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METOJA UBMEPEHUA HAIIPA’KEHHOCTHU 2JIEKTPUYECKOT'O ITOJIA

C ONPEJEJIEHUEM MNOTI'PEIIHOCTH PE3YJIbTATA W3MEPEHUI
N PACCTOSAHHUA JO UCTOYHHUKA ITOJIA

DJeKTpUYEecKHe MOJsl TEXHOTCHHON MPUPOJIBI, OKPYXKAIOIINE TEXHUIECKUE U ONOJIOTNYECKHEe OOBEKTHI, OKa3bIBAIOT
Ha HUX HEOJIaronpUsATHBIE BO3JAEHCTBHA. JTO MPUBOIUT K HEOOXOANMOCTH OCYIIECTBISITE KOHTPONIb M U3MEPEHUS
MIapaMeTPOB EKTPUUECKUX TONEH. B CBsI3M ¢ 3TUM cO31aHIE HOBBIX METO/IOB M CPE/ICTB M3MEPEHHH HaNPSKEHHO-
CTH 3JIEKTPHUYECKOTr0 ITOJIS TEXHOTEHHOM NPUPOABI SBISIETCS aKTyal bHOM 3a1adeil. B pabore paccMoTpeH MeTon u3-
MEpEeHUS HANPSDKEHHOCTH 3JIEKTPUYECKOTO MOJIs, MO3BOJISIOMIMI HE TOJIBKO M3MEPUTh 3HAYCHHE HAIPSHKEHHOCTH
TIOJISA, HO ¥ OTPE/IENNTD 110 N3MEPEHHBIM 3HAYEHHSAM €T0 MOTPEIIHOCTh U OLEHUTh PACCTOSHHUE 10 MCTOYHMKA MOJIS.
B ocHOBe MeTO/a JIeKHUT CABOSHHBIN AJIEKTPOUHAYKIIMOHHBIA CHEeprIecKuil JaTYUK HAMPSHKEHHOCTH 3JIeKTpHUdIe-
ckoro moss. J[aT4uK MO3BOJSIET OAHOBPEMEHHO M3MEPSTh B OJHOW TOYKE IMOJISI /[BA 3HAUEHMS HAINPSKEHHOCTH
C MPOTUBOIOJOKHBIMH 10 3HaKy IMOTPEIIHOCTAMH. Vcronb3oBaHME B METONE /ABYX 3HAUEHHH HaNpsDKCHHOCTH
B MPOLIECCE OAHOI'O M3MEPEHHSI ITO3BOJIMIIO ONPEEISATh MOTPEITHOCT B KaX 10/ TOUKE U3MEPEHUH U PACCTOSHHE 10
HCTOYHMKA TOJS. BO3MOXXHOCTE METOZ]a M3MEPEHUS HANIPSHKEHHOCTH 3JIEKTPUYECKOTO OISl ONPEACTSITh B KaXI0H

TOYKE IO MOTPELTHOCTh PE3YNbTaTa U3MEPEHUH U PACCTOSTHUE IO ICTOYHHUKA TIOJISI pACCMATPHUBACTCS BIIEPBBIE.

K. cn.: MeTon m3MepeHus, HapsHKEHHOCTh 3JEKTPUIECKOTO OIS, CAIBOSHHBIN JaTYMK, OLEHKA MOTPEIIHOCTH
B KaXX/I0M TOUKE U3MEPEHUH, paCCTOSHUE A0 UCTOUHUKA N0

BBEJIEHUE

Cpenu Gompmioro MHOToo0Opasusi METOIOB H3Me-
peHMII HampsDKEHHOCTH dJekTpudeckoro mois (I11)
[1-7], HampaBIeHHBIX HA TOBBIIIEHHE TOYHOCTH W3-
MEpPEeHHH, YyBCTBUTEIBHOCTH, YIPOIIEHHS Ipolecca
WU3MEPEHUN U Jp., BBLAEISETCS HOBBIA METOA — Me-
TOI M3MEpeHus Mo cpemHeMmy 3HadeHuto [8, 9]. Jms
peanu3alyy MeTosa U3MEpeHn Tpedyercs UMeTh Ba
M3MEPEHHBIX 3HaYEHUs HaNpsbKeHHocTH E) U E, B o1-
HOH TOYKE IO0JIsA, B KOTOPOH HANPSKEHHOCTh O BHE-
ceHmsl maT4ynka Obuta Fy. 3HadeHWs HampsHKeHHOCTEH
E, u E, oTn4aroTcs OT HalpshKeHHOCTH E( Ha 3Haue-
HUE morpemnaocTu. HeoTbemineMbIM yCI0BHEM METO-
Jla U3MEPEHUIl 110 CpeHeMY 3HAUYEHHIO SIBJISIETCS IIPO-
THUBOIIOJIOKHOCTB 10 3HAKy 3THX ITOTPEIIHOCTEH.

Hcnonp3oBaHue MeToma M3MEpPEHHs 10 CPEAHEMY
3HA4YEHUIO MOTPeOOBAJIO CO3AAaHUS JaTYMKOB Hamps-
keaHoctr DIl (HBII) HOBOro TMma — CIBOSHHBIX
JNATYMKOB, OCHOBAHHBIX Ha SIBIIEHMH JJIEKTPUYECKON
naayknuu [10, 11]. BBenenne mx pacmmpwio HO-
MeHKIatypy natankos HOIL

