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NUMERICAL CALCULATION OF MAGNETIC FIELD INDUCTION
IN THE WORK AREA LINEAR PERMANENT MAGNET MOTOR WITH A
MASSIVE CONDUCTOR IN BY THE INTEGRAL EQUATIONS METHOD
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In work based on Maxwell's equations using the method of secondary sources
of the mathematical model for the calculation of the magnetic field in the working
area coaxial linear motor with permanent magnets considering losses due to eddy
currents in massive elements of the engine has been developed.
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Using of permanent magnets as the source of the magnetic field in
electromechanical devices are advantageous because the power consumption of the
device is reduced. Design of new, energy-efficient and energy-saving devices
requires a detailed study of the processes occurring in them, their mathematical
description and computer modeling of the impact of technological and structural
parameters of electrical devices are connected to electromagnetic and mechanical
processes occurring in them. An important step in the simulation of non-stationary
processes in electromechanical linear engines is the calculation of the magnetic field
in the working area of the device.

In work [6] it is described calculation of transition processes in the
magnitofugalnikh engines. Electromagnetic processes in linear engines which design
has axial symmetry are considered. Calculation was carried out by method of the
integrated equations taking into account influence of vortex currents, but without
dynamics of the massive core movement.

In work [3] the engine design with windings of alternating current on the stator
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and windings of a direct current on an anchor is considered. The mathematical model
of electromechanical process in the coaxial and linear engine on the basis of an
integrated equations method, but without taking note of vortex currents on process is
developed.

In work [2] the analysis methods of a dynamic condition electromagnetic vibrator
with permanent magnets on the basis of the decision of Kirchhoff and Dalamber the
equations system are developed. It is established analytical dependences of flux
linkage and electromagnetic force on the current magnitude of a stator winding and
shift of mobile part of the vibrator. Numerical modeling was carried out in the
program COMSOL Multiphysics 3.5a complex where the magnetistatics problem
was solved.

Research purpose. To develop an integrated equations method for calculation of
an electromagnetic field taking into account existence of vortex currents in massive
magnetic conductors of the coaxial and linear engine with permanent magnets.

Modeling demands the solution of three-dimensional regional tasks for Maxwell's

equations in unlimited non-uniform area:

ot =5, 10t =2 4B =0, a5 =0, B=uH, 5=7(E+[V.6]),

At, E — the electric field, V/m; H — magnetic field A/m; B — magnetic
induction, T; & — current density, A/m*, » — conductivity, Sm/m; ux — absolute

permeability, H/m; V — speed of the anchor, m/s;
Formulation of the problem. Fig. 1 shows a simplified scheme of coaxial

linear motor [1] [2]. It consists of coaxially arranged circular coils D, ,, and

w2
permanent magnets D,, toroidal steel bodies D,, D,, D, [1], [2] with the set specific
conductivity y,, y,, v5;- An engine anchor consists of a massive no ferromagnetic
core conductor D,, ferromagnetic conductive rings D, with absolute permeability .,
and oppositely magnetized along the axis of Oz permanent magnets D, of
magnetization J and springs with rigidity k. Stator is made of massive

ferromagnetic conductor D, with absolute permeability .., which we also accept



independent of magnetic field intensity. Change range of magnetic field intensity in
magnetic conductors lies within linear part of curve magnetization, allows to count
separately a stator field and an anchor field. VValue of induction of an electromagnetic
field in any point is represented superposition of fields of an anchor and the stator. In

grooves of the stator D, coils are placed D,,, which are powered by a voltage source

w2 !

u, =Uu,(t) or currentsource with current i, =1, (t) .
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Fig. 1. A simplified scheme and cross section coaxial linear motor with

permanent magnets

Considering geometrical features of a design of the coaxial and linear engine a
task it is possible to consider in a wasp symmetric approach. The axis of system is
combined with an axis of cylindrical system of coordinates(r,a, z).

The winding consists of identical coils which ends are connected that a field

passer from them that magnetic fluxes from separate disk coils were added to each

other in stator teeth N, . Quantity rounds of each coil of the stator w,



When a variable voltage u,(t) at a fixed stator winding pulsating magnetic

fields of low frequency are made, which in the interaction with the field of permanent
magnets, located on a movable anchor, and eddy currents in massive conductors leads
to the emergence force, acting on the anchor and makes it to the oscillation with

amplitude Az, .

