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CYIIEPKOHAEHCATOPHI EHEPT'OHAKOITMYYBAUI
JUIA OCBITJIIFOBAJIBHUX CUCTEM
3 KOMBIHOBAHUM EJIEKTPOXWBJIEHHAM

3anpononosano npunyunu no6y008u cucmem HCUGLeH s NOMYACHUX CEIMN00I00HUX Odcepel C8imaa 3 CYNepKOHOeH-
CAMOPHUMU HAKONUYYBAUAMU eHepeil 05t NI0BUUeHHs eqheKMUBHOCHI UKOPUCMAHHS eHepeli 810 0diceper 3i 3MIHHOH
eenepayiero y guensioi conaunux bamapeti. Cucmemu 3 HAKONUYY8AHAMU HA OCHOBI CYNEPKOHOEHCAmMOopis, wo 00360~
1oms 3a6e3neuumu cmadiioHy pooomy oCceima08anIbHOI cucmemu 8 nepioou 8i0CymHocmi enepeii uu 3HUMHCeHHsA ii Hao-
X0O0HCeHHSA 810 ANLINEPHAUBHO20 0XdCcepeld, 3abe3neuyoms eUCoKy besneunicms i HadiHiCMb poOOMU, a MAKOHC Md-
JOMb 3HAYHO SUWULL MEPMIH eKCRIYamayii y NOPIGHSHHI 3 CucmemMamu 30epieants eHepeii Ha OCHOBL aKyMYJISIMOopIs.

Knrouosi crosa: cucmemu ocgimienHs, cynepkoHOeHCamopu, HAakonuyyeayi enepeii, hpomonepemeoprosai COHAUHOI eHepeii.

B ocTanHi poKM 3 METOI 3MEHIIECHHS €HEpro-
CHOKMBAHHS Ha OCBITJICHHS BCE YACTIIIC BUKOPUCTO-
BYIOThCSI CBITJIONIOHI OCBITIIFOBaNIbHI Tipwiaam [1].
EnexTpoxuBiaeHHS eHeproeeKTUBHUX CBITIONIOMHUX
JKepedI CBIT/Ia BiJl KOMOIHOBaHUX CUCTEM 3 BUKOPUCTaH-
HSIM COHSIYHHX OaTapei T03BOIISIE OCITTH TONAIBIIOTO
3a01aJHDKEHHS CTIOKUBAHOT €JICKTPUYHOT €Heprii Bl 1IeH-
TpaJli30BaHoi exekTpoMepexi [2—4]. OcobnuBicTIoO po-
0OTH OCBITIIFOBAJILHUX CUCTEM HETIEPEPBHOTO OCBITIICH-
Hs 3 KOMOIHOBaHHM €JIEKTPOXKHUBICHHSIM [5], 1€ COHSY-
Hi 6atapei BUKOPHCTOBYIOTBCS AK JI0JATKOBE JKEPEIIO
JKUBIICHHSI, € 3HAYHUH BILTUB PiBHS OCBITIIEHOCTI (hOTO-
CIIEKTPUYHUX TIEPETBOPIOBAYIB HA COHSYHY T'€HepaIlio,
sIKa CYTTEBO 3AJIEKHUTD BiJ] IOPU POKY Ta "yacy noowu. Lle
BHKITUKAE HEOOX1THICTh PO3POOKH EIEKTPOHHUX CXEeM
KepyBaHH:I, 37[aTHUX 320€3MCYUTH MaKCUMaTbHE BUKOPH-
CTaHHsI TCHEPOBAHOT €HEPTii JJIsl JKUBJICHHS TAKUX OCBIT-
JIOBAIbHUX CHUCTEM. 3a3BHYail Taki CHCTEMH MAlOTh Y
CBOEMY CKJIaJIi aKyMYJISATOpHI O6atapei, siKi J03BOJISIOTh
HAKOMUYYBATH SHEPTIIO ITiJT 9ac CIPUATIUBUX IS (POTO-
TeHepallii yMOB Ta BUKOPHCTOBYBATH 11 y IOTPiOHHMIA Yac.
CpOTO/IHI IIUPOKO 3aCTOCOBYFOTHCS CBHHIICBO-KUCIIOTHI,
HaTpiii-cipyaHi, JiTi-10HHI Ta HiKeJIb-KaAMIEB] aKyMYyJIsi-
TopHi Oarapei [6, 7]. [Ipu 11boMy TXHS BAPTICTH MOXKE CTa-
HOBHTH Maii)Ke TIOJIOBUHY BAPTOCTI BChOTO YCTaTKyBaH-
HSl, @ TEPMiHHU iXHBOT O€3BIIMOBHOI eKCIUTyaTalii 3aje-
JKaTh BIJI KIJTBKOCTI Ta XapaKTepy IUKIIB 3apsTy-po3psiLy
B mporieci podotu. Husbka HamilHICTE aKyMyJsTOpiB
3HH)KY€E TEPMiH EKCILTyaTallil Takol CHCTEMH, a IXHE BU-
POOHUIITBO Ta YTHITI3AIS € IIKIIJTUBUMH TPOIIECAMU 3
TOYKH 30py CKOJIOTiI.

ABTOpPHU BUCIOBIIOIOTh noAsaky Haunionanbnomy ¢oH-
Iy AOCIKeHb YKpaiHM 3a MIATPUMKY poOOTH (IPOEKT
Ne 2020.01/0216)

Cepen npucTpoiB HAKOIMYEHHSI €HEPTii, 110 MPOIOo-
HYIOTbCS CHOTOJIHI JUI1 BUKOPUCTAHHS B CHCTEMaXx 3 I10-
TpeOOO Y MepiOTMIHOMY HAKOTIMUYEHHI, OCOOIMBUH 1H-
Tepec MPEACTABISIIOTh EICKTPOXIMIYHI KOHICHCATOPH
abo cynepkoHaeHcaropu (ionictopu) [2, 8]. 3aBAsKH CBO-
i BUCOKI HAJIMHOCTI Ta MOXKITUBOCTI 3a0e31euyBaTH
BHCOKi 3HAUCHHS CTPYMY O3PSIy Ta 3apsiLy CYIepPKOH-
JIEHCATOPH MIMPOKO BUKOPUCTOBYIOTHCS B CUCTEMAX pe-
KyImeparii eHeprii Cy4acHUX TPaHCIIOPTHPHHUX 3aCO0iB,
Jic BOHH BiJirpaloTh poJjb HAaKOMMUYyBadiB eHeprii [9],
Ta B JDKEpeJiax JKUBJICHHS TEXHOJIOTTYHOTO 001a THAaHHS
[10]. CynepkoHIeHCATOPH HEBEIUKOT EMHOCTI IITUPOKO
BUKOPUCTOBYIOTHCS Y TIPUCTPOSIX 30epiranus iHdopma-
wii [11] six pe3epBHi Keperna )KUBJICHHS, a TAKOXK Y Be-
JIMKIA KUJTBKOCTI 1HIIOT €JIEKTPOHIKH, JUTSI SIKOT parToBe
3HUKHEHHS KHUBJICHHS MOXKE CIIPHYMHUTH CYTTEBI CKITaI-
Houti [12]. Ha BigMiHy BiJ aKyMyJsITOPiB BOHH JO3BOJISI-
FOTh HAKOITMYYBATH Ta BUBLIFHATH BUCOKI IMITYJICHI 3HA-
YCHHS eHeprii 6e3 CyTTEBOTO 3HIKEHHSI CBOIX XapaKTe-
PHUCTHK, 1110 103BOJIsSi€ BUKOPUCTOBYBATH X, HAPUKIIA/,
B aBTOHOMHUX MPHUCTPOsix 3BaptoBanus [13]. ¥V cucre-
Max 3 BiJTHOBJIFOBAaHMMH JKEPEIaMU CHEPTii akyMyJIsi-
TOpH1 O6aTapei 104aTKOBO OCHALIYIOTh CYTIEPKOHIEHC Ca-
TOpaMH JUTS TABHICHHS iIXHBOTO pecypey [14, 15]. Le
JIO3BOJISIE MiIBUIIIATH HA/IIHHICTh POOOTH TAKKX CUCTEM
3aBISKU 3MVIAJKYBaHHIO 3HAYHMX KOJMBaHb T'€HEpOBa-
HOT ITOTY>KHOCTI.

CyTiepKOHAEHCATOPH 3a CBOEIO HAMIHHICTIO Ta KO-
JIOT1YHICTIO JEMOHCTPYIOTh 3HAYHY IMEpeBary Haj CH-
CTeMaMH CHEPTOHAKOITMUCHHS Ha OCHOBI aKyMYJLSITOPIiB
Oy/b-SIKOTO THITY, & 32 MOYKITUBOCTSIMH IIIBUJIKOTO HAKO-
MUYEHHS Ta BlJIAa4i eHeprii Habararo nepeBepIyoTh iX.
J1o HEeOMIKIB CYyNepKOHACHCATOPIB CJIiJT BITHECTH Bifl-
HOCHO HU3bKY TYCTHHY €HEprii, IKy BOHU 3/1aTHI HaKO-
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MTUYUTH, TA BUCOKI, Y OPIBHSHI 3 aKyMyJIsITOpPaMH, 3Ha-
YEHHs CTPyMy camopo3spsny [16].

CydacHi IPOMHCIOBI CYNEPKOHACHCATOPU JIOIY-
ckaroTh Big 100 mo 500 THC. IUKITIB 3apsiay-po3psny 0e3
3HIKEHHS XapaKTePUCTUK NPH PO3PAPKAHHI 10 PiBHA
30—50% Bix makcumanbpHOT HanpyrH [17, 18].

Mertoro 1i€i cTarTi € 00IpyHTYBAaHHS MOKIIHMBOCTI
BHKOPHCTAHHS CYNEPKOHICHCATOPIB Y CBITJIOMIOAHUX
OCBITIIIOBAIBHAX CHCTEMAax 3 KOMOIHOBAaHHM EJICKTPO-
JKUBJICHHSIM, B SIKUX TIO€THYETHCS TEHEPAILisl BiJ COHSU-
HO1 Oarapei 3 MepeKeBUM JKUBIICHHSM 1 TIepe10aueHo BU-
KOPHCTaHHS COHSYHOI €Heprii 3 MiHIMaJIbHO MOKJIHBH-
MU BTpaTaMu, Ta BHOIp ONTHMaNbHUX 3HAYEHb €MHOCTI
CYNEPKOH/ICHCATOPHUX CHEPrOHAKOMIMIYBaUiB 3aJICKHO
BiJl IHIIMX MTApaMETPiB TAKUX CHCTEM.

Oco0nmBocTi pyHKIIOHYBAHHSA
CyNepKOH/IeHCaTOPiB

3a CBOEIO CTPYKTYPOIO CYHNEPKOHICHCATOP MOEAHYE
IPUHIUI POOOTH KOHJEHCATOpa Ta XIMIUYHOTO aKyMy-
JISITOpA, Y SIKOMY 3apsKEH1 eNeKTPOIH 3aHypEHi B PO3-
YMHU eNeKTporiTiB. Lg ines Oyna 3ampomnoHoBaHa Hi-
MenbkuM (pizuxoM I'epmanom ¢oH I'enbMronsieM e
y 1853 p. [19], ane ckimaaHiCTh MPOMUCIIOBOI peai3a-
1ii MpuJIa/1iB Ha OCHOBI €1 KOHIIEMIIT JO3BOINIIA TTOYa-
TH 11 BUKOPUCTAHHSA JIUIIE CTO POKIB otomy, y 1957 p.,
X. E. bexxepom mix gac iforo podoru B kommanii General
Electric [20]. ITpu iboMy HIupoKe BUKOPUCTAHHS CyTep-
KOHJICHCATOPIiB CTPUMYBAJIOCS IXHBOIO BUCOKOIO BapTi-
CTIO T BITHOCHO HEBEJIMKOIO I'yCTHHOIO HAKOTIUYYBAHO1
eHeprii. OOu/Ba 111 HEeAOMIKK OyJIM YaCTKOBO YCYyHEH] 30-
BCiM HemoaaBHo [21—23]. BpaxoBytoun 3Ha4HY MOTpe-
Oy MPOMUCIIOBOCTI B CUCTEMaX €HEProHAKOMMYEHHS Ha
OCHOBI CYTIIepPKOH/IEHCATOPIB, BIPOAOBK OCTAHHIX JICCSI-
THITITB OyJIO TOKJTaJIeHO BeJTMYE3HUX 3yCHITb JIJIs TOKpa-
IIEHHs IXHIX eKCIITyaTaliitHuX XxapakTepucTuk. CyTTeBe
BIOCKOHAJICHHS TEXHOJIOT1/ BUTOTOBJICHHSI, 3aCTOCYBAH-
HS1 HOBUX MarepialiB Ta CTPYyKTyp AJIs MOOYI0BU EleK-
TPOJIIB AO3BOJMIIO CKOPOTUTH JOBKUHY IIIIXY AUQY-
311 10HIB Ta 301IBIIMTH MiK(a3HI IO, IO MiABUIIH-
JI0 HAIIMHICTh CYNIEPKOHACHCATOPIB Ta IXHIO EMHICTb.

CTpykTypa CyNnepKoOHAEHCAaTOpa € MOAi0HOI0 10
CTPYKTYpH KOHJICHCaTopa 1 mepeadadae BUKOPHCTAHHS
OOKJIaTUHOK, PO3ALIICHUX MiXkK COOOIO IIapOM €TIEKTPOITi-
Ty. [IpoTe, Ha BiAMIHY BiJ KOHAEHCATOPA, [l BUTOTOB-
JICHHS CYNIEpKOHICHCATOPIB 3a3BUYail BUKOPUCTOBYETh-
cst He (oJibra, a CTPYMOIIPOBi/IHI MOTIMEPH, OKCHIN Me-
TaJiB i HaBiTh akTHBOBaHe ByriyuIst. [1i] yac mpoxomKeH-
HsI CTPYMY depe3 CyNepKOHICHCATOP HA OBEPXHI €JIeK-
TPOJIiB HAKOITUYYETHCS 3apsif, a IPOIIEC 3apsILy-PO3ps Ly
BiOyBaeThCs OE3MOCepEeaAHBO B IIapi 10HIB HA MOBEPX-
HSIX CJICKTPOIB. Uepes Te 110 10HH, SIKi BUHUKIIH B €JICK-
TPOJIiTi, MAIOTh TIEBHUH PO3MIp, IKHif 3aBaXkae M HAOIH-
3UTHCS 0 MTOBEPXHI CIEKTPOLY, YTBOPIOETHCS IIIOCKHUI
KOHJICHCATOP, BiJICTAaHh MK OOKJIaJUHKAMH SKOTO JIO-
piBHIOE po3Mipy i0HY. Lle 3yMOBIIIO€ BHHIKHEHHSI CIICK-
TPUYHOTO IOJISI HAPYXKEHICTIO Y MUTBIIOHH BOJIBTIB Ha

METp 3a PI3HUII MOTEHITIAIIB MK 0OKIIaIMHKAMH JIAIIIE
B OJTMHMIII BOJIBTIB. Ha BiJIMiHY BiJl 3BHYAHUX aKyMyJIsi-
TOpPHHX OaTapeil, B CyIIepKOHICHCATOP1 HE BiOyBaIOTh-
¢s1 000pOTHI Ta HEOOOPOTHI XIMIYHI PeaKiiii, TOMy BiH €
O1TbIII OC3MTEYHUM Ta HAIIMHITIIAM y KOpHCTYBaHHi [16].

CyuacHi CymepKOHICHCATOPH JTO3BOJSIIOTH 3a0e3-
MIEYUTH TYCTHHY MOTYKHOCTI 10 30 BT rom/m, mo 3Ha-
YHO HW)KYE Y TOPIBHSHI 3 XIMIYHUMH aKyMYJISITOPHH-
MU OarapesMu, HaIPHUKIAI AT JTIEBUX aKyMYISATOPIB
1l 3HAYCHHS CTAaHOBIIATH MpHOIM3HO 500 BT roa/n [24].
OKpiM IIbOTO CYTTEBUM HETOTIKOM CYIIEPKOHICHCATOPIB
€ YyTIUBICTH JIO HAIPYTH, SIKa 3HAYHO TIEPEBHIIYE SKC-
ryataniigy. /1o mepeBar Cyd4acHHX CYNepKOHIEHCATO-
PiB MOYKHA BIJTHECTH HU3bKHI BHYTPILIHIH OITip, 110 J0-
3BOJISIE CTBOPIOBATH HAa IXHIN OCHOBI MpHJIaIN 3 BUCO-
KHM IMITYJIbCHUM cTpymMoM, Bucokuid KK/ (crmiBBigHO-
IICHHS BTPAT y UK 3apsTy-po3psiLy MOXKYTh CKIIa1a-
T 110 5%), a TaKO)K HEBEJIMKI MacorabapuTHI po3MipH.

PoGoTa cynepkoHaeHCcATOPIB B OCBITUIIOBAJILHUX
CHCTeMAaXx 3 COHSTYHMMU OaTapesiMu

Eneprito £, Hakonn4eHy B CyTIepPKOHACHCATOP1, MOX-
Ha PO3paxyBaTH SIK

E=0,5CU?, (1)

e C — €eMHICTB;

U — Hampyra Ha eJleKTpoaax.

BpaxoBytoun, 110 po3psaIKaTi CynepKOHICHCATOPH
OakaHo 10 3HaYeHb He HIbK4e 30% MakCcMManbHOT eHep-
TeTUYHOI €MHOCTI, a 3HaUCHHS HANPYTH JIHIHHO 3MEH-
HIYETHCS i3 3MEHIICHHSAM 3aps/1y, HeOOXiJHO BU3HAYNUTH
9ac, 3a sIKOTO Hallpyra Ha CyHNepKOHICHCATOPI MpH i
KJTIFOYEHHI JI0 HHOTO JICSIKOTO HAaBAHTAXKEHHS MOTYKHICTIO
P 3MeHIMTECS Bift MAKCUMaNBHOI U 110 00paHoro mi-
HiMaJIbHOTO 3Ha4eHHs U . :
t=0,5U2 -U?2. ) C/P.

max min (2)

MaxkcumasbHa poOoda Harpyra CyJacHUX CYIepKOH-
JIeHCcaTopiB 3a3BHUYaii ckianae 2,7—>5,5 B, ane orpuma-
TH BHIIII 3HAYCHHS MOKHA, BUKOPUCTOBYIOUH TTOCITiTOB-
HE BKJIIOUYEHHS CYTIEpKOHACHCATOPIB. Y TakoMy BUTIAI-
Ky OTpUMaHa poOoyYa Harpyra JJOpiBHIOBATUME CyMi Ha-
IPYyT Ha KO)KHOMY 3 CyTIEpPKOHICHCATOPIB.

BpaxoByroun 0coOMMBOCTI (hYHKIIIOHYBaHHS OCBIT-
JIOBAJIBHUX CHCTEM, B SIKIX BHKOPHCTOBYIOTHCS COHSU-
Hi OaTapei, JUIs 4aCTKOBOTO 3aMiIlIeHHS IXHBOTO JKHUBJICH-
Hs BIiJ] 3arajibHOT MEpEeXki EMHICTh CyIIePKOHICHCATOPIB
Mae OyTH JOCTATHBOKO JIJISl HAIIHHOT pOOOTH CHCTEMH ITiJT
9ac JKUBIICHHS B HUX. [IpH 1IboMy crcTeMa eHeproHa-
KOIMMYCHHS Ma€e OyTH po3paxoBaHa Ha (PYHKIIIOHYBaHHSI
BIPOAOBX He MeHme 10 pokis. Hanpyry Ha Hakomuy-
Bayax eHeprii HeoOXiTHO OOUPATH 3 ypaxyBaHHSIM €JICK-
TPOHHUX CXEM JKUBJICHHS CBITIOA10/1IB, 00 3a0e3Meun-
TH MIHIMaJIbHI BTpaTH Ha ii IepeTBOPEHHS.

Jis npukiiaay po3paxyHKy MOTpiOHOI €MHOCTI Cy-
MEPKOHJICHCATOPIB PO3IIITHEMO OCBITIIIOBAJIbHY CHCTE-
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HOBI KOMIIOHEHTH ISl EJEKTPOHHOI ATIAPATYPHU

MY 3 HOMIHAJILHOIO TIOTYKHICTIO CBITJIOAIOHUX JHKEPE
cBiTa 250 Bt Ta HanpyTo10 KUBIEHHS CBiTAOAI0NIB 36 B
[25]. Anst yHUKHEHHS 3HAUHUX KOJIMBAHb PiBHS HAIIPYTH
B TaKiif CHCTEMI TOLITbHO BUKOPHCTOBYBAaTH HAKOTIUTY-
Bay €HEprii, eIEKTPOHHA CXeMa KO0 CKIaJaeThes 3 24
CYNEPKOH/IGHCATOPIB 3 MAKCUMAJIbHUM 3HAUCHHSAM Ha-
npyru 2,7 B xoxHoro. [Ipu mocnioBHOMY 3’€JHaHI BOHH
CTBOPIOIOTh MAKCUMAJIbHY poOody Harpyry 64,8 B, a kiH-
LIeBe 3HAUEHHS MiHIMAJIBHO JIOMYCTHMO1 HAalpyTH Ha KJie-
Max CyNepKOH/ICHCaTOPHOTO CHEPrOHAKOMIUYyBaya CKla-
narume 19,4 B (30% Bin 64,8 B, mo Binnosinae Hanpy3i
Ha KOXXHOMY 3 cynepkonaeHcaropis 0,81 B).

V Tabamui HaBeIEHO 3HAYCHHS €HEprii, sKa HaKo-
MIIYCHA Y IPUCTPOI, TOOYI0BAaHOMY 3 IPOMHUCIIOBHX CY-
MEPKOH/ICHCATOPIB CTAHIAPTHOI EMHOCTI, Ta Yac podo-
TH OCBITIIOBaJIbHOI CUCTeMH MOTyxHicTio 250 Bt 3a
YMOBH KMBJICHHS JIMIIIE BiJl I[bOTO CHEPTOHAKOIINIYBaya.

€MHICTD Yac pobotu
CYTICPKOH/ICH- H OCBITJIIOBAJIBHOI CH-
. aKOITHYCHA .
caropiB, 3 AKX cHepris CTEMH TTOTYKHICTIO
CKITIaJJA€ThCA T ’ 250 Bt Bix
CHEPrOHAKOIIH- HaKOIMYyBaya
yyBau, O eHeprii, ¢
25 1991,0 8,0
50 3982,0 15,9
100 7963,9 31,9
150 11945,9 47,8
300 23891,8 95,6
500 39819,6 159,3

Jlnist constaHoi reHepartii pi3HAI TeHePOBaHOT CHEp-
ril y HaiOIbII Ta HAUMEHII CIIPUATINBI IHI MOXE BiJI-
PI3HATHUCS HaBITh MPOTITOM Micslis y 8 pasis (puc. 1), a
MPOTSITOM POKY I Pi3HUIII MOXKe csiraTn Maibke 30 pasis.
BpaxoBytoun 11e, KpuTepieM BHOOPY ONTUMAIBHOI €M-
HOCTI CYTIEpKOH/ICHCATOPIB MOXKE OyTH CepeTHbOMiCs Y-
Ha TeHepallis 715 MIiCAIIiB 3 HAWHWKYMMHU i1 3HAYCHHSIMH.

JUis pO3MIISIHYTOTO OCBITIIIOBAIFHOTO TPHIIALy II0-
TyXHicTIO 250 BT 3 alIbTepHATHBHUM JDKEPEIIOM SKUB-
JICHHS Y BUIJISIAI COHSUHUX OaTtapeil iXHS HOMiHAJb-
Ha (MacmopTHa) BUXiJAHA MOTYXHICTh Ma€ CKJIaJaTH
monaiiMentiie 300 BT, oCKIABKM 3aI€)KHO BiJ ITOTOJI-
HHUX YMOB IIpH eKCILTyaTallii pOTOCIEKTPHUIHHUX COHSU-
HUX Oarapeil (TeMmeparypa HOBITpsI, piBeHb OCBITIC-
HOCTi, HaTPiBaHHS MPH BEIUKUX PIBHSAX OCBITIICHOCTI,
XMapHICTb, BiTep) iXHS BUXiHA MOTYKHICTh 3MCHIITY-
€ThCsI Ha BeTMUUHY 10 15% BiJg HOMiHAJILHOTO 3HAYCH-
HS1 (BUMIPIOETHCS y CTAaHAAPTH30BAHUX YMOBAX: CIIEKTP
AM1,5; temmepatypa 25°C; eHepreTuyHa OCBITIACHICTD
1000 B1/M?), T06T0 110 Grm3bko 250 BTy BHNaaKy crpu-
STIMBHUX YMOB JIJIs TeHepallii (sicHe He6o). Lle Biamnosi-
JaTuMe 3HIDKCHHIO MOTYXXHOCTI TeHepalii y BUMaaKy
HECNPUATIMBUX YMOB (JIuCcTOnaa — KBiTeHb) 110 50 Bt
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Puc. 1. Piuna 3anexHicTh iHCONIAMil mo micsagx s Knesa
y 2018—2020 pokax [26]

i MeHmIe. B 111 Mica1li CynepKoHIeHCAaTOPHUH HAKOTIHIY-
Bay Oy/ie MPamioBaTH BIPOJOBK YCHOTO CBITIOBOTO JHS
B PEXKUMI 3apsay-po3psay, o Biamosigae 8—10 roxu-
HaM 3a 100y. Taky X KiNbKiCTh Yacy BiH MpalioBaTUME
y HACIIPUATAMBIIII Micsii (TpaBeHb — JHUCTONAT) TIPU
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HOBI KOMIIOHEHTH JJISI EJIEKTPOHHOI ATIAPATYPH

HU3BKHUX PIBHAX IeHeparii (BpaHui Ta yseuepi). Takum
YHHOM, pOOOTa CUCTEMH Y PEXKHMI, B SIKOMY Bi10yBa€Th-
Cs1 3apsAA-pO3pA] CYIEPKOHICHCATOPiB, MOXKE CTAaHOBH-
i npuHaiiMai 3000 roguH poOOTH Ha PiK MpH iX 3apsi-
JOKEHH1 BiJ] COHSYHHUX OaTapel, 1110 TeHepYyIOTh MOTYXK-
HocTi Bix 1 1o 250 BT.

DyHKIIOHYBAaHHSI CHCTEMH EHEPrOHAKOITNUEHHS IPU
HOTY>KHOCTSIX TeHepallii MeHI Hik | BT € Hepamionasns-
HHUM 3 TOYKH 30py HEOOXiTHOCTI )KUBJICHHS €IEKTPOH-
HUX KOMIIOHEHTIB IEpPETBOPIOBAdiB. 3a Takoi reHepa-
1ii cucTeMa eHeproHaKOMMYeHHs IepedyBaTuMe y cTa-
Hi OUiKyBaHHS, a y BUIAJKy TeHepamnii 3 MOTyKHOCTSI-
mu noHaxa 250 BT renepoBana eHeprisi Oyne Oe3noce-
pPEIHBO BUKOPUCTOBYBATHUCS ISl pOOOTH CBITIOAIOMIB.
TpuBamicTh OJJHOTO IHKITY, 32 SIKOi CYTIEPKOHICHCATOP-
HUIl eHeproHakonuuyBay Oyae MOBHICTIO 3apsKEHO
Ta PO3PSAIKCHO 10 0OpPaHOTO PiBHS HAINPYTH, CKJIaja-
TUMETBCS Oe3MoCepeIHbO 3 Yacy 3apsKeHHS Ta Po3-
PSAIKEHHS cymnepKoHaeHcaTtopis. [Ipu mpomy mix gac
po3psAAKH Oyae MPOJOBKYBATUCS 3apsAKa CHEPTOHAKO-
IIYyBada BiJ eHEeprii, FreHepoBaHOI COHAYHOIO OaTape-
€10. TakuM 9MHOM, Yac OHOTO IUKILY 3apsIy-po3psity
MOKE BUPAXKATHCS 3aJICKHICTIO

t=E/P,+ E/(P,,,~P,). 3)
ne E — eHepris, 110 HAKOITHYCHA ¥ CYTIEPKOHICHCATOPaX;
Pled _

P_— MuTTEBE 3HAUCHHS HOTy)KHOCTi, 110 IT'€HEPYETHCA CO-
HAYHUMU 6aTape$[MI/I.

HOTYKHICTb CBITJIOZI0HOTO JKEpena CBITIa;

Bpaxoyrouu pecypc y 500 THc. IUKIIB 3apsny-
pO3pAIy, a TAKOX JaHi MO0 CHEPTeTHYHOI EMHOCTI
Oarapei cymepkoHJCHCATOPiB, HABEJCHI Y TaOMMII, Ta
B3SBIIN 0 yBar", M0 (yHKIIOHYBaHHS OCBITIIOBAJIb-
HOI CHCTEMH B TAaKOMY pexXuMi Oysie BigOyBaTucs BIIpo-
nopx npuHaiiMai 3000 ToauH HA piK, MOYKHA BU3HAUH-
TH 9ac, 3a sIKOro Oy/ie BHUSPIIAaHO PECypC MPOMHUCIOBUX
CYNEPKOH/ICHCATOPIB MPH MTOCTIHHOMY 3HAYCHHI ITOTYX-
HOCTi, TeHEPOBAaHOI COHSYHIMH OaTapesMH.

PesynpraTu po3paxyHKy TepMiHY, KOJIH Oyae BUUep-
[aHO pecypc poOOTH CHEPrOHAKOMMYYBada, 3aJICKHO
BiJl TIOTY)KHOCTI Te€Hepallii JJisi BUNaJIKIiB BUKOPHUCTAH-
HS B HBOMY CYTEPKOH/IEHCATOPIiB Pi3HOi €MHOCTI Ha-
BE/ICHO Ha pMc. 2. BpaxoByioun eneKTpoxiMidHi Mpo-
[[ecH, 0 BiOYyBaKOThCA B CyYaCHHX MPOMHCIOBHUX
CyNEepKOHACHCATOpaX, BUPOOHHUKHM 3a3BUYail BKa3zy-
I0Th TPOTHO30BaHI TEPMiHU IXHBOI CITY>KOM TPUOIN3HO
10 poxkiB, i 11¢ € IIe OMHUM KPUTEPIiEM I BUOOPY €M-
HOCTI CyTepKOHICHCATOPIB.

3anexxHOCTI, HABEICHI Ha pHC. 2, BKa3yIOTh Ha T, 1110
HaMEHIIHMIA TEPMIiH EKCIUTyaTaIlii CyliepKOHICHCATOPIB
CIIOCTEPITaeThCs, KOJIU MOTYKHICTh TeHepailii BUOpaHOi
consTaHOI Oarapei ckmamae 6mmu3pko 50% (125 BT) Big cio-
)uBaHoi (250 BT), a Benuki TepMiHM — 32 HU3BKUX Ta
BHCOKHX PIBHsIX TeHeparllii. Takuii xapakrep 3aJ1e)KHOCTI
BHKJIMKAHUHA THM, III0 32 HU3BKUX 3HAYCHB TOTY>KHOCTI
TeHepallii Yac HaKOTIMYCHHS EHEePTii CyTTEBO MEPEBUIILYE
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Puc. 2. 3anexHicTh TepMiHY, 3a kUil OyJe BHUEPIIAHO pe-

CYpC CHEprOHAKONNYyBa4a, BiJ piBHS COHSYHOI TeHeparii s

BUIIA/IKiB BUKOPUCTAHHS B HbOMY CYIIEPKOHEHCATOPIB Pi3HOL
emHocri (y @):

1 —25;2—50;3—100; 4 — 150; 5 — 300; 6 — 500

yac BiJlZJaBaHHS HAKOIIMYEHO1 eHeprii, 1 BiH € BU3HAYAJIb-
HUM JJI5 PO3PaxXyHKY KIIBKOCTI HUKJIIB 3aps1y-po3psiny.
[Ipu moTy>KHOCTI reHepallii, 1o JOPIBHIOE eHeprii cro-
JKUBAHHS JDKepesia CBITia, yac HaKOUYEeHHs eHeprii 10-
piBHIOE "acy Bianaui eneprii. Konu notyxHicTb reHepa-
Lii mepeBUILye MOTYKHICTh CIIOKUBAaHHS, PO3PSIKEH-
Hs B3arajii He BiIOyBaeTbCs, a CBITJIONIOAHE HKEPENo
CBITJIa )HUBHUTbHCS OE3MI0CEPEHBO Bl COHAYHOT OaTapei.
B 060x Bunakax KiabKicTh HUKIIIB 3apsiLy-pO3psay CyT-
TEBO 3HUKYETHCA.

3 puc. 2 BUAHO, IO IPH 0OPaHH1 CTPOKY eKCILTyaTa-
uii monaa 10 pokiB HaliMeHILIE 3HAYEHHS €JIEKTPHUYHOL
€MHOCTI JUI CTBOPEHHS €HEProHAKOIMYyBaya CKJajae
150 @. Y takoMmy BHMAajKy 3a MOTYKHOCTI reHeparii
10—75 Bt Ta Bumie 175 BT TepMiH ekcIutyaranii 3Ha-
yHO niepeBuiye 10 pokis, a 3a MOTY>KHOCTI TeHepaLii y
niamazoHi 75—175 Bt cTtpok cinyx0u ckianae He MeH-
e 9 pokis.

OueBUHO, 1110 MOJAIBLINNA PO3BUTOK TEXHOJIOTIT BU-
TOTOBJICHHS CYNEPKOH/IEHCATOPIB Ta MiABUILEHHS Ha-
JUAHOCTI TXHBOI POOOTH JIO3BOJIUTH 3MEHIIUTH EMHICTh
CYIIEpKOHJIEHCATOPiB 0e3 3HMKEHHS HaliIiHOCTI CHUCTe-
MU B IJIOMY.

BucnoBkn

[IpoBeneHuit aHami3 Mokasas, 10 MPU BUOOPI EMHO-
CT1 CYyNepKOHJICHCATOPIB JJIs1 OCBITIIOBAIBHUX CHCTEM 3
KOMOIHOBaHHM €JICKTPOXKUBIICHHSIM, B SIKHX ITO€HYETh-
Csl TeHepallisl BiJl COHSYHOT Oarapei 3 MepekeBUM KHB-
JICHHSIM, IOTPIOHO BPaXOBYBATH MIOTYKHOCTI SIK CITOKH-
BaHHSI, TaK 1 reHeparlii eHeprii. Y BUMaIKy BUKOPHCTaH-
Hs COHSIYHMX Oarapeii 3 HOMiHaJIBHOKO ITOTYKHICTIO TeHe-
panii 300 Bt Ta cBITJIONIOHOTO JXKeperta CBITIA MOTY K-
gictio 250 Bt s 3a0e31ede s BUCOKOT HaIiiiHOCTI Ta
BCTaHOBJICHOTO TEPMIHY €KCILTyarTallii CHCTEMH JIOTITh-
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HO BUKOPUCTOBYBATH 24 MOCTiIOBHO 3’ €IHAHUX CyHep-
KOHZIeHCAaTopa eMHICTIO 150 @ KOXHUIA.

3ampornoHOBaHy METOAMKY BH3HAYECHHS ONTHMAlb-
HOi €EMHOCTI CyIIepPKOHAEHCATOPIB MOKHA BUKOPUCTOBY-
BaTU JJI1 BU3HAYCHHS TEPMiHIB iXHBOI eKcIuTyaTanii 3a
OyAb-SIKUX 3HAYEHb MTOTYKHOCTEH reHepyBaHHs Ta CIO-
KUBAHHS €Heprii.

HanpsMom nopansmmx A0CTiKEHb € pO3po0IieH-
HS, BATOTOBJICHHS Ta JOCIIKCHHS EKCIIEPHUMEHTAIb-
HOTO 3pa3Ka OCBITIIOBaJIbHOT CHCTEMH 3 KOMOTHOBAaHUM
CIIEKTPOXKUBIICHHSM, B SIKiif Oy/ie BUKOPUCTaHO HAKOIIHU-
4yyBau eHeprii Ha OCHOBI cymnepkoHeHcaropis. Lle mo-
3BOJIUTH CKCIICPUMCHTAILHO BU3HAUYNTH TIAPAMETPH Ta-
KOi CHCTeMH OCBITJICHHS Ta i1 Koe(ili€HT KOPHUCHOT .
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SUPERCAPACITOR ENERGY STORAGE SYSTEMS
FOR LIGHTING SYSTEMS WITH COMBINED POWER SUPPLY

Modern continuous lighting systems use powerful high-performance LEDs as light sources and an important task is to begin
using alternative renewable energy sources for their power supply (including during the day). The simplest of the renewable
energy sources is photovoltaic solar energy converter. However, solar photovoltaic generation depends significantly on many
factors - geographical location, time of day, state of the atmosphere, time of year and the like. In addition, photovoltaic
generation depends on the weather conditions and cloudiness, which makes it unstable and prone to change drastically (by
an order of magnitude) during daylight hours. Therefore, an important element of the power system based on renewable
energy sources is the system of accumulation of generated energy. The method of power stabilization using supercapacitors
for systems with a significant change in power generation in the electrical power system is analyzed. The paper offers design
principles of the power supply systems for powerful LEDs with supercapacitor energy storage devices intended to make the use
of energy from sources with variable generation more efficient. The systems with supercapacitor-based drives, which allow to
ensure stable operation of the lighting system when the power supply from an alternative source is absent or reduced, provide
high safety and reliability, and have a significantly longer service life than battery-based energy storage systems.

Keywords: lighting systems, supercapacitors, energy storage devices, photoconverters of solar energy.
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HApodaxin O. O., [Llnakcin C. B., Paouiii B. /I., CanrtukoB /I. FO. Texnika
Ta HamiBHpoBiIHUKOBa ejekTpoHika HBY: HaBuajibHuili mociOHUK.—

HaBezeHo BiOMOCTI CTOCOBHO OCHOBHMX JiiHIM mepemadi HBY mianazony, Tteopil
MIKpPOXBHJIBOBUX KiJI. PO3MIsiHYTI MeTOM Teopii JOBrux JiHii Ta 6araronomocHukis HBY
JUIsl aHaJI3y 1 CHHTE3y IPHUCTPOIB Ha OCHOBI MIKPOXBWJILOBUX JiHIN nepenadi. HaBexeHo
BIZIOMOCTI TPO KOHCTPYKIiI OCHOBHUX ejieMeHTiB HBU-TexHiku Ta iXHI mapamerpu, npu
I[OMY BHKOPHCTaHO (hOpMasi3M MaTpHIlb PO3CistHHS. PO3IISIHYTO MepeBayKHO XBUIICBIIHI
€JIEMEHTH, SIKI 32CTOCOBYIOTH [UIsl pO3B’sI3aHHS 33/1a4 MPHUKIaAHOI (i3uku. [IpoaHanizoBaHo
(b13UYHI TPUHIUIN POOOTH OCHOBHUX THIIIB HAIIBIIPOBIIHUKOBHX 1 (DEPUTOBHX IPHCTPOIB
€JIEKTPOHIKN HaJJBUCOKHMX 4acTOT. HajaHo OCHOBHI TE€OPETHYHI CITIBBITHOIICHHS Ta THUIIOBI
CXeMH JUIsl HaliBIPOBIIHUKOBUX Te€HEPATOPIB, IIJICHIIIOBAYiB 1 MIEPETBOPIOBAYIB YaCTOTH.
CcdopmysboBaHO KpuTepii BUOOPY ONTHMAIBHUX PEXKHUMIB IXHBOT pOOOTH, BU3HAYEHO Tpa-
HUYHO MOJKJIMBI TIAPAMETPH 1 METOM iX JOCSTHEHHS. Jl0 KOXKHOT TeMH 3alpOIIOHOBAHO ITH-
TaHHS JJIs IEPEBIPKK PiBHS 11 3acBO€HHS. [10CIOHMK MICTHTB TECTH ISl CAMOCTIHHOT po6o-
TH. HoBe BUAaHHs IOMTOBHEHO BIIOMOCTSIMH ITPO KBa310NTHYHI JiHII epenadi Ta mpucTpoi

JIyist CTyeHTIB, SIKi HAaBYAIOTHCS 3a criemianbHicTio «[IpukiiaaHa ¢i3uka Ta HaHOMaTepiam.
[TociOHMK Takok MOXKe OyTH KOPHUCHHM acIlipaHTaM 1 CTyJEHTaM CTapliuX KypciB
PamioOTeXHIYHHX 1 Paio(i3MYHUX CIEiATBEHOCTEH, a TAKOXK BCIM, XTO IIKABUTHCS TEXHIKOO
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CHMHXPOHU3ALNMA 'EHEPATOPOB HA JIILJ
NUMITYIIBCHOI'O 1 HEITPEPBIBHOI'O JEMCTBHA
B MM-JIMAITA3OHE JJIMH BOJIH

Yacte 1. KoHCTpyKIIUM TeHEpPaTOpOB U 000OIIEHHAs MOJIEIb
WX CHHXPOHM3AIMH BHEITHUM CHUTHAJIOM

Ilpusedena nepsas yacmv pabomoi, KOMOPAs COCMOUM U3 08yxX cmametl, 20e 0600ujerbl pe3yIbmanvl, O0CIMUSHYNbLe
Ha OAHHBITL MOMEHM NPU pa3padomKe CUHXPOHUSUPOBAHHBIX 2EHEPAMOPO8 HA IABUHHO-NPOIEMHbIX Ouodax. B oannoi
cmamuve npeocmasieHvl 31eKmpoOUHAMUYecKue KOHCMPYKYUY 2eHepamopos, CUHXPOHUSUPYEMBIX BHEUHUM UCTNOYHU-
xom CBY-konebanuil, cooepoicaujue pe3oHAHCHYI0 KONebamenbHyo CUCEMY C KDEMHUEBbIM JIABUHHO-APOLEeMHbIM OUO-
oom. J{nsa ymenvuie s nomeps KoiebamenbHyo cucmemy HeodXoOUuMo 8bINOIHAMb 8 8U0e PAOUATbHO20 PE30HAMOpa ¢

UCNONb308AHUEM OUOOHO20 Kopnyca, umeroujeco pacnpeéaflei-mble napamempbul.

Kniouegvie cnosa: munnumemposviii OUanasoH, 1a6UHHO-NPOIEMHbIN OUOO, 2eHepaAmop, CUHXPOHUZAYUSL.

Yenexu pa3BUTHS HOITYTIPOBOAHUKOBON AIIEKTPOHUKH
CBEPXBBICOKHX YaCTOT OTKPBIBAIOT LIMPOKHE BO3MOXKHO-
CTH JUTA pa3pabOTKK ONTUMAITBHBIX CXEM M KOHCTPYKITHI
ncrtogankoB CBU-MOIHOCTH MUJITMMETPOBOTO JHara-
30Ha JUTHH BOITH, 00€CIICYMBAIOIINX BBICOKYIO CTa0MITb-
HOCTb 4aCTOTHI U (a3bl AIEKTPOMATrHUTHBIX KoJeOaHUH
[1]. bonplre nepcrneKTUBBI CBSI3aHbI C UCIIOIb30BaHU-
€M CHUHXPOHHM3UPOBAHHBIX JUOAHBIX I'€HEPATOPOB, KO-
TOpbIE HAXOAAT NPUMEHEHHE B IPUEMO-IIEPeNatoLInX
MOZYJISIX aKTUBHBIX (Pa3HMpPOBAaHHBIX AHTCHHBIX pPeIIe-
TOK, KOT€PEHTHLIX PAJUOJIOKAIIMOHHBIX CTAHIUAX Ma-
JIOM MOIIHOCTHY H T. II.

3ajada co31aHMs BEIXOIHBIX KACKAI0B IepeIaTYMKOB
C BBICOKHM KOY()(UIIMEHTOM YCHICHUS, HU3KHM YPOB-
HEM YacTOTHOTO IIyMa U YPOBHEM BBIXOAHON MOIIIHO-
CTH, COOTBETCTBYIOIINM MaKCUMAJIbHOMY OHEPIreTU4C-
CKOMY pexxuMy, 3 HeKTHBHO pean3yeTcs ¢ IPUMEHEHH-
€M PeXUMa BHELIHEeH CHHXPOHU3ALUHU MOJTYIPOBOIHU-
KOBBIX T€HEPAaTOPOB. YPOBEHb YACTOTHOTO LIyMa U CTa-
6I/IJ'II)HOCTI) YaCTOTBI BBIXOJHOT'O CUT'HAJIa TAKUX I'€HEpa-
TOPOB COOTBETCTBYIOT lTapaMeTPaM CUHXPOHU3UPYIOLLE-
T'O CUTHAJIA, YTO MTO3BOJISIET CO3aBATh BEICOKOCTAOMITh-
HbI€ UICTOYHUKH MOILITHOCTH ¢ MUHUMAaJIbHBIMHU (pa30BbI-
MU IIyMaMu B MUJITIMMETPOBOM AHAIa30HE AJIMH BOJIH,
B TOM YHCJIC ¥ B KOPOTKOBOJIHOBOW €r0 YacTH, IJIe T0-
CTPOCHHUE BBICOKOIOOPOTHBIX PE30HATOPOB BEChMA 3a-
TpyAHEHO. PexrM CUMHXpOHU3AIMKU BO MHOTHX CITy4asix
OoJiee TPEANOYTUTEIICH, YeM PEXKHUM MAaCCHUBHOTO yCH-
JICHUS, IIPpU KOTOPOM MaKCHUMaJibHas BbIXOJAHAsA MOII-
HOCTB JJOCTHTACTCS IPU MAJIOM yCHJICHUH (OOBIIHO HE
6onee 5—6 nb).

B nacrosiieii pabote, cocToseil u3 AByX 4acTew,
00001IIeHBI Pe3yabTaThl, JOCTUTHYTHIE HA JTAHHBIA MO-
MEHT IIPH Pa3padOTKe CHHXPOHU3UPOBAHHBIX TEHEPATO-
POB Ha JIABUHHO-TIPOJICTHBIX JIMO/IAX.

Yacts | mocpsiieHa pacCMOTPEHHIO AIIEKTPOIUHA-
MHYECKUX KOHCTPYKIIUN T€HEPaTOPOB, CHHXPOHU3HPY-
eMbIX BHemHUM ucTouyHukoM CBUY-konebanmii. C mo-
MOIIIbIO SKBUBAJICHTHBIX CXEM MPOBEJICH aHAIN3 Tapa-
METPOB T'€HEPATOPOB, COAEPKAIIUX PE3OHAHCHYIO KO-
nebareIbHyI0 CHCTEMY, BBITIOJIHEHHYIO HA KPEMHHUEBOM
TOJIYIIPOBOJIHUKOBOW CTPYKTYPE C OTPHIIATEIBHBIM CO-
npotuBieHueM. OnpesencHbl TpeOOBaHUS K KOHCTPYK-
[IUU TEHEePaTopa, IPU KOTOPHIX BO3MOXKHO PEaIn30BaTh
crabunmzanuio CBY-napameTpoB 1 Tpedyemyto 100poT-
HOCTb, HEOOXOUMBIC /ISl YCTOWYUBOTO MPOIIeCcca CHH-
XPOHU3AINH.

B yacTu 2 OyayT paccMOTPEHBI CHHXPOHU3HPOBAH-
HBIE TEHEPATOPhl UMITYJIbCHOTO JICHCTBUS C BBIXOJTHOU
MoiHocThio 20—150 BT.

IMocTanoBka npoodaeMbl

OCHOBOH CHHXPOHHU3UPOBAHHOI'O FEHEPATOpa ABJIAET-
cs1 KoneOarebHast CHCTeMa C MOTYTPOBOIHUKOBBIM dJIe-
MCHTOM, BSaHMOHeﬁCTBHe KOTOPBIX SABJIACTCA HEJIUHEH-
HbIM. ['eHeparop npeacrasiseT co60it 00bEeMHBIH pe30-
HAaTOP, B KOTOPBII TOMEIICH aKTUBHBIN 371eMeHT. B Muit-
JMMETPOBOM JTHANIa30HE Pa3MePhl pe30HATOPA CTAHOBST-
Cs TPY/IHO BBITIOHUMEI, @ PEIINTH 33439y 00CCIICUCHHUS
MaJIBIX KOHTYPHBIX MOTEPh MPAKTHIESCKH HEBO3MOXKHO.
OTO MPUBOANT K TOMY, UTO B TUAITA30HE HACTPOHUKHU KOJIe-
0aTeIbHOM CHCTEMBI KOJIeOaHUsI MOTYT HE BO30OYIUTHCS.
[Tpob6nema moteps B KoiebaTeILHON CHCTEME 0COOEHHO
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Ba)KHA JUIs1 JIABHHHO-TTPONIeTHBIX 1uoa0B (JIII ), nmero-
IIMX HU3KUK umnenadc. s Toro 4To0bl pemuTs mpo-
O1eMy, CBA3aHHYIO C TIOTEPSIMU, PE30HAHCHYIO CUCTEMY
BBHITIOJIHAIOT HA PaJUalbHBIX PE30HATOPAX, MCIIONIB3YS
KOHCTPYKIIMH JTMOJHBIX KOPITYCOB. B aTOM cityuae ans-
JICKTpUUECKast BTYJKA KOPITyca MPEACTaBIACTCS paiiab-
HOH JINHKEH 6e3 oTeph, KOTOpast TPaHC(HOPMHUPYET CBOH
BXOJHOM MMIIENAaHC K KJIEMMaM BKJIIOUEHHUS JUOTHOM
CTPYKTYyphbl. BennunHa u xapaxkrep TpaHc(hopMHPYEeMOTO
UMIIE/IaHCa OTIPEEIACTCS YCIOBUSIMU PACTIPOCTPAHCHHS
BOJTH B paJIMaJIbHBIX JIMHUSX C YUYETOM €€ pa3MepOB H JTU-
3JIEKTPUYECKON TpOHUIIaeMocTH. B 3TOM ciryuae ocHOB-
HBIM 4aCTOTHO-U30MPATEIbHBIM Y3JI0M CHHXPOHU3UPO-
BAaHHOTO TEHEPATOPA SIBISETCS TUOA. 3amaceHHas SHep-
rust Takot CBU-cuctembl cocpeioToueHa B 00JacTH JTu-
oJ1a, a 00001IeHHAast TOOPOTHOCTh CUCTEMbI OKa3bIBACTCSI
MUHHMMaJIbHON. B CUHXpOHU3MPOBAHHBIX T€HEPATOPax C
MIMPOKOi paboueit monocoii f0OPOTHOCTh TAKOTO INOAA
CIIeZlyeT YMEHBIIATh, HO HEOOXOIMMO COOTIONATh CIICY-
IOIIIee YCIIOBUE: BEIMYNHA MO OTPUIATEIFHOTO CO-
niporusienus JIITJ nomkHa MpeBOCXOAUTH CYMMapHYIO
BEJIMUYUHY COIIpOTUBIEHUs oTepb B CBY-nenu.

