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3ABE3NIEYEHHS CTIMKOCTI HEPETBOPIOBAUIB
HAIIPYT'A-CTPYM 3 KOMIVIEKCHUM HABAHTAKEHHSAM

a Bananiox FO.B., Bacuniox B.A., Ilknapcokuii B.1., 2014

3anponoHOBAaHO METOAMKY BH3HAYeHHs CTiliKocTi NepeTBOpIOBaYa HaNpPyra-cTpyM,
BHKOHAHOIO0 32 CXeMOI0 MiACHIIOBAYA MOCTIIIHOTO0 CTPYMY 3 INIMOOKMM 3BOPOTHHUM 3B’ I3KOM 32
CTPYMOM i HABAHTA’KeHUM Ha iHAYKTHUBHicTh. HaBeneHo anamiTHUHi BUpPa3u AJsl BUSHAYEHHSI
3amacy criiikocTi 3a ¢a3zor Ta ammiaitynow. I'padiuno mokazaHo BIUIMB ONMOpPYy pe3ucTopa
HIYHTYBaHHS IHTYKTHBHOI0 HABAHTAKEHHS HA CTilikicTh po00oTH NMepeTBOpIOBaYa.

KuaiouoBi cjoBa: mnepeTBOpIOBaY  HANPYra-cTpyM, KOMILIEKCHE HABAHTAXKEHHS,
IHIYKTUBHE HABAHTAKEHHSI, IIBUAKOIf, TOUYHICTBD, CTIliKiCTh.

J. Balanyuk, V. Vasylyuk, V. Shkliarskyi
Lviv Polytechnic National University

ENSURING THE STABILITY OF VOLTAGE-TO-CURRENT
CONVERTER WITH COMPLEX LOAD

a Balanyuk J., Vasylyuk V., Shkliarskyi V., 2014

In this paper, the method of deter mining the stability of the voltage-to-current converter
(VCC) with complex load, which is built on the DC amplifier with a deep negative feedback
(NFB) by current. The feedback signal is formed on precise resistor, which is connected in
serieswith an inductive load. The deep feedback and complex load can cause a violation of the
stability of the VCC across the whole dynamic range of operation.

Additional complexity to ensure stability of the VCC is provided by complex nature of
the load. Outside the range of middle frequencies (over 30 kHz) the transfer coefficient is
determined by the inductance of load and by the resistor, which forms feedback signal. The
feedback factor stops to be a real value and becomes a complex. The phase of NFB signal
voltage begins to change and the NFB effect on providing the specified accuracy and on the
speed of the current setting in the inductive load is reduced. Upon reaching the large phase
shiftsin circuit of the VCC amplifier and inductive load at certain frequencies NFB becomes
positive, leading to a significant distortion of the output signal and the deterioration of the
basic parameters of the VCC, in the wor st case, to the self-excitation.

It is shown that the stability of VCC is affected by the gain of the amplifier without
accounting the NFB influence, depth of feedback and the inductive load time constant t . Since
the gain of the amplifier without accounting the NFB influence and transfer coefficient of the
circuit, — inductive load - NFB signal formation resistor, depends on the frequency, the VCC
with a load is analyzed as at least the second-order operating system. This system has a
tendency to self-excitation and can only be conditionally stable.

The analysis of methods for determining the stability of VCC with deep feedback was
carried out. The determination of stability criterions of Mikhailov, Routh—Hurwitz and
Nyquist was considered on the real Bode diagrams. It was deter mined that in order to find the
stability margin, the most advisable in practice to apply the Nyquist stability criterion in its
graph-analytical implementation.
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The stability of the VCC, which is built using oper ational amplifiers which are presented
by one equivalent RC-circuit, was analyzed. The design method for constructing the total
amplitude-frequency characteristic, accounting the parameters of the VCC and inductive load,
is given. Two examples of VCC implementation: with low inductance load and with large
inductance load, are considered. The analytical expressions for deter mination of the equivalent
frequency poles of the system are presented. There is showed how to choose the shunting
resistor to ensure the stability. The dependencies of the amplitude-frequency and phase-
frequency characteristics on the shunt resistor of inductive load are illustrated, showing its
effect on the stability of the VCC operation, as well asthe margin of stability of the phase.

Key words:. voltage to current converter, complex load, inductive load, converter speed,
accur acy, stability.

