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PA3PABOTKA MATEMATHYECKOI MOJEJH IOMEXOYCTOMYHUBOI'O
U-OBPA3HOI'O ®EPPO30OHI0OBOI'O JATUUKA JE®EKTOB TUIIA « TPELHLIUHA>»

B cmamve npeonazaemcs cogepuienio HOBbLL NPUHYUN NOCMPOCHU MASHUMHOL CUCHEMbL (DepPO30HO06020
oamuuka, cocmoswe2o u3z 08yx U-00pasnvix cepoeuHuKos, no3eonsiowue npaKmuyecku noaHOCHbIO
KOMREHCUPOBAMb MACHUMHbIE NOAS NOMeX Npu COXpawenuu cuenara oepekma. Paspabomannas
Mamemamuueckas mooenb 0den 603MOJNCHOCTb NOLYYUMb AHAIUMUYECKUe 3a6UCUMOCTU Ol PAcyema
MASHUMHO20 NOMOKA, UHOVYUPOBAHHO2O OeheKmoM U He2la0KOCMbl0 KOHMPOIUPYEMOU NOSEPXHOCMU, U
HANPAACEHHOCTNU MACHUMHO20 NOJSL 8 CePOSUHUKAX (hepPO30HO08020 OAMYUKA.

Knrouesvie cnosa: ¢epposzono, damuuk, macHumuas cucmema, cepoeyHux, oeghekm, nomexoycmousueocmo.

BBenenne

N3 Bcex BHIOB IOMEX, KOTOpBIC BO3ICHCTBYIOT Ha (eppo30HA BO BpeMs OOHApYKEHHS JISPEKTOB
HECIUIONTHOCTA (hepPOMArHUTHOM JeTanu, HauOojee CYIICCTBEHHOH SBISACTCS INOMEXH, BBI3BAHHBIC HETJIAIKOCTHIO
KOHTPOJIMPYEMOM TOBEPXHOCTH (CTYIICHBKH, TaJITCIbHBIC MTEPEXObl, Kpall JeTanu, HaMarHMYeHHas 00JIacTh U T.IL.).
OcnabiieHue MeHCTBUS STON ITOMEXH MPOU3BOIMT BKIIOUCHHE MOTYIIEMEHTOB (DEppO30H/IA IO CXeMe TpaJHueHTOMETpa
[1,2]. HanpspbkeHHOCT TONIeH paccesiHUsl TaKUX MOMeX MHOTOKPATHO TMPEBBINIAET HAMNPSHKEHHOCTh IO PaCcCesHUS
ne(eKTOB ¥ UMCIOT 3HAYMTCNBHBIA TrpamueHT. [IpuMeHeHHe TIpaJIUeHTOMETPHYCCKOrO METOda BKIIOUYCHUS
MOy JIEMEHTOB (PeppO30HIa He Beernaa rapantupyeT 3G (HeKTUBHOE MoaaBicHue moMexu. [loaToMy pa3pabaThBaroTCs
METOABI KOMIICHCAITMM TAaKOTO pOJa IOMEX ITyTeM BBEJCHHSI B MAarHUTHYIO CHCTEMY JaTddka aeeKTOocKoIa
JIOTTOJTHUTEIPHOTO (PEPPO30HIA C YAJUHCHHBIM CEPJCYHUKOM [3], OJHAKO U 3TOT METOI HE OOCCIICUYMBACT IMOJIHOE
yCTpaHEHHUE TIOMEXH.

AHaJIN3 NPeabIAYyIIMX HCCIeI0BAHUIT

Deppo30HI-TPaIUCHTOMETP TOPU3OHTATIBHO pACIONIOKEH Hax AepeKTOM W H3MEpsAET TaHTCHIMATBHYIO
COCTARBJISIONIYIO HATPSHKEHHOCTH 1Mo aedexra (puc. 1).
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Puc. 1. ®eppo3oHa-rpalueHTOMETp, U3MEpSIOMUiA TTose nedexra
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Topu30OHTaIbHAs COCTAaBISIONIAs HANPSHKEHHOCTH MATHUTHOTO IO  paccesHus aedexkTa B IMEPBOM
NPUOJIMKEHUHU AIPOKCUMUPYETCST PYHKIMEN
H
H ()= m
1+B°x
rae H, — MakcuManbHOE 3HAYCHHE HATIPSDKEHHOCTH 10T
3aBHCHMOCTb U3MEPSIEMOro (PePPO30OHIOM HANPSHKEHHOCTH OISt OT X U Ax HMEET BUIL

2
AH (x,Ax) = H, (x)— H, (x) = HP? OxAx + Ax . 2)
(1+p%? )(1 +B (x+ sz))
MaxkcuManbpHOE 3HaUE€HUE 3aBUCUMOCTB (2) IMEEeT NIpU X = X, , Haxofsmeecs u3 ycaoust dH dx =0
1 X, (0}
X, =—==—, [ —— (3)
B3 3V1-a
U PaBHO
1,15Ax + Ax?
AH . (Ax) = H,p* 1 @)
1,33 1+B*| —=+Ax?

