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KOHCTPYKTUBHOE PEHIEHUE IMOCTPOEHMSA CABOEHHOI'O
COEPUYECKOI'O JATYUKA HANPAXKEHHOCTHU JJEKTPUYECKOI'O

noJs C ABYYI'OJIBHBIMU YYBCTBUTEJIBHBIMHU 3JIEMEHTAMUAU

B cratbe yneneHo BHUMaHWE (POPMUPOBAHUIO YYBCTBHUTEJBHBIX 3JEMEHTOB CIBOCHHOTO C(HEPUUECKOTO NaT4yHKa
HaTPSHKECHHOCTHU 3JIEKTPHUECKOTro Mod. B 0CHOBE MOCTPOEHUS CIBOSHHOTO JaTUMKA JIeXKaT /IBA JBOIHBIX JaTUHKa,
PAacIoNOKEHHbBIX Ha OJHON KOOpAWHATHON ocu. CIBOSHHBIN JAaTUYUK COCTOMT M3 IPOBOJIICH chepbl U Tpex map
qyBCTBUTEIBHBIX 3JIEMEHTOB. UyBCTBUTENBHBIC 3JIEMEHTHI ABJISIIOTCS YacThI0 CEPHUECKON MOBEPXHOCTH M 00pa-
3yIOTCSI B PE3yJIbTaTe CEUEHUs Chepbl AByMs IUIOCKOCTSAMH, ITPOXOSIIMMHI Ye€pe3 ee HEHTP, U TIOCKOCTHIO, ITPOXO-
JAIei yepes meHTp cepbl MepneHuKyIIpHO ocH ee BpamieHus. [Iinockoctn paccekaioT cepy Ha IIECTh UyBCTBH-
TEJIBHBIX JIEMEHTOB B (popMe c(epHUUECKHX IBYYTOJIbHUKOB, OPTaHU30BaHHBIX B TPH JHAMETPaJIbHO MPOTHBOIIO-
JIO’)KHBIE Mapbl. B mepBoii mape 1Ba 4yBCTBUTEIBHBIX 3JIEMEHTA, PACHOJIOXKEHHBIE Ha OJHON KOOpAMHATHOHN ocH,
SIBIIIFOTCS] IEHTPAJIbHBIMU, OCTAJIbHBIC YYBCTBUTEIbHBIC 3JIEMEHTHI, BXOASIIUE B COCTaB ABYX APYIHX Hap, SBISIOT-
cs1 6okoBbIMU. [lapa IIEHTpPaTBLHBIX 4yBCTBUTEIBHBIX AJIEMEHTOB BXOJIUT B COCTaB IEPBOTO IBOWHOIO Jaryuka. /(e
napbl OOKOBBIX UyBCTBUTEJIBHBIX DJIEMEHTOB, 00OBEMHEHHBIX C MApPOil LEHTPAIbHBIX, 00Pa3yIOT COCTaBHbIE YYBCT-
BUTEJIbHBIC JIEMEHTBI BTOPOTO JBOMHOTO AaTurka. COCTaBlIeHHAs MaTeMaTH4YecKas MOJIeIb CIBOCHHOTO cdepuye-
CKOTO JIaTYMKa C YyBCTBHTEIBHBIMH JJIEMEHTaMH B (opMme chepuiecKnx ABYYTOJBHUKOB IO3BOJIMIIA ONPEICIUTh
JIy4Illi€ YIIOBBIE pa3MEpPbl YyBCTBUTEIBHBIX JJIEMEHTOB C TOYKHU 3PEHUS MOTYyYEHHS MUHHMAIBHOM MOTPENIHOCTH
OT HEOJHOPOJHOCTH IOJSI U JOIMYCTHMOIO NMPOCTPAHCTBEHHOTO AUana3oHa M3MEpPEHUH. Y CTaHOBJIEHO, YTO LIEH-
TpalbHbIE YyBCTBUTEIbHBIE 2JEMEHTHI CIBOCHHOIO JAaT4MKa JOJDKHBI MMETh pa3sMax YIIOBBIX Pa3MEpOB, OrpaHHUYECH-
HBIH TIpomosbHBIM 26y = 62° wu momepedHsM 2¢p = 180°  yrmamm, a OokoBele — 26, =58°
u 2¢p = 180° yrmamu 1oaroTHOrO 6 M MIMPOTHOTO ¢ YTIIOB MOJIIPHOW CHCTEMBI KoopauHat. Takoe pemenue obec-

MEYUT CIABOCHHOMY [AaT4MKy IOTPEIIHOCTH H3MEpeHHs HampspkeHHocTH moist o(a) < £ 0.7%

0 < a <£0.94 mpocTpaHCTBEHHOM JHAara30He N3MEPEHUSI.

B JIOIIyCTUMOM

Ku. cn.: cnBoeHHbIN chepruecKuil JaTIMK, TBYYTOJILHBIA YyBCTBUTEIBHBIN JJIEMECHT, 3JICKTPUIECKOE MOJIC,
MOTPENIHOCTH OT HEOJHOPOIHOCTH TOJISA, PACCTOSIHUE IO UCTOUHHUKA MOJIS

BBEJEHUE

B pabote OyayT paccMarpuBaThCsl HOBBIC TEXHHUYE-
CKHE PELICHUs MOCTPOEHUSI UYBCTBUTEIBHBIX JJIEMEH-
ToB (UD) OIHOKOOpAWHATHBIX CIBOCHHBIX Ccdepude-
CKUX JIATYNKOB HANPSHKEHHOCTH JIEKTPUIECKOTO TIOJIS
(H2I1), nanee mo TeKCTy — CIIBOCHHBIX JaTYHKOB.

[Tonsarme "cnBoeHHBIH HaTYMK" OBLIIO BBEICHO JI0-
MOJTHUTENIEHO K OJTMHAPHBIM M JIBOWHBIM JIaTYUKaM [1—
4] B8 2021 . B paborax aBtopa [6—13]. B obmem ciy-
4yae CABOCHHBIC NATUMKU COCTOSIT U3 JBYX IBOMHBIX
JIaTYUKOB, PACIIOJIOAKEHHBIX HA OJHOW KOOPJIUHATHOM
ocl M O0OBEMHEHHBIX B enuHOe Iienoe. HeoOxomm-
MbIM TPEOOBAaHUEM, MPEABSIBISECMbIM K JBOWHBIM JIaT-
YHKaM, SBJISIETCS HAIMYUE ITPOTUBOITIONIOKHBIX 10 3HAKY
MOTPENIHOCTEN Y OJTHOBPEMEHHO M3MEPEHHOTO OJHO-
TO ¥ TOTO XK€ 3Ha4YeHHWs HampspkeHHOCTH DII.

B paborax [6—13] B kauecTBe 3J1IEKTPOJIOB CABOCH-
HBIX JaTYNKOB BBICTYMAIOT CHEPUUECKHE CETMEHTHI
u ciou. B nanHON paboTe OyAeT pacCMOTPEH CIBOCH-
HBIH chepuueckuii gatyuk ¢ anektporamu  (UD)
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B opme chepryecKux IByyroibHHKOB (puc. 1). [Boii-
Hble gaTunku Ol ¢ anexTponamu B popme chepruueckix
JIBYYTOJIBHUKOB M3BECTHBI U3 padot [14, 15].

HanHast paboTa MOCBSIIEHA HCCIEJOBAHUIO CABO-
EHHBIX JaT4nukoB HanpspbkeHHocT Ol ¢ UD B dopme
cepuuecKuX JBYYTOJIBHUKOB.

Lenpio paboTsl OyAeT SIBASTHCA BBIABICHHUE JIyd-
IIMX YTJIOBBIX pa3mMepoB 6y UD cIBOCHHBIX TaTYUKOB,
BBITIOJTHEHHBIX B (opMe CPEpHUECKUX JIBYYTrOJbHU-
KOB, C TOYKH 3PCHUS MWUHHMAIBHOW IMOTPEIIHOCTU
U JIONyCTUMOI'O INPOCTPAHCTBEHHOTO IMala3oHa M3-
MEpEHUI.

IMOCTAHOBKA 3AJTAYHN

st JOCTHKEHMs TTOCTABJICHHOW Lienyd HeoO0Xoau-
MO PpelIUTh CIEAYIOLINE 3a1auu:

1) paccMOTpeTh M MPOAHAIM3UPOBATH PA3TUIHBIC
KOHCTPYKTHBHBIE PEIIEHUS] MOCTPOEHUS CABOEHHBIX
naTaukoB HanpspkeHHoctr Ol u popm nx UD;
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Puc. 1. Cocrapmsronue U3 nBoitHOro ceprueckoro garynka HanpsokeHHoctd D11,
a— 4D B popme chepruueckoro apyyroiabHEKA )< 90° 1 ¢y = 90°; 6 — UD B popme mo-
mycheps! (moHBIH ceprueckuii IByyToibsHUK ¢ 6= 90° u @y = 90°)

2) BBISIBUTH HOBBIE (hopMbl UD CABOEHHBIX IaT4H-
KOB M OLEHUTh MX KOHCTPYKTHBHBIE I1apaMeTphl,
BIHSIOIINE Ha MOTPENTHOCTh OT HeoxHopoaHoctr Ol
IIPY U3MEPEHUH CIBOCHHBIM aTYMKOM;

3) NOIy4YUTh ypaBHEHHE MOTPEITHOCTH OT HEOJHO-
poanoctu DIl 111 cABOGHHOTO JaTyMKa B 3aBHCHUMO-
CTH OT KOHCTPYKTHMBHBIX MapameTpoB YD HOBOH KOH-
uryparmm;

4) cocTaBUTh MaTEMaTHUYECKYIO MOJENb Ul CIIBO-
E€HHOTO JaT4rhKa ¢ HOBOH (opmorr UD, ¢ moMomsio
KOTOPOH OLICHUTH HOTPELIHOCTh NaT4MKa M €ro Ipo-
CTPaHCTBEHHYIO 00J1aCTh MPHUMEHEHHS.

