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BOJIBT-AMITIEPHI XAPAKTEPUCTHUKHU AIOAIB IIOTTKI
HA OCHOBI I'ETEPOCTPYKTYPU I'PA®EH/n-Si

Hioou Lllommxi na ocnosi eemepocmpykmypu epapen/n-Si 6ynu ompumani Memooom MexaniyHo2o Giowapyeants epaginy
00 KIbKAWaposo2o 2paghery y 600HOMY PO3HUHI NOMIBIHITNIPONIOOHY BHACAIOOK 2I0POOUHAMIYHUX 68U 68 PO3UUHI Oucnep-
206an020 epagimy. Jocaioxncysanucs enekmpudti 61acmueoCcmi CmMpyKmyp, sKi 6IOPI3HAIUCS MPUBALICINIO HAHECEHHS NIIBOK
epageny na naacmunu n-Si. Temnepamypa niacmun ve nepesuwgysana 250°C. Ymeopenus wapie epaghery niomeeporcero
Oocnidocennsm cnexmpie kombinayiiino2o posciosanns é dianasoni uacmom 1000—3250 cm™!, 0e npossnsiomves cmyeu G
i 2D 3 ocobnusocmamu, xapakmepHumu 05l KilbKauapogozo epagheny. Bemanosneno sanedicnicms e1ekmpuiHux 61acmugo-

I'papen — nBoBuMIipHHUI MaTepiaj, yHiKaJdbHIi
(13UKO-XIMiYHI BTACTUBOCTI SIKOTO 3yMOBIIIOIOTHCS HOTO
KPHUCTAJIIYHOIO CTPYKTYPOIO Ta T-€IEKTPOHAMH aTOMiB
BYIVICI[IO, 3 SIKUX BiH YyTBOPEHUIH — € 00’ €KTOM HayKo-
BUX JIOCIIKEHb Ta IIUPOKO BUKOPUCTOBYETHCS B Oara-
THOX TaJIy3sIX HaMiBIPOBIAHUKOBOT HAHOEICKTPOHIKH
[1—11]. Yepe3 ocoOIMBOCTI EHEPIETUYHOTO CIIEKTPa
HOCIIB 3apsiay rpadeH, Ha BiAMIHY Bijl IHIINX ABOMIPHUX
CHCTEM, HpOsBIsie cnenudpidHi erexTpodi3znuHi
BnactuBoCTi [1—5]. Ha 30HHIl cTpykTypi rpadeny
BiZICyTHS 3a00pOHEHA 30HA, IIPU I[bOMY B TOUKAX JOTH-
Ky BaJICHTHOT 30HH Ta 30HH MPOBiiHOCTI (ToukH [ipaka)
CHEPIeTUYHUIl CIIEKTP EJNIEKTPOHIB 1 JAIPOK JiHIHHO 3a-
JICKUTH BiJl XBHJIBOBOTO BeKTOpa. EnexTpuuHi 3apsaau
B rpadeHi OBOIATH cebe K PeNATUBICTChKI YACTUHKU
(nipakiBceKi (pepMiOHHN) 3 HYITHOBOIO €(DEKTHBHOIO Ma-
COIO0 T2 MaIOTh €(DeKTUBHY “IIBUAKICTH CBITIA” PHOIH3-
1o 10° m/c [2]. HynboBa eekTuBHa Maca HOCIiB 3apsity
3yMOBIIIO€ iXHIO BUKJIFOUHO BUCOKY PyXJIUBICTh — Iapa-
METp, SIKUH XapakTepu3ye MPHUIATHICTb MaTepiaty s
3aCTOCYBaHHS B MPUIJIAAAX, JI¢ TPAHCIIOPT HOCIIB 3apsi-
JIy BU3HAua€ IXHi OCHOBHI XapaKTepPUCTHKH. [ paHIuHE
3HaYeHHS PYXJIMBOCTI HOCIIB 3apsay |l B rpadeni 3a
KIMHATHOI TeMIeparypy Ta ix konuenrpauii 10! cm—
cranoButh 2-10° cm?/(B-c) [3]. Jlelo HIKIMMHM € 3Ha4YEH-
Hs | B TpadeHi, HaHECEHOMY Ha Iap JiOKCHTY KPEMHII0
SiO,, sKuil yTBOPEHO Ha IJIACTUHI Si, — BOHO CTaHO-
BuTh 10* cM?/(B-c), 1110 OSACHIOETHCS HASBHICTIO 3apsi/I-
JKEHMX JIOMIIIOK B gienekTpuky SiO, [3].

I'pacden € mepcrieKTUBHUM MaTepiaioM it BUTOTOB-
JICHHS [TOJIOBUX TPAH3UCTOPIB 3 rpa)eHOBUM KaHAJIOM
3 aMOIMOJISIPHOIO POBIAHICTIO [ 12], 4y TAMBUX CEHCOPiB
JUISL BUSIBJICHHSI OKPEMHUX MOJICKYN XIMIUHHX PEYOBHUH,

cmell 00CTIONHCY8AHUX NOBEPXHEBO-Oap 'EPHUX cmPYKmYp epaden/n-Si 610 mpusanrocmi HanuieHHs NIi6OK cpaghery.

Knouoei cnosa: dioou [Llommki, cemepocmpykmypu, KiibKkauaposuii epager/n-Si, elekmpuiri 61acmusocmi.

MpUETHAHUX 10 TTOBepXHi TuIiBKM [13], enekrpoziB B
ioHicTOpax (cynepkonaeHcaropax) [14]. HocnimxeHHs
OCTaHHIX KIJIbKOX POKIB MOKa3aiu, 1o rpadeH mMoxe
YTBOPIOBATH KOHTAKTH 3 Pi3HUMH HaMliBIPOBIAHUKOBUMHU
MaTepianaMu, sSKi MaroTh BUNPSIMHI XapaKTCPUCTUKH
Ta MPOSIBIAIOTH BIacTuBoCTi mioniB [lotTki [8, 11, 15,
16]. OCHOBHOIO IIEPEBATOI0 IUX CTPYKTYP y MOPiBHIHHI
3 BUIPSIMHUMH KOHTaKTaMU METaJI/HaIliBIPOBITHUK
€ KepoBaHa BHUCOTA MOTEHIIAILHOTO Oap’epa, 3yMOB-
JI€Ha MOXKJIMBICTIO KOHTPOJBbOBAHOI 3MiHH IOJIOKEH-
Hs piBHA Depmi y rpadeni, a BiAMOBITHO, 1 BEIUIH-
HU TepMOIUHAMI4HOI poboTu BUxoay [5, 8]. YHiKambHA
MOXKITUBICTb MOJYJISIIIIT BHCOTH IIOTEHIIIATBHOTO 0ap’epa
B cucTeMi rpadeH/HaniBIpoBiTHUK epeadayac ii mpak-
THYHE 3aCTOCYBAHHS y BUCOKOIIPOAYKTHBHUX 1 HEJIOPO-
rux [Y-doromerexTopax, COHIIHNX OaTapesx, sSKi BKe
nocsaru eekTUBHOCTI 6mm3bK0 15% Ta € KOHKYpeHTO-
CTIPOMOKHIMH (hOTOTIEPETBOPIOBAYAM HA OCHOBI CTPYK-
Typ METaJI/HamiBIPOBIIHUK Ta MIKPOKPHUCTATITHUX
p—n-niepexoniB [8]. [Tompu 1e, rpaden Bce me € mnep-
CTIIEKTUBHHUM TIPO30PUM HPOBITHUM EJICKTPOAOM, SKHI
MOXHA IHTETPYBATH 3 ICHYIOUUMH (OTOCTICKTPUIHH-
MU KPEMHIEBIMH TEXHOJIOT1SIMH JIJISl 3aMiHH TIPO30POTO
OKCHJTy 1HJIiI0 Ta 0JIOBa 200 JIEroBaHOTO (HTOPOM OKCH-
Iy onosa [8, 15]. Sk xiMiuHMi gaT4uk mepexin rpaden/
HAaIIBIIPOBIAHUK MOXE MEPEBEPIIYyBATH 1HII MPUCTPOT
SIK 32 Yy TJIHBICTIO, TaK 1 32 CHEPTOCIIOKUBAHHSM [8].
[IpoBenennii anami3 Takux mapameTpiB, SK BHCOTA
MOTEHIIAIbHOTO Oap’€epa Ta Koe(illieHT HeiealbHOCTI,
nioniB LIoTTKi rpad)eH/HAMiBIPOBITHUK, BUTOTOBIIC-
HUX Ha IUIACTMHAX PI3HMX HaMiBNPOBIAHHKIB (7-Si,
p-Si, n-GaAs, n-GaN, n-CdS, n-4H-SiC), nokasas ix
3HA4YHy PO30DKHICTH HABITH /I CTPYKTYp Ha OCHOBI
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CYYACHI EJIEKTPOHHI TEXHOJIOT'Ti

HaNiBIPOBIAHUKIB OJHOTO XIMIYHOTO CKJIany, IO
CBITYHTH MPO CHIIBHY 3aJICKHICTD IXHIX BIACTUBOCTEH
BiJl TEXHIKH BUTOTOBJICHHS (METOIY OTPUMAHHSI TUTiBKH
rpagdeHy, 0OpOOKH MOBEPXHI HAIMIBIPOBIIHUKOBOT TlJ1a-
CTHHHU, TICpEHEeCEHHsI rpad)eHy Ha IUIACTUHY Ta TEXHIKH
(dhopmyBanHs nepexony) [8, 15].

OnHUM 3 HAUMIPOCTIINX Ta HEAOPOTHX METOMIB OT-
pUMaHHS TUTIBOK rpadeHy BiAMIHHOT KPUCTAIIUHOT
SIKOCTI € MEXaHIYHE BiJIIaPyBaHHS BUCOKOOPIEHTOBAHOTO
niponituaHoro rpadiry [3]. OgHak oxuH 3 MEPIIUX
MEXaHIYHUX METOJIB (BiIUTYLIyBaHHS 3a JOIOMOTOO
CKOTYy) HE OyB IPUCTOCOBAHUI ISl POMHUCIIOBOTO BH-
pPOOHUIITBA Yepe3 HU3bKUN BUXiJ rpad)eHOBUX JIUCTIB.
VY mi3Himux pobdortax [17—19] Oymno mokazaHo, 110
BIJUTYIIYBaHHS KpHCTaIiqHOro rpadity g0 rpadeHy B
OpraHiYHUX PO3YHMHHHUKAX MOXKE OYTH MPOMHUCIOBO MacC-
mTab0BaHUM METOZOM HOro BUPOOHUIITBA 3 BHKOPHU-
CTaHHSIM 3BHYAIHOIO KyXOHHOTO OJeHIepa — 3 HOro
JOTIOMOTOFO MOYKHA CTBOPUTH BEJIHKY KUIBKICThH Oe3jie-
¢dexTHOTO OarartomapoBoro rpadeny. s ycminHoro
BIJUTYIIyBaHHS Ta CTa01Ti3a1lil BUBLIbHEHUX HAHOJIUCTIB
rpadeHy mepuopsaHy poJib Bijirpae po3dunHHUK. [o
OpTaHiYHUX PO3YMHHUKIB, SKi BUKOPUCTOBYIOTHCS LIS
JUCIICPTYBaHHS Ta BiNIIApyBaHHS TpadiTy, TaKUX sIK
N-metwmnmiponizon (NMP), niumerunpopmamin (DMF) i
mumMetuicyabdokens (DMSO) [20, 21], MoxHa BiAHECTH
i nonisininmiponinon (C,HyNO), (PVP), sikuit € HeTok-
CHYHHMM MaTepiajioM Ta MPUBOAWB 10 TONIMIIICHHS UC-
MIePTYBaHHS BYIVICIICBIX HAHOTPYOOK Ta IX Opi€HTAIlil y
BOJIHUX PO3YHMHAX Y JIOCHIDKEHHX [22—24].

B miit poOoTi mochiKyBaaucs eJIeKTPUYHI Bia-
ctuBocTi aioAiB IIoTTKi Ha OCHOBI TFEeTEPOCTPYKTYP
rpaden/n-Si, AKi BIAPI3HAIMCS TPUBATICTIO HAHECCHHS
IUTIBOK Ipad)eHy Ha MJIaCTHHU 7-Si.

MeToanKka eKCriepuMeHTy

Jns oTpuMaHHS IUTIBOK rpadeHy BUKOPHCTOBYBa-
JIM METOJMKY MEXaHI4HOTO BiJUTyINyBaHHA rpagiTy B
OpPraHiYHUX PO3YMHHMKAX 32 JOTIOMOTOI0 KyXOHHO-
ro 6nengepa [17—19]. Buxinnum marepiaiom ciy-
I'yBaB MOPOIIKOMOAIOHMH KpucTamiuHuil rpagit (aHa-
nor TJI-1, TOCT 17022-81), saxuii B ocHOBHOMY (Ha
80%) cknmanaeThes 3 YACTUHOK po3MipoM 20— 60 MKM.
Kpucranu rpagity nucnepryBanu y BOAHOMY PO3UHHI
PVP 3 xonuentpamieto 3 mr/mi, orpumytoun 500 mu
nucnepcii rpadity (15 mr/mi). IIporec BimTyyBaHHs
Bi10yBaBCsl BHACIIIOK T IPOANHAMIUHHX SBUII] B PO3UHHI
JMCIIeproBaHoro rpadity mif aiero 61aeHaepa, MBUAKICTH
sxoro cranosmia 8500 —9000 o6/xB. Ilogansmie
Ppo3mIineH s pifaKoi Ta TBeproi (hpakuiit cymirti, ike mpo-
BOJVJIM JUISl BUAAICHHS HEPO3IIApOBaHUX IpadiToBHX
IJIACTIBIIB, BiA0OYBaI0CsS MPOTATOM S5 XB 3 BUKOPHCTaH-
HSIM HeHTpudyTH Ha mBHIKocTi 5000 06/xB. OTprMaHuii
ocajl po30aBiIsUIN €THIIOBUM CHHPTOM 1 HAHOCHJIM Ha
IJTACTUHHU KPUCTAJIYHOTO 7-Si 32 JOMOMOTOK TTHEBMa-
TUYHOTO IyJbBepu3aTopa. [loBHE BUIANCHHS JETYIHX
KOMITOHEHTIB PO3UHHY 3 HAHECCHHUX ILTIBOK BiI0yBaIOCs

3a TeMiepatypu miactul He Buiie 250°C. Ins npose-
JIEHHA JOCTIKEHb CTPYKTYpH rpaden/n-Si oTpumMyBaiu
3a Pi3HOT TPUBAJIOCTI IPOLIECY POINOPOIYBAHHS CyMIIlli:
5, 10 ta 15 xBunuH.

MikpocTpyKTypy NOBEpPXHi OTpUMaHUX IUTiBOK Ipa-
(heHy BUBYAIIU 32 IOTIOMOT'0OI0 CKaHYBaJIbHOTO EIEKTPOH-
Horo Mikpockona (SEM) Tescan Mira 3 LMU SEM 3
MOTEHI[iaJIOM PUCKOPEHHs NepBUHHOrO myyka 20 kB.
CriexkTpu KOMOIHAI[ITHOTO PO3CIFOBAaHHS BUXIJHOTO
KPUCTaIIYHOTO TpadiTy Ta OTpPUMaHUX IJTiBOK rpadeHy
B mianazoHi yactor 1000—3250 cMm ™, ki BixnoBiaoTh
KOJIMBAHHSAM BYIVIELEBUX sp’-3B’A3KiB, BUMIPIOBAJIHN 3
BUKOPUCTAHHSAM KOMOIHAIIKHHOTO criekTpoMeTrpa Jobin
Yvon t64000 nipu 30yKeHH] HEMOISPU30BAHUM CBITIIOM
3 TOBXXUHOKO XBWJI 532 HM.

KonTakt n0 mapiB rpadeHy Ta KpeMHieBOi Iia-
cTHHU (HOPMYBAIH 32 JOTIOMOTOIO IIPOBIIHOI TACTH HA
OCHOBI cpiOa.

Bonbr-amnepni xapakrepuctuku (BAX) mocmia-
sKyBaHHX AioAiB [IIoTTKI BUMIpIOBAJIM 3a JIOIIOMOTOO
arapaTHO-MPOTPaMHOT0 KOMIUIEKCY, pealli3oBaHOrO Ha
6a3i miarpopmu Arduino, HUPPOBOTO MYIETUMETPA
Agilent 34410A Ta mporpaMoOBaHOTO JKepesa KHUBJICH-
us Siglent SPD3303X, ski yIpaBIsuIuch MepCOHATEHIM
KOMIT FOT€POM 3 BHKOPHCTAHHSIM IPOTPaMHOTO 3a0e31ie-
YeHHs, CTBOPEHOTO aBTOpaMH y cepenopuii LabView.

ExcnepumenTajibHi pe3yJbTaTH Ta iX 00roBOpeHHs

SEM-300pakeHHs IUTIBKH rpadeHa, HAHEeCCHOI Ha
MOBEpXHIO #-Si, HaBeleHo Ha puc. 1, a. Tyt cmocre-
piraroThCst OKpeMi JIyCOUKH 3 IUTOIICIO OBEPXHi B Jliarna-
30Hi 0,001 —0,1 mxm2. SEM-nocmimKeHHs MI0Ka3ye, 110
I/l Yac HaIWICHHS rpaeHOB1 JTyCKHU 30MParoTHCs B He-
MIEpepBHY TOHKY ILIiBKY.

SEM-300pakeHHs TUTIBKK B mepepisi (puc. 1, 6, 8)
MOKAa3yI0Th, 1[0 OTPUMaHi TOHKI IJIiBKH rpadeHy yTBoO-
PIOIOTH MOBEPXHIO CKIATHOT (POPMHU Ta MICTATH BEIHUKY
KUTBKICTB JIUCTIB 3 KiIbKamapoBoro rpadeny (few-layer

Puc. 1. SEM-300paxeHHs

IUTiBKHU Tpad)eHy Ha IIOBEPXHi

n-Si (a) Ta B nepepisi (0, 8)

(BcraBka Ha a: (oTorpadis

BHTOTOBJIEHOTO Jiofna
IoTTKi)

4
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Puc. 2. Criektpu KOMOIHALIIHHOTO PO3CIFOBaHHS KpUCTAJIi-
Horo rpadity (nyHkmupHa niHis) Ta KUbKimapoBoro rpade-
Hy (cyyinvna ninis)

graphene, FLG). Okpemi miacriBii rpadeHy nepekpu-
BatoThcsi. SEM-aHani3 mokasas, 1o TOBIIHMHA TpadeHo-
BHX IUIACTIBINB CKIIAJIa€ TPUOIU3HO 4 HM.

CriekTpy KOMOIHAIITHOTO PO3CIFOBaHHS BHXIIHOTO
kpuctaiigyHoro rpadity GL-1 Ta oTpruMaHOro KijibKa-
mapoBoro rpadeHy npeacTaBiicHi Ha puc. 2.

B crmektpax paMaHiBCHKOTO PO3CIOBaHHS IPOSIB-
nstoThest eMyru G 1 2D (3 makcumymoM Oinst 1580 Ta
2700 cm™!' BiIMOBIHO), AKi € OCHOBHHMH B CIIEKTpax
K 00’€MHOTO TpadiTy, Tak i TOHKOILTIBKOBOTO TIpade-
Hy. L{i cMyTH 3MiHIOIOTE (DOpMY, TIOJIOXKECHHS Ta BIIIHOCHY
IHTCHCHUBHICTh 3aJIe)KHO BiJI KUTBKOCTI IIapiB rpadeny,
0 BiJIoOpakae eBOIIOIII0 EICKTPOHHOT CTPYKTYPH Ta
eJIEKTPOH-(OHOHHOT B3aeMO/Iii [25, 26]. OmHOIapoBwid
rpadeH xXapakTepU3yeThCsl OJHUM 1HTEHCHBHHM, TO-
CTPHUM 1 CHMETPHYHHM TTiKOM 2D-cMyTH. SIKII0 KUTBKICT
rpadeHOBHX MIapiB 30LIBIITYETHCS 10 ABOX a00 OiiblIe,
2D-cMmyra crae CyneprosuIliero YOTUPhOX CMYT Pi3HOI
IHTEHCUBHOCTI, a ii ¢opma SIKICHO BiJIpI3HSAETHCS Bij
(hopmu 2D-moau rpadity, sk 1ie BUAHO Ha puc. 2. J{eska
acumetpist 2D-cMyru B criekTpi rpadeHy Ta 3MilleHHS
11 MakcCUMyMy B OIK MEHIIUX YacTOT BKa3ye Ha HOTO

V,B
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1014 Lo
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Puc. 3. BAX nmiozis IIlorTki Ha 0OCHOBI cTpYKTYp rpaden/n-Si,
BUTOTOBJICHHUX 32 PI3HOT TPUBAJIOCTI HAHECEHH IIApiB rpadeHy

OararomapoBicTb [25, 26]. Mo)kHa O4iKyBaTH, 110 CIIO0-
cTepexkyBaHa 2D-cMyra y CHEKTpi OTpUMaHHX Tpade-
HOBHX IUIACTIBUIB LIMpIIA, HDK B OJHOIIAPOBOTO Ipa-
¢deny. Lle miaTBepIKY€ETHCS MOPIBHAHHAM 3HAa4eHb
MOBHOT IIMPUHHU Ha monoBuHI Makcumymy (FWHM)
2D-cMyru y criekTpax Ha pHc. 2 Ta y CIIeKTpax OKpeMHUX
JucTiB rpadeny, ska cTaHoBUTH 79,88 Ta =30 cm~! [26]
BiiMoBiIHO. TakuM YMHOM, MOXHA CTBEPXKYBATH, 1110
OTpUMaHi Tuctiepcii rpaeHy CKIaialoThes 3 NEKITBKOX
Woro mapis.

Sk BumHO 3 mpencraBieHux Ha puc. 3 BAX, ski
BUMIPIOBAJIUCA MPHU MPSMHUX Ta 3BOPOTHUX HAINpyrax
3a KIMHATHOI TeMIlepaTrypH, AOCHIKYyBaHI CTPYKTY-
pu rpaden/n-Si MaroTh c1a0Ki BUIPSAMHI BIACTHBOCTI.
Koedinient BunpsamieHss R, a Takox 3HaYCHHA Oap’ep-
Hoi emHoOCTI mioxiB IloTTki, BennunHa BOYITOBAHOTO
HOTEHIiAy @, Ta TMOCII0BHOIO ONopy R UX CTPyK-
Typ HaBeJeHi B TA0JIMILI.

Ilapamempu cmpykmyp epaghen/n-Si, ompumanux 3a pisHoi
MpUSANOCMi HaHeCeH s wapie epageny

Yac HaHeceHHs 1apiB
ITapamerp rpageny, X8

5 10 15
KoediuieHt BunpsmieH-
Ha R (npu |V]=2 B) 1.2 1.9 2,2
BOynoBanuii noTeHian 1.35 132 127
(pk’ B 2 B B
OocH OB D Ry | 3 4106 | 3.4x10° | 3.7x10°

M 2 2 b

AHaIi3 MeXaHi3MiB CTPYMOIIEPEHOCY Yy pasi mps-
MHUX 3MIIIICHb MTOKa3aB, 10 IS CTPYKTYp Trpaden/n-Si
B obOnacti Manux ctpyMiB npu 3k7T < V' < 0,2 B koe-
¢inient neineansHocTi BAX A cranouts 3,3—5,0 Ta
301IBINYETHCS 31 3pOCTAHHAM Yacy HaluICHHS. SIK BHI-
HO 3 puc. 4, a, Tpy 30UTBIICHHI TIPSMOT HAITPYTH KYT Ha-
XUy 3aJIexHOCTel In/ = AV) mist BCiX AOCTIIKYBaHUX
CTPYKTYp TpadeHn/n-Si 3MEHIy€eThes, a KoediienT 4
ICTOTHO 3pocTae. HaBeyieHi 3HaueHHs A BKa3yOTh Ha TY-
HEJNFHUI MEXaHi3M IPsSIMOTO CTPYMY, SIKHH IUIS Pi3KUX
MTOBEPXHEBO-0ap’€PHUX CTPYKTYp BU3HAYAETHCS BUpA-
30M [27]

1(V)=BN, exp[-a(¢, - V)],

ne B — mocriiina;

()

N,— KOHLEHTpaLlis PiBHiB, AKi OEPYTh y4acThb y HPOLEC]
TYHEJIOBAHHS;

0. — BEJIMUMHA, IO 3aJeXKHUTh Bif e(eKTHBHOI Macu
€JIEKTPOHIB y 3a00pOHEHIN 30HI, Ai€NEeKTPUYHOI
MIPOHHUKHOCTI, PIBHOBaXXHOT KOHIICHTpAIlii HOCITB Ta
(dopmu Oap’epa.

JlinifinicTh npsiMuXx Tinok BAX y koopauHaTax
In/ = flo, — V) (puc. 4.1, 0) MATBEPIUKYE CIIPABEUINBICTh
3aCTOCOBAHO1 MOACIII.
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Puc. 4. HaniBnorapudmiuti 3anexxHocti npsimux riiok BAX nionis IIIoTTki Ha 0CHOBI CTpYKTYp rpadeH/n-Si, BATOTOBICHUX
3a Pi3HOI TPUBAIOCTI HAHECEHHS IIapiB rpadeHy, y pi3HUX KOOPIUHATAX:

a—Inl=fV); 6 —Inl=flo,~ V)

BAX pocnikyBaHuX JiofiB B 00MaCTi 3BOPOTHUX
3MillleHb A00pe OMHUCYIOTHCS BUPA30M JJisi TYHEIbHO-
ro crpymy [27]

I=aq, exp(—b0 (¢, —V)fm), (2)

JI€ @, — MapaMeTp, 3HAYEHHs KOO BU3HAYAETHCS HMO-
BIpHICTIO 3aIlIOBHEHHSI €HEPTeTHYHUX PiBHIB, 3 SKHX
3IIICHIOETBCS TYHETFOBAHHS CIICKTPOHIB; bo BU3HAYACTh-
Csl IIBUJIKICTIO 3MIHH CTPYMY TIpH 3MiHi HAallpyTH.

JlinidHicts BAX nociipkyBaHUX CTPYKTYP B KOOPIH-
Harax In/ = f{(¢, — V)'?) (puc. 5) no6pe y3romxyernes
3 BUpa3oM (2).

3a 3BopoTHOI HanpyrH B Aianazoni —0,5 < V' <-2,0 B
CIIOCTEPIraeThCs Pi3Ke 3pOCTaHHS BEIMUMHU CTPYMY, IO
MOSICHIOETHCS IABUHHUM PO3MHOXEHHSIM HOCI1B 3apsity
i TIEF0 CUIIBHOTO €JIEKTPUYHOTO TOJIS.
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Puc. 5. HaninorapudmivHa 3a1exHICTb 3BOPOTHHX r'ilok BAX

nioniB ITIoTTKi Ha OCHOBI CTPYKTYp rpaden/n-Si, BUTOTOBIIE-

HUX 32 Pi3HOI TPUBAIOCTI HAHECEHHS LIapiB Tpadeny, Uis Ty-
HEJIBHOTO CTPYMY IIPH 3BOPOTHIX Halpyrax
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BucnoBkn

TakuM YUHOM, JTOCITIPKEHO SIEKTPHYHI XapaKTepH-
ctuku gioxaiB LIIoTTKi Ha OCHOBI CTPYKTYp Tpaden/n-Si,
BHTOTOBJICHUX METOOM MEXaHIYHOTO BiIIIapyBaHHS
rpadiTy 3a pi3HOI TPHBAIOCTI MPOIECY PO3MOPOINY-
BaHHs cywinri. BeraHoBlieHO, o Ai0au XapakTepH-
3YIOTBCS CIA0OKMMU BHIIPSIMHUMH BIaCTHUBOCTSIMHU
(R;=2). CkanyBajbHa €JEKTPOHHA MIKPOCKOIIisl ITOKa-
3aa ckiagyacty Mopgomorito rpad)eHOBUX MJIACTiBIIIB
TOBIIMHOIO Npubau3Ho 4 HM. Acumerpis 2D-cmyru
B CIeKTpl KOMOiHAWiiHOTO po3citoBaHHS Tpade-
Ha, 3MiIICHHS ii MaKCUMyMy B OiK MEHIIHUX YacTOT
Ta muprHa Ha mojoBuHI Makcumymy (FWHM) Bka-
3yIOTh Ha HOTO OaraTomapoBicTh. Takox BCTaHOBIIE-
HO, 10 Yy (OPMYyBaHHI SIK TIPSMOT0, TaK i 3BOPOTHOTO
CTPYMIB TIepeBa)ka€e TYHEIFOBAHHS HOCIIB 3apsy Kpi3b
MOTEHITiAJIbHUH Oap’ep.
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The authors investigated the electrical properties of graphene/n-Si Schottky diode heterostructures obtained by mechanical
exfoliation of graphite to thin-layer graphene in an aqueous solution of polyvinylpyrrolidone as a result of the dynamics of
the dispersed graphite mixture under the action of a mechanical blender. The graphene/n-Si structures differed in terms of
duration of applying graphene films on n-Si substrates: 5, 10 and 15 min. The temperature of the substrates did not exceed
250°C. The formation of graphene layers was confirmed by the study of Raman scattering spectra in the frequency range of
1000—3250 cm™!, which show G and 2D bands with the features characteristic of low-layer graphene. The dependence of the
electrical properties of the investigated surface-barrier graphene/n-Si structures on the duration of sputtering of graphene
Jilms was established. It was found that the value of the contact potential difference ¢, was 1.35, 1.32 and 1.27 V and the
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series resistance at room temperature was 3.4-10°, 3.4-10° and 3.7-10° Q for structures with the duration of graphene layer
deposition 5, 10 and 15 min, respectively. The formation of both forward and reverse currents was dominated by the tunneling

of charge carriers through the potential barrier.

Keywords: Schottky diodes, heterostructures, low-layer graphene/n-Si, electrical properties.
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CUCTEMH IIEPEJAYI TA OBPOBKH CUTHAJIIB

YJK 621.396.965:621.391.26 DOI: 10.15222/TKEA2023.1-2.09

K. m.n I B.JEBYX, A. A. CAKOBHUY, B. I. [[EBYX

VYkpaina, HanionansHuit yHiBepcuteT «Oiechbka MOJITEXHIKA»
E-mail: itsevukh@op. edu. ua

TTOKA3HUK TIOJIIIIEHHS HEJIHIMHNX
OJHOKAHAJIbBHUX CUCTEM ObBPOBKU CUT'HAJIY
B YMOBAX I'AYCOBHX 3ABA/]

Hocnioxcysanucy 06a HeNiniHUX 0OHOKAHANbHUX 6UAGHUKA KOPUCHO20 CUSHAILY 8 YMOBAX AOUMUBHOI CYMilli HEKOPelbOo-
8aHoi ma Kopenbo8anoi eaycosux 3a6ao. /i nopieHAHHs eeKMmusHOCMi BUABHUKIE 3 KNACY HENIHILIHUX CIMPYKMYD GU-
KOpUCIMAHO NOKA3HUK NONINUIEHHSA, AKUL € 6IOHOWIEHHAM 8eNUYUH CUSHAN/3A6a0d HA 8UX00I HENIHINIHOL cucmemMu ma Ha
iT 6x001, ycepeoneHull 3a 6cima MOXCIUSUMU PadianibHUMU weuokocmsamu yini. Hasedeno uucnosi pesynomamu nopie-
HANLHO20 AHANI3Y NOMEHYIAbHOI egheKMUBHOCTI PO3TAHYMUX ANCOPUMMIG OISl PIZHUX CNEKMPATIbHO-KOPENAYIUHUX Na-

pamempie aOUmMuUBHoI cymiuli HeKoperbo8aHoi Ma Koperbo8aHoi 3a8ao.

Kirouosi crosa: cucmema oopodKu cueHary, adumusHa cymius 3a6a0, KoepiyicHm noainueHHs.

BHH?J‘I?HHH CUTHAJIIB PyXOMHX IIiJIeH Ha T/ aAUTHB- T2 x* é;l X: @)
HOI CyMillli HEKOPEeIbOBAHOI Ta KOPEIHOBAHO1 3aBal € OJI-
HUM 3 aKTyaJbHUX 1 JOCTAaTHHO CKJIAJHUX 3aBIaHb, 1110 2 _ prp-2
BHPIIIYIOTHCS B KOTEPEHTHO-IMITYJIbCHUX PaJliofIOKaIlii- C=XBX, ®)
aux cucremax (PJIC) [1—4]. KopenboBaHi (acuBHi) 3a- 1e By = li XX
BaJIM Y BUDJISA/II BiTOMBaHb BiJl HEPYXOMHX a00 MOBIJILHO ni3
PYXOMHX 00’ €KTiB ICTOTHO TIOPYIIYIOTH INTATHY POGOTY B, — olliHKa MakcMMalbHOi MpaBIONoAiOHOCTI KoBapia-

panionokamiiiHux cuctem [ 1, 2]. [HATEHCHBHICTD MTACHB-
HUX 3aBa/] 3a3BUYail 3HAYHO MEPEBHILY€ PIBEHb BIACHUX
IITyMiB TIpUiMaya, 1110 MOXe TPU3BECTH JI0 HEBUSIBIICHHS
KOPHUCHOTO CHTHAITY, @ OTKE JIO MPOITYCKY LTI
Bigomo, mo HaW#OIABII 3araJbHUM ITIAXOIO0OM 10
pO3B’si3aHHsI 3aB/IaHb BUSBJIICHHS KOPICHUX CUTHAJIIB B
YMOBax 3aBajl € 3HAXOJKCHHS BiJIHOIIEHHS MPaBOIIO-
JIiO6HOCTI (200 BiAMOBIAHOT HOMY OCTaTHBOI CTATUCTH-
KH) Ta MOPIBHAHHA 11 3 JesikuM noporom [2, 3]. s ray-
COBHX MOJICJICH CUTHAJTY Ta 3aBaJl CTPYKTYPa ONTHMAJTb-
HOTO BHSIBHHKA, CHHTE€30BaHA Ha OCHOBI TECTy BIJIHO-
IICHHS MTPABJONOIOHOCTI, BU3HAYAETHCS JOCTATHBOIO
CTaTUCTUKOIO BUITISIAY [3]
I=X"\B;' —(B.+B;)

X, (1

ge X — N-mipHUi BEKTOP BXiZIHOTO IIPOLIECY;
B., By — KOBapialliiiHi MaTpHili CUTHAITY Ta 3aBajIy;
* — 3HAK KOMIUICKCHOTO CIIPSDKEHHS Ta TPAHCIOHY-
BaHHSI.

CKJIaJIHICTh NPAKTUYHOT peaizaii aJroputMmy o0-
poOku (1) B yMoBax anpiopHoi HEBU3HAYEHOCTI ITapamMe-
TPiB CHTHAJTY Ta 3aBa]l [IPU3BEJIA 10 PO3POOKHU CITPOIIIe-
HUX BapiaHTiB fforo noOyaoBu. Y [5, 6] 11 po3B’si3aHHs
3a/1a4i BUSIBJICHHSI IMITYJIbCHOTO CUTHAITY Ha ()OHI rayco-
BUX 3aBaJ 3 HCBIIOMUMH KOPEISIIIHHUMH BIaCTHBOCTSI-
MU 3aIpOIIOHOBAHO B KJ1aci HEJIIHIMHUX CTPYKTYP BHKO-
PHUCTOBYBaTH, BiJIIOBITHO, IOCTaTHI CTATUCTUKH

LIHHOT MaTpUIl 3aBa 1 B.;
X,— N-mipuuii BeKTOp BUOIPKOBMX BiIUIIKiB BXiIHOrO
IpoLECy;

n — 0o0cAT HaBYAJIbHOI BUOIPKH.

Craructuxa T2 sBisie co60r0 cTaTucTuky oTeminra
AU IEpeBipKM rinoTe3u H: X HanekKuTh raycoBo-
My posnoxiny G(0, B,) (TUTbKM 3aBajia) IPOTH aJIBTEP-
HatuBM H,: BUOIpKa HAJIEKUTh IayCOBOMY PO3IOMILIY
G(u, By) u#0 (3aBajia +curuain) 1y HEBiIOMOi KoBapia-
ifHOT MaTpuIli 3aBajy B, Ta CKIHUEHHOTO 00CATY BH-
Oipku [5].

Craructuxa C? Gyna orpuMana y [6] 3 BiHOLICHHS
HPaBIONOAIOHOCTI y IPUITYIICHHI, 10 PiIBEHb KOPUCHOTO
CHUTHAJTY € MaJIIM MTOPIBHSAHO 3 PiBHEM KOPEITbOBAHHX 3a-
BaJl, a PO3JiITbHA 3AaTHICTH 3 AOIUICPIBCHKOI a3y CUT-
Hay irHopyeThes. [lonpu HasBHICTD myOmikamii, mpu-
CBSYCHUX aHali3y e(EeKTHBHOCTI alTOpUTMY, IO pea-
mi3ye craructuky loreminra [7—9], BiacyTHI BU4epn-
Hi pe3ynbTaTy MOA0 MOPIBHIHHSA anropuTMiB (2) i (3).

Mertoro mi€i poOOTH € MOPIBHSIHHS MOTEHIIAIBHOT
(n—0o0) eeKTUBHOCTI TBOX HABEJCHHUX BUIIIC HEIHIM-
HHX OHOKaHAJIBHUX CHCTEM BUSBIICHHS KOPHCHOTO CUT-
HaJly B YMOBAaX aAUTHBHOI CyMiIlli HEKOPEITHOBAHO{ Ta KO-
PEIBbOBAaHOI rayCOBUX 3aBaj.

Jlu1s1 aieKkBaTHOIO PO3B’sI3aHH: I0CTABJIEHOI'O 3aBAH-
HSI BUKOPHCTAEMO KpUTEPiit eheKTUBHOCTI, ycepeTHeHUH
B YChOMY JIiania30Hi 3Ha4eHb PAIialIbHOT IIBUKOCTI i,
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CUCTEMMH NEPEJAYI TA OBPOBKHM CHUI'HAJIIB

BoueBunp, mo anroputmu BusiBieHHs (2) Ta (3) €
aJIaTHBHUMH, 1 IpH 30i7bIICHHI 00CITy HAaBYAIBHOI
BHOIpKH (1 — 0) iXHI XapaKTEPUCTHKH IPSMYBaTUMYTh
JI0 TIOTEHIIHHNX 3HAaYeHb, I1[0 BU3HAYAIOTHECS JOCTATHI-
MU CTaTUCTUKAMH BUTIISLY

=X B;'X; 4)

=XB;*X, )
3anuiieMo aaropuTm (5) Tax:

F=XBPX=X'B;'By'x=2"Z=|7]", (6

ne Z =B;'X;

|'> — omnepaiis obuucneHHs KBaapata MOJIYJS KOMILIEKC-
HOTO BEKTOpA.

