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OCHOBBI B3AUMOJIEMCTBUA OJHOKOMIIOHEHTHOT'O
COEPUYECKOI'O JATYUKA HAIIPAKEHHOCTHU JJIEKTPUYECKOI'O

MOJISl, UMEIOIETO PA3OMKHYTYIO CUCTEMY
YJIEKTPOJIOB, C OJHOPOJIHBIM IMOJIEM

B pabote paccMaTpHBarOTCsS OCHOBBI TEOPETHUCCKUX IMOJOKCHHUN, HEOOXOIMMBIX JIJISI IIOCTPOCHUS JICKTPOUHIAYK-
HAOHHBIX JAaTUYUKOB HANPSKCHHOCTH JJICKTPUYECKOT'O IOJIA, YyBCTBUTCIIbHBIC 3JICMCHTBI KOTOPBIX MPEACTABIIAIOT
coboii chepuyeckue 000JI0UKH B (hopMe CPEPUICCKUX CETMEHTOB, PACTIONIOKEHHBIX Ha TIOBEPXHOCTH BUPTYAIbHOM
chepbl. AKTYyalbHOCTh TaKHX Pa3pabOTOK CBs3aHA C OOCCIEUCHHEM OXPaHbl TPYAa M TEXHUKU OE30MacHOCTH 00-
CJTY)KHMBAIOIIET0 MEPCOHAIA BHICOKOBOJIBTHBIX YHEPreTHUECKUX YCTAHOBOK. TeopeTnvecKue Mmoj0KEeHUs] OCHOBBIBA-
I0TCSI HA PELICHUH MapHBIX HHTErPATIbHBIX YPABHCHHUI YMCICHHBIMH MeTOaMH. 10 pe3ysibraTaM YHUCICHHBIX pelle-
HUH YCTAaHABIMBAIOTCS SMITMPHYCCKUE BBIPAKEHHS JUIS IJIEKTPUYECKUX 3apsjIOB, HAMPSHKEHUs] XOJOCTOTO XOJa
M €MKOCTH MEX]y YyBCTBUTEIBHBIMHU 3JIEKTPOJAMH B 3aBUCHMOCTH OT YTIJIOBBIX Pa3MepoB CEepHUeCKUX CErMEH-
ToB. [Ipenaraercss KOHCTPYKTHBHOE PEIICHUE JaTYMKa, B OCHOBE KOTOPOTO JICXKAT JIBA JHAMETPAIBHO MPOTHBOIIO-
JIO)KHBIX TPOBOJSIIUX YYBCTBUTEIBHBIX DJIEKTPOAa B (opMe CHEepHUECKHX CErMEHTOB, PACIOJIOKEHHBIX B Cpelle
C IUAJIEKTPUYECKON MPOHUIIAEMOCTBIO & HA MOBEPXHOCTH TUIJICKTPUUICCKOU cepbl ¢ &. YCTAaHOBIEHO, YTO HaM-
60J1ee MPUEMJIEMBIM BBIXOJIHBIM CHUTHAJIOM TAKOI'O JaTUYUKaA SBJIACTCS HAIPAKEHUE XOJIOCTOro Xo/Ja. HonyquHme
PE3YJIbTATHI paﬁon TIO3BOJIAIOT MPOBOAUTH OI_leHO‘lHI)II‘/II pacyer HO}IO6HI>IX JaTYUKOB HAMPS)KEHHOCTH 3JICKTpHUYC-

CKOTI'O ITOJIA.

Kniouegvie cnosa: QJICKTPHUYICCKOEC ITOJIC, OAHOPOAHOC IOJIC, HAIIPSAKCHHOCTD I10JI, CCI)epI/I‘ICCKI/Iﬁ JaT4YUK,
Cq)epI/I‘IGCKI/IC 060J'IO‘IKI/I, C(i)epH‘IeCKI/II;’I CCIMCHT, PA30MKHYTas CUCTEMa JJICKTPOJAOB, U3BMEPUTCIIbHAA LICTTb

BBEJAEHUE

[To pe3ynpraTaM aHanmM3a TEXHUYECKOW JIHUTEpaTy-
psI [1-4], ycTaHOBNIEHO, YTO M3BECTHBIE JATYMKH Ha-
OPsOHKEHHOCTH AnekTpudeckoro mnois (JI1), ucmomnb-
3yeMble U1 KOHTPOJISI U N3MEPEHHs] HAPSKEHHOCTH
HU3KO0UacTOTHBIX DI BBICOKOBOJILTHOTO 00OpYAOBa-
HUSI, — 3TO 3JEKTPOUHAYKLMOHHbIE AAaTYUKH, OCHO-
BaHHBIE HA 3JIEKTPOCTATUICCKON MHTYKIIHH.

B ocHOBe Takux JaTYMKOB JIKAT NPOBOASIIINE Te-
Jla pa3IM4YHbIX FEOMETPHUYECKUX (HOPM, MPOCTEHILINMU
U3 KOTOPBIX SIBISIOTCSI KyO, IMIMHAP U cdepa. DTH
NPOBOJSIIME Teda OAHOBPEMEHHO CIyXaT M JIaTdu-
KOM, ¥ YyBCTBUTEIIHLHBIM 3JIEKTPOAOM, TOCKOIIbKY OHH
CBOEH MMOBEPXHOCTHIO BOCIPUHUMAIOT 3JIEKTPUUECKUI
3aps, MPOMOPIIMOHATBHBIN HanpskeHHocTH D11 [l
CHSATHSL JIEKTPUUYECKUX 3apSAIOB C IMPOBOIAIIUX I10-
BEPXHOCTEH TeJI JaTYMKOB HCIOJB3YIOTCS JIOMOJIHU-
TEJIbHBIE TMPOBOJSIINE SIEKTPOIBI, PACHOI0KEHHBIE
BOJIM3H TMOBEPXHOCTH Tell. J[Jst TOro 4To0BI AIIeKTpO-
JIbl OBUTM 9aCThIO TIOBEPXHOCTH MPOBOSIINX Tell AaT-
YHKOB, UX Pa3MEINAIOT Ha MaJOM PAaCCTOSHHUM OT IO-
BEPXHOCTH TEJ M UCIOJB3YIOT H3MEPHUTENbHBIC LIENH
C BXOJHBIM HMIIEJAaHCOM, ONM3KMM K Hymio. Takue
JATYNKH HA3bIBAIOTCS ATYUKAMH C 3aMKHYTOW CHC-
TEeMOH 3MIeKTpoaoB [5—8].

45

B nmannoit pabote OyayT paccMaTpuBaThCsi Teope-
THYECKHE OCHOBBI TIOCTPOCHUS ITATYMKOB C Pa30MKHY-
TOW CHCTEMOH 3JIEKTPOJOB, MPEACTABISIONINX COOOH
TOHKHE 000JI0YKH B (hOpMe IMONBIX CHEPUIECKIX CerT-
MEHTOB, U HX B3aUMOJICUCTBUE C OMHOPOIHBIM D11

INHOCTAHOBKA 3AJJAYN

st co3maHusl TEOPETUUECKUX OCHOB IOCTPOEHUS
JnaT4ukoB HanpspkeHHocTn OIl co  chepuueckumu
UIEKTPOAAMH PA30MKHYTOH CHCTEMBl HEOOXOIAMMO
PELIUTh PsI 3aa4:

1) npoananu3upoBaTh U 00OOIINTH U3BECTHBIE Me-
TOJBl PacueTOB B3aMMOJCHCTBUS ABYX NPOBOASALIMX
chepuueckux 000J104eK ¢ 0 HOPOHBIM DIT;

2) yCTAaHOBUTb AHAIUTHYECKH WM YHCICHHBIMHU
METOAAaMH 3aBHCUMOCTD JIIEKTPUUECKUX 3apsI0B, HH-
OYLIMPOBAaHHBIX Ha TOBEPXHOCTH cheprueckux 000-
JIOYEK, OT UX TE€OMETPUIECKUX Pa3MEPOB;

3) YCTaHOBHUTh aHAIMTHYECKH WU YHCICHHBIMH
METOAAaMHU 3aBUCHMOCTh PAa3HOCTH IOTCHLHAJIOB Me-
XK1y cheprudeckuMU 000JIOUKaMHU OT MX TeOMETpHUe-
CKHX Pa3MEpOB;

