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AHOTAIIIS

Hoseane A.B. yOOCKOHaJ€HHS METOAIB TMOOYJAOBH BHCOKOBOJBTHUX
IIMPOKOCMYTOBUX BHUMIPIOBAIBHUX IMiJCHJIIOBAYiB JJIsl MPUCTPOIB BiITBOPEHHS
OJIMHUIIl  HAlMpyrd 3MIHHOTO CTPYMy paaio4acTOTHOTO  Jiama3oHy. -

Kpanigikariiina HaykoBa mpartis Ha rpaBax pyKOIIUCY.

Hucepraiiisi Ha 3700yTTS HAYKOBOTO CTyIeEHs JokTopa (inocodii 3a
cnemianbHicTIO 152 “ Metposoria Ta iHpopMaiiiHO BUMIpIOBajbHA TEXHIKa ~ -
HamionanpHuii TexHiuHUN yHIBepcuTeT YKpaiHum «KHiBCBKUN TMOJITEXHIYHUI

iHcTUTYT 1MeHi Iropst Cikopeskoro» MOH VYkpainu, Kuis, 2025.

VY 1t HaykoBii poOOTI PO3MNISIHYTI TEOPETHUHI MOAENl A MoOyAOBU
BUCOKOBOJIFTHUX IIUPOKOCMYTOBUX IIJICHIIIOBAUiB, IPEACTaBICHI Pe3yIbTaTH
MPOEKTYBaHHS Ta PO3IVIAHYTI BaXKJIMBI acleKTH Ta NpoOiieMu iX peamizaiii.
Metoau anamizy Ta KOpeKIii MOXMOOK Ta iX MPAaKTUYHE 3aCTOCYBAHHS J1a€ 3MOTY
3a0e3MeynTH HeOOX1AHI XapaKTepPUCTUKA TOYHOCTI TaKUX MPUCTPOIB, 110 B CBOIO
4epry pO3IIHUPIOE Tady3b iX BUKOPHCTAHHS, 30KpeMa sIK 3ac00iB BUMIPIOBAJIBHOI

TEXHIKH.

BucokoBoIbTHI BHUMIPIOBANbHI MIJACUIIOBAYl MOXYTh OyTH JOJIy4€HI IO
CKJIaJIy €TaJOHIB 3MIHHOT HANIPYTH ISl PO3MIUPEHHS JUHAMIYHOTO Ta YaCTOTHOTO
Jiara3oHiB Ta 3a0e3Me4YeHHs BHCOKOI TOYHOCTI Ta HAAIWHOCTI BHUMIPIOBaHb.
Etanonn 3MiHHOI Hampyrd mNpu3HAuYeH! M7 KamiOpyBaHHA Ta MEPEeBIPKU
BUMIPIOBAIBHUX  TPUJIAAiB, SKI  BHKOPUCTOBYIOTHCS B  €JIEKTPOTEXHIII],
€JIEKTPOCHEPIeTUlLll, HAYKOBUX TOCHIIPKEHHAX Ta IHIIUX Tally3sX, A€ MOTpiOHE

TOYHE BUMIPIOBAHHS HATIPYTH.

[TizcuiroBadi BUCOKOT HAmpyrd 3 IMMPOKOK CMYTOK YacTOT BIAITParOTh
HE3aMIHHY poJib Y OpMYBaHHI BUCOKO CTAOUTEHOT HANIPYTH JJIs €TaJIOHIB HAIIPYTH

Ha OCHOBI TEPMOEJIEKTPUUHUX TIEPETBOPIOBAYIB.

B 4dpTO  HAroJOCHUTH Ha BAKJIUBOCTI  3aCTO CyYBaHHA BHCOKOBOJIbBTHHUX
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MIUPOKOCMYTOBUX BUMIPIOBAJIBHUX MIJICUIIOBAYIB Y METPOJIOTTYHUX KOMILIEKCAX
€TaJIOHIB 3MIHHOI Hanpyru. OIHUM 13 TaKUX KOMIUIEKCIB € BIHCHKOBUN €TaJIOH
Harpyru BBETY 08-07-01-09. [lanuii eTajioH BIATBOPIOE OIWUHUINIO 3MIHHOI
Harpyru 10 1000B y mianazoni yactoT 10 30MI'T 1uissxom TepMOEIEKTPUYHOTO
KOMIIapyBaHHS 3 BUKOPUCTAHHIM TEPMOENEKTPUYHUX MEPETBOPIOBAUIB HAMPYTH.
VY TakoMy KOMILJIEKC1 TOYHICTh BIATBOPEHHS OJUHUIb BUMIPIOBAHHS HANPyTy Mae
NEePIIOPsAHE 3HAYCHHS], OCKUIbKU HaBITh HE3HAUHI HETOYHOCTI MOXKYTh ITPU3BECTH
70 CYTTE€BHX IOXMOOK BHUMIpPIOBaHHA. BUKOpHUCTaHHS MIJCHIIOBAYiB BUCOKOI
Hampyra Ja€e 3MOTy BUKOPUCTOBYBaTH OaraTroeJeMEeHTHI TepMOEIeKTPUYHI
MEePETBOPIOBAYl ISl JOCSTHEHHSI OUIBIIOT TOYHOCTI BIATBOPCHHS BEIUYHHU

HaIpyru.

3 ormsAay Ha BaXIUBICTH Ta AaKTyalbHICTh 3a3HAaYeHUX Bulle cdep
3aCTOCYBAaHHS IIMPOKOCMYTOBUX BUCOKOBOJIbTHUX BUMIPIOBAJIbHUX IT1/ICUIIIOBAYIB,
HOIpPH CKJIAIHOII, OB’ s13aHi 3 1X MOOyA0BOIO, MEpeBary, sKi BOHU MPOMOHYIOThH
00 3a0e3Me4YeHHs] TOYHOCTI BUMIPIOBaHb Ta €(EKTHUBHOCTI CHCTEMH,

He3arepeyHi.

BiacyTHicTe TOTOBOI e€lleMeHTHOI 0a3u YW BIAMNOBIIHMX 3ac001B IS
3a0e3neyeHHs] HeOOXIJHUX MapaMeTpiB BUXIAHOI HAMpPyTH, TAKUX SK MIBHIKICTDH
HapOCTaHHs, Aialla30H BUX1JIHOI HAIIPYTH Ta poO0UYO0i YaCTOTH, MIAX1] 0 OO0y 10BH
BHCOKOBOJIbTHUX  IIMMPOKOCMYTOBHX  IMIJICHIIOBAYiB  IMOTpeOye  3alydeHHs

JI0JaTKOBUX TEXHIUYHUX PIIIEHb Ta 3aCO01B MPU MPOCKTYBAHHI.

OmHuM 13 TakuX pillleHb € BUKOPUCTaHHA HE3aJEKHUX KaCKaJiB
M1JCUIIIOBAYIB 13 HE3aJIEKHUM KUBJICHHSAM, SIK1 (JOPMYBATUMYTh BUXIIHY HAMpyTy
3a MPHUHLUIIOM IOCIIAOBHOTO BBIMKHEHHs. Takuil METOJ a€ 3MOTy pO3IIMPHUTH

BUXI1JIHUM Jl1aria30H HaMpyru 0€3 MOripIIeHHs JUHAMIYHUX XapaKTePUCTHK.

3anpornoHOBaHi B HAyKOBiIM poOOTI MeTOau MOOYJOBH TMiJCHIIIOBAYIB 13

BUKOPHUCTAHHAM HE3aJICKHOI'O ITapajC]IbHOIO 3BOPOTHOI'O 3B’}I?>Ky HarTb 3MOTr'y
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BUKOHATH KOPETYBAHHS YACTOTHOI XapaKTEPUCTUKH Ha KOKHOMY 3 KaHaJIiB OKPEMO
Ta MOKPAIIUTHU 3arajbHy CTaOUIBHICTh 1 TOYHICTh BUX1IHOT BETUYMHHU 32 PAXYHOK

J0JATKOBUX JIAHOK 13 IIOMIPHOIO BTPATOIO TOYHOCTI.

3anponoHoBaHa A0AaTKOBa YaCTOTHA KOPEKIIIs BUX1JHOIO CUTHAILY A€ 3MOT'Y
BIJIOKPEMHUTH Ta KOMIIEHCYBATH MOXUOKHU MEPIIOTO MOPSIAKY MAJOCTI, 10 3arajioM

JIa€ 3MOTY MiJBUIIUTHA TOYHICTh BIITBOPEHHS BUX1AHOI HAIIPYTH.

B ocHOBY pociipkyBaHUX IMMiJICHIIIOBAdiB OyJi0 TMOKIQJACHO JOCSTHEHHS
HAWOUIBIIOT0 YAaCTOTHOTO Ta JAWHAMIYHOTO Jlama3oHy, HEOOXIAHOTO st
METPOJIOTIYHOT arecTallii BCiX 3ac001B BUMIPIOBAIBHOI TEXHIKH - B1JI BTOPUHHUX
ETAJIOHIB 10 3ac00iB BHUMIPIOBAIbHOI TEXHIKM AJII BUMIPIOBAHHS IMapaMeETpiB
CJICKTPUYHHUX CHUTHAJIB y IOMY Jiama30Hi 4acTOT: OCIMIorpadu, BOIHTMETPH,
TeHEpaTOpu TOIIO. Y MHX IMiJCHIIOBAYaX BHPIIMIEHO MPOOIEMYy HOCATHEHHS
MaKCHUMaJIbHO MOJKJIMBOI BUXIJHOI HApPyTH B 33JaHOMY J1ama3oHl 4acToOT, SKHii
Ou BIJAMOBIJIAB J1alla30Hy 4YacTOT 1 HANPYTHd ETAJIOHHUX TEPMOCICKTPUUHUX

nepetBoproBayiB - EIIHTE, JITIIT6, [THTE12.

[1in yac BukOHaHHS poOOTH OYyJIO MPOBEACHO KOMIT FOTEPHE MOJICIIOBaHHS Ta
aHaji3 TEXHIYHUX pillleHb, 3aCTOCYBaHHsS SKUX € OCHOBOI JJIsI TOOYJIOBU
ITUPOKOCMYTOBUX BHCOKOBOJIBTHUX BUMIPIOBIBHUX MiJCHIIOBAYiB. PO3IIISIHYTO
nepeBard Ta HENONIKM KOXKHOI 13 3ampoNOHOBAHWMX MOJENEeH Ta JETalIbHO
BUCBITJIEHO MPOOJIEMHU Ta aclieKTH pu noOy10Bi. Ha 0CHOBI poBeIeHOTO aHAITI3Y
BHU3HAUEHO METPOJIOTIUHI XapaKTEpPUCTUKU Ta CKJIAJCHO MOJENTh IMOXUOOK B
aHAJIITUYHOMY BHUIJISII. 3alpPOINIOHOBAHO TEXHIYHI METOAM IS 1X KOPEKIii Ta

301JIBIIIEHHS TOYHOCTI.

ExcnepuMeHTasibH1 TOCTIHKEHHS 3aCBITUMIM, 1110 OTpuMaHi moxuoku 3a CK3
BIIXUJIEHHSIM Y KiJIbKa pa3iB 1 HaBITh HA MOPSIOK MEHII, HIK MOXHUOKH, KOTPI
nepenbaveHi TexHIYHMM 3aBAaHHsM Ha etamoH BBETY 08-07-01-09, sxwuit

MPUHHATO Ha 030POEHHS 3T1JIHO 3 HaKa30M MiHicTpa o6opoHu Ne529 Bin 18.10.2010
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Ta BUKOPHUCTOBYETLCA JOTCIICP.

[IpakTHYHUM pe3ynbTaTOM AMCEPTAIiHOI poOOTH € po3pobiieHi OJIOKH
nigcutoBadiB 1000B-100KI'm ta 30B-30MIm, siki BIOPOBAXKEHO B CHUCTEMY
BUXIJIHOTO BIMCHKOBOTO €TaJOHY y MeXaxX MOJIepHI3allli KOMIUIEKCY eTajoHa
BBETY 08-07-01-09 3rigHo 13 3amoBiieHHsIM MiHIicTepcTBa OOOpPOHM ISt

Mertponoriynoro ueHTpy BiiicbkkoBux etanoniB (MLIBE).

Kurouosi ciioBa: onepauiifHuii micUiIOBay, BUCOKOBOJIBTHUH ITIJICHIIIOBAY,
KAacKaJHUW TIACUIIIOBAaY, TEPMOECIEKTPUUHUN TEpPEeTBOPIOBAY, PE30HAHCHUIA
NEPETBOPIOBAY HANPYI'W, €TAJOH HANpyrd, BIATBOPEHHS OJMHUILI HAaIpYTH,
€JIEKTpUYHA TOTY>KHICTh, BUMIPIOBAJIbHUI NPUCTPI, BUMIPIOBaHHS, MOJENb

MMOXUOKHU, KOPEKITisl TOXUOKH.
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ABSTRACT
Dovhal A.V. Research of methods of constructing high-voltage wideband
measurement amplifiers for devices of reproducing ac voltage unit in the radio

frequency range. - Qualifying scientific work on manuscript rights.

Dissertation for the degree of Doctor of Philosophy in specialty 152
"Metrology and information measuring technology" - National Technical
University of Ukraine "Thor Sikorsky Kyiv Polytechnic Institute" MES of Ukraine,
Kyiv, 2025.

In this scientific work, theoretical models for the construction of high-voltage
wide bandwidth amplifiers are considered, design results are presented, and

important aspects and problems of their implementation are considered.

The methods of error analysis and correction and their practical application
make it possible to ensure the necessary accuracy characteristics of such devices,

which in turn expands the scope of their use, including as measuring equipment.

High-voltage measuring amplifiers can be included in the composition of
alternating voltage standards to ensure high accuracy and reliability of
measurements. AC voltage standards are intended for calibration and verification
of measuring devices used in electrical engineering, power generation, scientific

research and other industries where accurate voltage measurement is required.

High-voltage amplifiers with a wide frequency band play an indispensable role
in increasing the accuracy and operating frequency range of voltage standards based
on thermoelectric converters. Providing accurate signal amplification over a wide
frequency range, these amplifiers form the highly accurate voltage gains required

for calibration, testing and research.

It is worth emphasizing the importance of using high-voltage broadband

measuring amplifiers in metrological complexes of alternating voltage standards.
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One of these complexes is the military voltage standard BBETY 08-07-01-09. This
standard reproduces a unit of alternating voltage up to 1000 V in the frequency
range up to 30 MHz by thermoelectric comparison using thermoelectric voltage
converters. In such a complex, the accuracy of reproduction of voltage
measurement units is of primary importance, since even minor inaccuracies can lead
to significant measurement errors. The use of high-voltage amplifiers allows the
use of multi-element thermoelectric converters to achieve greater accuracy in

reproducing the voltage value.

Given the importance and relevance of the above-mentioned areas of
application of wide bandwidth high-voltage measurement amplifiers, despite the
complexity associated with their construction, the advantages they offer in terms of

ensuring measurement accuracy and system efficiency are undeniable.

The lack of a ready-made elemental base or appropriate means to ensure the
necessary parameters of the output voltage, such as the rate of increase, the range
of the output voltage and the operating frequency, the approach to the construction
of high-voltage wide bandwidth amplifiers requires the involvement of additional

technical solutions and means in the design.

The methods of building amplifiers using independent parallel feedback
proposed in the scientific work allow you to adjust the frequency response on each
of the channels separately and improve the overall stability and accuracy of the

output value due to additional links with a moderate loss of accuracy.

The additional error correction of the output signal proposed by the author
allows to separate and compensate the errors of the first order of smallness caused
by the use of independent separate links, which in general allows to increase the

accuracy of the output voltage.
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The basis of the researched amplifiers was the achievement of the largest
frequency and dynamic range necessary for metrological certification of all
measuring equipment, starting with secondary standards and ending with measuring
equipment for measuring the parameters of electrical signals in this frequency range
- oscilloscopes, voltmeters, generators, etc. These amplifiers solve the problem of
achieving the maximum possible output voltage in a given frequency range that
would correspond to the frequency and voltage range of reference thermoelectric

converters - EPNTE, DTPT6, PNTE12.

In the course of the work, computer modeling and analysis of technical
solutions were carried out, the application of which is the basis for the construction
of broadband high-voltage measuring amplifiers. The advantages and
disadvantages of each of the proposed models are considered, and the problems and
aspects during construction are covered in detail. On the basis of the conducted
analysis, metrological characteristics were determined and an error model was
compiled in an analytical form. Technical methods for their correction and increase

in accuracy are proposed.

Experimental studies have shown that the obtained errors according to the SKZ
deviation are several times and even an order of magnitude smaller than the errors
provided for by the technical task for the military secondary standard of Ukraine
08-07-01-09, which was adopted in accordance with the order of the Minister of
Defense No. 529 from 18.10.2010 and is used until now.

The practical result of the dissertation work is the developed blocks of
amplifiers 1000V-100KHz and 30V-30MHz, which are implemented in the
complex of secondary standards as part of the modernization of the standard
complex BBETY 08-07-01-09 according to the order of the Ministry of Defense for
the Metrological Center of Military Standards
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Key words: operational amplifier, high-voltage amplifier, cascade amplifier,
thermoelectric converter, voltage standard, voltage unit reproduction, measuring

device, measurement, electrical power, error model, error correction.
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BCTVII

AKTYyaJIbHICTh TEMH.

OcHoBHMMM  3aco0amMu, B  SKUX  3aCTOCOBYIOTHCS ~ BHCOKOBOJIBTHI
IIMPOKOCMYTOBI IMIJCHIIIOBaYl, € €TaJOHU HAMPYTH 3MIHHOTO CTPYMY Ta CUCTEMH
METpPOJIOTIYHOT aTecTalii TePMOENEKTPUUYHUX [EePETBOPIOBAYIB. AKTYalbHICTh
pOOOTH OJIATAE B yAOCKOHAJIEHH] ICHYIOUHX OJIOKIB M1JCUIEHHS HAIIPYTH 3 METOIO
PO3IIUPEHHS iX YaCTOTHOTO Ta IMHAMIYHOTO Jiama30HiB il 3a0e3neYeHHs] 4acoBO1

CTablILHOCTI MPHU aTeCTallll TEPMOEIEKTPUYHUX MIEPETBOPIOBAYUIB.

PesynapTat nmOCHIKEHHS CHOPUATUMYTh CTBOPEHHIO OLIbII TOYHUX Ta
CTaOUTPHUX MIJCUJIIOBAYIB HANpYyTd, IO MOXYTh OyTH BHKOPUCTaHI SK Y
7a00paTOpHUX YMOBaX, TaK 1 B €TaJOHaX, J€ HEoOXiJHa BHUCOKAa TOYHICTh

BUMIPIOBaHb.

Mera i 3aBI1aHHSA TOCTiKEeHHS.

MeToto TpOBENCHHS TOCTIKEHHS € PO3p0o0Ka Ta BIOCKOHAJICHHS METOIB
noOyI0BU MiACUIIOBAYiB ISl €TaJIOHIB HAMPYTH, 0 3a0€3MeYYI0Th MAKCUMAJIHHO

MOJKJIMBY TOUHICTb 1 CTaOIIbHICTb.

3aBIaHHSIM HAyKOBOi POOOTH € JOCHIDKEHHS MpoOJieM MPOeKTYBaHHS
BHCOKOBOJIBTHUX  IIMPOKOCMYTOBUX  BHUMIPIOBAJbHUX  MIJCWIIOBAaYiB  Ta
3HAXO/DKEHHS HOBHUX pIlIEHb, MOB’A3aHUX 13 3a0€3MEUeHHSIM MAaKCHUMAaJIbHO
MO>KJIMBOI BUXIJHOI Hampyru 1 CTaOUIbHOCTI BIATBOPEHHS CUTHAY B IIMPOKIH
CMy31 4acTOT, a TaKOXX 3aCTOCYBaHHSI KOHCTPYKTHUBHHUX pILICHb, OB’ S3aHUX 13

3a0e3MeueHHsIM KOPEKTHOTO Ta 0€3MeYHOro TEMIOBOT0 peXUMY (DyHKIIIOHYBaHHS.
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O0’eKT TOCaITKEeHHA:

O06’ekTOM JOCIIHKEHHS € Tpoliec 3a0e3MeUeHHs CTaOUTbHOTO BiJITBOPEHHS
CUTHAJIIB BUCOKOT HANPyTH B IIMPOKOMY YaCTOTHOMY Ta aMILIITYTHOMY Jiana3oHi
JUIA €TAJIOHIB HANpyTd 3MIHHOTO CTPYyMYy Ta 3ac00iB METpOJIOTIYHOI aTecTailii

TEPMOECJIEKTPUYHUX MTEPETBOPIOBAYIB.

IIpeaMer nocCaiaKeHHS:

[IpenMeToM IOCHIDKEHHS € CXEMHI Ta TEXHIYHI pIIIEHHS PO3pOOKH Ta
moOyJIOBM BHCOKOBOJIbTHUX IIJICHJIIOBAYiB Ta METOAM 3a0€3MEUCHHS  iX
XapaKTEPUCTUK [IJI1 BUKOPHUCTAHHS $K IIJICUIIOBAYiB JUIsl €TaJOHY HAmNpyru

3MIHHOTO CTPyMYy.

MeToau TO0CJTiTKeHHA:

VY mnporeci BUKOHAHHS HAyKOBOi poOOTH OyJ0 3aCTOCOBAHO KOMILIEKC
METOMIB, sKI 3a0e3neuniu BceOIUHMI aHami3 Ta e(EeKTUBHE pO3B’SI3aHHS

IIOCTAaBJICHUX 3aBJAaHb.

AHaJi3 ICHYIOYHX pIllIeHb — MPOBEACHO JACTAJIbHUN OIS 1 MOPIBHSHHS
HasBHUX IMIJIXOJIB, IO a0 3MOTY BHU3HAUWUTH iXHI TIEPEBard, HEIOJIKH Ta

MO>KJIMBOCTI 3aCTOCYBaHHHI.

CTBOpEHHS CNIEKTPUYHUX MOJENIeH Ta MPOBEJCHHS aHAIi3y iX poOOTH — Ha
OCHOBI OTPUMaHMX JaHUX OYyJ0 PO3pOOJIEHO MaTeMaTH4yHI Ta CXEMOTEXHIYHI
MOJIEI, SIK1 JJaJIK 3MOT'Y OIIIHUTH (PYHKIIIOHAJIbHI XapaKTEePUCTUKU JOCITIKYBaHUX

CUCTEM Ta IIPOTHO3YBATH IXHIO €(PEKTUBHICTb.
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ExcnepuMeHTallbHEe JOCIKEHHS IUIIXOM PO3POOKU TOCTIAHUX 3pa3KiB —
CTBOPEHO Ta BHUMPOOYBAaHO MPOTOTHUIH CHUCTEMH, IO JAJ0 3MOTY TEPEBIPUTH

BIJIMOBIAHICTh TEOPETUYHUX PO3PaXyHKIB peaIbHUM YMOBaM €KCILTyaTalli.

Onrtumizailiss mapaMeTpiB — Ha OCHOBI OTPUMaHUX pe3yJbTaTiB OyIjo

BJIOCKOHAJICHO MOJIEJIi, BHECEHO 3MIHHU Y CTPYKTYpPY Ta MPUHIUIHA POOOTH.

HaykoBa HOBH3HA OTPUMAHUX Pe3yJIbTATIB:

HaykoBa HOBM3HA nucepTallii mojsirae B po3poOili HOBUX METO/IIB TOOYI0BU
BHCOKOBOJIFTHUX HIMPOKOCMYTOBUX BHUMIPIOBAIBHUX ITiJICHITIOBAYiB, IO JAIOTh

3MOT'Y OTPUMAaTH BUCOKY BUX1JIHY HANpYTy MPH MIKUPOKIii cMy31 4acTOT.

Brnepiie oTpumaHo aHaNITUYHI CITIBBITHOIICHHS 3a0€3MEUeHHS ONTUMAITLHOT
poOOTH KacKaJIiB IiICHIIIOBAaYiB, 1110 OMIUCYIOTh PO3MOILT KOSPIIIEHTIB MiACUICHHS

Ta MapaMeTpu 3BOPOTHUX 3B’ A3KIB JIsl 000X MOJIeNIeH KacKaJHUX MiJCUIIOBAYiB:

— BCTAHOBJICHO MOKJIMBICTh TMOJBOEHHS HANpPyTrd KAacKajiB IiJICHIIOBAYiB
IIJISTXOM 3aCTOCYBaHHS CJTiIKYFOUOTO JKUBIICHHS;

— BCTAHOBJICHO 3aKOHOMIPHICTh pO3TalllyBaHHS 1 3HAa4y€Hb KOEQIIIEHTIB
migcuieHHss  okpemmx  OIl  HeiHBepTylo4woro  0GaraTOKackKaIHOTO
BHCOKOBOJIBTHOTO MTiJICHITIOBAYA;

— BCTAHOBJICHO 3aKOHOMIPHICTh CIHIBBIIHOIIEHL PE3UCTOPIB 3BOPOTHOTO
3B’s3ky s okpemux OIl  GaraTokackagHOTO  HEIHBEPTYIOUOTO
BHCOKOBOJITHOTO MIMPOKOCMYTOBOTO BHUMIPIOBAIBHOTO ITiICHIIOBa4Ya 3
HE3aJIeKHUMU 3BOPOTHUMHU 3B’ SI3KAMH,

— BCTAHOBJICHO 3aKOHOMIPHICTh pO3TalllyBaHHS 1 3HaueHb KOEQIIiEHTIB
migcuineHHss  okpemux — OIl  iHBepTyrouoro  GaraTOKacKaJIHOTO

BHCOKOBOJIBTHOI'O HiI[CI/IJHOBa‘-Ia;

16



YIOCKOHAJIEHHSI BUCOKOBOJIbTHUX IIMPOKOCMYTOBUX KACKAJIHUX BUMIPIOBAJIbHUX MIACUIIOBAUIB JIJIs1 IIPUCTPOIB
BIATBOPEHHS OJIMHULII HAITPYTH 3MIHHOT'O CTPYMY PAJIOYACTOTHOI'O AIATTA3OHY

— BCTAHOBJICHO 3aKOHOMIPHICTh CIHIBBIJHOIIEHb PE3UCTOPIB 3BOPOTHOTO
3B’A3Ky JIs1  0araTokacKaJHOTO  I1HBEPTYIOYOTO  BHCOKOBOJBTHOTO
HIMPOKOCMYTOBOI'O  BHUMIPIOBAJBLHOTO  MIJCHIIIOBAYa 3  HE3aJICKHUMHU

3BOPOTHHMMHU 3B ’SI3KaMH.

3anporoOHOBAHO OPUTIHAJILHY CXEMOTEXHIUHY peai3ailito 0araTokackaaHoro
MiJICHIIIOBaYa Ta TEXHIYHE PIIMIEHHS pPO3MIMPEHHS AMHAMIYHOTO Jiara3oHy
HiICUIIIOBaya, SIKe MOJIArae B 3aCTOCYBaHHI JOAATKOBUX TPAH3UCTOPHUX KaCKaIiB
KEepPYBaHHsI )KUBJICHHSM, 1110 3HAUHO PO3IINPIOE MOXKIUBOCTI BIATBOPEHHS OMHHUII

HaAIpPyTru 3MIHHOTO CTpyMYy, 3axuIieHo natenToMm (Ne 152343 Big 11.01.2023).

I[IpakT4yHe 3HAYeHHS] OTPMMAHMX Pe3yJIbTATIB:

Pesynpratn mucepramiitHoi poboTH Oynu 3acTOCOBaHI Il MOJEpHI3arii
0JIOKIB MIUPOKOCMYTOBUX BUCOKOBOJIBTHHX T1CHITFOBAYiB BUX1THOTO BIHCHKOBOTO

eTajoHy Hanpyru 3miHHorO cTpymy BBETY 08-07-01-09.

[IpakTHYHUM pe3yibTaTOM JUCEPTAIIHOT POOOTH € PO3po0JeHI OJIOKH
nigcutoBadiB  1000B-100KT'm ta 30B-30MI'm, siki BOpOBaKEHO 3TiAHO 13
3amMoBJIeHHS MiHicTepcTBa 000pOHU Il METPOJIOTIYHOTO HEHTPY BIHCHKOBUX

etanoniB (MIIBE).

Oco0ucTnii BHeCOK 3100yBaya.

JlucepTaliis € 3aBepILICHOI0 HAYKOBOIO Mpalieto aBTopa. OCHOBHI HAYKOBI 171€1,
pe3yJIbTaTH TEOPETHUUYHHMX Ta EKCIEPUMEHTAIbHUX JOCIIIKEHb po3pobJieHl i

chopMyITLOBaHI aBTOPOM OCOOHUCTO.
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Hapeneno ananmiz miaxoiiB Ta pillieHb, 10 OYJM 3aCTOCOBaHI IiJ 4ac

MIPOBEJEHHS TOCITIIKSHHS.

Y mpoueci poOOTH BU3HAYEHO ONTHUMANIbHI IMapaMETpU CHUJIOBOI YaCTHHH
IICHJIIOBAYIB, JOCIIIKEHO OCOOJMBOCTI IX TEIJIOBOI cTaOumi3alli, 3a0e3meueHo
ONTHMAJIbHY KOHCTPYKIIIO, a TaKOX pPO3POOJCHO METOAM PO3IMIUPCHHS

JUHAMIYHOTO Jliala30Hy MiJICUITIOBAY1B.

Anpobauis pe3yJbTaTiB AHCepTALil.

OCHOBHI MOJIOKEHHS Ta OTPUMaH1 HayKOB1 pe3yJIbTaTH, 110 BUKJIAJEHI B 111
JUCepTaIlii, MPOWILIN anpobaiiro B Mexax MIiKHApOJAHOI HAyKOBO-TEXHIYHOI

koHbepentii «latunku, npuiaau ta cuctemu — 2024» 30 tpaBs 2024 poky.

PesynbTaTy BUMipIOBaHb, 110 OYJIU 3MIMCHEHI 32 IOMTOMOTOI0 MOJICPHI30BAaHUX
OJIOKIB MiJICHJIIOBAYiB, OyJIM pPO3MVIAHYTI Ha 3aciJaHHI HAyKOBO-TEXHIYHOI paju
MIIBE 3C VYkpainu (mpotokosn Ne3 Bimg 28.02.2025) Ta BU3HaHI TaKUMH, IO
HiATBEP/KYIOTh BUCOKY CTAaOlIBHICTH BIATBOPEHHS OJMHHII HANPYTH 3MIHHOTO
ctpyMmy B niama3oni Hanpyr Big 0.1B mo 30B B wactoTHOMY miamna3osi Big 0 g0

100k 1.
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PO31JI 1. [TizcunroBaydi BUCOKOI HAMPYTH B €TajloOHAX 3MIHHOTO CTPYMY

PanioyacTOTHOIO Jlana3oHy

1.1.  Ornsin MeTo/iB MOOYAOBU €TANIOHIB HAIIPYTHU 3MIHHOTO CTPYMY

Cranaapt ais Hanpyru 3MiHHOTO cTpyMy (AC) € 0cOOJIMBO CKIIAIHUM Yepe3
BIJICYTHICTb ¢i3uyHOrO  SABUINA,  SIKE 6e3nocepeHbOo BIJITBOPIOE
cepenubokBagpatuuie (RMS) 3nauennss wampyru. CepeaHbOKBaJpaTUUHE
3HAaYEHHS PO3YMIETHCSA SIK KBaIpaTHUN KOPIHb 13 yCEPEAHEHOT0 3a 4aCOM KBajpaTa
MUTTEBHUX 3HaueHb Hanpyru. RMS (cepenHbokBanpaTnyHe 3HaYSHHS) € HAaHOIbIIT
NOBHUM Ta 1H(GOPMATUBHUM TIOKa3HUKOM 3MIHHOI Hamnpyru. KamiOpyBaHHS
MOKa3aHb BOJIFTMETPA /10 CEPEAHBbOKBAIPATHUHUX 3HAYEHBb € CTAHIAPTOM, KUl
(dhopMaabHO BCTAHOBJICHUH B O(ILIMHUX HOPMATUBHUX JOKyMeHTax. OTxe, KOJIH
HaeTbcss mpo KamOpyBaHHS Halpyrd 3MIHHOTO CTPyMY, MAeThCsl Ha yBasi

KaJliOpyBaHHS came JI0 CepeIHbOKBAIPATUYHOTO 3HAUCHHS.

IcHye Kinbka METOJIB TOYHOTO BHUMIPIOBAHHS HAINPYTH 3MIHHOTO CTPYMY.
[epmnii miaxia BKItOYae BUOIPKY CUTHANY, (PiKCaIil0 MUTTEBUX 3HAUEHB, TOTIM iX

1MppoBy 00pOOKY Ta BUKOHAHHSI OOUYUCIIEHb Ha OCHOB1 (POPMYJIH.

15+

Uw:% £ ‘u(t)dt

; (1.1)

OcTaHHIM YacoM Liel METOJ 3HaYHO BJOCKOHAIMUBCS, HABITh Y KOMEPIIIHUX
npuctposix, Takux sk HP3458A (Hewlett-Packard, CIIA), ne moxuOka He

nepesuiye 0,01% B mianazoni yactot g0 1kI.

[HmMit MeTox, 1eaqbHUM JJIi CUTHANIB, SIKI € YUCTO TapMOHIMHUMH a0o
MaloTh YiTKO BU3HAYCHY (opMy, Iiepe0oavae BUMIPIOBAHHS aMILUTITYAN CUTHAITY Ta
IIEPETBOPEHHS 11 HAa WOTO CEpPEeIHbOKBAApATUYHE 3HAaYeHHA. Ll Meromuka

BUKOPDUCTOBYEThCSI B  KOMIIGHCAIIMHUX  BOJBTMETpaxX, SKI OOYHCIIOIOTH
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CepeIHbOKBAAPATUYHE 3HAUCHHS 32 (POPMYJIOIO 32 MPUITYIIICHHSIM, 1110 HAlpyTa Mae

CUHYCOIJaJIbHUN XapaKTep.

U =—U . (1.2)

TpeTiit miaxix 10 BUMIPIOBAHHS BEJIWYUHU MOJIATAE Y MOPIBHSIHHI TEIJIOBOL
eHeprii (IOTYXHOCT1), IO TEHEPYETbCS, KOJIM BiJOMa IMOTOYHA HAmpyra Ta
BEIMYUMHA, KA BUMIPIOETHCS, MOMAIOThCI Ha TepmorieperBoproBad. [lepmri nBa
METO/I1, X04a i BUKOPUCTOBYIOThCS, MAIOTh MIEBHI OOMEXEHHS Ta BIOMI JKepesa
NOXHOOK, sIKI OOMEXYITh I1X TOYHICTh 1 3aCTOCOBHICTh Yy CTaHAApPTHHUX

1HCTpyMEHTax BUMiproBaHHs [1].

OTxe, BIATBOPEHHS HANpPyru 3MIHHOTO CTpyMy Iiependadae mnepenady
OJIMHHUII HANpyTH nocTiiiHoTO cTpyMy (DC) 32 10MOMOT010 TETIOBOTO IMOPIBHSIHHS

Ha OCHOB1 OJTHAKOBUX TEIIJIOBUX €(EKTIB.

Tox, He 3armuOMIOIOYNCh Yy JAeTali, BaKJIMBO HAroJOCUTH, IO METOJ
TEIUIOBOTO TOPIBHAHHS CTaB HaWOUIBII MEPEeBaXHUM Ui TOYHHUX BUMIPIOBAHb
OyIb-SIKMX THWIIIB MapaMeTpiB IHTEHCUBHOCTI BHUIIpOMiHIOBaHHS. lLleit meron
BIJINOBIAA€ MPUHIMIY 30€pEeKEHHs EHeprii, rapaHTyr4H, II0 TMICIs IMOBHOIO
MOTJIMHAHHSA TOTYKHOCT1 BUPOOJIIETHCS OJTHAKOBA KUIBKICTh TEILIA, HE3AJIEKHO BiJT
TUIy @00 YaCTOTH BUIMPOMIHIOBaHHS. TyT €Heprisi SMIHHOT'O CTPYyMY IOPIBHIOETHCS
3 EHEpri€l0 TMOCTIMHOTO CTPyMy, BCTAaHOBIIOIOYHM €IMHUNA CTaHAApT JJIs
BHUMIPIOBAHHS HAIPYTH, CTPYMy Ta MOTYXHOCTI Ha Pi3HUX yacTtoTax. OIuHHII
HaNpyry MOCTIMHOTO CTPyMy y CBOIO 4epry Oasyerbesi Ha (DyHIaMEHTaIbHHUX

KOHCTaHTax 1 BIATBOPIOETHCS 3a JtoroMororo edekty Jxozedcona [2-3].

CriekTp 4acTOT /17151 BCTAHOBJICHHSI OIMHUYHUX CTaHJapTiB HAIIPYT'H 3MIHHOTO
CTPyMy KOJIUBA€ThCS BiA oAHOro repua g0 2-3 I'T'h, a BuMiproBaHHS MOTYXHOCTI
BUXOJTh 32 MEXI IMX 4YacToT. He3Bakaroum Ha Te, 10 METOJ TEIJIOBOTO

KOMITapyBaHHSI 3aCTOCOBYETHCSI B yChOMY Jlala3oHl 4acTOT, BUKOPUCTOBYBaHE



YIOCKOHAJIEHHSI BUCOKOBOJIbTHUX IIMPOKOCMYTOBUX KACKAJIHUX BUMIPIOBAJIbHUX MIACUIIOBAUIB JIJIs1 IIPUCTPOIB
BIATBOPEHHS OJIMHULII HAITPYTH 3MIHHOT'O CTPYMY PAJIOYACTOTHOI'O AIATTA3OHY

00J1aTHaHHS 3HAYHO BIIPI3HAETHCS B PI3HUX IMijjaiana30Hax.

