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Abstract

Electrodynamic bearings (EDBs) are passive magnetic bearings that exploit the interaction between eddy

currents developed in a rotating conductor and a static magnetic field to generate forces. Similar to other types of
magnetic suspensions, EDBs provide contactless support, thus avoiding problems with lubrication, friction and
wear. The most interesting aspect of EDBs is that levitation can be obtained by passive means, hence, no electronic
equipment, such as power electronics or sensors, are necessary.
Despite their promising characteristics, rotors running on EDBs are still lacking a design procedure; furthermore, at
present the static behavior of a bearing can only be defined by means of finite element analyses. The aim of the
present paper is to present a methodology that allows performing a first approximation design without resorting to
detailed FE analyses. The methodology is based on the use of non-dimensional parameters, similar to the analysis of
fluid bearings (Sommerfeld number). The non-dimensional quantities are derived using dimensional analysis, and
contain the main geometrical and physical parameters determining the EDBs' performance. The relation between the
non-dimensional quantities characterizing the static performance of the EDB is derived using FE simulations and is
presented in the form of graphs.

1 Introduction

Electrodynamically stabilized levitation for high speed rotors is now reaching the borderline between academic
interest and industrial application [12, 13]. The working principle of EDBs relies on exploiting the relative motion
between a nonmagnetic conductor and a constant magnetic field to generate electromagnetic forces and achieve
levitation.

Prior results of research on electrodynamic bearings (EDB) for high speed rotors have pointed out their unique
characteristic of producing positive stiffness by passive means [1]. Among the most interesting features of EDBs is
the possibility of obtaining stable levitation using standard conductive materials at room temperature and in absence
of control systems, power electronics and sensors. Relative to active magnetic bearings, their passive nature implies
several advantages, for example, reduced complexity, improved reliability, and smaller size and cost [2, 3, 15, 17].
However, EDBs have also drawbacks, such as the difficulty in ensuring stable levitation in a wide speed range,
requiring a proper stabilization system in order to operate safely beyond a threshold speed. Moreover, because EDBs
are not provided with a control system, a very accurate design phase is needed. Differently from active magnetic
bearings, the parameters of the bearing cannot be varied during operation. The characteristics of an EDB cannot be
modified after the construction as they are strictly related to the geometry and the materials employed. Therefore a
prediction of the dynamic behavior of rotating systems equipped with EDBs is needed to guarantee the desired
performance.

Despite their promising characteristics, rotors running on EDBs are still lacking a design procedure; furthermore, at
present the static behavior of a bearing can only be defined by means of finite element (FE) analyses [16]. Since the
static behavior of EDBs depends on geometrical and physical parameters, the FE analyses are carried out following
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a trial and error approach until the requirements are satisfied. This process is time consuming, and a long time may
be necessary to carry out a simple feasibility analysis.

The present paper aims at presenting a methodology that allows performing a first approximation design without
resorting to detailed FE analyses. The methodology is based on the use of non-dimensional parameters, similar to
the analysis of fluid bearings (Sommerfeld number).

Initially, a reference geometrical configuration is defined and the geometrical and physical parameters influencing
the EDB’s properties are identified. Given the complete set of parameters, the non-dimensional quantities are
associated to the dynamic model of the EDB and are derived using dimensional analysis. The relation between the
non-dimensional quantities characterizing the performance of the EDB is derived using FE simulations and is
presented in the form of graphs.

These graphs obtained can then be used to define the electromechanical properties and geometrical parameters of an
electrodynamic bearing for a certain application. This allows simplifying the dimensioning phase since geometrical
and physical parameters of the bearing can be obtained from the requirements of a given application in terms of load
capacity, stiffness and geometrical constraints.

2 Axial flux EDBs

The radial electrodynamic bearing in the axial flux configuration is composed by a rotating conductor, for example,
a copper disc, immersed in a constant magnetic field as shown in Figure 1.
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Figure 1: Radial EDB — Axial Flux Configuration.

