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OpHUM 13 BaKHEHIINX MapaMeTpOB MOLIHBIX THAPOICHEPATOPOB SIBISICTCS BO3LYLIHBIN 3a30p MEXKIY
POTOPOM U CTATOPOM, U €r0 OTKJIIOHEHHUE OT 3aJaHHBIX HOPM SIBIISETCS 1e(hEKTOM, KOTOPBIH MOXKET IPUBECTH
K cepbE3HbIM aBapusiM. [losTomy BesnmunHy U GopMy 3a30pa HEOOXOIUMO KOHTPOJIMPOBATH KaK BO BPEeMs
OCMOTPOB, TaK M IPHU 3KCIUIyaTauuu MamuHbl. Llenpio qanHON paboThl ABIsUIACH pa3paboTKa BTOPHYHOTO
HU3MEPUTENLHOI0 peoOdpazoBaresist, 00eCIeUNBAIOLIETO TOYHOCTh U PAa3pPEILAIOILyI0 CIIOCOOHOCTD, IS EM-
KOCTHOT'0 CEHCOpa 3a30pa, 00pa30BaHHOI0 KOMIUIAHAPHBIMU MaPaJUICJIbHBIMU 3JIEKTPOAAMH.

PaccmaTtpuBaloTcss 0COOCHHOCTH H3MEPEHHsI BO3IYIIHOIO 3a30pa B MOIIHBIX THAPOICHEPATOpaXx,
a TaKKe CYLIECTBYIOLIME COBPEMEHHbIE METOIbI U CpeAcTBa n3MepeHuil. [lokasaHo, 4To IUId M3MeEpeHUs
3a30pa B TUAPOTCHEPATOPax OAHUM M3 HauboJiee MOIXOAAIIMX CPEIICTB ABISIETCS U3MEPHUTEIb, B COCTaB KO-
TOPOT0 BXOAUT EMKOCTHBII CEHCOp, YCTaHABJIMBACMbI Ha pacTouke cepAcyHHuKa craTtopa. CepuitHO BhIITY-
CKaeMble U3MEPUTEIH 3a30pa ¢ EMKOCTHBIMU CEHCOPAMH 110 CBOUM HEKOTOPBIM XapaKTEPUCTHKAaM HE BCEr/ia
MOJXOAT JUIS UCIIOJIB30BaHUS B THAPOr€HEPATOPAX.

[Ipensio’keH BTOPUYHBIA H3MEPUTEIbHBIM IPeoOpa3oBaTelb C YIYUYILICHHBIMH XapaKTePUCTHKAMH
111 EMKOCTHOT'O CEHCOpa 3a30pa, 00pa30BaHHOTO KOMILIAHAPHBIMH MapaJuICIbHBIMU 3JIEKTPOAAMHU.

[IpeoOpasoBarenb pa3paboTaH Ha OCHOBE YPaBHOBELICHHON KOMIIEHCALIMOHHO-MOCTOBOW H3MEPUTEIIb-
HOW nenu ¢ GOPMHUPOBAHMEM YINPABISIOIEIO BO3ACHCTBUA 1O (a3e curHaga HepaBHoBecus. [IpuBenena
CTPYKTYypHasi cxema npeoOpa3zoBatesis 1 OIUCaH aaroput™ e€ padotsl. Paccmorpen mponecce popmuposanus
B CXEME U3MEPUTENIFHOTO BBIXOHOI'O CUTHAJIA, IPOIIOPLHOHAIBLHOTO paboueit EMKOCTH ceHcopa.

[IpumeHeHne EMKOCTHOIO CEHCOpa C KOMIUIAHAPHBIMU IapajuICJIbHBIMU JIEKTPOJAMH U Ipel-
JIOKEHHOTO BTOPUYHOI'O M3MEPUTEIBHOTO MPeoOpa3oBatTesis MO3BOIUT 00CCIIEUUTh BBICOKYIO TOYHOCTH M
Ppa3peIIaonIyIo ClIOCOOHOCTh MPH U3MEPEHUH BO3AYIIHOTO 3a30pa.
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Abstract

One of the most important parameters of powerful hydro generators (HG) is the air gap between the rotor
and the stator, and its deviation from the set norms is a defect that can lead to serious accidents. Therefore,
the size and shape of the gap must be monitored both during inspections and during operation of the machine.
The aim of this paper was to develop a secondary measuring transducer providing accuracy and resolution
for a capacitive gap sensor formed by coplanar parallel electrodes.

It is shown that the reliability and safety of operation of powerful HG inextricably depend on the timely
detection of their defects, especially during operation. One of the most important parameters of the HG is the
air gap between the rotor and the stator, and its deviation from the set norms is a defect that can lead to serious
accidents. Therefore, the size and shape of the gap must be monitored both: during inspections and during
operation of the machine. The paper discusses the features of measuring the air gap in a powerful HG, as well
as existing modern methods and means of measurement.

It is shown that for measuring the gap in capsule HG, one of the most suitable means is a meter, which
includes a capacitive sensor mounted on a central bore of the stator core. Commercially available gap meters
with capacitive sensors are not suitable for use on HGs. Commercially available meters with capacitive
sensors, by their certain characteristics, are not always suitable for use on HGs.

A secondary measuring transducer with improved characteristics is proposed for a capacitive gap sensor
formed by coplanar parallel electrodes.

The converter is developed on the basis of a balanced compensation bridge measuring circuit.

The control action in the device is formed by the phase of the unbalancing signal.

The structural diagram of the converter is presented and the algorithm of its operation is described.
The process of forming a measuring output signal proportional to the sensor working capacitance in the
circuit is considered.

