ha OENBIX
C/] n makcumansHa Ha kpacHbix CJI. Co3maBaemas
®O oceemennocts Bappupyer ot 0.093 (RR)
1o 4.984 ximx (WW). Ee makcuMmanpHOE 3HAaYCHUE —
Ha Oenbix CJ] B CBSI3M ¢ OTHOCUTENBHOH (IO CpaBHe-
HUIO C JPYTUMH CIIEKTpaMu) OIWU30CTBIO K KPHUBOH
CHEKTPAIbHOH 4YyBCTBUTENLHOCTH TIJla3a 4eJOBeKa.
DHepreTudecKas 06nyquHOCTL or ®O BapeupyeT
or 14.5 (WW) 110 28.6 Br-m * (BB), e MakCHMaIbHOE
3HaueHue Ha cuHux CJ ompenensiercs HamOONbIIEH
SHEPTeTUYHOCTHI0 (DOTOHOB B 00JIE€ KOPOTKOBOIHO-
BOM JIMaria3oHe.

3Ha4yeHUsl SHEProeMKOCTEN BapbUPYIOT Ul €,

ot 1.02 (WW) z0 1.04 B-A-Br ' (RR); &, — ot 1.08
(RR) no 1.09 orn.en. (WW); ¢,, — ot 0.45 (RR)
mo 1.32 Jix-mxmons ' (WW); g — ot 0.50 (RR)

no 1.46 B-A-mxmons ¢ (WW). 3akoHoMepHOCTH
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(hOpMUPOBaHUS BEIIMYMH DHEPTOEMKOCTH OTJICIIBHBIX
BOb ompepenstorcss codeTaHWUSMH 3HAUYEHWUH WX
BXOAHBIX W BBIXOOHBIX BCJIMYMH HA PA3JIMYHBIX I'PpYII-

max CJI.

Ilapamempor O npu pecyruposanuu
moka opaueepa

HcnpiTanus Ha pexuMax, B KOTOPBIX BKIIIOYECHBI
CH omHOro THma, C Yy4€TOM HX IOCJIEI0BATEIBLHO
BKITIOYEHHOTO KOJM4YecTBa 45 T, MO3BOJMIN Ompe-
nenuTh xapaktepuctuku enuHuuHbIX Cl. {1t cunero
CJl manmenue HampspkeHus coctaBisieT 3.60 B, ero
MOIIHOCTh 2.48 BT, GOTOHHBII MTOTOK 2.72 MKMOJIbC '
Jus 6enoro CJl mameHue HampsOKEHHsI COCTABJIISICT
3.47 B, ero MOILHOCTb 2.39 Bt, ¢$OTOHHBIN MOTOK
1.81 mxmonb ¢ . Hna manpHekpacHoro CJl mageHue
HamnpsbkeHusi cocrabisger 2.20 B, ero MOHIHOCTL
1.52 Br, dortounslii motok 3.41 Mxmoms-c . ITomy-
YCHHBIC JaHHBIC IMO3BOJIAIOT YTOYHCHHO ITPOU3BECTU
BEIOOp KonmuecTBa CJ/ pa3sHBIX THIIOB MPH MPOEKTH-
poBaHMHu cnenuanu3upoBaHHbIx DO.

B tabn. 2 mpencraBneHsl aOCONIOTHBIE 3HAYCHUS
HM3MEPSEMBIX ITApaMETPOB IIPU PETYIUPOBAHUU TOKA
npaiiBepa (coueranune WW).
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Ta0.a1. 2. 3HaueHHs U3MEPAEMbIX TapaMETPOB IIPU PErYIUPOBAHUM TOKa ApaiBepa

LA | U,B | Fv I,A | P,B S | p.B € S| ey, Tox €,
? ? MKMOJIb'C | b ihe B-A » BT B-A-Br! O;H' xMKMOJB | | B-A-MKMONb ¢
0.69 155 81.40 0.54 | 117.0 | 118.8 | 107.0 | 1.015 | 1.087 1.322 1.459
0.60 151 73.09 0.46 | 99.5 101.2 90.6 1.017 | 1.098 1.240 1.385
0.50 147 63.13 0.38 | 80.5 83.6 73.5 1.039 | 1.095 1.164 1.324
0.40 143 53.16 0.30 | 62.0 66.0 57.2 1.065 | 1.084 1.076 1.242
0.30 137 41.53 0.23 | 455 50.6 41.1 1.112 | 1.107 0.990 1.218
0.20 132 28.24 0.17 | 30.0 37.4 26.4 1.247 | 1.136 0.935 1.324
0.10 126 14.95 0.12 | 16.0 264 12.6 1.650 | 1.270 0.843 1.766
1.8
16
=
v 14
=
B 12
,Q< 1.0
2 0.8
5]
5 0.6
P
E 0.4
0.2
0.0 il '.i:]'_': Siiegsiels ]': _[ Seriibeienes T R s 70 8”[
0.0 0.2 0.4 0.6 0.8 1.0 —O— &

Toxk apaiipepa [2 , OTH. €.