TEOPHUA

Pa3zpaboTka HOBOro MeToAa HM3MEpEHHUs Hamps-
skeanoct Ol mo cpenmnemy 3Hauenuto [13, 16]
norpeboBasa co31aHUsI HOBOI'O TUIA TaTYUKOB, 00Obe-
JUHSAIONIMX JIBA JTATYUKA B OJHOM. it 3TOro ObLIH
BBIOpaHbI JBa ABOWHBIX AATYMKA, K KOTOPHIM TPEIb-
ABJISUTMCH TPEOOBaHMS UMETh B 3aBUCUMOCTH OT pa3Me-
poB UD NmpOTHBOMOIOKHBIE TIO 3HAKY MOTPETITHOCTH.

UccnenoBanusi, mpoBeneHubie aBropamu [15, 17],
BBISIBIUIM TPHU BO3MOXKHBIX BapuaHTa moctpoenus YD
JaT4yukoB B (opMme chepuyeckux ABYYTOJIbHUKOB,
MPSIMOYTOJBHUKOB M KBaapaToB. OTIMYAIOTCS YyKa-
3aHHBIE (OpMBI UD TOIBKO JHING YTIIOBBIMH pa3Me-
pamu. [TosToMy B 001IeM ciydae cienyeTr TeopeTuye-
CKA WCCIIEJIOBATh TIOBEJEHHE [BOMHBIX JaTIYUKOB
¢ UD B hopme cdepuueckoro npsmoyronbpauka B D11
Pa3HOI HEOJHOPOAHOCTH.

PaccMoTpuM KOHCTPYKTHBHBIE OCOOEHHOCTH JBOW-
HOTO CQEepHYecKoro JaTyhka ¢ 4YyBCTBUTEIBHBIMHU
asieMeHTaMHu B GopMe CPeprUecKOro ABYYTrOJbHHUKA.
B ocHOBe IBOWHOrO AaT4MKa JISKUT CHEpUUEcKoe
ocHoBaHMe 1 pagumyca R, Ha MOBEPXHOCTU KOTOPOTO
pacronoKeHbl ABa AUaMEeTPaIbHO MPOTUBOIMOIOKHBIX
U3 2 u 3 B dpopme chepruecKknx ABYyTrOIEHUKOB (CM.
puc. 1), orpaHMYEHHBIX POAOJIBHBIM 26, 1 monepey-

HBIM 2 ¢y yTIaMA PacTBOpa JOITOTHOTO 6 M IMHUPOTHO-
T'O () YTJIOB MOJSIPHON CUCTEMBI KOOPIUHAT (puc. 2).

[Ipu Haxoxmenun matuwmka B OII Ha ero UD 2, 3
WHAYIUPYIOTCS TPOTHBOIOJIOKHBIC IO 3HAKY JJIEK-
TPUUECKUE 3apsbl. BeITUUnHbI 3THX 3apsiioB Onpe/e-
nATCs BhIpaskeHueM [18]:

9(t)=[[o()ds, (1)
N
rnie o(f) — MOBEPXHOCTHAS TUIOTHOCT 3apsijia.

B oownopoonom none o(f) = op(t6) onpenensercs
BEIpakeHueM [18]:

0, (t,0)=—¢E (t)=F3¢E,(t)cosOcos g; 2)

Puc. 2. JIpoiiHoii matunk Ha cdepe 1 ¢ UD 2 u 3
B (dopMme chepuyeckux NBYYTOJIBHHUKOB, OrpaHWUYEH-
HBIX TIPOJIOIBHEIM 2 6 ¥ TIOTIEPEYHBIM 2 () YTIIaMHI
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B HEOC)HOPOaHOM nojie mo4eyHoco UcCmoYHUKa
o(f) = ou(t) onpenemnsiercs BeIpaxeHuem [18]:

o, (t,0)= —£E,H (1=

1 1-a®
=—& -—

a \/[1$2acos9+a2T

B Bepaxkenmsx (1)—(3): S — momaas moBepxHO-
CTH cepuaeckoro OCHOBaHMUA JIaTYHKa;
dS=R’cosf-df-dp — DJIEMEHT IOBEPXHOCTH, BBIPa-

JKEHHBIN B chepuvecKoi cucteMe KOOpAWHAT; & — AU-
3JIEKTpUYecKas MPOHUIIAeMOCTh cpenbl; E,(f) — HOop-
MaylbHasi COCTaBJsfomas HampspkeHHocTn OII Ha mMo-
BEPXHOCTH C(EPUUECKOr0 OCHOBAHUS B OJHOPOTHOM
E()=E°(t) u weomHopomHoM E.(t)=E'(f) momsx;
Ey(f) — HanpspKeHHOCTh OZHOPOIHOTO TOJIS 0 BHECE-
HHUSL B HEr0 MPOBOJSIIETO CPEepuaecKoro OCHOBAHUS,
3HaKM + Tepe] cos € 03HayaroT: MUHYC BEKTOp Ha-
npsbkeHHocTH DI BXOIUT B cdepryeckoe OCHOBAHKE,
a IUII0C — BBIXOAMT M3 Hero; E(f) — HanpspKeHHOCTb
HEOJHOPOJIHOTO TOJISI IO BHECEHUS B HETO MPOBOASIIE-
ro ceprudeckoro OCHOBaHUS;, a = R/d — BenuuuHa,
oOpaTHasi PacCTOSIHUIO OT LEHTpa cdepsl 10 UCTOYHU-
Ka TI0JIsI, XapaKTepHu3yIoniasi CTeNeHb HEOJHOPOTHOCTH
NOJA M 3a7aiolias NPOCTPAaHCTBEHHBIN AMAana3oH u3-
Mepenns (@ m3Mensercs B auamazone 0 < g < 1, npu
a — 1 none craHoBUTCS OoJiee HEOAHOPOIHBIM, a TIPH
a — 0 boree OTHOPOTHBIM); R — paamyc chepruIecKo-
ro OCHOBAaHHS JlaT4MKa; d — pPaccTOsSHHUE OT IEHTpa
JATYMKa JI0 UCTOYHHKA TOJs, 6 U ¢ — JOINTOTHBIN
Y IIMPOTHBIN YI7IbI c(hEepUUECKON CHCTEMBI KOOPANHAT.

3Hast pacrpeneieHne MOBEPXHOCTHOM IIOTHOCTH
3apsoB (2) u (3) Ha chepruueckoM OCHOBAHUH, MOXK-
HO MO BbIpaxkeHHI0 (1) ompenenuTh 3IEKTpUYECKUE
3apsiyipl, WHAYIUPOBaHHBIE Ha YD naTumka, BBIIOJ-
HEHHBIX B 00IIeM citydae B popMme chepudecKkux IBY-
yroJasHUKOB [15].

B 3aBucumoctu ot Hanpasnenus OII va YD (Bxo-
JIUT WIA BBIXOJWUT) UHIYUHUPOBAHHBIE SJICKTPUUECKHUE
3apsiipl OyAyT COOTBETCTBEHHO OIPENENSAThCS BhIpa-
JKEHUSIMH, TA€ MHACKC | COOTBETCTBYET BXOASALIEMY,
a wHIeKC 2 BeIXosameMy mnoito. CornacHo puc. 2 mo-
Jie BXOJHUT B UYBCTBHUTEJIBHBIA 3JIEMEHT 2 M BBIXOAUT
M3 9yBCTBUTENBbHOTO 3nemenTa 3. Torma:

~1L-EQ). 3)

— 8 0OHOPOOHOM NoJIe CB0OOOHO20 NPOCMPAHCMEA

q om )= —6R’g x

bl arctg(
<[]
0 J0

9, onin. ()= 6R’e x

g6y
sing

j[cos 0]-cosf-d0-dp-E (1);  (4)

tg 6,

xj: J.:mg(ﬁ][cos@]-cos@ -d0-de-E,(t); Q)
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— 8 HEOOHOPOOHOM NOJIe MOYEUHO20 3apsa0a

4q, HEOL[H_(t) =—6R’e x
o[ L LA
3a \/(1 —2acosO + az)

xcos6-d@-de- E(t); (6)

45 veonH. = 6R’¢ x

1-4° il @)
\/(1+2a0059+a2)3

xcos@-d@-de- E(t).

e arctg(lg%) 1
XJ‘ J. sing

0 Jo 3a

B omHopomHoM moze Ha UD 2 u 3 naruuka B hop-
Me CQepUvecKOro JIBYYTrOJIbHUKA HHIYIUPOBAHHBIC
3apsiApl  TIOCJE€ WHTErPUPOBAaHUS BBIpaXeHUH (4)
u (5) mpu @y =90° 1 0 < 6,< 90° OymyT paBHBI:

G2 0m (D) = F3eg, R’ sin 6, x

X 2[arctg(tg 6, cos @, ) - s1.n Po
si

0
+ arctg(tg ¢, cos 6, )} "By (1) =
=F3neg,R*sin O, - E, (), ®)

rae npu ¢ =90° u0 < 6, <90°

) b ZO +arctg(tgp, cos), )} =T

0

z{arctg(tg 6, cos g,

B neognopoaHom none Ha U3 2 u 3 B hopme chepu-
YeCKOT0 JBYYroJbHHUKA OYIyT UHIYIMPOBATHCS 3apsiIbL,
YHCIIEHHO ompenelsieMble BbipakeHusiMu (6) u (7) mpu
@=90°u0<6,<90°.

