XXII Mixycnapoona naykogo-mexuiuna kongpepenuia “IlIPUIA/IObY/IYBAHHA:
cman i nepcnekmueu’’, 16-17 mpaens 2023 poxy, KIII im. 120psa Cikopcovkozo, Kuie, Ykpaina

CEKI[IA 2
OINTHUYHI TA ONITUKO-EJEKTPOHHI TPUJIAJN I CHCTEMM.
®OTOHIKA

UDC 538.975, 539.51, 621.383
EFFICIENCY OF FILM SOLAR ELEMENTS
DEPENDING ON THE WORKING TEMPERATURE

Lelyuk S. Yu., Minakova K. O., Zaitsev R. V., Kirichenko M. V.
National Technical University “Kharkiv Polytechnic Institute”,
Kharkiv, Ukraine
E-mail: stanislav.leliuk@infiz.khpi.edu.ua, kseniia.minakova @khpi.edu.ua,

roman.zaitsev @ khpi.edu.ua, mykhailo.kirichenko @khpi.edu.ua

Recently, the development of combined photovoltaic installations, in which thermal
energy is utilized during the production of electricity, has actively begun. Photoelectric
converters (PhEC), for use in such systems [1, 2], must efficiently generate electrical
energy at an operating temperature of 50-55°C; they must also provide a solar energy
absorption coefficient of at least 90% and have a reflection coefficient in the infrared

part of the spectrum of no more than 10%.
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Fig. 1. The relative decrease in the efficiency of film PhECs with an increase in operating temperature:
1 — based on CdTe; 2 — based on CulnSe;; 3 — based on amorphous silicon

A comparison of studies of the temperature dependence of the efficiency of film
PhECs based on CdTe and CulnSe, compounds, produced in laboratory conditions, and
amorphous silicon, produced by an industrial method [3], showed (Fig. 1), that the
smallest reduction in efficiency when the operating temperature is increased has device
designs based on base layers of cadmium telluride.

At the temperature of 50°C, the efficiency decreases by only 1%, and the relative
rate of decrease is only 0.14 rel., %/C (Table 1). The experimentally obtained values of
the temperature efficiency of single-junction film PhECs are quite accurately correlated
with the band gap of the corresponding absorbing semiconductor material (Table), the
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temperature efficiency decreases proportionally with the increase in the band gap of the
main semiconductor material.

Table. Experimentally obtained coefficients of reduction in the efficiency of film PhECs and the
width of the band gap of their basic semiconductor layers

Based Temperature coefficient Band gap width of 4
material of efficiency, rel., %/°C semiconductor, eV

CdTe -0,14 1,44

Amorphous | ) 5| 1,2-1,3

Si

CulnSe, -0,36 1,04-1,07

Keywords: photoelectric converters, temperature efficiency, semiconductor material,
cadmium telluride.
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To ensure the protection of electric circuits, protection elements of radio electronic
equipment (REA) against impulse overvoltages are used. The most important property
of protection elements: gas dischargers, semiconductor zener diodes, varistors and
limiting diodes is their ability to reduce their resistance Re from 5-10* - 10'° Ohm to a
value significantly lower than the input resistance of the element in a short time T,
(switching time or tripping time) REA, when the voltage U; in the circuit exceeds the
value of the threshold voltage U,, which is called the switching threshold or activation
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threshold [1]. If such protection elements are connected in parallel to the protected
device, then when U; > U, during t,, the amplitude value of the voltage on the device
decreases to the value U, (stabilizers, varistors, limiting diodes) or to a value
significantly lower than U, (gas dischargers). Limiting silicon diodes have become the
most widespread, as they have a high speed (1 at the level of 1 ns) [2]. However, they
can shunt a limited amount of energy and have an interelectrode capacitance of 20 pF,
which limits their use for the protection of microwave REA.

Therefore, in order to create protective elements for microwave REA, in this work,
the amplitude-time characteristics of switching in thin films of cadmium telluride were
studied.

Amplitude-time characteristics of the switching process in the obtained thin films of
cadmium telluride were studied according to experimental oscillograms. A qualitative
view of a typical oscillogram of an experimental plot of voltage on film samples is
shown in Figure 1 (curve 1). This figure also shows a qualitative view of a typical

oscillogram of voltage pulses acting on the sample [3].
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Fig. 1. Typical oscillogram of experimental voltage plot on film samples of cadmium telluride

The determination of the characteristics of the switching process was preceded by
the determination of the trigger threshold, which was carried out by applying a
rectangular pulse to the samples. This pulse had the minimum amplitude necessary for
the first trigger. Then, several measuring pulses with the minimum necessary amplitude
for successive activations, which was identified with the value of the threshold voltage
U,, were applied. The results of the research are shown in Table.

The table shows the voltages of the trigger thresholds U, the maximum voltages on
the samples U, the maximum residual voltage on the samples U,,,, the minimum
residual voltage on the samples U,,,, the switching time to the low-resistance state .
Table 1 also shows the values of the electrical resistance of the samples to direct current
R, after 20-fold impulse exposure with the amplitude U;. It was established that the
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magnitudes of the amplitude-time characteristics do not depend on the polarity of the
action of the current pulses on the film samples.

Table. Results of studies of amplitude-time characteristics of switching of thin-film samples of
cadmium telluride and electrical resistance of these samples to direct current after a series of pulse
impacts

d, |UV |UJU; (Unnax-Unnin)/ 7, |R.Ohm
um \Y U,V ns

3 75 42/285 (20-10)/285 <2 1.7-10°
3 |75 38/71 (20-10)/271 < 2010
4 |70 40/214 (13-5)/214 <2 1.3-10°
4 170 50/211 (12-5)/211 2 7.7 -10°
6 |70 52/216 (15-7)/216 2 5.6 -10°
6 |75 51/225 (15-7)/225 2 5.6 -10°
7 180 55/240 (20-10)/240 < [15-10°
7 70 53/219 (20-10)/219 2 1.7 -10°
8 105 120/316 (40-20)/316 2 2.3-10°

It was experimentally established that cadmium telluride layers with a thickness of 3
to 7 um can be used to create protection elements for ultra-high-frequency radio
electronic equipment, since samples representing film layers of cadmium telluride
placed in the housing of microwave diodes, when electric pulses of 1 ps duration were
applied to them, had switching time at the level of 2 ns and had a capacity of no more
than 2 pF. At the same time, the value of the residual voltage could be reduced to 5 V,
and the value of the activation voltage could be adjusted by the thickness of the base
layer.

Keywords: switching process in thin films, cadmium telluride layer, protective
element.
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BaxxiuBuM eneMEeHTOM aBTOMATHUYHOTO KOHTPOJIO Ta KEPyBaHHS MallliHAMH,
PI3HOMAHITHUMH TEXHOJIOTIYHHUMH TIPOILIECAMHM € HAIIBIPOBITHUKOBI JAaTYHUKH, SKi
OCHOBaHI Ha MEpPeTBOpPeHHI (I3UYHUX BEIUYMH B €JIEKTPUYHI cUTHAIU. OCHOBHUM
napaMeTpoM HamiBIPOBITHUKOBUX CEHCOPIB € YYTJIHUBICTh, SIKa CYTTEBO 3aJICKUTH HE
TUTBKY BiJ] BIACTUBOCTEN MaTepiajiB, Kl BUKOPUCTOBYIOTHCS, a 1 BiJ iX A€(EKTHOCTI.

Bxpait BaXnuBUM € MOJEpHI3aIlis TEXHOJIOTIT OTPUMaHHS KPUCTAIIYHOI CTPYKTYpHU
HaIIBIPOBITHUKIB Ta BJOCKOHAJIEHHS METOMIB 1X JOCHIMKEHHS. [CHYBaHHS i7eaibHUX
KPUCTAIIB MOXHa YSBUTH JIMIIE 3a TEBHUX YMOB, HANpPUKIA] MPH TeMIiepaTypi
abcomroTHOro HyJs. PeanbHi K KpUCTANIIUHI CTPYKTYpU MPH Psiii TEXHOJOTTUHUX
orepailiii (BUPOIYBaHHS KPUCTATy, OKUCJICHHS, €mTakcisg, nudys3is TOIo) 3a3Hal0Th
nedexkroyrBopeHHs. JlepekTn B HaAMIBNPOBIIHUKAX IMiAPO3AUIIIOTH HA TOYKOBI
(BakaHCii, aTOMH B MIKBY3JISIX, aTOMH JOMIIIIOK Yy BY3Jlax a00/Ta MIKBY3JISX), JIiHIHHI
(kpaiioBa Ta TBUHTOBA JIMCIIOKAIlil), TOBEPXHEBI (TPaHUIll MK 3€pHAMU KPUCTAJIIB, PAIU
TIHIMHUX JUCJIOKaIii) Ta 00’e€MH1 (MOpH, TPIIIMHU, BKIIOYEHHS I1HIIOI PEYOBHHH,
HAIPYKEHOCTI HABKOJIO Je(eKTiB MEHIIOT MIpHOCTI, kiactepu Toio). [losBa nedekris
MOB’si3aHA 3 TMpOIeCaMH HArpiBaHHsS Ta OMPOMIHEHHS KPUCTANIB, 3 HAasSBHICTIO
CHEIliaIbHO BBEIEHUX a00 HEKOHTPOJIhOBAHMX JOMIIIOK, Opyay, BHACHiJOK
0COOJIMBOCTEN BUPOIITYBAHHS KPUCTAJIIB TOIIIO.

Ha ytBOpeHHst AedekTiB (qUCIIOKalliid, KIacTepiB, TOYKOBUX Ne(EKTIB) B MpoIeci
BUPOIIYBaHHS KPHUCTAIIB KPEMHIIO BIUTMBae Jekuibka (akropiB. [lo-mepmre, 1e
HEJIOCTaTHIA  TpajieHT TeMIepaTyp B  YCTaHOBIN, Yepe3 SAKUH  BUHHUKAE
MEPEOXOJO/KEHHST piuHU To0aM3y GPOHTY KpucTamizallii, 0 MPU3BOIAUTH [0
dhopMyBaHHS TOJTIKpHUCTATy. SIKIO B KPUCTaIl BXKE € JUCIIOKAIlii, TO BUCOKA IIBHJIKICTh
Ta HEPIBHOMIPHE OXOJOKCHHS KPUCTATy MOXKE MPHUBECTH A0 30UTBIICHHS KITBKOCTI
mucnokaniid. Ilo-apyre, HEMOXIUBO BUPOCTUTH OE3IUCIIOKAIlifHI KPUCTAIHU, SKIIO
KOHIIEHTpAIlisl JIETYIOUOi JIOMIIIKK OJIM3bKa JI0 TPaHUIll PO3YMHHOCTI (HATIPUKIIA,
6imbme 10” cM” y Bumagky ¢ochopy, SK B HANIOMY OCTLMKEHHI). BimbIIicTh
KPUCTAJIIB JIETYETHCA A0 MUTOMOTO omopy mopsanky 1-10 Omxcm, ToOMy BUHHKHEHHS
JUCIIOKallii  BiOYBa€eThCS Yepe3 HAsBHICTh IHIMUX JOMIIIOK, 10 JAUDYHIYIOTH
(Byrmerio, KucHI0). B Tol ke wac B Oe3mMCIOKaliiHUX KPHCTaJIaX yTBOPIOKOTHCS
MleOI[e(I)CKTI/I (mucnokarliitHi meTi), sKi HasBHI TUIbKM B HAIIBNPOBIAHUKAX 1 MalOTh
po3mipu 80-3000 HM™.
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Jlo yTBOpeHHs1 KpucTtajgorpahiyHux AePeKTiB MPU3BOAATh TEPMIUHI, MEXaHIUHI Ta
XIMIYHI HampyTd, SKi BUHUKAIOTH TMiJ 4Yac TEPMIUYHOTO OKUCY KpemHito. Pamiariitai
nedeKkTd B KPUCTAIIYHINA CTPYKTypi Si BHHHMKAIOTH 4Yepe3 MpPOIEeCH IMEePBUHHOTO Ta
BTOPUHHOTO 3ITKHEHHsS IMIUIaHTOBaHUX 10HIB ((dochopy, Oopy, MUl Ky TOIIO) 3
aTOMaM¥ BUXiTHOTO KpucTamy. [Ipyn 1mux 3iTKHEHHSX BHHUKA€ BEJIMKA KOHIICHTPAIis
TOYKOBUX JAedekTiB. lle moB’sS3aHO 3 HASBHICTIO MPYXKHOTO HAIMpPYKEHHS HABKOJIO
JUCIIOKAIA Ta MOPYHIEHHSAM TMEPIOJUYHOCTI aTOMHOI PENNTKHA B 00JAacTi JHMCIOKAIIii,
0 TPU3BOAWTH JO TOSBU HECMAPEHUX EJIEKTPOHIB, SKI MOXYTh 3aXOILTIOBATH
CJIEKTPOHU 13 30HM TMPOBIMHOCTI 1 BHACHINOK IBOTO JHUCIOKAIS 3apsSIKAETHCS
HeratTuBHO B Si n-tumy. B pesynbrari Oifiss HEraTHMBHO 3apsKEHOI AUCTOKAIll Oyne
CTBOPIOBATHCS TIOTEHIIINHUN Oap’ep.

CTBOpeHHS HWIIHAPUYHOI O00JIACTI TPOCTOPOBOTO 3apsly HABKOJIO JUCIOKAIIil
CYIpPOBOIKY€ETHCSI 3aXBaTOM OCHOBHHMX HOCIIiB 3apsimy. Ko moTiK HOCIIB 3apsiay Hie
MEePIEHIUKYISAPHO JIHISAM JTUCIOKAIllid, TO BiAOYBAa€TbCS 3MEHIIECHHS MPOBIAHOCTI
Martepiaiy, B IHIIIOMY BUIIQJIKy MIPOBITHICTh HE 3MIHIOETHCS.

KpeMmHili € ogHMM 3 OCHOBHUX MaTepialiB Uil BUTOTOBJICHHS KOMITOHEHTIB Ta
MPUCTPOIB (PYHKITIOHATBLHOT E€JEKTPOHIKK, B TOMYy uucim H nams cencopiB [1, 2].
[TopiBusiHO 3 iHmWMMEH HamiBnpoBigHukamu (Ge, GaAs), KpeMHI Mae psija TepeBar:
JOCTYIHICTh, OLTBIII MIPOCTA Ta JCIIEBa TEXHOJIOT1SI BUTOTOBIICHHS, XOPOIIl MEXaHIuHi Ta
EJIEKTPUYHI XapaKTEPUCTHKHU.

CrpykTypHi AedeKTH B HAMIBIPOBITHUKAX HETAaTUBHO BIUIMBAIOTH HA €JIEKTPUYHI
napaMeTpu HamiBIPOBITHUKOBUX TMpwiaaniB. JlOCHiKEHHS TOYKOBHX JE€(EKTIB,
IBUHTOBHUX Ta JIHIMHUX IUCIOKalii, TEHAPUTIB B 3pa3ky kpemHito (111) meroBanoro
dbocdopom Oynu HaBeeHI HaMH Y MaTepianax koHpepenii [3].

Jlo cydacHMX METOJIB BUSIBJICHHS JC(PEKTIB B CTPYKTypax HammiBIPOBIIHUKIB
HAJIeXKaTh ONTHYHI METO/AM, EJIEKTPOHHA MIKPOCKOIIsl, PEHTTEHIBChbKa Tomorpadis,
METOJl JEKOPYBaHHS CTPYKTYpPHHX JedeKTiB IOMIIIKaMHu, MeTanorpadiyHuil MeToq
(METOJT CeIEKTUBHOTO TpaBJIeHHs ) Ta 1HII. Hal01abp1 mupoke 3aCTOCYBaHHS OTPUMAIIN
MeTanorpadiuHuii Ta peHTI€HIBCHbKUN METO/IH.