4) yCTAaHOBUTH AHAIUTHYECKH WU YHCICHHBIMH
METOAAMH 3aBHUCHMOCTb 3JIEKTPUUECKOH EMKOCTH
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MEXIy cepruuecKUMH 000I0YKaMH OT UX TeOMETpH-
YECKHUX Pa3MepoB;

5) O NOJIY4YEeHHBIM pE3yJibTaTaM IPEIOKUTh
KOHCTPYKTHUBHOE PELICHHUE OJHOKOMIIOHEHTHOTO che-
pHuuecKoro garynka HampspkeHHocTd Ol ¢ pa3oMkHy-
TON CUCTEMOM 3JIEKTPOJIOB;

6) IPOBECTH aHAJIN3 BO3MOXHBIX BBIXOIHBIX CHI-
HaJIOB JaTYMKa W BHIOpaTh HamOOJee MPUEMIIEMBIi
JUIS 1aTYUKa C PA3OMKHYTON CUCTEMOM 3JIEKTPOIOB;

7) cOCTaBUTh MaTEMaTHYECKYI0 MOJIENIb U MPOBEC-
TH MaTeMaTH4YecKoe MOJEINpPOBaHHE, IO pe3ysbTa-
TaM KOTOPOTo

— TIOJIYYUTh SMIHUPHUECKUE (OPMYIIBI, CBSI3BIBAIO-
LIMEe JIEKTPUYECKUN 3apsil, HaNpsDKEHHE XOJIOCTOrO
X0Jla U €MKOCTh MEXJYy 3JIEeKTPOJaMHu JaT4hKa ¢ UX
YIJIIOBBIMU pa3Mepamu,

— 000CHOBaTh BBIOOp ONTHUMAJBHBIX Pa3MEpOB
3JIEKTPOJIOB JIaT4YHKA.

TEOPUA

B ocHOBe Teopun cdepuueckoro JaT4uKa Hamps-
xeHHocTH Ol ¢ pa3oMKHYTOH CHCTEMOH 3JeKTPOAOB
nexxatr (yHmaMeHTanbHBIe paboTel [9—12], a Takxe
crateu [13-15].

CucteMa 53JE€KTPOJOB AAaTYWKa COCTOUT U3 ABYX
TOHKHX MPOBOJSAIINX ChEeprUuecKux 00oaouek S u S,
B dopMe chepruuecKknx CEerMeHTOB, SBISIONINXCS Ya-
cThl0 cdepsl paaumyca R. [udneKTpuyecKre MpPOHU-
[IAEMOCTH Cpell BHE U BHYTPH C(HepHIeCKUX 000I09IeK

Eo(7)

€1

01

S

-
- -

& !

AY;

Puc. 1. Cucrema chepuyeckux 3IEKTPOIOB
JUISL ICCJIEIOBAHUS B BJIEKTPHUECKOM MOJIE.

COOTBETCTBEHHO PaBHHI & U &. J[anee cdepuueckue
o0omoukn B Qopme ceprudeckux CerMeHTOB OynemM
Ha3bIBATH 3JICKTPOJAaMHU HUJIM YYBCTBUTCIIbHBIMU 3JICK-
tpomamu (UD). Cdepruyeckue >MEKTPOABI PACIIONO-
EHbl COOCHO Ha JUAMETPAJIBHO ITPOTHBOIIOIOXKHBIX
CTOPOHAX YCIIOBHOW CQephl, U UX pa3Mephl 3aJar0Tcs
YIJIOBBIMH pa3Mepamu 6y U Oy, OTCUUTHIBASMBIMU
OT OAHOM ocH natuuka (puc. 1).

IIpn paccMOTpeHHMM NOBENEHUS TaKOW CHCTEMBI
npoBoasnux YD B OI1 HE0OX0AMMO y4eCTh CIIEAYIO-
L€ YCIIOBHSL:

— nepeoe ycnogue UCXOJUT U3 TOTO, YTO BCE TOUKU
MOBEPXHOCTH TPOBOJSIIMX JIEKTPOAOB  JIOJDKHBI
HUMETb PaBHbIE IIOTCHIHAIIBI, OTCIOJIA CIEIyeT

Ap=0; (1

— gmopoe yciosue 3aaeT NOTEHIHANbI IOBEPXHO-
CTEH 3JIEKTPOAOB

QD‘slzq)m 1 Q5= Poo s 2

— mpemuve yclogue yTBEpXKIaeT, UTo MIPH Nepexoie

r'paHul] OUBJICKTPUK—TIPOBOAHUK U IMPOBOJJHUK—

AUDBJICKTPUK BEKTOP JJIEKTPUYECKOI'O0 CMEIICHUA HE
JOJIXKCH U3MCHATHCA

0

D,=¢E, =¢ a r:R:G(Sl); (3)
or
Jp

D,=¢FE,=¢, or |»~:R:G(S2 ), (4)

rae £, u E,, — HOpMaJIbHbIE COCTaBIISAIOIINE BEKTOPA
HanpspkeHHocTH Ol Ha moBepxHoctn UD S m Sy
o(S1) n o(S,) — TOBEPXHOCTHBIE TIOTHOCTH 3aps/I0B
Ha 3NIeKTpoaax S u S5.

C YYC€TOM 3TOr0 IMpu NMOMENICHUN CUCTEMEI IIPOBO-
nsmuxY0 B omHOponHoe DIl Ha WX MOBEPXHOCTH WH-
OYUHPYIOTCS DJIEKTPUYECKHUE 3apsAbl, ONpPeAeIsieMble
BEIpaKeHHEM [9]

g=[o($)ds, 5)

riae o(S) — MOBepXHOCTHAS IUIOTHOCTH 3apsizia, OIl-
penensiemast st cheprUUecKUX 000JI0UEK U3 BBIpaXKe-
Husa [10]

o(S,) = ﬁz(n +lj A P (cos),
R n=0 2
28, & 1 ©)
o(S)==L>"| n+=|B,P,(cos0).
R=\ 2
901 1
3mech 4,= [ f,(O)cos (wﬂe 46 n
0

B = Iﬁ(@)sin (n+%)9 df — xoadpduMeHTHI,

0(]2
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ompexnensiemble uepe3 ¢yHkmum f1(6) u  f(0);
P (cos@) — mnonunomsr Jlexanapa;, n —Iops-
KOBBII HOMED IOJMHOMOB JIexaHpa, IPUHUMAIOIIUI
3Hauenus ot 0 mo «; dS=R’sin0df — snement

noBepxHocTH UD.

ITocie moacranoBku (6) B (5) u mpeoOpa3zoBaHUid
TOJYYHUM BBIPAXKECHUS JIUIsl 3apsiJIOB HA MIEPBOM U BTO-
pom anektpone [8]:

00]

9,(0,) =475,R | ﬁ(@)cos%d@, (7

q,(0,)=4ncR ]T. £ (0)sin§d0, (8)
)

rae f1(6) u f,(6) — yHKIUM, TPOMOPUUOHAILHBIE
IUIOTHOCTU MOBEPXHOCTHOTO 3apsiga Ha UD B dopme
ceprueckux cermeHToB [10], momydaemsie U3 perre-
HUSI CUCTEMBI IAPHBIX WHTETPAILHBIX YpPaBHEHUH:

L)+
L)
£6)+
AL ) ol

2, (2 a3
ﬂ%z 1+2¢* v

)

cpeaHen
TOURH

Puc. 2. CxeMbI 3aMeNIeHNS TaTINKA.

T (o U @y — TOTEHIHANBl TpoBoaammx YD S|
u S, &€ = &/ & — OTHOIIECHUE JTUIICKTPUYECKUX
MIpOHUIIaeMOCTeH cpell BHE U BHYTpH UD naryuka.

DJNEeKTpUYECKUE 3apsifibl, ONpeesieMble BbIpake-
Husivu (7) u (8), TpONOPIMOHATIBHEL TUAJIEKTpHUe-
CKOIl TIPOHHWIIAEMOCTH & CpeAbl, OKpyxaromenrn YD,
momaau nopepxHoctu YD u Hanpspkernnoctu DIl Ey
[16-18]

q(t)=ke S E,(2). (10)

Pa3HOCTB MOTEHIIMATIOB 9y B (0, TIPOBOISATIIHX YD

OIIPEIENIUT HaNPsHKEHUE X0JIOCTOro X0

U, (1) = 0y, (1) = @y, (1), (11)

KOTOpOE Takxke OyZeT MPONOPLIHOHAIBHO HATPSIKEH-
HoctH OI1 Ey(?)

