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OJHOKOMIIOHEHTHBINA C®EPUYECKHUHN JATUUK
HATIPSIDKEHHOCTH SJIEKTPUYECKOI'O HOJIS
C PASOMKHYTOM CUCTEMOM SJIEKTPOJOB B TOJIE
BBJIN3U 3A3EMJIEHHOHM IMPOBOJAINEN INIOCKOCTH

Pabora HampaBieHa Ha MCCIIEIOBAHUE B3aUMOICHCTBHSI OJJHOKOMIIOHEHTHOTO CPEPUUECKOTO JaTYHKA HAMPSIKCHHO-
CTH DJIEKTPUYECKOTO TOJISl C Pa30OMKHYTOM CHUCTEMOM YyBCTBUTEIBHBIX 3JIEKTPOJIOB C SJIEKTPHUUECKUM T0JIEM BOIU3U
MPOBOIAIICH 3a3¢MJICHHOHN IIOCKOCTU. POJIb 4yBCTBUTEIBHBIX 3JICKTPOJIOB BBIMOJHAIOT MyCTOTENbIE chepuueckue
CETMEHTEHI C YTIIOBEIM pa3MepoM 6, TnaMeTpaIbHO pacIioioKeHHBIE Ha BUPTYallbHOH cdepe paamyca R. [TocTpoeHa
KpaTKasi TSOpHs B3aUMOJICHCTBHUS JaTYMKA C MMOJIEM BOJIHM3HM MPOBOJAIICH IIIOCKOCTH. B OCHOBY Teopuwu Jeriu oc-
HOBHBIC YpaBHEHUsI, HEOOXOAUMBIE IS TOCTPOCHHUS MaTEMAaTHIEeCKOH MOAETH TaTIYNKa, TIO3BOJIIONINE ONPEACTATh
ANEKTPUUYECKHE 3apsAabl ¢ U ¢, HAa YyBCTBUTEIBHBIX JIEKTPOIAX, HAMPSDKEHIE XOJIOCTOr0 Xoaa Uy, MEeXIy 4yBCT-
BHTENIEHBIMHU AJIEKTPOIAMH B MEXKAIEKTPOoaHYyI0 eMkocTh C. CocTaBieHa MaTeMaTnieckas MOIeb JaTIiKa U Ipo-
BEJICHO MaTeMaTHYECKOe MOJICIHPOBaHNe. B pe3ynpraTe MaTeMaTn4eckoro MOISIUPOBAHAS ITOTyUeHBI YHCIICHHBIC
3HAYCHUS MeXIJIeKTpoHON eMkoctr C, nuddepeHnansHoro 3apsaaa Aq = ¢ — ¢, ¥ HaIPsHKCHUS XOJIOCTOTO X0a
Usyx.. UncrneHHbIe 3HAYCHUS TIOYYEHBI IPH U3MEHEHUN PACCTOSHUS d OT IICHTPa JaT4rKa JI0 MPOBOIIIEH TIOCKO-
CTH /IS pa3NMYHBIX YTIIOBBIX 3HAUCHUH 6, ceprudecknx cerMeHToB. /i1 ynoOcTBa mpu pacueTax UCIIONb30BaloCh
HE PacCTOsIHHE d, a OTHOCUTEIILHBIN mapameTp a = R / d, XapaKTepHu3yIOIIHii MPOCTPAHCTBEHHBIHN JHUANa30H U3Mepe-
Hus. IIpocTpaHcTBeHHBIM auana3zoH u3MepeHus: uaMeHscs B npenenax 0 <a <1 c¢ marom 0.1. YrioBoit pasmep
ceprdyeckux cerMeHToB 6 m3mensuics oT 30° mo 90° ¢ marom B 15°. MccnenoBaHus oKasajid, 9YTO B KA9ECTBE BBI-
XOIHOTO CHTHAJIA JaT4Ka clieAyeT BeIOpaTh U,y MPH YTIOBBIX pa3Mepax cepruuecKux cerMeHToB ) < 45°. Takoi
BEIOOp 00ECHEeYUT NAaTYMKY HOTPEIIHOCTh, BBI3BAHHYIO BIIMSHUEM IPOBOASAIMICH IUIOCKOCTH, HE IPEBBIIIAIONIYIO
6<4.77% BO BCeM NPOCTPAHCTBEHHOM anamnazoHe m3MepeHus 0 <ag < 1. [Ipu ymMeHbIIEHHN MPOCTPAHCTBEHHOTO
nmuamazoHa 10 ¢ = 0.5 morpemrHocTh Jatymka He TpeBeIcUT O < 0.36%. PesymbraThl HccieqoBaHUS ITOATBEPIMIN

BO3MOXXHOCTBH MCITIOJIB30BaHUA JaTYHUKaA BOJIM3H HpOBOI[SIH.leﬁ 3a3eMJICHHOM IIOCKOCTH.

Kniouesvie crosa: HaIMPSY)KEHHOCTD 3JICKTPUYCCKOTO MOJIA, JaTYHK C paSOMKHyTOﬁ cUCTEMOU 3JIEKTPOI0B, I1OJIC
HpOBOIlHHJ,eﬁ IIJIOCKOCTH, B3aHMOJICHCTBHE MOJIS ¢ JaTYUKOM

BBEJJEHUE

PaboTsl, HamIpaBIeHHBIE HA MCCIENOBAHUA, CO3/a-
HUE U MPOEKTHPOBAaHUE JTATYNKOB U CPEACTB M3MeEpe-
HUM HanpsHKEHHOCTH HHU3KOYAaCTOTHOIO DJIEKTpHUe-
ckoro nons (JI1), Bcerna aktyanbHel. Takue cpeacTaa
WU3MEPEHUH UCTIONB3YIOTCS ISl U3MEPEHHsT M KOHTPO-
ns DIl mpomsitienHoi yactorsl 50 ', M3mepenus
MPOBOJSATCSA HAa paboYMX MecTax M TEPPUTOPHUSIX C yC-
TAHOBJICHHBIM CBEPXBBICOKOBOJIBTHBIM 00OPYZOBaHH-
eM. Llenpro MHCTPYMEHTAILHOTO KOHTPOJIS SIBIISETCS
TMTHEHNYECKas OLEHKa YCIOBHUH TpyAa OOCIyXKu-
BAIOLIETO IIepCcoHaa.

Hcnonb3yemble Ha CErogHSIIHUN JI€Hb CpENCTBa
u3Mepenuil HanpspkeHHoctu OlII, comepxkamiue cde-
pUuecKue IaT4uKu HampsbkeHHoctd Ol snexTpouH-
JYKIIMOHHOTO THUIIA C 3aMKHYTOM CHUCTEMOU 4yBCTBHU-
TENBHBIX 371eKTpoAoB (YD), xopomo mnpeacTaBlieHbI
B pabotax [1-8]. JlanHas pabora SBISETCS CIEHYIO-
mel B 1uKiIe paboT MO HUCCIEJOBAaHUIO HOBOTO THIA

JIEKTPOMHAYKIMOHHBIX  CPepHUecKHX  AaT4YHKOB,
UMEIOIMX Pa3oMKHYTyI0 cuctemy YD, mpencras-
JISFONINX cOO0H Touble cepryeckue cerMeHTs. [Ipe-
Iplaymas pabora aBTopa MOCBALICHA HCCIIEIOBAHUIO
MOBEJECHUS TaTYUKOB C PA30OMKHYTON CHCTEMOU 3JIEK-
TpoJOB B OomHOpOAHOM Tmone [9]. B manHOW pabote
OyzmeT paccMoTpeHo noBeaeHue aatanka Ol B ycio-
BUSIX MPUCYTCTBHSI MPOBOMSILEH 3a3€MJICHHOM ILIOC-
koctu. [lomoOHas 3amava perranach B padote [10]
s U0 B (dopMe CIUTOMIHBIX ChEepHYecKuX CcerMeH-
TOB. B 3T0l paboTe paccCMOTpEH YaCTHBIN CIy4ai Ass
chepuuecKuX CErMEHTOB, NPEACTaBIISIOLIMX CIUIOLI-
HBIC TTOJTyC(ephL.

