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1 | INTRODUCTION

Economical reasons and energy savings are key issues in in-
dustries, especially for those using rotational systems [1,2]. The
introduction of magnetic suspension systems using permanent
magnets (PMs) helped solving industrial problems in special
operating conditions such as aerospace, flywheels and
turbomolecular pumps, radiation, vacuum and clean room
environments, and equipment for severe conditions, for
example, low temperature and rotational speeds over
10,000 rpm [3-9].

In fact, magnetic suspension introduces significant tech-
nical advantages [10], such as no wearing and long life span,
extreme reliability, friction less and lubrication free operation,
low losses, low maintenance cost, low acoustic noise, zero
resistance in comparison to conventional mechanical ball
bearings [3-8,10-10].

Magnetic levitation was introduced in 1842 as a conse-
quence of Earnshaw's theorem [17]. In the mid-1930s, Beams
and Holms built the first practical magnetic bearing, which falls
into the passive magnetic bearing (PMB) category [13].

Magnetic bearings can be classified according to Lorentz
force and reluctance force. This classification includes eight
types of magnetic bearings in which three mentioned types of
bearings are presented and divided into some subset types [18].

Another classification method is based on the principle of
production of magnetic forces in magnetic bearings and the
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The results of numerical and experimental analysis of passive magnetic bearings are
presented. The proposed structure is composed of three radially stacked ring-shaped
permanent magnets. The improvements of stiffness and load capacity are proven in
comparison to the classical passive magnetic bearing composed of two rings. A preliminary
sensitivity analysis is catried out by means of the 2-dimensional finite element method
(FEM) modelling, which is used to provide the initial points for the stochastic optimisation
and also to define the best fitness and penalty functions. Finally, the 2-dimensional FEM is
used to compare the force density and the cost of the proposed structure to those of the
classical passive magnetic bearing composed of two rings. The optimised structure was
manufactured and validated by experimental measurements. The proposed passive mag-
netic bearing exerts greater axial force and stiffness than similar structures.

regulation of their operation. According to this classification,
magnetic bearings are classified into three types: PMB, active
magnetic bearing (AMB) and hybrid magnetic bearing (HMB)
[5,19].

According to the degree of freedom, the rotational PMBs
can be divided into axial and radial PMBs.

An axial PMB composed of three ring-shaped PMs is
experimented in order to prove the improvement of the
magnetic force and stiffness. The proposed structure has outer
and inner rings that are connected together and to the stator,
while the middle ring is connected to the rotor. The proposed
structure is more complex than the classical PMB composed of
two rings; therefore its advantages are assessed in terms of its
force density. The magnetic force is computed, and a com-
patison is performed between the proposed structure and an
equivalent PMB with two magnets.

The purpose of this study is threefold:

1. introducing a new structure of passive magnetic bearing
composed of three independent rings. The novelty of the
structure is discussed in Section 2;

2. providing a stochastic optimisation method;

3. comparing the proposed bearing to the classical magnetic
bearing,

The finite element method (FEM) is used for the mag-
netic force calculation. The PMBs are modelled using
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two-dimensional FEM (2D-FEM), exploiting the axial
symmetry around z-axis. The comparison of the proposed
structure of PMB to an equivalent structure with two
magnets and optimised dimensions is finally carried out. To
optimise the dimensions of both PMB structures, the genetic
algorithm (GA) is used. As a basic principle, GA needs
some initial points and fitness and penalty functions in order
to provide convergence towards the objective function;
therefore, sensitivity analysis is applied to investigate the
bearing characteristics.

The results of the sensitivity analysis produced by FEM
have been saved in a database to generate a black box
defining the PMB characteristics. During the GA process, the
data needed by the GA is recalled from the database. If the
recalled data is not included in the database, the result is
produced by linear interpolation from the data stored in the
database.

The force density is used as an index in order to
investigative the effectiveness of the proposed bearing In
fact, the volume of the magnetic material is one of the most
important pieces of the expenses puzzle. Therefore, both the
force and the force density are considered to compate the
two PMB structures. Finally, the optimised three-ring PMB
was manufactured, and a special setup was built. The
experiments show an agreement between the 2D-FEM re-
sults and the practical tests. The structure of the study is as
follows: Section 2 provides the basic model of the bearing
and the motivations behind this work, Section 3 provides
details on the construction of the bearing, Section 4 shows
the FEM analysis, while the sensitivity analysis, which is
used to build the initial database, is explained in Section 5.
The GA and the consequent optimisation are explained in
Section 6. The results are discussed in Sections 7 and 8.