Puc. 6. 3aBucuMOCTH U3MEPSIEMBIX NTAPAMETPOB OT TOKA JpaiiBepa.

Ha puc. 6 noxaszaHbl 3aBHCHMOCTU H3MEPSEMBIX
MapaMeTpoB OT TOKa JpaiiBepa B OTHOCHUTENBHBIX
equHUIAX (couetanne WW).

IIpy ymeHbLIEHUHM TOKA JIpailBepa OT MaKCHUMAaJlb-
Horo 3HadeHue 0.69 A no 0.1 A Habmrogamoch TUHEH-
HO€ (711 HEKOTOPBIX BEIMYMH, MPAKTHUECKU JTUHEH-
HOE€) YMEHBIICHUE HaNpsDKEHHS BO BTOPHYHOHN LIENH

npaiteepa U, (ma 19%); Qoronnoro moroka F

(Ha 82%); Toka B mepBu4HOIl neru [, (Ha 78%); ak-
tuBHOW P, (Ha 86%) u nomuoit S (Ha 78%) MomiHO-
CTU B IEPBUYHOM I1€NH; MOIIHOCTU BO BTOPHYHOMI
nemn P, (Ha 88%). DTO NPHBOANT K HEIUHEHHOMY
yBEIMYEHHIO JHeproeMkoctu g, (Ha 63%) u g,
(ra 17%). OHEpProeMKOCTh €,, NPH 3TOM JOCTATOYHO

JTUHENHHO cHmwkaeTcs (Ha 36%). Takue pa3HOHaIpaB-
JIEHHBIE TEHACHIIMN W3MEHEeHMs sHeproemkoctu BOb
(hOpMHUPYIOT OKCTpPEMalbHBIN XapakTep HWTOTOBOM
kpuBoii € (/,). Ilpu camxennn nuraromero CJI Toka

no 3nHadenus 0.3 A g cHmwxaerca Ha 17%. Ilpu

OoJblIEM CHIKEHUH TOKa €, yBelnnuupaeTcs Ha 21%.
Taxkum 00pa3oM, ¢ TOUKH 3pEHHsI SHEProcOepexKeH s,
ONTUMAJIBHBIM sABJIsIeTCS 3KcIutyatanus @O npu Toke
1,=0.3 A, npu KOTOPOM HAOJIFOJACTCSI MHHUMAJIBHOE

3HA4YCHHE SHEPrOEMKOCTHU @0

=1.218 B-A-Mkmo1b ' -C.

Ha puc. 7 noka3aHsl KpuUBbIE HarpeBa paanaropa
MpH BKIIIOYEHUH HeKoTopwlx rpynn CJI mpu Temmnepa-
Type okpyxkatomei cpemast 22.5 °C. Y uccrnemyemMoro
®O macca paguatopa m = 3.51 Kr, SKBUBaJeHTHas

£ =

o
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Temreparypa, °C
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Puc. 7. KpuBsie HarpeBa paauaropa.

mwionaae nosepxuoctd S, = 0.3 M, cpeqHue 3Have-
HUS IOCTOSIHHOM HarpeBa T = 23 MUH, TEPMUYECKOTO
conporusieHuss R, = 0.45 K-Br', ko>pdurmenra
Temwiootnaun a= 7.4 Brm 2K [Tepenansl Temme-
paTyp MeXIy OKpYXarollel cpemoil u ycTaHOBUB-
nIelicss TeMmIepaTypod paauaTtopa TpU BKIIOUYECHUH
pasnuunbix rpynn CJ{ pasmauns:: AT™" = 32.3 °C
(MakcumanbHoe 3Hauenue), AT " =29.0°C, AT "=
=17.9 °C (MUHUMATBbHOE 3HAYCHHE).

OTta 3aKOHOMEPHOCTh COOTBETCTBYET BEIMYHMHAM

MOIIHOCTH, Wiyleil Ha HarpeB paguartopa: P =
=83.2 Br, P**=59.8 Br, P* = 36.9 Br, u mMouHo-
CTH, UJYUIEH Ha WU3JIyUYEHHE: PeWWZ 244 Br, P*®=

€
=52.0 Br, P*"= 31.4 Br, B cBOW 0Ouepeib 0OBsIC-
HSEMBIM Pa3NUYHON (POTOHHON OTHadeill TpUMeHsie-

CH (mo  mammeiv  Ttabm 11 7" =

=0.76 mxmoub- JIK ', 77§B =1.10 mxmoub- JIx ', U;R:

MBbIX

=2.25 MKkMOTIB* JIK ).

