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IBanuyk B.IO. BuzHayenHsi mapamMerpiB (oroesieKTPpUYHUX OaTrapeil B
noJiboBUX yMoBax. — Kpaniikariilina HaykoBa mpaiis Ha paBax pyKOIHUCY.

Hucepranist Ha 3100yTTS HAYKOBOrO CTymneHs JokTopa (inocodii 3a
cnenianbHicTIO 141 EnekTpoeHepreTuka, €IEeKTPOTEXHIKA Ta EJIEKTPOMEXaHIKa,
rany3b 3HaHb 14 Enexktpuuna iHxeHepid. HamioHanbHUN TEXHIYHUM YHIBEPCUTET
Ykpainu «KuiBcbkuit MOMITEXHIYHUN THCTUTYT IMEHI Irops
Cikopcrkoro», Kuis, 2025.

HucepraniifHe  JOCHIIKEHHS  MPUCBAYEHE  BUPIMICHHIO  aKTyaJlbHOTO
HayKOBOTO 3aBJIaHHSI, 1110 MOJIATAE B OI[IHIII CTAHY MPOMUCIOBUX (DOTOETEKTPUUHUX
MOJIYJIiB B yMOBaX iX eKCILTyaTallli MUISIXOM BCTAHOBJICHHS MO/JI€J1 MTOBEAIHKH BOJIbT-
aMIIEpHUX XapaKTePUCTUK, 3 ypaxyBaHHSM BIUIMBY (I3UYHUX MPOIIECIB B
HaIMIBIPOBIJHUKOBUX MaTepiajiax MpU PIi3HUX PIBHAX COHSAYHOI pajiamii Ta
HaBaHTAXEHHS.

B pobGori mpoBeneHO JiTEpaTypHO-NIATEHTHUM TONIYK 3a  TEMOIO
IUCEPTALIIHOTO AOCTIIHPKEHHS,, BUKOHAHO OLIHKY 3arajJlbHOr0 CTaHy Ta CBITOBUX
TEHJEHUIA PO3BUTKY JaHOi ramy3i. PO3MISHYTO 1CHYHOYl METOAM MOJIETIOBAHHS
(hOTOENeKTPUYHUX €JIEMEHTIB, BU3HAYEHO HASBHI aHAJIITHYHI Ta METAaCBPUCTHUYHI
METOJ[IB MOJICJIIOBAHHS, @ CaM€ BHCOKI BUMOTH J0 OOYHUCIIOBAJIBHUX PECYPCIB,
CIOPOILEHHS  CKJIagHuUX  (I3UYHUX  TpoleciB  (HOpMyBaHHS  CTpyMy y
(OTOENEKTPUYHUX €JIEMEHTax [0 CYNEpHO3ULIMHUX MoJAeNed 1, SIK pe3yibTart,
HEJIOCTaTHS BIAMOBIIHICTh MOJICNICH peaTbHUM €KCIIEPUMEHTATBHUM JOCT1IKSHHSIM.
JlocIiIKeHO MPOsIBU PE3UCTUBHUX BTPAT Ta peKOMO1HAaIlil HOCIIB HAa BOJIbT-aMIEPHI
XapaKTePUCTUKU MTPOMUCTOBUX KPEMHIEBUX (DOTOETEKTPUUHUX MOJYJIIB.

Po3po6ieHo Ta BHTrOTOBIEHO Ha OCHOBI Mikpokomm’toTepa Raspberry Pi
aBTOMATH30BaHy CHUCTEMY BHUMIPIOBAHHS  BOJbT-aMIIEPHUX  XaPaKTEPUCTUK
(OTOENEKTPUYHUX MOJAYJIB B MOJBbOBUX YMOBAaX METOJOM 3aps)KaHHS €MHOCTI

pa3oM 3 BIAMOBIIHUM MPOrpaMHHUM 3a0e3nedeHHsIM. BUKOHAHO eKcrepuMeHTaIbHI



JOCIIKEHHS (DOTOEIEKTPUYHUX MOJAYIIB B MOJBbOBUX YMOBAaX, B PE3yJIbTaTl SKUX
OTpUMAaHO OlIblIe TUCSAYl BUMIPIB B 3MIHHUX HaBKOJHUIIHIX YMOBaX MpPHU PI3HOMY
piBHi ippaxianiii Bix 50 mo 900 Bt/mM?. [yt 06poOKH eKCliepMMEHTAIbHUX JTaHHX
pPO3pOOJIEHNI KOMIUIEKCHUN aJanTUBHHUI poOacTHUU anroput™m (inbTparii, 1o
JI03BOJISIE YCYHYTH BIUIMB MOKJIMBUX paiallifHUX Ta TEMIEPATypHUX (QIYKTyaIlii,
MPUTAMaHHUX BUMIPIOBAHHSIM B MOJHLOBUX YMOBAax HaBiTh Ha 1HTEpBallax JCKUIbKa
CEKYHJI.

OTpuMaHO aHaNITUYHI 3aJE€XKHOCTI, SIKI JO3BOJISIOTH MpPU BHU3HAYEHHI
napaMeTpiB (POTOETEKTPUUYHUX MOMYJIIB PO3AUIMTH BIUIMB €IEKTPUYHUX BTpaT
(OCIIIOBHOTO OMOpPYy) Ta peKOMOIHAIIWHKUX MpoleciB (PakTopy iJealbHOCTI Ta
3BOPOTHOIO CTPyMY) Ha (DOPMYBaHHS BOJIbT-aMIIEPHUX XaPAKTEPUCTUK, BU3HAUYECHO
OLIIHKY JJIs1 TOCJIIIOBHOTO ONOpPY BTPAT.

Po3pobneno  TeopeTMuHy — MOJeNb  JIE  BU3HAUEHHS  MapaMeTpiB
(OTOENEKTPUYHUX MOAYJIB MPU PI3HUX 30BHINIHIX YMOBaX COHSYHOI pajiamii Ta
TemnepaTypu. BuzHadueHo aHamitTuuHi 3anaexHocTi napamerpisB @M Bin Hanpyru, a
caMe (hakTopy 1/1€eaIbHOCTI Ta 3BOPOTHOTO CTPYMY HACHUYEHHS, Kl JO3BOJSIOTH
aHaJi3yBaTH OCOOJIMBOCTI MPOIECIB peKOMOIHAIlll HOCIiB Ta €JIEeKTPUYHUX BTparT.
[Toka3aHo, 110 B 00J1aCTI MPSAMOI HAIIPYTW HUKYE TOUYKH MaKCUMAJIbHOI MTOTY>KHOCTI
KOe(]III€HT 17eaJbHOCTI MOXE 3HA4YHO TNEPEBUINYBATH 2, IO I[OB’S3aHO 3
pEKOMOIHAIIEI0 HAa MIKPOCTPYKTYPHUX Ta MOBEPXHEBUX Je(EKTax MPOMHUCIOBUX
(OTOENEKTPUYHUX MOMAYJSAX, BUTOTOBJIEHUX 3a CYYaCHUMHU TeXHoJoriamMu. B
KJIIACHYHUX MOJENSIX peKoMOiHallli, ikl He BpaxOBYIOTh IepelniueHi AedeKTH, e
KoedilieHT Mae OyTu B Mexax Big 1 10 2.

Po3po6ieHo MeToIMKy Ta mporpaMHe 3a0e3MeueHHs], 10 I03BOJIMIIO BIIEpIIE
3aCTOCYBaTH 3aMpPOINOHOBAHY OAHOMAI0IHY MOJAENb (POTOCIEKTPUUHOTO €IeMEHTa 31
3MIHHUMH TIapaMeTpaMy Ta IXHIMHU 3aJ€KHOCTSIMU BiJ] HAIPYTHU JJIs OMUCY BOJBT-
aMIIEPHUX  XapAaKTEPUCTUK  (HOTOCIEKTPUYHUX MOIYJIIB Ha BIAMIHY  BIJ
3arajibHONPUMHATOTO BUKOPUCTAHHS JABOX- a00 TPHOXAIOJHHMX MoJenend 3
(dikcoBanumu napameTpamu. OCTaHHI 3aCHOBaHI Ha CYIEPIIO3UILii 110JHUX CTPYMIB

1 He BIIOOpa)karTh CKJIAAHOTO (Pi3uuHOro Xapaktepy GOpMyBaHHS CTPyMy B
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(OTOCNEKTPUYHUX elieMeHTaX. BiATBOpPEeHHS BOJIBT-aMIIEPHUX XAPAKTEPUCTUK
(OTOENEKTPUYHUX MOJYJIB 3 BUKOPUCTAHHSM OJIHOJIOAHOI CXEMHU 3aMIIICHHS 31
3MIHHUMH napaMeTpaMu JEMOHCTPY€E 3HAYEeHHS HOPMAaTi30BaHOTO
CEepPEAHBOKBAAPATUYHOTO BIAXWIICHHS BIJ €KCIEPUMEHTAIbHUX JIaHUX MOPSIAKY
nRMSE ~ 2107 i koedimient kopenanii R? B mexax 0.99994 +0.99999, wmo
MepeBepIIye pe3yabTaTh PO3PAXyHKIB B paMKax OJHOAI0/IHOI MoieNi 3 (IKCOBAHUMU
napaMmeTpamu GOTOCICKTPUIHUX MOIYJIIB.

KuarouoBi ciioBa: gionosnosani dxcepena enepeii, homoenekmpuuna cmanyis,
Gomoenekmpuunuii MOOYlb, COHAYHUL eNeMeHm, 80JIbM-AMNEPHA XapaKmepucmuxd,
Ooeghexm, cucmema BUMIPIOBAHHA, MOOeb, Koeiyichm ideaibHocmi 0iodd, onopu
CleKMPUYHUX ~ 8mpam, Ccmpym  KOPOMKO20  3AMUKAHHA,  peKOMOiHayii 6
HanienpoBIOHUKAX.

HaykoBi mpani B siIKMX omyO0JiKOBaHI OCHOBHI HAayKOBI pe3yJbTaTH
AMcepTamii:
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B TOMY YHCJIl B 5 CTaTTSIX y NEPIOJIUYHUX HAYKOBUX (paXOBHX BUJAHHAX YKpaiHU (Ha
MOMEHT  onyOnikyBaHHs) 3a  choemianbHicTIO 141  EnexkTtpoeHepreruka,
€JEKTPOTEXHIKA Ta €JIEKTpOMEXaHiKa, fKl MPOIHJIEKCOBaHI y 0a3zax Scopus, a
TaKO0X 2 T€3 JIOIMOBiIe Ha MIKHAPOAHUX HAYKOBO-IIPAKTUUHUX KOH(PEPEHIIIIX.
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SUMMARY

Ivanchuk V.Y. Determination of the parameters of photovoltaic modules
in the field conditions. — Qualifying scientific work on manuscript rights.

Dissertation for obtaining the scientific degree of Doctor of Philosophy in the
specialty 141 Electric power, electrical engineering and electromechanics in the field
of knowledge 14 FElectrical engineering. National Technical University of Ukraine
“Ihor Sikorsky Kyiv Polytechnic Institute”, Kyiv, 2025.

The dissertation study is devoted to solving an urgent scientific task, which is
to assess the condition of industrial photovoltaic modules in their operating
conditions by establishing a model of the behavior of current-voltage characteristics,
taking into account the influence of physical processes in semiconductor materials at
different levels of solar radiation and load.

In this work, a literature and patent search was conducted on the topic of the
dissertation research, an assessment of the general state and global trends in the
development of this industry was performed. The existing methods of modeling
photovoltaic cells are considered, the existing analytical and metaheuristic
approaches to the extraction of their parameters are identified. The main
disadvantages of modern modeling methods are analyzed, particularly their high
computational requirements, the simplification of complex physical processes of
current generation in photovoltaic cells into superpositional models, and, as a
result, the insufficient correspondence of the models to real experimental
investigations. The manifestations of resistive losses and carrier recombination
effects on the current-voltage characteristics of industrial silicon photovoltaic
modules are investigated.

An automated system for measuring the current-voltage characteristics of
photovoltaic modules in field conditions was developed and manufactured based on
a Raspberry Pi microcomputer, using the capacitance charging method,
accompanied by corresponding software written in Python. Experimental studies of

photovoltaic modules in field conditions were conducted, resulting in more than



thousand measurements under varying environmental conditions at solar radiation
levels ranging from 50 to 900 W/m? For processing the experimental data, a
comprehensive adaptive robust filtering algorithm has been developed that eliminates
the influence of possible radiation and temperature fluctuations inherent in field
measurements, even over intervals of only a few seconds.

Analytical dependencies have been obtained that allow separating the influence
of electrical losses (series resistance) and recombination processes (ideality factor
and reverse current) on the formation of current-voltage characteristics when
determining module parameters. An estimation method for series resistance losses
was also proposed.

A theoretical model has been developed to determine the parameters of
photovoltaic modules under various external conditions of solar radiation and
temperature. The analytical dependences of the photovoltaic module parameters on
the voltage, namely the ideality factor and the reverse saturation current, are
determined, which allow us to analyze the peculiarities of the carrier recombination
processes and electrical losses. It 1s shown that in the forward voltage region below
the maximum power point, the ideality factor can significantly exceed 2, which is
associated with recombination at microstructural and surface defects of industrial
photovoltaics manufactured using modern technologies. In classical recombination
models that do not take into account these defects, the ideality factor is typically
assumed to be between 1 and 2.

A methodology and software have been developed that allowed for the first
time to apply the proposed single-diode model of photovoltaic cell with variable
parameters and their voltage dependencies to describe the current-voltage
characteristics of photovoltaic modules response, in contrast to the generally accepted
use of two- or three-diode models with fixed parameters. The latter are based on the
superposition of diode currents and do not reflect the complex physical nature of
current generation in photovoltaic cells. The reproduction of the current—voltage
characteristics of photovoltaic modules using a single-diode equivalent circuit with

variable parameters demonstrates a normalized root mean square error from the

7



experimental data on the order nRMSE ~ 2-107 and a correlation coefficient R?
ranging from 0.99994 to 0.99999, which surpasses the calculation results obtained
using a single-diode model with fixed parameters.

Keywords: renewable energy sources, photovoltaic power plant, photovoltaic
module, solar cell, current—voltage characteristic, defect, measurement system,
model, diode ideality factor, electrical loss resistances, short-circuit current,
recombination in semiconductors.

Scientific works in which the main scientific results of the dissertation are
published:

The results of the dissertation research are highlighted in 7 scientific papers,
including 5 articles in periodicals of scientific professional editions of Ukraine (at the
time of publication) in the specialty 141 Electric power, electrical engineering and
electromechanics, which are indexed in Scopus databases, as well as 2 theses at

international scientific and practical conferences.
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A

HEPEJIIK YMOBHUX ITIO3HAYEHb
OE — QoToeneKTpUIHUI €IEeMEHT;
OK — doToenexkTpuyHa KOMIpKa;
OM — GoTOENEeKTPUIHUI MOAYJIb;
®EC — doToenekTpuyHa CTaHIIIs;
CIGS — wmiaHo-iHmieBo-ramieBi ceneHinu (copper indium gallium
selenide);
PSC — nepoBckiTH1 consiuHi komipku (perovskite solar cells);
PERC — nmacuBoBaHuii eMiTep 1 THIbHUN KOHTAaKT (passivated emitter

and rear contact;

. PERL — mnacuBoBaHuii emitep 1 JOKIbHO-IU(PY31AHUI THIBHUN

KOHTAaKT (passivated emitter and rear locally-diffused);
PERT — mnacuBoBaHMl eMiTep 1 MOBHICTIO IUQPY3IMHUN TUIBHUN

KOHTAaKT (passivated emitter and rear totally diffused)

10.KK/] — koediiieHT KOPUCHOI i,

11.BAX — BoJIbT-aMII€pHa XapaKTEPUCTHKA;

12.K3 — cTpyM KOPOTKOTr0 3aMUKaHHS [c;

13.XX — Hanpyra X010CTOoro xony Voc;

14.SRH — monens [lokni-Pina-Xomna (Shockley-Read-Hall)

15.STC — crannaptHi yMoBH TecTyBaHH4 (standard testing conditions);

16.MPP — Touka MakcuMyMy MOTY>KHOCT1 (maximum power point);

17.FF — xoedimient 3anoBuenns (fill factor);

18.I1K — nepcoHanbHUI KOMIT FOTED;

19.113 — mporpamue 3a0e3neYeHHS;

20.AIIII — anamoroBo-1u¢ppoBU IEPETBOPIOBAY.
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BCTYII

AKTyanbHicTb TemMu. Ha puHKy eHeprii Big HeTpaauLIMHHX Ta
B1IHOBJIFOBAHUX J{KEPEN HAUOLIBII CTPIMKO 3pOCIia 32 OCTAHHE IECATUIITTS YaCTUHA
COHSIYHOT €JIEKTPUYHOI €HEeprii, sika TeHEPYEThCS (POTOCIEKTPUUHUMU CTaHIISIMU
pizHOro Macmrady. @OTOENEeKTPUYHI CUCTEMH SIBJIIOTH CO00I0 HAMOUIBIN HpsIMU
CIOCI0 MEpPETBOPEHHS COHSYHOI €HEprii B €JIEKTPUYHY, 3aBISKA BUKOPUCTAHHIO
BJIACTUBOCTEHN HAIIBIPOBITHUKOBUX MaTepiaiB.

UYepe3 BHUCOKI I1HBECTHIIMHI BUTpaTH Ta 3a0€3MEUYEHHS ONTHUMI30BAaHOTO
BUKOPUCTAHHS COHSYHOI €HEprii mepea BCTAHOBJICHHSIM (POTOCIEKTPUIHOI CUCTEMU
HeoOXiJHa peTeibHa OlIHKAa €(EeKTUBHOCTI TEHEPYIOUUX KOMIIOHEHTIB CTAHIIN —
dboTtoenexTpuyHux MoayiiB (OM). OckiibKU MOYaTKOBA BapPTICTh CUCTEMH € JOCUTh
BHCOKOIO, TOYHE Ta HaJliHE MOJEIIOBaHHSA (DOTOEIEKTPUUYHUX CHUCTEM TMepes
BCTAHOBJICHHSIM € aKTYaJIbHOIO 3a7ja4yeto. Takox 3HauHa KUTbKicTh @M 3HaXOIUThCS
JIOBIUH Yac B €KCIUTyarailii 1 moTpedye OIIHKHU iX CTaHy B MOJIbOBUX YMOBAaX, TOMY
BAKIIMBUMHU 3a/layaMU € BHU3HAYEHHS OCHOBHMX TmapameTrpiB @M, a Takox
3’4CyBaHHsS iX 3MIH B PI3HMX 30BHIIIHIX YMOBaX, Ha SKUX MOXE I'PyHTYBaTHCS
miargoctuka M.

B cBow wuyepry, kiacu4Hi MiAXOAW [0 MOJIETIOBAaHHS (DOTOEIEKTPUUHUX
MOJyJIIB HE BPaxXOBYIOTh BCIX AaCHEKTIB 3HUXKEHHS €()EKTUBHOCTI 3a PaxyHOK
PE3UCTUBHUX BTpaT, MPOLECIB pekoMOiHallll Ha pi3HOro Tumy jAedexkTax Ta
O0aratopiBHEBUX IMacTKax, NpUTaMaHHUX MnpomucioBuMm OM, BUTOTOBIEHUM 3a
CY4YaCHUMU TE€XHOJIOTISIMHU.

Bu3HaueHHs NMOTOYHOIrO CTaHy Ta Xapakrepuctuk OM, mo mnpamoTs B
ckiIamal  (QOTOCHEKTPUYHUX CTaHIIM, HEMOXJIWBE 0€3 JOCTaTHbO TOYHOTO
BUMIPIOBAJILHOTO 3aC00Y, 1110 I03BOJISIE TPOBOAUTH €KCIIEPUMEHTAIIbHI JOCII1I>)KEHHS
®M B peanbHUX yMOBax ekciuryartarii. Taki 3aco0uM MarOTh OyTH ONEpaTUBHHUMH,
KOMIMaKTHUMU, TOOYJOBAaHUMH Ha 0a3i MIKPOKOMIT IOTEPA, 3 MOMKIHUBICTIO 0OPOOKHU

B pEAJIbHOMY Yacl JaHUX BUMIPIOBaHHS.
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Merta gocaigxenHss. Metoro poOOTH € 3a0€311eUeHHs HAJIEKHO1 OLIIHKU CTaHy
(OTOENEKTPUYHUX MOMAYJIB B pPEATbHUX YMOBaX iX POOOTH NUISIXOM CTBOPEHHS
TEOPETUYHOT MOJIEl aHalli3y BOJbT-aMIEPHUX XAPAKTEPUCTUK 3 YypaxXyBaHHSIM
(G13MYHUX TPOIIECiB B HAMIBNPOBIIHUKOBUX MaTepiajiaX MpU PIZHUX PIBHAX
HaBaHTA)XEHHS Ta COHSAYHOI paialiii.

I[locTraBiiena MeTa BHMAra€e Ppo3B’fI3aHHS HACTYNIHMX 3aBJaHb
JOCJIiI?KEeHH

— aHalli3 HayKOBOIi JITepaTypu, MPUCBSIUEHOT nporiecam (GOpMyBaHHS CTPYMIB
Ta pexkoMOiHaIii HOCIiB 3apsny B ¢oToenekTpuuHux enementax (DE),
MOPIBHSAJBHUN aHalli3 TexXHOJoTrii BurotoBieHHs ®OM Ta BU3HAYCHHS
OCHOBHUX (D13UYHUX MPOILIECIB, IO 3HUKYIOTh €PEKTUBHICTH poO0oTH OM;

— po3poOka BHUMIPIOBIBHOI CUCTEMH [JIi 3HATTA  BOJbT-aMIIEPHHUX
xapaktepuctuk (BAX) ®M B noiboBUX YMOBaxX Ta PO3PaxXyHKY iX
napaMeTpiB;

— po3poOka aJalITUBHOTO pobacTHOTO ANrOPUTMY 00poOKH
EKCIEPUMEHTAbHUX JJAHUX;

— OTpPUMAaHHSI OI[IHOYHUX aHAITUYHHUX CIIBBIHOIIEHD, SIKI XapaKTepU3yIOTh
€JIEKTPUYHI BTPATH Ta Mpolecu pekomoOiHalii B OM;

— po3poOKa TEOpPETUYHOI MOJEeNl BIUIMBY TIPOIIECIB peKOMOiHaIil Ta
PE3UCTUBHUX BTpAT Ha mapaMeTpu npomMucioBux ®M, 1o 3MiHIOIOTHCS 3
HaIMpyrow B 3HAUHUX MEXax;

— po3poOKa METOAUKH Ta MPOrPaMHOro 3a0e3MeyYeHHs [JIs BU3HAYEHHS
3MiHHUX napaMmeTpiB @M Ha ocHOBI ekcniepuMeHTanbHuX BAX.

006’°ckm 0ocnidrcenna — pe3UCTUBHI BTPATU Ta pEKOMOIHAIIHI TPOLIECH, SIKi
00MEXYI0Th €(EeKTUBHICTh POOOTH MPOMUCIOBUX (HOTOEIEKTPUYHUX MOJYIIB B
peaTbHUX YMOBAX €KCIUTyaTallii.

IlIpeomem oocnioxcenna — 3MiHHI TapaMeTpu (POTOETEKTPUUHUX MOTYIIIB IPH
PI3HUX PIBHSAX HABAaHTAXKEHHS 1 COHSIYHOI pajiiailii Ta OCHOBHI (DaKTOpH BILJIMBY Ha

(dbopmyBaHHS CTPYMIB y GOTOCIEKTPUIHUX MOIYJISAX.
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Metoau nocaigxennsi. BupilieHHS TOCTaBlIeHMX Yy poOOTI 3amay
311MCHIOBAIOCS 3 BUKOPUCTAHHSM TEOPETUUHHUX OCHOB €JIEKTPOTEXHIYHUX CUCTEM Ha
MOCTIMHOMY CTpyMi, (I3UYHOI Teopii HAMIBOPOBIJHUKOBUX MaTepialiB Ta
pn-TiepexoiiB B (POTOCIEKTPUUHHUX €IEMEHTaX, MAaTeMaTHYHUX METOIIB ONTHUMI3aIlil
Ta anmpoKCUMaIlil, METOJ[IB CTATUCTUYHOI pOOACTHOT 0OPOOKH eKCIIEPUMEHTATbHUX
JaHUX.

HaykoBa HOBH3HA OTPMMAHUX Pe3yJIbTATIB:

1. Po3po0iieHO HOBY TEOPETUYHY MOJIENb JJIsi BU3HAYEHHSI HA OCHOBI BOJIBT-

aMIIEpHOI XapaKTePUCTHKU MapaMeTpiB (HOTOETEKTPUUYHUX MOJYJIIB, IO
MarTh 3MIHHUN XapakTep B MIUPOKOMY JAlana3oHl HANPYTH, sIKa, HA BIIMIHY
B1JI BIIOMHX MOJeel 3 pikcoBaHMMHU MapaMeTpaMH, BiioOpaxae CKIaJHun
¢b13uyHuii xapaktep popMyBaHHS CTpyMY B (DOTOCIEKTPUUHUX €IEMEHTAX.

2. OTpuMaHi aHaJITAYHI 3aJ€XKHOCTI, SKI JO3BOJISIIOTH IPU BU3HAYCHHI
napamerpie @M po3numuTH  BKIAAM  CIEKTPUYHUX  BTpaT  Ta
pekoMOiHaIiiHKuX npoleciB y popmyBanus BAX.

3. BcraHoBiieHO, 110 B 00J1acTi MPSIMOi HAIPYTH HMXKYE TOUKU MAKCUMAaJIbHOI
notyxkHocti BAX @M, koeQimieHT 11€aJbHOCTI MOXE€ 3HA4yHO
MEPEBUIIYBATH 2, 11O MOB’A3aHO 3 PEKOMOIHAIIIE€I0 Ha MIKPOCTPYKTYPHUX Ta
MOBEpXHEBUX JlePpekTax cydacHUX mpomucioBux OM.

I[IpakTHyHe 3HAYEHHH OTPUMAHUX Pe3yJIbTATIB:

1. Po3po0iieHO aBTOHOMHY aBTOMAaTHU30BaHy BUMIPIOBAIIbHY CHUCTEMY, IO
J03BOJISIE OTPUMYBATH B MOJILOBUX YMOBax sikicHi BAX ®M oxHouacHo 3
¢ikcaniero ippajiaiii Ta TEMIEpaTypd MOAYJs, a TaKOXX BHU3HAYaTU B
peanprHOMY Yaci napamerpu OM;

2. Po3po0sieHO KOMIUIEKCHUM aJanTUBHUN poOacTHUM anroputMm (inbTpariii
JAHWX Ha OCHOBI KOB3HHMX CEpeIHIX Ta JBOETANHOI ampoKcUMaIllii
excriepuMenTanbHux BAX ®M, mo BpaxoBye ocobdnauBocTi podotu ®M y
MOTOYHUX 3MIHHUX 30BHILIHIX YMOBAaX Ta J103BOJIS€ 3a0€311€YUTH HEOOXITHY

TOYHICTb JIJIs1 MOAQIBIINX PO3PAXYHKIB Ta aHATIZY;
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3. Po3pobiieHO MeTOaMKY BU3HAU€HHS 3MiHHUX napamerpiB @M Ha OCHOBI
excnepuMmeHTanbuux BAX, mo 0a3yeTbcsi Ha OTPUMAHUX aHAJITUYHUX
3aJIEKHOCTSIX Ta 3aIIPOINIOHOBaHIN MOJENI.

HaykoBi Ta mpakTU4HI pe3ylbTaTH JUCEPTALIMHOI pOOOTH MepenaHo s
BUKOPUCTAaHHS Yy HaBYaJIbHOMY IIPOIECI Ta HAYKOBUX JOCHIIKEHHSAX Kadeapu
B1IHOBJIFOBAHUX JiKEepes eHeprii HallioHanbHOro TEXHIYHOTO YHIBEPCUTETY Y KpaiHu
«KuiBcbkuii nmomiTexHIYHUM 1HCTUTYT iMeH1 Irops Cikopcbkoro» Ta 1o IHCTHTYTY
BigHOBIIOBaHO1 eHepreTuku HAH Vkpainu.

OcoOucTnii BHecOK 3100yBaua. Yci pe3yibTaTd JucepTaliitHoi poOoTH
OTpUMaHl aBTOPOM CaMOCTIMHO Yy TIPOIECI HAYKOBO-AOCIIIHUIIBKOI POOOTH.
besnocepeHbo ArCEpPTaHTOM OYyII0:

— BHUKOHAHO MOPIBHSJIbHUI aHaNI3 PI3HUX TUMIB (POTOEIEKTPUUYHUX KOMIPOK,
BU3HAYEHO OCHOBHI MpollecH B (DOTOECNEKTPUYHUX €JIEMEHTaxX Mij Yac
OCBITJICHHS Ta OCHOBHI XapaKTEPUCTUKHU (HOTOCICKTPUIHUX MOIYJIIB;

— 3a pe3yJbTaTaMu JITEPATYypHO-MATEHTHOIO TMOIIYKYy 3a  TEMOIO
JUCEPTALIIITHOrO JOCIIKEHHSI BUKOHAHO MOPIBHSJIBHUMN aHAII3 ICHYIOUUX
METOJ[IB MOJICJIIOBaHHS (DOTOENEKTPUUHUX €JIEMEHTIB 3a JIOMOMOIOI0
E€KBIBAJICHTHUX CXEM 3aMIIE€HH;

— BHU3HAYEHO HasBHI aHAJIITUYHI Ta METACBPUCTUYHI MITXOMH 10 €KCTPaKIi
napaMeTpiB GOTOCICKTPUIHUX MOIYJIIB;

— O0OIPYHTOBAaHO HEOOXIJHICTh PO3POOKU CHUCTEMHU BHUMIPIOBAHHS BOJIBT-
aMIIEPHUX XaPAKTEPUCTUK (DOTOETEKTPUUHUX MOIYJIIB B IOJIbOBUX YMOBAX,
PO3MJITHYTO  OCOOJIMBOCTI  MPOIIECY TECTYBaHHA (POTOENEKTPUUHHX
MOJIYJIB;

— 00paHO onTUMajdbHy KOH(DITypalil0 HaBaHTAXYyBAJbHOI YacCTHHU,
CIIPOEKTOBAHO Ta BUTOTOBJIEHO OCHOBHI CKJIaJIOBI BUMIPIOBAJILHOI CUCTEMH,
pO3p00IeHO HEOOX1IHE MporpaMHe 3a0e3MeUeHHS;

— TMPOBEJCHO EKCIIEPUMEHTAIbHI JOCTIIKEHHS (POTOCIEKTPUYHUX MOIYJIIB B

MOJIOBUX YMOBaX, 3/IINICHEHO 00pOOKY OTpHUMaHUX JAaHUX Ta iX aHaNI3;
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— po3po0JIEeHO KOMIUIEKCHUM aJanTUBHUN poOacTHUI anroput™Mm (iabTpari
Ta anpoKcUMallii €KCIePUMEHTAIbHUX BOJbT-aMIIEPHUX XapPaAKTEPUCTHUK
(bOTOENEKTPUYHUX MOTYJIIB 3151 3a0€3MeueHHs] HeOOX1THOT IKOCT1 JaHUX;

— PO3MJISTHYTO OCHOBH1 (Di3WYHI MPOIECH, IO € MNPUUYUHOK 3HIKCHHS
e(heKTUBHOCT1 poOOTH (POTOCIEKTPUIHUX MOIYJIIB;

— po3po0JIECHO TEOpPEeTUYHY MOJENAb [JJisi BU3HAYEHHS MapameTpiB
(OTOENEKTPUYHUX MOJYIIB, IO MAlOTh 3MIHHUN XapakTep B IIHUPOKOMY
Jllana3oHl HalpyTH;

— po3po0JIECHO METOJIUKY Ta TMporpaMHe 3a0e3MeyeHHs IS EeKCTPaKIli
3MIHHUX  TapaMeTpiB  (OTOENEKTPUYHUX  MOJYJIIB Ha  OCHOBI
€KCIEPUMEHTAbHUX BOJbT-aMIIEPHUX XaPAKTEPUCTUK

— 3I1MCHEHO MOPIBHSJIbHUI a”ai3 3aIpONOHOBAHO1 MoOJIel
(OTOENEKTPUYHUX MOJIYJIIB 32 JOMOMOTOI0 CTATUCTUYHUX MOKA3HUKIB Ha
OCHOB1 OTPUMaHUX €KCIIEPUMEHTATLHUX BUMIPIB.

CniBaBTOpaMH HayKOBHUX Ipallb MO TEMIi AUCEPTAIlli € HAYKOBUHN KEPIBHUK Ta

1HIIl HayKOBLI, L0 Opaiu ydacTb B JOCHIIKEHHAX, a came laeBchkuii O.10.,
Kopnienko 1.0., I'aeBcbka I''M. , bonnsk B.B.

VY HayKOBHUX MOpallsix, OMyOI1KOBaHUX Yy CIIBAaBTOPCTBI, AUCEPTAHTY HAJIECKUTH
(dakTUyHUN MaTepiall 1 OCHOBHHM TBOpUU TOPOOOK.

[locTaHOBKY METH Ta 3aB/laHb BHKOHAHO Pa3OM 3 HAYKOBUM KEPIBHUKOM.
HaykoBi Ta mpakTuuHi pe3ynbTaTH, SKI BUCBITJIIEHO Yy AUCEpTaliiiHiil poOoTI,
oTpuUMaHO 3700yBaueM OCOOMCTO TijJ KepiBHUITBOM mpodecopa Kadeapu
B1IHOBJIFOBAHUX JiKEepes eHeprii HallioHanbHOro TEXHIYHOTO YHIBEPCUTETY Y KpaiHu
«KuiBchkuit momTexHIYHUN THCTUTYT iMeH1 Iropst CikopchbKOroy, JOKTOpa (Pi3uKo-
MaTreMaTnyHuX Hayk ['aeBcbkoro Onekcanapa FOmiiioBuya.

3B’5130K po0OTH 3 HAYKOBMMHU NMPOrpamMamMm, IJianamm, rTemamu. Haykosi
Ta TpPaKTHUYHI pe3yJbTaTH pPOOOTH BHUKOPUCTAaHI B [HCTUTYTI BIJIHOBIIOBAHOI
enepretukn HAH Vkpainu npu BUKOHAHHI HayKOBO-IOCIITHUX POOIT 3 muppom
«Kommnekc-3» (AP Ne 0118U003385) Ta  «Kommuekc-lurerpo» ([P

No 0123U100782), a Takoxxk mepeaaHi kadeapi BITHOBIIOBAHHUX JIKEepeN €Heprii
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HanioHanbHOro TEXHIYHOro YHIBEepcUTETY YKpaiHu «KHUIBCBKHMI NOJITEXHIYHUHN
iHCcTUTYT iMeH1 [rops CikopchbKOroy Jisi BAKOPUCTAaHHS Y HAaBYAJIbHOMY MPOIECi TPU
MIPOBEJICHHI JICKIIMHUX 3aHSTh, MPAKTUYHUX Ta JA00OpaTOPHUX POOIT 3 ITUCIUILIIH
«Dotoeneprerukay Ta «POTOENEKTPUUHI CTaHIII1» (0aKaIaBpChKUN PIBEHB), & TAKOXK
y JUIUIOMHOMY TIIPOEKTYBaHHI 3a creuiainpHicTIO 141 Enexrpoenepreruka,
€JIEKTPOTEXHIKA Ta €IEKTPOMEXAHIKA.

Anpobauiss  pedyastartiB aucepramii. [lomoxeHHss Ta  pe3yJbTaTu
aucepTaliifHoi poOOTH JTOMOBiaNuCs, OOrOBOPIOBANMCS Ta OyJIu CXBaJeHI Ha
MixHapoHI HayKOBO-T€XHIUHIM KOH(EpEeHIii MOJOAUX BUYEHUX, ACIIpaHTIB Ta
ctyneHTiB  «CydacHi 0OpoOJeMU  €NEeKTPOCHEPTrOTEXHIKM Ta  aBTOMATHUKU»
B M. Kuis, 2024 p.

y6aikanii. OcHOBHI pe3yibTaTh aucepTalii BiJOOpakeHl B 7 HAYKOBUX
mpansgx, B TOMy YHCII B 5 CTaTTAX y MEPIOJIMUYHUX HAYKOBUX (PaxOBUX BUIAAHHAX
VYkpainu (Ha MOMEHT onyOiKyBaHHs) 3a cnenianbHicTio 141 EnekTpoeHepreruka,
eJIEKTPOTEXHIKA Ta €JIEKTPOMEXaHiKa, sIKl MPOIHJAEKCOBaH1 y 06a3ax Scopus, a TaKoxX
2 Te3 JIOMOBiIEM Ha MDKHAPOAHUX HAYKOBO-MPAKTUYHUX KOH(MEPEHIsAx 13
myOJIIKaIlIEr0 Pe3yJIbTATIB AOMOBIACH.

Ctpykrypa Ta o0csar aucepramii. Jlucepraniiina podbora BukiageHa Ha 159
CTOpPIHKAaX MAIIMHOMUCHOIO TEKCTY, CKJIAJA€ThCsl 13 aHOTallll, BCTYyMy, 3 pO3ALIIB,
3araJbHUX BHUCHOBKIB, CIHCKY BHUKOpUCTaHuX Jkepen Ta 10 momatkiB. OO6csr
OCHOBHOTO TEKCTY aucepTalli ckianae 102 cTopiHku ApyKoBaHOTO TeKCTy. PoboTa
urroctpoBaHa 47 pucyHkamu Ta 5 TaOaunsaMu. CHOUCOK BUKOPHUCTaHHUX JKEpen

MiCTUTh 162 HaliMeHyBaHHS.

18



PO311JI 1. OCHOBHI BITOMOCTI ITPO ®OTOEJIEKTPUYHI
EJIEMEHTHU TA OI'JIAl JITEPATYPU

1.1 Tunu ¢oToeIeKTPUYHMX eJIeMEHTIB

®oroenexktpuunumu enementamu (PE) Oyaemo HazuBaTH SK MOIyIi, Tak 1
dbortoenextpuuHi kKomipku (PK), 3 SKMX BOHU CKIIJaI0ThC.

Hanisenpogionuxoei mamepianu OF

EBomtoniss ®F Hepo3puBHO MOB’si3aHA 3 YOCKOHAJIEHHSIM MaTepiaiiB 3 AKUX
BoHU BuUrortoBiieHi. [louatkoBuii eranm po3Butky ©OFE xapakrepuszyBaBcs
BUKOPUCTAHHSAM KPUCTAJIIYHOTO KPEMHII0O — Marepialy, SKUil 30epir CBOIO
MOMYJISIPHICTh 3aBASKH JIOBENIEHIN e(peKTUBHOCTI Ta jAoBrosiu”octi [1, 2, 3].
HamiBnpoBiIHUKOBI BJIACTUBOCTI KPEMHIIO, SIKHH BUKOPUCTOBYETHCS B PI3HUX
MOpGONOTIYHUX  CTaHaX  (MOHOKPHUCTaIIYHOMY,  MOJIKpPUCTaIiYHOMY  a0o
aMmopdHOMY) POOJSATH MOT0 11eadTbHUM MaTepiaaoM JUisl IEPETBOPEHHSI COHSTYHOTO
BUIIPOMIHIOBaHHS: MOTO IMHpUHA 3a00pOHEHOI 30HU J00pe MIAXOIWUTH JIJIA
MOTJIMHAHHS IIMPOKOIo Jl1ala30Hy COHSYHOTO CIEKTPY, 3a0e3Meuyloud BUCOKY
e(heKTUBHICTb MEPETBOPEHHS eHeprii [4].

Onuumu 3 HatlepexkTuBHiUX € OF 3 apceniny ramito (GaAs), skuil Ha BIIMIHY
BiJI KPEMHII0, € TIPSIMO30HHUM HamiBOpoBigHUKoM. OnHo3oHHudt ®E GaAds moxe
JOCSTTH MAaKCUMAJIbHOT TEOPEeTUUHOI e(heKTUBHOCTI 33,5% Mpu HEKOHIIEHTPOBAHOMY
COHS'YHOMY CBITI1 [5]. YHikanbHi BiacTUBOCTI Gads (mpupopHa CTIAKICTH [0
HarpiBaHHs, BOJIOTOCTI, pajialii Ta yiasTpadioaeToBoro cBitia) poonsate OF Ha iioro
OCHOBI OCOOJIMBO TPUIAATHUMH JisI KOCMIYHMX 3acTOCyBaHb [6]. EdekTuBHICTH
MEePETBOPEHHS eHeprii rerepocTpykrypamu 31 cnoayk III-V crtabinsHO 3pocTtae i
HaOmmxaeTbesa 10 40% y enemeHTiB JabopatopHoro macirtady [7, 8]. B3arami ®E,
BUTOTOBJIEHI 3 HamiBrnpoBigHukoBux cnonyk III-V 1 II-VI, okpim mnpoBigHOi
e(DEeKTUBHOCTI TIEPETBOPEHHS €HEeprii, MamTh Takl IepeBard, sK MOXKJIUBICTh
peryJyitoBaHHs 3a00pOHEHOI 30HU €JIIEMEHTHUM CKJIaJIOM, BHUCOKE MOTJIMHAHHS
(OTOHIB 3aBASKH iX MPSMO30HHOCTI, BUIIMK MUTOMUM OMiP BUCOKOCHEPTETUUHUM
npomeHsaM y kocmoci. ToukomniBkoBi OF 3 Tenypuny kagmito (CdTe) 3a06e3mneuytoTh

3MEHIIIEHHS BUTPaTU MaTepiajiB 1 3HWKEHHS BUTPAT HAa BUPOOHUIITBO [9].
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B kareropii TonkomniBkoBux @F BUAUIAIOTECS TapHUMU (DOTOETEKTPUUHUMU
BJIACTUBOCTSIMU Ta MOTEHIIAJIOM JO0 BUCOKOI €()EeKTUBHOCTI MIAHO-1HAIEBO-TAIEB]
cenenigu (Copper Indium Gallium Selenide, CIGS) [10]. ®E na ocnoBi CIGS
XapaKTepU3y€eThCsl 3HAYHUM KOE(PIIIEHTOM TOTJIMHAHHS Ta MPSMO30HHOIO
cTpykTyporo. EHeprito mpsiMux mnepexolliB y 30HY mpoBigHocti CIGS MoxHa
perymoBatu B Mexax Bifg 1,0 mo 1,7 eB, mo no3Bossie 3a0e3neynuTu onTUMaibHe
MOTJIMHAHHS Y PI3HUX 1HTEPBaJIaX COHSYHOTO CHEKTPY. LI MOXIMBICTD y OE€THAHHI1
3 BHUCOKOIO SIKICTIO MaTepiaily, 31 34aTHICTIO HOro 10 HAHECEHHS Ha THYYKUX
niaknaakax nos3uiionye CIGS sx yHiBepcaldbHE PIMIEHHS JIsI MIMPOKOro KoJja
MPAKTUYHUX 3aCTOCYBaHb.

[lepcriekTuBHOIO (DOTOENEKTPUYHOIO TEXHOJOTIEHD CTalu MEPOBCKITOBI
coHs4uH1 KoMipku (Perovskite solar cells, PSC), Hacamniepe ] 3aBAsSKH IXHIM BUCOKUM
ONTOEJIEKTPOHHUM BJIACTUBOCTAM 1 pocToTi BUrotoBieHHs [11]. [leposckitoi ®E
MalOTh p-i-n-TIepexiJ] Ta PO3AUIAIOTHCS HAa ME30MOPHUCTI Ta PETYJSIPHI CTPYKTYpH.
[licns Oinbin HiXK gecatu pokiB po3poOku PSC Oyna aocsrHyTa €(eKTUBHICTh
nepeTBOpeHHs enekTpoeHeprii 25,7% [12]. Oanak onHiero 3 ocHOBHUX TpodaeM PSC
€ CyTTeBa BTpara e(PeKTUBHOCTI 3 dYacoM. Ha nocarHeHHs cTaOUIBHOCTI
¢dbyHkIioHyBaHHs TiepoBcKiTHUX PE crpsiMoBaHi OCHOBHI 3yCHJUISL AOCIIIHUKIB 1
MEeBHI pe3yJbTaTH B I1[bOMY HAaNpsSIMKy OTPUMaHli Ha TOHKOIUIIBKOBUX
KOHCTpyKIIisx [13].

