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Abstract– This paper examines the behavior of the axial 

component of magnetic force (𝑭𝒛) and magnetic rigidity (𝒌𝒛) in 

diametrically magnetized passive magnetic bearing configurations 

(PMBs). Numerical simulations of computational electromagnetism 

(CEM) based on the finite element method were performed to 

evaluate the behavior of 𝑭𝒛 and 𝒌𝒛 in various bearing 

configurations. First, an analytical expression of the magnetic field 

of a diametrically magnetized ring is presented, with the aim of 

identifying the parameters that determine the behavior of that field 

and hence the magnetic force. Additionally, 𝑭𝒛 and 𝒌𝒛 are analyzed 

based on the axial displacement of the internal magnets of systems 

formed by one or two diametrically magnetized bearings. Finally, the 

magnetic force and rigidity of three sets of two PMBs are compared. 

The first set is magnetized radially, the second set is magnetized 

axially, and the third set is magnetized diametrically. 

Keywords-- Diametrical magnetic bearing, passive magnetic 

bearing, magnetic field, magnetic stiffness, magnetic force. 

 

I.  INTRODUCTION 

Currently, the Costa Rica Institute of Technology (TEC) is in 

the process of developing a ventricular assist device (VAD) [1]. 

In this project, a magnetic levitation system is being designed 

to ensure the stiffness of the VAD impeller, for which two 

passive magnetic bearings (PMBs) are necessary. A PMB is a 

machine element that generates the magnetic suspension of a 

rotor without any mechanical contact by using permanent 

magnets [2], [3]. These devices have multiple benefits; for 

example, they do not need energy to operate, have a very long-

life spawn, and prevent friction between components. Because 

of this, they are used in electric motors that need magnetic 

support systems with low friction, such as VADs [4], [5], [6]. 

However, because PMBs use permanent magnets, these devices 

have significant drawbacks. For example, according to 

Earnshaw's theorem, it is impossible to suspend a ferromagnetic 

body in all of its degrees of freedom with this kind of bearing, 

which often requires the assistance of other types of bearings, 

such as hydrodynamic ones, to ensure stiffness [7]. They also 

have poor natural damping, which might lead to stiffness 

problems. Another disadvantage is that some physical 

parameters, such as PMB force or magnetic stiffness, need 

sophisticated calculations that require the use of a numerical 

method, such as the finite element method (FEM) [8].  

Different kinds of PMBs may be distinguished based on the 

orientation of the magnetization direction of the individual 

magnets that compose them. These may be categorized as axial, 

radial, radial-axial, and diametrical. As Yonnet [9] points out, 

in order to choose the best configuration for stiffness in a certain 

direction, axial force, or others, it is preferable to consider all 

feasible configurations and their key specifications before 

beginning to construct an instrument. Various studies on the 

behavior of magnetic force and magnetic stiffness for axial or 

radial PMBs can be found in the literature [9], [10], [11], [12], 

[13]; however, no studies on magnetic force or axial magnetic 

stiffness related to diametrical PMBs were found during the 

development of this research, nor was there evidence where the 

interaction between two or more diametrical PMBs was 

characterized according to the distance of separation between 

them. 

The main goal of this research is to use FEM to characterize the 

axial magnetic stiffness 𝑘𝑧 and the axial 𝐹𝑧 component of the 

magnetic force between the internal and external magnets of 

either one or two PMBs, given that our VAD proposal will 

incorporate a levitation system composed of two PMBs. First, 

a brief explanation of the magnetic field generated by a 

diametrically magnetized permanent magnet is presented, with 

the aim of establishing a theoretical model that allows for the 

identification of the parameters that govern the behavior of such 

a field as well as a starting point for the verification of the 

numerical method used (section 2). Next, the behavior of 𝑘𝑧 and 

𝐹𝑧 as a function of the axial displacement 𝑧 for the configuration 

of one and two diametrically magnetized PMBs is studied 

(sections 3 and 4). Finally, the behavior of the magnetic force 

and magnetic stiffness of three systems of two PMBs is 

compared, the first radially magnetized, the second axially, and 

the third diametrically magnetized, in order to determine which 

system may be the best option for a magnetic stability system 

(section 5). 

II. MAGNETIC FIELD OF A DIAMETRICALLY MAGNETIZED 

RING PERMANENT MAGNET. 