Beryn. OcHOBHMM 3aBHaHHsM reperBoproBadiB Hampyra-ctpyM (I[THC) 3 KOMIJIEKCHUM HaBaH-
TaXECHHSM € TIpenu3iiHe GopMyBaHHs CTPyMY B iHIYKTHBHOMY HAaBaHTa)KEHHI BIIIOBIIHO JO BXiJHOT'O
curHany [1, 2]. Jlns 3a0e3medeHHsT BHCOKOI TOYHOCTI MEPETBOPEHHS BXIMHOI HANPYrW CUTHAIY Ha
BUXIJIHUI CTPYM HaBaHTa)KCHHS BHKOPUCTOBYEThCS TIHOOKWH Bix eMHUiT 3BOpoTHHH 3B's30k (B33) 3a
crpymoM. Curnan B33 gopmyeThes Ha mpenu3iiHOMy pe3ucTopi, BBIMKHEHOMY IMOCIIIOBHO 3 1HIyKTHB-
HUM HaBaHTaXeHHsM. [nubokmit B33 Moke craTM mpUYMHOIO MOpyiieHHs cTifikocti podotu ITHC y
BCHOMY JIMHAMIYHOMY Jliania3oHi poOoTH abo B OKpEMUX BHIAAKAX y pa3i MOJaHHs CHTHAIY MPSIMOKYTHOI
¢dbopMu UM curHaliB, (GPOHTHU SKUX 3HAYHO KOPOTIIi BiJ mepiogy curHaiy. J1omaTKOBO YCKIIAJHIOE 3a0e3-
MEYCHHSI CTIHKOCTI KOMIUIEKCHUH XapaKkTep HaBaHTaKeHHs. 3a Mexamu cepenHix dactot (monaa 30 kI'1r)
Koe(illieHT Tepeaayi BH3HAYAETHCS IHAYKTHBHICTIO HaBaHTa)KEHHS Ta OMOPOM pe3rcTopa (popMyBaHHS
CUTHAJIy 3BOPOTHOTI'O 3B’ 3Ky, KOe(IIli€EHT 3BOPOTHOrO 3B’ A3KY IepecTae 30epiratu JIificCHe 3HAYCHHSI 1 cTae
komriekcHuM. a3za Hanpyru curHany B33 moumnae 3minroBatucs 1 nmisi B33, chnpsmoBana Ha
3a0e3MedeHHs 3aJJaHuX MapaMeTpiB, 3MEHIIYEThCS. Y pasi JOCSATHEHHs BEMMKUX (Pa3oBUX 3CYBIB y KOIi
migcumoBaya [THC Ta iHAyKTHBHOTO HaBaHTa)KEHHsS Ha TEBHUX dactotax B33 crae momatHuM, 110
MPHU3BOAUTS JIO 3HAYHOTO CITOTBOPEHHS BUXITHOTO CHTHAITY Ta MOTipIIeHHs] OcHOBHUX napamerpi [THC, B
ripimomy BUMaiKy a0 camo30ymkennas. Ockibku migcwmoBad [THC mae oOMekeHy cMyry MpOITyCKaHHS
9acToT, TO MOAYJIb ioro meriesoro miacuienns (DK) Ha BHCOKMX 4acTOTax MPOXOAMTH OAWHUYHE IiICH-
JICHHsI, criafaroun A0 Hyns. s BusHaueHHs criiikocti [THC y yacToTHI# 00acTi HEOOXIAHO AOCIITUTH
MOBeiHKY yacToTHOI xapakrepuctuku (DK (jw)) y yacrorhiii rutomuHi B okoii Touku (-1, jw) [3, 4].

Anaiiz meroais BuzHadenHs criiikocri IIHC 3 rimooxkum B33. Ha critikicts ITHC BruuBaroTh
KOC(IIIEHT MIICUIICHHS Horo miacuitoBada 0e3 ypaxyBanHs il B33, riuOruHa 3BOpOTHOIO 3B’ 513Ky, CTana
Yyacy IHAYKTHBHOTO HaBaHTaXeHHS ty. OCKINBKM KOSQIIIEHT MiJCHUICHHS MiACHIIIOBaYa 0e3 BpaxXyBaHHS
nii B33 ta koedilieHT nepenayi JaHKU IHAYKTHBHE HaBaHTa)KEHHS — pe3ucTop popMyBaHHs curHaiy B33
3anexatpb Bix yactord, To [IHC 3 HaBaHTa)KEHHSIM YTBOPIOIOTH OMEpAIiiiHy CHCTEMY SIK MIHIMYM JPyroro
MOPSIIIKY, SIKa MOXKE OYTH JIMIIIE YMOBHO CTilKOIO.