B3



BBOI[I/ITCH KOB(l)(bI/IHI/IeHT OHPEI[CJ'IHIOH_II/Iﬁ COOTHOHICHUEC MAaKCUMAJBLHOI'O 3HAYCHHA HANPSKCHHOCTU HO nu
bymxman H,,,  [3]
L15Ax + Ax?

A[{max_ 2
= 7 =P

0

k(Ax,B) )

1,33| 1+p° L+Ax2
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Pacuer ymncieHHBIX 3HaYeHUH (QYHKIHU k(Ax,B) WUTIOCTPUPYET TO, YTO JAa)Ke MpPU JBYKPATHOM H3MEHEHUU

Ax, TIpu MaKCUMalbHBIX 3HaUeHMSX [ HampsbkeHHOcTh AH | He mpeBbimaer 0,3-1,5 A/M, B To Bpems, korga H

X

cocrapiser 10—50 A/M, a k=3-107. YMeHblICHHE BEIMYMHBI [ XapaKTEpHO IS MATHUTHBIX MONei paccesHus

nedekToB ¢ packpbitHeM 0,5 —1MM, IS MOAMOBEPXHOCTHEIX A(EKTOB, a TaK ke mpH Ax < 5-107 . B atom ciydae
k<0,01 wu BBIXOOHOH cHTHaT (EPPO3OHIOBOIO HM3IMEPUTEIBHOIO TMPEOOpa3oBaTEeIsl COM3MEPUM C YPOBHEM
AJIEKTPOMarHUTHBIX omex (& < 0,01).

[NomarneHue MOMEXH MyTEM HCIIOJIb30BAHMS TPAIUCHTOMETPUYCCKON CXEMBI BKITFOUCHHs 00OMOTOK (heppo30oHIa
IIPH BBICOKOM YPOBHE IMOMEXH U €€ TpajucHTa MaTod()p(HEKTHBHO M TPeOyeT HU3KOTrO MOpPOra YyBCTBUTECIBHOCTHU
¢deppozonma 0,1-0,5 A/M, 10CTaTOYHOMN MOMEXOYCTOMYHUBOCTH YCTPOUCTBA 00pabOTKY curHaa [4].

Boree a3ddexkTuBHBIM CIOCOOOM MMOAABICHUSA TIOMEXH SBJISCTCS HCIONB30BAHHE B H3MEPUTCIHLHOM
npeoOpa3oBareiie ABYX (heppO30HIOB, ONMH M3 KOTOPBIX HMMEET BBICOKYIO UYBCTBHUTEILHOCTH K TIONIO PAacCETHUS
nedekTa, a BTOpOi 00mamaeT 0ueHb HU3KOH YYBCTBUTEIBLHOCTRIO K MO0 IEheKTa U JOCTATOYHYIO UYBCTBUTEILHOCTD K
MAarHUTHOMY TIOJIO TIOMEXHU. BBIXOmHBIE OOMOTKHM IBYX (heppO30HIOB BKIIOUYAIOTCS IO AuddepeHInaibHOi cxeMe.
®deppo30H], YYBCTBUTEIBHBIN K MOMIO JcPEKTa, B AaTbHEUIIEM HMEHYETCS H3MEPUTCIbHBIM, BTOPOH, HUMCHOIIUI
HU3KYI0 YYBCTBUTCIBHOCTh K MO0 MeheKTa U JOCTATOYHYI0 YYBCTBUTCIBHOCTH K IOJIO IOMEXH, HAa3bIBACTCS
KOMIIEHCAI[MOHHBIM.

B [3] mpenno)keH BapuHaHT MArHMTHOM CHCTEMBI H3MEPHUTEILHOrO (heppO30HIOBOr0O Ipeodpa3oBateis, B
KOTOPOI KOMIICHCAITMOHHBIN (heppo30Ha UMeeT OoJiee [UIMHHBIC CePCUHUKH, YeM U3MEPHUTEIbHBIA (Geppo30HI. DTUM
JIOCTUTAETCS TOJYYCHHUE YMCHBIIICHHOW YYBCTBUTEIBHOCTH KOMIICHCAIIMOHHOTO (heppo30HIa K MAarHUTHOMY ITOJIO
paccesnus nedekta. OJHAKO B 3HAYUTECIBLHONH MEpE UYYBCTBUTECIBHOCTH KOMITCHCAITMOHHOrO ()eppo30HAa K MO0
nedeKTa COXpaHsAeTCs, K TOMY JK€ U3-32 CYIICCTBEHHOH pasHMIBI B JUIMHAX CEPACYHUKOB OCHOBHOI'O U
KOMIICHCAIIMOHHOTO (PepPO30HIOB MOSBIIACTCS CIOKHOCTD IPH KOMIICHCAIIUH TOMEXH.