The use of a capacitive sensor with coplanar parallel electrodes and the proposed secondary measuring
transducer will ensure high accuracy and resolution when measuring the air gap.
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BBenenue

OnHUM M3 caMbIX OMACHBIX Je(PEKTOB KpyII-
HeIX ruaporenepatopoB (I'T) sBasercs Hapye-
Hue (GopMBI U M3MEHEHHE BEIUYMHBI BO3IYLIHOTO
3a30py MEXIy poTopoMm u ctatopom [1-3]. Takoit
neQeKT MOXKET MPUBECTH K CEephE3HBIM aBapusiM
C 3a/IeBaHUEM POTOpA 3a CTATOP, Pa3pylICHUEM 00-
MOTOK, CTaJIi cTaTopa W mnoirocoB. [losBienue ne-
(exTa BBI3BIBACTCSA BO3/ICHCTBHEM Pa3IMYHbIX SIBJIC-
Hu#t B MammHe. CoriacHo [1, 2] Bo3ayIIHbIE 3a30pbI
MEXJy CTaTOpPOM M POTOPOM B THApPOTE€HEepaTopax
B JMAMETpPAIbHO  TMPOTHBOIOJOKHBIX  TOYKaX
HE JIOJDKHBI OTJIMYAThCS Jpyr OT Jpyra Ooisee
yeM Ha 20 % OT cpellHero 3HaueHus1, €clii HHCTPYK-
UUSIMH M3TOTOBHTENISI HE MPEAYCMOTPEHBI Ooiiee
skécTkue HOpMbL. [[ns kancynpHbIX I'T, B KOTOpBIX
BO3JYIIHBIA 3a30p COCTaBISET BCEr0 HECKOJIBKO
MUJJIMMETPOB, OTKJIOHEHHE 3a30pa OT HOpMHpYe-
MBIX 3HAYCHUH SBISETCS OCOOCHHO OMACHBIM.

[MosToMy juist  oOecriedeHHs HOPMAIBHOTO
¢yHkunonupoBanus [T BenmuuuHy BO3IYIIHOTO 3a-
30pa HEOOXOJMMO KOHTPOJIUPOBATh KaK MpH IMepu-
OJIMYECKUX OCMOTpax, TaK U, YTO OCOOEHHO BaXKHO,
B IIpOLECCe IKCILTyaTaluH.

B nacrosiee Bpemst U3BECTHBI U3MEPUTEIH BO3-
JYLITHOTO 3a30pa, NPUHIUI JAEHCTBUSA KOTOPBIX OC-
HOBaH Ha Pa3NUuYHBIX NpUHIKNAx. Tak B padote [4]
ONMCAHBl YJIBTPA3BYKOBBIE HM3MEPUTENIH, COCTO-
SIIMe W3 ABYX Map YJIbTPa3BYKOBBIX HpeoOpa3oBa-
TeJel, yCTaHaBJIMBAaEMbIX B BEHTHJISILIUOHHBIX KaHa-
nax cratopa ['T. OgHako Takue MpHOOPHI MOXKHO
MIPUMEHATh TOJIBKO HAa OCTAHOBJIEHHOW MalluHe,
TaK KaK CUJIbHBIE MATHUTHBIE 10JIS, CYIIECTBYIOIINE
BO BpeMsi pabOThl MAallMHBI, OKXYT pa3pyllaro-
iee BO3ACHCTBHE Ha TIEPBUYHBIC TIPE0OPA30BATEIH.
B pabore [5] omucana cuctemMa KOHTPOJIS BO3AYIL-
HOTO 3a30pa OOJIBIINX HU3KOCKOPOCTHBIX CHHXPOH-
HbIX I'T', B KOTOpO#1 NPUMEHEHBI UHYKTUBHBIE CEH-
coppl. Tak Kak 3TH CEHCOpBI B CBOEM COCTaBE CO-
Jiep’KaT HAMOTAaHHbIE KaTYIIKH, TO UX TAKXKe Helb3s
HCIIOJIb30BaTh Ha padoratomiem [T

Cpenu cCOBpeMEHHBIX U3MepUTeNIel BO3IyIIHO-
IO 3a30pa MOIIHBIX IEKTPUUYECKUX MAIIHUH (B TOM
yucie u I'T") Hanbonpliee pacnpocTpaHeHUe MOy-
YWIA U3MEPUTENIN C HCIOJIb30BaHWEM EMKOCTHBIX
ceHcopoB [6—9]. CeHcopbl TUX CHUCTEM IOMeIIa-
I0TCSL B 3a30pe Mexay craropoMm u poropoMm IT u
3aKpEeIUISIIOTCST Ha PAcTOYKe CepjAeYHHKa CTaTopa.
Hocrarounass nH()OPMATHBHOCTh KOHTPOJSI C HC-
MOJIb30BAHMEM 3THUX CHCTEM, OCOOEHHO MpH KOH-
Tposie (HOpMBI CEpACYHUKA, JOCTHrAaeTCsl 3a CUET

OmnpesesIEHHOTO KOJIMYECTBa CEHCOpoB. Tak ¢ wuc-
nmoyib30BaHuEM cucteMbl AGMS [6] mnsa ompenerne-
HUS COCTOSIHMSI Bo3aymHOro 3aszopa I'T ¢ potopom
10 7,5 M B 1MaMeTpe peKOMEHAYETCsl UCIOIb30BaTh
YeThIpe CeHcopa, oT 7,5 1o 12 M — BoceMb CEHCOPOB,
Oosiee 12 M — ABeHaALATh WIM HIECTHAAUATH CEH-
COpOB.

OpnHaKo KOHCTPYKTHBHBIE OCOOEHHOCTH CEHCO-
POB ¥ HEKOTOPBIE TEXHNYECKHE XapaKTEPUCTUKH EM-
KOCTHBIX H3MEpUTENIeH He yIOBIETBOPSIOT TpeOoBa-
HUSM, KOTOpPbIE IPEABSABIAIOTCS K IprOOpam, mpea-
Ha3HA4YeHHBIM JUIs Ucronb3oBanus Ha [T ¢ mambim
HOMUHAJIBHBIM BO3IYLIHBIM 3a30pOM (Hampumep,
kancynpHBIX [T THma CI'K 538/160-70 [2]). Kpome
3TOro, B MaclopTax HM3MepHUTeNell He YyKas3bIBaeT-
Csl TakOW MmapameTp, Kak OBICTPOAEWCTBHE. A 3TOT
napaMeTp, KOTOPBIA B OONBIION CTETEHH OTpee-
JIIeT JOCTOBEPHOCTh H3MEPEHMs 3a30pa, 3aBUCHUT
OT 4ucyia 000pOTOB POTOPA MAILIMHBI, YUCIIA MOJIIO-
COB U IMaMeTpa PACTOYKH CEPACYHHUKA CTATOPA.