U (0)=2= ’%SE 0, (12)

C
rae C — anekTpuyecKkas eMKOCTh, oOpa3zoBaHHas YD
lu?2.
DnekTpryeckas eMKOCTh MOXKET OBITh OIpe/eNieHa
13 BeIpaxkeHus [ 12]

C=4nglR{1—2ff(9)sin§d9}, (13)

rae ¢yHkuus f{6) onpenenseTcs pelieHHEM CHCTEMBI
WHTETpaNbHBIX ypaBHeHui (9) [19].

B cootBercTBUM cO CHOPMHPOBAHHBIMH TEOPETH-
YeCKMMH OCHOBaMHU IMPUMEHHUTENBHO K JaTYMKY Ha-
npsbkeHHOcTH OIl, mocTpoeHa ero SKBUBAJICHTHAsS
ANIEKTpUYECcKasl cxema 3ameleHus (puc. 2).

I~
=
1

da — KOHCTPYKTHUBHaA:A, 0 — SKBHUBaJEHTHAs QJICKTPHUYCCKAsA CXCMbI
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Ha puc. 2 C= C, — BupTyanpHas 3JIeKTpHIECKas
e€MKOCTh, oOpa3oBanHas UD S| u S, u onpeznensemas
u3 Beipaxenus (13); C; = C, = 2C — BupTyaJbHbIE
ANEKTPUIECKHE EMKOCTH MEXIy COOTBETCTBYIOIIMMH
UD pjatumka U €ro IUIaBAIOIIEH CpemHed TOUYKOM.
Onextpudeckue emxoctn C, C; u C, CBSI3aHBI COOT-

nomennem C=(C, C,)/(C, +C,).

Beipaxkenus (5)—(13) OymyT MOJOXKEHBI B OCHOBY
MaTeMaTHYeCKOH MOJEeNH OAHOKOMITIOHEHTHOTO ce-
pHYECKOro nart4ynka HarpsbkeHHocTH DIl ¢ pa3oMKHY-
TOi cuctemont UD.

CdDEPI/I‘IECKI/Iﬁ JIATUYMK C PA3SOMKHYTOM
CHUCTEMOU YYBCTBUTEJIBHBIX SJIEKTPOAOB

B pabore cdepruyeckuii gaTdyuk Cc pasOMKHYTOH
cucremoii UD OyneT paccMarpuBatrhbcs Ha TMPUMEpE
OJHOKOMIIOHEHTHOT'O JaTyuka. J[aT4nKu Takoro Tuma
paccMoTpeHbl B pabortax [1—4] 0e3 TeopeTHuecKoro
obocHoBaHUSA. OMHO M3 BO3MOXHBIX KOHCTPYKTHBHBIX
pELIeHHH TMOCTPOSHUS] TAKOTO JaT4YMKa CXEMATHYHO
MOKA3aHO Ha puc. 3.

JlaT4uK COCTOMT M3 JIBYX OJMHAKOBBIX 3€PKAIbHO
oToOpakeHHBIX mpoBosamux Y3 1 u 2, mpexacras-
JISFONINX CO00N ceprudeckre 000IOUKH, BBITOIHEH-
Hble B (opMe chepuvecKuX CErMEHTOB paanyca R
C YIJIOBBIM pazMmepoM 6. UD nmaTumka M3roTaBiuBa-
I0TCSl U3 TPOBOJSIIMX MaTEepPHaloB C BBICOKOH 3IeK-
TPUYECKON MPOBOAUMOCTHIO. MIX pacnojararoT cooc-
HO Ha OJHOM KOOPAMHATHOM OCH Ha MOBEPXHOCTHU JIU-
JIEKTPUYECKOTO OCHOBaHUS 3, HMEIoIEro Qopmy
cdepsl, paanyca ¥, MCHbLIETO R Ha BENUYHHY O, COOT-
BETCTBYIOILYIO TOJIIIMHE CTEHKU AMIIEKTPUIECKOTO
OCHOBaHUS JaTuvka. YD MoryTt ObITh HAaKJIEEHbI WIN

KonTtakt
yeKTpoda 1

Konrakr
HIEKTPOIa 2

Puc. 3. OnHOKOMIIOHEHTHBIH cdepuye-
CKHH JaT4YUK C OTKPBITOM CHUCTEMOH 4yB-
CTBUTEJILHBIX JIEKTPOJIOB.

HAHECEHBI METO/IOM HAIBUIEHUS Ha AMAJIEKTPUYECKOE
OCHOBaHME. TONIMHA CTEHKH TUAJIEKTPUUECKOrO OC-
HOBAHMSI BBITIONHSAETCS COTJIACHO YyCNoBHIO O <K R.
Jnst AMBIeKTpUYEecKO IPOHULIAEMOCTH IUAJIEKTPUKA
OCHOBAaHHUA JaT4HKa OOJIKHO BBIIIOJHATHCA YCJIIOBUC
&2 g, TAe & — IMAJIEKTpUYEecKass NMPOHUIIAEMOCTh
Cpelbl, B KOTOPOW OyJIEeT MCIOB30BaThCs AaTuuK. OT
UD 1 u 2 BAONH KOOPIWHATHON OCH BBIBEICHBI KOH-
TakThl 4 U 5 119 NOAKIIOYCHUS JAaTYMKa K HU3MEpH-
TEIbHOH IIETIH.

W3MEPUTEJIbHAS LEITb JATYHMKA
CPA3OMKHYTOU CUCTEMOU
YYBCTBUTEJIbHBIX 3JIEKTPO/IOB

i maturka ¢ pa3oMKHYTOU cuctemMoin YD MOKHO
paccMarpuBaTh JIBa BO3MOXKHBIX BHA BBIXOIHBIX
ANEKTPUYECKUX CUTHAJIOB.

— DOnexTpudeckuid 3apsan, WHIynupoBaHHBI Ol
Ha KaxaoM YD matumka. Ero, corimacHO BBIpaXEHHUIO
(10), s KaXkaoTo MEKTPOIa MOYKHO 3aITcaTh, KaK

{% (1) =ke,S, E (1), (14)
q,(t) =ke,S, E(1),

rne k — k03 OUIMEHT TTPOTIOPIIOHATEHOCTH, 3aBHCS-
it oT opMBI 1 pazmepoB UD, oH omnpenensercs: BbI-

3. 6,
paxenueM k =Ectg? (ero BbIBOA HMXKE); & — IU-

ANIEKTpHYECKasi MPOHUIIAEMOCTD CPEebl; S U S) — IIIo-
maau noBepxHoctd UD nmartdrka (B paccMaTpuBacMoOM
ciry4ae TUTSt cepryuecknx CETMEHTOB
S, =8, =8=47R’sin’(6,/2) ); Eo(f) — HANPsIKCHHOCTH
OIl ipu oTcyTcTBHM B Tosie UD.

— PazHocts noteHumanos (¢, — ¢,) Mexay U0 1 u 2
JlaT4iKa paBHA HAMpPsHKEHHWIO XOJIOCTOrO XOo4a, H, CO-
TJIACHO BBIpaXKeHHIO (12), €ro MOYKHO 3aIicaTh

ke S

U 0=20 252 g ),

A A

(15)

rne C;=C — eMKOCThb [aT4YWKa, OMpPENeISIONIascs
cuctemoit U3 1 u 2 (cMm. puc. 2).

B 3aBucnMoCTH OT BH/ia BEIXOJHBIX CHTHAJIOB OYIyT
pa3in4aTbCd U BXOAHBIC U3MCPUTCIILHBIC LICTIN JaTUYMKA.
Tak, Hanpumep, U CHATHS 2JIEKTPUYECKOrO 3apsia
¢ oBepxHocTH YD HE0OXOJMMO POMHTETrPUPOBATH TOK
KOPOTKOT'O 3aMbIKaHHUS

q(t) = [, (0)dt, (16)

A€ TOK KOPOTKOI'0 3aMbIKaHUA OMNPEACIIACTCA BBIPAKE-
HHUEM

dq(t) _, . ¢4E(0

(1) =
() == PP

(17
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W3 Bepakenus (17) crnemyer, 94To TOK iy, (£) mporop-
1roHaeH He HanpspkeHHocTH D11 E((f), a ckopocTH ero
m3menennst dEy(f) / d¢t. Ecnm ydects, 4To HampshkeH-
HocTh DI M3MeHsieTCs 0 CHHYCOUAATBHOMY 3aKOHY, TO
CKOPOCTb €€ M3MEHEHMs OyleT M3MEHSTHCS 110 3aKOHY
KOCHHYCa, TOTOMY TOK KOPOTKOTO 3aMBIKAHHUS TaK¥Ke
MOXET OBITh MH(OPMATUBHBIM CHTHAIIOM JIATYHKA.

