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AHHoOTaums. [IpedoixceH aHaaumu4eckuii Memod npsmozo paciema 8ekK-
mopa MazHUMHOU UHOYKYUU CMAayuoOHApPHbIX U K8A3UCMAYUOHAPHBIX NoJEell, CO3-
dasaembvlx MOKOHECYWUMU NPOBOOHUKAMU NPOU3BO/IbHOU KpUBOJAUHEUHOU 2eo-
Mempuu. Memod ocHO8aH Ha npsAMolU napamempu3ayuu Nymu moka 8eKmop-
¢dyHkyuell u nocaedosamesbHOM npumeHeHuu 3akoHa buo - Casapa - Jlanaaca,
Umo no3eoJisiem NnoJly4ums 3aMKHymule aHAAUMuU4ecKue 8blpaxceHusl 011 Maa-
HUMHO20 no/sl 8 J60lU mouke uccaedyemozo npocmparvcmsa. Kiawouesvbim
npeumywecmseom pa3pabomaHHo20 n00x00d s68./151emcsl e20 8bICOKASl MOYHOCMb 8
30HAaX, c80600HbLIX OM PEPPOMASHUMHbBIX MAMEpPUaA08, 20e 8AUsIHUE NOCAEJHUX
MONHCHO CHUMAMb NPEHEOPEHCUMO MAbIM, A MAKHCE 8 30HAX, YOA/1eHHbIX OM Npo-
800HUKA HA pacCMOsIHUE, 3HAYUME/IbHO NPesbluanujee e2o nonepevHoe ce4eHue.
Jas demoncmpayuu agpdpekmusHocmu npedaoiceHHo20 memoda nposedeH pac-
uem Ma2HUMHO20 N0l 041 3a0aHHO20 NPOBOOHUKA CO CAOHCHOU NpocmpaHcm-
8eHHOU KoHguzypayuell, 06mekaemo2o0 NOCMOSIHHbIM MOKOM. [lo/1lyyeHHble aHa-
JumuyecKue pes3y/1bmambusl NPpowIu 8epudukayuro nymem cpagHeHusi ¢ aHHbIMU
YUC/NIEHH020 MO00eAUPO8AHUS 8 CNeYUuaAUuU3uUpPO8AHHOM NPOSPAMMHOM KOMNAEKCE
CST Studio dsas pewenusi 3aday mazHumocmamuku. IlokasaHo coomeemcmaue
pe3y/s1bmamos, 4mo nodmeepicdaem KOPPEeKMHOCMb B8bl8edeHHbIX (HOopMya U
NpaKkmMuyeckyr NpuMeHuUMocms mMemoda 0451 UHHCEHEePHO20 aHA/Au3d MAazHUm-
HbIX NoJell CI0HCHBbIX KOHMYPO8 8 HeheppOMAZHUMHbIX Cpedax.

KiroueBblie c/10Ba: 8eKmopHoe ypasHeHue Kpueol, KpUuBoAUHElHbIU npo-
800HUK, K8A3UCMAYUOHAPHOe noJe, MazHumHas uHdykyusi, 3akoH buo - Casapa -
Jlansaaca, komnvlomepHoe modeauposaHue, CST Studio
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Annotation. An analytical method is proposed for the direct calculation of
the magnetic induction vector of stationary and quasi-stationary fields generated
by current-carrying conductors of arbitrary curved geometry. The method is based
on the direct parameterization of the current path by a vector function and the se-
quential application of the Biot-Savard-Laplace law, which makes it possible to ob-
tain closed analytical expressions for the magnetic field at any point in the studied
space. The key advantage of the developed approach is its high accuracy in areas
free of ferromagnetic materials, where the influence of the latter can be considered
negligible, as well as in areas far from the conductor at a distance significantly ex-
ceeding its cross-section. To demonstrate the effectiveness of the proposed method,
the magnetic field was calculated for a given conductor with a complex spatial
configuration, streamlined by direct current. The obtained analytical results were
verified by comparing them with numerical simulation data in the specialized CST
Studio software package for solving magnetostatics problems. The correspondence
of the results is shown, which confirms the correctness of the derived formulas and
the practical applicability of the method for the engineering analysis of magnetic
fields of complex contours in non-ferromagnetic media.

