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HOBI KOMIIOHEHTH ISl EJEKTPOHHOI ATIAPATYPHU

VIK 621.314.2:537.311.3:538.54 DOI: 10.15222/TKEA2026.1.03

Anamoniti ALJEYJIOB!, Muxona JEPEB SIH4YVK?

Vkpaina, M. YepHisni, TnctutyT Tepmoenektpuxu HAH i MOH Ykpaiuu,
Yepuipeubkuii HalionanbHKU yHiBepeuTeT iMeHi IOpis denbkoBuya

TOITIOJIOITYHA TPAHCO®OPMANIA BUXPOBUX CTPYMIB
B AHIBOTPOITHUX EJIEKTPOITPOBIJHNUX CTPYKTYPAX

IIposedeno uucenbHe MOOenO8aAHHA MA MONONOIYHULL AHANI3 PO3NOOINY 6UXPOBUX ENeKMPUYHUX CIMPYMI6 8 AHI30MPONHUX
CNLEKMPONPOBIOHUX CIPYKMYPAX MemOOOM CNEKMPAIbHO20 PO3KIAOAHHS V OIANA30HI 3HAYeHb Koepiyichma auizomponii
K=0,0067—150. Bcmanogiero, wo kiacuyne “pyluHy8anHs” 8UXPOGUX CIMPYKIYD 3A eKCMPeMaibHuX 3Havens K € nacrioxom
MononociuHoi mpancgopmayii — nepexoody 6i0 3aMKHEHUX eTiNMUYHUX MPAEKMOPI 00 K8AZIMIHIUHUX NOMOKIE. [Jo6edeHo
ineapianmmuicms Mexamizmy 6iOHOCHO peyunpokHozo nepemeopenns K — 1/K. 3anpononosano xpumepiii Kpumuunux
PENHCUMIB HA OCHOBI padiyca KpUusUuHU UxXposux ninii. Ompumani pe3yiomamu 003601410Mb Kepysamu monoioi€io nois ma
iMneoancom 05t onmumizayii 0dcepen HCUBLEeHHS, e1eMeHmi6 AHMEeHHUX CUCIeM CHPIMO8Anol Oii ma iHWUX npucmpois Ha
OCHOBI AHI30MPONHUX €eKMPONPOGIOHUX CIPYKIMYD.

Knouosi crnosa: enekmponpogionicms, aHizomponis, 8UXpOSULl CMPYM, IMNEOAHC, 0HCepend HCUBNEHHS, AHMEHHI cucmem,

PeyunpoKkHicmy, Monono2iuHa mpancopmayis, CReKmpantbHuLl Memoo.

AKTyanpHICTh BUBUCHHS HPOIECIB MIEPETBOPEHHS
€JICKTPOMArHITHOT €Heprii B aHI30TPOITHHUX SJICKTPOIPO-
BIJTHMX CTPYKTYpax 3yMOBIIFOEThCSI HEOOXIHICTIO BJIO-
CKOHAJICHHS €IEMEHTHOT 0a3u Cy4acHUX E€JIEKTPOHHHUX
KoMyHiKkamii. [{e moB’s3aHo sIK 3 II00AIbHUMHU BUKJIH-
KaMH{ LIOA0 HiJABHUINEHHS HAIIWHOCTI CHJIOBUX €JIEK-
TPOHHHUX TPHUCTPOIB Ta MOIITYKY HOBUX TEXHOJOTIYHUX
TpeHiB [1], Tak i 3 TOCTPOIO MOTPEOOO Y BIIOCKOHAJICH-
Hi IPOEKTYBaHHS BUCOKOS()EKTUBHUX aHTEHHUX CHCTEM,
0 € KPUTHYHO BAKIMBUM JUIsl CTAOIILHOTO JKUBIICH-
Hsl aBTOHOMHHUX IIPUCTPOIB y Cy4acHHUX yMoBax [2].
[lepcriekTUBH CTBOPEHHS HOBOI €JIEMEHTHOT 0a3u eJIeK-
TPOHIKH BiJJKPWJINCS 3aBISIKH €(hEKTY eIeKTPOOMIYHOT
tparcdopmartii [3]. OgHUM 13 HAHOUIBII MEPCIICKTHB-
HUX IIPUCTPOIB, IO IPYHTY€ETHCS Ha BUKOPHCTAHHI IIHO-
TO SIBHIIA, MOXKHA BBRYKATH aHI30TPOITHUHN €IIEKTPOIIPO-
BiHuit Tpancopmarop (AET) [4]. Moro 3acTocyBan-
H# B iHOKOMYHIKaLlIHHUX CUCTEMaX J03BOJISIE Peaizy-
BaTU HOBI MiIXOIHU A0 YIPABIiHHS IOTOKAMU EIEKTPO-
MAarHiTHOI €Heprii, 0 € KPUTUIHO BAKITMBUM JUIS OTITH-
Mi3aIlii cydacHHX 3ac00iB €NEKTPOHHMX KOMYHIKAIlil.
[TpakTruHa peasizariisi TaKHX MEPETBOPIOBAYIB €HEPTii
0a3y€eThCsl HA BUKOPUCTAHHI 0COOIMBOCTEH aHI30TPOTI-
HUX €JICKTPOIPOBITHUX CTPYKTYP.

Hocnimpkenns teroBux xapakrepuctuk AET [5],
MPOJEMOHCTPYBABIIH NEPCIIEKTUBHICTH IMTOJIOHUX KOH-
CTPYKIIiH, BUSBUIM TAKOK HU3KY HETIHIHHUX e(eKTiB,
10 MoTpeOyroTh MUOIIOro JocipkerHs. Hanpukia,
KJIIOYOBUM (PAKTOPOM, SIKHH BH3HAYAE CHEPTETUUYHY
e(heKkTUBHICTh TpaHchopMaTopa, € PO3MOALT BUXPOBUX
@JIIEKTPUYHUX CTPYMIB y Hioro podouomy 06’emi. Y podo-
Ti [6] Oys10 IpoaHai30BaHO el PO3MOALT 3a MOMIPHUX

YacTOT Ta BIJIHOCHO HEBEJIMKHUX KOCQIIIEHTIB aHI30TPO-
mii K, e BUXPOBI CTPYMHU (POPMYIOTh XapaKTEPHI eir-
TU4aHI KOHTYpU. CydacHi TeH30pHI Ta YHCENbHI MIX0IH
IO MOJICTIOBAHHS BUXPOBUX CTPYMIB B aHI30TPOITHUX
KOMITO3UTHUX MaTepianax, 30KpeMa 3 ypaxyBaHHSIM JIe-
(exTiB Ta 6araromrapoBoi cTpykTypu [7]—[9], miarsep-
JUKYIOTh YTBOPEHHSI SIMITHYHUX CTPYKTYP 32 MOMIpHOT
anizotporii. [IpoTe micist JOCATHEHHS MEBHUX KPUTHY-
HUX 3HaYCHb Koe(dilieHTa aHI30TPOITii XapakTep po3mo-
JITy CTPYMiB 3a3HA€ CyTTEBUX SKICHUX 3MiH.

V it poOOTi MPOBEACHO TOIOJIOTIYHHA aHAJI3 BILIH-
By Koe(ilLlieHTa aHi30TpOIIii Ta KyTa OpieHTallil KpucTa-
norpadiuyHuX Oceil Ha CTPYKTYpPy PO3MOIITY BUXPOBUX
crpymiB. OTprMaHa B pe3yJibTari CUCTEeMaTH3aIlis JAaHUX
IIOI0 MTOBEAIHKHU IMOJSI B PEKUMAX KCTPEMAIIbHOI aHi-
30TpoMil Mae 3a0e3MeUUTH TCOPETUUHY 0a3y AJIsl CTBO-
PCHHS e(PEKTUBHHIX IPUCTPOIB HA OCHOBI aHI30TPOITHUX
CIIEKTPOIIPOBITHUX CTPYKTYD.

O06’ekT i mpenMeT AOCTiIZKEeHHSI

Posmiisinemo cxematnuny koHCTpyKiiro AET, 306pa-
KEHy Ha puc. 1.

B ocnoBi AET po3minieHo oqHOpiAHy aHi30TPOIHY
CIISKTPOIPOBI/IHY IUIACTUHY [, ENIEKTPONPOBIIHICTh G
SIKO1 OTIMCYETHCSI TEH30POM JPYTOTO PaHTy i Micis opi-
eHTaIlil Kpuctanorpagianoi oci Ox miJ JESIKUM KyTOM Y
HaOyBae Takoro Burysiny [10, c. 43—-46]:

o, 6, 0
G=|0y 0y 0 (1)
0 0 oy
Jie G, — KOMIIOHCHTH HPOBIAHOCTI y Ta00paTOpHiii CH-
CTeM1 KOOpJIMHAT.
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HOBI KOMIIOHEHTH JIJISI EJIEKTPOHHOI ATIAPATYPH

o
Puc. 1. CxemaTnuHa KOHCTPYKIisi aHI30TPOIHOI €JIEKTPOIPO-
BIJTHOT CTPYKTYpH:

1 — macTHHA 3 aHI30TPOITHOTO EIEKTPONPOBIAHOTO MaTepiay;
2 — NieNeKTPUYHI MIapH; 3 — eJICKTPONPOBIIHI HIAPH;

4, 5 — enekTponiaBoan; 6, 7 — EIECKTPOBHBOIH

TTo3moBxHS 0/ Ta MONepedHa G, CKJIQJIOBI TIPOBIHO-
cti [11, c. 46—55] BU3HAYAIOTHCS BUpa3aMH

2
)

Z€ 6,,, G,, — JliaroHaIbHi KOMIIOHEHTH TEH30Pa MPOBi/I-
HOCTI Y KpucTajorpadiuHiii cHCcTeMi KOOpANHAT.

= 2 . CE
o) G, COS“Y+GC,,SIN"Y ;

6,=(6,,—0,, )cosysiny,

KoediuienT anizorpomnii K Marepialty eIeKTpOIpoBia-
HOI IJTACTUHY BU3HAYA€ThHCS 3HAUCHHSIMHU ITPOBIAHOCTI Y

TOJIOBHUX KPHUCTANOrPapiuHUX OCAX:
K=6,,/6,,.

“)

OcnoBuuM napamerpoM AET € nonepedHo-10310Bx-
Hill koediieHT mepeTBOpeHHS [4]

B (61, — 65, )cosysiny

)

. 2 . .2
G, COS™ Y+ Gy, SIN" 7y

I'pannyHi yMOBH Ta poGoye pPiBHSIHHA

VY nonepenHix OCTiHKEHHSIX [6] 32 HAKIIAICHUX Tpa-
HUYHHUX YMOB

J,.=0 npnx:ia/Z,jy:O npu y=+b/2; (6)
2
jx y(Z)%eiz/S’ o= I (7)
' uGeq)(D
Hy, = H,yy, @®)

OyJ10 OTPUMaHO PIBHIHHS
0° 0° 0°
0y,— +0y——20,, ——
1 2 12
? ox? Ox0y
SIKe OIHCYE MPOCTOPOBUIN PO3MOJIII BUXPOBUX EJICK-
TPUYHUX CTPYMIB y TUIONIUHI @ X b aHI30TPOITHOI eJeK-

TPOIPOBITHOI IJIACTHHU i JII€I0 3MIHHOTO €JIEKTpPO-
MAarHiTHOTO TOJIS.

J: (x.y)=—i0B. (x.y), (9)

YucenbHe MOIeTIOBAHHS Ta BizyaJizauist

JocnipkerHs 0a3yeThcsl HA YUCEIBHOMY MOJIEITIO-
BaHHI pO3MOALTY T'YCTHHH BHXPOBHX CTPYMIB B aHi30-
TPOITHOMY E€JIEKTPOTIPOBIIHOMY CEPEIOBHII 3 BUKO-
PHUCTaHHSM METOJIB OOYHCITFOBAILHOI SJIEKTPOANHAMI-
KH. Y po0OOTi [6] BCTAHOBIICHO 3aJICXKHICTB ITPOCTOPOBO-
'O PO3IOJLTY BUXPOBUX CTPYMIB BiJl Koe(illieHTa aHi30-
Tpormii K Ta Kyta opieHTarii y. BukopucroByrouu aHa-
JIOTTYHUH MJIX1], Y il poOOTI MPOBEICHO MOJICITIOBAH-
Hsl YUCEJIBHOTO PO3B’si3aHHS piBHAHHA [lyaccoHa me-
TOZOM CIEKTPAIFHOTO PO3KIaNaHHA y mpocTopi Dyp’e
(spectral-domain solver) Ha PiIBHOMIpHIN JHUCKpETH3a-
midHii citii 401x401 By3niB. Po3B’s13aHHS BHKOHYBa-
JIOCSI y CIIEKTpalIbHIN 00J1acTi 3 BUKOPUCTAHHSM IIIBH/I-
Koro niepeTBopeHHs Dyp’e BIAMOBIAHO 10 miaxony [12,
¢. 75—86] 3 ypaxyBaHHSM aHI30TPOITHOTO TEH30pa Mpo-
BiJTHOCTI Ta ioro opieHTanii [13, ¢. 331-339]. UucenbHa
peasizaris 3aificHIOBanacs 3acodamu 610morek SciPy i
NumPy [14], [15] i3 Bukopuctanssim anroputMmiB FFT
(Fast Fourier Transform) [16, ¢. 608 —617], siki KOpeKTHO
OTIMCYIOTh MPOIIECH B IEHTPAJIbHIM YaCTHHI IJIACTHHH.
ITicas 0OuMCIIEHHs Ta HOPMAaIi3allii oISt j, MPOBO/MIIA-
sl Bi3yaJizallis y BUIVISIII KOHTYPHOTO Tpadika 3 KOJIbo-
POBOIO MIKaNIOK0 (colormap viridis), TpaJieHTHUX JiHIH
cTpymy (streamplot) Ta po3piKEHOT KAPTHHH HOTO BEK-
TOPHOI TYCTHHHU (quiver).

Taxwii mixin J03BOIKMB €PEKTUBHO TIPOAHATI3yBaTH
BIUTHB BeNWYXH K Ta Y Ha TOTIOJIOTIIO BUXPOBHUX CTPYMIB
st K=0,05 Ta K=20,0 mpu y=45°. 3ayBa)xumo, 1110 TYT,
SIK 1 B TIOTIEPEIHIX JOCIIDKCHHSAX, MAKCUMAIILHUH Koe-
¢imienT TpanchopMariii 7 CocTepiraeTbes MpU OPieH-
Tarii KpucrajgorpadiyHUX ocel mijg KyToM Y=45° st
Oy/JIb-SIKHX JIOBUIBHUX JOJAATHUX 3HaueHb K [4].

Ha puc. 2 npencrasieHo pe3ynbTaTv U BUTIAJIKY,
KOJI BEJTMKA BiCh €JTirica OpiEHTOBaHA ITiJ1 KyTOM y = 45°.
TyT criocrepiraerbes cTadlIbHA SINTHYHA TOTIOJIOTIS
BHUXPOBHX CTPYMIB, ITOJIC MA€ JIOKATI30BAHUH XapakTep,
JHIT CTpyMy 3aMKHEHI. AHaJI3 IIUX PUCYHKIB ITOKA3yE,
10 paHillle BCTAHOBIICHI 3aKOHOMIPHOCTI ()OPMYBaHHSI
BHUXPOBHX CTPYMIB [6] 30epiraroThbes i 3 MOMIpHUM 301JTb-
IICHHSM (3MEHIIIEHHSIM) KoedirienTa aHizotporii K cro-
CTEPITaeTHCS MOCTYIIOBE BUTATYBAHHS BUXPOBOTO KOH-
Typy B3IIOBXK OCi 3 OUIBIIOO MPOBITHICTIO ITiJT KyTOM Y.
e imrocTpye Ge3nepepBHICTL TpaHCHOpMaIlii BUXPOBO-
TO TOJIA B MEXKaxX “eNTUIHOTO” PEKUMY.

Jlnst aHAMi3y TIOBEIIHKM BHXPOBUX CTPYMIB 3a BiJI-
HOCHO BEJIMKUX Ta MaJINX 3HaueHb KOoe]illieHTa aHi30-
Tporii K Ta pi3HUX 3HAUCHHSIX KyTa Opi€HTAIli Yy B aHi-
30TPOITHOMY €JIEKTPOIPOBITHOMY CEPEIOBHIII ITPOBEIe-
HO CEpito YMCETbHUX SKCTICPUMEHTIB 32 TI€I0 K METOTH-
KOYO, 1110 ¥ Jiisi moMipHUX K. Pesysnpraru HaBeneHO Ha
puc. 3 (komipHa mKana BigoOpaxae HOPMOBaHY aMILTi-
Ty/ly TyCTHHH CTPYMY j_ ).

[IpoBenenuii aHai3 moka3as, iHBAPIAHTHICTh PiB-
HSIHHS TIOJISI BIZTHOCHO TiepeTBopeHHst K — 1/K 3a ymo-
BH TMOBOPOTY cructeMu koopaunat Ha 90°. Ile no3Bosmsie
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Puc. 2. Po3nozin HOpMOBAHOT TyCTHHU BUXPOBHX
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Puc. 3. Po3noain HOpMOBaHOI I'yCTUHM BUXPOBHUX CTPyMiB AJIs 3HaueHb KoediuieHTa aHizorponii K=0,0067 (a, ¢, 0)

jz_norm
0,831
0,627
0,424
0,220
0,017
0,186
-0,390
-0,593
-0,797
~1,000

CTpyMiB TipH Y = 45° st koedinienta anizorponii K=0,05 () Ta K=20 (6)

| i
' i

jzﬁnorm
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ta K=150 (6, 2, €) 3a pi3HOi opieHTalii kpucrajorpadiuxoi oci Ox:
a,6—vy=30%6,e—y=45%0,e—vy=060°

1,0
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X

X

jz_norm
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0,220
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0,186
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jzinorm
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]zfnorm
0,831
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CTBEP/UKYBATH, IO PE3YIbTATH PO3B’SI3aHHS PIBHSHHS
(9) nns BunagkiB K >> 1 ta K<< 1 € i3u4HO €KBiBaJICHT-
HUMH i OMICYIOTh CIIPSIMYBaHHsI KBa31TiHIHHUX MTOTOKIB
B3/JI0BXX B3a€MHO OPTOTOHAJIBHUX OCEH.

AHari3 po3noaiTy I'yCTHHH BUXPOBUX CTPYMIB ITOKa-
3aB SIKICHY 3MiHYy TOIOJOTIi PH MEPEXOi A0 BEIUKUX
3Ha4YeHb KoedilieHTa aHi3oTporii. JKmo 3a BiJHOCHO
MaJIuxX BeJHUUH K JiHII CTpyMy YTBOPIOIOTH 3aMKHEHI
SNNTUYHI CTPYKTYpH (pHUC. 2), 110 BiIIOBia€ KIACHIHO-
My YSIBIECHHIO IIPO BUXPOBI 1o, To 3a K=150 (puc. 3)
CIIOCTEPIraeThCs IEPETBOPECHHS 3aMKHEHHUX TPAEKTOPIN
BHUXPOBUX CTPYMiB y KBa3iIiHilHi TOTOKH. BizyansHo 1ie
MIPOSIBISIETHCSI y BUMTIAI apaboIonoAiOHuX JIiHiH po3-
MOALTY CTPYMY, /I¢ BEPILIMHH BiAMOBIAAI0Th IECHTPaM BU-
XPOBOTO 30y/KEHHSI, a TIJIKH BKa3yIOTh Ha JIOMiHyBaJIb-
HUH HampsIMOK TOTOKY B3AOBXK 0CI MAKCUMAJILHOT IPO-
BijHOCTI. Taka TOnoxoriyHa 3MiHa CBiT4UTh MPO TE, 10
P JOCSTHEHHI KpUTUYHUX 3HaUCHb K MEXaHi3M 3aMU-
KaHHS BUXPOBUX TPAEKTOPil CHEPTETHYHO PUTHITY€Th-
Csl aHI30TPOITHUMH BIIACTHBOCTAMH CEPEIOBUIIA, TIepe-
tBOprotoun AET Ha cripssMoBaHYy JTiHiIO Iiepeiadi CTpyMy.

31 36imBIICHHAM KoedilienTa anizotpomnii K crocTe-
piraeTscs BTpaTa reOMETPUYHOI CTA0ITBHOCTI eTiNTHY-
HO{ TOIIOJIOT] BUXPOBHX CTPYMiB. Y pasi moMipHoi aHi-
30TpOIIii BUXPOBHI CTPYM YTBOPIOE €JIiIc, a Horo me-
pexin y KBa3imiHIHHUNA pexuM BiaOyBaeThCS TOI, KOJIH
pajiyc KpMBHHU y BEpIIMHAX €Jilca CTaE MEHIIUM 3a
TOBIIHMHY IIapy b aHi30TPOMHO] TUIACTHHHU d, ayer Otxe,
KPUTUYHOIO YMOBOIO IIEPEXOTY BiJl €TINTHYHOI TOMOJIO-
rii 10 kBa3iniHiKHOT Oyze

— 72
R=1*/m=d., (10)
ze [, m — BelMKa Ta Maja IiBBICl esirca.

Sxmo R > d, CTPYM HE MOXE TPOTIKATH 3aMK-

ayer’ . .
HCHOIO TPAEKTOPIEIO YEPE3 TCOMECTPIYHI 00OMeEXEeHHS.

3BiZIcH MOKHA OOUUCITUTH KPUTUIHHUNA KOS(IIIEHT aHi-
3otpomii K st aHI30TPONHOI CTPYKTYpH 3a ii reome-
TPUYHUMH [TapaMeTPaMHu:

K =1/d

layer® (1 l)

Lle MareMaTH4HO TOBOAMTH, 110 31 3POCTAHHSIM aHi-
30Tporii pajiyc KpUBHHHU R y BEpIIMHI eNilca 3MEHIITy-
€ThCS, BEPIIMHA CTA€ “TOCTPIlIOW” Ta “TOHIIOK”. 3a
BEJIMKUX 3HAYCHB KoedimieHTa aHizoTpomnii K emninc mne-
PEXOIUTD y KBa3ITIHIHHUM pexuM: HOro BEpIIMHA CTAE
HACTUTBKHU rocTporo (R — 0), mo nepecrae OyTH TOUKOO
“NOBOPOTY” [JISl CTPYMY 1 IEPETBOPIOETHCS HA “BicTpst”
IIOTOKY, AKMH Mail>ke He BUTMHAETHCSL.

Pe3yabraTn Ta ix 06roBopeHHst

Ha nepumuii nomisin Moxe CKJIacTUCS BPaKeHHS,
110 32 EKCTPEeMaJIbHUX 3HAY€Hb aH130TPOIii eTinTuYHa
CTPYKTypa pyiHyeThes. [IpoTe ¢i3znko-MaTeMaTHIHHHA
aHaJi3 MoKasye, 1o BEJIMKI 3HaYeHHS Koe(ilieHTa aHi-
30TpOIIii HE CIPUYUHSIOTH (PI3UIHOTO 3HUKHCHHS BU-
X0py, a IPU3BOAATH A0 WOTO KPUTHYHOI aedopmarii,
TpaHchopMyrouu KOH(DIrypauio CTpyMiB y KBa3UIiHiH-
Hi IOTOKH.

3ayBa)kuMo, 1110 YHNCETbHE MOAICTIOBAHHS OyII0 Mpo-
BEJICHO /TSI 3arajIbHOTO BUMAAKY aHI30TPOIHOI CTPYKTY-
pu. BuxopucTaHHsg mepiofuuHNX IPaHUIHUX YMOB JI0-
3BOJISIE OCTITUTH (DyHAAMEHTAIbH] TOTIOIOTIUHI TIepe-
TBOpPEHHS 0e3 BIUTMBY KpalOBUX €(eKTiB. Y pearbHUX
(I3MYHUX CTPYKTypaxX CKiHUCHHHUX PO3MipiB BUKOHAH-
Hs1 3aKOHY HerepepBHOCTI cTpyMy (divj=0) 3a0e3neuy-
€ThCsI 3aMUKAHHSIM JIIHIH Yepe3 TIOBEPXHEB1 IIapH Tu1ac-
tuHU. CriocTepeXyBaHuii Ha puc. 3—5 edekr “posipBa-
HUX” JiHIHA y pa3i eKcTpeMalIbHOI aHi30TPoMii € Hacia-
KOM 3MiHH MacIITa0y BUXOPY: TPAEKTOPii 3aMUKaHHS BH-
XOJISITB JTAJICKO 33 MEXI1 30HU 30y/DKECHHS TP HACTITBKU
BEJIMKOMY Pajiyci KpHBHHH, M0 B MEXKaX PO3PAXyHKO-
BO1 001aCTi BOHU 11EHTH(IKYIOTHCS SIK CIIPSIMOBaHI KBa-
31UTiHIHHI TTOTOKH.

3a KpUTHYHUX 3HAYEHb KoedilienTa anizorporii (K,
abo 1/K ) BuXpoBa CTPyKTypa Mae TEHJCHIIIIO JI0 MaK-
CHMAJIbHOT BUTSTHYTOCTI B3JJOBX OC1 3 HAHOLIBIIIO0 PO~
BiJHICTIO. B 00MexxeHOMy 00’ €Mi MIACTUHU JiHIT CTPY-
My HaOIMKAIOTHCS A0 ii MEX IiJ Maike MeprneHIuKy-
JSIpHUM KyToM. OCKIZIBKH CTPYM HE MOX€ BUXOAUTH 32
(i3udHI MEX1 IPOBIAHUKA, BiH 3MYIIEHHN Pi3KO 3MiHIO-
BaTU HANpsSIMOK Y37IOBXK I'paHeH, IO Bi3yaJbHO 1HTEp-
MIPETYETHCS SIK pyHHYBaHHS KIIACHYHOI eIINTUYIHOT op-
MU 0013y KpaiB. Le sBuIIe € pe3ynbTaToM KpUTHIHOT
TeOMETPUYHOI ajamnTalii BUXopy 0 OOMEKEHOTo Mpo-
cTopy. Takum YMHOM, BUXOD 3aJIHIIAE€THCS 3AMKHCHHM,
aje crae 0OMEXEHUM T'€OMETPi€l0 TIACTHUHH, 10 MPH-
3BOJIUTH JI0 KOHIIEHTPAIIi] 3aMUKAIOUHX JiHil CTpyMy B
TOHKOMY TTOBEPXHEBOMY IIapi.

IIpakTuyHe 3HaYEeHHS] OTPUMAHHMX Pe3yJIbTATIB

Po3yMiHHS JUHAMIKHA BUXPOBUX CTPYMIB € KPUTHY-
HO BOXJIMBUM JIs IPOEKTYBAHHS Cy4acHOI €JIeMEHTHOT
0a3u 1HPOKOMYHIKAI[IHHUX cUCTeM. BusBieHi 3akoHO-
MIpHOCT1 MarOTh CYTTEBE 3HAUCHHS: MTEPEXiJl 10 KBa3i-
JHIAHOT KOH(DITypaIii CTPyMiB CyTPOBOKYETHCS 3Mi-
HOIO IMITEIaHCy MPUCTPOO. B aHI30TPOMHUX €NIEKTPO-
MPOBIIHUX TPaHC(HOPMATOPAX, MO 32CTOCOBYFOTHCSI SIK
Y3roJUKYBaJIbHI €JIEMEHTH, Taka achopMallisi BUXPO-
BUX CTPYyMiB MOXe OYTH BUKOPHCTaHA SIK IHCTPYMEHT
KepyBaHHsI iMITeIaHCOM. 30KpeMa, 3HAHHS KPUTHIHO-
r'0 3HAUCHHs Koe]ilieHTa aHi30TPOIIii, 32 IKOTO B0y~
BaeThCs JedhopMallis eMinTAHIHOT GOPMH, T03BOJISIE SK
YHHUKATH HEKOHTPOJIbOBAHOTO IIEPEXOY BiJl €ircorno-
MIOHUX J0 KBa3UTIHIHHHMX MOTOKIB, Tak i GopMyBaTu
CIIPSIMOBAHI MOTOKU €JIEKTPOMAarHiTHOI eHeprii B aH-
TEHHUX CHCTEMaX.

BucHoBku

[IpoBenene AOCTIKEHHS MTOKA3aJI0, 10 TOTOJIOTis
BUXPOBUX CTPYMIB B aHI30TPOITHUX €JIEKTPOMPOBITHIX
CTPYKTYypax Mae KPUTHYHI PEXKHUMH, Y SIKHX BigOyBa-
€ThCS TIePEXiJ BiJ eTNTHYHOI KOH(DIryparii 10 KBa3imi-
HiliHOI. Lle € HacTiIKOM reoMeTpUYHOT afanTaiii BUX0-
Py J10 0OMEKEHOT0 IPOCTOPY 1 HE 03HAYa€ Horo ¢izny-
HOTO pyiHyBaHHS. BCTaHOBIICHO, IO caMe aHi30TPOoIis
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BH3HA4ae xapakrep Aedopmariii BUXpOBHUX CTPYMIB, a ii
KPUTUYHI 3HAYCHHS 33JaI0Th MEXY MK Pi3HUMHU TOTIO-
JIOT1YHUMH PEKUMAMHU.

Otpumani pe3yasTaTh MiITBEPIKYIOTh €(PEKTUBHICTh
3aIIPOTIOHOBAHOTO METOY YHCEIBHOTO MOJCIIOBAHHS
JUIS TIPOTHO3YyBAaHHS MOBENIHKM BHXPOBUX CTPYMIB B
aHI30TPONHUX CTPYyKTypax. Hagani mmanyeTscs mpose-
JICHHS TOCJI/KEHb BIUIMBY YaCTOTHHUX XapaKTEPUCTUK
CUTHAITy Ha CTa0UIbHICTh EMINTUYHNAX Ta KBA3UTIHIKHUX
CTPYKTYP Y IMHAMIUYHUX PEKHUMaX, 110 JO3BOIUTH iHTE-
IpyBaTy OTPHMAaHi Pe3yibTaTH y MPOEKTYBAHHS HIMPO-
KOCMYTOBHUX MPHUCTPOIB KOMYHIKaITiil.
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TOPOLOGICAL TRANSFORMATION OF EDDY CURRENTS IN ANISOTROPIC
ELECTRICALLY CONDUCTIVE STRUCTURES

Numerical modeling and comprehensive topological analysis of the distribution of the eddy current density component jz
in homogeneous anisotropic electrically conductive plates were carried out using a spectral-domain solver based on the
Fourier transform of the Poisson equation. The study covers a wide range of anisotropy coefficients, 0.05 < K < 150,
at a crystallographic axis orientation angle of y=45°.

It has been established that the classical interpretation of “destruction” of eddy current structures at extreme values of K is
actually a qualitative topological transformation: a transition from closed elliptical trajectories to quasi-linear directed flows.
The invariance of the transformation mechanism with respect to the reciprocal transformation K — 1/K accompanied by a 90°
rotation of the coordinate system has been proven. Based on the analysis of the curvature radius of the eddy current lines at the
ellipse vertices, a physically justified criterion for determining critical operating regimes is proposed. This criterion directly
relates the geometric parameters of the plate (thickness dlayer, major and minor semi-axes | and m) to the critical anisotropy
coefficient K ,

The practical significance of the results lies in the ability to deliberately control the topology of the eddy current field in
anisotropic electrically conductive transformers. The transition to the quasi-linear regime enables significant changes in
device impedance, control of the transformation ratio and inductance, and realization of directed energy flows. This opens
prospects for the development of efficient matching elements, sources of directed electromagnetic radiation, antenna systems,
and optimization of wideband infocommunication devices with improved energy efficiency.

Keywords: anisotropy, eddy currents, topological transformation, spectral method, anisotropic electrically conductive
transformer, reciprocity, impedance.
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XAPAKTEPUCTUKU KOMIIOHEHTIB HAHOKJIACTEPHOI
[MIJICUCTEMUA I'ETEPOIIEPEXO/IB

Pospaxosano ma npoananizosano xapaxmepucmuku HAHOKIACMEPI6 K KOMNOHEHMI6 niocucmemu mamepianie KpemHiesol
enexmponixu. ITidiopano eghexmueni moodeni 0ist OYiHIO8AHHS IXHIX CINPYKIYPHUX, eHePeeMmUYHUX | KIHeMUYHUX GIACMUBOCTIELL.
[l ananizy cmabinbHocmi 2eomempudnol monoio2ii ma po3nooiny enekmpoHHOl 2yCmuHU 3anpPONOHOBAHO PI3UUHY MOOElb
HA OCHOBI K8AHMOBOI Meopii XiMIUH020 36 3Ky U MidcamomHux nomenyianie. OyineHo 6NIUE MAMPUUHOSO OMOYeHHs mda
6cmanosneno egexm ‘“‘nepemuxanua’ XiMIiYHUX 38 A3KI@ Y HAHOKIACMEPAX, AKUL MOJCHA BUKOpUCMamu Ol CMEOPeHHs.
XPOMAMUUHO-YYMAUBUX HANIGNPOBIOHUKOBUX elleMEeHMIS.

Kniouosi cnosa: Kpemmicgi nanoxaacmepu, cemeponepexoou, MampuiHe OMOYeHHs, K8AHMOBO-XIMIuHe MOOeTO8aHHs,

nacusayis, Kamionizayis, nepemMuKkanHs XiMIYHUX 38 S3KI6.

[Nompu mBHAKMIT PO3BUTOK ATETCPHATUBHUX MaTepia-
JiB KPEMHIH 3aJTHIIA€THCSI OCHOBOIO CYYacHOT CICKTPOH-
HOI eneMeHTHO{ 0a3u. BogHouac po3BUTOK HAHOTEXHO-
JIOTii IEMOHCTPYE, 110 HaHOoKIacTepu (HK) BusBIIOTH
YHIKaJIbHI BJIaCTHBOCTI, BIAMIHHI BiJ Makpodasu Bijmo-
BinHO1 peyoBunHu [1]—[3]. HocaimkeHHs KpeMHIEBUX
HK, six 130160BaHUX, TaK 1y CKJIaJ1 MaTPHIIl, € KPUTHY-
HO BKJIUBUM JJIS1 ITiIBUIIIEHHS IIIBUIKOIIT Ta iH(hopMa-
[IHHOT EMHOCTI HaITIBITPOBITHUKOBUX IPUJIAJIIB HA OCHO-
Bi KBaHTOBO-pO3MipHUX edekTiB. HaHoKIacTepu 103B0-
JSIFOTH €(PEKTUBHO KepyBaTh (Pi3UKO-XIMIYHUMH Xapak-
TEPUCTUKAMH MaTpUYHOTO oToueHHs [4]. CTOXacTHYHO
PO3MOiIeHI Y3/I0BXK MEX1 po3Aily B ITIBKOBOMY Ie-
Teporiepexoi, BOHU (HOPMYIOTh HAaHOKJIACTEpHY Mij-
cucreMy [5]. Taki rerepoCTpyKTypH € NEepCHeKTHBHU-
MU 00’ €KTaMHU JIOCITIJIKSHb 3aB/ISIKA CBOTM YHIKQJIbBHUM
(hyHKL1OHAJILHUM BJIACTHBOCTSIM [6].

Y MeTOAMYHOMY KOHTEKCTI JUIsl BUSIBICHHS 3B’SI3KY
MI)K aTOMHUM CKJIQJIOM 1 BHYTPIIIHBOIO CTPYKTYPOIO
KJIACTEPU30BAHOT PEYOBHUHH, @ TAKOXK BIACTUBOCTIMH ii
ckianoBux — HK — MOXXyTb BUKOPHCTOBYBATHUCS TeX-
HoJorii mry4Horo inrenekry [7]—[8]. 3a momomororo
TaKUX 1HCTPYMEHTIB MOYKHA BUSIBIIATH 3aKOHOMIPHOCTI
1iJ] 4ac 00pOoOKHU BEIUKHUX MACUBIB €KCIIEPUMEHTAIbHUX
JaHUX (OTPUMAaHHUX 32 JI0TIOMOT00 aTOMHOI CUJIOBOT, pa-
CTPOBOI €JIEKTPOHHOI ab0 MPOCBIYYBaIBLHOI MIKPOCKO-
1ii), a TAKOXK 1HTEPIPETYBATH 1X 13 3aCTOCYBaHHIM aHa-
JITUYHHUX TIIXOJIB 1 aIrOPUTMIB KOMI FOTEPHOTO MO-
JentoBaHHs. Pe3ynbraTu aHamizy, CpAMOBaHOIO Ha BU-
MiproBaHHs po3mipiB HK, ineHTHdikaliro Ki1acTepHUX
(haz, BUSABJICHHS MOp Ta IHIIUX XapaKTEPUCTHK HAIliB-
MIPOBITHUKOBUX MaTepiajiB, Jal0Th MOKIIUBICTh CIIPOT-
HO3YBaTH JOBIOBIUHICTb MIPUJIA/IiB €IEKTPOHHOT TEXHIKH
Ta MIBUJKICTB iX Ierpajalii B pi3HUX YMOBax, 110 € KPH-

THYHO BOKJIMBHUM JUTA 3a0e3TeUeHHs HaAiHHOCTI i 0e3-
MEKU 1HKEHEPHUX CUCTEM HOBOT'O MOKOMIHHS.

Merta wi€ei poOoTH nonsArajna y BU3HAUEHHI CTPYK-
TypPHHX, €IEKTPOHHO-CHEPIeTHYHUX, TPAHCIOPTHO-
KIHeTHYHHUX XapaKTCPUCTHK KPEMHIEBUX HAHOKJIACTE-
PiB 3 PI3HOK KUTBKICTIO aTOMIB, a TaKOX JIOCIIiKEH-
Hi BIUIUBY MaTPUYHOTO OTOYCHHS Ha iXHi BIACTHBOCTI.

®Di3uKo-xXiMiuHi XapaKTepUCTUKH HAHOKJIACTEPIB

OCHOBHUMH CTPYKTYPHUMH, €IEKTPOHHO-CHEpIe-
TUYHUMH, TPAHCHIOPTHO-KIHETHYHUMU XapaKTEPHCTH-
kamu HamiBrpoigaukoBux HK i HanowactuHok (HY)
Ha iX OCHOBI y 3aCTOCYBaHHi B (DyHKITIOHAJBHIN €JIeK-
TPOHII, 30KpeMa y HaHOEJIEKTPOHIlli, €:

* po3Mip Ta reomeTpuuHa cTpykrypa HK/HY;

* SHEpTisl 3B’ 3Ky K KPUTEPIH CTINKOCTI CTPYKTYPH;

* PO3MIOALNT 3apsITy Ta €JIEKTPUYHOTO MOTEHIIIATy BCe-
penuni HK/HY Ta no0Gnu3y IXHBOI MOBEPXHI;

* CHEpreTHYHa iTMHA AE MiJK BEpXHIM 3aIlIOBHCHUM
Eyopmo T@ HIKHIM BUIBHUM E| ()11 €HEPIETHYHUMH CTa-
Hamu (AE = E| 1,0 — Enomo)» IO € aHanorom 3a60po-
HEHOT 30HU B 00’ €MHHUX HAIBIPOBITHUKAX;

* BEJIMYMHA IEPIIOro MOTeHMIaTy ioHi3awii /; Ta po-
0oTa BUXOMy €JIeKTpOHa £ .

* €HEPTisl CIIOPIJHEHOCTI 10 €IEKTPOHA £ . 1 pIBEHD
Depmi £

* enekrpuuHa eMHicth HK/HY (edekTrBHY BlacHy
eMHICTh C ;. 00’ €KTIB MOJIEKYJIIPHOTO MacIuTaby MOKHA
ouinnTy 3a popmynoro C.,=2¢*/(I,-A,), ne e — ene-
MEHTAPHUN EJIEKTPUYHUM 3apsifl; A, — CIOPIHEHICTH
JIO €TIEKTPOHA);

* CJICKTPOHHUH Ta HOHOHHUH CIIEKTPH;

* XapakTep 3aleKHOCTI 3a3HAUYCHNX BIACTHBOCTCH Bijt
CJICKTPUYHOTO Ta MATHITHOTO TOJIiB, @ TAKOXK BiJ] TEMIIC-
parypu Ta MEXaHIYHUX HAIPY>KCHb.
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Po3paxynkoBi Monesi xapakTepucTuK
HAHOKJIaCTepiB

3 movarky XXI cTOMITTS METOAN MaTEMaTHYHOTO MO-
JeTIOBaHHS (Di3MKO-XIMIYHUX XapaKTEPUCTHK HAHOKJIA-
CTepiB, HAHOYACTHHOK Ta KIACTEPU30BAHNX MaTepiaiB
Ha TX OCHOBI MOCTIHHO BIOCKOHAIOIOTHCA. TOUHICTH
O1IBIIOCTI BUKOPHCTOBYBAHUX KBAaHTOBO-MEXaHIUHUX
MoJieTiel BU3HAYA€THCSI piBHEM HAOIMKEHB, ¢(EKTUB-
HICTb SIKUX MOYKHA BCTAHOBUTH, TIOPiBHIOIOYH CKCIICPHU-
MEHTAaJIbHI JIaHi 13 pe3yJbTaTaMH pPO3paxyHKiB:

* 13 3aCTOCYBaHHSM ITOTCHIIIAIiB MI>XaTOMHOI B3a€MO-
i1 — [T HAHOYACTHHOK 13 KIJIBKICTIO > 100 aToMiB;

* 33 JIOIOMOI'00 METO/IIB ab initio (Ta OJU3BKUX JI0
HUX) KBaHTOBOI XiMii — JIS MEHIIUX 3a pO3MipaMu
HK-cuctem (y Hammx po3paxyHkax 1e Bix 2 go 50 ato-
MiB Si, o BianoBigae posmipam Bix 0,23 Hm 110 1,5 HM).

VY pasi HU3BKOI MIIJIBHOCTI eIEKTPOHIB IEPEHECCHHS
3apsiay B3I0BK JaHIiokka HK BiamosigHo 10 Marema-
TUYHO{ MOZIENI OMUCYETHCS TaMiJIFTOHIAHOM

H=H, +H, + H; + H,. O]

Omneparop eneprii 30ymkenns H, 3anaerses cris-
BIJIHOIICHHSAM

H, =) eala,+) ho,(bb, +1/2),
n A

+
no

2

@, — OIEpPaTOpu HAPOUKEHHS Ta 3HMIIEHHA 30y.-
JKEHOTO €JIEKTPOHA 3 €Hepricro €, y n-
HaHOYACTHHIII;

b,", b, — OIIepaTOpH HAPOJDKCHHS Ta SHULICHHS (OHOHA

3 eHepriero hw,.

ac a

Oneparop l'aminsrona H, onmcye mporuec nepene-
CEHHsI eJIEKTpOHa MiXk 1-M Ta m-M HK, 3ymoBneHwmii ne-
PEKpUBaHHSIM €JIEKTPOHHHUX OpOiTaliei 3 IHTerpajioMm Ie-
pekpuBaHHs J,

H2 = E‘]nma:an . (3)

Oneparopu H, Ta H, BpaxoByIoTh BILUIMB KOJIMBAHb
rpaTKI/I Ha py)vi eneKTpOHlls. BianosigHuii oneparopy H3
JliarOHAJIbHUH MaTPUIHUH €IEMEHT (72 =71) BHOCUTD 3Mi-
HU B CHEPTIIO €JIEKTPOHA, JIOKATI30BAHOTO B TIOJIOKEH-
Hi n, IpY B3aeMoii 3 poHOHAMMU:

_ 2 + +
H; = E gnhw,a, a, (bx +b5 )v
A,n
ne g, — 0e3po3MipHa cTata eNeKTPOH-(POHOHHOT B3aEMOJIii.

“)

lamineronian (4) 3amuMcaHo 3a MPUNYIIEHHS, 10
€JIGKTPOH B3AEMOJII€ JIUIIIE 3 OJHIECIO0 TUTKOK HOPMailb-
HUX KOJIMBAHb I'PATKU. YpaxyBaHHS IHIINX ()OHOHHHUX Ti-
JIOK ToTpedy€ JOaBaHHS BCIX BHECKIB 13 BIIIOBIAHOIO
CTAaTHCTHUYHOIO BArolo.

Oneparop H, 0TOTOXHIOE BILTMB JiHIHHUX KOJMBAHb
Ha HMOBIPHICTh IEPEXO/Ty 3 OHOTO CTIHKOTO MOJIOXKEH-
HS JIO 1HIIIOTO 1 3aMUCY€EThCS IS BUTIAJKY, KOITU 1#Mm:

H,= Z S0, a, (bx + bjx)’ )

n,m,\

fmnk — KOHCTaHTa B3a€MO/11.

3a I0NOMOTrOI0 MaTeMAaTHYHOT MOJIENli, IO OTHCYE
koHkpetHi HK, HeMOkIMBO BpaxyBaTH BCI mepeltide-
Hi KOMIIOHGHTH T'aMiJbTOHIaHA, OCKIJIBKH B OIEpaTopi
(1) icHyrOTH OOME)KEHHS: BUKOPHCTOBYIOTh JIHIIE TIEp-
i B jonanku — H, ta H,, a inmmivmu HexTyioTs. s
susHayeHHs Hy ta H, HeoOXiHO po3paxyBaTi OCHOBHI
KBaHTOBO-eHepreTnuHi mapametrpu HK, mo OepyTh
y4acTb y HEepEHECEHHI 3apsity.

J1st MOzeNTbHOTO OMHCy repeHeceHHs 3apsiay B HK
3pY4YHO CKOPUCTATHUCS KBAHTOBO-MEXaHIYHOKO MOJICILITIO
PYXy 3apsay B IOCIIOBHOCTI OTEHLIadbHUX Oap’epiB
[1]. HK MoxyTh OyTH BiJIOKpeMIICHI OIMH BiJI OJHOTO
JITaHAHOIO OOOJIOHKOKO (J1alli — MaTpUYHE OTOYCHHS
[4]). OcTranHe MOXHA TIOJATH y BUIJISINI HU3KU IMOTEH-
iaTbHUX SIM, 1110 MICTSTh €JIEKTPOHHI PiBHI OCHOBHOTO
Ta 30yKeHoro craHiB. J{ist aroMmis, siki popmyrors HK
1 mepeOyBarOTh B OCHOBHOMY CTaHi, BaJICHTHI CICK-
TPOHHU € JIoKasi3oBaHUMHU. [Tpu mepexoni aromiB y 30y-
JUKEHU CTaH BIAKPUBAETHCS MOXKJIHBICTH TYHEIO-
BaHHS HOCIIB 3apsiy 4yepe3 HEMpoOBiJHE CEpeIOBHILE.
EnexTponpoBiqHICT, MOXHA 3MIHIOBATH, PETYIIOIOYH
BijcTanp Mixk HK 3a momomoror mMarpudHOro oToueH-
Hs (TIpo 11e WaeThbes aam). TpaHcmopT HOCIIB cTpyMy B
HK MoxHa mofati y BUIVISII IEPEHECEHHS XBUIHOBOTO
MaKeTa eJIeKTPOHa uepe3 MeBHY MOCIiAOBHICTh MOTEH-
HiadbHUX Oap’epiB.

Crpyxkrypa Si-HK i3 kinekictio aromiB g0 100 Bia-
Ppi3HAETBCS Bil cTpyKTypH ¢-Si [1]—[3]. 3rigHo 3 pe3yiib-
TaTaMH MOJICTIbHOTO aHalli3y, BUKJIAJJCHUMH, 30KpeMa, y
HAIIUX MPaIsx Ta po00Tax 1HIIUX JOCTITHUKIB, TeoMe-
tpuuHa popma HK 3narHa 3miHroBatucs Tak, moo 3ade3-
TIeYyBAaTH IXHIO €HEPreTHYHY cTaOlTbHICTh. Tak, Si-HK i3
kinmbkicTio aromiB 10 10 (0,3—0,5 HM) YTBOPIOIOTH TLIa-
HapHi aromapHi kinbig (AK), nanmroxku abo HaBiTe HK-
IATKH Y BHIVISITT KOMITakTHOTO ocTpiBis. s HK 3 kisb-
KicTro aroMiB 710 26 (0,5—0,9 HM) T0CUTh XapaKTEepPHOIO €
BunoBxkeHna Gpopma. s HK o 50 atomis (0,9—1,5 HM)
XapakTepHa OLTbII CUMETpHYHa, cepornoaidHa cTpyK-
Typa [9]. Bu3sHauCHHS PO3MOAITY €ICKTPOHHOI I'YCTHHH
y takux HK, a Takox iXHIX CTPYKTYpHHUX Ta €HEpreTHY-
HUX XapaKTEePUCTHUK MPU 3MiHI 3apsIy € BaXXIJIUBOIO 3a-
nadero MoxemtoBaHHs. J{iist 11 po3B’s3aHHST BUKOPUCTO-
BYIOTb IIOTeHIia1 MixkatoMHoi B3aemonii (IIMAB) ta/
a00 MeToaM KBaHTOBOI XiMmil.

Tlomenyianu misicamomnoi 63aemooii. Ha crorojui
icHye ynmMaio mojeneit [IMAB, siki 3aCTOCOBYIOTB IS
po3paxyHky enepreruunoro crekrpa HK. 3 po3surkom
TEXHOJIOT1/ IITYYHOT0 IHTEJIEKTY poLieC BUOOPY MOTEH-
IiaTy MOJKHA ONITUMI3yBaTH Ta chopMyiTroBaTH OOTpyH-
TOBaHI PEeKOMEH AT I[0/10 HOr0 BUKOPUCTAHHS.

AHani3 GaxoBHX JITepaTypHUX JDKEPE 3aCBiTUye
mUpoKuil BUOip HasiBHUX miaxoniB. Kiodose 3aBmaH-
HJ MTOJIsATa€e y BUOOPI KOHKPETHOT MOJIENI BiZITIOBITHO 110
crenniky 00’ €KTa Ta METH TOCIIKSHHS: pO3MipiB Ha-
HOKJIACTEPiB, OYIKYBaHUX PE3yJbTATiB TOLLIO.

VY Hammx A0CIiIKEHHIX BUKOPUCTAHO T00pe 3apeKo-
menzoBanuii [IMAB Crininmkepa—Bebepa y moaudiko-

10
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BaHiil Bepcii (MSW) [10], [11]. Po3pobnena nporpamna
raTdopma 3abe3rnedye BUCOKOSKICHY Bizyaltizaliito xa-
paxrepuctuk He nuiie HK, a i1 HaHOYacTUHOK Ta HaHO-
KJIACTEPHUX MiJCHCTEM Y MONEKYIIPHO-THHAMIYHOMY
HaOmkeHHi. [TakeT MicTUTh 3pyuHi iHTepdeiicn, rexe-
pye netanbHy Tpadixy At giTkoi iHTepmpeTanii Mozae-
neit HK Ta iXHiX BTacTHBOCTEH, a Takoxk 3a0e31euye BU-
COKY IHTEPAaKTHBHICTb 3aB/SIKH IIIPOKOMY HAOOPy MEHIO
Ta MiJMEHIO.

[Ipu 3acTocyBanHi MeTogy MSW raMminsToHiaH Mae
TaKUM BUIIISI:

H(71:72---7N,131,132 "'ﬁN):
p; Lo
Z +ZV,§? ISR
i<j i<j<k
1
e B——l exp .
mt (y)_ 7;] r;'j —ajr r;'j <2’50AB; (7)
0, others
mt(zj’ ik > jk)_ ljk+nklj+njkl’
5 ®)

2
1 8[. p

I, = A[coseﬁk —i——] exp|—2— 4+ —L—|,

' ' 3 ,—a  re—a

ne 7, P ... 'y — KOOPJUHATU aTOMIiB;
e, V(3121t — BiAMOBIAHO, JBO- Ta TPUYACTHUHKOBMI
MMOTCHITIa B3a€MOZIT;
0 e KYT;
7 Ty — BEKTOp MIXK [-M Ta j-M aTOMamH y IpaTili 3

PIBHOB)XHOIO BIJICTAHHIO MIX JIBOMa Haii-
Omkaumu cycinamu (r,), 7; = |’”i — rj|.

3a oninkamu [IMAB tamy MSW mis kpuctaniqao-
ro KpemHi (¢-Si) Biacrans 1, nopisuioe 2,351 A as
Mexax mpoctoro SW — 2,0951 A. Tpu 3actocysanHi
I[IMAB MSW eneprist Mi>kaTOMHOT B3a€MOJii MK Haii-
ONMKIMMU CyCifamu B ¢-Si (XIMiYHHMI 3B’ 130K Eg; () Bill-
noBiae BenmunHi 2,1675 eB. Metoauky o04ncieHHs ra-
pametpiB 4, B, p ta A y IMAB MSW onmucano B [11].

Ha opHomy 3 eTaniB qociiykeHHsI peaibHy OBEpX-
HIO KPEMHII0 MoJieoBanu i3 3acrocyBanusm [IMAB
MSW, TpaHCIOI04M eJeMEeHTapHI KOMIPKH 13 TeTpae-
puuHoto cumetpieto (1o 100 aromis). Taka TpuBUMipHa
MOJIeJb MIOBEPXHi Jjajia 3MOT'Y BU3HAYUTH Pi3HI ACIIEKTH
il MONeKyJISIpHOT CTPYKTYPH, 30KpeMa XiMi4HY TOTIOJIO-
rito, neramn koHdopmarii Tomo. Hagani gociimxysaiu
npouecu ajgcopouii Ha Takiid mosepxHi Si-HK, pizHux 3a
po3mipoM (Big 2 10 50 atomiB), GOPMOIO Ta CUMETPI€IO:
BiJl MPOCTHUX JI0 UIIJILHO YITAKOBAHUX 1 MOJIiEIPHUYHUX.

Memoou keanmosoi ximii. JIs1sl IepeBipKU TOUHOCTI
3aIPONOHOBAHOT MaTeMaTH4HOI MOJIEi PO3PaxXyHKY
EHEePreTUYHUX XapaKTEPUCTHK CKIIATHUX CUCTEM BHKO-
HaHOo po3paxyHok Si-HK i3 3acTocyBanHsIM MeTOTy ca-
MOY3TO/I’KEHOT0 MOJIsl B Pi3HUX KBAHTOBO-XIMIYHUX Ha-
omwkenHsx [ 12]: naniBemnipuunux meroxais H/II (3 Hy-
JHOBUM JU(epeHIlialbHUM NepeKpuTTsiM) Ta PM3, He-
aroMHoro merony Xaprpi—Doka (X®) y MiHIMaTbHOMY
(mouarkoBomy) 6asuci 3-21G Ta posmupeHoMy 6a3u-
ci 6-31G*, metony MP2, a Takox metony (pyHKIIOHANA
enextponHoi ryctunu (B3LYP/6-31G*). Otpumani pe-
3yIbTaTH HaBEJCHO y Ta0J. 1 (ekcriepuMeHTanbHi 3Ha-
YEeHHs MarOTh MOXHOKY On3bko 5—10%).

