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HOBI KOMIOHEHTH Uil EJJEKTPOHHOI ATIAPATYPH
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PO3IIOALI BUXPOBUX EJIEKTPUUHUX CTPYMIB
B AHI3OTPOIIHOMY EJIEKTPOITPOBIJHOMY
TPAHCO®OPMATOPI

Jocniooceno (opmyearns ma po3nooin 8UXPOBUX eNeKMPUYHUX CIMPYMIE Y KOHCIPYKYIT AHI30MPONHO20 eleKmMpPOnpo8iOHO20
mpancopmamopa sk eremenma iHgoxkomyHikayitinux cucmem. I1obyoosano mamemamuury mooens y eueisioi OughepeHyiaibHo-
20 PIGHANMSL, WO BPAXOBYE MEH30PHY NPUPOOY eleKmponpogionocmi mamepiany naacmunu. IIposedeno yucenvbre MoOeno8anHs ma
si3yanizayito 6ekmopHux nonie cmpymie. Iloxkazano, wjo npu koegiyienmi anizomponii K>1 Konmypu 6uxposux cmpymie eumsey-
H0MbCsL 8300624 0CI 3 OLLUIOI0 NPosionicmio, a npu K< 1 — y300621c opmoeonanbrol. Bcmanosneno 38 5130k Midic anizomponieio ma
MEnI08UMU BMPAMAMU, WO BAANCIUBO OIS NPOEKNYBANHSL GUCOKOCPHEKTNUBHUX eeMEHTNIG METEKOMYHIKAYIIIHUX CUCTEM.

Kniouosi crnosa: enexkmponpogionicms, anizomponis, men3op, UXpOGUIl eneKmpudHull Cmpym, mpancgpopmamop, eremeHmu

inghokomyHikayitinoi cucmemu.

CyuacHi iH(pOKOMYHIKaIliiHI cucTeMH moTpedy-
I0Th BUCOKOE()EKTUBHUX KOMIIOHEHTIB 13 mepenbauy-
BaHUMH €JIEKTPO(I3UIHIMH XapaKTePUCTHKAMH, 31aT-
HUX 320€3NEYUTH Y3TOIKCHHS CHEPTeTHYHIX Iapame-
TPiB MiX JpKepenaMu Ta crioxkuBadamu. OcoOauBy yBa-
'y IPUBEPTAIOTh aHI30TPOIIHI €IEKTPOIPOBIIHI MaTepi-
aJIv, SIK1 BITKPHBAIOTh HOB1 MOKITMBOCTI JIJISI TT1IBHIICH-
H# e(DeKTUBHOCTI IPOLIECiB IEPETBOPEHHS €JIEKTpOMAr-
HITHOI eHeprii.

VY Hanwmx momnepeaHix podoTax JOCHTiHKYBaIHCS 3a-
KOHOMIPHOCTI O30Ty eIEeKTPUYHOTO CTPYMY B aHi30-
TPOIHOMY €JICKTPOIPOBITHOMY cepenoBuli [ 1] Ta 6ymo
MOKAa3aHO 3AJICKHICT TIO30BKHIX 1 ITOMIEPEIHUX CKIIAI0-
BUX CTPYMY BiJl T€OMETPUYHUX PO3MIpIB 1 Opi€HTALIHUX
¢axropis [2], [3]. BctaHOBJIEHO, 1110 BIACTHBOCTI aHi30-
TPOITHHUX MaTepialiB 3HATHOIO MIPOIO BU3HAYAIOTH S(eK-
TUBHICTH pOOOTH MPHUCTPOIB, MOOYAOBAaHUX HA iX OCHO-
Bi, 30KpeMa aHi30TPOIMHUX EJIEKTPOMPOBITHIUX TPaHC-
¢dopmaropis (AET).

[Monaneri mociimkeHHs Oyau CIpSMOBaHI Ha CTBO-
PEHHSI MaTepiaiB i3 MiABUIICHUMH KOe(illieHTaMu aHi-
30TPOIIii eNeKTPONPOBIAHOCTI [4], 1m0 3a0e3meuyoTh
3MEHIIIEHHS EHEPreTUYHUX BTPaT Ta CTa0IbHICTh €JeK-
TPOoGi3NYHUX MapaMeTpiB y MUPOKOMY Aiama3oHi Jac-
ToT. OCcTaHHI pe3yabTaTy MOKa3aH, 10 BUKOPHCTAHHS
Takux marepiaiiB B AET 103Bosisi€ CyTTEBO 3HU3HUTH Te-
IUIOB1 BTPAaTH, yCYHYTHU TiCTEPE3UCHI SBUINA Ta ITiBH-
IIUTH CHEPTOCPEKTHBHICTh CUCTEM [5].

Ha BinmiHy Biz KJIaCHUHUX €IEKTPOMArHiTHUX TPaHC-
¢dopmaropiB AET He MaroTh MarHiTHOTO Oceps, a mepe-
TBOPEHHS €HEpPTii BiI0YBaEThCS 3aBISIKHA OCOOIUBOCTIM
nornepeyHux e(eKTiB aHI30TPOITHUX €JIEKTPONPOBIIHUX
ctpyktyp [1]. Iomnpu Te, mo ixHil koedinieHT KOpUCHOT

nii (KK) cknanae 6nmspko 63%, Taki mpUCTpOi MaroTh
CYTTEBI IepeBary: BOHM KOMIIAKTHi, TEPMOCTIHKI, HETyT-
JIUBI 0 MEXaHIYHUX BiOparliii, a Takok 3a0e3MeUyroTh
BHCOKY CTaOUTBHICTh MapaMeTpiB y IUPOKOMY Jliara-
30H1 yacToT. Yepes e AET nouinpHO 3aCTOCOBYBaTH B
Y3TrOKYBaJbHUX MOIYIISX, MIKPOXBHIILOBUX (iTBTpax,
CHCTEMaXx XHUBJICHHS MAJIOTIOTYXKHUX TIepeaBadiB, Mif-
CHJTIOBaYax CHUTHAIIB, CXeMax TaJlbBaHigHOI PO3B’A3KH
uudpoBux iHTEPPEHCiB, CCHCOPHUX BY3J1aX TEIEKOMY-
HIKAIIHHOTO 00JaJHaHHS TOIIO, € BaXKIMBUMH € MiHi-
MaJIbHI pO3MipH, HaAiHICTh Ta eIEKTPOMAarHiTHa CyMic-
HIiCTh, a He MakcumanbHui KK/,

[Tonpu 3HaYHMI OOCAT HASBHHUX JOCITIJKCHb B IIiH
00J1acTi, 3aJIMIIAI0THCS HEAOCTATHHO BUBYCHUMH 3aKO-
HOMIPHOCTI BIUIMBY aHi30TPOIii MPOBIIHOCTI Ta OPi€H-
TaIii kpucranorpadiyHux oceit Ha popMyBaHHS BUXPO-
BUX EJICKTPHYHHX CTPYMIB Y pOOOUNX €IEMEHTaX TPAHC-
(dbopMaropiB, Ki € BU3HAYAILHIM Yy TEIJIOBUX BTparax.
BincyTHiCTh y3araibHEHOT MOJIEII TPOCTOPOBOTO PO3IIO-
JIUTy BUXPOBHUX CTPYyMiB OOMEXY€e MOXKIMBOCTI ONTHMi-
3awii TakuX MPUCTPOIB.

Mertoro 11i€l poOOTH € TCOPETUYHHN aHali3 Ta YH-
CeJbHE MOJICTIOBAHHS PO3IOIITY BUXPOBUX E€ICKTPUY-
HUX CTPYMIiB IIPOBIJHOCTI B aHI30TPOIHUX €IEKTPONPO-
BiJTHHX TpaHC(HOpMaTOpax 3aJIeIKHO Bijl KoedilieHTa aHi-
30TpoMii Ta KyTa opi€HTaIlil KpucTanorpadiqHux ocew.

Jns qocArHeHHs 3a3Hau€HOi METH PO3IITHEMO PO3-
TOJIUT 1 TUHAMIKY BUXPOBHX SJICKTPHYHHUX CTPYMIB ITPO-
BiJTHOCTI, III0 BUHUKAIOTh B 00’ €Mi aHI30TPOITHOT Ij1ac-
THHU MiJ] A1€F0 3MIHHOTO €JEKTPUYHOTO 110Jis1. OTprMaHi
Pe3yIBTaTH JO3BOJIATH YTOUHUTH OCOOIMBOCTI €IIEKTPO-
JUHAMIYHUX HPOLECiB B aHI30TPOIHUX CEPEIOBUIIAX i
BU3HAYUTH YMOBHU ONTHMAJBHOTO KEPYBaHHS Mapame-
TpamH eJIeKTPOMArHiTHOTO IEPETBOPEHHSI.
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HOBI KOMIIOHEHTH JIJISI EJIEKTPOHHOI ATIAPATYPH

O0’eKT HoCTiTKEeHHA

Posrnsaemo xoHcTpykmito AET, 300paxeny Ha
puc. 1.

EnexTponposignicts 6 MaTepiany aHi30TpONMHOI
TUTACTUHH / TIPEACTABILIETHCS TEH30POM JIPYTOTO PAHTY i
MiCJIs Opi€eHTallii KprcTaigorpadiaaoi oci Ox mix JSsIKIM
KyTOM Y Ma€ BUIIIST [4]

o, O, O
6 - 021 622 0 ) (1)
0 0 oy

JI€ G;;— KOMIIOHCHTH MPOBITHOCTI Y Ta00paTOpHiii chcTeMi
KOODJIUHAT.

IlosnoBxkus G Ta monepeyHa G, CKJIaJIOBI TIPOBiJI-
HOCTI [6] OITUCYIOThCS SIK

@
3)

. 2 . .2

0| =G,C08 Y + G,,8in"Y;
6, =(6;, —6,, )cosysiny.
ne G,;, G,, — JiaroHaabHi KOMIOHEHTH T€H30pa Ipo-
BIJTHOCTI Yy KpHCTanmorpagiuHiii cucTeMi KOOpAHHAT.

OCHOBHHMM ITapaMeTPOM MaTepially TIaCTHHH / € Koe-
¢iient anizorporii K, SsKuii BU3HAYA€THCSA POPMYIIO0

“4)

[TonepeyHo-10310BXKHIN KOC(IIIEHT MEPETBOPECH-
HSl M BH3HAYAETHCS SIK BiJHOLIEHHS CKIAIOBUX IMPO-
BiJIHOCTi G | Ta o) i € ocHoBHUM mapametrpoM AET [7]:

K= 6,,/6,-

. (6, —6,, )cosysiny )

. 2 . .2 "
G171 COS”™ Y+ Gy, SIN” Y

ko 10 BXiAHHUX €NEKTPOMiJABOAIB 4, 5 Takoro
IpUCTPOO TpukiIactu Hanpyry U, =U,sinot, To ye-
pe3 ioro 00’eM MOYHE MPOTIKATH ENEKTPUYHUHA CTPYM
I(t)=1sinwt. llpu ubomy /()= U, /Z(t) , ne Z(t) — nos-
HUH BXiTHUIA omip TpaHchopmaropa, o y 3araaibHOMY
BUTAIKy BU3HAYAETHCS PEXKUMOM HOTO pOOOTH.

Puc. 1. CxemaTiyHa KOHCTPYKIIisl aHI30TPOITHOI €JIEKTPOITPO-
BiJTHOT CTPYKTYpH:
1—nnacTrHA 3 aHI30TPOIHOTO EJIEKTPOIPOBITHOTO MaTepialry;
2 — nienekTpuyHi miapu; 3 — eIeKTPOINpPOBiAHI IapH;
4, 5 — enexkTponiaBoau; 6, 7 — ENEKTPOBUBOIU

ITpu BUKOpHCTAHHI ITi€] aHI30TPOMHOI CTPYKTYpPH
gk ocHOBHOTO eneMeHTa AET moBHuUil BXimHuUil ormip
Z(1) BU3HAYATHMETBCA EPE3 AKTHBHY R, Ta emuicHy X,
ckimanoBi [8]:

Z()=yR +X.7; 6)
b .

R, :_.(011c052y+622 sin’ y); N
ac

XC:LZLE.S.SO' (8)
oc b

ne a, b, c — po3MipH TUIACTHHH;
®=27f— KpyroBa 4acToTa MPUKIaJACHOI HAIIPYTH IO KOH-
TaKTiB 4, 5;
€, &, — JieJIeKTPUIHA NPOHUKHICTh IIapy MieNeKTpHY-
HOI'0 MaTepially Ta BaKyyMmy BIIIIOBIJHO.

Hal'[py}KeHiCTb CJICKTPUYHOTO IOJIA

Ur
e—=—, 9
p ©)
ae
b .
U :—(GIICOSZ’Y+022 s1nzy)'1. (10)
ac

CrpyM I(¢), o npoTiKae y MIacTHHI, BUKITHUKAE TOs-
BY MarHiTHOTO TIOJISI HAIIPY>KEHICTIO H. OnHak BHACTI-
JIOK MaJTUX 3Ha49€Hb MAaTHITHOI TPOHUKHOCTI Ta EJIEKTPO-
MIPOBIAHOCTI MaTepiay IUIACTUHH BEIUYHHA IUX CTPY-
MIB € HE3HAYHOIO, 0 OOYMOBJIIOE€ My BEIUYUHY Te-
ia Jixoyis, ke BUIUISETRCS B i1 00’emi. [Ipu nbomy
3a3HaYMMO, 0 /1 CIIpSIMOBaHO B3A0BX oci Oz, a HaTpsi-
MOK BH3HA4Ya€ThCS MOJIPHICTIO /(1).

‘YHACIiIOK aHI30TPOIIi] eJIEKTPOIIPOBITHOCTI B 00’ €Mi
[UIACTUHH BUHUKAIOTHh BUKPHUBJICHHS BUXPOBUX CTPYMIB,
110 OIUCYIOTHCS BUpa3aMu

(1)
(12)

CrymniHb B3a€MO/Ii1 BUXPOBHUX €JIEKTPUUHUX CTPYMIB
MPOBIJHOCTI BU3HAYAETHCS, 3 OMHOTO OOKY, KoedilieH-
TOM aHi30TpoIIii MaTepiany mIacTuHU K 1 KyToM HaxXu-
7y v, 3 HIIOTO.

_ _ . 2 . -2 .
Jy=0)-e=e(6),08" Y+ Gy sin” y);

J, =0, -e=e(6;, — 6, )cosysiny.

ITocTanoBKa 3agaui

Hexaii miactuHa Mae po3Mipu axbxc 1 po3TanioBaHa
TaK, IO ii IUTOIINHY JIEKATh Y TAKUX MEXKAX:

lexcd boy b focl
2 2 2 2 2 2
Marepian MIacTHHH XapaKTEPU3YETHCSI TEH30POM
€JICKTPOIPOBITHOCTI JIPYTOr0 PaHTy, M0 OMUCYEThCS
dhopmyoro (1).
Ha nmactuHy i€ 3MiHHE Mar"iTHe ToJe, CIpsMOBa-
He B310BX oci Oz:

B=Bye; B,=B =0.

(13)

(14)
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ITig mi€ero Mar”HiTHOrO IMOJSA B 00’ €Mi IUIACTHHUA BH-
HUKAIOTh BUXPOB1 €JIEKTPUYHI CTPYMH IPOBITHOCTI,
MPOCTOPOBHUH PO3MOALT SKUX BU3HAYAETHCS 3aKOHOM
®dapanes ta 3akoHOM OMa JIJIs aHI30TPOITHOTO Ccepe-
JIOBUINIA.

I'panuyni ymoBH
a) HenpoHUKHICTB IS CTPYMIB Ha OIYHUX TOBEPX-
HAX:

Jj,=0npux=+a/2; jy=0 npu y=+b/2. (15)
0) CkiH-e(heKT y HanpsIMKy TOBLIMHU IJIACTHHU:

2

B) MarniTHe nose Hanpyxenocrti H B nactuni Mae
OyTH HETIEpEPBHUM Ta OHOPITHUM:

(16)

Je,y(2) = e 5=

— —

H, =H

BH 30BH *

a7

BuBenenHnsi piBHIHHS

3 piBHstHHS MakcBesia — Dapazges A7 rapMOHIYHUX
noxiB [9] orpuMaeMo oOepHEHE PiBHSIHHS
JE, OE
L =— =—i0B,.
Ox Oy ot
3 ypaxyBaHHsAM 3akoHy OMa JiJIsl aHiI30TPOITHOTO Ce-
penosuma [10] onepxxumo

(18)

jx :GllEx +012Ey; (19)
Jy =0pE, +opnE,.
Brpa3nmMo KOMIIOHEHTH €IEKTPUIHOTO MONS depe3
TYCTHHY CTPYyMY, BUKOPHCTOBYIOUH OOEpHEHHI TEH30D
nposigHocTi [11]:
E.l (61 6 )(Jx
_ |0 O\l (20)
E, Gy O iUy

~ ~A—1
Jie G;; — €NIEMEHTH OOEPHEHOTO TEH30pa 6 .

[MincraBumo y (18) orpumani Bupasu ans E, onuca-
Hi Yepe3 CTpyMHu:

0. . . . 0/. . - . .

§<012]X +022]),> —8—y(clljx —&—012]},) =—inB,. (21)
Po3kpuemo moxiJiHi:

- O, - 9 ., . 9,

6 +6y,——6,,—>—6,—=—i0B,. (22)
12 22 11 12
Ox Ox 0 Oy :

[Ticnst mepeTBOpeHsb 1 3aMiHU 6ij Ha BIAMOBIAHI eie-
MCHTH TIPSIMOTO TEH30pa G,; OJEPKYEMO OIEPATOPHY
(bopMy piBHSHHS [UIT BAXPOBOI KOMITOHEHTH CTPYMY:

0* 0* 0*
6;,—+0,——20 —j(xy):—imB (xy). (23)
1 2 12 2\ 2\
? ox? Oxdy

Lleit Bupa3 omucye MpoCTOPOBHIA PO3ITOIIT BUXPOBUX
CIIEKTPHYHHX CTPYMIB Y IUIOIIMHI aHi30TPOITHOT IJIaCTH-
HHU 1] A1€F0 3MIHHOTO MarHiTHOTO IOJIsl, CIIPSIMOBAHOTO

B370BX oci Oz. JliBa yacTrHa piBHSIHHS MIiCTHTH JIaIuia-
CiaH BUXPOBOTO CTPyMy 3 ypaxyBaHHSIM TEH30PHO] aHi-
30TpOIIii MPOBIXHOCTI, sIKa BU3HAYAE HAIIPSAM 1 CTYIIiHb
BUKPUBIICHHS JIiHIN cTpyMy. [IpaBa uacTrHa XapakTepH-
3y€e JuKepeno 30ypeHHs — 3MiHHE MarHiTHe MoJe, Mo €
PYIIIHHOIO CHIIOIO JUTSI BUHHKHEHHS BUXPOBHUX CTPYMiB
MIPOBITHOCTI.

TakuM YMHOM, OTPUMAaHE PIBHSHHS € PIBHSIHHSM JIpY-
TOTO TIOPSJIKY, SIKe TIOB’A3Y€ MPOCTOPOBI MOXIi/IHI CTPY-
MY 3 FapMOHIYHMM 30ypEeHHsAM MarHiTHoro moius. Moro
PO3B’SI30K TO3BOJISIE BU3HAYUTH KOHGITYpAITito i HApsm
BHUXPOBHX CTPYMIB y MaTepiali 3aJexHO Bi KoedillieH-
Ta aHI30TPOIIIi Ta OpieHTAaIliT KpucTamorpadiyHux oce.

[IpoananizyBaBmu piBHAHHA (23) 3 ypaxXyBaHHSIM
TOTO, IO JIIarOHAIbHI KOMITOHSHTH TEH30pa IMTPOBITHOCTI
G}y» Oy, 053 MAIOTh OJIHAKOBHH 3HAK, & TAKOX 3aCTOCOBY -
109 KpuTepii kiacuikarii nudepeniianbHIX piBHIHD
JIpyroro Mnopsaxy, MOKHa CTBEPIKYBATH, 1110 BOHO Ha-
JISKUTH 10 eTinTudHoro tumy [12].

UYncenbHe MOIeJIIOBAHHS Ta BidyaJiizauis

s aHanizy pyxy BUXpPOBHX CTPyMiB B aHI30TPOIHIN
CTPYKTYpi OyJI0 BUKOPUCTAHE YHUCEIbHE MOJACIIOBAHHS
MOBOIO iporpamyBanHs Python. BukopucroByBamucs 6i-
omiorexn NumPy 11st BUKOHaHHS 0OYHCIICHB Ha CIiTII Ta
niHiiHOT anre6pu [13], [14], a Takoxk Matplotlib ays Bi3y-
amizarii BekTopHux nouis [ 15, 16]. Lle mo3Bonwiio 3moze-
JIFOBATH BEKTOPHI IOJIS CTPYMIB IUIS Pi3HUX 3HAYEHB KO-
egimienTa anizoTpomii K Ta KyTa Y, 3a0€31edyroun To4-
HICTb 1 Bi3yaJIbHY 1HTEPIIPETALlil0 PE3YJIbTATIB.

Jlia Bizyaumizarii 3amaBanucs po3Mipu axb xc 1a-
CTUHHU (TIpU LbOMY a>>b=c) TeH30p HIPOBITHOCTI APY-
TOTO PaHry G 3 JiarOHaIbHUMH KOMIIOHEHTAMH G |, Gy,
053, @ TAKOXK KyT INOBOPOTY JJAOOPAaTOPHOT CHCTEMH KOOP-
auHar y. Jlns pisHux crisBinHomens K=o ,/c,, Oynysa-
JIUCSI BEKTOPHI TOJISl BUXPOBUX CTPYMIB Yy TUIOIIHHI a Xb.

OtpuMaHi pe3yIsTaTH MOACIIOBaHHS TPOJEMOHCTPO-
BaHO Ha puCc. 2—4, 1e BiIOOpakeHO SIK HAIPSM 3aKpy-
JyBaHHS BUXPOBUX CTPYMIB, TaK i Xapakrep IXHbOI KOH-
(iryparii 3aeXHO Bix mapameTpiB y 1a K.

HageneHi Ha IUX PUCYHKaX Mapy BEKTOPHUX ITOJIB
JUTSL BUTTAJIKIB 3 OJJHAKOBUM KYTOM 7Y Ta Pi3HHM 3HAYCH-
HsAM K IEMOHCTPYIOTh, IO TOJIOBHOFO BiIMIHHICTIO MiXK
HUMH € Te, K BUTATHYTO efinc. Hanpuknan, Ha puc. 2,
a — B31OBX oci Oy, a Ha puc. 2, 6 — B310BX Ox, TOO-
TO PO3MOJLT BUTATHYTOCTI 006epHyTO Ha 90°. Ha puc. 3
B3JIOBXK OCi 45° BUTATHYTO BUXPOBI €JICKTPHYHI CTPYMH
MPOBIJHOCTI 3 IUIABHIIIIMM PO3IIOIIIOM CTPyMY, a Iif Ky-
ToM 135° — miHii Tedii OUTBII KOHIEHTPOBAHI Ta KPHBI.
Ha puc. 4 emninc BUTATHYTO B3JIOBXK OCi 3 OLIBIIO0 TIPO-
BIJIHICTIO, 1 BUXPOBI CTPyMHU Y BUIVIA[I enirca (hopMy-
IOTBCS i KyToM 60°.

ITpoBeneHuit anai3 pe3ynbTaTiB MOAETIOBAHHS J10-
3BOJISIE 3pOOHUTH BHCHOBOK, III0 MaKCHMAaIIbHA €(DEKTUB-
Hicte AET criocrepiraerscst mpu KyTi Y =45°. 3miHa 3Ha-
YEHHS Y J03BOJISE, 32 HEOOX1THOCTI, B IIEBHUX MeEXax
kepyBaru koediniearom Tpanchopmariii m AET.
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1,5

1,0

0,5

e
10 05 0 05 10  x S 0 05 0 05 10 x
Puc. 2. BekropHi nos y miomuHi miuactunu npu y=30° ans xoedinienTa anizorponii K=0,5 (a) Ta K=5,0 (6)
§
) y ek \"'-\ T
1,0 §
0,5
0
' -0,5
1,0 |
1,0 05 0 05 10 x -15 1,0 05 0 05 10 x

Puc. 3. BekTopHi 1014 y INTOMMHI IIACTHHU IpH Y =45° st koedirienta anizorponii K=0,5 () Ta K=5,0 (6)

0) yp

1,0

0,5

-1,0 0,5 0 0,5 1,0 X -15 -1,0 0,5 0 0,5 1,0 X

Puc. 4. BexTopHi 1oy y IIIOIMKHI ITACTHHU IpH Y =60° 1714 Koedimienta anizorponii K=0,5 () Ta K=5,0 (6)
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KKJI nocnimkyBanoro AET BU3HAUa€eThCSA KOMILIEK-
COM IapaMeTpiB, Cepell AKUX KIFOUOBY POJIb BiIrparoTh
MOKA3HUK aH130TPOIIi1 eJIEKTPOIpoBiTHOCTI K Ta KyT Opi-
eHTallii 1 TOTOBHUX ocel y. BomHowyac 3HaYHUI BIUIMB
MAroTh a0CONIOTHI 3HAYCHHS KOMIOHEHT TEH30pa CIIeK-
TPOINPOBIHOCTI MaTepiaiy IIACTUHU — G, Ta O,,, AKi
BU3HAYAIOTh XapakTep (OpMyBaHHS CTPYMOBOTO ITOJIS
Ta IHTCHCHUBHICTh BUXPOBUX CKIAJOBHX MpPU 3MiHHO-
My CTpyMi. TakuM YMHOM, €()eKTHBHICTh ITEPETBOPECH-
Hs €Heprii B TAKMX CTPYKTypax € (QYHKIIi€ K (hizuy-
HUX BIACTUBOCTEH Marepiairy, TaK i TCOMETPHYHUX Ta
KOHCTPYKTHBHHX MTApaMETPiB MPUCTPOIO.

Sk npuxiaz, posnsiaemo AET, y sikoMy Matepiaom
Ppo060YO0T IIaCTHHY po3MipaMu 12X2x4 MM CITyTye MOHO-
KpHCTAI TeIypy, JeroBanuii cpionom (Te:Ag), kyT opi-
eHTalii kpuctanorpadiqaux oceit y=45°. JlienekTpudHi
wap 2 (auB. puc. 1) hopmyBarcsa METOI0M KaTOAHOTO
HanwieHHs wapis SiO, Ha BEPXHIO Ta HUKHIO OBEPX-
HI IUTACTUHY pO3MipoM a Xc¢. EnexTponpoBiaHi mapu 3
BHUKOHYBAJIHCSl HAHECCHHSIM HIKEJIEBUX MIapiB MOBEPX
JeNeKTpUIHUX. ENekTpokoHTakTH 4—7 (hiKCyBaIucs
METOJIOM TOYKOBOTO TMAsSHHS. 32 YaCTOTH MPUKIAJCHOI
Hanpyru =501 3nauenns KK/ nocnimkysanoro AET
ckianano 63%. 3ayBaKuMo, 110 31 3pOCTaHHSIM YacTo-
T xuBieHHs KKJ[ takoro tumy AET nmemo 3meHmny-
€TBCS Yepe3 30UIBIICHHS BTPaT y IPOBITHUX 1 JTieNeK-
TPUYHHX IIapax.

BucHoBkn

AHauti3 pe3ynbTaTiB MOJENIOBAHHS PO3MOMITY BH-
XPOBOTO CTPYMY B 00’€Mi aHi30TPOITHOTO EJIEKTPOIIPO-
BiJTHOTO TpaHc(opMaTopa I03BOJSE 3pOOUTH HACTYII-
Hi BUCHOBKH.

OTtpumane qudepeHIianbHe PiBHIHHS STINTHYHOTO
THITY BPaXOBY€ TCH30PHY IPUPOJTY €ICKTPOIIPOBITHOCTI
Marepiajy Ta OpieHTallito KpucTajaorpadiuHux ocel, 1mo
BiJToOpakae CTaIliOHApHUN XapaKTep eNeKTPOIUHAMIY-
HUX MIPOIIECIB Y TAPMOHIYHOMY TIOJII.

UncenpHe MOJCIIOBAHHS JT03BOJIMIO BCTAHOBUTH
3aJIe)KHICTh POCTOPOBOTO PO3IMOJLTY BUXPOBHX €JICK-
TPUYHUX CTPYMIB MPOBITHOCTI Yy IUIOMIMHI aHi30TPOII-
HOI IJIACTHHY Bija koedimieHTa aHizoTpomii K Ta KyTa
opieHTarii y. 3’sicoBaHo, 110 ipu K > 1 KOHTYpH BUXPO-
BHX CTPYMIB BUTATYIOTHCS B3JIOBX OCi 3 OLIBIIO MPO-
BiJTHICTIO, TOMI SIK ITpy 0 <K <1 — y3710BkK OPTOTOHAITb-
HOT oci. 3miHa koedimieHTa aHizorpormii Big 0<K<1 mo
K>1 npu3BOJUTH 10 MEPEXOLy JOBTOi MBOCI EMINTHY-
HUX KOHTYPIB CTPYMY Ha B3a€EMHO IIEPIICHIUKYIISIPHUI
HaIpsM, a TAKOXK 10 3pOCTaHHS CTYIICHS 1XHBOI BUTST-
HyTOCTI. KyT Y BU3HAuae Opi€HTAIF0 TOJOBHHX OCEH
CTPYMOBHUX KOHTYPIB, 3QJIMIIAI0YNCH CTAIAM JJIs (ik-
coBaHOrO K.

Hanpsim o6epTaHHs BUXPOBUX CTPYMIB (3a a00 mpo-
TH TOJAWHHUKOBOT CTPIJIKM) 3aJISKUTh BiJl TIOJISPHOCTI
HaIiBIepioa MpUKIaAeHOT Hanpyrd. HepiBHOMIipHUIA
PO3TOMIT €HEePTii MO CHPUIHHSE MOSBY 30H JIOKAJTb-
HOT KOHIICHTPAIll CTPyMy, IIIO 3YMOBIIIOE TPOCTOPO-

BY HEOIHOPIJIHICTh TEIOBUX BTpar. [Ipu K>>1 crpy-
MU TE€UyTh Y3JOBX JOBIOi OCi 3 MEHIIMM IPaJi€HTOM
MOTEHIialy, 0 CIIPUSE 3HUKEHHIO JIOKAJIBHUX TEILIO-
Bux BTpat. Hatomicts mpu 0 <K <1 dopMyroThCs iHTEH-
CHUBHIIII 30HU HArpiBY, 10 HEOOX1THO BPaXOBYBAaTU MpH
MIPOEKTYBAaHHI KOHTAKTIB 1 €I€MEHTIB )KUBJICHHS.

3anponoHOBaHUN aHI30TPONHUN €IEeKTPONPOBif-
HUH TpaHC(HOPMATOP JEMOHCTPY€ MOTEHITiA JUIs BUKO-
pHUCTaHHS B iH(QOKOMYyHIKaliHHUX CHUCTeMax SIK e(ek-
TUBHHUH €JIEMEHT CIPSDKCHHS Ta eJICKTPOXKUBIICHHS, 3a-
Oe3neuyroun HaaiHHICT 1 cTaOLIbHICTE POOOTH 00Ma-
HaHHS [IPU MEHIINX rabapurax (posmipax) camoro AET
MOPIBHSAHO 13 KIACHYHUMU €JICKTPOMArHiTHUMH TPAHC-
¢dbopmaropamu.
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DISTRIBUTION OF EDDY ELECTRIC CURRENTS IN AN ANISOTROPIC
ELECTRICALLY CONDUCTIVE TRANSFORMER

This paper investigates the formation and spatial distribution of eddy electric currents (EEC) within the structure of an anisotropic
electrically conductive transformer (AECT), which represents a promising functional component for modern infocommunication
systems. The research is based on a mathematical formulation that accounts for the tensor nature of the material’s electrical
conductivity and the dependence of current distribution on the anisotropy coefficient K and the rotation angle of the crystallographic
axes relative to the laboratory coordinate system y.

A differential-form equation describing the behavior of eddy currents in a rectangular plate composed of an anisotropic material has
been derived. It is shown that this equation exhibits an elliptic character, which significantly influences both the configuration and
density of the eddy current distribution. Numerical modeling of current patterns has been performed, followed by visualization in the
form of vector field maps for various values of K and angles y.

Analysis of the simulation results reveals that the anisotropy coefficient governs the geometry of the eddy current loops: for K > 1, the
elongation of the elliptical contours occurs along the axis with higher conductivity, while for K < 1, it occurs along the orthogonal
axis. The angle y determines the orientation of the principal axes within the laboratory plane and, consequently, the direction of
elongation of the eddy structures. Meanwhile, the rotation direction of the eddy electric currents (CW/CCW) remains constant and is
determined by the polarity of the applied voltage.

The practical significance of this study lies in establishing the relationship between anisotropy parameters and thermal losses within
the transformer s volume. It has been found that at higher K values, local losses decrease due to a more uniform current distribution
along the major axis, whereas for 0 < K < 1, a more concentrated distribution is formed with intense local heating zones. These
findings enable consideration of the anisotropic electrically conductive transformers operational characteristics in the design of
telecommunication system components, particularly in power supply and coupling units.

Thus, this work presents, for the first time, a Laplacian-type equation for the distribution of eddy electric currents that incorporates
material anisotropy, provides its classification, and demonstrates numerical implementation. The obtained results are of both scientific
and practical interest for the development of new high-efficiency components in infocommunication technologies.

Keywords: electrical conductivity, anisotropy, tensor, eddy electric current, transformer, infocommunication system elements.
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FILM HETEROJUNCTION WITH NANOCLUSTER
SUBSYSTEM FOR NEW TYPE OF PHOTOCELLS

The paper describes the manufacturing technology and presents the results of studies of a pCu2S-nSi heterojunction (HJ) and
an HJ based on it, containing a nanocluster (NC) subsystem. It is shown that the presence of an NC subsystem at the interface
between the p-type Cu2S film and the n-type Si substrate significantly increases the overall sensitivity of the samples under
high illumination conditions. The operating mode of such an HJ as a highly sensitive valve photocell has been determined.
It has also been demonstrated that these transitions are photoelectrically active in different spectral regions. The observed
effects are extensive in nature, being largely determined by the geometry and morphology of the nanocluster centers rather

than by the type of atoms from which they are formed.

Keywords: heterojunction, film, nanocluster, subsystem, photocell.

The technological component of modern functional
electronics is increasingly focused on the study of
material properties at the nanoscale. The transition to
nanostructures opens new opportunities for practical
applications ranging from electronics to photonics. In
this context, quantum-sized systems attract particular
attention, with atomic nanoclusters (NC) occupying an
important place [1].

Using modern technological methods and techniques,
it is possible to form NC centers of various geometric
shapes and sizes on the surface and even within the volume
of individual crystals. The influence of NC morphology
on the mechanical, electrical, and optical properties of
the matrix in which they are formed is currently being
actively studied theoretically and experimentally [2],
[3]. NCs not only exhibit properties that distinguish
them from the corresponding macroscopic substance,
but also enable effective control of the physicochemical
characteristics of the matrix in which they are embedded.
For example, the experimentally observed red shift in
the color of the silicon crystal matrix is associated with
an increase in the size of NC centers [4]. In this case, an
analogy can be drawn with the stages of the photographic
process in alkali-halide compounds, where centers of a
latent image are formed and developed under the action
of light [5].

Therefore, from our point of view, a promising
direction is the creation of heterostructures in the form of
film heterojunctions (HJ), that incorporate NCs, forming
a nanocluster subsystem (NCS). [6].

This paper presents results from a study on the
properties of the pCu,S—nSi HJ with silicon NCs
introduced by implantation.

Manufacturing Technology of the Heterojunction
under Study pCu,S—nSi

At the initial stage, a film-type pCu,S—nSi HJ was
fabricated. To remove the oxide film, the silicon substrate
was etched with an active solution. By means of thermal
evaporation in a vacuum (=107 Torr), copper sulfide
(Cu,S) powder of the ChDA grade was deposited on the
(111) face of an n-type silicon crystal (#Si). The silicon
was doped with phosphorus atoms, and its resistivity was
0.01 Q-cm. To create omic contacts, tin was used on the
sulfur copper side, and an alloy of silver and antimony
(20%) was used on the semiconductor side. The samples
were manufactured in two modifications according to the
surface area of the heterojunction: approximately 1 mm?
(for measuring characteristics in the valve photocell
mode) and 40 mm?.

We found that the structure of the film layer is
determined by the conditions of its deposition. When
the substrate temperature (nSi) was varied from room
temperature to 400°C, two phase transitions were clearly
observed in the Cu,S film: from a-Cu,S (orthorhombic
phase) to B-Cu,S (hexagonal or tetragonal structure). In
addition to these phase changes, the high volatility of sulfur
led to a violation of the sample’s stoichiometry, which in
turn resulted in the formation of a complex mixture of
phases. Therefore, to develop a laboratory technology
for obtaining Cu,S films, the stoichiometry of the copper
sulfide layer was studied using X-ray emission spectra of
copper in the composition of the copper-sulfur compound.
X-ray structural analysis was employed to perform
quantitative evaluation of the elements both in the bulk and
on the surface of the sample. We also used this approach
to study the composition of cluster phases within the NCS
when investigating diffusion processes and constructing
diagrams of the composition of the studied HJ.
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The secondary spectrum was excited by a braking
(white) primary beam of a sealed X-ray tube of the BXB-I
type with a tungsten anode (30 kV, 20 mA) with voltage
fluctuations within A¥=0.1 kV, on a X-ray spectrometer
using a scintillation counter (quartz crystal, oriented
to the (1011) facet). The choice of crystal for spectral
analysis was determined by the wavelength K for Cu.
The results of monitoring the thickness and density of
the Cu,S film during deposition indicated that the weight
concentration is proportional to the intensity of the
characteristic radiation excited in the HJ.

Calibration was performed in two ways: by comparison
with a calibration graph based on reference samples with
a known copper content in the range of 60—70% and by
analyzing the dependence of HJ photosensitivity on the
temperature of the silicon substrate during the growth of
the Cu,S layer. This made it possible to determine the
composition of the Cu,S film that corresponded to the
maximum photoactivity of the pCu,S—nSi HJ. It was
found that the highest photosensitivity is exhibited by
HJs in which the Cu,S films contain a slight excess of
sulfur (=1.1%): that is, the Cu,S layer should contain
34.4% sulfur (the stoichiometric composition of Cu,S
corresponds to 33.3% sulfur).

Based on the results of structural studies of copper
sulfide films sulfur copper films, a technology was
developed for producing HJ with textured mosaic-type
Cu,S layers. The optimal mode for obtaining such a HJ
is as follows. A substrate with a temperature of about
300°C was placed on a mask above an evaporator with
a copper sulfide mixture and cooled to a temperature
of 150°C within 10 minutes. The transition layer of
copper sulfide was formed within an hour. The stability
of the evaporation process was ensured by the use
of an additional sulfur emitter with a temperature of
100—120°C, which maintained a constant partial pressure
of its vapors. Under these conditions, it was possible to
grow the Cu,S film required for the HJ. The specific
resistance of the films was 1—-10 Q-cm. They exhibited
a mirror-smooth surface with good adhesion to the
silicon substrate. Microscopic studies revealed a mosaic
structure with a grain size of 20—50 pum. It should be
noted that when Kikuchi lines appeared on the electron
micrographs of Cu,S films, the reflections from the twins
disappeared at the same time, which indicates a high
degree of perfection of the grown film.

Zone Diagram and Characteristics
of a Heterojunction pCu,S—nSi

To predict the possible properties and practical
applications of the pCu,S—nSi compound, it is advisable
to construct a band diagram to obtain additional
information about this compound. As shown in Fig. 1,
the resulting band profile is smooth, and moreover, the
valence band has practically no gap. When evaluating
the band profile of a HJ, special attention should be
paid to cases of sharp asymmetry in the doping levels of

pCu,S

376 Los_

l 0.76 +3
—]  0.006 l
______ 1

0.17 03] 1.84]
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Fig. 1. Zone diagram of the pCu,S—-nSi compound
(the numbers correspond to energy in eV)

contacting materials. The electron affinity of copper sulfide
(3.74 eV) is inherently lower than that of silicon
(4.5 eV). From the diagram, the gap values can be
obtained: in the conduction band, AE.=0.76 €V, and in
the valence band, AE,,=0.

It should be noted that due to the difference in the
structures of the substrate (Si) and the Cu,S layer, there
is a high probability of forming an HJ with a high density
of mismatch defects at the interface. Such defects are
capable of localizing charge carriers around themselves,
i.e., acting as traps or recombination centers for electrons
and holes. The presence of boundary states can clearly
affect the band profile of the transition and significantly
determine its properties.

The characteristics shown in Figs. 2, 3 indicate that the
proposed HJ variant is quite promising for photoelectric
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Fig. 2. Spectral dependence of the short-circuit current

of the pCu,S—nSi photovoltaic cell
(source: tungsten lamp with a color temperature of 2900 K)
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Fig. 3. Load characteristic of the pCu,S—nSi photocell
(illumination: 5-10* lux)
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Fig. 4. I-V curves of the pCu,S—nSi at different
temperatures (°C):
1—150;2—75; 3—20; 4 — minus 97; 5 — minus 195

applications of semiconductor heterostructures, for
example, in the manufacture of efficient photocells
based on it.

