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Determination of the repulsive force of an electromagnet
to provide the necessary clearance from the skip along the entire length
of guides of electromagnetic lifting installation

The finite element method was chosen as the method of modeling physical fields in electric machines.
As the method of modeling physical fields in electric machines a finite element method was chosen. In the ar-
ticle a formula to express an imbalance between the energy stored in a magnetic field and the energy provided
by the supplied electric current in this field, under given boundary conditions is used. It has been established
that the experiment, planned by the Plakett-Berman matrices, makes it possible to obtain a multifactorial pol-
ynomial model of the «lifting vessel — conductor» system, which establishes a relationship between the val-
ues of static loads in this system and the operating conditions of the mine lifting systems. The proposed finite
element method of considering a permanent magnet as a nonlinear source of a field makes it possible to
abandon additional iterations when searching for working points of a magnet. The developed mathematical
apparatus takes into account the distribution of magnetization over the cross section of a permanent magnet
and identifies non-identical operating points of different magnet elements, which allows to calculate the fields
created by the joint action of several current windings and permanent magnets with different orientations in
nonlinear and anisotropic media with regard to their mutual influence.

Keywords: skip gap, magnetic field, analysis, modeling method, permanent magnet, kinetic energy, potential
energy, finite elements method.

The finite element method is based on the calculus of variations [1-11]. In the general case, the
variational representation assumes the use of a function based on the Hamilton principle (the principle of
least action) [12]: the transition of the system from one state for the time instant t1 to another state for the
time instant t2 occurs so that the minimum of the integral:

J.th —> min,

where the integrand Q is the force function (Lagrangian) of the given system. In turn, the Lagrangian can be
regarded as some functional of the integral type in the volume of the system (object) under consideration.
The extremum of this functional is determined by the stationarity condition characterizing the change in the
system. The Lagrangian has a direct physical meaning and represents the difference of two terms of the
energy type [2]:

Q=W.-W,,
where W, reflects the kinetic energy, which varies according to the quadratic law as a function of partial de-
rivatives; and Wp describes the potential energy.
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Thus, by the theorem on the total potential energy in a state of stable equilibrium, kinematic displace-
ments are allowed that minimize the total potential energy described by such a functional. For the stationary
regime and the specific time moment, the Lagrangian of the system Q — min must be minimal.

If the energy density components are known in the two-dimensional problem, then integration over the
domain S is necessary to determine the functional [3]. For example, for an electrostatic field in a two-
dimensional space (xy) the energy functional has the form:

=% g{g{%f +g(%j2 2 pv}dxdy .

The generalized functional for stationary thermal, electric, and magnetic fields can be represented in the

form [4]:
_1 do 2 de
2{}]{[{( yj + ( xj ZR(p}dxdy

So the functional in the case of a plane-parallel magnetic field has the form [5]:
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This function expresses an imbalance between the energy stored in the magnetic field and the energy
provided by the supplied electric current in this field, given the boundary conditions.

It can be shown that minimization of such a functional corresponds to a solution of the Poisson
equation. We use the positions of the calculus of variations. If the functional is minimal at the point x_0, then
dQ/dx|x 0= O-I . This means that the change or the first variation of the functional 6Q (otherwise dQ) at
this point should be zero. In this case,

8Q|x0 ( Q)8x|x0—0
Then:

4\ :
191 a@i}vd(i’ﬁ
dy
= ff {v—a( J JCTSA}dxdy 0.
4

Given that S(d—AJ = i(6161) ud (d—Aj = P (SA) the last relation becomes

B(dAJ —2J ;04 |dxdy =
dy

dy ) dy dx
dA d dA d .
30 = ff [v—— (84)+ Ed—(SA)}dxdy— fyf j8Adxdy = 0.
The Green formula is used for
dUu dV dU dv
dxdy =
ff[dy dy " dx dx} e ff [

here G is a border area; nx, 1y are the components of the unit external normal 1.

U dUu
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Then

0’4 0°4 04
00 =— || V04| — + — |dxdy + |vO—dG — || j_ dAdxdy =0
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or

d*4 d*4 dA
g vs,{ PRI }dxdy + i ~v8d—dG+ f yf J . 84dxDy =0..