MeTtog
TENN0BOro
KOMMNapyBaHHSA
Y A 4 Y
BaratoenemeHTHUI OpHoenemeHTHUM Tepmopesuctopm
100kI 11 100K '1-30MI 11 30MI'-1IT

Gonometp [¢

Tepmictop |«

Pe3nctop |g

Pucynoxk 1.1. Knacudikarrist e1eMeHTIB METOAY TEIJIOBOTO KOMITApyBaHHS

[].

st wactot mpubamzno a0 100 xI'ip ctangapTHUMH € OaratoeIeMeHTHI
TEepMOIIapH, TOAl SK Ha YacToTrax mpubiau3Ho a0 30 MI'1 Haiikpamii pe3ynbpTaTtu
JOCATAIOTHCS 3@ JOMOMOTOI0 OJHOEJIEMEHTHUX BaKyyMHHUX O€3KOHTAaKTHUX
tepmonap. [lonan 30 MI'11 3a3BU4aii BUKOPUCTOBYIOTHCS TEPMiUHI PE3UCTOPH, TaKi
K OOJOMETPH Ta TEPMICTOPH, SIKI 3MIHIOIOTh CBIM EJICKTPUYHUN OMip Mij Yac
HarpiBaHHA. Y pajioyacTOTHOMY Jiama3oHl OJUH 13 METOoj Inependadae
BUKOPHUCTaHHA OE€3PEaKTUBHOTO PE3WCTOpa SK HABAHTAKEHHS MJISl TETIOBOTO
MOPIBHSIHHA, a IHIIMI BapiaHT OOYMCIIOE PaioyacTOTHY HAMPYTy 3 BUMIPSHOI

Pani04acTOTHOI MOTYKHOCTI MPU BITOMOMY 1IMIT€JAHCI.

Ha pucynky 1.2 300pakeHo kiacuikailito BUMIPIOBAIBHUX €JIEMEHTIB Mij

pI3HI Jiana30HHU YacToT.
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U,B  Bacamoenemenmui  Odnoenemenmui Tepmopesucmophi
1000 4 __ < « >
-
1oo——— / 7
30}-- Z
3 —_—

10 Iy, 100 Ky, 1 Mrly 30 Mrl'y, 100 MTy, 1000 Mry f

Pucynox 1.2. YacToTHUi 1 TMHAMIYHH J11alTa30HA €TAIOHIB 3MIHHOT

Hanpyru [1].

CTpyKTypHYy CXeMy €TaJOHy B ILIbOMY KOHTEKCTI MOXHA 300pa3utu
CIPOIICHO, K MOoKa3aHo Ha puc. 1.3. TyT mociiioBHO BUMIPIOIOTH 3MIHHY Ta
NOCTifiHYy Hampyru 3a JIOMOMOTOI0  €TaJlOHHOTO  TEpMOIEPETBOPIOBAYa,

XapaKTEPUCTHUKH SIKOTO MOXKHA BU3HAYUTHU (BUMIPSITH) 3 HEOOX1AHOIO TOUHICTIO.

NE

/. TN
) E
i o Ta/loOHHe
BucokoctabinbHe ETaNOHHMI TepMO-
)Kepeno
.p,mepeno nepeTsoptosBay pj, p
3MiHHOrO CTpymy NOCTIMHOT Hanpyru
BumiproBay -
Bumiptosau
/ Tepmo-EPC o
Tennosumn NOCTINHOI Hanpyru
KomnapaTop

Pucynok 1.3. CTpykTypHa cxema eTaJoHa Halpyru.

V pasi nojaui Ha BXiJl TEPMOEIEKTPUYHOTO MTEPETBOPIOBaYa 3MIHHOI HAIIPYTH

U ~ dikcyerbest tepmo-EPC E' Ha iioro Buxoai, nponopuiiina U’ . IToriM Ha
Bxin TII noxaerbes noctiiina Hanpyra U_ 1 perymoeTbes 11 piBeHb 10 OJepIKaHHSI

tepmo-EPC Ha BUXO/Ii TepMOEIEKTPUYHOTO nepeTBoproBaya, pisHoi £ . Toni U,
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=U_ Tepmo-EPC E i nanpyra U, BUMIPIOEThCS, K PABUIIO, KOMIICHCAI[IHHIM

METOJIOM 32 JJOMIOMOTO BIJIMOBIAHUX MPUCTPOIB, 1110 BXOAATH J0 CKJIay €TaJIOHA.

VY mporeci CTBOpEHHS €TaJOHIB 3MIHHOI HANpyrd BUKOPHUCTOBYIOTHCS abo
BUMIPIOBAJIbHI TeHepaTopu (3 MiJCHIIOBaYeM B pasi moTpedu), abo creriaabHi

BUCOKOTOYHI IMPUCTPOI, BIJIOMI SIK €TaJIOHU HarpyTu abo kaimbparopu.

HesBaxkatoun Ha BIAMIHHOCTI Yy peami3amii B pI3HMX KpaiHax,
byHIaMeHTaNbHUN KpUTEPid ISl IbOTO MPUCTPOIO 3aTHUILIAETHCS HE3MIHHUM: BiH
Ma€ JIEMOHCTPYBaTH MiHIMaJbHY PO30DLKHICTh y TEPETBOPEHHI MOCTIMHOI Ta

3MIHHOI HAalPyTH B TEIUIOBY €HEPTiIO.

OCHOBHHM €JIEMEHTOM IEPETBOPIOBaYA HUYKIOT YACTOTH € OaraToeIeMeHTHUH
TEPMOCJICKTPUYHUN TIEPETBOPIOBAY 13 TMOBITPSHUM 3a3opoMm (puc. 1.4), saxuit
CKJIQIA€THCS 3 TEPMOIAPHOI YCTAHOBKH. Y Il KOHCTPYKIIi JACCSITKH XPOMEIb-
KOIEJIbHUX TEpMOIIap IOCIIOBHO 3’€JHaHI Ta PIBHOMIPHO pO3MOJJICHI Ha
HIXpPOMOBOMY CTPIYKOBOMY HarpiBadi.

N
- E=YE s+
i=1

Eq E; En

[
A
o
kA
\J/
[

Harpisay

Pucynoxk 1.4. KoHCTpyKIlis 6araToeieMeHTHOTO TepMoIiepeTBoproBaya [1].

KitodoBi TexHIYHI 0COOJMBOCTI BHKOPHUCTAHHS JIOJATKOBOTO pE3UCTOpa
noTpeOyIOTh HAsIBHOCTI B HHOTO BUHSATKOBO HU3BKOTO PEAKTHBHOTO OMOPY (IS

3MEHILIEHHS YaCTOTHUX MOXMOOK) 1 TOYHY CTaITy BEIUYUHY.

JUis Hanpyr, o NepeBUILyOTh 3 B, mogaTkoBuil pe3nCcTOp BMUKAETHCS

nociiaoBHO 3 HarpiBaueM TII.

23



YIOCKOHAJIEHHSI BUCOKOBOJIbTHUX IIMPOKOCMYTOBUX KACKAJIHUX BUMIPIOBAJIbHUX MIACUIIOBAUIB JIJIs1 IIPUCTPOIB
BIATBOPEHHS OJIMHULII HAITPYTH 3MIHHOT'O CTPYMY PAJIOYACTOTHOI'O AIATTA3OHY

Kineka mixHapomHux kommadid, 30kpema «Holty 1 «Fluke» 31 CIIA,
po3po0mian  yHI(DIKOBAHUN OJHOCIEMEHTHHA E€TAJOHHUNA TEPMOCTECKTPUIHUI
MEePETBOPIOBAY, SIKUW OXOIUTIOE Jiama3oH 4yacToT 10 30 MI'1, mo MicTUTh KiJibKa
nonatkoBux pesuctopiB [5]. Hanpuknan, Fluke 792A TtepmoenekTpuaHuit
NEepPEeTBOPIOBAY, BU3HAHUI y BCHOMY CBITI SK OJ[HA 3 KpaluX Mojejei, 00’ eanye
OJIMH TEPMOCTEKTPUYHUN TepeTBOpIOBaY 1 OaraTo3HayHUN TMEepeMuKad il
JOIATKOBUX PE3UCTOPIB  ab0 MIJACWIIIOBAYIB ISl TOKPUTTS HEOOX1THOTO

JTUHAMIYHOTO Jiana3oHy [6].

VY uimenpkoMmy crtannapti RTV koxxeH mijajiama3oH Hampyrd OCHAILCHHM
CreIiaJbHUM TEPMOTIEPETBOPIOBAYEM 1 TOJATKOBUM PE3UCTOPOM, SIKUI KOMIIEHCYE

KOJIMBaHHS 4acToTH [7-8].

OCHOBHUMH JKEpelaMu TOXMOOK IMpU TeHEepPyBaHHI 3MIHHOI HAmnpyrd B
eTaJIoHaX, IO 3YMOBJIIOIOTH HEOOXITHICTh BUKOPHCTAHHS TEPMOEIEKTPUYHOTO

epeTBOpPIOBaYa, €:

— mnoxuOKa TEMJIOBOrO0 MEPETBOPEHHS, fKa € CHUCTEMATHUYHOI MOXHUOKOIO
Nepexo.1y B MOCTIMHOI A0 3MIHHOT HAPYTH;

— TmoXuOKa BHUMIPIOBAHHS HAMNpPYTH IOCTIMHOTO CTPyMy, SIKa 3MIHIOETHCS
3aJIe)KHO BIJ] TEXHIYHOTO OOJaJHAHHS Ta BHUKOPHUCTOBYBAaHUX METO/IB
BUMIPIOBaHHS (CHCTEMaTUYHA);

— mnoxuOKa TOPIBHSIHHA, W0 TMependadyae BHU3HAYEHHSI EKBIBAJEHTHOCTI
tepmo-EPC  mim dac mojadyi Ha TEPMOCIEKTPHUYHUN TEPEeTBOPIOBAY
MOCTIMHOI Ta 3MIHHOI HaNpyTH (BUITAIKOBA).

Haii611b111 ICTOTHOO 3 HUX € TOXHOKA TETIOBOTO MIEPETBOPEHHS, SIKa CKIIATAETHCS
3 IBOX YaCTHH:

— mnoxubka acumeTpii, mo € pesyapbraroM edektiB Tomcona Tta IlenbThe 1
MOB'sI3aHa 3 MOJIIPHICTIO MOCTIHHOTO CTPYMY B HarpiBaui,

— YacTOTHA MOXUOKa, CIIPUYMHEHA PEAKTUBHUMHU KOMIIOHEHTAMH OIOpY Ta

noBepxHEeBUM eekToM y KoHcTpykiii TII.
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[ToxnbKky BUMIpIOBaHHS Ta MOPIBHAHHSA, MOB’sI3aH1 3 MOCTIMHOIO HANPYToOlO,
K TIPaBWJIO, HWXKYi, HDK TOXHOKMA TEIJIOBOTO TIEPETBOPEHHS, 1 Jail He
posrasaatoThes. [loxuOka acuMmerpii, 10 BUHHMKA€ BHACHIAOK HEPIBHOMIPHOTO
PO3IOTY TEMIIEpaTypH B3J0BXK HarpiBada B peKUMax MOCTIMHOTO Ta 3MIHHOTO
CTpyMy Ta HE3aJeKHO BiJ YaCTOTH 3MIHHOTO CTPyMY, MOXKe OyTH MiHIMI30BaHa 3a
JIOTIOMOT 00 PI3HUX MiAX0/1B. [[0 HUX HajekaTh KOHCTPYKTOPCHKI Ta TEXHOJIOTTYH1
pilIeHHs, Takl sK BUOIp ONTHMAJIBLHOIO MaTepially HarpiBaya, BUKOPHUCTaHHS
NpOAYyMaHOi TreoMeTpii KOHCTPYKIii ab0 BHUKOPUCTAaHHS OararoeleMeHTHOTrO
TEPMOEJIEKTPUYHOTO MEPETBOPIOBAaYa, a TAKOX METOJOJIOTIUHI MiAXOIU, TaKi K
BUMIPIOBAHHSA 13 3aAIsTHHSM JBOMOJISIPHOT HAMpyrd MOCTIHHOTO CTpyMy Ta

yCepeHEHHS pe3yJIbTaTiB.

YactotHy 1OXMOKYy  yCyBalOTh 32  JONOMOIOI0  O€3KOHTaKTHOTO

TepMmonieperBoproBada TBB i momarkoBoro pesmcropa R, y meperBoproBadi Juis

mianazony 0,1-30 MI'u. 3 ypaxyBaHHSM BIUIMBY ITOBEPXHEBOTO €()EKTy 4acTOTHA

moxnOKa mMae BUTJIAA:

‘sx

= —X L ]3
“ R,+R, R (49

ne Z, — TOBHHUH BXiJHUH OMip MEepeTBOpIOBada Ha 3MIHHOMY CTpyMi; Ru i Rw —
BIJIMOBIAHO OIIp HarpiBaya MOCTIMHOMY 1 3MIHHOMY CTpyMy; Rn —  omip

JI0JIATKOBOT'O PE3UCTOPA HA MOCTIMHOMY CTPYMI.

3HaueHHs PIBHOMIPHO PO3MOALIEHOT IHAYKTUBHOCTI 1 EMHOCTI OOUUCIIOIOTHCA

3a hopmysIamMu:

L:4.6><10_7><,u><lr><10g10§ : (1.5)
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24x 107"
C:O’ 4x10 ngxlr ' (1.6)

log, —
g d

D - BuyTpimmiii giaMeTp 30BHIMIHBOrO Iytinapa [M]; d — giamerp pe3ucropa

[m]; [ - moBxuHa pe3ucropa [M]; & - AieTeKTPHYHA IPOHUKHICTD CEPEIOBHIIIA.

[Ipn mnpoexkTyBaHHI NEPETBOPIOBAYIB OCHOBHOIO METOI0 € MiHIMi3alis
3IMIIKOBUX PEAKTUBHUX OIOPIB YCIX KOMIIOHEHTIB 1 €()eKTIB IMOBEPXHEBUX
B3aeMo/ii. Ile BuMarae mpudHSATTS KoakciaJibHOI KOH(Irypalii s onTumMizaii
KOHCTPYKIIii. Ik mpaBuiio, mepeBaxaroyoro (hOPMOIO PEaKTUBHOTO OTIOPY € EMHICTh

C,, mo icHye MiXx HarpiBadyeMm i iioro kopmycom (puc. 1.5).

”T R,
¢+ [

Cu

Pucynok 1.5. Crpoiena exBiBaneHnTHa cxema TI1

[{ro eMHICTh MOKHA BUMIPIOBATH 1 OOYUCIUTH TOCTIMHY Yacy HarpiBaua s

BpaxyBaHHs Ta KommeHcanil yactotHoi noxubku: 7, = C R . IIpu npoMy 4acToTHa

MOX1OKa BU3HAYAETHCS TAKUM PIBHSIHHSIM:

5 :(mﬂj . (1.7)

Jlami Ha JBOX MeEKax HaNpyrd BUMIPIOIOTh 3HAYEHHS HANpyru M

omepxytote U, ta U_,. 3 ormsgy Ha Te, 1m0 MOXHOKY O,, BXKE BPaxoBaHO B
pesynbrati BuMmiproBanHs U ,, TO BiHOCHE 3HAa4YeHHS MOXUOKH O, , MOXKHA

PO3paxyBaT TAKUM YHNHOM!
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5, :%XIOO%. (1.8)

~1

Tumnosi 3HauEHHS METPOJIOTIUHUX XAPAKTEPUCTHUK €TAJIOHIB JJIs Jlama3zoHy

gacToT 20 ' — 30 MI';

— Jliama3on BumipioBans [B]: 0,1...10
— Mianason nepexaadi [B]: 0...1000
— HCII (6, ): 11107 ...310*

— CKB(S,): 510°...5:107

Hocmimxennss [9] 3acBiq4yrOTh, IO YaCTOTHA CHUCTEMAaTHYHA IOXHOKa
TEPMOTICPETBOPIOBAYIB HA  TEPMOPE3WCTOpaxX, IIOB's3aHa 3  HAsABHICTIO

peakTuBHOCTEH, cTaHOBUTH Bia 0,4 % Ha yactoti 400 MI't 1o 8,9 % Ha yacToTi

1500 MI' (puc. 1.6 ).

A, %

0 I T T >
500 1000 1500 f, MI'y

Pucynox 1.6. HactoTHa moxubka TepMoniepeTBOpIOBada

J1s1 3MEeHIIeHHS 11i€1 TOXUOKH 11 BU3HAYAIOTh 3a MapaMeTpaMy €KBIBAJICHTHOL

CXCMH.

Rr L
ff—;{——f\m——%

Pucynok 1.7. ExBiBasieHTHa MOBHA CX€Ma BUCOKOYAaCTOTHOTO
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TEPMOEJIEKTPUYHOTO TTepeTBOproBaya [ 1]

Ha 3HaueHHs 1HAYKTMBHOCTI BIUTMBA€ OBXXHMHA 3’€IHAHb, 10 CHOJIYYalOTh
KOMITOHEHTH 3 PO3’€MOM 1 KJIeMaM# TepMOIEPETBOPIOBAYA, TO/1 SIK BIIACHA EMHICTb
CXEMHU 3aJIe)KUTh BiJ 1i KOHCTPYKIIi. €MHICTh MOXKHA OI[IHUTH 3a JOTIOMOTOIO
METONly, SKHMH Tiependavae 3MiHYy aKTUBHOTO OMOpy OojloMeTpa LUISIXOM

peryitoBaHHs poboyoro onopy R mocrta nocTiiiHoro crpymy.

1
X=oL-—. 1.9
oC (1.9)

Bu3HauMBIIM CKIAI0BI iHIYKTHBHOCTI MPOBIAHUKIB [ Ta 3aranbHOl €eMHOCTI
KoHCTpYKIii C', 4acCTOTHY BiJICOTKOBY ITOXMOKY MOYKHA BH3HAYUTH 32 PIBHIHHSIM:
XZ
A =| |[—+1-1|x100%. (1.10)
0 R

T

Po3risiHeMo KOHCTPYKIIIO TEpeTBOpIOBava, SKUW BUKOPUCTOBYETHCS B
CTaHJapTi €TaJIOHA BUCOKOYACTOTHOI Hanpyru Ykpainu [35]. OCHOBHHM aclIEeKTOM
KOHCTPYKI[li TEPMOEJIEKTPUYHOIO TIEPETBOPIOBAYA € MEPETBOPEHHS €JIECKTPUUHOI
€HEprii B TEIJIOBY, IO JOCATAETHCA 32 PaXyHOK BUKOPUCTAHHS O€31HIYKTUBHOTO
pesuctopa (30kpema Oe3kopmycHoro SMD-pesuctopa). 3 00Ky, MPOTHIICKHOTO
PE3UCTUBHOMY IIapy, MPUKPIIIIEHUH TepMope3ucTop. Lleit TepmicTop nepeTBoproe

TETIJIOBY €HEPTII0 Ha3a/1 B €JIEKTPUYHY, 3MIHIOIOUHN BIACHUHN eeKTpudIHuit omip [1].
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Pucynox 1.8. ExBiBanenTHa cxema mia exnanns TIT [1].

R, — HaBaHTaxXyBaJbHHH pe3ucTop; L — mapasuTHa iHIYKTUBHICTH
pesuctopa; C, — mapa3uTHa EMHICTb, [0 XapaKTEPU3y€e SICKTPHUHHIN 3B'SI30K MK

pesuctopoMm R, i repmictopom R, (C,= 0,02 nd)

Cnij 3ayBakUTH, IO Mapa3uTHI €MHOCTI, sIKI PO3TaIllOBaHl K MIX MMHAMU
pe3ucTopa, Tak 1 MK MIHAMH Ta KOPIIYCOM, HE BIUIMBAIOTh ICTOTHO Ha YacCTOTHI
XapaKTepUCTHKHU TepMoIepeTBopioBaya. Lle Tomy, 1110 yepe3 HUX HE MPOXOIUTH Hi
3MIHHMM, H1 TOCTIMHUH CTpyM, SKI CIYTYIOTh JJid HarpiBaHHS pPe3ucCTOpa.
HaTtomicTh 111 €MHOCTI JIUIIE CTBOPIOIOTH JAOJATKOBE HABAHTAXKEHHS Ha JXKEPEIo
curHainy. OTKe, BUKIIOYHOK NPUYUHOIO CIIOTBOPEHHS YacCTOTH € BIACHUM
peaktuBHUI omip (1HAYKTHBHICTH L) pe3mcropa HaBaHTakeHHsA. ExBiBameHTHa

cXeMa IMpeJCTaBIeHa, K MoKa3aHo Ha puc. 1.9 [9].
R L
U —>
&——— U.  ——
Pucynox 1.9. ExBiBasieHTHa cxema pe3ucTopa HaBaHTAKCHHS

Pozrasaemo YaCTOTHY HOXI/I6Ky ObOTO TCPMOCIICKTPUYIHOI'O IICPCTBOPIOBAIaA,

BPaxoBYIOUH, II0 TEPMOEJIEKTPUUYHMI TMEPETBOPIOBAY pearye Ha MOTYXHICTbH
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CUTHaIy. 3HA4YeHHS MOTYXXHOCTI P B pasi MmojaBaHHs MOCTiIHHOI Hanpyrd £

E2
JOPIBHIOE = B pa3i nonaBanHs BU-nanpyru:

P = . (1.11)

OCKUIBKM TIpH  TEPMOEJIEKTPUYHOMY KOMIAPYBaHHI MH BCTaHOBIIOEMO

PIBHICTB TEIIOBUX TMOTYXKHOCTEH, TO moxuOka 6, 6yne mopisuioBatu [1]:

_IfwLY
@_4(Rj. (1.12)

100 epeKTUBHO 3MEHIITUTH TOXHUOKY 4aCTOTH, BAXKJIUBO BUOPATH PE3UCTOP 13
HalMEHIIMM MOXUIUBMM 3HadeHHsM L. OkpiM Toro, mo6G TOYHO BH3HAYHTH
CTAaHTApTHY MOXHOKY, CIiJ SKAMOCh YMHOM HaOmm3utu 3HaueHHs L. [0
npoOjieMy OyJ0 BUPINIEHO IUIIXOM BHOOPY CIEMiaIbHOTO MIKPOXBHUIBLOBOIO
pesuctopa cepii SMD 6e3 kopIryCy, BUTOTOBJIEHOTO 3 BUKOPHUCTAHHSAM IMITYJILCHOT
texuosorii. Ilpsime BumiproBanHs L y CcXeMi BHSBISETHCS CKIAJHAM 4Yepe3
napa3uTHi MapaMeTpH CXeMH Ta OOMEKEHHS IHCTPYMEHTIB BUMIiproBaHHs. Tomy L
arpOKCUMY€EThCS Ha OCHOBI 1H(opMalii BiJy BUPOOHMKIB, PO3PaXyHKIB
TCOMETPUYHHAX PO3MIpPIB Ta HENMPSIMUX BUMIipiOBaHb. [IOpiBHSHHS 3HaueHb L,
OTPUMAaHUX PI3HUMH METOJIaMHU Ta PO3paxyHKaMH, 3acBiI4ye, 10 HOTO MOKHA
oLiHUTHU K MeHIIe | HI'H, mpruuomy HalOUTBII HA1HI 3HAYEHHS Iepe0yBalOTh BY

Mexax Bix 0,5 mo 0,8 ul'H [9].

Huni B €Bpomi ¢yHKIIIOHYE posragyXeHa CHCTeMa JIep)KaBHHUX
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(HaIlOHAJLHUX) €TaJIOHIB, IO 3a0e3leuy€e BUCOKOTOUYHI BUMIPIOBAaHHS B PI3HUX
rary3siX — BiJ] €IEKTPUYHUX BEIIMYWH J0 METPOJIOTIUYHOT MIATPUMKHU B MEIUITUHI,
aBIaKOCMIYHIN Ta IHIIUX TMEPEAOBUX TEXHOJOTiAX. KoopauHalliio Ta CIHiBIpaIlo
MIXK HaIllOHAJILHUMH MeTposioriunumu iHctutyTamu (HMI) 3npiiicHioe eBpomneiicbka

opranizamiss EURAMET (European Association of National Metrology Institutes).

Kosxna kpaina €Bponu Mae BjaCHUM HAIllOHATLHUA METPOJIOTTYHUHN IHCTUTYT,
SKAA Hece BIAMOBIIAIBHICTE 3a PO3pPOOKY, BIOCKOHAJIEHHS Ta 30epiraHHs

Jiep>KaBHUX eTajoHiB. Hanpukian:

— PTB (Physikalisch-Technische Bundesanstalt, Himeuunna)
— NPL (National Physical Laboratory, Benuka bpuranis)
— LNE (Laboratoire national de métrologie et d’essais, @paHniris)
— METAS (Federal Institute of Metrology METAS, IIBeitnapis)
PTB BUKOPUCTOBYE  €TaJOHM  HA  OCHOBI  BHCOKOCTAOUIbHHUX
TEPMOCJICKTPUYHUX MEPETBOPIOBAUIB, OXOILTIOIYH YaCTOTHHH Miarma3oH Big 10 [y
no 100 MTI'r (i Bume). HeBusnauenocTi Ha piBHi 5-707° (mpu 1 x['m) i go 2:707° (y

niarra3zoHi coreHb MI').

NPL Mae HU3KY TIEpBUHHHUX €TAJIOHIB JIJI1 3MIHHOI HAaNpyTy B Jiana3oHi Bif
JECSITKIB TepI] IO COTEHb MeTarepil, o 0a3yrThCs Ha METO1 TEPMOIIEPETBOPCHHSI
Ta uudpoBiit 00poOI curHanis. TunoBa po3MIMPEeHa HEBU3HAUYEHICTh 3MIHIOETHCS

BiJl 6-/0~° Ha HUXKYMX yacTtoTax A0 3-/0~° y HBU-nianazoHi.

LNE (®panmis), METAS (LlBeiiuapis) Ta iHmi nposigai HMI €ppomu
JEMOHCTPYIOTh CIIIBCTAaBHUM PIBE€Hh HEBU3HAUCHOCTI JJIsI TAKHMX Jl1alla30HIB YaCTOT.
VY xpainax CHJI sk BTOpUHHHMH €TaJIOH 3MIHHOI HANpPYrd BUKOPUCTOBYETHCS
€TaJIOH, IO 0a3yeThCsl HA METOJII TEPMOEIIEKTprUIHOTO KommnapyBanas - PEH-3 (y

miara3oni 30 'y — 2000 MI't, moxubka Big 7-10~° —1.2-107).
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OCHOBHUM BHJOM pPOOOUYMX €TAJIOHIB 1 po3psay € Ai0aH1 KOMIIEHCAIiiH1
BonbT™MeTpu (B3-49, B3-63), BigHOocHa moXWOKa SKUX CTaHOBHUTH BIJ

5107 —1.5107

HepxaBuuii etanon VYkpaimum JETY 09-05-04 mae Taki MeETpOJIOTiYHI

XapaKTEPUCTUKH:

— nmiama3oH yacToT Bijg 30 no 1000 MI'1;

— ngiamaszod Hanpyru Big 0,/ no 3 B;

— BigaocHa HCII Bix 7707 — 2.6-107° (3aJIe’)KHO BiJ] 9aCTOTH);
— BignocHa CKB Bix 2:7077 — 5107,

— poO3IIHMpeHa HEBU3HAYCHICTD BiJl 4707 —3-107°.

i xapakTepUCTUKH BIANOBIJAIOTH CBITOBOMY PIBHIO.
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1.2.

Orsi1 iICHYIOYMX BUCOKOBOJIBTHUX MiCUIIIOBAYiB.

BumiproBanpHi  miJACWIIIOBAYl  MarOTh  CTaHJApPTHU30BaHI  METPOJIOTIYHI
XapaKTEPUCTHKH. IX OCHOBHOI0 (PYHKII€I0 € PO3NIMPEHHS YacTOTHOTO Ta
JMHAMIYHOTO J1alma30HIB JjIi BUMIPIOBAHHS, BIATBOPEHHS Ta Tepesadl OJUHUIlL
3MIHHOI HaIpyTH, 30KpeMa HalllOHAIbHKX, IEPBUHHUX T4 BTOPUHHUX CTAaHIAPTIB,

a TaKoX 0OCIIyroByBaHHs J1abopaTopiil KaaiOpyBaHHS Ta MEPEBIPKH.

Peasizariisi He0OXiAHOTO JWHAMIYHOTO Ta YAaCTOTHOTO Jlala3oHy B Mexkax
OJTHOTO MIiJCHIIIOBa4a HEMOXKJIMBA; TOMY BIJAMOBIAHO 10 JIEP>KaBHUX CTaHIApTIB
JOITyCKAEThCSI CETMEHTAIllsl MPUCTPOiB HA TEBHI YAaCTUHH, YaCTOTH Ta PiBHI
HanpyrH. Y Takux kpaiHax, sik CIIIA, Himeuunna Ta Hinepnanau, oOnagHanHs 11s
KaJmiOpyBaHHS Ta MiJCUJICHHS Ja€ 3MOTy peali3yBaTu piBHI Hampyru 10 1 kB y
cTaHJapTax HU3bKo1 yacToTH. Lli cTanaapTy AiroTh y aianazoni yactot g0 100 k'

st piBHIB 10 100 B 1 po3mmprotorees 10 1 MI'm st neBHUX cnierudikarii.

Y 3actocyHkax, 1€ MOTPIOHO OOpOOJATH BHCOKY HAIpYTy, MEPEBaX)HO
BUKOPUCTOBYIOTH CIEILIaJIbHI BakKyyMHI Jilamnu. Hampuknaa, mijacuiaroBayi,
po3pobieni gy HanpyTu 10 1 kB 1 100 kI 11, BAKOPUCTOBYIOTH BICIM CITEIIATbHAX
JIaMII, KO’KHA 3 IKMX Ma€ TePMIH CIIYKOM MpUOIU3HO TPU MICSIIl Ta KOLITY€E THUCAU1
nonapiB CIIA. Ilina takoro miacwitoBada Moxe csaratu 61u3bpko 30 000 gonapis,
a CIoKHBaHa MOTYXKHICTh nepesuirye 1 kBt. Yactoru, mo nepesuntyors 1 MI',
noTpeOyIOTh OKPEMUX PIIIEHb MIJICUIIEHHS 3 MOXJIMBOCTSMU PO3IMpeHHs 10 30

MTI 1, ane 3 0OMeKeHHSIM PiBHS BUXITHOI HAarpyrH 110 8 B.

HasiBai B Ykpaini kamiOpatopu H4-6 pasom i3 mifcuitoBauaMu HampyTu
3natHi 3a0e3neunTtu Buxiany Hanpyry 700B CK3 y miamazoni wactot g0 10kI'1r 1
500B y mianazoni yactoT A0 20kI'n. binbmr cyuyacHi kamibpatopu H4-7 pazom 13
MIJICUIIIOBaYeM 3/1aTeH TeHepyBaTu Hampyry no 1000B y nmiama3oHi 4acToT 10

50kI 1. ITincumoBay 1o kamioparopa B1-9 3naten dopmyBaTu BUXiHY HAPyTy A0
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1000B y miamazoni yactor g0 100kIw, ame BiH Mae OOMEXKEHHH pecypc
eKCIUTyaTallii, OCKUIbKMA BiH MOOY/JI0BaHUI Ha €IEKTPOHHUX BAaKyyMHHX JIaMIlax 1

IIpHU [IbOMY Mae Bary 49kr.

Amepukancbka kommnaHis Fluke BimomMa y BChOMy CBITI  CBOIMH
KajiOpaTopaMu Ta MiJCHIIOBaYaMHM, a Ha TepeHax konumHboro CPCP nommpeni

npuiaau ectoHckbkoi kommanii Punane RET Ta KpacHomapcekoro 3aBoay PIAILL

Kamioparop B1-29, po3po6aenuii B EcTonii, maTpuMye BUCOKI 4acCTOTH 0
100 MI'11 1 moxke 3abe3neynTy piBeHb BUXIAHOT Hanpyru 10 3 B Ha HaBaHTaXeHHI
50 Owm. IlincumroBaui H4-7 BUpI3HSIOTHCS HaWBUIIMM piBHEM curHaiay 20B B
mianazoni g0 1 MI'n. Kami6parop H5-4 3maren BupoOnstu 30 B Ha 3amanux

yacrtorax 1, 3, 10,301 50 MIm.

B Vxkpaini 2002 poky 0yyio BUgaHO TUMYACOBUM JTO3B1JI Ha BIPOBAKEHHSI
HAIlIOHAJTBHOTO CTaHJAPTy HAMNPYTH 3MIHHOTO CTPYMy 3 BHKOPHUCTAHHSIM
koMIuiekTy oOnagHaHHs Fluke. OcHoBa eranony - tepmokommnapatop Fluke 792,
npoimoB kamOpyBanHa y Dizuko-texHiuHii ciayx61 Himeuunnu (RTV). Oxpim
toro, kamoOparop Fluke 5720A BiamoBinae yKpaiHCbKOMY HalllOHAJIbHOMY
CTaHJapTy, BiATBOprotoun Hanpyry g0 250 B y mianazoni 15 I'm— 50 kI 1 1o 1000
B nnst wactor mo 50 I'm1 1 x['m. Jlns wactotHoro miamazony 1 k' - 100 kI BiH
Moske pocsaraty A0 250 B. MoXIuBOCTI €TanoHy BiNOBIJAI0Th XapaKTePUCTUKAM

Fluke 792 [10].

[IpumiTHO, 1110 KOJTHA METPOJIOTIYHA JabopaTopis B yChOMY CBITi BCe I1I€ HE
peamnizyBaia aiana3od 30 B mpu 0-30 MI'11. Lle#i niana3oH HE OXOILIIOE HABITH HA0IP
nigcunoBadiB Fluke, 3okpema it wotupu momeni 57004, 57254, 52054, 57004-3, y
noegHanHi 3 kamiopatopom Fluke 5720A. lle 3ymoBiisie HarajibHy NoTpedy B
PO3p0o0I1i HOBOI cepii BUMIPIOBAIBHUX MiJCHUIIOBAYiB, SIKI MOKYTh 00OCITyTOBYBaTH
mianazonu 0...30 MI'p 30B Ta 0...100xI'y 1kB. 1l moTpeba € akTyanbHOIO HE

auie s YKpainu, a ¥ i1 CBITOBOT METPOJIOTTYHOT CIIJIBHOTH 3arajioM.
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TpaauiiiHo KOHCTPYKIliS BUMIPIOBAJILHUX IT1JICHIIFOBaUIB OyJia 30CepeKeHa
HABKOJI0O TOYHOTO BUMIPIOBaHHS MaJMX 1 HAJAMAJIUX CHUTHAJIIB, JI€¢ TOJOBHHUM
3aBlaHHSAM OyJ0 BHUpIIIEHHS NHUTaHb YyTiauBocTi. Lli mpoOnemu 3a3BUyYail
00MEXKYIOThCSI PIBHSIMU LIYMY, SIK1 TIOTPEOYIOTh BUCOKHMX KOS(DIII€HTIB I1ICUIICHHSI
Ta, 0 BaXJIMBO, MIATPUMKHU CTAJOI YACTOTHOI XapaKTEPUCTUKH Ta CTaOlIbHOCTI.
OnHak BIATBOpPEHHS Hanpyrd 3MiHHOTO cTpyMy (AC) CTaHOBHUTH CKJIAIHY
npoOJieMy: TPOCKTYBaHHS IM1ICHIIFOBaYIB, 3/IaTHUX 3a0€3MeUyBaTH BUCOKY BUXITHY
HaIpyry B MIUPOKOMY jAiana3oHi 4acToT. [{e moTpedye BIOCKOHANEHHS TEXHOJIOT1i
M1JICUJTIOBAaY1B, 100 MOI0JIaTH TPYAHOIII, TTOB’SI3aH1 31 CTBOPEHHSIM IIPUCTPOIB, SKI
MOKYTh IIATPUMYBATH BUCOKY CTAO1IbHICTh BUMIPIOBaHb, OXOILIIOIOYH MTPU LILOMY

IIMPOKHI J11ala30H XapaKTePUCTUK HANIPYTH Ta YaCTOTH.

Ilepen cTBOpEHHSIM MIACUIIOBAYIB 13 TAKUMH XapaKTEPUCTUKAMU TOCTAIOTh

YUCJICHHI BUMOTH, 30KpeMa:

— BHCOKAa HIBUAKICTh HAPOCTAHHS BUX1JTHOIO CUTHAITY;

— poboTa B peKuMi MiJACHICHHS BEJIMKOTO CUTHAITY;

— TeHEepyBaHHS BIJHOCHO BEJIMKHX CTPYMiB HaBaHTa)KECHHS;

— CTallIbHICTh POOOTH 3 EMHICHUM XapaKTepOM HaBaHTAKCHHS;

— KOPCTKI BUMOTH JI0 KOPOTKO4YacHOi HecTaOupHOCTI: B Aiana3oHi CKB no
0.0015%;

— MiHIMaJbHa TeMIlepaTypHa 3aleXHICTh: BiaxuiaeHHs B naiana3oni 0.0001%
- 0.0015%/°C;

— HU3bKHUH KoedilieHT HeiHIHHUX crioTBopeHb < 0.02 %
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1.3. BuCOKOBOJIbTHI IHTErpAJIbHI ONEpaIliiiHi MiICHII0BaYl

Ha

CI)OFOI[Hi BiI[OMO JOCHUTD 0arato BHCOKOBOJILTHHX aHaJIOTOBUX

oTepaIiiiHuX MiJCHIIOBaviB. YHIKaJbHI 32 CBOIMH MapaMeTpaMHu BHUCOKOBOJBTHI

Ta BHUCOKOTOYHI IIiJICHJIFOBAaul CTAHOBJIATH HAWMOUIBIY Tpymy KOMIIOHEHTIB

kommnanii Apex Microtechnology [11] (puc. 1.10).
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Pucynok. 1.10. Matpuiis onepariiHux IiJICHIIIOBadiB Apex

Microtechnology.