PesynpraTel uccnenoBaHull EMKOCTHOIO W3-
MepHTeNsl 3a30pa, MPEACTaBICHHOTO B padote [2],
JAI0T BO3MOXKHOCTh Pa3padoTaTh CEHCOP, KOTOPBIN
MOJKeT OBbITh UcToNb30BaH B [T modoro tuma ¢ Ho-
MUHaJIBHBIM 3a30poM 10 50 mm. CeHcop mpeacTaB-
JIsIeT co0O0i MmIacTHHy, Ha KOTOPOi chopMUPOBAHBI
paboumii MOTEHIMATIBHBIH JJIEKTPOA M OXPaHHBIN
95eKTpoJl. OXpaHHBIA BJIEKTPOJ PACHOIOKEH BO-
KpPYI' HOTEHUMAIBHOIO 3JIEKTPOJa U HUMEET TaKoi
e TOTEeHIINaJ, HO TAJIbBAHWYECKH C HUM HE CBS3aH.
[Ipu KOHTpOJIE N3MEPSIOT WIEKTPUUECKYIO0 EMKOCTh
MEXIy pabounM [TOTEHIMATbHBIM 3JIEKTPOJOM H 3a-
3eMIIEHHBIM noJirocoM poropa I'T. Takas reomerpust
U MOTEHLUANBI JIEKTPOJIOB CO3/1al0T PaBHOMEPHOE
0JI€ B 3a30p€ U3MEPHUTEIBHOIO KOHACHCATOPA, YTO
JAET BO3MOYKHOCTh YCTPAaHUTh BIHMSHHE KPAaeBBIX
3pPEeKTOB Ha TOYHOCTH H3MEPEHUs. YCTPOICTBO
MMEET BBICOKHE METPOJIOTMYECKHUE XapaKTePUCTUKH,
B TOM YHCIIe U OBICTPOJICHCTBHE, HO €r0 HEJO0CTAaT-
KOM SIBJISIETCS CJIO’KHOCTh BTOPUYHOTO U3MEPUTENb-
HOT'0 Ipeo0pa3zoBaTes.

Ha pucynke 1 npezacraBiena cxemMa yCTaHOBKH
€MKOCTHBIX CEHCOpPOB BO3IYIIHOI'O 3a30pa Ha pac-
Touke cepaeunuka craropa I'T tuma CI'K 538/160-
70M, B KOTOPOM HOMHUHAJIHHBIA BO3MYITHBIA 3a30D
cocTaBisieT 6 mm [2].

B pabote [10] mpoBeneHsl Hccie0BaHUS, T10-
3BOJIAIOLIME Pa3paboTaTh EMKOCTHBIM CEHCOp 3a30-
pa, BBIIIOJTHEHHBIHM B BUJIE IBYX MapajlieIbHBIX KOM-
IUTAHApHBIX JJIEKTPOJOB C HEKOTOPBIM 3a3€MIIEH-
HBIM TIPOMEXYTKOM MEXIY HUMH. DJIEKTpUUECKas
€MKOCTh MEX1y KOMIUIAHAPHBIMU 3JIEKTPOJIaMHU
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W3MEHSETCSl MPAKTUYECKH JIMHEWHO C WM3MCHCHU-
eM 3a3opa. Mcnonb3yst pe3yabraTbl HCCIIEI0BaHUH,
COOTBETCTBYIOIIUM 00pPa30M H3MEHSISI T€OMETPHIO
ANIEKTPOJIOB, MOXKHO CO3/IaTh CEHCOP TAKXKE Ha Jua-
ma3oH u3MepeHus 10 50 MM.

EMKOCTHBIX

Pucynok 1 — Cxema ycTaHOBKH CEHCO-
pPOB 3a30pa Ha CEp/ACYHHKE CTaTopa THAPOTEHEpAaTOpa
CT'K 538/160-70: 1 — EMKOCTHBIC CEHCOPHI

Figure 1 — Installation diagram of capacitive gap sensors
on the stator core of the hydrogenerator SGK 538/160-70:
1 — capacitive sensor

s paboThl ¢ CEHCOpOM AAHHOTO THMNA OBLT
pa3paboTaH BTOPUYHBIN MMpeoOpa3oBaTellb HA OCHO-
BE MUKpocxeMbl AD7745, npeodpa3zyroueit EMKOCTb
ceHcopa B 24-pa3psimHBIN KOJ. | TaBHBIM TIpenMy-
IIECTBOM YCTpPOMCTBA SBJISIETCA TO, YTO BTOPHUYHBIN
nmpeoOpazoBaTellb KOHCTPYKTHBHO —pa3MenaeTcs
HEMOCPE/ICTBEHHO Ha IUIaCTHHE CEeHCOopa, PsAIoM
C €ro 2IEKTPOJaMH, YTO TIO3BOJISIET CBOIUTH K MH-
HUMYMY BIUSTHHE TIapa3uTHBIX HaBOJOK. Hemocrat-
KOM YCTPOICTBa SIBIISICTCS HaJM4YME 3HAUYNTEIHHOMN
MUHAMHAYECKOH  TOTPENTHOCTH, OOYyCIOBICHHOU
CKOPOCTBIO BpAIlleHHs1 pPOTOpa MAIIUHBI U pa3Mepa-
MU TIOJI0COB poropa. [loaTomy m3mepurens 3a3opa
TaKOro THIA B OCHOBHOM MOXET OBITh NCTIOJIb30BaH
Opd OCMOTpax M PEMOHTaX MaIIUHBI, T. .
MIPH MAJIBIX CKOPOCTSIX BPAIIEHHS POTOpA.

lenpro naHHOW pPabOTHI SIBISIACH Pa3padoT-
Ka BTOPHYHOTO H3MEPHUTEIHHOTO IpeodpazoBaTe-
7151, 00ECIIeUNBAIOIIETO TOYHOCTh M Pa3pelialonyro
CIOCOOHOCTh, I EMKOCTHOTO CEHCOopa 3a30pa,
00pa30BaHHOTO KOMIUIAHAPHBIMH TTapayljiebHBIMU
JJIEKTPOJIaMHU.

EMKkocTHBIIi cencop

KonctpykTrBHas cxema €MKOCTHOTO CEHcopa
C KOMIUIAHAPHBIMU I1apauIeiIbHBIMU 3JIEKTPOAAMHU
nokaszaHa Ha pucyHke 2 [10].