Bekrop Z MO)kHA TIOATH Y BUIVIS

(7

I-WI CTOBIIEIlL OJJUHUYHOI Ma-

Zr=x\wP P, v =X,

ne V]\(,i) = B;lei; e —
Tpui £, po3mipom NxN.
3a3Ha4unMo, 1110 BEKTOP V,\(,i ) 3GiracThes 3 i-M CTOBII-
1eM marpui B; .
[leperBopumo (7) B Takwmii criocio:

7 =[xV X VP, XV XV, (8)

3 ypaxyBaHHsIM (8) BUpIIIAIBEHY CTATUCTHKY (5) MOXK-
HAa TIOJIaTH y BHIVISII

. 2
& :HX*V}V”,X*V}VZ’,...,X*V]@,...,X*VWH ,

€]

Kosken enement z, Bekropa Z'y (8) MOKHA TPAKTyBaTH
SIK pe3yJbTaT MPOXOIPKEHHS BXIIHOTO TIpoliecy X uepes
HEPEKYpPCHBHUI (DLIBTP 3 BATOBIMH KOoeDillicHTaMU VA(; .

3poOMMO aHAJIOTIUHI MEePETBOPSHHSI IS aJTOpHUT-
My (4):

£ =X"By'X = X*By)*B;* X =y =|y[

,(10)

T . .
—1/2 *p=1/2|" . p=1/2 p-1/2
ae Y =By X = [X"By)?| 5 By, By — winnosinmo,
HIDKHSL Ta BEpXHS TPUKYTHI MaTpHIi 3 po3kiaxy Xo-

12 p-1/2 -1
nenpKoro, By ” By 'C =B .

Bekrop Y MOkHA TIOIaTH y BUIIIS

v =x[UP.UQ,.. U, U= XU, (11)
ne Uy = By e,

[TeperBopumo (11) B Takwmii crocio:
v =[xUQ XU, x UYL x UM 12

3 ypaxyBaHHsaM (12) BupimanbHy CTaTHCTUKY (4)
MOJKHA MOJIaTH y BUIVISII

. 2
t2:HX*U,‘V”,X*U,(VZ),...,X*U](\}),...,X*U,(VN)H C(13)

3a aHanori€ro 3 (8) KoxKeH eeMeHT y,; Bektopa ¥'B (12)
MO)KHA TPAKTYBATH SIK PE3yJIbTaT IPOXOKCHHS BXiTHO-

——— o0 i E
b2
— e
X F A
m—, P my VER
'::; Gl —
|‘::) om |,

Puc. 1. CtpykrypHa cxema HelliHiiHOT cucTeMHu 0OpOOKH CHT-
Haiy suy X ®X

TO Iporiecy X yepe3 HepeKypCUBHUHN (LTBTP 3 BATOBUMH
KoedilieHTaMu Uj(\ﬁ).

CrpykTypHa cxema, 1o peanisye anroputmu (9) ta
(13), mpencrasiena Ha puc. 1, ne @ — nepexypcus-
Hi (insrpy 3 BaroBumu koedinienramu ¥\ st anro-
putmy (9) a6o U\ mia anropurmy (13); A — nocrar-
HSI CTaTHCTHKA, BIAMOBIAHO, ¢ 2 s (9) abo 2 s (13).

Bimomo, 110 mj1st peanizaiiii cucTeM CenekIiii pyxo-
mux e (CPLL), siki 3aCTOCOBYIOTHCS B OIVISIIOBUX
patioIoKaliiHUX CTAHIISIX, YaCTO BUKOPUCTOBYIOTHCS
came HepeKypcHBHI (DiIbTpH, sKi TaKOXK Ha3uBaroTh KIX-
¢bineTpaMu (PiTbTpaMu 3 KIHIIEBOIO IMITYJIbCHOIO XapaK-
TepucThkoro) [3]. OMHUM 3 TapameTpiB, IO XapaKTepH-
3ye eextuBHicTh QinpTpiB CPLI, € xoedimienT nomin-
wennst 1, (improvement factor) cucremu CPL| — uact-
Ka BIJ JIJICHHS 3HAY€Hb BIHOIIECHHS CUTHAJ/3aBaja Ha
BUXO0/Ii Ta Ha BXoJi ¢inbrpa CPLI, ycepenneHe 3a Bcima
MOYKJIMBUMH pajliaIbHUMHU MBUAKOCTSIMH I [HITAME
cioBamH, koedinieHT nommueHas cuctemu CPL] moka-
3y€, y CKUTBKY pa3iB CIIBBIIHONICHHS CHTHAJ/3aBajia Ha
BUXOA1 OinbIe, HDK Ha Bxomi. IIIBuAKOCTI 1111 BBaXKa-
I0ThCS PIBHOMMOBIPHUMH B YChOMY Jialla30Hi paiaib-
Hoi mBuaKocTi. KoediuienT nomimmuenns /, Moxe Oy
npeacTapieHuid y Bursii [10]

I, =W'W/W*BW, (14)

nie W — BekTop BaroBux koedimieHTis (iabTpa, Mo 3a-
JISKUTH B1Jl 0OPaHOTO KPUTEPIiIO ONTUMAIBHOCTI, a Ta-
KO KOBapialiifHOT MaTpHili A1F040i 3aBaju B3.

SIx 6yno 3a3HAYEHO BMILE, €IEMEHTH Z; BEKTOpa Z'y
(8) Ta enementH y, Bektopa Yy (12) MOKIHMBO TpakTy-
BaTU SIK PE3YJBTATU MPOXOMKEHH BXiTHOTO mporecy X
4yepe3 HepeKypCcHBHI (PUIBTPU 3 BaroBUMu KoedirieH-
TaM# V]f,’) Ta U,g) BinoBiIHO. ToMy /7151 OPIBHSAHHS
e(DeKTUBHOCTI HENIIHIHHUX OJJHOKAHAIBHUX CUCTEM BH-
siBIIeHHsI cuTHAIY (4) 1 (5) nouiapHO Oy/ie BUKOPUCTATH
MOKAa3HMK MOJIMIIEHHS P, IKUi 32 aHAJIOTi€r0 3 Koedi-
Li€HTOM TOJIIMIIEHHS [, € YaCTKOIO Bijl AiICHHS 3HAY€Hb

10
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CUCTEMMH INEPEJAYI TA OBPOBKHW CUTHAJIIB

BIJHOIIIEHHS CUT'HAJI/3aBajia Ha BUXOl Ta HA BXOIl He-
THIMHOT cCHCTEMMU.

Jns anroputmy BusiBineHHA (9) 3 ypaxyBaHusM (14)
Oyzie CripaBeNInBO

2
4

P = (15)

S
VB

ne V*:[ ]\(/1)7 ]\(/2):-..5 ]\(li)z-"aV]st) ; VI\(/i):B;Iei'

Toxi
2

Vvl =xV, By =TrB;’;

2 — —
VB3V‘ =31 B, =TrB; ",

(16)

ne Tr[-] — cmig MaTpui.

a)
P,,dB

35

30

25

20

15

0)
P,,dB - - . - :

-

25

5 i i L i L i i i

0,92 0,94 0,96 098 R
Puc. 2. Tloka3HUKH MOMIMIIEHHS anroput™is (4) Ta (5) (Biamo-
BiJTHO, TyHKTHPHA Ta CYIJIbHA JIIHIi) 3aJICKHO BT MOLYJISI IIep-
II0T0 MIXKIIepioHOTo KoedinienTa kopenswii R Ta napamerpis

aIUTUBHOI CyMillli HEKOPEIbOBAHOI Ta KOPEJIbOBAHOI 3aBal:
a—N=5,=401b;6—N=7,$=30 nb

OTKke, MOKA3HUK IOJIMIIEHHS HETHIHHOT OJHOKa-
HaJBHOT CHCTEMH BHSIBIICHHS CUTHAITY B YMOBaXx rayco-

BHX 3aBaJl, 10 peatizye anroput™ (9):
P =TrB;* [TrB;". (17)

Juis HeniHiitHOTO anropuTMy BusiBiieHHS (13) 3 ypa-
xyBaHHIM (14)

Py =|uuf / v Bl (18)
e U = (U002 U0 U
U= B;l/zel..
Tomi
Uuf =5, By =18y
U BU[ =N, (19)

a)
P, dB

35 F

30 F

25 k

20

15 ) . ) i 4 i H

0)
P, dB ——————
28
26
24
22
20
18
16
14
12

10

Puc. 3. Tloka3HUKH MOMIMIISHHsT anropuTMiB (4) ta (5) (Bix-

MOBITHO, MyHKTUPHA Ta CYLIbHA JIHIT) 3aJIC)KHO Bifl pO3Mipy

BEKTOpa BXiIHOTO Mporecy N Ta mapaMeTpiB CyMillli HeKope-
JIBOBAHOI Ta KOPEILOBAHOI 3aBal:

a—R =099, =40 15; 6 — R = 0,95, p=30 15
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CHUCTEMMH INEPEJAYI TA OBPOBKHW CUTHAJIIB

TToxa3HUK MOMIMIIEHHST HEMHIHHOT OHOKAHAIBHOT
CHUCTEMH BHUSBIICHHS CUTHAITy B YMOBAaX I'ayCOBHX 3aBa]l,
o peamnizye anroputm (13):

P, =TrB;'[N. (20)

Ha puc. 2 HaBeneHO naHi As MPOBENEHHS TOPiB-
HSJIBHOTO aHali3y eeKTUBHOCTI ayroputMiB (2) 1 (3) 3a
KpUTEpIEM “TIOKA3HUKA TOMIIMIICHHS 3aJIe)KHO B MO-
IyIIsl TIEPIIOT0 MKIIEPIOTHOTO Koe(illieHTa KOPEIsii
R 3a pi3HUX 3HaYEHb NapaMeTPiB aAUTUBHOI CyMillli He-
KOpEJIbOBAHOI Ta KOPEJIbOBAHOI 3aBaj. Beaxainocs, 1o
KOpEeJIbOBaHa 3aBajia Ma€ raycoBy (o = 1) a00 eKCIioHeH-
miajgbHy (0= 2) popmy criekTpy Gaykryartiid, MOIyib R
npuiiMae 3Ha4eHHs 3 aianaszony [0,9...0,99].

3 rpadikiB BUAHO, IO 33 3aCTOCOBAHHM y PO0O-
Ti MOKA3HUKOM TIOJINIIEHHS Py, MOTeHIiaibHa (17— o0)
e(eKTUBHICTb 000X ANTOPUTMIB iCTOTHO 3aJICKUTH Bij
IIBUKOCTI CIaly Ta HOPMOBAHOI IIIMPUHU CIIEKTpa 3a-
Bajgu AFT — ToOTO BiJ MOIYJS TIEPIIOTO MIXKIEPio-
HOro KoedinienTa kopensiii R = {AF/F), ne AF — mu-
puHa crektpa 3aBaau; F'— yacrora nosropeHHs PJIC.
[TacuBHa 3aBazna eexTHBHIIIE NMPUAYLIYETHCS Y pasi
raycoBoi anpokcumarii (o = 1), sika XapakTepu3yeThCst
IIBUJIKAM CIIaJIOM CIIEKTpA.

Ha puc. 3 HaBeieHO a1 J71s IPOBENICHHS TIOPIBHSIIb-
HOTO aHai3y e(heKTHBHOCTI aJIrTOpuT™IB (2) Ta (3) 3a Kpu-
TepieM “TIOKa3HUKA MOJINIIECHHS 3aJI€KHO Bl po3Mipy
BEKTOpa BXiAHOTO mporecy N (KiIbKOCTi 00poOIoBaHUX
iMmynbeiB). 3 rpagikiB BUAHO, IO 31 301IbIICHHSIM KiJlb-
KOCTi 00pOOIIOBAaHHUX IMITYIbCIB IIBHIKICTH TOCATHEH-
Hs P CBOro MaKCHMaJIbHOTO 3HAYEHHS IS aITOPUTMY
(3) nmexinbka Bume, Hix s (2). s PJIC 3 yactkoBoro
KOT€PEHTHOI 00OpPOOKOI0 CUIHATy 3 HOAANBLIMM HEKO-
TePEHTHUM HAKOITHMYCHHSIM PE3YJIBTaTh JOCIIIKCHb, Ha-
BeJ/IeHI Ha puc. 3, MOXKYTh OyTH KOPUCHUMH IIPU BHOOPI
MPUHHATHUX CIIBBiIHOIIEHb MK TPUBAIHCTAMH KOTe-
PEHTHOT Ta HEKOTePEHTHOT 0OPOOKH.

VY BCiX IPOBEIEHUX PO3paxyHKax MOTEHITIITHA e(ek-
THUBHICTh BUSBHHUKA (3) JJ11 BAKOPUCTAHHUX B POOOTI Ma-
pameTpiB 3aBaj Oyia BHILOI0, HIK BUSBHUKA (2).

BucnoBok

TakuM YMHOM, TIPOBEICHUH TOPIBHAIBHUHN aHaIi3
MOTEHIIATBHOT (77 — 00) e(PeKTUBHOCTI ABOX HETIHIHHUX
OJTHOKAHATbHUX CHCTEM BUSBIICHHSI KOPHCHOTO CUTHAITY

B YMOBax aJUTHUBHOI CyMillli HEKOPEIbOBAHOI Ta Kope-
JTHOBAHOI rayCOBUX 3aBaJl I03BOJIIMB BCTAHOBUTH, IO 32
MTOKa3HUKOM TOJITIIEHHS (YacTKa BiJl JUICHHS 3HAYCHD
BiIHOLLIEHHS CUTHAJI/3aBa1a Ha BUXOA1 Ta BXO1 HEJIHIH-
HO{ CUCTEMH), yCepPETHEHUM 3a BCiMa MOMJIMBUMHU Pali-
AIbHUMMU MIBUJKOCTSAMH 1LiJi, 1 00paHUMH B I1iif po6OTi
nmapamMeTpaMH 3aBaj MOTEHIliabHa €(EKTUBHICTD PO3-
poOiieHoro B [6] anropuTMy € BUIIOKO 33 e(hEeKTUBHICTD
aJTOPUTMY, III0 peaji3ye BiloMy CTaTUCTHKY [ oTeminTa.

OTpumaHi pe3ylnbTaTH MOXYTh OyTH BUKOPHUCTA-
Hi IS TIOPIBHSUIBHOTO aHANi3y €()EKTUBHOCTI AESKUX
ICHYIOUMX KOT€PEHTHO-IMITYJIbCHUX PaaioIOKaIliifHuX
CHUCTEM MIOJIO BHUSBICHHS CHUTHAJIB PyXOMHX IIiJiel Ha
T QANTHBHOI CyMIIlli HEKOPEJIHOBAHOI Ta KOPEIHOBa-
HOI 3aBaj
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INDEX OF IMPROVEMENT OF NONLINEAR SINGLE-CHANNEL SIGNAL
DETECTION SYSTEMS UNDER GAUSSIAN NOISE

Detection of signals of moving targets against the background of an additive mixture of uncorrelated and correlated
interference is one of the relevant and rather complex tasks solved in coherent-pulse radar systems. Correlated interference
in the form of disturbing reflections from stationary or slowly moving objects significantly disrupts the regular operation of
radar systems, which can lead to missing the target. The article presents a comparative analysis of the potential efficiency of
two non-linear single-channel systems for useful signal detection operating under an additive mixture of uncorrelated and
correlated Gaussian noise. To solve the task of analyzing the quality of detectors from the class of nonlinear structures, an
improvement index was proposed, which is the signal/interference ratio at the output of the nonlinear system to the signal/
interference ratio at its input, averaged over all possible radial velocities of the target. Numerical results of a comparative
analysis of the potential effectiveness of the considered algorithms for various spectral-correlation parameters of interference
are given. It was established that the potential efficiency of the algorithm developed by the author is higher than the efficiency
of the algorithm implementing the well-known Hotelling statistics based on the improvement index and the parameters of the
additive mixture of uncorrelated and correlated interference selected in this work.

Keywords: signal processing system, additive mixture of noises, improvement index.

REFERENCES

1. Skolnik M. 1. (Ed.) Radar Handbook. New York: McGraw
Hill, 2008, 1352 p.

2. Melvin W. L., Scheer J. A. (Eds.) Principles of Modern Radar:
Advanced Techniques. New York: SciTech Publishing, IET, Edison,
2013, 846 p.

3. Richards M. A. Fundamentals of Radar Signal Processing. New
York, McGraw Hill Education, 2014, 618 p.

4. Lekhovytskiy D. I., Riabukha V. P., Semeniaka A. V. et al.
Protection of coherent pulse radars against combined interferences.
1. Modifications of STSP systems and their ultimate performance capa-
bilities. Radioelectronics and Communications Systems, 2019, vol. 62,
no. 7, p. 311-341. https://doi.org/10.3103/S073527271907001X

5. Bartenev V. G.,Shloma A. M. [On the construction of an

6. Tsevukh I. V. [An algorithm of the gaussian signal-processing
in the presence of gaussian interference]. Radioelectronics, 1988,
no. 12, pp. 53-54. (Rus)

7. Averochkin V. O., Troyanskiy O. V. The Hotelling Detector
using quadrature chennals decorrelation. Proceedings of the Odessa
Polytechnic University, 2014, vol. 1(43), pp. 225-229.

8. Ronald W. Butler, PooriaPakrooh, Louis L. ScharfA MIMO
Version of the Reed-Yu Detector and its Connection to the Wilks
Lambda and Hotelling T2 Statistics. /EEE Transactions on Signal
Processing, 2020, vol. 68, p. 2925-2924. https://doi.org/10.1109/
TSP.2020.2988996

9. Orlov V. V. Effectiveness of adaptive signal detection based
on the Hotelling test. Collection of scientific papers of the G.E.
Pukhov Institute for Modelling in Energy Engineering, 2010, no. 57,

adaptive detector of pulse signals against the background of normal
interference with unknown correlation properties]. Radioelectronics,
1978, no. 2, pp. 3-8. (Rus)

pp-72-79. (Rus)
10. IEEE Standard Radar Definitions. /EEE Std 686-1997, 1998,
40 p. https://doi.org/10.1109/IEEESTD.1998.86185

TexHOJIOTis Ta KOHCTPYIOBaHHS B €JIEKTPOHHIIT anmaparypi, 2023, Ne 1-2

ISSN 2225-5818 (Print)
ISSN 2309-9992 (Online)

13



EHEPTETUYHA EJIEKTPOHIKA
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I'TBPUJIHM HAKOITMUYBAU EJIEKTPOEHEPTII TUITY
«AKYMVIIAATOPHA BATAPES — CYIIEPKOHAEHCATOP»
JUIA MIKPOMOBUIBHOI'O EJIEKTPOTPAHCIIOPTY

Ob61pyHmosano 8adicausicms SiOpuOU3aYii cucmemu JHCUBIeHHs MIKPOMOOITLHO20 eNeKMPOMPAHCHOPIY 3 YPAXYBAHHAM HCOP-
CMKUX 0OMedcetb WoO0 KiHYesUX pO3MIpie ma eacu HaKonu4ysaya na npukaadi enekmpogerocuneda. Haseoemno o2nno ocros-
HUX munie mononozii 01s 2iopuduzayii ma npoaranizoeano nepesai il HeOOKU KOHCHO20 3 HuX. ONUCAHO MONCTUBOCMI GU-
KOPUCMAHHSA CYNEePKOHOEHCAMOPIB K 6MOPUHHO20 0xcepena 2IopuoHoi cucmemu. 3anponoHO8aH0 WIAX NOOONAHHS HEOONIKI
BUKOPUCAHHS CIAHOAPMHUX AKYMYIAMOPIE uepe3 ix noconanns iz emopunnum odicepenom. Ilposedeno pospaxynxu, sAKi
niOmMeepoHCcyOms OOYINbHICIb BUKOPUCMAHHA 2iOpUOHOI cucmemu Oisl NOATNUEHHS eKCNYAMAYItIHUX YMO8 AKYMYIAMOPHOT
bamapei. Ha npuxnadi enekmposenocuneda npeocmagieHo aieopumm pooomu Cucmemu HAKONUYEHHs Ol MONCIUBUX
PedcUMi8 1lo2o pobomiu.

Knouosi cnosa: 2ibpudna cucmema, cynepkoHOeHcamop, aKkymMynamopHa bamapes, 2iopuousayis, monono2is, MikpomooiibHui

eNeKmpoOmpanCnoOpm, e1eKmposenocuneo.

ManuHe 3 JBUTYHaMHU BHYTPIIIHHOTO 3TOPSH-
HsI KOXKHOTO IIHS 3aIIOBHIOIOTH T'OJIOBHI Marictpaii
MICT, YTBOPIOIOUH 3aTOPH, SIKI BHOCITH AUCKOM(MOPT
B HAIIIe TTOBCAKICHHE JKUTTS. TPEHIT Ha SKOJIOTIYHICTh
Ta KOMITAKTHICTh BKE BiIirpae CBOIO pojb y 3MiHi BIIO-
J00aHb TOPOASH MPU BUOOP1 TPAHCTIOPTY IS Tepecy-
BaHHsI MicToM. Ha cborofHi Bce OLTBIIOT MOMYISIPHOCTI
HaOyBa€ eJeKTPOTPAHCIIOPT, ajie eKOJIOT14HI eJeKTPO-
KapH, 110 TIOTPOXY BUTICHSIOTh CTAaHAAPTHI MAlIUHH,
HE MaroTh THYYKOCTI Y pyci, Aka O J03BONMIIa YHHU-
katu 1ux 3aropiB. Tomy BuOip mroxeil Bce yacrime
MpuIazae Ha KOMIAKTHUN epCOHAIIBHUNA TPAHCIIOPT,
30KpeMa eJeKTPOCaMOKaTH a0 eNeKTPOBEIOCUIIEIH,
€KOJIOTTYHICTh Ta OE3IIYMHICTh SKUX OIlIHHIIA BXKE HE
OJlHA THCSIYa MICTSH.

MikpoMOOiTbHUM €eKTPOTPAHCIIOPT Aeiati Oiblie
3aIlOBHIOE BYJIULII BEJIMKUX MICT, IIOCTYIIOBO “‘OYHMIIIAI0-
9y’ TPAHCTIOPTHHH MOTIK Bij] €KOJIOTIYHO “NIKITUBUX
aBTOMOO1ITIB. BUTBIIICTh MICBKUX aJMIiHICTpaIliil €Bpo-
NeiCbKUX MICT aKTUBHO PO3BUBAIOTH BEJIOCHIIE]-
HY 1HQPACTPYKTYpY, IO HiJIITOBXY€E OOMpaTH came
Lel BUJ TPaHCIOPTY. 3arajoM e BUOIp THUIly mepe-
CYBaHH$, 3BHYAi{HO, 3aJIe)KHUTh BiJ BUMOI KOPHCTYBa-
ya. AJe cydacHi METOU eJeKTpudiKalii mepcoHalIbHO-
ro TPAHCIIOPTY Ha CHOTOJ/IHI HE € ineasbHUMHU. [0 ToTOo
K JIOBOJII YacTO MepecyBaHHsS BigOyBaeThcs maropoOa-
MU Ta CXUJIaMHU, 1110 CTBOPIOE MEBHI HECTIPUATINBI YMO-
BU JIJIsl eKCIUTyaTanii 6arapei, siki 3HIKYIOTh 3arajibHy
TPHUBAIIICTB 11 IKUTTEBOTO LIUKITY.

MeTo0 1IbOro AOCIIKEHHS € MOJIMIICHHS YMOB
eKcIUTyaTalii akyMynsaTopHoi OaTapei Hugxom riopu-
JU3alil CUCTEMU KUBJICHHS Ta 301IbIIECHHS TEPMiHY
i cayx0u.

IHocranoBka npodiaemu

[MOpuau3alito cucTeMu KUBJICHHS MIKPOMOOUTEHOTO
€JIEKTPOTPAHCIOPTY OyeMO PO3MIAJaTH HA MPUKIAAI
enexTposenocunena. Ilpu BuGopi enexTpoBeaocuneaa
abo BnacHil enekTpudikalii 3BU4aifHOrO BelocuIena
BaXKJIMBY POJIb BIIIrpalOTh OaXkaHi TEXHIYHI XapaKTepH-
CTHKH. 3aJIe)KHO BiJ TOTpeOd KOPUCTyBaya MOXKE Haja-
BaTHCA NiepeBara abo OLIbIIIN MIBUAKOCTI, a00 OUTBIIIN
TPUBAJOCTI MOI3AKU HA OJHOMY 3apsiii aKyMyJsITopa.
AJle yciX BIIACHHKIB €JIEKTPOBETIOCUIIEAIB 00’ €HYE 3a-
rajbHa BUMOTa — 3/IaTHICTh CUCTEMH JKUBIICHHS 3a0€3-
MeyyBaTu cTabiIbHY poOOTY IBUTYHA Y PI3HOMAHITHUX
curtyanisix. Jlo Toro s mae OyTH MiHIMi30BaHMIi BILUTUB
yCiX HaBaHTAXEHb Ha CHCTEMY KUBJICHHS, III00 MAKCHMi-
3yBaTU TPUBAJIICTE )KUTTEBOTO LUKy Oarapei. Tomy mpu
BUOOPI €JIEKTPOBETOCUIIEAIB 3HAUHY YBAry NPUALISIOTH
OCHOBHOMY JDKEPEIy KHUBJICHHS.

VY 6iIBIIOCTI CyYyacCHUX aKyMYJSITOPIB BUKOPHCTO-
BYIOTb JIiTii-I0HHI KOMIpKH, IKi MAIOTh HAWBUIIlI XapaK-
TEPUCTHUKHU 3@ MUTOMOIO CHEPri€l0 Ta MOTYXKHICTIO Cce-
pen HIMNX CTaHAAPTHUX JpKepen eHeprii (puc. 1). Ane
XiMiYHa IPUPOJa HAKOIMUYCHHS CHEPril y MiTil-10HHUX
aKyMyJSITOPax 3yMOBIIIOE YACTKOBY JETPAIAII0 B XOJIi
ekcrutyaranii. Bonu 3natHi BuTpumyBatu 61u3pko 3000
IIUKJIIB 3apsiA-po3psn [1], micns yoro komipka BTpadae
npu6an3Ho 20% BiA HOMIHATIBHOT €EMHOCTI, 110 POOUTH
il HEeMPUAATHOO JUTS EKCILTyaTallii 3a MOMepeIHiX YMOB.

Bapro 3a3HaunTH, 0 y BUIAJAKY CTAHIAPTHOI CH-
CTEMU JKUBJICHHS €JICKTPOBEJIOCHIIE/IA XapaKTEPUCTHKA
PO3psiy aKyMyJIsITopa MaTUMe BUIVIS, CXOXKUH Ha Ha-
BEJICHUH PHC. 2, 110 y 3araJIbHOMY BUIIaJKy HEIaTUBHO
BIUIMBaTUME Ha TPUBAICTD )KUTTS KOMipoK. JKuBIEHHS
JBUTYHA, SIKHH 3aCTOCOBYETHCSA Yy BEJIOCHUIICAAX, MA€E
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EHEPITETUYHA EJEKTPOHIKA

CBHHIIEBO- Cymnbdar- Xiopua- Hixenn- Banasicsa Bpommuo- TonHoO-
KUCJIOTHI HaTpieBi HiKEIIb- KaaMieBi BITHOBHA LIUHKOBHI JITiEB]
HaTpieBi Oarapest AKyMYJIITOp

B [IlineHicTh eHepril B IlinpHiCTh HOTY>KHOCTI

B TmuGuna pospsamy

Puc. 1. IlopiBHSHHS HAKOIIMYYBA4iB €HEPrii 3a PI3HUMH HOKa3HUKaMU [2]

U,B . : A
3,5 l Hanpyra ' 350
3,0 i 4300

’ 250
N 200
2,0 TpUBATICTh TIOBHOTO PO3PSITY = | 150

: TpuBaIicTh TECTY : 100
1,5 : Crpym | o

Yac

Puc. 2. JliarpamMu cTpyMy Ta Hampyrd HIpH PO3pS/KaHHI
JTiH-i0HHOT KOMipKH [4]

MyJIbCYIOUNN XapakTep, K 1 300pakeHo Ha puc. 2.
O4eBHHO, IO i Yac MyJIbCallil KUBICHHS HaIrpyra
Ha aKyMYJIATOP1 TAaKOXK Oy/ie MyJIbCyI090I0, 3 IIEBHOIO Be-
JMYHHOIO Tpocanku. [IpraomMy mpu po3psKaHH] aKy-
MYJIITOpA B XOJIi €KCIUTyaTalii BUHUKAE CUTYyallis, KOJIH
(yHKITIOHYBaHHS HE MOXe BiIOyBaTHCS y TOMYCTUMOMY
Jliarma3oHi HarpyTH yepes ii nmpocaaky. B npomy Buma-
Ky Tofiaqy eHeprii Oyzme oOMeXyBaTu IiaTa KOHTPOIIO
cTaHy akymyasitopa (battery management system, BMS),
SIKa aBTOMAaTUYHO BiMHKA€ aKyMyJSTOpP Bif CHIOBOI
IIMHU, KOJHM HAIPyra CTa€ HIDKYOIO 32 MiHIMAIbHUH
nopir. Y pasi BiICyTHOCTI Takoi cucTteMu Oynie BUHUKA-
TH BHYTPIIIHIH HarpiB KO)KHOi KOMIPKH aKyMyIsTOpa,
10 MTPU3BOAMTH JI0 HE3BOPOTHHUX XIMIYHUX pEaKIliid, sKi
3MEHIIYIOTh 3arajbHy €MHICTh KOMipKku. [IpoBenene y
[3] mocmipkeHHs IOKa3ye, Mo MPH BUKOPUCTAHHI JIITiH-
ioHHUX Oarapeil 3a 3BUYAaHUX YMOB (CTPYM DPO3pPSIY
1C) 3arajpHa eMHICTB 3MEHIIY€EThCSI TprOIM3HO Ha 30%
3a mpubim3HO 300 HUKIiB 3apsin-po3psia. Take naaiHAS
€MHOCTI JIEMOHCTPY€, IO HAaBITh 3a HOMiHAJIbHHUX
YMOB €KCIUTyarallii Jerpanaiisi KOMipKu BigOyBa€eThCs

® HowminanpHa Hamnpyra

B EdexTuBHICT MOI30KKM B 0OMIBI CTOPOHH

JKurreBuii Ukt

B Opienrosna BapricTh

BIJIHOCHO IIIBHJIKO Yepe3 BHYTPIIIHI XIMIUHI peakiiii Ta
301IbIIEHHS BHYTPIITHHOTO OTIOPY KOMIpPKH.
lNopunuzaris cucremu, ToOTO KOMOIHYBaHHSI JTBOX
abo Oinple cUCTEM HAKOMWYEHHS CHEprii, T03BOIUTH
3MEHIIUTH MPOCATKY HAIPYTH Y MOMEHTHU IMYJIbCAIliif
3a YMOBH, IO CEPEIHIN CTPYM MEPEeBUIyBaTHME MaK-
CUMaJIbHAN HOMIHAJIBHUH CTPYM OCHOBHOTO JDKEpe-
J1a — aKyMyJsTopa. BropuHHe mkepeno MOBUHHO MaTH
BHCOKY ITUTOMY ITOTYXKHICTb TIPY MaJTill TUTOMiH eHeprii.
Lle 103BONIMTH HIBENIOBATH HEIOMIK OCHOBHOTO JIXKepe-
Jla y MOMEHTH TIepeHaBaHTaKEHHS. 3arajibHi epeBaru
iMIuIeMeHTauii riOpuaHNX HAaKOMTU4yBayiB eHeprii [5]:
— MIHIMIi3aIlisl TOYaTKOBUX BUTpAT Ha MOOYIOBY
3arajJibHOI CHCTEMH HaKONMYEHHSI (Yepe3 pO3IOIiIICHHS
MOTY>KHOCTI Ta €HEepTii BTOpUHHA CHCTEMa Ma€ TOKPH-
BaTH JIMIIIC YACTUHY HEOOXiAHOT HOTYKHOCTI);
— MiJBUILEHHS 3arajibHOT €()eKTUBHOCTI CUCTEMH;
— MiHIMI3aIisg JMHAMIYHOTrO HaBaHTaXKEHHS HA BTO-
PUHHY CHUCTEMY HAaKOIMYEHHS Ta ONTHMIi3allis po0o-
TH YCTAHOBKH 31 30UIBIICHHSM ii 3araJlbHOrO TEPMiHY
eKCIUTyaTaIfii.

Buxopucranus cynepKkoHaeHCaTOPiB
SIK BTOPHHHOTO JKepeia

3Bakaro4uyd Ha BUMOTH JI0 PO3MIpiB Ta Bard CHCTe-
MH HaKONHMYCHHS CHEPTii, cepel] MOXKIIMBUX BapiaHTIB
ribpuau3zanii po3rsaaTuMEMO MOE€JHAHHS CTaHAApT-
HOTO JiTif-IOHHOTO aKyMyJsATOpa i3 CyNepKOHJEH-
caTopoM. YTBOpEHa CHCTEMa, BiIIOBITHO, MaTUMeE
IBa JDKepena eHeprii, MpHIoMy CyIepKOHICHCATOp-
HUH OJIOK BiJlirpaBaTUMe poJib JIOTIOMI>KHOTO JDKepela,
BigOmpaioun Ha cebe YaCTHHY HABaHTAXECHHS y IIKOBI
MOMEHTH CIIOKHBAHHSL.

Barapei, siki 3aCTOCOBYIOTBCSI B CUCTEMAX JKUBIICH-
Hsl, 3a3BUYall MAIOTh EJICKTPOXiIMiuHy mpupomy. Tomy
CUCTEMH HaKOIHMYCHHS eHeprii Ha 0a3i Takux Oarapei
MaTHMYyTh OUTBIIVMIA BHYTPINIHINA OIIp Ta iHEpIIHHICT
MIPOIIECIB, MO 3MEHIIY€E MUTOMY MOTYXKHICTh CHCTEMHU.
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HaxonuueHHs >k eHeprii y CynepKkoHIeHCaTopi Ma€ eNeK-
TPOCTaTUUHY NPUPOJY i XapaKTepU3yeThCs BUCOKOIO MH-
TOMOIO TOTYkHicTi0O — BiJ 300 10 5000 Bt/kr [6], ane
BOZIHOYAC HOT0 HEIOTIKOM € MaJia MUTOMA EHEprisi Ta BU-
COKHH piBEHb CaMOPO3PAILY.

Sk Oyno 3a3HaYEHO BHUIIE, TOETHAHHS aKyMyJsITOpa
Ta CyNEepKOHAECHCATOPIB MOXKE MOBHICTIO 33 J0BOJILHATH
BUMOTaM MO0 BHUJA4i MOTY>KHOCTI MPOTATOM YChOTO
pyXy Ha Benocurneai. Bapro 3ayBaxuTH, 110 y pasi Ie-
PEBUIICHHS] HOMIHAJIBHOTO PEXUMY pOOOTH CTaHAAPT-
HUX aKyMyJISTOPiB YacTHHA €HEPTii pPo3CiloeThesd HA
BHYTPIITHBOMY OITOPi Y BUIVISL/I TeIUIa, THM CaMUM 3HH-
xyroun KK, Y po0Gori [7] HaBeneHO MOpiBHAIBHY Ta-
OIMIO 3 3a3HAYCHOIO E(hEKTUBHICTIO PO3PAAY 3BUUAM-
HUX Oarapeil Ta cynepkoHAeHcaTopiB. E¢dexTuBHICTH
cTaHIapTHUX Oarapeii ckianae O6nuszpko 70— 85% mpu
pO3psAIKaHHI HOMIHAIBHUM cTpyMoM. CBo€ro uep-
rO10, CyHEpKOH/ICHCATOPH, Ha BiAMIHY BiJ JIITiH-10HHUX
aKyMYJISITOPIB, IIPH MIKOBUX HABAHTAXKCHHSIX 37aTHI 3a-
oesneuntu KK/ Ha piBHi 95%, ToOTO nute 5% eneprii
po3ciroeThes y BUIIsiAL Teruia [6]. KpiM Toro, Heomikom
Oarapei € TpuBanmUil yac 3apsKaHHA, B CEPEIHBOMY
MOHAJ] TOJIUHY, 10 3yMOBJICHO 1HEPUIHHICTIO XIMIYHUX
npoleciB BcepeanHi komipku. HaromicTs mOBHE 3apsi-
JKaHHSI CYIIEPKOHACHCATOPIiB MOXe Bi10yBaTHCS 3 JIiYeH]
XBHWJIMHU.

Orusia Tonosoriii riopuan3auii 118 BUKOPUCTAHHS
Y MiKpOMOOJILHOMY €JIeKTPOTPAHCHOPTi

[ToemnanHs ABOX a00 OLITBIIE HAKOMTUYYBAYiB 320€3-
redye OUTBITY THYYKICTh CHCTEMH, Kpally JHHAMIYHY
XapaKTEPUCTHKY, ¢(DEKTUBHICTh Ta OUIBIITY TPHUBAIICTH
eKCIUTyaTallil Bciei cucTeMu. AKyMYJISTOp 1 CyTlepKOH-
JICHCTOPHUI OJIOK MOXYTh OyTH IiJI’€JHAHI 10 HaBaH-
Ta)KEHHs HaIpsMy abo 4depe3 CHIIOBI IepeTBOPIOBadi.
[IpsiMe TAKITFOYEHHS Ma€ HAWMPOCTINTY apXiTeKTypy,
BITHOCHO MaJIy BapTICTh Ta HEBEIHKY T'HYYKICTB, IO
MO3HAYAETHCS Ha CKIAHOCTI peryoBanHsi. HatoMicTh
3aCTOCYBAHHS ONHOTO YH JEKITHKOX MEPETBOPIOBAYIB
3a0e3redye po3MOAIICHHS] HAaBAaHTAKCHHS Ha OOHIBa
HAKOIIUYyBadi. 3arajoM TOIOJIOTIi 3’ € THAHHS IBOX JIKe-
pelt eHeprii MOYKHA KIIaCHU(IKyBaTH SK:

— TIaCHBHA;

— HAaITiBaKTHBHA, B SIKiif 3aCTOCOBYETHCS OIUH KEPO-
BaHUIA IIEPETBOPIOBAY;

— MOBHICTIO aKTHUBHA, 1[0 MA€ Y CBOTH KOHCTPYKIIT
JIBa KEPOBAHUX IIEPETBOPIOBAYI.