2 | MAGNETIC FORCE AND STIFFNESS

The simplest structure of PMB is shown in Figure la. This
traditional PMB comes in two versions: the first consists of
two concentric rings separated by a cylindrical air gap, and the
second includes two rings of the same dimension separated by
a planar air-gap. Hereafter, the first version is considered. Also,
Figure 1b shows the new PMB structure with the mesh, which
is used in Section 4. The PMB is characterised by the inter-
action force (F) between the magnets and the detivative of the
force, namely the stiffness (K). In the Cartesian coordinate

(a) (b)

reference system, the static loading capacity and the stiffness
are given by:

F =FX+Fy+F7 (1)
- dF, dF, _, dF,

K=—<dx?+d—;?+dz?> (2)
K =—(K % +K,5 +K,7) (3)

Accotding to Earnshaw's theorem [14], the sum of the
bearings' stiffnesses in the three dimensions must be equal to
zero, that is:

K+ Ky +K, =0 (4)

Exploiting the circular shape of the rings one has:
K, = K, = K;; in the cylindrical coordinates:

K,=- 2K, (5)

Therefore, the ratio between axial and radial stiffnesses
is always - 2 for pure PM configurations with rotational
symmetry [20].

If K, is known, then the stiffness of the bearing is deter-
mined. The stiffness needs be positive to achieve a stable
configuration, although Equation (4) indicates that a positive
value of K, results into a negative value of K, [21] and vice
versa, so there is a very strong coupling between axial and
radial stiffnesses of cylindrical radial magnetic bearings. The
radial PMB, which is designed to hold radial loads, is unstable
in the axial direction, so to ensure stability along the rotation
axis, other means are required (e.g. one thrust bearing or an
electromagnetic action). In this paper, the magnetic interaction
between the magnets is used to generate an axial force.

There are several ways to calculate the magnetic force
between PMs. In [22], a 2-D semi-analytical method is used for
the magnetic force calculation. In [23], the force calculation is
done using special functions. In [21], a semi-analytical method
is used in cooperation with the Coulombian model to achieve
the magnetic forces, and it is shown that both the air-gap and
the PM width have a strong influence on the magnetic force. In
this study, the Finite Element Analysis (FEA) is used in order
to calculate the magnetic force.

FIGURE 1 Three-dimensional model of PMB:
(a) using two PM bearings and (b) proposed
structure and its mesh diagram
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3 | THE NEW STRUCTURE OF PMB

Figure 2a shows the common structure of PMB with two PM
rings installed in a motor. The outer magnet is connected to
the stator while the inner ring rotates with the rotor. In this
structure, the axial displacement is the displacement of the
inner ring from the centred (neutral) point.

The proposed structure consists of three PM rings, as
shown in Figure 2b. Both the outer and the inner rings are
coupled to the stator using two mechanical holders, while the
middle ring is connected to the rotor. An axial displacement
happens when the middle ring moves from the aligned
(neutral) position, together with the rotor.

Although the scientific literature provides many examples
of axially and radially stacked PMB, [24-27], the traditional
stacked PMBs are built by axially or radially gluing a number of
rings to form two rigid structures, fixed to the stator and to the
rotor, respectively. The two structures are composed of
the same number of magnets and are separated by one airgap.
The increase of the force and of the stiffness provided by this
kind of bearings is already known. In fact, stacking is consid-
ered an effective method to increase the force, as it allows
multiplying the force provided by each elementary unit while
reducing the parts where the field interaction is less effective.
In the proposed bearing, instead, the number of rings of the
two elements is different, and the rotating and the fixed rings
are interleaved (not just opposed); there are two airgaps, and
there is no eclementary unit, which repeats itself. The field
distribution is therefore different from the traditional stacked
bearing, and the whole structure needs be optimised.

An extra volume of magnets achieves higher force. In or-
der to perform a fair comparison, the traditional and the new
structure should be compared in the same condition, that is.
considering the same magnetic force.