Keywords: vector equation of a curve, curved conductor, quasi-stationary
field, magnetic induction, Biot - Savard - Laplace law, computer modeling, CST
Studio

OTpICKaHMe 3HAaY€HUs BEKTOpPA MAarHMUTHOW HWHAYKIIMU B ONpe/leJIeHHOU
006J1aCTH NMPOCTPAHCTBA KaK BEKTOPHOIO MOJISA MO3BOJISIET OCYIIeCTBJISATh KOH-
TPOJIb YPOBHSI MO0JiSl, OlleHUBAaTh 3OPEKTUBHOCThL NMPHUMEHEHHUS 3KPAHOB IO
3HAaYEeHUSM MOJyJIEd HANPSHKEHHOCTU MAarHUTHOTO MOJiA Nepej 3KpaHoM Ho u
3a HUM H; BMecTe C MaTepUa/ibHbIM YpaBHEHHUEM [Jis U30TONHOU Cpejbl
B = 4, H [1, 2], 3aaHMEM IPaHUYHBIX YCIOBHIL Auist 9kpaHa Hi =Ho [1], sasib-
HeWIIUM pacuyeToM Ko3adpouuueHTa 3aryxanus ag =20Ig(H,/H,) [2], yTo ak-
TyaJIbHO B 33/layaxX 3JIEKTPOMAarHUTHOM COBMECTUMOCTH 3JY € MMEIILMMUCS
NPOBOJAHUKAMU pa3iniyHoOrd popmbl [3]. U3BecTHBIE NOAX0/bI MO3BOJISIOT MPO-
THO3UPOBATh M3MEHEHHE COCTABJISIIOUIMX 3JI€KTPOMAarHUTHOrO MOJISI B Pajuo-
4aCTOTHOM JiManasoHe [4, 5], He M0O3BOJIsAsI OLlEHUBATh OCTOSTHHOE MarHUTHOE
1oJie OT KPUBOJIMHENHBIX TPOBOIHUKOB.

OnucaHve MeToJa. BeKTop MarHUTHOM UHAYKLMU NpeaJaraeTcs omnpe-
JleJISITb B COOTBETCTBUU C 3aKOHOM buo - CaBapa - JlanJiaca NpuMeHUTENBHO K
napamMeTpPUYeCKH 3a/laHHOMY KPHUBOJIMHEMHOMY NpPOBOAHUKY [3, 6]. Hauaso
BEKTOpa, 3a/1al0llero KpHByfoy:;/(t) :(yx t),7,®,7, (t)), 3adMKCUPOBAHO B HayaJe
3aJlaHHOM CHUCTeMbl KoopAUHAT [7], t - mapamMeTp, 3aJlal0lMi KpUBYIO Y. 3aJa-
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JIUM TOK B IPOBOJIHUKE — [, KOTOPbI MOXET ObITh MOCTOSIHHBIM UJIU U3MEHSTh-
CA BO BPEMEHU JAOCTAaTOYHO MeJJIEHHO, AJ1 COOJI0AeHUA YCJIOBUMA KBA3UCTa-
IJMOHAPHOCTH MOJISI: XapaKTepHOe BpeMs U3MeHeHUs noJist T, yMHOKeHHOe Ha
CKOPOCTb pacnpoCTpPaHeHUs MOoJII MHOTO 060Jiblle JUHEWHBIX pa3MepoOB CUCTe-
Mbl: | <<CT; ycioBue ol >>¢&g, KOTOpoe caeyeT U3 MaJoCTU MOAYJISl TOKa CMe-
IleHHW 110 CPAaBHEHMIO C MOJIyJIEM TOKA MPOBOAMMOCTH [2, 8].