[TOCTAHOBKA 3AJJAYN

IIpoBecTn TeopeTHUYECKHE HCCIEIOBAHUS IMOBENE-
HUSI OJTHOKOMIIOHEHTHOTO C()epHUYeCKOro 3JeKTPOUH-
NYKIIMOHHOTO JaTdyvka HampsbkeHHoctn OII ¢ pa-
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30MKHYTOM CHUCTEMOW MPOBOASALIMX 3JIEKTPOJIOB
B AJIEKTPUYECKOM IIOJIE C 3a3€MJICHHON MpOBOASILEH
TUIOCKOCTHIO. J1J1s1 3TOr0 HEOOX0IMMO:

1) mOCTPOUTH KpaTKyl0 TEOpPHIO B3aMMOAEHCTBUS
nmaTauka, Haxojsmerocs B Ol ¢ 3a3eMienHoi ipoBo-
JISIIEH INIOCKOCTRIO;

2) IOCTPOUTh MaTEeMAaTHYECKYI0O MOJIENb B3aUMO-
nectBusa gatuvka ¢ Ol ¢ 3a3eMIIeHHON TPOBOASIIICH
IJIOCKOCTBIO;

3) mpoBeCTH MaTeMaTUYECKOE MOACIUPOBAHUE,
Mo pe3yibTaTaM KOTOpPOTO YCTaHOBHUThH BIIMSHHUE 3a-
3€MJICHHOM MPOBOJALIEH IUIOCKOCTH Ha 3JIEKTpUYe-
CKH€ MapaMeTpbl JaT4YHKa, TaKue KakK AJIEKTPUUECKUN
3apsil, UHAYLUUPOBAHHBIA Ha DBIIEKTpOAax AaTyuKa,
HamnpsyKeHHE XOJIOCTOr0 XO0Ja M JJIEKTpHUecKas eM-
KOCTb MEXAY MEKTPOJAMU TATUUKA;

4) OLICHUTH TIOTPEUTHOCTh JAaTYHUKA MO MEXKDIJIEK-
TPOJHON €MKOCTH, JEKTPUIECKOMY 3apsay U Harps-
JKEHHUIO XOJIOCTOr'O X0/1a;

5) cnenarp 3aKJIIOYEHHE IO TOJIYYEHHBIM Pe3yJiib-
TaTam.

TEOPUA

Pemiennst nocraBieHHbIX 33124 OyIeT CBSI3aHO C pac-
CMOTPEHHEM  IIOBEICHMS  SJIEKTPOMHIYKIMOHHOTO
ceprueckoro gardmka HampspbkenHoctH Ol ¢ pa-
30MKHYTOH CHCTEMOH SJIEKTPOJIOB TIPH padoTe B MOJIE
BOJIM3H 3a3€MIIEHHOW TUIOCKOCTH. J[JIs1 3TOTO pemmnm
CIeAyIOIyIo 3amady. Pasmectum Haxoxsmuecs: Haj
MPOBOJSLIEH 3a3€MJICHHOM IIOCKOCTBIO JIBE€ IPOBO-
nsamme cheprdeckne o0oiIouku B dopme cheprde-
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CKMX CErMEHTOB, JISKAIIUX HA MOBEPXHOCTH BUPTY-
anpHO# cdeprl pagmyca R. Cdepuueckue CEerMeHTHI
OynyT sBisiTbes YD nmatamka. OO03HAYNM MTOBEPXHO-
CTH NEPBOr0 U BTOPOIr0 CPEepHUECKUX CETMEHTOB Ye-
pe3 S) u S, ux pa3Mepsl 3aJauM yriioM Gy U TeKyIee
yrioBoe 3HaueHue yrioM 6. Ilpumem paccrosiHue
OT LEHTpa BUPTYaJbHOH CQepsl A0 IUIOCKOCTH paB-
HeIM d. PaccmarpuBaemast B 3ajaue CUTyalus Mpen-
CTaBJICHa Ha PUCYHKE.

Bocnonezyemcsi KOIeKTUBHBIMU (DyHIaMEHTAalb-
HeIMH pabotamu [11-14] u paboTamMu OTAETHHBIX aB-
TopoB [15-17] u BeIZENMM M3 HUX OCHOBHEIE TEOpE-
TUYECKUE IIOJIOXKEHHsI, HeoOXOoAuMble Al pacuera
JATYMKOB C PA30OMKHYTOH CHCTEMOH AJIEKTPOIOB, Ha-
XOASILIMXCSL B IOJIE 3a3eMJIEHHOHM miockoctu. O6oc-
HYEM OCHOBHBIE IEKTPUUYECKUE MapaMeTphl 1aTIUKa,
KOTOPBIE JOJDKHBI ONPENENATh BbIIEIEHHBIE TEOPETHU-
YECKHE TIOJIOKEHHUS.

Jnist peneHus 3aJaud 3aaJuM UCXOIHOE II0JI0XKe-
Hue chepudeckoro marynka B Ol ¢ mpoBomsmiei
TiockocThio. O003HaUMM OYKBO# d pacCTOsIHUE OT IIeH-
Tpa JaT4MKa O MNPOBOASIIEH IMJIOCKOCTH, HUMEIOIIECH
koopauHaty z = 0. [Ipu HaXOXKIEHUU ONUCAHHOU CHC-
tembl YD B OII ¢ 3a3eMJIeHHOH NJIOCKOCTBIO Ha MX
MOBEPXHOCTSAX S W S, MHIYNHPYIOTCS MPOTHBOIIO-
JIOXHBIE TI0 3HAKY IEKTPUUIECKHE 3apsiibl —q; U +q».
[Monx nme#ictBuem OII smektponsr matavka 1 u 2 mpu-
00pPETYT DIEKTPUUECKUE TIOTCHLIUANBI () U (), CBSI-
3aHHBIE C JIEKTPUUCCKUMU 3apsJaMU depe3 MEkKDIIeK-
TpoaHyto emkocth C, sBisouryrocs eMmkocteio Cj
JaTyvka. OJEKTpUYECKHE 3apsibl M MOTEHIHAJBI
JIEKTPOAOB JaT4MKa HPOIOPLHOHAIBHBI HAIPSDKEH-
HoctH DIl

7=0,2=0

ANNN

\
\

\
Puc. Cucrema cdeprueckux 31€KTPOJOB AJISl UCCIEIOBAHUS NaT-
YHMKa B JJIEKTPUIECKOM I10JI€ 3a36MJICHHOM INIOCKOCTH.
OCHOBHBIE XapaKTepUCTUKU: S, S, — UD garuuka, R — paauyc
BUPTYaJILHOHN cepbl, d — paccTOSHUE OT JaT4MKa 10 3a3eMJICH-
HOW TUTOCKOCTH, 6y — yriioBoii pazmep U2
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CremoBaTennbHO, OCHOBHBIMH  DJIEKTPHYECKUMU
napaMeTpaMy JaTdhka OyayT SIBISATBCS DIEKTpHUe-
CKHe 3apsbl ¢, MOTEHIHAIBl @ U eMKocTh Cj. Ha mx
ompesieneHne OyIyT HalleJIeHbl pa3padaTbiBaeMble
TEOPEeTUYECKUE MOTOKEHUSL.

