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OCHOBBI ITOCTPOEHHA KOMIIEHCAIIMOHHBIX
JIEKTPOUMHAYKIIMOHHBIX COEPUYECKUX JATYHUKOB
HAITPSOKEHHOCTH JJEKTPHYECKOI'O ITOJIA

Pabora HampapneHa Ha pa3pabOTKy TEOPETHYECKHX OCHOB, CIIOCOOCTBYIOLIMX HNOCTPOEHHIO JBOMHBIX OJHOKOMIIO-
HEHTHBIX JIEKTPOMHIYKIMOHHBIX JaTYMKOB HAIPSIKEHHOCTH 3JIEKTPUUECKOIO I0JI1 KOMIIEHCALlMOHHOro Tumna. Pas-
paboTka 1mo100HBIX JaTYNKOB MUMEET IIeJIbI0 IMOBBIIICHUE TOYHOCTH U3MEPEHHH U KOHTPOJIS YPOBHEH HaNpPSKEHHO-
CTH HU3KOYACTOTHBIX JIEKTPUYECKHUX TI0JIC Ha TEPPUTOPHSIX pabOThI BRICOKO- M CBEPXBBICOKOBOJIBTHOIO 000PYI0-
BaHMs JUI oOecriedeHns1 6e30MacHOCTH B KOM(OPTHOH pabOThI MX 00CITYKHBAIOIIETro MepcoHana. B cBs3u ¢ aTuM
JaHHas paboTa sBIIETCS BeChbMa aKTyalbHOW. B jaTunke KOMIIEHCAIMOHHOTO THIIA PEANN3yeTCsl METO]] ypaBHOBE-
MIMBAONIETOo NpeodpazoBanust. CI0KHOCTh pealu3aluyl 3TOT0 METO/Ia MPUMEHUTEIBHO K JaTYHUKy HAIPSHKEHHOCTH
3IEKTPUUYECKOTO MO CBSI3aHA € CO3JaHHMEM y3Jla CPAaBHEHHS, B KOTOPOM JIOJDKHBI CPAaBHHMBATBHCS M3MepsieMas Ha-
NPSDKEHHOCTH E) 3IIEKTPHYECKOTO OIS M HAIPSHKEHHOCTh KOMIIEHCaMoHHOTo nons E. B pa3pabaTtsiBaemoii Teo-
pun 000CHOBBIBAETCSI BO3MOXKHOCTh ITOCTPOEHUSI y3/1a CPAaBHEHUS. Y3€J CPaBHEHUS MPEACTaBIAeT KOHCTPYKTHBHO
c(OPMHUPOBAHHBIA DIEKTPUUYECKUN KOHJIEHCATOP, BHYTPEHHHH JMAJIEKTPHK KOTOPOTO HMMEET JUDJICKTPHYECKYIO
NpoHUIaeMocTs & C NpUMEHEHHEM NPUHINIA CYNEPIIO3HINH MoJIeH B paboTe paccCMOTPEHBI (PU3NIECKHUE MpoIiec-
Cbl, TIPOTEKAIOIINE B JUDIIEKTPUKE DJIEKTPUYECKOrO KOHJeHcaTopa. IlokasaHo, 4TO BO3JEHCTBUSA HA JUDJIEKTPUK
KOHJICHCATOPpa U3MEPSIEMOro Mot £y 1 KOMIEHCALMOHHOIO NOJIA £y, MPOUCXOIAT 110 OJHOM IPSIMON U IIPOTUBOIIO-
JIOXKHO HAIpPaBIEHbl. JTO MO3BONAET CO31AaTh UACANBHBIN y3el cpaBHEHUs. I BHECEHUS JAaTYMKOM B DIEKTpUYE-
CKOE TI0JI€ TIPECKa3yeMbIX U MaTeMaTH4ecKH 00pabaThIBAEMBIX MCKKEHUH MPEJIOKEHO KOPITYC JaTYMKA BBIION-
HATh C()EPUUECKHM, a €r0 YyBCTBHUTEIBHBIE 3JEKTPOABI B dopme cdepudecknx cermeHToB. [IpeanoxkeHo naTdumk
KOMIIEHCAIIHOHHOTO THIIA BBINOJHUTH JBOWHBIM M OJHOKOMIIOHEHTHBIM, COJAEPIKAIIUM JIBA AUAMETPAIBHO MPOTH-
BOIIOJIOJKHBIX 4YBCTBUTEJbHBIX JJIEMEHTA, BXOJAIIUX B COCTaB JBYX 3JIEKTPUUYECKUX KOHAECHCATOPOB, BBIIOJIHSIIO-
LIMX POJb y3JIOB CpaBHEHMs. BriepBble NOJIyd4eHO BBIPAXKEHUE Ul pacyeTa eMKOCTH 3JIEKTPUUECKOr0 KOHJEHcaTopa
C YYBCTBUTEJIBHBIMH dJieMEHTaMH B (hopme chepuueckux cerMeHToB. [IpeanoxkeHa M3MepHTeNnbHas Lelb KOMIICH-
CallMOHHOI'O THIIA JJIS IBOMHOIO OZHOKOMIIOHEHTHOI'O JaT4YMKA C UCIOJIb30BAHUEM IIPENTIOKEHHBIX Y3JI0B CpaBHE-
Hus. [lomydeHsl ypaBHEHUsI TpeoOpa3oBaHUs JaTYMKA C M3MEPHUTEIBHOM HENb0, CBA3BIBAIOIINE H3MEPSCMYIO Ha-
HPSKEHHOCTD IEKTPUUECKOTO MO £y ¢ BBIXOJHBIM HANpsHKEHUEM M3MepUTENbHON Henn Ul,y. BIABIEHBI OCHOB-
HBIE W JONOJHUTENbHbIE NOIPENIHOCTH JAaTYNKa HAMPSHKEHHOCTH AJIEKTPUYECKOTO MO KOMIIEHCALIMOHHOTO THIIA.
[omydeHnsle B paboTe HOBBIE 3HAHUS MOTYT JIeUb B OCHOBY pa3pabOTKN KOMIICHCAIIMOHHBIX JaTYNKOB HAIPSIKEH-
HOCTH DJIEKTPUYECKOTO TI0JIS.

Knouesvie cnosa: anexTpuueckoe moJje, HapsLKeHHOCTD MOJIst, KOMIIEHCAITMOHHBIN JaTUMK, TBOMHON JaTYUK, y3el
CpaBHEHMsI, U3BMEPUTEINIbHAS 1IENb KOMIEHCAIIMOHHOTO TUTIA

BBEJEHHUE

JaTtunky HanpspKEHHOCTH 3JIEKTPHUUYECKOTO TOJIS
(BI0) m cpencTBa M3MEpEeHUsT HA WX OCHOBE WCHOJb-
3YIOTCS JUISl KOHTPOJISL U M3MEPEHUSI HAIPSHDKEHHOCTH
HU3K0YacTOTHBIX DIl BBICOKOBONBTHOTO 000pyI0Ba-
HHS, BBICOKO- H CBEPXBBICOKOBOJIBTHBIX JIMHUH 3JIEK-
Tporepesady U IMOJACTAHIMN C LEIbI0 00ecredeHus
0e30MMacHBIX yCIOBHHA TpyJa OOCITYKHBAIOIIETO Iep-
coHana. B cBs3M ¢ 3TUM aBTOpPOM NPOBOAATCS MHO-
TOJIETHUE WICCIIEIOBAHUS B 00JIACTH MOCTPOCHHUS JaT-
YUKOB HAIPsKEHHOCTH 3JekTpudeckoro nons (OI1).
PesynbTathl McclieoBaHUN MO3BOJSIOT 3aKJIIOYHTH,
49TO OOJIBIIIMHCTBO JAaTYMKOB HampspkeHHocTH Ol
" UX U3MEPUTECIIbHBIX ueneﬁ, HU3BECTHBIX U3 TCXHHUYC-
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ckoit mureparypsl [1-10], BBHIMONHEHH TO cXeMaM
npsMoro mpeobpa3oBanus. OpHako, M3 Kiaccuye-
CKOM TEXHUYECKOW JIUTEepaTypbl TaKXE H3BECTHBI
CpeAcTBa M3MEPEHUH YpaBHOBEIIMBAIOUIETO MpPeol-
pa3zoBaHus (KOMITEHCAIIMOHHOTO THIIA), TO3BOJISIO-
M€ 3HAYUTCIIbHO YMCHLBIIHUTL HX MOrPCIIHOCTH
nmpeoOpaszoBanus. B cpepcTBax m3mepeHUi! KOMITEH-
CAallUOHHOI'0 THUIIA HCHOJIB3YIOTCA HN3MCPUTCIbHBIC
LENH, B KOTOPBIX OCHOBHBIM Y3JIOM SIBISIETCS y3€
cpaBHeHUs. B 3TOM y3iie cpaBHUBaeTcs uaMepsiemas
¢u3nyueckas BeJIMYMHA U KOMIIEHCAIMOHHAs (u3nye-
CKas Beln4uHa, chOpMHUpOBaHHAS B IeTH OO0paTHOW
CBS3U U3MEpUTENbHON Henu. JUIg CpeacTts  u3Me-
penust  HampspkeHHocTd Ol BXOmHON Bemu4MHOM
y3jia CpaBHCHUA ABJISICTCA HAIPAXKCHHOCTDL I10JIA.
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dopmMupoBaHre KOMIIEHCAIMOHHOHN (hr3nveckoil Be-
JUYUHBI B Buae HanpsbkeHHoctd OII mosnroe Bpems
CUHTANOCH 3aTpyAHUTENbHBIM. OqHako B 1985-1986
IT. TOSBWINCH paboThl [11-13], HampaBicHHBIE Ha
CO3/JaHME€ OIUHAPHBIX JAaTYNKOB HANPSHKEHHOCTH
nocTostHHBIX Ol KOMIEeHCAaIIMOHHOTO THIIA, HO OHM
HE TOJIyYHJIM LIMPOKOTO pacipocTpaHeHus. PaboTsr
[11-13] mo3BoJMIN aBTOPY MPOBECTH UCCIIEIOBAHHUE,
[0 pe3yNbTaTaM KOTOPOTo yAaloCh CO31aTh IMPHIOJ-
HBIH U1 TOCTPOEHUS TaTYUKOB HampskeHHocTH Ol
HU3KOH 4YacTOThl KOMIIEHCAIIMOHHOTO THIA Yy3el
CpPaBHEHHUS. Y3ell CPaBHEHHS NPEICTAaBIIET COOOU
KOHCTPYKTHMBHO BBITIOJTHEHHBIN 3JIEKTPUYECKUIN KOH-
JeHcaTtop. B oCHOBe KOHJEHCATOpa JIeXkKaT 4yBCTBH-
TEJIbHBI M KOMIEHCALMOHHBINA 3JIEKTPOJbI, pa3je-
JIeHHble ANAIeKTpUKOM. CO31aHUI0 y371a CpaBHEHUS
MPE/IIECTBOBAIO H3YUYeHUE (U3MUECKHX MPOIECCOB,
MPOTEKAIOUIUX IO/ JEeHCTBHEM BHEIIHEro H3Mepsie-
MOTO W BHYTPEHHEr0 KOMIIEHCHPYIOIIETO0 HU3KO4Yac-
TOTHBIX NIEKTPUUECKUX IOJIEH.

Takum obOpa3zom, B maHHOW pabore OymayT pac-
CMOTPEHBI OCHOBBI IOCTPOEHHS JIBOMHBIX 3JIEKTPO-
WHAYKIMOHHBIX C(EPUYECKUX NaTYMKOB HaNpsDKEH-
HocTH Ol KOMITEeHCAalIMOHHOTO THUIIA Ha TIpUMeEpe Of-
HOKOMITOHEHTHBIX JATYUKOB.

INHOCTAHOBKA 3AJJAYN

Hnst  hopMupoBaHUS KPaTKOM Teopuu padboTHI
U TOCTPOEHUS AATYMKOB HampspkeHHocTH OII xowm-
MEHCALMOHHOTO THUMa TpeOyeTcs pelieHHue CIeayro-
LIEero psiaa 3a1a4:

1) mpeIoXXnuTh UACK0 CO3AaHNs ABOWHOTO JATIH-
Ka HampspkeHHocTd Ol KOoMIIeHCAllMOHHOTO THIA,
OCHOBaHHYI0 Ha WCIOJIB30BaHUM DJIEKTPUIECKOTO
KOHJIEHCaTopa;

2) paccMoOTpeTh (pu3MYecKre MpOIEecChl, MpoTe-
KaloIlie BHYTPH JIIEKTPHUYECKOTO KOHIEHCATOpa MO
JeificTBUeM BHEIIHETO U BHyTpeHHero OII, ucnomns3ys
MIPUHLAI CYNIEPIIO3UIINH TTOJEH;

3) IpenoXUTh CO3JaHue y3j1a CPaBHEHHS KOM-
MIEHCAIIOHHOTO JAaT4MKa C HCIOJB30BAHUEM KOHCT-
PYKTHBHO M3TOTOBJIEHHOTO JIEKTPUYECKOIO KOHJIEH-
caTopa;

4) uccaenoBaTh CTPYKTYPHYIO CXeMy H3MEpH-
TEJIHHON 1eNH KOMIIEHCAIMOHHOTO THUIA U BBISBUTH
€€ MOTPEIIHOCTH;

5) HoNyuYuTh ypaBHEHUE MPEOOPA30OBAHUS H3ME-
PUTENBHON LENU IBOMHOIO KOMIIEHCAlMOHHOTO JaT-
yyKa HampspkeHHocTu OII, cBs3piBaroliee H3Mepsie-
MYI0 HallpsDKEHHOCTh MOJA Ej ¢ BBIXOAHBIM HaIps-
JKeHueM Uy, N3BMEPUTENBHON LIENH;

6) MpeIOKUTh KOHCTPYKTHBHOE PElIeHUe JIBOM-
HOT'O OJHOKOMIIOHEHTHOTO C(hepuyecKoro 3JeKTpo-
WHAYKIMOHHOTO JAaTyuka HampspkeHHoctd Ol kom-
MIEHCAIMOHHOTO THIIA;

7) COCTaBUTh CTPYKTYPHYIO CXEMY H3MEPUTEIb-
HOH LienH JBOMHOrO JaTUYMKA COIVIACHO MPEIJIOKEH-
HOMY KOHCTPYKTHBHOMY PEIIEHHIO;

8) BBIIBUTH COCTABISIIOIIME OCHOBHOW M JIOMOJ-
HUTEJIBHOM MOTPEIIHOCTEN NPEII0KEHHOTO KOHCT-
PYKTUBHOTI'O PELIECHUS JBOMHOIO 1aTYUKA.

KPATKAS TEOPUA

[IpakTuka MOCTPOEHHST HHU3KOYACTOTHBIX JJIEK-
TPOMHAYKIIMOHHBIX JAaTYMKOB HampspkeHHocTH OlI
(H3IT) [1-10] moka3bIBaeT, 9TO B MX OCHOBE JICKHUT
KOHCTPYKTUBHO OPraHU30BAaHHBIM  JJIEKTPUYECKUU
KoHzeHcarop. Cienyer OTMETUTb, YTO:

— paboTa 3JIeKTPOUHAYKIIMOHHBIX JaTYMKOB OCHO-
BBIBAETCSI HE HA U3MEHEHUH JIEKTPUUECKONH EeMKOCTH
KOHJIEHCATOpa, a Ha U3MEPEHHU DJICKTPUYECKUX 3a-
PAAOB, MHIAYLUMPOBAaHHBIX IIOJIEM HAa MOBEPXHOCTH
3JIEKTPOIOB KOHJIEHCATOpa, MPONOPLHMOHAIBHBIX Ha-
MPSDKEHHOCTH 3JIEKTPUUYECKOTO TTOJIS;

— IPAaKTUYECKU BO BCEX 3JIEKTPOUHIYKIMOHHBIX
JaT4rKax peajusyeTcs NPUHIUI MPSIMOro Hpeodpa-
30BaHMs, OONAAAIONIMHA OOJBIIMMH MOTPEHIHOCTIMH
B CpaBHEHHE C NPUHLMIIOM KOMIIEHCHPYIOLIETO Mpe-
o0pa3oBaHUI.