In order to establish the mathematical model and the 

parameters that define how this field behaves, this section gives 

a brief description of the magnetic field that a diametrically 

magnetized ring magnet produces. For this case, consider a ring 

with constant diametrical magnetization 𝑀⃗⃗ = 𝑀𝑦̂, such as the 

one shown in Fig. 1. It was tried to find a mathematical way  
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Fig. 1: Permanent ring with diametrical magnetization. 

to describe the magnetic field 𝐵⃗  at a point located at 𝑟 2 defined 

that is set by the coordinates ρ, β, and 𝑧. 

According to Reitz [14], Van Tai Nguyen [15], and 

Fontana [16], the magnetic field produced by permanent 

magnets can be determined using the Couloumbian model, 

frequently referred to as the method of magnetic charge, that is 

𝐵⃗ =
μ0

4π
[∫

(\𝑉𝑒𝑐𝑟2 − 𝑟1⃗⃗⃗  )

|𝑟2⃗⃗  ⃗ − 𝑟1⃗⃗⃗  |
3

ρ𝑀d
𝑉1

𝑉1 + ∫
(𝑟2⃗⃗  ⃗ − 𝑟1⃗⃗⃗  )

|𝑟2⃗⃗  ⃗ − 𝑟1⃗⃗⃗  |
3
σ𝑀d

𝐴1

𝐴1] , (1) 

where the variable 𝑟 1 is used to locate a point within the magnet, 

ρ𝑀 and σ𝑀 are known as the magnetic pole density and surface 

density of the magnetic pole intensity, respectively, and are 

determined 

ρ𝑀 = −∇ ⋅ 𝑀⃗⃗ , (2) 

σ𝑀 = 𝑀⃗⃗ ⋅ 𝑛⃗ . (3) 

Ravaud also used the Couloumbian method to study the 

magnetic force between permanent magnets with axial or radial 

magnetization. The magnetization is normal to the surface in 

such cases [11], [12]. In this situation, the magnetization is 

constant, therefore ρ𝑀 = 0. Additionally, the normal vector to 

the surface 𝑛̂ produces an angle θ with 𝑀⃗⃗ , so σ𝑀 = 𝑀 sin 𝜃, 

reducing (1) to 

𝐵⃗ = κ∫ ∫ [ℬ⃗⃗ 𝑏d𝐴𝑏 − ℬ⃗⃗ 𝑎d𝐴𝑎]
ℎ𝑎

0

2π

0

, (4) 

with 

ℬ𝑖
⃗⃗  ⃗ =

(ρ cos β − 𝑟𝑖 cos θ)𝑥̂ + (ρ sin β − 𝑟𝑖 sin θ)𝑦̂ + (𝑧 − ℎ)𝑧̂

[𝑟𝑖
2 + ρ2 − 2𝑟𝑖ρ cos(β − θ) + (𝑧 − ℎ)2]3/2

, (5) 

κ =
μ0𝑀1

4π
,                                                                                   (6) 

d𝐴𝑖 = 𝑟𝑖 sin θ dℎdθ,   for (𝑖 = 𝑎, 𝑏).                              (7) 

In this case, unlike Nguyen's [15] or Fontana's [16], 

cartesian unit vectors are used because they are constant 

throughout space, are easier to visualize and understand than 

cylindrical unit vectors, and are more common in scientific 

literature. As seen in (4), (5), (6) and (7), the determination of 

𝐵⃗  is based on elliptic integrals, which may be solved 

numerically and analytically under certain conditions. For 

example, consider the situation of the ring's center line, that is, 

ρ = 0 and β = 0, for which (5) simplifies to 

ℬ𝑖
⃗⃗  ⃗ =

−𝑟𝑖 cos θ𝑥̂ − 𝑟𝑖 sin θ 𝑦̂ + (𝑧 − ℎ)𝑧̂

[𝑟𝑖
2 + (𝑧 − ℎ)2]3/2

. (8) 

Substituting (8) in (4) it can be shown that 𝐵𝑥 = 𝐵𝑧 = 0 

and 

𝐵𝑦(𝑧) = −𝜅𝜋 [
𝑧

√𝑟𝑏
2 + 𝑧2

−
𝑧

√𝑟𝑎
2 + 𝑧2

]                                             

                 −κπ [
𝑧 − ℎ𝑎

√𝑟𝑎
2 + (𝑧 − ℎ𝑎)

2
−

𝑧 − ℎ𝑎

√𝑟𝑏
2 + (𝑧 − ℎ𝑎)

2
] . (9) 