Memooduuni pesynomamu. Po3paxyHOK pi3HHX 32 pO3-
mipom Si-HK (Bix 2 no 50 atomiB Si y MaTpU4HOMY OTO-
4yeHHi a00 0e3 HbOro) JaB TaKi MPaKTU4HI Pe3yabTaTH.
ITepeBaxkna Oinbinicte Si-HK mae Bin’emHi 3HaYeHHS
SHeprii 3B’sI3KY, 110 CBIMYUTH MPO IXHIO XiMIUHY CTiii-
KicTb. Bennunna eneprii 38’s13Ky, SIka IpUMagae Ha OJUH
arom (E,, /ar), 3pocTae 31 301IbUIEHHAM KUTLKOCTI aTo-
MiB y CKJIaJli HAaHOKJIacTepa.

TTorenitian 1oxi3awii / | 32 a0COJIFOTHOIO BEJIMYUHOIO
TEOPETHYHO HAOJIIKAETHCA 10 €HEeprii BUILIOT 3a1l0BHE-
HOi opOiTani gy, WO MOBHICTIO Y3rOJKY€EThCS 3
teopemoro Kynmanca. BennunHa eHepreTuuHOT MiTunHI
AE = ELUMO — EHOMO IlJ."[.ﬂ HaBgneHI/Ix y.TaGJ'I. 1 Si-HK
BIJIPI3HSIETHCS BiJl €HEPrii CIOPIAHEHOCTI A0 €JIeKTPOHa
A,. e cBiquuTh po nepeby10By 30BHILIHIX €IEKTPOH-
HUX opOiTaneil miJ 4ac 3aXOMIeHHs JOAATKOBOTO €JIeK-
TpoHa. Cumetpist Ta ¢popma Si-HK Bu3HauaioTh Benu-

Tabmus 1
Iapamempu Si,, pospaxoeani pisnumu Memooamu K6aHmoeoi Ximii
[Tapamerp HAIT PM3 321G 0 631G ( 6}:[?(%*) (]63-?;];21’:) Excnepument
d(Si-Si), A 2,03 2,30 2,37 2,25 2,26 2,34 2,25
d(Si-Si)*, A 2,14 2,48 2,42 2,41 2,41 2,38 (TTOIOBXKEHHS 3B’ A3KY)
d(Si-Si), A 2,10 1,97 2,39 2,16 2,16 2,20 (CKOpOYEHHS 3B’SI3KY)
Eomo €B —-11,93 7,61 8,11 8,02 -7,38 -5,62 —
AE, eB 8,52 3,56 7,48 7,58 6,03 1,70 —
1, ¢eB 11,7 7,5 7,2 7,5 6,7 7,8 7,5
A,,eB 3,6 3,7 1,5 1,1 1,9 1,9 2,2

d(Si-Si)*, d(Si-Si)” — Bincranp y xarioni Si," Ta amioni Si, .

Tpumimxa. d(Si—Si) — MixkaToMHa Bi/ICTaHb y HEHTpasbHill Moekyi Siy;
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YHMHY Li€] eHepreTH4HOI MiITHHY. 31 3MEHIICHHAM PO3-
Mipy HaHOKJIaCTepa BOHA 3pOCTaAE, 1 I1e 3MIHIOE ONTUYHI
BJIIACTHBOCTI MaTepiaiy, 30KpeMa CIPUUNHSIE 3CyB CIICK-
Tpa BUNpoMiHioBaHHs [13].

Jus omiHku npoBigHUKOBHX BracTuBocTel Si-HK y
HabmkeHHi metoxy PM3 Oyro moOynoBaHo BHILI 3a110B-
HeHi MonekyIsipHi opbitani (HOMO) nist HeTpanibHuX
(HK®) ta anionnux (HK") cTpykryp. Y Ta6u. 1 HaBeneHo
pesynbTartu po3paxyHkis juie Tux HK, siki MaroTs 3am-
KHYTy €JIeKTpOHHY 00070HKY. JlaHi cBiA4arh, 1o mpo-
BiJIHUKOBI BIIACTHBOCTI MalOTh TEOMETPUYHO ONTUMI30-
ani HK, a came Ti, 1110 CKJIagar0ThCA 3 I1°SITH, CEMH Ta
BOCBHMH aToMiB. [IpoTe HaBiTH 3a MiHIMaNbHOI 3MiHU 3a-
PsiLy CTPYKTYpH 11 TPOBITHUKOBI BIACTHBOCTI 3HUKAIOTb.

Crix 3a3HauUTH, 1O MiJ YaCc TyHEJTIOBaHHS HOCIiB
CTpyMy 4epes HamiBpoBigHukoBi HK mamux po3mipis
TXHI} 3apsi/] IPOTATOM IIEBHOTO Yacy (HaIpUKIIa, HaliB-
Mepiofy 9acy TYHEJIBHOTO IEPEXOY #/2) 3MIHIOETHCS Ha
BCIIMUUHY €JIEMEHTAPHOTO eJICKTPUYHOTO 3apsy e, BHa-
CJIIJTOK 4OTr0 BiJJOyBa€ThCs ICTOTHA 3MiHA EHEPreTUYHOI
CTPYKTYpH: MOJOXEHHSI HOBOYTBOPEHOT'O BHUIIOTO 3a-
MIOBHEHOTO PiBHS HE 30iraeThes 3 HIKHIM BIJIBHUM PiB-
HEeM HEHTpalTbHOrO HaHOKJIAcTepa. Takok iCHye HEBH-
3HAYCHICTh OIIHIOBAHHS CHEprii, OB’ s3aHa 3 4acTOT-
HOI0 MEKEH BUKOPHCTaHHS MOAIOHUX OTHOCIEKTPOH-
HUX NpuiaaiB Ha ocHoBi HK:

~ 0 - —_
Oy =H/ (ELOMO - EHOMO)_ h/(AE - 4), €]
ne EY j\jo — CHEPrisl HIKHBOTO BLIBHOTO PiBHS HelTpaiib-
noro HK;
Ej oMo — €Hepris Buioro 3anosHexoro pisus HK i3 3a-
psiaoM —e.

Hunsa posrsiayTux Si-HK 1 makcumanbHa dactoTta
cranoBuTh npubausHo 1013 'y, o Bixnosixae aianaso-
HY ONTHYHOTO BUIPOMIHIOBAHHS Ta € MPAKTUYHO HEJO-
CSDKHOIO B peajbHUX MPHIafaX, MPU3HAUCHUX AJIS Te-
penadi Ta 0OpOoOKHU €IEKTPHUYHUX CUTHAIB.

[opiBHIOIOYM BUKOPUCTAHI METOM KBAHTOBOI XiMii
(muB. Tabm. 1), MOXKHA 3pOOUTH TaKi BUCHOBKH.

1. HaiitouHime AOBXUHY XIMI4HOTO 3B’SI3Ky Si—Si
BHU3Ha4Yae MeTos XapTpi—Doka B po3imupeHomy Oa3uci
XBWIBOBUX (QyHKILIH (6-31G*).

2.Y pa3si BiipuBy eneKkTpoHa (KaTioHi3allii) JOBKUHA
3B’s13Ky B Si-HK 3011b11y€THCS, @ IPH 3aXOIIICHH] (aHio-
Hizanil) — 3MeHnIyeTbes. OTxe, 3a 3MiHK 3apsagy HK
HOro reoMeTpiro HeoOXiTHO 000B’A3KOBO ONTUMI3yBAaTH.

3. EHepriro cropiTHEHOCTI /10 eIeKTpOoHa Ta MOTEH-
miaj ioHi3amii Ui MiJBUIIEHHS TOYHOCTI PO3PaxyHKY
ciin obuncmoBatu y HaOmmkeHHi [IDET. [Ipore mpu
OLIIHIOBaHHI JOBKHUHH 3B 513Ky 1moxuoka metony [IDOE
€ TIOPIBHSHHOIO 3 pe3y/lbTaTaMH HAOIMKEHOTO METOLY
XOP y 6azuci 3-21G*.

4. EHepris BUILOTO 3alI0BHEHOTO PiBHS Ejy\ o Y Ha-
ompkenHi XDP y 6a3zuci 6-31G* nobpe y3romxyeTs-
csl 3 MOTEHLIAJIOM i0Hi3alil, M0 BiJIOBia€ TeOpeMi
Kynmanca.

5. 3acrocyBanns metony MP2/6-31G* 3anmkye 3Ha-
YeHHs TOTeHIIialy 10Hi3allii, T/l K eHepris CropinHe-
HOCTI JI0 €JIGKTPOHA OOYUCITIOETHCS JJOCUTH TOYHO.

6. Pizanns eHepriI‘/‘I E.LUMO - E.HOMO y HK 6nu3bka
JI0 3HAUEHHS €Heprii COPIIHEHOCTI 10 eJIEKTPOHA, TOMY
L}0 BEJIMYMHY CITiJ] OOYHMCITIOBATH 3a JIOTIOMOTOI0 METO-
ny IIOET y 6a3uci B3LYP/6-31G*, ockinbku iHmIi Me-
TOIM JAIOTh 3HAYHI IOXUOKH.

Kpim Toro, MoxHa 3a3HA4UTH, IO JJIsI IKICHOT OITiH-
KM CTaOIIbHOCTI, TEOMETPIi Ta €JIEKTPOHHOT CTPYKTYPH
Si-HK naiieextuHimmm € metog PM3. Hagani reome-
TPiI0 CTPYKTYPH MOXHA YTOYHIOBATH MeToaoM XDP y
po3mupeHomy 6a3uci 6-31G*, a u1s KiTbKiICHOTO po3pa-
XYHKY OCHOBHUX €HEPreTUYHHX 1 TPAHCTIOPTHHX Tapa-
metpiB HK — metonu MP2/6-31G* ta IT®ET. Cain 3a-
3HAYUTH, IO ITiJT 9aC JOCIIIKSHHS POIIECy 0CaKEH-
Hs Si-HK Ha moBepxHIO TBEpIOTINBbHOI KPUCTATIUHOT
nigkiIaaku (c-Si) HeoOXiIHO 000B’S3KOBO BpaxoBYyBa-
TH BIUIAB HE JIMIIE MAKIAAKH, a i 30BHIIIHLOTO €IeK-
TpOMarHiTHOro noist. Enepretnuny cxemy B3aeMofil
nosepxHi 3 Si-HK (agcopbatom) HaBeneHo Ha puc. 1.

Skmo BUIIMKA 3alTIOBHEHUH €HEPTeTHYHHUH PiBEHBb
(Eomo Ha puc. 1, a) Si-HK posraiosanuii Buiie 3a pi-
BeHb Depmi (£}) y TBEpIOMY TiJli, TO €1EKTPOH MOXKE I1e-
peiTH Ha MOBEPXHIO, a aJICOPOOBAHU Ki1acTep Ha0yBa€e
JIOAATHOTO 3apsAay (MepeTBOPIOETHCS HA KaTioH). Ko
HE3aNOBHEHUH piBeHb (K o HA puc. 1, 6) axcopbo-
BaHoro HK posramroBanwmii HHx4e 3a piBeHb Depmi, TO
€JIEKTPOH MOXKE 3aXOILTIOBATHUCS HAHOKIIACTEPOM, SIKUN
npu oMy HaOyBae Bix’eMHOTO 3apsny (IepeTBopro-
€ThCS HA aHIOH).

3TiHO 3 HAIIMMHU poO3paxyHKamu (IuB. Tabm. 1),
JIOBXKHMHA MI)KaTOMHOTO XiMI4HOTO 3B’ 513Ky B HK 3MmiHr0-
eTbest: y KarionnoMy crani (HKY) 38’430k IOJOBKYETh-
cs, a B anionHomy (HK™) — ckopouyeTbes. IMoBipHiCTE
TaKUX MPOIIECIB BU3HAYAECTHCSI BUCOTOIO CHEPTETHYHO-
ro O6ap’epy mix HK Ta moBepxHero miakiaiaku (TBep-

JIOTO Tija).
a) * 0) *
E, T T E;
}- E‘; E aff
Eyomo 1 =#= L v I
) P E\ umo
R F %
s :3 EHOMO s DA
Adsorbat Surface Adsorbat Surface

Puc. 1. CxematiuHuil eHEPreTHYHHUI OITUC B3a€MOIIT a1IcopOo-
BaHoro HK i3 noBepxHero niakinaaku (TBEpaoro Tina):
a— TIepexiji eNIeKTPOHA Ha TIOBEPXHIO M1 IKJIa KK (YTBOPCHHSI Ka-
tiona HK"); 6 — 3axoruieHHs ejeKTpoHa HaHOKJIacTepoM (YTBO-
pennst aniona HK")
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BnuiuB oToyeHHsI HAa BJIACTUBOCTI HAHOKJIACTePiB

Marpuaanm otoueHHsM HK moxyTs Oyt niranam,
10 BUKOHYIOTh POJIb MACHBATOPIB PO3ipBAaHUX XiMid-
HUX 3B’A3KiB aTOMIB KPEMHIIO: aTOMH BOJIHIO, Tajiore-
HiB, HK-{pparmentu Tta in. [4].

Ipusmamuunun Si-HK. Ipusmarnunuit Si-HK y
OpPTaHIYHOMY MATPHUYHOMY CEPEOBHIII, HACHICHOMY
BYIJIEBOJIHEM (@JIKaHOM) 3 XiMiuHOK0 popmyroro C.H,,
(puc. 2), xapakTepu3yeThCs CIIEKTPOM NOTIMHAHHS B
JKOBTO-TIOMapaH4eBiii 00JacTi ONTUYHOTO JianazoHy
[14]. T'excan € HENOMAPHUM PO3UUHHUKOM 3 BITHOCHO
HU3BKOIO JIIeTIEKTPUIHOO MpoHUKHICTIO (1,89). Ha mexi
posmixy Mix HUM Ta Si-HK BuHNKaI0TH IienekTpudHi 00-
MEKCHHS: SJICKTPOHH 1 AIPKH 3a3HAIOTH TOTY>KHOI KyIO-
HIBCHKOI B3aeMoii. Lle 3yMOBIIEHO THM, IO CHIIOBI Ji-
Hil SIIEKTPUYHOTO TOJIS TPOXOIATH UEPEe3 CEPEIOBHUIIE 3
HU3BKOIO JICIEKTPIYHOIO TPOHUKHICTIO, /1€ KyTOHIBChKa
B3AEMOJIsI EKPAHy€eThCs cl1adko. /1151 eeKTpoHa MaTpHy-
HE OTOYCHHS TeKCaHy CIIYTYE MOTCHITIAIEHUM 0ap’ €poMm,
a omke, HK € mmbokor0 KBaHTOBOIO SIMOIO.

Posrmstay it npusmarnunnii HK, Ha Binminy Bix HK
TeTpaeapuyHoi cumetpii Ta cheponoaionoro HK, cyrre-
BO MOPYIIY€E MTPOCTOPOBY CHMETPII0, 0 3yMOBJIIOE aHi-
30TPOIII0 ONTUYHUX TEPEXO/iB (€IEKTPOHHI Ta TiPKOBI
CTaHU PO3IIEIUTIOIOTHCS, POOJITIN CIICKTPH IMTOTTIMHAHHS
Ta JIIOMIHECIICHITIT Yy TIMBUMH JI0 TIOJISIPH3allii CBITIa) Ta
3MiHy TIOJIO)KEHHS CHEPIeTHYHHX piBHIB. CaMe OCTaHHIH
mapaMmeTp 3aJeXKHUTh Bi reoMeTpraHuX po3Mmipis HK.

PozpaxyHku po3moziny eneKTpOHHOI T'yCTHHH B iH-
mumx HK 3 atromamu enementis IV rpynu nepiomudanoi
cucremu (Si, Ge, Sn), BukoHaHi B mporpami GAMESS
(6aszucHuit Habip 6-31G), MOKA3YIOTh, IIO ITiJ] YaC YTBO-
PEeHHSI MOBIMHUX XIMIYHUX 3B’SI3KIB aTOMH aKTHBHIIIIE
3MIHIOIOTH TIOpUAM3AIliI0 CBOIX aTOMHHUX OpOiTajiei.
VY pe3ynbTari OTpUMY€EMO MPU3MATHYHY KOHDITYpaIliro
(3 TOBHICTIO TACBOBAaHMMH XIMIYHUMH 3B’ SI3KaMH ), sIKa
€ cTallIpHINIOK 3a TuTaHapHi OeH3eHomoiOHI Si-HK.
VY npusmarnuarnx HK MOXyTh yTBOprOBaTHCS MOIBIH-
Hi Si—Si ximiuHi 3B’s13ku. Ockingbku y Takomy HK Ho-
cii ctpymy € mpoctopoBo oomexxkenumu, HK edexturHO
MOTITUHAKOTH Ta BUIIPOMIHIOIOTH CBITIIO B BUIUMOMY 200
ommkaboMy [U-miamazoni. Llei Gakt BHOKpeMITIOE 0co-

oC g Si_ @ Si C
O O Si ’ Si %‘ QO CJQ@
OOQ hv: A>400 nm O

hv: %.<400 nm OO0

g@ si SO O

Si Si
& ©
0,2 5 00g00
o000 o
O Q o

Puc. 2. OntuyHi nepexoiu Uist IBOX THIIIB HIECTHATOMHHUX
NPU3MATUYHUX Si-HAHOKJIACTEPIB y MATPUYHOMY CEPEIOBUIIL
3 rekcany [13]

6mmBocti mpusmarnyaHoro Si-HK, ockinbku y 3Budaitno-
MY CTaHi KpACTATIYHNI KPEeMHIH, sIK HeTIPSIMO30HHHH Ha-
TiBIPOBiTHYK, Maike HE BUIIPOMiHIOE cBiT/Ia. [IposiB Bu-
cokoi porouyTuBocTi npm3MarmyHoro Si-HK y opramiu-
HOMY MaTPHYHOMY CEPEIOBHII BiTOyBAETHCS MiJ Ti€F0
YO-BunpomiHoBaHHS 3 TOBKHHOIO XBITi 340—380 HM.
3a HU3bKUX TEMIIEpPaTyp BUHUKAIOTh CMYT'H IONJIMHAHHS
mpu 335 HM, 455 HM Ta 500 HM. [Tig giero onTHYHOTO
30ymxenHss HK cBiTI0M 3 TOBKUHOIO XBHIII A > 460 HM
i CMyTH pereHepyoTh. OYeBHIHO, 1€ 3yMOBJICHO PYH-
HyBaHHSM OJ1HOTO 3 Kiyierb HK, 1o cknanaerbes 3 4otu-
PBOX aTOMIB KPEMHiI0. Y 1IbOMY pa3i MOYKJIMBHUM € yTBO-
PEHHS MOJIBIMHUX XiIMIUYHUX 3B’S3KIB Uepes “epeMHUKaH-
Hs” OJIMHAPHHUX 3B’s13KiB Si—Si.

[IpoBezneHi TeopeTHUHI PO3paXyHKH MPU3MATHIHUX
HK nokasyroTb, 1110 He3HaYHA CHEPTis IePEeMHUKAHHS Xi-
MIYHHX 3B’SI3KiB CBITYUTH PO BUCOKY peaKIlidiHy 371at-
HICTh MOJBIHHOTO 3B’ 13Ky Si=Si. 3aBIsku By3bKiii 3a-
OopoHeHii 3011 mpu3MaTrnyHoro HK tepmiuna peakiris,
0 BiIOyBa€EThCs BUINIE3a3HAYCHUM MUISIXOM MEPEXOTY
10 3B’s13ky Si=Si, € hopmasbHO 3a00poHeHO0. [IpoTe
B3a€EMO/JIisl XIMIYHUX 3B’SI3KIB CIPUYHMHSE PO3LICTUICH-
HsI MOJICKYJIApPHHX OpOiTajeil Ha 3B’s3yBaJIbHI Ta pO3-
mymyBaiibHi. [lepexonn Mk IMMU eJIEKTPOHHUMH PiB-
HSMH  BiIIOBITaIOTh CKCIICPUMEHTAIBHO BU3HAYCHUM
cMyraMm TIOTJIMHaHHS Tipu A=455 M Ta 335 HM Biamo-
BiJtHO. HaifHn»K4a eHepris mepexo/1y BiJlIOBiIa€ ITUPH-
Hi 3a0opoHeHOi 30HH. BiTHOCHO clTa0Kor0 € JIiHis 1Mo-
miHaHHS ipu A=500 HM.

Bnaue mampuynozo omouenns na amomapni HK-
kinbys. [IpoBeicHU aHANITHYHUNA aHATI3 LTOCTPYE
Oinbury crabinbHicTs THX i30MepiB HK ZH, (Z=Si, Ge,
Sn), siKi MalOTh MEHIIIY KiJIbKICTh TOABIMHUX XIMIYHHX
3B’s13KiB. BiATOBIIHO 10 PO3PaxyHKIB, y HACHBOBAHOTO
yoTupMa aroMamu BoaHio HK, mo MicTuth 9oTHpH aro-

mu kpemniro (HK-Si,H,), nopxuna ximMi4HOro 38’s13Ky
Si=Si (r; ;) ckanamae 2,314 A. Taxnif 38’5130k € KOpOT-
UM 3a oquHapHuid y Tomy x HK, noexuHa sikoro cra-
HOBHUTH 2,52 A.

30imbireHHs KinbkocTi aromiB Si'y HK mpuzBomuth
JIO 3pOCTaHHS MIDKATOMHHX B1JICTAHEH:

rgi si(Si,H,)=2,314 A< rgi si(SigHg) =2,359 A<
<rg &(SigHg)=2,396 A.

Bennuuna rg; o; y nuknignomy tproxaromuomy HK
MEHIIIa HK y UMKIIYHOMY YOTHPUATOMHOMY:

re.si(Siy) = 2,241 A <rg ((Si,) =2373 A,

st TeHACHIIIS TOCUITFOETHCS JIJISl BUIIUX 3aMICHUKIB
IV rpynu niepionuunoi Tabnuii. Pesynbrati po3paxyH-
KiB JIOBOJISATh, 1[0 HEMAE IiJICTaB OB’ s3yBaTH JIOBKHU-
Hy XIMIYHOTO 3B’5I3Ky 3 Horo MirHicTrO. Tak, XiMIgHHIA
3B’s130K y TpratomHoMy HK-kinbi (3-AK) € “criabmm”,
HiX y 4-AK. Ile 3yMOBIICHO THM, 1110 JUIS aHAJIOTIB ByTJIe-
1o (ememenTiB [V rpynn) B HK xapakrepHe 30epexeHHs
MIEBHOTO TUITY TOpUAN3allii 381151 BTpUMaHHS TPHATOM-
HOTO KapKaca i3 KOHKPETHOI CUMETPI€r0, HABITh TIOMIPH
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CHEepreTU4Hi BUTPATH. [y KoMIIeHcalil BTpaTu eHeprii
JIOBXKHMHA XIMIYHOTO 3B’ 513Ky MI’K aTOMaMH KapKaca CKO-
pouyeThCS JOTH, TOKH 1ie CIpusie cTadimizanii camoro
HK. Crynins ribpuausanii € 10cTaTHIM U1 KOMIICHCA-
11i1 TAKOTO CKOPOUEHHS MOTIPH T€, IO 1€ TPU3BOAUTH 0
nedopmaiiii Ta mocinadneHHs 3B°s3Ky y 3-AK.

Jas wotuproxaroMuux nonienprunux HK kpemHiro,
110 CKJIaJIal0ThCsl BUKITIOUHO 3 3-AK, XapakTepHoto € jie-
(hopmartisg Ta mocnadIeHHs XIMIYHOTO 3B’ A3KY i BIUTH-
BOM JIiraHAiB. SIK MPUKIaa pO3MISHYTO ABA MOKIINBI 130-
mepu HK Si,(SiH,),, npencrasneni na puc. 3. Lli HK Bin-
PI3HSIOTHCS PO3TATHEHHSIM KOHKPETHOTO Si—Si-3B’SI3KY
B siapi HK mix BrtmBoM macuBatopis.

PesynpTaTi TeOpeTHUHHUX OIIHOK (Ha muatdop-
Mi GAMESS y 6a3ucnomy Habopi 6-31G [15]) otpu-
MaHO JJii CUMETPUYHOIO HK—Si4Y 4» JI€ pOJIb JIraHaiB
Y sinirpatote HK-parmentu tuny SiH,. Jlng Takux
CTPYKTYP XapaKTCpPHUM € BUHUKHEHHS CHEPreTUYHOIO
0ap’epy BHACIIOK 3MiHU ITPOCTOPOBOTO PO3TAITYBaHHS
niranjiB. Ha puc. 3 miranau BUJiIEHI KOJaMHA HABKOJIO
ocHoBHoro Si-HK (uotuproxaromuoro HK-sapa, pos-
TaIIOBAHOTO B IeHTPi). Koau niranaym 3MiHIOIOTH CBOE
MIOJIOKEHHSI Y MPOCTOPi, 3MIHIOETHCSA JTIOBKHWHA XiMid-
HOTO 3B’s13Ky Si—Si B ocHOBHOMY siipi HK. 36mmkenns
nacuBatopiB SiH; mpu3sBOAMTE 10 301TbIICHHS MiX-
aTOMHOT BiJICTaHi Ta HABITh MOXKJIMBOTO PO3PHBY 3B 3Ky
(puc. 3, A). YHacniiok NOITIMHAHHS JOJATKOBOI eHep-
rii (Ea = 0,43 eB) macuBaTopu BiIIaIsIOThCS OIWUH BiJl
onnoro (puc. 3, b), mo crpusie GopMyBaHHIO HEHATIPY-
KEHUX XIMIYHHX 3B’s13KiB Si—Si B ocHOBHOMY siapi HK
KpeMHio. OTxe, y TAKOMY MaTpUYHOMY OTOUCHHI CHHTE3
gotupboxaromHoro HK, moBHicTio yrBOpenoro 3 3-AK,
€ BUCOKOHMOBIPHUM.

Bennke MexaHiuHe HanpyXeHHsI Ta MocIa0aeHni Xi-
MiuHUil 3B’5130K ¥ 3-AK naroTh mijncTaBu 3poOuTH Bax-
JIUBUH ISl IPAKTUKY BUCHOBOK PO HEMOXJIUBICTD BH-
KOPHUCTaHHS MOMIOHNX IUKJIIYHUX OJOKIB s hopMy-
BanHs Benukux HK-nomienpis [16]. Y Tadua. 2 HaBene-
Ho eHeprii aedopmarii HK s pisHux Tumis nacusaro-
piB (JriranniB) 00ipBaHMX 3B’3KiB. 3aMiHA aTOMiB BOJ-
1o (H) rpynoro SiH, npussoants 10 sHmkeHHs 1epop-
ManiiHoro HanpyxeHHs y HK.

Si,(SiH,),

Puc. 3. Enepreruunuit 6ap’ep, 1mo BHHUKAE B mporieci (op-
MYBaHHS YOTHPBOX TpboxaToMHHMX HK-kinmenp BHacmizox
30inbIeHHs BigcTani Mk macusyrounmu HK-¢dparmentamu
3 motoBxkeHuM (A) i 3BuuaitnuM (b) XiMigyHUM 3B’ s13K0M Si—Si

Tabmuis 2
Enepeis oepopmayii nonieopuunux HK Si, Y, ons piznux
munie nacusyiouozo nieandy (Y =H, SiH,)

HK (rpymna cumerpii) Ee S;"H")’ Ee (Sz’B(SiHQ”’
Si,H, (T, 6,14 4,90
SigH, (Dy,) 4,96 4,13
SigH, (O,) 4,10 3,30

Ipumimxka. Po3paxoBano 3a anroputMom GAMESS
y 6a3uci 6-31G.

AHaii3 po3noaiTy 3apsy, JOKaIi30BaHOTO Ha aTOMaX
HK, nmiareepmkye, mo HK SiH3, Ha BIIMIHY BiJ] TOOIH-
HOKHUX aTOMIB (HalpuKJjal, TajJloreHiB), Biirpae pob
CIIEKTPOIIO3UTUBHOTO TacuBatopa. CIuij| miIKpecInTH,
110 3’sICOBaHa IepeBara eNeKTPOHHO-IOHOPHUX 3aMic-
HUKIB HaJ| eICKTPOHHO-aKIECIITOPHUMHU 3a0e31euye 3HU-
JKeHHs eHeprii nedopmartii HK, o e kirouoBrM YMHHU-
KOM JUIsI JOCATHEHHS IXHBOI TEpMOAMHAMIYHOT CTa01JTb-
HOCTI. 3aJICKHICTh eHeprii AedopMariii Ta moBepxHe-
Boi eHeprii Bin po3mipy HK no6pe y3romkyerscest 3 na-
Humu U1 iHuXx HK-cucreM. Po3paxyHku mokasyroTs,
110 30UIbLIEHHS BiJI’€MHOTO 3apsily Ha aTOMax Kapka-
ca HK 3meHIye pi3HULIIO B pO3Mipax MK BaJT€HTHUMH
S- Ta p-opOiTaIsIMH, BHACIIZOK YOTO T10pUAM3aLlis aTOM-
HUX OpOiTanell MONIMIIY€EThCS: SHEePTis S—p-IPOMOIIil
3HUXKYETHCS, KOJM HA aTroMax KapKaca HaKOIUYYETbCS
Bi1 emHuit 3apsia. ToOTo Hagith 3-AK 3 rpynamu SiH,
€ mocuTh eexTruBHUMHE Oi0KkoBUME HK-cncremamu.

BucHoBkn

OT1xe, y poOOTi BU3HAUYCHO OCHOBHI CTPYKTYpHI,
CIIEKTPOHHO-CHEPTETHYHI Ta TPAHCHOPTHO-KiHETHYHI
xapakrepuctukn HK. BeranoBneno Taki Kiiro4oBi Mo-
MCHTH:

* nocmijpkyBani Si-HK maroTe Bin’eMHI 3HaYeHHS
CHeprii 3B’5I3Ky, 1[0 CBIAINTH PO IXHIO XiMIYHY CTIHKICTH;

* 30iIBIIeHHS KinbKocTi aroMiB y HK mpn3Boauts 1o
3pOCTaHHS MUTOMOI CHEPTii 3B’ A3KY;

* y pa3i 3miHu 3apsaaHoro crany HK nokuHa Ximiu-
HOTO 3B’SI3Ky MDX aTOMaMH 301bINY€ThCS TPH BTPATi
eJIeKTPOHA (KaTioHi3amii) 1 3MEHIITY€THCSI IPH 3aXOTIJICH-
Hi (anioHizarii). [le o3Hauae, o0 y TaKUX BUIAKaX reo-
meTpis HK morpeOye 060B’13k0BOT ONITUMI3AILT;

* JIJISl IEPBUHHOI OI[IHKK TeOMETPii Ta CTa0lIbHOCTI
Si-HK naizpyunimmm € metoq PM3 13 mogansmmM yTod-
HeHHsIM y 0azuci XDP/6-31G*. Meton XDP (6-31G*)
3a0e3redye HaWBUIILY TOYHICTh Y BU3HAUCHHI JIOBKUHU
3B 513Ky Si—Si Ta Kopeltoe 3 Teopemoro Kyrnmanca 3a 3Ha-
HeHHAMHU Eyomor Ast KiTbKicHOTO PO3paxyHKy eHepre-
TUYHUX 1 TPAHCIIOPTHUX NApaMeTpiB PEKOMEHAYETHCS
3actocoByBatu Metoau MP2 (6-31G*) ta [1OET;

* B IPOIIECi yTBOPECHHS MOJBIHHUX XIMIYHUX 3B’ SI3KiB
ridpuan3anis aToOMHUX OpOiTaneil iIHTCHCUBHIIIE 3MiHIO-
€THCSl Y MAaTPUYHOMY OTOUCHHI;
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* CIIOCTEPIra€Thcsi BUCOKA aKTUBHICThH MOJBIHHOTO
3B’s13Ky Si=Si yepe3 Majy €Hepriro Horo nepeMuKaH-
HSl, 10 3YMOBJICHO BiJIHOCHO BY3BKOIO 3a00pPOHEHOIO
300010 HK;

* isomepu ZH, (ne Z=Si, Ge, Sn) 3 MEHIIOK KiJlb-
KICTIO TIO/IBIHHUX 3B’SI3KIB IEMOHCTPYIOTh BHIY CTa-
OinbHICTH, pH 1IboMYy HK i3 mOBHICTIO TacCMBOBaHUMH
3B’s13KaMH Y (hOpMi ITPU3MH € OLIIBII cTa01IbHOO KOH(i-
rypari€eto, Hix TutaHapHi 6ensonononioni Si-HK;

* MPUPO/Ia TACUBATOPIB (aTOMIB BOIHIO 200, HAMPH-
knaz, ¢pparmentis SiH,) BrumBae Ha eneprito gedop-
mauii nomienpuunux HK tuny Si Y, . Bucoke mexaniu-
HE HamnpyXeHHs Ta MOCIa0IeHU XIMIYHHIA 3B’ SI30K Y
3-AK BKa3yroTh Ha HEMOXKJIMBICTh BUKOPUCTAHHS Ta-
KUX IUKIIYHAX ONOKiB i (hopMyBaHHS Benukux HK-
noJriespiB.

Pesynsratu nocnimkens HK Bu3HaueHoi cumerpii ta
Mopdosorii pi3HOTO po3Mipy MOXKYTh OyTH BUKOPHCTaHI
B IIPOIIECi CTBOpEHHS KpeMHieBuX cBiTnonionis (LED),
HAHOJIa3epiB Ta ONTHUYHHUX XBUJICBOAIB, 110 €(EKTUBHO
IHTETPYIOTHCSI Y MIKPOCXEMH, a TaKOX SIK CTPYKTYpHI
€JIEMEHTH HaHOEJIEKTPOHHUX TPAH3UCTOPIB, BUMPSIMILS-
YiB Ta {HIINX IPUCTPOIB (PyHKIIOHATIBHOI EICKTPOHIKH.
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CHARACTERISTICS OF NANOCLUSTER SUBSYSTEM COMPONENTS
OF HETEROJUNCTIONS

A calculation and analysis of the characteristics of nanocluster (NC) subsystem components as structural elements for silicon
electronics materials have been performed. Effective computational models were selected to evaluate the structural, energetic,
and kinetic characteristics of NCs of various sizes. To analyze geometric topology stability and electron density distribution,
a physical model based on quantum-chemical methods and interatomic interaction potentials is proposed. Atomic structure
optimization and electronic property analysis of silicon nanostructures revealed that chemical bond lengths increase during
cationization and decrease during anionization. The influence of the matrix environment on nanocluster properties was
analyzed. A phenomenon defined as the “switching” of interatomic chemical bonds within the nanocluster was identified. This
effect yields practical optical capabilities that can be utilized to design color-sensitive semiconductor devices.

Keywords: silicon nanoclusters, heterojunctions, matrix environment, quantum-chemical modeling, passivation, cationization,

chemical bond switching.

REFERENCES

[1] Yu. M. Poplavko, Solid State Physics (in Ukrainian), vol. 1,
Structure, Quasiparticles, Metals, Magnetics. Kyiv, Ukraine: Igor
Sikorsky Kyiv Polytechnic Institute, Publishing House “Polytechnica”,
2017.

[2] K. Jackson and J. Jellinek, “Si clusters are more metallic
than bulk Si,” J. Chem. Phys., vol. 145, no. 24, p. 244302, 2016, doi:
10.1063/1.4972813.

[3] S. Manna, Y. Wang, A. Hernandez et al., “A database of
low-energy atomically precise nanoclusters,” Sci. Data, vol. 10,
pp. 308311, 2023, doi: 10.1038/s41597-023-02200-4.

[4] V. V. Kovalchuk, D. O. Dyachok, D. O. Korchevskyi, and D. O.
Popriaha, “Methods of forming the matrix environment of nanoclusters
in the case of biological objects” (in Ukrainian), Acta Carpathica,
vol. 44, no. 2, pp. 106—114, 2025, doi: 10.32782/2450-8640.2025.2.11.

[5] V. V. Kovalchuk, D. O. Dyachok, and D. O. Popriaha, “Film
heterojunction with nanocluster subsystem for new type of photocells,”
Technology and design in electronic equipment, no. 3, pp. 9— 14,2025,
doi: 10.15222/TKEA2025.3-4.09.

[6] V. V. Kovalchuk and D. O. Popriaha, “Formation of a nano-
cluster subsystem of a film heterotransfer,” (in Ukrainian) Sensor
Electron. Microsyst. Technol., vol. 23, no. 3, pp. 58—64, 2025, doi:
10.18524/1815-7459.2025.3.339805.

[7]1O. H. Pashynska and A. V. Zavdoveev, “Artificial intelligence
in materials science: Changes in discovery and development of materi-
als” (in Ukrainian), Sci. J. Metinvest Polytech. Ser. Tech. Sci., no. S,
pp. 152—163, 2025, doi: 10.32782/3041-2080/2025-5-17.

[8] M. Uchida, T. Yokoi, Y. Ogura, and K. Matsunaga, “Artificial-
neural-network descriptor enhancing accuracy of machine-learning
interatomic potential and its application to lattice defects in Si,”
Phys. Rev. Mater., vol. 10, no. 8, p. 103805, 2024, doi: 10.1103/
PhysRevMaterials.8.103805.

[9] W.-H. Yang, W.-C. Lu, C. Z. Wang, and K. M. Ho, “How
big does a Si nanocluster favor bulk bonding geometry?,” J. Phys.
Chem. C, vol. 120, no. 3, pp. 1966—1970, 2016, doi: 10.1021/acs.
jpce.5b11004.

[10] N. E. Mohammad, “Comparing empirical interatomic po-
tentials to modeling silicon surface stress,” Solid State Commun.,
vol. 344, p. 114656, 2022, doi: 10.1016/j.ss¢.2022.114656.

[11] M. Uchida, T. Yokoi, Y. Ogura, and K. Matsunaga,
“Application of neural-network potential based on trainable descriptor
to crystallographically complex lattice defects in silicon,” Phys. Rev.
Mater.,vol. 9, p. 113804, 2025, doi: 10.1103/3gx6-zp38.

[12] N. Pangeni, C. Shahi, J. Perdew, V. Subramanian, B. Kanungo,
V. Gavini, and A. Ruzsinszky, “Hartree-Fock density functional theory
works through error cancellation for the interaction energies of halogen
and chalcogen bonded complexes,” J. Chem. Phys., vol. 9, pp. 3—11,
2025, doi: 10.26434/chemrxiv-2025-wift9-v2.

[13] V. V. Kovalchuk, “Optical properties of clusters,” J. Phys.
Electron., vol. 26, no. 1, pp. 29—-34, 2018, doi: 10.15421/331804.

[14] A. Sekiguchi and H. Sakurai, “Exotic polyhedral oligo-
germanes and related molecules,” in The Chemistry of Inorganic
Ring Systems, R. Steudel, Ed. New York, NY, USA: Elsevier, 1992,
pp. 101-123.

[15] V. V. Kovalchuk and M. O. Yakovenko, “A systematic analy-
sis of calculation schemes in quantum chemical bonding theory using
the GAMESS platform,” in Proc. IX Int. Sci. Pract. Conf. Ricerche
Scientifiche e Metodi della Loro Realizzazione: Esperienza Mondiale
e Realta Domestiche, Bologna, Italy, July 10, 2026, pp. 7882,
[Online]. Available: https://archive.logos-science.com/index.php/
conference-proceedings/article/view/3771.

[16] S. Ali and E. Neyts, “Size-dependent strain and surface ener-
gies of gold nanoclusters,” Phys. Chem. Chem. Phys., vol. 18, no. 2,
pp. 792-800, 2016, doi: 10.1039/C5CP06153A.

Copyright: © 2026, The author(s). Licensee: Politekhperiodika, Odesa, Ukraine. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/).

16

TexHOJIOTisl Ta KOHCTPYIOBaHHS B €JIGKTPOHHIH amapatypi, 2026, Ne 1

ISSN 3083-6530 (Print)
ISSN 3083-6549 (Online)




SENSORS

VIK 621.382.592 DOI: 10.15222/TKEA2026.1.17

Thor VIRT, Ivan PADALKA

Ukraine, Ivan Franko State Pedagogical University of Drohobych

MODELING OF A PHOTODIODE STRUCTURE BASED
ON A HETEROJUNCTION ZnO/Si1

In this work, a self-powered photodetector based on a bulk ZnO/Si p—n heterojunction is numerically investigated and analyzed
using the Solar Cell Capacitance Simulator in One Dimension (SCAPS-1D). The energy band diagram, electron-hole generation
and recombination rates, current-voltage (J—V) characteristics, spectral photosensitivity response, and specific detectivity
are examined. To optimize photodetector performance, the effects of absorber layer thickness, shallow acceptor and donor
densities, and defect density were systematically studied. Various electron transport parameters of ZnO were also considered.
The responsivity and specific detectivity of the simulated photodetector are 0.23 A/W and 1.1-10" Jones, respectively.

Keywords: photovoltaic cell, photodetector, numerical simulation, electron transport material (ETM), ZnO, heterostructure,

SCAPS-1D program.

Current trends in sensor instrumentation encompass
a range of promising emerging technologies alongside
innovative chemical and physical processes, as well as
advanced systems for signal generation, conversion, and
transmission. Photodetectors, which directly convert
light into electrical signals, have been developed for
numerous applications, including medical diagnostics,
aviation, target recognition, and related fields [1]. Self-
powered photodetectors based on p—n junctions exhibit
outstanding photovoltaic characteristics—such as fast
response speed, wide linear dynamic range, and low
noise—and have demonstrated significant progress in
recent years [2]. To further enhance these parameters,
research groups are developing dedicated simulation
tools and conducting photovoltaic device modeling
studies. Simulation methods provide valuable insight
into the physical phenomena governing photovoltaic
cell operation. For this purpose, SCAPS-1D (Solar Cell
Capacitance Simulator—One Dimensional) software has
been widely adopted [3].

The built-in electric field present at the heterojunction
interface between dissimilar materials acts as a driving
force for the efficient separation of photogenerated charge
carriers, thereby sustaining a continuous photocurrent.
When electron-hole pairs are generated within the
depletion region of a p—n junction, the local electric field
separates them, allowing the carriers to be collected at
the respective external contacts.

Currently, theoretical studies of silicon-based hetero-
structures are widely conducted using SCAPS software.
In particular, planar configurations of metal oxides and
silicon, such as ZnO/Si, are commonly employed as model
systems. Numerical analysis is performed to determine
the optimal conditions for such photodetectors, and the

factors governing their performance are systematically
investigated. Numerical modeling represents a critically
important stage in optimizing device architectures prior
to experimental fabrication and testing. Furthermore,
simulation results demonstrate that well-aligned energy
bands in the metal oxide and silicon lead to improved
device performance, whereas misalignment of the bands
results in increased charge recombination rates and
reduced efficiency. The ability of a device to reliably
detect radiation is a fundamental requirement for its
practical industrial application.

Thin-film metal oxides (TFMOQs) continue to attract
considerable interest due to their versatility in sensing
applications. Interest in modeling TFMOs has grown
substantially over recent decades, driven by their
relative simplicity and compatibility with available
simulation tools. Nevertheless, most TFMO-based
devices still exhibit low conversion efficiencies, and
laboratory efforts to achieve optimal energy conversion
continue despite advances in numerous physical and
chemical fabrication methods for photovoltaic cells. This
limitation can be attributed to several loss mechanisms
inherent in absorber layer structures. Zinc oxide is
widely used in optoelectronics owing to its excellent
optical and electronic properties, and has established
itself as a multifunctional material over the past five
decades. ZnO is a wide-bandgap semiconductor with
a bandgap of 3.36-3.41 eV, and is also regarded as
an effective anti-reflection material suitable for optical
detection and a broad range of optoelectronic applications
[4]. Among heterojunction device architectures, the
ZnO/Si thin-film heterostructure is one of the most
extensively optimized configurations, demonstrating
high photodetection efficiency. Key device parameters—
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including absorber and electron transport layer (ETL)
thickness, series resistance, shunt resistance, and
operating temperature—can be evaluated together with
corresponding characteristics such as carrier generation
and recombination rates, capacitance—voltage (C—V)
profiles, current density—voltage (J—V) curves, and
quantum efficiency. These performance metrics are
strongly influenced by crystallographic quality, surface
morphology, and film density, making the choice of ZnO
deposition technique critical for fabricating high-quality
photosensitive structures [5]. Numerical simulations of
low-cost ZnO/Si devices have previously been carried out
using various tools, including AFORS-HET and PC1D
[6], [7]. ZnO/Si photocells have also been modeled with
Silvaco ATLAS, where bandgap profiles and electric field
distributions at the Si/ZnO interface were examined [8].
The SCAPS-1D software enables numerical investigation
of hetero- and multi-junction photovoltaic devices,
supporting the extraction of photovoltaic parameters
as well as non-standard measurements, including C-V,
G-V (conductance—voltage), and C—f (capacitance—
frequency) characteristics. It has also been applied to
simulate ZnO/Si solar cells with interface defects [9].
Simulations were carried out using an iterative approach,
solving the Poisson equation together with the continuity
equations for electrons and holes [10], with photodetector
parameters extracted under different spectral conditions.
The resulting SCAPS-1D outputs can be benchmarked
against those obtained from other simulation platforms
[11],[12]. Among the most widely used simulation tools
in recent years are COMSOL, Silvaco ATLAS, AMPS,
wxAMPS, and SCAPS [13], [14].

Among the available simulation tools, SCAPS-1D
is regarded as particularly accessible, offering a broad
range of input and output parameters [15], [16].
Compared to other common platforms for photodetector
analysis—such as TCAD, ANSYS Lumerical Charge,
and COMSOL Multiphysics—SCAPS-1D occupies a
distinct and well-established position in the field. Its
open-source nature and intuitive interface have made it a
de facto standard in photovoltaic research. The reliability
of the software is supported by a strong agreement
between simulation results and experimental data for
both p—n and n—i—p device structures. SCAPS-1D is a
numerical platform for analyzing and optimizing thin-
film photovoltaic homo- and heterojunction structures
through the self-consistent solution of Poisson’s equation
and the carrier continuity equations, enabling detailed
analysis of multilayer heterojunctions by allowing
independent variation of layer thickness, doping
concentration, defect density, and bandgap [17], [18].
The simulator is built upon the numerical solution of
the fundamental semiconductor equations—namely, the
Poisson equation and the carrier continuity equations—
ensuring accurate computation of J-V characteristics
and quantum efficiency [19], [20]. This physically

rigorous approach yields high fidelity in modeling the
optoelectronic processes occurring within photodetector
structures. The strong correspondence between simulated
and experimental results establishes SCAPS-1D as a
dependable tool for predictive device design, enabling
the effective development of sensors for optical imaging,
environmental monitoring, and operation across a broad
spectral range.

The aim of this work is to investigate and analyze,
by means of numerical simulation within the SCAPS-1D
software environment, the parameters and characteristics
of a ZnO/Si heterojunction photodetector. Particular
attention is given to the influence of ZnO oxide layers
grown on silicon substrates by pulsed laser deposition
[21], [22] on the responsivity and specific detectivity of
the device in the ultraviolet spectral region (300 nm).

Research Methodology and Subject
of Investigation

This work employs a planar p—n heterojunction
structure consisting of a p-type Si layer and an n-type
ZnO thin film. Default device parameters are applied
across configurations with different active layers.
The photoelectric performance of the n—p ZnO/Si
heterojunction was numerically evaluated using
the fundamental equations governing electron—hole
junctions, with simulations carried out in SCAPS-1D.
Based on input parameters such as layer bandgap,
thickness, and doping concentration, the software
predicts key photovoltaic characteristics—including
current—voltage curves, quantum efficiency, and energy
band diagrams. The principal input parameters include
dielectric permittivity, bandgap energy (Eg), electron
affinity, carrier mobility, and doping concentrations
(Np, N,). The generation rate is computed from the
optical absorption profile under a specified illumination
spectrum, while the recombination rate is determined
self-consistently alongside the carrier transport equations.
The platform also supports parametric optimization—
for example, systematic variation of layer thickness or
doping concentration—enabling quantitative assessment
of their impact on power conversion efficiency (PCE)
and fill factor (FF).

The thickness of the metal oxide film was varied in
the range of 50—700 nm for the absorber layer, while the
base layer (industrial-grade silicon wafers) had a fixed
thickness of 250 um. Planar configurations offer the
advantage of low-temperature processing, which enables
the fabrication of flexible devices without inducing
substrate degradation. Furthermore, such configurations
are compatible with tandem junction architectures
incorporating a variety of semiconductor materials. The
simulation results identify the optimal photodetection
efficiency for a range of p—n parameter values of the
ZnO/S1i heterojunction.
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Fig. 1. Schematic representation of the n-ZnO/p-Si hetero-
structure (@) and device configuration used for numerical
modeling in the SCAPS-1D simulation environment (b)

Since Si is a p-type semiconductor, an n-type
electronically conductive metal oxide was incorporated
as the photoabsorber within the heterojunction structure.
ZnO thin film, owing to its favorable optoelectronic
properties, serves as an n-type material functioning
simultaneously as both the window and active layer. The
relatively thick Si base provides strong optical absorption
and forms a heterojunction that is well-matched to n-type
thin-film overlayers. This configuration enables enhanced
photocurrent generation upon interaction of ultraviolet
photons with the active layer, allowing absorption of all
photons with energies exceeding the bandgap of ZnO.
Together, the n-type absorption layer and the p-type
silicon layer constitute a conventional photovoltaic
structure with a window—absorber n—p junction, as
illustrated in Fig. 1. In a homojunction device, both
regions are composed of the same semiconductor
material, whereas in a heterojunction device they consist
of two distinct materials.

The interface between the p- and n-type regions
is regarded as the most critical component of any
photovoltaic device. Within this region of the hetero-
structure, energetic photons absorbed in the space-charge
depletion region drive the separation of electron-hole
pairs, a process that plays a decisive role in determining
overall device performance.

Numerical Simulation Using SCAPS-1D

Simulations were performed using SCAPS version
3.3.12, a software package widely adopted for modeling
photovoltaic cells based on polycrystalline thin films,

which also supports the simulation of step junctions. The
principal photovoltaic parameters—open-circuit voltage
(V5c)» short-circuit current density (Jg), fill factor (FF),
quantum efficiency (QF), and the band structure of the
heterojunction—are key determinants of photodetector
responsivity [23], [24]. Simulations were conducted
under spectral illumination conditions, within which a
variety of homo- and heterojunction architectures can
be proposed and evaluated [25], [26].

The simulation framework is based on the self-
consistent numerical solution of Poisson’s equation and
the semiconductor continuity equations. The continuity
equations, solved within the junction interface region,
govern charge carrier transport inside the device—
accounting for electrostatic potential distribution, carrier
drift and diffusion, and electron-hole recombination
processes [27]. Poisson’s equation is given as

Vio=—L—p+ Ny =N, (1)
where ¢ is the electrostatic potential;
g is the dielectric permittivity;
q is the elementary charge;
N,, N, are the acceptor and donor densities, respectively;
D, n are the hole and electron concentrations, respectively.

The semiconductor carrier transport equations are
given as

VJ,=q(G—R); (2)

VJ, =q(R—G), (3)

where J»J, are the hole and electron current density, res-
pectively;

G is denotes the optical generation rate;

R is the total recombination, including direct and
indirect recombination.

All these parameters are a function of the interface
coordinate (coordinate position x). Introducing the
effective potentials ¥, and V,, as characteristic quantities
of the interface region, we obtain

AG
V=V +y =" 4)
g
AG
Vo :V—(I—Y)?- (%)

The parameters AG and y take into account changes in
the band structure, such as the density of states of the band
gap, and also take into account Fermi—Dirac statistics.
Then the hole and electron current densities appearing
in equations (2) and (3) are given by

J,=—qu,p-VV,—kIn,-Vp; (6)

()

where p,, W, are the electron and hole mobilities,
respectively.

J,=—qu,n-VV, —kTu,-Vn,
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Fig. 2. SCAPS-1D simulation platform for modeling the optoelectronic properties of the n-ZnO/p-Si heterojunction

The software interfaces use all the variables listed in The key outputs generated by SCAPS-1D include:

Table 1 and are the device input parameters during the » J-V curves, used for optimizing the power conver-
simulation. sion efficiency;
All variables listed in Table 1 serve as device input » quantum efficiency describing photon-to-carrier
parameters during simulation and are directly accessible | conversion as a function of wavelength;
through the software interface. The complete modeling * energy band diagrams providing visualization of
procedure for characterizing a heterojunction is outlined | band alignment and Fermi-level () distribution;
in the flowchart presented in Fig. 2. * capacitance—voltage characteristics, enabling
Table 1 determination of carrier concentration and built-in
potential.
Device parameters: ZnQ layer and substrate p-Si [28] In each simulation run, the primary variable
Parameters 1710 p-Si (voltage V, frequency f, or current /) is swept across a
- — specified range. The resulting outputs include computed
Relative permittivity, &, 9 11.9 parameters and characteristics—such as J—V and C—V

Energy gap, E, (¢V) 3.3 1.12 curves, C—f'spectra, generation rate profiles Q(A), energy
. ; band diagrams, carrier concentration distributions, and

Thmknesjs’ d(u Tn) variable 250 electron and hole current densities. All simulation results

Electronic affinity, y (eV) 4.35 4.05 are exported in ASCII format and presented graphically

Effective density of states in the for analysis and interpretation.

conduction band, N (cm™?)

4.4-10'8 | 2.8-10"
Results and Discussion

Effective density of states in the 71-10° | 1.04-10'8

valence band, N, (cm ) SCAPS-1D Simulation of the n—p ZnO/Si Heterojunction
Donor concentration, N,, (cm™3) variable — This study examined the effect of ZnO layer thickness
Acceptor concentration, N, (cm) — 70-1015 || ©n the qhargcteristics of the.ZnO/Si heter'ojunct'ion. The
simulation incorporated a nickel-doped zinc oxide layer
Electron mobility, p, (cm?*/V's) 100 1500 serving as an ultraviolet-absorbing medium. J~V curves
Hole mobility, (cm2/V'-s) 25 480 were extracted from spectral rpeasurements perforrped
Electron thermal velocity, V, ) ; both inthe darlf and und'er. 111um1nat10p, reflecting realistic
(cm/s) © 10 10 device operating conditions. The highest fill factor of
Hole thermal velocity, /. (cms) 107 o 63. 1 8% and power conversion efﬁmency of 7.71.% were
> thh achieved for the nanostructured ZnO/Si heterojunction

Temperature, T (K) 300 300 with an absorber layer thickness of 100 nm.
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The input parameters used in the SCAPS-1D
simulations were adopted from the literature and
are based on the material properties of ZnO and Si
summarized in Table 1.

The input parameters for the front and rear contacts
were additionally optimized using SCAPS-1D.