Jlo HacTosiero BpeMeHH ObLIM W3BECTHBI JJIEK-
TpouHAyKIMOoHHBIEe natanku HOII nByx THmoB: omm-
HapHbIe U JBoWHEIE [12]. OguHapHBIE TATIYUKH HMEIOT
OJIMH YYBCTBUTENBHBIA 3JIEMEHT IO KaXJI0M KOOpau-
HaTHOM OCH OTHOCUTEIBHO OCHOBAHHUA JaTyuka. Ta-
K€ IAaTYMKH YyBCTBUTEIbHBI K CHH(A3HBIM HABOI-
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KaM ¥ noMexaM. J[BOMHBIE TaTYUKU COCTOST U3 JIBYX
OIMHAPHBIX JATYUKOB M HMMEIOT ABAa AMaMETPaJIbHO
MPOTHUBOIIOJIOKHBIX YyBCTBUTEIBHBIX 3JIEMEHTA OTHO-
CUTEJIBHO OCHOBAHMA IAaT4YMKa MO Ka)XIOH KOOpPIH-
HaTHOH och. JlaTumku Takoro Tuma B auddepeHnn-
QJIBHOM BKJIIOUCHUN HUBEIUPYIOT BIHMAHUE CHH(]a3-
HBIX HaBOJOK M moMmex. K oxumHapHBIM M ABOHHBIM
JaT4MKaM [PUCOSIUHHWINCH CABOCHHBIE JATYMKU.
OCOOEHHOCTBPIO CIBOEHHBIX JATUHKOB SIBISETCS CO-
BMEILIEHHE [BYX [BOWHBIX JAaTYMKOB B OJHOM.
B »Tux gatumkax mo KakJoil KOOpJMHATHOM ocH pac-
MOJIArarTCs ABa BOMHBIX JaTyuKka. Takoe TexHHue-
CKO€ pEIIECHHE T03BOIMIIO CABOCHHOMY IATUUKY CO3-
JaBaTh JBa BBIXOIHBIX CHIHAJA, PONOPLIUOHAIBHBIX
HampspKeHHOCTM £y u E,, U3MEpEHHBIM B OJTHOM TOY-
K€ IOJIA C MPOTUBOMOIOKHBIMU 110 3HAKY ITOTPELIHO-
ctsmu. Hanmname n30pITOuHON HMHpOpPMAK O HaNps-
JKEHHOCTU IOJIL, & UMEHHO ABYX 3HaueHud E; u E,
MOXHO HOIIBITaThCS MCIIOIb30BATh AJISI ONPENeeHUs
paccTosHUS 4O UCTOYHHUKA IIOJISI M ONpeneseHus I0-
TPELIHOCTH HW3MepeHus E, pe3yibTaTa H3MepeHUs
Moayis Bekropa E.

HanpHeitmas paboTta OyieT mocTpoeHa Ha MCIIONb-
30BaHMM CIBOCHHOI'O OJHOKOOPAWHATHOTO AAaT4YHKA
HOII mipu ero opuenTtanuu no HampasieHuto OlL.

B cBsi3u ¢ 3TUM 1LIENBIO TaHHOW pabOTHI SBISIETCS
CO3JJaHHE HOBOI'O METO/1a U3MEPEHNH HaNpsSHKEHHOCTH
OIl Ha OCHOBE CABOEGHHOTO OJHOKOOPIMHATHOIO JaT-
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YMKa, MO3BOJIIOLIEI0 ONpPENeNsiTh MOrPelHOCTh pe-
3yJIpTaTa M3MEPEHUH M PacCTOSHUE 1O HCTOYHMKA
OJISL.

ITOCTAHOBKA 3AJIAYN

Jnst mocTrKeHHsl TOCTaBIEHHON 1Ny HeoOXOaHu-
MO PELINUTh CIENYIOLINE 3a0a4n:

1) maTh XapakTepUCTUKY CABOCHHOI'O AAaT4YHMKa Ha-
npsokeHHocTH DIl M moaTBepAnTh €ro MPUroAHOCTH
11 OAHOBPEMEHHOT'O0 M3MEPEeHMs ABYX 3HA4YECHHUIl Ha-
npsbkeHHoctd E; v E; B OIHOM TOYKE MOASL U BO3-
MOXHOCTh IPUMEHEHHS B HOBOM METOJIE€ H3MEPEHUI;

2) yCTaHOBUTb HMIIMPHYECKYIO 3aBHCHMOCTH IIa-
pamerpa a = R / d, XxapaKTepHu3yIOIIero mpoCTpaHCT-
BEHHBIN nana3oH u3Mepenus (R — paanyc chepude-
CKOT'0 OCHOBaHUsI JaT4YNKa, d — PACCTOSHHUE OT LIEHTPa
JaTyvKa 10 MCTOYHUKA MOJSI) OT OTHOLICHUS H3Me-
PEHHBIX HaIpsDKeHHOCTeH ko= £/ E;

3) pa3paboTaTh TEOpPETHYECKHE OCHOBBI TOCTpPOE-
HUSI HOBOTO METO/a M3MEPEHUil, MO3BOJISIOIIErO OIl-
penensiTh MOAYJIb BEKTOpa HANpPSHKEHHOCTH 3JIEKTPH-
YECKOro IOJIs, a TAKXKE €ro MOrpelHOCTb U PaccTos-
HUE JJ0 UICTOYHMKA OIS,

4) MpeUIOKUTh HOBBIM METOI H3MEpPEHUsS Hampsi-
XKEHHOCTH DJIEKTPHUUYECKOrO IO C ONpenelieHHueM
MOrPEIIHOCTH N3MEPEHHS U PACCTOSHUS O UCTOYHH-
Ka M0JIs;

5) moka3aTb YHCICHHBIM SKCIEPUMEHTOM aJeK-
BaTHOCTb HOBOT'O METO/1a U3MEPEHUH.

CJABOEHHBIN JATYUK HAITPSI)KEHHOCTHU
SJIEKTPHYECKOI'O ITOJIA

HeoOxoaumprit utst peanu3anii METoa M3Mepe-
HUHW CIBOCHHBINM HATYWK, TO3BOJAIOIMNA B JaHHOM
TOYKE TOJI OIHOBPEMEHHO M3MEpATh /1Ba 3HAYCHUS
HampspkeHHocTe £ u E,, omnncaH B padorax [8, 9]
U MpesCTaBJIeH Ha puc. 1.

DNEeKTPOUHAYKIIMOHHBIN CIBOEHHBIA IaT4HUK CO-
CTOUT W3 MEXAHWYECKOM M HM3MEPUTEIbHOM yacTeil.
MexaHudeckasi 4acTb OOBEIMHSET ABA JaTUMKa U IIPel-
CTaBJIeHa MPOBOISIIINM CHEPUUECKMM OCHOBaHHEM 1,
IBYMSI YyBCTBUTEIIbHBIMH 3JIeMeHTaMu 2 U 3 B hopme
cepruecKUX CErMEeHTOB, JIByMs YyBCTBUTEIbHBIMU
aneMeHTamu 4 1 5 B popme chepuuecknx cioes 4 u 5.
WsmepurtenpHas dyacTh mpencTaBieHa aByms audde-
peHIMansHBIMKA WHTErpaTopamu Toka (HAMUT1) 6,
(ANT2) 7 u cymmaTtopom 8.