BigmoBimro  mo  xmacudikamii  Apex — MicroTechnology,  min

BucokomBuakicaumu OG OyaemMo po3yMmiTH Ti MiACHUIIIOBaYi, IIBHIKICTb

HapOCTaHHs BUX1AHOI Hampyru skux mnepesuinye 100 B/mkc. s po3poOHUKIB

noctynHi 18 moaenei 31 mBuakoctsmu Big 100 B/mMke 1o 3000 B/Mkce, Hanpyramu

xuBneHHs Bix 80 B 10 900 B 1 Hu3pKkuM piBHEM BUXITHOTO TryMy [11].
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Posrnsaemo, Hanpukiaa, TanoBuil miacwioBad PA98 . Moro npuHnumnoBy

cXeMy HaBesleHo Ha puc. 1.11.
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Pucynok. 1.11. [Ipunuumnosa cxema moOya0BU 1HTETPAIBHOTO

BHCOKOBOJIbTHOTO omepariiiinoro mjacuiroBada PA98 [11].

SIk 3a3HaueHO B TEXHIUHIA JoKyMmeHTauli: «PA98 — 1€ BUCOKOBOJBTHHIA
omnepariiHui miacuiIoBad, po3poOJeHU 11 KepyBaHHS MOCTIMHUMU BUX1THUMHU
ctpymamu 10 200 MA BHCOKOI Hampyru 10 225B 31 mIBUAKICTIO HapOCTaHHS
curHainy 1000 B/mkc. 30BHIIIHS KOMIEHcallis 3abe3nedye THYUKICTh y BHOODI
CMyTH TPOIyCKaHHS Ta IIBUJIKOCTI HAPOCTAHHS HAMNpyrd BIAMOBIIHO O

3acTtocyBaHHs [11].

[Torpu HaA3BUYAMHO BEIUKHUI MPOTPEC Y TEXHOJOT1I KoMMnaHii Apex oKpeMo
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B3STI OMEpalliiiHi MiJICHIoBaYl 1€l GipMH HE MOXYTh 3a0BOJIBHUTH BHUMOT SIK
rOTOBHUX JI0 3aCTOCYBaHHS B €TAJIOHHIN amapaTypi, aje MOXyTb OyTH MOKJIa/ICHI B

OCHOBY PO3pOOKH MiCIIS JOKIATHOTO AochipkeHHs BiactuBoctei OIl ta po3poOku

CXEMOTEXHIKH.

Ha puc. 1.12 HaBegeHO THNOBY CXEeMy 3acCTOCYBaHHsS OIEpaliitHOro

migcumoBaya Apex PA9S.

1uF

.

Pucynox 1.12. IlpunuunoBa cxeMa 3aCTOCyBaHHS IHTETPAIIBHOTO

BHCOKOBOJILTHOTO OTepariiiuoro miacuiaoBada PA9S [11].
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1.4. KomOiHOBaHI IT1ICHIIOBAYl

I3 BUKOpUCTaHHAM TOIATKOBUX TUCKPETHUX KOMIIOHEHTIB-TpaHC(HOpPMATOpPiB
SK TIOMHOXKYBadiB HamNpyrd Ta YaCTOTHUX (UIBTPIB MOXKIMBO IMOOYTyBaTH
MiJCHITIOBAY 13 (PIKCOBAaHUM KOE(IIIEHTOM MiJCUICHHS 3MIHHOT HAIIPYTH B MEBHIM
cMy3i 9acToT. Y po6oTi [12] po3rismaeTscsi cxema mo0yI0BH BHCOKOBOJIBTHOTO
KajOparopa Hampyrd 3 BHUKOPHCTaHHSAM TpaHcpopmaTopiB sK ¢GopMyBadiB

BUCOKOI HAIIPyTH.

OCHOBHOIO OCOOJIMBICTIO TaKOl CXeMH € Te, IO JJIsl 3HWKEHHS MOXHOOK
BIATBOPEHHS  aMIUNITyaAd Ta  cra0umizamii  mapaMmeTpiB  MiJCHIIIOBaya

BHUKOPUCTOBYETHCS JOAATKOBUI MMijCHIIIOBaY }/, Ta 10JaTkoBH TpaHC(opMarop

T.

9e

JlonaTkoBui miacwiOBaY ¥, € eneMeHTOM KOHTYPY 3BOPOTHOTO 3B’SI3KY JIJIS

KOMIIEHCAIlli BIJXWJEHb BHUXITHOI Hampyrd Bif 3agaHoi. Sk miacuiIroBadi

BUKOPHUCTOBYIOTHCSI BHCOKOBOJIBTHI BHCOKOYACTOTHI OIEpaIliiiHi MiICHII0Badi

Apex.
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Pucynok 1.13. CtpykrypHa cxema kaniOparopa Hanpyru [ 12].



YIOCKOHAJIEHHSI BUCOKOBOJIbTHUX IIMPOKOCMYTOBUX KACKAJIHUX BUMIPIOBAJIbHUX MIACUIIOBAUIB JIJIs1 IIPUCTPOIB
BIATBOPEHHS OJIMHULII HAITPYTH 3MIHHOT'O CTPYMY PAJIOYACTOTHOI'O AIATTA3OHY

CTtpykTypHy  cxeMy  KamiOpatropa  Hampyrd 3  BHUKOPUCTAaHHSIM

TpaHcpopMaTOpiB Ta MiICHIIOBaYiB Apex HaBeneHo Ha puc. 1.13.

OcHOBHMMM TepeBaramH IIi€i CXeMH € MPOCTOTa CXEMHOI peai3allii 3aBasKu
BUKOPHCTAHHIO CTaHJAPTHUX Ta JOCTYIMHHUX KOMIIOHEHTIB, BUCOKa HaIIHHICTH
KOHCTPYKIIii, 3yMOBJICHA MTPOCTOTOIO TOIOJIOT1I, BUCOKA CTa0LIBHICTh TTapaMeTpiB
aMIUTITY M ¥ (pa3u BUXiTHOTO CUTHAJY 3aBISKH aKTUBHOMY KOHTYPY 3BOPOTHOTO
3B'SI3KY Ta aKTWUBHIM KOpeKiii MOXHMOKM 3 BHUKOPHCTAHHSM JOJIaTKOBOTO

nincuiroBava V,, 3a0e3medeHHs rajlbBaHiYHOT PO3B'SI3KH MiXK BXOJIOM 1 BUXOJIOM,

O Ja€ 3MOTY BHKOPHWCTOBYBATH MIJACWIIOBAY y CXE€MaxX 13 IIiIBUIIICHUMHU

BUMOT'aMHU 10 CJ'ICKTpI/I‘{HOI Oe3IeKH.

OpaHak ciij 3a3HA4WTH, IO TaKa CXE€Ma TaKOXX Mac IEBHI OOMEXKEHHS Ta
HEMOMKK. 3O0Kpema, BUXigHa Hampyra QopMyeTbcsi 3a  JOMOMOTOIO
TpaHCPOpPMATOPHUX MEPETBOPIOBAYiB, a TOMY Jiama3oH poOOYMX YacTOT €
OOMEKEHMM 1  BH3HAYAEThCS  XAPAKTEPUCTUKAMH  BUKOPUCTOBYBAHUX
TpancopmartopiB. Lle Moke cTaTh TEepenKoao sl peasizallli MmiacuiIoBaya
CUTHAJIIB TOBUTEHOT (hOpMH, OCOOJTUBO THX, IO BIATBOPIOIOTH MOCTIHHY CKIIATIOBY.
ToMy Taka cxema He TpuaaTHA JJIs MiJCHWICHHS MOCTIHOI HaNmpyru abo CUTHAIIB
3 JyXe€ HHU3BKOK 4YacTOTOI0, IO moTpedye BUOOpYy TpaHcpopMaTopiB 3i
CHeIlaJbHUMU XapaKTePUCTUKAMH, SKiI BIAMOBIJAIOTh KOHKPETHUM 3aBIIaHHSIM

34CTOCYBAHH:.

MeTton moOy0BH MiICUIIIOBAYIB 13 BUKOPUCTAHHIM TPaHC(HOPMATOPIB MOXKE
3aCTOCOBYBAaTUCS B T€HEpaTOpax BHCOKOI HAIpyrd BY3bKOI CMYTH 4acTOT, €
NEPEeBAXHOIO HAJl TOUHICTIO XapaKTEPUCTHKOIO € aMILTITy/1a HAaPYTHU Ta IMIBUIKICTh
Hapoctanns [13, 14, 15]. [loBHy enekTpudHy CXeMy MPOTOTHUITY KajiOparopa

HanpyrH 300paxkeHo Ha puc. 1.14.
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BIATBOPEHHA OJJUHUII HATIPYTY 3MIHHOI'O CTPYMY PAJIOYACTOTHOI'O JIAITA3OHY
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Puc. 1.14 Enextpuuna cxema kaniOpaTopa Hanpyru. [12]
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ABtopu mnyoOmikamii [16] akneHTyBayim yBary Ha MOOyAOBI KacKaJHHUX
MIJCUITIOBAYIB 13 HE3aJIC)KHIUMH JJAHKAMU 3BOPOTHOTO 3B’ 513Ky Ha OCHOBI OMTOIIAP.
3aranpHy CTPYKTYpHY CXE€My KAacKaJHOTO IIiJICHIIOBa4Ya 3 HE3IC)KHUMHU

130JIbOBAaHUMU JIAaHKaMHU 3BOPOTHOTIO 3B 3Ky HaBe[eHO Ha puc. 1.15.
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Pucynox 1.15. CtpykTypHa cxema KacKaJIHOTO MiJCHIII0Baya 13

HE3aJIe)KHUMU 130IbOBAHUMU JJAHKAMH 3BOPOTHOTO 3B’S13KY. [16]

OcCHOBHMMH TIEpeBaraMu I[bOTO METOIYy € TIPOCTOTa CXEMOTEXHIYHOTO
PIIIEHHSI 1 MOKJIMBICTD JIETKOTO JIOCSATHEHHS TaJIbBaHIYHOT 130JI1111 MIDK BXOJIOM 1
BUXOJIOM mijacuitoBava. [Iporte, yepe3 oOMexxeHy MIBUIKOIIIO Ta HECTAOLIbHICTD
nmapaMeTpiB ONTOIap, CUCTEMa CTa€ YyTJIMBOIO /IO MOSBU JTOJATKOBUX MOXUOOK,
MOB’SI3aHUX 3 BIAXWJICHHSIM KOE(]III€HTIB Mepenadl ONTomap Ta TeMIEePaTypHOIO

HeCcTaOlIbHICTIO.
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JIJIsl IOJTOJTaHHS ITMX HEJOJIKIB aBTOPH MPOIOHYIOTh YJIOCKOHAJICHY CXEMY,
SIKa BUKOPUCTOBY€E KOMIIJIEMEHTApHI ONTOIMAPH JIJISI BUSBIICHHS T4 BUOKPEMIICHHS
MMOXHOOK, 3 TIOJaNBIIOK KOMIIEHCAIIIEI0 IIMX IIOXHOOK 3a JIOIOMOIOIO
MaJIOMOTYKHUX OMepariiiHuX MiacuaoBadiB. Takuil Miaxij Ja€ 3MOTy 1CTOTHO
3HU3UTH BIUIUB HECTAOUIRHOCTI MapaMmeTpiB ONTONap Ta MIABUILMTH 3arajibHy

TOYHICTH H1JCUJIFOBAYA.

3amponoHOBaHAa aBTOpAaMH CXeéMa KepyBaHHS 3BOPOTHHUM 3B S3KOM 13
KOMIIEHCAIli€el0 MOXuOoK 300pakeHa Ha puc. 1.16. 3aBasku BHUKOPUCTAHHIO
omepariiHuX TMIJACUIIOBAYIB JUIsi  KOMIIGHcallli TNoXuOOK 3a0e3neuyeThes
cTalimizalis BUXIJHUX @apaMeTpiB CHUCTEMHU HaBITh 3a 3HAYHUX KOJIMBAHb

napameTpiB BUKOPUCTOBYBaHUX ONTOMAP.

BonHouac yepe3 HU3bKY IIBUIKO/III0 TAKKX 130JIbOBAHUX BY3J11B, 1307 IbOBAHUM
3BOPOTHIH 3B’ 530K € €(PEKTUBHUM MEPEBAKHO HA HU3bKUX YaCTOTaX. 3aCTOCYBAHHS
TAKOT0 METOJIy BHPI3HSIETHCS MPOCTOTOIO IMOOYIOBH, MPOTE HHU3bKa IIBUIKOMIISA
onTonap OOMEXy€e YacTOTHHM Mdiama3oH, y SKOMY 3BOPOTHIHA 3B’S30K MOXE

npaloBaTH €(PEeKTUBHO.
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Puc. 1.16. Enexktpuuna cxema KepyBaHHS 130JIbOBAHUMH JIAHKAMU

3BOPOTHOTIO 3B’s3KY. [16]
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VY ny6mnikarii [ 17] 6yJo 3armponoHOBaHO METO/1 301JIbIIIEHHS pOO0YO0i HAMIPYTH
MiJICHIIIOBAYiB  [UIAXOM  3aCTOCYBaHHS  AUGPEPEHLINHOTO  BKJIIOYEHHA 13
JOJATKOBUMH MIJICUIIOBaYaMH Yy JIaHKaX >XUBJICHHS, MPHUHIMIIOBA EJIEKTpUYHA
cxeMma SKOro HaBeJeHa Ha puc. 1.17. 3aBIsku TakoMy MiXOIy aBTOpaM BIAJIOCS
PO3IIMPUTH BUXITHUH J1aMa30H HAIPYTH MiJCHIIOBa4Ya MPUOIU3HO B YOTHPHU pPa3u

MOPIBHSHO 3 TPAAUIIHHUMHU CXEMHUMH PILIICHHIMHU.

OpHak, MONpU CyTTEBI IMEpeBaru moA0 30UIbIICHHS po00Y0i HAmpyru Ta
Jlana3oHy BHXIJHOTO CHUTHaly, Ied cmocid Mae cepilo3HMil (yHKIIIOHAJIbHUI
HEJIOJIIK - BUX1JHA HAIpyra B Takiil cXeMi He Ma€ 3B 3Ky 3 KOPITyCOM (3eMJIeH0),
10 YHEMOKJIUBITIIOE€ BUKOPUCTAHHS IIHOTO MIJICHIIIOBaYa B CHCTEMaX, e HEOOX1THO
MIAKII0YAaTH BUXIJAHE HABAHTA)KCHHS OJHHMM 13 BHBOJIB, III0 MalOTh 3B'S30K 13

3arajbHUM 3a3€MJICHHSIM, 30KpeMa TakKe, K TePMOEIEKTPUYHI epEeTBOPIOBAYI.

OTxe, HE3BaKAIOUM Ha ICTOTHUM BHUTIpall y po3Maxy BHUXIIHOI HampyTw,
nudepeHIiiiHe BKIIOYEHHs MJICKUIIOBAYiB Y MOEJHAHHI 31 CXEMaMHM CJIJIKYF0YOTO
KUBJICHHS € HENPUIATHUMHU [JI1 3aCTOCYBaHb, SKI TMOTPEOYIOTh CHIJIBHOTO
3a3eMJICHHS IIJCIIIOBaYa 3 1HIIUMHU €JIEMEHTAMU CXEMH a00 KOJH I1IKIIOYEHHS
BUMIPIOBAJILHUX TIEPETBOPIOBAYIB YH I1HIIMX IIPUCTPOIB BUKOHAHO BIJTHOCHO

3€MHOT'O TIOTEHIIaTy.
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Puc. 1.17 [IpuHumnoBa eleKTpuYHA CXeMa IiICHII0Bava 3 JaHKaMu

po31IMpeHHs po0o4oi HanpyTu. [17]
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1.5. TlocraHoBKa 3aBAaHHS JTOCIIIKEHHS

VY ckmaji kaniopaTopiB Ta €TalOHIB HAPYTH OJIHIEIO 3 TOJIOBHUX BUMOT 10

MJCUITIOBAYIB € 3a0€3IMeUeHHs] BUCOKOI CTaOUIbHOCTI KoedilieHTa TiICHUIICHHS

YOPOAOBXK YChOTO MEPi0ly MPOBEACHHS NOPIBHAILHIUX BUMIPIOBaHb. JlomycTuMuit

piBEHb HECTAOLTLHOCTI HE MOBUHEH MepeBHIlyBatu 15 ppm y mexax 2—10 xBuUmuH

3a remnepatypu 25 + 0,5°C ta npu 3MiHI HAIPYTH KUBJICHHS B Jiana3oHi =1%.

AHaJi3 ICHYIOYHX MiIX0/1B 10 T0OYI0BM BUCOKOBOJIBTHUX M1ICUITIOBAYiB, 110

BHUKOPHUCTOBYIOTHCA B CTAJIOHAX HAIIPYI'H, Jd€ 3MOT'Y 3allpOIIOHYBAaTU HOBMU MCTOJ

(dbopMyBaHHS BUX1IHOT HANIPYTH.

VY 3B’s13Ky 3 IMM OCHOBHUMH 3aBJIaHHSIMU HaYKOBOI pOOOTH €:

NIPOBEJICHHS aHaJi3y Ta CHUHTE3y CTPYKTYPHHX Ta MPHUHIUIOBUX CXEM
MOOYJOBM  BHUCOKOBOJIbTHUX  IIHPOKOCMYTOBHUX  BHUMIPIOBAILHUX
MCHITIOBAYIB;

MOJIETIIOBaHHS Ta EKCIEPUMEHTAJbHE JOCIIHPKEHHI XapaKTePUCTHUK
MICUIIOBAYIB;

pO3B’sI3aHHS 1HKEHEPHHX 3aBJaHb, TIOB’SI3aHUX 13 TTOOYIOBOIO MPHUCTPOIO,
3a0e3MeyeHHsIM HOoro TeIyIoBOi CTabUIBHOCTI B poOOYOMY Jiama3oHi
TeMrepaTyp, MIHIMI3aI[I€l0 EMHICHOTO 3B 3Ky KOHCTPYKIII 13 3arajibHOIO
IIMHOIO JKWUBJICHHS, a TAKOX 3HIDKEHHSIM 1HAYKTHBHOCTI MiIKITIOYCHHS
TEPMOCIICKTPUYHUX TIEPETBOPIOBAYIB;

pO3po0Ii METOAWK g 3a0e3ledyeHHsT MAaKCUMalbHOI TOYHOCTI Ta
JOBTOTPHUBAJIOL CTa0IFHOCTI BUX1THOT HAIIPYTH MiACHITIOBAYA;

CTBOPEHHSI €JICKTPUYHOI MOJIEI1 IPUCTPOIO Ta TIPOBEICHHS aHATI3Yy CXEMHU
3 ypaxyBaHHSIM OCHOBHHX JKEpel TOXHUOOK;

pO3po0Ka JOCITITHUX 3pa3KiB Ta BIPOBAIKCHHS 1X Y B)KE HAsBHI CUCTEMU

€TaJIOHIB 3MIHHOI HAMPYTH.
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BUCHOBKHA 10O PO3IIY 1

BucokoBoIbTHI MiACHIIIOBaYl HAMPYTH MOBUHHI 3a0e3MedyBaTd HEOOXiAHY
MaKkCUMallbHy poOoYy Hampyry Ui TepMOIIepeTBOpIOBaya, IO /A€ 3MOTY
MIHIMI3YBaTH MOXUOKK BUMiproBaHHs. YacTOTHI MOXMOKH, CIIPUYMHEHI BILTUBOM
IHAYKTUBHUX Ta €MHICHMX €(EeKTIB KOHCTPYKIi, MOXYyThb OyTH BH3HAYEHI Ta

KOMIIEHCOBaHI 3a JJOTIOMOT OO BiJIMOBITHUX CXEMOTEXHIYHUX PIIICHb.

Ha cporogni icHye HeGaraTo MeETOAIB JUIsl peajtizaiii BHUCOKOBOJBTHHUX
IMPOKOCMYTOBHX TiICHITIOBaUiB, IPH IIbOMY OCHOBHA MpoOJeMa MmoJsirae B TOMy,
Mo HeoOXiJHa IIBUAKICT, HAPOCTAHHS BHIXITHOI HANPYTH YacTO TEPEBUIILYE
MOKJIMBOCTI OKPEMHUX 1IHTETPATBHUX ITiICUITIOBadiB a00 TpaH3ucTopiB. OKpiM TOTO,
omepariifii miJCUIoBadl JEMOHCTPYIOTh PI3HY MOBEIIHKY 3aJIe)KHO Bl PEXKUMY
poOOTH: YACTOTHHWM diama3oH y PEKHUMI BEITUKOTO CHUTHANY 3a3BUYail 3HAYHO
BY)KUMH, HIK Y PEKHUMI MaJNoOro curiaity. BiacyTHICTh rOoTOBOT eneMeHTHOI 6a3u,
sIKa BiJIMOBiAaa 0 yciM HEOOX1THUM MTapaMeTpaM BUCOKOBOJIBTHHUX MiJCHUITIOBAYIB,

00yMOBITIO€ HEOOX1/IHICTh 3aCTOCYBAaHHS OCOOJIMBUX TEXHIYHHUX PIIICHb.

OnHuUM 13 TaKUX PINICHb € KaCKaIHUNA METOJ| BKJIFOUCHHS IiJCHUIIOBAYiB, 1110
J1a€ 3MOTY CTBOPUTH BUCOKOBOJIBTHI CXEMH, BUKOPHCTOBYIOUH JTOCTYITHI HA PUHKY
komnonentu. e minxim mnependavae oOKpemMe OKHUBICHHS —ONEpaliiHUX
MiJICHITIOBAaYiB 32 JOMOMOTOI) 130JbOBAHMX JDKEPEN JKUBICHHS, pealli30BaHUX
Yyepe3 Tak 3BaHl BIPTyaslbHI JIAHKH >KUBJIEHHS. OCKUTBKM TaKi 130J1b0BaHI JKepesa
YKUBJICHHS] MAIOTh MIEBHY BEJIMYMHY €EMHICHOTO 3B’ SI3KY 130JIA1111, TO B1Jl KOHCTPYKIIIi

Ta MOOYJIOBU JI>KEPEIT KUBJICHHS 3aJI€KUTh (DYHKIIIOHAJIbHICTh TAKOTO METOY.

OTxe, Ji1 MOBHOI OIIIHKK XapaKTEPUCTUK BHCOKOBOJIBTHUX ITiJICUIIIOBAYiB
CIIiJ] BpPaXxOBYBaTH BCi CKJIAZIOBI CXEMH, 30KpeMa W KOHCTPYKTHUBHI €JIEMEHTH,

BHYTPILIHI MapaMeTpU OCHOBHUX 1 I0JaTKOBUX KOMITOHEHTIB.
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Jlnst po3mpeHHss po6o4oro Ta AWHAMIYHOTO Jialma3oHy HAmpyr, a TaKoXK
3MEHILIEHHS  MOXUOOK  BIATBOPEHHS  CUTHANYy B TEPMOECJIEKTPUYHUX
NepeTBOproBayax, HalleeKTUBHIMIMM pIMIEHHSIM € KackagHa MoOyJqoBa

migcumoBadiB. CaMme 1€ MeToa Hailkpalie BIJANOBiAa€ BHMOTaM Cy4acCHUX

€TAJIOHIB HAMPYTH.
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PO3/11JT 2. Po3poOka TeXHIYHUX PillIeHb AJISI TOOYI0BH BUCOKOBOJIBTHUX

HIMPOKOCMYTOBHX T1ICUITIOBAYIiB.

2.1.

Kackanni macwrroBaui

CyuacHi onepalliiiti ImiJICHJIF0Bayl 3a CBO€I0 CYTTIO HE 3/IaTHI T€HEpYyBaTH
CEepEeNHBbOKBAAPATUYHE 3HAUCHHS HAMPYTH, [0 TEPEBUIINYE HANPYTY >KUBJICHHS.
OkpiM ToOro, miACHUJIIOBaYl 3a3BUYail ONTUMI30BaHI Uil PoOOTH B YyMOBax
BIITBOPEHHSI MAaJOT0 CHTHAlTy, a B PEXHMI BEJIHKOTO CHTHAIy JIWHAMIYHI
XapaKTEPUCTUKN MAIOTh TCHJICHIIIIO 10 3HIKCHHS: MBUIKICTh 3pOCTaHHS CUTHAITY
JUISL HAUIIBUJIIIIUX OTIEpaIlifHUX T1CUITI0OBaY1B BUIOro Kiacy csaratu 7000 B/mc B
peXHUMI MIJCWICHHS MaluX CHUTHamiB Ta nerpagyBatu jgo 2000 B/mc npu
BIITBOPEHH] HAIPyTH B PEKUMI BEJIUKUX CUTHaTIB. OTXKe, TpaJUIiliHI METOIU
moOy/IOBH  MiJICKJIIOBaYa 3 BUKOPUCTAHHSM HAsBHOI €JIEMEHTHOI 0a3u B

CTaHAapTHIN KOHDIryparlii € HeeeKTUBHUMHU JIJIsl JOCATHEHHS KOHKPETHHUX ITLTCH.

Jlns 30UIbIIEHHST BUX1IHOI HANPYTH 1, BIJAIMOBIIHO, 3arajbHOTO KoedilieHTa
MIJCUJICHHS JOIIBHO 3aCTOCOBYBATH KacKaJHE BKItOUeHHs Kimbkox OIl, mo
BUKOPHUCTOBYIOTH OCTIOBHUN 3BOPOTHHUH 3B’ A30K. OCHOBHA 0COOJIUBICTH TAKOTO
M1JIXO1Y TOJISITa€E B TOMY, 110 KOJKEH OKPEeMHU ollepaliiiHui micuiItoBad y Kackail
HE MOXXE CaMOCTIIHO 3a0e3meunTd HeoOX1HY MaKCHUMajbHY BHUXIJIHY HAmpyry
yepes 00MeKeHHs, 1110 HaKIaJar0ThCsl pOOOYHM JIialla30HOM HaINpPyTH, BIAMOBIIHO,
MOCJTIIOBHE 3’ €IHAHHS KACKaJiB CTPYKTYPHO YTBOPIOE CyMaTOp HAMPYTH TaKUM
YUHOM, 10 HAIMpyTa 3 BUXOAY MOMEPETHHOT0 KacKaay (popmMye 3MIIICHHS HAPYTH
HACTYyITHOTO KacKaJy BiTHOCHO MOTO CEPEIHBOI TOYKH >KUBJICHHS 1 OJHOYACHO
BHUCTYIIA€ JKEPEJIOM CUTHAIY [JIi HAacTymHOTO Kackany. Kackamgna moOymoBa
nepeadoavae 00’ eTHAHHS MMIJICHIIOBAYIB 3a JOMOMOTOI0 TajbBaHIYHO PO3B’SI3aHUX

(BIpTYaJIbHUX) JIKEPEIT AKUBJICHHS.
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Y wMonorpadii [3] po3rasgarOTbCs OCHOBH IMOOYJIOBH BHCOKOBOJIBTHHUX
IIMPOKOCMYTOBHX  MIJCHJIIOBadiB 3MIHHOI HAmpyru, MPUHIUIOBI CXEMH,
PO3paxyHKH Ta Pe3yJbTaTH EKCIEPUMEHTAIBHHUX OCHIKEHb 0araTOKacKaJIHUX
MIJICUIIOBaYiB, OO0JIaIHAHUX BIPTYAJIbHUMHU JDKEpellaMu >KUBJIeHHsA. HaBeneHi
MOJCNII  CKJIQJarOThCS 3 OKPEeMHX HE3QJICKHHMX KAaCcKaiB  OIepariiHux
MiACUIIIOBAYIB, 3 €QHAHUX IOCJIJOBHO, J€ KOEH KacKaJ BHCOKOBOJILTHOIO
MIJICUJIIOBaYa BUKOHAHO Y BHUIJISJAI OKPEMOTO OMEpalrlifHOro IiJICHIoBaya Ta

HEe3aJIeKHOT 0 JpKepena kuBieHHs (puc. 1.18).

I|| . R

e

> ;
e F\

> o
‘/>ﬁ_

Rff Rff Rfi Rff
Puc. 1.18 CtpykTypHa cxema KaCcKaJHOTO MiJCHIII0Baya 31 CH1JIHHOO JJAHKOIO

3BOPOTHOTO 3B SI3KY.

BuxopucroBytoun Takuii miaxija, MiHiMasibHa KiTbKicTh OIl nocsaraeTrscs Toi,
KOJIM BUX1IH1 HanpyTu Ko>xHoro 3 OIT 1m0/10 cepeiHixX TOYOK iX KUBJIEHHS OYyTh

PIBHUMU:

U,=U,=...=U, =U,

n eux/n’

(1.13)

e n — 3arajgpHa Kiibkicts OI1.

Cymapuuii  koeQill€eHT MiACUICHHS Takoi Mojenl Ky  BHpaXKaeThCs

dbopmyIoro:

KZ:HKi:KJ-KZ...anlZ]ﬂ, (1.14)

0
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ne U, — BX1AHUI CUTHAJL

Ockinbky K, 3aleXWUTh BiJ BXIAHOTO CUTHAIY, IpU BUKOHaHHI yMOB (1.13)

HMOT0 3HAYCHHS IOBMHHO BU3HAYATHUCh (I)OpMYJIOIOZ

K :ﬂ: Ueux

_ 1.15
U, nU, (1.1

3HaueHHS KOe(IIIEHTIB MiJCUICHHS, IMOYMHAIOYM 3 japyroro (i>1),

O0OUYUCITIOIOTHCS i > [ ), 3HAXOAATHCS 3a (POPMYIIOHO:

K=—". (1.16)

BpaxoByroun HaBeleHI pIBHSHHSA, CyMapHHI KOe(iLi€HT MiJCUICHHS MOXKHa

BUPA3UTU (POpMYyII0IO:

K _ Ueux . Hi=2l. ] (117)

Hanpuxnan, s miJcuioBada Ha YOTUPhOX Kackagax — Ky = —. —.—. —

I3 HaBeneHnux (hopmys BUIHO, MO BC1 KOSDIIEHTH MiCHICHHS, TOYMHAIOYN
3 K, , € 6inpmmmMu 3a oquHULIO K, OUIbIIE OMHULI 1 TPAMYIOTH 10 HEl IPH 7 —> o0
, TOOTO MAarOTh MicCIIE HEPIBHOCTI K,>K;>K,..K, ,>K .

K,>K;>K,...K, ,>K,

Jlanku 3BOpOTHOTO 3B’A3Ky MOXYTh OyTH CPOpPMOBaHI TaKOX Yy
KOH(]Irypalisix He3aJeKHOTO 3BOPOTHOTO 3B’SI3KYy — 3 IHBEPTYIOUHUM abo

HEIHBEPTYIOUUM BKIIIOYCHHSM IT1/ICUIIIOBAYiB.
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Rf; R, Rf, Rf,
Rg, Rg; Rg; Rg.

Puc. 1.19 CrpykTypHa cxema KacKagHOTO MIJICUIIOBada B HEIHBEPTYIOUid

KOH(DIrypaiii 3 He3aJIeKHUMU JaHKaMU 3BOPOTHOTO 3B’ A3KY.

JIns1 HeiHBepTYy04uOoTo BKItOUeHHS (puc. 1.19) koedilieHT MiCUICHHS JTaHKH

BH3HAYAETHCS pe3ucropamMu R, Ta R, 3a bopmyIoro:

R,
K = R—+I : (1.18)

BinnoBigHo, pe3yabTytounii KOeIIEHT MiACUICHHS MPUOIU3HO TOPIBHIOE:

K, =[]X.. (1.19)
i=1

JI7is BCiX KackajiB, OKpPIM IMEPIIOTo, MOKHA BUBECTU TaKy 3aKOHOMIPHICTB:
axmio Bcl Buxiani Hanpyru Ol momo cepeanboi ToUku OI0KIB KUBJICHHS PiBHI M
yci R P OJIHAKOBI1, BUIIMBAE 3aJICKHICTD:

R, =R, (i-1). (1.20)

8i

BukopucTtanHs pe3ucTopiB 0JJHAKOBOIO HOMIHATY JAa€ 3MOTYy CKOMIIOHYBaTH
JAHKU 3BOPOTHOTO 3B’SI3KY 3 MPOCTHX MOCHIJIOBHUX BKJIIOYEHBb, HIO CIPOIILYE

KOMITOHYBaHHS 1 MOHTaX CXEMH 1 € BAXKIMBOIO TEXHOJOTTYHOIO NIEPEBATOI0.
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PosrnsHemo koHpirypamiro MiJCHIIOBaYa 3 1HBEPTYIOUHMM BKIIHOUEHHSIM

JAHOK 3BOPOTHOIO 3B’ SI3KY.

Jnis iaBepTyrouoro BkimoueHHs (puc. 1.20) xoedimieHT miACUICHHS JIaHKU

BU3HAYAETHCS 32 GOPMYJIOL0:

K =-L. (1.21)

) LI
Rf [ ] Rf RFf,
Rg, Rg, Rg Rg, [J
/8\
| \&J

Puc. 1.20 CtpykTypHa cxema KacKaJHOTIO IMiICHJIFOBaYa B IHBEPTYOUi KoHDIryparrii 3

HE3JIC)KHUMHU JJAHKAMH 3BOPOTHOTO 3B’SI3KY.

Ockinpky 1HBEpTYIOUYa KOHPIrypalis nependadae, 1o BUXiAHA HAMIPyra Mae
MPOTUJICKHUHN 3HAK MOPIBHSAHO 3 BX1JHOIO, Y MIJCYMKOBOMY PIBHSIHHI 3'SIBJISIETHCS

MHOJKHUK -/. Pe3ynbpTyrounii KoegillieHT MiCUICHHS JOPIBHIOE BIMOBIIHO:
n
Ky =-Ix]]K.. (1.22)
i=1

JI71s1 IHBEpTYHOYOTO BKJIFOUEHHSI OTIEpaIliiHOro MiJICHI0BaYa 3aKOHOMIPHICTh

BHOOPY HOMIHAIIB PE3UCTOPIB 3aJICKATHME TETIEP BiJl JBOX 3HAYECHHb — PE3UCTOPIB
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3BOPOTHOTO 3B'SI3Ky: R, Ta PE3UCTOpA BXOAY R, , IKHii € HOMIHAIbHIM 3HAYCHHSIM

OIOPY BXIJTHOTO pEe3UCTOpa MEPIIOro KacKamy.

R, =R (i—-1)+R (1.23)

&i 8 ’

[ToOGynoBa KackaaHOTO MiJICHIIIOBaYa Ma€ MepeBary HaJl IHIIUMH CXeMaMU 3
MOTJISITYy TPOCTOTH TOOYI0BU Ta HaJAIHHOTO 3a0€3MeueHHs cTablIbHOT MIBUIKOCTI
HAapOCTAaHHS BHUXIJIHOTO CHUTHAIy, OJHAK CTAaHOBUTH MpOOJIEeMy dYepe3 BIUIUB
€EMHICHUX €(eKTIiB KOHCTPYKIli Ha eJeMEHTH MijcuiatoBadiB. Hampukmnaa, Ha
gactoTi 30 MI'l emHICHMI peakTUBHUN omip KoHAeHcartopa eMmHICTIO 30 nd
CTaHOBUTH MpuOM3HO 160 OM, 110 MPU3BOAUTH A0 CTPYMIB, SIKI TIEPEBUIIYIOThH

JIOTTyCTUMI PiBHI.

Po3p’s3annst 1iei mpobnemu noTpeOye CTBOPEHHS —CIeEliaidi30BaHOi
KOHCTPYKIIIT Tpuiaagy Ta OJIOKIB >KUBJICHHS 3 HHU3BKOK EMHICTIO 130JISI1li B
nianazoni A0 10 n®d. 3aBmaHHA YCKIAJHIOETHCS THM, IO ICHYIOYl HAa PUHKY
13omp0BaH1 niepetBoproBadi DC-DC a6o AC-DC marwTh BeIMKy €MHICTH MiX
BHUXOJIOM 1 BXOJIOM OJM3BbKO COT€Hb a00 THUCSY ndD, 110 MEePEeBUILYE AOMYCTUMI

MEXI.

OkpiM 11BOTO, MpaKTUYHA peajizallisd KacKaJHOIro 3 €JHAHHS OIepaliiHuX
MIJCUJIIOBAYIB Ha JAPYKOBAaHUX IUIaTaxX 13 3a3€MJICHUMH KOHCTPYKLISIMHU IS
e(EeKTUBHOTO TEIUIOBIBOAY CTa€ MaJjopeajbHOI0 camMe d4epe3 3Ha4yHl €MHICHI
oOMesxeHHs. BiqnoBigHO, MpU MPOEKTYBaHH1 TaKUX IM1ICUIIIOBa4YiB OCHOBHY yBary
CIA TPUAUMTA BHOOPY Ta KOHCTPYKIII JDKEpPENT OKUBIEHHSA, a TaKOX
3a0e3reueHH0  e(PEeKTHUBHUX 3acO0IB  OXOJIOJDKEHHS Ta TEIUIOBIiJIBEIICHHS.
KoHCTpykTHBHE pillleHHS Ma€ MaKCUMAJIbHO 3HUXKYBAaTU €MHICHUN 3B'SI30K MiX

OKPCMHMHU CIICMCHTAMH CXCMH.