Hean padoThl

[enbro paboTHI ABJISETCA pa3paboTKa MaTeMaTHISCKOW MOJIEIIH HOBOTO METOJa KOMIICHCAITUH [TOMEXH, KOTOPBIHA
OCHOBaH Ha HMCIIOJIb30BaHUY KOMIICHCAIITMOHHOTO ()eppO30H/Ia, CEPICUHUK KOTOPOTrO MMEET KOHCTPYKIIHIO, JTHIIAIOITYIO
BO3MOYKHOCTh BOCIIPOM3BOAWTH CHTHAN jae)eKTa, U UMEET TaKyl0 K€ YyBCTBUTCIBHOCTh K IOJIIO MOMEXH, KaK M
OCHOBHOH (heppO30H]I.

Marepuai u pe3yJibTaThl UCCIIEI0BAHUIM

IIpennaraercs COBEpUIEHHO HOBBIA MPHUHIMI ~ I[OCTPOCHHS MArHUTHOW CHUCTEMBI H3MEPHUTEIHLHOTO
peoOpa3oBatelis, CyTh KOTOPOI'O WLTFOCTPUPYETCS pHcC. 2 a), 0).
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Puc. 2 MarsuTHBIe CHCTEMBI U3MEPUTEIBEHOTO (@) M KOMIIEHCAIIHOHHOTO (heppO30HI0B (6)

Kak BHIHO M3 PUCYHKOB OCHOBHOH (M3MEpPUTENbHBIN) (DePPO30H (1) UMEET IMEPEMBIUKY CEPACYHUKOB CBEPXY,
TO €CTh B MPOTHUBOIOIOKHON CTOPOHE OT Ae(eKTa, Y KOMIEHCAIMOHHOTO (Geppo3oHaa (6) mepeMbluKka CepaeYHHKOB
HaxXOJUTCS B HEMOCPEACTBEHHON ONM30CTH OT JAedeKkTa M INYHTUPYeT mone aedekra. I1o3ToMy 4yBCTBUTEILHOCTH
KOMITEHCAI[MOHHOr0 (heppo30oHAa K MO0 Ae(eKTa MPaKTUIECKH OTCYTCTBYET. B TO ke BpeMs 4YyBCTBHTEILHOCTDH
KOMIICHCAIIMOHHOTO (heppo30HIa K MO0 MarHUTHOW MOMEXH TaKas ke, Kak U Y OCHOBHOro (eppo3onma. [1ockonbky
MAarHUTHBIE CUCTEMBI ABYX (DEPPO30HIOB MACHTHUYHEI, BO3MOKHA MMOJTHAS KOMITIEHCAIIUS MArHUTHOI'O ITOJIS IIOMEXH TIPH
COXpaHCHMU CcHuTHaia naedekrta. ['eoMeTpuueckas MOJECIb MAarHUTHOW CHUCTeMBl (DEeppO30HIA C MOTY3aMKHYTHIM
CepJCYHUKOM IOKa3aHa Ha puC. 3.
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Puc. 3. 'eomeTpuueckast MoielIb MAarHUTHOH cUCTeMBbI (hePPO30HIIA C TIOTY3aMKHYTBIM CEepACUHUKOM

MarHuTHBIA CKaJSIPHBIA TOTEHIMAT, CO3/JaBaeMblii KATYIIKAaMH C TOKOM (pHC. 4), PacCUHUTBHIBACTCS ITyTEM

w
3aMEHBI BUTKOB C TOKOM — TOKOBBIM CJIOEM [5], HOBEPXHOCTHAS IUIOTHOCTh KOTOPOI'O PaBHA & = —
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Puc. 4. ['eomerpuueckas MOJelb KaTyIiek Gpeppo3oHia

MarHuTHbIM CKaJSpHBIA TOTEHIMAT OJHOW KATYIIKH ONpEAeNsieTcsi B COOTBETCTBUU CO CJIEAYIOIIUM
uHTErpayiom [6]:

S”kbkak " dy'dz
o= 1] —— y ©
R [CR G e
Jls paccMaTprBaeMoi CHCTEMBI (6) 3aIUIIETCsl TakK
5|« b a Zldxldyldzl o b Z'dx'dy'dz'
<P=<Pu+(Pb=Ejjj ) . 23_.[."." R s s
e [(x—x') +(y-y'-d) +(z-2") Jz e [(x—x') +(y-y'+d) +(z-2") Jz
I1py MHTErpUPOBAHUHU ClIeyeT YUUTHIBATh, UTO ¢, ? b,; a, ? b,, TOrma mpUMeHseTCs TEOpEMa O CpPeHEM
3, X% +\/(x—ak)2 +(y-d) +(z-¢,) x—a, +\/(x—ak)2 +(y=d) +(z+¢,)
¢=—In —In -
2n x+ak+\/(x+ak)2+(y—af)2+(z—ck)2 x+01k+\/(x+ak)2+(y—a’)2+(z+ck)2
(7
X% +\/(x—ak)2 +(y+af)2 +(z—ck)2 x—a, +\/(x—ak)2 +(y+a’)2 +(z+ck)2
—In +1In
x+a, +\/(x+ak)2 +(y+d)2 +(z—ck)2 x+a, +\/(x+ak)2 +(y+d)2 +(z+ck)2
CKaJsIpHBIA MarHUTHBIA TIOTEHIIMAN, CO3[aBaeMBbIi CII0OEM MarHUTHBIX 3apsiIoB OyaeT paBeH [7]
1 cdSp
P =4_ > (8)
g Rpg

Il G — INIOTHOCTH MPOCTOTO CJI0Sl (PUKTUBHBIX 3aPS/IOB;
P, — TouYKM NCTOYHMKA ¥ HAOIIOATEIS.