Mertanorpadiunuii MeTOA JJ03BOJSIE BUSBISTH JUCTOKAIll Ta MiKpoJaeheKkTu B
HAMIBIPOBIAHUKAX, ajle JHIIe Ti, M0 MNEePHeHAUKYISpHI HUTidy, TOMY IIIIBHICTh
JUCIIOKAIlii, po3paxoBaHa IO KUTBKOCTI SIMOK TpaBleHHS, € Jenio 3aHumxkeHorw. lleit
METOJI JOCTiKeHHS e eKTiB B 3pa3kax Si Oyi0 BUKOPUCTAHO HAMU B po0OoTi [3].

Jlo onTUYHUX METOMIB KOHTPOJNIO ACPEKTIB CTPYKTYP BIIHOCSTHCS: Bi3yaJabHO-
ONTHYHI, (JOTOMETPHUYHI, CHEKTpaibHI, TEIUIOBI3iiHI, 1HTEpQEpeHIliHI, nudpaKiiiHi,
nmoJIsIpi3alliifii, Ja3epHi, rojorpadiuHi Ta iHII. Bi3yaJlbHO-ONTHYHUN METON —
HAWOUIBII TOCTYITHUN, MPOCTUM Ta MEHII TPYAOMICTKUNA METO]] Bi3yaIbHOT'O KOHTPOJIIO
MOBEPXHEBUX JE(PEKTIB MaTepialy 3 BHUKOPHUCTAHHSAM ONTHYHMX NPWIAAIB (JIy,
MIKpOCKOIIiB, €HIOCKOIIiB).
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3a 10MOMOTOI0 ONITUYHUX METO/IB € MOXKJIUBICTH OTPUMATH 300paKeHHs 1ePEKTIB B
KpUCTajlaX, HalpPHUKIad, BUSIBUTH TaKli HEIOJNIKH KPUCTAIIYHOI CTPYKTYpPH SK TpaHHIII
3epeH abo cyO3epeH, OkpeMi amciokamii, aedektn nakyBaHHsS. ONTHYHI METOIH
JI03BOJISIIOTH TOCIKYyBaTH 00’ €KTH po3mipom MeHIe 100 HM, HIUTBHICTIO JI0 10 em? ta
CTIOCTEpIraTi TUHAMIKY AUCIOKAIITHUX 1e(PEKTIB.

HocnimxkyBaHi 1eeKTH MOKYTh MaTH PI3HOMaHITHI THITH TIPOCTOPOBOTO PO3MOILTY,
HaIpUKJIIaJ CTOXaCTUYHI (Xa0TUYH1) Ta IETEPMIHOBaH1 (30CEPEIKEH1).

B nomoBial mpeacTaBiIeHO METOJ AaBTOMATHYHOTO JOCHIKEHHS IHUCIOKAIli B
KpucTanax. B SKOCTI OCHOB MeTOAy OOpoOKH 300pakeHb Ne(EeKTiB B KpUCTaIax
BUKOPHUCTaHI TEOPETUYHI Ta MPAKTUYHI TMOJIOXKEHHS, sKi OmyOiikoBaHi B poOoTi [4].
MopentoBaHHsS TPOIECY PO3IMi3HABAHHS 00 €KTIB, fKI JOCTIKYIOTHCS 3 OOpaHUMHU
XapaKTEePUCTUKAMHM BUSBIICHHSI, PEICTaBIICHO Ha puc. 1.

Metoa aBTOMaTUYHOTO TOCIIKEHHS 103BOJISIE:

- yTouHIOBaTH PopMHU Ie(HEKTIB;

- BU3HAUATH iX PO3TAIlllyBaHHS B KPUCTaI;

- BU3HAYATH MTPOCTOPOBI XapaKTEPUCTUKH Je(DEKTIB;
- popmyBatu po3noii neeKTiB 3a po3MipaMu.
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Puc. 1. MoagentoBaHHA nNpouecy po3nisHaBaHHA 06’eKTiB, AKi A0CNiAXKYIOTbCA 3 06paHUMU
XapaKTepUCTUKAMM BUABIEHHA

3anponoHoBanuii meron Ao3Boiisie popmyBatn Big Data Ta Hamae MOXKIHMBICTH
BpaxyBaTh BIUIMB mporeciB audy3ii Ta camoaudysii IOMINIOK, MPOIECIB
nedeKTOyTBOPEHHS B HAITIBIIPOBITHUKAX Ha CJICKTPUYHI napameTpu
HaIIBIPOBITHUKOBUX TIPHIIATIB.

Knrouosi cnosa: nedextu aumciokaiiii; Kpuctaia, oOpoOka 300pa’keHb; IIIITBHICTD
T CIIOKaI i
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MeTtoauku JOCHIKEHHS HaJCIa0KOTO BUIPOMIHIOBAHHSA O10JIOTIYHUX 00’ €KTIB
MOJAUISIOTH: 3a (aKkTopamMu, SKI BUKIMKAIOTh XEMLUTIOMIHECIICHIIIIO; 3a YacOBUM Ta
MPOCTOPOBUM  PO3MOLIOM; CTATUCTUYHUMHU OCOOJIMBOCTSIMU  PO3IMOAUTY TIOTOKY
CUTHAILHUX (OTOHIB 32 YacOM Ta MPOCTOPOM; CTATUCTHUYHHUM aHAII30M IIyMOBOI
CKJIa/IOBO1 IPUIIMayiB BUIIPOMIHIOBAHHSI.

bionoriydi TKaHWHU SIBISIFOTH COOOI0 CEPEIOBUINA 3 HU3LKUM PIBHEM IMOTJIUHAHHS
Ta BHCOKOIO 3JaTHICTIO PO3CIIOBaHHS Yy BHUIAUMOMY Ta 1H(PAYEpPBOHOMY CIIEKTpI
€JIEeKTPOMATrHITHUX XBWJIb. ONTHYHE BUIPOMIHIOBAHHS B O10JIOTIYHMX TKAaHUHAX MOXKE
morJIMHATHCS XpoModopamu. Po3citoBaHHS BH3HA4Ya€ThCA MOP()OJIOTII0 010JIOTTYHOT
TKaHWHWA. Pi3HUII TOKa3HUKIB 3aJIOMJICHHS KIITHHHOI MEMOpaHH, ITUTOILIa3MHU,
MITOXOHJIpIH, MIXKTKAaHMHHOI PIAMHU CYTTEBO BIUIMBAIOTH HA PO3CIIOBAHHS OMTHYHOTO
BUIIPOMIHIOBAaHHS B TKAHUHAX.

[Tpu BenukuX piBHIX po3CitoBaHH (OTOHU MOXKYTh NEPEMIIYBATUCH B CEPEIOBHUIII
BIIPOJIOBXK  JIESKOTO Yacy Ta PO3MOBCIODKYBATHUCh JOBIHUMH  TPAEKTOPISMHU.
BunpomiHioBaHHS XapakTepusyeTbes nudy3HuM, cyOmudy3HuM Ta cynepaudy3HUM
MIPOLIECOM.

OCHOBHMUMH  METOAAMH  pEecTparii  HaAcTabKoro  BHUIPOMIHIOBAHHS €
dboTomeTpuuHuii Ta poTorpadiaHmii.

Tpyanoun nmpu npuiiMaHHi HaJICIAO0KOTO ONTUYHOTO BUIIPOMIHIOBAHHS BUHUKAIOTh
MpU 3aCTOCYBaHHI KITBKICHMX METOJiB 00poOku pesynbrariB. [Ipomecu peectpariii
XapaKTepU3yIOThCS BEIMYMHAMH BiTHOIICHHS CHUTHAJ/IIYM MEHII S5, MO YCKJIATHIOE
BUSIBJICHHSI KOPHICHOTO BUIPOMiHIOBaHHS.
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B pobGorax [1, 2] mpeacraBieHi MojeNl PO3MOBCIOKCHHS  ONTHYHOTO
BUIMIPOMIHIOBAHHSI B aHI30TPOMHUX cepenoBumax. OcoOnuBa yBara NPUILISETHCS
aHalli3y OCOOJHMBOCTEH 4YacoBOTO Ta MPOCTOpOBOro po3monainy ¢oronis. Hamu B
pobotax [3, 4] Oynu mpencTaBieHl CTOXAaCTHYHI MOJENI ONTUYHOTO BUIIPOMIHIOBAHHS 3
ypaxyBaHHSIM CTaTUCTUYHHUX BJIACTUBOCTEH Ta CTIMKUX 3aKOHIB PO3MOIIJICHHS.

B nomoBiali mpeactaBieHo po3poOieHy MOAENb JUIS  JOCHTIKEHHS IPOIECY
PO3MOBCIOKEHHS (OTOHIB B aHI3OTPOMHOMY cCepeloBHINI. Monenbs BpaxoBYyeE
CTOXaCTUYHI TIapaMeTPH BHUIPOMIHIOBAHHS, CEpEIOBHUINA, IIyMiB (doTompuiiMaya.
[Iporiec hopmyBaHHSI TeHEpaTbHOI CYKYMHOCTI BUIIQJKOBUX BEIUYUH IPYHTYETHCS HA
Gbi3uuHINi TPUPOAI BUHUKHEHHS Ta PO3MOBCIOKEHHS HA/ICTA0KOTO BUIIPOMIHIOBAaHHS B
OlOJIOTIYHMX  TKAHMHAX Ta  B3a€EMOJII  BHUIPOMIHIOBaHHS 3  €JIEMEHTaMHU
GOoTONPUIMAIBHOTO ~ TPHUCTPOIO.  AHANI3YIOThCS ~ CTAaTHCTUYHI, MPOCTOPOBI  Ta
E€HEePTeTUYHI MapaMeTPH BUMPOMIHIOBAHHS, K€ PEECTPYETHCSI.

omugorados oHnodrosIHy

Puc. 1. 3D mogens ¢opmyBaHHsA BiAryKy (oTompuiimMaua mpu peectparii ciabKoro ONTHYHOTO
BUITPOMIHIOBAHHS

= DTKprTb{ CDHpaHHTb{

358 302

[~ HMHEEpCHEIA DbCueT

. |
Macurag: |2 =1

Puc. 2. [To6ynoBa ricrorpaMmu iHTEHCUBHOCTEH, siKi chopMOBaHi GoTonpuiiMaueM 3a 4ac HAaKOTTMYCHHS
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Knrwouosi cnosa: Hancnabke BHUIPOMIHIOBAHHS, XEMUIIOMIHECHEHINSA, auQy3is

dboToHIB, aHOMaNIbHA AUdY3is, 00pOoOKa CUTHAIIIB, ONTHKO-EJIEKTPOHHA CUCTEMA.
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YK 681.758
AHAJII3 OIITUYHNX METOAIB BUMIPIOBAHH
JITHIMHUX I[MTEPEMIIIIEHDb Ob’€KTIB

Henuctok B. FO., I'apbapuyk P. A., Xonouiseywv A. B.
Jhyyvruii nayionanvHuti mexuiuHul yHigepcumem, Jhyyok, Yrpaina
E-mail: v.denysiuk @ Intu.edu.ua

CydacHe MammMHOOYIyBaHHS, NPUIAA00yIyBaHHS, pPOOOTOTEXHIKA, OMNTUYHE
BUPOOHUIITBO, TiAPOTEXHIYHE OYIIBHMUIITBO Ta IHINI Taly3i MPOMHCIOBOCTI TICHO
MOB’Si3aHI 3 HEOOXIJHICTIO TOYHOTO BUMIPIOBAHHA TNEPEMIIIEHHS OO0’ €KTIB i
BUMIPIOBaHHSIM JHIHHUX poO3MipiB 10 HuUX. Pi3HOMaHITTS 006nacTeil BUKOpPUCTaHHS
BUMIPIOBAUIB JIHIMHUX TEpPEeMIIIEHb 1 BIiJICTaHEW, MOCTIHE 3pPOCTaHHS BUMOT [0
TOYHOCTI JATYMKIB, J1alma30Hy BUMIPIOBAHWX BEJIWYWH, a TAaKOXX CIPSIMOBAHICTh Ha
BUDIIIEHHS KOHKPETHUX NPAKTHUYHUX 3a/1ad JO03BOJSIFOTH TOBOPUTH TIPO TE, IO
pO3poOKa 1 JAOCHIKEHHS HOBHX BUMIPIOBAYiB JIIHIMHUX TMEPEMIIICHb 1 BUMIpIOBaYiB
BIJICTAaHEW, a TAKOXX YJOCKOHAJICHHS ICHYIOUMX JATUYMKIB € BaXXJIMBUM 1 aKTyaJbHUM
3aB/IaHHSIM.

3 BIJIOMHX BHCOKOTOYHUX METOJIB BHMIPIOBaHHS JIHIHHUX IEpeMilieHb MOXKHA
BUIIUTH 1HTEPPEPEHIINHUN 1 TPUAHTYISAINHUAN, a TaKOX METOJ 3 BUKOPUCTAHHSIIM
OTNTHUYHHX PACTPIB.

Jlazepni iHTepdepoMeTpr MarOTh BEJIUKHMM Jlalla30H BHUMIPIOBAHHS 1 BHCOKY
TOYHICTh, MPOTE BOHM TaKOXX MAlOTh BHCOKY BapTICTh 1 CKJIaJHI B EKCILUTyaTallii.
TpuanrynsmiiHi JaTYUKU MPOCTI B peaizallli 1 MaroTh pi3HI J1ama30Hd BUMIPIOBAHHUX
BIJICTAaHEeHW, IO 3ajJekaTh Bix 0a3W JaTdWKa, aje MEHIIy TOYHICTh, HIK Y
intepdepomerpi. Illupoko mommpeHi NaTYMKW HA ONTUYHUX pacTpax, OCHOBHA
noxubKka SKUX 3aJIeKUTh BiA  JAUCKPETHOCTI (QorompuitMaya, 1O B HUX
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BUKOPUCTOBYETHCSI.

MoskHa OKpeMO BUILIUTH JIESIKi 0COOTUBOCTI ICHYIOUMX BUMIPIOBIBHUX TIPUIAIIB:

- ICHyI0U1 BUMIpIOBaul JIIHIHHUX TIEPEMIIIEHb € OJTHOKOOPAMHATHUMU;

- OUTBIIIICTHh BUMIPIOBAUiB MPU3HAYEH] JJIsI BAMIPIOBAHHS MTO3/IOBXKHIX TIEPEMIIICHB;

- 3Ha4YHA YaCTHHA BUMIPIOBAYiB € KOHTAKTHUMHU.

TakuM yuHOM, U1 BHUpILIEHHS 3a]a4, MOB’S3aHUX 3 BHUMIPIOBAHHIM IONEPEYHUX
nepeMinieHb 00 €KTIB, HEOOXiJHE YCKJIAJHEHHS KOHCTPYKIi TIOB’si3aHe 3
HenmpopITbHUM  BUKOPUCTAHHAM BuMiptoBada. [lpu  HeoOXimHOCTI  371HMCHEHHS
BHUMIPIOBaHb MEPEMIIICHB 3a JIBOMA 1 OibIlIe KOOpIUHATAMH, BiIOYBAETHCS 1I1e OLIbIIE
YCKJIQIHEHHsI KOHCTPYKIII 4epe3 BUMOTH JO B3aEMHOIO PO3TAIIyBaHHS JIEKUIBKOX
BUMIproBauyiB [1].

