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METOJA USMEPEHUA OCEBOI'O
MAI'HUTHOTI'O IUTIOJIA
NCTOYHUKA I10JIA

JAEI'TAPEB A.B.

HpI/IBOIII/ITCH MaTeMaTndyeCcKkasi MOACIb MyanHHOJIbHOfI
COCTaBJISIOILEH METOANYECKOM NOIrp€IIHOCTH ABYXTOUYCY -
HOI'O MarHUTOMETPHUYCCKOIro ME€TOJa USMEPEHUSA OCEBOTO
JUITIOJIBHOIO MOMCEHTA U OIIPEHAC/IACTCA OCHOBHOI BKJIaJ
IMOMEXOHECYLINX MyJ'[bTPIHOJ'[Cﬁ BHCIIHETO MarHUTHOIO
MOoJIsI UCTOYHMKA B CO3[AHUE ATOMU Orp€IIHOCTH.

1. ITocTanoBka 3a1a4M M aHAJN3 MOCJIEIHAX
HCCIIeI0BAaHMI

Ipu ncenenoBaHUM 371EKTPOMArHUTHOM COBMECTUMOCTH
Pa3IMYHOTO POAA UCTOYHUKOB BHEIIIHETO MATHUTHOTO
noJist (BMIT) u anekTpoHHOIro 000pyI0BaHUS BasKHO
3HATh YPOBEHb HATIPSDKEHHOCTU MATHUTHOTO TIOJISI B
3aJaHHBIX TOYKAX OKPYXKAIOIIETO MPOCTPaHCTBA Ha
IUIOCKOCTA WJIN B OIIpeneieHHOM oObeMe BOIM3U
ncrouyHurka 1moJst. [TomoOHbIe 3a1aun BOSHMKAIOT, KOTIa
HEOOXOOUMO OLEHUTH BJIIMSIHME MaTrHUTHOTO ITIOJIsI
HWCTOYHMKA HA MATHUTOUYYBCTBUTEIbHbBIC YCTPOICTBA,
pacriojioxkeHHBIe B 30He Bo3zaericteusg BMII [1,2].

BaxxHpIM mapaMeTpoM MarHUTHOTO I10JISI PACCESTHUST
SIBJISIETCSI MATHUTHBI MOMEHT, 00YCJIOBJIEHHBII TOKAMU
Pa3IMYHBIX yCTPONCTB, KOTOPHIMU OCHAILIEH UCTOYHUK
1oJ1s1. [ToaTOMy OMTHVIM 13 OCHOBHBIX KOHTPOJIMPYEMBIX
napaMmeTpoB (pU3NYECKUX TeJl — UCTOUHNKOB BMII
€CTh IUTOJILHBIIT MarHUTHBI MOMEHT [3], KOTOpHIii
SIBJISIETCSI TTOCTOSIHHOM BEJIWYMHONM B OTJIMYHE OT
HaIPSKEeHHOCTU MAarHUTHOTO TTI0JISE X HE 3aBUCUT OT
KOOpAMHAT TOUeK HAOJIIOIeHUSI.

Taxum o6pa3om, 3a1aya KOHTPOJISI HAMPSKEHHOCTU
BMII ucTouHnKa COCTOUT B U3MEPEHUHU IIPOCTPaH-
CTBEHHOI FrapMOHUKH MePBOTO MOpPsIIKa, T.€. AUMOJIb-
HO COCTaBJISIIOLLIEH ITOJIS, ¥ OIIPEACTICHUN IO PE3YIIb-
TaTaM U3MEPEHU I KOMIIOHEHT AUTOJIbHOTO MAarHUTHO-
rO MOMEHTA. BTO JAET BO3MOXXHOCTb JIETKO BHIYMCIIUTh
MO HalIEHHBIM 3HAYEHUSM AUIOJbHOIO MOMEHTA
HanpsokeHHOCTh BMIT rcTouHMKa B IPOU3BOJIBHBIX
TOYKAaX BHELITHETO ITPOCTPAHCTBA.