3AKJIFOYEHHME

Pa3zpaborannsiii @O obecrieurBaeT BO3MOXKHOCTh
JIOCTATOYHOTO JUI MPAKTUKH TOYHOTO PErYIHPOBAHHS
CIICKTpa H3JIYUCHHsA, aBTOMATHYCCKOTO BKIIOYCHUSA
B 3aBHCHMOCTH OT BPEMEHHM CYTOK W YpOBHS €CTECT-
BEHHOH OCBEIIEHHOCTH W MPUTOIHOTO ISl O0IyUeHHS
KaK paccaibl, TaK M JUIMHHOCTEOENbHBIX PACTEHUH.
DO CcomepX UT KOPIYC, pamuaTop, YIpPaBISEMBIN
IpaiiBep, CHHUE, NallbHEKpacHble U OeJble CBETOIHO-
Ibl, 3aIIMTHOE IOKPBITHE, CETEBOM Kalellb, repMeTHY-
HbIIl BBOJA, TE€PMETUYHBIA pa3beM, I[OTEHLUOMETP,
BBIKJIFOUATENNb, HEPBBIA M BTOPOM NEpEKIHOYATENH,
pene BpeMeHH, pelie OCBELIEHHOCTH, JaTYHK ecTecT-
BEHHOW OCBEIEHHOCTH, MIEPBYI0 M BTOPYIO NMPOYIIH-
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HEI. [IpuMeHeH HOBBI KOMIIOHOBOYHBLIM HIPUHIIUII:
PaBHOMEDHO DAaCIpPENEICHHABIE 10 TEIUIOOTBOISIIEN
MMOBEPXHOCTH PA3HOCIIEKTPAIBLHBIE CBETOIMOAL 00b-
€IMHEHBI B OTIEJILHBIE DIECKTPUYECKHUE T'PVYIIIBI, KOM-
MYTHPYEMBIE B IEJISIX IIOJIYUEHHUSI HEOOXOIMMOI0
CIIEKTPAJIbHOTO COCTaBa MOTOKA U3Ty4YCHHUS.

Pa3zpaboTanHple KOHCTPYKTUBHBIC PEIICHHS, alpo-
OMPOBAHHBIN KOMIIOHOBOYHBIH TPUHIUN, TPEIJIO-
JKEHHAasT METOAMKA SKCIEPUMEHTAJIbHBIX HCCIEA0BA-
HUU U YTOYHEHHBIE 3HAYCHUS TTapaMeTPOB OTAEIBHBIX
tunoB CJ| MO3BOJSAIOT MPOU3BOAUTH KOHCTPYHUPOBA-
Hue PO nox cienurdeckre TpeOOBaHUS IS UX UC-
MOJIL30BaHUs KaK B MCCJICJOBATEIBCKUX JTa00OpaTOPH-
X, TaK U B MaJIBIX TEIUIMYHBIX XO3IHCTBaX U YaCTHOM
CEKTOpE.
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DEVELOPMENT AND LABORATORY TESTING
OF A LED PHYTO-IRRADIATOR

E. N. Rakutko', S. A. Rakutko', G. V. Medvedev?, S. V. Gulin®

'nstitute for Engineering and Environmental Problems in Agricultural Production (IEEP) —
branch of Federal Scientific Agroengineering Center VIM, Saint Petersburg, Russia
*Saint Petersburg State Agrarian University, Saint Petersburg, Russia

The issue of energy saving in optical electrotechnologies is important for modern LED-based phyto-
irradiators, which have now definitely found their niche in indoor plant lighting. Such devices have several spe-
cific features that need to be considered when designing and analysing them. The phyto-irradiator developed is
primarily intended for experimental studies on the energy and environmental aspects of indoor plant lighting. It
may be also used in the private sector and in small greenhouses for the irradiation of both seedlings and long-
stemmed plants. The aim of the study was to design a simple device that could regulate the radiation spectrum
accurately enough for practical applications and that could be switched on automatically according to the time
of day and the level of natural light. The phyto-irradiator uses a new design principle. Multi-spectral LEDs are
evenly distributed over the heat-dissipating surface and combined into separate electrical groups that are switch-
ed to achieve the required light quality of the radiation flux. Experimental data was obtained by measuring spec-
tral, photometric, electrical and thermal characteristics of the device. The results confirmed the effectiveness of
the developed phyto-irradiator. It combines the accuracy of light quality control with energy efficiency.

