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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 [Ommbka! McTounnk ccblIKU He HaiiaeH.] 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
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
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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:

rotH =6 , roth—%, divB =0, divd =0, E:ufl, 5:y(E+[V,Z§}), (1)

At, E — the electric field, V/m; H — magnetic field A/m; B — magnetic
induction, T; 6 — current density, A/m’; ¥ — conductivity, Sm/m; u — 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 Omubka! McTounnk cchblIkM He HalijeH.. It consists of coaxially

arranged circular coils D, ,, and permanent magnets D toroidal steel bodies D,, D,,

w2
D, 1, Ommoka! UcTtounuk ccbIKK He HamgeH. with the set specific conductivity
Y,» ¥,» ¥5- An engine anchor consists of a massive no ferromagnetic core conductor

D,, ferromagnetic conductive rings D, with absolute permeability p, and oppositely

magnetized along the axis of Oz permanent magnets D, of magnetization J and
springs with rigidity k. Stator i1s made of massive ferromagnetic conductor D, with
absolute permeability u,, which we also accept independent of magnetic field

intensity. Change range of magnetic field intensity in magnetic conductors lies within
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linear part of curve magnetization, allows to count separately a stator field and an
anchor field. Value 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 u, =u,(t) or

current source with current i , =i ,(¢) .
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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,
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When a variable voltage u,(#) 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,, y; - conductivity material
core, rings and stator; u,, 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:

AZ:—HOEW, QeD,, D =D,,; (2)
AA=-us, QeD,D=D,+D,+D,; (3)
AA=0, QeD; (4)
A (O,t)xiiy= A (Q,t)xii,, Qel,l=0U1,; (5)

1y iy xrotd (0,t) = iy xrotd (Q,1), Qe l,t=1,0l,; (6)
1o iy x rotd (0,0) — g "1, x rotA™(0,1) = g 'ii, x J, Qe Lw; (7)
5,(0.0)=52(0), 5(0.0)=5"(0); ®)
A(0)=0, 9)

At, (2)-(4) equations for the vector potential, (5)-(7) boundary conditions, (8)

initial conditions, and the value of the vector potential at infinity (9)

—

At, o6, — the current density in the stator winding; 5 — the density of eddy

currents in massive conductors; j=1,2,3 — index of massive object Z+(Q), Z_(Q) —

the limit values of the vector potential upon approaching to the point O to border /

from inside and outside; l_’iQ — external to the border / unit vector.
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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 Omuoka! MUCTOYHHK CCHUIKM He
Haiied. Omuoka! McToYHMK CChUIKUM He HaijaeH. boundary problem (2)-(9) is
reduced to a system of integral-differential equations relative to current density of the

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

massive conductors|Ommuoka! McTouyHMK CcCHUIKH He HaiigeH.], [OmmoOka!

M CcTOYHHUK CCHUIKH He Hal/IeH. |:

(0.0 + 2 [lo(1.0)PQ.M)dl, +EE([j5(M 0)P(Q.M)ds,, =
Ly Ho Th

=—£fu@nPQ.M)dl, £ ([ 5,,(M.OPQ.M)ds,,. Q el =1, +1,, (10)
4 I, a D,,

—gja<M OT(@ Myl + 2 20 201,070, M, =
— ‘% [ﬁ S8,,(M,0T(Q,M)ds,, +®(0,t), Qe D=D,+D, +D,,  (11)

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

where G(Q,t) — the instantaneous value of density currents simple layer
magnetization in ferromagnetic bodies point Q boundary /=/ +1,, /, — boundary
ferromagnetic massive anchor rings, /, — massive border ferromagnetic stator
(fig. 1, a); o (Q,t) — instantaneous eddy current density at the point of massive cross-
section of conductors; D =D, + D, + D;; G(M,t) , 5(M,t) — the same point M ; y—
the electrical  conductivity = material core rings and the  stator
x = ( T /,t_) / ( o+ /f), u*, u — absolute magnetic permeability of ferromagnetic
materials anchor and stator rings when approaching a point respectively inside and

outside;
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P(Q.M) =e-[ no xB(Q, M) | = n.(Q)b,(0,M)~n,(Q)b.(Q. M),