Bubip Ti€i 9u iHIOIOT TONONOTIT TOBHICTIO 3aJIC)KUTh
BiJI BUMOT JTO CHCTEMH Ta O2)KaHOTO CTETICHIO YIIPABITiHHS
POBIIOAUICHHSM CIIOKUBAHOI €HEpril MK HaKOITUYyBa-
gamu [5].

[NacuBHA TOIONOTISI — HAUMPOCTIMIHNA MUIAX MO-
€JIHAHHS HAKOMUYyBayiB €HEprii 3, BiMOBIIHO, BHCO-
KOO MUTOMOIO EHEpPTi€l0 Ta MOTYXKHicTio. HaBaHTa-
JKCHHSI T €IHYEThCS 10 CUCTEMU JKHUBJICHHS HAIIPs-
My, 0e3 IPOMDKHUX CHJIOBUX MEPETBOPIOBAYiB, AKi
3/1aTHI peryjoBaTu po3noaiiieHHs eHeprii. [lacuBna

apxiTeKTypa sIBIIsiE CO00I0 MapajeabHe 3’ €AHAHHS 000X
HakomnruyBadiB. [I[py BUKOpUCTaHHI CyTIepKOHIeHCaTopa
BiH Oyjie BiJlirpaBaTv poJib (DibTPa HIKHIX YaCcTOT Uuepes
CBill HM3bKHMIA BHYTpilHiH onip. HemomnikoM Takoi cucre-
MU € HeOOXiTHICTh y3TOKEHHS PiBHIB HAIIPYTH OCHOB-
HOTO Ta BTOPUHHOTO JDKEPE, IO Y pa3i BUCOKOI HaIpy-
' TOTpeOye BUKOPUCTAHHS TOCUTH 00’ €MHOTO BTOPHH-
HOTO JKepena. 3yMOBJIEHO L€ TUM, 10 OfIHA KOMipKa Cy-
MEePKOHICHCATOpa PO3PaxoBaHa 3a3BUYal Ha HAINPYTy
2,7—3,0 B. Kpim Toro0, TaciBHa TOTIOJIOT1sl HE JIO3BOJISIE
PETYJIFOBATH CIIOKHUBAHY CHEPTi0 KOKHOTO 3 JpKeped [8].

HaniBakTuBHA TOMOJIOrIS € KOMIIPOMICOM MDX Bap-
TICTIO TA THYYKICTIO YNPABIiHHS BCIi€I0 CHCTEMOIO,
OCKIJIbKH BOHA ITOTPe0y€ OAMH IMEePETBOPIOBAY MOCTiiTHOT
HanpyrH [9]. Lle 103BoJIsI€ pallioHaIbHIIIIe BHKOPHUCTOBY-
BaTH peCypc IKepeda, 0 SIKOTO ITiJ] € THYEThCS IIePETBO-
PpIOBay, 110 103BOJIsIE 3MEHIIIUTH KiHIIEBY Bary Ta po3Mipu
HAKOMMYyBaya MOPIBHIHO 3 MAaCHBHOIO TOMOJOTIETO.
3aJie)KHO BiJI pO3TallyBaHHS NIEPETBOPIOBAYA Y CUCTEMI
MOYKHA BHIUTATH TPU THIH HaITiBAKTHBHOI TOTOJIOTII:

— TapaselibHa HaMiBaKTHBHA,;

— HaIiBaKTHBHA 3 KEPOBAaHUM JIOTIOMIXHHM JIXKe-
pemoM;

— HAITIBAKTUBHA 3 KEPOBAHIM OCHOBHUM J[KEPEIIOM.

KepoBaHe mkepeno y Ha3Bi TOMOJOTIT BiAMOBiIa€e
MICIIF0 BCTAHOBJICHHsI IIepeTBOpIOBava. [lapanenpHa
TOTIOJIOTISI Ma€ MEePETBOPIOBAY HAa BUXOJI CUCTEMH Ha-
KOTIMYEHHS, TOMY TaKa TOIOJIOTIS € HACIiTyBaHHIM
nmacuBHOI. [lapajeiabHa TOMOJIOTIS Ta 3 KEPOBAHUM
OCHOBHUM JIKEPEJIOM TOTPEOYIOTh Y3TOIKEHHS PiBHS
HAMPYTHU: y TEePIIOMY BUMIAJKY BTOPHHHE DKEPEIIO MAE
y3rO[DKYBATUCS 3 OCHOBHHUM, Y JAPYroMy — 3 Hampy-
TOI0 Ha HaBaHTaXEHHI. /{7 elIeKTPOBEIIOCHUTIC/IIB BU-
KOPUCTOBYIOTh JBUTYHH 36—72 B, TOMy TOMOJIOTI{, B
SIKUX MAIOTh Y3TOXKYBATHUCsI PiBHI HANPyTrH, TOOTO ma-
pajelbHa Ta 3 KEPOBAaHUM OCHOBHUM JDKEPEJIOM, I10-
TpeOyOTh BUKOPUCTAHHS 00’ €MHOTO BTOPUHHOTO JIXKe-
pena. Tomy Taki BapiaHTH HE € JOIIJLHUMH JUIS 3a-
CTOCYBaHHsI y Belocuienax. HaToMicTh TEOpEeTHIHO
MOJKJIUBUM € BUKOPUCTAHHS HAIMiBAaKTUBHOI CHCTEMHU
3 KEPOBAHUM JOMIOMDKHUM JDKEPEIIOM, IO Y3TOIKYE
PIBHI Hampyryd HE3aJICKHO BiJl HOMIHAJIBHOI HANPYTH
JOMOMIXKHOIO JiKepena. BTiM Ha mpakTuui Takuii ne-
PETBOpIOBAY HE 3[]aTCH MMOBHICTIO PETYIIOBATH CIIOXKHU-
BaHHS CHEPTii IBUTYHOM, a BiJMIOBINHO, 1 MBHIKICTh
TpaHcnopTy. HeoOXitHO, 1100 KOPHCTYyBay PETyIIIOBaB
MOTY>KHICTB ABHUTYHA, a KOJIa 3BOPOTHOTO 3B’ 513Ky I03BO-
JIATh aBTOMATU3yBaTH PO3MOAUICHHS eHepTii MiX 000-
Ma jpkepenamu. s po3B’sa3aHHS i€l mpoOiieMu po3-
IJITHEMO aKTHBHI apXiTEKTypH.

VYei Bapianii aKTUBHHUX TOTOJIOTIH HACHIYIOTh Ha-
MiBaKTUBHI KOH(Irypauii 3 10JaBaHHIM 10 CHUCTEMH
e OIHOTO MEPEeTBOPIOBaYa JJIsi CTBOPEHHS MOBHICTIO
KOHTPOJIBOBAHOI cucTeMu (puc. 3). 3araiom BOHHU Xa-
PaKTepHU3yIOThCS HAHOIIBIIOK THYYKICTIO CHCTEMH,
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BITHOCHO HEBEIUKUMH PO3MipaMH, a TAKOXK HaNHCKIJIAM-
HIIIOIO apXiTEeKTypOIO Ta BHUCOKOIO BapTiCTIO, BPaxo-
BYIOUHU LIiHY po3poOku. JlogaTKoBUH mepeTBOprOBaY
MPU3HAYAETHCS TSI YCYHEHHS! HEOMIKIB yHpPaBIiHHS
y HamiBakTHBHIM cucTemi. Y KOHQIrypaiiid 3 KepoBa-
HUM OCHOBHHUM a00 JIOTIOMI>KHUM JIDKEPEIaMH € HEJIOTIK
MOJBIMHOI TpaHcdopMarllii eHeprii yepe3 BCTaHOBJICH-
Hs JIBOX ITEPETBOPIOBAYIB MOCIIIOBHO. Y KOH}ITypaItii
3 KEpOBAaHUM OCHOBHUM J[KEPEIIOM CYIIEpPKOHACHCA-
TOpP BHKOHYE POJIb MPOMIKHOTO (PUIBTpa MACUBHUX Ya-
CTOT, IPUUOMY Y IIbOMY BUTIAJIKy BiH 3HOBY K TaKH Ma€
Y3TrO[KYBaTH PIBEHb HAIPYTH 3 BHXOIOM IEPIIOTO Iie-
petBoproBaua (puc. 3, 6). [lapanensaa KoH)Iryparis Mae
Haioinbmuit KK/ cepen ak THBHHX TOTIONOTH, ajie BOHA
notpelye, 11100 00uBa epeTBOproBadi OyJIu KEpOBaHU-
MU, aBTOMaTUYHO 200 Bpy4HY. 3Ba)KAIOUU HA TE, 10 Y
HAIIOMY BHUIMAJIKY OJIUH MEPETBOPIOBAY MAa€ KEpyBaTH-
sl BpyuHY, 1100 PEry/IIoBaTH CIIOKUBAHHS €Heprii IBHU-
T'YHOM, TaKy KOH(Iryparito BUKOPUCTOBYBAaTH HE MOX-
Ha. 3 iHIIMX JOCTYMHMUX TOMOJOTIH JOIIIEHO BUKOPH-
CTOBYBATH aKTHBHY CHCTEMY 3 KEPOBAHUM JIOTIOMIXXHUM
mwkepenoM (puc. 3, 6), OCKUTBKHY iHIIA KOHQIryparis
moTpedye MacHBHOTO BTOPHHHOTO JKEpesa depes
HEOOXIJIHICTh Y3TOJKEHHS PIBHIB Hanmpyru. Y Takii
KOH(DIrypariii Jonomi>kHe JHKepesio 3MOkKe BUKOHYBAaTH
OCHOBHY (DYHKIIIF0 — BiJOMpaTH HaIMipHE HABAHTAXKCH-
HS HaBiTh y pa3i HOro BIIHOCHO HEBEIMKUX PO3MIpIB.
JlonatkoBi nepeBaru Takoi KOH(Iryparii po3nisiaiuch
y poborti [10].
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n bat
-
Vo) DC/DC | v, (1) @ i,(0)
| _ | _
L o gy o '
Tsc
.

DC/DC

Puc. 3. AKTHUBHI TOIOJIOTII:
a — mapaleibHa; 6 — 3 KePOBaHUM CYNEPKOHJICHCATOPOM;
6 — 3 KEPOBAHUM aKyMYJISITOPOM

Tpap T'sc — BHYTPIIIHIH OMip OCHOBHOTO HAKONHYyBada Ta
JOTOMIXKHOTO JuKepena; vy (), vy (f) — 1moTouHa Hampyra
OCHOBHOTO HaKOMHMYyBada Ta JOTOMIKHOTO Jukepena; v, (1),
i,(f) — HOTOYHA HANpPYTa Ta IOTOYHHII CTPYM HABAHTaKEHHS;
610k DC/DC — mepeTBOproBad NOCTIHHOT HAaIpyTH

AJITOPUTM YNpaBJIiHHSA FiOpPHIHOI cUCTEeMH

OnTuManbHa JUIsl €IEKTPOBEIOCUIIEA TOMOJIOTIS
riOpUAHOTO HAKOITUYyBaua MiCTHTB IBa IEPETBOPIOBAYI:
OZIMH Ma€e OyTH KEpOBaHUM BPYUHY, IHIITHI — aBTOMATHI-
HO 3a JIOTIOMOTOIO0 KiJl 3BOPOTHOTO 3B’s13Ky. KepoBanwuii
MEPETBOPIOBAY MICTUTH i1HBEPTOp, SKUU TpaHCHOpPMYE
MOCTifHY HampyTry y 3MiHHY { yHpaBise pexuMaMU
poOoTu nBUTYHA. 3aBASKH aKkcenepaTopy (pydll rasy)
KOPHUCTYBad MOX€ KEpPyBaTH IIBHJKICTIO BEIOCHIIC-
Jla 3a JOMOMOTOI0 CaMe BHXIJHOTO MEPEeTBOPIOBAYA.
ABTOMAaTH30BaHUH NEPETBOPIOBAY, CBOEIO YEPTOIO, TTO-
BUHEH MaTH TIEBHUI aJITOPUTM POOOTH, SIKUH niepedadae
yCi MOXKJIMBI BapiaHTH CTIOKHBAHHS €HEpTii.

Ha puc. 4 y3aranpHeHO npeicTaBiIeHI TPU BapiaHTH
PO3BUTKY NOAiH mig yac pyxy. Bubip meBHoro anropur-
My MOBHICTIO BU3HAYAETBCS CTPYMOM CIIOKMBAHHS [,
SIKMH MOXe OyTH sSIK TOJaTHUM — IIPUCKOPEHHS a00 pyX
3 MIOCTIHHOIO MIBUIKICTIO, TAaK 1 BiJI’ €MHUM — ITiJT Yac
pekymnepanii eHeprii Bil JBUTYHA, IKy OTPHUMAHO Bif
obepranns neganeil. HynboBHii cTpyM CIIOKHMBaHHSI TTiJT
Yac pyxy MOXKJIHMBHUII JIMIIE MPOTATOM IEPEXOTY 70 pe-
KHUMY peKyIiepariii Ta HaBmaky. BTiM BiH KoM peaib-
HUH i 9ac 3yMHHKH.

ABTOMAaTH30BaHy CHCTEMY YIPaBIiHHS IEPETBOPIOBA-
YeM HalKparie BChoro Oy/IyBaT Ha 0a3i MiKpOKOHTpOIIepa,
OCKUTBKH 1€ HaJIa€ CHCTEMI YHIBEPCAILHOCTI Ta J03BOJISIE
JIOCUTD IIBUJIKO 3MIHIOBaTH PEAKIlii0 HA 3MiHY BXiTHUX
napametpis. ToMy Hajami Mpu ONMHUCAHHI KOHKPETHU30-
BaHMX AJTOPUTMIB OyZeMO ONMpaTHCS Ha BUKOPUCTaH-
HSI caMe MiKpPOIPOLIECOPHOT CUCTEMH.
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Mopaenb riOpugHOTO
CJICKTPOBEINIOCHUIIEIa

Y
CrpyM HaBaHTaXeHHs /

Tax

dem
1

dem

>0

Y

Tax Hi

y Y

AJTOpUTM YHpaBITiHHS

)

ANropuT™ ynpapiiHHS

AJTOpUTM YIpaBITiHHS

(

Ha puc. 5 (1, > 0) Ha puc. 6 (I, = 0) na puc. 7 (I, <0)
Puc. 4. Y3aranpHeHa cxema BUOOpPY aJrOpuTMy PO3IOAITICHHS CIIOKUBAHOTO CTPYMY
BxigHumu napameTpaMu Uit yCix BUNaaKiB € MiHi- | OOuasa ui mapamerpu, /- TaV, . BCTAaHOBIIOKTh-

MaJlbHE Ta MaKCMaJIbHE 3HAYCHHS HAIPYTH BTOPUHHOTO
mrepena — Ve oo Ve oo BUl AKUX 3aJI€KHUTh, UM J10-
3BOJICHO B3arajli BMUKATH JOMOMDKHE Jxkepeno. Takox
JUISL OCHOBHOTO JDKEpesia BayKJIUBUM MAapaMETPOM € Mak-
CUMAJILHO JIOTTYCTUMHUHA CTPYM Iy, . IEPEBUILIEHHS KO-
TO € HEJOIMyCTUMUM 3 TOUKU 30Dy 30epexeHHs Horo pe-
cypcy. llle onun napameTp, sikuil Mae 0cOOIMBE 3HAYEH-
Hsl, — HaNpyTa Biaciuku Oarapei V, . . Bin HeoOXiHuii
IUTSL PO3YMIHHS 3arajlbHOTO CTaHy CHCTEMH HAKOITIYCH-
Hsl, X04a i MOXKe OyTH BUKJTFOUCHHI 3 aITOPUTMY, 3BaKa-

FOUM HAa CHCTEMY 3aXHUCTY BiJ NTHOOKOTo po3psay BMS.

VSCmin’ VSC max”’ [bat max’ VSC ’
[bat’ Vbat’ Vbat min

V.

bat

>V,

batmin

Csl TPOTPAMHO Y MIKPOIIPOIIECOPHIN CUCTEMI.

3 KoJIa 3BOPOTHOTO 3B’SI3KY OTPUMYIOTH MUTTEBI
3HAUEHHS HANpPYTu Ha Jukepenax V., Vo Ta moTto4nuit
BHX1IHMH CTPYM OCHOBHOTO HAaKONM4yBaya /.. 3TiHO 3
QJITOPUTMOM, SIKIIIO CTPYM HAaBAHTAXKEHHS HE IEPEBUIITY€E
MaKCHMaJIbHO JJOITYCTHME 3HAYEHHS CTPYMY OCHOBHOTO
JKepenla eHeprii, BUKOHY€EThCsI IOHOBJIEHHSI 3apsily BTO-
PHHHOTO JDKEepesia CTPYMOM, IO BU3HAYAETHCS PI3HHULICIO
MaKCHMAIJIFHOTO i TIOTOYHOTO CTPYMIB.

Ha puc. 5 HaBe/IeHO aJITOPUTM TTi1’ €THAHHS BTOPUH-
HOTO JPKepera y BUITAIKy PyXy BeocHriea abo Horo po3-

Hi
Idem > Ib’dt max > VSC < VSCmax
Tax
v, v Hi Lign™ Toat
< _
SCmin — " SC ISC_Ibatmaxfldem
Tax
\/ \4
Liem = Dvatmax ¥ Isc Ljem = L Liem™ Thatmax
Iy gem— Thatmax (CtpyM MOBHICTIO CIIOXXHUBAETHCS Bif Iy=0
Oarapei — HeOaKaHUIl BUIAI0K)

Puc. 5. AnropuT™ mix’ € JHaHHS BTOPUHHOTO JDKepeTa IPpU JOAaTHOMY CTPYMi HaBaHTa)KCHHS
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rouy mpu [, > 0. AIropuT™ no0y10BaHO TAKUM YHHOM,
100 OyJia 3Mora IMiITPUMYBaTH BTOPUHHE JHKEPEIIO Y 3a-
PSADKEHOMY CTaHi Mij] 4ac CTaHAapTHOTO PyXy, a y MIKH
HAaBaHTAXKCHHSI MJIKIIOYATH 1€ JKEPEIOo J0 CUIOBOI
IIUHY, 100 320e3NeUnTH HeOOX1THY PI3HHINIO MIXK MaK-
CUMAaJIbBHUM CTPYMOM Oatapei Ta CIIoXXUBAaHUM CTPYMOM.

[Ie ouH anropuTM i1’ € THAHHS BTOPHHHOTO JIKEpe-
J1a, HABEJICHUM Ha PHC. 6, MOXITUBHIA 32 HYJILOBOTO CTPY-
My HaBaHTQKEHHS — TiJI 4ac 3yMUHKUA. Y TaKOMYy BU-
MaJIKy Ti0pHIHa CUCTEMA, SIK 1 B IIOTIEPETHLOMY, HaMara-

VSCmin’ VSC max?® Ibat max’ VSC >
[bat’ Vbat’ Vbatmin

TUMETbHCS TOHOBUTHU CTaH MaKCUMATBHOT 3aps/PKEHOCTI
JIOTIOMIDDKHOTO JDKEpeJia, BAKOPUCTOBYIOUM OCHOBHHIA.
Asle TYT HEMa€E JIOJIATKOBOT YMOBH BiJJIaBaTU YaCTUHY
€HEprii HaBaHTAXKEHHIO, TOMY ITPOLIEC 3apsDKAHHS MOXKE
MPOTIKATH IBUALIE, aHIXK i 9ac PyXy.

OcTaHHI} MOXJTUBUI BUIIAJOK TIi/1 4aC KOPUCTYBaH-
HSl €JIEKTPOBEJIOCUIIEIOM — PEXUM PeKyIreparii, Koiau
MOBEpHYTa €HEPris B MEPILy YePry BUKOPUCTOBYETHCS
JUTSI 3apsi/PKaHHsI BTOPUHHOTO JDKEPEeNia, OCKIJIbKYA BOHO
HE Ma€ BUCOKOT EMHOCTI (pHC. 7).

Hi Hi
Vscmin<Vsc < Vscmax > Vsc> Vscmax
Tak
Vbat > Vbatmin
y
ISC = 0, Ibat: 0
Y
I =7
I..=1 bat — {sC I =1
sc “bat (Po3psin KOHICHCATOpA ICBHUM SC “hat
CTPYMOM JUIsI 3a1I00ITaHHS
nepe3apsHKEHHIO)

Puc. 6. AnropuT™m mi’€IHAaHHS BTOPUHHOTO JKEpeIia 3a BiJICYTHOCTI CTPyMy HaBaHTaKCHHS

VSCmin’ VSCmax’ [batmax’ VSC’
[bal’ Vbat’ Vbatmin
Hi Hi
Vscmin<Vsc < Vscmax > c> Vscmax
Tax Tak
Ubat > Ubatmin
\ \
I =1 _+]
I.=1, I =0 bat — “bat " sC I..=1 +1
SC " “dem> “bat (Po3psizt KOHJIEHCATOPA IIEBHUM SC “bat’ Tbat

CTPYMOM JUTsI 3a1I00ITaHHS
repe3apsHKEHHIO)

Puc. 7. Anroputy™ i’ €THAHHS BTOPHHHOTO JDKEpeJia IPH BiJl’€MHOMY CTPYMi HaBaHTa)KEHHS
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IMixBumeHns pecypcy 6arapei 3aBasiku
riopuauzanii

Jlns Hao4YHOI AEMOHCTpAIlil MOJINIICHHS BUKOPH-
CTaHHSI pecypcCy CTaHJaPTHOTO aKyMYJISITOpa IPOBEIEMO
PO3paxyHOK Jiana3zoHy po00o4oi HAPYTH aKyMyssITopa
IPU BUKOPHCTAHHI T1IOpUIHOT Ta CTAHJAPTHOL CHCTEM.

[Tpuitmemo, 10 HAXWJI IUTAXY TIepeCyBaHHsI JOPIBHIOE
10%. Takox asist 1311 Ha BEJIOCHUIIS/I BAXKIIMBO BPaxo-
BYBaTH HIBHJKICTh BiTpPY, OCKUIBKH BIiTEp BIIMBAE HA
CIOKMBAaHY JBUTYHOM €Heprito. Bizpmemo, Hampu-
KJaJ, cepeiHe 3HaueHHs uis Kuepa: 3riqHo 3 JaHUMU
YKpaiHCHKOTO TiApOMETeopoIorigHoro IeHTpa [ 11] BoHo
ctaHoBHUTH 2,21 M/c. 11006 3Mo/1e/1I0BaTH MiK CIIOXKHUBaH-
Hs JIBUTYHOM, BB2)KaTUMEMO, 1[0 BITEP € 3yCTPIUHUM,
BEJIOCUTIEIUCT PYXA€ETHCS BrOpYy, HE JAOMOMArarodu Ie-
JansimMu, ToOTO MOTyXHicTh pekynepanii — 0 Bt. Maca
KOpPHCTyBada — 75 KI, IOYATKOBa IIBUAKICTh BEJIOCH-
nema — 40 xkm/rox.

BukopucToByroun OHJIAWH-CEPBIC CHUMYIISIT s
JIOCITIJDKEHHSI TTapaMeTPiB eJIeKTPOBEIOCHUIIE/IB, TIO0Y-
JIY€EMO MapIIpyT pyXy BEJIOCHIICIHNCTA, IO CKIIaJa€ThCSI
3 migiiomy Ha marop6 3 10-BiICOTKOBUM HaXWIJIOM Ta
cryckoM, 300pakeHuii Ha puc. 8. Crij 3ayBakuTH, 110
CUMYJISIiSL TPOBOAUTHCS IS BUNAAKY BHKOPUCTAH-
HS CTAHJIAPTHOTO JITIH-I0HHOTO akymyssaTopa. [1ix gac
T THOMY CITOCTEPIraeThCsl CIIa T ITBUIKOCTI BEJIOCUTICITU-
CTa, Ha LI} AUIIHI BHOEpEeMO TOUKY HalO1IBIIOTO CIIO-
JKMBaHHS €HEpPrii ABUTYHOM JUIS TOAANBIINX PO3PAXYHKIB
1 Mo3HauMMO 11 Ha puc. 8.

BiamoBiiHO 10 OMKMCAHOTO BHUIIE aJITOPUTMY POOOTH
HEOOXI1THO 3aJIaT! MIKOBUH CTPYM, SIKHiA 3a0e31eUy€eThCs
akymynsitopoM. [IpoaHanizyBaBIu cTaHAApTHI aKyMy-
JSITOPH, TPUAMEMO, 1110 /, =25 A [12]. 3riguHo 3

bat max
JOKyMEHTAali€l0 BHYTPIIHIM omip oOpaHOTO akymy-
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Puc. 8. YMOBHHUI MapmipyT BeJIOCHITEANCTA

nsTopa ctaHoButh R, = 0,14 Om. 3a pesynbraramu
cumyIsLii (puc. 9) BUXiJHa MOTYXHICTh Oarapei craHo-
BUTL P, = 1555 BT. [Ipu po3paxyHKy Ba)JIMBO Opaty
JI0 yBaru HOMiHAJIbHY HAIIPYTy, Ha SIKY PO3PaX0OBaHO JIBU-
ryH. /lnsg nporo BuOepemMo ABUTYH 3 IPSMUM [TPUBOIOM
kommawnii Volta Bikes: 48—60 B, 600 Bt [13]. Orke,
MOYKHA TIPUHHSATH, 110 HOMiHAJIbHA HAIllpyra CKIajae
Vbat nom 48 B.

3angaBOIuck HEOOX1THUME BETHIHHAMH, PO3PAXyEMO
Jliarma3oH poOo4oi HanpyTH aKyMYJISaTopa 3a BiZICyTHOCTI
riopuanoi cuctemu. Crnoyarky HEOOXiTHO BU3HAYUTH
BHXITHHI CTPYM aKyMYISITOpA:

Lo =P/ Vs nom = 1555/48 % 32,40 A. (1)

[opiBHSIBIIHN MIKOBE 3HAUCHHS CTPYMY 31 CIIOKHBa-
HUM, MO)KHa Ofipa3y 3pOOHUTH BHCHOBOK, IO aKyMyJIsi-
TOP TPAIFOBATUME Y PEXKHIMI, IO IIKOJMTH JTiTiH-10HHAM
KOMipKaMm, HarpiBarouM iX Ta 3MEHIIYIOUH TPUBAIICTb
BUKOpPHCTaHHS. 32 TAKOTO PeKUMY POOOTH MaAiHHA Ha-
MPYTH Ha BHYTPIITHHOMY PE3UCTOPI OCHOBHOTO JIXKEepe-
Ja IOpiBHIOBaTHME

V=1, R, =3240]14~454B.

esr “dem

load at nom

2

[oBeprarource 10 0OPAHOTO AKYMYJISTOPA, 3a3HAYH-
MO, IO JUTS 3aXHCTY BiJl BUCHAXCHHS B HHOMY BCTAHOB-
JIeHO cucTeMy KoHTpoito Oarapei BMS. s obpano-
ro aKyMyJIsITOpa Hampyra BiICIYKM CTaHOBUTH 39+ 1 B.
Brim, 3 MeTorO 30epekeHHs pecypcy Oarapei Mix JBU-
TCYHOM Ta aKyMYJISITOPOM BCTaHOBJICHO KOHTPOJIEP, KUt
Ma€ BJIAacHH 3aXUCT. B oOpaHOro KoHTpolepa Hampy-
ra Bigciuku craHoBuTh 42+0,5 B [14]. Tomy miamazon
po6OUOT HAMTPYTH aKYMYJISTOPA 3 11eaIbHIX YMOB CTa-
HOBUTH 42— 54,6 B, 6e3 ypaxyBaHHS KOJIMBaHb HAIIPY-
TH BIJICIYKH CHCTEM 3aXHUCTY.
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Puc. 9. IleperBoproBau YUyxka [15]

Po3paxoBane majiHHS HANpPyrd Ha BHYTPIIIHbOMY
OTIOPIi BILTMBAE HA HIDKHE MIOPOTOBE 3HAYCHHS JIialla30Hy
po0o4oi Hanpyru, OCKUTEKH MPH 11 TMPOXOJKESHHI aKy-
MYJISITOp TIEpecTae mocradard eHepriro. Tomi ckopero-
BaHWI JIialla30H HANPYTH JUIsI CTAHJAPTHOTO PIlIEHHS
Oy/ie TakuM:

(Vmin + Vbatesr) Vmax = (42 + 4354) 54,6 =
=46,54 ... 54,6 B. 3)

3 OTpUMaHMX 3HAYCHb Jllalla30Hy MOKHA 3pOOUTH
BHCHOBOK, 1[0 3HaYHa YaCTHHA 3allaCeHOl eHeprii aKy-
MYJIITOpa HE BUKOPHCTOBYETHCS. 1lpn mipomy cama Oa-
Tapes MPaIoe y TKOBOMY PEXKHMI, III0 3HAYHO IITKOINUTh
TPHUBAJIOCTI i1 KHUTTS.

Po3paxyemo temep miama3oH po6odoi Hampyru ais
riOpUIM30BaHOI CUCTEMHU.

[Tpu BUKOpHCTaHHI TIOPUIHOTO HAKOIIMYyBaua HaJI-
MIpHHUHA CTPYM BiIOMPAEThCS BTOPUHHUM JDKEPEIIOM, Y
HAIIOMY BHIIQJKy — CYHECPKOHICHCATOPHUM OJIOKOM,
TOOTO BUXIJHHIA CTPYM OCHOBHOTO JIXKEpela JIOPIBHIOE
CBOEMY TIKOBOMY 3HA4€HHIO, 00 HE MEPEXOJUTH y
PEXUM NepeHaBaHTa)eHus: [, = 25 A. 3a TaKoro
CTpyMy IaJIHHSA OIOPY Ha BHYTPINIHBOMY PE3UCTOPI1
JIOPIBHIOBATHME

Vessoor™= loat s Rogy = 25°0,14 = 3,5 B.

bat max (4)
Jlonaroun oTpuMaHy BEIMYHMHY JIO i/I€aTBHOTO Jia-
Ma30Hy OTPUMAEMO Jiara3oH podoUoi HANPYTrd OCHOB-

HOro JKepeaa st Fi6pI/I,I[HOl"O HakKonmu4yyBaya.
(Vmin + Vbatesr) Vmax - (42 + 355) 54,6 =
=45,5..54,6 B. (5)

OueBUHO, MO TYT HIDKHS Mexka po0Oodoi Hampy-
r'H HaOJIU3MIIacs 70 11€aJIbHOTO CTaHy, 1€ CBIAYUTH PO
301IbIIEHHS] BUKOPUCTAHHS PECYPCy OCHOBHOTO JKEpe-
na. JlonaTKkoBO 3ayBaXKHMO, 1110 OaTapest He IePEeXOUTh
MEXy MIKOBOTO CTPyMY, @ 3HAYUTb, HE TepedyBace y CTaHi
MEPCHABAHTAXEHHS, 1II0 TAKOXK MO3UTHUBHO BIUIMBAE HA
CTaH aKyMyJsITopa.

IIpu po3pobieHHI BTOPHHHOTO XKEpesia 3 CHCTEMOIO
KepyBaHHS Ha 0a31 MiKpOKOHTPOJIEpa MOYKHA OOMEKUTH
MOPOTOBE 3HAYEHHS BUXIAHOTO CTPyMy OCHOBHOTO Ha-
KOMMYyBaua A7l BBIMKHEHHS TOTIOMIXKHOTO JKEpena Ha
PiBHI IPOrpaMHOTO 320€3MeUeHHs. 3 METOIO BiIOMpaHHs
CTPYMiB OUIBIIOTrO Aianma3oHy Ha JOMOMIKHE JUKEpeo,
TaKe MOPOTOBE 3HAYECHHSI MOXKHA BCTAHOBHUTH 3 JCIKUM
3amacoM. [Ipu 11bOMy BapTO BpaxoByBaTH, 110 Y TAKOMY

atesr

PEeXUMI BTOPHHHE JUKepero Oyze 31aTHe 3a0e31edyBaTH
PI3HHIIIO CTPYMY IPOTITOM MEHIIOTO Yacy.

Heo6xigHO 3ayBakKUTH, IO ONTHUMI3yBaTH BUKOPH-
CTaHHS PEeCypCy OCHOBHOTO JKepesia MOXKHA, 3BaKaro-
YH Ha JIesIKe KOMITPOMIiCHE PILlICHHSI, SIKE TIO€THYBaTHME
BIITOBITHICTE BUMOTaM II[O/I0 3a{0BIJILHOT EMHOCTI BTO-
PHHHOTO JKEepesia, Baru KiHIIeBOTO TiOpHUIHOTO HAKOIH-
qyBaJa Ta 3aiMaHOTO HUM 00’ €MYy.

Sk Oys10 3a3HaYCHO BUIIE, OTHIM 3 IEPETBOPIOBAYIB Y
aKTUBHIN TOTIOJIOTI] € CTaHAApTHE piteHHs [ 14], nocTyn-
HE Ha PHUHKY, TOMY Hajaji Horo po3misiiaté He OyaeMo.

AHaJgiTHYHMI PO3PaxXyHOK NepeaaBaJibHOI
XapaKTEePUCTUKH JONOMIKHOT0 NepeTBOPIOBaYa

JlonmoMi>KHUM TepeTBOproBaveM, sIKWi Ou 3abe3re-
qyBaB PETYJIIOBAaHHS BUXITHOI HAPYTH y ITHPOKOMY
Jlaras3oHi, MPUYOMY SIK y PEXKHMMI ITiIBUINEHHS, TaK 1 110~
HIDKEHHS HarpyTu, OyB oOpanuii neperBoproBad Uyka,
SIKUI BIAMOBIA€ 3a3HAUYCHUM BHUMOTaM (IUB. puc. 9).
JIJiss MOXKJTMBOCTI peKyIiepalii eHeprii Horo HeoOXiIHO
peanizyBaTH y JBOHAIPABICHOMY (pOpMAaTi.

Po3rnstHeMO paKkTHYHHUN BUITA0K, BAKOPHUCTOBYIO-
YM HasIBHI HA pUHKY KOMIIOHEHTH. HoMiHaIbHI apame-
TpH OOpaHUX €JICMEHTIB HaBeleH! y Tadaumi. Cxemy
3aMillleHHs TTepeTBoproBadya Uyka 3 ypaxyBaHHIM YCiX
MapasUTHUX OMOPIB CIEMEHTIB Ta JpKepela HaBEICHO
Ha puc. 10.

MiniManpHe Ta MaKCUMaJbHE 3HAYCHHS BXiIHOI
HAIpPYTH BTOPUHHOTO JDKEpelia 3yMOBIIOIOTHCS 00pa-
HUM CyTIepKOHAeHCaTOpHUM OiokoM [16]. [puitmemo,
o pobouuii miamazoH ckiaagarume 50% Big €eMHOCTI
cynepkoHaeHcaTtopiB. OCKUIBKH HAmpyra JiHIHHO
nponopuiiHa 3anaceuii eneprii, romy V. =0,5V_ .
BuxijHi mapaMeTpu Hampyrd MarTh BiJANOBIIaTH
Jliana3oHy Hampyrd oOpaHOTo OCHOBHOTO JiKepena 3
BpaxyBaHHSIM OTPHMAHOI BETMUNHY TaiHHSI HAPYTH
MpU MaKCHMallbHOMY HaBaHTaxeHHI [12]. Buximawmii
CTPYM IIEPETBOPIOBaYa OOMEKMMO MAKCUMAIIFHOIO BE-
nuuuHoro 10 A.

Ilepeoasanvui napamempu nepemeopiogaia Hyxka

.. ITixoBwmit
MinimanpHa | MakcumaiibHa .
ITapamerpu nanpyra. B wanpyra. B cepenHin
pyra, pyra, ctpym, A
Bximni 8 16 30
Buxini 45,5 51,1 10

Rload

Puc. 10. Cxema 3amimenHs nepersoprobaua Yyka
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P03anYHOK 6YI[CMO MMPOBOAUTHU [JIA yCTAJICHOI'O pe-
JKUMY, TOMY 34 HABaHTAKCHHS MOXEMO HpHﬁHﬂTH OHip
3 TaKUM 3HA4YCHHAM:

R =48/10=4,8 Om. (6)

OtprMaHe 3HaYCHHsI HABAHTAXKCHHS MOXE 3MiHIO-
BaTHCS 3aJICKHO BiJ] CTYIICHS 3apsay Oarapei Ta, Bimo-
BiJTHO, BiJI CTPyMY CIIO)KMBaHHS HaBaHTaKEHHSI.

ITepenaBaibHy XapakTEPUCTUKY IEPETBOPIOBA-
4a OTPUMAEMO, BUKOPHCTOBYHOUN METOJ yCEPEIHEHO-
ro crany [17]. [Ipuitmemo nesiki pyHIaMEHTaIbHI Ta
nepeiaBajbHl 3MiHHI, BIIHOCHO SIKHX Oyne MpOBOJIH-
THCSL pO3paxyHOK. Jljisi bOTO 33/1aMO MaTpulli X Ta 'y,
K1 OyAyTh MICTUTH (PyHIAMEHTAIIBHI Ta MepeaaBaibHi
3MiHHI BIAIIOBIIHO:

load — Vbat nom / ISC out max

|, )

CTPYMH Kpi3b BIiINOBiIHI KOTYIIKH, HIPUYOMY
o0uyiBa y HarpsiMKy 110 KoHaeHcaropa Cl;

i — BXITHHUH CTPyM;
Vs Vep — HAIPyra Ha BiIIOBIIHMX KOHIEHCATOPAX;

ne i, i, —

v — BHXIiJJHa HAmpyra MepeTBOpIOBaYa, iHBEPTOBAHA
BiJTHOCHO BXOJIY.

Toni 3aranbHa cucreMa Juis PO3PaxyHKy BHIVIA/A-
TUME TaK:
X = Ax+bvy; (8)

y =cx,

Je X — 3MiHa BHIIe3a3HaYCeHNX BEINYHH IIPOTATOM IIepiofy
poOoTH MepeTBOprOBaYa;

A — Marpuus koedimieHTiB po3mipoM 4x4, 110 OB’ sI3y€
yci yHnaMeHTanbHI BEIMUYUHU IPOTIATOM NEpiogy
pobotu;

b — Matpuus koediuieHTiB po3MipoM 4x1, 1110 0B’ sA3ye
BXiJIHy Hampyry JuKepena Vg 3 (yHIaMeHTalbHHU-
MH BEINYHHAMHY;

¢ — Marpu KoedilieHTiB po3MipoM 2x4, 110 OB’ A3y€
(yH1aMeHTasbHI Ta NepeiaBalibHi BEIUUUHU.