Pacuer © MPOBOJAUTCA ITYTEM YHUCJIICHHOI'O pECHICHUA UHTCTPAJIbHOI'O YPaBHCHUA (I)pe):[FOJ'H)Ma TIIEpBOIro poaa
Ao = ¢— (p§ 5 (9)

roe A=
dm R

(5 — TIOTEHIIMAJI, CO3/1aBAEMBII KaTyIIKAMH C TOKOM.
Tak xak ypaBHeHHE (9) SABISCTCA CHHTYJISAPHBIM, IPH YHCICHHOM €ro PEHICHUH HCIOIb3YeTCsS METO.

MpeaoxKeHHbIH B [8].
IToBepxHOCTH cepicuHMKa (eppo30oHIa pa3duBaeTcs Ha N HPAMOYTOJIBHBIX 3JeMEHTapHBIX Iwtomnamok (DIT)
AS;, cauraercs, 4ro Ha Kaxnod OII &= const, =1, N. B atom cnydae ypaBHeHue (9) CBOOUTCS K CHCTEME
JIUHEHHBIX YpaBHCHHUN
[4][c]=[0]-[o;] (10)

nimn

1|E 1 1
>0, ——AS, +o, [ ——dS, |=0,+0,, (11)
AS;

4 J=1 n=r
J#i ’

L=

ecnu croponsl Il Aa,, Ab]., T

Ab. )
R R

Taxum 00pa3oM, 3JIeMEHTBI MAaTPHUIIBI [A] UIMEIOT clienyronue GOpPMYJIIBI UT UX pacuera
A

(12)

Ab,
a, = Aa,Ab, pu i# j; a,=Aa, arcsh—+Ab arcsh—L- mpu i = j. (13)
! |r -7 | Aa; AD,

Tak kax cepaedHuK (eppo30HIa HMEET IOJYKPYDIIYIO IEPEMBIUKY, TO pacdeT 3JCMEHTOB MaTpuIlbl [A]

TIPOU3BOIUTCS B IIMJIMHIAPUICCKON cUcTeMe KoopAuHAT (puc. 5) [9]
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Puc. 5 reOMeTpI/I‘-IeCKaSI MOICIIb MarHUTHOHN CHCTEMBI q)epposon[a B NUJIIMHAPHUYIECKONU CUCTEME KOOpAUHAT

npui = j

Az Aa.r, o Ao, ;
e npui # j;a; = Az,arcsh AZ : +0cjrjarcshA :
i . i o7

2
'

a..
! 2 + 2 _ ) — + —
r ’j r ’j COS (X,l- (X,j z; Zj

Ilocne pemenus ypapHenus (11) ompenmensercss MarHUTHBIH ITOTEHIMAJT, CO3MABACMBI KaTyIIKaMU U

CEpICUHUKOM
(14)

AS' +0;.

J1y1st TOro YTOOBI MOTYYUTH YIPOIIEHHBIE 3aBUCUMOCTH ISl PYHKIIMU @ , B IEPBOM IPHOIVKEHUH MIPEIaraeTcs
CYUTATh TUIOTHOCTD CJIOSl MATHUTHBIX 3apsIOB PAaBHOM IUIOTHOCTH 3apsiioB Ha Toplax cepaedHuka hepposonmos [10].
BenuunHa IIIOTHOCTH IIPOCTOr'O CJIOA 3aps/I0B HA TOPLAX cepleyHuKa (heppo30HAa pacCUUThIBaeTCA 110 hopMmyrie

c:an(;,td,—l)H (15)
rne M — HOpMaibHas COCTaBJISIONIAasi HAMAarHUUEHHOCTH Ha TOpLaX ceplevHuKa (peppo3oHIa



mp
Mo = 5
m+p+1
m — IPOHHUIIAEMOCTh (POPMBI CEepJICUHHKA, paccUnuThIBaeTcs 1o ¢popmyse [11]

2 _ 2
. n(l 0,250k) 16)

4ab(ln 3’6lj

a+b
rae / — uiMHa cepacuHuKa (peppo3oHa;
[=nd+4c;
H — HanpsHKeHHOCTh MAarHUTHOTO TTOJIS.
MOo>HO HCITONIL30BATh €Ille 0oJiee MPUOIMKEHHYIO POPMYITY