Properties of the ZnO Absorber Layer

The absorption layer consists of an n-type zinc
oxide semiconductor. ZnO exhibits an electron affinity
of 4.5 eV and favorable carrier mobility characteristics.
In addition, ZnO possesses distinctive optoelectronic
properties, high mechanical strength, and a large
refractive index, making it a highly suitable material for a
broad range of applications, including photovoltaics. The
density of states is governed by the strong hybridization
between the constituent atomic orbitals. Among all
orbital contributions, the O2p orbital electrons exert the
dominant influence on the position of the Fermi level
E . The electronic band structure and density of states
represent energy spectra that describe the dependence
of energy eigenvalues on wave vectors in the reciprocal
(k-space) of a crystal lattice, encoding information about
both intramolecular bond interactions and intermolecular
forces.

The electron affinity of ZnO, acting as the electron
transport material, ranges from 3.60 to 4.60 eV. By
adjusting this parameter, the band offset at the interface
with the absorber layer can be tuned, effectively shifting
the energy band alignment. A schematic of the energy
band diagram of the simulated n-ZnO/p-Si photovoltaic
structure is presented in Fig. 3. In this configuration, the
n-Zn0O layer serves as the photoabsorber, while the p-Si
layer functions as the primary charge transport medium.
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Fig. 3. Spatial distribution of energy bands («) and electrostatic
potential in ZnO/Si heterostructures (b)

Simulated Current-Voltage Characteristics
of the ZnO/Si Heterojunction

Representative transport curves across the hetero-
Jjunction interface. Representative transport curves
across the ZnO/Si heterojunction interface were
obtained under the following simulation conditions:
illumination incident from the left contact, voltage
bias applied at the right contact, and the left contact
held at ground potential. Layer interfaces were defined
accordingly. The simulation first computed the energy
band structure, followed by extraction of the J—F and
C—V characteristics. The simulated ZnO/Si thin-film
heterojunction yielded a fill factor of FF~63.18% and
a power conversion efficiency of n=7.71%. Fig. 4
presents the dark and illuminated current—voltage
characteristics over a bias range of —0.8 V to +0.8 V,
where the photocurrent consistently exceeded the dark
current [29]. The photovoltaic parameters derived from
the J-V curves are summarized in Table 2.

Careful analysis reveals the coexistence of several
conduction mechanisms, giving rise to non-ideal diode
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Fig. 4. Current—voltage characteristics of the ZnO/Si photo-
detector, presented on a linear scale () and a semi-logarithmic
scale (b):

1 — dark; 2 — under UV illumination at A=300 nm
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Table 2

Summary of input parameters for the back and front contacts
employed in SCAPS-1D simulations of metal oxide-based
heterojunction devices

Back Front
Parameter

contact contact
Thermionic emission/surface
recombination velocity Holes 1.00-107 | 1.00-107
(cm/s)
Thermionic emission/surface
recombination velocity Electrons| 1.00-107 | 1.00-107
(cm/s)
Metal work function (eV) 5.021 —
Main carrier barrier height (eV)
relative to Ef 0.221 04
Main carrier barrier height (eV)
relative to £, 0 0.227

behavior in distinct operating regions. The forward bias
regime can be decomposed into three characteristic
transport regimes: generation-recombination current,
diffusion current, and an ohmic regime governed by series
resistance [30]. At low forward bias, carrier transport is
dominated by recombination via the Shockley—Read—
Hall (SRH) mechanism, involving defect states and trap
centers within the depletion region. At moderate forward
bias, diffusion current becomes the primary transport
mechanism, as injected minority carriers—holes in the
n-type region and electrons in the p-type region—diffuse
into the quasi-neutral regions, producing an exponential
current—voltage dependence. In this regime, the J-V
characteristic approaches ideal Shockley behavior with
an ideality factor close to unity, indicative of transport
limited by minority carrier concentration gradients.
The built-in potential of the heterojunction facilitates
the separation of photogenerated charge carriers. In
the absence of an external bias, the resulting potential
difference across the device constitutes the fundamental
driving mechanism of the photovoltaic effect. The short-
circuit current exhibits a linear dependence on incident
optical power, while the open-circuit voltage scales
logarithmically with decreasing power, consistent with
the heterojunction equation under illumination.

The dark J-V characteristic displays a nonlinear
increase in current with applied voltage, which becomes
particularly pronounced at higher bias levels. Under
illumination at a power density of 82.7 mW/cm?, the J-V/
characteristic is recorded for both reverse and forward bias
conditions, as shown in Fig. 4. The carrier concentration
directly influences the shape of the J-V curves: as the
doping concentration increases, the resistivity decreases
and the current increases correspondingly.

heterojunction enables rapid separation of photoexcited
electrons and holes [31]. This behavior is attributed to
the high quality of the films and the low defect density
of the fabricated ZnO and Si nanostructures, consistent
with the estimated optical band gaps of the components
used [32].

The current measured at a given voltage under
illumination exceeds that recorded in the dark, confirming
that light absorption in the n-ZnO/p-Si heterojunction
generates a photocurrent through the formation of
electron—hole pairs (Fig. 5). The enhancement of the
reverse current under illumination is attributed to
the generation of additional charge carriers via light
absorption. The difference between the illuminated and
dark currents, /;;— 1, ., is 13.9 mA. The properties of both
front and rear contacts can be independently adjusted, and
the interface defect density between adjacent layers can
be specified as a simulation input. Table 3 summarizes
the key simulated photovoltaic parameters—open-circuit
voltage V., short-circuit current density Jg, fill factor
FF, and power conversion efficiency n—extracted
under illumination. From the J-V curve of the ZnO/Si
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Fig. 5. Modeled carrier concentration (@) and current density (b)

distributions of the ZnO/Si photodetector under
UV illumination:

1 — electrons; 2 — holes; 3 — total concentration
Table 3

Simulated photoelectric parameters of the n-ZnO/p-Si
photovoltaic heterojunction

The described device operates in a one-sided structure, Voer V Jsc» mA/em? FF, % n, %
!aut ZnO plays an act_ive role as the main ab§0rbing layer 0.725 13.9 63.18 771
in the ultraviolet region. The internal electric field of the
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heterojunction photodetector, the short circuit current
Jgo=13.9 mA and the open circuit voltage V,.=0.725 V
are obtained, consistent with the standard J—V response of
a photovoltaic cell under illumination [33]. Variation of
the electron affinity parameter affects the band alignment
at the heterojunction interface and, if not correctly
selected, results in a concurrent degradation of FF, Jg
Voer and .

Effect of ZnO layer thickness on structured
heterojunction photovoltaic cells. In a typical n—p
heterojunction, incident radiation passes through the
absorber layer and partially through the conductive
substrate. Incident photons are absorbed by the n-type
semiconductor absorber layer, while unabsorbed photons
are dissipated as heat. The absorber layer consists of a
ZnO thin film, and the influence of doping concentration
on device efficiency and J—V characteristics has been
examined [34], [35]. Previous studies have demonstrated
that ZnO is the most suitable n-type material for high-
efficiency ZnO-based p—n heterojunction photovoltaic
cells [36]. In the present study, the absorber layer
thickness was varied in the range of 50—500 nm (Fig. 6).
These values fall within the optimized thickness range;
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Fig. 6. Current-voltage characteristics (a) and spectral respon-

sivity (b) of the n-ZnO/p-Si heterojunction at different ZnO
absorber layer thicknesses (nm):

1 —50; 2— 100; 3 — 200; 4 — 300; 5 — 500
(donor concentration in ZnO N, = 10" cm3)

the absorber layer should be sufficiently thin to minimize
series resistance within the photovoltaic device. As
evident from the data shown in Fig. 6, the optimal
ZnO layer thickness lies in the range of 50—100 nm.
At this thickness, the heterostructure attains maximum
photosensitivity in the ultraviolet spectral region.

The optical absorption properties of each layer
can be defined either through a built-in analytical
model or by importing material property files from
the program’s internal library. Within the defect
configuration panel, recombination is categorized
into three distinct mechanisms: Auger recombination,
radiative recombination (both representing band-to-band
transitions) and SRH recombination, which proceeds
via mid-gap trap states. In the present model, only SRH
recombination is activated, defined by a single neutral
defect level with uniform energy distribution and a defect
density of 1-10'% cm3.

Therefore, the n-ZnO/p-Si heterostructure achieves
maximum photosensitivity in the ultraviolet spectral
region at an absorber layer thickness of approximately
50—-100 nm.

Effect of absorber layer doping concentration on
device performance. The doping concentration of the
absorber layer has a significant influence on device
performance and was varied in the range of 1-10'% cm™
to 1-10'® cm™ to examine its effect on the simulated
characteristics.

A maximum power conversion efficiency of 7.71%
is achieved following the optimization and verification of
key simulation parameters. To further refine the properties
of each active layer, the effects of absorber thickness
and doping density on device performance (Fig. 7),
efficiency, and carrier recombination behavior were
systematically investigated. These results demonstrate that
SCAPS-1D is capable of detecting variations in
photovoltaic parameters and quantifying their impact
on simulation output.

The donor concentration in a semiconductor can be
controlled through intentional doping with extrinsic
impurities or by modifying intrinsic defect populations.
Zinc oxide, in particular, exhibits intrinsic n-type
conductivity. The primary intrinsic donor-type defects
in ZnO are oxygen vacancies and interstitial zinc
atoms. The donor concentration can also be tuned by
modifying the density of these intrinsic defects through
post-deposition treatments such as thermal annealing or
high-dose irradiation. As evident from Fig. 7, the optimal
donor concentration in the ZnO layer for achieving
high photocurrent responsivity lies in the range of
10-10" ¢cm3.

The influence of trap defect density N, on the
heterostructure characteristics was also examined.
Using SRH recombination model [37], a defect level
was introduced with a mean energy of 0.58 eV within
the bandgap and a neutral Gaussian energy distribution.
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sivity (b) of the n-ZnO/p-Si heterojunction at different donor
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(layer thickness 100 nm)

The SRH recombination rate is defined by equation

SRH = np —n; (8)
Tp(n—'—ni)—}_’[n(p—’_n[) ’

where p, n denote the hole and electron concentrations;
1, T, are the corresponding non equilibrium minority carrier
lifetimes;
n, is the intrinsic carrier concentration.

The model additionally computes the carrier diffusion
length, as SRH recombination is one of the most
prevalent recombination mechanisms in photodetector
structures [38]. In this study, the trap defect density
was set to N,=1-10"> cm™3, which proved optimal for
the given device configuration. The simulated device
characteristics exhibit a systematic degradation with
increasing defect density in the active absorber layer. The
simulation framework also allows the defect density of
the photoactive layer to be selectively disabled, enabling
assessment of its individual contribution to overall device
performance.

Graph of capacitance and conductivity of
a heterostructure. The capacitive characteristics of the
heterostructure—specifically the capacitance-voltage
(C-V) and capacitance-frequency (C—f) profiles—

were obtained by numerical simulation. The C-V
characteristics were evaluated over a bias range of 0.8 V
at a frequency of 1 MHz.
The dependence of the junction capacitance for an
abrupt heterojunction at zero bias is given in [39]:
2 _ q€,8,NpN . 1
2eNp +8,N) V=V~

)

where ¢ is the elementary electron charge;

g,, N, are the permittivity and donor carrier concentration of
the ZnO layer, respectively;

&,, N, are the permittivity and acceptor carrier concentration
of the p-Si substrate, respectively.

The built-in potential V,; is determined from the
difference in energy levels on the band diagram (see Fig. 3, a).
Its value at a donor concentration of N,=10'> cm™ in
the absorbing layer ZnO is V,,=2.8 V and varies only
slightly with changes in doping concentration. The values
of N, and N  estimated for the n-ZnO/p-Si heterojunction
are in good agreement with those used in the modeling.

Fig. 8 presents the simulated frequency dependence of
the electrical parameters of the n-ZnO/p-Si photovoltaic
cell under zero external bias. The frequency was swept
from 50 Hz to 5 MHz. Fig. 8, a shows that the capacitance
remains approximately constant with increasing frequency
throughout the simulated range. Two distinct regions are
identifiable in the C—fcharacteristics. At low frequencies,
the capacitance is nearly constant and approaches the
quasi-static (DC) limit. At high frequencies, a pronounced
variation is observed, attributed to trapped carriers
transitioning between occupied and unoccupied states
near the Fermi level. When the AC signal frequency
matches the characteristic time constant of these traps,
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Fig. 8. Frequency dependences of the barrier capacitance (a)
and specific admittance (b) of the n-ZnO/p-Si heterojunction
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peak losses associated with interface trap levels are
expected. For frequencies deviating slightly from this
resonance condition, the interface density of states and
the corresponding relaxation times can be estimated from
the C—f'plots.

The interface state density at the heterojunction
interface was evaluated from the relationship between
the surface charge density N and the low-frequency
capacitance C_ [40]:

Nss = CSS 2
q-4

where 4 is the interface area.

(10)

The extracted interface state density is
N, =3.63-10"2eV'-cm™,

In the MHz frequency range, significant changes
in capacitance are observed. At sufficiently high
frequencies, the device capacitance approaches the
geometric capacitance, resulting in an apparent increase
in the measured capacitance value when parasitic
inductance effects are neglected.

The frequency dependence of heterostructures
containing deep impurity levels arises from the charging
and discharging dynamics of deep-level traps within
the depletion region, which respond to the applied
measurement frequency. When deep energy levels
originate from a high concentration of intrinsic defects, the
Schibli—Milnes model can be employed to describe the
frequency dependence of the junction capacitance [41].
In the present work, this model was adopted to analyze
the C—f characteristics of the device. Furthermore, it was
confirmed that for short non equilibrium carrier lifetimes
Tqry (corresponding to the short-diode limit), the barrier
capacitance C.is independent of the bulk layer thickness.
Fig. 8, b shows the simulated conductance-frequency
(G—f) characteristics of the ZnO/p-Si photovoltaic cell
at different frequencies. The conductance decreases to
values on the order of 10~'2 S/cm? at frequencies above
10 kHz. In the high-frequency region, the device response
is dominated by the series resistance and bulk properties
of the semiconductor layers. The extracted values in this
region enable quantification of contact and ohmic losses.

Noise Characteristics of the n-ZnO/p-Si
Heterostructure

It is now widely accepted that current noise
in semiconductors, metals, and electronic devices
originates primarily from resistance fluctuations [42].
These fluctuations may arise from variations in carrier
number, carrier mobility, or a combination of both. The
1/f noise spectrum emerges from the superposition of
elementary stochastic events characterized by a broad
distribution of time constants. In the McWhorter model,
noise is attributed to the tunneling of carriers between
the conducting channel and trap states in the oxide layer
[43], [44]. Examples of such elementary events include

changes in scattering cross-section due to carrier capture
or emission by trap states, tunneling transitions between
non-equivalent atomic configurations, and the motion of
dislocations and grain boundaries [45]. Each elementary
event is characterized by a specific time constant, and its
contribution to the noise spectral density is described
by a Lorentzian function. The relative contribution of
each noise mechanism to the total noise spectral density
depends on carrier concentration and the number of
active carriers involved. Generation-recombination
noise, arising from the capture and emission of charge
carriers, represents one such mechanism. Consequently,
Lorentzian-based noise relations are applicable only
in specific limiting cases and are not valid when the
dominant noise source is carrier mobility fluctuations.
In the case where the elementary event corresponds
to carrier capture and emission throughgeneration-
recombination noise at a localized energy level, the
expression for the noise spectral density is given by [46]

_ﬁ_N,r.P(l—P) 1
S,(f)—Vng Trowy (11)

where N, is the trap concentration;
V' is the sample volume;
P is the energy level occupancy.

As can be seen, the noise spectral density is
inversely proportional to the square of the free
electron concentration o (oc 1/n0%). The noise spectral
density in this model is also expressed in terms of N,
the volumetric trap concentration given in units of
cm3-eV-!. The total noise spectral density depends
on the thickness of the metal oxide active layer (Fig. 9
and Fig. 10), as well as on the total number of charge
carriers in the sample (Fig. 11).

Consider the practically important case of a
semiconductor resistor uniformly doped with shallow
impurities—specifically shallow donors (and acceptors)
at concentration N,. At a given temperature, the shallow
level is fully ionized, and the equilibrium electron
concentration satisfies no=N,. In addition, a relatively
deep localized trap level is present at a concentration N,.
Under thermal equilibrium, the rates of carrier capture
and emission are equal. When concentration fluctuations
are governed by a single trap type, the resulting noise
is of the generation-recombination type. However
multiple trap levels with a corresponding distribution of
characteristic time constants contribute collectively, 1/f
noise arises, and the concentration dependence of the
noise spectral density can deviate from the 1/n0” law.

For a simple two-level system, the standard theory
of generation-recombination noise assumes the existence
of a generation probability per unit time g(N) and a
recombination probability per unit time #(N), describing
transitions from the impurity level to the conduction
band and the reverse process, respectively, within
the framework of the detailed balance equation. In
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general, g is a monotonically decreasing function of N,
while 7 is a monotonically increasing function of N; the
exact forms of these functions are determined by the
physical process under consideration. Under steady-
state conditions, the balance between generation and
recombination is established at go~ g(N,) and 70 = r(N,).
The values of g and r can be obtained by physically
modeling the respective generation and recombination
processes. Based on these calculations, the total noise
spectral density of the heterostructure can be estimated
numerically, for example using the Octave software
environment (Fig. 12).

Quantum Efficiency Characteristics

The QF of a photovoltaic cell is influenced by a range
of factors, including material properties, absorber layer
thickness, and fabrication quality, as illustrated in Fig. 13.

The photoresponse of the device is also strongly
dependent on the polarization state of the incident
illumination. The photodetector based on the optimized
heterojunction exhibits a broad spectral photoresponse
spanning the ultraviolet region. The results demonstrate
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well-pronounced photodetection performance under
ultraviolet irradiation, while the photosensitivity de-
creases appreciably in the visible spectral region. The
high responsivity and on/off photocurrent ratio of the
ZnO/Si device are attributed to enhanced charge carrier
separation, facilitated by the interfacial coupling effect
between the ZnO thin film and the Si substrate.

Responsivity R and specific detectivity D * are the key
figures of merit for evaluating photodetector performance
and assessing detection sensitivity. Assuming that shot
noise originating from the dark current is the dominant
contribution to the total noise, R and D * can be expressed
as [47]:
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D = ﬂ , (12)
2qldark

R— Ilighl :
W, 4

where W, is the incident light intensity;

A is the effective area of the device;

q is the elementary charge (¢=1.60-10"1° C);
is the shot noise current density.

2 q 1 dark

Under ultraviolet illumination, the achieved res-
ponsivity of the photodetector is 0.23 A/W, and the
specific detectivity is 1.1-10'° Jones (cm-Hz 2-W1), as
shown in Fig. 13, b. The photovoltaic characteristics of the
n-ZnO/p-Si heterostructure as a function of ZnO absorber
layer thickness are presented in Fig. 14.

Conclusions

In this work, an n-ZnO/p-Si photodetector was
numerically simulated and optimized using software
SCAPS-1D. The simulated broadband ZnO/Si hetero-
junction photodetector exhibited a nonlinear increase in
dark current as a function of applied voltage, consistent
with the rectifying behavior of a p—n junction. The
optimized heterojunction photodetector demonstrates
a well-pronounced photoresponse across the spectral
range of 200—400 nm. Under illumination, the optimal
short-circuit current density reaches Jo.=13.9 mA/cm?,
and the open-circuit voltage is V,-=0.725 V.

The simulation methodology for characterizing
heterostructures is consistent with established standards.
It enables the systematic selection of absorber layer
thickness, electron affinity, and other electrophysical
parameters for each constituent layer. Variation of
the doping concentration in the absorber layer within
SCAPS-1D vyields a range of photovoltaic responses
and responsivity values. Following optimization, the
photosensitivity of the device is governed by the interplay
between free carrier concentration and trap density. The
improvement in the external quantum efficiency profile
is primarily attributed to absorber layer optimization
and, additionally, to the applied reverse bias voltage.
The applied bias further enhances quantum efficiency
by promoting charge carrier injection driven by photon
absorption, as well as by the photon multiplication effect.
At a wavelength of 300 nm, the optimized fill factor
reaches 63.18%.

In summary, a self-powered photodetector based on the
n-Zn0O/p-Si heterostructure was numerically investigated
and optimized using SCAPS-1D. The responsivity
and specific detectivity of the simulated device are
0.23 A/W and 1.1-10'° Jones, respectively. The simulation
results highlight the potential of n-ZnO/p-Si-based
optoelectronic devices and indicate a promising direction
for further development. Further research should be
directed toward the practical implementation and
experimental verification of the proposed photodetector
architecture.

REFERENCES

[1] M. Ta, N. Xue, A. Muhammad, et al., “Recent Progress in
Photodetectors: From Materials to Structures and Applications,”
Micromachines, vol. 15,no. 10, p. 1249, pp. 128, 2024, doi: 10.3390/
mil5101249.

[2]1J.Qin, Z. Yan, and M. Huo, “Design of low-noise photodetector
with a bandwidth of 130 MHz based on transimpedance amplification
circuit,” Chinese Optics Letters, vol. 14, no. 12, p. 122701, pp. 1 -5,
2016, doi: 10.3788/COL201614.122701.

[3]S. Vaishnavi and G. Seetharaman, “Computational modelling
and photovoltaic performance evaluation of various ETL/HTL
engineered MASnI3 planar perovskite solar cell architectures
using SCAPS-1D,” Energy Conversion and Management, vol. 332,
p. 119747, pp. 1-22, 2025, doi: 10.1016/j.enconman.2025.119747.

[4] D. K. Sharma, S. Shukla, K. K. Sharma, and V. Kumar,
“A review on ZnO: Fundamental properties and applications,”
Materials Today: Proceedings, vol. 49, pt. 8, pp. 30283035, 2022,
doi: 10.1016/j.matpr.2020.10.238.

[S]FE. T. Z. Toma, M. S. Rahman, and K. H. Maria, “A review of
recent advances in ZnO nanostructured thin films by various deposition
techniques,” Discover Materials, vol. 5, art. no. 60, pp. 1-31, 2025,
doi: 10.1007/543939-025-00201-1.

[6] B. Hussain, A. Aslam, T. M. Khan, et al., “Electron Affinity
and Bandgap Optimization of Zinc Oxide for Improved Performance
of ZnO/Si Heterojunction Solar Cell Using PC1D Simulations,”
Electronics, vol. 8, no. 2, p. 238, pp. 1-8, 2019, doi: 10.3390/
electronics8020238.

[7]1 L. Chen, X. Chen, and Y. Liu, “Research on ZnO/Si
heterojunction solar cells,” Journal of Semiconductors, vol. 38, no. 5,
p. 054005, pp. 1-11,2017, doi: 10.1088/1674-4926/38/5/054005.

[8] H. Helal, M. B. Arbia, H. Pakdel, et al., “Enhanced NO2
Detection in ZnO-Based FET Sensor: Charge Carrier Confinement
in a Quantum Well for Superior Sensitivity and Selectivity,”
Chemosensors, vol. 13, no. 10, p. 358, pp. 1 -22, 2025, doi: 10.3390/
chemosensors13100358.

[9]R. Szymon, E. Zielony, A. Lysak, and M. A. Pietrzyk, “Influence
of the type of interlayer on current transport mechanisms and defects in
n-ZnO/ZnCdO/p-Si and n-ZnCdO/ZnO/p-Si heterojunctions grown by
molecular beam epitaxy,” Journal of Alloys and Compounds, vol. 951,
p- 169859, pp. 1-10, 2023, doi: 10.1016/j.jallcom.2023.169859.

[11]M. A. Salih, M. A. Mustafa, and B. A. A. Yousef, “Developing
Lead-Free Perovskite-Based Solar Cells with Planar Structure in
Confined Mode Arrangement Using SCAPS-1D,” Sustainability,
vol. 15, no. 2, art. 1607, pp. 1 —18, 2023, doi: 10.3390/su15021607.

[12] H. Yao and L. Liu, “Design and Optimize the Performance
of Self-Powered Photodetector Based on PbS/TiS3 Heterostructure by
SCAPS-1D,” Nanomaterials, vol. 12, art. 325, pp. 1—-11, 2022, doi:
10.3390/nan012030325.

[13]G. C. EnSebe, K. Ukoba, and T.-C. Jen, “Numerical modeling
ofeffect of annealing on nanostructured CuO/TiO2 pn heterojunction
solar cells using SCAP,” AIMS Energy, vol. 7, no. 4, pp. 527—-538,
2019, doi: 10.3934/energy.2019.4.527.

[14] A. A. Goje, N. A. Ludin, M. A. M. Teridi, et al., “Design and
Simulation of Lead-free Flexible Perovskite Solar cell Using SCAPS-
1D,” IOP Conf. Series: Materials Science and Engineering, vol. 1278,
art. 012004, pp. 1 13,2023, doi: 10.1088/1757-899X/1278/1/012004.

[15]E. L. Meyer, S. Jakalase, A. Nqombolo, et al., “The Numerical
Simulation of a Non-Fullerene Thin-Film Organic Solar Cell with
Cu,FeSnS, (CFTS) Kesterite as a Hole Transport Layer Using SCAPS-
1D,” Coatings, vol. 15, no. 3, p. 266, pp. 1-21, 2025, doi: 10.3390/
coatings15030266.

[16] A. Krishnan and T. D. Subash, “Simulation of NiOx Based
Solar Cells Using SCAPS Software,” NanoWorld Journal, vol. 9,
no. S5, pp. S143—-S148, 2023, doi: 10.17756/nw;j.2023-s5-028.

[17] S. N. Shiddique, M. 1. R. Ebon, M. A. H. Pappu, et al.,
“Design and simulation of a high performance Ag,CuS, jalpaite-based
photodetector,” Heliyon, vol. 10, no. 11, 32247, pp. 1 -15, 2024, doi:
10.1016/j.heliyon.2024.e32247.

ISSN 3083-6530 (Print)
ISSN 3083-6549 (Online)

Technology and design in electronic equipment, 2026, N 1

29



SENSORS

[18] A. S. Alali, M. Oduncuoglu, H. Al-Dmour, and A. S. A.
Ahmed, “Optimization of organic photodetectors using SCAPS-1D
simulation: enhancing performance of PBDB-T-2F based devices
through layer configuration and doping adjustments,” East European
Journal of Physics, vol. 1, pp. 151—159, 2025, doi: 10.26565/2312-
4334-2025-1-14.

[19] A. Maoucha, F. Djeffal, T. Berghout, and H. Ferhati,
“Photoresponsivity Enhancement of SnS-Based Devices Using
Machine Learning and SCAPS Simulations,” Engineering Proceedings,
vol. 58, no. 1, N128, pp. 1 -6, 2023, doi: 10.3390/ecsa-10-16014.

[20] I. Paul, A. I. Shimul, B. C. Biswas, et al., “Exploring
optoelectronic and photovoltaic properties of Be3MF3
(M =P, As, Sb) perovskites via machine learning and numerical
simulation,” Scientific Reports, vol. 16, art. 3799, pp. 1-27, 2026,
doi: 10.1038/541598-025-34000-8.

[21] 1. Virt, R. Gamernyk, P. Potera, et al., “Transient
Photoconduction and Relaxation Photocurrent of ZnO Thin Films
Produced by Pulsed Laser Deposition,” ECS Journal of Solid State
Science and Technology, vol. 11, no. 6, p. 063013, pp. 1 -6, 2022,
doi: 10.1149/2162-8777/ac765f.

[22] L. Virt, P. Potera, G. Gamernyk, and B. Cieniek, “Structural
and optical properties of Ni-doped ZnO thin films as TCO material,
fabricated by pulsed laser deposition method,” Optical Materials, vol.
154, art. 115643, pp. 17,2024, doi: 10.1016/j.0ptmat.2024.115643.

[23] A. D. Rana, 1. D. Pharne, and K. Bhargava, “Numerical
simulation of highly efficient double perovskite solar cell using
SCAPS-1D,” Materials Today: Proceedings, vol. 73, pt. 4,
pp- 584-589, 2023, doi: 10.1016/j.matpr.2022.11.110.

[24] G. M. Mustafa, B. Younas, M. Falk, et al., “Modeling and
numerical analysis of FTO/Ti02/Cs2BiAgl6/CBTS/Au solar cells
for enhanced photovoltaic performance,” Inorganic Chemistry
Communications, vol. 175, no. 5, p. 114146, pp. 1-13, 2025,
doi: 10.1016/j.inoche.2025.114146.

[25] T. A. Chowdhury, “SCAPS modeling and performance
analysis of AZO/SnS2/CZTS solar cells,” Optics Continuum,
vol. 3,no. 8/15, pp. 1341-1368, 2024, doi: 10.1364/OPTCON.527415.

[26] A. Javed, M. F. Nasir, S. Azam, and M. A. Amin, “Numerical
simulation for a suitable electron transport layer of a lead-free CulnSe,
based perovskite solar cell and PV module,” International Journal of
Electrochemical Science, vol. 20, no. 1, p. 100893, pp. 1-13, 2025,
doi: 10.1016/j.ijoes.2024.100893.

[27] T. Hidouri, S. Rabhi, H. Bencherif, and R. Fornari, “Design
of CsSnBr3/Ga203 Hybrid Photodetectors for High UV Selectivity
and Bifacial Usage,” Advanced Theory and Simulations, vol. 8,
p. €01163, pp. 1-11, 2025, doi: 10.1002/adts.202501163.

[28] 1. Kanmaz, “Simulation of CdS/p-Si/p+-Si and ZnO/
CdS/p-Si/p+-Si heterojunction solar cells,” Results in Optics, vol. 10,
p. 100353, pp. 1-9, 2023, doi: 10.1016/j.ri0.2023.100353.

[29] A. Houimi, S. Yigit Gezgin, Y. Giindogdu, and H. $. Kilig,
“I-V Characteristics Calculation Using SCAPS-1D,” Selcuk University
Journal of Social and Technical Researches, vol. 19, pp. 1 -6, 2021.

[30] M. Khaouani, A. Sessa, S. De Stefano, et al., “Experiment
and simulation in silicon PN-junction photodetectors: Insights into
electrical and optical transport,” Physica B: Condensed Matter,
vol. 730, p. 418479, pp. 1-10, 2026, doi: 10.1016/j.physb.2026.418479.

[31] X. Chu, S. Liu, B.-B. Luan, et al., “Crystal-Facet-Controlled
Internal Electric Field in MOF/COF Heterojunction Towards Efficient
Photocatalytic Overall Water Splitting,” Angewandte Chemie
International Edition, vol. 64, p. €202422940, pp. 1-9, 2025,
doi: 10.1002/anie.202422940.

[32] N. N. Malpure, S. R. Patil, J. V. Sali, et al., “Influence
of Multilayer Architecture on the Structural, Optical, and
Photoluminescence Properties of ZnO Thin Films,” Photonics, vol. 12,
no. 12, p. 1219, pp. 1-17, 2025, doi: 10.3390/photonics12121219.

[33] G. D. Obikoya, A. Soman, U. K. Das, and S. S. Hegedus,
“Investigation into fill factor and open-circuit voltage degradations
in silicon heterojunction solar cells under accelerated life testing

at elevated temperatures,” Solar Energy Materials and Solar
Cells, vol. 263, p. 112586, pp. 1-28, 2023, doi: 10.1016/j.
solmat.2023.112586.

[34] L. Chen, X. Chen, Y. Liu, et al., “Research on ZnO/Si
heterojunction solar cells,” Journal of Semiconductors, vol. 38,
no. 5, art. 054005, pp. 111, 2017, doi: 10.1088/1674-
4926/38/5/054005.

[35] O. A. Fahad, B. K. Al Rawi, A. Ramizy, and E. Y. Salih,
“High-performance ZnO/CdTe/Ge/Si heterojunction photodetector for
short/mid-wavelength detection,” Sensors and Actuators A: Physical,
vol. 383, art. 116198, pp. 1 —8,2025, doi: 10.1016/j.sna.2025.116198.

[36] A. D. Pogrebnyak, N. Jamil, and A. K. M. Muhammed,
“Simulation Study of n-ZnO/p-Si Heterojunction Solar Cell,”
Nanosystems, Nanomaterials, Nanotechnologies, vol. 9, no. 4,
pp- 819-830, 2011.

[37] H. Helal, M. B. Arbia, H. Pakdel, et al., “Enhanced
NO, Detection in ZnO-Based FET Sensor: Charge Carrier
Confinement in a Quantum Well for Superior Sensitivity and
Selectivity,” Chemosensors, vol. 13, no. 10, p. 358, pp. 1-22, 2025,
doi: 10.3390/chemosensors13100358.

[38] E. L. Meyer, S. Jakalase, A. Nqombolo, et al., “The
Numerical Simulation of a Non-Fullerene Thin-Film Organic Solar
Cell with Cu2FeSnS4 (CFTS) Kesterite as a Hole Transport Layer
Using SCAPS-1D,” Coatings, vol. 15, no. 3, p. 266, pp. 1-21, 2025,
doi: 10.3390/coatings15030266.

[39] M. Nasr, I. M. El Radaf, and A. M. Mansour, “Current
transport and capacitance—voltage characteristics of an n-PbTe/p-GaP
heterojunction prepared using the electron beam deposition technique,”
Journal of Physics and Chemistry of Solids, vol. 115, pp. 283288,
2018, doi: 10.1016/.jpcs.2017.12.029.

[40] A. O. Tezcan, A. B. Cavdar, S. Eymur, and N. Tugluoglu,
“Frequency-dependent interface states and diode parameters of Au/n-Si
Schottky diode with BOD-Z-EN interfacial layer in dark and under
illumination,” Physica B: Condensed Matter, vol. 710, p. 417273,
pp- 18,2025, doi: 10.1016/j.physb.2025.417273.

[417Y.Kang, Y. Xu, D. Zhao, and J. Fang, “Frequency dependence
of junction capacitance of GaN p—i—n UV detectors,” Solid-State
Electronics, vol. 49, no. 7, pp. 1135-1139, 2005, doi: 10.1016/].
$s¢.2005.05.001.

[42] F.N. Hooge, “On the additivity of generation—recombination
spectra. Part 1: Conduction band with two centres,” Physica B:
Condensed Matter, vol. 311, no. 3—4, pp. 238-249, 2002,
doi: 10.1016/S0921-4526(01)01027-4.

[43] F.N. Hooge, “On the additivity of generation—recombination
spectra. Part 2: 1/f noise,” Physica B: Condensed Matter, vol. 336,
no. 3—4, pp. 236-251, 2003, doi: 10.1016/S0921-4526(03)00164-9.

[44] L. K. J. Vandamme and F. N. Hooge, “On the additivity of
generation—recombination spectra. Part 3: The McWhorter model
for 1/f noise in MOSFETS,” Physica B: Condensed Matter, vol. 357,
no. 3—4, pp. 507—524, 2005, doi: 10.1016/j.physb.2004.09.106.

[45] D. Kim, J.-W. Lee, J. Lim, et al., “Highly stable two-
level current fluctuation in complex oxide heterostructures,”
Nature Communications, vol. 16, no. 1, art. 5459, pp. 1-10, 2025,
doi: 10.1038/s41467-025-60672-x.

[46] S. A. Vitusevich, S. V. Danylyuk, A. M. Kurakinet, et al.,
“Origin of noise in heterostructures in the range of 10—-100 MHz,”
Journal of Applied Physics, vol. 99, art. 073706, pp. 1-6, 2006,
doi: 10.1063/1.2188048.

[47] F. Wang, T. Zhang, R. Xie, et al., “How to characterize figures
of'merit of two-dimensional photodetectors,” Nature Communications,
vol. 14, art. 2224, pp. 1-9, 2023, doi: 10.1038/s41467-023-37635-1.

Received 31 March 2026
Accepted 19 June 2026

30

Technology and design in electronic equipment, 2026, N 1

ISSN 3083-6530 (Print)
ISSN 3083-6549 (Online)




SENSORS

DOI: 10.15222/TKEA2026.1.17
YIK 621.382.592

leop BIPT, lsan 11A/[AJIKA

VYkpaina, JIporoOuiibkuii 1epyKaBHUN MearoriyHuid yHIBEPCUTET
iMeHi [Bana ®@panka

MOJIEJIIOBAHHS ®OTOJIIOJIHOI CTPYKTYPU
HA OCHOBITETEPOIIEPEXOAY ZnO/SI

Y pobomi uucenvrno docniodceno ma npoaHanizoeaHo 3a 00nomozot npocpamuo2o 3abesneuenns Solar Cell Capacitance
Simulator in One-Dimension (SCAPS-1D) ¢omodemexkmop 3 61ACHUM JICUBLEHHAM, SKUL BUKOPUCIIOBYE 00 '€MHULL
n—p-eemeponepexio n-ZnO/p-Si. SCAPS-1D — ye uucnosa niamgopma Ons aHanizy ma Onmumizayii moHKONJII6KOBUX
Gomoenexmpuynux 20M0- ma 2emeponepexionux CmpyKmyp 3a 00NOMO2010 CAMOY3200CeH020 p036'a3anns pienanns Iyaccona
ma pigHAHb HenepepsHOCMi HOCII8 3apsAdy, Wo 003601A€ NPOGOOUMU OCMANbHULL AHANI3 OA2amouaposux 2emeponepexoois,
00380151041 3MIHIOBATNU MOBWUHY WAPY, KOHYEHMPAYilo 1e2y8anHs, WilbHiCmb 0egekmie ma wupuny 3a00poHeHOi 30HU.
IIpocpamne 3abe3neueniss n06y008AHO HA YUCTOBOMY PO36'A3aHHI PYHOAMEHMATLHUX HANIENPOGIOHUKOBUX DIGHAHY, d caMe
pisuanna I[yaccona ma pienans nenepepeHOCmi HOCIi6 3apady, wjo 3abe3neuye moune odyucienns J-V xapaxmepucmux ma
K8AHMOBOI eqheKmusHoCmi.

Jocniodiceno enepeemuuni 30HU,  3ANEACHICMb 2YCMUHU CMPYMY 6I0 nanpyeu (J—V), cnexmpanvhi xapaxmepucmuku
Gomouymausocmi ma oemexmyiouy 30amuicms 8 yibmpagionemosomy oianazoui. Buxopucmosysanucs pizni napamempu
0151 onucy enekmponHozo mpancnopmy y naisyi ZnQO. Onmumizayicio nioibpano moswuny wapie ZnO ma Si, sxi oyau
eusnaueni na pisui 100 ma 700 um sionosiono. Konyenmpayis neenuboxkoeo oomopa wapy ZnQO 3miHI08AIACL Y MeHcax
6i0 10" 00 108 cm3. Mooenosannsa saceiouuno, wo gomodemexmop na ocrosi cemeponepexody 3 ONMUMATLHUMU
napamempamu Xapaxmepuzyemovcsi 3HAUHUM HOMOGIOZYKOM Npu ONPOMIHIOBAHHI VIbMPADIonemom i3 008ICUHON) XGUIL
300 um. B ymosax oceimienns onmumanbHuil Cmpym KOPOmMKo20 3amukauus docseae 13,9 mA/cm? a manpyea xonocmozo
x00y — onusvko 0,725 B. ns ZnO ax mamepiany enekmponnozo mpancnopmy (ETM) ompumano maxi naiikpawi pe3ynomamu.
3aeanvha epexmugnicmv 1=7,71%, xoegpiyienm sanoenenns FF=63,18%, cmpym KOpomKo2o 3aMukanms Jgc™ 13,9 mA/em?
nanpyaa xonocmozo xody V,~=0,725 B. Yymausicme ma demexmyeanbna 30amHicnb 3M00€1b08aH020 omodemekmopa
cmanosnamos R=0,23 A/Bm i D*=1,1-10"° [Ixconc. s nokpawenus npodykmusrnocmi ¢pomodemexmopis 6310 0ociodnceno
6NIUE MOBWUHU UAPIE, KOHYeHmpayii He2nuboKux 0oHopie ma cycmunu 0epexmie. Ompumani pe3yibmamiu MoOenio8anHs
c8I0Uamb npo NepcnekmueHicMb NOOANLULUX OOCTIONCEHD Y 2aTy3i ONMOENeKMPOHHUX npucmpoig na ochosi ZnQ.

Kniouosi crnosa: gomoenemenm, gomooemexmop, 4uciose mMooentoeanus, mamepian enekmponnozo mpancnopmy (ETM),
ZnQ, cemepocmpykmypa, npoepama SCAPS-1D.
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AITAPATHO-ITPOTI'PAMHI KOMIIJIEKCHU TA CUCTEMHAX
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Cepeiti AHYIIIEBCHKHH, FOpiii JOEPOBOJIbChKHUH

VYkpaina, UepHiBelbKuii HalioHANBHUH yHIBepcuTeT iMeHi FOpis denprkoBruua

ATTAPATHO-TTPOI' PAMHWH TEHEPATOP BUITAJKOBUX YHCEJI
HA OCHOBI HAIIIBITPOBIJJTHUKOBOI ®OTOMATPMUIII
TA JIOTTYHUX KOMBIHAIIM KJIITUHHUX ABTOMATIB

Ha ocnoei memodis npoepamnoi indcenepii 3anponoHo8aHo anapamuo-npocpamMHULL 2eHepamop UNAOKOBUX YUCeN i3 080pi6-
HeB0I0 HOPMANI3AYIEI0 uwymy Gomodioonux mampuyb. CmoxacmudHuil pomocmpym ceHcopa nepemeopiocmovest y OUCKpemui
wuca, a 015 YCyHeHHsl KOpenayill 3acmoco8ano nocmoopooKy KIimuHHUMY AGIMoMamamu 3 XaoOmudHUMY npaguIamy ma o6aa-
moxomnonenmmuoio XOR-kombinayicro. Jleckoeazoguii ancopumm adanmueHo20 KOHMpPOio imepayii 3HUICYE 00UUCTIOBATbHI
sumpamu, o 00360JI4€ peanizyeamu nooimosi 6yiesi onepayii Ha MIKpOKOHmMpoepax y peaibHomy yaci. Excnepumenmu nio-
MBEPOHCYIOMb HOPMALI3AYiI0 pO3nooiny ma ycniune npoxodcennss mecmie NIST STS npu eucokiti nponyckuiil 30amuocmi.

Knrouosi cnosa: knimunni asmomamu, pomomampuys, npocpamua indiceHepis, eeHepamop uUnaokosux yucei, nocmoopooxa

oanux, mecmu NIST STS, weuoxicms cenepayii kpunmocmivkicms, 3axucm iHpopmayii.

3abe3mneueHHst iIHPOPMAIIITHOT Oe3MEeKH B IHPOKOMY-
HIKAI[IHHUX CUCTeMax MOTpeOye BUKOPHUCTAHHS KPHII-
TorpadivyHo CTIHKHAX MOCTIIOBHOCTEH BUIAJIKOBUX YH-
cei. TpamuiiitHi mporpamMHi METOIM TeHEpaIlii € aeTep-
MIHOBAaHMMH Ta CTAIOTh BPA3JIMBUMH 10 KPUIITOAHAII3Y
B MIipy 3pOCTaHHs OOYUCITIOBAIbHHUX TIOTYXXHOCTEH [1].
[lepcrieKTHBHAM HAIIPSIMKOM € ITPOEKTYBAHHS artapaTHUX
reHeparopiB (true random number generator, TRNG),
10 0a3yloThCS HA CTOXAaCTUYHUX (DI3UYHUX SBUIIAX Y
HaIBIPOBIIHUKOBUX elieMeHTax [2]. Sk jkeperno mep-
BUHHOTO Xa0Cy 3a3BHYAil BHKOPHCTOBYIOTH BHIIAIKOBI
KOJIMBaHHS (POTOCTPYMY B KpeMHi€BUX (hoTOIi0aX 200
IHTErpaibHUX (HOTOMATPHIISX.

IIpote (i3wuHi CUTHAH, 11O 3YUTYIOThCS Oe3moce-
PEIHBO 3 HAIIBIPOBITHUKOBUX CEHCOPIB, 9aCTO MAIOTh
HE3a/I0BUIbHI CTATUCTUYHI XapaKTEPUCTHKH, TTOB’A3aHI 3
KOHCTPYKTHBHUMH JIe(heKTaMu araparypu ado 3MiHaMA
YMOB 30BHIIIIHBOTO cepeoBHINa. EMMmipHuHi 10CTiKeH-
Hsl [TOKa3yI0Th, 1110 IEPBHHHI 1aHi 3 (HOTOMATPHIb MAIOTh
HEPIBHOMIPHUI PO3MO/Iia 3HAYCHb, JIOKATBbHI KOPEJISAIIi
a00 30HM MMOBHOT BIJICYyTHOCTI IIEBHUX OITOBUX KOMOiHA-
it [3]. Ay Hopmaiizaliii TakuX MOTOKIB BiJIIIOBITHO 710
BHMOT CYy4YaCHHUX KPHUNTOrpadiyHUX CTaHIAPTIB HEOO-
X1JIHa JI0aTKOBa 0OITOBa MOCTOOPOOKA. 3aCTOCYBaHHS
KJIACHYHUX 0araTOKPOKOBUX METOIIB (DiBTpallii MPHU3BO-
T 10 KPUTHYHOTO 3HIKEHHSI IPOIYCKHOI 3AaTHOCTI
Ta 3pOCTaHHS CHEPrOCIOKUBAHHSI OOUUCIIOBAIHHOTO
TPaKTy eJIeKTPOHHOTO npuctpoto [4], [5].

EdexTuBHUM pO3B’sI3aHHSIM L€l POOIEMHU € BHKO-
PUCTaHHS OJTHOBUMIPHUX KITITHHHUX aBToMaTiB (KA), ski
(YHKIIIOHYIOTb SIK HU3bKOPIBHEBI anlapaTHi KpUITOIIPH-
MITHBHU. 3aBISIKH TTapalielli3My CTPYKTYpH Ta MPOCTOTI
JIOTIYHUX Omepalliit OyineBoi anredpu, anropurmu KA Bu-
KOHYIOThCS O€3I0CEPEIHBO B PETICTPax IEHTPATBHOTO

nporecopa adbo Ha 6a31 MIKPOKOHTPOJIEPIB 32 MiHIMaJTb-
HY KUTBKICTh TaKTOBHX IUKIIB [6] — [8]. HemocTarHbo
BUBUYECHUM 3AJIAIIAETHCS IUTAHHS OIITUMI3aLil 00YHCITIO-
BaJIbHUX BUTPAT allaparypu 3a A0IOMOI00 JHHAMIYHO-
TO KepyBaHHs iTepaTuBHICTIO KA 3aJ1€:KHO BiJl TOTOYHO-
IO CTaHy HaIiBIIPOBIIHUKOBOTO CEHCOPA.

Mertoro mi€ei poOOTH € JOCHIJKEHHS arnapaTHo-
MIPOTPaMHOI apXITEKTypH TeHeparopa IOCIiJOBHOCTEH
BHITAJIKOBUX YUCEIl HA OCHOBI (hOTOMATPHII Ta JBOPIB-
HEBOT CHCTEMH HOpPMAaJIi3allil CHTHAJIIB JIOTTYHHUMH KOM-
OlHALIAMU KJIITUHHUX aBTOMATIB 3 MEXaHI3MOM ajar-
THUBHOTO KEPYBaHHS O0UHCITIOBAILHIM HABAHTAKCHHSM.

ApxiTeKTypa anapaTHoi cucteMHu Ta )OpMyBaHHSA
NEePBHMHHOI0 CUTHAJIY eHTPOIIII

AnaparHa 4acTWHa reHeparopa 0a3yeThCsl Ha pee-
CTpalii CTOXaCTUYHUX 3MiH (OTOCTPYMY B HamiBIPO-
BITHUKOBUX CTPYKTypaxX. Di3UYHUM JKEPEIOM EHTPO-
mii chnyrye iHTerpanbHa KpeMHieBa ¢oroMaTpuls abo
cucTeMa AUCKpeTHHUX (OTOJIOAHUX elleMeHTiB. B ymo-
Bax (piKCOBAaHOI OCBITIIEHOCTI 200 y MOBHIil TEMpsIBi re-
Hepallisg HOCIiB 3aps/1y B HaiBIPOBIIHUKY Ma€ HMOBIp-
HicHU# xapakTep [9]. be3nepepBHuii aHanOroBUil cUr-
HaJ Ha BUXOJ CEHCOpa OMUCYEThCA TYCTHHOIO HMOBIp-
HOCT1 HOpMaJIbHOTO po3mnofiny ["aycca:

I{x—p ?
———exp|—— ,
o227 2[ ]

(1)

ne f{x) — GyHKIis TYCTHHH HMOBIPHOCTI BUITaZKOBOI BEJH-
YUHH X (MUTTEBOTO 3HAUSHHS aMILTITYJH CUTHAITY);
0 — CepeIHbOKBAJpaTHYHE BiAXWICHHS, [0 BH3HAYAE
JIUCTIEPCiIO BUMIAJIKOBOTO TIPOLIECY;
L — MareMaTH4YHe CHOAiIBaHHS a00 Cepe/HE 3HAYCHHS
AMILTITYIH CHUTHAIY.
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31 3pocTaHHAM PiBHS OCBITIEHOCTI AUCHEPCis 3Ha-
YECHb CTPYyMY 30UIBIIYETHCS, TIPOTE XapaKTep PO3MOIi-
Ty 3aIUIIAEThes He3MiHHUM [10].

J1s 3HiMaHHSA Ta 0OpOOKM MEPBHMHHOTO CUTHAIY
BUKOPHUCTAHO ONTUKO-EIEKTPOHHUIN TPAKT HAa OCHOBI
uudposoi USB-Bedkamepu 3 CMOS-doTomarpuriero
(puc. 1). IlepBuHHMII cTOXaCTUYHUI (HOTOCTPYM, 3re-
HEPOBaHUIl CBITIOUYTIIMBUMHM E€IEMCHTAMH MAaTpPHIIi,
MiATa€ThCS BHYTPIIIHBOMY aHAJIOTOBO-II(POBOMY IIe-
PETBOPEHHIO Oe3MocepeiHb0 BOYyIOBAaHUM KOHTPOJIC-
pom cencopa. Copmoanuii mudpoBuit moTik uepes
USB-inTepdeiic nepenaeThesi B OOUMCIIOBAIBHUN TPAKT
(IIK abo mixpoxoHTposep) 11 (PopMyBaHHS IIEPBUHHOI
MaTpHIli JaHUX y PeTicTpax mam’ATi.

Bimomo, 1m0 y mporieci KBaHTyBaHHsI Oe3nepepBHa
IIKajla HAPYTH MOJIIAETHCS Ha (PIKCOBaHI iHTEPBAIH
[11]. Lle mo3Bomnsie TpanchopMyBaTu Oe3nepepBHY aMIl-
JITYy CTPyMY B IMOCIIIOBHICTh JUCKPETHUX IIJTUX BHU-
MaJKOBUX 4Mcen y aiana3oHi Big 0 1o 255. Y pesynbra-
Ti KBaHTyBaHH: U (poBUi noTik Ha Buxoxi ALIT 36epi-
rae TUCKPETH30BaHy (OpMy HOPMAJIBHOTO (TayCiBCHKO-
T0) PO3MOLTY i3 CHMETPHYHHUM BiIXWICHHSIM BiTHOCHO
cepenHboro 3HadeHHs | [12].

ITpu BUKOpUCTaHHI IHTETPAIHHOTO MATPUIHOTO CCH-
copay pexumi SVGA (800/600 mikceniB) IepBUHHI JaHi

OnTryHuii OTIK / TeruioBHid rym

v

CMOS-doromarpuiis BeOkamepu
(MacuB GOTOIOTHUX €JIEMEHTIB)

v

CroxactuuHuii GpoTocTpym

Y

Boynosanwuii AIIT Ta koHTpOJIEp cCeHCopa

v

KBaHTOBI IUCKPETHI 3HAYCHHS

'

USB-inTepdeiic nepenadi 1aHux

v

ITudposuii BineonoTik

'

Perictpu 00UHCITIOBAIEHOTO IPUCTPOIO
(ITK / mixpokoHTpOJI€Epa)
dopMyBaHHS EPBHHHOI MATPHIII TAHUX

Puc. 1. CrpykTypHa cxema amapaTHO-IIPOTPAMHOTO TPAKTy
reHepaii mociiIoBHOCTEH BUITAJIKOBUX YHCEI

2000 -
1750
1500 A
2000 |
1000 A
750 1
500 -
250 1

AHoMajbpHa
30Ha

/

0 50

YacToTa nosiBM 3Ha4€Hb

100
3HadyeHHs OaiiTa

150 200 250

Puc. 2. Ticrorpama po3rmo/iiy 4acTOTH MMOSIBH OAWTOBUX
3HAYEHB IS IEPBUHHOTO LIH(POBOTO MIOTOKY

(hOPMYIOTBCS y BHIVISITI IBOBUMIPHOTO MACHBY IIITHX YH-
ceit. KoxeH enleMeHT 1iei MaTpHili BiToOpaskae aMInIiTy-
Iy TIPOCTOPOBOTO IIIYMY OKPEMOTO HaITiBIIPOBITHHKOBOTO
RGB-tpunnera. CkanyBaHHS MaTpHIi Ta ii po3ropTaH-
HS B OJHOBHMIpHUI MacHB 3a0e3Ieuy€e BHCOKY IIBH/I-
KiCTh ()OpPMYBaHHsI IEPBUHHOTO UG POBOTO MOTOKY [13].

IIpote emmipuuHUii aHaI3 “cCHPOro” G1HAPHOTO CHT-
HaJIy BUSBIISIE HOTO CYTTEBY CTATHCTUYHY HEOMHOPIN-
HicTh [2], [13]. Uepe3 TEeXHOJOTIYHUI PO3KU YYTIH-
BOCTI OKPEMUX 30H (POTOMATPHIII T AUCKPETHICTH KPO-
kiB AL{IT y BUXiaHI# MOCIITOBHOCTI BAHHKAIOTh CTIHKI
JOKaJbHI KOPEJSIii, OCHOBHI IapaMeTpH SKUX CHCTe-
MaTHU30BaHO 1 HaBeneHO B Ta0J. 1. Takoxk (QikCyrOTh-
Csl aHOMAJTbHI 30HU MTOBHOI BiICYTHOCTI IIEBHUX 0iTO-
BUX KoMOiHaIii B inTepsaii [0...25] (puc. 2). Taxi ne-
(hexTH MOPYIIYIOTH KpUNTOrpadidHy BUMOTY PIBHOMIp-
HOCTI PO3IOITY 3HAUCHB, [0 YHEMOXKJIHBIIOE Oe3110-
CepeHE BHKOPHCTAHHS MEPBHHHOTO MOTOKY 0Oe3 Jo-
JATKOBOI HOpMali3amii. 3a pe3ynpTaraMu CTaTUCTHY-
Horo aHaini3y nakera TectiB NIST STS, “cupuii” cur-
HaJI BUSIBUBCS CIIPOMOXKHHM YCIIIITHO ITOIOJIATH JIHIIIE
4 3 15 rpyn eTaJloHHUX NEPEBIPOK, MOBHICTIO MPOBa-
nuBLIK pewity 11.