Pemmm B Hamreid cutyanuu (CM. purc.) KpaeByIo 3a-
Jnauy 1us ypaBHeHusa Jlammaca. g sToro 3amanum
TpaHUYHBIE YCIOBUS B BUJIE

Ap=0; ¢ls=0n; ¢|s.=0n: ¢].=0, (1)
rae S; u S, — MOBEPXHOCTH AMEKTPOoAoB 1 u 2 cooT-
BETCTBEHHO; (o1, (Po» — 3aJAHHBIC T'PAHUYHBIC YCIIO-
Busi. Perienue OyneM NMpOBOAWUTH METOAOM MApPHBIX
WHTETPAIbHBIX YpaBHeHHH [9].

Jnst ynobcTBa pemieHus 3a1a4u BBeJeM ouchepu-
4ecKyr cucremy koopauHat (&, 77, 6) [18, rit. 2]-[20]
(cm. puc.). U3 [1] — cnenyromas cBs3b Ouchepude-
CKUX KOOPJUHAT C JCKapTOBBIMU KOOPJAHHATAMHU:

_c-sing-cos6
chn—cosé ~
c-siné -sinf

:#, )
chn —cosé

_ c-shp

- chn—cos&’

cos(g-;@onhn1 ) cos(g_zg"jshn1
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IZle ¢ — PacCTOSHUE OT IJIOCKOCTHU 0 MEPBOro GoKy-
ca Oucgeprueckoil CHCTEMBI KOOPAWHAT, BTOPOi (o-
KyC HaxOAMTCS TOJ TUIOCKOCTBIO Ha TaKOM JK€ pac-
CTOSIHHH; 1] — U3MEHSETCs OT o 10 —©; & — B Mpe-
nemax 0<E<m; 6§ — w3MeHseTcs B Tpeaenax
0<6<2n (cMm. puc.); chn u shn — runepbonmnye-
CKHE KOCHHYC U CHHYC.

Bemonnss rpannunbie yenoBus (1) u BocHosb30-
BaBIIIKMCH U3BECTHBIM [ 12] BhIpakeHuEeM

g=[o($)ds, 3)

HaiJIeM 3JIEKTPUYECKUE 3apsiibl Ha 3JeKTpoaax 1 u 2.
Jiist 5TOTO0 HEOOXOIUMO TPOUHTETPHPOBATH MOBEPX-
o9
HOCTHYIO IUIOTHOCTH 3apsiioB  o(S)=&—
n=m
Mo moBepxHocTsAM S u S, anmekrponoB 1 u 2. Torma

MIOJTYYUM:

& cos - sh/
g, =8ned [ f,()—2—2-du,
0 chn, —cost
t @
x sin- ch -
g, =-87ed [ f,(0—2—2du,
:, chn, —cost

rae fi(f) u f5(f) — pynkuum [12], momyyaemble U3 pe-
IEeHUS CUCTEMBI ITAPHBIX MHTCTPAJIbHBIX ypaBHeHHﬁ:

1 1 40—

1 &
fl(eo)_;.([fl(e) ch2n, —cos(8+6,)

. (6+86 . (6-6
s1n( 2°jshn1 sm( 20Jshn1

ch2n, —cos(60-6,)

1 4
46+ £:(6)) = 0+0, . 0-0,
& siIn—— SiIn——

1
2 2

2chn, —cosﬁ—3

[ L) - Lo, 2__\; ©)

T ch2n, —cos(0+6,) ch2n, —cos(6-6,) 2a(chn, —cos6,)

- 0+6,
1= cosg 290 shn, COS( ) OjShnl 1 & 1 1

0,)—— 0 do+— 0 - do -

S2(6) ﬂE[fZ( ) ch2n, —cos(0—6,) ch2n, —cos(0+6,) 27r~([f1( ) in? % 0%
2 2
. (0+6 . [6-6,

1% Sm(zojShUl Sm( ) 0j5h771 ZChTh—sin3§°—3
_— 0 _ - ,

ﬂ;‘;fl( ) ch2n, —cos(t+x) ch2n, —cos(f—x) T 7 2a(chn, —cosb,) (6)
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rae a = R / d — OTHOCHUTEIBHOE PacCTOSHUE OT IeH-
Tpa aTyuKa 10 3a3€MJICHHOM IJIOCKOCTH; R — paau-
yC cdepudeckoro aNeKTposa; d —  PacCTOSHHE
OT LIEHTpa JaTyuKa J10 3a3€MJICHHOU MJIOCKOCTH; Dy
u @y, — noreHuuanbHble pynkmun Y3 1 u 2 garumka
B TIOJIE 3a3€MJIEHHOM TTIOCKOCTH, OTIPE/IENsIEMbIE U3 CHC-
TEMBI IAPHBIX MHTETPAJIbHBIX ypaBHeHUS (5), (6).

[Hotennmanpabie pyHKIHA Py U D), COOTBETCT-
BCHHO PAaBHBI

sin&-ch1 sin%-chi
Dy =0 —2 2 -FR—2 2
chn, —cost chn, —cost
p P (7
sin 20 .ch sin 20 .ch
(DOZ Z(D(g . 2 2 :EOR 2 2 ,
chn, —cos6, chn, —cos6,

rae CD(?I u CD(?z — moTteHnuanbabie pyHknun Y0 1 u 2

maTauka B ogHOpomHoM OlI, ompenensemple U3 cuc-
TE€MBbl TAPHBIX WHTETPAIbHBIX YpaBHEHU, MOIy4eH-
HBIX /IS OJHOPOJHOTO ToJsi. B 0003HaueHNH MOTEH-
muabHbIX QyHKIME "O" 03HaYaeT MOTCHIMAJILHBIC
(hyHKIIME B OZHOpOAHOM Tmone; a = R / d — mpo-
CTPAaHCTBEHHBIM UAIa3oH U3MepeHuil; R — paauyc
JATINKa; d — PacCTOSIHUE A0 UCTOYHHKA ITOJIS.