bt

Pucynox 2 — KoHCTpyKTHBHAs cxemMa EMKOCTHOTO CEHCO-
pa3a3opa ¢ IByMsI KOMIUIaHAPHBIMH MapauIeTbHBIMH AJIEK-
TpoIamu: ¢ — OOIIUI BUJ] CEHCOPA; b — MOTIePEUHBIH pa3pes3
CeHcopa; | — BHICOKOMOTEHIMAIBHBIH 3JIEKTPOJ; 2 — HU3-
KOTIOTCHIIMATGHBIN AJIEKTPOJ;, 3 — HU3KOIIOTCHIINATLHBIH
OXpaHHBIH DJIEKTPOM; 4 — IMANEKTPUYECKasi I10UI0KKA;
5 — MeTajuIMuecKas MOJJIOKKa; 6 — 3a3eMJIEHHBIA IOJII0C
potopa; L, — anuHa snekrpona 1; L, — nnuHa anektpoaa 2;
Ly=0,5(L, —L,); b, — mupuna snexrpoaa 1; b, — mumpuna
JMEKTpoJa 2; § — PaCCTOSHUE MEXKAY dJIeKTpomamu 1 u 2;
d,—HavanmbHOE paccTOsIHUE (HAYaIbHBIN 3a30p) MEXKIY
00111 TIOCKOCTRIO 31EKTPOIOB 1, 2, 3 M MOIFOCOM POTO-
pa 6; Ad — u3meHeHue 3a30pa d,); 1 — U30JLILUOHHbIE IIPO-
MEXYTKH MEXITy AJIeKTpoaaMu 1, 2, 3; t — ToIMHa TOHKO-
TUIEHOYHBIX METAINTMIECKUX 3IEKTpoIoB 1, 2, 3

Figure 2 — Capacitive gap sensor design with two coplanar
parallel electrodes: @ — sensor general view; b — sensor
cross section; 1—high potential electrode; 2 —low
potential electrode; 3 —low potential guard electrode;
4 — dielectric substrate; 5 — metal plate; 6 — grounded rotor
pole; L, — length of electrode 1; L, — length of electrode 2;
Ly =0.5(L, — L,); b, — the width of the electrode 1; b, — the
width of the electrode 2; s—the distance between the
electrodes 1 and 2; d, — the initial distance (initial gap)
between the common plane of the electrodes 1, 2, 3 and the
pole of the rotor 6; Ad — change in clearance; 4 — insulating
gaps between the electrodes 1, 2, 3; ¢ — thickness of thin-
film metal electrodes 1, 2, 3
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Onexrpuyeckast EMKOCTh C;, MEXIY JIEKTPO-
namu 1 1 2 u3MeHsieTcs ¢ U3MEHEHUEM PaCCTOSHUS
d=d,+ Ad Mexnay oOumell MIOCKOCTBIO 3IEKTPO-
noB 1, 2, 3 u nomrocom poropa 6. Hacte émxoctu C),
4yepe3 JUANEKTPUUYECKYIO IMOUIOKKY 4 COCTaBIseT
HUYTO)KHO MaJyl0 BEJIMYMHY, 3aBUCSIIYIO OT Mare-
pHana 1 TOJIIIMHBI CEHCOopa.

[lepemennas (nH(DOpMATHBHAS) YaCTh EMKOCTH
IpU BBINOJNHEHUU yCHOBHH Ly >>d,, h—0, t—0,
b,= b, = b onpenenseTcs BEIpa)KCHUEM:

2
€0,
C, =L | ,
12 2 4thn(s+2b)thns (M
4d 4d

rae g, = 8,8542- 1072 d/m — JAJIEKTPUYECKAsl MPO-
HUIIAEMOCTh BaKyyMa; €, — OTHOCHTEJIbHAsl -
ANIEKTPUYECKas MTPOHUIIAEMOCTh Cpelbl (I BO3ILY-
xa g, = 1,00056).

Bropu4HbIil H3MepUTEIbLHBIN
npeodpasoBare/b

Wsmeputenn, B cOCTaB KOTOPBIX BXOJIAT EM-
KOCTHBIE CEHCOPBI C KOMITJIAHAPHON CUCTEMOM JIeK-
TPOZOB, B OCHOBHOM TPHUMEHSIOTCS JJIsI HEpaspy-
[IAFOIIET0 KOHTPOJIS MaTePHUAIOB MPH OJHOCTOPOH-
HeM gocryre [11-19]. Tak, padora [11] mocssiena
TEOPETHYECKUM OCHOBAM CO3JIaHUSI W3MEpHTENeH
BIIQ)KHOCTH OPTOTPOITHBIX MAaTepHasioB (BOJIOKOH,
neHT, Oymaru, mmoHa u np.), [14] — usmepurenei
BIIAYKHOCTH YEJIOBEYCCKON KOXH, [15] — mpubopoB
KOHTPOJII KOMITO3UTHBIX aBHUAIMOHHBIX MaTepHha-
70B, [17] — mpuOOPOB KOHTPOJSA KadecTBa OETOH-
HBIX TUTUT, [16, 19] — mpuOOpOB I MCCIIeIOBAHUS
MHOTOCJIOMHBIX JUAJIEKTPUKOB. K coxanenuro, pe-
3yJbTAThl ATHX WCCIEIOBAHUN TMPUMEHHTDH IS pe-
[IeHNS 33]Ia9 U3MEPEHHS TIePEeMEeIIeHUN 3a3eMIIEH-
HOHM ITOCKOW ITOBEPXHOCTH OTHOCHTEIHHO OOIIeH
IJIOCKOCTH JIBYX KOMIUTAHAPHBIX HE TPEICTaBISAeTCS
BO3MOJKHBIM.

B manHoi#t pabore mis ceHcopa ¢ KOMIUTaHAp-
HBIMH TIapaJUIeIbHBIMH AJIEKTPOJIAMH TIpejiaraeT-
Cs BTOPHYHBIH TIpeoOpa3oBaTellb, OOECIeUNBarO-
I BBICOKHE METPOJIOTHYECKUE XapaKTEPUCTHKH,
B TOM YHCJI€ TOYHOCTh, Pa3peIaroIlyi0 CII0CO0-
HOCThb W ObICTpojelicTBHe. B ycrpoiicTBe €MKOCTD
ceHcopa npeoldpa3yercst B TOCTOSTHHOE HATPSKEHHE.
OCHOBOI yCTpOWCTBa SIBISIETCSI YpaBHOBELICHHAS
KOMIIEHCAIIHOHHO-MOCTOBAS IIeMb ¢ (hOPMUPOBAHH-
€M YIPaBISIONIETO BO3JIEHCTBHUS 1O (a3e CHrHaia

HepaBHoBecus [20]. ITockonbky EMKOCTh CeHcopa
OTHOCHUTEJILHO MaJia, IpU pa3padoTKe ObUIM MPHHS-
TBI MEPBI 110 3aIIUTE U3MEPHUTENS OT IAPA3UTHBIX EM-
KOCTEH U OT MIOMEX, B TOM YHCJIe KOMMYTAI[HOHHBIX.

VYnpouéanas 6J10K-cXeMa yCTpONUCTBa IpUBEIe-
Ha Ha PUCYHKE 3.