The proposed geometry structure is shown in Figure 3,
where [ is the magnetic polarisation vector. Also three PM
rings are radially centered and axially magnetised. The main
geometric parameters ate in Table 1. The results of sensitivity

(@)

Quter ring

inner ring

analysis performed with FEM will passed on GA as the
starting points for optimisation.

4 | FINITE ELEMENT SIMULATION

The semi-analytical methods, proposed by Ravaud et al. [28,29]
to investigate force and stiffness in PMB with both axial and
radial magnetisation, are complex. They use elliptic integrals
and neglect the leakage fluxes. Conversely, FEM allow a precise
analysis of magnetic field taking into account all geometry
details and non-linearities.

In order to model the new structure, we suppose that the
external and the internal rings have fixed positions, and all
magnets are made with the same material, that is Neodymium—
Iron-Boron (NdFeB). The temperature coefficient of the
magnets is 1.6 X 107 T/ C. The operating temperature is 53 C.
A 2D axisymmetric study of the novel structure can be carried
out due to the axial symmetry around z-axis. The geometric
representation of the device is presented over a cross section
plane as shown in Figure 4, where also the mesh diagram is
shown. The mesh has about 18,000 elements and 35,000
nodes. Increasing the number of elements does not provide
significant changes to the solution. The isovalue model of the
tested structure for the conventional and proposed structures
of PMB is shown in Figures 5a and 6a, respectively.

5 | SENSITIVITY ANALYSIS AND
INITIAL DATA GATHERING

PM rings can be radially or axially magnetised. As radial
magnetisation is complex and expensive, axially magnetised
magnets have been considered in this investigation as it is
shown for the PMB using two PMs and for the proposed PMB
in Figures 5b and G6b, respectively.

A simple comparison is shown in Figure 7, considering the
dimensions in Table 2, between the results of the FEM

(b)

Outer ring

Stator

Inner ring

FIGURE 2 Schematic representation of the classical PMB.: (a) prevalent structure and (b) proposed structute
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FIGURE 3 Representation of the new structure
of passive magnetic bearing (PMB) with three-ring

permanent magnet (PM) with nomenclature

TO_O‘IH.’
To_in
Tm_out — y
- 1 i
; Ti_out :
; Tm_in > § i
- Tiin ;

TABLE 1 Initial dimensions of the proposed PMB

Symbol Quantity Value (mm)
Yo out Outer radius of the outer ring 28

To_in Inner radius of the outer ring 25

Tom_out Outer radius of the middle ring 24.9

Tom_in Inner radius of the middle ring 21.9

i out Outer radius of the inner ring 21.8

Tiin Inner radius of the inner ring 18.8

b, Outer ring height 3

by, Middle ting height 3

b; Inner ring height 3

Abbreviation: PMB, passive magnetic bearing.

simulation and the semi-analytical approach for validation
FEA result [28]. The maximum amplitude is 67 N, and the
results of the two methods are very close together. As it seen,
the maximum force amplitude of the proposed structure,
whose dimensions are given in Table 1, is 120 N while the
proposed PMB is non-optimised. Figure 8 shows that the
maximum  stiffness is increased in the proposed structure
compared to the PMB with two PMs. The maximum stiff-
nesses ate 182.141 and 32.50 N/mm, respectively.

5.1 | Influence of the air gap dimensions

To investigate the effects of each parameter on the PMB
performance, one parameter at a time is varied, while keeping
the other dimensions of the rings. To evaluate the influence of
the air-gaps thickness, both air-gap length are changed

together. Figure 9 shows the effects of the air-gap width on the
magnetic force versus the axial displacement of the middle
ring. The dimensions of the PMB considered in this stage of
the sensitivity analysis are in Table 3. According to Figure 9,
the smaller the air-gap width, the larger the axial force. The
minimum possible air-gap width should be selected consid-
ering mechanical restrictions, to avoid wearing in the practical
structure, so the air-gap width is chosen as 0.2 mm.

According to Equation (2), the axial stiffness graph can be
achieved by derivation of the force diagram. The stiffness
graph is shown in Figure 10. It can be concluded that the
maximum amplitude of the stiffness is achieved when the
air-gap width is smaller and also when the force amplitude is
zero; it means that the maximum slope of the force diagram is
located at the zero position.