Hpyre piBHsHHA y cucTeMi (8) MOB’s3ye 3HAYCHHS
CTpyMY Ta HallpyT'y KOMITOHEHTIB IIepEeTBOpIOBaya 3 nepe-
naBanbHUMU. KokHa MaTpuis koeillieHTiB CKIIaIa€ThCs
3 JIBOX YaCTUH — BOHHM BiAIOBialOTh CTaHaM, KOJIH
TPaH3UCTOP 3aMKHEHUH Ta KOJIU BiH PO3IMKHEHUI, TOMY
HEOOX1JHO pO3IVISIHYTH O0M/IBA I1i CTaHH.

a) R, Ll Roy C1 R, L2 6) R, Ll R, C1 R,, L2
R R
e R e R
v Ron ng Rload RD2 ng
( : sC Tﬁ ( :V ¢ Tﬁ :

CxeMmH 3aMilleHHs JJIs1 pi3HUX CTaHIB TPAH3UCTOPIB
HepeTBOPIOBaua NMPECTaBIeHO Ha puc. 11, e omip kaHa-
ny R | BIIOBiIa€ yBIMKHEHOMY CTaHy Tpansuctopa Q1,
aormip R, — cTaHy NpoBiJIHOCTI 3BOPOTHOTO Jiona D2.

BukopuctoBytoun 3akoHu Oma ta Kipxroda, orpu-
MaeMO MaTpuili Juist nepiofy 4acy y7, KOJu TPaH3uCTOP
Q1 3HaXOUThCA y 3aMKHEHOMY CTaHi, 1e Y — Koe(illieHT
3aMOBHEHHS CUTHAY HIMPOTHO-IMITYJILCHOT MOYJIAIIII;
Ty — nepion nepemukanns (puc. 11, a). Jlns samkue-
HOTO CTaHy MO3HAYEHHS MaTpHLb OyJeMO CYIpPOBO-
KyBaTu iHACKCOM «1». Y pO3IMKHEHOMY CTaHi KIHO4Ya
01 nion D2 nepebyBae y cTaHi MPOBiAHOCTI, TOMY HOTO
omip HeOOXiHO BpaxyBaTH IPH PO3paxyHKax. 3a Takoi
cxemu (puc. 11, 6) oTpuMaemMo MaTpuUIli KOe)ilieHTIB 3
iHIeKcoM «2» nyist nepiony uacy Y'Tg, ney' =1 —1.

OTpuMaBIIN aHATITUYHI YACTUHHI MAaTPHILb AJISI 000X
CTaHiB TPaH3UCTOPA, TOOTO /I TTOBHOTO MEPioy mepe-
TBOPIOBAua, MOXKEMO MEPEHTH 10 YTBOPEHHS €IMHUX
MAaTpHUIb, SIKI OMHUCYIOTh MOBHUH MEpioj] NEPEeMUKAHHS
TpaH3ucropa. Po3paxyBaru iX MOXKHA, IPOCYMYBAaBIIH
YaCTUHH BIAMOBITHUX MTPOMIKKIB:

A=yA +7'Ay;
b=yb, +v'b,; )
c=ye +7'c,,
e
Ay Ay Ay Ay
A— A, Ay Ay A42’ (10)
Ay Ay Ay Ay
Ay Ay Ay Ay
1/L
0
b= ; (11)
0
1 0 0 0
c= Ry, ; (12)
0 Rload||RC2 0 ———ad
RC2+Rload
A = RSC+RLI+YRon+Y'(RC1+RD>_
e Ll ’
YRy +V'Rp .
Ao =
2
R

load

Puc. 11. Cxema 3amiieHHs riepeTBoproBada Uyka Juist 3aMKHEHOTO (a) Ta pO3IMKHEHOTO (6) CTaHiB TPaH3UCTOPa
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A13 :y’/Cl;
4,,=0;
A21 :_YRon +YRD ;
L
o Ry, +“/(Rcz +Ron)+Y‘RD + Ripaa | Re .
A22 - >
L,

A23 =0;
A24 — Rload ;

CZ (Rload +RC2)
A31 y’/Ll;
Ay =y/Ly;
A3y =0,45,=0;
Ay =0

ROB
Ap=— foad
LZ (Rload + RCZ)
Ay =0;
1

A44 =

CZ (Rload + RCZ) '

3ayBaxuMo, 110 y HaBeneHUX popmynax R, — ue
omip gioga R Do

Jns BU3HAaYeHHs nepeaaBajbHOI XapaKTepPUCTHKU
MPOBEAEMO aHaJli3 MpU MOCTIHHOMY cTpyMmi #, Biamo-
BiJIHO, BUKOHAEMO 3aMiHy MO3HAYEHHs 3MIHHUX BeJH-
yuH: X Ha X, y Ha Y, v Ha V. [Ipu npoMy 3a3Haunmo,
o 3MiHa (yHAaMEHTAJIbHUX BEJIMYUH B YCTAJIIEHOMY
peXHMi TOPIBHIOE HYIIO, 1 TOAI cuctema (8) HalOyBae
HOBOT'O BUIJISIY:

Y =cX
PimenHsM 1€l cuctemu Oyzie piBHSIHHS
X=-Ab Vs (14)

ne A~' — marpuns, oGepHeHa 10 MaTpHILi KOe(il[ieHTiB.

Po3B’s13yBajiocs 11e piBHAHHS y IPOrPaMHOMY cepe-
nosuii Wolfram Mathematica, sike MOXe MparroBarH i3
CHUMBOJIbHUMHU BEJTMYMHAMMU.

YZVSC IF
VY Ve I F

77 Ry +7'R,, +Y’(Rload + R, +YR*))' Vse | F|
VY Vsc I F

X = (15)
(

ne F=vy"R,+y*'R +y(R
YR, YR, + Ry

load TR YR) +

R'=R. +R,+R .

[Ticns oTpuMmaHHS BUpa3iB A1 (yHIAMECHTAIBHUX
3MIHHHX MOXEMO OTPHMATH BUPa3H Il TepeaBaIbHIX:

Y =¢X; (16)
I=szSC/F; 17)
V=YYRqVsc!F- (18)

B pesynbrari po3paxyHKy onepikanu nBi (QyHKIIT,
SK1 TIOB’SI3yIOTh BHXIJIHY Hampyry IepeTBOpIOBada i3
BXIIHUMHU NapaMeTpaMu: CTPYMOM 3 CYINEpKOHJIeHCa-
TOPHOTO OJIOKY Ta BXiAHOIO HAPyTrok0. 3arajioMm, 3acTo-
cyBaBIIH 3ak0H OMa, HECKJIaJJHO OTPUMATH 3aJIeKHOCTI
BHXI1JIHOTO CTPYMY BiJl BXIAHUX MTapaMeTpiB 3 ypaxyBaH-
HSIM TOTO, IO OIip HaBaHTAKEHHS BiTOMUH.

[Tobynyemo onepxaHy nepeaaBajibHy XapaKTepH-
cTuky. /i uporo HeoOXiHO MPUHHATH OPIEHTOBHI
napa3uTHI Onopu eneMeHTiB. s modynoBu ouiHro-
BaJIbHO1 NepeaaBalbHOI XapaKTepUCTUKH MPUIEMEMO
Taki 3Ha4eHHs (B OM):

R, =0,005; R,=0,001; R, = 0,005,
R,,=0,001; R,, = 0,0005; R, = 0,0005,
R=4.8; R=0,011; V=16 B. (19)

[Ticnst TOro K MiACTaBUMO MPUHHATI 3HAYCHHSI 10
BUpa3y MepeIaBaibHOi XapaKTEPUCTUKHU, 3MOKEMO T10-
OyayBatu rpadik, 300pakeHuit Ha puc. 12.

Vout/ VSC I

0 0,2 0,4 0,6 0,8 Y

Puc. 12. TlepenaBanbHa XapakTepuCTHKa MEPETBOpIOBaYa
Uyka

ImiTaniiine Moge/l0BaHHS NepeTBOpOBaya Uyka

Jlist minTBepKeHHsI MPaBUIBHOCTI PO3PAXYHKY
nepeaaBaibHOI XapaKTEePUCTUKU Oylia CTBOpEHA MO-
Jienb niepeTBoproBada Yyka y makeri MatLab. Cucrema
nepeBipsitacs 6e3 Kojia 3BOPOTHOTO 3B’ SI3Ky JUTst Koedi-
[iEHTa TIEPETBOPEHHS k = 3; HOMiHaJIbHA HAIIPYyTa CyIep-
KOH/IeHCaTopHOTO 010Ky — 16 B; HaBaHTa)keHHS — pe-
3UCTOP HOMiHAIOM 4,8 OM, 10 BiJIIIOBiIa€ HABAHTAKEH-
HIO Y pO3paxyHKax.

OudikyBaHi pe3yJabTaTH:

Vie =48B; 1, = 10A; AV = 1%.
Jlns moOy0BU MoJzieli MPUHHSAIN TaKi HOMIHAIU

pEaKTHBHUX KOMIIOHCHTIB NepeTBoproBada Yyka:
L1=12wmkIH, L2=8,2 Mkl H, C1 =22 MKD, C2 =47 MKD.
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1,

Ll

(u} =
J

T'eneparop Jloriunmii

IMITYJIbCIB oreparop

HomiHnanamMu mapasuTUYHHUX OTOPIB CIYTyBalu
npuitHATI Brie 3HaueHHS (auB. (19)). 3 puc. 12 6aun-
Mo, o Juis KoedinienTta nepersopenns V / Vo =3
KoeiIieHT 3anoBHEHHS TopiBHIOE 0,76.

Komrr’roTepHa cuMyIsiisi BAKOHYBaJlaCh 3 CHHXPOH-
HUM IepeMUKaHHAM KitouiB. CxeMa JyIsl iMITaIliitHOTO
MOJIeJIFOBaHHS 300pakeHa Ha puc. 13. OTpumani B
Ppe3yIbTaTi MOJICTIFOBAHHS JliarpaMy BUXIHOT HAIIPYTH Ta
CTpyMy 300pakeHi Ha puc. 14, 11e BUTHO TPOMIKOK YMOB-
HOTO TIEePEXiTHOTO MPOIECy MEepEeTBOPIOBaYa Ta BHUXIJ
Ha YCTaJICHUI PEKUM, IPHUOMY B YCTAJICHOMY PEKUMI
BHX1JIHAH CTPYM YiTKO JIOPIBHIOE 04iKyBaHOMY — 10 A.
BuxijHa Hanpyra TakoX BiAMOBIAa€ 04iKyBaHii — NpH-
omu3HO 48 B. BapTo 3ayBakuTH, 0 aMILTITYIH HAIIPY-
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Puc. 13. Cxema neperBoproBaua Uyka Jiist iMITAIiHHOTO MOJICITFOBAHHSI:
BH — BumiproBaui Hanpyru; BC — BumiproBadi crpymy; II1 — ineansHuii nepeMukadq

out

TH Ta CTPYMY IIiJl Y4ac MEePEeXiHOTO MPOIECY € JOCHTh
3HaYHHUMH, 110 CBIYUTH MPO Malie 3Ha4YeHHsS (Hha30BO-
rO JIOIYCKY.

3 BUXIHHX Jiarpam 301IbIIEHOT0 MaciiTaly, mpej-
CTaBJICHUX Ha pHUc. 15, BuaHO, 110 My/bcalii cTpyMy Ta
Hanpyry 0m3bKi 10 1%, 1m0 BiANOBIgaE OYiKyBaHHSIM.

IMmiTaniiine MOIEIIOBAHHS JO3BOJIMIIO OLIHWATH Xa-
pakTep MepexiIHUX MPOLEeCiB PO3IMKHEHOT CUCTEMHU Ta
MPAaBHJILHICTD PO3PAXyHKY TepeaaBalbHOI XapaKTepH-
CTHKH. 3 pe3yNbTaTiB MOJCIIOBAHHS BHIHO, IO BBE-
JICHHS KOJIa 3BOPOTHOTO 3B’SI3Ky MOXKE MPU3BOJHUTH 10
HecTabiTbHOT poOOTH NMEepEeTBOPIOBaYa, TOMY Iie MUTAH-
HS TIOTPeOy€E OKPEMOTO JI0CITiIPKSHHSI.
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Puc. 14. Buxiasi giarpaMu cTpyMy Ta Harpyru Puc. 15. MacitaboBaHi BUXiJIHI AiarpaMu CTPyMy Ta HallpyTu
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BucHoBku

TakuM YUHOM, JOCIHIPKEHHS TIOKa3aly, 10 TiOpu-
JIM3allisi CHCTEMH JKHBJICHHS €IEKTPOBENIOCHIIE]IA 3 BUKO-
PHCTaHHSIM CYTIEPKOHICHCATOPIB SIK BTOPUHHOTO KEpe-
J1a TO3BOJISIE PO3B’SI3aTH MPOOIEeMy BETTMKHUX MTIKOBUX Ha-
BaHTaXXCHB, SIKa iICHY€E MIPHU KUBICHHI MiIKPOMOOITEHOTO
CNEeKTPOTPAHCIIOPTY CTAaHAAPTHUMH JITiH-1OHHUMH
akymyJsstopamu. Take pillleHHs PO3BaHTaXKy€e OCHOBHE
JOKEpeIo, BiIOMpatodr y MiKOBI MOMEHTH CIIOKHBAHHS
HaJIMIpHUH CTPyM, 320€31e9yIOud TUM CaMUM OLITbIITHIA
Jiana3oH poOoyoi HAIIPYTH MOPIBHSAHO 3 BUKOPHCTAHHIM
JIMIIIE CTAHAPTHOTO JUKEPEJia JKUBJICHHSI.

OO0paHa TOIOJIOTisI BAKOHAHHS — aKTHBHA CHCTe-
Ma 3 KepOBaHHM BTOPHHHHM JIKEPEIOM — 3a0e3euye
ONITUMAJIbHI MacorabapuTHI XapaKTepUCTUKN HAKOIH-
gyypaya. CucTemMa KepyBaHHS € aBTOMATH30BaHOIO,
BOHa BUKOHaHa Ha OCHOBI MIKpOKOHTpoOJiepa, II0
3a0e3redye yHIBepCaIbHICTh BTOPUHHOTO JKepea, 3a-
BJISIKM MOKJIMBOCTI BiJIHOCHO IIBHJIKOT 3MIHH aJITOPHUT-
MY YIIPaBITiHHS 3aJISKHO BiJ BUMOT.

Hanani nmnanyeTscst CTBOPUTH MPOTOTHIT TiOPHIHOT
CHCTEMH 3 CHCTEMOIO YIPaBIiHHA, TOOYIOBaHOIO Ha 3a-
MIPONIOHOBAHOMY Y I1iHi poOoTi anroputMi. Lle 103B0IHUTH
MOPIBHATH HA MPAKTUI (QyHKIIOHYBaHHS JiTiH-10HHAX
aKyMYJISITOPIB y CTAHJAPTHHUX PIIIEHHSX 1 B CUCTEMaX,
Jie BUKOPUCTOBYETHCS TIOpUIHUI HakommuyBad. Kpim
TOTO, TIPOTOTHIT CHCTEMH JT03BOJIMTH BU3HAYUTH KUTHKICHI
MOKAa3HUKHU €(EKTHUBHOCTI Ta MiATBEPANTH IOIUIBHICTD
MIPAKTUYHOTO BUKOPUCTAHHS TOPUIHAX HAKOTINIYBaUiB
B MIiKpOMOOITBHOMY €JIEKTPOTPAHCIIOPTI.
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HYBRID BATTERY-SUPERCAPACITOR ENERGY STORAGE SYSTEM
FOR MICROMOBILE ELECTRIC VEHICLES

The study proves the importance of hybridising the power supply system of micromobile electric vehicles, taking into account
the strict limitations on the final size and weight of the storage device, using the example of an electric bicycle. The authors
offer a brief overview of the main hybridization topologies and analyze the advantages and disadvantages of each of them. The
paper describes the possibilities of using supercapacitors as an additional source of energy for a hybrid system and proposes
a way to deal with the disadvantages of using standard batteries by combining them with an additional energy source. A
mathematical basis is given to such a solution being able to unload the main power source by drawing excessive current at
peak consumption times, thereby providing a wider range of operating voltages compared to using only a standard power
source. To ensure optimal weight and size parameters of the drive, an active system with a controlled auxiliary power source
is chosen. In this topology, the second converter is installed between the additional energy source, the supercapacitor storage
device, and the battery. It is proposed to implement the schematic of this converter using a Chuck converter with an automated
control system containing a feedback loop and based on a microcontroller, which ensures a relatively quick change of the
control algorithm depending on the configuration and requirements for the system. The paper also presents the algorithm of
the storage system operation for possible modes of electric bicycle operation. The transfer characteristic is calculated using
the averaged state method. To confirm the operability of the auxiliary power source, a converter circuit is developed and
simulation modelling is carried out in MATLAB Simulink. The system simulation allowed assessing the nature of the transient
processes of the open-loop system and the accuracy of the transfer characteristic calculation.

Keywords: hybrid system, supercapacitor, battery, hybridization, topologies, micromobile electric vehicles, electric bicycle.
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BILJIUB ®OPMM T'PABITALIIMHOT TEMJIOBOI TPYBU
3 PI3bBOBMM BUIIAPHUKOM
HA i TEIJIONEPEIABAJIBHI XAPAKTEPUCTUKHU

Buxonano nopisnauna meniosux xapaxmepucmux MioHoi epasimayitinoi yuninopuunoi mennosoi mpyou (TT) 3 pizboo-
BUM BUNAPHUKOM, 3anosHerol ppeorom R141b, 0o ma nicas it cnmowenns. Excnepumenmansii 00C1iodceHHs npoeoou-
JUCL npu epmukanrbHomy posmautyeanni TT ma nio Kymom Haxuy 6i0HOCHO copusonmy 15° 6 ymosax oxonooicens
30HU KOHOeHcayil gumyuieHoro Kongekyicio. Ilokazano, sk enaugace nepexio 8io yuiiHOpuyHoi ¢popmu kopnycy 0o niac-
Koi Ha memnepamypy 6 30Hi Haepigy TT, mennoguil onip ma KoepiyicHm menniogiooaui  30HaX GUNAPOBYEAHHS MA KOH-

OeHcayii 6 dianazoni mennogoi nomyasxcrocmi 6io 5 0o 70 Bm.

Kniouosi crosa: mennosa mpyba, menionepeoasanbHi Xapakmepucmuxu, pizboosuti unaprux, gopma xopnycy TT.

Cy4acHuW PO3BHUTOK €JIEKTPOHHOIO OOJaHAHHS
OB’ sI3aHUI 3 TPOOJIEMOIO 3HMKEHHS 10ro MacoBUX Ta
rabapuTHUX XapaKTEPUCTUK NP OJHOYACHOMY 301J1b-
HICHH] TOTY>XHOCTI. Lle mpu3BOAUTH A0 MiJBUIIEHHS
TEMIIEPaTyPHOTO PEKUMY POOOTH SIK OKPEMUX eIIeMEH-
TiB, TaK 1 MIPUCTPOIO B IIJIOMY, IO CIPHUSE 3HIHKCHHIO
HaJIMHOCTI oOnagHaHHsa. BBakaeTbCs, 10 BiAOBII-
HO JIO PIBHSHHS AppeHiyca MiIBUICHHS TeMIIepaTypH
p-n-niepexony iHTerpaibHoi cxemu Ha 10°C 3menmye ii
cepenHiit Tepmin ciryxou Ha 50% [1]. Tomy BaxuBOIO
IH)KEHEPHOIO 33/1aU€I0 € TOIIYK Ta CTBOPCHHS e(heKTHB-
HUX CHUCTEM OXOJIOJDKCHHS, 1[0 MOXKYTh 3a0€3MCUUTH
HOPMaJIbHUM TEIUIOBUM PEKUM €IEKTPOHHUX IIPUCTPO-
1B y 3aJaHOMY Jiarna3oHi remneparypu. OqHuM i3 cydac-
HUX PIlICHBb IPH IIbOMY € BUKOPHUCTAHHS TEIUIOBHUX TPYO
(TT) pi3Hux TUMiB, KOHCTPYKLIi Ta po3mipiB [2—4].

TerutoBi TpyOU SBIISIIOTH COOOO TEPMETHUYHI BUTIAPO-
BYBaJIbHO-KOHJICHCAMIlfHI TeIUIonepeiaBaabHi IPUCTPOT
3 KaniJIIPHOIO CTPYKTYPOIO Ha BHYTPIIITHIM TIOBEPXHi, sIKa
BUKOHYE (DYHKIIIIO TPAHCIIOPTY TCIUIOHOCIS Ta IHTEHCH-
¢ikaropa termoodminy B 3oHax TT. Ilpore HasBHICTH
JIOAATKOBOT cKJa1oBoi TT — mapy KamiasipHO-TIOPHUCTOT
CTPYKTYPH IPU3BOAUTH /10 301JIbIICHHS BApTOCTI TEILIO-
IepeiaBaIbHIX MIPUCTPOIB, a TAKOXK YCKIAJHIOE BHTO-
TOBJICHHSI CUCTEMHU OXOJIOJPKEHHS 3 IX BUKOPUCTAHHSIM.

OnHIM 3 HAaHOLTBIT IPOCTHX Ta TEXHOIOTIYHUX TIep-
CIIEKTHBHHUX PIllIEHb 3/ICHICBICHHS CHCTEM OXOJIOKCH-
HS HA OCHOBI IBO(MA3HUX TEIUIONECpPENaBATbHUX MPH-
CTPOTB € BUKOPUCTAHHS B CUCTEMAaX OXOJIOKCHHS Tep-
MocudoHiB [5, 6] abo rpaBiTauiiHUX TEMJIOBUX TPYO
[7—10]. I'pasitariiai TT BiApi3HAIOTHCS BiJl TPaIHIIIH-
HUX TNIQJIKOCTIHHUX TEPMOCU(OHIB HasBHICTIO IHTEHCH-

PoGoty BukoHaHO 3a miaTpumMkH HarionaasHOro GOHITY A0CHTI-
JokeHb Ykpainu (mpoekt Ne 2020.02/0357) Ta MinictepcTBa
OCBIiTH 1 HayKH Ykpainu (mpoekT Ne 2603).

(bikaTopa TerI000MiHy OHAHMEHIIIE B 30H1 BUITAPOBY-
BaHHA. [lOBEepHEHHSI CKOHIICHCOBAHOTO TEILUIOHOCIS 110
30HM BUIIAPOBYBAHHS B HUX 3/1IHCHIOETHCS JIHIIIE CHITa-
MU TpaBiTailii, TOMy B poOOYOMY TOJIOKEHHI CHCTEMH
OXO0JIOJpKEHHS 30Ha KoHzaeHcallii TT mae po3ramoByBa-
THCS BUIIE 30HU BUMapoByBaHHs [11].

Jist i gBHUIIEHHS TEIUTOTIepEeAaBaTbHIX XapaKTepH-
cTHK rpaBitaiiiHuX TT BUKOPUCTOBYIOTh Pi3HI METOIN
IHTeHCH(iKaIlii TermI000MiHy B 30HI BUIIApOBYBaHHSI.
Hanpwukian, aropu [ 12] aust inTeHcHbikariii Termooomi-
Hy 3poomiu Ha moBepxHi TT 0chOBI MO3/I0BXKHI KAHABKH
METOJIOM €JICKTPOepO3iitHOTO pi3aHHs, B [13] — Ha 110-
BEPXHIO TIO3JIOBKHIX KaHABOK TePMOCU(OHA HAHOCHITH
OKHCHE ITOKPUTTS, B [ 14] 3acTocyBayiv iHTeHCUDiKaTOpH
TEIUIOOOMIHY Y BHIVISIII HAHOTPYOOK, BUPOIIICHUX aHO-
JlyBaHHSIM BHYTPINIHBOT MMOBEPXHI CTIHKHA B 30HI BUTIa-
POBYBaHHS aJfoMiHi€BOT TpaBiTariiHoi TT 3 areToHOM.
Hai6imbIr mpocTiMi 1 ienieBUMHA iHTeHCHiKaTopamMu
TEIUTOOOMIHY B 30H1 BHITApOBYBaHHs rpasitariitaoi TT
MOXYTb CTaTH pi3b00Bi KaHaBkH [7, 15, 16]. Hapasi Bi-
JIoMa HEBEJMKa KUTBKICTh €KCIICPUMEHTAILHUX J0CHTi-
JoKkeHb rpaBiTamiiauX TT 3 pi3b00OBUM BUITAPHUKOM, Ha-
npukiiaj [ 15—17], Ta nekiabka pooiT 3 KOMIT FOTEPHOTO
MOJICTIIOBaHHS CHCTEM OXOJIO/DKEHHS Ha iX OCHOBI, Ha-
npuknaz [11, 18]. Ixni pesynsratn BKasyroTs Ha mep-
CTIIEKTHUBHICTb 3aCTOCYBaHHS TUIACKKX TpaBiTainaux TT
3 pi3b00BOIO CTPYKTYPOIO B 30HI BUTIApOBYBaHH [19] B
CHCTEMaX OXOJIO/KCHH eIeKTPOHHOI araparypH.

MerToro 1i€i poOOTH € eKCIIePUMEHTAIBHE BUBYCHHS
BILIMBY 3MiHM (hopmu rpaBitaiiitaoi TT 3 pi3b00BUM BH-
MTAPHIKOM 3 HITIHAPHIHOI Ha TUIACKY Ha TEMIIEPaTypy B
30H1 HarpiBy, TEIJIOBUH OMIp Ta KOS(IIIEHTH TETUIOBI-
Javi B 30HaX BHMAPOBYBAaHHS Ta KOHJIEHCAIIl B MIHPO-
KOMY JIiarma3oHi 3MiHM TEIUIOBOI MOTYXHOCTI (BiJ 5 10
70 Br) nmpu xytax maxwry TT go ropuzonty 90° ta 15°.
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Excnepumenrtanbui 3pasku rpasitaniinux TT
Ta MeTOMKA MPOBeAeHHs A0CTiTKeHb

ExcriepuMeHTansHuH 3pa3ok MifHOI rpaBiTaniiftHol
TT muniagpuanoi GopMu 3 IHTCHCU(IKATOPOM TEILIO-
00MiHYy y BUINISAL Pi30OBHX KaHABOK B 30HI BHIIAPOBY-
BaHHS MaB 30BHINIHIN fiaMeTp 8 MM, BHYTpIlIHIN 6 MM,
JoBxkuHY 255 MMm. JloBkuHa 300U HarpiBy TT cknanana
40 MM, 308U oxonoxeHHs: — 200 MM, 30Ha TpaHCTIOP-
Ty — 15 Mm. TerutoHociem ciyryBaB ¢gpeoH R141b.
Koedimient 3anmoBHenHs TT Bu3HauaBCst sIK BiTHOIICHHS
00’€eMy TETIIOHOCIS 10 06’ €My BHYTPIIIHBOTO ITPOCTOPY
TT B 30Hi BUnmapoByBaHHs i ckiaaas 0,54.

[Ticnst mocTiKEeHHS TETIOBUX XapaKTePUCTHK IMTiH-
npuanoi rpasitaniiinoi TT ¢opmy ii koprycy 3miHIOBa-
1M Ha racky (puc. 1) metomom nedopmaitii y mpecop-
Max. Po3mipu monepedHoro mnepepisy miackoi rpasiTa-
uittHoi TT cknaganu 6x7,4 MM, ipu IIbOMY 30epiraiacs
11 JOBKMHA Ta KUIBKICTh TEIUIOHOCIS.

ITicast 3anpasnenss TT TermonocieM Ta repmerusanii
MIPOBOJIMITM MEXaHIYHE OUMIICHHS 11 KOPITYCY Bijl OKCH-
IiB Mizi, sIKi yTBOPIIIHCA B mporieci BUrotosiaeHHs 1T,
TTICJISE YOTO MOBEPXHIO 3HEKUPIOBAIIN Ta PO3MIYaIU Mic-
1151 BCTAHOBJICHHSI TEPMOTIAp 32 CXEMOIO, IIPEACTABIICHOIO
Ha pHUC. 2. Y BU3HAYCHUX MICIISIX 32 JIOTIOMOT OO aJTFOMi-
Hi€BOT KJICHKOT CTPIYKH MOHTYBAJIN MiIb-KOHCTAHTAHOBI
TepMoniapu. Beworo Oyno BcTaHoBieHO 14 Tepmornap:
nricte B 30H1 HarpiBy (TII1...TI16), oqHa B 30HI TpaH-
cnopry (TI17), cim B 30H1 oxonomkenns (TII8... TI114).
JlaJti mpoBOIMBCS MOHTAXK IMITaTOpa TEIIIOBOTO MIOTOKY
Ta pajaiaTopa OXOJOKCHHS 3 BEHTHIIATOPHUM OJIOKOM.
[Tpu nbOMyY B MiCIISIX KOHTAKTy BHKOPHCTOBYBAIACh Te-
wionpogiaHa nacta KI1T-8. 3oHu HarpiBy Ta TpaHcmop-
Ty TT TerutoizontoBanu 6a3abTOBOIO BaTOXO.

[TigroToBnenuii mociimkyBanuii 3pazok TT MoH-
TYBaJld Ha TIOBOPOTHUH MPHUCTPil eKCIIepUMEHTAIBHOT
YCTaHOBKH (pHcC. 3) Y BEpTUKAIBHOMY ITOJIOKCHHI, PO3-
TaIIOBYIOYH 30HY oXoJomkeHHs TT BUIlle 30HU HArpiBY,
1 TIepeBipsUTH Mpale3naTHICTh BCIX CUCTEM YCTaHOBKH.

a) 0)

M85 28x1* "

54

Puc. 1. TTonepeunwnii nepepis rpasitamiitnoi TT B 30H1 HarpiBy:

a — nouatkoBa (opma; 6 — (opma micis mpecyBaHHsS

0 4x375=150
. e 107 1718 g - Tz, 113, Ti
6x6=36 151515
40 200
255

Puc. 2. Cxema posranryBaHHS TepMonap Ha moepxHi TT

Puc. 3. 3aransHuii BUIIS €KCTIEPUMEHTAIBHOT YCTAaHOBKH IS
JOCIIJUKEHHS TEIUIOBUX XapaKTEepPUCTHK rpasitauniinux TT
B YMOBAaX OXOJIO)KEHHSI BUMYIIEHOI KOHBEKIII€IO:

1 — TennoBa Tpyba; 2 — paniatop; 3 — MOAyNb 300py JaHUX;

4 — 1OBOPOTHA OCHOBA; 5 — IMITAaTOp TEIJIOBOTrO NOTOKY; 6 —

OJIOK JKHBJICHHSI; 7 — MEPCOHAIBHUIT KOMIT IoTep; § — MEepeTBo-
proBau inTepdeiicy; 9 — BeHTUIISITOP

ExcniepuMeHTanbHa yCTaHOBKA MICTHTh TOBOPOTHY
OCHOBY 4 3 IITaTUBHUM IIPUTHUCKAYEM, KU NO3BOJISIE
¢ixcyBaru nocuimxyBany TT / 3 iMITAaTOPOM TEILIOBO-
ro MOTOKY J Ta paaiaropoMm 2. PagiaTtop 3 BMOHTOBAHOIO
TT oxonomxKyBau 3a TOMOMOTOIO IBOX BEHTUISTOPIB 9,
BCTAHOBJICHUX Ha TOPIIIX pedep paaiaTopa Ha BiJCTaHi,
10 TOpiBHIOBAJIa TPETUHI TOBKUHHM pajiiaTopa BiJl KOXK-
HOTO Kparo (puc. 4). 3 METOIO 3HWKECHHSI KOHTAKTHOTO
TEIUIOBOTO OTOPY B OCHOBI pajliaTopa BUKOHYBAJIH Ka-
HaBKY HaIliBIWIIHIPUYHOTO MOMEPEYHOTO Mepepizy s
mutinapuyHoi TT Ta mpssMOKyTHOTO nepepisy Ha MoJo-
BHHY TOBIIMHHU OCHOBH paaiatopa ais miackoi TT. Jlo
30HU KOHTaKTy MK TEIJIOBOIO TPYOOIO Ta paiiaTopom
HaHOCHUIH TerutonpoBiany nacty KIIT-8.

Binin teroTtu 3abe3nedyBaid BUMYIICHOI KOH-
BEKIII€0 MOBITPs 3 Temmeparyporo 20+1°C, mBUIKICTH
MOBITPSI HA BUXOM1 3 MIXpEOSpHUX KaHATIB pajiaTopa
ckmagana 6inst 1 m/c.

ExcnepumenTanbHi JOCIiPKEHHS TPOBOSTHCS Ha-
CTYIIHUM YHHOM.

[Micns ¢ikcamii nocmimxysanoi TT y BepTuKanbHO-
MY TIOJIOKEHHI BMHUKAIOTHCS BEHTHIISITOPH OXOJIOKEH-
HS 1 IOJA€THCS CICKTPUYHE HABAHTAKCHHS HA iMiTa-
TOp TEIUIOBOTO MOTOKY. [licist BUXOMYy yCTaHOBKH Ha

Puc. 4. Cucrema TennoBiABEAEHHS BiJ 30HU OXOJIOIKEHHS
TT — BEeHTUIATOPHUI OXOJIOKYBaJIbHUIM OJI0K (&), BCTAHOB-
nennii Ha pociipkysadiid TT (6)
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3ABE3INNEYEHHSA TEIIJIOBUX PEXHWMIB

CTalliOHAPHUH TETJIOBUH PEKUM JI0 €IEKTPOHHOI CHCTE-
MU 00pOOKHM JaHUX BHOCSTHCS MOKA3H TEPMOIIAp B KOH-
TPOJIBHUX TOUKaX Ta 3HAYCHHS TEIUIOBOI MOTY>XKHOCTI Q.
[Totim BinOyBaeThCs MEpExia O HACTYITHOTO 3HAYCHHS
O (xpok miasumeHss 5 Br). [Ipu gocaraenHi remmnepa-
TypH B 30Hi HarpiBy 100°C (3Ha4eHHSI 3yMOBIICHO TEM-
HepaTypHUMH PEXKUMaMU POOOTH ENEKTPOHIKN) €IeK-
TPUYHUIN HarpiBad BUMMKAETHCS, JaHi 30epiraroTbest B
MEepPCOHATBFHOMY KOMII IOTEpi TSl MOAAIBIIO0T 0OPOOKH.

JuckpeTHuil MacuB 3Ha4Y€Hb TEMIIEPATYPH, OTPUMA-
HUX 32 Mepiof CTAIllOHAPHOTO PEKUMY 3 KOXKHOTO JaT-
yuka temneparypu TII1...TII14, ocepenHioeTbes 3a
(hopmyoro

— 1 n
L= Z Ly>
j=1

ne i — Homep Tepmornap, i = 1...14;

1 — KiJbKICTh BUMIPIB IPOTSAIOM CTalliOHAPHOTIO Iie-

piozy;
] — TIOpSAKOBHIA HOMEp BUMIpIOBaHHS, j = 1...7.

[Ticis 1bOro ocepetHIOIOTHCS TEMIIEPATYPH 110 30HaX
HarpiBy (3H), tpancnopry (3T) Ta oxonomkenus (30),
a TaKoXK pO3PaxoByeEThcs TeroBuii omip R TT:

Tu= ¢ L

KoedirienTn TerioBigiadi B 30HaxX HarpiBy Ta KOH-
JIeHcallii BU3HAYAJIH, BIJTIOBITHO, 32 GopMyIamMu

0 . 0

gy =——= ———_>» ==  — >
F3H(t3H - t3T) F30(t3T - t3o)

3K

ne Fyyy, 3 — muioma BHyTPIlIHBOI MOBEPXHI 30HH Ha-

IpiBy Ta 30HHM KOHJICHCAIIT BiJ[IIOBITHO.

Taki po3paxyHKH BUKOHYBAJIUCS I KO)KHOTO 3HAa-
YeHHsI T1IBEJICHOTO TEIUIOBOTO HaBaHTakeHHs (. Pe-
3yIBTATH MPEACTABISUIACS Y BUIVISII TpadiqHUX 3a1ekK-
HOCTEH CepeIHhOT0 3HAYCHHS TeMIIEpaTypH B 30HI Ha-
IpiBy Ta BEJIMYMHHU TEIUIOBOTO OTIOPY BiJl TEIUIOBOTO Ha-
BaHTAKCHHSI.

Pe3yabraTn ekcrniepuMeHTaJIbLHUX JA0C/TiIKeHb
Ta iX aHaJi3

Ha mpaxrui npu po3paxyHKy TeMIepaTypHOTO pe-
KUMY €JIEKTPOHHHUX KOMIIOHEHTIB, IKUI MOke 3a0e3re-
YUTH CUCTEMA OXOJIOKEHHS, BAXKIIUBO 3HATH CEpEIHE
3HAYEHHS TeMIlepaTypu B 30H1 HarpiBy TT 3a meBHOro
3HAYEHHS TEIJIOBOTO HAaBAaHTAYKECHHSI.

