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CABOEHHBIE COEPUYECKHUE JATYUKHU HAIIPAKEHHOCTHU
IQJEKTPUUYECKOI'O 1IOJIAA C HAKJIA/IHBIMH, COCTABHbBIMH
N PA3JAEJBHBIMU YYBCTBUTEJBHBIMU 2JIEMEHTAMMA
U UX CPABHUTEJIbHBINA AHAJIN3

JlaTuuky HanpsHKEHHOCTH AJIEKTPUYECKOTO IMOJISl SIBJISIOTCS HEOTHEMJIEMOW YacThl0 M3MEPUTEIBHBIX MPUOOpOB
u cucreM. [IpaBuibHBII UX BBHIOOP 00YCIABIMBAET CO3JaHUE MPUOOPOB U CHCTEM C BHICOKUMH METPOJIOTHYECKUMU
XapakTepucTukaMu. B maHHOW paboTe paccMaTpUBAeTCs CPABHUTEIBHBIN aHAIN3 M3BECTHBIX CABOCHHBIX JaTYUKOB
HAaIPsDKEHHOCTH DJIEKTPUYECKOr0 TIOJISl ¢ HAKJIaJHBIMH, COCTABHBIMH U pa3lelbHBIMH UyBCTBHTEIBHBIMH DJICMEH-
tamu (UD), OCHOBaHHBIX Ha SIBJICHUH JIEKTPOCTATHYCCKON MHAYKIMH. B cpaBHEHHH y4acTBYIOT TEXHOJIOTHYECKHE
1 KOHCTPYKTHUBHBIE TTapaMeTphl CABOCHHBIX NaTYMKOB M MX METPOJIOTHUECKHE XapakrepucTuku. CpaBHHMBaeTcs
TaKXXe CI0XKHOCTh U3MEPHUTEIFHBIX YCTPOICTB JaTYMKOB. Bce aHaIM3MpyeMble CIBOCHHBIEC TATYMKH MMEIOT IpaK-
THUYECKH PaBHO3HAUHbBIE TEXHOJOTMYECKUE U KOHCTPYKTUBHBIC TapaMeTpbl. He3HaunTeabHOW CI0XKHOCTBIO 110 TeX-
HOJIOTHYECKUM M KOHCTPYKTHBHBIM ITapaMeTpaM 00JIaaloT CIBOCHHbIE JaTYMKU C HaKJIaJHBIMH YyBCTBUTEIbHBIMA
JJICMCHTAMU. CJIBOCHHBIC JaTYUKU C COCTaBHBIMH YyBCTBUTCIIbHBIMU 3JIEMEHTAMH UMCIOT HE3HAYNUTEIIbHO CJIOXKHBIC
U3MEPUTCIILHBIC yCTpOﬁCTBa. CunpHOE OT/IMYME AHAJTU3UPYEMBIX CABOCHHBIX JATYHMKOB IMPOCICKHUBACTCA MO MECT-
POJIOTHYECKHM XapaKTePUCTHUKaM. Y CTAHOBJICHO, YTO JIyYIINMH METPOJIOTHYSCKMMH XapaKTePUCTHKaMH 00JIalafoT
C/IBOCGHHBIC ATYUKH, UMEIOIIUE pa3ziesbHble YD BTOPOro BapHaHTa MCIONHEHMS. Takue JaTYuKH 00eCIeurBaIOT
MOTPEIIHOCTE OT HEOAHOPOAHOCTH MOJs, HE mpeBbimamonlyo o = £0.9%, n MakCHManbHBIN MPOCTPAHCTBEHHBIN
nuana3oH u3mepenus 0 < g < | mpH yIvioBbIX pa3sMepax YyBCTBHTEIBHBIX 3eMEHTOB O = 35.6°, 65 = 90°, 6, = 0,
65,=35.5°. CiBOCHHBIC JATUYMKH C Pa3aeIbHBIMU YyBCTBUTCILHBIMU JIEMEHTAMH [ICPBOTO BApHAHTA UCIIOJHEHHUS 0071a-
JIAI0T TOTPELIHOCThIO, He MpeBblnaei 6 = 2%, 1 MakCUMaJIbHBIM MPOCTPAHCTBEHHBIM JMAIIa30HOM H3MEPEHHs
0 <a <1 npu yrioBbIX pa3Mepax 4yBCTBHUTEIBHBIX 3IeMEHTOB 6y = 40°, 6= 90°, 8,,=0, 6,= 35.5°. CaBocHHbIC IaT-
YHKH ¢ HaKJIaAHBIMU UD mepBoro BapHaHTa UCIIOJHEHHMS M C COCTaBHBIMU UD TepBOro BapHaHTa MCIIOIHEHHs 00Ja-
JAI0T MPAKTHYECKH OAWHAKOBBIMH MapameTpamMu. Takue JaTYMKU UMEIOT MOJIOKUTENBHYIO OTPEIIHOCTE OT HEOJHO-
POIHOCTH TIOJIS, HE MPEBBIMIAOIITY0 O = 4.6%, 1 MaKCUMAaJIbHBIH NPOCTPAHCTBECHHBIN Anana3oH u3MepeHus 0 <a <
<0.92. OTmeuaeTcst METPOJIOTHIECKOE IPEBOCXOCTBO CABOCHHBIX JATYMKOB C Pa3AeIbHBIMH YyBCTBHTEIHHBIMH HJIe-
MEHTaMH BTOPOT'O BapHaHTa MCIOJIHEHHMS TIepe]] IPYyTHMHU aHATN3HPYEMBIMH CIBOCHHBIMHU TaTYUKAMU; UM, B TIEPBYIO
ouepe/ib, Hy’KHO OTJ]aBaTh MPEANIOYTCHUE B HCIIOIb30BaHUH.

Kn. cn.: QJICKTPHUYUCCKOC I10JIC, HANTPAXKCHHOCTD DJICKTPUYICCKOIO IMOJIA, JaTYUK HATTPAXKCHHOCTHU DJICKTPUYCCKOTO
10J14, C}IBOCHHHﬁ JaT4YuK, CpaBHI/ITeHBHHﬁ aHaJIn3, MOrp€urHOCTb OT HEOJHOPOAHOCTH IMOJIA

BBEJEHUE

B pabote paccmarpuBaioTCsi HOBbIE OJHOKOOPAU-
HaTHBIC 3JIEKTPOUHAYKIHOHHbBIE CepruiecKue NaTdu-
KM HaNpsHDKeHHOCTH dJekTpudeckoro moms (HOID).
OnexkTpouHayKIMOHHbIe aaTtanku HOIl ocHoBaHBI
Ha SBIEHUH OJIIEKTPOCTATHUECKOW WHAYKINH, yCTa-
HOBIIEHHOW W HCCIieoBaHHOW YuibsiMoMm [mib0ep-
toM (1544-1603 rr.) [1]. CornacHo kiaccuduKaruu,
npeuIokeHHoil npodeccopom B.S.  JIoxHHKOBBIM
[2, 3], SnEeKTPOMHAYKIMOHHBIE JATYUKHA OTHOCSTCS
K JJIEKTPOIJICKTPUIECKIM JATIHKAM.

Brinenum ocHOBHBIE 0a30BbIE MOHSATHS, CONPOBO-
K/TAIOIIe M3BECTHBIE M HOBBIE THITBI DJICKTPOMHIYK-
LUOHHBIX cepruyeckux naTdyukoB. K u3BecTHBIM TH-
1aM JaTYUKOB OTHOCSITCA 0OuHAapHble U 080lHble JaT-
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yukd. K HOBBIM THIIaM JAaTYMKOB aBTOPOM OTHECEHBI
cOBoenHble TaTUYNKU.

Oounapmvie dINEKTPOUHIAYKIIMOHHBIC ChepuIecKue
natauku (ODCJ]) [4, 5] UMEOT OAWH TPOBOISAIIUN
qyBCTBUTENbHBIN ameMeHT (UD). OH pacronaraercs
W30JIUPOBAHHO OT MOBEPXHOCTH MPOBOJAINEIO Teja
JaTYuKa, MPEJICTaBIISIIoIIero coboii chepy paauyca R
(puc. 1). Tonmuuas!l M3omsHOHHOTO Ccinost [ u UD 1
cocraBisiroT mopsinka 0.1 Mmm. UyBCTBUTENBHBIN 3Jie-
MEHT CIIY)KUT JJISi CHSTHS M3MEPUTEIIbHOTO CHrHAlia
C TIOBEPXHOCTU Telia JaTyuka. B cBsA3M ¢ ManbIMu
3HAYCHUSIMH [ M T YyBCTBUTEIILHBIC DIIEMEHTBI MOXKHO
CUMTATh YAaCThIO CHEPUYECKON IOBEPXHOCTH Tema
JaTYUKa, a JATYMK €UHON MPOBOJsIIeH cdepoit (cMm.
puc. 1, a).
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Puc. 1. CocraBnsroniye 3IeKTPOMHAYKIHOHHOTO C(hePUIECKOTO AaTYHKa HAPSKEHHOCTH 3JIEKTPUYECKOTO MO
a — TeNo Jar4ymka; 0 — yJ4acTKW TeNa JaTduka, ucmonbsyemble B UD; B — UD B dopme chepudeckoro cios;
r — UD B popme cepudeckoro cermenta (6 = 0); 1 — UD B popme momycdeps! (6, = 0)

UyBCTBUTENBHBIM 3JIEMEHTOM MOJET ObITh 4acTh
cepryeckoil MOBEPXHOCTH B (hopme chepuueckoro
CJI01, YIJIOBBIE Pa3Mephl KOTOPOT'0 33Aal0TCs yriamu 6,
n 6, (cm. puc. 1, B). HacTHBIMU ciTy4dasiMu chepruiecKo-
TO CJI0sl ABJISIOTCS CeprUECKUil CerMEHT, ONpeaerse-
MBIH yriaoBeiME pasmepamu 6 = 0 u 6, < 90° (cm.
puc. 1, 1), u nomycdepa, onpenensiemMasi YrJOBBIMHU
pasmepamu 6,=0u 6,=90° (cMm. puc. 1, n).

Hammane omnoro YD mo3poister cauMarh ¢ ODC]T
onHoQa3HbIl CUTHAN. B cBSI3M € 3TUM aTYMK YyBCTBU-
TeNleH K cMH(A3HbIM TIOMEXaM W HaBOJIKaM, TPUBOJIS-
MM K OOJIBIIMM MOTPEIIHOCTAM NPU U3MEPEHHH O[-
HOPOJHBIX U HEOJHOPOAHBIX mojeil. Takue marymku
PEIOKO HCIOJIB3YIOTCS, U HUX NPUMEHEHHE II0 NPHYH-
HaM, YKa3aHHBIM BBIIIIE, HEIleJIeco00pa3Ho.

eoiinble BNEKTPOMHIYKIMOHHBIE cepudeckre
nmatauku (JJDCJ]) [6-9] cocrosar u3 neyx OIC/], pac-
TTOJIOKCHHBIX Ha OJHOW KOOPAWHATHOH ocHu W 00Be-
JIUHEHHBIX B eauHoe uenoe. Ilpu stom ogun ODC/]
pacroylaraeTcsl Ha BEpXHeH, a Apyrod Ha HUXKHEN Jac-
TH TTOITyCcepsl, T.€. TMaMETPAITBHO TPOTHBOIOIOKHO.
UyBCTBUTEIILHBIC 3JCMEHTHI U CHEpPUYECKOe TeJo
JIATYNKa M30JMUPOBAHBI MEXKIy COOOM CIIOEM JTHAIIEK-
Tpuka. Hamuuue nByX JuaMeTpaabHO NPOTHBOIIO-
noxHBIX UD mo3Bosser caumath ¢ JIDCJl nBa omgHo-
(a3HBIX CUTHaJa B TPOTHBOIOJOXHBIX (hazax. DTa
ocobennocth JIDC/] mo3BosseT BKIIOYATh €ro B JUd-
(epeHmaNbHyI0 U3MepHUTenbHy0 1enb. uddepen-
[IUAJIbHOE BKJIFOUEHHUE JIBOMHOIO JaTyMKa 3HAYUTEIIb-
HO TIOBBIIIAET €r0 MOMEXO3AIIUIIEHHOCTh U YYBCTBH-
TEJNBHOCTh, @ TAKXKE IPHUBOAUT K YMCHBIICHUIO IIO-
IPEIIHOCTH M3MEPEHUSI HEOMHOPOIHBIX IMOJICH 0 TO-
rpemHocTy nopsiaka 5% [9].

Cogoenmbie  DICKTPOMHIYKIMOHHBIC  JTaTIUKA
(COCH) [10-18] cocrosit u3 nByx ADCH, pacmnono-
JKEHHBIX HA OJTHOW KOOPJAMHATHOW OCHU U OOBEIUHCH-
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HBIX B eauHoe 1enoe. Ocobennoctero COCI sBseT-
cs TO, YTO BXOJIIME B COCTaB CABOCHHOTO AAaTYHKA
JIBOMHBIC TATINKU JOJHKHBI UMETh TTPOTHUBOIIOJIOKHBIC
M0 3HAaKy MOTPEUIHOCTH OAHOBPEMEHHO M3MEPEHHOIO
OJTHOT'O U TOTO e 3Hauenus HOII.

Mo dbopmupoBanuto UD M MX KOHCTPYKTUBHOMY
ucrogHenuro COCJl nmensaTcs Ha MaTYMKWA C HaAKIIAJ-
HbiMH [10-13], coctaBHbIMU [13—16] U pa3aenbHbBIMU
us [13, 16—-18]. IIpu sTom UD cABOCHHBIX NAaTIYNKOB
MIPEJICTABIISIIOT COOON pa3iMyHbIe COYETAHHUS COCTaB-
JSIOIUX  3JMEKTPOMHAYKIHMOHHOTO  c(epUvecKoro
nmatanka HOII (cm. puc. 1). Hanmmame Takoro mMHOTO-
obopazuss COCJl ¢ pazsnuyHbBIMH KOHCTPYKTHBHBIMH
nucnogHeHnaMH Y3 TpebyeT WX CpaBHHUTEIHHOTO aHa-
mu3a. B cBs3um ¢ 3THM jgaHHas paboTa IMOCBSIIEHA
cABOeHHBIM cepuueckum natyukam HOII ¢ Hakmaz-
HBIMH, COCTaBHBIMH M pa3JelIbHBIMH YYyBCTBUTEIb-
HBIMH 3JIEMEHTAaMU U UX CPAaBHUTECIBHOMY aHAIH3Y.