5.2 | Influence of the height

The sensitivity analysis of the middle-ring height is done ac-
cording to the dimensions in Table 4. The height of the outer
and of the inner rings are constant and ate selected the same as
each other equal to 3 mm as an assumption. Figure 11 (a)
shows the axial force versus the axial displacement of the
middle ring for different middle ring height. The force
amplitude reaches its maximum value when the middle ring
height is equal or higher than the value of inner and outer
rings’ heights, which are the same as each other. However, the
force amplitude maximisation is only one of the objectives, like
the volume of used magnets as the economic factor should be
also considered for the selection the best height.

The maximum amplitude of the axial force together with
the force density versus different middle ring heights is pre-
sented in Figure 11b. The maximum axial force for the middle
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FIGURE 4 'Two-dimensional mesh model

[nner Ring

Middle Ring

Outer ring

FIGURE 5 Representation of the magnetic properties of the passive magnetic bearing (PMB) with two permanent magnets (PMs): (a) flux density and

(b) magnetisation direction

(a)

Iacvalsas

FIGURE 6 Representation of the magnetic properties of the proposed passive magnetic bearing (PMB): (a) flux density, (b) magnetisation direction

ring with the heights of 3 and 5 mm is, respectively, 134.73 and
145.59 N. The difference between them is 10.86 N which
means 7.46%, that is, less than 10%. Increasing the height over
this values does not produce a stronger force and just increases
the costs. Force density can be chosen as a good reference for
the comparison of the two structures:

. maximum amplitude of the force
Forcedensity = P f thef

6
volume of the magnets (6)

A trade off must be applied between the maximum force
amplitude and the force density. As it is seen, the force density
is stronger if the middle ring height is 3 mm; so, this height can
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150

Magnetic force [N]

-150
-6 -4 -2 0 2

Axial displacement [mm]

Analytical method

= = =PMB using three magnats
P ~ ------—-- PMB using two magnets

FIGURE 7 Representation of a simple
comparison between the magnetic force versus axial
displacement in two different structures of PMB and
a mechanical ball bearing

Quantity

TABLE 2 Dimensions of the tested

Val
alue (mm) PMB using two magnetic rings

Outer radius of the outer ring
Inner radius of the outer ring
Outer radius of the inner ring
Inner radius of the inner ring
Outer ring height

Inner ring height

31

25

24.9

Abbreviation: PMB, passive magnetic bearing.

200

150 1

Axial stiffness [N/mm]
o =)
(=] [=] (=]

0
5]

-100
-6 -4 -2 0 2
Axial displacement [mm)]

be the best choice. Also, one of the results of this section is
that the force density reaches its maximum amplitude when the
three magnets share the same height. So it is utilised in the next
section to achieve the optimal height of the magnets as it is
shown in Figure 12.

FIGURE 8 Representation of the axial

PMB usin, . T .
& stiffness versus the axial displacement according to

three magnets

--PMB using the dimensions in Table 1

two magnets

According to Figure 12, the maximum amplitude of the
axial force is achieved for a magnets' height between 6 and
7 mm. While the force density is stronger for 5 mm so by
considering a trade off between the force amplitude and the
force density, 5 mm is selected for the height of three
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FIGURE 9 Effect of the air-gap width on the 160

force versus axial displacement of the middle ring

PM 120
80

Force [N]
(=]

5

-120

-160
-6

Airgap : 0.1 mm
Airgap : 0.2 mm
m====fAjirgap : 1 mm

— - Ajrgap :

-4 2 0 2 4 6
Axial displacement [mm]

TABLE 3 Dimensions of the proposed

PMB for the air-gap width investigation Symbol Value (mm) Symbol Value (mm)
Yo_out 28 Ym_out = Vm_in 3
Yo_in 25 Vi out = Ti_in 3
ho > bm) h i 3

Abbreviation: PMB, passive magnetic bearing.