Cmpykmypa ma mexnonocii cyvacnux @F

Hns pobotu (POTOENEKTPUUYHOTO €JeMEHTa HEOOXITHI SK MIHIMyM TpHU
€JI€MEHTU KOHCTPYKIIIi:

— IlornuHay BUNPOMIHIOBAHHS, SKUWA CHOPSIMOBYE €HEPrito (POTOHIB Ha
30y/UKEHHS HOCIiB  3apsiny. B skocTi moriwHaya, SIK  MPaBWIIo,
BUKOPHUCTOBYETHCS HAMIBIPOBIIHUK, SIKUW B MPOLIEC MOTJIMHAHHS T€HEPYE
€JIEKTPOHHO-IIPKOBI TMAapU: €JEKTPOHU y 30HI MPOBIAHOCTI Ta HIPKUA Y

BAJICHTHIN 30HI.
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— MewmOpana (Hanmpukiag pn-niepexia) s 3ano0iraHHs 3BOPOTHOMY
MpoIiecy — pekoMOiHallii HOCIiB, IPU IKOMY 30YJIXKE€HI HOCIi MepeXosiTh B
OCHOBHHUM CTaH.
— KonTakTu, AKi 103BOISAIOTE 30MpaTH HOCIT Ta miakaodaTrcs 1o iHmmux OF.
[Mux enmeMeHTIB nocTaTHbO 1Jsi pobotu DE 3 HEBenukow e(PEeKTUBHICTIO
MEPETBOPEHHSI €HEPTii BUIPOMIHIOBAHHS B €JIEKTPUYHY €HEpPTrito, ane Jyist
MIABUIIECHHS €(EeKTUBHOCTI JOBOIUTHCS CTBOPIOBATH COHSYHI KOMIpkH Ta ®OM 3
Ha0araro OUIbLI CKJIAQJHOK CTPYKTYpOrO. PO3IiIIHEMO OCHOBHI CTPYKTYypU Ta
TexHoJorii cyyacHux ®OE.

binburicte  komepiiinux ®OM  BUpPOONSIOTBCS Ha OCHOBI MOHO- a0o
MYJIbTUKPUCTAIIYHOTO KPEMHIIO p-THUIY, 1 JIEMOHCTPYIOTh OUIbIITY €(EeKTUBHICTD,
HiK @M 3 6a3010 n-TUNy. 3MEHILIEHHS TOBIIMHU KPEMHIEBUX IUIACTHUH, K€ CIPUSIE
3MEHIIEHHIO BapTocTi @M, 00MEXy€eThbCsl 3pOCTAaHHSM IIBUKOCTI peKOMOIHAIllT Ha
3aHIM TMOBEpXHI IJAacTUHU. [lomupeHuM MeTooM OOMEXKEHHS TaKOro THUITY
pekoMOiHalli € 3acTOCYBAaHHsS JIETYBaHHS AJIOMIHIEM J10 MaKCHUMaJIbHOI
KoHIIeHTpaii (mpuoausHo 3-4-10' cm™) 3a1HK0T MOBEPXHI IIACTUHU Ta HAHECEHHS
CIIEYEHO1 AaJIFOMIHIEBOT MacTU 31 3HA4YHOW Judy3ier0o B KpemHid. B pesynbrarti
YTBOPIOETHCSL Iap 31 3BOPOTHIM EJIEKTPUYHUM TMOJEM, SIKE BIJIITOBXYE
(dboToreHepoBaHi HEOCHOBHI HOCIi Ta 3MEHIITY€E MIBUJIKICTh peKOMOIHAIlIl HA TUJIbHIN
noBepxHi. Hapasi Taka cTpykTypa 3 ymMoBHOIO Ha3Boo Aluminum Back Surface Field
(Al-BSF) € nOMIHYIOUOIO JJIi MOHO- Ta MYJbTIKPUCTaII4YHUX KpeMHieBux OF
(puc. 1.1).

3 Metoro nogansiioro miaBuiieHHs KK/ (> 20%) npaktuuno Bci ®F maroTh
y CBOIlM CTPYKTYp1 Ha MOBEPXHI HAIMIBIPOBIIHUKIB IIapu aienextpuka (Si0O: , SiNx
a60 A1>0;3) nns macuBariii moBepxHi [16]. OcobnMBO BeIHKE 3HAUCHHS Ma€ MTacuBaIlis
TUJILHOI CTOPOHU: Mai»e MOBHA 3a/HS MOBEPXHS MOKPUTA IIAPOM JIEeJEKTPUKaA, a
KOHTaKTH MAaloTh TOCTponoAiOHy abo niHiiHY ¢opmy. Ha crtpykrypi, B sKoi
MacUBOBaHAa TaKOX (PpOHTANIbHA TOBEPXHS, 3acHOBaHa TexHouoris PERC (passivated

emitter and rear contact — MaCUBOBAHUH eMiTep 1 TUILHHUI KOHTAKT, puc. 1.2 a), 1mo
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Oyna po3poOnena Outbr 30 pokiB Tomy [17]. KK/ Takoi cTpykTypH y Mi3HIIIUX

pobotax nepeuiiryBaB 23%.

DpOHTaNbHUIN KOHTAKT +

3arapToBaHe CKNo —____

AHTMBIAGIBHE NOKPUTTS
n-wiap

p—n-nepexi Si RH

LLlap 3BopoTHOro nons peel

Al-kOHTaKT
MonimepHa ocHoBa —— ; :
TUMBHWA KOHTAKT l

H
«—

Pucynok 1.1 Koncrpyxkuig A/-BSF ®EK p-tuny, 10 sKO1 TIAKIIOYEHO
€JEKTPUYHE HaBaHTAXEHHS [ 14, 15]

EdextuBnicte PERC enemeHTIB oOMexeHa TUM (aKTOM, 10 3a/IH1 KOHTAKTHI
30HU 3 AJIIOMiHIEM 0€3M0CepeIHbO KOHTAKTYIOTh 3 KPEMHIEM, 110 TPU3BOIUTH 10

BHUCOKOI HIBUJKOCTI PeKOMOIHAIIi B WX 00JaCTsIX.

finger “inverted” pyramids
finger “inverted” pyramids ;

rear contact oxide
rear contact

Pucynoxk 1.2 CimMeicTBO NaCUBOBAaHUX €MITEPIB 1 TWIBHUX KOHTAKTIB:
a— PERC; b— PERL; c — PERT[18]

[HTEeHCHUBHICTD peKOoMOiHAIli MOXHA 3MEHIIUTH, SKIIO il METaleBUM
KOHTAKTOM CTBOPHUTH IU(DY3HWH p+ map, SKUH CIyrye TacuBailii KOHTAKTHOI
noBepxHi. Came Taka O611bII TockoHana cTpykrypa OF 3 macuBaiiero noBepxHi Oyna
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po3pobisiena B 1990 p. ta mana Ha3zBy PERL (passivated emitter and rear locally-
diffused — mnacuBoBaHUN eMiTep 1 JOKaIbHO-AUQPY31MHUN TUIBHUNM KOHTAKT,
puc. 1.2 b) [19, 20]. OxgHa 3 rogoBHHUX nepeBar KoMmipok PERL niepen 3BUYaliHUMU
KPEMHIEBUMHU KOMIPKM — II€ MOKpallleHa MacuBailisi BCi€i MOBEPXHI TEPMIUHO
oTpuMaHuUM oOKcuaoM B atMmocdepi Tpuxioperany (7CA). PedyabTaToM IBOro €
CYTTEBE 3MEHIIEHHS HIIJIBHOCTI CTPYMY HAaCHUEHHS eMiTepa 1 BIJMOBIAHO OlIbIna
Harmpyra xoyuoctoro xoay. Hapsiny 3 uum okcuja cupudnHsie npubIn3HO TUIbKU 3%
BTpaT Ha BIIOWUTTS BUIPOMIHIOBAHHS Ha TEepeAHid mMmoBepxHi enemeHTa. Kpim
nacuBailii okcugoM 7CA, nepeiHs Ta 3aHs1 KOHTAKTHI 30HU MACUBYIOThCS AUQY31€10
dbochopy Ta 60py BHCOKOT KOHIIEHTpaIlii, BIAMOBIAHO. OTXe, peKOMOIHAIS B ITUX
KOHTAKTHHUX 30HaX 3HAYHO 3MEHILIEHA Yepe3 MPUIAYIICHHS HEOCHOBHUX HOCIIB B
obyacTsax p+.

Caig BIAMITHTH, 110 Y€pE3 Maly IUIOILY 1U(y3HUX KOHTAKTIB (AUB. puc. 1.2 b)
€JIEMEHTH 3a TexHoJjorielo PERL MaTh BIAHOCHO BEIUKWM MUTOMHU OIIp, IO
MIPU3BOAUTH 10 HEBUCOKOTO KoedimieHTa 3anoBHeHHs BAX. [[ns mogonaHHs 1bOTO
HenoiKa Oyiia 3anpornoHoBana ctpykrypa PERT (passivated emitter and rear totally
diffused — mnacuBOBaHMI eMiTep 1 MOBHICTIO AUGPY3IMHUNA TUIBHUN KOHTAKT,
puc. 1.2 ¢) [21]. B ctpyktypy PERT y310BX yCi€i 3aIHHOI MOBEPXHI I0JaHO TOHKUHN
map 60py, TOA1 AK yC1 1HIII €IEMEeHTH, TpUTaMaHHi1 eeMenTam PERL, 3anuialoThCs.
[lap p-Tuny HaHeceHUM B3JOBXK 3aJHLOT MOBEPXHI 1 3a0e3neuye HU3bKUU PIBEHBb
OToOpy, 3aBISKH LIbOMY CYIUJIbHOMY IlIapy T€HEPOBaHI CBITJIOM HOCIi pyXarOoTbCs
MEePIEHIUKYIISIPHO 10 HbOTO. [Ipu CTBOpEHH1 3aIHBOTO p-11apy MOTPIOHO MPArHyTH
KOMIIPOMICY MDK THiJBUILIEHOIO MPOBIIHICTIO Ta HU3bKUM pPIBHEM peKOMOiHaIli
no6iu3y 3aHboi moBepxHi. OTXe, MPU CTBOPEHHI p-Il1apy BUTPUMYETHCS Maauil
piBeHb JieryBaHHs Oopom. BiamosigHo poGoti [22] crpykrypu PERT, sxi
BUKOPHUCTOBYIOTh CyOCTpaTH, BUPOIIEHI 3a METOI0M Y0XpaabChKOTO B aKClaJTbHOMY
MarHiTHOMY I0J1, MalOTh OKpaIieH1 (pakTop 3amoBHEHHs Ta Hanpyry XX.

Bzarani y mnopiBHsSiHHI 3 TpaauuiiiHow TexHojoriero @OE, TexHonorii
BurotoBieHus PERC, PERL 1 PERT no3Bonstorh cyrreBo miaBunutu KK

COHSTYHUX KOMIpOK [23].
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B ocranHi pokM OJHOCTOPOHHI (POTOENEKTPUUHI TEXHOJIOTli YaCTKOBO
BUTICHSIOTHCA JIBOCTOPOHHIMHM (DOTOEIEMEHTaMH, MOAYJISIMH Ta CHCTEMaMHu.
JlonaTkoBuid 301p COHSYHOTO BHUIIPOMIHIOBAHHS 3I1MCHIOETHCS B HUX Ha 3aHIN
MOBEPXHI 3aMICTh HEMPO30PUX MOHOJITHUX KOHTAKTIB BCTAHOBJIEHI KOHTAaKTH,
130JIbOBaHI Ta OOMEXeH1 3a riomer. EdeKTUBHICTh 3aJHBOI CTOPOHM JOCSATAE
oubmie 60% edexTUBHOCTI TEpeaHbOi CTOPOHU. ba3yloThcsi JIBOCTOPOHHI

koHCTpyKIii Ha PERC, PERT, HIT Ttexuonorisx [24].

1.2 OcHoBHi npouecu B ®E npu ocBit/ieHHI

Konctpykiiito @E MoxkHa crpoiiieHo 300pa3uTu SIK MOKa3aHo Ha puc. 1.1.
OCHOBHUMH €JIEeMEHTaMU € IUIACTUHYACT! HAIMIBIPOBIJIHUKU PI3HOTO THUITY, MIXK
SKUMH YTBOPIOEThCSI 00J1acTh prn-niepexony. Ha nunboBy ocBitiieny noBepxHio OF
(y ubomy mnpukiani n-o0JacTh) HAHECEHA KOHTAaKTHA MeETajeBa CiTKa, THUJIbHA
MOBEpPXHA (p-0051acTh) Ma€ CYIUIbHUNW KOHTAKT, a [0 KOHTAaKTIB MIAKIIOUYEHO
€JICKTpUYHE HaBaHTaXeHH [15].

3 JIBOX CTOPIH BiJl TPaHMUIIl pn-NIEPEXO]y BUHUKAE 00JIACTH MPOCTOPOBOTO
3apsiny (oOjacTh, 110 BHUCHA)XXEHAa OCHOBHUMHU HOCIsIMH, depletion region) 3
BIAMOBIAHUM eneKkTpuuHuM moneM. [Ipu ocsitienHi noepxHi OE BinOyBaeTbes
30yKEHHS €JEKTPOHIB y 30H1 MPOBIAHOCTI MiJ 1€I0 KBAHTIB BUIPOMIHIOBAHHS 3
EHepri€lo, JOCTaTHROI JUIS TMOJOJaHHS 3abopoHeHoi 30HU. llei mporec
MPECTABIAETHCS SIK (OTOreHepallisi e1eKTPOHHO-AIPKOBUX Tap.

DOTOENEeKTPOHH, SIKI YTBOPIOIOTHCS MOOJIH3Y prn-NEpPeXoy, 3aXOILUTIOITHCS
€JEKTPUYHUM TMOJIEM MPOCTOPOBOTO 3apsily Ta MOTPAIUIAIOTH B /7-HAIMIBIPOBIIHUK,
JIe BOHM € OCHOBHUMH, a JIPKH — B p-HamiBIOPOBIAHUK. fAkuio enexrpoan PE
i1’ €JHAHI O HABAHTAXKEHHS, €JIEKTPOHU PYXAIOThCA MO €JIEKTPUUYHOMY JIAHIIOTY,
YTBOPIOIOYH CTPYM IMPSMOTO HANpPSMKY: €JIEKTPOHH CTIKAlOTh 4Yepe3 HEeTraTUBHUU
€JEKTPOJ n-HAMIBOPOBIAHUKA, a MJIPKA — dYepe3 MO3UTUBHUU €NEKTPOAd p-
HaIIBIPOBIIHUKA. BennunHa 1Ib0T0 CTPyMy 3alIeKUTh Bl IHTEHCUBHOCTI MPOIECY

(dboTorenepailii Ta ONOpy HaBaHTAXKEHHS.
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KitouoBy posib y po3AUIEHHI HOCIIB 3apsily Ta MPOTIKaHHI CTPYMY Y IPSIMOMY
HaInpsMKYy Tpae pn-tiepexif. OcTaHHI MOXHa KJIacu(iKyBaTH 3a TUIIOM MaTepiaiB,
SIK1 BUKOPUCTOBYIOTHCSI:

T'omonepexio. YTBOPIOETbCS MK JIBOMa IIapaMd OJHOTO W TOTO X
HaIMIBIPOBIIHUKA (HATIPUKIIA/, C-S7), CHEPTeTUUHHIN Oap'ep CTBOPIOETHCS BUKIIOUHO
3a paxyHOK JOMIIIOK.

I'emeponepexio. BuHWKae TpPU KOHTAKTI PI3HUX HAIMIBIPOBITHUKOBHUX
MarepianiB. Taki mepexoaud CTBOPIOIOTh OUIBIIMI BHYTPILIHIA €JIEKTPUYHUN
MOTEHIIIAJI, [0 MOKE MiABUIYBAaTU €(PEKTUBHICTh MPUCTPOIB.

p-i-n  nepexio. Bxiwodae BHYTpiHIA wap  (intrinsic)  BIACHOTO
HaIIBIPOBITHUKA, SIKUM PO3LIUPIOE 00JIACTh BHYTPIIIHBOTO €JIEKTPUYHOIO MO, 110
3MEHIITy€e UMOBIPHICTh peKOMOiHaIlli HOCIIB.

Meman-nanienpogionukosuil nepexio (m-s). GOPMYeETbCS MK METaJIOM 1
HaIMIBIPOBIIHUKOM; TpuKIagoM € Oap'ep IIOTTKI, SIKMII CTBOPIOE BHYTPILIHE
eJIEKTpUYHE T0JIe Ta peaizalis oro y miogax loTTki.

[IpukinaneHHs eNeKTPUIHOTO MO MPU3BOJUTH 10 MOSIBU APEPOBOTO CTPyMYy,
1 pe3yJbTYyIOUUI CTPYM CTa€ PIBHUM CyMi 1U(]y31HHOro Ta qpeidoBoro crpymis [25,
26]. TloBHa IIUIBHICTE CTPYMY CKJIAQNAETHCA 3 EINEKTPOHHOI iy Ta IIPKOBOI I,

KOMIIOHEHT CTPYMY Y€pe3 pn-nepexi:

] . . Un Up qU
— =k 2 [ <_> — 1]’
[ =ip+i, =kTn; nNA+ N exp (1.1)

ne k — crana bonbivana (1.38 x 1072 JIx/K), T — abGconoTHa TeMmmeparypa B
KenbBiHax, n; — BJlacHa KOHIIGHTpaIlil HOCIIB 3apsjy B HaMiBIPOBIIHUKY,
Un TA [, — PYXJUBICTb €JIEKTPOHIB Ta MIipOK, Ly Tal, — poBkuHA audysii
€JEeKTPOHIB Ta JipoK, Ny Ta N — KOHIIEHTpallisi akIeNTOpiB Ta JOHOPIB, ¢ — 3apsi
enexktpona (1.6 x 107*° Kun), U — npukiaiena Hanpyra.

®opmyna (1.1) cipaBeasiiBa TaKOX MPHU BIJ EMHUX 3HAUEHHSX HANpyru (Ipu
3BOpPOTHIH Hampy3i). B iboMy BUIIaIKy €KCIIOHEHUIMHUM YJIEHOM MOKHA 3HEXTYBaTH

Ta OTpUMATHU BHpPA3 AJId 3BOPOTHOI'O CTPYMY HACHUYCHHS:
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Aff _ pTn? Hn Hp
Iy n; <LnNA + LNy (1.2)

[eit ctpyM € uncTo AUQy31MHUM, OCKUIBKUA HE 3aJIEKUTh BiJl €IEKTPUYHOTO
MoJisi, TOAl Mpu IpsiMoMy 3MmiieHHi (v > 0) orpumaemo Binomy gopmyny [loxmi

[27]:

[ =1, diff [exp (kT) - 1] (1.3)
7ie Vv — HampyTa Ha Ji0Jl, ¢ — 3aps eNeKTpoHa, k - T — TeruoBa enepris, a kT /q =
vr — TerioBa Hanpyra (25.69 mB npu 25 °C), i — NIIBHICTb CTPYyMY.

Skimo BpaxyBaTu, 110 B Jlana3oHi poOOYOi HaMpyru €KCIOHEHTa Habarato
OunbLIe 1, TO OTpUMAaEMO JiHIMHY 3aJIEKHICTD JIoTapu(dMy cTpymy BiJ NPUKIAIEHOI

HaIpyTH:

qu
kT

[loBeniHKka peanbHOrO pn-NEPEXojly HE MOXke OyTH oOmucaHa 1/1ealibHOIO

ni =il +-— (1.4)

mozemto (1.1) —(1.4), ockiabku HEOOX1AHO BpaXOBYBaTH MPOLIECH PEKOMOIHAIIT, K1
BiIOyBaIOTbCSI B PI3HUX JAUISTHKAX HAMIBIPOBIIHUKOBOI CTPYKTypH (OLIbII
JETAaTbHUNM OIJIsii MeXaHI3MIB pekomOiHalii HaBeneHut y posa. 3.2). Ilpu
BpaxyBaHHI TUIbKU OJHOPIBHEBOI peKoMOiHaIlli B 00JACTi MPOCTOPOBOTO 3apsly
srimno mozem Illoxni-Pina-Xomna (SRH — Shockley-Read-Hall) [28, 29], moxHa
npuiitu 10 ¢popmynu Buay (1.3), ane 3 monpaBKoIO Ha HE1ICAIBHICTh pH-TIEPEXOAY Y

BUTJISA/II KOe(illi€HTa 11€anbHOCTI A y MOKa3HUKY €KCTIOHEHTH:

[ =1, dif [exp (%) - 1], (1.5)

ne A — KoeilleHT 1/1ealbHOCTI, SKUW 3MIHIOETHCS HA PI3HUX 1IHTEpBaiax Hanpyru. B

pamkax moaeni SRH miamazon 3nauens 4 Bif 1 (imeansHuit pn-nepexia) 1o 2.
ExcnepumeHTanbHi 1aHi sl CTPYMY Yepe3 pn-nepexijl, KUl BUTOTOBICHUHN

Ha BHCOKOMY TEXHOJIOTIYHOMY pIBHI, JAlOTh 3aJIEKHOCTI BIJ HANpyrd TUILY,

MOKa3aHoMy Ha puc. 1.3.
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Pucynok 1.3 3anexHicTh CTpyMy uepe3 pn-nepexij BiJl HalpyTu

[Ipu ocBiTIEHHI pn-niepexojii, TOOTO mpu nepeTBopeHH1 naiony B DE,
posrisinyTa BAX onucye elekTpUuyHUA CTPyM depe3 M10J1 y NPSIMOMY HaMpsSMKY Y
B1JICYTHOCTI OCBiTJIeHHS (TeMHOBa BAX).

Tpaaumiiina teopiss ®F nependauae eNeKTpUYHO OJHOPIAHY KOMIPKY, B SAKOT
HIUTBHICTh CTPYMY uepes3 pu-nepexis onucyerbest piBHaHHAM ok (1.5), a ctpym

4CpEe3 HABAHTAXKCHHA Ja€ThCA BUPA30M!

i(v) = ipp — i [exp (%) - 1] = Ipp — o [exp (A va> - 1]’ (1.6)

€ ipp — WIBHICTH (OTOCTPYMY, AKHA reHepyeThes OE B moTOYHMX 30BHIiLIHIX

KT
YMOBAX, Vr = —- — «TeIIO0BA» Hanpyra.

[Ipu xoporkomy 3amukaHHi KOHTakTiB @FE v = 0 1 poTocTpy™m 3rimno 3 (1.6)
JIOPIBHIOE CTPYMY KOPOTKOTO 3aMUKAHHSA: [, = lgc MiJ 4Yac OCBITJICHHs. Bin He
3QJIEKUTH BIJl 3MIIIEHHS U, TOJl K ApYrui wieH y piBHsAHHI (1.6) siBIsie coOoro
3QJIeKHY Bl HAIPYTH MIIJIBHICTH TEMHOBOTO CTpyMy. BinnoBigHo 10 piBHsHHSA (1.6)

ocBiTiieHa xapakrtepuctuka OE nopiBHIO€E GOTOCTPYyMY, 3MIILIEHOMY B HETATUBHOMY
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HanpsMKy Ha TeMHOBUH cTpyMm. s pexumy XX v = v,., i = 0 (B pO3IMKHYTOMY
JaHII031 (OTOCTPYM TMOBHICTIO BPIBHOBAXKEHUN TEMHOBHUM CTPYMOM) MOXHA
OTpUMAaTH B1IOMUM BUPA3 JJIsl HAPYTH XOJIOCTOTO XOY:
iSC
Voe =A-vp-In— (1.7)
Lo
[leit BUpa3 mokasye BILUIUB TEMHOBOT XapaKTEPUCTUKH, a TOUHIIIIE, TapaMETPIB

ig, A Ha edexTuHicTs OE. Hampyra B TOYIl MaKCUMAJIBHOI MOTYKHOCTI Uy, 1

BIJIIOBIJTHA TMOTYXKHICTh OyAyTh TUM Ouibllle, YUM OuIblI€ V,. . 3TIJHO 3
dbopmynoro (1.7) 1me o3Hadae, MO YUM MEHIINE 3HAYEHHS [y , THUM OUIbIIE
edextuBHICTh DE.

3 bOr0 BUpa3y MOKHA 3pOOUTH TaKOK BUCHOBOK PO PopMy KpUBOi B 001aCT1
MPP: 30inbmIeHHS v, TPU3BOAUTH A0 3MimeHHss MPP BopaBo na BAX (puc. 1.5).

JiiicHO, BENMYMHA 3MIHEHHS Voe 1 Vpp, 3QNEKHTH Bil JBOX KOHKYPYHOYHX

MHOXHHUKIB B 100yTKy A - In"1i; . Ockineku mo6IM3y V,. KpHMBi MOBHOTO Ta

mu(dy31iHOrO CTPYMIB MPAaKTUYHO CHIBNAal0Th (puc. 1.3), BeIWYMHA BKa3aHOTO
N00yTKY BU3HAYAETHCSI B OCHOBHOMY MHOKHHUKOM A, 1 3pOCTaHHS peKOMO1HAIIIHOTO
BKJIaJly B CTpyM Oyne 3mimatu MPP B ctopony Ouibmnx v.

1.3 OcHoBHi xapakrepuctuku ®M

BropoBajkeHHST HOBUX TEXHOJIOTIH y BUPOOHHUIITBO (HOTOECIEKTPUUHUX
MOJyJIIB MOTPeOyIOTh PO3pPOOKH BIAMOBIIHUX CXEM KOHTPOJIO Ta PO3UIUPEHUX
pexuMiB TecTyBaHHs. HailOuibin iHGOpPMATUBHUMHU 3 TOYKHA 30pYy OLIIHIOBaHHS
edextuBHOCTI poboTh DM Ha HaBaHTaxkeHHs BBaxatoThcs [(V) Ta P(V)
xapakTepucTuku. [{i xapakTepucTuKu, OTPUMaHI y CTaHJAPTHUX TECTOBUX yMOBaX
(STC — Standard Test Conditions, 1000 W/m?, 25 °C, AM1.5) Mo:xHa po3IIIAaTH K
ceptudikar sxocti ®M. B Toii 3xe yac BAX, siki BUMIpsiHI Y 3BUYaiHUX (ITOJIHOBHUX )
YyMOBaxX €KCIUTyartaiii, € KOPUCHUM E€KCIIEpUMEHTAJIbHUM MaTepiajioM IMpu
MPOEKTYBaHHI (DOTOETEKTPUYHUX CUCTEM 3 BUCOKUM BUPOOITKOM €JIEKTPOCHEPTIi.

Ha puc. 1.5 nmokazani TUMOBI XapaKTepH1 KpPUBI 3aJIeKHOCTI cTpymy (V) Ta
notyxHocti P(V) Big Hanpyru Ha HaBaHTaxkeHH1. Ha rpadikax 300paxkeHi cimelicTBa

KPUBUX, SIKI 3BUYAHO OTPUMYIOTHCS MpPHU PI3HUX 3HAYEHHSAX TEMIIEpATypu Ta
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COHSIYHOI pafianii. OCHOBHUMH TOYKAMH, MK SIKUMH OYyIOThCSA 111 KPUBI, € CTPYM
K3 [ abo MakcuManbHUIl CTpyM MNpU HYJbOBUH Hampy3i Ta Hanpyra XX Ve abo
MaKCHUMallbHa Hampyra Mnpu HyJIb0BOMY cTpyMi (puc. 1.5 a). Jljist K0KHOT TOUKHU Ha
KpuBiil /(V) 1o0yTOK CTpyMy Ta Hallpyry NPeICTaBIs€ PE3YyIbTYIOUY MOTYXKHICTh y
HAaBaHTAKE€HHI. MakcUMalbHa MOTYKHICTh, CTBOPEHA MOJIYJIEM, JOCATA€THCS B TOYIII

MPP, ne n1o6yTok CTpyMy Ta Hampyru € MakcumanbHuM (puc. 1.4) [15].
0.7

MPP

ISC

2

0.5

0.4
=
0.3

0.2

0.1 3

0 0.5 1 1.5
V,B Ve

Pucynok 1.4 HapanTtaxxyBanbHa BAX ¢oToeNeKTpUuYHOro e1eMeHTa i OMiuHi
XapaKTePUCTUKN HaBaHTAXEHHs (MPAMI JIiHIT JUIsl pI3HUX OMOPIB).
Touka 2 BINOBIJa€ MAKCUMYMY HOTYXHOCTI,
roia 3adapOoBaHOro MPSIMOKYTHHUKA — MAKCUMAaIbHINA MOTYKHOCTI

[Tokazuukom edextuBHOCTI DM € Takox koedimieHT 3anoBHeHHs (FF — Fill

Factor), o Bu3Haya€eThCs K CIIBBIIHOIIICHHS:

Lnpp ™ Vinpp

FF =
Ise " Voc

<1 (1.8)

AKe Moka3ye Hackiibku BAX HaOmmxaeThes 10 NPAMOKYTHOTO BUIIIsIy. O4eBHUIHO,

10 YUM OJIMKYe A0 OJUHUII KOe(DIIIEHT 3aMOBHEHHS, TUM Kpalle sKicTe OM.
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Pucynok 1.5 Cimeiicta xapakrepuctuk [(V), P(V) ®M
JUTSL pI3HUX TEMIEPATyp Ta IHTEHCUBHOCTI pajialii:
BAX (a); xpuBi noty>kHOCTi (b)

(MozenbHI pO3paxyHKH A Si-MOJyJiB MOTYkHIcTIO 250 BT)

[lepeniueHi XxapaKTepUCTUKHU CB1IYATh PO MOTOYHUMN CTaH (POTOETEKTPUUHUX

MOJIyJIiB 200 KOMIPOK, 3 IKUX BOHU CKJIAJAl0ThCs, Ta MOXKYTh BKa3yBaTH PO MaJIIHHS

iX e(peKTUBHOCTI Ta MOIMIKOIKEHHS.

1.4 MopaearoBanua DK 3a 1onoMororo eKBiBajJeHTHHX CXeM 3aMillleHHSA

MopnentoBanHs po6oTu MacuBiB @M y pi3HHX 30BHIIIHIX YMOBAaX € BaKJIMBUM
€TaroM IpHU MPOEKTYBaHHI, aHaNI31 Ta MPOrHO3YBaHHI pOOOTH (HOTOEIEKTPUUHUX
cranuii. HainmommpeHimmm MOiAXOA0M A0 MOJICIIOBAaHHS € BUKOPUCTAHHS
EKBIBAJICHTHUX CXEM 3aMIIIEHHS, K1 JO3BOJSIOTH BPaXOBYBaTU KIIIOYOBI (h13UUHI
MPOIIECH, IO BiAOYBAIOTHCS B COHSIYHUX €JIEMEHTAX.

1.4.1 Ognoaiogna moaensn (1-D Mmoaen)

PiBusnnas tuny (1.6) mns crpymy ocBitieHoi @K MoxHa posrisgaTd sk
piBHsHHA Kipxroda nis eleKTpuyHOi CXEeMHU 3 TphOMa E€JIEMEHTAMU: JKEepesioM
CTPYMY iph, 110JI0M 3 HeniHiiHOI0 BAX 1 HaBaHTaxkeHHSIM 31 cTpymoM i(V). Ane
piBHsiHHA (1.6) € nume inealbHOI MOJAEII0 (DOTOEIEKTPUUYHOIO EJIEMEHTA.

HacnpaBai moTpiOHO BpaxoByBaTU €IEKTPUYHI BTPATH, SKI OMUCYIOTHCS
MOCHIOBHUM 7 1 MMapalieTbHUM 7, onopaMu. BpaxoByroun Bci MOTpiOHI €JIEMEHTH,

K1 BuU3HadaroTh BAX, mpuxomumo a0 oaHomionnoi (1-D) cxemu 3amirieHHs,
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MoKa3aHoi Ha pucyHky 1.6. 1-D wMogens €, MaOyTh, HANUNOMIMPEHIIION
€KBIBAJIEHTHOIO €JIEKTPUYHOIO0 cxemoro peanbHoro ®E. bararo pocnimpkens Oynu
30CepeKEHI Ha BIUIYYEHHI TapaMeTpiB MOJEINI 3 BUMIpIOBaHb, poBeaeHux B STC,
3 METOIO0 BIITBOPEHHSI €KCIEPUMEHTaNbHUX XapakTepuctuk [(V) . YmoBamu STC
BBAXKAIOTLCS IHTEHCHBHICTH HOPMABHOI Nafarouoi pagianii 1000 Br/m? npu cnekrpi

AM1.5G i remneparypi ®E T = 25 °C.

rs
——o0
iph T ¢Id ¢Ip A
d r, v
‘o)

Pucynok 1.6 Onnonioana cxema 3aminieHHs @M

Jlxepeno i, MOJIENI0E CTPyM, YTBOPEHHH 3a paxyHOK ¢oToreHeparii
(boTocTpyM) 1 mpomopuiHUN 1HTEHCUBHOCTI (G, COHSIYHOTO BHUIIPOMIHIOBAHHS,
HOPMAaJIbHO MaJal0vu0oro Ha MpUiMalibHy MOBEPXHIO elleMeHTa. Benuuuny i, MOxKHa

OLIIHIOBATH BIJHOIIIEHHIM:
Gn
PR 1000
.STC

zie iyp — (OTOCTPYM MpHU CTAHAAPTHUX TECTOBUX YMOBAX.

i A (1.9)

Hion B cxemi onncyetrbcsi BAX 3a popmynoro Iloxmi (1.5) 3 koedimienTom
11€aJIbHOCTI 4.

[TocniioBHUH omip 7s BpaXOBY€ OMIUHI BTPATH, Kl BAHUKAaIOTh B OCHOBHOMY
uepe3 OIlip MaTepialliB Ta KOHTAKTIiB y CTPYKTYpi COHSYHOTO eleMeHTa. Moro BB
Ha NaJ1HHS HAIPYTd HaBaHTAXXEHHS BUPAKAETHCS SIK

V=vg—10"7, (1.10)

1€ V4 — Hampyra Ha J10/l.
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[lyntyrounii omip 7, MOJEIIOE BUTIK CTpyMy uepe3 OokoBi moBepxHi DE,
nedexTH, TaKi SK MIKPOTPIIIKHY, Ta iHIe. CTPYM i,4Yepes OIip 7p TOPIBHIOE:

v+i-rg

 =——— (1.11)
1% T,

3arasibHe piBHSAHHS OJHOJ10HOT Mojei 3aMileHHs @M Mae BUTIIS:
v+ v+
—— |~ 1| ———— (1.12)

i(v)=iph—i0-[exp< 7
T

o

BAX OE 3anexurh CKIQJHUM YWUHOM BiJ MNPUPOAM MaTepiaiiB Ta ix
€JIEKTPOONTUYHOI BJIACTHUBOCTI, BIJI CTPYKTYpH €JIEMEHTa Ta TEXHOJOTTYHUX
napameTtpiB. Ockunbku KpuBa /(V) Mae HenmiHIMHUN XapaKTep, a OHO10/JHA MOJIETh
3QJIEKUTH B1J KUIBKOX MapaMmeTpiB, MaTeMaTuuHe mMojentoBaHHs BAX € 30Bcim He
TpuBiaNbHOWO  3amadero. OAHOMIONHA  MOJAENb  MICTUTh 5  MapaMmeTpiB
(m’ssTunapaMeTpuydHa Mozenb). L1 mapameTpu, K MpaBuiio, OLIHIOIOTHCS Ha OCHOBI
BAX, BuMipsanoi B ymoBax STC, abo myxe HaOIMKEHO — Ha OCHOBI 1HQoOpMaIlii,
BKJIIOUEHIN y TEXHIYHUU MacmopT. Aje JJig MPaKTUYHOTO 3aCTOCYBaHHS HEOOXiaH1
napaMeTpu, 110 BUMIpPSIHI B PI3HUX YMOBAX COHSIYHOTO OMPOMIHEHHS 1 TEMIIEpaTypu
HaBKOJMIIIHBOTO CEPEIOBUINA, OCKUIbKU (POTOENEKTpUUHI MOMIYJI 3a3BUYail HE
npaiooth B STC. 3aranbHuil minxig 0a3yeTrbcsi Ha po3mupeHHl piBHsAHHS (1.6)
JOJJATKOBHUMH €JIEMEHTaMU B CX€Mi 3aMilleHHs. 3 yacoM OyJM NPUKJIaJAeH] MEeBH1
3YyCWIIJISL JJisl pO3pOOKM airOPUTMIB BU3HaueHHs mapameTpiB @M, 3acHOBaHMX Ha
BAX, orpumanux y peanpaux ymonax [30, 31].

Ho nepesar 1D moneni ¢ BiIHECTH:

— HEBEJIMKI BUMOTH 10 00UMCIIIOBAIbHUX PECypCiB Mpu MojientoBanHi BAX;

— aJekBaTHMM omnuc peanbHux BAX B mMpokoMy aAiana3oHl 3HAY€Hb

IHTEHCUBHOCTI pajiallii Ta TeMnepaTypu;
— MOXJIMUBICTh BHUKOPHCTaHHS MOJENl [JIs 3aJad  pO3paxyHKy Ta
MPOEKTYBaHHS (DOTOETEKTPUUYHUX CUCTEM.

Cepen sHemomikiB 1-D momeni MokHa HaszBatu omuc ®E sk omHOpimHOI

CUCTEMH 3a PO3MOALIOM TeMIepaTypu Ta OCBITJIICHHS, a TaKOXX HEBU3HAUEHICTh

MOYaTKOBHX 3HAY€Hb NapaMeTpiB MOJENi, SKI 3aJar0ThCsl JUIsl ITepauiil mpu
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YUCEJIHLHOMY PIIIEHHI HEMIHIMHUX PIBHSAHB. AJie HE3BAXKAIOYHU HA II€, BOHA € OJIHIEI0
3 HaunomupeHimux Mozeneid @F 3aBasiku CBOIH MPOCTOTI Ta THYYKOCTI: Ha i1 OCHOBI
CTBOPIOIOTHCS OUTBII J€TadbHI CXEMHU 3aMillleHHS (POTOECNEKTPUYHUX MOMAYJIB, SIK1
CKJIaJIAOThCA 31 CXeM 3aMillleHHs1 KoMipok (puc. 1.7); ii MOkKHA BUKOPHUCTOBYBAaTH
st onucy BAX mpu uyactkoBomy 3ariHeHHI M. 3acTocyBaHHS PO3BHHYTHUX
METO/IIB allPOKCUMAIIi1 JJO3BOJIsI€ 3HAYHO MIJBUIUTA TOYHICTh OL[IHKY MapaMeTpiB 3

TOYKH 30py HOPMaTi30BaHOI CEPEIHHOKBAIPATUYHOI MOXUOKHU (IuB. po31. 3.1.4).

K
®
®
nS |
! V=vng

W : o
® ® 3 ® ¥

& I
. n J

I =in,

e

™~

Pucynok 1.7 Cxema 3aminieHHs 3’€IHAaHUX KOMIpoK y ®M
(ns — KUTBKICTD MOCIIIOBHO 3’ €THAHUX KOMIPOK,
Np — KUIBKICTh MapalieNIbHO 3’ €IHAHUX KOMIPOK)

1.4.2 /IBoxionHa moaeab (2-D moaen)
Skio BBaXxaTH, MO pe3yNbTYIOUUN CTPYM 4depe3 pr-mepexiJi CKIATAEThCS 3
mudy3iiiHOT Ta peKOMOIHAIIMHOI KOMIIOHEHT, MOYKHA 3a MPUHIIUIIOM CYIIEPIIO3UIIIi

BBECTH B CXEMY 3aMIIlIEHHs JBa AI0JU: MEPIIMH 10 € «IJeaJIbHUM» HI0JIOM 13
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3BOPOTHUM CTPYMOM [y Ta MapaMeTpoM iealbHOCTI A4, 1m0 omnucye nudysiiiny
KOMIIOHEHTY, a Jpyruil [miox 13 3BOPOTHUM CTPYMOM [y, BIAMNOBIIAE
peKoMOiHAIIHHOI KOMIIOHEHT1 3 mapameTpoMm A,. B nuiomy, 3riiHO 3 JBOJI10AHOIO

MOJIEIUIIO, IUIBHICTh cTpyMy DE onucyeTbest HACTYITHUM YUHOM:

R T

BiamoBigHa cxema 3amilieHHs MokKa3aHa Ha puc. 1.8.

r

S

o—
iy 1T Vi, Vi, | ¥i,

7§ ” J O

Pucynok 1.8 JIBomioana cxema 3aminieHus @M

VY nBoaioHy MoJelb, y MOPiBHSAHHI 3 1-D Monenito, BBeIeHUN APyTHil 1101
31 CBOIMHM TapamMeTrpaMu 3BOPOTHOTO CTpyMy Ta KoediiieHta igeanbHoOCcTi. [Ipu
BpaxyBaHHI JOJaTKOBOTO IIYHTYIOUOrO CTPYyMy uepe3 Lel Mdi0J, OTPUMAEMO
HacTynHe piBHsAHHSA 111 BAX OE:
] ) ) v+i-Tg ] v+i-T
0 = b= o e (%) = 1] = hoa- e (7)1 -

v+

)

(1.14)

Tp

1e iy, Ay —3BOPOTHIN CTPYM HACUUYEHHS Ta KOS(IIIEHT 11€aIbHOCTI TPETHOIO A10/1a.
Jlo mepeBar ABOAI0AHOT MOJIEI CJI1/T BITHECTH:
— Ol TouHE MozentoBanHs [-V XxapakTepucTuk, ocodauBo, B o61acti MPP
[32], a TakOX MPU YMOBAX HU3BKOTO PIBHS COHSIYHOI pajIiallii;
— MOXJIUBICTh y CHPOILIEHOMY BapiaHTI BpaxyBaTH MpOIECH peKOMOiHAaIli

HOCIiB Y 30H1 301THEHHS;

34



— Ounpn agekBaTHUM, HiXK y 1D Moneni onuc BAX npu pi3HUX 30BHIIIHIX

yYMOBaxX COHSIYHO1 pajiallii Ta TeMnepaTypHu.

Henmonikamu 1iei wMopemi € OUIblI  MIMPOKUM HAOIp mMapaMeTpiB
(7-mapameTpuyuHa MOJ€Ib), OUIBIII BUMOTH JO OOYHUCITIOBAIBHUX PECYpPCIB Ta HE
30BCiM (DI3UYHUMN ONUC pn-TIEPEXOAY 5K JBOX HE3aJICKHUX T10AIB 3 (IKCOBAHUMU
TEMHOBUMH XapaKTEPUCTUKAMMU.

B nesikux AOCHIIKEHHSX JIBOJIIOJIHA MOJIEIh BUKOPUCTOBYETHCS ISl aHATI3Y
@®E Ha 0CHOBI MEPOBCKITOBUX Ta OaraTomiapoBUX CTPYKTYP.

1.4.3 Tpugiogna moxessb (3-D moaen)

TpuaionHa cxema 3aMIIlIEHHS € TMOJAJIbIIMM PO3BUTKOM OJHOJIOIHOI Ta
IBOAIOHOT MOJENEeH, 0 BUKOPHCTOBYETHCSA ISl BpaxyBaHHsS OUIBLI CKIIAJHUX
(Qi3MYHUX TIPOLECIB y COHSYHUX eJeMEHTaX. li OCHOBHOI METOI € TOYHiIIE
MOJICTIOBaHHSI BHYTPIIIHIX BTpaT 1 BUTOKIB CTPyMy 4Yepe3 TpaHUIll 3epeH Ta
nepudepiitHi 00J1acTi COHIYHOTO eeMeHTa. Ll cxema aHanoriyHa 1BOI10IHIN cXxeMi

(puc. 1.8), ane mictuth Tpu aiona (puc. 1.9) ta 3anexuts Big 9 napameTpis.

r

S

iph T ¢id, ¢id2 *id3 ¢ip :
d\/ N/ N/ T, ’

>»

Pucynok 1.9 Tpumioana cxema 3aminienus @M

PiBusHHS 4JIs1 CTpyMYy B HaBaHTaXCHHI BUIIIAI1a€ HACTYIITHUM YWHOM!

(W) = i ] [ <v+i-rs> 1] ] [ <v+i-rs> 1]
i(v) =iyp — g1 - |eXp\—————— ) — 1| —ipz - |exp|————— ) — 1| —

] v+ v+
o oo () o]

A3 : VT Tp

(1.15)

1e i3, Az —3BOPOTHIN CTPYM HACUUYEHHS Ta KOS(PIIIEHT 11€aIbHOCTI TPETHOIO A10/1a.
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Cepen mepeBar TPUAIOAHOI MOJENI € MOXJIMBICTH OTPUMATH OLIbII TOYHY
anmpokKcUMallio excrnepuMeHTaabHuXx BAX, 0cOONMBO 3HATUX NPU HU3BKOMY PIBHI
COHSIYHOI pajiamii Ta 3HAYHUX BHUTOKax cTpymy. Henponikamu € 1mrydHe
MpeACTaBlieHHs cTpyMoBuX TporeciB y ®E nHabopom mnioniB 3 ¢iKCOBaHUMHU
napaMeTpaMmi, a TaKOX CKJIAJHICTh MPOLEeypH OararornapaMeTpUuHOi ONTHUMI3allii.