We consider known geometrical parameters of the device (Fig. 1. b), and
electrical and magnetic properties of materials: y,, y,, ¥, - conductivity material
core, rings and stator; 4, u,, u, — absolute magnetic permeability of core,

ferromagnetic rings and stator; k — stiffness of coil spring; m- the mass of anchors.
The calculation of electromagnetic field is based on the solution of the
boundary value problem for scalar and vector magnetic potentials, which is recorded

on the basis of Maxwell's equations, which is formulated in the form:

AA=—u,6w, QeD,, D,=D,,; )
AA=-u6, QeD,D=D,+D,+D;; (3)
AA=0, QeD; (4)
A Q) xiiy,=A"(Q,t)xTi,, Qel, l=1,U1,; (5)

Ho'Tiy x TOtA™(Q,t) = iy x rotA"(Q,t), Qel, (=0, ut,;  (6)
Ho'Tig x TOtA™(Q, ) — 45Ty, x FOtA™ (Q,t) = 145"y x J, Qe Lw; (7)
5,(Q:0)=5,(Q), §(Q.0)=5°(Q); t)
A() =0, 9)

At, (4)-(6) equations for the vector potential, (7)-(9) boundary conditions, (10) initial

conditions, and the value of the vector potential at infinity (11)

At, SW — the current density in the stator winding; & — the density of eddy currents in

massive conductors; j=1,2,3 — index of massive object A (Q), A (Q) — the limit

values of the vector potential upon approaching to the point Q to border ¢ from

inside and outside; no — external to the border ¢ unit vector.



Solution to the problem leads to system of differential equations in partial
derivatives recorded for an infinite area. It is expedient to pass the decision of such
equations by method of the integrated equations as it allows to reduce area of search
of the decision to the section of massive bodies and their borders.

Using the theory of secondary sources [4] [5] boundary problem (4)-(11) is
reduced to a system of integral-differential equations relative to current density of the

magnetization o(Q,t) on the border of cores, eddy current density §(Q,t) in

massive conductors[1], [4]:

o(Q0)+E([lo(M.HPQM)dl, +=E(f5(M 1)P(Q,M)ds,, =
m Mo g

- _l[ﬁJ (M)P@Q,M)dl, - £ [ﬂ 0., (M ,t)P(Q,M)ds,,, Qel =1, +1,, (10)
7[ Iy a Dy

%ma(l\/l T (Q,M)dl,, + 5(5;) +ﬂi§[ﬁ5(m T (Q,M)ds,, =

:_g [ﬁ 8,,(M,t)T(Q,M)ds,, +®(Q,t), QeD=D,+D,+D,,  (11)

5(Q,0)=6"(Q), 6,(Q,0)=6Y(Q), o(M,0) =" (M), (12)

where o(Q,t) — the instantaneous value of density currents simple layer

magnetization in ferromagnetic bodies point Q boundary |=1+1,, |, — boundary
ferromagnetic massive anchor rings, |, — massive border ferromagnetic stator
(fig. 1, a); 5(Q,t) — instantaneous eddy current density at the point of massive cross-
section of conductors; D=D, + D, + D,; o(M,t), §(M,t) — the same point M ; y—
the electrical  conductivity = material core rings and the stator
x=(u - y*)/(y* +4°), u*, p”—absolute magnetic permeability of ferromagnetic

materials anchor and stator rings when approaching a point respectively inside and

outside;

P(Q,M)=e:| noxb(Q,M)]=n,(Q)b,(Q,M)—n,(Q)b,(Q,M),



b (Q.M) = 7, — 1 {_K(k)+(r§+rj+(zQ_zM)2 E(k)},

Q  4m
2 2
rQ\/(rQ+rM)2+(zQ—zM)2 h —1o)" +(2g —2y)

1 e —12+(2 - 2y)°
b (O.M) = M Q QR M7 _E(K)]|,
Z(Q ) rQ\/(rQ+rM)2+(ZQ_ZM)2|: (rM_rQ)2+(ZQ_ZM)2 ():|
4rQr,\,|

T(Q,M)=/r, /1ty f(K), f(k):(é_ij(k)_EE(k)’ K2 =

_(rQ+rM)2+(zQ—zM)2’

Iy,Zy, Ny, 2y — coordinates Q and M respectively, K(k), E(k) — complete elliptic

o1 Zg:Tws
integrals of the first and second kind: CD(Q,t):y[V(Q,t)x I§(Q,t)]éZ — term,

responsible for the impact velocity of anchor on the distribution of the density of

eddy currents; V(Q,t) — speed of the anchor relative to the stator; B(Q,t) -

magnetic induction, which is caused by external currents, relative to the anchor.

§(Q,t):§—7°[ [ 8,,(M,0b(@Q,M)ds,, +§—;J52(I\/I,t)5(Q,M)dSM +

Hy " .
+§£az(|v| HbQ,M)dl,, ;

s7(Q), (M), 6°(Q) - Initial density of current in the stator winding, eddy

w

current and magnetizing current. Initial values of density of currents in a winding of
the stator, vortex currents and currents of magnetization which are defined with to
switching mode.

Calculation field of permanent magnets, which are magnetized parallel to the
axis Oz, of the magnets is reduced to calculating the field of simple layer of density

currents o, :[j xﬁ]éz on the boundary |, of permanent magnets [6], where i —

external normal to the boundary of the magnet that is taken into account in the
derivation of equation (11).