UyBCTBUTENBHBIE 3JIEMEHTHI 2 U 3 MEPBOro AaTyu-
Ka BBITNIOJHEHHI C YTJIOBBIMH pasMmepamu 6y= 45°.
JlaT4uK C TaKUMHU YIJIOBBIMHM pa3MepaMH YyBCTBU-
TENBHBIX dJeMeHToB mpenctaBieH B [12]. Cdepuue-
CKHE CJIOU 4 U 5 ABJISIFIOTCS YaCTSIMHU 4yBCTBUTEIBHBIX
aneMeHToB (2+4) u (3+5), BXOOAIIMMHI B COCTaB BTO-
poro natunka. OHH B CyMMe 00pa3yIOT YyBCTBHUTENb-
HbIE DIIEMEHTH B (hopMe moirycqepbl, UMEIoIed yr-
noBoit pazmep 6y = 90°. JlaT4MK ¢ TAKUMH YTIIOBBIMH
pa3MepaMM 4yBCTBHUTEIbHBIX 3JIEMEHTOB IPEICTABIICH
B [13]. Bce ayBCcTBUTENBHBIE S71EMEHTHI H30JIHPOBAHBI
MeXIy coboil 1 chepruecKuM OCHOBaHHUEM.

g LE g
JAT? Us
U,
6
hivzsyll Bt Uy

Puc. 1. CaBoeHHBIH JaTYMK HATIPSHKEHHOCTH JIEKTPUYECKOTO TIOJIAL.

1 — npoBojsiniee chepudeckoe OCHOBaHHE; 2, 3 — UYYBCTBHUTEIbHBIC
3JIEeMEHTHI B (hopMe CPepuuecKuX CerMeHTOB; 4, 5 — YyBCTBUTEIIbHBIE
anemeHThl B popme chepuueckux cnoes; AUT1 (6), AUT2 (7) — nud-
(depeHIuanbHbIe HHTETPaToOphl TOKA; X (8) — cymmarop
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HuddepennmanbHple MHTETpaTOpPHl TOKa 6 w 7
CHMMAIOT Pa3HOCTH 3apsl0B C IUaMETPaIbHO MPOTH-
BOIIOJIOXKHBIX DJIEKTPOJOB AaTtuuka 2, 3 u 4, 5 u npe-
obpasytor ux B HampspkeHust U (f) u U,(f), mpomop-
nroHaneHble HanpsokeHHocTn Ol E. Hampsoxenue
Ui(¢) = kE, sBnsercsi BRIXOIHBIM HaNpsDKEHHEM Tep-
BOro natumka. Bwixognoe nHampsbkerune Us(f) =kE
BTOPOTr0 JaT4MKa IOIy4aercs CyMMHUPOBaHHEM Ha-
npspkenuit U (f) n Uy(f) cymmaTopom 8, 00bemuHsI0-
LIUM BJIEKTPUYECKUE 3apsAlbl € 3JIEMEHTOB 2+4 1 3+5.
TakuM 00pazom, CABOEHHBIM JATYUKOM (HhOPMHUPYIOT-
cs HampspkeHuss U(f) m Us(¢), mponopiimoHaIbHbIe
HanpspKeHHOCTSIM E| 1 E,, KOTOpble HEOOXOAUMBI IS
peanu3auuy MeToa U3MEPEHUN.

TEOPUSA

B ocnHoBe Teopernyeckoro oOOCHOBaHWS HOBOTO
MeTO/1a N3MEpPEHHI TOIOKEHBI CIEAYIONIHE alPHOPHO
W3BECTHBIE (DaKTHI:

1)E, u E;, — nBa OJHOBPEMEHHO H3MEpPEHHBIX
B omHOU Touke DIl ¢ HampspkeHHOCTBIO E) 3HAYEHUS
HaIpSKEHHOCTEH;

2) 3HaueHws HampsbkeHHocTed E; u E, ompenene-
HBI C TTPOTHUBOIIOJIOKHBIMH TI0 3HAKY TOTPEITHOCTSIMH,
COOTBETCTBEHHO PaBHBIMHU +0; M —;

3) 3HAYEHHUs MOTPemHoCTer +0; U —O, onpenens-
F0TCS TI0 M3BeCTHOH (hopmyie [14]

1

X
3a*sin’ 6
0

5(a)=1oo{

2 2

l—a

l-a
x| 2— - -1, (1)
\/1—2acost90+a2 \/1+2acos00+a2

MOJIYYCHHOU B PE3yJIbTAaTE UCCIEAOBAHUS B3aUMOJIEH-
CTBHS C(epUyYecKoro naTryuka C IOJEM TOYEUHOI'O
3apsna. B Bepaxennn (1): a = R / d — mpoctpaHCT-
BEHHBI JMAaNa3oH W3MEpeHWH (OTHOCHTEIbHOE pac-
CTOSTHUE JI0 HCTOYHWKA TS ); R — panuyc chepude-
CKOI'0 OCHOBAHUS JaT4MKA; d — PAcCTOSHUE OT LEH-
Tpa chepuIeckoro OCHOBAaHMS AAaTUYMKA 10 HCTOUYHHKA
nojst; 6y — yriaoBOH pa3Mep YyBCTBHTEIBHOIO 3Jie-
MEHTAa.

Beipakenrie (1) mo3Bossier paccyuTaTh MOTPETHO-
CTH O M & JUIA TIEPBOrO W BTOPOTO MATYUKOB, BXOIS-
LIMX B COCTaB COBOEHHOro AaTyuka. Jl1s mepBoro nat-
YHKa C YrIIOBBIM pa3MepoM 6= 45° 1 BTOPOro JaTdnka
C yrioBeIM pazmepoM @) = 90° 4yBCTBUTENBHBIX 3JI€-
MEHTOB TIOTPEmHOCTH Oy(a) U &(a) OyAayT cooTBercT-
BEHHO PaBHBI

6(a)=

~100x| % x
3a

(l—az)(\/1+\/§a+a2 +\/1—\/§a+a2)
B N1+a'

x| 1

-1 s (2)

2 1-d?
0,(a)=100x| —|1- -1/ 3
(@) {M[ Tazj } 3)

C ydgerom morpemHocTelt dj(a) u &(a) MOXKHO 3a-
nucath

E(a)=E, [1 +9, (a)] uFE,(a)=E, [1 +0, (a)] , (4)

rae Ey — HampsbkeHHOCTh OIl B Touke m3MepeHus
710 BHECEHUSI JaTYHKa.