Pemenne cucreMbl MapHBIX WHTETPAJbHBIX YPaB-
HeHuit (5), (6) cnocoOCTBYeT HaXOXACHUIO (PyHKIUH
f1(6) u f>(60,), O KOTOPBIM ONPEICISIOTCS JIESKTPH-
yeckue 3apsabl (4), HAYLIUPOBAaHHBIE MOJIEM Ha IO-
BepXHOCTAX UD nmaTdmka, W dJeKTpUdecKas eMKOCTb,
cozmaBaemas U0 [11]

00]

C =4re R 1—2If(9)sin%d9 . (8)
0

DneKTprYeCcKUe MoTeHImabl @y, 1 ¢ (H B 060-
3HaYeHMH O03HAyaeT MOTEHIMAJ B HEOAHOPOIHOM IIO-
ne) YD 1 u 2 ompenenarcs yepe3 HaiJIeHHbIE IO BbI-
pakeHUsIM (4) dIEeKTpUYECKUE 3apsiabl ¢ U ¢, AaT4H-
Ka M €0 eMKOCTH (8)

H_4 HZ%' )

Haiinennple BhIpakeHUS (4) VIS DJEKTPUIECKUX
3aps10B, MHAYLMPOBAaHHBIX HAa YD natdmka, U ux mo-
TeHIHANOB (9) TO3BOJISIOT ONPEACIIHTH:

— mudepeHIIaTBEHBINA ATEKTPHYECKUAN 3apsil

Ag=q,—q,, (10)

— pa3HOCTh moTeHIManoB YD gaTdmka, COOTBETCT-
BEHHO PAaBHYIO HAMPSXKEHUIO XOJIOCTOTO X0/1a

Uxx zq)(l)-{_(o(l); (11)
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LenecoobpasHocts paccMoTpeHust auddepeHIm-
ATBHOTO AJIEKTPHYECKOTO 3apsiia, a He 3apsaoB ¢ U ¢
B OTIENBHOCTH 3aKJIOYaeTcs B TOM, YTO B OJAHOPO/I-

HOM TI0JIE q1=|—q2

q, % |—q2 , IO3TOMY CJIO’)KHO OLIEHUTb UX U3MEPEHHS,

BBI3BaHHBIE HEOTHOPOTHOCTHIO MOJIS.
[lomyuennsie aBTopom BbeIpaxenus (3)—(11) npum
(hOpMUPOBAHUU KPATKOH TEOPUM B3aUMOJCHCTBUS
OJTHOKOMITOHEHTHOTO C(hepHYecKOTo MaTdruKa Hamps-
xeHHocTH Oll, mmeromero pasoMKHYTYIO CHCTEMY
UD, ¢ mosieM ¢ MPOBOASAINEH MIOCKOCThIO OYIYT IO-
JIO)KEHBI B OCHOBY MAaT€MAaTHYECKOW MOJIENH AaTUrKa,
HCMOJIb3yEeMO IJI TalbHEUIINX UCCIIEIOBAHUI.

, & B HEOJHOPOJIHOM TIOJE

MATEMATUYECKOE MOJAEJINMPOBAHUE
W EI'O PE3VJIbTATDI

Jns1 IpoBeeHKs. MaTEMaTU4ECKOTO MOAEIUPOBAHUS
MOCTPOEHA MaTeMaTH4yecKas MOJelNb, OOBEANHSIOMAs
BeIpakeHus (3)~(11). MaremaTrdeckast MOJIENb MO3BO-
JSIeT 3a7aBaTh KOHCTPYKTUBHBIN pasmep 6, YD marunka
U IPOCTPAHCTBEHHOE PACCTOSHUE d OT LIEHTpA JaT4uKa
JI0 3a3eMIICHHOM IuTockocTd. IIpocTpaHCTBEHHOE pac-
CTOSHME 33JaBaJIOCh YEPE3 OTHOCUTEIILHOE PACCTOSHUE
(TIpocTpaHCTBEHHBIN TUATa30H u3MepeHnsi) a = R / d.

3ajaBasi pa3IU4HbBIE 3HAUCHHS YIJIOBBIX pa3MepoOB
UD 6) 1 OTHOCHUTENHHOTO PACCTOSHUS @, TIPH MaTeMaTH-
YEeCKOM MOJIEJTMPOBAHHH:

— OIpPEAEIUIUCH AIEKTPUUECKUE [TapaMeTphl JaTuu-
Ka, TaKHe KaKk MeXdIIeKTpoaHas eMKocTh C, muddepen-
IUAJIBHBIN 3apsi YD Aq v HanpsHKeHHeE XO0IOCTOro Xoaa
Uss

— OLCHHMBAJIUCh U3MCHCHUA YKAa3aHHLIX IMapaMETpPOB,
BBI3BAaHHBIC NPHOJIIKEHHEM JaTdhKa K 3a3eMJICHHON
IUIOCKOCTH.

Maremarryeckoe MOJETHMPOBAHNE TPOBOAMIOCH JUIS
natarkoB ¢ UD B dopme monmbix chepruecknx cerMeH-
TOB C M3MEHEHHWEM HX VIIIOBBIX pasmepoB 6, ot 30°
10 90° ¢ marom B 15° 1 B IpOCTPaHCTBEHHOM JTHAIA30-
HE a, mMeHsrommMcesa B uHTepBaie 0 <a <1 ¢ marom
0.1.

[lpn mopmenupoBaHWK ObLIM TPUHSTHL CICAYIOLIHE

HOPMHpPOBKH: Ag :Aq/(ﬂgoRzEO) — i1 gudde-
penumanshoro apsma; U, =U_/R-E, — s Ha-
npsokennii xonocroro xoma; C =C/(4zg,R) — mis
ANIEKTPUUYECKON EMKOCTH, TAE & = 8.85- 10 d/m —
SNIEKTPHYECKas TIOCTOSHHAS; Ey — HAIPHKEHHOCTh O]1-
HopoaHoro Ol npu a — 0.

Pe3yabTaThl  MaTeMaTMYECKOTO  MOJIEIMPOBAHMS

B BHJIC YHMCJICHHBIX 3HAYCHHUH HCKOMBIX mapaMeTpoB
MpeaCTaBJICHbLI B Ta6J'H/IHC.
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Tab.a. PacueTHble 3HAUSHUS QJIEKTPUICCKUX XaPaAKTEPUCTUK TaTIUKa IIPU €TO0 pa60Te B II0JIE C 3a3€MJICHHOH IIJIOCKOCTBIO
B 3aBUCHUMOCTH OT €0 KOHCTPYKTUBHBIX IMMapaMETPOB U BbICOTHI HAl IJIOCKOCTBHIO