KoHcTpyKum reHeparopos

Jnst yBenauueHus: HaIeKHOCTU Palu03JIeKTPOHHON
anmnaparypsl B CBU-1nanazone npoBoAUTCs KOPILyCHPO-
BaHME IMOJIYNPOBOJHUKOBBIX CTPYKTYp. Ha pue. 1 noka-
3aHa KOHCTpPYKUHMs koprycupoBanHoro JIII/I: nuonnas
p—p—n—n*-crpykrypa I, CMOHTUPOBaHHAS BHYTPH PyOu-
HOBOW BTYJIKH 2 Ha ITO30JIOYEHHOM MEJTHOM MTU(TE 3, CO-
€IMHEHA C KPBIIIKOU 4 IPY MTOMOIIX 30JI0TOU IUTFOIICHBI J.

Hcnonp3oBaHue MWUPOKO MPUMEHSIEMBIX B CaHTH-
METPOBOM JAMaNa30He BOJH METaJJIOKepaMHUeCKHUX
JIMOJTHBIX KOPITYyCOB B KOPOTKOBOJIHOBOM uyactu CBY-
QUara3oHa CTAaHOBUTCS MPOOJIEMATHIHBIM M3-32 OOJb-
KX 3Ha4eHuid eMkoctH (C\) ¥ MHIYKTHBHOCTH (L)
KOpITyca, TPYAHOCTSAMHU IOJIyYEHUs OAHOPOJHBIX TOHKUX
CTEHOK KePaMIUEeCKON BTYIKH 1 HEOOXOTUMOCTH COC/IU-
HEHMsI €€ TOPLOB C METAJUINYECKUMHU YacTAMH KOpIyca
MeToj1oM mmaiiku [2]. Bece 210 He 1o3BoIsIeT peaan3oBarb
TpeOyemble 3HAYCHHS COCPEIOTOUCHHBIX MapaMeTpOB
KOpIlyca ¥ MUHUMHU3UPOBATh BEJTMUMHY OMUYECKHX I10-
Teph Kopryca r, (puc. 2). Kpome T0ro, B KOpOTKOBOJI-
HoBo# yactu CBY-1mana3zona reoMmeTpuaecKue pa3mMmepsl

r

|
>

A

— ————J
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KK

IRRK)
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Puc. 1. Koncrpykuus kopmycuposanuoro JITTJ]

Puc. 2. DxBuBaneHTHas cxeMa 3aMeIleHUs KOPITyCHPOBaHHO-
ro JIIT/I, B koTopoii nuAIEKTpUYEcKas BTyJIKa MPEACTaBIIsAET-
sl paJuaIbHOM TMHUEN (lpﬂ)

JURJIEKTPUYECKOH BTYJIKM COM3MEPUMBI C JUTMHOM BOJTHBI.
B aTom ciiyuae npezsiaraeTcs paccMaTpuBaTh BTYIKY Kak
panuanbHyIo JIMHHUIO, TPAHC(POPMHUPYIOIIYIO CBOI BXOJI-
HOW UMneaHe Z o K KJIEMMAM BKJIFOUCHHSI IIOTYPOBO/I-
HUKOBOM CTPYKTYphl. BennunHa 1 Xxapakrep UMIeaanca
OMpEeeNAOTCs YCIOBUAMH PaclpoOCTpaHEHUs BOJIH B pa-
JUATTBHBIX TIUHUAX C YYETOM T€OMETPUH U TUDJIeKTpHYe-
CKOH MPOHMIIAEMOCTH BTYIKH Kopmyca [3]. [TomHoe co-
IPOTHUBIEHHUE TPAHCHOPMATOPA C UMIIETAHCOM R 10K~
HO OBITh MUHUMAJIbHBIM U YIOBJIETBOPATH YCIOBHUIO
R11 <<t » TIe I 4= 14T 1 T, — BEleCTBEHHAs YacTbh
UMIIe/laHCca OJTYIPOBOJHUKOBON CTPYKTYPBI C YHETOM
COIPOTHBJIEHHS TIOTEPh PACTEKAHUS CTPYKTYPBI /', OMHU-~
YECKOT'O COMPOTHUBIICHUS JIEMEHTOB BKJIIOUEHHS TOTY-
MIPOBOAHUKOBOI cTpyKTYpbl B CBU-11€11b 1 COnpoTHBIIE-
HUsl JIEMEHTOB KOpIyca auoza r,, (puc. 2). Benuunna
oTpuuarensHoro conpotusiaenus JIIJ] MunnumerpoBo-
IO JManasona r, cocrapuser 2—3 Om.

BxonHol umnenanc paguanbHON JIMHAW OINpENEs-
eTcsl BhIpakeHueM [4]

h-120m
Z = jx ———Cotg(x,y), 1
() = e = Cotg(x.y) (1

Tie 7, ¥y, i — BHEIIHMH M BHYTPEHHHH JMaMETpPBI U BBICOTA

BTYJIKK COOTBETCTBCHHO,

Cotg (x, y) — 00sbIIOI pasualbHbI KOTaHTEHC;

21
_X\/g'ra

21
:X\/g'ro;

€ — IUDJICKTPHUYCCKAsA MPOHUIIACMOCTB,

A — JMHA BOJIHBI.

B [5] npuBoasTCcs pacueTHbIE 3aBUCUMOCTH BETTUYH-
HBI BXOJHOW MPOBOAMMOCTH PaJualbHON JUHUU B Ce-
YEHHH 1 = 7, OT €€ BHENIHETO uameTpa. Mismenss nua-
METP AMAIEKTPUUYECKON BTYJIKH MPH 3aJaHHOH BBICOTE
h, Ha KJIeMMaXx MOJyTPOBOTHUKOBOM CTPYKTYPBI MOYKHO
MOJYYUTh HEOOXOIUMYIO BEJTMUMHY PEaKTUBHOM MPOBO-

JUMOCTH AJId p€ain3alun nmapajjiI€IbHOIrO pE€30HaHCa.
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CBUY-TEXHHKA

OCHOBHBIM YaCTOTHO-H30UpaTesibHbIM y3110M CBUY-
uenu reseparopa Ha JIII] ssBisieTcs kopimycupoBaHHBIN
JTMOJT C PE30HAHCHOM TpaHc(opMaliel UMIIeIanca K mo-
JyIPOBOIHUKOBOM CTPYKType. 3anaceHHast SHeprusl B Ta-
kot CBU-cucremMe cocpeioroueHa B OCHOBHOM B 00Jia-
CTH KOPITyCHPOBAHHOTO JIHO/a, a 0000IIeHHas 100pOT-
HOCTb CUCTEMBbI OKa3bIBA€TCS MUHUMAJIbHOM.

B mmpokonuanazonnsix CBY-ycrpoiictBax (reHe-
paropax ¢ nepecTpoiikoil, CHHXpOHU3UPOBaHHbBIX I'€He-
paropax, CyMMaTopax MOIIHOCTEH) J0OpOTHOCTE KOp-
[IyCUPOBAHHOTO PE30HAHCHOI'O JIMOJa CIEeIyeT YMEHb-
[I1aTh, HO TIPH 3TOM HEOOXOANMO COONIONATh yCIOBHUE:
MOJyJIb OTPULATENBHOTO CONPOTUBICHUS JOJKEH Tpe-
BOCXOJUTh CyMMapHYIO BEJIMUYUHY COIPOTHUBIIEHUS 11O~
teps B CBY-11emm.

Kopmrycuposannsie JIIT/] B quamazone gactot 30—
180 I'T'y MOTYT OBITH CO3/IaHBI PU MPUMEHEHUH B KOP-
Mmycax AUNIEKTPUUYECKUX BTYIOK HA OCHOBE MPOMBILI-
JICHHBIX YaCOBBIX PyOMHOBBIX KaMHEH, METaJUTH3HPO-
BaHHBIX 110 TOpIaM (cM. Tadauny) [6].

Fa6apumbl ()uaﬂekmputtecxux 6MYJIOK 6 3a6ucumocmu
Om 4acmomHo20 OUANa30Ha

a)

Z

2

0)

77

0
/§

N %\
JI

B ob6nactu uwactoT 6osee 180 I'T'm mpumeHsoTes
TaKXe MPHUHIUIBI PE30HAHCHON TpaHC(HOPMAIUU UM-
neganca JIIIJ[, onHako KOHCTPYKTUBHOE BBITIOJIHEHUE
KOPITyCOB TPEOYET CIEIHATIBHOTO PEIICHHs], 00eCIIeuH-
BAIOIETO JOCTIDKCHNE PE30HAHCHBIX YAaCTOT B YKa3aH-
HOM Jauana3oHe [7].

Top1bl pyOMHOBBIX BTYJIOK METAJUTM3UPYIOTCS BAKy-
YMHBIM HambluieHHeM ciioeB xpoma (0,1 MkM) 1 3050Ta
(1,0 MxM). BTynku MOHTHPYIOTCSI HA OCHOBAHHUE TEILIO-
OTBOZIa METOAOM TEPMOKOMIIPECCHOHHOMN CBapKH.

Ha puc. 3 noka3aHbsl NpUHINIBI BKJIFOUECHHS KOPITY-
cupoBanHbIX pezoHaHcHbIX JIIT/] B CBU-koHCTpyKIIMH,
BBITIOJTHEHHBIC HA Pa3HBIX THUMAX JUHUN TepeaadH.
VcenenoBanus moKkasanu, YT0 KOPITYCHPOBAHHbIN JTaBHH-
HO-TIPOJIETHBIM IO MOXKET PacCMaTpPUBATHCS KaK ca-
MOCTOSITETBHBIN MTOTYIPOBOTHUKOBEIN MPHOOP C COOT-
BETCTBYIOIIMMH aMIUTUTYJHO-YaCTOTHBIMH 3aBUCHMO-
CTAMH HMIICIAHCA U DHEPTeTUUCCKUX XAPAKTEPUCTHUK.
V3meHenue ero mapaMeTpoB B MIMPOKUX Mpe/esax Bo3-
MOXXHO ITyTE€M M3MEHCHUS THaMEeTpa AUICKTPHUCCKOH
BTYJIKH M KPBIIIKH Kopmyca. [lepemenienne kopmycupo-
BAHHOTO JIMO/Ia COBMECTHO C €0 TEIIOOTBOSIIINM OCHO-
BaHUEM BJIOJIb OCH IO/a 1 EPIICHIUKYIIIPHO K HAaIIpaB-
JICHUIO PACTIPOCTPAHECHUS BOJIHBI B IMHUH TIEPEAAdH O~

Uacroruprii | Buemmnwmii | Buytpennnii /
Bricora,
JTNAIa3oH, JIUaMeTp, | JAuamerp, M
ITh MM MM
30—40 1,2 0,75 0,35
50—60 0,9; 0,8 0,5 0,3
70—120 0,5 0,2 0,15
1)
120—180 0,4 0,2 0,15

W
—_—

Puc. 3. Cxema Bxirouenust JII1 /] B paznuanbie TMHUM TEpeAadn:

a — BOJIHOBOJHO-KOaKCHaJIbHasi,; 60— BOJIHOBO/{Has; 6 — AU-

BHEKTpI/I‘IeCKI/Iﬁ BOJIHOBOA; ¢ — MHKPOIIOJIOCKOBas JIMHUA,

0— HCCUMMCTpPHUYHAA MICJICBasd JUHUA C IICPECKPBITUEM B BOJI-
HOBOJIC

1 — JIIIA; 2 — momomaromasi Harpys3ka; 3 — MHKPOBOJIHO-
BbII (pUiIbTp MUTAaHUS; 4 — 3KpaH ¢ BBIBOAAMH MUTAHU; 5 — Te-
IJI00TBOJ

3BOJISIET U3MEHATh OCHOBHBIE TapaMeTphl JHO/a B MPO-
1ilecce HaCTPOMKH yCTPOMCTBA, T.€. MPOU3BOAUTH OIHO-
BPEMEHHO HACTPOWKY JHMONA U BCETO YCTPOWCTBA B Lie-
nioM. Takast KOMITIEKCHasI HACTPOMKA BBITIOJIHUMA B JJICK-
TPOAMHAMUYECKHUX KOHCTPYKIHSIX C PA3TUIHBIMU JIMHU-
SIMH TIEPE/IavH.

BricokoyacToTHBICE UCTOYHUKH MOIIHOCTH (pHC. 3),
paboTaronirie B MOHOTAPMOHHUYECKOM PEKHMME Ha OCHOB-
HOI 9acToTe, 00BIYHO XapaKTepU3YIOTCs HU3KOM TOOpOT-
HOCTBIO, TTIOCKONBbKY HE COACP)KAT CIEUUATIbHBIX CTa-
OMITM3UPYIONIUX YCTPOUCTB, B YACTHOCTH CTaOUIIU3U-
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CBY-TEXHHUKA

PYIOIINX PEe30HATOPOB. B CBs3u ¢ 3TuM cTabmin3anu-
OHHBIE U CIIEKTPAJIbHbIE XAPAKTEPUCTUKHU ITHUX HUCTOY-
HUKOB HU3KHE, U OHH, KaK IIPaBUJIO, HE HAXOIAT IpU-
MEHEHMs B KaUeCTBE 3aJalOlIUX FE€HEepPaTopoB, TeHepa-
TOPOB IIPUEMHBIX YCTPOMICTB U T. II. B TO e Bpemst HU3-
Kasi JOOPOTHOCTH SIBIISIETCS BAXKHBIM (DAKTOPOM IIPH CO3-
JaHUY HIMPOKOAMANA30HHBIX F€HEPATOPOB B PEXKUME
BHEIIHEN CUHXPOHU3AaLUU. PacCMOTpEHHBIE IPUHIIMIIBI
KOPILyCUPOBaHMsI IIOJIYIIPOBOAHUKOBBIX IUOJOB I103BO-
JIAIOT CO3JaBaTh U ONTUMU3UPOBATH BICOKOUACTOTHYIO
Lienb FeHeparopa AJis JOCTHKEHUs HAUIy4IlIuX SHepre-
TUYECKUX, JAUANa30HHBIX U CIIEKTPAJIBHBIX XapaKTepU-
ctuk. [Ipn 3TOM HEOOXOAMMO CO3AATh COOTBETCTBYIO-
LIYI0 NIEKTPOAUHAMUYECKYIO KOHCTPYKIMIO U CIIOCO-
OBl YCTAaHOBKM B HEH KOPITyCHPOBAaHHOTO JHOna, 00e-
CIIEUMBAIOILUX MAaKCUMAaJIbHBIN 1UaMa30H 1epeCTPOUKU
YacTOThI IIPY U3MEHEHUU MOLIHOCTHU 33Jal0IIEro reHe-
paropa CUHXpOHU3aLUH.

PaccMmoTpuM Hanbosee pacnpoCTpPaHEHHYIO KOH-
CTPYKLMIO F€Heparopa, OCHOBAHHYIO Ha IPUMEHEHUU
BOJIHOBOJITHO-KOAKCHAIIbHOTO coulieHeHus (puc. 4).
KoaxkcuabHas IMHUSE C BOJTHOBBIM CONPOTUBIICHHEM W
MOXET OBITh CMEIIIeHA OTHOCUTEIHHO IIEHTPa BOIHOBO-
Jla C BOJIHOBBIM COIIPOTUBIICHUEM Wﬂ Ha BEJIMYMHY A.
B koakcuaabHOM IMHUY yCTaHOBIIEH KOPITy CHPOBaHHBIH
Jmof 1, CMOHTHUPOBAHHBIN Ha TETJIOOTBOJISIIIEM OCHOBA-
HUU, M aHTUIIapa3uTHas Harpyska 2. Beixoq reneparopa
COEJMHEH IIPU IIOMOIIM LIUPKYJIATOPA C HATPYy3KOH U €
HUCTOYHUKOM CUHXPOHMU3UPYIOIIEr0 CUTHAIA.

ITonHas >KBUBaJIEHTHas cXeMa paccMaTpUBaeMON
KOHCTPYKLIMYU Ie€Heparopa IIpuBesieHa Ha puc. S. Ee na-
paMeTphl ONPENENIEHbl B PE3YIIBTATe SKCIIEPUMEHTAIIb-
HBIX U TEOPETHUECKUX MCCIICTOBAHUHI KPeCTOOOPa3HBIX
BOJIHOBOJIHO-KOAKCHAIbHBIX KOHCTPYKIHMH [8].

JIByXTOJIOCHUKA X, X, BKIIIOYECHBI B CEYECHHE KO-
aKCHaJbHOM JIMHUU S, KOTOpasi COBMAIAET CO Cpejl-
HEl IIOCKOCTBIO BOJHOBOJIHOM CEKIUH, Napajlleib-
HOM IMPOKOW CTEHKE BOJIHOBO/IA U MIPOXOAILEH uepe3
€ro eHTp. PeakTUBHbIE ABYXIIOMIOCHUKHU X)), X, a TaK-
e BTOpUYHAasg 00OMOTKa TpaHC(HOpMaTopa MOAKIIOUCHBI
K TOUKaM, KOTOPbIE PACIIOIO0KEHBI HA OCHU, IEPIIEHIUKY-
JIIPHOH IIMPOKOM CTEHKE BOJTHOBOJIA U IIPOXOAAIIEH ue-
pe3 ee neHTp. OCOOEHHOCTRIO paccMaTpPUBAEMON KOH-
CTPYKIINH SIBIISETCS BO3MOXXHOCTH H3MEHEHUS K03 hu-
LUEHTA TPaHC(HOPMAIIUH /1 ITPU U3MEHEHNH CMEICHUS A

A 5

N
§ 8
NS

Puc. 4. KOHCprKHH?{ re’eparopa, BbIIIOJIHEHHOTO Ha MpUME-
HCHHH BOJIHOBOJHO-KOAKCHAJIbHOI'O0 COYJICHCHUA

n

-

Puc. 5. DkBUBaJIeHTHas cXeMa 3aMEIICHMS BBICOKOYACTOT-
HOW IeNU CMHXPOHH3WPOBAHHOTO T'€HEpaTopa Ha OCHOBE
BOJIHOBO{HO-KOAKCHAJIbHOTO COUJICHEHUS

0CH KOAKCHAJILHOH JIMHNAHU W TIOJIOKCHHUS THO0a B KOAK-
CHATBHOM JIMHUH. 3aBUCUMOCTbD KOO PUITMECHTA TPAHC-
dopmaru n = f{A) B 8-MM Tnana3oHe AJIWH BOJH MPH-
BeJIeHa Ha pHc. 6.

Nzmenenune koadduitmerta TpaHcHOpMAIIH 72 B IITH-
POKHX Ipe/ieiax o3BOJIsIeT 00ecednTh TpedyemMoe co-
ITacOBaHME MMIIEaHCa IUOAa M Harpy3KH 0e3 mpuMe-
HEHUSI TOTIOJTHUTETBHBIX PEaKTHBHBIX HEOTHOPOTHOCTEH
B BBIXO/IHOM CCUCHHH BOJHOBOIHOW CEKIIMH T€HEPaTo-
pa. HacrotHo m3buparenbHbIM y3moM CBU-nienu rexe-
paropa SBISIETCS] KOPITyCHPOBAaHHBIN THOM ¢ Pe30HAHC-
HOW TpaHchopMaIuei nMIIeIaHca K MOIyITPOBOTHUKO-
BO# cTpykType. B cBsi3u ¢ HU3KOW JOOPOTHOCTHIO pe-
30HAHCHOTO KOHTYpa Jinojia 0000IeHHAs JOOPOTHOCTh
CBU-nenu reneparopa npuHUMAET 3HaYCHHUE, yMEHBIIIa-
IOIIeecs MPH YBEINICHIH YKBHBAJICHTHOM MIPOBOIUMO-
cru Harpyskn: Gy, = G /n’.

n

S | VSISV | VSN

S Sy eV SNV SV VY e

0 05 1,0 1,5 2,0 25 20 [0,5a—A], Mm
Puc. 6. 3aBucumocts koadduimenta tpanchopmanuu n ot
CMEIIEHHs OCH KOaKCHaIa A OTHOCHTEIIBHO LIEHTPa BOTHOBO-

Jla TIPH BBICOTE BOJIHOBOJIA b ¥ IMPHHE a = 7,2 MM
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[TonynpoBOTHUKOBBIE AUOJHBIE TEHEPATOPHI B pe-
JKUME BHEITHEW CHHXPOHU3AIMHA MOTYT PacCMaTPHUBATh-
Csl KaK CHHXPOHHBIEC YCUJIUTEIN OTPaKaTeIhbHOTO THIIA.
Wx ominyre OT cTaOMIIBHBIX YCHIIUTENICH OTpakaTelb-
HOTO THITa COCTOHT B TOM, YTO IPH BBIKIIFOUCHUU BXOJI-
HOI'0 CHUTHAaJa (PC = ()) MOIITHOCTh BBIXOTHOTO CUTHAJIa
paBHa aBTOKOJICOATEIILHOW MOIIHOCTH PO. B crabuib-
Hom ycumurene P, = 0 npu P = 0. Obnacte npume-
HEHUS CTa0WIBHBIX YCUIIUTENICH — KacKaJIbl TIepe/iato-
[IIUX U TPUEMHBIX YCTPOMCTB, B KOTOPBIX BPEMsI IIPUXO/IA
YCWJIMBAEMbIX CUTHAJIOB HE OIpeieeHO. JJoCTIKUMBIi
MHUHUMAaJIBHBIA YPOBEHB IIyMa JTUOJHBIX YCHIIUTEICH
OorbIlie, YeM Y TPAH3UCTOPHBIX YCUIIUTENEH, MO3TO-
MY B YyBCTBHUTEIIbHBIX TIPUEMHBIX YCTPOUCTBAX MPUMeE-
HSFOTCSI MaJIONITYMSIIIIAE YCUJIMTENN Ha TPAH3UCTOPAX.
[Tpu uCcoTb30BaHNH B KaU€CTBE BEICOKOYACTOTHOM 1IN
BOJTHOBOJIHO-KOAKCHATBLHOU CUCTEMBI (pHC. 4) mepexo
W3 peKUMA CUHXPOHHOTO YCHUIICHUS B PEXKUM CTaOMITb-
HOTO YCHUJICHHS JOCTUTAETCs YBEeTHUEeHHEM K03 duIu-
eHTa TpaHC(OpMaInK 71 33 CYET CMEIICHHS OCU KOAKCH-
aJIHHOMW JIMHUK OT OCH BOJTHOBOJIAa TIPU HEU3MEHHBIX Ta-
pamMeTpax Aauoja.

[IpencraBnser HHTEPEC COMOCTABICHUE XapaKTepHU-
CTUK CTa0MIBLHOTO W CHHXPOHHOTO ycuimtelei. Kak
BUJHO U3 PHC. 7, UX JIUAMAa30HHBIC XapaKTEPUCTUKHU
MPAKTUYECKU OJMHAKOBBI, HO CHHXPOHHBIE YCUIIUTEIN
00ecIeunBaroT 3HAYNTEIHHBINA BEIUTPHIII B YPOBHE BbI-
XOJIHOH MOIIHOCTH IPU MPOYHMX PaBHBIX MapameTpax,
YTO 0COOCHHO CYIIECTBEHHO B PEKUME yCHIICHUS Ma-
JIOTO CUTHAJIa. B CBSI3M ¢ ATUM CHUHXPOHHBIC YCHIIUTE-
JIU BBITOJHO MPHUMEHSTH MPU CO3JIaHUU TIEPEIAIOIINX
YCTPOUCTB C BHICOKUM YPOBHEM BBIXOJTHOW MOIIIHOCTH
¥ 3HAYUTEILHBIM YCUJIICHHEM.

B u3BeCTHBIX KOHCTPYKIIUSX T€HEPATOPOB U yCHIIN-
teneid CBY-momnoctu Ha JIIJ] ucnons3yroTrcs nomy-
TIPOBOJTHUKOBBIC CTPYKTYPhl COCPEIOTOUCHHOTO THIIA.
JItst TaKKX CTPYKTYP MUMEIOTCSI OTPAHUYCHHUS 110 YPOB-

PBBIX’ Br ! H H i H Afny
: i T A
e R It e i B
2,0 f------ . e . 4
1,6 [#---imm e Ao 3
12 b foeee FE—— 2
V3 /A SUN S S S - 1
04 —
0 02 04 06 08 10 P _Br

Puc. 7. 3aBUCHMOCTh BBIXOJHOM MOWIHOCTH P, OT ypoB-
Hs BXOJHOM MOmHOCTH P_ CHHXPOHHOTO (/) U CTaOUILHO-
ro (2) ycunurenei

HIO BbIXOJHOW CBY-MOIIHOCTH, MOCKOJIBKY M3-3a He-
00XOIMMOCTH COOJIIOACHUS OIPENIEICHHOTO TEeIIOBO-
r0 peXHMa IPUXOTUTCS paboTaTh NP TIIOTHOCTH TOKA
HWKE ONTUMAJIbHON BEJIMYMHBL. B 3TOM ciyyae moBbI-
LIEHHE MOABOAUMOM MOIIIHOCTH MOYKET OBITh JOCTUTHY-
TO MIPU YMEHBILIEHUH TETNIOBOTO CONPOTUBIICHUS TH0a
Ry [9]. OnnuM 13 M3BECTHBIX CIIOCOOOB €0 yMEHbLIE-
HUS SABJISIETCA MEpexo]l K MOIyIPOBOAHUKOBOM CTPYK-
Type ¢ pa3BUTOH mnepudepueii, TOCKOIbKY IMPU ITOM
YBEJIMYMBAETCS TEIUIoNepenadya B OOKOBBIX HallpaBlie-
HusX. [lonynpoBOAHUKOBBIE CTPYKTYPBI pacipeelieH-
HOTO THIIA MOTYT OBITh BBIIIOJHEHBI IPOTSKEHHBIMU B
BHJIE€ IPSMOYTOJIbHUKA WIIM TOHKOTO KOJIbLIa C JOCTaToY-
HO OOJIBIIUM THAMETPOM.

B [10] skcnepuMeHTanbHO MOKa3aHa 3P PEeKTUB-
HOCTb UCIIOIb30BaHMs KOJIbLEBBIX cTpYKTYp JIIT/L Oomb-
LIOr0 TUaMeTpa AJis CO3JaHUs CUHXPOHU3UPOBAHHBIX
YCUIIMTENEH UMIYIbCHOTO NEHCTBUS C LIENBIO MOBBI-
meHust yposHs cpeneit CBU-monHocTn. AHanus yka-
3bIBAET HA 1[€JI€CO00Pa3HOCTh MCIOIb30BaHUS aKTHB-
HBIX TMOJIYIPOBOJHUKOBBIX CTPYKTYp C pacipeneseH-
HBIMH NIapaMeTpaMu Ui CO3/laHus yCcuiuTenei oery-
el BOJIHBI B KOPOTKOBOJHOBOM YacTH MHJUTUMETPO-
BOT'0 AMarna3oHa JUIMH BOJIH. OJHUM U3 MyTel UX co3-
JIaHUs SBIIAETCS MCIOJIb30BaHUE MPOTSKEHHOTO Ja-
BUHHOTO p—7-TIEPEX0/ia B OJIYNIPOBOAHUKOBOM CTPYK-
Type. YCUIUTENb NPEeACTaBIsAeT cO00M MPOTHKEHHBIH
p—n-nepexofi, 00Iagalonil OTpULaTEIbHBIM CONPO-
THUBJICHUEM HA OCHOBE JJABUHHO-IIPOJIETHOIO MEXaHU3-
Ma, CMEIIEHHOTO UICTOYHUKOM TOKa B 00J1acTh OTpHUIa-
TEIBHOTO conpoTtusiienus (puc. 3, 0). B cuny ocoOeH-
HOCTEH JIABUHHOTO Tepexo/ia MOKHO MPEIOI0KHTb,
YTO 10 MOILITHOCTH M paboveil ojoce TaKoH yCHIIUTENb
OyaeT NpPeBOCXOAUTh YCUIIMTEIH Ha JUOAAX C COCPeIo-
TOYEHHBIMU MTapaMeTPaMu.

[Ipu ocymiecTBIeHUN BHEIIHEH CUHXPOHU3ALIUH Te-
HEPaTOpbl, KaK MPaBUIIO, COSAUHSAIOTCS C UCTOUHHKOM
CHHXPOCHTHAJIA ¥ HArpy3KOH 4epe3 HeB3auMHBIN die-
MeHT (uupkynstop). Ha ocHoBe 000011eHHON Mozaenu
CHHXPOHU3HUPOBAHHOTO T€HEpaToOpa ¢ UCTOIb30BaHUEM
W3BECTHOTO B JINTEPAType METO/Ia MEIJICHHO MEHSFOLIHX-
€5l aMIUTUTY]l, KOTOPBIH OCHOBBIBAETCS HA 3HAHUU UMIIe-
JaHcHbIX xapakrepuctuk JITT/I, mpoBeeH kauecTBEHHBII
aHaJIU3 OCHOBHBIX OCOOCHHOCTEH PEKUMOB CHHXPOHHU-
3UpOBaHHBIX reHeparopoB Ha JITT/I.

O060061IeHHast MO/IeJIb CHHXPOHU3UPOBAHHOTO

redeparopa Ha JIIIJ{

W3 Teopun koneOaHUI M3BECTHO, YTO TPU BO3JICH-
CTBUH Ha aBTOKOJICOATETIHHYIO CHCTEMY BHEIITHEH ITepHo-
JIUYECKOM CHJIBI C 4aCTOTOM, OJIM3KOM K 4acToTe cucre-
MBI [IPU OTIPEIeIEHHBIX SHEPTETUYECKUX COOTHOIIECHH-
SIX, IPOMCXOIUT 3aXBaThIBAHUE MJIM CUHXPOHU3ALMS aB-
TOKOJICOAHWH BBIHYXJICHHBIMU KoJieOanusmu [11]. [Ipu
9TOM MIPEICTABISET UHTEPEC BO3MOKHOCTH CHHXPOHHU-
3alUU CUCTEMBI HE TOJIBKO CUI'HAJIOM, OJIM3KUM IO Ya-
CTOTE K CBOOOIHBIM aBTOKOJICOAHUSIM TeHEpaTopa, HO

14
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CUTHAJIOM C CYIIECTBEHHO O0Jiee HU3KOW MK OoJiee BhI-
COKOI 4aCTOTOM.

[Tonocoil cuHXpOHU3aMK HAa3bIBAIOT PA3HOCTh MEXK-
}1y JacTOoTaMHM 3aXBAa4YCHHBIX KOHCGaHHﬁ, Ha KOTOpLIX
HpOI/ICXOZ[I/IT CpLIB pemHMa CI/IHXpOHI/ISaHI/II/IZ

Afc:%(fCB_fCH)D (2)

rae m, n — HaTypajbHbIC YNCIIa, HE MIMEIOIUe 00IIero MHO-
JKUATEIS;

feps fop — COOTBETCTBEHHO, BEPXHSS U HMKHSS YaCTOTHI
BHEIIIHETO BO3JIEHCTBUS, HAa KOTOPBIX HaOII0a-
€TCSI CPBIB CHHXPOHHU3ALIUH.

Pexxum, xorma m = n = 1, Ha3pIBaeTCsl TapMOHUYE-
CKMM 3axBaTbIBaHueM; pu m =2, 3, ..., n =1 — ynb-
TparapMOHMYECKHM, MJIM YMHOXXEHHEM YacTOTHI; MPH
n=2,3...,m=1— cyOrapMOHUYECKHM 3aXBaThIBaHH-
€M, WU JICTICHUEM YacTOTHI.

KonmuecTBeHHO# Mepoii 3¢ (eKTHBHOTO 3aXBaThl-
BaHMs YaCTOThI TEHEPATOPA f. B OJHOYACTOTHOM IPH-
ompxeHun (m = n = 1) cIyXuT K03()(PUIUEHT CHHXPO-
HU3AIHUH

A A
K, =Ye %:ﬁ Kom,
fr C fF

e Pl — MOIIHOCTh, FEHEPUPYEMAsi aKTUBHBIM JIEMEHTOM B
aBTOHOMHOM PEXHUME;

)

P — MOIIHOCTh CHHXPOHH3HUPYIOLIUX KOJIeOaHHIL;

Kyp — KOO(Q(QUUMEHT yCHIEHHS CHHXPOHH3HPOBAHHOIO

reHeparopa pu Maioi Benuuute P.

OTHOCHUTEINbHAS T0JI0Ca CHHXPOHU3AINH TeHEPATO-
poB CBY 3anmcreiBaeTcst B BUIE:

Ye K R
S GuNA

e Q) — Harpy’KeHHas JJOOpOTHOCTb I'eHEPaTopa;

; (4)

K — xoaddunment, 3aBucsmuii oT mapamerpoB pado-
Thbl AKTUBHOT'O 3JIEMEHTA U PE30HAHCHOW CUCTEMBI
reHeparopa.

OueBHHO, YTO NMPOCTEHIINM CIIOCOOOM TIOBBIIIIE-
HUs 3(QPEKTUBHOCTU MPOIIECCa 3aXBaThIBAHUS 4aCTO-
Thl TeHEpaTopa sIBJsAETCs CHUKeHue Q). XoTs peasnusa-
WS 9TOTO crtocoda cama 1o cede He BBI3BIBACT TPYIHO-
CTEH, ero UCIOIHEHHE MOXKET TPUHIUITHAIILHO OTPAHU-
YHUBaThCA KaK TPEOOBAHUAMH K JOOPOTHOCTH PE30HATO-
pa, CBA3aHHBIMU C HEOOXOIUMOCTBIO 00€CIEUEHNUS TOTO
WM UHOTO PeXHMa pabOoThl aKTUBHOTO JIEMEHTA, TaK U
TpeOOBaHMUSAMH K €r0 Harpy3Ke, ONTUMAJIBHON ¢ 3Hepre-
TUYECKOU TOYKU 3PEHUSI.

I'eneparop, CUHXpOHU3UPOBAHHBIN CUTHAJIOM C YIVIO-
BOW YaCTOTOM MM MaHUMYIAIMEH, MOKHO paccMaTpH-
BaTh KaK CHHXPOHH3HPOBAHHBIN yCHINTENb. Takue ycu-
JIUTEINTN HA MTOTYIPOBOJHUKOBBIX THOIAX UCTIONB3YIOTCS
B MHOTOKAaHAJIFHBIX CHCTEMAaX CBS3U C YACTOTHBIM pasJie-

JICHHEM KaHaJIOB, B CHCTEMax yNpaBJICHUS PAKET U CH-
cTeMax OMO3HABAHUS BO3IYIITHBIX M HA3EMHBIX OOBEKTOB.
Cepbe3HbIM JJOCTOMHCTBOM YCHJIMTEJICH TaKoro Kiacca
SIBTSIETCS] K BO3MOXKHOCTB 00JIe€ TTOJTHOTO MCIIONTB30BAHUS
9HEPreTUYECKOTO MOTEHIMANIA AKTHBHBIX AJIEMEHTOB,
pSAA ApYruxX NPEeuMYIIeCTB, TAaKUX KakK cliadasi 3aBUCH-
MOCTh MOIITHOCTH BBIXOJHOTO CHTHAJIA OT YPOBHSI BXO/I-
HOTO CUTHAJIA, IPOCTOTA CXEMbI U KOHCTPYKITHH BCIICI-
CTBHE OTCYTCTBHS HEOOXOANMOCTH 00CCIIeUeHHS yCTOI-
YUBOCTH K CAMOBO30YKICHHUIO, MCHBIIIAsI 9YBCTBUTEIb-
HOCTb K U3MEHECHHUIO TEMIIEPATypPhl ¥ ITUTAIOIINX HAIPs-
JKEHUH. YCHIINTEINH MTO3BOJISIIOT MCIIOIb30BaTh aKTHBHBIE
JIOJTHBIE CTPYKTYPBI C PacIpe/IelICHHbIMH IapaMeTpaMHu.

Ecim cpaBHHMBaTH CHHXPOHU3UPOBAHHBIC TEHEPATO-
PBI Ha Pa3JIMYHBIX AKTUBHBIX JIEMEHTaX, TO yCTPOUCTBA
Ha JJABUHHO-TIPOJICTHBIX JUOAAaX 00J7alatoT OONbIIMM
ypoBHEM BbIxoAHOH CBY-MoIIHOCTH U BBICOKUM YPOB-
HeM 1ryMa. M3BecTHO, UTO CHHXPOHU3ALUS TeHepaTopa
BBICOKOCTaOMIIBHBIM CUTHAJIOM TTO3BOJISICT CHU3UThH YPO-
BEHb €TO YaCTOTHBIX TyMOB. CTETeHb MMO/IaBIeHUs Ya-
CTOTHBIX IIIyMOB T€HEPaTOpa CHHXPOHU3UPYIOLTUM BBI-
COKOCTAOMIILHBIM CHUTHAJIOM MOXHO TPHOIM3HTEIHHO
OIICHUTBH COOTHOIICHHEM [12]

g (F) _ 4F2
5 (F)  Afc+4A7 +4F%

)

e € (F), § (F) — cOOTBETCTBEHHO, CPeIHEKBAIPATHIHOE
3HaYeHHe JIEBHAIIMH YaCTOTH aBTOHOMHOTO TeHepa-
TOpa M CHTHANA HA BBIXOJE CHHXPOHH3HPOBAHHOTO
reHepaTopa;

F — Benu4uHa OTCTPONKHU YaCTOTHI OT HECYILEH;
Af.— monoca CHHXpOHHU3AIHNH;

Af — paccTpoiika 4acTOThl CUTHAJIa CHHXPOHHU3AINH TeHe-
paropa.

CUHXpOHU3UPOBAHHBIE THOTHBIE TEHEPATOPEI XapaK-
TEPUBYIOTCS PSIOM 0COOCHHOCTEIH:

— HarpyxeHHast 100potHoCcTh CBYU-crcTemMbl HeBe-
JIMKA, a YHUCII0 CTEIEHEH ¢BOOOILI O0Iee OqHOM;

— KaK aBTOKOJICOAaHUs, TaK ¥ BHEIITHEE BO3/ICHCTBIC
MOTYT CyIICCTBEHHO OTIINYATHCS OT TApMOHHYECKHUX;

— CHCTEMa MOXKET COMePIKaTh [TACCHBHBIC M aKTHB-
HBIC JIEMEHTHI C COCPEIOTOUEHHBIMH M PacIpeaeieH-
HBIMH ITapaMeTPaMu;

— aKTHBHBIE 2JIEMEHTHI C YUYETOM IapaMeTPOB KOp-
Iyca MMEIOT CIIOXKHYIO CXeMY 3aMeIIeHHs, a UX XapakK-
TEPUCTUKN HE MOINAIOTCS OoJiee MPOCTON ammmpoKCH-
MaIuH;

— YPOBEHb BHEIITHETO BO3/ICHCTBYS HE SBISICTCS Ma-
JIBIM TI0 CPaBHEHHUIO C aBTOKOJICOAHISIMU TeHEPaTOpa.

Jis aHaim3a U NpOEKTUPOBAaHUS CUHXPOHU3UPOBaH-
HBIX T€HEPaTOpOB, KaK U JAPYI'MX IIACCUBHBIX U aKTUB-
HbIX ycTpoiictB CBY, mupoko npumMeHsercss MeTol dK-
BUBAJIEHTHBIX CXEM, B PaMKax KOTOPOIO pealibHasi KO-
ne0aTenpHAs CUCTEMA C PacIHpeleTIeHHBIMHU IapaMme-
TpPaMu MOXKET OBITh MIPEACTABICHA B BH/C COCTUHEHHUS
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MIPOCTBIX IEMEHTOB (OTPE3KOB JIMHUI Nepenauu, aua-
(parM, MTHIPEH U T.1.) C XOPOIIIO H3BECTHBIMH YaCTOT-
HBIMHU XapaKTepucTUKaMu. Takoe rpeacTaBieHue 101y-
CTUMO U IIPU PaCCMOTPEHUHU CUHXPOHU3UPOBAHHBIX I'e-
HEpaTOpOB Ha JUCKPETHBIX JIEMEHTaX C COCPELOTOUEH-
HBIMHU [TapaMeTPaMu, KOTOPbIE SIBIISIOTCS CPAaBHUTENIBHO
Y3KOIIOJIOCHBIMHU T10 YacTOTE.

g ynpolenus pacuera XapakTepuCTHK IT'eHepaTo-
pa va JITTJT (TVITI/I) ero MOYKHO IPEACTaBUTH B BUJIE O/1-
HOKOHTYPHOM OIHOYaCTOTHOM MO1eI1. DKBUBAJIEHTHAS
cxema [JITT]] (puc. 8) cocTouT u3 mocnenoBareabHO coe-
IMHEHHBIX KOMITICKCHOTO COMPOTHBIICHUS 00JIacTH Ipo-
CTPaHCTBEHHOTO 3apsia Z,, CyMMapHOIO CONPOTUBIIE-
HHUs TIOTEPh B 6a3e MO/ U KOHTYpa g, MHIyKTUBHO-
cru L n emxoct Cy. konebarenbHoro Kontypa. B cxe-
My TaKxKe BXOAUT UCTouHMK nryma ¢ 9JIC e, (1) u compo-
THBIICHHE HArpy3Ku R, PABHOE BOJHOBOMY COIPOTHB-
JICHUIO BOJIHOBO/IA, IPUBEJEHHOMY K 3a’KHMaM BKJIFOYe-
HUS CTPYKTYPBI JHO/A.

BenuuuHa conpoTHBIEHUS HArpy3Ku ONpeAesseT-
sl BBIpaKEHUEM

Ry =Ryo(I) =1 (6)

e R, , — MaJOCUTHAIIBHOE CONPOTUBIICHUE IO/ IIPH
paboyeM TOKe, PABHOM I1yCKOBOMY TOKY / JUIsl BLIOpaH-
ot cBsi3u [JIITJ] ¢ Harpy3koii.

OKBUBAJICHTHBIE HHAYKTUBHOCTD L. 1 eMKOCTh Co
KOHTypa reHepaTopa ONpelessioTca 0 U3MEPEHHON
sHemHeit jooporroctu I O,

1

Opu Ry
L =="C=——,
K K m(mKLK—XA)

()

rac XA — PCaKTHBHAas COCTaBJIAIOLIAsA KOMIIJIEKCHOT'O
COIIPOTHUBJICHUA AUOJa Ha YaCTOTE .

g pacuera XxapakTepUCTHK CUHXPOHU3UPOBAHHO-
ro [JITJ] (CIVIIIJ) HeoOXxoaumMo 3HATH KOMILIEKCHOE
CONPOTHBIIEHUE THOJIA Z ;, TAPAMETPBI KOJIEOATENBHOTO
KOHTYpa L, C\. 1 Xapakrep ucrtoynuka mymosoii IIC.
OTH BeNUYMHBI, KaK MokazaHo B [13, 14], moryT ObITh
HalIeHbI U3 pe3yNbTaToB u3MepeHuit napameTpon JITT
u [T, emxocTtu p—n-nepexoaa C npu NpoOMBHOM Ha-
npsokesun U, I[I/I(b(i)epeHI_IHaJ'IIiHOFO COINPOTHUBIICHUS
R paboyero Toka /;, BHEIIHEN T0OPOTHOCTH, COOT-
BETCTBYIOIIEH ITyCKOBOMY TOKY /.

ec(n Ry

- —
%

[

Z, %
— —

s Ly Cy
|_fWW\_| I_

Puc. 8. DxBuBanenTHas cxema reaeparopa Ha JITTJ]

OkpuBanentHas cxema CIJII [14, 15] uzobpaxe-
Ha Ha puc. 9. Ha neii [JII1/] npeacrasnen B Buae mno-
CJIEZIOBATEIbHOIO KOHTYpPA, COCTOSIILEr0 U3 KOMILIEKC-
HOTO CONMPOTUBJIEHNUS oza Z, = R, + jx , CONpOTHBIIE-
HHSI TIOTEPh IO/IA U KOJIeOaTeIbHOTO KOHTYpa 7, SKBH-
BQJICHTHOW MHIYKTHUBHOCTH LK U €MKOCTH CK KoJie0a-
TEJIbHOT'O KOHTYPa, YKBUBAJIEHTHOI'O HCTOUHHUKA IIyMa C
OJIC e} ,(¢) u Tpanchopmaropa ¢ Ko GUIHEHTOM TpaHC-
(dbopmaruu n:1. CuHXpocUTHaN OoT uctouHuka ¢ DJ[C
eq(t) = E.-Coswf ¥ BHYTPEHHUM COIPOTHBIIEHUEM R,
PaBHBIM BOJIHOBOMY CONPOTUBJIEHHUIO BOJIHOBOZIA R ), 11O~
cTynaet yepe3 heppuTOBBIN IUpKysiTop Ha JITTL.

[Mone3nas Harpyska R, TIOAKIIIOYEHA K TPETHEMY ILTE-
4y HUpKy/sitopa. Toku, TeKyLIMe yepe3 JU0oA, Harpy3Ky
Y UCTOYHMK CHHXPOCHTHAJIA, 3alIUCHIBAIOTCSI, COOTBET-
CTBEHHO, B BUJIE

i(t)=1,Cos(wt+¢,);
iy(9) = I,;Cos(ot + @p);

i (1) = 1. Cosot.

Ocuosusle xapakrepuctiku CITIITJL, Takue kak otaa-
BaeMasi B HArpy3Ky MOLIHOCTE P, , Pa3HOCTD (a3 Mexk-
Iy CHHXPOHHM3UPOBAHHBIM U CHHXPOHHM3HUPYIOIINM CHT-
Hajamu, T. €. (haza KodpuImeHTa OTpaKeHHs OT CHH-
XPOHU3UPOBAHHOTO TEHEPATOPA (, CTIEKTPATbHAS TUIOT-
HOCTb MOIHOCTH AMILTHTYHBIX S, M YaCTOTHBIX S 111y~
MOB MOTYT OBITH BBIPKEHBI Uepe3 aMIUTUTYAY U (azy
TOKa B Harpyske /,;(¢) [16]:

PB]:-IX = O’SIHZRH; (8)
SA(F) =81,/ I2Af: ©)

S(F) = F* 80,2/ Af; (10)
0= Qs

e 8,2, 8¢,2 — cpennue KBaapaThl (IIyKTyaiui am-
WInTyas! [, 1 Gasel @, ToKa /;(f) B mojI0ce mpormycka-

Puc. 9. DxBuBaneHTHas cxeMa CHHXPOHU3UPOBAHHOI'O reHepa-
topa Ha JIITJ] (PL] — dheppuToBbIil IUPKYIISTOP)
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HUSI U3MEPUTETIBLHOTO Tpubopa Af Ipu 0TCTpOiKe OT He-
cymeit F.

Jliisi HaXOKICHUS 3aBUCUMOCTH MOIIHOCTH P,
daswl @, nymoB S, u S OT Y4aCTOThI U aMIUIMTY/IbI TOKA
BHEIIHETO MCTOYHMKA e (#) HEOOXOMMO yCTaHOBHUTH
CBSI3b MEX]ly TOKaMH /, (t) 1,(?), I() m ux paykrya-
UM,

[Tpu ManbIX MOTEPSX HUPKYNIATOPA BBIIOIHACTCS Pa-
BeHCTBO [y(1) = 1 ,(¢) + 1 (7).

B ciiyuae rapMOHMYECKOTO BHEIIHETO CUTHANA aM-
IUINTYAA 1 (ha3a TOKa B HATPY3Ke U UX (MIyKTyaluu UMe-
10T CJIETYIOIINM BT

]H_\/l 12+12+21 I.-Coso,, (11)
1,-Si
¢y, = arctg — 4P (12)
1,-Coso, +nl.

dIH_SId Cos® +89,/, - Smd) (13)
n

do,, — —08[,;-Sin® + 8¢, 1, -CosdJ’ (14)
nly

e I = E. /(2R);

d>=(pr(pd.

Pacuer ammmurynel 1, u (bagm ¢, ToKa /,(¢) n ux
(uyxryaumu dl, n d¢, ynoOHel IPOBOAUTHL HA OCHO-
BE DKBUBAJICHTHOW CXEMBbI, Toka3zaHHOW Ha puc. 10, B

sl — [ = . . 2
KOTOpOii €' = E'*Coswt =(E/n)-Coswt u R = R /n”.

YpaBHEHUE, ONMICHIBAIOIICE KOIEOAHHS B KOHTYpE I'e-

Heparopa (puc. 10), MOXXHO TIpeICTaBUTh, Kak 1 B [17]:

d=dy,+d
R
dy = H_.
oLy
T,
dg = 5 .
oLy
O—0
&7 r>
Or

op =0, (1-0,5tg6,);
U=old,;
0, — Yrou 3amasablBaHMs B aBTOHOMHOM I€HEPaTOPE;

®, — PE30HAHCHAS YAaCTOTa KOHTYPa;

emc’ ems

— cuH(a3Has 1 KkBajparypHasi cocrassitorme JJ[C
LIyMa COOTBETCTBEHHO.

[Ipu nonyyenun BoipaskeHust (15) ObUIH UCTIONB30-
BaHBI CICIYIOMINE TOMYIICHUS:

— ammuartyna I, u dasa @,, a TakKe QIyKTyanuu
amIuMTyel 8/, 1 pasbl 8¢, SBISIOTCA MEICHHO Me-
HSIOIIUMHUCS QYHKIUIMH;

— aKTUBHAsI COCTABIIAIONIAsT COMPOTHBRICHUS 00JIa-
CTH TIPOCTPAHCTBEHHOTO 3apsaa T10Aa Z He 3aBUCHT OT
9aCTOTHI;

— IIIyMBI B TEHEPATOPE CO3AIOTCSI TONBKO IITyMaMH
naBunbl B JITT/] 1 onmchIBaroTCs 5KBUBAJICHTHBIM UCTOU-
auxoM DJIC e ,(1);

— BKJIaJT HU3KOYACTOTHOTO IITyMa B BBEICOKOYACTOT-
HBIH KOHTYP HE YUUTHIBACTCSL.