MarHuTHOe 10Jie UICTOYHUKA UMEET CIIOXKHBIN IIpOo-
CTpaHCTBEeHHO-TrapMOHMYECKuUii xapakTep. Ha 3Hauu-
TEJIbHBIX PACCTOSTHUSIX I10 CPAaBHEHUIO C rabapUTHBIMU
pa3MmepaMu McTouHrka ero BMIT MoxkHO nipeacTaBuUTh
C IOCTaTOYHOM TSI MPAKTUKU TOUHOCTbIO AU ITOJIbHOM
MOJIEJbIO, TI0JIE KOTOPOU MPOIOPLIMOHATBHO AUTTOJb-
HOMY MarHMUTHOMY MOMEHTY WCTOYHMKA. OmHaKo
OCYIIIECTBUTh U3MEPEHHNE NUITOJIHLHOTO MarHUTHOTO
MOMEHTa MCTOYHMKA TIOJISI Ha TaKMX PAaCCTOSHUSIX
BeCcbMa ITpo0IeMaTUIHO M3-3a BHEIITHUX 3JIEKTpOMar-
HUTHBIX ITTOMEX, YPOBEHb KOTOPBIX MOKET ITPEBHIIIATh
TOJIE3HBII CUTHAI Ha TOPSIOK U 6ostee. B cBA3M ¢ 3TUM
BO3HMKJIa HEOOXOIMMOCTD B pa3padOTKe MAarHUTOMET-
PUYECKMX METOIOB U3MEPEHMST AUTOJILHOTO MOMEHTA
C MOMOIIBIO TOYEYHBIX TaTYUKOB — UHIYKIIMOHHBIX
npeodpazoBaTesiei, pacnoaoKeHHbIX ONpeAeIEHHbIM
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00pa3oM BOKPYT MCTOYHMKA MOJISI BOIM3H €ro pabouei
TMOBEPXHOCTU. B 3TOM Ciyyae, ¢ OMHON CTOPOHHI,
YMEHBIIIAETCS TOMEXO0BAs MMOTPEITHOCTh, TOCKOJIBKY
3HAYUTEJIbHO YBEJIMUMBAECTCS COOTHOILIEHUE MOJIE3HO-
TO CUTHaJIa K TOMEXOHEeCYILEMY, CO3IaHHOMY BHEIIIHU -
MU UCTOYHMKAMU, PACIIONOXEHHBIMU BOJIU3U 30HBI
MarHMTOMETPUUYECKOT0 MCIbITaTeIbHOro creHaa. C
JIPYroii CTOPOHBI, MPU PaCOIOXKEeHWH JATYNKOB BOJIU-
31 U3MEPSIEMOTO UCTOYHKKA YCIIOXHSIETCS BblIEJIEHHE
JIUTIOJNIBHOM cocTapistonieii moiis 13 BMIT crounuka,
CKaJIIpHBIM MAarHUTHBIA MOT€HLMAJT KOTOPOIrO IJIS
00J1aCTH BHELITHETO MPOCTPAHCTRBA, I7I€ IJIOTHOCTb TOKA
paBHaA HYJTIO M rotH = 0, MOXKHO IIPEICTaBUTh Chepr-
YeCKMM rapMOHUYECKUM PSIIOM B BUJE CYMMbI MYJIb-
TUTIOJIEN — AUTIONS KBAAPYIOJIsl, OKTYIIONS U T.1. [4]:

1 & 1 n .
U=— z 1 Z(gnm cosme+ hy,, Slnm(D)an (cosO)
A nlen‘Fl 0 g
()
e R,p,0 — cdepuueckre KOOPIMHATHI TOUYEK

HabmoneHus; g,,, h,, — KodbuuueHTts psaa,
paBHbIE MATHUTHBIM MOMEHTaM 3JIEMEHTapHbBIX M-X
MYJIbTUIIOJNIEN IIPOCTPAHCTBEHHOM TapMOHUKHU N-TO
NopsiziKa; P (cos @) — MPUCOETUHEHHBIE TOTMHOMbI
Jlexxannpa repBoro poja.