The polarity of the valve electromotive force arising
in the samples when illuminated corresponds to the
forward bias on the HJ. A wide spectral range is active:
from 0.4 to 2.0 um (Fig. 4), which is explained by the
participation of the HJ constituent materials — copper
sulfide and silicon — in the photoelectric effect. The
operating frequency band of the pCu,S—nSi HJ under
modulated illumination is approximately 1 MHz. Thus,
as a solar converter, a pCu,S—nSi photocell with such
characteristics is capable of generating an open-circuit
voltage of 0.6 V and a short-circuit current of 40 mA/ cm?
with an efficiency of up to 4%.

It should be noted that the determined properties of the
pCu,S—nSi compound are not typical for such systems
with zone profiles containing potential breaks in the form
of teeth or pockets.

Modification of Heterojunction pCu,S—nSi

Improvements in the technology for obtaining the
above-described HJ are aimed at enhancing the quality of
these photocells. Therefore, our proposed modification of
the pCu,S—nSi HJ involves the introduction of a silicon
nanocluster subsystem at the transition boundary. We
define such a GP as pCu,S—(Si-NCS)—nSi. The NCS is
created before depositing of the copper sulfide layer by
implanting Si NCSs, i.e., forming a cluster raster of an
island structure, into the nSi substrate. Between the film
and the substrate (along the interface), a clustered film
is formed, consisting of stochastically distributed NCSs.

The manufacture of HJ from NCS involves applying
a cluster raster of colloidal dispersion to the surface of
a silicon wafer (at 100°C). This procedure was carried
out by thermal evaporation of the corresponding element
(silicon, chromium, nickel, iron, cobalt) in a vacuum
(107> Torr) under conditions that ensures the formation
of a colloidal layer that is clearly distinguishable using
an electron microscope (see table). The process of

Hllustration of the layers of the Cu,S—(Si-NCS)-nSi HJ

Electron microscope photo HJ | Control and formation
pep layer method
Thermal sublimation
pCu,S | of Cu,S powder in
a vacuum (10 Torr)
. Vacuum evaporation
Si-NCS (10°5 Torr)
Crucible melting
nSi method
Cochralsky method

introducing NCS into such a HJ is similar to that used
by us to obtain copper sulfide films. By changing the
rate of formation of NCS centers and the temperature
of the crystalline silicon (c-Si) substrate, it was possible
to implant Si-NCS into the pCu,S—nSi HJ in the form
of Si-NCS. Thus, a pCu,S—(Si-NCS)—nSi type HJ was
formed. It should be noted that transition metals (such as
Fe, Ni, Co, etc.) can also be used as implanted material
to create a similar type of HJ. We found that the results
did not change significantly even when one metal was
replaced with another. This indicates that the effects we
observed are due to the presence of NCSs, rather than
the type of atoms that form the NC.

Properties of the pCu,S—nSi Heterojunction with
a Nanocluster Subsystem

Our research on HJ samples with NCS has made it
possible to identify properties that are of practical interest
for the development of elements in modern electronic
devices.

Fig. 5 shows the voltage-ampere characteristics
(VAC) for HJ pCu,S-(Si-NCS)—nSi. At low voltage
values, the forward branch of the VAC («) is described
by an exponential law (with a diode ideality factor
B~2.0—2.5). With increasing voltage, the current
increases more slowly than in HJ without NCS.

On the reverse -V curve (b), three sections can be
distinguished: pre-breakdown (1), sharp breakdown (2),
high current (3).

Their comparison with the VAC obtained for HJ
without NCS indicates a slight increase in the currents
of the pre-breakdown region. This is explained by an
increase in the concentration of charge carriers due to
the presence of Si-NCS.
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Fig. 5. Typical direct (a) and reverse (b) /—V curves of the HJ pCu,S—(Si-NCS)-nSi
(with NCS center sizes greater than 2 nm)
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Fig. 6. I-V curves of the HJ pCu2S-(Si-NCS)-#Si at different
temperatures (°C):
1 — minus 193; 2 — minus 123; 3 — minus 93

The reverse /—V curves for different temperatures
shown in Fig. 6 indicate that the breakdown voltage
decreases with decreasing temperature. This behavior of
the /—V curve is opposite to that observed in the case of a
diode without an NCS and, as is known, is characteristic
of avalanche breakdown of a p—n junction.

An analysis was performed of the capacitive
characteristics obtained for both types of HJ: with and
without NCS. These results confirm the real possibility
of generating additional charge carriers due to the
ionization of NCS centers. At reverse voltages lower than
the breakdown value, for HJ with NCS, the capacitance-
voltage dependence was described by a power law:
V~C-3 (Fig. 7). Extrapolation of the curve to zero
capacitance (C=0) indicates an increase in the diffusion
potential to 1.8 V (V;=1.8 V) compared to the non-
clustered HJ variant. This shows that the introduction of
a nanocluster grid affects the HJ profile, which becomes
more complex and, therefore, less distinct.

According to the physical model we propose, shown
in Fig. 8, the mechanism responsible for increasing the
concentration of charge carriers occurs precisely due to
the ionization of Si-NC.

It should be emphasized that, in our opinion, an
increase in the concentration of carriers in the NCS can
lead to avalanche breakdown due to the cumulative effect

12 4

Capacitance,
107F

-2 0 2 4 6 8 10

Voltage, V

Fig. 7. Capacitance-voltage dependence (V'~C=) of the HJ
p-Cu,S—(Si-NCS)—n-Si

e

Nes | N Si

Fig. 8.Illustration of the mechanism of charge-carrier increase
due to ionization of Si-NC centers under reverse current in the
HJ pCu,S—(Si-NCS)-nSi

of potential barriers created by the NC system itself.
This is consistent with the collective barrier model for
a photoconductor with quasi-macroscopic inclusions of
high-resistance regions proposed by Prof. M. Sheikman [7].

The results of our study of the properties of HJ with
a metal cluster grid indicate that, on the one hand, NCS
changes the nature of the distribution of impurities and,
on the other hand, significantly increases the potential
barrier in the transition region. The mechanism for
enhancing the photocurrent arises due to the interaction
of hot photoelectrons with the electronic structure of
NC centers blocked by asymmetric potential barriers in
the HJ region.
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Fig. 9. Schematic representation of a hypersensitive HJ
pCu,S—(Si-NCS)—nSi:
1, 4 — thin removable contacts; 2 — silicon crystal; 3 — copper
sulfide film; 5 — nanocluster grid
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Fig. 10. Lux—ampere characteristics of different types of HJs:
1—pCu,S—nSi (linear); 2— pCu,S—(Si-NCS)—nSi (superlinear)

The phenomenon described above explains the
superlinear photoelectric effect we observed in the HJ
with NCS. Such an element has increased light sensitivity
at high illumination. A schematic representation of such
a hypersensitive heterophotovoltaic element is shown
in Fig. 9.

We also investigated the lux-ampere characteristics
(LAC) for both types of HJ at a temperature of 20°C
(Fig. 10). As a result, it turned out that pCu,S—nSi
photocells always exhibit linear LAC (up to an
illuminance of approximately 5-10* lux). In photocells
with NCS, there is a sharp increase in LAC (curve 2) at
illuminance levels of 8-10° lux and above. The values
of the slope coefficients of the rectified sections of the
LAC relative to the abscissa axis allow us to distinguish
between linear (/) and superlinear (2) modes of operation
of photocells without NCS and with NCS.

Studies have shown that at low and moderate light
intensities, the main characteristics of both types of
photocells are practically the same, i.e., the NCS does not
affect the photoelectric effect under such conditions. This
can be explained by the presence of a specific Coulomb
barrier for these centers, which limits their photoelectric
activity and electron exchange interaction with the
conduction band and valence band of the semiconductor.

Light

Fig. 11. Energy-band diagrams of different types of the HJs:
a — pCu,S—nSi; b — pCu,S—(Si-NCS)—-nSi

The linear generation mode (about 10* lux) can be
explained using the energy band diagrams of the PV cell
shown in Fig. 11. They are based on measurements of the
capacitance and /— V' curves of the PV cell, as well as the
electrical and optical properties of the base regions. As
can be seen, a significant difference appears in the high
illumination region, when a mechanism is activated in
photocells with NCS that switches them to superlinear
operation mode.

We propose a switching scheme between linear
and superlinear modes, taking into account the specific
structure of the sample. At high light intensity (10* lux),
the conductivity of the Cu,S photosensitive film increases
significantly (by almost two orders of magnitude). The
Debye screening length decreases, and the nanocluster
center is solvated by mobile carriers, as illustrated in
Fig. 11. As aresult, the NC centers begin to participate in
the process of electron exchange between the conduction
band and the valence band.

The specificity of HJ with NCs is that the electrons
entering the NC centers from the Cu,S film are “hot”
(Fig. 11, b). In this case, the excess energy, as in a bulk
material, is either lost or scattered at the NC centers or
upon collisions with electrons. Since the thermalization
of charge carriers is more efficient than cooling, we
obtain heating of the electron density in the NC centers.
The latter, in turn, leads to the fact that the secondary
radiation of electrons in the NC centers can exceed
the intensity of the primary exciting electron flux. In
this case, an additional current generation mechanism
begins to operate. The effect is enhanced by the fact that
the electron temperature is included in the Boltzmann
exponential factor: exp(—AE/kT), which determines the
probability of electron emission from the NC center.
Thanks to the introduction of NC into the base p-region
of Cu,S, a significantly higher integral sensitivity
was achieved at a high degree of sample illumination
(<< 8-10% lux) in the valve photocell mode (2.4 mA/lux)
compared to 1.8 mA/lux in the normal mode.
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Conclusion

Thus, studies have shown that film heterojunctions
with HCPs differ from non-clustered HCPs. The
properties of pCu,S—nSi with NCSs can be modified
by implanting a cluster grid of an island structure onto
a silicon substrate before depositing a layer of copper
sulfide.

The proposed technology for manufacturing
pCu,S—(Si-NCS)—nSi-type HJ provides a predominantly
smooth transition energy profile, which makes this
structure a promising basis for photoconverters.

The effects identified are largely determined by the
geometry and morphology of NC centers, rather than
their chemical composition. When the size of the NC
centers increases to hundreds of angstroms or more,
the photoelectric effect not only does not intensify, but,
on the contrary, disappears completely, giving way to
another effect.

Thus, a superlinear mode of operation of photocells
was discovered, in which there is an increase in sensitivity
at high illumination of the HJ.

The mechanisms presented in the work are consistent
with experimental observations and confirm the original
properties of HJ with NCS.

The study showed that HJ with NCS have significant
potential for creating new elements of modern functional
electronic devices.
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IIJIIBKOBUI 'ETEPOIIEPEXI]] 3 HAHOKJIACTEPHOIO IIJJCUCTEMOIO

JJIA ®OTOEJIEMEHTIB HOBOI'O TUITY

Hageoeno pesynbmamu 00cniodcenb ma ONUCAHO MEXHONO02II0 GU2OMOGNEHHs NieKogo2o 2cemeponepexody (I'T1) muny
pCuzS—nSi 3 nanoxnacmepnoio niocucmemoro (HKII), wo gpopmyemubcs cmoxacmuuno po3nooiieHumMy HaHOKAACMEPHUMU
yenmpamu Ha epanuyi po3oiny. Ilokaszano, wo amomapHi HAHOKAACMEPU NPOABGIAIOMb 61ACMUBOCI, GIOMIHHI 810 MAKPOCKO-
NIYHOT peuoBUHU, Ma 00360JIAI0Mb ePEeKMUBHO Kepyeamu i3uKo-XiMiuHUMU Xapakmepucmuxamu mampuyi. Moougixayis I'TT
30iliCHI08ANACA IMNIAHMAYIEIO KNACMEPHO20 PACHPA OCHPIEKOBOI CIPYKNYPU HA KPEMHIEEY NIOKAAOKY neped 0CA0HCeHHAM
wapy cynb@ioy mioi, wo 3abe3neuye naasnull npopine enep2ii nepexody ma 6iOKPUSAE MONCTUBOCE ik CMEOPEHHSL homo-
nepemeoposayis.

Hocniooceno gpomoenexmpuuni epexmu y moougpixosanomy I'Tl pCu,S—(Si-HKII)—nSi, 30kpema cnekmpanvhy ineepcio,
CYnepiniini pexcumu pobomu ma He3eUYallny JOKC-aMnepHy 3anexcHicmo. Bemanosneno, wo esedennss HKII y 6azosy
p-obnacme CuzS—Si 3HauHo nidsuwye IHMe2PAIbHY YYMIUGICIb NPU BUCOKIL OCBIMIEHOCTI, A 2eoMempis ma MOp@oNozis Ha-
HOKAACMEPHUX YeHmpig 6i0ieparoms supiuaibHy poisb v goopmyeanti enacmusocmeti I'Tl. Tlokazano, wo 36inbuients posmi-
pie HK-yenmpie 0o comenv anecmpem npu3eo0ums 00 3HUKHEHHS homoehexmy ma noseu iHumux eKCmeHCUGHUX egpexmis.

3anpononosano koHcmpyKyito pomoenemenma 3 060Ma NOCIIO0BHO 3 EOHAHUMU P—N-NEPexo0amu NPOMuIexdCcHoi Jii, wo 3a-
be3neuye pomoenexmpuuny aKkmusHicmy y pisHux Oinauxax cnexkmpa. Ompumani pe3yibmamu 6Ka3yloms Ha NepcneKkmus-
nicmo euxopucmanns naiexoeux I'TI muny pCu,S — (Si-HKII) — nSi ona poss si3anns 3adau cyuacnoi gyynxyionanvHoi diaznoc-
MUKW Ma CMEOPEHHs HOBUX elleMeHmi6 )omoenekmpoHiKi.

Kniouosi cnosa: cemeponepexio, nniexka, nanokiacmep, niocucmema, pomoeiemenm.
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DEVELOPMENT OF A MATHEMATICAL MODEL
FOR A CdS-BASED PHOTOSENSITIVE HALL SENSOR

The paper proposes a mathematical model of a photosensitive Hall sensor based on a CdS single crystal which uses the
internal photoelectric effect. The model describes the change in the concentration and mobility of charge carriers under
irradiation and allows estimating the increase in the sensor s sensitivity to a magnetic field. The model accurately describes
the increase in Hall voltage when the sensor current exceeds 40 mA (error margin of less than 5%). Experiments showed a 2.§-
fold increase in sensor sensitivity in the low-current sensor mode, which is partially due to noise and additional effects in the
crystal. The proposed materials and sensor topology can help maximize Hall voltage to obtain maximum sensor sensitivity. The
comparison of theoretical results and experimental data confirmed a twofold increase in the Hall voltage under irradiation.

Keywords: Hall effect, photosensitive Hall sensor, CdS, mathematical modeling, planar Hall sensor.

In modern sensor technology, there is a sustained
increase in requirements for accuracy, energy efficiency,
and functional integration of measurement devices.
In particular, in the fields of automotive electronics,
biomedical systems, and wireless sensor networks, the
demand for multifunctional sensors capable of operating
simultaneously based on several physical principles is
steadily growing [1], [2]. One of the promising directions
is the integration of the Hall effect with the photoelectric
effect within a single semiconductor element, which opens
up opportunities to enhance magnetic field sensitivity
through additional photogeneration of charge carriers.

Conventional Hall sensors are characterized by
high reliability and accuracy and are widely used in
magnetometry, positioning systems, and current sensing
applications [3]. At the same time, their performance
remains limited by a constant charge carrier concentration
and geometric dimensions, without accounting for
temperature effects, magnetic field configuration, carrier
concentration fluctuations, and related factors. Recent
studies have demonstrated that optical irradiation
can significantly alter the electrical conductivity of
semiconductors, affecting both the concentration and
mobility of charge carriers [4].

In [5], it was demonstrated that directed illumination
during Hall measurements opens new possibilities for
material diagnostics, including defect spectroscopy,
evaluation of photogeneration processes, and assessment
of'the contributions of electrons and holes along with their
mobilities. Hall photoeffect spectroscopy with a controlled
radiation flux has shown high sensitivity to recombination
centers and even the occurrence of negative differential
photoconductivity (NDPC) in semiconductors, which is
consistent with the concept of an “active layer” and with

changes in the concentrations of electrons and holes, as
well as their mobilities, under external irradiation.

A useful extension in the context of the present
work is the light-modulated Hall effect (LMHE) [6].
By introducing optical modulation and employing
phase-sensitive detection of the Hall voltage, it becomes
possible to separate the photogenerated contribution and
to enhance the signal-to-noise ratio in systems with low
charge carrier mobility.

Previous studies on the modeling of photoinduced
effects in semiconductors [7], [8], [9] have demonstrated
the influence of photon flux, quantum efficiency, and
charge carrier lifetime on the transport properties of
materials. However, most existing models consider
static conditions or isolated optical phenomena without
comprehensively accounting for their interaction with
the classical Hall effect. This creates a scientific niche
for the development of a more generalized mathematical
model that integrates both effects and enables prediction
of changes in sensor sensitivity under illumination.

Despite the existence of studies addressing individual
aspects of the photoinduced Hall effect, the majority of
research focuses either on spectroscopic diagnostics of
materials or on static analysis of the Hall effect without
considering the influence of irradiation. At present, there
are no models that consistently describe the combined
impact of photogeneration, recombination processes,
and variations in charge carrier mobility on the Hall
voltage in practical structures based on cadmium sulfide
(CdS) single crystals. These circumstances motivated the
development of the mathematical model proposed in this
work, which accounts for the effect of irradiation on the
parameters of a Hall sensor.
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In this work, CdS single crystals are considered
a promising sensing material, as they combine high
photoconductivity in the visible spectral range —
compared with other materials — with relatively high
electron mobility (100—-600 cm?/(V-s)), low hole
mobility (15-70 cm*(V-s)), and n-type conductivity,
which ensures an increase in the Hall voltage under
illumination. The bandgap width is £;~2.4 eV, making
CdS particularly effective for photoelectron generation
in the visible wavelength range (480—550 nm), where
maximum photoconductivity and minimal losses due
to thermodynamic processes are achieved. In addition,
CdS is characterized by a relatively low intrinsic charge
carrier concentration in the dark state, which enables clear
separation of the photogenerated EMF contribution within
the Hall voltage. CdS-based structures are well compatible
with planar microfabrication technologies, exhibit stable
electrophysical parameters at constant temperature,
and provide reproducible results, making this material
suitable for the investigation of photosensitive Hall
sensors and their subsequent practical implementation.

Theoretical Analysis of the Effect of Optical
Irradiation on CdS Parameters and the Hall
Voltage

The classical physical model accounting for the
topology of a Hall sensor is based on the phenomenon
of transverse voltage occurring when current passes
through a conductor (or semiconductor) placed in an
orthogonal (crossed) magnetic field. This phenomenon,
first discovered by Edwin Hall in the late nineteenth
century, is widely employed for measuring magnetic flux
density and for the indirect determination of a range of
other physical quantities [1], [2].

The classical expression for the Hall voltage can be
written as

v B _p BB
ned d
where / is current through the sensor;
B is magnetic flux density (magnetic field intensity);
n is charge carrier concentration in the material;
e is elementary charge (electron or hole);
d is thickness of the sensing element along the direction
in which the Hall voltage is generated,
R, is Hall coefficient, R, = 1/(ne).

(1)

The classical Hall sensor model assumes that the
semiconductor or metallic plate is homogeneous in
thickness and composition, that charge carriers move
within it in accordance with Ohm’s law under the
action of the Lorentz force in a magnetic field, and that
edge effects do not have a significant influence and are
therefore neglected.

In practice, the shape and dimensions of a sensor
may deviate from the idealized model, and the thickness
and material properties of the crystal may be non-
uniform. This is commonly accounted for by introducing

a dimensionless geometrical correction factor G into

equation (1):
U, =R, %G. @)

In more complex systems, it is essential to account
for the charge carrier mobility p and recombination
processes. In the case of doped semiconductors, where
different types of charge carriers (electrons and holes)
coexist, the Hall coefficient is expressed as the combined
contribution of each carrier type. Under these conditions,
equation (2) takes the form:

2 b
q(pw, +np,) d

where W, p, is the mobilities of holes and electrons,
respectively.

U, = 3)

The classical model provides a convenient and
efficient means for estimating the key parameters of
a Hall sensor, such as sensitivity and output signal,
which is particularly useful in the early stages of
device design [2]. However, the classical model has
certain limitations, as it does not take into consideration
temperature effects, magnetic field intensity, or external
optical irradiation.

Several models [10], [11], [12] proposed to describe
Hall sensors incorporate additional effects or parameters,
such as anisotropic conductivity in the semiconductor
crystal, surface scattering, and charge carrier transport
phenomena. Nevertheless, parameters such as carrier
concentration, sensor thickness, and mobility are
typically assumed constant, being determined during the
design and fabrication stages. Given that these parameters
can vary under optical irradiation, it is necessary for the
model to account for the internal photoelectric effect and
its influence on the Hall voltage.

Over the past two decades, numerous experimental
and theoretical studies have investigated the effects
of charge carrier photogeneration in semiconductor
structures. Photogeneration significantly increases the
charge carrier population in a semiconductor, thereby
modifying its electrical conductivity [13]. In particular,
studies [14], [15] have demonstrated that the contributions
of electrons and holes can be accurately separated, and
their mobilities can be determined in high-mobility
organic semiconductors under optical excitation.
Photogeneration has been shown to substantially affect
both carrier concentration and effective mobility, which
is consistent with the assumptions underlying the present
work.

In the context of contactless conductivity measurement
techniques, it is also important to note the phenomenon
known as the optical hall effect, which enables evaluation
of free carrier parameters (concentration, mobility, and
effective mass) without direct electrical contact, by
employing a magnetic field and an optically excited
medium. For example, the authors of [16] presented a
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detailed model of the optical hall effect dielectric tensor
function for multilayer semiconductor structures and
explained how data analysis based on Mueller matrices
and 4x4 matrix formalisms provide access to the
electrical characteristics of the material.

Optical irradiation affects not only carrier concentration
but also carrier mobility, both of which are critical for
sensor operation. The expression for the change in the
excess carrier concentration Az in a semiconductor under
external irradiation is given by:
p_dn_tn,

d¢ T

where D is charge carrier generation rate;
7 is lifetime of nonequilibrium charge carriers.

4)

The mobility of electrons and holes is determined by
the expression:
u=et/m", (5)
where m" is the effective mass of a charge carrier.

From expression (4), the time-dependent change in
the concentration of nonequilibrium charge carriers An(?)
relative to the initial (intrinsic) carrier concentration n(0)
can be derived [17]:

An(f)=n(0)-exp(-t/1). (6)

The photogeneration parameters, in particular the
quantum efficiency and the absorption coefficient,
determine the magnitude and linearity of the photosensitive
signal and can be incorporated into the sensor model.
Since the recombination rate is inversely proportional
to the carrier lifetime, the quantum efficiency can be
expressed as follows:

n, = an
q
Tr + an ?

)

where 1, , T, is carrier lifetimes in the absence of
irradiation and under irradiation, respectively.

The amplitude of the output signal is determined by
the change in the resistance R of the active region of the
sensor and depends on the quantum efficiency 1 and the
absorption coefficient o

R=n—(1—exp(—ad)),
hv

where Av is the energy of the incident photon.
Photogeneration exhibits pronounced dynamic
properties that affect the sensor response time and its
frequency characteristics. This implies that models
accounting only for the static influence of light
may be insufficiently accurate for describing sensor
operation under time-varying irradiation conditions
[18]. Accordingly, the frequency dependence of the
photoinduced current can be expressed as follows:

®)

D
Ly ((D> = o 2 ©)
1+ (ot)
where D, is amplitude of the charge carrier generation rate;
E is the electric field;

o is the angular modulation frequency.

Despite significant progress in understanding photo-
generation in semiconductors, several key aspects remain
insufficiently studied or generalized in contemporary
models, such as the nonlinear interaction between
photogeneration and the classical Hall effect [19], [20]
dynamic variations of photogeneration and their impact
on the temporal characteristics of sensors [21], [22],
as well as the interplay between optical and magnetic
effects.

The next step is the development of a mathematical
model capable of combining the internal photoelectric
effect and the Hall effect in order to achieve a higher
amplitude of the sensor output voltage U,,.

The planar topology proposed in this work (Fig. 1)
enables uniform distribution of the near-surface current
within the sensing element and ensures measurement
stability. A key feature is that the photosensitive region
of the sensor overlaps the carrier transport paths; so that
even small variations in illumination lead to significant
changes in carrier concentration. This creates favorable
conditions for enhancing magnetic field sensitivity
without the need to modify the sensor geometry.

The low temperature dependence of carrier mobility
and concentration for the selected CdS sample (less

Fig. 1. Topology and external view of the proposed planar Hall
sensor with a photosensitive active region:

1 — semiconductor plate; 2, 2'— metallic contacts on the surface

of the plate; 3 — irradiation source (A=532 nm, P=100 mW);

d, d'— thickness of the sensor and the active layer, respectively

(under irradiation d'<<d); I — current through the sensor;

B, — magnetic flux density of the applied magnetic field;
V}; — Hall voltage
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than 1%/1K) makes it possible to derive analytical
relationships assuming an average temperature of
T=297+2 K=const.

The number of absorbed photons is determined by
the absorption coefficient a()A), which is a function of the
radiation wavelength A. For photons with energy hvEEg,
charge carrier photogeneration is efficient. The carrier
generation process is described by the generation rate:

D=0ad, (10)
where ® is photon flux (the number of photons per unit
area per unit time). This parameter indicates how many
electron-hole pairs are generated within a unit near-
surface volume over a given time interval.

Not all generated carriers contribute to a change in
electrical conductivity, since recombination processes
occur. The number of carriers that effectively influence
the conductivity variation is determined by the photo-
generation efficiency and the average carrier lifetime 7.
In particular, the steady-state excess carrier concentration
can be estimated as follows:

An=Drt. (11)

Higher absorption efficiency and longer carrier lifetime
result in increased charge carrier photogeneration. Under
optical irradiation, the number of carriers increases by
An (electrons) or Ap (holes). Accordingly, the effective
concentrations of electrons and holes, respectively, to be
expressed as follows:
Rg= n0+An;

12)
Peg= Pt AP (13)

Under optical irradiation, the concept of an effective
thickness of the photosensitive semiconductor, denoted
as d', arises. This parameter defines the depth to which
light penetrates into the material, thereby affecting
charge carrier generation and, consequently, its electrical
properties. According to the Beer—Lambert—Bouguer
law, the light intensity decreases exponentially with the
penetration depth:

I(z)= I ,exp(-az), (14)

where / is the initial radiation intensity at the surface.

The quantity inverse to the absorption coefficient (1/cr)
corresponds to the thickness of the semiconductor layer
d' over which the light intensity decreases by a factor
of e. This implies that the effective thickness of the
photosensitive layer is defined as:
d'=1/o. (15)

With increasing absorption coefficient, the effective
thickness decreases, since light is absorbed more strongly
within a shallower depth. As a result, an active region
is formed (Fig. 2), where the effective thickness d' is
smaller than the substrate thickness d. According to
expression (3), this enables a higher Hall voltage to be

532 nm, 100 mV irradiation

L

-
L
=
d’

Fig. 2. Formation of the active region in a photosensitive planar
Hall sensor during irradiation of a CdS substrate

obtained without compromising the mechanical strength
of the structure.

The exponential decay of light intensity within
the crystal thickness indicates that the effective photo-
sensitive thickness is generally smaller than the actual
sensor thickness. This parameter depends on the
irradiation wavelength: short-wavelength radiation
generates carriers near the surface, while long-wave-
length radiation penetrates deeper into the material. Thus,
the choice of the irradiation spectrum serves as a tool
for controlling the spatial profile of photogeneration,
enabling optimization of sensor operation under different
conditions.

Equation (3) can be rewritten by taking into account
expressions (12) and (13):

Peghi —ngge B
)

UH: G:

q (peffp‘h + a0,
_ (po —I—Ap)pi —(n, +An)p5 IB
q((po +Bp) 1, + (g +An)u,)” @

(16)

If we introduce the coefficient b=/, then equation
(8) can be written in the following form:

_ (py+8p)~(ny +An)0> 1B
(o +Ap)+ (g +An)b)2 qd

To verify the theoretical model and to separate the
unknown quantities, one may assume that the Hall sensor
is irradiated with sufficiently high intensity 7, such that
d=d’'. Under this irradiation regime, photogeneration
becomes uniform throughout the entire crystal volume,
which allows the modified value of the charge carrier
concentration to be applied consistently.

For low and moderate irradiation intensities, the
increase in electron and hole concentrations can be
assumed to be proportional to the photon flux ®:

An =MD, /L ; (18)
Ap =MD, /1,; (19)
where t,,, [, is the average lifetimes and free paths of
electrons and holes, respectively.

(17)
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Taking these expressions into account, equation (17)
can be rewritten as follows:

[po_'_n(kl)d)rh _[no_l_n(k)(bre p2 p
Y= h ¢ 2_dG' (20)
L) O L) D q
p0+n(l) Ty nﬁL o |,
h e

Photogeneration may, in some cases, affect charge
carrier scattering, lead to the formation of additional
recombination centers, and induce defects in the substrate
structure. However, these effects are not considered in
the present mathematical model due to their relatively
weak influence. At the same time, the authors of [23]
demonstrate that photogeneration can significantly
modify the electrical conductivity of semiconductors,
and study [24] showed that the additional generation of
carriers alters the electrical transport characteristics of
the material. As a result of the assumptions made and
the transformations performed, a relationship can be
established between the Hall voltage under illumination
Uy ; and in the dark state Uy, -

H,
o+ n(?»)d)rh]_[no n n(k)d)re p2
UH,[[ _ h le %
U 2
Hd po+n(xl)€[)rh]+[no +n(%)®r8]b
h e
2
(o tmb) d o
Py —neb” @

By substituting the representative parameters of the
CdS single crystal employed in the planar Hall sensor
developed in this study:

P2o=102m>3; n=10"¥m>3; n=0.8; a=1.5-10"m!;
1,=107s;1,=108s; b=5;d=0.5-10m;
©=10""m2-s7;/,=5.8:10°m; /,=1.1-10°m.

The resulting theoretical ratio of the Hall voltage under
illumination to that in the dark state is Uy ;;,/Uy ,=1.893.

The modeling results presented in Fig. 3 indicate that
the increase in Hall voltage as external irradiation is not
linear and exhibits a pronounced maximum. This behavior
indicates the existence of an optimal combination of the
active-layer thickness and photon flux at which the
photogeneration of electrons and holes provides the largest
increase in Hall voltage. At higher flux levels, the effect
diminishes due to recombination processes. Hence, the
model enables prediction of the limits of effective sensor
operation and helps to avoid regimes of oversaturation
and unnecessary energy consumption. The ratio
Uy 1 /Uy 4 increases as o decreases and at low values
of ®, however, with further increases in @ it decreases, as
shown in Fig. 3. The maximum is reached when ® attains
a certain low value and a=0.2 mm~'. Nevertheless,
the active semiconductor layer is formed as a result of

Fig. 3. Ratio of the Hall voltage under illumination to that in

the dark state for CdS (a maximum value of 20 is achieved

at an effective thickness of 0.2 mm, formed by a photon flux
intensity of 2.6:10'7 m2-s71)

irradiation, and its thickness depends on the photon flux,
quantum efficiency, irradiation wavelength, and angle of
incidence at the surface.

Influence of Noise and Modeling Errors
on the Calculation of the Hall Voltage

The mathematical model presented in this work
accounts for charge carrier photogeneration and is
based on the classical expression for the Hall voltage,
with variations in charge carrier concentration included.
To ensure the linearity of the model, the excess carrier
concentration An must be much smaller than the baseline
concentration 7, (i.e., An<<n,). Under this condition,
the model remains effectively linear, since small
concentration perturbations do not alter the functional
dependence of the Hall voltage U, on current and
magnetic field. If photogeneration becomes excessively
strong (An=n,, or An>n,), the model begins to exhibit
nonlinear effects, in which case even small variations
in An may induce significant fluctuations in the output
signal [25].

The photon flux ® is one of the key parameters for
controlling the Hall voltage, as high irradiation intensity
may cause carrier saturation and drive the system outside
the linear regime. At high quantum efficiency n(A)
even small change in irradiation intensity can result
in a significant increase in the electron concentration
An. The carrier lifetime t, which depends on crystal
quality, also affects the Hall voltage: a short lifetime
leads to rapid recombination and reduces the influence
of photogeneration, whereas a long lifetime enhances
the effect [26]. All parameters must be chosen to ensure
that the model operates within the linear range, where
the assumption An <<n remains valid.

For the CdS/CdSe systems study [27] reports infrared
quenching (IR quenching) of the photo-Hall effect in
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doped CdS:Cu/ZnS:Cu, materials, variations in carrier
mobility as a function of photoelectron density in CdSe, as
well as photoconductivity mechanisms in polycrystalline
CdS involving trap states. These results directly confirm
the influence of An(®,)), T and defects on the formation
of the Hall voltage and the sensor sensitivity.

Thermal noise (also known as Johnson—Nyquist
noise) is an inherent characteristic of any electrical
system. It is defined as

v, =~J4kzTRAS |

where kg is Boltzmann constant;
T is absolute temperature;
R is resistance;
Af'is measurement bandwidth.

In the context of Hall sensors, thermal noise can
influence both the measurement of the Hall output voltage
and the overall system stability. If the noise level exceeds
the signal variation induced by photogeneration, device
sensitivity decreases. Therefore, appropriate design
measures (e.g., low noise amplifiers and bandwidth
optimization) must be implemented to mitigate the
influence of thermal noise on measurements [28].

Defects and inhomogeneities in the crystal can lead
to the formation of localized carrier traps, which may
reduce the effective carrier lifetime t and the value of
An. In certain regions of the crystal, the local carrier
concentration may differ from the average value n,
resulting in a nonuniform response to irradiation.
Furthermore, defects can introduce additional sources of
flicker noise (1/f noise), thereby reducing measurement
stability [29].

Experimental Investigation of the Developed Planar
Hall Sensor

To eliminate thermoelectric EMF and minimize the
influence of temperature-dependent carrier mobility, all
Hall voltage measurements were performed at a constant
temperature. The sample temperature was maintained at
297 K with an allowable deviation of no more than £2 K.
This made it possible to minimize the influence of pu(7)
and n(T) and to isolate the contribution of the internal
photoelectric effect to the formation of the Hall voltage.

The results of the experimental investigation of the
developed planar Hall sensor with a photosensitive
active region are presented in Fig. 4. They confirm the
theoretically substantiated increase in the Hall voltage
under external irradiation. The measurement results
show that the model describes the variation of the Hall
voltage as a function of sensor parameters, irradiation,
and external magnetic field with an error not exceeding
5% for currents above 40 mA. At low currents (<40 mA),
a markedly larger Hall voltage is observed, arising from
noise factors, charge accumulation in the diffusion
capacitance of the crystal, carrier injection and drift

U,V
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Fig. 4. Experimental (symbols) and theoretical (/ines)
dependences of the Hall voltage on current for CdS, obtained
without irradiation (/) and with irradiation (2)

associated with edge effects, as well as the motion
of photoelectrons in the near-surface region of the
crystal, where resistivity decreases sharply. Under these
conditions, pronounced nonlinear small-signal effects
become evident.

The experimental results demonstrate an approximately
2.8-fold increase in the Hall sensor sensitivity to the
magnetic field at a current of 10 mA, which significantly
exceeds the prediction of the mathematical model and
warrants further investigation.

Conclusions

The developed mathematical model of a planar
Hall sensor enables both qualitative and quantitative
evaluation of the influence of photoelectron generation
on the Hall voltage in CdS-based structures. A universal
approach is proposed for enhancing of magnetic
field measurement sensitivity using energy-efficient
photosensitive Hall sensors with low power consumption.

Experimental investigations confirmed the nearly
twofold increase in the Hall voltage under irradiation of
the CdS crystal predicted by the mathematical model,
demonstrating good agreement between theory and
experiment. The proposed planar sensor architecture
opens the possibility of employing photosensitive
Hall sensors in high-precision and energy-efficient
measurement systems.

The mathematical model indicates that, for Hall
sensors with a photosensitive active region, materials
with a maximal difference between electron and hole
mobilities should be selected, along with a peak spectral
sensitivity in the optical or ultraviolet region to minimize
the thickness of the active layer.

The next stage of research will extend the model
to describe the dynamic characteristics of the sensor
under modulated light intensity conditions, as well as
accounting for the effects of temperature and crystal
structure defects in low-power operating regimes, i.e.,
developing a small-signal model of the planar Hall sensor.
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HA OCHOBI CdS

PO3POBKA MATEMATUYHOI MOJIEJII ®OTOYY TJIMBOI'O CEHCOPA XOJIJIA

Bixmop CEPITHYYK, Ocman OJITHHUK

VYkpaina, M. Kuis, KIII imeni Irops Cikopcbkoro
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3anpononosano mamemamuuny mMooens Gomouymiugoco cencopa Xouna eucomoeneHo2o Ha ochogi monoxpucmany Cds,
6 SAKOMY GUKOPUCHIOBYEMbCSL 6HYMPIwHIU (homoedexm. Mamemamuuna Mooens onucye 3miny KOHYeHmpayii ma pyxaueocmi
HOCII8 3aps10i6 nid Ji€l0 ONPOMIHEHHS Ul 00380/5€ OYIHUMU NPUPICT YYMIAUBOCT CEHCOPA 00 MACHIMHO20 NOS 3A605IKU 3MIHI
napamempie mamepiany cencopa. Teopemuuno 6CmanHo8IeHO | NIOMEEPOICEHO eKCHEPUMEHMANLHO, WO NPU 306HIUHLOMY
onpominenHi akmueHoi obnacmi cemcopa Hanpyea Xoana 36inbutyemuvcsi 080Kkpamuo. Pospoonenuti nioxio mooce o6ymu
BUKOPUCMAHULL ONSL ONMUMI3AYIT NIAHAPHUX CEHCOPI8 y cucmemax, siki nompebyloms 6UCOKOI MOYHOCTI, YYMAUBOCMI Md
eHepeoepekmugHocmi.

Kouosi cnosa: epexm Xonna, pomouymausuii cencop Xonna, CdS, mamemamuure MoOen08ants, nianapruil cencop Xoua.
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BUSIBHUK HECUHXPOHHOI IMIIVJIbCHOI 3ABAJIU
B YMOBAX AJUTUBHOI CYMILII HEKOPEJILOBAHOI
TA JUCKPETHOI 3A JAJIBHICTIO KOPEJIbLOBAHOI
TAYCOBUX 3ABA/J]

3anpononosano arcopumm UAGNEHHs IMIYIbCHUX HECUHXPOHHUX 3A8A0 05 padiocucmem SuryHeHHs ingopmayii, wo @yHk-
YIOHYIOMb 8 YMOBAX CKILAOHOT 3a6a00601 06cmarnosku. Y cepedosuwi Matlab/Simulink cghopmosaro cmpykmypuy cxemy i npo-
68€0eH0 MOOENIOBAHHS PO3POONEHO20 ANOPUMMY 8 YMOBAX AOUTNUSHOT CYMILUL HEKOPENbOBAHOT MA OUCKPEMHOI 3a OaNbHICTNIO
KOpenbosanoi 2aycosux 3a6ao. JocniodcenHs niomeepounu npaye30amuicms po3pooneno2o aieopummy 3a HaseHoCmi ooMme-
JICEHb HA OUHAMIYHULL 0iana3on NPUIMAIbHO20 MPAKmy padiomexHiyHoi cucmemu.

Kntouosi crosa: ancopumm 6uasieHHs, iMnyIbCHA 3a8a0d, OUHAMINHUL 0IANa30H, CYyMill KOpenbo8aHoi ma HeKopenbosa-

Hol 3a6a0.

OxHi€r0 3 OCHOBHUX BUMOT, IO BUCYBAOTHCS 10
ICHYIOUHMX Ta MPOEKTOBAHUX OararoyHKITIOHATHHUX
paniorexniunux cucrem (PTC), € Bucoka ixHs 3aBa-
JIO3aXUIIEHICTh B yMOBaX CKIIAJHOI, MiHJIMBOI Ta ampi-
OopHO HeBizomoi 3aBajzoBoi obcranoBku [1], [2], [3].
ITinBumiennus 3aBamocrtiiikocti PTC 1 BHocKoOHaIEHHS
3ac00iB pagioeIeKTPOHHOI 6OPOTHOH BHMAararTh poO3-
poOseHHS e()eKTHBHUX CHCTEM 3aBa/I03aXUCTy 3 BUCO-
KOIO iH()OPMATHBHICTIO, 3AATHHUX MPALIOBAaTH B yMOBaX
BIUTMBY KOMIUIEKCY pi3HOpPiAHHX 3aBax. Ilpm npomy
Yyepe3 BUCOKY TeXHIUHY CKIIaTHICTh PilICHHS, SKi pea-
T3YI0Th CKJIaJIHI QIalITHBHI ONTHMaJIbHI 0araToBUMIipHi
anroputmu [4], [5], [6], HE MOXKYTh BUKOPHUCTOBYBATHUCS
B MOOUTBHUX PaJioNoKaToOpax, M SKUX O1LTBII IPOCTI
i ZONTUMAIBHI AITOPUTMH BUSIBICHHS € IPUBAOIUBIM
TEXHIYHHM Ta EKOHOMIYHHM BHPIIIEHHSM IIi€i mpooie-
Mu. Po3po0ieHHs TakuX aqropuTMiB BUMAra€e BBEICHHS
MEBHUX OOMEKEeHb (IOMYIICHB ), 10 HAKIaAI0ThCsI 1 Ha
CTPYKTYpPY CHCTEMH, 1 Ha MOJIENII CUTHAJTY Ta 3aBal, SAKi
BXOJISITH 10 KOMILIICKCY.