W3 ananuza npuBeneHHsbIx B [16, 17] cooTHOIIEHUI
clenyerT psajg ocodeHHocTel, XapakTepHbix st CIJITTL:

1) Hasmume HemzoxpoHHOCTH (0 # 0) mpuBeneT K

d” ( I, ) + [1 + jtgh ( I, )] + M + aACUMMETPHH MOJIOCHl CHHXPOHU3ALINH, a CIIEI0BATEIIbHO,
oI, n Bcex xapakrepuctuk CIJII/I, B TOM uncIie u IyMOBBIX,
T—®
28 +dtgh OTHOCHTENLHO HYJIEBOI pAaCCTPONKH & = L =0

+dy +dg+ (285 +d tghy ) + % 0= (15) Y pacctp o
| f ; 2) sKkcTpeMalbHbIA Xapaktep 3apucumoctu P (1, )
— 2B expll — 5 e e ). 0OBSICHSET HEOJJHO3HAYHOCTh U3MEHEHHU S aMILTUTYAbI U
U( ¢ p[ (¢ +30, )]+ w 'HS) MOIIHOCTH B TIOJIOCE CHHXPOHU3alMU. MOIIIHOCTh B Ha-
rpy3Ke yBEIMYHMBAETCS C POCTOM aMIUIMTYABI Kosieda-
e d = fll); Huit B kontype CIJII, ecmu [, <1, . ¥ najaer, eciu
©6(1,)= XA(ly). 1,>1, .., .., — aMILIUTy]a TOKA ABBTOHOMHOT0, OTITH-

A R,(I,)’ MHU3HUpOBaHHOTO 1o Harpy3ke [JIT1]]);
3yecmal, =1, .d =d,¢,=n/2,tg0=tgb, T0 3Ha-
ING R, ec'(n YEHUE PACCTPOMKH €, ciBHra a3 ¢ u MOmHOCTH P
— f;\ 3aMUCHIBAIOTCS KAk
L
—/ 7
e==0,5d, |— (16)
To
e (t =d,J/s, 17
Z, i Ly Cy u(?) ¢ = dy (17)
PBLIX = PFO + PC’ (1 8)
Puc. 10. TIpeobpasoannas sxsuBanenTHas cxema CIUIIJ] | TA€ P, — MOIIHOCTh aBTOHOMHOT'O T€Heparopa.
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CoOoTHOIIEHUSI [T €, () HE 3aBUCST OT BU/IA HEJTMHEH-
HBIX XapaKTePUCTUK reneparopa d (/) u yria 3anas/pl-
Banus CIJITT/L 6(/, ), 6;maronaps yemy JUist S5KCIIEPUMEH-
TaJIbHOTO ONpEJIEICHHs BEJIMIUHBI d}; TEHEpaTopa ¢ 3a-
Ma3/pIBAHUEM TPH JTFOOBIX 3HAYCHHSX 1 Pc/Pro y100-
HO HMCTIONB30BaTh MMEHHO 31U ycnoBust (16, 17);

4) MakcuMalbHas aMIUTUTYyAa CUHXPOHU3UPOBAH-
HBIX KOJeOaHW, HyleBOH COBHUT (a3bl ¢ U MAKCHMyM
10 MOIITHOCTH TOCTUTAIOTCSI TIPH CIICIYIOIEM yCIOBHUH:

6, =0,5(d g, + d"tgh), (19)

e 6, 6 — yron 3anaspiBaHus B ABTOHOMHOM TeHepa-
tope u B CIJIIIJ] cooTBeTCTBEHHO.

ConocTaBieHue pe3yJbTaToB pacuera U 3KCIepH-
merTa st CIJII L mokasano, 9To onmrcaHHas METOIMKA
JIaeT B OCHOBHOM IPaBUJIbHOE KOJIMYECTBEHHOE OIMCa-
HUE UX XapaKTePUCTUK NPU CUHXpOHU3auu. Takas me-
toauka pacuera xapakrepuctuk CIJITT/] moxet nmpume-
HATBCS JIMIIb [IPU peasi3allii B 331aHHOM T'eHepaTope
OJTHOYACTOTHOTO pexuma. HapyuieHue 3toro ycioBus
MIPUBOJUT K 3HAYUTEIILHOMY PACXOXKICHUIO B pe3ysbTa-
Tax pacyera u 3KCIepUMEHTa.

BriBoabI

[IpencTaBieHHBIN aHATN3 IEKTPOINHAMHYECKHIX
KOHCTPYKIIMHA M OCHOBHBIX OCOOEHHOCTEH PEKHMOB
CUHXPOHHU3UPOBAHHBIX I'CHCPATOPOB Ha KPEMHUCBBIX
JIAaBUHHO-MIPOJICTHBIX AWOJaX IMO3BOJISCT OIMPEACINUTDH
B3aMHOE COOTBETCTBHE CXEMBI U TMapaMeTphbl KOH-
CTPYKIMH yCTPOMCTB B COCTABE 3a/1al0IET0 HCTOUHHKA
CBU-momHoCTH, CHHXPOHU3UPOBAHHOTO F'e€HEpaTopa 1
Harpys3kKu. OCHOBHBIM YaCTOTHO I/I36I/IpaTeJ'H)HI:IM y3J10M
BOJTHOBOJTHO-KOAKCHAJIbHOM KOHCTPYKI[H CHHXPOHHU3H-
POBAaHHOTO T'€HEePaTopa SBIACTCS CHENNUANBHBIN KOPITy-
CUPOBAHHBIN MO/, 00Pa3yIONIHi KOJIEOATEIbHYIO CH-
CTEMY C MUHHWMAJIbHBIM 3aliaCcOM 3HCPTHUU. HpI/I 5TOM
HCKIIIOYACTCs MIPUMEHCHUC NOMOJHUTEIIbHBIX PCAKTHUB-
HBIX HeOZ[HOpO,Z[HOCTeﬁ B BBIXOJHOM CEYC€HHUHU BOJIHO-
BOJHOM CeKIMU reneparopa. B cBs3u ¢ Hu3K0it 106pOT-
HOCTBIO PE30HAHCHOTO KopIyca auoia 00001eHHas 10-
6porHocTs CBU-11eTTM NPpHHUMAaeT MUHUMAIBHOE 3HAUC-
HHUE, He0OX0AUMOe ISl peasn3aliiy yCTOHYHUBOTO MPO-
[ecca CHHXPOHM3AIMH TeHEPaTopoOB B AUATIA30HE MUII-
JIMMCETPOBLIX BOJIH.
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CUHXPOHI3AIIA TEHEPATOPIB HA JIIIJ] IMITYJIbCHOI TA BE3IIEPEPBHOI JIIi
Y MM-TAITA30HI JJOBXWHU XBNJIb.

Yacruna 1. KoncTpykiii reHeparopis i1 y3araibHeHa MOJEIb 1X CHHXPOHI3aIlil

30BHIIIHIM CUTHAJIOM

Venixu pozeumky nanienpogioHuxko8oi enekmponiKu Ha08UCOKUX YACMOM 8IOKPUBAIOMb WUPOKI MOMCIUBOCTI OJis pO3POOKU
ONMUMATLHUX CXeM I KOHCmpYKyiil docepen HBY-nomyosicnocmi Minimemposoeo 0ianaszony 008ICUHU X8Ulb, WO 3abe3nedy-
10Mb GUCOKY CMADINbHICIb Yacmomu ma Qasu enekmpoMazHim1ux Koueans. Beauki nepcnexmusu nog'a3amni 3 GuKopucman-
HAM CUHXPOHI308aHUX OIOOHUX 2eHEPAMOpI8, AKI 3HAXOOAMb 3ACMOCYBAHH 8 NPUILMATLHO-NEPEOABaNbHUX MOOYIAX AKMUBHUX
Gazosanux anmennux pewimox, Ko2epeHmuux padionoKayitinux CManyisax Manoi NOmydlcHocmi mowjo. 3a60anHs cmeopen-
H5L GUXIOHUX KACKAOI8 Nepedasauie 3 6UCOKUM KOEQIYIEHMOM NOCULEHHS, HUSbKUM PIGHEM YACTOMHO20 WYMY Md PieHeM GU-
XIOHOT nomyIcHOCMI, 8iONOGIOHUM 00 MAKCUMATILHO20 eHEeP2eMUYHO20 PEACUMY, eheKMUEHO Peanizycmucsl i3 3aCmocy8aHtAM
PEdACUMY 308HIUHBOI CUHXPOHIZAYIT HANIBNPOBIOHUKOBUX 2eHepamopie.

YV yitt cmammi nasedeno neputy 3 060x uacmun pobomu, 0e y3a2anbHeHo pe3yibmamu, 00CASHYmMI HA yell 4ac npu po3poo-
Yi CUHXPOHI308AHUX 2EHEPAMOPIE HA TABUHHO-NPOTIMHUX 0i00ax. V neputiti yacmuri npeocmasieHo eleKmpoOuHaMIiuHi KOH-
cmpyKyii eenepamopie, wo CUHXPOHIZYIOMbCS 308HIUHIM Odiceperom HBY-konusansv, sSKi Micmsmb pe30HAHCHY KOIUBALbHY
cucmemy 3 KpeMHIESUM 1a8UHHO-nponimuum diooom (JIII/]). Bubip kpemuiceozo dsodpetigposozo JIIJ] ax akmuerozo enemeH-
my UBHAYAEMbCSA MUM, WO NPU 1020 BUKOPUCIAHHI peanizyiombcs 3uauni pieni imnynscnoi HBY-nomysicnocmi — na nopsi-
00K euwyi, Hixe y Haubinvu gidomux mpanzucmopie HEMT i pHEMT y dianazoni minimemposux 00sacun xeuin. Ilokasano, wo
OJ15 3MEHWEeN s GMPAM KOIUBANbHY CUCTHEMY CI0 UKOHYSAMU Y 6ueia0l padidibHO20 Pe30HAOPA 3 UKOPUCTNAHHAM 0i00-
HO20 KOpNycy, wjo mac posnodineni napamempu. IIpu ybomy UKIIOUACMbCA 3ACMOCYBAHHS 000AMKOBUX PEAKMUBHUX HeOOHO-
pionocmeil y 6uXiOHOMY nepepisi X6uneso0Hol cexyii eenepamopa. Yepes HuzbKy 000pOmMHICMb Pe30HAHCHO20 KOpnycy 0ioda
y3aeanenena 0obpomuicmvs HBY-n1anyloea nputivac minimanshe snauents, neooxione 015 peanizayii cmanioeo npoyecy CuHx-
POHI3ayil 2eHepamopis 6 dianazoHi MiIMempoGUX XEUilb.

Hpyey uacmuny pobomu 6yde Npucéaueno CUHXPOHI308AHUM 2eHePpAmopam IMRYIbCHOT Oii 3 6UXIOHOIO NOMYIUCHICIIO
20-150 Bm.

Knouosi cnosa: minimemposuti 0ianaszoH, 1a6UHHO-NPOLIMHUL 0i00, 2eHEPAMOop, CUHXPOHIZAYISL.
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SYNCHRONIZATION OF PULSED AND CONTINUOUS-WAVE IMPATT
OSCILLATORS IN THE MILLIMETER WAVELENGTH RANGE
Part 1. Generator designs and a generalized model of their external signal synchronization

Advances in the development of ultrahigh-frequency semiconductor electronics open wide opportunities for developing
optimal schemes and designs of microwave power sources in the millimeter wavelength range providing high stability
of the frequency and electromagnetic oscillation phase. Synchronized diode generators used in transmit/receive module
for active phased array antennas, coherent low-power radar stations, etc. show great promise. The mode of external
synchronization of semiconductor generators allows effectively implementing the task of creating output stages of the
transmitters with high gain factor, low frequency noise and an output power level corresponding to the maximum power
mode.

This article presents the first of two parts of the study, which summarizes the results achieved so far in the development
of synchronized oscillators based on impact ionization avalanche transit-time (IMPATT) diodes. The first part presents
the electrodynamic designs of the oscillators, which are synchronized with an external source of microwave oscillations
and contain a resonant oscillating system with a silicon IMPATT diode. The silicon two-drift IMPATT diode was chosen
as an active element due to the fact that its use allows reaching significant levels of pulsed microwave power — an order
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of magnitude higher than those of the most well-known HEMT and pHEMT transistors in the millimeter wavelength
range. It is shown that to reduce losses, the oscillating system should be made in the form of a radial resonator with a
diode casing, which has distributed parameters. This eliminates the use of additional reactive inhomogeneities in the
initial cross-section of the waveguide section of the generator. Due to the low quality factor of the resonant casing of the
diode, the generalized quality factor of the microwave circuit takes the minimum value required to implement a stable
generator synchronization process in the millimeter wavelength range.

The second part of the work will be devoted to synchronized pulse generators with an output power of 20—-150 W.

Keywords: millimeter range, IMPATT diode, oscillator, amplifier, frequency multiplier, synchronization.
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AJIATITUBHBIM AJITOPUTM CHW)XXEHUS YPOBHS
NUMITVJIBCHOI'O IITYMA HA M30OBbPAXEHUAX
C KAMEP BUAEOHABJITOAEHU A

Paccmompennl ocobennocmu npumenenus: aneopummos MeOUanHot Guibmpayuu OJisk O4UCHKU OM UMIYIbCHO20 ULYMA
YEPHO-OENbIX U YBEMHBIX U300PANCEHUL, NOTYUEHHbIX ¢ ONMUYECKUX npeobpazoeameretl, 8 cOCMA8 KOMOPbIX 6X00UM
Mampuya Ha 0cHoge NPubopPos ¢ 3apsid06oll C653b10. YCMAHOBILEHO, YMO UCNONb308AHUE HADOPA U3 HECKOIbKUX MeOU-
AHHLIX PUILMPOE C NEePeMeHHOU anepmypou no3eoisien 00OUMbCs JyHuel CyObeKmuHoL peskocmu u Ooiee 8blCOKO-
20 K03hPuyuenma Koppenayuu medxicoy 0CCMAHOBIEHHIM U300PAdNCEHUEM U He3AUYMICHHbIM, YeM U36ECIHble AHA-
Jnocuunsle areopummol. Ucnonvzosanue pazpabomanto2o aieopumma no3eonum nogblCumy 6EPOsSIMHOCHLbL NPAGULbHO-
20 PACNO3HABAHUSL CUMBONLHOU U 2PADUUECKOU UHPOPMAYUL HA BOCCIAHOBTIEHHBIX U300PANCEHUSIX, HANPUMED, 6 3A0d-
4ax pacno3Hasanus asmomMoOUIbHIX HOMEPOS U Ul JH00ell 8 YCA08UAX NA0XOU BUOUMOCTU UL C1ADOU 0C8eleHHOCT.

[IpucyTcTBHE MMITYIILCHOTO ITyMa Ha M300paKeHH-
SIX YXy/IIIAeT BU3yaJlbHOE BOCHPUSTHE U CYIICCTBEH-
HO CHIDKACT BEPOSTHOCTH MPABIIIHLHON HICHTH()UKAIUH
B 3a/1a4ax pacro3HaBaHUs 00pa3oB. B kauecTBe 00BEK-
TOB JUIsl QHAJIM3a MOTYT BBICTYIATh, HAIIPHUMEP, HOME-
pa aBTOMOOWIICH, JTUIIA JIFONeH, TeKCToBass HHPOPMAITHS
U T. 1. OCHOBHBIM KOMITOHEHTOM, TPE00Pa3yOLIIM OTITH-
YecKoe N300paxeHne B UPpoByro Gopmy, SBISIETCS Ha-
00p CBETOUYBCTBUTEIILHBIX JIECMEHTOB, KOHCTPYKTUBHO
00BETMHEHHBIX Ha OJJHOM KPHCTAJLIE B BUIIC CIIMHON Ma-
Tpuibl. Camasi pacipoCTpaHCHHAS! TEXHOJIOTHS peau-
3aI[1H AIIEMEHTOB CBETOUYBCTBUTEILHBIX MATPHI] HOCHT
HazBanue [13C, mmu «pubop ¢ 3apsiioBOM CBSA3BIO», a
camu marpuisl HazbiBarorces [13C-marpunamu. Takum
00pa3oM, OCHOBHBIM HCTOYHHUKOM «IH(POBOTO TIIyMar»
Ha oM (POBaHHOM U300PAKEHUH SBISIFOTCS IIIYMBI TIpe-
obpazoBanus [13C-matpuiiel [1], a Takke BHYTPEHHHE
[IyMBI aHAJIOTOBOH JIEKTPOHUKH ITU(PPOBOH KaMepHl.

Haubonee 3ppekTHBHBIMU U MPOCTBHIMH METO/A-
MU OOpBOBI ¢ UMITYJIECHBIMH ITOMEXaMH € TOYKH 3PESHHS
MIPaKTUYECKOH peanuszaunu [2, 3] ABIAI0TCS MEAUaHHbIE
¢wieTpsl. B [4, 5] mpoBeneHa sKkcriepiMeHTalTbHAS TIPO-
BEpKa KauecTBa pabOThI MEIUAHHBIX (PHIIBTPOB C Pa3IHy-
HOW (DMKCHPOBAHHOM anepTypol U J0Ka3aHa uX dPQek-
TUBHOCTb [P U3MEHSIIOIIEMCS YPOBHE (ITyKTyaIlMOHHBIX
MIOMEX, OITHAKO TIPEIIOKEHHBIC aITOPUTMBI HE /Il THPO-
BaHBI 151 00pabOTKH N300paKEHHH ¢ MUMITYJTBCHBIM IITy-
MoM. OCHOBHOM HEIOCTaTOK OOJBIIMHCTBA aJTOPUTMOB
00pabOTKH 3alTyMJICHHBIX W300paKCHUH 3aKITF0YaeTCs
B TOM, YTO OHM MOCTPOEHBI 0€3 ydyeTa HepaBHOMEPHO-
CTH YPOBHS IITyMa B PA3JIHIHBIX 00IACTIX H300paKESHHIS.

B [6] paccmarpuBaetcs Onu3kasi K HICOJIOTHH JIaH-
HOTO UCCIICIOBAaHMS aJalTHBHAS MeJIUaHHas (QUIbTpa-
IIUST C BO3MOKHOCTBIO MOJICTPOMKH TTapaMeTpoB (HIIh-

Kniouegvie crnosa: meouannulii punomp, ycpeousoujee okHo, anepmypa Quibmpa, Kodpguyuenm Kopperiyuu.

Tpa 10/ KOHKPETHYIO IOMEXOBYIO CHUTYAIIHIO, [IPH ITOM
OYEBH/THO, YTO MTOJTYUCHHBIE B PA0OTE PE3yJIBTAThl MOTYT
OBITh YIy4IICHBI, HATPUMED, 3a CYeT 0OBEANHEHUS OT-
KJIMKOB HECKOJIBKUX (DUIIBTPOB B OJIMH MACCHUB JAHHbIX.

Xopoiiue pe3ylnbTarbl OUUCTKH H300paKEHHS OT
IIymMa Ha OCHOBE 3JIEMEHTOB HEWPOHHOU ceTH, oOpaba-
TBIBAOLICH CUTHAJ C IPUMEHEHHUEM aJlTOPUTMOB HEJIH-
HeitHoW nuddy3un, momydensl B [7—9]. K HenocraTky
JIAHHOTO MOX0/Ia MOYKHO OTHECTH OYeHb BBICOKYIO BbI-
YHUCITUTENBHYIO CII0OKHOCTh U HEOOXOIMMOCTh OOJIBIIIO-
O YKClia UTepalui it 00y4eHus GUIBTPOB, peatn3y-
FOIUX HENMMHEHHYI0 U y3Hro.

[enbto gaHHOM PabOTHI SIBISIETCS YIyUIIICHHE Kade-
CTBEHHBIX ITOKa3aTelNeil, TAKMX KaK Pe3KOCTh 1 KO du-
[HEHT KOPPEJIISIHHU, OYUIICHHOTO OT UMITYJIbCHOTO IITyMa
H300paKeHHs, KOTOPOe MPEAHA3HAUCHO Ul aBTOMATH-
3UPOBAHHOTO PACIO3HABAHMUS, C MIOMOIIIBIO aIrOPUTMA
alaNTHBHON MEMAaHHOM (HIBTPALIUH.

CyTb MeanaHHOH GUIBTPALMH UMITYJIbCHOIO LIYMa
Ha N300pakeHun

Menuanusle GHIBTPHI C OAUHAKOBBIM YCIEXOM MPH-
MEHSIIOTCS JUIl CHUXKEHUSI HHTEHCUBHOCTH UMITYJIbCHO-
o IIyMa Kak I[BETHBIX, TaK U YEPHO-OENIBIX N300paxe-
Huif [10, 11].

VMnynbcHBIA IIyM Ha 4epHO-OenoM m3o0paxke-
HUH TPOSIBISICTCS KAaK OTACTbHbBIC Xa0THYECKUE TTHKCe-
7 ¢ GONBIIUM OTIMYHEM SIPKOCTH OT YCPEAHEHHOTO B
okHe NXN 3HaueHwus, a B CiIy4ae I[BETHOTO M300pake-
HUSl — B BUJIC OTACTBHBIX MHUKCEICH CIydaifHOTO IBe-
ta. [Ipr 5TOM aHaU3 IBETHOTO U300PAKEHUS CBOTUTCS
K aHAJIM3Y YepHO-0eJIoro Mmocie pas3iesieHus ero Ha Mo-
HOXPOMHBIEC KaHAJIBI KPACHOTO, 3€JICHOTO U CHHETO IBe-
ToB. CyTh anroput™Ma MeauaHHoi ¢punsrpanuu [12] 3a-
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CUCTEMBI IEPEJAYN 1 OBPABOTKHM CUTHAJIOB

KITFOYAeTCs B 3aMEHe 3HAYCHUS [IEHTPAIBHOTO MTUKCEIS
B CKOJIB3SIIEM «OKHE YCPEIHEHUS» Ha 3HAYCHUE Cpel-
HEro 2JIeMEHTa YIOPsI04eHHOTO MacCHBA MUKCENEH.

OKHO ycpeTHEeHHs B JIUTEpaType Ha3bIBaeTCs arep-
TYpOil, U B cityyae MenaHHON (PHIIBTpaliU MOXKET IIPHU-
HUMaTh 3HaueHus [3%3], [SX5], [7%7] u . n. HaubGonee
4acTo UCIOJIb3yeMbIE Pa3Mephl arepTyp AN CHIKSHUS
YPOBHS UMILYJIbCHOTO HrymMa — [3%3] u [5%5], nockob-
Ky OoJibliiie pazMepbl OKOH MPUBOIAT K TOTEpe Kaue-
CTBa M300paxeHus. [TTaBHOE TOCTOMHCTBO ATOTO aJro-
pUTMa — MPOCTOTA TEXHUYECKOH peanu3anyu Onarona-
ps OTCYTCTBHUIO apHU(PMETHUESCKUX OTeparfii yMHOKe-
HUs, a Takke 3peKTHBHOE ynajaeHne OTACNIbHBIX dJie-
MEHTOB, aMILTUTY/Ia KOTOPBIX HAMHOTO OOJIBIIIE, YEM CO-
CEIHUX MUKCETIEH.

Puc. 1. M306paxeHnue aBTOMOOHIIS ITPU HATTMYMU UMITYIIECHO-
ro 1myma ¢ aucnepeueii 62 = 0,2 ¢ yBeauueHHBIM ()parMeHTOoM,
MOMAAIOIMM B alepTypy MeIMaHHOTO (GuibTpa

a)

cTpoka 1

cronbe 2
cronbey 3
cronbeu 4
cronbey 5
cronGey 6
cronbeu 7
cronbey 8
cronGey 9
cronGey 10
cronbey 11
cronGeu, 12
ctonbey 13
cronbeu 14
cronGeuy 15
ctonbey 16
cronbeu 17
cronGeu 18
ctonbey 19

o |cron6ey 1

©
©
©
~
©
=3
©
=3
©
~
©
=)
©
=3
©
>

205
ctpoka 2 | 215199(255(201(199/199(200(200(201(217|107| 46 255(198/206|255|196| 114,
ctpoka 3 | 172215(199| 0 [202|198| 0 [205(213|128| 32 255 03/203| 0 (183|255 43
ctpoka4 | 78 [195| 0 (255(199|255(200(210(152| 46 | 46 |147| 0 |198/198/210/105 39 | 40
ctpoka 5 | 41 |162(203(198[199(200(215(196| 71 | 0 |88 [196| 0 |199| 0 (163|49 | 45 (132

©
@
~
X}
©
3
N
<

200

©
®
©
©
N
o

224

©
=3

o1
o

ctpoka 6 | 36 |255(201(196(202|201(195| 73 | 25 | 83 |197|206|197|255|208(141| 38 | 40 (177|
ctpoka7 | 43 [143|207|198|204(255| 0 | 38 | 58 |178]208/201|255/199|201|173|125/135|200)
ctpoka 8 | 44 |153|204(201(216|149| 42 | 34 [140| 0 |200/199|198|200/201(203|255/210204;
cpoka 9 | 51| 0 (203[214[179|55 | 0 [126(207| 0 (255 0 (255|223|206(199(202|206(201

crpoka 10| 74 192|210|211| 94 | 28 | 74 |191|203[201|198|148| 96 |158| 0 [202|201]199|202
crpoka 11| 114|255|2051439) 35 | 49 [181]230/216(213(210(255| 0 |116/206/200|201|202]205
07|117|255)5 | o |126/163|181/115/255| 36 | 1201255 0 |198]207| 0

cTpoka 12 {14920

ctpoka 13 1194/20/208 M1 0 1|40 |47 |43 |43 |39 255| 30 [120/207|204(199211(140|
ctpoka 14 | 209|20

99(118| 448 | 61| 39 |255| 60 |255| 39 | 37 |255/212/198|214| 0 |255
ctpoka 15 1203|201(202|255(171|190|186|255|180|184|155| 55 | 32 |126/206/211/191) 0 | 29
ctpoka 16 |255|197(199(201(202|255(202|201(255| 0 |196| 74 | 31 |130/209/207| 99 |255| 32

ctpoka 17 |1255|200(194(201(204|194|198|203|194(197| 0 | 70 | 35 |148| 0 (255 0 |38 |45

ctpoka 18 1200(199| 0 [200(255(201| 0 [201(195| 0 |184|255| 24 |142| 0 (107| 33 | 41|32
ctpoka 19 1200(200|198|198(200/199(200|202|198|201|178| 66 | 49 |147| 0 |110| 35 255 38

Puc 2. MaccuBbl, COOTBETCTBYIOIIHE BbIICIICHHOMY Ha PUC. | y4acTKy H300pakeHHS:

a — MacCHB BBIOOPOK B Tpajlalluix ceporo (IOIyXHPHBIM IMIPUGTOM BBIIEIEHBl YPOBHU UMITYIbCHOTO IHIymMa «0» m «255»);
6 — TI0CIIe MEANAHHOM (QUIIBTPaLuu

PaccMoTpuM cTaHzapTHBIN aaropuTM MeEJUaHHOU
¢unbrpanuu [13] B okHe [3%3] NpUMEHHUTENBHO K U30-
OpakeHHIO Ha pHC. 1, HA KOTOPOM NPHCYTCTBYET HUM-
IyJILCHBIN IIyM ¢ aucniepeuei 62 =0,2. Ha puc. 2 npuse-
JICHBI COOTBETCTBYIOIIUE BBIICTIEHHOMY Ha pHc. | ¢par-
MEHTY M300paKeHHsI MACCHUBBI BEIOOPOK B rpaallusix ce-
POro 10 ¥ Iocie MeIUaHHON (PUIBTPAIIH

Ha pue. 3 nmoxasansl 3tansl (OpMUPOBAHUS CUTHA-
J1a Ha BBIXOJIE MEMAHHOTO (QHIBTPA ¢ anepTypoit [3x3].
Jlns onpeneneHHOCTH MPEANON0KIM, YTO OKHO (PHITh-
Tpa UMeEeT LIEHTp Ha mepeceueHuu 13-ii crpoku u 4-ro
cton6na. ITockonbKy EHTPaIbHBIN JIEMEHT UMEeT Hy-
JIEBYIO SIPKOCTh, & OOJBITMHCTBO COCEAHUX IUKCENEH Cy-
LIECTBEHHO OTIMYAIOTCS 110 aMIUIMTYZE, MOXKHO IIpel-
MOJIOKUTh, YTO OH INPEACTABISIET COOOI 3IEMEHT M-
IIyJIbCHOTO LIyMa.

Ha waee I (puc. 3, a) maccus [3%3] mpeoOpa3zyer-
cs B CTpOKyY | u3 9 hieMeHTOB clenyomuM 00pa3om:

I=[myy, myy,my5, my, my,, mys, My, myy, mas] =

[ila iza i39 i47 i59 i69 i77 ig’ l9]
=207, 117, 255, 208, 0, 0, 199, 118, 44].

Ha waee 2 (puc. 3, 6) MpOUCXOAUT COPTUPOBKA CTPO-
Ku 1 B HIOpsi/IKe BO3pAcTaHUs aMILIHTY/IbI BEIOOPOK:

J=[min(i, i, ..., 0g) S, <L <L Sig=max(iy, by, ..., lg] =

=10, 0,44, 117, 118, 199, 207, 208, 255].

BeixonHoe 3HaueHue GpuisTpa (puc. 3, 6) BIOUpaeTCs
KaK Meuana maccusa J: [Js] = 118. Ono 3amensier ane-
MEHT ¢ ypoBHeM «0» 13- cTpoku 4-10 cTONIOIA HCXOTHO-
ro uzo0paxeHus. Pesynsrar 00pabOTKH U300pasKeHHUSI
C TIOMOIIBI0 MEMAHHOTO (PIIIBTPA TIOKa3aH Ha pHC. 4.

- N ®m v ® o~ ® o ° T &2 I 2 25 22

P -2 7= - - B R i S s R el

0) B EEEREEREREREEEEREEE
EEEEEEEEEEEEEEEBEEEE

crpoxa 1 [199(199|199 198 198 198|197|197|198| 196|195 193|199| 199|199 199|199/ 199|197

crpoka 2 | 199199/199|199(198|198/198/200|205|196|173|173|201/201/201|199|199| 199|196
ctpoka 3 |172199|199/199(199/199 200/200|205|128|107| 86 [198/198/203|198|196|114| 61
crpoka4 | 78 |172|198/199|199/200(200(200152| 71 | 88 | 88 |198|198|198|163|105| 49 | 45
crpoka5 | 64 [162|198/199|200/200(200(195| 73 | 71 | 88 [147|197|198|198|141| 49 | 45 | 85
ctpoka6 | 45 |162|198(201|200/201(196( 71 | 71 | 83 |196|197|199|199|199|141|125|125|177
ctpoka 7 | 44 1153|201/202|201/201| 73 | 42 | 58 |140|199|200|200/201|201|201|141|177|202

ctpoka 8 | 43 [143|201/204(201|149| 42 | 42 | 58 [178199|201|200/201|201|201/202|202|203
ctpoka 9 | 44 1153|203|204(179| 74 | 55 {126/140|200|198|198|198|200|201|202(202|202|204
ctpoka 10 | 51 |192|205(203| 94 | 55 | 74 {191/203|207|201|198|148|158|200|201/201|202|205

crpoka 11 1114/203|205|205| 94 | 49 | 74 {181/201|201|201(148|120|116|158|201/201|201|205
ctpoka 12 11491203|203|139| 48 | 41 | 48 {126/163|163|210(115|120/120|200|201/201|201|207
crpoka 13 1194|203 202 48 | 44 | 47 | 47 | 60 [115|115| 39 |120/120204|204|199|199|211
ctpoka 14 1201/202|202(171| 68 | 61 | 61 | 61 | 60 [155| 60 | 39 | 55 |126|206|206|199|191|140
crpoka 15 1202/202/201/199|190(186|190{201|184(184| 74 | 55 | 55 |130/207|207|198| 99 | 50
crpoka 16 1201/201|201/201|201/198(201|201|197|184| 74 | 55 | 70 |126|206|206|191| 38 | 45

ctpoka 17 1200(199|199|201(201/202(201|201|197(194| 74 | 70 | 74 | 35 [142| 99 | 99 | 38 | 42
crpoka 18 1200(200|199/200{200|200(200|198|198|194(178| 66 | 70 | 35 [110| 33 | 41 | 38 | 41
crpoka 19 1200(200|199|198|200|199(200(198|198|195|184|158|142|142|142|107 | 110| 41 | 42
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CUCTEMBI INIEPEJAYN U OBPABOTKH CUTHAJIOB

Bxonnas

207|117(255 BBIOOpKA

1= [or]unassfaos] o Jrsofu1s] 44] { Mer 1
PaH)KI/IpOBaHI/Ie B IOPSLAKE BO3pacCTaHUsA 3HAYCHUI

J= [0 o JaaJu il roof207fa08]oss] < MMlar 2

‘ Menunana

Ilar 3

[, Brixon

¢bwieTpa

Puc 3. Anroputm MeanaHHO#H QuibTpaiuu B okHe [3%3]:

wae 1 — maccuB BbIOOPOK / B rpafanusix ceporo, COOTBET-

CTBYIOIIHI yBEINUEHHOMY ()parMeHTy M300pakeHUs Ha puc. 1;

wae 2 — pamKUpPOBAaHHBIN B MOPSIIKE BO3PACTaHMS MACCUB BBIOO-
POK J; wiae 3 — BBIOOD BBIXOIHOTO 3HAUCHUsI QHIIBTPA

Jns onienku 3pPeKTUBHOCTH pabOTHl MEIMAHHO-
ro ¢unpTpa yao0HO HCHOJIb30BaTh KpuTepuii RMS
[14] — MuHMMYM CpeIHEKBaIpaTUYECKOIO OTKJIOHE-
HUSI IPKOCTH MHKCENEH OPUTHHAIBHOTO U OYHIIIEHHOTO
OT IIyMa U300pakeHHs, THO0 KPUTEPUI MAKCIMyMa KO-
s duimenta koppersanun » [ 15] 3Tux sxe n300paskeHuil.
Bocnone3yemcs BTOpsIM Kak Oosee HH(OPMAaTHBHBIM:

> > (4, — AB,, —B)
Z Z(Am” _2)2 Z Z(an _E)z

rae A — OpUTrHHAIBHOE U300paKEHHUE;

7

>

B — BOCCTaHOBJICHHOE H3o6pa>1<eHHe;

m, n — WHJEKCHI 2-T0 MacCUBa

M, N — pa3mepsl nzo0paxenusi A u B, COOTBETCTBEHHO,
10 TOPU30HTAIIN U BEPTUKAIIN B ITHKCEIISX;

7. B — CPCIHHME 3HAYCHHS SPKOCTH MUKCENCH C yIeToM
’ YCpeiHeHUs TI0 BCEMY BTOPOMY MacCHUBY, Mpe[-
CTaBJIAIOIIEMY U300paKEeHHUE:

- 1 = 1
A=—— A B=—— B,).
MN; an( ) MNij ;( )

Koaddumment koppensun Mexay OpUrHHaIbHBIM
¥ 3alllyMJIEHHBIM H300paXeHHeEM ¢ aucnepeueit 62 = 0,2
coctasui r = 0,68, a MEXly OpUTHHAIbHBIM M OYHILIEH-
HBIM OT LIyMa C MOMOLIbI0 MEJUaHHOTro (puibrpa —
r=20,973.

Ha puc. 5 npuBeneHa 3aBUCUMOCTb KOA(PPHUIIMEHTA
KOPPEJISLMU OT JTUCTIEPCHH UMITYIBCHOTO LIIyMa JJIsl Me-
JUaHHBIX (QUIBTPOB C anepTypamu [3%x3] u [5x5].

Kak BusiHO 13 pHC. 5, CKOPOCTH criafa ko3 uiueH-
Ta KOPPEJIALMHT BO3pacTaeT P YBEIUYSHUH AUCTIEPCUH
HUMIYJICHOTO IIIyMa.

B cBsi3u ¢ HegocTarkaMu MeMAaHHOW (DUIIBTPALUU
¢ (pukcupoBaHHOI anepTypoil mpeasaraeTcst UCHONb30-
BaTh JITOPUTM, OCHOBAHHBINM Ha aJanTUBHOW MeIuaH-
HOU (pUIIBTPAIUH.

Pa3paboTaHHbII alalTUBHBIN alTOPUTM METUAHHON
(unpTpanuu ynobHO paccMaTpUBaTh B BUAE CTPYKTYP-
HOIi CXeMBI, KOTOpas TI0Ka3aHa Ha puc. 6.

AnantuBHBIN QUILTP paboTaeT ciaeayronum oopa-
30M. BBIOOpKHM BXOIHOTO M300paskeHUs, CoAepIKalIe-
O UMITyJBCHBIA IIYM, MOCTYNAIOT OJJHOBPEMEHHO Ha
YCTPOMCTBO paHKUPOBaHUsS (ABYXIIOPOTOBBII KOMIIa-
parop), Ha MeIMaHHbIe (PUIBTPBI ¢ anepTypoit [3%3]
U GuneTp ¢ mepeMeHHoi anepTypoii [nxn], tne n = 5,
7,9, ...

VYPOBHU HUKHETO Z; U BEPXHETO Z; TIOPOTOB KOMIIa-
paropa 3aBUCST OT OKUJAeMON TUCTIEPCUU LITyMa U JIs
city4as 8-OUTHOTO M300pakeHUs ONIPENENSIOTCS CIIey-
I0IUM 00pa3zom:

Z,, = 255Jo? =2550;
Z, =255 2550? =255(1— o),

Ijie 62 — JAUCHEPCHS IIyMa.

™ L .

Puc 4. OuniieHHOE ¢ IOMOLIBIO MEAMAHHON (PUIBTPALUU C
OKHOM [3%3] u300pakeHre aBTOMOOUIISI, TIPUBEICHHOE Ha pHC. |

r
0,9 —
0,8
0,7
0,6
0,5
0 0,1 0,2 0,3 0,4 0,5 o?

Puc 5. 3aBucumocts ko3 uimeHTa KOppensuu OT JHUCIep-
CHH UMITYJIbCHOTO IIIyMa [Tl METHaHHBIX (DHIBTPOB C OKHAMHU
[3x3] (1) u [5%5] (2)
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N Bepxuuit c 0 nmpuZy < Comp,, < Zy;
omp,,, =
L J, Tiopor Pou =14 npu Comp,, < Z,, unn Comp,, > Zy,
Compy, JIByXIIOpOTOBbI# Comp, .
KOMIIaparop B & ric
82 Bydep
g% OUHIIIEHHOTO
Z. T Hrwxuaui §?§ .
H Topor =) n300paxeHust
Image -
Sénorse MennanHbiit \L
(I)HHBTP <(0))\ , B
= BIYHCIICHHE
c aneprypoi
[3x3] ko3¢ punreHTa E «0» |—\.| «1»
KOPPETALIU Q
— I Tmop 2 >
MenuaHHbIH r(Image, Imeg ) 2 \
+ dunbrp v 5
C anepTypoi «1»
[nxn], n=5,7,9,... A Cxema
e o A | cpasuenus
N3o6paxkenue
Image MMrynbCcHbIH Pasmiep OuuleHHoe
e aneprypsl l u3o0paxeHue
[nxn]=[n+2xn+2] «1» — Cuer «0» — Cron Imagegy,

Puc 6. CTpyKTypHasi cxema yCTPOICTBA OYUCTKU H300paKCHHUSI OT UMITYJIbCHOTO IIyMa, OCHOBAHHAs HA alalTHBHON
MeIMaHHO# uibTpanuu

Ha BbIxome xommaparopa obpa3syeTcs OMHapHbIH
YIPaBISIIOMIUNA CUTHAT
0 mpuZzy <Comp,, < Zy;
Comp,,, =
1 npu Comp,, < Z, unu Comp,, > Zy,
rae Comp, — 3HAYECHHE AMILIUTY/IbI BHIOOPKH HA BXO-
Jie KOMIIapaTopa.

BpixogHol cuUTHanM KoMIapaTopa yHnpaBisieT KOM-
MYTaTOpOM, KOTOPBIH MOAKIIOYaeT KaHAT MEIHAHHOTO
¢unpTpa ¢ aneptypoi [3x3] B cirydae Jjorudeckoro «0»
WM KaHaJI MEANAHHOTO (pHIIBTpa ¢ anepTypoi [nxn] B
cirydae JJOTHIecKor «1». JIJst ToydeHHOTO Ha BBIXO/E
KOMMYTaTopa H300paskeHIsI PACCUUTHIBACTCS KO uIm-
SHT KOPPEJISIHHU C He3alTyMJICHHBIM HCXOIHBIM H300pa-
xeHueM. Jlamee KOA(PHUINCHT KOPPEISINY CpaBHUBA-
eTCs ¢ JKeJTaeMBIM, WIIH JIOIYCTHMBIM, (A) 3HAaUCHHUEM, H
€CITH yCJIOBHE BBITIONHSETCS, TO CXEMa 3aBepIIaeT paboTy
TI0 OUHMCTKE M300paxkenus (Imagey ) OT nryma. Ecim mo-
JIy4eH HU3KHHA KOA(PPUIIMEHT KOPPEISAIUH, CXeMa CpaB-
HEHWs BEIpaOaThIBacT YIPaBISIOMINI CHUTHAT (YPOBEHD
JIOTHYECKOM « 1») Ha MeTMaHHBIN QUITBTP C TIepEMEHHON
arepTypoit, U porexypa QIIETPAIIAH TOBTOPSIETCS C HC-
MOJIb30BaHUEM (DUIIBTPa, 00IaNaroniero OOIbIINM pas-
MEpPOM YCPEIHSIOMIETO OKHA.

[Tpumeps!I OYNCTKH 3aITyMICHHBIX UMITYJTECHBIM 1Ty~
MOM H300pa’keHHI ¢ TIOMOIIBI0 METHAHHBIX (PHIBTPOB
c anieprypamu [3x3] u [5X5] 1uis pa3nuaHON TUCTIEPCHI
IIyMa MpUBEICHBI Ha PHC. 7, 3HAYCHUS KO PHUITHCHTA
KOPPEILIINH ¢ UCXOJHBIM H300paKCHUEM IIPEICTABICHEI
B Tabmue. Kak BHIHO, ¢ pOCTOM JHCIICPCHH IITyMa Ka-

YECTBO BOCCTAHOBICHHOTO M300paKCHUS yXYIIIACTCS.
Hauunnas co 3Hauenns 6> = 0,3, Mequannas GpuisTpanus
c anepTypoii [3%3] He yCTpaHseT OMEXY, a PHIIBTparus
C anepTypoi [5x5] yXyaAmaeT pe3KocTh N300paKeHHUSI.

3nauenusn koaghpuyuenma xoppensiyuu mexcoy 80CCmaHos-
JICHHbIM U He3AUYMIEHHbIM U300padCeHueM npu pasiuiHoOl
oucnepcuu UMnYibCHO20 WyMa

Koapdunment koppensuuu »

W306paskenne TP PA3IUYHON TUCTIEPCUH G2

0,1 02 | 03 | 04|05 06
SamymnenHoe |0,824| 0,68 | 0,55 | 0,45|0,36 | 0,27
Ilocne
MEIHAHHOIO 0,982(0,97310,946| 0,89 | 0,79 | 0,64
¢duibTpa [3 %3]
Ilocne
MEIMaHHOTO 0,94 | 0,96 |10,952|0,93 10,92 | 0,86
¢dubTpa [5%5]
Ilocne
AMAITHBHOTO 1 98410.977(0,969 | 0,96 | 0,95 | 0,935
MEIMaHHOTO
¢buneTpa

AHau3 MPUBEICHHBIX B TAOIHIIC JJAHHBIX TIOKa3bIBa-
€T, YTO IPU OTHOCHUTCIIbHO HeOOIBIION AucCnepCcuu M-
nynscHOro myma (62 < 0,2) MeauanHas GUIBTpaus ¢
MOMOIIBIO (PUITBTPa, 00T AAI0IIET0 MUHUMATIBHBIM pa3-
MepOM anepTypsl [3%3], rapaHTHPYET 10CTATOYHO OOITh-
n10€ 3Ha4eHNE KOAPPUIMEHTA KOPPEISIIIAU TIPU HEOOIh-
IINX BBIYUCIUTENbHBIX 3aTparax. [Ipu Gonbimx 3Hade-
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CHUCTEMBI IEPEJJAYN 1 OBPABOTKHM CUT'HAJIOB

62=0,3

6?=0,4

ITocite aganTUBHOTO

MEIMaHHOTO (DUITBTpa

Puc 7. IIpumeps! n3o0paskeHuil, 3al1yMICHHbIX UMITYJIbCHBIM LIIYMOM U OYHUILEHHBIX C MOMOIIBIO MEJUAHHBIX (UIBTPOB
c arreprypamu [3%3] u [5X5] 1 afanTHBHOTO MEUAHHOTO (BUIIBTPA, IPH PA3IHIHBIX 3HAYCHHUSX TUCHCPCHH

HUSX JIACTIEPCHU UMITYJILCHOTO Tiyma (62 > 0,3) azan-
TUBHBIN aJrOPUTM 00€CIIeYrBaeT BHIMTPHIII B KA4ECTBE
nzob6pakenust 10 30% 1o KPUTEPUIO MaKCUMyMa KO3 -
(buIHeHTa KOPPEIISILUK MEXTy BOCCTaHOBJICHHBIM U He-
3aIIyMJICHHBIM H300PasKCHHUSIMH.

3akioueHue

TakuMm 00pa3zoM, HCIIOIH30BAHHUE AITOPUTMA aJIall-
TUBHOH MEMAaHHON (DUIBTPALIUH TTO3BOJIHIIO YIYUIIHTh
KaueCTBO BOCCTAHOBJICHHOTO U300PasKCHHUS TS CITydast
HMMIYJIBCHOTO IITyMa [0 CPAaBHEHHIO C aJITOPUTMaMH Me-
MUAHHOHN (UIBTPAIMH, UMEIOIIUMU (HUKCUPOBAHHYIO
anepTypy. BeIurpsIii B mokazarensx KauecTBa yBEIHYH-

BAeTCs C POCTOM TUCTICPCUH LITyMa U300paKeHHS, IO
BepraeMoro ¢GuisTpanun. B pesynasrare IpoBeaeHHOTO
MaTeMaTU9IeCKOr0 MOJICTTMPOBAHUSI YaI0Ch YCTAHOBUTD
3HAUCHUsSI PAa3MEPOB aepPTyphl BCIIOMOTATEILHOTO Me-
JUAHHOTO (UIIBTPA, 00ECIEUNBAIOIINE MAKCUMAIBHOE
3HaueHne Kod(duinenTa Koppersiuuy Ipu 3aJaHHOU
JIUCTIEPCUH UMITYJILCHOTO TIIyMa HCXOHOTO W300pake-
Husl. [IpenoKeHHbIl aJropuT™ MOXKET ObITh 00001ICH
Ha CJIydYai, KOTJia BBICOTa M300paKCHUsI HE paBHA €ro
[IUpUHE, T. €. JJIs CTaHAAPTHBIX pa3MepoB (OTOCHUM-
KOB C COOTHOIICHHEM CTOpoH 3%x4, 16x9, 21x10u 1. 1.,
a TaKXKe JUIst 00pabOTKH IIBETHBIX W300paKEHHM MMOCITe
UX pa30HeHUs] HA MOHOXPOMHbBIE KaHAJIBL.
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AJIATITUBHUI AJITOPUTM 3HUXKEHHS PIBHS IMIIYJIBCHOI'O LIIYMY
HA 30bPA’KEHHAX 3 KAMEP BIAEOCIIOCTEPEKEHHSA

s nepemgopenns ONmuyHO20 CUSHATY 6 e1eKMPUYHULL 3A36UYALl GUKOPUCTIOBYIOMb CEIMLOYYIMIUGT MAMPUYT 3 6ETUKUM YUC-
JOM OUCKPEeMHUX eleMeHmi8, BUKOHAHUX 3d MeXHON02IE0 npuiadis iz sapsadosum 38'azkom (I133) abo na ocnosi KMOII-
MexHOoN02II.

o neoonixie 1133 i KMOII-mexnonozii ModjicHa i0Hecmu GUHUKHEHHS. IMIYIbCHO20 WLYMY NEPEmBOPEeHHs Ha OYUPDPOBAHUX
300PANCEHHSX, AKUL NOSIPULYE BI3VATbHE CNPULHAMMS U ICMOMHO 3HUNCYE UMOBIPHICMb NPAsUIbHOL i0enmuixayii 6 3a0a-
4ax po3nizHABaHHs 0Opazie. 3azeuuail 0 OUULEHHSA 300PAdICeHb GI0 IMNYILCHO20 WLYMY 3ACHOCO8YIONMb MeOlaHHI Qitbmpu
3 DIKCOBAHOI anepmyporo 8 Mexlcax KoxcHoi imepayii nosHogopmamuoi 06pobku. JJo HedoniKie maxkux Qinbmpie MoxtCHA
BIOHECTU 3HUNCEHHS. YIMKOCMI BIOHOBNIEHO20 300PANCEHHS 30 8EIUKUX PIBHIE WYMY AO0 HeOOCMAMHE NPUOYUEHHS 3a8a0U
3a Mmux oce wymosux ymos. Lli nedonixu 3ymosunu HeoOXioHicms po3pooKu areopummy adanmuenoi mediannoi ginompayii,
6 pe3ynbmami siIkoi BIOMBopeHe 300PaXNCeHHsL A8I5€ C0O0I0 CRIbHULL Pe3yibmam 06pooKu MedianHuMu Qitbmpamu 3 pizHoo
anepmyporo.

Cymb anzopummy nonseac y 6UOeHHi OLIIHOK 300padiCents 3 PisHUM PIGHeM WyMy ma oopobyi yux OLAHOK Qirtempamu 3
pizHolo anepmyporo. 3a 06'ekmusnutl Kpumepiii 018 OYiHKU eheKmusHoCmi podomu 3anponoHo8aH020 ai20pummy Qitempayii
NPULHAMO KpUmepitl MaKcumymy Koepiyicnma Kopensyii Midc ouuuyeHum 6i0 wiymy ma He3auymMieHum 300Padcenimu 3a
Ppi3Hux 3naueny oucnepcii wiymy. B pezynomami npogedenoco mamemamuyno2o Mooent08antis 6yno 6CmaHo08ieHo, Wo 3i 3po-
CIMAHHAM OUCNEPCIL IMNYTbCHO20 WYMY BUSPAUL AN2OPUMMY A0ANMUEHOL MedIaHHOI Qintbmpayii 3p0OCmae no eKCnOHEHMHOMY
3AKOHY @ NOPIGHAHMI 3 ANOPUMMAMU, 8 AKUX BUKOPUCTNOBYIOMbCA Qinbmpu 3 PIKCOBAHUM 3HAYEHHAM ANEPNTYPU.

3anpononosanuii ancopumm MOJNCHA SUKOPUCTOBY8amU Ol NONEPeoHboi 006POOKU  300padiceHb, NpusHadeHux O
PO3NIZHABANHA CUCTNEMAMU MAWUUHHOZ0 30PY, CKAHY8ANHS MEKCNTY, d MAKOIC OJis NOTINUWENHS CY0 EKMUBHUX XAPAKMEPUCTIUK
300pPAdNCEHHSA, MAKUX K YIMKICMb | KOHMPACMHICMb.

Kurouosi cnosa: mediannuii inomp, iMnyrsCHUil wym, anepmypa Qitempy, koegiyicum xopensyii.
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ADAPTIVE ALGORITHM FOR REDUCING PULSE NOISE LEVEL
IN IMAGES FROM CCTV CAMERAS

An optical signal is usually converted into an electrical one by using photosensitive matrices with a large number of discrete
elements based on charge-coupled device (CCD) technology or CMOS technology.

One of the disadvantages of CCD and CMOS technologies is the impulse conversion noise that appears on digitized images,
impairing visual perception and significantly reducing the likelihood of correct identification in pattern recognition tasks.
Traditionally, impulse noise is removed from images using median filters with a fixed aperture within each iteration of full-
format processing. However, such filters reduce the sharpness of the reconstructed image at high noise levels or insufficiently
suppress the interference under the same noise conditions. These setbacks call for a need to develop an adaptive median
filtering algorithm, which would produce a reconstructed image as a joint result of processing with median filters with different
apertures.