YenimHo npoiieHi IepBUHHUM CUTHAJIOM T€CTH 00-
MEKYIOThCs TpyIIaMu, AKi peacTasieHi y Tadu. 2. J{ns
pewrtu 11 rpyn TecriB (Takux gk FFT / CnexrpanbHuid,
Approximate Entropy, Serial, Linear Complexity Ta iH.)
snaueHHs 0,0000 3acdikcoBano sk mis P-value, Tax i
JUTSL TIPOTIOPIIiT, 0 ABTOMATUYHO BHCTABHJIO iM CTATYC
FAILED i nigTBepuiio HE3a0BUIbHY SIKICTh ITEPBUH-
HOTO Xaocy.

MaremaTu4Ha Mo/1eJ b HOpMAJIi3allii MoToKy
Ha 0a3i KJIITHHHHX ABTOMATIB

Jliis ycyHEeHHS BUSBTICHUX JIe(DEKTIB 1 TOKaThHHUX KO-
peIsIIii IEPBUHHOTO CHTHAJTY 3aCTOCOBAHO MaTeMaTHY-
HUH anapat onHoBUMIpHUX KA.

KiiTuHHI aBTOMAaTH € JUCKPETHOK JUHAMIYHOO
CHUCTEMOIO, 1110 CKJIAJAEThCS 3 JIHIHHOTO MacuBy OfI-
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Ta6mui 1
Hapamempu cmamucmuunoi HeOOHOPIOHOCMI NEPEUHHO20 NOMOKY OAHUX
Uucnosuit mapamerp aedexry ®dikcoBaHe eKCTIEpUMEH- Hacrizme s kperrrorpadiusol eridkocri
CUIrHajly TaJIbHC 3HAYCHHSA
ToposHiii Hianason y crexTpi GaiTis inTepBan [0.. ..25] I'pyGe nopyieHHs BUMOTH PiBHOMipHOCTI
(BincyTHiCTb OiTiB) po3noniny
. y TeMpsiBi 10 30% (xpox 0,04 c) HasiBHICTB CTIHKNX JIOKaJBHUX 3B’SI3KiB y yaci
TumuacoBa 3aJI€KHICTh i i B
JlaHuX (KOpEeJIsIIIis) Tpu ciT 510 10% (kpok 0,04 ¢) [Ipsima 3a11€KHICTB SIKOCTI €HTPOTIT B1J
CepeIoBuUIIa
DIIyKTyaLis CUrHATY 0,1 moxc 27 HA / =5% [lepen6adyBaHicTh 1| HU3BKHH PIBEHb Xa0Cy
(cepenne / uenepcis) 10 sroke 270 HA / =50% 3MilIeHHs TapaMeTpiB 3aKOHY PO3IIOLIT
Tabmmrs 2
3nauenns ycniwno npotioenux mecmie NIST STS 0ns nepsunno2o nomoxy
HazsBa cratucTuaHOTO TECTY KoedimienT iimoBipHocti | [Tpomopitist ycminHux
. . Craryc
naketa NIST P-value MiJTECTIB
Frequency (monobit) test 0,2435 0,98 PASSED
Frequency test within a block 0,1581 0,97 PASSED
Cumulative sums (cusum) test 0,3122 0,98 PASSED
Longest run of ones in a block 0,0843 0,96 PASSED

HOPIJTHAX KOMIPOK, KOJKHA 3 SIKHX MOXE IepeOyBaTH
JIUTIe B OJJHOMY 3 J1BOX cTaHiB: 0 abo 1. EBosrornis 1miel
CUCTEMH B1JI0YBa€ThCS TaKTaMHU (IIUKJIaMu). Ha koskHO-
MY KpOIIi 4acy CTaH KOMipKH OHOBJTFOETHCS OJTHOYACHO
13 pemTor0 eleMeHTiB 3adikcoBaHoi citku [14]. Hoe
3HAYCHHSI KOYKHOT OKPEMOi KOMIPKH 3aJIC)KUTh BHKJIFOY-
HO BiJI 11 BIACHOTO IMOTOYHOTO CTaHy Ta CTaHy il Hal-
ONMVMOKYUX CYCIJIIB JIiBOPYY 1 paBopyu. Llel mokanpHMiA
B3a€EMO3B’ 130K 33J1a€ThCsl (DYHKITIEI TIEPEXOY, SIKY B
Teopii aBTOMATIB Ha3MBAOTH MPABHIIOM eBoJItoIIT [15].
3aBISIKH TPOCTOTI JIOTTYHUX OTeparliid OyJaeBoi aareopw,
takux sk BuKirouHe ABO (XOR), ko’ ronKIis (AND)
ta iHBepcist (NOT), yci oOunCIIeHHS BUKOHYIOThCS Ha
piBHI elleMeHTapHUX MOOITOBUX 3CYBIB y pericTpax
nporecopa [16].

VY 3anpornoHOBaHOMY alnropuTMi “cupi” nedekTHi
nani 3 ALIIT MikKpoKOHTpoJIepa BUKOPUCTOBYIOTHCS SIK
MMOYATKOBHI BEKTOP JUTS 1HIIMiaTi3aIii KIITHHHOT CITKH.
ITo3HaunMo L€l MOYaTKOBUN CTAH MAacCHBY B MOMEHT
yacy ¢=0 sk BEeKTOp:

X' = {xlo,xg,...,xg},xi €{0,13}.

2

3aMicTh TPUBAJIOTO HAKOIIMUCHHSI CHTPOITIT 3a 100~
MOTOKO OJTHOTO KJIaCHYHOTO mpaBuia KA, Hanpukian
[IpaBuna 30, y poOoTi peanizoBaHO JHHAMIYHE MTEpPEMHU-
KaHHsI MXK JICKiJIbKOMa pi3HUMH IpaBuiiamMu. [Iponeaypa
HOpMaJTizalii nepeadadae mapajieibHe BUKOHAHHS KPO-
KiB €BOJIFOLIIT JUTS IBOX HE3aJICHKHUX MTPABHII 13 TIOAAITh-
IIMM TOEJTHAHHSIM TXHIX PE3yJbTaTiB Yepe3 Omneparlito
XOR-MIX.

HaBenemo moKpoKOBHUI MaTeMaTUYHHUUI alITOPUTM
MpOLeypH HOpMaJTi3arlii.

Kpox 1. TlapanenbHe 0OYUCIICHHS TPOMIKHUX CTa-

HiB. Ha KO)XHOMY TaKTi ¢ €BOJIIOLIIT IIQTOUHUI CTaH TPiki-
. . . t t !

KM CYCIZTHIX KOMIPOK {X(;_1),X;  X;; +1)} 00poOIIETHCS O

HOYACHO JIBOMA Pi3HUMH QyHKIiAMHU niepexony F, Ta Fy:

)

t t t
B (xi—l > Xi s Xig ) ) “)
TES| 1»Sy ;— TUMYacOBi OITOBI 3HAYECHHS IS i-1 KOMip-
KH, OTpUMaHi 3a IPaBUIIOM 4 Ta IIPAaBUJIOM B BiIIOBiHO.

7 t ot .
=F, (xifl’xi’xz#l)v

Kpox 2. Jloriuyne 3MimryBaHHS MOTOKIB (omepais
XOR-MIX). ®inanbHuil CTaH KOMIPKH X, HA HACTYITHO-
My TakTi 9acy ¢+ 1 (opMy€eThCsI IUIIXOM 3aCTOCYBaHHSI
onepatii nmodirosoro BukiIoyHoro AbO (@) no orpu-
MaHHUX 3HaY€Hb:

1
=

t+1
Syi

&) sgl . 5)

Jlns onTuMizanii 00YHCIIOBAIBHOTO HABaHTAKCHHS
Ha MIKPOKOHTPOJIEP BIPOBAKEHO aJITOPUTM aJIalTUB-
HOTO KepyBaHHS KUTbKICTIO iTepaliiii k£ eBomromii KA.
Ha xoxxHOMY KpOTIIi /iJIsl BiKHA IEPBUHHUX JaHUX N 00-
YUCJIIOETHCS TIOTOYHE CEPEIHbOKBAIPATUYHE BiIXHIICH-

us (CKB):

6, = \/%Zj\il(xi - lvl)z .

OTpuMaHe 3HaY€HHs G, HOPIBHIOETHCS 3 €TAJOHHUM
TIOKa3HUKOM PIBHOMIPHOTO PO3MOMLLY G, . SIKIIO Bigxu-
JIEHHA |G, — G, ;| < € (1€ € — MOPOrOBe 3HAYEHH), KiJlb-
KiCTh iTepamiii 0OpoOKH 3MEHINYEThCS 10 MiHIMAITBHOT

(k=1). Y pasi 3pocTaHHsS HEOIHOPITHOCTI IEPBUHHOTO

(6)
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IlepBunHi nani 3 ALII:
BeKTOp X°

\

Inimianizanis CiTKu
KA

4

Y

IToroynuii cTan x’

Y
[Mapanensra o6poOka: | | [TapanensHa 0OpobOKa:
npasuino 4 (F),) npasuino B (Fy)

! !

IMpomixwuii cTan s’

N

JloriuHe 3MilyBaHHS:
omneparis XOR-MIX

'

Hosuii cran citku x!

\ 4

TIpomixnit cTam s

Hactynnuii TakT yacy

A

Puc. 3. Cxemaruune 300paKeHHs MPOLEIYPH HOpMaTizaiii
MOTOKY Ha 0a3i KJIITHHHHX aBTOMATIB

LIyMy CHUCTEMa aBTOMAaTUYHO 301IbLIYy€ KUIBKICTD iTepa-
uiit (k=2; 3) 10 nocAarueHHs HeoOXiIHOTO PiBHS EHTPOIIIi.

CxemaTryHO NpoLeypy HopMaJti3allii MOKHA ITOJaTH
Y BUIVIA/I CXEMH B3aeMOJIiT OJ10KiB, 300paxeHoi Ha puc. 3.

Taka mpocTOpOBO-4acoBa KOMOiHALIiS JIOTIYHUX Tpa-
BUWJI I03BOJISIE €EKTUBHO PYyHHYBATH CTATUCTUYHI 3B’ SI3KH
Ta MDKKaJPOBI 3aJIeKHOCTI IEpBUHHOTO curHaiy. KoskHa
iTepallisi aBTOMaTa MpALoe IK MAaTeMaTUYHUHN EKCTPAKTOP
Xa0cy — “po3mMHBa€” JOKaJIbHI 3aKOHOMIPHOCTI HaIliB-
MIPOBIAHUKOBOTO IIYMY Ta IIIJIKOM 3aIIOBHIOE aHOMAJIbHI
MOpOXKHEY1 y BUXiHUX Oaiitax. BupiBHAHMIA MOTIK mic-
I HOpMasTi3allii KoMOiHAII€0 MPpaBUil KJIITHHHUX aBTO-
MariB IPOJEMOHCTPOBAHO Ha pPHC. 4.

BrpoBapkeHHs: KOMOIHOBAHOTO KJIITHHHOTO aBTOMAara
JIO3BOJISIE TIOBHICTIO BUPIBHATH CTAaTUCTHYHHUNA PO3TIOIIIL.
[Ticns 3aBepieHHs UKy TOCTOOPOOKY BUXiTHMIA OiHAp-
HUI MOTIiK M030yBAETHCS TEXHONOTUHUX AedekTiB ALIT
1 HaOyBa€ CTAaTUCTUYHHX BIACTUBOCTEH, HAOMMKEHHX /10 Oi-
Jioro rymy. CopMoBaHa HOCTITOBHICTB YKCEN BiIIOBI A€

500

Yacrora nosisu
3HAYECHb
[\)
wn
)

50 100
3xauenns Oaiita

150 200 250

Puc. 4. Po3nofint 3Ha4eHb OANTIB BUPIBHSIHOTO MOTOKY

Proportion

CY4aCHHUM BUMOTaM 10 KPUNTOTpagivyHOI CTIMKOCTI i cTae
MIPUAATHOIO JUIS TeHepalii CeKPEeTHUX KIIOUiB.

ExcnepumenTanbHa nepeBipka Ta aHaui3
CTATHUCTHYHOI IKOCTI 3reHepPOBAHOIO MOTOKY

Jlist o1iHKY e(eKTHBHOCTI 3aIpOITOHOBAHOTO METO-
Jly HOpMaJi3allii Oysio mpoBesieHO (iHaTIbHE CTAaTUCTHY-
HE TeCTyBaHHs. BuxigHuii OiHapHUHU MMOTIK JaHUX 00Cs-
rom 100 MOit, oTpuMaHmii micist 0OpoOKH KOMOIHOBa-
HUM KA, TOBTOPHO MepeBipsBCs 3a JOMTOMOTOO €TaI0H-
Horo makety tectiB NIST STS. Pesynbraru 115010 ekc-
MIEPUMEHTY 3a(iKCyBaIH CYyTTEBE MOKPAIICHHS BCIX Xa-
PaKTEPHUCTHK CUTHAITY, 1[0 MOYKHA ITOOAYNTH Ha PHC. 5.

Sk BUITHO 3 pHC. 5, Ha BIIMIHY BiJl IEPBHHHOTO “‘CHPO-
ro” MOTOKY HOpMaJTi30BaHa MOCIIOBHICT OITIB yCHilI-
HO MpOHIIIIa Bei 15 Tpyr TecTiB 6e3 %O JHOTO BUKITFOUCH-
Hs. J1J1 KO)KHOTO OKPEMOTO TeCTy OTpPHUMaHe 3HAYCHHSI
koedimienTa MoBipHOCTI (P-value) epeBUInIO Kpu-
tyHy Mexy 0,01, 3HaYCHHS PO3MOMITHIIACS PIBHOMIP-
HO B miana3oHi Bij 0,12 mo 0,89. [Ipomopirist ycminmHux
miarecTiB ckiaina Bix 97% 1o 99%, 110 MOBHICTIO 3a/10-
BOJIbHSIE CYBOPUM KpunTorpadidaum crannapram. [laker
MIEPEBIPOK IMiITBEPINB MOBHY BiJICYTHICTh MEPIOTUIHUX
Jie(DeKTIiB, TIOKATLHUX KOPEIAIIiN Ta JTaKyH.

[lix wac mOCIiUKeHb TaKoXK OYyJ0 MpOaHaTi30BaHO
MIBUIKICTH ()OPMYBaHHS BUITQIKOBHIX YHCEI. ATIapaTHUM
JUKEPEIIOM ITEPBUHHOI €HTPOIIII Y Tab0paTOpHOMY CTEHII
ciryryBaa cranaaptHa mudposa USB-BeOkamepa Ha 06a3i
CMOS cencopa (Logitech HD Webcam C270/ C310).
Curaan 39nTyBaBcs y (popMaTi HECTHCHYTOTO BiJCOTIO-
TOKY 3 po3aiibHOK 3aaTHICTI0O SVGA (800 x 600 mik-
ceniB) Ta (PIKCOBAaHOK YACTOTOK OHOBJICHHS KaJpiB
25 kajap/c (4acoBUi IHTEpBAT MIXK CYMIKHUMH KaJipaMH
At=10,04 ¢). Bubip CMOS-matpu1ii o0rpyHTOBaHHUHN Ha-
SIBHICTIO IIPHPOJIHOTO TEIJIOBOTO Ta IPOOOBOTO IITyMy Ha-
MIBIPOBITHUKOBUX 30H, SIKUH BUCTYIIA€ 0a30BUM KOM-
MOHEHTOM JIJIsl TeHepalii MOCIiI0BHOCTEH BUIAIKO-
BUX YHCEII .

3aB/ISKH BUKOPUCTAHHIO IIPOCTHX JIOTYHHX OMEpariii
Oys1eBO1 anredpu aJropuTM NPaIoe HAI3BUYaHO ITBH/I-
xo. [Iponienypa Hopmai3allii He CTBOPIOE OOUHCITIOBAIIb-
HOT'O HABAaHTAXKEHHS Ha CUcTeMy. EKCriepuMeHTalTbHI MO~

1,0
0,8
0,6
0,4
0,2

1 2345678 9101112131415

Howmep craructuanoro tecty

Puc. 5. TlopiBHsIbHA JiarpaMa NpOMOPLiA YCIIIIHAX IiTe-
cTiB (proportion) s 15 ocHoBHuX TecTiB nakera NIST STS:

2L}

uepgoni cMoenUUKY — TICPBUHHHUHN “CHPHIT” TOTIK;
cuni cmosnuuxu — o0podnenuii moTik (XOR-MIX KA);
nyHKmMup — MiHIMaJIbHO JomycTuma mnpornopitis (0,96)
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Tabmuus 3
Pesynomamu ananizy weuokooii na 6asi npoyecopa I1K (Intel Core i5)
TlapameTp eeKTHBHOCT CHCTEMH 3navyeHHs 6e3 3}faquHﬂ 3 HopMmaniza- | Piznuns 3HaueHb
noctoOpodku | miero (XOR-MIX KA) | (Burparu pecypcis)
[IBuakicte noToKy / EHTpoOMiiiHa MIBUAKICTH 48,0 Mbit/c 47,8 Mbit/c —0,2 Moit/c
Haganrtaxenns na CPU (1 smpo) 0,5% 0,8% +0,3%
Tpusanicts 00podnenns kaapy SVGA 8,2 Mc 8,3 Mc +0,1 mMc
Ka3HHMKH [IBHJIKOMIT Ta BUTPAT CHCTEMHHX PECYPCiB Ha- BUKOPUCTAHI JUKEPEJIA

BEJIEHO B Ta0JI. 3.

[Ipwu omiHOBaHHI IPOYKTUBHOCTI FeHEeparopa Bax-
JIUBO po3MexyBatd (izudny (“‘cupy”) MIBHIKICTh 3UH-
TyBaHHS Ta peajbHy CHTPOMIHHY MIBUIKICTh BUX1IHOTO
motoky. di3udHa MBHIKICT (HOPMYETHCS TIapamMeTpa-
Mu CMOS-cencopa (800 x 600 mikceniB ipu 25 kaap/c)
i cranosuth R = 48,0 Mo6it/c. IIpoTe 4epes craru-
CTUYHY HEOJHOPITHICTh IEPBHHHOTO IITyMY T'yCTHHA €H-
Tporii “cupux” 0ITiB € HepocTaTHbOIO (H < 1,0 OiT eH-
Tporii/oit 3a crangapToMm NIST), 0 YHEMOKITHBITIOE 1X
Oe3rnocepeIHe KpUNTorpadiaHe BUKOPUCTAHHSL.

3acrocyBaHHs MOcToOpoOKH Ha 6a3i XOR-MIX KA
3a0e3nedye HopMalTizallito OTOKY 3 He3HAYHUMH 004HC-
JIFOBaJTEHUMHE HAKJIaJHUMH BUTPATaMH (3HIKCHHS [IIBU/I-
kocti Ha 0,2 M0it/c). Y pe3ynbrari peaibHa eHTPOITii-
Ha MIBUJKICTh TeHepamii cranoButh R, = 47,8 Mo6iT/c
32 YMOBH 3a0€3T€UCHHS MAaKCHMaJIbHOT OIIIHKH SHTPOITIi
(H = 1,0 6i1/6it 3a ctarmaptom NIST SP 800-90B), mo
MiATBEP/KEHO poxouKkeHHAM TectyBaHHs NIST STS.

3a3HaunMMoO, IO IIBHJKICTH reHepallii (iHaIBHOTO
MTOTOKY OOME)KEHA JIIIE almapaTHUMHU MOKIHBOCTSIMH
3YUTYBaHHS JaHUX 13 poToMarpuili cencopa. Lle n03Bo-
JI5I€ BUKOPUCTOBYBATH PO3POOICHUI METO Y pealbHOMY
Yaci Ha MaJIOTIOTY>KHUX MIKpOKOHTpOJIepax.

BucHoBkn

Po3pobneHo Ta mepeBipeHo amapaTHO-IPOrpaMHHN
TeHEepaTop BHUITAJIKOBUX Yrcel Ha ocHOBI CMOS-marpuiii
Ta KJIITUHHHX aBTOMaTiB. BcTaHOBJIEHO, MO MEepBUH-
HUH IUQPOBUI MOTIK MICTUTH amapaTHi Ae(ekTH (Mix-
KaJpoBYy KOpEJsAlilo, aHOMalbHI JIaKyHH), SIK1 yHe-
MOXJIUBJIIOIOTh HOT0 BUKOPUCTaHHS 0e3 mocToOpoO-
KH. 3alporoHOBaHUN METO/ HOopMatlizauii Ha 0asi of-
HOBUMIPHUX KJIITHHHUX aBTOMATIB 13 TUHAMIUYHUM ITe-
PEMUKaHHAM TIPaBIJI Ta 3MINTyBaHHIM 32 IPUHIAIIOM
XOR-MIX edextuBHO ycyBae i 3aiexHocTi. [Ipu no-
natkoBomy HaBaHTaxeHHI Ha CPU mume 0,3% i 3aTpum-
ui kagpy ao 0,1 Mc anroputm 3abe3nedye reHeparito
JaHuX 31 MBHAKICTIO 47,8 MOIT/C y peaabHOMY Yaci.
CdopmoBaHHUii MOTIK IEMOHCTPYE CYTTEBE HiBEIHOBaH-
HsI TEXHOJIOTIYHHX JC(PEKTIB Ta aHOMAJIbHUX JIAKyH W
yemimHo npoxoauTk yei Tectu NIST STS, mo migrsep-
JUKye Horo kpunrorpagivyHy CTIiHKICT 1 103BOMISE pe-
KOMEHyBaTH METO/I JIIsl BAKOPUCTAHHS B CHCTEMaXx 3a-
xucty iHpopmalii, BOymoBaHuX 3acobax KidepoOesneku
Ta MOOUTBHUX CEHCOPHHUX MEPEKax.
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HARDWARE SOFTWARE TRUE RANDOM NUMBER GENERATOR BASED
ON A SEMICONDUCTOR PHOTODIODE ARRAY AND LOGICAL COMBINATIONS
OF CELLULAR AUTOMATA

Primary binary sequences obtained directly from semiconductor photodiode arrays of standard CMOS webcams exhibit significant
non-uniform frequency distributions and high inter-frame correlation. Experimental measurements reveal critical defects, including
anomalous byte gaps in the [0...25] range and a 30% correlation in darkness. To address these vulnerabilities, a hardware-sofiware
true random number generator architecture based on software engineering principles with two-level spatial noise normalization
is proposed. The primary entropy source is the stochastic photocurrent of the array elements, captured at 25 frames per second
and transformed into discrete numbers via analog-to-digital conversion. Local statistical correlations are eliminated using post-
processing based on logical combinations of one-dimensional cellular automata. The developed algorithm combines chaotic rule-
switching and a multi-component XOR-MIX combination of equivalent primitives.. For high computational efficiency, a lightweight
algorithm for adaptive control of evolution iterations based on express root-mean-square deviation control is introduced. The low
complexity of bitwise Boolean operations enables real-time data processing on personal computers and embedded microcontrollers.
Experimental results show that the developed algorithm provides a real-time generation speed of 47.8 Mbps, with an additional CPU
load of only 0.3% and a frame latency of less than 0.1 ms. The normalized stream effectively mitigates inherent hardware defects,
successfully passing all 15 NIST STS test groups with a stable proportion of over 96%, confirming the cryptographic strength of the
method and its high suitability for modern information security applications.

Keywords: cellular automata, photodiode array, software engineering, random number generator, data post processing, NIST STS

tests, generation speed, cryptographic strength, information security.

REFERENCES

[1] F. Martinez, “Attacks on pseudo random number generators
hiding a linear structure,” in Topics in Cryptology — CT-RSA 2022,
2022, pp. 97—119. doi: 10.1007/978-3-030-95312-6_5.

[2] R. L. Diachuk, K. M. Dmytrashchuk, A. Mazurets, H. V.
Prokhorov, and S. V. Yanushevskyi, “Photosensitive matrix as a
source of entropy,” in Proceedings of SPIE, vol. 13813, 2025, Art.
no. 138132C. doi: 10.1117/12.3092587.

[3] D. Hanzhelo and G. Prokhorov, “Investigation of a Numerical
Random Sequence Obtained from a Webcam,” Herald of Khmelnytskyi
National University. Technical Sciences,no. 2 (333), pp. 120—124, 2024
(in Ukrainian). doi: 10.31891/2307-5732-2024-333-2-18.

[4] L. Crocetti, P. Nannipieri, S. Di Matteo, L. Fanucci, and S.
Saponara, “Review of Methodologies and Metrics for Assessing the
Quality of Random Number Generators,” Electronics, vol. 12, no. 3,
p- 723, Jan. 2023. doi: 10.3390/electronics12030723.

[5] Recommendation for the Entropy Sources Used for Random
Bit Generation, National Institute of Standards and Technology,
Gaithersburg, MD, USA, Tech. Rep. NIST SP 800-90B, 2018. doi:
10.6028/NIST.SP.800-90B.

[6] S. Wolfram, “Random sequence generation by cellular au-
tomata,” Advances in Applied Mathematics, vol. 7,no0. 2, pp. 123—164,
Jun. 1986. doi: 10.1016/0196-8858(86)90028-X.

[7]1T. Toffoli and N. Margolus, Cellular Automata Machines: A New
Environment for Modeling. Cambridge, MA, USA: MIT Press, 1987.

[8] J. L. Hennessy and D. A. Patterson, Computer Architecture: A Quantitative
Approach, 6th ed. Cambridge, MA, USA: Morgan Kaufmann, 2017.

[9] S. M. Sze and K. K. Ng, Physics of Semiconductor Devices,
3rd ed. Hoboken, NJ, USA: John Wiley & Sons, 2006. doi:
10.1002/0470068329.

[10] S. Donati, Photodetectors: Devices, Circuits, and Applications.
Upper Saddle River, NJ, USA: Prentice Hall PTR, 2000.

[11]J. G. Proakis and D. G. Manolakis, Digital Signal Processing:
Principles, Algorithms, and Applications, 4th ed. Upper Saddle River,
NJ, USA: Pearson Prentice Hall, 2007.

[12] A. Papoulis and S. U. Pillai, Probability, Random Variables, and
Stochastic Processes, 4th ed. New York, NY, USA: McGraw-Hill, 2002.

[13]H. Prokhorov, M. Hanzhelo, R. Diachuk, and S. Yanushevskyi,
“Investigation of statistical characteristics of random number sequenc-
es generated by a webcam using cellular automata functionality and
NIST patterns,” Security of Infocommunication Systems and Internet of
Things, vol. 3,no. 1,p.01007,2025. doi: 10.31861/sisi0t2025.1.01007.

[14] S. Wolfram, “Statistical mechanics of cellular automata,”
Reviews of Modern Physics, vol. 55, no. 3, pp. 601-644, Jul. 1983.
doi: 10.1103/RevModPhys.55.601.

[15] S. Wolfram, A New Kind of Science. Champaign, IL, USA:
Wolfram Media, 2002.

[16] P. Chaudhuri, D. R. Chowdhury, S. Nandi, and
S. Chattopadhyay, Additive Cellular Automata: Theory and
Applications, vol. 1. Los Alamitos, CA, USA: IEEE Computer Society
Press, 1997. doi: 10.1109/9780470544150.

Binomocrti npo aBTopiB

Cepriii SInymeBcbkuii, acucteHt, YepHiBelbKUIl HAI[IOHAIb-
Huil yHiBepcuteT imeHi FOpis DenbkoBuya, YKpaiHa;
e-mail: s.yanushevskyi@chnu.edu.ua;

ORCID: https://orcid.org/0009-0007-3426-2868

HOpiii Io6poBoabChbKMIA, JOKT. TEXH. Hayk, mnpodecop,
UepHiBenbkuil HarioHadbHUM yHiBepcuteT imeHi IOpis
®denpkoBHYa, YKpaiHa;
e-mail: y.dobrovolsky@chnu.edu.ua;

ORCID: https://orcid.org/0000-0003-0626-0594

About the authors

Serhii Yanushevskyi, Assistant Lecturer, Yuriy Fedkovych
Chernivtsi National University, Ukraine;
e-mail: s.yanushevskyi@chnu.edu.ua;
ORCID: https://orcid.org/0009-0007-3426-2868

Yuriy Dobrovolsky, Dr. Sc., Professor of the Department,
Yuriy Fedkovych Chernivtsi National University, Ukraine;
e-mail: y.dobrovolsky@chnu.edu.ua;

ORCID: https://orcid.org/0000-0003-0626-0594

Copyright: © 2026, The author(s). Licensee: Politekhperiodika, Odesa, Ukraine. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license

(https://creativecommons.org/licenses/by/4.0/).

-.
TexHOJIOrisl Ta KOHCTPYIOBAHHSI B CJICKTPOHHIH amaparypi, 2026, Ne 1

ISSN 3083-6530 (Print) 37
ISSN 3083-6549 (Online)



CUCTEMM NEPEJAYI TA OBPOBKHU CUTI'HAJIIB

VIK 621.396.96+004.932 DOI: 10.15222/TKEA2026.1.38

Isan FTOPBATHH, Onexcanop YCATHH

VYkpaina, HanioHaneHuii yHiBepcuTeT «JIbBIBChKA MOITITEXHIKA

METOJIU HEMPOMEPEXXEBOI KJIACUDIKALIT CUTHAJIIB
I3 PO3IIUPEHUM CIIEKTPOM YV CUCTEMAX
PAJJIOMOHITOPUHIY

Posensamymo 3aoauy asmomamuunoi knacuixkayii cucHanie i3 po3utupeHuM CHeKmpoM Y CUCMEMAX padioMOHIMOPUHeY,
Wo GYHKYIOHYIOmb HA NAamgopmax 3 0OMeNCeHUMU O0OUUCTIOBATLHUMU PeCyPCamil. 3anponoHo8aHo KOMNAKMHULL 8EKIMOp
IH@POPMAMUEHUX 03HAK, AKULL NOEOHYE YACTNOMMI, YACOBO-YACIOMHI A CIMAMUCMUYHI Xapakmepucmukuy. Teopemuyno o61pyH-
moeamo suxopucmanms napamempie I iopma na ocHo8i MomMenmie CHeKmpanbHoi winbHocmi nomyxcnocmi. 3a pe3yromamamu
abnayilinoeo aHanizy cghopmosano ckopoueHutl 6eKkmop iz n’amu osuax. Ilooyoosano neuipomepedsiceguil knacugixamop y popma-
max 3 pyxomor ma ¢ikcosarnor komoro. JJocsienymo mounicme knacugixayii nonao 91% y oianazoui 6i0HOWEHHs CUSHAT/ WYM
6i0 0 00 20 0B, wo niomsepoxcye eqhekmusHicns 3anponoHo8aH020 nioxooy O cucmem padioMOHIMOPUHRY 8 PealbHOMY YAC.

Knouosi cnosa. cueHanu 3 posumuperum cnekmpom, yugpposi padiocucHaiu, HeuporHHi Mepedici, YLIoUUCeIbHA KeAHMU3ayis,

PAOIOMOHIMOpUHS, 60Y008AHI cUCMEM.

CyudacHi CUCTEMH PaIiOMOHITOPHHTY (DYHKITIOHYFOTh
B YMOBAX ITOCTIHHOTO YCKJIaIHEHHS PalioeIeKTPOHHO-
IO CEPEI0BHIIIA, 10 3yMOBJICHO 301IbIICHHSM KTBKOCTI
IDKEpeIT palioOBUIIPOMIHIOBAHHS Ta aKTHBHUM 3aCTOCY-
BaHHSM METOJIB IIIBHIICHHS 3aBaJl0CTIHKOCTI i MpH-
XOBaHOCTI 3B’s3Ky. |0 TaKMX METOIIB HAJIEKATh TEXHO-
JIOTii 3 PO3IMIMPEHUM CIIEKTPOM: IIepecTpUOyBaHHS PO-
004oi vacrotu (frequency-hopping spread spectrum,
FHSS), npsiMe postmpeHHs cniekTpa (direct-sequence
spread spectrum, DSSS) Ta JiHIliHA YaCTOTHA MOYJIs-
uist (chirp spread spectrum, CSS) [1], [2]. Ix BusBnen-
Hs Ta 1IEHTU(IKALIIS € CKIaTHUM 3aBIaHHSAM, 0COOJIUBO
32 HU3BKOTO BITHOIICHHS CUTHA/IIYM (signal-to-noise
ratio, SNR) [3], [4].

Oco0nuBOro 3Ha4YCHHS 3ajiada Kiacudikarii curya-
JIB 13 PO3IIMPEHUM CIIEKTPOM HaOyBa€ y CKJIaIi PO3Io-
JIUJIGHUX CUCTEM PaJiiOMOHITOPHHTY, Jie 00poOKa 3iic-
HIOETHCS Oe3MocepeIHbO0 Ha Iepu(epiiHuX By3ax 300-
PY — OTHOIUIATHUX KOMIT FOTEpaX Ta MIKpOKOHTpPOJIEPax
3 0OMEKCHUMH peCypcaMH IaM’Ti Ta 00UHCITIOBATBEHOT
notykHocTi. Taki maropMu opieHTOBaHI Ha 0OPOOKY
B PEXHMI PEaNbHOTO Yacy, TOMY OCHOBHHMU KPUTEPisi-
MH 3aCTOCOBHOCTI METO/Y KJIACH(IKAIIiT € HE JIUIIIE TOY-
HICTB, a W OOYHCIIOBAJIbHA CKIAIHICTL, 00CST ImaM’sTi
MOJIeJTi Ta €HeProe(heKTUBHICTb.

IcHyroui MeToam Kiacudikaiii CHTHAJIIB i3 pO3IIHU-
PEHUM CIIEKTPOM YMOBHO IOALUISIOTH HA TPH ITOKOJiH-
HSI, KOJKHE 3 SIKHX Ma€ CyTTEBI OOMEKCHHSI JUIsl BOyIOBa-
HUX CHCTEM, IO TPAIIOIOTH Y PEKUMI PEaIbHOTO Yacy.
Knacuuni nerepMiHOBaHI METOIH IPYHTYIOTHCS Ha CIICK-
TPAILFHOMY aHaJIi31 3 BUKOPUCTAHHSM IIBUIIKOTO IIEPETBO-
pernst yp’e, 4aCOBO-UYACTOTHHX ITEPETBOPEHB (KOPOTKO-
yacHe nepetBopeHHs Oyp’e, BelBieT-epeTBOpeHHs [S])

Ta SHTPOIIHHNX XapaKTePHCTHK 3 (PIKCOBAHUMHU ITOPOTO-
BUMHU nipaBuiaaMu [1], [6]. OCHOBHHMH HEIOIIKAMH IIHX
METOJIIB € YyTJIHMBICTh JIO PIBHS IIyMy (TOYHICTH TaJia€e
Hwkae 70% 3a SNR <0 nb [7]), BiACYTHICTD aal THBHO-
CTi Ta BUCOKA OOUYKCITFOBAJIbHA CKIIAJTHICTh IBOBUMIPHHUX
4aCOBO-YaCTOTHHUX HOJIaHb, Aka Mae opsagok O(N?2logN)
JUTSL CHTHAJTY JIOBXKHHOO N BUITIKIB.

MeTomu MamMHHOTO HaBYaHHS Ha OCHOBI O3HAK YacT-
KOBO JI0JIaIOTh OOMEKEHHS KIIaCHYHUX miaxomis [4], [7].
3okpema, y poboTi [ 7] s inentudikanii FHSS-curnanis
3aCTOCOBAHO MITYYHI HEHPOHHI MEpEeki Ha rmapame-
TPUYHHUX O3HAKaX, Mo 3abe3redye TOUHICTh 92—-95%
3a SNR > 5 nb. [Ipote Taki MeTOM Opi€HTOBAHI IIepe-
Ba)KHO Ha OIMH KJIaC CHTHAJTIB, BOHH BHKOPHCTOBYIOTh
eBPUCTHIHE (POPMYBaHHS BEKTOpa O3HAK 0e3 (hopmati-
30BaHOTO OOTPYHTYBAHHS Ta HE MEepen0avaroTh OIIHKH
CTIMKOCTI 10 LIJIOYKUCENBHOI KBaHTH3aLi1. Y Halii nome-
penHii po6oTi [4] OyB BUKOHAHUI MOPIBHSIBHUN aHAITI3
DIMOOKUX HEHPOHHHUX MEPEXK JJIs1 KIacH(iKarii udpo-
BHX MOJYJISAIIHN, SKAN MiATBEPAUB 3aJICKHICTh TOUHOCTI
BiJI CTparerii HaBYaHHS Ta apXITEKTYPH.

Mertomy mMOOKOTO HABYAHHS HA YaCOBO-YaCTOTHHX
MOJIAHHSIX 320€3MeUyF0Th BUCOKY TOUYHICTh KilacHDikarlii.
Y poGorti [8] s1st CUTHAITIB 3 HU3BKOO HMOBIPHICTIO Tepe-
xorieHHst (low probability of intercept, LPI) 3actocoBano
3rOpPTKOBI HEWPOHHI MEPEXi Ha CIIEKTpOrpamax, 1o Jaaio
TouHICTh 96% 32 SNR >0 nb. BogHouac Taki Mepexi xa-
PaKTEePU3YIOTHCS BUCOKOIO OOUHCITIOBATBLHOIO CKITA HICTEO
(108—10° omepaniii MHOYKEHHSA-HAKOITMYEHHS Ha OHMH
TIPSIMUIA TIPOXIT), 3HAYHUM 00csirom Mozeni (5—20 M) ta
opieHTaIli€ero Ha oraitH-00pooKy [9]—[11]. Lle yHeMox-
JIUBIIOE X 3aCTOCYBaHHS Ha IIaTGopMax 3 OIOIHKETOM y
JICCSITKA-COTHI K1TOOAMT ONIepaTUBHOT ITaM’sITi.
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CHUCTEMMH NNEPEJAYI TA OBPOBKHW CUTHAJIIB

OTxe, KOJIEH 3 BIIOMHX ITiXO/AIB He 3a0e31eqye of1-
HOYACHOTO BUKOHAHHSI TPHOX KITFOUOBHX BHMOT: BHCOKOL
TOYHOCTI 3a Bix eMHUX 3HaueHb SNR, HU3LKOI 00umC-
JOBATBHOT CKIaaHOCTI (MeHme 103 omepariii Ha oHy
peanizaiiiro) Ta CyMiCHOCTI 3 I[IJIOUHCENBHOI0 apupMe-
TUKOM0. Lle BU3HaYae akTyanbHICTh pO3pPOOICHHS METO-
Iy, 10 MO€AHY€E KOMIAKTHUHM BEKTOP iH()OPMATHBHUX
03HaK, 00YMCITIOBAHUX MIEPEBaXKHO Y YaCOBiii 00nacTi, 3
JIETKOI0 HEMPOMEPEKEBOIO MOJICIIIIO, aJallTOBAHOIO /10
8-01TOBOTO HTOYHCETHHOTO (POopMaTy.

Mertoto 11i€l poboTH € po3pOOIECHHS METOY HEHPO-
MepeskeBoi Kiacugikanii IUPOKOCMYTOBUX PaioCHTHA-
JIiB, OPI€EHTOBAHOTO Ha TUIATPOPMHU 3 0OMEKEHUMH 00-
YHCITIOBATILHUMU PECYPCaMH, 3 TCOPETHIHUM OOTPYHTY-
BaHHSAM BHOOPY BEKTOpa 03HAK Ta KUIbKICHUM ITOPiBHSH-
HSIM OOYHMCITIOBAJIbHUX BUTPAT 3 BIJOMUMH ITiIXOJaMH.

®opMyBaHHS BEKTOpPa 03HAK

Juis hopMyBaHHS BEKTOpa 03HAK BUKOPUCTAHO Yac-
TOTHI, YaCOBO-YACTOTHI Ta CTATUCTHYHI XapaKTePUCTH-
ku curdaiaie FHSS, DSSS ta CSS, ski 103BOJISIIOTH BH-
OKPEMMTH iX 32 BIIMIHHOCTSIMH y CIIEKTPaJbHiil CTPYyK-
Typi Ta IWHAMIKOK 3MIHH YAaCTOTHMX KOMITOHEHTIB.
[Ipiopurer HagaBaBcs mapamMeTpam, 10 MOEAHYIOTh BU-
COKY JMCKPUMIHATHBHY 3/IaTHICTh 3 HU3HKOK 00UHCITIO-
BaJIbHOIO CKJIaHicTIO. IIOBHUH cKilag O3HAK, iX HaIek-
HICTb JI0 TPYIIH, AITOPUTMIYHY CKJIQAHICTb Ta (hi3UIHUH
3MiCT HaBeJIeHO y TabJI. 1.

KitouoBuM eneMeHTOM 3alporOHOBAHOTO BEKTOPa
€ mapametpu ['liopta — akTHUBHICTH 4(X), MOOIJTBHICTh
M(x) ta cknamaicts C(x) [12], siki BimoOpakaroTh, Bij-
MOB1/THO, TOBHY MOTYXKHICTh CUTHAITY, CEpEeAHbOKBAIpa-
THUYHY YaCTOTY T4 BIIHOCHY IIUPUHY CMYTH 9acToT [13]
1 00YMCITIOIOTHCS BUKITFOYHO Y YacoBiid oOnacti. J{ist nuc-
KPETHOTO CUTHAJY X[7] ToBXHUHOIO N 11i MapaMeTpH BU-
3HAYAIOTHCS 32 hopMyaaMu

Ax)=c%; )
M(x)=o /o ; (2
Cx)=M(x")/ M(x), 3)
J€ G, G/ — CTAaHAAPTHE BiJXMIIEHHA CHUTHANY Ta IEepIIoi
PI3HUII BiINIOBITHO;
x'[n] — nepma pi3uuns curnany, x'[n]=x[n]—x[n—1].

3rigHo 3 Teopemoro [lapceBans, 7S cTalliOHAPHUX Y
IIMPOKOMY CEHCI TporieciB MoOiIbHICTh ['HiopTa aHami-
TUYHO TIOB’si3aHa 3 HOPMOBAHHUM JIPYTUM CIIEKTPAILHUM
MOMEHTOM CIIEKTPAJIbHOI LIIILHOCTI MOTYKHOCTI S(®):
M?(x)=(1/5%) [ 0?S(0) do. @)

Amnanoriuso, ckianHicte C(x) moB’A3aHa 3 4eT-
BEPTUM CIIEKTpajJbHUM MoMeHTOM. IloBeainka mapa-
METpIB y Pi3HUX KJlacaX CHTHaJIB Mae crenudivni
pucu. MobinbHicTs curnanis DSSS 3 maiixe piBHOMIp-
HUM CHEKTPOM y cMy3i B Onu3bka 110 B/A3 3a naitmen-
mioi ckiagHocti. Jinst FHSS Mo6inbHICTh 1eMOHCTpYE
cTpuOKOIIOAiOHI 3MIHH Yy Yaci, 0 BioOpaxae AUCKPET-
HY 3MiHYy LIEHTPaJIbHOI YaCTOTH, a CKJIAJHICTh pUiiMae
HaHOUIBII 3HAYEHHS Yepe3 Pi3Ki mepexiaHi MpoLecH.
V curnanax CSS MOOUIBHICTH 3pOCTAaE MOHOTOHHO, a
CKJIQJIHICTh NMpHUIMae MPOMIXKHI 3Ha4€HHS, BioOpaka-
I0YM TUIaBHY 3MiHYy MUTT€BOI yactotu. OTxKe, mapame-
Tpu ['iiopra 3a0e3nedyoTh ONUC CIEKTPaIbHOI CTPYK-
Typu 0e3 sBHOro oOuuciieHHs neperBopeHHs Dyp’e 3i
cknaanicTio O(N) nopiBasHO 3 O(Nlog N) 11t 4acToT-
HUX aHAJIOTIB.

TakuM YHWHOM, 3aMpPONOHOBAHUN BEKTOpP O3HAK
00’ennye yacrotHi geckpuntopu (F1, F2, F3), vacoo-
yactotHi xapakrepuctuku (F4, F5, F7, F8) ta craru-
ctuuni nokasuuku (F6, F9, F10), npuyomy napamerpu
Iiiopra (F6, F7, F8) BUKOHYIOTH POJIb OOUHUCITIOBAIEHO
e(heKTUBHUX 3aMiHHUKIB TPAIUIIHHUX CHEKTPaTIbHUX
XapaKTepUCTHK.

Tabmu 1

Knacugixayis eexmopa ingpopmamusnux o3nax cueHanie

HasBa o3Haku TTo3HayeHHs I'pymna CKJIaIHICTh Di3UUHUIT 3MICT
. . Mipa BHOPSIIKOBAHOCTI
CriekTpanabHa €HTPOTTis F1 YacroTHi O(N logN) P AL
CIIeKTpa
CrnekrpaibHa . . . .
. paib F2 YacrotHi O(N) Orninka nrymonoaioHocTi

PIBHOMIPHICTB
EdexTuBHa mupuHa cnekrpa . :
(9%0/) p p F3 YacroTHi O(N) ExBiBaJIeHT IMPUHHM CTIEKTpa

(1]

. . . HecrauionapHicts 4acToTHOT
Bapiauis cnekrpa y daci F4 YacoBo-4acTOTHI ow) tuonap

CTpYKTYpH
ITokazuuk nepectTprOyBaHHS . OriHKa JUCKPETHOT YaCTOTHOT
pecTpuby F5 YacoBo-uacToTHI O(N logN) 1 JCKPCTH

YaCTOTH TMHAMIKA
AxtuBHicTh ['HiopTa F6 Yacosi O(N) Eneprist curnaimy
Mob6inbsHicTh ['HiopTra F7 YacoBo-4acTOTHI o) OmiHka cepeHboi 9acTOTH
CxnazgHicTs ['#iopra F8 YacoBo-4acTOTHI O(N) OuiHKa MIUPUHA CHEKTpa
Exciiec aMIutiTy1Horo . . .

nee YA F9 CraructuyHi ow) HeraycosicTb po3noziny
PO3MOILTY

HCTIEPCisl eHePTITHIHOI . HecrarionapHicTs aMIuTiTy -

Huc pe P F10 Yacosi O(N) [UOHAPHICTS an A
00BiTHOT HO1 00BITHOT
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Oninka 004YHCJII0BAJBLHOI CKJIAJHOCTI

Jlnst KinbKicHOTO OOTPYHTYBaHHS e(DeKTHBHOCTI OIIi-
HIOBAJIM OOYHCIIOBAIBHY CKJIAJHICTh MOBHOTO KOHBE-
epa knacudikaii s peanizamii CUTHaIY TOBKHHOIO
N=1024 xoMmruiekcHUX BifikiB. CyMapHa KilbKiCTbh
oreparliii MHOYKECHHSI-HAKOTIMYCHHS HA OOYUCIICHHSI CKO-
pouenoro Bektopa (F3, F5, F7, F8, F9) cranoButh nipu-
6mmsHo 3+ 10* 3 Takum posnozisiom Burpar: F3 — Gnuse-
ko 10240 onepamiif A7l OIIHKM CHEKTpa MOTYXKHOCTI;
F5 —7200 pnsa xopoTtkouacHoro neperBopeHHs Oyp’e 3
BickMoMma BikHam# 110 128 BijmikiB; F7 Ta F8 — 8200 mis
0OYHMCIICHHS ABOX PiBHIB Pi3HUIIb Ta BiJIMOBIIHUX JTUC-
nepciit; F9 — 4100 mist o0unciieHHs MOMEHTIB BHILIOTO
HOPSIAKY. J[7s TOBHOTO BEKTOpPA 3 AECATH O3HAK CyMap-
Ha KiIbKicTb 3pocTae 10 7-10* onepartiii.

s apxiTekTypu OararomapoBoro HeplenTpoHa 3
JIBOMA NIPUXOBaHUMH 1mapamu (32 ta 16 HEHpOHIB) KiJlb-
KIiCTh OMepariii MHOXEHHSI-HAKONMYCHHS HA OAWH iH-
(depenc craHoBuTh 5-32+32-16+16-5=752, mo Bia-
noBiziae OIM3bKO 2,5% Big BApTOCTI OOYHMCIICHHS O3HAK.
To0TO, OCHOBHA YacCTHHA OOYMCITIOBAIFHUX PECYpCiB
BUTPAYAETHCS HA eTal (OPMYBaHHS BEKTOpA XapaKTePH-
CTUK, 1[0 BUTIPABIOBY€ BUKOPHUCTAHHS HU3bKO-CKIIaTHAX
JaCOBHX O3HAK B MPOIIECi HOTO MPOEKTYBAHHS.

3 Ta6u1. 2 BUIHO, IO 3aIIPOTIOHOBAHMH MiAXiA Y IIi-
JIOYMCENBHIN KOH(Irypanii Ha CKopoueHOMY BEKTOpi 3a-
Oe3rneuye 3MCHIICHHS 00YHMCITIOBAIBHIX BUTPAT HA YO-
THPH MTOPSIIKK Ta CKOPOUCHHSI 00CSTY MO TPHOITH3-
HO y 5000 pa3iB MOPIBHSHO 3 ITiJIXOI0M Ha OCHOBI 3TOPT-
KOBHUX Mepex [ 8], 30epiraioun npu 1iboMy eKBiBaJICHTHY
To4HiCcTh y miama3zoHi SNR > 0 nb. V 3icraienHi 3 Me-
TozioM [7], opiertoBanuM nuie Ha FHSS, 3anpornono-
BaHMH IiJIXi]] XapaKTePHU3y€eThCS yABIYI MEHIIIOO CKIIa -
HICTIO Ta MIMPIINM OXOIUICHHSIM KJIAaCiB CHTHAMIB.

Yac iandepeHCcy OIIHIOBABCS I THIIOBUX IJIaT-
(hopM paioOMOHITOPHUHTY — OJTHOTIIIATHUX KOMIIT FOTEPIiB
BeagleBone Al ta Raspberry Pi 3 TakToBOIO 9acToTOIO
nponiecopa Ommspko 1 [T, HaBeneni y Tabm. 2 Kib-

KiCTh Omeparliii Ta o0csAT mam’sTi MOZAeNi CIiJ PO3Is-
JIaTH SIK TEOPETHYHI OI[IHKH MOPSAKY BEIUYNHH, OTPH-
MaHi 3 aHATITHYHUX BHPA3iB CKIATHOCTI aJTOPUTMIB.
Yac ingepeHcy BU3HaUaBCS HA OCHOBI TaKTOBOI 4acToO-
TH TIPOLIECOPA, BIH MOXKE BiIPI3HATHUCS BiJ PE3yIbTaTiB
BUMIPIOBaHb 3aJICKHO B piBHS onTUMi3anii peaizarii
Ta CTYICHS HapaeizMy 00YHCICHb.

Heiipomepe:xeBa MoeJIb Ta aA0JsAIiHHAIT aHATI3

s noGynoBu kiacudikaTopa BUKOPUCTAHO apXiTeK-
Typy 0araToiapoBoro nepuenTpoHa 3 ABoMa NpUXoBa-
HIMHU IIapaMH, CXeMY SIKO1 HaBeJIeHO Ha puc. 1. Bxiguuii
map npuitmae N o3Hak (N=10 a1 TOBHOTO BEKTOpa Ta
N=5 Ui CKOPOYCHOTO), BUXITHHUH IIap GpopMye HMO-
BIpHICHI OI[IHKH HAJIC)KHOCTI CHTHAJTY JI0 I SITH KJIACiB:
aJAUTUBHUH O11Mii rayCOBUIl IIyM, By3bKOCMYTOBHU CHT-
nai, FHSS, DSSS, CSS. [IpuxoBaHi mapu 3aCTOCOBYIOTh
HeJNiHiHI QYHKIT akTUBALil IS apOKCHUMAILTiT 3aJIeK-
HOCTEeW Mik 03HakaMu. BuOip Takoi apXiTeKTypH 3yMOB-
JICHUI HEOOXiTHICTIO TOCATHEHHS JOCTaTHHOT TOYHOCTI
32 00OMEXKEeHOT 00UUCITIOBATIBHOT CKJIaTHOCTI: HA BIAMIHY
BiJI 3TOPTKOBUX Mepexk OararomapoBuil mepLuenTpoH He
noTpelye onepartiil 3ropTkH, 10 3HUKYE CKIaJHICTh Ha
TPU-YOTUPH TTOPSAKH TIPH 31CTABHIM TOUHOCTI TSI KOM-
MMaKTHUX BEKTOPIB O3HAK.

Juis 3MEeHIIeHHsT PO3MIPHOCTI BEKTOpa BUKOHAHO
aOAMIMHUN aHAITI3 IIUIIXOM II0CJI1JOBHOIO BUKIIOUEHHS
KOYKHOT 03HAKH 3 OIIIHKOIO 3MiHH TOYHOCTI AAcc BiTHOC-
HO 0OazoBoro BapianTy (10 o3Hak, TouHicTh 91,42%) Ha
BaJimaniiHii BuOipui y nianaszoni SNR Bix 0 10 20 nb.
3acTocoBaHo (hopMasTi30BaHHUN KITbKICHHUIA KPUTEPid BiJI-
00py, IO CKITATAETHCS 3 TPHOX YMOB:

K1 (imauBinyanpHa 3HAUYNIICTh) — O3HAKA 3aJIMIIA-
€Tbes, Ko |[Adcc| > 0,5%;

K2 (mexopenpoBaHiCTh) — O3HAKa BUITYYa€ThCS IPH
koedirienTi kopesimii [Tipcona |p| > 0,7 3 iHIIOK0O 03HA-
KOO, 10 Mae O1ITbIiie 3HaueHHs |[AAcc|;

K3 (neraruBHMIA BHECOK) — O3HAKA BUITYHAETHCS, SKILO
AAcc > 0 (ToOTO 11 BUIANICHHS HE TOTiPIIY€E MOJCIH ).

Tabmus 2
Tlopiensiims 0OUUCTIOBANLHUX BUMPAM MemO0i6 Kiacugikayii cuenanie
Kinekic . .
JIBKICTD O6c¢sr nam’sati | Yac iHdepeHcy, .
Metop onepawii Ha . IIpumitka
L moneni, Ko MKC
peaizaito
Knacnunwii ciekTpanbHUH aHami3 . Hu3bKa aianTHBHICTh
3 MOPOTOBUMH TpaBuiIaMy [ 1] 1-10 <1 10 10 SNR
MaiunHHe HaBYaHHS Ha TapaMEeTPHYHHUX 5.104 10 50 OZMH Kiac CHrHATIE
osnakax FHSS [7]
3ropTKOBI MEpeXi Ha CIIEKTpOrpamax o
5-108 10240 50 Odaiin-o0pobka

224224 [8] b P
SanpornonoBanuii: 10 o3Hak, popmar 7104 15 70 MaxkcumanbHa TOYHICTh
3 PYXOMOIO KOMOKO 3a HU3bKOro SNR
3anpornoHoBaHuii: 5 03HaK, (hopmar 3.104 8 30 Kommpomic
3 PYXOMOO KOMOTO TOYHICTB / pecypcH
3anpornoHoBaHMii: 5 03HAK, LIJIOYHCEIb- 3.104 2 15 PexomennioBano st
Hull popmar BOYZIOBaHMX CHCTEM
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Bxiguuit map IIpuxoBanuii 1

0

F1
F2
F3
F4
F5
F6
F7
F8
F9
F10

++s oA AN

A

0000000000

99999

000000000000000

JlomaTKoBO 3aCTOCOBY€ETHCS MPaBHIO BUHATKY K1*:
o3Haka 30epiraerscs npu |Adcc| < 0,5 %, sxmo koedirti-
enT Kopensii [TlipcoHa 3 HalOUTBIT KOPETHLOBAHOK) 1H-
10t0 03HaKoto [p*|< 0,3 (ToOTO BOHA HECce YHIKAIBHY He-
KopenboBaHy iHdopMaltiro). OctaroyHe pillieHHs priiMa-
€TBCS 32 MAKOPUTAPHUM TPABUIIOM.