M,,=o=%. (17)

Jnist mpuOIHMKeHHOT0 3HAYCHHUS MOTEHIHAIIA, CO31aBAEMOro (GeppOo30HI0M, BOCTIOIB3YeMCs (OPMYITOit

Uy .,'W.CX lnx—a+\/(x—a)2+(y—b)2 +(z—0,150)2 _lnx—at+\/(x—01)2+(y+b)2+(z—0,15(:)2

¢= 41-b 2 2 2 2 2 2 - (18)
- x+a+\/(x+a) +(y-b) +(z-0,15¢) x+a+\/(x+a) +(y+b) +(z-0,15¢)
Jlns (eppo3oHa ¢ IEpeMBIUKO BHU3Y
1, iwb x—a+\/(x—a)2+(y—d)2+(z+c)2 x—a+\/(x—a)2+(y+d)2+(z+c)2
Py =Py TPy = x| In > > = —In = = = | (19)
4me x+a+\/(x+a) +(y—d) +(z+c) x+a+\/(x+a) +(y+d) +(z+c)
Jlnsa (eppo3oH/a ¢ IepeMBIUKO BBEPXY
0. =0, + 0, = Hq;inX lnx—a+\/(x—a)2+(y—d)2+(z—c)2 +lnx—a+\/(x—a)2+(y+d)2+(z—c)2 20)

4me x+a+\/(x+a)2+(y—d)2+(z—c)2 x+0¢+\/(x+01)2+(y+al)2+(z—c)2

Pacuer MarHMTHOrO TIOTOKAa [UIA BEPTHKAJIBHO PACIIOJOXKEHHBIX CEPACYHHUKOB C IEPEMBIYKON BHHU3Y
MIPOU3BOIUTCS 110 (OPMYIIe

o, Ho M,

ot TPy ) - (21)
w

Pacuer MarHMTHOrO TIIOTOKA JJIsi BEPTHKAIBHO PACIIOJOXKEHHBIX CEPACYHMKOB C IEPEMBIUKON BBEPXY
CEpICYHUKOB

d

‘M, -a,-c
(I)u = MO ’.7 . . ((puu +(pbu ) * (22)
w
Pacrnionoxxenue (beppO3OHILOB Hazn I[e(beKTOM 1 B IPOCTPAHCTBEC IMMOKA3aHO Ha PUCYHKAX 6, 7.
zZ
]

o

a — OCHOBHOM (heppO30H/I, 6 — KOMIICHCAILIMOHHBIH (heppO30HT
Puc. 6. Pacnionoxenue ¢peppo3oHIoB HaJ edexTom

Jns pacuera HANPSDKCHHOCTH MArHHUTHOTO IOMSI B CEpACYHHKAX (eppO30HAa MpEAaraercs Clemyromias
dbopmyna:



M

n

—— " x
Y Anea-l

le ‘]l lnx—a+\/(x—a)2+(yo+b,)—af)2+(zo—cmh)2 _lnx—a+\/(x—a)2+(yo—bo—d) mh . 23)

“2c, -4, x+a+\/(x+a)2+(y0+bl)—af)z+(zo—cmh)2 x+a+\/(x+a)2+(yo—bo—d)2+(zo—cmh)

x—a+\/(x—a)2+(ya +b, +d)2+(zl)—cmh)2 x—a+\/(x—a)2+(yo -b, +d)2+(zl) —cmh)2

+1In —In dxdz.
x+a+\/(x+a)2 +(v, +b, +d)2 +(z, —cmh)2 x+a+\/(x+a)2 +(v,—b, +d)2 +(z, —cmh)2
z

+c f\ ¥

Y

- B 2d |
< - - 0,y,,-c,-h
(&1)/ .
27

Puc. 7. Pa3memenne pepposonia ¢ U-00pa3HBIM CEpASUHIKOM B IIPOCTPAHCTBE

B 1epBoM NIpHONIKEHHH PACUET MOXKHO MPOM3BECTHU, HCHIONB3YA CIELYIOILYIO 3aBHCHMOCTb:
Myae, | mat\@ +(n,-b-d) +(emh)  —arya’ +(y,+b —d)' +(cmn)’
a-l a+\/a2+(yo—bo—d)2+(cmh)2 a+\/a2+(yl)+bl)—a!)2+(cmh)2

u,d

24)

T —a+\/a2 +(v, —b, +d) +(cmh)’ i —a+\/a2+(ya +b,+d)’ +(cmh)’ e
a+\/a2+(yo -b, +d)2+(cmh)2 a+\/a2+(yo +b0+al)2+(cmh)2

3HaK MHHYC COOTBETCTBYET (hePPO3OHIY C IIEPEMBIUYKON BBEPXY, 3HAK ILTIOC — C IEPEMBIYKOI BHU3Y.