Pucynok 3 — briok-cxema TmipeoOpa3oBaTensi 3JICKTPH-
4eCKOW EMKOCTH JIaTYMKA BO3AYIIHOTO 3a30pa B ITOCTO-
SIHHOE HarpspkeHue: Ui — HCTOYHHMK ONOPHOTO Harpsi-
sxkenust; S1, S2 — kommyTtaTopsl; SG — KOMMYTallMOHHBIH
reHeparop; C,; — EMKOCTHBII CEHCOP BO3IYLIHOIO 3a30-
pa B ruaporeneparope; Cp — 00pa3LOBbIIl KOHIEHCATOD;
NSA — ycunutens curHana HepaBHoBecHs; Cg— Iapasur-
Hasl IIyHTHpYomas éMKocTh; PSD — da30uyBcTBUTENb-
HBII fAeTeKkTop; INT — uHTerparop; Ry, — PE€3UCTOp HHTE-
rparopa; C,;y,— KOHJEHCcaTop uHTerpaTopa; SLS — cxema
JMHEIHOT0 MacmTaOupOBaHHs

Figure 3 — Block diagram of the converter for the
electrical capacitance of the air gap sensor to direct
voltage: U, — reference voltage source; S1, S2 — switchess;

SG —switching  generator; C,;—capacitive  air
gap sensor in hydro generator; Cj—reference
capacitor; NSA —nonequilibrium  signal  amplifier;

C, — parasitic shunt capacitance; PSD —phase sensitive
detector; INT —integrator; R,;— integrator resistor;
C,yr— integrator capacitor; SLS — linear scaling scheme

B mnpemnokeHHOM u3MepuTene CTaOUIN3UpPO-
BaHHOE IIOCTOSHHOE HampsbkeHue Uy, OIOpHOro uc-
ToyHuka U, ¢ moMoupro kKoMMmyTtaropa S1 mnpeod-
pasyercsi B MPSMOYTOJIBHOE HAIpsDKEHHE (MeaHsp)
¢ dactotoil fg; (75-80 k['m) KoMMyTannmoHHOTO
redeparopa SG. Hampspxkenue meanapa ¢ aMIDIUTY-
JIoH, paBHON Uy, MONAETCs HA CEHCOP BO3AYIIHOTO
3a3opa C,;, EMKOCTb KOTOPOIO SIBJIICTCS OIHUM U3
IUIeY CXEMbl CpaBHEHHUs. [Ipyroe mje4o cxeMsl cpas-
HEHUS — 00pa31oBbIi KoHIeHCcaTop C 2> Ha KOTOPBIN
¢ BbIXoz1a uHTerparopa INT yepes3 qpyroil KOMMyTa-
Top S2 monmaércs MpSAMOYTOJIbHOE HalpsDKEHHE aM-
wtynoi Upyp. Tok, mpoTekaromuil yepe3 EMKOCTb
ce”copa C;, B TOUKE «S» Ha BXO/I€ YCUJIUTEIIS CUI-
Hasa HepaBHOBecHus NSA CyMMUPYETCsI C TOKOM, TIPO-
TEKaIIUM uepe3 EMKOCTb 00pa3lloBOr0 KOHJIEHCA-
Topa Cp. K 37011 k€ ToUKe «s» MOAKIIIOUeHa LIIyHTH-
pytomast EMkocTh Cg, KOTOpas SABJSETCS Iapa3uTHON
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EMKOCTBIO MEKY LIEHTPAIbHON JKUIION MOABOSILIE-
ro 9KpaHMPOBAHHOIO mpoBofa ceHcopa C,; U 3eM-
nero. Bxognoe comporusienune NSA npubnmxaercs
M0 XapakTepy K EMKOCTHOMY, IOA3TOMY IEIUTENb
u3 sneMmeHToB Cg, Cp u Cg nepenaér MeaHnap Ha-
NpsDKEHUST 0€3 UCKaKEHUH, a CUTHaJl HepaBHOBECHS
B TOYKe «s» 00 cuH(pa3zeH, b0 mpoTuBo(hazeH
CUTHAIy ynpaBieHus kommyraropamu S1 u S2. Pa-
00Ta 3THX KOMMYTAaTOPOB U MOJIIPHOCTH HarmpshKe-
Huit Uy u Ujy; comnacoBaHbl Tak, 4TO TOKH 4Yepe3
koHzeHcaropsl C,; 1 C, HaXO[ATCs B IPOTHUBO(A3e
JpyT ¢ IpyroM U 6iaroaapst 3ToMy B3aUMHO BBIUUTA-
totcst. [Ipu onpenenéHHOM COOTHOILEHUH EMKOCTEH
1 HampsDKEHUH CyMMapHBIHA TOK 00paiiaercs B HOJb,
IIPY 3TOM B TOUKe «s» (Ha Bxoae NSA) nepemeHHast
COCTaBJISIOMmIas € 4acTOTOH fg; orcyrcTByeT. He-
TPYOHO BUAETH, YTO 3TO COOTHOLICHHE BBIPAKAETCS
(bopmyrnoii:

U]NT — CAG , (2)
Ug Cr
OTKy/1a
U
C,.=-NC,. 3
AG U R 3)

IIpu HapymieHnn cooTHOMEHUS (2) BO3HUKAET
CUTHAJ HEPABHOBECHS, KOTOPBIH IMOCIE MPOX0XK/Ie-
HUSI 9epe3 yCuIuTeas NSA moctymnaet Ha Gpa3odyB-
CTBUTENBHBINA AeTekTop PSD. OnopHble Hampsixke-
HUsI PSD cWHXpOHHBI B CHH(A3HBI C HANIPSIKCHUS-
MU KOMMyTanuu kitoueid S1 u S2, oM mocTymnarot
OT TOTO ¢ KOMMYTallHOHHOTO TeHeparopa SG, Ko-
TOPBIH ynpasisieT paboToii kitoueid. BeixogHoe Ha-
npsbKeHue getekropa PSD coaepKuT MOCTOSHHYIO
COCTaBIIAIONIYIO0, 3HAaK KOTOPOM 3aBHCUT OT Ha-
MPaBJICHUS] OTKIOHEHUS CXEMBI OT COCTOSIHUS PaB-
HOBECHSI, @ BEJIMYMHA — OT CTETIEHH ITOTO OTKJIOHE-
Hud. K Beixony PSD noaxntouéH unterparop INT,
COCTOSIIIMI U3 pe3ucropa Ry, konaeHcaropa Cpy
n omnepanuoHHoro ycunurens OA. Hanpsxenue
U,y Ha BBIXO/l€ HHTErpaTOpa SIBJISIETCS BBIXOAHBIM
CHUTHAJIOM CXEMBI, OHO MPOMOPLHOHAIBHO U3MEPS-
emoii émkoctu cercopa C,; (cM. BoipaskeHue (3)).
[lanee oHO mOCTymaeT Ha cxeMy JIMHEMHOro mac-
mrabupoBanus SLS, Tie HOPMHUPYETCS IS IPHBE-
JleHns K TpeOyeMoMy Jhana3oHy U3MEHEHHUs, T. €.
xorna C,; =0, 10 Upyyr=0, axorma Cy; = Cy
10 Upyyr= 10 B.

