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the analysis of magnetic fields in nonlinear media

Pedepar:

1. O6’eKTOM [IOCTII>KEHHS! € NIPOLECU Y MarHiTHUX CUCTEMaXx 3 HeJIiHIMHUMU pepoOMarHiTHUMU ejleMeHTaMu. MeToio
POOOTH € yIOCKOHAJIEHHSI METOMY iHTerpajlbHUAX PiBHSHD [J151 PO3PAaxyHKy HEOJHOPIJHNAX MarHiTHUX MOJIB y
HEJIIHIHUX CEPENOBUIIAX B HATIPSAMI 3MEHIIEHH KUJILKOCTI CKJIaZlOBUX V AApax IHTErpaJIbHUX PiBHAHD, AKi MiCTATb
(dYHKIiIO rpaiieHTy Bif MarHiTHOI IPOHUKHOCTI, Ta IOAABLIOrO SIBHOTO BHpa3sy Liei QyHKIi yepe3 ryCTUuHY aKepest
MarHiTHOTO M0JI, Ta 3aCTOCYBaHHS LIUX MiIXOLiB [JIs1 pO3PaxyHKy MAarHiTHUX CUCTEM KOHKPETHUX
€JIEKTPOTEXHIYHUX IPUCTPOiB. METONYM AOCIIPKEHHS: BUPIIEHHS IIOCTaBJIEHMX Y POOOTi 3aBJaHb 37iliCHIOBAIOCS
METOJaMU, 1O 6a3yI0ThCS HA BUKOPUCTAHHI TEOPIii €JIEKTPOMArHiTHOTO I10JIs1, BEKTOPHOTO aHaJli3y, KOHLIELi

BTOPMHHUX JPKEPEJ, TeOpii iHTerpasbHUX PiBHAHB, T€OPii alpOKCUMallii, TeOpii YNCEJILHOTO iHTEerpyBaHHH,



YU CEJIbHOTO PO3B’SI3aHHS CUCTEM iHTerpasIbHUX PiBHSHb, YMCEJIbHOTO PO3BSI3aHHSI CUCTEM JIiHIMHUX anredpaiyHux
piBHSHB. TeopeTnyHi Ta NPaKTUYHi pe3ybTaTH i HOBU3HA: OTPUMAB MIOJANBIIMI PO3BUTOK METOJ, iIHTETPaJIbHUX
PIBHSIHB [1JIS1 PO3PaxyHKy XapaKT€PUCTUK MArHiTHOTO I10JI B HEJIIHIMHUX CEPEOBUIIAX B HANIPAMi 3MEHIIEHHS
KiJIbKOCTi CKJIQIOBUX Y s1[Ipax iHTerpajibHUX PiBHSHB, SKi MiCTATb (DYHKI{IO IPaflieHTy Bifj MAarHiTHOI IPOHUKHOCTI, Ta
[I0/IA/IBIIOTO SIBHOTO BUPaay Liei QyHKIii yepes r'yCTUHM JKepeJst MarHiTHOTO I10J14, 11O A€ 3MOTY 3aMiHUTH
Ipolenypy uucesnbHOro audepeHiloBaHHs Py allpoKcuMallii QyHKUii rpaiieHTy Bifj MarHiTHOI IPOHUKHOCTI Ha
IIPOLIEAyPY YMCEJIBHOIO iHTETPYBaHHS, [0 Ma€ CyTTEBE 3HAYEHHS 11715 IiABUILLIEHHS TOYHOCTI PO3PaXyHKY sep
iHTerpasIbHUX PiBHSIHb B METOZ] iHTErpasbHUX PiBHSIHB. PO3p06JIEHO HOBY MAaTEMAaTUYHY MOJEJIb i BilTOBIIHUI
PO3PaxyHKOBUI METOZ, 1151 YUCEJIbHOTO PO3PaXyHKy MArHiTHOTO NOJIS1 B 6€3KOJIEKTOPHOMY I BUTYHi IOCTITHOTO
CTPYMY 3 HESIBHOIIOJIIOCHUM TIJIaIKUM CTaTOPOM, 110 MiCTUTb TOHKi (P€pOMarHiTHi nepexaaku Mi>k 06MOTKOIO
CTaTopa i 3a30pOM MK CTATOPOM Ta SIBHOIIOJIIOCHUM POTOPOM 3 IMOCTIHHMMU MarHiTamu, 1o J03BOJISIOTh
BpPaxOBYBaTHU HEJIiHiIHI BIaCTUBOCTI (PEPOMArHiTHUX €JIEMEHTIB MarHiTHOI CUCTEMHU IBUTYHA. [IpeIMeT i CTymiHb
BIIPOBA/PKEHHSI: [IPAKTUYHE 3HAYEHHS [JIs1 €JIEKTPOTEXHIYHOI rajy3i Mae 3alipOIIOHOBAaHN aJITOPUTM PO3PAXYHKY
MAarHiTHOro 10JIs1 B 6€3K0JIEKTOPHOMY JBUTYHI IIOCTITHOTO CTPYMY 3 HESIBHOIIOJIIOCHUM TJIaJIKMM CTaTOPOM, 1O
MiCTUATb TOHKI (PEPOMATHITHI NNepeKJIaaK1 MbK 0OMOTKOIO CTaTOPa i 33a30pOM MiX CTaTOPOM Ta SIBHOIOJIIOCHUM
POTOPOM 3 IIOCTITHUMH MarHitamu, 1o JO3BOJIsS€ BpaX0OBYBaTH HeJliHilHI B1acTUBOCTI pepOMarHiTHUX eJIeMEHTIB
MarHiTHOI cucreMu gBUryHa. Ha ocHoBi Hboro Hanmcaso nporpamy Moot FORTRAN, sgka 103BoJise 3a BifjoOMAMU
BXiTHUMU JAHUMU (T€OMETPUYHI IIapaMeTpU CUCTEMHU, eJIEKTPO(Pi3nyHi NapaMeTpy MaTepiaiB, XapaKTepUCTUKU
IIOCTifHMX MarHiTiB, CTPyMy y 06MOTKAx) PO3paxyBaTl MarHiTHe 1oJjie y po604OMy 3a30pi €JIeKTPUYHOrO BUTYHA
Ta IIPOBECTH OITHUMI3aliio 32 00paHUMM KpUTepisiMU. EQeKTUBHICTb BIIPOBAPKEHHS: pO3p00JIEHO METOIMKY
po3paxyHKy QyHKIUii rpafiieHTa BiJi MarHiTHOI IPOHMKHOCTI 3 ypaXyBaHHSIM SIBHOTO IIPE/ICTaBJIEHHS HANIPYKEHOCTI
MarHiTHOTIO I0J1 Yepe3 I'YCTUHY MarHiTHUX 3aps/iB, 0 JO3BOJIMIIO NPOLEC ii anpoKcruMalil CKiH4eHHOBUMIPHUM
aHaJIOroM BUKOHATH {HTErpyBaHHSIM 3a JKepeJsiaMu I10Jis, 10 J03BOJIMIIO 3MEHIIUTH MTOXMOKY ii anpokcumariii Ha
BiIMiHY BiJ] IpolLieiypy YuCeIbHOrO nudepeHliloBaHHs 6e3nocepenHbo QYyHKILii MarHitHoi npoHukHocTi. Cdhepa
BMKOPHUCTAHHSL: IJ1s1 PO3BUTKY METO/IiB PO3PaXyHKy €JIEKTPOMArHiTHUX I10J1iB Ta Ma€ BKJIMBE 3HAUEHHS [1J18 ranysi

