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MAGNETIC FIELD CALCULATION OF BRUSHLESS DIRECT CURRENT MOTOR WITH SMOOTH
STATOR BY SECONDARY SOURCES METHOD
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A mathematical model of a brushless direct current motor (BLCM) with high-corrosion permanent magnets is devel-
oped. It is based on the secondary sources method, and allowed the problem of calculating the magnetic permeability
distribution in the engine ferromagnetic elements to reduce to solving a system of integral equations of the simple layer
density and the volume density magnetic charges. An iterative method of finding the magnetic permeability is proposed
taking into account the nonlinear dependence of the magnetic permeability. References 10, figures 3.
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The BLCM with high-corrosion permanent magnets are increasingly used in various areas of modern technol-
ogy due to their reliability, due to the lack of slippery electrical contacts and good regulatory characteristics [1 — 3, 6].
Compared with commutator and asynchronous motors, the BLCM have a number of advantages such as: increased
mechanical moment and power per unit volume, the possibility of continuous operation without overheating at low
angular velocity with high mechanical moment on the shaft, increased overload capacity, good adjusting properties and
dynamic characteristics [5, 7].

Let’s consider a BLCM with an nonsalient pole stator and an salient-pole rotor (Fig. 1). Stator / and rotor 4 of
the BLCM are made of a laminated soft magnetic material. The stator is a pipe along which the grooves for the winding
are cut. Winding 2 has nine coils. The cylindrical rotor is placed inside the stator coaxial axis of symmetry. Eight per-
| v manent magnets are glued on the surface of the rotor.

Previously in work [10] was formulated a three-dimensional
boundary value problem for calculating the characteristics of the magnetic
field in the BLCM, taking into account the magnetic properties of the
medium. To simplify the calculation, the magnetic field was taken as a
plane-parallel, it was neglected hysteresis of ferromagnetic materials, and
it was assumed that B=B(H), where B, H is the induction and magnetic
field strength. In the paper [8] on the basis of the secondary sources me-
thod, the boundary value problem of calculating the characteristics of a
5 plane-parallel magnetic field in the BLCM, taking into account the nonlin-

earity of the magnetic characteristic of steel, was reduced to a system of
integral equations for fictitious magnetic charges, which made it possible
to narrow the search area of unknowns. In the kernel of the transformed

integral equations there is a function VQM(Q), whose calculation is com-

Puc. 1 plicated by numerical solution of these equations. Therefore, in work [9]
using the Green's identity and the properties of the potential of a simple layer of charge, the kernels of the integral equa-

tions are modified in the direction of reducing the components containing the functionV,, u(Q)
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where o,,(Q) is the density of a simple layer of magnetic charges at the point O of the boundary L of the ferromag-
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netic bodies; o,, (M) is similarly at the point M ; X(Q)=D,L( MO:I / I:},l + u0:| (Q) is the magnetic permeability at
the point O of the ferromagnetic medium, which is depended of the intensity of the magnetic field; p, is magnetic
permeability of the external medium to the ferromagnetic bodies, p,=4m110"" Tu/m; Tou 18 the position vector, which
is directed from the integration point M to the observation point O ; 7, is normal to the boundary L , which is directed
from the ferromagnetic bodies to the outside; p,, (Q) is the volume density of magnetic charges at the point O of

cross-section S of ferromagnetic bodies; H (®) (Q) is the magnetic field intensity created as permanent magnets of the
rotor, and the currents in the windings of the stator.

The kernel of the integral equation (2) includes the function V/, u(Q) . The advantage of the secondary sources
method is that this function can be explicitly expressed through the density of the magnetic field sources.

Consider the method of calculation of the function V u(Q). If the function p(Q)= M(H (0)) is known, then
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where the magnetic field intensity of the magnetic field sources is determined by the expression
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where o(M) is the simple layer den51ty of magnetic charges; p(M) is the volume density of magnetic charges;
Gy (M ) is simple layer of magnetic charges inputed on the boundary of permanent magnets for their replacement in the
calculation model; SW (M) — current density in windings of the stator coil.

The derivative du/0H is evaluated by dependence u(H ). For it we can use one of the mathematical models

of the magnetization curve [4]. To calculate the partial derivatives of the relation (3), we will take into account that the
magnetic field intensity module through its components is expressed as
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We find partial derivatives in (5), (6), using explicit expressions for the magnetic field intensity (4). We con-
sider first the case when the intensity of the magnetic field is calculated from a simple layer of magnetic charges (com-
ponentally in a cylindrical coordinate system)
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We have analogous expressions for corresponding partial derivatives of the components of the magnetic field
strength, which is created by permanent magnets and volume magnetic charges.
Let’s consider the case when the magnetic field intensity is calculated from the currents of the coils (compo-
nentally in the cylindrical coordinate system)
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After simple transformatlons we arrive to the expression
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If we know the distribution of the simple layer density G(Q) of magnetic charges on the boundary of ferro-
magnetic bodies, the volume density p(Q) of magnetic charges in the cross section of massive conductors, the distribu-