Keywords: indoor plant lighting, energy saving, phyto-irradiator, LED, energy consumption
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INTRODUCTION

Light-emitting diodes (LEDs) have now confident-
ly occupied their niche in photoculture. Irradiators
used in growing plants (phytoirradiators, PI) have
a number of features that require consideration during
analysis, calculation, and implementation of designs
based on them. The use of LEDs in PIs, all other
things being equal, allows for a significant reduction
in their power consumption compared to traditional
irradiators [1]. The advent of LED PIs has led to sig-
nificant technological changes in plant growing. It has
become possible to create effective "recipes" for
growing plants by adjusting the spectrum of photosyn-
thetically active radiation for each species or variety
[2]. As one of the most efficient and energy-efficient
technical methods of giving plants light with the right
spectral composition, modern PIs are tailored for
greenhouse cultivation [3].

The lighting characteristics of fluorescent lamps
directly affect the growth and productivity of plants
[4]. Flexibility in controlling the radiation spectrum is
of key importance for optimizing phytoirradiation at
different stages of plant growth and for different types
of crops. Different combinations of spectral ranges are
required at different periods of plant growth to stimu-
late certain physiological processes: photosynthesis,
flowering, and fruit formation. Each spectral range is
significant in its own way and is necessary for the
successful development of plants. Fluorescent lamps
based on LEDs emitting in the most photosynthetical-
ly active spectral ranges are widely used: blue (400—
500) and red (600-700 nm) [5]. In the blue range,
chlorophyll synthesis is initiated, it plays an important
role in photomorphogenic changes in plants, including
stem elongation and leaf growth: it is an important
component for phototropism and stomatal aperture,
and promotes an increase in chlorophyll content. The
red range is the main one for growing agricultural
crops at most stages of growth and development. It is
the most energetically efficient for stimulating photo-
synthesis. Radiation in the far-red range (700-
800 nm) causes shade avoidance syndrome associated
with internode elongation, promotes an increase in
leaf area and flowering, and stimulates the accumula-
tion of phytonutrients. When using far-red radiation in
combination with shorter wavelengths, synergistic
stimulation of plant development occurs (the "Emer-
son enhancement effect") [6]. Green (500-600 nm),
yellow (540-570 nm) and orange (570—600 nm) LEDs
have lower photosynthetic efficiency, and some re-
searchers consider their use in photosynthesis inap-
propriate [7]. In addition to colored LEDs emitting in
different narrow ranges of the visible spectrum, white
light LEDs emitting in a wide range (400—700 nm) are
used in PI. Their use is possible throughout the main
growth period [8]. A combination of different types of

LEDs provides a more precise selection of radiation of
different spectra for different plant species.

PIs usually developed for photoculture are focused
primarily on providing the most favorable growth and
development conditions for plants [9]. However, their
functionality is insufficient in ecological studies to
create and reproduce conditions of controlled stress.
In studies on the energy ecology of photoculture, such
modes are important for developing bioindication
methods, creating instrumentation for research, and
expanding the range of measured values by controlled
changes in the plant phenotype [10].

The aim of this work is to develop and test an
experimental LED-based PI that allows varying the
spectral composition of radiation, irradiance, and
photoperiod in studies of the influence of stress
conditions in photoculture.

STATEMENT OF THE PROBLEM

The main area of application of the developed PI is
experimental studies on the energy ecology of
photoculture. It is possible to use the PI in the private
sector and small greenhouses. In this regard, the task
is to create a simple device that provides the ability to
accurately regulate the radiation spectrum, which is
sufficient for practice, automatic switching on
depending on the time of day and the level of natural
illumination, and is suitable for irradiating both
seedlings and long-stemmed plants. The spectral
composition of the radiation should have a stress-
inducing effect on plants to the maximum extent,
affecting their phenotype. This requirement is met by
the extreme ranges of optical radiation — blue and
far-red. The presence of white is necessary for
maintenance work, as well as a basis for adding
narrow-spectrum radiation. For ease of use, step-by-
step regulation of the spectrum is implemented by
switching groups of LEDs.

PHYTO-IRRADIATION COMPOSITION

The control unit / is placed in plastic and is a
sealed box attached to a radiator 2 made of a finned
aluminum profile in its upper part when the radiator is
located horizontally (Fig. 1). The supply voltage to the
housing is supplied using a network cable § through a
sealed input 9. The housing is shifted to one of the
ends of the radiator.