[IporioHOBaHi METOAW BHUMIPIOBAaHHS JO3BOJIIOTH MPOBOJAMTH KOHTAKTHI 1
OC3KOHTAKTHI BHUMIPIOBAHHS TIEPEMIIIEHHS 3a JBOMa KOOpJAWHATAMHU B HAIMpPSIMKY
HOPMAQJIBHOMY JI0 HampsSMKYy TIOIIMPEHHS CBITJIOBOI XBwii. JlaHa 0COOIHMBICTD
MPOMOHOBAHUX METO/IB YMOXJIMBIIIOE CTBOPEHHS BHUMIPIOBAJIIBHUX TMPUCTPOIB, IO
JI03BOJISIOTH 3/I1MCHIOBATH:

- BUMIPDIOBaHHS 1 KOHTPOJb HECIIBBICHOCTI OTBOpPIB HECYYUX EJIEMEHTIB
KOHCTPYKIIM TIPWJIAAIB 1 MNPUCTPOiB (MOHTYBAHHS TEJIECKOMIB, OJOKH JBUTYHIB
BHYTPIIIHBOTO 3rOPSIHHS, KIJIBIS KapAaHH1);

- Oe3nocepeHe BUMIPIOBAHHS BETUYMHHU MTEPEMIIIICHHS 00’ €KTa;

- BUMIPIOBaHHS BEJTMYMHU OUTTS J€TaNIeH 1 By3JiB;

- IICHTPYBaHHsS €JIEMEHTIB MeEXaHI3MiB 1 mpuianiB (ompaB 00 €KTHBIB, aeTalei
KOPITYCHUX KOHCTPYKIIii) TOIIO.

[lepeTBoproBaui JiHIKHUX TIEPEMIillIEHb MPU3HAYEH] T iH(QOPMAIITHOTO 3B’ 3Ky 3a
MOJIOKEHHSIM MK 00’ €KTOM, 110 MO3UIIOHYETHCSA 1 MPUCTPOEM YHCIOBOTO MPOTPAMHOTO
KepyBaHHS a00 mpucTpoeM ImdpoBoi iHauKamii. OCoOIMBICTh IUX IEPETBOPIOBAYIB
MOJIATAE Y BHUKOPUCTAHHI B SAKOCTI MipU JOBXWHHU JIIHIMHOI IIKalW, MO0 € HOCIEM
BUMIPIOBAJILHOTO Ta IHAMKATOPHOTO pacTpiB. JlaTuWku JiHIHHUX TepeMilieHb
JI03BOJISIIOTh BU3HAYMTH TIOJIOKEHHS Ha JIHIMHIN OCl 0€3 BUKOPUCTAHHS JOJAaTKOBHUX
MEXaHIYHUX TepeAaBAIbHUX €JIEMEHTIB. BIIKpUTI NaTYMKK JiHIHHUX TEepEMIIICHb
3aCTOCOBYIOThCSI Ha BepcTaTax 1 oOJaJHaHHI, JJI1 POOOTH SKUX MOTpiOHA BHUCOKA
TOYHICTh BHUMIpIOBaIbHOTO 3HadyeHHs. Jlo HalOuUIbm momupeHux  obnactei
3aCTOCYBaHHS  BIIHOCSATHCS:  TEXHOJIOTIYHE 1  BUMIpIOBaJIbHE  OOJIagHAHHS
HAIIBIPOBIAHUKOBOI ~ MPOMUCIOBOCTI,  yYCTAHOBKM  aBTOMAaTUYHOTO  MOHTAXY,
yABTpanpenn3iiiHi BEpCTaTh 1 YCTAHOBKH, HANIPUKIIA, BEPCTAT IS alIMa3HOTO TOUYIHHSA
€JIEMEHTIB ONTUYHUX KOHCprKuiﬁ 71000TOKapHI BepcTaTu sl OOpOOKM MarHiTHUX
JMCKOBUX HAKOMUYYBadiB, NUTI(QYyBalIbHI BepcTaTu Jisi 00poOKku (epuTOBUX MaTepialiB
TOILIO, BUCOKOTOYHI BepCTatH, BI/IMlpIOBaJ'ILHl MalIlHA 1 KoMMaparopu, BUMIPIOBAJIbH1
MIKPOCKOIIH Ta iHIII Mpenn3iiiHi BUMIpIOBaIbHI IpUIaau, IPsMi IpUBoOIH [2].

Po6oTa onTHKo-eIeKTPOHHUX MEPETBOPIOBAUIB JIIHIMHUX MEPEMIIIeHh 3aCHOBaHA Ha
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peecTpariii BIIHOCHOI BEJIMYMHH TOTOKY, IO MPOMIIOB dYepe3 BUMIPIOBAIbHUNM Ta
IHAMKATOPHUN pacTpu ONTUYHOTO BUIIPOMIHIOBAHHS SIK KOOPJAMHATHO-TIEPIOAMYHOL
GyHKIIT B3a€EMHOTO MPOCTOPOBOTO TOJIOKEHHS BUMIPIOBAILHOTO Ta 1HAMKATOPHOTO
pactpis [3].

[lepeTBOproBadi MOCTIOBHOTO TMiJIPaXyHKy 3a METOJOM BHU3HAUEHHS MOTOYHOI
KOOpPAMHATH KOHTPOJIBOBAHOTO 00 €KTa MOXKHA PO3AUIMTH HA TPU MIATPYIIH:
IHKpEMEHTHI1 TIEpEeTBOPIOBaYl, KBa31aOCOMIOTHI 1 a0COJIIOTHI.

[HkpemMeHTHHIT (HAKONMMYYIOUMi) MEPETBOPIOBAY pearye HE Ha MPOCTOPOBE
MOJIOKEHHSI, 2 Ha MPOCTOPOBE TMEPEMIIICHHS, SKE 3a JOMOMOTOI0 CIEIialbHOI CXEMU
MOJIUISETHCS. HAa PSJI €JIeMEeHTapHuX 301bIeHb. Hakonuuyroun 11i 30UThIIEHHS MUTSIXOM
MipaxyHKy, MepeTBopioBad (Gopmye muppoBHl KOA, MPOMOPLUIMHUN BUMIPIOBAHOMY
MIPOCTOPOBOMY IOJIOKECHHIO.

VY Bumanky kBa3iaOCOMIOTHHX IME€PETBOPIOBAUIB TMOTOYHA KOOpJWHATA TOYUHAE
BU3HAYATHUCS NUISIXOM MIJPaXyHKy MOCTIJOBHUX 30UThIICHL (SIK Y HAKOMAYYBATbHUX)
JUIIE TICASA TPOXO/HKEHHS pedepeHTHOI MITKH. B 1mpoMy BuUNAAKy TMporiec
MEPETBOPEHHS HACTA€E HE BiApa3y Micisl BKIIOUEHHS 00J1aTHAHHS.

B aGcomoTHUX mepeTBOproBauax He MOTPiIOHE MPOXOKEHHS peEePeHTHUX MITOK, 1
MOTOYHA KOOpJIMHATAa BHU3HAYAE€THCS Bipa3y MpU BKIOYEHHI. TakuM 4YUHOM, B
aOCOJIIOTHUX TIEPETBOPIOBaYax KOKHOMY 3HAYCHHIO BXiJHOTO IMEPEMIIICHHS BiIIMOBIIa€
3HAUEHHS YUCIIOBOTO EKBIBAJICHTA, SIKUM (DOPMYETHCS HA BUXO/II, K IPABUIIO, Y BUTIISI
udpoBoro Komy.

IcHytoTh pi3HI THOM CHOMYYEHHS PacTpiB: MyapoBe, HOHIyCHE, OOTIOpaIliifHe.
lupuHa MyapoBOi cMyrd, Mmpu o OIU3BKOMY 10 HyJis, Habarato Oulble PO3MipiB
BUKOPUCTOBYBAaHMX Ha MpakTuili ¢oTonpuitmauiB. Jlana oOcTaBUHA CTBOPIOE 1CTOTHI
nepeBarn y BUKOPUCTaHHI PAacTPOBOIO CIONYYEHHS 3 OOTIOpalliifHUMU JaHKaMU.
[IponyckanHs OOTIOPAIIHOTO CHOJMYYEHHS Take K, SK 1 Y MyapOBOTO CIIOTYYEHHS i
BUKOHY€E (PYHKIIIO QLIBTPY BUIIMX YaCTOT.

Haii0inpuii BIVIMB HA OCHOBHY MOXHOKY 3/1MCHIOIOTH JBI CKJIQJIOBI: TeMIEepaTypHa
nmoxubka Ta moxmOKa JuCKpeTu3arii. Pemrta CkiIagoBUX TOXUOKH HECYTTEBI.
Temneparypuuii ¢pakTop MOKHAa BpaXxOBYBaTH MPU BUMIPIOBAHHAX 1, OTXKE, BUKITIOUUTH
3 po3paxyHKiB. IHII (akTopw 3riIHO 3 KPUTEPIEM HE3HAYHHMX ITOXHMOOK MOXKHA
BUKIIIOUUTH. TakuM YWHOM, 3aIHIIAETHCS HEBUKIIOUYEHOI0 MOXHOKAa JIUCKpETH3aIlii
npuiagy, sSika CTAaHOBUTh OCHOBHY MOMUIIKY BUMipioBaHHs. OCHOBHI XapaKTEPUCTUKHU
JIESIKUX ICHYIOUHX aHAJIOTiB MPeACTaBIIeHI y Tadmumii 1.

3 Ttabnuii 1 BHUIHO, IO CydYacHI ONTHKO-EJICKTPOHHI IMEPETBOPIOBAYl JIHIMHHUX
NepeMillleHb Ha ONTUYHUX pacTpax JA03BOJSIOTH JOCATATH JOCUTh BHCOKOI TOYHOCTI
IpY JHIKHUX BUMIPIOBAHHSX MEPEMIIIEHb 00’ €KTIB.

OnHak, UIT JOCATHEHHS MaJIMX 3HAUYE€Hb BEJIMYMH IMOXHOOK HEOOXIJTHO, II00
MaTepiajl, Ha SKOMY BUTOTOBIISIETbCA INKaNa, 1 MiAKIanka Oynu 3 JOCUTh HUZBKUM
3HAUEHHSIM TEMIEPATYPHOTO KOe(ili€HTa JIHIHHOTO PO3MIMPEHHs 1 HeoOXiaHa TiHilHA
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KOMITCHCAITisl TOXUOKH MO TOBXKUHI Y BUMIPIOBAIBHIN €JIEKTPOHIIT.

Tabmmnst 1. TlopiBHsUTbHI XapaKTEPUCTUKH IEIKUX PACTPOBUX JIIHIHHIX BUMIPIOBaviB

o Jliamma3on IToxuOka )
HaiimenyBanus ) } JIUCKpETHICTD,
Tun BUMIPIOBaHHS, | BUMIPIOBaHHS,
cepii MKM
MM MKM
Heidenhain
LIC 4015 AOCoII0THUN 140 — 27040 +5 0,001
LIP 372 70 -270 +0,5 0,001
LIF 471 Inkpementuit | 70 — 1020 +3 0,01
LIDA 473 140 — 3040 +5 0,01

Knrouosi crnosa: BumiproBaHHs, TOXHOKa, TOYHICTh, IEPETBOPIOBAY, pacTp.
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YJIK 623.4:681.7.069.24 .
IMTPOBJIEMHI IINMTAHHA CUJIOBOI'O YPAXXEHHA LIUUIEUN
JIABEPHOIO 3B5PO€TO

Deoopos I1. M., boeyuapcoxuii B. B., 'amaniti H. B.
Lenmpanvnuti H/{I OBT 3C Yxpainu, Kuis, Yxpaina
E-mail: pamyf@i.ua, bogww @ukr.net, 1974gamalii @ukr.net

B cydacHux ymoBax piBeHb PO3BUTKY JIa3epHOI TEXHIKM B Oyab-sKil aepikaBi
BBQ)XAETHCS OJTHUM 3 OCHOBHHUX IMOKa3HHUKIB ii €KOHOMIYHOTO PO3BHUTKY 1 MPOMHCIIOBOI
MOTYTHOCTI. KpiM IIUBITBHOTO BUKOPUCTAHHS, JTa3epy 3HAXOATh MTUPOKE 3aCTOCYBAHHS
y BIACBKOBIM TEXHIIli: ONTHUKO-EIIEKTPOHHUX CHUCTEMax 3B'SI3KY, JIOKAIlil, JIa3epHUX
JajeKoMipax, Ja3epHUX TIPOCKOMax TOIMIO. 3arajbHOK TEHJICHIED OCTaHHBOTO
JECATUIITTS € TAaKOK BUKOPHUCTAHHS JIa3epiB AK HETPAIUIIAHOI 30pOi, MpU3HAYEHOT IS
ypaxeHHsI MPOTUBHUKA. Po3poOKa 60HOBUX JTa3epHUX CUCTEM JUIsl CUJIOBOTO YpaKEHHS
HA3eMHHUX 1 MOBITPSHUX IUICH € OJHUM 3 MPIOPUTETHUX HANPSIMIB PO3BUTKY 30poi Ha
HETpaAUIIIHHUX MPUHIINIAX Jii.

Mo>xTuBI Taki HACTIIKKA YPaKeHHS 3aJI€XKHO BiJ MOTY>KHOCTI JIa3epHOi 30poi:

3aCIIIUICHHS (THMYacoBe), TEPMidHI OIIKH 0COO0BOTO CKIIay;
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GyHKIIOHAbHE TPUIYIICHHS YyTJIUBUX €JIEMEHTIB JaTYMKIB OMTHUKO-CJIEKTPOHHUX
cucteM: 1H(padyepBOHWX TOJOBOK CAMOHABEICHHS, TEIUIOBI3IMHUX, TEIEBI3IMHUX
CUCTEM, JAJICKOMIPIB;

CUJIOBUHM TEIUIOBUW BIUIMB — MPOMATIOBaHHS (MEXaHIYHE PyWHYBaHHsI) €JIEMCHTIB
KOHCTPYKIIii 030poeHHS Ta BiiichbKoBOi TexHiKK (OBT), sike mpu3BOAUTH 1O BUBEICHHS 3
naay a0o 3HUIIEHHS 00'€KTIB ypaKeHHSI.

[Ipu npoBeieHH] OIIIHKH MOKJIUBOCTI CHJIOBOTO YPaKeHHsI 030pO€HHS Ta BIMCHKOBOI
TEXHIKM C(POKYCOBAaHHM JIa3€pHUM BHUIIPOMIHIOBAHHSIM Ha BIJACTaHI 7O KUIBKOX
KUJIOMETPiB BCTAHOBJICHO HACTYIIHE.

1. IcHye mpuHIUIIOBA MOXJIIMBICTh 3HUINEHHS (BUBEICHHS 3 JIaly) Il HUISIXOM
pyiiHyBaHHsA (TIpOMatOBaHHsA) MaTepiaxy 1ii 30BHIIIHBOI OOOJIOHKH JIa3epHUM
BUIIPOMiHIOBaHHSM MOTYXkHIicTIO 10 kBT Ha Bizmcrani 1 kM 3a sicHoi moroau 0e3 omaiiB.

2. HeoOximHummu yMoOBaMH ISl IIOTO €, MO-Tiepiie, (HOKYCyBaHHS JIa3€pHOTO
MpOMEHsT Ha IUIl 1, MO-Apyre, yTpUMaHHSA "TUISIMH' JIa3€pHOTO BUIPOMIHIOBAHHS
niameTpoMm Ouig 1 cM Ha AUISHIN IUTT TUX K€ PO3MIPIB MPOTATOM JOBOJI TPHUBAIOTO
4yacy — HE MeHIIE § c.

3. Jlna peanmizamii 11i€i TPUHIUAIIOBOT MOXJIMBOCTI 3pa3oK JiazepHOi 30poi,
MpU3HAYEHUH [T IbOTO (TaK 3BaHa Jla3epHa rapmara), HOBUHEH MaTu:

BJIaCHE JIa3epHy CHCTEMY, sIKa Ma€ BIJMOBIJHY IMOTYXKHICTh, 1 B sIKii 3a0e3reueHi
OJIHOMOJIOBUH PEKUM pOOOTH 1 MOKJIHMBICTH (POKYCYBaHHS ITPOMEHS Ha I[iTi;

CHUCTEMYy HaBEJEHHS 1 CYMPOBOJUKEHHS ITUTl, 3AaTHY Ha JAJBHOCTI JO JEKUIBKOX
KUIOMETpIB B YMOBaX TypOYyJEeHTHOI atrMocdepu 3a0e3MeYuTH yTPUMAaHHS JIa3epHOTO
MIPOMEHS TUIOMIEIO KiJIbKa KBAJpPaTHUX CAHTUMETPIB HA MPUOIMU3HO CXOXKIN 3a TUIOMICIO
JUTSHHIT IIUJT1, TII0 MAaHEBPYE, MPOTATOM JCKIITBKOX CEKYHI.