B cBs3M €O cKa3aHHBIM 1ENECO00Pa3HO PacCcMOT-
pPeTb BO3MOXKHOCTH IIOCTPOEHHUS HU3KOYACTOTHBIX
JBOMHBIX D3JCKTPOMHIYKIMOHHBIX naTdyukoB HOII
C HCIOJIb30BaHMEM IPHUHLMIA KOMIEHCAL[HOHHOTO
npeoOpazoBanus. Jlisi JambHEWHIMX paccyKAeHUi
OyzeM cuMTaTh, YTO JAaTYMK BOCIPHHUMAET Iepe-
MEHHOE CHHYCOWIANbHOE dJIeKTpruecKkoe mone Ey(t).
[TosTOoMy myst ympolueHus 37iech U jaanee B 0003Ha-
YeHHSIX BEIMYMH Oy/IeM OIyCKaTh BPEMEHHYIO 3aBH-
CUMOCTb HCIIOJIb3YEMBIX (HU3MUYECKHX BEJMYWH,
a BBOJAUTH €€ B 0003HA4YEHHE TOJIBKO TaM, II€ 3TOT
BPEMEHHOH mapameTp OyeT HEOOXOaUM.

NzBectHO [14], 9TO B COCTaBe yCTPOWCTB KOMIIEH-
CaIlIOHHOTO IPeo0pa3oBaHusl HEOOXOAUMBIM dJIEMEH-
TOM SIBJISIETCSI y3€Jl CPaBHEHHS, B KOTOPOM CpaBHMBA-
I0TCS JIB€ OJJHOMMEHHbIE BEJIMYMHBI, OIHA U3 KOTOPBIX
SIBJISICTCSl BXOJJHOW X, @ BTOpas KOMIICHCAIIMOHHOW X,
cOPMHUpPOBAaHHOW BHYTPH W3MEPHUTEIFHOM  IIENH
no oOpaTHOHM cBs3u. PesynbraroM cpaBHeHUs Oyner
SIBJISITHCSI BENTUUUHA Ax = X — X, (puc. 1).

Ax =X =Xy,

Y

A
Xg

Puc. 1. Y3en cpaBHeHUs
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Aq=qo-qx
-Ag — - _
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Aq -+ + qK-l-

Puc. 2. DnexTpuueckuil KOHACHCATOP JaTYUKa
B Ka4eCTBE y3J1a CPaBHEHUS

OCOOCHHOCTBIO ANIEKTPOMHIYKIIMOHHOTO JaT4nKa
HanpsbkeHHocT JI1 siBisieTcss TO, 4TO €ro BXOAHOU
BEJIMYMHOU X SIBJIAECTCA HAPSLDKEHHOCTh £y UCXOIHO-
ro OIl win mponmopHIUOHANBHBINA €l AIEKTPUUSCKUMA
3apsi ¢o, UHAYUUPOBAHHBIA HA IOBEPXHOCTU YYBCT-
BUTEJIBHOTO 3JIeKTpoja Aartyuka. CieaoBaTeslbHO, MO
1eny oOpaTHOH CBSI3W JOJKEH OBITH cPOpMHUPOBAH
curHan nubo B BuUje HampspkeHHoctu F, DI, nmmubo
B BUJE DIIEKTPUUYECKOIO 3apsiaa ¢,. Torma pesyibra-
TOM CpaBHEHUsI JIOJDKHBI BBICTYMaTh 00 AE = Ej —
— E, mubo Aq = qo — gx.

CdopmupoBath B 1aTUMKE CUTHAJ B BUJE Harmpsi-
skenHoctH E, Ol Becbma 3arpynuutensHo. [loaTomy
[eIecoo00pa3Hell BCEro STOT CHTHAN TPEJCTaBHTH
B BUJIE JIIEKTPUYECKOIO 3apsiia ¢.

Kak OputO cka3zaHO paHee, B OCHOBE JJIEKTPOMH-
JTYKIIMOHHBIX JTaTYUKOB JISKUT KOHCTPYKTUBHO Opra-
HU30BAHHBIA 3JIEKTPUYECKUN KOHAECHCATOP, Npel-
CTaBJICHHBIN Ha pHC. 2.

Npneelt cozpanus y3ia CpaBHEHHMSI ITOCITYKUIU HUC-
CIIETOBaHMS TI0 M3YYCHHIO (U3NIECKUX IPOIIECCOB,

MPOTEKAOLIUX BHYTPH JIEKTPUUECKOTO KOHJIEHCATO-
pa mop neiicTBHeM BHEIIHEr0 W BHyTpeHHero Oll,
C MCHOJIb30BAaHHEM IPUHLUIA CYIIEPIIO3HLIUH MOJEH.
PaccmoTpum 3TH mporiecchl Ha NMpuUMepe KOHCTPYK-
TUBHO BBIIIOJIHEHHOTO IIJIOCKOTO 3JIEKTPHYECKOT0
KOHJIEHCATOpa C TUIEKTPUKOM.

Konznencarop cocTouT u3 AByX MPOBOAAIINX 3JIEK-
TpoaoB D1 u D2, U TUANEKTPUKA C JUIIEKTPUUECKON
MIPOHUIIAEMOCTBIO & Pe3ynbTarhl HccieoBaHus MoKa-
3aJIM, YTO KOH/IEHCATOpP MOXET BhICTYIaTh WCaIbHBIM
Y3JIOM CpaBHEHHMS, T.K. B HEM I0J] IeHCTBUEM BHEILIHE-
ro OI1 u mosst, coO31aHHOTO 3apAOM ¢y, MOXHO CO3-
nath (U3MYECKUe MPOLECCHl, MPOTEKaloie BO B3a-
MMHO HPOTUBOIOJIOKHBIX HampaBieHusix. s ynoO-
CTBa JAJIBHEMIINX pPACCYXIEHUH HA30BEM 3JIEKTPOJ
D1 4gyBcTBUTENBHBIM 3MeKTpogoM (UD), a amekTpon
32 — KOMITEHCAIMOHHBIM 3j1eKTpoioM (KD).

[IpoBenem aHamM3 U paccMOTpuUM (hU3HUYECKHE
MIPOLIECCHI, MPOTEKAIONINE B ANEKTPUIECKOM KOHJIEH-
catope. Ilpu paccMOTpeHHM HCHONb3yeM MPUHIINIT
CyNnepro3uuuu mnoyied. Pe3ynbTaTel aHanuza mnpen-
CTaBUM Ha puc. 3.

[lockonbKy y3esn CpaBHEHMs HpEAINOJIaraeT BO3-
JeiCTBUE Ha HEro IBYX (PM3MYECKHX BEIUYUH (CM.
puc. 1), To B HalIeM cirydae He0OXOAMMO 00ECTIeYNTh
BO3/IEIICTBHE Ha KOHAEHCATOP JBYX MPOTHUBOMOIOXK-
HO HanpasieHHbIX OI1. OgHO M3 THX TOJeH OyAeT
SIBIISITbCS. M3MEPSIEMbIM IIOJIEM, C HAIPSKEHHOCTHIO
E,, a npyroe — KOMIIEHCAllMOHHBIM IOJEM, C Ha-
npsKeHHOCTHIO E . ITOCKOJIBKY BEKTOPBI 9TUX IOJIEH
JCHCTBYIOT IO OJTHOM MPSMOA, TO B JIaJIbHEUIIIEM OY-
JIeM OILyCKaTh 3HaK BEKTOPA M 3allMChIBAaTh UX Kak Ly

u EK, a X HaIllpaBJICHHUC YYUTLIBATH C IOMOLIbIO 3HA-
koB "+" wimm "-" Jlanee pa3oObem Bo3meiictBust Ol

Ha HJIeKTPUYECKUA KOHJEHCATOp Ha TPH JTarla.

Puc. 3. Otansl pu3nuecKux MPOIECCOB, MPOTEKAIONINX B KOHJCHCATOPE.
a— KoHzeHcaTop Bo BHemHeM Ol 1; 6 — koHaeHcaTop, NOIKIIIOYSHHBIH K HaNpshkeHHIo Uy, B — CyMMapHOE 10JIe B IMIJIEKTPUKE

KOHJICHCAaTopa

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 1
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Ha nepsom smane (puc. 3, a): IpeACTaBUM 2JIEKTPH-
YeCKHi KOHJeHcaTop moMemnieHHbM B DIl ¢ HampspkeH-
HOCThIO Ej. [To/1 BO3AEMCTBUEM 3TOTO TOMS AUAIEKTPUK
KOHJIEHCAaTOpa MOJAPU3YeTCs. DTO HPHUBOAUT K TOMY,
YTO CBSI3aHHBIE 3apsi/Ibl TUAJIEKTPHKA TIepepactpeiessT-
Cs M CO3JamyT COOCTBEHHOE MPOTHUBOIOJIOXKHO HAIPaB-
nernHoe DIl ¢ HanpsbkeHHOCTRIO £'. Torma, cymmapHoe
OIl E B muanexTprke OyIeT CKIIaIbIBATHCS N3 BHEIITHETO
monst E, u BHyTpenHero mnons £E, Te. E=
= Ey— E <E,. Cymmaproe DIl E BHyTpH ITUIJIEKTPHUKA
KOHJIeHcaTopa OyZeT COHamlpaBlIeHO C BHEIIHUM H3Me-
psiembiM TionieM Ey. OmHako oHO Oyner ocialieHo B &
pas, T.e. E=E,/ g e £ — WDIEKTpUYECKas IPOHH-
aeMocThb aAnanekrpuka. CymmapHoe none E co3pact Ha
IEKTPOAAX EKTPHUECKOro KOHIEHCATopa MPOTHBOIIO-
JIO’KHBIE TI0 3HAKY JIEKTPUUESCKHE 3apsiIbl T, IO MOJY-
JIFO paBHBIE gy = 65 - E =S - Ey, Te S — miomap mo-
BEPXHOCTHU 3JIEKTPOJOB EKTPHIECKOI0 KOHAEHCATOPA,
&=28.85- 10" ®/M — smeKTpuyecKast TOCTOSHHASL.

Ha emopom smane (puc. 3,0) OyneM CUHMTATh,
gyTt0o BHemHee m3Mepsiemoe DIl E, orcyrcTByer. s
CO3[IaHMs KOMIIEHCAIIMOHHOro mojst £, coobmum K3
JIEKTPUIECKOTO KOHJIEHCATOpPa HEKOTOPBIH 3JIEKTpU-
YECKUH MOTEHIHAT (5, BO3LACHCTBYSI Ha HEro KOM-
NEHCALMOHHBIM HanpspbkeHueMm U, OTo mnpuBener
K TOMY, YTO Ha 3JIEKTPOJIax 3JIEKTPUUECKOr0 KOHJIEH-
caTopa NOoABATCA MNPOTHUBOIIOJIOKHBIC 10 3HAKY KOM-
NMEHCAIIMOHHBIC JJICKTPUUYCCKUC 3apAaabl iqm 10 MO-
nymto paBHbele ¢, = C; - Uy = €&S - Ey, mpomnopuuo-
HaJIbHBIE KOMIIEHCALlMOHHOMY monto Ey, rae C, —
€MKOCTh JJIEKTPHYECKOT0 KOH/IeHcaTopa (AaTYHKa).

Takum o00pa3oM, Hpu BHECEHHMH KOHAEHCATOpa
B OIl B HEM OyayT cyiecTBOBaTh ABa MPOTHBOIO-
JIOKHO HANPABJIECHHBIX IOJIA C HANPsDKEHHOCTSIMU E
nE..

HN3mepurenbHas uenb

Eo

9o Aq=qo-qx

Ha mpemvem smane (puc. 3, B) pe3ylbTUPYIOIIEE
Mmojie B KOHJEHCATope OyAeT MpeAcTaBIsATh COOOi
CYNEPIIO3UINIO ABYX B3aMMHO HPOTHUBOIIOJJIOKHBIX
monet £ m E,. C ydeToM CyNepro3WINH TOJIeH
B 3JICKTPHYECKOM KOHIEHCATOpPE CO3/ACTCs €IUHOE
moie, Mo Moxynto paBHoe AE = E — E.. D10 mone
CO3JIaCT Ha BJIEKTPOJaX AIEKTPHUYECKOrO KOHJEHCa-
TOpa HPOTHUBOIOJIOKHBIE IO 3HAKY 3JIEKTPUYECKUE
3apsaasl tAq, Mo Moaymio paBHblE Ag = £5S - AE =
= &6S(E - E) = qo— G

B wurore nosydyaem eCTECTBEHHBIM y3€l CpaBHE-
HUsA, BXOAHBIMHA (1)I/I3I/I‘ICCKI/IMI/I BCJIMYMHAMU KOTOPO-
ro SBJISIFOTCS JEKTPUUYECKHE 3apsiibl qo = &S - Ey
U g, = €&S - E,, a BBIXOTHONH — d3JIEKTPUYECKUI 3a-
pan Ag = €S - AE = ggS(E — E) = go— ¢

Takum o0O0pa3oMm, y3en CpaBHEHHS peanu3yer
CpaBHEHHE ABYX (DU3NYECKUX BEIHYHH ¢ U ¢y B BHJC
Aq = qo— g

HanbHeillied 3agadyeil SBISETCS YCTAHOBJICHHE
(YHKIIMOHANBHOW CBS3M MEXIY BXOJHOW BETMYMHOM
Ey n BBIXOJIHON BEIMYMHON H3MEPUTENIBHOM LN
UBbIX'

st popmupoBaHUs BRIXOTHOM BENMYWHBI H3MEPH-
TEIILHOM Oernu AJaTdyrkKa KOMIICHCAIIMOHHOI'O THIIA HE-
00XOJIMIMO COCTaBHUTH IIETIOYKY MPeoOpa3oBaHUi, ycTa-
HABJIUBAIONIYIO 3Ty (YHKIIMOHAJIBHYIO CBSI3b, UCXOS
ot BeipakeHus (1). [y aToro Bocco3mammm Iporiecc
MOCIIEAYIOINX TIPeo0pa3oBaHuii, KOTOpBIE JIOJDKHA
BBINIOJIHUTh W3MEPUTENIbHAS LIENb JUISl MOJIYYeHHUs He-
00XOIIMOTO BBIXOJIHOTO CHTHAla M3MEPUTEIBHOU Iie-
mi. CoCTaBUM CTPYKTYPHYIO CXEMy H3MEPHUTENIbHOMN
LIeNHY B OOILEM BUJIC U MPEJCTABUM €€ Ha puC. 4.

HH UBI:IX.

v. | YC

Puc. 4. 3smeputenpHas 11enb KOMIIEHCAIIMOHHOTO TUTIA.
YC — y3en cpasHenus; I — npsimoit npeoOpaszoatens; OIl — oOparHbIit

npeobpa3oBaTeib
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CrpyKTypHas cxemMa W3MEPUTENbHON ey BKIIO-
yaeT B ce0s y3en cpaBHerus (Y C), mpsiMoit mpeobOpa-
3oBarenb (I1I1) u obparneiii peodpazoBarens (OI1).
IIpeo6pazosarenu 111 n OIl Moryt OBITH mpencTas-
JICHBI TIETIOYKaMH MPeoOpa3oBaTeIIeH.