The essence of this algorithm is to select image areas with different noise levels and process these areas with filters with
different apertures. As an objective criterion for assessing the efficiency of the proposed filtering algorithm, the authors used
the criterion of the maximum correlation coefficient between noise-free and non-noisy images at various values of the noise
variance. The mathematical modeling performed in this study allowed finding that with an increase in the impulse noise
variance, the gain of the adaptive median filtering algorithm increases exponentially, in comparison with the algorithms using
the filters with a fixed aperture value.

The proposed algorithm can be used for pre-preprocessing images intended for recognition by machine vision systems,

scanning text, and improving subjective image characteristics, such as sharpness and contrast.

Keywords: median filter, impulse noise, filter aperture, correlation coefficient.
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JATUUKUN TUCKY HA OCHOBI
HUTKOIIOAIbHNX KPUCTAJIIB KPEMHIIO JIJIA 3HMOKEHHA
HIYMOBHUX I[TAPAMETPIB ABTOIJIYIIHHUKIB

Hasedeno pesynvmamu 00CiOHCeHHA BUCOKOMEMNEPATMYPHUX OAMYUKIE TMUCKY HA OCHOSI HUMKONOOIOHUX KpUCmanie
KpeMHilo ma po3pooKu cucmemu akmueHo20 NPUOVILEHHS ULYMY A6MOMOOLIbHO20 08ueyHa Ha iXHitl ocnosi. [Ipunyun podo-
MU NPONOHOBANOI cUCeMU 3ACHOBAHO HA 3ACMOCYBAHHI 6 2NYUHUKY 000amKo80i Oy hepnoi kamepu 3i 3MIHHUM 00 €MOM.
3acmocysanns po3pobienux 6UcCOKOmMeMnepamypHux OamuuKie mucKy 3 meH30pe3uUcmopamu Ha OCHOBI HUMKONOOIOHUX
KpUCmanie KpeMHito 015 OmpuMarHs iHghopmayii npo napamempu 36yKO8UX KOIUBAHD, WO BUHUKAIONb NIO 4AC BUMOKY 8-
XJIONHUX 2a3i8, 003600 CINBOPUMU CUCIEM) YIPABIIHHA 3MIHOI0 00 'emy 6ygheproi kamepu. Ilpedcmasnero pesyivmamu

8UNPOOYBAHHS 3ANPONOHOBAHOI cUCTNEMU AKINUBHO20 NPUOYULEHHS WYMI8 08USYHA BHYMPIUUHBO20 320PAHHA.

Kniouosi crosa: agmomodinehi enywHuky, akmusHe npuoyueHHs wymy, OamuuKu mucky, HUMKonooiOHi Kpucmanu.

BaxxmuBrM eTaroM CTBOPEHHS CYy9acHHX aBTOTpaH-
CHOPTHUX 3aC00IB 3 MOKpAIlEHUMHU EKOJOTTYHUMHU Ta
CHOKMBYMMH SKOCTSMHU € BJJOCKOHAJICHHA IXHIX BiOpoO-
aKyCTUYHUX XapaktepucTuk. Lleil ¢akT cioHykae BU-
POOHUKIB 3aCTOCOBYBATH METOIU 3HUKECHHS SIK 30BHIILI-
HBOTO, TaK 1 BHYTPIIIHBOTO IIIyMY, CTBOPIOBAHOTO ABTO-
TpaHcropToMm [1].

OCHOBHHMM JDKEPEJIOM IIyMY IMPAIFOI0Y0TO JIBHTY-
Ha 3aJIMIIAETHCS IITYM BUIYCKY BiJIpalbOBaHUX T'a3iB,
MIPUYOMY aKyCTHYHA ITOTYKHICTh HE3aITyIIICHOTO TyMY
Buxutony nocsirae 100 Bt (mo 140 nbA) i B necsitku abo
HaBITh Y COTHI pa3iB MEPEBHIIYE TOTYXHICTh IIIyMY 1H-
IIMX CIEMEHTIB 1 CUCTEM JBHUTYHA [2].

YacToTHHI CIIEKTp 3ByKY TAHOTO JPKeperia Ma€e BUpa-
YKCHUH HI3bKOYAaCTOTHUI XapaKTep, 0 BU3HAYAE cIa0-
K€ MOro MOTMHAHHS i/l Yac MOIIUPEHHS y BiIKPUTO-
My mpocTtopi. [l SKiCHOTO 3HM)KEHHS PiBHS 3BYKOBO-
r0 THCKY B 4acTOTHHX cMmyrax mymy no 500 I'm HeoO-
X1IHO 3aCTOCOBYBAaTH INIyIIHUKH 3 BEIUYE3HUMH Taba-
PUTHMMH po3MipaMu Ta Macor. OCTaHHIM 4acoMm Bce
OLTbIIIC BUKOPUCTOBYIOTHCS aKTHBHI TIYIIHUKU IIYMY,
JIist IKUX 3aCHOBaHA Ha MPUHLUIIAX CYNEPHO3UIIii Ta iH-
TepepeHnii — HakIafaHHA JBOX a00 IEKITBKOX 3BYKO-
BUX XBHIIb, IO TIPU3BOJIUTH JI0 IOCTAOICHHS Pe3yIbTy-
10901 XBHJII B Pi3HUX TOYKax mpoctopy [3—S5]. Onnak
TIYITHUKHA 31 CTAJIMMU XapaKTEPUCTUKAMH, PO3Paxo-
BaHWMHU IIiJ 33/1aHy PE30HAHCHY YacTOTY, HE 3aBKIH €
e(heKTUBHUMH — 3MiHa PEKHUMIB pOOOTH JIBUTYHA BH-
KITUKaE pei pe30HaHCHOT YacTOTH, sIKa MOYKE BUXOTH-
TH 32 MEXI Jiana3oHy, Ha SKUH pO3paxoBaHO TITYITHHUK
(puc. 1) [6]. Tomy po3poOka HOBUX KOHCTPYKIIIH TITyIII-
HUKIB, SIKI TOEHYBaJIHM O Yy 001 BUCOKY e(EKTHBHICTD
y BCbOMY Jliana3oHi 4acTOT, HU3bKUI MPOTUTHUCK 1 He-

3HAYHI MacoBO-Ta0apHUTHI ITapaMeTpH, HUHI € TyKe aK-
TyaJbHUM 3aBJaHHSM.

MOKITMBUM BapiaHTOM PO3B’sI3Ky IPOOIEMH € 3aCTO-
CYBaHHS CHCTEMHU NMPUAYLICHHS PE30HAHCHUX YacTOT
[JIYIIHKKA 3 BAKOPUCTAHHSM CIeLialbHUX TaTYUKIB JUIs
3HATTS NePBUHHOI iH(OpMallii Ipo TMHAMIYHI IPOLIECH,
sIK1 BU3HAUAIOTh piBeHb rymy. [IpupoaHo, 1o 1s1s cTBo-
pEeHHsI Takol CUCTeMH HEOOXiJHI JaT4yuKu, SKi Oynu O
MpaLe3aTHIMU y JTy’Ke arpeCuBHOMY cepeoBulli. Tak,
HaNpUKJIal, TeMIeparypa BUXJIONHUX ra3iB JU3eIbHOTO
JBUryHa BapitoeThces B aianazoni 500...700°C, kapOropa-
topHoro — 700...1000°C. [Tpu BXozi B [Ty LTHUK LIBU-
KIiCTh IIOTOKY BUXJIOTIHUX T'a31B 3MIHIOEThCS B Jlialla30Hi
V'=150...130 m/c, a Tuck B 006’emi gocsrae 0,1 MIla 3a
3MiHM Temreparypu B aianasoni 7 = 290...500°C [6].
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Mertoto 1i€i poOOTH € po3poOKa BUCOKOTEMIIEpATyp-
HUX JIaTYMKIB THCKY Ha OCHOBI TEH30PE3UCTOPIB, BUTO-
TOBIIEHUX 3 HUTKOMOAIOHMX KkpucTaniB (HK) kpemHiro,
UL CTBOPCHHSA CUCTEMH AKTUBHOT'O IPUAYICHH S H_[yMlB
aBTOMOOUTFHOTO IIyIIHUKA. TeH30pe3uCTOpH Ha OCHOBI
HK xpeMHir0 MaroTh YHiKaJdbHI MEXaHI4HI BIACTHBOCTI,
BOHH XapaKTEPU3YIOTHCS BUCOKOIO Uy TIIMBICTIO Ta MOK-
JIUBICTIO pOOOTH Y PI3HUX aMIUTITYTHO-YACTOTHHUX 1 TEM-
nepatypHux nianasonax jo 500°C [8, 9].

Koncrpykuis narunka

B 0CHOBY KOHCTPYKIIil AaT4YMKa TOKJIACHO CUCTE-
My «MeMOpaHa — MITOK — Oankay (puc. 2). [puHiun
iforo pobotu nomsrae y HactynHomy. I1ig miero Tucky
P BinOyBaeThcs mpornH MeMOpanu /, i mepemimeHHs i
LIEHTPY Yepe3 IITOK 5 MmepenaeThes Ha OalKy 4 13 TeH-
3opesucropamu 3. [Ipu mpomy Oasika 3a3Hae aedopma-
ii 3THHY, a 3aKpiTUIeHI Ha Hill TEH30pe3UCTOPH — Jie-
(dhopMartii CTUCKY a00 pO3TATY 3aJIeKHO BiJ Micls iX-
HBOTO PO3MIIICHHS.

Tenzopesucropu Ha ocHoBi HK Si p-THimy mpoBigHoc-
Ti 3 mutomMuM oropom 0,005 Om-cM, K MarOTh JIiHIK-
HY TeMIIEpaTypHY 3aJIeKHICTh OIIOPY B IIHPOKOMY TEM-
nepaTypHOMY Jiana3oHi, miaiopaHi B mapu 3a 3Ha4eH-
HSM HOMIHAJILHOTO OIOpY 1 TeMIepaTypHOro Koegiri-
€HTa ONOpPY. BOHU 3aKpIIUTIOIOThCSA HA BEPXHIN Ta HUXK-
Hill MOBEpXHsIX OaJKU TEH30MOIYJS, & CTPYMOBIBOAM
3 IJIATHHOBOTO APOTY AiameTpoM 30 MKM PHBAPIOIOTh-
Cs 10 METAJIO-CKJISTHOTO BHBOJY, BOYIOBAaHOTO Y TEH30-
Monynb. TeH30pe3ucTopu 3’€THAHO Y MOCTOBY CXEMY,
BHX1JIHAH CUTHAJ SIKOT 3MIHIOEThCS 3aJIEIKHO BiJl THCKY,
KW cripuiiMae MeMOpaHa JJaTynKa.

J7is cCTBOPEHHS IPYKHOTO €IEMEHTY BHCOKOTEMIIE-
parypHoro naruuka BukopucTano cruias 29HK 3 koedi-
mieHToM TepMidHoro posmupenns (KTP) 6nu3pkum 1o
KTP kpemmito. J{7st 3aKpirieHHs TEH30pE3UCTOPIB 00pa-
Ho ckytonpunoi C51-13 KTP ~4,9-10°° K-! Ta remnepa-
TYpOIO po3M’ sIKIIeHHs iprOu3Ho 750°C. BukopucranHs
KOMOIHAIi «KPEMHIEBHH TEH30PE3UCTOP — CKJIOTIPH-
o — koBapy 3 onu3skumu KTP 103B0HII0 MiHIMIBZYBa-

Puc. 2. KoHCTpyKILis AaTYMKaA THUCKY:
1 — mem0OpaHa; 2 — kopmyc; 3 — TeH30pe3ucTopu; 4 — Oalka;
5 — IITOK; 6 — CTPYMOBUBOAM

ANSYS 5.5.1
NOV 8 1999
14:20:12

NODAL SOLUTION
STEP=1

SUB =1

sX (AVG)
RSYS=0
PowerGraphics
EFACET=1
AVRES=Mat
DMX =.317E-05
SMN =-.921E+07
SMX =.812E+07
-.921E+07
Bl 5565407
-.536E+07
-.343E+07
-.151E+07

.812E+07

Puc. 3. Po3moninr MexaHIYHUX HAIIPyKEHb
y JAaTYUKy TUCKY

TH TEMIICpaTypHi HAPY)KEHHS Ta 3a0€3MeUUTH CTa01Ib-
HICTB pPOOOTH JaTUYMKa 32 BUCOKUX TEMIIEPaTyp.

Juig ontumizanii KOHCTPYKIIT AaT4MKa TUCKY MpPO-
BOJIMJIOCH KOMII IOTE€PHE MOAEIIOBAHHS PO3MOALTY Me-
XaHIYHUX HaNpyXeHb 1 JeopMmalliii B cucremi «Memo0-
paHa — IMTOK — OaJikay, K€ BUKOHYBAJIOCS 32 METO-
JIOM CKiHYEHHX €JIeMEHTIB 3 BUKOPHCTaHHSIM Mporpa-
Mu ANSYS [9]. PozpaxyHOK MpOBOIUBCS B 130TpOI-
HOMY HAOJFIKEHHI: BBAXKAJIOCS, 10 BCi €JIEMEHTH KOH-
CTPYKIIii JaTanKa BUTOTOBIEHO 13 KoBapa 29HK 3 momy-
nem fOnra E = 140-10° Ila Ta xoedinientom ITyaccona
v =0,3. Ha puc. 3 HaBeICHO pe3ysIbTaTH PO3PAXyHKIB
MEXaHIYHHUX HAMPY>KCHb B €JIEMEHTaX KOHCTPYKIIIT Jar-
4rKa THCKY. Taki po3paxyHKH JO3BOIWIN BHOPATH ONTHU-
MaJlbHy KOH(]Iirypariro Ta po3mipu 1ITOKa, 100 3a0e3-
MEYUTH HEOOX1/IHI YaCTOTHI XapaKTePUCTHKH CHCTEMH,
a TaKOXK 3MEHIIUTH i1 HeNMiHIHHICTb.

Jnis yCyHeHHs BIUTUBY BEIHKHUX BiOpamifHuX Ha-
BaHTAKCHb 1 KUCIOTHOI JIiT CepeAOBHUINA KOPITYC AaTIH-
Ka BUTOTOBJICHO 3 KOBAPOBOTO CILIABY, & BCi 3’ € THAHHSA
BHKOHYIOTBCS 32 JOTIOMOTOIO0 JIa3€pHOTO 3BapIOBAHHS.
JKopcTke 3’€HaHHS BCiX €JIEMEHTIB JaT4WKa CIpPHSE
MiJBUIEHHIO WOTO BJIACHOI YaCTOTH Ta CTIMKOCTI JI0
BiOpariii. MemMOpaHy JaTuyriKa BUTOTOBJICHO 31 CILIABY
tuny 44HXTHO 3 BUCOKMMH TIPY)KHUMH BIIACTHBOC-
TSAMH Ta MaJIUM TEMIIEPaTypHUM KOC(IlliEHTOM MOJIY-
s TIipy>kHOCTI. Ha puc. 4 HaBeieHO 30BHIIIHIA BUIVIS
JaTYNKa THCKY, IPU3HAYCHOTO [T BUMIPIOBAHHS TUCKY

Puc. 4. 30BHILIHIN BUDIAA AaTYMKA TUCKY
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y nianasoni Big 0 no 400 kIla 3a remneparypu y aia- | BagiB Ta 6araTokaHaJbHOTO PEECTPYIOYOTO MPUCTPOIO
ma3oHi 1o 450°C. TECJIA EAM-500.
Pesy/IbTATH J0CINKeHb JATIHKA THCKY AMHniTyJIHO-quTOTHi XapaKTepHCTHKH (AYX) nat-
) ] YUKa TUCKY JOCIIJKYBaJuCd METOIOM IXHBOTO MO-
B peSYyIbTAT HPOBCACHUX JOCIIDKCHE OTPUMAHO 38~ | yipygpyg 3 AUX KOHTPOJNBHOIO JaTYUKa THCKY (ipMu
NEKHOCTI, PEACTaBCH Ha pHC. 5, 6. . “Kulite” [12]. HaBenena na puc. 6 AUX Bu3Hauanach sk
3 HaBe/ICHHX Ha puc. 5 XapaKTCPUCTHK 3.p03y\1}41J10, WO | pingHoImeHHs Mi aMILTITyIaMH JOCIiIXKyBaHOTO (4) Ta
Yy CTAaTIIHOMY POKIMI BUMIPIOBAHHA BUXIHUI CHIHAT | yoprponbHoro (4,) atamkis Tcky. Pe3soHaHCHa 4acTo-
AdaTHHKA MA€ JIHIMHY SaCKHICTE BIA THCKY 3a PISHUX | g nocp1imxyBaHOrO JaTumka THCKY CTAHOBUTDH ONH3b-
TeMIepaTyp y AianasoHi six 20 10 450°C. Po3paxoBaHa | 1 4400 I
HEeJiHIHHICTh BUXIAHOT XapaKTepPUCTUKH CTAHOBUTH IpajyloBaHHs TATYHKA THCKY TOKA3aI0, MO HOTo
OJIM3BKO Q,l%. . | exekTpoMexaHiyHa YaCTHHA € SIKICHOIO, Ta J]aJl0 3MO-
Aocniprents AMHAMINHUX XapaKTEPUCTUK JATIHKIB | 1y pyspaquTy moxubky BUMipIOBAHD y iana3oHi TeM-
THCKY NPOBOAWIIOCS HA CHICLUANLHOMY CTEHAT, IPU3HAYC- | penarypy ig 20 10 900°C, ska craHOBUTH +0,5%,
HOMY JUTSl BUMIDIOBAHb aMIUTITY/THO- i Q)aSOTqaCTOTHI/FX a J10/IATKOBA TEMIIEPATYPHA MOXMOKA — MeHI Hixk
XapaKTepUCTHK ATIMKIB THCKY, y ANA30Hi 4aCTOT BIL | () ()304/K
30 I'm o 8 k[ [11]. Cuctema BUMIpIOBaHHS ITyJIbCa-
Liff THCKY CKIIQNAETHCS 3 NATYHKIB THCKY (KOHTPOIB- Cucrema OIpUAyLIEHHS IIYMY B IYIIHAKY
HOTO Ta JOCIIKYBaHOTO), BUMIPIOBAILHUX IiACHITIO- [IpoBe/ieHi JOCIIKEHHS J03BOIMIIA PO3POGHTH aK-
TUBHY CHCTEMY MPHUIYIICHHS ITyMY B TIIyITHUKY BUXJIO-
60 3 Iy IBUT'YHIB BHYTpintHbOr0 3ropanust ([IB3), cxema sikoi
/ % Mpe/ICTaBlICHA Ha PHC. 7.
50 - / JlaT4rKk OmOPHOTO 3BYKOBOTO CHTHANy / Ha BXOMII
[IYLIHUKA Ta JAaTYUK 3aJIMIIKOBOTO 3BYKOBOTO CHTHa-
£§ 40 / 1y 6 B 30H1 BUXOAY TIOTOKY BUXJIOITHHX Ta3iB (PIKCYIOTh
% / p%BeHL urymy. B pesynsrari 00podku 61okom 3 ympas-
=~ 30 1 JIHHS [UMH CUTHATaMU (OPMYETHCS TOJATKOBHIA CHT-
1 / Haul. Lleii curnan uepes micnmoBay BiIpaBiseThCs HA
20 1 SNIEKTPOMArHIT-COJICHOI]| 4, SIKMH Kepye IOJOKESHHSM
niadparmu 5, 1m0 Bu3Hadae 00’em OydepHoi kamepu 2.
10 7 Taka KOHCTPYKILisl JI03BOJISIE IMHAMIYHO 3MIHIOBATH pe-
30HaHCHY 4YacToTy Oy(depHOI KaMepH 3aJIe)KHO BiJ pe-
0 0 ' ! : ' '2 ' ' 3 ' i KUMY pOOOTH JABUTYHA, 1110 MIPU3BOIAMTH J0 TOKPAIICH-
P, 10°TIa Hs1 HOTO LIYMOBHX XapaKTEPHCTHK. .
Puc. 5. BuxiaHi XapakTepUCTUKH JaTYMKa THUCKY 3a PI3HHX Jnst ouwinkn e,(P:C,KTHBHOCTl p06OTH,HK ysle.l CHC?G_
Temmeparyp: MU BHITYCKY, TaK 1 ii OKpEMHX €JIeMEHTIB HaI/I61.J'ILIH iH-
1—20°C: 2— 300°C; 3 — 450°C (opMaTHBHUM ITapaMEeTPOM € BTpaTa Mmepeaadi 3ByKO-
BHUX XBWIb 7L (transmission loss), OCKIJIbKH BOHA HE
14
] 4
=) _[l —1 s
10 4 _(—I | —
- 3
=) 2 — 6
o8 1
4 | é ’ '
2 4
i r——
B 0 i '10 i '20' ' 30' ) 40' ' 5(') ' 60‘ Puc. 7. KombiHOBaHa cHCTEMa MPHUIYIIECHHS IyMY
£l B IIIYHIHUKY:
1 — TeH30aTYMK OMOPHOTO CUTHAIy; 2 — JoJaTkoBa OydepHa
Puc. 6. AMIITITYIHO-4aCTOTHA XapaKTEPUCTHKA JaTUHKa Kamepa; 3 — OJIOK ynpaBiiHHS; 4 — €JIeKTPOMAarHiT-COJICHOI];
THUCKY 5 — miadparma; 6 — TEH30J]aTIHK 3aIUIIKOBOTO CUTHAITY
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Puc. 8. Brpara nepenaui 3ByKOBUX XBUJIb IIYIIHHKA!

1 — 6e3 nomaTtkoBOi OydepHoi Kamepu; 2 — 3 JOTATKOBOIO
OyhepHOI KaMeporo

3QJICKUTH BiJl aKYCTUYHUX YMOB Ha BXOJI Ta BUXOII
CHUCTEMH BUITYCKY:
TL=10lgw,, /W, ),
e Win, Wom — TOTYKHICTh 3BYKOBUX XBHIIb, Bi/ITTOBI/I-
HO, Ha BXOZ1 Ta BUXO/Ii INTYIIHMKA 32 IOTOIKEHOTO BX1/I-
HOTO Ta BUXIJHOTO HaBaHTakeHHs [ 13].
Buxopucranns B miymHukax Buxisomny B3 po3-
poOJieHOT AOAATKOBOI PE30HATOPHOI KaMepH 31 3MiH-
HUM 00’€MOM JI03BOJIMJIO 3MEHIIUTH PE30OHAHCHI SBU-
1a B 30HI HU3bKOYACTOTHHX IyJIbCallild TUCKY BUXJIOI-
HuX raziB 3 57 po 43 'y ipu npeiii yacToT B Mexax
310...350 I'u, 110 3HAYHO MOKPALIHIIO HOTo IIyMOBI Xa-
PaKTepUCTUKH (pHC. 8).

BucHoBkn

Po3po0iieHi BucOkoTeMIIepaTypHi IaTYMKA THCKY Ha
OCHOBI TEH30pPE3UCTOPIB 3 HUTKOMOMIOHUX KPUCTAIIIB
KPEMHIFO JI03BOJIMIIA Peali3yBaT CUCTEMY JHHAMIYHOT
3MiHH 00’€My pE30HATOPHOT KaMepH y TJIYIIHHKY BH-
XJIOMY BiJIPaIlbOBaHUX Tra3iB JBUTYHIB BHYTPIIIHLOTO
3ropaHHs. [IpoBesieHi ekcriepuMeHTabHI JTOCITIIKSHHS
TOKa3aJId BUCOKY HAJIIHHICTh JaTYMKIB (BOHH BUTPUMY-
toTh moHan 107 KB HaBaHTAXCHH-PO3BAHTAKCHHS
npu aedopmarii Tensopesuctopis 11073 BigHOCHUX O1H-
HUIb). Bukopucranus crienianbHuX cruiaBis Tamy 29HK
JUTSL BUTOTOBJICHHS IPY>KHUX CIIEMEHTIB Ta CKIOMIPUTIOI0
C51-1 nnst 3aKpiIUICHHST TEH30PE3UCTOPIB 3a0€3MEUNII0
MpaIe3IaTHICTh JATYMKIB THCKY B YMOBAaX BUCOKHX TEM-

TPOJIOTIYHUX TMapaMeTpiB. 3aBISKU 3aCTOCYBAHHIO Ta-
KHX JIaTYMKIB B CHCTEMi JMHAMIYHOI 3MiHH 00’ €My pe-
30HATOPHOI KAMEPH B INTYIIHHUKY BHXJIOITY BiIpanboBa-
HUX I'a3iB 3MECHIIMIINCS PE30HAHCHI SBUINA B 30H1 HU3b-
KOYaCTOTHUX MYJIbCAIli} THCKY, 1[0 3HAYHO MOKPAIIIIO
IIyMOBi XapakTepPUCTUKH ABUTYHA.
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SILICON WHISKER PRESSURE SENSORS FOR NOISE REDUCTION
IN SILENCERS

The article contains the results of research and development of a system for active noise damping of an automobile engine.
The main source of noise from a running engine is exhaust noise. The frequency spectrum of this sound has a pronounced low-
frequency character, which explains its weak absorption when the sound is propagating in open spaces. A possible solution to
this problem is to use an active system for suppressing the resonant frequencies of the muffler using strain gauges to read the
primary information about the dynamic processes that determine the noise level.

1t is for such active noise suppression systems that the authors develop a high-temperature pressure sensor based on strain
gauges made of silicon whiskers. Such strain gauges have unique mechanical properties, are characterized by high sensitivity
and the ability to operate in various amplitude-frequency and temperature ranges up to 500°C. The study of the dynamic
characteristics of pressure sensors made it possible to confirm the quality of its electromechanical part and determine that the
measurement error of the sensor is £0.5 in the temperature range of 20 to 500°C.

The active noise suppression system is a buffer tank whose volume changes in accordance with signals from pressure sensors.
This design makes it possible to dynamically change the resonant frequency of the buffer capacitance depending on the
operating modes of the engine, which leads to a decrease in its noise characteristics.

Using the developed additional resonator chamber with a variable volume in the exhaust muffler of an internal combustion
engine made it possible to reduce resonance phenomena in the zone of low-frequency pulsations of the exhaust gas
pressure from 57 to 43 Hz with a frequency drift in the range of 310 to 350 Hz, which significantly improved its noise

characteristics.

Keywords: automobile mufflers, active noise suppression, pressure sensors, whiskers.

REFERENCES

1. Munjal M.L. Analysis and design of pod silencers. Journal of
Sound and Vibration, 2003, vol. 262, Ne 3, pp.497-507.

2. Komkin A.I., Kulichev I.N., Sukhorukov V.A. Analysis
of acoustic characteristics of silencers. Nauchno-tehnicheskie
dostigenia i peredovoj oput v avtomobilestroenii, Research institutes
Standartavtoselhozmash, Moscow, 1991, vol.7, pp. 9-12. (Rus)

3. Potente D. General design principles for an automotive
muffler. Proceedings of Acoustics, Busselton, Western Australia, 2005,
pp. 153-158.

4. Belotserkovsky S. V., Tolskiy V. E. The Automobile Mufflers:
the Modern Requirements. Tendencies of Development, Methods
of Calculations and Tests, Electronic Journal Technical Acoustics,
2001, 4. (Rus)

5. Vasil’yev A.V. Acoustic modeling and integrated noise reduction
for automotive internal combustion engines, Samara, Publishing House
of the Samara Scientific Center of the Russian Academy of Sciences,
2004, 296 p. (Rus)

6. Vasil’ev A. V. Reducing low-frequency noise and vibration of power
and power plants. Mechanics and Mechanical Engineering,2003,vol. 5,n0.2,
pp- 419-429. (Rus)

7. Lubyanchenko A. A. Approximate physical and mathematical
models of gas-dynamic and aeroacoustic processes in mufflers of

engine exhaust noise. NOISE Theory and Practice, vol. 1, no. 2,
pp-72-83. (Rus)

8. Druzhinin A., Kutrakov A., Lavitska E., Maryamova I.
High temperature pressure sensors based on silicon microcrystals.
Proceedings of the 6th Intern. conf. “Theory and technique of
transmission, reception and processing of information”, Tuapse,
Russia, Kharkov, KhTURE, 2000, pp. 451-453.

9. Druzhinin A. O., Maryamova 1. Y., Kutrakov O. P., Lyakh-Kaguy
N. S. Silicon microcrystals for touch electronics. Solid State Physics
and Chemistry, 2011, vol. 12, no 4, pp. 1078-1084. (Ukr)

10. Altabey W.A., Noori M., Wang L. Using ANSYS for Finite
Element Analysis. Vol. 1. A Tutorial for Engineers, New York,
Momentum Press, 2018, 193 p.

11. Druzhinin A. O., Maryamova 1. Y., Kutrakov O. P. Sensors
of Mechanical Quantities Based on Filamentary Crystals of Silicon,
Germanium and Compounds A4 ;B, Ukraine, Lviv, Publisher House of
Lviv Polytechnic National University, 2015, 232 p. (Ukr)

12. Ned A. A., Kurtz A. D., Beheim G. et. al. Improved SiC
Leadless Pressure Sensors for High Temperature, Low and High
Pressure Applications. Kulite Semiconductor Products, Inc. Twenty-
First Transducer Workshop. Lexington, Maryland, 2004, 10 p.

13. Komkin A.I. Optimization of jet silencers. Acoustic journal,
2010, vol. 56, no. 3, pp. 373-379. (Rus)

Onmuc cTarTi 151 UUTYBAHHS

Hpyxunin A. O., Kyrpakos O. I1., 3inbko P. O. Jlarunku THCKY Ha
OCHOBI HUTKOIOJIOHIX KPHCTANIIB KPEMHII0 1T 3HIKSHHS IITyMO-
BHX I1apaMeTPiB aBTONTYIIHUKIB. TeXHOIOrKsA 1 KOHCTPYHPOBAHKE
B 3JICKTPOHHOI ammaparype, 2021, Ne 1-2, ¢. 28-32. http://dx.doi.
org/10.15222/TKEA2021.1-2.28

Cite the article as:

Druzhinin A. A., Kutrakov A. P., Zinko R. V. Silicon whisker
pressure sensors for noise reduction in silencers. Tekhnologiya
i Konstruirovanie v Elektronnoi Apparature, 2021, no. 1-2,
pp- 28-32. http://dx.doi.org/10.15222/TKEA2021.1-2.28

32

TeXHOJOTis Ta KOHCTPYIOBaHHS B eJIEKTPOHHIi amapatypi, 2021, Ne 1-2

ISSN 2309-9992 (Online)



MATEPIAJIM EJIEKTPOHIKH

YIK 621.315.592 DOI: 10.15222/TKEA2021.1-2.33

K. p-m. . T. T. KOBAJIIOK" 2, 0. h.-n. . M. M. COJIOBAH', 0. p.-m. n|I1. J. MAP’SSHYVK!

Vkpaina, YepHisenpkuii Hanionansuuil ynisepcutet iMeni I0pis ®enpkosuya;
Czech Republic, >Charles University in Prague

E-mail: t.kovalyuk@chnu.edu.ua

EJIEKTPUYHI TA ®OTOEJIEKTPUYHI BJIACTHUBOCTI
['ETEPOITEPEXO/IIB MoN/p-CdTe TA MoN/n-CdTe

Hocniooiceno enexmpuuni ma ghomoenexmpuuni enacmusocmi cemepocmpykmyp MoN/p-CdTe ma MoN/n-CdTe, ompuma-
HUX MEMOOOM MAcHempOoHHO20 ocadicertst moukux naieox MoN ma ITO na nioknaoku CdTe 3 pisnum munom nposioHo-
cmi. Bcmanoeneno, wo 6 060x 6unaokax OOMIHYIOUUM MEXAHIZMOM CINPYMONEPEHOCY NPU NPSMUX 3MIUYEHHSX € MYHENbHO-
pexombinayitinuil. I[lokazano, wo kpawi pomoenekmpuuni napamempu mae eemepocmpykmypa MoN/p-CdTe, a came:
nanpyaa xonocmozo xody V. .= 0,4 B, cmpym kopomkozo samuxanns I, = 24,6 MA/em? 3a inmencusnocmi oceimnenns

80 mBm/cm?.

Kniouosi cnosa: Cdle, nimpuo moniboeny, zemeponepexio, moHKa niiéKd, Mexamizmu cmpymonepeHocy.

HaiirrepceKTHBHIIIUM MaTepiaioM I CTBOPCHHS
MIEPETBOPIOBAYiB COHSYHOTO BUITPOMIHIOBAHHS € CTIONyKa
ternypuny kaamiro CdTe [1]. Lle Hacammepen noB's3aHo
3 mmpuHOI0 3a0opoHeHoi 30Hu CdTe, sxa ckmanae
1,5 eB ipu 300 K, 110 € onTrMansHUM [Tl IEPETBOPEH-
HSI COHSIUHOI eHeprii B enexkrpuuny [2]. CdTe — npsimo-
30HHMIA HAITIBIIPOBITHUK, BIH Ma€ IOCUTh BEJIUKUH KOE-
¢inient normuuanns (> 105 cm ') [3], i came Tomy iioro
MOKHA BUKOPUCTOBYBATH Y BUIJISIII TOHKUX IUTiBOK, JI0-
CTaTHIX U1 IHTEHCUBHOI'O MTONIMHAHHA cBiTina. Ha Bin-
MiHY BiJl 0araTb0OX iHIIAX HAIIBIPOBIIHUKIB CiIMEHCTBA
AU'BV! tenypun kaqmito Moxke 6yTH OTpUMAHUH SIK 7-,
TaK 1 p-TUIy NpoBiHOCTI. Ha OCHOBI TeMypu Ly KaJMiro
ICHYIOTb Pi3HI THITH COHSIYHHUX CJIEMEHTIB: 3 TOMOTCHHUM
nepexoaoM, 6ap'epom IloTTki Ta iHuIi [4].

Tonki Bk HiTpUAY Momioaeny (MoN), 31 cBo-
ro 00Ky, MarOTh BUCOKY €IIEKTPHYHY IPOBIIHICTh, BH-
COKY TeMIIepaTypy IUIABJICHHS Ta XOPOIy XiMiUHY CTa-
OUTBbHICTh. BOHM 3HAHMIIIM YCITINIHE TPAKTHYHE 3aCTO-
cyBaHHs sK nudy3iiiHuiA Oap'ep MK KpeMHIEM 1 Mij-
HUMHU €JIEKTPOJIaMH B MIKPOENIEKTPOHiI [5], mupoko
BUKOPHCTOBYIOTHCS SIK HAAMPOBITHUKOBI OXHO(POTOH-
Hi gerexktopu (SNSPD) [6], a 3aBasiku CBOIM (hi3WIHUM
BIIACTHUBOCTSIM € MEPCHEKTUBHUMHM [UISI BUTOTOBJICHHS
TTOBEPXHEBO Oap’epHUX CTPYKTYyp [7].

ITposopwii poBinauii okcun In,O,, nerosanuii aro-
Mmamu Sn (indium tin oxide, ITO), BUKOpUCTOBY€THCS IS
BUTOTOBJICHHS ITPUCTPOIB 300paxkeHHs iHpopMarlii, opra-
HIYHUX Ta HEOPTaHIUYHWX CBITIOMIO/IB, COHSYHHUX OaTa-
Ppeit, TOHKOIUTIBKOBHX TPaH3UCTOPIB, FA30BHX CEHCOPIB [8].
[{poMy CITpHSIOTH 1 HOTO 0COOJIMBI BIIACTHBOCTI — BHCO-
Ka (10 90%) mpo3opicTh y BUAMMII 00macTi criekTpa Ta
BHCOKA €JIEKTPOIIPOBIIHICTD, 1 PO3BUHYTI TEXHOJIOTI BU-
TOTOBJICHHSI ILTiBOK.

BpaxoByrouun BHIlle CKa3aHe, a TakoX (Di3uuHi BJia-
ctuBocTi I1iBok MoN ta ITO, 6ys10 BUpiIIEHO TOCITiAN-
TH €JIEKTPUYHI Ta HOTOCIEKTPHUHI XapaKTEPUCTUKH I'e-
TEPOCTPYKTYP, CTBOPEHUX IIIAXOM HAHCCCHHSI TOHKUX
TTiBOK Ha kKpuctamiuni nigknanku CdTe p- ta n-Tumnis
MPOBITHOCTI METOJOM PEAKTUBHOTO MarHETPOHHOTO
PO3IUIICHHS.

3pa3ku AJs 10CTiIKeHb Ta METOAUKA MPOBeIeHHs
eKCIIePpUMEHTY

J171s1 BUTOTOBJICHHS OCTIKYBAaHUX CTPYKTYP BHKO-
pucroByBanucst migkinaaku kpuctanis CdTe p- ta n-tumy
MIPOBITHOCTI.

[Migxmagku CdTe p-Triy npoBiTHOCTI BUPOITYBaJIH
METOZIOM bpi/kMeHa 3a Majoro THCKY IMapiB KaaMmiro
(Ppy= 0,02 arm). 3HaueHHS MUTOMOT EJIEKTPOIIPOBIIHO-
CTi G Ta KOHIIEHTpAIIil HOCITB 3apsi/1iB p OTPUMAHUX KPH-
cTaiiB 3a kiMHaTHOI Temmnepatypu (7 = 295 K) cknana-
moc=2891020m"em ! ta p=7,2-10" cm 3. [nmbuna
sansranns pisas epmi s p-CdTe (£, - E = 0,105 eB)
BU3HAYAETHCS 3 BiIOMOTO BHPA3y JIJIsl KOHIIEHTPAIIii piB-
HOBKHUX JIIPOK

3/2
2mm kT —(E, —E
p=a ZAT | gy mEr Z ) ()
h kT
ae m, — e(eKTUBHA Maca JipKH;
k— crana BonbMana;
h — crana [Tnanka.

Minxnanku n-CdTe BuporryBanu metonoM bpimk-
MEHa 3a BUCOKOTO TUCKY TapiB KajMiro. [Iutoma enextpo-
NPOBiHICTH OTpUMaHUX KpucTalis 6 = 2,43 Om l-em!,

I'yCTHHA BiTbHUX eNeKTpoHiB 7 = 1,92-10' cm3 ta pyx-
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JUBICTh = 775,2 cM?/(B-c), nonoxenns pisas Oepmi
nist n-CdTe cranosuts E,— E,.= 0,1 eB.

[ereponepexoay BUTOTOBISUIMCH HAHECEHHSIM ILTi-
BoKk MoN Ha noBepxHto minknaaku CdTe (Tumoposwmi-
poM 7x7x1 MM) B yHIBepCaJIbHIl BaKyyMHIH yCTaHOB-
ui Leybold Heraeus L560 3a 10moMOrorw peakTHBHOTO
MarHeTPOHHOTO PO3MUJICHHS B aTMoc(epi CyMillli apro-
HY 3 a30TOM IIPH MOCTIHHINA HAMpy3i.

igxnanku CdTe po3MintyBaircs Ha CTOIHKY, SIKUI
obepTaBcs MMiJl Yac HAIMICHHS, 1100 3a0e3MeUUTH PiB-
HOMIpHY TOBIIUHY IUTiBKH. [IJ1s1 BUAAJICHHS HEKOHTPO-
JILOBAHOTO 3a0pyIHEHHsI (OpraHiuHi JOMIIIKH, BITACHUI
OKCH/T) TOBEPXHI MIIlIEH Ta I IKIIaIKH TTi11aBaJTUCs KO-
poTKOYacHOMY OoMOapyBaHHIO i0HaMu aprony. [lepen
0Ca/DKEHHSIM BaKyyMHY Kamepy OyJio BiIKa4aHO J0 THCKY
5-107° m6ap. [loTyxkHicTh MarHeTpoHa ckiaaana 30 Br,
TPUBATICTH MIPOIIECy HANWICHHS — 1,5 XB, TeMmepary-
pa minknagoxk — npudmmzao 370 K.

["azoBa cyminr popmyBanacs y HeoOX1IHIH poropIrii
3 IBOX HE3AJICKHUX JDKEPEI B MPOIEC] HAMMICHHS, i
4ac SKOT0 y BaKyyMHii KaMepi napiiiaibHi TUCKA apro-
Hy Ta a3oTy ckiananmu no 0,3 Ila.

[Ticns 3axiHUEHHS MPOIIECY HAMMICHHS TOHKHX ILTi-
BOK MoN BakyymHa Kamepa MOCTYIIOBO OXOJIO/IXKYBa-
Jacsi 10 KIMHATHOI TeMIepaTypH, MOTIM BiJKpuBasa-
cs JUIs 3aMiHM MOiiOneHoBol MinteHi Ha Mimens [TO
(In,0, — Sn0O, 90:10 3a macorw).

Tonxi rutiBku [TO oTpuMyBasi METOIOM MarHeTPOH-
Horo po3mmieHHs MimeHi ITO B armocdepi aprony npu
nocTiiHil Hanpy3i. [IpoTsarom nporecy HanmuIeHHS THCK
aproHy y BakyyMHii kamepi craHoBuB 0,4 Ila, moTyx-
HICTh MarHeTpOHa BCTAaHOBIIOBasiacs Ha piBHI 30 Br,
MIpoIIeC HAIWICHHS TPUBAB 5 XB, TEMIIepaTypa ITiJIKIia-
1ok cranosmia 420 K.

@OpoHTATBHUH EISKTPUYHNI KOHTAKT 3 TOHKOIO IITiB-
KOO0 BUTOTOBIISUTH 32 JJOMIOMOTOIO CPiOHOI CTPpyMOIIpO-
BIJIHOI ITACTH.

OnHI€R 3 OCHOBHUX IEPENIKO/T Y BUTOTOBIICHHI CO-
HSYHHX eJIeMeHTiB Ha ocHOBi p-CdTe € cTtBopeHHS TH-
JIOBOTO OMIYHOT'O KOHTaKTY, OCKIJIbKM HEMAaE METaliB,
sIKi 0 popMyBasi oMiuHMH KOHTAKT 3 p-CdTe 6e3 noxar-
Kk0BO{ 00pOOKHM OBEPXHI TeNypuy Kaamito. Tomy npu
BHTOTOBJICHHI EKCTIEPIMEHTAIbLHUX 3Pa3KiB KOHTAKTHA
IUTOIIA KA ITiaaBagacs 60MOapIyBaHHIO i0HAMH apro-
Hy y BaKyyMHi#t kamepi s GopmyBaHHs p -06macTi.
[Ticns 06poOku MOBEepXHI Ha Hel MOCIIiTOBHO HAIUJIS-
IIM ap OKCHJy MOJIiOIeHy Ta MomiOneny. JleranpHime
METOJIMKY CTBOPEHHS OMIYHHMX KOHTakTiB jo p-CdTe
omucaHo y [9].

[Ipu ¢popmyBaHHI THIOBOTO €JICKTPUYHOTO KOHTAK-
Ty 1o migknaaku n-CdTe ocamkyBanu map Cu IIisxom
Horo BiIHOBJIEHHS 3 BOAHOTO po3unHy CuSO,, 3 nonans-
[IMM BIUTABIIOBAHHSM 1HJIIIO.

BumiproBaHHsI BOJbT-aMIIEPHUX XapaAKTCPHCTHK
(BAX) reTepocCTpyKTyp MPOBOAMIIOCS 332 CTAHIAPTHOIO
METOJUKOI0 3 BUKOPUCTAHHSIM JKEPEa MOCTIHHOTO

ctpymy BVP Electronics, Tounoro mynsrumerpa Fluke
5545A, BonerMeTpa Picotest M3500A.

TOBIIMHY TOHKHX IUTIBOK BUMIpPIOBaJH 3a JOIIOMO-
roro inTeppepomerpa MUN-4 3a craniapTHOIO METOAN-
K010, BoHa ckianana 50 uam s MoN ta 150 uam ms ITO.

Pe3ysabTaTH ociaigxenb Ta iX 00roBopeHHst

Onmuuni enacmusocmi moukux niieox MoN ma ITO

3 BukopHcTaHHAM criekTpodoromerpa CD-2000 Oyito
MIPOBEIICHO MOCTIKEHHS CHEKTPAIBFHUX 3aJIC)KHOCTEH
xoedinienta nponyckanus 7, (puc. 1) TOHKUX IUTIBOK
MoN Ta ITO, siKi € CKJIaJJOBUMHU CTBOPEHUX I'eTeporiepe-
XOIiB B aiana3oHi JoBxKMHU XBWiIb Bix 200 1o 1100 aMm.

100
ITO e
[—
75 L
c\n 50 +
M~
25 |
0 b , . | |
400 600 800 1000
A, HM

Puc. 1. CnexrpaibHi 3aJe)KHOCTI KOe]illieHTIB MPOITYyCKaHHS
ToHKHUX IU1iBOK MON Ta ITO

3 puc. 1 BHIHO, O JOCTIKyBaHi riBkd MoN Ta
ITO MaroTh TO0CUTHh BUCOKUN KOE(DIIIEHT MPOITYyCKaHHS
CBITJIa Y BUIMMOMY Jlialta3oHi, skuid csirae Maiixe 90%,
110 B CBOIO Yepry 3a0e3reuye MOXIIMBICTD iXHBOTO e(eK-
THUBHOTO BUKOPHCTAHHS JUIsSl BUTOTOBJICHHS (POTOEIEK-
TPUYHUX TIPUIIAIB.

Enexmpuuni enacmugsocmi cemepocmpykmypu
MoN/CdTe

Bonbr-amnepHi XxapakKTepUCTUKU aHI30TUIIHUX
MoN/p-CdTe Ta i3otunaux MoN/n-CdTe rerepoctpyk-
Typ, OTPUMAHUX 3a KIMHATHOI TeMIepaTypH, NpecTaB-
JICHO Ha pHC. 2. SIK BUAHO, TOCIIKYBaHI CTPYKTypH Ma-
I0Th BUIPSIMIISIFOU] BIIACTUBOCTI.

Excrpanonsuieto niniiinux ainsHok BAX no neperu-
HY 3 BiCCIO HalpyTy BU3HAYECHO 3HAYCHHS BUCOTH ITOTEH-
1iabHOTo 6ap’epa ¢ s IOCIIIKYBAHUX TETEPOCTPYK-
Typ: st MoN/p-CdTe ¢, = 0,51 eB, mist MoN/n-CdTe
0, = 0,33 eB. butbuii snauenns ¢, 111 MoN/p-CdTe 00y-
MOBJIIOIOTECS PI3HUM THIIOM TIPOBIIHOCTI KOMIIOHEHTIB
reTepornepexoay, o 3a0e3neunsIo OUIbILY Pi3HUIIO PO-
01T BUXOJy €JIEKTPOHIB.

OCKiJIbKM BHCOTa TIOTEHIIIaJIbHOTrO Oap’epa rerepo-
crpykrypu MoN/p-CdTe 6inbina, Hixk MoN/n-CdTe, s
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LMA 104 . T :
,T R, = 1,6 xOm MoN/p-CdTe
"' e m- AdadddbddddiAdAAAAAAAAL A‘_A
Sl H 10° £ R =0,545 kOm N 3
4 MoN/p-CdTe ! ; r s — i
H L & . A
= MoN/n-CdTe . 3 - =4
10 - ; 4 5 107k " .
i 4 3 R =430m 1 A““‘M..
i [ R — g
I R =13 0m L
Sk ..:' A‘? 1L e T
m ! A/ MoN/n-CdTe
Y
20 -15  —1,0  -05 | a9 VB
L 1 1
10° . - :
-2 -1 0 1
V,B
St Puc. 4. 3anexHicTh AudEpeHIiitHOTo 0Mopy reTepOoCTPYKTYP
Puc. 2. BAX rerepoctpykryp MoN/CdTe, orpumani MoN/p-CdTe Ta MoN/n-CdTe Bin Hanpyru 3a 7 =298 K
3a 7'=298 K . .
piany (n-CdTe), a mryHTyro4oro onopy R , — BHaCIiI0K

(hopMyBaHHS TeTEPONIEPEXOAY TipIIOT SIKOCTI.
BAX. PesynbTarn HaBeieHO Ha pHC. 3. Hominyroui mexanizmu cmpymonepenocy
[psmi rinkun BAX mociimkyBaHUX TETEPOCTPYKTYP

BcTanosieHo, o TeMmnepaTypHa 3a1eKHICTh BUCOTH
MOTEHIaIbHOTOo Oap'epa rerepocTpykTypu MoN/p-CdTe . .
1 Pep pocTpy P y HaIliBIOrapu(pMiTHHX KOOPIUHATAX MPEACTABICHO HA
puc. 5. SIk BUTHO 3 pUCYHKY, B 001aCTi IPSMUX 3MiIIEHb,

Hei OyI10 BUPIMICHO JOCTITUTH TeMIIepaTypHi 3aJIeKHOCTI

JI00pe OMUCYETHCS PIBHAHHIM
01 = 9,(0) + B, T, @) | 4
ne ¢,(0) — Bucora notenuiansHoro 6ap’epa MoN/p-CdTe 50 "™ 298K QQQQQQQ
3a abcomoTHOTO HYJsS Temmeparypu, ¢,(0) = o 310K QQQ
0 ¥ V=IR
131 eB: +324K ot = IR,
9 B Q«"
B(p — TemIepaTypHuil koe(illieHT BUCOTH MOTEHIIaNb- | — —7,5 Q}}’” 1
noro 6ap’epa, B, =2,7-107 eB/K. i s
=~
BennunHu mocaigoBHOTO R, 1 IIYHTYHOYOTO R, omo- = 100 - g,«g" n=3,6 i
PiB JOCHIIKYBaHOT reTepOCTPYKTYPH BU3HAYAIIM 13 3a- g0
nexHocTi 11 audepenuiinoro onopy R dif BiJl HApyru
(puc. 4). MeH1i 3HAYEHHS TIOCITIOBHOTO OMOPY R JuIst 12,5 + 1
rerepocTpykrypu MoN/n-CdTe, Hixk 15 MoN/p-CdTe,
00yMOBJICHO MEHIITMM ITUTOMHM OITOPOM 0a30BOT0 Mare- ' ' ' '
Y P 0 0.25 0.50 075 1,00
V,B
I, MAT A 0)
=298 K ' ' ' ' ' '
Py» eB 0310K 4| a 298 K a
. *324K P
0,501 " e
T 10+ A V=1IR
_ 76 /‘—- s
0,45 < I e |
> A
0,40 = A
300 STI(;< 320 SL = -8t & n=33 ]
. N -10 g
I,IO 0|’5 (.) =-¢C.QQ rny 1
PPPPPTTTYTY T L L 0 0,5 1,0 \ . A \ A .
0 0,1 02 03 04 0,5 0,6
V,B
Puc. 5. IIpsawmi rinku BAX rerepocTpykTyp, OTpuMaHi

3a pizHux Temneparyp s MoN/p-CdTe (a)
Ta 3a KiMmHaTHOT it MoN/n-CdTe (6)

Puc. 3. BAX rerepoctpykrypu MoN/p-CdTe 3a pizHux
TEeMIIeparyp Ta TEMIIEpaTypHa 3aJICKHICTh BUCOTH MOTCHIII-
anpHOTO Oap’epa (IHUB. BCTABKY)
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V> 3kT/e, cnocTepiraioTbes MpAMOTIHIHHI AIISTHKA, IO | a) 0.15
CBIZIYMTB PO SKCIIOHEHIIIFHY 3aJIeKHICTh CTPYMY Bijl Ha-
npyru. Ockinbku Haxui (Aln/ / AV) npsMoniHIAHAX [Ti-
nsiHOK (3kT/e < V' < 0,45 B) He 3aleXuTh BiJ TEMIIEpa-
TYpH, a BU3HaYCHUH Koe(illieHT HeifeanbHOCTI 1 = 3,6
it MoN/p-CdTe ta n =3,3 st MoN/n-CdTe, ennaum
OOIPYHTOBAaHUM MEXaHI3MOM CTPYMOIEPEHOCY MOXHA
BB@XATH TYHEIbHO-peKOMOIHAIIHHUK [10], OCKUIBKH
IIpY TeHepaliiHO-PEeKOMOIHAIIITHOMY MeXaHi3Mi CTpY-
MOIIEPEHOCY CIIOCTEPIraeThCs TEMIIEPaTypHA 3aICKHICTD 0,05

=
—

S

T

R, MA/MBT

HaXWJIy OpsIMONIHIKHUX OinaHoK BAX, a 3HaueHHs mo- DABDABINADAN N AAAA MoN/n-CdTe
7aY

Ka3HHMKa HeiJeambHOCTI JOPiBHIOTH 2. OHIE0 3 TIpH-
YUH JOMIHYBaHHSI TyHEJIbHO-PEKOMOiHALIHOTO Mexa-
Hi3MY CTyMOIIEPEHOCY € BEJIMKa KOHIICHTPALIiSl TOBEPX-

000an
=l DDDDDDDDDDDDDDDDDD

MoN/p-CdTe
m]

DDDG
00504

Ba

DA
AN

HEBHX CTaHiB yepe3 po301KHICTb MepiofiB KPHCTATIHOL 20
. . 2
I'PaTKH KOMITIOHEHTIB reTeponepexony. [loBepxHesi cra-

HU YTBOPIOIOTH Y 3200pOHEHiH 30H1 6a30BOT0 Marepiary 5

-1,5 -1,0 0,5 0
V,B

EHEepreTHUYHI PiBHI, Yepe3 sIKi MOXKYTh BiIOyBaTHCS MPO- 10

[IECH TYHEIFOBaHHS Ta peKoMOiHaIIii.