VY pesynbTaTi aHamizy Mojeied MiJCUIOBaviB OyJI0 BCTAHOBJICHO Taki

3aKOHOMIPHOCTI Ta 3p00JIEHO TaKi BUCHOBKH:
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HaykoBa HoBu3Ha 1. BCTaHOBJICHO 3aKOHOMIPHICTH pO3TalllyBaHHS Ta
3Ha4YeHb  KoediiieHTiB  miacwieHHs  okpemmx ~ OIl  GaratokackamHux

HIMPOKOCMYTOBHX BUMIPIOBAJIbHUX MM1JCHIIIOBAYIB.

BucHoBok 1. fxmo 6aratokackagHUil MUPOKOCMYTOBUI BUMIPIOBATbHUNA
MJICUJIIOBAaY Ma€ PiBHI 3HAUYCHHS BUX1HOT Hanpyru koxHoro 3 OII momo cepeaHix
TOYOK OJIOKIB XKMBJICHHS, KoeditieHTH mijacuiieHHs okpemux OIl oGuuctoeTbes 3a
dbopmynoro (1.16) Ta 3aranpHU KOEQIIEHT TMIACUICHHS OOYHCITIOETHCA 3a

dbopmyoro (1.17).

HaykoBa HoBu3Ha 2. BCTaHOBJIICHO 3aKOHOMIPHICTH CITIBBIIHOIIICHb
pEe3UCTOpiB  3BOPOTHOTO 3B’si3ky 1 okpemux OIl  GararokackaaHOTO
HEIHBEPTYIOUOTO  BHCOKOBOJIBTHOTO  IIMPOKOCMYTOBOTO  BHUMIPIOBAJIBHOTO

l'IiI[CI/IJII-OBa‘Ia 3 HC3AJIC’)KHUMHU 3BOPOTHHUMU 3B’ SI3KaMH.

BucnoBok 2. fkmo OararokackagHUl IIMPOKOCMYTOBHI HEIHBEPTYIOUUN
BUMIPIOBAJILHUN TI1JICUITIOBAY Ma€ OJTHAKOBI BUX1HI HAanpyTH KoxkHOro 3 OI1 oo
CEepelHIX TOYOK OJIOKIB JKWBJIEHHS, TO 3arajbHUN KOEQIIIEHT TIiACHICHHS

obuuncnoeThes 3a hopmyioro (1.19)

HaykoBa HoBu3Ha 3. BcTaHOBIEHO 3aKOHOMIPHICTH CITIBBIIHOIICHb
pPE3UCTOpPIB  3BOPOTHOTO  3B’S3Ky Uil 0araToOKackagHOTO  iHBEPTYIOYOTO
BHCOKOBOJIFTHOTO ~ IIMPOKOCMYTOBOTO  BUMIPIOBAJIBHOTO  MIACHIIOBaYa 3

HC3AJIC)KHUMH 3BOPOTHUMU 3B’ SI3KaMH.
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BucnoBok 3. Skmo OaraTtokackagHUW 1HBEPTYIOUMM IMIJICUIIIOBAY Mae
OJTHAaKOB1 BuXigHI Hampyru KoxHOro 3 OIl BIZHOCHO cepemHiX TOYOK OJIOKiB
KUBJICHHS, TO 3araJIbHUN KOC(MIIIEHT MiJCUIICHHS OOUYUCITIOETHCS 3a (POPMYIIO0

(1.22).

HaykoBa HoBU3Ha 4. Brnepiie 3ampornoHOBaHO Ta  TEOPETUYHO
OOIPYHTOBAaHO 3aCTOCYBaHHSA JOJATKOBUX JIAHOK YIPABIIHHSA JKUBICHHIM Yy
KacKaJHUX TMIACUJIIOBayax, MI0 3a0e3ledyye pO3IIUPEHHS iX JAMHAMIYHOTO
niama3oHy. BeraHoBneHO yMOBH e(heKTUBHOTO (PYHKIIOHYBAaHHS IIMX JIAHOK, IO
JI03BOJISIE CYTTEBO MIABUIIUTH POO0OYl XapaKTEPUCTUKH CXEM 13 PO3IMIUPEHUM

J1ara30HOM Hanpyru.
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Orsin icHyt04O1 eeMeHTHOI 0a3u it moOyaoBu miacuitoBada 1000B-100kI 11

Ockinbku ocHOBHUM npu3HadeHHsiM BIIIBII € metposoriune 3a06e3nedyeHHs
TEPMOEJIEKTPUYHUX mepeTBoproBauiB, Takux sk [IHTE-12, mo wmaioTe Mexi
nepetBoproBanHs 30kpema 300, 500, 1000B, cTBopeHHs mijcuioBava, 3/1aTHOTO

IIpanroBaT B IIKPOKOMY zxianasoHi YaCTOT Ta HAIIPYT, € aKTYAJIbHUM 3aBIdHHAM.

[Tpu BuOOpi enementHOi 0a3u JUIsi MOOYAOBH MIACHIIIOBAYIB PO3IIIAIANINCA
1HTerpaibHi pimeHHss KoMmaHii Apex Microtechnology, sika crermianizyeTbcsi Ha
PO3pO0Ili BUCOKOBOJIBTHUX T4 BUCOKOYACTOTHUX OTIEPAIIMHUX MiACHIIIOBAYIB, 110
MarOTh IMTUPOKE 3aCTOCYBAHHS B MPOMUCIIOBIM aBTOMATHIII, CHJIOBIM €JIEKTPOHIII],

MCIUYHUX IIpUIagax Ta IHIIIUX BUCOKOTOYHHUX CHCTEMAaX.

OcHOBHMMHU KpUTEPIIMU BUOOPY OyJIH pIBE€Hb BUX1THOTO CUTHAIY, IIBUAKICTh
HApOCTAaHHs BUXITHOI HAMpYyTH, CMyra MpPOIMyCKaHHS, MAaKCUMAJIbHUNA BHXiTHUH
CTPYM, a TaKOXX TeMIIepaTypHa CTaOlIbHICTh Ta JOMyCTHUMa HAIpyTra >KUBJICHHS.
BpaxoByroun mi mapamerpu Ta crnenudiky 3acTocyBaHHS, Oynu BifgiOpaHi IBi

moneai: PA194 ta PA98, ski HaWOUIbII IOBHO BIAMNOBIJAJIM IOCTABJICHUM

62

BAMOTaM.
Tabmun 2.1. [lopiBHsITbHA XapaKTEpPUCTHKA MICHIIOBAYiB Apex
[TapameTtp PA194 PA98
MakcumanbHa Hanpyra xuBjieHHs (V) +450 B +225 B
MaxkcumanbHUH BUXiTHUE cTpyM (A) 100 MA 200 MA
HIBuakicTs HapocTanHs (V/s) 2100 1000
Cwmyra miacuiaeHHs KUBICHHS Jo 800 xI'g Jo 500 xI'g

Kopnyc

Po3npibua BapTicTh

Power SIP (8-BuBinHuif)

450 €

Power SIP (12-BuBigHwuit)

185 €
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PA194 xpame BiamoBigae BUMOraM 3a JWHAMIYHUMU XapaKTEPUCTHKAMH,
OCKIJTbKH MOT0 pOOOYMH J1ara3oH KUBJICHHS CTaHOBUTH 450 B, oqHak BuXigHMIA
ctpyM oomexenuit 100 MA, o notpedye 0coOIMBOrO MiAXOMY A0 y3TOHKCHHS

HABAHTAXKEHHS Y BUIAJIKaX, KOJIM HEOOX1IHO NIepeiaBaTH 3HAYHY MOTYKHICTb.

[Ipu BuOOpPi1 kackagHOro Meroay GOpMyBaHHS Hampyrd 3 BipTyaJlbHUM
YKUBJICHHSM, 3acTocyBaHHs PA 194 nae 3Mory 3MEeHIIMTH KIJIbKICTh KaCKaIiB Y IB14i
nopiBasiHO 3 PAO98. Ile mosicHIO€ThCS THUM, IO ISl OTPUMaHHS HEOOX1THOT
aMIUTITYy/IM CUTHATY Ipu BukopuctanHi PA194 nocratubo 4 kackaau, To/1 AK y pasi
BUKopucTaHHsa PA98 moTpibHO 8 KackajiB uepe3 HOro HIKUY HAMpyry >KUBJICHHS
(£225 B). 3MeHIICHHS KUIBKOCTI KAacKaJiB CHOpPUSE CHPOIIEHHIO CXEMH,
M1JBUIIICHHIO 3arajibHOI HAJIIMHOCTI CUCTEMHU Ta 3MEHIICHHIO ()a30BUX 3aTPUMOK,
[0 € KPUTUYHO BAXJIMBUM IpU 3a0e3rneueHi ePeKTUBHOT poOOTH Ha BHCOKHX
yactotax. OgHak BapTicTh mijacuiaoBaya PA194 nmpubnuzno y 2,5 pa3u BuIla, Hix
PA98, 1 cranoBuTh moHan 450 €Bpo 3a OJWHUIIIO, IO ICTOTHO BIUIMBA€E Ha
€KOHOMIYHY JIOIJIbHICTh HOTO BUKOpUCTaHHS. BiaMOBiIHO, 3aCTOCYBaHHS TaKUX

MJICHUITIOBAYIB SIK €JIEeMEHTHOI 0a3u MOKe 3HaYHO 301IBIIIUTH BUTPATH.

Jlns miniMizanii kitbkocTi OIl, 0co6iMBO TpU 3aCTOCYBaHHI ITiJICUIIIOBAYiB
PA98, peanizyeTbcs cxema CIIiJIKYI0UOro )KMBIICHHS 3T1/THO 3 TATEHTOM Ha KOPUCHY
Mojienb [1], 3aBasKH YOMY BAAETHCS 3MEHIIUTHU 3arajibHy KUJIBKICTD IMiICHITFOBAYiB

yABIYL.
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2.3. PozuupeHHs Aiana3oHy BUX1JIHOI HAMIPYTH HUIIXOM BUKOPUCTAHHS JOJIATKOBHX

MJICUIIOBAIbHUX €JIEMEHTIB

3anporoHOBaHe aBTOPOM JUCEpTallli pIIMICHHS ToJisIrae y 301IbIIeHHI
pobOodYoro jaiama3oHy BXIJHOI Hampyrd OKpeMux kackamiB [1, 2]. PosmupenHs
JMHAMIYHOTO Jiama30Hy BUXIJHOI HAampyTH MiJCHUIIIOBAaYa JOCSATAETHCS MUIIXOM
JO/IaBaHHS TIOCTIIOBHUX KacKaJiB KepyBaHHS >KUBJICHHSM, SIKI 3a0€3MeuylOTh
3MIIIEHHSI CEPEAHbOI TOYKHM POOOUOI HANMPYrH 3a MPUHLHUIIOM CIIJIKYIHOUOTO

OBTOPIOBaYa HAMPYTH.

Ha puc. 2.1 300pakeHO €NEKTPUYHY NPUHIMUIOBY CXEMy  MOJei
HEIHBEPTYIOUOTO BUCOKOBOJIbTHOTO KAaCKaJHOTO MIJCHIIOBa4Ya 3 JOJATKOBUMHU

JJAaHKaMHU PO3LIMPEHHS poOOYOro Jl1ana3oHy BUX1HOT HAIIPYTH.
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PI/ICYHOK. 2.1. HpI/IHHI/IHOBa cXeMa KaCKaaHOoIro nincnn}oBaqa 3 JJaHKaMH

PO3IIMPEHHS TMHAMIYHOTO Jiana3ony [1, 2].
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[IpuHIMIIOBa cxeMa BKIIIOYAE TpU Kackadau TiacwitoBadiB. KoxkeH kackan
MicTUTh omepamiitauil miacwmoBad (OIl) 1 BiANMOBIAHI MacWBHI KOMITOHEHTH.

BxigHa Hanpyra, siKa IMOJA€ThCS Ha BXiJ KOXKHOTO KacKamy, MiICHiIroeTbes y K,
pasiB, 10 TOTO Xk Iel Koe(illiEHT BUZHAYAETHCS PE3UCTOPAMH 3BOPOTHOIO 3B’ SI3KY
«T» 1 «8». Y pe3ynbTaTi BUX1IHA HAIIPyTa KOKHOTO KacKaly 0OUMCIIIOETHCS 11010
JDKepelia HanpyTH KUBJIeHHs 3a popmynamu 2./ ta 2.2.

U:)fcu@ + Un—]
K, <2 2ol 2.1)

n—1

u,,xK <U, . +U

n Jrcus,, n—12

(2.2)

U, € a0COMOTHUM 3HAYEHHSAM HaNpyTHd MO3UTUBHOTO JKEPENa KUBJICHHS

Fabs

u,,=U,=U,_ -U

oreue —abs >

«1», a U e aOCOJIIOTHUM 3HAYCHHSIM HaIllpyru HETAaTHUBHOI'O JHKCPCia

N

xuBieHHA. L{s popMyna BU3HAUa€e JOMyCTUMUI Alama3oH, y Mexax sIKOro JXKeperio
KUBIICHHSI 37]aTHE TMpalioBaTH €(QEeKTHBHO, HE TMEPEBUILYIOYHM BCTAHOBIIEHUX

00OMEXKEHD.

[Ipu aBOMONSIPHOMY >KMBJICHH1 a0COTIOTHA aMILIITY/1a BUX1IHOI'O CUTHAITY HE

IIOBUHHA NEPEBUIIYBATH 3HAYEHHS J1ala3oHy JuKepena skuBieHHs U . Poboya

Hampyra, siKa MOJAE€ThCS Ha CHIJIOBI KOHTAaKTH OMNEPAIifHOTO MiJCHIIIOBayYa «4,
PETYNIOETHCA 32 JAOMOMOIOI0 TPAH3UCTOPHOTO MOBTOPIOBaYa, IO CKJIAJAETHCS 3
TPAH3UCTOPIB «2» 1 «3». PIBeHb 111€1 HANPYTH TOYHO BU3HAYAETHCS BIATIOBITHUMHU
piBHsiHHAMU. Taka KoH}Irypallisi TPaH3UCTOPHOT'O MOBTOPIOBAYA rapaHTye Moaauy
HEOOX1IHOT Hampyru g Oe3neyHoro (PyHKIIOHYBaHHS CXEMHU BIAMOBIIHO [0

piBHSIHB 2.3 Ta 2.4.

U U —U)x %+1 ~U, ; (2.3)

on+n _( Jrcue+n
6
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-1

~U,)x %+1 ~U, ; (2.4)

6

U =

on—n Hcue—n

VY npomy Bunanky U, ., Tta U, , - BITHOCHI 3HaUCHHSIMH HAIIPyTH )KUBJICHHS

on+n

ta U BIJIMTOBIIAIOTH

us+n HCue—n

omnepariifHoro mixcwioBada «4», tomi sk U,

aOCOIOTHUM 3HAYCHHSIM HAMpPYTH JKEpena KuBJIeHHS «/». Hampyra mepexomy

TPaH3UCTOPHOT'O ITOBTOPIOBAa4Ya IMO3HAYCHA K Ube

Ha neinBepTyrouuit BXij onepariiHoro mijicuiiroBaua «4» MoJaeTbCs BX1THUM

curHan U,_, a pe3ynbTyrouWii BUXIJHUWH CHTHAJI Ha IEpHIOMY KacKai U i,

BU3HAYAETHCS PIBHSHHAM 2.5:

Umth = U@x x K] (2 . 5)
Jlasi BUXiTHUHM CUTHAJT 3 TIOYaTKOBOT'O KaCKay MOJAETHCS HA HEIHBEPTYIOUN
BX1J] ONepaiiifHOro mificuiioBaya «4» HAaCTYyIHOTO Kackamgy. Y IIbOMY Kackaji

BUXIJTHUN CUTHAIT (DOPMYETHCSI BIATOBIAHO IO PIBHSIHHSA 2.6

U,=U, %K, (2.6)

Takuil MeToA PO3LMIMPEHHS HAIPYTd MOXE 3aCTOCYBATHCS, KOJIW 3BHYANHE
KacKaJHe 3 €JHaHHs BXK€ BHUEPHAJIO CBIM pecypc 3a BUXITHOIO HANPYrolo Ta He
MoOke (OpMYBaTH BUXITHHN CUTHAI 0 OaKaHMX MEX, TOXX METOJ MOIABOEHHS
Hampyru JornomMarae 3a0e3neuyuTH 301IbIIeHI PIBHI KUBJICHHS ISl KOXKHOTO 3

KaCKa/IiB.

Otmxe, KackagHe 3’€IHaHHS MIJACUJIIOBAYiB 13 3aCTOCYBaHHSIM METOAY
MOJIBOEHHSI HAMPYTU TUIAXOM 3MIMIEHHS POO0Y0i TOUKH JKUBJIEHHS JA€ 3MOTY
e(EeKTUBHO PO3IMUPUTH POOOUM [ialma30H Ta YHUKHYTH HACHUYCHHS YH

CIIOTBOPEHHS CUTHAJTy HAa BUCOKHUX PIBHAX Hampyr [1, 2].

Ha puc. 2.2 300paxkeHo jgiarpaMu Hampyrd Ha KOKHOMY 3 KacKaJiB

M1ICUIIOBAYIB.



YIOCKOHAJIEHHS BUCOKOBOJILTHUX ITMPOKOCMYTOBUX KACKATHUX BUMIPIOBAJIBHUX MIJICUJTIOBAUIB JIJI ITPUCTPOIB
BIATBOPEHHS OJIMHULII HAITPYTH 3MIHHOT'O CTPYMY PAJIOYACTOTHOI'O AIATTA3OHY

800 I I I I

600 |

400

Hanpyra [v]
o

-200

-400

-600

800 ! L ] ] ! ! ! L ]
0 1e-05 2e-05 3e-05 4e-05 5e-05 6e-05 Te-05 8e-05 9e-05 0.0001

Yac [i]

Pucynok. 2.2. JliarpamMu BUX1JTHOT HAlpyTy Ha BUXO0/daX KacKa/IiB: YepBOHUN
— BXIJTHUU CUTHAJT; 3eJICHUN - BUX1THUM CUTHAJ TIEPIIOTO KacKaay, OJaKUTHUI —

BUXIJIHUIA CUTHAJ IPYTOro Kackajy, CUHIN — BUXITHUNA CUTHAJ TPETHOTO KacKamdy.
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2.4. MinimMizailis BTpaT MOTYKHOCTI IIJIIXOM BUKOPUCTAHHS 10JaTKOBUX JIAHOK

JKHNBJICHHA

Meton wMiHIMI3aIii BTpaT MMOTYXXHOCTI 3a JOTOMOTOK BHKOPHCTAHHS
J0JTATKOBUX JIAHOK >KUBJICHHS Ta MiJACHIIOBATHPHUX KAaCKaIIB 13 MEPEKIIOUYCHHIM
MDK PI3HUMU PIBHSMH Hampyru € edexktuBHUM crocoOoM miaBuieHHs KKII.
OcHOBHHMIA 3a/[yM TIOJISITA€ Y BUKOPHUCTAHHI KUIBKOX JIAHOK KUBJICHHS 3 Pi3HUMHU
PIBHSIMU Hampyrd Ta iX KOMOIHYBaHHI uepe3 MiJCHIIOBAJIbHI KaCKaJH, IO JIa€
3MOTY JMHAMIYHO MEePEMHUKATH KUBJICHHS MK JIJAHKAMH 3aJI€’KHO BiJl TOTOYHOTO
HABAaHTa)XCHHA Ta yMOB POOOTH MIJCHJIIOBaYa, a TaKOXX MIHIMI3yBaTH BTpaTH
MOTYKHOCTI JJIi 3HWKEHHS HarpiBaHHS MIACWIIOBANbHUX eJeMeHTiB. Hiukue
HaBeJICHO MPUHITUIIOBY cXemy (puc 2.3) Ta AeTalbHUN onuc POOOTH MiCHIIIOBAYA,
10 OJTHOYACHO TMOEIHYE 3aCTOCYBAHHS METOJy MiHIMIi3allli BTpaT MOTYKHOCTI Ta
METOJIy TIOJBOEHHS HAIPYTH, PO3MVIIHYTOrO B TMOMNEpenHboMy posaiai. [ToBHa

€JIEKTPUYHA MPUHIMIIOBA cXeMa 300paxeHa B A0JaTKy A.

Enementn R,—R, , VI,—VT, dopmytoTh JKepeio MOCTIHHOTO CTpyMy, a
R, =Ry, VT, = VT, dopmyroTh TOKOBE A3€pKAaJIO A1 3a0€3MCUSHHS CTaJIOr0 PiBHA
Hanpyru Ha crabimitponax VD,—VD, ta ¢popmyBaHHS PiBHS CEpPeAHBOI HANPYTH
KUBJIEHHA Ha pe3uctopax R, — R, s KepyBaHHS TPaH3UCTOPAMHU IiJACHICHHS
Hanpyru  VI,— VT,,. HowminampHe 3HaYeHHsS  pe3ucTopiB R, —R,,

PO3pPaxoBY€ETHC BIANOBIIHO O PIBHS CTpymMy, chOPMOBAHOTO €JIE€MEHTaMHU

R,—R,, VT, VT, 3a piBastHHsM 2.7:

R, =R

5 6

(2.7)
Ry x1, =0.5%V,,,

3aymoBu: R,=R,;R,=R;;R,=R;,aV  —MakcumaibHe 3HAUC€HHS HAPYTH IPU

OJHOTIOJISIPHOMY KUBJICHHI.
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+275V

+440V * *
R1 R7
28

ZE]
VD6
N
L1

Z%VDB

RZ

(/%X(/V

V75
vouT
VD4
o5 U1
+ VIN
R6
| — [z
R13 R14
VD1
V76
7%
R3 V79
— N
VD2 $ >
o~ VD8
VT10
VT2 Vo5 =
VT4
R4 RE
-440V * ®

=25V

Pucynoxk 2.3. [IpuHnmnoBa cxema Kackajay miJcuiitoBaya 3 po3noIijIeHUM

JKUBJICHHSM Ta JIAHKAaMHU IIOJIBOCHHS HAIIPYT'U.
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JI5ist  piBHOMIPHOTO PO3MOJIUTY MOTY>KHOCTI MDK IMJICUIIOBaIbHUMU
eJIEeMEHTAaMHU pPO3paxyHOK R;,R, BapTo NpPOBOIWUTH 1O piBHA (POpMyBaHHS
MOJIOBUHU 3HAYEHHsI HAMPYTd OCHOBHOTO JDKEpeJia >KUBJICHHS, NMPU LOMY
piBEHb HANIPYTH JOAATKOBOTO JIKEpEIIa )KUBIICHHS HE Ma€ OyTH MEHIIIUM 32 I1e
3HaYeHHs. JJIsl JKUBIICHHS MIACUIIIOBadYa ONTHUMAJIbHUMH PIiBHSIMU HANpPYyTH

KUBJIEHHs Oysn oOpaHi 3HaueHHs 440B ta 275B.

Hiomu VD;— VD, cnyryiooTb s OJOKyBaHHS 3BOPOTHOI Hampyru Ta

0o0MpaloThCs 3riJHO 3 TapaMeTpamMyd Halpyrd S>KUBJICHHS Ta CTPyMY

CIIOKMBAaHHA.

Crabimitporn VD,-VD, 3a0e3neuyyroTh HEOOXiIHI PiBHI HAmpyru s
ynpasiiHHsa ~ TpaHsucropamu VI, — VT,,, Ta  BHKOPHUCTOBYIOTBCA IS
KOMIICHCAalil MagiHHg HAaOpyrdw Ha Mepexoaax TpaHiucropis - V, ta V , Ta
nagiaas Hanpyru V, Ha miomax VD;— VD,. Jlo po3paxyHKy BapTo OpaTH

MaKCHUMaJIbH1 3HAUYCHHS oux napaMeTpiB Ta J0JaBaTHU Q)iKCOBaHC 3HAYCHHA Vh

JJIsI YHUKHEHHsI rictepesucy. dDopmyna (2.8) miasg BU3HAYEHHS HOMIHAIB

cTaOLTITPOHIB V. Mae BUTIISI:

z

V.=V, +V +V, £V, (2.8)

Komnonentn VT, —VI,, R,—R,,, VD,—VD,, dopmyrors mnincwmoBad 3i

CITITbHOIO 0a3010, IO MpAIflo€ SIK CTa0UT3aTOp Hampyru s 3a0e3redeHHs
CTaJIOr0 3HAYEHHsS MIHIMaJIbHOI HANpPyTd >KUBJICHHS MO0 CHIJIBHOI TOYKH,
YHEMOKJIMBIIOIOUH 3MiHY HAIlPyTH KUBJICHHS HH)KYE JO3BOJICHUX 3HAUYCHB y

BHIIaKaX, KOJINX BI/IXiILHa Haripyra € OJIM3BKOIO A0 HAIIpyTH >KUBJICHHS.

Pucynok 2.4 neMOHCTpy€ pO3MOia CTPYMIB HaBAHTAXKEHHS MIXK JDKepeIaMu

Harpyru +275B Ta +440B nipu BiATBOpEHHI BUXigHOTO curHainy pieHeM 100B.
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Pucynox 2.4. YacoBa giarpaMa cTpyMy Ha JIaHKax >KUBJICHHS:
4epBOHUM — cTpyM JiHii +275B; momapanueBuit — ctpym ninii +440B; 3enennii —

BUXIJTHA HAIpyra.

o0 BU3HAUNTH XapaKTEPUCTUKY €(PEKTUBHOCTI 3alIPOINIOHOBAHOT MOJENI,
MPOBOJIUBCSA E€KCIIEPUMEHT 3 BUIIPOOYBaHHS TOCTIIHHUX 3pa3kiB. Pe3ynbTatu
OOCHIDKEHHSI MiATBEPIKYIOTh, 10 MOJENb IIOJIBOEHHS HANpyru 3
BUKOPHUCTAHHSM PO3IMOJUICHUX JHKEPEN KUBICHHSI Ma€ BEJUKY MepeBary Haj

3BUYAMHOIO MO CJIIO, OITMCAaHOIO B ITaTCHTI.

3okpema, Ha OCHOBI pe3yJbTaTiB EKCIIEPUMEHTY MOKHA BBaXKaTH, IO
BTPATH MOTY>KHOCTI MalOTh NPAaKTUYHO JIHINHY 3aJIe)KHICTh BiJ BEJIMUYUHHU, A B
3BUYAlHIA MOJEIl BOHM MAalOTh SAKIIO HE JIHIMHWNA, TO II[OHAWMEHIIE
rmapaboniyHuii xapaktep. [lopiBHsIBHI pe3yiabTaTH JOCHTIHKEHHS MOJaHl Ha

aiarpami.

OcKinbKH MOJICpHI30BaHa MOJIE]Ib MAa€ MEHIII MOKa3HUKH BTPATHU MOTYKHOCTI,
e 6e3MmocepeIHbO CIpUsie 3MEHIIICHHIO HAaTrPIBaHHIO 1, SIK HACTIIOK, BIUIUBATHME
Ha CHCTEMY MEHIIOI0 MIpOIo, IO BeJe 0 3HIKEHHS MOXHOOK, CIIPUYMHEHUX
KOJMBAaHHSM  TEMIEpPaTypu. 3aBISIKH HYOMY CTBOPIOETHCS  PIBHOMIPHHUI

TEMIIEPATyPHUNA PO3MOALI 1 MIABUILYETHCS 3arajbHa cTa0lIbHICTD M1CHIIIOBAYA.
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Pucynoxk 2.5. I'padik mopiBHSHHS BTpaT MOTY>KHOCTI MK MOJICIISIMU
KAaCKaJ[iB MOABOECHHSI HATIPYTH:
YepBOHUI — MOJIEJIh MMOABOIOBAYA HAMIPYTH PUCYHOK 2.1;
MOMapaH4YeBHUil — MOJIEPHI30BaHA MOJIETTh TIOIBOOBAYA HATIPYTH 3 PO3MOIITICHIM

YKUBJICHHSIM PUCYHOK 2.3;
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2.5.

[ToOyoBa iIMITYyJIbCHUX MEPETBOPIOBAYIB 3 HU3bKUMU €EMHICHUMU 3B’ sI3KaMU

Sk 3a3Havamock y posaimi 1.5, BUKOpPUCTAaHHS KAacKaJHOTO 3'€THAHHS
MIJICUJTIIOBAYIB JijIsl 301JIBIIEHHS BHUXIJHOI Hampyrd mnoTpedye 3acTOCYyBaHHS
rajbBaHIYHO-PO3B'I3aHUX JKEPE IKUBICHHS 3 MIHIMAIBHUMU €MHICHUMU
edextaMu KOHCTPYKIIi [3, 4, 5]. 3 MeTor0 hopMyBaHHS HE3aJIEKHUX rajbBaHIYHO-
PO3B'SI3aHUX JDKEPEN JKUBJICHHS JTOIUILHUM € BHKOPUCTaHHS BHCOKOYACTOTHUX

IMITyJIbCHUX MEPETBOPIOBAYIB HAPYTH.

['070BHUM eeMEeHTOM IMIYJBCHOTO NEpeTBOpIOBadYa € TpaHchopmarop,
XapaKTEPUCTHKH SKOTO BU3HAYAIOTh €PEKTUBHICTh YCHOTO IMPUCTPOIO, BIAMOBIIHO,
OJTHUM 13 OCHOBHHUX acCIEKTIB MiHIMI3alii Mapa3uTHUX €EMHICHHX 3B’SI3KIB €

ONTUMI3AIlISI KOHCTPYKIIIi TpaHchopmaTopa.

Jlns miHIMI3alil Mapa3dTHUX €MHOCTEH MiX MEPBHHHOIO Ta BTOPUHHOIO
oOMoTKamu (puc. 2.6) BaXJIMBO 3a0€3MEUYUTH IX MPOCTOPOBE po3BeAeHHs. OmHaK
30UIBIICHHS B1ICTaHI MK OOMOTKaMU TIOTIPIIIy€ MarHiTHUHN 3B'SI30K, II0 3HUKYE
KoeQILieHT KOPUCHOI Aii TpaHcdopmaropa 1 MiABUILY€E Mapa3UTHy 1HAYKTHUBHICTb

y KoOJIaxX MiJKJIF0YEHHSI OOMOTOK.

c3
1|
1]
L3 R1 C
_—/TU\W—‘
L R C’J_ °L1 L2
c L L
L ]
c4
1
1
c

Pucynox 2.6. Enektpuuna mojens Tpanchopmaropa 3 ypaxyBaHHSIM

napa3uTHUX €JIEMEHTIB.
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[Ipu mpoctopoBomy po3BeneHi 0OMOTOK L,Ta L, €MHICHWI 3B’S30K, IO
300pakeno kounencaropamu C; ta C,, 3MEHIIyeThCS HPONOPLIMHO Bijai
0OMOTOK, ajie HaTOMICTh 3pOCTa€ BEIMYMHA MApa3sUTHOI iHAYKTUBHOCTI L, Ta L,.

AHaJli3 Ta MOPIBHSAHHSA METOJIB MOOYJAOBH BHCOKOYACTOTHHUX TpaHCPOpMAaTOpIB

IMITyJIbCHUX MIEPETBOPIOBAYIB HABEJEHO B poboTax [6-7].

JInst JocsiTHEHHST MAaKCUMAaJIbHOT €(peKTHBHOCTI IMITYJIbCHOTO ITEPETBOPIOBaYa
Ta eeKTUBHOI yTUIi3a1ii Mapa3sUTHOI 1IHAYKTUBHOCTI JOLULIBHUM € 3aCTOCYBaHHS
pe3zonancHOi iMmynbcHOI Tomosiorii LLC. Opnieto 3 romoBamx mepeBar LLC-
PE30HAHCHHUX IE€PETBOPIOBAYIB € MOXIIUBICTh €()EeKTUBHOTO BUKOPUCTAHHS
NapasuTHOI 1HAYKTHUBHOCTI TpaHcopmaTtopa aisi (OpMyBaHHS PE3OHAHCHOTO
KOHTYpy. IlopiBHSHO 3 TpagUIIMHUMHU IMITyJBCHUMH JDKEPEIaMU >KUBJICHHS
napa3uTHa 1HAYKTUBHICTh BBAXKA€ThCS HEOAKAHUM EIIEMEHTOM, OCKUIBKM BOHA
BUKIIMKA€ IMIYJIbCHI CTPUOKM HAmNpyrd, MIJBHUILEHI BTPaTH Ta MOTIPIIyE
edexTuBHICTD, poTe B LLC-neperBoproBayax 1 iHAYKTUBHICTh HE TUIBKU HE €
IIKIJIJTABOIO, @ W CTAE KOPUCHHUM €JICMEHTOM CXEMH, OCKIJTBKHM B TaKiid TOTOJIOTii
BUKOPHUCTOBYEThCSI KOMOIHAIlsl I1HAYKTUBHOCTI Ta €MHOCTI Ui CTBOPEHHS
PE30HAHCHOTO KOHTYpY AJisi (OpMYyBaHHSI CUHYCOiNanbHOI Hanpyru. Pe3oHancHa

4acTOTa TAKOT0 KOHTYPY BU3HAYAEThCA 32 (OPMYJIOHO:

1
= 2.10
J: 2L xC, (210
ne L. — iHOyKTHBHICTh PE30HAHCHOTO KOHTYPY ,

C. — eMHiCTh PE30HAHCHOTO KOHTYPY.

BiamoBimHO 10 €1eKTpUIHOI MOEINI peanbHOro TpanchopmaTopa, mapa3uTHa

IHIYKTUBHICTB, 0 COpPMOBaHa eJIeMeHTaMu L, Ta L, Moxe OyTH 3acTOCOBaHa SIK
pe3oHaHCHa iHAyKTHUBHICTE L. (puc. 2.7) 1 3amisHa y CKIaai Pe30HaHCHOTO

KOHTYpY.
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Pucynox 2.7. ITpuniunosa cxema immyiascHoro LLC nepeTBoproBaya.

Otxe, miaxixa 13 3actocyBanHsaM LLC Tomosorii 1ae 3MOry 30CepeIuTUCS Ha
3a0€3MeUeHHI KOHCTPYKTUBHMX BHUMOT JI0 JIXKepesa >KUBJICHHS 0e3 HeOOX1THOCTI
BpaxyBaHHS BIUIMBY TMapa3UTHOI IHIYKTUBHOCTI Ha CTPYKTYpy TpaHchopmaTopa.
Ha puc. 2.8 300paxxkeno 3oBHimHIN Burisin LLC nepeTBoproBava i KUBJICHHS
KackaaiB miAcwioBada. EnexkTpmyHa cxemMa IMIYJIBCHOTO TIEPETBOpIOBAYA

300pakeHa B moaatky b.

Pucynok 2.8. Komm’rorepna mozaens LLC nepeTBoproBaya is AKUBJICHHS

KacKaJiB II1CHIIIOBAaYa.
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2.6. PimenHs 6araTopiBHEBOTO KOMIIOHYBAHHS JPYKOBAHMX ILIAT JJIsl MiHIMI3aIii

rabapuTiB KOHCTPYKIIIi.

3aBASKM MOJIYJIBHOMY MIAXOy BAAJNOCSd BOJHOYAC 3MEHIIUTH TabapuTu
MPUCTPOIO Ta BIOPSAKYBATH KOMIIOHYBaHHS BC1X (DYHKIIIOHATBHHUX BY3JIIB y O1IbIIT
JIOT14HI 1 BITOKpeMJIeH1 010ku. Tpu piBHI APYKOBAHUX ILJIAT, 3’ €IHAHUX MK COOO0
KOHTAaKTaMH, YTBOPIOIOTh €MHY CUCTEMY, /e KOXKEH PIBEHb BIIOBIJIA€ 3a MEBHY

(GYHKIIOHATIBHICTb.

Pucynok 2.9. Komn’roTepHa Mojieib 6aratopiBHEBOi KOHCTPYKITIT

M1ICUIIOBayYa.

[lepmuii 13 UX PiBHIB MICTUTh OCHOBHY IUIaTy 3 mifcuiatoBadamu PA9S, a
TaKOX TUIIOBI JIAHKW 3BOPOTHOTO 3B’S3KY Ta JOTOMIXHI JIAHITIOTH, 1110 (DOPMYIOThH

HEOOX1H1 peKUMHU POOOTH T1ICUIIIOBAYIB.

Jlpyruii piBeHb BIANOBiAA€ 3a 301IbIICHHS BUX1IHOT HAalpyTu (popMyBaHHIM
HAIpPYTry KUBJICHHA KacKaJaMy TOJBOEHHS HANpyru. 3 OrJIsAy HAa BHUCOKI PIBHI
Hanpyr, Il KacKaJu BIIJAJICHO OJMH BiJ OJHOTO 3 METOI 3a0e3MeUeHHS

JOCTAaTHBOI EEKTPUUHO] 130JIALI1I0 T4 HAJIEKHOTO TEMIIEPATYPHOTO PEKUMY.

TpeTiit piBeHb MICTUTH IMITYJILCHI MIEPETBOPIOBAYI, 110 (DOPMYIOTH KUBJICHHS
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IHIWBIAYAJIBHO ISl KO)KHOTO 3 BHCOKOBOJIbTHMX KacKaJliB. Take po3MexyBaHHS
MOKpPAIy€ TETUIOBUMA PEKHUM, 3MEHIIIYE 3B SI3KM MK PI3HUMH BY3J1aMHU Ta 3HAYHO
CIIPOIITY€ KOHCTPYKITIO 3 OTJISIy Ha MpOIlec 11 HaJlaroKEHHs Ta 30MpaHHs, 1110 Ja€

3MOTYy HAJIAIITOBYBATH MapaMeTpu pOOOTH ISl KOXKHOTO KacKaly He3aJIexXHO.

j&)e]
Q0!
0!
S0
peicle]
QO
jelel

Pucynok 2.10. 3oBHilHINA BUTIIST APYKOBAHUX TJIAT KOHCTPYKIIT

migcraoBaya 1000B 100k 1.
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2.7.