IlocTanoBKa 3aBOaHHA
Mooeni 3a6a0, npuiinami ¢ pobomi

Bci icHyroui Buau 3aBaj, mo Airoth Ha PTC, 3 mare-
MaTHYHOI TOYKH 30pYy Ta XapaKTepy BIUTUBY Ha CHCTEMY
3aBaJI03aXUCTy MO)KHA YMOBHO MPEJICTABUTH Y BHIVISI
TPHOX KOMIIOHEHTIB: KOPEIbOBAHOT 1), HEKOPEIbOBAHOT
Y; Ta iMIyJIbCHOI 6, 3aBa. TOOTO Ha NPAKTHL CHCTEMa
MiJJa€ThCs BILIMBY KOMIUIEKCY 3aBai: §.=m.+y,+9,
Po3misHEMO KOXHY 3 HUX.

Kopenvosana 3asaoa. Ilopsa 3 TaCHBHUMU 3aBaJIaMH,
SIKI € pe3yIbTaToOM BiIOMTTS 30HyBaJILHOTO CUTHAITY
BiJI iICTUJIAIOYHX TOBEPXOHB (3€MHOT Ta BOJHOT), PO-
TSOKHUX METEOYTBOPEHb (IOIII, CHIT, Ipaj, TYMaH), € II1e
0araro JpKkepelT KOpelbOBaHHX 3aBa/l IK IPUPOTHOTO, TaK
1 IITYYHOTO TIOXOKeHHs [ 7], [8]. BIuiB nmacuBHUX 3aBa

MPOSIBISIETHCS y MIPUAYIICHHI Ta MACKyBaHHI KOPUCHUX
CUTHAJIB, OCOOJIMBO NMPH BUSBICHHI MaJOpPO3MipHHUX
1iJIel Ha HU3bKil BUCOTI. [HTEHCUBHICTHh KOPEThOBaHUX
3aBaj, SIK IPAaBUJIO, ICTOTHO NIEPEBUIILY€ PiBEHb BIACHUX
[IyMiB MpHUiiMava Ta CUTHATY BiJl 1L, IO YCKJIATHIOE
pamioyoKalliifHe CIIOCTEPEKEHHs, a iHO/II POOUTH HOTO
B3araji HEeMOXKJIMBHM.

BinnoBinHO 10 HEHTpPaIbHOI TPAHWYHOI TCOPEMH,
32 YMOBH OJIHOPIJTHOCTI CTATHCTUYHUX XapaKTEPUCTUK
3aBaJiM B MEXax aHaJIi30BaHOTO YaCOBOTO CTPOOY JOITy-
CTUMHM € OIIHC KOPEJIHbOBAaHOI 3aBajl HOPMAJIBHOIO
IIUTBHICTIO PO3IOILUTY HMOBIPHOCTEH 3 KOBapiamiiHOO
MaTpPHIICIO BK 3 eJIEMEHTaMU

by = ogry explj(i—k)oy|, (1)

Jle Gx — TOTYKHICTh KOPeTbOBaHOT 3aBaIH;

7, — Koe(DIiliEHTH MIKIIEPIOAHOT KOPEIALIT;

ik
Qg — JOIUIEPIBChKil 3CyB (asu 3aBaau 3a I1€Pioj] MOBTO-
pennst T, ¢ = 2nf ;

‘]‘}'1 — JIOIUIEPiBChKa YacTOTa 3aBa/IH.

Hexopenvosana 3aéada MiCTUTh BHYTPIIIHI ITyMH
npuiiMava i aKTHBHI CTalliOHAPHI 3aropo/DKyBalIbHI 3a-
Baju. 11i 3aBakarodi BILTUBH, 110 IIPORIIITH YePe3 By3bKO-
CMYTOBI (DUIBTPH, OITUCYIOTHCS HOPMAJIBHOFO MIUTHHICTIO
PO3IOALTY HIMOBIPHOCTEH 3 MIXKITEPIOAHUM KOeDillieHTOM
KOpeTsiii, Ommu3bkuM J10 Hyist. OTke, 1715 3a]1a4 MiKIepi-
0JTHOT 0OPOOKY CHTHAITIB HEKOPEIILOBAaHY 3aBajIy MOKHA
OIMHUCATH HOPMAIBHOIO IIIJIBHICTIO PO3MOAUTY WMOBIp-
HOCTEH 3 J1arOHAJBHOI0 KOBapiaIlifHO MaTPHIICO

By =oql,

)

Jie O}, — TOTYXHICTh HEKOPEIbOBaHOI 3aBa/IH;

| — onuHUYHA MaTpHLS.
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Iunynvcua 3a6ada. BeaxxatnmeMo, 0 HECUHXPOHHA
IMITyJIbCHA 3aBaJia € BiApi3KaMM BUIIAJIKOBOTO MPOLECY
3 JOBIJTBHOIO BHUIIAJIKOBOIO TPHUBATICTIO T4 XaOTUYHUM
nepioloM NoBTOpeHHA. [IpubIM3HO ii MOKHA ONHUCATH
HOPMAJIBHOIO ILIiTBHICTIO PO3MOALTY HMOBipHOCTEH 3
KOBapialiiHOw Marpuuero B,. Jlns BEKTOpa BXiJHOTO
npouecy X, V-THH €JIEMEHT SIKOTO MICTHTh IMITYJIbCHY
3aBajly, KoBapialliiHa MaTpHUIls Ma€ BUTIIS]T

2 *
B, =ojee

VTV o

©)

2 L .
A€ O — oty HiCTh IMITyIECHOT 3aBajIK;

e, — N-MipHUii BEKTOP 3 V-TUM €JIEMEHTOM, 11O J0piB-
HIOE€ OJIMHMUILI.

TakuMm 4WHOM, KOBapialiiiHa MaTpuisl KOMOiHOBa-
HOI 3aBajJy Ile CyMa KOBapialliiHUX MaTpHIb OKPEMUX
CKJIaJIOBUX:

B,=B+B,+B,. 4
Cmpykmypa 8UsAGHUKA CUSHATLY 8 YMOBAX PI3HOPIOHOT
KOoMOIiH08aHOT 3a8a0U

3a yMOBH, IO 3aBajiH, AKi BXOIATH 10 KOMILIEKCY,
OMHCYIOTHCSI TAYCOBUMH MOJIENIIMU, ONTHUMAaJIbHUHN 3a
KpUTEpiEM MaKCHUMyMY BIJIHOLIEHHS CHUTHAJI/3aBajaa
AJTOPUTM BUSIBICHHS CHUTHAIy MOTpeOye oOurCiIeHHS
JIOCTaTHBOI CTATUCTUKH BUTTISILY [9]

* -1
=X B;'S, (5)
ne X — N-MipHUH BeKTOp BHOIPKOBHX BIJUIIKIB BXiIHOTO
nporecy;

B, — xoBapianilina MaTpuLs KOMOIHOBaHOI 3aBaIH;
S — BEKTOp KOPHUCHOTO CUTHAIY;

* — 3HAK KOMIUIEKCHOTO CIIPSDKEHHS TA TPAHCIIOHYBAHHS.

3acToCyBaHHS ONTUMATIBHUX ANTOPUTMIB BUSBICHHS
CUTHAITy Ha TJIi KOMIUIEKCY 3aBaj IPH BUPIIICHHI KOH-
KPETHUX PaIioNIOKALIHIX 3aBIaHb YCKIaTHIOEThCS K
HEMOXJIMBICTIO JOCTaTHBO OOIPYHTOBAHOTO 3aBIAHHS
HMOBIPHICHUX 1 HaBITh CHEKTPAIbHO-KOPEIAIiHHUX
XapaKTepUCTHK CUTHANY 1 KOMOiHOBaHO1 3aBaju, TaK i
BHMOTaMH JI0 pealti3allii airopuTMiB y peaJbHOMY Mac-
mrTabi yacy 3a yMOBH 30epeKeHHS IXHBOI CTIHKOCTI 10
aCUMIITOTUYHO ONTHUMAaJbHUX pimeHb. 100 nmomonatu
anpiopHy HEBU3HAYEHICTh, 3aCTOCOBYEThCS aAalI TUBHUN
OaiieciBcpkuit miaxin [12], skuit mepenbavae ontumiza-
Li}0 aNrOpUTMiB 0OOPOOKH 3aJI€KHO BiJ MapaMeTpiB 3a-
BaJIM Ta 3aMiHy HEBIIOMHUX MapaMeTPiB IX CIPOMOKHUMHU
OLIIHKaMH, 110 MPU3BOAMUTH 10 MOOYAOBU aJanTUBHUX
aJTOPUTMIB Ta CUCTEM 00poOku. Y Bupasi (5) 1e 3Bo-
JIMTKCS JI0 3aMIHU KOBapialiifHoi MaTpwuili 3aBaau 33 it
OLIIHKOIO MaKCHMAJIBHOI IPaBIOMOIIOHOCTI.

VY pasi ckIagHOI MIHJIUBOI 3aBaJloBOi OOCTaHOBKH,
30KpemMa il MOTY>KHOI IMITYJIbCHOT 3aBajy Ha T/ aJIu-
TUBHOI CYMIIIli TUCKPETHOI 32 AaJbHICTIO KOPEIbOBaHOL
Ta HECTalllOHAPHOI HEKOPEThOBAaHOI 3aBaji, BUOIpKOBA
KOpeJALiiHa MaTpULIA KOMIUIEKCHOT 3aBaii MOXKE CTaTH

MOraHO 00yMOBIIEHOIO, A AITOPUTMH IIBUIKOTO 3BEPHEH-
Hs1 MaTpuui [7], [13] — BuIaTé CHHTYNAPHI PIllICHHS.
I1e HeraTuBHO MO3HAYAETHCSI HA POOOTI paIiosIoKaIiiHOT
CHCTEMH B LIJIOMY: 3HAUHO 3HWXKY€ETHCS CITiBBIAHOIICHHS
CUTHAJI/IIIYM, 3’ SIBJISIFOTHCS 3aBaJH Y BUIVISIII TIOMMIIKO-
BUX MOTYKHUX BUKH/iB CUTHAIy TOIIO.

VY [14] nmoka3zaHo, 1O 3 ypaxyBaHHSIM ampiopHOi
iHopMaIlii mox0 Pi3HOPITHOTO XapaKTepy 3aBaJHUX
BIUIMBIB KOBapialliifHy MaTpHIl0 KOMOIHOBAaHOI 3aBau
MOXKHA TIOJIaTH SIK

By = (6)

Toni mpouieaypa BUABICHHS KOPUCHOTO CUTHATY (5)
3aMUIIETHCS Y BUNNIS QITOPUTMY 3 TIOYEPTOBOIO KOM-
MEHCAIIEI0 IMITYJIBLCHOT, KOPEIbOBAHOT 1| HEKOPEIHOBAHOT
3aBal, K1 BXOJSITh 10 KOMIUIEKCY

-1 _
(Be +By) " B, +1} (BB +1] By

r=x (e B ] (BB 1] B s )

VY [15] noka3aHo, 1o ontuMmanbHa npoueaypa (7)
3BOJUTHCS IO IIOCIIIOBHOI OINTUMAILHOI KOMIIEHCAIil
KOXHOI 3 “HeOinux” 3aBaj — CHEpIy IMIIyJIbCHOI, a
MOTiM KOPEIbOBAHOI — 3a KpUTEpieM MiHimizamii cepen-
HboKBaAparnyHoro BinxmieHHs (CKB), i3 momanpiior
Y3TOJIKEHOI0 00pOOKOI0 B yMOBax “Oinux’ mrymis. [Ipu
soMy ontuManbHui 32 CKB komneHcarop iMImyascHOL
3aBaJil Ma€ 3aMiHIOBATH ypa)KeHUH IMIYJIBCHOIO 3aBa-
noto (I3) enemeHT BHOiIpKH BXiTHOTO IpOLIECY 3BaXKe-
HOIO CyMOIO 3Ha4yeHb X *, mo He micTaTh [3. [Toganemn
NepeTBOpeHHs 3TiAHO 3 (7) 3BOAATHCA 0 MOCHTiJOBHOTO
BHUKOHAHHS omepariif ontumansHoro 3a CKB pexek-
TyBaHHs KopenboBaHoi 3aBagu (K3) ta xorepeHTHOrO
HaKOIMMYCHHS.

Ha nouarkoBomy eTarti 60poTs0H 3 KOMOIHOBAaHOIO 3a-
BaJIOFO [T KOMITEHCALl1 IMITYTbCHOT CKJIaI0BOT aJITOPUTM
(7) nepenbauae HasBHICTH ampiopHOi iHpOpMAIi Ipo
HOMEp eJIEMEHTa BEKTOpa BXiTHOTO MPOIECY Ta HOMEP
€JIEMEHTA I03BOJTY 32 JAJBHICTIO, SIKi yPaXKeHi IMITYIIbC-
HOIO 3aBafioro. OHAK Ha IIPAKTHII Taka iHpopMais, K
MPaBHJIO, BiICYTHS, IO 3yMOBIIIOE HEOOXiAHICTH i1 BU-
3HAUCHHS IUIIXOM BUSIBICHHSA 13 Ha T cymimi iHIINX
THUIIIB 3aBaj.

Aneopummu 8us61eHHA HECUHXPOHHOI IMNYIbCHOT
3a68a0uU Ha Mii CyMili 2aycosux 3a6a0

3aBnaHHS BUSBICHHS IMITYJIbCHOI 3aBagll B YMOBaxX
aJIUTUBHOI CYMIIlli CTalliOHAPHUX HEKOPEIbOBAHUX Ta
KOpPEIhOBAHUX TayCOBHX 3aBajl BiIOMOI MOTYXHOCTI
BHPIIIYETHCS MOPIBHIHO MPOCTO [2]. YV IbOMY BHITAIKY
aNTOpUTM BUABICHHA 13 MOXHa MOOyAyBaTd, Hampu-
KJIaJI, HA OCHOBI TECTY BiIHOIICHHS MPABOMOIIOHOCTI.
3acTocyBaHHS TaKOTO TECTY 3 YPaxXyBaHHIM CIIPOMOXK-
HUX OI[IHOK HEBIJJOMHUX MapaMeTpiB JI03BOJISE CHOpMY-
JIFOBATH IPABHIIO MPUHHATTS PIIIEHHS MO0 HASTBHOCTI/
BiJICYTHOCTI IMITYJTbCHOT 3aBaJ1 B k-My €JIEMEHTI BUOIPKH
BXIJTHOTO TIpOIIeCy:
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m—1
2 2,
X[ >c> x|, i=k, 8)
i=1
ne C — xoeillieHT, o 00YUCITIOETHCS 3aJIeKHO BiJT 3a-
JIAaHOT KMOBIPHOCTI ITOMMJTIKOBOT TPUBOTH BHUSBICHHS 3.

B pesynerari Bes nporieaypa BUSBICHHS IMITyTbCHOT
3aBaJid Ha TJi CTalliOHApHOI 3aBaau HEBiJOMOI TO-
TY>KHOCTI 3BOJUTHCA /10 MOPIBHSHHS KBaIpara MOIYJIs
aHATI30BAaHOTO €JIeMEHTa 3 CyMOIO KBaJpaTiB MOJIYJIiB
IHIIIAX €JIEMEHTIB, SIKI HE MICTATh IMITYJIbCHOI 3aBajH,
TIOMHOKE€HOI0 Ha KOHCTaHTy. OJHAaK el anropuTMm
BTpadae e(h)eKTUBHICTH Y BUITAJKaX 3MiHHOI IIOTY>XHOCTI
HECTaIliOHAPHOT 3aBaJ1, OCKUIBKHU Oy/b-sIKe pi3Ke KOJNHU-
BaHHS PiBHS HETIEPEPBHOI 3aBa/IU (SIK KOPEJIbOBAHO1, TaK
i HEKOpPENBOBaHO1) MOXe OyTH XHOHO IHTEPIPETOBAHE
SIK IMITyJIbCHA 3aBajia. YHACIIOK I[bOTO TaKi €JIeMEHTH
BHKITIOYAIOTHLCS 3 TIOJAITBIIIOTO MPOIIECy BHUSABICHHS KO-
PHUCHOTO CHTHAITY, IO TIPU3BOMIUTH IO BTPATH KOPHCHOT
iH(pOopMarii.

s minBuiieHHs e(peKTUBHOCTI BUSBJICHHS IMITYJIbC-
HUX 3aBaj Ha T aAUTHBHOI CyMIillli HEKOPEThOBAHOL
Ta ITUCKPETHOI MO JaJbHOCTI KOPEIhOBAHOI 3aBalli B
[16] B yMOBax BiICYTHOCTI OOMEXEHb HA TUHAMIYHHIMA

nianasoH npuitMansHOro Tpakty PTC po3pobneno npu-
CTpiii, CTPyKTypHa CXeMa SIKOTO IIpeACTaBIeHa Ha puc. 1.
3anam’stoByBanbHi Ipuctpoi 311, 311, npusnaueni pis
30epiranHs iH(opMarlii, BiIoBiAHO, Ha nepiox 7 OBTO-
PEHHS 30HIYBJIBHOTO CUTHAY Ta HA 7 TPUBAJIOCTEH T
3oHAyBanbHOro curHany. bioku BI3C1, BI3C2, BI3K —
BUSIBHUKH IMITySIbCHOT 3aBa i (BI3) Ha T1i cTaionapHOi
3aBaJid B k-My €JIEMEHTIi J03BOJIY 3a JaNbHICTIO, IO
peatizyloTh pi3Hi MIX0OU IO aHalizy JaHUX Yy MeXax
OZHOTO a00 KiJTBKOX MEPiofiB MOBTOPEHHS.

BI3CI1 mpairtoe 3a MmeTooM 0ararb0X KOHTPACTIB,
BUKOPHCTOBYE JIaHi j-TO IIEPi0y IOBTOPEHHS, A PiIlICHHS
IIOJI0 HasBHOCTI I3 mpuiiMaeThes, SIKIO BUKOHYETHCS
xo4a 0 OjlHa 3 TAKUX YMOB:

2 2 2 2
C|Xk,j| _|Xk+1,j| > O;C|Xk,j| _|Xk+2,j| >0; ...

2 2
ClX| =X >0, ©)
ne ij, X o Xk+(l117])l.— BUOIpKOBI 3HAYECHHS BXIJHOTO

npouecy B k, k+1,..., k+(m—1) enemenTax n03Bony 3a
JATIbHICTIO j-TO MEepiofly HOBTOPEHHS;

C — Kkoe(illi€eHT, 10 BUOMPAETHCSA 3 YMOBU 3a0e3eucHHs
3aJ1aHOT KIMOBIPHOCTI TIOMHUJIKOBOI TPUBOTH.

3nT

v

! BI3C1| | BI3K |
BXIO : KA » 3Nt 3 E : » min M K i
| b Y 1 i
E x v v v v AT E i . i
| K K |se « o K i tLpimax —»f Ar |
| ! 7 | R ——
i ABO1 ;
i Pl
Y il > i M go |_EXA
l » I
HE
N iﬂ""""""gg&"{
; ABO: ;
i $ t t i
E K K .. K i
: 3 h 3 :
: t i Pt Al
[ 1
ik [ 3 .
i i

Puc. 1. CtpykTypHa cxemMa BUSBHUKA IMITYJIbCHUX 3aBa]] 0e3 0OMeXeHb Ha AMHAMIUHUI Jiana3oH [16]:

BI3C1, BI3C2, BI3K — 6noku BusiBIeHHs iMmynbeHoi 3aBanu; K — xommaparop; 311, 311, — 3amam’aToByBaNbHI MPUCTPOT;
K/l — xBamparnynuii nerekrop; At — arentoarop; I, AbO, HE — BinnoBiaHi JIOTi4HI CTIOMyYEeHHS
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CHUCTEMMH IIEPEJAYI TA OBPOBKH CUTHAJIIB

Brnox BI3C2 ananoriunuii BI3C1, BukopuctoBye qaHi
(j—1)-ro mepiony i, BiIIOBiHO, YMOBH JJISl IPHUHATTS
pillICHHS PO HasABHICTH I3 Taki:

2

2 2 2
ClX | =X o] >0 x| =X > 00 s

2 2
C|Xk,j71| _|Xk+(mfl),j71| >0; (10)
e Xk,H, Xk+l,j—1""’ Xk+(m—1),j—1 — Te XK caMe, o 1 y

(9), nna (j—1)-ro nepiogy MOBTOPEHHS.

biiok BI3K mpuitmae pimeHHsS 3a pe3yiabTaTaMH
aHam3y iHopmarii B j-my Ta (j—1)-My mepiomax mo-
BTOPEHHS, PeaTi3yI0qH alTOPUTM

2
Xk,j71| }_

2
'Xm4|}>a

2

B

C-max{|Xk’j

; an

, 2
—min {|Xk,j

ne max{a; b}, min{a; b} — BiINOBITHO, MAKCUMaJIbHE
Ta MIHIMaJIbHE 3 BEJIMYUH ¢ Ta b 3HAUCHHS;

3 MeToro nepeBipku e(hEeKTHBHOCTI 3aITPONIOHOBAHOTO
MPUCTPOIO B TIOPIBHAHHI 3 IPUCTPOEM, MTPEICTABICHAM
y [16], Oymo TpoBeIeHO KOMIT FOTEpHE MOJICIIIOBAHHS
3a YMOB BIJICYTHOCTI OOMEXCHb Ha JHMHAMIUYHUH mia-
na3oH npuiiMansHoro TpakTy PTC. Posrmsimamocs 200
€JIEMEHTIB JI0O3BOJIy IO JAllbHOCTI y JIBOX Tepiomax
MMOBTOPEHHSA. Y KOXHOMY 3 IIUX C€JIEMEHTIB Jisiia He-
KOpEJIbOBaHa 3aBajia 3 TayCOBOIO MIUTBLHICTIO PO3TIONLTY
WMoBipHOCTEH, a B exemenTax 3 20 mo 70 ta 3 120 no
150 — aguTHBHA CyMIII HEKOPEJIbOBAHOI 1 KOPEIhO-
BaHO{ 3aBaJl TAKOXK 3 TayCOBOIO IMIJTBHICTIO PO3MONLTY
WMOBIpHOCTEW 1 MOIYJIEM KOMITJIEKCHOTO KoedillieHTa
kopensii p=0,99. EnemenTtu no3sony 5,45, 65,117, 148
MIEPIIOTO MEPioy TOBTOPESHHS BpaXkakCsl IMITYJILCHOIO
3aBaJI0K0 3 BIIHOMICHHSIM TOTY>KHOCTEH IMITYJIbCHOT Ta
HEKOPEIbOBAHOI 3aBal Ay = 0? /o= 80 nb. Otpumani
Ppe3yABTaTH MOAETIOBAHHS TIOKA3aJIH, IO IIPH BiTHOIICH-
Hi TIOTY>KHOCTEH KOPEJIbOBaHOT 1 HEKOPEITbOBAHOI 3aBaJI
My =0 /o4 =40 b Ta posmipi “Bikna” m= 10 BigHOCHA
9acTOTa IIOMUJIKOBOTO BHSIBICHHS JUISI TPOTIOHOBAHOTO
MIPUCTPOIO JIOPIBHIOBAJIA HYJIO (CIIOCTEPEKESHHS MPO-
Boamnrcsa 3a 200 cTaTUCTUYHO HE3aJCKHUMH BUIIPO-
OyBaHHSMHU).

Y MOOIBHHX paioNoKaTopax, IUis SKUX CKIaIHICTh
TEXHIYHOT peaizallii Ta eKOHOMIYHI TOKa3HUKH MaroTh
CYTTEBE 3HAYCHHS, TOBOJUTHCS 0OMEKyBaTH IIHAMITHHN
Jiara3oH npuiManbHOro Tpakty PTC, BUKOpHCTOBYOUYH
MIpH IFOMY HEJIIHIIHI Ta HII METOI1 0OPOOKH CUTHAIIIB
B YMOBAaX IOTY>KHHUX IMITyJTbCHIX Ta KOPETOBAaHHUX 3a-
Baj. HaiimpocTimum i 1y:ke epeKTHBHUM € aMILTITyIHE
oOMesxeHHsI. 3a3BU4ail piBeHb 0OMEKESHHS BUOMPAETHCS
MEHIIINM 32 CepeIHbOKBAIPaTHIHE 3HAUCHHS aTUTHBHOI
CyMIII 3aBaji, i B TAKHX yMOBaxX PiBHI IMITyJILCHOI Ta

KOPEThOBAHO] 3aBaj] Ha BXO1 NMPUHMAIEHOTO IPUCTPOIO
PTC Binpi3HsrOTECS HECYTTEBO. JlJIsl TAKMX CHCTEM 00-
POOKH CHUTHAIIIB HMOBIPHICTh TOMIJIKOBOTO BHSBICHHS
I3 B 6nokax BI3C1 Ta BI3C2 cxemu Ha puc. 1 Henpu-
MyCTHMO BEJIHKA.

Meroro 11i€i pob6oTu Oyi10 MiABUIIEHHS €PEeKTUBHOCTI
BUSIBJIICHHS IMITYJIbCHOI 3aBaJld B yMOBaX aJUTHUBHOL
CyMiIlll HEKOPEIbOBAaHOI Ta MOTYXHOI AUCKPETHOI 3a
JIATTBHICTIO KOPENTbOBAHO1 3aBajI 32 HASBHOCTI OOMEXKEHb
Ha IWHAMIYHUH Niana3oH npuitmansHoro Tpakty PTC.

Jlnst nocsirHeHHS MeTH 0yii0 po3po0JICHO alnropuT™
BHSBJIEHHA iMmynbcHOI 3aBaau ans PTC, mo moxe
eexTuBHO (YHKI[IOHYBATH B yMOBax MOCTaBIEHOTO
3aBaaHHs, B cepenosuini Matlab/Simulink cTBopeno
MOJieNli BHSIBHHKA IMIYJIbCHUX 3aBajl Ta MPOBEACHO
MOZETIOBaHHS HOro pobOTH B yMOBaxX aJUTHBHOI CyMi-
Il HEKOPEIhOBAaHOI Ta HECTAI[IOHAPHOI KOPEIhOBAaHOL
rayCOBHX 3aBajl.

AJITOPUTM BHUSIBJIEHHS] HECUHXPOHHOI 13
B YMOBaX 3MillIaHUX rayCOBHX 3aBa/l i 00MeKeHOoro
JAHMHAMIYHOTO Jianma3oHy

B ymMoBax oOMEXEHOTr0 JMHAMIUHOIO Jiana3oHy
npuiiManeHoro Tpakty PTC aMrumiTyaHi BiAMiHHOCTI
MK IMITYJIECHOIO Ta KOPETFOBAHOIO 3aBaIaMH YACTKOBO
HIBEIIOIOTHCS, TOMY ITOAalbla 00poOKka Mae CIIUpaTH-
csl Ha IHII O3HaKW. 30KpeMa, HeCHHXPOHHY [3 MoxxHA
BigpizHuTH Bin K3 3a iHTEepBaIoM Mix IMITyTbcaMu Ta
BIJICYTHICTIO MI>KIIEPIOTHOT KOPEJIALI.

V¥ [14] nokazaHo, 110 3 ypaxyBaHHIM alpiOpHOI iH-
(hopmauii npo pizHOPIAHUN XapaKTep 3aBaAHHUX BILUIMBIB
KOBapialiiiHy MaTpHULII0 KOMOIHOBaHOT 3aBa i BOAHOUAC
3 (6) MOXKHA TIOIATH TAKOX Y BUIVISAL

1 1
_ -1 —1 -1

B, = [(Bl +B,) " By +1] [B:'B,+1] By, (12)

a mpouenypy BUsIBIEHHS (5) KOPUCHOTO CUTHAIY 3allu-

CaT y BUIVISI alTOPUTMY 3 TIOUEPTOBOO KOMITEHCAIIIETO

KOPEeITbOBaHOI, IMITYJIbCHOT Ta HEKOPETHOBAHOT 3aBaJ, Ki

BXOJIATH 10 KOMILJIEKCY

= (BI+BH)”BK+1]71[BI;'BI+1]_IBI;' s. (13)

Tob6to anroputm (13) 3BOAMTHCS O MOCIHIIOBHOT
koMmneHcanii 3a xpurepiem MmiHiMymy CKB crogarky
KOPETbOBAHUX 3aBaJl, MIOTIM iIMITyJIbCHHUX 1 KOTEPEHTHO-
ro Hakomu4ueHHsS. CKOPUCTAEMOCS I[i€I0 MOXKIIHBICTIO
JUIS BU3HAUCHHS HOMEpPA eJIEMEHTa BXiJHOTO IPOILECY,
ypakenoro [3.

Bimomo [2], [3], mo mpocTuMm, aine HOCUTh edek-
TUBHUM TMPUCTPOEM MPHUIYIICHHS KOPEIbOBAHUX 3a-
Baj € mpucTpiit uepesnepionHoi kommencamii (UIIK).
Po3pobumMo anroput™m BUSBICHHS IMITYJIbCHOI 3aBajH,
SIKAM, 3a TpuKJIanoM [17], 101aTKOBO BUKOPUCTOBYE
anaui3 mporieciB Ha Buxofi UITK. Bynemo BBaxkaTw, mo:

— IMIyJIbCHA 3aBaja HA BXO/I Ta BUXO1 MIPUCTPOIO
UIIK po3noaisieHa 3a HOpMaJIbHUM 3aKOHOM, @ MOAYJIb 11
MDKIEepioaHOTo KoedilieHTa Kopessiiii JOPiBHIOE HYIIO;
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CUCTEMH IEPEJAYI TA OBPOBKH CHUI'HAJIIB

— Bpa)XCHHs HECHHXPOHHOI0 [3 ofHOTO 1 TOTO Camo-
O €IIEMEHTA JI03BOITy OIpa3y B ABOX CYCIIHIX Mepiofax
MOBTOPEHHSI Ma€ Mi3epHO Mally IMOBIpHICTB;

— KOopenhoBaHa 3aBasia Ha Bxoxi Ta Buxoni UIIK ta-
KO PO3MOJITIECHA 32 HOPMaJIbHIM 3aKOHOM, Ma€ OJIN3b-
Ky JI0 HyJIsI AOILIEPiBCBKY (hasy, a ii MOTyXHICTh B 3a/1a-
HOMY €JIEMEHTI J03BOJIy HEB1/IoMa Ta KOPEIbOBaHA B Cy-
CiIHIX Mepiofax MOBTOPEHHS.

CTpyKTypHY CXeMy pO3pOOJIEHOTO BUSBHHKA M-
MyJIBCHUX 3aBaJl Ha ()OH1 AUTUBHOI CyMiIIli HEKOPEIBO-
BaHOI Ta AUCKPETHO] 32 JaNIbHICTIO KOPEIbOBAHOI 3aBa U
HaBelleHOo Ha puc. 2 (ne £ — cymarop, BII — BinHimMans-
HUM OpuCTpiil, permra nosHaueHb — sK 1 Ha puc. 1).

Jlo cxeMu Ha puc. 2 BXOAATh YOTHPH BUsBHUKA 13
Ha TJIi CTaIliOHApHOI 3aBaJu B k-My €JIEMEHTI J03BOITY
3a JaJBHICTIO.

BI3C1 BukopucToBye JaHi j-ro nepiogy HOBTOPEHHS
Ta MPALIOE 33 ANTOPUTMOM

2 nl 2
(X[ =] ik (14)
i=1

BI3C2 npamroe 3 ganumu (j—1)-ro mepiomy 3a anro-
pUTMOM

m—1

[ =eS|x [ iz (15)
i=l1

BI3C3 ananizye nani Ha Buxoni cxemu UIIK 3a ain-
TOPUTMOM

2 n-l 2
|Xk,‘{HK| > CZ|X1‘,HHK si=k, (16)
i=1
e Xk,j, X, fj12 Xk}ll‘[K — BUOIPKOBI 3HAYECHHSI BXIiJTHOTO

IpoIiecy B k-My 3 m €JIEMEHTIB TO3BOIY 32 JaJbHICTIO

Yy KOB3HOMY BiKHi Bi/IITOBIIHOTO TIEPiOly Ta HA BUXOJ1
cucremu YIIK.

BI3K npwuiimae pimenss, sk i Ha cxeMi puc. 1, 3a
pe3ynsTaTaMu aHajily iHpopMarlii B j-My Ta (j—1)-my
Iepiofax MOBTOPEHHS 1 Ipaioe 3a anroputMom (13).

KBagpar Moayns BiJuTiKy BXiZIHOTO MPOIECY HAIXO-
nuth 3 K11 Ha Bxig BI3C1, sikuit Bu3Ha4ae HasiBHICTD I3 B
aHaJI30BaHOMY €JIEMEHTI B j-My Iiepiozi moBTopeHHs. Ha
Buxoxi kommnaparopa K1 3’ sBnseTses piBens joriqnoi 1,
SIKIIIO BUKOHYETHCS YMOBa airoputmy (14).

Ha Bxig BI3C2 nani HamxosTh i3 3aTpUMKOIO Ha Yac,
110 TOPIBHIOE TPUBAIOCTI Mepiomy 30HIyBaHHA. TyT Bif-
OyBaeThCsl BUSBIICHHS IMITYJIBCHOI 3aBajy B aHAJIi30Ba-
HOMY eJleMeHTi y (j—1)-ro mepioi, KO BUKOHYETHCS
yMmoBa airoputmy (15) .

Ha Bxin BI3C3 namxonsrs mani 3 Buxony cxemu YIIK.
TyT BinOyBa€eThCS BUSBICHHS IMITYIBCHOT 3aBajI B aHa-
Ti30BaHOMY elieMeHTi Ha Buxofi cxemu UIIK, skio Bu-
KOHYETBCS yMOBa anroputmy (16) .

BI3K BusiBIsie iMnynbsCcHY 3aBa1y IIISIXOM TIOPiBHSH-
HS OIIHKM KoedilieHTa Kopelrsii 3 moporoM. OTliHKa
OOYHCITIOETHCS 32 TBOMA BUOIPKOBHMY 3HAYCHHSAMH, 1110
BiJINIOBIJIAIOTH aHAIII30BAHOMY €JIEMEHTY Y JIBOX CYCil-
HIX mepionax moBropeHHs. Ha fioro Buxomi Oy/e piBeHb
JorivHOT 1, K110 BUKOHYETBCsT yMoBa (11).

[IpencraBuMo JIOTIYHY CTPYKTYpY NPUHHATTS pi-
IICHHS 1010 HAsBHOCTI IMITYJIbCHOT 3aBaJid 332 YMOB
0e3noMmITKOBOT poboTH Beix BI3 cxemu.

Hexait I3 nie y k-My eneMeHTi 103BOIY B j-My (j>2)
TIepioIi MOBTOPEHHS Ha TIi CTaIliIOHAPHUX, Oe3IIepepBHUX
3a nanpHicTio 3aBaj. Tomi Ha Buxomni K1 3’siBUThCS piBeHB
yoriyHo1 1, MO Hamilae 10 BXOAY eleMeHTy «I2», Ha

K4
............................................... Y L_-' .
BI3C1 min K6 . la
. F 3 3
A » KA1 > 3Mat mE BI3K
L - AT1 d
: max—-»{ At
""""""""""" »| ABO1| BMNIQ 1
ki Pt ] -
K2 - »| HE2 ) i
BuxIg 2
_"_l ABO2 >
I3
AT2 |
| » is
K3 >
AT3

Puc. 2. CtpykrypHa cxema BUSIBHUKA IMITYJILCHUX 3aBaJl 32 HASBHOCTI OOMEXEeHb Ha IWHAMIYHUH Jliana30H
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CUCTEMM NEPEJAYI TA OBPOBKHM CHUT'HAJIIB

IOpyTHui BXif skoro yepe3 eneMmeHT «HE2» Tex Hamiiine
piBeHb JioriyHOi 1. B pe3ynbrari Ha BUXOII elleMeHTY
«I2» Oyne piBeHb JIOTIYHOI 1, SIKWiT HAfI#Ie HA ISP
Bxig enementa ABO2, Ha BHXOJi SKOTr0, HE3AJIEKHO
Big pesynsrary pobotu BI3K, 3’sBuThCS curHai, mpo €
03HAKOIO HASIBHOCTI IMITYJIbCHOT 3aBaJIN B k-My €IIEMEHTI
JI03BOITY IO TANBHOCTI j-TO MEPioy IOBTOPECHHS.

Hexaii I3 gie y k-My enemMeHTi 103BOITY 32 JAIbHICTIO
B (j—1)-My mepioni HOBTOpEHHS Ha TJi CTAI[lOHAPHHX,
Oe3nepepBHUX 3a AANBHICTIO 3aBaj. Toxi Ha Buxomi K2
3’SIBUTHCS PIBEHB JIOTIYHOT 1, 0 Hai# e 0 BXOMY elie-
MeHTy «I1», Ha Apyruii BXif sxoro uyepes enement « HE1»
TEXX Hafilifie piBeHb JoriuHoi 1. B pe3ynbrari Ha BUXOI
esneMeHTy «lI1» Oyne piBeHs JoriuHOi 1, sKuit Haxiliae
Ha TpeTii BXix enemeHTa «ABO1», Ha BHXOJI SKOTO,
He3aleXHO Bif pe3ynbrary podotu BI3K, 3’sButhes
CUTHAJI, IO € 03HAKOIO HAsIBHOCTI IMITYJIbCHOT 3aBaJu B
k-My eneMeHTi 03BOJTy 0 AajibHOCTI (j—1)-ro mepiony
MTOBTOPEHHSL.

Hexaii mpoTarom nepexigHoro — Bijl MOTY>KHOT KO-
peNboBaHOI 3aBa Iy A0 HEKOPEIbOBaHOI — MPOIIECY Ha
Buxogax kommnaparopis K1 (BI3C1) ta K2 (BI3C2) 3a
BiJICYTHOCTI IMITYJTECHO] 3aBa{ BCTAHOBIIOIOTECS PiBHI
norigaoi 1. Lli piBHI HATXOAATH BiIOBITHO HA TISPIITHIA
Ta Apyruii (dyepe3 iHBepTOp) BXonu enemeHtiB «I1» ta
«I2», B pe3ysbTari 4oro Ha BUXOJaX LIUX €JIeMEHTIB Qop-
MyIoThcs piBHi Jtoriudoro 0. Ha Buxoni BI3K 6yne piBeHb
norigaoro 0 #, oTxke, piBeHb JOTIYHOTO 0 3’SIBUTHC 1
Ha Buxogi eneMenTa «I3». bepyun mo yBaru Te, mo Ha
MepIIni Ta APYruii BXoau eneMenta «AbOy HagxomaTh
piBHi Joriuroro 0, Ha #10r0 BUXOAI TaKOXK 3 IBUTHCS Pi-
BEHb JIOTT9HOTO (), 1110 € 03HAKOIO BiICYTHOCTI IMITYJIbCHOT
3aBaJii B aHAII30BAHOMY CIIEMEHTI.

[Ipu HasBHOCTI iIMIYNIbCHOT 3aBau B k-My €JIeMEeHT1
JI03BOJIY IO JANBHOCTI B j-My HEpiojii MOBTOPCHHS B
yKa3aHHud nepexigauid nepios Ha Buxozi BI3K 3’ sBuThes
piBeHb JoriyHoi 1. Ilel cHrHaJ HAIXOMUTH HA BHXIJ
esnieMenTa «I3», OCKiJIbKY Ha HOTo APYTHi 1 TpeTiil BXoau
TaKOX MOJA0ThCA PiBHI JoriuHoi 1 3 BuxoaiB BI3C1 ta
BI3C2 BixnoBigHo. Y pe3ynsrari piBeHs JioriuHoi 1 Haz-
XOIIUTh HA TIEpIHK BXif eneMenTa «ABO1», Ha Buxomi
SIKOTO (DOPMYETHCSI CHTHAJ, IO € O3HAKOI HAsBHOCTI
IMITyIbCHOT 3aBaid B aHAII30BAHOMY €JIEMEHTI.

Businennst notyxHoi [3 y (j—1)-My nepioni BUKOHY-
€ThCS TaK CaMo, SIK 1 JUIsI j-TO mepiomy.