PosrnsiHemo kpuTepiii criiikocti HalikBicta Ha peanbHux giarpamax boae mis ITHC [5]. Ha puc. 1, a
y BUIIAII IHEPIHOI JaHKKH 3 YacToTol 3JoMy Fp, uacToTOr0 omuHuuHOro miacuiaeHHs Fr. s
IHAYKTUBHOTO HaBaHTAKEHHS XapaKTEpHI 4acTOTa BIUIMBY KOMIUICKCHOI'O HaBaHTa)keHHs Fy Ta BiacHa
PE30HAHCHA YacTOTa KOMIUIEKCHOTO HaBaHTakeHHs Fyp. CyMapHa aMIUTITYJHO-4aCTOTHA XapaKTePUCTHKA
(AYX) meperunae Bick 9acToT y Toduri Fr 31 mBuHakicTio, 6nusbkoro 10 —40 nb/nek (puc. 1, 6). Cymapna
¢dasza B Touni Fp Habmmwkaerbes mo 180°, 110 CBIQYMTH MPO CXHIBHICTH CHCTEMH 10 CaMo30yKEHHS.
3acTocyBaHHSI Pe3UCTOpa IIYHTYBaHHs 1HIYKTUBHOTO HAaBAaHTAXKEHHS JIA€ 3MOTY 3MiHUTH cymMapHy AUX
TaK, II0 BOHA IMEPETHHAE BiCh YACTOT 31 MIBMAKICTIO, Omm3bkoio g0 —20 nb/mek (puc. 2, a), a ¢asa B
KPUTHYHIN ToYIll BimnanseThes Bia BenmununHu —180° y Gik 301IbIICHHS 3amacy CTIHKOCTI 3a Ga3ow Dy, mia
SIKOIO PO3YMITHMEMO JOMOBHEHHs 70 Kyra —180° ha3oBoro kyra migcuieHHs Ha yacToTi Fry.

®y =- arctg(Fy /Fp) - arctg(Ry /Ry, ) +180° . @)

Axio Fp << Fy ta Fyy << Fyy, 1110 TPaKTHYHO 3aBX AU BUKOHYETHCS y BCIX BHITaJIKaX BUKOPUCTAHHS
B [THC y BXimHUX Konax omepalifHUX MiJICHIIIOBaYiB, TO KPYTHH CHaJ XapaKTCPHCTHKH TIETIEBOT'O
migcuneHHs bK npuBoauTh 10 CTaHy Ha rpaHi caM0o30y/DKEHHS 3 HyJIbOBHM 3armacoM 3a (a3oro Dy.
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Puc. 1. AYX (a) i @YX (6) [THC 3 komniexcHum Puc. 2. AYX (a) i @YX (6) [THC 3 HasanmasiceHHAM
HABAHMANCEHHAM ma 6UKOPpUCMAHHAM pe3ucmopa uyHmyeaHHs
Hpyruii mapamerp, sKAW XapaKTepU3ye CTIHKICThb, - 3amac CTIMKOCT1 OmepamidHOi chcTeMH 3a

migcuieHHsIM By — BenwunHa, oOepHEHAa 10 MOIYJs IETJCBOrO IMiJACHJICHHS Ha 4acToTi Fp, 3a sxoi
nocsiraetbest azosuii Kyt 180°:
By =1/ |bK(Fy) | mpu argbK (jF;) =180°. 2
Honmatawmii 3amac ctiikocti 3a ¢azoro (Dy>0) osmauae criiikuit [THC, Bix emuuii abo HyIbOBHIA
zanac (Oy<0) — mecridikuii. 3amac 3a ¢azoro Py>45° cimig posrasaati sk goopuit, a Py>30° - K 3a10-
BUIBHHUH. AHAJIOTIYHO 3aIac CTIMKOCTI 3a migcuieHHsaM By>1 BiamnoBigae cTilikid onepamniliHiid CUCTEMI.
AHaJi3 CHCTEMH IPYroro MOPsAKY MOKa3ye, M0 BIAMOBIAHUI KOoeDIIli€HT mepenadyi MOKHA MMOAaTH Y
takomy Bursii [3]:

G =Gy /(L +2xp/ wyy +p° Iwr?) €)

Wi = /W Wy, (4)
x= (1 2)y/ (W /wy ®)

ne G ta Gy — peanbHUil Ta ineanbHUH KoedillieHTH mepenayi; p — KOMIUIEKCHA 4acToTa, p = JW, Wy, —
KOJIOBA YaCTOTa, SIKa BU3HAYAETHCSA BHpa3oM Wi = Rs3 / Ly Rs3 — omip pesucropa (hopMyBaHHS CHrHAITY
B33.

