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This paper presents three approaches to calculate the interacting magnetic force about spherical permanent
magnet, respectively based on magnetic dipole-dipole model, equivalent magnetic charge model and equivalent
magnetizing current model. We use all of three models to fully calculate and study the behaviors of lateral and
axial forces with respect to the related positions between a pair of spherical magnets. The accuracies of the cal-
culation results are compared with the experimental data. In conclusion, the magnetic dipole-dipole model has
the most advantageous accuracy and efficiency for the magnetic force calculation about spherical permanent
magnets on account of the particularity of sphere. Our study provides an important criterion for choosing a
proper method to calculate magnetic force about spherical permanent magnet.
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1. Introduction

Spherical permanent magnet is always applied in some
mechanical structures and frontier researches such as end-
effector for robotic magnetic manipulation, flexible chain
or ring, magnetic abrasive finishing and some vibration
energy harvester [1-4], because the unique characteristics
of point-contact and uniform magnetization. Therefore, an
accurate magnetic force calculation method about spherical
permanent magnet is essential to predict and analyze the
behaviors of components or structures with spherical
permanent magnets participating. This paper presents
three equivalent models, magnetic charge, magnetizing
current and magnetic dipole-dipole, which are used to
calculate the interacting magnetic force between two
spherical permanent magnets.

In this paper, we first set up the experiment to measure
the actual forces interacted between two same spherical
permanent magnets. Then, we use all of three models to
fully calculate the interacting magnetic force and study

©The Korean Magnetics Society. All rights reserved.
*Corresponding author: Tel: +86(0)2227403285
Fax: +86(0)2227403285, e-mail: leng_yg@tju.edu.cn

This paper was presented at the [LAUMS2018, Jeju, Korea, June 3-
7,2018.

spherical permanent magnet, magnetic force calculation, magnetic dipole-dipole, equivalent magnetic

the behaviors of lateral and axial forces respectively with
respect to the lateral displacement and interval between
magnets. Subsequently, we compare the accuracies of
three models with experimental measurement data to
confirm the most accurate and effective model. Moreover,
the applicability of the magnetic dipole-dipole model is
also discussed.

2. Experiment

First of all, we design an experiment to measure the
actual position-dependent magnetic forces between a pair
of ¢30 mm Y30BH spherical permanent magnets, as
shown in Fig. 1. One magnet of the pair is attached to the
adjusted platform and the other one to a dynamometer
(HF-5), the relative position of spherical magnets is adjusted
with screws of platform. We read the relative displacements
of spherical magnet by laser displacement sensor (LK-
G5001V) and record the forces with the dynamometer,
respectively, whose minimum resolutions are 0.001 mm
and 0.001 N.

In order to obviously observe the accuracies of magnetic
force calculation with the three models, in this paper, we
just measure the interacting axial forces (AF) F7 and
lateral forces (LF) F;, when one magnet is moving over
another fixed one along the x-axis, as shown in Fig. 2,
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Laser displafement sensor

(b)
Fig. 1. (Color online) Magnetic force measurement system. (a)
lateral force, (b) axial force.

Fig. 2. (Color online) Schematic of the spherical magnet mov-
ing state.

where the magnet B is fixed and the magnet A is
movable. Moreover, when the projections of the pair of
spherical magnets coincide in z-direction, we change the
interval d and record the axial magnetic forces. That
means the interacting magnetic forces’ values we achieve
are plotted with respect to the displacement x and interval
d respectively. The experimental data are plotted as dots
in Fig. 6 and compared with the simulation results based
on the calculations in the later section to evaluate the
accuracies of models.

3. Magnetic Force Calculation Models

3.1. Magnetic dipole-dipole model

The theory of magnetic dipole-dipole treats two inter-
acting spherical permanent magnets as a pair of magnetic
dipoles with directional magnetic moments u = MV, as
shown in Fig. 3, where M is the magnetization intensity

of permanent magnet and V= §HR3 represents the

volume of magnet, R is the radius of spherical magnet.
The magnetic induction intensity produced by magnet B
on an arbitrary point A is
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where rg4 represents the vector pointing to A from B, g
is the permeability of vacuum.