Ucnione3yst paccunTanHble TIO BBIpakeHsM (2)—(4)
3HaveHus Ey(a) u Ey(a), BBeIEM B pacCMOTpeHHE KO3 (-
¢urment ky(a) 1 paccauTaeM ero 3HaUeHuUs 1Mo popMmyrie

k()(a):%. )

Pesynbrater pacueroB 3amumieM B Tab. 1.
[lo mamHpM Tabm 1 cocraBieHa 3MITUPUYECKAs
(hopmyna HyHKIIMOHAIBHOMN 3aBUCUMOCTH (ko)

a=R/d=1.123[k,—094—021. (6)

Taon. 1. 3navyenus koddouimeHta ky B 3aBUCUMOCTH
OT NPOCTPAHCTBEHHOI'O JIMANa30Ha U3MEPEHHS d

a ko a ko
0.05 1.004 0.55 1.423
0.1 1.015 0.60 1.495
0.15 1.033 0.65 1.568
0.20 1.058 0.70 1.64
0.25 1.091 0.75 1.711
0.30 1.131 0.80 1.779
0.35 1.178 0.85 1.843
0.40 1.231 0.90 1.901
0.45 1.29 0.95 1.954
0.50 1.355 - -
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Bripaxxenue (6) mo3Bomsier 1o KodGhGUIHEHTY ko
OIIPEAENIAT OTHOCHUTENBHOE PACCTOSHUE a IO MCTOY-
HUKa TIOJIS B KQXKJI0N TOYKa M3MepeHni. 3Hasi OTHOCH-
TENbHOE PACCTOSHUE a, N0 BhIpakeHWsM (2) u (3)
MOXKHO HaWTH MOTPENIHOCTH Oy U O, TOITYYEHHBIX
B Ka)KJJOM TOYKE U3MEPEHUM JBYX M3MEPEHHBIX 3HaYe-
HuiA £, u E».

Merton n3MepeHui, NpeasIoKEHHbIA aBTOpaMH B pa-
6ote [9], peKOMEHIyeT HaxOXJEHWE pe3ynbTara M3-
MEpEHUIl KaK CpeHee W3 JBYX M3MEpPEHHBIN 3Haue-
Hut £y u E,. DTO MO3BONSET YMEHBIIHUTH TOTPEI-
HOCTh M3MEpeHHs HampspbkeHHocTH E wmcxomgHoro Ol
E.

JleiCTBUTENBHO, €CIIK YYeCTh NPU HAXOXKIACHUU
CPEIHETo 3HaYeHMsI BBIpOKEHUS (4), TO TIOTYIHM

r_E+E =E0(1+¥j=Eo(l+5)a 7)
rac
o, +0
5=217% 8
5 (®)

MOrPEIIHOCTh CPEAHEr0 3HAUCHUS HAIIPSDKEHHOCTH E.
B BeIpaxkernn (8) morpemrHocTs O MONOKUTENbHAS,
a IOrPEIHOCTh &, OTpULATEIbHAS.

Takum 00pa3oM, BBIMUCISS B KAXKIOW TOUKE H3Me-
peHust ky 110 BRIpaXKeHUIO (5) M OTHOCHTENBHOE PacCTosi-
HHUE a T10 BhIpaykeHuto (6), MOXKHO TIO BBIpaXKEHUSM (2),
(3) u (8) onpenenuts paccrosiHUE d = R / @ 10 NCTOYHH-
Ka TIOJIsI, TIOTPEIIHOCTH Oy, 0, O U3MEPEHHBIX 3HAYCHHH
E, un E, u pe3ynpTata u3MepeHuss £ B JaHHOM TOYKeE
H3MEpEHNSI.

Omnpenensisi pe3yabTaT U3MEpeHus: £ Kak cpegHee
3Ha4YeHHUE JBYX OJHOBPEMEHHO M3MEPEHHBIX B OTHOU
touke DIl mHampspkenHocreit £, wu E,, mocturaem
YMEHBIIEHHUS PE3yIbTUPYIOLIEH MOTrPEeHOCTH & U3-
Mepenus E. I'paduk, moaTBep K IAIONIII YMEHBIIEHH e
HNOrPeIIHOCTH  §, TIOCTPOGHHOW B  3aBHCHUMOCTH
OT TNPOCTPAHCTBEHHOTO [HAana3oHa «, NPeICTaBIIeH
Ha puc. 2.

Cornacao rpaduKy MOTPENTHOCTh W3MEPEHHs I10-
JOXWTENbHA U He npesbimaer 4.6% BO BceM Ipo-
CTPaHCTBEHHOM JHMAaINa3o0He a OT HyJIs A0 CAMHULBL.

Ha ocHOBaHMM NONy4EHHBIX PE3YJIHTATOB MOXKHO
cOpMyIUpOBaTh HOBBII METON H3MEpPEHHs Harps-
xennoctr Oll. TlocrnemoBarensHOCTh AEWCTBUHN, pea-
J3YIOIUX MpeajaraéMblid METOJ HM3MEpPEHUH, CBO-
IUTCS K CIEOYIOLIEMY:

1) moMeneHn o0 CABOGHHOr0 JaT4YMKa B HCCIEAye-
Myto Touky OI1;

2) opueHTanu caBoeHHoro natanka B DIl mo Ha-
MPABJICHUIO TIOJIS;

3) u3MepeHnto OJJHOBPEMEHHO JIBYX MOIYyJEH Bek-
topa HampsbkeHHoctH Oll E; u E, B maHHON Touke
MIPOCTPAHCTBA;
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a=R/d

Puc. 2. I'paduku norpemHocteit oy(a) u & (a) nar-
YHUKOB C YTJIOBBIE pa3MepaMH YyBCTBHTEIBHBIX dJIe-
MeHTOB ) =45° u 6) = 90° u norpeurHoctu Ka)

4) BBIYHCIICHUIO TI0 M3MEPEHHBIM 3Ha4YeHUsIM E,
u E, xordpdunmenta ky = E,/ Ey;
5) Beluncnenuto  mno  Qopmyne a=R/d=

=1.123,/k,—0.94—021 OTHOCUTEILHOIO PACCTOSHUS 10 HC-

TOYHUKA TIOJIS;

6) HAXOXKJCHUIO CPEJHETO 3HAYSHHS] MOIYJS BeEK-
TOpa HAMPSDKEHHOCTH DJIEKTpUYecKoro mons £ =
= (E,+ E,) / 2, npuHUMaeMoro 3a pe3yiabTaT u3Mepe-
HUS;

7) olipeneneHunto 1Mo HaliIGHHBIM 3HAYEHUSIM ko U a
morpenrHocTet oy, & U O u3MepeHHbIx E|, £, n BBI-
yucineHHoro F 3nadenuid. IlorpemHoctu ompenens-
toTcs 1o BeipaxkeHusM (2), (3) u (8).