tion of the current density 8, (Q) in the coils of the winding, the distribution of the magnetic charges density o,,(Q)

on the boundary of the permanent magnets, then in accordance with the above relations can be calculated partial deriva-
tives (5), (6) and, accordingly, the function VQu(Q) by the formula (3). Taking into account that the latter function is

explicitly expressed in terms of the densities of the magnetic field sources, this, on the one hand, greatly simplifies the
formation of the kernel of the integral equation (2), and, on the other hand, raises the accuracy of its calculation in the
transition to the finite-dimensional analogue for a numerical solution of the system of equations (1), (2).

Based on the developed mathematical model, an iterative method for finding the magnetic permeability in the
cross section of ferromagnetic bodies taking into account the nonlinear dependence characteristic was developed.

Calculation example. Consider the calculation of the permanent magnets' field in the electric motor (Fig. 2)
on the basis of the developed mathematical model: / — stator winding; 2 — stator; 3 — homogeneously magnetized per-
manent magnets; 4 — rotor shaft. The magnetic properties of the ferromagnetic medium (shown in Fig. 2 by numbers 2

and 4) are represented by the dependence B(H ) . In Fig. 3 is shown the result of the calculation of the r-components

magnetic induction in the gap between the permanent magnets and the interior of the stator, taking into account (solid

line) and without taking into account (dotted line) the nonlinear properties of the ferromagnetic materials.
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As we see from the submitted results, in zones corresponding to the location of jumper placement we have to
take into account the nonlinear properties of ferromagnetic materials (in particular, the jumper ones themselves). In the
same way, a comparative analysis of the calculations performed with the same task by means of the software product
COMSOL Multiphysics was made, the average deviation was 3.5%.

Thus, an iterative method for finding the magnetic permeability with a nonlinear characteristic is developed, which
is based on the reduction of the problem of determining the characteristics of the magnetic field to the solution of the
system of nonlinear integral equations for the density of a simple layer and the density of volume magnetic charges.
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PACUET MATHHATHOTI'O IIOJISI MATHUTOSJEKTPUYECKON MAIIIUHBI C TJIAJKUM CTATOPOM
METOAOM BTOPUYHbIX NICTOYHUKOB
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Paspabomana mamemamuueckas mooenb 6eHMUNLHO20 08ULAMENS C 8bICOKOKOIPYUMUBHBIMU NOCTNOAHHBIMU MACHUMAMU, 8 OCHO8E
KOMOPOIL 1eAHCUM MenOo0 6MOPULHBIX UCHOYHUKOS, KOMOPbIL NO360UI 3a0ayy OnpedeieHus pacnpeoeienus MazHumHou npotuyae-
Mocmu 8 (PeppoMACHUMHBIX dNEMEHMAX 08U2AMes CeCmU K PeUleHUI0 CUCeMbl UHMeSPATIbHbIX YPAGHEeHUIl OJi NIOMHOCHU NPO-
CMO20 €105l U NIOMHOCMU 00bEMHBIX MACHUMHBIX 3aps008. [Ipednodcen umepayuonuvill Memoo HAXOHCOeHUsE MASHUMHOU NPOHU-
yaemocmu ¢ yuemom eé neaurelinou sasucumocmu. buomn. 10, puc. 3.

Knrouesvie cnosa: BEeHTUIBHBIN IBUTATENb, MATHUTHAS IPOHUIIAEMOCTb, METO]] BTOPHYHBIX HCTOYHUKOB, HETMHEWHOCTh

PO3PAXYHOK MATHITHOI'O ITOJISI MATHITOEJIEKTPUYHOI MAILIUHA I3 TJIATKUM

CTATOPOM METOJOM BTOPUHHUX JKEPEJI
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Pospobreno mamemamuuny mooenb 8eHMUNILHO20 OBUSYHA 3 BUCOKOKOEPYUMUBHUMU NOCMIUHUMU MASHIMAMU, 6 OCHO8I AKOI je-
JACUMb MemO0 BMOPUHHUX Odcepel, WO 0d8 3MO2Y 3A60AHHA GUSHAYEHHS PO3NOOITY MASHIMHOT NPOHUKHOCMI Y (hepoMacHimHuX
eleMeHmax 08ucyHa 36ecmu 00 PO36'A3aHHA CUCMEMU THMe2PANbHUX PIGHAHb O/ 2YCMUHU NPOCMO20 wapy i 2yCmuHu 00 '€MHUX
MacHimHux 3aps0ie. 3anponoHo8ano imepayiiHuli Memoo 3HAXOONHCEHHs. MACHIMHOI NPOHUKHOCII 3 YPAXYBAHHAM ii HeliHIiliHOI 3a-
nescnocmi. bion. 10, puc. 3.
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