OTuuus CHATHS TOKa KOPOTKOTO 3aMBIKAHUS iy, (£)
OT CHSATHSA HAIPSHKEHUs X0IocToro xoaa Uy (f) 3akitro-
YaloTcsl B 00ECTeYeHNH HEOOXOJUMOr0 BXOJHOTO MM-
nieJlaHca U3MepuTenbHo 1enu. Tak, npu cHiatun ¢ YO
JIATYNKA TOKA KOPOTKOTO 3aMBIKAHUS Iy, (f) Tpebyercs
M3MEpUTENIbHAs LEMb, MMEIOLAs BXOJHOW HMMIIEAHC,
B Hjeane, paBHbIA HYIIO. A JUI CHATUS C 1aT4YMKa Ha-
npsbkeHust xosoctoro xona Uy, (f) TpeOyroTcst BXOHAs
W3MEpUTEIIbHAS 1IeNb C BBICOKMM BXOJHBIM HMIIEaH-
COM, B Hjealie, paBHbIM 0. BBICOKMI BXOIHOW MMIE-
JTaHC He OyAeT HarpykaTb JaT4MK W OOECTIEUHT CHSTHE
C HEro HamnpshKeHWsl, paBHOro  HampsbkeHuto U (f).
AHann3 BBIIBIICHHBIX BBIXOJHbBIX CHUT'HAJIOB JaT4yUKa
C pa3oMKHYTO# cucteMoii UD mokasbIBaeT HepHeMIle-
MOCTB HCIIOJIb30BaHUs B KA4YCCTBE BBIXOJHOI'O CUI'HaJIa
JaT4MKa TOKOBOI'O CHI'HAJIa B BHJE TOKa KOPOTKOTO 3a-
MBIKaHUS I(f). DTO CBSI3aHO C TEM, YTO HU3KHUI BXOTHOM
UMIIEJAHC W3MEPUTENBHOM LIeTI 3aKOPOTUT Pa3HECEH-
HBIE B NpocTpaHcTBe YD, Haxoasimecs Moj pa3HbIMU
noTeHnuajzamu. [1o3TOMy Takoe HCIOJIB30BaHHE H3Me-
PHUTENBHON TeTn TpuBeieT K uckaxeHuro Ol1. B cesiu
C OTUM C€AUHCTBCHHBIM BbIXOAHBIM CHUI'HAJIOM JaT4yulKa
C pa3soMKHyTOH cuctemMor YD ocraercsi HampspKkeHHe
xosocToro xona Uy, (f). OmHako U €ro UCIOIb30BaHUE
HE JIMIIEHO HEIOCTATKOB, OAHUM M3 KOTOPBIX, KaK ClIe-
nyeT u3 BoipakeHus (15), sBusercs 3aBUCUMOCTE Uy (f)
ot eMkocTd C,. B cBfI3M ¢ OTKPBITOCTBIO CHCTEMBI 3JIEK-
TpomoB Ha C, OyayT OKa3bIBaTh BIMSHHAE MHOMKECTBO
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BHEIIHUX (akTopoB. C yd4eTOM CKa3aHHOTO MOXKHO
MIPUITH K BBIBOIY O HEOOXOIMMOCTH KaTHOPOBKU KaX-
JIOTO 1aT4HKA.

OnHa M3 BO3MOXKHBIX W3MEPUTENIBHBIX LETe s
CHATHUS HanpspkeHUs Uy (f) B YIpOIIEHHOM BHUJIE TIpe-
CTaBJIeHa Ha puC. 4.

B ocHoBe BXOOHON H3MEPUTEIBHOM LENU JIEKUT
i depeHInaIbHBI  YCHIUTETh ¢ OOIMIMM TPOBOIOM,
HE CBA3aHHBIM C IUIABAIOIIMM IIOTEHIMAJIOM CpeIHei
TOYKM Jatuuka. JuddepeHunanbHple BXOAB H3MEPH-
TENHHOW LETH BBIOJHEHBI C BBICOKUM BXOJHBIM HUMIIE-
naacom miopsaka 100 kOm. Ha BeIxozie u3MepuTenbHOM
Leny BbIpadaThiBaeTcsl HanpsbkeHue Uy, (f), mporop-
nmoHanbHOe U (f), a clieoBaTenhbHO, HAPSHKEHHOCTH
OIl Ey(f). VI3mepsist HampsbKeHHE Ha BBIXOAE W3MEpH-
TEIBHOW LENH, HalpuMep, LH(POBBIM BOJIBTMETPOM,
MOYKHO OTIPEACIUTh HaNpsHKEHHOCTh UCXOAHOTO TIOJIS.

MATEMATUYECKOE MO/IEJINPOBAHUE
W EI'O PE3VJIbTATDI

[Nomy4yeHHbIe TEOPETUYECKUE TOJIOMKEHHS, OIHCaH-
HblE B KPAaTKOH TEOPHH, JIETIIM B OCHOBY COCTaBIICHUS
MaTeMaTHIECKOM MOJIEITH JaTYHKa, COCTOSIIETO U3 JIBYX
HE3aBUCUMBIX cpepuueckux o0oodek B Gopme chepu-
YeCKHX CErMEHTOB. B OCHOBY MaTeMaTHuecKoi MOJAEIN
nojioxkeHs! BeIpakerus (7)—(17) u caenaHHble HOpPMU-
POBKH:

— JUTSL BJIEKTPUYECKOTO 3apsiia

9

-4, 18
1 ne, R’E, (18)

R1
100 kO™

RS
10 kOM

R7
10 kOMm

Jdarunk
1 1
Uxa =C1 ,:Eg -
=
=)
=9
——— - =
0 "'; 7
Q-
o '
Uxx2 —CZ > E
2 2

s

R2
| kOMm

—

R4 R6 RS
100xOM 10 kOMm 10 xkOm

Puc. 4. Bxognast u3mMeputenbHas lienb JaT9rKa.

C = 1 1
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— JUISL HAITPSIKEHUN XOJIOCTOTO X0a

U/ Ux_x ' ' U

= 19
xx2 2E0R ( )

b

xx xl =
E,R

— AJIsd 3HeKTpI/I‘{eCKOI>'I CMKOCTH

C
e R .

C'= (20)

Maremarrdeckast MOJIENb MO3BOJISIET PELLIUTEH CHUCTE-
My MHTETpaJbHBIX ypaBHeHHH (9) myTeM mpeoOpas3oBa-
HHUA UX K CHCTEME anreOpandyecKux ypaBHEHMH U IO
pe3yJIbTaTaM €€ pelIeHUs HAlTH 2JIEKTPUIECKHE 3apsiabl
(7), (8), nHAYIIMPOBaHHBIE HA IOBEPXHOCTH 3JIEKTPOJIOB,
HarpspkeHre xonoctoro xoaa (11) u eMKoCTh AIeKTpo-
noB (13). MaremaTndeckass MOJIENIb COCTaBIISUIACh
C Y4EeTOM TOro, YTO JATYUK HAXOAUTCS B OIXHOPOIHOM
OIl.

Marematuueckasi MOZIEIb 03BOJIMIIA OObEINHUTS!

— mapaMeTpsl B3auMOoAeUCTBH aaTuarka ¢ O, k ko-
TOPBIM OTHECEHBI JIEKTpUUECKHe 3apsanabl ¢(f), Harps-
xerne Uy (f) m emxoctu C, Cp u C;

— KOHCTPYKTHBHBIE ITapaMeTphl JaTYHKA, K KOTOPbIM
OTHeceHbI paanyc R UD u ux yrioBbie pa3mepsl 6O;

— TapaMeTpbl Cpefbl, OKpyxkaromed UD marumka,
K KOTOpPBIM OTHECEHBI JUAIEKTPHIECKUE MPOHUIIAEMO-
CTH & W & C BHEIIHEW M BHYTPEHHEH CTOPOHHI ChepH-
YECKUX CErMEHTOB.