[IpencraBnenHas Teopusi B3aUMOACUCTBUS IBOII-
Horo cdepuueckoro aarunka ¢ I pasznuuHoi HEon-
HOPOJIHOCTH TIOJIO)KEHA B OCHOBY IMOCTPOCHHUS CJIIBO-
EHHOTO c(eprieckoro naryvka HamnpsbkeHHocTH DIl
¢ UD B popme chepuuecknx ABYYTOJIBHUKOB U TIOTY-
cgep. ITockomeky UD B opme chepuueckoro ABy-
YToJIbHUKAa W Tonycdepbl MMEIOT YIJIOBOW pa3Mep
@ =90° = const, To ganee Mo TEKCTy OH OyAeT mpen-
noJjaratbcsi, HO He OyJIeT yKa3bIBaThCA.

COEPUYECKUN JATYUK C JIBY YT OJbHBIMH
YYBCTBUTEJIbHBIMU 3JIEMEHTAMMU

Jns TOCTpOEHUs] CIBOGHHOIO JaT4HKa IMpejyia-
raercsa pa3OuTh chepruuecKkyio MOBEPXHOCTh TpPEMS
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Puc. 3. Casoennslit natunk HOII ¢ AByyroiabHBIME UyBCTBUTENHLHBIMU SJIEMEHTAMH.
a — cXeMa JIeJICHUS CepUICCKOM MOBEPXHOCTH OCHOBAHMUS, O — YIIIOBBIC 0003HAYCHUS

TUIOCKOCTSIMH, TPOXOAAIIUMH dYepe3 och cdepsl,
Ha IIECTh IBYYTOJbHHUKOB. Hactu cdepudeckoi mo-
BEPXHOCTH B (hOpMe JIBYYTOJIBHUKOB OYAYT SIBISITHCS
NPOBOSLIMMHU 3JIEKTPOJaMH AaT4rKa. M3 3TuX 3j1ek-
TpomoB ¢opmupyrorcss YD cIBOEHHOTrO JaTduKa.
KoncTpykmusi caBoeHHOTO ceprudeckoro naTduka
COCTOMUT U3 MPOBOJAIIETO CHEepUIecKoro OCHOBaHus |
paanyca R, Ha MMOBEPXHOCTH KOTOPOTO W30JIMPOBAHHO
OT HETr0 CHUMMETPUYHO pPAacIOJIOkKEHbI IIECTh IMPOBO-
JSIIIUX 3JeKTpooB 2—7 B ¢dopMe cHepUuecKux IBY-
YTOIILHHUKOB (pHC. 3).

W3 mectu anextponoB 2—7 Ha OJHOI KOOpAWHAT-
HOH ocu z (QopMHUpYIOTCS Ba JBOMHBIX NaT4YHKA.
[TpoBogsee chepuyeckoe OCHOBAHHE M LIECTH MPO-
BOJISIIINAX 3JICKTPONOB 2—7, 00BEeIUHEHHBIC B €IUHOC
1eInoe, ¥ MpeACTaBIISIIOT COO0H eTUHYIO CPEePHUECKYIO
MTOBEPXHOCTb.

U3 nepBoro ABOMHOrO naT4yMKa COCTOSIT U3 JAMA-
METpaJIbHO TPOTHBOIOJIOKHOM Mapsl 3JIEKTPOJIOB 3
u 6. Ota mapa UD pacnonoxeHa Ha KOOPIAUHATHOM ocu

3 | 8 13
ey LT M ar10)) [ 01T
6 |
A 9 L 11 )27}
: b Ussix (1)
32 e L
Ay Un(1) 5
2 Ui(t) Uit
3| 10
Y33 Us(n)] _
2 |

2, IPOXOANIEH Yepe3 IEHTP cPeprIecKoro OCHOBAHUS
n ueHtpsl U0 3 u 6 (cm. puc. 3).

UD BTOPOrO NMBOMHOTO JaTYMKA SBISIOTCS COCTaB-
HeiMU. [lepBolit 1 Bropoit UD cocTosAT m3 00beInHEH-
HBIX MU3MEPUTEIBHOMN IEBI0 ANEKTPosoB (2 + 3 + 4)
u (5 + 6 + 7). 'eomerpuueckn 00beTUHEHHBIE 3JIEK-
Tpoabl 2, 3,4 u 5, 6, 7 npeacrasistor coboii momycde-
pHI (cheprudecknit IByyronbHUK ¢ Gy = 90°).

[IpoBomsiume snektpoasl B ¢GopMe chepruuecKux
JIBYYTOJIEHUKOB B OOIIEM CITy4ac UMEIOT YTIIOBBIE pas-
Mepbl Gy (3exTpoasl 3 u 6); G = 90° (3nekTpoas 2,
4,5,7), 6,=90° — cocraBaeie UD (2,3,4u 5, 6, 7).
3neck 6y ompenensiercss TpeOyeMON MOTPEITHOCTHIO,
a Oy =1/2:(90° — ). B natunke smextposp! 3 u 6 sB-
JSIIOTCS LICHTPAJIbHBIMH, @ 3JIEKTpOAbl 2, 4 1 5, 7 sBIsI-
FOTCSI OOKOBBIMH DJIEKTPOAaMH. DIEKTPoabl 2, 3, 4 u 5,
6, 7 o0benuHAIOTCA B UD depe3 n3MepUTENbHYIO 1Eelb

(puc. 4).

Puc. 4. V3mepurenpHas e CABOSHHOTO TaTIHKA.

AY3 1, 2, 3 — muddepeHmanbHple H3MEPUTEIH 3apSA0B;
BXOJIBI 2—7 OT COOTBETCTBYIOIIMX JJIEKTPONOB; 11 — cym-
Matop X; 12 — macmraOHbI npeobpaszoBarens MIT; 13 —
CyMMarop Xy, C JeJICHUEM CYMMBI MOTI0JIaM
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WsmepurensHas 1enb cocTOMT u3 Tpex audde-
peHuuanbHbIX ycunurened 3apsno 8—10 HAY3 1,
AY3 2 u AY3 3, cymmaropa 11 Ha Tpu BXoga, Mac-
mrabHoro npeobpazoBatens 12 MIT u cymmaropa 13
Ha JIBa BXOJa U C JeJICHUEM CyMMBI Ha J1Ba.

Huddepentmansusie ycummrenu 3apsaaoB 8—10 mo-
3BOJISIFOT CHATBH PAa3HOCTH 3apsA0B C TPEX Map AIEKTPO-
noB (3, 6), (4, 7), (5,2) unpeobpa3oBaTh UX B Harps-
wkerus Ui(f), Ux(f) u Us(f). Cymmarop 11 ciryxut s
00BEIMHECHUSI CUTHAJIOB C AJIEKTPoJIoB 2,3,4 u 5,6, 7
1 (HOpMHPOBaHUS CUTHAJIOB COCTaBHBIX YD BTOpOTrO
JBOMHOro AaTduKa. MacirabHslii mpeoOpa3zoBaTens 12
CITy>KWT JJIs1 BRIpaBHUBaHUS K03 (UIIEHTOB ITpeodpa-
30BaHUsI NIEPBOTO U BTOPOTO JIBOWHBIX JAAaTYUKOB, BXO-
JUIIIX B COCTaB CJIBOCHHOTO JIaT4MKa. BbpaBHUBaHUE
K03(pPHUIIMEHTOB TpeoOpa3oBaHUs OCYIIECTBIIIETCS
perynupoBkoi ko3 dunrenrta k MaciTabHOro peod-
pasoBarenss 12. Cymmarop 13 ¢ neneHuemM CyMMbI
Ha JBa CIY>KUT AJISI HAXOXKICHUS CPEIHEro 3HaYCHUs
MeXnay HanpsbkeHusmu Uj(f) ¢ TiepBOro JBOWHOTO
JaTtyvka U HanpspkeHueM Ug(f) co BTOpPOTO JBOWHOTO
nmatunka. L{udper Ha Bxogax /Y3 cooTBeTcTBYIOT HO-
MepaM 4YyBCTBUTEJIbHBIX 3JIEMEHTOB JaTYMKa, K KOTO-
PBIM OHH TIOJIKITIOYCHBI (CM. pHC. 3).

PaccmoTpuMm B3anMozelHCTBUE CIBOGHHOTO AAaTYMKa
C OJHOPOJHBIM TIOJIEM CBOOOIHOTO IPOCTPAHCTBA
W CHIILHO HEOJHOPOJHBIM MOJIEM TOYEYHOTO UCTOYHH-
Ka.

IMpu nomerennu cBoeHHoro narunka B JI1 Ha ero
anekTponax (2, 5), (3, 6) u (4, 7) OyayT HHAYIHPO-
BaThCsS OJICKTPUUECKUE 3apsibl: Ha TIEPBOM Mape
(2,5) — g2(f) u g5(f), nHa BTOpOU TMape (3, 6) — gs(?)
U ¢¢(?) 1 Ha TpeThelt mape (4, 7) — q4(f) u g+(¢).