If the integrals over the domain (x, y) and the boundary G are independent, then

[[ve4 A, d4 dxdy + [|J.;84dxDy =0
b Ld d o

j ved™ G =0
< dn

In view of the arbitrariness of the choice, we take dA # 0 [6]. Then, for the representation of the
continuous computational domain by piecewise linear media, that is, the set of elements with the
independence of the magnetic permeability from the (X, y) coordinates within each element, for the

region S one can write
d [ +i(ﬁj+‘,g:0.
dy \dy) dx\dx

aa_y,
dn

The first relation is the Poisson equation. Since the solution of the problem is considered achieved when
such a distribution of the potential A is found, taking into account the boundary conditions at which the func-
tional is minimal, the principle of the minimum of the total potential energy is mathematically equivalent to
the differential equation in the sense that the potential distribution satisfying this equation will also minimize
the stored energy [6]. The second relation shows that for MCE the condition of continuity of a function on
the boundary is natural and is fulfilled automatically, since the continuity conditions of the field at the
boundaries of the elements are satisfied. Taking into account the boundary condition of periodicity and the
mixed boundary condition require certain procedures. Physical fields can be nonlinear and anisotropic, both
in media properties and in exciting factors. The functional for a two-dimensional magnetic field in the
presence of magnetic anisotropy of steel and permanent magnets has the form

2 2
I dA dA dM, M
- + =1 |=2 2 — < +J dxdy.
Qu 2[;[ V{dyj Vy(dkj [dx d CT) e

X

For border G:

In this functional, as in the corresponding equation, due to the vector nature of A, the subscript indices
of the parameter of the characteristic of the medium in the generalized functional for the electrical equation
change places, in comparison with the relations for the scalar functions T and V.

For a plane-dimensional section of an axisymmetric problem, we introduce a new variable, the stream
function ¥ = Ar. Then the differential equation acquires symmetry with respect to the coordinates, and the

function takes
1 LAY avY |1 dM . dM
- sy | =] |==2v r——z4J dzdr.
R ZQHZVZ(WJ vr(dz)}r ( dz dr CT)} =

The functional for a two-dimensional thermal field for anisotropic thermal conductivity, coinciding with
the coordinate axes of anisotropy, and taking into account the boundary condition for heat transfer, has the
form
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1 dr Y’ drY 1,
QT :E{!{XY(EJ +}\,y(d—yj —2PT}dxdy+£—(EaT _PGT)dG

ere: G is the portion of the heat exchange boundary with a cooling medium with a boundary condition char-
acterized by the heat transfer coefficient o and the specific power of the heat sources at the boundary PG.
The last integral reflects the retracted / supplied energy across the boundary of the region [13].

For two-dimensional problems of mechanics, from the principle of a minimum of the total potential
energy it follows that the transfer functions of equilibrium systems minimize the functional Qc. In this case,
the displacement field satisfies the equations of equilibrium and compatibility. The total potential energy is
equal to the difference between the internal energy W1 and the work done W1:

Q, =W, -W, =gff[DT0+21TRs]dxdy—hIITRGdG,
Xy G

where D and ¢ are strains and stresses, respectively [14, 15].

Since the deformation is a partial derivative of the displacement vector with respect to the coordinates,
and the deformations themselves are determined by stresses, the minimized functional is defined, as for the
functionals considered earlier, by the second degree of these partial derivatives (including).

This functional, because of the vector nature of the displacements, differs from the previous functionals,
in addition, the components of the displacement vector along the X and y axes are interrelated. Consequent-
ly, the methods of processing the force field functionals must differ from the methods for processing the
functionals of the magnetic, thermal, or electric fields.

Conclusions

1. Static loads on conductors arise due to the static imbalance of the lifting vessel, the influence of the
magnetic field of the electromagnet, and the deviation of the conductors from the vertical. The static
imbalance of the lifting vessel arises as a result of the displacement of the center of gravity of the laden ves-
sel relative to the geometric center due to the uneven loading of the rock mass, as well as the eccentric sus-
pension of the skip to the electromagnet.

2. The experiment planned for the Plackett-Berman matrices allows to obtain a multi-factorial poly-
nomial model of the «lifting vessel-conductor» system, which establishes the relationship between the static
loads in this system and the operating conditions of mine lifting systems.

3. Analysis of the obtained model shows that in order to reduce static loads on the conductors of the
guiding devices, it is necessary:

— adjust the values of the lateral and frontal gaps between the conductors and the guiding devices of the

lifting vessel;

— compensate the magnetic field of the electromagnet;

—achieve a decrease in the deviation of the center of gravity of the lifting vessel from its vertical axis;

center the vessel.