Ha Bxompr YC moctymaroT m3mepseMas Harpsi-
skeHHOCTh Ol Ey U KoMIeHCUpYyollee HanmpsbKeHHUe
Uy, KOTOpBIE COOTBETCTBEHHO IIPE0oOpa3yloTCsl KOH-
JEHCATOPOM JaT4MKa B 3JICKTPHUUECKUE 3apsabl ¢
" ¢y

V3en cpaBHernst YC BbIpaOaThiBaeT pa3HOCTHBIN
CUTHAI

Ag=q,—4,- (1

B BeIpaxkenuu (1) anexkrpudeckuii 3apsan g, = kE,
MPOTMOPITMOHANIEH M3MepseMoil HanpspkeHHocTH Ol
Ey, a onexrpuueckuit 3apan g, =C, -U, nponopuuo-
HaJIeH KOMIICHCUPYIOLEMY HanpskeHuto U.

[Ipsimoii mpeoOpazosarens I, crosmmii B menwn
MPSIMOTO MPeoOpa3oBaHus, Ipeodpa3yeT pa3HOCTHBIM
CUTHAJI B BBIXOIHOE HAIPsDKEHHE

UBLIX = KI'II'I : Aq > (2)
rae K., — ko3¢ ¢uiuenT nepenadn mpeoodpasopare-
71 [1IT wenu npsimoro npeoOpa3oBaHUsl.

OO6partnsii ipeodpazosarens OIL, cTosmmii B me-
mu obpaTHOTO mpeoOpa3oBaHuUs, MpeodpazyeTr Ha-
npspkenne Uy, B KOMIIEHCHpYIollee HanpsbkeHune Uy

Ul( = kon ’ UBbIX 4 (3)

rae ko, — KOA(PQUIMESHT nepeadyn npeoopa3oBares
OII nermn oGpaTHOTO MPEOOPa3OBaHUSI.

Hanpsxenune U, uepe3 eMkocTh C, 31€KTpHUIECKO-
ro KOHAEHCAaTopa JaT4uKa Mpeodpa3yercsi B KOMIICH-
CUPYIOILMH 31EKTPUUECKUH 3apsia

qK = C;L : UK = anonU = KOHUBHX H (4)

BBIX
rae K, — koaddunuenT nepenadn npeodpasoBare-
a5t OIl menu obpaTtHOro MpeoOpa3oBaHUsI C YUETOM
eMkoctH gatanka C.

Hckomoe ypaBHeHHE (YHKIMOHAJIBHON CBSI3H
MEX/Ty BXOJHOH M BBIXOJHOW BEIMYMHAMH H3MEpH-
TEeJIbHOM 1eTn OyJIeM UCKaTh B BUJIE

UBLIX = KI/H_IqO = KI/H_Ik : EO H (5)
rae Ky — koadduument npeodpazoBaHus BCei U3-
MEPHTENIFHOM IeNH KOMIIEHCHPYIOUIETo THIA; kK —
K03 PUIIMEHT MPONOPIHOHATIBHOCTH MEXAY ¢o U Ej
(HmKe 9Ta CBSI3b OyJIET yCTAaHOBJICHA).

Bripasum u3 Belpaxkenus (5) Ky U TOACTaBHM
B Hero BeipakeHus (1)—(4). Torna momyunm ypaBHe-
HHE TIpeoOpa3oBaHus U3MEPHUTEIBHOM e KOMITEeH-
CallMOHHOTO THMA. YpaBHEHHE NpeoOpazoBaHus yc-
TaHOBHUT (PYHKIIMOHAJIBHYIO CBSI3b MEX/y BBIXOJIHBIM

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 1

HanpspkeHueM U, ¥ BXOJHOHN (pU3MUecKoil Benndu-
HOM EO
K k-K_,

U — nn . — .
" 1 + Krm : Kon qo 1+Krm : Kon

E,, (0

K

rne K, =—-7"—.
Y 1+K,, K,

U3 Belpaxkenus (6) ciemyer, 4TO BBIXOJHOE Ha-
NpPSDKEHWE U3MEPHUTEIbHOM LeNH MPOIOPLHMOHATIBHO
HanpspkenHoctu DIl Ey u 3aBucuT ot ko3 duimeH-
TOB KaK MPsIMOTO 1peoOpa3oBaHus uenu K, Tak u OT
obpartHoTro K,; IpeoOpa3oBaHus.

[Ipu BITOTHEHWH YCIOBHUS

K, -K, 6 >>1 (7

ypaBHEHHE TpeoOpa3oBaHUsl WU3MEPUTEIBHON IIemH,
ofpesieTnsieMoe BeIpakeHneM (6), MpuMeT BUJT

Upw =7 E, 3

Y TIPaKTHYECKH He Oy/eT 3aBuceTh 0T Kod(hduiineHTa
npeobpazoBanus K, Lenu OpsSMOro mnpeodpasoBa-
Hus. B 3TOM ciydyae morpemHocTs Lenu MpsIMOro
npeoOpa3oBaHus He OyIeT BXOAWTH B TOTPEITHOCTD
pesyibrata u3MepeHus. OIHAKO Ui JOCTHXKEHUS
BBICOKOW UYBCTBUTEIBHOCTH CJIEIYEeT YMEHBIIUTD
Kon, @ 1St BbINOHEHUs ycioBus (7) cneayeT yBenu-
9uTh K,y

OneHuM TOTPEIIHOCTH HM3MEPHUTENbHONW — LIenH
KOMIIEHCAIlIMOHHOTO THIa. VX MOXHO pa3lenuTh Ha
MYJIbTUIUIMKATUBHYIO ¥ aJTATHBHYIO MTOTPEIIHOCTH.

Omuocumenvhas MyToMUnIUKAMUBHAS NOSPeUl-
Hocmb O0YCIIOBIIEHA HECTaOMILHOCTIMH KO3(PQHIIHN-
eHTOB K, 1 K,;. OHa Oynmer ompenensThCs Kak Io-
IPEIIHOCTh KOCBEHHOTO U3MEPEHUSI

dU, 1 K_K
5 — BbIX — 5 —_ 5 TIIT OIT R 9
UBHX UB])IX Knn 1 + KHHKOH Ko" 1 + KHHKOH ( )
rae Oy — MOIPELIHOCTb Kod(QuuMeHTa mepesadn

npeobpazosarens 11 nenu npsimoro npeoOpa3oBaHus;
Oy — TOTPEelHOCTh KO3(HULMEHTa Mepeadn Ipe-

on

obpazosarenss OIl mermn oOparHOTO MpeoOpa3oBaHUS
¢ yaetom emkoctH matunka C,. 13 Beipakenwns (9) cie-
JyeT: Tpy BBIOJHEHHH YcloBus (7) MOTrpenrHoCTb
oT HectaOmibHOCTH Kod(duiieHTa MpeodpazoBaHUs
ey NpsiMoro TpeoOpazoBaHust K, YMEHbIIAeTCs
B (1 + Ky - Kon) pa3. CriefioBatenbHO, B IPSAMON 1ieH
MOXHO HCIIOJbB30BATh MCHEC CTa6I/IJ'H>HI)IC U MCEHEC
TuHelHble Tpeobpa3oBarenn. Uto ke Kacaercs Io-
IPEIIHOCTH, O0YCIOBICHHOH HECTaOWILHOCTBHIO KO-
spdunmenTa mpeoOpa3zoBaHHA I OOPaTHOTO



28 C. B. BUPIOKOB

npeobpazoBanus K,;,, TO OHa MPAKTHYECKH IOIHO-
CTBIO BXOAWUT B CYMMAapHYIO MYJIBTHIIMKATHBHYIO

norpemHocTs O, . CnemoBarenbHO, KOd(duUIEEHT

Ienu oOpaTHOro MpeoOpa3oBaHMs JOHKEH HWMEThH
BBICOKHE CTAOMIIBHOCTD U JINHEHHOCTB.

Heo0xommMo OTMETHTB, YTO BBHINOJHEHHE YCIO-
Bus (7) IPUBOJUT K YMEHBILICHHIO YYBCTBHTEIILHOCTH
W3MEPUTENHFHON LIENH U YNPOLICHUIO BhIpakeHHs (9)
JUISL MYJTbTUITMKATHBHOMN TTOTPEITHOCTH

1 51( _51<

= . 10
" KI'II'I KOI'I " " ( )

U

W3 Beipaxenus (10) cienyer, 4TO OTHOCUTENIbHAS
MyJbTUIUINKATABHAS TIOTPEITHOCTh HM3MEPUTEIHHON
LENH COCTOUT U3 CYMMBI JIBYX cocTaBisttonux. [lep-
Basi COCTaBISIOIIASl OMpPEACNSeTCs MOrPEITHOCTHIO
[IEMd TPSAMOro TpeoOpa3oBaHUSA, YMEHBIICHHOW
B Kin - Kon P23, a BTOpast — MOTPENTHOCTHIO TENH 00-
paTHOTO TIpeoOpa3oBaHUsl, ITOJHOCTHIO BXOJSIIEH
B CYMMapHYIO HOTPEIIHOCTh. B CBSI3W ¢ 3THM K TO-
TPEUTHOCTH TpeoOpa3zoBaTelniell enu oopaTHOTO mpe-
00pa3oBaHMsl JTOJDKHBI TPEIBSBIATHCS Ooyiee KecT-
Kue TpeOoBaHusI.

Abcontomnan adoumusHas nospewHocms B U3Me-
PHUTEIBHON e KOMIIEHCAIIMOHHOTO THIA OIpeeNsi-
eTcs BIMSHUEM AJMTHUBHBIX IIOMEX, JCHCTBYIOLINX
Ha BbIXoAax mpeoOpazoBateneit I u OIl. Ota mo-
TPEIIHOCTh, MPUBEICHHAS KO BXOAY, HE 3aBHCHUT OT
TITyOWHBI OOpaTHOM CBSI3U U, CIIEAOBATENFHO, HE MOJKET
OBITh YMEHBIIICHA HCIIOJIH30BAHMEM CXEMbI ypaBHOBE-
IIMBAOIIETO TIPE0OPa30BaHMS
A

A, A

Ag =| —+—"2 g
krml krml T2 krmlknnZ"'knnm

o [V U LY. VY I S S S

on3 * on3 " on4 *

rae Ay, A, ..., A, — agguTHUBHEIC IIOMEXHU mocie 1,
2, ..., m npeodpazoBareneit [1I1 nenu npsmoro mpe-
obOpaszoBanus; A'y, A'y, ..., A',— aJIUTUBHBIC TOME-
xu nocne 1, 2, ..., n npeoOpa3zoBarencii OIl nenu
o0paTHOTO Mpeodpa3oBaHusl.

Cnenyer OTMETUTb, YTO IOTPEIIHOCTh H3MEpPHU-
TEJTHHON IeT KOMIIEHCAITMOHHOTO THIIA CYIIEeCTBEH-
HO CHW)KAETCS 10 CPAaBHEHHIO C TOTPENTHOCTBHIO W3-
MEPUTEIBHOM ISTH MPSIMOTO peoOpa3oBaHusl.

JIBOMHOM COEPUYECKUI JTATYUK
HAIIPSDKEHHOCTU OI1
KOMITEHCALITMUOHHOI' O TUITA

N3BecTHBI yCTpoOMCTBA AJISL U3MEPEHMSI HAPSKECH-
Hoctr OII [11-13], B KOTOpBIX peann30BaH IIOCKHA
OJIMHAPHBINA OJHOKOMIIOHEHTHBIA 3JIEKTPOMHAYKIIMOH-

HBI JaT4MK HanpspkeHHocTH Ol KoMIeHCalrmoHHOTO
thna. B atux paboTax mokazaHo, 4TO KOMIIEHCAIMOH-
HBI THI JaT4WKa TIO3BOJSECT YMEHBIINUTH IOTPEI-
HOCTb, BHOCUMYIO 3JIeMEHTaMH JaTt4yruka. OJHaKo OH He
MO3BOJIIET YMEHBIIUTh MOTPEIIHOCTh OT CHUH(A3HBIX
MOMEX M HaBOJOK. VICKITIOUUTE 3TH COCTABIISIOLIHE TO-
TPEITHOCTH CITOCOOEH TOJBKO IBOWHOM mart4mk [15, 16].
Kaxk mokaspIBaroT viccne[oBaHus, IPoBEICHHbIE B pabo-
tax [15, 16], u BbpaboTaHHBIE B HHUX TPeOOBAHMUS
K JaT4iKaM HanpsbkeHHocTH DI, qatdnk HeoOXoaumo
BBITIOJIHSITH JIBOMHBIM M CEPHIECKHM C BO3MOYKHO-
cThio A hepeHITNaTBHOTO BKIIFOUSHHUS €T0 B M3MEpPH-
TENBHYIO 1ieMb. 11010XKUM pe3ynbTaThl KpaTKOi TEOpUU
B OCHOBY IIOCTPOEHHS JABOMHOIO OJXHOKOMIIOHEHTHOTO
cepuueckoro nartunka HampspkeHHocTH Ol KomrieH-
catoHHoro Tuma. Ilpemiaraemblii K paccMOTPEHUIO
JaT4MK CXEMaTH4YHO IIPEJCTABIEH Ha puc. 5. B ocHOBe
natyrka 1 nexxaT nposoasiiee chepuieckoe 0CHOBa-
HUE 2 paguyca 7 ¢ AByMs TUaMETPAIbHO TPOTHUBOIIO-
JIO’)KHBIMU KPYTJIBIMH BbIp€3aMU U JBa KOHCTPYKTHUB-
HO OPraHW30BaHHBIX JJEKTPUYECKHX KOHAEHCATOpa,
PacIOJIOKEHHBIX B 3THX BbIpe3ax. lIepBwlii KOHJEH-
CaTop MMEET MPOBOSIIME IEKTPoAbl 3 U 5, a BTO-
poit — 4 u 6.

Puc. 5. JIBoiiHOW OJHOKOMIOHEHTHBIH cdepuye-
CKMIl JaTYMK HampsbkeHHocTH Il xoMmeHcanuoH-
HOI'O THIIA
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ONeKTpoabl KOHJACHCATOPOB BHITIOJHEHBI B BHUJIE
cepuvecKnx CEerMeHTOB C YIJIOBBEIM pa3zMepoM 6
U paamycoM » td/2 W pacmojOXKeHBl TaK, 4TO WX
(hopma nomonmHseT cepuieckoe OCHOBaHUE 10 cde-
pBL, TAe d — paccTosHHE MEXIy OOKJIagKaMH KOH-
JeHcaTopa. Mexay 5JeKTpoJaMH KOHICHCATOPOB
HaXOJUTCA AWIEKTPUK C TUAJIEKTPUUECKONW NPOHU-
aeMocTeio €. OT 3JIEKTPOAOB KOHICHCATOpa BBIBE-
JOEHbl KOHTAaKTbl C HOMEpaMH, OJHOMMEHHBIMHU
C HOMEpPaMHU COOTBETCTBYIOIIMX DJIEKTPOJOB KOH/ICH-
CaToOpOB. DJIEKTPOIbI KOHAEHCATOPOB 3 U 4, BOCIIPH-
HUMAromue 1moJji€, Ha30BEM 4YYyBCTBUTCIIbHBIMHA JJICK-
tpomamu (UD), a amekTpoasl 5 u 6, ydacTBYyIOIIHE
B CO3JaHUM KOMIICHCAITMUOHHOI'O IIO0JIsI, HA30BEM KOM-
TieHCAIIMOHHBIMU 3JiekTpoaamu (KDO).

Takum o0paszom, chopMHUpoOBaH ABOWHOW AATUMK
C IABYMs OWAMCTPAJIbHO MPOTUBOIIOJIOXHBIMU OJH-
HapHBIMH JaTYUKaMH, NPUHLUI paboTbl KOTOPBIX
MOSICHEH B KpaTKoil Teopuu. [[ns mpaBuibHOM opra-
HU3alMU PabOTHl JaTyMKa, OaTYMK JOJDKEH OBITh
BKJIFOYCH B UBMEPUTECIILHYIO IICIIb.