The first eye 18 is attached to the same end, the
second eye /9 is attached closer to its other end in the
plane of the radiator, opposite to the surface of the
LED block location. The eyes are attached to the ra-
diator by a hinge, with the ability to rotate by 90°,
which ensures the suspension of the PI in horizontal
and vertical positions. Groups of LEDs are attached to



the lower part of the radiator. The LED block is cov-
ered with a protective coating 7. The natural light sen-
sor /7 is attached to the first eye perpendicular to it,
which ensures a horizontal plane of the light-
perceiving surface of the sensor for any position of the
PI in space.

Fig. 1. The layout of the phyto-irradiator.

1 — control unit; 2 — radiator; 3 — adjustable driv-
er; 4, 5, 6 — blue, white, and far-red LEDs; 7 — pro-
tective coating; § — network cable; 9 — sealed input;
10 — sealed connector; // — potentiometer; /2 —
breaker; /3, 14 — first and second switches; 15 —
time relay; /6 — illumination relay; /7 — natural
light sensor; /8, 19 — first and second eyes

The electrical circuit of the PI (Fig. 2) is formed by
the primary and secondary circuits of the driver 3, the
regulation of the secondary current of which is carried
out by the potentiometer //. The primary circuit is
connected to the 220 V network. In it, the contacts of
the breaker /2, the time relay /5 and the illumination
relay /6, connected to the natural light sensor /7, are
connected in series. The contacts of the primary cir-
cuit have an output to the sealed connector /0. The
secondary circuit of the controlled driver is formed by
the series-connected contacts of the first switch /3,
parallel-connected groups of LEDs, and the contacts
of the second switch /4. The LEDs of individual
groups are connected in series in their electrical cir-
cuits. The positions of the switches for selecting
groups of LEDs 4, 5 and 6 are marked with the sym-
bols B (Blue), W (White) and R (far Red), respective-
ly. All groups of LEDs at a point corresponding to
two-thirds of the total number of LEDs in group N at
one end and one-third at the other are electrically con-
nected to each other by jumper n. The LEDs are ar-
ranged on the radiator in three lines, LEDs with one
emission spectrum alternate in width and length of the
PIL

Fig. 2. Schematic diagram of the PI.
The numbers of the elements correspond to the num-
bers in Fig. 1

The required spectral composition of the emission
is set by the position of the handles of switches /3 and
14 (two switches for three positions, a total of nine
spectrum combinations are realized). Potentiometer //
sets the current supplying the LEDs in the secondary
circuit of driver 3, on which the intensity of the pho-
ton flux emitted by the LEDs depends. Switch /3 sets
2/3 of the flux of the selected range, switch /4 — 1/3
of the flux. Depending on the required position of the

PI in space, the first /8 and second /9 eyes are used
for its suspension — for horizontal position — or only
the first /8§ — for vertical position. Using the time
relay /5, the moments of switching the PI on and off
are set. The voltage is supplied to the circuit using the
breaker /2. At a low level of natural illumination,
measured by the sensor /7, the contact of the illumi-
nation relay /6 is closed. Through the sealed connec-
tor /0 it is possible to connect additional light sources
or other electrical equipment.

In the manufactured prototype of the PI, an alumi-
num profile with fins was used as a radiator, the
length of the platform for the LED unit is 990 mm. All
the LEDs were arranged in three lines of 45 pcs. each
on aluminum heat sinks of the Star type. The heat
sinks were fastened to the radiator with M3 bolts us-
ing thermal paste. The distance between the fastening
points of the heat sink is 21 mm. The indentation of
the line from the end of the PI is 22.5 mm. One bolt
simultaneously fastens two heat sinks from their op-
posite sides. The protective coating 7 is made of
transparent plastic 2 mm thick.

An adjustable driver of the MIIC120-700 TY P67
1202 brand was used. The maximum current of the
secondary circuit of the driver was 0.69 A, the voltage
range was 85—172 V. Three-watt LEDs made in China
were used.

METHODOLOGY OF OBTAINING
EXPERIMENTAL DATA

The study of the PI was carried out on a laboratory
bench, the electric power of which was carried out
through a b2-3 stabilizer, ensuring the instability of
the output voltage of no more than 1% when the net-
work voltage changed by 10%.

The spectral composition of the radiation was de-
termined using a UPRtek MK350N spectrometer. We
saved the spectral images in relative units in graphic
files and the absolute values of the spectral density of

the energy irradiance E, [mW m > nm '] at individual
wavelengths in the range of 380—780 nm with a step
of 1 nm — in xIs format. The energy irradiance E,
[W m*] was determined by summing the obtained
readings

720
E, =) E, 107 (1)
380
The integral photon irradiance E, [pmol m’s']
was determined by the formula in accordance with
[11]
780 A- E/1

E, =) —"210°, )
o ;‘h-c-NA



where 4 is Planck's constant, 4 = 6.626.10°* I s; ¢ is
the speed of light, c=3.10*m's'; N  1s Avogadro's
number, N ,= 6.023.10% mol .