3 BJIACHOIO 4aCTOTOIO KOJIMBAHb

Ta Koe(ilieHT BraMiBHOCTI

[Tig yac npoekryBanHs peanbHux [THC HeoOXimHO BpaxoByBaTH, IO iX BaXKKO MOAATH Yy BUIJISII
OJIHOTO CKBIBAJIGHTHOTO Kackany 3 uacroramu Fy Tta Fr. Sk mpaBuno, TTHC peanizytorscs 3a
TpHUKacKaaHOI (a0 OiNbIIE) CXEMOTO, IO CIPUYMHSE T0aTKOBI criorBopenHs AUX Ta, Bigmosiano, ®UX
peansHoro ITHC, mo Baxkko BpaxyBaTH, BH3Ha4yaruu 3amac crifikocti. ToMy ampiopHo mim dac
npoektyBaHHs [THC HEoOXiAHO BUXOAMTH 3 TOro, mo0 4yactotu 3yomy AUX Oynu po3MmillieHi BUIIE Bia
gacror Fr Ta Fgp. KpiM TOro, pexxumum poOOTH BCiX KackaiiB HEOOXigHO BHOUpATH Tak, I00
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HAIIBIPOBITHUKOBI TPWIAaaH, sIKI BHKOPHCTOBYIOTHCS, HE TOTPAIUIUIM B PEKHAM HACHYEHHS, IO
JIOJIATKOBO MOXe pi3ko noripmuth crifikicts [THC.

BusHauaroun CTiiiKicTh, MOXKHA BHKOPUCTATH KpuTepii Muxaitnosa [6]. s 1poro HeoOXiqHO
BHUBeCTH Au(depeHIfiiiHe pIBHAHHSA 3aMKHYTOI CHCTEMH Ta MoJaTH ioro B omepatopHiit dopmi D(p)ly =0.
OnHak 1ell MeToJ| BaXKKO pealizyBaTH Ui PEalbHOTO MPUCTPOIO, IO MOXe OYTH TpEACTaBICHHHA B
CIIPOIICHOMY BHIJISIJII CHCTEMOIO TPETHOT'O UM YETBEPTOrO MOPSAIKY. Bimomum € Takok kpurepiii Payca—
I'ypeina [7]. Lleit kpuTepiii mae 3Mory 3pOOMTH BHCHOBOK TPO CTIHKICTh 3aMKHYTOI CHCTEMH 32
JIOITOMOT'OI0 JOCTIIKEHHS KOe(IlIEHTIB XapaKTepUCTUYHOIO PIBHIHHS, aJic BiH HE JIa€ HISIKUX BIIIOMOCTEH
mpo ¢a3y Ta miacuicHHs. ToMy JUIs BU3HA4YEHHS 3amacy CTIMKOCTI HAaiJOLUIbHIIIEC B MIPAKTHYHINA poOOTI
3aCTOCOBYBATH KpHTepiii criiikocTi HalikBicTa B Hioro rpadoanaiiTiuHiil peanizarii.