B oaHOpOomHOM MONIE pa3sHOCTH IEKTPUIECKUX 3a-
psioB Mexay 3i1ektponamu 2 U S; 3 u 6; 4 u 7 npeod-
pasytorcst mudepeHnInanbHPIMA YCIITUTESIMA 3apsaaa
8-10 B Hanpsoxenust U(f), Ux(¢) u U;(¢). Otn Hanps-
JKEHUS, IPOTIOPIUOHANIBHBIE PA3HOCTH 3apsIoB C Iap
YyBCTBUTENBHBIX 31IeMeHToB (2, 5), (3, 6), (4, 7), co-
OTBETCTBEHHO PaBHBI

U, () = k[q;(1) = q,(0)],
Uz(t) = k[‘]4(t)_q7(t)]a
Uy(1) = k[q5(1) = q,()]-

Torma wmampspxenue Uy(f) mocne cymmaropa 11 6y-
JICT OTIPEJIENIATHCS BEIPAXKEHUEM:

U, ()=U, (1) +U,(t)~U,(t) =
=k{[g,()+ 45 () + ¢, (0] ~[45() + g, () + 4, ()]} =
= k[‘]234 (t) — Y567 (t)]

Otcronma cnexyer, uro HanpspkeHUs Uj(f) m Uy(?)
MIPOTOPLIMOHANBHBl  PAa3HOCTH 3api0B C IIEPBOTO
JIBOMHOTO JaT4rKa (YyBCTBUTEIBHBIE HJIEMEHTHI 3, 6)
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M BTOPOTO JIBOMHOTO JaT4MKa (4yBCTBUTENBHBIE 3Jie-
MeHTHI 234, 567).

Haiinem nanpspkenus Ui(f) u Uy(f) uepes snexTpu-
YCCKUE 3apsAdbl, MHAYUUPOBAHHBLIC Ha ITOBEPXHOCTHU
4yBCTBUTEJIBHBIX JJICMEHTOB JIBOMHBIX JIATYMKOB B OJI-
HOPOJHOM 1 HeogHOpoaHOM OI1.

— B oonopoonom none: na U0 3 u 6 B popme ce-
PUYECKOr0 JABYYTOJIBHHUKA IEPBOrO JBOMHOIO JaT4MKA

OymyT UEXIN (@)
U qgonu (f), pasHocts koropeix mpu 0< 6, < 90°

co3mact HampspkeHue Ha Beixome Y3 1, ompenense-
Moe BbIpaxkeHueM (9):

U, OﬂH,(t) =kAq;(1) = k[%([) - %(ﬂ] =
= 6knmee,R*sin0, - E,(t) =G, - E,(¢). 9)

MHAYLUUPOBATHCS 3apsbl

Ha YD 234 u 567 B dopme mnomychepbl mnpu
6y = 90° BTOpPOrO JBOWHOTO JaT4YMKa OYyAyT WHIYIIH-
poBaThCs 3apAnbl ¢a34(f) U Gse7(f), pa3HOCTh KOTOPBIX
CO37aCT HaIpsDKEHHE Ha BbIXozae cymmaropa 11, om-
penensiemoe BelpaxkeHueM (10):

Usom () = k[‘]234 (1) = 4se7 (t)] -

=6knee,R* - E () =G, - E,(t). (10)

3neck u HIKe: k — KO3(D(UIMEHT MPOITOPIHMOHATE-
Hocty JIY3; € — nuonexkTpudeckas MPOHUIAEMOCTh
cpensr; & = 8.85-10" d/M — smekTpHUecKas TOCTOSH-
Has; R — pamuyc cepruyeckoro KopIryca JIaTdHKa;
Ey(f) — nanpsbxkenHocTs oqHoponHoro Ol 6, — yrio-
BOW pasMep LEHTPATbHBIX YyBCTBUTENBHBIX 3JIEMEHTOB
3, 6 nmatunka B Qopme chepuuecKoro ABYYIOJbHHKA;
G, u G, — YyBCTBUTEIBHOCTH IEPBOIO M BTOPOTrO
JIBOMHBIX JTATYMKOB.

— B neoonopoonom none: na Y3 3 u 6 mepBoro
JIBOMHOTO JaTdyuka OyXyT HWHIYyIHPOBATHCS 3apsIbI

93 wEonH. (t) u 96 nEoH. (1), ONpENCIACMBIC BbIpa-

sxerusivu (6) u (7) npu 0 < 6, < 90°, pa3HOCTH KOTO-
PBIX co3aacT HampspkeHue Ha Boixone Y3 1

U]HE()LLH.(t):k[%(t)_%(t)]:G'El(t)Q (11)

Ha UD 234 u 567 BTOpOTrO ABOWHOTO AaT4yMKa OyIyT
WHIYIIUPOBATECS 3apAIBI ¢r34(f) U ¢s67(f), onpenensie-
MbIe BeIpakeHUs MU (6) u (7) mpu 6y=90°, pasHOCTH

KOTOPBIX CO3JAaCT HAIIPAKECHUC Ha BBIXOJAC CyMMaTopa
11

U4HEO)IH.(t):k[q234(t)_(’I567(t)] =G-E,@1). (12)

Tak kak B BoipakeHusx (9) u (10) G;# G,, To HE0O-
XOJIMMO TIPOM3BECTH BBIPABHUBAHUE YYBCTBUTEIHHO-
cTeil IBOMHBIX JAaTYUKOB. J[JIs1 3TOro B M3MEPUTEIHLHON
LEMX CIBOSHHOTO JIATYUKA UCIIONB3YETCsl MACIITAOHbIH
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npeoOpazosarens MII. JlocTikeHne paBeHCTBA YyBCT-
BUTEJIHOCTEH OCYIIECTBISIETCS] KaTMOPOBKOM CIIBOCH-
Horo naruuka. [Ipm xammOpoBKe AaTYMK TMOMEIaeTcs
B OJTHOPOJIHOE I0JI€ C HANPSHKEHHOCTBIO £\ MITN TTOIAI0T
Ha JaTYNK KaJMOPOBAHHBI CHUTHAI W PEryJHpPOBKOU
ko3¢ dumenta k macmrabHOro mpeodpaszoBaTens J10-
OMBaroTCSI  paBEHCTBA  BBIXOJHBIX  HAIPSDKEHUH
Uiogn () =Usomu(f). OTHIM  gocTHraeTcsi paBeHCTBO
gyBCTBUTENbHOCTEN G1= G, = G MEpBOro M BTOPOTO
JIBOMHBIX JNaTYUKOB, rae G — YyBCTBUTEILHOCTH
JIBOMHBIX JaT4nkoB. KamnOpoBKa OCYIIEeCTBISETCS
TOJIBKO B Hayaje 3KCIUTyaTaluy CABOCHHOI'O AaTYUKA.

B Beipaxenusix (11) u (12) manpsoxennoct Ej(f)
1 E)(f) B HEOIHOPOIHOM TIOJIE TIPEICTABIITIOTCS

E @)= [1 + 51(901)] Ey (1),

(13)
Ez(t):[1+52(90)]'E0(t)=

rae Ei(f) u Ex(f) — HanpsHKeHHOCTH HEOJAHOPOIHOTO
OIl, u3mepeHHblc IBOWHBIMU AaTdyukamu ¢ U2 3, 6
u 234, 567, mpencraBieHHbIE C MOTPELIHOCTIMHU
61(6o1), %(6) mms UD B dopme aByyrompHuKa 0 <
< Gy £90°, s UD B popme momychepsr Gy = 90°.

C yuerom Beipaxkenuit (11) m (12) HanpsoxeHUS
Uleomn. () 1 Usreon.(f) MOXKHO TIPEJICTaBHTh

U, HEO}Z[H.(t) Zk[%(t) _%(t)] =G-E(1)=

=G-[1+6,0y)] E,(2); (14)
U4I~[EOIH~L(t) = k[%34(t) _q567(t)] =G,(n=
:G‘[1+52(00)]'E0(t)- (15)

B o6mem Bume norpemHocTH 01(6y1), 6 (6) mBOI-
HBIX JJATYMKOB OMPECTATCS BhIPAKCHUEM

= Jomom om0/

(16)

OJTH.