The Fig. 2 shows the behavior of 𝐵𝑦 on the symmetry axis 

of a diametrically magnetized ring in the function of 𝑧. This 

figure presents a comparison of the results obtained from a 

numerical simulation carried out with the COMSOL 

Multiphysics program and the values of this component 

determined from the analytical expression (9), taking into 

account for both cases 𝑟𝑎 = 26 mm, 𝑟𝑏 = 34 mm, ℎ𝑎 = 20 mm, 

and 𝑀1 = 10 kA/m. From which it can be verified that the 

results of the numerical simulation are reliable, as both results  

 

Fig. 2: A comparison of a numerical simulation performed using the COMSOL 

Multiphysics software and the analytical equation of 𝐵𝑦 for a diametrically 

magnetized permanent magnet. 
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are almost identical. It can also be seen that, as expected, 𝐵𝑦 is 

highest at the magnet's middle (𝑧 = ℎ𝑎/2 = 10 mm), and it is 

the same whether 𝑧 = +𝑧 or 𝑧 = −𝑧. 

III. MAGNETIC FORCE BETWEEN TWO RINGS WITH CONSTANT 

DIAMETRICAL MAGNETIZATION 

This section provides an explanation of the behavior of the 

axial magnetic force 𝐹𝑧 and the magnetic stiffness 𝑘𝑧 between 

two ring-shaped permanent magnets with constant diametrical 

magnetization (see Fig. 3). This configuration is known as the 

simplest PMB [17]. 

According to Camacho [18], the force that a permanent 

magnet with magnetic field 𝐵1
⃗⃗⃗⃗  produces on another magnet 

with magnetization 𝑀2
⃗⃗ ⃗⃗  ⃗ is determined by 

𝐹 = ∇⃗⃗ ∫𝐵⃗ 1 ⋅ 𝑀⃗⃗ 2d𝑉2
𝑉

, (10) 

where d𝑉2 is a volume element of the second magnet. In this 

case, the two permanent magnets are assumed to have constant 

diametrical magnetization, 𝑀1
⃗⃗⃗⃗  ⃗ = 𝑀1𝑦̂ and 𝑀2

⃗⃗ ⃗⃗  ⃗ = 𝑀2𝑗̂, as shown 

in Fig. 3; hence, according to  (10), 𝐹𝑧 is given by 

𝐹𝑧 = 𝑀2 ∫ ∫ [𝐵1𝑦(= 𝑧 + ℎ𝑏) − 𝐵1𝑦(𝑧 = 𝑧)]𝜌𝑑𝜌d
𝑟𝑑

𝑟𝑐

𝛽
2𝜋

0

, (11) 

 

Fig. 3: This is a passive magnetic bearing with a simpler structure. It is made 

up of two rings of permanent magnets. In this case, the magnets have 

diametrical magnetization. 

where 𝐵1𝑦 is the magnetic field generated by the external 

magnet, whose expression is shown in (4). In addition, the axial 

magnetic stiffness 𝑘𝑧 is given by the expression [17] 

𝑘𝑧 ≡ −
∂𝐹𝑧

∂𝑧
. 

where, in the case that 𝑘𝑧 > 0, the system or configuration is 

said to be stable. 

As 𝐹𝑧 and 𝑘𝑧 depend on 𝐵1𝑦  (see (9)), the analytical 

determination of these expressions presents a considerable 

challenge; consequently, FEM, in particular the Comsol 

Multiphysics tool, was employed to estimate the variation of 

those physical values dependent on the axial displacement 𝑧. 

Fig. 4 shows how 𝐹𝑧 changes as a function of 𝑧 for two 

diametrically magnetized permanent magnets with different 

external radii 𝑟𝑑 of the internal magnet. Also, Fig. 4 shows that 

the force exerted by the PMB's magnets has an effective range 

of 𝑧 = −10 mm to 𝑧 = 10 mm, with equilibrium being reached 

at 𝑧 = 0; Outside of this range, 𝐹𝑧 will always be null, despite 

the value that was assigned to 𝑟𝑑. 

Fig. 5 shows how the axial magnetic stiffness 𝑘𝑧 changes as 

a function of the axial displacement 𝑧 of the internal magnet for 

different values of 𝑟𝑑. Results show axial stiffness increases as 

𝑟𝑑 goes up, which means that the space between the magnets 

gets smaller. At 𝑧 = 0 m, the maximum values of 𝑘𝑧 were found 

to be 1.193 N/m for 𝑟𝑑 = 24 mm, 2.336 N/m for 𝑟𝑑 = 25 mm, 

and 4.567 N/m for 𝑟𝑑 = 26 mm. 