FIGURE 10 Axial magnetic stiffness versus 240
the axial displacement of the middle ring for
different air-gap width 200

160

@ N
[=] o

Axial stiffness [N/mm)]
£

-6

TABLE 4 Dimensions of the proposed PMB for the middle ring
height investigation

Symbol Value (mm) Symbol Value (mm)
To_out 28 i out 21.6

To_in 25 i in 18.6

Tom out 24.8 by, b; 3

Tm_in 21.8

Abbreviation: PMB, passive magnetic bearing.

Airgap : 0.1 mm

= Ajrgap : 0.2 mm
=====Ajrgap : 1 mm
— = Ajrgap : 2 mm

4 2 0 2 a 6
Axial displacement [mm]

magnets. Then, it will be used in the next sections for all of
the rings.

5.3 | Effect of the middle ring width on the
force

Table 5 presents the dimensions achieved using the results of
the previous steps; while the middle ring width increases, the
outer radius of the middle ring is kept constant, as the width of
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Maximum amplitude of the axial

Force [N]

Maximum amplitude of the axial force
[N]

force [N]

170
160
150
140
130
120
110
100

90

80

70

169

168

167

166

165

164

-4 2 0 2 a
Axial displacement [mm]

maximum force

amplitude
- = =force density

2 3 4 5 6 7

Middle ring height [mm]

e Maximum force

amplitude
= = = Force density

6 5 8 9

Height of three magnets [mm]

———— Middle ring height : 1 mm
Middle ring height : 3 mm
----- Middle ring height : 4 mm
= = = Middle ring height

0.045

0.04

Force density [N/mm ]

0.035

0.03

0.025

0.02

0.03

0.025

0.02

0.015

0.01

Force density [N/mm ]

0.005

FIGURE 11 Force diagrams: (a) Effect of the
middle ring height on the force amplitude versus
axial displacement of the middle ring. (b) Trend of
the maximum force amplitude together with the
force density versus different middle ring heights

FIGURE 12 Trend of the maximum force
amplitude together with the force density versus
different heights of three magnets
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the inner ring; therefore the inner radius of the inner ring is
reduced.

According to Figure 13, the force achieves its maximum
amplitude for a middle ring width of 7 mm, while the
maximum force density is reachable for the middle ring width
of 5 mm. Considering the difference between the maximum
force amplitude of 5 and 7 mm, which is 4.67 N, that is
2.41%, and by applying a trade off between the results of
these widths, 5 mm was chosen as the better initial middle
ring width.

5.4 | Determination of the inner and of the
outer rings widths

Inner and outer rings’ width is the final parameter that was
analysed. To investigate its influence on the force and stiffness,
Table 6 presents the best dimensions that were achieved so far.
According to Figure 14, the maximum amplitude of the axial
force can be achieved when the three PM rings share the same
width of 5 mm.

The above results of the sensitivity analysis, which contains
the best dimensions of each parameter of PMB, can be helpful
to define more effective fitness and penalty functions in GA.
Also the initial data are collected from 27 simulations of the
PMB aimed at the sensitivity analysis.

TABLE 5 Proposed PMB specification for investigation the middle
ring width influence on the force and stiffness

6 | OPTIMISATION OF THE NEW
STRUCTURE OF PASSIVE MAGNETIC
BEARING USING GENETIC ALGORITHM

PMB with two and three PM rings should be optimised to
compare. The PMB has some important geometric dimensions
which are: air gap, height of rings, width of rings and outer
diameter. These dimensions are optimised using the GA. GA
exploits the Darwinian theory of the survival of the fittest and
utilises an interbreeding population to search the solution of an
optimisation problem [30].

The classical GA normally comprises three important
operators: selection, crossover and mutation. The air gap
length is eliminated from the optimisation as shown in
Section 5. The radius of the PMB is added to the optimisation
procedure to take into account the volume of the magnets. The
definition of the radius in both structures is:

Yo_out + Vi in

=27 (7)

2

The purpose of the objective function is to provide a
higher force density in the same displacement. The proposed
GA uses the force density as an objective function in order to
compare all available structures.