INOCTAHOBKA 3ATAYHN

[IpoBeneHre cpaBHUTENBHOIO aHAIM3a TPEX pas-
HOBHUIHOCTEH CIOBOEHHBIX BIEKTPOMHAYKIHMOHHBIX
ceprueckux naraukoB HOII tpebyer pemenus cie-
IYIOLINX 3a/1a4:

1) pa3paborats Texnomoruto m3rorosneHuss COC/
C HAaKJIAAHBIMH, COCTABHBIMU U Pa3/eIbHBIMU UyBCT-
BUTEIILHBIMH DJIEMCHTAMH;

2) paccMOTpeTh OCOOCHHOCTH KOHCTPYKTHBHOTO HC-
nonHenuss COCJ] ¢ HakIamHBIMH, COCTaBHBIMU H pa3-
JICTTBHBIMH 9yBCTBUTEIHHBIMH 3JIEMEHTAMU;

3) OUEHUTH METPOJIOTHUECKHE XapaKTEePUCTUKU
COC]J] ¢ HakmagHBIMHA, COCTABHBIMU U pa3AciIbHBIMU
YyBCTBHUTEJILHBIMH 3JIEMEHTAMU;

4) mpoBectu cpaBHUTeNbHBINA anamu3 COC/I ¢ Ha-
KJIaJHBIMH, COCTaBHBIMH W pa3/eibHBIMU YYyBCTBU-
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TENbHBIMH 3JIEMEHTAMHU II0 UX METPOJIOTHYECKUM Xa-
paKTepUCTHKAM;

5) npoBectu pamkupoBanue CICJ] ¢ HakmagHbI-
MH, COCTaBHBIMHM U pa3AeibHBIMU UyBCTBUTEIHHBIMHU
3JIEMEHTaMH TI0 X METPOJOTHYECKUM XapaKTePUCTH-
KaM, BBISBUTH JATUYMK C JYUIIMMU METPOJIOTHYECKHU-
MU XapaKTePUCTHKAMH.

TEXHOJIOI'YSI U3rOTOBJIEHUA

CnBoeHHbIE JaTYUKW C HakiaaaHelMu YO mpen-
CTaBIAIOT COOOW CIIOMCTYIO CHCTEMY NPOBOIHUKOB
U JU3JIEKTPUKOB, COCTOSILYIO0 M3 4YEpEOBaHUS IPO-
BOJISIIICH TIOBEPXHOCTH (CepruecKoe TeNo JaTyhKa)
CI0S NUAJNIEKTPHUKA, NpPOBOsAIIEH moBepxHocTH YD
MEpPBOrO JIBOMHOTrO JaTyuKa, CJos JAUAJIEKTPHKa
U MPOBOJSAIIEH MOBEPXHOCTH BTOPOrO JBOMHOIO IaT-
yuka. [IpoBoasuiie nosepxnoctn YD nepBoro u BTO-
pOro ABOWHBIX MATYNKOB BBIMOJTHSIOTCS B (opme
cepuuecKuX CErMEHTOB C Pa3HBIMH YIJIOBBIMH Pa3-
mepamu 6, (cm. puc. 1, ). Ilpu 3TOM yrioBeie pazme-
pet UD 6, mepBoro nBoitHOrO naTurka Oiau3ku k 90°,
a yraoBele pa3mepsl UD 65, BTOpOro JBOWHOTO Aat-
yrka Onu3Ku K 45° (BTopble mUdpH B 0003HAUYCHHU
yraoB 6y u Gy, yKa3bIBalOT HOMEP JBOWHOIO AaT4H-
ka). Jusnexkrpudeckue ciou u npoBozsmme YD Ha-
HOCSTCSI Ha TIOBEPXHOCTH CHEPUIECKOTrO Tesla AATINKA
METOJIOM HambUIeHUs. J{JIs W3roTOBIEHUS AaTyhKa
TpeOYIOTCSl MaTepuaibl C BBICOKOH 3JIEKTPONPOBOIH-
MocThio. [loaToMy B KkauecTBe MaTepuana chepudye-
CKOTO TeJla JaT4YMKa HCIIOJIb3YeTCs AIOPATIOMUHMIA,
BIIOCJIECTBUHU NMPOXOAALINKA okcuaupoBanue. Okcua-
HBIH CJIOM MAIOPANIOMMHHUS SIBISETCS JUAJIEKTPUKOM.
Marepuanom U3 ciyxur mens. Takum obpazom, cHa-
Yaja Ha OKCHIMPOBAHHYIO MIOBEPXHOCTH CHEPUIECKO-
TO Tela JaT4YMKa HAIBUISIOTCS MEIHBIE YyBCTBUTEIb-
HBIE 3JIEMEHTBl IEPBOIO ABOHHOIO JaT4UKa C OOJb-
MM YTJIOBBIM pazMepoMm 6,;. 3aTeM HambuIIeTcs Ih-
JIEKTPUYECKUH CJIO0H, MOBEPX KOTOPOr0 HMIET Hallbl-
JICHWE MEJIHBIX YYBCTBUTENIBHBIX 3JIEMEHTOB BTOPOIO
JBOWHOIO JaT4MKa C MEHBIIUM YTJIOBBIM DPa3MEpoOM
6,,. TonmmuHa IUAPIEKTPUUECKUX CIOEB M MPOBOIS-
mux YD cocraBisger mopsiaka 0.1 MM, dYTO MHOTO
MEHbLIE paguyca cepudeckoro Tena gaturnka. B cps-
3M C 3THUM JaTYUK MOXKHO CUUTATh EIMHON MPOBOJIS-
mel cheprudeckoil moBepxHocThio. [lo Gonbmomy
CYETY JaTYMKOM SIBJISIETCS IpoBoAsALIas chepa, a dyB-
CTBHUTEJIbHBIC 3JIEMEHTHI HY>KHBI Ul CHATHUS HHGOP-
MaTHBHBIX CHUTHAJIOB C PAa3JIMYHBIX Y4aCTKOB IOBEPX-
HOCTH C(epHl.

ChBoeHHbIE JaTYUKH C COCTAaBHBIMH W pa3fieib-
HeIMA YD WMEIOT OIMHAKOBOE KOHCTPYKTHBHOE pe-
meHue. TeXHOJIOTHs WX M3TrOTOBJIEHHS aHaJOrM4YHa
TEXHOJIOTMM W3TOTOBJICHHS CIBOCHHBIX JIaTYNKOB
¢ HakyagHbMU UD. B omiimume OT cABOGHHBIX JaTUYMKOB

C HaKJIAIHBIMH YyBCTBUTEIBHBIMH 3JeMeHTamu, YD
JATYUKOB C COCTABHBIMU M pa3fenbHbIMU YD BBINOI-
HstOTCSL pasHoil Qopmbl. Tak, y mepBOro IBOMHOTO
natynka YD BeIMONHSAIOTCS B (opMme chepuueckoro
CJIOSl C pa3HBIMH YTJIOBHIMH pasmepamu 6 u 6, (cM.
puc. 1, B), a y BTOporo JBoiHOro aarunka Y3 BbInoi-
Haorcss B (opme  cdepuueckoro - cerMeHra
Cc yriaoBeiMu pazmepamu 6, (cM. puc. 1, 1). [Ipu stom
yrioBble pa3mepsl UD niepBoro 6 u BToporo 6, 1Boii-
HBIX JIATYUKOB COOTHOCATCS Kak &, < 6. Ilpu usro-
TOBJICHWW TaKUX JAaTYNKOB CHadajla Ha OKCHIUPOBaH-
HYI0 TOBEPXHOCTh C(EpUYECKOro Tejia JaTiuKa Ha-
MBUIIIOTCS. MenHble YD MmepBOTO MBOWHOTO MaTYHKA
C YIJIOBBIMHU pa3Mmepamu O u 6, a 3aTeM — BTOPOTO
IBOMHOTO JaT4uKa ¢ yrJIoBbIM pasmepoM 6. Io npu-
YMHAM, YKa3aHHBIM BBIIIE, CIBOCHHBIE JaTYUKH C CO-
CTaBHBIMHU W pa3fedbHBIMA UD MOXXHO CUMTATh €/IH-
HOW mTpoBosIIei cepoii.

OTinyne MeXay CJIBOCHHBIMH JaT4MKaMU C CO-
CTaBHBIMH M pa3felnbHbIMH YD COCTOMT B H3MEpH-
TEJIbHBIX yCTPOICTBaX. B cIBOEHHBIX AaTdMKax ¢ CO-
cTaBHBIMH YD BTOpOW nBOHHOW matumk mmeer YO
B (hopMe cepuveckoro cermMeHTa. A TEpBBIA JBOW-
HOW JaTdyuKk uMeeT cocTaBHble YD, cocrosmue
U3 OOBEAWHEHHBIX HW3MEPUTENBHBIM YCTPONCTBOM
cdepuueckoro cermenra u chepudeckoro cios. [pu
TakoM o0bequHeHnu Gopmupytorcs U3 B popme mo-
nycdepbl, ¥ CIBOCHHBIN AaTYMK CTAHOBUTCS a/IeKBaT-
HBEIM CIBOCHHOMY NaTYMKy ¢ HakimamaeiMu Y3, CnBo-
€HHBIE JTATYMKH C pa3fesbHBIMH YD coCTOST U3 ABYX
HE3aBUCUMBIX JABOWHBIX AaT4MKOB. IlepBbIil q1BONHHOMN
natuyuk umeer YD B dopme cdepuueckoro cios,
a BTOpoil — B (hopMe chepruiecKkoro cermenTa.

CaBoeHHbIE AATYUKU C HAKJIQAHBIMU, COCTAaBHBIMU
U pazaenbHbIME YD mMeEroT cBou ocobeHHOCTH. [
BBISICHCHHSI 3THX OCOOCHHOCTEH PpaccMOTpPUM KpaT-
Kyl0 TEOpPHIO IIOCTPOEHHUS BCEX pa3HOBHMJIHOCTEH
COCHA. Teopus paborer COCJ] ocHOBBIBacTCS
Ha B3aMMOJEHCTBUHU MPOBOIAIICH cepsl C 0IHOPOA-
HBIM TI0J1eM [19] 1 HEOTHOPOAHBIM TOJIEM TOYEYHOTO
ucrouHuka [20].

CABOEHHBIN JATUUK C HAKJIAJTHBIMHA
YYBCTBUTEJBbHBIMHU 2JIEMEHTAMU

CIBOCHHBIH IEKTPOUHIYKIIHOHHBINA CheprIecKuit
JATYUK C HAKJIAJHBIMH YyBCTBHTEIBHBIMH 3JIEMCHTA-
mu [10—-13] cocTouT M3 MBYX HE3aBUCHUMEBIX JTBOMHBIX
JATYUKOB, OOBEAMHEHHBIX B €UHOE IIeJI0e, U H3Me-
PUTENBHOTO yCTpOHCTBA (pHC. 2).

Jatuuk Bkitoyaetr B cebst mpoBopsiee cdepude-
ckoe Teno 1 pagmyca R, nea UD 2 u 3, Bxoasuiue
B COCTaB IEPBOTO JIBOMHOTO gartdmka, mBa UD 4 u 5,
BXOJSIIKE B COCTaB BTOPOTO JBOMHOrO [JaTYUKA,
U U3MEPUTEIHLHOTO YCTPOUCTBA.

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2
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Puc. 2. CaBoeHHBIH TaTYNK HAMPSHKEHHOCTH JIEKTPHYECKOTO MO ¢ HAKIATHBIMU UD.

1 — mpoBomsmiee ceprrdeckoe Teno; 2, 3 — YyBCTBUTEINBHBIC JIEMEHTHI TIEPBOTO JIBOMHOTO
Jaturka; 4, 5 — YyBCTBUTENBHBIE AJIEMEHTHI BTOpOro JaBouHoro naruvka; JUT 1, JUT 2 —
b depenmanbHbie nHTErpartopsl Toka; MIT 1, MIT 2 — wmaciurabHble ipeoOpasoBareny;

1/2X¥ — cymmarop ¢ jefieHueM CyMMBI Ha 2

UyBCTBUTENBHBIE IEMEHTH 2, 3 U 4, 5 BHITIOIHE-
HBI B (hopMe cEepUIecKUX CETMEHTOB C Pa3sHbIMH YT-
J0BBIMHU pazMepamu 6. Tak, cepruuecKkue CerMeHThl
MEpBOrO JBOMHOTO AaT4MKa MMEIOT YIJIOBOH pazMep
65 < 90° (6mm3km K momycdepe), a chepudecKue cer-
MEHTHl BTOPOTO JBOWHOTO AAaTYMKa WMEIOT YTIOBOM
pasmep 6y, = 45°. aekcel B 0003HaUEHUH yTIII0B Oy
U 6y, cTOsIIME HA IEPBOM MECTE, YKa3bIBalOT Ha HO-
Mep yruia (epBbIi WM BTOPO# yroJ, cM. puc. 1, B).
WHpekcel, cTosiue Ha BTOPOM MecTe, B 0003HaUeHUH
VIJOB YKa3bIBaIOT HA TPUHAJIC)KHOCTH TIEPBOMY
WM BTOpPOMY JABOMHOMY natyuky. Bce UD nartumka
Yyepe3 M30JIHOHHBIE CIIOM TOOYEePEHO HaKIIaIbIBa-
10TCSl (HANBUIAIOTCS) Ha TMPOBOMAAIILYIO IOBEPXHOCTH
cepuueckoro Teida M APYr Ha JIpyra M HaxomsaTcs
Ha OJITHOM KOOPJIMHATHOM OCH Z.