Vron s BricoTa HaJl INIOCKOCTRIO @ = R/ d
s 6, E
2 ~0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
g
N
<
=Y
<
=
=
Q)
30° C* 0.1961 | 0.1963 | 0.1965 | 0.1973 | 0.1981 | 0.2001 | 0.2042 | 0.2123 | 0.2240 | 0.2471 | 0.2971
u(a), % 0 0.14 0.28 0.55 0.98 1.82 4.22 8.08 14.34 26.08 51.35
Ag* 1.433 1.435 1.438 1.442 1.449 1.461 1.497 1.555 1.649 1.828 2.222
a), % 0 0.16 0.32 0.61 1.08 1.98 4.48 8.51 15.10 27.59 54.89
U* 1.8238 | 1.8242 | 1.8245 | 1.8249 | 1.8260 | 1.8270 | 1.8280 | 1.8311 | 1.8360 | 1.8460 | 1.8665
&a), % 0 0.02 0.04 0.06 0.1 0.157 0.25 0.4 0.67 1.2 2.34
45° C* 0.3201 | 0.3203 | 0.3210 | 0.3221 | 0.3242 | 0.3271 | 0.3333 | 0.3452 | 0.3613 | 0.3931 | 0.4353
wa), % 0 0.08 0.29 0.62 1.16 2.14 4.04 7.93 12.86 22.21 41.53
Ag* 2.052 2.055 2.059 2.067 2.080 2.104 2.148 2.238 2.358 2.589 2.920
ya), % 0 0.12 0.35 0.73 1.36 2.52 4.69 9.08 14.90 26.17 48.28
U* 1.6053 | 1.6059 | 1.6063 | 1.6072 | 1.6084 | 1.6112 1.615 1.6225 | 1.6341 | 1.6485 | 1.6769
&a), % 0 0.04 0.06 0.11 0.2 0.36 0.63 1.07 1.81 3.24 4.77
60° C* 0.4851 | 0.4852 | 0.4860 | 0.4880 | 0.4901 | 0.4951 | 0.5021 | 0.5120 | 0.5323 | 0.5781 | 0.6452
u(a), % 0 0.044 0.208 0.624 1.068 1.973 3.461 5.538 9.767 19.378 | 33.06
Ag* 2.582 2.585 2.591 2.602 2.618 2.649 2.699 2.768 2.905 3.221 3.729
a), % 0 0.1 0.32 0.78 1.37 2.58 4.51 7.21 12.54 24.8 4441
U* 1.3319 | 1.3322 | 1.3332 | 1.3340 | 1.3359 | 1.3396 | 1.3452 | 1.3533 | 1.3660 | 1.3920 | 1.4450
&a). % 0 0.05 0.11 0.15 0.3 0.59 1.05 1.58 2.49 4.5 8.53
75° C* 0.7201 | 0.7201 | 0.7211 | 0.7230 | 0.7252 | 0.7301 | 0.7341 | 0.7392 | 0.7561 | 0.8050 | 0.9021
ua), % 0 0 0.13 0.38 0.75 1.4 1.89 2.68 4.93 11.74 2527
Ag* 2.894 2.897 2.906 2917 2.937 2.969 3.004 3.066 3.209 3.545 4.118
a). % 0 0.13 0.43 0.82 1.48 2.62 3.83 5.97 1091 22.52 42 .31
U* . 1.0052 | 1.0062 | 1.0080 | 1.0100 | 1.0131 | 1.0172 | 1.0239 | 1.0371 | 1.0622 | 1.1020 | 1.1423
&a), % 0 0.12 0.3 043 0.73 1.2 1.9 32 5.7 9.65 13.6
90° C* 1.558 1.559 1.560 1.561 1.562 1.565 1.570 1.580 1.597 1.616 1.637
u(a), % 0 0.06 0.12 0.19 0.26 0.45 0.77 1.41 2.50 3.72 5.04
Ag* 3.003 3.012 3.02 3.034 3.053 3.086 3.148 3.295 3.564 4.348 6.477
ya), % 0 0.29 0.58 1.03 1.65 2.76 4.82 7.83 13.07 22.75 4381
U* 0.482 0.483 0.484 0.486 0.488 0.493 0.498 0.511 0.528 0.567 0.651
&a), % 0 0.21 0.42 0.83 1.45 2.28 33 6.02 9.54 17.64 35.06

[lo uncnenHbIM 3Ha4eHUsAM TaOMMup! ObuH paccun-  [TOCKONBKY 5TH XapaKTEPHCTUKH BBICTYTIAIOT 3/IECh Kak
TaHbl M3MEHEHHUS DJIEKTPUUECKUX XapakTepucTHK C, pe3yiabTaThl M3MEPEHHUH IOJIsI, TO YMECTHO TPAaKTOBAaTh
Aq" n U',, BbI3BAHHBIC BIIMSHACM TPOBOMSIIEH IIOC-  MX M3MEHEHHs Kak [OTPELIHOCTH M3MEPEHHit
KOCTH TP MPHUOMKEHAN JaTYMKA K €€ TIOBEPXHOCTH. B(a) = [x(a) — x(~0)] / x(~0) x 100%,
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OJJHOKOMITOHEHTHBII COEPUYECKHUI JIATUMK HAIIPSDKEHHOCTH

rie f(a) — MOTPelIHOCTH IEKTPUUECKUX TapamMeTpoB
x(): C'(a), Aq'(a) 1 U'(a), COOTBETCTBEHHO 0003HA-
YeHHbIe B TabNwIlE, KaK w(a), a) u Ka).

PesynbraThl pacueToB 3aHECEHBI B Ty K€ TaOIMLLy.
W3 naHHBIX TaOMUIBI ClEmyeT, 4To EMKOCTb C', nud-
(pepeHLmATbHBI BIEKTPUIECKHIT 3apsin Ag" v HanpsiKe-
HHE XONIOCTOro Xoma Uy _YBEIMYMBAIOTCA O Mepe
NPUOIIMIKEHNS K 3a3eMJICHHOM 1u1ockocTh. HanGonbiuee
yBeJM4YeHue HaOMogaeTcst Ui eMKOCTH C n mudde-
PEHIMATBHOTO ANEKTPUYECKOro 3apsia Ag , HAMMEHb-
Imee — JUIS HANPSDKEHHs XOIOCToro xoma U y. D10
TMOATBCPIKAAOT U pACCUMTAHHBIC 3HAUCHHUA TOIPCIIHO-
CTH 3THX ITapaMETPOB.

3HaYNTEITLHOE yBCJ'H/I‘IeHI/Ie

— emkoctd C 00BsACHAETCS "OTKPBITOCTHIO" JIeK-
TPOJHOW CHUCTEMBI JATYMKA, Ha KOTOPYIO OKa3bIBAIOT
BJIMAHUC TTPOBOAAIIAA 3a3€MJICHHAA IIJIOCKOCTH U BHEIII-
HHE Tela;

— b hepEHITHATEHOTO MEKTPHUECKOro 3apsiia Ag-
OOBSICHSIETCS, TEM, YTO €ro MOTPeIrHOCTh Y(@) Ipomop-
[IMOHATbHA CYMME TIOTPEIIHOCTEN fi(a) MEXKIIEKTPOA-
HOHM eMKOCTH U &(a) HampshKEHHsSI XOJIOCTOTO X074, T.€.

y(a)=[6(a)+ u(a)).

HC3H3LII/IT€.HI)HOG YBCIIMYCHUC HAIIPSDKCHUA XOJI0-
croro xoma U'y, OOBACHSETCS, TEM, YTO €ro IOTpel-
HOCTB_ )(a) TIPOTIOPIIMOHATTFHA PA3HOCTH TOTPEITHOCTEN
na) uddepeHIUaATLHOTO — EKTPUYSCKOro  3apsiia
u MEKINIEKTPOIHOM €MKOCTH wa), T.C.
8(a) =[y(a)— p(a)]. Do ewe pas noxTBEpIKIACT Npa-
BIUJILHOCTh BBHIOOpa B paHHel paboTe aBtopa [9]
B KAQUECTBE BBIXOIHOT'O MapaMeTpa HalpsHKEHHs XOJIo-
CTOT'O XOJ1a.