[Tockonbky morpemrHocTd &), & CABOSHHOTO Jat-
YHKa TIOJYYCHBI IIPH €r0 HAXOXKICHUH B IOJIE TOYCU-
HOT'O 3apsijia, TO BYKHO OTMETUTh, YTO JATYUK B pe-
ATBHBIX TONSX OyJIeT U3MEpSATh JKBUBAJICHT HAMps-
YKEHHOCTH IOJISl TOYSTHOTO 3apsia.

MOJATBEPKIEHUE ATEKBATHOCTH
METOJA

[lonTBepkaenue OyaeM HPOBOAUTH YHCIECHHBIM
skcriepuMenToM. [l atoro mo ¢gopmynam (2) u (3)
IUIsl BBIOPAHHBIX 3HAYEHUI MPOCTPAHCTBEHHOI'O IWa-
Ma3oHa @ paccyMTaeM IOTPEIIHOCTA u3MepeHuit oO)(a)
" O(a) HATYUKOB C YTIOBBIMH pazMepamu Oy = 45°
1 6y = 90° UxX 9yBCTBUTENHHBIX dJIEMEHTOB. Pe3ynbra-
THI pacdeTa 3anumieM B Ta0n. 2. B Hee ke 3amuinem
MOrPEIIHOCTh O Pe3yNbTaTa W3MEpEeHHH.
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Taoa. 2. Paccunrannslie 1o (2), (3) 3ua-
4YeHus norpemHocreit  Oy(a), o(a) m pe-
3YJABTHPYIOLIEH MOIPELTHOCTH K@)

a o1, % &, % 0, %
0.1 0.87 0.58 0.16
0.3 7.56 4.91 1.33
0.5 18.93 12.22 3.34
0.7 29.92 20.79 4.57
0.9 34.37 29.32 2.53
0.99 33.52 32.94 0.29

[To BeIpakeHuto (4) paccuntTaeM OTHOCHTEIHHBIC
snauenus FE =E/E, w E=E/E. 3amumeM ux
B Tabia. 3 ¥ TaM Ke yKakeM CpefHee OTHOCHTEIbHOE
3Havenne E =FE/E,, pacCdUTaHHOE 110 BBIPAKEHUIO
().

Bocnonp3oBaBmmchk BeIpakeHHEM (5), paccuuTaeMm
B KaXJOW TOYKE M3MepeHni KodpHUIMeHT ky u 3a-
MUILIEM €ro B Tabi. 4.

Taon. 3. Paccuutannblie 1Mo (4) OTHOCUTEINb-
HbIE 3HAYCHHS HAMPSDKEHHOCTEH

a E/ E’ E°
0.1 1.008 0.994 1
0.3 1.076 0.95 1.014
0.5 1.190 0.878 1.034
0.7 1.3 0.792 1.046
0.9 1.344 0.706 1.026
0.99 1.336 0.67 1.004

Ta6a. 4. Paccunranabie 3HAYCHNS K03(-
dummenta ko, mapamerpa @ TO SMIMpPH-
yeckor popmyie (6) U pacXOXKICHUS ¥

*

[MoncraBuM ko3 GUIMEHTH k) B IMIIHUPUIECKYIO
(opmyay (6); ompexenum mpeamonaraeMbie 3Haue-
HUS @ TIapameTpa d, COOTBETCTBYIOIIETO TaHHOU
TOYKE M3MEPEHUIl, U OLEHUM IOIPELIHOCTh PACXOXK-
neHust y mMexny HuMu. Ilo mpoBeneHHBIM pacueram
TIOrPELIHOCTD PACXOKACHUS ¥ MEKIY SMIMPHYCCKH
OIIpEeTICHHBIMU NapaMeTpaMu d W 3aJaHHBIMH Ia-
pameTpaMu g 10 MOAYJIIO He mpeBbimaer 5.7%. Pe-
3yJIbTaThl PACUCTOB 3alULIEM TaKKe B Ta0I. 4.

BbIUKCIICHHbIC 3HAYCHNS Mapamerpa ¢ u3 Tabn. 4
TIOJICTABMM B BBIPQKCHHS (2) u (3) m paccunraem mo-
TPENTHOCTH 5 u & M3MEPEHHBIX  OTHOCHTENBHBIX
3HAYEHUI HanpsKEHHOCTEH E1 " Ez MEPBBIM U BTO-
PBIM JaTYMKAaMH W TIOTPELIHOCTD 5" pesynbrara m3me-
penmii £, Pe3y/bTaThl pacueroB 3ariIieM B TadL. 5.

[Ipu cpaBHeHWM maHHBIX Tabm. 2 u Tabm. 5 ycra-
HAaBJIMBaeM XOpOIIEe COIJacoBaHHME IOIPEIIHOCTEMH,
PacCYNTaHHBIX MO TCOPETHYECCKHM 3HAYCHUIM a
W SMIUPUYECKUM 3HAYEHHUSIM d IPOCTPAHCTBEHHOI'O
JIMara3oHa U3MEpEHUN.

TaxuM 00pa3om, pacCMOTPEHHBIH METO TTO3BOIS-
€T He TOJBbKO ONPEACIHTh PEe3yiabTaT H3MepeHus E
C MaJloll MOrPEeIIHOCThI0 6, HO U HMHCTPYMEHTAJIBHO
OIIPENENATh KaK 3Ty MOTPELIHOCTb, TAaK U PACCTOSIHHUE
710 UICTOYHHKA 1O Kak d = R / a.