4. A lifting vessel having increased gaps in the upper guiding devices at great depth provides effective
resistance to lateral deflection forces.

5. The electromagnet serves as a damper for static loads on conductors, and its weight must be taken
into account when analyzing the forces in the lifting system.

6. Dynamic loads on box-shaped conductors in the lateral and frontal direction are commensurable.
The amplitude of loads in the lateral direction is 10... 15 % less than in the frontal direction.

7. Adjusting the gaps between the guide devices of the lifting vessel and the conductors allows to re-
duce dynamic loads by 20... 30 %.

8. The number of cycles of oscillations of the conductor after dynamic contact with it of the guide de-
vices of the lifting vessel reaches several tens. This indicates the presence of alternating loads, which leads to
an increase in the mechanical fatigue of materials, a decrease in the durability of the elements of the guiding
devices.

9. The energy functionals of different physical fields in the finite element method are formulated and
justified and their interrelation with differential field equations is shown.

10. The proposed finite-element method of considering a permanent magnet as a nonlinear source of the
field makes it possible to abandon additional iterations in the search for magnet work points. The developed
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mathematical apparatus takes into account the distribution of magnetization along the section of a permanent
magnet and finds the non-identical operating points of different magnet elements, which allows calculating
the fields created by the joint action of several current windings and permanent magnets with different orien-
tations in nonlinear and anisotropic media, taking into account their mutual influence.
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Bb.A. Xayrukos, Puag Taxa Anb-KacacOex, A.A. AilikeeBa, A.P. EpxxanoB, A.K. Asranos

DJIEKTPMATHUTTI KOTepMe KOHABIPFBICHIHBIH 0apJbIK 0aFbITTAYIBLIAPbIHBIH
Y3bIH/bIFbI 00/bIHIIA CKHUIITEH KAKeTTi CAHBLIAYIbI KAMTAMACHI3 €Ty YUIiH
3JIEKTPMATHUTTI AybICTBIPY/bIH KYIIiH AaHBIKTAY

DOexTp MalIMHAIApbIHAA (QU3UKAIBIK OpICTepAi MOAENbACY 9JiCi PeTiHAe COHFBI 3JEMEHT dAICi TaHJaJIbL.
Makanasa MarHuT epiciHe CaKTalaThIH SHEPTHs MEH OCHI OpicTeri OeplreH 3JIeKTp TOFBIMEH KaMTaMachl3
STUIreH SHEPTUSHBIH apachlHIarbl LIEKCi3 jkarnaiylapibl aHbIKTaiThiH (GopMyna Kosmpaueuinsl. ITnakert-
bepMman MartpuianapslH KOJJaHy apKbUIbl JKOCIIAPIAHFAH SKCIIEPHMEHT OCBl JKYHeAeri CTaTHKAaJIbIK
KYKTEMENepiH MOHJEepI MEH LIaxXTalaplblH KeTepy >KYHeslepiHiH >KYMbIC >Xaraailiapbsl apachlHIArbl
KaTbIHACTap/ibl OCNTIEHTIH «KOTEPTilll TYTIKIIE-OTKI3rilDy KYHECiHiH MyIbTH(AKTOPIIBI MOJTHHOMHSIBIK
MOJIETiH aJyFa MYMKIHAIK Oepexi Aem aHbIKTayFaH. TypakThl MarHUTTI CBHI3BIKTHI CHI3BIK KO31 peTiHae
KapayIblH COHFBI DJIEMEHT OMICI MarHMTTI JKYMBIC HYKTENepiH i3[ey Ke3iHIe KOCBHIMINA HTepanysgaH
Gacrapryra MyMKiHIiK OGepeni. /laMblfaH MareMaTHKAJIBIK alapaT TYPAKThl MAarHUTTIH KOJIJICHEH KHMAachl
OOMBIHIIA MAarHUTU3ALUSHBIH TapalyblH e€CKepelli KoHe opTYpJli MAarHUTTIK dJIeMEHTTepIiH Oipmeil emec
JKYMBIC HYKTENEpiH aHbIKTaiabl, Oy ojapAblH e3apa ocepiHe OalaHbICTBI CBHI3BIKTBI €MEC JKOHE
AQHM30TPONTHI OpTaJapaa OPTYPJi OaFbITTarbl TYPAaKThl TOK MarHUTTEPI MEH TYPaKThl TOK MarHUTTEPiHiH
OipJiecKeH opeKeTIMEH ECENTEeNeTiH KeH OPbIHIApPBIH eCenTeyre MyMKiHIiK Gepei.

