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DETERMINATION OF THE PONDEROMOTIVE MAGNETIC FORCE WHEN CALCULATING
THE FIELD BY THE CONFORMAL TRANSFORMATION METHOD
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The method of conformal transformation has been widely applied to the research of devices using ponderomotive action
of the magnetic field. This method enables the analysis and calculation of stationary 2D electric and magnetic fields
meeting the Laplace equation. It allows essential simplification of the problem of the field calculation. However, its
basic drawback consists in the absence of the general method for the determination of the complex potential.
Consequently, it is usually impossible to obtain expressions for the magnetic field strength and its ponderomotive force
in the explicit form as a function of coordinates in the initial domain. This paper deals with the solution to the problem
of direct determination of the specific ponderomotive force of the magnetic field with the use of complex potential with
the known function of conformal transformation. The analyzed examples of the calculation of the ponderomotive force
in the working zone of the poles of different shapes can be a model for the research of the traction performance of the
electromagnetic systems of magnetic separating devices. Besides, the obtained expressions can also be used in the
calculation of the systems working on the principle of the ponderomotive action of the electrostatic field. References 12,
figures 2.
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Introduction. In the generalized analysis of devices using the ponderomotive action of the magnetic
field (separators, magnetic transport units, etc.), the method of conformal transformation is widely used
[1-6], because the fields of such units may be considered plane-parallel. The specific (per volume unit)
ponderomotive force of the magnetic field in the working inter-polar space is the required parameter defined
by the expression [7-9]

1
S =5uo>c‘gradH2, (1)

where L, is the magnetic permeability of air; y is the the specific magnetic susceptibility of the substance

of a body placed in a magnetic field; H is the module of magnetic field strength in the working area.

Problem statement. During the use of this method of research, the strength is usually not explicitly
obtained as a function of coordinate z of the initial domain [3, 10] (the strength is found as the function of
coordinate ¢ of the mapped domain). Therefore, the calculation of H requires the determination of the
correspondence between the coordinates of the initial plane z and the mapped domain ¢. Besides, in (1) sign
“grad” stands for the gradient in plane z, and H, according to the above said, is found in the form of a
function of ¢. Thus, the use of (1) for generalized analysis of fields in the air gaps of magnetic devices is
significantly complicated. The difficulties arising in this case can be avoided in determining the value of the
force at the characteristic points (on the symmetry axes) of the magnetic systems [1], when the gradient in
(1) is replaced by a derivative of one of the coordinates. However, in the case of the general formulation of
the problem, the calculation is complicated due to the need to take the gradient in (1) over z from function ¢.

In this paper, the task is to transform (1) to the form that allows to directly calculate forces, having
only the function of conformal transformation of pole configuration in initial plane z on mapped domain ¢.

Solving of the problem. To solve the posed problem the complex potential function will be
introduced into the analysis

W=e+j¢,
where ¢ is the function of the scalar potential; ¢ is the function of the flux; ; is an imaginary unit.
In this case, as the field outside the sources is considered, functions ¢ and ¢ meet the Laplace

equation and are interrelated by the Cauchy-Riemann conditions [10—11]. Besides,
H =—-gradop . ()
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Then the following transformations can be written down:

2 2 5
gradH’ = grad [a—(p) L% |2, 8_(p_j6_ 8(p+ e 3)
ox oy ox oy || ox? 6x8y
As ¢ and ¢ are related to each other by the Cauchy-Riemann conditions,
op a(p 0 W
P 4
x o o —(o+/9)= (4)

In (4) the derivative by x is substituted with the derlvatlve by z=x+jy, as W is an analytical
function [11].

2 2 . 2
Besides, 8_(2p+j6(p =——(HY+jH )=i 6_W :6 ZV, (5)
ox oxoy  Ox 7 ox| oz oz

*

where H, and H, are the components of the magnetic field strength vector respectively by axis x and y; W

is the complex conjugate potential of the field.

Here, also, the transition to derivatives by z is made due to the fact that OW/ 0z is an analytical
function [11].
Taking into account (3) — (5), initial expression (1) is transformed to the form
2
Fer, ©)
0z 0Oz
Thus, we were able to reduce the expression for the ponderomotive force to an expression that

*

depends only on the complex potential /' and complex conjugate potential 7 .

In the study of magnetic systems, one of the most effective ways of finding the complex potential of
a field function is the method of conformal transformation, when the points of the initial plane z are aligned
with the points of the mapped plane 7 :

fm ZMOX

z= z(t) . (7
To solve the above posed problem we substitute in (6) the derivatives by z with derivatives by ¢.
There will be

ow_ow
82 ot oz
2 24 2 2 (8)
d W_a W(gj +6W‘Q.6
oz* o \oz ot 0z oz°
Substituting (8) into (6), we obtain
ow Ew(aY ow ow (o) 't
— - . _ | — 9
I =HoX| 5 0 (azj o ot (62) o ©)

The latter expression is a complex function whose real and imaginary parts are the force
components, correspondingly by axes x and y.

Thus, the problem posed above for expressing the ponderomotive force of a magnetic field through
the parameters of conformal transformation is solved.