OBCYXJIEHUE PE3YJIbTATOB

TexHnuecknii mporpecc He crouT Ha Mecte. OH
TpeOyeT KaKk MOXKHO OOJIbIlleé BO3MOXKHOCTEH TMpHMe-
HSEMbIX KaK METONOB, TaK W CPEACTB HM3MEPEHUH.
PaccmoTrpenHsbIil B paboTe METO/l CHIIBHO OTIMYaeTCs
OT M3BECTHBIX METOMOB M3MEPEHUI, HalpaBIECHHBIX
B OOJIBLIMHCTBE CBOEM Ha HM3MEpPEHHE BEKTOpa Ha-
npsokeHHoct OII, ero Momyist M COCTaBJISIOLIMX.
B npenenax »THMX HampaBIEHUH H3BECTHBIE METOJbI
00€ecTIeYnBaloT: MOBBIICHNE YyBCTBUTEIILHOCTH U TOU-
HOCTH U3MEPEHMI, YNpOILIEeHUE Mpolecca U3MepeHui
U pacIIMpeHHe MPOCTPAHCTBEHHOI'0 JHara3oHa n3Me-
peHuii. B OCHOBE HM3BECTHBIX METOJOB H3MEPEHUS

Taﬁﬂ 5. PaccunTanubie 3HAYCHHS MOTPEIIHOCTEN 51 s
& u 8 uepes mapamerp a”

a ko a 7, %
0.1 1.014 0.095 -5.0
0.3 1.133 0.283 =5.7
0.5 1.355 0.513 2.6
0.7 1.64 0.73 4.3
0.9 1.904 0.893 -0.8
0.99 1.994 0.943 4.8

a a 8, % -5, % 5", %
0.1 0.095 0.787 0.523 0.132
0.3 0.283 6.758 4.397 1.181
0.5 0.513 18.931 12.219 | 3.356
0.7 0.73 29.923 20.79 4.566
0.9 0.893 34367 | 29319 | 2.524
0.99 | 0.943 33.527 32.942 | 0.293

HAVYYHOE I[TPUBOPOCTPOEHME, 2023, Tom 33, Ne 4




METOJ UBMEPEHUA HAIIPSDKEHHOCTU SJIEKTPMYECKOI'O T1I0JIA 45

HanpspkeHHocTH DIl nexaT oguHapHBIE U B OOJBIIEH
4acT JABOIHBIC 3JEKTPOMHAYKIMOHHbBIE IATYUKH.
Cozmanne gaTauka HoBoro tuma [10, 11] — cmBoeH-
HOI'O JaTyhMKa — IIO3BOJIMJIO PACIIMPUTH €ro BO3-
MOXHOCTH, @ MMEHHO OJHOBPEMEHHOI'O H3MEpEHUs
B OAHOM TOYKE MO ABYX 3HAYEHUN HAINPSHKEHHOCTEN
C TNPOTHBONOIOKHBIMUA IO 3HAKy HOIPEIIHOCTIMH.
DTa 0COOEHHOCTH CIIBOGHHOTO AAaTYMKa Ccreialia BO3-
MOXHBIM CO3JaHHE METOJa WM3MEpEHUH, MO3BOJIIO-
LIEro He TOJIBKO U3MEpATh MOAYJb BEKTOpa Hampsi-
skeHHOCTH DII ¢ MOBBIIIEHHOW TOYHOCTHIO, HO M HMH-
CTPYMEHTAJIBHO ONPEIENATh €ro MOrpelHoCTh B JaH-
HOI TOYKE U3MEpPEHUN U PACCTOSHHE OT HMCTOYHHKA
noist. Meron ¢ TaKUMH BO3MOMKHOCTSIMU SIBJISIETCS
HOBBIM W paccMaTpuBaercs Brepssbie [15].

BbIBO/IbI

B pesynpraTe mpoBeneHHON paboOTHI AaHa Xapak-
TEpUCTHKA CIBOCHHOI'O0 JaT4MKa W OOOCHOBAaHA €ro
HMPUTOAHOCTh AJISI MOCTPOEHUSI HOBOTO METOJa M3Me-
peHuil. YCTaHOBJIEHAa SMIIMPUYECKAsT 3aBUCUMOCTb
OTHOCHUTEIBHOTO PACCTOSHUS @ OT OTHOILIEHHS Ha-
npsbkeHHoctel ko= E,/ E,. Ha ocHOBaHMH 3TOTO pas-
paboTaHbl TEOPETUYECKHE OCHOBBI M HPEATIOKEHUE
HOBOTO METO/a M3MEPEHUH, MO3BOJISIOLIETO OIpere-
JSITh MOAYJIb BEKTOpa HANpSDKEHHOCTH 3JIeKTpHUe-
CKOI'0 IOJIS, & TAKXKE €ro IMOTrPELIHOCTh U PACCTOSIHHUE
J0 WCTOYHHMKA NOJIsL. MeTox NOATBEP>KACH YHUCIIEH-
HBIM 3KCIIEPUMEHTOM.
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METHOD FOR MEASURING THE ELECTRIC FIELD STRENGTH
WITH DETERMINING THE ERROR OF THE MEASUREMENT
RESULT AND THE DISTANCE TO THE FIELD SOURCE

S. V. Biryukov

Omsk State Technical University, Omsk, Russia

Electric fields of a technogenic nature, surrounding technical and biological objects have adverse effects on
them. This leads to the need to control and measure the parameters of electric fields. In this regard, the creation
of new methods and means for measuring the electric field strength of a technogenic nature is an urgent task.
The paper considers a method for measuring the electric field strength, that allows not only measuring the value
of the field strength, but also determining its error from the measured values and estimating the distance to the
field source. The method is based on a dual electric induction spherical electric field strength sensor. The sensor
allows you to simultaneously measure two strength values at the same point of the field, with errors of opposite
signs. The use of two intensity values in the method during one measurement session made it possible to deter-
mine the error at each measurement point and the distance to the field source. The possibility of using the me-
thod of measuring the electric field strength to determine the error of the measurement result and the distance to
the field source at each point of the field is considered for the first time.

Keywords: measurement method, electric field strength, dual sensor, error estimate at each measurement point, distance to
the field source
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INTRODUCTION

Among the wide variety of methods for measuring
the electric field (EF) strength [1-7], aimed at improv-
ing the accuracy of measurements, sensitivity, simpli-
fying the measurement process, etc., a new method
stands out — the method of measuring by the average
value [8, 9]. To implement the measurement method,
it is required to have two measured values of the in-
tensity £, and E, at the same field point, where the
strength before the introduction of the sensor was E.
The values of the strengths Ejand E, differ from the
strength £, by the value of the error. An integral con-
dition of the method of measurement by the average
value is the opposite sign of these errors.