4. CTBOpEHHS CUCTEMHU HABEJIEHHS 1 CYMPOBOKEHHS IIiJTi 3 TAKUMH MOXJIHBOCTSMH,
OCOOJIUBO ISl JIA3€pHUX TapMmaT, PO3MIIICHUX HAa PYXOMHX HOCISX, IO 3a3HAIOThH
BiOparlii, € HaATO CKIAJHUM HAYKOBO-TEXHIYHUM 3aBIaHHSIM PIBHS HaWKpamux
CBITOBHX JIOCSTHEHb Ha IAHOMY €Talll PO3BUTKY HAYKH 1 TEXHIKH.

5. Bumoru n0 cucteMu HaBEIEHHSI 1 CYNPOBOKCHHS I OyayTh HE TaKUMU
KOPCTKUMHU, SIKIO 30UTBIINTH MOTY>KHICTh JIA3€pHOTO BUIpOMiHIOBaHHS 3 10 g0 50—
100 kBt. Ilpu npoMy yac yTpuUMaHHS JIa3€pHOTO TMPOMEHIO Ha I 3MEHIIUTHCA 13
"3aHAATO KOPCTKUX" 8 ¢ 1m0 OLIbIN MpUHHATHUX 3HavyeHb 1,6 — 0,8 c. Ilomambie
MiBUIIICHHS €HEPTeTUKU CUJIOBUX JIA3€PHUX CHUCTEM, OCOOJIMBO MPHU iX pO3MIIEHHI Ha
HA3eMHHUX PYXOMHX TiaTgopMax (TaHKH, OpOHbOBaHI MAIIMHU), TIOKH 110 HEMOXKITHBE
Yyepe3 BiJICYTHICTh aBTOHOMHUX JKEPeT )KUBJICHHS HACTIIBKY BEJIMKO1 TTOTY>KHOCTI.

6. [IponantoBaHHA JIa3epHUM IMPOMEHEM OKPEMHUX HEBEIMKHUX OTBOPIB B KOPIycax
JITaKiB, BEPTONHOTIB, CKOPIIIIe 3a BCE, HEAOCTATHBO I OOpOoThOM 3 HUMH. Tak camo
Jla3epHI rapMaTH MOTYXKHICTIO 10 COTEHb KIJIOBaT HABPSA YW 37aTHI 3aBaTH CEPHO3HOI
KoM OpOHBOBAHIM Ha3eMHIA TEXHIIl MPOTMBHUKA. Xo4ya MOTPAIUISIHHS J1a3epHOTrO
MPOMEHSI TaKOi 1HTEHCHBHOCTI Ha JIIONIEH TapaHTOBAaHO MaTHME JJII HUX CMEpTENbHi
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HACJIKH, IJIKOM OYE€BUIHO, 110 O0HOBE 3aCTOCYBaHHS JIa3€pPHUX rapMar MPOTH >KUBOI
CIJIM TPOTHBHUKA TAKTUYHO aOCOJIOTHO HEBUIIpaBAaHe. TUMOBUMHU 00'€eKTaMu
ypaXeHHs JJa3epHUX rapMat Ha ganbHOCTI 0,5-3 KM MOXYTh OyTH MOBITPSHI 11 TUITY
cHapsaiB, miH, pakeT, BIIJIA, Tomio, pylHYBaHHS KOPIyCy SKHX MPHUBOIUTH 10 iX
3HHUILEHHS 200 Ma iHHA.

7. JlazepHi rapmary, HacaMIiepes], MOXKHa PO3TIIAIaTH K MEPCIIEKTUBHUMN, TIOKHU 110
HeTpaguIliiHui 3acid0 mporumnoBiTpsHoi o6oponu (II[IO) TakTUYHOI JAHKH.
BpaxoByroun 3Ha4Hy 3aJ€XKHICTh NadbHOCTI YpPaXCHHS Ja3epHUX TapMaT BiJ CTaHy
armocdepu (moromHux ymoB), momiOHi cucremu IIIIO MOXyTh BUCTyHatm He SK
albTepHATHBA TPAJAUIIMHUM BOTHEBUM 3acobam, a, ckopime, SK iX edeKTuBHe
nomnoBHeHHsA. KpiM TOro, 5a3epHi CHUCTEMH TMOTYXKHICTIO KUThbKa JECATKIB KIJTOBAT
MOXYTh 3HAWTHU 3aCTOCYBaHHS JJIsl JUCTAHIIIHOTO pPO3MiHYBaHHS MIHHHMX IIOJNIB, a
TaKoX JIs1 (PyHKIIOHAJIBHOTO YPaKeHHSI ONTHUKO-CJIEKTPOHHUX CHUCTEM MPOTHBHHUKA HA
BEJIMKHUX BIICTaHSIX — JECATKU KUTOMETPIB.

Knrouosi cnosa: nazepna 30posi, poKyCyBaHHs BUITPOMIHIOBAHHSI, CHJIOBE YPasKEHHS.

VK 623.4.015.4(1-4) )
HECMEPTEJIBHA 36PO4 ITPOBIJIHNX KPAIH CBITY

Tamanin H. B., Jloneanenxo O. B.
Lenmpanvnuu H/{I OBT 3C Vkpainu, Kuis, Ykpaina
E-mail: 1974gamalii @ukr.net

Ha 030poenHi apwmiii, cmencnyx0 1 mIpaBoOXOpoHHUX opraHiB kpaiH HATO
nepeOyBae 30pos 1 Ooempumacu, sKi MpU3HAYCHI JJII OJHOYACHOTO CBITJIOBOTO Ta
3BYKOBOTO BIUTMBY Ha TMPOTHBHUKA abo mpaBomopymHukiB. [Ipuknamom Takoi
KOMOiHOBaHOI 30poi HecMepTeNbHOI il € aKyCTHYHO-3aciIuiioBaibHa cuctema Non-
Lethal Indirect Fire Munition (IDFM), mo ompaiboBYy€ThCs Ta BUIPOOOBYeTHCST MO
CIIA 3 2014 poky. Cucrema IDFM cTBOpeHa 3 METOIO OTPHMMAHHS MO>KJIHUBOCTI
BEJICHHSI BOTHIO Y BIAMOBIIb O€3 PU3UKY U1l KUTTS MUPHOTO HAaceJIeHHS B paMKax
MPOrpaMu PO3BUTKY 1 3aCTOCYBAHHS HEJIETATLHOTO 030POEHHH.

VY cydyacHux yMoBax Be[eHHS OOMOBUX Jiii HE3aKOHHI OOWOBI YrpyHOBaHHS 4acTo
3aCTOCOBYIOTh TAaKTHUKY BEIECHHS OOCTpUIIB 3 rycrto3aceneHux Tteputopil. Cucrema
IDFM Bene BOrOHb Yy BiJINOBi/Ib, BAKOPUCTOBYIOUH HEJIETAIbHI OO€mpumnacu Kaaiopom
81 mm. Tum camum cuctema 3ade3rneuye:

BEJICHHSI HEJIETaJbHOTO BOTHIO HA BEJIMKI BIACTaHI 3 YKPUTTA Uil MPUAYLICHHS
MPOTUBHUKA, 1110 MIHIMI3y€ BJIACHI BTPATH Ta MOPAHEHHS,

NEPEKPUTTS MPOTUBHUKY JOCTYIY IO OKPEMUX TEPUTOPIii;

CIIPUSIHHS MEPEMIIICHHIO MUPHOTO HACEJICHHS B O€3MeYH1 30HU TOIIIO.
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Po3pobHUKM crcTeMHM TaKOXK PO3TISAAl0Th MOXJIMBICTH JOJABaHHS 0 0O€3apsiB
ynbTpadioneroBoro abo iHppadepBoHOro (apOHUKIB 3 METOI0 MapKyBaHHsS Ta
MOAAIIBINOI 1eHTHdIKaIIT 0Ci0, SKi 3HAXOIUITUCS ITOOJIM3Y MICIlSI JETOHAII.

Cucrema IDFM po3po6nena nHa 0a3i cBITI03BykKoBoi MiHM MS853A1 kamibpy
81 MM Ta cymicHa 3 ICHYIOUMMH MIHOMETHUMH Ta MyCKOBUMH YCTaHOBKaMH KaiOpy
81 mM. Jlns miHIMIZAIli HACTIAKIB Bi MAJalOYUX YaCTUH CHApAIY, IO MOXKYTh
VIIKOJIUTH TUBUIBHUX, PO3p00JieHa MapalryTHa cucreMa. BoHa BKItouae /iBa nmapanryTu:
OJIUH MPU3HAYCHUH I XBOCTOBOT YACTUHM, 1HIIIUNA — JJISI T1JIE3U CHAPSTY.

OcnogHi xapakrepuctuku cuctemu IDFM:

edekTUBHA JanbHICTh Aii — 450-1500 wm;

MakcuMaiabHa AanbHICTh 11i — 4200 M (3adikcoBaHa Ha BunpoOyBaHHAX y 2016
poui);

TOoBXHUHA Ooernpunacy — 64 cm;

Maca 6oezapsay (14 HenmeTambHUX KapTPUIKIB) — OJU3bK0 680 T.

KoxxeH 3apsin € ekBiBaJIeHTOM CBITI03BYKOBOi rpanatu M84, 3Byk — 170-180 nb,
criayiax CBiTJIa Ha BijicTaHi g0 1,5 M Bij enineHTpy — Oinbiie 1 Mk,

VY CIIIA B pamkax CHiIbHOI IPOTPaMH PO3BUTKY HEJETABHOT 30pOi MPOIOBKYETHCS
¢biHaHCYyBaHHS  JOCHII)KEHb KOMIUIEKCHOTO BIUIMBY Ha JIIOAMHY  ONTHYHUX
BUIIPOMIHIOBAYIB 1 aKyCTHMYHUX MPHUCTPOIB 3 METOK OIIIHKM iXHBOI e()EeKTHUBHOCTI M
BU3HAYCHHS  KOPUCHOCTI  MPAKTUYHOTO  3aCTOCYBaHHA. [pHUBAIOTH  PO3POOKHU
KOMOIHOBaHOI CBITJIO3BYKOBOI cuctemMu HecMmeptenbHoi aii — DSLA (Distributed Sound
and Light Array), npuHIun fAii SKoi mojsrae B MOE€IHAHHI TEHEPYBaHHS aKyCTHYHHX
CUTHAJIIB BUCOKOT YaCTOTH Ta OJIHOYACHOTO HETaTUBHOIO BILTUBY HA 31p JIOIMHH.

J10 OCHOBHHX PEXKUMIB (PYHKIIIOHYBAaHHSI CUCTEMH BITHOCATHCS:

PEXKHUM TOTIEePEIKEHHS;

PEXHUM CBITJIO3BYKOBOT'O BITUBY Ha BOPOTiB (OPYIIHUKIB).

VY pamkax ¢yHkiii nonepemxeHass DSLLA cBITIOBUMEU CUTHAJIaMU MIPUBEPTAE yBaAry
HEOOX1THUX 00’ €KTIB, Y TOM CaMHil 4ac M0 3BYKOBOMY KaHaly NepeaaeTbes iH(popMartis
(KOHKpeTHI 1HCTpyKIiii) o0’exktam. Y npyromy pexumi DSLA wmoxe cepiio3HO
MEPEIIKOUTH BYMHEHHIO PI3HUX arpeCMBHHUX [id, 3JIOYMHIB, PO3TaHATH I0pOY,
JI0TIOMAraTy 3BUIBHEHHIO 3aPYYHHKIB TOIIIO.

Jo cknany cuctemu DSLLA BXOJSTh TpU OCHOBHI YaCTHHHU:

TEIUIOBi3iiHA Kamepa, 1o 3a0e3ledye BUSIBICHHS IUJIEM BHOYI Ta 3a CKIAIHHUX
METEOPOJIOTIUHUX YMOB;

akyctnunuit migcwtoBad 3BykKy THOR (Target High-Output Responder)-16S 3
MaKCHUMAaJIbHOIO BUXIJTHOIO MOTYXHICTIO 150 ab;

YOTUPH TOTYXKHUX TMPOXKEKTOPH SICKPAaBO-OLIOT0 CBITJIa Ta JBa JIa3epHUX
BUIPOMIHIOBAY1 SICKPAaBO-3€JICHOTO CBITJIA.
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[HIIMIM BHUIOM KOMOIHOBAHOI aKyCTHYHO-3aCIIIITIOBAIBHOI 30pOi € CUCTeMH, SIKI TpU
3ITKHEHH] 3 IULTI0 a00 MEePEeNIKOI0I0 BIUNIMBAIOTh HA HUX CHJIBHUM 3BYKOBUM yIapOM Ta
MOTY>HUM CBITJIOBUM CIAIAXOM.

[Ipuknamom 30poi, mo Gopmye mpu MOCTPUI TIA3MOBY MaTepilo € MepCreKTHBHA
cucteMa Laser-Induced Plasma Effect (LIPE), sky po3poOmastors Bueni CIIA B
HaykoBoMy miapo3aiuti MinicteperBa oboponn CIIIA 3a mporpamoro Joint Non-Lethal
Weapons Program (JNLWP). V npoekti Takoxx 6epyTh yuacTs koMmanii Physical Optics
1 GEOST.

LIPE BrumBae Ha mrojieil sICKpaBUM KOPOTKMM (BChOro 1 HC) cramaxom CBITJIa U
Jy’K€ TOJOCHUM 3BYKOM, SIKMH 3MYyIIye BOpora MOKHHYTU mone O0oro. Po3poOHuku
ma3moBoi 30poi LIPE yxe moOumiucs piBHS MOTYXHOCTI 3BYKY IJIa3MOBUX YCTAHOBOK Y
120 n1b 1 HaMararoThCs IEPEBUIITUTH HOTO.

3a BU3HAYEHHSM OCHOBHHMH (DaKTOpaMH BIUIMBY CBITIIO3BYKOBHUX OOEMpPHIIACIB €
TOJIOCHUHM 3BYK BHOYXY 1 SICKpaBHM cClajax, Skl MPUBOJATH JO TUMYACOBOI CIIMOTH U
TIIYXOTH OCi0, 110 MepedyBaioTh y 0e3mocepeHii OJM3bKOCTI BiJ €MIIEHTPY BUOYXY,
0 Ha SKUHCh Yac mo30aBisie X MOXIMBOCTI YMHUTH e(eKTHBHHMA omip. Sk
CBITJIO3BYKOBI ~ OO€IMpHUMacy HaiyacTillie 3acTOCOBYIOTHCS CBITJIO3BYKOBI  MiHH,
CBITJIO3BYKOBI ME€TajIbH1 Ta py4YHi TpaHATH.

CBITIIO3BYKOBI OO€MpPUITACH HIMPOKO 3aCTOCOBYIOTHCS BIICHKOBUM CHEIIHA30M JIISI
3aXOIUIEHHS TPOTHUBHUKA >KMBUM, IPABOOXOPOHHUMH OpraHaMH B XOJi 3aTPUMKHU
0COOIMBO HEOE3MEUHUX 3JIOYHHIIB, MPU 3BUIBHEHH] 3apyYHUKIB, TPUITUHEHHI TPYTIOBUX
XyJITaHCHKUX MPOSBIB 400 MaCOBHUX 3aBOPYIIICHB.