Kinm ce30ep: ckull OTKI3TilUTIri, MAarHUT OpICi, TanAay, MOICIBICY OIiCi, TYPAaKThl MarHUT, KHHETHKAJIBIK
SHEPrHsl, SICYCSTTI SHEPTHsl, COHFBI JIEMEHT J/IICi.
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b.A. XKayrukos, Puan Taxa Anp-Kacacoex, A.A. AtikeeBa, A.P. EpxxanoB, A.K. Asranos

Onpenesnenne cUJibl OTTAJIKUBAHUS 3J1€eKTPOMATHUTA
1JIs o0ecredeHUs1 He00X0AUMOT0 3a30pa OT CKHUIIA MO BCeil AJIMHe
HANPABJSIIOIIUX JJIEKTPOMATHUTHOM NOIbEMHOH YCTAHOBKHU

B kauecTBe MeTOaa MOICIMPOBAHUS (PU3UUECKHX IOJICH B SJIEKTPUYECKUX MAIIMHAX BBHIOpAH METOJ KOHEY-
HBIX 3JIEMEHTOB. B craTbe ucnonb3oBana GopMyia IUist BBIPOKEHUS JucOaaHca MEeXAy SHEpruel, 3amnaceH-
HOI B MarHUTHOM TIOJIe, U SHeprueil, obecrneunBaeMoil MOABEAEHHBIM IIEKTPUIECKHM TOKOM B 3TOM IIOJE,
IIpYU 3aJaHHBIX T'PAHUYHBIX YCJIOBHUSX. YCTaHOBIIEHO, YTO 3KCIEPUMEHT, CIUIAHUPOBAHHBI IO MaTpULaM
IInakerra-bepmana, 1M03BOJISET MOTYYUTh MHOTO(AKTOPHYIO IOJIMHOMHUAIBHYIO MOJETb CHCTEMBI «IIObEM-
HBII COCYI—IIPOBOJHHKY», KOTOpPasl yCTAHABIIUBACT CBA3b BEIUYUHBI CTATUYECKUX HATPY30K B 3TOH CUCTEME
C YCJIOBHMSMHU IKCILTyaTalluH IIAXTHBIX IOJBEMHBIX KOMIUIEKCOB. [IpeyioKeHHBIN KOHEYHO-2JIEMEHTHBIH Me-
TOJ] PACCMOTPEHUS MOCTOSHHOTO MarHUTa Kak HETMHEHHOro MCTOYHHUKA TOJISI MO3BOJISIET OTKA3aThCs OT J0-
MOJHUTEIBHBIX UTEpAlMii IpHU Moucke pabouux Touek MarHuTa. Pa3paboTaHHBIH MaTeMaTHYECKUN ammapar
YUYHUTBIBAET PACIpPEEICHHOCTh HAMArHUYEHHOCTH TI0 CEUYEHUIO IOCTOSHHOIO MarHuTa M OCYIIECTBISET Ha-
XOXKIEHHE HETOXAECTBEHHBIX PabOYMX TOYEK Pa3HbIX AJIEMEHTOB MAarHHUTa, YTO MO3BOJISIET PACCUMTHIBATH
10715, CO3/IaHHBIE COBMECTHBIM JIEHCTBUEM HECKOJIBKUX TOKOBBIX OOMOTOK U ITOCTOSIHHBIX MarHHTOB C pas-
JIMYHOH OpUEHTAlMEH B HEIMHEHHBIX U aHU30TPOIHBIX CPEJax ¢ y4eTOM UX B3aMMHOIO BIUSHHUSA.

Knrouegvie cnosa: 3a30p CKUIIa, MarHuTHOEC I10JI€, aHaJIn3, METOA MOACIUPOBAHNA, TIOCTOSTHHBIN MarHur, Ku-
HETUYCCKas SHCPTUs, NOTCHIHUAJIbHAaA SHEPI'Hsd, METOA KOHCYHBIX 3JICMEHTOB.
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