A penalty function was defined to improve the conver-
gence of the optimisation results. In overall, the operation of

TABLE 6 Proposed PMB specification for investigation of the inner
and of the outer rings widths influence on the force

Quantity Value (mm) Quantity Value (mm) Quantity Value (mm) Quantity Value (mm)
yo_out 28 7"m_m - Vi_out 0.2 7‘o_m 25 72_out 19.6
Yo_in 25 Yi_out™ Yiin 3 Vm_out 24.83 ba hma bi 5
Tm_out 24.8 By By b 5 Vm_in 19.8
Abbreviation: PMB, passive magnetic bearing. Abbreviation: PMB, passive magnetic bearing.
FIGURE 13 Trend of the maximum force 194 : 0.03
. . . - Maximum force
amplitude together with the force density versus [} .
diff iddle 1i idth 5 amplitude
ifferent middle ring widths © 193 — — —Force density 0.025
o —
L
< £
Y= £
(=] 192 0.02
U — =
-U Z e
5 >
E w1 0.015 2
- 2
c
E & @
m ©
190 001
£ o
£ £
= 189 0.005
L]
=
188 0
4 5 6 7 8 9 10 11

Middle ring width [mm]
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250

200 mm

150

mm

Force [N]
(=]

&
o

-100
-150

-200

-6 -4 -2 0 2

Evaluate Fitness
Value Using
" Fitness Funetion in
MATLARB by
sensitivily analysis
results

Randomly Generate
Initial Population

J
-250 =

Inner and outer ring width : 3

FIGURE 14 Effect of the inner and of the
outer rings width on the force

Inner ring width : 5 mm,
outer width : 3 mm
--------- Inner ring width : 3 mm,

outer width : 5 mm
= - = [Inner and outer ring width : 5

| Selection H Crossover H Mutation

|

FIGURE 15

GA is classical, and Figure 15 shows the flow chart of GA with
its different operators: After accomplishment of sensitivity
analysis, acceptable fitness and penalty functions are defined
for GA. The results of sensitivity analysis, which was done for
each step, will be saved in a database as an initial data for GA.
Each member of the population, which is investigated by GA,
is introduced as a chromosome including 34 bits in binary
format based on the defined dimensions constraints, which are
presented in Table 7.

During the GA process, first chromosome is generated
randomly, and if this chromosome exists in the database, the
needed information such as magnetic force is recalled in order
to investigate its force density by objective function; otherwise,
the result is produced by interpolation in the database. A new
set of variables is generated using genetic operators, and the
evolution is addressed towards the best solution according to
the objective function. This procedure is continued until the
termination criterion is satisfied. A coding including all
unknowns is used. The new offspring is added to the best
individuals of the old population.

Generate new population

Flow chart of the genetic algorithm (GA) in optimizing the passive magnetic bearing (PMB)

7 | RESULTS AND DISCUSSION

7.1 | Optimisation results

The optimum dimensions of the previous and the proposed
structures of PMB are obtained by the maximisation of the
force density around the required force amplitude. The results
of GA are shown in Table 8. As it is seen, the inner radius of
the central magnet is smaller than the inner radius of the
corresponding magnet of the two rings PMB. However, the
difference is not quite large (less than 1.32 mm), and moreover,
the holder of the middle ring can be built to accommodate a
larger rotor shaft.

7.2 | Comparison between two structures

Table 9 shows a comparison between the previous and the
proposed structures of PMB, according to the optimum di-
mensions and to their characteristics.
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1
TABLE 7 Optimisation constraints TABLE 9 Specification of the PMB for the comparison of the two
structures
Dimensional constraints
Item PMB using two PMs  PMB using three PMs

Air-gap length (g) 0.2 mm
rings” height (b) 1 mm < h <10 mm
rings” width (w) 1 mm < w < 13 mm
Radius of PMB (r) 20 mm < 7 < 30 mm
Defined characteristics

Magnetic force (F) 190N < F<220N

Remanent flux density (B,) 115 T

TABLE 8 Design results of PMB using GA

PMB using two PMs PMB using three PMs

Item Gained value (mm)  Item Gained value (mm)
Height  5.43 Height 3.7

Width ~ 10.4 Width 4.9

Radius ~ 29.92 Radius 253

Airgap 0.2 Airgap 0.2

Middle ring width 4.2

Abbreviation: GA, genetic algorithm; PMs, permanent magnets; PMB, passive magnetic
bearing,

It can be concluded that both the force density and the
magnetic stiffness can be increased significantly in the pro-
posed structure. As it is seen in Figure 2, the complexity of
installation is increased in the new structure, but the gained
results in the Table 9 shows that the volume of used magnet is
decreased significantly, the magnetic stiffness is increased, and
also force density is stronger in the new structure; so, the new
structure can be considered as a useful PMB in the industry,
which provides more advantages than PMB using two magnets.