Jns mepBOro M BTOPOTO JABOMHBIX JIATYUKOB,
umeromux Y3 B GopMe IBYYroJbHUKOB C YIJIOBBIMU
pasmepamu 0 < Gy < 90° u @y = 90° u momycdep ¢ yr-
nmoBeiMU pasmepamu 0< Gy <90° u @y =90°, mo-
rpemHOCTH O1(6y1), (6h) OT HEOTHOPOAHOCTH IOJIS
MOJKHO OTIPEICTUTh depe3 BhpaxkeHue (16), BOCIIONb-
30BaBIINCH BhIpakeHWsIMH (9)—(12). OmHako s BTO-
poro nBoiiHOro Aatunka ¢ YD B Qopme momycdepsb
MOTPEIIHOCTE  &»(6)) MOXKHO ONPEACIUTh Yepe3 H3-

BecTHOE BhIpaxeHwue [18]:
j—l]lOO. (17)

2 1-a?
52(@)):{?'[1—?
a

CaBoeHHbIE JaTUMKU UCHOJIB3YIOTCS Ul peann3a-
MM METOoJa W3MEpEeHMH HampsbkeHHocTH — OlI
no cpenHeMy 3HaudeHuto [13, 16, 19], no3Bonsroero
MOJTYYUTh 3HAYUTEIHHO MEHBIINE TOIPEIIHOCTH U3Me-
peHHST HEOTHOPOMHOTO TIONSA, YeM MpPSIMbBIE METOIBI
n3mepenuid [20]. B mpuHmun paGoThl CABOEHHOTO
JaTYUKa 3aJI0KEHO OJHOBPEMEHHOE M3MEpEHHE B OJI-
HOM TOYKE IOJISl ABYX 3HAYEHUH HANPSHKEHHOCTH £ (f)
n E,(f) ¢ IpOTHBOMOJIOKHBIMU MO 3HAKY IOTPEIIHO-
cTAMHU. [l HaXOXKAEHUS CPEOHEro 3HA4EeHUs B CIBO-
€HHOM JaT4HKe MCIOJb3yeTcst cymmarop 13 ¢ neneHu-

eM cymMmbl HanpsKeHUH  Upeor(f) = G-E()
1 Ueon(f) = G-E(f) Ha 11Ba.
Torma
UBB‘X.(t) = G : El (t) + G : E2 (t) = G : E(t)9
E (¢ 2E t (18)
rie E(7) = # =[1+8(a)]E,(¢)

pe3yabTaT u3MepeHus HanpsbkeHHocTH D1, momyyen-
HBIH CIBOEHHBIM JATYHUKOM.

[orpemrnocts u3MepeHus: E(¢) CIBOCHHBIM IaT4H-
KOM, BEI3BaHHASI HEOJHOPOHOCTRIO TTOJIS:

_%6,)+6,(6)
- : _

Bripaxxenns (9)~(12) u (16) mo3BossII0T yCTaHOBUTH
B3aUMOCBSI3b MEXKIy IOTPEIIHOCTEI0 Ka), YIIIOBBIMH
pasmepamu 6 IEHTPaTbHBIX YyBCTBUTEIBHBIX SJIEMEH-
TOB 3, 6 ¥ TPOCTPAHCTBEHHBIM JHANla30HOM W3MEpEeHUS
a. OTa B3aMMOCBS3b IOJIOKEHA B OCHOBY ITOCTPOEHHS
MaTeMaTU9ecKOl MOJIENN CIIBOEHHOTO C(EepHUUECcKOro
JaT4yrika. MaTtemarndeckas MOJENb IMO3BOJISIET IMPOBO-
JIATH WCCIIEOBAaHNE CABOCHHOTO JAaTYMKa M yCTaHABIH-
BaTh YIJIOBBIE pa3Mepbl UD pnardmka, BBITTOIHEHHBIX
B (opMe JIByYyrOJbHUKOB, OOECICUHMBAIOIINE TaTUUKY
MaJlyl0 TMOTPEIHOCTh K@) OT HEOAHOPOJHOCTH TOJIS
B TIOJIHOM NIPOCTPAHCTBEHHOM JINAIa30HE U3MEPEHHUS d.

[IpoBeneno mMaTeMaTndecKkoe MOZIEITUPOBAHUE CIBO-
€HHOTO JlaT4MKa B TIOJIHOM JHMama3oHe W3MEepeHus
0 < a < 1. Pe3ynbTaThl MOAECTUPOBAHUS MPEACTABICHBI
B TaOI.

W3 pe3ynpTaToB MOIETHPOBAHUS CIEAYET, UTO OII-
TUMAaJbHBIM ~ yTJIOBBIM pasmepoM YD  sBusercs
6oy =31°, IS KOTOPOTO MOTPEIIHOCTh OT HEOIHO-
ponHocTH ToJs He mpesbimaer +0.7% B npocTpaHcT-
BEHHOM Juana3oHe u3mepenus 0 < a < 0.94.

Taxkum 00pazom, MaTeMaTHYECKOE MOAEIMPOBAaHHUE
MO3BOJIMJIO BBISIBUTH JTydIllee TEXHUUYECKOE peIIeHne
BBHITIONTHEHUsT YD CHBOEHHOTO JaT4WKa HaNpsKEHHO-
cti OIl ¢ MampIMH MOTPENUTHOCTAMHU B MPAKTHYECKU
MOJTHOM TIPOCTPAHCTBEHHOM JMala30He W3MEPEeHUi
0<a<0.94 (cm. Tabm.).

5(a) (19)
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KOHCTPYKTUBHOE PEINEHUE ITOCTPOEHUA

Ta6u1. Pe3ynpTaTel MATEMaTHYECKOTO MOACTHPOBAHNUS
mmepernit 0 <a <1

CABOEHHOI'O COEPUYECKOI'O JATUMKA 93

CABOCHHOTO JaT4YHKa B IMIPOCTPAHCTBEHHOM IHaIa3oHe

ITapameTpsr Ne BBIYMCIIHT. SKCIIEPUMEHTA
1 QyHKINU 1 | 2 | 3 | 4 | 5 | 6 | 7 | 8
ITapameTpsr
O, tpan | 28 ‘ 29 ‘ 30 ‘ 30.5 31 | 31.5 | 32 | 33
o1, TPAL 90 90 90 90 90 90 90 90
DyHKIMU
Sa),% | +52 ‘ +34 ‘ +1.9 ‘ +1.3 +0.7 035 | 35 ‘ -52
a=Rd a<l a<l1 a<l1 a<l a<094 | a<l a<l a<l
5(a), % a S(a), % 0
35 0.7
30
25 S1(a) 0.5
20
15 0.3
10
g 5 (a) 0‘:' 6 (a)
-5 -0.1
-10
-15 -0.3
=20
25 -0.5
ig a=R/d - 0.7 a=Rld a
0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1

Puc. 5. I'paduku norpeninocredt garanka D1 B mpoctpancTBeHHOM auana3oHe 0 < a < 0.94 s HawIydIiero BapuaHTa

CIBOCHHOTO mat4yuka Gy =31°u @y = 90°.

a) Tpad¥KH TOTpentHocTel O)(a) mepBoro, d(a) BTOPOTO COCTABISIOMINX JBOWHBIX JATYMKOB M &d) — CIBOCHHOTO
nmaranka; 0) &a) — rpaduK MOrpenrHOCTH CIBOSHHOTO AaTINKA, MACIITaOMpPOBAHHBIH 1O OCH OpAWHAT

OBCYXXJEHHUE NOJYYEHHbBIX PE3YJIBTATOB

AHanu3 pe3yJibpTaToB, MpPEJCTABICHHBIX B TaOIl.,
MOKa3bIBAET, YTO PACCMOTPEHHBI B CTaThe CIBOCH-
HBI JaTYUK C JBYYTOJbHBIMH cdepuueckumu YD
o0namaeT MEHBIIEH MOTPEIHOCTRI0 OT HEOJHO-
POOHOCTH TONA B TOJHOM IPOCTPAHCTBEHHOM
muamazone wu3MmepeHuit (0<a<1). B mnomHOM
NPOCTPAHCTBEHHOM JAMANa3oHe HM3MEPEHUH YITIOBbIE
pasMepsl  IEHTpalbHBIX YD JexxaT B JAuamna3oHe
28° < 6y < 33° pu @o; = 90°. DTH yraoBele pa3Mepsl
o0ecreunBaoT CIBOCHHOMY JIaTYMKY 3HAKOIIEpEeMEH-
HBI€ TTOTPEITHOCTH OT HEOJHOPOIHOCTH OIS, MOTYITh
KOTOpBIX JiekuT B muamnazone 0.35% < |da)| <5.2%.

AHamm3upys cKazaHHOE, MOXKHO TIPEATION0XKUTh, 9TO
JNYYIIUM TEXHUYECKAM PEUICHUEM C TOYKH 3PEHHUS
MUHHMAJILHOW MOTPEIIHOCTH ¥ MaKCUMAIILHOTO TPO-
CTPaHCTBEHHOTO AMana3oHa WU3MEPEHHH ClefyeT cUH-
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TaTh peuieHue 5 (cM. Tabi.), o0ecreunBaroIee CaBo-
€HHOMY JaT4MKy norpemHocts * 0.7% mnpu yrioBeIxX
pasMepax aByyrosbHuka Gy = 31° u @y = 90°
U B MIPAaKTUYECKH MOJHOM MPOCTPAHCTBEHHOM JIHaIa-
30H¢ 0 < @ < 0.94. D10 Xe TEeXHUYECKOE peIIeHUe
SIBIISICTCSl JIYYIIMM C TOYKH 3PEHHsS TPOCTOTHI KOHCT-
PYKTHBHOI'O M TEXHOJIOTMYECKOTO McToiHeHus: YD nat-
YHKa.

I'padukn M3MEHEHUs] MOTPEHIHOCTH OT HEOJHO-
poanoctu DI st cIBOEHHOTO AaTYMKa, TTOCTPOSHHO-
TO 10 TEXHWYECKOMY pelreHuro 5 (cMm. Tabi.), mpen-
CTaBJICHBI Ha pUC. 5, a, 0.

Ha puc. 5, a, nokazanbl U3BMEHEHHUS MOTPEIIHOCTEN
nepBoro d(a) (U2 2 u 6) u Broporo &(a) (UD 234
1 567) NBOWHBIX JaTYNKOB, a TAK’KE CIBOCHHOTO NIaT-
gyruka &a). U3 puc. 5, a, cienyer, 4To rpaduk pe3yib-
TUPYIOLIEH TMOTPemHOCTd K@) BBIXOAWT W3 HYIIA
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W UJAET MOYTH TOPU30HTAJIBHO MPAKTHYECKH BO BCEM
IIPOCTPAHCTBEHHOM JMAaIa30He U3MepeHuil. M3mene-
HHUE pe3yJIbTHpYIoUled morpemHoctd o&(a) B Oojee
nogpoOHOM MacmTade B MPOCTPaHCTBEHHOM JaHama-
30He 0 < g < 0.94 npexacraBieHo Ha puc. 5, 0.