Ha pucynke 4 nokasaHsl 310pbl HaAIPsKEHUH,
JEHCTBYIOLINX B CXEME.

Gmax?

[Ipu paBHOBeCHU:

Cuc
U, =U,=4G (4)
INT RCR
U
t
a
U
t
b
U
[ ] (1
C
Ui i o
N N !
! ! i ‘
d

Pucynok 4 — Dmrops! HanpsHKeHUH, ASHCTBYIONIHNX B Mpe-
oOpasoBarene: g — HaPsHKEHHUE 3aJAIOLIEro IeHepaTopa
B CXeMe KOMMYTAI[MOHHOTO reHeparopa SG; b — Hampsi-
JKEHHUE, TMOJAaBaEMOE Ha BXOJbl YIPABICHHUS KOMMYyTa-
topoB S1 u S2; ¢ — curHan ympasineHus Kinodamu PSD;
d — yCIIOBHBI CHTHAJI HEpaBHOBECHA Ha BbIxoze NSA

Figure 4 — Electrical voltage diagrams acting in the
converter: a —the voltage of the driver oscillator in the
switching generator SG circuit; b — voltage at the control
inputs of the switches S1 and S2; ¢ — the key control signal
PSD; d — conditional output disequilibrium signal NS4

Ecnu yuects, 4TO B cXeMe JIMHEMHOTo MacliTa-
6upoBanusa Uy, mnpeobpasyercs B Uy npomnop-
[IUOHATIBLHO KOA(PDHUIIMEHTY &, TO Ha BBIXOAE CXEMbI
OyZIeT TIOCTOSTHHOE HAIIPSKCHHE, PAaBHOE:!

Cuc

Unr = kUINT =kUp Cize'

(6))

B MomeHTBI cpabaTbiBaHUS KOMMYTAaTopoB Sl
u S2 Ha BXome NSA BO3HHKAIOT HUMITYJIBCHI KOM-
MYTAITMOHHON MTOMEXHU, KOTOPHIC BBI3BIBAIOT B YCH-
JUTENe 3HAYUTENbHBIE TIEPEXOAHBIE IPOLIECCHI.
C menpi0 yMCHBINCHHS BIUSHHAS STHUX IPOIECCOB
Ha paboTy yCcTpoiicTBa, B PSD HCTONb3yeTcs HE BECh
CUTHAJI HEPABHOBECHSI, @ TOJILKO BTOpas IOJOBHHA
Ka)XJI0T0 €ro TOoJynepuoaa (BBIAEIEHO 3aTEMHEH-
HBIM (OHOM), CBOOOAHAS OT KOMMYTAIlMOHHON

38



Ipubopul u memoowvl usmepenui
2020.—T. 11, Ne 1. - C. 3341
A.C. Jlesuyxuii u Op.

Devices and Methods of Measurements
2020, vol. 11, no. 1, pp. 33—41
A.S. Levytskyi et al.

MIOMEXH, T. €. Pealn3yeTcs METOJ BECOBOH (yHK-
uuu. s ynpormeHust Ha SIiopax MmoKa3aHbl TOJIBKO
CHUTHAJIBI IPSIMOTO ICHCTBUS, XOTSI B cXeMe CPOpMU-
POBaHBI TaKXKe €Ille U MHBEPCHbIC K HUM HaIpsKe-
HUs (AeTeKkTupoBanue B PSD NBYXIOIyIEpHOAHOE).

Ha ocHoBe 610Kk-cxembl pa3paboTaHa MPUHLM-
nuanbHas 3JeKTpUUecKas cxema IpeoOpa3oBaTess
1 W3rOTOBJIEH SKCIEPUMEHTAJIBbHBIN 0Opasen n3mMe-
pUTENsT BO3AYLIHOTO 3a30pa B KarncysusHoM [T Tuma
CI'K 538/160-70M. IlpoBenenHsle 1abOpaTOPHbIC
UCTBITaHUST 00pasla NOATBEPAMWIN €ro padoTocHo-
COOHOCTb 1 OCHOBHBIE XapaKTepUCTUKU. M cribITanus
oOpa3sia (B TOM 4ucie U Ha OBICTPOICHCTBUE) ObLIH
MIPOBEICHBI HA CIIELUAIbHO pa3padOTaHHOM CTEHIIC.

Crenyer OTMETHUTh, YTO MPEIUIOKEHHBIN B pa-
00Te mpeodpa3oBaTeb MOXKET ObITH UCIIONB30BaH U
C €MKOCTHBIM CEHCOPOM paJualbHOrO OMEHHs Lu-
JUHAPUYECKUX MOBEPXHOCTEH BAJIOB T'HIpoarpera-
TOB, KOTOPBIN OmHcaH B padore [21].

3akjao4YeHue

Pazpaboran BTOPUUYHBIA H3MEPHUTENBHBINA TIpe-
oOpa3oBarens i EMKOCTHOTO CEHCOpPa, 00pa30BaH-
HOTO KOMITJIAHAPHBIMHU MapauIeIbHBIMU AJIEKTPOa-
MU U TIPEAHA3HAYEHHOTO JIUIsl U3MEPEHUs BO3IYIIIHO-
ro 3a30pa MEXIy CTaTOPOM U POTOPOM B MOIIHBIX
THIpOreHepaTopax.

[IpeoOpaszoBatens  obecrieyrBaeT  MOTPELI-
HOCTh HM3MeEpeHusi pabouell €MKOCTH ceHcopa 3a-
3opa He Oonee, uem 0,2—0,5 % u ObIcTpOJCHCTBHE
B HECKOJIBKO THICSY U3MEPEHUH B CEKyHy. DTO HaéT
BO3MOKHOCTb M3MEPSTh BO3AYIIHBIN 3a30p MEXKIY
CTaToOpoM W POTOPOM B MOIIHBIX THAPOTEHEpPATO-
pax Jr000ro THMAa B JUHAMHYECKOM pEXHME, T. €.
pu paboyeil CKOPOCTH BpPAIICHHs MAIIUH.