BriBox

IIpennoxkeHa ¥ TEOPETUYECKHM OOOCHOBAaHA MarHMTHas cHCTeMa (DEPPO3OHIOBOTO  HM3MEPUTEIHHOIO
peoOpa3oBaTess, COCTOAIIas U3 ABYX (eppo30HI0B ¢ U-00pa3sHbIMM MarHUTHBIMH CEPACUYHUKAMH, OJUH M3 KOTOPBIX
SIBJISIETCS. OCHOBHBIM, a BTOPOI — KOMITEHCAIMOHHBIM. KoMITeHCaIl[MOHHBIH (heppo30H] UIMEET OAUHAKOBYIO C OCHOBHBIM
KOH(UrypaIumio cepJeuHrKa, YTO 00CCIICUNBACT ITOYTH MOJHYI0 KOMIICHCAIIMIO MATHUTHOTO TIOJIST TOMEXH.

Pa3paboranHas MaTeMaTHdeckash MoOJAeab (POPMHpPOBAHHS MArHUTHOTO IOJS B CepAeYHUKax (Heppo30HJIOB,
HHIYLUPOBAHHOTO Ae(PEKTOM JaeT BO3MOKHOCTEL ITOIYYHUTH aHAIMTHYECKHE 3aBHCHMOCTH IS pacyeTa MarHUTHOIO
MMOTOKA U HANPSHKCHHOCTH MarHUTHOTO TOJS B CepICYHUKAX (eppO30HIa Pa3IMIHON IreOMETPUICCKON KOH(DUTYpaluu
OT Pa3IMYHBIX Pa3MepoB aedeKTa.
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VY crarTi NponoHyeThes: aOCONIOTHO HOBMI NMPUHIMI IOOYIOBM MAarHiTHOI CHUCTeMH (hEpO30OHIOBOTO JAaTUMKa, IO CKIANAEThC 3
nBox U-momiGHuX ocepiiB, IO JO3BOJIAIOTH NPAKTUYHO ITOBHICTIO KOMIICHCYBAaTH MAarHiTHI IOJNS IEPEHIKOA Ipu 30epexeHHi
curHany nedexry. PospobneHa MaremaTHdyHa MOJENb Jla€ MOXJIMBICTH OTPUMATH aHANITHYHI 3aJIeKHOCTI Ui PO3PAXyHKY
MAarHiTHOro HOTOKY, 1HAYKOBAaHOTrO Ie()eKTOM 1 HErJaJKOK KOHTPOJIBOBAHOKI IOBEPXHEI0, 1 HAINPYKEHOCTI MAarHiTHOro mnonus B
ocepasix (PepO30HI0BOr0 JATUUKA.
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The paper proposes a completely new principle of magnetic ferroprobe sensor system consisting of two U-shaped cores, allowing
almost completely offset the magnetic field interference while maintaining signal defect. The developed mathematical model makes
it possible to obtain analytical dependence for the calculation of the magnetic flux induced defect and rough test surface, and the
magnetic field in the core ferroprobe sensor.
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Bezkorovaynyy V. S.

DEVELOPMENT OF MATHEMATICAL MODELS NOISEPROOF U-SHAPED
FERROPROBE DEFECTS, SUCH AS "CRACKS"

The paper proposes a completely new principle of magnetic ferroprobe sensor system consisting of two U-
shaped cores, allowing almost completely offset the magnetic field interference while maintaining signal
defect. The developed mathematical model makes it possible to obtain analytical dependence for the
calculation of the magnetic flux induced defect and rough test surface, and the magnetic field in the core
ferroprobe sensor.

Keywords: ferroprobe, magnetic system, the core defect, noise immunity.

Introduction

Of all the types of interference that affect the ferroprobe during defect detection discontinuity ferromagnetic part,
the most significant is the interference caused by nonsmoothness test surface (steps, hollow chamfer, edge details,
magnetized area, etc.). Weaken the effect of the noise switch on half-cell ferroprobe scheme gradiometer [1,2].
Tensions stray fields such interference is many times the intensity of the stray field defects and have a considerable
gradient. Application of the method include the gradiometer ferroprobe half-cell does not always guarantee effective
suppression of interference. Therefore, methods of compensating for this kind of noise by introducing a magnetic sensor
system flaw additional ferroprobe with extended core are being developed [3], but this method does not provide a
complete elimination of interference.

Analysis of previous studies

Ferroprobes-gradiometer horizontally located above the defect and measures the tangential component of the
field defect (Fig. 1).

| Hx

L,
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Fig. 1. Ferroprobes-gradiometer measuring field defect

The horizontal component of the magnetic stray field of the defect in the first approximation function is
approximated

H
H(x)=—22—, 1
( ) 1+[32x2 ( )
where H, —maximum field strength.
Dependence of the measured field strength from the ferroprobe x and Ax has the form
2
A (x,A%) = H, (x) ~ H, (x) = HP? S22 @

Hp .
(1+p%? )(1 +B (x+ sz))
The maximum value of the dependence (2) has at x = x,,, located from the condition dH dx =0

1 X, (0}

X, =——==—,—— 3)
B3 3V1-a
and is equal to
L15Ax + Ax?