Kopnycu miH 1 rpaHaT 3BHYAHO BUTOTOBJISIFOTH a00 3 KPUXKOTO IIACTHKY, IO
pYHHY€EThCS Ha APiOHI OCKOJIKH, SIKI HE 3aBIalOTh OCOOJMBOI IIKOAM, ab0 y BUTISIL
METaJIeBOTO0 KOHTEHHepa, 110 HEe PYHHYEThCS NpHU BUOYXY, 3 OTBOpaMH JUIsl BHXOIY
ra3iB. Jleski rpaHaté AOJATKOBO CHOPS/HKEHI T'YMOBOIO KapTeudro, M0 CHPUYUHSIE
HECMEPTEeNbHI TpaBMH (3a0UTi MiCI M’ IKUX TKAHUH, MIAMIKIPHI TEMaTOMH).

3a criocoOoM 3aCTOCYBaHHS CBITJIO3BYKOBI OOEMPHUITIACH TTOIUISIOTH Ha:

MiHM (TpaHaTH), L0 MPUBOASTHCS B IO W JIOCTABIAIOTHCS JO MPOTHBHUKA
(mMpaBOMOPYIIHUKA) 32 JJOTIOMOTOI0 MIHOMETIB (TPaHATOMETIB);

py4Hi TpaHaTH, IO JOCTaBISIOTHCS O MPOTHMBHUKA (IIPABOMOPYUIHUKA) PYyYHUM
KUJIAaHHSIM;

CTaIllOHApHI CBITJIO3BYKOBI MPHUCTPOi, SIKI YCTAaHOBIIOIOTH 3a3dalieriib y MicCIi
WMOBIpHOi TMOSBM TPOTUBHUKA (MIPABOTMOPYIIHWUKA) ab0 Ha TEPUTOPISIX, IO
OXOPOHSIFOTHCSA, Ta TPUBOAATHCS B JIIF0 TUCTAHIIIIHO.

CBITJI03BYKOBI T'paHaTy MpU3HAUYEHI 711 TUMYACOBOIO MPUIYIIEHHS MCUXOBOJIbOBOI
CTIMKOCTI JIOJIEH NUISIXOM CTBOPEHHSI PanTOBOTO 3BYKOBOTO BIUIMBY 10 172 nb (3Byk
noHan 172 gb Moxe BHKIMKAaTH KpoBoBwiuB, 190 ab 1 Bume — mnepdopaiiito
OapabaHHMX MEPETUHOK) 1 crajaxy sickpaBicTio 10 60 Mka. BoHu 3acTOCOBYIOThCS MpH
MPOBEJICHH] CHEMiabHUX ONepalid Mo 3axXOIUICHHIO 3JI0YHMHINB, MPU NPUIMUHEHH]
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MacOBHUX 3aBOpPYIIEHb, Yy CHUCTEMI OXOPOHHOI CHUTHai3alii Tomo. Ycl TpaHaTH
MoXKeXK00e3MeuHi i 6€30CKOJIKOBI. be3neuna BiacTaHb IPH KUJAHHI — 10 2 M.

CygacHi Mojeni CBITJIO3BYKOBUX TpaHar, Hampukian, NICO BTV-1, CIIA,
320€3Mevuy0Th TUMYACOBE OCIIIMJICHHS NpH criajgaxy Ha 3—5 ¢, OUTbIl HU3BKUM TUCK IS
3MCHIICHHS PHU3WKYy TPaBMYBaHHS MPH BHUOYXY, 3aXHCT PYK 3aBASKH METaJICBOMY
KOPITYCY 1 HasIBHOCTI BEHTUJISALIIMHUX OTBOPIB 3BEPXY 1 3HU3Y IpaHaTH.

Kntouosi cnosa: 30posi HeCMepTENBHOT M1ii, CBITJIIO3BYKOBOI CHCTEMU HECMEPTEIbHOT
711, CBITJIO3BYKOBI OO€EMPUTIACH.

VJIK 528.5
3YM-TPAHC®OKATOP JIJISI HUTAHOI'O JAJIEKOMIPA
I3 IBOKOMIIOHEHTHOIO 3YM-A®OKAJIbBHOKO CUCTEMOIO
HA BAPIOJIIH3AX

Jlazapenko K. C., Yuoc I. T
Hayionanvnuti mexuiunuil ynisepcumem Yxpainu
«Kuigcokuti nonimexwniunuti incmumym imeni leops Cikopcvkoeo», Kuis, Ykpaina
E-mail: karinalisnak97 @ gmail.com, i.g.chizh@ gmail.com

BumiproBanus guctaniiii 10 00’ €KTIB HUTSHUMH JajJeKOMIpaMH 3I1HCHIOETHCS 3
ypaxyBaHHIM IOJIOKEHHSI TIEPETHHOTO (POKYCYy 00’ €KTHUBY BiTHOCHO BEPTHUKAIBHOI OCi
npuiany, sika BKaszye Horo micie nosoxeHHs. [Ipu BukopucranHi B ganekomipi dikc-
00’ €KTHBY pO3TalllyBaHHS MOTO MEPETHHOTO (HOKYCY € HE3MIHHUM, 3a34aJIET1Ib BIIOMUM
1 TakuM, IO BPaxoBYEThCA y (HOpMyIl PO3paxyHKY AMCTAHINI. SKIIO X B JamekoMipi
JUTSL 30UTBIIICHHS] HOTO POOOYOro Jiana3oHy 3aMicTh (DiKC-00’ €KTHBY BUKOPHCTOBYETHCS
3yM-TpaHc(hokarop, To Horo nepenHii (GOoKyC MmepecyBaeThCsl BIIHOCHO BEPTUKAIBHOI
OCl 3aJIe)XKHO BIJ KyTOBOTO 30UIbIIECHHS 3yM-ad)oKanbHOI cucTeMu. | 1me moTpedye
000B’I3KOBOT'O BpaXxyBaHHS BKa3aHOTO SIBUIIA, OCOOIUBO, KOJIU AUCTAHIIIS IO 00 €KTIB €
BiJIHOCHO HEBEJMKOIO.

B poboti gocmimkeHo SBUIE 3CyBY MEPEeaHbOro (HOKYyCy 3yM-TpaHCPoKaTopa, B
aKoMy 3yM-adOKallbHa CHCTEMa € JBOKOMIIOHEHTHOIO, TaJlIeEBCHKOTO THMY 1
moOy/TIOBaHOIO HA JIBOX BapiojiH3ax. 3HAHACHO 3a7I€KHOCTI ONITHYHUX CHJI BapioJIiH3 Bij
MOTPIOHOTO KYTOBOTO 301UIbIIEHHS 3yM-a(hOKaIbHOT CUCTEMHU 3a YMOBH, IIIO i OChOBa
JOBXKMHA € HE3MIHHOIO. BHSABICHO XapakTepHy 3aleXHICTh 3MIHM ONTHYHOI CHIIH
JPYyroro KOMIIOHEHTY, sIKa € JIIHIHHOIO.

JlocnipkeHHsT TIPOBOAMIIOCS 3 BUKOPUCTAHHSIM TEOpPIi rayCoBOi ONTHUKU CHCTEM,
CKJIaJICHUX 13 TOHKMX ONTHYHHX KOMITOHEHTIB, TPEICTABICHUX iX KapAHMHATHLHUMH
napamMeTpamu, 10 aJeKBaTHO MOJICTIOITh 3yM-a(OKaJIbHYy CHCTEMY 13 BapioJiH3aMHu.

3HaiiIeH0 aHANITHYHI BUpPa3u IS OIIHKU TOJIOKEHHS MEepeTHhOTo (POKycy 3yM-
TpaHc(dokaTopa, 110 BPaxOBYIOTh TMapaMeTpu 1 KyTOBE 30LIBIIEHHS 3yM-a(oKaabHOI
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cucteMd, (PoKycHy BifcTaHb (PiKc-00’€KTHBY Ta HOTO OCHLOBE PO3TaIlyBaHHS BIIHOCHO
3aJIHHOTO KOMIIOHEHTY 3yM-a(OKaabHOI CHCTEMHU. 3aBIsSKHM HUM BHUSBIICHO CYTTEBUUN
3CYyB MEPEAHBOT0 (POKYCY, ITHOPYBAHHS SIKOTO MOXKE ICTOTHO BIUIMHYTH Ha TOXUOKY
nanexometpii. Tak mpu ochoOBiN NOBXHHI 3yM-adokanbHOi cuctemu y 100 MM 3cyB
nepeaHporo Gokycy Moxke nepeBuiryBata 600 MM.

["'0710BHMIT BUCHOBOK — BpaxyBaHHSI BUSIBIEHOTO 3CYBY IMEPEAHBOIO (POKYCy 3yM-
TpaHcdoKkaTopa COpUITHME 3HAYHOMY TIJBUIIEHHIO TOYHOCTI BHUMIPIOBaHb JIHCTAHIIIM
HUTSHUMH JaJIEKOMIpaMH, B IKUX 3a11sTH1 JOCTIKEH] 3yM-a(OKaJIbHI CUCTEMHU.

Knrouosi cnosa: 3ym-tpancdokatop, 3ym-adokaibHa CHUCTEMa Ha BapioiiH3ax,
HUTSTHAM JTaJIeKOMIp.

VK 621.384.3
HEOBXIIHICTb CTBOPEHHA METOAIB KOHTPOJIIO

[TOJIAPUMETPUYHOI'O TEITJIOBI3OPA

DCoxon B. B., *’Kono6pooos B. I’
D1 «YKPMETPTECTCTAHIAPT”, Kuis, Ykpaina
Z)Hauiommbﬂuﬁ mexHiuHuu ynigepcumem Yxkpainu
«Kuigcokuti nonimexniunuti incmumym imeni l2ops Cikopcvkoeo», Kuis, Ykpaina
E-mail: sokolbohdan @ukr.net, thermo @ukr.net

TemnoBizopy BUKOPHUCTOBYIOTH 1H(pPAYEpPBOHY TEXHOJIOTIIO ISl BUSBICHHS Ta
BUMIPIOBAHHS TEIJIOBOTO BUIPOMIHIOBAHHS 1 CTaju TMOMYJSIPHUMH B PI3HUX Tally3sX
HayKH, MPOMHUCIOBOCTI Ta MeAuIuHU. [lonspuMeTpuuHi TEmIoBi30pu 3a0€3MeuyoTh
Kpamry sKicTh 300pakeHHsI 00'€KTiB 1 3MEHIIYIOTh IIYM Ta 3aBajJd B 300paKeHHI.
BumiproBaHHS XapaKTePUCTHK TEIUIOBI30PIB € BaXJIMBUM JIi KOPEKTHOI poOOTH
npujaay Ta OTPUMAHHS JOCTOBIPHUX NaHUX. HEKOpeKTHI BUMIPIOBAaHHS MOXYTh
MPU3BECTU J0 MOXUOOK B POOOTI TEIUIOBI3OPiB, OCOOIUBO 1€ CTOCYETHCS TEILIOBI30PIB
BiliCBKOBOTO MpU3HaYeHHs. TOMy Ba)JIMBO MaTH MPABUIILHO BUMIPSIHI XapaKTEPUCTHKH,
K1 320€3MeyI0Th HAAIHHICTh Ta €(PEeKTUBHICTH pOOOTH TEIUIOBI30pa B PI3HUX YMOBaX.

OCHOBHI  XapakTEPUCTUKH  TEIJIOBI3OPIB, SAKI HEOOXITHO  KOHTPOJIOBATH,
BKJIFOYAOTh:

1. liana3zoH TeMriepaTyp, SIKHi MOK€ BUMIPIOBATH TEILIOBI30p.

2. lanbpHICTh 30HIyBaHHS — BiJICTaHb, Ha AKIH MO)Ke OyTH BUSBIICHHH 00 €KT.

3. TemmepatypHe pO3/IiICHHS.

4. TounicTh (BIIXWUJICHHS BiJl ICTHHHOT'O 3HAYCHHS TEMIIEpaTypH).

5. Kyt nonsipu3arii.

KoHTponihb 1IMX OCHOBHHMX XapaKTEPUCTHUK JO3BOJUTH 3a0€3MEYUTH HAIMHICTH Ta
edeKTUBHICTh POOOTH TEIIOBI30pa B PpI3HUX YMOBax, a TaKOX JI03BOJIUTH
BUKOPHUCTOBYBATH MOTO B PI3HUX cepax MiSIbHOCTI 3 MAKCUMAIBHOIO €(DEKTUBHICTIO.
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OmuuM 3 METOAIB KOHTPOJIIO € KamOpyBanHg. KamiOpyBaHHS — CYKyIHICTb
orepariiif, 3a JOMOMOIOI0 SKHX 3a 3a/laHUX YMOB Ha TMEPIIOMY €Tari BCTAaHOBIIOETHCS
CHIBBIIHOIICHHSI MK 3HAYCHHSMH BEJIUYMHU, W0 3a0€3MeUyIOThCS EeTaJIOHAMHU 3
NpUTAMAaHHUMH 1M HEBU3HAYEHOCTSAMM BHUMIPIOBaHb Ta BIANOBIJHUMHU MOKa3aMu 3
MOB’SI3aHMMU 3 HHUMH HEBHU3HAUEHOCTSIMH BHUMIPIOBaHb, a Ha JIpyroMmy eTami I
iH(oOpMaIlisi BUKOPUCTOBYETHCS JJIsI BCTAHOBJICHHS CIIBBITHOIICHHS IS OTPUMAaHHS
pe3yabTaTy BUMIPIOBaHHS 3 mokasy [1].

PexomenayeTbest mepionnuHo KaniOpyBaTH TEIUIOBI30pH B 1abOpaTOpisX, SIK1 MarOTh
akpeauraiito 3riguo 3 JICTY EN ISO/IEC 17025 [2] Ta BUKOPUCTOBYIOTh KasliOpoBaHi
eTaJIOHH1 jpKepena. le MOBHHHO MPOBOAMTHUCH 3TiTHO 3 PEKOMEHJAIIIMA BUPOOHHUKA
yepe3 TMEBHI I1HTEpBajdud dYacy a0o0 dYacTilie, SKIO TeIMJOBI30p 3HAXOIUTHCS B
HeOe3MeYHNX YMOBax a00 BUKOPUCTOBYETHCS IHTEHCUBHO.

ITix gac kamiOpyBaHHS BUKOHYIOTh HACTYIHI OTepaIlii:

1. 30BHIIIHIA OTJISI.

2. IlepeBipka mparie3aaTHOCTI (OIpoOyBaHHS).

3. BumiproBaHHS XapaKTePUCTHUK MOJISIPUMETPUIHOTO TEIUIOBI30pa.

4. OuiHIOBaHHS HEBU3HAUYEHOCT1 BUMIPIOBaHb.

30BHINIHIN OIS MPOBOATH Bi3yalbHO 3BIPEHHSM (PAKTUYHOTO CTaHy 3 BUMOTaMU
eKCIUTyaTalliiHux JokyMeHTiB Ha mpwran (maai EJI). OnpoOyBaHHS TeruioBi3zopa
BKJIIOYAE TIEPEBIPKY MOTO Mpare3qaTHOCTI 3riqHo 3 BuMmoramu EJI, a Takox mepeBipKy
pobOTH y BCIX pekuMax, nependauenux EJ Ta macroptom.

OCHOBHOIO BIJIMIHHICTIO TOJSPUMETPUYHOTO TEIIOBI30pa BiJA KIACHYHOTO €
HAsIBHICTh TMOJSIPU3AIIIINHOTO (PUIBTPY, TOMY CHOYATKy BHUMIPIOBAHHS MPOBOJATHCS SIK
JUTSL KIIACHYHOTO TETIJIOBI30pa.

OpauM 31 crmoco0iB KamiOpyBaHHS TEIUIOBI30pIB MO TeMIlepaTypi € MOpPiBHSIHHS
3HaueHb TMPWIALy 3 BIJIOMUMH ONOPHUMHU 3HAueHHsMU. HalwacTimie s 1bOTO
BUKOPUCTOBYIOTh €TaJIOHHI JDKepena alcomtoTHO dYopHoro tima (mami AUT), ski
Kay1iOpoBaH1 Ta MalOTh MPOCTEKYBAHICTh 10 MKHApOIHOT cUCTeMU OUHUIE (SI).