W3meputenbHoe yCcTpOicTBO BKIIOYaeT B ceds /Ba
mddepeHMaTbHBIX  UHTETpaTopa Toka (YCHIMTEINs
3apsana) [21] AUT 1 u JUT 2, npa macitabHBIX 1Ipeoo-
pasoBarens MII1 u MII2, cymmarop (c aenurenem
Ha 2) 1/2%.

JuddepeHnnaabHble HHTETPATOPbI TOKA CITYXkKAaT IS
CHSITHS pa3HocTH 3apsaaoB ¢ UD 2, 3 u 4, 5, mponopiwo-
HaIBHBIX HarnpspkeHHocTsM Ol E(F) u E5(f). MaciTa6-
HbIE TPe0OPa30BATEIH CITYXKAT JIJISI BRIPABHHBAHUS YYB-
CTBUTEJIFHOCTH JIBOMHBIX JaTYUKOB. CyMMaTOp CIIyKHT
JUIS HAXOXKICHUS CpPEIHEro 3HaueHUs (TIOyCyMMBbI)
Mmexay E(f) u Ex(f), npuHAMaeMoro 3a pe3yJbTaT hu3Me-
pCHUS W SIBISIFOLIETrOCS BHIXOJHBIM CHUTHAJIOM CABOCH-
HOT'O JaT4uKa. BBIXOABI M3MEPHUTENBHOTO YCTPOHCTBA
ABJISIFOTCS BBIXOJAaMH TEPBOTO W BTOPOTO JIBOMHBIX
JATINKOB (BBIX. | W BBIX. 2) M CABOCHHOTO JaTYHKa
(BBIX.) (cM. pucC. 2).

HAVYYHOE [TPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2

B DIl Ha cdepruecknx cerMeHTax ABOWHBIX TaTUH-
KOB MHAYLMPYIOTCS SIEKTPUYECKHE 3apsiibl — Ha Iep-
BOM JIBOMHOM AaT4mke ¢»(f) U ¢3(f), a Ha BTOpOM —
q4(t) m gs(¢). PasHOCTH 3THX 3apsaA0B co3aatoT UHpop-
MAaIMOHHBIE CHTHAIBI, IPOIIOPIIMOHANBHBIE HAMIPSKCH-
Hoctu DIl B 1aHHOM TOUYKE IPOCTPAHCTBA.

B omHoponHoM mone audepeHImaibHbIe pa3sHO-
CTH 3apsIOB JUISl TIEPBOTO M BTOPOTO JBOMHBIX JAT4H-
KOB Oy/yT COOTBETCTBEHHO PaBHBI

Agy; () =q,(H)—q;() =
=6k neg,R* sin” 0,, - E, () =G, - E, (), (1)

Aq,s (1) =q,(t)—gs(t) =
= 6k,meg,R* sin® 0,, - E, (1) =G, - E, (2), (2)

rneki=1,a k= sin’6s; / sin’6y, — ko3 purmeHTHI

MPOMOPLHOHATBHOCTH; & — AUPJCKTpUYECKass Mpo-
HUTIAEMOCTH CPEAbl; & = 8.85-107"> ®/m — 3JIEKTPH-
yeckass TOCTOsHHas; FEy(f) — HanpskeHHOCTh Il

B TOUKE M3MEPEHHU 10 BHeceHus natunka; Gy u G, —
YyBCTBUTENBHOCTH TIEPBOTO U BTOPOTO JIBOMHBIX JaT-
4yukoB. [Ipu yka3zaHHBIX KO3 QUIMEHTaX MpeoOdpa3o-
BaHUA k| u k, ayBcTBUTEenbHOCTH G| = G = G. PaBeH-
CTBO YyBCTBUTEIHHOCTEH JOOMBAIOTCS B OJHOPOIHOM
MoJie C TIOMOIIBI0 MacHITaOHBIX MpeoOpazoBaTesneit
MII 1 u MII 2 (cm. puc. 2).

B HEOMHOPOIHOM TIOJ€ TOYEYHOIO HCTOYHHKA
mudQepeHnanbHbIe Pa3HOCTH 3aps0B ISl TIEPBOTO
W BTOPOTO JIBOMHBIX JIATYUKOB OYJyT COOTBETCTBEHHO
PaBHbI
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AqB (t) = 6]2(1) _%(t) =
=6k mee, R sin” 0, - E,(t) = G- E, (1), 3)

Aq,s(1)=q,(1)—g5() =
=6k,mee,R>sin’ 0,, - E,(1)=G-E,(t),  (4)
rie
E )= [1 + 5(021)] -E)(t) nu

(0 =[1+80,)] E,(0) ®

HanpspbkeHHocTH DI, U3MepeHHbIe CIBOCHHBIM JaT-
YUKOM C MOTPEHIHOCTBIO, BBI3BAHHON HEOIHOPOIHO-
CTBIO TOJISI, TIEPBBIM M BTOPBIM JIBOWHBIMH JATYHMKAMU
B TOUKe M3MepeHus; &(6h) u &(6r) — NPOTUBONO-
JIOXHBIC TI0 3HAKY MOTPEHIHOCTH OT HEOHOPOIHOCTH
MOJIsl TIEPBOTO M BTOPOTrO JABOMHBIX AaT4MKOB. [lo-
rpemrHOCTh &(6,)) OTpUlaTeNbHAs, a MOTPEUTHOCTh
& 6,) nonoxuTenbHasl.

[orpemrnoctn & 651) u K 65,) AN MBOWHBIX AaTIH-
KOB B Ju(depeHIransHOM BKIIOUEHUH OTIPEACIISIOTCS
BEIpakeHuEM [9]

1 1-d*

3a”sin” 0, J1-2acos0, +a*

2

6(6,) =

1-a

\/1+2ac0502 +a’

~1]-100, (6)

rae a = R / d — npocTpaHCTBEHHBIN Uama3oH u3Me-
peHus, u3MeHsomukca B npenenax 0 < a < 1;
R — paanyc chepuyeckoro tena gatymka; d — pac-
CTOSHHE OT IIeHTpa c(depuueckoro Tena AaTdhKa
JI0 UCTOYHHKA TTOJISL.

CaBoeHHBIE JaTYMKH JIe)KaT B OCHOBE pea3alIiu
METO/Ia U3MEPEHUI MO CpeHEMY 3HaueHurwo [22, 23].
[Toaromy mpuHIMIT pabOTHl CABOSHHOTO JaT4HKa 3a-
KJIIOYaeTCcs B OAHOBPEMEHHOM H3MEPEHHU B OIHOU
TOYKE TMOJIA JBYX 3HA4YeHWH HampspkeHHoCTH E(f)
n E,(f) (cM. BelpakeHHs (5)) ¢ MPOTHBOMOIOKHBIMA
0 3HAaKy MOTPEIIHOCTSIMU C MOCIIELYIOIUM OIpeee-
HUEM CPEIHEr0 3HAYCHHS U3 HUX:

E()+E,(t
E(z):%:(H&)EO(t), %
rae E(f) — pe3ynabTar WU3MEPEHUs HAIPSHKEHHOCTH

OIl, moy4eHHBINA TBOMHBIM JATIHKOM;
_6(6,)+6(0,)
2

MOTPENTHOCTs n3MepeHus FE(f), BbI3BaHHAs HEOTHO-
POIOHOCTBIO HOJIA.

6 ®)

Boeipaxenust (6) u (8) TNO3BOJAIOT YCTAaHOBUTH
B3aUMOCBSI3b MEXIY IOTPEIIHOCTHIO O, YIJIOBEIMH
pasmepamu 6, u 6 UD 2, 3 u 4, 5 u AMHEHHBIMHU
pasMepaMu R CIBOCHHOTO JaTdrKa. JTa B3aMMOCBSI3b
MOJKET OBITH TOJIO)KEHA B OCHOBY IOCTPOCHHS Marte-
MAaTUYECKON MOJENIN CIIBOEHHOTO JaT4YMKa C HAKJIAJl-
HbiMU UD.

MaremaTudeckass MOJETb CABOCHHOTO JaTyMKa
¢ HakiagHeIMH YD ommchIBaeTcs BBIpaKeHUsIMH (6)
n (8). Mozgens MO3BOJISIET OLEHUTH MOTPEUTHOCTh
JIBYX BAapHaHTOB KOHCTPYKTHUBHOTO HCIIOJNHEHUS H3-
BECTHBIX CcIIBO€HHBIX naTuukoB [10, 11]. IlepBblil Ba-
pHAHT CIBOCHHOTO JAaTYMKa UMEET YTIOBBIC Pa3Mepsl
Un 6,,=0, 6;,,=90°wu 6,,=0, 6, =45°[10], a BTO-
pOfI — 911 = 0, 921 =90°wu 912: 0, 922: 47° [1 1]

PesynpraTroM MaTreMaTHYECKOTO MOJEINPOBAaHUS
OBUIO OMpe/eTCHUEe JYYIIUX YIJIOBBIX pa3mepoB UD
JIBOMHBIX AaT4uKOB. [Ipu 3THX yrioBeix pazmepax YD
CIBOCHHBIN JaTYUK OyJIET UMETh MEHBIIYIO MOTpelll-
HOCTH M OOJBIINK MPOCTPAHCTBEHHBIH AWANA30H W3-
MEpEHUSL.

C y4eToM CKa3aHHOTO HaWCHBI MOTPEIIHOCTH O
CABOCHHOTO nartyuka ansi mepBoro [10] u BTOpoOro
[11] BapuanTOB uX ucmojsHeHus. ['paduxu norpeni-
HOCTEH O U &, B 3aBUCUMOCTH OT MPOCTPAHCTBEHHOTO
IUana3oHa M3MEPEHUs a TPENCTaBICHBI HAa pHUC. 3.
WNupekcel 1 u 2 B 0003HAUCHUM MOTPEIIHOCTEH O
U O YKa3pIBAIOT HA WX MPHUHAIICKHOCTH TEPBOMY
WM BTOPOMY BapHaHTy WCIOJHEHHS CIBOSHHBIX JaT-
YUKOB.

a %

o1, BapHant |

&, BapHaHT 2 7

a

0 01 02 03 04 05 06 07 08 09 1

Puc. 3. I'padukn n3mMeHEeHHH OTPENTHOCTH B TIPOCTPAHCT-
BEHHOM Juarna3oHe a repsoro [10] u Broporo [11] Bapuan-
TOB UCIIOJIHCHHA CABOCHHBIX JAaTYUKOB.

0 — TOTIPEelIHOCTh JBOMHOTO AaT4MKa OT HEOAHOPOIHO-
CTH Toist; @ = R / d — TpOCTpaHCTBEHHBIIN IHana3oH H3-
MepeHusi; R — paauyc cepryecKkoro Tena narduka; d —
paccrosHHEe OT IIeHTpa cdepuueckoro Teia AaT4hKa
JI0 NICTOYHHMKA OIS
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U3 rpadukos (puc. 3) cieayer, 4yTO CIABOCHHBIH
JaTYMK IEPBOTO BapHaHTa HMMEET IOJOXHUTEIbHYIO
NOTPEIIHOCTh (C MakcuMyMoM O = +4.6%) Bo BceM
MIPOCTPAaHCTBEHHOM jAuarazoHe m3mepenus 0 < a < 1
(d > R), a BTOpOTO BapuaHTa — MOTPENIHOCTh B TIpe-
mamax 6==2.1% W He3HAUNTENbHO OTPaHUICHHBINA

NPOCTPAHCTBEHHBIH Auana3zoH u3MepeHus 0 < g <
<092 (d>=1.1R).

CABOEHHBI JATUUK C COCTABHBIMHA
YYBCTBUTEJIbHBIMUA 3JIEMEHTAMMU

CIIBOCHHBIH AIEKTPOUHYKIIMOHHBIN ChepUIeCcKHii
naTauk ¢ coctaBHBIMU UD [13—16] cocTout U3 mpoBo-
nsero cepudeckoro Tena 1 paguyca R, ABYyX map
YyBCTBUTENIBHBIX AJIEKTPOJIOB 2, 3 U 4, 5, 00beMHEH-
HBIX B €IUHOE IIeJI0e, ¥ U3MEPUTEIHFHOTO yCTPONWCTBA
(puc. 4).

[lepBass mapa YyBCTBHTENBHBIX 3JEKTPOIOB 2, 3
BBINIOJIHEHA B (hopMe C(HEPUUECKHX CIIOEB C YITIOBBIMH
pasmepamu 6y, u 6 (cMm. puc. 1, B), a Bropass mapa
qyBCTBUTENBHBIX 3JIEKTPOIOB 4, 5 BbINOIHEHA B (op-
Me cepHUeCKUX CETMEHTOB C YIJIOBBIMH pa3Mepamu
6,=0u 6, (cm. puc. 1, 1).

Tak, cepuueckue CIOM TMEPBOW TMapbl YyBCTBHU-
TENBHBIX BJIEKTPOAOB HMEIOT YIJIOBBIE pa3Mephl 6
u 6, < 90° (6mm3kuit k monycdepe), a chepudeckue
CETMEHTBI BTOPOM Mapbl UyBCTBUTEIBHBIX 3JIEKTPOJOB
UMEIOT YTIIOBOH pasmep 6 = 6y LlenTphl map 4yBCT-
BUTENIBHBIX 3JIEKTPOAOB PACHOJIOXKEHBI HA OJHOH KO-
OpPJIMHATHOM OCH Z.