I'padmiku morpemHocTel MOKa3bIBaIOT, YTO CIBOCH-
HBl€ JIaTYMKH, IOCTPOEHHBIE 110 BHIOPAHHOMY TEXHHYE-
CKOMY DEIICHHIO, B INPOCTPAHCTBEHHOM JHara3oHe
0<a<0.94 uMerT MNOrpelIHOCTb, MO MOAYII0 HE
npessimaontyio 0.7%.

BBIBO/IbI U 3AKJIIOYEHUE

B pesynbrare uccrnenoBanus:

1. Ilpeuioxena HoBast (popMa IMOCTPOCHHS 1yBCTBH-
TENBHBIX JICKTPOJIOB CABOSHHBIX JATYMKOB B BUE che-
pHYECKUX JBYYTOJIbHUKOB. Cepryeckue JBYYroJIbHU-
KU pa3MellieHbl Ha MOBEPXHOCTH cephl monapHo. OnHa
napa cepryecKuX BYYTOJIbHIKOB LIEHTpAIbHAA, a JIBE
npyrue 0okoBbie. LleHTpanbHas mapa 3JICKTPOIOB SIBJIs-
ercst YD nepBoro ABoMHOrO natyuka. YD BTOporo mar-
yyka — cocTaBHble. OHHM COCTOST M3 ILEHTPAIbHOTO
ANIEKTPOA ¥ ABYX OOKOBBIX.

2. YCTaHOBJEHO, 4YTO YIJIOBBIE pa3Mepbl IICH-
TPANBHBIX DJCKTPOJOB BIMSIOT HA MOTPEITHOCTH
CABOGHHOTO JaT4YHMKa W €r0 MPOCTPAHCTBEHHBIN JHa-
Ma30H U3MEPEHUSL.

3. llomydena aHamuthdeckas ¢opmyna QGyHKIHO-
HAJTBHOM 3aBUCUMOCTH MOTPEUTHOCTU CIBOCHHOTO JaT-
YUKa OT HEOTHOPOIHOCTH IIOJISA, OT YTJIOBBIX pPa3MepoB
HeHTpalbHBIX UD faTtdymka M ero MpoCTPaHCTBEHHOTO
Jrara30Ha U3MEPCHMS.

4. BrisBIeHO ITydliee TEXHUYECKOE pelleHre To-
CTPOCHHUS UYBCTBUTEIHHBIX JJIEMEHTOB CIBOCHHBIX
nmaTaukoB ¢ UD B gopme cheprudecKux BYYroIbHH-
KOB: ToTpemHocTs + 0.7% B IOIMyCTUMOM IPOCTpaH-
ctBeHHOM nuanazoHe 0 <a <0.94 mnpu yrioBeIX pas-
Mepax I[EHTPAJIbHBIX CEPUUYECKUX JIBYYTrOJbHUKOB
G =31°u @y =90°.

5. Iloka3aHo, 4TO UCHOJIb30BAHUE UYBCTBHUTEIBHBIX
AIIEMEHTOB CIIBOCHHBIX CEPHUUECKUX JATYNKOB B POp-
Me c(hepuyecKuX JBYYTOJbHUKOB MPUBOAUT K 3HAYH-
TEJIHPHOMY YMEHBIIICHUIO TIOTPEITHOCTH OT HEOTHOPO/I-
Hoctu DI

6. YMCHBIIICHHE TIOTPENTHOCTH CIBOSHHOTO JaT-
YHKa MOJATBEPKACHO MaTEeMAaTHYECKHM MOJIEINPOBa-
HHEM, KOTOPOE TI0Ka3aj0, YTO MOTPEITHOCTh OT HEOI-
HOPOIHOCTH  TIONII  JaTdyuka HE  MPEeBbIIIaeT
Na) < 1£0.7% B gomyctumom 0 <a<0.94 mpo-
CTPaHCTBEHHOM JIMaIla30He U3MEPEHUSL.

B 3axmroueHne ciegyer OTMETUTb, YTO CIBOCHHBIE
JIATYMKH C HOBBIM TEXHUYECKUM PEILIEHUEM KOHCTPYK-
TUBHOTO HCHONHEHHS UD — 3TO MepCreKTHBHBIN
BEKTOp B pa3BUTHM NpubopoB i m3Mepenust HOII
¢ MajbIMU norpemHoctsMu. IToatomy B cieayromux
paboTax OyIyT pacCMOTPEHBI CIBOCHHBIC IaTUUKU

C NOpAMOYIOJIbHBIMHW W KBaJApaTHbBIMU C(i)epI/I‘lCCKI/IMI/I
OJICMCHTaMH.
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A CONSTRUCTIVE SOLUTION FOR A DUAL
SPHERICAL ELECTRIC FIELD STRENGTH DETECTOR
WITH BIANGULAR SENSITIVE ELEMENTS

S. V. Biryukov

Omsk State Technical University, Omsk, Russia

The article highlights the formation of sensitive elements in a dual spherical detector of electric field
strength. The construction of a dual detector is based on two double detectors located on the same coordinate
axis. The dual detector consists of a conductive sphere and three pairs of sensing elements. Sensitive elements
are part of a spherical surface and are formed as a result of cutting the sphere by three planes passing through its
center and a plane passing through the center of the sphere perpendicular to its axis of rotation. The planes dis-
sect the sphere into six sensitive elements in the form of spherical biangles, organized into three diametrically
opposite pairs. In the first pair, two sensitive elements located on the same coordinate axis are central, the re-
maining sensitive elements included in the other two pairs are lateral. A pair of central sensor elements is part of
the first double detector. Two pairs of lateral sensitive elements, combined with a pair of central ones, form the
composite sensitive elements of the second double detector. The compiled mathematical model of a dual spheri-
cal detector with sensitive elements in the form of spherical biangles made it possible to determine the best an-
gular dimensions of the sensitive elements in terms of obtaining the minimum error due to field inhomogeneity
and the permissible spatial range of measurements. It has been revealed that the central sensitive elements of the
dual detector should have a range of angular dimensions limited by the longitudinal 26, = 62° and transverse
2@ = 180° angles, and the lateral elements — by 26y, =58° and 2¢y, = 180° angles of the longitudinal 6 and
latitudinal ¢ angles of the polar coordinate system. This solution will provide the dual detector with a field
strength measurement error of &a) < |+ 0.7|% in the permissible 0 < a < 0.94 spatial measurement range.

Keywords: twin spherical sensor, double-angle sensing element, electric field, error from field inhomogeneity, distance to
the field source
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INTRODUCTION

The paper will consider new technical solutions for
the construction of sensitive elements (SE) of single-
coordinate dual spherical detectors of electric field
strength (EFS), hereinafter referred to as dual detec-
tors.

The concept of "dual detector" was introduced in
addition to single and double detectors [1-4] in 2021
in the author's works [6—13]. In general, dual detectors
consist of two double detectors located on the same
coordinate axis and combined into a single one.
A necessary requirement for double sensors is the
presence of errors of the opposite sign for the same EF
voltage value measured simultaneously.

In the works [6—13], spherical segments act as
electrodes for dual detectors and layers. In this paper,
we will discuss a dual spherical detector with elec-
trodes in the form of a spherical biangle (Fig. 1). Dual
EF detectors with electrodes in the form of spherical
biangles are known [14, 15].

Fig. 1. Composing SEs of double spherical detector of
EF strength.

a — SE in the form of a spherical biangle 6, < 90° and
@=90° 6 — SE in the form of a hemisphere (com-
plete spherical biangle with 6,=90° and ¢, = 90°)

This work is devoted to the study of dual detectors
of EF strength with SE in the form of spherical bian-
gles.

The aim of the work is to identify the best angular
dimensions 6, of the spherical biangular SEs of the
dual detectors, in terms of minimum error and allowa-
ble spatial measurement range.

TASK STATEMENT

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

1) consider and analyze various design solutions
for the construction of dual EF strength detectors and
their SE forms;

2) determine novel SE forms of dual detectors and
assess how their design choices impact the EF hetero-
geneity error when doing dual detector measurements;

3) obtain an equation of error due to EF hetero-
geneity for a dual detector depending on the design
parameters of the SE of the new configuration;

4) draw up a mathematical model for a dual detec-
tor with a new SE shape to estimate the sensor error
and its spatial area of application.

THEORY

The development of a new method for EF strength
measurement by average value [13, 16] required the
creation of a new type of detector combining two de-
tectors into one. For this, two double detectors were
used. The requirements for them were to have errors
of the opposite sign depending on the dimensions of
the SE.

Studies conducted by the authors [15, 17] revealed
three possible options for constructing detectors in the
form of spherical biangles, rectangles, and squares.
The specified SE shapes differ only in angular dimen-
sions. Therefore, in general, theoretically, the object
of study should be the behavior of double detectors in
the form of a spherical rectangle in EF of variable he-
terogeneity.