9HeM€HTaprI€ MYJIbTHITIOJIA BBICHIMX MTPOCTPAHCTBEH -

HBIX TapMOHUK (11 > 2) psina (1) sIBISIIOTCS TOMEXOHe-

CYLLIMMH IO OTHOILLIEHUIO K U3MEPSIEMOU TUNOJbHOMN
rapMoHuKe (n=1), BCJIeACTBIE YETO MOSIBIISIETCSI MYJIb-
TUMOJIbHAS COCTARISAIOIIAS METOANYECKON MOrpelHO-
CTY U3MEPEHU S OCEBOTO AUTIOJbHOTO MOMEHTA, KOTO-
pasi MOXXET OBITb 3HAYUTEIBHOM 10 BEJTUYUHE.

Briieienue HepeneHHbIX paHee YacTei 3a1a4u. AHa-
JIN3 TOYHOCTU BbIICJICHUS IUTIOIBHOM COCTABIISIIOLLEH
MAaTHUTHOTO I10JIs1 M3 IIOJIHOTO CITEKTPa IOMEXOHECY-
mux rapMmoHnk BMII HeBO3MOXeH 0e3 IoJlydeHUs
ajieKBaTHOM MaTeMaTUUECKO MOIEIN U3MEPEHUS I -
MOJIbHOTO MAarHUTHOTO MOMEHTa, o0ecreuynBalolein
aHAJIUTUYECKOE oNrcaHue GyHKIIMOHUPOBAHUS Mar-
HUTOM3MEPUTEILHOM CUCTEMBI TATYMKOB U OITpeiesie-
HUE TAKKX €€ METPOJIOTMYECKUX XapaKTepUCTUK, KaK
ypaBHEHME U3MEPEHUSI JUMOJIBHOIO MOMEHTA, YyB-
CTBUTEJIbHOCTU ¥ OTPEITHOCTU M3MepeHust. OmHaKo
Takast “H(GOpMalUs M0 U3MEPUTEIILHOM CUCTEME C
MUHHMMAaJIbHBIM KOJIMYECTBOM I1ap OCEBBIX JATUNKOB B
MyOJUKALUSIX OTCYTCTBYET.

Henb. Hacrosias ctaThs MOCBsILEHA OLIEHKE Mepe-
YUCIIEHHBIX METPOJIOTHUECKIX XapaKTePUCTUK MarHH-
TOMETPUYECKOM CUCTEMBI U3 ABYX OCEBBIX JATYMKOB,
MpeaHa3HAYeHHOM TSl ©3MEPEHUST OCEBOTO AUTOIbHO-
IO MarHUTHOTO MOMEHTA UCTOYHUKA OIS,

2. Pemenue 3a1a4u

B ocHOBY MOz IM M3MepeHMS IOJIOXKEH ABYXTOUEUHbIIA
METO/I, KOTOPBIA 0a3upyeTcs Ha MYJIbTUIIOJNBHOMN MO-
nen BMII uctouHuka, aHaIUTUYECKU ONMMCAaHHOM
chepuueckum rapmoHuyeckum psiaom laycca (1), u
peanusyeTcs MarHUTOMETPUUYECKOM CUCTeMOM U3 IByX
WHIYKLIMOHHBIX OCEBBIX JaTUMKOB, pACIOJI0XKEHHBIX
BOKPYT u3Mepsiemoro ucrounuka BMII B sxkBaTopu-
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aTbHOI TIockocTH ( @ = 90° ) Ha OKPY>KHOCTH paauyca

R B TOoukax ¢ yrioBoii KoopauHaTtoit $=90,180° u
OPUEHTUPOBAHHBIX CBOUMM YYBCTBUTEIbHBIMU OCSIMU
MapajuIesIbHO OCU Z TIPUHSITON CUCTEMBI KOOPIUMHAT

(puc.1).
180°

270°

OO

Puc.1. Cxema pacrosiokeHust OCEBbIX JaTYMKOB BOKPYT
ncrouyHnka BMIIT

AHaJIN3 TTOKa3bIBAET, YTO B pe3yJILTUPYIOIIEM CUTHAJIE
E, (2) oTCYTCTBYIOT 3JIEKTPUYECKHE CUTHAJIBI [IOMEX

E,»,E 4 U T, co30aBacMbIe TOMEXOHECYILIUMU MYJTb~

TUTIOJSIMA TPOCTPAHCTBEHHBIX TAPMOHUK YETHOTO
nopsaka (n=2,4,...). OObsSICHSIETCS 3TO TEM, YTO Mar-
HUTHBIE T0JI51 TOMEXOHECYILMX MYJIbTUIIONEN YETHBIX
rapMOHMK HaBOIST B KaTyIIIKaX OCEBBIX JaTYNKOB 1,2
paBHbIE T10 BEJIUYMHE U MPOTUBOMA3HBIE CUTHAJIBI
MTOMEX, KOTOPBIE TTOJTHOCTHIO KOMITEHCUPYIOT APYT
JIpyra, MOCKOJIbKY KaTYyIIKW NaTYNKOB COEAUHEHDI
MOCJIEA0BATENBHO — COTJIACHO.