W3 uyBcTBHTENBHBIX AMIEKTPOIOB 2, 3 U 4, 5 dop-
Mupyrorcss YD nByxX ABONHBIX aAaTuMkoB. [lepBslit
JIBOMHOM JaTYMK HMMEET cocTaBHbie UD, cocrosinue
U3 9yBCTBUTENBHBIX IEKTpoAoB 2+4 u 3+5, a y BTO-

pOro JBOWHOrO JaTUYMKa UyBCTBUTENBHBIE AJIEKTPObI
4, 5 aenstotes ero YD, Bes cuctema yyBCTBUTENBHBIX
JIEKTPONOB 2, ..., 5 U mpoBojsimee chepruueckoe
Teno 1 mpeACTaBIAOT COO0OW eIUHYI0 CHEpUUCCKYIO
MOBEPXHOCTH. UyBCTBUTENBHBIC AIEKTPOLI 2, 4 1 3, 5
00BEIUHAIOTCS. TIONAPHO Yepe3 M3MEPUTENbHOE YCT-
poiicTBo (cM. puc. 4).

W3MmeputenpbHOE YCTPOHCTBO COCTOUT M3 JBYX
muddepeHInanbHBIX UHTErpaTopoB Toka JUT 1
u JIUT 2, nByx macmrabHbIX mpeoOpazoBateneit MII 1
n MI12, cymmaropa X1 u cymmaropa 1/2X. Cymma-
Top 21 cayxuT i1 0ObEANHEHNSI CUTHAJIOB C MEPBO-
rO ¥ BTOPOTO JIBOMHBIX AaT4ukoB. [Ipu 3TOM 00ecte-
yuBaeTcs (GOpMHpOBaHHME cocTaBHBIX UD B dopme
nosycepsl mepBoro nsoiiHoro marumka. JUT 1,
JUT 2 u cymmarop 1/2% uMeroT Ha3HAYEHWUsI, aHAIIO-
THYHBIE B cXeMe pHc. 2. BBIXOJbl M3MEPUTENHHOTO
YCTpOMCTBA SBISIOTCS BBIXOJAMH IIEPBOTO U BTOPOTO
JBOWHBIX JTaTYUKOB (BBIX. 1 W BBIX. 2) M JBOMHOTO
naTdrka (BBIX.) (CM. puc. 4).

[Ipu nomerienun capoerHoro aaruuka B Ol Ha ero
qyBCTBUTEJBHBIX AEKTpoax 2, 3 u 4, 5 OyAayT UHIYLH-
poBaThCsl IEKTPUUECKUE 3apsiibl: Ha MEpBOM mape 2,
3 — g»(t) u g5(f), a Ha BTOpOI Mape 4, 5 — q4(¢) u gs(?).

B omHOpomHOM mone muddepeHmansHbIe pa3HoO-
CTH 3apsi0B MEXAy NepBoi 2, 3 u BTopoii 4, 5 mapamu
YYBCTBUTEJBHBIX DJIEKTPOJIOB OYAyT COOTBETCTBEHHO
PaBHBI:

Ag,y (1) =, (1) —q5() =
= 61{37'129‘90}32 sin(6, —6,,)-sin(6, +6,,)- £,(1) =

JUT 1

=G, -E,(1), 9)
MIT1 Boix. 1=
k1 ||
>1 1/2% | Bore

. JIAT 2

h

MII2]| M l_
— . |

Boix.2

Puc. 4. CaBoeHHbII JaTYMK HANPSDKEHHOCTH JIEKTPHUYECKOTO MOJISI ¢ COCTaBHBIMU UD.

| — mpoBopsee ceprudeckoe Teno; 2, 3 — YyBCTBHTEIBHBIE AJIEMEHTHI B (hopMe chepraeckux
croeB; 4, 5 — YyBCTBUTENBHBIC JJIEMEHTHI B opMe cheprdeckux cermenrtos; JUT 1, IUT 2 —
i depeHImansable HHTerpaTopsl Toka; MIT 1, MIT 2 — macimrabasie ipeodpasoBareny; 1 —
cymmarop; 1/2% — cymmarop ¢ JieJieHHeM CyMMBI Ha 2
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Aq,s(t) =q,(1)—qs(1) =

_ 2 32 _
=6k,nee R sin” 0,, - E (1) =G, - E (1).  (10)
Hnst coctaBHbIX U3, COCTOSIIMX U3 YyBCTBUTENb-
HBIX 3JIEKTpoAoB 2+4 u 3+5, muddepenunansuas pas-
HOCTb 3JICKTPUYIECKHUX 3apsiI0B OYy/ICT ONPEACIIATHCS:

A%—s(t):[%(t)"'%(t)]_[qs(t)"'%(t)] =
= 6k, reg R’ x
X[Siﬂ(@m ~6,,)-sin(0,, +6,,) +sin’ 922:"E0(t) =

=G, £, ). (In

[Ipu BeIMONHEHUU ycnoBus Gy, = 0 Ko3pPum-
EHTBl TPOIMOPIHMOHATIBHOCTH CTaHyT paBHBI, T.€.
ks= ki, a BeIpakenue (11) mpeobpa3yercsi B BbIpaxke-
HUE

Ag, 5(2) = 6kmeg, R sin” 0, - E, (1), (12)
COOTBETCTBYIOIIEE BBIPAKECHHIO ABOHHOTO JaT4HKa
¢ UD, BeImMoaHEHHBIMH B opMe moiycdeps! (CM. BBI-
paxenue (3)). Bce Bxopsimue B Boipaxenus (9)—(12)
YHCIIOBBIE TMapaMeTpbl COOTBETCTBYIOT IapaMeTpam
BoIpakeHui (1) u (2).

B HeomHOpPOAHOM TOJNE TOYEYHOIO HWCTOYHHKA
i depeHnnanbHbIe Pa3HOCTH 3apAI0B MEXIy EpBOH
(2, 3) u BTOpOI1 (4, 5) MapaMu 4yBCTBUTENIBHBIX 3JIEK-
TPOIOB OyIyT COOTBETCTBEHHO PABHBIL:

Agy (1) =q,(1) - q;(t) =
= 6k37u9‘c"0R2 Sil’l(@zl - 01 1) ’ SiIl(@z] + 011) ) El,(t) =

=G, E(). (13)

C. B. BUPIOKOB

A5 (1) =q,(1) — g5 () =
=6k, teg, R’ sin” 0,, - E, (1) =G, - E, (¢). (14)

Tornga Ha cocraBHbix YD 2+4 u 3+5 mepBoro
JBOMHOTO NaTunka auddepeHuanbaas pasHoCTh 3a-
PSIIOB OTIPEACIUTCS BEIPAKCHUEM

Agy (1) =Agps (1) +q,5(1) =
=6meg, R’ %
><|:Sin(021 —6,,)-sin(6,, +911)+sin2 ‘922]'E1(t)- (15)

Hnst cocraBubix UD 2+4 n 345, umetonmx opmy
nonycdep, 61 = 6. Torma mocie mpeoOpazoBaHUs
BoIpaxkeHud (15) momyunm

Ag, (t)=6mee, R’ -sin’ 0, - E,(?). (16)
B Beipakenusx (13)—(16)
El(H)= [1 + 5(011,921)] -Ey (1),
El(t):[1+52(021)]'E0(t) a (17)

Ez(t) = [1 +51 (022)] : Eo(t)

HanpspkeHHOCTH Oll, M3MepeHHBIe COOTBETCTBEHHO
YyBCTBUTENBHBIMH 3JeKTpojamu (2, 3), (4, 5) u co-
ctaBibiMu YD 2+4 wu 3+5 ¢ OOrpelHOCTIMHU
5(911,021), 51(022) u 52(021) COOTBETCTBCHHO. I1o-
TpemHOCTh Oj(6;) TONIOKUTENBHAS, a MOTPEITHOCTH
0(6) u &61,65)) oTpuratenbHble. YKa3aHHBIE TO-
rpemHOCTH s UD B dopme cdeprudeckoro cios,
cepruyeckoro cermMeHTa M cocraBHoro YD ompene-
JISTOTCST COOTBETCTBYFOIIMMH BBIPAKCHUSMHU:

— 11 cepuueckoro cios [24]

1-a°
X
3a*sin(6,, — 6,,)sin(6,, +6,,)
1

1

5(911’921):

1

+
\/l—ZacosQl +a’ \/1+2ac05911 +a’
X

100 ; (18)

1

\/l—2a005921 +a’ \/1+2acos02] +a’

— nmns chepudeckoro cermenra [9] H(6,,) ompenensiercs BblpaxeHweM (6) TPH TOACTAHOBKE B HETO

6,= 0y, > 45°

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2



CABOEHHBIE COEPUYECKUE NATUYHMKU HAIIPSKEHHOCTU 37

1 1-d*

1-d?

51(‘922) = 3

— Juist coctaBHOTO YD TIpW BBIIOJHEHUU YCIOBUS ()

xerneM (19), mocie moCTaHOBKH B HETO 6.

22anlpn |77 -
a“sin” 6, \/1—2acos022+a2 \/l+2a005022+a2

—1/-100; (19)

=0), norpemHocTh Oy(6;1) OyaeT onpenensThes BhIpa-

Takum 00pa3oM, CIBOCHHBIC NATIMKHA C COCTaB-
HbIMH YD TIpU yIpOIIEHHOM KOHCTPYKTHBHOM M TEX-
HOJIOTHYECKOM HCTIOJTHEHUN U OJTMHAKOBEIX YCIIOBUSIX
SKCIUTyaTalluyd 00JIaal0T TEMU K€ IOTPEIIHOCTIMH,
YTO W CABOEHHBIE HATUYMKH ¢ HakiagaeiMu UD. Tak,
CABOCHHOMY JIaTYMUKY C COCTaBHBIMH UyBCTBHUTEIIHHEI-
MH DJIEMEHTaMH, HWMEIOIIEMY YTJIOBEIE pasmepsl YD
611=45°, 6, =90° u 6y, = 45° [14] COOTBETCTBYIOT TO-
TPEIIHOCTH CABOSHHOTO JaTYMKa C HAKIAIHBIME YD,
VTJIOBBIE pa3Mephl KOTOPHIX Y TMEPBOTO JTBOWHOTO Jar-
yHuKa 011 = Oo, 021 = 900, ay BTOpOro 012 = 0, 022 = 45°
[10]. Ams CHBOGHHOTO MATYMKA, WMEIOIIECTO YTIIOBBIE
pa3Mepbl 4yBCTBUTENBHBIX 3JeMeHTOB O = 47°, 05 =
=90° u 6y = 47° [15], COOTBETCTBYIOT MOTPEIIHOCTH
C/IBOCHHOTO JIaTYMKA C HAKIaIHbBIMA YD C yIIOBBIMH
pasmepamu 6;;=0, 0;;=90°u 6, =47° [11].

I'padyikn n3MeHEHNs MOTPENIHOCTEN OT HEOTHOPOI-
HOCTH TIOJISI B TIPOCTPAHCTBEHHOM JHAIa3oHe M3Mepe-
Hus s nepeoro [14] u Broporo [15] BapuaHToB mo-
CTPOCHHUSI CIBOCHHBIX JTATYMKOB C COCTABHBIMH UYBCT-
BUTEJIBHBIMU 3JIEMEHTAMH, COBIAJAIOT C TpaduKamu,
TIPUBEICHHBIMH Ha pHC. 3.

CIBOEHHBIN JATUUK C PA3JIEJIbHBIMUA
YYBCTBUTEJIbHBIMU 3JIEMEHTAMMU

CIIBOCHHBIH AIEKTPOMHYKIIMOHHBIN ChepUIecKHii

maTauk ¢ pazgenbHbeiMu U3 [17, 18] coctout u3 mpo-
BOJAIIETO chepudeckoro tena 1 paguyca R, AByX map
Ub 2, 3 u 4, 5, npeacTaBisoMuX co00W €IUHYIO
c(hepHUeCcKy0 TOBEPXHOCTh, M U3MEPUTENBHOTO yCT-
poiictBa (puc. 5).

PaccmarpuBaeMblil CIBOCHHBIM AATYMK aHAJIOTH-
YeH CIABOCHHOMY JIaTYHMKY C cOCTaBHbIMU UD, a ero
HU3MEPUTEIbHOE YCTPOWCTBO AaHAJOTHYHO H3MEPHU-
TEIBHOMY YCTPOWCTBY CIIBOCHHOTO JaT4yMKa C Ha-
KnagaeiMua Y9.

B cBsizu ¢ atum B DIl nuddepennmansabie pazHo-
CTH 3aps/10B MEXAy NepBoii 2, 3 u BTopoii 4, 5 mapamu
YYBCTBHUTENBHBIX AJIEKTPOIOB JTBOWHBIX JATYHKOB Oy-
JIyT COOTBETCTBEHHO OMPEACIISTHCS

— B OTHOPOTHOM T10J1e BBIpaxkeHusimu (9) u (10);

— B HCOJHOPOJHOM II0JIE TOYEYHOTO HCTOYHHKA
BeIpakeHmsiMA (13) u (14).

B Beipaxenusax (9), (10) u (13), (14) Bxomsmme
B HUX 3Ha4YeHWs HampspkeHHocTel Ey(f), £1(f) = E\(?)
U E,(f) ABIAIOTCS HANPSHKCHHOCTSMH COOTBETCTBEHHO
WU3MEPEHHBIMHU CJIBOCHHBIM JIATYMKOM B OJHOPOJHOM
u B HeomHopomHoM mone. Ilpu sTtom 3Hauenue Ey(f)
B OJTHOPOJIHOM II0JIC M3MEPEHO JABOMHBIMU JaTYMKaMU
0e3 morpenrHocTH, a 3HadeHus E(f) u E,(f) 3TUMH e
JIATYUKAMH U3MEPEHBI C MPOTHUBOIIOJIOKHBIMU TIO 3HA-
Ky norpemHocTsIMH & 611.6:1) u 61(6y2), ompenense-
MbIMH BeipaxeHusiMu (18) u (19) cooTBeTCTBEHHO.