Sk BumHO 3 Ta0u1. 3, 11’ aTh 3aunieHux o3Hak {F3, F5,
F7,F8, F9} € xommnementapaumu: F3 Ta F5 3a0e3neuy-
FOTh YyacTOTHHH onuc, F7 Ta F8 — wacoBo-uacToTHMII 3
MEHIITMHI 00YNCITIOBATEHIMH BHTpaTamH, a F9 — cra-
TUCTUYHY XapaKTCPHCTUKY JUIS PO3PI3HEHHS IayCOBHX
Ta HerayCoBuX IporieciB. CepeHe monapHe 3Ha4eHHS |p|
JUTSI IAX O3HAK CTaHOBUTH (0,34, 10 MiATBEPIKYE TXHIO
(dyHKIIOHAIEHY HE3aJICKHICTb.

[TprHIUTIOBUM PE3yabTaTOM a0JAIIHHOTO aHATI3Y €
BuiydeHHs F6: nogarne 3naueHust Adcc=+0,13% cBin-
YHUTH IIPO TE, 10 TOBHA CHEPTisI CUTHAIY, sIKa CYTTEBO 3a-
JISKUTh B PIBHSI ITyMY, BHOCUThH CHCTEMATHUYHY MTOXHO-
Ky y pimeHHs kiacudikatopa. O3naka F1 (criekTpanb-
Ha EHTPOITIsI) CTAE KPUTUIHORO Jiuiie ipu SNR <—5 b,
110 BU3HAYa€ OOMEKECHHS CKOPOYCHOTO BEKTOPA (PO3TIIsi-
JIATUMYTHCS Y HACTYITHOMY PO3iii). TakuM yuHOM, i
MTOBHMM BEKTOPOM O3HAaK HaJaji po3yMieThecsl HAOIp 13
10 xomnonentis (F1...F10), mix ckopoueHM — HaOIp

Abnayitinui ananiz ma gopmyeants cKOpoueHo2o 6eKmopa

ITpuxoBanuii 2

S —— AU

Buxinnuii nrap

@ \B
@ DSSS
@ FHSS
@ CSS

VLA 1X1)

Puc. 1. CrpykrypHa cxema
HelpoMepexkeBoro Kiacudikaropa

13 sty komroHeHTiB {F3, F5, F7, F8, F9}. 3naucHns
koeirienTiB Kopensaii |p*|, HaBeaeHi y Tadmn. 3, otTpu-
MaHi Ha MiJMHOXMHI HaBYAJIbHUX JaHUX Y Jiana3oHi
SNR Bizx 0 10 20 a1b Ta MOXXYTh HE3HaYHO 3MIHIOBATHCS
3aJICKHO BiJI 00CATY Ta XapaKTePUCTUK BUOIPKH.

Jlis peasizarii mozesni Ha mar@opmax 3 0OMEKCHH-
MH pecypcaMi 3aCTOCOBAHO IIIOYHCETHHY KBAaHTH3a-
1ito 710 8-0iToBOTO popMaTy Ticiis HaB4aHHS y popma-
Ti 3 PyXOMOIO KOMOIO OfAMHApHOI TOYHOCTI. /liara3zoHu
Baru Ta aKTUBAIlii BA3HAYAIOTHCS HA OCHOBI CTaTHCTHY-
HUX XapaKTEePUCTHK HABYAIBHUX JaHUX, 10 MIHIMIi3ye
BTpatu TouHOCTI. [Iporienypa KBaHTH3AII] BHKOHYETBCS
TTiCJIS 3aBEPIICHHS HABYAHHS 1 HE TIOTPeOy€E ITOBTOPHOTO
MMOBHOTO TPEHYBaHHS, 1110 CYTTEBO CIIPOLTY€E BUPOOHHYE
PO3TOpPTaHHS MOJIEITI.

PesyabraTn gociigxeHb Ta iX 00roBopeHHst

Jlis ekcriepuMEeHTaIBHUX JTOCIHIDKEHb Oya0 chop-
MOBaHO pernpe3eHTaTHBHUE Habip manux i3 10000 pea-
J3aIiid KOMIDIEKCHUX aHATITHYHUX curHatiB (1o 20 000
Ha kiac). Yacrora muckperusanii ctaHopmwia 1 MIn,
JIOBXKMHA KOXKHOI peamizamii — 1024 KOMILICKCHI BiJl-
miku. CurHamu DSSS MonenmoBamcs 3 BUKOPUCTAHHSIM
11-ummoBoro koxy bapkepa [14], [15], FHSS — 3i mBu-

Tabmums 3

OsHaka Af/cc’ Ip*| Kpurepiii Pimenns OOrpyHTyBaHHS
0

F1 —-0,30 | 0,72 (F2) K2 Buryunt Kopemroe 3 F2; kputnuna nume nmpu SNR <—5 nb

F2 -0,23 | 0,74 (F7) K2 Bunyunru Kopenbsosana 3 F7 npu MeH1ii cknagHocTi 00uncIeHHs

F3 -1,17 0,41 K1 3anumuTu Kputnuna ais pospizHerns DSSS Bij By3bk0cMyroBux

F4 —-0,27 | 0,68 (F5) K1 Bunyunuru InuBinyansHuil BIUIMB HIDKYe nopora; FS nepexpusae

F5 —-0,87 0,52 K1 3anumuTu VHikanbHO (ikcye qucKkpeTHi cTprbky yactotd FHSS

F6 +0,13 0,38 K3 Buyunru Honarne AAcc — BUIaNeHHs MOKPALLY€e MOJEIb

F7 ~1.70 0.74 K1 CT— HaitGispiumii i1mBixyansHuii BHECOK; 110’ s3ammii 3 M 2(x)
(zmB. Gopmyry (4))

F8 -0,77 0,41 K1 3anumuTH Baxmma mias CSS — maBHa 3MiHa MEUTTEBOT YaCTOTH

F9 043 022 K1* ETT—— I'pannuna |AAdcc|, ane Haiinmxkua kopesiuis (0,22) Ta poib
ripu HU3bKOMY SNR

F10 —-0,07 0,31 K1 Bunyuntn Jy6nroBana (yskmioHansHIcT 3 F6, F9
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a) 3azanvua mampuysa nrymanunu
(mooenwv INTS, n’amo o3nax)

0,01
Iym :
0.8
] 0,01
g 0,6
E 9
= J
‘E DSSS Lol
2 0,4
§ - 0,02
5 FHSS
- 0,2
css TUUENUIOSN 0,01 0,00
. . -0,0

NB DSSS FHSS
Iependauenuii kinac

Iym

CSS

Puc. 2. Marpulis HEBiIIOBITHOCTEH MOJIENI y LIJIOUUCETLHOMY (OpMaTi:
a — ycepennenuit pesynasrar s SNR Big — 10 g0 20 1b; 6 — SNR =—10 nb

kicTio 500 ctpudkis/c, CSS — sk miHiifHA YacTOTHA MO-
JUYJISIIISE 3 BUITAJIKOBUMU TPAaHUYHAMH 4acTOTaMu (imita-
1ist pizuanorO piBHA TexHOMOTii LORa). Curnanm renepy-
BAJIUCSI 3 BUIAIKOBOIO TOYATKOBOIO (Pa30t0 Ta EHTPAIIb-
HOO 4acToTor0 y miana3oHi SNR Bix — 10 g0 +20 nb mst
MOZICIIOBAHHA KPUTUIHUX YMOB HpHﬁMaHHSI, XapakTep-
HUX ISl CHTHAJIIB 3 HU3BKOIO HMOBIPHICTIO IIEPEXOIICH-
Hs1. HaBuaHHS Ta TeCTyBaHHS 31HCHIOBAJIOCS Ha TT1IMHO-
JKMHAX JTAHUX, SKi HE IEPETHHAOTHCS, 110 3a0e3euye Ko-
PEKTHICTb OLIIHKH y3araJibHIOBAILHOT 3[aTHOCTI MOJIEITI.

Mozens 3 pyXoMOI0 KOMOIO Ha TOBHOMY BEKTOP1 03HAK
3abe3neuye TouHicTh moHa 91,4% npu SNR > 0 nb, no-
csiraroun 93,2% npu SNR = 20 nb. HaBitb 3a iHTeHCHB-
HuX 3aBaj] (SNR = —10 nb) TO4YHICTh 3ajMIAETHCS HA
piBHi 87,1%, 110 M ATBEPIUKYE BUCOKY TUCKPHUMiHATHB-
HYy 3IIaTHICTh BEKTOpa 03HaK. JlJ1s aHami3y xapakrepy mo-
MUJIOK KJlacH(]ikailii BAKOPHUCTaHO MaTPHITi HEB1IIOBI -
HOCTEH, HaBEJICHI Ha pHC. 2.

Sk BUAHO 3 puC. 2, a, cucTeMa Maike Oe3TOMIITKO-
Bo imeHTHdiKye DSSS Ta nrym, mo miarBepuxye edex-
THBHICTh 03Haku F9 (excriec amrutityam) uis po3pis-
HeHHs1 HeraycoBocTi DSSS-curnanis. BogHouwac crio-
CTEpIraeThCsl MEBHUH MEPETHH MK BY3bKOCMYTOBH-
mu curranamu ta FHSS, mo e ¢izuano oGrpyHTOBa-
HUM SIBUIIEM: Ha KOpPOTKUX iHTepBanax FHSS-curnan
MOXX€ BHITIAJATH SIK By3bKOCMYTOBHil. ToUHICTH imeH-
tudikanii CSS 3anmumaerbcs cTablIbHO BHCOKOKO
(6mmm3pko 89%), IO TOBOANTH €(PEKTUBHICTH Mapame-
tpa F8 (cximaanicts [iopra). ¥ Bunaaky SNR =—10 nb
(puc. 2, 6) FHSS noMuikoBo KI1acupiky€eThCs K IIyM Y
34% Bumnankis, a 39% CSS po3mizHAIOTHCS SIK IIYM de-
Pe3 HeTOCTATHIO TTOTYXKHICTh ISl CTATUCTUYIHOTO BUSB-
JIeHHs napameTtpamu ['iiopra.

[IpoBeaeHi ekcrepuMEHTH JUIsl TPhOX KOH(DIry-
pamiii Mojeni A03BOJSIOTH 3a3HAYMTH, IO MEPeXija
BiJl TOBHOTO BEKTOpPa O3HAK JI0 CKOPOUYECHOTO EMOH-

0) Mampuys nnymanunu npu SNR=—10 05
(Haticknaouiwi ymosu,)

mym JEUCEM 0,01 001 0,03 0,01
0,8
o NB - 0,18 NI 001 0,13 0,10
<
5 0,6
4
2 DSSS - 0,01 0,00 0,00 0,05
% - 0,4
g
5 FHSS - 0,34 033 0,01 024 0,08
. 0,2
CSS 039 011 006 0,00 045
: : : : : 0,0
Ilym» NB DSSS FHSS CSS

IMependayenuii knac

cTpy€e BHCOKY cTaOiinpHicTh Ipu SNR > 0 nb: Tou-
HICTh ONTHUMI30BaHOI Mozem cTaHoBUTh 91,2—91,8%,
e smme Ha 1,5% Hikde 3a 0a30By IpH yABiUI MEH-
i po3mipHOCTI BekTopa. Haiibinpima pisHHIS MiX
MOZEISIMU CIIOCTEPIraeThCsI MPH BUCOKOMY PiBHI 3aBaj
(SNR =—10 1b): 6a30Ba Mozenb 30epirae TouHICTh 87%,
TOJI SIK OTITIMIi30BaHi BepCii IeMOHCTPYIOTH 3HIKCHHS
10 70% — 3 pyXoMOr KOMO Ta 66% — IiJI0YHCeNhb-
Hui Gopmar. Lle minTBepmxye 3pobnenuii B aOnsmiiHo-
My aHaJli3l BUCHOBOK, III0 BHJIy4YeHa o3Haka F1 (crek-
TpajbHA CHTPOIIisT) CTa€ KPUTHIHOIO B YMOBaX ITTNOOKO-
IO MacCKyBaHHS CUTHATY ITyMoM. [l KpUTHIHHX 3aCTO-
cyBanb ipu SNR <—5 1b pexomeH1y€eThCs TOTIEpEHHO
3aCTOCYBATH AJTOPUTMH MPUIYIICHHS IyMYy, 301TbIIHN-
TH 4ac CIIOCTEPEIKCHHS I HAKOITMYCHHS CTATHCTHKH
a00 BUKOPHCTATH MOBHUI BEKTOP O3HAK.

[epexin Bix popmary 3 pyXOMOKO KOMOO JI0 IiJI0YH-
CENBFHOTO MPU3BOANTH 10 HE3HAYHOI BTPATH TOYHOCTI,
1o UtocTpyeThes rpadikamu Ha puc. 3. [Tpu SNR >0 nb
KpPHUBI MPAKTUYHO 301TratoThCs, 10 MiATBEPHKYE MOXK-

—e— e T
00 Hems | e s P
4
"
e 8 i
- ,I!
5 80 11
j= 2/’/
5 /7
e IS
,I./
70 ",'I
‘-3
-10 -5 0 5 10 15 20

SNR, nb

Puc. 3. 3anexHIiCTh TOYHOCTI MOJIEICH 3 PyXOMOK KOMOIO
(6a30Boi / Ta onmTHMi30BaHOI 2) Ta y LiJTOYHCeNbHOMY (Hop-
Mari (3) Big SNR
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CUCTEMM NEPEJAYI TA OBPOBKHM CHUI'HAJIIB

JUBICTP IIJIOYMCETTHHUX OOUUCIICHb 0€3 CYyTTEBOT BTpa-
TH SKOCTi. J{ns THNOBUX clieHapiiB MpUIIMAaHHS CUTHA-
ay npu SNR=35 nb ontumanbHO0 € MOAETb 13 1’ AThbMa
O3HaKaMH Y IIJIOYNCETFHOMY (hOpMaTi: TOUHICTE ITOHA
91% 3a BUMOT 10 T1aM’sITi y YOTHPHU Pa3y MEHIIIE ITOPiB-
HSTHO 3 0230BOIO MOJICIUTIO 3 PYXOMOIO KOMOIO.

OTpuMaHi eKCTIEpUMEHTANbHI pe3ylbTaTH y3ro-
JOKYIOTBCSI 3 TEOPETUYHUM aHali30M OOYHCIIIOBATBHOT
CKJIaHOCTI (qUB. TaOs. 2): 3ampOIOHOBAaHUMA METOJ| Y
LTOYMCEIbHIN KOH(ITypallii Ha CKOPOYEHOMY BEKTOPI
O3HaK 3a0e3Meyye ONTUMAIBHUN KOMIIPOMIC MiX TOY-
HICTIO KiTacu(ikallii Ta 00YHCIIOBAIEHUMHI BUTPATAMHU.
JlonaTkoBo citiji 3a3HAYUTH CTIHKICTh METOY JIO THIIO-
BUX BIUIMBIB y peajbHUX YMOBax: Bapiamiif IeHTpalb-
HOT YaCTOTH CUTHAJY, BUTIAIKOBOT IOYaTKOBOI (ha3u, pi3-
HOT TPUBAJIOCTI CUTHALY y MeXaX BiKHa CIIOCTepEeKeH-
Hs1. e mocsraeThCsi BAKOPHCTAHHSM CTaTHUCTHIHUX 1H-
TerpaJIbHUX O03HAK, IHBapiaHTHHX JI0 ()a30BHX 3CYBIB Ta
KOPOTKOYACHUX (ITyKTyaIliid.

BucHoBkn

3anporoHOBaHUI METO/ HEHPOMEPEKEeBOI KiIacH-
(hikamii MMPOKOCMYTOBUX PaiOCUTHAIIB Jiisi BOYIO-
BaHUX IMIaTHOpM PasliOMOHITOPUHTY IMOETHYE BUCOKY
TOYHICTh MPH MalluX 3HAYCHHSAX BiJHOIICHHS CUTHaJ/
LIyM, HU3bKY OOUHCIIOBAJIbHY CKJIAJHICTh Ta CyMic-
HICTh 13 LIJOYUCENBHOI apupMeTnkorw. TeopeTuaHe
oOrpyHTYBaHHS iH()OPMATUBHOCTI mmapaMeTpi ['Hopta
JIO3BOJIMJIO 3aMIHUTH YacCTOTHI JIECKPUITOPH Yaco-
BHUMH €KBiBaJIeHTaMH 3i ckiaaHicTio O(N) 3amicTh
O(NlogN), 1110 CyTTEBO 3MEHIIINIO OOYUCITIOBAIbHI BU-
Tparu. Po3pobiena meroauka abnsiitHOro aHami3y ao-
3BOJIHIIA CPOPMYBATH CKOPOUCHHI BEKTOP 13 IT’SITH O3HAK,
SIKUi 3a0e3mneuye TouHicTh oHax 91% mpu SNR >0 1b
Ta notpedye e 6musbko 3-10% onepariii Ha oHy pea-
mizarito i mpubnuzHo 2 KO mam’siti Mojieri, 1110 Ha 40TH-
pH IOPSIIKKA MEHIIIE MOPIBHSIHO 3 IMiIX0AaMHU Ha OCHOBI
3TOPTKOBUX MEPEK.

ExcriepiMeHTaNIbHI pe3yabTaTh MiATBEPIUIH CTil-
KICTh METOMY JIO Bapialliii IIeHTpaabHOI YaCTOTH, BU-
aJIKOBOI IMOYATKOBOI (pa3u Ta pi3HOI TPUBAIOCTI CHT-
HaJy, [0 pOOUTH HOTO MPUAATHUM JIsl 3aCTOCYBaHHS
y PO3MOAUICHUX MEpEeXax pajliOMOHITOPHUHTY, IOpTa-
TUBHUX 3ac00ax pajiioTeXHIYHOT PO3BIJIKH, CUCTEMAaxX
BUSIBJICHHSI CUTHAJIIB 3 HU3BKOIO MMOBIPHICTIO Tepe-
XOIUICHHSI T2 OOPTOBUX KOMILJICKCAX MOHITOPHHTY JIi-
TallbHUX aIaparis.

[Topanbuii po3BUTOK METOLY BapTO CIIPSIMYBaTH Ha
IHTErpaio alIrOpUTMiB MPUIYIICHHS HIyMy AJISI YMOB
SNR <—5 1b, po3mupenHst Ha0opy KJ1aciB AJIsl OXOIUICH-
Hs cydacHuX TexHoiorii 38’s3ky (OFDM, 5G, cymyT-
HUKOBI CHCTEMH HU3BKOT OpOITH ), TOCITI/PKEHHSI arapar-
Horo npuckopenHst Ha DSP ta FPGA, a takox Ha miepe-
Xi1 Big xinacugikarii 10 OLiHIOBaHHS MapaMeTpiB CHT-
HaJTy 3 BUKOPUCTaHHSIM 0arato3agayHuX HeHpoMepexe-
BHX apXiTEKTyp.
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NEURAL NETWORK-BASED METHODS FOR SPREAD SPECTRUM SIGNAL
CLASSIFICATION IN RADIO MONITORING SYSTEMS

Automatic classification of spread spectrum signals — frequency-hopping, direct-sequence, and chirp — is a key
task in modern radio monitoring systems, particularly relevant for distributed sensor networks with constrained
computational resources. A critical review of existing approaches shows that none of the three generations of
classification methods — classical deterministic, feature-based machine learning, and deep learning on time-
frequency representations — simultaneously meets three essential requirements: high accuracy at negative signal-to-
noise ratios, computational complexity below 10° multiply-accumulate operations per realization, and compatibility
with integer arithmetic for embedded deployment. This paper proposes a method that addresses this gap through
a compact, informative feature vector combining frequency-domain, time-frequency, and statistical characteristics. The
informativeness of Hjorth parameters is theoretically justified via their analytical link to spectral moments of the power spectral
density, enabling O(N) time-domain computation equivalent to frequency-domain analysis. A formalized ablation analysis
with three quantitative selection criteria (individual significance, pairwise correlation below 0.7, and absence of negative
contribution) yields a reduced vector of five components. Complexity analysis confirms approximately 3-10* operations per
realization and 2 kB model memory in integer configuration — four orders of magnitude less than convolutional network—
based approaches. Experimental evaluation of a multilayer perceptron classifier demonstrates stable accuracy above 91%
across a wide SNR range, 93.2% at 20 dB and 87% at —10 dB, with negligible degradation under integer quantization,
confirming practical applicability to embedded and distributed radio monitoring systems.

Keywords: spread spectrum signals, digital radio signals, neural networks, integer quantization, radio monitoring, embedded systems.
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lop TBEPIJOBCHKHHU, Cepeiii CTEIIEHKO

VYkpaina, Hanionanbuuii yaiBepcutet «UepHiriBebka mosiiTeXHiKa»

AJIANITALIIS METOJIY OLIIHKU 3BAYKEHOI EOEKTUBHOCTI
®OTOEJIEKTPUUYHUX IHBEPTOPIB JO KJIIMATUYHUX
TA EKCIUIYATALUMHUX YMOB VKPATHU

Po3pobneno memoouxy usHAUeHHst PeciOHATbHUX 36AMHCCHUX KOeDIYIiEHmI8 e(heKmueHOCmi (homoereKkmpuyHux iHeepmopie Ha
ocnosi 0anux PVGIS SARAH-3 (2005-2023). Memoouxy 3acmocosano ons 19 nokayiu Ykpainu, wo oxonaooms n’sms Kiima-
MUYHUX 30H. 3anponoHosano ma po3paxo8aHo HAYIOHAbHUIL 38adicenuil koeiyicum kopucroi 0ii (KKJ]) ma nposedeno nopie-
HSAHHS 3 €BPONELCoKUM ma KaniopHiticorum seadicenumu KKJ]. Becmarnoenero, ujo po3noodin pooouux mouox ineepmopis 6 Yxpaii
CYMmeBo GIOPIZHAEMbCA 8i0 3aKNIAOEHO20 8 EBPONEUCLKOMY CIAHIAPMI OYIHKU IXHbOI eghexmusHocmi. 30Kkpema, 6aza OOMIHAHMHOT
mouxu nHasanmaxcents 50% 3veHuyemocs OLibUL HidC YOBIUT NOPIBHAHO 3 E6PONELICLKOI0 MEMPUKOIO, d HATIOLIbULY YACMKY DIYHOT
enepeii (matioce 40%) axymymioe mouxa 75%, sika 63aeani 6iocymust 6 €6poneicvkii gopmyni. Ha npaxmuyi ye npuzeooums 0o
3MIHU pelimuney KOMEepYItiHUX THEEPMOPI6 Ma MA€E 8AXNCIUSE 3HAYEHH 0TIl RPOCKMY8AHHS (YOMOENEKMPUYHUX cucmeM 8 YKpaiHi.

Kniouosi cnosa.: ghomoenexmpuuruii ineepmop, 36axceHa eexmusHicms, Koegiyicum KopucHoi 0ii, HayiOHATbHUL 36aHCeHUT

KKJ], PVGIS, esponeticoka ecpekmusHicmsy, Kanighoprilicbka eghexmugnicme.

I'mo6GapHa BcTaHOBIEHA MOTYKHICTD (DOTOCIICKTPHY-
HuX (®E) cucrem nepepummia 1,5 TBt y 2024 pori,
npu npoMy YKpaina mae nonan 8 I'Bt BcranoBieHoi
coHsiuHOI moTyxHOCTi [1], [2]. B ymoBax eHepreTny-
HOI KPU3H, CIIPUYMHEHOI pyHHYBaHHSIM HoHax 65% re-
HEpPYBaJIbHUX MOTYKHOCTEH KpaiHH BHACIIIOK CUCTEM-
HUX 1 LUTeCIpsIMOBaHUX arak apmii PO, posmominena
COHSTYHA TEHEPAllisl CTa€ KPUTHUHIM EIEMEHTOM CHEep-
TeTUYHOI Oe3MeKn Hamiol aepxkaBu. KinbkicTb moOyTo-
BUX CIIO)KUBaYiB-BUPOOHHUKIB (TIPOCBIOMEPIB) 3pOCiia 0
53000, a yacTka HOBUX yCTaHOBOK 3 aKyMYJISITOPHUMU
cucremMamu nepesuirye 40% [1].

EdexTuBHICTE iHBEpTOpA € KIIOYOBUM ITapaMETPOM
Ut IpoekTyBaHHS DE-cucTeM Ta MpOTrHO3yBaHHS BU-
poOiteHHs enekTpoeHeprii. JJis MopiBHSIHHS 1HBEPTOPIB
BHUKOPUCTOBYIOTHCS 3BaKEHI MOKA3HUKH €(EKTUBHOCTI:
€BPOIEHCHKA €(YEKTUBHICTD Mp(;, BU3HAYEHA CTaHJAP-
toM EN 50530 [3] Ta 3anponionosana Jantsch, Schmidt
i Schmid y Fraunhofer ISE (1992) [4], i kamidopHiii-
CbKa €(EKTHBHICT Mg [5]. OOnaBI MeTpHKM BUKO-
PHUCTOBYIOThH (DIKCOBaHI BaroBi KOE(iI[iEHTH, 1110 BiJO-
Opa’karoTh PO3MOALT COHSYHOI ippasiamii KOHKPETHUX
perioHiB: eHTpaIbHOI €Bponu (6113bK0 48—50° mH. 111.)
s Mg ta Kanigopwii st M. Maremaruyni mo-
Jielti eheKTUBHOCTI 1HBEPTOPIB, 110 BUKOPHCTOBYHOTh-
Csl y TIPOTPaMHOMY 3a0e3IeueHHi I MOJCITIOBAHHS
®E-cucreM, eTanbHO onucadi y [6], a miaxin Sandia
National Laboratories 10 MonentoBaHHsI €EKTUBHOCTI
mepexeBux DE-inBepTopiB —y [7].

3BakeHa €Bporelcbka eeKTUBHICTD (european
efficiency, euro efficiency, euro-eta) — e cepeIHbO3BA-
skernit koedimient kopuchoi nii (KKJ/I) inBepropa, 1o

BPaxOBY€ peabHHUI PO3MOILT Yacy (HYHKIIOHYBaHHS ITPH-
CTPOIO Ha PI3HUX PIBHAX MOTY>KHOCTI IIPOTATOM poKy. Ha
BIJIMiHY BiJl MAKCUMaJIbHOT (TIIKOBOT) €()eKTUBHOCTI, SIKa
JOCSTAEThCS 32 iealbHIX Ja00PATOPHUX YMOB IIPH HO-
MiHaIFHOMY HaBaHTa)KCHHI, 3Ba)KCHA €(DEKTUBHICTH BiJJ0-
Opakae peaslbHy IPONYKTHBHICTH IHBEPTOpPA B MOIEOBUX
YMOBaX, JI¢ BiH IPAIIOE 3 Pi3HOO MOTYKHICTIO 3aJIeXKHO
BiJl piBHS COHSTYHOI ippaiaii (XMapHiCcTh, PAHKOBI Ta Be-
YipHi TOAWHH, CE30HHI 3MiHM). Bua 3BakeHa eheKTuB-
HICTb (y CyuacHUX iHBepTOpiB BoHa csirae 97—98%) o3Ha-
yae MEHII1 BTpaTy eHeprii Npu NepeTBOpeHHI NOCTiiHO-
ro crpymy Bin @E-mMonyiniB y 3MiHHUI CTPYM Ui Mepe-
ki 200 CHOXKKMBaya, 110 0e3M0CePETHHO BILTUBAE HA EKO-
HOMIYHY e(heKTUBHICTH (POTOCTEKTPUIHOT CTAHIIII.

YV KoHTEKCTI 1HTerpauii YKpaiHu 10 €BpOIEeHCHKOTo
eHepreTHYHoro puHKy (B Oepesni 2022 poky 3aBepiie-
Ho cunxpoHizauito 3 ENTSO-E, Ykpaina orpumana cta-
Tyc kanauaara B €C, TpuBae rapMoHi3alisi CTaHAaPTIB)
[OCTa€ MUTAHHS, UM aJIeKBaTHO €BPOIEHChKI cTaHaap-
TH oLiHKHU epekTuBHOCTI DE-iHBEpTOPIB Bi10OOpaXkatoTh
peanbHi yMOBH eKcIutyararii B Ykpaini. J{ns Bignosimi
MpoaHaIi3yeEMO JaHi COHSYHOI ippasiamii ams 19 noka-
i YkpaiHu Ta Ha/laMo KiJbKiCHY OIIiHKY.

Amnani3 my6uikauiii Ta noctaHoBKa NpoodJieMu

3BakeHa €(YEKTUBHICTH T, OyJda 3anponoHoBa-
Ha Jantsch et al. [4] y 1992 pomi Ha 6a3i Fraunhofer ISE
(Dpaiidypr, HimeyurHa) Ta (opMaizoBaHa CTaHIapTOM
EN 50530 [3]. Cranmapt BU3Ha4a€ 3arayibHy e(heKTUBHICTh
THBEpTOPA SIK JOOYTOK €PEKTHBHOCTI IIEPETBOPEHHS T CTa-
TUYHOT e(DeKTUBHOCTI BIJICTEKCHHS TOYKH MaKCUMAaJIBHOI
MOTYXXHOCTI (maximum power point tracking, MPPT):
Niotal™ Neony Mvppr- CTanapt IEEE 1526 [8] Busnavae pe-

TexHOJIOrisl Ta KOHCTPYIOBAHHSI B CJICKTPOHHIH amaparypi, 2026, Ne 1

ISSN 3083-6530 (Print)
ISSN 3083-6549 (Online)

45



EHEPTETUYHA EJEKTPOHIKA

KOMEH/IOBaHY MPAKTUKy TECTyBaHHS IPOLYKTHBHOCTI aB-
TOHOMHHX ®E-cuctem. Y dopmyiti utst Ny BUKOPHCTOBY-
€ThCS IIICTh TOYOK HABAHTAKEHHS 3 BATOBUMH KOe(illieH-
TaMH, I110 BiJ0OpaXkaroTh YaCTKy CHEprii Ha KOXKHOMY PiBHi:

Mgy =0,03n5, 70,061, 5, 0,131, +0,10M5,, +

+0,48N500,+ 0,201, 0y (1)

Jst kanipopHiHCHKOT €PEKTUBHOCTI N, BUKOPH-
CTOBY€ETBCSI 1HIMMN HAOIp TOYOK 3 TOMIHAHTHOIO Baroro
0,53 nns 75% HaBaHTa)XeHHS 1HBEpTOpa, 110 BimoOpa-
JKae BUIILY COHSIYHY ippaialito, TUoBy ajst KamidopHii:

Nepe= 0,041 49, 70,05M,50, 40,1213, 40,2 1M, +

+0,5310, 0,051 | o005 @)

OOMexeHicTh 000X CTaHIAPTU30BAHMUX TTiIXOIB MOJISI-
rae y ix npuB’s3Li 10 KOHKPETHOro Kiimary. Lle MoTuBy-
BaJIO JIOCITITHHUKIB 3 PI3HUX KPaTH 0 pO3pOOKH YHCIICHHNX
perioHaNbHUX aNbTepHATHB. MOICTIOBaHHS SJICKTPUYHOT
e(EKTHBHOCTI IHBEPTOPIB 32 MEKAMH CTaHAAPTHUX KPH-
BUX JociiukeHo Driesse et al. [9]. Ongun ta Ozdemir
[10] 3anponionyBanu KOeDIieHT Ny, qr I CEPEN3EM-
HOMOpchKoro kiiMary Typewuwnn. Rahman et al. [11]
PO3pOOHIIH METPUKY Npqua A1 €KBaTOpiaJbHUX PET10HIB
(Mamaiizis), ne 70% eneprii reHepy€eThCsI TP COHSTIHIH
ippamianii Bume 500 Bt/m2. Nasir [12] BuBiB koediri-
€HT My A Gupap V1A apuHOTO KitiMary Ipaky. Byamungu
[13] amanTyBaB Metomauky mns I[liBaenHoi Adpuku
(Keiinrayn), a Kalathil ra Krishnamurthy [14] 3anporio-
HYBaJIHM PET10HAIIbHI KOe(DIIliEHTH TS TPOITIYHOTO KiTiMa-
Ty Uennai (Inzist). Harish et al. [15] nmpoBenu ananoriu-
HE JIOCIIJKeHHS s iHaidchkuX DE-cranmii. Dupont,
Rech ta Pinheiro [ 16] po3poOuim MeToauKy 0OuUCIIeH-
Hs1 3BKEHUX KOE(IlIEHTIB Ha OCHOBI eKCILTyaTaliiHUX
JTaHux s yMoB bpasuiii, a Burger ta Ruther [17] no-
CJIWIIA BIUIMB KoedillieHTa 3aBaHTa)KEHHS 1HBepTOpa
Ha 3aralbHy nponyktuBHicTh ®E-cucremu. BogHouac
JUst YKpalHU aHAJOTiYHUX PEriOHaJbHUX 3BAKCHUX
KOE(]IIIEHTIB A0CI HE PO3pOOIICHO.

AHaJTi3 MPOBITHUX YKPATHCHKUX HAYKOBUX (haXOBHUX
BHIAHb MiATBEPUKYE HASBHICTH 3HAYHOTO TOPOOKY y
CYMDKHHX HaIlpsIMKax, MpOTe HE MPEJICTaBICHI A0CTi-
JOKEHHSI caMe 3BaXKEHOT €()EKTHMBHOCTI 1HBEPTOPIB IS
OE-cranmii. Tak, B podoti [18] onucano nociimKeH-
HSl CTPYKTYpH OIHO(a3HUX MEPETBOPIOBATIBHHUX arpe-
raTiB Uil KOMOIHOBaHUX CHUCTEM EJIEKTPOMOCTAYaHHS
3 ®E-neperBoproBauamu, a y [19] 3anpononoBano 0Oa-
rato(yHKIIOHATFHUN MIEPETBOPIOBAY 1T OTHO(A3HUX
KOMOIHOBaHHX CHCTEM JIOKAJIbHUX 00’ €KTIB. ABTOPH
[20] npoaHami3yBaal peryarOBaHHS HANPyrH Ta peak-
THUBHOI ITOTY>KHOCTI B PO3IOIUTEHIX MEpexkax 3a JOIOo-
MOTOI0 PO30CEPEIKECHIX BiTHOBITIOBAHUX JIKEPEN CHEp-
rii. BB ce30HHOCTI TeHepallii Ta HaBaHTaXCHHS Ha
ONTHMAJIbHY €MHICTh CHCTEMH HaKOITHUCHHS €IIeKTPOe-
Heprii MiKpoOMepeKi MpoChIoMepa OMIcaHo y podori [21].
ABTopH [22] AOCHIIMIN XapaKTEPUCTHKH KPEMHIEBUX
®E-nepeTBOpIOBaYiB MPH MIepErpiBaHHi, a TAKOXK 1X 3Mi-

HH TICJISL CTPYMOBHX IIepeBaHTaxkeHsb [23]. B poOoTi [24]
OyJ10 pO3MIISTHYTO MOKITUBICTD ONTUMI3Aallii KyTiB HAXHUITY
ta opieHTanii ®E-nmaneneid. YiockoHaneHui METO OITi-
HIOBaHHS BTPAT MOTY>KHOCTI B IMITYJIbCHUX IIEPETBOPIO-
Bauax OyB 3alpoNOHOBaHMI aBTOpamu [25].

VY poborti [26] aBTOpHU NpOBENU MOPIBHAIBHUN aHa-
J113 TOTMOJIOTIH Ta aITOPUTMIB JUTSI BiJICTE)KYBadiB TOUKH
MakcuMalibHOi MoTyXHOCTI y DE-cucremax. B crarTi
[27] npeacraBieHo OMIsAA Kpallux 1HHOBAI[IMHUX TIiJI-
XO/IiB, K1 BIUIMBAIOTh Ha MOJAIBIIHIA PO3BUTOK BiTHOB-
JIOBAaHUX JDKEpeT eHeprii. ABTopH [28] BUKOHAIIN OIS
Ta O0IpYHTYBaJM BUOIp HAKONIUYYBaUiB eNEeKTPOeHeprii
IUTST pOOOTH €IEKTPOCHEPTETUIHUX 00’ €KTIB.

VY pobori [29] npoBeeHo omIsAa MacorabapuTHUX
Ta BapTICHUX MMapaMeTpiB KOMEPIiHHIX COHSAYHHX i1H-
BEPTOPIB, 1110 CTBOPIOE 0a3y Ml MOPIBHAILHOTO aHaTi-
3y oOnajiHaHHS Ha yKpaiHCbkoMy puHKY. ABTOpH [30]
JNOCTIWIN TapaMeTpH, XapaKTepUCTHKHU 1 (aKTopH,
[0 BIUIMBAIOTh Ha €()EKTHUBHICTD Ta HAIIHHICT POOO-
TH (POTOETEKTPUIHHUX NEPETBOPIOBAYIB y CKIIAMII CICK-
TpOCHEpreTHYHUX cucreM. Y crarti [31] onmcano pe-
3yJBTATH JIOCHIHKEHb XapaKTEePUCTHK SJIEMEHTIB aBTO-
HOMHHUX CHCTEM EIIEKTPOXKUBIICHHS Ha OCHOBI (hoTOEINIeK-
TPUYHHX MIEPETBOPIOBAUIB.

VY po6oti [32] 3anmpornoHOBaHO HEHpoMeEpeKeBHi
Mmeton SolarM2P mist mocToOpoOKH POTHO3IB COHSY-
HOI ippaziarii Ha OCHOBI YHCENFHUX MOJENIEH MOTO/IH.
Pesynprar 11i€1 poOOTH MOXYTh OyTH BUKOPHCTaH1 JTsI
IIJIBUIIIEHHS TOYHOCTI BX1JIHUX JaHUX MPU BU3HAYCHHI
BaroBHX KOe(ilieHTIB e()eKTUBHOCTI IHBEPTOPIB, OCKIJTb-
KH SIKiCTh MPOTHO3YBAHHI COHSTYHOT ippaiarii 6e3moce-
PEIHBO BIUTMBAE HA JOCTOBIPHICTH PO3MOALTY POOOINX
TOYOK 1HBEPTOPA.

TakuMm 9UHOM, MO’KHA KOHCTATYyBaTH, 110 TIOIPH 3Ha-
YUMHA BHECOK 3a3HAYCHHUX POOIT Y PO3BUTOK COHSY-
HOI CHEPTeTUKH Ta IiJBUIICHHS ¢()EKTHBHOCTI (OTO-
EJIEKTPUYHUX CUCTEM, KOHKpPETHA poliieMa BU3HAYCH-
Hs pETiOHAJIbHUX 3BaXKCHUX KOoe]ilieHTIB e)eKTUBHOC-
Ti COHSIYHHX 1HBEPTOPIB Uil YKpATHU 3aJIUIIAETHCS He-
BHPIIICHOO.

Bukopucranns cuctem crexenss 3a ConueM (solar
tracking systems) CyTTEBO 3MIHIOE PO3IOALT POOOUYHX TO-
YOK iHBEpPTOpa IPOTITOM 00U Ta MPOTITrOM POKY. STk mo-
Ka3aHo B po0o0Ti [33], IBOOCHOBA CUCTEMA CTEXKEHHS TTi]I-
BHIIY€ JJ000BE BUPOOJICHHS SHEPTii (POTOCTCKTPUIHOTO
Moyt Ha 27% B ymMoBax UepHiroBa 3aBAasKy yTpUMaH-
HIO MaHEeNI MEePIEeHANKYISIPHO A0 COHSYHHUX MPOMEHIB.
Uepes 11e iHBEPTOP 3HAYHO JIOBIIIE MTPALIIOE TIPU CEPEIHIX
Ta BHCOKHMX HABAHTA)KCHHSIX, 1[0 BIUTUBAE HA BETHYHHY
3paxkeHoro KKJI i miakpeciroe BaKIUBICTh IPABUIBHO-
ro BUOOPY BaroBUX KOCQIIIEHTIB JUIsl KOHKPETHOT KOH-
¢iryparii Ta po3mimeHHs GOTOSIEKTPUYHOT CHCTEMHU.

BaxMBHUM KOHTEKCTOM ITPEICTABICHOTO TOCTIHKEH-
HS € EKCIICPUMEHTAIbHI POOOTH 3 BUMIPIOBaHHS €(eK-
THBHOCTI 1HBEPTOpPIB, a caMe: OI[IHIOBaHHS TOKa3HU-
KiB e(DeKTHBHOCTI iHBEpTOpa MOTYXHICTIO 2 KBT 3 )KUB-
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JICHHSAM BiJ] aKyMYJIATOpHUX Oatapeit [34]; mopiBHIHHS
JBOPIBHEBUX KBa31iMIEAaHCHUX IHBEPTOPIB HA OCHOBI
SiC texHomnorii Ta TpupiBHeBuX Si—SiC KBa3iiMIenaHc-
HUX iHBepTOopiB A1 DE-3acTocyBans [35]; mociimxeH-
us BrmuBy DC-DC neperBoproBaua sipaiiBepa CUI0BUX
kitouiB Ha edexkruBHicTh OE-inBepTopa [36]; anamis
BJOCKOHAJIEHHS JIBOKACKaJHUX MiKpOiHBepTOpiB [37].
CHiJIbHOIO PUCOIO IIUX POOIT € BUKOPUCTAHHS MICIIEBUX
MOKa3HMKIB COHSYHO] ippaiamii 1 BU3HaUCHHS Koedi-
IIIEHTIB, a1aTITOBAHMX JI0 PEAJIBHOTO KIIMaTHYHOTO ITPO-
¢imo periony. PazoMm 3 TuM, aHaJi3 JOCTYITHHUX JHKEPE
BUSIBIISIE TPU CYTTEBI IPOTATIMHU:

® Ha CHOTO/IHI JUISI CX1HOEBPONEUCHKOTO KOHTHHEH-
TaJBHOTO KJIIMaTy He PO3pOOJIEHO JKOJHOT METPUKH;

® y BiZJOMHX JIOCITIIPKCHHSIX HE TPOBOAMIOCS CHCTE-
MaTHYHOTO TIOPiBHSIHHS HASIBHUX PETIOHAIBHUX METPUK
Ha €IMHIA METOIUYHIN OCHOBI;

® [IPAKTUYHHIA BILUTUB BUOOPY METPUKH HA PEHTHHT
KOMEPIIHHUX IHBEPTOPIB 3aTHIIAETHCS HEIOCIPKSHAM
MUTAHHAM JJI51 YKPATHCHKOTO PUHKY.

Meroro 11i€1 poOOTH € BU3HAYCHHS PETiOHATIBHUX 3Ba-
XKeHUX koedinieHTiB edexruBHOCTI DE-iHBEpTOPIB 114
KJTIMaTUYHUX YMOB YKpaiHu Ha ocHOBI gaHux PVGIS
(Photovoltaic Geographical Information System) ta ix
HOPIBHAHHS 3 ICHYIOUMMH METPUKAMH €BPOMEHCHKOT 1
Kani(hopHiiChKOT €PEeKTUBHOCTI.

MeToauka BUBeIeHHS 3BaKeHUX Koe(ilieHTiB
edexTuBHOCTI

PVGIS — nie 6e3miaTanii BeOIHCTPYMEHT, po3po0iie-
Huit CHiJIBHAM JTOCTI THUIILKUM IIeHTpoM (Joint Research
Centre, JRC) €Bponeiicbkoi Komicii B M. Icnipa (Itamist),
0 JTO3BOJISIE OTPUMATH JaHi PO COHSYHY ippajialiro
Ta OI[IHUTH MPOAYKTUBHICTH (POTOCTECKTPUIHHX CUCTEM
[38]. V norouniii Bepcii PVGIS 5.3 ocHOBHUM j1Kepe-
JIOM JTaHUX € cymnyTHHKoBa 6a3a SARAH-3 (Surface Solar
Radiation Data Set — Heliosat — Edition 3), po3po0iie-
Ha koHcopiiymoM CM SAF arentctBa EUMETSAT.
baza SARAH-3 oxormutroe epion 3 1983 poky no tere-
PINIHBOTO Yacy 3 MPOCTOPOBOIO PO3AITBHOIO 3aTHICTIO
0,05°x%0,05° (mpubIU3HO 5 KM) Ta YaCOBUM KPOKOM
30 xB. [1opiBHSHO 3 TOTIEPETHHOIO BEPCIEIO TPETS peIaK-
it MICTHTh YIOCKOHAJICH] aJlrTOpUTMH OOPOOKH XMap-
HOCTI Ta POMIILTA PO3IIMPEHY BaJiIAII0 BIIHOCHO Ha-
3€MHUX CTaHIIH.

BXigHMMU JaHUMU y 1 poOOTI CIyryBaM MOBHI
19-piuHi TOAMHHI PSIIM COHSYHOI ippajiaimii Ta TeM-
nieparypu 3 06asu SARAH-3 3a nepion 2005—2023 pp.
[38] mus 19 nokaniii YkpaiHu, MO OXONIKIOTH
I’ATh KJIIMaTHYHUX 30H: 3aximgHa (Yxkropon, JIbBiB,
Pisue, Tepuomins), ITiBHiuna (XKutomup, Kuis,
UYepniris, Cymn), Llenrpanpua (Binauns, Yepkacw,
[TonTara, Kponusuuipkuit), CxigHa (Xapkis, J{Hinpo,
Banopixokst), [liBaenna (Oxeca, MukoinaiB, XepcoH,
Cimdpepomnons — AP KpuM, 1aHi BUKITFOUHO CYIMyTHH-
KOBI). 3araipHuil 00CAT HasBHUX y 0a3l JaHUX CTaHO-
BUTH 3,16 MIIH TOIMHHKX 3aIIMCIB.

Ha BigmiHy BiJi METOJMYHOTO MiJAXOMY NESKUX TI0-
MepeHIX TociipKeHb, Hanpukian [11], [12], ae Buko-
PHCTOBYBAJIHCS AaHi TUITOBOTO METEOPOIOTTIHOTO POKY
(typical meteorological year, TMY), y 1i#i poOOTi 3aCTO-
COBaHO NOBHI Oararopiuti psau. TMY KOHCTPYIOEThCS 32
metoxom Sandia National Laboratories: i1 KOXKHOTO Ka-
JICHJTAPHOTO MICSIIIS 3 HaSsBHUX POKIB BUOMPAEThCS “‘Hal -
TUNOBINIMIA™ 3a cTatrcTukoro dinkenbireiiHa—Iladepa
(Finkelstein—Schafer, FS), sika o1iHIO€ OJU3BKICTh KyMYy-
JISATUBHOI PYHKIIIT pO3MOITY METeomapaMeTpiB KOXKHO-
T'O POKY JI0 IOBTOCTPOKOBOI KyMyJASTHBHOT QPyHKIIIT [39].
VY pesynbrari TMY cuHTe3yeThes 3 12 “Halikpamux”
MICSIIIB PI3HUX POKIB, IO 32 BU3HAYCHHSM MPUTHIUYE
BIUIMB KpaifHix o0nacTei pyHKIHA po3noaity ippamiarii:
EKCTPEMAITBHO SICHI Ta eKCTPEMaJIbHO XMapHi TIepi0H BH-
KITIOUAIOThCS K ““HETHITOB1”. L]e BHOCHTh CHCTEMaTHUHY
MOXUOKY (3MIIIICHHS) y BArOBI KOS(IIIEHTH JIJIS KpalHIX
TOYOK HaBaHTaXeHHS (5% Ta 100%), 110 € KPUTUIHUM
JUTS 337124l BU3HAYCHHS 3BAXKEHUX KOe(]IilieHTIB edek-
TtuBHOCTI. ToMy B 111 pOOOTI BUKOpHCTAHO TIOBHi 19-piu-
Hi TOJIMHHI PSIJIH, SIKi 30epiratoTh MOBHY CTATUCTHYHY 1H-
(hopmailiro mpo po3moi ippamiarii.

PVGIS Haae koMImoHEHTH ippaialii Ha TOXUIIiH 1o~
BepxHi (plane of array, POA) 1isi onTUMalbHOTO KyTa
HaXHJTy 1 KOKHOT JIOKAIIT: IpsiMy ;) — BU3HAYAETHCS
reOMETPUYHIM (HAKTOPOM MEePEPaxyHKy 3 FOPU3OHTAIIb-
HOI TomuHY; 1udy3ny G A MICTUTb BUITPOMiHIOBaH-
HS$I, PO3CisiHE aTMOC(EepOIo Ta XMAPHICTIO, Ta BIIOUTY Bif
3eMHOI IOBEPXHi G, ;) — 3QIEKHUTH Bij KoeilieHTa Bi-
OUTTSA MOBEPXHI p (HAMPUKIAM, A TPAB THOTO MOKPH-
By p=~0,20) [38]. 3 HUX CKJIaAAEThCS CyMapHa ippajia-
1isl Ha MJIOMIMHI (POTOSNEKTPUIHOTO MACHUBY:

Gpoa=GCriyt Gy T Oy (€))

Temneparypa (GoTOETEKTPHYHOTO MOIYIIST BU3HAYA-
nacsi 3a Mofesito Faiman [40]

G
— POA
Z::ell _T;lmb + 5 (4)
U,+U, ‘WS
ne T, — Temmeparypa (OTOENEKTPUYHOT KOMIpKH;
T, ., — TEMIIEpaTypa HABKOJMLIHLOTO MOBITPSL;
U,— KOe(IlliEHT TEIIOBI 1aui KOHBEKIIIEO Ta BUITPO-

MIHIOBAaHHSIM 32 BiICYTHOCTI BITpY,
U,=25,0 Br/(m*K);

U, — Koe(ilieHT, 10 OMHUCY€E JOIATKOBE OXOIOKEHHS
Bitpom, U, =6,84 Br/(m?-K)/(m/c) [40];

WS — mBuaKkicTh BiTpy Ha BucoTi 10 m.

Crin 3a3HAYNTH, 110 BUKOPUCTAHI KOC(ilieHTH Te-
IUIOBiAa4i OUIBIIOI0 MIPOIO BIATIOBIAIOTH JOOpE BEH-
TUIBOBAaHUM HA3eMHHUM KOHCTPYKIiSIM, TOAI AK IS
OE-MacuBiB, yCTaHOBIEHUX Ha MOXWIMX Jaxax, TEM-
neparypa MOAYJIiB Moxe OyTH BUIIOIO Yepe3 TipIe 0X0-
JIOMKCHHS, a MPO(1JIb HAaBAHTAXKCHHS IHBEPTOPA A0/aT-
KOBO 3MilllyBaTHCs B OiK MEHIINX MOTYy>kHOCTeH. Kpim
TOTO, MPUIHHATHI cTanuit KoedinieHT Bindbuttsa p~0,20
JUIS TpaB’STHOTO TOKPHUBY HE BPAaxXOBY€ 3UMOBI YMOBH
3a HassBHOCTI CHITOBOTO IIapy 13 BUIIMM alib0e/10, SIKUii
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MOJKE JIOKaJIbHO 301JIbIIYBaTH BiIOUTY CKIJIAJOBY ippa-
Jiarii, xoua if yepe3 HeBeIMKY YacTKy 3MMOBO1 reHepa-
1ii ioro BIUIUB HA piuHi Barosi Koe(illi€eHTH OYIKy€ETh-
sl OOMEKCHUM.

HopwmanizoBanuii piBeHb HaBaHTAXXEHHsI 1HBEPTOpPA
p(f) B MOMEHT yacy ¢ (0e3po3MipHa BelTU4MHA B Jiara-
30Hi [0; 1], 110 BiJIMIOBIA€ BiTHOMIEHHIO MUTTEBOT BX1/1-
HO{ MOTY>XHOCTi iHBepTOpa A0 HOro HOMiHAJIBHOI TO-
TYXHOCTI1) OOYHCITIOBABCS 3 ypaxyBaHHSIM TEeMIIEpaTyp-
HOI KOPEKIIiT MOTYJIS:

p(z):min 1;ILRGLA(t) [1+Y(Tcen (t)_25>] s )

STC
ne ILR — xoedilieHT 3aBaHTaKeHHs iHBEpTOpa (inverter
loading ratio);
Gy — COHsYHA ippajiallis 32 CTaHIAPTHUX YMOB Te-

cTyBaHHs (BH3Ha4YalOThesi craHmaproMm [EC
_ 2.
61215 [41]), G4p=1000 Br/m?;
Y — TemmeparypHuii  koe(illieHT
(hOTOETEKTPUUHOTO MOJTYJIS;
min(1; ...) — QyHKIis, 110 00MEXYy€e PiBEeHb HABAHTAKCHHS
OJIMHWIICIO 3 ONIAAy Ha Te, MO IHBEp-
TOp HE MOXE MPUIHATH MOTYXHICTh IOHA
HOMIHAJIBHY.

MOTYXHOCTI

KoedinienT 3aBantaxkenns inBepropa ILR — 0e3-
pO3MipHa BEIMYUHA, 110 BU3HAYAETHCS K BiHOLICHHS
HOMiHaJIbHOT NOTykHOCTI DE-MacuBy 10 HOMiHaTb-
HOI TMOTYKHOCTI iHBepropa: ILR=Ppy /P, o .
VY 6a3zoBomy po3paxyHky ILR=1,0 (moTyxHicTh Ma-
CHUBY JIOPIBHIOE IIOTYXHOCTI iIHBEPTOPA), 1110 y3TOJIXKe-
HO 3 BU3HAYEHHSM MOKa3HUKIB €PEKTUBHOCTI Ny, [3]
Ta Nege [S]

TemmeparypHuii Koedilie€HT MOTYKHOCTI (hOTOCIEK-
TPUYHOTO MOJIYJS JJIsl KPUCTAIIYHOTO KpeMHito (c-Si),
110 JIOMiHy€ Ha pUHKY (Onm3bko 95% ycTaHOBOK), 10-
piBHioe Y=—0,004/°C, TOOTO KOXXHHI Ipajyc MepeBu-
LIEHHS TeMIlepaTypu Moayis noHax 25°C npu3BOaUThH
JI0 3HIKEHHS Horo moTyxHocTi Ha 0,4%.