3ayBa)KUMO, MO e(PEKTUBHICTH pOOOTH 3aMpOIIOHO-
BaHOTO BHABHHKA IMOTYXHOI I3 B yMoBax BiJICYTHOCTI
00Me)XeHb Ha IMHAMIYHUI [iana30H IpHHMaIbHOTO MPH-
CTpOIO 30iraeThcst 3 €PEKTUBHICTIO pOOOTH TIPOTOTHUITY.
VY BHITaJKy X 3aCTOCYBaHHS OOMEXEHb TUHAMIYHOTO
Jiana3oHy, HalpHUKIIaJ Npy BUKopHcTanHi cuctemu [1IOB
(mmpoka monmoca — oOMexxyBad — By3bKa I0JIOCA),
PiBHI IMITyZTECHOT Ta KOPENbOBAHOI 3aBaJl Ha BXOI1 IPHH-
ManpHOro npuctporo PJIC maibke He BIIPI3HSIOTHCS,
i B pe3ynbrati e(peKTHBHICTh BUSABICHHS 13 B Onokax

BI3C1 ta BI3C2 Ha T/1i HEeKOPEIbOBAHUX 1 TUCKPETHUX
3a TATBHICTIO KOPEIbOBAaHUX 3aBajl HEIPUITHATHO 3HIDKY-
eTbest. ToMy 110 CKiTay IpHCTporo BBeaeHo 0ok BI3C3,
SIKUI BU3HAYAE HASIBHICTD IMITYJIbCHOT 3aBajIi Ha BUXO/I
cxemu UIIK. Anroput™m poOOTH moyArae B 00YMCICHHI
3HAKy Pi3HUII MiX KBaJAPaTOM MOAYJIS BiUTIKY Ipouecy
3 Buxoay cxemu UIIK (momHOxkeHUM Ha KOHCTaHTY C)
Ta BUBKCHOIO CYMOIO M — 1 CHTHAJIB 3 KOKHOTO 3
€JIEMEHTIB JIiHIT 3aTpUMKH. SIKIIO 15 pi3HHUIIA JONaTHA,
(iKCy€eThCS MPUCYTHICTH IMITYITBCHOT 3aBaIH B k-My eJie-
MEHTI, SIKIIO Bix eMHa — ii BizcyTHicTh. Kommaparopu
K4 1 K5 pa3om i3 noriunumu enementamu «I14» ta «I15»
JIO3BOJISIIOTH BH3HAYUTH, B SIKOMY Came Iepiofi MOBTO-
peHns, j-Mmy uu (j—1)-My, BUsBIEHO 3aBaay. Pesymprar
3’ BIIgE€ThCA Ha «Buxomni 1» abo «Buxomi 2» BiAIOBIIHO.

MopeJib BUSIBHUKA HECHHXPOHHOY iMIYJIbCHOT
3aBaau B cepenoBuini Matlab/Simulink

Jiis miATBepIKCHHS MPaIe31aTHOCTI PO3POOICHOTO
aNrOpUTMY BUSIBICHHS HECMHXPOHHOI I3 B 3amaHux B
po6oTi ymoBax Oyia po3poOieHa imiTaliiHa MOeNb B
MakeTi mporpamHoro 3abesmneueHHs Matlab/Simulink,
MpeacTaBiieHa Ha puc. 3.

[Migcucrema reHepaTopa KOMOiHOBaHOI 3aBaju
(puc. 4) MicTUTh:!

— TeHeparop IMIYIbCHUX 3aBajl, IO (POPMYE YOTH-
pu 13 3a1aH01 MOTYKHOCTI y Harepe BU3HAYCHUX elle-
MEHTax JI03BOIY 3a JAJIBHICTIO AJis j-To Ta (j—1)-ro me-
PpioJiB MOBTOPEHHS;

— TeHepaTop HEKOPeJIbOBAaHUX 3aBal, IO FEHEepye
JIBI Taki 3aBa/id 33JaHO1 MMOTY>KHOCTI Jyist j-10 Ta (j—1)-ro
TepioIiB;

— reHeparop KopeabOBaHUX 3aBajl, 10 (hopMye ABi
K3 i3 3a1aHMMH TOTYXHICTIO Ta MOJYJIEM KOMILJIEKCHO-
r'0 MDKIIEPioIHOTO KoedillieHTa KOpeIIALii;

— cxeMy, siKka 3abe3neuye (opMyBaHHS AUCKPETHOT
3a IaJBHICTIO KOPEJIbOBAaHOI 3aBaJii MOTPIOHOT IPOTSXK-
HOCT1 y BUOpaHHUX €JIeMEHTaX J03BOITY.

[Tincucrema popmyBada KOMOIHOBAHOI 3aBalu Ta
UYIIK (puc. 5) dopmye 3 IMIYIbCHUX, KOPEITHOBAHUX
Ta HEKOPEIhOBAHHUX 3aBaJl KOMOIHOBaHY 3aBaiy I
j-ro (Out2) Ta (j—1)-ro (Out3) mepiomiB MOBTOPEHHS,
3MIACHIOE OJHOKPATHY Yepe3NepiogHy KOMIICHCAIIIIo
KopenboBaHoi 3aBagu (Out4), a TaKoX TOTy€e CUTHAIH
s BimoOpaxeHHst Ha Scope (Outl).

[Mincucrema BI3C1 (puc. 6) BUSABISE IMIYIbCHY
3aBaJly Ha TJi CTalliOHApHOI 3aBaJMl B k-My eJIEMEHTI
JI03BOJTY 32 TAJBHICTIO Y KOB3HOMY BiKHI po3Mipom =9
j-TO TIepiomy TOBTOPEHHS, IO MPAIOE 32 AITOPUTMOM
(14). Mincuctemu BI3C2 ta BI3C3 MatoTh aHAIOTIYHHAN
BHIVISIT 1 TIPAIIOIOTh, BIIMOBIIHO, 32 ayroputMamH (15)
Ta (16).

[Mincucrema BI3K1 (puc. 7) BusBiIsie iMmynscHY 3a-
Ba Ty [IUISTXOM TIOPIBHSHHS OIIHKY Koe(DiIlieHTa KOpesiii
MiX j-M Ta (j—1)-M mepiogamMul IOBTOPEHHS 3 TIOPOTOM.
PiBens noriunoi 1 Gpopmyerbes Ha Buxoai Outl, sximo
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Scope
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P In20ut2
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A1 B13K1
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. m BI3C1
K331 out1 -
H3X-) N Y]
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k3 a3 ouz}— olins  Outt
n
Ind
e | | o
3 s
ind
Iné |
oae »in7 Out2
In7 #1ind
r K3 UNK out1 }— BNC
in1
Out2
BIac2 »{In10ut1
I—' In20ut2 ——
BI3K2
In1Ou1
BI3C3

Puc. 3. Monens BUsIBHUKA IMITYJIbCHOI 3aBaau B porpami Matlab/Simulink:

I'K3 — reneparop kombinoBaHoi 3aBaau; K3 UITK — ¢popmyBau komOiHOBaHOI 3aBagu Ui j-T0 Ta (j—1)-ro mepioziB MOBTOPEHHS Ta
yepesnepionHoi komrencanii; BI3C1...BI3K2 — 6okun BusiBieHHS iMiTyibeHOT 3aBagy; BJIC — GI0K JIOTiYHUX CHOITy4YeHb

ol D
ou2 H34-)

lenepatop H3

Puc. 4. Tligcucrema reHeparopa KOMOIHOBaHOT 3aBajin

Amn. 13
325 Int I >+
D + /D
Outt >l 2 Out1
ouz|—""1* :
in3 “ A8 13() ®In3 | Ny
Out3 =N + »( 2
Outd P+ @ * ou2
lewepatop 13 Aei 13(-1) Ind
AK3a
UL w | )
@D, . ou3
In6
i
o] X f—CD *
e @ Ooud
owz — D o
leneparop K3 | > e . . .
L. X @ Puc. 5. ITixcucrema popmyBaua KOMOIHOBAHOT 3aBa 1
K30-1) Ta Yepe3nepiogHol KOMIeHcarlil
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Puc. 8. [Tincucrema 6510ka JIOT1YHUX CIIOIYy4EHb

BHUKOHYETHCS yMoBa (11), Ha Buxoi Out2 — sKIII0 piBeHb
CHTHAIy y j-My TEepiofii MepeBUInye piBeHb y (j—1)-My.
[Mincucrema BI3K2 mae ananoriyHuii BUTIISA, a piBeHb
soriunoi 1 3’sBagersesa Ha 11 Buxoai Out2, sxio 13 mie
y (j—1)-My mepiofi MOBTOPEHHS.

[Tizcucrema 6roKa JIOTIYHKX CIIOMY4eHb (puc. 8) mpa-
IIFO€ 32 aJITOPUTMOM, ONIICAHUM BHIIIE. PiBEHB J0TiYHOT 1

¢dbopmyeThest Ha Buxoai Outl, skmo 13 BusiBieHO B aHa-
JII30BAaHOMY €JIEMEHTI B j-My IMepioji MOBTOPEHHs, Ha
Buxozi Out2 — sikmio y (7—1)-my mepiofi.

Pe3yanaTn MOAC/JIIOBAHHA

3 MeTOr0 TIepeBipKH €(PEeKTUBHOCTI pOOOTH 3aIPOIIO-
HOBaHOTO BUSIBHHKA IMITYJIbCHUX 3aBa]l OYIIO TPOBEICHO
MOJICJIFOBaHHs Horo poOoTH B cepenoBuili Matlab/
Simulink. Posrnsganocs 2000 eneMeHTIB po3AiNbHOT
3ATHOCTI 3a JANBHICTIO Y JBOX CYCITHIX Iepiomax
MOBTOPEHHS. Y KOXKHOMY 3 IIUX €JIEMEHTIB Jisyia He-
KOpEeJIbOBaHA 3aBaJia 3 rayCOBOIO MIUIBHICTIO PO3TIOAITY
HMoBipHOCTEH, a B enemenTax 3 800 mo 960 i3 1600 mo
1760 — e ¥ KopeabOBaHA 3aBajla TAKOXK 3 TayCOBOIO
UIIBHICTIO PO3MOALTY, BiTHOMEHHM ii TOTYXHOCTI 110
MOTY>KHOCTI HEKOPEJIbOBAHOI 3aBajH XKH =40 gb Ta
MOJYJIEeM KOMILJIEKCHOTO MIKIIEPioAHOTro KoedimieHTy
kopersnii » = 0,99. Enementn 3 Homepamu 875, 1300
MEPIIOro Mepioay MoBTOpeHHs Ta enemeHTH 400, 1670
JIPYTOTo MEpiofy ypaXKalucs iIMIYIbCHOK 3aBajolo0 3
BEJIMYUHOIO Ay B fianasoni 42...60 ab. Posmip “koB3-
HOTO BiKHA” TOpiBHIOBaB m=9.

OTpuMmaHi pe3ynbTaTi MOKa3y oTh, IO TIpH Ay, > 50 1b
PO3pOo0IIeHUH IPUCTPIH Ta TOM, IO peaTi3ye aarOPUTM
Ha pHC. 1, MaIOTh IPaKTHYHO OJHAKOBY €(DEKTHBHICTh BU-
SIBIICHHSI IMITYJIbCHUX 3aBaj. OJHaK 31 3SMEHIIEHHIM XIH
(HampuKia, yepe3 OOMEKEHHS IMHAMIYHOTO Jiara3oHy
npuiiMansHoro Tpakty PTC) npu omHakoBiif gacToTi
MTOMIJTKOBOTO BUSIBIICHHS IMITYJTECHOI 3aBaJll TOYHICTh
MIPOTIOHOBAHOTO IIPUCTPOIO 3HAYHO BUIIA.

Ha puc. 9 HaBeneHo curnanu 3 ocriorpada Scope
(nuB. puc. 3), 3reHepoOBaHi y KOHTPOJBHUX TOYKAX MO-
nem BI3 npu }\,IH=42 1ab. JlocmiKkeHHs OKa3allu, 0
Ut po3pobienoro BI3 BiiHOCHA YacTOTa MPaBUIIBHOTO
BHSBIICHHSA JopiBHIOBaa 0,98, Toxi SIK ISl TOpiBHIOBA-
HOTO MPUCTPOIO BoHA cTaHoBmIa (0,68.

3ayBa)KuMo, 110 poOOTa BUABHHUKA B YMOBAaX, KOJIH
OJIUH 1 TOM caMHil elleMeHT A03BOJy MO AAJBHOCTI 3a-
3HA€ BIUIMBY XaOTUYHOI IMITYJICHOT 3aBaJii OHOYACHO
B JIBOX CYCIJIHIX TIepi0Iax MIOBTOPEHHS, HE pO3TIIsAaacs
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Y I BRI RN A

0)

==

Puc. 9. Curnamu 3 ocrorpada Scope, oTpuMani 6e3 onTH-
Mi3alii (@) Ta micys ontuMizaiii (6) MaciTaly ocei

yepes anpiopHe MPUIYIICHHS PO HU3bKY HMOBIPHICTb
BHHHUKHEHHS TaKOi CUTYyaIlii.

BucnoBok

Taxum 9HOM, TIOKa3aHO, 0 PO3POOIICHHI aJTOPUTM
BUSIBJICHHS HECHHXPOHHOI IMITYJIECHOI 3aBanu 3a0e3-
neuye eQeKTUBHY ieHTU(IKALII0 €IEMEHTIB J103BOJY
3a JaJbHICTIO HABiTh B YMOBaxX CKJIJHOI 3aBaJOBOi
00CTaHOBKH, 30KpeMa 3a HasBHOCTI aIUTHBHOI CyMiIi
HEKOPENbOBaHOI Ta KOpenboBaHOi 3aBaa. CTpyKTypHA
cXeMa BHSBHHKA IMITYJIbCHOT 3aBajIu 3 OJIOKOM ii BU3HA-
YEeHHS Ha BUXOI1 CHCTEMH OTHOKPATHOI Yepe3nepiogHol
KOMIICHCAIIIT TO3BOJISIE peali3yBaTh arOPUTM B anapar-
HOMY BHUIVISIII 3 ypaxXyBaHHAM OOMEKeHb Ha AMHAMIUYHUHA
nianazoH npuiiManbeHoro Tpakty PTC. Imitaniiine mone-
TMoBaHHS B cepeaoBuin Matlab/Simulink minTeepaumo

Mpare3aTHICTh 3aIPOOHOBAHOTO PIIlIEHHS Ta JO3BOJIH-
JI0 BU3HAUUTH ITapaMeTPH 3aBaj, 3a IKUX ¢(PEeKTUBHICTh
pO3pOOIICHOTO BHSIBHHKA MEPEBUINYE €(PEKTHBHICTH
PO3IIISIHYTOTO aHAJIOTA.

OTpumMaHi pe3yJIbTaTH CBiAYaTh MPO JAOUUIBHICTh
3aCTOCYBaHHSI PO3POOJIEHOr0 aIrOPUTMY IIPU MPOEKTY-
BaHHI KOT€PEHTHO-IMITYIbCHUX PaAI0TOKAIIHHIX CUCTEM
BUSIBJICHHS CHUTHAJIIB Bijl pyXOMUX I[iJIeH Ha Tl aJIUTUB-
HOI CyMiIlli iIMITyJIECHOT, HEKOPETHOBAHOI Ta TUCKPETHOT
3a JaJbHICTIO KOPEIHOBAHOI 3aBaj.
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DETECTOR OF ASYNCHRONOUS PULSE NOISE IN CONDITIONS OF ADDITIVE
MIXTURE OF UNCORRELATED AND DISCRETE IN RANGE CORRELATED
GAUSSIAN NOISE

One of the main requirements for radio engineering systems is their ability to withstand high levels of noise in complex,
changing and a priori unknown noise environments. Improving the noise immunity of radar systems and the means of radio
electronic warfare requires the development of effective noise protection systems with high information content that can
operate in the presence of complex, heterogeneous interference. To identify a range-resolution element affected by non-
synchronous pulsed noise, an algorithm for detecting pulsed noise has been developed. The algorithm can function effectively
in conditions involving an additive mixture of uncorrelated and powerful, discrete in range correlated noise in the presence
of restrictions on the dynamic range of the receiving path of the radar system. A structural diagram of a pulsed noise detector
has been developed, which additionally includes a block for determining this noise at the output of a single-shot system of
over-periodic compensation. To confirm the performance of the developed detector of non-synchronous pulsed interference in
the conditions of an additive mixture of uncorrelated and discrete-range correlated Gaussian interference, a simulation model
was developed in the Matlab&Simulink software package. The study confirmed the performance of the developed algorithm
within the constraints of the dynamic range, and determined the parameters of the additive mixture of pulsed, uncorrelated and
correlated interference for which the efficiency of the proposed detector exceeds that of existing detectors. The results obtained
can be used to design of coherent-pulsed radar systems for detecting signals from moving targets in complex interference

environments.

Keywords: ddetection algorithm, impulse noise, dynamic range, mixture of correlated and uncorrelated noise.
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HOPIBHHHBHI/H/T AHAJII3 METO/IIB AB"[OMATI/I‘IHOT
KITACUOIKALII [IM®POBUX MOAVJIALIN HA OCHOBI
I'NIMBMHHWUX HEMPOHHUX MEPEX

Topisnano memoou aemomamuynoi knacugikayii yugposux cnocobis Mooyaayii padiocusHanie y wupokomy 0ianazoti 6io-
HOwienHs: cucHan/wiym. Pozenanymo 06i cyuachi enuOunHi HeUPOHHI Mepedici: 320PpMKO8y Ma Pe3udyaIbHy 3 KOMALEKCHUMU
320pMKAMU, HABUAHHS AKUX NPOBOOULOCH ¥ OCKINLKOX PENCUMAX, 30KPeMAa HA OKPEMUX DIGHAX WLYMY, HA NOGHOMY OianazoHi
ma noemante HAGUAHHA 3i 3POCMANHAM CKAAOHOCHI. [Ipedcmasneno excnepumeHmanbHi pe3yiomamuy Ha 6eIuKoMy Habopi
PaoiocucHanie, npoaHaIiz308aHoO MAMpuyi 3MIULYy8aHHs K1Acie YUGposux cnocodie MooyIayii ma 3a1exiCHiCb MOYHOCII Kid-
cughixayii 6i0 piens wiymy. [lokazano nepesazu pe3udyanbHoi Mepexci nio 4ac po3nizHaABaHHs CUSHANIG 31 3HAYHUM PIGHeM 3a6a0.
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ABroMarnyHa Kiacudikaiis MuppoBUX CHOCOOiB
MonyIsLii (aHTI. automatic modulation classification,
AMC) € onniero 3 0a30BUX 3a/1a4 aHATI3Y PaliOCUTHA-
JIB y cCUCTEMaX paiOMOHITOPHHTY, KOTHITHBHOTO PaJIio
Ta CyJaCHHX TEIICKOMYHIKaliHUX cucteM. PesynbraTu
Kiacugikarlii 3acTOCOBYFOTHCS IS OLIIHIOBAHHS Mapame-
TPiB CUTHAIIB, iIeHTU(iKALIT THITY TepenaBaHHs iHdoOp-
Marlii Ta aganrarnii IpuiMaabHUX aJTOPUTMIB 10 3MiH-
HUX yMOB KaHany. OcoOnuBoi akTyanbHOCTI LSl 331244
HaOyBae B yMOBax 3alllyMJIEHUX KaHaNiB, KOJH BiIHO-
LICHHSI CUTHAN/IIyM (signal-to-noise ratio, SNR) 3mi-
HIOETHCS B IIPOKOMY Jlialla30Hi Ta iCTOTHO BIUIMBA€E HA
SKICTh IPUHHATHX PIllICHb.

Knacnuni nmigxoan 1o AMC rpyHTYIOTECSI HA BUKO-
PUCTaHHI Hamepes 3aJlaHuX 1HKCHEPHHUX O03HAK, 30Kpe-
Ma CTaTUCTHYHUX MOMEHTIB, KyMYJISTHTIB Ta CIIEKTPaJIb-
HUX XapaktepucTuk curHaiis [ 1]. [Tonpu BigHOCHY TIpO-
CTOTY peaJizallil Ta iHTepIpETOBaHICTh, CPEKTHBHICTh
TaKHX METOJIB CYTTEBO 3HIKYETHCS 32 HU3BKHX 3Ha-
geHb SNR 1 npu 301IBIIICHHI KUTBKOCTI KJIACiB MOYJIS-
1ii, 10 00MeXye iX MPaKTHIHE 3aCTOCYBAHHS y CKIIal-
HUX palioyMOBax.

[Monanpmimii po3BuTok MeToiB AMC moB’s13aHuil i3
3aCTOCYBaHHSM TNIMOWHHOTO HABYAHHS, SIKE JO3BOIIIO
MepelTH BiJ py4HOro popMyBaHHs O3HAK A0 Oe3noce-
PEIHBOTO aHANI3Y YaCOBUX IOCIJOBHOCTEH KOMILIEKC-
HUX BiJUTIKiB KBaJpaTypHUX CKIAJAOBUX (Hajli — KOMII-
nexkcHux I/Q-piynikis). Ilepri poOoTH i3 BUKOpUCTaH-
HSIM 3TOPTKOBUX HEHPOHHHX MEPEK MPOACMOHCTPY-
BaJIM CYTTEBE IiABHUINEHHS TOYHOCTI Kiacudikarii mo-
PIBHSHO 3 KJIAaCHYHUMHU METOJaMH, 1110 OyJo ToKa3a-
HO Ha BIIKPUTHX HAO0Opax MaHWUX HH(PPOBUX MOIYIIS-
i [2]. [Tomanbiine po3mmpeHHs A0 CTiIKSHb OB’ I3aHe

3 TIOSIBOO OWUTBIN CKJIQJHUX HAOOPIB JaHUX, 30KpeMa
RadioML2018.01A, siki OXOIUTIOIOTH IMPIIKH Aiana30H
3HAUEHb BIAHOUICHHS CUTHAI/IIYM 1 pI3HOMAaHITHI THIIH
KaHaIIbHUX CIIOTBOPEHB [3].

ITopiBHAHO 3 KJIACUYHMMH CXEMaMM aBTOMAaTHYHOL
knacudikarii MOAyIALil, 0 6a3yIOTHCS Ha PIICHHAX Y
BUIISLII ApajiebHOTO BKJIFOUEHHS JEMOAYIISTOPIB 1 BU-
PiIaTIBHOTO MPHCTPOIO, HEHPOMEPEKEBI MTiIXOAN MAIOTh
HU3KY IPUHIUIIOBHX NiepeBar. Hanpukiran, BoHH HE 110-
TpeOyIOTh SIBHOTO BU/ILICHHS iHKEHEPHUX 03HAK a00 To-
MEPEIHBOTO BUOOPY MOJIETICH CUTHAIB, OCKIJIBKU (op-
MYIOTb 03HAKOBI IPE/ICTABIEHHS 0€3M10CEPEIHBO 3 YaCO-
BUX MTOCIITIOBHOCTEN KOMIUIEKCHUX [/Q-BimmikiB. Kpim
TOTO, HEHPOMEPEKEBl KIACH(PIKATOPH JEMOHCTPYIOTh
BUILly 3aBaJOCTIMKICTh y IIMPOKOMY Aiana3oHi BigHO-
IICHHST CUTHAJI/IITYM, OCKIJIbKW 3/1aTHI aJalnTUBHO Bpa-
XOBYBaTH HEJiHIIHI Ta BUCOKOPO3MIipHI 3aJI€XKHOCTI,
AKi CKIagHO (popMartizyBaTu B paMKax KIaCHYHHUX ajl-
roputMiB. [le 0COOMMBO BaXKIIMBO B yMOBaX 0OMEKEHOT
anpiopHoi iHpopManii Ipo mapaMeTpu CUTHaIy Ta Ka-
HaJI Tiepeayi.

3 TOYKH 30py OOUHCITIOBAIEHOT CKIIAHOCT1, OCHOBHI
BUTpPATH IIPUNIA/Ial0Th Ha €Tall HaBUaHHs MOAEIIEH, IKUH
BUKOHY€ETECS ofhmaiin. [Ticns HaBgaHHS CKIIAHICTD Kila-
cudikalii OHOTO CUTHAy BU3HAUa€ThCS (PIKCOBAHOIO
KUTBKICTIO OTepalliii 3rOpTKU Ta MaTPHYHHUX TMEPETBO-
PEHb 1 HEe 3aJIe)KUTh BiJ KiIIBKOCTI MOXKIIMBUX KJIaciB y
Takui crocid, sIK y cXemax 3 mapajelbHUMH JeMOJY-
nsatopamu. Lle pobuts HelipomepexeBi AMC-migxoau
npuBaOIMBUMMU AJISI IPAKTUYHOI peanizalii B CydyacHUX
IpOrpaMHO-aNapaTHIX CHCTEMaXx.

VY3aranpHeHHsS Cy4acHUX IiJXONIB A0 MIHOMHHOTO
HaBuaHHA B 3a7a9aX AMC HaBeZIeHO B OTJISIOBUX pOOO-
Tax, JIe MIKPECITIOETHCS POITh IIPEICTABICHHS CUTHAIIB,
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BHOOPY apXiTEeKTypH HEMPOHHOT MEpeXi Ta METO/IIB Ha-
BYaHHS JIJ1s1 3a0€3MeUeHHS 3aBaI0CTINKOCTI Kiacudikaro-
piB [4]. 3okpeMa, 3a3HAYAETHCS, IO 3TOPTKOBI HEHPOHHI
MEpEexKi JeMOHCTPYIOTh BUCOKY €(DeKTHBHICTh 3a cepe/l-
HIX 1 BACOKHX 3Ha4Y€Hb BiTHOIICHHS CUTHAJI/IITYM, OJTHAK
iXHS 30aTHICTH 70 y3arallbHEHHS Pe3yJIbTaTiB y IIyMO-
BHX YMOBaX 3aJIMIIA€THCS OOMEKEHOIO.

OpnHMM 13 IEPCTIEKTUBHUX HAITPSMIB T BUIIICHHS 3a-
BaJIOCTIMKOCTI € BUKOPUCTAHHS PEe3UIyaTbHIX HEHPOH-
HUX MEpPEK, sIKi 3aBIITKH HASBHOCTI 3aJIIITIKOBUX 3B’ SI3KIB
3a0e3MeUyIOTh CTA0UTbHIIIE HABYAHHS IITHOMHHUX MOJIe-
neii. EQexTuBHICTS Takux apxiTekTyp y 3amadax AMC
MiATBEPIKYETHCA PE3YIIbTaTaMH CyYaCHHX JIOCIHIHKEHb,
Jie TIOKa3aHO MOKPAaIleHHs IKOCT] PO3ITi3HaBaHHS B yMO-
Bax 3HHKEHOTO BiTHOIICHHS cUrHau/iym [S]. BogHouac
OUTBIIICTh HASBHUX POOIT 30CEPEKYETHCSA Ha aHai3i
OKpEeMHX apXiTeKTyp abo okpeMux 3HadeHb SNR, 110
YCKJIaTHIOE MMOPIBHAHHS 1XHBOT €(PEKTUBHOCTI.

Mertoto 11i€l poOOTH € MOPIBHSIHHA €(PEKTUBHOCTI
3rOPTKOBOi HEHPOHHOT Mepeki Ta pe3u yaIbHOI HEHPOH-
HOi Mepexi y 3anadi AMC B ymMOBax 3MiHHOTO DPiBHS
nrymy. OCHOBHA yBara nNpUAUIIETHCS OLIHIOBaHHIO 3aBa-
JIOCTIHKOCTI HepOMepekeBUX MOJIETIeH Ta TX 3MaTHOCTI
JI0 y3arallbHEHHs pe3yJbTaTiB y MIMPOKOMY JIiara3oHi
3HAYCHb BiAHOIICHHS CUTHAJ/IITYM.

e mociimxeHHs € MPONOBKEHHAM HAIIUX MOTe-
peaHix pobort [6], [7], mpUCBSIYEHUX aHAJI3y 3allyM-
JICHUX Ta CTPYKTYpPHO CKIAJHHUX PadiOCHTHAIIB, 1 po3-
BHBA€ 3arallbHUH MMiJIX1JT 10 3aCTOCYBaHHS METOIIB Ma-
IIMHHOTO HABYaHHS JUIA X 00pOOKH B yMOBaX 3MiHHO-
TO PiBHA IIyMYy.

ApxiTekTypa NIMOMHHUX MoaeJieii nias AMC

3 ypaxyBaHHsSM BUMOT J10 TouHOCTI AMC Ta 0oOMme-
YKEHBb OOYHCITIOBAJIBHUX PECYPCIB Y CHCTEMaxX aHai3y pa-
JI0CUTHAJIIB PO3IVISIHEMO apXiTEKTYpH IBOX INIMOMHHUX
HEHPOHHUX Mepex: 0a30Bo1 3ropTKoBOi (convolutional
neural network, CNN) Ta OUIbII CKTaIHOT, Pe3UIyalThb-
HOT (residual neural network, ResNet). O6uaBi mMone-
1 6e3mocepesHb0 00POOISIOTh YaCOBI MOCIIJOBHOCTI
KOMIUICKCHUX [/Q-BIJUTIKIB Ta ()OPMYIOTh OIIIHKY HMO-
BipHOCTEH HAJIEKHOCTI CUTHATY JI0 OTHOTO 3 JIOCJIIKY-
BaHUX KJIACiB MOYJISIIIII.

CNN BHKOPHCTOBYETHCS SIK 0a30Ba MOIEIH LIS MO-
piBHsHHS. [1omi0H1 apXITEKTypH IHUPOKO 3aCTOCOBYIOTh-
cs y 3amadax AMC 1 JeMOHCTPYIOTh BHCOKY €()EKTHB-
HICTb IIPU CEPEeAHIX Ta BUCOKMX 3HAUCHHSAX BiIHOIICH-
Hs curHan/mym [2], [8]. Y ubomy mocuimxenHi CNN
moOya0BaHa SIK MOCTIAOBHICTh OJHOMIPHUX 3TOPTKO-
BHX OJIOKIB 13 HOpMaJIi3alli€ro Ta MigBUOIpKOO, MO 3a-
0e3redye MOCTYIOBE BUIICHHS 1HPOPMATHBHUX 4aCO-
BHX O3HAK CHTHAITy. ATperailis 03HaK 3[iHCHIOEThCS 32
JIOTIOMOTOF0 TJIO0AJIbHOTO YCEepPEeTHEHHS, IO JO3BOJISIE
00MEXHUTHU KiNbKICTh MapaMeTpiB MOAENTI Ta 3MECHIIIUTH
PU3UK NepeHaBuaHHs. 3arajbHa KiIbKICTh MapaMeTpiB
CNN craHOBUTH O6mu3bKo 4107, mo pobuTh 11 mpuaar-

HO¥O /111 BAKOPUCTAHHS B CUCTEMAaX 3 00MEKEHUMH 00-
YHUCITIOBATBHUMU PECypCaMH.

st migBUIIEHHS 3aTHOCTI MOJIEN [0 y3arajibHeH-
Hs y LIyMOBHX YMOBax po3niIgsHeMo Takox ResNet, ro-
OyZ0BaHY Ha OCHOBI 3aJIMIIKOBUX OJIOKiB i3 MPSIMUMH
3’€THaHHSAMH. BUKOpUCTaHHS TaKuX 3’€HAHb J03BO-
nsie cTabilni3yBaTH Mpolec HaBYaHHS TITHOWHHUX Me-
pEeX Ta 3MEHIIUTH BIUIMB AETPajallii IpaJi€HTiB, 110 €
BaXJIMBHM JIJISl aHANI3y CKJIAJHUX YaCOBUX CTPYKTYD
curHaniB [5], [9]. Pe3unyanbHa Moaenb MICTHTD Kiflb-
Ka TIOCITIJJOBHUX OJIOKIB 13 MOCTYMOBUM 301JIbIIICHHSIM
KUJIBKOCT1 KaHaJIiB Ta 3MEHIIEHHSIM 9aCOBOT PO3/1IBHOT
3JIJaTHOCTI, 110 JI03BOJISIE BPaXOBYBATH JIOKAJIbHI Ta TJIO-
0aJIbHI 0COOTMBOCTI CUTHAIB PI3HUX THITIB MOJTYJIAIII].
Kinekicts mapamerpiB ResNet-nmonionoi mozeni nepe-
suiye 10, mo 3a6e3neuye BUILY 31aTHICTH 10 GOpMY-
BaHHsI 03HAKOBUX NPECTABICHD MOPIBHIHO 3 6a30BOI0
CNN, aje cynpoBOKYETHCS OUTBIIMMU OOYHCITIOBATb-
HUMU BUTpaTaMH.

OO6uBi apXiTEKTypu MaroTh yHi(iKOBaHYy BUXIJTHY
YaCcTHHY, fIKa MICTHTh arperyBaHHs O3HAaK Ta MOBHO-
3B’S3HUM Ki1acu(ikanifHui map i3 (QyHKI€0 aKTHBa-
uii Softmax. Takwmii minxix 3abe3neuye KOpEeKTHE MO-
piBHSHHS Mojeliell 3a iICHTUYHUX YMOB HaBUaHHS Ta
TECTyBaHHS. 3aCTOCYBaHHS JIBOX apXiTEKTyp i3 CyTTe-
BO PI3HOKO CKJIQ/IHICTIO JI03BOJISIE JOCIIANTH, HACKIIb-
KM YCKJIaJIHEHHS MOJIeJli Ta BHKOPUCTAHHS 3aTHIITKOBUX
3B’A3KiB BILUTUBAIOTh Ha sKicTh AMC y mHupoKomy fia-
na3oHi 3Ha9eHb SNR.

Cuenapiii HaBYaHHSA
Ta eKCIeEPUMEHTAILHUI ILIaAH

J171s1 3abe31eueH S KOPEKTHOTO OPiBHAHHS ABOX HEH-
pomepesxeBux apxitekryp CNN Ta ResNet yci ekcriepu-
MEHTH MPOBOAMIIKCS HA OCHOBI €IMHOTO HA0OPY AaHUX
RadioML2018.01A 3 BUKOpHCTaHHSIM YHi(IKOBaHHX IPO-
Heayp MornepeHp0i 00pOOKH, HABYaHHS Ta OI[IHIOBAHHS.
Takuii miaxia 3abe3neyye MiHIMI3allil0 BIUIMBY CTOPOH-
HiX (haKTOPIB 1 BiITBOPIOBAHICTh OTPUMAHUX PE3YJIBTATIB.

Hnsa nocnimxenns 0yi10 BUKOPUCTAHO BUOIPKY 3 Ha-
0Opy IlaHWX, IO MICTUTH BiCiM HaWOUIBII MOIIUPEHUX
monynsmiii: BPSK, QPSK, 8PSK, 16QAM, 64QAM,
GFSK, CPFSK, GMSK, npezicraBieHnx y BUIVISAAL Ya-
COBUX TOCITIIOBHOCTEH KOMIUIEKCHUX //Q-BIJTIKIB TOB-
*uHOI0 1024. PiBeHb BiAHOIIEHHS CUTHAJN/IIYM Yy BU-
Oipkax 3MiHIOBaBcs B AianasoHi Bix —10 mgo +10 b, mo
€ KpUTUYHUM IS IPaKTHUYHOI Kilacuikalii cUrHaliB y
IIyMOBHX yMoBax. Ilepen mogaHHsAM Ha BXiJ HeHpoMe-
PEKEBHUX MOJIEINICH CUTHATIM HOPMaJIi3yBaJIUCs 3 Cepel-
HBOKBAJIPATUYHUM 3HAYCHHSM.

HapuanHs Moneneld 31iliCHIOBATIOCS 3 BUKOPHCTAH-
HSIM KUTBKOX PEXUMIB, 110 BiIPI3HSINCS XapaKTepoM I1y-
MOBOTO HABaHTA)XKEHHS Y HABYAJIbHUX JJAHUX. 30Kpema,
PO3IVISIIANTNCS PEKVMHU HaBUAHHS Ha (PiKCOBAHOMY 3Ha-
yeHHi SNR, Ha BUCOKHX 3HaueHHIX SNR, Ha mOBHO-
My Jiama3oHi myMiB (full), a TakoXK PEKUM MOCTYIIOBO-
ro BBeIeHH IyMy (curriculum learning). Takuii BUOip
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CUCTEMH IIEPEJAYI TA OBPOBKHW CUTHAJIIB

PEKUMIB JTO3BOJISIE OIL[IHUTH BIUIUB SIK apXiTEKTypH He-
WPOHHOI Mepexi, Tak 1 cTparerii HaBYaHHS MOJIEN Ha 11
3[IaTHICTH JI0 y3araJdbHEHHS Pe3yIbTaTiB y 3MiHHUX ITy-
MOBHUX yMOBaXx.

[ 000X apXiTEKTyp 3aCTOCOBYBAJIHCS OJJHAKOBI Ha-
JIAIITYBaHHS ONTHMI3allil Ta MapaMeTpy HABYAHHS, 110
3a0e3reyye KOPEeKTHICTh OpiBHAHHS. HaBuaHHSs mpoBo-
JIAITOCS 3 0OMEXEHOI KUIBKICTIO 10X 13 BUKOPUCTaH-
HSIM MEXaHi3MiB paHHBOI 3yNMHKH Ta aJanTamii IBHI-
KOCTI HABYAHHS HA OCHOBI 3Ha4Y€Hb TOYHOCTI Ha KOHTP-
ofbHiN BUOipIi. SIK (YHKIIiFO BTpaT BUKOPUCTOBYBAJIH
KpPOC-CHTPONIHY (PYHKIIII0, 8 OCHOBHUMH METpPUKaMH
OLIiHIOBaHHA Oyl TOYHICTH KJjacu@ikamii HudpoBUX
CIOCO0iB MOIYJISIIT Ta TOYHICTh 3a JBOMa HaHOUIBII
HMOBIpHUMH KJIaCaMH.

PesynbraTu omiHIOBaNuCcsA Ha €IWHINA TECTOBIA MHO-
JKUHI A7 Ko)KHOTO 3HaueHHs SNR y gociimkyBaHoMy
niama3zoHi. OKpiM KiJIbKICHUX TTOKAa3HUKIB (hopMyBamcs
MAaTpHIIi HEBIAMOBIAHOCTEMH, 110 32a0e3MeUyIOTh SKICHUH
aHaJIi3 XapaKTepPHUX MIKKIACOBHX MOMIUIOK 1 TO3BOJIS-
I0Th BUSIBUTH 3aKOHOMIPHOCTI, TIOB’sSI3aHi 31 CTPYKTyp-
HOIO MOMIOHICTIO OKPEMHUX THITIB MOIYJISIIIH.

3anponoHoOBaHUI eKCIEpUMEHTAIbHUHN IUIaH 3a-
Oe3reuye y3roJKeHE Ta perpe3eHTaTHBHE TOPIBHAHHS
HEHpPOMEpekKEBUX MOJEICH PI3HOT CKIAJIHOCTI Ta Ja€
MOXJIMBICTH OOI'PYHTOBAHO OLIIHUTH BIUTUB apXiTEKTY-
pH Ta crparerii Hap4aHHA Ha eekTuBHICTE AMC y my-
MOBHUX YMOBaXx.

s xinbKicHOTO omiHIOBaHHS sikocTi AMC BUKO-
pUCTaEMO METPHKHU TOYHOCTI Kiacudikamii (accuracy).
TounicTe knacudikanii 1is pikcopanoro 3HaueHHS SNR
BU3HAYAETHCS SIK

NS
Accuracy(s) = NLZ IHOAERAR

s =l

(M

ae N, — KiIbKIiCTh TECTOBHX 3Pa3KiB i3 BITHOIIEHHS CHIHa/

Iym;
¥; — ICTMHHA MiTKa MOZYJIALI i-r0 CUTHAIY;
¥, — mepenbaveHuii Kac MoIeNi;

1{.} — inmukaropHa (yHKIIis, IO AOPIiBHIOE 1, SIKIIO yMO-

Ba ICTHHHA, 1 0, KO 1HAKIIIE.

JIy1st TOMaTKOBOTO OIIHIOBAHHS SIKOCTI PO3IMi3HABAH-
HSl BUKOPHUCTOBYBAJIACsl METPHKA TOYHOCTI 3a TBOMA Hal-
O1sbII HMOBIPHUMH KJ1acamH (1aji — TouHicTh Top-2),
sIKa BU3HAYa€ YaCTKY BUIAIKIB, KOJIM ICTUHHUH KJIac MO-
JyJALii BXOAUTH 10 ABOX HAHO1NBII iIMOBIpHUX mepe.-
OaueHp MOACITL

Top2 (S) = Lizl{yl- € TOpz(ﬁi)} > @)

s i=l
— BEKTOp IPOTHO30BAHUX MMOBIPHOCTEH AT
BCIiX KJIACiB;

TopZ( f)l) — MHOXHMHA JBOX KJIAciB 3 HaiOLIBIIMMHU HMO-
BipHOCTSIMH.

e p;

Mertpuka TogHOCTI Top-2 € iHDOPMATUBHUM ITOKa3-
HUKOM SKOCTI AMC, OCKIUTbKH JTOTIOMAarae OliHUTH CTY-

MiHb HaOJMKEHOCTI TOMUIIKOBUX PIillleHb MOJENi A0
ICTUHHOTO KJacy. JIJIst MOIYIIALIIHN, SIKi XapaKTepU3YIOThCS
OIM3bKMMHU CUTHAIBHUMH BIIACTUBOCTSIMH Ta 9acTo Jie-
MOHCTPYIOTh B3a€MHe 3MillryBaHHsI (30kpema, 16QAM Ta
64QAM), BuKopucTaHHs TouHOCTI Top-2 103BOJISIE BU-
3HAUUTH, 94 (POopMye MOAEIb KOPEKTHI 03HAKOBI Ipe-
CTaBJICHHS CUTHAJIIB, HAaBiTh Y BUIIAJIKaX, KOJIX OCTATOY-
HE pIlICHHS HE BiJIMOBiJIa€ iCTHHHOMY KJIacy.