The magnetic circuit is composed by two concentric, axially polarized, permanent magnet rings oriented in
attraction and a toroidal shaped iron yoke for enclosing the magnetic flux. The conductor disc is located between the
permanent magnets and is free to move radially while its motion along the axial direction is constrained. If the rotor
spins around the symmetry axis of the magnetic field (centered position), an electric field takes place in the
conductor, but due to the axial symmetry of the distribution, no eddy currents are induced and, consequently, no
force is generated by the bearing. If the rotation occurs at an off centered position, the nonsymmetrical electric field
in the conductor induces eddy currents with the consequent force generation.

In general, the performance of an EDB is strongly related to its geometry and to the physical parameters of the
materials employed. To perform the analysis we consider the reference geometry shown in Figure 2. The list of all
parameters taken into account is given in Table 1. It can be noticed that a relatively large number of parameters
influence the EDB’s properties. The extremely large number of possible configurations implies that, if the
estimation of the bearing’s properties is performed by FE analysis, then many analyses are necessary even during a
preliminary feasibility analysis or initial dimensioning phase.
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Figure 2: Axial EDBs geometric parameters

Parameter Description

de Magnetic circuit external diameter
d; Magnetic circuit internal diameter
my Permanent magnet thickness

D Conductor external diameter

t Conductor thickness

g Axial air gap

o Electric conductivity of the conductor
Ho Magnetic permeability of vacuum
B, Permanent magnet residual induction

Table 1: Axial Flux EDBs parameters

2.1 Modeling and design

The analytical modeling of an EDB is based on the mechanical equivalent representation of a rotating conductor in
motion inside a constant magnetic field. A simplified scheme of the rotating conductor immersed in the magnetic
field is presented in Figure 3a. The magnetic field is defined as going towards the reader. O and C are the
geometrical centers of the magnetic field and the rotating conductor, respectively. Axes (O, X, y) are an inertial
reference frame fixed to the magnetic field. Axes (O, ¢&, #5) constitute a rotating reference frame fixed to the
conductor which rotates with angular speed Q.
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Figure 3: a) Schematic representation of a conductor rotating in a magnetic field. b) Mechanical
equivalent representation of an electrodynamic bearing supporting a Jeffcott rotor.
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Figure 3b shows the mechanical equivalent representation of the EDB. Considering this equivalent representation it
is possible to write the state and output equations describing the dynamic behavior of the EDB. The complete
derivation of the model’s equations is described by the Authors in [4] and will not be developed here; instead a brief
overview on the model’s properties is given. The equations describing the EDB’s dynamics can be written as:

q, = (Zc - jzc) + (_wRL + JQ)qc
F, = qu

1)
This equation is written in terms of the complex quantities where q, =q, + jg, represents the elongation of the
spring, z =x + jy is the displacement of the point C (rotation axis) relative to point O (symmetry axis of the
magnetic field) and F, =F, + jF, is the reaction force provided by the EDB. In Eq. (1) all the quantities are defined
with respect to the fixed reference frame (O, X, y). The parameter wg, is the electric pole frequency of the eddy

currents inside the conductor. The developed model describes both quasi-static and dynamic behavior of an EDB.
According to this model, the parameters characterizing the EDB are the mechanical equivalent stiffness k, the
damping ¢ and the electric pole frequency ey . The electric pole frequency can be interpreted in terms of the

mechanical equivalent quantities as:

o = R
RL= =7
c L
)
where R and L are respectively the resistance and inductance of the conductor.
k . cQ .
F, = 520~ ] 2zO:F”+JFL.
1+ (ﬂ] 1+ [ﬂj 3)
Q Q

Where F, and F, are the components of the force parallel and perpendicular to the eccentricity, respectively.
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Figure 4: Forces generated by the electrodynamic bearing F, and F, are respectively parallel and perpendicular

to the constant eccentricity.