Ha puc. 5 HaBeneHo pe3ynbTaTi BUSHAYEHHS cepel-
HIiX 3Ha4YeHb TeMIIEpaTypu B 30H1 HarpiBy it TT o6ox
TUIIB NPH Pi3HIK IX opieHTalii B mpocTopi. SIK BUAHO

D T ‘
oC A
80
]
60
o
o7 - .
40 £ A muniagpuyna TTH
1
T O muacka TT i
_EFI T T T T T T 1
202 A
0 20 40 60 0, Bt
% Ty
°C
80 7
L
60 pc "
Pay
rl - 1
40 L A muminapuana TT (]
_g H O muacka TT i
20 L -

0 20 40 60 0, Br

Puc. 5. 3anexHIiCTb cepeHbOI TeMIepaTypyu 30HH HarpiBy

JochiKyBaHux rpasitaniiiaux TT Bix mizBeaeHOro Teruio-

BOTO MOTOKY Yy BEPTHKAJILHOMY TOJIOXKEHHI (a) Ta il KyToM
15° BigHOCHO TOPH30HTY (6)

3 pHC. 5, a, IPU BEPTUKAJBHIA OpieHTAIlT 111 3HAYCHHSI
temneparypu A TT numiHApUIHOT Ta TUTackoi hopMu
Maiike OJTHAKOBI y BCbOMY Jliaia30Hi 3MiHH TETUIOBOT T10-
Ty)kHOCTI. OJTHAK MaKCUMAJIbHUH TETJIOBUH TIOTIK, SIKUI
3narHa nepenaBary muinapuaHa TT, Ha 10 Bt nepesu-
Iye Toi, mo nepenae miacka (60 Bt mporu 50 BT). (ITpu
MIEPEBHUIIICHHI IIHOTO 3HAYEeHHS () CIIOCTEPITranocs CTpim-
Ke 3pOCTaHHs TeMIiepatypu B 30H1 HarpiBy TT.) Sk nmoka-
3YIOTh HaBEJICHI pe3yJIbTaTH, IPU BEPTHKAIIBHIN Opi€HTa-
uii TT i oHAaKOBUX 3HAYCHHSX TETUIOBOTO TIOTOKY B Jlia-
na3oHi BiJ 5 10 50 BT e(peKTUBHICTH OXOJIOHKEHHSI €IICK-
TPOHHUX KOMIIOHEHTIB He Oy/ie 3anexatn Bix hpopmu TT,
a TIPH MTOTYXKHOCTI €JIEKTPOHHUX KOMITOHEHTIB BiJ 50 10
60 BT MOXHa BUKOPUCTOBYBATH Jinie numiHapuaay TT.

CepenHi 3HaUCHHS TEMIIEpaTypy B 30HI HATrpiBY IU-
miaapuanoi TT, po3ramoBanoi mix kytom @ = 15° no
TOPHU30HTY, JIEIIO BiAPI3HAIOTHCS Bl OTPUMAHUX MIPH il
BEPTHUKAIHHOMY ITOJIOKEHHI — BOHM MeHIi Ha 1—3°C,
a s torackoi T'T — maiixke Taki cami (puc. 5, 6). TooTo,
pu ¢ = 15° 3HaueHHs Temneparypu s mackoi 1T mo-
PIBHSHO 3 IHJITHAPUYHOKO Y Jiara3oHi TeIIOBUX MOTO-
kiB Bix 5 1o 30 Bt Oynu Bummmvu Ha 1—3°C (abo Ha
3—5%) 3a11€XHO BiJl TETITIOBOTO OTOKY. BiMbIHX 3MiH
HaOyITM 3HAYCHHS MAaKCHMAalbHOTO TEIUIOBOTO ITOTOKY.
[Tepm 3a Bee, micns Haxmiy iackoi TT Ha 15° ciocre-
pirajocst SMEHIIICHHS BEPXHBOT MEXKi 11 (PyHKITIOHYBaHHSI
Ha 20 Br— 350 10 30 Bt. BomHovac uist mumiHApHIHOT
TT makcuMallbHE 3HAUYEHHS TEIIOBOTO MOTOKY 3pOCIIO
Ha 10 Br— 3 60 10 70 Bt.

Taka moBeJliHKa TEIIOBUX XapaKTEPUCTUK TEIIIOBOT
TPyOH ITpH 3MiHi ii opieHTaIlii B TPOCTOP1 MOXKE OyTH BH-
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KJIMKaHa 3MiHOIO IIPOIIECiB TEIUI00OMIHY SIK B 30Hi Harpi-
BY, TaK 1 B 30HI OXOJIOMXKEHHSI. | Xoua pi3HUI MiXk 3Ha-
YCHHSIMM TEMIIEPaTypH € HE3HAYHOIO, IPOTE 3MEHIIICH-
Hsl MAaKCUMaJIBHOTO TEIUI0BOTo NoToKy miiackoi TT e no-
CTaTHBO CyTTeBUM. Lle ciin Opatu 1o yBaru nmpu BHKO-
puctansi TT B meBHUX yMOBaX, HAIIPHUKJIA B TIOJIOKEH-
HSIX, OJM3BKHUX 4O TOPHU30HTAIBHOTO, OIIPHU TE, IO TEX-
HOJOTiYHO M1acki TT crpoIyioTh MOHTaX.

om0 TemoBoro onopy R, aHai3 MpeAcTaBICHUX Ha
puc. 6 TaHUX MTOKA3ye, 110 3 MiBUILIEHHSIM TEIJIOBOTO Ha-
BaHT@KCHHSI BEJIMYMHA R K HIIIHIPUYHOI, TaK 1 Miac-
ko1 TT 3MeHIIYETHCsI 10 MEBHOTO 3HAYCHHS 0, TCIIS KO-
IO IIOYMHAETHCS HOro 3pocTanusl. Lle 3HauenHs O € Mak-
CHMAaJIbHIM TEIIOBUM ITOTOKOM, II[0 IEPEAAETHCS TETIIO-
BOIO Tpy0o010. Taka opma rpadikiB 3 TOUKOIO MEPETHHY
€ xacuuHoro i teroBoro omnopy TT. Ilaginus R mo-
CSTA€THCS 3aBASKHU IHTEHCU(IKAIl] MPOIeciB KUMIHHS Ta
KOH/IeHcallii. B meBHUI MOMEHT TEIIOBUM OMip J0csTae
MiHIMaJIBHOTO 3HAYCHHSI, 1110 BKa3y€ HA MAKCUMYM e(eK-
THBHOCTI TeroBoi TpyOu. [lomaneine 3pocTanHs MoXxe
BiIOyBaTHCs 4epe3 HU3KY NMPUYMH, TAKUX SK: HEAOCTa-
Ya TEIJIOHOCIS B 30HI HATPiBY, TApOANHAMIUHI (hakTopH,
3pOCTaHHS TOBIIWHHY TUTIBKY B 30H1 KOHCHCAIII{, 110 TIO-
TipIIye TEIIOBiAIady, TOIO. B 3aransHOMy BHUIIAIKY MO-
YaTOK 3pOCTAHHS TEIUIOBOTO OIIOPY CUTHATII3Y€ PO Iova-
TOK Kpr30BHX siBUI B TT. Oco6mMBO MOMITHO I1€ Ha PHC.
6, a, 7Ie 3pOCTaHHs TEIIOBOTO MOTOKY Bij 50 BT nmpusse-
JI0 10 CTPIMKOTO 3pOCTaHHs TerioBoro omopy TT.

[Ipu BepTukaneHii opientanii TT Ha moyarkoBiit ai-
nsHII (5— 15 BT) ciocTepiraethest BiIMiHHICTD TEIUIO-
BOTO omopy ItiHapraHoi Ta mrackoi TT (puc. 6, a). Le
IIOB’SI3aHO 3 BHYTPIIIHBOIO T1APOTMHAMIKOIO HEpO3BUHE-
HOTO KHITIHHS Ta TIEPEPO3ITOAIIOM TEIUIOBOTO OTOKY Y
30Hi HarpiBy. Kpim TOT0, Y BepTHKaILHOMY TTOJIOKEHHI
MiHiManpHUH TertoBui omip — 0,3°C/BT 3a TemmoBo-
ro HaBaHTaxeHHs 50 Bt OyB nocsruyTtuii came B mac-
kit TT. Ha BiamiHy Bif 11010, Tipu @ = 15° (puc. 6, 6)
mutinapryaa TT 3a0e3nedye iHTEeHCHBHIIIIE TOBEPHEH-
Hsl TETUIOHOCIS Y 30HY HarpiBy, IO JTO3BOJISIE JOCATTH
IIIe MEHIIIOTO 3HAYCHHS MiHIMAJIBHOTO TEIUIOBOTO OTO-
py (0,29°C/BT) Ta BiiBeCTH BiJl 30HU HATPiBY y JiBa pa3u
OUTBIIMIA TETUIOBHIA TOTIK OPIBHSHO 3 TuTackoro TT.

az R, I I —— —
C/Br [ A A muningpuuna TT [
O miacka TT 1
0,5 v d
A
04 —1
I-LI e Ll\ [AY
0.3 0
0,2
0 20 40 60 0, Br

Puc. 6. 3anexnicts TeruioBoro onopy TT Bij miIBe1€HOr0 TEMIOBOTO NOTOKY Y BEPTUKAIBHOMY MOJOKEHHI (a)
Ta mig KyToM 15° BiTHOCHO rOpH30HTY (6)

TermoBuii omip AociKyBaHuX TpaBiTamiianx TT
CKJIAJa€ThCS 3 TEIUIOBHX OTOPIB B 30HAX BHIIAPOBYBAH-
HS Ta KOHIEHCAIlI, AKI BU3HAYAIOTHLCS IHTEHCHUBHICTIO
TEIUI00OMiHY B 3a3HaYeHHX 30HaX. OTpUMaHi eKcriepu-
MEHTAJILHO TpadivHi 3aJeKHOCTI Koe]ilieHTIB Teruio-
BiJlZIa4i 0. B 30HAX BUTIAPOBYBaHHS Ta KOHJCHCAIIIT B U~
JMHAPUYHIN Ta rackiil rpaBitaniiaux TT HaBeneHi Ha
puc. 7, 8.

Ha BigmiHy Bij 3ae:KHOCTEH TeMIiepaTypy 30HU Ha-
rpiBy Ta TerioBoro omopy TT Bif TemIoBoro HaBaHTa-
JKCHHS, PI3HUIIS MK 3HAUCHHSIMH KOC(IIIEHTIB TEIUIO-
BiJia4i IMWITIHAPUYHOT Ta Tuackoi TT € OUTbIn SBHOKO.
Jts muniaapuyanoi TT y BepTUKaIbHOMY TOJIOXKECHHI
(puc. 7, a) rpadik yMOBHO MOYKHA PO3JIITUTH HA TPH Yac-
TiHU. B miamazoni 5—15 BT koedilieHT Temnosiiiavi
3MIHIOETHCSI HE3HAYHO, 1110 CBIAYUTH PO ITOYATOK (PyHK-
nionyBaHHst TT Ta HEpO3BHHEHE KUITIHHS 200 K 1HTEH-
CHBHE BUIIAPOBYBaHHS B 30H1 HarpiBy. [l mmackoi TT
TaKa KapTHHA CIIOCTEPIraeThes y IeTo OUTBIIOMY Jiiara-
30H1 Q — 5o 20 BT, mpore 3HaueHHs ii KoedilieHTa Te-
IoBiggaul Hrok4di Ha 5— 10%. [Tomanbime 301IbIIEHHS
TEIUIOBOTO TIOTOKY MPHU3BOAUTE JI0 iHTCHCH(DIKAIi KH-
MIHHS 1 3pOCTaHHsI KOS(IIIEHTIB TETUIOBI/Ia4l B jTiamna-
30H1 O Bin 20 10 50 BT, npu i1boMy Ha BChOMY JTialia30Hi
Q 3nauenHs o i mackol TT Ha 15—20% Hrokdi, HiXK
i iniaapuadoi TT. Taka pi3HUI, BOYCBHb, MOXKE
OyTH HACJIIJTKOM O1JIBIIIOTO OTIOPY MEPEMIIIEHHIO TTapo-
BOJISTHOT CyMIIITi Bijl 30HU HATPiBY JIO 30HU OXOJIOJKEH-
Hs Yepe3 yTBOPEHHS MEHICKIB B KyTaX IUIACKOi TPYyOH.
Takox 3 Ii€T TPUIHHA MOXKIIUBE 3MCHIIICHHS KUTBKOCTI
TEIUIOHOCIS B 30HI HArpiBy, O NPSMO BIUIMBAE HA 1H-
TEHCUBHICTD BijiBeneHHs Teriotu Bij crinku TT. Ipu
MOJATBIIIOMY 301TBIICHHI TEIUIOBOTO TIOTOKY CITOCTEpi-
raeThCsl BMEHIIICHHS PI3HUIN 3HAYCHB 0O, & MIPH MePEeXO0-
a1 Big 55 1o 60 BT HaBiTH 3HMKEHHS I[IUX 3HAYEHB, 1[0
MIPSIMO BKa3y€e Ha KPH30BI SIBUINA, TIOB’3aH1 3 HECTAYCHO
TEIUIOHOCIS B 30H1 HarpiBy. Y Bunanaky miackoi TT taky
KapTUHY CIIOCTEPIraTH He BAAJIOCH.

BanexHocTi o = (), OTpUMaHi MpH pO3TalIyBaHHI
TT mig KyToM HaxuiTy 1o Topu3oHTy 15° (puc. 7, 6), Ma-
FOTh aHAJIOTIYHUH XapakTep, MPOoTe KUTBKICHO MMOKa3HH-
KH JICIIO BiJIPi3HSIOTHCA.

62} R, T T T T T ]
C/Br A muningpuana TT (]
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Puc. 7. 3anexHicTs koe(illieHTa TEIUIOBI/Iaui y 30HI HArpiBy
TT Big miABEAEHOTO TEMJIOBOTO MOTOKY Y BEPTHUKAJIBEHOMY
HOJIOXKEHHI (@) Ta MiJ KyToM 15° BiTHOCHO TOPU3OHTY (0)

BaxxnuBo 3ayBaxxuTi, 110 A1t nuiaApuaHoi TT mpu
3MiHI Opi€HTAII] Bil BEPTHKAILHOT 10 HAXHJICHOT CyTTE-
BO 3pociu 3HaYeHHs 0. — Ha 14— 19% 3anexHo Bij Te-
IJI0BOTO MOTOKY. Takuii mpupicT KoedimieHTa TerIoBi -
Jladi MOSCHIOETHCS YTBOPEHHSIM TOHKOT IUTiBKU PIHHU y
BEPXHIii YaCTUHI 30HH HATPIBY, [0 IHTEHCH]IKYE MPOIeC
napoyTBopeHHs. Kpim Toro, mpu BUX0/i mapy i3 30HH Ha-
IPIBY 3aXOILTIOETHCS MEHINE TEIUIOHOCIA. YacTKoBO 11e
MOSICHIOE 1 3pOCTaHHSI Jlialla30Hy TETUIOBOTO ITOTOKY, JI€
TT moxe QyHKLIOHYBATH.

Sk 3a3Havanocs Buie, TeroBuii omip TT 3anexuTsb
SIK B1J{ IHTEHCHBHOCTI ITPOLIECY KUITIHHS, TaK i Bi/l iHTEH-
CHBHOCTI Iporiecy KoHaeHcarii. Ha puc. 8 HaBeneHo rpa-
(iku 3anexKHOCTI KoedillieHTa TeIUIOBi vl y 30H1 KOH-
JICHCAIlii TeTUTOHOCIS BiJI TETIOBOTO ITOTOKY TP Pi3HIiM
opientanii TT B mpoctopi. Ha mpotuBary pesynsraram,
1[0 OMUCYIOTh IHTEHCUBHICTH TEIJIOBi/I/Iadi B 30HI Ha-
TPiBY, U 30HN KOHZIEHCAIlil, IK Y BEPTUKAIEHOMY, TaK
1y HaxuneHoMy nonoxkeHHsx TT, 3HaueHHs KoedinieH-
TiB TerutoBinayi miackoi TT BHINI TOPIBHSIHO 3 IHIIIH-
JPUYHOIO Ha BCHOMY JIOCIIJKEHOMY Jliarna3oHi Q.

Takuit po3moaiyt Moke MOSICHIOBATUCH 3TaTyBaHUM
BHUINIE YTBOPEHHSM MEHICKIB PIIMHM y KyTaX IIACKOi
Tpyou. Came uepes 11€ y 30H1 KOHJICH Il I1acKoi Tpy-
OM TOBIIIMHA IJTIBKHU TEIJIOHOCIS HA TUTACKUX TPaHSX ITPH
BepTHKaIbHIN opienTanii TT MeHmIa, 1110 1 IPU3BOAUTH
JI0 OLITBIIT 1HTEHCUBHOI KOHAeHcalii. Takox 1e npuy-
IICHHSI MiATBEPXKYETHCS TUM, IO MPU 3MiHI KyTa Ha-
XWJIy PI3HHUII B 3HAYCHHSIX KOC(Qili€HTIB TEIIoBigna-
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Puc. 8. 3anexHicTh Koe(illieHTa TEIUIOBIAMAYl Y 30HI KOH-
nencarii TT Bif miBeEHOTO TEIIOBOIO MOTOKY Y BEPTHUKAIb-
HOMY MOJIOXKEHHI (@) Ta i KyToM 15° BiTHOCHO TOpU30HTY (6)

Yyl MDK OUIIHAPUYHOIO Ta miackoro TT 3MeHmyeThces.
Le BinOyBaeThCs uepe3 Te, mo B muiainapuuHiid TT te-
IJIOHOCIH Micysl KOHAGHCAII] CTIKa€e MO CTIHKaX B HIK-
HIO YaCTUHY NPodiTto TpyOH, 1110 MPU3BOAUTH J10 3MEH-
LICHHS TOBIIMHY IUTIBKU KOHJEGHCATy Ha OCHOBHiil Ho-
BEpPXHI KOHJICHCAIlii Ta 10 3pOCTaHHs e€()eKTUBHOCTI KOH-
nencarii. Llelt eext onucyBanu i iHIIi aBTOpU pHU J0-
CJIIJPKCHHSIX BIUTUBY Opi€HTalii B IPOCTOPi HA XapaKTe-
puctukH TepMocudoHiB. ToOTO 3MEHIIIEHHS KyTa HaXU-
Ty IPU3BOUTE 110 iHTeHCcH]iKalii MporeciB KoHaeH ca-
1ii B kpyrmiit Tpy6i Ha 5—12%.

VY Bunanky mnackoi TT 3miHa kyTa Haxuy 3 90° 1o
15°, HaBmaku, NPU3BOIUTH IO 3MEHIICHHS KoedilieHTa
temnosigaadi Ha 10—20% 3a1e3kHO Bij] TEMIOBOTO 10-
TOKY, 1110 MOJKHA MOSICHUTH YTBOPEHHSIM Ha BCill HIX-
Hill noBepxHi miackoi TT mapy KoHAEHCATy TEIIOHO-
cist. OCKiNbKM came BiJ HUXHbBOI nmoBepxHi miackoi TT
BiJIBOJIMTHCS HANO1IBIIIA KITBKICTh TEIUIOTH JI0 PaIiaTo-
pa, YTBOpEHHS IIapy KOHACHCATy 1 MPU3BOAUTH A0 TO-
TipIIEHHS XapaKTEPUCTUK TEIUNIOOOMiHY B 30HI KOHJICH-
canii. Xo4a HaBiTh y TAKOMY BHIAJKY KOC(illi€eHTH Te-
mroBiamayi mackoi TT B 30H1 konaeHcali Ha 15—28%
BUIL, HIX utiHapuyaHoi TT.

BucHoBkH

Pesynbraté HOCHIIKEHD TEINTOBHX XapaKTEPHCTHK
NWTHIPUYHOI Ta T1ackoi rpapitanidaux TT 3 pi3zsoo-
BHM BUIIAPHHUKOM, 3ampaBicHuX (ppeoHoM 141b, moka-
3YI0Th, 1110 TaKi TEIIONepeaaBaIbHI MPUCTPOI MOKYTh
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OyTH BHKOPHUCTaHI JIJIsl €)EKTUBHOTO OXOJIOJDKCHHS Te-
TUTOHABAHTAKECHHUX EIIEKTPOHHUX KOMITOHEHTIB paiio-
SJIEKTPOHHOI Ta KOMIT FOTEPHOI TEXHIKH B YMOBaX BH-
MYIIIEHOI KOHBEKIIIi TIPH Opi€eHTaIlii y POCTOpi 3a CH-
JIAMH TSOKIHHS.

[IpoBeaeHi AOCTIKEHHS J03BOJIATH OOIPYHTOBAHO
miaxoauTu 10 Bubopy Gopmu TT 3anexHO Bix MakcH-
MaJIbHUX TEIUIOBUX HaBAaHTa)KEHb SJIEKTPOHHUX KOMIIO-
HEHTIB Ta OPIEHTAIIIT B IPOCTOPI CUCTEMH OXOJIOIKCHHSI.
3miHa GpopMH 3 HWITIHAPUIHOL HA TIACKY TPU3BOJHTE JI0
3MEHIIICHHS MAKCUMATBHOTO TEIUIOBOTO HABAHTa)KCHHS,
10 MOYKE TIepeIaBaTUCS TEIIOBOIO TPYOOI0, aJie Iutacka
¢dopma TT € OLIBII TEXHOJIOTIYHOIO JUIS 3aCTOCYBAHHS
Y CHCTEMax OXOJIOMKEHHs CIEKTPOHHOTO 00JIaTHAHHSI.
Ho toro x 3miHa ¢opmu kopnycy TT 3 mumiHgpuaHOL
HA TUIACKY IIPH TOCTIHKEHNX T€OMETPUIHUX PO3Mipax
MOTIEPEYHOro Mepepizy B JOCHIHKEHOMY Jiana3oHi Te-
IUTOBHX MOTOKIB HE3HAYHO BIUIMBAE HA CEPEIHE 3HAYCH-
HS TEMIIepaTypHu B 30H1 HarpiBy Ta Ha TeryioBui omip TT.

[TpoBenenunii anaii3 iIHTEHCUBHOCTI TETUIOBIIa4l B
mpouecax KuniHag Ta konaencauii B TT mokazas ¢ax-
TOPH BILTUBY Ha IIi IPOLIECH, 1[0 JTO3BOJIUTH HAIaIi [Ty~
KaTH [UIIXY 3MCHIIICHHS BILTUBY 3a3HAYCHUX (PaKTOPIB.
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IMPACT OF CHANGING THE SHAPE OF GRAVITY HEAT PIPE WITH THREADED
EVAPORATOR ON ITS HEAT TRANSFER CHARACTERISTICS

The modern development of electronics is associated with the problem of reducing the mass and size of the equipment while
increasing its power. This leads to an increase in the temperature of both individual elements and the device as a whole, which
contributes to a decrease in equipment reliability. This makes the development of inexpensive yet efficient cooling systems an
urgent task. One of the ways to solve this problem is to use heat pipes of a new simplified design in cooling systems. This article
compares the thermal characteristics of a cylindrical copper gravity heat pipe with a threaded evaporator before and after
Sattening. The working fluid used in the experiment was R141b. Experimental studies were conducted at two tilt angles relative
to the horizontal under the conditions of forced convection cooling of the condensation zone. The influence of the change in the
shape of the body from cylindrical to flat on the temperature in the heating zone of the heat pipe, thermal resistance, and heat
transfer coefficients in the evaporation and condensation zones was shown in the range of heat power from 5 to 70 W. The choice
of the heat pipe is justified based on the maximum thermal loads of electronic components and the orientation of the cooling
system in space. Changing the shape of heat pipe from cylindrical to flat leads to a decrease in the maximum thermal power

transmitted, but a flat heat pipe shape is more technologically feasible for use in cooling systems of electronic equipment.

Keywords: heat pipe, heat transfer characteristics, threaded evaporator, HP housing shape.
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ASPECTS OF USING OF SHEET THERMOMIGRATION
OF THE Al+Si THREE-DIMENSIONAL LIQUID ZONE
TO FORM SEMICONDUCTOR POWER DEVICES

The paper considers using the technology of sheet thermomigration of three-dimensional zones, which implements
p*-Si* liquid epitaxy on an n-Si wafer, to produce power semiconductor devices with crystals having thinned layers
of high-resistive n-Si base, which are surrounded by p*-Si* side insulation regions, and thickened p*-Si* emitter
layers. This technology, which has a number of advantages, was used to create diode arrays in n-Si with a specific
resistance of 20 Q-cm. For recrystallization, p*-Si wafers with a resistivity of 0.005 Q-cm were used. The produced direct
polarity diodes had a breakdown voltage of 1000 V, a forward voltage drop of 1.17 V at a current density of 2.0 A/mm?,
and a reverse resistance recovery time of t, = 1.5 us. Additional use of the technology of creation of recombination

centers allowed to further improve t_ to 0.5 us.

Key words: Al+Si melt, diode, sheet thermomigration, three-dimensional zones.

The development and production of power semicon-
ductor devices (PSD) today is guided primarily by the
criteria of economy and reliability. Typically, the thick-
ness of the silicon wafers for PSDs is determined by
their mechanical strength and durability during the long
manufacturing process of the chips. Because of this, both
the high-resistance n-base of PSD chips and the wafer as
a whole have a technological thickness that is difficult
to reduce below about 150 um without losing the neces-
sary technological indicators of mechanical strength and
reliability. This means that the high-resistance n-base of
the structures can often be excessively thick, which is
undesirable as regards their optimal parameters. For a
number of PSDs used in relatively low-voltage devices,
such as those connected to household power networks,
this adversely affects some of their parameters. Among
other things, it leads to an increase in the direct voltage
drop U,.. The thicknesses of near-contact highly alloyed
regions, which are formed by diffusion methods, have
their own technological thickness limitations and do not
allow to radically change both the thickness of the base
and the Uj. Such excess can reach 100 pm, which at a
current density of more than 1 A/mm? leads to noticeable
power losses and an increase in the temperature of the
device. The reverse voltages U, required for such PSDs
are usually in the range of 500— 1200 V. Such relatively
low U}, values should be matched by relatively low values
of the U, parameter. To ensure appropriate parametric
dependences of such PSD structures, there needs to be
a technological possibility to reduce the thickness of
the n-base to 30— 100 um, depending on the specific
resistance of the original n-silicon and the size of the

space charge regions of reverse-biased p—n junctions.
Of course, the requirements for the mechanical durability
of the wafers and the manufacturability of the processes
remain. Therefore, the decrease in the base thickness
must be compensated by a corresponding increase in
the thickness of the low-resistance p*-Si layer of the
substrate, which is the anode layer. Also, according to
the basic technology, silicon wafers should have a relief
surface of 1—3 pm.

Fig. 1 shows two structures formed using different
technologies with different base thicknesses. The con-
sidered designs of the structures allow both to passivate
the rectifier p—n junctions and to further control the pa-
rameters of the structures with wafers on one side. The
structures shown in Fig. 1, @ were formed using local
thermomigration (TM) process (or temperature gradient
zone melting), where the layers of lateral p*-insulation,
the so-called insulating wall (IW), are formed [1—S5].
The structures from Fig. 1, b were created using the
developed sheet TM process, which includes the forma-
tion of both the IW layers and a thicker p*-Si emitter
layer, which allows maintaining mechanical properties
of the wafers.

a) b)
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n-Si ~ .~ "
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Fig. 1. Thyristor structures created according to the basic
technology (a) and to the researched technology — with
a thinner n-Si base layer and a thicker p*-Si emitter layer (b)
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Studies have shown that the flat zone TM is a promis-
ing technique for producing PSDs with a thinner n-base.

The basis of the researched technology is the TM
process, during which the p*-Si* layers of the substrate
and the p*-Si" IW regions of the chips are created (Fig. 1).
The technology also uses grinding processes to reduce
the thickness of the semiconductor structure, including
the reduction of the thickness of the n-base and exposing
of the IW layers. This technology makes it possible to
obtain structures with reduced UF without deteriorating
the values of other important controlled parameters of the
devices. At the same time, energy losses are reduced and
the temperature regime of the devices is improved. The
diameter of such processed wafers can be 100— 150 mm
or more. In this case, TM of 3D zones is an alternative to
traditional gas epitaxy. The TM process used in this case
is not local, but sheet-like with a liquid recrystallization
zone over the entire surface area of the wafer.

The researched technology based on the TM process
involves the creation of intermediate structures. To create
them, a low-resistance p*-Si “source” wafer is connected
to a high-resistance “working” n-Si wafer using Al+Si
melt. One of the success factors of this technology is the
formation of protrusions on the surface of p*-Si wafers
[3], which form a capillary gap when the wafers are
connected. These protrusions make it possible to ensure
the same initial thickness of the Al+Si liquid zone of the
“n-Si — Al+Si melt — p™-Si” structures during their
formation by capillary suction of the melt over the entire
surface of the wafer connection.

For PSD chips in the range from 10 to 100 A, it
is desirable to use a group technology to expose and
passivate rectifier p—n junctions from the side of the
n-silicon surface, as shown in Fig. 1. Such structures
can be formed using the investigated technique of sheet
thermomigration of Al with internal volumetric three-
dimensional liquid zones, which can be abbreviated as
sheet TM or 3D TM.

To successfully produce a PSD with thin base using
the sheet TM technology, one should start with creating
a working wafer — liquid zone — source wafer struc-
ture (“n-Si — Al+Si melt — p*-Si”). The movement of
the liquid layer of the melt through the gap between the
connected wafers under the action of capillary wetting
forces forms a liquid zone for sheet TM. The gap capillary
consists of a flat part between the wafer surfaces and a
relief part with grooves in n-Si, which are perpendicular
to the wafer surface along the perimeter of the chip. Thus,
the liquid zone of the Al+Si melt, which fills the capil-
laries, is three-dimensional. Later in the process of sheet
TM, a layer of recrystallized p*-Si” is formed on the 1-Si
wafer, and thus the n-Si — p*-Si” structure is created.
Moreover, a recrystallized p*-Si” layer is simultaneously
formed both in the region of the topological IW grooves
and on the flat horizontal surface of the emitter. The re-
searched technology uses basic technological processes

of grinding with a microrelief of 1—3 pm, without the
use of polishing processes with a high class of surface
treatment. Since this method of PSD formation is con-
sidered for the first time, is quite appropriate to give a
detailed description and analysis of the conditions for
its implementation.

This study aims to develop and experimentally verify
the possibility of applying the Al sheet thermomigration
technology to produce PSDs with a thinner base and thus
improved electrophysical parameters.

Literature review

Splicing two silicon wafers or epitaxial deposition of
mono- or polycrystalline silicon films in order to obtain
thin layers of silicon, including silicon on insulator (SOI),
is widely used for producing integrated circuits (IC).
Various technological routes are used to manufacture
such structures. One of such routes [6] allows using a
technology similar to the one considered in this study.

The method of direct thermal joining of wafers is also
used in the manufacture of PSDs. But the structures cre-
ated using this method are often highly resistive, have an
increased defectivity of transition layers and an increased
direct voltage drop [7].

The formation of three-dimensional TM zones and
their application in manufacturing chips have not been
covered in the literature, thus there is nothing to com-
pare with in this particular matter. But there are similar
methods and some aspects of this process [l —5, 8] that
are worth mentioning. The fact is that the speed of zone
migration in the temperature gradient field depends on
their thickness [1], and there are generally three areas
of such dependence. For “thin” zones, migration is to a
greater extent determined by molecular-kinetic processes
at the “cold” and “hot” boundaries of the zone than by dif-
fusional transport of silicon through the zone melt. This
mode was named “kinetic”, and the thinner the zones, the
lower the speed of their advancement in the temperature
gradient field. For relatively “thick” zones, the speed is
determined precisely by the diffusion transfer process
and practically does not depend on the zone thickness.
Of course, there is also an intermediate stage between
these two, the so-called mixed mode, where the migration
speed does depend on the thickness, but the dependence
is negligible. From a technological standpoint, it is the
mixed mode that is the most acceptable, because the dif-
fusion mode, despite its advantage as regards the speed
uniformity, has a considerable problem of removing the
remaining melt after the process is completed.

Adding a third component, such as gallium or tin,
to the composition of the zone [9—11] is an important
factor in increasing stability by equalizing the migrating
velocities of liquid zones of different thicknesses. It is
reported that the migration stability of the three-com-
ponent zone is higher than that of the two-component
zone, and it is also established that the temperature of
the beginning of migration grows with increasing gal-
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lium concentration. It is also reported that the migration
rate in the thickness range of 10—40 um varies only
slightly, which may serve as an additional advantage of
the three-component zones.

Using plasma-chemical method to remove the prod-
ucts of reaction between the zone metal and silicon
dioxide after the migration is complete [12] allows
expanding the technological possibilities upon comple-
tion of the TM process and at the post-migration stage.
Migration of zones with different thicknesses is gener-
ally undesirable. In practice, this is the reason why the
period of proper migration is artificially extended to
ensure that the so-called thinned outsider zones reach
the finish side of the wafer. Otherwise, you will have to
deal with “frozen” zones, which are the root cause of
significant mechanical stresses [13—15] and defects.
But the latest studies [9—11, 16] allow us to believe
that using a three-component zone instead of a binary
zone and non-stationary thermal conditions of TM, a
zone of regularly variable thickness can move without
breaks for a technologically acceptable distance. Non-
stationary thermal conditions [16] suggest the presence
of a tangential component of the temperature gradient
V T« (this temperature changes in magnitude and direc-
tion over time) with a zero average value, when there is
a significant decrease in the difference in the speed of
movement of zones with unequal thickness.

The technology studied in this work competes with
the technology of creating moderately low-voltage PSDs
on epitaxial p*-n-substrates [13, 14], but, compared to
it, has a wider range of resistivity and thickness values
of doped layers, while possessing certain advantages in
the process of forming deposited layers on the wafer.
The sheet TM technology also reduces environmental
damage compared to gas-phase epitaxy.

This study does not consider the direct splicing of sili-
con or bonding the wafers with silicides, because the said
methods produce too high a level of electrical resistance
in the contact area, and when the operating current flows
through the wafer, this leads to a significant increase in
U and deterioration of the thermal operating conditions
of the chip. In addition, these methods are acceptable
only for wafers with grinded surfaces, however, when
creating PSDs, preference is given to grinded surfaces
with microrelief, which is a natural getter.

It is important to note that the researched technology
is not a variation of those previously described in the
literature, but is a completely independent technology.

Test samples and research methodology

The sheet TM technique based on three-dimensional
zones [5] is used to manufacture PSD chips with a thin
n-base with peripheral IWs on a thick p*-Si* substrate.
The implementation of the method is explained in
Fig. 2—7. Before the “n-Si —AIl+Si melt — p*-Si”
structures are formed, grooves for the IW are formed on

the surface of one of the sides of the n-Si wafer. The other
p'-Si wafer is fitted with microprotrusions [2], which
define the width of the capillary gap between the joined
wafers. The grooves in the IW region are created using
laser scribing, but other methods, such as chemical etch-
ing, can also be used (Fig. 2). These grooves will form
the insulating side surfaces of the active regions of future
semiconductor structures. The depth of the grooves for
the IW should slightly exceed the thickness of the n-Si
base of the future chip diode. The contact connection of
the wafers thus occurs between the surfaces with p*-Si
microprotrusions and n-Si IW grooves. The width of
the capillary contact gap, when it is later filled with the
Al+Si melt, determines the thickness of the zone in the
sheet TM process. The thickness variation of the Al+Si
liquid zone during the sheet thermomigration process is
determined by the topological microrelief of the grooves
on the crystal surface, and the fact that the thicker zones
over the depressions of the microrelief move faster al-
lows for epitaxial overgrowth of depressions and leveling
of the epitaxial surface relief, which is often necessary
when designing semiconductor devices. It should be
noted that the microprotrusions on the surface of p*-Si
were successfully formed by both surface etching and
local application of films.

During capillary suction, the Al+Si melt fills both the
volume of the gap between the wafers and the IW grooves
perpendicular to the gap in the n-wafer (Fig. 2). Thus,
a three-dimensional liquid zone is created (Fig. 3). This
zone can be considered a combination of a flat zone of
standard thickness and an ensemble of linear zones of
excessive thickness within the IW.

During TM, the three-dimensional zone moves as a
whole, changing its shape while moving. As the move-
ment begins in the temperature gradient field VT, the
zone front (the contact surface of the zone with p*-Si
(Fig. 3) is flat, but when the zones begin migrating, the
thicker fragments in the region of n-Si grooves move
with a higher speed due to the purely diffusive mode of
migration, and thus such areas move forward (Fig. 4).
At this stage, the recrystallized p*-Si* monocrystalline

grooves grooves

Al+Si melt .
n-Si

+

p-Si

Fig. 2. Initial position of the n-Si and p*-Si wafers during
the liquid zone formation from the Al+Si melt

Al+Si melt n-Si

AN
pt-Si

Fig. 3. Formation of the “n-Si—Al+Si melt — p*-Si” structure
necessary to perform the sheet TM process
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Fig. 4. Modeling of the movement of the three-dimensional
zone in the sheet TM during the formation of the p*-Si”

p-Sit

regions are formed as a continuation of the single crys-
tal of the n-Si wafer. Moreover, the conductivity of the
p'-Si* region is mainly determined by the conductivity
of the original p*-Si wafer, which has a significant value.
Thus a structure with a flat active p—n junction (Fig. 5)
and vertical passive p—n junctions of IW layer is formed.
Theoretically, if different zone areas move with unequal
speed, this can generally lead to the rupture and fragmen-
tation of the zone. The choice of the geometric param-
eters of the zone and the sheet TM mode should ensure
the integrity of the three-dimensional zone as a single
complex throughout the entire process. However, the
fragmentation of the zone may also be allowed at a sig-
nificant distance from the planar p—n junction, in the part
of the structure that will later be mechanically removed.

It should be noted that both during the formation of
the aluminum melt in the volume between the wafers
and during sheet TM, Al and B diffuse to the n-Si wafer
and the p—n junctions shifts into the volume of the »-Si
wafer relative to its surface. At the same time, the formed
p—n junctions of p*-Si* — p*-Si(n) — n-Si structures
are high-voltage. After TM is completed, the obtained
p*-Si*— n-Si structure is mechanically processed. At
this stage, IW layers (Fig. 5), which separate high-
resistance n-regions and have high-voltage p—n junctions
p*-Si*— p*-Si— n-Si, are exposed. Thus, a diode ma-
trix is formed on a low-resistance p* substrate (Fig. 5).
When forming other types of devices, other diffusion
or epitaxial regions may be created beforehand on the
n-Si wafer.

Different stages of the sheet TM process were car-
ried out on the OH.1944 multi-position installation. The
installation has separate chambers for the TM process
and for the process of forming structures from wafers
connected by an aluminum alloy.

All thermal operations, phosphorus diffusion and
oxidation followed a serial route using the necessary pre-
diffusion treatments in accordance with the basic PSD
technology. Exposing vertical rectifier p—n junctions of
the IW by chemical mesa-etching and passivating them
with lead-alumino-silicate glass, metallization [2, 5], sol-
dering of diode chips to the metal base, and sealing with
plastic were done in the same way as when producing
serial diodes in the TO-220 case. Electrophysical param-
eters of matrix elements, chips and finished diodes were
tested in a similar way. Phototemplates, which expose
silicon regions in the photoresist mask for subsequent

w W
NN A7
n-Si n-Si n-Si

p-Si*

Fig. 5. Creation of a diode matrix during grinding of the
p-Si"— n-Si structure

chemical etching of the mesa-grooves, are combined
with the IWs placed in the center of the grooves. The
parameters of the grooves in the n-type silicon wafer were
provided by the current capabilities of the LTU-16 laser.