13 popmbl 3anucu 3akoHa buo - CaBapa - Jlansiaca [1] MmasioMy 3/ieMEHTY
KpuBoit dL=dy, 3aaHHON BeKTOp-QYHKIHeH »(t), MOXKHO CONOCTaBUTb AUG-

depeHuan BeKTop-OYHKIUH d(y(t)) = (y(t))'dt, 4yTo 6yAeT BepHO, Korja PpyHK-
uuu y,(t),7,(t),7,(t) HempepbiBHO AU PepeHuupyemsl [7]:

d(()) = (d (7,40, (}),d (. ©) = (aclt, ot i) (1)

BeKTop, yKasblBaKOIH U3 MaJoro 3jeMeHTa NPOBOAHHKA B pacCMaTpH-
BaeMy1o TouKy T, /sl 11060i TOYKHM Ha KPUBOI MOKeT ObITh Npe/CTaB/IeH BeK-
TOPOM M3 Haya/ia 3jleMeHTa dy K Hada/ly 3aJaHHO# CHCTeMbl KOOpJUHAT, CJIO-
’KeHHBIM C BEKTOPOM M3 Hayasa KOOpAMHAT B ToukKy T. BekTop R B 3amucu 3a-
KOHA MOYKHO 3aMeHMTh Ha T —(t), TOT/a BhIpa>keHHe npuMeT Buf, [1, 2]

4 = Al AExR _ p) dG@)x (T —y(t) )
. R A T0F

[Ipennaraercs paccMOTpeTh Y4aCTOK KPHUBOM, COOTBETCTBYHOUIUN HU3Me-
HEHUI0 napameTpa t oT to A0 ts. [Ipu onpesesieH BEKTOPHOTO NMPOU3BEAEHUSA
M MOJyJisi BEKTOpa B 3HaMeHaTeJsie u3 GopMyJibl (2) MOKHO MOJYYUTh COCTaB-
JIA0IKeE BJOJb OCed KOOPJAMHAT BEKTOpa MarHUTHOM MHAyKuuu dB,,dB,,dB, B
Touke T. Boipaxkenus (3), (4) nosiyueHbl Ha OCHOBaHUU GOPMYJI paClIUCbIBaHHUS
KOOpAUHAT BEKTopa 'f—;/(t):

T—y®= (% 70,z -7,0),z -7.®), (3)
T30 (00 =P+ 0r =1, O+ @~ 7 - (4)

B nmpejcTaB/ieHHOM BbIpaXKeHUH 3HaYeHHUs ¥, (t),,(t),7,(t) ABag0TCA KOM-

MOHEHTAMH BeKTOpP-QYHKIUU KPUBOH, X;,Y;,Z, — KOOpAUHATAMHU TOUYKHU T. [lsisi

ydyeTa BKJaZ0B BeKTopa B B Touke T OT BCero napaMeTpU30BaHHOTO y4yacTKa
KPUBOW MPOCYMMHUpPYEM KaXKJyl0 KOMIIOHEHTY B INpejie/lax MU3MeHeHUs Mapa-
MeTpa KpUBOU (OT typ 0 tn) U reOMEeTPUUYECKH CJA0KUM BKJIA/[bl TOJISI IO OCAM
KOOpAMHAT B paccMaTpuBaeMou Touke. [losydum BbipakeHus (5) AJis1 KoMIo-
HEHT M0Jis B COOTBETCTBUU C dopMyaamMu (2)—(4). Pe3ysbTupyroiui BEKTOp B
Touke T OyAeT HaxOAWUTbCA MO MPUHLMIY CyNEePNO3UIIMM MAarHUTHBIX MOJIEU
BEKTOPHOU cyMmMoii By, By, Bz[1, 9].
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t

g _ M 7y(Zr =y, ) =7, (yr —7, 1)) q
CAar o - O+ O -7, 02+ G -7 OF
B _ A | 7 =7 0) =72 (2 =7, (1)) ot (5)
CA (o -7 OF O~ OF + (2 -7 OF )
ol 705 — 7, ) =74 % —7,(0)
CAr o - OF + (0 -7, OF + G -7 OF )