Yci ekcriepuMeHTH 3 MOJISITIOBaHHS Ta 00po0OKa TaHUX
IPOBOMIINCS B TPOTpaMHOMY cepenosuii Python 3 Bu-
KOPHUCTaHHM BiIKpUTHX 0i105110TeK /11 0OPOOKH CHTHA-
JiB 1 mTMOMHHOTO HaBYaHHs. POPMYBaHHS Ta MOMEPETHS
00poOKa BUOIPOK BHKOHYBAIHCS 32 JIOTIOMOTOrO 010:1i-
orek NumPy Ta SciPy, Toni sk peamnizaiis Helipomepe-
JKEBHUX MOJIENeH 1 Ipolec HaBYaHHSI — 3 BUKOPUCTAH-
HsM ¢peiimBopky TensorFlow/Keras.

HaBuanns Ta TecTyBaHHS Mojele IPOBOAMIOCS Y
BiZITBOPIOBAHOMY EKCIIEPUMEHTAIEHOMY CEPEHOBHII 3
(hiKCOBaHMMH MOYATKOBUMH 3HAYCHHSIMH T'CHEPATOPiB
BUIIQ/IKOBUX YHUCEI, IO 3a0e3Meuye cTaOiIbHICTb 1 Mo-
PIBHIOBaHICTh pe3ynbTariB. [yt IpUCKOpPEHHS 00YHCIICHD
BUKOPHCTOBYBAJIOCS arlapaTHE MPUCKOPEHHs Ha Tpadid-
HOMY IIpOIIeCOpi, ONHAK 3aIPOIIOHOBAHUH MiAXiA € He-
3aJIe’KHUM Bif arlapatHoi miatgopmu Ta Moxke OyTH Bij-
TBOPEHHUH y CTaHIAPTHOMY IPOTPaMHOMY CEpPEIOBHIII
3arajJbHOTO NPU3HAYCHHS.

MeTonuka ekCriepuMeHTy Tependadana po3iieHHs
JaHUX Ha HaBYAJIBHY, BaJIAIliiiHy Ta TECTOBY MHOXH-
HH 3 OJIHAKOBUM PO3IIOIIJIOM 32 KTacaMH MOIYJIAII] Ta
3HAYCHHSMU BIIHOIICHHS CUTHAJ/IyM. SIKicTh Kiacu-
(hikarrii oriHOBaNIAC BUKITFOYHO HAa TECTOBIH MHOXHHI,
sIKa He BUKOPHCTOBYBAJIACs Ha eTari HaB4aHHA a0o mij-
Oopy rimeprapamerpis.

Pe3yabraTn ekciepuMeHTiB

IIpoBenemo nopieassHHS Moaeneidi CNN Ta ResNet
y PO3B’s13aHHI 33/1a4i aBTOMATHYHOI Kiacupikamii mud-
poBUX croco0iB MomyisLii y aiama3oHi 3Had4eHs SNR
Bix —10 mo +10 nb. OuiHIOBaHHSA TPOBOAMIOCS B Pi3-
HUX PEXHMMaX HAaBUYaHHS 3 BUKOPHCTAHHSAM €JIMHOI Tec-
TOBOI BHOIpKH, 10 3a0e3medye 00’ €KTHBHICTh OTPHMA-
HUX Pe3YJIbTaTiB.

Sk BugHO 3 puc. 1, y BUnajaky HaB4yaHHsS MOJIeJel Ha
oHOMY (hIKCOBaHOMY PiBHI 3aBa/] CIIOCTEPIraeThCs JIO-
KaJIbHE 3pOCTaHHS TOUHOCTI MoOn3y 3HaueHHs SNR, Ha
SIKOMY 3A1HCHIOBAJIOCS] HABYAHHS, TOJ1 SIK IPU BiIXUJIEH-
Hi BiJl HHOTO SKiCTh KIacuQiKallii pi3Ko 3HIKY€EThCS. 3a
KPUTHUYHO BHCOKOTO PiBHS IIyMiB (MeHiue —6 ab) Tou-
HICTh 000X MOJIETIeH HAOIMKAETHLCS JI0 PiBHS BUITAIKOBOT
kiacudikaii, 1o CBiAYUTH IPO BTpaTy iHHOpMaTUBHUX
O3HAK CUTHAJIy B yMOBaX CHJIBHOTO IIyMY.

Hapuanns Ha Bucokux 3HaueHHsIX SNR 3a0e3neuye
BHCOKY TOYHICTb KJIacH(ikalii HudpoBux cnocodiB Mo-
IynALii B yMOBax clIabKOro LIyMy, OHaK CYIIPOBOIKY-
€TbCS CYTTEBUM IOTIpPIICHHSAM pPe3yJbTaTiB IpU 3MEH-
meHHi SNR. Taka noBesinka xapakrepHa sik it CNN,
tak i s ResNet 1 cBiq9UTh PO 0OMEXKEHY 3/IaTHICTh
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Puc. 2. 3anexnicth TouHOCTI Kiacudikaiii (a) Ta TourocTi Top-2 (6) BiA BiJHOIICHHS CUTHAJ/IITYM

Mojesel, HABYCHHUX Y By3bKOMY J1alla30H1 piBHS IIyMiB,
10 y3araJbHEeHHs Pe3yJbTaTiB y CKIaJHIIINX YMOBaX.

3 puc. 1 BuaHO, M0 y pa3i HABYaHHS HA BCHOMY JI0-
CITIJKYBaHOMY iHTEpBaJli 00MIBI MOJIENTi AEMOHCTPYIOTh
HaMOLIBII pIBHOMIPHY 3MiHY SIK TOUHOCTI KIacu(ikarii,
Tak 1 ToYHOCTI Top-2, 110 MPOSBISETHCSA y IIABHOMY
3pOCTaHHI MOKAa3HUKIB 0e3 pi3kuX cTpuOKiB. BomHoyac
BUKOPUCTAHHS CTpaTEerii HaBYaHHS 3 MOCIIIOBHUM BBe-
JICHHSIM IIyMy JO03BOJS€ AOCSTTH BUIUX 3HAYEHb TOUY-
HOCTI Ta TouHOcTi Top-2 y Mano3anryMJICHUX YMOBaXx,
ocob6muBo i ResNet, oqHaK CynpoOBOAXKYEThCS MEHII
TJIABHOIO 3MIHOIO XapaKTEePUCTHK y CEPEeTHbOMY Jliara-
30Hi 3HaueHb SNR. Ipu oMy ResNet crabinbpHO niepe-
Bepurye CNN 115t BCiX po3DITHYTHX CTpaTerii HaB4aH-
HS, 1[0 TiATBEPIUKY€E HOTO BHIMY 34aTHICTH 10 (opmy-
BaHHS y3araJlbHEHHX O3HAKOBHX IIPEACTaBJIeHb 3a Ha-
SIBHOCTI IITyMYy.

JlonaTkoBuil aHali3 MaTpHIlb HEBIIMOBIIHOCTEH
(puc. 2) T03BOJIMB BUSBUTH XapaKTEePHI TSHICHITIT MiXk-

KJIACOBHX TOMHMJIOK JUIS PO3TJIIHYTUX apXiTekTyp. Jis
000X MojIesnieii OCHOBHI TPYIHOIII OB’ S3aHi 3 po3pis-
HEHHAM MOJYJSAUINA 13 OMM3bKUMHU CUTHAJBbHUMHU Xa-
paKTepUCTHKAaMH, 30KpeMa (a3oBUX MOMIYJISALIN, a Ta-
KOX MOAYJSAIIN ofHOrO ciMeicTBa, TakuX sk 16QAM
ta 64QAM. HatomicTh MOAyJIALLT 3 OibII BIAMIHHUMHA
CIIEKTPaJIbHO-9aCOBHMH BIACTUBOCTSAMH, 30KpeMa Jac-
TOTH1 MOIYJISILI{, Y O1BIIOCTI BUMAKIB IEMOHCTPYIOTh
Kpallly BiJJOKpEMITFOBaHICTh Y BChOMY JOCIIKYBaHOMY
nmiana3oHi 3HaueHs SNR.

3acTocyBaHHS CTpaTerii HABYaHHS 3 OCITIZIOBHUM BBe-
JICHHSIM [ITyMY CYTIPOBO/DKYETHCSI 3SMEHIIICHHSIM iIHTCHCHB-
HOCTI MI>KKJIACOBOTO 3MIIITyBaHHS Ta OLIBII BIIOPSAKOBA-
HHUM PO3HOJIOM HOMUJIOK Y MaTPHUIIX HEBiAMOBITHOC-
TEH, 0 0COOIMBO BUPA3HO MPOSBIIETHCS 111 ResNet.

TakuM YMHOM, Pe3yNbTaTH EKCIIEPUMEHTIB CBil-
9aTh, [0 CTPATETisi HABYAHHS Ma€ HE MCHIINI BILUTUB HA
sKictb AMC, Hixk BUOIp HEHpOMEPEIKEBOT apXITEKTYpH.
[Moennanns ResNet i3 HaBYaHHAM y IIUPOKOMY Jiaraso-
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Hi IIyMOBHX yMOB 3a0e3medye HalO1IbI 30a1aHCOBAHY
3aBaJIOCTIHKICTh Ta CTA0UTBbHICTh KJIACH(IKAaIIil.

[IpoBenenuii anami3 mokasye, mo egexkruBHicTs AMC
BU3HAYAETHCS CYKYITHUM BIUTMBOM PiBHS LTyMY, apXiTEK-
TypH HEWpPOHHOI Mepexi Ta crparerii il HaB4aHHS. 3a
HU3bKHX 3HaueHb SNR 117151 000X HOCHIIKYBaHUX MOJIe-
JIeH CIIOCTEPIraeThCs CYTTEBE 3HWKEHHS TOYHOCTI KJla-
cudikarii, o € TunoBum s 33724 AMC 1 y3romxyeTh-
Cs1 3 BUCHOBKAaMH CYJaCHUX OTTISIIOBUX OCTIKEHb [4].

[NopiBHSIHHS apXiTeKTyp Hoka3zano, mo ResNet 3a-
Oe3reuye BUIIII 3HAYCHHS SIK 3arajbHOI TOYHOCTI, TaK i
tognocti Top-2 mopiBHsHO 3 6a30Boto CNN, ocobmu-
BO 3a cepeHix 1 Hu3bkux 3HaueHb SNR. Taka nepeBara
Y3TOIKYETHCSI 3 pe3yabTaTaM poOiT, Y SKHX MPOJEeMOH-
CTPOBAHO €()EKTUBHICTh BUKOPUCTAHHS IMUOUHHUX ap-
XITEKTYp 1 3aJMIIKOBHX 3’ €JHAHb JUIS IiIBHIICHHS 3a-
BajgocTiiikocti cucteM AMC [5, 9]. Ilpu ibomy ResNet
MOX€ PO3IVIIIATHCS K KOPEKTHA 0a30Ba MOIEIb, IO
Y3TOJUKYEThCS 3 Pe3yJIbTaTaMu, HaBEJICHUMH B JiTepa-
Typi 3 AMC Ha 0CHOBI KOMIUIEKCHUX I/Q-BiJUTiKiB [2].

AHaJti3 BIUTMBY CTpaTeriidi HaB4aHHS MOKa3aB, 10 MO-
Jielli, HaTPEHOBaH1 B 0OMEeXEeHOMY JAiana3oHi IIyMOBUX
YMOB, JIeMOHCTPYIOTh NIPUHHATHY SKICTh Kiaacupikamii
nuie nobau3y 1boro fiamna3oHy. HatomicTh HaBUaHHS
Ha mmpokoMy aiana3zoni SNR Ta 3actocyBaHHS ajaan-
TUBHUX CTpaTerii CpusioTh POpMyBaHHIO OiJIbII CTa-
O1IbHUX 03HAKOBUX MPEACTABICHb CUTHAMIIB 1 3a0e31e-
YyIOTh PIBHOMIpHIIY 3MiHy TOYHOCTI Knacudikauii B
yCcbOMy JOCHimxKyBaHOMy iHTepBami. [lofiOHi 3akoHO-
MIPHOCTI TaKOXX OMHCYIOTbCA Y CY4acHUX JIOCIIiKEH-
HSX, A€ MAKPECTIETbCA BU3HAYAIbHA POJIb CLIEHAPIO
HaBYaHHSI JIJ1s1 3a0€3MeUCHHS 3aBa]0CTIMKOCTI Helpome-
pexeBux AMC-cucrem [10].

BucHoBkn

[IpoBeneHuii B poOOTI MOPIBHSAJIBHUN aHATI3 apxi-
tektyp CNN Ta ResNet y 3aga4i aBTOMaTHYHOT KJ1acH-
¢ikarii tndppoBUX croco0iB MO HA OCHOBI 4aco-
BHX TIOCITIIOBHOCTEH KOMIUIEKCHUX I/(Q-BiUTIKIB J03BO-
JIB BCTAHOBHTH, IO PIBEHB IIYMY € KJIIOYOBUM YHHHU-
KoM TOoYHOCTI AMC: 3a HU3bKUX 3HAYEHb BIIHOIIECHHS
CUTHAJI-IITYM TOYHICTh ICTOTHO 3HHXKYETBHCS Yepe3 Je-
rpajamiro iHGOpMATUBHUX O3HAK curHaiy. [lokaszaHo,
0 apxiTeKTypa HEHPOHHOT Mepeki BU3HAYAE 3aBaJI0-
cTilikicTh cuctemu: ResNet nepeBepirye 6a3oBy CNN
3a 3arajgbHOI0 Ta Top-2 TOYHICTIO, 0COOJNBO B yMOBaxX
cepeaHbporo Ta HU3bkoro SNR. JloBeneHO BaKIHBICTh
CTparerii HaB4aHHs: BAKOPHCTAHHS IIIMPOKOTO Jiala30Hy
SNR Ta mocmiioBHOTO BBEJICHHS IITyMY 3a0e3Ieuye cTa-
OUTHHIIITY SIKICTH KJacH(ikaiii MOPIBHAHO 3 HABYAHHIM
Y BYy3bKOMY J1aIla30Hi. AHaJII3 MaTPHIb HEBIAMOBIAHOC-
Tel MIATBEPANB XapaKTePHI MIXKKJIACOBI MMOMUIIKH IS
ONMM3BKUX TUIIIB MOAYJIALIH, a MeTprka Top-2 TouHOCTI
JIO3BOJIHJIA aJICKBATHIIIE OI[IHATH SKICTh KJIacUQiKaIlii.

3anpornoHOBaHUA MiAXiJ OPIEHTOBAHUK HE JIUIIIC Ha
odnaitH-aHaIi3, ane W NPUIaTHUN TS BAKOPUCTAHHS B
peXHMI, OJM3BKOMY JI0 PEaTbHOTO 4Yacy: MICis 3aBep-

LICHHS HaBYaHHS MOJIENTi MPALIOI0Th Y PEKUMI MPSIMO-
TO MOILIUPEHHS, 1110 He TOTPeOy€e 3HATHUX OOUHCITIOBAIb-
HUX pecypciB. O0poOka 0gHOTO (hparMeHTa CUTHAILY Y
BUIJISIII TOCHIIOBHOCTI KOMITJIEKCHUX I/Q-BiJUTIKIB (Pik-
COBAaHOT IOBXKHUHH BUKOHYETHCS 32 Yac, CyTTEBO MEHIIUH
3a TPUBAJIICTH CaMoro (hparMeHTa, 0COOIUBO 32 YMOBH
BUKOPUCTAHHS Cy4acHHUX MpoLEecopiB a60 BOyZOBaHUX
npuckoproBauiB. OTxe, 3alIpONOHOBaHUIN MiJXif € Cy-
MICHHUM 13 BUMOTaMHU PEabHOTO Yacy IS 3a7a4 pajaio-
MOHITOPUHTY, KOTHITUBHOTO Pajio Ta aAalTUBHUX MPH-
AMaJbHUX CUCTEM.

TakuM YMHOM, OTPUMaHI Pe3yNbTaTU MiATBEPAKYIOTh
JIOIUTBHICTB 3aCTOCYBAHHS INIMOMHHUX apXiTEKTyp i3 3a-
JIMIIKOBUMU 3’ € THAHHSIMH T aJAITUBHUX CTpaTeriii HaB-
YaHH IS TABMIIEHHS 3aBagocTiiikocti AMC-cucrem.

IlepcrieKTUBHUMHM HampsMaMH MOAATBIINX JTOCIi-
JUKCHb € IOIIMPEHHS 3alpONOHOBAHOTO MiAXOAy Ha
CHTHAJIM 3 PO3LIMPEHUM CHEKTPOM (30Kpema, 3 ICeBI0-
BUIIAIKOBUM I1epeOyI0BYBaHHIM POOOUO1 YaCTOTH, HipIIo-
BUM Ta IIPSIMHM PO3IMINPEHHSAM CIIEKTPa), a TAKOXK aHANI3
BIUTUBY HECTAI[IOHAPHUX YMOB KaHATY Ha €()eKTUBHICTH
kiacucikamii. OxpeMy yBary CiiiJ IpUALTATH pO3poOIIeH-
HIO TIOpHUIHNX HEHPOMEPEIKEBUX MOJIEIICH Ta aIalTUBHUX
CTpareriii HaB4aHHS JJIs MiABUIIICHHS 3aBaJOCTIHKOCTI 3a-
nad AMC y CKIIaJIHUX 4aCOBO-4aCTOTHUX yMOBax. Kpim
TOTO, MEPCTICKTUBHUM € JTOCIIHKEHHS. MOXKITUBOCTEH 3a-
cTocyBaHHs anroput™iB AMC Ha 0CHOBI HelipoMepex y
BOY/ZIOBaHNX OOYHCITIOBAIBHUX CUCTEMaX 3 0OMEKCHUMHU
pecypcaMu, MpHU3HAYCHUX AT JEIEHTPAi30BaHOTO Ta
MIOJTEOBOTO PAiOMOHITOPHHTY.
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COMPARATIVE ANALY SIS OF DIGITAL MODULATION CLASSIFICATION
METHODS BASED ON DEEP NEURAL NETWORKS

Automatic classification of digital modulation formats (AMC) is a critical component of modern radio monitoring systems,
cognitive communication platforms, and interference-resilient wireless communication systems. The rapid expansion of
wideband and dynamically varying radio environments creates the need for classifiers that remain reliable across a broad
range of signal-to-noise ratios (SNR). Recent advances in deep learning have significantly improved digital modulation
classification performance, yet the impact of training strategies and neural-network architectures under low-SNR conditions
remains insufficiently studied. This work addresses this gap by performing a comparative evaluation of two deep neural
architectures — a 1D Convolutional Neural Network (CNN) and a complex-valued Residual Network — trained and tested on
a large-scale dataset of digitally modulated I/Q signals.

The research aimed to construct a mapping from raw time-domain 1/Q sequences to discrete digital modulation labels while
ensuring stability of the classifier with respect to SNR variations. Four training strategies are investigated: training at a single
low SNR, training at a single high SNR, training over the full SNR range, and curriculum learning with gradually decreasing
SNR. Both models are evaluated across the entire SNR interval using accuracy curves, Top-2 accuracy, and confusion matrices.

The experimental results demonstrate that the complex-valued Residual Network consistently outperforms the CNN, particularly
in low-SNR scenarios, and benefits most from curriculum learning. The CNN provides competitive performance at moderate
and high SNR but exhibits reduced robustness in noisy conditions. The findings highlight the practical relevance of selecting
appropriate architectures and training schemes for reliable modulation classification in non-ideal radio environments. The
presented framework enables reproducible benchmarking and can be applied to the design of noise-resilient AMC modules in
real communication systems.

Keywords: digital modulation classification, digital signals, residual neural network, convolutional neural network; signal-to-
noise ratio, deep learning; noise robustness.
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DEVELOPMENT AND SIMULATION OF A HIGH-PRECISION
MPPT CONTROLLER FOR THIN-FILM SOLAR CELLS

The paper presents circuit implementations of a high-precision MPPT (maximum power point tracking) controller adapted
to operate with small samples of thin-film solar cells based on cadmium telluride (CdTe). The implemented circuit showed
high stability during experimental studies and can operate with currents from 1 uA to 3 A. The effectiveness of the selected
maximum power point tracking algorithm was evaluated using a simulation model based on the pvlib library, which operates
on the basis of the five-parameter De Soto model and the MPP incremental conductance tracking algorithm with specified
parameters. The simulation results show a tracking efficiency of 97.88% over the year and 99.83% over the day, which ensures

high efficiency considering the very low output power levels of thin-film photovoltaic cells.

Keywords: MPPT controller, thin-film solar cell, CdTe solar cell, renewable energy, highly sensitive sensors.

Solar photovoltaic energy converters play a leading
role among renewable energy sources. The rapid
development and improved efficiency of photovoltaic
cells have led to the widespread adoption of this
technology in various areas of energy supply. The
operating principle of a photovoltaic cell is the generation
of charge carriers in a semiconductor under illumination,
their separation by the internal electric field, and their
transport to the contacts. To date, most photovoltaic
cells have been fabricated from silicon p—n junctions,
which have become widespread due to the high level
of manufacturing of silicon technology. However, the
production of such panels requires relatively thick silicon
wafers and significant energy consumption. In recent
years, researchers have focused on second-generation
thin-film photovoltaic (PV) cells, which can provide
efficient absorption of solar radiation while using a
significantly thinner absorber layer [1], [2]. An important
part of PV system is the maximum power point (MPP)
tracking controller, which enables the extraction of
maximum available power under variable operating
conditions, such as changes in irradiance and temperature,
soiling of the module surface, or partial shading. The
MPP tracking (MPPT) is one of the key technologies
used to increase the efficiency of photovoltaic systems.
The operating principle of an MPPT controller is based
on continuously varying the effective load seen by the
PV module so that the operating point is shifted toward
the condition where the product of voltage and current
is maximized. To achieve this, the MPPT controller
measures the voltage and current of the PV module,
determines the MPP, and adjusts the operating point
until maximum power is obtained [3]. A wide variety of
MPPT algorithms has been developed [4], [5], including

perturb and observe (P&OQ), incremental conductance
(InC), current sweep (CS), fuzzy logic controller (FL.C),
fractional open-circuit voltage, fractional short-circuit
current, artificial neural network, and others.

Literature Review

In [6], an improved maximum power point tracking
method for photovoltaic systems under partial shading
conditions is proposed. A key feature of this approach is
the detection of partial shading, achieved by combining
the popular P&O tracking method with a dedicated
subroutine that searches for the global maximum power
point through analysis of individual module voltages. The
authors evaluated the effectiveness of the method using
simulations in the MATLAB/Simulink environment
and experimental tests, and showed that the proposed
technique reduces energy losses compared with classical
methods operating under partial shading conditions.

The study [7] describes a new adaptive MPPT
controller for photovoltaic systems based on the model
reference adaptive control method, which enables fast
and accurate tracking of the maximum power point by
minimizing the error between the PV system output and
a reference model, thereby eliminating the oscillations
typical of classical P&O and InC controllers. As
reported, the proposed controller achieves an average
tracking accuracy of 99.77% and 99.69% under different
irradiance and temperature levels, as well as an extremely
fast MPP search time of about 3.6 ms.

The article [8] describes a combined approach to
improving the efficiency of photovoltaic systems by
integrating FLC maximum power point tracking with
PI control for stabilizing battery charging parameters.
In the proposed scheme, a boost converter is driven
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by the FLC-based MPPT controller, which operates
without the need for precise system parameters and
ensures a fast response to variations in irradiance and
temperature. At the second stage, a buck converter with
a PI controller is used to maintain a constant charging
voltage of approximately 15 V and a current of about
2.93 A, thereby minimizing losses during charging and
extending the battery lifetime. Simulation results in
MATLAB/Simulink demonstrate a tracking efficiency
of 94.8—99.4% under different operating conditions
(700-1000 W/m?, 25—-60°C) and stable output
parameters at the load.

In [9], two maximum power point tracking methods
for stand-alone photovoltaic systems are investigated:
P&O and FLC. The verification is carried out in the
Simulink environment using a boost converter, and their
performance is evaluated under different irradiance and
temperature levels. It is reported that the FLC provides
a faster dynamic response and is able to maintain the
operating point closer to the MPP, exhibiting smaller
output power oscillations and better stability compared to
P&O. The authors conclude that although P&O is simple to
implement, the use of FLC is a promising approach due to
its higher efficiency and more stable control of PV systems.

Despite numerous studies focused on the development
and enhancement of modern MPPT controllers, the of
adapting MPPT controller circuits with dynamically
adjustable loads for laboratory-fabricated thin-film
photovoltaic cells with ultra-low output power remain
unresolved. In addition, insufficient attention has been
paid to the development of circuit design solutions
capable of providing maximum power tracking for
different types of PV samples, taking into account the
diversity of materials and compounds used to fabricate
solar cells, as well as the power range from ultra-low-
power devices to medium-power samples.

Purpose of the Study

The aim of this study is to develop and check the
operation of an MPPT controller circuit capable of
operating with experimentally fabricated thin-film solar
cells, in particular CdTe-based devices, and to carry out
computer simulations of the MPPT controller operating
with low-power solar cells.

To achieve this goal, it is necessary to address the
following tasks:

— to develop the concept of a high-precision MPPT
controller capable of ensuring high operational stability
and operating over a wide voltage range of photovoltaic
cells, starting from several tens of millivolts;

— to analyze the algorithms used for maximum
power point tracking and select an algorithm that will
perform well at low voltages;

— based on the Python programming language and
available libraries, develop a simulation model that will
allow the operation of the system to be simulated over
an extended period of time.

Methods

For maximum power point tracking in this work, InC
method is used. As shown in Fig. 1, it is based on the
maximum power condition dP/dV=0. Compared with the
popular P&O method, its advantages include the ability
to determine when the MPP has been reached, a fast
response to changes in irradiance and temperature, and
reduced oscillations around the MPP, resulting in higher
efficiency [10]. The main equations of the method can
be described in the form of [11]:

P if >0, to the left of MPPT;
—1if =0, at MPPT;
if <0, to the right of MPPT.

(M

Since the power of a photovoltaic cell depends
simultaneously on both voltage and current, the change in
power with respect to voltage takes into account both the
current itself and the rate of its change, and is computed
using the product rule

dP  d(Vi) dr/

— =I+V .
dv

dar dr )

Based on these equations, InC method for determining
the maximum power point uses the following relationship
when AV=0:

AL T
AV TV 3)
It should be noted that AI=1 1, AV=V ~V |

are the discrete current and voltage values measured by
the microcontroller between two consecutive sampling
cycles.

The operation of the circuit shown in Fig. 2 is based
on a high-performance STM32G474 microcontroller,
which controls the load according to the selected
algorithm. The load for the solar cell under test is
implemented by transistor Q1, which, together with
the MCP617 operational amplifier, forms a software-
controlled precision current regulator. Transistors
Q2...Q6 and resistors R2...R6 form a switched
shunt, the signal from which is fed to the internal
operational amplifier and ADC of the microcontroller
with a reference voltage of 2.5 V. The operational
amplifier is driven by the STM32’s integrated 12-bit
DAC. Additionally, the circuit provides the option to
connect resistor R8 to ground via Q7, thereby creating a
controllable voltage divider for adjusting the operating
range and improving step resolution (accuracy) within
the selected range.

To simulate the operation of the InC method, a custom
Python-based model was developed using the pvlib
library [12]. The library computes the /-V characteristic
of the solar cell using the De Soto model, also known
as the five-parameter model, as a function of the cell
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temperature 7, and the total absorbed irradiance S, and
includes [13] the photocurrent equation

IL = S M [IL ref + A (T Tc,ref )]a

S M,

ref

“)

where M/M_ =1 in the absence of spectral;

.ot is the irradiance of the solar cell under STC;

al is the temperature coefficient of the short-circuit current;

T

cref 18 the solar cell temperature under STC.

The diode saturation current for a CdTe-based
photovoltaic cell is determined in accordance with [14]

3
T By E(T,
IO = IO,ref [T_C] €Xp E( )
c,ref

g,ref
ke T keVTc

where 10, «f 18 the saturation current at TC ref

T is the cell temperature;

®)

c,ref
c

T, . isthe reference cell temperature;
E, e %s the CdTe bandgap energy at T
E g(T -) is the CdTe bandgap energy at the temperature 7 ;

k= 8.617333262:107° eV/K.

Series resistance R, parallel shunt R, (S) and bandgap
energy E g(T .) are determined in accordance with

R =const; (6)
Rsh(S):Rsh ref Sref/S (7)
E(T)=E (T, )[1-0.0002677(T,~ ). (8)

It is also assumed that the diode ideality factor # is
constant. Short-circuit current /. as a function of the
sample area A:

1. =J A, ©)

sc,ref sc,ref

where J ¢ is the short-circuit current density under STC.

The value of I, ,.; represents the light-generated
current under STC and is assumed to be approximately

equal to ] L,ref Isc,ref :

The thermal voltage is given by [15]:
Vi=k,, T, (10)
Complete equation of the single-diode model [16]:
V + IR, V + IR,
I=1, —1,lexp AL I L (D
nNJV; R,
where N is the number of series-connected cells.
Exponential parameter:
a(T)=nNJV,. (12)
Limits of the curve:
V. ~aln|L+1]; 13)
0
I =1,. (14)
Power and P—V characteristic:
PN=V-1(V). (15)

Analytical determination of V| mpp? Tmpp’

dP d/ I
— =0 —=—— (16)
dv dv vV
Calculation of the I-V curve fill factor:
V. I
FF __ mpp” mpp 17
V.1 (17

To obtain data on the variation of solar irradiance
and temperature throughout the day, the model uses
data from the open National Solar Radiation Database
(NSRDB) provided by NREL (USA) [16]. The NSRDB
dataset Prime Meridian: Africa and Europe, derived from
images of the Meteosat geostationary satellites, provides
irradiance and temperature data with a 15-minute
temporal resolution and includes records for the year
2022.

Results and Discussion

To evaluate the stability of the circuit operation
and the dynamic response of the current regulator, the
regulator’s response to a triangle-wave input signal (Fig. 3)
and to a square-wave input signal (Fig. 4) at different
frequencies was investigated.

At frequencies above 10 kHz, slight signal distortion
is observed, but this does not effect of the operation MPPT
controller, since the operating frequency of the algorithm
is significantly lower. The oscillograms obtained indicate
an increase in delay between the generator control signal
and the shunt current signal as the shunt resistance is
reduced, amounting to 28 ps for a 1000 Q shunt; 40 ps
for a 100 Q shunt and 48 pus for a 1 Q shunt.

Since a few hertz are sufficient for the MPPT
algorithm to operate due to the smooth change in
illumination, the obtained result confirms the high
stability of the circuit and ensures the fast operation of
the MPPT controller.

The parameters of the CdS/CdTe/Cu/Au (see the
Table) thin films were determined based on the results
reported by the authors of [17] for a CdTe absorber
thickness of 3 um.

For the simulations, irradiance and temperature data
from Ivano-Frankivsk were used, which made it possible
to evaluate the effectiveness of the algorithm under
operating conditions typical of the western region of
Ukraine. The model settings were chosen for operation
with very small-area photovoltaic converter samples
and the correspondingly low open-circuit voltage V.
The voltage perturbation step AV is defined as a relative
fraction of V__ equal to 0.2% with a hard lower bound
of 0.002 V, which ensures correct algorithm operation
at very low V__ values, since a smaller step would be
inappropriate and uninformative. The deadband is set
to 0.3% of the actual power change. In addition, the
operating voltage range is limited to V| = 0.05V_ and

Vi ¢h = 098V, and the operating point is initialized
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Parameters of CdS/CdTe/Cu/Au films according to data [17]
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Fig. 5. Simulation results of the MPPT algorithm for one year:

a — ideal calculated daily energy at the MPP; b — daily MPP-
tracking efficiency of the InC algorithm

after night-time or data errors at V= 0.7V , to improve
model stability. The results of the year-long algorithm
simulation are presented in Fig 5.

The year-long simulation plots are presented with
power integrated over each day, on the basis of which
the annual energy yield and the annual maximum power
point tracking efficiency were obtained.

Fig. 6. Simulation results of the MPPT algorithm for one day:

a — ideal calculated instantaneous power at the MPP;
b — instantaneous MPP-tracking efficiency of the InC algorithm

To evaluate the performance of the model over a short
time interval, a one-day simulation was carried out; as
an example, irradiance and temperature data for May 30,
2022 from the NSRDB were used. In the daily plot in
Fig. 6, the time dependences of the calculated power
at the ideal maximum power point and the operating
efficiency of the InC algorithm are shown.
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To calculate the maximum power point tracking
efficiency, equation (18) is applied:
P At
DY 100% »

- Zf)true,mp,kAtk

where P, is the power delivered by the system at the
operating voltage set by the algorithm at time step k;

(18)

P mpik is the “true” power at the MPP at time step k;
At, is the duration of the time interval between
measurements.

The obtained results with the specified settings show
a maximum power point tracking efficiency of 97.88%
over a one-year period and 99.83% over a single day,
which is a good result given the low output power of the
CdTe-based photovoltaic samples.

Conclusion

The implemented MPPT controller circuit based
on a modern STM32G474 microcontroller made it
possible to design a setup adapted to the fabricated
laboratory samples of photovoltaic cells, with a voltage
measurement resolution of approximately 5 mV and
the capability to investigate samples with power levels
ranging from tens of milliwatts to several watts. The
maximum voltage and current ranges are 0—20 V and
1 pA-3A, which is limited by the maximum power that
can be dissipated by the transistor. Experimental studies
have demonstrated high stability and measurement
accuracy under varying conditions. The mathematical
model developed in Python using the pvlib library and
the incremental conductance MPPT algorithm made
it possible to simulate the algorithm’s performance
under the conditions of the western region of Ukraine.
The results indicate high tracking efficiency, reaching
97.88% over a one-year period and 99.83% over a single
day, which is a very good result for small thin-film
photovoltaic samples.
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PO3POBKA TA MOAEJIIOBAHHA BUCOKOTOYHOI'O MPPT-KOHTPOJIEPA
JJIA TOHKOITJIIBKOBUX COHAYHUX EJIEMEHTIB

Domoenexmpuuti nepemeopro8ayi COHAYHOI enepeii € NPOGIOHUM HaNpsamom y cghepi IOHOBIOBAHUX Ddcepell eHepeil.
Tpaouyitini kpemnicsi pomoenremenmu 3a0e3nequny WUpoKe NOWUPenHs MmexHoozii, npome ix 6UpOOHUYME0 nompe-
6y€ 3HAUHUX eHepeMmUYHUX eumpam ma moscmux niacmun. Hamomicms moukonniekosi nepemeopiosadi 0py2020 no-
KOMHHA 30aMHi eheKmuHo no2IUHAMU COHAYUHE BUNPOMIHIOBAHHA NPU 3HAYHO MEHWITN MOBWUHT NOTUHANBHOZ0 WAD)),
wo pobums ix nepcneKmusHUMY 071 HOOAIbLULO20 PO3BUMKY. Baoiciusum enemenmom maxkux cucmem € KOoHmpoiuep 8io-
cmedicentst mouku makcumanvroi nomyxcrnocmi (MPPT), sikuti 003605€ 3a0e3neuumu MakCUMANbHY elleKmpoceHepa-
Yiro 6 yMO6ax 3MIHHO20 OCEIMIEHHS, MeMNepamypu 4 YacmrKo6020 3AMIHEHHs.

Y pobomi npeocmaeneno xomniekche OOCTIONCEHHA CXEMOMEXHIYHUX MA NPOSPAMHUX DilleHb GUCOKOMOYHO20 KOH-
mponepa siocmedicenns mouku MPPT, cmeopenozo na 6asi cyuacnoeo mikpoxoumponepa STM32F407. OcnogHowo me-
Mo po3pobKu 6y10 3a6e3neueHHss MONCIUBOCTE OOCTIONCEH I MATONOMYHCHUX MOHKONIIBKOBUX (DOMOETeKMPUUHUX
nepemeoprodayie, 30kpema Ha ocnogi menypudy kaomiro (Cdle), axi xapaxmepusyomovcsa MAnuMu 3HA4eHHAMU GUXIOHUX
napamempié ma nompeoyloms 6UCOKOI MOYHOCMI 8UMIPIOGanb. Peanizosana ycmanosxka 003601s¢ npayoeamu 3 oia-
nazonom Hanpyeu 8i0 0 0o ~20 B ma cmpymis 6i0 1 mxA 00 3 A, wo oxonnioe wupokuii cnekmp 1a00pamopHux 3pasKise
NOMYHCHICIIO 810 DecsimKig minisam 00 Kinbkox eéam. Tounicme eumiproganus 6nuzbko 5 uB 3abe3neuye kopekmue 8io-
CMEICEHHs HABIMb 30 YMOB 3HAYHUX KOTUBAHb 306HIUHIX (pakmopis.

Excnepumenmanvui 0ocniooicenns niomeepounu 6ucoky cmabiibHicms pobomu KOHmMponepa ma tio2o 30amuicms nio-
MPUMYSamu MOYHICMb GUMIPIOBAHD Y 3MIHHUX YMOBAX HABKOIUWHBLO20 cepedosuwyd. /s oyinku epexmusHocmi an-
eopummy Incremental Conductance 6yno cmeopeno mamemamuuny mMooeib Ha 0CHogi bibniomeku pvlib, sixa peanizye
n’smunapamempuyry mooenv De Soto. Modentosantsi nposoounocs 0iisi ymog 3axionozo peziony Yipainu, o 003601u-
J10 8PAXY8amu peanvbti KIIMamuyHni ma iHCONAYItHI napamempu.

Pezynomamu moodentoeanns noxkazanu eghexmusHicmv GiOCMENCEHHs. MOUKU MAKCUMALLHOI NOMYICHOCMI HA Di6HI
97,88% npomsicom poxy ma 99,83% npomsizcom 00020 OHs. Taki nOKasHuKu 3ac8io4yioms 6UCOKY e(eKmueHicmb po3-
pobrenoi cucmemu 0118 OOCTIOHCEHHA MA ONMUMI3AYii poOOMYU MOHKONAIBKOBUX (homonepemaopro8ayis Maioi nomyaic-
HOCMI, @ MAKoHC NiOMEepONHCYIOMb NePCNeKMUBHICb 3ACMOCY8AHHS 3ANPONOHOBAHO20 NiOX00Y 0151 CMBOPeHHs 1a00-
PAMOPHUX CMEHOI8 [ HABYANbHUX YCMAHOB0K. OMpUMani pe3yiomamu Maoms NpaKmuyHe 3HAYeHHs 015 NOOAIbUO20
PO36UMKY MEXHONO2IU MOHKONLIBKOBOI (hOMOGONbMAiKY Ma 6NPOBAVICEHHS BUCOKOMOYHUX MEMOOI8 KOHMPONIO 8 YMO-
84X 3MIHHOI COHAYHOI [HCONAYIL.

Krouosi crosa: MPPT-xonmponep, monxonniexosuii consunutl enemenm, Cdle, 8ioHo6106aHa eHepais, GUCOKOYYMIIU-
61 ceHcopu.
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[HEPCIIEKTUBU BUKOPUCTAHHA AKTUBHOI'O
BAJIAHCYBAHHSA B BATATOMO/AYJIbHUX
AKYMVIJIATOPHUX BATAPESAX

Jlocniosceno enaug oucOanancy KOMipok Ha epekmueHicmov 6a2amomoOyIbHUX AMmill-iOHHUX AKYMYISSMOPHUX Oamapeil.
Jlucbananc npuzeoounsv 00 cymmeso2o 3HUNCEHHsL KOPUCHOT eMHocmi bamapei ma 3anacy Xody enekmpomooinie. Excnepumenm
noKasas, wjo 3acmoCy8ants aKMUeHoO2o DANAHCUPA HA MOOYIT 3 KOMIDKAMU 31 3HUMCEHUM Pecypcom O00380AULO 3MEeHUUMU
Mmaxcumanvrul oucéanranc 3 220 0o 45 mB, wjo npuzeeno 00 30iNbUEeHHS PealbHO20 3anacy Xo0y enekmpomooins na 56%.
Pezynemamu niomeepooicyioms 6UCoKy eghekmusHicms aKmueHo20 OANAHCYBAHHS K 3AC00Y 8IOHOGNEHHS KOPUCHOI EMHOCTI
Ma NOOOBIUCEHHSL ACUMMEBO20 YUKTY AKYMYIAMOPHUX bamapell 8 eN1eKmpompancnopmi ma cucmemax HakonuyenHs eHepeli.

Knrouogi cnosa: axymynsimopna bamapes, cucmema Kepy8ants aKymyIsimopHoio 6amapecio, akmuene 6aiancy8anus, oucoa-

JlaHc, enekmpomo0ine, 3anac xo0y, pecypc.