Taxkum obpa3oM, U3MepUTeJIbHAsI CUCTeMa U3 JIBYX
OCEeBBIX JaTYMKOB 00JIa1a€T CBOMCTBOM MYJILTUIIOIb-
HOTro rapMoHn4eckoro ananu3a BMII u ocyiiecTBisieT
BBIJIEJIEHUE TUMOJbHOMN MOCTOSIHHOM COCTABISIOLLIEN
MarHMTHOTO ITOJISI C TOYHOCTBIO O MOMEXOHecylIei
TapMOHUKU TPETHETO MOPSIIKA.

[Monesnpiii anexrpuyeckuii curnan E ,; (2), HaBeneH-
HBII B KaTylIKax JaTYMKOB 1,2 MTUMOIBHON OCEBOI1
COCTaBJIAIOLLEH HANPSKEHHOCTU MarHUTHOTO TTOJIS

3 2

Hoi =gj9 /4nR™ , pasen E;) =——g19 ~E,, (2)
kR

OTKyJa TOJIy4aeM YpaBHEHUE WM3MEPEHUsI OCEBOTrO

JUITOJIBHOTO MOMEHTA

1 3
g0 =M, ZEEZkfR (3)

Y 3HAYE€HUE YYBCTBUTEJIbHOCTU U3MEPUTEIILHOM CUCTE-
Mbl K HaIPSXKEHHOCTU IMITOJIBHON COCTaBJISIOLIEH
MAarHUTHOTO ITOJIs1, HE 3aBUCSLLIEI OT YIJIOBOM KOOI -

HaTel @: S;o =2/K¢,MB/MD.

N3 ypaBuenmii (2), (3) ciaemyer, 4TO AUMOIbHBIN
MOMEHT M7 n3mepsieTcsl C HOrpelIHOCTbIO, 00YCI0B-
JIECHHOM MOMeXxOoHecylIuMy rapMoHkamu BMIT He-
YETHOTO MOPSIZIKA, OCHOBHOM BKJIaJl B KOTOPYIO BHOCST
curHajbl E 3 1 E 5, co3naBaeMble TPEThEM U MATOM
rapMoHnkamu BMII, mockonbKy HampsoKeHHOCTb
MarHUTHOTO TOJS 3TUX TapMOHMK YOBLIBaeT Ooiee

8

MeUTEHHO C PACCTOSTHUEM ITO CPABHEHMIO C MATHUTHBIM
MoJieM FapMOHMK BBICIIIMX TTOPsIKOB (n=7,9,...):

EZ3 +E

5, = 25.100% )

zl
Curnan nomexu E,3,co3naBaeMblii OKTYIONBHOM
OCEBOU COCTABJISIIONIEN HATIPSDKEHHOCTU MATHUTHOTO
mmoJjist (n=3)
Hg3(0=90")=
03(0=90") =
1 3 .
= 5| — 5830 +15(g32c082¢ + h3;sin 29) |,
4nR° L 2
OIpeeNIAeTCs 110 (popMmyJie:

1
E.z =k—[H193(<P=00,9=900)+
£

+Hyps (@=1800,9=900)J=

6 1
=— (——gso +5g32j- ©)
kR 2

ITomexa E ,5 , BCBOIO 04€peb, CO3NAETCS JIEMEHTAP-
HBIMY MYJIETUITOJISIMU TIPOCTPAHCTBEHHOM TApMOHUKK
BMII nsaroro nopsiaka:

1
E,s :kf[Hles((p =0°,0=90) + Hyp5(0=180,0 = 900)] =

30 1 7
= <850 — 852 +03854), (6)

k¢R7 8 8
rie H — 009\ b — (e — 0 1200y _
ko5 (9,0 =90"),k =1(¢=0"),2(¢=180")
oceBasl COCTaBJISTIONIAsI HATIPSKE HHOCTA MATHUTHOTO
noJs nsatoit rapMoHuku BMIT ncrouHuka, aHanuTu-
YeCKU OMKUChIBaeMasi ypaBHEHUEM :

15
4nR”

Hos(0 =90") =

X

8
+63(g 54 cos 4 +h sy sin 4¢)]

X[lgso —%(g52 cos2¢ + hs, sin2¢9) +

3HayeHud KodpduUMEHTOB g3, (m=0,2),
g5m(m=0,2,4) B BolpaxeHusx (5), (6) 3aBucar or
MapaMeTPOB IKCLIEHTPUYHOCTUA U3MEPSIEMOTO OCEBOTO
JMIIONIBHOTO MarHUTHOro MoMeHta M,. Tak, s
HauboJiee HeOIAroNpPUSITHOIO C/yJasi, KOTna AUIOoJb-
HBIA MOMEHT M, CMelleH BHYTPU pabouero oobeMa
ncrtounnka BMII Ha koopauHaTy Xy OTHOCUTEIHEHO
Hayajga KOOpAMHAT, KOS(POULUMEHTH g3, U g5
HaimeM pacdeTHBIM IyTeM

JUTSI TApMOHMKU N=3:
3 2 1 2
830 =~ M;X(,832 =~ M,xq;
2 4
JIJIsI TApMOHUKM N=35:

15 4 1 4 1 4
=—M, X, =——M,_xg, =—M .
g50 ] 2X0-852 3 2X0-854 192 zX0

PH, 2003, Ne 1



Torma mocie moacTaHOBKY B BEIpaxkeHue (4) momMexo-
Hecyumx curHanos E_; (5) n E ;5 (6) c yuerom 3Haye-
HUI KOSPOULIMEHTOB g3, , &5,y TOTYYNM MATEMATH -
YeCKYIO MOJIEJIb MYJIETUTIOJbHON COCTABIISIIOLLEH Me-

TOANYECKOI MOTPEIIHOCTA U3MEPEHUS OCEBOTO M-
MOJBHOr0 MOMeHTa ucTouHnuKa BMIT:

2
k k
S, = 2 . 15 —=%
R/L R/L
rae ky, =Xxo/L <1/2 - k03 duumeHT sKCLeHTprY-
HOCTH OCEBOTO TUTTOJTLHOTO MOMeHTa; L — raGapuTHBINA

pasMep U3MepsIEMOT0 UCTOYHWKA ITOJIS 10 KOOPAMHAT-
HOMY HaIIpaBIIeHUIO X.

2
j 100% (7

Ha puc.2 npencrasieHa rpacduyeckasi 3aBUCHUMOCTb
0, = f(R/ L) nisanpenesbHOro cirydas, Koraa 3Haue-
Hue Kos(pduumenra sxkcueHTpuyHoctn k, =1/2. U3
aHaJI3a 3TOM 3aBUCUMOCTH CJICAYET, YTO U3MEPEHIUE
OCEBOT0O IUIIOJEHOTO MarHUTHOTO MOMEHTA JBYMSI
JAaTYMKAMU MOXHO MPOU3BOIUTH C MOTPEILIHOCTHIO
O, max <10% Ha pacCTosiHMM, PaBHOM HE MeHee
YeThIpeX rabapuTHbIX Pa3MEPOB UCTOUHUKA MOJIS.

5..%

25\

AN

10 \‘
\\

25 3 3.5 4 4.5 R/L

Puc.2. MynbTHIOIBHAS orpeiHocts 0, = f (%)

Tenepb oLleHUM Bec TpeTheil 1 sAToi rapMoHUK BMIT
B CO3[aHUU MYJIBTUIIONBHON morpewmHoct J, (7),
HalJIeHHOW rapMOHMYECKMM MeTonoM. Jjig sToro
OIIpEeNeIM KJIACCUYECKUM METOIOM Pe3yJIbTUPYIO-
LW CUTHAJ IIOMEXM OT BCeX HEYETHBIX FapMOHUK
TIOJIST, CO3JaHHBIX 3a CYET SKCIIEHTPUYHOCTH OCEBOTO
JUTIONIBHOTO MOMEHTA Ha KOOPAMHATY Xy