Domoenekmpuymi 61aCmMuU80Cni 2emepoCmpyKmyp g+
MoN/CdTe

Ha puc. 6 npencraBineHo TeMHOBY Ta cBiTIOBy BAX
JOCHIDKYBaHUX FETEPOCTPYKTYP Y HarliBiorapupmMiyHo-
My MacmTadi. TyT BUIHO, IO A7 000X BUMAJKIB IPH
OCBiTIIeHHI GLIMM CBiTIIOM iHTeHCUBHiCcTIO 80 MBT/cM?
3BOPOTHUH CTPYM Ilight 3pOCTa€ B MOPIBHSAHHI 3 HOTO
BEJIMYMHOI0 Y TeMpsBi [ ,. Bu3Haueni i3 3anexkHOCTI
1 = f(V) mapameTpu rerepoCTpyKTyp, TaKi K Harpyra 2 F
XOJIOCTOIO X0y V  Ta CTpyM KOPOTKOTO 3aMUKaHHs [,

MaJin HaCTyHHi 3HA4YCHHA:

D*- 109’ CM'FHUZ‘BT

m)

MoN/p-CdTe o

(m]
m}
[m]

MoN/n-CdTe .

— nnst MoN/p-CdTe V, = 0,4 B, I, =24,6 mA/cm?; 50
— qiist MoN/n-CdTe V, . = 0,15 B, I =6,8 MA/cM?.

OuiHuTH TPOAYKTUBHICTH (oTonpuiimMada Oinbm Puc. 7. 3anexHocTi 9yTauBOCTI R Ta IeTekTuBHOCTI D*

KUTbKICHO MOYKHA 32 JIOTIOMOTOX0 BU3HAYCHHS Uy TIIHBO-

-1,5 -1,0 0,5 0
V,B

(doromnpuitmMada Biji HapyTru

a) 6)
102 [ temmoBa —a— TEMHOBA R
—o— 80 MBt/cm? . —a— 80 MBt/cm? X
10" ¢ A
10! L mm%]]%ttb W Af
£
B BN A/%
100 + b 0 L \A./'
< ) < 10 s 1
= 5L = A i [
~ 5 ~ \
10! | 5, i ‘J
- 107 ¢ It
102 | \ ,(
V. =04B \, V. =015B i
I, =246 MA/cM? ’.‘ I.=68 MA/em2 L
103 L= ‘ - - 102 ‘ - i
-2 -1 0 1 -2 -1 0 1
V,B V,B

Puc. 6. TemnoBa Ta cBimioBa BAX rerepoctpykryp MoN/p-CdTe (a) Ta MoN/n-CdTe (6)
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cTi R Ta nerektuBHOCTI D *, sIKi HOKa3yI0Th 00 9y TIIN-
BICTb JIO M1aJ]AF0Y0T0 BUTIPOMIHIOBAHHS:

Ilight - Idark

R = light " dark 3)
Lop
A
oy )
2 ql dark
ne P, — IHTCHCHBHICTb BUIIPOMiHIOBAHHS NIPH OCBIT/ICH-
P Hi OLTUM CBITJIIOM;
A — axTuBHa mIoma Qgoronpuiimaya.
Ha puc. 7 npuseneno rpadiku pynxuiii R =V ) Ta

D*=fV ), 3 AKX BUAHO, IO YyTIMBICTh R U1 IBOX
TeTePOCTPYKTYP IUIABHO 30UIBIIYETHCS TIPU 3POCTaHHI
3BOPOTHOTO 3MIIIEHHS, 10 00YMOBJICHO PO3IIHPEHHIM
00J1acTi MPOCTOPOBOro 3apsay (i BHCOTH MOTEHIIANb-
HOro 0ap'epy), BHACTIIOK 4Oro 3pocTae e(hEeKTUBHICTD
po31iIeHHs ()OTOreHEPOBAHUX EIEKTPOH-IPKOBUX MHap.
JletekTuBHICTb D *, sIKa OIUCY€ HOPMOBAHY MTOTYXKHICTb
ONIPOMIHEHHS, HEOOXiIHY /Ul OTPHUMAHHS CUTHAIY Bif
¢oTonpuiiMada Ha piBHI HIyMY, SMEHIITY€EThCS ITPU 301JTb-
IICHHI 3BOPOTHOTO 3MIIIEHHS, 1[0 00YMOBJIEHO 3pOC-
TaHHAM TEMHOBOTO 3BOPOTHOTO CTpymy /, .. I1pu 1b0-
My (POTOETIEKTPUYHI NTapaMeTPH Kpallli Y TeTePOCTPYK-
Typu MoN/p-CdTe.

BucHoBkn

Hocnimxenus rerepoctpykryp MoN/p-CdTe Ta
MoN/n-CdTe, BUTOTOBICHUX METOJIOM PEAKTUBHOTO Mar-
HETPOHHOTO HANMWJICHHS TOHKHUX ITiBOK MoN, ITO na
niaknanku 3 kpucraiis CdTe p- Ta n-Tumy npoBiTHOCTI,
MOKa3aJId HACTYITHE. 3HAYCHHS BUCOTH IOTEHITiaTbHOTO
Oap’epy € OUTBIIUMU JUIsl TeTepoCTpyKTypu MoN/p-
CdTe, o 00yMOBIIEHO PI3HUM THIIOM ITPOBITHOCTI KOM-
MMOHEHTIB reTeporepexony. JJoMiHyIOUnM MeXaHi3MOM
CTpyMOIIEpEeHOCY B 000X JOCIIIKYBaHUX T€TEPOCTPYK-
Typax € TyHelIbHO-peKoMOiHaiiHui. DoToeneKkTpudHi
napameTpu rerepoctpykrypu MoN/p-CdTe e kpamu-
MH, Hik MoN/n-CdTe. [Ins MoN/p-CdTe nanpyra xo-
socroro xony V= 0,4 B, cTpyM KOPOTKOIrO 3aMUKaH-
st [ = 24,6 MA/cM? TPy IHTGHCHBHOCTI OCBITIICHHS
80 mBt/cm?. TTpy 11bOMy BapTO Bif3HAYMTH, IO 11i (o-
TOEJEKTPUYHI TapaMETPH OTPUMAHO U T€TePOCTPYK-

TypH, BUTOTOBJICHOI 0€3 ONTHMi3alii TeXHOJIOTTYHUX
yMoB. OYEeBWIHO, 11O TaKa ONTUMI3allis MPHU3BEAC N0
MiJBUINECHHS ¢(EKTUBHOCTI (POTOCIEKTPUYHOTO Tepe-
TBOPCHHS, 1 TaKy T€TePOCTPYKTYPY MOXKHA Oy/ie yCITi-
HO BHKOPHCTOBYBATH JUIS BUTOTOBJICHHS Pi3HUX (oTo-
CJIEKTPUYHUX HAMIBIPOBIAHUKOBUX MpUIAIiB (PpoTomi-
OJliB, COHSIYHUX CJICMCHTIB).
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ELECTRICAL AND PHOTOELECTRIC PROPERTIES
OF MoN/p-CdTe AND MoN/n-CdTe HETEROJUNCTIONS

Dueto the physical properties of MoN and ITO thin films, it was decided to create MoN/p-CdTe and MoN/n-CdTe heterostructures
and investigate their electrical and photoelectric properties. The method of reactive magnetron sputtering was used to create thin
MoN and ITO films on single crystal CdTe substrates with different conductivity types. To manufacture test heterostructures, the
following CdTecrystal substrates wereused.: 1) p-type conductivity, grown by Bridgmantechnique atlow cadmiumvaporpressures;
2) n-type conductivity, grown by Bridgman technique at high cadmium vapor pressures. During the deposition process, the
argon pressure in the vacuum chamber was 0.4 Pa. The power of the magnetron was 30 W, the sputtering process continued 5
min at a substrate temperature of 150°C. I-V characteristics of the heterostructures at different temperatures were measured,
the height of the potential barrier, the values of the series and shunt resistance were determined.

Electrical and photoelectric properties of the heterostructures were studied, and the dominant mechanisms of current transfer
at forward displacements was established. The tunnel-recombination mechanism was found to be the dominant mechanism of
current transfer in the MoN/p-CdTe and MoN/n-CdTe heterostructures.

It was shown that the photoelectric parameters for the MoN/p-CdTe heterostructure are higher than those for MoN/n-CdTe.
MoN/p-CdTe heterojunctions have the following photoelectric parameters: open-circuit voltage V, = 0.4 V, short-circuit
current [, =24.6 mA/cm? at an illumination intensity of 80 mW/cm?. This makes them a promising material for the manufacture
of detectors of various radiation types.

Keywords: CdTe, molybdenum nitride, heterojunctions, thin film, current transport mechanisms.Keywords: CdTe, molybdenum

nitride, heterojunctions, thin film, current transport mechanisms.

REFERENCES

1. Green M.A., Hishikawa Y., Warta W. et al. Solar cell efficiency
tables (version 50). Progress in Photovoltaics, 2017, vol. 25, iss. 7,
pp. 668—676. https://doi.org/10.1002/pip.2909

2. Armani N., Ferrari C., Salviati G. et al. Defect-induced lumines-
cence in high- resistivity high-purity undoped CdTe crystals. J. Phys..
Condens. Matter,2002, vol. 14, iss. 48, pp. 13203—13209. https://doi.
org/10.1088/0953-8984/14/48/369

3. Krustoka J., Collanb H., Hjeltb K. et al. Photoluminescence
from deep acceptor-deep donor complexes in CdTe. J. Luminesc,
1997, vol. 72-74, pp.103—-105. https://doi.org/10.1016/S0022-
2313(97)00061-6

4. Alferov Zh. 1. The history and future of semiconductor hetero-
structures. Semiconductors 1998, vol. 32, iss. 1, pp. 1-14. https://doi.
org/10.1134/1.1187350

5. Jui-Chang C., Shuo-Lun T., Mao-Chieh C. Sputter-deposited
Mo and reactively sputter-deposited Mo-N films as barrier layers
against Cu diffusion. Thin Solid Films, 1999, vol. 346, iss. 1-2,
pp- 299-306. https://doi.org/10.1016/S0040-6090(98)01728-3

6. Hallett L., Charaev I., Agarwal A. et al. Superconducting MoN
thin films prepared by DC reactive magnetron sputtering for nanowire
single-photon detectors. Superconductor Science and Technology, 2021,
vol. 34, 035012. https://doi.org/10.1088/1361-6668/abda5f

7. Solovan M.M., Maryanchuk P.D. Electrical and photoelectrical
properties of MoN/n-Si surface-barrier structures. Radio physics and
electronics, 2019, vol. 24, iss. 2, pp. 49-56. https://doi.org/10.15407/
1ej2019.02.049

8. Granqvist C.G., Hultaker A. Transparent and conducting ITO
films: new developments and applications. Thin Solid Films, 2002,
vol. 411, pp. 1-5. https://doi.org/10.1016/S0040-6090(02)00163-3.

9. Solovan M.N., Mostovyi A.IL., Brus V.V. et al. Effect of surface
treatment on the quality of ohmic contacts to single-crystal p-CdTe.
Journal of Surface Investigation: X-ray, Synchrotron and Neutron
Techniques, 2017, vol. 11, no. 1, pp. 276-279. https://doi.org/10.1134/
S$1027451017010347

10. Solovan M.M., Gavaleshko N.M., Brus V.V. et al. Fabrication
and investigation of photosensitive MoO /n-CdTe heterojunctions.
Semiconductor Science and Technology ,2016, vol. 31, no. 10, 105006.
https://doi.org/10.1088/0268-1242/31/10/105006

Omnuc cTarTi A1 IUTYBAHHS

Kosamtok T. T., ConoBan M. M., Map'suuyk I1. JI. Enexrpuuni ta
(horoenexTpuuHi BracTuBocTi rereporepexoniB MoN/p-CdTe ta
MoN/n-CdTe. TexHOIOTHS U KOHCTPYUPOBAHUE B SIEKTPOHHOMH
anmaparype, 2021, No 1-2, c¢. 33-38. http://dx.doi.org/10.15222/
TKEA2021.1-2.33

Cite the article as:

Kovaliuk T. T., Solovan M. N., Maryanchuk P. D. Electrical
and photoelectric properties of MoN/p-CdTe and MoN/n-CdTe
heterojunctions. Tekhnologiya i Konstruirovanie v Elektronnoi
Apparature, 2021, no. 1-2, pp. 33-38. http://dx.doi.org/10.15222/
TKEA2021.1-2.33

38

TeXHOJOTis Ta KOHCTPYIOBaHHS B eJIEKTPOHHIi amapatypi, 2021, Ne 1-2

ISSN 2309-9992 (Online)



METPOJIOTUA. CTAHOJAPTU3ALIUSA

VAK 621.311.25: 621.311.29 DOI: 10.15222/TKEA2021.1-2.39

H. p.-m. n. C. B. IINIAKCHUH, H. E. KUTHHUK, P. IO. IEBYEHKO, C. 4. OCTAIIOBCKAA

VYkpauna, r. JInenp, MHCTUTYT TpaHCHOPTHBIX cucTeM U TexHoJaoruit HAH Vkpaunst
E-mail: levchenko.ruslana@westa-inter.com

METO/IbI KOHTPOJISI SJIEKTPOXUMHNYECKHUX
HAKOIIUTEJIEM SHEPI'NU:
KITACCUOUKALMA 1 OCOBEHHOCTU ITPUMEHEHU A

Buinonnena cucmemamuzayus u Kiaccupurayus 21eKmpoXumMuyecKux HaKkonumenei dHepeuu no ux KOHmpOoaupyemvim
napamempanm. Ilokazano, umo npu pabome Hakonumeis, 8 OUHAMUYECKUX PEHCUMAX HEODXOOUMO KOHMPOIUPOBAMb AK-
MUBAYUOHHOE CONPOMUBTEHUE U AKMUBAYUOHHYIO eMKOCHb, KOMOPble XapaKxmepusylom Hazpy304utble CHOCOOHOCMU HA-
konumens. Qbocnosana HeoOX00UMOCHb NPUMEHEHUS UMNYIbCHBIX MEmMo008 KOHMPOJiA HAKONUmMes npu e2o pabome
6 OUHAMUYECKUX PeNCUMAX U IKCHePUMEHMANbHO NOKA3AHbl Npeumyujecmed paspabomanio2o asmopamu 0O0HO-

UMNYIbCHOCO 2aAllb8AHOCMAMUUECKO2O Memooa.

BaxHeHIINM acrieKToM dKCILTyaTallli CUCTeM Oec-
nepe0oHOro rapaHTUPOBAHHOTO YHEPrOCHAOKEHUS
SBIISICTCSI KOHTPOJIb MapaMeTpOB HAKOMHUTEIS dHEp-
rud. He3aBHCUMO OT THMA MEKTPOXUMUYIECKON CHCTe-
MBI, HA OCHOBE KOTOPOM CO3/1aH HAaKOUTEIIb, B IIPOIEC-
Ce DKCIUTyaTalliil BHEIIHNE BO3JCHCTBHUS CYIIECTBCH-
HO M3MEHSIOT €ro OCHOBHBIE MapaMeTphl: JTOCTYIHas
E€MKOCTb CHIDKAeTCs, BHyTPEHHEE CONPOTHUBIICHUE Pac-
teT, DJIC MOXKET CHMKAThCSI M BBIXOJIUTH 32 PAMKH pa-
Oouero auanaszoHa, a camopaspsl yBeauuuBaTbes [1].
Hapymenue paboThl HaKOIUTENSI, 00yCIOBICHHOE YXY-
IIEHUEM €TO AKCIUIYaTallHOHHBIX Ka4eCTB, HETaTHBHO
BIHSICT Ha d(PPEKTUBHOCTh PabOTHI BCEH YHEProycra-
HOBKH BIUIOTh JIO TIOJTHOTO €€ BhIXo/a u3 cTpost. OqHuM
W3 Iy TeH perIeH s 38191 MOBBIIICHUS () (PEKTUBHOCTH
WCIIOJIb30BAaHUS HAKOTIUTENICH SHEPTUM HAPSILy C TOBBI-
HMICHUEM Ka4€CTBA SABJISICTCS paHHOHaHLHLIﬁ BI)I60p MeE-
TOJIOB KOHTPOJISI X TEKYIIIErO COCTOSHHS B COOTBETCTBUH
C YCJIOBHUSIMH 3KCIUTyaTaluy.

Hacrosimas paborta HampasieHa Ha TTOBBIIICHHE (-
(PEKTUBHOCTH IKCILTYaTaINH IEKTPOXUMHICCKIX HAKO-
nuTenei SHePruu MyTeM palMoHaIbLHOTO BBIOOpa METO-
Jla KOHTPOJIA UX TCKYIIETro COCTOAHUA.

Kniouesvie cnosa: 9ﬂeKmp0xuMuquKuit Haxkonumeilb dSHepecuu, UMnylbCHbvle Memoowl KORmMpOois.

Bri16op nH(pOpMATHBHBIX XapPAKTEPUCTUK
31eKTPOXMMHUYECKHX HAKONUTEJIeH JHePpIrul

J1s u3yveHust cTerneHy BIUSAHUS METO1a KOHTPOJIS Ha
MOBBIIIEHHE Y(Q()EKTUBHOCTH HCIIONB30BaAHHS HAKOITHTE-
J151 HEOOXOMMO OTIPEAEITIUTHCS C ITapaMeTpaMu, 0 KOTO-
PBIM MOYKHO CYIUTh O €r0 TeKYILIeM COCTOSHHH. ABTOD
paboThl [2] BBIIENNI COBOKYITHOCTD ITapaMeTPOB H Xa-
PaKTepUCTHK HAKOIUTEIs, KOTOpas B HAIVISIAHOM BUJE
npuBeeHa Ha puc. 1.

BbesycioBHO, Ha IpakTUKE HET HEOOXOAMMOCTH HC-
M0JIb30BaTh JJIs1 KOHTPOJIA BCE PUBEICHHBIE TapaMeTPhl
1 XapaKTepUCTUKU. BEIOOP HEOOXOIUMBIX KOHTPOJIHUPYE-
MBIX [TaPaMETPOB ONpeaessieTcsa B KakI0M KOHKPETHOM
cilydae, UCXOJsl U3 Ha3HAYCHMS U YCIOBHM dKCILTyaTa-
Uy Hakonutens. B [2] onucanbl ocobeHHOCTH paboThI
HAKOMUTENS B Pa3jIMYHBbIX PEKUMaxX U MPHUBEIEHBI Te-
PEYHU OCHOBHBIX KOHTPOJIMPYEMBIX MapaMeTpoB B 3a-
BUCUMOCTHU OT PEeKMMa IKCIUTyaTalluu, KOTOPbIe Ipea-
cTaBJIeHBI B Ta0JI. 1.

Kaxk BuiHO 13 Ta011. 1, mpakTU4eCcKu NpH BcexX yKa3aH-
HBIX peXUMax paboThl HAKOMUTENEH METO/bl KOHTPOJIS
OCHOBaHbI Ha MPSMOM H3MEPEHHH MPUOOPHBIMH CPE-

Tabmuua 1
Pedrcumpl sxcnryamayuy 51ekmpoxumMudeckux Hakonumeineti SHepeuu U COOmsemcemsyoujie um KOHmpoaupyemvle napamempbol
Pexum N . . . OcCHOBHOTO
Bydepnsrii Huknnueckuit | JlexypHbIi CraprepHbiii Xpanenust
JKCIUTyaTaluK MCTOYHHKA
I, — 1ok 3apsna; | [, — TOK 1oy — TOK Up — HarpsbKe- Ip — TOK UpH — Harnps-
I, — oK paspsia; ;ap;ma; r(ljomapma; ;me paspsna; paspsija; meﬂnfv pa3oMK-
— TOK — Hanps- — TOK pa3- _ _ | nyroii nenu;
Kourponu- Yy — miyOuHa pas- | P ) pu p P P O, — paspan Y ’
pyeMsle psna; paspina, PKCHHC pasoMK- | psijia; Has EMKOCTh; | O — €MKOCTb;
’ O — paspan- | HyToil Lenuy; O — paspsn-
napameTpbl O — eMKOCTb; P p U — Hanpsike- | C — 3apsbKeH-
) Has eMKOCTb; | — €MKOCTb; | Hasl €MKOCTb; p
HUE pa3psia HOCTh
U — nanpsbkenue | O; — 3apsn- | C— 3apshkeH- | BOJIBT-aMIIEpHas
Hasi eMKOCTb | HOCTb XapaKTepPUCTUKA
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XapaKkTepUCTUKU U OCHOBHBIE TIAPAMETPbI NIEKTPOXUMUYECKUX aAKKYMYJIITOPOB

3apsaHble
1 pa3psaIHbIe Pecypc
XapaKTePUCTHKU
Camopaspsin
Emxoctb
AKKyMyJISITOpa
yMy p 3apsHKEHHOCTh OddexrnusroCcTH
3apsa
‘ 1 paspina — CPOK CITyKOBI;
DIeKTpOXUMHUYECKast — CPOK TOIHOCTH;
cucrema -
on(HOMMHAIBHAT Comnporusienue CPOK XpaHCHUA
€MKOCTb; ' AKKyMyJIATOpa (coxpaHHOCTB);
— MaKCHUMaJIbHas — HapaGOTKI/I
EMKOCTB; — DJIC 3apspKkeHHOTO
— sansunas AKKyMYJISITOPA;
DAL — OMHYECKOe COITPOTUBIICHHUE;
€MKOCTb; — 3I[C Pa3psKEHHOTO
o . aKKyMyJI1SITOpa — TONSPU3ALUOHHOE
paspsiHad COIIPOTHBJIEHHE JIEKTPO/A;
€MKOCTh
— BHYTpEHHEE CONPOTHBIICHHE;
— MMIIeIAHC

Puc. 1. CoBOKyITHOCTH MapaMeTpOB M XapaKTEPUCTUK TEKTPOXUMUYIECKAX HAKOTIUTEICH

CTBaMH TaKUX DIEKTPUICCKUX APaMETPOB, KaK Hampsi-
JKEHHUE, TOK U OCTATOYHAsI EMKOCTb, KOTOPBIE IPUTOIHBI
JUTSL KOHTPOJIST HAaKOTIMTEIIS TIPH €T0 padoTe B cTaTuye-
CKOM pekuMe. B To ke Bpemst, Tpr SKCIITyaTalluy HaKo-
MTUTENSI B CHIIBHOTOKOBBIX MPMIIOKECHUSX, XapAKTEPHBIX
Jutst Oy(hepHOTO, CTAPTEPHOTO U PEKMMa OCHOBHOTO HC-
TOYHUKA TIPH MOAKIIOUCHUN K HEMY Harpy3KH, BasKHBI-
MH TTapaMeTpaMu, KpOME OCTaTOYHOH EMKOCTH, SIBIISIFOT-
Csl T€, YTO OTPAKAIOT pabOTy HAKOMUTEIS B THHAMMIUC-
cKkux pexumax [3, c. 63]. [loBenenne Hakorurens B Ta-
KHX peKAMax BO MHOTOM 3aBHCHT OT €r0 aKTHBAIINOH-
HOTO CONPOTHUBIICHHS U aKTHBAI[HOHHOH €MKOCTH, KOTO-
pBIE OMPEACIISAIOT JIUTENFHOCTE TIEPEXOIHOTO MpoIIec-
ca, B TCUCHHE KOTOPOTO MOXKET OBITh Pean30BaH KparT-
KOBPEMEHHBIN CHIIBHOTOKOBBIN PEKNM, U JITUTEIEHOCTD
BOCCTAHOBJICHHS CTAIIMOHAPHOTO PeKUMa ITOCIIE €T 3a-
BepuieHus. [Ipy 7TOM COTPOTHBIIEHHE 11O TEPEMEHHOMY
TOKY OTpEIeNsieT MAaKCHMAIbHBINA TOK HAKOITUTEIIS TIPH
TTOAKITIOUCHUN HATPY3KH.

ComnpoTHBIEHHE TI0 TIOCTOSHHOMY TOKY COCTOUT H3
MTOCTICIOBATEILHO BKIIIOUECHHBIX COMIPOTHUBIICHHUH 1O TIe-
PEMEHHOMY TOKY M aKTHBAI[IOHHOTO COMPOTHUBIICHUS U
OTIpeIeTIsIeT MaKCHMATbHBIN TOK HAKOTIUTENS B yCTaHO-
BHBIIIEMCSI peKnMe. AKTHBALMOHHAS €MKOCTh OTpe/ie-
JSIET ATUTENEHOCTE TIEPEXOHOTO MpoIiecca B ANHAMU-
YECKHUX peKUMax paboThl. YKa3aHHBIC ITapaMeTphl 3a-
Y4acTyr CO BPEMEHEM M3MEHSIOTCS (YXYIIIaTCs) Obl-
CTpee, YeM HOMUHATbHASI eMKOCTh HAKOIIUTEIS, H B pe-
3yJIBTaTe UMCHHO OHU JENAI0T HEBO3MOXKHBIM IKCILTY-
aTaIfio HaKOMHUTENS MPU OONBIINX TOKaX HArpy3KH H

CHIDKAIOT 3()(HEKTUBHOCTD WX WCIOIB30BaHUS B JIUHA-
MHUYECKUX PEKUMAX pabOThI.

K.]'laCCI/I(l)I/lKaIII/IH METOAOB OMMEPATUBHOI'0 KOHTPOJIA
mapamMeTpoB HaKoONuUTeel JHEPruu

BeimonHenne TpeOoBaHUM 10 MOBBIMTICHUIO dPQeK-
TUBHOCTH UCIIOJI30BAHHS HAKOITUTEJICH TECHO CBSI3aHO
¢ BEIOOPOM palMOHAJIBHOTO METO/Ia KOHTPOJIS UX T1apa-
MeTpoB. [lo ananoruu ¢ kaccupuKanue, mpeIoxKeH-
HOH aBTOpoM [3, c. 41], Hamu pa3paOoTaH pacHIUpeH-
HBIH W JIOTIONTHCHHBIN BapHaHT KIACCHU(HUKAIINH CyIIIe-
CTBYIOIIUX METOJIOB OIEPATHBHOTO KOHTPOJIS ITapamMe-
TPOB JICKTPOXUMHUYECKUX HAKOITUTEIIEH, IPe/ICTaBICH-
HEI Ha puc. 2.

W3 npuBeseHHON KitaccH(UKAMH MOXKHO CJeJaTh
BBIBOJI, YTO 3HAUCHMS aKTUBAIIMOHHBIX TApaMETPOB He-
BO3MOXKHO TIOJIyYUTh MPSIMBIMH H3MEPEHHUSIMH, CIEI0-
BaTeJIbHO, MOCTABJICHHYIO 3a/1a4y HY>KHO pellarh IpHH-
[UITAATEHO HOBBIMU METOIAMH HHTEIIICKTYaIbHOW /U~
arHOCTUKH, OCHOBAHHBIMH Ha (PU3MYICCKHUX MMPHUHIIUIIAX
KOCBEHHBIX H3MEPEHUH 1 HICHTU(DHUKAIIIH TTAPAMETPOB
Hakonutenei. K auciy Takux MeTOIOB OTHOCSTCS HM-
MMYJIbCHBIEC METO/IbI, UCITOJIB3YIOINEC KPATKOBPEMECHHBIC
BHEITHHE JJICKTPUUCCKHUE BO3ICHCTBUS UMITYIHCAMH
TOKa WJIM HaIpsDKEHUs C TOCIeayIomel uieHTH(NKa-
el TapaMeTpOB HAKOTIUTEIIS, TOTYIEHHBIX KOCBCHHO
B pe3yJbTare aHain3a HH()OPMAIMOHHBIX TapaMeTPOB
CHUTHAJIOB OTKJIMKA Ha BO3/ICHCTBYIOINI TECTOBBIN UM-
MyJBC. 3HAUYCHHUS TTAPaMETPOB MOKHO U3MEPHTH TOCTa-
TOYHO OBICTPO O€3 HCIOIB30BAHUS IPUOOPHBIX CPEJICTB
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MeToabl KOHTPOJA
HA MOCTOSITHHOM TOK¢

KonTtpoiupyembie
napaMeTpbl

HecTanuoHapHble WU peJIakcallHOHHbIE

METOAbI KOHTPOJIA

HamnpspxeHue noj Harpy3xkon

| HUmneoancuwiii

|_

Tox oy Harpy3Koi

|| C nocmosnnoti naspyskou
R, = const

BuyTpeHHEe COPOTHBICHUE I
10 IIOCTOSHHOMY TOKY

Tanveanocmamuueckutl
= const, AU(t)

HUMIT

® OJIHOMMITYJIbCHBIN

Tanveanocmamuyeckuil

T —_——

1= const, AU(I)

BuyTpeHHee conpoTUBIEHUE
10 IIEPEMEHHOMY TOKY

©® MHOTOUMITYJIBCHBII

AKTHBAallMOHHOE
COTIPOTHBIICHUE

THomenyuocmamuuecxuii
U, = const, Al(t)

Tlomenyuocmamuueckuii

U = const, AI(U)

AKTHUBAIMOHHAS! EMKOCTh I
J

1 ® O/IHOMMITYJIbCHBII

© MHOTOMMITYJIbCHBII

OcTtaToyHas eMKOCTh

PaSpﬂ)IHaﬂ XapaKTepuCTHUKa

Crenens 3apsoxenHoctd (SOC)

Puc. 2. Knaccudukanust METo0B KOHTPOJIS ITApaMeTPOB HAKOITUTENIEH SHEPTHH

W3MEpCHUH, a Takke 0e3 OTKIIOYCHUS HAKOITUTENS OT
CETH TIOTpeOUTENCH B IIpoIiecce ero paboThl, uTo ooier-
YaeT aBTOMATH3AIUIO ITPOIIecca KOHTPOIIS.

C TOYKM 3peHHs MPAKTUICCKOTO WCIIONB30BAHUS, B
CHCTEMax OTIEPaTHBHOTO KOHTPOJISI HAKOIIUTEIeH HHTe-
pec mpeCTaBISIOT TajJbBaHOCTaTHIeCKui [4—7] 1 mo-
TEHIMOCTaTHYecKui [3, 8] METOABI, B KOTOPBIX CUTHAIIBI
OTKJIMKA TPECTAaBICHBI BPEMEHHOI 3aBUCHMOCTHIO Ha-
npsoxenust U(7) wim Toka [(f) 171 TajabBaHOCTaTHIECKO-
TO ¥ IOTCHITHOCTATHIECKOTO METOIOB COOTBETCTBEHHO.
[TocnenoBarenbHOCTE OTEpanuii Mo OMpPEICICHHUIO 3Ha-
YEHUI MmapaMeTpoB HAKOMHTEIS U3 3HAYCHUI Mapame-

Br16op napameTpoB, XxapakTepHu3yrOIuX
COCTOSIHUE HAKOIUTEJIs

<>

OnpeneneHI/Ie mapaMeTpoB TCCTOBOT'O UMITYJIbCa

<l

OrmpesienieHue napaMeTpoB, XapaKTePH3yFOIINX
CHUTHAJI OTKJIMKA Ha T€CTOBBIM HUMITYJIbC

<

Omnpezenenne B3aMMOCBSI3U 3HAUCHUH TapaMeTpoB
CHUrHaja OTKJIMKA Ha TECTOBBII UMITYJIbC
¢ napamMeTpaMy HaKOIIUTEILs]

Puc. 3. [TocneoBaTeabHOCTD BBIIOIHEHUS ONepaLuii 10 ompe-
JIEJICHUIO 3HaYEeHUI [TapaMeTPOB HAKOIUTEJIS 110 IIapaMeTpaM
CHTHAJIa OTKITHKA

TPOB CUTHAJA OTKIIMKA ITOIPOOHO OTpaXkeHa B [0, 7] U B
o01eM BHIe IPE/ICTaBICHA HA PHC. 3.

O0paboTKa 3HaYCHUI ITapaMeTPOB CUT'HAJIA OTKJIMKA
JUISL OTIPENIEJIEHUs 110 HUM 3Ha4eHUH KOHTPOJIUPYEMBIX
[IapaMeTPOB HAKOIUTES IPOU3BOIUTCSA METOJaMU Mate-
MaTH4YeCcKOi 00padOTKM CHTHAIIOB IT0 CIIEIHATBLHO pa3pa-
00TaHHBIM anropuT™MaMm. [IpEMepoM MOTYT CITyKUTB TOJI-
poGHO ornmcanHble B [9, 10] aJropuT™Mbl aBTOMaTU3HPO-
BAaHHOI'O KOHTPOJISI TEKYILEr0 COCTOSHUS JIEKTPOXUMHU-
YECKUX HAKOMUTENEeH SHEPIUH Pa3IMYHOI0 Ha3HAYEHHUS.

Hcxonst u3 noctynHod mHOOpMAIMH, BKPATIE OIMH-
1IeM BO3MOKHOCTH ONpeAeIeHHs JUHAMUYEeCKUX Iapa-
METPOB HAKOIUTES IPU UCIIOJIb30BAHUM Pa3JIMUHBIX M-
MYJBbCHBIX METOJJOB KOHTPOJISL.

Tanveanocmamuyeckutl memoo

lNanpBaHOCTaTHUECKUNA METOM KOHTPOJIS TAaPaMETPOB
HAKOMUTENS cepreid 3apsIHO-Pa3pAIHBIX TECTOBBIX M-
MyJIbCOB TOKA [ 5], TUIHYHBIE ()OPMBI TECTOBBIX UMITYJIb-
COB U CHTHAJIa OTKJIMKA KOTOPBIX IIPUBEICHBI HAa pUC. 4,
MO3BOJISIET OIPENEeNTh MapaMeTpbl HAKOMHUTENS C UC-
MOJIb30BaHUEM MOJIEIH, IPUBEJCHHOI B Ta0/1. 2. B Ma-
TEMaTHUYECKOW MOJEIH HCIOJIb3yeTcs pal koddduum-
€HTOB, 3HAYEHHUsI KOTOPBIX MOJIYYEHbI SKCIIEPUMEHTAIb-
HBIM ITyTeM JJIs1 KOHKPETHOTO aKKyMYJIATOpa U IpUBeie-
HBI B Ta0J1. 3 (Urp — I'paHMYHOE HAIIPsDKEHHUE pa3psaaa).

Hapsiy ¢ TakuMu TOCTOMHCTBAMH raTbBAHOCTATHYC-
CKOTO METOJIa, KaK OTHOCUTEIIbHAS ITPOCTOTA E€r0 pealu-

TexHOJIOrHs U KOHCTPYHPOBAHUE B AJIEKTPOHHON armaparype, 2021, Ne 1-2

ISSN 2309-9992 (Online)

41



METPOJIOTUS. CTAHIAPTU3ALIUS

;

(e}
[
_‘N
=)
E
'_‘N
L8]
'_‘N
S
vN
L Aol

U~

M

=

S <
N

S

G

S
Sw

J t,c

»
14

Puc. 4. Tunmunbie HOPMBI TECTOBBIX UMITYJIBCOB (@) M CUTHA-
J1a OTKJIMKA (0O) P raJbBaHOCTAaTHYECKOM METOJE KOHTPOJIS

3aIlMU ¥ CPAaBHUTEIBHO HEOOJIBIIIOE BPEeMsI OIICHKH Tapa-
METPOB HAKOITUTEJISI, K €0 HEIOCTATKaM CIICIYeT OTHE-
CTHU CI/IHBHyIO 3aBUCUMOCTH p€3y.]'II:TaTOB MOHI/ITOpI/IHFa
OT TEKYIIEro IKCIUTyaTallMOHHOTO COCTOSIHUSI aKKyMYy-
JSITOpa, 9TO TPeOyeT MHOKECTBA AIMITUPUICCKUX KO-
(DUITUEHTOB JIJIS1 KQXKIOTO THITA aKKYMYJSITOpOB. Takxke
CJIOYKHO MCTIONB30BATh 3TOT METOJ 1S Oarapeii O0JbIon
E€MKOCTH U OOJIBIIIOTO HAIPSKEHHUSI — HEOOXOIUMOCTh
NPUMEHEHHS TIPH TECTUPOBAHNH OONBIINX Pa3psIHBIX
TOKOB MOXET CKa3aTrbCdad HA COCTOSHHUU aKKyMmeTopa
TIPH €ro JajbHelen SKCITyaTaui. Meto He TT03BO-
JISIET YETKO OHpeJIeJ'II/ITL AKTHUBAILIMOHHBIC HapaMeTpLI Ha-
KOITUTECIISL HpI/I €ro pa60Te B ITMHAMHWYCCKOM pe)KI/IMC, a
pa3p$111HyIO E€MKOCTHb MOXKXKHO OHPCHCHI/ITL CTaHllapTHBIM
METO/IOM, KaK 3TO CJACAYET U3 ITapaMeTPOB MaTeMaTnye-
ckoii Mojienu. [Ipu paboTe HaKOMUTENS B CETH TOTPEOH-
TeJel BO3ICHCTBHIE HAa HETO CEpUEH 3apsAHO-Pa3PSIHBIX
HWMITYJIbCOB C BO3PACTAIOIIEH aMIUIUTYAOH C IIENbIO -
ArHOCTHKH HE MOXET HE CKa3aThbCs HA PEXKHUME YHEPro-
cHaOXXeHUs1, IOATOMY €T0 HEOOXOIUMMO OTCOCTUHSATH OT
cern. Takas BOBMOKHOCTE, OJHAKO, UMEETCS HE BCET/a,
HanpuMep, 3TO HEMPUEMIIEMO JIJIsl aBTOHOMHBIX dHEPIo-
CUCTEM, a TaKXKe JJISl YCTPOMCTB Pe3epBHOTO JICKTPO-
cHaOXKEHUSI, KOTOPBIC UCTIONIB3YIOTCS JUIS TPEIOTBPAIIe-
HUS TIepeO0EB C AMEKTPOITUTAHHEM.

Tabmuma 2
Mamemamuueckas MoOenb NEKMPOXUMULECKO20 AKKYMYIIAMOPA
In|Uj; _E“‘Ul = li;+B|—Inf
3apsHKEHHOCTD aKKyMyJIATOpa 1, —1;
g=1+
Y
AKTHBHOE BHYyTpPEHHEE COIPOTUBIICHUE aKKyMYIISITOpA R—_ U,-Us
C YYETOM TNONAPU3aLUN I, —1;
TocTosiHHAs COCTABIIAIOIIAS aKTHBHOTO BHYTPEHHETO F—R—a. l—gq
COTIPOTHUBICHHS AKKYMYJIATOpa q
It It
Paspsnnas xapakTepucTuka akKyMymsTopa Ull,ty=E—rl—a- -1 +B|exp —ya —1
o — 11 0
Pazpsimaas emMKocTh akkymymsTopa Qp = Itp mpu U = Urp
Tabnuna 3
3uauenua xoappuyuenmos, 6xo0aWUX 6 MAMEMAMUYECKYTO MOOENb OJiAd PA3TULHLIX MUNOE HAKOnumenel
Tun akkymymsaropa/ Homunansnas YIC, B Koodduupents
Oarapen E€MKOCTbh, A4 ’ o, OM B, B Y
HKITI-90 90 1,25 0,003518 0,117814 13,6125
HK-28 28 1,3779 0,595 0,3897 18,05
HKT-160 160 1,3994 0,002171 0,129426 4,93
HKTI-45 45 1,402 0,2489 0,5237 4,6
27HKII-90 90 36,72 0,14 3,89 9,49
6CT-55 55 12,87 0,03 0,1959 14,45
6CT-44A 44 12,837 0,031928 0,412415 5,55

4
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METPOJIOTUA. CTAHOJAPTHU3ALIUSA

Mnoeocmynenuamsiii NHOMmeHYUOCAMUYECKUL MEMOO

B ocHOBe MHOTOCTYIIEHUATOTO MOTEHITHOCTATHYC-
CKOTO MeTo/1a KOHTPOIIA [3, 8] JIeKUT MPHUHIINTIL, TT03BO-
JISTFOIIUH HE3HAYNTEIILHBIM M3MEHCHUSIM BETHIMHBI Ha-
npsokenus U, To1aBaeMbIX Ha aKKyMyJISTOP UMITYJIbCOB
BBI3BIBATH CYIIECTBEHHBIC H3MEHEHHUS TIPOXOASIICTO Ue-
PE3 Hero Toka I, 4TO MO3BOJISET OOIErIUTh NPOLETYPY
HCCIIeIOBAaHMS TAPAMETPOB aKKyMYJISITOpPA.

Kak BustHO 13 pHc. 5, HE0OJbIIOE H3MEHEHHE HATIPSI-
Kenust U, TPHBOIMT K CyIICCTBEHHOMY H3MEHECHHIO
TOKa [, , IPOTEKAIOIIETO YEPE3 HAKOMHUTENDL. 3HAYECHUE
TOKa TIPH ATOM MOKET OBITh M3MEPEHO C JOCTATOUHOMN
TOYHOCTBIO, U €T0 HH(POPMATUBHOCTD, C TOUKH 3PCHUS
UICHTU(DHUKAIIN TapaMeTPOB MOJIeNH, BenuKka. [TrkoBoe
3Ha4YEHME Ha 3aBUCUMOCTH [, (¢) XapaKTE€pHU3yeT BETMIH-
HY BHYTPEHHETO OMUYECKOTO COIIPOTUBIICHHS ITOCTOSTH-
HOMY TOKy. [Ii1aBHOE N3MEeHeHHe ToKa (TIepeXOHbIH ITpo-
IIECC) CBUAETENBCTBYET 00 WHEPIIMOHHOCTH IIpoIiecca,

aKK>

|
— -
t t,c

~
S

Puc. 5. Tunuunsie (OPMBI TECTOBBIX UMITYILCOB (@) U CUTHA-
JIa OTKJIUKA (0) IpU MOTEHIUOCTATUYECKOM METO/IE€ KOHTPOJIS

HAalpsIMYO CBS3aHHOI'O C OCTaTOYHON €MKOCTBIO HAKOIIHU-
TeJsl U aKTUBALMOHHBIMU IIapaMeTpaMU, KOTOpbIE Olpe-
JIEJISAIOT [I0BEJICHHUE HAKOMIUTES B IIEPEXOJHBIX PEKUMAX
MIPH BKITFOUEHUM O0bIol Harpy3ku. [llupokuii quarmna-
30H M3MEHEHHUS TOKa CYIICCTBEHHO O0JeryaeT moiyde-
HHE JOCTOBEPHOI HH(OPMAIINHU O COCTOSTHUN HAKOITHTe-
TS IpH HEOONBIINX YHEPTETUIECKHX 3aTPaTax.

Hmnynvcho-penaxcayuonHulil Memoo

OnHOKpaTHOE MUMITYJILCHOE BO3JCHCTBHE HE ITO3BO-
JSIET MOJIYYUTh YCTONYUBBIC U JOCTOBEPHBIC 3HAYCHUSI
ANEKTPUICCKUX MAPaMETPOB HAKOIHTEINS, U MOITOMY
MpeAIaracTcs MPUMEHITh MHOTOCTYIICHUAThI aKTHB-
HBIA MMITYJIbCHO-PEIaKCAIIMOHHBIA METOJ] KOHTPOJIS,
MIPUHLUIIBI KOTOPOTO 3aKII0Yal0TCA B cieayrouiem [9].

1. ®opmupyercs Mocae10BaTeTbHOCT BO3/ICHCTBUNA
HMITYJIbCOB HAIIPSDKCHUS Ha HAKOITUTENb B (hopme, TIpe-
CTaBJICHHOW Ha pUC. 5, MPU 3TOM Ka)kJ10€ BO3AECHCTBHE
onpezensercs BenuuuHoi i AU, rie { — HoMep BO3ZeH-
CTBUSI B ITOCJIEIOBATEIFHOCTH, YTO TIO3BOJISIET OOJIEe TOI-
HO KYMYJISITUBHO, C Y4€TOM HECTALMOHAPHOCTH U HEJIH-
HEMHOCTH MpoLecca, OLIEHUTh KOHTPOJINPYEMbIE ITapame-
TpbI U1 paboyero auanasona [Uy, U, | HanpshKeHuid.

2. Benmnuuna i- AU 1t Ka>K10T0 BO3ACHCTBHS OIpe-
JIeJIAETCS TEM, HACKOJIbKO CYILIECTBEHHBIM U JOCTaTOU-
HBIM TI0 aMIUTATyAe OyJeT W3MEHEHHE BO3HHKAIOIIETO
TIPU 5TOM OTKJIMKA HAKOTIUTEJIS /,, ONPENIETISIONIETO pas3-
PEIIAOIIYI0 CIIOCOOHOCTH YCTPOMCTRA.

3. Hucno Bo3aeicTBUH NV, a TakKe UX O4epeaHOCTh
OTIPEICTISIOTCST TPEOYEMOM ITOTPEITHOCTRIO0 H3MEPEHHS
KOHKPETHBIX KOHTPOJIIUPYEMBIX [TapaMETPOB.

B [9, c. 1137] Taxxe npuBeneHa ajanTUBHAS MaTe-
MaTu4eckasi MoZieJb, HacTpauBaeMas B 3aBUCUMOCTH OT
THUIAa KOHTPOJIUPYEMOTO aKKyMYIISITOpa 0 00yJaromei
BBIOOpPKE U IIPEICTAaBICHHAS B (hOPME aITOPUTMA pealTi-
3alMK aKTUBHOTO UMITYJIbCHO-PEJIaKCAMOHHOTO IPHH-
[UIa KOHTPOIsl. B o0IiemM Buie anropuT™ BKIIIOYACT B
ceOs1 BBITIOTHEHNE CIEAYIOMINX OTIePaITHiA:

— pacyeT o0LIMX XapaKTEePUCTUK ONEPAaTHBHOIO KOH-
TPOJISL M U3MEPEHUS IapaMeTPOB HAKOMUTENS (CMelLe-
HUSI HATIPSDKEHUs BO3/eHCTBUs U M, KOIMYECTBO BO3-
JIecTBUH (CcTymeneit) N, mar AUCKpeTH3alii n3Mepe-
Hul AU, KOTUYECTBO 71 TOYEK N3MEPEHUS TOKA OTKITNKA);

— H3MEPEHHE HAYaJIbHOrO yPOBHs Hanpsukenus U,
Ha HaKOIIUTEJIE, OTHOCUTEIHHO KOTOPOTO (POPMHUPYETCS
MOTEHI[MOoCTaTu4YecKoe Bo3encTBre i* AU,

— peanu3alys MOTEHIMOCTaTUYECKOTO BO3IEHCTBUS
¥ MU3MEPEHNE TOKOBOM peakiuu /,(f) ¢ 3apaHee 3a1aHHbI-
MU [1apaMeTpamy;

— peayKuus MOJYyYEHHBIX pe3ylbTaToB H3Mepe-
HUW TyTeM NMpeoOpa3oBaHUs MOJYYECHHOU BBIOOPKH

{1 J (1 )} j=1,M TOKOBBIX PEaKIIHMii B 00pa3bl aJIaliTHBHOTO

OpTOFOHlEl:J'}ngOFO IIPU3HAKOBOI'O IPOCTPAHCTBA HA OCHO-
B€ KOBApUALIMOHHON MaTPHUILbl U3MEPEHUI;

— IOCTPOEHHUE MOZIEIIN HeJIMHEHHO perpeccuu no-
HIDKEHHOHM pa3MEpHOCTH CBSI3H PEIyLIHPOBAHHBIX 00-
pazoB Dj C KOHTPOJINPYEMBIMHU MapaMeTpaMu U OIpe-
nenenue ko3 uurneHToB (B YaCTHOCTH, AJIS OCTaTOU-
HOI eMKOCTH);

— npeoOpa3oBaHUe TEKYIIUX TOKOBBIX pEakiuil B
peayLrpOBaHHbIE 3HAUEHUS TAPAMETPOB HAKOMIUTEINS B
COOTBETCTBUU C MOJEIIBIO.