1))
1,33[1+B [[3\/§+Ax B

We introduce the coefficient determines the ratio of the maximum voltage H, function and H__, [3]

_AH, _p 1,15Ax + Ax?

: (5)
Ho 1,33 1+[32(1+Ax2J
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AH, (Ax)=Hp’
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The calculation of the numerical values of the function k(Ax, B) illustrates that even with the double dimension

Ax, at maximum [ tension AH_,_ less than 0,3-1,5 A/m, whereas when H, is 10—50 A/m, but k=3-10".
Decrease in B characteristic of the magnetic stray fields of defects with the disclosure 0,5—1 mm, for subsurface

defects, as well as Ax <5-107 . In this case k < 0,01 and the output of the ferroprobe transducer is commensurate with
the level of electromagnetic interference (£ < 0,01).

Suppression of interference by using gradient metric circuit-breaker ferroprobe high level of noise and its
gradient is inefficient and requires a low threshold of sensitivity ferroprobe 0,1-0,5 A/M, immunity sufficient signal
processing device [4].

A more efficient method is to use interference suppression in the transmitter ferroprobes two, one of which has a
high sensitivity to scattering field defect, while the second has a very low sensitivity to the field defect and a sufficient
sensitivity to the magnetic field interference. Output windings of two ferroprobes included a differential circuit.
Ferroprobes sensitive field defects, hereinafter referred to as measuring, the second having a low sensitivity to the field
defect and a sufficient sensitivity to the interference field, is called compensation.

In [3] proposed a variant of the magnetic ferroprobe transducers measuring system in which the compensation
ferroprobe has a core length than measuring ferroprobe. This is achieved by obtaining a reduced sensitivity of the
compensation ferroprobe to the magnetic field scattering defect. However, much of the flux gate sensitivity of the
compensation to the field defect is saved to the same due to a significant difference in the length of the core of the basic
and compensating ferroprobes appears difficulty in compensation interference.

The aim of the work

The aim is to develop a mathematical model of a new method of compensating interference, which is based on
the use of compensatory ferroprobe, the core of which has a structure makes it impossible to reproduce the defect
signal, and has the same sensitivity to field interference as the main ferroprobe.

Material and research results

Offers a completely new principle of the magnetic system of the transmitter, the essence of which is illustrated in

Fig.2 a), 0). m _ _
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Fig. 2 Magnetic measurement system (a) and compensatory ferroprobes (b)

As can be seen from the figures the main (measuring) ferroprobe (a) has a jumper from the top of cores, that is
on the opposite side from a defect in compensatory ferroprobe (b) cores jumper is in the vicinity of the defect and shunt
field defect. Therefore, the sensitivity of the compensation ferroprobe to the field defect is virtually nonexistent. At the
same time, compensating the ferroprobe sensitivity to magnetic field interference is the same as that of the main
ferroprobe. Since the magnetic system of two identical ferroprobes possible full payment of the magnetic field
interference while maintaining signal defect. The geometric model of the magnetic ferroprobe system with a semi-core
is shown in Fig. 3.
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Fig. 3. Geometrical model of the magnetic flux gate system with a semi closed core

The magnetic scalar potential created by the coil with a current (Fig. 4), is calculated by replacing the coils with

a current - current sheet [5], which is equal to the surface density & = o
Ck
z |
s
o cy . —a | 2d <
s
<
A s &
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Fig. 4. The geometrical model coils ferroprobe

The magnetic scalar potential of one coil is defined by the following integral [6]:

=—T I]ﬁ T Z'dx'dy'dz’ . 6)

3

% [(x—x')2 +(y—y')2 +(z—z')2 }5

For the system (6) can be written as

o boa IR ¢ b o I
0=9,+9, =2 jjj Z'dx'dy'dz _j J~J~ Z'dx'dy'dz :

| e [(x—x')2 +(y-y'-d) +(z—z')2f e [(x—x')2 +(y-y+d) +(z—z')2JE

In the integration should take into account that ¢, ? b,; a, ? b,, when applying the mean value theorem

Si lnx_ak+\/(x_“k)2+(y—d)2+(z—ck)2 _lnx—ak+\/(x—ak)2 (y— d)2 (z+ck)2

(p =
2n x+ak+\/(x+ak)2+(y—af)2+(z—ck)2 x+ak+\/(x+ak)2 +(y- ) (z+ck) -
7
i E% +\/(x—ak Y +(y+d) +(z—¢,) o % +\/(x—ak) +(y+d) +(z+¢.)
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Scalar magnetic potential generated by a layer of magnetic charges will be equal to [7]
1 cdSp
o=—[—", (8)
dns Ry
where o — the density of a single layer of fictitious charges;
P,Q —point source and the observer.
Calculation o carried out by the numerical solution of a Fredholm integral equation of the first kind
Ao = ¢— (pb‘ 5 (9)
where 4 =
dng Ry,