[lonsipumerpuunuil  TemyioBi3op OyAeMO  XapakTepu3yBaTH  TeMIlepaTypHUM
po3aiieHHsM (eKkBiBaIeHTHOIO ymy pisuuiieio temmneparyp NETD - Noise Equivalent
Temperature Difference) [3].

OriHIOBaHHS HEBU3HAYEHOCTI BUMIPIOBaHb. 3arajioM, HeBU3HAYE€HICTh BUMIPIOBaHHS
CKJIQJIA€ThCA 3 PI3HUX eleMeHTiB. JlesKi 3 IIuX eJIeMEeHTIB MOXYTh OyTH PO3paxoBaHi
[UISXOM OIIHKM HEBU3HAYEHOCTI BUMIPDIOBAaHHS THIY A 3 BHUKOPUCTaHHSIM
CTaTUCTUYHOTO PO3MOJAUTY 3HAYEHb BUMIPIOBAHOI BEJIMYMHU, OTPUMAHMUX 3 JEKUIBKOX
BUMIPIOBaHb, 1 MOXKYTh OyTH OMHUCaHI 3a JOMOMOTOI0 CTaHAAPTHOTO BiIXWICHHS. [HI
€JIEMEHTH MOXXYTh OyTH PO3paxOBaHI HUISIXOM OIIHKH HEBU3HAYEHOCTI BUMIipPIOBAHHS
tuny B.

CraHmapTHy HEBU3HAUEHICTh 32 THIIOM A OIIIHIOIOTH JJI KOXKHOTO CEPeIHBOTO
apuPMETHYHOTO 3HAYCHHS BUMIPIOBAHOT BEJIMYMHU, PO3PAXOBYIOUH i 32 (OPMYIIOIO:
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o = [EaT D) (1)
n(n-1)

ne T; — 3HaueHHs MMOKa3iB Ha BUIIPOOYBaHOMY TeruioBizopi Temmeparypu AUT B neskuit

MOMEHT yacy; | — cepeiHe 3HaueHHs T}, n — KiIbKICTh BUMIPIOBaHb.

CraHmapTHy HEBH3HAYEHICTh 3a THUIIOM B OIIIHIOIOTH JJII KOXHOTO CEpPeIHBOTO
apu(pMETHUYHOTO 3HAYCHHS BUMIpIOBaHOI BeJMUMHU. [IpH oIiHIOBaHHI HEBH3HAYECHOCTI
3a TUIIOM B BpaxoByIOTh HACTYIHI CKJIaJ0B1 HEBU3HAYEHOCTI:

- CTaHJapTHA HEBU3HAYEHICTh KamiOpyBaHHs etamoHHuX AUYT, 31 cBimonrTBa mpo
kanmopyBanHus pxepena AUT;

: : : : T
- HEBHM3HAYEHICTh, 00YMOBJIEHY AUCKPETHICTIO MOKA3iB TEIJIOBI30pY, YEBA ;
- HEBU3HAYECHICTh, BUKJIMKAHY CYKYIHICTIO ()aKTOpiB BIUIMBY CHCTEMATHYHOTO
T
xapakrtepy, Hpa.

PosmupeHny HEBHU3HAYEHICTh PO3PAXOBYIOTH SIK JOOYTOK CyMapHOi CTaHIapTHOI

HEBU3HAUCHOCTI U, Ta KOeQIieHTy OXOmuieHHs (k=72 nans HoBip4oi HMOBIPHOCTI
P =0,95):

U™ =k ! =k Q) + ) + )+ () @

AHaJNOTIYHO OIIHIOIOTHCS HeBU3HAaueHocTi BuMmipioBanb NETD, ski OyayTth
MIPOJIEMOHCTPOBAHI Y HACTYIIHIA POOOTI.

Omnucannii  METOJ  JIO3BOJIUTH  OIIIHIOBATH  BHUXIAHI  XapaKTEPUCTHUKHU
MOJIIPUMETPUYHUX ~ TEIJIOBI30OPIB, a TaKOXX 30€perTd JIAHIIOT METPOJIOTIYHOL
MPOCTEXKYBAHOCTI 0 onuHUIlb SI. OXHUM 3 HEIOMIKOM JaHOi poOOTH € Te, IO ICHYE
JIEKUTbKa BHUIB TMOJSIPUMETPUYHUX TEIUIOBI30PIB, SKI HEMOXJIHBO 00’ €HATH B OJUH
yHIBEpCAIbHUH METOJA KajmiOpyBaHHs, a caMme KauiOpyBaHHS TEMIIEpaTypHOTO
PO3IIICHHS.

Knrouosi cnosa: nonsipuMeTpudHUN TEILIOBI30p, TemneparypHe posaiierss, NETD,
METOAHM KOHTPOJIIO MOISPUMETPUYHOTO TEIJIOBI30pa, KaaiOpyBaHHS.

Jlirepatypa
[1] IIpo w™erposorito Ta wMerpojoriuny aisuieHicTh. Big 05.06.2014 Ne 1314-VII. URL:

https://zakon.rada.gov.ua/laws/show/1314-18#Text (nata 3Bepuenns 09.04.2023).

[2] ACTY EN ISO/IEC 17025:2019 3arambHi BUMOTH /10 KOMIIETEHTHOCTI BUIPOOYBAJIbHHUX Ta
kamiopyBanpHux saboparopiii (EN ISO/IEC 17025:2017, IDT; ISO/IEC 17025:2017, IDT);
guaHUH Big 2021-01-01. Texuiuynuit komiteT crangaptu3anii «Ominka BiamosigHocti» (TK 89).

[3] V.G. Kolobrodov, V.I. Mykytenko, G. S. Tymchyk, B. V. Sokol, “Temperature resolution of

computer integrated polarization thermal imager”, Journal of Thermoelectricity, no. 4, pp. 22-37,
2020.
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YK 621.317.7
OAKTOPHU BIUIMBY HA TOUHICTb BUMIPIOBAHHA ITOTY>KHOCTI
JIABEPHOI'O JUKEPEJIA BUTTPOMIHIOBAHHA

Konobpooos B. I'., Coxon B. I1.
Hayionanvnuti mexuiunuil ynisepcumem Yxpainu
«Kuiscokuti nonimexniunuil incmumym imeni lzops Cikopcvrozo», Kuis, Yxpaina
E-mail: thermo @ukr.net, vnalbandova @ gmail.com

Jlns  OIIHIOBAaHHS ~ HEBHM3HAYCHOCTI  BHMIpIOBaua  TOTYXKHOCTI  JIa3epHOTO
BUIIPOMIHIOBAHHSI HEOOX1/THO OIIHUTH (DaKTOPH, SIK1 BIUTUBAIOTH HA HOTO TOYHICTh. J[7st
OO0  HEOOXITHO  OIIHUTH TMPOIEC BUMIPIOBAHHS  TOTYXXHOCTI  JIa3€pPHOTO
BUIIPOMIHIOBAHHS Ta OCHOBHI (DaKTOpHW BIUIMBY HAa JATUYMK BUMIpIOBada MOTY>KHOCTI
JIa3epHOT0 BUIMPOMIHIOBAHHS.

Ha 3arasibHy TOYHICTP BHUMIPIOBaHHS MOTY>KHOCTI JIa3€PHOTO BHUIIPOMIHIOBAHHS
BIUIMBAIOThH Taki GaKTOPH:

1. 3asiexHICTh Uy TJIIMBOCTI JaTUMKA BiJl JOBKUHU XBUIII.

VYci  pgatuyukd, 10 BUKOPUCTOBYIOTHCS JUIsl BHUMIPIOBAHHS TIOTY)XKHOCTI B
BUMIpPIOBaUax MOTY>KHOCTI JIJa3€pHOTO BUIIPOMIHIOBaHHS, € abcopOepamu, sIKi HE MarOTh
aOCOIIOTHO TUIOCKY CIEKTPaIbHY XapaKTEPUCTUKY, TOOTO iX KO€(DIIi€HT MOTIMHAHHS
3aJIeKUTh B JOBXHMHU XBWI. 3 M€l MPUYMHMA BUMIPIOBAJIbHI JaTUYMKHU 3a3BUYAil
noTpeOyroTh KamOpyBaHHS Ha OUIBIN HDK OJHIN JOBXKWHI XBWJI. SIKIIO KOe(IieHT
MOTJIMHAHHS 3MIHIOETBCS BIIHOCHO JIOBXMHU XBWJII HE3HAaUYHUM UYHWHOM, TOJI
BHU3HAYAIOTHCSI OKpeMi 00JacTi MOBXKUH XBWJIl 1 KamiOpyBaHHs JNaTYMKIB MPOBOJSTH B
uX o0nactsx. Y 1bOMY BHUIMAJKy HEBU3HAUCHICTh BUMIPIOBAHHS MIXK JTOBXKHHOKO XBHJII,
Ha Ky OyJ0 BigKaJiOpoBaHO MPHIIAJ, 1 JOBXKHUHOK XBHUJII BUMIPIOBAaHHS BBA)KAETHCS B
MeXaX MEePBUHHOI MOXUOKH KamiOpyBaHHS JOBXHHM XBHJIL. SIKIO pi3HUILS MOTJIUHAHHS
MDK HaWOMMKYOK KamOpyBadbHOIO JOBXKHHOK XBWJII Ta JOBKHHOK XBHII
BUMIPIOBaHHS nepeBuInye 1-2 %, To HeoOXigHO ab0 qomatu A0 crienudikaiii moxmuoky,
00yMOBJIEHY MOBXHHOIO XBWJII B Il oOjacTi, abo kamiOpyBatu 3a Oe3nepepBHOIO
KalliOpyBaJIbHOIO KPUBOIO, 110 OXOIUTIOE BC1 JIOBXKUHU XBUIIb Y 111l 00J1aCTi.

2. JliHifiHICTh AaTYMKA BUMIpIOBaYa MOTYKHOCTI.

JIiHifiHICT, BHUMIpIOBAYiB TOTY)XHOCTI JIa3€PHOTO BUIPOMIHIOBAHHS 3aBXKU
BKa3yeThCs B OMyOmikoBaHii crienudikariii Jyisi TETUIOBUX 1 MIPOENEKTPUYHHX JATUHKIB,
a OyiKyBaHa HEBHM3HAYCHICTh Yepe3 HENHIMHICT, MOBHHHA OyTH JI0JaHa JI0 OCHOBHOI
HEBHU3HAYEHOCTI KanmiOpyBaHHA. [ GoToaI0MHUX JAaTYMKIB HEBU3HAYEHICTD JIIHIMHOCTI
3aBKau MeHma 3a +1 %, 3a BUHATKOM AyXe OMM3bKO1 10 MaKCHMAaJIbHOI MOTYKHOCTI.
Skmo piBeHb MOTYXHOCTI MeHIIe 70 % MakCUMaabHOT MOTYXKHOCTI (1 (pOTOMI0THIX
JATYMKIB), TO JIHIMHICTh AaTUUKy Oyae B mexax 0,5 %.

3. PiBHOMIpHICTh 3YMTYBaHHS 10 MIOBEPXHI.
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OHOPIHICTH BUMIPIOBAYiB MOTYXKHOCTI JIa3€pHOTO BUIIPOMIHIOBAHHS 3arajioM He
BKa3yeTbCs B crenudikaiisax, aje B OUIBIIOCTI BHUMNAAKIB BOHA CTaHOBHUTH +2 %
MaKCHUMAaJIbHOTO BIJIXWJICHHSI JJIS TIOJIO)KEHHS MPOMEHIO B OYyJIb-SIKOMY MICIli B MEXax
neHtpanbHux S50 % 1wiomi mpuManbHOI TwTomAAKU. OCKUIBKH  KamiOpyBaHHS
BUMIPIOBAUIB MOTY>KHOCTI JIA3€PHOT'O BUIIPOMIHIOBaHHS MPOBOAUTHCS 3 HEHTPYBAHHAM
MIPOMEHIO Ha TOTJIMHAYI, SKIIIO BUMIPIOBAHHS ITPOBOIUTHCS 3 MPOMEHEM, PO3MIIICHUM Y
IEHTpPl, 1 TIPOMIHb HE TEPEBUIIY€E Y4 BiJ alaMeTpy amepTypH, II0 HEBU3HAUCHICTh B
OUTBIIIOCTI BUMA/IKIB MOYKHA ITHOPYBATH.

4. 3aeXHICTh YaCTOTH IMITYJILCY (VIS MIPOCNEKTPUIHUX JATYUKIB).

[TipoenekTpuuHi MAaTYUKA MAIOTh 3HAYHY 3aJIEKHICTh BiJl YaCTOTHU IMITYJIBCY.
3aranom, 3aJ€XHICTh BiJl YaCTOTH IMITYJIbCY € HU3bKOIO JJIS YACTOTH IMITYJIbCY MEHIIIE
70 % Bim MakCUMAaJIbHOI YacCTOTH IMITYJIbCY. 3a MaKCHUMAalbHOI YacTOTH IMITYJIbCY
MOXHA OYIKYBaTH, 1110 HEBU3HAYEHICTh Oy/1e OIM3BKOI0 10 MAaKCUMAILHO 3asBIICHOI.

5. HeBusHaueHiCTh KamiOpyBaHHS OJIOKY BiIOOpaKEHHS.

3arajoM  HEBU3HAYCHICTh KajaiOpyBaHHs  JucIjies Habarato MeHIa 3a
HEBU3HAUCHICTh KadiOpyBaHHS Ta TOUHICTh BUMiptoBaigbHOrO Aatuuka (~0,3 %), 1 Tomy
il MOHA ITHOPYBATH B OUTBIIIOCTI BUIAJIKIB.

6. [TomrkomKeHHS MOBEPXHI JaTIHKA.

[TomkomkeHHsT TOBEpXHI  JaTdyMKa BHUMIpIOBada  TOTYKHOCTI  JIa3€pHOTO
BUIIPOMIHIOBAHHSI MOXK€ BIUTMHYTH Ha PE3YyJbTaT BUMIPIOBAHHS, SKIIO IMOIIKOKEHHS
CIOPUYMHUTH 3MIHY MoruHaHHSA. OJuH 13 COCO01B MEPEBIPUTH 1€ — TPOXU BIACYHYTH
MPOMIHb BiJl TOIIKO/KEHOI [IJISHKKM Ta OIIHUTH KUIBKICHO 3MIHY TTOKa3HUKA
MOTYXHOCTI Ja3epHOro BurpomiHioBaHHs. Komu B cremnudikaiii BKa3yeThCs MOPIT
MOIIKO/KEHHSI TIPU MEBHOMY 3HAYEHHI MOTYXHOCTI, MOXKYTh MaTH MICIle KOCMETUYHI
MOIIKO/[KSHHSI, SIKI CIPUYUHSIOTH JIESKY 3MiHY KOJIBOPY Ha MOBEPXHi, alie crienuikaris
BUPOOHWKA 3araJioM BU3HAYa€ MOPIT MOIIKOKEHHS SIK Ty MOTYXKHICTb, SIKa BUKIHKAE
3MiHy OUIbII HiXk HA 1 % Tpu 3UNTyBaHHI.

7. EnekTpoMarHiTH1 3aBaju.

BumiproBaui  MOTY)XHOCTI ~ JIa3€pHOTO  BHUIPOMIHIOBAHHS  TOBUHHI  OyTH
ceptudikoBaHi Ha  BIATOBIAHICTE  BHMOTaM  €BPOIEHWCHKUX  HOPM  IIOJO
€JIEKTPOMArHIiTHOT CyMICHOCTi. Maif’ke Ha BCIX 4acTOTaX MOTYXKHOCTI BUIPOMiHIOBAHHSI
710 MeXi, BCTAHOBJICHOI HOpMaMu cTaHnapty [1], xoaHux 3aBaja He crocTepiraeThes. B
OKpPEMHX BHIAJIKaX Ha MEBHUX YacTOTaX MOXYTh BUHUKATH TIOMITHI 3aBaJid. 3arajiom
BIIOMO, [0 MaKCHUMaJbHI  3aBajyd  BUMIPIOBAuiB  IMOTY>KHOCTI  JIa3€pPHOTO
BUMPOMIHIOBAHHS, SIKI MOXYTh CIIOCTEpIraTHCs Ha OyAb-sKiM YacTOTI, CTaHOBIATH
menie 0,3 % Bia MOBHOI HOMIHAJIBHOI MOTYKHOCTI.