IIpennoxxennslii aBropami [3, 8] akTHBHBIN UMITYIIBC-
HO-pEeJIaKCaIlMOHHBIN METO KOHTPOJIS ITO3BOJISIET OIpe-
JIeTSITh JUHAMUYECKUE TTapaMeTpbl HAKOTIUTENsI, TaKHe
KaK OCTaTO4Hasi EMKOCTb, aKTHBALMOHHOE COIIPOTUBIIE-
HUE U aKTUBallMOHHAs eMKOCTb. K jocTonncTBaM Meto-
Jla ClIeyeT OTHECTU He3HAUUTENIbHbIE SHEPreTHUECKHe
3aTpaThl IPU €ro peajn3alii U CPABHUTENHHO BEICOKYIO
TOYHOCTb OIIPEENICHHs 3HAUEHU I TapaMeTPOB, KOTOpast
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JOCTHUTACTCA UCITOJIB30BAHUEM MHOI" OCTyHeH‘IaTOFO BO3-
neiictBus. B To ke Bpems, s 00pabOTKM CUrHaia OT-
KJIMKA Ha MHOFOCTyHeH‘IaTOG BOSI[BﬁCTBI/IG 158 I/I}leHTI/I(bI/I—
Kanuu napaMeTpOB HAKOITUTECJIA I/ICHOJ'H)SyeTCSI CJ'IO)KHI)II\/‘I
MaTeMaTUYECKUH anmnapar, 4To MOXKET CIIyKUTb [IPUUU-
HOMH cliep>KMBaHMSI €TO MPAKTUUECKOH pean3aliu.

Tanveanocmamuyeckuti Memoo KOHMPOJis eOUHUYHBIM
UMNYIbCOM

lanpBaHOCTAaTHYECKUI METO KOHTPOJIS SIHMHIIHBIM
TECTOBBIM IIPSIMOYTOIEHBIM HMITYITECOM TOKA U aJITOPUTM
€ro peaju3alyu moapooHo omucansl B [6, 10]. CyTh Me-
TOZa 3aKJIFOYACTCS B TTO/IaYe Ha KOHTPOIUPYEMBIH aKKy-
MYJISITOP TECTOBOTO UMITYJIbCA TOKA, BEIUIHHA KOTOPO-
ro B amnepax pasna 0,1C_, tne C, — €MKOCTb aKKy-
MYJISTOpa B amIlep-uacax, a JIUTENFHOCTh COM3MEpH-
Ma CO BpEMCHEM MPOTEKaHMsI B HAKOIIUTEIIE ICPEXOTHO-
ro nporiecca. TunuyHasi popMa CUTHaJIA OTKIIHKA ¢ 000-
3HAYCHUSMH IIAPAMETPOB IIPOTEKAIOIIETO B HAKOIIUTEIE
ANEKTPOXUMHUUECKOTO TIpoliecca PUBEICHA Ha pPHC. 6.
3HaueHUs TTapaMeTpPOB HAKOIHUTENS IOTYyYCHBI ITyTeM
00paboTku (HOpMBI CHTHATIA OTKJIMKA MaTeMaTH4eCKH-
MH MeTofamu [4].

OJHOI U3 OCHOBHBIX 3aJ1a4 IIPY MaTeMaTHUECKOH 00-
paboTke (OPMBI CHTHAJIA OTKJIMKA C SIThI0 OTIPEACTICHUS
JMHAMAYECKHX ITApaMETPOB HAKOITUTEIIS SIBJISIETCS OTIpe-
JCTICHNE YIaCTKOB, 0003HAYAIOMNX CTAIUH ITPOTEKAIO-
IIETO B HEM IICKTPOXUMHUECKOTO IPOIIecca, a HIMCHHO
CTaIUH TMOJSIPU3ALUH TIPH IT0a9e TECTOBOTO HMITYIIECA
W CTaJUH JCTIOJIPU3AINU Tocie ero cHatusi. Cramun
TIOJISIPM3ALINY U IETIONISIPU3AIIIH OTPAKalOT BPeMs IIpo-
TEKaHWUs TIEPEXOJHOTO MPOIIecca B HAKOMHTEIE, KOTOPOe
oTpeiesIsieT 3HAYCHHS aKTHBAIIHOHHOTO COTIPOTHBRIICHHSI
1 aKTHBAIIMOHHOM eMKOoCTH. [IyTeM maeHTHMKaImm 3Ha-
YCHU TapaMeTpOB CUTHANIA OTKIIMKA OTIPECIICHEI ClIe-
JTYFOIIIHE MTapaMeTphl HAKOMTUTEINS [6]:

U, B 4

16,0 4

* 3HAYCHUE AKTUBHOT'O OMHYECKOTO COMPOTHBIICHUS:
R, =AU, /I, (1)

e AU, — majeHue HanpsDKEHUs HA aKTUBHOM COTIPOTHB-
JICHUH;

[ — BenuyMHaA TOKA TECTOBOTO HUMITYyJIbCa;

¢ 3HAQYCHUC AaKTUBAIIUOHHOT'O COINPOTHBJICHUSA, BbI-
3BAHHOI'O HAIIPSXKCHUEM MOJIAPU3ALUN

R =AU /1, 2)
rae AU — HalpsuKeHHE MOJISpU3alium;

* 3HaUCHHE AKTUBALIMOHHON EMKOCTH:
C,=t/AU, 3)

Ijle T— nOCTOSIHHAS BPEMEHH IEePEXOHOTO TpOIlec-
ca,t=t_/k
t.,, — BPEMsl CIIaJia HALIPSIKCHUS TI0CIIE CHSTHS TECTOBO-
IO UMITYJIbCa TOKQ;

k — x03(pGUIMEHT, YYUTHIBAIOIINN CKOPOCTh M3MEHE-
nust Gyukunn AU, (7)), k = 4 ans cnydaes, korga
3HaYeHUe (PYHKIIMH H3MEHSETCS OT HyJEBOTO 3Ha-
uenus 10 0,982U

* CKOPOCTb IPOTEKAHUS IEKTPOXUMUYECKON peak-
LIUH, KOTOpasi XapaKTepu3yeTcs napaMeTpoM

k,=U/t, 4)
r11e U, — HanpspkeHUE JIIEKTPOXMMHYECKOH MOTISPU3aLiHg,

* CKOPOCTB TIPOTEKAHMUS IpoIIecca caMmopaspsiaa ak-
THUBHBIX Macc Ha HICKTPOIUT B HEPAOOTAIOIIEM COCTO-
STHUHM HAaKOIIUTEIISI WITH CKOPOCTH Pa3psIHOTO Mporecca

npu paboTe HAKOMHUTENS Ha HArpy3Ky, KOTOpBIC Xapak-
TEPU3YIOTCS TapaMeTPOM

ky=Uyn! b

roe U wm BCJIMYHHA HAIIPSKCHU A ACIIOJIAPpU3aAIUHN.

©)

U 115,51

K

15,0 4

14,5 -

14,0 4

13.5 4

\S}

al

CIIK

13,0 S A -
Upu——fkl T
12,5

9 L] L Ll T L] T

0 4 8 12 16 20

t3 _/ tn tcn

L)
24 28 tc Puc. 6. Tunu4nas gpopma curxana
OTKJIMKA HAKOITUTEINs Ha CIHMHUY-

HBIM TECTOBBIN UMITYJIEC TOKA
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[Tapametp k, oToOpakaeTcsi Ha CHIHAIE OTKIMKA
YIJIOM HaKJIOHA JIMHUH 3JIEKTPOXUMUIECKON MMOJIsIpr3a-
LMK K OCH OPAMHAT U XapaKTepPHU3yeT CTENEeHb UCTIONb-
30BaHMSI 3aPsSIAHOTO TOKA B PEKUME 3apsIKH HAKOIHU-
tens. CreoBaTeNbHo, Y€M MEHBIIE BEIUYMHA K, TEM
BBIIII€ CKOPOCTb PEaKLUHU U, COOTBETCTBEHHO, BBIIIE KO-
3 PUIHEHT UCIIOIB30BaHUS 3apsAaHOrO ToKa. [lapamerp
k , Ha CHTHAJIC OTKJIMKA OTOOPaaeTCs yIIIOM HaKIOHA
JIMHUY CHajJa HANpsKEeHUs] K OCH OpJMHAT IOCIe CHS-
THS TECTOBOTO MMIIYNIbCA HA CTAJUH JCTIONIIPH3AIHH.
[To Benmmunue ko3 punrenta kj:[n MIPOU3BOJUTCS OICH-
Ka cTeneHu camopaspsaa (pas3psaa) HaKOMUTeNs — YeM
MCHBIIIC BEINYHNHA kJIl'I’ TEM BbIIIIE CKOPOCTH €TI0 CaMO-
paspsina (paspsiaa).

B coorBerctBuu ¢ 3akoHOM Dapajesi, eMKOCTb XHU-
MHUYECKOTO UCTOYHUKA TOKA B aMIlep-dacax Ompesens-
€TCs yIeNbHBIM PacXoI0M aKTHBHBIX MaTepHalioB, KO-
TOPBIM UCHONB3yeTCsl B KauecTBE 0OOOIIEHHOIo 3HEp-
TeTUYECKOTO TOKazaTelnss — KO3 QHIIMeHTa UCTIONIb30-
BaHUs aKTUBHBIX Macc. BennunHa 3Toro KoadduimeH-
Ta HaXOAMUTCS B MPSIMOM 3aBUCUMOCTH OT IUIOIIAH pe-
arupyoliel IoBEpXHOCTH ITIOPOBOTO MPOCTPAHCTBA aK-
THUBHBIX MaccC U, COOTBETCTBEHHO, OT BEJTMIMHBI aKTHBA-
LUOHHOM eMKocTH. Takum 00pa3om, ¢ onpeaeeHHBIMU
JOIMYIECHUSMHN MOKHO YTBEPXKIaTh, YTO BECINYMHA AK-
TUBAllMOHHONW €MKOCTH Ca TIPOTIOPIIOHABFHA TIIOMIA-
JI1 pearupyroniell NoBepXHOCTH aKTUBHBIX MAcc U KOp-
penupyeT ¢ BEMUIMHON TUIONa Iy (PUIYphI IO/ JINHUEH
CTajia HaNpsDKEHHS HA CUTHAJIC OTKITMKA TTOCIIC CHSTHSI
TECTOBOTO UMITYJIbCA.

IIpuBeneHHbI NepeueHb NapaMeTpoB HAKOMUTEIL,
MOTYYEHHBIX ITyTeM HX COIVIACOBAHUS C MapaMeTpaMu
CUTHAJIa OTKJIMKA, MOJATBEP)KIAaeT BOZMOXKHOCTh OCY-
IIECTBJICHNUA aBTOMAaTU3UPOBAHHOI'O KOHTPOJIA TCKYIIC-
TO COCTOSTHHSI HAKOTIUTEIISI B TTHAMITYECKOM PEKUME €0
paboThl UMITYJIBCHBIM IaJIbBAHOCTATUYECKUM METOJIOM.
B kauecTBe npumepa Ha pHcC. 7 IPUBEIECHBI UCXOAHBIE
CHUTHAJIBI OTKJIMKA M (hparMEHTHI ITpoIiecca KOHTPOJIS aK-
THUBAIMOHHBIX TAPAMETPOB JIBYX OJHOTHITHBIX HAKOIIU-
TeJNeil SHepruy, BHITOMHEHHBIX HA 0a3e MONMHOCTHIO 3a-
PSKCHHBIX CTAPTEPHBIX CBHHIIOBO-KHCIOTHBIX aKKY-
MyJsTOopoB 6CT75A3 ¢ pa3nuUHBIMH SHEPreTHYECKHU-
MU TOKa3arensiMu, padoraronmx B Oy(hepHOM pexxuMe.
[IpuBenennsle rpaduKM OTpaKalOT JUHAMHKY ITOBE-
JCHUS KQKIOTO HAKOMUTEISI TIPH TOAKIIOYCHUN K HUM
OJMHAKOBOH 10 BEJIMYUHE HArPYy3KU. 3HAYEHUS [TapaMe-
TPOB HAKOTIUTENCH M3MEPSIINCh B aBTOMAaTHICCKOM pe-
JKFME C MHTepBaJIoM 15 MHHYT, Ha rpadukax oHH 000-
3HA4YCHbI TOYKaMH.

CpaBHUTEIBHBIN aHATN3 TPUBEICHHBIX HA pUC. 7 pe-
3yJIBTAaTOB YKCIEPUMEHTA TOKA3hIBACT CYIICCTBCHHEIC
pa3nuuus B noBeAeHUM HakonuTenen. [1pu nonkmnroue-
HUH HarPy3KH K HAKOITUTEIIIO C BBICOKMMH YHEpreTHye-

CKMMH TIOKa3aTelssMu (pUC. 7, @) 3HAYEHUS TaKUX €ro
napaMeTpoB, KaK yroj HaKJIOHA Ha CIaje W HampsKe-
HUE CTaJia, CHUKAOTCS CPaBHUTEILHO MEJICHHO, YTO
COOTBETCTBYET MEIUICHHON OT/adye YHEPruu HaKOIIU-
Tens Harpyske. [Ipu aToM BenunHa NOJISpU3aLUY 10-
cJle MEJUICHHOI'O CIajia COXpaHsIeT cTaduiIbHOe 3Have-
HUE Ha IPOTSHKEHUHU BCEro BPeMEeHH pa3psijia, uTo MoJ-
TBEPXKAAeT NOCTATOYHYIO HArpy304HYIO CIIOCOOHOCTH
HakonuTens. IHoM XapakTep moBeAeHUs PU MOIKITIO-
YeHUH HArpy3KH HAOIIONACTCS y HAKOMUTEIS C HU3KH-
MU SHEPTreTUYCCKUMU MTOKa3aresiMu (puc. 7, 0). 3nech
YETKO BUJEH MOMEHT PE3KOro najeHus 3HaYeHU Bcex
AKTUBALIMOHHBIX APaMETPOB, B pe3yJIbTaTe Yero npo-
M301ILJI0 cpabaThIBaHUE CUCTEMBbI 3aIIUThI, OTKITIOYEHHE
Harpy3KH OT HAaKOIIUTEJIS U CAMOBOCCTaHOBIICHUE HAKO-
MTUTEJSI C OTHOBPEMEHHBIM €r0 MO03apsIOM OT BHEII-
HEero UCTOYHHUKA.

[IpuBeneHHbI TpUMep MOATBEPKIAET 3HAYMMOCTD
KOHTPOJIS aKTUBAIIMOHHBIX MapaMeTpOB HAKOMHUTE-
7 IpU ero paboTe B TUHAMHUYECKUX pexumax. [lpu
9TOM 3HAUCHHMsI TAKUX NTapaMETPOB CUTHAJIA OTKIIMKA,
Kak BEJIMYMHA MOJISIPU3ALNHT AUH, HampspKEHUE craaa
AU, u yron HakioHa Ha cnaze (kodduuuent k),
MOTYT OBITh UCIIOJI30BaHbI B KAU€CTBE JOMOTHUTEb-
HOTO KpHUTEpHs MPOTHO3ZUPOBAHMS PabOTOCIIOCOOHO-
CTH HAKOMUTEJIS.

BrIBOABI

[IpoBeneHHBIC HCCIIEIOBAHNS TOKa3aIH HEOOXOAU-
MOCTb BbIOOpa METOJ1a KOHTPOJISI TEKYIIETO COCTOSHUSI
HAKOMUTEIS,, COOTBETCTBYIOIIETO PEKUMY €T0 pabOTHI.
Bb110 HKCTIEPUMEHTATBHO MOATBEPKICHO, YTO /IS 11O-
BBIIICHUS (P (PEKTUBHOCTH NCTIONB30BaHNS AICKTPOXH-
MHUYECKUX HAKOITUTEIEH SHEPTHH, 0COOEHHO TpH pado-
T€ B TAKHX AWHAMHUYECKHX PEXNMax, Kak OydepHBIH,
CTapTepHBIN M PEXKUM OCHOBHOTO HCTOYHHKA, HEO0XO-
JUMO UCHOIB30BATh METO/BI KOHTPOJIS, IPEeTyCMaTpu-
BAIOIINE KOHTPOJIb AKTUBAIIMOHHBIX MapaMeTpoB. [l
MPAKTUICCKUX MPHIOKECHNH K TaKMM METOAAM MOXK-
HO OTHECTH MMITYJIBCHBIE METOABI Pa3IHMYHON MOAH-
(buKanuy, TpeuMyIIeCTBEHHO HMITYJIbCHBIE TaIbBAHO-
CTaTHYECKUE W IMTOTEHIIMOCTATHYECKHE METO/IBI, KOTO-
pble CPABHUTENBHO MPOCTHI B peaNn3aluu, 10CTaTou-
HO MH()OPMATUBHBI U MO3BOJSIOT OCYILECTBISTh OIe-
PaTUBHBIA KOHTPOJIb HAKOIHUTEICH 0€3 OTKITIOYCHUS OT
CeTH moTpeduTene.
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METOAU KOHTPOJIIO EJIEKTPOXIMIYHUX HAKOIIMYYBAUIB EHEPT1I:
KITACUDIKALIA TA OCOBJIIMBOCTI 3ACTOCYBAHHA

B npoyeci excniyamayii enekmpoximMiuHO20 HAKONUYY8aua euepeii y CKAAdi eHepeocucmem 6NIUG 308HIUHIX YUHHUKIE
CYMMEBO 3MIHIOE 11020 OCHOBHI napamempu: OOCMYNHA EMHICMb 3HUICYEMBCA, GHYMPIWHIL ONip 3pOCmac, a camopo3pso
30IIbUWYEMBCA, WO NPU3BOOUMDL OO CKOPOUEHHS MEPMIHY eKCHIyamayii Hakonu4yeaya ma NOPYuleHHs Wmamno2o pericumy
@yuxyionyeanns enepeocucmemu 6 yinomy. Iioguwenns epekmuenocmi GUKOPUCHAHHA HAKONUYYBAUI6 € AKMYANbHOIO 34-
oauero, i 0OHuM 3i cnocobis ii upiwients € onepamueHull KOHMpPOnL CMaKy Hakonuuyeaua. JJana poboma cnpamosana Ha
NIOBUUEHHS eeKMUBHOCT eKCNIyamayii eneKmpoXiMiyHUX HAKONUYY8ayie eHepeli ULIAXoM PAYiOHANIbHO20 8UOOPY Memoody
KOHMPOINIO iXHbO20 NOMOYHO20 CIAHY.

3a pezynbmamamu npoeederH020 aHAIIMUYHO20 021IA0Y ICHYIOUUX MEMO0i6 KOHMPOIIO e1eKMPOXIMIYHUX HAKONUYY8AYIE eHep2il
BUKOHAHO IXHIO CUCMEMAmMuU3ayilo ma Kaacugikayilo 3a Konmponvosanumu napamempamu. Iloxkasano, wo npu pobomi nHaxo-
nuYyeaya 6 OUHAMIYHUX PEXHCUMAX, MAKUX K, HANPUKLAO, 6ypepHutl, cmapmepHuil ma pexcum 0CHO8HO20 Oxcepend eHepail,
npu NiOKIIOUeHHI NOMYAHCHO20 ONOPY HEOOXIOHO 8paAX08ysamu Mmaki napamempu, AK aKmueayitiHuil onip ma aKmueayitiny
EMHICMb, SAKI XapaKmepusylons ONOPOSI MOMCIUBOCII HAKONUYY8AYAd MA MAIOMb 8AXHCIUSY IHPopmayiiny yinHicms npu
BUpIWEHHT NUMAaHHs 6UO0PY Memoody KOHMponio Hakonuuysada. Ilokazano, wo 6 OUHAMIYHUX pexcumax pobomu HaKkonu4yea-
ua HeoOXIOHO 3aCMOCO8YBAMU IMNYIbCHI MEMOOU KOHMPOIIO, AKI 00360510Mb 3a0e3nedumu onepamueHull KOHmpoib 3 ypa-
XY8AHHAM AKMUBAYIUHUX NAPAMEMPIS. 3anponoHO8aHo NPAKmMUdti pekoMeHoayii ujooo eubOpy Memoody KOHMpouo HaKonu-
4y8aya 3anedx#cHo 80 pexcumy 1o2o pobomu. B naubinewiti mipi makum eumozam 8i0nosioaroms iMnynsCHull baeamocmynene-
BULL NOMEHYIOCMAMUYHULL MA OOHOIMNYIbCHUL 2AN6E8AHOCIMAMUYHUL MEMOOU ONEPAMUSHO20 KOHMPONIO HAKONUYY8AYi8 npu
iXxHiti pobomi 6 ounamiunux pexcumax. Ilpu ybomy nepesaza Ha0Aembcs po3poOLIEHOMY ABMOPAMU OOHOIMNYIbCHOMY 2A1b64-
HOCIAMUYHOMY Memooy yepe3 1020 8iOHOCHO NPOCHLY peanizayiio ma 00Cmamuio Oisk RPAKMUYHUX yiiel iHpOPMamueHicmy,
Wo none2uwtye asmomMamuzayiio npoyecy KoHmponio. Excnepumenmanvui pesynomamu KOHMpONO eleKmpoxXiMiyHo20 HaKo-
nuyyeaua emepeii npu pob6omi 6 OUHAMIYHUX PENCUMAX, OMPUMAHI NPU 3ACMOCY8AHHI PO3POOIEHO20 ABMOPAMU Menmood,
nIOMBEPOACYIONb 1020 ePEeKMUBHICb.

Knouosi cnosa: enekmpoximivHuti Hakonuuysay eHepeii, iMnyabCHi Memoou KOHMpOoio.
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METHODS OF ELECTROCHEMICAL ENERGY STORAGE CONTROL.:
CLASSIFICATION AND ASPECTS OF IMPLEMENTING

When an electrochemical energy storage is used as part of an energy system, the influence of external factors significantly
changes its basic parameters: its available capacity decreases, while its internal resistance and self-discharge increase,
which reduces the lifespan of the storage and disrupts the normal functioning of the energy system as a whole. Improving
the performance of the energy storage is an urgent challenge, and one way to address it is to efficiently monitor the storage’s
status. The purpose of this study was to increase the efficiency of using electrochemical energy storages by choosing a proper
control method according to operating conditions of the storage.

The conducted analytical overview of the existing methods of monitoring electrochemical energy storages allowed systematizing
and classifying them by the controlled parameters. It is shown that if the storage operates in dynamic modes, such as
buffer, starter or main energy source mode, when connecting high-power resistors, it is necessary to take into account such
parameters as activation resistance and activation capacitance characterizing storage s resistance capabilities and presenting
valuable information for choosing the method of storage control. The paper demonstrates that in dynamic operation modes
it is necessary to use impulse methods of storage control, which allow for efficient monitoring taking into account activation
parameters. The authors offer practical recommendations on choosing a method of storage control depending on its operation
mode. Pulse multistage potentiostatic and single-pulse galvanostatic control methods meet such requirements the most when
the storage is operating in dynamic modes.

The preference is given to the single-pulse galvanostatic method developed by the authors, it being relatively simple to implement
and sufficiently informative for practical purposes, which facilitates the automation of the control process. Experimental
results on controlling the electrochemical energy storage operating in dynamic modes obtained using the method developed

by the authors confirm its efficiency.

Keywords: electrochemical energy storage, pulse control methods.
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CTABMIIN3ALIMA CBAPOYHOI'O YCUJIMA B ITPOLUECCE
YJIIBTPAZBYKOBOI'O MOHTAXA TTPOBOJIOYHBIX
N JIEHTOYHBIX BbIBO/JOB

Jlna nosviulenus Kauecmea MUKpOC8ApKU NPOBOJIOYHBIX U JIEHMOUHBIX 8bIB0008 NPEONONCEHA MemOOUKa cmadunusa-
YUU C8APOUHO20 YCUNUA 3d CUen KOMReHCaAyul Yynpy2ocmu n008ecKU Yibmpa3gyKo8020 npeobpazosamens 68 Yukie yib-
MpaseyKo8020/mepmo38yKo8020 MOHMAXCA 8b1800d. IIposeden ananus areopumma ynpasieHus mokom npozpamvmupye-
MO20 YCmPOUCMEa HASPYICEHUsI HA OCHOBE KAMYWKU 8 NOLe NOCMOSIHHO20 MazHuma (voice coil motor). Yecmanosneno,
4mo KOMREHCayust Ynpy2oCcmu no08ecKu no380asem YCMpanums U3MeHeHUs nPedyCmanosienHol Hazpysku 0o 20% npu
ceapke nposoOHUK08 yeenuyenno2o cevenus (om 100 mxm).

Knoueevie cnosa: Yibmpa3seyKoedas ceapounds c0Jl06Kda, ceapoviHoe ycujiue, cma6uﬂu3auuﬂ moka 6 Kkamyuwke, yivmpa-

36)17(06011 npeo6pa306ameﬂb, nodeecm, njiockonapaiieilibHvle niaacmunbl.

B coBpeMeHHBIX ycTaHOBKAX yJIbTpa3ByKOBOM cBap-
KM 3HAYHUTENILHAS COCTABIISIONIAS HEPABHOMEPHOCTH CBa-
POYHOTO YCWIIHS OTpeaesseTcs KojeOaHusIMu, BHOCH-
MBIMH TTOJIBECKON YJIBTPa3BYKOBOTO MPEOOpa3oBaTes.
B pa3nuuHbIX KOHCTPYKLMAX CBAPOUHOI IOJIOBKU I10]1BE-
CKa peam3yeTcs pa3IndYHbIME CITIOCOOAMH, B YACTHOCTH
Ha MMOAMUITHUKOBBIX OIMOpax WJIH IJIOCKOIapauICJIbHbIX
mnactuHax [1, 2]. IIpeumyiiecTBoM MOABECKH Ha ILIO-
CKOIMapaJIJICJIbHBIX ITACTUHAX ABJIACTCA OTCYTCTBUC TPE-
HUS KaYCHUS U ITOBBIIIIEHHAS U3HOCOCTOMKOCTD I10 CpaB-
HCHUIO C y3JIaMH1 Ha MOAIIHUITHUKOBBIX OIlOpax, 4To Jcia-
€T X BapUaHTOM, IIPUBJICKATCIIbHBIM JIJISI IPUMCHCHUA B
CHCTEMaXx YIIbTPa3BYKOBOM cBapku. OHAKO Y ITOBECKU
Ha IJIOCKOIIapaJljIeIbHbIX INIACTUHAX €CTh U HEAOCTATOK:
3aBUCUMOCTb YCHUJIMS B 30HE CBApKU OT BEJIMYMHBI IIe-
pebera cBapOYHOH TOJIOBKU MOCIEC MOMEHTA KOHTAKTH-
poBaHHA paboYero MHCTPYMEHTA C MECTOM IMPUCOEAH-
HEHMS, 32 CYeT KOTOPOTo o0ecreunBaeTesi HeoOXoanmast
nedopmanus IpoBoaHUKA [3, 4]. DakTHUECKH K MPeTy-
CTaHOBJIEHHOMY CBAPOYHOMY YCHJIMIO IIPUKJIa/IbIBAETCS
yIIpyTas CHjIa U3rnda II0CKONapalIebHBIX TUIACTHH.

B nanno#i crarbe mpeAcTaBieH aNTOPUTM yTIpaBie-
HUS CBapOUYHBIM YCHUJIMEM, PEAJM30BAHHBIA B KOHTY-
pe yIpaBieHUs aKTyaTOpOM CBapO4YHOM Harpy3ku Ha
OCHOBE KaTYIIIKH B MArHUTHOM TioJ1e (voice coil motor).
Pa3paboTaHHBIH alTOPUTM MMO3BOJIAI CKOMIIEHCHPO-
BaTb HEKOHTPOJUPYEMbIE U3MEHEHHUSI CBAPOUHOIO YCH-
JIUs, BHOCUMBIE OJIBECKON Ha IUIOCKONapaslelbHbIX
mracTuHax, pocruraromue 60—=80 1, 9To I 3aJaHHO-
ro ycunus, Harpumep, 300 T (HeoOX0aMMO ISt TIPHCO-
€JIMHEHSI TIPOBOJIOKH JHaMeTpoM 250 MKM) COCTaBIIS-
et nopsiaka 20%.

OcHOBHOE BHUMaHHUE IIPU YIbTPa3BYKOBOM MOHTaXe
IIPOBOJIOYHBIX U JIEHTOUHBIX BBIBOJIOB METOIOM «KJIMH-

KIIMH» YICNACTCS KaueCTBY M HAJCKHOCTH IIpoIiecca.
[IpoBonouHoe MexxcoeanHeHue aeGopMupyeTcs B Ipo-
Iecce MPUCOCANHEHHS B TOUKE CBAPKH IT0]] IeHCTBHEM
MIPUIIaraeMoT0 YCUIINS U YABTPA3BYKa, a IIPU MOCIEAYIO-
meM (popMUpPOBAHNY NETIIN W3-32 BOSHUKAIOLIMX HAIpsi-
YKEHUH BO3MOJKHO 00pa30BaHUE MUKPOTPEIIHH B 00J1a-
CTH CBapHOTO COCIMHCHUS U MPHIICTAIOIICH K HEMY da-
CTH nepeMbluky. Ecnu Takoe coenmHeHne moaBepraer-
CsI BO3JICHCTBHIO KAKUX-THOO HAIPSDKCHNH, CBI3aHHBIX,
HanpuMmep, ¢ MUKIMYSCKUMH TETUIOBBIMU Harpy3KamH,
BBI3bIBAEMBIMU PACCEMBAEMOI MOIITHOCTBIO U YCIIOBHSI-
MU SKCIDTyaTallly, ¢ PaCIIMPEHUEM TePMETU3NPYIOMICH
ITACTMACCHI, TO BO3HUKAET BBICOKAsI BEPOSITHOCTH €TO
paspyuienus [5—7]. IlpeanoxenHoe B padoTe TEXHU-
YEeCKOE PEUICHUE ITO3BOIUT M30€KATh IeCTAOMITH3aIIH
CBApOYHOTO MPOIIECCa, YTO B PE3YIbTATE MTOBBICHT BBI-
XOJI TOJHBIX U3JIeNHH.

OCHOBHBIE YaCTH YIIBTPa3BYKOBOI CBAPOUHOH T'OJIOB-
ku (CBI') nokazans! Ha puc. 1. CBI' ycranaBnmBaeTcs
Ha KOOPAWHATHYIO CUCTEMY MO3MLIMOHUPOBAHUS yCTa-
HOBKH TIPHCOCTUHEHSI BEIBOJIOB 110 KOOpAWHATaM X, Y,
Z nisi BO3MOXKHOCTH TIEpeMEeNeHUsT pabovdero HHCTpy-
MEHTa K TOYKaM CBapKu U opMooOpa30BaHus BEIBOJOB
B 00pabarsiBaeMOM HM3JICTHH HA PaboueM CTOIHKE (KO-
OpIMHATHAsI CHCTEMa YCTAaHOBKH M PabOYMil CTONHK C
uzgenueM Ha puc. 1 He mokaszansl). CBI" umeet npusoa
BpAIIICHHST OTHOCHTEIHLHO BEPTHKAIBEHOM OCH TSI COBME-
HICHUS KJIMHOOOPa3HOTO TOPIIa pPadOYero HHCTPYMEHTa
C HaTpaBJICHUEM MOJaYH TIPUCOCTUHIEMOM POBOIOKH.

B ncxomHOM COCTOSTHHM TOBECKA YIIBTPa3BYKOBO-
ro npeodpazoBaresns (Y3II) mox Becom nmpeodpazopare-
ISl HAXOJUTCSI Ha YIIOPE, BBITIOIHSIOIIEM JIOTIOIHUTEIb-
HYI0 (QYHKIHIO SJICKTPOMEXaHUIECKOTO JaTdhKa Kaca-
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VYhop u natank

KacaHus
Bonnosox Y3I1
/ INonBusKkHas YacTh
Paboumit nonBecku Y311
WHCTPYMEHT

VYerpoiicTBo
JIEKTPOMArHUTHOTO
HarpyXeHHs

HenoxsuxxHast
YacTh MOJABECKHU
V3I1

JlaTauk
nedopmanum

[InockonapanensHbIe
TIJIACTUHBI ITOABECKHU
V3I1

Puc. 1. OcHOBHBIE UaCTH yIBTPa3ByKOBOH CBAPOUHOM I'OTOBKH

Hust. s nckirodeHus ipedesra 1aTuiKa KacaHus ycTa-
HaBJIUBAETCsI IPEBAPUTENILHOE PETYIUPYEMOE YCUTIHE.

[TocnenoBarenbHOCTH MUKIA POPMHUPOBAHUS TIPOBO-
JIOYHOTO WJIM JIEHTOYHOI'O BBIBOJA MOXKHO IIPECTaBUTh
crexyromuM obpasom. KoopnunarHas cucrema ycra-
HOoBKH niepemeniaet CBI™ B mepByro pabovyro MO3HIINIO
(WM B TIEPBYIO TOUKY CBAPKH), KOTZIa BEPTHKAIBHAS OCh
pabovero MHCTPyMEHTa HAaXOAUTCSI CTPOTO HAJ MO3HIIU-
ell cBapKu, a TOpPeLl UHCTPYMEHTa paclioylaraeTcst CTpo-
IO BJOJIb IIPSMOM JIMHUU, COEUHSIOIIEH [1EPBYIO TOUKY
CBapKH CO BTOpPOil. B aBTOMarnyecknx ycTaHoBKax MOH-
Ta)ka BBIBOAOB NPEIBAPUTEIHEHO BBOAATCS KOOPAMHATHI
TOUCK MPUCOEANHEHHS, IOy ICHHBIC METOIOM 00y IEHHS
C IIOMOILBIO BU3UpPa Ha MOHUTOPE U NIEPEMELIECHNUS IIPU-
Boza CBI" manunynsitopom. [Tocne oOyueHus B OTHOIIIE-
HUHM KOOPJMHAT TOYEK CBAapKH, MPOBOIUTCS OOydeHHUE
MAIIMHHOMY 3pEHMIO Ul aBTOMaTHYECKON KOPPEKLUH
koopauHar. IIponenanHas omepanus 00y4eHHs MO KO-
OpAMHATaM U3JENIUsl COXPAHAETCS B IaMATH YCTaHOBKH
OJ] CBOMM YHHUKQJIbHBIM HMEHEM U MOXET OBbITh aKTH-
BHpOBaHA B JII000E BPEMsI, YTO YCKOPSIET MEPEHATIAIKY
TIPU CMEHE U3/IeTTUH.

[Tocine Beixoga CBIT B pabodyro MO3HIIMIO 110 KOOP-
muHatam X, Y u ¢ (moBoport Ha yron) CBI" omyckaercs
10 BEPTUKAILHOW OCH Z JI0 TOYYEeHHsI CUTHANIA JaTdu-
Ka KacaHUs, KOIjia Toper padouero HHCTpyMEHTa Koc-
HETCsl TOUKU npucoeauHenus. [1ockosbKy KpoHIITEHH
kperienust Y3I1 cBsi3aH ¢ MOABMKHOW YacThIO TIOZBE-
CKH, cpa0aTeIBaHNUE JaTINKA KACAHUS IPOUCXOIUT MIPH
n3rude II0CKOMapalIeIbHBIX IIACTHH, KOTAa MEXIY
nepxareneM Y311 (3eMJ1s1) 1 H30IMPOBAHHBIM JICKTPH-
YECKH MEXaHNIECKUM YIIOPOM 00pa3yeTcs BO3LYITHEIH

3a3op (puc. 1). Beicora, Ha koTopyto noganmaetcs Y311,
OTIpENeIeTCs. JUAMETPOM MIPUCOSANHICMON IPOBOIIO-
KU / TOJILIMHON JIEHTHI — OHA JIOJDKHA 00ecreyrBaTh
BO3MOXXHOCTh 00paTHOro Xoaa topra Y3I1, a 3HauuT, u
TopIa paboyero MHCTPYMEHTA IIPH M0f1aue YIABTPa3BYKO-
BOTO BO3JICUCTBUS H JIe(OPMAIIUU POBOIHUKA/JICHTHI.

[Mompem Y3II obecrnieunBaeTcst MepeMenicHUEM 10
0CH Z CBapOYHOM TOJIOBKH C TOMOIIBIO MTPUBOA Ha TIPO-
rpaMMHUpPYEeMYIO BEIHYHHY, TaK Ha3bIBAEMBIH TepeOer.
O4eBUIHO, YTO NIPH OTPAOOTKE IIPUBOJOM BEININHEI T1e-
pebera n3rub BBEpX MapayuICIbHBIX IUTACTHH TTOIBECKH
V3II nporopinoHaIbHO YBEIUYUBACT ITPETyCTAaHOBIICH-
HOE 3HaYCHHE CBapoyHOro ycuians. COOTBETCTBEHHO, B
mpoIiecce CBapoYHOTo NUKIA C TOMadei yIbTpa3ByKo-
BOTO BO3/ICHCTBHUS CBAPOYHOE YCHIIHE OyIeT IMPONOPIIHU-
OHAJILHO YMEHBIIATHCS C YBEIMYCHHEM Ie(POPMAITIH
TIPOBOTHUKA/ICHTHI.

J71st cTabmiIn3aIiiy CBApOYHOTO YCHITHS 38 CIET KOM-
niencanuu ynpyroctu noasecku Y311 B CBIT ucnonsiy-
€TCs MPOrPaMMHUPYEMOE YCTPOWCTBO AIIEKTPOMArHUT-
HOTO HarpyxeHus (puc. 1) Ha OCHOBE KaTyIIKH (ITO[-
BIDKHAsI YacTh) B IOJIE MIOCTOSSHHOTO MarHuTa (Hero-
BIDKHAS YaCTh). YCHJINE JIMHEHHO 3aBUCHUT OT ITPOTEKa-
IOIIETO Yepe3 KaTYIIKy TOKa, YIPABISISI KOTOPBHIM MOXK-
HO TIOJICP’KUBATh CBAPOYHOE YCHIIME IMOCTOSTHHBIM B
TeUeHHE IMKJIa mpucoeqnHeHns. Cxema Ui peannsa-
WY CTAaOMIIN3AIMA 33JaHHOTO CBAPOYHOTO yCHIIHS TI0-
KazaHa Ha puc. 2. Karymka HarpykeHust mpecraBe-
Ha TI0CJIeI0BaTeIbHOM 1IETIhI0, COCTOSIIEH U3 aKTUBHO-
IO CONPOTUBIICHUS R2 1 UHJYKTUBHOCTH Ll. Omna 1oj-
KITFOYEHA K BBIXOAY MOIIHOTO OINEPallMOHHOTO YCHIIHU-
tenst Tuna OPAS41 no u3BecTHOI cXeme KIIaCCUYeCcKo-
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rO UCTOYHMKA TOKA U JOMOJTHUTEIBHBIX MOSCHEHUII He
TpedyeT. IlpenycTaHOBICHHBIN TOK uepe3 KaTyIIKy Ha-
TPY’KEHHsI 33/1a€TCsl BEIXOTHBIM HAMPSKEHUEM C BBIXO-
na cymmaropa SUM2, a OLEHUTh €ro BeTUYMHY MOXK-
HO, BOCIIOJIb30BABIINCH COOTHOMmEHueM /= 0,5V -R,.
HcTouHUKOM HaNpsKEeHUs, KOTOPBIN 3a1aeT mpeaycra-
HOBJICHHBII TOK 4epe3 KaTyIIKy Harpy>XeHUs, SIBISeTCS
V,. ICTOYHMK HaNpshKeHUs V|, KOMIICHCUPYET U3MEHE-
HHUE ycuns ynpyroi noasecku npu nepedere CBI no-
CJIe MOMEHTa KOHTaKTUpoBaHus. TakuM 00pa3om, nepes
nojaueii CBApOYHOTO YIABTPA3BYKOBOTO MMITYIIbCA yCHU-
JIM€ CBApKU PaBHO MPETyCTAaHOBICHHOMY (MCTOYHHUKOM
HaNPSDKEHUs V), HE3aBUCUMO OT BEJIMYUHBI epedera.

Jlyist TOro uTOOBI HANIPSKEHUE UCTOYHUKA /| COOT-
BETCTBOBaJIO BeinnunHe nepedera CBI, mpu nHUIIMATH-
3allUU TapaMETPOB YCTAHOBKU MPOBOAUTCS CTaHIAPT-
Hasi KamuoOpoBka ycunus npu nepedere CBI™ u npu Hy-
JICBOM TOKE 4epe3 KaTyIIKy HarpyxeHus. [lomyueHHble
KalnOpOBOYHBIC 3HAYCHHS 3aHOCATCS B aMsATh (O3Y)
YCTaHOBKH MPHUCOCAMHEHHUS U HCIOJIb3YIOTCSI B CBa-
pouHoM nukie. Takum oOpa3oM, KOMIIEHCAIUS U3TH-
0a monBxHON yactu moaBecku Y3II mpu mepebere
CBI' ocymiecTBasieTCsl ¢ UCIOIB30BaHUEM KaIuOpo-
BOYHBIX JJaHHBIX.

B mpouecce cBapku npH BKIIIOUEHUH YIBTPA3BYKO-
BOTO uMILyabsca cutyauus unas. Ilpuson CBI Haxonut-
cs B Touke nepebera, Ho Y3II, a 3HauuT, U Topel pa-
0odero MHCTpyMEHTa B Tpolecce aedopmanuu cap-
HOW TOYKM OITyCKAIOTCSI BHH3 K HCXOJHOMY IIOJIOXKeE-
Huto. Mapopmanms 06 3TOM mepeMenieHHH CYUThIBA-
eTcsl IaTYuKoM aedopmMaiiuu, ycranoBieHHbIM Ha CBIT
(puc. 1). JlanHbIe, TOITyYCHHBIC TIPH KaJTHOPOBKE YIIPY-
roctu noasecku Y31, ucronb3yrores Teneps s yuep-
aHUS TIPETYCTAHOBICHHOTO CBAPOYHOTO YCHIIHS, TO-
CKOJIbKY IpH nepemeleHuu Y311 BHU3 BiAMSHMUE MOJ-
BECKU YMEHBIIACTCS, T. €. B TEUCHHE IIHKJIA CBAPKH He-

Vi=0
V2=-05
D=0
TR = 20m
TF =1u —35Vdc
PW =20m K
PER = 80m
3V+ opassiBB O
RS R2
OUP>—E—WW—UAM——¢
V1=0 5 N\CS g
V2=15 Ve
=0
TR=1u o L1
TF=1u 50uH g R6
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0
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V2=06 0.2
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=n

Puc. 2. Cxema ynpaBieHus: CBAPOUHBIM YCUIHEM

00X0ANMO «TO0ABIATE» TOK B KAaTYILIKY HarpyXeHUs.
EcrecTBeHHO, 4TO M3MEpseMbIe ITPU KaTHOPOBKE 3HAYC-
HUsl ycuiusi, coziaBaeMoro nojseckoi Y3II, cornocras-
JSIFOTCSL ¢ BEJIMUMHON Tiepe0era M CUTHAJNA JaTYnuKa Je-
(hopmarmu, kotopsie xpansitces B O3Y. B pesynbrare ka-
JTMOPOBKH MOTyYalOT MACCUB JAHHBIX, TIC KAXKIOMY IIary
IepeMeIIeHHs COOTBETCTBYET 3HAYCHUE YCHUIIHS yIIPYTO-
CTH TIOJIBECKH U 3HAUCHHE CHUTHAJA JaT4uKa aedopma-
M, KOTOPBIC TO3BOJISIIOT YIPABIATH BEIMIMHONW TOKa
Yyepe3 KaTyIIKy Harpys>KeHHS.

Kax BuaHO M3 mpeAcTaBiIeHHOW Ha pUC. 2 CXEMBbI,
nanubie 0 nepebere CBI™ (ncTounnk Hanpspkenus V) u
TIPE/y CTAHOBJIEHHOE HANPSHKEHNE UCTOUHUKA V), CyMMHu-
pytotcsa cymmaropom SUMI, naHHbIE C BBIXOJa KOTOPO-
r0 CyMMHUPYIOTCS ¢ CUTHAJIOM JIaT4uKa fAepopmanuu V,
cymmaropom SUM,,.

Peanuzanus npenioKeHHONH METOANKY CTaOUITH3aIN
CBApOYHOTO yCHJIHs B ycTaHOBKe DM-4341 mpoussos-
ctBa OAO «Ilnanap-CO» noxazana ee 3p(PEeKTUBHOCTD
B IIPOLIECCE OIBITHOM dKCILTyaTaluu. TUIIOBOM BHEIIHUI
BH/I TIOJTy4aeMbIX COEIMHEHUH MPE/CTAaBIICH Ha PUC. 3.

Puc. 3. Bua coenunenuii, noay4eHHbIX NPH CBApKe aJlFOMHU-
HUEBBIX MTPOBOAHMKOB ArameTpoM 300 MKkM
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Z i

1_NEPEBEI 2_CBAPKA

INPUT 1

-0.5v- \

20ms 25ms 30ms 35ms 40ms

0s Sms 10ms 15ms
V(Current) © V(Input_1) v V(Input_3)

Puc. 4. Pe3ynsraTsl MOAETMPOBAHUS BXOAHBIX CUTHAIOB U TOKA
KaTyIIK{ HarpyKEHUsI

Ha puc. 4 npeacraBieHsl rpaduku pe3yabTaToB MO-
JIETUPOBAHUS BXOAHBIX CUTHAJIOB U U3MEHEHUsS TOKa B
KaTyIike Harpyxenus. Kak BUIHO, TOK B KaTyIIke (Kpu-
Bas current) Ha y4acTKe Tiepe0era nMeeT Craaroriui
BHJI, 3TO YYaCTOK / KOMIICHCAIIUU YBEIUYCHHSI YIIPYTO-
ctu noaBecku Y3I1. Ha yuactke 2 umeeTcst Bo3pacraro-
LMK yYaCTOK TOKa B KATYIIKE HATPY>KEHUSI — 3TO y4a-
CTOK cBapkH, e noaecka Y3I1 aqBuxercst BHU3, COOT-
BETCTBEHHO, TOK B KaTYIIIKEe HArPY>KEHUSI BO3PACTAET, KaK
ObLI0 omucaHo Bhimie. OUEBUHO, YTO ISl PA3IMYHBIX
TEXHOJIOTUYECKHUX PEKUMOB JUTUTEIILHOCTh Y4aCTKOB OY-
JIET pa3Hoii, B 3aBUCUMOCTHU OT CKOPOCTH MEPEMEILICHUS
CBApOYHOM T'OJIOBKU U BPEMEHU CBApKU.

3akioueHue

PaspaboranHas METO/IMKa MMO3BOJISET MOBBICUTH Ka-
YECTBO MUKPOCBAPKU MPOBOJIOYHBIX U JIEHTOYHBIX BbI-
BOJIOB ITyTE€M CTAaOMIIN3AINH TIPETyCTAaHOBICHHOTO CBa-
POYHOIO YCHIINA 3a CUET KOMIICHCAIIUU BIIUSHUS YIIPY-
TOCTH IUIOCKONIAPAJUIEIIbHBIX INIACTUH MTOJIBECKH YIbTpPa-

3BYKOBOTO IPE0Opa30BaTessl B IUKJIE YABTPAa3ByKOBOTO/
TEpMO3BYKOBOTO MOHTaka BEIBO/A. [ IpeaycranoBieHHOE
3Ha4YEHHE CBAPOYHOIO YCHIIMA HE 3aBUCHT OT Iepedera
CBapOYHON TOJOBKH MO BEPTUKAIN W TOJACPKUBACTCSI
MIOCTOSTHHBIM B TIpOIiecce CBapKu. Pe3ynsraTsl mpuMene-
HUS METOAMKM Ha ycTaHoBke OM-4341 nokazanu Bo3-
MOKHOCTD YIy4IICHHUS CTA0MIN3aNN CBAPOYHOTO yCHU-
sust 1o 20% mpu cBapKe MPOBOAHUKOB U3 Al AnameTpom
100 mx™ u 6onee. [IpennoskeHHast METOIMKA TPUMEHH-
Ma ¥ B JPYTUX YJIBTPA3BYKOBBIX TEXHOJIOTHUCCKUX CHU-
CTeMaX MHUKPOCBAPKH, B TOM YHCIIC IS IPUCOCTUHEHIST
IIPOBOJHUKOB uameTpoM MeHee 100 MKM.
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CTABIII3ALIA 3BAPIOBAJIBHOI'O 3YCHJIJIA B ITPOLECI VIIBTPAZBYKOBOI'O
MOHTAXY JPOTAHUX I CTPIHKOBUX BUBO/IIB

[ niosuwents skocmi MiKpo36apro8ants OpOmMoGUX i CMpIuKosUX 8UB00i6 3anpOnOHO8AHO MeMOOUKY cmabinizayii 36apro-
8AILHO20 3YCUNISL WINAXOM KOMNEHcayii npyscHocmi niogicku yibmpaszeykogoeo nepemeopiosaya (Y3I1) y yukai yrempaseyxo-
6020 / MEPMO38YKO6020 MOHMAIICY 61600Y. [Iposedeno ananiz no6y0oeu yIempaseyKosux mexHoai02iuHux cucmem i pakmopis,
Wo 6nIUBAIOMb HA CMADINLHICIMb NpoYecy MiKpo36apiogants. [l KepyeanHs 36apioganbHUM 3YCUNIAM GUKOPUCTIOBYEMbCSL
e1eKMpPOMACHIMHULL NPUCMPILL HA OCHOBI KOMYWKU 8 NONI NOCMIUH020 MACHIMY, NPU YbOMY 3YCULISL NPAMO NPONOPYILUHO
cmpymy, wo npomikae ¢ komywyi. [l komnencayii npyscHocmi niogicku GUKOPUCIOBYIOMbCsL OAHI, OMPUMAHI npu none-
PEOHbOMY KANIOPYBAHHI 3MIHU 3YCUNLIA NIOGICKU Y 8cboMy dianazoni nepebiey V3II. Ilpu ybomy KaniopyeamHs UKOHYEMbCS
3a 6iOCymHOCmi CIpyMy, w0 npomixae uepe3 KOmywKy. Benuuuna 3ycunna modice 34umy8amucs 3 yughpoeozo oamuuxa 3y-
cunns. OOHOUACHO 3HAYEHHS 3YCULISL NOPIGHIOIOMbC 3 OYUDPOBAHUM CucHaioM oamuuka Oegopmayii. Ompumani Oawui
30epicailomuvcs Yy nam'sami YyemanoeKu npucoHanus ugooie. Y yukii NPUEOHAHHs NPOGIOHUKA NICHS GUIHAYEHHS MOMEHNTY
KOHMAKMYSAHHsL NPUBOO NEPEMILYYE 36APIOBANLHY 20I08KY NO GEPMUKAL HA 6eIUdUNY 3a0an020 nepebdica (01uzbko 00HO20
diamempa npucoHysano2o npogionuxa). Ilpu yvomy siobysaemucs eueun pyxomoi vacmunu niogicku Y3I1 i 36inbuenns na-
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BAHMAdICEHH S, OJis KOMNEHCAYIl IKO20 ABMOMAMUYHO 3MEHULYEMbCS CIMPYM Yepe3 KOMYWKY eleKmpOMAeHIMHO20 HABAHMA-
JHCEHHS, UJO D03B0IIAE 30epieamu 6CMAHOBIIEHE 3YCUILIA HA 3A0AHOMY PI6HI. AHANOSIUHO 8UKOHYEMbCS KOMNEHCAYIs 36API08Ab-
HO20 3YCUILISL NPU 36APIOGAHHI, 3 MIEIO PI3HUYEIO, WO 3MIHIOCMbCS 8EKMOP 3VCULISL KOMACHCAYLT — 3YCUILIS MAE 3011bULY8AMUCSL
31 30inbuenHam depopmayii nposionuxa. Peanizayis 3anponoHo8ano2o areopummy 003601UNd NOKPAWUMU cmabiiizayio
36aprosanviozo 3ycunis 00 20% npu 36apiosanti npogioHUKIE NiO8UWEHO20 nepepi3y ma NOKPpAwumuy AKicms 36aplo6aHHs.
3anpononosare piwierHs Modice 6ymu 3aCMOCOBAHO I 8 IHULUX VIbMPA38YKOBUX MEXHOLOIUHUX CUCTNEMAX MIKPO3BAPIOBAHHSL,
6 MOMY YUCHi 0I5t NPUEOHAHHA NPOBIOHUKIE Olamempom merut Hidic 100 mrm.