Ananiz criiikocti ITHC, peanizoBaHuX 3 BMKOPHUCTAHHAAM ONepaliiHUX miIcuaoBaviB. Y
poboti [8] amamizyeThcst cxema, MpeACTaBiieHa onHielo ekBiBaneHTHO RC-mamkoro. B mpomy ITHC
3aCTOCOBAHUH OMepalliiiHUi MiJACHITIOBAY 3 BHYTPILIIHBOIO KOPEKIIIE, a BUXITHUI MiJCHIIOBaY HACTUILKU
IMIHPOKOCMYTOBHIA, IO HE BHOCHUTH HISKMX JOJATKOBUX CIOTBOPEHb. Take MpelCcTaBIeHHS JOMYCTHME
mume st [THC, xoMIUieKCHe HaBaHTAXKEHHS SKUX Mae Jy)Ke Maily IHIYKTHBHICTh (SK TpaBHJIO,
L <20-30 MkI'H), manuii piBeHb MakcuManbHuX cTpyMiB (10 0,05 — 0,1 A) Ta Benukuii omip pe3ucropa, Ha
skoMy (opmyetnsest curaai B33 (20 — 50 Om). Takuit Bunmagok MOXKIUBHIA y pa3i GOpMyBaHHS CTPyMIB y
KOTYIIKaX KOpeKmii (OKyCYBaJIbHO-BIIXHITIOBAIBHUX KOIUIEKCIB  €IIEKTPOHHO-IPOMEHEBUX TPYOOK
HaJIBUCOKOI pO3ALILHOT 31aTHOCTI.

Hnst hopMyBaHHS CKaHYBAJILHOTO pPacTpa Ha €KpaHi eJIeKTPOHHO-TIPOMEHEBOI TPYOKHM HaJBHUCOKOL
PO3IUTLHOI  3/aTHOCTI BHUKOPHCTOBYIOTBCS KOTYIIKM BiAxWieHHS 3 iHayktuBHicTIo 100 wMk['H.
MakcuManbHUH CTPYM BIIXWJICHHS Ui TAKHX KOTYIIOK BinxwieHHs 4 A. Y mpomy sumaiky B [THC
HEOOXITHO 3aCTOCYBaTH JOJATKOBI MPOMDKHI KacKaaM, SKi 3a0€3Me4yloTh HEOOXiTHUN Koe]illieHT
MIZCUJICHHS, a JUIs [IbOr0 MOTPIOHO aHali3yBaTH €KBIBAJICHTHY CXEMY IIJACHUIIOBaYa 3 BEJIUKOK KUIBKICTIO
ekBiBasieHTHUX RC-nanok. B [3] po3risimaersest CTiKICTh CHCTEM APYroro MmopsiiKy, OJHAK MPOBEACHHI B
HId aHami3 JOBOJI CKJIAJHUM 1 BaXKO3aCTOCOBYBaHMI Ha mnpaktuii, skmo ITHC mnomano aBoma
ekBiBaleHTHUMHU RC-laHKam¥u i eKBIBaJEHTHOIO CXEMOIO HaBaHTaxxeHHs y Burisimi LRC-koutypy. Tomy
s aHamizy criiikocti ITHC BHKOpHCTaEMO METOJ, 3amporoHOBaHMi B podoti [9]. BimmosigHo mo miei
METOAUKH IS iHAYKTHBHOCTI HaBaHTakeHHS Ly = 100 MxT'H (puc. 3, a) Ta Ly = 1500 mxI'H (puc. 4, a):

1. Bynyemo AUYX ITHC (3anexHocti 1). /i 1poro HeoOXiMHO 3HATH 3arajbHHUN KOC(Ili€HT
migcuieHHs Ko B oOmacti HM3bKHMX dYacTtorT Oe3 ypaxyBanHs Aii B33 1 wacroru 3pidy Fgp 1 Fe
€KBIBaJICHTHUX JIAHOK BinmoBinuux xkackagis [THC.

2. bynyemo AUX nHaBanTaxeHHs. [Ipu I11boMy HEOOXiIHO BpaxOBYBaTH PE30HAHCHY YacCTOTY

HaBaHTaXeHHA Fyp =1/2p-/LyCy X wacToTy BIUIMBY HaBaHTAKEHHSA Ha KOoe(illieHT Iepenadi CUTHAIY

710 pesucTopa (popMyBaHHs CUTHAIy 3BOpPOTHOrO 3B’ A3Ky Ry =Rs33/2p-L (3anexnocri 5).

3. bynyemo, migcymoByroun, 3aranbiy AUX ITHC (3anexnocti 2). Skiio mBuakicTs cagy AUX y
mekax -20 1b < K < +20 ab 6insmre 3a -20 ab/mex, To ITHC cxuapHMil 10 cam030ymkeHHsA. B 3B’ 13Ky 3
LM HEOOX1JHO 3aCTOCYBAaTH aKTMBHUU IIYHT Ry, BeTMUYNHA SIKOTO BU3HAYAETHCS 13 CIIIBBIHOIICHHS:

Ry £7 Ry /Fep (6)
ne r =,/Ly/Cy - XapakTepuCTHYHMI oOmip IHIYKTUBHOIO HaBaHTaXeHHs, Fy — wacrtora, sika

BU3HauaeThes nepernHoM AUX mincuiroBaya 3 Biccro, BianoiaHo 10 K = 20 nb (3anexHocri (3) i (4).