The plot of both forces under quasi-static conditions, presented in Figure 4, allows identifying the electric pole
frequency g, , the stiffness k and the damping ¢ characterizing the EDB’s behavior. Given the values of stiffness

and electric pole frequency, the dynamics of the EDB is fully defined. Therefore these two quantities are the
parameters of reference that must be defined during the design phase.

Since the characteristics of an EDB are strictly related to the properties of the materials, to the geometry and to the
configuration of bearing, FE modeling represents the main tool to find out the EDB’s quasi-static characteristic and
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consequently to determine the values of stiffness and electric pole frequency. They can be identified performing a
nonlinear curve fitting of Eq. (3) to the points obtained from the FE analysis. The result of this procedure is
evidenced in Figure 5.
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Figure 5: Curve fitting of equation with results from the numerical model [7].

3  Non-dimensional number definition

The large amount of parameters affecting the EDB’s performance renders the dimensioning of this component very
difficult.

Since there are many parameters affecting the EDB’s performance, several FE analysis are required even during the
preliminary design of the bearing in order to study the feasibility of this innovative technology to a specific
application. For this reason a new approach to the problem is proposed.

This is the reason why a design methodology that allows avoiding the FE analyses at first design stage making
possible to obtain immediately a first approximation value of the equivalent mechanical stiffness and electric pole
frequency is needed.

The objective is to derive non-dimensional parameters that characterize the EDB, like the Sommerfeld or Ocvirk
number for hydrodynamic bearings [10], and to use these parameters to predict the performance of a generic
configuration. This parameter must take into account the geometry and the physical quantities involved, and must be
able to describe the behavior of the system in terms of stiffness k and electric pole wg.. As for hydrodynamic
bearings there are plots of non-dimensional quantities related to the four k and c coefficients as function of a non-
dimensional number (Sommerfeld number or Ocvirk number), the aim of the present study is to determine a proper
non-dimensional parameter and obtain diagrams of non-dimensional quantities related to the mechanical equivalent
k and the electric pole frequency wg, as function of the non-dimensional number that characterizes the EDB bearing.
Since at present for EDBs there are no analytical expressions that involve simultaneously geometrical and physical
parameters it is necessary to identify the non-dimensional parameters that characterize the bearing (such as S or O
for hydrodynamic bearings) and resort to numerical experimentation performing FEM analyses. Dimensional
analysis is a powerful method that allows reducing the complexity of physical problems, in order to obtain a simpler
form of the problem. The base of dimensional analysis is the Buckingham’s theorem that allows reducing the
number of independent variables in the problem resulting in an easier experimentation. The theorem itself only
states the number of non-dimensional parameters needed to completely describe the phenomenon, but the
dimensional analysis also provides a method to compute those parameters [9].
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3.1 Dimensional analysis

In order to identify a correct set of physical quantities it is first necessary to define the quantities of interest in the
problem (the dependent variables). The stiffness k and the electric pole frequency wg. define the behavior of the
bearing [4] and therefore can be selected as the dependent variable of the analysis. The independent variables can be
defined as the quantities influencing the value of k and wg, .

Considering the parameters of Table 1, it is evident, as reported in [7] that the diameter D, the thickness of the
conductor t, the internal diameter of the permanent magnets d; influence both k and wg.. Consequently all of them
must be considered as independent physical quantities in this analysis. The electrical conductivity of the conductor
material o is another relevant quantity as well, because it is linked to the resistance of the conductor, that influences
the eddy currents generation. The sensitivity analysis presented in [7] points out that, for what concerns the magnetic
circuit the internal diameter d; is a relevant parameter, while the external diameter d. of the magnet does not affect
the EDB’s behavior provided that it is larger than the conductor D. Apart from the distribution of the magnetic flux
density in the conductor, also the maximum value of the magnetic flux is essential, since the magnitude of the
Lorentz force generated depends on it, therefore the thickness m; of permanent magnets, the air gap g and the
permanent magnet residual induction B, are crucial quantities for the bearing performance.