Let's consider the design features of a double
spherical detector with sensitive elements in the form
of spherical biangles. The double detector is based on
a spherical base 1 of radius R, on the surface of which
there are two diametrically opposite SEs 2 and 3 in the
form of spherical biangles (see Fig. 1), limited by the
longitudinal 26, and transverse 2¢, span angles of the
longitudinal and latitudinal angles of the polar coordi-
nate system (Fig. 2).

Fig. 2. Double sensor on sphere 1 with SEs 2 and 3
in the form of spherical biangles bounded by longitu-
dinal 26, and transverse 2 ¢, angles

When the detector is in EF, electric charges of op-
posite signs induce on its SE 2, 3. The values of these
charges are determined by the expression [18]:

90)=[[o()ds, (1)
N
where of(?) is the surface charge density.

In a homogeneous field, o(f) = oo(t6) is given by
[18]:

0, (t,0)=—¢E. (1) =F3¢E,(t)cosOcos g; 2)

In a heterogeneous field of point source o(f) =
= ou(?) is given by [18]:

0 (1.0)=~¢E" (1) =

1 1-a°
=—g -—

a \/[1$2acos0+az}3

“14-E@). 3)

where in expressions (1)—(3): § is the surface area of
the spherical base of the detector; ds=R*cos6-d6-de is

the surface element expressed in a spherical coordi-



nate system; & is the dielectric constant of the me-
dium; E,(¢) is the normal component of EF strength on
the surface of the spherical base in homogeneous
E.()=E°(t) and heterogeneous E (1)=E"(r) fields;
Ey(?) is the strength of the homogeneous field before
the conductive spherical base is introduced into it;
signs F in front of cos 6 mean: minus the EF strength
vector enters the spherical base, and plus — exits it;
E(f) — strength of inhomogeneous field before intro-
duction of conducting spherical base into it; a = R/d is
the inverse of the distance from the center of the
sphere to the field source, characterizing the degree of
field inhomogeneity and setting the spatial measure-
ment range (a varies in the range 0 <a < 1, at a > 1
the field becomes more inhomogeneous, and at a — 0
more homogeneous); R is the radius of the spherical
base of the detector; d is the distance from the center
of the detector to the field source; 6 and ¢ are the lon-
gitude and latitude angles of the spherical coordinate
system.

Knowing the distribution of the surface density of
charges (2) and (3) on the spherical base, it is possible
to determine the electric charges induced on the detec-
tor SEs, made generally in the form of spherical bian-
gles [15], by expression (1).

Depending on the direction of the EF on the SE (in
or out), the induced electric charges are respectively
determined by the expressions, where index 1 corres-
ponds to the incoming, and index 2 to the out-
going field. As shown in Fig. 2, the field enters the
sensor 2 and exits the sensor 3. Then:

— in a homogeneous free space field

4, o (1) =—6R%€ x

g

( %

7 earctg| —

XI J SIN @
0 Jo

95 omn. (t)= 6R*e x

][cos9]~cose-d9-dq)‘E0 (0); (4)

x arctg(%]
><J‘0 fo 59 )[cos@]-cos@-dO-de- E,(1); Q)

— in a heterogeneous field of point charge

q, HEOL[H_(t) = —6R28><
onnj-;rclg(:?f;jl 1_a2 3 il
3a \/(1—2a0050+a2)

xc0s6-d0-dep-E(t); (6)

q, HanH_(t) =6R*ex

XJ”J.BYCIg(:?‘:a;’jL l—az “1lx (7)
0 Jo a P 3

\/(l+2acos6’+a )
xcos@-dO-de- E(t).

In a homogeneous field, charges induced on the
detector spherical biangular SEs 2 and 3, after integra-
tion of expressions (4) and (5) at ¢, =90° and
0<6,£90°, are equal to:

12 0. (1) = F3e€,R* sin 6, x

x2 {arctg(tg 0, cos@,)- 51.n ZO +
si

0

+ arctg(tg ¢, cos 6, )} By (1) =
=TF3neg,R*sin 0, - E, (1), (8)

where at gy=90° and 0 < 6, <90°

Z{arctg(tg 6, cos,)- s1.n Py arctg(tg g, cos6, )} =7.
sin6,

In a heterogeneous field, charges induced on SEs 2
and 3 in the form of a spherical biangles, are numeri-
cally determined by expressions (6) and (7) at ¢y =90°
and 0 < 6,<90°.

The presented theory of interaction of a double
spherical detector with EF of various inhomogeneities
is the basis for the construction of a dual spherical
detector of EF strength with SEs in the form of spher-
ical biangles and hemispheres. Since the spherical
biangular and the hemispherical SEs have an angular
dimension of ¢y=90° = const, it will be assumed he-
reinafter, but not indicated.

SPHERICAL DETECTOR WITH BIANGULAR
SENSITIVE ELEMENTS

To build a dual detector, it is proposed to split the
spherical surface with three planes passing through
the axis of the sphere into six biangles. The biangular
parts of the spherical surface are the conductive elec-
trodes of the detector. These electrodes form the SEs
of a dual detector. The design of the dual spherical
detector consists of a conductive spherical base 1 of
radius R, on the surface of which six conductive elec-
trodes 2—7 in the form of spherical biangles are sym-
metrically located and isolated from it (Fig. 3).

Six electrodes 2—7 on one coordinate axis z form
two double detectors. The conductive spherical base
and the six conductive electrodes 2—7 are integrated
into a single spherical surface.



The SEs of the first double detector consist of di-
ametrically opposite pair of electrodes 3 and 6. This
pair of SEs is located on the z-axis, passing through
the center of the spherical base and the centers of SEs
3 and 6 (see Fig. 3).

Fig. 3. Dual EFS detector with biangular sensitive
elements.

a — scheme of division of the spherical surface of the
base, 6 — angular designations

The SEs of the second double detector are compo-
site. The first and second SEs consist of electrodes
(2+3+4)and (5 + 6 + 7) united by a measuring cir-
cuit. Geometrically combined electrodes 2, 3, 4 and 5,
6, 7 are hemispheres (spherical biangle with &, =90°).

Generally, conducting electrodes in the form of
spherical biangles have angular dimensions 6, (elec-
trodes 3 and 6); 6p,=90° (electrodes 2, 4, 5, 7),
6h=90° — combined SEs (2, 3, 4 and 5, 6, 7). Here
6y is determined by the required error, and @, =
=1/2:(90°= 6)). In the detector, electrodes 3 and 6 are
central, and electrodes 2, 4 and 5, 7 are lateral elec-
trodes. Electrodes 2, 3, 4 and 5, 6, 7 are combined into
SEs through a measuring circuit (Fig. 4).

Fig. 4. Dual sensor measuring circuit.

VY31, 2, 3 — differential charge meters; inputs 2—7
from respective electrodes; 11 — adder %; 12 —
scale converter MII; 13 — adder X,, with division
of sum by two

The measuring circuit consists of three differential
charge amplifiers 8-10 Y3 1, AY3 2 and /Y3 3,
adder 11 for three inputs, a scale converter 12 MII,
and dividing the sum by two adder 13 with two inputs.

Differential charge amplifiers 8—10 make it possi-
ble to remove charge differences from three pairs of
electrodes (3, 6), (4, 7), (5, 2) and convert them into
voltages Ui(?), Uy(¢) and Us(¢). The adder 11 serves to
combine the signals from electrodes 2, 3, 4 and 5, 6, 7
and to generate the composite SE signals of the
second double detector. The scale converter 12 serves
to equalize the conversion factors of the first and
second double detectors included in the dual detector.
The equalization of the transform coefficients is per-
formed by adjusting the coefficient & of the scale con-
verter 12. Adder 13, dividing the sum by two, is used
to find the average value between the voltages Ui(?)
from the first double detector and U(f) from the
second double detector. The numbers on the /IV3 in-
puts correspond to the numbers of the detector’ SEs to
which they are connected (see Fig. 3).

Consider the interaction of a dual detector with
a homogeneous field of free space and a highly inho-
mogeneous field of a point source.

When the dual detector is placed in the EF, electric
charges are induced on its electrodes (2, 5), (3, 6) and
(4, 7): g2(t) and gs(¢) on the first pair (2, 5) ¢3(¢) and
qe(?) on the second pair (3, 6) and g4(¢) and ¢(¢) on the
third pair (4, 7).

In a homogeneous field, the difference in electric
charges between electrodes 2 and 5; 3 and 6; 4 and 7
is converted by differential charge amplifiers 8—10 to
voltages U(f), U,(t) and Us(f). These voltages are
proportional to the difference of charges from pairs of
sensitive elements (2, 5), (3, 6), (4, 7), respectively,
and are equal to

U, (6)=k[q:() - q,(0)],
U,(1)=k[q,(t) - q,()],
Uy(t) =k[q5() - q,(0)]-
Then the voltage U,(?) after the adder 11 is deter-
mined by:

U,0)=U,0)+U,(t)-U,(t)=

=k{[4; )+ 4, + 0, ()]~ [2:() + g, () + ¢, (D) ]} =

= k[q34 (1) = G55, (D]

It follows that the voltages U,(¢) and Uy(¢) are pro-
portional to the difference in charges from the first
double detector (SEs 3, 6) and the second double de-
tector (SEs 234, 567).

We determine the voltage values U,(f) and Uy(?)
using the electric charges induced on the surface of
the sensitive elements of the double detectors in
a homogeneous and inhomogeneous EFs.