4. Bynyemo ®UX ITHC 3rigHo 3 BUpa3zoM:

n n
o
F=qarcgF/Fp)-  acgyF/F), (7)
P=1 Z=1

JI€ N — KUIBKICTh BIAIIOBIAHUX 3THHIB.

5. [lepeBipsiemMo 3amac CTIMKOCTI 3a (a30k0 1 3amac CTIMKOCTI 3a aMILTITY 010,
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Puc.3. AUX i @YX I[THC 0na eusnayenns cmitikocmi
3a inoykmuernocmi Hasanmadicersi Ly = 100 mxlH

Puc.4. AUX i @YX [THC ona eusnauenus cmiukocmi
3a inoykmuenocmi Hasaumaxcerusi Lyp = 1500 mxln

Ha puc. 3, 6 ta 4, 6 naBegeno @YX ITHC 3a imayktuBHocTi Ly; = 100 Mx['H (puc. 3, 0)
i Lyz = 1500 mxI's (puc. 4, 6). 3 pUCYHKIB BHIHO, 1[0 ONTHMAJIbHE IIYHTYBaHHS 3a0e€3Ieuye He3HAYHE
nokpamieHas ®UX (He3HauHe mMOKpamieHHs 3amacy criiikocti 3a (a3or0). CuilbHE UNIYHTYBaHHS
(muB. puc. 4, 6) icToTHO 36UIBIIYE 3ammac CTIMKOCTI 3a (a30i0, OAHAK 3HIIKYE IIBUAKOMII0 BCTAHOBJIEHHS
CTpyMY B pa3i poOOTH KacKaJiB MiJCHIIOBAYa B JTIHIHHOMY PEXHUMI.

SKIo mijx yac aHalizy BEJIMYMHHM 3aIacy CTIMKOCTI 3a (a30i0 BUSBHTHCS, 110 BOHA HEIOCTATHS, TO
HE0O0X1IHO 30IbIIYBaTH YaCTOTY Fgy. Lle MOKIIMBO 3 BUKOPHCTAHHSM CIEIIaIbHOI KOPEKIIil orepaliiHoro
migcumoBaya (tak 3BaHa kopekifis “Bmepen’) [10], sxa mo3Bonmiaa 6 3MEHIINTH (ha30Bi CIIOTBOPEHHS
orepariifHoro macuitobada B giama3oni yactot 1 k' — 10 k['u. Ha puc. 4 naBeneno AUX 1 ®UX ITHC 3a
iHAyKTUBHOCTI HaBaHTakeHHs 1500 Mk['H a1 BUMaaKy KOPEKIIii omepaliiHoro miacuiiroBada “Brepen” .
Yacrora KOpEKIlii ormepaliifHoOro miacuiroBava, IMOWHA KOPEKIii BHOpaHi Tak, II00 OCTATOYHHI
KoedilieHT miacuieHHs B oOmacti Hu3bkux 4actor (10 I'm — 1 k') Oy He menmum 3a 80 nb.
[MopiBHsuTbHUI aHaMi3 (a30BUX XapakTepuctuk (muB. puc. 3, 0 i puc. 4, 0) mokasye, 1110 3amac CTIKOCTI 3a
¢azoro 30imbmBCes 3 18° y Bunaaky 6e3 kopekiiii “Buepen” no 50° y BUnaaky 3 KOpeKIi€ro.

HeoOxinHo 3a3Ha4MTH, 10, BUKOPHUCTOBYIOUM KOPEKIIiIO “Briepen”, MOTPiOHO BPaxoBYBaTH TaKOX
MOTIpIIEHHS IBUAKOAII MPH BCTAHOBIICHHI CTPYMY 3 BEIHUKOIO JHHAMIYHOIO TOuHicTIO. OIHAK BOHA MOXeE
OyTH HE3HAYHOIO Yepe3 BiICYTHICTh HEOOX1IHOCTI IIyHTYBAaHHS 1HIYKTHBHOI'O HABAHTAXKEHHS PE3UCTOPOM
myHTyBaHHA Ry y HaBemeHomy npuknani 3a auHamiuHoi moxuOku €7 < 0,01 % uac BcTaHOBIIEHHS
MPAKTHYHO HE 3MEHIIYETHCS BHACTIIOK Toro, mo K » 80 ab.