[llumination E, was measured using a TKA lux
meter. The spectrometer and lux meter sensors were

placed opposite the center of the PI, at a distance of
50 cm.

The photon flux F, [pmol s”'] was determined in-

directly by summing up the contribution of each LED
to the measured photon irradiance E, under the as-

sumption of a cosine law for the spatial distribution of
the emitted flux.

The electrical characteristics (voltages, currents,
active power) were measured by astatic devices of
accuracy class 0.5. A wattmeter with nominal values
of 5 A and 150 V was used with an 154 current trans-
former (accuracy class 0.2, transformation ratio 0.1).
The value of the voltage supplying the circuit was set
by a laboratory variable autotransformer and con-
trolled by a 1566 voltmeter of accuracy class 0.2. The
parameters of the PI were measured when switching
on various groups of LEDs, as well as WW groups

when changing the driver current /,. In relative quan-

tities, the parameter values were determined by the
formula

ky =X, /X, )

where X, X, are the actual and nominal (at the

maximum driver current /, =0.69 A) values of the

indicator in the corresponding physical units, respec-
tively.

To analyze the energy characteristics of the PI as
an object of study, the principle of end-to-end energy
analysis was used [12], which has proven itself well in
studying the stages of the technological process of
irradiation in optical electrical technologies [13], in
particular, in analyzing the operation of the circuit of
gas-discharge lamps with ballasts of various types
[14], in studying the efficiency of lamps operating
under conditions of supply voltage deviation [15].

Fig. 3 shows the basic electrical circuit for switch-
ing on the PI (measuring instruments are not shown).

Fig. 3. Scheme for analyzing the energy efficiency of
the PI

The layout of the circuit for conducting energy
analysis is made, which consists of identifying VEB
(virtual energy blocks) corresponding to the stages of
energy conversion [16]. In the case under considera-
tion, BOB; is an abstraction of the electrical circuit

connecting the driver to the power supply network /,
BOb,, — driver 2, BOb,,— LED 3. The set of these

blocks represents a total BOb .
The energy Q. consumed from the electrical net-
work is fed to the BOB, input (O, =Q."). This energy

corresponds to the total power S [V A] of BDB,,

determined by the readings of the voltmeter measur-
ing the network voltage U, and the ammeter measur-
ing the consumed current /.

At the BOBb, output, the energy O, correspond-

ing to the active power P, [W] consumed by the driv-
er and measured by the wattmeter is recorded. The
nature of the energy losses AQ, at this stage lies in

the non-sinusoidal nature of the instantaneous values
of current /; and voltage U, [17].
The value of these losses

AQ, =0; -0 4)
The BOB, energy capacity [V A W'is
. QS U, .

"o B P

The useful energy Q; from the BOB, output goes
to the BOb,, input (Q,=0;). At the BOb,, output,

the energy Q) is recorded; it corresponds to the active
power P, [W] in the output DC circuit of the driver
and is determined by the readings of the voltmeter
measuring the voltage U, generated by the driver and
the ammeter measuring the operating current of the
LED I,. At this stage, the energy losses AQ,, depends

on the efficiency of the driver. The magnitude of these
losses

AQ, =0, -0y (6)
BOb,, energy capacity [relative units] is
P UI

€y = & =—t=— (7)

Q[K[ })2 U2I 2 .

Then the useful energy Q) from the BOb,, output
goes to the BOb,, input (Q,, =0}, ). Atits output, the
energy @, corresponding to the photon flux £}

[umol s'] is recorded. The losses at this stage AQ,,

are determined by the degree of perfection of the
LEDs used. The magnitude of these losses

AQ, = Q};I - QE] : 3
B3B,, energy capacity [J umol '] is
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The reciprocal value of the found energy capacity is
the photon return 7, [pumol .

Total energy capacity of BOb, [V A umol ' 5]

€& = Q:/Q: =&epty - (10)
Total energy losses
AQ, =0, —0; =A0, +AQ, +AQ,, . (11)

The thermal characteristics of the Pl were deter-
mined by measuring the change in radiator tempera-
ture in 10-min increments using an Evco temperature
controller with an NTC sensor. The sensor was placed
inside the radiator, in the middle of its length, in con-
tact with the radiator plate, on which the LEDs were
fixed on the outside. From the transient process, the
thermal constant 7 [s] was determined as the time
during which the radiator heats up by 63% of the
steady-state temperature difference AT [K].