3abe3neueHHs] TEMIIEPATYPHOTO PEKUMY Ta TEIJIOBIBEIEHHS 3 BUKOPUCTAHHIM

KepaMigYHUX KOMITO3UTIB.

Po3po06:sitour BUCOKOBOJIBTHI IMiICKITFOBAY1, CJIiJT BpPaXOBYBAaTH iX HEBUCOKHIA
Koe(IIieHT KOPUCHOT i, MO 3yMOBIIIOE 3HAYHY 3aJICKHICTh TEMIEPATypPHOTO
peXKUMY BiJl piBHS BHXIJTHOTO CHUTHANy Ta HaBaHTaXEeHHS. OTKe, MEPIIOpsSTHUM
3aBJaHHSIM € PO3poOKa KOHCTPYKIIii, sika 3a0e3MmeuuTh epeKTUBHE Ta CTaOlIbHE

OXOJOAXKCHHA CUCTCMMU.

VY cxeMax BHCOKOBOJBTHHX IiJICHIIOBAUiB, III0 BUKOPHCTOBYIOTh HE3aJCKHI
JIAHKY KUBJICHHS, BaXJIMBY POJIb BIIITPalOTh KOHCTPYKTHBHI TapaMeTpH. 30KpeMa,
HEOOX1IHO BpaxOBYBAaTH BIUIUB TEIUIOBUX SBHUI Ta €(PEKTUBHICTH METAJIEBUX
€JIEMEHTIB y 3ac00aX OXOJIOJKEHHS Ta 3armoOIirTd HEPIBHOMIPHOMY PO3IMOJILITY

TEeMIIEpaTyp.

[Ile ogHMM BaXJIMBUM UYUHHUKOM € TabapuTHI TapaMeTpu KOHCTPYKIIii.
3MEHIIIEHHSI PO3MIpiB MPUCTPOI0 MOXKE HEraTWMBHO TMO3HAYMTHUCA Ha HOTO
TEMIEPaTypHii CTaOlIBbHOCTI, OCKIIBKM MEHIIA IUJIOIA CHpHsIE OUIBIIOMY
TEIUIOBOMY HABAaHTAKCHHIO Ha JIOKaJdbHI KOMIOHEHTH. Jlo TOro X MIiJbHE
pO3TalllyBaHHsS €JIEMEHTIB MPHU3BOAUTH 1O iX B3a€MHOTO HarpiBaHHs, IO MOXE
CIIPUYMHUTH JOJATKOBUM apeiid mapamerpiB cxemu. HaTomicTb, 301bIICHHS
rabapuTiB Jae 3MOTY 3MEHIIUTH €(DEeKT TEIJIOBiABEICHHS, TIPOTE CTBOPIOE PU3HUK

BUHUKHEHHS He0aXaHUX BUCOKOYACTOTHUX €(PEKTIB Y JOBTUX MPOBITHUKAX.

Otxe, s 3a0e3MeUYeHHsT HaAIiHOT pOOOTH BHCOKOBOJIBTHUX IiJCHUIIIOBAYiB
HEOOX1THO 3HANTH GanaHc MK KOHCTPYKTHUBHHMH OCOOJIMBOCTSIMHU, €(PEKTUBHUM

TEIUIOBIIBEICHHSIM Ta €JIEKTPUYHOIO CTa0UIBbHICTIO.

[TocninoBHe 3’ €THAHHS KACKa/1iB BUCOKOBOJIBTHHX ITiACUIIIOBAYiB IIPU3BOAUTH
710 TOTO, 110 KO>KeH HACTYITHUI Kacka/ nepedyBae miji MOTEHI1aI0M IONEPEeTHBOTO

1010 3eMJ11 (KOPIyCy), TOMY MOHTaX MiACHITIOBAILHUX €JIEMEHTIB O6€3110cepeIHbO
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Ha pajiaTop 4epe3 TPaAMIliNHI 130JAIIMHI TPOKIAIKU 30UIbIIYE Mapa3uTHI
€MHOCTI, [0 CIPUYMHSIIOTh HeOa)kaHl YAaCTOTHI BTPATU U 3HIXKYIOTH 3arajibHy
edekTuBHICTh cxeMu. i MiHiMi3awii HeOaxaHNX ePeKTiB y KOHCTPYKIIiI CUCTEMH
OXOJIOJDKCHHS CIIIJ Mepen0auynuTy 301IbIIEHHS BIJICTaHI MK MiJCHIIOBAIBHUMHU
KOMIIOHEHTaMH Ta pajiaTopoM, BOJHOYAC HE TMOTIPUIYIOYM TEIUIoNepeaaqy.
BinmoBigHO, BUHMKAE CKJIaJHE 3aBIaHHs: 3a0€3MEYUTH aJCKBAaTHY EJIECKTPHUYHY
130JIA11110 ¥ 3MEHIIUTH Mapa3uTHI €MHOCTI, ajie TIPU LIbOMY 30€perTd HeoOX1aHY

e(eKTUBHICTb OXOJIOPKEHHSI.

[lim yac mpoekTyBaHHSA W MOIIYKY pillieHb OyJ0 PO3MVISTHYTO MOMKJIMBICTh
3aCTOCYBAHHS METAJOKEPaMIYHUX KOMIIO3UTHHUX MaTepialiB, 30KpeMa Ha OCHOBI
HiTpuay amominiio (AIN) ta kap6iny kpemHito (SiC). AHami3 MOPIBHSUIBHUX
XapaKTePUCTHUK 3aCBIAYMB, 110 HITPUJI ATFOMIHIIO Ma€ BUILY TEIJIONPOBIAHICTH Ta
Kpaiqi BJIACTUBOCTI  TEIJIOBIABEJCHHS, 3aBASIKH YOMY CTaB OCHOBHHUM
MPETEeHJICHTOM IS BUKOpUCTaHHS B KOHCTpykiii [8, 9]. Illomo OiibIn
MEePCIEKTUBHUX 3 TOTJISAYy OKPEMHUX IMapaMeTpiB, MPOTE MEHIN Oe3MeYHuX y
MPaKTUYHOMY 3aCTOCYBaHHI KOMIIO3UTIB Ha OCHOBI okcuay Oepudito (BeO), To ix

BIJIXWJIUJIM Y€pe3 TOKCUUHICTh MaTepiay Ta CKiaaaHoIl oopooku [10].

BuOip Ha KopuCTh HITPUAY AJIIOMiHII0 0OYMOBJICHH OaTaHCOM M1 BHCOKOIO
TEIUIONPOBIHICTIO, TPUUHATHOI BapTICTIO Ta HU3BKOI J1EJIEKTPUYHOIO
npoHukHIcTIO. [lonpu Te, mo KapOia KpPeMHII0 MPONOHYE A00pY CTIHMKICTH 110
3HONIYBaHHS 1 BUIIY TBEPIICTb, HOro TEIIONPOBIAHICTh MocTymnaerbes AIN, a
TaKoXX YCKJIQJHIOE BHUTOTOBJIEHHS JeTalied ckiaaHoi reomerpii. HartomicTh
MaTepiaiu Ha ocHOBI AIN po3mIHpIOI0Th KOHCTPYKTOPCHKI MOXKIIMBOCTI, OCKIIBKH
iX 3pyuHime oOpoOIATH MEXaHIYHO JJIsg MIATOTOBKU JO IHTErpamli y CUCTEeMHU

0XO0JIOJIKEHHS [9].

3acTOCYyBaHHA HITPUI-AJIIOMIHIEBUX KOMIIO3UTIB Ja€ 3MOTY YCHIIIHO
130JIF0BaTU BUCOKOBOJIBTHI KacKaJu, BIJOKPEMUBIIH iX BiJ] pajiatopa, Mpu IbOMY

BOJHOYAC 3a0e3neunBIy ePEeKTUBHE BIABEACHHS TeIUIa. 3aCTOCYBAHHS TOCTATHBO
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TOBCTUX MIAKIAA0K Ja€ 3MOTY CTBOPUTH (PI3MUHO OBy BIJICTaHB MIXK
BHCOKOBOJBTHUM KOMITOHEHTOM Ta PaaiaTOPOM, 3aBASKA YOMY 3MEHIIYETHCS
napasuTHa €MHICTb. AJDKE €EMHICTh OOEpHEHO MpOMopIidHA BIACTaHI MiX
MPOBITHUKAMH: 1110 OUTBIIMN MPOCTIp MK €JIEMEHTOM 1 pajiiaTOpoM, TO MEHIIIHI

BIUTMB BUCOKOYACTOTHUX CUTHAJIB HA pOOOTY T1JICHITFOBAY1B.

Ha pucynky 300paxeH0 AOCIHIIHUM 3pa30K IMiACHIIOBa4iB, BMOHTOBAaHUX Ha

KepaMiyHi IJIACTUHU HITPHUI-AJIFOMIHIIO 3aBTOBIIKH 4MM.

Pucynoxk 2.11. Jlocnigna Mozens micHiIOBada 3 BAKOPUCTAHHIM

KepaMi4HUX TUIACTUH Ha OCHOBI HITPUTY-ATFOMIHIIO.

3rifHO 3 pe3yJbTaTaMH BHUMIPIOBaHb, BUIIAJICHHS IJCHITIOBATLHUX
€JIEMEHTIB BiJl 3a3eMIIIOBAIbHOT IJIONIMHU JAJI0 3MOTY 3MEHIIMTH Iapa3uTHY
emMHicTh 3 22 n1® no 8 n®d. Ile icTOTHE 3HWKEHHS IMOSCHIOETHCS THM, IO 3i
3017BIICHHSAM BIJICTAHI MK AaKTHUBHMMH BY3JaMH Ta 3a3€MIIIOBAJIILHUM IIapOM
3MEHIIYEThCS IUIOIIAa TEPEXPECHOI B3a€EMOJII MK MPOBITHUKAMHU W 3eMIICHO.
BinnoBigHo, e1ekTpuyHe MOJE, sIKe CTBOPIOETHCS B MPOCTOP1 MK KOMIIOHEHTOM 1

METAJICBOIO TTOBEPXHEIO PO3TATYETHCS 1 EMHICTh 3MEHIITYETHCS.
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OkpiM 3MIHH BIJICTaHI MDDK KOMIIOHEHTaMH Ta 3a3€MJICHHSAM, OYJI0 BUPIIICHO
3aCTOCYyBaTd JOJAaTKOBE (pe3epyBaHHS OTBOPIB y IUIONMIMHI ~ MOHTaxXy
KoMrioHeHTiB. Llei miaxij mae 3Mory BUIQJIWTH YAaCTUHY MaTepially Tuiatu abo
30BHINIHBOTO APy, SIKUM MOXKE CIPUUYMHITH HeOakaHWW €MHICHUN 3B’S30K. Y

pe3ybTaTi TaKoi omepailii mapa3uTHa EMHICTh 3HU3WIACH 1mie Ha 2 1D — 3 § md 1o

6 nd.

OTxe, KOMIUIGKCHUM TMiJAX1J, SKUM MO€IHYy€e 30UIBIICHHS BIJACTaHI MIX
KOMIIOHEHTaMH Ta 3eMJICIO 3 (pe3epyBaHHAM OTBOPIB Y MOHTAXKHIH TUIOIIKHI J1a€
3MOTY 3HAYHO 3HHM3UTH Tapa3suTHY €MHICThb. lle, CBOEI 4Yeproro, MO3UTHBHO

BILIMBA€ HA €(DEKTUBHICTh POOOTH MIJCHIIOBAYa HA BUCOKUX YacTOTaX

Pucynox 2.12. 3oBHimHI# BUTISAA 070Ky MMiJICHITIOBaYa B 300pi 3 pagiaTopom

Ta KOPITyCOM.
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2.8.

83

Kopekirii 4yacToTHOT XapaKTepUCTUKU KaCKaIHUX IM1ICHJIFOBAYIB IIIIXOM BBEJICHHS

KOPUTYIOUHUX JIAHOK

YacToTHa XapakTepUCTUKa € OJIHIEI0 3 OCHOBHUX XapaKTEPHUCTHUK
omepariiiHoro mifcuiioBada. Y TMEBHOMY [iana3oHl poOOYMX YacTOT Ta MpH
perenbHOMY BHOOpPI THUIY ONEpaIiiHOrO IMiJCHIIOBaYa W PIBHS IMIJICHICHHS
CUTHAJIIB 3arajibHa nepeaaTouHa (PyHKIlIsI MOYKEe MaTH OJTHOPIAHY XapaKTePUCTUKY .
Ane y naHIrorax 3BOPOTHOTO 3B’SI3KY Y3TOKCHICTh XapaKTEPUCTHKUA MOXKE
3HAYHOK Miporo BapitoBaTucs. KOHCTpYKTHMBHI OCOOJMBOCTI PE3UCTOPIB Ta
MPOBIAHUKIB, MO X 3'€IHYIOTh, MOYMHAIOTH BIUIMBATH HA CEPEAHIX 1 BHUCOKHUX
4acTOTax 4Yepe3 ICHYBaHHS MMAapa3UTHHUX CJIIEMEHTIB SK TapajielbHa €MHICTh Ta
MOCTIIOBHA 1HIYKTHBHICTh. HeraTuBHMI BIUIMB TaKUX €JIEMEHTIB OCOOJIMBO
BUPQXEHUH y BHCOKOUYTIIMBHUX a00 BHCOKOLIBUAKICHUX  OMepaliiHuX
MJICUIIIOBavax, JI¢ HeBEJIMKI 3MIHHU IMIIEAaHCY MOXKYTh IIPU3BECTU J10 30y IPKCHHS,
3CyBy (a3u CUTHaJy Ta 3HHXKEHHS TOYHOCTI BiATBOpeHHs Hampyru. 11106
MiHIMI3yBaTu 1 e(peKTH, 3a3Bruail BUKOPUCTOBYIOThCS MPEIU3iiHHI PEe3UCTOPH 3
HU3BKOIO TIAPa3WTHOIO 1HIYKTUBHICTIO Ta €MHIiCTIO. /[l 1bOro dacTo-rycro
BUKOPHUCTOBYIOTH BYT1UJIbHI 200 IUTIBKOBI PE3UCTOPU, OCKIJIBKM BOHU MAIOTh Kpalli
MOKa3HUKKW TOYHOCTI Ta TeMIlepaTypHOi CTaOUIBHOCTI, TMPOTE 3HAYHO

0OMEXEHIIUN PiBEHb MOTY>KHOCTI MOPIBHSAHO 3 IHIIMMHU TUIIAMH PE3UCTOPIB.

Ha etamni nmpoekTyBaHHS pe3ucTOp Mae OyTH OOpaHUidl B MEXKaX JOIMYCTUMHUX
3HA4YeHb MI00 3MEHIIUTH MapasUTHUN BIUIMB 1 3HM3UTU Apeiid Temmeparypwu.
HaBiTh npu nye HU3BKUX PIBHSIX CTPyMY HE3HAuHI Mapa3uTHI €peKTU CTAIOTh
3HaYHUMH, a MIPU HAIMIPHO BUCOKUX PIBHIX CTPYMY PE3UCTOPU MOXKYTh 3HAYHOIO

MIpOIO HarpiBaTUCS, CIIPUUYUHAIOYN TeMIIepaTypHuil apeiid mapametpis [3].

JUJis OMIMIIIEHHS] YaCTOTHOT XapaKTEPUCTUKU ONIepallifHOTO MiICUIII0Baya Ta
JJIs1 KOMIIEHCAllli Mapa3uTHUX €(EeKTiB, 110 BINIMBAIOTH HA PE3UCTOP, 3aCTOCOBYIOThH

JIOJIaTKOB1 JIaHIFOrd KomreHcamii. 11 Tumm naxmroris Bimomi sk RC-naHkw.
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Konpgencarop 3abesnedye TMeBHY 3MiHY IMIEHaHCY Ha BHCOKHX YacTOTaXx,
KOMIIEHCYIOUM BIUIMB MApPa3UTHOI 1HAYKTHUBHOCTI B MEPEXK1 3BOPOTHOTO 3B’SI3KY,
sKa MOKe crp 3cyB (pa3u Ha BuMmX yactoTax. [limx yac BuOOpy 3HaYEHHST EMHOCTI
JOIIJILHO TIEPEBIPUTH BEPXHIO MEXY YaCTOTH ITiJICUJICHHS, 1HIyKTUBHI Ta EMHICHI
€JIEMEHTH PE3UCTOPIB CIIIJI OLIHUTH BIAMOBIAHO 1O IHCTPYKIIM BHUpPOOHUKA 1

pO3paxyBaTH Tak, 100 ii iMneaaHc OyB piBHUM.

B igeanpbHOMY BUIIAJIKy NMPU BEIMKOMY NETIHOBOMY MiJCHUICHHI KOSIIEHT
nigcuiaeHHss OIl mopiBHIOE BITHOIICHHIO IMIIEIAHCY 3BOPOTHOTO 3B’SI3KY [0

BX1JTHOTO iMreAaHcy [3].

Z(jw)ss

K(jo)= Z(jo)ex

(2.11)

Sxmo BBaxkaTH, MmO OOWABAa IMIETAHCH CTBOPIOIOTHCSA MapasieTbHUM
3’€IHAHHSAM PE3UCTOpPA 1 EMHOCTI, TO MIHIMI3aIlisl YaCTOTHOT MOXUOKH Ma€e MicCIie

MIPU OJTHAKOBIM YaCTOTHIN 3aJIe)KHOCTI YNCEIbHUKA 1 3HAMEHHUKA y Bupasi (2.12).

R 1
33
Z(jo), = J”iﬁ __ R (2.12)
R+ 1+ jor,,
JoC._
R A
Z(ja))gx _ nggx — Ie.sx (2.13)
R+ 1+ jot,,
JoC, .
K(ja)):R33><]+Ja)T6x (2.14)

R, 1+ jor,,

6X

He 7,,=R,,-C,;, 7, =R _-C,_ oueBHAHO, 110 KOCPILIEHT MEpeTBOPEHHS Oy ie
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4aCTOTHO HE3AJIC)KHUM, KOJIU T3 =T,

6X

68X

' c

6X

Pucynok 2.13. ExBiBanentHa cxema Z_ .

Sxmo R, > R;;, nouinbHo R po3duth Ha 1Bi yactmHu R =R _+R_ i

6x

KOMIICHCYIOYY €MHICTh WiJ’€JJHaTH TapaJieIbHO OJHOMY i3 JojaHkiB R .

ExBiBaneHTHa cxema Z_ TOJi MaTUMe BHUIJIS.

R .1
Z(jo) =R, +— I e
poy 1 I+ jor,,
ot il (2.15)
_ R;:x (] + ja)f;x) + R;x _ R@x + ja)z—(;x ) Rf:x
1+ jor,, 1+ jor,,
R.(1+ jor
K(jw)= s+ jor) : (2.16)

R, (1+ jor,) 1+ja)r'§‘”‘

6xX

"

— R6X + -]a)TSX ) Rex (2 ] 7)

Zo(j) 1+ jor
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L Z(jo) B R33(1+ja)r;,x)
K= 2 o), = (v jor )R, +jorR.)
R;; (]"" ja)r;x) (2.18)

”

Rgx(1+ja)r33) ]+ja)r'§“x

8X

OcTaHHe pIBHAHHA € HEJTIHIMHUM IIOJ0 YacTOTH 1 HE MOXeE 3a0e3ledyBaTu
KOPEKIIi}0 YaCTOTHOI MOXUOKH B YChOMY JIialia30H1 YacTOT, a JIUIE B THX TOYKaX,
7€ 3HaXOJAThCS KOpEHI pIBHSAHHS, 1 € MAaJONPUAATHUM JUIsl TPAKTHYHOTO

3actocyBaHHs. CHuTyarist Moxxe OyTH HOKpaIlleHa, SIKIO eKBiBalIeHTHA cxema Z

30iraTUMEThCS 3 eKBIBAJICHTHOIO CXeMOI0 Z_ .

/
R«x

6x

' c

6X

Pucynok 2.14. ExBiBanienTHa cxema Z,_ 3 IBOMa pPE3UCTOPAMH 1 OJIHI€IO

€MHICTIO.

CtBopumo Bupaz 11 K(jw), akmo B Z, i Z;; MaTuMyTh OJHAKOBI

€KBIBaJICHTHI CXeMH, TOOTO:

R,=R,+R, (2.19)

R .=R_+R (2.20)

R,, - 3amrynToBano emHictio Cj;, a R - 3amyHroBaHo emuicTio C,
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2,(jo) =Koy g, < Rut R rjor,R Ry vjor,R - 5))
1+ jor,, 1+ jor,, 1+ jor,,
Toni
Z;;(Jo) R331+ Lo R, 1+jor. 7 MV”I;;S
K(jo)=22312) = - +J_“”;3R,, _ Ny LH 0T, 22
Zex(]a)) 6x +]C()T6'x 6x Rgx ]+]C()T33 ]+ja)7,;x 6x
I+ jor,, R,
YMoBamu He3anexkHocTi K (jw) Bix yacTotu OymyTs piBHOCTI
. . .R, R
T =7,1—=—"% 2.23
" v R33 Rgx ( )

3 ocTaHHBOI PIBHOCTI BUILIUBAE, 110 BiTHOIICHHS YacTHH, Ha AKi po3ouTi R
i R,;, noBuHHi OyTH piBHUMH, a 3Ha4eHHS R i R;; MOXyTh OyTH Pi3HUMH i

BU3HAYAIOTHCSA HEOOXITHUM KOE(II[IEHTOM ITiICUIICHHS:

K="3 (2.24)

BagaBmu HeoOXigHMA KoedimieHT migcuiaeHHs K 1 3Ha4eHHS pesucTopa

3BOPOTHOTO 3B’S3KY, 3HAHIEMO:

33
== 2.25
6X K ( )

. . R
VY CcBOIO uepry, Mpomopiist TOJaHKIB ~ & Ma€ OyTH TaAKOIO CaMOIo.
[Iporiec miaboOpy HOMIHAIIB KOPHUTYIOUMX KOHJEHCATOPIB Ta pPe3yJbTaTH,

OTpUMaHi MiJ] Yac KOPEKIi 4acTOTHOI XapaKTepUCTUKHU, NETAIbHO HABEJICHO B

HACTyTHOMY PO3JLIL.
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BHUCHOBKU 1O PO3IIY 2

Po3mmpenns JTUHAMIYHOTO Jiana3oHy 1CUITIOBAYIB.
3anmponoHOBaHUNA ~ METOJ  IPYHTYETbCS HA  BUKOPUCTaHHI  JOJATKOBHX
MiJCHIIOBAIBHUX €JIEMEHTIB Y JIaHKaX KepyBaHHs >KUBICHHSM, IO JAJI0 3MOTY
MOJBOITH BUXIJHY HAmNpyTy MiJCHJIIOBaya. A 1€, y CBOIO Yepry, ONTHMi3yBaTH
KUTBKICTh KACKaIiB 1, SIK HACJIITOK, 3MEHIITUTH BapTICTh Ta CKJIATHICTh KOHCTPYKITIi.
JlocarHyTe  30UIbIIEHHS ~ aMIUNTyAM  BUXIAHOTO  CUTHAldy  PO3IIMPHIIO

byHKITIOHATBHI MOXJIMBOCTI IT1ICHJIFOBaYa 0€3 3HaYHOTO YCKIIAIHEHHS CXEMHU.

[Tonminmiennst  edeKTUBHOCTI Ta  3MEHINEHHS  BTPAaT  MOTYXKHOCTI.
Buxopucranwmii miaxig 6a3yeTscsi Ha THYYKOMY KE€pyBaHHI MOJAHHSIM >KUBIICHHS 3
ABTOMATHUYHHUM TIEPEMUKAHHSAM Ha OUIbIl e(EKTUBHI JJaHKU HAMNPYTH, 110 3HAYHO
CKOpPOUYy€ EHEPreTWYHl BTPATH HA aKTUBHUX €JIEMEHTax IIiJl 4Jac MiJACHICHHS
CUTHAJIB. 3aCTOCYBaHHS IIHOTO METOMYy B KOMIUIEKCI 3 METOJaMH PO3IINPECHHS
AMHAMIYHOTO [lalla30Hy CTBOPIOE KOMOIHOBAaHWM €(EeKT: MiJBUILIEHA BHUX1THA
Hampyra TO€IHY€EThCS 31 3MEHUICHUMH BTpaTaMH, MOKPAIlylOUd 3arajbHy

e(EeKTUBHICTD IiICHIIIOBAYa.

3a0e3neyeHHs €(heKTUBHOTO OXOJIOKEHHS Ha OCHOBI KOMIIO3UTIB 3 HITPUAY
AIIOMIHIIO.
Bukopucranss creriagizoBaHUX KOMIIO3UTIB Ha OCHOBI HITPUJY QJIIOMIHIIO Ja€
3MOTY peai3yBaTH IIBUJIKE Ta pIBHOMIpHE BiJBEICHHS TEILJIa HA PaliaTop, 3aBIsIKU
BHUCOKI TEIJIOMPOBITHOCTI Ta HU3BKIN J1€EKTPUYUHIN MPOHUKHOCTI MaTepiany. Lle
COpUs€ 3MEHIIEHHIO BIUIMBY TEPMIUYHHUX TEpPEBAaHTAXEHb 1 30€peKEHHIO

CTab1IbHOCTI MapaMeTpiB MiJCHUITIOBAYA.

Minimizarris BILIUBY napasuTHUX 3B’SI3KIB KOHCTPYKIIi.
Jlisa 3amobiraHHst 3pOCTaHHIO MAapa3sUTHOI €MHOCTI BHACHIAOK HaOJIMKEHHS
€JIEMEHTIB JI0 pajiaTopa 3aCTOCOBAaHO HHU3KY pIllIEHb: BUKOPUCTAHHS TOBCTHUX

HiAKIaI0K, 10AaTKOBE (ppe3epyBaHHs OTBOPIB Y IUIOIMIMHI MOHTaXXy KOMIIOHEHTIB,
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a TaKoX 3arajbHa OINTHUMI3allisl MPOCTOPOBOTO PO3TAIIYBAaHHS E€JIEMEHTIB.
Bunyuenns yacTuHM MaTepiay 13 30BHIIIHBOTO IIAPY 3HUXKYE €EMHICHI 3B SI3KH, 1110
MO3UTUBHO BIUIMBa€ Ha POOOTY BHCOKOYACTOTHUX KackadiB Ta 3abe3mneuye

CTIWKICTB MIJICHJIFOBayYa B IIMPOKOMY J1ara3oHi 4acToT.

OTxe, HaBeleH1 METOM PO3UIMPEHHS AUHAMIYHOTO Jiana3oHy, MiABUILEHHS
e(eKTUBHOCTI Ta 3a0e3Me4YeHHs HAAIMHOrO  OXOJIOJUKEHHS  CTBOPIOIOTH
KOMIUIEKCHHUH MIIX1]T 10 PO3POOJIEHHS CYYaCHUX BUCOKOYACTOTHHX IT1ICUIIIOBAYiB.
Ix crinbHe 3acTOCYBaHHA A€ 3MOT'Y JOCATTH ONTUMAJILHOTO CITIBBIJHOIIEHHS MiXk
BUXIJHOIO MOTYKHICTIO, €HEProePEeKTUBHICTIO Ta TEMIIEPATYPHOIO CTaOUIBHICTIO,

1o € TOJIOBHUM YMHHUKOM Y HpOCKTYBaHHi BHUCOKOBOJIBTHHX Hi,Z[CI/IJII-OBa‘IiB.
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PO3/I1JT 3. MopaentoBaHHS Ta aHaI3 BUCOKOBOJIBTHUX IIMPOKOCMYTOBHUX KaCKaJIHUX

M ICHJIFOBAYIB

3.1.

Pospaxynok moaeni miacwioBada 100x['11-1000B

Mogpens mnigcuwimroBaua 100xk['m-1000B  ckimamaerscs

3 4

92

KacCKa/IiB

MIJCUITIOBAYIB, MO 3’€IHAHI TMOCTIOBHO M MICTATh OMEPAIIMHUN ITiACHIIOBAY

PA98 Ta naHku moABOE€HHS Hampyr [1] 3rilHO 3 METOAMKOI, PO3TJSHYTOIO B

po3aini 2. ChporieHy NPHWHIMIIOBY CXEMy IMiJACWIOBa4a Ha 4 Kackamax i3

HE3JIC)KHUMU JIAaHKaMH 3BOPOTHOTO 3B’ A3KY 300pakeHo0 Ha puc. 3.1

5 s

T K o1l T K,

o1,

E,f
G

Q Uy +€> U = U, o
R k k,
T | Tr | Ti:
A B £
¢ LI ¢ LI ¢ LI
| e n
@ L 2 L 2 @

Pucynoxk 3.1. Po3paxynkoBa moaens nifacuiatoBada 100kl -1000B.

UG Ux

JIns  geTanpHOrO aHami3y IMiJICHIIIOBadya HEOOXITHO CTBOPUTH PIBHSHHS

NEPETBOPEHHS. 3 BUKOPUCTAHHSIM CHUMBOJBHOI (POPMHU MPEICTABICHHS SK IS

PIBHSIHHS TIEPETBOPEHHS, TaK 1 JJIs1 pIBHSHHS MTOXUOKM Ha OCHOBI 3ak0H1B Kipxroda

CKJIaJIEeMO MAaTpUYHE PIBHSHHS TEPETBOPEHHS MPUHIUIOBOI CXeMH Ta ii

ekBiBaseHTHOI cxemu (puc. 3.2) [2]:
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" 1x X

Pucynoxk 3.2. ExBiBanenTHa cxema mniacuimtoBaya 100k -1000B.

93



YIOCKOHAJIEHHSI BUCOKOBOJIbTHUX IIMPOKOCMYTOBUX KACKAJIHUX BUMIPIOBAJIbHUX MIACUIIOBAUIB JIJIs1 IIPUCTPOIB
BIATBOPEHHS OJIMHULII HAITPYTH 3MIHHOT'O CTPYMY PAJIOYACTOTHOI'O AIATTA3OHY
94

Jlns cxemu puc. 3.1 1 BIANOBIAHIN €KBIBAJICHTHIM MOJIeI pUc. 3.2 CKIaJaeMo

CUCTEMY PIBHSHB:

Tabnung 3.1. PiBastHHS By3noBux cTpyMiB migcuwioBava 100xkI'1-1000B

N—i,+i,-i,=0, 7)is—i,—i,; =0,

2)—i,+i,+i,;=0; 8)—i;—i; +i,, =0,
3)i;—i, =1, =0; 9) iy, —ips =i =0;
4)—i,+i,+1i,, =0, 10)i,, —i,s—1,, =0,
5)i,—i,—1,=0; I1)ig—i,—1,,=0;

6)—i, +i,;+i,=0;

TaGmuis 3.2. PiBHsIHHS KOHTYypHUX Hanpyr miacuimoBaya 100k '-1000B

I2)i,R, + iy, (1+k)=U,; 17) =i, R, —igr, +i,r, —i,,r,, =0;
13)i,R, +i,1,, (I1+k,)=0; 18) —i,R, —i,r, +igr; —i,,1;, =0;
14)i,R, +i,r,, (1+k;)=0; 19) =iy, —i,R, +ir,—i,1, =0;
15)isR, +ir, (1+k,)=0; 20)ir, —i,n, =Up;

16)—isR, +irs —i,r, =0;

Ha 6a3i piBHSIHb By3JI0BUX CTPYMIB Ta KOHTYPHHX HaIlpyT CTBOPEHO MaTPUIHE

piBHSHHSA (Ta0J. 3.3 ), B IKOMY BU3HAYHHK CUCTEMHU Ma€ po3MipHicTh 20x20:
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Ta6muig 3.3. Marpuus cuctemu miacwioBada 100k '-1000B.

—_
)
w
N
w
=N
N

819 10 11 12 13 1411516 |17 |18 |19 20

O|o| Q|| n|bh|W|N| =]
—_
|
—
|
—

—_
|
—_
|

12 R n, (1+ &) i
13 R, 1, (1+k,) i
14 R, n, (1+k) i,
15 R, 1, (1+k,) i

“ae

3 g

r =

26 Ly
20 | -7

Ha ocHOBI mux piBHSHb CTBOPEHO MaTpuyHe piBHsAHHA (Tabn. 3.3) Ta

AeTepMiHaHT det6 . [TincTaBUBIIN MATPHIIIO IPABUX YACTHUH Y KOJIOHKY BHX1JIHOTO
CTpyMy I,, OTPUMYEMO MATpHUII0 (JUIsI PO3PaXyHKYy BHUXIJHOIO CTpyMy, IO

IPOTIKAE Yepe3 Pe3UCTop ;).

Tabnuusg 3.4. Matpuns ctpymy .
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—
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~
W
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N
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©
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Po3paxyHnok Buxiguoi Hampyrd U, BHKOHY€TbCS HUISIXOM NMEPEMHOKECHHS

BUXIJTHOTO CTPYMy [, Ha PpE3UCTOP HABAaHTAXKEHHsS F;, 1€ I, BU3HAYAETHCH

AeTepMiHaHTOM cucTeMu detC Ta JETEPMIHAHTOM MaTtpuui CTpymy det, 3a

dopmymoro (3.1)

6Ux _l6

- 3.1
’ dethr5 (G-

JleTepMiHAHT CUCTEMHU Ta JAETEPMIHAHT BUXIAHOTO CTPYMY Y CHUMBOJIbHOMY

pO3paxyHKy mpejacTaBiieHi ¢popmysamu (3.2 ta 3.3):

(2k1+5)r16)+2R1) -

R k2+R2+R1) 26+ R1- Rz)

(3.2)
2R1k3+ R3 +2R1) r36+2R1°R3 )

((

detC:—iRl-r : ((
S

((

3R k4+R4+3R1) rag+3R1 R4)

(5k1+]0 r16)+4R1)
(R1+ R2) k2+R2+R1) r26+ R Rz)

(R3+ 2R1)ks3 +R3+2R1) r36+ 2R Rs)

I

I ((

det, :—§R1 -Usx - (( (3.2)
((

(Ra+3R1)ka+Ra+3R1)ra6+3RiRa)
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JI1s1 po3paxyHKy mMojienii 0yJio 00paHo Takl 3HAYeHHS ITapaMeTPIB CXEMHU:

110

R =R,=R,=R,=50x0m; k, =k, =k, =k, =102
r,=33,3kOm, 1, =50k0Om, r; = 100xkOm, 1, = 150kOm

r,,=0,=1,=IMOm ; U_=100B ; r;=50k0m.

Tie =
BignoBimHo g0  piBHsSHHA 3./, BUXIJIHA Hampyra MijcuiIrOBada
JOPIBHIOBATUME:
(3.4)

‘ det, 5
e =lts =——=1; = 0.02x50x 10" = 1000B .

JUi1st BU3Ha4€HHS BCIX CTPYMIB [, ...I,, HEOOX1JHO 0Oy 1yBaTH €KBIBAJIEHTHI

MaTpHlli, B SKUX CTOBIYMK CTPYMY 3aMIHIOETbCS MATPHIICIO MPABUX YACTHH 3a

IPUHIUIIOM, AHAJIOrIYHUM JO 3aCTOCOBAHOIO IIPU PO3PaXyHKy CTIpyMy I

Po3paxoBaHi 3Hau€HHS CTPYMIB I, ...I,, HaBeleHO Y BUrisiai Marpui (Tabm. 3.5).

Tabmui 3.5. Martpuiist CTpyMiB OMIOPIB, HAIIPYT 1 MOTY>KHOCTEH B aMIiepax, omax,
BOJIbTax 1 Barax Ha pesuctopax 1 OIl miacumroBada 100k 11-1000B

l7 l8 l9 ll 0

0.005 | 0.02 | 0.005 | 0.005 | 0.005 |-5-107"

0.003 | 0.003 | 0.005 | 0.005
’/i Rl R2 R3 R4 RS rz ’/'3 7"4 ’/i3
33333 | 50000 | 50000 | 50000 | 50000 | 50000 | 50000 | 100000 | 150000 | 1000000
A P, P, F, By F, P, R R R,

1,25 2,5 3,75 |25-107°

lll llZ 13

-2.5-10™" | =2.5-10" | =2.5-10™" | 0.038 | 0.003 | 0.035 | 0.005 | 0.03

7,

I/'ZB ’/33 4B
1000000 | 1000000 | 1000000 |250B| O |[250B| 0 [250B| 0 |250B
it B, e Be | Bs | B | B | Bs | By | By
0 | 75| 0 |625

-2,5-10% | -2,5-10% | =2,5-10* | 9,5 0 8,75
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CymapHa po3paxyHkoBa notyxHicte BIIBII 6e3 ypaxyBaHHS MOTYKHOCTI
OJIOKIB KUBJICHHS 1 TOIBOIOBAYIB HANIPYTH HA MMOCTIHHOMY CTPYMi CTAHOBUTH 63,75
Bata. [Ipu poboti Ha wacrori 100kl 1 Buxiguiil Hampysi 1000B cnoxuBana

MOTY>KHICTb 301IBIIYETHCS B ABA Pa3H.

PosrnsnemMo Monenbs miACHIIOBaYa 3 ypaxXyBaHHSM YacTOTHOI TMOXHOKH.
[lepBUHHUM JTKEpesIOM TaKO1 MOXUOKHM BUCTYIAE Apeiid koedilieHTa MiICUICHHS
BIIKPUTOI JIAHKHA 3BOPOTHOTO 3B’SI3KY, IO 3MIHIOETHCS 3 4acTOTOK. OCKUIBKH
YacTOTHA MOXMOKa Ma€ HAMOUIBIIMI BIUIMB Ha Pe3yJIbTYIOU€ 3HAUEHHS HAIpPyTrH

M1JCUJTIOBayYa, 11 OI[IHIOBAHHS CJIiJI MPOBOJUTH MEPIIOYEPrOBO.