U3MEPUTEJIBHAS LEITb JBOMHOI'O
JATUNKA KOMIIEHCAIITUOHHOI'O TUITA

Cmpykmyphas cxema

JBoitHoll natuuk HampspkeHHOcTH OI1 cocTouT M3
JIByX OIWMHApHBIX JAaTYHKOB, B COCTaBE€ KOTOPBIX HC-
MOJIB3YETCS U3MEpPUTENbHAs LElb, IPEICTABICHHAS
Ha puc. 4. Takum oOpa3oM, TBOWHON AaTYNK HMEET
IBa KaHajla MpeoOpa3oBaHMs, KAXAbIM M3 KOTOPBIX

OOJDKECH HWMETh OAMHAKOBBLIC H3MEPHUTCIILHBIC IICIIN,
BBIXO/IBI KOTOPBIX 00BenuHstoTcs auddepeHnmans-
HBIM TIpeo0pa3oBaTeIeM B €AMHBIN BBIXOJHONW CUTHAT
JaT4drKa.

OnuH U3 BO3MOXHBIX BapUaHTOB CTPYKTYPHBIX
CXEM U3MEPUTEIBHON LENHU ABOMHOIO AATUUKA IIPE-
cTaBiieH Ha puc. 6. CTpyKTypHas cxema HU3MEepUTellb-
HOM Ilemu JBOMHOTO AaTyuka HampsoKeHHOCTH Ol
BKJIFOUaeT B ce0s [Ba KaHajga mpeoOpa3oBaHUA
1 00BEIMHSIOMNI UX JBYXBXOAOBBIH TU(QepeHIn-
anpHBIA cymmarop. Kaxplii kaHai nmpeoOpa3oBaHUsI
MMeeT e MPSMOTO U 00paTHOTO MPeoOpa3OBaHMUSL.
Lenu npsimoro mpeoOpa3oBaHusl KaHAJIOB COCTOSIT M3
npsMbIX  TipeoOpazoBareneit [1I1 1, Bxirodarommx
npeobpazosatenu [1I1 1.1 u III1 1.2, u IIIT 2, BKIIHO-
garommx npeodpaszoBatenu [1112.1 u I1I12.2. Lenn
0o0paTHOTO MpeoOpa3oBaHMsl KAXKIAOr0 M3 KaHAJIOB
COCTOAT M3 oOpaTHBIX mpeoOpaszosarenerr OIl 1,
BKuTROUaronmx npeodpazosarenn OIl 1.1 m OIl 1.2,
n OIl2, Bxmovaromux mnpeodpazoBarenu OIT 2.1
n OIl 2.2. YpaBHeHne mpeoOpa3oBaHUs KaXI0Tro Ka-
HaJla TpeoOpa3oBaHus, Kak paHee ObUIO IMOKa3aHo,
oTpeensieTcs BeIpaxxeHneM (6).

PaccmoTpum  coctaB  050KOB, (HOpMHUPYIOIINX
CTPYKTYPHYIO CX€MY HM3MEPHUTEJILHOW LIEMH II€PBOTO
KaHama npeodpazoBanus. [Ipu Be16ope 610K0B 1 (op-
MUPOBaHHUU CTPYKTYPHOM CXEMBI CJIEIyEeT YYUTHIBAThH
TpeOOBaHUs, BBIIICU3IOKEHHbIE B KPAaTKOH TEOPHH,
a IMEHHO:

— k0o punmeHT npeodpa3zoBaHuA y IETH MPSIMO-
ro npeoOpa3oBaHus JIOJKCH ObITh 3HAYMTEIBHO BbI-
111e, 4YeM y IeTr 00paTHOTO MPeo0pa3oBaHus;

ArY Ary
3105 | 1 1.1 2O 1.2 [Yen @) 2
ArY Asy
5«29 on 1.2 |49 or1 1.1 e,
Ay Ay
4205 2t 12 a2 Vno@]
r A5
6<& OI12.2 U“‘i’)l oIl 2.1

Puc. 6. CtpykrypHas cxema U3MEPUTEIbHON LENH IBOHHOTO

JlaT4rKa HarnpspkeHHocTH D11
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—TpeOOBaHUS K JMHEHHOCTH M CTaOMJIBHOCTH
OJIOKOB TIeTI OOPaTHOTO IMPeoOpa30BaHUS JIOIDKHBI
OBITH OOJIee KECTKUMH, 9€M K IIEIH MPSMOTO Ipeod-
pasoBaHus;

— BXOAHOM i(f) 1 BeIXOAHOU Uy (f) curHaNbI mep-
BOro KaHalla OOJIXKHbI 6I)ITI) OTpULATCJIILHBIC, @ BTO-
poro KkaHajga — TIOJIOXKUTEIbHBIC, T.€. CHIHAJBI
JIOTDKHBI OBITH TTPOTHBOIIONIOXKHEI TT0  (paze.

Koncmpyxkyuonnwie 6noxu
DYHKIHOHAJIbHbIE TPeOOBAHMSI

BbimonHuTe 3TH  TpeOOBaHUS IPENCTABISETCS
BO3MOKHBIM TPY KCIOJB30BAaHHH B KaXKIOM KaHale
peoOpa3oBaHUs TPEX OCHOBHBIX KOHCTPYKLIMOHHBIX
ONOKOB: JIByX B 1M MPSIMOTO MNpeoOpa3oBaHUs
Y JIByX B IIeNTH 0OpaTHOTO MpeoOpa3oBaHus, U OJHO-
r0, YETBEPTOTO THIMA OJIOK, OOBETUHSIONINIA CUTHAIIBI
C IByX KaHaJ0B Npeo0Opa3oBaHusl.

PaccMoTpuMm oOCHOBHBIE OJOKH H3MEPUTEIHHON
LENH 10 OTAECIBFHOCTH M OINpeesuM UX KodpQHIu-
€HTBI MpeoOpa3oBaHus, HEOOXOJMMBIE IS aHAIN3a
BeIpakeHHs (6). KoHCcTpyKIOHHBIE OJIOKM HM3Mepu-
TENbHOW IIeNu [aT4yuKa KOMIIEHCAllMOHHOTO THIIA
MpEACTABJICHBI Ha puUcC. 7.

[Ipexne veM aHaTU3UPOBATH OCHOBHBIC OJIOKH
W3MEPUTENHHON LENu JaT4hKa, OTMETHM, 4YTO, CO-
[JIACHO BBILICIIPUBECHHON KPATKOW TEOPUU, BBIXOJ-
HbIE BBIPKEHHUS KaHAJIOB NPeoOpa3oBaHUs onpene-
JIIIOTCS BhIpaKeHUEM (6)

U _ - krml,2
BbIX1,2 (t) =+
I+k ml,2 'konl,z

I

‘%1,2(0 =

kk
21 mml,2 Eo(t), (11)

1+k

mi,2 "~ Monl 2

(12)

rae  k=3ng,’ Sin® % —

U 2(2)

11,2(2) .&. >
Bt

a §)

KOO(pQUIMEHT TMPOMOPLUHOHATEHOCTH MeXIy Fy(?)
1 q(f), 3aBucAAi oT (GOpMBI U pasmMepoB YD maTdmka
[15, 16]; qo12(f) — >nexTpUUecKHe 3apsabl, HHAYLH-
pOBaHHBIC HA THAMETPAIBHO MPOTHUBOIMOIOKHBIX YD
JaT4nKa.

WunyurpoBaHHbIE 3JIEKTPUYECKHE 3apsiibl H3Me-
HSIOTCS TI0 TAPMOHHYECKOMY 3aKOHY M OIPEIEeIISIOT-
csl KaK

qu,Z(t):1_”‘61,2(t).dsl,2 > (13)

rae "+ " mokasbplBaeT MPOTUBOIIONOXHOCTH (a3 CHT-

HAJIOB, Oy ,(f) — MOBEPXHOCTHAS IUNIOTHOCTh MHIYLIU-
POBaHHBIX JEKTPUUECKUX 3aPSJ0B Ha IOBEPXHOCTSIX
Und, dS;, — snemeHT cheprudeckoii moBepxHocTH YD
JaT4YMKa.

VY3en cpaBHeHHS BBIpAOATHIBAET PA3HOCTHBIN CHT-
HaJl, COTJIacHO BbIpaxkeHHIO (1), KOTOpBIN 3amuiiem
C Y4€TOM BPEMEHHON 3aBUCUMOCTH

Agq,, (1) = $[q0 120 =, (t)] -

_ 1
=F— .q,,,0).
1+kn1,2'k %1,2()

1 onl,2

(14)

KoncTpykumonHnbie 0JIOKH 1151 peajin3aliu
I 1.1 m I 2.1

[TepBBIMH OCHOBHBIMHU OJIOKaMH SIBIISTFOTCS TIPSIMBIE
npeobpazosatenu [1I1 1.1 u I 2.1. TIpumenuTensHO
K JIaT4uKy HanpspkeHHocTH OIl B KadecTBe MeEpBBIX
6noxoB I 1.1 u [MI12.1 cnexyer ucnons3oBarh ycu-
surenu 3apsaa (Y3) [17-21] (em. puc. 7, a), KoTopbIe
NPUMEHSIOTCS, HAIPUMED, JUIS CHATHS 3JIEKTPUUECKOTO
3apsiia ¢ ruapodona [ 18], ¢ mbe303neKTpruuecKkoro aat-
quka [20].

Usuix1,2(t

Unu2(t), K1 : 4
|1 ljD_I

B r

Puc. 7. KoncTpyKIMOHHBIE OJIOKU H3MEPUTEIHHON IIENMH IaTYMKA KOMIIEHCAIIMOHHOTO THTIA.
OVY — omnepaMoHHbIH YCHIINTENb, @ — ycHuTelns 3apsiaa (Y3), 6 — HEeHMHBEpTUPYIOMINAN yCUIIUTENb, B — WHBEPTUPYIO-
LIUH yCUIIUTEND, T — CYyMMAaTOp C HHBEPTHPYIOIUM H HEMHBEPTUPYIOLMIUM BXOAAMU
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ITo mpunmmIy padoTtsl Y3 mpeacraBiser coOoi
WHTETpaTop Toka [21], WHTETPUPYIOMIHMKA BXOJHON
3JIEKTPUUECKUN TOK

PR K FO)
’ dr

U npeoOpas3ylomril ero B HampsHKeHHe, MPOIOPIHO-
HAJILHOE 3JIEKTPHUECKOMY 3apsiLy

(15)

U0 === [[i(0]dr == Ag, 1) -

e
= krml.l : Aql (t)’

(16)
U, (t) =+ij[i2(t)]dz=+i-Aq2(z) =
Cl’ Cl,
= krmZ.l : qu (t)’
rne krml.l = Ul(t) :L’ krm2.1 = UZ(t) :ir - (17)
Aq, (1) C, Aq,(t) C
K03 GUIMeHTH TpeoOpa3oBanus Y3 B IEPBOM

M BTOpOM KaHamax mnpeoOpazosareneir [II11.1
u I1I1 2.1, onpenensiembie mapamerpamu Y3; Cy, C'y —
WHTETPUPYIOIINE eMKOCTH (CM. puc. 7, a). OTMeTHM,
4T0 BCce 00O03HaueHus B BhIpaxeHusx (16)—(18)
U B NOCICAYIOIIHUX BBIPAKCHUAX COOTBECTCTBYIOT
ob6o3HaueHusM puc. 7. T-obpazHas uens R;-Cr-R4 B
VY3 obecnieunBaer pexxuM padbotsl OV Mo MOCTOSH-
HOoMy TOKy. [IpaBmibHO To00paHHbIE 3NeMeHTHl T-
00pa3Hoi e HEe OKAXYT 3HAYUTEILHOTO BIIMSHUS
Ha pabory Y3, mpuyeM 3TO BIHUSHHAE yMEHBIIAeTCS
3a cueT uenu o0paTHOro mpeodpa3zoBaHusl.

Ananm3 BeIpaxkeHus (15) mokaspiBaeT, 4TO I
yBenuueHus Ko3(puuueHToB npeoOpa3oBaHus Ky i
U kyp, uemed mpsimoro mnpeoOpazoBanms 11T 1.1
u I1I1 2.1 HeoOX0aMMO yMEHBIIATh HHTETPUPYIOIIHIE
emkocTu C;, C'|. OHAKO 3TO HE BCETJA MPUEMIIEMO.

KoncTpykuuonHbie 0JIOKH 1151 peaiu3auuu
IIIT 1.2 w ITIT 2.2

Jns moBeimenus ko3 dummenta npeodpa3zoBaHus
Herned mpsAMoro mpeoOpa3oBaHHs CIYXHT BTOPOIi
050K (cM. puc. 6), B KaueCTBe KOTOPOTO MOXKHO HC-
MOJIF30BaTh HEWMHBEPTUPYIOMNNA ycunuTens Ha OY
(puc. 7, 6). Toraga c uCONB30BaHUEM BTOPOTO OJIOKa
BBIXO/HBIE HampsokeHUS U,y (f) memel mpsmMoro
npeooOpasosanus [111 1.2 u [1I1 2.2 npumyT By [21]

UBLIXI (t) = _krml.Z : Ul (t) =
= ks s AG () =—K,, - Aq, (1),
UBblxz (t) = +krm2.2 : U2 (t) =

= +kr’m2,l ks Aqy () =+K - Ag, (1),

(18)
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k_.,=1+R /R,
e { mml.2 6 5 . (19)

krm242 = 1 + R(; / RS,

KO3 PHUIMEHTH TpeoOpa3oBaHUsl HEUHBEPTHPYIO-
MUX yCWJIUTENEH B MEPBOM M BTOPOM KaHAJIaxX Mpe-
obpazosaredneii [1I1 1.2 u 111 2.2 (cm. puc. 7, 6);

— (20)

R!
KrmZ = krm241 ’ krm242 = %(1 +_6J

1

kodpuImMeHTs TpeoOpa3oBaHusl IIEeTed MPsIMOTO
mpeoOpazoBanus III1 1 wu IIII 2. Dnextpuyeckue
KOMITIOHEHTBI CO IITPUXOM, BXOJISIINE B KOAPQHIIH-
CHTbl U ypaBHEHHUs NPeoOpa3oBaHMs, 3€Ch U Jalee
OTHOCSITCSI KO BTOPOMY KaHally MpeoOpa3oBaHus W3-
MEPUTEIILHOM LEMNH.

KoncTpykumonHnbie 0JIOKH 1151 peajin3aniu
Oll1uOIl2

TpeTbuM OCHOBHBIM CTPYKTYPHBIM OJIOKOM SIBIISI-
eTcst o0paTHbIii peodpasosatens OI1, cocrosimuii u3
mpeoOpazoBateneit OIl 1.1 n OIl2.1. B xadectBe
npeooOpasosatenieii OIT 1.1 u OIl2.1 caemyer wuc-
MOJTb30BaTh MHBEPTUPYIONMIMH  YCHIIUTENb (cm.
puc. 7, B). C y4eTOM WHBEPTHUPYIOLIETO YCHUIHTENS
BBIXOJIHBIC KOMIEHcHpyomue HanpsokeHust U (f)
n Uy(f) meneit ooparHoro mpeodpazoBanus OIT 1.1
u OII 2.1 mpumyTt Bup [21]

{ UKI (t) = +k0nl.lUm>1xl (t)5 (21)
UKZ (t) = _kOHZJUBbIXZ (t)’
k =R,/ R.,
riue { onl.1 9’ 7' o (22)
Kor1 =Ry /1 Ry

KO3 UIMEeHTH  TIpeo0pa30BaHNsl WHBEPTHUPYIOIIUX
YCUJINTEINIEH B IEPBOM U BTOPOM KaHanax mpeodpaszo-
Bateneit OII 1.1 u OIl 2.1 (cMm. puc. 6). Koaddurmen-
Thl MPEOOpPa30BaHUSI WHBEPTHPYIOUIMX YCUIIUTEICH
SIBJSTIOTCSL PETYIMPYEMBIMH 3@ CUET PErYJIMPOBKH pe-
3UCTOPOB Ry U R’y (cM. puc. 7, B). DTa peryampoBKa
HeoOxomma TUTS o0ecrieyeHus paBeHCTBa
Usex1(f) = Uspxo(f) BBIXOAHBIX HANpPSDKEHUH TP HAXO-
KJICHUH JaTyrka B ogHopoaHoM DI1. Jlns crabuibHOM
paboTHI TpeThero ONoKa Takke HeOOXOAWMO yYEcTs,
9ro Rg= R7 || R9.