1.4.4 Inmi moaesi ®E

OxpIM 10JHUX, ICHYIOTh IHIII MOJENI Ta CXEMH 3aMIIICHHS, SKI OMHCYIOTh
HaBaHTaxyBadbHy BAX (oToenekTpuyHUX eleMEeHTIB Ta OyIyTh KOPOTKO AECh
PO3IJIAHYTI.

Kyckoeo-niniiina mooens (piecewise linear, PL) 3amivgenna BAX

BAX npencraBisieTbes TIHIMHUMHU BIpI3KaMH, a CXeMa 3aMIIIEHHS BUTIIS A€

SIK TIapaJieJIbHO BKJIFOYEH1 TiIkH 3 giogamu Ta DC mxepenamu xxuBiaeHHs (puc. 1.10).

i 1T Vi, Vi, |Vi, Vi, | Vi, A
é dv\/ dz\/ da\/ X - Iy d

Pucynok 1.10 KyckoBo-niniiiHa Mojens 3aminieHHs @M

Kosxen nmion B maHiii Mojeni MpeacTaBICHUN SK BEHTHJIb 3 JBOMa CTaHAMM:
YBIMKHEHO Ta BUMKHEHO. [1oCH1J0BHO 3 110/J0M BKJIIOUEHUN PE3UCTOp 3abe3nedye
HEOOX1AHUM CTPYM Ha BIJTMOBIAHIN OMIUHIN AUIsHIL pparMeHToBaHOoi BAX.

[{s Monenb 103BOJIsIE€ 3BECTH HENIHINHY 3a7ady ONTUMI3alii A0 0OYHUCIEHHS
nmapaMeTpiB  JHIMHMX  (QparMeHTIB  cxemu  3aminieHHs. Bona — Mmoxe

BUKOPUCTOBYBATUCH I MBUAKOTO a3y @F y pi3HMX 30BHIIIHIX YMOBax Ta HE
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noTpedye 3HAUHUX OOYMCIIOBAIBHUX pecypciB. B Toiil ke yac KyCKoOBO-JiHiiTHA
MOJIeJIb Ja€ HU3bKY TOYHICTh Y BUNa Ky BAX 3 BUCOKOIO HEIHIMHICTIO.

Mooens 3 euxkopucmanuam N-xkananrvrnozo MOSFET

[eit miaxia copourye piBHAHHS BUXIIHMX XapaktepucTuk ®OM 3a paxyHOk
BukopucTtanHsa N-kananbHoro MOSFET 3 KOpOTKO3aMKHYTUMU 3aTBOPOM 1 CTOKOM.
OCHOBHMM KOMIIOHEHTOM MOJIEJIl € TPAH3UCTOP, SKHUM JO3BOJSIE YHUKHYTH
€KCIOHEHI[IaJIbHUX YWICHIB Y PIBHAHHSX 1 3MEHIITY€ KUIbKICTh HEBIJJOMUX [TapaMETPIB.
Jlo HemoMiKIB MOJENI CHiJl BIAHECTHU CHPOILICHHS CKIATHUX (PI3UYHUX MPOIIECIB Y
HaIiBIPOBITHUKOBOT CTPYKTYPI.

Mooensv biwona

Mogens bimona, po3pobnena y 1988 poriii, BAKOPUCTOBYETHCS 111 CUMYJIALILT
®M y pi3HHUX KOH(DIrypaiisx, BpaxoBye noBeAiHky @M y npyromy KBaJpaHTi.

OcHOBHI DpIBHSIHHA 0a3ylOTbCSl Ha CHCTEMI HENIHIMHMX pIBHSAHb, Kl

BUPIIIYIOTHCSA METOJAAMH YHUCEIBHOT ONTUMI3allli, TAKUMHU sIK MeToa HproToHa.
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Pucynox 1.11 Mogens bimona
ITepeBaru:

— MOXJIMBICTh aHAI3y €HEPreTHYHUX BTPAT 1 MPOAYKTHUBHOCTI MOIYIIB Y
CKJIQJHUX YMOBAX 3aTIHEHHS;

— BHUKOPHUCTaHHS y PI3HUX MNPOTPaMHUX CEpeloBHINAX, Takux sk Matlab,
PSpice ta inamii.

Henoniku:

— BHCOKa CKJIaJIHICTh PO3PaXyHKIB;

— HE BPaxOBY€ BCl aCHEKTH (PI3UYHOI MOBEAIHKN MOIYJIIB.
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Heuponni mooeni

HeiiponHi Mojeni, Taki ik 0araTomapoBUil MEPIENTPOH, BUKOPUCTOBYIOTHCS
st iependoadeHHs edextuBHocTi @E Ha OCHOBI BXIAHUX JaHUX MPO pajiallilo Ta
temneparypy. Hampuknan, mepexa 3 JIBoMa BXIJHUMHU HeWpoHamu (pamiaiis,
TeMmreparypa) Ta JeB’SThMa MPUXOBAHUMHU HEUPOHAMU 3 CUTMOITHOIO (PYHKIIIEIO
aKTHBAIlll J03BOJIE€ MOAEIIOBATH NOBEAIHKY OM.

Mo nepeBar HEUPOHHUX MOJIeNIe MOXHA BITHECTH THYUKICTh Ta aJIallTUBHICTh
70 IIAPOKOTO J1ana3oHy 30BHIIIHIX YMOB, BUCOKY TOYHICTh MPOTHO3YBaHHS, a J10
HEJIONIKIB — 3aJeXKHICTh BIiJ] SKOCTI TpPEHYBaJIbHUX JaHUX Ta CKIAJHICTh
1HTepIpeTalii pe3yJbTaTiB.

1.5 Meroau Bu3HaueHHs napametrpis ®M

MogentoBaHHs Ta BU3HaueHHS mapaMmeTpiB OM € BaXJIMBUM JJIS OILIIHKH 1X
SIKOCT1, MOKJIUBOCT1 €()EKTHUBHO MPAIIOBATH B PI3HUX YMOBaX €KCIUTyaTaIlii, a TAKOX
JUISL 3ajlad ONTUMAJIbHOTO MNPOEKTYBaHHS (OTOENEKTpUYHUX cTaHlii. [IpoTsarom
0aratboX pOKIB OYJIO 3alpONOHOBAHO 0araTo MIAXOJIB Ta METOMIB PO3PaxyHKY
xapakTepucTuk Ta mapameTpiB ®M. Ictopis Bu3HaueHHS a0o0, IHIITUM CJIOBOM,
eKCTpaKIlli mapamMeTpiB COHSYHUX €JIEMEHTIB mnounHaeTbcsi 3 70-80-x poKiB
nonepeaHboro cTomtts (Hanpukian, [33]). 3azBuuailt MogentoBanusa OFE Gazyerbes
Ha BUIMNOBIJHUX EJIEKTPUYHUX CKBIBAJIGHTHUX CXEMaX, pPO3MNISIHYTHUX ¥
nonepeaHbpoMy po3aun auceprariii. HalGip mapaMeTpiB IUX CXe€M MOpPEACTaBIIsE
¢13uuHi BractuBocTi @M, siKi 00yMOBIIOIOTH cHeU(IKy IXHbOI pOOOTH B CKiIaji

CICKTPHUYHHNX CHCPICTUYHUX CUCTCM.
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MeTtoau, 110 BUKOPUCTOBYIOTHCS IS
ekcTpakiii napamerpis G®M
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Pucynok 1.12 Meroau excrpakiiii mapameTpis ®M

Metoau po3paxyHKy, [0 BAKOPUCTOBYIOTHCS I11]1 YaC BU3HAYEHHSI TapaMeTPIB
OM, MNOAIAIOTHCA HA aHANITAYHI, HAa OCHOBI MAaTE€MaTHYHUX PIBHSIHb, Ta
METAaeBpUCTUYHI METOAM, LI0 BHUKOPUCTOBYIOTH IUIbOBY  (YHKLIIO IS
onTtumizaii (puc. 1.12)

1.5.1 AnaaiTuuHi MmeToau

Busnauenns mapamerpiB ®M He € TpuBiaJIbHOIO 3a7a4yel0, OCKIILKH BOHHU
3a3BUYAil HE HA/IalOThCs O€3MocepeIHbO y TaONMUIIX JaHuX MoyiB (datasheet) Bifg
BUPOOHUKIB. ToMy y psifil poOIT IPOMOHYIOTHCA AHAJMITUYHI CIIBBIJHOIIEHHS IS
o1iHkH nmapameTpiB @M Ha oCHOBI Takux TabnuuHUX AaHux. Hanpukian, B podoTax
[34, 35, 36] m’aTh mapaMeTpiB OJHOMIONHUX EKBIBAJICHTHHUX CXEM BHUPaXKaIOTHCS
gyepe3 3HaueHHs (I, V) B TOUkax KOPOTKOTO 3aMUKaHHS, MAKCUMAJIBLHOT MTOTY>KHOCTI

Ta XOJIOCTOIr'O XOnay. EKCHCpI/IMCHTaHBHi SHAYCHHS B IHUX TOYKAX MOKYTb 6YTI/I
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nonoBHeHi ganumu (P, V) 3 KpuBOi MOTY>KHOCTI, IO JO3BOJISIE OTPUMATH 3aMKHYTY
CUCTEMY TPAHCIEHIEHTHUX piBHSAHb mia napamerpis @M [37]. [lacnoptHi gaHi,
HaJlaHI BUPOOHUKOM i pizHOoro tuny @M, a Takok €KCIEepUMEHTANIbHI JaHi 3
TeMIepaTypu Ta MOTJIMHYTOI COHSYHOI pajialiii Oyau 3acTocoBaHi B poOoTi [38] mis
nmoOy/lIoBH  MOJIENIbHOI ~ KpUBOI  CTpyM—Hampyra Ta TMOpIBHSHHS 11 3
EKCIEPUMEHTAbHUMU JAHUMH JJIsI 1HTETpOBaHO1 (POTOENEKTPUUHOI YCTAHOBKHU B
oyniii HamionansHoro iHCTUTYTY cTaHaapTiB 1 TexHousoriid (NIST, CIA). Binbm
JeTaIbHUN OIS pOOIT HOTO HANPSIMKY HaBeJeHUM B cTaTTi [39].

binbmi moBHe BpaxyBaHHsS TNOBeMIHKM BAX mnuisixom JoiaBaHHS 3HA4YE€Hb
noxXiAHUX (MPOBIIHOCTI) Y TOYKAX KOPOTKOTO 3aMUKAHHS Ta XOJIOCTOIO X0ay OyJio
3po0seHo B psial poOiT [40, 41]. ExcnepumenTanbui nafi Ise, Voe, Iupp, Vipp , @ TAKOXK
npoBigHOCTI B Toukax K3, XX M0XXyTh BUKOPUCTOBYBATUCH SIK MTAPAMETPH B CUCTEMI
HENHIMHUX PIBHSIHB, CKIAACHUX M HA0opy {l, lo, A, Rs, Ry} [37]. Y HaykoBiit
JiTepaTypl OmyOJIiKOBaHI MPOTATOM KUIBKOX JECATHIITh PI3HOMAHITHI METOIU 1
MPUMOMHU, CIIPSIMOBAH1 Ha BUPIIIEHHSI CUCTEM HENIHIMHUX PIBHSHB ISl MApaMeTpiB
®E (quB. ornsan B [37]).

Jlo aHamiTHYHMX METO/IB BU3HaueHHs nmapameTpiB OE BigHOCATHCS MiAXO0AH,
3aCHOBaHI Ha TOYHOMY PIII€HH! HEJIHIMHOTO PIBHSHHS 3a JIOMOMOIor0 (YHKINT
JlamGepTa [42-44], sika 103BOJISIE OTPUMATH SIBHUM aHAITUYHUN BUpaA3 JJIsl CTPYMY
y ®E. B n1bomy BUpasi npucyTHI TUIbKU TpU HeBiAoMUX napameTpu: 4, Rs, Rp; BOHU
3HAXOAATHCS YMCEILHUM METOJIOM ITIITOHKH 11T eKCIIepUMeHTallbH1 daHl. JlamOGepra
W-byukiis (LW) BUKOpUCTOBY€EThCSI TakoX Mpu  MojentoBaHHs noseninku OF B
YMOBAaX 4YaCTKOBOT'O 3aTiHEHHS.

B po6ori [45] 6yB 3anponoHOBaHMi METOA eKCTpakIlii BenuuuH {lp, 1o, A, R,
Ry}, 3acHOBaHMI HA aHANITUYHOMY PO3KJIJJaHHI CUCTEMU HENIHIMHUX PIBHSHB IS
OCHOBHUX poOounx Touok BAX 3a manumu napamerpamu. YacTuHa mOTpiOHUX
BeNMMYMH, a came Iy, R, Rp, oOumMciioBajzach 3a aHaNITUYHAMH BHpa3aMu, a
BeNMYUHU o, A TOTIM 3HAaXOAWJIHUCH 3a JOMOMOTOI0 TIEBHOTO ITepaliifHOro
anroputMy. lleii miaxXin He BUMAarae 3HAHHS amnpiopi MOYATKOBUX 3HAYEHBb

napametpiB OE 115 BUpilIeHHS! HEMIHIMHUX PIBHSIHHSA, 1 J03BOJISIE KOHTPOIIOBATH
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KOK€H KpOK po3paxyHky. Cinij 3a3HayuTH, L0 3arajlbHa mpoljeMa BUOOpY
MOYaTKOBHUX 3HAYEHb MMApaMETPIB Iy»ke CYTTEBO BILUIUBAE HA KIHIEBHUM pe3yibTar, 1
YCyHEHHS 1€l mpoOieMu, K 3alpONOHOBAHO B POOOTI, MOKpAIlye TOYHICTH Ta
IIBUJIKICTh ONTUMI3AIIHOT TPOLIEAYPH.

1.5.2 MeTaeBpUCTHYHI METOAH

3a ocrtaHHl poku Oyna omyOJiKOBaHa Jy’K€ BeJMKa KUIBKICTh pOOIT,
MPUCBSIYCHUX PI3HOMAHITHUM METAaE€BPUCTUYHHUM METOJIaM €KCTpPakKIiii mapameTpiB
@®E (nuB. ormnsig B [46]). HaitOuib11 mommpeHUMU 1 MOMYJISIPHUMU CEPE JOCIIITHHUKIB
€ renernunuii anroput™m (Genetic Algorithm, GA), poitoBa ontumizamisa (Particle
swarm optimization PSO), meton imitoBanoro Bianany (simulated annealing, SA),
eBontowiitnuii anroputm (Evolutionary Algorithm, EA), nudepenianbaa eBomtoLis
(Differential Evolution(DE), Mmeton mtyunoi HeilponHoi mepexi (artificial neural
network. ANN), meton mTyuHoi imyHHOi cuctemH (Artificial Immune System, AIS),
anroputMu HeuiTkoi joriku (Fuzzy Logic, FL) ta neliponnoi mepexi (Neural
Network, NN).

MOXIMBOCTI IIUX METOJIB MOXHA KOPOTKO OXapaKTEpPU3yBaTH HACTYIHUM
yuHOM. ['eHernunuii anroput™m (GA) B 3aBmaHHI ekcTpakili mnapamerpiB OE
3abe3reuye He JyKe BUCOKY TOYHICTh BU3HAUYEHHS MOCIIJOBHOIO ONOPY: aBTOpam
[47] Boanocs ii miaBuiutu 3 £100% 10 £7% . OnTuMizariis METO0M PO YaCTHHOK
PSO npwu 3acTocyBaHHiI 0 OJHO- Ta ABOJIOAHUX MOJEJEH MOKa3ye OLIbII Kparili
pe3yJbTaT y MOPIBHSIHHI 3 TeHETHYHUMU aiaroput™mamu [48]. B mocnimkenHi [49]
nokaszaHo, 1mo metox PSO nemoHcTpye Halkpamly e€(peKTUBHICTh 1 HalMEHIy
noxubky (RMSE=1,73.10"* A nna ogHOAiOqHOT MOJENi), HiX BCl alTOPUTMH, IO
aHaJi3yBaJHCs B poOOTi. Y MOPIBHSAHHI 31 3BUUYAHUMU TPAJIEHTHUMHU METOJIAMH,
HaBITh 0€3 XOPOIINX MOYATKOBUX MPUMYIIEeHb, MeTOJ PSO MoXxe naBaTu 3HauY€HHS
rapaMeTpiB, 5K 3a0€31euyI0Th TapHY BIANOBIIHICTh EKCIIEPUMEHTAIBHO OTPUMAHUM
sanmexuoctsm [(V) , P(V) . JleranpHOMYy aHami3y pe3yibTaTiB pO3paxyHKIB
napameTpiB OF iHIIUMU METaeBPUCTUYHUMH METOAaMu MIpUcBsiueHi ctatti [50-53].

Jo meroxiB, 3aCHOBaHMX Ha NPHUPOJHUX SBUIIAX, BITHOCUTHCS AITOPUTM

Flight Bat. ABTopu [54] 3anponoHyBajau MOKpPAIIEHHS I[LOTO AJITOPUTMY MIISAXOM
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JI0JIaBaHHSI Ta BKJIIOYEHHSI pO3IIMPEHOT0 MOIbOTy JIeBi, o cupusie quBepcudikarii
pimens (ELBA). 3 Touku 30py o6uncieHs, ocHOBHI iHHOBaLii ELBA nonsramoTs y
HAaCTYITHOMY BBEJICHH1 CNenu(piuHOr0 MaTeMaTUYHOTO BUpPa3y MJs MiJBUILECHHS
nuBepcudikalili HOBUX plllIeHb; NPUHHATTI MATEMAaTUYHOTO BUPa3y, 3aCHOBAHOTO Ha
noJsiboT1 JIeBl, AJi1 BUKOHAHHS €()EKTUBHOTO JOKAJIBHOIO MOUIYKY; 1 BUOOPI HOBUX
PIBHSIHB 111 OHOBJICHHSI IEBHUX KEPYIOUUX MapaMeTpiB, siKi 3a0€3MeuyoTh Kpauui
OajlaHC MK MEXaH13MaMH PO3BIAKHY Ta €KCILTyaTallil ailrOPUTMY.

Imnepianictuunnii KoHKypeHTHUN anroput™ (ICA) BITHOCUTBCS 10 METO/IIB,
3aCHOBAaHHUX Ha JIOJICHKIM MOBeIHII. 3amponoHoBaHa [55] oOMexkeHa IIbOBa
(yHKIIIsI BABOAUTHCS 3 KPUBOI «HAMPYTa-MOTYKHICTE» (POTOCIEKTPUIHOT CUCTEMH 3
BUKOPUCTAHHSAM PIBHSHHS BIICTEKEHHS MaKCUMaIbHOT MOTYKHOCTI. B cBOtO uepry,
[56] BU3HA4aIOTh MapaMeTpH 3a JOMOMOror OaratoBekTopHoi ontumizalii (MVO).
Mertononoris, 3acHoBaHa Ha MV O, 3acTOCOBYE€ThCA MJisl TeHepallii ONTUMaJbHUX
3HaueHb  mapamerpiB  @E. Hailkpani  n'aTe  oTpumMaHux — mapaMmeTpiB
BUKOPUCTOBYIOThCS JJisl MOJiesitoBaHHS noBeliHKKM DF 3a pizHUX yMOB, BKIIIOUAIOUU
COHSIYHE BUIPOMIHIOBAaHHA Ta KoJMBaHHS Temiepatypu. Cepen cydacHUX
anropuT™MiB BapTo BigzHauutn War Strategy Optimization (WSO), po3pobienuit
Ayyarao 1 Kumar (2022). Ileit meTaeBpucTUUHUN TiaXig 0a3yeThCs HA MPUHIIUAIIAX
BilficbkkoBOi1 cTparerii 1 OyB mepeBipeHuit Ha SDM. Zhang Tta 1u. (2020)
3alpOINOHYBAJIA AJITOPUTM Ha OCHOBI HoOpMmaibHOTO posnoaiury (GNDO), skuit
BUKOPHUCTOBYE JIBA OCHOBHUX €TaIly ONTUMI3allii: JOCIII)KEHHS Ta €KCILTyaTallilo.

['OpuaHi MiAXOAUM MOENHYIOTH KUIbKAa METOJIB [JIsl JOCSTHEHHS BHCOKOT
touHocTi. Hanpuknaz, anroputm AOA y noennanHi 3 metojioM Hrrotona-Padcona
3abe3rneuye OamaHCc MK JOCHIIKEHHSM 1 €KCIUTyaTalll€l0 MOUTyKOBOIO MPOCTOPY.
[Toni6Ho, MPA 3 ananTHBHOIO €BOJIIOLIEIO J03BOJIIE€ ONTUMI3yBaTH CKJIaAH1 MOJEN],
taki Ak TDM. Iumn npuxknagu BriatouaroTh GWO y moemnanni 3 CS s

MojentoBaHHs napameTpis SDM 1 DDM.
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PO3/1JI 2. CHCTEMA BUMIPIOBAHHSI BAX ®M TA il
®YHKIIOHAJBHE TPU3HAYEHHS

2.1 HeoOxigHicTh po3po0ku cucTteMu BUMiproBanuss BAX @M

Jns mpoexTyBaHHS (OTOCNEKTPUUYHUX CHUCTEM, SIKI MOXKYTh MPAIIOBaTH B
pI3HUX 30BHIIIHIX YyMOBaX 31 3MIHHUMH pajialli€elo Ta TeMIIepaTyporo, BKpai
HEOOX1HI MOJEN Yy BUIJIAMI €KBIBAJEHTHUX EJIEKTPUYHUX CXEM 3aMIIICHHS 3
napaMeTpaMi, 110 BIAMOBIJAIOTh YMOBaM eKcIuTyaTallii. ToMy yxke aKkTyaabHOIO €
3a/laua  OTPUMAHHS JETAJIbHUX EKCIEPUMEHTaJbHUX JIaHMX, Mepll 3a BCE,
HaBaHTaxyBadbHUX BAX ®M came B TUX ymoBax, B skux Oyne npaioBatu OEC
(MOJBOB1 YMOBH).

KopoTko mpoaHanizyeMO €KCIEPUMEHTAIbHI CHUCTEeMH Ta KOMEpIiHI
YCTaHOBKH, SIK1 pO3pO0JIeH1 10 IaHOTO Yacy Jyisl BAMIpIOBaHHS Ta 00poOku BAX OM.
bararo BupoOHMUYMX KOMIIaHiil MPOMOHYIOTH CBOI MPOAYKTU (Hampukiaid, [S57-63])
Jns orpumanHs BAX ®OM B NoIbOBHX YMOBAX BHKOPUCTOBYHKOTHCS TaKOXK
crierfiajaizoBaHi BUMIpIOBalIbHI cucTeMHu, cepen skux Seaward PV200 [64], Meco
Solar Module Analyzer [65], MP-11 I-V Checker [66], Eko Rack Mountable -V
Tracer [67], Togami PV Doctor [68].

Jani npuiangu O03BOJISIIOTH, SIK TPaBUIIO, OTPUMYBATH TUIbKKA 0a30BI
napametrpu ®M 1151 nonepeHboi o1iHKU poOoTo3aaTHOCTI DM, a netanbHuil aHai3
HEOOXITHUX EJNEeKTPUUYHHUX XapaKTEPUCTUK 13 BU3HAYEHHSAM MapaMeTpiB, IO
HEOOXIJHI JJis [1arHOCTYBaHHS IOTOYHOIO CTaHy MOJAYJIIB, MoXe OyTu
npoOieMaTHYHUM. XapaKTepHi HEAOMIKH KOMEPIIITHUX cCUCTeM TecTyBaHHs OM:

1. Bucoka eapmicms. Cy4dacHi KOMepIIiHI cucTeMu sl BuMiproBanHa BAX e
JIOPOTOBAPTICHUMH 1 Ba)KKOJOCTYIMHUMH, KpIM TOro (PYHKIIOHANT TaKUX
CUCTEM HE 3aBXJM BIJINOBiAa€ MOoTpedaM TEXHIYHUX OOCTEKEHb 1 30BCIM HE
3a/I0BOJIbHSIE BUMOT'aM HAayKOBHUX JIOCI1’KEHb.

2. Huzvka mounicmo eumipiosanHs. BinpliicTh koMepliiHHX ckaHepiB BAX
MalTh MEBHUU KOMIPOMIC MDK MacmTaboM, TOYHICTIO Ta HIBUJKICTIO
3UUTYBaHHS JIaHMX, 10 HE JO03BOJSE JOCSATTH JOCTAaTHbOI TOYHOCTI Yy

JOCIIKEHHSX 3 MaJIUMU 3MiHaMu napameTpiB OM.
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3. Obmedncena KinbKicms mo4oK eumiprogants. Y KOMEPLIMHUX CHCTEMAaX YacTo
BUKOPHUCTOBYETHCS JUCKpEeTHA (ikcallis 3HaA4eHb CTPyMy Ta HaMpyru 3
HEBEJIMKOIO KUIBKICTIO TOYOK BUMIprOBaHHs (BiamikiB). Lle mpuszBoauTh 10
HEMOBHOT'O Ta HEJAOCTATHHO JETATBLHOTO BIATBOPEHHS peanbHOl popmu BAX,
0COOJIMBO B OKOJIMIIl TOYKH MaKCUMaJbHOI OTyxHOCTi (MPP).

4. Bucoka «3awiymnenicmoy ompumanux oanux. Yepe3 HHU3bKY UIBUIKICTb
BUMIPIOBaHHS CUCTEMHU ISl IOJIbOBUX BUMIpIOBaHb BAX 3anexH1 Bijl BIUTUBY
30BHINIHIX 3aBajl, IKI MOXYTh CIHOTBOPIOBATH pe3yJibTaTH BUMIiproBaHb. lle
0COOJIMBO aKTyaJbHO MpHU POOOTI 3a 3MIHHUX YMOB COHSYHOI pajiaifii 4u
TeMIIepaTypHu.

5. Heoocmammus enyuxicms. Komepiniitni ckanepu BAX 3a3Buuail € 3akpuTUMU
CUCTEMaMH, SIKIi He JO03BOJSIOTH MOAM(IKYBAaTH amapaTHy YacTHHY alo
3MIHIOBATH aJITOPUTMH 3YUTYBAaHHS Ta OOpOOKM JTaHHMX, a TAKOXK BUMararoTh
BUKOPUCTaHHS MPOIPIETAPHOIO MPOrPaMHOI0 3a0e3MeyeHHs A1 poOoTH 3
oTpuMaHuMHU JaHuM. Lle oOMexye MOXKIIUBICTh iX BUKOPUCTAHHS JJIsI 3aja4,
10 BUXOJIATH 32 PAMKH CTaHJAPTHOTO TECTYyBaHHS.

BpaxoBytoun onucaHi BUIlle HEAOIIKU TOTOBUX KOMEPIIHHUX MPOIMO3HUIIIH, 110
IPsIMO BIUIMBAIOTh HA MOXKJIUBICTh OTpUMYBATH siKiCHI BAX ®M B os1b0BHX yMOBax
eKcIUTyaTarlii, 30epirafoud npu LbOMY THYYKICTh HaJAIITYBaHb IPOLIECY BUMIpY,
OyJI0 MPUMHATO PIlIEHHS NPO PO3POOKY 1 BUTOTOBJIEHHS BJIACHOI BHUMIPIOBAIBHOT
cucrtemu s 3HATTA BAX ®OM B peanbHuX yMOBax.

Bapto ckazatu Tako Npo BUKOPUCTAaHHSA B HAYKOBUX POOOTaxX MpOrpaMHUX
Mozeneit @M, siki BinTBoprooTh BAX @M B mporpaMHOMY CepeIOBHIII, HATPUKIIAI,
MATLAB Simulink [69-73], ane Taki miixoAu BUKOPUCTOBYIOTH mapameTpu OM,
AK1 OyJIM OTpUMAaHI 3a3JaJIerib 3 €EKCIEPUMEHTAIBHUX JaHUX.

2.2 Orasa MetoaiB BuMiproBanuss BAX @M

BaxnuBoro 3agauero B po3poOlii CUCTEMH TECTYBaHHS € BUOIp ONTUMAIBHOTO
MeToa BuMiproBaHHs BAX, 10 Oyie BAKOPUCTOBYBAaTHUCH B OCHOBI cucTteMu. Bimoma

JOCTaTHS KUTBKICTh PI3HUX MiAXOAIB 10 3HATTSI BAX OM [74-82].
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BuwmiproBanus BAX ®M naiiuacriiie Bi10yBa€eThCs 3a JOMOMOTOI0 KEPYBaHHS
CTPYMOM, SIKMH MpoxoauTh depe3 OM, a pi3HUI MIAXOIB MOJISITa€ B TOYHOCTI
JAHWX, 3arajibHiA BapTOCTI Ta rabaputax oOJaJHAHHS, HMIBUIKOCTI Ta 3pYYHOCTI
BUKOPUCTAHHS.

Memoo 3minn020 0nOpPy HABAHMANCEHHA

Meton € HanpocTimuM 3 po3riaHyTux. JJo @M B SKOCTI HaBaHTaKEHHS
MIJIKJII0YAETHCA MarasuH 3MiHHOTO Omopy abo MeBHa KIUIbKICTh PE3UCTOPIB PI3HOTO
HOMIHAJIly, OIIp 3MIHIOETHCA BIJ PEXKUMY KOPOTKOTO 3aMUKAHHS JO PEKUMY
xojoctoro xoay. OpHOYacHO 31 3MIHOK ONOPY HABAaHTAXXEHHS BIIOYBAETHCS
BUMIPIOBaHHA 3HaueHb Hanpyru i ctpymy @M. Enepris, mo Bupobaserscs OM, y
BUTJISA/II TEIJIa PO3CIIOETHCS HAa HABAHTAXXEHHI, TOMY BHMIpIOBaHAa MOTY>KHICTh
JOCUTh OOMEXEHaA.

KepyBanust onopoM Moke 3A1lcHIOBaTUCS BpYUHY [83] a00 BUKOPUCTOBYIOUH
MacHuB IMepeMHKayiB (HANpHUKIAJ, pese) 1 pe3uctopiB [84], sKi KepyroTbCs
aBTOMATHUYHO, 10 J03BOJISIE 3HAYHO 301IBIINTH IIBUIKICTh BUMIpIOBaHb. Pe3uctopu
0o0MparoTh TakK, 00 SKHaWKpallle OXOMUTH 30Hy neperud BAX.

HenonikoM € 1ocuTh TpoMi3aKa 1 BakKka KOHCTPYKIisA, Ta (HiKCOBaHUM HaAOIp
PE3UCTOPIB, IO MPU3BOAUTH JI0 MAJIOi KIIBKOCTI TOUYOK Ta HEPIBHOMIPHOTO OKPUTTS
kpuBoi BAX, a Takox HU3bKA IBUAKICTH BUMIPIOBAHHS.

Memoo eMHICHO020 HABAHMAXHCEHHA

o ®M B sKOCTI HABAaHTAXKEHHS MIAKIIOYAETHCS KOHAEHCATOP BEJIMKO1
emHocTi [85]. Ha mouaTky BHUMIpDIOBaHHS KOHJECHCATOp TMEPEMUKAETHCS 3
3aKOPOUYEHOr0 pekuMy Ha miakatoueHHs 1o OM, micis goro @M nepexoauTsh Bif
pexumy K3 g0 pexumy XX, 3apsypkaroun KouaeHcarop. Ilig uac 3apsgy
B110yBa€ThHCS BUMIpIOBaHHs cTpyMmy 1 Hanpyru @M. IlIBuakicts BumiproBanHsa BAX
HaIpsMYy 3aJI€XUTh B1Jl EMHOCTI KOHAEHCATOpa Ta mapameTpiB OM.

Jns  oTpumaHHsT  pemnpe3eHTaTMBHUX  KpuBux BAX,  HeoOXxinHO
BUKOPHUCTOBYBAaTU MPABWIbHO MiAI0paHi KOHJEHCATOPU 3 HUZBKUM IMOCIIIOBHUM
onopoM. Takoxk, HEMOXJMBHUM € YAaCTKOBE BIATBOPEHHS IMEBHOTIO PEXHUMY a0o

YaCTUHU KPUBOI.
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Memoo en1eKmpoHHO20 HABAHMANCEHHA

B saxocti HaBaHTaxkeHHss ®PM BUKOPUCTOBYETHCS TPAH3UCTOP (3a3BUYall
MOSFET) B niniiiHoMy pexumi pobotu [86], 10 3MEHIIye MOro KOMyTaliiHi
xapakTepucTuku. Omnip M’k CTOKOM 1 BUTOKOM 3MIHIOETHCS Uepe3 3MiHY HApyru Ha
3aTBOPI-BUTOKY, 110 MPU3BOAUTH A0 3MiHM cTany @M Big XX no K3. OnnouacHo
BIIOYBA€ThCA BHUMIpP CTPyMy Ta Hamnpyrd. BHKOpUCTaHHS JaHOTO METOIy
oOMexyeTbesi @M cepelHbOI MOTYKHOCTI 4epe3 POo3CitoBaHHSIM BHpoOsieHoi OM
€Heprii Ha TPaH3UCTOPI.

[lepeBaroro € MOKIUBICTh IIBUAKO 3MIHIOBATH OMIpP BiJl KOPOTKOI'O 3aMUKaHHS
no xojoctoro xoay. Jlaumit wmeron mnoTpeOye T0AATKOBOTO OXOJOKEHHS
TPAH3UCTOPIB, @ TAKOX OKPEMY CXEMY HJis YITKOTO YMNPABIIHHSA TPAH3UCTOPOM,
OCKUIbKH XapaKTePUCTUKU TPAH3UCTOPA MOXKYTh BIAPIZHITUCS OJUH BiJ OJHOTO B
KacKa/Jll TPaH3UCTOPIB 1 3MIHIOBATHUCS T1]] BILIUBOM TeMIIEPaTypH.

Memoo dinonapnozo niocuiroeaua

Merton 6a3yeThCs Ha €IEKTPUUHIN CXEMI, sIKa J03BOJISIE€ 3MIHIOBATH HAMIPSIMOK
CTPYMY 1 HaPyTu B MOJYJIi, IO POOUTHh MOXKJIMBUM BUMIpIOBaHHS TeMHOBUX BAX
Moxyis [87]. Cxema moOyqoBaHa HAa OCHOBI KJIAaCMYHOTO MiACHIOBada Kiacy B i1
BUKOPHUCTOBY€E JBa OIMOJSPHUX TPAH3UCTOPU SIK HABAHTAXKECHHS JUISl MPSMOrO 1
3BOPOTHOTO CTPYMIB. bBINONsipHI TPaH3UCTOPU TMPALIOIOTh Yy TPhOX PEKUMAX
(BiCIUCHHS, aKTUBHUW 1 HACHUYEHHS), a OUIbIIAa YacTHHA MOTY>KHOCTI MOJYJS
PO3CIIOETHCS HA IIUX €JIEMEHTaX, 110 0OMEXY€E 3aCTOCYBaHHS METOTY.

Memoo 4-x Keadpanmmuozo 010Ka HcUueaeHHA

4x-KBaJIpaHTHUM OJOK J>KMBJIEHHS — 1€ CHUCTEMa, SIKa MOK€ BHUCTYIMATH SK
JDKEPEJIOM, TaK 1 CIIOKHBAaYeM CTpyMy 3 O1nosisipHoro Hanpyroro [83, 88]. Jlo3Bomsie
orpumyBatu BAX ®M B npyromy 1 yerBepTromy KBaapanTi. [loniOHMil MeToq mae
00OMe)XEeHHS Yepe3 BUCOKY BapTICTh 1 CKIIAJIHICTh, 0COOJIMBO JJI MOTY>KHOCTEH MOHA]T
1 kBT, o yckinaaHioe 3acTOCyBaHHS A JeKUIbKkoX OM.

Memoo DC-DC nepemeoprosaua

3natHicte DC-DC  nepeTBoproBadiB  IMITyBaTH PE3UCTOP  MOXKIMBO

3actocyBaTu AJist orpuManHsi BAX @M. OcHOBHI TUIIY NEPETBOPIOBAYIB MO110H1 J10
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TpaHCc(OpPMATOPIB MOCTIMHOTO CTPYMY SK y PEXKHUMI HENEepPEepBHOI MPOBITHOCTI
(CCM), Tak 1 y pexumi HenoBHOI mnpoBinHocTi (DCM). CniBBiAHOIIEHHS
TpaHcopMmallii B TaKUX NEPETBOPIOBaAYaX KEPYEThCA EJIEKTPOHHUM CIOCOOOM,
3MIHIOIOYN pOOOYMIl IIUKJI, 110 MPU3BOJUTH A0 3MIHU €KBIBAJIEGHTHOTO OIOPY, KU
BHUCTYIIAE SIK IMITOBAaHUN pe3ucTop Ha kiemax OM.

Ha ocHoBi 111€1 MeToiuku B po6oTax [89, 90] 3anponoHoBaHO aBTOMAaTU30BaH1
cucteMH Jis BuMiproBanHs BAX, 30kpema 3 BUKOPUCTaHHSIM pi3HUX Tomnojoriit DC-
DC neperBoproBauiB. AHaii3, mpoBeaeHuil y [91], mokasye, 1o Juiie TOMOJIOTII,
noxiaHi Big Buck-Boost, 103B0oIsIt0TE MOBHE OXOIIICHHS KpHBOi. OTHUM 13 HEJIOMIKIB
€ MyJibcallii CTpyMy uepe3 IHAYKTUBHICTb, 1[0 BUKJIIMKAHO METOJOM KOMYTAllii.

2.3 OcHOBHI XapaKTepUCTUKH cUcTeMHU BuMiproBanua BAX &M

[Ipu3HayeHHsIM cUCTEMU BUMIpIOBaHHS € 3HATTS BAX okpemMux uu JeKiIbKOX
OM, NigKII0YeHNX MOCTIIOBHO Y BUTIIAL cepli, BUMiptoBaHHs TeMrneparypu @M ta
pIBHS COHSIYHOI pajiaiii, oOpoOKa OTPUMAHUX EKCIEPUMEHTAIbHUX JIaHHUX, 3
MOXJIMBICTIO MOJAIBINOI €KCTPAKIIii mapaMeTpiB, BUBIJ OTPUMAHUX PE3YJbTATIB y
3py4YHOMY KOPHCTYBALlbKOMY 1HTEep(deiici.

OyHKIIIOHAIBHI MOKJIMBOCTI Ta TEXHIYHI XapaKTEPUCTUKH, SKUM MOBUHHA
BIIMOBIAATH PO3pOOIEHA BUMIPIOBAIbHA CUCTEMA!

MakcuManbHO JOMyCTUMI MapaMeTpu npuegHannx OM:

e Crpym K3 — 10 15 A;
e Hamnpyra XX — 1o 95 B;
e [lotyxHicts — 10 600 BrT.
[Tapamerpu @M, mo cucrema BU3HA4Ya€e Ta BijoOpaxae MICIs MPOBEICHHS
BUMIpY:
e ['padiune 300pakeHHs €KCTIEPUMEHTATBHUX JaHUX;
e ['padiune 300paxkeHHs anpokcuManTu BAX;
e ['padiune 300pakeHHs 3aJI€KHOCTI MOTY>XHOCTI1 BiJ Hanpyru P(U);
e Crpym K3 I
e Hampyra XX U

e Touka MakcUMyMy MOTYAKHOCTI Pmax, Impp 1 Umpp;
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o KoedimieHT i1eanbHOCTI 1072 A;
e [IlocninoBHuii omip BTpat Rs;
e [lapanenbuuii omip BTpat Ry;
o @otocTpyM Iph;
e 3BOpOTHIN cTpyM HacuueHHs naiojaa lo.
e @akrop 3anoBHeHHA FF.
JlomaTkoB1 MOKITMBOCTI:
o [lpuennanHs JaTYMKIB TEMIIEPATYPH;
o [lpuenHaHHs JaTUYUKIB COHSYHOI paiallii;
e ABTOHOMHE KUBJICHHS,
e ABTOMAaTHUYHI BUMIPIOBAHHS;
e Bignanenuit gocrym,
e 30epexeHHsI BUMIPIB Ta JOCTYII JJO HUX.
Baxxy1nBo10 BUMOT010 10 CUCTEMH € 3AaTHICTh TPOBOJAUTH TOYHI BUMIPIOBAHHS
K B JJAOOpATOPHUX, TAK 1 B MOJHOBUX YMOBAX, SIKI XapaKTEepPU3Y€EThCS 3MIHOKO Ta
HEOJHOPIMHICTIO COHSAYHOI pajiamli, 3MIHOIO TEMIEpaTypu HABKOJHIIIHHOTO
cepenoBuia, po3tanryBaHuaM ®M B JOBIIBHUX MICIISIX.
CyKymHICTh yCiX 3aJlady po3pOOKH MOAUISIETHCA HAa OKpPEeMi KOMIIOHEHTH, SIKi
BIIMOBIAAIOTh 32 KOXHY YaCTUHY CHUCTEMH 1 BIANOBIIHY (PYHKIIOHAJIBHICTh, iX

B3a€MO3B’ 130K BIJIOOPaKEHO y BUTJISL O10K-cxemu (puc. 2.1).
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Pucynok 2.1 biok-cxema B3a€M03B’s13KIB OCHOBHUX KOMITOHEHTIB
CHUCTEMU TECTYyBaHHS

OCHOBHI KOMIIOHEHTH BUMIPIOBAJIbHOI CUCTEMHU Ta iX TPU3HAUYCHHS:

Mikpokomn’tomep — BHUKOHAaHHS HEOOXIJTHUX PO3PAXyHKIB, 30epiraHHs
iH(opMalii, ynpaBiaiHHS IHIIUMU YaCTUHAMHU MPUIIAJTY;

Cucmema 6800y-6u800y iHgopmayii — OpraH yHpaBIIHHS NPUIATOM s
3a/IaHHSI HEOOX1THUX MapaMeTPiB Ta 3UUTYBaHHS PE3YJIbTaTIB;

Ananoco-yugposuii nepemsoprosay — oOpoOKa CUTHAIIB Ta iX Iepemada 10
MIKPOKOMII I0TEPA;

Ilnama ynpaseninmss — 1HTEpHOpeTallil YNPABISIIOUMX CHUTHANIB  Bij
MIKpPOKOMIIT I0TE€pa, YIPaBIiHHSI HABAHTAXKEHHSM, KOMYTallisl IHIIUX KOMIIOHEHTIB;

Hasanmaowcenns — xepyBanusi crpymom OM i yac BumiproBanas BAX;

AsmoHnomne dHcusnenns — 3a0e3neueHHs 0e3rnepe0iiftHOro KUBJICHHS CUCTEMU,
HEOOXIJIHE IS TIOJIbOBUX, aBTOMAaTHYHUX Ta BIITAJICHUX BUMIPIOBAaHb;

Jlooamkosi oamuuxu — KOHTPOJb TEMIEPATYpU KOMIIOHEHTIB CHUCTEMH,
BUMIpH Temriepatypu @M Ta piBHS COHSIUHOI pajialiii i yac BuMiproBanHs BAX;

3axucm ma 0xon00x4cenns — MATPUMKA HOPMAIBHOTO PEKUMY POOOTH.
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2.4 KoMnOHeHTH HABAHTAKyBaJIbHOI YaCTUHH

KimrouoBor0 CKIIa0BOI0 BUMIPIOBAIBHOI CHUCTEMH, sika O€3IMOCcepeIHbO Oepe
y4acTh y Bu3HaueHHI BAX ®M, € HaBaHnTaxxyBajibHa yacTuHa. [IpaBuibHuit BUOip
HaBaHTAXyBaJbHOI YAaCTUHM Ta 3a0e3NedyeHHs BIAMOBITHOCTI ii MapaMeTpiB
PO3pPaXyHKOBUM 3HAUYEHHSM 3HAYHO BIUIMBAIOTh HAa TOYHICTh 1 IIBUJKICTh
MIPOBEJICHHS] BUMIPIOBaHb, MAaKCUMaJIbH1 JOMYCTUMI 3HAYEHHSI CTPyMY, HAPyTru Ta
MOTY>XHOCTI, @ TaKOXX Ha Maco-rabapuTHI TOKa3HUKU CHCTEMU Ta 1i 3arajbHy
BapTICTh.

Cnuparoyuch Ha OrJsi]i METOAIB B pO3ALIi 2.2, OCHOBOIO JTaHO1 BUMIPIOBAJILHOI
cucteMr OOpaHO METOJT €MHICHOTO HaBaHTa)keHHs. JlaHuit MeTon mnependayae
BUKOPUCTAHHS OJHOTO YU JEKUJIBKOX KOHIEHCATOPIB BelMKOi eMHOCTI. Ilim yac
30UIBIIIEHHS 3apsiy KOHAeHcaTopa cTpyM @M mocTynoBO 3MEHIITY€EThCS, a Hapyra

®M 3pocTae (puc. 2.2)

. 3apspg koHgeHcaTopa Big PM
T T T T T

——Crpym/ 30
—— Hanpyra V

Ctpym/, A
L
Hanpyra V, B

|
o

1 | | 1 | | | t }
0
0 20 40 60 80 100 120 140 160 180

Yac t, mc.