B cywacHux axkymynstopHux Oarapesx (AB), 30-
KpeMa B eJICKTPOMOOLIAX, poldieMa aucOaancy piB-
HiB 3apany (aHr. state of charge, SoC) Mix KoMipkaMu
Oarapei € oJJHHM 13 KJIFOYOBUX (DaKTOPIB, 10 BH3HAYA-
FOTh €(PEKTUBHICTh, HAAIMHICTH Ta JIOBFOBIYHICTh CUCTE-
mu. JlucOananc BUHUKA€E BHACIIOK TEXHOJIOTTYHOT HEO-
JHOPITHOCTI €IEMEHTIB, BIIMIHHOCTEH Yy BHYTPIIIHBOMY
orIopi, piBHAX Jerpananii (state of health, SoH) i temme-
paTypHHX TpaJi€HTax, MOXHOOK BUMIPIOBAIFHIX KaHa-
JiB y cHCTEMax KepyBaHHS, HEOJHAKOBHX YMOB OXOJIO-
qokenns [1], [2], [3],[4]. Taki BiIMiHHOCTI TPU3BOASTH
JI0 3MEHIICHHS KOpUCHOI eMHOCTI AbB, miIBUIIICHHS Te-
IJIOBUX HABAHTAXKEHB 1 HEPIBHOMIPHOTO PO3MOJILTY CTPY-
MYy i1 Yac 3apsiKaHHA Ta pO3pAHKaHHS, IO Y TMiACyM-
Ky 3HW)KYE e(DeKTUBHICTB Ta TepMiH cryk0u Oatapei [5].

Oco011BOi aKTyaJIbHOCTI HAOyBaIOTh JIOCHIKEHHS
METOJIiB OalaHCYBaHHSI AJis OaTapei eleKTpoMoOiTiB, Y
SIKMX BUCOKHH PiBEHb CHEPreTHYHOI IITBHOCTI OETHY-
€TBCS 3 KOPCTKUMHU BUMOTaMH JI0 OE3MEeKH Ta HaIiHHOCTI
[6]. Y pobori [7] mokazaHO, [0 BUKOPUCTAHHS YaCcTKO-
BOTO 3apSAHO-PO3PATHOTO IIUKITY JO3BOJISE 301IBIIATH
pecypc akymynsTopHoi Garapei 3aBISKA OOMEKCHHIO
piBHIB 3apsay KoMipok. Jlocnimkenns [7], [8] Takox 3a-
CBIJIYMIIH, 1110 HABITh HE3HAYHHUN JUCOAIAHC HATIPYTH Y
0araToMoIyNbHii OaTapei MOXKe CIPUYMHSITH Tepeadac-
HY JIeTpajiallito OKpEMUX EJIEMEHTIB.

3HavHa yBara B Cy4acCHHX IyOJiKalisX IpUIiIA€Th-
Csl TIOPIBHSHHIO MACHBHUX 1 aKTHBHUX CHCTEM OasiaH-
cyBanHs [9]. [TacuBHI cXeMH € KOHCTPYKTUBHO IPOCTH-
MU Ta JICIIEBUMH, OJHAK XapaKTePU3YIOThCS BEIUKH-
MH BTpaTaMH €Heprii, HU3bKUM Koe(]IlliEHTOM KOpHC-
Hoi il (KKJI) Ta obMexxeHUM cTpyMOM OaaHCyBaHHS
[10]. AxTHBHI MeTOIM Mepen0avYaroTh Mepenady eHeprii

MDK KOMipKaMH Ta MOIYJISIMHE 3a gornoMoroto DC-DC-
IIepETBOPIOBAYiB 200 1HAYKTHBHO-€MHICHUX JIAHOK, L0
JIO3BOJISIE CYTTEBRO MiJIBUIUTH eHeproe)eKTUBHICTH [11].
B po6orax [12], [13] npencTaBineHo akTHBHAH OaaHCUP
JUTs 0araToMOAyJIbHUX OaTapei, sKuii 3a0e3meuye Kepo-
BaHy Iepenady eHeprii Mi KOMipKaMH, a TaKOXK Ipoa-
HaJIi30BaHO HOro po0OTy B yMOBaX peajbHOI eKCIuTya-
TaIlii B eIEKTPOTPAHCIIOPTI.

[TonepenHi mocmikeHHS BKa3yIOTh Ha IEPCIICKTHUB-
HICTh 3aCTOCYBaHHS aKTHBHOTO OaTaHCYBAaHHS IS ITiJl-
BHUIIIEHHSI OAHOPITHOCTI CTaHy 3apsIy, SMEHIICHHS Te-
IUTOBHX BTPAT i 301JIBIICHHS CTPOKY CIY>KOM aKyMyJIsi-
TopHUX cucteM [14], [15]. PazoMm 3 TuMm, Taki cuctemMu
OTpeOyIOTh YCKIIATHEHUX allTOPUTMIB KePYBaHHS, TATb-
BaHIYHO{ PO3B’SI3KM MIXK JJAHKAMH NIEPETBOPCHHS €HEpTii
Ta TOYHUX BUMIPIOBAIBHUX 3aC00IB, 1110 BILIMBAE HA CO-
O1BapTICTH 1 3aralibHy HaIIWHICT cucTemH [15].

MerToro 1i€i poOOTH € eKCIepUMEHTaIbHA TIepe-
Bipka e()eKTHBHOCTI aKTHBHOTO OaJaHCyBaHHs B Oa-
raTOMOAYJIBHUX aKyMYJSITOPHHX OaTapesix, BH3HAYCH-
Hsl OTO BIUTUBY Ha PIBEHb JAUCOATAHCY Ta TOKA3HUKH
eHeproeeKTUBHOCTI, a TakoXK (hOpMyBaHHS MPaKTU4-
HUX PEKOMEHJAIill 1010 3aCTOCYBaHHS aKTUBHHX Oa-
JAHCHUPIB Y CUCTEMaX €JICKTPOTPAHCIIOPTY.

Orisaa cucreM 0alaHCyBaHHS

Jliis po3yMiHHS MacIiTady mpoOieMu OataHCyBaHHS
B ITOTYKHUX CHCTEMAX, IO KHUBJATHCS BiJ aKyMYJISITOP-
HUX Oarapeii, HeoOXiTHO MaTH YsIBY PO iXHIO CTPYKTYPY.
CyuacHi TAr0Bi 0atapei enekTpoMoOiTiB Ta CHCTEMH Ha-
KOTIMYEHHS €Heprii MatoTh i€papXiuHy apXiTekTypy [16].
ba3oBuM eneMEHTOM € KOMipKa — OKPEMHHA aKyMyJIs-
Top. KoMipku 3’€JHYIOTBCS TOCIIIOBHO Ta MapasieibHO
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JUTSL IOCATHEHHST HeOOX1THOT HATPYTH Ta EMHOCTI, (op-
MYIOUH MOIYJIb. Jlami Momysti 3’ € IHYIOThCSI MiXk c00010,
YTBOPIOIOUH TakeT. Taka OararoMoIyiibHa apXiTeKTypa
O3Hauae, Mo AUCOaTaHCH MOXKYTh BUHAKATH OIHOYAC-
HO Ha JIBOX PIBHSX: BHYTPIIIHLOMOIYJIEHOMY (MiX KO-
MipKaMU BCEPEIHHI OJHOTO MOAYJISI) Ta MiXKMOIYJIEHO-
My (MK OKpeMHUMHU MoayJsiMu B nakeTi) [17]. 31 3011b-
LIEHHAM KiJIbKOCTI KOMIPOK Y MOCIiJOBHOMY 3’ €THAHHI
npobnema aucOanaHcy 3pocTae, TOMy AJisg O0araroMo-
OynbHUX OaTapeil OallaHCYBaHHS CTa€ 00OOB’S3KOBUM
€TaroM KepyBaHHS.

[NTacuBHi cucTeMu OaaHCyBaHHS IPALIOIOTH 3a IPUH-
IIUTIOM PO3CiIOBaHHS HAJTUIIKOBOI €HEPTii Yepes pe3u-
CTHBHI €JIEMEHTH, IIEPETBOPIOIOYH HAUTHIITKOBUH 3apsijI
KOMIpOK 3 BUIIOIO HaNpyroto y Terio [ 18]. Ixuboto ocHo-
BHOIO TIEPEBATOI0 € MPOCTOTA peaizallii, HH3bKa BapTiCTh
Ta BUCOKA HAIIMHICTh 3aBOAKU MiHIMaJbHIN KIIBKOCT1
KOMITOHEHTIB. BomHOYac ro;1oBHUMU HEOIIKAMU € 3Ha-
YHI eHepreTUYHI BTPATH, JIOKAJIbHE HArpiBaHHS KOMIPOK
1 TpUBaJIMi yac OaaHCyBaHHS, III0 POOHMTH TaKi CXEMH
JOIUTEHIMY JIUIIE JJISI CHCTEM 13 MAJIUMH €MHOCTSIMH
a00 HU3PKUMH BUMOTaMH 110 €()EeKTUBHOCTI.

AxTHBHE 0aaHCYBaHHS 0a3yeThCs HA OOMiHI eHep-
Ti€0 MK KOMipKaMH a00 MOZYJISIMH 32 JOIIOMOTOIO I1e-
peTBoproBaibHUX JaHOK [19]. Ha BinMiHy BiJ MacUBHHUX,
AKTHBHI CXEMH JI03BOJISIFOTH 3MEHIIIMTH BTPATH SHEPTii Ta
MiABUIIUTH €(PEKTUBHICTh BUKOPUCTAHHS aKyMYJISTOD-
Hoi Oarapei, nocsararoun KK y 80—97% [20]. 3a apxi-
TEKTYpOIO aKTHBHI CHCTEMH KJIaCH(iKyIOTh BIIIOBIIHO
J0 NUIAXY Mepenadi eHeprii: Bif KOMIPKH 10 KOMipKH
(Cell-to-Cell, C2C), Bin xomipku g0 momyns (Cell-to-
Module, C2M), Bin momysst 1o komipku (Module-to-Cell,
M2C). Ipu nupomy C2C po3ainseThbes HA ABA i THIIN:
1o Oyme-sikoi komipku (Cell-to-Any-Cell, C2AC) ta no
cycinapoi komipku (Cell-to-Neighbor-Cell, C2NC).

AHaJi3 CXeMOTEXHIYHHX PIllIeHb JO3BOJISAE BUILIN-
TH TPH KJIFOYOBI MIIXOIW MPH peaizaiii akTHBHOTO 0a-
JaHCyBaHHs. HampocTimiM 3 HUX € KOHAeHCaTOpHe 0a-
JaHCyBaHHA (switched-capacitor), ne 3apsi nepenaeTsb-
sl uepe3 KOHIEHCATOPH, 110 IOYEPTOBO NEPEMUKAIOTh-
cs [21]. Leii crioci® GanaHCyBaHHs € HAaliMEHII eHep-
roeextuBHuM 1 3a0e3neuye KKJ[ na piBai 80-90%.
InnyxtuBHe OanancyBanua (flying-inductor), 3a SKOTO
OJIHA IHAYKTHBHICTh MOYEProBO MiJ’€AHY€ETHCS A0 Pi3-
HHUX KOMIPOK JUIs TIEPEHECCHHS CHeprii Bif OUIbII 3apsi-
JDKEHMX JIO MEHII 3apsKeHNX, 3a0e3reuye BUILY edek-
TUBHICTH (85—95%) Ta Oinbun crpymu [22]. Cxemu Ha
ocHoBi DC-DC-niepeTBoptoBadiB, siKi MOXKYTh OyTH He-
130nb0BaHUMH (buck, boost) abo i3oinpoBanuMH (flyback,
Cuk), 3a6e3neayiors HaitBummit KKJT (90—97%) Ta 3Ha-
YHI CTpyMHU OalaHCyBaHHS, IO JO3BOJISE peaii3yBaTH
tonostorii C2M, M2C ta C2C.

KputnaanM HeqomikoM KOHACHCATOPHUX Ta 1HIYK-
TUBHHX CXEM B KOHTEKCTi OararoMomynpHUX Oarapeit €

MOXXJIMBICTB peaizaliii HUMH NepeBakHO TUTBKU METOLY
6anancyBanus C2NC. [1pu 3HauHOMY quicOasiaHCi B IOB-
TOMYy MOCTiIOBHOMY 3’ €JJHAHHI aKyMYJISITOPHUX €lIE€MEH-
TiB (HanpukIaz, 96 i GinbIe) eHeprii JOBEeAETHCS IPOUTH
JECATKY IIPOMDKHAX MTEPEMUKAHB, 110 KACKaTHO 3HIKYE
3arajibHY IIBUJIKICTh Ta CyMapHY €(peKTUBHICTb IIPOLIECY.
Harowmicts Tomosorii Ha 6a31 DC-DC-nepeTBoproBauis,
0 peaTizyroTh IpuHIUI OanancyBanHs C2AC, € 3HaYHO
e(eKTUBHIIINMY. BOHU N03BONSAIOTH IIepeaBaTH eHep-
rito 6e3mocepeIHbO BiJl HAMOUIBIT 3apsPKEHIX KOMiPOK
JI0 HalfMEHIII 3apsIKCHHX, 10 € KIIOYOBOIO TIEPEBaror0
JUTS IOTYXHUX TATOBUX Oarapei enekTpoMoOisiB Ta cTa-
I[IOHApHHUX CUCTEM HAKOIMYCHHS €HEeprii.

O cucteM OaaHCyBaHHS IEMOHCTPYE, IO aKTHB-
Hi METO/IY TIPOTIOHYIOTh €()eKTUBHE PO3B’ A3aHHS ITpodIie-
MU aucOanancy [23], sika € KpUTUIHOIO [T HaIiHOT Ta
MIPOAYKTUBHOI pOOOTH aKyMyISITOPHUX Oatapeii, ocoomm-
BO y OararomonyiabHHX KoH(pirypatisx [24]. [Tpu upo-
My po3BUTOK cucTeM Ha 0a3i DC-DC-neperBoproBadiB
MOYKHA PO3TILIATH SIK HAWTIEPCIIEKTUBHIIINH Ha CHOTOJI-
Hi HampsiM JyIs 3a0e3Ie4eHHs JOBIOTPUBAIOl EKCILTya-
Tarii 6araToMOAyIbHUX aKyMYJISITOPHUX Oatapei [25].

Onuc ekcnepuMeHTAIbBHOI YCTAHOBKH

Js mepeBipku epeKTUBHOCTI aKTUBHOTO OajlaHCy-
BaHHs B 0araTOMOIyJIBHHX aKyMyJSTOpHHX Oartapesx,
BH3HAYCHHS HOTO BIUIMBY Ha PiBEHb JUCOAAHCY Ta TO-
Ka3HUKH €HEeproeeKTUBHOCTI OYyII0 CTBOPEHO EKCIIepH-
MEHTaJIbHY YCTAaHOBKY Ha OCHOBI efleKTpomoOiis Renault
Fluence ZE 2012 poky BHITyCKY, III0 MaB aKyMyJIATOp-
Hy 0arapero 3 HU3bKUM 3amacoM Xo1y. OcoOauBicTIO MO-
JIeITi € MOTYJIbHA KOHCTPYKIIisl GatapeiiHOTO BiJICIKY, 1110
CIPOIIYE AOCTYII A0 OKpeMHUX MoayJiB Ab 11X 3aminy.

3aBozacbka Oatapes Oyna 3aMiHEHa Ha JiTiH-10HHY
cucremy LG Chem koHpirypartii 96s6p (96 mocmnigoBHO
Ta 6 mapayeNbHO 3’ €IHAHNX KOMIPOK), SKa CKIIaJA€Th-
cs13 576 koMipok, 06’ eqHaHUX y 16 MOTYIiB KOHbIrypa-
uii 12s3p. [lo Hei Oyio omaHo cucTeMy KepyBaHHS aKy-
MyJsITOpHOIO Oarapeeto — BMS (battery management
System), BAKOHaHY 3a iepapXiuyHOI0 apXiTeKTyporo. Bona
MICTHTB IT’SITh MOZYJiB: OJWH IIEHTPAILHUA KOHTPOJIEP
BMS (BMS master unit), 10 SIKOTO MiIKIFOYSHO YOTH-
PH IMIATIOPSIAKOBaHI MOYJIi MOHITOPHHTY KOMipOK (BMS
slave unit), MO KOHTPOJIIOIOTH OaTapeHuil cTek 3 24 1mo-
CJIITOBHO 3’ €THAHUX KOMipOK (24s) (puc. 1).

Ha nepmomy erami npoBoausacs giarHoctuka Ab.
Jo miarHoctuunoro mopty OBD-2 enexrpoMoOins
i’ €HYBadu JiarHOCTHYHUN mpuctpiit ELM327 ta
nporpamue 3abesnedenHss CanZE, 1o 103Bonuio cro-
ctepiraté craH Ab 1 BUSIBUTH IPUYHHY CTPIMKOTO 3HH-
JKEHHSI 3aIacy X0y IMOPIBHSIHO 13 3aI1acoM XOAy Ha To-
yaTKy ii ekcrutyararii. JliarHocTika mokasana HasBHICTb
qucOanancy.
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UAE

o6 orpumyBaTH Ta 30epiraT JJs MOAAIBIIOTO
aHayi3y gafi 3 Ab exekTpoMoOiis B peXHMi peasbHO-
ro Jacy, Oyno ctBopeno CAN-aHamizarop Ha 0a3i Mi-
kpokoHTponepa ESP32 3 tpancusepom SN65SHVD230
ta LIN ATA6662, axuit migkirodascs 1o nopty OBD-2
enekTpomMoOist [26].

Orpumani Bix CAN-aHamizaTopa J1aHi BUBOJAHINCH
Ha [IK 3a gomoMoror mporpamMHOro 3a0e3nedeHHs
SavvyCAN. Yepes BiACYyTHICTb y BIIKPUTOMY HOCTYII
MPOTOKOTY OOMiHY JaHUMH HeoOXifHi mapamerpu Ab
BU3HAYAIHUCS IIUIIXOM BIACHOTO aHAJIi3y MOBIIOMIICHb
CAN-munu. [Ticng nporo 6yao cTBopeHo ¢aiin 3 po3-
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Puc. 1. Cxema akyMynsTOpHOI 6aTapei T0CIiKYBaHOTO €JIeKTPOMOOis
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mupeHHsM .dbe, sKuii aBTOMaTHU3y€e MPoLecC IeKOayBaH-
Hs nanux 3 CAN-1vHN y (i3nyHi BeTMuuHN (PHC. 2).
OTxe, U1 HaCTYITHUX JOCIiKEHb OylI0 po3po-
OJIEHO eKCIIepUMEHTalIbHy YCTaHOBKY Ta IIPOrpaMHO-
arapaTHUH KOMIUIEKC, 110 JO3BOJISIOTh Y PEXXUMI peab-
HOTO 4acy OTPUMYBATH Ta 3aIlCyBaTH MIBUAKICTD PYXy
enekrpoMoOiist, mapameTpu SoC, SoH, Hanpyry Ko>KHOT
KOMIpKH, HarpyTy Ta ctpyM ADB, a Takox ii Temmeparypy.

ExcnepuMeHTANbHI 10CTiTZKEHHS Ta 00TOBOPEHHS
OTPUMAHMX pe3yJIbTaTiB

[lepBunHa miarnoctuka Ab BusiBHIa HasSIBHICTB 3HAY-
HOTO AucOalancy HaupyTH, Skui csras 220 MB, 1m0 06-
MEKY€ TOCTYITHY KOPHCHY €EMHICTh CUCTEMH Ta CYTTE-
BO 3HIKYE 3a11ac XOmy.

Jns nocmimxeHHs BruMBy nucbanancy Ha Ab Oymo
MPOBE/ICHO JIBa SKCIEPUMEHTH. Y TEepIIOMY 3apsijiKa-
mu Oarapeto 1o piBHA SoC 100% Ta BUKOHYBaJH Tec-

Highest cell voltage (V)
Lowest cell voltage (V)
Cell voltage difference (mV)

4.058

- : ---

- - EE
-
EEE=
81 4059 . .H 4060 4.058
EE--E-E

Debug 7bb.6142.16

Puc. 3. Mamna komipok 3apsiikeHol (ieopyy) Ta po3psikeHol (npasopyu) 6arapei 6e3 akTHBHOTO OanaHcupa

TyBaJIbHY NOi31Ky 10 mocaraeHHsS SoC 10%. [dpyruii
EKCIIEpUMEHT IIPOBOJMBCS TaK caMo, ajie 31 BCTaHOBIIE-
HUM aKTHBHUM 0aJaHCHPOM, III0 yCyBaB qucOanaHc Ko-
Mipok AB. OCKiTbKH ifeanbHOT MOBTOPIOBAHOCTI MPO-
(binro pyXy JOCATTH HEMOXKIIMBO, TMOI3KU BiAOyBaIucs
B JIOPO’KHIX YMOBAX MiCBKOTO PYXY, IKi MOXKHA BBOKATH
noxioauMu. 1100 MiHiMizyBaTH (hakTOp penbedy Micie-
BOCTI, MApLIPYT 3aKiHYyBaBCH Y Till TOUL, JIe TOYNHAB-
cs1. Ha mouarky Ta HalpHKiHIN €KCIIEPUMEHTIB 3aIHCy-
BaJIM MaIly Hanpyru komipok. Ha puc. 3 npencrarieHo
TaKy MaIy, OTpHMaHy IIi/l 9ac IepIIOro eKCIEepHMeH-
Ty. Jlnst Bizyautizauii OTpHMaHUX IaHUX KOMipKH 300pa-
JKYBaJTUCsl Y PI3HUX BiITIHKaX 3aJIeKHO BiJl piBHA 3apsi-
ny. Tpu komipkw, siki MaroTh HaifHWKIHH SoC, IO CTBO-
PpIO€ OCHOBHHIT HcOanaHc, 0OBeeH] IPSIMOKY THHKOM.

Ilepen mpoBeneHHsIM APYroro ekcrepumeHty Ab
sapspkanu 10 piHa SoC 100%, miciast 4oro BCTaHOB-

3.633
3411

Highest cell voltage (V)
Lowest cell voltage (V)
Cell voltage difference (mV)

3.587

L=}
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Puc. 4. Mana xomipok 3apsiikeHol (zigopyy) Ta po3psiixkeHol (npasopyu) 6arapei 3 akTHBHUM OalaHCHPOM

JIOBAJIA aKTHUBHHUN OamaHcHp Ha 12 KOMIpOK MOIYIISA,
SKMHA MICTHB TPH KOMIpPKH 3 HaWHIKYMUM piBHEM 3a-
psiay. 3acTOCyBaHHsS aKTHBHOTO OallaHCHpa MPOTIrOM
24 ronvH 3a0e3MeYnII0 3HWKEHHS [IbOT0 JrcOanancy 1o
45 MB (puc. 4). ITicas poro Oyio 3po0IeHO IPyTy Tec-
TYBaJIbHY ITO13[IKY.

Ha ocHOBI 3ammcaHuX y IIUX JBOX EKCIIEPUMEHTaX
MacHBIB JaHUX Oy chopMOBaHI 4acOBi 3aJIEKHOCTI
OCHOBHHUX CKCIUTyaTalliiHUX TapaMeTpiB: MBUIKICTh
PYXy, poiiaeHni msix, SoC, Hanpyra Ta cTpyM Oarapei
(puc. 5). lle 103BONMHIIO IPOBECTH KOMIUICKCHUI aHAITI3
napaMeTpiB AB y 3MIHHUX pexuMax pyxy.

I'pagix SoC memoHCTpye cTabLTBHY TCHICHINIO O
3HW)KEHHS PiBHS 3apsiiy: IPOTITOM EKCIIEPUMEHTY BiH
smenmuBes 3i 100 go 10%, 1o 103BoJIsIE€ OLIHUTH pe-

Highest cell voltage (V) 3.521
Lowest cell voltage (V) 2409
Cell valtage difference (my) 1z

4.503

3 508

Debug 7hb. 614116

AIBHUH 3amac Xoxy TPaHCHOPTHOTO 3aco0y 3a 3aJaHuX
ymoB. Kpuea SoC mae MikpockomivHi ¢iaykTyarii, 3y-
MOBJICHI YepryBaHHSM LUKIIB PO3PSIYy Ta peKyrepa-
TUBHOTO MiA3apsiy Mij 9ac ralbMyBaHHS.

AHaltiz MUTTEBHX 3Ha4YeHb CTPyMy Ta Hampyru Ab
MiITBEP/HKYE BHCOKY JHMHAMIYHICTh HaBaHTaXXCHHS B
yMOBax MickKoro Tpagiky. CrocTepiractecs 4iTka Ko-
PEISAIst MK BEIMYMHOIO TIPUCKOPEHHS Ta CTPHOKAMHU
CIIOXKMBAHHS CTPYMY, SIKi CYIIPOBOKYIOTBCS BiJIIOBIJI-
HHUM HaJiHHSIM HaIpyTH depe3 BHYTpilHii onip Ab.

V Tabauui HaBeIeHO 3arajibHi pe3yabTaTH, OTpUMa-
Hi B TECTyBaJILHUX TOi3/IKaX 0e3 aKkTHBHOTO OasaHcupa
Ta 3 HUM. SIK BUJIHO, BHACIJIOK YCYHEHHS JAHCOAIaHCy
noka3Huk SoH 30u1bimBest 3 69 10 81%, 110 CBIAYUTH
PO BIIHOBICHHS TOCTYITY IO 3HAYHOT YaCTHHU PaHIiIIe
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Puc. 5. I'padixu 3MiHK napaMeTpiB MijJ yac TeCTyBaJIbHUX MOI3I0K
3acanvui pezynomamu, ompumani ¢ mecmy8arbHux noiz0Kkax 6e3 aKmueHo2o 6aIaHCcupa ma 3 HUM
Tecrysamna Ipotinennit 3aragILHa MaKCI/éMaIILHI/II/I SoH. Cepennue BHy’Fle.IHlI/I
oi3mKa MIJIAX, €MHICTb, nucoOaiaHc, % CIOKUBAHHS, omip Ab,
T KM A-ron MB kBt-ron/100 kM MOM
I 82 33 220 69
16,3 121
I 128 43 45 81

HEBUKOPUCTOBYBaHOI eMHOCTI. HalO1IbI moka3oBuM
PE3YIBTaTOM CTaJIO 3pOCTaHHs MPOUIEHOTO LUIAXY Ha
omgaoMmy 3apsii (3meHmenHs SoC Big 100 mo 10%) 3 82 1o
128 kM, 1110 3a0e3neunIIo MPUPICT 3amacy xomy Ha 56%.

BucHoBkn

V pesyinbrari MpoBeIeHOTro eKCepUMEHTAILHOTO JI0-
CIIIJPKEHHS M1ATBEPAXKEHO CYTTEBUI BILUTUB AUCOATAHCY
Hanpyry MK KOMipKaMy Ha eHepreTuYHy e(heKTUBHICTh
1 JOCTYIHY €MHICTh 6araTOMOYJIBHO] JIiTiH-10HHOT aKy-
MynaTOpHOI 6aTapei enexkTpomoOins. BecTanoseHo, o

JIOKaJbHE 3aCTOCYBAaHHS aKTHBHOTO OaJaHCHUpa JIHIIC
Ha OJHOMY MOJYJIi, O MICTHUTh KOMIPKH 3 HaWHHWX-
YUM piBHEM 3apsny, € e(peKTHBHUM 3aCO00M 3MEHINICH-
Hs1 3arajibHOTO nucOanaHcy Beiel OatapeHOl cUCTEMH.
BukopucTaHHs akTHBHOTO OanaHCHpa BIPOAOBK 24 ro-
JIUH Ticnd 3apamkanns 6arapei 1o piBHsa SoC = 100%
JIO3BOJIHJIO 3HH3UTH MAaKCUMAaTEHIH AUCOATaHC HATPYTH
3220 o 45 MB, T0o0OTO GBI, HIX y 4,8 pasu.
OTpumaHni pe3ynbTaTd MiATBEPIKYIOTh HasBHICTh
MPSIMOT KOPEJIALii MK BETMIUHOIO ArcOaNTaHcy Ta Jo-
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CTYITHOIO EMHICTIO aKyMyJISITOpHOI Oarapei. 3MeHIIIeHHS
JqucOaTancy MPU3BENO 10 3pOCTaHHs €EeKTUBHO BHKO-
puCTOBYBaHOi €éMHOCTI 3 33 10 43 A'TOJ, a TaKOX [0
30iNbIIeHHs OIiHeHOro mokasuHuka SoH 3 69 no 81%,
10 CBiAYUTH MPO BiJTHOBJICHHS JOCTYITY JI0 PaHIIIe He-
JOCTYITHOT YaCTHHHU €HEPTETUYHOTO pecypcy Oarapei.

Haii6imp1r HaOYHUM TIPAaKTUYHUM PE3yIbTaTOM CTa-
JI0 3pOCTaHHS PEaNIbHOTO 3aIacy XOJy eleKTPOMOoOi-
7 B MICBKOMY ITUKJTI pyXy 3 82 mo 128 kM mpu po3psi-
JokeHH1 6arapei 31 100 1o 10%, mio BiAMOBiAa€ MPUpPOC-
Ty SoH Ha 56%. Lle cBiquuTh IpoO TE, 0 HABITH BHOIp-
KOBUH BIUTMB JIUIIE HA HAWOUTBIN eTpagoBani abo Kpu-
THUYHI KOMIPKHA MOXXE CYTTEBO MOKPALIUTH 1HTErpasbHi
eKCIUTyaTalliiiHi XapaKTepUCTUKU BCi€l OararoMomyib-
HOI aKyMYJIITOPHOI CUCTEMU.

OtpuMaHi eKClIepUMEHTaIbHI JaHi J03BOJISIOTH 3pO-
OWTH BUCHOBOK, 110 JIOKAJIbHE aKTUBHE OalaHCYBaHHS €
e(heKTUBHUM Ta €KOHOMIYHO JOIUIFHUM ITiIXOJIOM JIJIst
BiJTHOBJICHHSI KOPUCHOI €MHOCTI, MiJIBUIIICHHS €HEpPro-
e(eKTUBHOCTI Ta 301IBIICHHS TEPMiHY CIIYy>KOM TATO-
BHX aKyMyJSITOpHUX Oarapeii 6e3 HeoOXiTHOCTI TIOBHO-
MacIITaOHOTO OalaHCYBaHHS BCiX MOay/iB. Takuit mif-
XiJT € HEPCTIEKTHBHUM JJISl HPAKTHIHOTO BITPOBAKEHHS
B CHCTEMaX €JICKTPOTPAHCIIOPTY Ta CTAI[IOHAPHUX CHCTE-
Max HaKOTIMYEHHsI CHepTii, 0COOIMBO Ha eTali eKCIlTya-
TaIifHOTO BIJHOBJICHHS Oarapel 3 HEOTHOPITHUM CTY-
MEHEM Jierpaaltii.
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APPLICATION PROSPECTS OF ACTIVE BALANCING
IN MULTI-MODULE BATTERY PACKS

In modern batteries, particularly those used in electric vehicles, one of the key factors determining efficiency, reliability, and
durability is the imbalance of charge levels (state of charge, SoC) between cells. This imbalance arises due to technological
heterogeneity of cells, differences in internal resistance, degradation levels (state of health, SoH), temperature gradients,
measurement errors in control channels, and unequal cooling conditions. The imbalance leads to reduced usable capacity,
increased thermal loads, and uneven current distribution during charging and discharging, which ultimately lowers efficiency
and shortens battery lifetime. Previous studies highlight the potential of active balancing to mitigate charge-level imbalance
in multi-module batteries.

The aim of this work is to experimentally verify the effectiveness of active balancing, determine its impact on imbalance levels
and energy efficiency indicators of multi-module lithium-ion batteries, and formulate practical recommendations for the use of
active balancers in electric transport systems. The study showed that applying an active balancer to a module with degraded
cells reduced the maximum imbalance from 220 mV to 45 mV, increased usable capacity from 33 Ah to 43 Ah, improved the
estimated SoH from 69% to 81%, and extended the real driving range of the electric vehicle by 56% (from 82 km to 128 km
when discharged from 100% to 10% SoC).

The experimental data confirm that local active balancing is an effective and economically feasible approach to restoring
usable capacity, improving energy efficiency, and extending the service life of traction batteries without requiring full-scale
balancing of all modules. This approach is promising for practical implementation in electric transport systems and stationary
energy storage, particularly for operational restoration of batteries with heterogeneous degradation levels.

Keywords: battery, battery management system (BMS), active balancing, imbalance, electric vehicle (EV), driving range,

lifetime.
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AITAPATHA YACTHUHA CUCTEMHM MOHITOPHUHI'Y
I[TAPAMETPIB PYXY MEXAHI3MY XUTAHHA

Pospobreno 6azamogysnogy cucmemy UMIpIOBAHHSA KONUBANbHUX PYXi@ KPUCMANIZAMOPA MAWUHU OE3NePeperHo20 AUMmsi
3a20Mo60K Ha 0CHO8I Mikpokonmponepie STM32 3 MEMS-axcenepomempamu ma MEMS-zipockonamu. /[nsa oominy oanumu
Midie gyznamu 3acmocosarno inmepgetic RS-485, a cunxponizogane onumysanns dasauis 30iticnioemucst 3 uacmomoio 100 I'y.
Cmeopenuii npomomun cucmemu 3a6e3neuye peccmpayilo NPUCKOPeHs i Kymosux uwieuoxocmetl y opmami, npuoammomy 07is
iHotcenepHoi 06pobKku. Ompumari pitueHHs: MONCYMb OYMu GUKOPUCTIAHI 0I5t MOHIMOPUH2Y XUMAHHS KPUCMATIZ3amopa, 00Ci-
00ICeHH sl KOMUBALHUX NPOYECI8 Y PISHUX BUPOOHUYUX MEXAHIZMAX, CIMBOPeHHs 6a3u 0anux i no6y008u “Yyudpoeo2o 08ilHuU-
Ka’ ma aK Ha84anbHO-00CTIOHULL CMEHO.

Kniouosi cnosa: mexanizm xumanns, kpucmanizamop, 6esnepepena posnuska, MEMS, akcenepomemp, 2ipockon, MiKpOKOH-

mpoep, MOHimopuHe napamempis pyxy, inmepcgeiic RS-485.

Ha cygacHMX mpOMHCIIOBHX BHPOOHHUIITBaX Oe3Ie-
PEPBHO 3pOCTAIOTh BUMOTH 10 XapPaKTEPUCTHK TEXHOJO-
riyHOrO O0ONaHAHHA, 30KpeMa HOoro HaJiifHOCTI Ta Kepo-
BaHOCTI. 3alpOBaIXKCHHS MTOCTIHHOTO MOHITOPUHTY Ta
ABTOMATH30BAHOTO PETYIIIOBAHHS BUPOOHIYHX IIPOIIECIB
y peallbHOMY Yaci, BUKOPUCTAaHHS “IUPPOBUX NBIHHU-
KiB” TEXHOJOTIYHUX 00’ €KTIB € 000B’ I3KOBUMH CKJIAI0-
BHMH niepexoty 1o kormernii «[IpomucnoBicts 4.0»[1].

Jst MeTanypridiHuX BUPOOHHUITB, A€ BiAXUJICHHS
napaMeTpiB pyXy OKpEeMHX MeXaHi3MiB 06e3mocepeIHb0
BIUIMBAIOTh HAa SAKICTh MPOAYKIIii, pecypc TEXHOJIOTId-
HUX BY3JIiB Ta O€3MeKy eKCIUTyaTallii arperaris, opraHi-
3allis OCTIHHOTO MOHITOPHHTY TEXHOJOTTUHUX TIPOIIe-
CIB € KPUTHYHO BaXKIIUBOIO.

OaHUM 13 KITFOYOBHX MPOLECIB CY4aCHOTO MeTalyp-
TifHOTO BUPOOHHMIITBA € Oe3MepepBHE JTUTTS 3aTOTOBOK,
y MeXax sIKOTO peanizyeTbes pa3oBuii mepexia Meramny 3
piakoro crany B TBepauii [2]—[4]. B 3a0e3nedyenHi npa-
BIJIBHOTO 3aTBEPIIHHS MIOBEPXHEBOTO IIAPY 3JIUTKY Ta
3anmo0iraHHi YTBOPEHHIO MMOBEPXHEBUX Ta BHYTPILIHIX
JedeKTiB HaA3BHYAHO BaXIIUBOIO € POJIb KpUCTAalli3a-
TOpa — YaCTUHU MAITHU O€3MePEPBHOTO JINTTS 3aroTo-
BoK (MBJI3) [5]—[7]. KOoOHCTpYKTHBHO BiH CKIaIa€EThCS
3 YOTHPHOX MAaCHBHUX IUTUT, PO3TAIIOBAHUX BEPTHKAIIb-
HO I10 TIEPUMETPY paMu KPHCTANi3aTopa, sKi HOpMyIoTh
poro crinku. Came TyT Bii0yBa€eThCs IOYATKOBA KPHUCTa-
JIi3aris moBepxHi MeTaneBoro 3nuTKy (pue. 1). CydacHhi
Kpucranizaropu cisiooBux MbBJI3 103BoOJISIFOTE 3MiHIOBA-
TH MUPUHY 3aTOTOBKH 0€3MOCEPEIHBO B MPOIIEC TUTTS
3aBJISIKW MTEPEMILIICHHIO BY3bKHX CTIHOK T'iIpaBIiYHHMHU
MPUBOAAMH. 3a00IrTH MPUIIMIIAHHIO YTBOPIOBAHOT CKO-
PHHKU MeTaly 10 CTIHOK J03BOJISE CIICIiaJbHUI MeXa-
Hi3M, AKWid 3a0e3mnedye Oe3nepepBHEe XUTaHHSI KpUCTa-
ni3aTopa, 3a1al04X TepioNYHi KOJIMBaHHS CHEIiallbHOT

(dbopmu B310BX TexHOJOTYHOT oci MBJI3. Bigxwienus
aAMILTITYAH, 9aCTOTH Ta HOPMH KOJHBaHb KPHCTAII3aTO-
pa BiJ] perIaMEHTOBaHHX 3HAYCHb, TIOSIBA JIOTATKOBUX Bi-
Opariii, modTiB 200 MEpeKOCiB MPU3BOIUTH JI0 3POCTAH-
HS KUTBKOCTI OpaKoBaHHMX 3aTOTOBOK, ITiIBUILIEHOTO 3HO-
Cy MEXaHI3MiB, a TAaKOX PU3UKY TPHBAIHX 3yIIUHOK BH-
pOOHHIITBA Yepe3 cepho3Hi aBapii, MOB’s3aHi 3 MPOPH-
BOM 00OJIOHKH ()OPMOBAHOTO 3JUTKY Ta PO3IIHBOM PO3-
TUTaBJICHOTO MeTany. ToMy cBoe€4acHe BHSIBICHHS 3MiH
mapaMeTpiB pyxXy KpHCTaslizaTopa € HaJBaKJIMBUM 3a-
BIAHHAM HOTr0 TeXHIYHOI miarHocTuku [2]—[7].

Pigxa crann

Cranepo3nuBHUI KiBII

ITpomixHMIA KiBII
3aHypeHe PO3/IHMBaJIbHE COILIO

Kpucramnizarop

Pinka daza
BuTAryBaibHi pOIHKU

KpucranizoBana
obonorka  Meranypriiina

JIOBKHHA Cisi6

< O
OG6MpUCKYBAHHS" * o
p Yy /’ oogo0000000
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Puc. 1. Ctpykrypa MammHu Ge3nepepBHOTO JINTTS 3aT0TOBOK
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TpanuiiitHi 3ac00M KOHTPOIIIO PYXy KpHCTami3aTopa
B METATypriffHUX yCTaHOBKAaX I'PyHTYIOThCS EPEBAXKHO
Ha 3aCTOCYBaHHI OKPEMHX JaBaviB MepeMillleHHs, TCH-
30METPUYHHX, IHIYKTUBHUX JAaBadiB abo BiOpoIepeTBo-
proBauiB y BUOpaHUX TOUKaX MeXaHi3My XUTaHHs. Taki
CHCTEMH MAIOTh 3Ha4H1 rabapuTy, MoTpedyoTh CKIIAAHOI
KabenbHOi iIHPACTPYKTYpH, 3AaTHI 3a0€3MMeUyBaTH BH-
MipIOBaHHS B OOMEKEHIH KiTbKOCT1 TOUOK, IPUIOMY 3a-
3BUYAH 1€ JIHIIe eni30JU9HI BUMipIOBAaHHSI i/ 4ac cep-
BiCHOT 3yIIMHKHU TEXHOJIOT1YHOTO IHKITy. CrienianizoBaHi
BiOpoxiarHocTH4HI KomIuiekcu it MBJI3 BupoOnsoTs-
CsI 3aKOPIOHHIMU KOMITaHiIMH, € TI0CTaTHBO KOIITOBHH-
MH, MalOTh 3aKPUTY CXEMOTEXHIKY Ta IporpaMHe 3a6e3-
IIEYCHHS, A0 TOTO X HMOTPeOyIOTh y4yacTi 3aKOPIOHHUX
CHEIIaAICTIB IS iX afanTalii mij KOHKpEeTHE MeTalyp-
rifine oOnamHaHHsI, IHTETpallii B HasBHI CUCTEMU Kepy-
BaHHSI T IIEPIOMIHOTO CEPBICHOTO 0OCITyTOBYBaHHS [§],
[9]. Bee 1ie cTpuMye mupoKe BIPOBaIKSHHS TOBHOIIH-
HOTO MOHITOPHUHTY CTaHy METaIypriifHOro 00na HaHHS.