Jlamee koMmmeHcanmnoHHOe HampspkeHue Uy (f)
u Ug(f) SneKTpruYecKod eMKOCThIO JaTdyhka (CM.
puc. 3) mpeobpa3yercs B KOMIEHCHPYIOIINN 3JeK-
TPUYECKUH 3apsif
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qu (t) = +C : UKl(t) = +k0n1 1"on1,2 Bblxl (t)
t
onl Bblxl( ) (23)
qKZ (Z) == UK2 (t) 0112 lkon2,2 ’ UBbIX2 (t) =
0n2 Bbe2 (t)
k_,=C,
e { onl.2 ;’Ll o (24)
Koy =Cha

ko3¢ GuIMeHTh TpeoOpa3oBaHus Lienell 00paTHOro
npeoOpazoBanus OIl 1.2 u Ol 2.2 u

C. B. BUPIOKOB

R
Konl = konl.l 'k0n1.2 = Cnl 'R_93
T (25)
= k(;nl 1 k(;n12 = Crz &
. hit R

kod(uimeHTs peodpa3oBaHus Leneil 00paTHOTOo
npeobpazoBanus Ol 1 u OIT 2.

C yuerom xoaddummenton (12), (20) u (25) BbI-
XOJHbIE HAMPSKEHUS BYX KaHAJIOB MpeoOpa3oBaHuUs
JBOMHOTO JaT4MKa KOMIIEHCAIIHOHHOTO THHa OymyT
COOTBETCTBEHHO PABHBI:

K. 37rggor2 Sin” (920) : é(l + 2"}
BLIXI( ) = 1 K K O(I) = 1 : ' EO (Z)a
o T AL
C R ) R,
(26)
3mee,r” Sin’ % i, 1+R—f
U, (1) "Ey(t)= RSN PAY N0
BBIX2 =+ + 0 °
1+K K ! ;
2 1+ ”,2(1+R‘3J-R‘f
1 RS R7
KoncTpyknnonnsiii 6,10k ¢popMupoBanus
BBIXOAHOI'0 CUT'HaJIa (cyMMaTop) BLIX (t) 2-k UBLIXI (t)
st hopMHUPOBaHUS €IUHOTO BBIXOJHOTO CUTHANA 1 R, ) R,
JaTYMKA HCIOJb3YETCS YETBEPTHIA KOHCTPYKIMOH- 0 C 1+R7 Ri
HbIA Onok (cM. puc. 7, r). B KkadectBe uerBeproro = 6reg,r” Sin’ (_Oj ! 5 N E (1) (29)
O1oka BeICTynaeT cymmarop Ha OV ¢ aByms Bxoja- 2 ! C, 1 R, ) R,
MH, OJMH W3 KOTOPBIX WHBepTUpYyrommid. [1o uHBep- +F1 +R75 Rj

TUPYIOIIEMY k, U TI0O HEWHBEPTHUPYIOLIEMY &, BXOJaM
KO3 (UIIMEHTHl Tepelayn CyMMaropa COOTBETCT-
R12
u H

BEHHO OmpeesITes Kak [21]
2 oy k= R (1 + &J .
RIO Rll + Rl3 RIO

U3 Beipaskenwmii (27) cinenyet, 94To K03 HUITHESHTH
nepenauu k, # k, He paBHbI 10 MOyJIr0. [l obecre-
YEeHHUS! UX PaBEHCTBAa HEOOXOIUMO BBIIIOJHHUTH yCJIO-
BUA R]] = R]z, a R13 = R](). TOFI[a
k,=\k,|=R,/R;=R,/R,. C ydetom omnpeneneH-
HBIX KOX(UIMEHTOB TepeAadu Mo BXOJaM CyMMa-
TOpa ONPE/ICINM €T0 BBIXOAHOE HATIPSHKEHUE:

UBle (Z) k UBle2 (t) - kn [_UBblxl (t)] =
=kU

(t) + kHUBMXZ (Z)

k, = - 27

(28)

C y4erom TOrO, 4TO A}y = k;; U B OJTHOPOIHOM TIOJIE
Userx1 (6)=Usyxa(2), BBIpaKeHue (28) ¢ MOACTaHOBKOH
B HEro BeIpaXeHUH (26) MOXKHO PHUBECTH K BUAY

BbIX 1

Ecnu x anemMeHTaM M3MEpHUTENBHOW LIETH, y4acT-
BYIOIIMM B ypaBHEHUM IipeoOpazoBanus (29), nmpems-
SIBUTH CleAyromue TpeboBaHus: Ry > Rs, R; > R,
Ry > n-Rs, n > 10, To BeIMONHUTCS ycioBue (7); Torma
BEIpakeHHe (29) ynpocTutcs

R R,
C, Ry Ry

B ypaBuenne mpeobpazoBanus (30) BXomuT eMm-
KocTh natduvka C,. BeiBeeM ypaBHEHHUs AJis pacdera
3TOM €MKOCTH. [[Js1 3TOro comocTaBUM BBIPAKEHUS
IUT eMKocTei miockoro C, = £5,S / d u ceprudeckoro
Cey = 4mesyriry/(r, — 1)) KOHAEHCATOPOB, TAE 7|
W 7, paJuychl BHyTpeHHeH u BHelHel cdep. CpaBHe-
HHE IOKa3bIBAET, YTO B BBIPAKEHUU I eMKOCTU Cey
4wy r, = § — TUIOMWAL BIEKTPONOB, a (1, — 7)) =
=d — paccrosaue Mexnay cdepamu. [Ipu BeITIOTHE-
HUU ycinoBuil d K r 1 d < 1, MOXKHO JIOITYCTHTb, YTO
71 = 1, = r, TOTJIa TUIOIAJ(h MIOBEPXHOCTHU 3JICKTPOOB
ccbepnqecxoro KOHJICHCaTopa OyAeT ONpeiesaThCs

U, (t)=6ree,r’ Sin® (0"}- -E,(1). (30)
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K1accudeckoi gopmyoii S = 4m7°. Ecim yuects, uto
IUIOIIAZb TOBEPXHOCTH DJIEKTPOAa KOHJAEHcaTopa
B (opMe CepruiecKoro CerMeHTa ONpPEACIIAeTCs BbI-
paxenueM S = 47+7-Sin’(6, /2), ¥ MOJCTABUTH B Hee
yrioBo#t pazmep 6y, = 180°, To BbIpakeHHe ISl TUIO-
A TOBEPXHOCTH C(EpHIEeCKOro CerMeHTra Ipe-
BpamacTCsa B HMCXOAHOC BBIPAXKCHUC Ui ILIOIIAAU
MOBEPXHOCTH ceprl. O000INAs CKa3aHHOE, MOJIYIUM
BBIp@KEHHE JUII €MKOCTH KOHJIEHCATOpa paccMaTpH-
BAeMOr0 JIaTYMKa

2Qin42
C. - 4ree,r S;n 6, /2), 31)

re r — paguyc chepudecKux CerMeHTOB Ipu d <K 7.

C yueroMm Beipaxkenus misi C, ypaBHEHHE Tpeo0-
pasoBanus (30) 3HAYUTENHHO YIIPOIIAETCS W MPUHU-
MaeT BUJ

3 RR
UBblx(t):E'R7—]elz'd'E0(t)‘
9710

W3 Beipakenuns (32) BUAHO, YTO B YpaBHEHWH TIpe-
00pa3oBaHHs OTCYTCTBYIOT 3JIEMEHTHI, ONpeesieMble
KOHCTPYKTHBHBIMH pa3MepaMH JaTdvKa, W JUDJIEK-
TpU4ecKas MPOHUIIAEMOCTb MEXKIIEKTPOTHON Cpeabl
eMKocTH JaTtuuka. CrenoBaTellbHO, OHU He OyAyT
BHOCHTH JIOTIOJTHUTEIbHBIE COCTABIIAIONINE B HHCTPY-
MCHTAJIbHYIO MOTPCIIHOCTD JaTUYHKA.

ConocraBuM il CpaBHEHHUS! ypaBHEHHsI Mpeoopa-
30BaHUA JaTYUKOB C KOMHCHCBHI/IOHHOﬁ HU3MEPUTECIIb-
HOW 1lenbio (30) M AaTyMKa ¢ U3MEPUTEITHHON HENbI0
psSIMOTO IPE0OPa3OBaHMUs

90

R, +R)-R
U, (t)=6meg,r’ Sin® | =~ -M-Eo(z). (33)
2) C-R,-R,

CpaBHEHHE T[IOKa3blBaeT, 4YTO B JTOM Cclydae
B ypaBHEHHE MpeoOpa30oBaHUsI BXOAUT OoJIblIee YuC-
JIO 3JIEMEHTOB, BHOCSILIUX BKJIaJ B WHCTPYMEHTAJb-
HYIO0 TOTPELIHOCTh JaTyhKa, W IPEXAE BCEro, 3TO
KOHCTPYKTHBHBIE pa3Mepbl AaTduka R, ), a Takxe
3HAYEHUE AMAIEKTPHUYCCKON MPOHUIAEMOCTU & MEXK-
3JIEKTPOJIHOM CPEABl EMKOCTH AATUUKA.

Takum 00pazoM, TOyYEHBI YpaBHEHUs Ipeodpa-
3oBaHus m3MmeputensHoit nermu (30) u (32) nBoiHOTO
KOMIICHCAIIHOHHOTO  JaT4uKa HampsbkeHHoctd Ol
CBA3BIBAIONIME BBIXOJHOC HAIIPSAKCHUC NATUMKA C U3-
MepsieMoi HanpspkeHHOCThI0 OI1. 13 ypaBHeHnit npe-
oOpaszoBanus (30) u (32) MOXKHO YCTaHOBUTH COCTaB-
JAIONIYE OCHOBHOW WM JONOJHHUTEIBLHOW IOTpEIIHO-
CTEH aT4HKA.

(32)

INOT'PEIIHOCTHU JATYUKA KOMIIEHCALITMOHHOI'O
THUITA 1 ET'O UBMEPUTEJIbHOU IEITN

IlorpemHocTy JaTYvKa UM HU3MEPUTENIBHOM LENHU
MOHO pa3eJIUTh HA OCHOBHYIO U JIOIIOJIHUTEIbHYIO.

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 1

Ocnosnvie noepewrnocmu OyayT ONPeNenaThCs He-
TOYHOCTBIO M3TOTOBJIEHUS! KOHCTPYKTUBHBIX 3JIEMEH-
TOB JaTYMKa W MOTPELIHOCTAMH 3JIEMEHTOB H3MEpH-
TENBHOW LIEMH, BXOJSIINX B ypaBHEHHE TpeoOpa3oBa-
Husl. CyMMapHasi OCHOBHAsI IIOTPEIIHOCTh OIpeelisi-
eTcsl B HOPMaJIbHBIX ycioBusx [22]. [lpumenurensHo
K JaT4uKy HanpspkeHHocTd Ol B HOpMasbHBIE ycio-
BHA TaK)X€ JOJHDKHO BXOJUTH YCIOBHE OJIHOPOJHOCTHU
nojsi. B onHOpPOAHOM 1OJ€ JOJMKHO BBIIOJIHATHCS
paBeHCTBO Uyyxi = Upyxp, TIPU KOTOPOM  aIEKBAaTHO
BEIpakeHue (29).

HononnumenvHvie nozpeuwinocmu BBI3BaHBI OTKIIO-
HEHHEM YCJIOBHH OKCIUTyaTallud JaT4hKa OT HOp-
MaJIbHBIX YCHOBHﬁ. Cpe[m JOIIOJTHUTCJIIBHBIX II0-
IPENIHOCTeH PUMEHNUTEIBHO TOJIBKO K JaTYMKaM Ha-
npspkeHHocTH Ol BBIAETUM MOTPEIIHOCTb, BBI3BAH-
Hy10 HeogHopoaHocThio D11 [15].

OCHOBHbBIE TOTPEIIHOCTH CKJIQABIBAIOTCS U3 TIO-
IpEUIHOCTeN JaTuuKa W U3MEpUTENbHOM Iienu. AHa-
nmu3 o0miero ypaBHeHus: peoOpa3oanus (32) moxa-
3bIBACT, YTO OCHOBHAaA MOTPCHIHOCTHL AAaTUYMUKaA 6yaeT
OIIPENEINAThCS KOHCTPYKTHBHBIMU ITOTPELIHOCTSMH,
BBI3BAaHHBIMU HETOYHOCTBIO M3rOTOBJICHUS paauyca r
1 yTJIOBOTO pasMepa 6 UD matdmka, a Takke OTKIIO-
HEHHEM & AMANEKTPHYECKON MPOHHUIIAEMOCTH OT HO-
MHWHAJIBHOI'O 3HA4YCHUA. OI[HaKO, IIpyu  BBITIOJIHCHUHA
ycnoBus (7) ypaBHeHHe mpeoOpaszoBanus (29) ympo-
mjaeTcd U CBOJUTCS K ypaBHeHHIO (32), U3 KOTOpPOro
WCKJIFOUEHbl KOHCTPYKTHBHBIE JJIEMEHTHl IAaTUMKA F
u 0, a TAKXKE &.

OCHOBHYI0 MOTPELIHOCTh H3MEPHUTEIBHON LenH
KOMIICHCAIIMOHHOTO THIIA MOXHO YCTAHOBUTL U3
ypaBHeHHUs1 mpeoOpazoBanus (32). U3 Hero MoHO
BBISIBUTb MYIbMUNIUKAMUGHbIE U A0OUMUBHblE CO-
CTaBJISIFOILUE [TOTPELIHOCTH.

Mynemunnuxamuenas nocpewHocmsy KaHaia Ipe-
oOpa3oBaHusi TIpU BbIMonHeHHH ycioBus (7) u, co-
rinacHo BeipaxkeHuto (10), OyzmeT onpeaensTbesi OTHO-
CUTEJIBHOM IMOTPELIHOCTHIO TOJIBKO LU 0OpaTHOro
npeobpazoBanus Ol U B 3aBUCIMOCTH OT DJIEMEHTOB
uemu R;(R'7) u Ro(R'y). CyMmapHasi MyJbTUILTHKA-
TUBHAaA MOrpCIIHOCTb HSMCpI/ITCHBHOﬁ nenu gatrdyuvka,
coriacHo (32), OyneT erie BKIYaTh OTHOCUTENBHYIO
MOTPEIIHOCTh CymMMaropa (CM. puc. 7, T), KoTopas
onpesenseTcss 3JeMeHTaMu cymmaTtopa Rio(R'yo),
R5(R'\;), 1 OTHOCUTEIHHYIO TIOTPEITHOCTh MEXDIIEK-
TPOJHOTO PACCTOSHUSA d.

OmnpenenuM CyMMapHYIO0 OTHOCHTEIBHYIO MYJIb-
TUIUIMKATUBHYIO HOTPEIIHOCTh M3MEPHUTEIBHOM LN
JaTYrKa KaK MOrPEIIHOCTh KOCBEHHOTO N3MEPEHHS

51&( = \/5.27 + 51?9 + 51?10 + 51?12 + 5; s (34)

rie Or7, Oro, Orio M Oriz — OTHOCHTENBbHAS TOTPEIIl-
HOCTBb, WA TEXHOJIOTHYECKHIH pasopoc



34 C. B. BUPIOKOB

COOTBETCTBYIOIINX PE3UCTOPOB; J; — IOTPEIIHOCTh
MEKDJIEKTPOTHOTO PACCTOSHUSL.