Pucynok 2.2 Ctpym Ta Hampyra MiJ] 4ac 3apsJiku KoHjaeHcaropa Big @M

€MHICHUN METOJT 00paHO Ha OCHOBI HU3KH TIEepeBar:

Ilpocmoma peanizayii — He BUMarae CKJIagHUX €IeKTPOHHUX KOMITOHEHTIB UM

ITOPUTMIB YIIPABIIIHHS;
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Ilnagnicme 6umiproganHs — NO3BOJSIE 3MIMCHIOBATH IUIAaBHUN Mepexisl BiA
pexumy K3 o pexxumy XX, 0XOIUII0I0YM BeCh Jiana3oH podbounx napamerpis GM.

Hlupoxuii dianazonom Hanpye i cmpymie — BEIUKUM BUOIP KOHIEHCATOPIB 1
MO>KJIUBICTh 1X KOMIIOHYBAaHHS J103BoJisi€e BuUMiptoBatu sk onHy PEK, Tak 1 Bech
macuB OM.

Biocymnicmos Heobxionocmi 8 000amKo8UX NOMYHCHUX 0HCEPENAX HCUBTIEHHS
— OCKIJIBKH BECh IIPOILIEC 3aJI€KUTh Bij BiIacHO1 poOoTu OM.

Komnaxmuicme i mobinbHicms — KOHACHCATOPU MAlOTh BITHOCHO HEBEIIHKI
pO3MipH Ta Bary, IO J03BOJISE CTBOPIOBATH KOMMAKTHI BHUMIPIOBAJIbHI MPUCTPOI,
3py4HI1 JUIsl TPAHCHOPTYBAHHS 1 BAKOPUCTAHHSI B TTOJIbOBUX YMOBaX.

Exonomiunicme — 3aBASIKM TPOCTIA KOHCTPYKILIi CUCTEMHU Ta MIHIMAJIbHIN
KUIBbKOCTI KOMIIOHEHTIB, EMHICHUM METO/]I € BIIHOCHO JIEIIEBUM Y peaizailii.

Husvkuii pisens wiymie y cucmemi — BAKOPUCTAHHSI MACUBHUX KOMITOHEHTIB,
TaKuX SIK KOHJEHCATOPH, CHOpPHSE 3MEHILICHHIO PIBHA EJIEKTPUYHUX IIYMIB, IO

MMO3UTHUBHO BIUIMBAE HA SKICTH OTpUMAHUX pCSYJ'IBTaTiB.

2.4.1 OcobsiuBOCTI POOOTH Ta BU3HAYECHHS ONITUMAJILHUX MapaMeTpiB
KOH/ICHCATOPiB

BaxnnBoro 3agadyero € po3paxyHOK HEOOXITHOIO CYMapHOi €MHOCTI
KOHJICHCATOPI1B, BU3HAYEHHS OKPEMUX iX MapaMeTpiB, a TAKOXK CXEMU 3’ €IHAHHS, Ta
m1101p KOHJIEHCATOPIB BIAMOBIIHUX MMapaMETPIB 3 MAJIUM BHYTPIIIHIM OMTOPOM.

KinrouoBuMu mapameTpamMu KOHJIEHCATOPIB JiE BUKOPUCTAHHS B SKOCTI
€MHICHOTO HaBaHTa)XXEHHs € poOoua Hampyra, eMHicTh Ta ESR. 3Baxaroun Ha 111
KpHUTepli, BUKOPUCTAHO AITIOMIHIEB] E€JIEKTPOIITUYHI KOHAEHCATOpU. BOHM MarOTh
HaWOUIBIY cepej] MOIIMPEHUX KOHJEHCATOPIB €MHICTH (/10 KUIBKO COTE€Hb THCSY
MK®D) Ta BUCOKY MaKCUMAaJIbHY poOOUy HAIpyTy, sika Moxke pocaratu 10 S00 BOIbT.

Cepenl HEJOJIKIB IAaHOTO TUITY KOHJIEHCATOPIB MOKHA BUAUIUTH MOJSPHICTD,
BEJIUKUN CTPYM CaMOPO3PsTy, 3SMEHILIEHHSI €MHOCTI 31 30UIbIIeHHSIM YacToTh. [IpoTe
3a3HA4YCHl HEJONIKU HE € KPUTUYHUMU JI1 JAHOT BUMIPIOBAIIbHOI CUCTEMH, aJ[Ke
®M reHepyroTh NOCTIHHUHN CTPYM, a 32 JIOTIKOO pOOOTH CUCTEMH KOHJIEHCATOPH HE

MOBUHHI 30epiraTu CBiil 3aps]l MPOTITOM TPUBAJIOTO YaCy.
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[Ipu BUOOP1 €NEKTPOJITUUHOTO KOHACHCATOPA BaXKJIMBUM € 3HaueHHs ESR —
€KBIBAaJEHTHUI MOCIIAOBHUI ONIp, IO ONUCY€ OMIYHI BTpAaTH Ha BHUBOAAX Ta
oOknaakax xoujeHcaropa [92]. 3nauenHss ESR moBuHHO OyTH sikoMora MEHIIHNM.
3HaYHUH BIUIMB TaKOX Ma€ CymMapHa €MHICTh CUCTEMU HaBAaHTAXKEHHS, 1[0 BILIMBAE
Ha IIBUJKICTH BUMIPIOBAHHS Ta 3araJibHY KUIbKICTh €KCIIEPUMEHTAIBHUX BIJIIKIB, iX
po3mnojin B3a0BK BAX Ta Ha MakcUMaIbHO JOMYCTUMI TapaMeTpu npueaHannx OM.

Jns1 3a0e3medeHHs TOYHOCTI BUMIpIOBaHb HEOOX1IHO, 100 MepexiiHi MPOoIIeCH,
BUKJIMKAHI 3apsS0M BHYTpIIIHBbOI eMHOCTI DM, 3aBepiiyBaiucs 10 BUMIPIOBAHHS
3HaueHb. CydyacH1 TOHKO-TUTIBKOBI @M Ta BucokoeekThBHI KpeMHieBI DM MOXKYTh
JIEMOHCTPYBAaTU 3HAYHY BHYTPIIIHIO €MHICTH [93]. Bona pa3om i3 HasBHUMHU
onopamu yTBOptoe RC-koj0, sike T0oAa€e 10 MPOIECY BUMIPIOBAHHS TPAH3UTHY
4acoBy MOCTiKHY. L[5 BennurHa 3aMeXuTh BIJl TAKUX MAapaMeTpiB, KK poOoYa TOUKaA,
TeMmreparypa, piBeHb COHSYHOI pajiallii, yac >KUTTS HEOCHOBHHMX HOCIIB 3apsiiy Ta
IHIIIUX BIACTUBOCTEH HAIIBIPOBIIHUKA.

HenpaBunpHuii BuOip yacy ckanyBaHHA BAX Moxe CyTT€BO CIOTBOPUTH
pe3ynbTaTh. 3aHaJATO KOPOTKMU Yac MOXKE CHPUUYMHUTH 3HAYHY MOXHOKY, sKa
BU3HAYAETHCS JMHAMIYHUMH BJIACTUBOCTSAMH COHSYHOTO ejlemMeHTa. BojHouac,
3aHAATO JOBIUHM Yac BUMIPY B paMKax MOJbOBUX JOCIHIKEHb MOXE CHPUYMHUTH
MOXUOKH, OB’ A3aH1 3 HEOJHOPIIHICTIO T4 MIHJIUBICTIO OCBITIEHH OM.

OnTuMalbHUN Yac CKaHyBaHHS Ma€ OyTH MaKCHUMalbHO KOPOTKHUM, aje
JIOCTATHIM JUIsl MIHIMI3alli BIUIMBY JAMHAMIYHOI MOXHOKH. IIInsgxom mnopiBHSHHS
MPSIMOTO 1 3BOPOTHOTO BUMIpy BAX MokHA BUSIBUTH HEJIOCTATHIM Yac CKaHyBaHHS
— Yy TaKUX BUIIAJIKaX CHOCTEPIraeThCsl TiCTEPE3UC, M0 MPOSBISIETHCA Y HEIOOIIHII
peansHoi BAX mij yac npsiMOro ckaHyBaHHSI Ta IEPEOIIIHIII 1] Yac 3BOPOTHOTO[94].
[Is moxuOka He YCyBaeTbCid aHlI LUISIXOM YCEpEeIHEHHd 000X KpUBHX, aHl
M1JICYMOBYBaHHSIM NMOMMIIOK KOXKHOTO HampsIMKy. ['icTepe3uc Ta BIUIUB €MHICHUX
BJIACTUBOCTEH COHSYHHUX €JIEMEHTIB IMPOKO BUBYEHO [94, 95].

Ha puc. 2.3 300paxkxeHo BukpubiieHHs rpadiky kpuBoi BAX B pe3ynbraTi
HEJIOCTATHBOI'0 Yacy CKaHyBaHHsI — mpoTsiroM 10 Mc (4opHa MyHKTUpHA JIiHIS) Ta

4 Mc (4epBOHA MMYHKTUPHA JiHIA).
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Pucynok 2.3 T'ictepesuc BAX BHacHiIOK MpSMOTo Ta 3BOPOTHOTO BUMIPIB (a),
BIIMOBIAHI TOXUOKHU, CIIPUYUHEH] BHYTPIIIHHOI0 €MHICTIO (b)
(CTpUIKM BKa3yIOTh HAMPSIMOK BUMIPY).

[IpuiinsaTo BBa)XaTw, 110 JOCTATHIM YaCOM BHUMIPY € TPUBAJICTh CKaHyBaHHS
Big K3 1o XX 6inbie 50 Mc. JlogaTkoBO MPOBIBIIM €KCIIEpUMEHTaIbHI BuMipu BAX
Ha OCHOBI p€3UCTUBHOTO HAaBAHTAXXEHHs 3 yacoMm BuMipy Ouibiie 100 mc ricrepesucy
HE BUSBJIEHO, OTXKE MpPOIEC BiAOYBaBCS 3 TAaKOW IMIBUIKICTIO, 110 BUMIPIOBAHHS
BUKOHYBAJIUCh 32 PIBHOMIPHOT'O PO3MOJILTY HOCIIB 3apsiy.

2.4.2 Po3paxyHoK 4acy 3apsiay KOHAeHcaTopa Big @M

Jlns cipolieHHs po3paxyHKy yacy 3apsay KoHjaencartopa Bijg @M loro moxHa
BBaxkaTu Jkepenom ctpymy Bin K3 nmo MPP, a B mianmazoni Bimx MPP go XX —
JDKEpesioM Hanpyru. B naHoMy BUNaAKy €IMHUM HAaBaHTAXEHHSM, MMIAKIIOUYEHUM 10
®M, € emHuicTs C, pu [IbOMY BHYTPIIIIHIHN OMip €EMHOCTI BBAKAETHCSI HECKIHUCHHUM.

Ha nepmiomy etami 3apsipK€HHS KOHJEHCATOP IMOBOJUTH ce0e SIK KOPOTKE
3aMUKaHHS, a HOoro Hampyra JiHIHHO 3pocTtae 110 V. 3apsakeHHs: KOHIeHcaTopa Bl

®OM B pexuMi JiKepesna NocTiiHOoro cTpyMy (nepiuii aianazon BAX):

2.1)

ne I, — ctpyMm KopoTkoro 3amukaHHsi OM, gxuil 3aneXuTh Bil PIBHS COHSYHOI

pajialii Ta TemnepaTypu;
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C — eMHICTB KOHJIEHCATOPA, SIKa BU3HAYAE MIBUAKICTh 3MIHU HAIMIPYTH;
tp — MOMEHT 4acy, KOJIM Hampyra Ha KOHJIEHCAaTOpi JIOCATa€ MPOMINKHOIO
3HauYeHHS V.

3apspkeHHs: koHaeHcaTopa Biit @M B pexuMi Jkepelia Hanpyru BigoOpaxae
EKCIOHEHIIaJIbHUM ~ XapakTep 3MIHM Hampyru Ha KOHJEHcatopl (Apyruit
niamazon BAX):

v() = Voo + (o = Vo) - exp  ~ —2),
eq (2.2)
t >t

ne V,. — mampyra xosocroro xoxy ®OM, mo BH3HAYAETHCS TEMIIEPATYpOIO Ta
BJIACTUBOCTSIMU MOTYJISI;

R., — €KBIBaJICHTHUH OITIp CUCTEMHU, IKUHU 3aJICKUTh BiJl BTPAT Y €JIEMEHTIB CUCTEMHU.

eq
3araapHUM Yac 3aps/KeHHS KOHJAEHCATOpa 3aJIeKUTh SK BiJ IapaMmeTpiB
CHCTEMHU, TaK 1 BiJ EMHOCTI KOHJICHCATOpa:
t=1ty+ 5 Req-C (2.3)
Hanpyra Vi Tpamuimitinux @M cranoButh 61u3bko 80% Bix Voc. Takum

YUHOM, €KBIBAJICHTHUM OMIp:

V.
Req ~ 0.2 — (2.4)
ISC
Po3paxyHOK eMHOCTI KOHJEHCaTOpa:
t-1
C = —— (2.5)

a00, CIIPOIIICHO:
C =055t -— (2.6)

[Tponopmiitauii koedirieHT A =~ 0.55 mMATBEPIKEHO U1 Pi3HUX TEXHOJOTIH
MonayniB [73]. 3HaueHHs Koe(illieHTa 3aJIeKUTh BiJ MHapamMeTpiB MOJIYJIIB Ta

KOH(]ITrypallii CHCTEMH.

54



3Ha4YeHHsI €EMHOCTI KOHAeHcaTopa s BuMmipioBaHHs BAX ®M Risen RSM
120-6-285P, mo mae ctpym K3 9.4 A Ta nanpyry XX 38.58 B, nmpu TpuBanocti

BuMipy 100 Mc, po3paxoBy€ThCSI HACTYITHUM YUHOM:

C =055t e _ 0.55- 0.1 04 = 13 400 Mmx®
= 0. =0 1-355g = MK (2.7)

OOpaHe MiHIMalbHE 3HAYEHHS OYIKyBaHOi TpuBasocTi BuMipy B 100 mc
JI03BOJIsI€ MIHIMI3YBaTH HETAaTUBHUN BIUIUB MepexiqHuX npoueciB ®M ta onHOYaCHO
JI03BOJIsSIE YHUKHYTH HETaTUBHOTO BIUTMBY Ha BAX Bij 3MiHM COHSIYHOI pajiaiiii.

2.4.3 Bu0ip KOMIIOHEHTIB Ta BU3HAYEHHS 1X KOHpirypamii

3 omsiny Ha HEOOXIJHY THYYKICTh CHUCTEMH, UIBUAKICTh IMPOBEICHHS
eKCIEPUMEHTY Ta JIOCTYIHI J10 MPUI0aHHS BaplaHTH 0OpaHO KOHJAEHCATOP €MHICTIO
22000 Mx® Tta Hampyrorw 100B [96].

Yac 3apsny aanoro konaencaropa Big @M Risen RSM 120-6-285P:
C Vo _ 22000 3858

Ls=055 T, ~ 055 o _ ledmc (2.8)
Yac 3apsty npH BJBiUl MEHIIIOMY CTPYMI:
22000 38.58

3aranbpHul ouiKyBaHM yac BuMiproBanHs BAX npu oOGpaHomy KOHAEHCATOP1
ckianae 0nu3bko 164 mc, 110 BIANOBIAAE paHille BU3HaUYCHUM oOMexeHHsM. [Tpu
3MEHIIEHHI PIBHS COHSYHOI pajiiailii, 10 nmpu3Bee A0 3MeHIIeHHs cTpymy K3 OM
YMOBHO BJBIYl, 4Yac BHUMIpPY ckJagae MeHmie 350 Mc, 4Ooro JOCTaTHbO st
HIBEJIIOBaHHS BIUIMBY 30BHIIIHIX QakTopiB HAa BAX OM.

[Ipubnu3HMil Yac BUMIPY OJIHI€T Mapy 3HAYEHb CTPYM-HAIpPyra 3a I0MOMOT OO
obpanoro AIIIT (nuB. po3a. 2.5.1) cknagae 1.6 Mc, Tomy 3arajsiom OyJie OTpUMaHO
oinpire 100 ekcriepuMEHTAIBPHUX BIJJTIKIB JJIS TIOBHOI OCBITJIEHOCTI Ta OibIie 200
BIUTIKIB /ISl BJIB1Y1 MEHIIIOTO PiBHS COHSAYHOI pasiarii. [{iel KITbKOCTI TOUOK IITKOM
JOCTaTHBO AJist oTpuMaHHsi BAX 3 HE0OX1/THOIO TOYHICTIO Ta TOKPUTTSIM.

[licns mpoBeeHHSI BUMIPIOBAHHS ME€pe]l TOYaTKOM HACTYITHOTO BUMAraeThbCs
po3psiiKa KOHJEHcaTopa, il [bporo obpano pesuctop AH25WIJ-100R [97]

HOMIHaIbHUM onopoM 100 OM Ta MOTYKHICTIO po3citoBaHHA 25 BT.
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Yac po3psaay KOHIEHCATOpa HA TaHUU PE3UCTOP:
tp=5-RC=5-100-0,022=11¢ (2.10)
TpuBanictb po3psaku B 11 c. niIkoM mnOpuiHATHA JJIsI TMPOBEICHHS
€KCIIEpUMEHTIB, B TOMY YHCJl aBTOMAaTWU4YHUX. OMNIIOHAIBHO peali30BaHO
MOXJIMBICTh BUKOPUCTAHHS JBOX KOHJEHCATOPIB, IO MNPOMOPILINHO 30UIBIINTH
KUIBKICTh BIJJIIKIB Ta Yac BUMIPY 1 po3psiay. 3arajibHy CXemy 3’ €JJHaHHS €MHICHOTO

HaBaHTa)XXEHHS 300paxeHo Ha puc. 2.4.

Switch

1 2 3

*+ \:°

i SSR

C2

- Rdischarge

PV

Hrl Ve e
MOSFET

Control
Unit

Pucynok 2.4 Cxema 3’€JHaHHSI EMHICHOT'O HABAHTA>KEHHS

BaxnBoo 0COONMBICTIO € peani3oBaHUN aBTOMATUYHUN PEXKUM PO3PSIy
KoHJAeHcaTopa (auB. po3a. 2.7.2). Ha puc. 2.4 BkazaHuil 3-MO3UIIHHAIN TTepeMuKayd
BIAMOBIa€ 3a TMEPEMHUKAHHS PEXUMIB pobdoTu: | — TOTOBHICTH 10
BUMIPIOBaHHS/aBTOMAaTUYHUM PEXHUM; 2 — PEXKHUM MPOCTOI; 3 — PYUHUU PEXKHUM
po3psity KoujaeHcartopa. I[lomiOHa peanmizailisi J03BOJISIE BHKOPUCTOBYBATH SIK
aBTOMATHUYHHI PEXHUM PO3PsAY KOHAEHCATOpa, TaK 1 MOBHICTIO PYYHHUI PEXHUM
BuMiptoBaHHs (mpu ymoBi 3amkHyToro MOSFET) Ta po3psiay koHAeHcaTopa 3a

HEOOX1THOCTI.
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2.5 Opranizanisi BUMipHOBaJIbHOI CKJIAJT0BOL
[lix yac BumiproBanHss BAX @M KpUTHUYHO Ba)KJIMBO OTPUMYBATH 3HAUCHHS

CTPYMY Ta HampyrH, 1o reuepye M, 3 BUCOKOIO TOUHICTIO Ta YaCTOTOIO.

2.5.1 Ananoro-uudgpoBuii nepersoprOBay

Jns BUKOHAHHS HEOOXIIHMX BHUMIPIOBAaHb HANpyrd Ta CTpymMy oOpaHo
ananoro-uudposuii neperBoproBau ADS1256 [98] y Burisial miatu po3mHUpPEeHHS
Raspberry Pi High-Precision AD/DA Expansion Board [99]. Januit momgyns ALIIL
JI03BOJISIE€ TIKJIIOYUTH 8 BX1IHUX aHAJIOTOBUX CUTHAIIB, MPEIU31iiHO onu(pOBYyIOYN
ix 3 24-po3psAHOI0 TOUHICTIO 1 4acToTO0 oludpoBku 10 30kl 1. AHaMOroBl BXOIU
MOXHa BHUKOPHUCTOBYBaTU K 4 nudepeHIiaJbHUX aHaloroBuUX BXonu. Jlxkepeno
onopHoi Hanpyru LM285 BOymoBane, 1o 3a0e3neuye TOYHICTh BHUMIPIOBAHb
HE3aJIEXKHO BiJ SIKOCTI >kMBJIeHHS Moxyiro ALTIL

BaxnuBoro 3agadero € KOPEKTHE HalalllTyBaHHS MaKCHMaJlbHOI YacTOTH
nepenaui ganux muHu SPI [100] na Raspberry Pi Ta mBuakocTi BumiproBanust SPS
Ha ADS1256. 1ns uporo Oyno BukoHaHo 45 tectoBux gocuiaiB AL ta Bu3HaueHo

3aJIKHOCTI KITbKOCTI BITIKIB Ta TouHOCT1 (Peak-to-Peak) Big SPS 1 SPI (puc. 2.5).

Pucynok 2.5 BusnaueHHs onTuManbHMX HamamTyBaHb SPS ta SPI

3 ornsany Ha HEOOXIAHICTh OTPUMYBAHHS IOCTaTHHOI KUIBKOCTI BIJJTIKIB Ta iX
JIOCTaTHBOI TOYHOCTI, 3HaUeHHsI SPS o0pano piBHuM 7500, 30epiratoun 3asiBICHY
po3ainbHy 3natHicte ALl wa piBai 17.7 Oitr. 3nauennss SPI o6pano 1935000,

BpaxoBytoun BumMoru n0 ¢opmary SPI. Taki HanmamrTyBaHHS JO3BOJSIIOTH
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orpuMyBatu A0 2140 BiaikiB Ha cekyHAy 3 TouHicTiIO nNRMSE 0.014927 B TecToBUX
yMmoBax. O0OpaHi HaJIaIITyBaHHS JO3BOJISIIOTh OTPUMATH 3arajbHy TOYHICTh CUCTEMU
omm3bko +0.1% mig yac BumiproBanHs tTunoBoro BAX 3 MPP 250 BT, a kinabKicTh
BTIKIB  Onu3bko 250 Ha kpuBy. BOynoBaHe miACWIEHHS CUTHalIy He
BUKOPUCTOBYETHCS.

2.5.2 BumiproBanus crpymy @M

Jns BuMiproBanHs ctpymy @M BUKOPHUCTaHO JATYMK MOCTIHHOTO CTPYyMy Ha
edexti Xomta ACS7I13ELCTR-20A-T SOICS kommanii Allegro [101] . BayTpimHii
omip crtaHoBUTH 1,2 MOM, 1m0 3a0e3leuye TOYyHE BUMIpIOBaHHS B obOmacti K3.
3aranibHa moxubOka Ha Buxoai 1,5% mnpu Temmneparypit 25 °C; naiama3oH
BUMIpIOBaJIbHOr0 cTpyMy Big 0 A 1o 20 A, BUX1JIHa UyTJIMBICTh OpiBHIOE 185 MB/A,
Yyac 3pOCTAaHHs BUXIJHOTO CUTHAIYy ckiafae 5 Mkc. Ilicns kamOpyBaHHS JaTUMKa 3a
nonomororo Keysight DSOX1102G [102] nporpamMHo 3afaHe 3MIIIEHHS BUX1THOTO

curHaity cknazgae 0.491 B.

Current Sensor

7, o T O ~
| +5V :
) 5

| S1 |
P Sensor ACS713ELCTR-20A-T i
| GND | 1-2%p, vee 8 ° '
! 412, viouT[ (A4 !
l 344 1p. FILTER & '
| pEZ RS GND P | l
l C10 ==C9 '
| n 0.1u |
| -PV '
| |
I = I
| GND I
Sy ) 0 7/

Pucynok 2.6 IlinkntouenHs natuuka ctpymy ACS713
(C9 Gaitnac, C10 ¢inbTpyrounii)

Jns mpaBuibHOI poOOTH JAHOTO JaTYMKA CTPYMY JIOJATKOBO BUKOPUCTAHO
nBa konaeHcaropu — 0,1 mx® Oaitnac Ta 1 HO (UIBTPYIOUU KOHIEHCATOP, IO
3a0e3reuye 3riaajKyBaHHS TMyJibCallli >KUBJIEHHS Ta [OKpAIly€e BiAHOIICHHS

CUTHAJI/IIyM. 3arajbHy CXeMy MiAKIIOYEHHS JaTYMKa CTpyMy 300pakeHo Ha puc. 2.6.
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[loka3zu patumka ctpymy ACS713 3anexars Bif CTaOUIBHOCTI Hampyru
YKUBIICHHS, TOMY JUIS ii 10JJaTKOBOI peanizoBaHO MapaMeTpUUYHUN cTabLIi3aTop Ha

ctaburiTponi BZX85-C5V1 YJ [103] 3 crabinizoBanoro Hanpyroto 5,1 B.

~NIRSH DSO-TC3 FNI=LSH DSO-TC3
E : £ ‘

| Vmax : 0.0V : 0,02V Vmax ; -0.00V Vpp.: 0.00V
Vmin: %.mv grpep: ‘83.57“(“2 Vmin: -0.00V : Fre : 0.000kHz
:+-0.00V- - Dut-:30.4% Vavg :-0.00V - Dut:0.0%

: Cyc: 0.

Pucynok 2.7 Ocnunorpama HanmpyTH >KUBJICHHS TaT4UKa CTPYMY
a) 6e3 crabimizariii, 0) 13 cTabimi3amiero

[licns BopoBaIKeHHS CTA01T13yI040i CXEMU PIBEHb IITYMIB BIAYYTHO 3HU3UBCS
(puc. 2.7)., 110 3HaYHO 3HUKYE BILUIUB (PIYKTyalllid HAPYTH KUBJICHHS HA pe3yJIbTaT
BuMiptoBanHsa BAX OM.

2.5.3 BumiprwoBanus Hanpyru ®M

Bukopucranunit ALl Bumiproe Hanpyry Tuibku B Mexkax Bin 0 B 1o 3 B, Tomy
JUTsl TIEPETBOPEHHS BUMIpIOBaHO1 Hanpyru @M BUKOPUCTAHO PE3UCTUBHUMN TITLHUK
HaIpyTH.

MakcuManbHa poOoua Hampyra CHCTEMHU TECTyBaHHsS ckjiafgae 95 B, mis
MOKPAILEHHsS] TOYHOCTI BUMIpIOBaHHs oHoro @M peanizoBaHO MOXIHUBICTh BUOOPY
Koe(]illieHTy nUIbHUKA. [{7151 BUMiproBanHs oHOoro @M 3 MakcuManbHO JOITYCTUMOIO
Harnpyrow XX 45 B o6pano pesuctopu 3 HomiHanamu 147 kOm 1a 9,1 kOwm.

RDZ 5 9.1 kOm

BUX BX Rp1 + Rp> 147 xOMm + 9.1 kOm

= 2.623 B (2.11)

Buxinna nHanpyra He nepesuinye 3 B, mo Bignosigae mapamerpam AL

L Upux 45 B
A Rpy + Rpy 147 KOM + 9.1 KOM

= 288,3 MKA (2.12)
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CtpyM, 110 IpOTIKA€E yepe3 AUIbHUK, He nepeBulrye 300 MKA, ToMy BILTUBOM

JIbHUKA HA POOOTY CUCTEMU MOKHA 3HEXTYBATH.

v __Roi 9.1 kOM
A Rpy + Rpy 147 kOM + 9.1 KOM

= 0.0583 (2.13)

Koedimient mnepenaui oOpanoro pguibHuka ckiagae  0.0583. Ilicas
KanOpyBaHHs JuUibHUKAa 3a jgomomoroio Rohde&Schwarz HMC8012-G [104]
nporpaMHo 3afaHuit koediuient cknagae 0.05775.

Jns BumiproBanHs nekiabkox M cymaproro Hanpyrow XX He Ouibiie 95 B

peanizoBaHO MOKJIUBICTh MEPEMKHYTH Ha 1HIIUN IUIbHUK 3 KoedimienTom 0.02731.

2.5.4 lonaTkoBi BUMipIOBaHHS

Cepen OCHOBHHX CEHCOpIB, IO MIAKIIOYAIOTHCA 0 CHUCTEMH, € JaTYUKH
TEeMIEpaTypH, BOJOTOCTI Ta PIBHS COHSYHOT pajiallii.

Jns BumiproBaHHs Temiiepatrypy @M BUKOPUCTAHO NATUUK TEMIEPATypu
DS18B20+ [105] . Bin 3a06e3ne4ye BUMIprOBaHHS TEMIIEpATypH B J1ana3oHi Big -55 ©
C no + 125 © C 3 tounictio Big 9 no 12 6itiB. B miamazoni Big -10 °© C mo + 85 ° C
TouHicTh ckiagae Ao + 0.5 ° C. [ligkmrouaeTbes 3a nonoMororo intepdeiicy 1-Wire.
Koxen DS18B20+ mae yHIKaibHHI 64-pO3psiAHMI KOJ, IO JO3BOJISIE OJHOYACHE
BUKOPUCTAHHS JACKUIBKOX JAaTUYUKIB.

[lin yac ekcnmepuMEHTaIbHUX BHUMIPIOBAHb BUKOPHUCTAaHO 9 JaTYMKIB
DS18B20+ nns BumiproBanHs Temmneparypu ®OM (puc. 2.8). Bei maruuku 0yiio
B1IKaJI1OpOBaHO 3 JOCSITHEHHSM PIBHOMIPHOCTI iX Moka3iB Ha piBHi 0.2 © C, Ha ®M

BCTAHOBJICHO 3 BUKOPHUCTAHHAM TCPMOIIACTH.
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—— Temp Temp Temp

R T S T T

Control
Unit

I

P ’ ajanrep
Lt Temp L+ Temp
Ned Ne6

1

———— Tempﬂ:— ttt Temp 4“4+ Tempﬂ:—

Ne7 Ne8 Ne9
a 0
Pucynok 2.8 Po3zramyBanHs natumkiB temnepatypu DS18B20+ na ©M,

cxematuuHe 300paxeHHs (a), porto (0)

®ikcawist piBHA COHAYHOI pajiaimii Ta ii 3MiH B 4acl MiJ 4ac BUMIPIOBaHb
BAX ®M peanizoBaHa MiAKIOYEHHSIM 30BHIMIHbOrO mipanoMerpa Kipp&Zonnen
SP-Lite 2 [106] . lanuii mipaHOMETp BUMIPIOE COHSIUHE BUNpPOMiHIOBaHHS a0 2000
B1/m? B niana3zonax cnektpy Big 400 o 1100 HM 3 yacoM BIATYKY MeHIIE | cekyHIu
1 yytnusicTio 81.38 MxB/BT/M2. TounicTs ckianae menmie 0,15%/°C (B mexax Bif -
30 mo + 70 °C).

2.6 YnpasiiHHA eJleMEeHTAMH cHcTeMHU BUMipioBanHsa BAX @M

KepyBaHHs pexxuMoM poOOTH HaBaHTa)KyBaJbHOI YACTHHM 31MCHIOETHCS 3a
JIOTIOMOTOI0 PO3POOJIEHOT TUIATH YIpPaBIiHHS, Ha SKIH PO3MIIIEHI CHJIOBI KITIOYI.
Jloriune ympaBliHHS CHJIOBMMH KJIIOYAaMH Ta IHIIMUMHU BYy3JlaMH CHCTEMU
BUKOHYETbCA 3a JOINOMOIOK pO3pO0JEHOr0 MPOTPaMHOIO AJITOPUTMY, IO

BUKOHYETBHCSA Ha MIKPOKOMII FOTEPI.
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2.6.1 CuioBa 4YaCTHHA KEPYBAHHS HABAHTAXKEHHAM

CuiioBa yacTHHA € KIIFOUOBUM €JIEMEHTOM IUJIaTH YIPABIIHHS Ta BIJMIOBIIA€ 3a
KOMYTAI[ll0 €MHICHOTO HABaHTaXXEHHA 1 CHHXPOHI3AIll0 BUMIPIOBaHb. 3
ypaxyBaHHSIM BUMOT J0 Hampyru, cTpymy Ta po3mipiB BukopuctanHo MOSFET-
tpan3zuctopu Infineon IRFB4510PBF [107] y kinbkocTi 8 mTyk. Jlani TpaHzuctopu
JO3BOJISIFOTBCS KOMYTYBaTH CTpyM A0 62 A MakcumanbHOIO Harmpyrow a0 100 B,
MIHIMAQJIBHUM Omip Yy BiAKpUTOMY cTaHi ckiaaae 10.7 mOwm.

KepyBanns MOSFET-Tpan3ucropamu 3M1MCHIOETHCS IpariBEPOM
IR4427SPBF [108] , sikuit 3a6e3neuye HeoOX1aHuM cTpyMm 10 1.5 A 1 Hanpyry 1o 20
B Ta no3BONsE MOCATTH BUCOKOI MIBUAKOCTI KomyTtamii B 75 He. g cTtabuibHOI
poboTH ApaiiBepa Ta TPaH3UCTOPIB JIOJAHO KepaMidHUN KoHAeHcaTop eMmHicTio 0,1
MK® Ta eJNEeKTPOJITUYHHI KOHJEHCATOp €MHICTIO 22 MK®D aig 3riaJKyBaHHS
MyJibCallil >KUBJIEHHS Ta 3a0e3nedyeHHs cTaOuIbHOCTI Hampyru. Jljisi oOMeKeHHs
CTpyMy 3aTBOpa TpaH3ucTtopa 10 1.5 A 3acTtocoBaHo pe3uctop HoMmiHamoM 11 Owm.
JKuBnenHns gpaiiBepiB Ta TpaH3UCTOPIB BIiAOYBA€eThCA OE3MOCEPEIHBO  Bijl
aKyMYJISITOPIB, 1110 1I03BOJIsI€E OTPUMATH HaNpyry y aianas3oHi Big 12 B go 16,8 B, sika

TOBHICTIO BIATIOBIIa€ BUMOTaM pOOOTH JipaiiBepa Ta TPaH3UCTOPIB.

2.6.2 IIpoexkTyBaHHS Ta BUTOTOBJICHHS IVIATH YIPABJIHHSA

[IpoekTyBaHHSI JPYKOBAHOI IJIATH YIpPaBIiHHS BII0YBajJoCh 3a JIOMOMOTOIO
cepBicy EasyEDA [109] , mo mMicTuTh B cO01 peIakTOp €IEKTPUYHUX CXEM, Spice-
CUMYJIATOP 1 pEJaKTOp JIPYKOBAHUX ILIAT.

[lin yac mpoeKTyBaHHS JPYKOBAHOI IJIaTH YIOpPaBIiHHS BpaxoBaHl Taki
0COOJMBOCTI X PO3pOOKH, SIK BUSHAYEHHSI HEOOX1/THOT TOBIIIMHY Ta IIIUPUHH JOPIXKOK,
BU3HAUYCHHSI Mapa3UTHUX €MHOCTEN, OpraHizallis 3eMJITHOTO Moirony touro. [lnara
Mae 2 mapH TOBIIMHOIO M1l 35 MKM KOX€EH, 3arajbHa TOBLUIMHA IJIATH YIPABIIHHS
ckiazgae 1,5 mwm.

[InaTa ymnpaBiiHHS BUCTYINA€ IEHTPAIbHOK YAaCTHMHOI B KOMYHIKAIlll BCIX
KOMITOHEHTIB CUCTEMH, TOMY Ha IUIaTI BUKOPUCTOBYIOTHCS PO3’€MHU PI3HOTO THUITY
U1 MAKITIOYEHHS Takux ejaeMeHTiB, sk nwieid GPIO Big mikpokomm’ioTepa,

BHYTpIIIIHI Ta 30BHIIIHI aHAJOTOB1 Ta HUGpPOBI AaT4MKH, aHanorosi Bxoau AILIII,

62



inTepdeiicu 1-Wire ta 12C, )kuBieHHS Bl aKyMyJISTOPIB 3 MOJATBIIAM PO3MOIIIOM
70 THIIMX KOMIIOHEHTIB CHUCTEMH, TOIO. BUTrOTOBIEHO NaHy IJaTy Ha CepBicl 3

excrnpec BupoOHuIrTBa apykoBanux miat PCB24 [110] B M. JIbBiB, Ykpaina.

O PM3/Main Part 3]
CN3 CN2 Al OA2
—

.

[0100] 00
° RD5 RD6 RD3 RD2 E ] T1 RD5 RD6 RD3)RD2 E E

ONtl) v

TRl

a) 6) B)

Pucynok 2.9 [IpykoBaHa miiata yrnpaBliHHS
a) npoextyBanHs B EasyEDA, 6) 3/I-monens, B) poto 310paHoi mnatu

Burnsan nnatu ynpaBiiHHS 111 4ac NPOEKTYBaHHS 300pakeHo Ha puc. 2.9 a),
3/I-Momens TIATH YIpaBIiHHSA Pa3oM 3 YaCTKOBO 3MOHTOBAHWMH €IIEMEHTAMH
300paxeHo Ha puc. 2.9 0), peanbHe 300pa)K€HHS TOTOBOI IUIATH pa3oM 3 yciMma
3MOHTOBAaHUMH €JIeMEHTaMU MMOKa3aHo Ha puc. 2.9 B). Burisag cucremMu 300pakeHo

B [/lomaTok B].
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2.6.3 Mikpokomm’rorep

BukoHnanHs anroputMy KepyBaHHS Ta PO3pOOJEHOTO MPOTPAMHOTO
3a0e3meYeHHs Il eKCTPaKIsd XapakTepucTuk DM 3IIMCHIOETBCS HAa OCHOBI
oJHOIUIaTHOrO MikpokoMil 1oTepa Raspberry Pi4 Model B [111] . Bin no6ynoBanuit
Ha ocHOBI1 cuctemu Ha kpuctaiai SoOC BCM2711 B sakiii Bukopuctanuii 4-x siaepHuit
nporiecop ARM Cortex-A72 3 taktoBoro vactororwo 1,5 I'Tu., miarpumye Wi-Fi
Bepcii 802.11ac ta Bluetooth Bepcii 5.0. Ha MikpokoMi’10Tepi BUKOPUCTOBY€ETHCS
cnenianizoBanuil nuctpudytuB Linux Raspbian OS.

JIns mpreHaHHS Ta YIPABIIHHS 30BHINIHIMY [JIATAMU, JaTYMKAMHU Ta IHIITUMU
eleMeHTamMu cucteMu AaHui Mmikpokomm’torep Mae 40 GPIO (general purposed
input-ouput — yHIBepcaJlbHUN BXIA-BUXIM), 10 peani3ylOTh IMepenady JaHUX 3a
nonomororo iHTepdeiiciB SPI, 12C, 1-wire, UART, a Takox ympaBiiHHS 4Yepe3
nuckpetHuit curnan 3.3 B ta miarpumyots LHIM-Mmoaymnsitito.

B sixocTi cucteMu BBOIy-BUBOY 1H(GOpMaIlii 00paHo 7 AIOMMOBUN CEHCOPHUIN
TFT ekpan [112] po3ainsHoto 3aatHicTIO 800 Ha 480 mikcemniB, XKUBJICHHS SIKOTO
3niiicHIOeThCsl Hampyrowo S5B. Jlanuit expan o(imiiHO MIATPUMYETHCS OOpaHUM
MikpokoMIT'toTepoM Raspberry Pi ta no3Bosisie B 3pydHoMmy QopmaTi KepyBaTH
npouecoM BuMiptoBaHHs BAX 1 oTpumyBaTtH pe3ysbTaTd y BUIJISAl TaOIHULb Ta
rpadikiB B iHTEpdelici KopucTyBaya.

2.6.4 Auroputm KepyBaHHS TAa MpPOrpamMHe 3a0e3ne4eHHs

KepyBaHHd yciMa amapaTHUMHU KOMIIOHEHTAMH, BHUKOHAHHS OOpOOKHU
oTpuMaHoi 1HQoOpMaIlli, MPOBEICHHS HEOOXITHUX PO3PaXyHKIB Ta EKCTpaKIlis
xapaktepuctuk @M, BHUBIJI OTPUMAHUX PE3YJIbTATIB BUKOHYETHCS 3a JOMOMOIOIO
po3pobieHoro mporpamuoro 3abesmedenHs [Jlomatox I, Homatox JI]. MoBoro
nporpamyBaHHsi oOpaHo Python — iHTepmpeToBaHa 00'€KTHO-OpiI€EHTOBaHa MOBA
MpOorpaMyBaHHsI BUCOKOTO PiBHS 31 CTPOTrOl0 AMHAMIUHOIO Tumizariero [113].

Po3pobnene mporpamue 3abe3nedeHHs 0a3yeThCs Ha MPUHIMIT MOIYJIHHOT
apXiTeKTYpH, 110 3a0e3Meuy€e He3IeKHY PO3POOKY OKPEMUX KOMIOHEHTIB CUCTEMH,
K1 MOXKYTh (DYHKIIIOHYBaTH aBTOHOMHO a00 B3a€MOJIISATA MixK co0ot0. Takuil miaxiza

J03BOJISIE MIABULIUTH CTAOLIBHICTh KOMAY, CIPOILYE TECTyBaHHS Ta HaJlaroKCHHS
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OKpPEMHUX MOJYJIIB, a TaKOXX 3a0e3nedye THYUYKICThb y iX BHKOPUCTaHHI. 30Kpema,
¢Gynkuis s TectyBanHs @M morke OyTH BUKOHaHA yepes3 1HTepdeiic kopuctyBaya,
[UIIXOM IMIIOPTY MOJYJIA sIK O10,110T€KH, Yepe3 KOMaHJHUH PSAAOK a00 3 B1IIaJI€HOTO
IMPUCTPOIO 3a IOIOMOTO CEPBEPHOTO MOTYJIA.

[Iporpamue 3a0e3meyeHHs] CKIAAA€ThCS 3 JAEKUIBKOX KIFOYOBHX MOJYJIB:
OCHOBHOI'O CUCTEMHOIO MOy 1A PrystriyOS.py, MOy IS
rpadiunoro intepdeiicy Prystriy Ulpy [Honatok '], Mogyns ocHOBHUX (YHKIIIH
Prystriy functions.py [[Honatok Jl], momynsi kepyBaHHs ganumu Prystriy data.py,
monyns pobotu ALl ADS1256.py. Ha puc.2.10 300paxeHo Onok-cxemy

aJITOPUTMY KEPYyBaHHS 3 3a3HAUEHUMU (PYHKIIISIMU, IO BAKOPUCTOBYIOTHCHI.

[Touarok J
startup() l
. =1 Kinnese
CtBopeHHs 00'eKTy .
JTaHUX BUMIPIOBAHHS BHMIPIOBAH S
e p B Toull XX

measureCurrent()
measureVoltage()
measurelrradiance()
measure Temperature()

O0podka BUMIPAHUX
JaHKUX

calculateData()
calculateParameters()

30epeKeHHs TaHUX /

measurementsData()

Bubip tuny
HABAHTAKCHHSA

measurcCapacitive()

[TouarkoBe
BH .\1i])lOB'dl THA

B Toull K3
measureCurrent()
measureVoltage()
measurelrradiance()
measureTemperature()

D N AN

NN NN DY M

saveFile()
. BuseacHHs
Bumipropanus ®M A
PC3YyJIbTAaTIB HAa CKpPaH
measureCurrent() drawPlot()
measure Voltage() updateUI()
measurelrradiance()
( Kinens J
safequit()

dischargeCapacitive()

Pucynok 2.10 bnok-cxema anroputmy KepyBaHHA

[lin 4ac 3amycKky mporpamMHOro 3a0e3mnedyeHHsi BIAOyBaeTbcsl 0a30Bi
HajamTyBaHHs Ta BuOip pexxumiB podbotu GPIO. Ha mouatky BumiproBanHss @M

CTBOPIOETHCSI 00’€KT, SIKUM MICTUTH 1H(OpPMAIiI0O NPO AaTy ¥ yac MPOBEICHHS
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BUMIPIOBaHHS, BUMIPSIHI 3HAYCHHSI CTPYMY Ta HAIpPYTH, pO3paxoBaHy MOTYKHICTb,
napametpu @M, a Takox naHi npo Temieparypy @M Ta COHSUHY pajialliio, SKIIO
BIAMOBIAHI CEHCOPW MIAKIIOYEHI JO0 cucteMu. BinOyBaeTbcsi MOYaTKOBE
BUMIpIOoBaHHs AaHuXx B Toulll K3. BumiproBatu temmneparypy ®M noctynumo oauH
YU JiBa pa3u 3a BUMIpP Uyepe3 BUCOKY IHEPTHICTb.