 

Fig. 4: Axial magnetic force exerted between two diametrically magnetized ring 

permanent magnets as a function of the axial displacement of the inner 

permanent ring magnets for various r_d values. In this case, 𝑟𝑎 = 26.6 mm, 

𝑟𝑏 = 34.8 mm, 𝑟𝑐 = 13 mm, ℎ𝑎 = ℎ𝑏 = 5 mm, and 𝑀1 = 𝑀2 = 10 kA/m. 
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Fig. 5: Axial magnetic stiffness 𝑘𝑧 function of the internal magnet's axial 

displacement 𝑧 for varied values of 𝑟𝑑. It is considered for magnets 𝑟𝑎 = 26.6 

mm, 𝑟𝑏 = 34.8 mm, 𝑟𝑐 = 13 mm, ℎ𝑎 = ℎ𝑏 = 5 mm, and 𝑀1 = 𝑀2 = 10 kA/m. 

Finally, it is important to remember that the geometric 

properties of the magnets specifically determine the shapes of 

the curves of 𝑘𝑧 and 𝐹𝑧 as a function of 𝑧. This is because in the 

Coulomb model, both the force and the stiffness are directly 

proportional to the magnetization values of the permanent 

magnets, as indicated by the expressions (11) and (12), 

respectively. 

IV. MAGNETIC FORCE BETWEEN TWO DIAMETRICAL PASSIVE 

MAGNETIC BEARINGS 

In this section, we will look at how the magnetic force that acts 

on the internal magnets of a configuration of two PMBs with 

diametrical magnetization changes. In this case, the distance 

between the bearings is 𝑧𝑎 = 95 mm (this separation distance 

was chosen because the axial impeller for which the bearings 

will be used is approximately 100 mm long), and it is assumed 

that only the internal magnets of the bearings move, both in the 

same direction with respect to the 𝑧 axis (see Fig. 6). Fig. 7 

shows a cross-section of this arrangement, which shows the 

parameters that determine the size of the magnets in these 

bearings. 

As mentioned in the previous section, the force between two 

permanent magnets cannot be determined analytically (see  

(11)) so this section will study the force and magnetic stiffness 

between two PMBs using FEM. Fig. 8 shows the axial 

component 𝐹𝑧 of the magnetic force acting on the internal 

magnets of the PMBs as a function of the axial displacement 𝑧 

for different external radii 𝑟𝑑 of the internal magnets, where a 

𝐹𝑧 behavior is observed similar to that of two permanent 

magnets shown in the previous section. For example, this force  

 

Fig. 6: Two passive magnetic bearings with diametrical magnetization. a) The 

internal magnets without axial displacement, b) The inner magnets of the 

cushions are displaced a distance z from the external magnets. 

 

Fig. 7: Cross-section and arrangement of two diametrically magnetized PMBs. 

is greater as 𝑟𝑑 increases because the space between the magnets 

is smaller.  

Also, for negative values of 𝑧 the force is attractive and 

repulsive for positive values of 𝑧. The main difference is that 

the value of 𝐹𝑧 is the double that is found for the case of one 

PMB, which is expected given that there are two PMBs 

separated by a distance of 95 mm, so the internal magnets of the 

bearings only feel the force of the external magnet of the 

bearing to which they belong, as a consequence of the results 

provided in the Fig. 4 where the force felt by a magnet is zero 

for 𝑧 < −10 mm and 𝑧 > 10 mm. Regarding the range of 

action of 𝐹𝑧, it can be seen that it is identical to that of one PMB; 

this is −10 <  𝑧 <  10 mm, regardless of the value of 𝑟𝑑. 

Axial magnetic stiffness 𝑘𝑧 is shown in Fig. 9 as a function of 

axial displacement 𝑧 for different values of 𝑟𝑑; similar to a 

PMB, the larger the value of 𝑟𝑑 (and the smaller the distance 

between the magnets), the larger is 𝑘𝑧. Here, the maximum 

values of 𝑘𝑧 are 2.303 N/m for 𝑟𝑑 = 24 mm, 4.658 N/m for 

𝑟𝑑 = 25 mm, and 9.184 N/m for 𝑟𝑑 = 26 mm. 
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Fig. 8: Axial magnetic force between two diametrically magnetized PMBs as a 

function of the axial displacement of the inner permanent ring magnets for 

various 𝑟𝑑 values. It is taken into account for magnets: 𝑟𝑎 = 26.6 mm, 𝑟𝑏 =
34.8 mm, 𝑟𝑐 = 13 mm, ℎ𝑎 = ℎ𝑏 = 5 mm, and 𝑀1 = 𝑀2 = 10 kA/m. 