LY
I
2 | 1 Boix. 1,
1| . mar 1| ML *
" R : kl
3 1 12X | Buix.
) —
JIAT 2 1
s 1 -
> k2 l_ Bblx.2=

Puc. 5. CnBoeHHBIN AaTYNK HANPSDKEHHOCTH 3JIEKTPUUECKOTO TOJIS € pa3aeibHpIMU UD.
1 — mpoBomsmee chepraeckoe Teno; 2, 3 — YyBCTBUTEINBHBIE MJIEMEHTHI B (hopme ceprde-
CKHX CIoeB; 4, 5 — UyBCTBUTENBHBIE IIEMEHTHI B (hopMme cheprueckix cermenTto; IUT 1,
JUT 2 — muddepenmmanbapie uaTErparopsl Toka; MII 1, MII 2 — macmtabHble mpeoOpa-
30Batermy; 1/2X — cymMMmaTop ¢ JIefieHHeM CyMMEI Ha 2

HAVYYHOE [TPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2



38 C. B. BUPIOKOB

Toraa pe3yabTar U3MEpPEeHHs CABOCHHOTO JaTYyuKa
¢ paznenbHbIMU YD OyneT onmpenensiThes BhIPaXKCHHU-
eM (7), a ero morpenrHocTh

— 5(911’921 ) + 5(922)
5 :

Ilo monmy4eHHO# B3aMMOCBS3M MTapaMETPOB CABOCH-
HOTO JITaTYMKa ¢ pa3AenbHbIMU UD cocTaBiieHa ero ma-
TeMaTH4YecKasi MOJIeNIb U MPOBEICHO MaTeMaTH4eCcKOe
MO/JICIUPOBAHNE IO OTPEJCIICHUIO ONTUMAIBHBIX YI-
JOBBIX pa3MepoB UD partymka MpW MHHAMYME II0-
TPEIIHOCTH U MAaKCUMyMeE NPOCTPAaHCTBEHHOTO AMama-
30Ha U3MEPEHUI.

Maremarndeckass MOJENb COBOSGHHOIO JaT4HKa
¢ pasmensHbIMH UD coctoutT u3 BeIpakeHuil (18)—
(20). Monenp MO3BOISIET OIEHUTH TIOTPEIIHOCTD JBYX
BapHAHTOB KOHCTPYKTHBHOT'O MCIOJHEHUS N3BECTHBIX
caBoeHHbIXx natankoB [17, 18]. IlepBwiii BapmaHT
CABOEGHHOTO JaT4YMKa HMMEET YIJoBble pa3mepsl YO
911 = 400, 921 =90° u 912 = 0, 922 = 35° [17], a BTO-
poit — 6,,=35.6°, 6,;=90°u 0),=0, 6, =35.5°[18].

Pesynprarel MogenupoBanus B BUAe Tpaduka 3aBH-
CHUMOCTH TOTPEIIHOCTH & OT MNPOCTPAHCTBEHHOT'O
JMara3oHa U3MEPEHUH a ISl IEPBOTO M BTOPOTO BapH-
AQHTOB KOHCTPYKTHBHOIO HCIIOJHEHMSI CABOEHHBIX
JTATYNKOB TPE/ICTaBIIEHBI Ha puC. 6.

U3 rpadukoB (cMm. puc. 6) cieayer, 4TO CIBOCH-

o

(20)

o, %

O. BapHaHT 2

AN

o. papHaT 1

a

0 01 02 03 04 05 06 07 08 09 1

Puc. 6. I'padyiku n3MEHEHUI MOTPENTHOCTH B MPOCTPaH-
CTBEHHOM Juana3oHe a mnepsoro [17] u Broporo [18]
BapUaHTOB UCIIOJHEHUS CABOCHHBIX JaTYUKOB.

0 — TIOTPENIHOCTh CIBOSHHOTO JaT4YMKa OT HEOJHOPOI-
HOCTH TIOJIsL; @ = R / d — mpoCTpaHCTBEHHBIH /Mana3oH
nu3MepeHus;; R — paauyc cdepuueckoro Tena JaT4HKa;
d — paccrosiHue OT LieHTpa c(heprYEecKOoro Tena JaTduka
JIO UICTOYHHUKA TIOJIS

HBIH JaTYMK MEPBOTO BapUaHTa MMEET MOTPEUIHOCTD
6=12%, a BTOpPOro BapHaHTa — MOTPEHIHOCTh
0=10.86% B 0OgHOM M TOM >X€ MaKCHMaJIbHOM TpO-
CTPaHCTBEHHOM JHamna3oHe m3mepenus 0 < a < 1
(d>R).

CPABHUTEJIBHBINA AHAJIN3

[IpoBeneM cpaBHUTENbHBIN aHAIU3 PacCMOTPEH-
HBIX B CTaTh€ CABOEHHBIX JATYMKOB C HaKJIaJHBIMU
[10, 11], cocTaBHbMU [14, 15] u pa3penbHbiMU [17,
18] UD. B kauecTBe 3JIEMEHTOB CpaBHEHHS BHIOpaHBI
TEXHOJIOTHS HM3TOTOBJIIEHUS, KOHCTPYKTHBHOE WCIIOJ-
HEHHE, KOHCTPYKTHBHBIE MapaMeTphl, METPOJOTHYe-
CKHE XapaKTePUCTHKHN CIBOCHHBIX TATYNKOB U CIIOXK-
HOCTb U3MEPUTENIFHOTO YCTPOUCTBA.

TexHomoruss M3rOTOBJIEHUS CPAaBHUBAEMBIX IAaTUH-
KOB CKJIAAbIBACTCA M3 W3TOTOBJCHUS ITPOBOAALIETO
cepudeckoro Tena JaTyvka M HAMbUICHHs HA HETO
C Yepemyromeiicss OCIeA0BaTEIbHOCTRIO TUAIIEKTPHKA
u npoBoaHMKa. OOLIMMHU 3JIEMEHTaMH H3TOTOBJICHUS
JaT4YvKa SBJSIFOTCS TPOLIECCHl U3TOTOBIICHUS Ceprde-
CKOT'O TeJla ¥ MOCJIeI0BATEIbHOIO HANIBUICHUS! HA HETO
JM3JIEKTpUKAa U MPOBOAHUKA. OTIIMYME B TEXHOJOTHU
W3rOTOBJICHUS] JTATYMKOB 3aKIIIOYAECTCSl B KOJIMUECTBE
CJIOEB JTUDJIEKTPUKA U MPOBOHUKA, HAHECEHHBIX METO-
JIOM HalbUICHUSI Ha TPOBONIYIO TTOBEPXHOCTH Cde-
puueckoro Tena. MakCMMajabHOE KOJIWYECTBO CIIOEB,
HAaHECEHHBIX METO/JIOM HaIbUICHUS, WMEET JaT4hK
¢ HakiagHeiMu YDO. JlaTuuku ¢ COCTaBHBIMH M pa3-
nenbHeIME YD uMeroT Ha nBa ciiosi Menble. [loatomy
oHH OoJiee TEXHOJIOTMYHBI B M3TOTOBICHUHM, U UM
JIOJDKHO OBITH OTIAHO TPEIIOYTeHHUE.

[lo KOHCTPYKTMBHOMY HCIIOJIHCHHMIO CpaBHHUBae-
MBbI€ TaTYMKU OTIMYAIOTCS ApYyr oT apyra. HamGoss-
1Iee OTIINYME UMEET NATUMK ¢ HakmagueiMu UD. Kon-
CTPYKTHBHBIE YaCTH JAaTYUKOB C COCTaBHBIMU U pa3-
nenbHeIMA U0 cxoxxu. OTinunre COCTOUT TOJIBKO JIUIIE
B YIJIOBBIX pazmepax 3.

KonucrpyktusHbie mapamerps (611, 61, 01, 65 1 R)
JAaTYNKOB 3aBHUCAT OT OOJIACTH MX IIPUMEHEHHMS, Ke-
JIaeMbIX TPOCTPAHCTBEHHOTO JMalla3oHa H3MEpEeHUi
1 METPOJIOTMUECKUX XapaKTEpUCTHUK. B 3ToM miiaHe Bce
CpaBHUBAaEMbIE JaTYNKH PAaBHO3HAYHBI.

[Ipu cpaBHEHWH CIOXHOCTH H3MEPHUTEIHHBIX YCT-
POMCTB CIBOCHHBIX JATYMKOB C HAKIaAHBIMH (CM.
puc. 2), cocTaBHBIMHU (CM. pHc. 4) U pa3faeabHBIMU (CM.
puc. 5) UD, To 1Mo KOIMYECTBY U3MEPUTEIHHBIX MPe0o-
pasoBareneii HanOoyee CIOXKHBIM OKa3bIBaeTCs M3Me-
pUTENIBHOE YCTPOMCTBO AJSl JaTYMKA C COCTaBHBIMHU
UD. OnHako 3Ta CIOKHOCTh HECYIIIECTBEHHA.

K wmerposnormuecknM XapakTEepHUCTHKaM CpaBHHU-
BaE€MBIX JATYMKOB MOXHO OTHECTH JIOTOJHUTENBHYIO
HOTPEeIIHOCTh 0T HeogHopoaHocTH D11 & u mpocTpan-
CTBEHHBII Juana3oH u3MmepeHus a. Ilo 3Tum xapakre-
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CABOEHHBIE COEPUYECKUE NATUYHMKU HAIIPSKEHHOCTU

pUCTHUKaM HaONIOAI0TCA UX OCHOBHBIC OTINYHS.

I[J'[SI BBISABIICHUS DTHX OTIUYMH CpaBHUM 1OJIYy-
YCHHBIC B CTAThE PE3YJbTATHI JIJIsl CABOCHHBIX JIATYU-
KOB C HAKJIQIHBIMHU, COCTaBHBIMU U pa3aeabHbIMEu Y3,
TIpeICTaBIICHHEIC HA PUC. 3 U pHUC. 6.

Ha puc. 3 u puc. 6 nokazansl rpaguyecKue 3aBu-
CUMOCTH TIOTPEINHOCTeH K@) CIBOCHHBIX JATYMKOB
B MIPOCTPAHCTBEHHOM JHMAaIla30HE M3MEPEHHS a VIS
JABYX BaPUAaHTOB UCIIOJIHCHHUA KaXXJI0I0 U3 JaTYUKOB.

I'paduku MOTPEIIHOCTEMH, npeACTaBlICHHbIC
Ha puc. 3, OTHOCATCS K JBYM THUIIaM CIABOCHHBIX JIAT-
YUKOB — JIATYMKOB C HAKJIAJAHBIMU W COCTaBHBIMH
UD. Ha puc. 6 npexacraBieHbl rpa@yKd MOTPEIIHO-
CTeW, OTHOCAIIMECS K OJHOMY THUITy CJIBOCHHBIX JlaT-
YHUKOB — JIATYMKOB C pazaenbHeiMu UD. Jlatumku
MEPBOTO W BTOPOTO BapHaHTOB (puc. 3 U puc. 6) or-
JIUYAIOTCS TOJIBKO YIIIOBBIMH pazMepamu ux Y0O.

Tak, maTuuku nepBoro BapuaHrta (cMm. puc. 3), oT-
HOCSIITUECS K CIBOCHHBIM JIATIAKAM:

— ¢ HakIaAHBIMH YD HMMEIOT YIJIOBbIE pa3Mephl
011=0, 6, =90°, 61,=0, O =45°;

— ¢ cocTaBHBIMH YD HUMEIOT YIJOBBIE pa3Mephl
911 = 450, 621 = 900, 912: 0, 922: 45°,

[lorpemHocTH 3THX NAaTYMKOB HE TPEBBIMIAIOT
0=+4.6% B NOJHOM MPOCTPAHCTBCHHOM JHAaIa30HEe
m3mepernsa 0 <a <1 (d >R).

Ta6u1. Pe3ynpTaThl cpaBHEHUS CIBOCHHBIX JTAaTYNKOB

39

Hatunku BTOpOro BapuaHrta (cM. puc. 3), oTHOCS-
IIHECA K CAIBOCHHBIM JJaTYUKAM:

— C HaKJIaAHbIMHU YD umerot YTIJIOBBIE pa3sMEpbl
01=0, 6,;=90°, 61,=0, O =47°;

— ¢ coctaBHEIMH UD muMeroT YIJIOBBIE Pa3MEpPhbL
911 = 470, 921 = 900, 912: 0, 922: 470.

HOFpeIHHOCTI/I OTUX JaTYUKOB HC NPEBBIIIAIOT

6=12.1% B ImPOCTPaHCTBEHHOM AMANIA30HE H3MeEpe-
Husa 0 <a <0.92 (d>1.1R).

Jatuuku mepBoro BapuaHTa (CM. puc. 6), OTHOCS-
HIMecs K CABOCHHBIM JaT4MKaM C pas3ienbHeiMu UD,
HUMEIOT YTIJIOBBIE pa3MephI:

011 = 400, 021 = 900, 012: 0, 022: 35°,

HOFpeHIHOCTI/I JaTYMKOB JTOI'0 BapWaHTa HE IIpe-
BBIIIAIOT O = 2% B MOJIHOM MPOCTPAHCTBEHHOM JIHa-
nazone u3mepenus 0 <a <1 (d > R).

Jatuuku BTOpOrO BapuaHTa (CM. puC. 6), OTHOCA-
HIMecs K CIBOCHHBIM AAaTYMKaM ¢ pasaeibHbiMu YD,
UMEIOT YTIJIOBBIE Pa3MeEpHI:

011 :35.60, 02] = 900, 9]2: O, 622: 35.5°.

[lorpemHocTH 3THX MAaTYMKOB HE TPEBBIIIAIOT
0=10.9% B TOJHOM NPOCTPAHCTBCHHOM JHaIa30HEe
m3mepernnsa 0 <a <1 (d > R).

Pesynprartel  cpaBHEHHS CIBOCHHBIX JaTYUKOB
MIPEJICTaBICHBl B Ta0I.