B pesynprare MareMaTHYeCKOr0 MOJETUPOBAHUS
MOJTyYeHbl YHCIICHHbIE 3HAYEHUSI OCHOBHBIX 3JIEKTpHYe-
CKMX IIapaMETpPOB JaT4YMKa C PA30OMKHYTOW CHCTEMOM
UD, npencrapnennsie B Tabnuie. [lonyyeHHble 1aHHBIC
pacyeToB IOJIOKEHBI B OCHOBY IOCTPOEHHS I'paUKOB
3aBucumocteit ¢'(6y), C'(6y) n U () n ux nambHeie-
r'0 aHAIN3A.

AHanm3upys MPeCTaBICHHBIE B Ta0J. YHCIICHHBIC
3HAYEHHsI, MOXXHO YCTaHOBHUTH, YTO I'padMK, IOCTPOECH-
HBbIA [0 HOPMHUPOBAHHBIM 3HAYEHUSAM HJIEKTPUYECKOTO
3apsana ¢'(6h) XOpoImo corjacyercs C MOJTyYeHHBIM
OIBITHBIM ITYTEM SMITMPUICCKHUM BbIPAKCHHUEM

q'(6,)=3sinb,. (1)

Torma ¢ yuerom HopmupoBku (19) amexrpudeckwii
3apsil, MHIYIMPOBAHHBIN Ha JIEKTPOaX JaTIMKa MOXK-
HO OIMUCATh SMIIMPHUYICCKHUM BBIPAXKCHUEM

q(0,)=q - we,R°E, =3re,R* sin, E,. (22)

CornacHo BeIpaxkenuto (15), 3apsa nponopiroHa-
JICH MOBEPXHOCTHOM TUTOIA/IN SJIEKTPOJIOB S, AUAJICK-
TPUYECKON MPOHHUIIAEMOCTH CPENbI £ U HANPSIKESHHO-
ctu D11 E). C ygeToM 3TOro MOKHO 3aIHicaTh

ke S E, =3rg,R*sin0, E,.

Taba. PacuerHsle 3HaYCHUS KOHCTPYKTHUBHBIX U JJICKTPHUYCCKUX IMApaMCTPOB

JaTYnKa
o) q91=-4" =G c U'xx U= Uxe
5 +0.28662 | 0.28832 | 0.14416 1.98821 0.99411
10 +0.54739 | 0.55524 | 0.27762 1.97172 0.98586
15 | +£0.74787 | 0.77008 | 0.38504 1.94232 0.97116
30 +1.43297 | 1.56491 | 0.78242 1.82384 091192
45 | £2.05212 | 2.55672 | 1.27836 1.60528 0.80264
60 +2.58226 | 3.87282 | 1.93641 1.33189 0.66594
70 | £2.87327 | 5.40428 | 2.70214 1.06333 0.53167
75 +2.89727 | 6.42484 | 3.21242 1.00523 0.50262
80 | +2.99765 | 7.17316 | 3.58658 0.83579 0.41789
85 +2.99862 | 9.21148 | 4.60574 0.65106 0.32553
90 | +3.00277 | 12.46322 | 6.23161 0.48186 0.24093
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Torna, YUUTBIBAsS IUIOLAb JJIEKTpOa

0,

2 22

S =47 R’ sin ?O, orpeenuM Ko3()PHUIMEHT MPOTOp-
IIMOHATBHOCTH, KaK

3 6,
k==ctg—2.
2 72

Panee Belpakenue i 3Toro kodhduIMeHTa He
OBLIO U3BECTHO.

Ananu3 rpaduka U',(6,), TOCTPOSHHOTO IO YHC-
JICHHBIM 3HAYCHHSIM TaOJUIIBI, TOKA3bIBACT €ro X0pO-
HIYIO COTJIACOBAHHOCTH C SMITHPHUYECKHUM BBIPaKCHH-
€M, COCTOSIIINM U3 JIBYX CJIaraeMbIX

(23)

U, (6,)=(3cos6, +1)/2. (24)
C yueroM HOpMupoBKH (19) MOKHO 3amucaTh
U_(6,)= %(3 cosd, +1)R E,. (25)

MOoHO NpennoaoXuTh, YTO IIEPBOE ClIaracMoe
ompeJiesisieT MOTeHNUaN 3JeKTpoAa aatunka B OII,
a BTOpO€ — IOTEHIMal TOYKH IIPOCTPAHCTBA, COBIIA-
JIAIOLIEH ¢ BEPIIMHON IEKTPOJa B OTCYTCTBUM IOJIS
OTHOCHUTEIILHO LIEHTpa AaTYHKA.

3Has BeIpakeHust i 3apsaa ¢'(6y) n Uk (6), He-
CJIOKHO YCTQHOBHUTH 3MIMPHUYECKYIO 3aBHCHUMOCTH €M-
kocti C'(6y) smexTponaoB natunka B (opme chepude-
CKHMX CETMEHTOB OT HX YIJIOBOTO pa3mepa O:

7(8), U (&), C(6)
5
4
3 e lliili—iy
2
: c@ g

0
0 10 20 30 40 50 60 70 80 90

Puc. 5. I'paduxn 3aBucumoctelr 3apsima ¢q'(6)), eMKOCTH
C'(6) n HanpspKeHust xomocToro xoaa U'y,(6y) oT yrioBoro
pazmepa 6 3MEKTPOIOB JATYHKA, IIOCTPOCHHBIE TI0 3MITH-
puueckuM BbipaxkeHusiM (21), (24), (26), u pacuerHble Ta0-
JIMYHBIE TOYKH.
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6sin 6,

C'6)=——""—".
©) 3cosf, +1

(26)

C yaerom (20) 1 (24) emxocts C ompenenuTcs, Kak
sin 6,

. 27
3cos6, +1 @)

C(6,) =6me R

I'padux m3menenus: emxoctu C'(6)) OT YyIJIOBOrO
pa3zmepa dMEKTPOIOB TAaTINKA, TOCTPOCHHBIH 10 TOYKAM
TaOJIHIBI, XOPOIIO COTJIACYETCsl C BhIpakeHueM (26).
Hnst cpaBHeHust moctpoeHbl rpaduxu ¢'(6), C'(6,)
u U'(6) 10 MOoITy4eHHBIM SMIUPUYECKAM BBIPaKEHH-
sM (21), (24) u (26) v Ha HUX TIPOCTABJIEHBI TaOIMYHbBIE
pacdeTHbIe TOUKH (puC. 5).

U3 rpadukoB pHuc. 5 MOXKXHO TPEANOIOKUTH, UTO
ONTHMAJIbHbIE YTJIOBBIE pPa3Mepbl YyBCTBHTEIBHBIX
ANIEKTPOAOB JaTYMKa MOJDKHBI JISKATh B JMAlla30HE
30°< 0, < 60°. D10 OOBACHSIETCS TEM, YTO C POCTOM
YIJIOBOIO pa3Mmepa 6 UYyBCTBUTEIBHBIX JIIEMEHTOB
HAIpsDKEHUE XOJIOCTOTO XOJ1a, SIBIISIOIIEECS BBIXOM-
HBIM CUTHAJIOM JJaTYMKA, yMEHBIIAETCS.

Takum 00pa3oM, MaTeMaTHIECKOE MOJICIINPOBAHHE
natanka HamnpspkeHHoctr Oll ¢ pasomkHyTO# cucTe-
Moit UD B OMHOPOAHOM TIOJIE€ MTO3BOJIMIO YCTAaHOBHUTH
XapakTep M3MEHEHUS OCHOBHBIX JJIEKTPUYECKHX Ma-
pametpoB natumka g(6), C(6y) u Un(6) B 3aBHCUMO-
CTH OT YIJI0BOTo pasmepa 6, ero UD u MoOIyduTh M-
MUPHYECKNE BEIPAKCHUS ITHX 3aBUCHMOCTEH.

BBIBOJbI 11 3AKJIFOYEHUE

Pesynprarel WcciaenoBaHWS TO3BOJISIOT CHENATh
CJIEAYIOIUE BBIBOJBI.

1. Pa3zpaboTaHbl TeopeTHYECKHE MOJIOKEHUS B3au-
MOJICHCTBUS BYX HE3aMKHYTHIX JAMaMETPaIbHO TPO-
THUBOIIOJIOKHBIX cepuueckux o0omodek B (opme
chepruecKrux CEerMeHTOB ¢ OTHOPOIHBIM DII.