Expression (9) becomes essentially simpler when the initial domain can be mapped on a band of a

uniform field with strength H,. Then oW /ot =0W /ot =H,; 0> W/ ot* =0 and (9) transforms to the form

oY ot
10
S = HoX. 0(@2] az (10)

In cases where researchers are only interested in the value of the ponderomotive force module,
expression (9) can also be transformed to a form more convenient to use. With this purpose in view, (6) will
be written as
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where H_ is the magnetic field strength in plane z.
In (11) from a derivative by z we pass to a derivative by ¢ and, additionally, take into account that [10]
||

H_|= . 12
1= (12
Then expression (11) for the module of specific ponderomotive force will be of the form
|H,|-|eH, / &1
| ] = o (13)
(6= / 2r)

where H, is the magnetic field strength in mapped plane ¢ .

Thus, specific ponderomotive force f, or its module in all obtained expressions (9), (10), (13) are
got as functions of ¢ . Based on this, the calculation is as follows: coordinate z is assigned in the researched
domain; solving transcendental equation (7) the corresponding ¢ is found; the required value of the force for
the found ¢ is calculated by one of expressions (9), (10), (13).

Consider the examples of calculating ponderomotive force in the working zone of poles of various
shapes, which can serve as a model for the research of traction performance of electromagnetic systems of
magneto-separating devices [2, 12].

Example 1. Poles in the form of two end plates of the same size (Fig. 1).

The initial domain of the field in plane z will be mapped on plane ¢ as shown in Fig. 1, b. In this
case the coordinates of domains ¢ and z are interrelated by expression [10]

sl 6]

where K (k) —a complete elliptic integral of the first kind with module k=a /b .
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Fig. 1

Since the analyzed domain is mapped in a plane on a band with a uniform field, expression (10) can
be used to calculate ponderomotive force. As a result of simple transformations, the required expression for a
specific ponderromotive force between two equal bands of finite width has the form
2 2
v . [1-2(z/b) +(a/b) ]
S =X~ : (15)

4K2(k) a' [1—(z/a)2]2[1—(z/b)2}2

where U, = H,p is the difference of potentials between poles (in the form of two end plates).

From (15) it is easy to find the expression obtained in the traditional way and used in practice [2] to
determine the ponderomotive force on the poles vertical axis of symmetry, which in this case (at z = jy ) has

only a component by axis y:
2 2
- [1+2(y /)" +(a/b)' |
S = Bl : (16)

4K2(k) a* [1+(y/a)2]2[1—(}//[))12
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Example 2. In practice the width Z of the magnetic system of pulley separator and the pulley
diameter d is large compared to the airgap &, magnetic collar (shunt) height 4 and the depth of extraction,
which is height of the material transported. Hence, as it showed in [12], for the determination of fields and
forces a pulley electromagnetic separator with magnetic collar may be presented as a planar and two-
dimensional structure (Fig. 2, a). The configuration of the poles, the correspondence of the points, and the
transformation of the initial domain are shown in Fig. 2 (/ is the magnetizing coil, 2 is the magnetic circuit,
3 is the magnetic collar (shunt)).

y
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Fig. 2
In this case the function of conform transformation is of the form [10—12]:

= Ale-0(e-a)] "+ (ar ) (1-1) 4 (=) - Zn(1-a), (17)

:n(a+1) n

where « is the certain parameter (Fig. 2, b), found by equation

12 12
LA R (18)
Z |a+l (1_a)/

The module of the magnetic field strength in the mapped domain (Fig. 2, b) [9]
-1/2
[ —e(1+5)+5] ", (19)

where U, is the difference of the potentials between the poles; b is the certain parameter (Fig. 2, b) found

U
)=
I

by equation

T‘—S:arctg(ﬂ)v2 +[(1-8)(b-a)]" f(a+1) (20)
VA b—a '
The module of the magnetic field strength in the initial domain
a+1l1( -1\
H|=Uj—||—| | 21
7=, z t(t - bj @)

Then, for the module of the ponderomotive force, it is easy to obtain the following expression from
(13), using (17) — (21)

| /| = oxT [21‘2 —t(3a+b)+2ab].

U2 (a+1j3 [(r-a)(e-1)]"
2\ Z t* (t-b)

The latter expression allows optimizing the geometry of ferromagnetic shunts of electromagnetic
pulleys [8, 12].

Conclusion. The problem of transformation of well-known calculated expression of the specific
ponderomotive force of the magnetic field in the working zone of the poles was solved. It allows to calculate
ponderomotive force directly, having only the function of conformal transformation of pole configuration in
initial plane z on mapped domain ¢.