CIBOCHHBIE AaTYUKU
Haxnagasie UD Cocrasabie UD Pa3genpanie UD
OeMeHThI CPaBHEHUS
Bapmnanr 1 Bapuant 2 | Bapuant 1 | Bapuanr 2 | Bapuant 1 | Bapuanr 2
TexHONIOTHsA U3rOTOBICHHSA Crnoxnas VYnpomennas VYnpouieHHas
Koncerp yKTH}?;eoe uenosme- CrnoxHoe YnpoueHHoe VYipouieHHoe
H3mepurenbHOE yCTPOHCTBO ITpocroe VYcnoxxHeHHOE ITpocroe
011,
rpaj 0 0 45 47 40 35.6
O,
KoncrpykTuBHbBIE rpan 90 90 90 90 90 90
rapaMeTpbl 012,
rpaj 0 0 0 0 0 0
O,
rpaj 45 47 45 47 35 35.5
R Bce onHoro panuyca
Mertposnoruyeckue o, % +4.6 2.1 +4.6 +2.1 +2 +0.9
XapaKTCPHUCTHKN a 0<a <1 0<a<0.92] 0<a<l |0<a<092| 0<a<l 0<a<l
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Takum 00pa3oM, MPOBEJACHHBIN CpPaBHUTEILHBIN
aHANIM3 CIBOCHHBIX JATYUKOB C HAKJIAIHBIMU, COCTaB-
HBIMHU U pa3fiesibHbIMu YD 1mokasai, 4To 1Mo OOJIbIIUH-
CTBY DJJIEMEHTOB CpaBHEHHSA CJBOCHHbBIE JIaTUYUKU
¢ pa3nenbHbIMu YD UMEIOT 3HAaYUTEIbHBIC IPEUMYIIe-
CTBa Iepe IByMs JPYTUMHU.

PE3YJbTATHI UCCJIIEJOBAHUA

B npencraBneHHON cTaThbe MPOBENEH CPaBHUTEINb-
HBIH aHalM3 CIABOCHHBIX c(hepUYecKhX JaTINKOB Ha-
npsokeHHoctH Ol ¢ HakIagHBIMH, COCTaBHBIMHU
W pazienbHbIMA UD MO TEXHOJIOTUH HW3TOTOBJICHUS,
KOHCTPYKTHBHOTO  HCIOJHEHHS, KOHCTPYKTHBHBIM
napaMeTpaM, CI0KHOCTH U3MEPUTEIBHOTO yCTPOUCT-
Ba M METPOJIOIMYECKUM XaPaKTEPUCTHKAM.

B pesynbrare ananuza:

1) ycTaHOBJIEHO, YTO MO TEXHOJOTHH HM3TOTOBIIE-
HUSI M KOHCTPYKTMBHOTO HCIIOJHEHUSI CHABOCHHBIC
cepuueckue IaTYMKH C HakIaaHeiMu YD Oomee
CIIOKHBI, Y€M CIBOCHHbBIE NATYHKH C COCTaBHBIMH
U paznenbHeMu U0,

2) yCTaHOBJIEHO, YTO NPH NPAKTHUYECKH PaBHO-
3HAYHOCTH H3MEPUTENIBHBIX YCTPOMCTB CIOBOCHHBIX
JIATYNKOB OOJIee CII0KHOE M3MEPUTEIBHOE yCTPOUCT-
BO MMEET CIIBOCHHBIN TaTUMK C COCTaBHBIMH YJ;

3) moka3aHO, YTO MO KOHCTPYKTHBHBIM IapameT-
paM BCE BapHaHThl CABOCHHBIX IAaTYMKOB IPUIOIHBI
JUTSL UCTIOJTHCHUST;

4) yCTaHOBJIEHO, YTO JIyYLIMMH METPOJIOTHYECKHU-
MH XapakTepuUCTUKaMH oO0JajaeT BTOPOW BapuaHT
C/IBOCHHOTO JIATYHKA C pa3ieidbHbIMU U0.

Takum o00pa3oM, pe3ynbTaThl CPaBHHUTEIHHOTO
aHanau3a CABOCHHBIX JATYUKOB MO3BOJWIM MPOBECTH
WX paHXUPOBAHUE TI0 TIPOCTOTE UCIIOTHCHUS U TI0 UX
METPOJIOTUYECKUM XapaKTCPUCTUKAM.

K mydmemy TeXHHYECKOMY PEHICHHUIO CIETyeT OT-
HECTHU CIIBOEHHBIM AATUWK C pazneiabHbIMU YD BTOpO-
ro BapyUaHTa UCMOJIHEHUs. Takoil CIBOCHHBIM AATUUK
o0JaaeT MOTPeIrHOCTEI0 OT HEOHOPOTHOCTH TIOJIA,
He mpesbimaomei 6 = £0.9%, MakcuManbHBIM MTPO-
CTPAHCTBEHHBIM JlHana3oHoM u3Mepenus 0 <a <1 npu
YIUIOBBIX pasMepax o5 9]1 = 35.60, 02] = 900, 9]2 = 0,
922 = 35.50.

Ko BTOpOMY TEeXHHYECKOMY PEIICHHUIO MOXKHO OT-
HECTH CIIBOCHHBIE JATYMKH TPEX PA3HOBUITHOCTEH. ITO
CIABOCHHBIC JATYMKU C HAKIagHBIMU YD BTOpOro uc-
TIOJTHEHMS, C COCTaBHBIMA YD BTOpPOTO HCIIONHECHUS
U c pasnenbHbiMu UD mepBoro ucnonHeHus. Jlydmm-
MU XapaKTEPUCTUKAMU M3 HUX OOJIAJal0T CIBOCHHBIC
JaT4UKU ¢ pazaeiabHbiMu YD, OHM HMMEIT morpeui-
HOCTH OT HEOJHOPOJHOCTH TOJISl, HE MPEBBIIIAIOIIYIO
0=12%, 1 MakCHUMaJbHBI MPOCTPAHCTBEHHBIN IHa-
na3oH m3MepeHust 0 < a < 1 mpum yrIoBbIX pazmepax
6] 911 = 400, 921 = 900, 912: 0, 922: 35.5°.

K Tperpemy TeXHHYECKOMY pEIIEHHIO OTHECEHBI
CIIBOCHHbIEC JATYMKHU C HakJIaaHbIMM YD mepBoro wuc-
TIOJTHEHUSI ¥ C COCTaBHBIMU YD mepBOro MCIOIHEHHUS.
Jatankn 00nafgaroT MpPaKTHYECKH OJWHAKOBBIMH Tia-
pamerpamMu. OJHAKO MO MPOCTOTE TEXHOJIOTMYECKOTO
¥ KOHCTPYKTHBHOTO HCIOJHEHHS CIEeIyeT BBIICITUTH
CIIBOCHHBIN AaT4uK ¢ coctaBHBIMU UD. Takue natuvku
UMEIOT TIOJIOKUTEIbHYIO TIOTPEIIHOCTh OT HEOTHO-
POOHOCTH TMOJIs, HE MpeBbIammylo o = +4.6%,
M MaKCUMAaJbHBIM IPOCTPAHCTBEHHBIA JHANA30H W3-
Mepenust 0<a<0.92.

BbIBO/IbI U 3AKJIFOYEHUE

CpaBHUTENBHBI aHAN3 CJIBOCHHBIX JATYMKOB
C HaKJIaJHbIMHU, COCTaBHBIMHU U pa3ieiabHbIMU YD npu-
BeJl K BBIBOJy O LIENECOOOPAa3HOCTU HUCIIOJb30BaHUS
B mpubopax mnsi u3MepeHus HampspkenHoctn Ol
CABOEHHBIX JaTYMKOB C pa3aeiapbHeIMH YD BTOpOrO
BapuaHTa. Takne MaTIYNKU UMEIOT 3HAYUTENbHBIE TIpe-
MMYIIECTBA MO0 BCEM MapaMeTpaM U METPOJIOTHUYECKUM
XapaKkTepUCTUKaM Tepes APYTHMMHU BUaMH CIBOCHHBIX
JaTYNKOB.

B 3axmoueHne oTMETHM, YTO CBOCHHBIE AATYHKH
SIBIISIIOTCSA NEPCHEKTUBHBIMU NPHUOOpaMHM, IO3BOJISIO-
UMMM 3HAYUTENIBHO YMEHBIINTh MOTPEIIHOCTh U3Me-
peHust HampspDKeHHOCTH HeogHopomHoro OJII m pac-
HIMPUTH IPOCTPAHCTBEHHBIN AHANIa30H H3MEPEHMUSL.
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DUAL SPHERICAL ELECTRIC FIELD STRENGTH SENSORS
WITH ATTACHABLE, COMPOSITE AND SEPARATE SENSITIVE
ELEMENTS AND THEIR COMPARATIVE ANALYSIS

S. V. Biryukov

Omsk State Technical University, Omsk, Russia

Electric field strength sensors are an integral part of measuring instruments and systems. Their correct choice
determines the creation of devices and systems with high metrological characteristics. This paper examines
a comparative analysis of known dual electric field strength sensors with attachable, composite, and separate
sensitive elements based on the phenomenon of electrostatic induction. The comparison involves the technolo-
gical and design parameters of dual sensors and their metrological characteristics. The complexity of the sensor
measuring devices is also compared. All the analyzed dual sensors have almost identical technological and de-
sign parameters. Dual sensors with attachable sensitive elements have little complexity in terms of technological
and design parameters. Dual sensors with composite sensing elements have slightly complicated measuring
working. The strong difference between the analyzed dual sensors can be seen in their metrological characteris-
tics. It has been established that dual sensors with separate SEs of the second version have the best metrological
characteristics. Such sensors provide an error due to field inhomogeneity not exceeding 6 = £0.9% and a maxi-
mum spatial measurement range of 0 < @ < 1 with angular dimensions of the sensitive elements 6, =35.6°, 6, =
=90°, 6,=0, 6,,=35.5°. Dual sensors with separate sensitive elements of the first design have an error not ex-
ceeding 6 = 2% and a maximum spatial measurement range of 0 <a <1 with angular dimensions of the sensi-
tive elements 6y, = 40°, 6,; = 90°, 6, =0, 65, = 35.5°. Dual sensors with attachable SEs of the first design and
with composite SE of the first design have almost identical parameters. Such sensors have a positive error due to
field inhomogeneity not exceeding 6 =4.6% and a maximum spatial measurement range of 0 < a < 0.92. The
metrological superiority of dual sensors with separate sensitive elements of the second version over other ana-
lyzed dual sensors is noted; they, first of all, should be given preference in use.

Keywords: electric field, electric field strength, electric field strength sensor, dual sensor, comparative analysis, error due to
field inhomogeneity
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INTRODUCTION

The paper considers new single-coordinate electric
induction spherical sensors for electric field strength
(EFS) measurement. Electric induction EFS sensors
are based on the phenomenon of electrostatic induc-
tion, revealed and researched by William Hilbert
(1544-1603) [1]. According to the classification pro-
posed by professor V.Ya. Lozhnikov [2, 3], electric
induction sensors belong to electric-electric sensors.

Let's highlight the basic concepts accompanying
the well-known and new types of electric induction
spherical sensors. Known sensor types include single
and double sensors. The author attributed dual sensors
to new types of sensors.

Single electric induction spherical sensors (SESS)
[4, 5] have one conductive sensitive element (SE). It
is located in isolation from the surface of the conduc-
tive body of the sensor, which is a sphere of radius R
(Fig. 1). The thickness of the insulation layer / and SE
7 is of the order of 0.1 mm. The sensor is used to pick
up the measuring signal from the surface of the sensor
body. Due to the small values of / and 7 the sensors
can be considered part of the spherical surface of the
sensor body, and the sensor is a single conductive
sphere (see Fig. 1, a).

Fig. 1. Components of electric induction spherical
sensor of electric field strength.

a — sensor body; 6 — sensor body areas used as SE;
B — SE in the form of a spherical layer; r — SE in
the form of a spherical segment (8, = 0); 1 — SE in
the form of a hemisphere (6, = 0)

The sensitive element can be a part of a spherical
surface in the form of a spherical layer, the angular
dimensions of which are given by angles 6, and 6
(see Fig. 1, B). Special cases of a spherical layer are
a spherical segment set by angular dimensions
6, =0and 6 <90° (see Fig. 1, r), and hemisphere set
by angular dimensions 6, = 0 and & = 90° (refer to
Fig. 1, n).

The presence of one SE allows one to record
a single-phase signal from the SESS. In this regard,
the sensor is prone to sinphase interference and aim-
ing, leading to large errors when measuring uniform
and inhomogeneous fields. Such sensors are rarely
used, and their use for the reasons mentioned above is
impractical.

Double electric induction spherical sensors (DESS)
[6-9] consist of two SESSs located on the same coor-
dinate axis and combined into a single whole. In this
case, one SESS is located on the upper, and the other
on the lower part of the hemisphere, i.e., diametrically
opposite. Sensitive elements and spherical body of the
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sensor are isolated from each other by a layer of di-
electric. The presence of two diametrically opposite
SEs allows one to record two single-phase signals
from the DESS in opposite phases. This feature of
DESS allows it to be included in the differential mea-
suring circuit. Differential activation of the double
sensor significantly increases its noise immunity and
sensitivity, and also leads to a decrease in the mea-
surement error of inhomogeneous fields to an error of
the order of 5% [9].

Dual electric induction sensors DuESS [10-18]
consist of two DESSs located on the same coordinate
axis and combined into a single whole. A feature of
the DuESS is that the double sensors included in the
dual sensor must have opposite sign errors of the si-
multaneously measured one and the same EFS value.

According to the formation of SE and their design,
DuESSs are divided into sensors with attachable [10—
13], composite [13—16], and separate SE [13, 16-18].
The SE of the dual sensors are various combinations
of the components of the EFS electric induction spher-
ical sensor (see Fig. 1). The presence of such a variety
of DuESSs with different SE designs requires their
comparative analysis. In this regard, this work is de-
voted to EFS dual spherical sensors with attachable,
composite, and separate sensors and their comparative
analysis.