Amnamni3 pisHux BapianTiB nooynosu [THC moka3sye, 1mo gactoty Fg, He0OXimHO BUOMpPATH 3 YMOBH
Fez » (5 — 8) Fyp. Y pasi peamizamii fioro 3a TpHKacKaJHOIO CXEMOI HEOOXiIHO, 1100 YacToTa TPETHOrO
KacKaJly BiJIIIOBi/iaja 3aJIKHOCTI:

Fiea >3, KoVKL/ KR, ®
ne K1 — koedimieHT miCHICHHS MiACHIIIOBaYa 3a 4acTOTO Fgp. HeoOXigHO TakoK 3a3HAYUTH, IO
HaJMIpHE IIYHTYBaHHS MOXe MPpHU3BecTH 10 camo30ymkens [THC (3anexHicts 6 Ha puc. 4, a).

VY pasi nogaHHs Ha BXiJ OJUHUYHOrO CTpHOKa 3 aMInIiTynor0 Ec mig yac podotu Beix kackanie [THC
y JiHITHOMY peXHMIi Hanpyra Ha pe3rcTopi popmyBaHHs curHainy B33 Oyze 3MiHIOBaTHCS 32 3aKOHOM [ 2]

Us3(t) =Ecla- e ') +b(1- e 2", 9)

Iie Wy, W, — 9acTOTH, SKi BIAIOBINal0Th po3TamyBaHHio nomocis AYX ITHC.
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W1, Wo = (Wp/2wz) {(wr +wz  (Wr - wz) ><\/1+4(1' Wz | Wp)w Wz [(wr - wz)®  (10)
JonatkoBi koedimienT @ Ta b BU3HAUatOTHCS BiAMOBIIHO 0 BUPa3iB
a=(K-K)/(K;-1D; b=1-a, (11)
ne K1 — koedirieHT miacuieHHs Ha dactoti AyOnera; K — koedillieHT BiIHOCHOrO po3iiieHHs AyOiieTa,
K = wp/Wo.
Hns 3a0e3nedyeHHs criiikoi poboru I[IHC HeoOXigHO, 1100 4YacTOoTH, SKi BIAMNOBIIAIOTh
pO3TalllyBaHHIO MONt0CciB AUX, BIAMOBIIAIN YMOBI:
1+ 4(1-wz /wp)wTwz /(WT -wz)3 0. (12
OcCkKiTbKM Ha MpPaKTUlli, K IPaBUIO, BUKOHYETbCS yMOBa Wy >> Wz >>Wp, TO A7 3a0€3Me4eHHs

criiikoi poborn HeoOximHO, mo0O uacrora 3mamy AUX Wy Bigmosimana Bupa3oBi Wy <0,5,/Wywp .

[TincraBnstroun 3Ha4eHHsT 2PWr 3aMicthb Fyp y Bupas (6), MoxHa 3HAWTH ONTUMANbHE 3HAYCHHS BEITHYNHI

HIyHTYBaJIbHOTO pe3ucropa Ry, skuit 3abe3neuye criiiky podory [THC.

BucHoBku. 3anmpormoHOBaHO METOJ] BH3HAUCHHS CTIMKOCTI TEpEeTBOpIOBavYa HAINpyra-cTpym 3
KOMITJICKCHUM HaBaHTaXXeHHsSM. HaBelneHo aHamiTH4YHI BUpa3d JUIS PO3PaXyHKY MOJIOCIB aMILTITYIHO-
YacTOTHOI XapaKTEepUCTUKH, SKi 3a0e3medarh CTiliky pobory neperBoproBaua. [lokazaHo, sik 30LTBIIMTH
CTIMKICTh pOOOTH MEPETBOPIOBaYa 3 BUKOPHCTAHHSM VIS OIEpalliiHOro MijcHIroBaYa KOpeKiii “Brepen”.
HaBezneHo Bupas il po3paxyHKy OIOPY PE3UCTOPa IIYHTYBAaHHS 3 MOTIISILY 3a0€3MeUeHHS CTIHKOCTI.
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