During the experiment, direct polarity diodes were
formed. KDB-0.005 monocrystalline silicon wafers of
p-type conductivity with a diameter of 76 mm, a thick-
ness of 500 um and a specific resistance of 0.005 Q-cm
were used as p*-Si. KEF-20 n-type silicon wafers were
used as n-Si, with a lifetime of charge carriers t,0f 7.5 ps,
a thickness of 330 um and a diameter of 76 mm. The
wafers had a (111) crystallographic orientation, a grinding
finish, and underwent standard basic surface treatments.
The LTU-16 laser was used to create a grid of double
grooves with a distance between the grooves of 200 pm
on the “working” wafer. The grooves were cut with a
step of 4.55%4.55 mm. The grooves were 40 um wide
and 110— 120 um deep. After the grooves were formed,
the products of laser cutting needed to be removed. In
order to do that, the wafers were treated in a 5% solution
of cold KOH alkali until the violent stage of the reaction
was complete, after which they were thoroughly washed
in hot and cold deionized water.

Along the periphery and in the center of the p*-Si
wafers, columns of @1 mm and a height of 25—30 pm
were chemically etched. This was done to later form a
capillary gap between the wafers. Joined together, the
p*-Si and n-Si wafers were fixed in a specialized graphite

//5
/

T~

Fig. 6. Schematic of Si wafers
fixed in the cassette:

I — nSi;2— p~Si; 3 — lower 2 N — !
part of the cassette; 4 — upper part
of the cassette; 5 — nozzle; 6 — Si 3
squares for Al+Si melt; 7 — Al

solder preform _—

Fig. 7. Photograph of the upper
and lower parts of the graphite
cassette used to form “n-Si —
Al+Simelt— p*-Si” structures
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cassette. The wafers were installed in the slots of the lower
part and fixed with the slots of the upper part of the cassette
(Fig. 6, 7). The upper fixing slots were equipped with
recesses designed to hold Al and Si samples of a certain
mass, and nozzles that direct the flow of the generated
Al+Si melt to the capillary gap between the wafers.

The three-dimensional zones were formed by cap-
illary force during wetting of the silicon surface in a
vacuum of at least 1-10* mmHg at a temperature of
900°C. The material that formed the liquid zone was the
A+Si melt with a Si content of 25%. Such a melt was
created directly in the process of heat treatment of the
cassette with the Al and Si samples. The KOF-70 silicon
cut into 7x7 mm squares and high-purity A6N (A999)
aluminum were used in the amount necessary to fill the
capillary gap. Initially, silicon squares were inserted into
the square niches of the cassettes, and the aluminum
solder preform was placed on top. When annealing in
vacuum began, the components melted together to form
the Al+Si melt. Then, when the surface tension forces
became insufficient to hold the weight of the Al+Si melt
above the nozzle gap with increasing temperature, the
melt flowed down the nozzle to the capillary gap. Upon
contact with the wafers, the melt was drawn into the gap
by capillary forces. Thus, a three-dimensional liquid zone
was formed almost instantly.

Apart from the flat capillary, the melt also completely
filled the IW grooves in n-Si. At this point, the silicon
of the wafers began partially dissolving until the equi-
librium concentration at the zone formation temperature
(37% Si at 900°C). The bonded wafers were cooled and
transferred into another chamber of the TM installation.
The OH.1944 installation with resistive heating in a sta-
tionary temperature gradient field was described in [2].
The vacuum was at least 1-10* mm Hg, and the maxi-
mum temperature of the process was 1150°C. The tem-
perature rose at a rate of up to 100°C/min and cooled by
40—50°C/min.

During grinding, the position of the p—n junctions
was controlled on the sections along the wafer edges.
The cut layers were contrast stained when processed in
hydrofluoric acid with the addition of nitric acid.

First, the finish side of the wafer, i.e. the p*-Si" layer,
was ground until the surface was made plane-parallel.
After that, one-sided or two-sided grinding was used to
adjust the thickness of the base of the diode matrices to
the required thickness (about 100 um) (Fig. 5). The p*-Si*
IW was contrast stained to carry out photolithographic
alignment.

During phosphorus oxidation and diffusion, the p—n
junction somewhat shifted towards the region of bulk
n-type silicon. In total, the high-temperature treatments
affecting the displacement of the p—n junction lasted
about six hours.

Chemical etching of the grooves in the region of
rectifier p—n junctions of the diode elements, glass pas-

sivation of the grooves, and nickel metallization of the
contact surfaces were made according to the standard
diode manufacturing technology. At the same time, the
depth of the mesa-grooves was decreased to 50— 60 um,
compared to the regular production technology. This
could have been the reason for some permissible decrease
in U, values. Each cathode contact had a metallization
area of 10 mm?. A serial set of phototemplates designed
to create diodes with a reverse breakdown voltage U, at
the level of 1.6—2.5 kV was used.

DLS-82E spectrometer was used to study deep level
spectra using non-stationary capacitive spectrometry
techniques.

Experimental results

Fig. 8 presents the photographs of the investigated
n-Si — p*-Si* structures. Fig. 8, a shows the surface
of the finish side of the recrystallized p*-Si* layer im-
mediately after the sheet TM process. In some areas,
e.g., in the lower part of the wafer (Fig. 8, a), flat zones
do not reach the surface. Fig. 8, b shows the surface of
the cross-section of the wafer structure with p*-Si and
n-Si layers, where extension lines indicate the p*-Si* IW
insulating protrusions. The p*-Si* layers of the substrate
and IW changed their color to a darker shade during
contrast staining, while the light shade of n-Si remained
unchanged. The grinded surface of the n-Si diode matrix
is shown in Fig. 8, ¢, where the double dark lines of
p*-Si* IW layers visibly stand out on the gray background
of n-Si.

The image of the unground p*-Si* layer shows that
the IW (double grid) with a greater zone thickness
surfaced completely, while the flat parts of the p*-Si”
three-dimensional zone did not reach the surface in some
areas (Fig. 8, a).

This did not affect the functionality of the device,
and the possible formation of such structures had been

Fig. 8. Photographs of the structures obtained by sheet TM:

a — surface of the recrystallized p*-Si” layer before grinding;
b — cross section of #-Si and p™-Si” layers;
¢ — n-Si surface after grinding
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predicted earlier when analyzing the kinetics of the
movement of the studied three-dimensional zones in the
sheet TM process.

Analysis of the parameters of the obtained devices

Si wafers with fully formed semiconductor structures
of direct polarity diodes are shown in Fig. 9. Before di-
viding the wafer into chips, we tested the reverse voltage
U, of each element, where the reverse leakage current
was below 10 pA. The lifetime of minor charge carriers
7, was measured selectively and found to be 3.2+0.25 ps.

Fig. 9. Full-size (a) and enlarged (b) photographs of the wafer
with diode structures formed by sheet TM and with layers of
metallization and insulating glass

Compared to the initial lifetime on n-wafers t,<7.5 us, the
obtained value can be considered acceptable, considering
that no special annealing was done to improve ..

The obtained diode chips had a reverse breakdown
voltage Up atthe level 0of 0.95—1.05 kV, which is slightly
less than the maximum breakdown voltage of the p—n
junction for the obtained semiconductor structures based
on n-Si wafers with a resistivity of 20 Q-cm. Lower values
of U, were observed in the elements located closer to the
center of the wafers. This difference can be explained
by a certain curvature of the n-Si surface and a decrease
in the thickness of the base in the region of the bulge in
the center of the wafer during its flat-parallel grinding.

After dividing the wafer into separate chips, the
standard technology was used to create diodes in TO-220
case. The resulting diode devices had a reverse recovery
time 7, of about 1.5 ps. This value of the T parameter
matches the parameters of some of the standard-tech-
nology fast-recovery diodes. The value of the direct
current /. and the corresponding average values of the

Direct voltage drop Uy in the structures obtained by sheet TM depending on
the amount of direct current

forward voltage drop U, of the forward polarity diodes
are shown in the Table. The average forward voltage U,
was calculated for groups of 20 diodes. The table also
shows the values of the root mean square deviation o,
which are given in millivolts and in relative percentages
and demonstrate a slight variation of the U values. This
indicates high reproducibility of the results. Compared to
the mass-produced devices, the diode in the exposed state
demonstrates better, lower values of the voltage drop.
Irradiation of the studied structures with high-energy
electrons [18] allows obtaining 7 below 500 ns, where
U, < 1.55 V. Such parameters are significantly better in
comparison with the parameters of the mass-produced
fast-recovery diodes of this type. Using both the initial
n-Si with higher values of 7, and the phototemplate with
a larger area of cathode metallization, namely 12.0 mm?
instead of 10.0 mm?, will further reduce U o

The serial D106 diodes produced by standard diffu-
sion technology with the IW created using local TM of
linear zones have U, 0f 1.22to 1.27 V at a current of 20 A.
For such diodes, 1, is around 10 ps at t, = 20—40 ps.
Compared to standard diodes, structures made using
sheet TM of three-dimensional zones allow switching
a larger amount of current, have a lower direct voltage
drop and, accordingly, a lower level of losses, while
the T parameters allow defining them as fast-recovery
diodes of certain frequency groups [18]. The same ap-
plies to thyristor chips with optical or electrical control.
The obtained results on manufacturing and testing such
diodes and thyristors in welding equipment allow talking
about the prospects of using them to produce devices
powered from 220 and 380 V supply networks. The use
of sheet TM allows forming emitter layers with different
concentrations of impurities, thereby implementing dif-
ferent types of p—n junctions, which is determined and
easily adjusted by choosing the value of the resistivity
of the original silicon of the p*-Si wafer for sheet TM.
The technology, having a small environmental stress, is
able to compete with traditional gas epitaxy, including
in terms of increasing the range of breakdown voltage
Uy, improving frequency properties and other technical
capabilities.

Since the studied technology applies thermomigration
liquid epitaxy deposition on a Si relief, it is important
to compare it with gas-phase epitaxy on a similar relief.

I, A 10 | 12,5 | 16 20 25 40 50 63 80
U.B 1,02 | 1,07 | 1,12 | 1,17 | 1,23 | 1,42 | 1,52 | 1,71 | 1,88
+o, mV 12 25 20 50 50 70 87 100 | 90
+0, % 1,2 | 23 1,8 | 43 | 4,1 49 | 57 | 58 | 48
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When considering the gas-phase epitaxial deposition on
the relief surface of Si wafers, it is necessary to note
that a higher rate of deposition of the Si layer on the
surface than at the bottom of the slits may lead to the
formation of macrostructural defects, such as volumetric
voids deep in the slits. In this case, the application of
gas-phase epitaxy on the topological relief may not be
appropriate. With some other technologies, for example,
the formation of structures with dielectric insulation,
the use of gas-phase deposition of thick polycrystal-
line silicon layers on the relief may lead to significant
mechanical stresses, and thus to bending and warping
deformation of the wafers.

The studied technology does not exhibit any forma-
tion of volumetric overgrowth defects in the slits. At
the same time, the monocrystalline silicon layers, both
near the grooves with a width of 40 pm and a depth
of 120 um, and on the grinded surface of »-Si in the
area with a microrelief height of 1—3 pm, are of high
quality. The Al+Si melt, both during the filling of the
capillary between the joined wafers, and during the start
of the sheet TM process, dissolving Si of the surface
layers of the microrelief, is saturated with silicon to an
equilibrium concentration. The process of dissolution
of Si also occurs in topological slit grooves, which are
quickly and efficiently filled with the Al+Si melt due
to capillary forces. The formation of the solid phase in
the volume of the three-dimensional zone occurs as a
single coherent front along the entire surface, but with
some predominance of the crystallization rate of p*-Si*
in the volume of topological gaps, because the liquid
zone of the Al+Si melt is much thicker. Such features of
the deposition kinetics in general determine the quality
of the formed structures of recrystallized silicon p*-Si*
on the n-Si relief. The occurring mechanical stresses
are relatively minimal and are to do with the issues of
compatibility between the layers with different thermal
expansion coefficients. These include the presence of
contact of the n-Si crystal with the melt zone and the
solid phase of the Al+Simelt at different stages of the TM
sheet process, as well as the compatibility of the layers
with various impurities, respectively P and Al and B. As
a result, mechanical stresses may manifest themselves
between the layers of p™-Si* and layers of the n-Si wafer
in the form of structure bending with convexity on the
n-Siside. But in the studied technology, there are no lay-
ers with mechanical stresses and crystallographic defects
similar to those formed on the peripheral surfaces of the
IW boundary during local TM in silicon [13, 14]. Such Si
layers with different stresses exhibit different kinetics of
chemical etching, which is reflected in the formation of a
characteristic relief in the process of chemical etching of
grooves in the places of deposition of a layer of insulating
low-melting glass above the IW. The high level of elec-

trophysical parameters indicates the high quality of the
n-Si — p*-Si* interface and of the p—n junction in n-Si.

One of the factors that reduce 1, of the obtained
structures can be the formation of recombination centers
(RC), which additionally improve the frequency proper-
ties of the semiconductor structures of the devices. In
this work, the deep-level transient spectroscopy (DLTS)
allowed revealing the appearance of RCs on the samples
described in work [2] during local Al TM and post-
operational annealing at a temperature of 1150°C for
4,9, and 16 hours during the formation of the IW from
p*-Si. The annealing quality was evaluated by the reverse
breakdown voltage. On the samples where the anneal-
ing time was 4 hours, recombination centers with the
energy level £ = 0.28 eV were observed. The indicated
centers were not observed in the samples annealed for
9 and 16 hours. The obtained TM RC peaks are similar
in shape, but shifted to the region of higher ionization
temperatures relative to the £ , = 0.35 eV peaks of modi-
fied divacancies, which were observed in the spectra of
the structures after irradiation with high-energy electrons
and low-temperature annealing [18]. It is clear that it is
not yet possible to generalize the appearance of such RCs
on the structures created by sheet TM based on silicon
with different conductivity and different base thickness,
and the issue requires further study.

The studied structures surpass the basic ones, such as
KEF40, due to the advantages in frequency properties, a
thinner base (about 100 pm instead of 160 pum), a higher
doped silicon they are made of, and certain technological
features of the p™—n junction formation processes.

The impact of the latter can be detailed by comparing
it with the parameters of similar epitaxial p*—n structures
with the same n-Si type formed by standard gas epitaxy
technologies. Fast-recovery samples created from these
structures have a 7, value of 0.9—1.0 ps. This means
that they have better frequency parameters compared
to the silicon samples with a higher bulk resistance, but
are inferior to the samples created by the sheet thermo-
migration technology. A feature of the DLTS of such
diode samples made of more highly doped silicon is a
higher recombination centers concentration. This proves
that some improvement of the T parameter in the tested
samples occurs due to the formation of recombination
centers in the process of performing sheet TM.

Let us consider what can cause the formation and
increase in the concentration of RCs. When the Al+Si
melt fills the capillary gap between the semiconductor
wafers, there begins the process of dissolution of Si
atoms in the melt, including on the surface of the relief
layer of the n-Si wafer. On the surface, in places where
Si atoms are extracted, vacancies are formed. These va-
cancies are partially filled with atoms, mostly silicon and
aluminum, partially diffuse into the volume of the basic
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regions of the structures, and all the while they interact,
forming divacancies, among other things. Also formed
are the connections with various defects, including Si
crystal growth defects. Such RCs as divacancies, which
are created during local or sheet TM processes, can be
considered high-temperature defects. The concentration
of such RCs in the samples obtained by sheet TM is
significantly greater due to the fact that the surface area
of vacancy formation in sheet TM is 2-10* greater than
in local TM. Another feature of sheet TM is the absence
of compressive mechanical stresses at the boundary,
which are characteristic of local TM. On the contrary,
since the wafer compositions cool down with the melt
in their volume, just at the stage of formation of the said
RCs, the process is accompanied by the formation and
influence of tensile stresses. This feature also causes an
increase in mobility, an increase in the concentration of
vacancies that diffuse into the volume of the base. The
combined effect of these factors may increase the RC
concentration, and thus provide a notable improvement
in the frequency properties of the devices.

At the same time when the vacancies form and diffuse,
the Al atoms are introduced into the n-Si surface layers
and their diffusion takes place. During the thermomigra-
tion process and subsequent high-temperature operations,
along with aluminum atoms, boron atoms also diffuse.
Thus, p*-Si regions and a high-voltage p—n junction of
emitters and lateral insulation are formed in the n-Si
region. In our experiment, these areas had a thickness
of about 15—20 pm at the end of the TM process. The
presence of the layers with compressive stresses and
defects at the border of the structure created by local TM
[2, 8] and their absence in the case of sheet TM leads
to differences in the current-current characteristics and
breakdown voltages of the corresponding structures. With
sheet TM, these characteristics are optimal without ad-
ditional annealing. The initial RC concentration provides
a T value of 1.5 us. New RCs, which are formed in the
process of irradiation with high-energy electrons and
annealing at temperatures of 400—450°C, are added
to the initial RCs, which are created during sheet TM
at a temperature of 1150°C. At the same time, the total
RC concentration increases. Such an increase in the RC
concentration causes the resulting, so far most optimal,
decrease in T from 1.5 ps to t,* < 0.5 ps. It is possible
that the further development of technological processes
of sheet TM will allow improving both 7 and t_* of
fast-recovery and frequency devices even more.

The low mechanical stress level, the high structural
quality of the formed p—n junctions, the improved fre-
quency properties make the sheet TM process, including
if used on relief surfaces, very promising for application
in the manufacturing of both PSDs and other semicon-
ductor devices.

Conclusions

The technology of sheet Al TM with a three-dimen-
sional liquid zone developed in the course of this study
is designed to form high-quality highly doped epitaxial
layers of p*-Si” emitters and lateral insulation on a sig-
nificantly large, 100 pm or more, 7-Si wafer surface with
the possibility of forming devices with a thinner n-Si base
layer. Structures with a thin base layer created using this
technology have better parameters of the direct current
drop U, and the recovery time of the reverse resistance
17, D106 diodes created according to the developed
technology at a breakdown voltage of 1000 V have a
reduced voltage drop of 1.17 V in the exposed state at
a current density of 2.0 A/mm?, and a reverse recovery
time of 1.5 ps. Using the structures obtained by the sheet
TM method to form fast-recovery and high-frequency
PSDs by irradiation with high-energy electrons and low-
temperature annealing allows producing devices with
improved parameters, including with t_* at the level of
0.5 ps and less. The option of different thicknesses of the
Al+Si liquid zone of the sheet thermomigration process is
given by the topological microrelief of the grooves on the
crystal surface, and the property of the prevailing speed
of movement of the zone with a greater thickness in the
region of the depressions of the microrelief implements
the option of epitaxial overgrowth of depressions and
alignment of the relief of the epitaxial surface, which is
necessary in many cases when implementing designs of
semiconductor devices.
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OCOBJIMBOCTI 3BACTOCYBAHHSA JTUCTOBOI TEPMOMITPALIIT
TPUPO3MIPHOI PIAKOI 30HU AL+SI JJId ®OPMYBAHHS
HAIIBITPOBIITHUKOBUX CUJIIOBUX ITPUJIAIIB

MukonaiB, MUKONAIBCHKUI TONITEXHIYHUI (paxOoBHN KOJIEIK
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B pobomi posensioacmocs mexnonozis aucmosoi mepmomiepayii (TM) mpusumipnux 30m, ska peanizye piOuHHy enimakciio
p+-Si* na penveghi n-Si, npu sucomosnenni cunosux HanienPoOEIOHUKOSUX NPUTAOIE, KPUCTIATU AKUX MAIOMb NOMOHWENT wapu
stcokoomnoi 6asu n-Si, wo no nepumempy omoueni obnacmamu p*-Si* 6okoeoi izonayii, ma nomosweni wapu p*-Si* emime-
py. Tpusumipni 3onu popmyromvcs kaninapuum emszysannsim posnnaey Al+Si 6 sazop mioie nnacmunamu p*-Si ma n-Si ma
6 3a30p Kanasok enubunoio 120 mxm ma wupunoro 40 mxm, axi cpopmosani ¢ naacmuni n-Si. Ilpoyec TM cmeopioc wapu
p*-Si * AKi 8 Kanagkax € obnacmamu 60Ko6oi 3onayii, a y niockit wacmuni n-Si — emimepom. 3a maxoio mexumonozicio, sKa
Mae pso nepesae, cmeopero 0iooni mampuyi 6 n-Si 3 numomum onopom 20 Om-cm. [lns pekpucmanizayii 6uKopucmosyeaiu
naacmunu p*-Si 3 numomum onopom 0,005 Om-cm. Buzomoeneni dioou npsamoi nonsaprocmi manu nanpyzy npoboio Ha pieHi
1000 B, nanpyey nadinna npsmoi nanpyeu 1,17 B npu winonocmi cmpymy 2,0 A/mm? i uac 6ionosenioeanis 360ponmozo ono-
py 1, =1,5 mxe. JJooamkose 3acmocyeanis mexnonoaii cmeopenns pekomoinayitinux yenmpie 003601un0 ROMNWUMU T, —
00 0,5 mxc.

Onyis pisnomoswunHocmi pioxoi sonu Al+Si npoyecy nucmogoi mepmomiepayii 3a0aemvpcs MONOIOIYHUM MIKPOPEnbEDOM
NOBEPXHI KPUCMATLY, d BLACMUBICTIb NEPEeBANCAIOUOL UBUOKOCTI PYXY 30HU 3 OLIbULOK MOBWUHON 6 001ACHT 6NAOUH MIKDO-
penvedy peanizye onyito enimaxciaibHO20 3apOouySants 6NAOUH I BUPIGHIOBAHHS PelbEQy enimaxciaibHOi NOBEPXHI, WO € He-
00XIOHUM 8 6a2amvoX BUNAOKAX NPU peanizayii KOHCMPYKYIl HaNieNPOBIOHUKOBUX NPULAOIE.

Kurouosi cnosa: Al+Si posnnas, 0ioo, nucmoea mepmomicpayis, mpusuMipHi 30Hu.
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[HOJIIIIIEHHA 3BOPOTHUX XAPAKTEPUCTUK
KPEMHIECBOI'O BAPUKAIIA 3A JOIIOMOI'OXO
HU3bKOTEMIIEPATYPHOI'O I'ETEPYBAHHA

Posensanymo npuuunu ma mexanizmu decpadayii 360pOMHUX XAPAKMEPUCTIUK 8APUKANA 8 Npoyeci (hopMyBaHHs OMIUHO20
KOHMAKMy HA OCHOBI HiKeto. J[0CiOHceHO 8Nu8 HUZLKOMEMNEPamypHO20 2emepy8aibHO20 GIONANY BAPUKANHUX CIPYK-
myp nicisi (pOpMy6aHHs OMIUHO2O KOHMAKMY HA OCHOBI HIKENO HA PIGeHb 360POMHO20 CMPYMY BAPUKANIG, d MAKONC
NPOAHANIZ08AHO MONCIUGL MeXaHizMu Yboeo enausy. Tlokazano eghexmugnicms 3anponoHO6aAHOT MexHON02IT 3 GUKOPU-

CMAHHAM 2emepPyB8anHtsL 000 3HUNCEHHS PIGHSL 360POMHUX CIPYMIB | NIOGUWYEHHS BUXOO0Y NPUOAMHUX NPULAOIE.

Kniouogi cnosa: mixens, omiunuii KOHMAakm, 2emepysanis, 6apuxan, CmpykmypHi oeghekmu, 360pomHuLl Cmpym.

Bapukanu mupoko BUKOPHUCTOBYIOTHCS B pajioe-
JIEKTPOHILI K 3MIHHA €MHICTb, BEJIMYMHA SKOi YIIpaB-
nseTbes Hanpyroto [1—5]. CnabkuM MiclieM B TEXHO-
JIOT1YHOMY MapIIpyTi BUTOTOBIICHHS BapUKaIliB € IPO-
necu (hopMyBaHHS OMIYHMX KOHTAKTiB. 1Jisl oepKaHHS
OMIYHHMX KOHTAKTiB JI0 BApUKAITHUX CTPYKTYp 3a3BUUAl
BHUKOPHCTOBYETbHCS HiKeJb a00 anmoMiHii. Ha BinminHy Big
AIIOMiHII0, HIKeJIb J0Ope 3MOUYY€ThCS IPUIIOEM 1 T03BO-
JIsi€ IPUETHYBATH TIPOBITHUKHU MANKOI0, yTBOPIOE 3 KPEM-
HIEM CHITITUIN, CTAO01IBHI B IIMPOKOMY JTiaria30Hi TeMIIe-
parypu, I0IyCKae eIeKTPOIITHYHE (POPMYBaHHS JIOKAIIb-
HUX KOHTaKTiB. L{i nepeBaru 103BOISAIOTH 3aCTOCOBYBATH
MPOCTIIlli METO/IM CKJIAJ]aHHSI HAITIBIIPOBITHUKOBUX ITPH-
JIa/11B, BUKJIFOUYUTH 3 TEXHOJIOTTYHOTO MPOLIECy omnepartii
(oromiTorpadii 3 Meramizanii, MiJBUILYIOYH TAKUM YH-
HOM €(DeKTHBHICTh BUPOOHULITBA IIPUIIAJIIB 1 3HHKYIOUH
IXHI0 cO01BapTiCTh [6, 7]. 3 iHIIOrO OOKY, BAKOPUCTAHHS
HIKEJIO 11 BUTOTOBJICHHSI OMIYHOTO KOHTAKTy BUKJIH-
Kae mpobeMu, MoB’A3aHi 3 Jerpaaliero 3B0pOTHOT T'ijl-
KH BOJIbT-aMIepHUX Xapakrepuctuk (BAX) npunanis B
nporeci popMyBaHHs KOHTAKTy. JlocHiIKeHHS MoKa3a-
JI, 110 OCHOBHOIO MPUYHUHOIO BUCOKOTO PiBHS 3BOPOT-
HUX CTPYMIB JIOJIB € CTPYKTYpHI A€(PEKTH Ta TOMill-
KM BOKKHX METAIIB B aKTUBHUX 00acTsIX AiofdiB [8, 9].
Jist 3ano0iraHHst yTBOPEHHIO CTPYKTYPHUX Ae(DEKTIB B
KpeMHil Ta 3MEHIICHHIO HIJIFHOCTI BXKe YyTBOPEHUX Jie-
(beKTiB 3aCTOCOBYIOThCS PI3HOMaHITHI METOIU TeTepy-
BaHHs [10—13].

Sk mokaszana mpakTHKa, Hi ONTHUMIi3allis peKUMiB
(dopmyBanHs p-o6nacti, Hi BUKOPUCTAHHS ONeEparliii
reTepyBaHHs Ha MOYaTKOBHUX CTAIisIX BUTOTOBJICHHS Ba-
pHKara He J03BOJIAIOTh TOBHICTIO O30y THCA CTPYKTYP-
HUX 1e(eKTiB 1 30UIBIIUTH B Pe3yJIbTaTi BiJICOTOK BUXO-
Jly TIpUAAaTHUX JioniB. Maiike 3aBxau nonan 10% mi-

OJHUX CTPYKTYp MaloTh 301JIbLIEHUI PiBEHb 3BOPOT-
HUX CTPYMIiB.

Meroto i€l poboTu Oyno JOCIIHKEHHS TPUYUHA
Jerpaaaii 3BOpOTHUX XapaKTEPUCTHUK BapHUKaIa B Ipo-
neci (hopMyBaHHSI OMIYHOTO KOHTAKTy Ha OCHOBI HiKe-
JIFO0, @ TAKOXK MOYKJIMBOCTI 3aCTOCYBaHHsI HU3bKOTEMITE-
paTypHOTO reTepyBaHHs IS MOMIMIICHHS HOTO 3BOPOT-
HUX XapaKTEePUCTHK Ta MiJBUIICHHS BIJICOTKA BHUXOIY
MPUIATHUX MPUITAIIB.

ExcnepuMeHTaNbHi 3pa3ku

JocnipKyBaHi J10/IHI CTPYKTYPH BUTOTOBIISIIUCS 32
CTaHIaPTHOIO TUIAHAPHO-CIITAKCIITHOIO TEXHOJIOTIEI0
[14] na neroBanux GochopoM KpEeMHIEBHX €IiTAKCIi-
HUX CTPYKTYpax n-THITY IPOBITHOCTI 3 MTATOMHUM OITOPOM
2 OM'cM TOBIIMHOKO 11 MKM, BUPOIIICHUX Ha OPIEHTO-
BaHIl B KpucTayorpadignomy HanpsMky (111) kpemHi-
€BIH MmiIKIIa/III.

[ BUTOTOBJIEHHS BAPUKAITHIX CTPYKTYP IPOBOIH-
JIUCSI TaKi OCHOBHI TEXHOJIOT1UHI OTepartii:

® TepMiuHEe OKHCICHHS IUIACTHH B Iapax BOAW 32
temneparypu 7= 1050°C 13 mogaJibIuM BiJIIATIOM B Ce-
PEIOBUIIII APTOHY 32 TEMIIEPATYPH MPOLIECY OKHUCICHHST;

o (I) boromiTorpadis AJs BiIKpUBaHHS BIKOH Yy IIapi
JUOKCHY KPEMHIIO Mij] Tudy3iro 6opy;

o (I) 3aronka 60py METOIOM BiIKPUTOI TPYOH 3 JKe-
pena nomimku B,O; 3a temneparypu 1100°C npors-
rom 30 xB y cymimii aprony (60 51/rof) i CyXoro KUCHIO
(2,5 n/rom);

® BUJAJICHHS! OOPOCHIIIKATHOTO CKJIA B PO3YHHI IIJ1a-
BUKOBO1 KHCJIOTH;

® po3ronka 6opy 3a remmneparypu 1150°C 3 mogans-
IIMM YePTyBaHHSIM IMKIIiB: PO3TOHKA B CEPEIOBHIIIL CY-
xoro kucHo (30 XB) — pO3rOHKA B CEPEIOBHILI BOJIO-
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TOr0 KUCHIO (4 TOJ) — PO3TOHKA B CEPEIOBUILI CYXOTO
kucHio (30 xB);

o (II) poTomnitorpadis s BiIKpUBAHHS BIKOH Y IIapi
JIOKCHY KPEMHIIO JUIs IPOBEIEHHS 3arOHKH O0pY;

o (II) 3aronka 6opy 3a remneparypu 1050°C npots-
rom 20 xB y cymii aprony (90 i1/rox) i kucHto (4 n/rox);

® BHJIAJICHHS IIapy OOPOCUITIKATHOTO CKJIa 3 BUKO-
PHUCTaHHSM PO3YUHY IUTABUKOBOI KUCIIOTH;

® 110TipyBaHHS THIILHOI CTOPOHU IIACTUH JIO TOBIIHU-
HHA 180—220 MKM;

® (hopMyBaHHS OMIYHMX KOHTAKTIB: XiMi4HE Oca-
okeHHs Ni 3 1BoX OOKIB IJTACTUHM 3 MOAABIINM Bima-
JIOM TUTIBKH Hikeltto 3a TeMmepatypu 700°C y cepeioBu-
i aprony (200 yi/rox) npotsirom 20 xB (B mporieci Bif-
nary B pe3ynsrari B3aeMofii Ni 3 Si yTBOpIOETHCS CHlti-
nu Hikenmro NiSi). ToBiyHa 0caKEHOT IUTIBKH HIKEITIO
CKJIaZa€ MPHOIU3HO 1 MKM.

[Ipumitka. Il 3aronka 6opy € reTepyBaJTbHIUM TEXHO-
JIOTIYHUM TMPOIECOM, IO MPOBOIUTHCS 3 METOXO JIIKBi-
Janii CTpyKTypHUX Ae(EKTiB TUITY OKHCIIOBAIHHUX JIe-
¢exriB ynakyBanas (OY) B akTHBHUX 001acTIX Bapu-
KaIlHUX CTPYKTYP. 3aCTOCYBaHHS LLOTO METOY TeTepy-
BaHHS B TEXHOJIOT1i BAPHKAIIIB 3 OMiYHUM KOHTAKTOM Ha
OCHOBI HIKEIIO TOKJIAJHO PO3NITHYTO B [15].

VY pesynbrari Oyna oTpuMaHa CTPYKTypa BapHKara,
HaBeJlcHa Ha puc. 1.

NiSi Si0,
0
L~
n
n+
Nisi
-

Puc. 1. Crpykrypa BapuKarna, BUTOTOBJICHOTO 3a 6a30BOIO
TEXHOJIOTI€0

s 3’sscyBaHHS TIPUYUH HU3BKOTO BiJICOTKA BUXOIY
MPUJIATHAX BapHKaIiB OyJid MpoBeseHi MeTanorpadiy-
Hi gocnipkeHHA. {715 BUSABICHHS CTPYKTYPHUX E(EKTiB
BHUKOPUCTOBYBaBcs TpaBHUK CipTia. Bua cTpykTypHuX
JedeKTiB 1 IX HIUIBHICTh OIIHIOBAIHCS 32 JOMOMOTOO
Metasorpadignoro mikpockona METAM-1 (puc. 2). Ha
IJIaCTUHAX MiCTsl MPOBEAEHHS TEXHOJOTTUHOI onepauii
«pPO3TOHKA O0pYy» OyJIH BUSBICHI OKHCIIOBATIbHI e(eK-

V=
b}

— Puc. 2. Mikpogororpadis
T e MOBEPXHI emiTaKCiHHOT
p— | .
—_— K CTPYKTYPH IiCJIs TEPMIYHOTO
: ' 50 um M OKuCIIeHHS Ta CENEKTHBHOTO
it
I — I TPaBJICHHA

TH yNIaKyBaHHs IUIbHICTIO 10 5-10% cM~2, pu oMy uac
TpaBJICHHS CTPYKTYp y TpaBHHKY CipTia ckrnamas 15 c.

Buoip TexHoJ0rii rerepyBaHHs

Jlns 3amoGiraHHsl YTBOPEHHIO Ta JUIS JIIKBIigamii
CTPYKTYPHHX IE(PEKTIB Y CTPYKTYpax KPEMHI€BUX H10IiB
3a3BUYail 3aCTOCOBYIOTH reTepyBaHHI — LI€H TEXHOJIO-
TIYHH POIIeC MIUPOKO BUKOPUCTOBYETHCS Y CYy4acHO-
My BUPOOHUIITBI HAIIBIPOBITHUKOBHUX MPHJIA[IB Ta iH-
TErpajbHUX CXEM, SIKi BUTOTOBIISIOTHCS] HA OCHOBI KpeM-
Hito. [I{06 1ocsartu BUcokoi e(heKTUBHOCTI reTepyBaHHS
ne(eKTiB, HEOOXiTHO 3a0e3IeUNTH BHCOKY PYXJIHBICTh
TOYKOBUX J1e(heKTiB B HAMiBIPOBITHUKOBOMY Marepiali.
VY 3B’513Ky 3 IUM OyIb-SIKUI METOJI T€TepYBAHHS MICTUTh
TepMOOOPOOKY, TemIeparypa i TPUBAJIICTh AKOI MalOTh
OyTu mocrarHiMu 1ist qudy3ii qoMinok 3 odnacreit ¢hop-
MYBaHHS PpUIaAiB 10 oOnacti rerepa. [erepyBanHs 10-
3BOJISIE HAKOIIMYYBAaTH HeOaXkaHi JOMIIIKH B HEPOOOUUX
JUISIHKAX IJIACTHH 1 TOBHICTIO OYMCTUTH aKTUBH1 o0J1ac-
Ti BiJ] CTPYKTYpHHX Je(heKTiB a00 3HAYHO 3MEHILIUTH iX
ineHICTH [16, 17]. IcHYIOTH pi3HI METOIU reTepyBaH-
HsI, SIKI BIJIPI3HSIOTHCS 32 MICIIEM PO3MIIIIEHHS TeTepa,
reTepyBalibHOIO (Pa30i0 Ta CIOCOOOM CTBOPEHHS reTepa.

MoskHa BUAIIATYU 11’ ITh OCHOBHUX MEXaHI3MIB B3a-
€MOJIi1 TOUKOBHUX J1e(heKTiB, 3aBISKU SIKUM BiT0OyBa€Th-
cs retepyBaHHs [16]:

— B3a€MOJIisl TOUKOBUX JI€(DEKTIiB 3 IOJIEeM MPYHKHHUX
HanpyKeHb;

— @JIEKTPUYHA B3a€EMOJIisl TOYKOBUX ACPEKTIB MikK
c00010;

— MOIIMHAHHS JIOMIIIIKOBUX TOYKOBUX JIE(EKTIB PiJi-
KO0 200 piIMHONOAIOHOIO (ha3010;

— BWJIUICHHS BJIIACHUX 1 JIOMIIIKOBUX JIe(DEKTIB J10
BaKkyyMy a0o /10 ra3oBoi ¢azu;

— ajacopOuis AedekTiB Ha PO3BUHEHINH MOBEPXHi
TBEPJIOTO Tina.

VY 3B’43Ky 3 TUM, 1110 TeTepyBaHHs JIe()eKTiB 3a3BU-
Yail TIOB’sA3aHe 3 JeKiJIbKOMa MeXaHi3MaMu, Kiacudi-
Kallil0 METOIB TeTepyBaHHs JOLUIFHO MPOBECTH HE 3a
MEXaHI3MOM, a 33 TEXHOJIOTi€0 HOro 3iicHeHHs [ 18]:

— HaHECEHHS TeTepyBaJIbHOTO 1Iapy Ha MOBEPXHIO
IUIACTUHH;

— YTBOpEHHS LIIapy HaMiBIIPOBIAHUKOBOTO MaTepia-
7y 3 MOPYILIEHOI0 KPUCTAJIIYHOI0 CTPYKTYPOIO;

— IPOBEACHHS TepMiuHOI 00POOKHM IJIACTUH B CIIe-
iaTbHOMY CEepEeIOBHILL.

EdexTuBHE reTepyBaHHs JOMIIIOK MOYKHA 3/IIHCHUTH
LIIXOM HaHECEHHS Ha TIOBEPXHIO KPEMHIEBHX TUIACTHH
Iapy nopyBaroro kpemHito [ 18] abo miiBku ckna: ¢oc-
¢dhopo-, 60po-, CBHHIIEBO-CUITIKATHOTO, XaJIbKOT€H1THOTO
[8, 19]. B oMy Bunaaky rerepyBaHHS HeOaXaHUX J10-
MIIIOK 00YMOBIIEHO TXHBOO MiIBUIIIEHOI0 PO3UMHHICTIO
B IlIapi CKJIa.