2. TeopeTnueckue TOJIOKEHHUS TO3BOJIMIN TPEN-
JIOKUTh OAHY W3 BO3MOXHBIX KOHCTPYKIIMH OJHO-
KOMIIOHEHTHOTO C()EpUUECKOr0 AAaTYMKa HaMpsHKEH-
Hoctu OIl ¢ pa3oMKHYTOM CHCTEMOH 3JIEKTPOJIOB
W YCTaHOBUTH B3aNMOCBSA3b €ro 3JEKTPUUECKUX
M KOHCTPYKTHUBHBIX ITapaMETPOB.

3. VYCTaHOBIEHB BO3MOXXHBIE BH[BI BBIXOJHBIX
CUT'HAJIOB JaTYMKaA, K KOTOPBIM OTHCCCHBI 3JICKTpHUYC-
ckuil 3apsz ¢(f), HampspKeHHe X0JOoCTOro Xoma U(f)
1 TOK KOPOTKOTO 3aMBIKAHUS Iy.

3. IIpoBeaeH aHanu3 BO3MOXKHBIX BHUIOB BBIXOJ-
HBIX CHTHAJIOB JAaTYWKa. AHAJIN3 TOKa3al HEeMpUTo/I-
HOCTb UCIIOJIb30BAHHUS AJIEKTPUIECKOTO 3apsia 1 TOKa
KOPOTKOTO 3aMBIKaHHS B KaUeCTBE BBIXOJHBIX CHT'HA-
JIOB JaTyvka. DTO TpeOyeT AJS MX CHSATHUSI TIPUMEHE-
HUE W3MEPHUTENHHON Meny ¢ OMU3KUM K HYIO0 BXOJ-
HBIM UMIICAAaHCOM, MMPUBOAANINM K 3aMbIKAHUIO DJICK-
TPOJOB MEXAy co0OH W, KaK CIIEZCTBHE, K HCKaXKe-
HUIO TIOJIS.
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4. EILI/IHCTBGHHO BO3MOKHBIM BBIXOJAHBIM CUT'HA-
JIOM JAaT4dKa C Pa3OMKHYTOH CHUCTEMOH 3JIEKTPOAOB
SIBIIIETCSl HANpsDKeHHe XonocTtoro xoma Uy(f). Hc-
MOJIb30BaHUE B Ka4eCTBE BBIXOJHOI'O CHUTHaja Hamps-
XKEHUSI XOJIOCTOro Xoja TpeOyeT NMPUMEHEHHs H3Me-
pI/ITCHI)HOI‘/'I e ¢ BBICOKUM BXOJAHBIM UMIICAIAHCOM.

5. IlpennoxkeH OAMH U3 BO3MOXKHBIX BapUAHTOB
MOCTPOEHHUSI N3MEPHUTEIHHON LIENH Ha OCHOBE OIepa-
LUOHHOTO YCHJIMTENS C BBICOKUM BXOAHBIM HMIIE-
JAHCOM.

6. IIpoBeneHo MmareMaTH4eckoe MOJENUPOBaHUE
OJHOKOMIIOHEHTHOTO C(epUvecKOoro AaTduKa Hampsi-
JKEHHOCTH C Pa30MKHYTOM CHCTEMOH 3JIEKTPOJIOB
B omHopomHoMm OIl. Pesymprarom MomenupoBaHUs
SABJISIFOTCSL I‘pa(l)I/IKI/I 3aBUCUMOCTH BJICKTPUYCCKUX I1a-
pametrpoB aatuuka q(6), C(6) u Ux(6) oT yrioBoro
pa3mepa 6, ero AIIEeKTPOIOB.

7. BrepBble NOJTY4YEHBI 3MITUPUUYECKUE BBIPAKEHUS
JUISL DNIEKTPUYECKUX NapaMeTpOB JIaTYMKa C Pa3OMKHY-
TOM CUCTEMOM IEKTPOJIOB:

— 7 2NEKTPUYECKOro 3apsia
(22));

— JUISl HAIPSDKEHHS XOJIOCTOTO X071 (CM. BBIpaKEHHE
25));

— JJIS1 AJIEKTPUYECKON €MKOCTH MEXKAY JIEKTPoAa-
MU (cM. BeIpakeHue (27)).

8. IlosmydyeHHbIE SMIIUPUUECKUE BBIPAXKEHUSI MOTYT
OBITH TIOJIO’KEHBI B OCHOBY OIIGHOYHOTO pacueTa Jiat-
YUKOB C PA30MKHYTOM CUCTEMOM 3JIEKTPOJIOB.

(cM. BBIpakeHHE

B 3axmrodeHue criemyeT cka3aTh, YTO TMONyYEHBI
HOBBIE 3HAHUA IO pa3paboTKe JATYUKOB HATPSIKESH-
Hoctu OIl ¢ pa3oMKHYTOM cHCTEMOH 3JIEKTPOJIOB
B (hopme chepruecKux CerMEeHTOB.
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FUNDAMENTALS OF INTERACTION BETWEEN
A UNIFORM FIELD AND A SINGLE-COMPONENT SPHERICAL
ELECTRIC FIELD STRENGTH SENSOR
WITH AN OPEN SYSTEM OF ELECTRODES

S. V. Biryukov

Omsk State Technical University, Omsk, Russia

The paper considers the fundamentals of theoretical provisions necessary for constructing electroinductive
sensors of electric field strength. The sensitive elements of the gauge are spherical shells in the form of spherical
segments located on the surface of a virtual sphere. The relevance of such developments is associated with en-
suring labor protection and safety for the maintenance personnel of high-voltage power plants. The theoretical
provisions are based on solving paired integral equations by numerical methods. Based on the results of numeri-
cal solutions, empirical expressions are established for electric charges, open-circuit voltage, and capacitance
between sensitive electrodes depending on the angular dimensions of the spherical segments. A design solution
for a sensor is proposed, which is based on two diametrically opposed conductive sensitive electrodes in the
form of spherical segments located in a medium: the permittivities of the media outside and inside the spherical
shells are, respectively, equal to & and &,. It is established that the most acceptable output signal of such a sen-
sor is the open-circuit voltage. The obtained results of the work allow for an estimated calculation of similar
electric field strength sensors.

Keywords: electric field, field strength, spherical sensor, spherical shells, spherical segment, open electrode system,
measuring circuit
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INTRODUCTION

Based on the analysis of technical literature [1-4],
it has been established that the known electric field
(EF) strength sensors used to monitor and measure the
strength of low-frequency EFs of high-voltage equip-
ment are electroinductive sensors based on electrostat-
ic induction.

These sensors are based on conductive bodies of
various geometric shapes, the simplest of which are
a cube, cylinder, and sphere. These conductive bodies
simultaneously serve as both a sensor and a sensitive
electrode, since their surface perceives an electric
charge proportional to the EF strength. To remove
electric charges from the conductive surfaces of the
sensor bodies, additional conductive electrodes lo-
cated near the surface of the bodies are used. In order
for the electrodes to be part of the surface of the con-
ductive bodies of the sensors, they are placed at
a small distance from the surface of the bodies, and
measuring circuits with an input impedance close to
zero are used. Such sensors are called sensors with
a closed electrode system [5—8].

This paper considers the theoretical foundations for
constructing sensors with an open electrode system.
Sensors are thin shells in the form of hollow spherical
segments, and their interaction with a homogeneous
EF.

PROBLEM STATEMENT

To create a theoretical foundation for constructing
EF strength sensors with an open system of spherical
electrodes, it is necessary to solve a number of prob-
lems:

1) analyze and generalize the known methods for
calculating the interaction of two conducting spherical
shells with a homogeneous EF;

2) establish analytically or numerically the depen-
dence of the electric charges induced on the surface of
spherical shells on their geometric dimensions;

3) establish analytically or numerically the depen-
dence of the potential difference between spherical
shells on their geometric dimensions;

4) establish analytically or numerically the depen-
dence of the electric capacity between the spherical
shells on their geometric dimensions;

5) based on the obtained results, propose a design
solution for a single-component spherical field
strength sensor with an open electrode system;

6) analyze possible output signals of the sensor and
select the most acceptable one for a sensor with an
open electrode system;

7) create a mathematical model and conduct ma-
thematical modeling, based on the results of which

— obtain empirical formulas relating the electric
charge, open-circuit voltage, and capacitance between
the sensor electrodes with their angular dimensions,

— justify the choice of optimal sensor electrode siz-
es.