The interacting magnetic force is obtained by solving
the Maxwell equations with the introduction of a scalar
magnetic potential U, =-B,,-u, [5]:

F=-VU,. )

Subsequently, the lateral magnetic force in x-direction
is written as

2
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and the axial magnetic force in z-direction is

3
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where 7, =(x’+2°)"?, z and x are the coordinates of
magnet A’s center point in coordinate system in which the
center point of magnet B is chosen as the original point.
Here, we define the attractive magnetic force as positive,
the same hereinafter. So there are minuses in the front of
formula (3) and (4).

3.2. Equivalent magnetic charge model

The equivalent magnetic charge theory is based on the
magnetic dipole model as its micro model, it believes that
a magnetized permanent magnet has a north and a south
pole on the two end faces on account of the organized
interior magnetic dipolar molecules arranging orderly in
the direction of magnetic field, of which the north and
south poles link one after another and offset. Hence,
positive and negative magnetic charges only distribute on
the surfaces of magnetic north and south poles [6]. The
magnetic field produced by a permanent magnet can be
equivalent to the field produced by these magnetic
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Fig. 4. Schematic drawing of equivalent magnetic charge
model.

charges on the magnetic poles’ semi-spherical surfaces,
so can the magnetic force acting on permanent magnet. In
other words, the interacted magnetic force between two
spherical permanent magnets is summation of interacted
magnetic force among those surface magnetic charges, as
shown in Fig. 4.

Therefore, according to the magnetic charge theory, the
interacting magnetic force between two spherical permanent
magnets is calculated by using twice spherical surface
integrals of the dipole-dipole model. We use o to denote
the surface charge density, the magnetic moments in Eqn.
(2), (3) and (4) are in form of i = g,dS, and the surface
charge density o, = M [7].

Note that we define the serial number for every hemi-
spherical surface in Fig. 4, the interacting force between
two spherical permanent magnets is a summation of the
contribution of both hemispherical magnetic pole surfaces
of two permanent magnets:

2 4

F=3>F,. 5)
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where F,, represents the interacting magnetic force

between two hemispherical surfaces which belongs to

different magnet:
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dS represents the infinitesimal cell area on the hemi-
spherical surface, the parameters £ and « are shown in
Fig. 4, R is the radius of spherical magnet. The z,,, in this
equation is used to distinguish the interaction between
different pairs of hemispherical surfaces numbered in Fig.
4 and these are:
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z,,=d+R,(1-cos f,)+R,(1-cos 3,), @)
zy=d+R,(1-cos 8,)+R,(1+cos f,), ®)
z, =d+R,(1+cos B,)+R,(1-cos ;) , )
z,=d+R,(l1+cosB,)+R,(1+cos ;). (10)

For zy4 and z3;, the signs in the front of Eqn. (6) are
minus, for z; and zy,, the signs are plus as same as the
definition in dipole-dipole model.

According to the Eqns. (5)-(10), the axial and lateral
interacting magnetic force between two spherical permanent
magnets are simulated as plotted in Fig. 6. In this case,
the magnetic force in y-direction is zero, the magnetic
force in x-direction can represent the lateral force. By
changing the coordinate system, we can calculate inter-
acting magnetic force of the other relative positions between
magnets, because of symmetry of sphere.

3.3. Equivalent magnetizing current model

The equivalent magnetizing current theory believes that
every magnetic domain, the basic unit of a magnetic
medium, can be equivalent to a micro ring current. An
unmagnetized permanent magnet shows no magnetism on
macro-scale because the directions of micro ring currents
distribute random; whereas a magnetized permanent magnet
has polarity due to micro ring currents arranged along the
direction of the magnetic field. In the case of a uniformly
magnetized spherical permanent magnet whose magneti-
zation intensity M is constant [8], the internal adjacent
magnetizing ring currents have inverse tangential directions
and are offset by each other. Hence, only the surface
magnetizing currents exist around the outmost surface of
the spherical magnet, as shown in Fig. 5. The surface
magnetizing current density is

K =Mxh, (11)

where n is surface normal unit vector.

Fig. 5. Schematic drawing of equivalent magnetizing current
model.
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The magnetic force calculation of this double spherical
magnet interacted system can be equivalent to that the
currents on magnet A’s surface is placed in the external
magnetic field produced by the current of magnet B.