Abconomuas adoumuenas. NO2peuHoOCms H3Me-
PUTENBHON LIeTM KOMIEHCAIMOHHOIO THIa OIpeje-
JISIeTCSl BIUSHUEM BHYTPEHHHX aJTUTHBHBIX TTOMEX
Ha BbIXxojax npeodpasorateneii [1I1 u OIl. AxnuTue-
HBbIE TIOMEXH A, IEHCTBYIOINNE Ha BBIXO/AaX mpeodpa-
30BaTesield, MOKa3aHbl B BUJE CTpPEIOK Ha puc. 6.
[IpuBeneM 3TH MOTPEIIHOCTH K BXOJY HU3MEPUTECIIb-
HOM IIEMH 110 IBYM KaHaJIaM peoOpa3oBaHus

A A
Ag,, = — _[Aa ket 1Ko 2 +A4];
krml krmlkrmZ ‘ ‘
(3%5)
Al Al
Agq ,=| ——+—2— |-[A -k k' +A],
9 x2 Rk [ 3 Kont.1on1 2 4]
rae Ay, Ay, A'y, A5, — aaIUTHBHBIE IIOMEXHU I10CIIE

npeobpazosareneit [111, , [1I1,, u I, ,, [11,, mep-
BOT'O M BTOPOTO KAaHAJIOB LIEMU MPSIMOTO Mpeodpaso-
BaHus;, Az, A4, A5, A'4 — aqqUTHBHBIC IOMEXU I1OCIIE
OIl,,, OIl;;, u OIl,,, OIl,, nepBoro u BTOPOTo Ka-
HAJIOB I[ENH 00paTHOTO PpeoOpa30BaHMUS.

JTa MOrpeniHoCTH, MPUBEJCHHBIC K BXOY, HE 3a-
BUCST OT INIyOMHBI OOpaTHOM CBS3U W, CIeJ0BaTElNb-
HO, HE MOTYT OBITH YMEHBIIIEHBI HCIOJIH30BAaHHEM
CXeMbl KOMIIEHCALIMOHHOTO THIIA.

Hononnumenvuas noepewtHocms, BBI3BaHHAS He-
onHOoponHOCTEIO OI, ompenensieTcst yriioBEIM pa3me-
pom 6, UD, BEINOIHEHHOTO B (opMe ChHepHIecKoro
cermeHTa. Ciemyer 3aMeTHTh, YTO B HEOJHOPOTHOM
noJie yciioBre paBeHCTBA Upyyy(f) = Upuxo(?) B BhIpa-
xeHnu (28) He BHIMIONHSAETCSA. B ycnoBusx HeomHO-
POAHOCTH oIl UBBIX](t) = UBLIX](I)'(1+51)a a UBLIXZ(t) =
= Upux2(?)-(1+6,). DTO NMPUBOAUT K NOTPEITHOCTH BBI-
XOJHOT'O HAIIPSKECHUS I/I3M€pI/IT€HI)HOI71 Oenu JatTdyuka

Ul )=U,, (z)-[u‘%‘%j ~ U, (0-(1+9).

r7ie 6; U O, — TOTPEUTHOCTH, BHOCUMBIE HEOTHOPO/I-
HOCTBIO IIOJI B IIEPBBIM U BTOPON OJUHAPHBINA NAT-
YUMKH, BXOAAINIHME B COCTAaB ﬂBOﬁHOFO JaTdyuKa, 3TH
MOTPEIIHOCTH B3aMMHO NPOTHBOIOJIOXKHEI 110 3HAKY;
0 — IOTPELIHOCTh OT HEOIHOPOAHOCTHU MOJISI ABOM-
Horo nartyuka. ONTUMHM3MPOBATh 3TU IOTPEIIHOCTH
MO>KHO U3MEHEHHEM YTIIOBOTO pa3Mmepa chepruuecKux
asieMeHToB YD nardmka.

B paGote [15] moka3aHo, 4TO ONTHMAJIbHBIM YT-
JIOBBIM pazMepoM UD ¢ TOUKHM 3peHus MUHUMAIBHOM
MOrp€mHOCT U MaAKCUMAJIbHOT'O ITPOCTPAHCTBECHHOI'O
NMana3oHa HM3MEPEeHUil SBIsSETCS YTIIOBOM pa3Mep
6y = 60°. IIpu Takom yrioBoM pasmepe UD morpemi-
HOCTh O 0T HeopHopoaHoctu DI He mpeBbicuT + 5%
BO BCEM IPOCTPAHCTBEHHOM JTHANa30HE W3MEPEHHH.

W3 pe3ynbTaroB aHanusa MOIPEMIHOCTEN CIENyET,
YTO HCIIOJIb30BaHUE W3MEPUTEIbHON Lenu KOMIIEH-
CallMOHHOTO THIIA B UCCIIELYEMOM JaTUUKE IPUBOIUT
K CYILECTBEHHOMY CHIDKEHMIO MOTPEIIHOCTH MO CpaB-
HEHHIO C MOTPEIIHOCThI0, BHOCUMON U3MEPUTENbHON
LENbI0 IPSIMOT0 MpeoOpa3oBaHusl.

Takum 00pa3oM, NpUMEHEHHE KOMIIEHCALMOHHO-
ro MCETOJa MOBBIIIACT TOYHOCTH HU3MCEPCHUA. I[am,-
HEHIIe HMcciIeoBaHUs AOJKHBI OBITH HAaIlPaBJICHBI
Ha CO3J]aHKie TPEXKOMIIOHEHTHOT0 KOMIIEHCAIIOHHO-
ro JaTyuka HanpsbkeHHocTtd Ol

BBIBOAbI 1 3AKJIFOYEHUE

[IpoBeneHHsle UccIeIOBaHNUSA MO CO3/IaHUIO KOM-
MEHCAIIMOHHOTO JaTyuka HampsbkeHHoctu OII mo-
3BOJIIIOT CAEJIATh CIIEAYIOIIME BBIBOJBI U 3aKJIOUe-
HHUE.

1. TlpennoxeHa uaest co3naHus IBOMHOIO OJIHO-
KOMIIOHEHTHOTO C()epUUECKOr0 AaTYMKa HaIpsKeH-
HocTH DI KOMIIeHCaMOHHOTO THIIA.

2. PazpaboTaHbl TeopeTHYECKHE IMOJIOXKEHHs, MO-
3BOJIMBIINEC

— paccMOTpeTh (pu3MUYEecKHe MPOLECChl, IMPOTe-
Kalolllieé BHYTPU BOCHPHUHUMAIOIIETO TOJe KOHJIEH-
caropa JlaTYMKa IOJ JEHCTBUEM BHEIIHErO U BHYT-
penHero OII, B OCHOBE KOTOPBIX JIEKHUT MPUHIIMII
CyNEpIIO3ULIUY MOJIEH;

— COCTAaBUTh CTPYKTYPHYIO CXEMY U3MEPUTEIILHON
LenH AaTyuka HanpspkeHHoctH Ol xommeHcanuoH-
HOTO THIIA,;

— IIPOAHAJU3UPOBATh OCHOBHBIE IOTPEIIHOCTH
W3MEPUTENBHBIX LeNed KOMIEHCALIMOHHOTO THIIA
" BBIACIIUTH M3 HUX MYJbTHIUIMKATUBHBIC WU aJAdW-
TUBHBIE TTOTPELIHOCTH.

3. IlpennoxeH y3esn CpaBHEHUS KOMIIEHCAIMOH-
HOTO JIaTYMKA, C HCIOJIb30BaHUEM BOCIPHHHMMAIOIIIE-
ro OIl koHzeHcaTopa, JeXallero B OCHOBE €ro Io-
CTPOEHUS.

4. TlpennoxeHo KOHCTPYKTUBHOE PEUICHUE OJHO-
KOMIIOHEHTHOTO JIBOMHOTO Cc(hepHYecKoro 3JIeKTpo-
WHAYKIMOHHOTO JaTyvka HamnpspbkeHHocTH Il xowm-
IICHCAllMOHHOI'O THUIIA.

5. CocraBiieHa CTPYKTypHas CXeMa H3MEepUTellb-
HOW UEeNU ISl NPEIJIOKEHHOTO KOHCTPYKTHUBHOIO
pelICHUA naT4uKa.

6. Ilomyuens! ypaBHeHHS TpeoOpa3oBaHUS IABOU-
HOI'0 KOMIICHCAIIMOHHOI'O JaT4YuKa HANPsSKCHHOCTHU
OII ¢ yueToMm ero m3MepHUTeIhHON IEIH, CBSI3bIBAIO-
IIUe U3MEPSIEMYI0 HANPSHKEHHOCTh Mot Ey(f) ¢ BbI-
XOJTHBIM HampspkeHueM U, (f) HW3MepuTeNbHON Ie-
IIH.

7. IlpoBeieH TEOPETUUECKUM aHAIU3 COCTaBJIAIO-
UX MOTPEHIHOCTEH OJHOKOMIIOHEHTHOI'O JABOMHOIO
cepuiecKoro 3JIEKTPOMHAYKIIMOHHOTO JaT4yriKa Ha-
npsokeHHOCTH D11 KOMIIEHCalMOHHOTO THIIA.
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8. B pe3ynbrare mccienoBaHuil BIEpBBIE MOTyde-
HO AHAINTUYECKOE BBIPAKCHUE [UISI 3JIEKTPHUYECKOM
€MKOCTH KOHZIEHCATOpa C AIIEKTpoAaMu B ¢opme ce-
prdeckux cermenToB C,=4 7 g6y 1>-Sin*(6y/2) / d.

9. IlokazaHo, YTO H3MEpUTEIbHAs LENb JaT4MKa
KOMIICHCAIIUOHHOTO ~THUIMa TI03BOJIIET HE TOJIBKO
YMEHBIIUTh MYJBTUIUIMKATUBHYIO IOIPELIHOCTb, HO
1 MPAKTUYCCKNU UCKIIOYUTH MOrpCIIHOCTU, BbI3BAHHBIC
HETOYHOCTBIO BBITIOJIHEHHS TEOMETPUUIECKHUX Pa3MEPOB
KOHCTPYKTUBHOW YacTH IATYMKA.

B 3akmroueHne ciemyer ckaszaTb, YTO IOJTYYCHBI
HOBBIE 3HAHWS 10 Pa3pabOTKe MBOWHBIX cdepuye-
CKUX DJJICKTPOMHAYKIMOHHBIX JAaTUMKOB HAIIPAIKCH-
HocTh DIl KOMIEHCAIMOHHOTO THITA
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FUNDAMENTALS OF DESIGNING COMPENSATING
ELECTROINDUCTIVE SPHERICAL ELECTRIC FIELD
STRENGTH SENSORS

S. V. Biryukov

Omsk State Technical University (OmSTU), Omsk, Russia

This work aims to develop a theoretical foundation for the construction of dual, single-component, compen-
sation-type inductive electric field strength sensors. The development of such sensors is aimed at improving the
accuracy of measurements and monitoring of low-frequency electric field strength levels in areas where high-
and ultra-high-voltage equipment operates, ensuring the safety and comfort of their maintenance personnel.
Therefore, this work is highly relevant. The compensation-type sensor implements a balancing transformation
method. The complexity of implementing this method for an electric field strength sensor is associated with the
creation of a comparison unit in which the measured electric field strength £, and the compensation field
strength Ey are compared. The theoretical foundations substantiate the feasibility of constructing a comparison
unit. The comparison unit is a structurally formed electric capacitor whose internal dielectric has a permittivity
of ¢. Using the principle of field superposition, this work examines the physical processes occurring in the di-
electric of an electric capacitor. It is shown that the measured field £, and the compensation field £y act in the
same straight line and are oppositely directed. This allows for the creation of an ideal comparison unit. To en-
sure that the sensor introduces predictable and mathematically processable distortions into the electric field, it is
proposed to implement a spherical sensor body and its sensitive electrodes in the form of spherical segments. It
is proposed to implement a compensation-type sensor as a double, single-component device containing two
diametrically opposed sensitive elements that are part of two electric capacitors that serve as comparison units.
For the first time, an expression has been obtained for calculating the capacitance of an electric capacitor with
sensitive elements in the form of spherical segments. A compensation-type measuring circuit for a double, sin-
gle-component sensor using the proposed comparison units is proposed. Transformation equations for the sen-
sor and the measuring circuit are obtained, relating the measured electric field strength E, to the output voltage
of the measuring circuit U,,. The main and additional errors of the compensation-type electric field strength
sensor are identified. The new knowledge obtained in this work can form the basis for the development of
compensating electric field strength sensors.

Keywords: electric field, field strength, compensating sensor, dual sensor, comparison unit, compensating-type measuring
circuit
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INTRODUCTION

Electric field (EF) strength sensors and measuring
instruments based on them are used to monitor and
measure the strength of low-frequency EFs of high-
voltage equipment, high- and ultra-high-voltage power
lines, and substations in order to ensure safe working
conditions for maintenance personnel. In this regard,
the author has been conducting long-term research in
the field of constructing EF strength sensors. The re-
search results allow us to conclude that the majority of
EF strength sensors and their measuring circuits,
known from the technical literature [1-10], are im-
plemented using direct conversion circuits. However,
classical technical literature also considers measuring
instruments of balancing conversion (compensation
type), which make it possible to significantly reduce
their conversion errors. Compensation-type measuring
instruments employ measuring circuits in which the
main node is the comparison node. This unit compares
the measured physical quantity and the compensating
physical quantity generated in the feedback loop of
the measuring circuit. For EF strength measuring in-
struments, the input quantity of the comparison unit is
the field strength. Generating a compensating physical
quantity in the form of EF strength was long consi-
dered difficult. However, in 1985-1986, studies [11-
13] appeared aimed at creating single compensation-
type EF strength sensors, but they did not achieve
widespread use. These studies [11-13] enabled the
author to conduct research, the results of which led to
the creation of a comparison unit suitable for con-
structing low-frequency EF strength sensors of com-
pensation type. The comparison unit is a structurally
designed electric capacitor. The capacitor is based on
sensing and compensating electrodes, separated by
a dielectric. The creation of the comparison unit was
preceded by a study of the physical processes occur-
ring under the influence of an external measured and
internal compensating low-frequency electric field.

PROBLEM STATEMENT

Therefore, this paper will examine the fundamen-
tals of constructing double electroinductive spherical
compensating-type EF strength sensors using single-
component sensors as an example.

To develop a brief theory of operation and design
of compensating-type EF strength sensors, the follow-
ing set of problems must be solved:

1) propose the idea of creating a double compen-
sating-type EF strength sensor based on the use of an
electric capacitor;

2) examine the physical processes occurring inside
the electric capacitor under the influence of external
and internal fields, using the principle of field super-
position;

3) propose the creation of a compensating sensor
comparison unit using a specially designed electric
capacitor;

4) examine the structural diagram of the compen-
sating-type measuring circuit and identify its errors;

5) derive a transformation equation for the measur-
ing circuit of a double compensating EF strength sen-
sor, relating the measured EF strength £, to the output
voltage Uy, of the measuring circuit;

6) propose a design solution for a double single-
component spherical electroinductive compensating-
type EF strength sensor;

7) create a structural diagram of the double sensor
measuring circuit according to the proposed design
solution;

8) identify the components of the primary and sec-
ondary errors of the proposed double sensor design
solution.

BRIEF THEORY

The practice of constructing low-frequency induc-
tive EF strength sensors (LEF) [1-10] shows that they
are based on a structurally organized electric capaci-
tor. It should be noted that:

— the operation of inductive field strength sensors
is based not on changing the capacitor's electrical ca-
pacitance, but on measuring the electric charges in-
duced by the field on the surface of the capacitor's
electrodes, which are proportional to the EF strength;

— virtually all inductive field strength sensors em-
ploy the principle of direct conversion, which has
larger errors compared to the principle of compensat-
ing conversion.