In conclusion the physical quantities selected as characterizing parameters of the bearing (dependent variable) are:
1) the mechanical stiffness k; 2) the electric pole frequency wg.. The independent variables are: 1) conductor
diameter D; 2) conductor thickness t; 3) conductor electric conductivity o; 4) internal diameter of the permanent
magnets d;; residual induction of the magnets B,; 5) permanent magnets thickness m;; 6) axial air gap between
magnet and conductor g; 7) magnetic permeability of vacuum .

The procedure to compute the non-dimensional parameters is based on the definition of two generic functions
respectively for k and wg,.

k=¢(D.t,0,d,,B,,m, 9, 1)
wRL:V/(thrgldi'Br'mt'g'/uO)' 4)

Since there are two quantities of interest in the problem, k and wg,, two separate studies must be performed.

The EDB system involves 9 physical quantities (dependent and independent variables) as shown by Eq. (4) and 4
units (kg, m, s, A). Therefore according to the theorem, the system can be described as a function of 5 non-
dimensional parameters that must be computed by choosing a subset of 4 dimensionally independent quantities (B,
o, 1o, d;). Note that it is necessary to compute a non-dimensional parameter for each dependent variable (k and wg,).
In order to perform this computation it is necessary to select from the set of physically independent variables

(D,t,0,d;,B,,m, g, 14 ) , by a trial and error process, a complete and dimensionally independent subset (By, o, p0, d;),

and express the dimension of each of the remaining independent variables (D, t, my, g) and the dependent variables k
and wg,_ as a product of powers of (B, o, 10, d;). The same set of independent variables can be selected for both the
dependent variables k and wg.. Considering that all physical quantities have dimensions which can be expressed as
products of powers of the set of reference units of measure, the condition of dimensional independence can be
formalized expressing the set of independent variable as powers of the fundamental units.

[B, |=kg'm’s?A™
[o]=kg'ms°A
[ 1o | =kg'm's?A7
[d;]=kg°m's’A°.

()

Computing the determinant the matrix A, Eq. (6), obtained putting on each row the exponents of the measuring units
of Eq. (5), it is possible to state that the linear system can be solved. Therefore the selected subset of variables is
dimensionally independent and can be used to express the dimension of the remaining physical quantities.
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Identified a set of variables (B,, o, 10, d;) and verified that it is complete and independent by means of equations (5)
and (6), it is possible to compute the non-dimensional variables related to the remaining independent variables of the
system (D, t, my, 9):

D
M, =—
1 di
-
m
I, =t
277, (7)
g
M, ==,
4 d

The exponents of the denominator are determined imposing the non-dimensionality of the fractions. The
computation of the non-dimensional parameters related to the dependent variables k and wg, described by Eq. (4)
leads to:

HIo: 1L =gy - (8)

otd;

As in the case of the non-dimensional number of Eq. (7), the exponents of the denominator are determined imposing
the non-dimensionality of the fractions. From the Buckingham’s theorem, the non-dimensional parameters I1, and
I1, respectively related to the dependent variable k and wg,_ are expressed as function of the other non-dimensional
numbers:

K = ¢'(H1,H2,H3,H4)
a);L:(//'(l_[l,l_lz,l_[3,l_l4). 9)
Buckingham’s theorem and dimensional analysis can provide the number of non-dimensional parameters required to

describe the behavior of a system and also a method to compute these parameters. The functions ¢ and y  that

governs the physical system, instead, cannot be obtained with dimensional analysis, and must be determined in
another way, either from analytical models or experimentation.

3.2 Non-dimensional parameters for EDB’s design

Focusing on the parameter k™ and considering Eq. (9), it is evident that if all the geometry ratios described by non-
dimensional numbers of Eq. (7) are constant also k  is constant as well. The same consideration can be done for the
parameter wg, and therefore the functional parameters of the EDB (k and wg,) can be expressed by:
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k:ﬁk*
Ho
1 *
g =—— g . 10
RL Uﬂodiz RL (10)

Since k™ and wg,~ are constant, Eq.(10) shows that the stiffness k is proportional to B? while the electric pole

frequency wg. does not depend on it. This is physically reasonable and in agreement with results presented in
literature [11].