Q5 — potentlal generated by the coils with current.
Since the equation (9) is singular, the numerical method is used its decision proposed in [8].
Surface of the core ferroprobe is divided into N rectangular elementary areas (EA) AS , it is believed that each

EA 6=const, j= 1N . In this case, equation (9) reduces to a system of linear equations

[4][c]=[0]-[0;] (10)
or
i N ——AS +o, j—dS =@, + Qg (11)

1
V=7 -7,
= | =7




if the parties EA Aa,,Ab,, then

j —dS - jdaj _dn=Aa, 80 4 ab aresh 24 (12)
| \/EJ +1M ’ Aa; ' Ab
Thus, the elements of the matrlx [A] are the following formulas are
1 a.
alj=| |AaAb ati#j; a,=Aaarcs v Loati=j. (13)
v.—r.

J J

Since the core has a semicircular ferroprobe jumper, the calculation of elements of the matrix [A] is produced in
a cylindrical coordinate system (Fig. 5) [9].
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Fig. 5. The geometric model of the magnetic flux gate system in a cylindrical coordinate system
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After the decision equation (11) determines the magnetic potential generated by the coil and the core

In order to get simplified according to the functlon, in the first approximation is proposed that the density of the
layer of magnetic charges equal to the charge density at the ends of the core ferroprobes [10]. The density of a simple
layer of charges at the ends of the core is calculated by the formula ferroprobe

AS' + @ (14)

where M, —the normal component of the magnetization at the ends of the core ferroprobe;
mu
Mo = >
m+p+1

m — core shape permeability is calculated by the formula [11]
n(*-0,25¢;)

m=————= (16)
4a b(ln 3,61 j
a+b
where / — core length ferroprobe;
| =nd+4c;
H — magnetic field strength.
Can be used more approximate formula
M, =o=%. (17)
For an approximate value of the potential created by ferroprobe, use the formula
2 2 2 2 2 2
gw- x—a+/(x—a) +(y->b) +(z-0,15¢ x—a+i/(x—a) +(y+b) +(z—-0,15¢
ptcivee | xmatf(ema) b (0ase) | e (v Hh) +(G01se) |

4n-b x+a+\/(x+a)2+(y—b)2+(z—0,150)2 x+0¢+\/(x+0t)2+(y+b)2+(z—0,156)2
For ferroprobe with a jumper at the bottom

X lnx_a+\/(x_a)z+(y_d)z+(Z+c)2_lnx_a+\/(x—a)2+(y+d)2+(Z+c)z oo
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For ferroprobe with a jumper from the top
v (- Hod) oo | wmarama) prd) o) |

Woiwb
(pu = (pau + (\Dbu = 4 X ln 5 P P 5 P P
ne x+a+\/(x+a) +(y—d) +(z-c) x+a+\/(x+a) +(y+d) +(z-c¢)
The calculation of the magnetic flux for the vertically arranged cores with a bridge at the bottom by the formula
YoM, -a,-c
®d=$((pad+(pbd)' (21)
The calculation of the magnetic flux for the vertically arranged cores with a jumper from the top of cores
WM, -a,-c
(I)u = %((pau + (pbu ) * (22)

Location ferroprobes over the defect in the space shown in Fig. 6, 7.
zZ

a - the main flux gate, b - compensation flux gate
Fig. 6. Location of defect ferroprobes

For the calculation of the magnetic field in the core ferroprobe propose the following formula:
Ml7
ud = X
T 4n-a-l
9 x—a+\/(x—a)2+(yo+b,)—d)2+(zl)—cmh)2

x[ [|m
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x—a+\/(x—a)2+(yl)+bl)+a!)2+(zl)—cmh)2 | x—a+\/(x—a)2+(yo—bl)+d)2+(zo—cmh)2 Jed
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Fig. 7. Placement of the flux gate with a U-shaped core in space

As a first approximation calculation can be performed using the following relationship:



ln—a+\/a2 +(yl)—bl)—d)2+(cmh)2 _ln—a+\/a2+(ya+ba—d)2+(cmh)2 ~

— Mn .az) 'cz) x
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24)

T —a+\/a2 +(v, —b, +d) +(cmh)’ i —a+\/a2+(ya +b,+d)’ +(cmh)’ e
a+\/a2+(yo -b, +d)2+(cmh)2 a+\/a2+(yo +b0+al)2+(cmh)2

The minus sign corresponds to the flux gate with a jumper at the top, a plus sign - with a bridge at the bottom.

Conclusion

Proposed and theoretically justified fluxgate magnetic system transmitter consisting of two ferroprobe with a
U-shaped magnetic cores, one of which is the principal, and the second - compensation. Compensation ferroprobe has
the same configuration with the main core that provides almost full compensation of the magnetic field interference.

The mathematical model of the magnetic field in the core of a ferroprobe induced defect makes it possible to
obtain analytical dependence for calculation of magnetic flux and magnetic field in the core ferroprobe different
geometrical configurations of the different sizes of the defect.
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