Knrouosi cnosa: yrsmpaszgykosa 36apiosanvbha 20106KA, 36ApI0SALbHe 3YCUILIS, CMAdLI3ayis cmpymy 6 KOmyulyi, Yibmpasey-
KOBUil nepemeoprosat, niogicka, Ni0CKONapanenvHi naacmuHu.
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STABILIZATION OF BONDING FORCE DURING ULTRASONIC WIRE
AND RIBBON BONDING

To improve the quality of ultrasonic wire and ribbon bonding, the author propose a methodology for stabilizing the bonding
force by compensating the rigidity of ultrasonic transducer (UST) mount in the ultrasonic / thermosonic bonding cycle. The
author analyze the construction of ultrasonic technological systems and factors affecting the stability of the bonding process.
The bonding force is controlled by an electromagnetic unit based on a coil in the field of a constant magnet, the force being
directly proportional to the flowing current in the coil. The rigidity of ultrasonic transducer mount was compensated by the
data obtained during the preliminary calibration of the change in the mount force over the entire UST overrun range. The
calibration in this case is performed with no current flowing through the coil. The force value can be picked up from a digital
force sensor. The force values are simultaneously compared with the digitized signal of the deformation sensor. The obtained
data is stored in the memory of the wire bonder.

In the bonding cycle, after the moment of contact is determined, the drive unit moves the bonding head vertically by the value
of a predetermined distance of approximately one diameter of the bonding wire. This causes the movable part of the UST mount
to rise and the force to increase. This increase is compensated by the automatic reduction of the current in the electromagnetic
coil, which allows maintaining the preset force at the specified level. The bonding force during bonding is compensated in the
same way, with the difference that the vector of force compensation changes — the force should increase with an increase in the
deformation of the bonding wire. The implementation of the proposed algorithm made it possible to improve the bonding force
stabilization to 20% when bonding thick wire, as well as to improve bonding quality. The proposed solution is also applicable
in other technological ultrasound bonding systems, including bonding wire with the diameter of <100 microns.

Keywords: ultrasonic bond head, bonding force, current stabilization in wire coil, ultrasonic transducer, ultrasonic transducer
mount, flat-parallel plates.
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OLEHKA CJIO’)KHOCTH CBOPKM VY3JI0B
OJIEKTPOHHOU AIIITAPATYPEI

Paccmompenvt ocobennocmu aunuti cOOpKU Kak npouseo0cmeennslx cucmem. I10ckonvKy ciodxcnvie cO0pouHble cucmembl
AGIAIOMCSL 00OPO2OCOAWUMU 0I5l BHEOPEHUSA, 3aNYCKA, KOHMPOIS U OOCIYIHCUBAHUA, A UX CTLONHCHOCHIL GIUAEH HA NPOU3-
B00UMETLHOCY, KAYECME0 U HAOEHCHOCTb, NPU NPOEKMUPOBAHUU IF0OO0T COOPOUHOLU CUCIEMbL HEOOX0OUMO UCKAMb KOM-
npomMucc mexcoy 0CobeHHOCmAMU ee PYHKYUOHUPOBAHUS, COUMOCMBIO U CIOHCHOCMbIO. B pabome npednodcena mooens,
npueooHas 0 padomul ¢ YCLOHCHEHHLIMU MHOLONPEOMENMHBIMU TUHUAMU, KOMOPAs NO360AEM 8 HEKOMOPOU CHeneHu Ko-
JIUHECMBEHHO OYEHUBAMD CILOHCHOCTb U MOXCEm ObIMb a0anmupo8and noo uz0ens 21eKmpoOHHOU MEeXHUKU.

Kniouesvie cnosa: croxcrnocmo npoussodcmea, MH020npeaM€mel€ C60p01lel€ JIUHUU, Modeﬂu, CoyuaibHO-mexHu4ecKue

cucmemaol, KoaudecmeeHHvle Menoowi.

CerojiHsi CHCTEMHOE MBIIICHHE HEOOXOIUMO Kak
HHUKOTTIA, TOTOMY YTO BCE MEPETONHICTCS CIIOKHOCTBIO.
Moyienb CHCTEMBI BCETIIa BKITIOYACT MUHUMYM TpPH dJie-
MEHTa: TEXHOJIOTHYECKYIO TIOJICUCTEMY, TIEpCOHAJT B Ka-
YECTBE TMOACHCTEMBI M MOJCUCTEMY MPOCKTHPOBAHMUSI.
Ienbto nmpoekTHpOBaHUs SBISETCS (DOPMHUPOBAHUE TEX-
HOJIOTHYECKOH MTOJCUCTEMBI (JITs1 IOCTHKEHHS TpeOyeMOon
3¢ HEKTUBHOCTH IPOU3BOJICTBA U CO3/IAHMUS COLUATTBHBIX
YCIIOBHH Tpy/ia IEpCOHANa, YTO MOXKET IMTPUBECTH K POCTY
BHYTPEHHEH MOTHBAIIMHU U JIOTIOJHUTEIBLHOMY POCTY 3(-
(extuBHOCTH). JIMHUS COOPKH KaK IPOM3BOJCTBCHHAS CH-
cTeMa — 3T0 KOMOMHAIMs 000PYIOBaHUS U JIIOZIEH, CBsI-
3aHHas OOIMMH MaTepHATbHBIM U HH()OPMAITHOHHBIM T10-
TokaMu. Ha BXxojie MpOM3BOACTBEHHON CUCTEMBI — yCTa-
HOBOYHBIE JIETAIN, SHEPIus, HH(opMalys (Harpumep, mo-
TPEOUTENbCKUI CIIPOC Ha U3/1eNINs ); Ha BBIXOJE — Mare-
pHUAIBHBIN (TOTOBAsI IPOIYKITHSI U OTXO/bI) U UH(OpMa-
LIMOHHBIH (HarpuMep, NoKa3aTeny MPOU3BOAUTEIbHOCTH
CUCTEMBbI) IPOAYKT. JIMHUS — 3TO MPOM3BOICTBEHHAS CH-
cTeMa, B KOTOPO# HE3aBEPILEHHOE TPOM3BOICTBO YMEHb-
IIASTCS, IEPEMEIAsiCh OT OJHOTO Pabouero Mecra K Apy-
TOMY, B p€3YyJIbTaTe 4ero Moxy4aeTcs TOTOBBIN MPOMYKT.

B ycnoBusax npoctoit 3aga4n umeercsi Gopmyina, Ko-
TOpast MPOBEPSETCS U 1aKe MOXKET OBITh CTaHAapTU30Ba-
Ha. UToOk!I citeioBarh 31Ol (hopMmyIie, OIBIT He TPeOyeT-
Csl, M TIOTOMY PE3yNbTaT MpeJicKa3yeM, a eciii ooparie-
HHUE K (popMylie apryMEHTUPOBAHHO — TO M [TO3UTUBEH.
Ecnu npobnema yciaokHEHHas!, TO (OPMYIIOH (anropuT-
MOM) PELICHUs] MOXKET IOJb30BaTHCS JIUIIb TIEPCOHAT €
OITPEICIICHHBIM OIIBITOM, TIPH TOM BEPOSATHOCTb [TO3UTHB-
HOTO pe3ysbTara Bbicoka. ClioxkHas ke npodiiemMa He MO-
JKeT OBITh OMHCaHa C MOMOLIBIO CKOJIBKO-HUOY/Ib TOYHOM
hopmybl (ueTkoro anropurma). Ciie0BaHIE UMEIOIICH-
cs hopMysie He TapaHTHPYET yCIieX, T. €. CYIIECTBYET Bbl-
COKasi HEOPeIeNIEHHOCTh UCX0/a, OHAKO B 3TOM Clly4ae

HaJIMYUE OIbITA MOXKET IMOBBICUTH BEPOSTHOCTh YCIEXa.
OT0 03HAYAET, YTO KaXk/1ast CIIoKHAst poOiieMa yHUKaIbHA.

IIpaBomepeH Bonpoc — K cucTeMaM Kakoi CTeNeHH
CJIO)KHOCTH OTHOCSTCS TUHUU cOopku? IIpu Bceir MHO-
TrOBapUaHTHOCTH TEXHUYECKHX 3a/IlaHUil Ha IPOEKTUPO-
BaHHE JIMHUU COOPKHU COJlepKaT MHOTO CXOJHBIX (TUIIO-
BBIX) YEPT, YTO HE TIO3BOJISIET OTHECTU UX K YHUKAJIbHBIM.
OcTtaercs OTHECTH UX K YCIOKHEHHBIM cucTeMaM. Tem
HE MeHee, IOCJIeTHHUE JeCATUIETUS CIIOKHOCTh KaK Mpo-
W3BOJCTBCHHBIX JIMHUHA COOPKH, TaK U COOMPAaEeMBIX Ha
HUX U3/IeHi HepepbIBHO Bo3pacTana. U cerogns yse-
JIMYEHHUE CIIOKHOCTHU SIBIISIETCS OHOW M3 CaMbIX OOJIb-
mmx npodiiem B iponsBozcTae [ 1, 2]. TIporpeccupyrommas
KaCTOMM3alHsl [10]] BIMSHUEM PHIHOYHOTO CIIpOca MpH-
BOJIUT K JIOTIOJIHUTEIILHOMY YCIJIOKHEHUIO Pad04rX MECT
PYYHOTO TIPOU3BOJCTBA M pabOYHX CTAHIIMH aBTOMATH-
3UPOBAHHOTO U3-32 YMEHbLICHHs Pa3MepOB MapTHH U
YBEJIMYECHHUS BAPUATUBHOCTH 33124 cOOpKU. CIOKHOCTD
BIUSIET HA KAYECTBO U HAJCKHOCTH [3—S5], yMeHbIIaer
MIPOU3BOJUTEIHHOCTD, N3-3a HEe OKOHYATENbHYIO CO0p-
Ky M3JeJIMI MOXKHO aBTOMAaTU3UPOBATh JIMIIb YACTHYHO
WJIM JJaKe BBIIOJIHATH BPYUHYIO [6], YTO MOBBIILIAET 3a-
Tparbl. YeM BbIIIE CIOKHOCTb, TEM BbIIIE CTOUMOCTb
UCIpaBiIeHus oMOoK [7, 8], 3arparsl Ha rapaHTHIHBIHA
peMoHT. B pesysbrare coxpaHseTcs OTpeOHOCTb B CO-
BEPLICHCTBOBAaHUU MOJIENIEH, OIIMCHIBAIOIINX CJIOKHOCTh
00BEKTOB COOPKH, CTPYKTYpBl U OaJaHCUPOBKH COO-
pouHbIX JIMHUHM. CrucTemMa cOOpKH — BayKHEHIIas yacThb
[IPOU3BOJICTBEHHOTO MPEANIPUATHS, B TOM YHUCJIE C TOY-
KU 3peHusi cTouMocTu. OKOJIO TPEeTH MPOU3BOJCTBEH-
HBIX pabo4mXx 3aHUMArOTCS cOopkoit [9] u 25—50% ot
001116l CTOMMOCTH U3AETHs MPUXOTUTCS Ha cOOpKY [7].
ITosTOMy HacyuiHoW 3aaadeil cTano BBISBICHHE U, IO
BO3MOXKHOCTH, yCTPaHEHHUE IPUYMH MTOBBIIIEHHOHN CIIOXK-
HocTu. Eciiu mpeanpusiTue CMOXKET YIPaBIIsATh CI0XKHO-
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CTBIO TPOU3BOJICTBA, OHO MOBBICUT KOHKYPEHTOCIOCO0-
HOCTh CBOEH MPOAYKIIMHU, HO JJISi ITOTO, IPEXKJIE BCETO,
HY>KHO YMETh €€ OLICHUBATh.

3aaua HacTOAIIEH CTaThl — KIIACCH(PHUKALIUS METO-
JIOB aHAJIN3a U OLIEHUBAHUS CII0KHOCTH MPOU3BOJICTBEH-
HBIX CUCTEM U [TOCTPOCHHUE MOJIEIIH OLIEHKHU CJI0KHOCTH
COOPKH y3JI0B DIIEKTPOHHOH anmapaTrypsbl.

Teopus CJI0KHOCTH U OlleHUBAHHE
NMPOU3BOACTBEHHBIX CHCTEM

Teopust CNOXKHOCTH JaeT MOHUMAHUE TOTO, KaK CH-
cTeMa MOKET PacTH, Pa3BUBAThCSI, aIAIITHPOBATHCS K H3-
MEHSIOUIMMCS TpeOOBaHUAM, K HOBBIM 3ajadyaM. OHa,
KaK U IPOU3BOJCTBEHHAs CUCTEMA, TAKKe HE JOJKHA
OBITh M3JHILHE CIOKHOM, 4TOOB!I OBITH MPUMEHUMOH K
OIHCAHUIO peallbHOTo POU3BOCTBA. [IpuHIMIT OPUTBEL
Oxkama, Ha3bIBAEMBIH €111e 3aKOHOM SKOHOMHH MBIIILIIE-
HUSl, IPU3BIBAET YIPOCTUTH CIOXKHOCTb BE3[E, I ITO
MPEACTABIACTCS BOSMOXKHBIM.

Kpurepuem BpIOOpa U3 BO3MOXHBIX BapUAHTOB CH-
CTEMBI B MEPBYIO OYepe/Ib CIYKUT IoKa3zaTens dpdek-
TUBHOCTH (C Y4ETOM OCTalIbHBIX CBOMCTB, BaXKHBIX IS
CO3/1aBa€MOI CHCTEMBI), a O0JIErYUTh CPAaBHEHHE Ba-
PHAHTOB MOXKET OLIEHKA CIIOXKHOCTU. To ecTh: ecnu cy-
LIECTBYIOT BapUaHThI, IKBUBAJICHTHBIE C TOUKH 3PEHUS
3¢ PEeKTUBHOCTH, MPEUMYIIECTBO MOyyacT HalMEHee
CJIOXKHBIN 13 HUX. [103TOMY CIOKHOCTb 1OJKHA UMETh
U OTHOCHUTEJIBHYIO OLICHKY.

KoHCTpYKTHBHO-TEXHOJOTHUECKAs! CIOKHOCTh U3-
JIeITHs, ¢ OIHOM CTOPOHBI, €CTh Mepa 3aTpar MPOU3BOJI-
CTBEHHBIX PECYPCOB Ha €T0 U3rOTOBICHUE, & C JPYroii,
OHA SIBJIAETCSI HEOThEMIIEMbIM aTPUOYTOM CaMOTro U3/ie-
TUSl, KOMIUIEKCHO YYWTBIBAIOLINM €r0 CTPYKTYPHBIE U
CyOCTaHTHBIC XaPAKTEPUCTUKU B COOTBETCTBUU CO CIIO-
KUBIIMMCSI YPOBHEM CPEJCTB IPOU3BO/CTBA.

[IpunsiTre pemeHuii B OTHOLICHUU IPOU3BOACTBEH-
HBIX CHCTEM — JIOBOJIBHO CIIOKHAsl MPOLEAypa, OCy-
LIECTBIIsIEMAs HE IO OJJHOMY KPUTEPHIO, CAMBIC BaXKHbIC
U3 KOTOPBIX, MO-BUAUMOMY, — CTOUMOCTB, KaueCTBO,
rUOKOCTb U MPOU3BOACTBEHHBII UK. [Ipu 3TOM cnox-
HOCTBh MOJKHO PacCMaTpHBaTh KaK JOMOJIHUTEIbHBIN KpH-
Tepuid, 00JIer4aroImnii NPUHATHE PELICHUH.

VHTYUTHBHOE IIPE/ICTABICHUE O CII0KHOCTH CUCTEMBI
U mporecca cOOPKHU CBA3BIBAET ITO CBOMCTBO ¢ 00beMOM
000pyI0BaHHUs (YUCIIO HIEMEHTOB, UX Macca, radapuThl 1
IIPOY.), PA3BETBICHHOCTBIO CBSI3EH MEXTy SJIEMEHTaMU U
CTEIEHbBIO UX B3aUMOAEHCTBYSA, CIOCOOOM JOCTABKH 3JIe-
MEHTOB Ha COOpKY, ¢ KOJIMYECTBOM BapHAHTOB pabodnx
MECT, HaIllPaBJICHUI IBIKEHUSI 0O0BEKTOB COOPKH, TpeOy-
eMoii KBaH(huKarel nepcoHaa, 00CIy>KUBAIOILETo pa-
6oune MecTa, CTOMMOCTBIO U3TOTOBJICHHSI CUCTEMBI, CTO-
HUMOCTBIO U yIOOCTBOM ee 00CTyKUBaHUs U T. 1. OHaKO
OIHOM MHTYHILIUH 3/I€Ch HEI0CTaTOuHO. Vcnonbp3oBaHue
KPUTEPHsI CIOXKHOCTH NPU MPUHATHU PEIHICHUN B MPO-
1ecce MPOEKTUPOBAHMS, MIAHUPOBAHUS, 3KCILTyaTalluy
U aHaJIM3a IPOU3BOJICTBECHHBIX CUCTEM TpeOyeT He TONb-
KO CyOBEKTHBHOTO JIMYHOTO OTBITA ¥ MHTYHIUH, HO KO-

JIMYECTBEHHOH OIIEHKH CIIOKHOCTH JUTsl O0JIee TOYHOTO
CpPaBHEHHS AJIBTEPHATUBHBIX pelleHuil. [loaTomy BO3-
HUKJIa HEOOXOIUMOCTh B TIOy4eHHH Oojice 0OBEKTHB-
HBIX OIICHOK, HO 33/1a4a 0Ka3ajach JOCTATOYHO TPYIHOM.
OCHOBHO# 3a/1a4€il B CO3JaHNN METPHUK MPOU3BO/ICTBEH-
HOH CJIOKHOCTH SIBJISIETCS OBBIICHNE HX (P (EKTHBHO-
CTH 3a CYeT JIyUIIIero TIOHUMAHHS PEATBHBIX TIPOOIIeM, C
KOTOPBIMH CTAJIKUBAIOTCS TIPOM3BOIUTEITH.
OreHUBaHNE CHUCTEM IO Pa3HBIM KPUTEPHUSIM TIPOU3-
BOJIUTCSI C IIOMOIITBIO IITKaJ. DTO OTHOCHUTCS U K KpPHTe-
PHIO CIIOXHOCTH, OJHAKO TPOOIeMa B TOM, YTO IIKaja
CIIOKHOCTH OTCYTCTBYeT. KpoMe Toro, OTCyTCTBYeT Tak-
e OTIpe/IeIICHIE HYJICBOH CII0KHOCTH U SIHUIIBI CIIOXK-
HOCTH, 0€3 4ero MKy HOCTPOUTH HEBO3MOXKHO.
OueBHAHO, YTO CYKICHUS O CIIOKHOCTH H TIOTIBITKH €€
OIICHKH JOJDKHBI ONMPATHCS Ha €CTECTBEHHBIC aKCHOMBI
TEOPUH CIOKHOCTH IO AaHAIIOTHHU C TEOPUEH ITOJIE3HOCTH
cloXHBIX cucteM [10]: akcHOMBI I3MEPUMOCTH, CPABHU-
MOCTH, TPAaH3UTHBHOCTH, KOMMYTaTHBHOCTH, HE3aBUCH-
MocTH. B TakoM ciydae B TEOpHIO MOKHO BKITFOYHTH TO-
JIO)KCHUE, B COOTBETCTBUH C KOTOPBIM CUUTATh, UTO TIPH
BBITIOTHEHUH BCEX TIATH aKCHOM B XOZIE OIICHKH CIIOKHO-
CTH CYIIECTBYET (DYHKIHUS CIOKHOCTH, OTIpe/ieIeHHas Ha
MHOKECTBE BCEX BOSMOKHBIX HCXOZOB OIICHKH, AN HHA-
94e — CIIOKHOCTh U3MEPSIETCS 110 IIKaJIe MHTEPBAJIOB.
KoHeuHo, MOYKHO HCITONB30BaTh M MEHEE TOYHBIC IIKa-
JBI — JIUXOTOMHYECKYIO, IIKATy HAaNMCHOBAaHHH, IIKa-
JIy TIOPSIAKOB (PaHTOBYIO), HO TPYAHO UCTIONH30BATh IIIKa-
JIy OTHOIICHHUH 1 HEBO3MOKHO — a0COTIOTHYIO IIIKAIY.
[oHsTHE CIOXHOCTH MPUMEHUTENHHO K CHCTEMaM
HUMEET HECKOJBKO CMBICITIOB, 3TO MOXKET OBITH CTPYKTYp-
Has (CTaTHYECKast) CIIOKHOCTD, TAHAMUYECKAsI, BRITUCITH-
TenmpHas. He cyrmecTByeT MOHATHS CIOKHOCTH CHCTEMEI
BOOOIIIE — CIIO)KHOCTH MOJKET XapaKTEPH30BATh CHCTEMY
C pa3HBIX CTOPOH. PazimmuaroT Takue BUIBI CIIOKHOCTH:

— aHaJH3 CYIIECTBYIOMICH CHCTEMBI;

— CHHTE3 HOBOI CHCTEMEI;

— (PYHKIIMOHUPOBAHHE CO3TaHHON CHCTEMBI (YIIpaB-
JICHHS);

— THPaXUPOBAHHUE CO3TaHHOI CHCTEMBI;

— PEIPOIYKITHS CYIIECTBYIOMICH CHCTEMBI.

Hac B paMKax TEMBI CTaTbU UHTCPECYET CIIOKHOCTH
pa3paboTku (CHHTE3a) HOBOM CUCTEMBI M CIIOKHOCTD €€
¢yuxronnpoBanus. Ilox cuaTe30M OyneM MOHMMATh
MPOIIECC CO3IaHUSI CHCTEMBI, COOTBETCTBYIOIIEH Tpe-
OoBaHUAM crienu(pHUKAINN, TEXHUISCKOTO 3aJaHUs Ha
pa3pabotky. O4eBHIHO, YTO CO3JaHHAS CHCTEMa JIHIIh
B HEKOTOPO# CTeTeH! Oy/IeT COOTBETCTBOBATh TPeOOBa-
HUSIM. DTO TUIMYHASL CUTYAIHS IS CIIOKHBIX CHCTEM.

[Nocme Toro kak TpeOyemas cucTeMa co3aana, CleyeT
OIICHUTH CIIOKHOCTh €€ OCBOCHUS (aHAIH3a) JUIS MOJThb-
30Barese. YMEHbLIEHHUE CII0)KHOCTH OCBOEHUS JOCTU-
raeTcsi CO3MaHUEM pa3padOTIYMKaMU aJleKBaTHON Mojie-
T CHCTEMBI (IOKYMEHTAIINU, HHCTPYKITHH ).

Ecnm cremneHs Cio)kKHOCTH OI[CHUBACTCS KOMNIECTBOM
nHpOpMAIINK, HEOOXOIUMON UTS ONMCAHUS PeaIbHOM
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CHCTEMBI, TO CIIO)KHOCTB CTAaBUTCS B 3aBUCUMOCTB OT Ha-
Omronarens (B HamIeM ciydyae — OT pa3padOT4YHKa CH-
CTeMbI cOOpKH). MBI Oy/ieM pa3indaTh CII0OKHOCTh U KaK
CBOMCTBO CHCTEMBI, 1 KaK CBOMCTBO CaMOM 3aJa4d, TO
€CTb MIPOCKTUPOBAHUS WJIH pa3padOTKH CUCTEMbI COOPKH.

BHe 3aBHCHMOCTH OT BH/Ia CIIOKHOCTH MOYKHO BBIZIC-
JIUTH JIBa TIPHHIIATIA OLICHKH CIIOKHOCTH crcTeM. [lepBorii
CBsI3aH C TIOHSITHEM KOJHYESCTBA HH()OPMAIIH U COCTO-
UT B TOM, YTO CIIO)KHOCTH CHCTEMBI JOJDKHA OBITH IIPO-
MOpUIHOHATIbHA 00beMy HH(OPMAIIH, HEOOXOIMMOM IS
OITMCAHUS ATOH CHCTEMBI (IECKPUTIITUBHAS CIIOKHOCTB ).
OnmHIM U3 CTIOCOOO0B OLIEHKH IECKPUITHBHOU CIIOKHO-
CTH SIBIISICTCS TIOJICUCT YHCIIA 3JIEMEHTOB, BXOISIINX B
cucreMy (TIepeMEHHBIX, COCTOSHIHI, KOMIIOHCHTOB), H
pasHoOoOpa3us B3aMMOCBA3CH Mexay HUMH. BTopoii
TIPUHIIMIT CBSI3aH C MTOHSATHEM YHTPOITHH H 3aKITI0YaeTCS
B TOM, YTO CJIO)KHOCTH CUCTEMBI JIOJDKHA OBITH MPOIIOP-
[MOHAIbHA 00BeMY HH(DOPMALIUH, HEOOXOIMMOM IS 70~
CTaTOYHOTO YMEHBIICHUSI HEONPEIEICHHOCTH B CHCTE-
Me (CIIOKHOCTh U3Y4YCHHS U pa3padboTku). Oba MpHHIHU-
T1a JOTIONHSIOT APYT APYyTra — IJISl H3y4aeMOU CHCTEMBI
IIPY YBEIHMYCHUN OJHOM CIIO)KHOCTHU Jpyrasi yMCHBIIIa-
eTcs 1 HaoOopot. [Ipu mepexone OT OJHOM CHCTEMBI K
IpyTOii, Goee CII0KHOM, M IECKPUITUBHASL CIIOKHOCTH,
U CIIO)KHOCTB Pa3pa0dOTKH yBETHYHBAIOTCSL.

Bocnpusitust CII0)KHOCTH MOTYT OBITH CTPYIIIAPOBA-
HBI U CBSI3aHBI ¢ 0()OPMHUBIIIMUCS METOIAMH aHAITN3A.
Mertozpl, B CBOO O4epelb, YIOOHO IPYIIIHPOBATH, OIH-
pasich Ha ux npoucxoxaenue. [Ipemnaraemas B Tada. 1
KJIaCCU(HUKALIUS METOIOB aHAIIN3a CIOKHOCTH CICIYET
3TOW KOHIIEIIIHH.

[epBas rpymmma coCTOUT U3 METOIOB U KOHIICTIIIHIH,
BBITEKAIOIIUX U3 TEOPUHU Xaoca (XOTs BOSHUKHOBEHHE
Xaoca B peajbHbIX MPOMBIIIICHHBIX YCIOBUAX — IO/
BOIIPOCOM) U TEOpUHU HenuHeiHoW nuHamuku. Crona
OTHOCSTCS. METOABI PEKOHCTPYKLUHU POCTPAHCTBA, UC-
MOJIb30BaHUs KCIOHEHT JlanyHoBa u OudyprannoH-
HbIE JHarpaMMBbl.

Bropas rpynna BkitoyaeT pyHIaMEHTAIbHYIO MEPY
suTponuu lllennoHa. OTneabHO OT HEE CTOUT CIIOXK-
HocTbh Konmoroposa. Crofa e BXOZSAT aJIrOpUTM 3UBa
U BICUIOH-MALIMHBI — JE€TePMUHUPOBAHHBIE aBTOMA-
ThI, COCTOSIIIIME U3 CUCTEMbI IPUUMHHBIX COCTOSIHUN U
MEPEX0I0B MEXAy HUMHU. DTa KaTeropus ONupaeTcs Ha
MOJXO/bI TEOPUU MH(POPMAIUH.

TpeTbst rpynna — 310 ruOpugHbIE METOIBI. OHU MbI-
TalOTCs NOA00PATHCS K CII0AKHOCTHU ITyTEM OObEIUHEHHS]
TIO/IX0/I0B TEOPHH MH(POPMALINH C CHCTEMOH KOANPOBa-
HUsI 000PYOBaHMS U U3AETHUN.

B uetBepTOil rpymnme coOpaHbl METO/bL, OCHOBAHHBIE
Ha IO/ICUETEe KOJIIMYECTBA PECypCcoOB, MPOLECCOB, MPO-
JOYKTOB M MX BUJOB, BKIIOYEHHBIX B MPOM3BOJICTBEH-
HYIO CHCTEMY.

B nsAToi KONOHKE TabNUIbl COOPaHBI HEKOTOPBIE Me-
TOJIbL, IPOUCXOXKAECHHUE KOTOPBIX HE T03BOJISIET BKIIOUUTh
WX B [I€PBBIE YETHIPE TPYIIIIHL.

B T0 Bpems kak npoOnemMbl 0amaHCUPOBKU JTUHHMA
AKTUBHO HCCIICAYIOTCS Ha MPOTSIKEHUHU YXKE JITHTEb-
HOTO BPEMEHH, CIO0KHOCTh B NIPOU3BOACTBE CTana pa-
CTyIell 061aCThIO UCCIICNOBAHUM 3HAUUTEIBHO MO3KE.
Agtopsl [11] npeanonoxuiu, 4To MOMUMO TPeX OCHOB-
HBIX THUIIOB CJIOXKHOCTH — U3/ENHS, TEXHOJIOTHUECKOI
U HKCILTyaTallMOHHOW — CIOKHOCTh TaK:Ke HEMoCpe-
CTBEHHO CBS3aHA C KOJIMUYECTBOM, Pa3HOOOpa3nueM U CO-
nepxanueM uHpopmaru. Kpome Toro, aBTopbl Mpuxo-
JSIT K BBIBOAY, UTO CJIOXKHOCTb BO3PAcTaeT ¢ yBellnue-
HUEM KOJIMYECTBA BApUAHTOB NPOIYKIMU, HAMEUEHHOM
K NIPOU3BOACTBY, U KOJMUYECTBA TEXHOJIOTHUCCKUX AeH-
CTBUI, Y4aCTBYIOIUX B MPOU3BOACTBEHHOM IpOLEC-
ce. OleHka CIIOKHOCTH, U3JI0KeHHas B [12], oTuyaer-
cs1 OOIHOCTBIO ¥ IPUMEHUMOCTBIO K PA3IMYHBIM IIPO-
U3BOJICTBEHHBIM cucTeMaM. OHa UCXOAUT U3 OIpesiese-
HUSI CTIOKHOCTH IIPOU3BO/ICTBA KaK «CYMMBI BCEX acIeK-
TOB U 3JIEMEHTOB, KOTOpBIE JENAIOT 3a/1auy WM Habop
3aJ1a4 TPYAHBIMHU JJIs1 PeLICHUs, YpEBATBIMH OIIMOKAMHU,
TPeOYIOIUMU OCMBICIIEHHS, OAUTETLHOCTH U YMCTBEH-
HOTO HaNPsSDKEHUS, IPUBOJISIIETO K cTpeccy». CIUIIKOM
JUIMHHO JJISL OTIPEJENICHUs, HO COJIePXKAHUE COBIAIACT
C OIpEAETICHUSIMH JPYTHX aBTOPOB, KOTOPBIE TaK HIIH
UHa4e CBOAAT CJIOXKHOCTb B CUCTEME K TOMY, UTO TPY/I-
HO MOHSTb, OITUCATh, MPEICKA3aTh MM KOHTPOIUPOBATS.

Bonpocs! CIOXXKHOCTH HCCIEAOBAINCH U B APYTHX
paborax, Hampumep B [13—17], HO na’ke HECMOTps Ha
pasHble TPEIOKECHHBIC MOAXOAB! K CIOKHOCTU JTHHUI
cOOpKH, B HUX, HACKOJIBKO HaM M3BECTHO, HE paccMaTpu-
Bajach crieruduka cOOpPKH y3J10B 3JICKTPOHHOM arnmapa-
TypBl, pa3Be uTo B [17]. 3aech UccienoBaHbl BOIPOCHI
YIPaBICHUS CIOKHOCTBIO IPOU3BOACTBA MECKTPOHHBIX
Y3JI0B ITyTeM YMEHBIICHUS TyBCTBUTEILHOCTH TapamMe-
TPOB MOJOCKOBBIX JINHUH K A€CTa0MIU3UPYIOMIUM (ak-

Tabmuna 1

Memoowl ananusza crodicrnocmu npOLlS’SO@CWl@eHHbUC cucmem

Xaoc u Teopus

N Nudpopmannonnas I'ubpunubie
HEJIMHEHHOM (bopman PH [Mepeuncnenne Jpyrue MeToibl
TeopHUs METO/IBI
JUHAMUKH
o BudypkaroHHbie e Durponus lennona |e DOBpuctuyeckue | e KonnuectBo ® AHKETBHI
JUarpaMmbl o CIIO)KHOCTD IO HMHJEKCHI + TEOpUs | aJbTEPHATHB e AHaJOrMU IMHAMUKH

e Da30BbIE IOPTPETH KosnmoropoBy nHpopmManuu e Ky0 cnoxHOCTH | 3KHIKOCTEH
® DKCIOHEHTHI JIsTyHOBA | @ €-MaITHHBI o Texanueckne

e Anroput™ 3uBa METPHUKHU
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TopaM. [TocTpoeHHas HUKE MOZIENb OTYACTH 3aIOJIHAET
9TOT npoben. OHa KacaeTcs CMEIIAHHBIX COOPOUHBIX JTH-
HHI71, Ha KOTOPbIX MOT'YT U3IOTOBJIATHCS PA3JIMIHBIC Ba-
PHUAHTBI U3/1€JIUH B IPOU3BOJIBHON [10CIIE0BATEILHOCTH.

Mozesib CJI0KHOCTH COOPKH H31eTHsA

IIpencraBnennas B [11] Mmogens ClIO)KHOCTH Kacaach
MPOIECCOB 00pabOTKH JieTaliel U 3aBHcelia OT MaTepH-
aja ¥ KOHCTPYKIIMHU JICTaIH, YYUThIBaJIa pa3HOOOpas3ue
JieTanei, BO3MOKHOCTh COOPKH MEXaHHUECKUX y3JI0B H
BIIMSIHHE KpeTeka Ha CIOKHOCTh cOOpku. OCHOBHBIM
TYT OBUIO BBIPA3UTh MEPY YCHIIMU, HEOOXOTUMBIX IS
JIOCTHIKEHUS TpeOyeMOoro pe3yJibTaTa. DTy MOJICTh MOXK-
HO MOIM(DHUIIMPOBATE JUTS YUCIIEHHOW OIICHKH CIIOXKHO-
CTH TEYATHBIX Y3JIOB M3JICJIUN DIICKTPOHUKH, COXPAHUB
CTPYKTYpY, HO H3MECHUB pacyeT MHICKCA CIIOKHOCTH H
YVYHTBIBAs CIIOKHOCTH MOHTaXa MaiKoH.

OuYeBHJIHO, YTO ITOHATHE CIIOKHOCTH CHCTEMBI JTOJK-
HO YYHTBIBATh KaK CTPYKTYPY, TaK M peajlu3yeMble (PyHK-
nuu. Hambornee mpocroe M BecbMa y3koe (hopMalibHOE
MTOHSATHE CIIOYKHOCTH CHCTEMBI CTPOUTCS CIIETYFOIIIUM 00~
pasom. IlycTh B HalleM pacriopsHKCHHUA UMEIOTCS 7 TH-
OB DJIEMEHTOB, U IS KaKI0I'0 THIIA Ha OCHOBAaHWH Ha-
KOIIJICHHOTO OTBITA yCTAHABIMBACTCS BEIMUMHA CIIOYKHO-
CTH ¢, 2JIEMEHTa [-TO THIA. [IpuHIMaeM, 9To Mepa CII0K-
HOCTH JOJKHA 00J1aaTh TAKMM CBOMCTBOM: CTaTHYECKAsT
CJIOKHOCTB BO3PACTACT C YBEITMUCHUEM KOJIMICCTBA HJie-
MeHTOB. CII0KHOCTBLIO CUCTEMBI, COCTOSIIEH U3 3JICMEH-
TOB CO CJIOKHOCTBIO C;, €CTECTBEHHO HAa3BaTh BENMYHHY

n
Cc= E ¢q;,
i=1

e q,— YHUCJIO DJIEMEHTOB I-TO THUIA B CUCTEME.

KOHC‘{HO, BCJIMYWHA ¢ HAUKAK HC YYUTBLIBACT CJIOXK-
HOCTh (PYHKIIMI CHCTEMBI M BeChbMa Y3K0, 0e3 ydera
B3aMMOCBSI3eH MEXIy SIEMEHTAMHU, XapaKTCpHU3yeT ee
CTPYKTYpY, OJJHAKO €€ IIPUMEHEHHE JIaXKe B TAKOM IpO-
CTOM BHJIE CEOsI OTIPAB/IBIBACT.

JU71s1 TOTO YTOOBI YUECTh CTPYKTYPY CHCTEMBI, LICIIECO-
00pa3HO NOCTABUTD CJIOKHOCTh B 3aBUCUMOCTB OT YHC-
J1a CBA3CH MExkK Iy d7eMeHTaMu. MOXKHO OCTYIIUTb Clie-
IyromuM 00pa3oM. IIyCTh YHCIIO 2IEMEHTOB CHCTEMBI

n
N, = E qi-
i=1

Toraa MakcCUMaTbHOE YHCIIO CBS3EH MEXK/1y dJIeMEHTaMH
OyzeT paBHO Np(Np—l). Ecnu daxruyeckoe yucio cBsi-
3eii, peau3yeMbIX B CUCTeMe, 0003HAYUTh yepe3 M, To
BeauunHa M / [Np(Np—l)] OyZIeT XxapaKTepu30BaTh OTHO-
CUTEJIBHOE YMCJI0 PEAIU30BaHHBIX CBA3el. Mozenb, yun-
ThIBaromasa Takue€ CBA3H, 6yﬂeT BbITTIAACTH TaK:

M iciqi —l—;—p log, (Np —1—1) +

N (Np —1) — f 0

+ ]’\l]“ log, (N, +1),

i

Ijie 7, — KOJIMYECTBO HaeK M COEAMHEHUH, KOTOPhIE MO 3a-
KIIFOUCHHIO TEXHOJIOTOB HAMOOJBIIUM 00pa3om
BJIUSIIOT Ha CJIOXKHOCTH COOPKH;

N, — oflliee KOIUMYECTBO MAaeK M COENMHEHHH mpu
cOopke;
n_— KOJHYECTBO HIEMCHTOB, HOBBIX JUTS [1eXa COOPKH;

N — KOJIMYECTBO THUIIOB 2JICMCHTOB,

{— xoa(duiMenT, yUUTHIBAIOIUH CI0XKHOCTD CBA3EH
10 CPAaBHEHHUIO CO CIIOKHOCTBIO HIIEMEHTOB.

B dopmyne (1) mepBoe ciraraemMoe oTpaskaeT CIIOXK-
HOCTB CUCTEMBI: YHCIIO AIEMEHTOB, CIIOKHOCTD OT/IEITb-
HBIX DJIEMEHTOB, YHCJIO U CIOXKHOCTH CBSI3EH MEXIY
HUMH; BTOPOE OLICHUBACT CIIOKHOCTH MOHTaXa.

Crnenyet oTMeTuTh, 4TO (popmyna (1) HE OTHOCHUT-
Csl K CIIOKHOCTH pabOoThI ormeparopa Ha MOTOYHOU JIH-
Hun cOopku. [Tokazarenwn, yquTeIBaromme Harpy3Ky Ha
orrepaTopa, MpeCTaBICHB! B Ta0J. 2 BMECTe ¢ KpaTKu-
MU MOSICHCHUSIMHE TI0 KOXKIOMY ITOKa3aTelio.

U cnoxxHOCTH MOKa3areneit u3 Tali. 2, U BETUIUHbBI
¢; B popmyiie (1) ynoOHO BbIpaXarh YUCIEHHO, TIONb3Y-
sick mikanoi Jlaiikepra. OHa mpenacTaBiseT coOOU msi-
THOANBHYIO KAy (peke — ceMHOaTbHYI0), T03BOJIS-
OIIYIO SKCIIEPTY BEIPA3UTh CTEIICHH CBOETO COTJIACHS C
orpeaeneHHbIM yTBepkaeHueM. Llkana Jlaiikepra npen-
TOJIaraeT, YTO CTEIICHb YBEPCHHOCTH dKCIICPTAa JIMHEHHA
B JIMAMa30He 0T ,,[TOJTHOCTBIO COMNIaceH 10 ,,KaTeropuye-
CKH HE COIVIaceH‘’, U Ha ’TOM OCHOBAHHH YHCIa MEXKTY
JFOOBIMU COCEAHUMH OIICHKAaMH OTIMYAIOTCS Ha SIIHHU-
1Ty, XOTSI IT0 CMBICITY HHTEPBAJIBI MEXKTY OIICHKAMH HEJTb-
351 CYMTATh PaBHBIMU. [10 3TOW MpUYHHE TIPU TOABE/IC-
HUH UTOTOB OIICHOK HE CJICAYET MOJIb30BaThCs CPEIHU-
MU 3HAYCHUAMMU.

HpI/IMeHI/ITeHI)HO K CJIOJKHOCTH BO3MOXKHBI Z1Ba OIIPO-
cHuka. [lepBbIil (YHUBEpCATBHBII) MPEaIoiaraet, 4ro
cthopmyarpoBaH Borpoc: «COTITacHBI JIH BBI C TEM, UTO
HEKHIi [T0Ka3aTes b OICHUBACTCS KaK CIIOKHBIN ?), Ha KO-
TOpBIE IAIOTCS OTBETHI: MOJHOCTHIO HE coraceH (1); He
cornaceH (2); ckopee He cornaceH (3); coraceH (4); mod-
HOCTBIO cornaceH (5). Bropoit BapuaHT onpocHuKa, 60-
Jiee MPSMOM, TYT BOTIPOC HE CTABUTCS, IKCIICPT OICHU-
BAeT HEKOTOPBIH MOKa3aTes b M3 TaOl. 2 MM ¢; U3 popmy-
eI (1): o4eHb ctokHO (5); CIOKHO (4); yMEPEHHO CIIOXK-
HO (3); HEeMHOTO CJIOKHO (2); He cioxkHO (1).

CuIbHBIE CTOPOHBI KB CJICTYFOIIHE:

— IIKaJIa He TIpeAIoaraeT npoCcTon OTBeT ,,1a/HeT™,
a TIpeIIoJIaraeT BEIpaKeHNE CTETICHN YBEPEHHOCTH WITH
JIa’Ke OTCYTCTBUE MHEHHSI BOOOIIIE, ¥ TAKUM 00pa3oM T10-
JTy4aroTCsl KOJIMYECTBEHHBIE IaHHBIE, KOTOPbIE OTHOCH-
TEJIBHO JIETKO MOTYT OBITh MPOAHATH3UPOBAHBI;

— UCIOJB30BAaHUE IIKAJbI JIJIsl OI[CHKU MPOU3BOJI-
CTBEHHBIX IMOKa3aTelel MPaKTHYeCKH UCKITI0YaeT COLHU-
aIBHOE JIaBJICHHUE U BMECTE C HUM IMPEIB3SITOCTh COITH-
aJIbHOU JKE€JIaTeIIbHOCTH.

IDEF0-nuarpamma, n3o0pakeHHasi Ha pUCYHKe, OT-
paxaeT IIIaBHbIE COCTABHBIE YaCTH MIPOIIeCcca aHalln3a U
pacdera CI0KHOCTH COOPKH.
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Tabnuna 2

Toxazamenu cnooxcnocmu pa60mbl onepamopa

Iloka3arens
CIIOKHOCTH

OrnucaHue MoKa3aTest

Harpyska oneparopa

PacnioznaBanue npocToit nH(GopMaIy (CHMBOIIBI, IBETA).
Pabota ¢ moxpoOHOit nH(OpManueii pyKOBOICTB.
[Tosy4yeHne KOMIDIEKTYIOLINX Ha OIITOBOM CKJIaJIe WIIM BBIICICHHOM MECTe B LieXe.

Ilomaua neranei
1 y37I0B Ha cOOpKY

Jetamy u y37161 HAXOMATCS B CBOUX YIAKOBKaX M MOAAIOTCS Ha COOPKY B KOMIUICKTE U B HYXK-
HOM IOCIEI0BATENBHOCTH.

Tursl ynmakoBok

OO111ee KOJIMYECTBO THIIOB YITAKOBOK.

WHcTpyMeHTSI
Ha pabodeM MecTe

KonuuectBo HUHCTPYMEHTOB, KOTOPLIC OII€PATOPY HYKHO HMCIIOJIB30BATh JJIA BBIITOJHCHUSA BCEX
npeayCMOTPCHHBIX BApUAHTOB CGOpKI/I (aBTOMaTI/I‘{eCKI/Ie HUHCTPYMCHTBI HE y‘lI/ITLIBaIOTCSI).

O6opynoBanue
Ha paboueM MecTe

OOopynoBaHue, BBITIOJHSIONIEE ABTOMATH3MPOBAHHBIC OlEpaliii 0e3 MOMOIIU OIeparopa,
C aBTOMATHYECKUM UJTM PYyYHBIM 3aITyCKOM.

Metoas! paboThI

HaOop yHUKaIbHBIX AJIs1 ONIEPaTOpa METO0B PabOThI, KOTOPBIE OH JOJIKEH OCBOWTH Ha 3TOM
pabouem MecTe (METOIOM CUMTAETCS TOCIE0BATEIbHOCTh U3 HECKOIBKHIX JICHCTBH).

Komuectro
MO3UIIMH orepaTopa

KonmaecTBO pa3inyHBIX MO3UNNI, KOTOPIE TOHAI00ATCS ONepaTopy Ul 3aBEPIICHUS [IUKIIa
JeWCTBUI Ha paboueM MecTe (YUUTHIBACTCS MO3UIIMOHUPOBAHNE BEPXHEN 4acTu Tea U CTyII-
Hell, He YYUTBIBAIOTCS NTEPEMEIIECHUS PYK).

Paccrosinue
1o netanu (y3mna)

HaubomnsImree paccTosHIe MEXTy HOPMAITBFHON TO3UIINEH oneparopa (Wi IEHTPOM pabodero
MecCTa) U JIeTajblo Ha JIOMYCTUMOW IPaHUYHON JTMHHH.

BapuaHTbl KOHCTPYK-
Uil neranei

KonmaecTBO BapnaHTOB KOHCTPYKIIHIL eTaliel, ycTaHABIUBACMbIX Ha pabodeM MecTe.

[TyHkTHI, TpeOyrorine

pelienus
Jeranu (y3ibl)
1 i Ny n €
OJITOTOBKA
. A IIpumenenne
K cOopke HAIU3 -
cOopkH Onenka
CIIOKHOCTH Pacuer 4
Jlaiikepra neranei Onenka HCJICHHOE
( 3HOB) CJIOJKHOCTHU 3HaYEHUE ¢
4 H3IEIIHS S
U mporecca
cOopku
TexHoornue cKuit
oTIIeN
. OKcnepThl
Dopmyna (1)

IDEF0-auarpamma npeaiaraeMoil METOIMKH OLICHKH CIIOKHOCTH COOPKH

3akioueHue

Takum 00pa3oM, MPOBEICHHBIC HCCIICIOBAHUS T10-
3BOJIHJIH KJIACCH(DHUIIMPOBATh METOJIbI aHAJTN3a CIIOKHO-
CTH Y TIPEJIOKHUTH MOJICITb OLIEHKH CIIOXKHOCTH COOpKH
Y3JI0B IEKTPOHHOM amnmapaTtypsl. B ominune ot moaxo-
Jla, CTODOHHHMKH KOTOPOTO PaTyIoT 32 HEBHUMaHHE K Jie-
TaJISIM, YTOOBI COCPEAOTOYNTh BHUMAHUE Ha IIOBEJCHUH
BCEU CUCTEMBI, TPEITIOKEHHBIN ITOIX0/T K OIEHKE CII0XK-
HOCTH 3aKIIF0YaeTCsl B CYMMHUPOBAaHUU CIOXHOCTH KaK
00BbEKTa MPOU3BOJICTBA, TAK U OTJCIBHBIX crienuduye-

CKHX OIepaIuii TEXHOJIOTHYECKOTO IMpolecca COOPKH.
Bonee Toro, mpennaraercst paccMaTpuBaTh MPEITPHsI-
THE HE TIPOCTO KaK CIOKHO OPraHM30BaHHYIO CTaTHUe-
CKYIO CHCTEMY, HO Kak HabOp camMOOpraHU3YHOIINXCS
KOMITOHEHTOB, COCTOSAIINX U3 COTPYIHHUKOB, IIEXOB, JIU-
HUH cOOpPKH, peCypCoOB, 3aKa3YHKOB H MIPOY.
[IpopomxeHre uccaeqoBaHUM B JAHHOW MpeIMET-
HOIi 00J1aCTH HAMU BUJUTCS C YYETOM CIIEAYIOIIUX MIPO-
Onem. M3Ha4ampHO MPOEKTHPOBATH COOPKY JKEITATEIILHO
C YYEeTOM 4YeJI0BE4eCKOro (akTopa, MpUHUMas BO BHU-

58

TeXHOJIOTUs 1 KOHCTPYHPOBAHHE B 3JICKTPOHHOIT anmaparype, 2021, Ne 1-2

ISSN 2309-9992 (Online)




TEXHOJOI'NMYECKHE IMPOLHNECCHI 1 OBOPYJOBAHUE

MAaHHUEC B3aMMOCBA3b TCXHOJIOTHYCCKUX OﬂepaHHﬁ, HH-
CTPYMEHTOB U PEKOMEH/IAIMI SPTOHOMHUKH. DTO CBsI3a-
HO C T€M, YTO Ha PyUHBIX U II0J[yaBTOMAaTHIECKUX pado-
KX MECTaX POJIb YEIOBEKa-0IIepaTopa MMEET Pelarolee
3HaUCHHE, TOCKOJIBKY €ro ICHCTBHUS HAMPSIMYIO BIUSIOT
Ha BpEMs OIICPalfMOHHOI0 IUKJIA, KAY€CTBO U CaMy BbI-
MOJIHUMOCTh OTIEPAIHii, a TAK)KEe Ha ero JIMYHYI0 0e30-
MACHOCTh U 3I0POBbE. BayKHO YCTAaHOBUTH CBSI3b YPOB-
HSl 9PrOHOMHUYHOCTH U CJIOKHOCTH U Ha 3TOH OCHOBE
YMEHBIIUTh BEPOSITHOCTh MEPEIPOSKTHUPOBAHUS IPO-
necca coopku. OYEeBHIHO, ATY 3a7a4y HEOOXOIUMO pe-
IATh C UCIIONB30BaHUEM (YHKIIHH [TOJIE3HOCTH, METO-
J0B HEYETKOMU JIOTUKH, KOMIIBIOTCPHBIX 9KCIEPUMEHTOB
C MaHEKCHOM YeJIOBeKa.