CHucoK HCIOJAb30BAHHBIX HCTOYHUKOB

1. Anexcees, b.A. OnpeneneHne COCTOSTHUS (IHarHo-
CTHKa) KPYNHBIX THJIPOTEHEPATOPOB. — 2-¢ M31., cTep. /
B.A. Anekcees — M.: Uzn-Bo HIT DHAC, 2002. — 144 c.

2. Jlesuyvkuti, A.C. KoHTponb cTaHy HOTYXHHUX
riipo- Ta TypOOTreHEepaTOpiB 3a JIOMOMOIOK EMHICHUX
BUMIpIOBAaYiB TapaMeTpiB MexaHiyHuX JedexTiB /
A.C. JleBunpkuii, I'M. ®enopenxko, O.I1. I'pyooii. — K.:
In-T enexrponunamiku HAH Vikpaiunu, 2011. — 242 c.

3. Cerpinska, M. Dynamic air gap chance of low-
speed generator considering thermal expansion, centrifugal
force and magnetic force effects / M. Cerpinska,
R. Elmanis-Helmanis // Latvian journal of physics and
technical sciences. — 2017. — No. 5. — P. 26-37.

DOI: 10.1515/1pts-2017-0031

4. Adamowski, J.C.  Ultrasonic  dynamic  air-
gap monitoring system for large hydro-generators /
J.C. Adamowski [et al.] / In IEEE Joint UFFC, EFTF
and PFM Symposium, 2013, Prague, Czech Republic.
21-25 July 2013. - P. 1311-1314.

DOI: 10.1109/ULTSYM.2013.0335

5. Kokoko, O. Analysis of air-gap influence on a large
hydro generator’s parameters using sud-den symmetrical
short-circuit test / O. Kokoko [etal.] / In 2015 IEEE
International Electric Machines & Drives Conference
(IEMDC). 10-13 May 2015. — P. 102-107.

DOI: 10.1109/IEMDC.2015.7409044

6. VM™6.1 Capacitive Air Gap Measuring Chains.
User’s Manual. VibroSystM, Canada, 2017, 12 p.

7.4000 Series Air Gap Sensor System Datasheet
Bently Nevada Machinery Condition Monitoing.
BentlyNevada, Nevada USA, 2019, 18 p.

8. Iris power capacitive air gap sensors. Iris Power,
Canada, 2016, 4 p.

9. Air Gap Measuring System LS 120-121
Transducers & ILS 730-731 Conditioners. Vibro-Meter
SA, Switzerland, 2012, 4 p.

10. Jlesuyvkuii, A.C. Buznauennst ¢yHKOii nepe-
TBOPEHHSI EMHICHOTO CEHCOpa MOBITPSIHOTO 3a30py
B rigporeHeparopi CI'K 538/160-70M / A.C. JleBubkuii,
€.0. 3aiiues, b.A. Kpommisic // Tlpaui [HetutyTy enekr-
pomuHamiku HarmionaneHoi akamemii Hayk. — 2016. —
Ne 43. - C. 134-136.

11. orcearcopa, A.A.  DNEKTPOEMKOCTHBIE TPEOO-
pasoBarenu U MeTonbl uxX pacuera / A.A. J[xexopa. —
Munck: benopycckas Hayka. — 2008. — 305 c.

12. Xiaohui, H. Planar capacitive sensors — designs
and applications / H. Xiaohui, Y. Wugqiang // Sensor
Review. —2010. — No. 30(1). — P. 24-39.

DOI: 10.1108/02602281011010772

13. Mamishev, A.V.  Interdigital  Sensors and
Transducers / A.V. Mamishev [et al.] // Proceeding of the
IEEE. — 2004. — Vol. 92, no. 5. — P. 808-845.

DOI: 10.1109/JPROC.2004.826603

14. Yonggang, H. Analysis of a concentric coplanar
capacitor for epidermal hydration sensing. Sensors and
Actuators / H. Yonggang [et al.] / A203: Physical. —
2013. —P. 149-153. DOI: 10.1016/j.sna.2013.08.037

15. Amr, N.A. Improved interdigital sensors for
structural health monitoring of composite retrofit systems /
N.A. Amr, W. Wael // Journal of Reinforced Plastics and
Composite. —2011. — No. 30(7). — P. 621-629.

DOI: 10.1177/0731684411399944

16. Chen, T. Capacitive sensors for measuring
complex permittivity of planar and cylindrical structures /
T. Chen. — Iowa: lowa State University. —2012. — 204 p.

17. Sheiretov, Y. Modeling of Spatially Periodic
Dielectric Sensors in the Presence of a Top Ground Plane
Bounding the Test Dielectric / Y. Sheiretov, M. Zahn //

39



IIpubopsr u memoosl usmepeHuil
2020.—T. 11, Ne 1. — C. 33—41
A.C. Jlesuykuii u Op.

Devices and Methods of Measurements
2020, vol. 11, no. 1, pp. 33—41
A.S. Levytskyi et al.

IEEE Transactions on Dielectrics and Electrical
Insulation. — 2005. — Vol. 12, no. 5. — P. 993—-1004.
DOI: 10.1109/TDEIL.2005.1522192

18. Xiaobei, Li. Design Principles for Multicuhannel
Fringing Electric Field Sensors / Li. Xiaobei [etal.] //
IEEE Sensors journal. — 2006. — Vol. 6, no. 2. — P. 434~
440. DOI: 10.1109/JSEN.2006.870161

19. Chen, T. Analysis of a concentric coplanar
capacitive sensor for nondestructive evaluation of
multilayered dielectric structures / T. Chen, N. Bowler //
IEEE Transactions on Dielectrics and Electrical
Insulation. — 2010. — Vol. 17, no. 4. — P. 1307-1318.
DOI: 10.1109/TDEIL.2010.5539703

20. Hosuk, A.1M. OcoO€HHOCTH ITOCTPOCHHSI N3MEPH-
TEJILHBIX LeTel Tt paboThl ¢ EMKOCTHBIMH JTaTYMKaAMU /
AW. HoBuk [u np.] // TexHiuyHa eleKTpOAUHAMIKA. —
2005. — Ne 1. — C. 66-70.