THEORY

The theory of an EF strength spherical sensor
gauge with an open electrode system is based on fun-
damental papers [9-12] and articles [13—15].

The electrode system of the sensor consists of two
thin conducting spherical shells S; and S, in the form
of spherical segments that are part of a sphere of ra-
dius R. The permittivities of the media outside and
inside the spherical shells are, respectively, equal to &
and &,. Further, the spherical shells in the form of
spherical segments will be called electrodes or sensi-
tive electrodes (SE). The spherical electrodes are lo-
cated coaxially on diametrically opposite sides of
a conventional sphere, and their dimensions are speci-
fied by angular dimensions 6, and 6, measured
from one axis of the sensor (Fig. 1).

Fig. 1. System of spherical electrodes for research in
an electric field

When considering the behavior of such a system of
conductive SE in the EF, it is necessary to take into
account the following conditions:

— the first condition proceeds from the fact that all
points on the surface of the conductive electrodes
must have equal potentials: hence, it follows

Ap=0; (M

— the second condition specifies the potentials of
the surfaces of the electrodes

Pls, =Py and §0‘ 5, Poz s 2)
— the third condition states that when passing the

dielectric-conductor and conductor-dielectric bounda-
ries, the electric displacement vector must not change

0
D, =¢E, =¢ a—‘:|,.:R=o(S1); 3)

P
D,=¢E, =¢, a—f _=0(S,), 4)

r r

where E,; and E,, are the normal components of the
EP strength vector on the surface of the SE S and S;
o(S1) and o(S,) are the surface charge densities on the
electrodes S, and S,.



Taking this into account, when placing a system of
conducting SEs in a homogeneous EF, electric
charges are induced on their surface and determined
by the expression [9]

g=[c(8)ds, (5)

where o(S) is the surface charge density, determined
for spherical shells from the expression [10] ]

o(S,) = ﬁz(n +lj A P (cos),
R n=0 2
28, & 1 ©)
o(S,)= —IZ(n +—j B, P (cos6).
R=\ 2
00] 1
Here, 4,=| fl(Q)cosKnJrE)Q}dO and
0

B,=| fz(e)sin[(n%je}de are coefficients de-
0(]2

termined through the functions fi(6) and f£(6);

P (cos@) are Legendre polynomials; 7 is the ordinal
number of the Legendre polynomials, taking values
from 0 to o; dS=R*sinfd6 is the surface element

of the SE.

After substituting (6) into (5) and making trans-
formations, we obtain expressions for the charges on
the first and second electrodes [8]:

901

4,(0,) =4z, R | fl(Q)cosng, (7)

q,(6,) =4778R]E f2(9)singd9, (8)

902

where f1(6) and f,(6) are functions proportional to the
surface charge density on the SE in the form of spher-
ical segments [10], obtained by solving a system of
paired integral equations:

VACHES
1 ¢~ 0+6, 0-6 2 2+¢* 3
+{— 0)| cosec| ——= |+ cosec Llldti=—=¢, -| —— |-cos=8),,
{271[00/2( )[ ( 2 J ( 2 ﬂ } 2 [1+2g*j 27
®
L6+
L 0+6, 0-6, 2 24e*) . 3
+{2—ﬂ J.O £(6) {oosec(TJ -cosec(Tﬂdt } = Do (ng*j : smE 0,
where ¢y, and ¢y, are the potentials of the conducting U (n=d _ ke S £ (12)
SE S;and S; &* = &/ & is the ratio of the permittivi- w( )_E T o(0),

ties of the media outside and inside the SE of the sen-
sor.

The electric charges defined by expressions (7) and
(8) are proportional to the permittivity & of the me-
dium surrounding the SE, the surface area of the SE
and the EF strength £, [16-18]

q(1) = ke,S - E,(0). (10)

The potential difference ¢y and ¢y, of the conduct-
ing SE determines the open-circuit voltage

U (1) = @y, (1) — 9, (1),
which also is proportional to the EF strength E(¢)

(1)

where C is the electric capacitance formed by SEs 1
and 2.

The electric capacitance can be determined from
expression [12]

901

C=4ﬂglR{l—2J‘f(0)singd9}, (13)

2

where the function f{6) is determined by solving the
system of integral equations (9) [19].

In accordance with the theoretical foundations
formed in relation to the EF strength sensor, its equiv-
alent electrical equivalent circuit is constructed,
Fig. 2.



Fig. 2. Sensor equivalent circuits.
a —circuit design, b — equivalent electrical circuit

In Figure 2 C=C, is the virtual electric capacit-
ance formed by the SEs S; and S, and determined
from expression (13); C; = C, = 2C are the virtual
electric capacitances between the corresponding SEs
of the sensor and its floating midpoint. The electric
capacitances C, C; and C, are related by the relation
expressions (5)—(13) form the basis of the mathemati-
cal model of a single-component spherical field
strength sensor with an open SE system.

SPHERICAL SENSOR WITH AN OPEN SYSTEM
OF SENSING ELECTRODES

In this paper, a spherical sensor with an SE open-
loop system is considered using the example of a sin-
gle-component sensor. Sensors of this type are consi-
dered in works [1-4] without theoretical justification.
One of the possible design solutions for constructing
such a sensor is schematically shown in Fig. 3.

Fig. 3. Single-component spherical sensor with an
open system of sensitive electrodes.

The sensor consists of two identical mirror-image
conductive SE 1 and 2, which are spherical shells
made in the form of spherical segments with radius R
and an angular size of 6,. The SEs of the sensor are
made of conductive materials with high electrical
conductivity. They are located coaxially on one coor-
dinate axis on the surface of the dielectric base 3,
which has the shape of a sphere, radius 7, less than R
by the value o, corresponding to the thickness of the
wall of the dielectric base of the sensor. SE can be
glued or applied by spraying onto the dielectric base.
The wall thickness of the dielectric base is performed
according to the condition & < R. For the dielectric
permittivity of the sensor base dielectric, the condition
&2 g must be satisfied, where g is the dielectric
permittivity of the medium in which the sensor will be
used. Contacts 4 and 5 are brought out from SE 1 and
2 along the coordinate axis to connect the sensor to
the measuring circuit.

MEASURING CIRCUIT OF THE GAUGE
WITH AN OPEN-LOOP SYSTEM
OF SENSING ELECTRODES

For a sensor with an SE open system, two possible
types of output electrical signals can be considered.

— Electric charge induced by the EP on each SE of
the sensor. According to expression (10), it can be
written for each electrode as

{41 () =kg,S, - Ey (1),

(14
q,(t) = ke, S, - Ey (1),

where k is the proportionality coefficient depending

on the shape and size of the SE, it is determined by

. 3.6, .. T
the expression k =Ectg?° (its derivation is below);

g is the permittivity of the medium; S; and S, are the
surface areas of the sensor SE (in the case under con-
sideration for spherical segments
S, =8, =8=47R’Sin’(6,/2)); Eo(?) is the EF strength
in the absence of a SE in the field.

— The potential difference (¢ — ¢,) between SE 1
and 2 of the sensor is equal to the open-circuit vol-
tage, and, according to expression (12), it can be writ-
ten

U0 =105 g ),

a a

(15)

where C,= C is the sensor capacitance determined by
the system of SE 1 and 2 (see Fig. 2).

Depending on the type of output signals, the input
measuring circuits of the sensor also differ. For exam-
ple, it is necessary to integrate the short-circuit current
to remove the electric charge from the surface of the
SE,

g(t) = [i, (0)ds,, (16)

where the short-circuit current is determined by the
expression

i (0)=390 _ 4. 5. 45O

d¢ d¢

From expression (17) it follows that the current i, (¥)
is proportional not to the EF voltage E(f), but to the
rate of its change dEy(¢) / dt. If we take into account
that the EF voltage changes according to a sinusoidal
law, then the rate of its change changes according to
the cosine law: therefore, the short-circuit current can
also be an informative signal of the sensor.