[lepcneKTHBHUM MT1IXO/IOM JI0 PO3B’ I3aHHS 33184 MO-
HITOPHUHTY pyXy KPHCTaJIi3aTOpa € BUKOPUCTAHHS MiKpO-
enekrpomexaHignux cucreM (MEMS) [8]—[10] — ma-
J0TabapUTHHX aKCEeJIePOMETPIB 1 IPOCKOIIIB, IHTErpOBa-
HHX Y MIKpOKOHTpoepHi miardopmu. MEMS-naBaui xa-
PaKTEpU3YIOTHCS MAJIIMHU pO3MipaMu, HU3bKUM €HEproc-
MMOKUBAHHSAM, TOCTAaTHIM YaCTOTHHUM JI1aITa30HOM 1 MOXK-
JMBICTIO Oe310cepeHBOI iHTerpaii B IM(poBi CHCTEMH,
TOMY OUiKY€TBCSI, IO MOEHAHHS 1X 3 MIKPOKOHTpOJIepa-
MH Ta IPOMHUCIOBUMH iHTep(eiicaMu T03BOIUTH CTBO-
puTH epeKTUBHI 0araToBy3I0Bi BUMIPIOBAIBEHI MEPEXKi 3
MIAPOKUM (YyHKIIOHATIOM, IPUIATHI Al pOOOTH B yMO-
BaX METAIYPriifHOr0 BUPOOHUIITBA.

Mertoro 11iei podoTu € po3poOka MpoToTUITY Oararo-
BY3JIOBOTO BUMIPIOBAJIBHOTO KOMIUIEKCY JJISI ITOCTIIHOTO
MOHITOPHHTY TapaMeTpiB KONMUBAILHOTO PyXy KpHUCTa-
Ji3aTopa MaIMHKA O0e3MepEePBHOTO JIUTTS 3arOTOBOK Ha
ocHOBIi cygyacHuX MEMS-naBadiB, MiKpOKOHTPOJIEPHUX
BY3JIIB i TPOMHUCIIOBHX iHTEepdelciB. B mepcnexkTusi Bin
MO>KE€ CTaTH OCHOBOIO JUISI CTBOPEHHS [T (PPOBOTO “IBiM-
HUKa” KpUcTaji3aropa — Horo 1udpoBoi Mosiei, 3acCHO-
BaHOI Ha 3HAYHOMY MaCHBi JaHHUX, OTPUMAHHX Y XOJIi BU-
MipIOBaHb HU3KH TIOKA3HUKIB CTaHy PEaIbHOTO 00’ €KTa.
BuxopuctanHs Takoro “IBiHUKA” TO3BOJUTH €EKTHB-
HO MPOTHO3YBATH Ta ONITUMi3yBaTH pOOOTY CUCTEMH.

3aK0H KOIMBAJIBLHOIO PyXy
kpucraiizaropa MBJI3

Bigomo, o ocHOBHI YMOBH ()OPMYBaHHS CTPYKTYpPHU
MeTally Ta MOBEPXHi 3ar0TOBKH B npoleci podoru MBJI3
BHU3HAYaIOTHCS XapaKTepOM 3BOPOTHO-IOCTYMNAIbHOTO
pyxy kpucramuizaropa [2]—[7], skuil 3agaeThcs cucre-
MOIO KepYBaHHSI MEXaHi3MOM XUTaHHA [9].

ba3oBuM 3aK0HOM, 1110 BUKOPUCTOBYETHCS JIJIsl MaTe-
MaTUYHOTO OIUCY KOJIMBAJILHOTO PyXy KpHCTali3aTopa, €
CUHYCOianbHUH 3aK0H. BTiM, JOCTiIKEHHS BILTUBY 3a-
KOHY KOJIMBAaHHS KpUCTaJi3aTopa Ha SIKICTh METaJleBUX
3aroTOBOK, MIOKa3aJiy, 10 3aCTOCYBaHHS 3aKOHY PYyXY 3
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Puc. 2. Cunycoinaneuuii (/) Ta HecuHycoiganbHuil (2)
3aKOHH PyXy KpHCTaji3aTopa

MIEBHUAM KOe(illieHTOM HECHHYCOiTaIbHOCTI (pHC. 2) N0-
3BOJISIE€ IOKPAILIUTH SIKICTh 3arOTOBOK, 30KpeMa 3MEHILU-
THU TNIMOMHY MOBEPXHEBUX CII1IB XUTaHHS PUOIU3HO Ha
30% [2]. Taxwuii 3aKOH XUTaHHS OMUCYETHCS BUPA30M:

Xm-sin[;o—]z €031 ];
x(t)=1X,, -cos[(;t_;;: JE[s s @)
2k

ne X, — amILliTyaa KOJMBAHHS;
k — xoedilieHT HECHHYCOINaIBHOCTI;
T — mepiof KONHUBaHb,
® — KyTOBa 4acToTa,
t,, t, — MexKi 4acOBUX inTepBaniB, t, =kT/2; t,=T—t,.

IIepeBara HECMHYCOiTaAIbHOTO 3aKOHY KOJIMBaHb
KpHUCTai3aTopa HaJl TapMOHIMHUM MOJIATAE y PO3IIHpe-
HUX MOKJIIMBOCTSAX KePYBaHHS KiHEMaTHUYHUMU TTapaMe-
Tpamu Tiporiecy. Ha BiiMiHY BiJl CHHYCOiTaTbHOT TPa€eK-
TOpIi, 32 SIKOT IBUJIKICHI XapaKTEPHCTUKHU PyXy KpHCTa-
JTi3aTopa € MKOPCTKO BU3HAYCHUMH (HOPMOIO TapMOHIY-
HOTO CUTHATY, HECUHYCOIJaIbHUN PEKHUM TO3BOJISIE pe-
TYIIOBATH IIBUIKICTH PyXy HE3aJIEKHO Ha OKPEMHX Ili-
nsHKaxX mukiy. e 3abe3neuye minecnpsmoBane Gopmy-
BaHHs IIEPi0Ty HETaTUBHOTO KoB3aHHs 1, (negative strip
time), 30KkpeMa Horo 301IbIIeHHs, 0e3 HeOoOX1AHOCTI miJI-
BHUIICHHS aMIDTITyIH a00 3HIKEHHS YaCTOTH KOJTUBAHb.
Y pe3ynbTaTi ONTHUMI3YIOThCSl YMOBH KOHTAKTY MiX 000-
JIOHKOYO 3JIMBKA Ta CTIHKAMH KpHCTaji3aropa, 3SMEeHIIICH-
HS CHJI TEPTsI, TOKPAIIEHHS YMOB 3MalllyBaHHsI IIIAKO-
BOJO IDTiBKOIO Ta 3HIKCHHS pH3UKY BHHUKHEHHS aBapiii-
HUX CUTYaIliil Tuny “npwmananus’ (sticker breakout) [2].

Kpim Toro, HecHHYCOITANEHUHI PEKUM CIPHUSIE 3MEH-
IIEHHIO MIMOWHKM OCHMIIALIMHUX MITOK 1, BIZITOBIIHO,
MIJBUINECHHIO SKOCTI IMOBEPXHI 3arOTOBKU. BaxImBorO
MIEPEBAroI0 € TAKOXK MOXITUBICTh aanTallii mapamMmeTpin
XUTaHHA JI0 3MiH IIBHIKOCTI PO3IHUBAHHS Ta TEXHOJO-
TIYHAX YMOB 0€3 MOpYIIeHHS CTaOUTLHOCTI IIPOIIeCy.
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Puc. 3. 3MiHa ITBHAKOCTI BEPTUKAIBHOTO PyXy KpHCTaNizaTopa

y 4aci mpu CHHycoinanbHOMYy / Ta HeCHHycoimajibHOMY 2

(ctynisb BigxuneHHs o = 24%) 3aKOHaX BITHOCHO IIBUAKOCTI
BUTAryBaHHs V, = 1,45 M/xB

Ha pmuc. 3 HaBeeHO 3aJ1€XKHICTh IIBUAKOCTI BEPTH-
KaJFHOTO PyXy KpHCTAIi3aTOpa BiJI 4acy IMPOTSATOM OTHO-
TO [UKITY HOTO KONMBaHHA. [ OpH30HTANBHA JTiHis, TO3HA-
4eHa K V, Bi/INOBIa€ MIBUIKOCTI BUTATYBaHHS (IIBH]I-
KOCTI Oe3IepepBHOTO JINTTS) 3aTOTOBKH, TOOTO IIBHIKO-
CTi Tl mepeMillieHHs BHU3 13 KpucTanizatopa. [IopiBHAHHS
MUTTEBOI IBUAKOCTI KPUCTATI3ATOPA 3 LI€I0 BETUIHHOIO
JI03BOJISIE OI[IHUTH XapaKTep IXHBOTO BITHOCHOTO PYXY
B pi3Hi (a3u nukiIy. 30kpema, popma 3aKOHY KOJIHBAHb
BH3HAYA€E, B SKi IHTEPBAIU Yacy KPHCTANIi3aTop pyXa-
€TBCs MIBHUIIIC a00 MOBLUIBHIIIE 32 3aTOTOBKY, 0 0e3-
MOCEPEIHBO BIUIMBAE HA YMOBU KOHTAKTy MiX 0OOJIOH-
KOO 3JIMTKA Ta CTIHKAMH KPUCTAaJi3aTopa.

Teopernunuit kpok cniniB xutaHus P (oscillation
marks) BU3HAYAETHCS CIIBBIIHOIICHHSIM MIX IIIBHJIKI-
CTIO JIUTTA ¥/, Ta 4acTOTOXO f KOJMBAHL KPUCTANII3aToOpa:

P=V/f. @)

3amrpuxoBaHa 001acTb Ha rpadiky BiAnoBigae iHTEp-
BaJly HETATMBHOTO KOB3aHHs 7, IPOTATOM SIKOTO KpHC-
TaNi3aTop PyXaeTbCsl BHU3 31 HIBUJKICTIO, IO IEPEBHU-
IIy€e OIBUAKICTh BUTATYBAHHS 3arOTOBKU. Y Lieil nepion
BiZIOYBA€THCS BiJHOCHE PO3BAHTAXKEHHSI KOHTAKTy MiX
000JIOHKOIO Ta CTIHKOI KpHCTallizaTopa, POpMyeThCs
MacTUJIBHUI 3a30p, 3alI0OBHEHUH IUIAKOBOIO IIIIBKOIO,
10 3MCHIIYE CUJIM TEpTs Ta 3arodirae MpUIUNAHHIO.
[TosHuit mepion KonMBaHb 7, XapakTepusye TPUBATICTH
OJTHOTO IIMKITY pyXy Ta BU3HA4Ya€ YacTOTy poOOTH Mexa-
Hi3MY XUTaHHS.

BumiproBaJibHi cucTeMH /151 KOHTPOJIIO PEKUMY
XUTaHHS KpPUCTaTi3aTopa

VY cygacanx MBJI3 myist KOHTPOIIO PEeXKUMY XUTaH-
HS KpUCTaJli3aTopa 3aCTOCOBYIOThCS K BOYIOBaHi 3a-
coOW BUMIPIOBAHHS B CKJIaJli CHCTEM KEepyBaHHS, TaK i
CIeITiali3oBaHi aBTOHOMHI BUMIPIOBAJIbHI KOMILJICKCH.
HalinommupeHIimmmMu € CHCTEMH, B IKHX BUKOPHCTOBY-

I0ThCA JIaBadi epeMilieHHs a0o akcenepoMeTpUyHi Ie-
peTBoproBadi. Po3rsHeMO JeKinbKa MPHKIIAIiB.

[TpomucoBy cucTeMy KOHTPOJIIO ITapaMeTpiB XUTaH-
Hs Mould Oscillation Measuring System KS473/KHM
oOy/I0BaHO Ha 11’ €30€TICKTPUIHOMY aKCEIePOMETPi, 10
3a0e3redye BUCOKY TOYHICTh BH3HAUCHHS IIEPEMIIICH-
Hs KpucTamizaropa (He meHm Hix 0,1 Mm) iHTETpY-
BaHHSM CHTHAJIIB IPHCKOPEeHHs. KOHCTPYKTHBHE BUKO-
HaHHJ JaBaya I03BOJISIE IIPOBOUTY BUMiPIOBAHHS SIK HA
xonmoctomy xomy MBJI3, Tak i Ge3mocepenHbo Mmij 4ac
tTa. BriMm 3a nonomororo cucremu KS473/KHM mox-
Ha KOHTPOJIFOBATH PyX JIUILE B OJHIH TOYIIi, 1110 € iCTOT-
HUM HEJIONIKOM, OCKUIBKHU 1€ YHEMOXIIUBIIOE OIliHIO-
BaHHS MEPEKOCIB, KPYTHIILHUX KOJMBAHb Ta IPOCTOPO-
BO{ HEOTHOPITHOCTI PyXy KpHCTai3aTopa.

Binb1 po3BUHEHUM PILICHHSIM € IPOMHCIIOBA CUCTE-
Ma SIMETAL OsciMon (Siemens), npu3HayeHa J1j1si BU-
COKOTOYHOT'O MOHITOPUHTY PEXKUMY XUTAHHS KPHUCTATi-
3atopa. B Hilfi BUKOPHCTOBYETHCSA YOTHPH TPUBICHI aK-
CeJIepoOMETPH, PO3MIIIIEH] IO KyTaX CTOJIy XUTaHHS, 110
JI03BOJISIE OTHOYACHO PEECTPYBATH PYX Y KUTBKOX TOUKaX.
SIMETAL OsciMon 3a0e3nedye BUCOKY TOBTOPIOBa-
HICTb 1 CTaOUIbHICTh BUMIPIOBaHb Ta IHTETPYETHCA Y 3a-
ranpHy cuctemy aBromarusauii MbJI3. Henomnikom cuc-
TEMH € 3aKPUTICTh 1H(GOPMAIT MO0 THITY 3aCTOCOBA-
HUX JIaBaviB, aJJTOPUTMIB 0OPOOKH CHTHAIIIB i (hopMary
BUXI1THUX JIaHUX, [0 HE JT03BOJISIE PO3IINPIOBATH (PyHK-
[[IOHAJl CUCTEMH, aJIaNTyBaTH ii i NOTPeOU KOHKpET-
HOTO BUPOOHHUIITBA HA MiCIli, BUKOPUCTOBYBATH OTpUMa-
Hi 1aH1 A7 po3pOOKH 1 YIOCKOHAJIEHHS BIACHHUX aJIro-
PHUTMIB KepyBaHHI.

AHaJOTIYHY KOHIENIII0 peali3oBaHO Yy TOPTaTHB-
Hilt cuctemi KT400 FieldMOMS 3 yoTipMa TpHBiCHUMH
aKceJepoMeTpaMu JUTsl KOHTPOJIO MapaMeTpiB XUTaHHS
Kpucranizaropa. Cucrema opieHTOBaHA Ha CEpBICHI Ta
JarHOCTHYHI BUMIPIOBAaHHsI Ta JJO3BOJISIE IIBUIKO OTPH-
MartH iH(hOPMAaIIito PO aMILTITYTy Ta YaCTOTY KOJIMBaHb.
Pazom 3 Tim, FieldMOMS € aBTOHOMHUM 3aKpUTHUM pi-
IICHHSM, sIKE HE mepeadavae mpsMoi iHTerparii y KoH-
TypH KepyBaHHsI Ta He 3a0e3meuye JOCTyIy 1O TIepBUH-
HUX BHMIPIOBaHUX JAHUX Y 3PYYHOMY JJIsl TOAAIBIION
00pOOKH BUTIISIII.

Okpemy rpyly CTaHOBJISTH CTAIliOHAPHI CHCTEMH,
IO 1HTErpyrThcs Oe3MmocepeHbO B TiApaBiIiyHi abo
€JIEKTPOMEXaHIuHi IPUBOAM MEXaHI3My XUTaHHA. Taki
pillleHHs TIependavaroTh KOHTPOJIb PYXy 3a JOMOMOTOO
JlaBaviB MOJIOXEHHS IITOKIB 200 €JIEMEHTIB MPUBO.Y,
a He OesnocepeHbO KpucTaizaropa. lle oOmexye iH-
(hOpMaTUBHICTh BUMIpPIOBaHb, OCKIJIBKU pealbHUN pPyX
KpHCTai3aTopa MOXKE BIAPI3HATUCS BiJl pO3paxyHKOBO-
ro vepe3 ModTH, NMPYXHI Aedopmallii Ta 3HOITYBaHHS
MexaHi3MiB. KopoTkuii onuc oco6muBocTeld, nepesar Ta
HEJIOJIIKIB YCiX 3raJlaHuX CUCTEM HaBelleHO B Ta0J1. 1.

TakuM YMHOM, aHAIi3 ICHYHOYHX CHCTEM IOKAa3ye,
[0 YacTHHA 3 HHUX 3a0e3redyye BUMIpIOBaHHS B 0OMe-
KEHIl KiJIbKOCTI TOUOK, a PelITa € 3aKPUTUMHU IPOMHC-
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Tabmurs 1
Topienanns icuyrouux cucmem KoHmponio pyxy kpucmanizamopa MbBJI3 ma 3anpononosarnoi cucmemu
BuwmiproBani .
.. . . OcHOBHI
Cucrema TapaMeTpH; KUIbKICTh Tumn naBauiB OCHOBHI nepeBaru .
HEIOMIKK / 0OMEKEHHS
TOYOK KOHTPOJIIO
. Kontposns nue B onHiit
IIpuckopenns, Bucoka TouHICTB . .
TepeMiIeHHs IT’e30enexkTpuyHmit Y KOHTPOJIBHIHN TOYII TOHI, HEMOXKITHBICTD
KS473/KHM Lo : . > OIIIHKH TIEPEKOCIB
(micns iHTErpyBaHH); aKceJIepoOMeTp MOXKITUBICTh BUMIPIOBaHb .
- 1 KpyTUJIBHUX KOJIMBaHb,
1 Touka 11 9ac JIUTTS . .
obMexeHa iHpopMaTUBHICTH
IIpuckopenns . 3akpura apxiTeKTypa
p PCHHA, KommuiexkcHuit KOHTpOIb 1KpHTa ap ypa,
SIMETAL YacTOTHI L B1JICYTHICTB JTOCTYITY
. TpusicHi PyXy, IPOMHUCIIOBA
OsciMon XapaKTePUCTHKH PYXY; AV . . 10 IEPBUHHUX JJAHUX,
. aKcelepoMeTpu HaIHHICTb, IHTErpalis . :
(Siemens) 4 To4kH (110 KyTax 3 ACY TIT 00MEKeHI MOXKITUBOCTI
KPHCTAJI3aTopa) aJlanTanii alropuTMiB
. OpieHTarnis Ha MepioANYHI
[lopratuBHicTb, P t pion
IIpuckopenns, L BHUMIpIOBaHHS,
KT400 TpusicHi LIBUJKE PO3TOPTAHHA, . S
. napamMeTp XUTaHHS; . . BiJICYTHICTb 1HTETpauii
FieldMOMS aKCeJIEpOMETPHU 3PYYHICTb CEPBICHUX
4 TouKu . B KOHTYPHU KepyBaHHS,
BUMIpIOBaHb 5
3aKpUTHH opMaT JaHUX
CranionapHi Henpsmuii criocio
CHCTeMH Ha 6a3i IepemimmeHHs IHyKTHBHI/ Minifii IIpocrora peamizarii, BUMIPIOBaHHS MapaMeTpiB
JlaBadiB €JIEMEHTIB NIPUBO/Y; Y naBadi HaJIIHHICTD Y KOPCTKUX PYXy KpHcTaji3aropa,
MOJIO>KEHHS 1-2 Touku YMOBax HU3bKa Yy TIHUBICTh
PHBOZY JI0 TIAPA3UTHUX KOJMBaHb
IIpocTopoBo-posnoninenuit
NV KOHTPOJIb, TIPSIME HeoOxiaHicTh
JliHiliHI IPUCKOPEHHS . .
. . BUMIpIOBaHHS KPYTHIBHUX KasTibpyBaHHs
IIpononoBana Ta KyTOBI IIBUJKOCTI MEMS- .
. CKJIaJIOBUX, ICPBUHHA MEMS-naBauis,
GararoBy3i0Ba KpHCTaITi3aropa; aKcelepoMeTpH Ta L
A . 00poOka Ha By37ax, HEOOXiAHICTh PO3POOIECHHS
cucremMa 4 1 6i7IbILIE TOYOK MEMS-ripockonu BUIKPHT ApXITEKTYpa T4 CYIIPOBOLY BIACHOIO
(macmtabyeTbest) PHTa apXITCKTYPa, yrp Y
3aBaJ0CTIHKHi iHTepdeiic | mporpamMHOro 3a0e3rneycHHs
RS-485

JIOBUMH PilIEHHSAMH 3 00MEXEHUM JAOCTYIIOM JI0 BHMi-
proBaHuX naHuX. JKopHa 3 PO3MISHYTHUX CHCTEM He 3a-
Oe3redye 0JJHOYACHY PEECTPAIlif0 HeoOXiTHOTO HAbopy
1HepUIHHUX apaMeTpiB pyXy (JiHIHHI IPUCKOPEHHS Ta
KyTOBI HIBUJIKOCTI) y KIJIBKOX MPOCTOPOBO PO3HECEHHUX
TOYKAX Ta HE Ma€ BIKPUTOI apXiTeKTYpH, IPUAATHOT AJIs
THYYKO1 iHTerpallii B CHCTEeMH KepyBaHHs, sika O HajaBa-
J1a MOXKJIMBOCTI JJIs1 PO3LIMPEHHS (PyHKITIOHATY Ta PO3-
BUTKY aJITOPUTMIB KepyBaHHs. O4eBHIHO, 11O 11€ 3yMOB-
JII0€ HEOOX1IHICTh PO3POOIEHHS CUCTEMH Oe3MepepBHO-
T'0 MOHITOPHHTY PyXy KpucTainizatopa MBJI3 3 Bucokoro
TOYHICTIO BUMIPIOBAaHHSI, LIMPOKUMH (DYHKL1OHATTbHUMHU
MOJIMBOCTSIMH Ta BiIKPUTOIO apXiTEKTYpOIO.

Bumoru 10 cucTeMH MOHITOPHHTY PyXy
Kpucraizaropa MbJI3

SAx Bxe Oyno 3a3HAYCHO, BIIXHICHHS (PaKTHIHOTO
3aKOHY pyxy Kpucrtanizatopa MBJI3 Big 3amanoro, mo-
sIBa TIApa3UTHUX KOJIMBaHb a00 3MiHa aMILIITYIH U 9ac-
TOTH KOJIMBaHb 0OE3MOCepeHbO BIUIMBAIOTH HA (opMmy-
BaHHS TOHKOI TBepI0i 0OOJIOHKH 3aroTOBKH W ITiJIBU-
IIYIOTh PU3HK YTBOPEHHS TPIIIMH Ta MPOPHUBIB METAITY.
XapaKkTepHOIO 0COOIMBICTIO MPOIECY XUTAHHS € HU3b-
ka yactota (0mu3bko 1—3 I'1r) Ta Mani aMInDIiTyau nepe-
MIIIeHHS KpHCcTani3aropa (Kijlbka MiJTIMETpiB), 1110 BU-

CyBa€ MiJBUILEHI BUMOTHU JI0 YyTIUBOCTI i po3AiabHOL
3aTHOCT1 BUMIPIOBAJIbHUX KaHAIB.

AHai3 pexuMiB XuTaHHS kpucrtanizaropa MbBJI3, a
TaKOX MOXKITUBOCTEH Ta OOMEKEHb ICHYIOUMX BHUMIipIO-
BaJIbHUX CUCTEM JI03BOJIsIE€ C(HOPMYITFOBATH OCHOBHI BU-
MOTH J10 10OYI0BH HOBOi CUCTEMH MOHITOPHHTY.

1) Cuctema Mae 3a0e3nedyBaru Oe3mocepenHin
KOHTPOJb IPOCTOPOBOTO PyXy KpHCTajizaTopa, a HE
naine npuBoxy. s 1poro iHpopManiiHUMK BEJTUYH-
HaMH MaroTh OyTH TPUBUMIPHI JiHIHHI TPUCKOPEHHS B
KUTBKOX XapaKTepHUX TOYKaxX 1 KyTOBI HMIBHIKOCTI, IO
JTO3BOJISIFOTH BUSIBIISATH TIEPEKOCH, aCHMETPiI0 HaBaHTa-
KCHHS Ta Mapa3uTHi KonuBaHHA. Li 1aHi MarOTh 103BO-
JIUTH OOYMCITUTH ITEPEMIIIEHHS, aMILTITYy H opMy Tpa-
€KTOPIH, a TAKOXK MTOKA3HUKH, IPSAMO OB’ SI3aH1 3 TEXHO-
JOTIYHUMU KPUTEPisIMHU (Yac Ta IHAEKC BUIIEPEIKCHHS,
TTMOWHA CITI/IIB XUTAHHS).

2) BumiproBasibHI KaHaId MalOTh OyTH ITOCTaTHbO
YyTIMBUMH Y HU3bKOUACTOTHOMY fiana3oHi 1-3 I'm mpu
aMIUTITYIaX MepeMillleHHS B MeXKaX KUTbKOX MITIMETPIB.
I1e o3HaYae HEOOXIAHICTH 3a0€3MEUCHHS Tialla30Hy BUMi-
PIOBaHHS IPUCKOPEHB Ha PiBHI KIJIBKOX g 13 PO3AIBHOIO
371aTHICTIO, 1110 JIO3BOJISAE HAAIHHO PeeCcTpyBaTH Mali 3Mi-
HH CHUTHAITY, @ TAKOX POO0Y01 CMyTH YacTOT, SIKa OXOIUTIOE
He JIMIIE OCHOBHY YaCTOTY KOJIMBAHb, i KiJIbKa BUIIIUX
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TapMOHIK Ta MOXJIMBI Mapa3uTHi KonuBaHHA. YacToTa
JTUCKpeTu3alii Mae 3a0e3neuyBaTé KOPEKTHE BiATBO-
PEHHS IIUX HPOLECIB i3 3amacoM Ui MOAAJIBIIOT0 aHa-
73y (pinmpTparis, iHTerpyBaHHs, CIICKTPAIbHUIN aHaTi3).

3) Cucrema mMae Oyt 6aratoBy310Bo0. Po3minieHHs
KIJIbKOX CEHCOPHHX BY3JIiB Ha €JIEMCHTaX MEXaHI3My XHU-
TaHHS 200 10 KyTaX KpHCTaIi3aropa JO3BOJIHUTH OIliHIO-
BaTH PO3MOLII IEPEMIIICHB 32 TOBXHUHOIO, BUSBIIATH I1e-
peKoCH Ta HEpiBHOMIpPHICTh poboTu okpeMux omop. Ha
BiIMiHY BiJ] 0THOTOYKOBUX cucTeM Ty KS473/KHM,
1€ J03BOJIUTh NIEPEUTH BiJl TOKAJbHUX BUMIPIOBAHb 110
MIPOCTOPOBOI KapTHHU PYXY, IO CYTTEBO IiBUIIY€ iH-
(hOpMaTUBHICTh JIarHOCTHKH.

4) OckiNbKU KiHIIEBOIO METOI0 PO3POOKH BHMIpIO-
BaJIbHOI CHCTEMH € i1 3aCTOCYBaHHS B peajlbHUX BUPOO-
HHUYHX NPOoIiecax, HeoOXiJHO 3a0e3MeUNTH KOMIIAKTHICTh
il CCHCOpHUX By3J1iB, MiHIMAJIEHUI BIJIUB iXHBOT MAaCH Ha
JUHAMIKy MeXaHi3My, CTiliKicTh 0 BiOpariiii, exexrpo-
MAarHiTHUX 3aBaJ] i TEMIEPAaTypHUX KOJIHBAHb, a TAKOX
MOXJIMBICTh TPUBAJIOTO (DYHKI[IOHYBAaHHS CUCTEMH 0€3
CKJIaJJHOTO 00CITyroByBaHHs. CaMe uepes I1i BAMOTH € JI0-
HTBHIM BUKOPUCTaHHS cydacHMX MEMS-inepriitaux
JlaBadiB y MOE€JHAHHI 3 MIKPOKOHTPOJIEPHUMH BY3JIaMH.

5) Ans neHTpami3oBaHOTo 300py AAaHUX BiA Kilb-
KOX BY3JiB NMOTpiOCH 3aBafoCTIHKuil nu(ppoBUH KaHAT
3B 53Ky, 3AaTHUH 3a0€3MEUNTH IIepeiady IMOTOKIB BUMi-
proBaibHOI iH(opMallii B pealbHOMY Yaci Ha 3a/1aHy BiJl-
CTaHb BiJ KpucTalizatopa (abo 1abopaTopHOTo CTEH/IA)
JI0 IIeHTpanbHOTo By3ia. JIiHisg 3B’SI3Ky Mae IparioBa-
TH y CEpeIOBHUINI 3 MiJABUIIECHIM PiBHEM €JICKTPUIHHX
3aBajl, MaTH Pe3epB MPOITYCKHOI 34aTHOCTI ISl MOKIIU-
BOCTI 301JIBIICHHS KUTBKOCTI CEHCOPHUX BY3IiB 1 HE Ha-
KJIaJIaTH >KOPCTKUX OOMEXEHb Ha TOIOJIOTII0 PO3MIIIICH-
Hs o0JaHAHH.

6) 3 omiAAy Ha EPCIIEKTUBY MacIiITa0yBaHHs, apXi-
TEKTypa CUCTeMHU Ma€ OyTH BIJKPHUTOIO, IO JIO3BOJIUTH
3MIHIOBATH KiJIbKiCTB BY3IiB, TUIIH JaBadiB Ta aJITOPHT-
MH 00poOKHM JaHuX Oe3 MOBHOI mepeOyI0BH armapaTHoi
YacTUHH. Y J1a00paTopHUX yMOBAX I 3a0e31euye rHyd-
KiCTh IIPU MPOBEIEHHI EKCIIEPUMEHTIB, a B IIPOMHCIIO-
BHUX — MOXXJIMBICTh ITIOETAITHOTO BIIPOBAKEHHSA 3 ypa-
XyBaHHAM 0COONMMBOCTEH KOHKpeTHUX MBJI3.

HageneHi BUMOTH BU3HAYarOTh PAMKH JUTS TOAAITBIIOL
PO3pOOKH CTPYKTYpH anapaTHOl YaCTHHU BUMIPIOBAITb-
HOI CHCTeMH Ta 11 MPOrpaMHOTo 3a0e3MeYCHHSI.

IIporoTun cucTeMH MOHITOPHHTY

Ha puc. 4 nokazaHo cTpykTypy po3pobieHoi Oara-
TOBY3JIOBOI CHCTEMH MOHITOPHHIY HapaMeTpiB KOJH-
BaJbHOTrO pyxy Kpucrtanizaropa MBJI3. Cucrema mae
LUEHTPAJIbHUNA BY30J, IMOOYIOBAaHUI HA MiKPOKOHTPO-
nepHiit miati STM32 Nucleo64 (STM32F030) [11], Ta
YOTUPU BUMIPIOBaNbHI By3iu Ha 0a3i miuar STM32F3
DISCOVERY [12] i3 BOynoBauumu tudposumu MEMS-
akcenepomerpoM [ 13] ta ripockonom [ 14]. Lenrpansauii
BY30J1 BUKOHY€ (DYHKLI1 CHHXpOHi3awii poO0TH BUMIpIO-
BaJIbHMX BY3JiB, 300py Ta arperaiiii JaHUX, a TaKOX Ie-

penaBaHHs pe3yNbTaTiB Ha MEePCOHAIBHUN KOMIT IOTEP.
BumiproBaibHi By3J1M BCTaHOBIIOIOTHCS HA TUIONIHMHI
IUTUTH KpHCTalli3aTopa 1 3MIHCHIOITh Oe3nocepeaHii
THEpIIHHUI KOHTPOJb PyXy B JIOKAJILHUX TOYKAaX CTO-
Ty XUTaHHS.

KoxeH BUMIpIOBAIEHUN BY30J1 MICTUTh MIKPOKOH-
tponep STM32F3, nmupposuit MEMS-akcenepomerp
LSM303DLHC i MEMS-ripockon L3GD20, 3’erHani 31
CBOIM MiKpoKOHTpoJiepoM iHTepdeiicamu 12C ta SPI Bin-
MOBITHO. AKCeIepoMeTp 3abe31edye 3HATTS TPHUBUMIp-
HUX CUTHAJIIB JIIHIKHOTO TIPUCKOPEHHS, & TipOCKOII pe-
€CTPY€ 3HAYCHHS KyTOBOI IBUIKOCTI B TOYIl BCTAHOB-
JIeHHS By3Jia. MIiKpOKOHTpOJIEp BUKOHYE CHHXPOHI30-
BaHe ONMTYBaHHS NaBadis i3 yactoToro 100 I't, hopmye
MaKeT JTaHUX MO0 BiIMOB1THOTO BUMIPIOBAILHOTO BY3-
na (JaHi 3 akceJlepoMeTpa: ax, ay, az; NaHi 3 TipocKora:
gx, gy, gz) 1 mepeaae Horo JHIE 3B A3KY JI0 LIEHTPab-
HOTO By3i1a. Taka opraHizallis nmpouecy CUCTEMH BUMi-
PIOBaHHS T03BOJISIE BUKOHYBATH IIEPBUHHY IA(POBY 00-
poOKy JaHuX Oe3MocepesIHbO “Ha OOPTY”” KOXKHOTO BH-
MipIOBAJIEHOTO By3Ja Ta 3MCHIINTH HAaBaHTA)XCHHS HA
LIEHTPAJIbHUI BY307.

YactoTa nHCKpeTH3alii BUMIPIOBAIBLHOI CHCTe-
MU Oyia oOpana piBHoro 100 't (mepion BUMiproBaH-
Hs 10 McC) 3 ypaxyBaHHSM JHHAMIYHHAX XapaKTEPUCTHK
KOHTPOJHOBAHOTO MEXaHi3My Ta 0OOMEXKEHb armapaTHol
TIaThOPMH.

MexaHi3MI XUTaHHS TEXHOJIOTIYHOTO OOJaTHAHHS,
SK TPaBUIIO, MAIOTh HU3HKOYACTOTHHH XapakTep pyXy,
JIe OCHOBHI TapMOHIKH KOJMBaHb 3HAXOISTHCS B Jiama-
30H1 mpubm3Ho 1—3 I'. 3rigHO 3 TEOPEMOIO JHCKpe-
TH3anii (kputepid HalikpicTa), Uist KOPEKTHOTO BiJITBO-
PEHHS CHTHAITy 9acTOTa AUCKPETH3alii Mae OyTH IpH-
HalMHI BJBIYi OiJIBIIOI0 32 MAKCUMAJIBHY YaCTOTY CHTI-
Hary. BinmoimHo, o6pana wactoTa 100 ' 3HA9HO nepe-
BHIIIYE If0 MiHIMAJIbHY BUMOTY Ta 3a0e3Ieuye:

* TOCTATHIO YaCOBY PO3UIbHY 3aTHICTh s (ikca-
i1 IIBUJKUX 3MiH IPUCKOPEHHS T4 KYTOBOI IIBUIKOCTI;

* KOPEKTHE BiITBOPEHHS TUHAMIKU KOJIHUBAIHHHUX
MPOIIECIB;

* MOXJIMBICTH NMOAANbIIO] nU(ppoBoi (inbTparii Ta
aHaJli3y CUTHAIB.

Kpim Tor0, Taka 9acToTa € KOMIIPOMiCOM MiX TOUHi-
CTIO BUMIpIOBaHHS Ta 00CATOM MepefaHuX NaHUuX,
OCKUIBKHY IIPU BUKOPUCTAHHI YOTHPHOX BUMIPIOBAIEHIX
BY3JIiB 301IbIIIEHHS YaCTOTH JUCKPETHU3AaLlii CyTTEBO Mijl-
BUIIly€ HABAaHTAXKCHHS Ha KaHaJ 3B’s13Ky RS-485 Ta 00-
YHCITIOBAIBbHI PECYPCH MIKPOKOHTPOJIEPIB.

OOMiH JaHUMH MiX IEHTPAJIBHUM Ta BUMipIOBAJIbHU-
MH BY3JIaMH 3/[iiCHIOETHCSI 32 JOTIOMOTO0 IPOMHCIIOBO-
ro audepentiitnoro inTepdeiicy RS-485 [9]. B koxHO-
MY BY3I]i BUKOPHCTaHO OKpeMHi TpaHcuBep MAX48S5,
mo y3rojkye HecuMmerpuuHi curamu UART wmikpo-
KOHTpoJepa 3 nudepeHniiinoo muHoo A/B. dizndne
3’€JJHAHHS Pealli30BaHO 3a JOIMOMOTOI KaOemiB THITY
“BuTa mapa” 3 po3’emamu RJ-45, mpruoMy OCHOBHA JIi-
Hisl popMye MOCHIiOBHE ITiA’ €IHAHHS BY3IiB, a Bijra-
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Puc. 4. CrpykTypHa cxema BUMipIOBaJIbHOT YaCTUHHI

JYXKEHHS JIO0 IIaT 3po0JieHI MAaKCUMaIIbHO KOPOTKHMU
JUTS 3MCHIIICHHS BiIOWTTIB Ta 3aBaj. Taka koH}irypa-
1ist 3a0e31euye 3aBaoCTIHKUA 0OMIH JaHUMHU Ta MOX-
JIUBICTh MacIITaOyBaHHs KIIBKOCTI BY3JiB 0€3 iCTOTHUX
3MiH CTPYKTYPH CHCTEMH.

LenTpanpHUA By30JI OTPUMYE JaHi BiJl yCiX BUMIpPIO-
BaJIbHHUX BY3JIiB, BUKOHYE KOHTPOIb IIUTICHOCTI K IpiB,
Y3TO/IKEHHS 32 HOMEPOM TaKTy Ta (HOpPMYE arperoBaHuii
PAIOK BUMIPIOBAIILHOT 1H(GOpMAIIIi 111 KOXKHOTO TIepio-
Iy auckpetu3anii. Ha mepcoHanmpHuil KOMIT'10Tep naHi
MepeaThcs Yepe3 BIpTyaIbHHUH MOCITITOBHUN MOPT
(USB-UART), ne BuMipsiHi 3HaYCHHS 3aIUCYIOTHCSA Y
(opmari CSV. Takuii hopmar € 3pydHUM JUTS MTOJAITBIIOT
00poOKkH Ta Bizyauizanii y cepenopumax Excel, Python
TOIIO 1 JO3BOJISIE O3 TOJATKOBHX MEPETBOPEHH BUKOPH-
CTOBYBAaTH JIaHi JJIs aHAJli3y PEKUMY XHTaHHS Ta O0Y-
JIOBH 1H)KCHEPHHUX JIIarHOCTHYHHUX KPHUTEPIiB.

IIpoToxos 00MiHY AaHUMM Ta NPONMYCKHA 3aTHICTh

[TigBuieHHs iHGOPMATUBHOCTI CUCTEMH BUMIpIOBaH-
HS MOB’si3aHe He JIMIIE 3 BUOOPOM elleMeHTHOI 0a3u, a
i 3 opranizani€ero 0OMiHy JaHUMHU MIX By3JaMu. Y po3-
poOIEeHOMY KOMILIEKCI peai3oBaHO CIeliali30BaHu
MpoTOKOJI Ha 0a3i iHTepdeiicy RS-485, saxuit 3abe3ne-
Yy€e CHHXPOHI30BaHe OMUTYBAHHA YOTUPHOX BUMIPIO-
BaJIbHUX BYy3:1iB 3 yactotoro 100 I'n, inenTHdikaiiro ka-
JPiB 32 HOMEPOM TaKTy Ta KOHTPOJIb LITICHOCTI lepea-
Hoi iHpopmaii. CTpyKTypy Kaapy CHHXPOHI3allii Ta BU-
MiproBasibHOTO Kagapy DATA, a Takox cKJ1aJ1 1oJIiB 3aro-

JIOBKa, KOPUCHUX AHWX Ta KOHTPOJBHOI CyMH HaBeze-
HO Ha pHc. 5. KoxkeH kaJip MiCTUTh CITy>KO0BU#t mipedikc,
ineHTrdikaTop By3ia, HOMEP TaKTy ONMUTYBaHHS, MACHB
13 mectd 16-po3psaIHUX KOMIIOHEHT (ax, ay, az, gx, gy,
gz) Ta 6aiT MPOCTOT KOHTPOIBHOT cymH 3a cxemMoro XOR.