PROBLEM STATEMENT

Carrying out a comparative analysis of three types
of dual electric induction spherical EFS sensors re-
quires solving the following problems:

1) develop a technology for manufacturing DuESS
with attachable, composite and separate sensitive ele-
ments;

2) consider the features of the design of the DuESS
with attachable, composite and separate sensitive ele-
ments;

3) evaluate the metrological characteristics of the
DuESS with attachable, composite, and separate sen-
sitive elements;

4) perform a comparative analysis of the DuESS
with attachable, composite and separate sensitive ele-
ments according to their metrological characteristics;

5) rank the DuESS with attachable, composite, and
separate sensitive elements according to their metro-
logical characteristics, identify the sensor with the
best metrological characteristics.

MANUFACTURING TECHNIQUES

Dual sensors with attachable SEs are a layered sys-
tem of conductors and dielectrics consisting of an al-
ternation of the conducting surface (spherical body of
the sensor) of the dielectric layer, the conducting sur-
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face of SEs of the first double sensor, the dielectric
layer and the conductive surface of the second double
sensor. The conductive surfaces of the SEs of the first
and second double sensors are made in the form of
spherical segments with different angular dimensions
6, (see Fig. 1, r). The angular dimensions 6, of the
SE of the first double sensor are close to 90°, and the
angular dimensions 6, of the SEs of the second
double sensor are close to 45° (the second digits in the
designation of the angles 6»; and 65, indicate the num-
ber of the double sensor). Dielectric layers and con-
ductive SEs are deposited on the surface of the spheri-
cal body of the sensor by spraying. High conductivity
materials are required to manufacture the sensor.
Therefore, duralumin is used as the material of the
spherical body of the sensor, subsequently undergoing
oxidation. The oxide layer of duralumin is a dielectric.
The SE material is copper. Thus, copper sensors of the
first double sensor with a large angular dimension of
6, are first sprayed onto the oxidized surface of the
spherical body of the sensor. Then a dielectric layer is
sprayed over it. Then the copper sensors of the
second double sensor with a smaller angular size of
6, are sprayed. The thickness of the dielectric layers
and conductive SEs is about 0.1 mm, which is much
less than the radius of the spherical body of the sen-
sor. In this regard, the sensor can be considered a sin-
gle conductive spherical surface. By and large, the
sensor is a conductive sphere, and sensitive elements
are needed to receive informative signals from various
parts of the surface of the sphere.

Dual sensors with composite and separate SEs
have the same design solution. The technology of
their manufacture is similar to the technology of man-
ufacturing dual sensors with attachable SEs. Unlike
attachable sensing elements, composite and separate
SEs are made of different shapes. So, for the first
double sensor, the SE are made in the form of a spher-
ical layer with different angular dimensions 6, and 6,
(see Fig. 1, B), and for the second double sensor, the
SEs are made in the form of a spherical segment with
angular dimensions 6, (see Fig. 1, r). The angular di-
mensions of the SEs of the first 6, and second 6
double sensors are related as 6, < 6,. In the manufac-
ture of such sensors, copper SEs of the first double
sensor are first sprayed onto the oxidized surface of
the spherical body of the sensor with angular dimen-
sions 6, and 6, followed by a second double sensor
with angular dimension 6,. For the reasons mentioned
above, dual sensors with composite and separate SEs
can be considered a single conductive sphere.

The difference between dual sensors with compo-
site and separate SEs is a measuring design. In dual
sensors with composite SEs, the second double sensor
has SEs in the form of a spherical segment. The first
double sensor has composite SEs consisting of
a spherical segment and a spherical layer united by
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a measuring unit. With this combination, the SEs are
formed in the form of a hemisphere, and the dual sen-
sor becomes adequate to the dual sensor with the at-
tachable SEs. Dual sensors with separate SEs consist
of two independent double sensors. The first double
sensor has a SE in the form of a spherical layer, and
the second — in the form of a spherical segment.

Dual sensors with attachable, composite and sepa-
rate SEs have their own features. To clarify them,
consider a brief theory of the construction of all varie-
ties of DuESS. The theory of DuESS operation is
based on the interaction of the conducting sphere with
a homogeneous field [19] and an inhomogeneous field
of the point source [20].

DUAL SENSOR WITH ATTACHABLE
SENSITIVE ELEMENTS

The dual electric induction spherical sensor with
attachable sensors [10-13] consists of two indepen-
dent double sensors integrated into a single whole,
and a measuring device (Fig. 2).

Fig. 2. Dual electric field strength sensor with attach-
able SE.

1 — conductive spherical body; 2, 3 — sensing ele-
ments of the first double sensor; 4, 5 — sensing ele-
ments of the second double sensor; IUT 1, JUT 2 —
differential current integrators; MP 1, MP 2 — scale
converters; 1/2X — adder dividing the sum by 2

The sensor includes a conductive spherical body 1
of radius R, two SEs 2 and 3, which are included in
the first double sensor, two SEs 4 and 5, which are
part of the second double sensor and a measuring de-
vice.

Sensitive elements 2, 3 and 4, 5 are made in the
form of spherical segments with different angular di-
mensions 6. So, the spherical segments of the first
double sensor have an angular size of 6, < 90° (close
to the hemisphere), and the spherical segments of the
second double sensor have an angular size of 6, =
~ 45°. Indices in the designation of angles 6,; and 6,
which are in the first place, indicate the angle number
(the first or second angle, see Fig. 1, B). Indices in
second place in the designation of angles indicate be-
longing to the first or second double sensor. All SEs
of the sensor are alternately superimposed (sprayed)
through insulating layers onto the conducting surface
of the spherical body and onto each other and are lo-
cated on the same coordinate axis z.

The measuring device includes two differential
current integrators (charge amplifiers) [21] JJUT 1 and
JUT 2, two scale converters MII 1 and MII 2, adder
(with divider on 2) 1/2%.
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Differential current integrators are used to pick up
the difference in charges from SEs 2, 3 and 4, 5, pro-
portional to the EF strengths E(f) and E,(f). Scale
converters are used to equalize the sensitivity of
double sensors. The adder serves to find the average
value (half sum) between E(f) and E,(¢), which is tak-
en as the measurement result and is the output signal
of the dual sensor. Outputs of the measuring device
are outputs of the first and second double sensors
(Beix. 1 and BBEIX. 2) and dual sensor (BBIX.) (see
Fig. 2).

Electric charges are induced in EF on spherical
segments of double sensors — ¢,(¢) and ¢;(¢) on the
first double sensor, and — ¢g4(f) and ¢s(f) on the
second one. Differences in these charges create infor-
mation signals proportional to the electric field
strength at a given point in space.

In a uniform field, the differential charge differ-
ences for the first and second double sensors are re-
spectively

Agy; (1) =q,(H)—q;() =
=6k neg,R*sin” 0,, - E, () =G, - E, (), (1)

Aq,s(t) =q, (1) —qs(t) =
= 6k,meg,R* sin’ 0,, - E, (1) = G, - E, (¢), (2)

where k; = 1 and k, = sin’6,; / sin’*6,, are the propor-
tionality coefficients; ¢ is the dielectric medium per-
meability; g = 8.85 - 107> F/m — electric constant;
Ey(t) — EF strength at the measurement point before
the sensor is inserted; G, and G, — sensitivity of the
first and second double sensors. With the specified
conversion factors & and k,, sensitivity G, = G, = G.
Equality of sensitivities is achieved in a homogeneous
field using scale converters MII 1 and MII 2 (see
Fig. 2).

In an inhomogeneous field of a point source, the
differential charge differences for the first and the
second double sensors are respectively equal to

Ay () =4, (1) —g5(0) =
=6k meg,R* sin” 0, - E, (1) = G- E,(¢), 3)
Aq,s(1)=q,(1)—g5() =
=6k,mee,R>sin’ 0,, - E,()=G-E,(t),  (4)
where
E@®)= [1 +6(0,, )] ‘Ey(t) m

Ez(l)=[1+5(922)]'E0(t) ®

of EF strength measured by double a sensor with an

error caused by non-uniformity of the field, the first
and second double sensors at the measurement point;
A(6,1) and &(6,) —opposite in sign errors due to non-
uniformity of the field of the first and second double
sensors. Error &(6) is negative, and error &(6,) is
positive.

Errors &(6,1) and & 65,) for double sensors in diffe-
rential actuation are determined by the expression [9]

1-d?

1
0(6,)= 2= -
©) !3azsin202 { J1-2acos6, +a’
1-a’
- —-1|-100, (6)
J1+2acosh, +a’

where a = R / d — spatial measurement range varying
within 0 < @ < 1; R — radius of the spherical body of
the sensor; d — distance from the center of the spheri-
cal body of the sensor to the field source.

Dual sensors are the basis for the implementation
of the average measurement method [22, 23]. There-
fore, the principle of operation of the dual sensor is to
simultaneously measure two values of the strengths
E\(¢) and E,(f) (see expressions (5)) at one point in the
field. These values have errors of opposite sign. Then
the determination of their average value is carried out

E(t) =w =(1+8)E, (1), (7)

where E(f) is the result of the measurement of EF
strength obtained by the double sensor;

_5(6,)+6(0,y)
B 2

error of measurement £(7) caused by field heterogene-
1ty.

Expressions (6) and (8) establish the relationship
between the error o, the angular dimensions 6, and
6, of the SEs 2, 3 and 4, 5, and the linear dimensions
R of the dual sensor. This relationship can be the basis
for building a mathematical model of a dual sensor
with the attachable SEs.

Dual sensor mathematical model with attachable
SE is described by expressions (6) and (8). The model
allows us to estimate the error of two versions of the
design of known dual sensors [10, 11]. The first ver-
sion of the dual sensor has angular dimensions of SE
011 = O, 92] = 90° and 912 = 0, 022 = 45° [10], and the
second — 911 = O, 021 =90° and 012: 0, 922: 47° [1 1]

The result of mathematical modeling was the de-
termination of the best angular dimensions of the SEs
of double sensors. With these angular dimensions
of the SE, the dual sensor will have a smaller error
and a larger spatial measurement range.

) ®)
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Taking into account the above, errors & of the dual
sensor were found for the first [10] and second [11]
versions of their design. Graphs of errors ; and &
depending on the spatial range of measurement a are
presented in Fig. 3. Indices 1 and 2 in the error nota-
tion o; and &, indicate that they belong to the first or
second version of the dual sensors.

Fig. 3. Graphs of changes in error in the spatial range
a of the first [10] and second [11] versions of dual
Sensors.

0 — error of the double sensor due to field hetero-
geneity; a = R / d — spatial measurement range; R —
radius of the spherical body of the sensor; d — dis-
tance from the center of the spherical body of the sen-
sor to the field source

From the graphs (Fig. 3), it follows that the dual
sensor of the first variant has a positive error (with
a maximum of 6=+4.6%) in the entire spatial mea-
surement range 0 < a < 1 (d > R), and of the second
variant — an error in the limits of 6==%2.1% and
a slightly limited spatial measurement range 0 < a <
<092 (d>=1.1R).

DUAL SENSOR WITH COMPOSITE
SENSITIVE ELEMENTS

The dual electric induction spherical sensor with
composite SEs [13—16] consists of a conducting
spherical body 1 of radius R, two pairs of sensitive
electrodes 2, 3 and 4, 5, combined into a single whole,
and a measuring device (Fig. 4).

Fig. 4. Dual electric field strength sensor with compo-
site SE.

1 — conductive spherical body; 2, 3 — sensitive ele-
ments in the form of spherical layers; 4, 5 — sensitive
elements iin the form of spherical segments; ANT 1,
JUT 2 — differential current integrators; MII 1,
MII 2 — scale converters; X1 — adder; 1/2X — adder
dividing the sum by 2

The first pair of sensitive electrodes 2, 3 is made in
the form of spherical layers with angular dimensions
61 and 6, (see Fig. 1, B), and the second pair of sensi-
tive electrodes 4, 5 is made in the form of spherical
segments with angular dimensions ), = 0 and 6, (see
Fig. 1, r).

Thus, the spherical layers of the first pair of sensi-
tive electrodes have angular dimensions 6, and 6 <
<90° (close to the hemisphere), and the spherical
segments of the second pair of sensing electrodes have
an angular dimension of 6, = 6. The centers of pairs
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of sensitive electrodes are located on one coordinate
axis z.

Sensitive electrodes 2, 3 and 4, 5 form sensitive
elements of two double sensors. The first double sen-
sor has composite FE consisting of sensitive elec-
trodes 2 + 4 and 3 + 5, and the second double sensor
has its sensitive electrodes 4, 5. The whole system of
sensitive electrodes 2, ..., 5 and conducting spherical
body 1 represents a single spherical surface. Sensitive
electrodes 2, 4 and 3, 5 are combined in pairs through
a measuring device (see Fig. 4).

The measuring device consists of two differential
current integrators 1T 1 and JIUT 2, two scale con-
verters MII 1 and MII 2, adder X1, and adder 1/2X.
Adder X1 serves to combine signals from the first and
second double sensors. The formation of composite
SEs in the form of the hemisphere of the first double
sensor is provided. IUT 1, JUT 2 and adder 1/2%
have the same purposes as in Fig. 2. Outputs of the
measuring device are outputs of the first and second
double sensors (Beix.1 and BeIX. 2) and dual sensor
(bIX.) (see Fig. 4).

When the dual sensor is placed in the EF, electric
charges will be induced on its sensitive electrodes 2, 3
and 4, 5: on the first pair 2, 3 — g,(¢) and g5(¢), and on
the second pair 4, 5 — g4(¢) and g5(?).