Hactynnum etanom € 6e3nocepeinbo BuMmiptoBanHsa BAX @M — nporpamuauit
aIrOpUTM 3a JIOIOMOTOK0 KEpPYBaHHS TPAH3UCTOPAMH KOMYTYE €MHICHE
HaBaHTaxeHHs Ha M, 110 NpU3BOIUTH 10 3apsAaKy KoHieHcaTopa Big @M. Ilix yac
MPOXOJIKEHHS 3apsA/ly BiAOYBA€ThCS BUMIPIOBAHHS CTPyMy, HAlpyrH Ta pPIBHS
coHsiuHOi pamianii. [licig mOCArHEHHs 3a4aHOr0 TPAHWYHOIO 3HAYEHHS CTPyMY
BiIOyBAa€ThCSL BIJI'€HAHHS €MHICHOTO HaBaHTaxeHHd Bigx PM Ta mnodaTok
aBTOMATHYHOTO PO3psiAy KOHAeHcAaTOPiB. B moganbiomy nporpamue 3a0e3neueHHs
3M11ICHIOE 00POOKY OTPUMAHUX EKCIIEPUMEHTAIIBHUX JaHUX, IPOBOJIUTH PO3PAXYHKHU
napametpiB @M, cTBopeHHs Ta BigoOpaxeHHs rpadiky BAX, 30epexxeHHs TaHUX.

B3aeMoisa 3 nmporpaMHuM 3a0€3MeUEHHIM BIIOYBA€ETHCS Uyepe3 po3poOIeHU

KopucTyBalbkuil iHTEpdeic (puc.2.11), 1o BUKOPUCTOBYE MOMIMBOCTI paHiIIe

00paHOTO CEHCOPHOT'O EKpaHy.

Status IV-curve Measurements
Battery: 56.0 % 5 | 140 Voltage  Current Power
0.0909 4.4272 0.40243
CPU Temp: 57.0 °C bo—ov00090-0o0900990-0-0-0 g~ 0.9907 4.4124 4.37136
il - 120
PV Voltage: 0.000 V 44 2N 3.0668 4.4235 [13.56599
T e \ 4.4725  4.4006 19.68168
Py Cuirent: .00 A = ol '\ 18003 58823 4.4098 25.93977
PV Resistance: 0.000 Ohm 5 3 1 //’ “\‘ .‘i 7.2621 4.4117 32.03821
Temp 1: 27.375 °C E R \ g 8.6837 4.4022 38.22738
Temp 2: 27.062 °C O 5 7 L 60 &1101703 4.4194 44.94662
Confiauration . : ] 11.9818 4.4036 |52.76305
g S| ¢ expeniment Y [z 137148 44049  60.41232
Number of points: |15 11 ,/ approximation % ==—sm=- Iv.?- == -It S R
L ——- power k esults
7’
- + 0 . . . 0 Um 36.801V Rs 0.453 Ohm
0 10 20 30
Voltage, V Im  4.427A Rp314.408 Ohn
Mode VLengh Console
Estimated time: 0.150 s {14:09:10]: Parameters calculated; Pm 127.571W A 1.745
’ ’ [14:09:10]: Determined parameters:
v Save plot? 10 = 0.00000000000022 Save Open
Iph = 4.681
Load Type Resistors 55 — | |A=1.745
' |Rs = 0.453 Measure Exit
Debug Settings | RP = 814.408;

[

Pucynoxk 2.11 Po3poOnenuii kopucTyBalbkuii iHTEpdeiic
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InTepdeiic po3pobiaeHo 3a nomomorow iHTepdeircHoro makety Tkinter —
Oararomnargopmua rpacdiuna Oi0mioTexka iHTepdeiiciB Ha ocHOBI 3aco0iB Tk.
bibmioreka Tkinter He peanizye BnacHuii inTepdeiic go 616miotexu Tk, a 3abe3neuye
KOHBEpTYyBaHH 3BepHEHb Python B 3BepHenHs1 Tcl — MoBH, fKka TICHO 1HTErpoBaHa

3 Tk. Takum unHOoM Tkinter € o6roptkoro ans Tcl/Tk.

2.7 Inuii 0c001MBOCTI BUMIPHOBAJILHOI CHCTEMH

BuwmiproBanpHa cucteMa MicTUTh Oubiiie 80 pi3HUX KOMIIOHEHTIB, KOXKEH 3
AKUX Mi110paHo MmijJ JaHy CUCTEMY 3 YpaxyBaHHSM HEOOX1AHOI SKOCTI BUMIPIOBAHb,
KOMIMAaKTHOCT1, CYMICHOCTI 3 MiKpokomIl torepoM Raspberry Pi, HU3bKOi BapTOCTI.
Jlo 1HIIMX OCHOBHUX YaCTUH CHCTEMH MOKHA BIJJHECTH ABTOHOMHE >KHBIJICHHS,
peanizallis aBTOMaTUYHUX Ta BiJIJIaJIECHUX BUMIPIOBaHb, iHTepdeiicu nepenayl 1aHux,

3aXHUCT Ta OXOJIOIKCHHA.

2.7.1 ABTOHOMHE KUBJICHHS

3 orisiay Ha HEOOXIAHICTH MpoBOAUTH BuMiptoBaHHs BAX ®M B monsoBux
yMOBax peaiai3oBaHO aBTOHOMHE YKUBJICHHS JUIsl 3a0€3M1eUeHHs1 p0O0TO3/1aTHOCTI O€3
JOCTYIy J10 CTalllOHAPHUX JIKEPEN eJIEKTPOEHEPTTIi.

3arasibHa MOTY>KHICTh CIIOKMBAaHHS BUMIPIOBAJILHO1 CUCTEMU CKJIanae 110 6 Br,
OpIEHTOBHUM 4Yac aBTOHOMHO1 poOOTH ckiagae 8 roauH. [ 3a0e3meueHHs] TaKuX
YMOB HEOOX1AHO 00OpaTH aKyMmyJisiTOp 3 €MHICTIO He MeHIe 45 Bt-roa. JlonaTkoBo
BpaxOBaHO HEOOXIJHICTh 3a0e3MedeHHs] cTabuIbHOI Hampyru 5 B s joriyHoi
YaCTUHU CUCTeMM Ta Hampyrd noHaja 10 B s cuiioBOi 4acTUHU, 3 MOMIMBICTIO
MIKOBOTO CTpyMy moHan 6 A.

Sk OCHOBHE JIKEpeNo >KUBJIEHHS OOpaHO YOTHUPH JITIH-10HHI aKyMyJSITOpU
Samsung 29E [114] tunopo3mipy 18650, 110 MatoTh HOMIHaNIbHY €MHICTH 2900 MA ‘T
Ta HOMIHaIbHY Hampyry 3,7 B. AkymynsTopu 3’€JlHaHl TMOCIIJIOBHO, MarOTh
HOMIHAJIbHY Hamnpyry 14,8 B, MakcuMalbHUI CTpyM MOHAJ 8 A Ta 3arajibHy €MHICTh
43 Bt-ron. Bukopucrano BMS-kontponep moneni 4S 20A HX-4S-D20 [115], skuit
3a0e3reuye MOHITOPUHI CTaHy aKyMyJsTOpiB Ta iX 3axuct. [l ycyHeHHs
po30alaHCyBaHHs 3aCTOCOBAHO IMACHUBHUN MeTOJ OajaHCyBaHHS 3a JIOIOMOTOKO

PE3UCTUBHOTO MOYJIA OalaHCyBaHHS.
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3HUKEHHS Ta cTabiIi3allis KUBJICHHS] CUCTEMHU Ha piBHI 5.1 B peanizoByeTbcs
nonmxytounum DC-DC neperBoproBaueM XL4016 noryxkuictio 100 Bt [116]. [lanuit
MEepeTBOPIOBAY Ma€ MIMPOKUU Aianma3oH BxigHoi Hampyru (Big 9 B nmo 35 B) Ta
3a0e3nedye cTabUIbHY BUXIAHY Hampyry 5 B mpu MakcumanbHOMY BHUXITHOMY
ctpyMi 10 9 A. HasgBHUII BUCOKHMH 3amac BHXIJHOTO CTPYMY JI03BOJISI€ 3MEHIIUTH
«3alIyMJIEHICThY CUTHATY IIPU POOOUUX CTPyMaX, 110 MiATBEPIKYETHCS IEPEBIPKOIO

ocruiorpadgoM Y4OoTUPHOX PI3HUX MEPETBOPIOBAUIB 1] HABAHTAXKEHHSIM.

2.7.2 ABTOMATHYHI Ta BiyiajieHi BUMIPIOBAHHS

Jns po3mupeHHs o0JacTi 3aCTOCYBaHHS BUMIPIOBAJIIBHOI CHCTEMU J10JaHO
MOXJIMBICTh MPOBOJUTH aBTOMATH4HI Ta/ab0 BijajaneHi BumiproBanHs BAX ®M 6e3
y4acTi onepaTopa CUCTEMH.

Mikpokomm’torep Raspberry Pi He mae BOya0BaHOTO FOJAMHHUKA PEaIbHOTO
yacy, TOMY JUIsl CHHXPOHI3allll 4acy B CHUCTEMI BUKOPUCTAHO MOJYJIb TOJUHHUKA
peanbHoro wacy DS3231M [117]. Januil MoAyJib NPUENHYETHCA 32 JTOMOMOTOIO
inTepdeiicy 12C, mae BOyaoBanuii LiPo akymynsTop 1 3abe3neuye TOYHICTb XOIy
roguHHuKa: £ Sppm (£ 0.432 ¢/n00y).

ABTOMAaTUYHUN PEXHUM BHUMIPIOBAaHHA NOTpeOy€e MOXKIUBOCTI HPOTrPaMHO
3allyCKaTh pO3ps/KaHHA €MHICHOTO HaBaHTaXeHHs. J[Ji1 1boro mporpamHe
3abe3neueHHs kepyroun MOSFET-Tpan3uctopom Bi’eqnye @M Bijg HaBaHTaKEHHS
1 momarouu curHai Ha yBiMkHeHHsS SSR (solid state relay) komyTye koHAeHCATOD 3
pesuctopoM. Ilicas nmporpamMHo 3a/1aHOi 3aTPUMKH Yacy po3pany SSR BuMukaetTncs
1 cucTeMa 3HOBY T'OTOBa JI0 MPOBEJIEHHS HOBOro BuUMipy. PazoM 3 aBTOHOMHHM
KUBIICHHSAM (IUB. po3ain 2.7.1) Takui miaXiA AO3BOJSE OTPUMATH TOBHICTIO
aBTOMATHYHHUII Ta ABTOHOMHHU peXuM poOOTH BUMIPIOBAIIBHOI CHUCTEMH 3
HerepepBHUM TpoiiecoM BuMiptoBaHHs BAX. IIpucyTHs MOXIMBICTH BUOOPY
KUIBKOCTI aBTOMAaTUYHMX BUMIpIB a00 3aJaHHS 4aCOBUX MEX ISl iX MpPOBEJACHHSI.
Jl1s1 3a06e3neyeHHs 9iTKo1

Bignanenuii pexxum poOOTH CUCTEMH B TTOEHAHHI 3 aBTOMAaTUYHUM PEKHUMOM
BUMIPIOBaHHS JI03BOJISIE TPOBOJUTH BEIUKY KUIBKICTH BuUMIpioBaHb BAX OM

BIPOJIOBK BU3HAYEHOTO Yacy 0e3 HeoOX1JHOCTI MPUCYTHOCTI oneparopa. Bignanene
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KepyBaHHS peali3yeThCs MIAKIIOUEHHSIM CUCTEMH 0 MOOUIHLHOTO 1HTEPHET 3B S3KY
3 moAabIUM BUKOpucTanHsM [1O s BigganeHoro 10CTyny 10 eKpaHy (Hampukia,
TeamViewer [118]) a0 A0 KOMaHAHOTO psJKa CUCTEMH (HAMPHUKIIAJ, MPOTOKOI
SSH [119]). [ns moctymy 10 CUCTEMHM BUMIPIOBAHHS 4Yepe3 IHTEPHET 3B 30K
BUKOpUCTOBYEThCA OpenVPN [120] ans crBopeHHs mu@poBaHUX 3’€IHAHb MIK

KJIIEHTAMH.

2.7.3 InTepdeiicu nepenayi JaHux

B naniii BuUMIpIOBaNbHIM CHUCTEM1 peai30BaHO TPUIPOBITHY CXEMY
iHTepdeiicy 1-Wire [121], HasiBHI Ba BHYTPIIIHI MIJKJIIOYEHHS Ta OJIHE 30BHIIIHE.
[lepenauya naHuX 3O1MCHIOETBCS B ACMHXPOHHOMY HaIIBAYIJIEKCHOMY PEXHUMI 3
MaKCUMaJbHOIO MBUAKICTIO 16,3 kOiT/c. CucTeMa BUKOHYE pOJib BEy4Oro, TOAl K
nepudepiitHi TpUCTPOi MPaLIOIOTh SIK BEJICH1, pearyloun Ha KOMaHau Beaydoro. s
3abe3rneueHHs cTabuIbHOT poOoTHM mmMHU [-Wire miHisS AaHUX MOIATATHYTa 110
’KUBJICHHS 32 JOIIOMOT'00 pe3rcTopa HoMiHAIOM 4,7 KOM. Jl0JaTKOBO BUKOPUCTAHO
Oaitnac-koHaeHcarop eMHicTio 0,1 MK® 11 3ryapKyBaHHs MyJIbCalllid )KUBJICHHS 1
cTab1IbHOT POOOTH MPUCTPOIB.

Takox peam3zoBano iHTepdeiic [2C 3 1BOMIHIHHOI MIMHOIO Mepeaadl JaHuX,
10 BUKOPUCTOBYE MOCIII0BHY JIIHIIO JaHuX SDA Ta ninito TaktyBaHHsa SCL, HasgBHI1
JIBa BHYTPIIIHI MiAKTIOYEHHs. [ kopekTHoi poooTtu 12C oOuaBi JiHIT TIATATHYTI
710 JKUBJICHHS 3a JOTIOMOT0I0 PE3UCTOPiB HOMIHAIOM 4,7 KOM.

JlonaTKOBO MPUCYTHS  MOKJIMBICTh  30BHIIIHBOTO Ta BHYTPIIIHBOIO
MIJKJII0YEHHS aHAJIOTOBUX JAaTUYMKIB 3aBAsiku BUKopuctanaio ALIL

2.7.4 EjleKTpUMYHMIA 3aXUCT TA 10AATKOBE 0XO0JI0AKEHHSA

EnexTpuuHuii 3aXUCT Ta CUCTEMA OXOJIOJKEHHS € BAXJIMBUMH €JIEMEHTAMU
JUTsl 3a0€3MeUeHHsT HaA1HOCTI, BIAMOBOCTIMKOCTI Ta O€3MeYHOi poOOTH CHCTEMU
BUMIPIOBaHHS.

Hns 3axucty Bim K3 BUKOpHUCTAaHO CaMOBIIHOBIIOBAHUHN 3amOOIKHUK
LittelFuse PolySwitch 30R400UF [122], axuii 3a06e3neuye pobouuit ctpym 4 A Ta
3natHUi BUTpuMyBaTu ctpymu 10 40 A. IlpuHnun nii 3anmo0ixHUKa 0a3yeTbesl Ha

301JIBbIIIEHH] OMOPY MPU NEPEBUILICHH] CTPYMY Yepe3 HarpiB MOJIMEPHOrO MaTepialy.
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[Ticnsa ycynennst K3 3amo0iKHUK OXOJOIKYETHCS 1 TOBEPTAETHCS 10 MMOYATKOBOIO
CTaHy.

3axucT BiJ mepeHanpyru 3abesneuyeTbes 3a npomomorow TVS-mioga ST
SMBJ5.0A-TR [123], skuii cnpanboBye npu Hampysi Buiie 6,4 B, oOMexyroun ii
piBEHb Ta BIIBOJSYU HAJTUIIKOBUM CTpyM. {107 XapaKTepU3y€eThCSI MAaKCUMaTbHOIO
MOTYXHICTIO po3citoBaHHs 600 Bt ta Mmanum ctpymoM BUTOKY 50 MKA. [Ipuniun
pobotu TVS-nmioga mnonsirae y <«JIaBUHHOMY Hpo00i», SIKHA MHUTTEBO 3HUXKYE
BHYTPIIIHIA OMip IPU BUHUKHEHHI NEpeHANpyTry, 3aXUIal04d TUM CaMUM OCHOBHI
€JIE€MEHTH CHUCTEMH. 3aBISKM BHCOKIM IIBUIKOCTI peakiii 107 3abe3neuye
e(PEeKTUBHUHN 3aXUCT IPH KOPOTKOYACHUX IMITYJIbCaX IEPEHAIPYTH.

BpaxoByroun MOKJTUBUN HarpiB HaBaHTAXyBaJbHUX YaCTHH,
MIKPOKOMIT IOT€pa Ta 1HIIMX KOMIIOHEHTIB, JJIsI MIATPUMAaHHS CTaOUILHOI poOOTH
CUCTEMH peaji30BaHO CHUCTEMY OXOJIO)KEHHS Ha OCHOBI JIBOX O€3LIITKOBUX
BEHTWISATOPIB, IO 3a0e3neuyroTh mnoBiTpsiHuM moTik 0,05 M*/XB mpu cTpymi
cnoxkuBaHHs 0.1 A. KepyBaHHA CHCTEMOIO OXOJIO)KEHHS pEali30BaHO 3a
nonomoroto  MOSFET-tpan3ucropa IRLML6244TRPBF [124] 3 BiamoBigHOMO

00B’A3KO0I0.

2.8 Bumipropanuss BAX @M B 10JIb0BHX yMOBaXx

Po6oui xapaktepuctuku @M n0caiaKyBanucs B peajJbHUX MOJbOBUX YMOBAX
3 BUKOPHUCTaHHSAM po3po0ieHoi cucremu BumiptoBaHHs BAX ®OM. Ilig wyac
eKCTIIEPUMEHTAIIbHUX IOCIIIKEHb JJIs TpoBeieHHs BUMipiB BAX BUKOpHCTOBYBaBCS
MOHOKpucTaniuuuii  moayinb Risen RSM60-6-280P [125] MakcumalibHOIO
notyxHicTio 280 Bt. KonctpyktuBno ®M cknamaerses 13 60 OEK 3’eqnanux
MOCHIJOBHO 3 TpbOMa HIYHTYBadbHUMH aAionamu. Jlanuit dOM BcTaHOBIEHO B
MOPTPETHIN Opi€eHTaIlii, Opi€EHTOBaHWI HA MIBIEHb 3 KyTOoM Haxwiy [ = 35, Ha
MeTajgeBoMy Kapkaci Ha gaxy 20-ro kopnycy ®EA HTVYY «KuiBcbkuit
nomiTexHiyHud  iHCcTUTYT 1iMmeHi Irops Cikopcekoro», A€ 1 MNPOBOAWINCH
eKCIIepUMEHTaNIbH1 JociipkeHHs. OCHOBHI MacOPTHI TE€XHIUHI JaHl gaHoro OM,

Bu3HaueHi npu STC, HaBeaeHi B Tadm. 2.1.
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Taoauus 2.1 — ITacnopTHi TexHiuHI

xapakrepuctuku ®M Risen RSM280P

Mopnens ®M Risen RSM60-6-280P
MakcumanbHa NOTYXHICTb, Bm 280
Hamnpyra XX, B 38.3
Crpym K3, 4 94
Hanpyra MPP, B 31.5
Crpym MPP, 4 8.9
KK, % 17.1

VY pesynbpTari NpOBENCHUX EKCIIEpUMEHTaNbHUX Aociikenb Ha @M Risen
RSM280P 3i6pano Tta mnpoananizoBaHo Ouibimie 1000 BumipiB BAX. Bumipu
BKJIIOYANM OJipa3y BH3HaueHHs 0a30BUX mapameTpiB, Takux sk MPP, pisens
coHstyHOT1 paniariii, ctpym K3, nanpyry XX, a Takox temreparypy ®M i TpuBaiiicTh
BumiptoBanHs. [Ipuknag BAX ®OM npu HU3BKOMY Ta BUCOKOMY PIBHSIX COHSYHOI1

pamiarii BimoopakeHo Ha puc. 2.12.

8

300

—1250

o

Ctpym (V) (90 W/m2)
—— Ctpym /(V) (570 W/m?3)
| |—— MoTysHicTb P(V) (90 W/m?) | -2

MakcumansHa noTyxHicTs MPP (90 W/m?) T
——ToTy>HicTb P(V) (570 W/m?) e

® - MakcumarbHa noTyxHicTe MPP (570 W/m2) .,.-""

Ctpym [, A

w
3
=]

MoTy>HicTb P, BT

oL - —{100

0 5 10 15 20 25 30 35

Hanpyra V, B
Pucynok 2.12 Ilpuxknanu orpumanux BAX ©M
MIpY PI3HUX PIBHAX COHSIYHOI pajiarrii

BukopuctanHsi €MHICHOTO METOAY BHUMIPIOBaHHS B OCHOBI PO3pOo0IEHOT
CUCTEMH [I03BOJISIE TakoXX OoTpuMyBatu skicHi BAX mpu pobori ®M B ymoBax
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YaCTKOBOTO 3aTiHEHHs pi3HOi 1HTeHcuBHOCTI. [lpukman BAX 3arinenoro M

300paxeHo Ha puc. 2.13.
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o
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seseesseseterrrgrrotiitoccony
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. PPTS ol
s o

Hanpyra V, B
Pucynok 2.13 Tlpuknan orpumanoi BAX 3atinenoro ®M

3a pe3yJbTaTaMy yCIX BUMIPIOBaHb MiHIMalbHa MOTYXHICTh ckiana 6 Br,
MakcuMaibHa — 264 Br. Consuna paniania Bapirosanacs Big 50 Br/m? 1o 902 Br/m?.
Minimanshuii ctpym K3 cranoBuB 0.3 A, makcumanbsHuii gocsirays 11 A. Hanpyra
XX 3naxoaunacs B faiama3oni Big 31.2 B go 37.3 B. Temnepatypa @M BapitoBanacs
Bix 15.5 °C o 59.1 °C.

3a HU3BKUX 3HAYEHb COHSAYHOI pajialii, 30kpeMa npu 50 BT/M”2, TOTYyKHICTh
3Ha4YHO 3HM3MIACh 1 He nepeunmia 10-15 Bt, ctpym K3 3menmuBcs 1o 0.3-0.6 A,
a Hanpyra XX 3anummiachk y Mexax 31-33 B. [Ipu 3pocTanHi COHSIUHOT paaiallii 10
MaKCHMAaJbLHHX 3HaueHb O1u3bko 902 BT/M?, crocTepiraeThes 3HAUHE 30iIbIIEHHS
BUX1JHOI MOTY>kHOCTI 10 261 BT, ctpymy K3 o 11 A ta Hanpyru XX no 37.2 B.

3a Bucokux temmneparyp (monag 45 °C) MakcUMaIbHO MOXJIUBA MOTY>KHICTh
®M s3HmKyeThea. Hanpuknan, 3a coHsuHOl pamiauii 562 Bt/M? Ta Temmeparypu
44.21 °C noTyxHicTh ckiana 165 BT, Toal sk 3a moAiOHOI ippaniallii Ta HUXKYO1
temnepatypu (30.5 °C) motyxHicTh 3pocna a0 177 Bt. 3anexHicTh MaKCUMyMY

notyxxHocti @M Bija TeMIepaTypu Ta piBHS COHSIYHOI pajiallii OI[iHeHO Ha puc. 2.14.
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Pucynok 2.14 BmuiuB TeMiiepatypu Ta COHSIYHOT paaiarii

Ha MAaKCUMYM IMOTY>KHOCTI1

JonaTkoBO 3a JOMOMOTOI0 CTBOPEHOI CUCTEMH MPOBOJIUINCH BUMIPIOBAHHS

BAX monokpucraniuanx ®M Kvazar KV-100 notyxuictio 100 Bt [126] , SunRise
SR- M536100 noryxnictio 100 Bt [127], a Takox nBoctopoHHroro @M JA Solar

JAM72D30-555 noryxHnictio 555 Bt [128], nopiBasiHHa BAX B pi3HUX pexuMax

po0OOTH SKOTO BioOpakeHo Ha puc. 2.15.
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Pucynok 2.15 IlopiBHSIHHS pexUMIB POOOTH JBOCTOPOHHKOTO OM
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TpuBanicte ogHoro BumiptoBanHsa BAX konupanace Bix 190 Mc. 10 2.5 c. B
3QJIEKHOCTI BIJl PIBHS COHSYHOI pafiamii Ta KoH]irypauii HaBaHTa)XKEHHS.
3anexHict yacy BuMipy BAX Big ctpymy K3 Ha ocHoBi oOpanux 700

eKCIEepPUMEHTAbHUX BUMIPIB 300pa’keHo Ha puc. 2.16.
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500 —

Ctpym K3 ISC, A

Pucynok 2.16 Yac Bumipy BAX ®M B 3anexnocti Big ctpymy K3

Pe3ynbTaTu eKCHEpUMEHTAIbHUX JOCHIKEHb MIATBEPKYIOTH  BIIOMI
3QJIEKHOCT1 0a30BUX BUXIJTHUX XapakTepucTUK DM BiJ piBHS COHSYHOI pajiallii Ta
temneparypu. OTpuMaHi €KCIEPUMEHTAIbHI JaHl BIANOBIAIOTh HEOOX1AHIN
TOYHOCTI, JO3BOJSIIOTH OIIHUTH po00Ty OM 3a pi3HHUX YMOB Ta CIYTyIOTh OCHOBOIO

JUTSl TIOAJIBIIIOTO aHAITI3y Ta €KCTpakiii mapameTpiB OM.
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PO311JI 3. MOAEJIIOBAHHSA XAPAKTEPUCTUK ®OTOMOYJIIB

3.1 KomMmiekcHUi aJaroput™M piibTpauii Ta anpokcumMauii
eKcrnepuMeHTaAJIbHUX JaHuX BAX ®M

[Iporpamue 3abe3neueHHs AJisi OOPOOKU EKCIEPUMEHTATbHUX PE3YJIbTATIB
BUMIPIOBaHHS BOJIbT-aMIEpHUX xapakTepuctuk @M e HeoOXiTHUM 1HCTPYMEHTOM
JUTsL BUAUIEHHST HaA1MHO1 iHGOopMallii 3 eKCIepuMeHTalbHUX AaHuX. Ha BiqMiHy BiJ
nporpamuoi cumyssiii BAX ®M, peanbHi ekcliepuMeHTalIbHI J1aHl MOXYTh OyTH
YaCTKOBO YW IMOBHICTIO CIIOTBOPEHI HAsBHOIO MOXHUOKOI BHUMIPIOBaHHS Ta/abo
3MIHOIO HaBKOJMIIHIX YMOB Mija 4yac TecTtyBaHHs DM, 110 npusBOauTh 10 MOSBU
IIyMIB Ta BHUKPUBIECHHS OTPUMAHUX EKCIIEpUMEHTAIbHUX pe3ynbTaTiB. [lepen
MOJANBIINM aHATI30M Ta MPOBEJAEHHAM PO3pPaxXyHKIB Ha X OCHOBI TaKl pe3yJibTaTH
MOTPeOYIOTh MOMEPEHbOI MporpamMHoi oOpoOku. OCHOBHI €Tamu MNpPOrpamMHOl
00pOOKH eKCIIepMMEHTAIbHUX JTaHUX 30CEPEe/KCHI Ha OYHWINECHHI BiJl aHOMaJIbHUX
3Ha4€Hb, PIBHOMIPHOMY pO3MOJLII TOYOK Ta 3IJIaJKyBaHHI pE3yJbTaTiB IS
MOKPAIEHHS] TOYHOCTI MOJAIBIIOr0 aHa13Yy.

['padpixk BAX OM B 3araibHOMYy BUIJISAI MPEACTaBICHUN (DYHKIIIEIO
3aJIEKHOCTI cTpymy Bia Hampyru /(V). B oOpaniit o6nacti Bu3HaueHHs (QYHKINT B
paMkax mepmioro kBajapanty BAX O®OM € anepioAMYHOI HENEPEPBHOIO
MOHOTOHHOIO  €KCIIOHEHLIaJbHO CHagHoK  (yHKUIE0. BpaxoByroun pgaHi
BracTuBOCTl QyHKuii /(V) Ta HEoOXiIHICTh 30epexkeHHs (I3UYHO KOPEKTHOTO
BUIIISAY Tpadiky, 10 BignoBigaTume peanbHuM nporecam B DEK, 3amaua
nonepeaHbroi 0OpoOKM He Moxe OyTH peai3oBaHa HAsABHUMH MiAXOJaMU Ta
MetogaMu. Hampuknaa, NOMMPEHUNH METOJ TMOJIHOMIANIBHOI ampoKcuManii y
BUIAJIKY 3acTocyBaHHs 10 BAX ®M Bumarae BHCOKOro CTYNEHS MOJIHOMY Ta B
pe3yibTari MPU3BOAUTH 10 OTPUMAHHS KPHUBOi, 10 HE BIANOBIJIA€ pEATbHUM
nporiecaM B ®EK 1 He Moxke OyTH BUKOPHUCTAHOIO JIJIsl MOJANBIINX PO3PAXyHKIB
yepe3 il HempUPOHIO MOBEAIHKY (puc. 3.2).

Jns BupimieHHs 3a7a4i 0OpOOKHU €KCIEpUMEHTATbHUX JaHUX PO3pOoOJIEHO

HOBHUM KOMIUIEKCHUN alirOpUTM (PUIbTpallii Ta ampoKCcUMAaIlii TJaHUX, 110 BPaXOBYE
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BUIIIEBKA3aHI 0coONMBOCTI moBeniHku (yskuii BAX ®M Ha 3aganiii o6macti
BU3HAYCHHS.

3.1.1 IlixroroBKa BXiIHUX JaHUX Ta BUAAJEHHS Ay0JIKATIiB

Ha mowarkoBoMy etarmi JaHi 34UTYIOThCS y BHUTJSAI OBOX BekTopiB (V =
Vi, Vo, o, Vo) mns manpyru ta (I = [I,15, ..., I,]) ams crpymy. Ilix gac sHsaTTS
BAX O®M B noiap0BUX YMOBax 4epe3 O0COOIMBOCTI POOOTH pO3pOOJIEHOI CUCTEMU
TECTYyBaHHS Ta 3HAYHY KUIbKICTh BUMIPSHHUX BIJIIKIB MOKYTh BUHUKATU JyOJIIKaTH
HaIpyTH 3 PI3HUMU 3HAYCHHSIMU CTPYMY.

Po3pob6nena nporpamua ¢yskuia cldata.m [Jonatox E] ycyBae myOmikaTu
[UISIXOM YCEPEIHEHHSI CTPyMy JJIs OJJHAKOBUX MOCHIJOBHUX 3HAY€Hb HANPYTU 3
MOJAJIBIIUM BUJIAJICHHAM 3aBUX JTyOJIIKaTIB.

Hexait (V; =V = Vi = =V} ), TOOI ycepeaHeHe 3HAYCHHS CTPYMY

BHU3HAYA€THCA K.

k
1
hug =7 ) 1t (3.1)
i=1

ne k — KUTBKICTh BIIJTIKIB 3 OTHAKOBUMH V/;.

PospaxoBane 3HaueHHs [, 3amucyerbcs B [; , 3aiiBI Tapu 3HAYEHD
BUJIAJIAIOTHCSI, OTPUMaHI1 pe3yJIbTaTH COPTYIOTHCS 3a 3pOCTAHHAM HANPYTH.

3.1.2 MenianHa piuibTpanis JaHUX HA OCHOBI KPUTEPil0 MeTiaHHOTI0
a0COJIIOTHOI 0 BiIXMJICHHS 3aJIMUIKIB

Jnsi  epeKTUBHOrO YyCYHEHHS aHOMAaJbHMX 3HA4Y€Hb 3 BpPaXyBaHHSIM
ocobnuBocteit noseAinku BAX po3pobneHo ¢ynkuito delot.m [[onartok XK], mo
BUKOPUCTOBYE OJHOBUMIPHUNA MeAlaHHUNU QUIBTp y NOEAHAHHI 3 MEJIiIaHHUM
a0COJIIOTHUM BIJIXWJICHHSAM 3aJIMIIKIB SIK KpUTEpieEM BUsIBIEHHS aHomamid. llei
METOJ| € CTIMKMM /10 HasBHOCTI BUKHUJIB y BUXIJHUX JaHUX, OCKUIBKH MeJlaHa €
0TI pOOACTHUM CTATUCTUYHUM MMOKA3HUKOM MOPIBHSIHO 13 CEPeIHIM 3HAYEHHSIM.

Ha nepiomy etarmi Jjisi KOKHOI TOYKU [; OOUUCTIOETHCS JIOKaIbHE MEJlIaHHE
3HAYeHHS Iy , SIKE PO3PAXOBYEThCS Y KOB3HOMY BikHi W. Uepes HepiBHOMipHUiA

PO3MOLT 3HaUYeHb B30BX KpuBoi BAX micnst tectyBanHss OM miMprHa KOB3HOTO
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BIKHA aJIalITyEThCS JIJIs1 KOKHOTO HAOOPY JAAaHMX 1 JOPIBHIOE KiJIBKOCTI MMap 3HAYEHb
notouHoro BAX B eMmnipuyHO BU3HaYeHOMY Jiana3oHi Hanpyru Bix 10 mo 14 B.
KoB3He BIKHO BKJIIOYA€E k CYCIIHIX TOYOK HABKOJIO TOUKH [;:

Iy = median(ljew), (3.2)
ne W = {li_(k—1)/2) - lix(k+1)/2}-

3anumky R; B IbOMY aJIrOPUTMI BU3HAYAIOTHCS ISl KOKHOI TOUKHU PI3HULICIO
MDK €KCIEPHUMEHTaIbHO BUMIPSHUM 3HAYEHHSAM CTpyMy [; Ta HOro JOKaJbHUM
MeIlaHHUM 3HAaYEHHSIM iVT, :

Ha ocHOBI ycix 3anumikiB R; i1 KOKHOTO BiKHA Ta iX MEIIaHHOT'O 3HaYEHHs
R oGumcmioeTbcss MemiaHHe abGCONIOTHE BiIXWICHHS, SIKE € POOACTHOIO Mipolo
PO3CIIOBaHHS JaHUX:

MAD(R) = median(|R; — R|) (3.4)

[[lo6 BM3HAYNTH, YK € TIEBHA TOYKA [; aHOMAJIbHOIO, 3QJIMIIOK R; B Iiil TOYIIl
TIOPIiBHIOETHCSA 3 MACIITA0OBAHMM Me/[iaHHUM aGCOTIOTHUM BiIXHIICHHS 3aJIUIIKIB K.
Kpurepiil BUsBiIeHHSI aHOMAJTI Ma€e BUTIISI;

R; > a-MAD(R), (3.5)
ne a — macmTaOHuM Koe(dIIieHT, 10 3aJa€ MOpIr YyTJIMBOCTI 10 BUKHIIB, 3a
3aMOBYYBAHHSIM JOPIBHIOE 2.

Vi Touku I;, 110 3a10BONBHSIOTE YMOBY R; > a - MAD(R) , BUIANSIOTHCS 3
naHuXx. JlaHui miaxiJ 103BOJISE€ YCYHYTH aHOMaJIbHI 3HAYEHHS CTPYMY, SIKI CYyTTEBO
BIIPI3HSAIOTHCS BiJ] JIOKATBHOTO TPEH/TY.

BaxxnuBoro CK1azoBOI0 po3po0JIEHOro MiAXOAY € BpaxyBaHHS TPaHUYHHUX
obnacreit BAX. Onucana Buille MeiaHHa (QUIbTpallis JaHUX HA OCHOBI KPUTEPIIO
MeJIIaHHOTO aOCOMIOTHOTO BIIXWJICHHS 3aJIUIIKIB BUKOHYETHCS ABIUl — OKPEMO JIst
niBoi yactuHu BAX, ne mig yac inbTparlii CUrHajql BBaXKAa€ThCs HYJILOBUM 32
MeKaMH KIHIIEBUX TOYOK, Ta JiJis paBoi yactTunu BAX, 1e 004HCIIOI0THCS MeIIaHu
MEHIIHUX BIAPI3KIB MpU NOCATHEHHI KpaiB curHany. [loxin BAX Ha nBi yacTuHU

npoxoauts yepe3 MPP.
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[licns 3aBepilieHHS MPOIECY BHUAAJICHHS aHOMAJIbHUX 3HAY€Hb J0JIaTKOBO
3acTOCOBY€EThCS (DYHKLIS cldata.m JUisl yCyHEHHST MOXJIMBUX HOBHUX 1yOJikaTiB. B
KOMaHJHE BIKHO BUBOAUTHCA 1H(POpMAIlisl MPO KUIBKICTh BUIAJIECHUX AaTUIOBUX
3Ha4Y€Hb Ta 3aCTOCOBaH1 MapaMeTpu (PyHKIIII.

Oco0aMBOCTI pO3POOIEHOTO AITOPUTMY BUAAICHHS aHOMAJIbHUX 3HAYEHb y
BUTJISA/I1 IpOTpaMHoOi PyHKIIIT delot.m:

Cmitikicmo 0o anomaniu. Ha BiAMiHYy BiJl CEpeHBOTO 3HAUYCHHS, MEJiaHa He
MIJIJIA€THCS. 3HAYHOMY BIUIMBY aHOMaliid, 1mo poouts MAD HamiiiHUM KpuTepiemMm
BUSIBJICHHSI CHOTBOPEHUX JIAHUX.

Bpaxysanua gopmu kpueoi. Ilinxin [03BOJsSE BUAAUIUTH aHOMAJbHI
BiIXUJICHHS 0€3 yTBOPEHHSI HEeTUNOBUX Jeopmarliii kpuBoi BAX.

Jlokanvuicms ananizy. BUKOpucTaHHs KOB3HOTO BIKHA J03BOJISIE aHAII3YBATH
JlaH1 JJOKaJbHO, 3a0€3euy0Ur BUCOKY TOUHICTh BUSIBJICHHS aTUTIOBUX 3HAYECHb.

I'nyuxicmo napamempise. MacmitabHU KoeQIlI€EHT O Ta MIMPUHA KOB3HOTO
BikHa W MOXyTbh OyTH HaJalITOBAHI BIAMIOBIAHO 10 0COOIMBOCTEN OOpaHUX JTaHUX.

3.1.3 PiBHOMipHMii PO31IOALT B310BK J0BKUHH KPUBOI

[Ticns ouninieHHs TaHUX po3podieHa nporpamua GpyHkiis udist.m [[Jonatok 3]
BUKOHY€E PIBHOMIPHHMI PO3IOALI 3HaYeHb B310BX KpuBoi [(V), mo HeoOXiaHo 1is
3a0€3Me4eHHs] OJHOPIAHOCTI PO3MIIIEHHS] TOYOK MPH MOJAJIbIIOMY 3IJIaJKyBaHHI,
MO/ICTIFOBaHH1 Ta aHaIi31 eKCIIEpUMEHTAIbHUX JaHUX.

Josxuna kpusoi [ (V) BU3HAYAETHCS SIK:

L= jovoc /1 + (g—;)z av (3.6)

Ha ocHoBi goBxkuHu L BiIOyBa€ThCS PIBHOMIPHUN PO3MOALT TOYOK 4Yepe3
Binpisku noBxuHOI0 L/(N-1), ne N — 3a1aHa KiIbKiCTh PIBHOMIPHO PO3IIOMIIEHHX

TOYOK, 3a 3aMOBUYYBaHHAM JopiBHIOE 200.
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3.1.4 ApanTuBHe KOB3He 3rJ1al;KyBaHHs 1aHuX BAX ®M Ha ocHOBI
LOWESS

BaxxnuBuM eTanoM JOCSTHEHHS TIJIAJIKOCTI Ta CHaJHOI MOHOTOHHOCTI
€KCIIEpUMEHTAJIbHUX JAHUX € TIPOLEC 3IVIAJKyBaHHA, 10 JI03BOJIE€ HIBEIIOBATH
HEraTUBHUU BIUIMB IIIyMYy Ha PO3NOJLUI TOYOK. bepyuu 10 yBaru noBeAiHKY KpUBOI
BAX nominsHO po3poOUTH BIACHUM MiAX1A O 3IUIaJI)KYBaHHS, 110 BPaXOBYBATHUME
3a3Ha4eH1 paHime ocobnmBocti BAX ®M.

Po3po6nena mnporpamua ¢yukiis dynlowess.m [Honatox W] Bukonye
aJanTHUBHE KOB3HE 3riajkyBaHHs JaHux Ha ocHoBl LOWESS (Locally Weighted
Scatterplot Smoothing) [129]. OcoOnuBicTIO € IUHAMIYHUKA pO3MIp BiKHA
3raJKyBaHHSI, 0 3MIHIOETHCS 3aJI€KHO B1JI MOJI0KEHHS Touku Ha KpuBii. [llupuna

BiKHA 3rIa/pKyBaHHS Wgy,, 3MIHIOETBCSA JUIs KOXHOI TOYKM 3a JIOIIOMOTIOKO

IHTEpIIOILOBAHUX B3J0BXK KprBoi BAX 0a30BuX 3HaueHb po3MipiB BikHA. BikHO

Wgyn BU3HAYAETHCS SIK:

Wdyn(i) - jnterp(xkey» Wpase - Wcoef)' (3.7)
JI€ Xyey— KIIOUOBI TOUKH IHTEPIIOJISLLIT,
W} .se — 0230B1 3HAUCHHS PO3MIPIB BIKHA;
W .per— KO€QIIIIEHT MacIITaAOyBaHHS 0a30BUX PO3MIPIB BiKHA.
bazoBi 3HaueHHs po3mipiB W), .. BikHA ckianawoTh [30, 45, 45, 30, 15, 10, 10,
10, 7, 5] excniepUMEHTaIbHUX TOYOK, iX MiIIOpaHO EMIIPUYHHUM IUISIXOM TaKUM
YMHOM, 1100 BpaxoByBaTh NoOBeAIHKY KpuBoi BAX ®M Ha KoXHIA ii 4acTHHI.

Kito4oBi  TOYKM  IHTEPHONAMIT  Xyey BU3HAYAIOTHCA LUIAXOM  BiIIIOBIIHOTO

PIBHOMIPHOTO PO3NOALTY CKIaAOBUX Wp,ee B3IOBXK MAacUBY €KCHEPUMEHTAIbHHUX
3HaueHb kpuBoi BAX. KoedimienT macmtaOyBanas 6a30BUX po3mipiB BikHA W ., .r
JI03BOJIsSIE aBTOMATUYHO 3MIHIOBATH JaH1 pO3MIpH BIAMOBITHO JI0 3arajibHOi KUTBKOCTI
EKCIEPUMEHTAIbHUX TOYOK, 10 MIAJATalTh 3riajxkyBanHio. lle mo3Bomsie
BUKOPUCTOBYBATHU 3aJlaHi 0a30B1 3HAUEHHS JJISI MACUBY €KCIIEPUMEHTAIbHUX JaHUX

OyJlb SIKOTO pOo3Mipy 0€3 BTpaTH SIKOCTI 3IIaI)KyBaHHS.
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Onucanuii MpUHIUI PO3NOJALITY PO3MIpIB BIKHA aJallTUBHOIO 3IJI1aJKyBaHHS
MPOIEMOHCTPOBAHO Ha puc. 3.1, ne KOoXKHA BEpPTUKAJIbHA JIiHIS BIAMNOBIAAE LIEHTPY

30HH OKPEMHX KIIFOYOBHX TOYOK IHTEPIOJALI Xyey, @ JIAMETP KPYTa BiIIIOBIIHOTO

KOJIbOPY BiioOpakae po3mip BikHa Wy . B EKCIEpUMEHTATBHUX BIJJTIKaX B 111 30HI.
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Pucynok 3.1 Po3noain Ta po3mipu BikHA aJaliTUBHOTO 3TIa>KyBaHHS

Ha pucyHky BinoOpakxeHo TIIbKH 0a30B1 3HaUeHHS pO3MIpiB Wi ,se, MIXK SIKUMU
IUISIXOM  IHTEPIOJIAIII BU3HAYAETHCS JIMCHE 3HAYEHHs po3Mipy BikHa Wgy, miis
KO’KHOI €KCIIEPUMEHTAIIbHOI TOUKH.