The use of the mean value measurement method
required the creation of a new type of EF strength
(EFS) sensors — dual sensors based on the phenome-
non of electrical induction [10, 11]. The introduction
of a new type of sensor has expanded their range.

Until now, two types of EFS electrical induction
sensors have been known: single and double [12].
Single sensors have one sensitive element for each
coordinate axis relative to the base of the sensor. Such
sensors are sensitive to common mode and other inter-
ferences. Double sensors consist of two single sensors
and have two diametrically opposed sensing elements
relative to the base of the sensor along each coordi-
nate axis. Sensors of this type in differential connec-
tion neutralize the influence of common mode and
other interferences. So, dual sensors joined the single
and double sensors. A special feature of dual sensors
is the combination of two double sensors in one. In
these sensors, two double sensors are located along
each coordinate axis. This technical solution allowed
the dual sensor to create two output signals propor-
tional to the intensities £; and E,, measured with er-
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rors of opposite signs at the same point in the field.
The presence of redundant information about the field
strength, namely two values Ejand E,, can be used to
determine the distance to the field source and the
measurement error of £y, the result of measuring the
modulus of the vector E.

Further work will be based on the use of a dual
single-axis EFS sensor oriented toward the EF.

In this regard, the purpose of this work is to create
a new method for measuring the electric field strength
based on a dual single-axis sensor, which makes it
possible to determine the error of the measurement
result and the distance to the source of the field.

FORMULATION OF THE PROBLEM

To achieve this goal, it is necessary to solve the
following tasks:

1) to characterize the dual sensor of EFstrength and
confirm its suitability for simultaneous measurement
of two strength values E; and E, at the same point of
the field and the possibility of using it in a new mea-
surement method;

2) to establish the empirical dependence of the pa-
rameter a = R / d, characterizing the spatial measure-
ment range (R is the radius of the spherical base of the
sensor, d is the distance from the center of the sensor
to the field source), on the ratio of the measured
strengths ko= E; / E3;

3) to develop the theoretical foundations for con-
structing a new measurement method that makes it
possible to determine the modulus of the EF strength
vector, as well as its error and the distance to the field
source;

4) to propose a new method for measuring the EF
strength with the determination of the measurement
error and the distance to the field source;
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5) to verify the adequacy of the new measurement
method with a numerical experiment.

DUAL ELECTRIC FIELD SENSOR

The dual sensor required for the implementation of
the measurement method, which allows simultaneous-
ly measuring two values of the field strengths Ejand
E, at a given point of the field, is described in [8, 9]
and shown in Fig. 1.

Fig. 1.Dual sensor of electric field strength.

1 — conductive spherical base; 2, 3 — sensitive ele-
ments in the form of spherical segments; 4, 5 — sen-
sitive elements in the form of spherical layers; DIT1
(6), DIT2 (7) — differential current integrators;
% (8) — adder

The electroinductive double sensor consists of me-
chanical and measuring parts. The mechanical part
combines two sensors and includes a conductive
spherical base 1, two sensitive elements 2 and 3 in the
form of spherical segments, and two sensitive ele-
ments 4 and 5 in the form of spherical layers 4 and 5.
The measuring part includes two differential current
integrators (DIT1) 6, (DIT2) 7 and an adder 8.

Sensitive elements 2 and 3 of the first sensor are
made with angular dimensions 6,= 45°. A sensor with
such angular dimensions of sensitive elements is pre-
sented in [12]. Spherical layers 4 and 5 are parts of the
sensitive elements (2+4) and (3+5), which are parts of
the second sensor. Together, they form sensitive ele-
ments in the form of a hemisphere with an angular
size of 6, = 90°. A sensor with such angular sizes of
sensitive elements is presented in [13]. All sensitive
elements are isolated between themselves and the
spherical base.

Differential current integrators 6 and 7 remove
charge differences from diametrically opposite sensor
electrodes 2, 3 and 4, 5 and convert them into voltages
Ui(t) m Uy(¢) proportional to the electric field strength E.
The voltage U,(f) = kE, is the output voltage of the
first sensor. The output voltage Us(f)=kE of the
second sensor is obtained by summing the voltages
Ui(¢) and U,(f) by adder 8, which combines electric
charges from elements 2+4 and 3+5. Thus, voltages
Ui(t) and Us(¢) are formed by the dual sensor and pro-
portional to the intensities £, and E,, which are neces-
sary for the implementation of the measurement method.

THEORY

The theoretical substantiation of the new mea-
surement method is based on the following a priori
known facts:

1) E, and E, are two simultaneously measured
strength values at the same EF point with the strength
Ey;

2) the values of the £, and E,strengthsare deter-
mined with errors opposite in sign, respectively equal
to +9; and —5;

3) the error values +6; and —6, are determined us-
ing the well-known formula [14]

ola)= 100>{2;x

3a’sin’ 6,

2 2

l1—a

l-a
x| 2— - -1 B (1)
\/1—2acos00+a2 \/1+2acos00+a2

obtained as a result of studying the interaction of
a spherical sensor with the field of a point charge. In
expression (1): a = R / d is the spatial range of mea-
surements (relative distance to the field source); R is
the radius of the spherical base of the sensor; d is the
distance from the center of the spherical base of the
sensor to the field source; 6 is the angular size of the
sensitive element.

Expression (1) allows calculating the errors +9
and —&, for the first and second sensors included in the
dual sensor. For the first sensor with an angular size
6y = 45° and the second sensor with an angular size
6 = 90° of sensitive elements, the errors o(a) and
o(a) will be respectively equal to

4
0,(a)=100x| —x
(@) 3a’

(l—az)(\/1+\/§a+a2 +\/1—\/§a+a2)
B Nl+a'

52(a)=100{i2£1—i}1}. 3)
3a 1+a’

Taking into account the errors &(a) and & (a), we
can write

E (a)=E,[1+ 6, (a)]and E,(a) = E,[1+ 6,(a)], (4)

x| 1

-1 ’ (2)

where E, is the electric field strength at the measure-
ment point before inserting the sensor.

Using the values of Ej(a) and E5(a) calculated us-
ing expressions (2)—(4), we introduce the coefficient
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ko(a) into consideration and calculate its values using
the formula

%(a){%} )

The results of the calculations are presented in Tab. 1.