Jnst BCix nokariil j 00YHCICHO YacTKy eHeprii Ha
KOXKHOMY 3 CeMH CTaHIapTHUX PIBHIB HABAHTAXCHHS
(5%, 10%, 20%, 30%, 50%, 75%, 100% Bix HOMiHAIIb-
HOT ITOTY>KHOCTI):

Z Gpon, ; ()AL

{t: p(,(t)e],.}

W, = ©)
1] )
§ : Gpon,,; (DAL
{Z5GPOA,j (I)EGmin}
1€ W, — BaroBui koe(illieHT JuIs i-rO PiBHS HABaHTAXKCH-

HS B j-H JIOKaIii;

t — 4acoBuil BiJUTiK TOIUHHOIO PALY;

[, — iHTepBaJl HOPMaJIi30BAaHOTO HABAHTAKCHHS, IO
BIJIOBiJIa€ i-My CTaHIAPTHOMY DIiBHIO HaBaHTa-
JKEHHS;

G . — MiHIMaJIbHUI PIBeHb ippajialiiil, HUK4e SKOro BBa-

JKA€ETHCS, 110 IHBEPTOP HE BUPOOIISIE ENEKTPOCHEP-
rito, G, =20 Br/m%;

At — yacoBwuii kpok ganux PVGIS, Ar=1 rogx.

[TincymoByBaHHS B UNCEIBHUKY IIbOTO PiBHSIHHS 0X0-
TUTFOE BC1 TOJIMHM £, 1151 IKMX PiBEHb HaBaHTaKeHHS p(f)
MOTpAIUIse B iHTepBa i. Mexi iHTepBajiB BU3HAYAIHN 32
METOJIOM HaiOmmkIoro uenrpy: [p, .. 0,075), [0,075;
0,15), [0,15; 0,25), [0,25; 0,40), [0,40; 0,625), [0,625;
0,875), [0,875; 1,0+].

HanionanbHi KoedinieHTH 00UNCITIOBAIH SIK CEPEIHE
3Ba)KEHE 32 BCTAHOBJICHOIO MOTYXHICcTI0O PE B perioHi:

(7

— HalllOHAJILHUN BaroBuii kKoeilieHT st i-ro pis-
HS1 HAaBaHTQXKCHHS,

UA
w =X, (am;)
ne wUA

0,; — BaroBa 4acTka -1 okarii.

3Ha‘{eHHﬂ (X] BU3HAYAETHCA BiﬂHOHIeHHfIM BCTaHOBJICHO1
OE-noTyXHOCTI CPV,;’ Y BIJINIOBIJTHOMY PETIiOHI /10 3arajibHOT
BCTAHOBJICHOT HOT.y)KHOCTi CPY’ total TTO KpAiHi. 3Haqe§Hﬂ CPV,j
MIPUIHSATO 32 OIIHKaMH PETIOHATLHOTO PO3IOLTY BCTa-
HoeieHoi notyxuocti CEC 3a qanumu HKPEKII ta Bin-
KpuToro Habopy nanux Energy Map (DiXi Group) [42]
3 ypaxyBaHHSIM BTPAT MOTYKHOCTI y CX1JIHUAX Ta TiBJICH-
HUX O0JIACTSX BHACIIJIOK OOWOBHX Jid. AHATI3 9y TIH-
BOCTI ITOKa3ye, Mo BUOIp o, C1a0KO BIUTMBAE Ha PE3yJib-
TaT: JuIisi OyAb-SIKOTO PO3IMOMINTY TMOTYXHOCTEU HaIlio-
HaJIbHI KOC(IIIEHTH 3aJMIIAIOThCS B MEXKaX Jiana3oHy
3HA4YCHb OKpeMUX Jokamii (Hanpukiam, 0,370-0,415
1t Touku 75%).

3BakeHa e(DeKTUBHICTh BU3HAYAETHCS SIK

7
NMua = EWiUAﬂ (pi ),
i=1

@®)

1€ M(p,) — €PEKTUBHICTH IHBEPTOPA NPH i-My PiBHi Ha-
BaHTQ)KCHHSI, BU3HAYEHA 33 CTAHIAPTHOK METOIHKOO
BumMiproBanHs 3riH0 3 IEC 61683 [43] a0o EN 50530 [3].

KaiMmaTuyni yMoBM QyHKIiOHYBaHHSA
(oToesnexTprnuHUX cucTeM B YKkpaini

3a manumu PVGIS SARAH-3 (2005-2023), ce-
penHst coHsuHa ippaniamiss POA Ha miomuHi MacuBy
32 ONTHMAJBHOTO KyTa HaXMiIy B YKpaiHi Bapilo€Th-
cs Bim 154,3 Br/m? (JIpBiB, cepenHe 3a BCi TOMUHH) JIO
188,5 Br/m? (Cimdeporions). PizHuIis 3araisHOro posmo-
Jiry pecypey (piBHS COHSIUHOI ippaiartii) mo kpaiHi cra-
HOBUTH O1n3bK0 22% (puc. 1). CepeanbopivyHa TeMmepa-
Typa HoBiTps KonuBaeThes Bix 8,5°C (Cymn) o 12,2°C
(Oneca, XepcoH). TexHIYHO NOCSKHUM MOTEHITia
@E-nepeTBOpeHHs U1 YKpaiHU OI[IHEHO B po0o0Ti [44].

Ce30HHA HEPIBHOMIPHICTH € XapaKTEPHOIO ISl KOH-
TUHEHTAIILHOTO KJIIMAaTy: SKIIO BIITKY (YepBEHb — cep-
MeHb) 3a0e3nevyeTbes 0mmn3bko 36—40% pidHOTrO BUPO-
OJIEHHS €JICKTPOCHEPTIi, TO B3UMKY (TPYJCHb — JIOTHIl)
mmie 9—13%. CepeaHs KibKiCTh TOJMH €(eKTUBHOI PO-
6ortu inBepropa (komu POA nepesuntye 20 Br/m?) cra-
HOBHTB 3 776—3 953 roa/pik 3anexHo Bix perioHy. Taka
PI3HHILS OSCHIOETHCS] THM, 10 JUIS KOOPAMHAT pO3Ta-
IIyBaHHS YKpaiHH, 1[0 OXOIUTIOIOTH Jiala3oH reorpa-
¢iuHuX mupoT @=44—52° nH. 1., HaBiTh y JITHE COH-
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SOLAR RESOURCE MAP

GLOBAL HORIZONTAL IRRADIATION

UKRAINE

i ! !
Long term average of GHI, period 1994-2018 L——1 100km
Daily totals: 3.0 3.2 3.4 3.6 3.8 4.0
KWh/ra?
Yearly totals: 1095 1168 1241 1314 1387 1461

This map is published by the World Bank Group, funded by ESMAP. and prepared by Solargis. For more information and terms of use, please visit http://globalsolaratlas.info.

Puc. 1. Kapra mo6anbHOT TOpH30HTANBHOI ippaaialiii Ha Teputopii Ykpainu [45]

LIECTOSTHHSI MAKCUMAJIBHUI KyT MiJTHECEHHSI COHIIS CTa-
HOBUTH 62—70°, 1110 00MeXy€ MKOBY COHAYHY ippajiia-
1iro 3HadeHHAMH 950 — 1000 B1/Mm%. Cepeius piuHa Kiflb-
KicTh sicCHUX IHIB (xMapHicTh <20%) B YkpaiHi cTaHo-
BUTH 45— 65 3anexHo Bij periony [46], [47].

Ontumansuuil KyT Haxmiry ®E-naneneit cyTrreBo
BILTHBAE Ha po3moii ippamiamii POA mpoTsrom poky i,
BIJIMOBITHO, HA BaroBi koedimieHTH eekTuBHOCTI. [{yis
JOCTIKEHUX JIOKalii YKpaiHu onTUMaIbHUN KyT HaXH-
1y B (3a kpuTepieM MakcuMizarii piunoi ippanianii POA)
BapiOEThCA Y By3bKOMY Jiara3oHi Bij 36° (miBaeHHi J10-
Karii — Opeca, Mukonais, Xepcon, CiMdepomnons) 1o
38° (Vkropon, JIbBiB, Uepwirie, Cymu), Aemio 3pocra-
104H 3 reorpadivyHoI0 MIHPOTOIO.

Ha puc. 2 npojieMOHCTPOBaHO pivuHYy COHSIUHY ippa-
JUar(iro Ha TOPU30HTAIBHIN TUTOIKHI (T100aTbHA TOPH-
30HTaJbHA ippaniatis — global horizontal irradiance,
GHI) ta na miomuHi (OTOENEKTPUYHOIO MAaCUBY 3a

Piuna ippanianis, kBt ron/(m2/pik)
S
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S
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Puc. 2. Piuna ippaniauis Ha ropuzoHTanbHii miomuHi GHI (7)
1 Ha IJIOIMHI MacUBY 3a OTUMaJbHOrO KyTa Haxuity POA (2)
JUTSL YOTHPHOX JIOKaMiil YKpaiHu
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ONITHMAJIBHOTO KyTa HAaXWIy JUIl YOTHPHOX PENpe3eH-
TaTUBHUX MICT YKpaiHU. YCTaHOBJICHHS TaHENeH Tij
OINITHMAITEHAM KyTOM HaXHUITy [} 3aMiCTh TOPU30HTAIBHO-
0 po3MillIeHHs 30UTBIIYy€ piuny ippamiarito Ha 16—17%
3aJIeXKHO BiJl IUPOTH JTOKaIlii. BomHOUac 3anexxHiCTb pid-
Hoi ippazgianii POA Bix KyTa HaxXmiIy Mae MOJIOTHIl MaK-
CUMYM: 3a pe3y/ibTaTaMt PO3PaxyHKIB BIJXWICHHS £ 5°
BiJl OITUMYMY IIPH3BOIUTH JO BTpaTu MeHIIe HiX 1%
piuHOi ippazialii, o CBIIYUTH PO NOMIPHY Yy TJIMBICTb
pidHOTO BHPOOJICHHS CHEPril 10 TOYHOCTI BCTAHOBJICH-
HS KyTa HaXWIy MaHeIeH.

PesyabraTn Ta iX 00roBopeHHst

PesynpraTu o04umcIeHHS HalliOHATHHUX BarOBUX KO-
€bili€enTiB Wy;, Ta iX MOPIBHAHHS 3 BATOBUMH Koedimi-
€HTaMH EBPOTIEHCHKOT (W) Ta KalipopHIACHKOT (W (k)
METPHK €(EKTHBHOCTI JIJIsl PI3HUX PIBHIB HABAHTAKCH-
HsI HaBeneHO B Tadu. 1. 3BijcH BUAHO, IO HaWOLIbIIA
KUTbKICHA BIIMIHHICTh MK HAIlIOHAJILHOFO Ta €BPOTICH-
CBHKOIO METPHKaMH CIIOCTEpiraeThes st Toukn 50% Ha-
BaHTa)XEHHS: ii Bara 3MeHmyerbest Ha 0,263 — 3 0,480
IS Wy 10 0,217 nus WA Boanouac Touka 75% Ha-
BaHTa)KCHHSI, 1110 B3arai BIACYTHS Y (OPMYJIi €BPOTICH-
ChKOi e(DeKTHBHOCTI, aKyMYJTIO€ HAHO1IbITy YACTKY Pid-
HOT eHeprii B ymoBax Ykpaiau — 0,396. Bara Touku mo-
BHOTO HABaHTXCHHS TaKO)K MEHIIA 32 €BPOICHUCHKY,
npote He € mizepHoro: 0,156 nporu 0,200 mnst wy . Ile
03Hadae, mo 3a 0a30BOro kKoe(ilieHTa 3aBaHTAKCHHS
ILR=1,0 moBHe HaBaHTaXeHHS PE-iHBepTOpa X0U 1 HE
€ TOMIHAHTHHM PEKHUMOM, ITPOTE TPATUIIETHCS TOCTAT-
HBO PETYISIPHO 1 aKyMYJIO€ ONU3BKO MIOCTOI YaCTHHH
piunoi eHeprii. [onunu 3 ippamiamiero POA > 875 B1/m2,
110 BiJINOBI1a0Th iHTepBany 100% HaBaHTa)eHHs, CTa-
HOBJITE 7,6—12,4% pobodoro yacy iHBepTOpa 3ajexK-
HO BiJI KJIIMaTHYHOT 30HHU, @ MAKCUMaJIbHE 3apeecTpOBa-
He 3HaueHHs POA nocsrae 1127 Br/m? (nns UepHirosa).
OT1xe, pobounii mpodins GE-inBepTopis B YKpaiHi 3Mi-
[ICHO HE 10 ITOBHOTO HABAaHTAXXCHHS (5K Y perioHax 3

Tabmurs 1

Hayionanvni 6a2osi koediyicumu wy,, y NOPiGHANHI 3 Wy,
Ma W 018 PISHUX HAGAHMadicens P,

P, % WEu Weee Wua AWyagy
5% 003 | — | 0021 | 0,009
10% | 0060 | 0040 | 0042 | -0,018
20% | 0130 | 0050 | 0062 | —0,068
30% | 00100 | 0120 | 0,106 | +0,006
50% | 0480 | 0210 | 0217 | -0263
75% — | 0530 | 0396 | +0396
100% | 0200 | 0050 | 0,156 | -0,044

=
1,000 | 1,000 | 1,000

BHCOKHUM piBHEM iHcouIAII) 1 He 10 50% HaBaHTa)KCHHS
(SIK y €BpONEHCHKIN METPHIIi), a TIEPEBaKHO JI0 Cepel-
HIX Ta MiBHIICHHUX piBHIB 50—75% 13 cyTTEBUM BHe-
ckoM pexumy 100%.

3 nmaHuX, HaBEICHUX Yy Ta0I. |, BUIHO CyTTEBU Tie-
PEepO3MOILT BATOBUX KOC(IILIEHTIB MOPIBHIHO 3 EBPOTICH-
CBKOIO METpHKOI0. JlomaTHi 3HAUYCHHS AW, _p; MAIOTh
mumre Toaku 30% (+0,006) Ta 75% (+0,396). Hatomicth
Bara HU3BKUX PiBHIB HaBaHTaKeHHS 5 —20% € MEHIIIO0
3a €BPOIIEIChKY, a st Toukn 50% crocTepiraeTbes Haii-
oibire 3amkeHHs — Ha 0,263 (3 0,480 10 0,217). Touka
100% takox Mae Menmry Bary: 0,156 mportu 0,200, T0O-
TO Awya_py=—0,044.

VY Tabua. 2 HaBeJeHO 30HATbHI (perioHaJIbHI) Ba-
TOBi KOC(IiiEHTH Wya AT TUATH KJIIMAaTUYHUX 30H
Vkpainu. TyT criocTepira€Tbesi 4iTKUN TPaiEHT 3 TiB-
HOYl Ha MIBJCHB: Bara Touku 75% 3pocrae Big 0,383
(3aximHa 30Ha) g0 0,406 (ITiBgeHHa 30Ha), a Bara To4-
ku 100% — Bin 0,136 10 0,167, mio BimoOpaskae OUIbIITY
KOHIICHTPAIIII0 CHEpPrii Ha BHIUX PIBHAX HaBaHTAKCH-
HS y MIBICHHUX PETrioHaX 3 IHTCHCHBHIIIOK COHSIYHOO
ippaziariero.

Ha puc. 3 HaBeneHO TEIIOBY KapTy YacTOK PidHO-
TO BUPOOJICHHS €JIEKTPOCHEPTii I KOXHOT 3 19 mocii-
JOKYBaHUX JIOKaIlii. Bizyasizaris miaTBepKye cCHCTeMa-
TUYHUH XapaKTep perioHaTbHUX BIIMIHHOCTEH: MiBJACHH1
nokanii (Oneca, Mukonais, XepcoHn, CiMmpeporosb) Jie-
MOHCTPYIOTB BUIIY KOHIICHTPAIIIIO eHeprii Ha piBHi 75%,
TOJII SIK 3aX1JIHI Ta MBHIYHI MAIOTh PIBHOMIPHIIIHHA pO3-
moxia Mixk Toukamu 30—50%.

OTpuMaHi pe3yinbTaTH JO3BOJISIOTH CTBEPIKYBa-
TH, 110 CTaHAapTHA METPHUKA Tg(; HE € aIEKBaTHOIO IS
omiHroBaHHS epekruBHOCTI DE-iHBEpTOpIB B yMOBaX
Ykpainu 3 TAKUX OPUYHH:

1) CTpyKTypHa HEBIANOBIAHICTb — M ; HE MICTUTB
Touku 75%, sika B yMoBax YKpaiHu akymyino€ 39,6%
eHeprii, To0TO y popMyJii He BpaXOBY€EThCS MTOHA] Tpe-
THHHU FeHEPOBaHOI EHEepril;

Tabmus 2

Pecionanvni 6azoei koeiyicnmu wy,, 013 n’amu kaimamuy-
HUX 30H Y NOPIGHANHI 3 Wy, OISl PISHUX HA6aHMadicens P,

P, % - — Mo ’ . WEu
3axin | [TiBuiu | Hentp | Cxin | [TiBgens
5 10,024 | 0,024 | 0,023 [0,021| 0,018 | 0,030
10 | 0,053 | 0,046 | 0,046 [0,040| 0,038 | 0,060
20 | 0,068 | 0,068 | 0,066 |0,062| 0,057 | 0,130
30 (0,114 | 0,108 | 0,107 {0,107 | 0,103 0,100
50 0,222 | 0,226 | 0,221 [0,215] 0,211 0,480
75 10,383 | 0,386 | 0,389 {0,395| 0,406 —
100 | 0,136 | 0,142 | 0,148 [ 0,160 | 0,167 | 0,200
z
1,000 | 1,000 | 1,000 [ 1,000] 1,000 | 1,000
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Yxropon
JIbBiB
PiBHe

TepHominb
‘Kuromup
Kuis

YepHiris
Cymu

Binnuig

Uepkacu

ITonraBa

KpornuBuunpkuii
XapkiB

Juinpo
3anopixoKs
Opeca

Muxkomnais
Xepcon

Cimpepormoins

2) KiIbKiCHE 3MilIIeHHS — aOCOJIIOTHA CyMapHa Pi3HU-
1151 BATOBUX KO€(Dilli€HTIB 3a IIiCThMa CHUTBHUMU PIBHAMU
HaBaHTakeHHs (0e3 Touku 75%, BpaxoBaHoi B 1I. 1) ckia-
nae Z|wy, ;~ Wey | =0,408, mo cBiguuts npo cyrreBuit
MePepo3No/Iii 3HAYeHb BaroBUX Koe(illi€HTiB,;

3) mpakTHYHUN HACHIOK — 3MiHa PEHTUHTY eKc-
IUTyaTOBaHUX B YKpaiHi IHBEPTOPIB IEMOHCTPYE, 110 BU-
KOPHCTaHHs MOKa3HUKA T|;; MOXE MPU3BOJUTH JI0 He-
ONITUMAJIBHOTO BHOOPY O0TaTHAHHS.

Jls IpakTHYHOI JEMOHCTpAIIil BIUIMBY 3Ba)KCHUX
Koe(illieHTIB HA PEUTHHT oONamHAHHS OyJ0 BimiOpaHO
IIiCTh IHBEPTOPIB NOTYXKHICTIO 5 KBT (HalOi1bm 1OIIN-
peHnwuii pieHs aist modyroBux OE-cuctem B YkpaiHi) Bix
HAWMOMYJISIPHIIINX HA YKPAaiHCHKOMY PUHKY OpPEHIIIB 32
JaHUMH Acolliamii COHTYHOT eHepreTHKH YKpainu [48]:
Huawei (30-35% punky), Deye (20—25%), Growatt
(15-18%), GoodWe (8—12%), Sungrow (8—10%),

Pisenn naBanraxenus, %

Puc. 3. HacTku piuHOTro BUPOOICHHS €IEeKTPOSHEPrii Ha Pi3HUX PIBHAX HaBaHTa)KeHHs I 19 nokauiid Ykpainu
(BIOPSIKOBAHO 32 KJIIMATHYHUMH 30HAMU 3 MIBHOYI HA MiB/ICHb)

0217 0,414
YacTka
2 - piuHOi
0218 0,384 cHepri
0,40
0,221 0,376
0220 0,391
: 0,35
0,228 0,387
0,222 0,380 0,30
0222 0,373
0,223 0,396 102
0216 0,392
40,20
0223 0,382
0,220 0,384 40,15
0224 0,387
0215 0397 0,10
0210 | 0,396
0,05
0,415
0,401 0

0,412

0,403

50 75 100

Fronius (3—5%). BuGipka oxorutroe sik MepeskeBi iHBep-
topu (Fronius, GoodWe, Growatt, Sungrow), Tax i ri-
opuani (Huawei, Deye), o 3abe3neuye kpairy penpe-
3CHTaTUBHICTh PE3YIIBTATIB.

3acTocyBaHHS 3alpONOHOBAHOTO HAI[lOHAJIBHOTO
3BAXKEHOTO KoedilieHTa e(pEeKTUBHOCTI J0 MIeCTH 00-
paHUX KOMEpUIMHUX IHBEPTOPIB 3aMiCTh KoedilieHTa
eBporeiicbkoi e(heKTUBHOCTI MPU3BEIO A0 3MiHU peil-
tuHry (puc. 4): GoodWe GW5000-NS mignsscs 3 4-1
TO3MILT (32 N ;) Ha 3-THO (3a 1, ), BiATICHIBIIK Fronius
Primo 5.0-1. Lle nosicHIO€ThCS BUILOIO €(EKTHUBHICTIO
GoodWe mipu 75% naBantaxxenss (0,978 mportu 0,975),
SIKe € HABaroMilIuM JUIsl YKPaTHCBKHX YMOB.

Bci iHBepTOpHU JEMOHCTPYIOTh BUILLY 3BaXKEHY €(PeK-
THBHICTb 32 1, MOPIBHIHO 3 M, — Big +0,13 1o
+0,32 B. 1. OCHOBHOIO PUYMHOIO IILOTO € HE 3MEHILICH-
Hs1 Baru Touku 100% HaBaHTa)XEHHs, SIKE € MOMIpPHUM
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N g rpeimune Wy -penmune
Huawei SUN2000 Huawei SUN2000
(0,9728) (0,9748)
Sungrow SG5.0 Sungrow SG5.0
(0,9709) (0,9733)
Fronius Primo 5.0 No3 3 GoodWe GW 5000
(0,9699) I (0,9720)

GoodWe GW 5000 No Fronius Primo 5.0

(0,9696) nn= (0,9712)
Growatt MIN 5000 Growatt MIN 5000
(0,9667) (0,9695)
Deye SUN-5K Deye SUN-5K
(0,9624) (0,9655)

Puc. 4. PeiiTunry KOMEpIIHHUX 1HBEPTOPIB 32 KoedillieHTaMu
€BPOIEHCHKOT M, Ta HALLIOHATILHOT 1)}, METPUK €(PEKTUBHOCTI

Tabmui 3

Hosipui inmepsanu (95%) nayionanshux acogux koegiyici-
mie wy,, (memoo nosmopnoi eubipxu, 1000 6ubipox)

Hapanra- My ® Mexax I [Hupuna
JkeHHs, % cepesne HIDKHSA BEPXHS Jill
Mexa Mexa
5 0,022 0,0214 0,0226 0,0013
10 0,044 0,0432 0,0459 0,0027
20 0,064 0,0624 0,0659 0,0035
30 0,108 0,1063 0,1102 0,0040
50 0,218 0,2165 0,2206 0,0040
75 0,392 0,3871 0,3959 0,0087
100 0,151 0,1452 0,1564 0,0112

(30,200 1o 0,156), a mepepo3MOIiN Baru 3 HU3bKUX PiB-
HiB (5—20%), ne KKJI inBepTOpiB 3a3BHUail HANHIDKIHIA,
y niana3on 30—75%, ne cy4yacHi iHBEpTOPH MPAIIOIOTh
13 MAKCUMAaJIBHOIO 200 OJIM3BKOI0 10 Hel e(heKTHBHICTIO.

JJis oLiHIOBaHHS CTaTUCTUYHOI CTIHKOCTI Koediri-
€HTIB MPOBENIEHO aHalli3 METOIOM MOBTOPHOI BHOIPKH:
3 1anux 3a 19 pokis cpopmosano 1000 BumaakoBux BUOi-
pok 110 19 pokiB (3 TOBEpHEHHSIM), 1 151 KOXKHOT 3 HUX 00-
4KcIeHo Barosi koeditieHTu (Tadu. 3). 95%-ii noBipunii
inTepBain (1) s HartioHanbHUX KOE(IIiEHTIB HE Tiepe-
Butye +0,006 1715t 5KOAHOTO 3 PO3MISAHYTUX PiBHIB Ha-
BaHTaxeHHs. Hanpukian, 1t foMiHaHTHOT TOUKH 75%
w=0,392+0,004 (95% AlI: 0,387—-0,396). 3a3naunmo,
mo HaBeneHe Oyrctpen-cepente (0,392) nemro Bimpis-
HSIETHCS BijJ HallloHaJAbHOI oliHKK 3 Tadtm. 1 (0,396),
OCKIUIBKH TIPH OIIiHIOBAaHHI JTOBipuuX iHTEpBaiiB yci 19
JIOKAIlii BpaxOBaHO 3 OJJHAKOBOIO Barolo, TOJi K HaIlio-
HaJIbHUH KOS(III€HT € CepeTHIM, 3BaKCHUM 32 BCTAaHOB-
nenoro OE-notyxHicTio perioHis. KoedirienT Bapiamii

a) Wya
0,5

0,4
0,3
0,2

0,1

0

0 wy,
0,5 +

04 |

100%

1,0 1,1 12 ILR

UA LT,
0.5t Yepmniris

02 r

0,11

100%

1,2 ILR

Puc. 5. 3anexHicTh HallioHANIBHUX BArOBUX KOE(ILiEHTIB Wy,

BiJ] KoedilieHnTa 3aBanTaxkeHHs iHBepTopa ILR s Kuesa (a),
Opnecu (6) 1 UepHirosa (6) 3a pi3sHUX HaBAHTAXKCHb

0,8 09 10 11

(nynxmupni 1inii — 3HAYSHHS Wy 32 PIBHIB HABAaHTa)KCHHS
50% ta 100%)

JUTS BCiX OCHOBHHX TOUOK (30%, 50%, 75%) cTaHOBHUTH
MeHIIe HiK 2%, 110 MiATBEPAKYE BUCOKY CTaTUCTUIHY
CTIMKICTh BUBEJICHUX KOCQIIIEHTIB.

Ha npaktumi ®E-macuB 9acTo nmpoekTyeThes i3 3a-
MaCOM IOTY)KHOCTI — TaK 3BaHE HAJUTHUIIKOBE ITPOEK-
TyBaHHs, Koyn 3ajaetbest ILR>1,0. J{nst oniHkyM criid-
KOCTI OTPUMaHHUX PE3YyJIBTaTiB PO3PAXOBYBAIIUCS BaroBi
KOE(IIIEHTH Wy, TIPU TPHOX 3HAYEHHSX 3aBAHTAKCHHS
iHBepTopa st Kuepa, Onecu Ta UepHirosa, 1o J103B0-
JISiE€ TIPOaHaIi3yBaTH iXHIO 9yTiauBicTh 10 ILR. Tak, Ha
puc. 5 MokHa ToOaunTH, o npu 30itbmeHH] [LR Big
1,0 no 1,2 Bara Touku 100% 3pocrae 3 0,140 no 0,382
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st Kuesa ta 3 0,175 no 0,451 nnis Onecu, cyTTeBo ne-
pesuntyroun wy;=0,200. Bonnoyac 3aranbHuii xapakrep
po3noniny 30epiraeThcsi: TOUKH HaBaHTaxkeHHs 50% Ta
75% 3anunIaroThCsl TOMiHAHTHUMU 3a Oy/Ib-SKOTO pea-
gictuunoro 3HaueHnHs ILR<1,2. Ile o3nayae, 1o Haj-
JIMIIKOBE MPOEKTYBAHHS [IBUIKO MEPEBOIAMUTEH IHBEPTOP
y PS)KUM TIOBHOTO HABaHTAKEHHS 3 KIIIIIHIOM; JUIS Ta-
KHX KOH(Irypariii BU3Ha4aJIbHOIO CTAa€ €(PECKTUBHICTH
ripu 100% HaBaHTa)KeHHS.

OxpemuM (hakTOpoM, IO BILIHBAE HA peabHy edek-
tuBHICTh DE-iHBepTOpiB B YKpaiHi, € HeCTaOUIBHICTD
enexTpomepexi. 3a gannmu DiXi Group [49], y 2024 pori
noOyToBi cokuBadi 3a3Hanmu 1951 roguny aBapiitHnIX
BigKITIOUEHb (22% TPHUBAIOCTI POKY) 3 MIKOBUM 3HAYCH-
HsM 582 roguan y murHi (78% Micsi). BiamosigHo 10
IEC 62116, mepesxeBi inBepTopH (grid-tied) 000B’13K0BO
BHMUKAIOTHCS TiJ1 Yac BiAKIIIOYEHB Yepe3 3aXUCT BiJ Ie-
pexony B ocTpiBHMIA pexxuM (islanded mode), mo npu-
3Beno 10 BTpartu 15—20% moreHniiHOTO 00CATY pid-
HOTO BUPOOJICHHS €JICKTPOCHEPTIi I CUCTEM 0e3 aKy-
MyJsTopiB y 2024 p. BpaxoByroun nocrtiiiHi ataku PO
Ha CHEPreTUYHY 1HPPACTPYKTYpy YKpaiHU IPOTATOM
2025-2026 pp., MOXKHA CTBEPKYBATH, 1[0 TPUBAIICTD
aBapiiHUX BIJIKJIIOUEHb Ta PIBEHb BTpAT B IIeH mepioa
OyB 111e OinbIre. BomHowac 11eit (hakTop He BpaxoBY€EThCS
YKOJTHOFO ICHYFOYOI0 METPHKOIO 3BaXKEHOT €(DEKTHBHOCTI
Ta € YHIKaJbHOK OCOOJMBICTIO YKPAiHCHKOTO eHepre-
TUYHOTO KOHTEKCTY.

BucHoBku

3anponoHoBaHUN KOSQIIIEHT e(PEKTUBHOCTI Mo €
MEPIIO0 HAIllOHABHOO METpUKOIo eektuBHOCTI DE-
1HBEpTOpiB, BUBEACHOIO /UIsl TepuTOpii Ykpainu. Ha Bif-
MiHY BiJl ICHYFOUHX aHATIOT1B (M7 k> NEQua> MBAGHDAD)>
3aCTOCOBaHa y il poOOTI MeTOAMKA Oa3y€eThCs Ha MOB-
HUX 0araTopiuHUX psaax coHsuHoi ippamiamii (19 pokis
3aMiCTh THIIOBOTO METEOPOJIOTIYHOTO POKY), LI0 3a0e3-
Hedye CTaTUCTUYHY CTIHKICTb pe3yIbTariB, MiATBEPIKE-
HYy aHaJIi30M 32 METOZIOM MOBTOpHO1 BHOipku. Kpim Toro,
BIIEpIIIE TPOBEJICHO CHCTEMATHYHE 30HATIbHE KapTyBaHHS
3BaKEHHUX KOE(DIIEHTIB I 1T’ ITH KJIIIMATUYHUX 30H Of-
Hi€l KpaiHy, 1110 103BOJSE KITbKICHO OIIHUTH BapiaTHB-
HICTh €HEPreTUUHOTO NMpodisto iHBEpTOPIB y 11 MExKax.

BukopucTanHs OTpUMaHUX B pOOOTI pe3yNbTaTiB J10-
MIOMOJKE TIPH TPOEKTYBAHH1 (DOTOCNEKTPUUHHIX CUCTEM B
VYkpaiHi 3po0uTH paBUNBLHUH BHOIp iHBEpTOpa 3aBIs-
KM 3aCTOCYBAHHIO 1, 3aMICTh M. Lle 3abe3neunTts j1o-
JIaTKOBE BUPOOJICHHS €JIEKTPOEHEPTii Yepe3 ONTUMAalIb-
HE Y3TOJDKECHHS XapaKTEpUCTUK OONaJHAHHS 3 peallb-
HUM KJIIMaTU4HUM TpodinzeM. 3armponoHoBaHa METOIU-
Ka € TIOBHICTIO BIITBOPIOBAHOIO Ta MOXKE OyTH 3aCTOCO-
BaHa ISl Oy/b-SIKOTO PETiOHY, 1[0 OXOIIIIOETHCS 023010
PVGIS (Bin Cxanaunasii 1o CepenzeMHOMOp’s).

Bapro 3a3nHaunty, mo oTpuMaHi Koe(illieHTH Mo-
KYTb CIIyTyBaTH OCHOBOIO JUIsl PO3pOOJICHHS HalliOHAb-
HOTO CTaH/apTy 3 ouiHku eextuBHOCTI DE-iHBEpTOpIB
JUISl yMOB YKpaiHU. 3amyueHHs TOUKH 75% HaBaHTaXKEH-

HSI, 1110 aKyMyJtoe Maibxe 40% piuHOi eHeprii, € KIro4o-
BOIO BIJIMiHHICTIO BiJl 4yrHHOTO cTaHaapty EN 50530,
1 1e Mae OyTH BpaxoBaHO y HAIlIOHAJIBHUX HOPMAaTHB-
HUX JIOKYMCHTAX.

OTtpuMaHi pe3ylbTaTi JO3BOJISIOTH CHOPMYITIOBATH
TaKi IPaKTUYIHI PEKOMEHALI:

* MIOPIBHIOIOYM 1HBEPTOPH [UIs €KCIUTyaTalii Ha Te-
puTopii YkpaiHu, ciii HaJaBaTH MepeBary MOJIENAM 3
BHCOKOIO e()eKTHBHICTIO y aiana3oHi 50—75% naBaH-
TaXEHHS, a 32 HAJJIMIIKOBOTO MPOEKTYBAHHS — TAKOXK
[IpY MOBHOMY HaBaHTAXEHHI;

« ipu BuOopi ILR crin BpaxoByBary, 1o Bie 3a ILR=1,0
Ha 100% mnpunagae 0,14—0,17 piunoi eHeprii, a npu
ILR=1,1-1,2 nie Bxe 0,28—0,45, TOOTO KPUTUIHO BaXK-
JIUBOIO € e(PeKTUBHICTh PU TTOBHOMY HaBaHTa)KEHH;

* ISl IPOEKTYBAHHSA COHSYHUX EJIEKTPOCTAHIIHN Y
[liBaeHHil 30H1 peKOMEHIYETbCS BUKOPUCTOBYBATH 30-
HaJIbHI KOEPIIEHTH 1,5

* BUKOPHCTaHHS €BPONEHUCHKOr0O KoedilieHTa edek-
THBHOCTI Mp; B MOJEJAX NPOTHO3YBAaHHS, TaKHX K
PVsyst i SAM, mist ykpaiHCBKUX YMOB IPU3BOAUTH JI0
CHCTEMAaTHYHOTO 3aHIDKCHHS MPOTHO3Y €(PEKTHBHOCTI
iaBepropa Ha 0,13—0,32 B. 1.

[lepcriekTHBHIMH HampsMaM¥ TOAAIBIIUX JTOCIi-
JDKEHb BOAYarOThCs TaKi:

* a[anTaiis 1, Juis riOpuIHMX IHBEPTOPIB 3 ypaxy-
BaHHSIM JIBOX PEXKUMIB POOOTH (MEpEKEBHi Ta aBTOHOM-
HUH), TI0 € 0COOIMBO aKTyalbHUM JUIS YKpaiHH B yMO-
Bax MOCTIMHUX aTaK Ha CHEPreTHYHY 1HQPaCTPYKTypy
Ta MacOBHUX BIJIKITFOUCHb €IICKTPOCHEPTT;

° eKCIIepUMEHTAJIbHA BaJijiallis BUBEICHUX Koedi-
IIEHTIB HA OCHOBI JaHWX MOHITOPUHTY peanbHuX DE-
CUCTEM B PI3HHX perioHax YKpaiHu;

* pO3IIMUPEHHSI METOIMKH Ha Kpainu CxijHoi €Bpory,
o MarTh nMoaiOHI kiaiMatuaHi ymoBH (Ilombima,
PymyHis) 1 Takox nepeOyBaroTh y MpOIeci €BPOiHTE-
rpaiii (Mosnosa);

* JIOCIIJDKCHHSI BIUTMBY JieTrpajalii iHBepTOpiB Ha
3BaKCHY €(EKTHBHICTh MPOTATOM 25-piYHOTO TEPMiHY
ciryxou OE-cucremu.
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CONDITIONS OF UKRAINE
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Ukraine, Chernihiv Polytechnic National University

ADAPTATION OF THE WEIGHTED EFFICIENCY ASSESSMENT METHOD
FOR PHOTOVOLTAIC INVERTERS TO CLIMATIC AND OPERATIONAL

A reproducible methodology for deriving region-specific weighted efficiency coefficients for photovoltaic inverters from
publicly available PVGIS data is developed and applied to 19 Ukrainian locations across five climate zones. Full 19-year
hourly radiation series from PVGIS SARAH-3 (2005-2023) are used instead of TMY (typical meteorological year) data to
avoid systematic bias in the distribution tails.

Results reveal that the Ukrainian inverter operating profile differs substantially from the EU standard (EN 50530): the
dominant 50% load point weight decreases from 0.48 (EU) to 0.22 (Ukraine), while the 75% load point — which is absent
from the EU formula — captures almost 0.40 of annual energy. The 100% load point weight is lower than in the EU formula:
0.16 vs 0.20. A clear north-south gradient is observed across five climate zones.

Application to six commercial inverters popular in the Ukrainian market demonstrates ranking changes between the EU and
Ukraine-specific metrics. Uncertainty analysis using the resampling method (1000 resamples) confirms statistical robustness
with 95% confidence intervals below £0.006 for all weighting coefficients. Sensitivity analysis shows that the results are stable
for inverter loading ratios up to 1.2. The impact of Ukraine'’s grid instability (1,951 hours of blackouts in 2024) on effective
inverter utilization is discussed. The methodology is transferable to any region covered by PVGIS.

Keywords: photovoltaic inverter, weighted efficiency, power conversion efficiency, national weighted efficiency, PVGIS,
European efficiency, California efficiency.
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INACTIVE POWER COMPONENTS IN UAV POWER SYSTEM
BASED ON DC-DC BOOST CONVERTER

This article analyzes the issue of inactive power components in DC power systems, with a particular focus on unmanned
aerial vehicle (UAV) power networks. Analytical expressions were derived to determine the exchange power under various
states of the power switch. A model based on the equivalent circuit of the converter—motor system was developed in MATLAB/
Simulink. The simulation results demonstrate the presence of exchange power in a system utilizing a DC-DC boost converter,
and the maximum values of this exchange power were determined. Finally, the study concludes that compensatory measures

are necessary to minimize inactive power components.

Keywords: UAV, DC-DC boost converter, exchange power, inactive power components, Simulink, energy losses, DC motor.

The utilization of unmanned aerial vehicles (UAVs)
offers several distinct advantages. Compared to
traditional aircraft, they are low-cost and highly cost-
effective. More importantly, UAVs eliminate the risk of
flight personnel casualties, providing a significant edge
when executing missions characterized by high risk,
intensive labor costs, or operational complexity. Recent
breakthroughs in UAV development have substantially
enhanced their performance, continuously expanding
their scope of application.

Publications [1]—[3] present classifications of UAVs
and examples of their power systems. Generally, small
UAUVs use batteries as a power source, and less frequently
fuel cells [4], [S]. An unmanned aerial system, illustrated
in Fig. 1, is generally composed of three parts:

— the unmanned aerial vehicle;

—the ground control station, which can be autonomous
or human-operated;

—the command and control system, which establishes
communication and data links between the aircraft and
the ground station.

In UAVs, the propulsion system is the component
with the largest mass and dimensions. It enables aircraft
motion through the mechanical power generated by
the electric energy—propeller system, converting the
stored energy into thrust. The onboard power source
supplies energy to the DC bus through unidirectional and
bidirectional converters to enable battery charging and
discharging. These converters regulate the power flow
and receive control signals from the power management
system, which continuously collects data from onboard
Sensors.

Publications [6], [7] discuss the phenomenon of
exchange power flow in DC networks, particularly in
UAV power supply systems [8]. This phenomenon leads
to additional energy losses in the parasitic resistances of

UAV Platform
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Flight Control
Processing Unit
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Fig. 1. Block diagram of
a typical aircraft [3]
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power system components. Based on previous research
[8], such losses amount to several percent of total power
consumption, which consequently reduces UAV flight
time. Since this topic contains significant gaps and has not
been studied in depth, it is reasonable to investigate the
flow of exchange power in UAV power supply systems
based on a DC-DC boost converter.

The purpose of this study is to derive analytical
expressions for analyzing exchange power in UAV
power systems and to validate these expressions through
simulation.

Circuit Analysis

When analyzing the phenomenon of exchange power
in a UAV power system, it is first necessary to perform
mathematical modeling of the system while accounting
for parasitic parameters. To this end, let us consider the
equivalent circuits of a converter loaded with a DC motor
under various states of the power switch. Specifically,
when the switch is closed, the equivalent circuit shown
in Fig. 2, a is obtained.

Consequently, the expression describing this circuit is
E, =R, (t)+ Ldl"—(t)+ Ry, (1) + Ry (¢)+ L, dlS—(t), (M

dr de
where i () and i (?) are the currents of the accumulator
and the motor stator, respectively.

a)
Ra L1 RI1 Rs Ls
T Ea T C
b) Ra L1 RI1
© Ea

Fig. 2. Equivalent circuits when the switch is off (a)
and when is on (b)

Following mathematical transformations, the
exchange power is determined as follows:

E, —Es
—_— E a —
q(t) “R,+R, ¢

E,L +i,(0)(R, +R,)
(ra +rL)L1

2
(Ra + RL)Rsis (t) + (Raz_RL) les (t)
1

(Va +rL)L1
(ra +”L)'is(0)_EsL1
(ra +rL)Ll

p —“‘Lﬁz]—Eala, @)

where 7 and £ are the constant values of the battery current
and voltage, respectively;
i(0) and i (0) are the initial current values after the corre-
sponding change in the switch state.
When the switch is in the open position, the equivalent
circuit shown in Fig. 2, b is obtained.
In this case, the exchange power is determined by the
following expression:
. R, +R,
(O E

=FE !
q(t> ‘ Ra +RL

exp[— Rt Ry, —EJ,. (3)
L
Thus, from the above expressions, given the known
circuit parameters and initial conditions, it is possible
to determine the exchange energy in the system over
specified time intervals.

Simulation Results

The electrical circuit shown in Fig. 3 was modeled in
MATLAB/Simulink based on the equivalent circuits in
Figs. 2 and 3. The battery voltage is 12 V, the DC motor
voltage is set to 24 V, the converter operating frequency
is 1 kHz, and the motor power is approximately 170 W.
The power consumption time-domain diagrams are
presented in Fig. 4.

As can be seen, even at the stage of analyzing
the power consumed from the battery, there are time
intervals during which the power takes negative values,

[n}

Continuous

Ra L1

Ea =L l

-_.l_.

E
—
v

Fig. 3. Simulation model
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Fig. 4. Simulation results:

a — power consumed from the battery (/) and power consumed
by the motor (2); b — difference between the power consumed
from the battery and that consumed by the motor

indicating the presence of inactive power components.
The maximum value of this power is 9.1 W. This results
in a portion of the power being dissipated in the internal
resistance of the battery. However, when considering
the difference between the power consumed from the
battery and that consumed by the motor (Fig. 4, b), it
becomes evident that a significant portion of the power
does not flow directly from the source to the load but
instead circulates between the reactive components of
the circuit. In this case, the maximum value of this power
is 189.1 W. Thus, the simulation confirms the presence
of exchange processes in the power system. It should
be noted that increasing the parameters of the reactive
components in the circuit leads to a higher value of the
inactive power component.

Conclusions

Thus, the phenomenon of exchange power flow in the
UAV power supply system based on a DC boost converter
has been analyzed. The presented analysis results clearly

demonstrate the presence of exchange power in the
system. As a result of the simulation, maximum exchange
power values of 9.1 W and 189.1 W were obtained in
accordance with the evaluation methodology. Such
energy exchange processes inevitably lead to additional
energy losses and, consequently, to a reduction in
the UAV’s flight time. To mitigate the impact of this
phenomenon, it is necessary to develop compensatory
links or control strategies.
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HEAKTHUBHI KOMITIOHEHTH IIOTY>XHOCTI B CUCTEMI >)KUBJIEHHA BITJIA
HA OCHOBI ITIIJIBULLIYBAJILHOT'O ITEPETBOPIOBAYA IIOCTIMHOI'O CTPYMY

Pobomy npucesiueno ananizy 0OMiHHOL NOMYACHOCMI 8 CUCTIEMI HCUBTLEHHS OE3NIOMH020 NimaibHo20 anapamy. [pucymuicmo
yiei KoMnonenmu ROBHOI NOMYAHCHOCI came No codi 8ace NPU3BOOUNL 00 30LTbUIEHHS 6MPam 6 KOl nepemeopiogaua Haginms
npu pobomi 8 yCmaienomy pexcumi, a 'y unaoky 0e3niiomnoeo IimaibHo20 anapamy yet pakmop mac uje Oinbuull nius,
OCKINbKY NIO 4ac Noibomy NPUCYmHi pi3HOMAHIMHI 308HIWHI YUHHUKU, MAKi AK eimep, 00w mowo. Y pasi 6UKOpUCmanus
WUPOKO BICUBAHOT MYNbMUKONIMEPHOI cXeMu cucmema Kepy8aHHs HANAWMOSYEMbCA MAaK, wod NOCMIUHO UPIeHIO8amM
anapam 8i0OHOCHO 2opu3onmy. Takooic nid uac norbony 4acmo HeobXiOHO MaHespysamu, i moodi yacmoma 06epmis O8uUSYHa
medic sMiHOeEmMbCs. Bee ye npuzgooums 00 moeo, wjo 30e0i1bulo20 Cui08a cucmema GakmuiHo nepebysae y nepexioHomy
PedCUMI, WO HEOOMIHHO 30IIbULYE YACMK)Y OOMIHHOL NOMYAICHOCI.

Ipoananizogano npobremy HasAHOCII HEAKMUSHUX KOMNOHEHMIE NOMYICHOCTNI 8 CUCTEMAX JCUBLEHHS NOCMILIHO20 CIMPYMY,
30Kpema, Oe3niiomuux J1imansHux anapamis. Buseoeno ananimuyni cniggiOHOULEHHS, WO GUIHAYAIOMb OOMIHHY HOMYNHCHICMb
npu BIONOBIOHUX CMAHAX cunosoeo kioua. Y cepedosuwi MATLAB/Simulink nobyoosano modens, sxa eionosioac cxemi
3amiuenHs cucmemu «nepemeopiosay — 08u2yn». Pesynemamu mooentoeanhs HAOUHO OeMOHCIMPYIOMb HAABHICMb OOMIHHOT
NOMYACHOCI 6 CUCHEMI JICUBTICHHS HA OCHOBI NIOBUILYBANILHO20 NEPEemEopIosaya NOCMIluH020 CMpymy. 3pooieHo GUCHOBOK
npo HeOOXIOHICMb 3aCMOCY8AHHI KOMNEHCAYTIHUX 3aX00i8 OJisk MIHIMI3ayii HeaKmueHUx KOMHOHEHMI8 NOMYHCHOCI.

Kurouosi cnosa: BIIJIA, niosuwysanvhuil nepemsoprosay nOCMitiHo20 CMpyMy, 0OMIHHA NOMYHCHICMb, HEeAKMUBHT KOMNOHEHMU
orcusnenns, Simulink, empamu enepeii, 08ueyn nocmitHo2o cmpymy.
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Cepeiu IIJIAKCIH, Muxona JKUTHUK, Pycrana JIEBYEHKO,
Csimaana OCTAIIOBCbKA, Ipuna THMYEHKO

VYkpaina, J{Hinpo, [HCTUTYT TpaHCTIOPTHUX cHcTeM 1 TexHousorii HanionanpHOT akazemii Hayk YKkpaiHu

IMITYJIbCHUI METO]I BUSHAYEHHS ITOTOYHOI'O
PIBHA ITPAHE3JIATHOCTI EJIEKTPOXIMIUYHOI'O
HAKOITMUYBAYA EHEPTII

Po3pobneno ma excnepumenmanbHo 00TPYHMOBAHO OOYLILHICHL NPAKMUYHOSO BUKOPUCAHHS OOHOIMNYIbCHO20 2Ab8AHO-
CMamuyHo20 Memooy 8U3HAYEHHSI NOMOYHOO PI6HS NPAYe30AMHOCTII eleKMPOXIMIYHO20 HAKONUYY8aua eHepeii 3a Kinemuy-
HUMU napamempamu e1ekmpoxiniynoeo npoyecy. Memoo bazyemuvcsa na 3acmocygeanmi geisiem-nepemeopenns Xaapa ons
aHanizy Kpueoi Hanpyeu 0enonapu3ayii y cueHaui 8i02yxy.

Knrouosi crnosa: enekmpoximiunuil HaKonuuyeay emepeii, pigens Npaye30amnocmi, iMIYIbCHUL 2a1b8aAHOCIAMUYHUL Memoo,

cuenan 8i02yKy, Kinemuyni napamempu, eligiem-nepemeopenis Xaapa.

CucreMu HaKONMYEHHS Ta 30epiraHHs eHeprii Ha
OCHOBI €JIEKTPOXIMIYHUX JDKEPENl CTPYMY € BaXIJIUBOIO
TEXHOJIOTI€I0 SIK JUI €HepreTHUUHOi, TaK 1 JJIst TpaHC-
MOPTHOI rany3eil ekoHoMiku. [IpoTe cepiio3Ho0 Mpo-
OJIEMOTO TTiJ] Yac TXHBOI eKCILTyaTallii 3aJIUIIAETHCS Je-
rpajalis XxapakTepUCTUK HAaKOIMYyBadiB yHACIIZIOK CTa-
piHHS Ta BIUIMBY PI3HOMaHITHUX YHUHHUKIB, 11O CYTTEBO
3HIXKYE TXHIO Mpaiie3iaTHicTb. Brpara eMHOCTI Bin0y-
BAETHCS] HE3AJIEXKHO Bijl TOTO, epedyBae HAKONUUYBad
y peXHMi eKcIuTyaralii 4 30epiraHtsi, 1o € CyTTEBUM
HEJIOTIKOM CYYaCHHX eJIEKTPOXIMIYHUX cUcTeM. Sk 3a-
3Ha4eHO B [ 1], IBUAKICTH 3MEHILIEHHS EMHOCT] HAKOIIH-
YyBaya 3aJICKUTH BiJl YMOB HOT0 eKCILTyararii Ta 30epi-
TaHHS, IPU LIbOMY TE€PMiH eKCILTyaTallii BBaXaloTh BU-
yeprnaHuM miciist Brpatu 20—30% mouaTkoBoi €MHOCTI.
Tomy To4Ha OLIHKA €EMHOCTI Oarapei € KPUTUUHO BaXkK-
JIUBOIO ISt 3a0e3MeueHHs IPOLyKTUBHOCTI BCiel cuc-
TEMH €HEepro3ade3neueHHs! BiJINOBIAHO 10 OUiKyBaHOTO
TepMiHy cyk01. OCKIIbKH POJIb HAKOIIMUYBaUiB €HEp-
rii B €HEpProcUcTeMax € KIOYOBOIO, TOUHA OI[iHKA iX-
HBOTO MTOTOYHOTO PiBHS Mpale31aTHOCTI (State of health,
SOH) € BupinanbHOLO 15 3a0e3MnedeHHs HaliiHOT eKc-
IUTyaTanii Ta ONTHMI3aLii IpoleciB iX 00CITyroByBaHHS.

BusHaueHHs piBHS Mpane3fgaTHOCTI HAKOMUYyBa-
4ya eHeprii Mae Ha MeTi BimoOpa3utu ioro 3aranbHUi
CHEPTeTHUYHHUN CTaH 1 3AaTHICTh 3a0e3MeuyBaTd 3a1a-
HY NPOAYKTUBHICTb Yy KOHKPETHHX YMOBAX EKCILTyaTa-
1ii MOPIBHAHO 3 MOYATKOBUM (HOBUM) cTaHOM. Uepes
CKJIQJHy HENIHIHHY IPUPOIY CNEKTPOXIMIYHUX MPOIIe-
ciB miarnoctuka SOH motpelye crieniabHUX MiAXO/1B,
10 3yMOBHUJIO TMOSIBY IIMPOKOTO CHEKTPa METOMIB, SKi
BPaxOBYIOTb OCOOIMBOCTI pOOOTH HAKOIIMYYyBaya B KOH-
KPETHUX YMOBaX eKCILTyaTarii.

CyuacHi METOAM BH3HAUCHHSI PiBHS Ipale3aaTHoO-
CTi €JIEKTPOXIMIYHUX HAKOIMYYBauyiB €HEprii BceOIuHO
PO3KPHTI B JIiTeparypi, HanpuKnazg y podorax [2]—[7].

Agtopi [2] HagaroTh o MeToiB ouinku SOH Hako-
nu4yBayiB y ckiafi enekrpomo6inis (EV) ta ribpunHux
esniekrpomo0OiniB (HEV), BucBiTIoI0uM iXH1 OCHOBHI I1€-
peBaru Ta BKa3yloud Ha OOMEKEeHHS 3 OISy Ha Mpak-
TUYHY peallizallilo B peKuMi peasibHOTO yacy. Y 3araib-
HOMY BHUIVISII KiTacH(DiKallito METO/IIB OLIIHKU PIBHS Mpa-
11€3/1aTHOCTI 32 OIVIsiZIoM [ 2] peacTaBieHo Ha puc. 1, a.