[licrist mepBUHHOTO 3TJIaJ)KyBaHHS 3aCTOCOBYETHCS 10JJATKOBE 3TJIaJ[)KyBaHHS
3 (piIKCOBAaHUM BIKHOM PO3MIpPOM 7 TOYOK JJIsi YCYHEHHSI MOXKJIUBUX apTe(akTiB Ha
MeKaX 30H 3 PI3HUM PO3MIPOM aJalTUBHOTO BikKHA. B KOMaHHE BIKHO BUBOJIUTHCS
iH(opMaltis mpo 3HaueHHs Koe(ilieHTy MaciTadyBaHHs 0a30BUX PO3MIPIB BIKHA.

J{ns Bu3HAueHHS €peKTUBHOCTI Ta JOIMIILHOCTI BUKOPUCTAHHS PO3POOJICHOTO

AITOPUTMY aJIalITUBHOTI'O KOB3HOI'O 3IJIA’)KYBAHHA CKCIICPUMCHTAJIBHUX JITaHUX BAX
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OM metonom LOWESS nipoBeieHo MOPIBHSAHHS 3 IHITUMHU MOMYJISIPHUMHU METOIAMU
anmpokcumallli Ta ¢uIbTpanii JaHux. B SKOCTI BUXIIHMX JTaHUX BUKOPUCTOBYETHCS
tunoBa BAX ®M 3 BumiproBanorw notyxHictio 60 Bt Ta Hu3pkum crpymom K3 Ha
piBHiI 2.34 A, 110 IpU3BOAUTH 10 30UIbIIEHHS PiBHA LIymiB. BuxigHi gaHi micis
00poOKu po3pobsieHNM anropuT™MoM (uibTpariii MaroTh 200 map 3Ha4eHb CTPyM-

Harpyra, pIBHOMIPHO pPO3MOJIIEHUX B3JJ0BXK KPUBOI.

25—

5

[ e

o]

Ctpym/, A
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—*— New Method
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Hanpyra Ha HaBaHTaxeHHi V, B

35

Pucynok 3.2 [lopiBHSHHSA 3 HONYJSPHUMHU METOAAMU 3TI1aKyBaHHS

Ha puc. 3.2 BigoOpaxeHo NOpiBHSHHS PO3pO0JIEHOT0 KOMIUIEKCHOTO METOTY 3
TaKUMU TOMYJSPHUMH PIIICHHSIMHU, SK TMOJIHOMIadbHA ampoKcuMailisi (CTyMmiHb
nojinoMa 13), koB3He cepenHe (po3Mip BikHa 18 Todok), KOB3HE MeiaHHEe (Po3Mip
BikHa 18 TOUOK).

Ha pwuc. 3.3 BimoOpakeHO TMOPIBHSHHA 3 I1HIIUMH OUIBII CKJIaQTHAMH
merogamu: LOESS (po3mip Bikna 18 touok), LOWESS (po3mip BikHa 18 TOUOK),
Spline (mapamerp 3rnamxkyBanHa 9) Ta ¢inbTp Cabinpkoro-I'onas (cTymiHb
nojinoma 1, po3mip BikHa 9).
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Pucynok 3.3 IlopiBHSIHHA 3 YCKJIaJHEHUMH METOAAMU 3IJI1aJKyBaHHs

OuiHka  TOYHOCTI  ampoKcUMallii  3IIACHIOETbCS ~ 3BUYAWHUM  Ta
nopmanizosanuM CKB, koedimienT xopensnii R?, cyMor KBajapariB 3aIMIIKIB Ta
CepeaHBOI0 a0COTIOTHO TOXUOKOIO (Tadm. 3.1).

OTpuMaHi OLIIHKUA MOKAa3YyIOTh, IO 3alPOTIOHOBAHUN alITOPUTM aJalTUBHOTO
KOB3HOT'O 3TJIaJ)KyBaHHs ekcriepuMeHTanbHuX nannx BAX nHa ocHoBi LOWESS
3a0e3reuye HalOUIbIlIe CIIBNAAIHHS 3 €KCIIEpUMEHTATbHUMU JaHUMHU Ta HalKparie
BiAnoBigae peanbHii noBeainii OEK.

Cnuparoyuch Ha CTaTHUCTUYHI MokKa3HWKU, QuibTp Casinbkoro-I'onas mae
JIOCTaTHIO TOYHICTh, ajieé aHajli3 KPUBHX Ha puC. 3.3. IEMOHCTPY€E HEBIAMOBIIHICTh
3raajpKeHol kpuBoi peanbHi noBenini @EK, mio He 103BoJss€ BUKOPUCTOBYBATH

¢utbTp Casinbkoro-I"onast mpu NoanblIOMy aHaTi31 €eKCIIEPUMEHTATBHUX JaHUX.
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Taoauus 3.1 — CTaTuCTHYHI NOKAa3HUKH METOIB 3IJIaKyBaHHS

MeTonu RMSE nRMSE R? SSE MAE
Moving Average 0.01519 0.00649 0.99959 0.04614 0.00871
Moving Median 0.01561 0.00667 0.99957 0.04870 0.00878
Savitzky-Golay 0.00282 0.00120 0.99999 0.00159 0.00220
Loess 0.00427 0.00183 0.99997 0.00365 0.00323
Lowess 0.00555 0.00237 0.99995 0.00616 0.00420
Spline 0.00513 0.00219 0.99995 0.00527 0.00374
Polynomial 0.00582 0.00249 0.99994 0.00677 0.00413
Hosuii memod 0.00280 0.00120 0.99999 0.00157 0.00207

PesynbTaT po0OOTHM BCiX eTamiB po3poOJIEHOr0 KOMILJIEKCHOTO aIrOpUTMY
¢utpbTpanii Ta ampokcumanii BAX OM mpoaemoHCTpoBaHO Ha puc. 3.4,
iH(popMaliiiHui BUBI pe3yJbTaTiB poOOTH po3poOJEHUX MporpaMHUX (yHKIIHN B

KOMaHJAHOMY BiKHI 300pakeHO Ha puc. 3.5.

2.4 T T T

—G— ExkcnepuMeHTanbHi aaHi

¥ AHOMarnbHi 3HaYeHHs
—e— [lani nicns ginbTpauii
= 3rnapykKeHHi naHi

2.35 - H# ¥ \ .

Ctpym/, A

2.5 1 | | | | |
0 2 4 6 8 10 12

Hanpyra Ha HaBaHTaxeHHi V, B

Pucynok 3.4 Ertanu o6poOku ekciepuMeHTaTbHUX JaHUX
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=== Function: clean_data ===
Duplicates found: 15.

=== Function: clean_data ===
Duplicates found: 0.

=== Function: delot ===

Removed 160 outliers from a total of 563 points.
Dynamic window size determined: 51

Threshold multiplier used: 2.00

=== Function: udist ===
Number of points determined: 200

=== Function: dynlowess ===
Window size coefficient: 1
>>

Pucynoxk 3.5 Iudopmartiitnuii BUBiJ pe3yabTatiB poOOTH (HYHKITIN

Ha ocnoBi 1ab6n.3.1 Tta puc. 3.3 1 puc. 3.4 MoxxHa 3pOOUTH BUCHOBOK IIPO
JOITBHICTh BUKOPUCTAHHS PO3POOJIEHOT0 KOMIUJIEKCHOTO alTrOpuTMy (DiIbTpallii Ta
arpokcuMariii ekcriepuMeHTaIbHUX BAX Ta 3a0e3nedyeHHs JaHUM aJrOpUTMOM
JOCTATHBOI'O PIBHS TOUHOCTI YCYHEHHSI IHCTPYMEHTAJIBHUX 1 pajialliiHuX IIyMIB Ta

KOpeJsiii 3 eKcnepuMeHTalIbHUMU JaHuMu BAX OM.

3.2 PekomMOiHaliiiHi CTPYMH B (pOTOCJTEKTPUYHHUX MEPETBOPIOBAYAX

Pexomb6iHartis ipeacTaniisge co0oro noBcroauuit edexr, sikuit 3menirye KKJI 1
notyxHicte ®E, BrniuBae Ha iXHI BOJIbT-aMIEPHI XapaKTEPUCTUKHU Ta BaKIIUBI
napaMmetTpu. GoTOENEKTPUUHI MEPETBOPIOBAUI MPALIOIOTh SIK HElJlealbHI T€HepaTopu
CTPYMY, B SIKUX 4YacCTHHa (POTOr€HEpOBAHMX EJEKTPOHIB Ta dIPOK PEKOMOIHYE
BCEPE/IMHI KOMIPKH, S>KUBJISIYM BHYTPIIIHIA CTpyM uepe3 pu-mniepexili, a He
1HKEKTYETHCS y 30BHIIITHE HABAHTAKEHHS.

CyuacHa wiacudikaiis MeXaHi3MIB pekoMOiHallii B BHUCOKOE()EKTUBHUX
KPEMHI€BUX KOMIpKaX, BHUKOHAaHUX B Ja0OpaTOPHUX yMOBax 3a JIOCKOHAIMMHU
TEXHOJIOT1SIMU, BUTJISIIa€ HACTyHUM uynHOM [ 130]:

» pexomb6inais Hlokmi-Piga-Xomna (SRH),

* pekombOiHaris Oxe,

* BUIIPOMIHIOBAJIbHA pEKOMOIHAILIIS,
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* MOBEpXHEBa peKOMOIHAIIif,

* pexomOiHallis B 06sacTi mpoctopoBoro 3apsiay (OI13)

* pexoMOiHallis €eKCITOHIB (QHITLIALIS €KCITOHIB).

[lepuri 4oTUpU MEXaHI3MU TPAAUIIINAHO PO3TIANAIOTHECA MPU MOJCIIOBAHHI
pekoMmOiHaliiHuX BTpat (Hampukiaa, [131]), HeoOXiIHICTh BpaXyBaHHS OCTaHHIX
nBox, pekom6Oinalii B OII3 Ta ekciToOHHOT, 00TpyHTOBYEThHCA B psijl poOit [130, 132].

3 mepeniueHux BapTO PO3IISHYTH TI MEXaHI3MH, SIKl IparoTh CYTTEBY POib Y
peKOMOIHAIIMHUX BTpaTaXx HE TUIbKM B JOCKOHAIUX KOMIpKax, aje 1 B MacOBHX

MPOMUCIIOBUX (OTOCIEKTPUUHUX MOTYJISAX.

3.2.1 Pexomoinanisa Iok.ai-Piga-XoJia

Bigoma «macuuna wmogens Ilokmi-Piga-Xomna  (Shockley-Read-Hall,
SRH) [28, 29] kxipKICHO BU3HAYa€ MIBUAKICTh PEKOMOIHAIIT B HAIIIBIIPOBITHUKOBUX
Marepiaiiax 3 pi3KUM (MeTalypriiHuM) pn-nepexonoM. Ha ocHOBi mi€i Mopeni
3BUYAWHO pPO3MIISAAEThCA pEeKOMOIHAlllsl 4Yepe3 OJuH piBeHb JedekTy, sKa
Bi10yBaeThCcsi B o0xacTi 30iqHeHHs. Bkian pexomOiHaliitHUX MPOIECIB B CTPYyM
4yepe3 pn-nepexiji BPaxOBYEThCS IUISAXOM BBEJCHHS KOe(]illieHTa 17ealbHOCTI Y
3HAMEHHHUK [IOKa3HHMKA €KCIMOHEHTU. BapTo BIAMITUTH, 10 1HIUBIAyaJIbHI
BJIACTUBOCT1 IIEHTPIB TI'eHepallii-pekoMOIHaIlli CHUIBLHO 3aJekaTh BIJ TEXHOJOTI]
BurotoBieHHs ®OE. B mogeni SRH 11 BnactuBoCT! 3a3Bu4ail 00’ €AHYIOTbCS B TaKi
BEJIMYMHHU, SIK €(EKTUBHHUI Yac XKUTTA EJIIEKTPOHIB 1 AIPOK, B pe3yJibTaTl 4Oro
OTPUMYETHCS OJIHA €()EeKTUBHA IIBUAKICTH OJTHOPIBHEBOT peKOMOIHAIII1.

OCKUIBKM MACTKM MOXYTh MOIVIMHATH PIZHHUIIO B IMIYJIbCI MK HOCISIMH,
pekomOinamis SRH € nomiHyrounM mpoiiecoM B KpEMHIl Ta 1HIIMX MaTepiaigax 3
HETPsIMOI0 3a00pOHEHO0I0 30HOK. OTHAK peKOMOIHAIIIS 3a JOTIOMOTOI0 IMACTOK TaKOXK
MOX€E JIOMIHYBaTH B MaTepianax 3 IpsiMOI0 3a00POHEHOIO0 30HOI0 B yMOBAaxX JIyxkKe
HU3BKOI IIUIBHOCTI HOCIIB (Ay’K€ HU3bKUU piBEHb 1HXKEKIl) abo B MaTepianax 3

BHCOKOIO IIIJIBHICTIO TACTOK, HAIIPUKJIa, B mepoBckiTax [133].
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3azHaunmo mnpunyueHHss Tteopii SRH, Ha oCHOBI siKOi 0OYHCHIOIOTHCS
BAX [25]:

* pi3ki Mexi o0sacti 301HEHHS OCHOBHUMH HOCISIMH, 110 O3HA4ae
KOMIICHCAIlII0 TPUKIAJEHOT HAIPYTd Ta KOHTAKTHO1 Pi3HUII MOTEHI[iaIiB
HAIPYyTOI0 MOJIBIHHOTO 3apsiXKEHOT0 11apa;

* B oOsacTi 3011HEHHs HOCIi 3apsAy 3HAaXOIAThCA Yy KBa3iCTALlIOHAPHOMY
CTaHl, 1 JIJIsl HUX CIpaBeiuBi po3noiuiu bonbimana;

* HEBHUCOKI pIBHI 1HXEKIl (KOHIIEHTpallii HEOCHOBHUX HOCIIB Mala Yy
MOPIBHAHHI 3 KOHIIEHTPAI[1€}0 OCHOBHUX HOCI11B);

* BIJICYTHICTh TI'€Hepalii Ta CTajl €JEeKTPOHHUM Ta MIPKOBUU CTPyMH B
o0nacTi 301 JHEHHS.

Sk mokazaHo B po06oTi [134], ctpyM, chopMoBaHUll mpoiiecaMu reHeparii-

pekoMOiHaIlli, TNpeAcCTaBiIsi€e OCHOBHY YacCTHUHY CTPyMy uepe3 pn-nepexia Mpu
HU3BKUX pIBHIX 1Hxkekmii, Llel cTpym sk QyHKIS NOPUKIAAECHOTO MPSIMOTO

noteHuiany V mae popmy:

v
L. = L.g,exp <E>' (3.8)

ne I,.,o — 3Ha4eHHs CTPyMY 3BOPOTHOTO HACHUUCHHS;
VUr — «TEIJIOBA HAIPYTay;
A — Koe(]illi€eHT 11ealIbHOCTI 110/1a.
[IpsiMuil cTpyMm y pexkumi reHeparii-pekomMOiHalii 3 ypaxyBaHHSIM TOTO, IIO

€JIEKTPOHU 1 JIPKU OJJTHAKOBO CHPUSIOTH T'€HEpallii, BU3SHAYAETHCS fK:

X2
r=2q | Rax, (39)
X1
ne R — mBHIKICTH pekoMOiHalli, a I1HTerpyBaHHA 3J1MCHIOETbCS B 00JacTl

peKoMOiHaIi.

Cnin 3a3HauuTH, 1O B  Mozeni poOotu [134] mexaHi3M pekomOiHalii
3a0e3nedyBaBcs 3 KoedilieHToM A4, He3aneXHUM BiJ Hanpyru. Ha e Oyna 3BepHyTa
yBara B cTtarti [135], nme cTBepIKyBajioch NHpPO HECYMHIBHY HAasBHICTb TakKoOl

3anexHOCTI. UncenbHl po3paxyHKH B paMkax mojeni SRH 3aeXHOCTI CTpyMy BIJ
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Hampyru JUisi KpPeMHIEBOI KOMIpKH, sKI TpoBeAeHl B pobotri [136], mokazamu
HACTYITHUM XapakTep 3MIHCHHS A:

* HaxuJ KpHUBOI Jorapudmy mpsMOro CTPyMy Ta BIAMOBITHO KOEQIIIEHT

171eaTbHOCTI A 3anexaTh BiJ PO3TalllyBaHHS PiBHS MacTOK E; BIAHOCHO

cepeauHu 3a00poHeHO1 30HU E; (puc. 3.6);

. __|Ei—E¢]
npu 6 = —

< 3A kpuBa CTpyMy OJHOPIHO HaxXWJI€HAa 31 3HAYEHHSIM
A = 1.6 + 2 B mmpokomy niana3oHi V, ax no nanpyru komipku 0.9 B;

* mpu § = 3 iHTepBai 3 MiABUIIEHUM A CKOPOUYETHCS 1 30BCIM 3HUKAE TIPH
0 = 10 — mpu TakOMy IOJIOKEHHI €HEPTEeTUYHOTO PIBHS TMACTKU KpHUBa
CTpyMy Mae€ 3arajgbHuil Haxuin 3 A = 1;

e Mane 3HaueHHs A, Onu3bKe 110 1, XapakTepHO TaKOX JUIs AYKE Maaux
PIBHIB 1HXKEKIIIT;

TakuM YMHOM MOXHa CTBEpKYyBaTH, IO BHUCOKI 3HaueHHS A , sKi

CIIOCTEPIraloThCsl HA €KCIEPUMEHTI, OB’ s3aH1 3 TNIMOOKUMHU J1€()EKTHUMHU PIBHSIMU,

SK1 TPalOTh POJIb MACTOK.

10 -3

]

-

Current Density (A cm-2)

T T

0 0.2 0.4 0.6 0.8 !
Applied Voltage V)
Pucynok 3.6 PexomOiHaiiitHuii cTpyM JJisl OTHOPIBHEBOT MACTKHU

B pn-TICPEXOJIi U Pi3HHUX 3HA4YCHb Iapamerpa § = LE; Bl [136]

kT
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AHani3 3aJeKHOCTI KOe(QIll€HTa 1JeaNnbHOCTI BiJ HaANpyrd, OOyMOBIEHOI
pekomMOiHaIi€er0 B 00acTi 301IHeHHs, OyB nipoBefieHui B po0oTi [137]. [lopiBHSIHHS
pe3yibTaTiB, OTPUMAHMX 3TITHO MOJENl OJHOPIBHEBOI pexoMOiHamii [28] Ta ii
Moaudikamiit [134, 138], a TakoXk MIISAXOM YHCEIHHOTO PO3PAXYHKY MOKa3alo, 110
Koe]ilieHT A 3HAXONUThCS B Mexax Biig 1 10 2, mpuuomMy MOJENl, sIKi MICTSTh

OlbIIIE NPUMYIIEHB, SIK MPABUIIO, IEPEOIIHIOIOTH A.

3.2.2 PexomOiHauis B 00J1aCTi IPOCTOPOBOIO 3apsiay

Ctpymu resepartii-pekoMmOinaiii B OII3 pn-nepexoxy Oynau Bhoepiie
npoaHaiizoBaHi aBropamu [134]. B miil kiacuuHiil poOOTI aHAITUYHI BUPA3U IS
pEeKOMOIHAIIMHOTO  CTPyMy  4Yepe3 CUMETPUYHUN  pu-TIepexii  OTpUMaH1
IHTErpyBaHHSAM IIBUJKOCTI peKOMOIHAIT y TPUNYIIEHH] 1ICHYBaHHS OJTHOPIBHEBUX
MacTOK, PO3TAIlIOBAaHUX B cepelnHl 3a00poHeHoi 30HU. [lomupenHs miei Moeni Ha
acUMETpUYHUN pn-miepexin Oyne 3pobieHo B pob6oti [139]. ¥V miit poboti Oymo
MpOaHaTI30BaHO BIUIMB HA IIBUAKICTh PEKOMOIHAIll KOHLIEHTpAIliil JIeryBaHHS,
nepepizy 3axXOIUIEHHS, aCUMETPIi Ta piBHS €HEPTii MacTKU, ajie 3HOBY OyJI0 IPUIHATO
oOMeXeHHsI OJHUM piBHEM. Po3paxyHoK KoedillieHTa i17eaqbHOCTI IJIsI LBOTO
HaOIWKEHHS (AMB. TIOMEpPEeNHIA pO3MAUI) T[OKa3aB 3HAXO/KEHHS HOro B
iHTepBani 1 < A < 2 [136].

OpHi€ero 3 yxe MEepPCreKTUBHUX €(EeKTUBHUX CTPYKTYP € TeTepOIepexiJiHi
KpeMHi€B1 ()OTOCIEKTPUYHI €IeMEHTH. B TakuxX KOHCTPYKIIAX, 10 BUPOOISIIOTHCS
[UISIXOM HU3BKOTEMIEPATypHOTO POCTY HAJATOHKHUX IIapiB aMOp(PHOTO KPEMHIIO,
amopdHuii kpeMHiit (a-Si:H) nie sik emitep. ba3zoro € ToHKa KpucTaniyHa KpeMHi€Ba
MJIaCTUHA-0CHOBA (c-Si), e eJIeKTpoHU Ta JIpku (oToreHepyroThbes. BomHouac
amopdHuii map a-Si: H nacuBye noBepxHio c-Si. EQEKTUBHICTh TAKMX KOMIPOK MOXKE
nepesuiyBat 23%.

Posrnsan pekoMmOiHAIIMHUX MPOLECiB B 00JACTI MPOCTOPOBOTO 3apsiiay y
CUCTEMaX 3 pn-TeTepolepexojamMu, sIKi BUSBUIUCH AYyXK€ MEPCHEKTUBHUMM IS
(hoTOEHEPreTUYHUX 3aCTOCYBaHb, BUKOHYBaBCS B OaraTthox poOotax. B opmniii 3
nepmux crarei [140] aHanizyBanuch cuTyatlii 3 OyJb-sIKUM PO3TAIIyBaHHSIM PIBHS

MacTOK Ta PI3HUMHU YacaMU XKUTTS HEOCHOBHHUX HOCIiB Ta Oyi0 3p0o0JeHO 3arajibHe
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dbopmyntoBaHHs cTpyMiB pexkomOiHaiii SRH. bynu Bu3zHaueHi HallOLIbII BUTIAHI 3
TOYKHU 30pYy MiHIMi3alii pekoMOIHaIlli CIIBBIAHOIICHHS MK KOHIEHTpaLisIMU
JeryBaHHA 10 00uABa O0KU rerepornepexoay 3 acumerpuunum OI13.

Pexom06iHaliitHl cTpyMu reteporepexiquux o-Si:H/Si O1abln 1etanbHo Oyiau
npoaHaiizoBaHi B poOoTi [141] 3 ypaxyBaHHSM CITIIBBIIHOIIEHHS MIX pPIBHEM
JIETYBaHHS KPEMHIIO Ta HAJIJIMIIKOBOIO KOHIEHTPALIE€I0 €JIEKTPOHHO-/IIPKOBUX TIap.
B nmocnmimxeHHi mokazaHo, 1[0 OUIbII BUCOKUM pPIBHSAM JIETYBaHHS BIJTHOCHO
HaJIJTUIITKOBOI KOHIIEHTpaIlliil ap BiAMOBIJAl0Th MEHII 3HaueHHs 4, ax 1o A = 1. B
obnacti Hampyru V > 0.5B nHa rerepomepeximnomy @®E Ha ocHOBI «-Si:H/Si
noBeninka BAX Bu3HauaeTbcsi MUQPy31HHUM CTPYMOM, a MPU MaJIMX 3MIIICHHSIX
BAX MmoxHa onucaTd peKOMOIHAIIMHUM MeXaHI3MOM 3 A = 2. TakuMm YUHOM,
HaBITh 3 BEJIMKOIO KOHIIEHTPAIII€I0 MAaCTKOBUX PIBHIB B €MITEPHOMY IIapl CHUCTEMa
IeMOHCTpye noBeAiHKy BAX, cx0Xy Ha OJHOPIBHEBY MOJIEb MACTOK.

3.2.3 IloBepxHeBa pexkomMOiHALLisI

Ha noBepxHeBy peKOMOIHAIIII0 OYAIH 3BEPTATH yBary y 3B sI3Ky 31 3HAUHUMU
CTpyMaMU BUTOKY IO MEPUMETPY eMiTepa OIMOoJISIPHOTO TPaH3UCTOPa, OCOOIUBO ITPHU
30UIBIIICHHS] HAMPYTH Ha Tepexoi emitep-6a3a [142]. Lle 3a3Buuail npunucyeTbes
nactkaM iHTepdeicy Ta pikcoBaHUM 3apsjiaM OKCHUJIY BHACTIJOK 1HXKEKIT rapsuux
HOCIiB Ha Kpalo OKCHUJIHOiI Oi4HOi CTIHKM KpemHil0. B poboti [143]
eKCIIEpUMEHTAJIbHO 1 Ha TEOPETHYHIM MOJENl TIOKa3aHo, IO IOBEPXHEBUH
peKoMOIHALIWHUN CTpyM Mae A > 2.

B coHsiuHMX eneMeHTax Ha BEpXHIM MOBEpPXHI, fKa € O0JaCTI0O HANBHUINOI
reHepanii HoOCiiB, BHCOKI IMIBUIKOCTI pekoMOiHalii O0COOJMBO HECHPUSTIUBO
BIUIMBAIOTh HA CTPYM KOPOTKOrO 3aMHKaHHS. JJisi 3HIKEHHS 111€1 MOBEPXHEBOI
pexkoMOiHalli BUKOPHCTOBYEThCA IMACHUBYIOUMM Iap, IO 3MEHIIYy€E KUIBKICTh
pO3ipBaHUX 3B’SI3KIB KPEMHIIO, 110 BUCATH HAa BEPXHiN MOBEpXHi. B mpomMucioBux
OM s QyHKIIS TOKIAJAETHCA HA TEPMIYHO BUPOILCHUH MIAp JIOKCUAY KPEMHIIO
(a00 HITpUly KpEeMHII0) — micis mnacuBalli iHTeppeldc Mae HHU3bKUN PIBEHb

ne(exkTHUX CTaHiB.
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JInst 3HUMKEHHSI BIUIMBY LIBUJKOCTI PEKOMOIHALIi HaJ TUJIBHUM KOHTaKTOM
BUKOPHUCTOBYETHCS aHAJIOT14HA 0OpOOKa 3a/IHbOI MOBEPXHI, SKIIIO BOHA 3HAXOIUTHCS
ommkue, HIX JTOoBXuUHA nudysii no pn-nepexony. Ilone 3amuboi moepxHi (back
surface field, BSF) ckmanmaerbcst 3 cunbHO JeroBaHoi oOnacTi. IHTtepdeiic mix
HU3BKO- Ta BUCOKOJIETOBAHUMM OOJACTAMH [li€ AHAJIOTIYHO pn-TIEpexXody, 1 Ha
iHTepdeiici popMyeThCcsl €IEKTpUUYHE MOoJie, SIKE CTBOPIOE Oap'ep IJsi MOTOKY
HEOCHOBHMX HOCIiB JI0 3aJIHhO1 MOBEPXHI. B pe3yiabpTaTi KOHLIEHTpAIlisi HEOCHOBHUX
HOCIiB Ha 3aJIH1i MOBEPXHI MIATPUMYETHCS HA OLIBIIT BUCOKUX PIBHSX.

3.3 IlpyyuHHU NiABUILEHUX CTPYMiB pekoMOiHawil B mpomucaoux @M

B npoMy po3ini nucepraiiii po3riisiHyTi OCHOBHI MEXaH13MU peKOMO1HaIli1, K1
Nal0Th  HAWOUIBII  3ryOHMM BIUIMB HA  €(EKTUBHICTH  (HOTOEHEKTPUYHUX
nepeTBoproBaviB. BruB pekomOiHalii SICKpaBO MOXKHA MOOAUYUTH TpU 0OpOOII
excriepuMeHTanbHux BAX mnpomucnoux ®M 1o CyTTeBOMYy BIAXUIIEHHIO
Koe(ilieHTa 11€aIbHOCTI Ta 3BOPOTHOTO CTPyMYy HAaCHYEHHs B[ 1€aIbHOI MOJEN1
aiona.

He3BuuaiiHa moBeAiHKa COHAYHMX OaTapeil MPOMMCIOBOTO BUTOTOBIICHHS
Oyna momiueHa me B 60-x pokax 20 cromitrsa [144], a caMe eKCHOHEHIaJlbHA
3JIEKHICTh TEMHOBOI'O CTPYMY Bij Hanpyru mana ¢axkrop igeanbHocti A = 3. Ilei
MHOXXHUK B T[IOKa3HHUKY CTYMEHS, SKUW CYTTEBO IIEPEBUINYBaB 3HA4YCHHS A
1a0opaToOpHUX 3pa3KiB, HEe MIr OyTH 3aJ0BUILHO TMOsiCHeHWH. ExcnepumeHTH
MOKa3yBalld, 110 CUTYyallisl HE € 3arajJbHOI0 BIACTUBICTIO BCI€ET KOMIPKHU, 2 BUXOAUTH
3 JIOKaJ130BaHUX OO0JacTed mepexojly, MepeBaKHO Ha Kpasx Komipku. KpiMm Toro,
TepMiuHa 00poOKa ImpH TemIiepaTtypax JOCUTh HU3bKUX, 100 BUKIIOYUTU MOMITHY
nu(dy3it0 JOHOPIB 1 aKIENTOPIB, MPU3BOAMIA O 3HAYHUX 3MIH B XapaKTePUCTUKAX.
Pe3ynbTaTu 1HTEpPHpPETYBAIUCh SIK BIUIMB MEBHUX JAE€(PEKTIB, 10 BUKIUKAIOThH
MiABUIIECHHSA A Ta 3HMKEHHS €(PEKTUBHOCTI KOMIPKH.

3.3.1 KpaiioBa pekoMOiHauist

B moneni SRH nepenbauvaerbcesi, o MacTKu (TOYKOBI A€PEKTH) PIBHOMIPHO
pO3MoiIeH1 y Biid o0nacTi 301qHeHHs. Ane e B 60-x pokax [ 144] cTBep1>KyBasioCh,

o cTpyMu 3 A > 2, He MOXOJSTh BiJl OJAHOPITHO PO3MOAUICHUX N1e(PEKTIB, BOHU
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0OyMOBIICH] JIOKQIBHUMHU [IISSHKAMHU 3 YK€ BHCOKOIO IIUIBHICTIO Je(eKTiB.
[Ti3Himre 11e 0yJ10 eKCrepUMEHTAIBHO MIATBEPIKEHO 3aco0aMu cuHXpOoHHOT (lock-in)
TepMorpadii, sika J03BOJSE CHOCTEPIraTH OCHUJIALII TEeMIepaTypu, OO0OyMOBJIEHI
nedbexrtamu  [145]. Hampukian, Oyno  BCTAHOBIEHO, IO  MIJBHINECHUN
peKOMOIHAIIMHHUI CTPYM MOXKHA CIIOCTEpIiraTu y BCiil KpaloBiil o0sacTi 3pa3ka, aje
KpaiioBa IIUIBHICTh CTPYMY M€ MIKU TIIBKU Ha KUIBKOX AUISTHKAX Kparo, ikl aBTOPU
Ha3UBAIOTh JIOKAIBHUMU KpalloBUMM IIyHTamMu. TepMmorpadis mokasaia, 10
koe(imieHT A 3a3Bu4ail OupIIe 2 JUIIE y [UX JOKATbHUX KPalOBHUX IIYHTax, TOI1
SK B IHITUX KpaioBux obaactsax A < 2, To0to 3rigHo 3 Teopiero SRH [146].

Btparam Ha kpailoBiii pekoMOiHaIli MPUILIAETHCS MIJBUINEHA yBara Ipu
onTUMI3aIlli KOHCTPYKIIT BUCOKOePpeKTUBHUX DM, 17151 IKMX XapaKTepHEe 301JIbIIICHE
CHiBBIAHOWIEHHs Kpatro no miomi PFE, Hanpukmnanx B MOAYISX 3 IMOJOBHHHUMH
komipkamu (half-cell), abo 3 uepenuunoro (shingle) koncrpykiiero [147], a Takox B
(hoToeneKTpUYHUX KOMIpKax 13 3arnubiaeHnmMu konTaktamu (buried contact) [148].

[[IupoKkO BUKOPHUCTOBYETHCS Ta MNPUHUHATUHA [0 MOJEIIOBAHHSA KpaloBOI
peKoMOiHaIli MiAX1J MOJSATa€e y 3aCTOCYBaHHI MapaiesibHOrO IIYHTYHYOro Aiojaa 3
KoedilieHToM ineanbHOCTI 2. lle OOrpyHTOBY€ThCS THM, IO KpailoBl BTpaTH
MepeBaXkaroTh peKOMOIHAIlII0 B 00J1acTi mpocTopoBoro 3apsay [149, 150].

3HayHUM BIUIUB KpaloBOi pekoMOiHaIlll Ha e(DEeKTUBHICTh COHTYHUX KOMIPOK
JoCHiIKyBaBcs B psaal pooiT MaklnToma [151]. HIBuakicTs pekoMOiHAIT HA Kpasx
@®E yacrto Habarato Oinblie, Hix B iHImMX yactuHax OE. KpaiioBi o0nacTi Ha BiAMIHY
BiJI MEPE/IHBOI 1 38]IHBOIT MOBEPXHI, 3BUYAHHO HE MAaCUBYIOThCS. Uepes 1€ MBUIKICTh
KpaiioBoi pekoMOIHAIlll I0JaTKOBO MiJBUILYETHCS, KON pr-MIEPeXiJi IPOCTITaeThCs
1o kpawo. B poboti [152] cTBepaxKy€eThCs, MO CTPyM pekoMmOiHallii B 3011HEHIN
o0jacTi He Tede OJHOPIIHO, BIH HAWUOUIBII BUPaXEHUWH Tam, JI€ MPOTSHKHI
peKOMOIHAIIHHO-aKTUBHI Je(EeKTH MEPEeTUHAIOTh pn-Nepexil, TOOTO Ha Kparo
eJIeMEHTA.

Kpim TOTO, MOKITUBI €1€KTPOCTATUYHI €PEKTH HA KpasiX — 3apsKEeH1 TOBEPXHI1
Ha Kpasx KOMIPKM CTBOPIOIOTh MOTEHIIAIBbHY sMy, SIKa PO3LIUPIOE 00JacTh

pexKoMOiHalli 1 3HAYHO 301IbIIYE 1i BHECOK Y 3arajIbHUI CTPyM.
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B 3raganux Buie po6oTax KpaioBa peKOMOIHAIlISI MOJCITIOETHCS, K MPABHUJIO,

IIYHTYIOUUM J10JI0M B cXeMl 3aMilleHHd. OgHak Koe(ilieHT 11ealbHOCTI 3HAYHO

MEepPEBUIIYE 2 TPU CEPEIHIX 3HAYEHHSX HAMpyrH, s JIedkux KoHCTpykiii OE Ha

kpusiii A(V) crocrepiraerbes mik Bucororo 6inbiie 6 (puc. 3.7).

10°

Current (A)

Local Ideality Factor

107

T T T T T T T T T T T

1 L 1 1 1 1 1

01 0.2 03 04 05 06 0.7
Voltage (V)

Pucynok 3.7 3anexuocti Inl(V) i A(V) npu pisHux

3Ha4YEeHHSX d — BiicTaH1 (PPOHTAIBHOT KOHTAKTHOI CITKHU A0 kpato OE [151]

3.3.2 Posib MIKPOCTPYKTYPHHUX Je(peKTIiB

[TpoMucioBum

®M, 0co0JMBO BHUIOTOBJIEHUM 3 MYJbTUKPUCTAIIYHOIO

KPEMHI1€BOT'0 MaTepially, MpUuTaMaHH1 crielu(iyH1 BUIU peKOMOIHAIIIITHUX BTpAT, K1
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HE BPaXOBYIOThCS B KJIJACUYHUX MOJENSAX pexkoMOiHaiii. [{e MoxHa Bxke 3p0o3yMiTH 3
OTJIsIly, HANpPUKJIAJ, HAa JIOKaJbHI HEOJHOPIAHOCTI TEMHOBOTO CTPyMYy, SKi
JTOCIIKYIOTBCS ~ METOAOM  CHUHXpOHHOI  Tepmorpadii  (auB. posxd. 3.3.1).
HeonnopigHOCTI CTpyMy BUHUKAIOTh BHACIIIOK, HAPUKIIA, TOAPANHH a00 IESIKUX
IHIIUX TOKU HEBIIOMUX JedekTiB. OCHOBHOIO MPUYMHOIO BEIMKOTO KoedillieHTa
171ealbHOCTI Ha Takux Jnedekrtax B poOoTi [152] BBaxkaeThcsi OaraTopiBHEBA
pekoMmOiHaIig, ska e(peKTHBHA JIHIE ISl MPOTSHKHUX JAEPEKTIB 3 BHUCOKOIO
JIOKAJIBHOIO IIUIBHICTIO TIMOOKKX CTaHiB. Takuil TUI Je(PEeKTIB TaAKOXK € JHKEPEIoM
OMIYHUX CTPYMIB IpH CIA0KOMY 3BOPOTHOMY 3MIIlIEHHI 3a PaxyHOK CTPUOKOBOI
MPOBIAHOCTI. BapTo 3ayBakuTu, 1[0 IHIIUMHU BaXJIMBUMH JKEpEIaMU OMIYHOTO
CTPYMY € YaCTUHKU A/ Ha MOBEpXHI, TPIIIUHU, HE MOBHICTIO BIAKPUTUN Kpail Ta
HUTKH SiC y MyJIBbTHKPUCTAIIYHOMY MaTepiaji.

[linTBepI>KEHHSAM MIJBUINEHUX PEKOMOIHAIIMHOTO CTpyMy Ta KoedilieHTa
171€alIbHOCTI BHACHIIOK MPOTSHKHUX JedeKkTiB € excnepuMeHnTu [152, 153] 3
BHCOKOE(EKTHBHUMHU KoMipkamu Tuny PERL nnomero 1 cM?, Ha HOBEPXHIO SKHX
HaHOCHWJIMCH TOAPSANIMHU J1aMaHTOBUM 1HJAEHTOpPOM. BuximHi (Ha 4MCTHUX 3pa3Kax)
TeMHOBI BAX 1ux KOMipoK Manau Koe(ili€HT ifeanbHOCTI HIK4Ye 1,5 y BChbOMy
Jliara3oHi HaAIpyT, a 3BOPOTHUM cTpyM OyB cyOuniHIHUM. HaHneceHHs noapsinuH npu
pI3HOMY HaBaHTaXXE€HHI Ha 1HJAEGHTOP MPHUHIIMIOBO 3MIHIOBAJIIO BUIJISLA LHX
3asieskHocTer (puc. 3.8). binbin BUCOKe HaBaHTa)KEHHSI MPU CTBOPEHHI MOAPSIUH
NPU3BOAWIM 70 OUIBIIOI CTyNEHl HelJeadbHOCTI KOMipok. OTpuMmani ist
MOJAPANAHUX KOMIPOK 3aJIeKHOCTI OyJIM CXOXKMMHM Ha pe3yJbTaTH BUMIPIOBAHHS

MPOMUCIIOBUX 3pPa3KiB.
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Pucynok 3.8 TeMHOBI psiMi XapaKTEepUCTUKH (a) Ta 3aJIKHOCTI Koe(illieHTa
ineanbHOCTI (b) uncroro ineansHoro ®OF (mpsima JiHIsA) Ta TPHOX €IEMEHTIB, 110
MaJly napajeiabHi NOAPSIIUHU Y BUTTISL CITKU 3 KpOKOM 1 MM, 3po0JsieHUMHU 3
PI3HUMU HaBaHTAXKEHHSIMU Ha 1aMaHTOBUM 1HAEHTOP [152]

Jns mnoscHeHHs HaBeAeHMX JaHuxX B [153] mpomoHyeTbcs HACTyNHUU
MeXaHi3M pekoMOiHaIlii. MiKpoCTpyKTypHi Ae(EKTH XapaKTePHU3YIOThCS TIIMOOKUMU

EHEPreTUYHUMHU PIBHAMHU Yy 3a00pOHEHINM 30HI Ta MalOTh MOYyK€ JIOKaIl30BaHy
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XBUIbOBY ¢yHKIIt0. [Tpu Benukiil koHIeHTpalli AedeKTiB iXHI XBUIbOBI (YHKIT
nepekpuBaroThes. Tojli, 3a TyMKOIO aBTOPIB, MOXKE Pealli30BYBATUCH PEKOMOIHAIIIs
JNOHOpHO-akienTopHux map (donor-acceptor-pair, DAP). Slkmio Taki npumnoBepxHeBi
IIapy 3 BEJIMKOIO KOHIIEHTpaIli€lo Ae(hEKTIB MePETUHAIOTHCSA 3 00JIaCTIO 301 THECHHS
pn-nepexoy, pekoMOiHallisi Moxke 3a0€3MeUnTH KOPOTKUHM NUISIX IJI1 HOCIIB uepes
pn-niepexia: iM He MOTPIOHO TepMiuyHE 30Yy/KEHHS BHILE BCHOIO MOTEHIIIHHOIO
Oap'epy uepes pn-nepexif.

3.4 Po3poOka HOBOIO mixxoay 10 MoaearoBaHHg @M

[Ipu mopnemoBanHi BAX ®M mnapamerpu cxeMm 3amMillieHHS, SK MPaBHIIO,
BBQXKAIOTHCS MOCTIMHUMHU Ta HE3aJICKHUMU BiJl HApyru (auB. po3a. 1.4). B Toif xe
4ac EKCHEpPUMEHTH, BHUKOHAHI Ha PIZHOTO THUMNY (QOTOENEKTPUUYHUX KOMIpKaXx,
MOKa3yI0Th, 110 BKJIAJ PEKOMOIHAIli B 3araJibHUH CTPyM BiAHOCHO AuMQY31iHOTO
3MIHIOETBCS 3 Hampyrow. B Ounbmiocti poOit (auB. posa. 1.4.2) npuiliHsaTuit
CIPOILEHUHN MiAX1/, PU AKOMY TaKUW XapakTep CTPYyMY MPEJICTABISETHCA Y BUTIISIL
JBOX JIOJHUX CTPYMIB 1 BIJMOBIAHO JBOAiIoAHA cxema 3amimieHHs @OE. B maniit
po6oTi BAX MOIemo€eThCcs 3 JOMOMOIOI0 OJHOIIONHOI CXEeMH 3aMillleHHS 31
3MIHHUMHM 3 HaIPyroro napaMmerpamu, B nepury uepry, A ta 10, sxi 6e3nocepeHbo
OB’ sA3aH1 3 MpoliecaMu pekoMOiHailii. PekomMOiHalliifH1 BTpaTH 3yMOBIICH1 0€31144t0
daxTopiB (AuB. po3x. 3.2-3.3), iX npupoaa A0ci HEJOCTAaTHRO BUBYEHA, HA BIIMIHY
Bl OMIYHUX BTpAaT, aj€ BOHM CYTT€BO BIUIMBAIOTh Ha HaBaHTaxyBaibHI BAX,
3HIKYIOUHU e(peKTUBHICTE OM.

MoXNHUBICT 3MIHHOTO XapakTepy 3BOPOTHOTO CTpyMy Ta (dakTopy
171eaIbHOCTI po3risiganacs B psial poOit [152, 153, 154], aBTopu sikux BKazyBaJid Ha
HEOOX1HICTh YpaxyBaHHS 3MIHHOT IPUPOIH TApaMETPIB CXEM 3aMIlIEHHSI, 0COOIUBO
MIPU MAJIUX PIBHSX reHepallii (OCBITJIICHHS ), KOJIU pn-NiepeXijl He MOBHICTIO BIIKPUTHIA.

BuzHnaueHnHs 3a1eXHOCTI mapameTpiB A, Iy Bia Hanpyru V Hagae MOXIUBICTh
3pOOUTH TOYHY MOJIEIBHY anpokcumallito ekcnepuMentaibHux BAX ®F 3a pizHux
PIBHIB COHSIYHOI pajiallii, HaBiTh TOYHIIIY B «mpoOnemMHo» obnacti MPP, Hixk 1e
MOXJIMBO 3a JOTIOMOTOI0 MPOLEIYpP 3HAXOMKEHHS (PIKCOBAHUX 3HAYEHb MapaMeTpiB

B OJHO- Ta I[BOI[iOI[HI/IX CXEM.
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B pamkax maHoi poOOTH 3ampoONOHOBAHO MOJIENIb Ta aJITOPUTM BU3HAYEHHS
3QJIEKHOCTI  MAapaMeTpiB  OJHOJMIONHOI CXEMHU 3aMillleHHS BiJ Hampyrd Ha
HaBaHTa)XeHi, Ta aHai3y BILMBY A(V), Io(V) Ha BAX ®M.