[Ipu BBIXOAHOM CUTHalE JAaTYMKA B BHJE HAIpsDKe-
HHSI XOJIOCTOI'O XOJa M BBIOOpe yrioBoro pasmepa U0
narunka Oy <45° MOrpelHoCTh JaT4yvKa, BbI3BAHHAS
BJIUSIHHUEM HpOBOIL}IHICI\/'I IUIOCKOCTH, HE MPCBLICUT
Aa)<4.77% B  TPOCTPAHCTBEHHOM  JIMAINA30HE
0<a<1, a B 100yCTUMOM IPOCTPAHCTBEHHOM JAHaIa-
30He 0 < a < 0.5 He npeBbicuT Ka) < 0.36%.

JlomycTuMbIil IPOCTPAHCTBEHHBINA JUANIA30H HU3MeE-
PEHMSI HCKIIIOYaeT KacaHWe IaTJMKOM 3a3€MJICHHBIX
Y TOKOBEAYIIMX Tel. B momycTtiMom nuamnasone a =
=R /d<0.5, T.e. paccTosHUE MEXIY LIEHTPOM JaTUHKA
M BHEIIHUMH TeJIaMH HE JOJDKHO OBITh MeHble d = 2R,
a IPOCBET HE JI0JDKEH OBbITh MEHBIIIE R.

Taxkum 00pa3oM, pe3ybTaThl, IOTyYSHHbIE TIPH Ma-
TEeMaTHYeCKOM MOJICTTMPOBAHUH JIaTYMKA C Pa3OMKHY-
TOU CHCTEMOMH AIIEKTPOIOB, HOATBEPIUIN BO3MOKHOCTh
€ro MCIOJIb30BaHMsI BOJIU3H 3a3eMIICHHOH TTIOCKOCTH.

BbIBOJbI 11 3AKJIFOYEHUE

BrIBOIBI 11O pe3ynbTaTaM UCCIENOBAHUN CBOASITCS
K CJIEAYIOIIEMY.
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1) IocTpoena kpaTkasi TEOpHs MOBEIEHHS OJHO-
KOMIIOHEHTHOI'O JaTdrka HanpsbkeHHoctu Il ¢ pa-
30MKHYTOH CHCTEMOI 3JIEKTPOJOB B (POpPME IOJBIX
cepuuecKux CerMeHTOB BOJIHM3H MPOBOASIICH 3a3eM-
JIEHHOM TUIOCKOCTH.

2) CocraBjiieHa MaTeMaTH4YeCcKask MOJICNb JIaTUMKa,
YUUTBIBAIOIIAsl KOHCTPYKTUBHBIE MapaMeTpsl YD nat-
YhKa W TapameTpbl, 3aJafollie MPOCTPAHCTBEHHOE
MOJIOXKEHNWE JaTYyhMKa OTHOCUTENBHO 3a3€MJICHHOM
TUIOCKOCTH. B OCHOBY MaTemaTHUecKOW MOJeNu AaT-
YHrKa JICTJIM OCHOBHBLIC YPAaBHCHUA KpaTKOﬁ TCOpUHU.

3) IlpoBeneHO MaTeMaTHYECKOE MOJEINPOBAaHUE
JaTduKa, II03BOJIMBIICC HOHy‘-II/ITI) YHCJICHHBIC 3HA4YC-
HUSL MEXIJIEKTPOJAHON €MKOCTH C , ntadepeHmans-
HOT'O DJIEKTPHYECKOTO 3apsija Aq ¥ HanpsIKeHHil X0-
nocroro xoma U'y, B 3aBHCHMOCTH OT HpPOCTPAaHCT-
BCHHOT'O JMWaria3oHa U3MEPCHUA JaTUUKa a U YIJIOBBIX
pa3smepoB ero UD 6,. [Ipu 3TOM NpOCTpaHCTBEHHBIM
IMafa3oH W3MEepeHHs U3MEHsJICS B JWamna3oHe
0<a<1 ¢ marom 0,1, a yrimoBoi pasmep chepuue-
ckux cerMmeHToB 0y — ot 30° mo 90° ¢ marom B 15°.

4) YcTaHOBIIEHO, YTO TIPY MPUOIMKEHUU K TIPOBO-
JSIIel TUIOCKOCTH Haubojee CHIBHO HM3MEHSIOTCS
TaKHe NapaMeTPhl JATIHKA, KAK MEKOJICKTPOTHAS eM-
KOCTh C n nuddepeHaTbHBIA AEKTPHIECKUN 3a-
pAx Ag , MBIYLMPOBAHHKI Ha HIEKTPOAX JaTUHKA.

5) VYcraHOBIEHO, YTO MHHWUMAIBHYIO MOTPEI-
HOCTb, BBI3BAHHYIO HpI/I6J'II/DKeHI/ICM JlaTyrKa K IMpoBO-
JUIIIEH TUIOCKOCTH, 00eCIe nBacT HaIpsKEHHE X0J10-
CTOT0 X0J1a U xx» IPUHATOE 32 BBIXOJIHOM CUTHAN JaT-
YHKa.

6) YcTaHOBJIEHO, YTO HAIMPSHKEHUE XOJIOCTOrO XO-
Jla IpH yriioBoM pasMepa UD natamka 6, < 45°, obec-
MNEYUT JATYUKY NOTrpCIIHOCTDL, BBISBAHHYIO BIIMSHHUEM
MPOBOJSAIIEH  TIOCKOCTH, HE  IMPEBBIMIAIOIILYIO
Ha) <£4.77% BO BCeM MPOCTPAHCTBEHHOM JHAIa30He
m3mepenus 0 <a < 1.

7) IlokazaHo, 94TO MPH TEX K€ YIIOBBIX pa3Mepax
UD partuymka, HO B JOMYCTUMOM IMPOCTPAHCTBEHHOM
nuanazone 0 < g < 0.5 morpemHocTh AaT4rka He IMmpe-
BeIcUT &a) < 0.36%.

8) IloaTBepkieHa BO3MOKHOCTH MPHUMEHEHHS
JaTyrKa BOJIM3U MPOBOJSIIEH 3a3eMJICHHOW IIOCKO-
CTH.

[lonmprTOXMBas pe3ynbTaThl MPOBENEHHBIX HCCIIE-
JIOBaHUM, MOXKHO 3aKJIIOUHUTh, YTO TMOIYYEHBI HOBEHIE
CBEZICHHA O MOBEJCHWH JaT4nKa HampspkeHHocTH Ol
C PA30MKHYTOM CHCTEMOM AJIEKTPOIOB, HAXOSIIIMCS
B OJTHOPOJTHOM TI0JI€ BOJIM3U 3a3€MJIIEHHOH TNIOCKOCTH.
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SINGLE-COMPONENT SPHERICAL ELECTRIC FIELD STRENGTH
SENSOR WITH AN OPEN SYSTEM OF ELECTRODES
IN THE FIELD OF A CONDUCTING PLANE