According to Biot-Savart law with some basic coordi-
nate transformation, we first achieve the magnetic induc-
tion intensity of an arbitrary point P(x, y, z) in space
produced by spherical magnet B:

n/2
B ,uo J-R dﬂj-((z R, sm,B)R cos ffcos 8 J6i
—n/2 r
z—R,sin f)R, cos fsinf , .
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spherical magnet B, the meanings of #and g are shown in
Fig. 5.

Subsequently, the magnetic force between two spherical
permanent magnets is treated as the Ampere’s force of
magnetizing currents on the magnet A’s surfaces in the
field produced by currents of magnet B. we calculate the
interacted magnetic force using Ampere’s law,

F=-[[K,,xBds. (13)
S

where S represents the area of the surfaces where the
currents are. Hence, the interacting magnetic force is
expressed as:

/2
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where the meanings of « and ¢ are also shown in Fig. 5,
R, represents the radius of spherical magnet A.
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4. Simulation and Comparison

Based on the above calculation, we simulate the inter-
acting magnetic force between two spherical permanent
magnets with MATLAB. The lateral and axial force’s
curves with respect to lateral displacement and interval
are separately plotted in Fig. 6 and compared with the
experiment data measured. The interval d is set as 8 mm
and the permeability of vacuum g, =47x107 H/m. The
magnetization intensities M of the above three methods
are respectively set as 2.81 x 10° A/m (dipole-dipole), 2.6
x 10* A/m (charge) and 3.1 x 10° A/m (current). Some
researchers proposed and proved the equivalence of these
three models in micro scale [9, 10]. For a pair of magnetic
dipoles (charges) and two micro magnetizing loop
current, the expressions of interactions have unique form
with the same magnetization intensities. However, in the
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Fig. 6. (Color online) Comparison of simulation results of dif-
ferent models with the experiment data. (a) lateral and axial
force with respect to displacement x; (b) axial force with
respect to interval d.
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most of cases of the magnetic force calculation between
permanent magnet, the magnets have macro scales. Different
integral paths of the three calculation methods lead to
different values of magnetization intensities. As our paper
shows, the dipole-dipole model does not need any integral
operation as the micro form of magnetic charge model;
the method of equivalent magnetizing current is a kind of
line integral calculation of current path focusing on the
outermost loop where the macro equivalent currents
distribute; the calculation based on the theory of magnetic
charge is a kind of surface integral of magnetic pole faces
where the equivalent magnetic charges distribute.

Comparing different calculation expressions of magnetic
force models, the magnetizations intensity M are indepen-
dent of integral and could be put in the head or end of the
formula as constants in the case of uniformly magnetized
spherical permanent magnets. The value of magnetization
intensity makes no difference in the general shape of
simulation curve as functions of any abscissa parameter x
or d because of the linear relation between magnetization
intensity and interacting magnetic force, it only decides
the magnitude of magnetic forces.

Therefore, we just assign the values of magnetization
based on an empirical basis in the former literature and
try the best to make the most of measured values consistent
with the curves. Concretely, we calculate the variances of
absolute error between every simulated and measured
value with different magnetization intensity. By comparing
the variance, we confirm the final magnetization intensity
when the variance is minimum.

We also calculate the average relative errors:

A%
5 _SlF (15)

where the AF; in the Eqn. (10) represents the absolute
error of every force’s value, and there is AF,=F, —F,,
where F,;, F; and N respectively represent the measured
value, simulated value and the quantity of the values
which contains both axial and lateral forces. The results

of each case are also marked in the Fig. 6.

5. Conclusion

It’s observed from Fig. 6 that the equivalent magnetizing
current model and magnetic dipole-dipole model almost
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have similar better accuracies than that of magnetic charge
model. Moreover, considering the process of modelling
and calculation, the magnetic dipole-dipole model is much
simpler to be established to calculate the interacting
magnetic force and can be the first choice to calculate
magnetic force about spherical permanent magnet. Although
it has been verified that magnetic dipole-dipole model
isn’t appropriate for the cubic or cylindrical magnet due
to the specific shape of permanent magnet which dipole
model cannot describe [11], it is suitable for the calcu-
lation of magnetic force interacted between spherical
permanent magnets, because dipole can be treated as
sphere in topology.
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