B KOHTEKCTE yIpaBICHHUS CIIOKHOCTBIO IONTYyYCHHBIC
31IECh PE3YyJILTAThI IIO3BOJISAT TEXHOIOTAM yYCTAHABIIUBATh
aJICKBATHYO CJIOKHOCTH JJIsI OTlepaTopa, pabodyero me-
CTa M BCEro mpolecca cOOpKH.
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OLIIHKA CKJAJHOCTI CKJIAJIAHHSA BY3JIIB EJIEKTPOHHOI ATIAPATYPU

Cmammio npucesiueno oyinyi ckiaonocmi 306upanvhux cucmem. Pozensinymo ocobnueocmi niniil 30ipku K UPOOHUNUX cucmeMm i
NPUYUHU NOCMIUH020 3pOCmanis iXHbol ckaaonocmi. CKIaoui cucmemu 30ipku € 00po2uMu Oisi BNPOGAONCEHHS, 3ANYCKY, KOHMPO-
10 ma 006Cnye08y8anHts, CKAAOHICMb 6NAUBAE HA NPOOYKMUBHICMb, SKICHb [ HAOIIHICMb, MOMY R0 Yac NPOEKMYSAHHS 0Y0b-KOi
CKAAOANbHOT cucmemu HeoOXIOHO UWLyKamu KOMAPOMICU MIdC 0cobausocmamu it MauOymubo2o QYHKYIOHY8AHHA, 8apmicmio mda
ckaaouicmio. J[na ybo2o nompioHo emimu KilbKicHO OyiHiogamu ckaaouicmo. Ilposedene 00cniodicents 0038010 KIaCUuiKysamu
Memoou ananizy cKiaoHocmi ma 3anponoHysamu Mooeib, AKa 00360J4€ NEGHON MIpOio KiNbKICHO OYiHI08amMuU CKAAOHICMb 30IpKU
8Y3/i6 eNeKMPOHHOI anapamypu ma Modxice SUKOPUCIOBYBAMUCA 0N poOOmu 3 YCKAAOHeHUuMU 6a2amonpeomMemuumy JTiHisMu.
Mooenv 8paxosye 63aemo36'a30K Midic apianmuicmio 3i6panux eupoobis, 0ONAOHAHHIM POOOYUX CIMAHYIU, IHCIMPYMEHmamu ma 3a-
cobamu niompumxu npoyecy cknadants. Obeosopero 06'ekmugui ma cy6'ekmugni acnekmu ckiaoHocmi supooruymea. Pozensamnymo
NOKA3HUKU CKIAOHOCmI pobomu onepamopa. [{is 4ucenvHoi OYiHKY CKIAOHOCME NOKA3HUKIG NPONOHYEMbCSA KOPUCHYBAMUCS UKA-
noto Jlaiikepma. [Ipoodosoicents 0ocnioxcenb 66a4aEmves 3 6paxXy8anHaM HACMynHux npoonem. [lpoekmysamu 30ipKy basxcano 3 ypa-
XY8aHHAM TH0O0CLKO20 pakmopa, bepyuu 00 yeazu 63AEMO36 30K MEeXHONO2IYHUX Onepayil, IHCMPYMeHmia i NPUHYUNIE epeOHOMIKU.
Lle nos’sazano 3 mum, wo na pyyHux i HAniGA8MOMAMUYHUX POOOYUX MICYSX PONb JIOOUHU-ONEPAMOPA MAE BUPIUATLHE 3HAYCHHS.
36’5130k pieHs epeoHoMiuHOCME Ma CKIAOHOCME HEOOXIOHO 8CIMAHOBUMU 3 UKOPUCMAHHAM QYHKYIT KOPUCHOCMI, Memo0die HeuimKol
N02iKU, KOMN'TOMEPHUX eKCNepUMEHMIE 3 MAHEKEHOM.

Knrouosi crosa: cknaouicms supobHuymea, bazamonpeomemui CKaadaibti AiHii, MoOe, CoyianbHO-MexHiuKi cucmemu, KLTbKICHI Menmoou.
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ASSESSMENT OF ASSEMBLY COMPLEXITY OF ELECTRONIC UNITS

The article is devoted to the complexity assessment of harvesting systems. The author considers peculiarities of assembly
lines as production systems and the reasons for the constant growth of their complexity. Complex assembly systems are
expensive to implement, run, control and maintain, while their complexity affects performance, quality and reliability.
Thus, when designing any assembly system, one must look for compromises between its future operation features, its cost
and its complexity. To do this, you need to be able to quantify the complexity.

This study made it possible to classify the methods of complexity analysis and propose a model that allows quantifying, to
some extent, the complexity of the assembly of electronic units and can be used to work with complex multi-subject lines.
The study considers the complexity indicators for the operator’s work. To numerically assess the complexity indicators,
it is proposed to use the Likert scale.

1t is assumed that further research should take into account the following issues. The assembly should be designed with
consideration of the human factor and the interrelation of technological operations, tools and ergonomics. This is due
to the fact that in manual and semi-automatic workplaces, the human operator plays the crucial part. The connection
between ergonomics and complexity must be established using the utility function, methods of fuzzy logic, and computer
experiments with a test dummy.

Keywords: production complexity, multi-subject assembly lines, models, socio-technical systems, quantitative methods.
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KPEMHIEBUU p—i—n-®OTOHIO]
13 TIIIBULIEHOIO IMITVJIBCHOIO YVTJIUBICTIO

IIpeocmasneno po3paxyHox i epanuymi eumozu 0Jisk UPOOHUYMBEA KPEMHIEGUX P—i—N-homo0iodis i3 nideuLeHo Yym-
JUBICTIO, NPOBEOEHO Y3200MHCEHHS MEOPEMUYHUX NAPAMEMPI6 i3 peanbHumu homooiodamu, 6UOMOBIeHUMY 32I0HO 3
pospaxynxom. Onucano ocobau8o0cmi KOHCMPYKYIi HOMupuenemMmenmuo20 ce2mMeHmHo2o p—i—n-gpomodioda 3 OXopOHHUM
Kilbyem ma mexuoaoeii, sIKi 003601UU CMEOPUMU NPUNAO 3 IMIYILCHOIO MOHOXpOMamuunow ywymaugicmio 0,48 A/Bm.

Kouosi cnosa: ¢pomooiod, kpemmiil, iMnyibCHa 4ymaugicne.

HamiBnpoBiTHUKOBI (POTOETECKTPHYUHI MPUIATH 3
p—n-TiepexolaMy 3HANIIUTY ITUPOKE 3aCTOCYBAHHSI B Pi3-
HUX Taly3iX HayKd Ta TEXHIKH, 30KpeMa B aBTOMATHIII
Ta TeJIeMEXaHiIli, KOHTPOJIbHO-BUMiPIOBaIbHOMY 00IIa -
HaHHI, CHCTeMaX CTeKCHHsI, HaBeJeHH: Ta iH. [losiBa 10-
CKOHAJTUX JKEPENl MOHOXPOMATHYHOTO BUIIPOMiHIOBaH-
HsI, MOIYJIbOBAaHOTO YaCTOTaMH B COTHI i THUCSUi Mera-
repll, CIIPHsIE BIOCKOHAJICHHIO BiJIOMHUX Ta pO3pOOIIi HO-
BUX THITIB (DOTOCIEKTPUYHHX IIPHIIAIIB, SIKi IEPETBOPIO-
FOTh CBITJIOBHI CUTHAJ B eleKTpuuHuil. [le poouts pe-
aJIbHUM BT1JICHHS HU3KU HOBHX 3aBJaHb €JIEKTPOHIKH, B
TOMY YHCIII ONTOENEKTPOHIKU. JIJ11 BUKOHAHHS LIUX 3a-
BIaHb NOTPiOHI (oTonpuiiMadi i3 MiABUIIEHUMH XapaK-
TEPUCTUKAMU — BUCOKOIO TOKOBOIO MOHOXPOMATHYHOIO
YYTJIMBICTIO, B TOMY YHUCIIi IMITYJIbCHOIO, MiHIMaJIbHOIO
€MHICTIO, HU3bKIMHU TEMHOBUMH CTPYMaMu (hOTOUYTIIHU-
Boro enementa (PYE).

J1o HalOLIb LI IIMPOKOBKUBAHUX PUIIAIIB (POTOEIIEK-
TPOHIKHU BIAHOCATHCA KpeMHi€eBi p—i—n-poromionu (D).
TonosHa cepa ix 3acTocyBaHHA — B 00’ €KTax, 110 BH-
KOPUCTOBYIOTh JIa3epHi MPOMeHi OIMKHBOI 1H(pauep-
BOHOI 00J1aCTi CIEKTPY ONTHYHOTO BUIIPOMIHEHHS, 30-
KpeMa Ha JToBkuHI xBuil A = 1060 am. XBuiti Takoi J10-
BXKMHHU BUIPOMIHIOIOTH JIa3epH Ha 1Tpil-amoMiHIEBOMY
rpanari (YAG), siKi IIUPOKO 3aCTOCOBYIOTHCS B PI3HUX
obnacTsx, cepell IKUX BUMIPIOBaHHS BiJICTaHi (Ja3epHi
JTATIEKOMIPH ), 3aCTOCYBaHHS B Hay1li (J1a3epu 3 MOILYJIbO-
BaHOIO JOOPOTHICTIO) Ta iH.

dotonpuiiMadi 3 p—i—n-CTPYKTYpOIO ABISIOTH COO0I0
JIB1 TOHKI HU3bKOOMHI p- Ta 1n-00J1aCTi, MiXK SIKUMH PO3-
TalIOBaHO JJOCTATHBO IIUPOKUN BUCOKOOMHHUH, 3011HE-
HUH BUIBHUMH HOCISIMU i-11ap. SIKIIO A0 TaKOi CTPYKTYpH
He TIPUKIIaJIeHO 30BHIIIHBOT €JIEKTPUYHOT HANPYTH, TI0JIe
B i-IIapi € MaJIM, 1 TeHepOBaHi HOCii OyayTh pyXaTHCh
nuie B pesynbrari qudysii. [Ipu 3BopoTHOMY 3MilleH-
Hi p—i—n-CTPYKTYpH BCs HaIpyra Oyzie majaTi Ha BUCO-
KOOMHHMH i-111ap, a HOCIT 3apsy, SIKi FeHepYBaTUMYThCS

M1 II€X0 CHIIBHOTO MOJIsA, OyAyTh MPOJITATH i-00JacTh,
HE BCTHTaro4Yu pekoMOinysaru [1].

[IpoBiaHi CBITOBI KOHCTPYKTOPH Ta TEXHOJIOTH B che-
pi hoTOENeKTPOHIKM aKTUBHO 3aiiMalOThCsl PO3POOKOIO
Ta cTBOopeHHsAM D/] i3 p—i—n-CcTpyKTypolo 3 mapamerpa-
MH, K1 3a0e31edyBaTuMyTh BUMOT'H PHHKY. 30Kpema, B
[2] nocnimkeHO MOXKIIMBOCTI IMiIBUIICHHS PIiBHS 9yT-
JUBOCTI p—i—n-(HOTOAIOAIB 1O BUIIPOMIHIOBAHHSA 3 J10-
BKHMHOIO XBWIi A = 1,06 MKM. ABTOpamMH 3aIiporoHOBa-
HO BUKOPHUCTAHHS JBOIIAPOBOrO MPOCBITIIOIOYOIO I0-
KPUTTSI, 110 CKJIQ/IA€ThCS 3 IITIBOK SiO2 i Si3N 4 TOBIIH-
HO0 40 Ta 88 HM BiIOBiNHO, Ta oTpuMaHO /I 3 iMITyITB-
CHOIO YyTJIUBICTIO SiMH = (0,44 A/BT. HaykoBIi 3a3Haua-
I0Th, 1110 OTPUMaHI Pe3yJbTaTH BKa3yloTh HA Te, L0 Ie-
pexiz 10 ABOIIAPOBOTO MPOCBITIIIOI0YOr0 MOKPUTTS IIPH-
3BOJIUTH J10 MOMITHOTO MiABULIIEHHA PiBHS MOHOXpOMa-
TUYHOT IMITYJICHOT Yy TJIMBOCTI Ta 710 301/1bILIEHHS BUXO-
Iy IPUJIATHUX BUPOOiB.

B [3] po3misiHyTO OCHOBHY HOMEHKJIATypy BHMOT,
10 MpeJ’ IBJISIOTHCS JJO YOTHUPUKAHAIBHOTO (DOTONPHii-
MasbHOro npuctporo (@III) Ha OCHOBI KBaJpaHTHO-
TO KPeMHI€BOTO p—i—n-(HoToAiona Jyisi KOOPAMHATHIX
CUCTEM, IPUBEACHO OJIHY 3 MOXKIIMBUX KOHLIETIIiH 00y-
JI0BH €1eKTpoHHOTO TpakTy DIIII. ABTOpH BKa3yIOTh, 1110
y @IIIT HeoOXiAHO BUKOPUCTOBYBATH p—i—n-(HoToaionn
3 MiHIMAJIbHUMH 3HAYEHHSAMHU MDKEJIEMEHTHUX 3a30piB
(711 301IBLIEHHS KPYTOCTI TeNeHralliiiHol XapaKkTepu-
CTHKH), CTPYMiB BUTOKY Ta BJIaCHOT €MHOCTI. Buxonsun
3 uporo, y ®IIIT OyB 3acTocoBaHU KpeMHi€BUH p—i—n-
¢doromion 3 3a30pom Mixk GYUE 50 MM, niamerpom GoTo-
Yy TIUBOI ITomaaku 3,0 MM (3 METOO JTOCSITHEHHST MiHi-
MaJIbHUX 3Ha4Y€Hb CTPYMiB BUTOKY Ta EMHOCTI), 1110 Ma€
CTPYMOBY iMIIylIbCHY UyTIMBicTh S; > 0,4 A /BT npu
3Ha4YeHH1 poOoyoi Hanpyru 200 B.

Jis crBopenns D/ 13 miABUILEHOIO IMITYJIBCHOIO Yy T-
JUBICTIO MOTPIOHO MONEPEAHbO BUPILIUTU PAJ TEXHO-
JIOTIYHUX Ta KOHCTPYKUIHHUX MUTaHb. 30KpeMa, Tore-
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PEIHBO PO3paxyBaTH OCHOBHI MapamMeTpH, BUOpaTu Ma-
Tepial miIKIaJKi Ta JOMIIIKOBI €IeMEHTH, BU3HAYUTH,
sIKa KOHCTPYKIIiSl MAKCUMAJIbHO 3a0€311e4nTh BC1 TEXHIY-
Hi BUMOTH, aJike 4yTauBicTh PJ] 3a1e:KuTh AK Bia Pi-
3UYHUX OOMEXKEHb, MTOB’sI3aHUX 13 BUOOPOM Marepiay
MiAKIIAKHY, TaK 1 BiJ] HOTO KOHCTPYKII.

Mertoto 1i€i po6oTn OyJI0 CTBOPEHHS YOTHpHUENe-
MEHTHOTO CETMEHTHOTO p—i—1-()OTO/1i01a HA OCHOBI BH-
COKOOMHOTO KPEMHIIO p-TUILY 3 MiABUIIECHOIO IMITYJIbC-
HOIO YyTJINBICTIO Ha HOBXHUHI XBuli YAG-nazepa, 3 Ma-
JIOI0 EMHICTIO Ta MiHIMaJIbHUMH TEMHOBHMH CTPYMaMH.

J17151 BUTOTOBJICHHS BUCOKOUYTJIMBUX (DOTONPHIMAUiB
HEOoOXiTHO BCTAHOBUTH OCHOBHI KpUTEPii BHOOPY KpeM-
HiI0, 30KpeMa, JUIA OI[IHIOBAaHHs MOTEHIIIMHUX Mapame-
TpiB @/] mpu BUKOpPHCTaHHI MaTepialy i3 pi3HUMHU BHU-
X1THIMH ITOKa3HUKaMH MIUTOMOTO OIIOPY Ta Yacy KUTTS
HEOCHOBHHX HOCI{B 3apsiIy, a TAKOX BU3HAYUTH OITH-
MaJbHy KOHCTPYKIIIO KPUCTATy HpPHIaay — IIHOUHY
3aJSITaHHS p—1-TIEPEXO/iB, TOBIIMHY IIapiB TomIIO, Oa-
3yIOYHCH HA C(OOPMOBAHUX KPUTEPISX Ta MPUMYIICHHSX.

Po3paxynkoBa yactuHa

JI1s ipaBUITBHOCTI BUOOPY KOHCTPYKIIIT pHiIaay Ta
BipHOCTI C(hOPMOBAHUX IPAHUYHHUX KPUTEPITB IIOJI0 BH-
0Opy KpeMHII0 Ta MiHIMI3aIlil TOXHOKH MPH PO3PaxyH-
Kax OCHOBHHX MapaMeTpiB HeOOXiTHO OLIHUTH MOXKIIH-
By uyTiuBicTh DJI.

O11iHKa CTPYMOBOT IMITYJTCHOT Yy TJIMBOCTI TIPOBOJIHU-
nacst 3a popmyioro [4]

A

2 r)i-1)n

Sivn = 1
IMIT 1, 234 ( )

ne R — xoedilieHT BiIOMBaHHS;
T — xoeQilieHT NpoIyCcKaHHS;

1 — KBaHTOBA €()EKTHBHICTb.

Ji1st KpeMHiro 3 MPOCBITIIOIOUNM MTOKPUTTSIM, BUTO-
TOBJICHUM 3 130T€PMIYHO BUPOILEHOTO IBOOKHCY KpeM-
Hio (Si0,), peanbHO MOXHA JOCATHYTH 3HA4E€HHS R
omu3bko 0,1. [ mboro moTpioHO 3a0€3MeYUTH YMOBY
MiHIMyMY BiOuBaHHS [5]:

A4 =ndg,

2)
e Xp — poOoya JOBKHHA XBHIII;
nd — ONTHYHA TOBIIMHA MPOCBITIIIOBATIBHOT ILTIBKH;
n — koediuienT sanomnenns (n = 1,42 uua Si0,);
d

Sioy, T TOBIIIMHA IPOCBITIHOBAJIbHO1 ITI1BKH.

3BiJICH MOYKEMO 3HANTH, 110 dSiO2 =0,187 MkMm, 1 ipu
BUKOHaHHI i€l yMoBH Koe(iiieHT BinoOuBaHHs R — 0.
OnTHYHI BIaCTUBOCTI KPEMHIIO € TakuMH, 1o 90%
[Y-BurnpomMiHroBaHHS 3 JOBKWHOIO XxBuii moHaa 1000
HM IOIJIMHAETHCS B HHOMY Ha IMIMOMH1 O1in3bko 1 MM [6.
KpemHuieBi p—i—n-poTonionu MaroTh MeTaIeBH OMIYHUI
KOHTaKT 3 00Ky KpucTaia, nporuiexHoro 1o ®YE. Bin
BHUKOHYE POJIb [3€pKaJa, sike BiIOMBa€ 3HAUHY YaCTUHY

BUIPOMIHIOBaHHS POO0YOi JOBXKHUHH XBUII, IO HE TO-
IIMHAETHCS 00’ €eMOM KpHucTaia (oToioa Ta JOXOAUTD
JI0 KOHTAKTy 31 3BOPOTHOT0 OOKy. 3 ypaxyBaHHSM I[bO-
ro YHHHUKA TOBIIMHA KpUcTaia (GoTosiona BHOMPAETh-
cs1 400—500 MxM. BuxopucTtanHs BiOMBaHHS ONTHIHO-
T'O BUIIPOMIHIOBAHHS TWJIBHIM KOHTAKTOM JIO3BOJISIE 3a-
0e3MeunTH MOABIHHE MPOXOMKEHHS ONTHYHOTO BHUIIPO-
MIHIOBaHHS B 00’ €Mi KpucTana (oroaiona i 301MbIINUTH
KUIBKICTB (JOTOT€HEPOBAaHMX HOCIiB. 3a TAKMX YMOB BHU-
MIPOMIHIOBAHHS 3 kp =1060 HM MTOBHICTIO TONIMHAETHCH,
ToMy KoeirieHT npomyckanus 7' = 0.

KBanToBa e(peKTUBHICTH ISl TaKO1 JOBKHHHU XBHIII,
3rifHo 3 [7], Teopetruano Moxke gocsrata 60%. Y [8] no-
CSITHYTO KBAaHTOBY €(peKTUBHICTh O13bK0 58%. [ln1s Ha-
IIMX PO3PAXyHKIB mpuitMemo 1 = 52%.

[MincraBuBim 11i AaHi B popmymy (1), oTpumaemo 3Ha-
YEHHS IMITyJIbCHOT 9y TmBocTi S, = 0,4 A/BT.

Ha npaxruii, cTpymMOBa MOHOXPOMATHYHA iMITyJIb-
CHA YyTJIMBICTh MOXE OyTH JCIIO BHIIEC PO3PAXOBAHOI
3aBISIKH BJOCKOHAJIEHHIN TEXHOJIOTII, sIKa MOXKe 3a0e3-
MEYUTHU OLIBII BUCOKY BETMUMHY KBAHTOBOTO BUXOAY Ta
Menmmi 3a 0,1 koedinieHT BinOMBaHHS.

J171s1 OIIIHKM €MHOCTI p—n-TIepPEXOy, OTPUMAHOTO Me-
To70M AM(y3iifHO-IIIIaHAPHOI TEXHOJOT1i, CKOpUCTaE-
MOCh (Gopmysior [9]

3)

Ji€ €, &) — JICNEKTPHYHI CTajli JUls KPEMHII0 Ta BAKyyMy
BiZIITOBITHO;
q — 3apsz eNeKTPOHa;
¢, — BHCOTa NoTeHUianpHOro 6ap’epa, ¢ = 0,5 eB;
U, — wmanpyra 3MIlLIEHHS, U,= —120 B;
Nn — KOHIICHTPAIIiSl TOMIIIKA B ITi KA1,
Agpyr— ePpexrupna mwioma OYE (oxniei Gporoaymimsoi
IOMAIKHA), A gy = 0,385 cM?.

dopmyity (3) MOXKHA CIIPOCTUTH JI0 BUIJISLY (U1 He-
CHUMETPUYHUX p—-TIEPEXOiB)
C— 326 Agyr ’

plo.—U,)
Jie p — MUTOMHUH OMip KPEMHIIO.

;}’ uii popmyni oJMHUII BUMIPIOBaHHA A gy —
mMm-, C — nd.

VY BUpPOOHHIITBI BUKOPHUCTOBYETHCS KPEMHIH 3 pi3-
HUM IUTOMUM oriopoM: 16, 18 ta 20 kOm-cm. B xoxi exc-
MEPUMEHTIB OyJI0 BUSBIICHO, IO BHACIIIJIOK TEPMIYHUX
oTIeparliif MUTOMHH OMip KPEMHII0 MOXKE 3MEHIITYBaTH-
csl MpUOIM3HO Y JiBa pa3u (B OKPEMHUX BHIAAKAX 1 O11b-
mre). Tomy A7 OIIHIOBAJBHOTO PO3pPaxyHKy KiHIIEBOL
€MHOCTI p—7-TICPEX0ly 3HAYCHHS TUTOMOTO OIIOPY CIIij
BBa)KaTH BJIBiYl MCHIITMMH 32 HaBEIlCHI y CepTHdiKari.

Po3paxyHok 3a ¢opmyioro (4) eMHOCTI GoTomiony 3
mnomero OUE 0,385 cM?, CTBOPEHOIO Ha OCHOBI KpeM-

“4)
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Hito 3 p = 20 kOM-cM, MOKa3ye, M0 y TAKOMY BHIAIKY
emHuicTb QUE cknanarume 11,5 nd, npu p = 18 kOm-cMm
C=12,1 n®, npu p = 16 kOm-cm C = 12,8 nD.

Juis BupoOHunTBa D/ 3 MiABUIICHOO IMITYJIbCHOO
Yy TIUBICTIO 00paHO KpeMHiii i3 p = 18 kKOM-cM, OCKiJlb-
KM MaTepiaj i3 BUILIUM OTIOPOM MOXKE BUKIJIUKATH 30171b-
IICHHS 3aps/TIOBUX CTAHIB, SKi BIUNITUBAIOTh HA BETUIUHY
TeMHOBHX cTpyMiB @/, a mpu p < 15 kOM-cM MOXKEMO
orpumaru DI i3 BETUKOIO €MHICTIO.

Po3rnsiHEMO TEOPETHYHO MOXIIUBE 3HAYCHHS TEM-
HoBoro ctpymy @YUE mpu BHKOpPHCTaHHI KPEMHIIO 3
p =18 kOm-cm.

CymapHui TEeMHOBHI CTPyM CKJIAJa€ThCs i3 TPHOX
CKIafoBUX — AUPy3iiHOT [ reHepaliifHO-peKoM-

T g’
Oimaninnoi /- pex T8 TIOBEPXHEBOT [ . [6]:
1=l

T 1aud +1 +,

T I'eH-peK T I10B”

)

3rigHo 3 [7], rycTiHA qudy3iiHOT CKIIaJJ0BOT CTPYMY

Lo g = 2107 AJer?, Tozi npu A gy, = 0,385 em?
IT ud = ACDLIE ITO pivi(i)] = 0’57 10_9 A. (6)

['yctrHa TeHepaliifHO-peKOMOIHAIIHHOT CKIIaI0BOT
TEMHOBOTO CTPyMy ckiazae / =0,610° A/cm?

| . 10 reH-pex
[9], 1 Tomi
IT reH-peK = A<I>LIE ITO TeH-peK = 0’23 I 1079 A. (7)

[ToBepxHEBa CKJIaJ0Ba TCMHOBOTO CTPYMY 3TiTHO [ 8]
BH3HAYAETHCS SIK

]T 0B = Gssts Ap—n. 1073’ (8)

N€ G — TLIONIA NEPEpPi3y 3aXOIICHHS;
N — TyCTHHA IIOBEPXHEBUX CTaHIB;
Ss
A ., — TUIOLIA p—1-TICPEXOY.

[Tno1ma, sika poOUTH BHECOK B TIOBEPXHEBY CKIIaJ0-
BY TEMHOBOI'O CTPYyMY, BU3Ha4a€eThes 3a hopmyroro [10]

Ap-n :VViPp-n’ (9)

ne W, — mmpuna obnacti npoctoposoro 3apsay (OII3);

Pp_n — MEPUMETP p—N-TIEPEXOLY.

Mupunry OI13 MoxxHa po3paxyBard 3a (GOpPMYIIO0

[11]

1
w. :§ PU o6 = 490 MKM. (10)
B Takomy BUmankKy mepuMeTp p—n-mepexony
P, ,=2,5cMm,irom 3Han,ueMo fioro oty 3a popmy-

1010 (9): 4, = 1,225:1073 ext.

IInoma nepepisy 3axoruienns 6, = 107'% cm?. TycTu-
Hy TIOBEPXHEBHX CTaHiB, IKa BU3HAYAETHCS TEXHOJIOTICHO,
BHOHpaeMo piBHoto N =5-10'" cm2-eB~.

[TincraBuiym BKa3aHi AaHi B popmyiy (8), orprumae-
MO 3HA4€HHs IOBEPXHEBOI CKJIA0BOi TEMHOBOTO CTPY-
my O/I:

I =613107A.

T IIOB

Taxum unHOM, cyMapHUi TeMHOBUH cTpym D/ Oyzne
JIOPIBHIOBATH

[ =62,1-10° A.

3Bi}ICI/I MO’XHa BU3HAYUTH 3HAYCHHA CTATUYHOI'O TEM-
HOBOTO O1opy R ipy HysiboBoMY 3Mimienni (U, <10 MB):

R,=U,,/1,=16,1 KOm. (11)

AHaJOT1YHO MOXKHA OTPUMATH 3HAYCHHS TEMHOBOTO
crpymy [ s oxopOHHoro KiJIBIIS 3 €(PEKTUBHOIO TIJI0-
wero 4 = 0,1385 cM? Ta TIEpUMETPOM p—i-TIEPEXOTY
p =9,232 cMm:

OK p-n

[,=236100 A,

OTpuMaHi 3Ha4eHHS TEMHOBUX CTPYMIB XapaKTepH-
3y10Th KBasziigeanbHuii ®/]. 3BicHO, 110 B po3paxyHKax
HEepeabHO BPaxyBaTH BCi (paKTOpH BIUIMBY HA IEH Ma-
pametp. Jlo Takux (hakTopiB BiAHOCATHCS 3apsiIOBi cTa-
HU Ha MMOBEPXHi KPUCTAITy, HEKOHTPOJIbOBAHI JJOMIIIKH,
CTPYKTYpHI aedekTH, piBHi Tamma Ta [1lokJi, BruuB me-
pudepii kpucraiy, 30kpemMa apeii HOCIiB 3apsay 3 epu-
¢epii go ®YUE mix giero enekTpuuHux noiis touro [12].
i siBumia Oynu BpaxoBaHi Bxe pu cTBopenHi O/, Tomy,
BiJIMIOBIJTHO, JIOITyCTUMI 3HAYEHHSI TEMHOBOTO CTPYMY pe-
anpHOro ®YE € O11b1IMMH, HIXK OTPUMaHI B pO3PaxyHKY.

ExcnepumeHTabHA YaCTHHA

Burorosnenns /] i3 miABUIIECHOIO IMITYJTLCHOIO TyT-
JIUBICTIO 3MIHCHIOBAJIOCH 32 CTaHAAPTHOIO NU(yY3iiHHO-
naHapHow TexHousoriero [13]. CroyaTky KpemHieBi
ITIJIKITa KA OKUCITIOBAJIMCS, 1 Y BIKHA JTBOOKHCY KpeM-
Hit0, CTBOPEHI (hoTomiTorpadiero, MpoBoAMIaCh TUPY3is
bocdopy s crBoperHst 71 -1mapy. 3i 3BOPOTHOI CTOPOHH
KPEMHI€BOT i IKITaIKH CTBOPIOBABCS OMIUHMI p -111ap Ta
HaIMITIOBABCS I 30J10Ta 3 MiIapOM XPOMY METOIOM
TEPMIYHOTO PO3MOPOIICHHS y BakyyMi. Tak camo CTBO-
PIOBAIMCH KOHTAKTH 30J10Ta 3 HiamapoM xpomy 10 PUE
Ta OXOPOHHOTO KiJIBIIS.

Konctpykiiito omucanoro ¢oTtoniona 300paxeHo Ha
puc. 1

Sk fiocs Butie, aist BupoOHuirea @J BUkopucTo-
BYBABCS KPEMHIH p-THUITY 13 TUTOMUM ortopoM 18 kOm-cm.

hV 5
] vl
E\Jjw M A1,
-
d | -
~ D 2
pS — Sy 1
" 1 p t3
= P’ 4
% 5
5 2 6
~

Puc. 1. Iepepi3 kpucrany poroniona:
1 — ¢oTouyTnuBa miomanka; 2 — OXOpOHHE Kinbue; 3 —
i-obnacth; 4 — 00nacTe, rerepoBaHa 6opoM; 5 — map Xpomy;
6 — map 3omota; 7 — map SiO,
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BaxxnuBuM mapaMeTpoM KpPEeMHIIO € 9ac JKUTTS T
HEOCHOBHHX HOCIIB 3apsay. B xomi gociikeHb BU-
KOpUCTOBYBaBcsi Matepian i3 T = 1—1,8 mc. byno Bu-
SIBJICHO, 110 TIPH BUKOPUCTAaHHI KpeMHio i3 T < 1,4 mc
MaKCHMaJbHA IMITyJIbCHA UyTIHBICTh CepilfHUX (OTO-
JiOfTiB 32 YMOB BUKOPHCTAHHSI OZIHI€T TEXHOJOTI] csira-
na 0,36—0,38 A/BT, 1110 € 3amMaio Jij1s Cy4aCHUX BUMOT.
BiamnoBiaHo, yMOBOIO TPHUBAJIOCTI Yacy KUTTS HEOCHOB-
HUX HOCIiB 3apsny € T> 1,4 mc.

ToBIIMHY ITiKIa]IKX 3 KDEMHI0 MOKHA OI[IHUTH Ha-
CTYITHUM YHHOM:

d=W,+d,, +d, . (14)
ned - d —— DIMOWHA 3aJIATaHHs, BiAIoBiaHO, p—n'-

Ta p—p -IEPEXOIIB.

3rigno 3 [11], npu Burotosnenni OJ] nparnymm podu-
i OI13 MakcMaTBHOI IIIMPHHK, a mapu p* 1a nt — mi-
HIMaJIBHOT (BIJMOBIHO, 1M03. 4, 2 Ha. puc. 1), mob BoHA
MTOBHICTIO IOIVIMHAJIA BCE CBITIIO, IO Maja€. Lle HeoOxigHo
TOMY, 1110 €PEKTUBHOIO € B3aEMOIisl BATIPOMIHIOBAHHS TiJTb-
K 3 i-IapoM 3, OCKITBKY B p'- Ta 117-0011acTsax BOHO 3Ha-
YHOIO MipOFO TIOIMIMHAETRCS, a AUQyY3IHHMIA CTpyM, IO BH-
HHKA€, Ma€ BEJIMKY 1HEPIIMHICTD 1 TIOTIPIIYE MIBUIIKOIIFO.
3 TEeXHOJOTIYHMX MipKyBaHb OOpaHO dp_n = 7—9 MKMm,
dp_p+ = 3—4 mxM. TakuM 4MHOM, BpaxoBYIOYH, 110
mupuna OI13 W, = 490 MKM, OTpUMAEMO KiHLIEBY TOB-
MIMHY MIKIaaKa y Mexkax d = 500—513 MrM.

Bume Oynu BKa3zaHI NMPUITYHICHHS Ta IMapaMETpH
KpHCTaITy, HAITpaBJICHI Ha OTPUMaHHSI MaKCUMAJIBHOT M-
mysbcHOT uyTiuBocti DJI, ane, sk BiqoMo, 301IbIICHHS
ToBIMHY 0a3u (oTomiona 301bIIye Yac mpodiry HOCi-
1B 3apsmy, 3MCHIIYIOUH LIBHIKICTH HOTO (POTOBIATYKY.
Tomy, OCKiTIbKU p—i—n-(POTONIONU HAJIEKATH JIO IIBH/I-
KOTIWHUX MPHUIaaiB (OTOCTEKTPOHIKH, TIPH iX BUTOTOB-
JICHHI HAaMararoTHCsI 00MPaTH ONTUMANTBHY TOBIMHY ITiJI-
KIIAJIKH, sika 0 3a0e3revyBaia BUMOTH 1 JI0 Yy TIMBOCTI,
1 10 MIBAAKOMIT.

BapTo 3a3HauuTH, 10 KPEMHIE€BI MIACTHHU Tie-
pell TepMiYHHM OKHCICHHSIM OOpOOJISIOTH METOIOM
xiMikoguHamiuHoro moxipyBanHs (X/II) B po3uunHi
HNO,:HF:CH,COOH = 9:2:4, 3nimMarouu map KpeMHiro
TOBIIMHOK Onu3bko 40—50 mxM. Takoxk, mepen CTBO-
PEHHSIM OMiYHOTO p—p -niepexomy audysiero 6opa 3i 380-
POTHOI CTOPOHHM IUTACTUHM CTPaBMOKTL SiO, B po3un-
Hi HF:H,O = 1:10 Ta 3n0By nposozare X/II1, 3HimMarouu
nrap TOBIIMHOKO Onn3bko 20—25 MxM. BiamoinHo, mo-
YaTKOBa TOBIIMHA NIAKIAAKU Ma€ caratu 560—>588 Mxkm
Jutst 3a6e3neueHHs MakcuMainbpHoi mmpuau OI13, a Bin-
MOBIZHO, 1 Yy TIINBOCTI.

Hudysiro dpocdopy mnst crBoperns PUE (nos. 7, 2
Ha puc. 1) IPOBOIMIN 3 TBEPAOTIIBHUX JPKEPEI, OTPHU-
MyIO4HM MOBEPXHEBHH omip p, = 2,7 — 2,5 Om/O, sAxuit
BUMIpPIOBAJIM YOTMPU30HI0BUM MeTonoM. TIpu p. Oib-
me Hix 2,7 OM/0 criocTepiranoch 3pOCTaHHs IT BHIIIE 3a-
JIaHUX 3HaueHb. [loBEpXHEBUIA OITip 31 3BBOPOTHOT CTOPO-
HU TAKIAAKK micist mudysii 6opy csraB 30—40 Om/o.

Sk Bigomo [12], miamap Xxpomy 3, sIKHI HAIHITIOETh-
¢l JUIS TIOKpaIeHHst aaresii 30510ta 6, npu 301IbIIeHH]
TOBIIMHHU MOXke normuHatu 10 90% onTu4HOro BUITPO-
MIHIOBaHHS, 1110 CIIPUYMHSIE 3HAYHE TIOT1PIICHHS Yy TIIH-
BocTi. ToMy #0ro TOBIIMHY d HAMAraIMch pOOUTH MiHi-
MaJIbHORO, y miana3oHi 0,10—0,15 mxwm. [Tpu 3mMeH1IeHH]

d,, SIK IOKa3y€ JTOCBiJI, HOTIPIIYETHCS a/re3is 30J10Ta.

PesyabraTn qociigxeHb Ta iX 00roBopeHHst

Ha ocHOBI OIIHIOBAJILHUX PO3PaxXyHKIB OyJI0 BUIO-
TOBJICHO CEPit0 YOTHPHUEIIEMEHTHUX cerMeHTHUX D] 3
miommero ®UE 0,385 cM? Ha 0CHOBI BUCOKOOMHOT'O KpeMm-
HIIO p-THUILY, TApAMETPH SKHX HaBEICHO Y TadJI. 1.

Bci BuMmiproBanHs npoBoawiuch 3rigHo 3 [OCT
1772-88 [14].

Tabmus 1

Iapamempu  6ucomosienux Gomoodiodie, ompumani npu
Up =120B, /Ip = 1,06 mxm ma mpusanocmi imnyiecy T, = 500 ne

[Tapamerp Bennuuna
Temnopnii ctpym ®UE, 7, MKA/cM? 0,26—0,52
TemHOBHIt CTPYM OXOPOHHOTO KibLd, / 18.1-23.1
MKA/cM? ’ ’
CtpyMoBa cTaTH4YHA Yy TIUBICTH HA MOJTY- 04905
JHOBAaHOMY oo, Sy, , A/BT i ’
ImMmynbCHA MOHOXPOMATHYHA Yy TIIUBICTD,
S. . A/Br 0,44—0,48

IMIT

€wmnicte PUE, Cyyp, n® 12,0—13,3

OTtpuMaHi pe3ynbTaTé MOBHICTIO BiANOBIAAIOTH MO-
nepeanbo 3ananuM napaMerpaM @OJI. 3naueHHs BKasza-
HUX B Ta0JHIII TapameTpiB 1o0pe BepudikyroThes 13 Te-
OpPETUYHUMH po3paxyHKamH. [liqBUIICHNI piBEeHD TEM-
HOBHUX CTPYMiB BIIHOCHO OOYHMCIEHOTO CBITYUTH MPO
HEMOXKJIMBICTh BpPaxyBaHHS BCiX (DakTOpiB BIUIUBY Ha
3pOCTaHHS 3BOPOTHUX XapaKTEPHUCTHK. IMITynbcHA Mo-
HOXpOMAaTHYHA Yy TIUBICTh OTPUMAHUX (DOTOMIO/IB IS0
O1IbIIIC TEOPETUYHUX 3HAUCHb, 1110 CBITYUTH PO JOCKO-
HAJICTh TEXHOJOTIi, JOPEUHICTh 3pOOJICHUX MPH PO3pa-
XyHKax MPUITYIIEHb, a TAKOXK BKa3ye Ha Te, 110 chopmy-
JIOBaHI KpUTEPil OTpHUMaHHS (POTOMIOAIB 3 MTiABUIIECHOIO
YyTIUBICTIO 3a0€3MEUyIOTh TOCATHEHHS 3aJaHNX Mapa-
MeTpiB. L{i yMoBH MOXKHa 3amucaTy B BUIJISAII CUCTEMH

{16 < p <20 kOM'cM — nuTOMHUH OMip KPEMHI€BOT
M AKIIAIKH;

T > 1,4 MC — Yac )KUTTS] HEOCHOBHUX HOCIIB 3apsay;

d=Ww. +dp_n i dp_p . — TOBIIUHA MiIKJIAKK1 IPU

MiHiManeHux d_ tad
< p-n+ p-pt

30 > p, > 40 OM/0 — MOBEPXHEBHUH OMIp TTCIISA
mdysii 6opy;
d, =0,10—0,15 MKM — TOBIIMHA MiUIAPY XPOMY;

2,7=p, =2,5 OM/0 — NOBEPXHEBUH OIIIP MTiCIIs
\ mudysii pocdopy.
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TaGmunst 2
Peszynomamu nopisnsiivrux dociosxcens cmgopenozo @I 3 ananroeamu
Bennunna napamerpa ®JI pisHUX BUPOOHUKIB
dJ1-125K YAG-444-4 QP154-Q
@] 344 S15137 . :
IMapameTp F T — (I{[IB 0 (IKB (Hamamatsu (Excelitas (First Sensor
q)IE[* «ODiom» «Putm», hotonic Technologies AG,
P ; VYkpaina) phot ’ Corp., Himeuunna)
PD) [15] Snownis) [17]
[16] Taiwan) [18] [19]
IIuTomMuii TeMHOBUIA
crpym OUE, 7, A2 52 500 250 0,5 4 1
CrarnyHa YYyTJIMBICTb Ha 0’5 0’3 0’2 0’44 0’44 o
MOZLyIbOBaHOMY, Sp,, A/BT
IMITyIbCHA MOHOXPOMa-
THYHA Yy TJIUBICTB, S, 0,48 — — — — 0,45
A/Bt
€vnicts PUE, Cyyyp, 1P 12 40 120 10 12 20
PoGoua nanpyra, B 120 120 135 100 180 150

*[Tapametpu ctBoperoro ®J] BUMiproBaIucs Ha TOBKHUHI XBUIT kp = 1,06 MKM IIpH TpHBAIIOCTI iMITyIIbCY T; = 500 He.

Ha puc. 2 HaBezieHo ycepenHeHi rpadiku 3a1exHOCTI
CTPYMOBO1 IMIYJIbCHOT MOHOXPOMAaTHYHOT UyTIUBOCTI
(horomiona Bix poOOUOT HAIIPYTHU 32 Pi3HOT TOBIIMHHU ITiJI-
KIIaJIKH, a BiAnoBinHO, 1 OI13 (BUKOpUCTaHO KpEeMHIH 3
OJTHAKOBUM MUTOMHM OIOPOM Ta 3aCTOCOBAHO OJIHAKO-
BY TEXHOJIOT1}0 BUPOOHHIITBA).

SIk BUJHO 3 PUCYHKY, MAKCHUMAJIbHY Yy TIMBICTh Ma-
1ot ®J1 13 W, = 490 mMxm (kpusa /). Y Mipy 3MEHILEH-
Hs wupunau OI13 yyTuBicTh cniagae, ajpke B LIUPIIIA
00acTi MPOCTOPOBOTO 3apsily MPH MOITMHAHHI ONTHY-
HOTO BUIIPOMIHIOBAHHS T€HEPYETHCS OLIBINIA KUIBKICTD
HociiB 3apsaay. [Ipu posmmpenni OI13 Ha BCIo TOBIIMHY
KT KA 9y TIUBICTD SiMn BUXOJHUTH B HACHUYCHHS, 1[0
CBIJJYUTH NP0 HAacTaHHS 301AHEHHS i-11apy Ha HOCIT 3a-
pany. [lpu 3MeHeHHi W, HaCHUEHHS HACTYTIAE 32 HIK-
YUX HampyT 3MilleHHs, ajyke 301 JHEHHS TaKOXK HacTae
P HIOKYMX HAIIPyTax.

SiMH’
A/Br 1
] 2
0,4 v 3=
0,3 4
0,2 /
0,1 /
0 30 60 90 120 150 180 Up, B

Puc. 2. 3anexHiCTh CTpyMOBOI IMITY TbCHOT MOHOXPOMaTHYIHOT
YYTIUBOCTI BiJl poO040T Hanpyru (JOTOAI0/1A TPH PI3HUX TOB-
IMHAX MAKIaaky, abo mupuad OII3 W, (y Mxm):

1 —490; 2 — 440; 3 — 390; 4 — 340

VY Tabu. 2 A NOpiBHSHHS HAaBEACHO MapaMeTpu
ctBopenoro @J] ta Hioro aHanoriB — kBajgpaHTHUX D]
BiJIOMHUX Yy CBiTi BUPOOHUKIB. SIK BUJHO, 32 BETMUYHUHOIO
MIUTOMOTO TEMHOBOTO CTpyMy cTBOpeHi D] cyTTeBO (Ha
HOPSI0K) TOCTynaroThed jume doroaionam S15137
(Hamamatsu photonic), a 3 YAG-444-4 (Excelitas
Technologies) Ta QP154-Q (First Sensor AG Corp.) 3Ha-
XOAATHCS Ha OJHOMY MOPSAKOBOMY piBHI. CTaTnyHa uyT-
JUBICTh HA MOAYJIbOBAaHOMY MOTOI Ha JOBKUHI XBUII
1,06 MKM Ta iMIyIbCHA MOHOXPOMATHYHA UyTIUBICTH
HOBOCTBOPEHMX (OTOMIOAIB € Halkpamumu cepes Bi-
JOMUX aHAJOriB. EMHICTh (OTOUYTIUBUX CICMEHTIB
BCiX MOPIBHIOBAHUX (DOTOMIOMIB 3HAXOJUTHCS HA OJJHO-
MY piBHi, 1110 CBITYUTH PO MPUOIU3HO OJHAKOBHUIL OIIip
BUX1JIHOTO KPEMHII0, 3 IKOTO CTBOPEHI yCi 111 (POTOmi0H.
ITpu 11pOMY, IPH MEHIIIOMY 3MILIECHHI Ha p—n-TIePEXoAi
3anporionoBanui AJ] Mae Kpally eMHICTh, HiX aHAJIOTH.

BucnoBkn

TakuM YUHOM, TIPOBEJICHI JIOCIIKSHHS JIO3BOJIVIIH
CTBOPUTH (DOTOMIONH, SKI HE MOCTYNAIOThCS CBITOBUM
aHaJloraM, a 3a BEJIMYMHOIO CTATUYHOI Yy TJIMBOCTI HA MO-
JTyJTbOBAaHOMY ITOTOIII Ha JIOBXHHI XBWII 1,06 MKM € Kpa-
IIMMHU CepPeJT BITOMUX aHAJIOTIB. Ixus IMITyJIbCHA MOHO-
XpOMaTHYHA YyTAUBICTH ckiamae 0,48 A/BrT, 1o Buie,
HIXK 9yTJIUBICTh CEPIHHUX BUPOOIB BIJIOMHX 3aKOPIOH-
HUX BUPOOHHUKIB. JIOCATHYTI pe3yyibTaTd CBiI4arh mpo
JTIOCKOHAJTICTh TEXHOJIOTI1 Ta TOPEUHICTh 3pOOJICHUX ITPH
pO3paxyHKax MPHUITYIICHb.

BinmparmboBaHa TEXHOJIOTiSI BAPOOHHIITBA BUCOKO-
YyTIMBUX (DOTOMIOMIB JAO3BOJHIIA JOCSITHYTH 3HAUCH-
HS BIJICOTKY BHXOIy npuaatHux Oinst 70% mns mpuia-
TiB 3 IMITyIIbCHOIO 9y TauBicTIO S, > 0,42 A/BT, 30% 13
S.n=045A/Brras5%i3 S, >0,48 A/Bt. Bapro 3a3Ha-

TexHOJIOTis Ta KOHCTPYIOBaHHS B €JIEKTPOHHIiT amaparypi, 2021, Ne 1-2

ISSN 2309-9992 (Online)

65




TEXHOJIOI'TYHI MPOIIECH TA OBJIAJHAHHA

YUTH, 0 ONMKU3bKO 95% BHUTOTOBICHUX MPHIALIIB IIHO-
TO TUIy MalOTh IMIyJIbCHY uyTauBicTh Buine 0,4 A/BT,
a OCHOBHE BiIOpaKyBaHHS BiIOyBa€ThCS 3a 3HAUCHHS-
MH TEMHOBOTO CTpyMy a00 OMOpY B3a€MO3B’S3KY, aje
HE 32 Yy TJIUBICTIO.
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THIGH PULSE RESPONSIVITY SILICON p-i-n PHOTODIODE
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ZYuriy Fedkovych Chernivtsi National University
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P-n junction semiconductor photodetectors are widely used in various fields of science and technology, including automation
and telecontrol, instrumentation equipment, tracking systems, guidance, etc. The most demanded photoelectronic devices are
silicon p-i-n photodiodes (PD). Their main field of application are installations using laser beams of near IR optical radiation
spectrum, A = 1060 nm, in particular.

The article provides considerations and limit requirements for production of high-responsivity silicon p-i-n photodiodes and
making theoretical parameters consistent with real photodiodes made according to the design. Characteristic properties of
technology, construction and final parameters of the manufactured four-element segment p—i—n photodiode with a guard ring
are described.

The authors describe the criteria for choosing the material for making high-responsivity photodiodes. Results of the theoretical
design for the capacitance of the photodiode based on the materials of different resistivity are presented. A theoretically
possible value for the dark current of the responsive elements and the guard ring is considered for the silicon of 18 kOhm-cm.
Criteria for the thickness of the PD crystal and the doped areas that provide for the maximum width of the space-charge region
are presented. The dependence of the current pulse monochromatic responsivity from the operating voltage of the photodiode
is shown for substrates with different thickness.

The photodiodes obtained during this study have the pulse monochromatic responsivity of 0.48 A/W, which is higher than
that of commercial products of well-known foreign manufacturers. The results achieved demonstrate that this technology is
effective and the assumptions made during the calculation stage are valid.

Keywords: photodiode, silicon, pulse responsivity.
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[Tiamucano a0 apyxy 23.03 2021 p. Mopmar 60x84 1/8. Apyx. apk. 9,5. Tupax 100 mpum. 3am. Ne 131/132
Opurinar-MakeT BUroToBAeHO B BuAaBHHUTBI «[ loriTexmepioauka»
Caigourso cy6’exra ugapuuyoi cripasu JK Ne 3232 gig 09.07.2008 p.
(65044, m. Ogeca, a/c 17)
HazpyxoBano 3 rorosoro opurinar-makery y tumorpadii 1 OB «Cimexc-mpiaT»,
m. Ozeca, ByA. Jarbaunbka, 53
Caigourso cy6’exra Bugasuuuoi cipasu K Ne3807 sig 22.06.2010
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