[TapameTpu eJIEMEHTIB CXEMH 3aMIIEHHS XapaKTepHU3yIOTh TE€HEPYBaJbHY
3natHicth ®M ¥ eNneKTpU4HI BTpaTH, a TaKOX BIUIMB 30BHIIIHIX YMOB.
HapanrtaxyBanena BAX [(V) nns opHomiogHoi Mmozeni ®M  omnucyeThes 3
BUKOPUCTAHHAM KJIacu4yHOi Mojeni pn-niepexonay SRH [25] y Burisial HacTynmHUX
piBHsHB [15]:

Ipp — I, — 14— 1 =0, (3.10)
ne I = in, — Hanpyra Ta CTpyM B HaBaHTaXKEHI;
Iy, = ippny — CTPYM (OTOTEHEpAILiT;
I; — niogHU# CTPyM;
Hiognuii ctpym y Bupasi (3.10) Bu3HauaeThCs:

V+IRs
Iy =1I,{edAnsvr -1, (3.11)
ne V =vng il = in, — Hanpyra ta CTpyM B HABaHTAXKEHI;
[y — 3BOPOTHHII CTPYM HACUYEHHS J10/a;
A — Koe]ilI€HT 11€aJIbHOCTI 110/13;
Rg = rsng/n, — eKBIBaNCHTHUI NOCTITOBHUH OIIIp;
Ng — KUIBKICTh MOCTIAOBHO 3’ €THAHUX KOMIpOK OM;
N, — KUIBKICTB MApajeNIbHO 3’ €IHaHUX KOMIpOK OM.

CtpyM yepe3 napaneabHul OImip:

_V+IRy

i _
p )
RP

(3.12)

ne V =vng il = in, — Hanpyra ta CTpyM B HABaHTAXKEHI,
Rg = rsng /N, — eKBIBaNCHTHUI NOCITITOBHUH OIIIp;

R, = ryng/n, — eKBIBaNICHTHUI NapaleIbHUM OIIp.
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Temnnosa Hanpyra y Bupasi (3.11) po3paxoByeTbes sIK:
vp = —, (3.13)

1€ q — 3apsJI eISKTPOHA;
k — moctiiina bonbpnmana;
T — Temnepartypa.

3aranpHuii Bupa3 1t BAX @M Ha ocHoBI piBHSAHB (3.10)—(3.13) mae Burmsia:

V+IRg

Rs 4 Angv
F(LLV)=1 1+R— _Iph+R_+IO ednsvr -1 1 =0 (3.14)
p p

3.4.1 OuiHKH NOCJiIZOBHOIO Ta NAPAJIeJIbHOI0 ONOPIiB BTPAT

Cepen nanux mitepatypu [155-158] icHyroTh Aesiki mpoTHpiuys, 0COOJIHBO
110/I0 TTapaMeTpiB, MOB’SI3aHUX 3 MpollecaMu €JIEKTPUYHUX BTpPAT Ta PeKOMOIHAILi.
Hanpuknan, uucnoBi 3HaueHHs R, Rp, Kl OTpUMaHl OJAHOTO 1 TOTO X MOJIYJS
pPI3HUMU METOJAMH, MOXKYTh PI3HUTHUCS y KUIbKa pa3iB, a [y — HaBITh Ha KUIbKa
nopsakiB. [le cBimunuTh a00 Mo HEJ0JIIKK BUOPAaHUX ONTUMI3ALIMHUX MTpoIeayp, a0o
PO HEaJEKBATHICTh MIOJHUX MOJEJIeH 3 NOCTIMHUMHU 3HAYEHHSMH LIYKaHUX
nmapaMeTpiB Ha BChOMY miana3oHi BimmikiB. Koncrpykiis ®OM (Hanpukian,
BUroTOBJIEHUX 3a TexHosoriero PERC abo PERL) Bkitouae pi3Hi pe3UCTUBHI BHECKU
B CYMapHi €JIEKTPUYHI BTpaTU: OMIYHI 00’ €MH1 OMOPU HAMIBIPOBIIHUKIB, KOHTAKTH1
OTOpH, OMOPU BUTOKY. B MPOCTUX €KBIBAJEHTHUX CXEMaxX 3aMIIICHHS [Jis OMHUCY
00’€MHHMX OTMOpIB IIApiB MarepialliB 1 KOHTAKTHUX OMOPIB y KOHCTpykKIii ®M
BBEJICHO MOCHIZIOBHUM omip BTpar Ry Bin Hboro 3anexuth nosioxeHHs MPP na
kpuBii BAX 1, mo HaiBaxiausime, — eheKTUBHICT PM, TOOTO BiAHOIICHHS
€JIEKTPUYHOT MOTYHOCTI OJIMHUYHOI TJIO0II1 MOYJISI IO IHTeTpadbHO1 IHTEHCUBHOCTI
MaJIal04u0ro COHSTYHOTO BUNpoMiHtoBaHHs. [Ipu 301ab1eHH1 Ry poboua Touka (MPP)
3MilLy€eTbCs B OIK MEHINOI HAmpyrd 1, BIANOBIAHO, MAJa€ MOTYXKHICTh Yy
HaBaHTaxeHH1 [15]. Y mnpoueci TpuBanoi excmiyatanii ®EC BinOyBaeTbes
MOCTYNOBE 3OUIBIIECHHS EJIEKTPUYHUX 1 TemioBux BTpar y OM, ToMy Benuke
3HAUYEHHd Mae po3poOka e(EeKTUBHOIO ONEPaTUBHOIO METOLYy BH3HAUEHHS

napametpa Rs.
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3HaueHHs Rs HE MOke OyTU BUMIpsiHE 0€3MO0CEePEIHbO 1, IO CYTi, SIBJsIE COOOI0
OKpeMy MpolyieMy, pi3HI METOAU PO3B’SI3aHHS SIKOI MPOIMOHYBAIUCA Ha PI3HUX
eTanax po3BuTKy ¢oroenexktpuku [159, 160, 161]. Bei Binomi Mmetoau B po6oTi [160]
MOA1JIEHO Ha TPU KaTeropii: METOI, IO ONEpyIoTh 3 JaHuMu BAX; MeTou, B SIKUX
BUKOPUCTOBYIOTh MOXiJHI BiJ ¢yHKii BAX, 1, HapemTi, MeTOau, MOB’A3aHI 13
3aCTOCYBaHHSAM 1HTErpajiiB a00 KOMOIHaIii 1HTerpajiB 13 TMOXIIHUMHU Ta
¢dbyukuismu BAX. Yactuna MeTo1iB, KpiM ocBiTIeHOT BAX, BUMarae BUMiprOBaHHS
temHOBOi BAX, T06TO KpumBOi I/(V) 3a BimcyTHOCTi ocBiTineHHs. Jlesaki meTomu
BUMararoTh rpadiuyHoi nmodynoBu 1ie i Tpethoi kpuBoi BAX mpu 3MiHHOMY piBHI
coHstyHo1 paniarii [161]. IIpouenypy Bu3HaueHHs: R MPOMKUCAHO TaKOX Yy CTaHIAPTI
IEC 60891:2021 MixxHapoaHO1 €1eKTPOTEXHIYHOT KoMicii [162].

B nmaniit po6oti Rg oniHUMO HAcTynmHUM uuHOM. lleit mapameTp HaNOLIBII
cuibHO BIutnBae Ha BAX B inTepBaini Hanpyru Big MPP 1o xonmoctoro xony [15, 25],

a caMe, MaJIIHHS HANIPYTH Ha R 3MiHI0€ Haxui criaaaroyoi auistiku BAX (puc. 3.9).

\ AVs \AVd

SC

Ctpym |/, A

Hanpyra Ha HaBaHTaxXeHHi V, B ”
Pucynok 3.9 Imroctpauis BBy nociigoBHoro onopy Rs na BAX ®E:
mrrpuxoBa JiHis — giogaa BAX I;(V) npu Rg = 0 ;
cymiabHa niist — BAX [(V)3 BpaxyBanusM R;.
KyTu Haxwity JOTUYHUX 10 IUX KPUBHUX B TOULl V.
MO3HAYEH] &y Ta @ BIJATMOBIIHO.
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Kytu Haxuiny @4 1a @ gqotuaaux (puc. 3.9) no kpusux I;(V) ta I(V) B TouIi

V. BU3HAYAIOTHCS Yepe3 MOX1AHI:

tga, = (dld)_l 3.15
gad B dV 0oc,Rs=0 ( . )

I (dl)‘l
9 =\av),.

Ha puc. 3.9 nokasani JOTU4H1, TPOBEJEHI B TOYI[l XOJIOCTOTO XOAY /10 KPUBOT

(3.16)

BAX O®E, sxa OyyeThcsl Ha €eKCIIEpUMEHTAJIbHUX BIIUTIKAX, 1 10 KpuBoi BAX miony
(3.11) mpu Ry, = 0. Lli 1oTMYH1 yTBOPIOIOTH BIAMOBIAHO KyTH g4 (3.15) Ta a (3.16)

JI0 BEPTHKaJIl Ta MalOTh Ha PiBHi Ig. = [, BIACTaHI BiJ BEPTUKAII, IO JOPIBHIOIOTH!

AV = L, (ﬂ)_l , (3.17)
dV ) oc
AVy = L, (ﬁ)_l , (3.13)
av 0C,Rs=0
B Toi1 xe ygac:
AV = AV, + AV, (3.19)
e
AVs = LynRs (3.20)

[Toxigna B mpaBiit yactudi (3.17), sika € audepeHIiaabHOK MPOBIIHICTIO,

00UYHCITIOETRCA 3 eKcriepuMeHTanbHOoT BAX. BBeaeMo rmo3HaueHHs:

dl

Goc = _W

>0 3.21)

oc

Toni nnsa Ry Ha ocHoB1 popmyi (3.17)—(3.21) oTpuMy€eMO HaCTyIIHE:

<dld>_1
dV 0oC,Rs=0

[Moximny B (3.22) 3HaxoguMo  JU(dEpeHIiOBaHHSIM  JIOJHOTO

1
Ry =——

(3.22
Goc )

ctpymy (3.11) R = 0:

<d1d> Iy <1 V,. dA
AV /ocr=o AnsVr A dV

) o 4 ozt (3.23)
o dv
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Jlam BBaxkaeMo, IO BKJIAJ YJIEHIB 3 MOXIOTHUMHU Bix A Ta Iy HE 3HAYHUH Y

CEHCl:
Voc (dA) &1 3.24
A Nav),, (3.24)
AngVy | /dl,
— <1
Iy (dV)OC (3.25)

[le mOKa3yrOTh EKCIEPUMEHTANbHI 3aJIeKHOCTI jorapudmy Inl; maiomHoro
cTpymy B okoduili V. y Ounbmocti @F, HaBITh y €1EMEHTIB 31 3HAYHOIO IIUIHHICTIO
nedeKTHUX cTaHiB 1 BenmukuMmu 4 moomu3zy MPP. JliticHo, kpuBa [n [; mpakTHIHO HE

3MiHIO€ CBOTO Haxuny npu V —V, .. [Ipu nux npunynieHHsIX MaeMo:
dl, Ln
avly,e AngVy’

(3.26)

Jie BpaxoBaHo, 10 3 piBHAHHA Oanancy (3.10) npu I = 0 1a [, K I; B oxomuui V.
cminye Iy oc = Lyp.
[TincranoBka (3.26) B (3.22) micis nepeTBOPEHHS] OTPUMAEMO OLIHKY ISl R:

_ 1 AnSVT
° Goc Iph

(3.27)

3a mpoleayporo, aHAJIOTIYHOK 3HAXOJXKEHHIO R, OIIHUMO MapajielibHUN
omip R, . Ilpu mpomy motmunmi mo BAX I(V) rta I;(V) mpoBomumo B Toumi
KOPOTKOTO 3aMHUKaHHS [, , OLIHIOEMO JIOBXKHUHY BIJPI3KIB 32 cTpymoMm Al, Al,; nis
MEBHOI HEBEJIMKOI HANPYrd Ha TOPU3OHTANbHIN AuIsHII BAX aHanoriyHo OLiHII
Bipi3kiB AV, AV,;. Ockinbku TIOAHUN CTPyM IIPU HEBEIUKOI HAIMPY31 HAJ3BUYANHO
Manmuii [; <K< 1, MOXHa 3HeXTyBaTu mpupoineHHsM Al; K< 1. B pesynbrati

OTPUMYEMO OILIHKY JJIS Rp:
1
R, = —, (3.28)
GSC

ne Gg. — mudepenuianbaa mpoBiaHIcTb Ipu V = 0, xomu [ = I, 110 BU3HAYAETHCSA

3 CKCIICPUMCHTAJIbHUX JaHUX:

dl|  0F/oV

G, = -—— =
* dVly,e OF/OIl,_,

(3.29)
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BumiproBanust BAX mnpu pi3HI 1HTEHCHMBHOCTI pajiailii, Maaar4oi Ha
npuiiManbHy noBepxHio @M (B manomy pasi Risen RSM60-6-280P), no3Bonunu 3a
nonomororo dopmynu ans onopy Rg (3.22) orpuMaru AaHi, Akl BigoOpa)keHi Ha
puc. 3.10. JliniiiHa perpecis MHOXHHU JaHUX I TMPHOJIM3HO OJHAKOBHUX
TeMIEpaTypHUX YMOB IOKa3ye, MO Omip BTpaT R BiJl IHTEHCHUBHOCTI COHSYHOI

pajiarii MpakKTUYHO HE 3aJICKUTh.
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Pucynok 3.10 Pe3ynbraTil po3paxyHKiB MOCIIJOBHOTO OMOPY R PH pi3HUX
piHsIX ippamiaiii 3a popmyoro (3.22)
TeHaeHIil0 TOBEIIHKK MapajieIbHOTO OMOpYy IMpH 3MIHHUX pajialiiiHux

YMOBaX 3’5ICYBaTH TOYHO HE BJIAJIOCh BHACIIIOK YK€ MaJINX 3HaueHb MoxigHoi BAX
B 00J1aCT1 KOPOTKOI'O 3aMUKAHHS 1 BIMOBIIHO Manux Gy (3.29).

3.4.2 Po3paxyHok 3MiHHUX napaMeTpis ®M

Hns mopentoBanHss @M 31 3MIHHUMU MapaMeTpaMH Ha OCHOBI aHanizy BAX
IIpU PI3HUX PIBHSAX ippajialii Oyno oopaHo ¢oToenekTpuuHi Moayi Risen RSM60-
6-280P (muB. posn. 2.8). OTpuMaHi €KCIIEpUMEHTaIbHI JaHl MOXYTh YaCTKOBO
CIIOTBOPIOBATUCH HASIBHOIO MOXMOKOIO BUMIPIOBAHHS Ta/a00 3MIHOK HABKOIHUIITHIX
YMOB IiJ1 yac TectyBaHHss @M, 110 NMPU3BOIUTH 0 MOSIBU LIyMIB Ta BUKPUBJICHHS
nanux. llepen momanbliuM aHalli3oM Ta MPOBEIAEHHSAM PO3PAXYHKIB Ha iX OCHOBI
BUMIPIOBaH1 €KCIIEPUMEHTANIbHI JaHi OyJiu MomepeaHbo 00poOieHl po3poObiieHHM

KOMILJIEKCHUM aJIropuTMOM (pimbTparliii Ta anpokcuMmariii (aue. po3a. 3.1).
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Tunosi BAX Tta BianoBijHi rpadiku MOTYXHOCTI 300paxkeHo Ha puc. 3.11,

OCHOBHI iX apaMeTpu HaBejeH1 B Ta0m. 3.2.
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Hanpyra V, B

Pucynok 3.11 Tunosi BAX 3a pi3Hoi ippasianii

Taoauus 3.2 — OcHoBHi napamerpu Tunosux BAX

BAX Ne 1 BAX Ne 2
IMapametp
(BHCOKA OCBITJIEHICTDH) | (HM3bKA OCBITJIEHICTH)
Ippaodiayisn, Bm/m’ 680 117
Temnepamypa @M, °C 53.17 41.81
MPP, Bm 214 63
Hanpyza XX Voc, B 34.110 32.206
Cmpym K3 Isc, A 8.5864 2.5542
@omocmpym Iph, A 8.5913 2.5563
Tlocnioosnuti onip Rs, Om 0.1993 0.3556
Iapanenvnuu onip Rp, Om 351.98 711.83

Buxonsuu 3 ogHomionHOi cxeMu 3amilieHHs (puc. 1.6), cTpyMm udepe3 Jiof

663HOCCp€I{HBO MO>KHA 3HAMTH 3a AOIIOMOTI'OI0 CKCIICPUMCHTAJIbHUX JAHUX!

I, =1 4 I 1+RS 3.30
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Ockutbku cTpyM uepe3 nion BifacyTHid mpu V =0, 1o 3 dopmynu (3.30)
OIliHKa cTpyMy (hoTorenepauii I,, yepes crpym K3 I, cknanae:

Ry
Ion = Ise [ 1+ 2° (3.31)

D

Ha ocuoBi BupaziB (3.30) Ta (3.31) moOymoBaHO HamiBIOTapU(PpMIUHY
3QJIeKHICTh CTpyMy uepes aioa ainsg BAX Nel, mo BimoopaxkeHo Ha puc. 3.12 (dopHa
miHist). JlaHa OTpuUMaHa 3aJIeKHICTh HAa OCHOBI E€KCIEPUMEHTAJbHHUX BUMIPIB
BIIMOBIa€ MOA10HUM 3aJIEKHOCTAM B 1HIIUX HAyKOBHUX poboTax (puc. 1.3)

[I{o6 omiHuTH 3anexHICTh (PAKTOPY 171€aTbHOCTI BiJl HANIPYTH B AaHIA poOOTI
MM TIEPEUIIUIN BiJ BUSHAUEHHS II€1 3aJI€KHOCTI B KoopauHaTax V- 10 3a1eKHOCTI
B KOOpJMHATax CTPyM — Hampyra Ha faioai, to0to V;-1. Hampyra nHa miomi V,
BU3HAYAETHCSI 4Yepe3 EKCIEPUMEHTANIbHI 3HaueHHs V, [ Ta 3HaliiieHuil paHiiie
B1JOMUU MOCTIAOBHUM omip Rj:

V; =V + IR (3.32)
3anexHicTe jJorapudmy cTpyMy uepe3 AioA Bl Hanpyrd Ha gioai Vy

B1100pake€HO YEPBOHOIO JIiHI€IO HA puc. 3.12.

o F T T T T T
+Inld

|

|

® MPP |
|

[

|

-

—enl (V)

Jlorapudm ctpymy gioga In / g A

'
H

5 L L L L L L
0 5 10 15 20 25 30

Hanpyra V ta Vd, B

Pucynok 3.12 Ctpym uepes aiog (BAX Nel):
BiJl HANPyTry HAa HaBaHTaXEHH1 (YOpHA JIiHisA),
BiJl HAIPYTH HAa J10/1 (UepBOHA JIiHis),
3eJIeHa TOYKa — MOJO0KEeHHS HanpyTu Vypp.
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3anexHiCTh Jorapudmy 10JHOTO CTPYMY BiJ HOBOI 3MiHHO1 V,; Mae miHIMHUI
XapakTep B 00J1aCTi BUCOKOI HAIPYTH (BUCOKUM PIBEHb 1HKEKIII1).

B ¢opmyni (3.11) npu axkTyanbHuUX 3HaueHHsX npsmoi Hampyru (V > 0)
MOXHa 3HEXTYBATH OJJMHUIICIO B TOPIBHSIHHI 3 EKCIIOHEHTOIO, TO/I1 IOTapu(pM CTpyMy
yepes 101 BU3HAYAETHCS SIK:

] 1 V + IR
nl; = n[o+m. (3.33)
Jns BU3HAYEHHS 3aJ€KHOCTI KOe(IIe€HTY 1€albHOCTI A BiJl Hampyrud Ha

HaBaHTaxeHHI npoaudepeniitoemo Bupa3 (3.33) 3a Hanpyrorw V' ta oTpumMaeMo:

1+Rs§—{/

dIn Id '

AWV) = (3.34)

[leit BHpa3 BUKOPUCTOBYETHCS MPHU UYUCEIBHOMY PO3PaXyHKY 3aJ€KHOCTI
A(V) (puc. 3.13, yopHa JiHis) micias npouexypu GinsTpyBanHs maHux BAX (mus.
posn. 3.1).

3anexHICTh Koe(illieHTy ineanbHOCTI A Big Hampyru Ha gioai Vy
BU3HauvaeTbes: popmynoro (3.11) anst gionHoro ctpymy I;, Ky MOXKHA 3amucaTd y
JTOoTapuPMIYHOMY BUTIISII SIK:

nl, =il 42
nlg =Inlo+- =, (3.35)

JIe IEPEXO0IMMO BiJl HAIIPYTH HAa HaBaHTa)Ke€HH1 V 10 Hanpyru Ha gioxai V.
[Ticna nudepenuiroBanns (3.35) 3a V; orpuMyemMo Bupas aisg koedimieHTy A

Yyepe3 HaXUJI JOTHYHOI 10 JorapudMidHoi KpuBoi aiognoro crpymy lnl; (V,;):

AVy) = ————,
(Va) v dnly (3.36)
sYT dVd

Ouinka koe(ilieHTy 17eadbHOCTI 3a Ii€l0 (GOPMYIIO J03BOJSE OTPUMATH

OlIBIII TIpaBWJIBHI, HA HAIl TMOIJAMA, 3HadeHHs B ooOmnacti V > Vypp (puc. 3.13,

YepBOHA JIHIA).
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Hanpyra V ta Vd, B

Pucynok 3.13 Koedimient ineansuocti (BAX Nel):
B1Jl HANPyTry HAa HAaBaHTa)XEHH1 (YOpHA JIiHis),
BiJl HAIPYTH HAa J10/1 (UepBOHA JIiHis),
3eJIeHa TOYKa — MOJOKEHHS HanpyTH Vypp.

IMoseninka kpuBoi [nl; (V) npum Benwkiii Hampysi Haraaye IOBEIiHKY
norapudmiuHoi 3anexHocTi B Mogeni SRH [28, 151], onHak 3HaueHHs koedilieHTa
A B obnacti V < Vypp (Tounime <25 B a6o 0.42 B Ha koMipKy), e MOxe OyTu
CYTTEBUM BIUIUB PEKOMOiHAIlli, BIIPI3HAETHCS Bl 3HA4eHb A KIIACUYHOI MOJENl B
OUIBIIlY CTOPOHY.

JlorapudmiuHy 3aJIeKHICTH 3BOPOTHOTO CTPYMY HACHUYEHHSI pn-Nepexony
Inl, 3naxomumo y Hamomy amroputmi 3 dopmyn (3.33) i (3.35). Pesynbratu

pO3paxyHKy HaBe/ieH1 Ha puc. 3.14 4OpHOIO Ta YEPBOHOKO KPUBUMH BiAMOBITHO.
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3BOPOTHIN CTPYM Hacu4eHHs In lo , A
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Hanpyra V Ta Vd, B

Pucynok 3.14 3Bopotnuii ctpym HacuueHHs nioga (BAX Nel):
B1Jl HANPyTry HAa HAaBaHTa)XEHH1 (YOpHA JIiHis),
BiJI HAPYTH HAa 71011 (UepBOHA JIiHIs),
3eJIeHa TOYKa — MOJIOKEHHS Hanpyru Viypp.
3a orpuMaHuMu 3MiHHUMH napamerpamu OM mokHa po3paxyBatu BAX sk

pILIEHHSI HENIHIMHOTO PIBHSHHSA Ha BIIMIHY BiJ 3araJbHONPHUIHSATOrO MiIXOMY
po3paxynky [30, 31] momensHoi BAX B pe3ynbTaTi MiAraHsHHA HapameTpiB 3
MOCTIMHUMU 3HAYEHHSIMU M1 eKCrepuMeHTalbHl Bitiku (1, V). Pesynbraramu
PO3paxyHKIB 3a ONMKUCAHOK METOJUKOI0 € MoJieiabHa BAX, npuknaja sikoi mokazaHui
Ha puc.3.15 (cuHiM KoJIbopoMm). Monenb NEMOHCTpy€e JyXKe TapHUl 30ir 3
EKCIIEPUMEHTOM.

Jns mOpiBHSIHHSL OTPUMAHUX PE3YJbTATIB 3 3arajlbHONPUNHATUM MiIX0JI0M
BHUKOHAHO MOJCTIOBaHHS 3a gomoMoroio 1D Mmoneni ®M 31 ctanumu mapaMmeTpaMu
IUISIXOM TPOTpaMHOI MIATOHKU TMapaMeTpiB CXEMU 3aMillleHHS 3a KpUTEpieEM
MiHIMI3alli [UIbOBOI (YHKIIT — cepeaHboKBaapatuuHoro BigxwieHHs RMSE.
Pe3ynbprar npeacraBieHo 4EpBOHUM IyHKTUPOM Ha puc. 3.15.

[ToxnOKu MOICTIOBAHHS OLIIHIOBAJIMCH 3@ TAKUMU KPUTEPISIMHU, K 3BUUANHE Ta
nopmainizosane CKB, xoedimienr kopemsauii R?, cyma ksagpariB 3anMIIKiB Ta
CEepeaHBOI0 a0COMIOTHOI MOXUOKOI, pe3ysbTaTU iX PO3PAaXyHKIB BiIOOpaxKeHO B

Tabn. 3.3.
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Pucynok 3.15 Moaensna BAX 3 ypaxyBanusm 3MiHHUX mapameTpiB (BAX Nel)

OTpuMaHi OI[IHKY JEMOHCTPYIOTh MepeBary 3anpornonoBanoi mojeni ®EK, o
3a0e3nedye HalOLIbIIe CHIBIAIIHHS 3 €KCIIEPUMEHTAIbHUMU JaHUMHU Ta HalKpalie
BiAmoBimae peanbHik noBeaidi OEK.

Taoaunga 3.3 — CrarucTuuHi nokazHuku moaejeili ®PEK

(BAX Nel)
MeTomn RMSE,A | nRMSE R? SSE, A MAE
1-D modes 0.03150 0.00367 0.99987 0.19840 0.02500
Hosa moders 0.01779 0.00207 0.99996 0.06326 0.01549

Jns mepeBipku axocTi MojaentoBanHa BAX ®M mpu pi3HUX ymMoBax Horo
poOOTH BUKOHAHO aHAJIOTTYHUN po3paxyHOK Takoxk Juisi BAX Ne2 Husbkoro piBHs

COHSYHOI pajiallii, mo magae Ha M.
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Pucynok 3.16 Ctpym uepes nion (BAX Ne2) :
B1Jl HANPYTy HAa HaBaHTaXeHH1 (YOpHA JIiHisA),
BiJl HAIPYTH HAa J10/1 (UepBOHA JIiHis),
3€JI€Ha TOYKa — MOJIOKEHHS HAapyTH Vypp.

~

KoeiuieHT igeansHocTi A
w » [6,] [}

N

| | | | | | |

5 10 15 20 25 30

Hanpyra V ta V e B

Pucynok 3.17 Koedimient ineansnocti (BAX No2):
B1Jl HANPyTry HAa HAaBaHTa)XEHH1 (YOpHA JIiHis),
BiJI HAIPYTH HAa 71011 (UepBOHA JIiHIs),
3eJIeHa TOYKa — MOJIOKEHHS Hanpyru Vypp.
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Pucynok 3.18 3BopoTHMii cTpym HacuueHHs aioga (BAX Ne2) :
B1Jl HANPyTry HA HAaBaHTa)XEHH1 (YOpHA JIiHis),
BiJl HAIPYTH HAa J10/1 (UepBOHA JIiHis),
3eJIeHa TOYKa — MOJIOKEHHS Hanpyru Viypp.

Craructuuni nokazHuku mozentoBaHHss BAX No2 (ta6xa. 3.4) neMOHCTPYIOTh
repeBary 3amporoHOBAaHOTO MiAXOAy 10 MojentoBaHHs DM, ane npu HUZBKOMY

pPIBHI COHSIYHOI pajiaiii MOKa3ylTh TIpIly BIAMOBIAHICTh EKCIEPUMEHTAIbHUM

JTaHUM, HDK IPHU BUCOKIH (Tab. 3.3)
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Pucynok 3.19 Moaensna BAX 3 ypaxyBanHsM 3MiHHUX napameTpiB (BAX Ne2)

Taoauuga 3.4 — CrarucTuuHi nokazHuku moaejeili ®PEK

(BAX Ne2)
MeTomn RMSE,A | nRMSE R? SSE, A MAE
1-D modes 0.01145 0.00448 0.99982 0.02620 0.00873
Hosa moders 0.00670 0.00262 0.99994 0.00898 0.00535

Pe3ynbTaTi pobOTH CB1AYATH PO CUJIBHUI BIUTMB PEKOMOIHAIIITHUX MPOIECIB

Ha (haKTOp 171€aTbHOCTI prn-nepexoay A COHSIYHUX €JIEMEHTIB 1 TEMHOBHM 3BOPOTHUI

CTPYM Hacu4eHHs /. 3MIHEHHSI IHTEHCUBHOCT1 pEKOMOIHAIlIi B IUPOKOMY J1ara3oHi

HaMpyru OPUBOJUTH /10 CYTTEBOrO 3MIHEHHs mapamerpiB A, Iy 3 Hanpyroto. Tomy

Iy’K€ BOXKJIUBUM € BpaxXyBaHHS Ii€1 3a7€KHOCTI MapaMeTpiB Mij YaCc MOJEIIFOBAaHHS

BOJIbT-aMIIepHUX XapakTepuctuk OE ta OM.
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3anponoHOBaHUI  aJITOPUTM Uil  pO3pPaxyHKYy OCHOBHHMX IapaMeTpiB
OJTHOA10JTHOT CXEMH 3aMIIIEHHS J1a€ 3MOT'Y BUSHAUUTH iX 3aJIEKHICTh BiJl HAIIPYTH Ha
pn-niepexoi. Briepiie 3anponoHoBaHO BUKOPUCTOBYBATH 3aliexkHOCTL A (V), Io(V) nin
yac mozemtoBaHHsT BAX (oToenekTpuyHUX TeHepyBaJIbHUX E€JIEMEHTIB. 3HaiIeH1
3aJIEKHOCTI 3r0JIOM MOXYTh HaJaTH JOJATKOBI MOKJIMBOCTI JUIsl TECTYBaHHS HOBUX
KOHCTpYKUI ®PM, a TakoX Juisl AIarHOCTUKH CTaHy MOJYJIIB, SIKI TPUBAJIUN 4ac
nepedyBaloTh B eKCIuTyarailii. AHani3 TouHocTi MojentoBanHa BAX ®M mnokasye,
110 BpaxyBaHHs 3anexHocTi A(V), lo(V) nae Tounimy anpokcumariiisi BAX B o6mnacTi
MaKCHUMAJIbHOI OTY>KHOCTI: came 11t o0nacth nepernny BAX € HaliipoOieMHIIIO0

JUISL TIOJHUX CXEM 3aMIIIEeHHS 3 TOCTIMHUMHU MapaMeTpaMu.
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BUCHOBKUA

B nuceprartiiiniii po60Ti BUPIIIEHO aKTyalbHE HAYKOBE 3aBJaHHS, 1110 MMOJISATae
B 3a0€3MEUeHH] HAJEKHOTO PIBHSA OI[IHKM CTaHy MPOMHCIOBUX (DOTOEHEKTPUUYHUX
MOJyJIIB B peajbHUX YMOBAX IX EKCIUTyaTallli IIJISXOM CTBOPEHHS TEOPETUYHOI
MOJIE1 TOBEIIHKUA BOJIbT-aMIIEPHUX XapPaKTEPUCTUK 3 ypaxyBaHHAM (DI3UUHUX
MPOIIECIB B HAMIBIPOBIJHUKOBUX Marepiajiax MpH PI3HUX PIBHSIX HABAHTAKEHHS 1
COHSIYHOT pajialli Ta po3poOKu 3ac00iB BUMIPIOBAHHS 1 0OpPOOKH BOJIbT-aMIIEPHUX
XapaKTEePUCTUK B MOJTHLOBUX YMOBAX.

BinnoBiiHO 10 MOCTaBIEHOI METH, B POOOTI OTPUMAHO HACTYITHI HAyKOBI Ta
MPaKTUYHI pe3yJbTaTH:

1. BukoHaHO MOPIBHSAJIBHUM aHaJ3 ICHYIOUMX MeToAiB MozemoBaHHa DFE 3a
JIOTIOMOTOI0  €KBIBAJICHTHHX CXEM 3aMIIlIE€HHS, HA OCHOBI YOTO BH3HAY€HO
HasBHI aHAIITHUYHI Ta METACBPUCTUYHI MIAXOJU JI0 E€KCTpakKiii mapaMeTpiB
@M, BCTaHOBJIEHO OCHOBHI HEJOJIKH Cy4acHUX METOAiB MozentoBaHHa DE,
TaKi SIK BUCOKI BUMOTH JI0 OOUHCIIOBAILHUX PECYPCIB, CHPOIIECHHS CKJIaIHUX
(G13UYHUX TPOIECIB Y HAMIBIPOBIIHUKOBIN CTPYKTYpl pn-nepexony 1, siK
pe3yabTar, HEJOCTaTHS BIJMOBIAHICTE MOJEINI pe3yJbTaTaM €KCIIEPUMEHTIB.
BuzHaueHo BIUIMB CTpyMiB peKOMOiHaIlli Ta pPE3UCTUBHUX BTpaT B
npomucioBux ®M nHa dopmyBanHs BAX Ta 3miHy iX mapameTpiB Bif
Hanpyru OM;

2. OOrpyHTOBaHO, PO3pOOJEHO Ta BUTOTOBJIEHO ABTOHOMHY aBTOMAaTHU30BaHY
cucteMy BumipioBanHa BAX ®M B mnonboBux ymoBax (Ha OCHOBI
Mikpokomm’'torepa Raspberry Pi). Busnadeni o0co0iuBOCTI mpolecy
BumiptoBanHss BAX ®M, Taki sk nomycTuMa MBHAKICTh 3HATTS BAX, 1mio
ckiana Big 50 mo 500 mc., mpu HEOOXI1IHIN KITBKOCTI BIIIKIB Ou3bko 200,
oOpaHO  ONTUMAJIbHY  KOH(Irypalil0  HaBaHTaXyBaJbHOI  YaCTHUHH,
CIIPOEKTOBAHO Ta BUT'OTOBJICHO OCHOBHI CKJIaJI0BI BUMIPIOBAJIHHOI CUCTEMH,
po3pobieHo  HeoOxigHe  mporpaMHe  3a0e3ledeHHs, OTpUMaHO Ta

MpOaHaTI30BaHO OUIbIIE TUCSIYl €KCIIEPUMEHTATBHUX BUMIPIB;

112



3. Po3po0sieHO KOMIUIEKCHUW aJanTUBHUN aIropuT™M (QUIbTpalli JaHUX Ha
OCHOB1 KOB3HMX MEJIIaHHHX Ta JBOETAITHOI alPOKCUMaIlil EKCIEPUMEHTAIbHUX
BAX ®M, 1o 103Bosi€ BpaxoByBaTU 0COOIMBOCTI podot @M, TUM caMuM
3a0e3Meuyoun Kpaily SKICTb OOpOOKM EeKCHEPUMEHTANbHUX JaHUX JJIs
NOoAANBIINX PO3PAXYHKIB Ta aHami3y. JlaHui anroputm 3abe3reuye TOYHICTh
ma pisai nRMSE = 0.00120 Ta R?> = 0.99999, nemoHcTpye Halibinblie
CHIBHAQAIHHA 3 EKCIEPUMEHTAIbHUMHU JaHUMU B TMOPIBHSHHI 3 TaKUMH
nonyJsipHUMU Metoaamu, sk Loess, Spline, ¢inbtp Casiubkoro-I'onas, Ta
J03BOJIsIE  3a0€3MEeYUTH  JOCTAaTHIM  pIBEHb  TOYHOCTI  YCYHEHHs
IHCTpYMEHTaJbHUX 1  paJlalifHUMX  MIyMIB  Ta  Kopexsmii 3
EKCIepUMEHTAIbHUMU TaHuMu BAX ®OM;

4. OTpuMaHi aHaJTITAYHI 3aJEKHOCTI, $AKI JIO3BOJISIIOTH NPU BHU3HAYCHHI
napameTpiB @M po3aiIUTH BIUIUB €IEKTPUYHUX BTPAT (ITOCTIJOBHOTO OTIOPY)
Ta peKoMOIHAIIHHUX Mpo1eciB (haKTOpy 171€aTbHOCTI Ta 3BOPOTHOTO CTPYMY)
Ha popmyBanHs BAX;

5. Po3poOneHo TeopeTuyHy MOJENb Ta aJITOPUTM JIJIsi BUSHAUYEHHSI MapaMeTpiB
OM npu pi3HHUX 3O0BHINIHIX yMOBax COHSAYHOI pajiaiii Ta TeMIEepaTypHu.
BuznaueHo aHamiTH4HI 3alieKHOCTI mapamerpiB @M Bijg Hampyru, a came
(bakTopy 17€albHOCTI Ta 3BOPOTHOTO CTPYMY HACHUUEHHS, SIK1 JIO3BOJISIIOTH
aHaJIi3yBaTH OCOOJMBOCTI MPOIIECIB PeKOMOIHAIIIT HOCIiB;

6. Iloxazano, 1110 MOCIIIOBHUM OIip PE3UCTUBHUX BTPAT HE 3AJICKUTH BiJl PIBHS
COHSAYHOI pajiaiii, mo noTrpamisie Ha @M. Busnadeno, 1110 B 001acTi mpsamoi
HaIMpyTH HUKYE TOUKM MAKCUMAaJIbHOI MOTYKHOCT1 KOE(IIIEHT 1/1eabHOCTI A
MOX€ 3HAYHO TMEpPEBHINYBaTH 2, IO TMOB’S3aHO 3 peKOMOIHAlll€l0 Ha
MIKPOCTPYKTYPHHUX Ta TOBEPXHEBUX Je(deKTax cydacHUX npomucioBux ®M;

7. Po3pobiieHO METOAMKY Ta MporpamMHe 3a0e3MedYeHHs, 10 JO3BOJIUIIO BIEPIIE
3aCTOCYBaTH 3alpoOINOHOBAaHY ojHOAIonHY Mojens OFE 31 3miHHUMEH
napamMeTpaMHM Ta IXHIMH 3aJI€KHOCTSAMH B Hanpyru s onucy BAX ®M Ha
BIIMIHY BiJl 3arajJbHONPUUHSITOTO BUKOPUCTAHHS JBOX- a00 TPHOXJ10JHUX

Mozeneit 3 gpikcopaHuMu napamerpamu. OCTaHH1 3aCHOBAHI Ha CyNEpHO3HUIIil
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JTIOAHUX CTPYMIB 1 HE BiAOOpa)kal0Th CKIAAHOTO (PI3UYHOTO XapakTepy
dbopmyBaHHs CTpyMy B (poToeneKkTpuuHuX eneMenTax. [logionuit miaxin 0yso
MEPEBIPEHO Ha eKCHepUMEeHTalbHO oTpuMaHux BAX sk mnpu BUCOKIH
COHSIYHIN pajianii, Tak MPU HU3BKIH, 1 B pe3yibTaTl OTPUMAHO 3HAYEHHS
nRMSE na pisnai 0.002-0.0027 Ta R? me mmxue 0.99994, mo nepesepurye

CTATUCTUYHI TOKA3HUKU OJHOAIONHOI Mojent OM 3 (ikcoBaHUMHU

napameTpamH.

Pe3ynbTaTu nucepTaniiiHOTO MOCTIKEHHS MepeaHo Il BUKOPUCTAHHS Yy
HAaBYAJIbLHOMY TMpolleci Ta HAYKOBUX JOCHIIKEHHSX Kadeapu BiTHOBIIOBAHUX
mkepen eHeprii HamloHalbHOro TEXHIYHOTO YHiBepcuTeTy YKpainu «KuiBcbkuit
MOMITEXHIYHUN 1HCTUTYT iMeH1 Iropst CikopchbKOro» mpu MPOBEICHHI JEKIIHHUX
3aHATh, TPAKTUUHHUX Ta JIabopaTOpHUX poOIT 3 nuctuiuiin «DoToeHepreTukay Ta
«DoTtoenekTpuuHi cTaHIl» (0akalaBpChKUM PiBEHB), Y JUIJIOMHOMY IIPOEKTYBaHHI
3a crieianbHIcTIO 141 EnexTpoeHepreTuka, eIeKTpOTEXHIKA Ta eIEKTpOMEXaHiKa, Ta
1o [HctuTyTy BinHOBmoBaHOi eHepreTuk HAH Ykpainu npu BUKOHAHHI HayKOBO-
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JNOJATOK . ®PAI'MEHT ITPOI'PAMHOI'O KOAY MOVYJIA
PRYSTRIY UILPY AJITOPUTMY VIIPABJIIHHA

import tkinter as tk

import tkinter.ttk as ttk

import tkinter.font as tkFont
from tkinter import messagebox
import tkinter.scrolledtext as st

import os

import Prystriy_data as PD
import Prystriy_functions as functions

import time
from datetime import datetime
import threading

1.