S. V. Biryukov

Omsk State Technical University, Omsk, Russia

This work aims to study the interaction of a single-component spherical electric field strength sensor with an
open system of sensing electrodes and an electric field near a conductive grounded plane. The sensing elec-
trodes are hollow spherical segments with an angular size of 6,, diametrically located on a virtual sphere of ra-
dius R. A brief theory of the sensor's interaction with the field near the conducting plane is developed. The
theory is based on the fundamental equations necessary for constructing a mathematical model of the sensor,
allowing one to determine the electric charges ¢; and g, on the sensing electrodes, the open-circuit voltage U,
between the sensing electrodes, and the interelectrode capacitance C. A mathematical model of the sensor was
developed, and mathematical modeling was performed. As a result of mathematical modeling, numerical values
of the interelectrode capacitance C, differential charge Ag = g, — ¢, and open-circuit voltage U,, were obtained.
The numerical values were obtained by varying the distance d from the sensor center to the conducting plane for
different angular values 6, of the spherical segments. For convenience, the relative parameter a = R / d charac-
terizing the spatial measurement range was used in the calculations instead of the distance d. The spatial mea-
surement range varied within the limits 0 <a < 1 with a step of 0.1. The angular size of the spherical segments
6y varied from 30° to 90° with a step of 15°. Research has shown that U, should be selected as the sensor out-
put signal, with the angular sizes of the spherical segments 6, < 45°. This choice will provide the sensor with an
error caused by the influence of the conductive plane that does not exceed &a) <4.77% over the entire spatial
measurement range of 0 <a < 1. When the spatial range is reduced to a = 0.5, the sensor error will not exceed
&(a) < 0.36%. The results of the study confirmed the possibility of using the sensor near a conductive grounded
plane.

Keywords: field strength, sensor with an open electrode system, field of the conductive plane, interaction of the field
with the sensor
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INTRODUCTION

Research, development, and design of sensors and
measuring instruments for low-frequency electric field
(EF) strength are always relevant. Such instruments
are used to measure and monitor EFs with an industri-
al frequency of 50 Hz. Measurements are conducted at
workplaces and areas where ultra-high-voltage
equipment is installed. The purpose of instrumental
monitoring is to hygienically assess the working con-
ditions of maintenance personnel.

Currently used EF strength measuring instruments,
which contain spherical inductive EF sensors with
a closed system of sensing electrodes (SE), are well
described in [1-8]. This work is the next in a series of
studies investigating a new type of spherical inductive
sensors with an open SE system, consisting of hollow
spherical segments. The author's previous work was
devoted to investigating the behavior of sensors with
an open system of electrodes in a uniform field [9]. In
this paper, we will consider the behavior of an EF
sensor in the presence of a grounded conductive
plane. A similar problem was solved in [10] for SEs in
the form of solid spherical segments. In this paper, we
consider a special case for spherical segments
representing solid hemispheres.

PROBLEM STATEMENT

To conduct a theoretical study of the behavior of a
single-component spherical electroinductive field
strength sensor with an open system of conductive
electrodes in an electric field with a grounded conduc-
tive plane. This requires:

1) developing a brief theory of the interaction of a
sensor located in an EF with a grounded conductive
plane;

2) constructing a mathematical model of the inte-
raction of a sensor and an EF with a grounded conduc-
tive plane;

3) conducting mathematical modeling, based on
the results, to determine the effect of a grounded con-
ductive plane on the sensor's electrical parameters,
such as the electric charge induced on the sensor's
electrodes, open-circuit voltage, and the capacitance
between the sensor's electrodes;

4) estimating the sensor's error in terms of intere-
lectrode capacitance, electric charge, and open-circuit
voltage;

5) drawing a conclusion based on the obtained re-
sults.

THEORY

The solution to the stated problems will involve
examining the behavior of an electroinductive spheri-

cal field strength sensor with an open electrode system
when operating in a field near a grounded plane. To
do this, we will solve the following problem. We will
place two conductive spherical shells in the form of
spherical segments lying on the surface of a virtual
sphere of radius R above a conductive grounded
plane. The spherical segments will serve as the sen-
sor's sensing elements. We will designate the surfaces
of the first and second spherical segments as S; and S,
define their dimensions by an angle 6, and the current
angular value by an angle 6.. We will assume the dis-
tance from the center of the virtual sphere to the plane
to be equal to d. The situation considered in the prob-
lem is shown in the figure.

Fig. System of spherical electrodes for studying a
sensor in the electric field of a grounded plane.

Key parameters: S}, S, — sensor SE, R — radius of
the virtual sphere, d — distance from the sensor to
the grounded plane, 6, — angular size of the SE

We will use collective fundamental works [11-14]
and the works of individual authors [15-17] and ex-
tract from them the main theoretical principles neces-
sary for calculating sensors with an open circuit sys-
tem of electrodes located in the field of a grounded
plane. We will substantiate the main electrical para-
meters of the sensor, which should determine the
identified theoretical principles.

To solve the problem, we will specify the initial
position of the spherical sensor in the EP with a con-
ducting plane. We will denote the distance from the
sensor center to the conducting plane with coordinate
z = 0 by the letter d. When the described system of
SEs is located in the EP with a grounded plane, oppo-
site electric charges of —¢; and +¢, are induced on
their surfaces S| and S,. Under the influence of an EF,
sensor electrodes 1 and 2 acquire electrical potentials
@01 and @y, related to the electric charges through the
interelectrode capacitance C, which is the sensor's
capacitance Cj. The electric charges and potentials of
the sensor electrodes are proportional to the EF
strength.

Therefore, the main electrical parameters of the
sensor will be the electric charges ¢, potentials ¢, and
capacitance Cy. The theoretical principles being de-
veloped will be aimed at determining these.

In our situation (see figure), we will solve a boun-
dary value problem for the Laplace equation. To do
this, we set the boundary conditions in the form

=0, (1)

where S| and S, are the surfaces of electrodes 1 and 2,
respectively; @y, @p, are the specified boundary con-
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ditions. The solution will be carried out using the me-
thod of paired integral equations [9].

For convenience of solving the problem, we intro-
duce a bispherical coordinate system (& n, 6) [18,
Ch. 2]-[20] (see Fig.). From [1], the following rela-
tionship between bispherical coordinates and Carte-
sian coordinates follows:

x_c-sinéj-cos@
chn—cosé ~
c-siné-sin6
_colne i, @
chn—cosé
_ c-shp

- chn—cosé’

where c is the distance from the plane to the first fo-
cus of the bispherical coordinate system, the second
focus is located below the plane at the same distance;
n varies from o to —o; & varies within the range
0 <& <m; 6O varies within the range 0 <0 <27 (see
Fig.); chn and shn are the hyperbolic cosine and sine.
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Satisfying boundary conditions (1) and using the well-
known [12] expression

g=[o($)ds, 3)

we find the electric charges on electrodes 1 and 2. To
do this, it is necessary to integrate the surface charge

density o(S)= gg—w over the surfaces S; and S,
n=m

of electrodes 1 and 2. We then obtain:
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where fi(f) and fy(f) are functions [12] obtained by
solving a system of paired integral equations:
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where a = R / d is the relative distance from the sensor
center to the grounded plane; R is the radius of the
spherical electrode; d is the distance from the sensor
center to the grounded plane; @, and @, are the po-

tential functions of SE 1 and 2 of the sensor in the
field of the grounded plane, determined from the sys-
tem of paired integral equations (5), (6).

Potential functions @y and @, are respectively



equal to (7)
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where @;, and @}, are the potential functions of SE 1
and 2 of the sensor in a uniform EF, both are deter-
mined from a system of paired integral equations ob-
tained for a uniform field. In the notation for potential
functions, "O" denotes potential functions in a uni-
form field; @ = R / d is the spatial measurement range;
R is the sensor radius; d is the distance to the field
source.