In a uniform field, the differential charge differ-
ences between the first 2, 3 and second 4, 5 pairs of
sensing electrodes will be respectively equal to:

Ag,; (1) =q,(1) —q; () =
= 6k37[5""5‘0R2 Sin(912 _911) ) Siﬂ(@lz + 011) ’ Eo ()=
~G,E, (1) ©)

Aqs(1) =q,()—q5(t) =
=6k, e, R sin” 0,, - E, (1) =G, - E\(1).  (10)

For composite SE consisting of sensitive electrodes
2 +4 and 3 + 5, the differential difference of electric
charges is determined by:

A%—s(t):[qZ(l)+Q4(t)]_[q3(t)+%(l)] =
= 6k, reg R’ x
X[Siﬂ(@m ~6,,)-sin(6,, +6,,)+sin’ 922]'E0(t) =

=G, E). an

If 6, = 6,; the proportionality coefficients become
equal, i.e. k4= ki, and the expression (11) is converted
into the expression

Aq, (t) =6k mee,R* sin” 0, - E,(¢) (12)

corresponding to the expression of a double sensor
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with SE made in the form of a hemisphere (see ex-
pression (3)). All numeric parameters included in ex-
pressions (9)—(12) correspond to the parameters of
expressions (1) and (2).

In an inhomogeneous field of point source, the dif-
ferential differences of charges between the first (2, 3)
and second (4, 5) pairs of sensitive electrodes will be
respectively equal to:

Ag,y (1) =¢,(1)—g;(1) =
= 61{372"("80}32 sin(6,, —6,,)-sin(6,, +6,)- E/(1) =

=G,-E(1), (13)
A‘hs(t) =q,(?) _qs(t) =
=6k, meg,R* sin’ 0,, - E, (1) =G, - E, (t). (14)

Then, on the composite SEs 2 + 4 and 3 + 5 of the
first double sensor, the differential charge difference
is determined by the expression

Ag, (1) =Aq,()+q,5() =
=6meg, R x

X sin0y, =6,)-sin@, +,)+si’ 0y, |- B @), (15)

For composite SEs 2 + 4 and 3 + 5 having the
shape of hemispheres 6y, = 6. Then, after transform-
ing the expression (15), we get

Ag, ()= 67[3801%2 -sin’ 0, - E(0).. (16)
In expressions (13)—(16)
El(t)= [1 +6(6, ,921)] -Ey (1),
El(t):[1+52(921)]-E0(t), (17)

Ez(t) :[1+51(022)]'E0(t)

EF strengths were measured by sensitive electrodes
(2, 3), (4, 5) and composite SEs 2 + 4 and 3 + 5, re-
spectively, with errors &(6y1.6:1), 61(62) and 6(6y)),
respectively. Error &;(6) is positive, and errors
»(6y) and K 6h,6,) are negative. The specified er-
rors for SE in the form of spherical layer, spherical
segment, and composite SEs are determined by the
corresponding expressions:

— for spherical layer [24]

1-a* “
3a*sin(6,, — 6,,)sin(6,, +6,,)
1 N 1
6(0,,,0,)= - -100; 18
011,62) \/l—Zacost9”+a2 \/1+2ac05911+a2 (13)
X —
B 1 B 1
\/l—2a005921 +a’ \/1+2acos02] +a’
— for spherical segment [9] & 65,) is determined by expression (6) when 6,= 6,, > 45°
is substituted into it
_ 2
l-—a (19)

1
01(6) = [3412 sin’ @ .[2
22

42
- - la ~1/-100;
\/1—2acosq922+a2 \/1+2acos022+a2

— for a composite SE, if the condition 6, =0,; is met, the error &,(6,;) is determined by the expression (19),

after substituting 6, into it.
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Thus, dual sensors with composite SEs, in the case
of a simplified design and technological implementa-
tion but the same operating conditions, have the same
errors as dual sensors with attachable SEs. So, a dual
sensor with composite sensors, and angular dimen-
sions of SEs 6,,=45°, 6,;=90° and 6, = 45° [14] cor-
responds to the errors of a dual sensor with attachable
SEs, the angular dimensions of which for the first
double sensor are 6, = 0°, 6,y = =90°, and for the
second one are 6, = 0, O = 45° [10]. A dual sensor
with angular dimensions of sensitive elements 6, =
=47° 6, =90° and 6, = 47° [15] corresponds to the
errors of a dual sensor with attachable SEs with angu-
lar dimensions 6;;=0, 6;;=90° and 6,=47°[11].

The graphs of variation of errors due to field in-
homogeneity in the spatial measurement range for the
first [14] and second [15] versions of construction of
dual sensors with composite sensitive elements coin-
cide with the graphs given in Fig. 3.

DUAL SENSOR WITH SEPARATE
SENSITIVE ELEMENTS

The dual electric induction spherical sensor with
separate SE [17, 18] consists of a conducting spherical
body 1 of radius R, two pairs of SEs 2, 3 and 4, 5,
which are a single spherical surface, and a measuring
device (Fig. 5).

sensors without error, and the values £E(f) and
E(f) — by the same sensors with opposite-sign errors
8(6,1,6,1) and 6,(6s2), determined by expressions (18)
and (19), respectively.

Then the measurement result of the dual sensor
with separate SEs is determined by the expression (7),
and its error is

_5(6,.0,) +5(0,)
. .

Based on the obtained relationship between para-
meters of the dual sensor with separate SEs, a mathe-
matical model thereof was compiled, and mathemati-
cal modelling was carried out to determine the opti-
mum angular dimensions of the sensor with minimum
error and maximum spatial measurement range.

The dual sensor mathematical model with separate
SEs consists of expressions (18)—(20). The model al-
lows us to estimate the error of two versions of the
design of known dual sensors [17, 18]. The first ver-
sion of the dual sensor has angular dimensions of SE
91] = 400, 021 = 90° and 912: O, 922: 35° [17], and the
second — 911 = 35.60, 921 = 90° and 912 = 0, 922 =
=35.5°[18].

The results of modeling as a graph of the depen-
dence of the error 6 on the spatial range of measure-
ments a for the first and second versions of the design
of dual sensors are presented in Fig. 6.

o

(20)

Fig. 5. Dual electric field strength sensor with sepa-
rate SE.

1 — conductive spherical body; 2, 3 — sensitive ele-
ments in the form of spherical layers; 4, 5 — sensitive
elements in the form of spherical segments; JUT 1,
AUT 2 — differential current integrators; MII 1,
MII 2 — scale converters; 1/2X — adder dividing the
sum by 2

The dual sensor under consideration is similar to
the dual sensor with composite SEs, and its measuring
device is similar to the measuring device of the dual
sensor with attachable SEs.

In this regard, in EF, the differential charge differ-
ences between the first 2, 3 and second 4, 5 pairs of
sensitive electrodes of the double sensors are respec-
tively determined

— in a homogeneous field by expressions (9) and
(10);

— in a non-uniform field of point source by expres-
sions (13) and (14).

The values of the strengths Ey(f), £/(f) = E(f) and
Ey(?) in expressions (9), (10) and (13), (14), are the
strengths respectively measured by the dual sensor in
a uniform and in a heterogeneous field. The value
Ey(f) in a homogeneous field is measured by double
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Fig. 6. Graphs of changes in error in the spatial range
a of the first [17] and second [18] versions of dual
Sensors.

0 — error of a dual sensor due to field inhomogenei-
ty; a = R / d — spatial measurement range; R — ra-
dius of the spherical body of the sensor; d — distance
from the center of the spherical body of the sensor to
the field source

From the graphs (see Fig. 6), it follows that the
dual sensor of the first option has an error of 6 = 12%,
and of the second option — an error of 6 ==+0.86% in
the same maximum spatial measurement range of
0<a<l1(d>R).

COMPARATIVE ANALYSIS

We will conduct a comparative analysis of the dual
sensors with attachable [10, 11], composite [14, 15]
and separate [17, 18] SEs, as considered above. Man-
ufacturing technology, design concept and parameters,
metrological characteristics of dual sensors, and com-
plexity of the measuring device are selected as com-
parison elements.

The manufacturing technology of the compared
sensors consists of the manufacture of a conductive
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spherical body of the sensor and spraying an alternat-
ing sequence of dielectric and conductor on it. Com-
mon elements of sensor manufacturing are processes
of spherical body manufacturing and successive
spraying of dielectric and conductor on it. The differ-
ence in the technology of manufacturing sensors lies
in the number of dielectric and conductor layers ap-
plied by spraying onto the conductive surface of
a spherical body. The maximum number of layers de-
posited by spraying has a sensor with attachable SEs.
Sensors with composite and separate SEs have two
layers less. Therefore, they are more technological in
manufacture, and they should be given preference.

Compared sensors differ from each other in design
concept. The sensor with attachable SEs has the great-
est difference. The structural parts of sensors with
composite and separate SEs are similar. The differ-
ence is only in the angular dimensions of the SEs.

The design parameters (61, 61, 612, 6, and R) of
the sensors depend on their usage, the desired spatial
range of measurements, and metrological characteris-
tics. In this regard, all compared sensors are equiva-
lent.

When comparing the complexity of measuring de-
sign of dual sensors with attachable (see Fig. 2), com-
posite (see Fig. 4) and separate (see Fig. 5) SEs, in
terms of the number of measuring transducers, the
measuring design of a sensor with composite SEs is
the most difficult. However, this complexity is insig-
nificant.

Metrological characteristics of compared sensors
can be attributed to additional error due to EF hetero-
geneity 0 and spatial measurement range a. According
to these characteristics, their main differences are ob-
served.

To identify these differences, compare results ob-
tained in the article for dual sensors with attachable,
composite and separate SEs shown in Figs. 3 and 6.

Fig. 3 and Fig. 6 show the graphical dependences
of the errors &(a) of the dual sensors in spatial mea-
surement range a for two versions of each sensor.

Error plots presented in Fig. 3, refer to two types of
dual sensors — sensors with attachable and composite
SE. Fig. 6 shows error graphs related to one type of
dual sensors — sensors with separate SEs. Sensors of
the first and second versions (Fig. 3 and Fig. 6) differ
only in the angular dimensions of their SEs.

So, dual sensors of the first variant (see Fig. 3):

— with attachable SEs: have angular dimensions
01=0, 6,,=90°, 61,=0, 6= 45°;

— with composite SEs: have angular dimensions
911 = 450, 921 = 900, 912: 0, 922: 45°,

The errors of these sensors do not exceed

0=+4.6% in the full spatial measurement range
0<a<1(d>R).

Dual sensors of the second variant (see Fig. 3):

— with attachable SEs: have angular dimensions
011=0, 6, =90°, 61,=0, O =47°;

— with composite SEs: have angular dimensions
911 = 470, 921 = 900, 912: 0, 922: 47°.

The errors of these sensors do not exceed
0=12.1% in the spatial measurement range 0 < g <
<092 (d>1.1R).

Dual sensors of the first variant (see Fig. 6) with
separate SEs have angular dimensions:

011=40°, 6,,=90°, 6,=0, 6= 35°.

The errors of the sensors of this variant do not ex-
ceed 6=12% in the full spatial measurement range
0<a<l1(d>R).

Dual sensors of the second variant (see Fig. 6) with
separate SE have angular dimensions:

011 :35.60, 921 = 900, 912: 0, 922: 35.50.

The errors of these sensors do not exceed
6=10.9% in the full spatial measurement range
0<a<1(d>R).

The results of the comparison of the dual sensors
are shown in Table.

Tab. Results of comparison of dual sensor

Thus, a comparative analysis of dual sensors with
attachable, composite, and separate SEs showed that,
in terms of the most compared elements, dual sensors
with separate SEs have significant advantages over
the other two.

RESULTS OF THE STUDY

In the presented article, a comparative analysis of
dual spherical sensors of EF strength with attachable,
composite, and separate SEs according to manufactur-
ing technology, design concept, design parameters,
complexity of the measuring device, and metrological
characteristics.

As a result of the analysis:

1) it was found that, according to the manufactur-
ing technology and design concept, dual spherical
sensors with attachable SEs are more complex than
dual sensors with composite and separate SEs;

2) It has been established that while the measuring
devices of dual sensors are practically equivalent,
a dual sensor with composite SEs has more complex
measuring design;

3) it is shown that, in terms of design parameters,
all versions of dual sensors are suitable for usage;
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4) it was found that the second version of the dual
sensor with separate SEs has the best metrological
characteristics.

Thus, the results of the comparative analysis of the
dual sensors made it possible to rank them according
to their ease of implementation and their metrological
characteristics.

The best technical solution includes a dual sensor
with separate SEs of the second version. Such a dual
sensor has an error due to field inhomogeneity not
exceeding 6 = +0.9%, a maximum spatial measure-
ment range of 0 < @ < 1 with angular dimensions of
SE 6,,=35.6°, 6,;=90°, 6,,=0, 65,=35.5°.

The second technical solution includes dual sen-
sors of three varieties. These are dual sensors with
attachable SEs of the second version, composite SEs
of the second version, and separate SEs of the first
version. The best characteristics of them have dual
sensors with separate SE. They have an error from
field heterogeneity not exceeding 6=22% and
a maximum spatial measurement range of 0 < a < 1
with angular dimensions of SE 6;,= 40°, 6, = 90°,
012: 0, 622: 35.5°.
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The third technical solution includes dual sensors
with attachable elements of the first version and com-
posite elements of the first version. The sensors have
almost the same parameters. However, a dual sensor
with composite SEs should be distinguished by the
simplicity of technological and constructive design.
Such sensors have a positive error from field hetero-
geneity not exceeding 6 = +4.6%, and a maximum
spatial measurement range of 0 < a < 0.92.

CONCLUSION

A comparative analysis of dual sensors with at-
tachable, composite, and separate SEs led to the con-
clusion that it is advisable to use dual sensors with
separate SEs of the second variant in devices for mea-
suring electric field strength. Such sensors have sig-
nificant advantages in all parameters and metrological
characteristics over other types of dual sensors.

In conclusion, we note that dual sensors are prom-
ising devices that can significantly reduce the error in
measuring the strength of an inhomogeneous EF and
expand the spatial measurement range.