Jlyist Toro mo0 BU3HAYMTH IO TOXUOKY B aHAMTHYHIA GopMi, popMyeThCs
MaTpUIIs CUCTEMH, SIKAa BPAXOBYE BC1 KITFOYOBI IMapaMeTpH, BKIFOYHO 3 TTOXHOKaMU

KoedillieHTa MmiCUICHHS.

Tabnuus 3.6. MaTpuils CUCTEMU MIJCHIIIOBAYa 3 ypaxyBaHHSIM MOXUOKH.

Vi1l 23456l 7]8]09 10 11 12 13 a1s[te 17181920 [ [ ]
=N -1 i | [ o]
2 -1 1 1 Lo
3 1 -1 -1 i||o]
4 -1 1 1 i, || o]
5 1 -1 -1 i | [ o]
6 -1 1 1 i | [ o]
7 1 -1 -1 il [o]
8 -1 -1 V[ ] [o]
9 1[-1]-1 i | [ 0]
10 1[-1]-1 x| iy |2 0]
11 U -t]=1| [i, | [ o]
12 R, rk(1+6k,) iy | (U,
13 R, r ok (1+6k,) iy | [0
14 R, rk (1+ 6k,) i, | [ 0]
15 R, rk (1+6k,) i | | 0]
16 -R, | 1 -1, lig | [ 0]
17 -R, -n| ~Ty 7 0 |
18 -R, -5 | n Ty, ? o |
19 | -1 | =R, 7 ~1y, iy 0|
20 | h i | [ UL,

Jlami 3 1i€i MaTpUIll BUBOJUTHCS PIBHAHHS MOXUOKH, 110 y3araJibHIOE BILJIWB

3MiHM KOoe(illi€HTa MiICUICHHS.
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Busnaunuk cuctemu (3.5) Ta AeTepMiHAHT CTPYMY 3 YpaxyBaHHSIM IMOXUOKH
koe(dimienTiB miacwieHds (3.6) mae 3Mory aHaIITAUYHO OI[IHUTH, HACKUIBKH

3MIHUTBCS BUXITHUN CUTHAJI BHACIIIOK 3MIHU KoedilieHTa TiacuiaeHHs [3].

2k, 7,5k, ((2k,, +3}7, +2R, ))

[(
Rk, 7,5k, )+((Rk, +R, }r. + R, R, ))
detC, =—-LR R (( EROMICRA O )) (3.5)
3 ((2R ks, 0k, )+ (2R ok, + R, Y, + 2R R, )
((3R Kor. 0k, ) +((3R 4, +R, r, +3R, -R4))
( 5-ky-r6-8k,+(5-k,+5) 7‘16+4°R1)~ |
o (R, +R,)-k,-r,6-6k,+(R,+R,)-k,-r,6+R,-R,):
detyo =3 R UL ((R,+2-R,)-k, r6-Sk, +(R,+2-R))-k,-r,6+2 R, R,)- (30
((&,

+3-R,)-k,-r6-6k,+(R,+3-R)-k,-r,6+3-R,-R,)

Ockinpku 11t moOyaoBu miacumoBaya 1000B-100xI'1 o6pano miacumoBay
PA98, xoeditient miacunerHs sikoro csarae 110 b na yacroti 1o 1 kI'11 Ta cnagae
no pieas 40 nb Bxe Ha yactoTi 100 xI'm (puc. 3.3), came Taka cyTTeBa 3MiHa
MOCWJICHHS y BHCOKOYAaCTOTHOMY Jiama3oHi MOTpeOy€e MeTaabHOTO aHamizy,
OCKUJIbKM 3MEHILICHHS IMJICHJICHHS BIJKPUTOI JIAHKW MPU3BOJIUTH 1O 301IBIIIEHHS

YaCTOTHOI MOXMWOKHU Ta BIAXUJICHHS BUX1JHOTO CUTHAIY BiJI 1I€aJIbHUX 3HAUEHb.
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100 AN \\

80 \i\
. \ccz 3.3pF

0 C = 10pF L\\‘&V
A\

Open Loop Gain, A (dB)

-20
10 100 1k 10k 100k ™ 10M

Frequency, F (Hz)
Pucynok. 3.3. YactoTHa xapaktepucTuka mijacuioBada PA9S [4].

Ockinpku pI3HMLA KOEQIIIEHTIB MIACHICHHS cTaHOBUTH 70ab, 3HaueHHS

70
noxubku Sk Bimnomimae  koedimieHToBi 5k =10% = 10’7 pisHULEBOMY

KoedirieHTy

70

Sk=107=10""" (3.7)

[lincraBuBiK 3HaYeHHs NOXUOOK Ok, = 0k, =0k, =0k, =107 —1 (minyc

OJIMHUIIS O3HAYAE, 0 3MiHA Koe]illieHTa MiACHICHHS Ma€ CIaIal0urii XapakTep),

pPO3paxyeMo 3HAUEHHS BUX1IHOI HAIPYTH 3T1HO 3 piBHAHHAM (3.5) Ta (3.4):
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det.
=% ) ~976.449B. (3.8)
detCy,

BUX g

BiamoBinHo BigHOCHA MOXMOKa Bij 3MiHHM KoedirieHTa i ICUICHHS! JJOPIBHIOE:

Upe Uy, 1000-976.449
U 1000

6UX

5K = ~2.36%. (3.9)

OTtpumaHe miJ yac aHaii3y 3HaYeHHs MOXMOKM Koe(ilieHTa MiCUICHHS 1a€
3MOTY 3’dCyBaTH, y SIKHH Croci0 1 HACKUIBKM caMe CIiJl KOPUTYBaTH NapaMeTpH
CXEMH 3BOPOTHOTO 3B’SI3KYy, 100 3a0e3MeUYUTH HEOOXITHY TOYHICTh BHUXIJAHOL

HAIpPyTrd B yChbOMY pOOOYOMY YaCTOTHOMY Jiala3oHi.

EKCHCpI/IMCHTaHBHC I[OCJ'IiI[}KCHH}I YaCTOTHOI XAPAKTCPUCTHUKHU I[OCJ'IiI[HOFO

3pa3Ka MiJCKUIr0BavYa HaBEJEHO B PO3/I1iii 4.
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3.2. PospaxyHok moneni miacwioBada 30MI'-30B

Jls moOy10BM BUCOKOBOJIBTHOTO TifcuiatoBada 30B-30MI'1 Oyno o6paHo
onepamiitai miacumoadi THS3491 [5]. Lle omepartiiini miacuiIroBadi TUITY current-

feedback Ta MaroTh Taki XapaKTepUCTUKHU:

— cwmyra nponyckanHs (Bandwidth): 900 MI'tt mpu koeditieHTI MiACHICHHS
2;

— IIBUJKICTh HapocTaHHs curHany (Slew Rate): mo 8000 B/mkce, 1m0 poOGuTh
HOro OHUM 13 HAMIIBUIIMX MIICUIIIOBAYiB y CBOEMY KJIacl;

— Hanpyra xuiieHHs (Supply Voltage): miarpumka aiana3ony »KUBJIEHHS: +9
B no +£16 B (3a3zBuuaii £15 B).

— Buxigauii ctpym (Output Current): 1o 800 MA;

— TOYHICTb BXIJIHOTO CUTHAIY: BX1IHUM ormip: 2 MOw || 2 n®.

Omneparriitai MJICUIOBAYl Current-Feedback (CFA) € OLIBIII
mupokocmyropumu, Hik Voltage-Feedback (VFA), ta wmaroTh nepeBaru B
JUHAMIYHUX XapaKTEepPUCTUKAX, TAKUX K MIBUJKICTh HAPOCTAHHS CUTHAILY, CMyTa
MPOITyCKaHHS Ta 4ac 3aTpUMKH. BOHU € 4y10BUM BHOOPOM MJIsSi 3aCTOCYBaHb, J¢
KPUTUYHO BXKJIMBI BHCOKA MIBUJIKICTh pOOOTH, IIMPOKA CMyTa YaCTOT 1 THYUYKICTb.
Tomy nipu BuUOOpi eneMeHTHOI 6a3u JJis npoekTyBaHHs mifcuatoBadya 30B 30MI '

nigcunoBauaM tuity CFA Hamaetbes nepesara.

Sk TOMmONIOTII0 KAacCKagHOTO MiJIcuiTioBada Oys0 oOpaHO KacKagHe 3’ €HAHHS
Ha 6 IMICHITIOBAYaXx i3 MapajeIbHUMH, He3aJIC)KHUMHU JIJAHKAMHU 3BOPOTHOTO 3B’ 3Ky
B 1HBepTylouii KoHQirypamii. [IpuHIIUTIOBY cXeMy Takoro MiJCHiItoBa4a
300paxxeH0 Ha pucyHKy 3.4. Enextpuuny cxemy minacumoBada 30MI1-30B

HAaBEJICHO B J0JaTKy B.
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OIl — THS3491

Pucynoxk 3.4. Po3paxyHkoBa Mojielib KackagHoro miacuioBaya 30MI-30B.

[Ipu BuKOpUCTaHHI IIECTH KacKaiB, HANpyra BUXITHOTO CUTHAIY KOXHOTO
okpeMoro kackaamy He mnepeunryBatume SB  CK3. Ilpu kackamgyBaHHI
M1JCUITIOBAYIB BUX1HA HAIIPYTa KO’KHOTO HACTYITHOTO ITiICHITIOBaYa 1010 BIACHOT
TOYKM JKUBJICHHS Ma€ JIOPIBHIOBATH BUXITHIM Hampy3i MEpIIOro Kackamay II0J10

3arajibHO1 IIWHU [2].

JUis  [OKJIaJHOTO aHajidy MIJACHIIOBaYa CIiJf CTBOPUTH PIBHSAHHSA
NEePETBOPEHHs. 3 BUKOPUCTAHHSIM CHMBOJIBHOI ()OpPMU TOJAHHS JJISi PIBHSIHHS
NepeTBOPEHHs Ha OCHOBI 3akoHIB Kipxroda ckmanzemMo maTpuyHe pIBHSHHS

MEPETBOPEHHSI MPUHIIUIIOBOI CXEMH Ta 11 €KBIBAJIEHTHOI CXEMH:
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Ta6nuis 3.8. PIBHSHHS BY3JIOBUX CTPYMIB:

=i, =i, =i, =i, —i;—i +i, =0

2)iyg iy +ip; = 0; 8)i,—i,—i,, =0;

3)i,, +iy, iy —iy =0, 9)i,—i,—i,, =0;
i, +i,+i,,—1,, =0; 10)i, —i,—i,, =0,
5)iy +is+iy, —iy, =0, )i, =i, —i,=0
6)i, +i, +i,, —i,, =0; 12)is =iy, =), =0;
7Y iy +i,s + iy —iy, =0; 13)ig—i), =i =0.

Tabnu 3.9. PiBHSHHS KOHTYpHUX HAIPYT:

14iZ +iZ,=U_; 20)—i,(Z,+K,)+i,Z,; =0,
15)—iZ,+i,Z,+iZ,—i,Z,,=0; 2N —i(Z,+K,)+i,Z,,=0;

16)-i,Z2,+i,Z,+i,Z,-i,Z,, =0, 22) =iy (Z,+K;)+i,;Z,5 =0,
17)-i,Z,+iZ,+i,,Z,,—iZ,;=0; 23) =iy (Z,y+K,)+i,Z,s =0,
18)-iZ,+iZ,+i,Z,, —i,Z,=0; 24)—i,(Z,,+ K;)+i,Z,, =0,
19)=iZ,+iZ, +i,Z,,—i,Z, =0 25) =iy (Z)+ K, )+ ingZ,5 = 0;

260)1,K, +i K, +i,K, +i,K, +i, K +i,K, —1,,Z,,=0.
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Tabmuis 3.10. Matpuune piBHSHHS KackagHoro miacuioBada 30MI'-30B

26

25

0

-1[0

18 19120 |21 |22(23 |24

1

17

0

16

15

14

13

12

(2, +k)

ks

10

Zy

7(Zm +kl)

~(Z,+k)

—(Zy+k,)

k,

7(Z. +/q)

0
0

JJ1st po3paxyHKy HOMIHAIIB CXEMH 331a€EMO 3HAUYCHHS PE3UCTOPA 3BOPOTHOTO

Z,

10

12
13

15| -2,

18
19
20
21

22
23

24
25

26

CK3 3B i

()

, TIPM MaKCHUMAaJbHIA BXITHIA Hampys3i 3a

3B’13Ky R, =1000[Om]

6B.

BUXI1IHIH Hampy3i

Hominanu BXiTHMX PE3UCTOPIB sl KOKHOTO KackKaay BHU3HAYMMO 3T1IHO 3

piBastHHSM (1.23):

Ta6muig 3.11. Hominanu BXiHUX pe3ucTopiB miacuiatoBada 30MI'-30B

1000(0.5+3)=3500[Om]

6xy

R

1000(0.5+0) = 500[Om]

6x;

R

1000(0.5+4)=4500[Om]

6X5

R

1000(0.5+1) = 1500[Om]

6x,

R

1000(0.5+5)=5500[Om]

6X4

R

1000(0.5+2) = 2500[Om]

6x;

R
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Ji po3paxyHKy Mojieni OyJio 00paHo Takl 3HAUEHHS [apaMeTPiB CXEMHU:

R, =1x10°[Om], R,=40, G,=8x10",
Z,;=10x10°’[Om], U,=3.0

Po3paxyHok BuxigHoi Hampyrd U, BUKOHY€THCS HIIIXOM HMEPEMHOKEHHS
BUXITHOTO CTpyMy [,; Ha PE3UCTOpP HABAHTaXCHHS Z,, A€ I,; BU3HAYAETHCH
nerepMiHanToM cuctemu detC Ta JETEPMIHAHTOM MATPHINL CTPyMY det,  3a
dhopmyom (3.9)

det.
U

8uUxX = i25ZZ5 d tlzjj Z

25 (3.9)

JleTepMiHAHT CHCTEMH Yy CHUMBOJIBHOMY PO3PaxyHKy MOJaHUN (HOPMYJIIOI0
(3.10):

ok +(2, 42,2, + 2,2, )
(2. +2.)2. 42,2, )

ko +(Z,+2.)Z, +Z,5Z)

(3.10)

7.k, +
Z, 'k, +

(2, +2,)2,+2,02,,)
Z,

(2
(2.
I
(2.
X

(
(
(24 +2.,)2.+2,2,)
(
(

k(2. +2,)2,+2,2,)

BignoBimHo g0  piBHsSHHA 3.8, BHXIJIHA Hampyra MijcuiIroBada

JIOPIBHIOBATUME:

det.
U, =i,Z, :ﬁZ% ~3599B (3.11)
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JInst BU3HAYEHHS BCIX CTPYMIB [,...L, CJiJ NOOyAyBaTH €KBIBaJEHTHI

MaTpHlli, B SKUX CTOBIYMK CTPYMY 3aMIHIOETbCS MATPUIICIO MPABUX YACTHH 3a
IPUHIMIIOM, AHAJIOTIYHUM 3aCTOCOBYBAHOMY IIPU DPO3PAXYHKY CTPYMY I,;.

Po3paxoBaHi 3HaU€HHS CTPYMIB I, ...I,, HAaBEIEHO Y BUIIII MaTpuli (Tadm. 3.12).

Tabmuis 3.12. Martpuis crpymiB niacunoaya 30MI-30B

L I L I, Is I I Iy I I
0.006 | 0.006 | 0.006 | 0.006 | 0.006 | 0.006 | =7.5-107 | =7.5-107 | =7.5-107 | =7.5-10’
Iy P I Iy s I i g I I
—7.5-107 | =7.5-1077 | 0.006 | 0.006 | 0.006 | 0.006 | 0.006 | 0.006 | 0.01 | 0.016
Iy, I Iy Iy Iys Iy
0.022 | 0.028 | 0.034 | 0.04 | 0.004 | 0.036

Croag Hampyrdl B JIaHLIOTaX MiKIIOYEHHS PE3UCTOPIB MOXKHA PO3paxyBaTh

[UIIXOM TEepPEeMHOXKEHHS (AKTUYHOTO 3HAUEHHS CTpyMy I Ha HOMiHaJbHE

n

3HaueHHs pe3uctopa Z, (tabdm. 3.13).

Ta6mug 3.13. Marpuns Hanpyr niacumoBada 30MI'-30B

iIZI izzz i3Z3 i4Z4 iSZS i6Z6 i7Z7 iSZS i9Z9 ilOZIO
3 18.99(14.99 | 20.99 | 26.99 | 32.99 | 3107 | 2.99-107 | 2.99-107 | 2.99-10~
illzll ilZZIZ i13ZIS i14ZI4 ilSle i16216 i17ZI7 iZSZZS
2.99-107 | 5.99 | 5.99 | 5.99 | 5.99 | 5.99 | 5.99 |35.99
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BHUCHOBKHA 1O PO3JIIY 3

VY posmini 3po0sieHO MOKIAAHUN aHaji3 JABOX MOJIENIEH BHCOKOBOJBTHUX
mupokocmyroBux miacwioBadiB: 100kI'-1000B ta 30MI'u-30B. OGpani cxemu
JAI0Th 3MOTY JIOCSTTH HEOOXITHHMX TMapameTpiB 3a HANMPYro Ta 4acTOTOO, IO

MIATBEPKY€E €EeKTUBHICTD 3aPOIOHOBAHKUX PIIICHb.

PospaxynkoBa wmomens miacwmoBada 100k[1-1000B  Gasyerscs Ha
YOTUPHUKACKaHIN cxemi 3 onepatiiitnumu miacumoBadamu PA9S. ChopmynrpoBaHi
MaTpU4YHI PIBHSHHS Ta CHMBOJIbHI PO3PaXyHKH JarOThb 3MOTY KOMIUIEKCHO

JOCIITUTH XapaKTePUCTUKU CXEMH Ta BU3HAYHUTH 11 BUX1/THI TOKA3HUKH.

Jlns BucokowyacToTHO1 Mojeni miacuiaoBada 30MI'-30B obpano kackamny
CXEMYy Ha IIeCTH onepalifHux mjacuwiroBadax tumy current-feedback THS3491, o
3a0e3nedye MMPOKY CMYTy TMPOMYCKAaHHS Ta BUCOKY IIBUAKICTH HAPOCTAHHS
curHany. lle pimeHHs e€¢GEeKTUBHO 3a/J0BOJIBHSE BUMOTH  IIBUIKOIIFOYUX

BHCOKOYaCTOTHUX SaCTOCYHKiB.

Po3paxyHkyn MaTpu4HHX PIBHSHB JJISl BY3JIOBUX CTPYMIB Ta KOHTYPHHX
Hampyr MiATBEPKYIOTh MOXJIMBICTh JOCATHEHHS 3a/laHUX XapaKTePUCTUK 3a
HAIpPYroo Ta 4YacTOTOI0, & TAKOXK JAIOTh 3MOTY OLIIHUTU W MIHIMI3yBaTH MOXUOKH,

CHpI/I‘{I/IHCHi KOHCTPYKTUBHUMU 0COOJIUBOCTSIMHU CXCMH.

BcTaHoBIIEeHO ONTHMallbHI HOMIHAIM PE3MCTOPIB 3BOPOTHOTO 3B’SI3KY Ta
BXIJHUX PE3UCTOPIB AJII KOXKHOTO Kackady, Lo 3abe3nedye CTaOUIbHICTh Ta
TIOBTOPIOBAHICTh METPOJIOTIYHUX XapAKTEPUCTUK Y IMUPOKOMY Jlialia30Hi 4acToT Ta

BUXIJHHUX HAmpyT.

OtpuMaHi pe3yiabTaTH TEOPETUYHUX JOCIIKEHb CBIIYATh MPO AOLUIBHICTD
Ta ePEeKTUBHICTh OOPAHUX CXEMOTEXHIUYHUX PIIIEHb Ta METOAIB PO3PaAXyHKY IS

noOy10BY BUCOKOBOJBTHUX ITMPOKOCMYTOBHX M1ICUITIOBAY1B.



YIOCKOHAJIEHHSI BUCOKOBOJIbTHUX IIMPOKOCMYTOBUX KACKAJIHUX BUMIPIOBAJIbHUX MIACUIIOBAUIB JIJIs1 IIPUCTPOIB
BIATBOPEHHS OJIMHULII HAITPYTH 3MIHHOT'O CTPYMY PAJIOYACTOTHOI'O AIATTA3OHY

109

CIIMCOK BUKOPUCTAHUX JOKEPEJI 1O PO3/JIIY 3

l.

Artem Dovhal, Ylian Tuz, «High voltage formation using the amplifiers cascading

method». DOI: 10.33955/v8(2024)-060.

. Ty3 FO.M., AdanacbeB M.A. «I1IupokocMyroBi BUCOKOBOJIBTHI BUMIPIOBAIbHI

nifcuitoBadi»: MoHorpadis / 3a penakuietro F0.M. Ty3za. — K.:«Kopniituyk», 2012, -

92 c. bibmorp.: ¢.90

. Ty3 HO. M., lllymxoB FO.C., Ko3up O.B, «ABTOMaTH3a11isl aHaJ13y BUMIPIOBAJIBLHUX

MpUCTPOiBY, 3a pea. KO.M Tyza — Oxneca: BunaBauuuii gim «I enpBeTukay, 2022 —

312 ¢ — bi6miorp.: ¢.307-310

. PA98 Data Sheet - PA98U. Apex Microtechnology (2024). Retrieved

from https://www.apexanalog.com/products/pa98.html

. THS3491 Data Sheet — Texas Instruments (2024). Retrieved from

https://www.ti.com/product/THS3491


https://www.apexanalog.com/products/pa98.html

YIOCKOHAJIEHHSI BUCOKOBOJIbTHUX IIMPOKOCMYTOBUX KACKAJIHUX BUMIPIOBAJIbHUX MIACUIIOBAUIB JIJIs1 IIPUCTPOIB
BIATBOPEHHS OJIMHULII HAITPYTH 3MIHHOT'O CTPYMY PAJIOYACTOTHOI'O AIATTA3OHY
110

PO3/11JT 4. BuzHaueHHsI METPOJIOTIYHUX XapaKTEPUCTUK TT1ICUITIOBAYIB.

Jl7is BU3HAUCHHS METPOJIOTIYHUX XapaKTEPUCTHUK ITiICHITFOBaYa BUKOPHUCTAHO
napy €TaJOHHUX TepMoeeKTpuuHux nepersoproBauiB (TII), onun 3 axux ciyrye
JUTS BUMIPIOBaHHSI cepeTHboKBaipaTiuHoro 3HaueHHs (CK3) BximHOTO CUrHamy, a
apyruii — 1 BuMiproBanHa CK3 BuxigHoi Hampyru migcuiaroBada. Take
BUKOPHCTAHHS CTAJIOHHHUX IIEPETBOPIOBAYiB 3a0e3ledye BHCOKY TOYHICTH Ta
JOCTOBIPHICTh ~ OTPUMAHMUX  PE3yJbTaTiB, IO OCOOJMBO BaXJIWUBO IIPHU
METPOJIOTIYHOMY aHajIi31 pOOOTH IMiICHITIOBATBHUX PUCTPOiB. CTPYKTYpPHY CXEMY
CUCTEMH BU3HAUEHHS METPOJIOTIYHMX XapaKTEPUCTHUK ITiCHITIOBaYa 300paKeHO Ha

pUCYHKY 4.1.

3'enHyBanbHUN
KabeJb

Kami6patop [Mincunroau

A

TepmoneperBoproBadi |:|

= ¢l

|_

HanoBonbsT™meTp
HP34420A

TIK >

Pucynok 4.1. CTpykTypHa cxemMa CUCTEMU BU3HAUYECHHSI METPOJIOTTUHHUX

XapaKTEPUCTHK IiICUIIOBaYa.

[Tpu BuKOpUCTaHHI aBTOMATH30BaHUX 3aCO0IB aTrecTallii TepMOEIEKTPUIHUX
MEePETBOPIOBAYIB TaKa CXeMa BKIIOUEHHS MIJCHIIIOBaYa Ta TEPMOIEPETBOPIOBAYIB
Ja€ 3MOTYy BHM3HAQUWTH iXHI CTaTWYHI Ta JUHAMIYHI XapakTepucTuku. lle
JOCSATAEThCS  IUIAXOM  MOPIBHSHHS  MOKa3aHb BXIIHOTO Ta  BHUXITHOTO
TEPMOEJIEKTPUYHUX  TMEpPEeTBOPIOBadiB, IO Ja€ 3MOry  MpOaHali3yBaTH
CIIOTBOPEHHS, HEJIHIMHICTh, @ TaKOX YacOBY pEakIlilo MiJCHII0Baya Ha 3MIHY

BX1JTHOT'O CUTHAITY.



YIOCKOHAJIEHHSI BUCOKOBOJIbTHUX IIMPOKOCMYTOBUX KACKAJIHUX BUMIPIOBAJIbHUX MIACUIIOBAUIB JIJIs1 IIPUCTPOIB
BIATBOPEHHS OJIMHULII HAITPYTH 3MIHHOT'O CTPYMY PAJIOYACTOTHOI'O AIATTA3OHY

O1iHKa METPOJIOTIYHUX TTapaMeTpPiB 31HCHIOETHCS Ha MiACTaB1 MPUITYIIISHHS,
0 MACWIIOBAY € JIOTIYHUM MPOJOBKEHHIM BHUXITHOTO TEPMOEIEKTPHUYHOTO
nepeTBopoBaya, a OTKe, OTPUMaHI pe3yJbTaTH BUMIPIOBaHb MICTATh SK
napaMeTpu Ta MOXUOKU TEPMOENEKTPUYHHUX IIepeTBOPIOBAYIB, TAK 1 MapaMeTpH Ta
noXMOKK caMmoro mijacuitoBaya. Lle nae 3Mory KOMIUIEKCHO OLIIHUTH TOBEIIHKY
HiICHITIOBAJIFHOTO KacKaay B YMOBaX pealbHOI eKCIUTyaTallil Ta BU3HAYUTH HOTO

HpI/I,Z[aTHiCTB A0 BUKOPUCTAHHA B TOYHHX BI/IMipIOBaJ'IBHI/IX CUCTCMaAX.

OxkpiM TOTO, TaKUil METOJ J1a€ 3MOTY BpaxyBaTH BIUIMB HABAHTAKEHHS, IO
mia’e€HaHe O BUXOJY MiJCHIIIOBaYa, Ta BU3HAUMUTH MOTO BHECOK y 3arajibHy
noxuOKy BHUMIipIOBaHb. lle 0coOMMBO BaJIMBO MpU POOOTI 3 BUCOKOTOYHHUMHU
MiJCUJIIOBaYaMH, JI€ HaBITh HE3HAYHI BIJXWJICHHS MMapaMeTpiB MOXYTh 1CTOTHO
BIUIMHYTH Ha KIHIEBUH pe3yabTaT. 3aBAsKM BUKOPHCTAHHIO ETAJTOHHUX
TEPMOEJIEKTPUYHUX  TEPETBOPIOBAUIB ~ MOXHAa  MPOBOJUTH  KaJiOpyBaHHS
IIJICUJIIOBaya, OI[IHIOBAaTH HOro CTaOiIpHICTh Ta MPOTHO3YBaTH MOBEIIHKY 3a

PI3HUX PEXUMIB pOOOTH.

[Ipy manux agUTUBHUX TOXMOKAaX SK MIJACWIIOBA4Ya, TaK 1 3aiTHUAX
TEPMOIIEPETBOPIOBAYIB Ta BUMIPIOBAYiB €JIEKTPOPYIIINHOT CHIIM, SKUMH MOXHA

3HEXTYBaTH, YaCTOTHA TTOXUOKA IMiICUITIOBaYa BU3HAYAETHCS 3a (hopmyIioro (4.1):

Esux (ﬁ)) ng (fl‘)
K\Ji :0’5 ' -1 |- eux  Jex ) 4.1
=) By )TV Y

Ve s Ve - 4aCTOTHI NOXUOKH TEPMOIEPETBOPIOBAYIB;

E..(f), E,.(f)- EPC TepmoneperBoproBadis

Burnsg poGodoro micus i BUNIPOOYBaHHSI Ta aTecTailii METPOJIOTIYHUX

XapaKTEePUCTHK MiICUIIOBaYiB 300paxeHo Ha pucyHkax 4.2 ta 4.3
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Pucynok 4.2. Burnsa po6o4yoro Miciis sl BUIPOOYBaHHS Ta aTecTallli

migcrroBaya 1000B-100kI 1
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Pucynoxk 4.3. Burnsa po6ouoro Miciis Jyisi BUIPOOYBaHHSI Ta aTecTallli

migcriroBaya 30B-30MI 11
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4.1.

BusnaueHHs 4aCTOTHOT XapaKTEPUCTUKU TEPMOEIIEKTPUYHUX MEPETBOPIOBAYIB

[lepm HDK po3moYyaTH BUMIPIOBAHHS  YacTOTHOI  XapaKTEPUCTUKU
MIJCUITIOBaYa 3a JOTIOMOTOI0 TepMmoelekTpuuHux meperBoproBaviB (TII), ciix
OIIIHUTH 1XH1 YaCTOTHI XapaKTEPUCTHKU Ta MPOBECTH BU3HAUCHHS PIZHUII TXHIX

4aCTOTHUX IMOXHOOK.

BusHaueHHs pi3HULII YaCTOTHUX MOXUOOK 3/1HCHIOETHCS HUIIXOM MOPIBHSHHS
Imoka3anb JBOX TII Ha meBHMX CTajlMX 3HAYCHHSAX YacTOTH Ta HOMIHAJIBHOI
HaIpyru. 3a3BU4ail K MOYaTKOBE 3HAUYCHHS YaCTOTH BUKOPHUCTOBYETHCS YacToTa 1
k[, OCKUIBKM Ha 1[I 4aCTOTI YaCTOTHUM BILIUB 0coOnMBOCTer KOHCTpYKIli TTI
MiHIManbHUM. [licis 1bOro 3MIMCHIOETBCS aHai3 4acTOTHOI 3anexHocTi TII y

Mexax poOoYoro Jiarna3oHy 4acToT, IO JIa€ 3MOTY BUSIBUTH PI3HMIIEBY YAaCTOTHY

MTOXHOKY.
0 o
5 —5f
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Pucynok 4.4. Pi3HH1IS 4aCTOTHUX MOXUOOK BUMIPIOBATBHHUX

TEPMOECIIEKTPUYHUX MTEPETBOPIOBAUIB.
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OTpuMaHi pe3yiabTaTH MiATBEPAUIIN, 10 PI3HUILT YacTOTHUX oxubok TII He
nepesuinye 20 ppm y BCbOMY Jiana3oHi BUMIpIoBaHb. Lle CBIAUNTH PO BUCOKY
CTaOLIBHICTh Ta TOYHICTh IIUX MEPETBOPIOBAUIB, a TAKOX IMPO iXHIO MPUIATHICTD
IS OLIIHKM XapaKTEpUCTHK MicuiIoBada. Mo)kHa 3pOOMTH BUCHOBOK, 1110 BHECOK
noxuOku camux TII y pe3ynbratu BUMipioBaHb Oy/ie HE3HAUHUM 1 HE BIUTMBATHME

Ha 3arajbHy JIOCTOBIPHICTh OLIHKH YaCTOTHOI XapaKTEPUCTUKH I11JICUITIOBAYA.

I'padik 3anexnocti yactoTHOi moxuOku TII y dYacToTHOMY jAiamasoHi
HaBeJICHO Ha pUCYHKY 4.4. BiH neMoHCTpye, 10 3MIHU NOXUOKHU MepedyBalOTh y
MeKax MPUITYCTUMUX 3HAYCHb, 110 JIA€ 3MOT'Y BUKOPHCTOBYBATH I1i IEPETBOPIOBAYI

JUTSI TIOJANTBIIIAX BUMIPIOBAHb 0€3 HEOOX1THOCTI TOAATKOBUX KOMIICHCAITIH.

[TonepenHiii 3amip 4aCTOTHOI XapaKTEpUCTUKHU MifcuiItoBada (puc 4.5) npu
Hamnpy3i 1000 B 1 vactorHoMy nmianasoni A0 100 kI'11 BUSIBUB HAasABHICTh 3HAYHOTO
Crajay aMIUTITYId Y BUCOKOYACTOTHIHM OUISIHIN. 30KpeMa, B 1ara30Hi 4acToT BiJ 55
kI'm go 100 x['p cnocTepiraerbcsi MOCTYNOBE 3HUKEHHS PIBHS CHUTHAIY, IO

CYNPOBOIKYEThCS BIIXWICHHSIMHU B Mexax Bix 0.8% mo 3.4% BiamoBimHO.
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Pucynok 4.5. YacToTHa moxuOka 4OTUPHOX KacKasiB 0e3 KOPEKIIii.
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AHalni3 OTpUMaHMX JaHUX CBIJUUTH MO TE, IO XapaKTep LBOTO CHamy €
31e01IBIIOr0 JIIHIMHUM Yy JorapuMiyHOMY MacmiTall, M0 Harajaye 4acTOTHY
XapaKTepUCTUKY HU3bKOYACTOTHOTO (piIbTpa 31 criafoM 61u3bko 20 dB Ha nekany.
Taka moBeiiHKa MOke OyTH 3yMOBJICHA HU3KOIO (PaKTOpPiB, 30KpeMa: 0OMEKEHOIO
CMYTOI0 TPOMYCKAaHHS MIJICHIIOBa4ya, BIUIMBOM Tapa3UTHUX €MHOCTEH Ta
IHAYKTUBHOCTEH Yy JaHLOrax >HBJIEHHS a00 3BOPOTHOTO 3B’SI3Ky, a TaKOX

MOYKJIMBOIO 3MIHOIO IMIT€/IaHCY HABAHTAKCHHS Y BUCOKOYACTOTHOMY Jlialla30Hi.

JleTanpHIIIMIA aHAa3 Ta MOAAJIBII eKCIIEPUMEHTAIbH1 BUMIPIOBaHHS TOTP1OHI
JUI YTOYHEHHS TTapaMeTpPiB JIAHKK 3BOPOTHOTO 3B’SI3KY, BU3SHAUEHHS KPUTHYHUX
BY3JIIB CXEMHU, [0 MOKYTh BIUIMBATH HA YACTOTHY XapPaKTEPUCTHUKY, a TAKOXK JJIs
OIIIHKM HEOOXITHOCTI KOMIIEHCAIIMHUX 3ax0AiB. JJisl MOJIMIIeHHST aMIUTITYIHO-
4acTOTHOT XapakTepucTUKH (AUX) € MOUUIBHUM BUKOPUCTaHHS KOPUTYIOUHX
JIAHITIOTIB, 30KpEeMa YaCTOTHO-KOMIICHCOBAHHMX E€JIEMEHTIB y CXeMi 3BOPOTHOTO
3B’SI3KYy Ta MIA00pY ONTHUMalIbHUX 3HAY€Hb KOMIIOHEHTIB, 110 BIIMBAIOTH Ha

3arajibHy CMYTY MPOITyCKaHHS MiACUITIOBaYa.

OCKUIbKM KOHCTPYKIIIIO MMiJICHITIOBaYa, OMHMCAHYy B PO3AUTL 2, peani3oBaHO
IUISIXOM KacKaJIHOT'O BKJIFOUEHHSI OKPEMHX KacKaJliB OIepaliifHuX MiICUII0BayviB,
KOXKEH 3 KX Ma€ He3aJekH1 JJAHKM 3BOPOTHOTO 3B’S3KY, 1€ 3a0e3meduye 3HauHy
THYYKICTh Y TIPOIlECi Hallaro/DKeHHA. Taka CTpyKTypa Ja€ 3MOTy BHUKOHYBaTH
aTecTallil0 Ta KOPEKI[il0 MapaMeTpiB KOKHOTO Kackajly OKpemo, 0e3 B3aemomii 3

IHIIMMH, 110 3HAYHO CIPOIIY€ MPOIIEC HaJaro >KeHHs BC1€T CUCTEMH.

30KpemMa, MOXJIMBICTh HE3aJIE)KHOIO DETYJIIOBAHHS JA€ 3MOTY IIOETalHO
HAJIAIITOBYBATH YaCTOTHI XapaKTEPUCTHKHU IMIJCHIIOBAYa, aHai3yl04d BIUIMB
KO’KHOT'O OKpEMOT0 KacKaJly Ha 3arajibHy 4aCTOTHY XapakTepucTUKy. Lle ocobmuBo
BYKJIMBO JJIs1 3a0€3MeYeHHsT PIBHOMIPHOT aMIUTITYTHO-4aCTOTHOI XapaKTePUCTUKH

(AUYX) y 3a1aHOMY YaCTOTHOMY Jiarna30Hi Ta KOPEKIil HeOaKaHUX BIIXUJICHb.

JI1s TOBHOIIIHHOI KOMIIEHCAIlll YaCTOTHOI XapaKTEPUCTUKHU MPOMOHYETHCS
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IIPOBOJIUTH 1i BUMIPIOBAaHHS Ta BUKOHYBAaTH KOPEKIIiIO MOCTYIIOBO, TIOYNHAIOYHN 3
nepuioro kackagy. [lpu mboMy KOKEeH HACTYITHHUM KacKaJl Ma€ KOPUTYBATHCS JTUIIIE
MICIsL TOTO, SIK TMOMEPENHIN MOCATHE YaCTOTHUX MapameTpiB, HAOTMKEHUX [0
imeanbHuX. Takui MiAXiJa Ja€ 3MOTY MIiHIMI3yBaTH B3a€EMHUN BIUIMB KacKajiB Ta
VHUKHYTH CHUTYyaIlil, KOJH MOXHUOKH OJHOTO 3 KAacCKaJliB MOCHUIIOITHCS B 1HIIUX
KacKajax, Ta 3a0€3MeYnTH OLIBII TOYHE Ta IPOTHO30BaHE PETYIFOBAHHS YaCTOTHUX
BJIACTUBOCTEH MIJICHJIIOBAYIB, JIO3BOJISIIOYM JIOCATTH HEOOXIJTHOI JIHIHHOCTI

XapaKTepUCTUKHU Y poOOYOMY Jiana3oHl 4YacToT.
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4.2.