[Inpoko BUKOPUCTOBYBAHUM € TAKOK METOJI FeTepy-
BaHHS 3a JIOIIOMOTOI0 TIOPYIICHOTO HIapy, 3aCHOBAHHM
Ha TOMY, 1110 00JIaCTi MOPYIIEHb KPUCTAIIYHOI CTPYKTY-
PH CTarOTh CTOKAMH JUIsi TOYKOBUX JIe()EKTiB — BaKaH-
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ciif 1 aTOMiB MBUAKOAUDYHAYIOUMX JOMIIIOK METANiB.
3a3Bu4ail MOPYIICHUH Iap CTBOPIOETHCS HA HEPOOOUiid
CTOPOHI IJIACTHHU, 1 /IS IIbOTO MOX€ BUKOPHCTOBYBa-
Tuch nuTiyBanus [8, 18], ynapHo-akycTHuHa 00poOKa
[16, 18], mazepHe BunpomiHtoBaHHA [20—22], yasTpa-
3ByKOBHH yaap [8], audysiiine nerysanns [23, 24], ion-
Ha iMrutanTanis [17, 25]. BucoxoremnepaTypHuii Bif-
aJl KPeMHI€BUX ITACTHH MEPE TEPMiYHIM OKHUCIICHHSIM
Jla€ MOXKITUBICTD 3MEHIIUTH IiIbHICTE OLY, siKi yTBO-
proroThes B mpotieci okucitoanHs [8]. [1ig yac micisio-
KHCITIOBAJIEHOTO BUCOKOTEMIIEPAaTypHOTO BiIaTy Iiac-
THH BiI0yBa€eThCs 3MeHIIeHHs miinbHocTi O/Y, posra-
MI0BaHUX 063y moBepxHi [18]. ITommpenum croco-
00oM reTepyBaHHS y BUPOOHHIITBI HAiBIPOBITHUKOBUX
MIPUITAJIB € BiJINAJ TUTACTHH y Ta30BOMY CEPEIOBHIII, 110
MicTuTh XJ10p [8, 18]. JlocmikeHHs MeXaHi3My TeTepy-
BaHHS I[UM METO/IOM IT0Ka3aJ0, IO MOJIMIICHHS napa-
METpiB IIpUIIAJiB OB sI3aHE 3 HEHTpatizaliero Hebaxka-
HOTO BILTUBY JIOMIIIIOK METAJIIB, sIKi 200 BUAAIISIOTHCS 3
MOBEPXHI KPEMHI€BUX IUTACTHH y BUIISAL JICTKHUX CIIO-
JyK, a00 TMepeTBOPIOIOTHCS B HEHTpalbHI KOMIUIEKCH.
OunIneHHs IPUIOBEPXHEBOT 00IACTI KPEMHI€BUX ILIAC-
THH BiJl HeOQ)KaHUX JIOMIIIIOK 320€3Me9y€EThCS BAKOPHC-
TAHHSAM METOY BHYTPIIIHBOTO reTepyBanss [17, 18], 3a-
CHOBaHOMY Ha BUKOPHCTAHHI KHCHIO, 1[0 3a3BUYail IPH-
CyTHIH y kpemHii. B mporeci 10Brorpusagoro Bixnamy
IUTACTHH OYNHAETHCS BUUICHHS KHCHIO HAa BHY TPIIIHIN
YaCTUHI IUTACTHHY Y BUIVISI IPENUITITaTiB cKiaty SiO,.
HaBkoso HUX iCHYIOTh MEXaHIuHI HaIlpyTH, 1110 PH3BO-
JSITh 10 YTBOPEHHS JUCIOKALIIN Ta IHITNX Ae(EKTIB, AKi
€ e(DeKTUBHUMHU LICHTPAMU TeTEePyBAHHSL.

B nporieci BUTOTOBJICHHS AOCIHKYBAHOTO BapHKara
3a 6a30Bo0 TexHONoTriet0 s yeyHeHHst OJ1Y 3acTocoBy-
€ThCS TeTEPyBaHHS IUISIXOM JIOAATKOBOT TuQy3ii 60py B
po001y CTOPOHY TUIACTUHHU MiCI PO3TOHKH OOpPY (TEXHO-
noriuna onepartist: «(II) 3aronka 6opy») [15]. [IpoBeneni
nepen popMyBaHHSM OMIYHHUX KOHTAKTiB MeTanorpadid-
Hi TOCTi/PKEHHSI Ha BAPUKAITHUX CTPYKTYpaX, BUTOTOBIIC-
HUX 13 3aCTOCYBaHHIM J10JaTkoBO1 auy3ii 60py, moka-
3aJIM BiICYTHICTh B HUX OKHCITIOBAJIbHUX AC(EKTiB yma-
KyBaHHs (puc. 3). Ciij 3a3HaUNTH, 1[0 BUKOPUCTAHHS
JoAaTkoBo1 1udy3ii 00py 1aso MOXKIUBICTH ITiJBUILH-
TH BUXiJ] MPUAATHUX JTIOJHUX CTPYKTYp Ha 10— 15%.

AJe, sIK MOKa3aJiM JOCITIJHKSHHS, HA BUXiJ pUIaT-
HUX J10THUX CTPYKTYp, HaBiTh 3a BincyTHOCTi O/1Y, He-
TaTHBHO BIUTUBAE MPOIIeC (POPMYBAHHS HIKEJICBOTO OMid-
HOTO KOHTAKTy — L€l MMOKAa3HUK 3HIDKYETHCS Ha OIe-
pamii KOHTPOJIO BapUKAHUX CTPYKTYpP 3a 3BOPOTHUM

Puc. 3. [loBepxHs BaprKamHoOi
CTPYKTYPH, BUTOTOBIICHOT 3

j lllll | BUKOPHUCTAHHAM IeTEpYBaH-
-

T HSl, TTiCIISE PO3TOHKH OOpY

cTpyMoM. /11 miATBEpAKSHHS IPUITYIICHHS, 1110 30171h-
IICHHS PiBHS 3BOPOTHHUX CTPYMIB I10’S3aHE 3 HIKEJEeM,
Ha B1I0OpaKoBaHUX 3a 3BOPOTHUM CTPYMOM BapHKaITHUX
CTPYKTypax OyJIO IPOBECHO JOCITIKCHHS EHepreTHY-
HOTO crieKTpa HociiB 3apsny metonoM DLTS [26]. Bono
MIOKA3aJI0 HASBHICTH y 3a00pOHEHi1 30H1 KPEMHIIO TN~
OOKHMX IIEHTPIB, AKi BiJIIOBIIAIOTH HIKEJIFO.

Brnus nmpouecy hopMyBaHHS! HIKEIEBOTO OMIYHOTO
KOHTAKTy Ha PiBeHb 3BOPOTHUX CTPYMIB BapUKAITy B yMO-
Bax BijcytHocti O/1Y, BoUeBUAb, MOXKHA MPEACTABUTH
TakuM 4YUHOM. Bigomo [7, 27], mo mig 4ac TepMi4HOTO
BiJINAJTY KPEMHIEBUX IIACTUH 3 TUTIBKOIO HIKEIIO yTBO-
PIOIOTBCS CHITIIMIU. B 3aranmbHOMY BHUMAJIKY, 3aJI€KHO
BiJI TEMIIEpATypH BTy, MatOTh MicIle TIOCITiIOBHI CTa-
nii 3pocTanns Tphox (a3 curinuais: Ni,Si, NiSi, NiSi,.
[Ipouiec Biamamy TUTIBKH HIKEIIO Ta 3pOCTaHHS MIapy
CHJIIIUAY HIKEIO CYIPOBOIKYIOTBCS BiJPHBOM aTOMIB
KpPEMHIIO BiJI TOBEPXHI Ta FeHEPAIli€l0 BaKaHCIH Ha Mexi
PO3ILTY «KpeMHINH — crTim . Yepes 11e B mporieci Biji-
naiy mwiiBku Hikemo (7=700°C) i 3pocTaHHs Wapy CH-
JHIUTY HIKEITI0 Ha MEXK1 PO3AUTY «KPEMHIM — CHITIITHI
MiTPUMYEThCS] BUCOKA KOHIICHTpaIlis BakaHciit. He Bci
aTOMHU HIKEJI0 MOXKYTh OyTH 3aJlyueHi 10 YTBOPCHHS
cwtinuay Hikemro NiSi, 110 € KiHIIeBOto (a3oro Biamamy
TUTIBKM HIKENIO B aTMocdepi aprony y JAiana3oHi TeMie-
parypu 350—750°C [27]. 3HauHa KiIBKICTh HaIJTHIITKO-
BHX aTOMIB HIKEJII0, sIKi He OYJIM 3aTy4eHi 10 YTBOPSHHS
NiSi, 3 ypaxyBaHHSIM BHCOKOi KOHIIEHTpAIil BaKaHCIH,
3HAXOAATHCS y BY3JIaX KPHCTANIYHOI CTPYKTYPH KpeM-
Hito 6151 Mexi posniny Si— NiSi. [TosiBa HagHIIKO-
BHX aTOMIB HIKEIIO Ta PiBEHb 1X KOHIIEHTpAIii MOXYTb
3aJIeKaTH BiJl KOHIIGHTPALlii TOYKOBHUX NE(PEKTIB (THUITY
nedexTiB 3a DpeHkesem) mij] 0CaIKeHOO TUTIBKOO HiKe-
JIF0, MEXaHIYHUX HaNpyX)eHb Ha Mexi S1— NiSi, guryk-
Tyarlil TOBIIMHY OCAJ[KEHOI TUTIBKH HIKEJIIO TI0 ITOBEPX-
Hi IJTACTHHHU Ta M OKPEMHMH MPOIIECAMH OCaKESHHSI
IUTIBKK HIKeJIr0 Tomlo. B mporieci 3pocTanHs mapy cu-
JIIUIY HIKETIO HA/UTUIIKOBI aTOMH HIKEJIO MEPEX0osITh
13 BY3JIiB KPUCTAJIIYHOT PEINTKH KPEMHIIO JIO MIXKBY3-
JiB 1 110 HUX TU(PYHAYIOTh B 00JIaCTh 00’ €MHOTO 3apsiy
p—n-tiepexony, Jie 3aB/IAKK BUCOKi# KOHIIEHTpAIlil BaKaH-
cilf 3HOBY MEPEXOATH JI0 By3/iB KPUCTATIUHOI PEIIiTKH
KPEMHIIO 1 CTAOTh CJICKTPUYHO AKTUBHUMH. BIutue Hi-
KEJII0 Ha 3BOPOTHUH CTPYM p—n-TIepeXoay MOB’sI3aHUH
3 YTBOPEHHSIM HUM B 3a00pOHEHIH 30HI KPEMHIIO JBOX
aKIENTOPHUX PIBHIB, SIKi BUKIUKAIOTH TOIATKOBY Te-
Hepalilo HOCIiB CTpyMy B 00JacTi 00’€MHOTO 3apsay
p—n-tiepexony [28].

Juis po3B’si3aHHs poOaeMu Aerpajaiii 3BOpOTHUX
XapaKTepUCTHK BapuKara B rporeci GopMyBaHHS OMid-
HOTO KOHTaKTy Ha OCHOBI HiKeJIto OyJIi BUIIPOOyBaHi Jie-
KiJIbKa METO/1iB HU3bKOTEMIIEPATYPHOTO TETePyBaHHS JIe-
(exTiB (BUCOKOTEMIIEpATYpHUI BiJIMall 3aCTOCYBaTH B
HAIIIOMY BUITAJKy HE MOXKHA Yepe3 Nerpajaiito AesIKuxX
rapamMeTpiB BapuKara, HOPYIICHHs CTPYKTYPU OMIYHOTO
KOHTAKTY TOIIIO). 3a pe3yJIbTaTaMt eKCIICPIMEHTATbHUX
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JIOCHIJPKeHb JJIsl TeTepyBaHHsI OyJ10 3apONOHOBAHO ITic-
7151 YOpMyBaHHS OMIYHOTO KOHTAKTy MPOBOANUTH T0AATKO-
BHU Bimall IIacTHH 3a Temneparypu 7 = 250—350°C
mpoTtsirom 20— 60 xB B armocdepi aprony. [Ipu npomy
TOTOBHM «BJIACHUM TE€TEPOM» € Mexa po3iny Si— NiSi.

Hocaimxennsi epeKTUBHOCTI TEXHOJIOTIT
reTepyBaHHsI

Jliis BUnpoOyBaHHsI 3aIIPOTIOHOBAHOT TEXHOJIOT'11 BU-
TOTOBJICHHSI CTPYKTYp BapuKarna Oyiu copMoBaHi J0-
CJIJTHI MapTii TUIACTHH, KOXKHA 3 SKUX JIJTHJIAcS Ha JBi
YaCTHUHM: OJHA Oyia BHTOTOBJICHA 3a 0Aa30BOIO0 TEXHO-
JIOTI€10, 1HIIA — 3a PO3POOJICHOI TEXHOJOTIE 3 BU-
KOPUCTaHHSM HH3BKOTEMIIEPATypPHOTO TeTepPyBAaHHS.
JlonaTkoBui BifmaN IJIACTHH ITCIs 3aKiHYCHHS (op-
MyBaHHsI HIKEJIEBOTO OMIYHOTO KOHTAKTY HPOBOIUBCSI
3a temmeparypu 300°C mpotsrom 40 xB y atMocdepi
aprony (150 n/ropn).

EdexTuBHICTh BUKOPHUCTAHHS HU3HKOTEMITCPATyPHO-
TO BiJIITaJTy OIIHIOBAJAacs 3a BIICOTKOM BHXOIY IIPHIAT-
HUX JIOAHUX CTPYKTYp 32 KOHTPOJIEM 3BOPOTHOTO CTPY-
my (Z,,). Kputepiii npunarnocri: [ < 0,5 MKA npu 3B0-
poTHiit Hampy3i 35 B.

VY Tadauui HaBeIeHO pe3yabTaTH PO3OPAKOBKH 3a
3BOPOTHHM CTPYMOM JIiOJHHUX CTPYKTYP, BUTOTOBICHUX
3a 6a30BOIO0 Ta PO3POOICHOIO TEXHOIOTIIMU. TYT BUIHO,
10 BUKOPHCTAHHS 3aIpPOIIOHOBAHOT TEXHOJIOTIT IMi/[BHU-
IIy€ BUXIJ IPUIATHUX TIOAHUX CTPYKTYp y CEpEenHBO-
My Ha 7,2%. [1pu 11b0MY, SIK BUIHO 3 pHC. 4, PIBEHB 3BO-
POTHHUX CTPYMIB TaKUX CTPYKTYp Bix 2 710 7 pa3iB HHXK-
YU B MOPIBHSAHHI 3 JIOHUMH CTPYKTYPaMH, BUTOTOB-
JICHUMH 32 6a30BOIO TEXHOJIOTIEIO.

Buxio npudammnux 0ioOnux cmpykmyp, 6ucomoeieHux 3d
0a306010 ma po3poonenol0 MexHoa02i€I0, 3a 3HAUEHHAM
360POMHO20 CIMPYMY

T . Ne Buxin
€XHOJIOTIS] BUTOTOBJICHHS 0
mapTii | npunatHux, %
l-a 83,7
bazosa o 853
(6e3 rerepyBaHH:)
3-a 86,8
Po3spobiiena 1-6 92,4
(3 Bigmazom B atMocdepi Ar 2-6 91,7
3a T'=300°C mpotsirom 40 xB) 3.6 93,5

3BopotHi BAX mocnimKyBaHIX BapUKaITHAX CTPYK-
Typ, BUTOTOBJICHHX 3 BUKOPHUCTAHHSM reTepyBaHH: (KpH-
Ba 2 Ha pHC. 4), € THIIOBOO [T KPEMHIEBOTO /110/1a, B aK-
THUBHHX OOJIACTSX SIKOTO BIJICYTHI CTPYKTYpHI Ae(eKTH
Ta HeOaXkaHi TOMIIIKY. | HaBMmakw, BapuKamHa CTPYKTY-
pa, BUTOTOBJICHA 32 6a30BOI0 TEXHOJIOTIEI0, MA€ TAK 3Ba-
Hy «M’siKy» BAX (kpuBa /), BUITISLI SIKOT MOKE BKa3yBa-
TH Ha HasBHICTh B aKTUBHHX 00JACTIX BapHKara JI0oMi-
IIOK BaXKKUX METAJIIB.

1,6 7
1,4 1
1,2 1
1,0 1
0,81
0,6 1
0,4 1
0,2 ~

MKA

3B’

1

1 1 1 T T T T T T T T T T 1
0 10 20 30 40 50 60 70

U.B

3B°
Puc. 4. Tunosi 380poTHi BAX BapuKanHux CTPyKTyp, BUIO-
TOBJICHHX 32 0a30BOIO TEXHOJIOTI€0 (/) Ta 3 BUKOPUCTAHHIM
rerepyBaHHs (2)

Bmiue Ha mapaMeTpu BapuKama 3alporOHOBaHO-
TO JIOJATKOBOTO BiATIATY BapUKAIMHUX CTPYKTYP ITiCII
(hopMyBaHHsI HIKEJICBOTO OMIYHOTO KOHTAKTY, BOYCBU/Ib,
MOXXHA TOSICHUTH TaKUM YHHOM. JlomaTKOBHH Biama
MIPOBOJIUTHCS TIICIIS 3aBEPIICHHS ()OPMYBaHHS CHITIIHU-
Iy HIKEII0, TOMY HE CYIPOBOIKY€ETHCS TOTATKOBOIO Te-
HEpaIi€ero BakaHCii. 3a MOPIBHAHO HU3BKOT TEMIIEpaTy-
pu Bigmaiy (300°C) CyTTEBO 3HIKYETBCS TPAaHIHYHA PO3-
YHHHICTh MIXKBY3JIOBHX aTOMIB HIKEIIIO Ta PIBHOBa)KHA
KOHIIEHTpaIlist BaKaHCiil B p*-o0macti Bapukarnis. Mexa
pozainy Si— NiSi ciyrye cTrokoM (retepom) Juis aTo-
MiB HIKeJ0, 1 HATUIIKOBI aToM# Ni IepexofsTh 3 By3-
JIB 10 MIKBY3TIB 1 O HUX AU(YHAYIOTH 10 001acTi re-
Tepa, HOKUAAI0YN TAKUM YHHOM 00J1acTh 00’ €MHOTO 3a-
psny p—n-niepexony (TyT TpebGa BpaxOByBaTH, IO KOE-
¢imienT qudysii HIKeII0 B KPEeMHIl Ha ASKUIbKA TTOPsi-
KIB BHIIMH, HI)K aTOMIB JIETYBaJIbHUX JIOMIIIIOK, TAaKUX
sik 00p 1 pocdop).

BucHoBku

Criparourch Ha MPOBECHI eKCTIEPUMEHTANbHI J10-
CIIJKCHHS, MOJKHA 3pOOHMTH MPUIYIICHHS, 1110 32 Bif-
CYTHOCTI B aKTHBHHUX O00JacTSIX BapHKama CTPYKTyp-
HUX JCPEKTIB THUITY OKUCIIOBAJIBHHUX Je(EKTIB ymaKy-
BaHHS JICTPaiallisi 3BOPOTHUX XapaKTEPUCTUK BapHKaIl-
HUX CTPYKTYp B Tporieci (hopMyBaHHS OMIYHOTO KOH-
TaKTy Ha OCHOBI HIKEITIO ITOB’s13aHa 3 MPOHUKHCHHSIM J10
o6racti 06’emuoro 3apsiay p'-n-nepexomy atomis Ni,
10 He Oynu 3aiy4yeHi 10 YTBOPEHHS CHITILUY HIKEO.
3acTtocyBaHHS PO3pPOOJIEHOI TEXHOJIOTIi BUTOTOBJICHHS
CTPYKTYp BapHKaIIliB 3 BUKOPUCTAHHSIM HU3bKOTEMITEPa-
TYPHOTO BiJIay B aTMocdepi aprony micius ¢popMyBaH-
Hsl OMIYHOTO KOHTAKTy Ha OCHOBI HIKEIO JI03BOJISIE BU-
BECTH 3 0011aCTi 06’ €MHOTO 3apsiy p —71-IePeXoiy aro-
MU Ni, y pe3yabTari 4oro 3HWKYEThCS PIBEHb 3BOPOTHUX
CTPYMIB ITIOJIB 1, SIK HACIIIOK, ITiIBUIIYETHCS BIJICOTOK
BUXOAY MPHUIATHHUX MPHIaIiB.
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IMPROVEMENT OF INVERSE CHARACTERISTICS OF SILICON VARICAP BY
USING LOW-TEMPERATURE GETTERING

Varicaps are widely used in radio electronics as a variable capacitance, the value of which is controlled by voltage. However,
it should be noted that the cost of varicaps remains relatively high due to a low yield of suitable devices. This is caused by
high levels of reverse currents and low breakdown voltages of varicaps, which is determined by the significant dependence of
the reverse characteristics of varicaps on the density of structural defects and heavy metal impurities in their active regions.

This study aimed to discover the causes and mechanisms of degradation of the reverse characteristics of varicaps with an
ohmic contact based on nickel during annealing of a nickel film during the formation of an ohmic contact. Another goal was
to determine the possibility of using gettering operations to prevent degradation of the reverse characteristics of varicaps and
increase the yield of suitable devices.

The conducted experimental studies have shown that the reason for the degradation of the reverse characteristics of varicaps
during the formation of a nickel-based ohmic contact is that, during the annealing of the nickel film, the excess nickel atoms
not involved in the formation of NiSi silicide penetrate into the region of the space charge of the p-n junction.

The authors consider in detail the proposed technology for manufacturing nickel-based varicap structures with an ohmic
contact using gettering of excess nickel atoms by carrying out additional low-temperature annealing of varicap structures
using a ready-made “intrinsic geter” — the Si-NiSi interface.

1t is shown that the developed technology for fabricating varicap structures using gettering makes it possible to clean the
active regions of varicaps from nickel atoms, which ensures a significant decrease in the level of varicap reverse currents and

an increase in the yield of suitable devices.

Keywords: nickel atoms, ohmic contact, gettering, varicap, structural defects, reverse current.
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IMPUIIAJ AJI BUMIPIOBAHHA CUTHAJIIB
KOHBEC€PHUX BAT IIP1 3ABAHTAXEHHI
CYAHA CUIIYUMMU MATEPIAJIAMU

Pospobneno npucmpiti ma areopumm 1020 pobomu, aKi HANPAGIEeHi Ha NONINUEeHHS AKOCMI ma NiO8UWeHHs MOYHOCMI
BUMIPIOBAHNSA 3A OONOMO2010 KOHBEEPHUX 8A2 MACU 3A8AHMAICYBAHO20 HA CYOHO cunyyo2o mamepiany. IIpucmpiii 0o3eonse
He MiNbKU 0OHOYACHO GUMIPIOGAMU NOMOYHY 642y CUPOSUNU, WO 3HAXOOUMbCS HA 8A208ill NAam@popmi, ma wWeuoKicmy
nepecysamus cmpiuku KOH8eepa, d il 8paxos8yeamiu HeOOHOPIOHICMb CUNYY020 Mamepianry ma HepieHOMIpHICb pyXy

CMpIuKU.

Knouogi cnosa: koneecpni 6azu, mounicms UMIPIOGANHS, AN20PUMM POOOMU, 36AHCYSBAHHS, CUNYYUL Mamepiall.

[Ipn 3aBaHTa)XXEHHI CyAHA CHITyYUMH MarepiagaMu
HaOIIpII €(EKTUBHUM € BUKOPHUCTAHHS KOHBEEPHUX
BaT, IO JIO3BOJIIIOTh CyMICTHTH IPOIEC 3aBAHTAKCHHS
CyJHA 3 BUMipIOBaHHSM Baru 3aBaHTA)KEHOTO MaTepiaiy
Ta MPOBOJAMTH MOHITOPHHT IIHOTO TMpoliecy. [lepeBaroro
TaKoOTo 3ac00y € MOXIJIUBICTB MIBUIKOTO 3aBAaHTAKCHHS
Ta OTEPATHBHE KOHTPOIIOBAHHS MPOLECY 3aBaHTAXKCH-
Hs1. CyJacHi CKOHOMIYHI YMOBH BHMaraioTh JOCTAaTHBO
BEJIMKOI TOYHOCTI BUMIPIOBaHb Bard 3aBaHTAKCHOTO Ha
cynHo Matepiany (6axano Hwxkue 0,5%) [1], ane ii qo-
CSITHEHHS TIOB’S13aHO SIK 3 MEXaHIYHOK KOHCTPYKIIIEO
Bar, TaK 1 aNrOPUTMOM BHMipIOBaHHS [2].

VY it poboTi po3poOICHO MPUCTPIN Ta ANTOPUTM
Horo poOOTH, SIKi JO3BOJISATH MiABUITUTH TOYHICTh BH3-
HA4YCHHS MaCH CHITYyY0T0 BAaHTAXY I/ Yac 3aBaHTAKEH-
HS Cy/HA.

IMocTanoBKka 3axaui

3a3Buyaii /Uil BUMIPIOBAaHHS Bard BaHTaXKy B KOH-
BEEPHY CTPIUKy BOYHZOBYETHCS Barosa Iuardopma, mo
PO3TAILIOBYETHCS HA ABOX a00 YOTHPHOX TEH30METPHY-
HUX JJaTYUKaX, BUX1IHUI CUTHAJI IKUX € aHAJIOTOBUM 3
BHX1/IHOIO HaNpyrow Ha piBHI AECATKIB MUTIBOJBT [3].
OCK1IbKY KOHBEEPHI Baru po3MilLylOTh Ha Mipci, TO OT-
puMany iH(}OpMaLio Bii TEH30OMETPUYHHUX JIAaTUHKIB
HEOOXITHO IepeaBaTh 0 KOMII F0Tepa OIeparopa, sIKHi
MOJKEe 3HAXOAMTHUCS 332 COTHI METPIB Bif Micls 3aBaH-
TaxkeHHA. Lle BUKIIMKae psii TPYQHOLLIB, OB’ A3aHUX 3
€JIGKTPOMATrHITHUMH TEPEIIKOAaMUA Ta BUKPUBICHHSAM
BHX1JTHOTO curHaITy [4].

Juis po3B’sizaHHs UMX MpoOieM e(pEeKTHBHUM € BU-
KOPHUCTaHHS OJOKY aHaJIOrOBOr0-4aCTOTHOTO IMEPETBO-
penns (BAUII), mo nepeTBOPIOE BUXITHUN aHAIOTO-
BHMM CUTHAJI JJaTYMKa y YACTOTHUM CUTHAJI THIY ‘‘Me-
apap” [5]. Takuii mepeTBOpIOBaY PO3TALIOBYIOTH I10-

DOI: 10.15222/TKEA2023.1-2.50

01113y BUMipIOBABHOTO JAaTYHKA, a YJACTOTHUI CHUTHAI,
9YaCTOTa SIKOTO MPSIMO MPOTOPIIiiiHA YAaCTOTI BUXITHOTO
CUTHAITy TaTYMKa, IEPEAAEThCS Ha 3HAUHY BiZICTaHb 10
BHMIPIOBAJILHOTO MPHUCTPOIO Oe3 BTpaTH iHpopMariii.
SIkmo gacToTa TaKOTO CHTHANy HE JyXKe BHCOKaA
(<1 MTI'm), To cnieniabHUX BUMOT JIO Ka0elTto rmepeadi
Hemae. binbIn Toro, SKIo JUist )KUBJICHHS OJ0Ka mepe-
TBOPIOBAHHS BUXIJTHOTO aHAJIOTOBOT'O CUTHAITY JJaTYMKa
BUKOPUCTOBYBATH JDKEPEIIO CTPYMY, TO JJIsI KUBJICHHS 1
0110Ka, 1 JaTYmKa, a TAKOXK JUIS [Iepeiadi BUXiTHOTO CUT-
HaJTy MOYXHAa BUKOPHUCTOBYBATH TLTHKH JIBa JPOTH, TOO-
TO CYMICTHUTH KaHaJl KHBJICHHS 3 1H(POpPMAIIHHUM Ka-
HamoMm [6—9].

Kpim Toro, i BU3HaYEHHS TOTOYHOI BaTH CHITYY0-
rO MaTepiaiy 3a JIOIIOMOTOI0 KOHBEEPHHX Bar HEOOX1THO
3HATH IIBHJKICTh MEPECYBaHHS CMyru KoHBeepa. Lle
3a3BMYall BUKOHYEThCS gaTdukoM mBuakocti (L),
BHUXIJIHHI CUTHAJ SKOTO Ma€ 4acTOTy, MPOMOPLIHHY
IIBHIKOCTI MEPEeCyBaHHS CMYTH KOHBEEPA, i JOBUIBHY
aAMILTITYLLy.

OcCHOBHUI NPUHLIMI KOHTPOJIIO Baru IpU 3aBaH-
Ta)XEHHI Cy/IHa CUIIYYUMH MarepiajaMu 3a JOTIOMO-
TOI0 KOHBEEPHHX Bar TOJLITae B HACTyITHOMY. Marepiain
3 OyHKepa BHCHUIIA€ThCS Ha CTPIUKy KOHBeepa (Horo j1o-
BXKHMHA MOXKE CKIIQJaTH JECITKH METPIB), AKa 3a JOIO-
MOTO) €JICKTPOJIBUTYHA TIEPECYBAETHCS 3 MOCTIHHOIO
MIBUJIKICTIO TIO POJIMKAX, a Ha 1HIIOMY KiHIII KOHBEEpa
Marepial Il BIaCHOIO Barok0 3CUIMAETHCS Y TPIOM CYI-
Ha. JI7s1 BU3HAUCHHSI MAacU BaHTaXXy B KOHBEEpPHI Baru
BOyIOBy€ThCsI BaroBa miatdopma 3amaHoi JOBKHU-
HU, SKa PO3MIIIY€EThCS Ha TEH30METPUIHUX JATIHKAX.
AHaJIOTOBUIl CUTHAJ JAATYHMKIB MPOMOPIIIHHUN Ba3i CH-
My4YOro BaHTAXY, SIKMI 3HAXOJUTHCS y 16l MOMEHT Ha
BaroBiit miardopmi.
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[Ipu BuMiproBaHHI Bard BaHTaXy 3a MPUHIUIIOM
IHTErpyBaHHs Maca BaHTAXKY, IKUI [TOMIa/1a€ y TPIOM CY/-
Ha, BU3Ha4a€eThest 3a (hopmyroro [10]

P=0@)t=qx)N0)t,

ne P— maca BaHTaxy;
t — Yac 3aBaHTAKCHHS,
O(f) — nuToMa Maca BaHTaxy, [Kr/c];
¢(x) — TIOTOHHE HaBaHTAKEHHS Ha CTPIUKy KOHBEEpa,
q(x) = P/ L [xr/™m];
Py — Maca BaHTaXy Ha Baroiii niuardopmi;
L — moBHa TOBKHMHA BaroBoi Iiathopmu;
V() — MWBUAKICTH TEPEMIIIICHHS CTPIUKHA KOHBEEPA.

(1)

3 IbOro BUPA3y BHUILIMBAE, IO TOUHICTh BU3HAYCH-
HS MacH BaHTa)Xy BH3HAYAETHCS B OCHOBHOMY JBOMA
(bakTOpamMu: HEOHOPIIHICTIO MOTOHHOTO HABAHTAKECH-
Hs1 BaroBoi ratopmMu y 4aci Ta 3SMiHCHHSIM IIBHIKOCTI
MepecyBaHHs CTPIYKH KOHBEEpA MPH 3MIHCHHI HaBaH-
Ta)KCHHS.

[IBHUaKiCTh KOHBEEPHOI CTPIYKHM MPOTOPIIiiHA Ya-
CTOTI CHTHAITY JIaTYMKA IIBUJIKOCTI f[uu:

V() = Ky fru )
e K J KOC(IIIEHT MEPETBOPEHHS JTaTUNKA [IIBUJI-
KOCTI.

[Tpy BUKOPHCTAHHI YaCTOTHOTO [IEPETBOPEHHS aHAJIO-
FOBOTO CUTHAITY TEH30METPHUYHHUX JJATYMKIB BAroBOi Ij1aT-
(hopMHU TIOTOHHE HABAaHTAKEHHS HAa CTPIUKYy KOHBEEpa
MpOTOpITiitHe YacToTi BUXigHOTO curHary BAUIT:

:i: KTI[(fBI _fBO)

; )
L L

ge P — xoedilieHT TepeTBOPEHHS TEH30METPUYHOTO
JIaT4YHKa;

S50 — 4acrora Buxinnoro curnainy BAYII y pasi Bin-

CYTHOCTI BaHTa)XXy Ha BaroBiil rardopmi ta 3a
HOro HassBHOCTI BiATIOBITHO.

Toni Bara BaHTaxy, IKUif OyJI0 3aBaHTAXKEHO JIO TPIO-
My, Oyzie 1OpiBHIOBAaTH

P=K fBl_fBO.t.

JUI f JII K T I (4)

AHai3 poro BUpasy MOoKa3ye, o I pO3paxyHKy
3aBaHTAXXCHOTO HA MOMCHT Yacy ¢ BaHTaXy HEOOXiTHO
OIHOYACHO BUMIPIOBATH YaCcTOTY CHTHAJIB BiJl TaTIHKa
LIBUIKOCTI f}]IH ta Big BAYII f;, 3a Bu3Havenuii vac ¢ 3
HACTYITHUM IIepeIaBaHHsIM PE3YIBTaTy 10 KOMIT FOTEPHOL
CUCTEMH OIEepaTopa, N1e HAKOMUIYIOTHCS PEe3yIbTaTH
KOXKHOTO BHMIPIOBaHHS, 1 IIel mporec Mae OyTu 0e3-
mepepBHUM. besnepepBHICTh mporecy BUMipIOBaHHS
MOXKHa 3a0€3MEYNTH BUKOPHCTAHHSIM JIBOX OJHAKOBUX
MikpokoHTpoiepiB (MK) — A i B, siki npaiiroBaTUMy Th
T10 Yep3i: KOJIK MIKPOKOHTPOIJIEP A BUMIPIOE YACTOTY CHT-
Haiy Big BAUII, mikpokoHTposiep B nepenae pesysbrar
MIOIIEPETHFOTO BUMIPIOBAHHS IO KOMI IOTEPHOI CHCTe-
MH, 1 HaBIIAKH.

Bubip MmeTony BUMiploBaHHSI 4YaCTOTH CUTHAJIIB
BiJ JaTYMKIB

Yacrora curHany Big AaTYMKa MBHAKOCTI fy
BiJTHOCHO HeBenuKa i nmpu K = 0,252 m/(T'i-¢) uist nat-
yuka Tumy JIKC [11] cknagae 3rigHo 3 popmysoro (2) Bix
0,8 mo 12 I'y (pu MBUAKOCTI CTpiuku KOHBeepa Bix 0,2
70 3,15 M/c BiNIOBiTHO), TOMY JJIsi BU3HAUEHHS YacTo-
TH /1) 3 HAHOLITBIIIOI0 TOYHICTIO €(EKTHBHO BUKOPHCTO-
BYBaTU METOJ BUMiproBaHHs nepioay [12]. Lleit meron
(puc. 1, @) nependavae BUMipIOBaHHSA P10y BX1IHOTO
curnany 7'y, IUISXOM MiPaxyHKy KiTbKOCTi Ny TakTo-
BHX IMITyJIbCiB 3alIOBHEHHS 3 MEpiogoM 77 yIpOmOBK

yacy T’ Pt 1 IOJAJIbIIE OOYMCIECHHS YaCTOTH BXIJTHOIO
CUTHAIY 3a (OPMYJIO0
1 1
S === . 5)
T JUIT T T N T

Yacrora curnany Bin BAUII, mpomopmiiiHoro maci
BaHTA)Xy Ha BaroBii miatdopmi, 3MIHIOETHCS 3a3BU-
vaii Bin f, = 2000 ' (komu cTpivka KoHBeEpa HE Ha-
BaHTaxeHa) 10 fy, = 20000 ' (mpu MakcHManbHO-
My HaBaHTa)KCHHI BaroBoi miatrgopMu), TOMY AJS
BHUMIipIOBaHHS 4acTOTH curHaiy Big BAUIT HaiiGinbmm
MIPUIHATHUM € METOJI IPSMOTO MiJpaxyHKy (puc. 1, 6).
e mMeTon 3aCHOBaHMMA Ha MiAPaxXyHKy KiTbKOCTI Ny
BXiJIHMX IMITyJIbCiB 3a (ikcoBaHui vac Bumipy T}, i
JI03BOJISIE OTPUMATH JOCTATHIO TOYHICTh BUMIPIOBAHHS.
VY npoMy BUIAAKy BXiJHA 9aCTOTA JOPIBHIOE:

S =N/ T, (6)

JIiist BUKOHAHHST YMOBH CHHXPOHHOTO BHMIPIOBaHHS
YaCTOTH CHUTHAJIB BiJ JAaT4WKa MIBUJIKOCTI f;uu Ta ya-
crotu f curnany Bix BAUII HeoOXinHo, OO 11 BH3-
HaueHHsI KUTBKOCTI iMmylibeiB BAUIT BuKoprcTOBYBaBCS
HaniBnepion 7' e BX1JIHOTO CUTHAJIy THITy MEaHJpP BiJ
JIaTYHKA MIBUIKOCTI. [I[praoMy J1st MIKpOKOHTposiepa A
e OyJie HamiBIepio Bijx (pOHTY CHTHAITY 710 HOTO cria-
Iy, a JUII MIKpOKOHTposiepa B — HarmiBnepion Bij cria-
JIy CUTHaITy J10 ioro GpoHTy (puc. 1, 6).

®opMyBaHHs Ta MiJPaXyHOK KiTbKOCTI N TakTo-
BHX IMITYJIbCiB 3aIlIOBHEHHSA 3 3aJlaHuM Tepiogom T,
SIKUl MOKHa BHKOHATH BHYTPILIHIM HepepUBAHHIM
MiKpOKOHT.pOJICpa, JI03BOIISIE BUSHAYUTH YaCTOTY fﬂl.ﬂ
CHTHAIY BiJl AaT4MKa IIBHIKOCTI Ta TPUBAIICTh BHMi-
pIOBaHHS £

t=Tyy/2=Ny Ty /2. (7)

TakuM YHHOM OJHOYACHO OYIyTh 3aMipsTHCS yci
HeoOXiTHI CKIAZO0BI IS PO3paxyHKYy MacH BaHTaxy
3TiJTHO 3 BUPa3oM (4): 4acToTa CHTHANIB BiJ| JaTYHKA
LIBUJIKOCTI fz[m ta Bigt BAUII £}, i yac BUMipIOBaHH 7.