TEOPETUYHA €JIEKTPOTEXHIKA.

2. The object of research is the processes in magnetic systems with nonlinear ferromagnetic elements. The
purpose of the work is improvement of the method of integral equations for the calculation of heterogeneous
magnetic fields in nonlinear media in the direction of reducing the number of components in the cores of integral
equations that contain the function of the gradient from the magnetic permeability, and the subsequent explicit
expression of this function through the density of the sources of the magnetic field, and the application of these
approaches for the calculation of magnetic systems specific electrical devices. Research methods: the solution of
the tasks set in the work was carried out by methods based on the use of the theory of the electromagnetic field,
vector analysis, the concept of secondary sources, the theory of integral equations, the theory of approximation,
the theory of numerical integration, numerical solution of systems of integral equations, numerical solution of
systems linear algebraic equations. Theoretical and practical results and novelty: the method of integral equations
for calculating the characteristics of the magnetic field in non-linear media was further developed in the direction
of reducing the number of components in the cores of the integral equations, which contain the function of the
gradient from the magnetic permeability, and the further explicit expression of this function through the densities
of the sources of the magnetic field , which makes it possible to replace the procedure of numerical differentiation
when approximating the gradient function from the magnetic permeability with the procedure of numerical
integration, which is of significant importance for increasing the accuracy of the calculation of the kernels of
integral equations in the method of integral equations. A new mathematical model and corresponding calculation
method for the numerical calculation of the magnetic field in a collectorless DC motor with an implicit-pole
smooth stator containing thin ferromagnetic transitions between the stator winding and the gap between the
stator and an explicit-pole rotor with permanent magnets, which allow taking into account the nonlinear
properties of the ferromagnetic elements of the magnetic field, have been developed engine systems. Subject and
degree of implementation: the proposed algorithm for calculating the magnetic field in a collectorless DC motor



with an implicit-pole smooth stator, which contains thin ferromagnetic transitions between the stator winding and
the gap between the stator and an explicit-pole rotor with permanent magnets, is of practical importance for the
electrical engineering industry, which allows taking into account nonlinear properties ferromagnetic elements of
the magnetic system of the engine. Based on it, a program was written in the FORTRAN language, which allows you
to calculate the magnetic field in the working gap of the electric motor based on the known input data (geometric
parameters of the system, electrophysical parameters of materials, characteristics of permanent magnets, current
in the windings) and carry out optimization according to the selected criteria. Effectiveness of implementation: a
technique for calculating the gradient function from the magnetic permeability was developed, taking into account
the explicit representation of the magnetic field strength through the density of magnetic charges, which allowed
the process of its approximation by a finite-dimensional analogue to be performed by integration over the field
sources, which allowed to reduce the error of its approximation, in contrast to the procedure of numerical
differentiation of the function directly magnetic permeability. Field of use: for the development of methods of
calculating electromagnetic fields and theoretical electrical engineering is important for the field.
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