 
Fig. 9: Axial magnetic stiffness 𝑘𝑧 between two diametrically magnetized PMBs 

as a function of the axial displacement of the inner permanent ring magnets for 

various 𝑟𝑑 values. It is taken into account for magnets: 𝑟𝑎 = 26.6 mm, 𝑟𝑏 =
34.8 mm, 𝑟𝑐 = 13 mm, ℎ𝑎 = ℎ𝑏 = 5 mm, and 𝑀1 = 𝑀2 = 10 kA/m 

As was already said, if two PMBs are more than 𝑧𝑎 = 10 mm 

apart, they do not interact with each other. Because of this, we 

looked at how 𝐹𝑧 and 𝑘𝑧 changed when two PMBs were placed 

at different distances 𝑧𝑎 apart. Fig. 10 shows the relationship 

between 𝐹𝑧 and 𝑧 when 𝑧𝑎 = 6.5, 12 and 95 mm. It shows that 

if 𝑧𝑎 = 6.5 mm, the maximum value of 𝐹𝑧 is 13.2 mN, and the 

range of action of the force is between -20 mm and 20 mm. For 

the case where 𝑧𝑎 = 12 mm, the maximum 𝐹𝑧 was 17.9 mN, 

and the range of action of the force was also between -20 mm 

 
Fig. 10: Axial magnetic force between two diametrically magnetized PMBs as 

a function of the axial displacement of the inner permanent ring magnets for 

various 𝑧𝑎 values. It is taken into account for magnets: 𝑟𝑎 = 26.6 mm, 𝑟𝑏 =
34.8 mm, 𝑟𝑐 = 13 mm, 𝑟𝑑 = 26 mm, ℎ = 5 mm, and 𝑀 =  10 kA/m. 

and -20 mm. However, two more local maximums were found. 

This is because in those areas, only one of the two internal 

magnets is interacting with only one of the external magnets, 

similar to what is shown in Fig. 11. The Fig. 10 shows that the 

case 𝑧𝑎 = 95 mm gave the highest value of 𝐹𝑧. This is because 

when the bearings with the same direction of magnetization are 

close to each other, the value of 𝐹𝑧 decreases, which is due to 

the fact that when an internal magnet is in the middle of two 

external magnets at a small distance, one of them repels it and 

the other attracts it. For that reason, in the cases 𝑧𝑎 = 6.5 mm 

and 12 mm, the maximum value of the force is lower. 

Fig. 12 shows how 𝑘𝑧 varies with 𝑧 for different bearing 

separation distances 𝑧𝑎. In the cases of 𝑧𝑎 = 6.5 mm and 12 

mm, 𝑘𝑧 is positive in three places, indicating that the design  
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Fig. 11: Axial Displacement of Internal Magnets of PMBs, case  𝑧 = 𝑧𝑎 

 

 
Fig. 12: Axial magnetic stiffness between two diametrically magnetized PMBs 

as a function of the axial displacement of the inner permanent ring magnets 

for various 𝑧𝑎 values. It is taken into account for magnets: 𝑟𝑎 = 26.6 mm, 

𝑟𝑏 = 34.8 mm, 𝑟𝑐 = 13 mm, 𝑟𝑑 = 26 mm, ℎ = 5 mm, and 𝑀 =  10 kA/m 

would be stable there. Instead, the configuration with the 

maximum value of 𝑘𝑧 is 𝑧_𝑎 = 95 mm, while the configuration 

with the lowest value is 𝑧𝑎 = 6.5 mm, showing once again that 

the proximity of bearings with the same magnetization direction 

has an effect on stability. 

V. COMPARISON OF TWO PMB CONFIGURATIONS WITH 

DIFFERENT MAGNETIZATION DIRECTIONS 

In this section, the behavior of 𝐹𝑧 and 𝑘𝑧 of three systems of two 

PMBs used in ventricular assist devices is compared. These 

configurations contain two bearings: the first one with axial 

magnetization (Fig. 13), the second one with radial 

magnetization (Fig. 14), and the third one with diametrical 

magnetization (Fig. 7). Remember that in [11] and [12], PMBs 

with axial and radial magnetization were studied. 