Kopekitis yactoTHoi Xapaktepuctuku migcuimoBada 1000B-100k1 1.

BpaxoByroun pe3yabTaTd Ta BHCHOBKH, 3pOOJICHI Ha IMiJICTaBl MOMEPETHIX
BUMIpIOBaHb, a TAaKOXX Oepydyd 10 yBaru, L0 OTPUMAaHa XapaKTEPUCTHKA MA€E
nepeBakalouni Crajl y BACOKOYaCTOTHOMY Jlana3oHi, OCHOBHOO MPUYHHOIO SIKOTO
€ HasBHICTh Mapa3uTHOI €MHOCTI, MPOMOHYEThCS BUKOHATH KOPEKIIII0 YacTOTHOI
XapakTepuCTUKH. [l 1bOro HEOOXIAHO CHOYATKy BH3HAYUTH 3HAYEHHS

napasutHoi eMHoCTi C, Ta MilidpaT 3HAYEHHs KOPUTyBalbHOT eMHOCTI C, Takum

YUHOM, 100 KOMIIEHCYBATH 3arajibHy amIUTITYJHO-4aCTOTHY XapaKTEPUCTHKY

MICUJIIOBaYa.

['padik 3ayexKHOCTI YACTOTHOI XapaKTEPUCTHKH TMEPIIOro KacKary, M0
BioOpakae BiAXWJICHHs BUX1AHOI Hampyru B nianasoHi 0..100 xI'1, HaBegeHo Ha

PUCYHKY 4.6.
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Pucynox 4.6. HactoTHa moxuOKa nepiioro Kackaiy IijicuitoBada 6e3

KOPEKIIii.

118



YIOCKOHAJIEHHSI BUCOKOBOJIbTHUX IIMPOKOCMYTOBUX KACKAJIHUX BUMIPIOBAJIbHUX MIACUIIOBAUIB JIJIs1 IIPUCTPOIB
BIATBOPEHHS OJIMHULII HAITPYTH 3MIHHOT'O CTPYMY PAJIOYACTOTHOI'O AIATTA3OHY
119

Kopexkiisi 31iiCHIOETBCS LUISIXOM JOJaBaHHS KOPHUTYBaJbHOI €MHOCTI,

BEJIMYMHA K0T Mae OyTH MigiOpaHa BIANOBIIHO 10 piBHSHHA (2.18).

[Tin wac 3amipy 4YacTOTHOI XapaKTEpUCTHKH Ha MEpIIOMY KacKaJi
nificuiitoBada Oyso 3adikcoBaHO BIIXWJIEHHS BHXIAHOI Hampyrud Ha 4actoTi 100

k11, sike cTaHoBUTH OJM3bK0 8000 ppm.

Jln1s BU3HAYEHHs BeIMYUHK TTapa3utHoi emHocTi Cp HeoOXinHo mobymysaTu

PIBHSIHHS 3aJI€)KHOCTI KOe(IIIEHTIB Mepeaayl miAcuIoBada MoCTIHHOT HAPyTH Ta

3MIHHOI HANIPYTH JIJIsl BU3HAYEHHS YaCTOTH 3pi3y f, :

(4.3)

CrnpocCTUBIIM PIBHSHHS ILISXOM IMJIHECEHHS 000X YacTUH A0 KBajapary

OTPUMYEMO:
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[TincTaBuBIIM 3HAYEHHS YaCTOTU Ta KoedillieHTa nepeaadl Hanpyru:

2
100k = : -1=0,01626,
f 0,984
OTPUMY€EMO 3HAUYECHHS YacCTOTH 3Pi3y:

1/0,01626

3HaueHHS Mapa3uTHOI EMHOCTI (P OTPUMYETHCS 3 PIBHSIHHS YaCTOTH 3pi3y f:

1
C_2><7z><Rl><Cp

=785l y .

[limcTaBuBIIM 3HAYEHHS PE3UCTOpA Ta PO3PAXOBAHOI YACTOTH 3pi3y,
OTPUMYEMO:
1

C, = —4,05pF
T (2xaxsokx785k) L

BiamoBimHo 1m0 piBHAHHS (2./8) CHIBBIAHOIIEHHS MApPa3UTHOI C, Ta

Kopurywuoi C, €eMHOCTEH Mae€ BIJMOBIIATH CITIBBIIHOIIEHHIO PE3UCTOPIB R, Ta

R, y aHII 3BOPOTHOTO 3B’ SI3KY:

R, G (4.4)
R, C,

OTxe 3HaYeHHS! KOPUTYBAJIbHOT EMHOCT1 PO3pPax0OBYETHCS 32 (POPMYIIOLO:

CC:%XCP- (4.5)

68X
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[lincTaBUBIIM 3HAUEHHS PE3UCTOPIB Ta EMHOCTI, OTPUMYEMO:

50k
C =2k 4.05pF ~6,07pF .
33k P P

C
[Ticns ngonmaBaHHS KOpPUTYBaidbHOI €MHOCTI 5,8 md wYacToTHAa MOXUOKA
MIEePIIOTO KacKkay MiJICHIoBaya 3HauyHo 3MeHuiacs — 3 ~8000 ppm g0 ~280 ppm.
Le cBimuuTh 1po e(eKTUBHICTh KOMIIEHCAIlll YaCTOTHOI XapaKTEPUCTUKH MEPILIOTO

KacKaJy IiJcuiroBaya.

i
Rbx R33

* * ’ —

= 33« . 50k I

GND | |

(c : (p :

| |

e

5.8pF

Pucynok 4.7. [IpuHIIMIIOBa CX€Ma 3aCTOCYBAHHSI KOPUTYIOUOI JIJAHKH J1JISI

nepuoro kackaiay; C  —napasuTHa eMHicTb, C, — KOpUTyIOUa EMHICTb.

Ha rpadiky, HaBemeHomMy Ha pucyHKY 4.8, BUJIHO, 1110 B Jllalla30H1 4acTOT Bif
30 k' mo 80 xI'11 cocTepiraeTscst HE3HAUHE M1IBUILIEHHS aMILTITY 14 Ha piBHi 280
ppm. Taka 0coONMBICTP MOXXE CBIIYUTH MPO MOXKJIMBY HEIIHIMHICTH JIAHKHU
3BOPOTHOTO 3B 513Ky 200 HAsBHICTh y Hil Mapa3uTHUX 1HAYKTUBHOCTEH, OJHAK,
OCKUTBKHM BEJIMYMHA MOXHOKH € HE3HAYHOIO Ta mepedyBae B JOMyCTUMUX MEXKax,
OyJI0O BHpIIICEHO HE TMPOBOJUTH JIOJATKOBUX 3aXO0JiB KOPEKIlli, OCKIIbKH
OTpUMAaHMI Jiama30H BIIXWICHHS BHUXIJHOTO CHUTHAIY TMEPIIOTO KacKamy

BBAXKXa€THCA HpHﬁHHTHHM AJI TOAAJIBINOIO0 BUKOPUCTAHHS.



YIOCKOHAJIEHHSI BUCOKOBOJIbTHUX IIMPOKOCMYTOBUX KACKAJIHUX BUMIPIOBAJIbHUX MIACUIIOBAUIB JIJIs1 IIPUCTPOIB
BIATBOPEHHS OJIMHULII HAITPYTH 3MIHHOT'O CTPYMY PAJIOYACTOTHOI'O AIATTA3OHY
122

250

200+

=

(9

o
T

Bigxunenua [ppm]

]

o

o
T

ul
o
T

100 101 102
YacTtoTa [KIu]
Pucynox 4.8. HactoTHa moxuOKa mepuioro KacKaay ImiJICHiIoBayda 3

J0JaBaHHAM KOpI/IFYBaJIBHOT €MHOCTI.

[Ticns  kopekmii mepIioro Kackaay MifcuiaoBada OyJ0o BHKOHAHO
BHUMIPIOBAHHS YaCTOTHOI XapaKTepUCTUKU Ha JBOX Kackagax. I'padik oTpumanoi

YaCTOTHOI XapaKTEPUCTUKU HABEJEHO HA PUCYHKY 4.9.

AHai3 XapakTEepUCTUKU 3aCBIIUYe€, IO 3aBajl YaCTOTHOI XapaKTEPUCTUKU
APYToro Kackagy HE € OJHOPITHUM Ta Ma€ BUTMH y aiana3zoHi yactoT 30-80 kl'm.
[le 3yMOBIEHO THUM, IO YaCTOTHA XapaKTEPUCTHKA IOMEPEIHbOr0 KacKamy
BIUIMBAE HA XapakKTepUCTUKY Jpyroro. OCKUIbKM y TEpIIOMYy KacKaii
CIIoCTepirajocsl HeJiHIMHEe MiBUILCHHS aMIUTITYAX B 1M 4acTOTHIM JIJSHII Ha
piBH1 ~280 ppm, 11ei1 epeKT nepenaeTscs 1 Ha IPYTHil Kackaj, 110 MPU3BOAUTD JI0

HEPIBHOMIPHOTO 3aracaHHsl Y4aCTOTHOI XapaKTEPUCTUKH.
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Pucynok 4.9. Pe3ynbTyroua yacToTHa MOXMOKa ABOX KacKaiB MiACUIIOBaYa

0€3 KOpeKIIii.

3 ypaxyBaHHSM 4YacCTOTHOI XapaKTEPUCTHUKU JAPYroro Kackaay Oyso
3aIPOIIOHOBAHO METOJ KOPEKIIil, 1o mepeabadae moxain pesucropa R Ha nBi
JaCTHMHHA Ta 3aCTOCYBaHHS KOpPHUTYyBaibHOI RC-TaHKH, sIKa CKJIAJaTUMETHCS 3

KOHICHCATOpa Ta HOCJIi,Z[OBHOl"O pe3ucTopa 31"i,IIHO 3 MOACJIIIO, 306pa}KCHOI-O Ha

puc. 2.14.

Taka xopekilis AacTh 3MOTy 3a0€3MEUYUTH JiHIHHE peryJiloBaHHS 4aCTOTHOI

xapaktepucThky B AUTHIN 30—80 kI'11, MiHIMI3yBaBIIIM HEOAHOPITHUM BUTHH.

JIiist po3paxyHKy HOMiHAMIB KOpuryBajdbHOT RC-maHkn HEOOXiTHO CTIOYaTKy
BU3HAYUTH HEOOXITHE IMMIJICWICHHS, SKOTO IMOTPIOHO JOCATTH, Ta OOYMCIUTH

3HaueHHs pe3ucTtopa R TakMM YHHOM, MO0 3a0e3NeYuTH 3aJlaHUi PIBEHb

M1JICUJICHHS.

Jlns  nmocarHeHHss moTpiOHOro piBHA miacuiaeHHs 1200 ppm 3HayeHHS

pesuctopa R, Mmae Oytu 3mMeHIeHo 10 49.88 kOw, a ioro npyra 4acTuHa, 10 SKOi
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i1’ €AHYEThCS KOPUTYBaJIbHA €MHICTb, MMOBMHHA MaTH 3HaueHHS 120 Owm, mol y

niJCYMKY 30epertH 3araiabHy Benuuuny 50 kOwm.

3anaBiny 4yacToTy 3pi3y Ha piBHI 50 k[ 11 Ta migcTaBUBLIN 3HaYeHH oropu 120
OM, BHKOPHCTOBYIOUM CTaHJApTHE DIBHAHHS BHM3HAYEHHA 4acToTH 3pizy RC-

JJAaHKH:

1
fc:(2x7z><RxC)' (4.9)

MOXHa BHU3HA4YNTH HCO6XiI[H€ 3HAYCHHA KOpI/II‘YBaJIBHOI €MHOCTI. 3a

OTPUMaHUMH PO3PAXYHKAMH, EMHICTh Ma€ CTAHOBUTH MPHUOIU3HO 26.52 HO.

1000}

500}

\ l(

-500} by X

BiaxunenHa [ppm]

"h.._.__
~1000 IS
~1500 X
—2000 ¢ A

—2500¢} )

107 104 10°
YactoTa [u]

Pucynox 4.10. YacToTHa moxubka Apyroro Kackay IiICUITIOBaYa; 3EJICHHM

— YaCcTOTHA XapaKTepucTuka 06e3 KOpeKilii, CuHIiA — yacToTHa Xxapakrepuctuka RC

JIAHKH; TIOMapaH4YeBU — BUMIPsIHA YaCTOTHA XapaKTEPUCTHUKA IMICIIS KOPEKIIii.

3rigHo 3 pe3yibTaTaMy MPOBEACHUX BUMIPIOBaHb MICIS BUKOHAHOT KOPEKIIi
4acTOTHA MOXuOKa apyroro kackany y aianasoni 30—-80 xI'ii He nmepeBuiye 200
ppm. OnHak y BHCOKOYacTOTHIM ninsgHi (Bume 80 kI'm) cmocrepiraerhcs

3aJIUIIKOBE BIIXMJICHHS, sIKE MOXK€ OyTH KOMIIEHCOBAHE IMOAAJBIIOI KOPEKIIELO.
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JIns  1bOro MPOINOHYETHCS 3aCTOCYBAaTH aHAJIOTIYHUM miAXia, 1o OyB
BUKOPUCTAHUN MiJ 4Yac KOPEKLIi XapakTepUCTUKU MEpUIOro Kackagy, a came

JO0/IaBaHHS MapajielbHOI eMHOCTI 10 pe3uctopa R, . Taka KopHTryBaJibHA JIaHKa

JTACTh 3MOT'Y CTBOPUTHU JOAATKOBHM HYJIb Y BUCOKOYACTOTHIM JUISHII.

3rilHO 3 pO3paxyHKaMy NapamMeTpiB CXEMH, IIJICTABUBIIM 3HAUYCHHS

pesuctopiB R =R _=50 xOM Ta BpaxOBYIOYH cliaJl HApyru Ha piHi 700 ppm npu

gactoti 100 x['11, BU3HaUa€MoO, 10 9acTOTa 3pi3y CTAHOBHUTH MpUOIN3HO 2.5 MI .
BianosigHo, HEOOX1HE 3HAUYCHHS KOPUTYIOUOi EMHOCTI Ma€e OyTu mpuoim3Ho 1.2

nd.

[TpoTe yepe3 Ayxe Maly BeMYMHY HOMIHATY KOPUTYIOUOT'O KOHJIEHCATOpa,
floro 3HaueHHs CTa€ CIIBPO3MIPHUM 13 BUPOOHHYMM PO3KUAOM €MHOCTEM
CTaHIapTHUX KOHJIeHCATOpiB. Lle cTBOpIOE TpyAHOII IPU TOYHOMY HaJallITyBaHHI
YaCTOTHOI XapaKTEPUCTUKH, OCKUIbKH BIAXWIEHHS y HOMiHajlaX KOMITOHEHTIB
3HaYHOIO MIPOIO BITMBATUMYTh Ha Pe3yJbTaT, TOMY JUIsl 3a0€3MEUeHHsI TOYHOI
KOPEKI[ii HEOOXITHO eKCHEPUMEHTAIbHO MiAI0OpaTh ONTUMAalbHI 3HAYCHHS

KOHJICHCATOPIB Y PI3HUX KOHDIryparisx.

(c J_r
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Pucynok 4.11. IIpunuunoBa cxema 3aCTOCYBaHHSI KOPUTYIOYOI JIAHKHU IS
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Apyroro kackaiy: C  —mapasuTHa emHicTh; C, Ta R — Kopuryroda nanka

AISHKY cepenix yactot; C, — KOpUryroJa JaHKa JiISHKH BUCOKHX YacTOT.

byno mpoBeneHo cepio TECTiB 13 BHUKOPUCTAHHSIM KOHJEHCATOPIB PI3HUX
HOMIHAMB y Mexax 1.2-1.6 n®d, mo pajlo 3Mory BHU3HAYUTH ONTHUMAIbHI

napaMeTpu KOPEeKIIii.

OTpumani pe3ynbTaTH 3acBIAYWIM, IO 3a3HAYEHHWH [lama3oH 3HAueHb
€MHOCTI 3a0e3neyye BUPIBHIOBAHHS YaCTOTHOI XapaKTEPUCTUKH, 3MEHIIYIOYH
4acTOTHE BiaxuiieHHS 10 piBHA £200 ppm. Pe3ynbTyroua aMImiiTyJHO-4acTOTHA

XapaKTEepUCTHKA, OTpUMaHa IMicJii BHECEHHS KOpPEKIii, 300pa’keHa Ha PUCYHKY

4.12.
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Pucynok 4.12. YactoTHa moxu0ka JBOX KacKa/iB IiJICHIIOBAYIB 3 TOAATKOBOIO
KOPUTYIOUOIO JJAHKOIO JIIJITHKA BUCOKUX YaCTOT: 3€JICHUM — MONepeiHs YacTOTHA
XapaKTepUCTHKA, TOMapaHYEBUIl — YaCTOTHA XapaKTEPUCTHKA 3 10/1aBaHHSIM
Kopuryrouoi eMHOCTI 1.2n®d; poxkeBuii — 4aCTOTHA XapaKTEPUCTUKA 3 JTOJIABAHHSAM

KOpuryrouoi eMmHOCTi 1.6n1d;

I'padik neMOHCTpYE, 10 MICIS 3aCTOCYBAaHHS KOPHUTYIOUOTO KOHJEHCATOpa



YIOCKOHAJIEHHSI BUCOKOBOJIbTHUX IIMPOKOCMYTOBUX KACKAJIHUX BUMIPIOBAJIbHUX MIACUIIOBAUIB JIJIs1 IIPUCTPOIB
BIATBOPEHHS OJIMHULII HAITPYTH 3MIHHOT'O CTPYMY PAJIOYACTOTHOI'O AIATTA3OHY
127

BJIAJIOCS] 3MEHIIUTU BIIXUJICHHS aMIUTITY/IH, 110 CIIoCTepirajacs B IUISHII YaCTOT
80—100 kI', oTke, eKCIIEpUMEHTATbHE HANAIITYBaHHS MIATBEPANIIO PO3PAXYHKOBI
3HAYCHHS, a TAKOX J1aJl0 3MOTY OI[IHUTH ONTHUMAJIbHUI HOMIHAT KOPUTYIOUYOTO

eJIeMeHTa I TOCITHEHHA MIHIMAJIbHOT YaCTOTHOT MOXUOKH.

[lepeiinemo 10 BUMipIOBaHHS YaCTOTHOT XapaKTEPUCTUKH Ha TPhOX KacKagax

IT1ICAJIFOBAYIB.

3aMip 4acTOTHOI XapakTepucTuku (puc. 4.13) miaTBepauB, IO YaCTOTHA
noxuoOka nepedyae B Mexax +£200 ppm, 110 CBITYUTH PO MiHIMAJIbHI BIIXUICHHS
BiT HOMIHaJbHUX 3HAaY€Hb Ta OJHOPIMHICTh XapPAKTEPUCTUKH B 3aJaHOMY

JaCTOTHOMY JTiama3oHi.
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Pucynox 4.13. YacToTHa moxubka KackaiB MiACIIIOBAaYa: CHHINA — 4aCTOTHA
XapaKTepUCTHKA TPhOX KAaCKaJliB; MOMapaHuYEBU — YaCTOTHA XapaKTEPUCTUKA

JIPYyroro Kackasuy.

AHaii3 OTpUMaHMUX PE3yNbTATIB CBIIYUTH MPO TE, IO B JIAHII 3BOPOTHOTO

3B’SI3KY TPEThOI0 KacKajy IMepeBa)kae Mapa3uTHA €MHICTh y JIAHII031 pe3ucropa
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R, ska € OLTBIIOIO 3a MapasUTHY €MHICTH pesuctopa R . Takmii posmomin

6x 2
Napa3uTHUX [apaMeTpiB CHpPUSE YaCTKOBOMY HIBEIIOBAHHIO CMaay YacTOTHOI
xapaktepuctuku B AusHII 80—100 x['1, mo mosicHIOe MiHIMalbHI YacTOTHI

BIJIXWJICHHS Ha [IbOMY KacKaji.

VY 3B’513Ky 3 IIUM JI0JIaTKOBi 3aX0/IM YaCTOTHOT KOPEKIIii Ha TPETbOMY KacKai
HE 3aCTOCOBYBAaTHUMYThCS, OCKUIBKM OTPUMaHI XapaKTEPUCTUKU BiJNOBIAAIOTH
OUiKyBaHMM  TlapameTpaMm.  BiICyTHICTP  3HaYHOrO  CHaxy  YacTOTHOI
XapaKTePUCTHKU J1a€ 3MOTY BBaXKaTH, IO KackKajJ MpaI0€ B ONTUMAaJIbHOMY

pEeXMMIi, a BHECEHHS JOJIATKOBUX KOPUTYBAJIILHUX €JIEMEHTIB € HETOIIITLHUM.

I3 rpadika, HaBeCHOTO HA PUCYHKY 4.13, BUAHO, III0 YaCTOTHA MTOXHOKA TPHOX
KacKaJliB € MEHIIOK MOPIBHSHO 3 MOMEPEIHIMH, a 1€ MATBeP/KYe e(EeKTHUBHICTD
BUKOHAHOI KOpPEKI[ii Ha TMOIMepeIHiX KacKajJax Ta BIJACYTHICTb HEOOX1THOCTI

MOJAJIBIIOTO BTPYYaHHsS B pOOOTY LIbOTO KacKafy.

[IpoBenemo aHami3 YacTOTHOI XapaKTEPUCTUKH HA YOTHUPHOX KacKagax

MM1JICUJIIOBAYIB.

Ha BigmiHy BiJ momnepenHix KacKaiB, YaCTOTHA XapaKTEPUCTUKA OCTAHHBOTO
KackaJy Mae BuauUMeE 3pocTanHs y aianazoHi 80—100 kI, 1m0 BiApI3HAETHCS Bl

HOHCpCI{HiX KaCKaI[iB, A€ IICPCBaXXaB CIla]g YaCTOTHOI XapaKTCPUCTUKMU.

JInst kopekii 1poro edekty HeoOXiTHO KOPHTYBaTH IMIIENAHC JIAaHKH R,
OCKUIBKM 3MCHIIEHHS IMIeAaHcy R [acTp 3Momly 3HH3HTH KOe]illieHT

MiJCUJICHHS, IO CHOPUATHME BHPIBHIOBAHHIO YAaCTOTHOI XapaKTEPUCTHKU Ta

MiHiMi3aIli HeOaxkaHuXx MmikiB y aianma3zoni 80—100 kI 1.
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Pucynok 4.14. YactoTHa noxuOka 4OTUPHOX KAaCKa/iB MiJACHIIIOBauiB 0€3

KOPEKITi.

AHaJli3 oTpUMaHUX BUMIpIOBaHb (puc 4.14) miaTBepAuB, 0 MaKCUMAaJIbHE
BimxuieHHs amIuniTyau Ha 80 k['11 ctanoBUThH iprbau3Ho 1800 ppm, a Ha 100 xI'11
HaOmmxkaeTbess 10 ~2000 ppm, M0 CBIAYUTH, MOPO TMOCTYMOBE 3POCTAHHS
XapaKTEPUCTHKN y HAMPSAMKY JI0 BUIIUX YaCTOT Ta MOTpeOye KOPEKIi st

3a0e3neyeHHs pIBHOMIPHOI XapaKTePUCTUKH 03 PI3KUX MiAHOMIB.

YerBepTuil Kackaja MiJICUIOBAYa MAa€ PE3UCTOPU 3BOPOTHOTO 3B’SI3KY 3

HomiHanmaMu R =50kOm ta R, =150kOM. OcoGuBicTIO IFOTO KacKaLy € Te, 10
pesuctop R peani3oBaHMi OUISIXOM ITOCIIIOBHOTO BKITIOUEHHS TPHOX PE3UCTOPIB

no 50kOM. OCKiIbKM KOHCTPYKIIiSI JJAHKH 3BOPOTHOTO 3B’SI3KY 3aiiMae OUTbIIHIA
rabapuT, 11e, BIJAMOBIIHO, MPU3BOAUTH J10 30UIBIICHHS Mapa3uTHOTO €MHICHOTO
3B’SI3Ky 3 KOPIYCOM Npuiaay. Y pe3ysibTari TaKuid 3B S30K BIUIMBAE HA YaCTOTHY
XapaKTEPUCTHKY KacKady, CIPUYMHSAIOUM 30UIBIICHHS aMIUTITYJId Ha BUCOKHX
94acTOTax MOPIBHIHO 3 MONEPEIHIMHU KackalaMH, JI¢ epeBakaB crajl. Lle moscHroe

BUHUKHEHHS MKOBOrO miacwieHas B AuitHI 80—100 k[
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Pucynok 4.15. IIpuHiunoBa cxeMa 3aCTOCYBaHHSI KOPUTYIOUOI JJAHKH JJIS

4eTBEPTOro Kackajy; C, — NapasuTHa eMHICTb, C, — KOPUTYI04a EMHICTb.

Jlns  kommeHcarii 1€l O0cOOJMBOCTI Ta BHUPIBHIOBAHHS YacTOTHOI
XapaKTepUCTUKH HEOOXiTHO KOpPHTYBaTH immenaHc naHmiora R (puc. 4.15).

OntumanbHUM TIIXOJOM € JOJaBaHHS KOPUTYIOUOi €MHOCTI, 3a METOJHUKOIO,

aHAJIOT1YHOIO Tii, 110 3aCTOCOBYBAJACh JJIsl MOMEPETHIX KaCKaIiB.

[TincTaBuBIIM Y pO3paxyHOK 3HAYCHHS PE3UCTOPIB, BIAXUIICHHS aMILTITy 1A Ha
piBai 0.2% (2000 ppm) Ta gacroty miky xapaktepuctuku (80 kI'1r), oTpumyemMo

3HAYEHHS KOPUTYIOYOT0 KOHJIEHCATOPa, IO TOPiBHIOE TPHOIM3HO 2.16 md.
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Pucynok 4.16. UactoTHa moxuka 4OTUPHOX KACKaJ1B MiCHIIOBAYIB:
3esIeHui — 0€3 KOPEKIIil; ToMapaHuyeBUil — 3 J10/IaBaHHAM KOPHUTYIO40i EMHOCTI 2.9

nd.

VY pe3ynbpTaTi NPOBEACHOI HE3aNEKHOI KOPEKIli YaCTOTHOI XapaKTepUCTUKU
Ha KOKHOMY 3 KacKaJiB IJICUJIIOBAaYa BAAJIOCS JOCATTH PIBHOMIPHOTO YaCTOTHOL
XapaKTepUCTHKH, NoxuoOka skoi He mepeBuirye 400 ppm y BCbOMy poOOUOMY
mianmazoHi 4vactor. lle cBiguuth mpo e(EKTUBHICTh 3aCTOCOBAHOI METOJIUKH

IIOCTAaIIHOIro iH,Z[I/IBi,HyaJIBHOI‘O HaJlallTyBaHHA.

4.3. Metposoriyda atectaiis miacuiroBada 100k '1-1000B.

CrabinbHICTh BUX1JHOI HAIPYTH BUMIPIOBAIBHOIO MMiICHIIIOBAYA OL[IHIOETHCS
IUISIXOM CTaTUCTUYHOIO aHami3y cepli BUMIPIOBaHb, MPOBEACHUX Y PIBHUX
iHTepBanax yacy. KonvBaHHs HanpyTy B 4aci CBiI4aTh PO HASBHICTH UIyKTyallii,
PIBEHB SIKMX MOKHA KIJIbKICHO OI[IHUTHU Yepe3 CTaHIapTHE BIAXWICHHS. JJIs IbOTO
peecTpyeThesl BUOIpKa 3HAUYCHbB, 3 SIKOi PO3PAXOBYETHCS CEPEHE 3HAYCHHS Ta Mipa

PO3CIIOBaHHS JaHUX 11010 HHOTO.
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CepenHe 3HaAUY€HHS BUXIJHOI HAlpyrd BU3HAYAETHCA SK apu(PpMETUUHE

CepeHE BCIX OTPUMAHUX 3HAYEHB!

U:(ljzui (4.7)

s= %Z(U.—U)z (4.8)

Ile#i moka3HUK BigoOpakae piBeHb BUMAAKOBUX Bapiamii Hampyru. [o
OlJbIlIe HOro 3HAYEHHS, TO MEHIII CTA0lIILHUM € CHTHAJ HifcuiIoBada. /s omiHKu
HEBHM3HAYCHOCTI BHMIpPIOBaHb 3a THUIIOM A BHKOPHUCTOBYETHCS CTaHIapTHA

HEBH3HAYECHICTH CCPCAHBOI'O 3HAYCHHA, AKd BU3HAYAECTHCA K

uA:S/\/; (4.9)

30UIbIIEHHST  KUIBKOCTI ~ BUMIPIOBaHb  CHOpPHSE€  3MCHIICHHIO  ITI€]
HEBM3HAYEHOCTI, 10 Ja€ 3MOTYy OTpPUMATH OUIbII TOYHY OLIHKY CTaOlIbHOCTI
curHaiay. UMHHHKH, 110 BIUTMBAIOTh Ha BUMIPSHY HAMpyTy, MOXKYTh MaTH Pi3HY
npuponay. OZHUM 3 OCHOBHHUX JDKEPEN BUNAAKOBHX (PIIyKTyalliid € BHYTPIIIHINA IIyM
MiJICHIIIOBaya, SIKUA BUHUKA€E Yepe3 €JIEKTPOHHI Mpolecu B Horo cxemi. Takox
BXJIMBY POJIb BIJIITpAae TeMIepaTypHa HECTAO1IbHICTh, OCKIIBKA XapaKTEePUCTUKH
€JIEKTPOHHUX KOMIIOHEHTIB 3MIHIOIOTHCS 11 BILTHBOM 3MiH TEMIEPATypH. 3 4aCOM

MOXKE TIPOSBIATUCS JApeid 3MIIIEHHs, KOJIWM BHXIJIHA Hampyra IOBUIHBHO
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3MIHIOETBHCS Yepe3 CTapiHHS KOMIIOHEHTIB 400 HECTAO1IbHICTh JKEPEIT dKUBJICHHS.
Y 1uuppoBUX BHUMIPIOBAIIBHUX CHCTEMax CTAOUIBHICTh TaKOX OOMEXKYEThCS
JTUCKPETHICTIO  aHAJIOTO-IU(POBOTO  TEPETBOPEHHS, OCKUIBKM  TOYHICTH

BUMIPIOBAHHS BU3HAYAETHCS PO31IbHOI0 30aTHICTIO ALIII.

3aranpHUN  PIBEHh HEBU3HAUEHOCTI BUMIPIOBAHb 3aJIEKUTh 5K  BIJ
BUITaJIKOBHX, TaK 1 BiJ CHCTEMaTHYHUX YMHHUKIB. SIKIIIO JKepera HeBU3HAYEHOCTI
€ HE3aJIOKHUMH, TO CyMapHa HEBH3HAYCHICTh BU3HAYAETHCSA UEPE3 KBAJIPATHUHE

M17ICYMOBYBaHHS OKPEMUX CKJIaJOBHX:

u, =\’ +u; (4.10)

Ae U, — CKCICpUMCHTaJIbHa HEBH3HAYCHICTh 34 THUIIOM A, a U, —

HEBU3HAYEHICTh 3a TUIOM B, 1m0 BpaxoBye cucTeMaTW4Hi (aKTOpH, TakKi 5K
NOXMOKK KaaiOpyBaHHs, HECTaOUIBHICTh €JICKTPOHHUX KOMIIOHEHTIB Ta BILJIWB

30BHIIIHIX YMOB.

Posmmpena HeBU3HAYEHICTh BUKOPUCTOBYETHCS JIJI HAJAHHS O1JIbIIT HaIIMHOT
OIIHKA MO>KJIMBHX 3HAY€Hb BUMIPIOBAHOI BEIMYMHU, BPAXOBYIOUH SIK BUIIAIKOBI,

TakK 1 CHCTEMATHUYHI TOXHNOKH.

U=k-u, (4.11)
U, — KOMOIHOBaHa CTaHJapTHAa HEBU3HAYEHICTb, SIKA BHM3HAYAETbCA SIK
CYKYITHICTh HeBHM3HaueHocTed tumy A (u,) i tunmy B (u,); kK — koedimient

OXOIUICHHS, SIKUH 3aJIC)KHUTh BiJ] 0OpaHOTO PiBHS MOBipH (3a3Buuait k =2 mst 95%

70Bipuol MOBIpHOCTI a00 £k = 3 1t 99%).
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OcCKiTbKM  IOCHIJKYBaHMM OO’€KTOM € TifcuitoBadi, po3paxyHok CKB
BUKOHY€ETHCS B 33/1aHOMY JIialla30H1 4acToOT, 3 OCOOJIMBOIO YBArow 70 1HTEpPBAJiB,

A€ MOXKIIMBC IICPCBUILICHHSA ITOXHUOOK.

VY ineanpbHOMY BHITAJIKy OIliIHKA MPOBOAMTHCS 32 HECKIHYCHHOK KIJTBKICTIO
BUMIPIOBaHb, MIPOTE HA MPAKTHUIIl MOXXJIMBE BUKOPUCTAHHS OOMEXKEHO1 BUOIPKH.
BignoBigHo 10 pi3HUX JKEpend, KiJIbKICTh BUMIPIOBaHb OJHOTO 3HAYCHHS Mae
cranoButH Bia 3 10 30. s nocmimxeHHs 6yno oOpano 10 BuMiproBaHb BX1HOI Ta

BUXIJIHOT HAaNpyT'y Ha TIEBHIM 4acTOTI.

Pesynbrati eKCrepuMEHTANBHUX JOCTIDKEHh HABEIECHO B TaOIUIIAX.
Mertononoris OIIHKA Ta OOIPYHTYBaHHS BHOOPY KIJIBKOCTI BHUMIpIOBaHb
IPYHTYEThCS Ha pobOotax [l, 2], A€ pO3rasgarThCA MIIXOAW 0 3MEHIICHHS

KUIBKOCTI BUMIPIOBaHb 0€3 ICTOTHO BTPATH TOYHOCTI.

VY mporeci BUMIpIOBaHb BHKOPHCTOBYBABCS KOMILIEKT TEPMOEIEKTPUYHHUX
nepetBoproBauiB [THT-12, sxi Oynu gornoBHEeHi 11t poboTu B miamazonax 100 B Ta
1000 B. BumipioBaHHA NpPOBOIMJIKMCS 3a JIONOMOIOI0 aBTOMAaTHU30BaHOTO
IpOrpaMHOTo 3a0e3NedYeHHs Ta BHCOKOTOYHOI BHMIpIOBAJbHOI amapaTrypu, IO
3a0e3neyyBajia KOPEKTHICTh OLIHKH MapaMeTpiB mijicuiatoBava. [yt BUMiproBaHHS
Hanpyrd, OTPUMAaHOi 3 TEPMOEIEKTPUYHUX IEPETBOPIOBAYIB, BUKOPUCTOBYBABCS
HaHoBoJasT™MeTp HP34420A. Bxinmna Hampyra Ha MiJCHJIIOBa4 TojaBajacs Bif
kanioparopa H4-7, 3aBasiku yoMy MoxHa OyJi0 3a7aBaTH HEOOX1HI piBHI CUTHAITY

Ta 3a0e31euyBaTi poOOTY MiJICHIIF0BaYa B poOOUOMY Jiara3oHi 4acToT.

BusHaueHHs mapaMeTpiB MiJICUIIOBaYa BUKOHYBAJIOCSd B KOHTPOJbOBAHUX
yMOBax, IO 3HWKYBAJIO BIUIUB CTOPOHHIX YMHHMKIB Ta 3a0€3ME4yBaJI0 BUCOKY

JOCTOBIPHICTh OTPUMAHUX PE3YJIbTATIB.