8 | PRACTICAL RESULTS

To test the validity of the theoretical findings, a test bench is
provided, and a practical structure of the proposed PMB with
the optimised dimensions was manufactured as shown in
Figure 16. As it is seen in Figure 17, two mechanical holders
hold the inner and outer rings in their correct position pro-
hibiting radial displacements. This structure is designed to
measure magnetic force in different axial displacement of the
middle ring inside of the holder; so together with the designed
holders, a section is considered in order to exert axial
displacement to the middle PM ring, which is connected to the
magnet position trimmer, which is a screw connected to the
top part of the holder. Actually, by turning the precision screw,
the position of the middle ring inside the holder changes. A
tension-load-cell S type is attached to the holder to measure
the exerted force amplitude due to the displacement. As it is
clear, a DC power supply is needed in order to activate the load
cell. The voltmeter reading is proportional to the magnetic

Magnetic force 208.03 N 204.96 N

Magnetic stiffness 170.0013 N/mm 234.3832 N/mm

Volume of magnets 21233 mm’ 8234 mm’

Force density 0.0098 N/mm’® 0.0249 N/mm’

Abbreviation: PM, permanent magnet; PMB, passive magnetic bearing.

magnet'a posifion trimmer

holder

o

Multimeter

FIGURE 16 Mechanical system for measuring the magnetic force

force between magnets according to the internal constant of
the load cell. So in each step, the output of the voltmeter is
read, and the related force is calculated.

In order to have more clear investigation, the practical test
is applied for measuring the amplitude of magnetic force of
PMB using two PMs as shown in Figure 18.

As it can be seen in Figure 19, the maximum amplitude of
magnetic force achieved by practical test is 205.05 N, and ac-
cording to the FEM analysis is 204.2355 N so, the difference is
0.8145 N, which is 0.39,722%. Also considering Figure 20, the
maximum amplitude of the magnetic stiffness achieved by
expetimental test is 253.6965 N/mm, and based on FEM
investigation is 230.323 N/mm, while the difference is
23.3735 N/mm, which is 9.213%. As a consequence of the
achieved results, the experimental measurements and FEM
results have a good agreement in magnetic force and magnetic
stiffness. So, we can conclude that the proposed structure has
better characteristics than the classical one, as theoretically
predicted.

Also, Figure 20 shows that in the practical structure,
the stiffness owns its maximum around the zero displace-
ment, which is conforming with the PMB characteristics,
generally.

9 | CONCLUSION

A comparison between two structures of axially magnetised
passive magnetic bearings based on finite element analysis has
been proposed. The classical two-ring structure was compared
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FIGURE 17 Schematic of the designed holder

FIGURE 18 Magnetic force versus axial
displacement in the practical environment of
passive magnetic bearing (PMB) using two
permanent magnets (PMs)

FIGURE 19 Magnetic force versus axial
displacement in the practical environment

to the three-ring structure. A new passive magnetic bearing dimensions. Sensitivity analysis was done for the new structure
consisting of three ring shape PMs was suggested. A com- using 2D-FEM. Both the axial force and the stiffness are
parison was made between two bearings with optimised sensitive to changes in the air-gap widths and in the ring
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FIGURE 20 Magnetic Stiffness versus axial 270
displacement as the result of the practical test
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dimensions. The information gathered in the sensitivity
analysis was used to achieve the starting point of a GA, which
optimised both structutes. The best configurations of both
structures producing a given value of the force amplitude with
greater force density were determined. FEM simulations were
also performed to validate both designs. The new structure
provides higher values of stiffness and force density. The
bearing is therefore suitable for applications in which high
axial force and lighter bearings are required. Future work will
include the application of this bearing to pumps for special
liquids. In particular, the suitability of the three-ring bearing in
supporting the rotor of pumps for artificial heart will be
verified. Finally, the study demonstrates that the volume of the
active materials of the bearing composed of three rings is
lower than that of the classical two-ring passive magnetic
bearing,
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