The difference between removing the short-circuit
current i.(f) and removing the open-circuit voltage
Ui () consists in ensuring the required input imped-
ance of the measuring circuit. Thus, when removing
the short-circuit current i.(f) from the sensor gauge
SE, a measuring circuit with an input impedance,
ideally equal to zero, is required. But to remove the
open-circuit voltage Uy (f) from the sensor, an input
measuring circuit with a high input impedance, ideally
equal to oo is required. A high input impedance does

(17)



not load the sensor and ensures that the voltage equal
to the voltage U, (¢) is removed from it. Analysis of
the detected output signals of the sensor with an open
SE system shows the unacceptability of using a cur-
rent signal in the form of a short-circuit current i,,(¢) as
the output signal of the sensor. This is due to the fact
that a low input impedance of the measuring circuit
will short-circuit the spaced-apart SEs under different
potentials. Therefore, such use of the measuring cir-
cuit will lead to distortion of the EP. In connection
with this, the only output signal of the sensor with an
open system of the sensitive element remains the
open-circuit voltage U, (f). However, its use is not
without drawbacks, one of which, as follows from
expression (15), is the dependence of U, (f) on the
capacitance C,. Due to the openness of the electrode
system, many external factors will influence C,. Tak-
ing into account the above, we can come to the con-
clusion about the need to calibrate each sensor.

One of the possible measuring circuits for remov-
ing the voltage U(f) is shown in simplified form in
Fig. 4.

Fig. 4. Input measuring circuit of the sensor.

The input measuring circuit is based on a differen-
tial amplifier with a common wire not connected to
the floating potential of the midpoint of the sensor.
The differential inputs of the measuring circuit are
implemented with a high input impedance of about
100 kQ. At the output of the measuring circuit, a vol-
tage Uuux(f) is generated, proportional to U(f), and
therefore, to the EF strength FEy(¢). By measuring the
voltage at the output of the measuring circuit, for ex-
ample, with a digital voltmeter, it is possible to deter-
mine the strength of the initial field.

MATHEMATICAL MODELING
AND ITS RESULTS

The obtained theoretical provisions, described in
the brief theory, formed the basis for compiling a ma-
thematical model of the sensor, consisting of two in-
dependent spherical shells in the form of spherical
segments. The mathematical model is based on ex-
pressions (7)—(17) and the following normalizations:

— for electric charge

' q
= 18

1 ne, R’E, (1)
— for open-circuit voltages

U U
U)Icc = g ’ U;xl = U;'cZ = = 5 (19)
E,R > 2ER

— for electric capacitance

C
e R .

C'= (20)

The mathematical model allows solving the system
of integral equations (9) by transforming them into a
system of algebraic equations and, based on the re-
sults of its solution, finding the electric charges (7),
(8) induced on the surface of the electrodes, the open-
circuit voltage (11) and the capacitance of the elec-
trodes (13). The mathematical model was compiled
taking into account that the sensor is in a homogene-
ous EF.

The mathematical model made it possible to com-
bine:

— parameters of interaction between the sensor and
the EF, which include electric charges ¢(¢), voltage
Ux(f) and capacitances C, C; and C;;

— design parameters of the sensor, which include
the radius R of the SEs and their angular dimensions
O;

— parameters of the environment surrounding the
sensor SE, which include dielectric permittivities &
and & on the outer and inner sides of the spherical
segments.

As a result of mathematical modeling, numerical
values of the main electrical parameters of the sensor
with an SE open-loop system were obtained and pre-
sented in Tab. The obtained calculation data are used
as a basis for plotting the graphs of the ¢'(6,), C'(&)
and U'x(6,) dependencies and their further analysis.

Tab. Calculated values of structural and electrical
parameters of the sensor

Analyzing the numerical values presented in the
Tab., it can be established that the graph plotted using
the normalized values of the electric charge ¢'(&) is in
good agreement with the empirical expression ob-
tained experimentally

q'(6,)=3sinb,. 21
Then, taking into account the normalization (19),
the electric charge induced on the sensor electrodes
can be described by the empirical expression
q(0,)=q - 7e,R°E, =3n¢,R’sin6), - E, . (22)
According to expression (15), the charge is propor-
tional to the surface area of the electrodes S, the di-
electric permittivity of the medium & and the EP
strength F,. Taking this into account, we can write



ke S-E,=3ng,R*sinf, - E,.
Then, taking into account the electrode area
. 20 S
S =47R’sin’ ?O, we define the proportionality coef-

ficient as

3.6,
k 2ctg 5

Previously, the expression for this coefficient was
not known.

Analysis of the graph U'x(6&), constructed using
the numerical values of the table, shows its good
agreement with the empirical expression consisting of
two terms

(23)

U, (6,)=(3cos6, +1)/2. (24)

Taking into account the normalization (19), we can

write
Uﬂ(eo):%(%oseo +1)R-E,. (25)

We can assume that the first term determines the
potential of the sensor electrode in the EF, and the
second one determines the potential of a space point
coinciding with the top of the electrode in the absence
of a field relative to the center of the sensor.

Knowing the expressions for the charge ¢'(6) and
U(6), it is easy to establish the empirical depen-
dence of the capacitance C'(6)) of the sensor elec-
trodes in the form of spherical segments on their an-
gular size 6

6sin 6,

C'0)=——".
) 3cosf, +1

(26)
Taking into account (20) and (24), the capacitance
C is determined as

sin g,

C(6,)=6mgR-———.
@) " 3cos, +1

27)
The graph of dependence of the change in capacit-
ance C'(6)) on the angular size of the sensor elec-
trodes, plotted using the table points, agrees well with
expression (26). For comparison, graphs of ¢'(&),
C'(0) and U'(6,) were constructed using the obtained
empirical expressions (21), (24) and (26), and tabular
calculation points were placed on them (Fig. 5).

Fig. 5. Graphs of the dependences of charge ¢'(6),
capacity C'(6,) and open-circuit voltage U'(6,) on
the angular size @, of the sensor electrodes, con-
structed using empirical expressions (21), (24), (26),
and calculated tabular points.

From the graphs of Fig. 5, it can be assumed that
the optimal angular sizes of the sensitive electrodes of
the sensor gauge should lie in the range of 30°< 6, <
<60°. This is explained by the fact that with an in-
crease in the angular size 6, of the sensitive elements,
the open-circuit voltage, which is the output signal of
the sensor, decreases.

Thus, mathematical modeling of the EF field
strength sensor with an open-loop SE system in a uni-
form field made it possible to establish the nature of
the change in the main electrical parameters of the
sensor q(6), C(6) and U(6) depending on the angu-
lar size 6, of its SE and to obtain empirical expres-
sions for these dependencies.

SUMMARY AND CONCLUSION

The results of the study allow us to draw the fol-
lowing conclusions.

1. Theoretical provisions for the interaction of two
open diametrically opposed spherical shells in the
form of spherical segments with a uniform EF have
been developed.

2. Theoretical provisions made it possible to pro-
pose one of the possible designs of a single-
component spherical field strength sensor with an
open-loop electrode system and to establish the rela-
tionship between its electrical and design parameters.

3. Possible types of output signals of the sensor,
which include electric charge ¢(¢), open-circuit vol-
tage Ux(?) and short-circuit current i, were estab-
lished

3. An analysis of possible types of output signals
of the sensor was carried out. The analysis showed the
unsuitability of using electric charge and short-circuit
current as output signals of the sensor. for their re-
moval This requires the use of a measuring circuit
with a close-to-zero input impedance, leading to
a short circuit of the electrodes with each other and, as
a consequence, to field distortion.

4. The only possible output signal of a sensor with
an open electrode system is the open-circuit voltage
Uxx(%). Using the open circuit voltage as an output sig-
nal requires the use of a measuring circuit with a high
input impedance.

5. One of the possible options for constructing
a measuring circuit based on an operational amplifier
with a high input impedance is proposed.

6. Mathematical modeling of a single-component
spherical strength sensor gauge with an open system
of electrodes in a homogeneous EF is carried out. The
result of the modeling is graphs of the dependence of
the electrical parameters of the sensor g(6)), C(6,) and
Ux(6,) on the angular size 6, of its electrodes.



7. For the first time, empirical expressions were
obtained for the electrical parameters of a sensor with
an open electrode system

— for the electric charge (see expression (22);

— for the open-circuit voltage (see expression (25);

— for the electrical capacitance between the elec-
trodes (see expression (27).

8. The obtained empirical expressions can be used
as a basis for the evaluation calculation of sensors
with an open electrode system.

In conclusion, it should be said that new know-
ledge has been obtained on the development of EP
voltage sensors with an open system of electrodes in
the form of spherical segments.