OOMiH OOYZ0BaHO 3a MPHHIIUIIOM «BEIYyYHH — Be-
JIEHU» 13 )KOPCTKOIO YaCOBOIO MPUB’SI3KOI0 IO Mepio-
ny muackpernsanii 10 Mc. LleHTpabHUI By30J y KOX-
HOMY TakTi ¢popmye kaap SYNC i3 ueproBuM HoMme-
POM IIOCITIZOBHOCTI Ta po3cuiiae Horo muHo RS-485.
Mpwitaseam SYNC, yci BUMIpIOBaTbHI BY3ITH OJHOYACHO
34HTYIOTH naHi 3 MEMS-akcenepomerpa Ta ripockora,
(bopMyIOTh JTIOKaBHUM Oy(dep BUMIPIOBaHHS 1 TOTYIOTh-
¢ 1o nepenasanHs. Jlani peagi3oBaHO BapiaHT i3 4aco-
BUMH CIIOTAMH: KOXKCH BY30JI Ma€ BJIacHe “BIKHO™ Iepe-
JaBaHHA B Mexkax 10-MiLTiCEeKyHIHOTO TIePiofy, 3CyHyTe

SYNC

0xAA | 0xFO | SEQ | CRC8

REQ
D

0xA2 | 0x55 SEQ |CRC8

DATA

ax’ ay? aZ, qx’ qy’ qZ
(6xint16)

0xA1|0x5A | ID | SEQ CRC8

Puc. 5. Ctpyktypa KaJpiB MpOTOKOIY OOMiHY B CUCTEMI
BHMIPIOBaHHS
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Ha (piKkCOBaHYy 3aTPUMKY BiTHOCHO MOMEHTY 3aBEpIICH-
Hs1 kaapy SYNC. 3aBnsku kepyBaHHIo JiHieto DE Tpan-
cuBepa MAX485 Bexyuuii Ta BeIeHI By3/H 10 4ep3i 3a-
HMaroTh IIMHY, HE CTBOPIOIOYHN KOJIi3iH.

VY Ta6a. 2 HaBeJeHO 3HAYEHHS JOBXKHUHH KaJlpiB
SYNC ta DATA y Oaiitax, HeoOXiHi I/ PO3CHUIaHHS
oxHoro kaapy SYNC Ta npuilMaHHS 4OTUPHOX KaJpiB
DATA mpoTsiroMm OfHOTO TakTy ONHUTyBaHHA. [lns 06-
I'PYHTYyBaHHS BHOOpY HIBHAKOCTI OOMiHY Ta KiNbKOCTI
By3J1iB OyJI0 pO3paxOBaHO MPOIMYCKHY 3/1aTHICTh KaHa-
JIy 3B’SI3KY.

s 3aranpHOTO BUMAJKY KiJIBKICTh OAWTIB, IO Me-
peraeThCs 3a OUH IUKJII ONUTYBAaHHS 32 YHCIA BY3JiB
N, MOXHa NPEeJCTaBUTH SIK

Loyte (N) = Ly + N<LREQ + Ly ): 3)
ne Lgyyes Lregs Lpars — AOBKUHA BIOBIHUX KaJpiB
y OaiiTax (nmuB. TaOI. 2).

Y nmoTouHii peanizarii cucTemMu 9ucio By3iiB N = 4.
Toni oOcsT JaHUX 32 OJMH ITUKJI ONTUTYBAHHS

L. .. =4+4-(5+17) =92 Gaiir. “)

Yacrora onurysanHs By3iiB BuOpana f, = 100 I'u (me-
pioa 7=10 Mc), 10 Y3TrO/KY€ETHCS 3 YACTOTOIO JAUCKpe-

cycle

TH3allii akcenepomerpa ta ripockona [13], [14]. Tomi ce-
peaHsa HIBI/II[KiCTL nepeaaBaHHs JaHUX

Rg=L,,.1.,= 9200 Gaiit/c. 5)

IMepenaBanns mo UART peanizyetscs y dopmari
«8N1» (1 crapt-6it, 8 iHdopmaniitHux OitiB, 1 cTOm-
0i1), T0OTO Ha KoXkeH OalT npunazgae 10 GiTiB JTiHIHHOT
mIBHAKOCTI. BigmosigHo, HeoOXxiaHa 6iTOBa IMIBUAKICTE
Ha muHI RS-485 nopiBHioE
R,..= Ry-10=92000 6ir/c. (6)

Orxe, Ha (PI3UIHOMY PiBHI MiHIMAIILHO JOCTAaTHS
IBHUJIKICTL 00OMiHy Mae OyTh HEe MEHIIO 3a R, ;. Jlns
BpaxyBaHHS TEXHOJOTIYHHX I1ay3 MiXK KaJpamu, Ipo-
rPaMHHUX 3aTPUMOK Ta MOXKJIMBUX MOBTOPHHUX Iepeaa-

BaHb JIOIIJILHO 3aKiacTy 3amnac monaiiMenmre 20%. Tomi
PO3paxyHKOBa MiHIMaJIbHa IBHIKICTh CTAHOBHTHME

R, = 1,2 R,,~ 110400 Gir/c.

cycle

(N

Haii6nmxuoro cranaaptHoro mBuiakicTio UART €
115200 6it/c, sixa GopmanbHO 3a0e3meuy€e HEeOoOXi-
Hy NPOIYCKHY 3[aTHICTb, aJie 3aJIHIIae HEeBEIUKHUH 3a-
rac Mo 4vacy. 3 ypaxyBaHHSM MOXJIMBHX I€PEPUBAHbD,
JIOMaTKOBO1 OOPOOKHM Ta MEPCHEeKTUBH PO3IIUPEHHS

Tabmus 2
Cmpykmypa kaopie npomoxony 00Miny 6 cucmemi 6UMIPIOGAHHSL
Tum ITone ITo3HaueHHs POSIY,HP ’ IIpusHaueHHs
Kazpy OaiT
TMpedixc 1 OXAA 1 [eprmit 6aI:1T npedikca, imeHTH]IKYe Kaap
AK CITyKOOBHH
. Hpyruit 6aiiT npedikca, po3pi3HEHHS THUITY Kaapy
[pedixe 2 0xFO 1 (SYNC)
SYNC HoMep BuMipioBaHHA SEQ 1 JliuMIbHEK LMKITY BAMIPIOBAHHS, CIIUIBHHI Ul
BCIiX BY3JiB
KoHTponsHa cyma CRCS 1 KpHTpgnp mimicHOCTI Kampy (XOR ycix momepen-
HiX 6alTiB)
Pazom mist SYNC 4
Ipedike 1 0xA2 1 [epmii 6aiiT npedikca, ciyk00BHI KaJIp 3aUTy
Tpedixe 2 0%55 1 Hpyruii 6aiiT npedikca, po3pi3HEHHS THILY Kaapy
(REQ)
. Anpeca BUMIpIOBaJIBHOTO BY3J1a, 10 SIKOTO 3BEpTa-
REQ Inentudikarop Bysia ID 1 eThest “MaticTep”
HoMep BuMipioBaHHA SEQ 1 3Ha4eHHS JIYWIbHUKA LUK, OJep:KaHe B Kajpi
SYNC
KonTponsHa cyma CRC8 1 KonTpons minicHOCTI Kaapy
Pazom gyt REQ 5
Ipedikc 1 0xA1 1 [epummii Gaiit npedikca, cIy>k00BHH KaIp JTaHUX
. Hpyruii 6aiiT npedikca, po3pi3HEHHS THUITY Kaapy
[Mpedike 2 0x5A 1 (DATA)
Inentudikarop By3ia 1D 1 Anpeca By3ia, BiJi IKOTO HaJIWILIHA AaH]
DATA | Homep sumipiosamss SEQ 1 Eio;/;pi BUMIpIOBAJIEHOTO LIUKITY, 3 IKMM OB’ SI3aHO
Jani akcenepomerpa ax, ay, az, 12 [TicTh KOMITOHEHTIB BUMIPIOBaHb, KOXKEH 5K int16
Ta ripockomna gax, gy, gz (2 Gaiitn)
KonTponeHa cyma CRCS8 1 KonTpons mimicHoCTI Kaapy
Paszom qist DATA 17
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CHCTEMH O0paHO IIBUAKICTE 00MiHYy mHHOIO0 RS-485
R, .=230400 6it/c. TpusamicTh OQHOTO MUKITY TIEPEIA-
BaHHS Ha IIIMHI MPYU TaKil MBUAKOCTI MOXKHA OI[IHUTH SIK

Ly 10 9210 _
R,. 230400

OCKIJIbKY TTepiol ONMUTYBaHHs CTaHOBUTH 10 Mc, pe-
anpHa “3afHATICTH” MiHiT He mepeButye 40%:

4 mc. (8)

]Z‘ycle(line) =

T cycle(line) 4

T 0 0,4. ®

Ile 3a0e3neuye 3HAYHUI YaCOBUI pe3epB A BUKO-
HaHHS OOUHUCIICHb Ha By3/1aX, MOXKIIMBUX IOBTOPHHUX I1€-
penaBaHb KaJIpiB y pa3i MOMUIOK Ta HOTEHIIIHOTO 301J1b-
LIEHHS KUIBKOCTI By31iB a00 po3Mipy KOPUCHUX JaHUX
y MaifOyTHIX MoAu(DiKaIisIX CUCTEMHU.

3rifHo 3 pe3ynbTaTaMM PO3pPaxyHKiB, CyMapHUii 4ac
3alHATOCTI IIMHU CTAHOBUThH MEHIIIE TTOJIOBUHU Tepio-
oy auckperusanii 10 mc, mo 3abe3neuye nocTaTHii ya-
coBuil 3amac At 0OpoOKH epepuBaHb, BHYTPILIHBOTO
3YUTYBaHHS JaHUX 13 CEHCOPIB Ta MOXJIUBOTO MOJaJIb-
LIOTO YCKJIAQJAHEHHS MPOTOKONY (HAmpUKIAM, Mepexo-
ny no cxemu onutyBanHs Tuty SYNC — REQ/RESP).

VY nporpamMHiii pearizanii HeHTpaIbHOTO By3ja Ie-
penbdaueHo nodaiirosuit mapcep Kaapis, SIKUi 3a CUrHa-
TYpPOIO 3ar0J0BKa BUJLISLE OKPEMI BUMipIOBaNIbHI MOBI-
JOMJICHHSI, IepeBipsi€e KOPEKTHICTh KOHTPOIBHOI CyMHU Ta
30ir HoMepa TakTy. JlaHi Bix By31iB 3 ifeHTH(]IKaTOpa-
MU 1...4 3aKCyIOTHCS B arperyBajibHy CTPYKTYpY, iCIs
4oro (GopmyroThes psaku y popmari CSV mns nepena-
BaHHS Ha IEPCOHATBHUM KOMIT 10Tep. Y pasi BIACYTHOCTI
KaJpy BiJl OKpPEMOI'0 By3/1a JJO BCTAaHOBJICHOTO Je/Iaii-
Hy B TIOTOYHOMY TaKTi BiJITIOBi/IH1 IOJIS 3aIIOBHIOIOTHCS
HYJbOBUMH 3HAYEHHSAMHU, 110 JIO3BOJISIE 30eperTy Iijic-
HICTh YaCOBHX MOCIIIOBHOCTEH 1 CIPOCTUTH NMOJAIIBIITY
00po0Oky. Takuil minxiz, 3 ogHOrO 6OKY, 3a0e3meuye ra-
PaHTOBaHY BEPXHIO MEXY 3aTPUMKHU (POPMYBAHHS Psii-
Ka, a 3 IHII0T0 — J03BOJISI€ OJJHO3HAUHO (PiKCyBaTH Mpo-
ITyCKU BUMIPIOBAHb JUISI HOAANBIIOTO aHAJIi3Y.

Pe3ysabTaT podoTH cucTeMH Ta iX aHATI3

30BHIIIHIH BUTIIS IPOTOTHITY PO3POOICHOT BUMIPIO-
BaJIbHOT CHCTEMH [MOKa3aHO Ha pHC. 6.

VY npoBeAeHUX eKCIIEPUMEHTATIBHIX [I0CHTIPKSHHSIX
MiATBEPHKEHO MPalle3AaTHICTh 3apOIIOHOBAHOT Oararo-
BY3JI0BOT CHCTEMH B PEXKHMi CHHXPOHHOTO OITUTYBaHHS
YOTUPHOX BHUMIPIOBAIBHHX BY3JIiB 13 YaCTOTOO JUCKpE-
tu3zanii 100 I'n. Cucrema 3abe3nedye cTabibHY Hepena-
4y BUMIPIOBAIBHUX JaHUX iHTepdericom RS-485 Ha 1eH-
TpaJIbHUI By30J1 1 1ajIi Ha MEePCOHALHUIN KOMIT I0TEep y
(dopmari CSV, o 103BoJIsIE aHATIZYBATH YacOBI 3aJICK-
HOCTI TIPUCKOPEHB 1 KYTOBUX IBUIKOCTEH Y YOTHPHOX
Touykax. Ha puc. 7 HaBeneHO (hparMeHT KypHaIy BUMi-
proBaHb y BUMIsAAl Tabuii CSV, fe 171 KOKHOTO TaKTy
OINMUTYBaHHS 3a(IKCOBAHO HOMEP BUMIPIOBAHHS Ta KOM-
MTOHEHTH TPUCKOPEHHS 1 KyTOBOI IIBUAKOCTI JJIS BCIX
AKTUBHUX BY3IiB. BHIHO, 0 1aHi HAAXOISITh Y CHHX-

Puc. 6. 30BHIMHIN BUNIAA pO3p00IEHOT BUMIPIOBAIBHOT
CHCTEMH

poHHOMY (hopMaTi, IPUAATHOMY JUI TOAATIBIIOT 00p00-
KU Ta NOOyROBH rpadikis.

BaxuBuUM pe3ynbTaToM AOCTIIKEHHS € MiATBEp-
JDKCHHS. MOXKJIMBOCTI MacIITaOyBaHHSA CUCTEMHU: CTPYK-
Typa MPOTOKOJY I 3amac MO MPOMYyCKHi 31aTHOCTI
RS-485 no3BossitoTh 6€3 CyTTE€BUX 3MiH anapaTHoi Jac-
TUHHU Ta AJITOPUTMIB 301IbIIYBAaTH KUIBKICTh BY3JIiB 200
YaCcTOTYy ONMUTYBaHHS B MeXaxX, 0OyMOBJICHUX BUMOTa-
MH KOHKPETHOTO 3aCTOCYBaHHS. 3aCTOCyBaHHS HUPO-
Bux MEMS-akcenepoMeTpiB i ripoCKOMiB y MOEHAHHI 3
MIKpPOKOHTPOJIEPHUMH By3/1aMH 3a0e3Meuye Uy TIHUBICTh
1 YaCTOTHHUH Jiana3oH, HEOOXiTHI JJIs 3a/1a4 KOHTPOJIO
PEKXUMY XUTAHHS KPUCTAJII3aTOPa, @ TAKOXK CTBOPIOE pe-
3epB AJ1s BIPOBAKEHHS OiNBII CKIAJAHUX aJrOPUTMIB
00pobku Oe3nocepenHbo “‘Ha OopTy” By3niB ((inbTpa-
15, OOYMCIEHHsI IHIUKATOPIB SIKOCTI PEeXKHUMY, IoTepe-
JHS Kiacudikaliis aHoMadmiin).

OTpumaHi pe3ynbTaTH CBiT4aTh MPO MEPCTIEKTHB-
HICTh PO3POOIEHOT CUCTEMHU K OCHOBH JUIs TTOOYyHO-
BU IIPOMHUCJIOBOTO KOMILIEKCY MOHITOPUHTY KOJHBAJIb-
HOTO pyXy kpuctanizaropa MBJI3. 3aBasku MoaynbHii
CTPYKTYpi Ta BUKOPUCTAHHIO MIOIIMPEHUX KOMIIOHEHTIB
(STM32, RS-485, cranmaptHi kabenbHi pillieHHs ) CUCTe-
Ma Moxe OyTH aIallTOBaHa J0 Pi3HUX KOHCTPYKIiN Mexa-
Hi3MIB XUTaHHS Ta IHTETPOBaHa B iICHYIOUY iHPpaCTpyK-
Typy KOHTPOJIO Ta KepyBaHHs. [loTeHIiitHnMY HanpsiMa-
MU 3aCTOCYBaHHS € K MOCTiHUI MOHITOPHHT PEXUMY
po0OTH KpHUCTali3aTopa, TakK i MePioANYHI IIarHOCTHYHI
BUMIipIOBaHHS IIPH HAJNAro/pKCHHI a00 MICIIs pEMOHTIB.

Pa3zoM 3 THM, IPOTOTUI CUCTEMH Ma€ HHU3KY oOMe-
EHb, 110 OKPECITIOIOTh HATIPSIMU MOANIBIIIOTO HOT0 po3-
BUTKY. OCKIIBKH Ha TaHOMY €TaIli pO3pOOKH J0CIIiIKEH-
HSI TIPOBOJIJINCS BUKJIIOYHO HA €KCIIEPHMEHTAIBHOMY
CTEeH[Ii, MPOTOTHUII HE Ma€e OaraTopiBHEBOTO 3aXHCTY Ta
raJIbBaHIYHOT PO3B’SI3KHM, HEOOXITHUX [T eKCILTyaTallii
B IIPOMHUCIIOBHX yYMOBax. OOpoOKka JaHHX BUKOHYETHCS
MepeBaKHO Ha 00111 MEPCOHATILHOTO KOMIT 10Tepa, a Mmpo-
rpaMHi 3acO0M aHaIIi3y peai3oBaHi y BUMISAIAI OKPEMUX
CKPHIITIB i cTaHAapTHUX MakeTiB. [loganbiine BIockoHa-
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n,axl,ayl,azl,gxl,gyl gzl,ax2,ay2,az2,gx2,gy2,g22,ax3,ay3,az3,gx3,8y3,823,ax4,ay4,az4,gx4 gy4 gz4
0,96,288,16336,127,17,-14,80,240,15776,-26,85,-85,-208,-64,15152,-314,60,-16,-448,336,16848,-209,-72,19
1,64,272,16400,127,17,-14,64,272,15824,-29,63,-74,-192,0,15232,-315,60,-29,-416,288,16800,-217,-76,22

12 (2,32,272,16448,114,9,2,16,304,15776,-19,49,-110,-176,64,15312,-328,76,-42,-448,240,16800,-184,-70,18

3,48,272,16352,107,26,-20,0,272,15808,-32,70,-93,-160,32,15248,-309,77,-38,-448,272,16768,-187,-62,30

14|4,64,272,16352,113,12,12,-32,256,15744,-61,70,-75,-144,0,15248,-310,89,-22,-448,336,16800,-200,-75,34

5,112,288,16448,115,1,22,-16,304,15808,-61,70,-77,-224,32,15344,-304,59,-9,-480,336,16688,-200,- 75,34

16 |6,128,240,16336,117,8,10,-16,304,15712,-47,85,-77,-224,16,15280,-304,59,-9,-464,272,16704,-221,-82,16

7,96,256,16368,139,17,-1,48,224,15744,-52,60,-100,-320,16,15296,-312,53,-1,-432,288,16736,-191,-48,0

: 8,48,208,16288,148,-3,9,80,272,15792,-48,72,-79,-304,-16,15200,-323,79,-56,-416,320,16768,-201,-55,-2
19 19,64,176,16368,120,14,-19,48,288,15824,-83,80,-81,-240,0,15184,-299,56,-57,-416,240,16800,-205,-55,19

10,96,240,16384,117,3,12,16,288,15824,-39,103,-100,-208,-32,15168, - 285,66,-24,-384,256,16 768 -198,-52,20
11,48,240,16352,111,36,-18,32,304,15760,-22,98 -89,-208,0,15136,-314,93,-46,-416,288,16832,-200,-63,31

2_i- 12,80,224,16384,111,36,-18,48,304,15744,-36,90,-100,-176,32,15104,-304,93,-27,-432,272,16768,-185,-59,14

Puc. 7. ®aiin popmary CSV 3 cupuMu JaHUMHU BUMIPIOBaHb

JIEHHSI MO)Ke OyTH CIIpsSIMOBAaHE Ha IHTErpalliro agarnTHB-
HOT'O IIPOTOKOJTY OMUTYBAaHHSI 3 MiATBEP/HKCHHSIM JIOCTaB-
JICHHSI KaJIpiB, BIPOBAPKEHHSI allapaTHUX 3ac001B 3axuc-
Ty LUIMHY, peajli3aliio BOyIoBaHUX alNropuTMiB (iasTpa-
I Ta A1arHOCTUKH HA MiKPOKOHTPOJIEPHUX By3JaX, a Ta-
KOXX PO3pO0Ky CIeniani3oBaHOro MPOrpaMHoro 3adesme-
YEHHSI JUIA Bi3yai3allii Ta JOBIOTPHUBAIOTO apXiByBaHHS
JAHUX Y PEXUMI peaslbHOTO Jacy.

BucHoBknu

Po3pobnena GaraTtoBy3noBa cucTeMa BHUMIPIOBaH-
HS TIapaMeTpiB KOJWBAIBHOIO PyXy KpHCTai3aropa
MBJI3 Ha ocHOBI MikpokoHTpojepiB STM32 i mudpo-
Bux MEMS-akcenepoMeTpiB Ta ripoCKoIIiB, sSiKa MpaIroe
3 yactoTtoro auckperusanii 100 I't Ta 3aiiicHI0OE 0OMiH
JTaHuMHU iHTepdeiicom RS-485, mponeMoHCTpyBasia CBOO
Mpare3IaTHiCTh B JaboparopHux ymoBax. Crucrema 3a-
Oe3redye 0JHOYACHUIN MOHITOPHHT IIapaMeTpiB PyXy B
YOTHPHOX TOUYKAX ILIOIMHH KPUCTAITI3aTOPA, & HASIBHICTh
MIKPOKOHTPOJIEPIB Y BUMIPIOBAJIBHUX BY3JIaX JO3BOJISE
peai3oByBaTH NIEpBUHHY 00pOOKY, (QiIbTpalito Ta 00-
YUCIICHHS JIarHOCTUYHHUX MOKA3HUKIB, IO MiABHIIYE
1H(OPMATUBHICTH JaHUX 1 CTBOPIOE MIATPYHTS IS T10-
JAJIBIIOL IarHOCTHKH CTaHy KpUCTalli3atopa Ta BIpoBa-
JDKEHHS alITOPUTMIB TPOTHO3YBaHHS PECYPCY SIIEMEHTIB
MexaHi3My xutanHs. OTpuMaHi pe3yabTaTy IeMOHCTPY-
FOTh PAKTUYHY TPHUIATHICTH 3alPOIIOHOBAHOTO MiIX0-
Iy JUTS MOHITOPHHTY PEXKUMY XUTAHHS KpHCTai3aropa
Ta TOTCHIA JUTS TOAAJIBIIOT MPOMHUCIIOBOI peaizariil
PO3p00IICHOT CHCTEMH, 30KpeMa, SIK YaCTHHH HU(PPOBO-
ro JBiliHMKa KpHcTaiizaropa MBJI3
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HARDWARE COMPONENT OF THE SYSTEM FOR MONITORING
THE MOTION PARAMETERS OF THE MOLD OSCILLATION MECHANISM

The paper presents the development and experimental investigation of a multi-node measurement system for monitoring the
oscillatory motion parameters of the mold in continuous casting machines. Ensuring stable oscillation program is crucial
for slab solid shell formation, reduction of surface defects and prevention of surface breakout accidents. However, the known
monitoring solutions based on discrete displacement or vibration sensors are often bulky, expensive, limited in the number of
measurement points and difficult to integrate into existing equipment. The aim of the work is to increase the effectiveness of
monitoring the mold oscillation mode by using compact MEMS inertial sensors integrated into a distributed microcontroller
system with a robust industrial communication interface.

The proposed system includes four sensor nodes based on STM32F 3 microcontrollers with built-in digital MEMS accelerometer
and gyroscope and a central master module on STM32F0, interconnected via an RS-485 bus. Each sensor node performs
synchronous acquisition of three-axis linear acceleration and angular rate at a sampling frequency of 100 Hz and transmits the
measured data frames to the master, which aggregates them and forwards to a PC in CSV format for further analysis. The paper
describes the hardware architecture of the nodes, the structure of the RS-485 communication protocol with synchronization
frames and checksums, and the basic algorithms of firmware implementation.

Experimental tests on a laboratory stand confirmed stable operation of the developed system at 100 Hz with simultaneous data
acquisition from four measurement points, sufficient bandwidth of the communication channel and correct reconstruction of
inertial signals for typical oscillation modes.

The developed technical solutions can be used as the basis of an industrial complex for monitoring the oscillation of the
mold of a continuous casting machine, in particular of a digital twin of the mold; for studying the oscillatory movements of
mechanisms on other productions, as well as a training and research stand for delivering courses in measures and control
systems.

Keywords: oscillation mechanism, mold, continuous casting, MEMS, accelerometer, gyroscope, microcontroller, movement
parameters monitoring, RS-485 interface.
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BIJI KPIOEJIEKTPOHIKMX JO KOCMIYHOI'O 3B’A3KY
(10 90-PIHYA JI. I. TACCAHOBA)

28 xeimusn 2026 poxy eunosuioemocsi 90 pokie 6i0 ous napooddicenns Jlesa I'accanosuua I accanosa — naypeama /lepoicasnoi
npemii’ Ykpainu 6 2anysi Hayku i mexuixu, wiena-kopecnonoenma Hayionansroi akademii nayx Ykpainu, 00kmopa mexHiuHux
Hayk, npogecopa. Kummesuil wnax ybo2o eU0amuo20 84eH020, OP2aHizamopa ma HACMagHUKa MOA0OUX HAYKOBYIE, 11020 00-
CsCHEeHHs Ul 3000YMKU MOXNCYMb CILY2Y8amu 0HCePeiom HAMXHEeH s 0I5t HACMYNHUX NOKONHb 00CTIOHUKIG.

Kurouosi crosa: JI. C. I'accanos, HI[I « Camypuy, Kpiozenna enekmponixa, apcenio-zaniesa mexuonoeis, HBU-enexkmponika,

OleIeKmpUYHa eleKMpPoHiKa, CYNYMHIKO8e menedaueHHs.

Jles 'accanoBuy ["accanoB HapomuBcs B Anixadai,
aJie micyst CyMHO 3BiCHOTO TPArigHOTO 3eMIICTPYCY CiM s
Oysa BumyieHa nepeixatu 10 Kuepa. TyT BiH 3aKiHUUB
CEPEHIO IIKOTY Ta BCTYIHB 10 KUTBCHKOTO MO TEXHIY-
Horo inctutyTy (HuHI — KIII im. Irops Cikopcbkoro).
Y 1959 poi JI. T'. 'accanoB ycIinmHo 3aBepIIMB HAaBYaH-
HS B IHCTHTYTi, OTPHMAaBIIH TUIJIOM paIioiHKeHepa.

Came tozi B YKpaiHi OypXJIBO pO3BHBABCS BasKIIH-
BUIl HAYKOBUII HAIIPSIM — PaiOeIeKTPOHIKa HAIBHCO-
KHX 4acToT. OZHUM i3 3aCHOBHUKIB, KOpH(]EiB Ta eHTY-
3iacTiB I1pOTO HampsMy OyB 3aBimyBad kadeapu pamio-
nepeaBabHUX MPHUCTPOiB KHIBCHKOTO MO TEXHIYHO-
O iHCTUTYTY, WICH-KOpecoHIeHT HartionanpHoT akaje-
Mii Hayk Yipainu Cemen IcaakoBiu Terens6aym. Horo
HAayKOBI 1J1ei BiAMOBIAaN HAUBUIIAM CBITOBHUM JOCST-
HEHHSM 1 BU3HAYaJIH MIEPCIIEKTUBU PO3BUTKY Tally3i.

Cawme 3 ininiarnBu CemeHa IcaakoBruya Terenp0ayma
y cucreMi Akanemii Hayk Ykpainu Ha 0a3i jaboparopii
TOKIB BUCOKOT 4aCTOTH [HCTUTYTY €IEKTPOTEXHIKU OyII0
cTBOpeHo [HCTUTYT pamiotexHigyaux mpodiem (HI PTII,
srogoM — HJII «Opion»). Y 11b0My HOBOCTBOPEHOMY iH-
CTHTYTI po3moyaacs iHKeHepHa Ta HayKoBa Kap’epa ak-
TUBHOTO # minecnpsiMmoBanoro Jlepa ['accanosa.

Y H/I paniorexHiuaux npobiem Jle 'accanoBud
cTaB BimoMuM ¢axiBueM y raixysi HBU-enekTpoHiku ta
OJTHMM 13 TIIOHEPIB OCBOEHHS MIJIMETPOBOTO Jliana3o-
Hy. TyT BiH YCIIIIHO 3aXHCTUB AUCEPTAIli0 Ha 3100y TTS
HAyKOBOTO CTYTICHS KaHIMaTa TeXHIYHUX HayK. [IpoTe
MIparHeHHS PO3BUBATH HOBI HAIpsSIMH HaJBHCOKOYAC-
TOTHOI €JICKTPOHIKH CIIOHYKAJI0 HOTO TIEpEHTH 3 HayKO-
BOi poOOTH Ha OCay 3aCTYIHHKA JUPEKTOpa IO HOBO-
CTBOPEHOTO KHiBChKOTo HaykoBO-OCIiAHOTO THCTUTY-
Ty kpiorenHoi enektponiku (H/I KE, miznime — H/II
«Carypn»). 3rofioM came Iiei iHCTUTYT BiH OYOJIUB, BH-
3HAYUBIIY HOTO HAYKOBY CTPATETIIO Ta 3aKJIABIIN OCHO-
BH JIUTSI TOAAJBIIIX MPOPUBHUX ITOCIIIKEHB Y TaIy3i.

OcnoBHuM 3aBranHsaM H/II kpioreHHOT eeKTPOHIKH
0yJ10 CTBOPCHHS HAIUYTJIMBUX MAJIOITYMHHUX IIPAHMAIIb-
HUX IIPUCTPOIB — MapaMETPUYHHUX Ta TPAH3UCTOPHHUX
miacumoBadiB HBY-niammazoHy, 0X0I01KyBaHUX JI0 a30T-
HUX a0o0 remieBUX Temmeparyp. Taki cucTeMu mpu3Ha-
YaJmcs 715 ToTped paiioacTpoHOMIT Ta CYyITy THUKOBOTO
3B’SI3Ky 3aBASKH HasBHOCTI KPiOT€HHOI iHPpaCcTpyKTy-
pu. Onnak y 1970-1i poku Bxe 3’ siBunncs 3pasku HBU-
TpaH3ucTOpiB i3 6ap’epom LIoTTKI, SKi TOCTYIIOBO BH-
TICHWJIM ITapaMeTPHYHI miacHiIoBadi. Tomy 3a iHiriaTu-
Bu JI. I. 'accaHoBa KpioTeHHMI KOMIUIEKC OyJI0 Tiepeo-
PiEHTOBaHO Ha MEPCIIEKTHBHI J0CIiPKEHHS HU3bKOTEM-
nepaTypHoi HaanpoBigHocTi. KepyBaB 1iuM HanmpsMom
KaHaunar ¢izuko-MareMaTnyHuX Hayk O. I, JIeHicos.

OmHOYaCHO Ta 3a MOCTIHHOI aKTUBHOI MiATPUMKH
Jlepa 'accaHoBWYA B IHCTHTYTiI IHTECHCHBHO PO3TOpTa-
nucsi poOOTH 31 CTBOPEHHS TEXHOJIOTTYHOTO KOMIUIEKCY
MIPOTPECUBHOI Y CBITI apCeHiA-raieBoi TeXHOIOTil Ha-
niBnpoBigarkoBuX HBY-nipumanis 3 1aboparopi€ro enek-
TPOHHO MPOMEHEBOI JiTorpadii. YI0CKOHAICHHS KOH-
cTpykuiiit HBU-tpaH3ucTopiB Ta Ai0AiB YCIIIIHO 3ii-
CHIOBaB KOJICKTUB HAYKOBIIIB ITiJ] KEPIBHUIITBOM KaHIH-
Jara TexHigHuX Hayk B. 1. bocoro. BaximBy pois y 1b0o-
My TIpolieci Bifiirpaia B3aemozis 3 HaykoBisamu K111, siki
3a 3BepHeHHsAM JI. I ['accanoBa po3poOuim nmporpamMHe
3a0e31eueHHs /IS eJICKTPOHHOTO MOJICTIOBaHHS HOBUX
npwiaaiB. Pe3ynbratoM Takoi CriBIpaIi CTaJIO CTBO-
pennst Hu3kun HBY-npumanis — TpaH3UCTOpiB Ta dio-
JIiB — CBITOBOTO PiBHSI.

o 1980 poky y Oinbmiocti mpuiiMaibHO-TIepea-
BanbHHUX cucteM HBY st posaineHHs Ta 00’ eqHaHHS
YaCTOTHO CEJICKTHBHHUX CHCTeM ((PiIBTpiB) 3aCTOCOBY-
BaJIMCs TPOMI3IIKI XBHIIEBOIHI mpucTpoi. [Ipote Bxke 3
moyatky 1980-X pokiB Taki pillIcHHS ITOYaJIH 3aMiHIOBa-
TH KOMITAKTHAMH TIPHCTPOSIMA TOTO 3K CAMOTO (PYHKIIi0-
HAJIBHOTO KJIACy, CTBOPEHUMH Ha OCHOBI JTi€TICKTPUIHUX
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pe3onaropis. Lle Oyn0 BU3HAHO CIIPaBKHIM PEBOIIOITIH-
HUM JIOCSTHEHHSIM 1 OTPUMAJIO Ha3By «JIiEJEKTpUYHA
eJIEKTpOHIKay. B YkpaiHi ofHIM i3 epImx, HalHOLIbII
AaKTHBHHUX Ta ¢(EKTHBHUX 1HINIaTOPIB i Ipomaraniu-
CTiB IIbOTO HOBOTO HAYKOBOTO HAIIPSIMY — «JIi€JICKTPO-
Hikm» — cTtaB criBpoOiTHuK H/I «Catypn», kaHaumar
TexHiuHNX HayK T. M. HapuTHik.

Yenixu Haykosii H/1I «Carype» y CTBOpEHHi BlacHO1
cydacHoi 6a3u komroneHTiB HBU-MikpoenekTpoHikn —
TPaH3UCTOPIB 1 JiOMIB, IiCJIEKTPUYHUX PE30HATOPIB,
KOAKCiaJIbHIX MIKpO3’€JHYBaviB, pi3HOMaHITHUX XBH-
JICBOTHHX MPHUCTPOIB MUTIMETPOBOTO Aiana3oHy Ta iH-
X — CIIPHSUTA peatizailii HoBUX po3poook. [1pu mpo-
My OpTraHi3aIliifHO-TIPaBOBY B3aEMOIIO 3 PI3HUMH BiIOM-
ctBami (/lep>kaBHE KOcMiuHe areHTCTBO, Hamionansaa
akajeMis Hayk Ta iHmn) 3abe3neuysas JI. I. ['accanos.

OnHUM 13 BaXJIMBHUX HampsmiB mismbHOCTI HJI
«CarypH» cTalia MOJICpHi3allis KPiOeIeKTPOHHUX PaJIio-
ACTPOHOMIYHUX CHUCTEM JIO PiBHS CBITOBHX BHUMOT IS
nociikeHHs: Beecsity., Taki 3aBmaHHS BUKOHYBalHU-
Csl HAYKOBUM TIPO3IIIIIOM, SIKHI 3a0e31edyBaB poOoTy
KPUMCBKHUX pajiioTesneckomniB pizHux Bimomcts: PT 70,
M ATOPSIKOBAHOTO JIepkaBHOMY KOCMIYHOMY areHTCTBY
VYkpainu, Ta PT 22, 1110 BXOAMB 110 CKJIay KPUMCBHKOI 00-
ceppatopii HAH Ykpainu. KojekTHB HayKOBIIIB 11T Ke-
piBHUIITBOM Bimomoro daxisis B. 1. Jlebens ycminmHo
3MIIACHIOBAB TIOCTIHHI MOJIEPHI3aIlil IIMX CHCTEM BifIIO-
BIJIHO JI0 CBITOBUX CTaHJAPTIB 1 BUMOT PaJioacTpOHO-
MiB. Ha xaunb, micist 2014 poky depe3 okymnaiito Kpumy
Pociero i pagiocuctemu Oynu BTpadeHi YKpaiHoIo.

1970-1980-11 poku 3amam’saTanucs OypXJIHBUM
PO3BUTKOM Ta IMHPOKHUM 3aCTOCYBAaHHSIM MOOUIBHHUX 1
KOMITAKTHUX KOMIUIEKCIB CYIyTHHKOBOTO TeeOaueH-
Hs1. Y HJI «CarypH» 11 1IbOTO HAyKOBOTO U COIialTb-
HO B2)KJIMBOTO HAMpsMY OyJIO CremiaibHO ¢(hOPMOBaHO
miapo3nin paxieimis mig kepiBHUITBOM B. 1. UepemyxiHa.
Po3poOka, BUKOHaHA UM KOJISKTHBOM y CTHCII TepMi-

HH, BIJIIIOBi/Iajia CBITOBMM BUMOTaM 1 OyJia ImiroTosie-
Ha JIO CepIHOTO BUPOOHHIITBA. YTIPOIOBK KiJIbKOX POKIB
coTHi BUpOOiB «CaTypHy» Oy/IM BCTaHOBJICHI HE JIUIIIC
B YKpaiHi, a § y BaXKOIOCTYITHUX Miclsax MOoJIOBH,
Kazaxcrany, TypkMeHii Ta iHIIUX KpaiH, 110 3a0e31eyu-
JI0 TXHIX MEIITKAHI[IB Cy9aCHUM TeJIeOaueHHSIM.

AJie HaOTBIT HAYKOBOEMHHM Ta HACHYECHNM HOBIT-
HIMH TEXHOJIOTISIMH CTaJI0 CTBOPEHHS IU(POBOTO KOMTI-
nekcy cymyTtHukoBoro 3B’s3ky (LIKC3). Ils cucrema €
JIETKO TPAHCIIOPTOBAHOIO Ta MOXKe Oy TH IMIBHAKO PO3rop-
HyTa y nparie3naranii ctad. CTBOPEHHI KOMIUIEKC XapaK-
TEPU3YETHCS HU3KOKO YHIKAJIBHUX TEXHIYHUX PillICHb, Ta-
KHX K HIMaJIOIyMHUH IPUHAMaIbHUH PUCTPIii, TUT0-
IIVMHHA aHTEHA Ha MIKPOCMYKKOBUX JIiHIsIX, Oaratopis-
HeBe, 30KkpeMa i ¢a3oe, komyBanHs HBU-curnany, a ta-
KOk (popMyBaHHS 1HPOPMALIIHHOTO CHTHAITY TPHCTPOSI-
MU Ha IOBEPXHEBHUX aKyCTHYHHX XBHJIAX. YCI IIi (paKTo-
pu 3a6e3neuyroth [[IKC3 Bucokuii piBeHb KOH(IACHITIH-
HOCTI 3B’5I13KY, aJDKE TIOTY>KHICTh BUITPOMiIHIOBAHOTO CHT-
Haiy Ha 6,0 1b HibKYa 3a piBeHb MPOCTOPOBUX IIIYMIiB.
Bucokwuii piBeHb TEXHIYHOT peati3aliii maTBepaKy€eThCs
THM, III0 BBEICHUH B eKcInTyaraiito y 1985 pori koMi-
JIeKC 1 Jjoci 30epirae nparne3aatHicTb. HaykoBy x 3Havy-
IIiCTh PO3POOKU 3aCBIIUy€ TOW (haKT, III0 HA OCHOBI Ma-
TepialiB, OTpUMaHuX y miporieci ctBopenns LIKC3, Oyio
3aXHIICHO MIOHAHMEHIIIE 11" ITh JUCEPTaIii.

3arajgoM mpo MaciTabH 37A1HCHEHUX IiJ KepiBHU-
ureoMm JI. . T'accanoBa poOIT CBIAYNTL HAYKOBUU pi-
BEHb, SIKOTO OCATHYB y el mepion IHcTuTyT: OyIo 3a-
XHIICHO I1’SITh TOKTOPCHKUX AMCEepTamiil (KpiM caMoro
JleBa I'accanoBuua, 1ie B. 1. TTomos, b. B. Tkauyk, A. L.
Cemenxo, K. C. CyHydkoB) Ta MOHAJI IMiB COTHI KaHH-
narcekux. JisuipHicTb JIeBa 'accanoBuua 'accanoBa 3a-
KJ1asia MIITHAA (QyHAZaMEHT JUIs MMOAABIINX JOCATHEHb
HAI «Carypn».

Hama naoxoooicenns pykonucy
00 pedaxyii 7.12 2025 p.
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FROM CRYOELECTRONICS TO SPACE COMMUNICATION
(ON THE OCCASION OF THE 90" ANNIVERSARY OF L. G. GASSANOV)

On April 28, 2026, Lev Gassanovich Gassanov — laureate of the State Prize of Ukraine in Science and Technology,
corresponding member of the National Academy of Sciences of Ukraine, Doctor of Technical Sciences, and Professor — will
celebrate his 90" birthday. The life path of this outstanding scientist, organizer, and mentor of young researchers, as well as
his achievements and contributions, can serve as a source of inspiration for future generations of scholars.

Keywords: L. H. Gassanov, Research Institute “Saturn”, cryogenic electronics, gallium arsenide technology, microwave
electronics, dielectric electronics, satellite television.
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