Thermal resistance R, [K W]

(12)

where ¢ is the specific heat capacity (for aluminum
c=881Jkg ' K™"); m isthe mass of the radiator, kg.
Heating power, P, [W]

=L (13)
Rth
Power spent on radiation, P, [W]
R=p-F. (14)
Heat transfer coefficient @ [W m > K]
P
a= ﬁ , (15)

wlzlere S is the equivalent surface area of the radiator,
m’.

Experimental data were processed using the
EXCEL package.

RESULTS AND DISCUSSION

Pl spectra

Figure 4 shows the emission spectra (in relative
units) for different combinations of switches /3 and
14, commuting different groups of LEDs.

The percentage spectral ratios of energy in indi-
vidual ranges — blue (b), green (g), red (r), far-red

(fr) — in relation to the total emitted energy are also
indicated.

Fig. 4. Emission spectra when different groups of
LEDs are turned on.

Spectrum intervals: b — blue, g — green, r — red,
fr — far-red

In the case of the BB combination (only blue
LEDs), the emission spectrum is a narrow peak at
a wavelength of 433 nm and a width at half the ampli-
tude of 22 nm. Almost all the energy is emitted in the
blue range. For the RR combination (far-red LEDs
only), the emission spectrum is a narrow peak at
a wavelength of 729 nm and a width of 38 nm. The
main part of the energy (90.6%) is emitted in the far-
red region, 8.9% in the red region. When the WW
groups (white LEDs only) turned on, the emission
spectrum is a combination of a narrow peak at a wave-
length of 452 nm and a width of 32 nm (14.0% of the
energy) and an emission region with a maximum at
a wavelength of 584 and a width of 120 nm, covering
the green (45.9% of the energy) and red (35.8% of the
energy) regions of the spectrum. The RB and BR
combinations make it possible to obtain spectra in
which the energy ratios in the blue and far-red ranges
are 28.4 : 64.9% and 60.5 : 35.7%, respectively. There
is virtually no radiation in the green and red ranges.
The WB and BW combinations allow us to obtain
spectra in which the energy ratios in the blue, green,
and red ranges are 49.6 : 26.6 : 21.1% and 76.8 : 12.3 :
: 9.7%, respectively. There is virtually no radiation in
the far-red range. The RW and WR combinations al-
low us to obtain spectra in which the energy ratios in
the green, red, and far-red ranges are 10.2 : 14.9 :
:71.9% and 24.2 : 23.1 : 45.9%, respectively. There is
virtually no radiation in the blue range.

Figure 5 shows the spectral density of photon irra-
diance in absolute units for various combinations of
switch positions. In absolute units, the spectral density
of photon irradiance for the BB combination is
4.05 pmol m*-s"-nm, RR — 3.10 pmol m **s '-nm,
WW — 0.46 pmol m >'s '-nm. This determines the
different values of the integral photon flux of the
groups.

Fig. 5. Spectral density of photon irradiance when
switching on different groups of LEDs.

Parameters of the PI for different
combinations of LED groups

The results of measuring the PI parameters at a line
voltage U,= 220 V and a maximum current in the



secondary driver circuit of /,= 0.69 A for different

combinations of LED groups are shown in Tab. 1. The
consumed current varies in the range from 0.35 (RR)
to 0.56 A (BB); the consumed active power is from
74.0 (RR) to 121.0 W (BB); voltage in the secondary
driver circuit — from 99.0 (RR) to 162.0 V (BB);
power in the secondary driver circuit — from 68.3
(RR) to 111.8 W (BB); total power — from 77.0 (RR)
to 123.2 VA (BB). The numerical values of these
electrical parameters take minimum values for groups
of red LEDs and maximum values for groups of blue
LEDs.

Tab. 1. Parameters of the PI for different combina-
tions of LED groups.

The photon flux varies from 81.4 (WW) to
153.4 pmol s (RR); the photon yield — from 0.76
(WW) to 2.25 pmol J ' (RR); the photon irradiance —
from 69.1 (WW) to 130.3 pmol m > s (RR). Thus,
the emissivity of the photic reﬂector is minimal for
white LEDs and maximal for red LEDs. The illumina-
tion created by the photic reflector varies from 0.093
(RR) to 4.984 kix (WW). White LEDs have the max-
imum value due to the relative (compared to other
spectra) proximity to the spectral sensitivity curve of
the human eye. The energy 1rrad1ance from the PI va-
ries from 14.5 (WW) to 28.6 W m (BB), its maxi-
mum value of blue LEDs is determined by the highest
energy of photons in the shorter-wave range.