21. Zaitsev, Ie.O. Research of a Capacitive Distance
Sensor to Grounded Surface / Ie.O. Zaitsev [etal.] //
Telecommunications and Radio Engineering. — 2019. —
Vol. 78, no. 2. — P. 173-180.

DOI: 10.1615/TelecomRadEng.v78.i2.80

References

1. Alekseev B.A. Opredelenie sostoyaniya (diag-
nostika) krupnyih gidrogeneratorov [Determining the
status (diagnostics) of large hydro generators]. ENAS,
2002, 144 p.

2. Levytskyi A.S, Fedorenko G.M.  Gruboj O.P.
Kontrol stanu potuzhnykh hidro- ta turboheneratoriv
za dopomohoyu yemnisnykh vymiryuvachiv parametriv
mekhanichnykh defektiv [Monitoring of the status of
powerful hydro and turbo generators using capacitive
meter for the parameters of mechanical defects]. IED
NANU Publ., 2011, 242 p.

3. Cerpinska M., Elmanis-Helmanis R. Dynamic air
gap chance of low-speed generator considering thermal
expansion, centrifugal force and magnetic force effects.
Latvian journal of physics and technical sciences, 2017,
no. 5, pp. 26-37. DOI: 10.1515/Ipts-2017-0031

4. AdamowskiJ.C.,Souza A.T., PerezN., Lima A.A.,
Oda P.D., Tiba H.H. Ultrasonic dynamic air-gap mo-
nitoring system for large hydro-generators. In IEEE Joint
UFFC, EFTF and PFM Symposium, 2013, Prague, Czech
Republic, 21-25 July 2013, pp. 1311-1314.

DOI: 10.1109/ULTSYM.2013.0335

5. Kokoko O., Merkhouf A., Tounzi A., Al-Had-
dad K., Guillot E. Analysis of air-gap influence on a large
hydro generator’s parameters using sudden symmetrical
short-circuit test. In 2015 IEEE International Electric
Machines & Drives Conference (IEMDC), 10-13 May
2015, pp. 102-107.

DOI: 10.1109/IEMDC.2015.7409044

6. VM™6.1 Capacitive Air Gap Measuring Chains.
User’s Manual. VibroSystM, Canada, 2017, 12 p.

7.4000 Series Air Gap Sensor System Datasheet
Bently Nevada Machinery Condition Monitoing.
BentlyNevada, Nevada USA, 2019, 18 p.

8. Iris power capacitive air gap sensors. Iris Power,
Canada, 2016, 4 p.

9. Air Gap Measuring System LS 120-121 Trans-
ducers & ILS 730-731 Conditioners. Vibro-Meter SA,
Switzerland, 2012, 4 p.

10. Levytskyi A.S., Zaitsev 1.O., Kromplyas B.A.
Viznachennya funktsiyi peretvorennya Emnisnogo sensora
povitryanogo zazoru v gidrogeneratori SGK 538/160-
70M [Determination of the response characteristic of the
capacitive sensor of the air gap in the hydrogenerator
SGK 538/160-70M]. Pratsi Instytutu elektrodynamiky
Natsionalnoi Akademii Nauk Ukrainy, 2016, no. 43,
pp. 134137 (in Ukrainian).

11. Jezhora A.A. Elektroemkostnye preobrazovateli i
metody ikh rascheta [Electrocapacitance Transducers and
Methods of Their Calculation]. Minsk: Bel. Nauka Publ.,
2007, 305 p.

12. Xiaohui H.,, Wugqiang Y. Planar capacitive
sensors — designs and applications. Sensor Review, 2010,
no. 30(1), pp. 24-39. DOI: 10.1108/02602281011010772

13. Mamishev A.V., Sundara-Rajan K., Yang F.,
Du Y., Zahn M. Interdigital Sensors and Transducers.
Proceeding of the IEEFE, 2004, vol. 92, no. 5, pp. 808—845.
DOI: 10.1109/JPROC.2004.826603

14. Cheng H., Yihui Z., Xian H., John AR,
Yonggang H. Analysis of a concentric coplanar capacitor
for epidermal hydration sensing. Sensors and Actuators
A203: Physical,2013, pp. 149-153.

DOI: 10.1016/j.sna.2013.08.037

15. Amr N.A., Wael W. Improved interdigital sen-
sors for structural health monitoring of composite retrofit
systems. Journal of Reinforced Plastics and Composite,
2011, no. 30(7), pp. 621-629.

DOI: 10.1177/0731684411399944

16. Chen T. Capacitive sensors for measuring
complex permittivity of planar and cylindrical structures.
lowa State University, 2012, 204 p.

17. Sheiretov Y., Zahn M. Modeling of Spatially
Periodic Dielectric Sensors in the Presence of a Top
Ground Plane Bounding the Test Dielectric. [EEE
Transactions on Dielectrics and Electrical Insulation,
2005, vol. 12, no. 5, pp. 993—-1004.

DOI: 10.1109/TDEIL.2005.1522192

18. Xiaobei Li, Larson S., Zyuzin A., Mamishev A.V.
Design Principles for Multicuhannel Fringing Electric
Field Sensors. IEEE Sensors jornal, 2006, vol. 6, no. 2,
pp. 434-440. DOI: 10.1109/JSEN.2006.870161

19. Chen T., Bowler N. Analysis of a concentric
coplanar capacitive sensor for nondestructive evaluation

40



Ipubopul u memoowvl usmepenui
2020.—T. 11, Ne 1. - C. 3341
A.C. Jlesuyxuii u Op.

Devices and Methods of Measurements
2020, vol. 11, no. 1, pp. 33—41
A.S. Levytskyi et al.

of multilayered dielectric structures. /EEE Transactions
on Dielectrics and Electrical Insulation, 2010, vol. 17,
no. 4, pp. 1307-1318.
DOI: 10.1109/TDEI.2010.5539703

20. Novik A.L., Kolupaev Yu.P., Nuzhnenko V.V.,
Stadnik A.V. Osobennosti postroeniya izmeritelnyih
tsepey dlya rabotyi s emkostnyimi datchikami [Features
of construction of meter circuits for use with capacitive

sensors|. Tekhnichna Elektrodynamika, 2005, no. 1,
pp- 66—70 (in Russian).

21. Zaitsev le.O., Levytskyi A.S., Novik A.L,
Bereznychenko V.O., Smyrnova A.M. Research of
a Capacitive Distance Sensor to Grounded Surface.
Telecommunications and Radio Engineering, 2019,
vol. 78, no. 2. pp. 173—180.

DOI: 10.1615/TelecomRadEng.v78.i2.80

41