Tab. 1. The values of the coefficient &y depending on
the spatial measurement range a

According to Tab. 1, an empirical formula for the
functional dependence a(ko) is

a=R/d =113k — 094— 021. (6)

Expression (6) allows, using the coefficient 4, to
determine the relative distance a to the field source at
each measurement point. Knowing the relative dis-
tance a, using expressions (2) and (3) one can find the
errors Oy and &, obtained at each point of measurement
of two values £, and E,.

The measurement method proposed by the authors
in [9] recommends obtaining the measurement result
as the average of two measured values £, and E,. This
makes it possible to reduce the measurement error of
the strength E of the initial EF E,.

Indeed, if we take this into account when obtaining
the average value of expression (4), then we get the
error of the average value of strength £

E:¥:E{1+@%@j=m+6), (7)

where
— 51 + 52
—2 .

In expression (8), the error o, is positive, and the
error &, is negative.

Thus, calculating &y by expression (5) and the rela-
tive distance a by expression (6) at each measurement
point, it is possible, using expressions (2), (3) and (8)
determine the distance d = R / a to the field source,
the errors o), &, & of measured values £, and E, and
the measurement result £ at a given measurement
point.

Defining the measurement result £ as the average
value of two strengths £, and E, measured simulta-
neously at the same point of the EF, we achieve a de-
crease in the resulting error 6 of measurement of E.
A graph confirming the decrease in the error 6, built
depending on the spatial range a, is shown in Fig. 2.

g ®)
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Fig. 2.Graphs of errors 6y(a) and & (a) of sensors
with angular dimensions of sensitive elements
6y =45° and 6, =90° and error¥a)

According to the graph, the measurement error is
positive and does not exceed 4.6% in the entire spatial
range of a from 0 to 1.

Based on the results obtained, a new method for
measuring EF strength can be formulated. The se-
quence of actions that implements the proposed mea-
surement method is as follows:

1) placing a dual sensor at the investigated point of
the electric field;

2) orientation of the dual sensor in the electric field
in the direction of the field;

3) measuring simultaneously two modules of the
electric field strength vector £, and E; at the investi-
gated point in space;

4) calculation of the coefficient k£, = E,/ E, using
the measured values of £ and E»;

5) calculation of the relative distance to the source
of the field wusing the formula a=R/d=

=1.123 /k,—094-0.21;

6) obtaining the average value of the module of the
electric field strength vector £ = (£, + E;) / 2, taken as
the measurement result;

7) determination of the errors J;, &, and 6 of the
measured £, £, and calculated E values using the
obtained values of ky and a. The errors are determined
by expressions (2), (3) and (8).

Since the errors o, 0, of the dual sensor are ob-
tained when it is in the field of a point charge, it is
important to note that the sensor in real fields will
measure the equivalent of the field strength of a point
charge.

VALIDATION OF METHOD RELEVANCE

Confirmation will be carried out with a numerical
experiment. To do this, using formulas (2) and (3) for
the selected values of the spatial range a, we calculate
the measurement errors d;(a) and &(a) of sensors with
angular dimensions 6, = 45° and 6, = 90° of their sen-
sitive elements. We list the calculation results in
Tab. 2. In it, we also write the error 6 of the measure-
ment result.

Tab. 2. Calculated values of errors (a), &(a) and
resulting error &a) using (2), (3)
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Using expression (4), we calculate the relative val-
ues F, =F /E, and E =E,/E,. We write them down in
Tab. 3 and in the same table we indicate the average
relative value E"=E/E,, calculated by expression (7).

Tab. 3. The relative strength values calculated using

“4)

Using expression (5), we calculate the coefficient
ko at each measurement point and write it down in
Tab. 4.

Tab. 4.The calgulated values of the coefficient ky,
the parameter ¢ according to the empirical formula
(6), and discrepancy y

Let us substitute the coefficients &, into the empiri-
cal formula (6) and determine the expected values a
of the parameter a corresponding to this measurement
point and estimate the error of the discrepancy y be-
tween them. According to the calculations carried out,
the error in the discrepancy y between the empirically
determined parameters a  and the given parameters a
does not exceed 5.7% in absolute value. We also write
down the calculation results in the Tab. 4.

The calculated values of the parameter ¢  from
Tab. 4 we substitute into expressions (2) and (3) and
calculate the errors 8, and &, of the measured rela-
tive values of the strengths E, and E;" using the first
and second sensors and the error 6 of the measure-
ment result £. The results of the calculations are rec-
orded in Tab. 5.

Tab. 5.Values (gf errors 8, 6 and & calculated us-
ing parameter a

When comparing the data in Tab. 2 and 5 we see
a good agreement between the errors calculated from
the theoretical values of a and the empirical values of
a of the spatial measurement range.

Thus, the considered method allows not only to de-

termine the measurement result £ with a small error 6,
but also instrumentally to determine both this error
and the distance to the field source as d =R/ a.

THE DISCUSSION OF THE RESULTS

Technological progress does not stand still. It re-
quires as many the applied methods and measuring
instruments as possible. The method considered in the
work is very different from the known measurement
methods aimed mostly at measuring the EF strength
vector, its module, and components. Within these
areas, known methods provide: increasing the sensi-
tivity and accuracy of measurements, simplifying the
measurement process, and expanding the spatial range
of measurements. The known methods for measuring
the electric field strength are based on single and, for
the most part, double electroinductive sensors. The
creation of a new type of sensor [10, 11] — a dual
sensor — made it possible to expand its capabilities,
namely, the simultaneous measurement of two values
of strengths with errors opposite in sign at the same
point of the field. This feature of the dual sensor made
it possible to create a measurement method that allows
not only to measure the magnitude of the electric field
strength vector with increased accuracy, but also to
instrumentally determine its error at a given mea-
surement point and the distance from the field source.
A method with such capabilities is new and is being
considered for the first time [15].

CONCLUSIONS

As a result of the work carried out, a characteristic
of a dual sensor is given, and its suitability for con-
structing a new measurement method is substantiated.
The empirical dependence of the relative distance a on
the ratio of strengths ko = E, / E,. Based on this, the
theoretical foundations and the proposal of a new
measurement method have been developed that allow
determining the absolute value of the electric field
strength vector, as well as its error and the distance to
the field source. The method is confirmed with
a numerical experiment.
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