It should be mentioned that, since the expressions for the specific ponderomotive force of
magnetostatic and electrostatic fields are similar [7], the found expressions can also be used in the
calculation of systems operating on the principle of ponderomotive action of the electrostatic field.
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Ilpu uccredosanuu ycmpoucms, 8 KOMOPLIX UCHONb3YEMC NOHOEMOMOPHOe Oelicmseue MASHUMHO20 NOA, WUPOKOe
npumenerue NOAYYUL MemoO KOHGOPMHO20 npeobpasosanus, no38ONAIOWUN NPOSOOUMb AHAAU3 U  paciem
CMAYUOHAPHBIX 08YXMEPHBIX DNEKMPUHECKUX U MACHUMHBIX HOJell, YOoelemeopaiowux ypaswenuro Jlannaca, u
3HAUUMENbHO Ynpocmums 3a0ayy paciema nojs. OCHOBHbIM HEeOOCMAMKOM IMO20 MemMOoOd AGIAEMCs OMCYMCMeEue
00we20 cnocoba HaxoHCOeHUsi KOMNIEKCHO20 NOMEHYUALA U, KaK C1e0CmEUe, He8O3MOICHOCHb NOJYYEHUsL BbIPAIICEHUS
OJ151 HANPSJICEHHOCMU NOJISL U €20 NOHOEPMOMOPHOU CUTIbL 8 IBHOM UOe KAK (DYHKYUU KOOPOUHAM 6 UCXOOHOU 00acmu.
B oannoii pabome pewaemces 3a0aua HenocpeOCmeeHH020 HAX0HCOeHUs 8blpadicenus O YOeIbHOU NOHOePOMOMOPHOU
CUNbLL MASHUMHO20 MO C UCNONb308AHUEM KOMNIEKCHO20 NOMEHYUald Npu U3eecmHol QYHKyuu KOHGOPMHO20
npeobpazosanus. Paccmompennvie npumepvt pacuema noHOepoOMOMOPHOU CUlbl 8 paboueli 30He NOICO8 PATUYHOU
@opmbl Mo2ym  CAYHCUML MOOenb0 01 UCCIe008AHUA MA208bIX PAOOUUX XAPAKMEPUCIUK DNeKMPOMASHUMHBIX
cucmem MasHuUmHo-cenapupyrowux ycmpoticms. Kpome moeco, nonyuenHvie SbIPANCEHU MAKHCE MOSYM UCHOTb3O-
6amuvCs npu pacieme cucmeM, padoOmalwWux Ha NpuHyune NOHOEPOMOMOPHO2O OeUCmeUs IAeKMpPOCMAMuYecKozo
noas. bubn. 12, puc. 2.

Kniouegvie cnosa: noHnepoMOTOpHAs CUIIA, HAPSDKEHHOCTh MATHUTHOTO T10JISl, METO.I KOH(OPMHOTO peoOpa3oBaHusl,
MarHUTHBIE CHCTEMBbI.
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Y mpoyeci oOocniosicenns npucmpois, 6 AKUX SUKOPUCHOBYEMBCS NOHOEMOMOPHA Ol MASHIMHO20 NOJA WUPOKe
3aCMOCYBAHHsL OMPUMAB MeMOO KOHQPOPMHO20 NepemeopeHHs, AKUU 0d€ 3Mo2y NpOGOOUMU AHANI3 | PO3PAXYHOK
CMAayioHapHUX O0BOBUMIDHUX eNeKMPUYHUX [ MASHIMHUX MO8, WO 3a00801bHAIOMb pieHAHHIO Jlannaca, a makoosc
3HAYHO CAPOCMUMU 3a0a4y PO3PAXYHKY NofA. Ale 11020 OCHOBHUM HeOONIKOM € GIOCYMHICMb 3A2ANbHO20 CHOCOOY
3HAXOONCEHHs KOMNJIEKCHO20 NOMEHYIANY, WO VHEMONCIUBTIOE OMPUMAHHS 8UpA3i8 05l HANPYI’CEHOCMI NoJs i 1020
HOHOEPMOMOPHOI CUNU 6 SIGHOMY 6Us0i K DYHKYIL Koopounam y 6uxiouiti oonacmi. Y Oamii pobomi eupiutyemocs
3a80aHHA  0e3N0CePeOHb020 3HAXOOHCEHHA 8upaszy Ois NUMOMOI NOHOEPOMOMOPHOI CUNU MASHIMHO20 NONA 3
BUKOPUCIMAHHAM KOMIIEKCHO20 NOMeEHYIANy npu i0omitl hyHkyii konpopmmozo nepemeopenns. Posensanymi npukiaou
PO3PAXYHKY NOHOEPOMOMOPHOL cunu 6 poboUill 30HI NOMOCIE PIZHOI DOPMU MOJNCYMb CIYICUMU MOOELNIO 34075
00CTIOMNCEHHST MA0BUX POOOUUX XAPAKMEPUCTIUK eNeKMPOMASHIMHUX CUCTEM MASHIMHO-CEnapyloyux npucmpois.
Kpim mozo, ompumani supasu maxodic MoxiCyms GUKOPUCTNOBYBAMUCS 340751 PO3PAXYHKY CUCTEM, WO Npayioroms Ha
NPUHYUNT NOHOEPOMOMOPHOIL il enekmpocmamuunoeo nois. bion. 12, puc. 2.

Knrwowuoei cnosa: noHIEpOMOTOpPHA CHIIa, HANpY)KEHICTh MAarHiTHOTO IOJIS, METOJ KOH(OPMHOTO IEepeTBOPEHHS,
MAarHITHI CHCTEMH.
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