TakuM uwHOM, pe3yiabTaTOM BH3HA4YCHHs (AKTOPIB BIUIMBY Ha TOYHICTh
BUMIPIOBAHHS TIOTY>KHOCTI JIa3€PHOTO BUIIPOMIHIOBAHHS € CTBOPEHHS METOIUKH
KaliOpyBaHHS BUMIPIOBAaUiB TMOTYXHOCTI JIA3€PHOTO BUIPOMiHIOBaHHS. MeTroauka
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BKJIIOYA€E B ceO€ OI[IHIOBAHHS CKJIQJOBHUX HEBH3HAYEHOCT! BUMIPIOBaHHS MOTYKHOCTI
JIa3epHOT'0 BUIPOMIHIOBAHHS Ta CKJIaJaHHS O0/HKETY HEBU3HAYEHOCTI.
Kniouosi  cnosa: TOTYXHICTh Ja3epHOTO BHUIIPOMIHIOBaHHS, HEBHU3HAYCHICTH
BUMIPIOBAHHS, TOYHICTh BUMIPIOBAHHS.
Jlitepatypa
[1] ACTY EN 55011:2019 (EN 55011:2009, IDT; CISPR 11:2009, MOD). O6nagnanHs MpOMHUCIIOBE,
HaYKOBe Ta MCAUYHC paHiOqaCTOTHe. XapaKTepI/ICTI/IKI/I eHeKTpOMaFHiTHI/IX 3aBa. HOpMI/I Ta
METOAU BI/IMipIOBaHHH.

VK 621:681.7 .
OCHOBMU KAJIIGPYBAHHA TEJIEBI3IMHNX CUCTEM KEPYBAHHAA
ABTOMOBUIEM

Cmaoniuyk B. C., Konobpooos B. I
Hayionanvnuti mexuiunuil ynisepcumem Yxpainu
«Kuigcokuti nonimexwniunuti incmumym imeni l2ops Cikopcvkoeo», Kuis, Ykpaina
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Bbararo nporieciB kaniOpyBaHHs OyJiM aBTOMaTHU30BaH1 3a JOTIOMOTOI0 KOMIT IOTEPiB.
ABTOMOO1TbHA TalTy3b HE BUKIIOUEHHS. 3a OCTaHHI POKH aBTOMOOLIbHA Taly3h 3HAYHO
mporpecyBaia. Aje 3aJUIIUBCA psii TPoOJIeM, Takl K 301TbIIEHHS KyTa MOJs 30Py IS
OUTHIIIOTO OXOIUICHHS JOpPOTH TpPH MIHIMAJIBHOMY BHKPHUBJIEHHI MPOCTOpYy. AJKe
BIJIOMO, WO TMpH 30UIbIIEHHS KyTa TOJsA 30py 3OLIBIIYEThCS  AUCTOPCIS
(HEBIIMOBITHICTh TEOMETPHYHOI ITO00M MIXK 00’ €KTOM Ta HOTO 300pasKCHHSM).

Binomi meromm xamiObpyBaHHs [1] BHKOPHUCTOBYIOTH AMHAMIYHUNA METOH, KOJU
BU3HAYAEThCS «vanishing point» - TOYKM HA HECKIHUEHHOCTi, Ta BXKE BIJl HUX
MepePaxoBYIOThCS KOE(DIIIEHTH BUIPABICHHS AUCTOpcli. I[HIUKA BiAOMHI MeETON
Ka1iOpOBKHM [2] BUMarae 3HaxX0/PKEHHS MPSIMUX JIIHIN a00 SKOTOCh BIIOMOTO 00’ €KTa Mij
qac pyxy.

Hamu 3ampomnoHOBaHO METOJ| CTaTMYHOTO KaxiOpyBaHHS KaMepH 3a JOMOMOTOI0
CTaTUYHOTO 1mabiaoHy. BiH 103BOjsiE OTHOPA30BO BU3HAUMTU XAPAKTEPUCTUKU KaMepu
Ta OJHOPa30BO ii BimkamiOpyBaTu. Jlisi 11bOoro He MOTPiIOHI 3HAYHI OOYHMCITIOBAIIBHI
MO>KITUBOCTI Ta 3HAYHI 3yCWIJIS Ha BIMIHY Bijl MONEpPEIHIX MeTOliB. B sikOCTI 1m1abiaony
3aCTOCOBYEThCSA CTPYKTypa 3 TMepionguyHumu enemeHtamu. Jlns miei 3amadi mobpe
MIIXOMUTh IIaXOBa JOINKA, OCKUIBKA Mae€ 4iTko BHpaxkeHi Mexi [3]. Tlpuxnan
nokasanuii Ha Puc. 1.

[lin wac mnpouenypu KamiOpyBaHHsS BH3HAUAIOThCS BHYTPIIIHI Ta 30BHIIIHI
nmapaMeTpu KaMmepHu, SKi Haaajdl 3acTOCOBYIOTBhCS it MaTpuili romorpadii. VYV
MOJIATBIIIOMY JIJISl KOKHOTO 300pakeHHs OyJle 3aCTOCOBYBATHUCS MaTpuIls romorpadii,
LTSI TIepepaxyBaHHs MapaMeTpPiB MIKCETiB.

64 Cekuia 2. OITHYHI TA OIITHKO-EJIEKTPOHHI ITPHJIA/TH I CHCTEMMU.
DOTOHIKA



XXII Mixycnapoona naykogo-mexuiuna kongpepenuia “IlIPUIA/IObY/IYBAHHA:
cman i nepcnekmueu’’, 16-17 mpaens 2023 poxy, KIII im. 120psa Cikopcovkozo, Kuie, Ykpaina

Ha Puc. 2 nmokazano mpukian 300pakeHHSI 3 JUCTOPCIEI0 A0 KamOpyBaHHS, a Ha
Puc. 3 3006paxkeHo npukiaa 300pakeHHs Micis KaniOpyBaHHSI KaMEpH.

Puc. 1. Ilpuknan ma6iaoHy i KaniOpyBaHHS KaMepu

TakuM 4YWUHOM, 3ampOIIOHOBAHWKA METOJa KalliOpyBaHHS TEJICBI3IMHUX CHCTEM
KepyBaHHS aBTOMOOLIEM JTO3BOJISIE€ 3HAYHO MIABUIITUTH €(DEKTUBHICTh TAKUX CUCTEM.

Puc. 2. Tlpuknan 300paxeHHs i3 guctopciero a0 Puc. 3. [Ipuknang  300pakeHHS  TICHA
KaJTiOpyBaHHA KaJmiOpyBaHHs KaMepHu

Kntouosi cnosa: aBTOMOOITBHA CHCTEMa aKTHUBHOI Oe€3MeKu, Kamepa BHCOKOI
PO3IUIBHOT 3JTaTHOCTI, IUCTOPCIs, KaliOpyBaHHS.
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Introduction

Matrix-vector multiplication (MVM) is a key operation in artificial neural networks,
integral transform and signal filtration [1-3]. The most interesting MVM realization is
one layer or multi-layer photonic integrated circuits (PIC) that combine high
productivity of MVM calculations with small dimensions and relatively small power
consumption. It makes optical MVM PIC one of perspective alternatives to multi core
processors. Unfortunately, absence of classification of such PIC. The goal of this work is
to propose classification that covers all principal groups of MVM PIC.

Multilayer photonic integrated cicruits for MVYM

We suggest dividing all MVM PICs into two groups. The first group contains PICs,
in which the active elements, which play the main role in the MVM, are placed between
the layers of the input and output optical waveguides. The second combines PIS, in
which active elements are placed in the plane of optical waveguides. A typical PIC of
the first group is the Enlight256 optical processor [4].

This PIC has 256 laser sources modulated by electrical inputs, a matrix of 256x256
liquid crystal spatial light modulators that define matrix coefficients, and 256 microlens
photodetectors and readout circuitry to generate electrical output signals. In this PIC, the
role of active elements is played by liquid crystal cells, which change their transmission
coefficients according to the coefficients of the matrix. This was the first mass-produced
MVM PIC, but it was not widely used. The advantage of Enlight256 is that it is a very
fast MVM built in fully parallel mode. The disadvantage is the high cost, high
complexity and limited accuracy of analog MVM. The matrix of liquid crystal spatial
light modulators is the most expensive part of this IC, which reduces the widespread
adoption of Enlight256 [5]. Another well-known design of an optical MVM 1is based on
a matrix of laser diodes with resonators, matrices of photodetectors integrated with an
ADC, matrices of specialized masks of diffraction structures and a digital control device
[6]. The input signal is formed by the control laser diodes, which form the main matrix
and vector. The result is read from photo receivers. As a result of the intervention, the
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result of calculations of digit partial sums, results of transfers and multiplication is
formed. Due to the digital representation of values at the input of the system, an increase
in processing time and some complication of post-processing of the result, the accuracy
of calculations can be increased, the combination with digital electronic devices can be
simplified, and it also makes it possible to process variable numbers. The result is read
from the radiation intensity indicator. In this MVM, the role of active elements is played
by the masks of diffraction structures, which divide the input optical systems into a
matrix of photodetectors by matrix coefficients.

Planar photonic integrated cicruits for MVM

In this group, MVM PICs have active elements placed in the plane of the optical
waveguides. Typical PICs of this group are matrices of microring resonators (MCR) [7]
[8]. They use the wavelength multiplexing (WDM) method for MVM - WDM-MVM. The
input optical signals are fed to the MRR front module, which works as a narrow spectral
filter, and acts as an active element of the MVM. This module forms one optical signal in
one optical waveguide, collects optical signals with different wavelengths and amplitudes
corresponding to one of the input signals. In other words, the device performs modulation
and multiplexing of the input optical signal. Then one multiplexed signal is divided, and it
enters the next block - the core of the MRR matrix. For given wavelengths, these MMRs
can change the transmission of optical signals according to the corresponding matrix
coefficients. This block forms a set of output optical signals, each output signal has a
certain wavelength, and its amplitude is proportional to the multiplication of the
amplitudes of the input signal (vector) by the matrix row coefficients determined by the
transmission coefficient for the MRR. The spectral transmittance can be changed by
changing the optical path length in the MMR, for example by changing the refractive
index or temperature. PICs with MRR have a very interesting topology and are considered
one of the best solutions for optical MVM [9] - [12].

A planar MVM PIC with a light modulator matrix is described in the patent [11].
Each light modulator changes the transmission coefficient according to the coefficients
of the matrix. It is suggested to use electro-optical, acousto-optical or thermo-optical
modulators. This PIC has a simple and economical planar design. It performs analog
MVM, which reduces the accuracy of MVM.

An alternative approach is to use the Mach-Zehnder interferometer (MZI) method
for MVM (MZI-MVM) [12]-[16]. These PICs have a two-dimensional periodic structure
with miniature MZIs at the nodes. Each MZI has two interference arms in the form of
optical waveguides, but in one arm there is a phase-shifting device. In most cases, this
device is an optically active element that changes its refractive index depending on the
applied voltage. Thus, the MZI becomes an active element of the MVM. As a result, this
block introduces a certain phase shift in one arm of the obstacle, and also changes the
transparency coefficient of the miniature MZI. MZI matrices allow to implement analog
or digital multiplication [12]. In some PICs, diffractive optical elements can be used in
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combination with MZIs to perform the sequential MVMs required to implement

multilayer neural networks.

Conclusions

1. It 1s proposed the classification of MVM PICs on two groups. The first group
contains PICs, in which the active elements, which play the main role in the MVM, are
placed between the layers of the input and output optical waveguides. The second group
includes IPs that have active elements placed in the plane of light guides.

2. The biggest number of PIC performs analog MVM. In this case, the MVM results
are sensitive to the dispersion of optical properties of active elements such as liquid
crystal cells, photochromic cells, MMR, etc. But the fast MVM, compact and
economical design, and in some cases low power consumption open wide prospects for
the application of MVM PIC in sensors, robotics, drone controls, and smart devices.

3. The authors believe that multilayer MVM PICs with matrices of modern
electrochromic films are the most promising. The advantage of such a PIC is a fast
MVM and a low price due to a simple and economical manufacturing process. The
disadvantage is the small accuracy of analog MVM results, but it can be sufficient for
many applications in the hardware implementation of artificial neural networks and
digital image processing units.

Keywords: photon integrated circuits, matrix to vector multilication, MVM PICs
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Inspired by the natural vision systems of insects and crustaceans, compound eye
systems comprise multiple optical units known as ommatidia [1, 2]. Each ommatidium is
responsible for capturing a portion of the visual field, providing a wide field of view and
high sensitivity to motion. Artificial facet elements, the individual components of these
systems, seek to replicate the performance of their biological counterparts while
leveraging modern technology's flexibility and advantages. In such system all facet
elements work in parallel and independently of each other and that make fast
measurement of the angular velocity of objects in its field of view by calculating discrete
correlation functions of the photoreceptor signals. In our solution each facet element
consists of optic lens, an array of photodiodes, programming amplifier (MCP6S26) and
ARM-based microcontroller that makes calculation of optical flow maps [3, 4].

The MCP6S26 is a programmable gain amplifier (PGA) developed by Microchip
Technology, designed to amplify and condition weak input signals. It has some features
that make it a good solution to create a working prototype of artificial facet element:

1. Programmable gain control: The MCP6S26 provides a programmable gain range
from 1 to 32, enabling dynamic adjustment of the amplification factor based on lighting
conditions and application requirements.

2. Low noise and low signal distortion: The amplifier has low noise and distortion
characteristics, ensuring high quality signal amplification and high signal-to-noise
(SNR) ratio.

3. Multiple input channels: The MCP6S26 supports up to six input channels,
allowing the integration of multiple photodiodes in a single artificial facet element.

To connect the programmable amplifier to the microcontroller we use an SPI
interface that provides a fast-settling time of the input signal from multiple
photodetectors and its amplification factor. In our prototype of artificial facet element,
we use next connection scheme.
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The proposed architecture can be considered as a big set of equal channels - the
“smart groups” of several pixels with read-out electronics and a digital microcontroller
that can extract only the useful data and send it out. The working prototype of this facet
element has demonstrated ability to measure distribution of speed and direction of
optical flow thought its field of view in the very short time [5, 6, 7].

Keywords: facet vision system, programmable amplifier, signal processing,

microcontroller.
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The proposed multi beam drone position system does not use digital cameras during
take-off, landing and goods delivery. The main idea is the application of the spatial
structure of infra-red (IR) beams. These beams transmit coded data about the direction to
the landing site in three-dimensional (3D) space.

This system contains parts: the first one is the illumination part. It is installed around
a landing zone on the ground. The second part is the receiving part that is fixed on the
drone [1-5]. The illumination part includes a power source, a control unit and two or
more beam formation units (BFU), which illuminate low-energy IR beams. Each beam
transmits digital codes that set the direction to the landing site in 3D space.

When forming a package of rays, it is necessary to calculate the length of the
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package, the width of one component of the signal, and the frequency of the signal. The
length of the package is chosen by us, and the width and frequency of the signals must
be coordinated with the frequency of the radiation receiver (F,.,=F.,,). This frequency is
written in the documentation of the selected radiation receiver. The generation of a
certain frequency can be done with the help of generation devices, hardware method or
programming. In the case of [1-5], generation by software method using a
microcontroller was used. The generation took place by turning on and off the LEDs
with a certain time interval. Time is calculated as follows:

1
. =
: Fem.