The values of energy capacities vary for €, — from
1.02 (WW) to 1.04 VA W' (RR); &,— from 1.08
(RR) to 1.09 rel. units (WW); ¢, — from 0.45 (RR)
to 1.32 J - umol' (WW); &, —from 0.50 (RR) to

1.46 VA -umol™ s (WW). The patterns of formation
of the values of energy capacity of individual BOb are
determined by combinations of the values of their in-
put and output quantities of different groups of LEDs.

PI parameters during regulation driver current

Tests in modes in which LEDs of the same type are
turned on, taking into account their series-connected
quantity of 45 pcs, allowed us to determine the cha-
racteristics of individual LEDs. For the blue LED,
the voltage drop is 3.60 V, its _power is 2.48 W, and
the photon flux is 2.72 urnol . For the white LED
the voltage drop is 3.47 V, its power is 2.39 W, and
the photon flux is 1.81 umol s . For the far-red LED,
the voltage drop is 2.20 V, its power is 1.52 W, and
the photon flux is 3.41 urnol s . The obtained data
allow us to more accurately select the number of
LEDs of different types when designing specialized
PL

Table 2 presents the absolute values of the meas-
ured parameters when regulating the driver current
(combination WW).

Tab. 2. Values of measured parameters when regulat-
ing the driver current

Figure 6 shows the dependences of the measured
parameters on the driver current in relative units (WW
combination).

Fig. 6. Dependences of measured parameters on driv-
er current.

With a decrease in the driver current from the max-
imum value of 0.69 A to 0.1 A, a linear (for some val-
ues, almost linear) decrease was observed in the vol-

tage in the secondary circuit of the driver U, (by
19%); photon flux £} (by 82%); current in the prima-

ry circuit 1, (by 78%); active P, (by 86%) and total
S (by 78%) power in the primary circuit; power in
the secondary circuit P, (by 88%). This leads to
a nonlinear increase in energy capacity &, (by 63%)
and ¢, (by 17%). Energy capacity ¢, in this case

decreases quite linearly (by 36%). Such multidirec-
tional trends in the change in the energy capacity of
the BOb form the extreme character of the final curve

€,(/,). When the supply current of the LED decreas-
es to 0.3 A, ¢, decreases by 17%. When the current
decreases further, € increases by 21%. Thus, from
the energy saving point of view, the optimal option to
operate the PI is a current value /, = 0.3 A, at which

the minimum value of the LED energy capacity is ob-
served = 1.218 V A pmol

Figure 7 shows the radlator heating curves when
some LED groups are turned on at an ambient tem-
perature of 22.5 °C.

Fig. 7. Radiator heating curves.

The LED under study has a radiator mass m =
=3.51 kg, an equivalent surface area S, = 0.3 m,
average heating constant values T =
=23 min, thermal resistance R, = 0.45 K W', and
a heat transfer coefficient @ = 7.4 W m> K. The

temperature differences between the environment and
the steady-state temperature of the radiator when



different groups of LEDs are turned on are different:
ATYW =323 °C (maximum value), AT®®=29.0 °C,
AT®® =17.9 °C (minimum value).

This pattern corresponds to the values of power

spent on heating the radiator PV = 83.2W, P*=
=59.8 W, P’ =36.9 W, and the power spent on rad-
iation: P"V=244W, P*=520W, P*"=314W,
which in turn can be explained by different photon
output of the LEDs used (according to Tab. 1: 7, =
=0.76 pmol I, n==
=2.25 pmol J ).

110 pmol T, ns%=

CONCLUSION

The developed PI provides the possibility of pre-
cise regulation of the radiation spectrum, automatic
switching on depending on the time of day and the
level of natural illumination, and is suitable for irra-

diating both seedlings and long-stemmed plants. The
PI contains a case, a radiator, a controlling driver,
blue, far-red and white LEDs, a protective coating,
a network cable, a sealed input, a sealed connector,
a potentiometer, a breaker, the first and second
switches, a time relay, a lighting relay, a natural light
sensor, and the first and second eyes. A new layout
principle is used: multi-spectral LEDs uniformly dis-
tributed over the heat-dissipating surface are com-
bined into separate electrical groups, commuted in
order to obtain the required spectral composition of
the radiation flux.

The developed design solutions, the tested layout
principle, the proposed methodology of experimental
research and the specified values of the parameters of
individual types of LEDs allow the design of PI to
meet specific requirements for their use both in re-
search laboratories and in small greenhouse farms and
the private sector.