# Global Settings
1.

application = None #global application variable
resolutionX = 800

resolutionY = 480

screenresolution = ("%d" % resolutionX)+("x%d"%resolutionY)
isFullscreen = True

# STYLE VARIABLES
rightFrameWidth = 200

leftFrameWidth = 200

centerFrameWidth = 800 - rightFrameWidth - leftFrameWidth

globalPadding = 0

backgroundColour = '#e3e3e3'
activeBackgroundColour = '#D4D4D4'

Style_test = None

FIELD VARIABLES

3

cpu_load_Value = None
battery_voltage = None
irradiance_value = None
voltage_value = None
templ_value = None
temp2_value = None
estimated_time_Value = None
estimated_R_Value = None
mode_values = None
load_values = None
entry_Np_value = None
save_plot = None
fan_status None
parameters = None

transistor_states = None

+*

DEFINING

H

global cpu_load_Value, battery_voltage, irradiance_value,
voltage_value, estimated_time_Value, estimated_R_Value, mode_values,
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load_values, entry_Np_value, save_plot, fan_status, parameters, templ_value,

temp2_value
cpu_load_Value = tk.StringVar()
battery_voltage = tk.StringVar()
irradiance_value = tk.StringVar()
voltage_value = tk.StringVar()
templ_value = tk.StringVar()
temp2_value = tk.StringVar()
estimated_time_Value = tk.StringVar()
estimated_R_Value = tk.StringVar()
entry_Np_value = tk.IntVar()
mode_values = tk.StringVar()
load_values = tk.StringVar()

save_plot = tk.IntVar()
fan_status = tk.IntVar()
parameters = tk.IntVar()

global transistor_states
transistor_states =
[tk.IntVar(),tk.IntVar(),tk.IntVar(),tk.IntVar(),tk.IntVar(),tk.IntVar(),tk.In
tVar(),tk.Intvar()]
for i in range(@, PD.prystriy_internal_data.numberOfTransistors):
transistor_states[i].set(0Q)

save_plot.set(int(PD.prystriy_internal_data.save_plot))
parameters.set(int(PD.prystriy_internal_data.parameters))

FUNCTIONS

H H#H H

#functions from Prystriy Functions
def openPressed(self):

file = tk.filedialog.askopenfile(title='Please select one text file
with data.',filetypes=[('Text File', ['.txt'])])

if not file:
self.writeToConsole("No files selected")
return None

md = functions.openFile(file)

md = functions.calculateData(md)
functions.drawPlot(md)
functions.fillTable(md)

def savePressed(self):
functions.savePressed()

def measurePressed(self):
# self.updateSystemData()
# time.sleep(0.05)
functions.measurePressed()

def exitPressed(self):
functions.exitFcn()

def on_closing(self):
if messagebox.askokcancel("Quit", "Do you want to quit?"):
functions.exitFcn()
self.destroy()

def setNp(self, *args):
try:
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PD.prystriy_internal_data.numberOfPoints = entry_Np_value.get()
except ValueError:

self.writeToConsole("Error during assigment number of points")

return

# UI Functions
def writeToConsole(self, message):
now = datetime.now()
formatted_date = now.strftime("%H:%M:%S")
if(message != None):
self.console.insert(1.0, f'[{formatted_date}]: {message};\n')

def change_Np_value(self, isIncreased):
if isIncreased:
if entry_Np_value.get() < PD.prystriy_internal_data.maximumPoints:
entry_Np_value.set(entry_Np_value.get()+1)
else:
if entry_Np_value.get() > 0:
entry_Np_value.set(entry_Np_value.get()-1)
PD.prystriy_internal_data.numberOfPoints = entry_Np_value.get()
estimated_time_Value.set(functions.calculateEstimation() + " s")

def debug_transistor(self, transistor, state):
global transistor_states
functions.changeTransistor(transistor, state)
PD.prystriy_internal_data.current_code[transistor] = state
estimated_R_Value.set("%.3f" %
functions.calculateResistance(PD.prystriy_internal_data.current_code) + "
Ohm")

def open_circuit_button(self):
global transistor_states
for i in range(@, PD.prystriy_internal_data.numberOfTransistors):
PD.prystriy_internal_data.current_code[i] = 0
transistor_states[i].set(0Q)
functions.openCircuit()
estimated_R_Value.set("%.3f" %
functions.calculateResistance(PD.prystriy_internal_data.current_code) + "
Ohm")

def short_circuit_button(self):
global transistor_states
for i in range(@, PD.prystriy_internal_data.numberOfTransistors):
PD.prystriy_internal_data.current_code[i] = 1
transistor_states[i].set(1)
functions.shortCircuit()
estimated_R_Value.set("%.3f" %
functions.calculateResistance(PD.prystriy_internal_data.current_code) + "
Ohm")

def mode_changed(self, x*args):
global mode_values
try:
for x in range(@, len(self.modes)):
if self.modes([x] == mode_values.get():
PD.prystriy_internal_data.measurement_mode = x
estimated_time_Value.set(functions.calculateEstimation() +
n sll)
return
except ValueError:
self.writeToConsole("Error during assigment of mode")
return
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+ "

def load_changed(self, xargs):
global load_values

try:
for x in range(@, len(self.loads)):
if self.loads([x] == load_values.get():
PD.prystriy_internal_data.measurement_load = x
f#testimated _time_Value.set(functions.calculateEstimation()
sll)

return
except ValueError:
self.writeToConsole("Error during assigment of load type")
return

def updateSystemData(self):
global cpu_load_Value, battery_voltage, irradiance_value,

voltage_value

cpu_load_Value.set("CPU Temp: " + ("%.1f" %

functions.cpu_temperature()) + " °c")

battery = functions.battery_voltage()

battery = battery - 12

percentage = (battery/4.8)x100

battery_voltage.set("Battery: " + ("%.1f" % percentage) + " %")

Ir = functions.measurelrradiance()

V = functions.measureVoltage()
irradiance_value.set("Irradiance: " + ("%.3f" % Ir) + " W/m2")
voltage_value.set("PV Voltage: " + ("%.3f" % V) + " V")
self.updateTemp()

def updateTemp(self):

templ_value.set("Temp 1: " + ("%.2f" % functions.read_temp_old(number
= 1)) + 1" ocll)
temp2_value.set("Temp 2: " + ("%.2f" % functions.read_temp_old(number
= 2)) + 1" ocll)
#
# WINDOWS
#
def initUI():
global application
application = mainwindow()
#Create window and set reference resolution
application.title("Prystriy Pi 0S %s"%PD.prystriy_internal_data.OSversion)
application.fullScreenState = isFullscreen
application.wm_attributes("-fullscreen", True)
application.geometry(screenresolution)
application.resizable(width=False, height=False)
application.protocol("WM_DELETE_WINDOW", application.on_closing)
# application.config(cursor="none")
application.mainloop()
def createUI():

try:
# Run the application
initUI()

except Exception as e:
functions.safequit(e)
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JIOJATOK JI. IPOTPAMHUIA KO MOJY JISI

PRYSTRIY FUNCTIONS.PY AJII'OPUTMY VIIPABJIIHHA

import Prystriy_UI as UI
import Prystriy_data as PD
import RPi.GPIO as GPIO
import ADS1256

import os

import glob

from concurrent.futures import ThreadPoolExecutor
import threading

import math

import numpy as np

from pathlib import Path

from tkinter import messagebox

import time

from timeit import default_timer as timer
from datetime import datetime

from datetime import date

#import plot libraries

import matplotlib.pyplot as plt

from matplotlib.backends.backend_tkagg import FigureCanvasTkAgg
from utils import Utils

import psutil

from scipy.optimize import curve_fit

from scipy.optimize import fsolve

# global variables

ADC = []

figure = plt.Figure(figsize=(40,10), dpi=300)
lock = threading.Lock()

pin_list = PD.prystriy_internal_data.pin_list #list of pins, used for
output and control of small circuit

fan_pin = PD.prystriy_internal_data.fan_pin

n_pins = len(pin_list) #number of pins in list

# IHiuyianisauis suBopgiB GPIO
0s.system('modprobe wl-gpio"')
os.system('modprobe wl-therm')

temp_sensor = '/sys/bus/wl/devices/28-01206a14b311/wl_slave'
temp_sensorl '/sys/bus/wl/devices/28-01206al4b311/wl_slave'
temp_sensor2 '/sys/bus/wl/devices/28-03191cleeab2/wl_slave'

def startupFcn():

connectingADC() #use initial command to connect ADC and set initial
configuration.

calculateAllCombinations() #generate all resistance and combinations

config()

def exitFcn(e = None):
if e == None:
print ("\r\nProgram end")
else:
print ("\r\nProgram end with error: " + str(e))
safequit("Exit function occured")
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def

config():

global pin_list, fan_pin

GPIO.setmode(GPIO.BCM)

GPIO.setup(pin_list, GPIO.OUT, initial=GPIO0.LOW) #set to used pins OUT

mode and low value

and

def

def

ADC.

def

ADC.

def

ADC.

def

GPIO.setup(fan_pin, GPI0.OUT, initial=GPI0.LOW) #set to used pins OUT mode
low value

connectingADC():

global ADC

try:
ADC = ADS1256.ADS1256()
ADC.ADS1256_1init()

except Exception as e:
exitFcn(e)

measureCurrent():
try:
current_raw =
ADS1256_GetChannalValue(PD.prystriy_internal_data.ADC_current_channel)
current_raw = current_raw *x 5.0/0x7fffff — 0.49
current = current_raw/0.185
return current
except Exception as e:
exitFcn(e)

measureVoltage():
try:
voltage_raw =
ADS1256_GetChannalValue(PD.prystriy_internal_data.ADC_voltage_channel)
voltage_raw = voltage_raw *x 5.0/0x7fffff
voltage = voltage_raw * 17.1526586621
return voltage
except Exception as e:
exitFcn(e)

measurelrradiance():
try:
irradiance_raw =
ADS1256_GetChannalValue(PD.prystriy_internal_data.ADC_irradiance_channel)
irradiance_raw = irradiance_raw * 5.0/0x7fffff
irradiance = irradiance_raw / 0.00008138 # 81.38 uV/W/m2
return irradiance
except Exception as e:
exitFcn(e)

openFile(path = None):
if path == None:

UI.application.writeToConsole("No path selected")
else:

file_Path = path

data = []
try:
data = np.loadtxt(file_Path, delimiter="\t", dtype = 'float')
except Exception as e:
UI.application.writeToConsole("\r\nError with reading file, error: " +

str(e))

md = PD.measurement_data()
md.current = datal:,1]
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md.voltage = datal:,0]
#md.irradiance = datal:,3]
try:

md.power
except:

md.power = [@]xlen(md.current)

for i in range(@, len(md.current)):

md.power[i] = md.current[i] * md.voltagel[il]

md = calculateData(md)

datal:,2]

mpi = md.power.index(md.Pm)
md.UPm = md.voltage[mpil
md.IPm = md.current[mpil]

if PD.prystriy_internal_data.parameters:
try:
md = calculateParameters(md)
UI.application.writeToConsole('"Parameters calculated")
except Exception as e:
UI.application.writeToConsole("Error during determining
parameters, skipping, error: " + str(e))
drawPlot(md)
updateUI(md)
fillTable(md)
PD.prystriy_internal_data.current_md = md
UI.application.writeToConsole("Opened file: " +
str(os.path.basename(path.name)))
return md

def saveFile(md):
data = [ [0]%5 for i in range(len(md.current))]
for x in range(@, len(md.current)):
data[x] [1] = md.current[x]
datal[x] [0] = md.voltage[x]
datalx] [2] = md.power[x]
try:
datal[x] [3]
except:
datal[x] [3]

md.irradiance [x]

0
try:
datal[x] [4]
except:
datal[x] [4]

md. temperature[x]

0

now = datetime.now()

today = date.today()

formatted_date = today.strftime("%sY-%m—%d")
formatted_time = now.strftime("%H-%M-%S")
mean_irradiance = np.round_(np.mean(md.irradiance))

path_default = Path("measurements/")

file_name = ("%s" % formatted _date) + (" _%s" % formatted_time) + (" %d" %
mean_irradiance) + " Wm2.txt"

file_path = path_default / file_name

fmt = ['%1.3f', '%1.3f', '%1.2f', '%1.2f', '%1.2f']

np.savetxt(file_path, data, fmt=fmt, delimiter = '\t')

UI.application.writeToConsole("Saved file: "+ file_name)

if PD.prystriy_internal_data.save_plot:
savePlot(md, path_default, ("%s" % formatted_date) + ("_%s" %
formatted_time) + (" %d" % mean_irradiance) + " Wm2.png")
UI.application.writeToConsole("Plot saved")

142



else:

UI.application.writeToConsole("Plot is not saved")

def savePressed(md = None):
if md == None:

UI.application.writeToConsole("No md passed")
if PD.prystriy_internal_data != None:
saveFile(PD.prystriy_internal_data.current_md)

else:

saveFile(md)

def measurePressed():
if PD.prystriy_internal_data.measurement_load ==

measure_resistive()

elif PD.prystriy internal_data.measurement_load == 1:

measure_resistive()

elif PD.prystriy internal_data.measurement_load == 2:

# if messagebox.askokcancel("WARNING!", "Have you discharged

capacitor?"):

# time.sleep(5)
measure_capacitive()

else:

UI.application.writeToConsole("Wrong load selected!")

def measure_resistive():

try:

reason")

md = PD.measurement_data() #create a measurement object
measurePVdata()
combinations = getCombinations()

md.voltage = [@]xlen(combinations)
md.current [0]1x1len(combinations)
md.power = [@]xlen(combinations)
md.irradiance = [@]xlen(combinations)

start = timer() #start clock
percentage = 100/ (len(combinations)-1)
for x in range(0, len(combinations)):
setTransistor(combinations[x])
md.voltage[x] = measureVoltage()
md.current[x] = measureCurrent()
md.irradiance[x] = measureIrradiance()
provisional = timer()
UI.application.pbar['value'] = x x percentage
UI.application.update_idletasks()
if provisional - start > PD.prystriy_internal_data.safeTime:
safequit("Program works too long and closed for sequrity

time.sleep(PD.prystriy_internal_data.delay)
end = timer()  #stop clock
openCircuit()
md.totalTime = end - start #calculate total time for entire

measurement process

md = calculateData(md)

except Exception as e:

str(e))

safequit("Program end due to error during measurement. Error: " +

if PD.prystriy_internal_data.parameters:

try:
md = calculateParameters(md)
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except Exception as e:
UI.application.writeToConsole("Error during determining
parameters, skipping, error: " + str(e))

try:
avarage_time = 0
if PD.prystriy_internal_data.measurement_mode ==
avarage_time =
md.totalTime/PD.prystriy_internal_data.maximumPoints
else:
avarage_time =
md.totalTime/PD.prystriy_internal_data.numberQfPoints

UI.application.writeToConsole("Measured using resistive method,

\nTotal time of measurement: " + ("%.2f" % md.totalTime) + ",\nAvarage delay
between data: " + ("%.4f" % (avarage_time)) +"\nNumber of points: " +
str(PD.prystriy_internal_data.numberOfPoints) + ",\nAvarage irradiance: " +
("%.2f" % (np.mean(md.irradiance))))

updateUI(md)

drawPlot(md)

fillTable(md)

except Exception as e:
safequit("Program end due to error during updating UI. Error: " +
str(e))

try:
saveFile(md)
except Exception as e:
safequit("Program end due to error during saving. Error: " + str(e))

PD.prystriy_internal_data.current_md = md

def discharge_capacitive():
changeTransistor(1,0)
changeTransistor(2,1)
time.sleep(90)
changeTransistor(2,0)

def measure_capacitive():
for x in range(@, num):
md = PD.measurement_data() #create a measurement object
md.voltage = []
md.current = []
md.irradiance = []
changeTransistor(0,1)
# time.sleep(0.001)
md.voltage.append(measureVoltage())
md.current.append(measureCurrent())
md.irradiance.append(measurelrradiance())
changeTransistor(0,0)
time.sleep(0.001)
changeTransistor(1,1)
# time.sleep(0.001)
start = timer() #start clock
while md.current[-1] > PD.prystriy_internal_data.current_threshold:
md.voltage.append(measureVoltage())
# time.sleep(0.00025)
md.current.append(measureCurrent())
md.irradiance.append(measureIrradiance())
# time.sleep(0.00092) # 0.00183 yac Ha omHy iTepauilk
time.sleep(0.00183) # 0.00183 yac Ha ogHy iTepauitw
provisional = timer()
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if provisional - start > PD.prystriy_internal_data.safeTime:
break
end = timer()  #stop clock
changeTransistor(1,0)
time.sleep(0.001)
md.voltage.append(measureVoltage())
md.current.append(measureCurrent())
md.irradiance.append(measurelrradiance())
md.totalTime = end - start #calculate total time for entire
measurement process
PD.prystriy_internal_data.totalTime = md.totalTime
md.power = [@]xlen(md.current)
md = calculateData(md)

UI.application.writeToConsole("Total time: " + str(md.totalTime))

UI.application.writeToConsole("Num of points: " +
str(len(md.current)))

UI.application.writeToConsole("Time for point: " +

str(md.totalTime/len(md.current)))

if PD.prystriy_internal_data.parameters:
try:
md = calculateParameters(md)
except Exception as e:
UI.application.writeToConsole("Error during determining
parameters, skipping, error: " + str(e))

try:

UI.application.writeToConsole("Measured using capacitive method,
\nTotal time of measurement: " + ("%.2f" % md.totalTime) + ",\nAvarage time
for one data: " + ("%.4f" % (md.totalTime/len(md.current))) +"\nNumber of
points: " + str(len(md.current)) + ",\nAvarage irradiance: " + ("%.2f" %
(np.mean(md.irradiance))))

updateUI(md)

drawPlot(md)

fillTable(md)

except Exception as e:
safequit("Program end due to D error during updating UI. Error: "
+ str(e))

try:
md.temperature = measureTemperature()
except Exception as e:
UI.application.writeToConsole("Error during determining
temperature, skipping, error: " + str(e))

try:
saveFile(md)
except Exception as e:
safequit("Program end due to error during saving. Error: " +
str(e))

PD.prystriy_internal_data.current_md = md
discharge_capacitive()

def safequit(message):
openCircuit()
GPIO.cleanup()
print("\r\n%s"%message)
exit()

H* H

MEASUREMTN FCN
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#
def calculateData(md):

if type(md.power) is list:
md.power = md.power
else:
md.power = [@]xlen(md.current)
for x in range(@, len(md.current)):
md.power[x] = md.voltage[x] * md.current[x]

md.Um = max(md.voltage)
md.Im = max(md.current)
md.Pm = max(md.power)

mpi = md.power.index(md.Pm)
md.UPm = md.voltage[mpil
md.IPm = md.current[mpil]
return md

def measurePVdata():
openCircuit()
PD.prystriy_internal_data.U_pv = measureVoltage()
shortCircuit()
PD.prystriy_internal_data.I_pv = measureCurrent()

def openCircuit():
for x in range(@, n_pins):
GPIO.output(pin_list[x], @)

def shortCircuit():
for x in range(@, n_pins):
GPIO.output(pin_list[x], 1)

def setTransistor(code):
for x in range(@, n_pins):
GPIO.output(pin_list[x], codel[x])

def changeTransistor(number, state):
if @ <= number <= PD.prystriy_internal_data.numberOfTransistors:
GPIO.output(pin_list[number], state)
UI.application.writeToConsole("Transitor #" + str(number) + " change
to state: " +str(state))

def fan(state):
GPIO.output(fan_pin, state)
PD.prystriy_internal_data.fan_status = state
UI.application.writeToConsole("Fan Status: " + str(state))

UI ADDITIONAL

H R H

def updateUI(md):
if md.current_approx != None:

UI.application.label_Um_result.config(text = ("%.3f" % md.Um_approx) +
n VII)

UI.application.label_Im_result.config(text = ("%.3f" % md.Im_approx) +
n AII)

UI.application.label_Pm_result.config(text = ("%.3f" % md.Pm_approx) +
n WII)

else:
UI.application.label_Um_result.config(text = ("%.3f" % md.Um) + " V")
UI.application.label_Im_result.config(text = ("%.3f" % md.Im) + " A")
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UI.application.label_Pm_result.config(text = ("%.3f" % md.Pm) + " W")

if md.A != None:
UI.application.label_A_result.config(text = ("%.3f" % md.A))

if md.Rs != None:
UI.application.label_Rs_result.config(text

("%.3f" % md.Rs) + "
Ohm")
if md.Rp !'= None:
UI.application.label_Rp_result.config(text

("%.3f" % md.Rp) + "
Ohm')

def fillTable(md):
rounded_voltage = [@]*x1len(md.voltage)
rounded_current [0]x1len(md.current)
rounded_power = [@]*x1len(md.power)

for x in range(@, len(md.current)):
rounded_voltage[x] = round(md.voltagelx], 5)
rounded_current[x] = round(md.current[x],5)
rounded_power[x] = round(md.power[x], 5)

UI.application.U_list.set(rounded_voltage)
UI.application.I_list.set(rounded_current)
UI.application.P_list.set(rounded_power)

def drawPlot(md):
global figure
figure, ax = plt.subplots(constrained_layout=True)
coef = (md.Pm/md.Im) * 1.4
try:
# UI.application.writeToConsole("Drawing additional code")
if type(md.voltage_approx) is list:
U_Line = plt.Line2D((@, md.UPm_approx), (md.IPm_approx,
md.IPm_approx), color = '#17becf',lw = 1, linestyle=(0,(1,5)))
I Line = plt.Line2D((md.UPm_approx, md.UPm_approx),
(md.IPm_approx, @), color = '#l7becf',lw = 1, linestyle=(0,(1,5)))
ax.add_line(U_Line)
ax.add_line(I_Line)

ax.plot(md.voltage, md.current, linestyle='None', marker='.",
color="#1f77b4', label="Data")
ax.plot(md.voltage_approx, md.current_approx, linestyle='-',

color="#ff7f0e', label="Approx")
power_decreased = [0]xlen(md.power_approx)
for i in range(@, len(md.power_approx)):
power_decreased[i] = md.power_approx[il/coef
ax.plot(md.voltage_approx, power_decreased, color='#2ca02c',
linestyle='—-', label="Power")

else:

U_Line = plt.Line2D( (0@
'"#17becf',lw = 1, linestyle=(0, (

I Line = plt.Line2D(
'"#17becf',w = 1, linestyle=(0, (

ax.add_line(U_Line)

ax.add_line(I_Line)

ax.plot(md.voltage, md.current, marker='."', color="#1f77b4"',
label="Data")

power_decreased = [@]*xlen(md.power)

for i in range(@, len(md.power)):

power_decreased[i] = md.power[i]/coef

ax.plot(md.voltage, power_decreased, color="'#2ca02c',

linestyle='—-', label="Power")

(0, md.UPm), (md.IPm, md.IPm), color
1,5)))
(md.UPm, md.UPm), (md.IPm, @), color
1,5)))
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except Exception as e:
UI.application.writeToConsole("Error during drawing of additional
plots: " + str(e))

def I2P(x):

return np.round(x * coef,2)
def P2I(x):

return np.round(x / coef,2)

ax.set_ylabel('Current, I', fontsize='small', fontweight='bold')
ax.set_xlabel('Voltage, V', fontsize='small', fontweight='bold')
ax.set_title('IV-curve', fontweight='bold")

secax = ax.secondary_yaxis('right', functions=(I2P,P2I))
secax.set_ylabel('Power, W', fontsize='small', fontweight='bold")
ax.grid()

ax. legend()

ax.set(xlim=(0, max(md.voltage) * 1.15), ylim=(@, max(md.current) % 1.15))

chart_type = FigureCanvasTkAgg(figure, UI.application.frmGraph)
chart_type.get_tk_widget().grid(row=0, column=0,sticky = "NEWS")

def savePlot(md, path, name):
figure, ax = plt.subplots(constrained_layout=True)
coef = (md.Pm/md.Im) x 1.4
try:
# UI.application.writeToConsole("Drawing additional code")
if type(md.voltage_approx) is list:

ax.plot(md.voltage, md.current, linestyle='None', marker='.",
color="#1f77b4', label="Data")
ax.plot(md.voltage_approx, md.current_approx, linestyle='-',

color="#ff7f0e', label="Approx")
power_decreased = [@]xlen(md.power_approx)
for i in range(@, len(md.power_approx)):
power_decreased[i] = md.power_approx[il/coef
ax.plot(md.voltage_approx, power_decreased, color='#2ca02c',
linestyle='—-', label="Power")
else:
ax.plot(md.voltage, md.current, marker='."', color="#1f77b4"',
label="Data")
power_decreased = [@]*xlen(md.power)
for i in range(@, len(md.power)):
power_decreased[i] = md.power[i]/coef
ax.plot(md.voltage, power_decreased, color="'#2ca02c',
linestyle='—-', label="Power")
except Exception as e:
UI.application.writeToConsole("Error during drawing of additional
plots: " + str(e))

def I2P(x):

return np.round(x * coef,2)
def P2I(x):

return np.round(x / coef,2)

ax.set_ylabel('Current, I', fontsize='small', fontweight='bold')
ax.set_xlabel('Voltage, V', fontsize='small', fontweight='bold')
ax.set_title('IV-curve ' + str(name), fontweight="bold')

secax = ax.secondary_yaxis('right', functions=(I2P,P2I))
secax.set_ylabel('Power, W', fontsize='small', fontweight='bold")
ax.grid()

ax. legend()

ax.set(xlim=(0, max(md.voltage) * 1.15), ylim=(@, max(md.current) % 1.15))
path = path / name
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figure.savefig(path, dpi=300)

UI.application.writeToConsole("Saved plot: " + name)

SYSTEM CONTROL

1
T+
1
T+
1
T+
d

ef

calculateEstimation():

estimation = float(PD.prystriy_internal_data.numberOfPoints) x

PD.prystriy_internal_data.avarageTime

def

def

ADC.

def

def

def

def

result = ("%.3f" % estimation)
return result

cpu_temperature():

return psutil.sensors_temperatures()['cpu_thermal'][@].current

battery_voltage():
try:
battery_raw =

ADS1256_GetChannalValue(PD.prystriy_internal_data.ADC_battery_channel)

battery_raw = battery_raw *x 5.0/0x7fffff
battery = battery_raw * 3.62259615
return battery

except :
exitFen()

temp_raw(temp_s):

f = open(temp_s, 'r')
lines = f.readlines()
f.close()

return lines

read_temp_old(number = 0):

if number == 1:

temp_s = temp_sensorl
elif number == 2:

temp_s = temp_sensor2
else:

temp_s = temp_sensor
lines = temp_raw(temp_s)
while lines[0].strip()[-3:] != 'YES':
time.sleep(0.2)
lines = temp_raw(temp_s)
# device file.
temp_output = lines[1].find('t=")
if temp_output !'= -1:
temp_string = lines[1] [temp_output +2:]
temp_c = float(temp_string) / 1000.0
temp_f = temp_c *x 9.0 / 5.0 + 32.0
else:
temp_c = -273.3
return temp_c

read_rom(device_folder):

name_file = device folder + '/name'

with open(name_file, 'r') as f:
return f.readline().strip()

read_temp_raw(device_file):

with open(device_file, 'r') as f:
lines = f.readlines()

return lines
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def

def

def

def

read_temp(device_folder):
device_file = device folder + '/wl_slave'
lines = read_temp_raw(device_file)
# Analyze if the last 3 characters are 'YES'.
while lines[0].strip()[-3:] != 'YES':
time.sleep(0.01) # Reduce delay for faster response
lines = read_temp_raw(device_file)
# Find the index of 't=' in a string.
equals_pos = lines[1].find('t=")
if equals_pos !'= -1:
# Read the temperature.
temp_string = lines[1] [equals_pos + 2:]
temp_c = float(temp_string) / 1000.0
return temp_c

get_device_folder_by_rom(rom):
base_dir = '/sys/bus/wl/devices/"
# Get all the filenames that begin with 28 in the path base_dir.
device_folders = glob.glob(base_dir + '28x')
for folder in device_folders:

if read_rom(folder) == rom:

return folder

return None

read_sensor(rom, offset):
device_folder = get_device_folder_by_rom(rom)
if device_folder:
temp_c = read_temp(device_folder)
calibrated_temp = temp_c + offset
return calibrated_temp
return None

measureTemperature():
# Dictionary of sensor numbers and their corresponding ROM codes and

calibration offsets

sensor_roms = {

1: {'rom': '28-0000000ef5b7', 'offset': +0}, # 2 cell

2: {'rom': '28-000000125c8b', 'offset': +0.17}, # 4 cell
{'rom': '28-0000000f5e78', 'offset': +0.17}, # 6 cell
{'rom': '28-00000c95al6b', 'offset': -0.1}, # 27 cell
{'rom': '28-00000fb0969c', 'offset': -0.1}, # 31 cell
{'rom': '28-00000012ab6f', 'offset': -0.1}, # 35 cell
{'rom': '28-00000c93961e', 'offset': +0}, # 56 cell
{'rom': '28-00000c95ch8d', 'offset': +0.04}, # 58 cell
{'rom': '28-00000fbl6f6d', 'offset': -0.06} # 60 cell

ooNOULT AW

}

results = []
with ThreadPoolExecutor() as executor:
futures = [executor.submit(read sensor, details['rom'],

details['offset']) for num, details in sensor_roms.items()]

for future in futures:
if future.result() is not None:
results.append(round(future.result(), 2))
else:
results.append(0)
results.append(round((sum(results) / len(results)), 2))
results.append(PD.prystriy_internal_data.totalTime x* 10)
return results
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JIOJIATOK E. [IPOTPAMHUI KOJT ®YHKIIIT
MIATOTOBKU TA OUMCTKU JIAHUX CLDATA

function [x_clean, y_clean] = cldata(x, y)
% CLEAN_DATA Cleans up duplicate voltage values in V and averages the
% corresponding current values in I.

o° o°

[new_datal] = clean_data(V, I) identifies consecutive duplicate voltage
values in V, averages the corresponding

% current values in I, and removes extra rows with duplicate voltage values.
The cleaned data is sorted by voltage.

Inputs:
V - Vector of voltage values.
I - Vector of current values.

OQutputs:
new_data — Nx2 matrix of cleaned data [V, I].

d° o o o° o P o°

% Validate input dimensions
if length(x) ~= length(y)

error('Vectors V and I must have the same length.');
end

% Ensure x and y are column vectors
if size(x, 2) > 1
x = x'; % Convert to column vector
end
if size(y, 2) > 1
y =y'; % Convert to column vector
end

% Combine V and I into a single matrix
data = [x, yl;

% Sort rows based on the first column (voltage)
data = sortrows(data);

% Initialize variables

new_data = []; % Output matrix for cleaned data
current_row = data(l, :); % Start with the first row
sum_values = current_row; % Sum of duplicate rows
count = 1; % Counter for duplicate rows
num_duplicates = @; % Counter for all duplicates

% Loop through the data starting from the second row
for i = 2:size(data, 1)
if isequal(data(i, 1), current_row(1l)) % If the voltage value is the
same
sum_values = sum_values + data(i, :); % Accumulate duplicate rows
count = count + 1; % Increment counter
num_duplicates = num_duplicates + 1;
else
% Add the averaged row to the output
new_data = [new_data; sum_values / count];

% Update current_row to the new unique row

current_row = data(i, :);

sum_values = current_row; % Reset sum for the new set of
duplicates

count = 1; % Reset the counter
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end

end
end

% Add the last averaged row to the output
new_data = [new_data; sum_values / count];

% Sort rows based on the first column (voltage)
new_data = sortrows(new_data);

x_clean = new_data(:,1);

y_clean = new_data(:,2);

% Output function name and separator
fprintf('\n=== Function: clean_data ===\n"');

% Output number of duplicates processed
fprintf('Duplicates found: %d.\n', num_duplicates);

% If no duplicates were found, return the cleaned data
if num_duplicates ==

% Output function name and separator
fprintf('\n=== Function: clean_data ===\n');

% OQutput number of duplicates processed
fprintf('Duplicates found: %d.\n', num_duplicates);
return;

end

% Output function name and separator
fprintf('\n=== Function: clean_data ===\n');

% Recursively call the function if duplicates were found
fprintf('Duplicates found: %d. Recursing...\n', num_duplicates);
[x_clean, y_clean] = cldata(x_clean, y_clean);

0° 0 0° 0° A° A° o o I° O° I° I O O I I° o°

152



JIOIATOK XK. IIPOTPAMHII KOJI ®YHKIIIT
AJTIATITUBHOI MEJJIAHHOI ®UJITPALIL DELOT

function [x_clean, y_clean, outliers] = delot(x, y, threshold, window_size)
DELOT Removes outliers from data using median filtering and MAD thresholds.

[x_clean, y_clean] = delot(x, y, window_size, threshold, split_coef)
identifies and removes outliers from the input data x and y. The
function uses median filtering with a specified window size to smooth
the data, calculates residuals, and removes points with residuals
exceeding a scaled MAD threshold. The data is processed in two parts,
divided by split_coef.

Inputs:
X — Array of x-coordinates.
y — Array of y-coordinates.
window_size - Size of the moving window for median filtering.
threshold — Multiplier for the MAD threshold.
split_coef — Coefficient to determine the split index for processing.

OQutputs:
X_clean - x-coordinates without outliers.
y_clean - y-coordinates without outliers.

0° ° 0° A% ° A° A A A ° A I o I P ° P ° o°

% Validate input dimensions
if length(x) ~= length(y)

error('Input vectors x and y must have the same length.');
end

% Set default values if arguments are missing
if nargin < 3 || isempty(threshold)

threshold = 2; % Default threshold value
end

% Ensure x and y are column vectors
if size(x, 2) > 1
x = x'; % Convert to column vector

end
if size(y, 2) > 1
y =y'; % Convert to column vector
end
if nargin < 4 || isempty(window_size)

% Automatically determine window size

indices_in_range = (x >= 10) & (x <= 14); % Indices of points in range
num_points_in_range = sum(indices_in_range); % Count points in range
window_size = max(3, round(num_points_in_range)); % Dynamic window

size
% Ensure window size is odd
if mod(window_size, 2) ==
window_size = window_size + 1; % Make it odd by adding 1
end
end

% Ensure window size is valid
if window_size < 3 || window_size > length(y)

error('window_size must be between 3 and the length of y.');
end

% Median filtering (right residuals)
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y_r = medfiltl(y, window_size);

residuals_r = abs(y - y_r);

threshold_r = threshold * mad(residuals_r, 1);
outliers_r = residuals_r > threshold_r;

% Median filtering (left residuals)

y_1 = medfiltl(y, window_size, 'truncate');
residuals_1 = abs(y - y_1);

threshold_1 = threshold x mad(residuals_1, 1);
outliers_1 = residuals_1 > threshold_1;

% Find split index based on the target value
target_value = 27; % Target X value
[~, split_index] = min(abs(x - target_value)); % Find index closest to 27

% Combine outlier masks
outliers = [outliers_1(1:split_index); outliers_r(split_index+1:end)];

% Count the number of outliers
num_outliers = sum(outliers);
total_points = length(x);

% Remove outliers and add the first point of y_1
x_clean [x(1); x(~outliers); x(end)]; % Include the first x value
y_clean [y_1(1); y(~outliers); y_r(end)]; % Include the first y_1 value

[x_clean, y_clean] = cldata(x_clean, y_clean);

% Output function name and separator
fprintf('\n=== Function: delot ===\n');

% Output the number of removed outliers, window size, and threshold
fprintf('Removed %d outliers from a total of %d points.\n', num_outliers,
total_points);
fprintf('Dynamic window size determined: %d\n', window_size);
fprintf('Threshold multiplier used: %.2f\n', threshold);
end
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JIOJIATOK 3. IPOTPAMHUI KOJT ®YHKIIIT
PIBHOMIPHOI'O PO3IIOJIUTY UDIST

function [x_uniform, y_uniform] = udist(x, y, num_points)

0° ° A A o° A° A A° P o o o° o°

UDIST Generates uniformly distributed points along a curve.

[x_uniform, y_uniform] = UDIST(x, y, num_points) takes the input
vectors x and y representing the coordinates of a curve and returns
new coordinates x_uniform and y_uniform with a specified number

of points, uniformly distributed along the curve.

Inputs:

x — Vector of x-coordinates of the original curve.
y — Vector of y-coordinates of the original curve.
num_points - Number of uniformly distributed points to generate.

OQutputs:

x_uniform - Vector of x-coordinates of the new uniformly distributed

points.

)
“©

y_uniform - Vector of y-coordinates of the new uniformly distributed

points.

end

% Set default values if arguments are missing
if nargin < 3 || isempty(num_points)

num_points = 200; % Default threshold value
end
% Check if input vectors have the same length
if length(x) ~= length(y)

error('Input vectors x and y must have the same length.');
end
% Check if the number of points is at least 2
if num_points < 2

error('num_points must be at least 2.');
end

% Calculate scaling factor for Y
scale_factor = 0.8 x max(x) / max(y);

% Apply scaling to Y
y_scaled = y * scale_factor;

Step 1: Calculate distances between consecutive points
x = diff(x);

y = diff(y_scaled);

egment_lengths = sqrt(dx.”2 + dy.”2);

(V)] Q.Q.o\o

% Step 2: Compute the cumulative arc length along the curve
arc_length = [0; cumsum(segment_lengths)];

% Step 3: Generate uniformly spaced points along the arc length
arc_uniform = linspace(@, arc_length(end), num_points);

% Step 4: Interpolate to obtain new uniformly distributed points
x_uniform = interpl(arc_length, x, arc_uniform);
y_uniform_scaled = interpl(arc_length, y_scaled, arc_uniform);

% Step 5: Undo scaling for Y

y_uniform = y_uniform_scaled / scale_factor;

% Output function name and separator

fprintf('\n=== Function: udist ===\n');

% Output the number of points

fprintf('Number of points determined: %d\n', num_points);
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JIOJIATOK U. TIPOTPAMHUIN KOJT ®YHKIIIT
AJIATITUBHOI'O KOB3HOI'O 3TJIAJIKYBAHHS DYNLOWESS

function y_smooth = dynlowess(x, y, window_coef)
DYNLOWESS Applies adaptive lowess smoothing with dynamic window sizes.

y_smooth = DYNLOWESS(x, y, window_coef) performs adaptive lowess
smoothing on the input data (x, y) using a dynamically calculated window
size. The window size is interpolated based on a predefined range of
sizes and scaled by a user-specified coefficient.

Inputs:
x — Vector of x-coordinates (independent variable).
y — Vector of y-coordinates (dependent variable).
window_coef - Scaling coefficient for the window size (default: 1).

OQutput:
y_smooth - Smoothed y-coordinates.

0° 0° 0° 0° ° I A A° P J° A ° o o°

% Validate input dimensions
if length(x) ~= length(y)

error('The length of x and y must be the same.');
end

% Set default window coefficient if not provided
if nargin < 3 || isempty(window_coef)

window_coef = 1; % Default window coefficient
end

% Define base window sizes and interpolate dynamically

window_sizes = [3@, 45, 45, 30, 15, 10, 10, 10, 7, 5] * window_coef;

num_points = length(x); % Total number of points in x

x_indices = linspace(1, num_points, numel(window_sizes)); % Key points for
interpolation

dynamic_window_size = round(interpl(x_indices, window_sizes, 1l:num_points,
'linear')); % Interpolated window sizes

% Initialize the smoothed output array
y_smooth = zeros(size(y));

% Apply lowess smoothing for each point with the corresponding dynamic
window size
for i = 1:length(dynamic_window_size)
temp_smoothed = smoothdata(y, 'lowess', dynamic_window_size(i)); %
Smooth the entire data set
y_smooth(i) = temp_smoothed(i); % Extract the smoothed value for the
current point
end

% Final pass of lowess smoothing to smooth the transition
y_smooth = smoothdata(y_smooth, 'lowess', 7);

% Output function name and separator
fprintf('\n=== Function: dynlowess ===\n');

% Output the number of points
fprintf('Window size coefficient: %d\n', window_coef);

end
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JNOJATOK K. AKTU BITPOBA/I’KEHb TA BUKOPUCTAHHA
HAVYKOBHUX I IIPAKTUYHUX PE3VIJIbTATIB

SATBEPIKYIO

Jlupexrop

[HCTHTYT BIIHOBJIIOBAHOT €HEPIreTHKH
HAH Yxpainu

n.-kop/ HAHY, n.1.1., npogecop

BN /7 Crenan KYJIPSI

S

Kb o/ v 2025 p.

AKT
BUKOPHCTAHHS HAYKOBHX 1 MPaKTHYHMX pe3yJibTaTiB AucepTalliiinoi podboTH
IBanuyka Bnajncnasa IOpiiiorya Ha TeMy «Bu3HadeHHs napameTpis
doroenekTpuunnx 6arapeii B MoJIbOBUX YMOBAX»,
1O FOTYETHCS Ha 3/100yTTs OCBITHLO-HAYKOBOTO piBHs JOKTOP (hisocodil
31 cnienianbHoCTi 141 EnexrpoenepreTuka, eneKTpoTEXHIKa Ta eJleKTpoMexaHiKa

Jluceprauiiina pobora Isanuyka Bnamuciasa [IOpiiioBuua Ha Temy
«Bu3nayenHs napamerpiB (OTOENEKTPUYHHX OaTapeil B IMOJILOBUX YMOBax»
NPUCBSIYEHA BHPILIEHHIO aKTyalbHOI HAyKOBOI MPOOJIEMH, 110 MOJIsrae B SKiCHIH
€KCTPaKLil 3MIHHMX XapaKTepPUCTHK (OTOENEKTPUUHUX MOJIYJIB B pPealbHUX
YMOBax iX ekcrutyarauii. Psa gocnimkeHs 1aHOT poOOTH BUKOHAHO BiAMOBIAHO 10
JIOrOBOpPY MPO CIIJIBHY AISUIBHICTH MK HallioHaIbHUM TEXHIYHUM YHIBEPCHUTETOM
VYkpainn «KuiBcbkuil mnonitexHiyHud 1HCTUTYT imeHi Irops Cikopcbkoro Ta
[HcTuTyTOM BigHOBIIOBaHOT eHepreTki HAH Ykpainu.

B. 1O. IBaHyykOoM B pamkax aucepraliiiHol poOOTH 3amporoHOBaHO MiAXiA
0 BHM3HAYEHHs MapaMeTpiB (OTOENEKTPUYHHX MOAYIIB UUISIXOM I00Y10BH
3aJIe)KHOCTEeH KoedilieHTY HeilealbHOCTI Ta 3BOPOTHBOTO CTPYMY HaCHYeHs Jioja
BiJl Hampyru, WO MA03BOJNMIO MOoOydyBaTH aJeKBaTHY MaTeMaTH4HY MOJellb
dboroenexTpuyHoro moayis. Ekcrpakuis napameTpiB BinOyBaeTbCsi Ha 0asi
eKCIIePUMEHTaJIbHO OTPUMAHMX JAaHHX PO3pOOJIEHOI B paMKax JHcepTaliiHol
poOOTH CHUCTEMOIO BHUMIPIOBAHHS BOJIBT-aMIIEPHUX XapaKTEPHCTHK B TOJIbOBHX
YMOBaX 3 BUKOPHUCTAHHSAM 3alpONOHOBAHOIO0 aBTOPOM KOMILJIEKCHOTO ajrOpHUTMY
¢inpTpalii Ta anpokcuMallii eKcrepuMeHTalIbHUX JaHHUX.

Otpumani  B.IO. IBaHuykoM HaykoBI Ta 'NpaKkTH4HI  pe3yJbTaTH
aucepTaliiHoi poOOTH BUKOPUCTAHO B IHCTUTYTI BiHOBJIIOBAaHO! €HEPreTUKHU [IPH
BUKOHaHHI HayKOBO-JoCHiAHMX poOiT 3 wuppoMm «Kommuekc-3» (P Neo
0118U003385) ta «Kommexc-Interpoy» (AP Ne 0123U100782).

3 HAyKOBOI poOOTH,
JIOKT. TeXH. HayK

3acTyNnHUK AUPEKTOpA /

Muxkona KY3HELIOB
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SATBEPJIKYIO
Jekan akynprery

CJICKTPOCHEPIoT CXHIKHM Ta aBTOMATHKH

Hationanenoro texuiuHoro ynisepcurery

Ykpainu «KuiBcokuit nositexHidHmii

=\
-
m

eHjib bY JIBKO
2025 p.

AKT

BIIPOBAJUKEHHS Y HABYAJILHMIT IPOLIEC pe3yJIbTaTiB JicepTalliiinoi po6oTH
[Banuyka Branucnasa IOpiiiosnua na temy «Busnauenms napameTpiB
(oroenexrpuynmx Garapeii B MoJab0BHX yMOBaX»,

L0 FOTYEThCS HA 37100y TTst OCBITHHO-HAYKOBOTO PiBHS JOKTOP (himocodii

3i cnenianbHocTi 141 Enektpoenepretika, enekTpoTexHika Ta eJIeKTpoMexaHika

AKT CKJIaZIEHO B TOMY, 10 HAYKOBI Ta MPAKTHYH| pe3y/IbTaTh JMcepTaliitHoT
podoru IBanuyka Bramucnasa IOpiiioBrua na Temy «Busnauenns napameTpin
(oToenexTpuynuX Garapeii B MOJBOBHX  YMOBAX» BHKOPHCTOBYIOTBCS Y
HaBYaJbHOMY I1polieci Ha. Ka(eapi BIAHOBIIOBAHUX JUKepel eHeprii (akyibTrery
€JIEKTPOEHEPIrOTeXHIKH Ta aBTOMaTHKH HalioHaabHOro TexHiuHOro YHIBEpCHTETY
Ykpainn «KuiBcbkuit nonitexuiunuii incturyt imeni Irops Cikopebkoroy.

IBanuyk B. 10. B ﬁaMKax AucepTauiiinol poboTH po3poduB ABTOHOMHY
aBTOMATHYHY  CHCTEMY  BHMIPIOBAHHS  BOJbLT-aMIepPHHX XapaKTePUCTHK
(hoTOCNIEKTPHYIHHX MOZYJIIB B PeajbHUX MOJIbOBHX YMOBAX eKCILTYaTallii Ha OCHOBI
MIKPOKOMIT'IOTEpa 3 BMKOPHCTAHHSIM €MHICHOTO HABaHTAKEHHS, MOJIEIIOI0OU]
MporpamMu  Ta  nporpamHe  3abesneveHHs Uil YOPABIiHHS — anapaTHHMH
KOMIIOHEHTAMH ~ CHCTEMH  BMMIDIOBAHHS, aIrOPUTMH  BHKOHAHHS 00poOKH

OTpUMAHOI iHopMaLi Ta ekcTpakuil mapameTpis GoToeIeKTPHUHIX MOJLyJIiB.
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Bukopucranus cucremu Bumipiosars BOJILT-aMIIEPHUX  XapaKTePHCTHK
(POTOCNEKTPUUHIX MOAYIIB B peallbHUX HOIBOBHX YMOBax eKcrutyaratii pazom 3
BHKOPHCTAHHAM  aropuT™MiB  00poOKH  JaHuX JI03BOJISE CKOPOTHTH 4ac Ha
MPOBEACHHS JIOCTIIHHILKHX POOIT, MABHILMTH TOUHICTL OTPHMAHMX pe3ynbTaris,
SHATHO POSUIMPHTH MACHB eKCIEPUMEHTAILHUX JaHuX, 3abe3nedye 3pyqnHuii |
edexTiBhuMii crioci6 gocipken s pooTH (boToenexTpuuHUX MOLYIiB.

Orpumani  B. 10. Isanuykom HayKOBI  Ta  MpakTHYHI  pe3ysbTaTH
BUKOPHCTOBYIOTBCS  NPH  MPOBEJCHHI  JICKUIiHUX ~ 3aHSTh, NPAKTHYHHX T4
71a00paTOPHNUX  PobIT 3 JMCLHUMIIIH «®otoeHepretuka» Ta «DOTOEIEKTPUYHI
cTaHuii» (GakamaBpchKMit piBeHb), a TakoxK y JHMIUIOMHOMY MpOEKTYBaHHi 3a

cnenianbhictio 141 EnextpoenepreTiia, CJICKTPOTEXHIKA Ta eJIeKTPOMEXaHIKa.

B.o. 3aBinyBaua kadenpoio BJIE,

JIOKT. TeXH. HayK, npodecop Onexcanap OCTAITYVK
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