In light of the above, it is advisable to consider the
possibility of constructing low-frequency double in-
ductive field strength sensors (LEF) using the prin-
ciple of compensating conversion. For further discus-
sion, we will assume that the sensor detects an alter-
nating sinusoidal electric field Ey(¢). Therefore, for
simplicity, from here on in the notation of quantities,
we will omit the time dependence of the physical
quantities used and introduce it only where this time
parameter is necessary.

It is known [14] that a necessary element in com-
pensating conversion devices is a comparison unit, in
which two identical quantities are compared, one of
which is the input x, and the other the compensation
X, generated within the measuring circuit via feed-
back. The result of the comparison will be the quantity
Ax=x—x, (Fig. 1).

Fig. 1. Comparison node.




A distinctive feature of an inductive field strength
sensor is that its input variable x is the field strength
E, of the original field or the proportional electric
charge g, induced on the surface of the sensor's sensi-
tive electrode. Consequently, the feedback loop must
generate a signal in the form of either the EF strength
E, or the electric charge g,. Then, the comparison re-
sult must be either AE = Ey — E, or Ag = qo — ¢x-

Generating a signal in the sensor in the form of the
EF strength E, is quite difficult. Therefore, it is most
practical to represent this signal as the electric charge
G

As mentioned earlier, inductive field strength sen-
sors are based on a structurally organized electric ca-
pacitor, shown in Fig. 2.

Fig. 2. Electrical capacitor of the sensor as a compar-
ison unit.

The idea for creating a comparison unit was in-
spired by research into the physical processes occur-
ring inside an electric capacitor under the influence of
external and internal EFs, using the principle of field
superposition. Let's consider these processes using the
example of a structurally designed flat electric capaci-
tor with a dielectric.

The capacitor consists of two conducting elec-
trodes, D1 and 22, and a dielectric with a permittivity
of . The results of the study showed that the capacitor
can serve as an ideal comparison unit, since under the
influence of an external EF and the field created by
the charge ¢, physical processes can be created within
it that proceed in mutually opposite directions. For
convenience of further discussion, we will denote
electrode D1 as the sensing electrode (SE) and elec-
trode D2 as the compensating electrode (CE).

Let's analyze and consider the physical processes
occurring in an electric capacitor. We will use the
principle of field superposition in our analysis. The
results of the analysis are presented in Fig. 3.

Fig. 3. Stages of physical processes occurring in a
capacitor.
a — capacitor in an external EF; 6 — capacitor con-
nected to voltage U; B — total field in the capacitor
dielectric

Since the comparison unit assumes the influence of
two physical quantities (see Fig. 1), in our case, we
must ensure that the capacitor is exposed to two oppo-
sitely directed EFs. One of these fields will be the
measurable field, with a strength of E, and the other

will be the compensating field, with a strength of E_.

Since the vectors of these fields act along the same
line, we will henceforth omit the vector sign and write

them as E, and E,, and account for their direction us-
ing the "+" or "-" signs. Next, we will break down the
effects of the EFs on the electric capacitor into three
stages.

In the first step (Fig. 3, a): imagine an electric ca-
pacitor placed in an EF with a strength of £,. Under
the influence of this field, the capacitor's dielectric is
polarized. This leads to the bound charges of the di-
electric being redistributed and creating their own op-
positely directed EF with a strength of E'. Then, the
total EF E in the dielectric will be the sum of the ex-
ternal field E, and the internal field E', ie., E=
=FEy— E.<E, The total EF E inside the capacitor's
dielectric will be codirectional with the external
measured field £, However, it will be weakened by
a factor of ¢, i.e., E = E,/ g where ¢is the permittivity
of the dielectric. The total field £ will create opposite-
sign electric charges t¢, on the electrodes of the electric
capacitor, equal in magnitude to gy = €5S - E =S - Ey,
where S is the surface area of the electrodes of the
electric capacitor, g=28.85 - 10" F/m is the electric
constant.

In the second stage (Fig. 3, 0), we will assume that
there is no external measurable EF E,. To create
a compensation field E,, we impart a certain electric
potential ¢, to the CE of the electric capacitor by act-
ing on it with a compensation voltage U,. This will
result in the appearance of opposite-sign compensat-
ing electric charges ¢, on the electrodes of the elec-
tric capacitor, these charges are equal in magnitude to
gi=C, - Ug= €58 - E; and are proportional to the
compensating field £, where C, is the capacitance of
the electric capacitor (sensor).

Thus, when a capacitor is introduced into the EF,
two oppositely directed fields with intensities £ and
E, will exist in it.

In the third stage (Fig. 3, B), the resulting field in
the capacitor will be a superposition of two mutually
opposite fields £ and E,. Taking into account the su-
perposition of the fields, a single field will be created
in the electric capacitor, the field is equal in absolute
value to AE = E — E,. This field will create opposite
electric charges *Ag on the electrodes of the electric
capacitor, equal in absolute value to Ag = €55 - AE =
= EEOS(E — EK) =qdo— Yk

As a result, we obtain a natural comparison node,
the input physical quantities of which are the electric
charges qo= &S - Eyand u g, = €&S - E,, and the out-
put is the electric charge Ag = &S - AE = egS(E — Ey)
=40~ G-

Thus, the comparison node implements the com-
parison of two physical quantities g, and ¢, in the
form Ag = qo— ¢x.



The next task is to establish a functional relation-
ship between the input value £, and the output value
of the measuring circuit Uyy.

To generate the output value of the measuring cir-
cuit of a compensation-type sensor, it is necessary to
construct a transformation chain that establishes this
functional relationship based on expression (1). To do
this, we will recreate the process of subsequent trans-
formations that the measuring circuit must perform to
obtain the required output signal of the measuring cir-
cuit. We will draw a general structural diagram of the
measuring circuit and present it in Fig. 4.

Fig. 4. Compensation-type measuring circuit.
YC — comparison unit; ITIT — forward converter;
OIT — reverse converter

The structural diagram of the measuring circuit in-
cludes a comparison unit (CU), a forward converter
(FC), and an inverse converter (IC). The FC and IC
converters can be represented as chains of converters.

The CU inputs receive the measured EF voltage E,
and the compensating voltage U,, which are respec-
tively converted by the sensor capacitor into electric
charges g, and g.

The comparison unit CU generates a difference
signal

Ag=q,—4,- (D

In expression (1), the electric charge g, =kE, is
proportional to the measured EF voltage E,, and the
electric charge ¢, =C,-U, is proportional to the
compensating voltage U..

The forward converter FC, located in the direct
conversion circuit, converts the difference signal into
an output voltage

U,.=K, Aq, (2)

BBIX

where K, is the gain of the FC converter in the direct
conversion circuit.

The inverse converter (IC), located in the inverse
conversion circuit, converts the voltage U, into
a compensating voltage Uy

UK = kon : UBI;IX > (3)

where k,, is the gain of the IC in the inverse conver-
sion circuit.

The voltage Uy is converted into a compensating
electric charge through the capacitance C; of the sen-
sor's electrical capacitor,

qK = C}:[ ' UK = C)]kOHUBbIX = KOHUBLIX > (4)

where K, is the gain of the IC in the inverse conver-
sion circuit, taking into account the sensor's capacit-
ance C,.

The desired equation for the functional relation-
ship between the input and output quantities of the
measuring circuit will be sought in the form,

U = Ko = Kk - Ey (5
where Ky is the gain of the entire compensating mea-
suring circuit; k is the proportionality coefficient be-
tween ¢y and E, (this relationship will be established
below).

We express Ky from expression (5) and substitute
expressions (1)—(4) into it. We then obtain the con-
version equation for the compensating measuring cir-
cuit. The conversion equation establishes a functional
relationship between the output voltage Uy« and the
input physical quantity £,

K k-K,

U — I . — . s 6
- 1 + Kl'll'l : K()H qo 1+Kl'll'l ' KOH ’ ( )
where K, = _ K .
YO1+K,, K,

From expression (6), it follows that the output vol-
tage of the measuring circuit is proportional to the EF
voltage E, and depends on the conversion coefficients
of both the forward conversion circuit K, and the
reverse conversion circuit K.

If condition (7)

K, -K, 6 >>1 (7)

is met, the measuring circuit conversion equation,
defined by expression (6), takes the form

Ui =7 Ey (®)

and is virtually independent of the conversion coeffi-
cient K, of the forward conversion circuit. In this
case, the error of the forward conversion circuit will
not be included in the measurement error. However, to
achieve high sensitivity, K, should be reduced, and to
satisfy condition (7), K, should be increased.

Let's evaluate the errors of the compensating-type
measuring circuit. They can be divided into multiplic-
ative and additive errors.

The relative multiplicative error is due to the in-
stabilities of the K, and K., coefficients. It will be
defined as the indirect measurement error

du 1 KK
5 — BbIX — 5 —_ 5 Juiss on R 9
DU, 14K K, 1+ KK, ®

BBIX




where &, is the error of the gain of the FC of the

forward conversion circuit; &, is the error of the

gain of the IC of the inverse conversion circuit taking
into account the sensor capacitance C,. From expres-
sion (9), it follows that when condition (7) is met, the
error due to the instability of the forward conversion
circuit gain K, decreases by a factor of (1 + K, - Kon)-
Consequently, less stable and less linear converters
can be used in the forward circuit. As for the error due
to the instability of the inverse conversion circuit gain
Koy, it is almost entirely included in the total multip-
licative error &, . Consequently, the inverse conver-

sion circuit gain must have high stability and linearity.

It should be noted that fulfillment of condition (7)
leads to a decrease in the sensitivity of the measuring
circuit and a simplification of expression (9) for the
multiplicative error

1

6 =
. KI'II'I KO 11

U,

51(,", - 51<m, (1 0)

From expression (10), it follows that the relative
multiplicative error of the measuring circuit consists
of the sum of two components. The first component is
determined by the error of the forward conversion
circuit, reduced by K, - Ko, times, and the second is
determined by the error of the inverse conversion cir-
cuit, which is fully included in the total error. There-
fore, more stringent requirements must be imposed on
the error of the converters in the inverse conversion
circuit.

The absolute additive error in a compensation-
type measuring circuit is determined by the influence
of additive noise acting at the outputs of the FC and
IC converters. This error, normalized to the input, is
independent of the feedback depth and, therefore,
cannot be reduced by using a balancing conversion
circuit.

Aqu: A_FL_F“._FL _
k.. k_k k k .k_

m 1 Tl 2 2 **
o TV PN LY. VRV S SR S i
where A, A, ..., A, are the additive noise after 1, 2,

..., m FC converters of the forward conversion circuit;
Ay, Ay, ..., A',— additive interference after 1, 2, ...,
n IC converters of the inverse conversion circuit.

It should be noted that the error of the compensa-
tion-type measuring circuit is significantly reduced
compared to the error of the direct conversion measur-
ing circuit.

DOUBLE SPHERICAL EF STRENGTH SENSOR
OF COMPENSATION-TYPE

There are known devices for measuring EF voltage
[11-13] that utilize a flat, single-component, elec-
troinductive compensation-type EF voltage sensor.
These studies demonstrate that the compensation-type
sensor reduces the error introduced by the sensor ele-
ments. However, it does not reduce the error due to
common-mode interference and pickup. Only
a double sensor [15, 16] can eliminate these error
components. As demonstrated by the studies con-
ducted in [15, 16] and the requirements developed
therein for EF strength sensors, the sensor must be
double and spherical, with the ability to differentially
connect it to the measuring circuit. We will use the
results of this brief theory as the basis for constructing
a double, single-component, spherical compensating-
type EF strength sensor. The proposed sensor is
schematically shown in Fig. 5. Sensor 1 is based on a
conductive spherical base 2 of radius » with two di-
ametrically opposed circular cutouts and two structu-
rally organized electrical capacitors located in these
cutouts. The first capacitor has conducting electrodes
3 and 5, and the second has electrodes 4 and 6.

Fig. 5. Double single-component spherical EF
strength sensor of compensation type.

The capacitor electrodes are shaped like spherical
segments with an angular dimension of 6, and a radius
of » £d/2. They are arranged so that their shape com-
plements the spherical base to form a sphere, where d
is the distance between the capacitor plates. Between
the capacitor electrodes is a dielectric with a permit-
tivity & Leading from the capacitor electrodes are
contacts with numbers that match those of the corres-
ponding capacitor electrodes. Capacitor electrodes 3
and 4, which sense the field, are called sensing elec-
trodes (SE), and electrodes 5 and 6, which participate
in creating the compensation field, are called compen-
sating electrodes (CE).

Thus, a double sensor is formed with two diametri-
cally opposed single sensors, the operating principle
of which is explained in the brief theory. For proper
operation of the sensor, the sensor must be included in
the measuring circuit.

MEASURING CIRCUIT OF A DOUBLE
COMPENSATION-TYPE SENSOR

Structural diagram

A double field strength sensor consists of two sin-
gle sensors, which utilize the measuring circuit shown
in Fig. 4. Thus, a double sensor has two conversion



channels, each of which must have identical measur-
ing circuits, the outputs of which are combined by
a differential converter into a single sensor output sig-
nal.

One possible structural diagram of a double sensor
measuring circuit is shown in Fig. 6. The structural
diagram of the double field strength sensor measuring
circuit includes two conversion channels and a two-
input differential adder combining them. Each conver-
sion channel has forward and reverse conversion cir-
cuits. The forward conversion circuits of the channels
consist of forward converters I1I1 1, including conver-
ters I1IT 1.1 and IIIT 1.2, and I1IT 2, including conver-
ters III1 2.1 and IIIT12.2. The inverse conversion cir-
cuits of each channel consist of inverse converters
OII 1, including converters OIl 1.1 and OII 1.2, and
OII 2, including converters OIT 2.1 and OIT 2.2. The
conversion equation for each conversion channel, as
shown previously, is determined by expression (6).

Fig. 6. Structural diagram of the measuring circuit of
a double EF voltage sensor.

Let's consider the composition of the blocks that
form the structural diagram of the measuring circuit of
the first conversion channel. When selecting blocks
and creating the structural diagram, the requirements
outlined above in the brief theory should be taken into
account, namely:

— the conversion coefficient of the forward conver-
sion circuit must be significantly higher than that of
the inverse conversion circuit;

— the linearity and stability requirements for the in-
verse conversion circuit blocks must be more stringent
than for the direct conversion circuit;

— the input i;(¢) and output U, (?) signals of the first
channel must be negative, while those of the second
channel must be positive, i.e., the signals must be op-
posite in phase.

Structural blocks

Functional requirements

These requirements can be met by using three ba-
sic structural blocks in each conversion channel: two
in the forward conversion circuit, two in the reverse
conversion circuit, and one, the fourth type, block that
combines the signals from the two conversion chan-
nels.

Let us consider the basic blocks of the measuring
circuit separately and determine their conversion fac-
tors necessary for analyzing expression (6). The struc-
tural blocks of the measuring circuit of a compensa-
tion-type sensor are shown in Fig. 7.

Fig. 7. Structural blocks of the measuring circuit of
a compensation-type sensor.

OY — op-amp (OA), a — charge amplifier (¥3),
6 — non-inverting amplifier, B — inverting amplifi-
er, r — adder with inverting and non-inverting inputs

Before analyzing the basic blocks of the sensor's
measuring circuit, we note that, according to the
above brief theory, the output expressions of the con-
version channels are determined by expression (6)

UBLIX (t) = 1 HHI!z : q (t) =
2 1+ krml,Z : kon1,2 o
—_ T l,2
—F w2 p (), (11)
1+knnl,2.k0n1,2 0( )
2Q:n2 90
where k =3mg,r”Sin” — (12)

is the proportionality coefficient between Ey(f) and
qo(?), depending on the shape and size of the gauge's
sensitive element [15, 16]; go12(f) are the electric
charges induced on diametrically opposite gauge's
SEs.

The induced electric charges vary according to a
harmonic law and are defined as

9012 = ;J‘J‘ O, OF dSl,z > (13)

where "+ " indicates the phase opposition of the sig-
nals, o7 ,(?) is the surface density of the induced elec-
tric charges on the SE surfaces, and dS; , is the spheri-
cal surface element of the gauge's SE.