In this instance, the FEM was used as a tool to investigate the 

magnetic force as well as the magnetic stiffness. For the 

numerical simulations, the magnetic bearings had the following 

dimensions: 𝑟𝑎 = 26.6 mm, 𝑟𝑏 = 34.8 mm, 𝑟𝑐 = 13 mm, 𝑟𝑑 =
26 mm,  ℎ = 5 mm; all magnets have the same magnitude of 

magnetization, 𝑀 =  10 kA/m; and 𝑧𝑎 = 95 mm. The 

configurations differed solely in magnetization direction. Fig. 

15 shows the axial component 𝐹𝑧 of the magnetic force on the 

internal magnets of the bearings as a function of axial 

displacement 𝑧 for each arrangement. In it, it is observed that 𝐹𝑧 

has a similar behavior regardless of the magnetization of the 

 
Fig. 13: Configuration of two PMBs with axial magnetization. 

 

Fig. 14: Configuration of two PMBs with radial magnetization. 
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Fig. 15: Axial magnetic force 𝐹𝑧 as a function of axial shift 𝑧 for different PMBs 

configurations (axial, radial, and diametrical). It is taken into account for 

magnets: 𝑟𝑎 = 26.6 mm, 𝑟𝑏 = 34.8 mm, 𝑟𝑐 = 13 mm, 𝑟𝑑 = 26 mm, ℎ = 5 mm, 

and 𝑀 =  10 kA/m. 

bearings, but the significant difference is presented in terms of 

the maximum (or minimum) values, where it can be seen that 

the configuration with the highest value was the one with radial 

magnetization (𝐹𝑧 = 35.1 mN), followed by the one with axial 

magnetization (𝐹𝑧 = 30.9 mN) and the configuration with the 

lowest value was the diametrical (𝐹𝑧 = 20.2 mN). The picture 

also shows that 𝐹𝑧 is null for 𝑧 < −10 mm and 𝑧 > 10 mm 

regardless of magnetization. 

Fig. 16 shows how the axial magnetic stiffness 𝑘𝑧 changes 

as a function of the axial displacement 𝑧 for the different types 

of PMBs. It can be seen that the 𝑘𝑧 curve behaves the same way 

no matter how the magnets are magnetized, with the difference 

being in the maximum and minimum values. Radial 

magnetization (𝑘𝑧 = 22.6 N/m) had the greatest value, 

followed by axial (15.3 N/m) and diametrical (9.18 N/m). 

According to the results presented in Fig. 15 and Fig. 16, 

systems made up of radial and axial PMBs are more stable than 

systems formed by diametric PMBs under the same conditions 

(size and magnetization). 

VI. CONCLUSIONS 

From this study, the behavior of the axial magnetic stiffness 

𝑘𝑧 and the axial components of the magnetic force 𝐹𝑧 between 

the internal and external magnets of different configurations of 

diametrically magnetized PMBs was analyzed. 

First, a mathematical model of the magnetic field of a 

diametrically magnetized annular permanent magnet was 

found. From this model, the main parameters that define the 

field were found, as well as the components of the field at a 

point on the magnet's line of symmetry, which was used as the 

starting point for the FEM model. 

  

Fig. 16: Axial magnetic stiffness 𝑘𝑧 as a function of axial shift 𝑧 for different 

PMBs configurations (axial, radial, and diametrical). It is considered for 

magnets: 𝑟𝑎 = 26.6 mm, 𝑟𝑏 = 34.8 mm, 𝑟𝑐 = 13 mm, 𝑟𝑑 = 26 mm, ℎ = 5 mm, 

and 𝑀 =  10 kA/m. 

After that, the behavior of 𝑘𝑧 and 𝐹𝑧 was studied as a 

function of the axial displacement 𝑧 for one or two diametrical 

PMBs, for both configurations, it was found that as 𝑟𝑑 increased 

(making the space between the magnets smaller), so did the 

values of 𝐹𝑧 and 𝑘𝑧. Regarding 𝑘𝑧, it was discovered that 

regardless of the value of 𝑟𝑑, the maximum stability occurs at 

𝑧 = 0 mm, as expected given that 𝐹𝑧 is zero at this point. On the 

other hand, it was found that the range of action of 𝐹𝑧 for a PMB 

was between −10 mm and 10 mm, no matter what 𝑟𝑑 was. For 

two PMBs, this range depends on how far apart the bearings 

are. 

Lastly, it was found that under the same conditions (size and 

magnetization), diametrical PMBs are less stable and have less 

axial magnetic force than those of axial or radial PMBs. 
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