t

dt

Pe3ysibTaThl MogeaupoBaHMs. /[y npoBepku ¢opMys Gbla CO3/aHA
Mojesib B nporpaMMHoM nakeTe CST Studio Suite [10]. B kauecTBe 06beKkTa Mo-
JleJITMPOBAHUS UCI0JIb30BaJICS 3aMKHYTBIM NMPOBOJHUK, ONMKUChIBAEMbIN BEKTOP-
HbIMHU ypaBHEHUSIMHU c U3MeHeHHeM napameTpa t e[0;27]:

;/(t):(Cos(4t),2cos(t),23in(t)), KpHUBas MOKa3aHa Ha pUCYHKax 1-3 ¢ yka3zaHHEM
3HAaYeHUU NO0JIS B TOUYKAX C Pa3JIMYHbIM PACHOJIOXKEHUEM. B 3aMKHYTHIN KOHTYP
ObLJ BBE/IEH MOCTOSIHHBIN TOK cusior 50 A npu nomouu ¢pyHkuu Current Paths
[11]. B CST Studio [10] 6bl1M ycTaHOBJIEHBI €IMHUIbI U3MepeHUs M, ['l, °C, c.
Pe3ysibTaThl NpOrpaMMHOr0 pacieTa MarHUTOCTaTUKU COOTHOCHJIMCh C pacye-
TaMu 1o ¢popmysam (5). Jsig yno6cTBa 3anvcu GopMyJi, CoAepkKalUX Onpese-
JIEHHbIM MHTErpaJi, OblJ UCNO0Jb30BaH KajabKyaATop Desmos. PacueTsl npoBo-
aunuck B moayJie Low Frequency (CST EM Studio) [10, 11] ¢ ucnosib3oBaHUEM
M-Static Solver c onpenenenneM 3HadyeHH# B 10 ToOUKax B HECKOJIbKHX IJIOCKO-
cTax. /1 Toyek, NpuBeJIEHHbIX JJisl IPUMepPa, B IporpaMMe Uu3Mepsijics MOAYJIb
BeKkTOpa B c nmomouibio ¢yHkuuu Field at Cursor (3HaueHue Value). CooTBeTCT-
ByIOlllee 3HAaYEeHUE MOJYJis ObLJIO TaKKe PaCCYUTAHO MO aHAJIUTUYECKUM POop-
MysaM (5). BeIfiBJIeHHBbIe pa3/M4MsA 3HAYeHUH MOJyJsA BEeKTopa B COCTaBMJIM
1,2-6 %. [lorpeltHOCTb MOKET OBITh 00YCJIOBJIE€HA pa3bueHHeM NPOCTPAHCT-
BEHHOU CeTKU U3 TeTpasApoB Ha 2000 sg4yeek. Boixo/Hble JaHHble — 3HAYEHUA
MoOJyJiel BeKTopa B B paccMaTpuBaeMbIX TOYKax (cM. puc. 1-3).

w=30-10-7 "2" —2 sin(z) - (1—2 sin(2)) =2 cos(t) (p—2-cos(t)) ar

’ Jo (({g—con(2)) = (-2 cos()) = (1—2 () )°
foint s =
R REE ) = 83350837101 % 107"
“::::::i‘k\ ,,;;;;;”' 8.3350837191 x 10
N s o
:\\::'\\;;§ ;;;;;;;;,, “:50_10_7.[-.% 2 cos() (g con(d) =4 sn(s) (12 sn(e)
2:1\“5\5\ iff«f«fdiiiz b (V{o—eos30) = (r—2 cox(d) = (i—2-sal)
::::\o\o\\‘\\:\\ g ;;2;;:’::jj;: ~ 0.00000207198887464
T IR YL v 2
MBUELE S A .x:::j_,w"",,. I ’— 4 sin(4) (p=2 cosld)) <2 sinle) (- cos(s)
T » - = =1-
OB it 0 (Vo) = (2 cos()) = (12 5n()”
3 = 0.00000103493775523
q= 2
p=2405
1=1.557
Vil = =w? 100
= 2.46152804158
a 6