YIOCKOHAJIEHHSI BUCOKOBOJIbTHUX IIMPOKOCMYTOBUX KACKAJIHUX BUMIPIOBAJIbHUX MIACUIIOBAUIB JIJIs1 IIPUCTPOIB
BIATBOPEHHS OJIMHULII HAITPYTH 3MIHHOT'O CTPYMY PAJIOYACTOTHOI'O AIATTA3OHY

(e BN Beo NV N S S

B A, S DR DB DS WOLWLWLWLWWWUWLWLWWWERNRNDNDNDPDNNDNDNDNPDENFE =R ===
NN B WD~ OOV NE WD, OOVWXXINNIAE WD~ OOV DN S Wi — OO0

135

Ta6nuis 4.1. Cepist BuUMiproBaHb 3Ha4eHb HanpyTH miacuiatoBada 1000B-100kI 1

Uo

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

EBX(fO)
0,00949266

0,00949228
0,00949242
0,00949263
0,00949282
0,00949301
0,00949349
0,00949416
0,00949490
0,00949556
0,00949609
0,00949682
0,00949745
0,00949802
0,00949854
0,00949912
0,00949962
0,00950002
0,00950050
0,00950085
0,00950114
0,00950139
0,00950184
0,00950222
0,00950247
0,00950298
0,00950332
0,00950342
0,00950375
0,00950412
0,00950435
0,00950474
0,00950496
0,00950525
0,00950550
0,00950567
0,00950602
0,00950640
0,00950662
0,00950705
0,00950718
0,00950740
0,00950753
0,00950775
0,00950804
0,00950819

EBI/IX(fO)
0,00562970

0,00562963
0,00562976
0,00563008
0,00563032
0,00562999
0,00563005
0,00563037
0,00563085
0,00563123
0,00563164
0,00563211
0,00563273
0,00563303
0,00563348
0,00563384
0,00563420
0,00563454
0,00563493
0,00563530
0,00563557
0,00563588
0,00563607
0,00563627
0,00563640
0,00563689
0,00563727
0,00563734
0,00563751
0,00563790
0,00563803
0,00563824
0,00563871
0,00563865
0,00563900
0,00563897
0,00563916
0,00563939
0,00563959
0,00563974
0,00563996
0,00564022
0,00564045
0,00564059
0,00564086
0,00564080

EBx/EBux
0,59305865
0,59307436
0,59307877
0,59310007
0,59311290
0,59306652
0,59304367
0,59303485
0,59303871
0,59303788
0,59304795
0,59305260
0,59307809
0,59307408
0,59308922
0,59309017
0,59309730
0,59310824
0,59311924
0,59313660
0,59314697
0,59316295
0,59315537
0,59315329
0,59315086
0,59317076
0,59318934
0,59319052
0,59318750
0,59320650
0,59320551
0,59320297
0,59323922
0,59321476
0,59323513
0,59322173
0,59321978
0,59321971
0,59322727
0,59321652
0,59323159
0,59324491
0,59326148
0,59326220
0,59327288
0,59325692

F;
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
20000
20000
20000
20000
20000
20000
20000
20000
20000
20000
50000
50000
50000
50000
50000
50000
50000
50000
50000
50000
80000
80000
80000
80000
80000
80000

EBX (]Cl)
0,00949237

0,00949235
0,00949248
0,00949282
0,00949291
0,00949317
0,00949371
0,00949455
0,00949522
0,00949584
0,00949472
0,00949542
0,00949598
0,00949653
0,00949709
0,00949774
0,00949820
0,00949854
0,00949899
0,00949932
0,00949939
0,00949973
0,00950018
0,00950046
0,00950094
0,00950124
0,00950149
0,00950181
0,00950199
0,00950240
0,00950398
0,00950417
0,00950462
0,00950481
0,00950503
0,00950519
0,00950549
0,00950587
0,00950615
0,00950637
0,00950850
0,00950869
0,00950889
0,00950908
0,00950935
0,00950949

EBI/IX (]Cl)
0,00562951

0,00562957
0,00563002
0,00563028
0,00563011
0,00562997
0,00563006
0,00563066
0,00563108
0,00563138
0,00563092
0,00563140
0,00563188
0,00563247
0,00563264
0,00563318
0,00563351
0,00563382
0,00563418
0,00563444
0,00563542
0,00563563
0,00563577
0,00563594
0,00563644
0,00563647
0,00563692
0,00563719
0,00563723
0,00563741
0,00564034
0,00564043
0,00564085
0,00564093
0,00564103
0,00564095
0,00564114
0,00564149
0,00564170
0,00564195
0,00564415
0,00564427
0,00564435
0,00564458
0,00564484
0,00564492

MoxuobKa
ppm
-1,94
-8,60
20,37
7,96
-23,12
-9,36
-10,71
5,92
3,99
-1,02
7,86
10,66
1,92
28,87
1,45
14,36
13,88
13,65
12,63
3,92
78,25
66,14
61,14
62,68
83,82
54,54
65,62
71,67
67,61
46,92
224,21
224,45
206,84
224,95
204,69
201,15
203,32
214,14
212,28
232,10
301,80
291,79
273,92
284,30
283,80
297,08
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47
48
49
50
51
52
53
54
55
56
57
58
59
60

100
100
100
100
100
100
100
100
100
100
100
100
100
100

0,00950848

0,00950874

0,00950891
0,00950912
0,00950903
0,00950912
0,00950905
0,00950882
0,00950855
0,00950811
0,00950762
0,00950721
0,00950698
0,00950665

0,00564109
0,00564130
0,00564149
0,00564178
0,00564128
0,00564142
0,00564189
0,00564176
0,00564174
0,00564173
0,00564144
0,00564148
0,00564152
0,00564154

0,59326883
0,59327474
0,59328466
0,59330192
0,59325509
0,59326375
0,59331804
0,59331820
0,59333399
0,59335967
0,59335925
0,59338992
0,59340831
0,59343097

80000

80000

80000

80000
100000
100000
100000
100000
100000
100000
100000
100000
100000
100000

0,00950982
0,00950982
0,00950989
0,00950999
0,00951185
0,00951187
0,00951191
0,00951162
0,00951163
0,00951129
0,00951084
0,00951047
0,00951032
0,00951020

0,00564506
0,00564525
0,00564527
0,00564543
0,00564484
0,00564519
0,00564540
0,00564562
0,00564554
0,00564568
0,00564523
0,00564542
0,00564542
0,00564542
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281,91
293,37
282,95
278,04
167,32
189,94
160,47
195,18
174,13
183,11
167,39
177,56
170,24
157,25

Hwxye HaBeleHO MiJICYMKOBY TaOJMIIO 3 pe3yjbTaTaMu oOuuciieHb. Jlms

KOXXKHOI YacTOTH IOJaHO cepenHe 3HaueHHs U, cTaHmapTHE BiIXWICHHS S,

HEBU3HAYEHICTh TUILY A u, Ta PO3IIMPEHY HEBU3HAYEHICTh U =2u

Tabnuis 4.2. Pesyasratu o0umciens xapakrepuctuk miacuiaoBada 1000B-100kI .

Yacrora, kI['11 U S U, U
1 -1.65 12.09 3.82 7.64

10 10.92 8.05 2.55 5.10

20 65.84 10.71 3.39 6.78

50 214.81 10.93 3.46 6.92

80 286.90 8.79 2.78 5.56

100 174.26 12.32 3.90 7.80

Ha rpadiky 300paxeno cepeanbokBaaparruune BiaxuiaeHHsa (CKB) Ha pi3HuX

yacTtoTaX. Bumno, mo 3HaueHHs CKB 3MiHIOIOTBCS B Mexax 8—14 ppm, 110

HIATBEPKYE TOCTATHIO CTAOUTBHICTH MiJICHIIIOBAYa B YChOMY poO0YOMY Jiana3oHi

qacCToT.

3aBAsiku MiHIMAJbHUM BIIXUJICHHSM y YaCTOTHOMY Jiara3oHl IMiJCHIIOBAY

3abe3reuye TOYHICTh 1 CTAOIIBHICTh CUTHAJY, IO € KPUTUYHO BAXKJIUBUM IS

€TaJIOHHUX BUMIPIOBaHb Ta METPOJIOTTYHUX 3aCTOCYBAHb.
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Pucynok 4.17. CtannapTHe BIAXWJICHHS BUXIIHOI HAMIPYTH MiJCUIIOBa4Ya

100x['1-1000B.
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4.4. MetposoriyHa aTectaiis miacuaoBada 30MI-30B.

YacToTHa XapakTepucTuka mijgcuitoBaya giamna3zony 30 B — 30 MI' Oyna
BU3HAYCHA AHAJOTIYHO JIO0 METOAY, SKHW 3aCTOCOBYBAaBCS JUIsl BHU3HAYCHHSI
xapaktepuctuk miacumoBada 1000 B — 100 xI'm (puc 4.1). Jo ckuany

BHUMIPIOBAJIHOT CUCTEMH YBIMIILIN TaKl MpUIaIu:

— kanibparop Hanpyru B1-29;

— mHaHoBoJbTMETp Agilent 34420A;

— wimiBosbT™MeTp B3-59;

— Tapa TepMOECJIEKTPUYHUX nepeTBopioBadiB TBb-3;

— MepCcoHAJIbHUN KOMIT I0TEp Ta aBTOMATHU30BaHE IPOrpaMHe 3a0e3MeUeHHS.

Ha pucynky 4.18 300paxeHO 4acTOTHY MOXMOKY BHXIJHOI Halpyr HIECTU

KackaaiB macwioBada 30B-30MI .

20000

—20000¢

—-40000

—60000

Moxunbka [ppm]

—80000

—100000

102 10°  10°  10° 108 107
YacTtoTa ['u]

Pucynok 4.18. YactoTHa noxuoOka mectu kackaais mijacuitoBada 30B-

30MTI 1.
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YactoTHa xapaktepuctuka miacuwioBada 30 B — 30 Ml mae onHopigHy
XapaKTEePUCTHUKY y Aiana3oHi 1o 1 MIm, mpoTe 1eMoHCTpye MOMITHE 301IbIIICHHS
1o +2% y mianasoni 9acTtoT Bif 10 mo 20 MI'ny ta pizkuit cnaxg 1o —1.3% . Taka
pi3Ka 3MiHa MOSICHIOETHCS OCOOIMBOCTSAMHU onepariitnux miacumoBayis THS3491,
noOynoBanux 3a Tomojoriero current-feedback, ski  xapakrepusyroThes
30UIBIICHHSM BUX1JHOT HAMpPyTd MPU HAOIMKEHHI YaCTOTH CUTHAIY JI0 YaCTOTH
3pi3y. Lleit migiiom moxe csratu 5—7% abo Ouibiie, 3anexHo Big tuny CFB Ta
3HAYEHHS PE3UCTOpPa 3BOPOTHOTO 3B’A3Ky. MeHIIe 3HAYCHHS PE3UCTOPa J03BOJISIE
pPO3UIMPUTH  CMYTY aje CYTT€BO BIUIMBAE Ha  aMIUIITYyJAHO-4aCTOTHY

XapaKTePUCTHKY MiJCHIIIOBAYA.

[Tix yac podotu 3 HUGPOBUM KaTiOpATOPOM BUKOPHCTOBYBAIUCH JOJAATKOBI
QITOPUTMIYHI MIAXOAM Ta MPOTrpamMHI 3aco0M yIpaBIliHHA, SKI 3a0e3nedyBaju
aBTOMATHYHY 1T€paTUBHY KOPEKIil0. 3aBISKA LbOMY METOAY BIaBaJIOCH
e(peKTUBHO KOMIIEHCYBATH CHUCTEMATHYHI MOXHOKH Ta KOPUTYBATH YaCTOTHY
XapakTepucTUKy. CTPYKTYpHY CXE€My KOPEKIIil Hampyru 300pa’keHO Ha PUCYHKY

4.19.

KoHTponep
PerynbosaHe 3paskosuit
Axepesio U BOAbTMETP [~
1
o a Tepmo- o
nepeTsopioBay Mini-

o b BONLTMETP

Peryneosane U
— axepesc U, " BUX

Pucynok 4.19. CtpykTypHa cxeMa KOpeKIIii Hanpyru
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[ToxuOka BIATBOPEHHS HAIIPYTHU MIHIMI3YETHCS IIUISIXOM 1T€paIliifHOT KOPEKIii

3a piBHSHHM (4.12).

U —0,50, |3 L

(4.12)

kO
E,,- onopHa EPC; n- Homep TakTy itepauii; U, - 3Ha4€HHS HaIIpyT'd Ha

nonepeaHbOMY TaKTi 1Tepartii

VY mpoteci peanizanii iTepariiHOro METOay KOPEKIl BUXIJHOI HANpyTu Ta
YaCTOTHOI XapaKTEPUCTHKH IMiJCUIIOBaYa KIOYOBUM MapaMeTpoOM € HOro yacoBa
CTaOLIBHICTh. 3 METOI0 3a0€3MEUeHHs KOPEKTHOI pOOOTH MPOLEAypH KOPEKIii
HeoOXigHO, MO0 BHUXIJHA HANpyra MiJCKIIIOBaYa 3alMIlaiacs CTabUIbHOIO
IPOTSTOM yChOTO LIMKITy BUMipIOBaHHA Ta o0umcieHs. Lle nependauae oOMexxeHHs
cepenabokBagparnaHoro BiaxwieHHs (CK3) BuXimHOT Hampyru A0 MIHIMAIbHO
JOMYCTUMOTO PiBHA, OCKIJIBKM caMe L BEJIMYMHA € 1HTETPajJbHUM MOKa3HUKOM
KOPOTKOYAaCHOT HeCcTaOlIbHOCTI Ta mIymMoBHUX Guykryariii. HasBHICTh 3HaUHHX
baykryartiit ado npeiidiB NpU3BOIUTE 10 HAKOTIMYEHHS MOXUOKH Y KOPEKLIHHOMY

aJ'IFOpI/ITMi, IITO HCTaTHBHO BIIJIMBA€ HA TOYHICTB KiHHCBOFO pe3yIbTaTy.

Huxue HaBCICHO Ta6JII/II_IIO 3 pe3yJibTaTaMH 00YHCIICHb JJIA l'[iI[CI/IJII-OBa‘Ia

30B-30MI 1.

Tabmuns 4.3. PesynsraTtu 00unciaeHs xapakrepucTuk macuioBada 30B-30MI .

Yacrora, I'l U S U, U
10k 1.42 6.98 2.20 441
100k -1.92 13.56 4.28 8.57
1M 3306.48 18.82 5.95 11.90
10M 19907.78 100.95 31.92 63.84
30M -13231.20 93.59 29.59 59.19
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Pucynok 4.20. CtannapTHe BIAXWICHHS BUXIIHOI HAIPYTH MiJACUIIOBa4Ya

30B-30MI 1.

3a pe3yabTaTaMu O0YHCICHh OTPUMAHO 3aJICKHICTh CEPETHbOKBAAPATUIHOTO
BigxuieHnHs (CKB) BuxinHoi Hanmpyru mificuiroBava Bij 4acToTH. BceTaHoBiEHO,
mo CKB mae Tenaentio 10 3poctanss npu yactotax Buiie 1 MI'm, mo cBiTuuTh
PO HAsBHICTh YacOBOi HECTAOUIHLHOCTI BUXIJIHOTO CHUTHAJIY Y BIATNOBITHOMY
niara3oHi. OAHIE 3 MOTEHIINHUX MPUYUH TaKol HECTAOLIbHOCTI MOXYTh OyTH
myJbcarii B JIAHIIOTaX >KUBJICHHS MiACHIIOBaYa, fKi, Y CBOI 4Yepry, 3/aTHi
CpUuYUHATH QIyKTyallii BUXITHOI Hampyrd. 3a3HaueHe SBUIIEC € TUIIOBUM IS
IMPOKOCMYTOBHX OMNEPALIMHUX MiJCHIIOBaviB, $KI Ha BHCOKHX YacCTOTax
JIEMOHCTPYIOTh 3HIDKCHY 3/IaTHICTh 10 TPUAYIICHHS 3aBajl Ta IyJbCallil,
3YMOBJICHY Jerpajanicio koedilieHTa MmociaabieHHs BIUIMBY JKepesa KUBJICHHS

(Power Supply Rejection Ratio, PSRR).

Otpumane 3HaueHHs CKB B mexxax 10 100ppm B obsacti yactot Big 10MI'1g

10 30MI'11 € normyctum BianoBiaHO 10 TexHIuHKX yMOB BBETY 08-07-01-09.
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BHUCHOBKMU 1O PO3IIY 4

Ha mincraBi geTtampHOro aHamizy Ta MPOBENEHUX EKCIEPUMEHTaIbHUX
JOCTIIKEHb METPOJIOTTYHUX XapaKTEPUCTUK MiJCUIIOBAYiB MOXKHA 3pOOUTH TaKi

y3arajbHeH1 BUCHOBKH:

BUKOPHCTAHHS €TAJIOHHUX TEPMOCIICKTPUYHUX ITEPETBOPIOBAUIB 3a0€3MEUHIIO
BUCOKY TOYHICTb Ta HAJIMHICTh pe3yJIbTaTiB BHUMIPIOBaHb METPOJIOTTUYHUX
XapaKTEePUCTHK ITiICHITIOBAYiB. 3aBSKH 3aCTOCYBAaHHIO MTApY TIEPETBOPIOBAYIB IS
OJIHOYACHOTO BHMMIpPIOBAHHS BXIJHOTO Ta BHUXIJHOTO CHUTHANIB OYyJI0 OTPHUMAaHO
MOXJIMBICTh KOMIUIEKCHOI OIIIHKM K CTaTMYHHUX, TaK 1 JUHAMIYHUX IapaMeTpiB

M ICHJTFOBAIBHUX KAaCKaIiB.

ExcriepumeHTanbHi TOCTIHPKEHHS YaCTOTHUX XapaKTEPUCTUK TIiJCHITIOBAaYiB
BUSBWIM  HEOJHOPIAHICTh  XapaKTEPUCTUKH  BUXIJHOTO  CHTHAIY Yy
BHCOKOYACTOTHOMY Jiara3oHi, 10 3yMOBJICHO BIUTMBOM Mapa3uTHUX EMHOCTEH Ta
IHIYKTUBHOCTEH Yy cxemi mifacuiaoBadiB. lle morpeOyBamo po3poOku Ta

3aCTOCYBAHHIO CIIELIaTbHUX METO/IIB KOPEKIIii.

Byno 3anpomnoHoBaHo Ta peaaiz0BaHO MMOETATHY YaCTOTHY KOPEKIIIF0 KOKHOTO
KacKagay OKpPEMO, 3 BUKOPHUCTAHHSAM J0JIaTKOBUX KopuryBalbHUX RC-nmanok. Ileit
MiIX1A AaB 3MOTY ICTOTHO 3HU3UTH BIAXWJICHHS 1 JOCATTH PIBHOMIPHOCTI
aMILTITYTHO-9aCTOTHOI XapaKTEPUCTUKH Y 3aJaHOMY J1ialma30Hi YacTOT, TIPH I[bOMY

noxuoka He nepepunrysaia 400 ppm.

CratucTuuHU# aHai3 cCTaOLIBPHOCTI BUX1AHOT HanpyTH miacuatoBada 100kl -
1000B mipoieMoHCTpyBaB MiHIMaJIbHI (IyKTyaIlli CHTHaTY, CEpeTHbOKBAAPATHUHE
BIJIXMJICHHS SIKUX BapiioBajiocs B Mexax 8—14 ppm y BchoMy niarna3oHi yactort. Lle
HIATBEPKY€E€ BHUCOKY CTaOUIBHICTP POOOTH MiJCHIIOBadya, M0 POOUTH HOTO

MNpUAATHHUM [JII BUKOPHUCTAHHA Y BUCOKOTOYHHX MeTpOJ'IOFi‘IHI/IX CHCTEMaAX.
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3AT'AJIbHI BUCHOBKHA

TeopeTn4Hi M0T0KEHHS.

VY nmuceprariiiHiii poOOTI Bmepie BCTAHOBJICHO OCHOBHI 3aKOHOMIPHOCTI
PO3MOIiTY MiJCUICHHA B 0araTOKacKaJHWX BHCOKOBOJIBTHUX IIMPOKOCMYTOBHUX
MiCUIIOBadax. 30KpeMa BHW3HAYEHO, MO IS 3a0€3MEeUeHHs MaKCUMalbHOI
BUXIJIHOI HAMPYTH Ta CTabUIBbHOT pOOOTH KOKHOTO KacKay, KOXKHUN omnepariiiHuii
MiJICHITIOBaY TIOBUHEH MAaTH PiBHUM BUXITHUN CHUTHAT CTOBOBHO CEPEIHBOT TOUKH
CBOTO JpKepena KHUBJIEHHA. Ha OCHOBI I[bOTO MOJIOXKEHHS OTPUMAHO aHAJITUYHI
3QJIEKHOCTI, SIKI TOB’SI3YIOTh KOE(DIIIEHTH MiJCWICHHS OKPEMHUX KacKajiB Ta
HOMIHAJIM PE3UCTOPIB 3BOPOTHOTO 3B’ SA3KY 13 3arajibHUM KOE(II[i€HTOM M1 CUICHHS
— 711 000X CXeM KacKaJyBaHHS (HEIHBEPTYIOUOi Ta 1HBepTYyr4oi). LI TeopeTnyni
pe3yJIbTaTH 3aKjald OCHOBY /IS MOJANBIIOTO MPOSKTYBaHHS ITiJCHIIIOBaYa Ta

CTaHOBJISITH HAYKOBY HOBH3HY POOOTH.

HaykoBa HOBH3HA Ta 3HAYEHHS POOOTH.

HaykoBa HOBM3HA nucepTallii mojsirae B po3po0iri HOBUX METOIIB OOy I0BU
BHCOKOBOJIbTHUX IIMPOKOCMYTOBUX BHMIpPIOBAIBHUX ITiJICHIIOBAYiB, IO JAlOTh

3MOT'Y OTPUMATH BHCOKY BUX1JIHY HANPYTy MPH MIKUPOKiil CMy31 4acTOT.

Bnepiie orpumMaHo aHaTITHYHI CITIBBIAHOIICHHS 3a0€3MEUeHHS ONITUMAIIBHOT
POOOTH KacKaiB MiCUIIOBAYIB, 1110 OMTUCYIOTh PO3IMOAiT KOe(III€HTIB IMiICUIICHHS

Ta TapaMeTpH 3BOPOTHUX 3B’ S3KIB M7 000X MOJIEIeH KaCKaIHUX T1ACHIIIOBAYIB:

— BCTaHOBJICHO MOXKJIUBICTH IOJIBOEHHS HANpYTH KacKaJiB IIiJCHUIIOBAdiB
[IIIXOM 3aCTOCYBAHHS CIIAKYIOUOTO )KMBIICHHS;
— BCTAHOBJICHO 3aKOHOMIPHICTh pO3TAIIyBaHHS 1 3HAUY€Hb KOEPIIIEHTIB

nigcuieHHss  okpemux  OIl  HeiHBepTyroworo  0araTOKackaJIHOTO
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BHCOKOBOJIbTHOTO MiJICHITIOBAYA;

— BCTAHOBJICHO 3aKOHOMIPHICTh CHIBBIIHOIIEHL PE3UCTOPIB 3BOPOTHOTO
3B’a3Kky s okpemux OIl  GaraTokackagHOro  HEIHBEPTYIOUOTO
BHCOKOBOJIETHOTO MIMPOKOCMYTOBOTO BHUMIPIOBAIBHOTO ITiICHIIIOBa4Ya 3
HE3aJIe)KHUMHU 3BOPOTHUMHU 3B’ A3KaMU;

— BCTAHOBJICHO 3aKOHOMIPHICTh pO3TalllyBaHHS 1 3Hau€Hb KOEQIIIEHTIB
migcusienHs  okpemux  OIl iHBepTyrdoro  0araTokackaaHOIO
BHCOKOBOJITHOTO IT1JICUJIIOBAYa;

— BCTAHOBJICHO 3aKOHOMIPHICTh CHIBBIJHOIICHb PE3UCTOPIB 3BOPOTHOTO
3B’A3Ky JIs1  0araTokacKaJHOTO  I1HBEPTYIOYOI'O  BHCOKOBOJBTHOTO
IMPOKOCMYTOBOTO  BHMIPIOBAJILHOTO MIJACHIIOBAYa 3  HE3AICKHUMH

3BOPOTHUMH 3B’ SI3KAMU.

3anponoHOBaHO OPUTIHAIBHY CXEMOTEXHIYHY pealti3allito 0araToKackaJaHoro
MIJCUIIOBaYa (MaTeHTOBAHUN MPUCTPIN) Ta METOJUKY MOr0 4aCTOTHOI KOPEKIIii.
3anponoHOBaHEe TEXHIYHE PIIIEHHS PO3MMPEHHS JIUHAMIYHOIO Jiarna3oHy
migcuiaoBada 3axuiieHo mateHTom (Ne 152343 Bim 11.01.2023) 1 3HauyHO
PO3UIMPIOE MOKJIMBOCTI BIATBOPEHHSI OJMHUIIl HANPYrd 3MIHHOTO CTPYMY.
OTpumaHni pe3yJbTaTd PO3MHMPIOIOTh HAYKOBO-TEXHIYHI ySBJICHHS TIPO MOOYIOBY
BUMIPIOBAJILHUX MM1ICUIIIOBAYiB Ta MOXKYTh OyTH OCHOBOIO ISl CTBOPEHHS HOBUX
3ac001B BIATBOPEHHS OAMHMII HAMpyrd 3MIHHOTO CTPyMYy B Paaio4acTOTHOMY

Jiara3oHi.

Po3poOka kKoOHCTPYKILIT MiACHII0BAYA.

Ha 06a3i oTpuMaHMX TEOPETUUHUX 3aJCKHOCTEH 3alpONOHOBAHO HOBY
apXITEKTYpPy BHCOKOBOJIbTHOTO HIMPOKOCMYTOBOTO KACKaJHOTO TMiJACHIIOBAada 3

HE3aJICKHUMH 3BOPOTHHMH 3B’SI3KaMM KackaaiB. PeamizoBaHo OaratokackamHi
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MIJCUJIIOBAYl: KIJbKa ONEpaliiHuX MiJACKIIOBaYiB 13 BIJIHOCHO HHU3bKHUMH
poOOYMMH HaMpyTaMu 3’ €HAHO TIOCIIIOBHO JJISl TOCSATHEHHS CyMapHOi BUX1THOT
Harpyru 10 1000 B 100 x['m ta 30 B 30 MI'm. [I{o6 MiHiMi3yBaTH BIUIHB
Mapa3uTHUX TapaMeTpiB, Y KOHCTPYKIIi 3aCTOCOBAHO CIHEIialli30BaHl JiKepesa
KUBJICHHS 3 HAIHU3HKOIO MDKKAacKagHO eMHICTIO (<10 n®d), a apykoBaHa 1iaTa

CIIPOEKTOBAHA 3 YpaXyBaHHSIM €KpaHyBaHHs Ta €()EKTUBHOTO TEIJIOBI/IBE/ICHHS.

TexHivHi pilIeHHA 1JIs1 PO3IIMPEHHSI CMYTH NPONYCKAHHSA.

Jlist 3a0e3rneyeHHsT PIBHOMIPHOI aMIUTITYAHO-4YAaCTOTHOI XapaKTEPUCTUKHU
pPO3pO0JIEHOr0 MIJACHIIOBa4Ya BIPOBAIKEHO TMOETAamHy KOPEKII0 YacTOTHOT
XapaKTEPUCTUKU KOXKHOTO Kackanay. ExcriepuMeHTanbHO BCTAaHOBIIEHO, 11O 0€3
KOPEKI[ii Yy BHUCOKOYACTOTHIM AUISHIN CHOCTEPIra€eThCsl CrHaja PIBHS BHUXIJIHOTO
CUTHAJIy yepe3 BIUIMB Napa3sUTHUX €MHOCTEN Ta 1IHAyKTHBHOCTEH. ToMy 10 cxemu
KOXHOTO Kackaay pAojgaHo joaaTkoBi RC-maHkum KoOpekuii, HajgamToBaHi
IHIUBITyaIbHO. 3aCTOCOBAaHUN MiAXiM JaB 3MOTY €(GEKTHBHO KOMIICHCYBATH
HEPIBHOMIPHICTh I€peayl CUTHaIly: IMICAS KOpeKii MmoxulOka aMIUNTYAHO-
4acTOTHOI XapakTepucTuku He mnepeBuirye 400 ppm y 1gianma3oHi 4acToOT J10

100xI 1.

ExcnepumenTtanbHi miareepakeHHs. CTBOpPEHI AOCIIIHI 3pa3Ku JBOX OJIOKIB
M1JICUJIIOBAYIB (Ha 1000 B-100 I'11 Ta 30 B-30 MI'n) POUIILIN
eKCIIepUMEHTa bHI BUNPOOyBaHHA. J[JIi BHCOKOTOYHOTO BHUMIPIOBAHHS 1X
rapaMeTpiB BUKOPHUCTAHO €TaJOHHI TEPMOCJIICKTPUYHI MEPETBOPIOBAYI, 10 JaJI0
3MOTY OJTHOYaCHO BUMIPIOBATH BX1JHI Ta BUX1HI CUTHAIHN T4 KOMIUIEKCHO OI[IHUTH
CTAaTUYHI ¥ TUHAMIYHI XapaKTEPUCTUKHU MiACUIIOBaviB. Pe3ynbratu BUNpOOyBaHb
MIJATBEPAWIA BIAMOBIIHICTh TMIJCHIIOBAYIB METPOJOTIYHUM BHMOTaM: IICIsS
MPOBEIEHOI KOpEKIii BOHM 3a0e3MeuyloTh PIBHOMIPHE MIJCUJICHHS CUTHAITY

(BimxunenHus He Outbm sik 400 ppm 1o BCiii cMy3i) Ta BHUCOKY CTaOlIbHICTH
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BUXIHOT Hampyrd. 30Kpema, CTaTUCTUYHHUN aHalli3 3acBiTYMB, IO CTaHAApTHE
BIIXWJICHHS BUIXIJTHOT HANPYTH CTAaHOBUTH JuIle 8—14 ppm y BChboMy poOodoMy

niana3oHi yacTtoT. Lle miaTBepkye HaAiiHy CTaOlIbHICTh pOOOTH MiICHITIOBAYA.

I[IpakT4yHe BIPOBAKEHHS.

Po3pobieni B Mekax aumceprarlii OJIOKM TMiJCHUIIIOBAYIB BIIPOBAKEHO B
NPaKTHKY. 30KpeMa, iX BHUKOPHUCTAHO TPU MOCPHI3AIil KOMIUIEKCY BHUXIiTHOTO
etaiony BBETY 08-07-01-09 na 3amoBneHHs Big MeTposOTiYHOTO ILEHTPY
BilickkoBuX eTanoHiB (MIIBE) MO Vkpainu. [HTerpaiiiss HOBUX MiJACUIIOBaviB J10
CKJIay IbOTO €TAJOHHOTO OOJagHaHHS Jajia 3MOTYy PO3IIUPUTH POOOUHIA
YaCTOTHUM Jlama3oH KajaiopyBaibHOTO KomIuiekcy o 30 MI'm Ta miaBUIIUTH
JUHAMIYHUN J1arma3oH  BiATBOptoBaHoi Hampyru g0 1000 B. Ilpu 1mwpomy
3a0e3rneyeHo HeoOX1IHy TOYHICTh Ta JOBTOTPUBATY CTAOUIBHICTH BIATBOPEHHS
OJIMHUIIl HAMNpPYrd 3MIHHOTO CTPYMy, IO OCOOJIMBO BaXKJIMBO MPH aTecTallii
TEPMOCIICKTPUYHUX TepeTBOproBayiB. [IpakTrdHe BIPOBAIKEHHS pPE3yJIHTATIB
JAOCHIDKEHHSI TMIATBEPIXKYE IXHIO LIHHICTH JUIsI METPOJOTIYHOI ramysi Ta

TOTOBHICTh A0 BUKOPUCTAHHA B pCaJIbHUX BI/IMipIOBaJ'IBHI/IX CUCTCMaAx.
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AKT
Bin 28 .02.2025 Ne 1
BIPOBa’KEeHHSI Pe3yJbTAaTiB JHcepTaliiHol podoTH
JMOBI'AJISI Aprema BosioguMupoBHYa Ha TeMy “Y10CKOHaJIeHHS
BHCOKOBOJIbTHHX IIHPOKOCMYTOBHX KaCKaJHUX BUMIiPIOBaJbHHUX MiACHII0BAYiB
AJISl IPHCTPOIB BiATBOPEHHS OJHHLI HANPYIrH 3MiHHOIO CTPYMY
Panio4acTOTHOrO Aiana3oHy” y BTOPHHHOMY BilicbKOBOMY €TAJIOHI eJIeKTPHYHOI
Hanpyry B aiana3oni Hanpyr Bix 0,001 B no 1000 B 3minHOro crpymy B
nianasoni yactor Big 10 I'n 1o 30 MI'u

MerTposoriunuii HeHTp BiMCHKOBUX eTayioHiB 30poiHux Cun Ykpainu (mam —
MIIBE 3C Vkpaiau) B ocobi HauampHuka MIIBE 3C Vkpainu OnekcaHgpa
JBUCIOKA, HayaibHHKa HayKOBO-IOCHIJHOTO BiAAiTy BiliCBKOBHUX €TaJIOHIB
Onexcannpa MHMPOHEHKA Ta BueHoro-30epiraya BifiCBKOBOrO BTOPHHHOIO
eTaJIOHa eJIEKTPUYHOI HanpyrH B Aiana3oHi Hanpyr Bix 0,001 B go 1000 B 3MinHOTrO
cTpyMy B miama3oHi yactoT Big 10 I'm o 30 MI1 (mami — BBETY 08-07-01-09)
Onexcannpa YIHIKOBA cxmanu neid AKT mpo Te, Mo pe3yibTaTH AWCEpTaliiHOoi
pobotu JIOBT'AJISI Aprema BonomumupoBnua Ha TeMy “YIOCKOHaJIEHHS
BHCOKOBOJIBTHHX IIMPOKOCMYTOBHUX KaCKaIHMX BHUMIipIOBAJIbHHUX IIiJACHIIOBAYiB IJIs
IPHUCTPOIB BiATBOPEHHS OJAMHII HANpPyrd 3MIHHOTO CTPyMYy pPaaio4acTOTHOIO
niana3oHy” OyJM 3aCTOCOBaHi IS PEMOHTY Ta MOJIepHi3alii OGJO0Ky pO3IIMpEeHHS
YaCTOTHOTO Ta AuMHaMmiyHoro miama3oHiB (mami — BPUJIJ]) 3i cknaxy BBETY 08-07-
01-09, mnsxoM 3aMiHM IIMPOKOCMYTOBUX BHCOKOBOJBTHHX IIiJICHIIOBAYiB.
Pesynprat BUMiptoBaHb o Oyiu 3xiiicHeHi 3a momomororw 6soxy BPYUJJ] Oynu
PO3TJIsSHYTI Ha 3acigaHHi HaykoBo-TexHiuHOI pagu MIIBE 3C Vkpainu (mpotoko:n
Bix 28.02.2025 Ne 3) Ta BH3HaHI TaKUMHM IO ITiATBEPKYIOTh BHCOKY CTaOLIBHICTH
BIITBOPEHHS OAMHMIII HANPYTH 3MIHHOTO CTpyMy B miama3oni Hampyr Bixg 0,1 B go
30 B B wacrotHoMy miana3oHi Big 1 MI'L] mo 30 MI', Ta B miama3oHi Hampyr BiA
100 B 1o 1000 B B wacrotHoMy amianazosi Big 1 k['1] o 100 k.

BnpoBamkeHHsT CXeMO-TEXHIYHOTO pillleHHS Ha OCHOBI pO3po0JE€HOro
JOBI'AJIEM A.B. mnareHty Ha kopucHy Mojgens Ne 152343 sig 11.01.2023
IO3BOJIMJIO TIONOBXHUTH eKCIUTyaramiiauéi pecypc Omoky BPYJIJ[ 31 ckiany
BBETY 08-07-01-09.

Havansauk Metporori #BUX eTaoHiB 30poiHnx Cun Ykpainu
Onekcangp JA3UCIOK
HavansHuK HayKOBO-I0 JBUX €TAJIOHIB
Onexcangp MUPOHEHKO

Onekcangp Y/ IHIKOB



	ВСТУП
	РОЗДІЛ 1. Підсилювачі високої напруги в еталонах змінного струму радіочастотного діапазону
	1.1. Огляд методів побудови еталонів напруги змінного струму
	1.2. Огляд існуючих високовольтних підсилювачів.
	1.3. Високовольтні інтегральні операційні підсилювачі
	1.4. Комбіновані підсилювачі
	1.5. Постановка завдання дослідження

	ВИСНОВКИ ДО РОЗДІЛУ 1
	СПИСОК ВИКОРИСТАНИХ ДЖЕРЕЛ ДО РОЗДІЛУ 1
	РОЗДІЛ 2. Розробка технічних рішень для побудови високовольтних широкосмугових підсилювачів.
	2.
	2.1. Каскадні підсилювачі
	2.2. Огляд існуючої елементної бази для побудови підсилювача 1000В-100кГц
	2.3. Розширення діапазону вихідної напруги шляхом використання додаткових підсилювальних елементів
	2.4. Мінімізація втрат потужності шляхом використання додаткових ланок живлення
	2.5. Побудова імпульсних перетворювачів з низькими ємнісними зв’язками
	2.6. Рішення багаторівневого компонування друкованих плат для мінімізації габаритів конструкції.
	2.7. Забезпечення температурного режиму та тепловідведення з використанням керамічних композитів.
	2.8. Корекції частотної характеристики каскадних підсилювачів шляхом введення коригуючих ланок

	ВИСНОВКИ ДО РОЗДІЛУ 2
	СПИСОК ВИКОРИСТАНИХ ДЖЕРЕЛ ДО РОЗДІЛУ 2
	РОЗДІЛ 3. Моделювання та аналіз високовольтних широкосмугових каскадних підсилювачів
	3.1. Розрахунок моделі підсилювача 100кГц-1000В
	3.2. Розрахунок моделі підсилювача 30МГц-30В

	ВИСНОВКИ ДО РОЗДІЛУ 3
	СПИСОК ВИКОРИСТАНИХ ДЖЕРЕЛ ДО РОЗДІЛУ 3
	РОЗДІЛ 4. Визначення метрологічних характеристик підсилювачів.
	3.
	4.
	4.1. Визначення частотної характеристики термоелектричних перетворювачів
	4.2. Корекція частотної характеристики підсилювача 1000В-100кГц.
	4.3. Метрологічна атестація підсилювача 100кГц-1000В.
	4.4.  Метрологічна атестація підсилювача 30МГц-30В.

	ВИСНОВКИ ДО РОЗДІЛУ 4
	СПИСОК ВИКОРИСТАНИХ ДЖЕРЕЛ ДО РОЗДІЛУ 4
	ЗАГАЛЬНІ ВИСНОВКИ