The comparison unit generates a difference signal

according to expression (1), which we write taking
into account the time dependence

Ag,, (1) = 1[% 120 =Gy, (t)] =
-
I+k,k

1 onl,2

=+ ‘%1,2([)- (14)

Structural blocks for the implementation
of I 1.1 and IIIT 2.1

The first main blocks are the forward converters
IIT1.1 and IIIT 2.1. With regard to the EF strength
sensor, charge amplifiers CA (OVY) [17-21] (see
Fig. 7, a) should be used as the first blocks of T1IT 1.1
and I1I12.1. These are used, for example, to remove
the electric charge from a hydrophone [18] or a pie-
zoelectric sensor [20].

According to its operating principle, the CA is
a current integrator [21], integrating the input electric



current

=280
’ ds

and converting it into a voltage proportional to the
electric charge

(15)

U0 == [T 0]dt = Aq,(0) =

1
= krml.l : Aql (t)7

(16)
U, (t) = +ij[i2 O]dr =+ -Agy(1) =
C C
= krmZ.l : qu (t)7
Where krml.l :Ul—(t):L’ krm2.1 = UZ(t) :ir (17)
Ag,(t) G, Ag,(t) G,

are the CA conversion coefficients in the first and
second channels of converters III11.1 and ITI12.1,
determined by the CA parameters; C;, C'; are the in-
tegrating capacitances (see Fig. 7, a). Note that all
designations in expressions (16)—(18) and in subse-
quent expressions correspond to the designations in
Fig. 7. The T-shaped circuit R;-C>-R, in the CA en-
sures the op-amp operates in DC mode. Correctly se-
lected elements of the T-shaped circuit will not have
a significant impact on the operation of the ultrasound
system, and this impact is reduced by the inverse
transformation circuit.

Analysis of expression (15) shows that to increase
the conversion gains k11 and kyp; of the forward
conversion circuits [1IT 1.1 and I1IT 2.1, it is necessary
to reduce the integrating capacitances C;, C';. Howev-
er, this is not always acceptable.

Structural blocks
for implementing FC IIII 1.2 and I1IT 2.2

To increase the conversion gain of the direct-
conversion circuits, a second block (see Fig. 6) is
used; this block can be a non-inverting amplifier
based on an op amp (Fig. 7, 6). Then, using the
second block, the output voltages Uy« 2(?) of the di-
rect conversion circuits I1IT 1.2 and I1I1 2.2 will take
the form [21]

UBlel (t) = _krml.Z : Ul (t) =
:_krml.l .krml,2 Aql (t) :_Krml Aql(z)9 (18)
UBbe2 (t) = +knn2.2 ’ U2 (t) =
= +k1;n2,1 Konos *AG, (1) =+K ;- Ag, (D),
k.,=1+R,/R;,
where ' S (19)
Kupr =1+ R | Ry

are the conversion coefficients of the non-inverting
amplifiers in the first and second channels of the con-
verters [1I1 1 and I1I1 2.2 (see Fig. 7, 6);

1 R
K. =k -k =—|1+=|
mml mml.1 mml.2 Cl( R J

5
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KrmZ = krmZ.l ’ krm2.2 = %(1 + _6j

1

(20)

are the conversion coefficients of the direct conver-
sion circuits I1IT 1 and IIIT 2. Electrical components
with a prime, included in the conversion coefficients
and equations, here and below refer to the second
conversion channel of the measuring circuit.

Structural blocks for
the implementing IC OII 1 and OII 2

The third main structural block is the inverse con-
verter IC, consisting of converters OIl 1.1 and
OIT2.1. An inverting amplifier should be used as
converters IC 1.1 and IC 2.1 (see Fig. 7, B). Taking
into account the inverting amplifier, the output com-
pensating voltages Uy (f) and Ux(f) of the inverse
conversion circuits of OIl 1.1 and OIIl 2.1 will take
the form [21]

{ UKI (t) = +k0nl.lUm>1xl (t)5 (21)
UKZ (t) = _kOHZJUBbIXZ (t)’
k  =R,/R,
where { et (22)
k0n2.l = R9 /R7

are the conversion coefficients of the inverting am-
plifiers in the first and second channels of converters
OIl 1.1 and OIT 2.1 (see Fig. 6). The conversion coef-
ficients of the inverting amplifiers are adjustable by
adjusting resistors Ry and R’y (see Fig. 7, B). This ad-
justment is necessary to ensure the equality of the
output voltages Uyxi(f) = Upno(f) when the sensor is
in a homogeneous EF. For stable operation of the third
block, it is also necessary to take into account that
Rs=RT || R9.

Next, the compensation voltage U, (f) and U(?)
are converted by the electrical capacitance of the sen-
sor (see Fig. 3) into a compensating electrical charge.

ql(l (t) = +C}:{l : UKI(Z) = +konl.lkonl,2 ' UBLIXI (t) =
= Konl : UBblxl(t)’

(23)
qK2 (t) = _C;JZ : UKZ (t) = _kon2.1k0n2,2 : UBL]XZ (t) =
= K0n2 : UBLIXZ (t)ﬁ
Ko 2 = C»
where , (24)
Koz = Cp



are the conversion coefficients of the inverse conver-
sion circuits OIT 1.2 and OII 2.2 and

R
Konl :konu 'koan = C;u 'Fga

RZ' (25)
KonZ = k(:nl.l .k(:nl.Z = C;'lz E

are the conversion coefficients of the inverse conver-
sion circuits OIT 1 and OII 2.

Taking into account the coefficients (12), (20), and
(25), the output voltages of the two conversion chan-
nels of the double compensation-type sensor will be
equal to

3reg,r” Sin’ (920) : CL 1+ ?J
Uy (0=~ 8 ()= LD,
mt " Aot 1+ ﬂ1(1+6J,9
1 RS R7 (26)
3reg,r’ Sin’ (192‘;) : i, 1+ f;(g J
Upia ) =4 T B () =+ E ),
2 o2 14+ ﬂlz (1_‘_6,].’
Cl RS R7
for ouflt)l;llicstil;;ﬂll:glgggration U () =2-kU 0 (1) =
(adder) 1 (1+ Ry J R,
The fourth structural block (see Fig. 7, r) is used = 67eg,r” Sin’ (&j G R) Ry Ey (). (29)
to generate a single output signal from the sensor. 2 1+ Cy £1+ Ry J Ry
This block is an op-amp adder with two inputs, one of C, R, ) R,

which is inverting. The adder's gains for the inverting
k, and non-inverting &, inputs are determined as [21]

[1+&J.
RIO

From expressions (27), it follows that the gains £,
# k, are not equal in absolute value. To ensure their
equality, the conditions R;; = R,, and R;3 = Rj,. must

be met. Then k, =|k,|=R,/R;=R,/R,. Taking
into account certain transfer coefficients at the adder
inputs, we determine its output voltage:
UBLIX (t) = kIIUBLIXZ (t) - ku [_UBMXI (Z)] =
= kI/IUBbIXl (t) + anBlez (t) (28)

Considering that k, =k, and in a uniform field
U1 ()=Usuxa(t), expression (28) with the substitu-
tion of expressions (26) can be reduced to

Rll

k =—& and k, =——
R11+R13

u E
10

27

If the following requirements (R > Rs, R; > Rg,
Ry >n-Rs, n > 10) are imposed on the measuring cir-
cuit elements involved in transformation equation
(29):, then condition (7) is satisfied; then expression
(29) is simplified

UBle (t) = 67778807"2 Sil’l2 [&J . &
Co Ry Ry

Transformation equation (30) includes the sensor
capacitance C,. Let us derive equations for calculating
this capacitance. To do this, we compare the expres-
sions for the capacitance of a flat capacitor C,
=¢e5S/d and a spherical capacitor Cg
=4dregyrry/ (r, — 1), where r; and r, are the radii of
the inner and outer spheres. The comparison shows
that in the expression for the capacitance Cey 4777, =
= § is the electrode area, and (7, — ) = d is the dis-
tance between the spheres. If the conditions d <« r;
and d < r, are met, we can assume that r, ~ r, = r,
then the surface area of the electrodes of a spherical
capacitor will be determined by the classical formula
S = 4m”. If we consider that the surface area of a ca-

) "E,(1). (30)



pacitor electrode in the shape of a spherical segment is
determined by the expression S = 477-Sin*(6, /2),
and substitute the angular dimension 6, = 180°, then
the expression for the surface area of a spherical seg-
ment becomes the original expression for the surface
area of a sphere. Summarizing the above, we obtain an
expression for the capacitance of the capacitor of the
sensor in question

_Armee,r’ Sin®(6, /2)
d b

where r is the radius of the spherical segments for
d<r.

Taking into account the expression for C,, the
transformation equation (30) is significantly simpli-
fied and takes the form

R.R
U,..(0) =%-7—‘2-d E,(1).

9710

C, 31)

(32)

From expression (32), it is clear that the transfor-
mation equation does not include elements determined
by the sensor's structural dimensions or the permittivi-
ty of the interelectrode medium of the sensor's capa-
citance. Consequently, they will not contribute addi-
tional components to the sensor's instrumental error.

Let us compare the transformation equations for
sensors with a compensating measuring circuit (30)
and a sensor with a direct-conversion measuring cir-
cuit

U, (t)=6meeg,r’ Sin’ (%"J

R.+R)-R
( 5 + 6) 12 'Eo(f). (33)
Cl 'Rs 'Rlo

The comparison shows that in this case the trans-
formation equation includes a larger number of ele-
ments that contribute to the sensor's instrumental er-
ror, primarily the sensor's structural dimensions R, 6,
and the permittivity ¢ of the interelectrode medium of
the sensor's capacitance.

Thus, the transformation equations (30) and (32)
for the measuring circuit of a double compensating EF
strength sensor have been obtained, relating the sen-
sor's output voltage to the measured EF strength.
From transformation equations (30) and (32), the
components of the main and additional errors of the
sensor can be determined.

ERRORS OF A COMPENSATION-TYPE SENSOR
AND ITS MEASURING CIRCUIT

The errors of the sensor and measuring circuit can
be divided into main and additional.

The main errors will be determined by the manu-
facturing inaccuracy of the sensor's structural ele-
ments and the errors of the measuring circuit elements

included in the transformation equation. The total
main error is determined under normal conditions
[22]. For an EF strength sensor, normal conditions
must also include the condition of field homogeneity.
In a uniform field, the equality Ujxi = Usyxo must be
satisfied, for which expression (29) is adequate.

Additional errors are caused by deviations in the
sensor's operating conditions from normal ones.
Among the additional errors applicable only to EF
strength sensors, we highlight the error caused by EF
non-uniformity [15].

The main errors are the sum of the errors of the
sensor and the measuring circuit. Analysis of the gen-
eral transformation equation (32) shows that the main
error of the sensor will be determined by design errors
caused by manufacturing inaccuracies in the radius
and angular size 6, of the gauge's SE, as well as the
deviation ¢ of the permittivity from the nominal value.
However, when condition (7) is satisfied, transforma-
tion equation (29) is simplified and reduced to equa-
tion (32), from which the sensor's design elements r
and 6,, as well as ¢., are excluded.

The main error of the compensation-type measur-
ing circuit can be determined from transformation eq-
uation (32). From it, one can identify the multiplica-
tive and additive components of the error.

The multiplicative error of the conversion channel,
when condition (7) is met and, according to expres-
sion (10), is determined by the relative error of only
the IC inverse conversion circuit and depending on the
circuit elements R,(R'7) and Ry(R'y). The total multip-
licative error of the sensor's measuring circuit, accord-
ing to (32), will also include the relative error of the
adder (see Fig. 7, 1), which is determined by the adder
elements Rjo(R'10), R12(R'12), and the relative error of
the interelectrode distance d.

Let us define the total relative multiplicative error
of the sensor's measuring circuit as the indirect mea-
surement error

514u = \/51?7 + 51?9 + 51?10 + 51?12 + 5; 5 (34

where Or7, Oro, Ori0, and Oy, are the relative error, or
process spread of the corresponding resistors; &, is the
error of the interelectrode distance.

The absolute additive error of the compensation-
type measuring circuit is determined by the influence
of internal additive noise at the outputs of the FC and
IC converters. Additive noise A acting at the conver-
ter outputs is shown as arrows in Fig. 6. Let us reduce
these errors to the input of the measuring circuit via
two conversion channels.
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where Ay, Ay, A'y, A',, are the additive noise down-
stream of converters I1I1, ;, I1I1, , and IIIl,,, I1I1,, of
the first and second channels of the forward conver-
sion circuit; As, A4, A'3, A'4 are the additive noise after
OIl, ;, OII, , and OIl,,, OIl,, of the first and second
channels of the inverse transformation circuit.

These errors, normalized to the input, are indepen-
dent of the feedback depth and, therefore, cannot be
reduced by using a compensation circuit.

The additional error caused by the non-uniformity
of the EF is determined by the angular size 6, of the
SE, which is made in the form of a spherical segment.
It should be noted that in a non-uniform field, the
condition of equality Upyy(f) = Ugo(f) in expression
(28) is not satisfied. Under conditions of non- EF un-
iformity, U'uuxi1(8) = Unt(8)-(1161), and U'puxo(f) =
= Upno(£)-(1+68,). This leads to an error in the output
voltage of the sensor's measuring circuit

Ul )=U,., (t)-(n@}lfm (0)-(1+6),

where 6; and &, are the errors introduced by the field
non-uniformity into the first and second single sensors
included in the double sensor; these errors are oppo-
site in sign; 6 is the error due to the field non-
uniformity of the double sensor. These errors can be
optimized by changing the angular size of the spheri-
cal elements of the gauge's SE.

In [15], it was shown that the optimal angular size
of the SE in terms of minimum error and maximum
spatial measurement range is an angular size of
6, = 60°. With this SE angular size, the error 6 due to
EF inhomogeneity will not exceed £5% over the en-
tire spatial measurement range.

The error analysis results show that the use of
a compensating measuring circuit in the studied sen-
sor leads to a significant reduction in error compared
to the error introduced by a direct-conversion measur-
ing circuit.

Thus, the use of the compensation method im-
proves measurement accuracy. Further research
should be aimed at creating a three-component com-
pensating EF strength sensor.

CONCLUSIONS

The conducted research on the creation of a com-
pensating EF strength sensor allows us to draw the
following conclusions.

1. The idea of creating a double, single-component,
spherical compensating EF strength sensor is pro-
posed.

2. Theoretical principles have been developed that
make it possible to:

— examine the physical processes occurring within
the sensor's field-sensing capacitor under the influence
of external and internal EFs, based on the principle of
field superposition;

— construct a structural diagram of the measuring
circuit of a compensation-type EF strength sensor;

— analyze the main errors of compensation-type
measuring circuits and select multiplicative and addi-
tive errors from them.

3. A comparison unit for a compensation sensor is
proposed, using an EF-sensing capacitor as the basis
for its design.

4. A design solution for a single-component,
double-spherical, electroinductive compensation-type
EF strength sensor is proposed.

5. A structural diagram of the measuring circuit for
the proposed sensor design is compiled;

6. Equations for converting a double compensation
EF strength sensor, taking into account its measuring
circuit, are obtained, linking the measured field
strength Ey(f) with the output voltage U,,(f) of the
measuring circuit.

7. A theoretical analysis of the error components of
a single-component, double-spherical, compensating-
type field strength sensor was conducted.

8. As a result of the research, an analytical expres-
sion for the capacitance of a capacitor with electrodes
in the form of spherical segments was obtained for the
first time: C,;=47ggy1”-Sin"(6y/2) / d.

9. It was shown that the compensating-type sen-
sor's measuring circuit not only reduces the multiplic-
ative error but also virtually eliminates errors caused
by inaccuracies in the geometric dimensions of the
sensor's structural part.

In conclusion, new knowledge has been gained re-
garding the development of double-spherical, com-
pensating-type EF strength sensors.