The solution of the system of paired integral equa-
tions (5), (6) helps to find the functions fi(6) and
1(6,), which are used to determine the electric charges
(4) induced by the field on the surfaces of the SE of
the gauge, and the electric capacitance created by the
SE [11]

C= 47181R{1—2jy f(@)sin%d@}. (8)

The electric potentials ¢, and ¢,, (H in the nota-
tion means the potential in a non-uniform field) of SE
1 and 2 are determined through the electric charges ¢,
and ¢, of the sensor found from expressions (4) and its
capacitance (8)

q q
on=p M P = ©)

The expressions (4) found for the electric charges
induced on the sensor's SE and their potentials (9) al-
low us to determine:

— differential electric charge

Aq=gq,—q,, (10)

— potential difference of the gauge’s SE, respec-
tively equal to the open-circuit voltage

Uxx:(p;_(p(g' (11)

The rationale for considering the differential elec-
tric charge, rather than the charges ¢, and ¢, separate-
ly, is that in a uniform field ¢, = |—q2 , while in a non-

uniform field g, 7r&|—q2 , therefore, it is difficult to

estimate their measurements due to the field's non-
uniformity.
The expressions (3)—(11) obtained by the author in

formulating a brief theory of the interaction between
a single-component spherical field strength sensor
with an open SE system and a field with a conducting
plane will form the basis of a mathematical model of
the sensor used for further research.

MATHEMATICAL MODELING
AND ITS RESULTS

To conduct the mathematical modeling, a mathe-
matical model was constructed combining expressions
(3)—(11). The mathematical model allows one to spe-
cify the structural dimension 6, of the gauge's SE and
the spatial distance d from the sensor's center to the
grounded plane. The spatial distance was specified
using the relative distance (spatial measurement
range) a =R/ d.

By specifying different values for the SE's angular
dimensions 6, and the relative distance a, the mathe-
matical modeling:

— determined the sensor's electrical parameters,
such as the interelectrode capacitance C, the SE's dif-
ferential charge Ag, and the open-circuit voltage Uy;

— assessed changes in these parameters caused by
the sensor's approach to the grounded plane.

Mathematical modeling was performed for gauges
with SEs in the form of hollow spherical segments
with angular dimensions 6, varying from 30° to 90° in
15° increments and in a spatial range a varying in the
interval 0 <a <1 1in 0.1 increments.

The following normalizations were adopted for the

modeling: Aq" = Aq/ (ﬂSORzEO) — for differential
charge; U, =U_ /R-E, — for open-circuit voltages;
C" =C/(4me,R) — for electrical capacitance, where

&= 8.85-10 ¥ F/m is the electrical constant; E is the
uniform field strength at a — 0.

The results of the mathematical modeling as nu-
merical values of the sought parameters are presented
in the table.

Tab. Calculated values of the electrical characteris-
tics of the sensor when it operates in a field with
a grounded plane depending on its design parameters
and height above the plane

Based on the numerical values in the table,
changes in the electrical characteristics C', Ag
n U 4, caused by the influence of the conducting
plane as the sensor approaches its surface, were calcu-
lated. Since these characteristics act here as results of
field measurements, it is appropriate to interpret their
changes as measurement errors

Ba) = [x(a) —x(~0)] / x(~0) x 100%,



where f(a) is the error in the electrical parameters x():
C'(a), Aq'(a), and U'(a), respectively designated in
the table as p(a), ©a), and K a).

The calculation results are included in the same ta-
ble. It follows from the data in the table that the capa-
citance C’, the differential electric charge Aq’, and the
open- circuit voltage U’y increase as they approach
the grounded plane. The greatest increase is observed
for the capacrcance C" and the differential electric
charge Aq and the smallest for the open-circuit vol-
tage Uy This is confirmed by the calculated error
values of these parameters.

The significant increase in

—capacitance C" is explained by the "openness” of
the sensor's electrode system, which is influenced by
the conductive grounded plane and external bodies;

— differential electric charge Ag" is explained by
the fact that its error Y(a) is proportional to the sum of
the errors (a) of the interelectrode capacitance and of
the open-circuit voltage Aa), ie.,
y(a)=[5(a)+ u(a)].

The slight increase in the open-circuit voltage U’y
is explained by the fact that its error &a) is propor-

tional to the difference between the errors y(a) of the
differential electric charge and the interelectrode ca-
pacitance u(a), i.e., 5(a)=[y(a)— u(a)]. This once
again confirms the correctness of the choice in the
author's early work [9] as the output parameter of the
open-circuit voltage.

With the sensor output signal in the form of an
open-circuit voltage and the angular dimension of the
sensor SE selected as 6,<45°, the sensor error caused
by the influence of the conductive plane will not ex-
ceed &a) <4.77% in the spatial range 0 <a <1, and in
the permissible spatial range 0<a <0.5, it will not
exceed &a) <0.36%.

The permissible spatial measurement range pre-
vents the sensor from touching grounded and current-
conductive objects. In the permissible range a=
=R/ d<0.5, , ie., the distance between the sensor's
center and external objects should not be less than d =
= 2R, and the clearance should not be less than R.

Thus, the results obtained from mathematical mod-
eling of a sensor with an open-loop electrode system
confirmed the possibility of its use near a grounded
plane.

CONCLUSIONS

The findings of the study are as follows.

1) A brief theory of the behavior of a single-
component field strength sensor with an open-loop
system of electrodes in the form of hollow spherical
segments near a conductive grounded plane has been
developed.

2) A mathematical model of the sensor has been
developed, taking into account the design parameters
of the sensor's SE and the parameters defining the
sensor's spatial position relative to the grounded plane.
The mathematical model of the sensor is based on the
fundamental equations of the brief theory.

3) Mathematical modeling of the sensor has been
performed, yielding numerical values for the intere-
lectrode capacitance C', differential electric charge
Aq", and open-circuit Voltage U'y, depending on the
sensor's spatial measurement range a and the angular
dimensions of its SE 6, The spatial measurement
range was varied in the range 0 <a <1 in 0.1 incre-
ments, and the angular size of the spherical segments
6, was varied from 30° to 90° in 15° increments.

4) It was found that when approaching a conduc-
tive plane, the sensor parameters that change most
significantly are the interelectrode capacitance C* and
the differential electric charge Aq” induced on the sen-
sor electrodes.

5) It was found that the minimum error caused by
approaching the conductive plane is provided by the
open-circuit voltage U'y,, taken as the sensor output
signal.

6) It was established that the open-circuit voltage
at an angular size of the sensor SE of 6, <45° will
provide the sensor with an error caused by the influ-
ence of the conductive plane, not exceeding
Na)<4.77% over the entire spatial measurement
range of 0 <a < 1.

7) It was shown that, with the same angular dimen-
sions of the sensor SE but in the permissible spatial
range of 0 <a < 0.5, the sensor error will not exceed
Na) < 0.36%.

8) The possibility of using the sensor near a con-
ductive grounded plane was confirmed.

Summarizing the results of the conducted studies,
it can be concluded that new information has been
obtained on the behavior of an EF voltage sensor with
an open electrode system, located in a uniform field
near a grounded plane.