Next, we need to set the width of one signal. To do this, using the documentation for
the radiation receiver, you need to find out the time that the photoreceiver can receive

the signal. Next, you need to calculate the number of pulses of a certain frequency:
T, , T

— mim : = IMAax :

Tt t.

Nmin Npax =

where T, Tar — minimum and maximum time that the photoreceiver can receive the
signal, respectively.

Having the parameters of a unit signal, it can be used to create a beam bundle.

The receiving unit receives these signals. The signal enters the radiation receiver,
converts it into an electrical signal, which is fed to the microcontroller. In [1-5] signal
processing 1is implemented using an interrupt. When a signal appears, the
microcontroller switches to interrupt mode and executes the program recorded for this
mode. When the next signal appears in the microcontroller, the interrupt flag acquires
the value "1", the program checks this value after certain time intervals. If the value is
"1", we write that there is a signal, if the value is "0", then there is no signal. Next, reset
the interrupt flag to "0" and wait for the next signal. We do this until the whole package
arrives. Further, this information is processed, and a conclusion is drawn regarding the
position of the drone in space relative to the landing zone. The algorithm for calculating
local coordinates is described in [6]

Keywords: LED, measurements, radiation sources, positioning system, landing

system
References

[1] D. Averin, V. Borovytsky and V. Mykytenko, “Drone positioning systems that uses digital
cameras,” Bulletin of Kyiv Polytechnic Institute Series Instrument Making, July 2022.
DOI: 10.20535/1970.63(1).2022.260632.

[2] D. Averin, V. Borovytsky and S. Tuzhanskyi, “Local positioning system for drones without usage
of digital cameras,” Optoelectronic Information-Power Technologies, vol. 42, no. 2, pp. 5-11,
October 2022. DOI: 10.31649/1681-7893-2021-42-2-5-11

[3] V. Borovytsky and D. Averin, “Optical-Electronic positioning system”. Ukraine Patent 141943,
2020.

[4] V. Borovytsky and D. Averin, “Optical sensor for drone coordinate measurements,” Proc. SPIE,
vol. 11352, 2020.

Cekuin 2. OITHYHI TA OIITUKO-EJIEKTPOHHI IIPHJIA/ITU I CUCTEMMU. 71
DOTOHIKA



XXII Mixcnapoona naykogo-mexuiuna kongpepenuin “IIPUIA/IObY/1YBAHHA:
cman i nepcnekmueu’’, 16-17 mpaens 2023 poxy, KIII im. I120psa Cikopcokozo, Kuie, Ykpaina

[5] Averin, D., & Borovytskyi, V. “Multi-beam optical sensor for measuring drone coordinates”,
Bulletin of Cherkasy State Technological University, (1), 5-12, 2023. DOI: 10.24025/2306-
4412.1.2023.267070

[6] Averin, D., & Borovytskyi, V., “Coordinate measurement in multi-beam drone positioning system”,
Scientific journal of TNTU, 2023.

UDC 681.72:620.3
MOTORIZED FOCUS DRIVERS FOR DIGITAL MICROSCOPES

Hudz Oleksiy, Borovytsky Volodymyr
National Technical University of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute"
Kyiv, Ukraine
Email: alexevgood @ gmail.com, vborovytsky @yahoo.com

Digital microscopes have become increasingly popular in various fields, such as
biological research, medical diagnostics, and materials science, due to their ability to
capture high-resolution images of microscopic structures [1-5]. One of the most critical
components of a motorized digital microscope is a focus driver, which allows for precise
control of the distance between the objective lens and the specimen. Motorized focus
can also be combined with other automation features, such as autofocus units, motorized
stages for specimen, motorized illumination units with optical filters and, etc. There are
several types of motorized focus drivers that are commonly used in digital microscopes:
servo, step, and piezo motor drivers [1-3].

Servo motor drivers use direct current motors, linear or rotation encoders and
feedback loop to continuously adjust the position of the objective lens until it reaches the
desired focus point. They are ideal for applications that require fast and precise focusing.
Advantages of servo motor drivers are high speed, smooth movements, and good
accuracy. The disadvantages are high price and complexity.

Step motor drivers can be programmed to move with definite increments. Their
advantages are sufficient precision and repeatability, simple control, and compatibility
with digital electronics. The disadvantages are noise and vibration.

Piezo motor drivers are incredibly precise, very stable and can fix the current
position without power supply. On the other side, they are slow and very expensive.

The important parameters such as the range and speed of focusing, and the
positioning accuracy and repeatability have to be considered for selection of focus
driver.

Keywords: digital microscopy, focus driver, motorized focus, piezo-based focus.
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Until recently, the use of polarimetric methods in remote sensing was limited mainly
to meteorological problems. Now such methods of analysis are increasingly being
introduced into the solution of security and military tasks. In such tasks, one of the most
important factors in the effectiveness of surveillance systems is the ability to work in
real time. That is, the methods of information processing must be compatible on the time
scale with the receipt of a television image by the operator [1].

Complete analysis of the type and degree of radiation polarization is carried out
using polarimeters. These methods are based on the use of a sequential combination of
phase plates and polarizers (Fig.) [2]

Fig. An optical setup for polarization analysis: 1, 3 - quarter wave plate, 2 — linear polarizer

Rotation through certain angles of these elements makes it possible to estimate the
state of polarization at the output of the elements over the entire Poincaré sphere by
determining the corresponding coefficients. Mechanical rotation and calculation of

Cekuin 2. OITHYHI TA OIITUKO-EJIEKTPOHHI IIPHJIA/ITU I CUCTEMMU. 73
DOTOHIKA



XXII Mixcnapoona naykogo-mexuiuna kongpepenuin “IIPUIA/IObY/1YBAHHA:
cman i nepcnekmueu’’, 16-17 mpaens 2023 poxy, KIII im. I120psa Cikopcokozo, Kuie, Ykpaina

coefficients noticeably slow down the determination of polarization contrasts. There are
methods for determining the coefficients without the use of rotating optical elements, for
example, based on Bragg modulators [3]. However, they are difficult to implement in a
television camera.

In a number of practical applications, there is no need to fully analyze the state of the
radiation polarization of the object’s sceene. This can be the detection of an object with
plane polarized radiation against an anisotropic background or the detection of an object
with anisotropically polarized radiation against a background with plane polarized
radiation. The first case is typical when observing artificial objects against natural
backgrounds, the second - when observing air objects against the sky. In this case, to
obtain a polarization contrast, it is sufficient to use one rotating polarizer operating
according to the method of crossed polarizers. The essence of the method lies in the use
of the Malus law, in which the rotation of the analyzer axes relative to the polarizer
leads to a change in the intensity of light passing through the elements according to the
formula [4]

I'=10[kos’ @,
where ¢ is the angle between the polarizer and analyzer axes. In remote observation, the
direction of the polarizer axis is replaced by the direction of the predominant
polarization of the radiation of an object or background.

This method was used, for example, in a number of space video polarimeters [5].
However, its use is associated with overcoming a number of difficulties. First, the
accuracy of the method is not high. It is limited by the extinction coefficients of the
polarizers and low sensitivity to changes in the angle of radiation polarization near the
values of 0° and 90°, which correspond to the coaxial and orthogonal orientation of the
polarizer axes. Secondly, there is mechanicaly rotating optical element in the optical
scheme. Accordingly, the reliability of the design decreases when it is used in the field.

The report considers a technical solution for a television-type video polarimetric
transmitting camera, in which a magneto-optical rotator based on the Faraday effect is
installed at the input. The issues of increasing the contrast of the polarimetric contrast in
the visible and infrared spectral ranges are considered.

Keywords: electro-optical surveillance system, object recognition, polarization
evaluation.
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B sikocTi po604nX eTanoHiB sl eKCIIEPUMEHTAILHOTO OIIHIOBAHHS Ta TEOPETUIHHX
pO3paxyHKiB  mapameTpiB  ¢GOTOmpHiiMadiB Ta  ONTUKO-CIIEKTPOHHUX  CHUCTEM
BUKOPHUCTOBYIOTHCSl CBITJIOBUMIPIOBAJIbHI JIaMIH PO3KaprOBaHHA. [l MEAKuX THIIB
JaMn BHPOOHHMKHM BKa3yIOTh CIEKTPadbHY IIUIbHICTb EHEPreTHYHOI CBITHOCTI ISt
JIeSKOI KUTBKOCT1 cTaHaapTu30Banux n0oBuH XBuwib: FEL, NPL/GEC Ttomro, ans iHImmx
BKa3yIOTh poOouy KoipopoBy Temnepatrypy: NBS87, NBS1133, CUC, CUII Toro.

3 ypaxyBaHHSIM CIEKTPaJIbHUX BIIACTUBOCTEM KOJIO 3 KBaplOBOIO CKJa
CBITJIOBUMIPIOBIBHHUX JIAMIT BOHU MOXYTb 3aCTOCOBYBATHUCS ISl yJIBTPadioieTOBOTO,
BuauMoro Ta iHgpadepBorux jaiama3oniB NIR (IR-A), SWIR (IR-B), To6to mis 1oBXHH
xBwiIb Bix 0.2 MKM 710 2.6 MKM.

BunpomiHioBanbHI BJIACTUBOCTI Tijla POIKAPIOBAHHSI OOYMOBIIOIOTHCS MaTepiaaoM
Tija: BoJib(hpamom, Ta oro Gopmoro.

Haii6Ginpil mpupaTHUMU JUisl 3aCTOCYBaHHST B KOMIT FOTEPHUX MOJEINAX JIKepel
BUNPOMIHIOBAaHHS ~ BB@XaJlucs  TaOJM4YHI  JaHI  «PEKOMEHJOBAHMX  3HA4YEHb
BUIPOMIHIOBAJILHOI ~ 37IaTHOCTI  Boibdpamy» Tpymu akaa. A. €. Illeinmprina.
BuxopucranHsi 1mporo jpkepena ChOroAHI B YKpaiHi HE peKOoMeHAyeTbes. Haitoinmbin
3aCTOCOBYBAHMMH B HayKOBO-TEXHIYHHX MDKXHAPOIHHUX JDKEpENax € eKCIepPUMEHTaIbHI
JaH1 CIEKTPAIbHOT IIUIBHOCTI HOPMAaJIbHOTO KOE(IIIEHTY BUMPOMiIHIOBAaHHS BOJIbPpamy
Jle Boca (J. C. De Vos). Lli nani HaBeaeHi y Bursiai rpadikiB ajis temreparyp Big 1600
K no 2800 K 3 kpoxom 200 K B miamazoni (0.22 - 2.7) mxm. Came 111 JaHI BUKOPUCTaH1 B
po3paxyHKOBUX Mojensx HamioHanbHOTro 1HCTUTYTY cTaHaapTiB 1 TexHonorid CIIIA Ta
HartionanbHoi ¢iznunoi nadopaTtopii QiHIsHII.

[TpoMHUCITOBICTIO BHPOOJSIOTHCSA JaMIIMd 3 KOJbOPOBOIO Temmeparyporo 2856 K,
2950 K touio. AKTyaabHUM € MUTAHHS OTPUMAaHHS TaOJMYHUX 3HAYEHb CIEKTPAIbHOI
HIUJIBHOCTI KOedillieHTa BUIPOMIHIOBaHHS BOJIb(ppaMy HJisi Jiama3zoHy TeMIEparyp 0
3000K.

JIis po31IMpeHHs Ta0IUMYHUX JAHUX BUKOPUCTAHO METOJI JIIHIHOTO MPOTHO3YBaHHS
3 PO3paxyHKOM KO€(III€HTIB Kopemsilii, MeToau bepra s KOXKHOI TOBKWHU XBHIII 3
nianazony (0.23 — 2.7) MkMm:

k-1
Fx= ) Q&

i=o
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e a; — KOe(DIIEHTH KOpemsAlii TaHWX; € — BIAOMI TaONW4YHI 3HAYEHHS y By3JaxX
PIBHOMIPHOI CITKH.

4x10

2800 K

ax10” 3

2o \ |
- 2x10”? ot ‘I {

—ax10”3

Biguocua moxubxa excrpanoanii gna T

3

— X107
s 1 2

Hopxuna zeum (M)

Puc. 1. BigHocHa moxuOka eKCTparnossIlii CHeKTPaIbHOTO KOe(DIilieHTa BUIPOMIHIOBAHHS
Bosb(pamy 3a nanumu Jle Boca mst T=2800 K

[IpoBeneHuit aHami3 BUABMB, MmO aisi gaHux Jle Boca HalOuIbIml AOUUIBHUM €
3aCTOCYBaHHS EKCTpamoJisAllii 3a TppOMa TOUYKAMH. Pe3ynbTaTh MOJCTIOBAHHS IS
3Ha4eHb 3 TemrepaTyporo 2800 K HaBeneni B Tabnuii 1 Ta Ha puc. 1.

Tabaui 1.

SSE *10° Amax *10° | 8max *10° | CKB *107
2 TOYKH 2.83 1.48 3.44 4.92
3 TOYKH 2.20 1.00 3.16 4.34
4 TOYKH 3.17 1.32 5.82 5.21
5 TOYOK 3.72 1.43 5.80 5.65

B pesynpTari KOMITIOTEPHOTO MOJCIIOBAaHHS OTpUMaHi TaOMWYHI 3HAYCHHS 3
YOTHpPMa BIPHUMH 3HAKaMH HOPMAJIBHOTO KOE(IIIEHTY BUIIPOMIHIOBAHHS BOJIb(PpamMy B
nianazonax (0.23 — 0.8 ) MM 3 kpokoMm 0.1 mkmMm, (0.8 — 1.2) mxMm 3 kpokom 0.2 MM, (1.2
— 2.7) mxm 3 xkpokoMm 0.5 MxMm s gianmazony Temnepatyp Bix 1600 K go 3200 K 3

kpokoM 200 K.
Knrouosi cnosa: nammna posxaproBaHHA, KOE(DIIEHT BUMPOMIHIOBAHHS BOJIb(pamy,

KOMIT'FOTEPHA MOJEIb.
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CubeSat satellites are widely used to conduct science experiments, test different
instruments, provide commercial applications, and support educational projects. To
enable research in geology and agriculture, CubeSat optics should operate in different
spectral ranges, including short-wave infrared (SWIR) wavelengths. For this purpose,
the catadioptric systems are more perspective than pure lens systems, because they can
deliver high image quality and have long focal lengths enabling high spatial resolution.

In this research, a set of SWIR catadioptric systems was developed with the optical
design software PODIL. The optical design task was carried out practically in the
automatic mode by applying a modified modern evolution algorithm.

As a numerical example, an optical schematic diagram of the 350-mm F/4 SWIR
lens designed for a nanosatellite is shown in Fig.1. It is intended to operate within the
spectral range of 0.4 to 1.8 micrometers.

80 mm

i
Y
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Fig. 1. Schematic optical diagram of the developed 350-mm F/4 SWIR catadioptric lens having
angular field of view of 2 degrees

The considered catadioptric lens contains a front meniscus lens, two second-order
aspheric mirrors, and a five-lens aberration corrector.

The optical system has an effective focal length of 350 mm and an entrance pupil
diameter of 87,5 mm. The angular field of view is 2° and the image circle diameter is
12.2 mm. The total track (i.e., the axial distance from the external lens surface to the
image plane) does not exceed 93 mm.

The polychromatic RMS spot radius is 1 pm on the optical axis and 2 um at the
image periphery.

Fig. 2 illustrates the polychromatic diffraction MTF charts evaluated for different
field points. The maximum relative distortion is 1 %.

The report presents the design results for a set of SWIR catadioptric lenses with
different focal lengths. It may be interesting for nanosatellite developers and optical
designers.
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Fig. 2. Polychromatic diffraction MTFs of the developed 320-mm F/4 SWIR catadioptric lens: field
numbers #1 to #5 correspond to field angles 0°, 0.5°, 0.71°, 0.86°, and 1°, respectively

Keywords: SWIR, CubeSat, nanosatellite, catadioptric lens, mirror, second-order
aspheric, MTF.
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