AEzzi[Hie((pzoo,e=9o°)+
k¢

! _ 0 _ 0 _

+Hog(p=180°,0=90")]-E, =

_2M, R4(R2+3x3)
KeR? (Rz_xé)s , (3)

e Hyg (9,0 = 90" ) — MOJIHOE 3HAYEHUE OCEBOM KOM-
ITOHEHTHI HATIPSDKEHHOCTH MAarHUTHOTO TTOJIS SKCIIEH-
TPUYHOIO IMNONA M, , ONIUCBIBAEMOE YPABHEHUEM:
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\ M ) 3/2

Hyp(0= 900) = 4—Z (Rcosop— X0)2 + (Rsin (p)ZT )
i

BecoBoii Bkiag TpeTbeli M ngToil rapmMoHuK BMII B

CO3IaHUE PE3YJIbTUPYIOLLIETO CUTHAIA TOMEXU AE (8)

BBIYUCIISIETCS IO (hOpMYyJIe:

Ez3 + EZS _
AE,

=5,{(1+3k2 (R/L)*)/[1-k2 (R/L)*]P -3~
AHaM3 TOKa3bIBaeT ,YTO BEC TPEThE U MSITOM rapMo-
HuK BMIT B pesyasTupyrorieM curdane nomexu AE , (8)
Ha paccrosHMM R =4L u ky =1/2 cocrasiser

99,89%.

Takum ob6pa3om, OlieHKA MOrpelIHOCTU U3MEPEHUS
O, (7) Mo MyJIBTUIIONSAM IIOMEXOHECYIINX TPEThE U
nsToii rapMoHuku BMIIT obecnieynBaeT J0CTaTOYHO
BBICOKYIO TOUHOCTb.

3. BoiBoanI

1. ITonyyeHa MmaTemMaTU4yeCKasi MyJIbTUIIOIbHASI MOJIEb
MOTPELTHOCTH JBYXTOUEUHOTO METO/Ia UBMEPEHMSI OCe-
BOI'O IUMOJBHOTO MOMEHTA, MPEeACTaBIeHHasl B BUC
(YHKIMM OT MapaMeTPOB KOHTPOJbHOI'O PaCCTOSIHUS],
Ha KOTOPOM OCYILIECTBIISIETCS U3MEPEHME, U TabapuT-
HOTO pa3Mepa UCIBITYeMOro ICTOYHUKA MATHUTHOTO
TIOJIS, YTO CYLLECTBEHHO YIIPOLLAET OLIEHKY ITOTPELLIHO-
CTU U3MEPEHUST UCTOYHUKOB IOJIS Pa3IUYHbBIX TUTIO-
pa3MepoB.

2. OCHOBHOI BKJIaI B CO3JaHUE MYJbTUIIOJbHOM
COCTaBJISIIOLLECH METOANYECKOM IMTOrPEIIHOCTU BHOCSIT
TMIOMEXOHECYIIME MYJIBTUITIONS 30HAJIbHBIX U TeCEePaJlb-
HbIX TapMOHUK BMII TpeTbero u msaToro nopsiaikos,
npeobiiamaroleii 3 KOTOPHIX SIBJSIETCS OKTYIIOJIbHAS
MOCTOSIHHAS COCTABJISIIONIAS Y IIepeMEHHAasI COCTaBISI-
IOIIasi MATHUTHOIO MOJISI, KOTOpas U3MEHSIETCS 110

3aKOHY COS2¢ .

3. M3aMepeHue 0ceBOro JUIOJIbHOIO MAaTHUTHOTO MO-
MEHTa IBYMsl JaTYMKaMU MOXKHO TMPOU3BOAUTHL C
MYJIBTUTIOIBHOM IMOrPEITHOCTHIO He Gostee 10%, ecnn
OHO OYIEeT OCYILIECTBIISATLCS Ha pacCTOSHUU He OoJiee
YeTBIpEX rabaprUTHEIX pa3MePOB UCITHITYEMOTO HCTOY-
Huka BMII.
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