Bu3HaunMo OCHOBHI MMapaMeTpH I[LOTO METONY, SIKi
3abe3meyarb HeOOXiHY TOUHICTh BUMIPIOBAHHS.

Jns xouBeepHux Bar turmy BK202 makcumanbHa
MIBHJKICT PyXy CTpiuky KoHBeepa V. =315 m/c, Tomi

max
MIHIMaJIbHUI HAIMBIICP10J YaCTOTHOI'O CUTHAJTY JaT4Yn-
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P :TM I fm

il T e B
fLH_H_H_H_H_H_WMJ ﬂ LT
ﬂ'ﬂ'nnﬂﬂﬂﬂﬂﬂ HHHHHHH_H

Yacrora JaTyuKa IMBUIKOCTI fL[LL]

l— TO:t=T}ILU/2 —|

i 4 O0poOka pe3ynbrary
MIKPOKOHTpOJIEpOM A

BuMmiproBaHHs 4acTOTH fi
MIKpPOKOHTpOJIEpOM A

Puc. 1. IntocTpauist 10 METO/iB BUMIpIOBaHHS YaCTOTU:

@ — METOJI BUMIPIOBAHHSI TIEPi0/y; 6 — METOJ IPSIMOTO MiIPaXyHKY; 6 — CHHXPOHHE BUMipPIOBAHHS
YaCTOTH JaTurKa MIBUAKOCTI Ta yactotu BAUIT

Ka, [II0 BU3HAYA€ 4ac BUMIPIOBAHHS YaCTOTHOIO CHUTHA-
ny BAUII, nopiBHIOBaTHME

K .
T :ﬂ:wzo’m c,
2y, 2-3,15

max

®)

Je n — Koe(MilieHT MiJeHHs JABIHKOBOTO JIIUMIbHUKA
MIKpOKOHTpoJIepa, n = 4.

SIKIIO TOYHICTh BU3HAYCHHS HAIIBIEPIOAY YacTOT-
HOTO CUTHAJIy JaT4yWKa IIBHIKOCTI BCTAHOBICHO Ha
piBHi 0 = 0,05%, To MiHIMAJIBHUN MEPio TAaKTOBHX
IMITYITIBCIB 3aIIOBHEHHSI TP BUMiPIOBaHHI HAIIBIEPiOmy
Mae JTOpiBHIOBaTH

=87, /100, ©)

t06710 T} . = 0,05-0,16/100 = 0,00008 ¢ = 0,08 mc, 1m0
BIJIMOBiIa€ 4acToTi TakTOBUX immynbciB 12,5 k[ i €
MIPUITYCTUMUM.

SIK1110 MiHIMaJIbHA MIBUJIKICTB PYXY CTPIUKH KOHBE€EPa,
3 KO MOYMHAETHCS BUMIPIOBaHHS YaCTOTHU CUTHAIY
BAUII, cknanae Vnm 0,2 M/c, TO MaKCUMaJIbLHUN Yac
BuMiproBaHH4 11i€i yacrotu BAUII cknamae

T min

BumiproBaHHs 4acTOTH [,
MiKpOKOHTpoepoM B

BuMiproBaHHS 4acTOTH fj
MIKPOKOHTpOJIEpOM A

K .
T = 2;&”" =—0’22f)224 2,52 ¢ (10)

min

SIkmo MakcuManbHa 4acToTa f BAUII cknanae
20 KFu, TO HpOTHFOM vacy T, . 6yz[e HapaxoBaHO
Noox = froacLmax = 20000-2,52 = 50400 immysibcis, mo
IIOSBOJT}IG BUKOPUCTOBYBaTU 16-po3psaHuil Taiimep
MIKPOKOHTpOJIEpa MpU MiHIMaIbHIN MIBUIKOCTI PyXy
CTpIYKM KOHBEEPA.

SIkio MiniManbHa yactota BAUIT, 3 sikol mOYMHAETHCS
BUMIipIoBaHHs, ckiaaacf, . =2500I'u, To 3a MiHIMATbHUIA
vac BumiproBanns 7, . Oyne mapaxosano N . =f . T . =
= 2500-0,16 = 400 iMITyaBCiB YaCTOTHOTO CHUTHAIY
BAUII, a nailiMeHIlIa TOYHICTh BU3HAYCHHS YaCTOTHOTO
curnany BAYII cknazne 6 = 100% / N, = 0,25%, mo €
JornycTuMuM. TouHICTh BUMIpIOBaHHS Oy/e 3pocTaTH 3i
3HIKCHHSIM IIBUAKOCTI IEPECYBAHHS CTPIUKU KOHBEEPa
Ta 301TBIICHHAM 11 3aBaHTaKCHHS.

Jnst peanizanii nboro MeToay BHMipIOBAaHHS HE-
00X1THO BHUKOPHCTOBYBAaTH MIKPOKOHTPOJIEPH, SIKi
MOBUHHI MaTH HE MEHIIIE JBOX 16-po3pagHUX TaiiMepiB
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METPOJIOI'TA. CTAHOAPTU3AIIA

3 30BHINIHIMH NEPEPUBAHHAMH Ta JTOCTATHHO BHCOKY
IIBUAKOAI0, JJIS 4OoT0 HalOinbiie miaxoasath RISC-
MiKpoKoHTpomepu [13].

TakuMm yuHOM, IS peai3allii MOXIJIMBOCTI BUMi-
PIOBAHHS BarW BaHTAXY 3a JOTIOMOTOIO0 KOHBEEPHHX Bar
HEOOX1THO pO3pOOUTH MPUCTPIH, IKHUIA JO3BOIISB O1 Oe3-
niepepBHO BUMiptoBaTh yactoTy BAUII 3a MeTo0M Tipsi-
MOTO ITiJIPAXyHKY IMITYJIbCIB (IIs1 9acTOTa MPOTOPIIiiHA
MHUTTEBIN Ba3i CUITYYOTO BAHTAXY ) Ta YACTOTY IMITYJIBCIB
JIATYMKA MIBUJKOCTI 32 METOJIOM ITiJ[paXyHKy TaKTO-
BHX IMITYJbCIB ([0 BiAOWBAE MIBUJKICTh TIEpECyBaHHS
KOHBEEpA Ta Yac BUMIPIOBAaHHs), OOpOOISITH OTpUMaHy
1H(pOpMAITiFO Ta ITepeIaBaTh JaHi 10 KOMIT FOTePH30BaAHOT
CUCTEMH OOJTIKY 3aBaHTaKCHHS CyHA.

CTpyKTypHa cxeMa NPUCTPOIO

SIK Byke BKa3yBaIIoCs BUILIE, TIPUCTPIl VTS PO3B’ I3aHHS
ITOCTABIICHOI 3a/1a9i MOJKHA TTOOYTyBaTH Ha OCHOBI JBOX
MIKPOKOHTPOJIEPIB, SKi MAIOTh OyTH OCHAIIICHI, 30KpeMa,
TaiiMepoM IS 3aBIaHHSI HEOOXIIHOTO iHTEpBANy Yacy
MpY BHUMIPIOBaHHI YaCTOTH, CUCTEMOO 30BHIIIHIX ITe-
pepuBans, inTepdeticom triry USART, mo Oyae BuKo-
PHUCTOBYBATHCS JJIS 3B’SI3KY 3 KOMIT FOTEPOM IO MPOTO-
koxy iHTepdeiicy RS-485. Llum BuMoram 3a10BOIBHSIE,
Hanpukiaa, Mikpokortposep RISC dipmu Atmel tumy
ATtiny2313 [14]. CTpyKTypHY cXeMY IPUCTPOIO IJIs OT-
puMaHHs iH(OpMAIIiT Bil KOHBEEPHUX Bar HABEJCHO Ha
puc. 2. [IpucTpiii cknanaeTsest 3 TaKUX OJOKIB.

bnox noosoenns yvacmomu BAYII, ne 3a criagom
Ta ()POHTOM YACTOTHOTO CHTHAIy Bij OJOKa aHalo-
TOBOTO YAaCTOTHOTO IEPETBOPIOBAHHS (POPMYIOTHCS
KOPOTKI IMITYJIBCH, IIIO JIO3BOJISIE IMIBUIIUTH TOYHICTh
BuMiproBaHHs yactotd BAUII. [{nst BumiproBaHHs ya-
croti BAUIT MmeTomoM npssMoro mipaxyHKy Il KOpOTKi
IMITYJIbCH TIOCTYTIAFOTh HA JIUMIIBHAN BXiJ] 16-pO3psaHIX
taiimepiB T1 mikpokoHTposepiB A Ta B. Bukopucranss
[LOTO BXOJy JTO3BOJISIE MIABUINUTH MBUAKICTH 00p0O0-
KH CUTHAJIB.

Mixponpoyecopnuii 610K ynpaeninis CKIaTaeThC
3 JIBOX MIKpOKOHTpoJepiB. CHTHAI BiJl JaTYMKA IIBH/I-
KOCTI 3a JIOTIOMOTOI0 TIepeMHKada IOCTYIae Ha HUX Y
npoTudasi, tomy kot MK A Bumiproe yactory BAUII,
MK B 006po06isie Ta niepenae oTpuMany iH(hOpMaIliro
IO KOMIT IOTepHOI CHCTeMH KOHTPOIIIO IpOIecy 3a-
BaHTa)XCHHS cyaHa To iHTepdeiicy RS485, 1 HaBmakw.
TakuMm 4MHOM 3a0e31euy€eThesl Oe3MepepBHICTh OTPH-
MaHHS TeleMeTpuyHOi iHpopmaiii. CHHXpOHI3aIlis po-
6ot MK A Ta B BUKOHYETBCS 32 CUTHAJIOM BiJI JaTYH-
Ka IIBUJIKOCTI IO BXOJaX 30BHINIHIX miepepuBanb INTO
ta INT1 (muB. puc. 1, ¢). [lo pponTy iMIysIBHCIB Ha
Bxoi INTO 3amyckaeTbes porec BAMIPIOBaHHS 4acTo-
1 BAUIT MiKpOKOHTpOJIEpOM A, a 10 Crajy iMITyJIbCiB
Ha BXoji INT1 BiH NIPHUITUHSETHCS, 1 3aITyCKAETHCS MTPO-
nec oOpoOKHW Ta repenadi OTpUMAaHOi 1H(popMaIii 1Mo
inTepdericy RS485. TIporpamue 3abe3nedeHHss 000X
MIKPOKOHTPOJIEPIB OJTHAKOBE, @ OCOOIMBOCTI ITPOrpam-

| TlonBoroBau MK A —l
2 yactotu BAUIT ATtiny2313 USART I
Hdacrora | sa pponrom > Tl USART ——— >
BAYII . 1 crmazoM I I
epeMuKay
! L YIpaBIiHHS | jgrepeiicin I
| —
: I
| INTO, INT! >
£ Iepemuxau PB1 U |
! curnany JII f E [leperBoproBau | IleperBoproBau
:,E iHTepdeiicy iHTepdeiicy
| \ 5 USART / RS485 —*'/l RS485 / USB
; MK B l"anbBaHiuHO | l ‘
Dopmysau 3 .
UYacrora I Py i pO3B’si3aHe >
o I_).. curany JL ATtiny2313 E JoKepero I IHTS[)S%eI/IC
‘B SKMBJICHHS )
5 > T1 USART o KOMIT 10Tepa
| Z +5B |
S [
! 5B CTa6iﬁi3aTop |
| INTO, INTI < ampyu+5B [€— 8.+15B
. +5 B <=—{ PBI |
. BumipioBau mapamerpin |
e e e e B ol i 00 U mm 3 s

Puc. 2. CrpykrypHa cxemMa NpUCTPOIO AT OTpUMaHHA iH(opMalii Bi KOHBEEPHHUX Bar
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HOTO 320€3MeUeHHS AT PI3HUX MIKPOKOHTPOJICPIB BHU3-
HaualoTbCs 110 Bxony nopry PB1.

Tepemurau cuenany damuuxa weuoKocmi epeMuKae
CUTHAJ BiJ AaT4YMKa MIBHJIKOCTI MOYEPTOBO JO OJHOTO
3 MK ta hopmye iMITynbCHUI CUTHAN TUIY “MeaHap’”.
Takuii cUrHaJ TOCTYTIA€ OJHOYACHO Ha BXOH 30BHIIIHIX
nepepuBadb INTO ta INT1 mikpokonTposnepis A ta B,
110 JI03BOJISIE CHHXPOHI3YBaTH iX pPOOOTY.

brox ghopmysannsi cuenany 6io 0amuura weUOKoCcmi,
Jie cuHycoiganbHuit curnan sig U, ammityna Ta ya-
CTOTa SIKOTO 3aJIeKHUTh BiJ[ MIBUAKOCTI MEepeCcyBaHHS
CTPIYKU KOHBEEPA, IEPETBOPIOETHCS B IMITYJILCHUN CUT-
HaJ 3 PiBHSIMU TaH3UCTOPHO-TPAH3UCTOPHOT JIOTIKH.

FBnok nepemsopenns inmepepeticy USART / RS-485.
MikpokonTtponepu tuiy ATtiny2313 MaroTh crangapT-

( [Touarok )
¥

IToyarkoBe HaJlalmTyBaHHS CTCKa,

Huit intepdeiic Tumy USART, Tomy nns mepemaudi
OTPUMAaHOT 3 HHOTO iH(OpPMAIIiT 0 KOMIT FOTEPHOI CH-
CTEMH OIepaTopa, sIKa MOXKE 3HAXOAWTHCS Ha 3HAYHIH
BiJICTaHi, HEOOXiTHUN TIEPETBOPIOBAY PiBHS CHTHA-
ny 3 USART y RS-485. Jlns mporo Takok HeoOXigHe
raJIbBaHIYHO PO3B’sI3aHE JHKEPEIIo KUBICHHs Ha +5 B.

Cmabinizamop umanpyeu. OCKiIbKHA MPUCTPIH KH-
BHUTBCS BijJl HECTaOUII30BaHOTO JIKepesia MOCTIHHOT
Hanpyru Bix 9 no 15 B, 1m0 #oro ckiaay BXOIUTH
crabinizarop Hanpyru Ha +5 B.

AJropuT™M po60TH NPHUCTPOIO

AJropuT™ poObOTH IPUCTPOIO OTpUMAaHHS iH(OpMaril
0a3y€eTbcs Ha HACTYITHOMY.

3 mpuxooM (PPOHTY IMITYJIbCY BijI AATYHKA IIBUIKOCTI

Ha 30BHIimHEe niepepuBanns INTO mikpokonTponep A

MOYMHAE MiJIPaXyHOK IMIIyJIbCiB

yacToTHOro curnainy bAUYII mo

JTYUIBHOMY BXOAy 16-po3psaaHoro

taiimepa T1. OxgHOo4acHO, 3a UM

HIOPTiB

* 3abopoHa nepepuBaHHs

JK€ CUTHAJIOM, SIKMH MPUXOIUTH 1
Ha 30BHiIHE nepepuBanHs INTI,
MK B nounHae nepenaBaTv OTpH-

HanamryBanus nepepusanHs INTO

3a ¢ppoHTOM iMmynbeiB JIIT

[]

¥

3a (poutoM immymbei 1T

Hanamrysanust nepepuBanns INT1

ITigroroBka JaHuX
VTS TIepelaBaHHs

]

Hanawmysaunns taiimepa T1 Ha

BAUII 3a pponTOM CcurHaTy

TIiIpaxyHOK BiJl 30BHINIHIX IMITYJIbCIB

HamamrryBanas USART
Ha Mepe/laBaHHs:
8 6iT, 2 cron-6ita, 9600 601

(]

¥

Hanamrysanns taitmepa TO

[inkmrouenns suxoxy USART
1o neperBoproBaya RS-485

3a nepenoBHeHHsM Ha yac 0,1 mc

¥

¥

nepiony imMmynbciB 1

[Tepenaua nanux mo USART

3aHyneHHs JIYMIBHUKIB IMITYJIBCIB

¥

3alTOBHCHHS 1JI1 BI/IMipIOBaHHH

Binxmouennst Buxony USART
Bix mepeTBoproBada RS-485

]

(]

TO 3a mepenoBHEHHIM

JlozBin Ha nepepuBanus INTO, INT1,

CKuiaHHS TIparnopust
Data Ready

¥

8 0it, 2 cromn-6ita, 9600 6oz

HanamrryBanas USART Ha nepenaBaHHs:

|-

Y

lf-\.

Jl03BOJIUTHU NIEpepUBAHHS

A

[pamopens Data_Ready
BCTAHOBJICHUH?

Puc. 3. Anroputm po6o-

MaHy mepe] UuM iHopmaliio Mo
intepgeiicy USART.

VY TOM MOMEHT, KOJIM CHaj iM-
MYJIBCY Bl AaTYUKA IIBUKOCTI TPH-
XOIIUTh Ha 30BHIILIHE MEPEPUBAHHS
INT1, MK A nounHae niepeiaBatu OT-
puMaHy iH(opmartiro o iHTepdency
USART. Boxnoyac, KOs LieH CHUr-
HaJI IPUXOJUTH 1 HA 30BHILIHE I1e-
pepuBanus INTO, MK B nounnae
HiJpaxyHOK IMIY/IbCiB YaCTOTHO-
ro curdany BAYII nmo mivuiabHOMY
BXofy 16-po3psaanoro Taiimepa T1.

PosrnsineMo anroputm poOotu
MPUCTPOIO B OCHOBHOMY PEXKHUMI
Ha MPUKIaAl MIKpOKOHTposepa A
(puc. 3).

1. [Ticns BKIIFOYEHHS TIPUCTPOIO
BCTaHOBJIIOETHCS 3HAYCHHS CTEKa Ta
HAJAIITOBYIOThCS TMOPTH.

2. HanamToByIOThCSl 30BHIIIIHI
nepepuBanHs INTO 3a ¢ponTOM
BXiJIHOTO CUTHAaly BiJ JaTdyuKa
MIBUAKOCTI JAJISl TOYaTKy MpoLecy
BuMiproBaHHs yactotu BAUIL

3. HanamToByrOThCSl 30BHIIIHI
nepepuBanHsa INTI1 3a cnmanom
BXiJIHOTO CUTHaly BiJ JaTdyuKa
MIBUAKOCTI JAJISl TTOYaTKy MpoLecy

Hi TH MikpokoHTponepa A~ OOPOOKM OTPUMaHHUX pe3yJIbTaTiB
y CKJaai NPHCTPOIO BUMIiproBaHHA 4acToTu bAUIL
JUIS OTPHMAHHS iH(opmarii 4. Taiimep T1 HamamToByeThCA
@ Bl KOHBCEPHUX Bal' B gy jyiyuIbHUK 30BHILIHIX IMITy/IbCIB
OCHOBHOMY pCKIMI 4acTOTHOTrO curHaity BAUIL.
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5. Taiimep TO HamamroByeThes y pexkuM Normal 3a
nepenoBHeHHAM Ha vac 0,1 mc.

6. JIiYuNTPHUKY HAKOTIMYCHHS PE3yNbTaTiB BUMi-
PIOBAHHS KiTBKOCTI TAKTOBHUX IMITYNIBCIB 3aHYJISIOTHCS
JUTSL BU3HAYCHHSI ITEPio/Ty iIMITyJILCHOTO CUTHAILY Bif JaT-
YHKA IIBUIKOCTI.

7. HamaeTtnest 103Bi1 Ha 30BHIIIHI iepepuBanHs INTO,
INT1 ta BHyTpimHe epepuBanHs Taiimepa TO 3a mepe-
ITIOBHCHHSM.

8. IToptr USART nanamroByeThcs Ha iepeaady 8 OiT,
2 crorm-6ita, 9600 6071.

9. HamaeThcst 103B1LT HA 3arajibHi IEpEPUBAHHS.

10. O4iKy€eThCS BCTAHOBIICHHS IPATIOPIIS TOTOBHOCTI
naHux BUMiptoBaHHst Data_Ready.

11. Sxmo mpamopens Data Ready BcraHOBNCHHMI,
MTOYMHAETHCS Tpolec 0OPOOKH OTPUMAHUX JaHUX IS
repeaBaHHs JI0 KOMIT I0TepHOI CUCTEMH T10 THTepdeiicy
USART.

12. BcraHoBIIOETHCSL 3a00pOHA Ha 3arajibHi Iepe-
pHUBaHHSL.

13. TTiArOTOBITIOIOTRCS IaHi JAJIs Tiepeiadi OTPUMaHOl
iH(popMarrii.

14. Buxin nopty TxD miKIt09a€eThest 10 EPETBO-
proBaua inTepdeiicy USART / RS-485.

15. OtpumaHi 1aHi IepeIatoThCs 10 KOMIT FOTePHOT
CHCTEMH y BUIJISII CHMBOJIBHUX JaHUX.

16. Buxin mopty TxD Binkitoda€eThes Bij mepeTBo-
proBaua inTepdeiicy USART / RS-485.

17. 3nimaerncs npanopens Data_Ready.

18. Hajmaetbes 103Bia Ha 3aralibHi epepruBaHHSL.

a)

19. BinOyBaeTbcs mepexia 3a MUKIOM OYiKyBaHHSI
BcTaHOBJICHHs rparopiist Data Ready rotoBHOCTI Janux
BHUMIproBaHHsI, ToOTO ;o 1. 11. Jani mporec muKIiaHo
TTOBTOPIOETHCA.

B MomeHnT mpuxony (poHTY iMIIyibCy BiX Aat-
YHKa IMBUJKOCTI Ha 30BHIiMHE nepepuBanas INTO
MIKPOKOHTpOJIEpP A IIPHUITHHSE BHKOHAHHS OCHOBHOI IIPO-
TpaMu Ta MePEXOIUTh Y PEKUM BUKOHAHHS ITiIIIPOT PaMH
00poOku mepepuBanHs INTO — 3amycky HOBOTO IIH-
kiry BuMiproBaHHs yactordn BAUIL. Tlpu npomy 3abo-
POHSIETHCS. BUKOHAHHS OyIb-IKHX 1HIINX TEPCPHBAHb.
AJTOpuTM POOOTH IMiIPOTrpaMu 0OPOOKH TIepepHUBaHHS
INTO criranaerses 3 Takux etaris (puc. 4, a).

1. 36epiraeThes perictp crany SREG (mo6 He
3MIHWTH 3HAYCHHS HEOOXITHHUX MPAaIopIliB, BCTAHOBIIC-
HUX JI0 MOMCHTY BXOZY Y TI€pEPUBAHHS).

2. Taiimep T1 HaNAMTOBYETHCS Y PEXKUM JTIUMITbHUKA
3a ppoHTOM (VT MIKpOKOHTposiepa B — 3a crangom)
BX1JIHOTO IMITYJIBCY.

3. 3anynseThest 16-po3psAIHUN JTIYHIBHUK Taiime-
paTl.

4. Taiimep TO HanamToByeThCs y pexxum Normal 3a
nepernoBHeHHIM Ha 4yac 0,1 Mc (BU3Ha4a€e TPHUBAJICTh
TaKTOBUX IMITYJIbCIB TIPY BHMIPIOBaHHI MeEpioay iMm-
MYJIECHOTO CUTHAJY BiJl TaTYHKA IIIBUIKOCTI, IO CBOETO
Yeproro BU3HAYA€E Yac BUMIprOBaHHS yacToTd BAUIT).

5. 3aHyNAIOTHCS TIYHIBPHAKA HAKOIMICHHS PE3yilb-
TaTiB BUMIPIOBAHHS KUJTbKOCTI TAKTOBUX IMITYJIbCIB JIJISI
BH3HAYCHHS MEPIOAY IMITYJIBCHOTO CUTHAIY BiJ JaTdu-
Ka [IBUJIKOCTI.

Tlouarox nepepusars INTO [Touarok nepeprBatb INTO [Towarok nepepuBanb Taiimepa
no ¢pouty imMmysscis J{I1I 1o (poHTy i lMl'IyJ'ILClB JII TO koxxHY MiNiCeKyHIY

36epiranns SREG

36ep1raHHﬂ SREG ‘

36epiranns SREG |

¥

(]

‘ 3ynuHka Taitmepa T1 ‘

301IbIICHHS TIYHIbHIKA

Hanamrysanns taiimepa T1
Ha TipaxyHOK 30BHIIIHIX

TaKTOBHUX IMITyJIbCIB Ha |

¥

imnynseis BAYII no ¢pponty ‘ 3ynurka raiivepa TO ‘ HanamryBanns Taiimepa
CUTHAITy T0 3a nepenoBHEHHAM
¥ 36epeikeHHs HApaxoBa- Ha gac 0,1 mc
3aHyICHHS JIiYMIbHUKA HOT'0 "THCJIA IMITYJIBCIB ¥
Taiivepa T1 y | 30epiranns SREG |
Bcranosnenns :
Hanamrysaunns taiimepa TO npanopus Data Ready +

3a NEPCIIOBHEHHAM

Ha gac 0,1 mc

| [ToBepuenus SREG ‘

Kinenp nepepruanb Taiimepa T0
T10 NIEPEOBHEHHIO

Y

3aHyIeHHs JTIYMIbHIUKIB

!

IMITYJIbCIB 3aIIOBHEHHS IS
BUMIpy rnepiony immyiseis JI1T

( Kineus nepepusans INT1 )

v

‘ [ToBepuenus SREG ‘

¢ @ — TIATOTOBKA JI0 MOYaTKy MiApaxyHKy iMmmynbsciB BAUIL; 6 — minroroBka
110 00pOOKY OTPUMaHUX PE3yNIbTaTiB; 6 — BU3HAYEHHS IIePiOJLy CIIiTyBaHHS

( Kinenp nepepuBans INTO )

Puc. 4. Anroput™ poOOTH IPUCTPOIO JUIs OTPUMaHHS iHdopMaLii Bix
KOHBEEPHUX Bar B PEKUMI II€pPEPUBaHb!
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A 4816 2389 20159,0
B 4841 2400 20170,8
A 4812 2388 20150,7
B 4834 2400 20141,6
A 4821 2395 201294
B 4803 2387 20121,5
A 4829 2404 20087,3
B 4820 2395 20125,2
A 4820 2394 20133,7
B 4822 2395 20133,6

6. BinHOBITIOIOTHCS 3HaUEHHS pericTpy ctany SREG
(1100 He 3MIHUTH 3HAYEHHS HEOOXITHUX MPANopIIiB,
BCTAHOBIICHHUX JI0 MOMEHTY BXOIy Y ICpPEPUBAHHS).

7. Bukonyetbcs Buxif 3 nepepusanus INTO.

B mMoMeHT mpuxony cmajay iMIylnbCy Bil nat-
YHKa IMBUJIKOCTI Ha 30BHImHE nepepuBans INTI
MIKPOKOHTPOJIEp A TIPHUITHHSE BUKOHAHHS OCHOBHOI ITPO-
TpaMHt i IepEXOIUTh Y PEXKUM BUKOHAHHSI ITi IITPOTpaMH
00pobku mepepuBanHs INT1 — 00poOKku oTpuUMaHOi
iHpopMalIii Ta epeaBanHs ii 10 KOMIT FOTEPHOT CHUCTe-
Mmu. [Ipu 1pomMy 3a00pOHSETHCS BUKOHAHHS OYIb-SKHUX
THIIUX TIepePUBaHb. AITOPUTM POOOTH M1 AMPOrpaMu 00-
poOku nepepuBanHs INT1 ckiagaeThes 3 TAKUX €TAIliB
(puc. 4, 6).

1. 30epiraetbes perictp crany SREG (mo6 He
3MIHWTH 3HAYCHHS HEOOXITHHUX MPAaINopIliB, BCTAHOBIIC-
HUX JI0 MOMCHTY BXOAY Y IIEpEpPHBaHHS).

2. 3ynuasitorses Taiimepu T1 ta TO.

3. 30epiraeThcsi 3HAYCHHSI KIJTBKOCTI HAKOMTUYECHUX
TAaKTOBHX IMITYJIBCIB, 1[0 JIOPIBHIOE MEPIOy CITiTyBaHHS
IMITYJIBCIB BiJl IATUMKA IBUIKOCTI B MC.

4. BCTaHOBITIOETHCS TPANIOPEIh TOTOBHOCTI JTaHUX
BuMiproBaHHs Data Ready.

5. BimHOBIIOFOTECS 3Ha4YeHHS pericTpy ctany SREG
(1100 He 3MIHUTH 3HAYEHHS HEOOXITHUX MPANopIIiB,
BCTAHOBIICHUX JI0 MOMEHTY BXOIy Y ICpCPUBAHHS).

6. BukoHyeThcs Buxin 3 mepepuBanus INT1.

[TepepuBannst 3a nepenoBueHHsIM Taiimepa TO Buko-
PHUCTOBYIOTBCSI IS TIPOTPAMHOTO (pOPMYBaHHS TaKTO-
BHX IMITYJICIB Ta iX MiJIpaxyHKy. 3a IbOTo TepepruBaH-
Hs koxHI 0,1 Mc 3a00pOHSETHCSI BUKOHAHHS OY/b-SIKHUX
THIIUX TIepePUBaHb. AITOPUTM POOOTH M AIPOTrpPaMu 00-
POOKH IIbOTO TIEPEPUBAHHS BMIIIIYE CKIIAIAETHCS 3 TAKUX
eTariB (puc. 4, 8).

1. 30epiraetbes perictp ctany SREG (mo6 He
3MIHWTH 3HAYCHHS HEOOXITHHUX MPAaNopIliB, BCTAHOBIIC-
HUX JI0 MOMCHTY BXOAY Y TI€pEPUBAHHS).

2. JIIYUITBHUK TAKTOBUX IMIYJIBCIB 301UIBIIYETHCS
Ha 1.

3. Taiimep TO HamamrToByeThCs y peskuM Normal 3a
riepenioBHeHHSIM Ha 9ac 0,1 Mc.

4. BiTHOBITIOIOThCS 3HaYCHHS pericTpy crany SREG
(1100 He 3MIHUTHU 3HAYEHHS HEOOXITHUX MPANopIliB,
BCTAHOBIICHUX 10 MOMEHTY BXOIy y ICpEpUBAHHS).

Puc. 5. [lpuknan BUBeACHHS
pe3ynbTaTiB KOHTPOIO MPOIECy
3aBaHTA)KCHHS Cy/IHA B IPOTpami
Hyper Terminal Ta Ha MOHiTOp1
orepaTopa y peambHOMY daci
MpU TECTYBaHHI PO3POOJICHOTO
HPUCTPOIO

5. Bukonyetscs BUXif 3 nepepuBaHHs Taiimepa TO
3a MEPEIIOBHEHHSIM.

Hagenenuii anroputm OyB pealrizoBaHH 1 Ha MOBI aceM-
6mep [15], Bin 3a0e3nedye Oe3nepepBHE BUMipIOBAHHS
gactoTHOoro curHainy BAUII, mpomopuiliHoro aHarno-
FOBOMY CHUT'HAJIY TCH30METPUYHUX NATUUKIB, SKHI
BIJITIOBiZ]a€ Ba3i CHUIYYOrO BAHTAXKY, IO 3HAXOIUTHCS
Ha BaroBii rmargopmi, a TAKOK 9aCTOTI BUX1THOTO CHT-
HaJTy JaT4vKa IIBHIKOCTI. 3aMipsiHi JdaHi mepenarTh-
cs o inTepdericy RS-485 no xomm’rorepa omeparopa,
Jie Ha X OCHOBI PO3PAaXOBY€ETHCS Bara CHIy40To BaHTa-
JKY 32 KOXKHE BUMIPIOBAHHSI 1 HAKOTIUIY€ETHCS PE3YIIBTY-
I0Ya Bara Marepiaiy, [0 3aBaHTaXKYETHCS Y TPIOM CYII-
Ha [16—19].

Jlo KOMIT'IOTEpHOT CUCTEMH HAJXOASTh JIaHI BUMIi-
PIOBaHb Y CHMBOJIBHOMY BUIJISIAI (PHC. 5, a) B HACTYTHIH
MOCNIZIOBHOCTI: TIO3HAUCHHS MiKPOKOHTposepa (A uu B);
KiJbKicTh iMmmynbciB BAUIL N, HapaxoBaHUX 3a Hepiof
IMIyJIbCiB BiJl JaT4yuKa MIBMAKOCTI 7(); KUIBKICTh TaK-
TOBUX IMIIYJIBCIB 32 MEPIO CIIAYBaHHS IMITYJIbCIB Bif
aTYdKa IIBUIKOCTI NT; 4acTOTa BUXIJHHUX IMITYJIbCIB
BAYII i, y I'n. Pesynbrary, m1o BigOUBaOThL Mpowec 3a-
BaHTa)XCHHsI, BUBOJISITHCSL HA MOHITOp OIeparopa B pe-
alpHOMY Yaci (puc. 5, 6), o T03BOJIsIE KOHTPOJIIOBATH
el mporiec.

Pe3y.11 bTATU TECTYBAHHA NPUCTPOIO

TectyBaHHS PO3pOOIEHOrO MPUCTPOIO MPOBOAU-
J0Cs Ha KOHBEEPHUX Barax IPH 3aBaHTa)XCHHI CyTHA
MiHepanpbHUMHK ToOpuBaMu. [IpuKiian BUBEICHHS HOTO
pe3yabTaTiB HaBEICHO Ha pUC. 6. TecTyBaHHS PHCTPOIO
MOKA3aJI0 HACTYITHE.

1. ITpu 3aBaHTaXE€HH1 CTPIYKM KOHBEEPA IIBUAKICTD
il pyxy 3HDKYETbCs mpuOIu3HO Ha 1—2%, a npu pos-
BaHTKCHHI — MPHUOJIU3HO HA CTUTBKH 5K ITiJIBUIILY €THCSI.

2. HepiBHOMIpHICTb pyXy CTPIYKH KOHBEEPA CKIIAIA€E
y cepenaboMy 1—1,5%, ane moxke nocsararu 3% y pasi
pizkoi 3MiHM HaBaHTakeHHs. Lle, BiMmoOBiIHO, PU3BO-
JIUTH 10 3MIHU 4Yacy BUMIpPIOBaHHS YacCTOTHOTO CHT-
Haiy BAUII, ane 11e He CHJIbHO BIUIMBAa€ Ha pe3yibTa-
TH BUMIpIOBaHHS 4acToTh curHairy BAUII, ockinbku y
TPUCTPOI BUKOPHCTOBYETHCSI METO TIPSIMOTO T APAXyHKY
immynibeiB BAUIT 3a niepiof 4acTOTHOTO CUTHAITY BiJl AaT-
YHKa IIBUAKOCTI.
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Puc. 6. Pe3ynbrary TecTyBaHHS IPUCTPOIO NP 3aBAHTAXKEHHI Cy/IHA MiHEpaJIbHUMH JOOpUBAMU:
a — TIOTOYHA Maca BaHTaXy; O — MIBUIKICTb CTPIUKH KOHBeepa; 8 — yactoTta curnany BAUIL; e — TpuBamicTs BUMiIpIOBaHb

3. [Ipu po3BaHTaXEHHI CTPIUKA KOHBEEPA MOXKYTh
BUHHUKHYTH KOJHMBAaHHS BaroBoi IaT(opMH, sIKi 3aTy-
XaroTh BIpoaoBx 5— 10 c.

4. ToyHiCcTh BUMIPIOBAHHS TOTOYHOI MPOYKTUBHOCTI
KOHBEEPHUX Bar 3HaxonuThbes y mexax 0,25—0,50%.

BucHoBkn

TakuM uuHOM, pPO3pOOICHNN MPUCTPINH IS BUMI-
PIOBAaHHS MacH CHIIy4Oro MaTepially 3a JJOTIOMOTOIO
KOHBEEPHHUX Bar Ta aJITOPUTM HOTO poOOTH T03BOJISIOTH
OJTHOYACHO 1 6e31mepepBHO KOHTPOIIOBATH TOTOYHY MaCy
BaHTAXy Ta MIBUJKICTb CTPIYKM KOHBEEPA 3 TOUHICTIO
Bix 0,25 mo 0,50%. Lleii mpuctpiit m03BONILE OTpUMA-
THU TAKOXK XapaKTCPUCTUKU MPONLECCY 3BaAKyBaHHs, IO
MOYKHA BHKOPUCTATH JJIsl YIOCKOHATICHHS MEXaHIYHUX
KOHCTPYKIIi1 KOHBEEPHHUX Bar.

[Monanei KocmiHKeHHS MatoTh OyTH HarlpaBIlieH] Ha
i BUILEHHS] TOYHOCTI 3Ba)KyBaHHS 3aBIISIKU YIOCKOHA-
JICHHIO PO3POOJICHOTO PUCTPOIO.
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DEVICE FOR MEASURING SIGNALS OF CONVEYOR WEIGHTS
WHEN LOADING A VESSEL WITH BULK CARGO
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In the maritime industry, it is common to load a vessel with bulk materials using conveyor scales. To determine the amount
of cargo loaded into the hold of the vessel, it is necessary to simultaneously measure both the current weight on the weighing
platform and the speed of the conveyor belt. In addition, the loading process is affected by both the heterogeneity of the
bulk material and the uneven movement of the conveyor belt. Therefore, it is necessary to simultaneously and synchronously
measure these parameters. The purpose of this work was to develop a device and an algorithm for its operation, which will
improve the accuracy of determining the mass of cargo when loading a vessel.

Such a converter is located near the measuring sensor, and the frequency signal, the frequency of which is directly proportional
to the output signal of the sensor along the line, is transmitted over a considerable distance without loss of information to the
measuring device. The developed device for measuring the mass of bulk material using conveyor scales and the algorithm of
its operation make it possible to simultaneously and continuously measure the current mass of the cargo and the speed of the
conveyor belt, and, accordingly, the current mass of the cargo. The measurement accuracy was 0.25...0.5%. This device also
allows you to get the characteristics of the weighing process to improve the mechanical conveyor designs of the scales.

Testing of the developed device was carried out on conveyor scales when loading the ship with mineral fertilizers. Testing
showed that the developed device for obtaining tensometric information and the algorithm of its operation make it possible
to control the process of loading a ship with bulk materials using conveyor scales with the planned accuracy, which, in turn,
allows it to be used in computer systems for monitoring ship loading.

The developed device and the algorithm of its operation can improve the quality of measuring the mass of cargo and increase
the accuracy of measurement, which is important from an economic point of view.

Keywords: conveyor scales, frequency measurement, operation algorithm, sensor, weighing.
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