To examine reliability of the received data performed comparison of the results
of numerical solution of the system of integral-differential equations (12)-(13) using
(16)-(17) with the distribution of the magnetic field in the working area of the linear
motor obtained through the software system COMSOL Multiphysics 3.5a.



Research results.

1. For a single pole division geometric parameters of which are given in
Fig. 1, b =y, p,=p,=100u,, y,=y,=y,=7,6-10° Ohm™/m, without
permanent magnet was conducted calculation of r-value of the magnetic field in the
gap (Fig. 2) by changing the density of the current in the coil by law:
5(t) =6, Sin(7t)
The maximum peak value current density &, =3-10° A/m” The choice of a control

point for comparison of results of calculations is caused by its proximity to an anchor

tooth corner that assumes the greatest heterogeneity of a field
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Fig. 2. The dependence of the r-value of the magnetic field on time at
coordinates (0,1045;-0,014).

Mean square error is less than 3%.
2. Has the calculation of r-components of the magnetic field in the control

point coordinates (0.1045, -0.014), conditioned only permanent magnet of

magnetization J=950 kA/m. When using the method of integral equations r-

component of the magnetic field B, =—0.230 T, and the calculation using program



complex COMSOL Multiphysics 3.5a B, =-0.242 T, a difference of 5% is within

acceptable error.

3. For numerical calculations simplification of further numerical
experiment on influence of longitudinal regional effect on distribution of an
electromagnetic field and loss on vortex currents was made here (Fig. 3) that will
simplify the numerical solution of the system of integral-differential equations. For

given geometrical parameters (Fig. 1. b) and g =g, u =4,=100y,,
=0, =v,=1,6-10° Ohm™/m, the maximum peak value current

density 5, =3-10° A/m, with magnetization of permanent magnets J =950 kA/m
calculation of instantaneous values of the density of eddy currents in massive
conductors depending on the number pairs of poles was provide. The study was
conducted for the number of pole pairsn=2, to n=20.

The control point is in the section of the conductor of a ferromagnetic ring D,
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Fig. 3. The dependence of the instantaneous value of the density of eddy

currents at coordinates (0.0276, 0.054) on the number of pole pairs



Established only in n>11 the difference between values of density of vortex

currents, at increase in number of couples of poles, doesn't exceed 5%
Conclusions

The method of numerical calculation of an electromagnetic field in the coaxial
and linear engine with permanent magnets by method of the integrated equations is
developed, it allows to consider influence of vortex currents in the massive carrying-
out device elements.

Influence of longitudinal regional effect in the coaxial and linear engine needs

to be considered, if number of couples of poles in it less than 11.
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YUCEJBbHUM PO3PAXYHOK IHJAYKIII MATHITHOI'O ITOJIA B
POBOYIN 30HI JITHIHHOI'O JIBUTYHA 3 TIOCTIMHUMHU MATHITAMHA
3A HASABHOCTI MACUBHUX ITPOBIIHUKIB METOJAOM
IHTET'PAJIBHUX PIBHSIHb

A.B. Kunwvyos, /I.C. Copokin
B pobomi na ocnosi cucmemu pisHanb Makceena 3 8UKOPUCTMAHHAM Memooy
BMOPUHHUX Odcepesl PO3PODTIEHO MAMEMAMUYHY MOOelb OJisl PO3PAXYHKY [HOVKYIL
MAZHIMHO20 NOJs 8 poOOUill 0baacmi KOAKCIANbHO-NIHIH020 08USYHA 3 NOCMIUHUMU
MazHimamu 3 Ypaxy8aHHAM 6mpam Ha GUXPO8I CMPYMU 6 MACUBHUX eleMeHmax
08U2YHA.
Kniouosi cnoea: indykuia MacHimuo20 nons, AIHIUHUI O6UZYH, NOCMINHI

MazHimu

YUCJIEHHBINA PACUET NMHAYKIOUU MATHUTHOI'O ITOJISA B
PABOYEM 30HE JIMHEMHOT' O IBUTATEJISI C TOCTOSIHHBIMHA
MATHUTAMMU ITPU HAJIMUUU MACCHUBHBIX ITPOBOITHUKOB
METOJOM UHTEI'PAJIbHBIX YPABHEHUI
A.B. Kunwvyos, /I.C. Copoxun
B pabome Hna ocHoge cucmembl ypagueHuil Maxceenia ¢ ucnoivb3o8anuem
Memooa 8MOPUUHBIX UCTMOYHUKO8 PA3PAdOMAaHa Mamemamuyeckas mMooeib Ois
paciema UHOYKYUU MACHUMHO20 N0 8 pabouell 00OIACMU KOAKCUATLHO-
JIUHEUHO020 O8ucamens ¢ NOCMOAHHLIMU MASHUMAMU C Y4emom Nomepsb Ha

suxpeevle moKu 6 MacCUBHbLX dJleMEeHMAaAx osuzameisi.



Knwuesvie cnosea: unHOyKuyus MAazHUMHOZ0 NOJIA, JTUHEHUHbIIL O06U2AMElD,
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