PucyHok 1 - Pe3ysibmamul Modeaupo8aHusi MAZHUMHO20 NOJS:
a - u pacvema eekmopa MazHUMHoU uHAykyuu; 6 — no gpopmyaam (5)
doas mouku T1 (2;2,405;1,557)
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PucyHok 2 - Pe3ysibmamul Modeaupo8aHusi MA2HUMHO20 NOJS:
a - u paciema eekmopa MazHUMHoU uHAyKyuu; 6 — no ggopmyaam (5)
das mouku T2 (0, -1,82; 0,019)
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PucyHok 3 — Pe3ysibmamul MOO0eAUpo8aHUS MAZHUMHO20 NOJIS:
a - u paciema eekmopa MazHuUmMHou uHAykyuu; 6 — no ggpopmyaam (5)
d0as mouku T3 (-2; -0,366; -1,573)

3aksroyeHue. TakuM o006pa3oM, Npesi0KeHHbIe BbIpaKeHHsI TO3BOJISIIOT
NpPOBOJMTHL pacyeT B TOYKAX, He Momajawiiyux B obJsiactb pacdyeta B CST
(B8 Bounding Box) [10], yckopUTb npo1ecc OLleHKM MarHMTHOTO MO0JIsl, yM€eHb-
IIUTh TPeO60OBATEJIbHOCTb K BBIUUCAUTENBbHBIM pecypcaM [I9BM. MeToa pacueTa
MarHMTHOTO NoJifl o 3akoHy bro - CaBapa - Jlansiaca npuMeHsIeTCS K IJ1aIKOX
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napaMeTPU30BAaHHOM KPHUBOM, OTXOZs OT €ro NpUMeHeHHs K pacueTy MoJs
reoMeTprUYeCKUX IPUMUTHUBOB (IPSIMbIX, OKPY>KHOCTeH ). MeTo pu fopaboTKe
NO3BOJIUT YYUThIBATh CEUEHHE MPOBOJHUKA U HaiMuUe U3oasauuu. Kpome sTo-
ro B ypaBHeHHU: (5) MOXXHO BBOJAUTH TOK, 3aBUCALUNA OT BpeMeHHU 60Jiee CI0K-
HbIM 00pa3oM, 4yeM npeaycMoTpeHHble 3aBucuMocTy B CST Studio [11]. OgHako
dbopMa npejicTaByieHrs pe3yJbTaTOB B UMCJI0BOM BU/e 1o ¢popmyJam (5) oTu-
YyaeTcsl MeHblled HarJsJHOCTbIO 10 CPAaBHEHHUIO C KOMIIbIOTEPHBIMH MOJe/ISIMU
B BUJie BEKTOpHOTO noJisA, popmupyeMbiMu B CST [11]. [IpeasioxkeHHbIA METO/,
JIOTIOJIHSAS CYLEeCTBYIOLIME METOAUKU pacyeTa MarHUTHBIX MOJied, obecneyn-
BaeT 60J/iee BbICOKYIO BbIUMCJIUMOCTb MOJEJUPOBAHHUS MepeMeHHbIX MarHUT-
HbIX MO0JIEH, CO3/JaBaeMbIX HU3KOYACTOTHBIMU TOKAaMH B OTCYTCTBHUE BHEIIHUX
BO3/EUCTBUH, UTO MO3BOJIIET YJAYUIIUTh NPOTHO3UPOBAHUE PEKUMOB PabOThI
3JIEKTPOYCTAaHOBOK M, CJe[0BaTeJbHO, MOBBICUTh 6€30MaCHOCTh 3JI€KTpoMar-
HUTHOW 0O6CTaHOBKHU BOJIN3U 3JIEKTPOOOOPY0BAHUS.
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