— In a homogeneous field: charges ¢ oy (1) and

q OHH.(l) are induced on SEs 3 and 6 in the form of

spherical biangles of the first double detector; their
difference at 0 < 8, < 90° generates a voltage at the
output of IY3 1, defined by the expression (9):

U, OﬂH,(t) =kAq;(1) = k[%([) - %(ﬂ] =
= 6knee,R* sin0, - E,(t) = G, - E,(2). )
Charges ¢»34(f) and gse7(¢) at 6y = 90° are induced
on hemisphere-shaped SEs 234 and 567 of the second

double sensor; their difference creates a voltage at the
output of adder 11, defined by the expression (10):

U, O)lH.(t) = k[%34 (1) — 456 (t)] =
=6knee,R* - E,(t) =G, - E,(t). (10)
Here and below: & — JIY3 proportionality coeffi-
cient, ¢ — dielectric constant of the medium; g =



=8.85-10"% F/m — electric constant; R — radius of
the spherical housing of the sensor; E(f) — strength
of homogeneous EF; @, — angular dimension of cen-
tral sensitive elements 3, 6 of the detector in the form
of spherical biangle; G and G, — sensitivity of the
first and second double detectors.

— In a heterogeneous field: q;yuponn (f) and

9 neom.(f) are induced on SEs 3 and 6 of the first

double detector. Charges are determined by expres-
sions (6) and (7) at 0< 6y <90° their difference
creates a voltage at the output of J[Y3 1

U om0 =k[ 4,0 4,(0] =G E (2). (11)

Charges ¢34(¢) and gs¢7(f) are induced on SEs 234
and 567 of the second double detector, defined by ex-
pressions (6) and (7) at 6,=90° their difference
creates a voltage at the output of adder 11

U4}[EO[U{,(t):k[q234(t)_q567(t)] =G-E@t). (12)

Since G,# G, in expressions (9) and (10), it is ne-
cessary to equalize the sensitivities of the double de-
tectors. To do this, the measuring circuit of the dual
detector uses a scale converter MII. Sensitivity equali-
ty is achieved by calibrating the dual detector. When
calibrating, the detector is placed in a homogeneous
field with intensity E, or a calibrated signal is supplied
to the detector, and by adjusting the coefficient & of
the scale converter, equality of output voltages is
achieved Uomu(?) = Usomu(?). This achieves equality
of sensitivities G; = G, = G of the first and second
double detectors, where G is the sensitivity of the
double detectors. Calibration is carried out only at the
beginning of the operation of the dual detector.

In expressions (11) and (12), strengths E(¢#) and
E5(?) in a heterogeneous field are defined as

amﬁha@ﬂfw?

13)
Ez(t) = [1+52(90)] 'Eo(t)a

where E|(f) and Ey(¢) are the strengths of heterogene-
ous EF, measured by double detectors with SEs 3, 6
and 234, 567 with errors 6,(6y1), 6(6). For SEs in the
form of a biangle 0 < 6, <90°, for SEs in the form of
a hemisphere 6, = 90°.

Taking into account the expressions (11) and (12),
the voltages Ulyeom.(f) and Uspeon(f) can be defined
as

U, HEOI[H,(t) :k[%(t) _%(t)] =G-E @)=

=G-[1+6,(6,)] E,(®); (14)

U4Hﬂozui(t) = k[‘]234(t) Y567 (t)] =G, ()=
=G-[1+6,(6,)]- E, ). (15)

In general, the errors 6,(6y), 6(6y) of double de-
tectors are determined by the expression
5=uwom ~Tom 1500/, (16)

OJIH.

For the first and second double sensors with SEs in
the form of biangles with angular dimensions
0< 6y <90° and ¢y =90° and hemispheres with an-
gular dimensions 0 < @,; <90° and @y =90°, the er-
rors 0y(0y), 5(0) due to the inhomogeneity of the
field can be determined by the expression (16) using
expressions (9)—(12). However, for the second double
sensor with a hemisphere-shaped SE, an error of &,(6)
can be determined by the well-known expression [18]:

1-a°

2
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Dual detectors are used to implement the method
of measuring EF strength by the average value [13,
16, 19], which makes it possible to obtain significant-
ly smaller errors in measuring the inhomogeneous
field than direct measurement methods [20]. The prin-
ciple of operation of the dual sensor involves simulta-
neous measurement of two values of strength £(f) and
E,(¢) with errors opposite in sign at one point in the
field. To find the average value, the dual sensor uses
an adder 13 with division of the sum of the voltages
Uteon (£) = G-E\(2) and Usyeon () = G-Ex(7) by two.

Then

Uy (=202 050

where E(f) = w —[1+8(a)]E,(¢)

=G-E(1),
(18)

is a result of the measurement of EF strength by a dual
detector.

Dual sensor measurement error E(f) caused by
field inhomogeneity:

2

Expressions (9) to (12) and (16) make it possible to
establish the relationship between the error &a), the
angular dimensions 6, of the central sensitive ele-
ments 3, 6 and the spatial measurement range a. This
relationship is the basis for building a mathematical
model of a dual spherical sensor. The mathematical
model allows you to study the dual sensor and deter-
mine the angular dimensions of the detector biangular
SEs, providing the detector with a small error &a) due

6(a)



to the inhomogeneity of the field in full spatial mea-
surement range a.

Mathematical modeling of the dual sensor in the
full measurement range 0 < a < 1 was carried out. The
modeling results are shown in Tab.

Tab. Results of mathematical modeling of the dual
detector in the spatial range of measurements
0<a<l

From the modeling results, it follows that the op-
timal angular dimension of the SE is 6, =31°, for
which the error due to field inhomogeneity does not
exceed £ 0.7% in the spatial measurement range of
0<a<0.94.

Thus, mathematical modeling made it possible to
identify the best technical solution for the SE of the
dual EF strength detector with small errors in the al-

most complete spatial measurement range of
0<a<0.94 (see Tab.).
DISCUSSION OF RESULTS

Analysis of the results presented in Tab. shows that
the dual detector with biangle spherical SEs described
in the article has a lower error due to field inhomo-
geneity in the full spatial measurement range
(0<a<1). In the full spatial range of measurements,
the angular dimensions of the central SEs lie in the
range of 28° < 6y < 33° at ¢y = 90°. These angular
dimensions provide the dual detector with sign-
variable errors due to field inhomogeneity, the mod-
ulus of which lies in the range of
0.35% <|Xa)| £5.2%.

Analyzing the above, it can be assumed that the
best technical solution in terms of the minimum error
and the maximum spatial range of measurements
should be considered solution 5 (see Tab.), which
provides the dual detector with an error of + 0.7% in
the event of angular biangle dimensions 8y =31° and
@1 = 90° and in an almost complete spatial range of
0 <a <0.94. The same technical solution is the best in
terms of the simplicity of the design and the technolo-
gical design of the SE detector.

Error change graphs due to EF inhomogeneities for
a dual detector built according to technical solution 5
(see Tab.) are shown in Fig. 5, a, 6.

Fig. 5, a, shows the error changes of the first 6(a)
(SEs 2 and 6) and the second &(a) (SEs 234 and 567)
double detectors, as well as the dual sensor &(a). From
Fig. 5, a, it follows that the plot of the resulting error
&a) goes from zero and goes almost horizontally in
almost the entire spatial range of measurements. The
change in the resulting error &a) at a more detailed

scale in the spatial range 0 < a < 0.94 is shown in
Fig. 5, .

Fig. 5. Graphs of errors of the EF detector in the
spatial range 0 < a < 0.94 for the best version of the
dual detector 6y;=31° and ¢y = 90°.

a) graphs of errors (@) of the first, &(a) of the
second components of the double of detectors,
Aa) — of the dual detector; 6) &a) — dual detector
error graph scaled along the ordinate axis

Error graphs show that dual detectors built accord-
ing to the selected technical solution, in the spatial
range of 0 <a <0.94, have an error modulo not ex-
ceeding 0.7%.

SUMMARY AND CONCLUSION

As a result of the study:

1) A new form of construction of sensitive elec-
trodes for dual detectors in the form of spherical bian-
gles is proposed. Spherical biangles are arranged on
a sphere surface in pairs. One pair of spherical bian-
gles is central, and the other two are lateral. The cen-
tral pair of electrodes is the SEs of the first double
detector. The SEs of the second detector are compo-
site. They consist of a central electrode and two lateral
electrodes.

2) The angular dimensions of the center electrodes
are found to affect the error of the dual detector and
its spatial measurement range.

3) An analytical formula for the functional depen-
dence of the error of the dual detector on the inhomo-
geneity of the field, the angular dimensions of the cen-
tral SE of the detector, and its spatial measurement
range is obtained.

4) The best technical solution for the construction
of sensitive elements of dual detectors with SEs in the
form of spherical biangles was revealed: an error in
the permissible spatial range of 0 <a <0.94 is £ 0.7%
for the angular dimensions of the central spherical
biangles 0,;=31° and @ = 90°.

5) It is shown that the use of sensitive elements of
dual spherical detectors in the form of a spherical bi-
angle leads to a significant decrease in error due to EF
inhomogeneity.

6) The decrease in the error of the dual detector is
confirmed by mathematical modeling, which showed
that the error from the heterogeneity of the detector
field does not exceed &a) < |+ 0.7|% in the allowable
0 < a <£0.94 spatial measurement range.

In conclusion, it should be noted that dual detec-
tors with a new SE design are a promising vector in
the development of instruments for measuring EFS
with small errors. Therefore, in the following works,



dual detectors with rectangular and square spherical
elements will be considered.