Y po6orti [2] 3a3HaUAETHCS, 1110 HASIBHI METO/IN OIIIHKH
SOH cknagno peasnizyBaTu IpaKTUYHO, OCKLUIBKU BOHU
BUKOPUCTOBYIOTh MiCTKI MOJI€JIi aKyMYJISITOPIB, 1 11 IpH-
3BOJUTH J0 HAAMIPHOI CKIaJHOCTI mapameTpusaii Ta
3HAUHOT0 00cATY OOUHCIIOBATIBHUX OIEpaliif, a Takox
3yYMOBIIIOE TXHIO HU3bKY IPO30PiCTh Ta BiATBOPIOBAHICTb.
ANropuTMHU, AKi JIeKaTh B OCHOBI IIUX METO/1iB, BUKOPHUC-
TOBYIOTh iH(OPMAILil0, SIKY CKJIaJHO OTPUMATHU B peallb-
HUX yMOBax. ToMy B IPUKJIQAHUX 1HKEHEPHUX 3a]ladax
HA/IaI0Th NepeBary OuIbIl 00’ €KTUBHUM METOAAM 3 OfI-
HO3HAUHOIO TapaMeTpu3alli€to A 3a0e3MeUeHHs cTa-
O1TBHOCTI Ta TOYHOCT] BU3HAYCHHS EHEPTeTUYHUX CTa-
HiB HAaKONM4YyBaya. 3a OLIHKOIO aBTOPIB [ 8] TAKMM BUMO-
ram BiAIIOBIIArOTh MeToau mBUAKOI oiHku SOH Hako-
MUYYBaUiB, SIKi CTAJIH AKTYalbHOIO TEMOIO JOCIHiIKCHb
pu iX IpaKTUYHOMY 3aCTOCYBaHHI. 3arajabHy Ki1acudi-
Kallil0 Cy4acHUX MeTOJiB mBUAKOT oninku SOH Hako-
MUYyBadiB eHeprii HaBeaeHo Ha puc. 1, 6 [8]. Cepen 3a-
3HAQUCHHX METO/IiB HalOIbIIIe yBaru MPUAIISIOTE METO-
JIaM OL[IHKY CTaHy Mpale31aTHOCTI HAKOMTUYYBa4iB €HEp-
rii Ha OCHOBI €JIGKTPUYHUX MMAPaMETPiB, 30KpeMa METO-
JlaM TECTyBaHHS IMITy/IbCaMU Yepe3 3PYUHICTb X IPSIMUX
BuMiproBanb [9], [10]. Takumu mapameTpamu € Harrpyra
Ta CTpyM, a Takox Temneparypa. [Ipote mix yac podo-
TH HaKOMMMYYyBada B TUHAMIYHUX peKUMax iXHi 3HaUeH-
Hs 3MIHIOIOTHECS B 4aci Ta B OUIBIIOCTI BUIIAIKIB € 3BO-
POTHUMH, Uepe3 110 He BiJ0OpaXkatoTh aJICKBaTHO PiBEHb
Horo mpare3naTHocTi. ToMy, momnpu 3a3HavYeHi mepeBa-
', 3HAYCHHS 30BHIIIHIX apaMeTpiB € MaTONPHUIaTHHU-
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Metoau oninkn SOH
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InTepBan ammep- EnexrpoximiuHa Moaenb AJITODUTMH MAILMHHOTO Mer ;
Kpusa 3apsixu P CTOW Ha OCHOBI
TOAMHH p AL (EChM) HaBYaHHA e(eKTHBHOCTI
Crexrpockomis AHaJii3 iHKpeMeHTHI Mozeinb eKBiBaJICHTHOT ImMoBipHicHi Emmipiuni MeTonu
CIICKTPOXIMITHOTO €MHOCTI cxemu (FFNN, CNN, RNN, Ta METOJM
immenancy (EIS) (ICA) (ECM) SVM Tor0) MIATOHKK KPUBHX
Omiunuit Ananis Judepentia,- HeimoBipHicHi HaniBemmipiuni

MeToau CIiBOIIHKH

(GPR, RVM) METOAN

v

IMinpaxyHOK HOMEpIB
LIKJIIB

0)

HIBuaki MeToaU
|

Y v

O1LiHKa Ha OCHOBI
BIIACTHUBOCTEH
marepiany

OrliHKa Ha OCHOBI
ENEKTPUYHUX
rnapameTpiB

v v

* Meroz TectyBaHHs * VIBTpa3ByKOBU
imnynsey (PTT) KOHTPOJIb

* CrIeKTpOCKOITis * AKTHBHE BUSIBIICHHS
€IIEKTPOXIMIYHOTO aKyCTUYHOT eMicil
imnenancy (EIS)

* MeToz Ha OCHOBI
YaCTKOBOTO
sapsiny (PC)

Puc.1. Knacudikamis cygacHux Metoais onintoBanas SOH
3a omisiiami [2] (a) Ta [8] (6)

MU JJIsl BU3HAQYECHHsI TIOTOYHOTO PiBHSI Mpale31aTHOCTI
HaKOITMYyBaya eHeprii B JUHAMIYHHX PEKUMaxX pOOOTH.
Meroto 11iei poOoTH € po3poOka METOIy BU3HA-
YeHHS ITOTOYHOTO PIBHS MPaIe3aaTHOCTI eJIeKTPOXi-
MIYHMX HAKOMUYYBa4iB eHeprii, mo 0a3yeThCcs Ha BU-
KOPHCTaHHI KPHBOI HANPYTH JIENOsApH3aIii sk KiHe-
THYHOTO TMapaMeTpa Ta 00poOJIeHOT 32 JOIMOMOTO0
BEWBJIET-TICPETBOPCHHS Ha 0a3i BelirieTy Xaapa.

MeToauka qocaiaKeHHs

3a TBeppKeHHsIM aBTopiB [ 11], abcontoTHOrO 3HA4YEH-
Hs1 BennunHu SOH Hemae. Lle cy0’exTHBHA Mipa, OCKLIb-
KM BOHa MOke OyTH OTpHMaHa BiAMOBIAHO 10 OOpaHUX
napaMeTpiB Juid ii BU3HaueHHs. 3a3BUYail piBeHb Mpa-

(DVA)
Tect emuoCTI VabrpasByKkoBuit HCS,Z['aTHOCTl HaKonHtIyBa'{a €Heprii B 3araJibHOMy BH-
Ta eHeprii KOHTPOITh IJIS1A1 BU3HAYAIOTh Y BIICOTKAX 3a BUPA30OM

C(b
SOH(%) = —-100% (M
CH
e C » C_ — (axkTuyHa EMHICTH HAKONUYYyBaya Ta Horo
MOYaTKOBA EMHICTH (Y HOBOMY CTaHi) BiAIIOBIIHO.
OCKIJIBKH €MHICTh HAKOTIMYyBada eHepril, sika 6e3ro-
CepeIHbO BKAa3y€e Ha piBEHb HOTO MPaIe3aaTHOCTI, TICHO
OB’ s13aHa 3 IOTOYHUMH 3HAYCHHSIMH KiHeTHIHUX Tapa-
METPIB eNIEKTPOXIMIYHOTO TIpotiecy, MeTo ominku SOH
Mae 0a3yBaTHCs caMe Ha BUMipIOBaHHI IUX ITapaMeTPiB.
[ToreHniitHi MOXXITUBOCTI JUTSL OIIHKK MTOTOYHOTO PiBHS
MpaIe3JaTHOCTI eIEKTPOXiMIYHOTO HAKONNYyBaua CHep-
rif 3a 3HAYEHHSIMU KIHETUYHUX TapaMeTpiB elIeKTPOXi-
MIYHOTO TPOLECY Ma€e OIHOIMITYIbCHHI T'aJbBaHOCTA-
TUYHUA METOJ, 0COOIMBOCTI SIKOTO OMHCAaHI aBTOpaMU
B po6oti [12]. OCKINBKK CUTHAN BIITYKY BimoOpakae
KIHETHKY 0ararocTaiiiHOro eJeKTPOXiMIYHOTO IpoIie-
cy, iHopMaIito nMpo HOro KIHETUYHI MapaMeTpH MOXK-
Ha OZlepKaTH 3 GOPMH CUTHAITY BiIT'YKY HAKOIINIyBada
Ha TECTOBHUH IMITYJIbC CTPYMY. 3arallbHU BHIVIST TAKOi
KPHBOI 13 3a3HAYCHUMH CTAJ(IsIMH Ta TapaMeTpaMH eJIeK-
TPOXIMIYHOTO MPOIIECy HABEACHO Ha PHC. 2.

U,B U
UMakc 16 | 11 a2
( Uzm.n,
15 |
~F 10 v bE(
14 .
b I UHI‘LK.
UpAKA 13 T T T T T T T T
¢ | 10 20 30 40|t ¢
ti t}]n
tO

Puc. 2. ®opma curHay BiAryKy eJE€KTPOXIMIYHOIO HaKOINU-
9qyBada CHEpril Ha TECTOBUH IMITyIbC cTpyMy [12]
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BcranosineHo, 1110 3HaYHy 9aCTKy KIHETHUHHX Mapa-
METpiB, HEOOXiJHUX I BU3HAYCHHS TIOTOYHOTO PiBHS
Mpale3AaTHOCTI HAKOMMYyBaya, MiCTUTh cTalis [V. Bona
HACTAa€ MICHs 3HITTS TECTOBOIO iMIYJIbCY Ta BigoOpa-
JKae Tpoliec IeNosapr3allii eneKTPOXiMIiYHOT CUCTEMH.
[pouec nenomnsipu3artii micist IPUITUHEHHS Aii TECTOBOTO
IMITyJIbCY 3MIHIOETBCS Y Yaci 3@ 3aKOHOM, ONHU3BKUM J10
€KBIMOTEHIIaJIEHOI0, ACHMIITOTHYHO HAOIHKAIOUHCH 0
piBHOBa)KHOTO 3Ha4eHHS U o Ha curnani Biaryky npo-
Lec Jenosipusaiii BiioOpakaeTbcst KpUBOIO IEMOJSIPH-
3auii y popmi n0BLIbHO 3MiHIOBaHOT PyHKUIT U, , sika B
3araJbHOMY BH/Ii OITUCY€ETHCS PiBHIHHIM

U()=U,, (1)~ l(’(é—_t(’) )

T

ae U, (f) — Hanpyra cnaty B MOMEHT 4acy f;
U,.(ty) — Hampyra criajty B MOMEHT BUMKHEHHSI CTPYMY {,;
i, — TyCTHHA CTpyMy OOMiHy;

C, ,, — EMHICTb NMOJABIMHOTO ENEKTPUYHOTO IIapy.

HIBuAKiCT MPOTIKAHHS MPOLIECY ACMOSIPH3aLii Ta,
BI/ITIOBiIHO, TIOYaTKOBHUII KyT HAXMIy KPUBOI CHa Iy To-
TEHIIIaTy OJ]pa3y MicJIs BUMKHEHHS CTPYMY BU3HAYAI0Th-
Cs TYCTHHOIO CTPyMy OOMiHY i, Ta EMHICTIO TIO/IBIHHOTO
€NEKTPUYHOTO Iapy:

dUﬂn _ CH.LLI. 3
dt gy )

t=t

[ToBemiHKa €JNIEKTPOXIMIYHOI CHCTEMU TICISI 3HAT-
TS TECTOBOTO IMITYIIbCY, TIPE/ICTABIICHA BUpa3aMu (2) Ta
(3), MOSICHIOETHCS IPUTTYIICHHSIM, 110 Ofpa3y Iics 3a-
BEpIICHHS il IMITy/IbCY K YMHHHUKA TIEPCHANPYTH 3a-
PSLT TOABIMHOTO €IEKTPUYHOTO [IAPY BUTPAYAETHCS Ha
PEaxIIito BiTHOBIICHHS PIBHOBAYKHOTO CTaHY BiJTHOBJICH-
Hsl pIBHOB2)XHOTO CTaHY, IICIsl YOTO MOTEHITIA MOBEp-
TA€ETHCS JIO PIBHOBAKHOTO 3HAYCHHS UpAK_ 3aBIsKH (a-
paneiBChbKOMY IPOIIECY.

OCKIJIbKM €MHICTB TIO/IBIHHOTO €IeKTPUYHOTO [Iapy
MPSIMO IPONOPIIiiiHa HOTO 3apsiTy Ta aKTUBHIH IUIOI] ITOo-
BEPXHI YaCTKH aKTHUBHOI MacH, 110 Oepe y4acTh B €JeK-
TPOXiMiuHill peakuii, TPUBAIICTH CTAIl AeTONsIpHU3a-
i1 JOPIBHIOE TPUBAIOCTI PO3PAAY LBOTO IMIApy i mps-
MO TIPOMOPIiffHA IO MOBEPXHI pearyrdoi 4acTKU
aKTUBHOI MacH. 3TiIHO 3 BIIOMHUM B €NIEKTPOXiMii 3aK0-
HoM Dapazes koe(illieHT BUKOPUCTAHHS aKTUBHOI Macu
BiZJOOpaskae BiICOTKOBY YAaCTKy aKTMBHOI MacH, 3ajIyde-
HOI /10 €NEeKTPOXiMIYHOTO MPOLIECY, 1 € TPSIMO IPOHOPITiH-
HUM €MHOCTI HakonmuuyBada. OT)ke, EMHICTb MOABIHHO-
ro Iapy Ha cTajii Jenosspu3alii mpsiMo mpomnopiiiiaa
KOe(ilieHTY BUKOPUCTAHHS aKTUBHOI MacH Ta, BiJIO-
BiJTHO, EMHOCT] HaKOINYyBaya.

OCKUIBKHM BiJIOMI METOJHM MPSAMOTO BH3HAYCHHS
Koe(inieHTa BUKOPUCTAHHS MAJONpPHUIATHI AJIS Tpak-
TUYHOTO 3aCTOCYBaHHs, y poOoTi [12] Oyno oOrpyHTy-
BAaHO TCOPETHYHO Ta MiATBEPHKCHO CKCIIEPUMEHTANb-
HO TIPONOPUIHHY 3aleXHICTh miommi S ¢irypu, oome-
KEHOT KPHBOKO Hampyry Jienonspusarii an(t) Ha CUI-
HaJli BIATYKY MiC/Is BUMKHEHHS TECTOBOTO iMITyJIbCy Ta
HPSAMOIO HA PiBHI HANIPYTH po3iMKHEHOTro Kona U, ., Bifl
Koe(illieHTa BUKOPUCTAHHS aKTHBHOI MacH. Lls 3anex-
HICTh J03BOJII€ OMOCEPEIKOBAHO BHU3HAYATH €MHICTb
HaKONMHYyBaJa 3a miormero S. [ Bu3sHaueHHs ot S
y [12] BUKOPHCTaHO METOAMKY, IO 0a3yeThCsl HA YH-
CEeNIbHOMY IHTETPYBaHHI BiJpi3KiB 3a IPABUJIOM Tparemniit
(puc. 3, a) 3a BUpazom

*n n—1 1
ff(x)dx ~ Z(xm _xi>5[f(xi+l)+ f(xl)] :
Y i=1

Bapto 3a3HaunTH, 1110 BU3HAYEHHS IOTOYHOTO PiBHS
Mpare31aTHOCTI HAKOIMMYyBaya eHepril B reOMeTpUIHI
TUTONIMHI 32 TUIOIIEI0, OTPUMAHOIO 3T1HO 3 II€I0 METO-
JINKOIO, HE TIOBHOIO MIpOIO BIAMOBINAE BUMOTaM IIOAO
IIBUAKO/IT Uepe3 BENHKY KUTbKICTh Ta TPHBANICTh MaTe-
MaTUYHUX OTepaIlii.

a) y 0) 16 T T - : : T - T
15 ¢ -
a
5

14 L 4

13 il 1 1 1 1 1 1 I

100 200 300 400 500 600 700 800
4. 005 T T T T T T T
0 |

X% X 005 - : ; : ' l : l
. d 0,02 4
Puc. 3. Tpukitagy 0OpOOKH CHTHAITY BIATYKY JUIS 4 0 e

BU3HAYCHHSI PIBHS MPALE3IaTHOCTI IeKTPOXiMiu- -0,04 L L L L L L L L
HOTO HAKOIMYYBaya eHeprii: 0,02 H ' ' ' ' ' ' e

. . d o NN
@ — BU3HAYCHHSI 1IoLi (irypu, ooMeKeHOT KPHBOIO 3 om U ) ) ) ) ) ) ) L
HAaIpyTH AeTOoIApH3aii; 6 — BeHBIET-TIePEeTBOPEHHS 0’ 0 T T T T T T T —
KPHBOI HampyrH Jenojspu3aiii Ha OCHOBI BeiBie- d 0
Ta Xaapa 2 -0,02 i N " i N L i 1
(a5 — anpoKcUMOBaHui CHTHALL; d,, ..., ds — piBHi 0,01 ' ' ' ' ! ' ' i
neraiizanii BeifBieriB Xaapa 3 BIANOBITHIMH Koedi- d, 0 ]
LiEHTaMH PO3KJIATy 110 KOOPIUHATI Yacy Ta KUTBKICTIO 0,02 & * . . ! . . —
100 200 300 400 500 600 700 800

IMMOYATKOBUX JUCKPETHUX TO‘{OK)
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EHEPTETUYHA EJEKTPOHIKA

HeoOxigHy mBuIKoAi0 3a0€3Me4y0Th MaTeMaTH4Hi
METOI 0OPOOKH CUTHAITY BIZI'YKY HAKOIIMYYyBa4da CHEeprii
y 4acoBiit o6iacti. 3 ypaxyBaHHSAM 0COOIMBOCTEN Pop-
MM KpHBOI Hanpyru jenomsipusauii U, (1) Ha curnam
BIJIT'YKY, IKY OMHCY€e BUpa3 (2) 1 sika BigoOpaxkae mMBU/I-
KiCTh PO3PSIIHOTO MPOIIECy 3TiHO 3 BUpa3oM (3), as
00pOOKH CUTHAITY BIATYKY OyJI0 00paHO BeHBIICT-aHAITI3.
Moro 3acTocoByIoTh UIsi 06POGKH CHTHAIB HECTaIlio-
HapHHUX MPOIIECIB, IO ONMUCYIOTHCS MOBITBHO3MIHHUMH
¢byHKIisIME. 3a MaTepHHCHKUI 00paHo BeiBier Xaapa,
SKUI Ma€e Taki IepeBary MOpiBHIHO 3 IHIIUMHU BeiiBiie-
TaMu: IpocTy GopMy (J00pe anmpOKCUMYE SKCITOHCHITIH-
Hi CUTHAJIM HA MAJIMX 1HTepBajax), BUCOKY IIBUIKO/IIO,
1110 BJKJIMBO TS OTIEPATUBHOTO BU3HAYCHHSI PIBHSI ITpa-
LE3/IaTHOCTI, Ta BUCOKY TOYHICTB aIllpOKCHMAIIIT, STKa 1a€
3MOTY OTPHMYBATH YaCOBO-YaCTOTHE YSBJICHHS MPOIle-
Cy Jenoisipu3aitii B peanbHOMY 4vaci [13]. 3acTocyBaHHs
BEHBIICT-NIEPETBOPEHHS KPUBOI HAMIPYTH ACTIOISPH3ALii
U,,(t) Ha ocHoBI BeiiBnera Xaapa 3abe3nedye MOXKIH-
BICTh OTPUMATH 4aCOBO-4aCTOTHE 300paskeHHs PO3PSI-
HOTO TIPOIIECY B PealbHOMY Yaci Ta 30eperT JIOKaIbHi
0COOJMBOCTI CUTHATY JJIS HOro aHaji3y Ha HeoOXiJHO-
My piBHI feTasizarii.

[TormepenHi pe3ysbTaTy 100 3aCTOCYBaHHS BEHBIICT-
TePeTBOPEHHS KpHBOi Hanpyru Aenoisipusanii U, (1) Ha
OCHOBI BeliBieTa Xaapa il KOHTPOJIIO €HEPreTUYHOro
CTaHy eJEeKTPOXIMIYHOrO HAKOIMYyBaya €HEeprii HaBe-
JeHo B poOoTi [14]. [linTBepKkeHi B Hil BIaCTUBOCTI
BEUBIIET-TIEPETBOPEHB JAIOTh 3MOTY 3aCTOCYBaTH 00-
POOKY KpHBOT HANPYTH JCTIONAPH3AILii, sIKa OTIUCYE PO3-
PSAIHHIN TPOLIEC B YaCOBiM 00JIaCTi, TS BA3HAYCHHS 110~
TOYHOTO PiBHSI MPAIE3IaTHOCTI HAKOIIUYYBada CHEPTii.

[Ipuknan 3actocyBaHHS BEUBIET-TICPETBOPCHHS 3
PO3TATYBaHHIM KPHBOi HAIPYTH IEMOJNSpH3AIil Bil-
HOCHO OCi yacy Ha OCHOBI BeliBieTa Xaapa HaBEICHO
Ha puc. 3, 0. [TokazaHi TyT piBHI Jeramizalii BeliBiera
Xaapa MOKHA BUKOPHUCTOBYBATH JJIs1 BU3HAYCHHS PIBHS
MpaIe3aTHOCTI, OJHAK 13 PI3HOK MOXUOKOF0, IO 3aJ1e-
JKHUTH BiJl KUTBKOCTI MTOYAaTKOBHUX JAUCKPETHHX TOYOK HA
BIZIMOBiHOMY piBHI JeTaji3amii: YuM MeHIuil piBeHb
JieTaizallii, THM OLTBIIe TUCKPETHUX TOYOK PO3KIAY 1,
BIJIMOBITHO, MEHIIIA ITOXMOKa. [HpopmariitHum napame-
TPOM JIJ1s1 BA3HAUCHHSI [IOTOYHOTO PiBHS IPAIe3aTHOCTI
00paHO KITBKICTh TUCKPETHUX TOUOK PO3KIAIY Ha KPH-
Biii Hanpyru aenossipusauii U, (¢) B yacosiit oGnacri ii
3HAXOJUKCHHS B MEXKaX BiJl 1104aTKOBOrO 3HaueHHs U,
Y MOMEHT BUMKHEHHS TECTOBOTO IMITyIIbCY Z, /10 KiHIIe-
BOTO 3HAUCHHS UMK =0,37 Umm.
OOMeskeHHS KpUBOi HAIIPYyTH JICTIOJsIpU3allii 3HaueH-
HAM O,37Um”I nependayeHo s 3a0e3MevYeHHsT O/lHa-
KOBHX YMOB BIIUTIKY KUTBKOCTI TUCKPETHUX TOYOK PO3-
KJIaJly Ha [IbOMY YaCOBOMY 1HTEpBaJIi 32 OJTHOTO PiBHS
JeTaizamii, a TaKoXK TSI HeSIBHOTO BUKOPUCTAHHS CTa-
701 yacy mpolecy Jenojspu3allii, OCKiIbKU HaOIKeHe
3HAYCHHS CKCITIOHCHITIHHOTO cUTHANY (2) 3a T=1 cTaHo-
Buth 0,368 X(¢), abo = 0,37UHM. [Torounwuii piBeHb npa-

LIe3/1aTHOCTI HAKOMMMYYBaya (y BiZICOTKaxX ) BU3HAYAIIHU 32
3MIHOI BiJTHOIICHHS IMOTOYHOI KUTBKOCTI JTUCKPETHUX
TOYOK [0 11 MOYaTKOBOTO 3Ha4eHHs. HakonndyBau BBa-
JKAIOTh MPAIIC3IATHUM, SIKIIO 116l PIBEHb CTAHOBUTH HE
MeHIre Hixk 60%.

Jly1st BU3HAYEHHSI TOTOYHOTO PiBHS MPane3aaTHOCTI
HaKONMYyBaya eHeprii o0paHo piBeHb AeTanizanii d,,
SIKUH € HalOIIbII TPUJATHUM 3 MipKYBaHb IIPUCKOPEH-
HS TApaxyHKy KUTBKOCTI JUCKPETHUX TOYOK 31 30epe-
JKCHHSIM HEOOXITHOT AJIST MPaKTUYHOTO 3aCTOCYBAHHSI
TOYHOCTI.

Pe3ysabTaTn 1ociaigKeHHs

JocnipkyBany piBeHb MPaNe3laTHOCTI HAKOITNYY-
Baya CHEprii Ha OCHOBI CBUHIIEBO-KUCIOTHOI aKyMyJIsi-
TOpHOI Oarapei eMHICTIO 45 A TOI MPOTSTOM 11’ ITH PO-
KiB — BIiJI MMOYaTKy eKCIuTyarallii B HOBOMY CTaHi 1o 1l
3aBEpPIICHHS.

PiBenp npare3naTHOCTI BU3HAYAIN HAa HAKOITMIYBadi,
IO MPAIIOBAaB Y MITATHOMY PEXKUMI, 3 BUKOPUCTaHHIM
BOY10BaHOTO 00MaHAHHS. 1I0ro po3po6ieHo Ha OCHOBI
CXEMOTEXHIYHOTO PIICHHS EKCIIEPUMEHTAIEHOTO CTEH-
Ja IUTST KOHTPOJIIO CTaHy XIMIYHHX HKEPET CTPyMY, OITH-
ca”oro y [15], Ta JOMOBHEHO BiIOBITHIM MPOrPAMHHM
320€3MeUCHHSIM.

Ha mouatky ekcruiyaTaiiii HakomudyBaua eHeprii
3 TI0YaTKOBOK HOMIHAJIbHOK eMHiCTIO C, i3 CUTHaIy
BIATYKY MOBHICTIO 3apsIXKCHOTO HAKOIUIyBada BH/Ii-
JSUTM  KPHUBY HAIPYTH JCTIOSPU3AIIii Uﬂn(t) y 4acoBiii
obmacri 11 3HaXOPKCHHS B ME)KaX BiJl TOYaTKOBOTO 3HA-
denHs U, Y MOMEHT BUMKHEHHS TECTOBOIO IMITyIIbCy
t, 10 KIHLIEBOI'O 3HAUYEHHS UMK=O,37 Umm. ITicina upo-
T0 OOYHCITIOBAIN KUTBKICTh TUCKPETHUX TOYOK PO3KIIA-
ny N, Ha KpuBii Ulm(t) Yy 3a3HAYEHUX MEXax, SIKy MpHU-
iimaroth 3a 100%-i1 piBeHb MpaIe31aTHOCTI HAKOTTHIY-
Baya (SOH, =100%), Ta 3aHOCHIIM OfIepIKAaHE 3HAYCHHS
N, 10 mam’siTi BUMipIOBaIbHOIO MPUCTPOIO.

VYIpomoBK Mepioy eKCILTyaTarlii HaKOIIyBava I1o-
TOYHUI PiBEHb MPAIE3aTHOCTI BU3HAYAIH BIAMOBIIHO
J10 rpaika MPOBEACHHS ITAHOBUX PEINIAMEHTHUX POOIT
y CUCTEMI eHepro3abe3rneyeHHs Ta 3/1CHIOBAIH B TaKii
(y crpoIieHOMY BHIJISIII) TOCITiIOBHOCTI.

Ha makommayBad oaBay TeCTOBHUI IMITYIIbC, BHII-
JISUTH 13 CHTHAJY BIATYKY KPUBY HalpyTH ACHONSIPH3a-
uii U, (1) y 3a3Ha4€HNX MexKax, 00UNCIIOBAIA KiIbKICTh
JUCKPETHUX TOYOK PO3KiIaay N Ha I1ili KpuBiii Ta 3a piB-
HSIHHSIM, €KBIBaJICHTHUM BHUpa3sy (1), BU3HAYAIHU [TOTOY-
HUH piBEHb TpaIe3qaTHOCTI HAKOIIMIyBava ¥ BiICOTKAX
BiJ] TOYaTKOBOTO 3HAYCHHSI:

SOH, (%) = % 100%

H
ne N, N — KiIbKiCTh IMCKPETHUX TOYOK PO3KJIATy Ha
KpHBiit HANPYTy AenoNApusaLi Uﬂn(t) y cnrHani sinry-
Ky HaKOIIMYIyBada Ha TOYaTKy HOT0 eKCIUTyaTariii 3a Ho-
MiHAJIBHOT EMHOCTI Ta Ha Yac BU3HAYCHHS MMOTOYHOTO
piBHa npanesnarnocti SOH | BiamoBiaHo.
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Puc. 4. BeiiBnet-nepeTBopeHHs Xaapa KpUBOi HAIPYTH JICTIOJISIPH3allii Ha CUTHAJII BIITyKy HaKOIIM4YyBaya eHeprii Imij yac Horo
eKCILTyaTalil yIpOIOBXK II'STH POKIB:

a — B TI0YaTKOBOMY CTaHi; 6 — 2 pOKH; 8 — 4 POKH; ¢ — 5 pOKiB

[TigpaxyHOK KiJTBKOCTI TUCKPETHUX TOYOK PO3KIIATY
3a BelirireToM Xaapa BUKOHYBAIH 32 JJOIIOMOTOI0 OJIOKY
Counter y cepenopuiti MATLAB/Simulink. Pesynsratu
BEUBJICT-TICPETBOPCHHS KPUBOT HATIPYTH JCTIONIAPHU3AIIil
U,,(?) Ha ocHOBI BCI‘/?]‘SJI.GTy Xauapa Ha CHTHAM BIATYKY
HaKOTIMYyBava eHeprii ImiJ] 9ac foro excruryaTarii ympo-
JIOBX IT’SITH POKIB B1JIOOpaskeHO Ha pHc. 4.

Pesynbrarty migpaxyHKy KUTbKOCTI TUCKPETHUX TOYOK
po3KIiaay 3a BeliimeToM Xaapa Ta BiAMOBIIHI 3HAYCHHS
MTOTOYHOTO PIBHSI MPAIE3JaTHOCTI HAKOITMYIyBaya eHepTril
HaBEJICHO B Ta0JIMII. 3 TUIMHOM Yacy Iij] BIVINBOM YW H-
HUKIB JIerpajallii, 30KpemMa CTapiHHsl, 3SMEHIIY€ThCSI 110~
112 MOBEPXH1 aKTUBHOT MacH, 1110 Oepe y4acTh Y CTPyMO-
YTBOPIOBAJIBHUX TpoIecax Mija yac poOOTH HAKOMHYY-
Baya Ha HaBaHTaXeHHs. L{e MpU3BOIUTE 10 3MEHIIIEHHS
€MHOCTI TIOIBITHOTO €JICKTPUYHOTO MIapy Ta MBUIKOCTI
Jernospu3arii. Y pe3yisraTi CKopody€eThCsl YaCOBUH 1H-
TepBaJl BEUBIIET-NIEPETBOPEHHS KPUBO1 HAIIPYTH IETIONSI-
pu3alii BiJl MOMEHTY BUMKHEHHS TE€CTOBOTO IMITYJIhb-
Cy 10 KiHUeBOro 3HaueHus U = O,.37 Uﬂm} (puc. 4),
IO CYTIPOBOKY€ETHCS SMEHIIIEHHSIM KiJTBKOCTI JUCKPET-
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HUX TOYOK PO3KJIATY SIK IHPOPMATHBHOTO MapameTpa Jyis
OIIIHFOBAHHS TIOTOYHOTO PIBHS MParie31aTHOCTI.

3a pe3ynbraTaMu CIOCTEPEKEHD 32 pOOOTOK HAKO-
MUYyBaya Iijl 9ac BU3HAYCHHS PIBHS IMpare31aTHOCTI
BCTaHOBJICHO, IO MTOJIABAHHS KOPOTKOYACHOTO 3aPsITHO-
IO TECTOBOTO IMIYJIbCY JIJISI pEECTPAIlil CUTHATY BiATY-
Ky TIPaKTUYHO HE BILTUBAJIO HA HOTO poOOTY HA HaBaH-
TaxxeHHs. [licsi BAMKHEHHS TECTOBOTO IMITYJIbCY HAKO-
MUYyBa4 MPOJIOBXKYBAB MPAIIOBATH B IITATHOMY PEXKH-
Mi, a ToJlaJIbIie 0OPOOIICHHS CUTHAIY BIITYKY JUIS OIli-
HIOBaHHS MTOTOYHOTO PIBHS MPAaNE3IaTHOCTI 3/1HCHIO-

3anexcnicmu Kinbkocmi Mook Gelignem-posKnaoy ma

nomounozo pisnsa npayesoamnocmi SOH, 610 mepminy
excniyamayii Hakonu4yeaua

Tepwin excryaranii KinpkicTs TOUOK S(an,
po3kiany %
[TouarkoBuii cTaH (HOBHIA) 152 100
2 poku 127 84
4 poxn 106 69
5 pokiB 47 31

66

TexHOJIOTisl Ta KOHCTPYIOBaHHS B €JIGKTPOHHIH amapatypi, 2026, Ne 1

ISSN 3083-6530 (Print)
ISSN 3083-6549 (Online)




EHEPTETUYHA EJIEKTPOHIKA

BaJi HE3aJIe)KHO Bij HaBaHTaxeHHs. OTxe, po3polie-
HUH MeTox 3abe3neuye MOXKIUBICT BU3HAUATH MIOTOY-
HUH piBeHb Mpane3aaTHOCTI HAKONMUYyBada y MOTPiOHMI
JUIS CTIOKHBAYa 9ac O€3M0CepeTHBO Y ITATHOMY PEXUMI
poOoTu Ta 6e3 BiAKIIIOYEHHS HOTO BiT Mepexi.

BucnoBknu

VY pesynbTrari NpOBEICHUX JTOCIIIKEHb 3alPOIIOHO-
BaHO Ta EKCIICPHUMEHTAIBHO OOIPYHTOBAHO HOBHHU M-
MYJIBCHUH METOJl BU3HAYCHHS [TOTOYHOTO PIiBHS Tparie-
3JIATHOCTI EJIEKTPOXIMIYHUX HAKOIMMYYBadiB €HEprii, B
OCHOBY SIKOTO ITOKJIaJICHO aHaJTi3 KPUBOT JeTOJIpH3aliil
3a JIOMIOMOTOK THCKPETHOTO BEHBIIET-NEPETBOPEHHS 13
3acToCyBaHHIM 0azucy Xaapa. Takuid miaxia gae 3Mory
BHJIUIATH KUTBKICTD JUCKPETHUX TOYOK PO3KIIAIY SIK iH-
(hopmaTuBHUI TapameTp aerpanaiii. Jlani m’ sTupiaHAx
eKCIIEPUMEHTAIbHIX BUIIPOOYBaHb CBUHIIEBO-KHUCIOTHOT
aKyMYJISITOpHOI Oarapei eMHICTIO 45 A *TOJI i ITBEPAMITH
BHCOKY TOYHICTh OI[IHIOBaHHS CTaHy HAKONMUYyBa4ya Ta
MPaKTUYHY 3aCTOCOBHICTH MeTOy. [ToKa3aHo, 1110 32 10-
[IOMOTOK KOPOTKOYACHOTO TECTOBOTO IMITYJIECY MOYKHA
BU3HAYATH TOTOYHHI PiBEHb MpaIle3aTHOCTI Oe3noce-
PEIHBO B IITATHOMY PEKHMI pOOOTH HaKoIMYIyBada 0e3
HOro BIJIKITFOUEHHS BiJl MEPEKi CITOKMBaYa Ta 6e3 mopy-
LICHHS] TEXHOJIOTTYHOTO MPOILIECY.
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PULSE METHOD FOR DETERMINING THE CURRENT STATE OF HEALTH
OF AN ELECTROCHEMICAL ENERGY STORAGE DEVICE

A single-pulse galvanostatic method for rapid determination of the current State of Health (SOH) of electrochemical energy
storage devices in dynamic operating modes has been developed and experimentally validated. The proposed method enables
SOH assessment without interrupting normal load operation. It relies on the Haar wavelet transform to process the response
signal of the energy storage device to a short-term test pulse. Considering the specific profile of the response signal, which
reflects multi-stage electrochemical kinetics and is described by slowly changing functions, applying the Haar wavelet
transform yields a real-time time-frequency representation of the electrochemical process. Processing the depolarization
curve of the response signal following the test pulse via the Haar wavelet transform restricts the area under the voltage
curve, which correlates directly with the utilization factor of active materials. Thus, the derived wavelet parameters serve as
informative indicators for evaluating the current SOH within a specified time window of the depolarization voltage curve.
Experimental results reveal an irreversible, gradual decline in SOH over operational time driven by degradation processes,
with the degradation rate accelerating in the later stages of service life. This behavior highlights the complex, dynamic,
and non-linear nature of degradation in electrochemical energy storage systems. Unlike existing diagnostic techniques, the
developed single-pulse galvanostatic method eliminates the need to disconnect the energy storage unit from the load, allowing
real-time SOH monitoring under actual operating conditions.

Keywords: electrochemical energy storage, state of health (SOH), single-pulse galvanostatic method, response signal, kinetic

parameters, Haar wavelet transform.
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VIK 615.47:621.791 DOI: 10.15222/TKEA2026.1.70

Anopiti JVBKO' 2, Onexcanop POMAHEHKO!, Cepeziti PUMAP!

Vkpaina, m. Kuis, 'InctutyT enextpospapiosanns im. €. O. [Tatona HAH Ykpainu;
2KIII im. Iropst CikopchKoro

MATEMATHUYHE MOAEJIIOBAHHA PO3IIOAUIY I'VCTUHU
CTPYMY B EJIEKTPOJAX EJIEKTPOXIPYPI'THHUX
[HCTPYMEHTIB 3 IIPAMOKYTHOIO POBOYOIO ITOBEPXHEHO

Jocniodceno ennug cKin-epexmy Ha enekmpomacHimmui npoyecu, wo 6i00y8alomvcsi 8 NPIMOKVIMHUX e1eKmpooax
CLEKMPOXIPYPSIUHUX THCIPYMEHMIE N0 4aC NPOMIKAHHS Hepe3 HUX 3MIHH020 cmpymy. Mamemamuune MOOen08aHHS.
BUKOHYBANIOCH 30 00ONOMO2010 OuGhepeHyitinuxX Pi6HANb 68 YACIUHHUX NOXIOHUX YUCENbHUM MEMOOOM CKIHYEHUX eleMeHmis.
Ilokazano, wo z2ycmuna cmpymy Hepi6HOMIPHO PO3NOOINACMbCA NO NePUMEmpPY eNeKmpood: CMpyM KOHYEHMpPYEMvbCs 8
Kymax npsamoKymHo20 nepemuny, a 6 Yyenmpi 6in npakmuuno eiocymHiil. Ananis onopy mMioHo2o npsamMoKymHo20 enekmpood
6 uacmomuomy oianaszomi 6i0 22 0o 880 kly nokazae, wo 3i 30iIbWEHHAM YACMOMU 30IILUWYIOMbCS OHCOYVILE6] 8Mpamu,
WO CYNPOBOOHCYEMbCA O0OAMKOBUM HASPIBAHHAM €1eKmpood i, 6i0N0GIOHO, TOKANbHUM HAZPIBAHHAM OION0TUHUX MKAHUH.
Moougixayis gopmu pobouoi nosepxui enekmpooa CKpyeieHHsIM 1020 KYmié npu3eeid 00 321A0X4CeHHs pO3NOOLLY 2yCmutu
Cmpymy ma 3meHuleHts. ONopy Ha 6CiX 4ACMOmax.

Kurouosi cnosa: mamemamuyne MOOENO8AHHS, e1eKMPOMASHIMHI Npoyecu, NPSIMOKYMHI eleKmpoXipypeiuni enekmpoou,

uacmoma cmpymy, cKin-egexni, posnooin 2ycmuHu cmpymy.

JociimkeHHsT CKiH-e(eKTy i Yac MPOXOKECHHS
CTPyMY B €NIEKTPOJIaX € BOKJIMBHUM 3aBJaHHIM, OCKiJIb-
KM BiH 3HAQYHOIO MipOI0 BH3HAYA€ KOHIIEHTPAILIO CTPY-
My Ha OKpEMHX MUISHKaX iXHIX poOOYHX MOBEPXOHb.
Oco0611BO TOCTPO II€ MUTAHHS IIOCTA€ ¥ BUCOKOYACTOT-
HIl eNIeKTPOXIpyprii, e BAKOPUCTAHHS CTPYMIB Merarep-
L[OBOT'O J1alla30Hy 3HAYHO IOCUIIIOE TOBEPXHEBUI e(DEKT.
CkiH-e()eKT CIpUYMHSE 3MILIEHHS CTPYMY O 30BHIIII-
HBOI TTOBEPXHi MPOBIAHNKA, III0 3yMOBJIIOE HEPIBHOMIp-
HUH pO3NOJIIJI TYCTUHHU CTPYMY B HOTO ITOTIEPEYHOMY TIe-
pepi3i, MPU3BOAMTSH J0 301IBIICHHS AKTHBHOTO OIOPY Ta
JIOZIATKOBUX BTpar motyxHocTi [1]—[3]. Braciinok Ta-
KOO TEIJIOBOTO BUJIIJICHHS Yepe3 IKOYJeBl BTPaTH BH-
HUKA€ JIOKAJIbHUI MeperpiB 010J0T1YHUX TKAHUH Ta ca-
Moro iHcTpymeHTa [4]—[6]. Lle Moxke BHKIMKATH Taki
HECTPUSATINBI SBHUINA, SIK TCPMIYHIH HEKPO3 TKAHUH,
MOTIPIIEHHS IKOCTI KOHTAKTY MIXK €JICKTPOIOM 1 Oioma-
TEepiayoM, a TAaKOXK PYHHYBaHHS 130JBLi1 iIHCTPYMEHTA.

3 iHmoro OOKy, XapaKTepUCTUKU €JIEKTPOMArHiT-
HHUX XBHUJb TICHO TOB’A3aHi 3 4acTOTOK T'€HEpaTo-
pa. Enexrpoxipypriuni mxepena eHeprii mpamioTh
Yy BHCOKOYACTOTHOMY Jniama3zoHi — Big 200 k[’ no
3,3 MI'1, OCKUIBKH IIe T03BOJISIE YHUKHYTH HEOaKaHO1
HEPBOBO-M’5130BOi CTUMYIIALIT [7] 610JI0TTYHUX TKAaHUH
B IpolLieci oneparii.

Otxe, 11 MiHIMI3aIli HETATUBHUX HACIHIJIKIB CKiH-
edekTy 3a yMOBH 30epekeHHs Oe3redHoi poOovoi va-
CTOTH HEOOXIJTHO TOYHO CITPOTHO3YBATH PO3IOJIII CTPY-
My IIIe Ha eTarli MPOEKTYBaHHS XipyPriyHUX IHCTPYMEHTIB.

Ha puc. 1 nokazaHno po3nofisi 'yCTUHU CTpyMy J yac-
totoro 48,391 kI’ y KpyrioMy MiJHOMY TPOBIJHHKY.
MaxkcumanbHa KOHLIEHTpAllis TYCTUHH CTPyMY, IO 30-

CePEDKYEThCS PIBHOMIPHO Ha HOTO 30BHIIIHIH MOBEPX-
Hi, CBITYUTh PO HASBHICTh CKiH-€(DEKTY.

YV kBaipaTHOMY MiJTHOMY IIPOBIIHUKY, 5K II€ TIOKa3a-
HO Ha PHC. 2, TYCTHHA CTPYMY PO3MOALISIETHCS O IO
riepepizy Maixe piBHOMIpHO Ha yactoTi 50 ', Toxi sk
npu 500 I'1 GinbIia TycTHHA CKOHIIEHTPOBAHA B KyTax.
ToOTO Ha BUCOKHX 4acTOTaX 301IbIIYIOThCS €IeKTPUYH1
BTpATH 1, IK HACIJIOK, 3pOCTAE OMip 3MIHHOMY CTPyMY.

[IpakTHyHa peaizallis eJIeKTPOXipypridyHUX METO-
JIiB TICHO TMOB’s3aHa 3 HOPMaTUBHUM PETYIIOBaHHSIM
pobounx yactoT. B Tadua. 1 HaBeseHO po3MoIiT pajiio-
4acToT, I03BOJICHHUX JUI BUKOPUCTAHHS B YKpaiHi, 110
Bignosinae Pesomtonii Ne 63 PernamenTty pamiosB’ 3Ky
MixkHapoaHOTO coro3y enekTpo3s’sa3ky [10]. 3 ypa-
xyBaHHsIM 1ux BuMmor B IE3 im. €. O. Ilatona pos-

J, Alm?
2538£408
21856406
1771€+08
1358£+08
094SE+06
9531E+06
8118£406

B e e e

2913E+05
8779E+405
YE64SE+QS
8511E+05
6378E+@5
2244E+0S
8110E+05
3977E+05

DB NND® D0

Puc. 1. Po3noain ryctunu crpymy vacrororo 48,391 xI'u
Y KPYyIJIOMY MiJJHOMY HPOBITHUKY paniycom 0,511 mwm [8]
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2 J, A/m?
Y, m P VM
400
0,02 300
0,01 200
0 100
—-0,01 0
—0,01 0 0,01 0,02 0,03
X, M
6) J, A/m?
Y, m
0,02
0,01
0
-0,01
—0,01 0 0,01 0,02 0,03
X, M

Puc. 2. Po3nonin ryctuHu cTpyMy B KBaJIpaTHOMY IPOBiJ-
HUKY po3mipom 20 x20 mm Ha wactoTi ctpymy 50 I'i ()
ta 500 I'g (6) [9]

Tabmuis 1

Po3nodin 0o3sonenux ons 6UKOpUCManHs 8 Yxpaini
paodiouacmom [10]

polisieHo enextpoxipypriunuii reneparop EKB3-300
«ITATOHME/l», sixuit npairoe Ha T03BOJICHIN 4acTo-
Ti 440 k' [11]. HaykoBui InctutyTy coinbHO 3 ¢a-
XIBIISIMH MEIMYHOI rayry3i BIPOBaJKYIOTh B Xipypriu-
HY MpPaKTHUKY HOBI TEXHOJIOTii BUCOKOYACTOTHOTO 3Ba-
proBanHs [12]—[16], ne 3acTOCOBYIOTBCS OIMOMNSPHI Ta
MOHOIIOJISIPHI THCTPYMEHTH 3 pi3HOI0 (hopMoro podo-
YUX [TOBEPXOHb.

EQexTuBHICTh TAaKUX TEXHOJOTIH CYTTEBO 3aIEKUTh
BiJl TCOMETPUYHHUX 1 CHJIOBUX NTapaMeTpiB IHCTPyMEHTA.
3okpema, po3poOIeHU crienianbHu OiINoNIpHU 3aTHC-
Kad 3 poO0U0I0 TTOBEPXHEIO €ICKTPOLiB 3 X 15 MM, TpH-
3HAYCHUH JJIsI 3aBapIOBAHHS apTepiit giameTpom 3 —8 MM,
3a0e3redye CTUCKaHHS TKaHUH B Mexkax 1,9+0,2 MIla.
B mpomeci rigpaBniuHuX BUIPOOYBaHb 3BApHUIL IIIOB ap-
Tepii CBUHI iaMeTpOM 7 MM BUTPHUMAB THCK PiTUHU HE
meHine Hix 500 mum pt. ct. (67 xI1a) [17]. [Ipote onTu-
Mi3allisi TEOMETPUIHNX MapaMeTPiB TAKUX EICKTPOJiB
BHUMArae JeTajbHOTO aHalli3y eJleKTPOMArHITHUX MpO-
IIECiB y 30Hi1 KOHTAKTY.

AHaTITHYHI pO3paxyHKH JTO3BOJISIOTH JIUIIE HAOIH-
JKCHO OLIHUTH XapaKTEPUCTUKH €IEKTPOMarHiTHUX IPO-
IIECiB CHCTEMH «3BaPIOBAJIbHI €IEKTPOIH — Oi0T0TidHA
TKaHWHaY». YNCIIOBE 5K MaTeMaTH4He MOJICTIOBAHHS 3 BU-
COKHM CTYIICHEM TOYHOCTI BimoOpaskae MpoIecH B IIiH
CHCTEMI 1 € BAYKIIMBUM €TaIlOM y CTBOPCHHI HOBUX e(heK-
THUBHUX KOHCTPYKIIiH €IEKTPOXipypriyHNX iIHCTPYMEHTIB.

Meroro ni€i poOOTH € IPOBEICHHS YHCEIBHOTO Ma-
TEMaTHYHOTO MOJICIIOBAHHS PO3IOJILUTY TYCTHHH CTPY-
MY B €JIEKTPOJax €JICKTPOXipypridHUX IHCTPYMEHTIB 3
IPSIMOKYTHHUMH POOOYNMMH HOBEPXHIMH 3aJIC)KHO Bif
JaCTOTH CTPYMY.

MartemMaTH4YHA OCTAHOBKA 3a/1a4i, TeOMeTpist
Ta KpaiioBi ymoBHU Moaei

Po3monin rycTrHu cTpyMy B IPSIMOKYTHHX €JIEKTPO-
JlaX MOYKHA BH3HAYHUTH PO3B’I3aHHAM CUCTEMHU AUPEPEH-

Howminanbhe nianpHAX piBHSAHb Makcserua [ 18], [19] 3 BigmoBiqHuME
3HAUCHHSI YaCTOTH Cwmyra Jlossozero rpaHUYHUMH YMOBaMU. L5 cuctema Mae Takuil BUTIISI:
. 4acTor, BUKOPHUCTaHHS p y : )
! Z1OTyCTHME k[t B IIPUCTPOSIX * .
BiIXUJIEHHS VxH=1J;
18 k1 = 7,5% 16,7-19.4 1 B=VxA4,
=oE + joD;
22 ki 7.5% 20.4-23.7 I, H, M J =oF + job; (1)
E= —-VJV - joA;
44 xI'n £ 10% 40-48 I, H, M
V-J=0,
66 xI'u +12%, —10% 59-74 I, H, M
440 k' = 2,5% 429-451 II,H M nie V — omeparop Ha0ma;
) H — BekTop HampyKEHOCTI MarHiTHOTO TIOJIS;
880 xI'm + 1,0% 871889 IL,H,M J — BEKTOp T'yCTHHHU €IEKTPUIHOTO CTPYMY;
1760 k' + 2,5% 1720-1800 ILH, M B — BekTOp MarHiTHOI 1HIYKIIIT;
2640 kT + 1,0% 2610—2670 M A — BEKTOp MarHiTHOTO ngTeHulany;
E — BekTop HampyXeHOCTI CIEKTPUIHOTO TIOJIS;
5280 k' + 2,5% 5150-5410 I, H,M D — BEKTOp €NEKTPUYHOI IHIYKIIIT;
*T1 — TPOMUCIIOBI; G — MHUTOMA EJIEKTPUYHA MPOBIIHICTh CEPEIOBHIIA,;
H — nayxkoBi; Jj — ysIBHA OIVHUIIS,
M— MeILI/I'-lHi paﬂiOBI/alOMiHIOBaﬂI)Hi HpI/lCTpO.l. ® — KyTOBa 4acToTa CTpyMmy, m:an’
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f— uacroTa cTpymy;
V' — ckanspHuil enexTpuuHUi OTEeHIa.

J71s1 OLiHIOBAHHS IIEKTPUYHUX 1 MATHITHUAX BIACTH-
BOCTEH CepeIOBUINA CHCTEMa JOIOBHIOETHCS PIBHSIHHS-
MU 3B’5I3Ky HalPY’>KEHOCTI MarHITHOTO ITOJIS 3 MATHITHOFO
IHIYKIT€EIO 1 HAPY>KEHOCTI IEKTPUIHOTO OIS 3 SIICK-
TPUYHOIO 1HIYKIIIEFO:

B=pyp, H;

D—s,¢ E. @

J€ Wy, €, — MArHiTHa Ta eIeKTPUYHA CTalli;

W, €, — BIJIHOCHI MarHiTHa Ta €JEKTPHYHA IIPOHMKHOCTI
CepeIOBHIIIA.

[NoennanHs 3aK0HY AMIIepa Ta MPUHINITY 30epeKeH-
HS1 3apsy A03BOJISIE OTPUMATH PO3PAXYHKOBE PIBHIHHS:

VX(p, ', TVXA) + 6V + (joo — w’egr)A=0.  (3)

Po3p’s3aru Taky 3amaqy MOXKHA, 3aCTOCYBABIIN Y-
CeJIbHUN MeToJ1 CKiIHYeHuX ejieMeHTiB B maketi COMSOL
Multiphysics.

MaremarinaHe MOJICTTFOBAHHS TIPOBOJIMIIOCS JJIS 3MiH-
HOTO CTpyMy critoro 2 A gactoToro 22, 66,4401 880 kI
OO0’ €T TOCHIKSHHS — MiTHUH eNeKTPOo. / TIPSIMOKYT-
HOTO repepizy po3mipamu 3 X 15 mm (mepumetp 36 Mm),
SIKUH pO3MIIIY€ThCSI B IICHTP1 pO3paxyHKOBOI 001acTi —
MOBITPSHOTO NPSIMOKYTHHKA 2 3 TIOTIEPEYHUM TIEpEPi3oM
18 x45 MM, sIK 11e TOKa3aHo Ha puc. 3. [paHn4HI yMOBH
BH3HAYAIOTh OOMEKEHHS MOIIUPEHHS eJIeKTPOMAarHiT-
HOTO ITOJISl 30BHIIHIMU TPaHMIIMA 00NacTi 2, Ha SKAX
nxA =0 Ttan-J=0, 1e n — BEeKTOp HOpPMAJIi.

Jiist 3a0e3meueHHs JOCTaTHROI TOYHOCTI PO3B’ I3aHHS
3aJladyi BUKOPUCTAHO CKIHYCHHO-CJIEMEHTHY CITKY, sIKa
Mae 3aryiieHHs B oOnacTi eyekrpona (puc. 4), 1o Jo-
3BOJISIE MiHIMI3yBaTH IMOXHUOKY PO3paxyHKIB y 30HaX BU-
COKOTO TPaJIi€HTA TIOJIS.

Puc. 3. Po3paxyHkoBa 001acTh MOAENI:

1 — enexrpon; 2 — MOBITPSA

AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV A

Puc. 4. CkinueHHO-eJIeMEHTHA CiTKa MOJIENI

Pe3ysibTaTn Moae/iloBaHHsI Ta iX 00roBopeHHs!