Z,—Z e, +(z,—z,,)
b (O, M) = < {—K(kﬂ o Mj — zE(k)},
VQ\/(FQ+VM)2+(ZQ—ZM)2 (ry = 1) + (25— 2)
1 vy —r;+(z,—z,)’
b.(O.M) = K(k)+—2 "o Tl ™ ou ZE(k)},
VQ\/(FQ+VM)2+(ZQ—ZM)2|: (s —79)" +(2p —2))
TQ.M)= 1 [rof &), 760=( 3 -k -2 500,
5 4ryhy

- (rQ + rM)2 +(ZQ —ZM)2 ’
VosZ9sTy»Zy — coordinates O and M respectively; K(k), E(k) — complete

elliptic integrals of the first and second kind; ®(Q,)= ;/[V(Q,t) X E(Q,t)} e. —
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; E(Q,t) —

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

BQ.)) =22 [ 5,,(M,0B(Q,M)ds,, +2 [ 5,(M,0)b(Q,M)ds,, +
2 i 27 kS
+ 20 [, (M b0, M)l
27 :

5&0)(Q), O'(O)(M ), 5(0)(Q) — Initial density of current in the stator winding,
eddy 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 xi |é. on the bounda [ of permanent magnets Ommuoka!
J z ry w p g

HcTounuk cchbuikn He HaiigeH., where 7 — external normal to the boundary of the

magnet that is taken into account in the derivation of equation (10).
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To examine reliability of the received data performed comparison of the results
of numerical solution of the system of integral-differential equations (10)-(11) using
Ommoxka! HUcTounuk CChLIKH He HaWJeH.-
Oummoka! UcTouHnuk cchlikn He HalaeH. 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 w=u, m=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(1) =6, sin(7 t)
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

COMSOL Multiphysics 3.5a
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Fig. 2. The dependence of the r-value of the magnetic field on time at

coordinates (0,1045;-0,014).
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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 =4, p,=p,=100u,,
Y, =V,=Y,=7,6- 10° Ohm™/m, the maximum peak value current

density§__ =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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YUCEJBbHHUM PO3PAXYHOK IHJAYKIII MATHITHOI'O ITOJIS B
POBOYI 30HI JHTHIMHOT'O ABUT'YHA 3 NOCTINHUMU MATHITAMHU
3A HASAIBHOCTI MACUBHMUX IMPOBIJHUKIB METOJOM
IHTET'PAJIBHUX PIBHAHb

A.B. /Kunwvyos, /I.C. Copokin
B pobomi na ocnosi cucmemu piensanb Makceena 3 8UKOpUCMAHHAM MemMOOy
BMOPUHHUX Odicepesl pO3POOIeHO MAMEMAMUUHY MO0elb Ol PO3PAXYHKY IHOYKYIQ
MA2HIMHO20 noJs 8 pobouill 001acmi KOaKCIAIbHO-IIHIUH020 08USYHA 3 NOCMIUHUMU
MazuHimamu 3 Ypaxy8amHAM 6mpam HA SUXPOGI CMPYMU 6 MACUBHUX eleMeHmax
08U2YHA.
Knwuosi cnoea: iHOyKuyia MazHIimMHO20 NOAA, JIHIUHUI OBUZYH, HOCHMINUHI

MazHimu

YUCJEHHBINA PACUET MHAYKIIMU MATHUTHOI'O ITOJIA
B PABOYEMH 30HE JIMHEMHOI'O IBUT'ATEJIS C
INOCTOSITHHBIMU MATHUTAMM ITPH HAJIMYUU MACCHUBHBIX
IMPOBOJHUKOB METOJOM MHTEI'PAJIbHBIX YPABHEHUI
A.B. /Kunwvyos, /I.C. Copokun
B pa60me HA OCHO6E cucmemsl ypaeﬂeﬂuﬁ Makxceenna ¢ ucnonvzoearnuem

Memooa 6MOPUHHBbIX UCMOYHUKOB pa3pa60maHa mamemamuyeckas mMooeib OJis
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pacuema undym;uu MACHUNMHO2O0 NOJIsl 6 pa60qed obnacmu KoakCcuaibHo-
JUHEUHo20 osucamesss ¢ NOCMOAHHbIMU MASHUMAMU C yuemom nomepovb HaA

euxpesvle MoKU 6 MACCUBHBIX I1€MEHNAX osueamennsl.

Knrwouesvie cnosa: uHOyKuusa MAZHUMHO20 NOAA, JIUHEHHDLI 08U2AMEb,

nOCMOAHHbBIE MAZHUM b
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