PezynpraTi MOIETIOBaHHS PO3MOILTY T'yCTHHHU 3MiH-
HOTO CTPyMY At 9acToT 66 1 440 xI' y Burmsaai aso-
MipHEX (YHKIIIOHAIBHO 3a0apBJICHUX IOJIiB, Mpe-
CTaBJICHO HA PHC. 5, a 00’ €MHMIA PO3ITOILI JJISt YACTOTH
440 xI'm — Ha puc. 6. Bizyaizaiiisi OJiB CBITYUTH IPO
BHUPAXKECHY HEPIBHOMIPHICTB PO3IOJITY CTPYMY TIO TIepH-
METpY €IEKTPO/a 3 KOHIICHTPAIIIEI0 HOTO MAaKCUMAIBHIX
3HAYCHDb y KyTOBUX 30HAX MPSIMOKYTHHKA.

a)

Y, MM J, A/mm?
i 1,0,58

[ 1Ros
1§04
0,3
0,2
0,1
1Ho
Iv_0,03

Lo e s e

6 4 2 0 2 4

J, A/mm?
41,96

1,8
1,4
1,0
0,6
0,2
0
"-0,09

-6 4 2 0 2 4 X, MM

Puc. 5. Po3noxin rycTHHE 3MIHHOTO CTPYMY B MiTHOMY TIpsi-
MOKYTHOMY €JICKTPO/Ii Ha yacToTi 66 k['11 (@) Ta 440 k't (6)

J, A/
A 1,96

v 0,09

Puc. 6. TpuBiMipHa MOBEPXHS PO3MOMALITY T'YCTHHH CTPYMY
B MiTHOMY IIPSIMOKYTHOMY €JIE€KTpoAi Ha yacToTi 440 kI’

72

TexHOJIOTisl Ta KOHCTPYIOBaHHS B €JIGKTPOHHIH amapatypi, 2026, Ne 1

ISSN 3083-6530 (Print)
ISSN 3083-6549 (Online)



BIOMEJNYHA EJEKTPOHIKA

J’
Alne? | — 880 kIl
081 e 440 xI'n
I == 66kl
0.6 22 xI'n
0.4 | |
02} ]
0f K

0 2 4 6 8 10 12

Puc. 7. Po3nofin rycTiHY CTpyMy 10 poO0Uiii TOBEPXHI Y3I0BK

6111611101 CTOPOHU ITEpepi3y NPSIMOKYTHOIO eJIeKTpoAa (110 Horo
oci cuMeTpii) Ha Pi3HUX 9acTOTax

X, MM

Tabnuis 2
Yacmomua 3anedxcHicms onopy MiOHO20 elekmpooa ‘‘Kia-
CUYHO20" NPAMOKYMHO20 Nepepizy ma 3i CKpyeneHuMu Kymamu

Yacrora, Omip enexrpona, Om-107°
kIt KJIACUYHOTO CKpPYIJIEHOTO
22 4,1124 4,0097
66 6,9906 6,7487
440 17,8940 17,0620
880 25,3990 24,1580
a)
Y, MM ' ‘ ' , ' ' ' J, A/
3 1,07
f _ 1,0
0 0,8
o 0,6
) 0,4
3 0,2
-4 no
: —-0,06
-6 4 2 0 2 4 X, MM
0)
J, A2
A 1,07
1,0
0,8
0,6
0,4
0,2
0
¥ 0,06

Puc. 8. [IBo- (@) Ta TprBHMipHA (6) MOJIEIi PO3MOALTY I'yCTH-
HU 3MIHHOTO CTPYMY B MiJTHOMY MPSIMOKYTHOMY €JIEKTPOIi 13
CKpyIJICHMMH KyTamu Ha yactoti 440 Iy

J11s1 GBI ieTalTbHOT OLIIHKY OTPHMAHO TaKOX rpadi-
K1 PO3MOJLTY TYCTUHHU CTpyMY J y3A0BXK OUIBIIOT CTOPO-
HH Iepepizy I BCiX JOCTIIPKYBaHUX YacTOT. SIK BUIHO
Ha puc. 7, y LHEHTpalbHIi YacTHHI eNeKTpoaa sl BCiX
9acTOT CTPYM MPAKTUIHO BiICYTHIH, a HOro MaKCUMyMH
3MIIYIOTHCS IO KPAiB, IO € MPSIMUM HACHIZKOM MPOSIBY
ckin-eekry. [Ipu poMy ciig 3a3HaYUTH, O 31 301Tb-
IIEHHSM YaCTOTH 3pOCTAIOTh 1 MAKCUMAaJIbHI 3HAYCHHS J.

VYV Ta6J. 2 HaBeIeHO PO3paxoBaHi 3HAYEHHS OTIOPY
MIiJTHOTO €JICKTPOAA 3 TPSIMOKYTHHUM IIOTIEPEUHIM Tepepi-
30M 3 X 15 MM BHCOTOIO 3 MM 3aJI€KHO BiJ 4acToTH. TyT
BUJIHO, 1110 3 TiJJBUIIICHHSAM YaCTOTH CTPYMY 301TBIIY€Th-
Csl aKTUBHHUH OMIp €NEKTPO/a, IO MOSICHIOEThCS 3MEH-
IICHHSM €(EeKTHBHOT IO TOBEPXHI ENEKTPo/Ia yepes
CKiH-e(heKT. BiAmoBiHO, 3pOCTalOTh IKOYJIEBi BTpaTH,
II0 CYIPOBO/DKYETHCSI TOJATKOBUM HArpiBaHHSIM €ICK-
Tpoza i JTOKaJbHUM HArpiBaHHSAM OiONOTiYHUX TKAHUH
B3JIOBXK [IEPUMETPa €IEKTPO/IA, 0COOIUBO B HOTO KyTax.

3 METOI0 3IIa/KYBaHHS TYCTHHHU CTPYMY B IPSMO-
KyTHHX €JIEKTpojax Oyao 3alponoHOBAHO MOnuika-
ito popMu Horo podov0i MOBEPXHI CKPYIIICHHSIM Ky-
TiB 3 pagiycom 1 mm. [lepumerp Takoro nepepizy 3MeH-
muBcs 10 34,28 MMm.

Po3noain rycTHHU CTpyMy B €JIEKTPOAI ONTHUMI30-
BaHOi reoMeTpii Ha yactoti 440 k['1| MpeaCcCTaBIeHO Ha
puc. 8, a yacToTHa 3aJeKHICTh HOTO OMOpy — B Ta0MI. 2.
ITopiBHANBHUI aHAai3 pe3yibTaTiB BKa3ye Ha TE, IO
CKPYIJICHHS KYTiB MPHU3BENIO A0 3IIaJKyBaHHS PO3IO-
JTy TYCTUHH CTpyMy Ta 3MCHIICHHS OTIOpPY EIEeKTpoaa
Ha BCIX 9aCTOTax.

BucHoBkn

IMpoBezieHe B IMPOKOMY YaCTOTHOMY Jliania3oHi Mare-
MaTHYHE MOJICITIOBAHHSI ITOKA3aJI0 HEPIBHOMIPHICTH PO3-
MOJIUTY TYCTHHH 3MIHHOTO CTPYMY B MiJTHOMY MTPSIMOKYT-
HOMY €JIEKTPO/Ii: CTPYM KOHICHTPYEThCSI IEPEBAXKHO HA
niepudepii, 0coOIUBO B KYTOBHX 30HAX, TOI SIK Y IIEHTPI
BiH MIPAKTUYHO BiJICYTHIH. [Tpn 1iboMy, HEpIBHOMIPHICTb
30UTBIIYETHCS 31 3pOCTAHHIM YacTOTH. [1iIBHIIICHHS Yac-
TOTHU TPU3BOAUTH TAKOK JI0 3POCTAHHS AKTUBHOTO OTIOPY
EIICKTPO/Ia Yepe3 3MEHIICHHsI ¢()eKTUBHOT IUIOIIT MPOTi-
KaHHSI CTPYMY BHACHIIOK ckiH-e(ekty. Lle cBoero uep-
FOF0 3yMOBIIIOE IHTEHCUBHIIIIE JIOKAJIbHE HATPiBaHHS T1e-
pubepiiHUX AUITHOK.

Monudikaris reoMeTpii pod0ov0i MOBEPXHI 1HCTPY-
MEHTa CKPYIVIEHHSAM KyTiB poO040i MOBEPXHi 03BOJIH-
JIa CyTTEBO 3 TH PO3IOALT T'YCTUHH CTPYMY Ta 3HH-
3UTH 3aralibHUE omip enekTpona. OTpuMaHi pesyibTa-
TH JIOIUJILHO BPAaxXOBYBaTH Ha €Talll MPOEKTYBAHHS HO-
BHUX KOHCTPYKI[I BUCOKOYACTOTHHUX EJIEKTPOXipypriy-
HUX IHCTPYMEHTIB.

VY momanbinX JOCHIHKEHHSIX TUIAHYEThCS MPOBe-
JICHHSI YHCEIILHOTO MOJCIIOBAHHS PO3MOIIIY I'yCTHHH
CTPYMY y CHUCTEMI «eJIEKTPOI — O10JIOTIYHA TKAHWHAY
3 ypaxyBaHHSAM CKiH-¢(heKTy i epeKTy ONM3BKOCTI 3a
HAsBHOCTI MapaJie]IbHUX MPOBIIHUKIB y CKJIAHIH KOH-
CTPYKIIT eICKTPOIIB.
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This study investigates the influence of the skin effect on electromagnetic processes occurring in the rectangular electrodes
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differential equations using the numerical finite element method. The simulation results demonstrate that the current density is
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FOpitit XOMAK, Muxuma HOCKOB

Vkpaina, HanionanbHuil TeXHIUHUN yHIBepCUTET «XapKiBChbKUH MONITEXHIUHUN IHCTUTYT»

ITAPAMETPUUHUI AHAJII3 OPTOI'OHAJIBHOT'O
BUXPOCTPYMOBOI'O ITEPETBOPIOBAYA
JJI KOHTPOJIIO TOBIINMHNW AIEJIEKTPUYHUX ITOKPUTTIB

IIposedeno napamempuunull anaiz opmo2oHAILHO20 GUXPOCIPYMOBO20 Nepemeopiosaua 0 KOHMpOono mosujunu oielex-
MPUYHUX NOKPUMIMIG HA eleKMPONPOGIOHIl OCHOBL. Po321sHymo 6nius yacmomu 30Y04cenHs, 3a30py MIdic Nepemeoplosa-
uem i nogepxHeIo 00 '€KMa KOHMPOIIO, d MAKOIC 2eOMEMPULHUX PO3MIDIE Nepemeopiogaua Ha AMNAIMYOy GUXIOHO20 CUSHATLY
ma cniggionowenis cuenan/wiym. Iloxkazano, wo inopmamueHuti cueHan Qopmyemvpcsa 6HACTIOOK 3MIHU e1eKMPOMACHIMHO20
36 "SA3KY MIJHC 3AMKHEHUMU KOHMYpamu 30Y00iCy68aIbHOI ma npuiiMaibHOi 0OMOMOK i NPOBIOHOW OCHOBOI) Yepe3 OieleKmput-
nutl wap. Excnepumenmanshno 6cmanogneno, wjo HOpMoeami cpaoyio8anbHi XapaKxmepucmuky, Ompumani 015 pi3Hux 4acmom,
Maioms 61U3bKY hopmy, a Haudinbua Yymaugicmy cnocmepicacmsbCs npu Maiux 3a30pax. 3a pe3yibmamamu 6UMIpiogans 00-
IpYHmMosano payionanvricmy oianasony uacmom 200—400 kly Onsa nepemeoprosaie OinbUUX pOIMIPIE Ma NOKAZAHO, WO
BEPXHSL MEICA KOHMPONbOBAHOL MOBUWUHY BUSHAYACTNBCSL UUPUHOTO PODOUOT 30HU NEPEmBopIo6ayd.

Kniouosi cnosa: euxpocmpymoguti KOHmMponv, dielekmpuine NOKpUmmsl, moswuHoMempis, opmo2oHalIbHULl Nepemeoprosad,

3a30p, CUSHAN/WYM.

KoHTpons TOBIIMHM TiCNEKTPUYHUX MOKPUTTIB Ha
CIIEKTPOIIPOBITHIX OCHOBAX € BAYKJIMBHUM JUIs 3a0e3-
MIEUEHHsI JIOBIOBIYHOCTI Ta HaJiHOCTI BUPOOIB y Ma-
MUHOOYMyBaHHI, aBiallii, EHEPreTUIll Ta TPAHCIIOPTI.
[Moxpurts (1akodapOOBi, MOTIMEPHi, OKCHJIHI, KOMIIO-
3WIiIiHI) BUKOHYIOTh 3aXHCHY Ta (YHKIIOHATIBHY PO,
a IXHs TOBIIMHA BU3HAYA€E S(PEKTUBHICTD X BIACTHBOC-
Teil. BigxuneHHs Bil HOpMAaTUBHUX 3HAYEHb TPU3BOIUTh
JIO TIOTIPIICHHSI eKCIUTyaTalliiHIX XapaKTePUCTHK 1 Tie-
peBuTpaTtu Marepiainis [1].

[TepcnieKTHBHUM METOIOM KOHTPOJIIO IMOKPHUTTIB €
BHUXPOCTPYMOBHH, IKHI XapaKTePH3Y€EThCSI OE3KOHTAKT-
HICTIO, NIBUAKO/IEI0, Yy TIIMBICTIO 10 3MiH €JIeKTpoMar-
HITHUX [TapaMeTpiB 00’ €KTa KOHTPOITIO Ta IPUIATHICTIO
J10 aBToMaTH3alii. BuxpoctpymoBi Metonu eeKkTuBHI
JUTS. KOHTPOJTIO TTIOKPHUTTIB — SIK A1€TICKTPUIHHX, TaK 1
CIIEKTPOIPOBITHAUX, a TAKOXK MapaMeTpiB CaMHX IIPO-
BinHuX MmartepianiB [1]—[3]. BogHowac vepe3 Te, 110
B TIpOIIECi BUMIPIOBaHHS TOBIIWHW HEMPOBIIHHUX TO-
KPUTTIB cUTHaJ (POPMYETHCS OMOCEPEAKOBAHO 32 3Mi-
HOI0O YMOB IHAYKIiI BUXPOBHUX CTPYMIB y MpPOBIiTHIH
OCHOBI, Pe3yJIbTaTH 3alie)KaTh BiJ] YaCTOTH, BIACTH-
BOCTEH Marepiairy, TeoMeTpii KOTYIIOK, 3a30py Ta piB-
Hs myMiB [2], [3].

V¥ po6orax [1], [4]—[6] po3misiHyTO TiAXOAM 70 Tij-
BUIIEHHS TOYHOCTI BUXPOCTPYMOBOI TOBIIMHOMETPIi,
30KpeMa OararonapaMeTpu4Hy 00poOKy CHTHaIiB 1 Oa-
raTo4acTOTHI peXUMHU 30yIKkeHHs. BcraHoBIEeHO, 110
Ha pe3yNIbTaTi BUMIPIOBAHHS iICTOTHO BIUTUBAIOTH 3a30D
(lift-off), enexTpoMarHiTHi BIACTUBOCTI OCHOBHU Ta Yac-
TOTa CUTHAITY.

[lepCrieKTUBHUM HAIPSIMOM € 3aCTOCYBAaHHS Op-
TOTOHAJBHUX Ta 00ePTOBHX KOH(DIryparmiid KOTYyIIOK
[7]-1[9], AKi 3MEHIIIYIOTh MTAPA3UTHUN 3B’ 30K MiXK 00-
MOTKaMH Ta IMiJIBHITYIOTh YyTAUBICTE. Y po0oTi [10]
MOKa3aHO 3POCTAaHHS CEJIEKTUBHOCTI CHUTHANYy y pasi
BHKOPHCTAHHSI OPTOTOHAIBHUX CTPYKTYp. Paszom 3 Tum,
Ha XapaKTePUCTHKHU OIS Ta TOYHICTh BUMIPIOBAHHS
CYTT€BO BILUTUBAIOTH [COMETPHYHI ITApaMETPH IIEPETBO-
proBaua [11], [12].

Otxe, 00 3p0OUTH BUMiPIOBAHHS TOBIIMHH ITOKPHUT-
TiB TOYHINIMMH Ta HAJIHHIITUMH, HEOOX1THO ONTUMI3Y-
BaTU TEOMETPHYHI MapaMeTPH OPTOTOHAIBHUX BUXPO-
cTpymoBux neperBoproBadis (BCII), y10CKOHAIUTH KOH-
¢irypariiro KOTyIIOK Ta BpaxXyBaTH iXHill BIUIUB Ha Xa-
PAKTEPUCTHUKH TOJIS i CEIEKTUBHICTh CUTHAITY.

Meroto 11i€1 po60TH OyIT0 BCTAHOBICHHS 3aKOHOMIPHO-
CTel BIIMBY YaCTOTH 30y/DKCHHSI, 3230py Ta T€OMETPHY-
HUX IIapaMeTPiB OPTOTOHAIIEHOTO BUXPOCTPYMOBOTO ITe-
pETBOpIOBaYa Ha aMILTITY/ly BHXIIHOTO CUTHAIY 1 CITiB-
BiJTHOIIICHHSI CHTHAJI/TITYM JUTSI BHOOPY pallioHaJIbHUX pe-
JKUMIB KOHTPOJIFO TOBIIMHU JIIEJIEKTPUYHUX TOKPUTTIB
Ha €JIEKTPOIPOBITHUX OCHOBAX.

JocsrHeHHs MeTH niependavyano po3B’ s3aHHs TaAKIX
3aBIaHb: BU3HAYCHHS 3QJIC)KHOCTESH aMILTITyIN CUTHA-
Ty BiJl 3a30py [UIS Pi3HUX MarepialliB OCHOBU; HOPMY-
BaHHS OTPUMAaHUX XapaKTEPUCTHK JIJIsI KOPEKTHOTO I10-
PIBHSIHHSI; OI[IHFOBaHHS YaCTOTHOT 3aJIEXKHOCTI CITiBBIJI-
HOIIICHHS CUTHAJI/IIIYM; BCTAHOBJICHHS BIUIUBY PO3Mi-
piB BCII Ha po6ounii Aiana3oH BUMipIOBaHHS TOBILHU-
HU TIOKPHUTTSI.
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IIpuHuMn aii BUXPOCTPYMOBOT0 METOAY

Merton 6a3yeTbesi Ha B3a€MOJIiT 3MIHHOTO €JIEKTPO-
MarHiTHOTO TOJIS, SIKE CTBOPIOETHCS 30YINKYBaIbHOIO
KOTYIIKOIO, 3 BUXPOBHUMHU CTPYMaMH, IO 1HTYKYIOThCSI
B €JICKTPONPOBiAHIM OCHOBI 00’ €KTa KOHTPONIO. Y BU-
NajaKy abCOITHOTO JBOOOMOTYBAILHOTO TIEPETBOPIO-
Baua iH()OPMATUBHUI CUTHAJI BAHUKAE BHACIIJIOK 3MiHH
KOMITJIEKCHOTO iMITeTaHCY CHCTEMH Z Ta B3a€EMHOT IHIYK-
THUBHOCTI Mi>K 0OMOTKaMH IIpY BBEACHHI POBITHOTO MiB-
mpocTopy B obnacTs mii mosst. KommiekcHuit iMmenance
MIepeTBOpIOBaYa MOXKe OyTH MPEACTaBICHUN Y BHIVISIII

Z=R+joL, (H
Je R — aKTUBHUH OIIip;

L — iHIYKTUBHICTB;

® — KpyroBa 4acToTa, ©=2mf’

f— uacrota.

HasBHICTb i€1eKTPUYHOTO [Iapy TOBLIUHOIO /1 TIPH-
3BOJUTH JI0 30UIbIIIEHHS €(DeKTUBHOI BiJICTaHI MiXk 30y-
JOKYBaJIbHOIO KOTYIIKOIO Ta IIPOBITHOIO OCHOBOIO, 1110 3Y-
MOBITIO€ 3MiHY aMIUTITYIHUX 1 ()a30BUX XapaKTEPUCTUK
CUTHaJy, MoAiOHy 110 edeKkTy BapitoBaHHS 3a30py. s
SIKICHOTO OITUCY 3MEHIICHHS eJIEKTPOMarHiTHOTO 3B’ 13Ky
pu 301JIbIIICHH] TOBIIWHY J1eIeKTPUYHOTO [Iapy BHUKO-
PHUCTaHO HAOMMXKEHY €KCIIOHEHITIaIbHY MOJIEIb

Z(h)=Z, exp(~h/d),
e Z, — CUTHAJ 3a HyJIb0BOTO €()EKTUBHOTO 3a30DY;
d — XapakTepUCTUYHA IMOMHA IPOHUKHEHHS TTOJIS.

@

Ile cmiBBiAHOIICHHS HE PO3MIAAAETHCS SIK TOUHE
AQHAJIITHYHE PO3B’A3aHHS 337adi /Ul peajbHOI reoMme-
Tpii BCII, a BuKopucToBy€eThCS SIK (pi3HIHO OOTPYHTO-
BaHa alPOKCHUMAaIlisi MOHOTOHHOTO CTIaaHHs CUTHATY 31
301IBIICHHSM BiJICTaHI Mi)kK 0OMOTKaMH TIEpETBOPIOBaYA
Ta POBIHOI OCHOBOO, IS SIKOT

2
o= |—,
oty

3)

Jie |, G — MarHiTHa MPOHHWKHICTh Ta EJIEKTPOIPOBII-
HICTH OCHOBHU BiJITOBIIHO.

3 HaBEJACHHMX 3AJICKHOCTEH BUILUIMBAE, IO 31 3pPO-
CTaHHSM YacTOTH 30y KyBaJbHOTO CHUTHAJY IIHOMHA
MPOHUKHEHHS €JIEKTPOMArHiTHOTO TIOJISI 3MCHIIY€Th-
csl, TOJ1 SIK YyTJIMBICTh JI0 TOHKUX JiCIEKTPUYHHX T10-
KPHUTTIB MiZABHIIYEThCS. BoqHOUAC criocTepiraeThes mo-
CHJICHHSI BIUTMBY IIIyMOBHX KOMITOHEHTIB 1 TOBEpXHEBOI
HEOIHOPITHOCTI Marepiairy. Y 3B’s3Ky 3 IIMM, BUOIp ONTH-
MaJIbHOI YaCTOTH Mae€ 3/iHCHIOBATHCS 3 YpaxyBaHHIM
KOMIIPOMICY MK JIOCSATHEHHSIM BHCOKOI YyTJIHBOCTI Ta
3a0e3Me4YeHHSIM CTa0lIEHOCTI BUMIPIOBAILHOTO CUTHAITY.

Cril 3a3HaYMTH, MO Y PeaTbHUX YMOBaX PO3IOIIT
BHUXPOBHUX CTPYMIB € IPOCTOPOBO HEOTHOPITHUM, 1 TOY-
HIiCTh BU3HAUCHHSI TOBIIIHH ITOKPUTTS 3aJI€KUTH HE JIUIIIC
BiJl BEJIMYMHHU /1, & ¥ BiJl €ICKTPOMArHITHUX XapaKTepH-
CTHK T IKITaJKH Ta KOHCTPYKTHBHUX OCOOIMBOCTEH BHU-
XpOCTPYMOBOTO TepeTBoproBaya [1].

Koncrpykuisi oproronanasnoro BCII

30ymKyBasibHA Ta MPUHMAaIbHA OOMOTKH BUXPOCTPY-
MOBOTO IIEPETBOPIOBAYA PO3MIIITYBAIN BiAIOBIAHO 110
CXEMH, HaBEICHOI Ha pHUC. 1.

30y/pKyBaibHA Ta IPUHMaTbHA OOMOTKH OPTOTOHAJIb-
Horo BCII yTBOpPIOIOTH J1Ba 3aMKHEHI €JICKTPUYHI KOH-
TYPH, B3a€EMHE PO3TAIIyBaHHS SIKMX BHOHPAETHCS TaK,
100 MiHIMI3yBaTH NPSIMHUIN EIEKTPOMAarHITHHH 3B’ S130K
Mix HUMH. JlinstHKr 00MOTOK 3 1 7, a Takox 4 1 8 opi€eH-
TOBaHI B3a€EMHO OpPTOTOHAJIBHO, BHACIIIOK YOTO €JIeK-
TpOpyIIiffHa crila B HUX HE IHAYKy€eThes. BoxHowac ni-
JISTHKH 3 1 6 30y/KYBaJIbHOT KOTYIIIKHA CTBOPIOIOTH Y ITPO-
BigHMKaX 91 /() mpuiiManbHOT KOTYIIIKH €JICKTPOPYIITiii-
Hi crim (EPC) onmHaKoBOT BETMYUHH, aJie TPOTHIICKHO-
ro Hanpsimy [7]—[9]. 3a BicyTHOCTI 00’ €KTa KOHTPOJIIO
TeOMETPisi OPTOTOHAIILHOTO PO3TaIlyBaHHS 3a0e3edye
HaOJIMKEHE B3a€MHE KOMITCHCYBAaHHS KOMIIOHEHTIB Mar-
HITHOTO TIOTOKY 30YIKYBaJbHOT OOMOTKH, IO 34YiILITFO-
I0ThCS 3 IPUAMATBHUM KOHTYpOM, Tomy cymapaa EPC
MpUAMATBHOT OOMOTKH HAOIHMIKAETHCS /IO MiHIMAIBHO-
TO PIBHS, SIKHM BU3HAYAETHCS 3aJIUIIKOBOIO acCUMETpi-
€10 KOHCTPYKIIii, HETOYHICTIO HAMOTYBaHHSI, TaPa3UTHH-
MU EMHICHAMH 3B’ I3KaMH Ta ITyMaM1 BUMipIOBAIEHOTO
TpakTy. [Ipn HaOIMKEHHI TIepeTBOPIOBaYa JI0 SJIEKTPO-
MIPOBIJTHOT OCHOBH Y Hilf 1HIYKYIOThCSI BHXPOBI CTPYMH,
BTOPWHHE €JICKTPOMArHiTHE TOJIE SKUX MOPYIIY€E YMO-
BU KOMITCHCAIIT Ta popMmye iHHOPMATUBHY KOMIIOHEH-
Ty BUXiZHOTO curHay. Y mincymky EPC, iHnykoBaHi B
elleMeHTax MPUHMaTbHOT 0OMOTKH OKPEMUMH TUTTHKAMH
30yKyBaJIbHOT KOTYIIIKH, KOMITCHCYIOTh OJTHA OJTHY, 1110
MIPU3BOJNTE JI0 HYTEOBOTO CyMapHOTo curHamy. OTxe,
SIKIIIO TIEPETBOPIOBAY BUTOTOBJICHO 3 BUCOKOO TOYHICTIO
Ta Ma€ CUMETPUYHY KOHCTPYKIIFO, TO 3a BiJICYTHOCTI
00’€KTa KOHTPOJIIO B 30HI BUMIPIOBAHHS CHTHAJ HA BH-
XOJli IPUHMAITBHOT KOTYIIIKHA HE BUHUKAE.

PosrnsitHeMo BIUIMB 00’€KTa KOHTPOJIO, SKHH Mae
3axX¥CHE TOKPUTTS TOBIIMHOIO /i, BUKOHAHE 3 HEEIICK-

. 5 9
2 H =7 o
\ [\ ) / I=1,sin oot
J / E i

H

H

90°

[\
Uﬂ 6 10

Puc. 1. Cxemarnune mogaHHS B3a€EMHOTO PO3TAlTyBaHHS
3aMKHEHHMX KOHTYpiB 30y/UKyBajbHOI Ta NMpHAManbHOI
oOmoTok oproroHainsHoro BCIT:

1, 2 — 30yKyBaibHa Ta IpUHMabHa KOTYKyY; 3 ... 6 — AiJIsIH-

KM 30y/KYBIBHOI KOTYIIKHA /; 7... () — JNAHKM OpUiManbHOT

KOTymIKH 2; H — BEKTOp HaNpy>XEHOCTI eIeKTPOMarHiTHOTO

nosist (popmyernest 30ymKyBanbHoO0 KoTynikoto BCII 3a BifcyT-
HOCTI 00’ €KTa KOHTPOJIO)

TexHOJIOrisl Ta KOHCTPYIOBAHHSI B CJICKTPOHHIH amaparypi, 2026, Ne 1

ISSN 3083-6530 (Print)
ISSN 3083-6549 (Online)

77



METPOJIOI'TA. CTAHJIAPTHU3AIIA

10

=

Puc. 2. Cnpoiena mozielb B3aeMo/Iii oproronaissaoro BCIT
3 €JICKTPOIPOBIIHOK OCHOBOIO Yepe3 JIICNICKTPUYHE TOKPUTTS
TOBIIUHOIO /1

TPOTIPOBITHOTO Ta He(EepOMArHITHOTO MaTepiairy, Ha
CTPYKTYPY €JIEeKTPOMArHITHOTO MO, IO CTBOPIOETH-
s 30y/IKYBaIbHOIO KOTYIIKOIO BHXPOCTPYMOBOTO ITe-
perBoproBada. [IpurmycTimMo, 1o Ha MOBEpXHi MOKPHUT-
TS PO3TAIIOBaHI BiIOBIHI IUISTHKH 30y/KYBaJIbHOT 6
Ta npuiiMaibHOT /() 0OMOTOK, SIK TIOKa3aHO Ha pHC. 2
(W,, W_ — KinbKicTb BUTKIB 30y/UKYBalbHOI Ta MpHIi-
MaJIbHOT KOTYIIIOK BiAMOBIIHO).

Taka KOHCTPYKTHBHA cXeMa 3a0e3mnedye 3HauHe T0-
CJTA0JICHHS TIPSIMOTO EJIEKTPOMArHITHOTO 3B 3Ky MiX
30yIKYBaJIbHOIO Ta IPUHMAIEHOK 00MOTKaMu. B ymo-
Bax iJieaJIbHOT CHMETPIi IepeTBOpIOBaYa BUXIIHUN CHT-
HaJl MPUUMAIIBHOT KOTYIIKH 3a BIJACYTHOCTI 00’€KTa
KOHTPOJIIO MPSMYE 10 HYJbOBOTO PiBHS, TOA1 SIK KOPHUC-
Ha CKJIaJI0Ba ()OPMYETHCS IMEPEBAYKHO ITi]T BILTHBOM BTO-
PHHHOTO EJIEKTPOMATHITHOTO TTOJIsI, 3yMOBIICHOTO BUXPO-
BHMH CTPYMaMH B ITPOBITHII OCHOBI.

BCII st mociipkeHb BUTOTOBITIOBABCS HAMOTYBaH-
HsIM MiJTHOTO TTpoBoy Tuity [IEB-1 Ha cnierianbHO po3-
poOJIeHi TieIeKTPUYIHI KapKacH 3 OPrekiia i3 3aroToBlie-
HUMH T1a3aMH ISl B3aEMHO TIEPIICHANKYISIPHOTO PO3Ta-
yBaHHS 0OMOTOK. Taka KOHCTpYKIis 3a0e3meuye cra-
OUTBEHICTh TEOMETPUIHHX TTAPAMETPIB 1 TOTPUMAHHS Op-
TOTOHAJIBHOT OpieHTAIliT 30yI)KYBaJIbHOI Ta IPUHMAITb-
HOT KOTyIIOK. [Ticis 3aBepilieHHs] HAMOTYBaHHS OaJiaH-
CYBaJIMCSI HE3aKPITUIeHI TIJISTHKH OOMOTOK, 1110 MiHIMI3Y-
BaJIO TAPA3UTHUH €JICKTPOMArHiTHAH 3B’ I30K MiXK HMH.
3acTocyBaHHS TaKOTO MiIXOAY € BAKIIHMBUM ISl PO3IIIHU-
PEHHSI TUHAMIYHOTO Jlialla30Hy IMepeTBOProBaYa Ta Iiji-

Konempyxkmueni napamempu 0ocnioscysanux BCIT

Kinbkicts Pom
Ne BUTKIB/ liamMeTp Posmipn Kg;r;g;
BT L_TPoBoay O6MO"FKI/I 0OMOTOK, et
30ymKy- | BUMIpIO- MM o
BaJIbHOI | BaJIbHOI
L s/ 15, | 12x1L5 [10x10x14
2 | 0,07 mum | 015w 16215 | 12x12x16
3 40%40 | 30x30x42

a)

Kapxkac

OOMOTKH

0)

Puc. 3. Koncrpyxkitist mochikyBanoro oproronansHoro BCIT:
a — TeOMEeTPHUUHI MmapaMeTpH MieJeKTPUYHOTO KapKaca;
0 — po3MilleHHs] 0OMOTOK Ha KapKaci

BHIIICHHS €()eKTHBHOCTI BUIUICHHS ci1abkoro iHdopMma-
THBHOTO CHTHaTy, 00yMOBJICHOTO HAsSBHICTIO JiCICK-
TpuaHOro MOoKpuTTs [11], [12]. CxeMy KOHCTPYKIIii me-
pETBOpIOBaYA Ta MOTO 30BHIIIHIA BUIIISAJ HABEJICHO Ha
puc. 3, OCHOBHI TEXHIUHI TapaMeTpHu JOCIIKYBaHUX
3paskiB — y TaOJIMIi.

MeTO}.’[HKa NMPOBEACHHA €EKCIIEPUMEHTY

ExcniepuMeHTanbHi JOCHIKEHHS MPOBOJAMINCS 13
3aCTOCYBaHHAM BHMIPIOBAJIBHOTO CTEH/A, CTPYKTYpHY
cXeMy SKOrO HaBeJIeHO Ha puc. 4.

3a I0MOMOroI0 OpraHiB KepyBaHHs reHepatopa G
(I'3-112) popmyBaiacsi CHHyCOijabHA HAIIpyTa i3 3a/1a-
HUMH 3HAYEHHSMH YaCTOTH Ta aMILTITyAH. 1Jisi KOXKHOTO
BCTaHOBJICHOTO 3HAYEHHS YaCTOTU CTPYM 30y/PKEHHS I1e-
pEeTBOpIOBaYa 3a7iaBaBCcs Ha OCHOBI MMOKA3iB MiJIiBOJIBT-
metpa PV1 (B3-38B), sikuM BUMiproBajocs naiHHS Ha-

PV1 PV2

| 0SsC

G
L
= = G
Puc. 4. CrpykTypHa cxeMa eKCIEpUMEHTAILHOTO CTeH/a JUIs
BUMIPIOBaHHs CHUTHATY opToroHaigsHoro BCIT:
G — reneparop rapmoHiitHoro curnainy; T1— y3romkyBaabHuUi
tpancdopmarop; R1 — npernusiitanii pe3ucTop (IIyHT JUIS KOH-

TPOITIO cTpyMy 30ymKeHHs); DA 1 — iHTerpabHUiA 1M JCHITIOBAY;
PV1, PV2 — Bonsr™etpu; OSC — ocrusorpad
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IpyTy Ha mpermsiiHoMy pesnctopi R1 (tumy C2-11, 1 Br,
1 Om, £0,5%), 1110 BUKOPHUCTOBYBABCS SIK IIYHT. Y BCHO-
My JOCIHIUKyBaHOMY Jiama3oHi yactor — Bix 10 1o
1000 xI'tt — cTpy™m 30yKeHHS MTIATPUMYBABCS Ha PiBHI
25 MA, 110 JO3BOJIMIIO KOPEKTHO TIOPIBHIOBATH PE3yJib-
TaTH Ha Pi3HUX YacToTax. J{yist y3ro/pkeHHs mapaMeTpiB
30y/KyBajIbHOI OOMOTKH TEPETBOPIOBAYA 3 BUXOJIOM
reHepaTopa 3aCTOCOBYBAaBCS IIMPOKOCMYTOBHH TpaHC-
(dbopmarop Ha hepuTOBOMY KiIbIIEBOMY ocepi. Buxin
BUMIPIOBAJIBHOT OOMOTKH 3’€JIHYBaBCS 3 iHTErpaib-
HUM TiacmioBadeM DAl BUMIPIOBAIEHOTO CHUTHAIY
3 koedinienroM mijcunenns 40 nb y yacToTHIN cMmy3i
0—1 MTI'n. IligcuineHy Hanpyry BUMIpIOBAJIM 3a JOTIO-
Moror BoibT™MeTpa PV2 (B7-27b6), nis Bi3yanbHOTO
KOHTPOJIIO (hOPMHU CUTHAITY BUKOPHUCTOBYBABCS OCITHIIO-
rpag OSC (C1-64).

MonesiMi TOKPUTTIB CIYTyBalld JieeKTPUUHI
MPOKJIAJIKK 3 PI3HUX MarepialiiB, a eJIeKTPOIPOBITHUX
OCHOB — JIaTyHb, AJTFOMIHIH 1 CTaJIb.

[Iporpama nociipkeHb CKiIaanacs 3 BUMipIOBAHHS
AMIUTITYIA CUTHAITY TIPH 3MiHI 3230py Ha Pi3HUX 4acTo-
TaxX, HOPMyBaHHSI OTPUMAHUX XapaKTEPHUCTHK, aHAII3Y
CHIBBIJTHOIICHHSI CUTHAJI/IIYM Ta OIIIHKH BIUIUBY PO3-
Mmipy BCII Ha BepXHIO MKy BUMIPIOBaHOT TOBITUHH.

Jocainkenns ammiaityau curnanis BCII na pizuux
YacToTaxX NMPH 3MiHi 3a30py

Hocnimxysani oproroHansai BCIT BcTaHoBIOBaNu-
Csl Ha TIOBEPXHIO METaJIeBUX 3pa3KiB (JaTyHb, AJIIOMIHIH,
CTaJlb). 3a30p MOJIETIOBABCSI J1€IEKTPUUHUMU IIPOKIIA KA~
MH Pi3HOI TOBILUHH 31 CKJIOTEKCTOJIITY, IIEKCHUIJIACY, JIABCA-
HY, TeTHHAKCY. TOBIIMHA KOHTPOIIOBANIACS MIKPOMETPOM.
VY Xoi ekcriepuMeHTiB 0yJ10 MPOaHaIi30BaHO BILIHB
YAaCTOTH MBJICHHS IIEPETBOPIOBAYA HA aMILTIITYJy KO-
pHCcHOro curHairy. Yactora reHeparopa BCTaHOBIIOBAA-
cs nuckpetHo: 50, 100, 200, 400, 600, 800 Ta 1000 kI 1.
Ha puc. 5 HaBe1eHO aMIUTITY/IHI 3a1€XKHOCTI CUTHA-
Iy BiJi 3a30py z U1 Tpbox AociikyBanux BCII Ha amto-
MiHi€Bil OCHOB1, KOHCTPYKTHUBHI XapaKTEPUCTUKHU SIKUX
HaBeJICHO BUIIE Y TaOnuili. AHAIOT1uHi cepii BUMIpIO-
BaHb OyJIM BUKOHAHI TaKOX JUIS JaTyHi Ta ctaii. Bonu
HiATBEpAUIN OJJHAKOBUII XapakTep 3MiHU aMILTiTy i U
CUTHAJTY TIpH 301IBILICHHI 3a30PY z, OJJHAK BiAPI3HIHCA
a0COTIOTHUMH 3HAUEHHSIMH aMILTITY/IH, 10 3yMOBJIEHO
Pi3HUMH €JIEeKTPOMArHiTHUMU BIACTHBOCTSIMU Marepia-
7B OCHOBU. (AIOMiHI 00paHO SIK pernpe3eHTaTUBHUMI
HEMAarHiTHUH €JIEeKTPONpPOBIAHUI MaTepial, s sSKOro
BIUIMB MarHiTHOI IPOHUKHOCTI OCHOBU € MiHIMAaJIbHIM,
a 3MiHA CUT'HAJTy BU3HAYAETHCSI IEPEBAYKHO EIEKTPOIIPO-
BiJIHICTIO Ta reomeTpuuHuM lift-off [7]—[9].)
OTpuMaHi 3aJ€XKHOCTI CBi4aTh MPO MOHOTOHHE
3MEHIICHHS aMIUTITYAU CUTHAIY 31 301IbIICHHSIM 3a30-
Py MiX NEpeTBOPIOBAYEM i EIEKTPONPOBITHOIO OCHO-
BO10. DI3UYHO 11¢ MOSICHIOETHCS 3MEHILICHHSIM EJIEKTPO-
MAarHiTHOTO 3B’SI3Ky MIXK MOJIeM 30y/IKyBaJbHOI 00MOT-
K1 Ta BUXPOBUMH CTPYMaMH, iHTYKOBAHUMH Y IPOBiAHIH
ocHoBi. HeniniitHuii xapaxrep 3anexxHocteil 00yMOBIIO-

a)
U, MB
1500
1000
500
0
0)
U, MB
2000
1500
1000
500
0
B)
U, MB
BCII Ne 3
1500
1000
500
0 5 10 15 20 25 30 zmm
Puc. 5. 3anexHICTh aMIUTITY/IM CUTHAITY BiJI 3230y U1l TPhOX
nocnigpkyBanux BCII Ha amroMinieBiil OCHOBI 3a pi3HOT ua-
cToTH 30y/mKeHHs (3HU3Y BBepX, y kl'm): 50; 100; 200; 400;
600; 800; 1000
€THCSI eKCTIOHCHITIATEHIM CIIAIaHHSIM €JIeKTPOMarHiTHO-
TO TIOJIS y TIPOBITHOMY CEPEIOBHILI, IO Y3TOIKYETHCS 3
OIIIHKOIO 32 ITHOMHOIO MTPOHUKHEHHS.
3a Manux 3Ha4eHb 3a30py MIUTBHICTh BUXPOBHX CTPY-
MiB Y HOBEpXHEBOMY IIIapi METAJy € MAKCUMAaJIBHOIO, III0
3a0e3meyuye HallOIIbIy 3MiHY MarHiTHOTO TIOTOKY, 34e-
TUICHOTO 3 KOHTYPOM MPHAMATBHOT 0OMOTKH. 31 3017Tb-
IICHHSM 3230y IHAYKIIiS BAXPOBUX CTPYMIB IMOCJIA0IO-
€TBCS, IO MPU3BOINUTE IO 3MEHIICHHS 1H(QOpPMaTHBHOI
KOMITOHEHTH CUTHAIY.
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Js mopiBHSHHEA (OPMHU TpaTylOBaIbHUX XapaKTe-
PHCTHK CHTHaJ HOPMYBAQJIM 32 MaKCHMAJIbHOIO aMILTi-
Tynow U, . SIK BUAHO 3 pHC. 6, 3aI€KHOCTI HOPMO-
BaHO1 aMILNITyJu CUTHATY Bl 4aCTOTU B Al1alla30H1 B1J
50 xI'u mo 1 MI'y mpakTrvHO 30iratothcs 3a popmoto. Lle
O3HAaYae, 1110 YacTOTa 30y/KEHHSI BIUTUBAE IIEPEBAKHO HA
MaciTad CUTHAIY, alle He 3MIHIOE XapaKTep 3aJIe)KHOC-
Ti Bif 3a30py. Takuii pe3ynbTaT Mae Ba>KJIMBE MPAKTH-
HE 3HAYEHHSI, OCKIJIbKH JI03BOJISIE BAKOPUCTOBYBATH y3a-
rajJpHEeHy HOPMOBaHY I'palylOBaJIbHY XapaKT€pUCTUKY
JUIS TIEPETBOPIOBAYIB OHOTO THITY 3 YPaXyBaHHIM dac-
ToTHOro Koedinienta. ToOTo mpoueaypa KamiOpyBaHHS
MoXe OyTH CYyTTE€BO CHPOIICHA.

a)
u/u

max

BCII Ne 1
0,8

0,6
0,4

0,2

0) 5 10 15 20 25 30 z,mMm

BCII Ne 2

B)
U,

max
BCII Ne 2
0,8

0,6
0,4

0,2

0 5 10 15 20 25 30 z, MM

Puc. 6. HopmoBaHi 3a1€)KHOCTI aMIUTITY/IM CUTHAJIY BiJ 3a30-
py aist Tpbox pociikyBannx BCII Ha amoMiHiEBIH OCHOBI,
OTpUMaHi B J1iana3oHi yactotu 30ymkenHs Bia S0 k' go 1 Mg

3ajekHiCTh Bi/IHOIIEHHS CUTHAJI/IIIYM
BiJ YacToTH

HeoOximHO0 yMOBOIO 3a0e3TeUeHHs] KOPEKTHOTO
(YHKITIOHYBaHHS BUXPOCTPYMOBOTO IIEPETBOPIOBAYA €
MiATPUMAHHA BiJHOLIEHHS aMIUTITYId KOPUCHOIO CHT-
HaJy 10 piBHS IyMiB He MeHIue Hix 3:1. 31 30ibIeH-
HSIM I[bOTO TTOKA3HHKA ITiIBUIIYIOThCS Yy TJIMBICTh TIepe-
TBOPIOBAYa Ta Jiana30H BUMIPIOBaHb. Y 3B’S3KY 3 IIUM
TTOJTAJTBIIT JOCITIJKSHHS OYJIM CITPSIMOBaH1 Ha HAJIAIITY-
BanHst BCII takuM 9nHOM, 1100 JOCSATTH MaKCUMaIbLHOT
aMIUTITYyId 1H(POPMAaTUBHOTO CUTHAJY HPU OJHOYACHO-
My 3a0e3neueHH]i HaiOIbIIOro CHiBBIHOIICHHS CHT-
Hai/mym (SNR).

a)
SNR
25

20
15

10

BCII Ne 1

400 600

800 f k'

0)
SNR

180
160
140
120
100
80
60
40
20

0 200 400 600 800 £ kI
B)
SNR

250

BCII Ne 3
200

150
100
50

600

Puc. 7. 3anexxHiCTh BiTHOIICHHS CUTHAJI/IITYM BiJl YaCTOTH IS
Tpbox gociimkyBannx BCII Ha ocHOBI 31 cTadi (/), naryHi (2)
Ta amoMmiHir (3) npu Z=0
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Ha BigmiHy BiJ aMIUTITyAHUX XapaKTEPUCTHUK, 3aJIEK-
HocTi SNR Ha puc. 7 HaBeeHO AJIS EPETBOPIOBAUIB
Ha BCiX TPpOX OcHOBaX. TyT BUAHO, 1110 KOKHOMY IIepe-
TBOPIOBaYY BiATIOBiIa€ CBOSI YaCTOTHA XapaKTEPUCTHKA,
10 00yMOBITIOE BHOIp POOOYOro 4aCTOTHOTO Aiara3oHy.

BcranoBneHo, 110 Ha HUKHIA MEXKI1 JI0CIHIIKYBaHO-
r'0 YaCTOTHOTO Aiana3zony (omu3bko 10 k['11) piBeHb m1y-
MiB cTaHOBMB 4—5 MB, Tofi 5K 13 HiABHUIIIEHHSIM YacTO-
TH BiH 301IbIIYyBaBCs 1 Mpu HabmkeHHi 1o 1 MI'n no-
csiraB pubnusHo 100 MB. ITix yac mpoBeneHHST BUMI-
PIOBaHb CTPYM Yy 30y/KyBaIbHIN OOMOTII i ATPUMYBAaB-
cs Ha piBHI 25 MA.

OTpumaHi 3aJeKHOCTI BKA3ylOTh Ha T€, IO ONTH-
MasbHUH pesxuM podotn BCII BU3HAUAETHCS HE MaKCH-
MaJIbHUM 3HAYCHHSIM aMILTITYJ1 CHTHAITY, 2 MAKCHMYMOM
CIIBBITHOIMIEHHS CUTHAJ/IIyM. 3i 301IbIIEHHAM YacTO-
TH CTIOCTEPITraeThCs OAHOYACHE 3POCTAHHS SIK KOPUCHOTO
CHUTHAITY, TaK 1 piBHS IIyMiB, III0 OOyMOBJICHO Mapa3HT-
HUMH €MHICHUMH 3B’SI3KaMH, BTpaTaMH B 0OMOTKax Ta
YaCTOTHUMH BIACTHBOCTSAMHU BHMipIOBAaJIBHOTO TPAKTY.

Hns BCII 6inpmux po3MipiB MaKCHMyM CITiB-
BiJTHOIICHHS CUTHAJ/IIyM JOCATAETHCS B Jliama3oHi
200—400 I, o J03BOJIsIE pO3MIISAAATH LIEH iHTepBal
SK parioHaJIbHUN poOoumii giamazon [9]—[12].

OTxe, BUOIp 9aCTOTH Mae€ 3/IiHCHIOBATUCS 32 KpUTE-
pieM MakcuMyMy iH()OPMATHBHOCTI CHT'HAIY.

Bnuius po3mipy BCII Ha aiana3on BUMiproBaHHA
TOBIIMHH

O nemoncTparii BrumuBy po3mipy BCII Ha miama-
30H BUMIPIOBaHHSI TOBIMHYU OKPUTTIB Ha pUC. 8 HaBe-
JICHO 3aJIC)KHOCTI JUIS aJTFOMIHIEBOT OCHOBH TIPU YaCTOTI
200 xI['t — came 111 9acToTa BiJIMOBINAE paAIliOHATBHO-
My Jiarna3oHy poOOTH MEePEeTBOPIOBAYIB OIIBINNX PO3Mi-
piB i 3a0e3Meuye BUCOKE CITIBBIIHOIIECHHS CUTHA/IITYM
[1], [11], [12].

[opiBasiaas xapakrepuctuk BCII pizHEX po3mipis
[OKA3aJ10, [0 TeOMETPisl IEPETBOPIOBaYa BU3HAYAE PO-
0ouuii Tiara3oH BUMIPIOBAHHS TOBIIMHH MOKPUTTIB.

.
0.8
0,6
0,4
0.2
Ne 1
0 5 10 15 20 2 2/b, Mu

Puc. 8. BanexHicTh mpuBeAEHOI aMILTITYI! BiJ MpHUBEIe-
Horo 3a3opy ans BCII pizaux po3mipiB (Nel, Ne2, Ne3)
Ha aJroMiHi€eBiit ocHOBI pu yactoti 200 kI

31 30UIBIICHHSAM IUPUHU b poOOY0i 30HU TIEPETBO-
proBava 3pocrtae 00’ eM IMPOBITHOT 00JIACTI, sIKa B3aEMOJIIE
3 eJIEKTPOMArHITHHM TI0JIeM, 10 3a0e3Iedye 30epekeH-
Hs IHPOPMATUBHOCTI CUTHAITY TIPH OUTBIINX 3HAYCHHSX
3a30py. BeraHoBieHo, 1110 BEpXHsi MeXkKa KOHTPOJILOBAHOT
TOBIIWHY MMOKPHUTTS cTaHOBUTH TipuOmu3Ho (0,8—1,0)b.

BucHoBkn

JlocipKeHHsI TTOKa3aJin, 0 OPTOTOHAILHUN BUXPO-
CTPYMOBHH TIEPETBOPIOBAY € €PEKTUBHUM 3aCOOOM BUMi-
PIOBAaHHSI TOBIIMHU J1€JIEKTPUIHIX TTOKPUTTIB Ha €JIEK-
TPOTIPOBITHUX OCHOBAX 3aBJSIKH 3MEHIIICHHIO TIPSIMOTO
HaBEJICHHSI MK OOMOTKaMU Ta TiIBUILEHHIO 1H(pOpMa-
TUBHOCTI CUTHAIY.

[TpoBenenuii aHai3 103BOIHUB CHOPMYITFOBATH BaXK-
JIUBI 3aKOHOMIPHOCTI, II[0 BU3HAYAIOTh ONITUMAJIbHI YMO-
BH pOoOOTH ITEPETBOPIOBAYA, a CaMe:

— HalOibIIa 1HPOPMATUBHICTh CUTHANTY JOCSATa-
€ThCSI IPU MAJIMX 3a30pax 1 TOBIIMHI TOKPUTTS, 1O i/
TBepIKye edekTuBHiCTh opToroHansHoro BCII y 3ana-
9ax BHCOKOTOYHOT'O KOHTPOITIO;

— ¢Qopma rpagyoBaTbHHUX 3AJICKHOCTEH Maike He
3MIHIOETBCS 3 YaCcTOTOIO, 110 CIPOIIYE KaaiOpyBaHHS
Ta MIiJBUILYE YHIBEPCATBbHICTh MEPETBOPIOBAYIB OJTHO-
TO THILY;

— BUXOJISTYH 3 KPUTEPIiI0 MAKCHMAITBHOTO BiTHOIIICH-
Hs curHaj/tnym, 1t oiutbimux BCIT 1o1iibHO BUKOPH-
ctoByBatH jgiama3oH 200—400 xI'w, Tomi sk uIst MaJio-
rabaputaux BCII makcumym SNR nocsraetscst Ou3b-
ko yactotu 800 kI'1x;

— mmpuHA poOOUOi 30HU BH3HAYAE BEPXHIO MEKY
KOHTPOJIbOBAHOI TOBIWHH, PAI[iOHAIBHHUN Jialla30H BU-
MiproBaHb CTaHOBUTH Npuoau3HO (0,8 —1,0)D;

— Bubip napamerpiB BCII mae BpaxoByBatu reome-
Tpi0, 4YaCTOTy Ta YMOBH BUMIpPIOBAHHS, 110 3a0e3euye
ONTUMAJIbHY iHPOPMATUBHICTH CHTHAIY.

Takum yrHOM, lapameTpu BCII HeoOXiHO BH3HA-
9aTH Ha OCHOBI KOMIUICKCHOTO YpaxyBaHHs T'€OMETpii,
9aCcTOTH Ta YMOB BUMipioBaHHs. OTpUMaHi pe3ynbTaTH
MOXXYTh OyTH BHKOPHCTaHI B IIPOIIECi CTBOPEHHS BUCO-
KOTOYHHX TOBIMWHOMIPIB JUIs JTakoPapOOBUX, TOTIMEp-
HUX, OKCHUIHHUX 1 KOMITO3UIITHUX MTOKPHUTTIB.

[Momanpmni AOCHIKEHHS JOUIIBHO CHPSIMYyBaTH Ha
YHCENbHE MOACTIOBAHHS SIIEKTPOMArHiTHOTO OIS Op-
TOTOHAJILHOTO BUXPOCTPYMOBOTO ITEPETBOPIOBayA, aHa-
J1i3 BIUTHBY €JIEKTPOMATHITHUX BIIACTHBOCTEH OCHOBH Ha
mapaMeTpH CUTHAITY, a TAKOXK PO3poOJIeHHs Oararovac-
TOTHUX aJITOPUTMIB OOPOOKH CHUTHAJIB JUIS IMiIBUIICH-
HSI TOYHOCTI TOBIIUHOMETPIT AICTCKTPUIHUX TOKPUTTIB.
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PARAMETRIC ANALYSIS OF AN ORTHOGONAL EDDY CURRENT TRANSDUCER
FOR MEASURING THE THICKNESS OF DIELECTRIC COATINGS

Yurii KHOMIAK, Mykyta NOSKOV

Ukraine, Kharkiv, National Technical University
«Kharkiv Polytechnic Institute»

This paper presents a parametric analysis of an orthogonal eddy current transducer for measuring the thickness of dielectric
coatings on conductive substrates. The problem of non-destructive thickness measurement of dielectric coatings is important
for the quality assurance and reliability of products in mechanical engineering, aerospace applications, power engineering,
and the transport industry. Orthogonal eddy current transducers are promising for this application due to reduced parasitic
electromagnetic coupling between excitation and receiving coils and increased sensitivity to changes in the object under test.

The influence of excitation frequency, lift-off between the transducer and the test surface, and geometrical dimensions of
the transducer on the output signal amplitude and signal-to-noise ratio is investigated. The informative signal arises from
variations in electromagnetic coupling between excitation and receiving coils through the dielectric layer and conductive
substrate. Experimental studies were conducted for three orthogonal transducers with different geometrical dimensions
using aluminum, brass, and steel substrates with dielectric spacers of different thicknesses simulating coatings. Amplitude
characteristics, normalized calibration curves, and signal-to-noise ratio curves were analyzed.

Experimental results demonstrate that normalized calibration characteristics have similar shapes across different excitation
frequencies, while the highest sensitivity is observed at small lifi-off values. It is shown that excitation frequency mainly affects
the signal amplitude and signal-to-noise ratio without significantly changing the general form of the calibration characteristic.
Based on the measurements, a rational frequency range of 200— 400 kHz is substantiated for larger transducers, and the upper
limit of measurable thickness is determined by the width of the transducer’s active zone. The obtained results may provide
a basis for optimizing orthogonal eddy current transducers in high-precision thickness measurement systems for dielectric
coatings and can be used for the development of industrial eddy current thickness gauges.

Keywords: eddy current testing, dielectric coating, thickness measurement, orthogonal transducer, lift-off, signal-to-noise
ratio (SNR).
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