Notice that, since all the geometric quantities present in the non-dimensional numbers in Eq. (7) depend on the
Magnetic circuit internal diameter (d;), it can be considered as a scale factor parameter.

Consistently with what presented in [7] Eg. (10) points out that the stiffness k is a linear function of the scale factor
d;, while the electric pole frequency wg, is inversely proportional to d;’.

The reliability of the results of the dimensional analysis is checked performing different tests on a numerical model.
The tests consist in performing FE analyses on a model with variable parameters to obtain the quasi-static behavior
of the EDB, extracting the values of k and wg_ from the quasi-static plot and computing the non-dimensional
numbers k™ and wg. . The procedure is repeated introducing some variations in the geometrical and physical
parameters of the bearing, and checking the consistency between the numerical results obtained from FE analysis
and what expected from the non-dimensional representation. The geometrical and physical parameters
characterizing the EDB used as reference for the tests are listed in Table 2.

Parameter Value Unit
d; 64 [m]
m; 55 [m]
D 100 [m]
t 3 [m]
g 1 [m]
o 5.998 10’ [S/m]
B, 1.4 [T]

Table 2: Geometrical and physical parameters of the EDB used for the test

Starting from the EDB whose characteristics are described in Table 2, different tests were performed changing the
independent parameters one at a time. The operating conditions of the tests are summarized in Table 3.

Br (& di k* (1)R|_’r k ORL
Referencecase 1.4T 5.99810'S/m 64mm 0.3426 178.95 34200 579.66
Test1 07T 599810"S/m 64mm 0.3425 178.79 8547.2 579.11
Test 2 14T 299910°S/m 64mm 03426 178.95 34195 1158.0
Test 3 14T 599810"S/m 128 mm 0.3431 179.00 68509 145.06
Test 4 14T 599810°S/m 32mm 0.3431 17953 17140 2326.0

Table 3: Non-dimensional representation validation tests

The results of the tests listed in Table 3 point out that, since for all the tests the geometry ratios of Eq. (7) are
constant and unchanged respect to the reference model, the non-dimensional parameters k™ and wg ~ remain
constant accordingly to Eq. (9). The last two columns of Table 3 highlights that even if the non-dimensional
parameter k™ and wg, are constant, the stiffness k and the electric pole frequency wg. have different values
according to the physics of the system and consistently with Eq. (8). This demonstrates the correctness of the
parameters chosen for the dimensional analysis.

The non-dimensional parameters obtained are able to describe the performance of EDBs properly, and therefore they
can be used to create a non-dimensional map describing EDBs performance as an alternative to FE analyses for the
preliminary design of an EDB application.



Non-dimensional design approach for Electrodynamic Bearings Impinna, Detoni, Amati, Tonoli

3.3 Shape factors definition

The number of independent parameters (D, t, m,, g) implies to perform a 5-dimensional analysis, that would be
complex and impossible to be graphically represented. A possible solution to simplify the problem consists in
defining a correlation between the independent parameters in order to end up with only one parameter, as it is for
hydrodynamic bearings. It seems difficult to achieve this condition, because differently from hydrodynamic
bearings, there are no analytical equations describing the dependency between geometric or physical parameters and
EDBs’ behavior.

An alternative solution is to reduce the number of independent parameters making a set of assumptions to constrain
some degrees of freedom. A proper method to reduce the complexity of the problem is to assume constant values for

the ratios {E,L,dﬂ,&], provided that the chosen values represent meaningful values. Since only geometric

parameters are involved in the non-dimensional numbers of Eq. (7), the definition of constant values can be
considered as the identification of the shape factors of the bearing. Therefore the definition of the optimal shape
factor results in the simplification of the problem. The optimization of the shape factor is based on the evaluation of
the stiffness k and the electric pole frequency wgr,. considering that the lower the wg, the easier is the stabilization of
the system and the higher the stiffness the larger is the supportable load.

The non-dimensional humber dR affects the performance of the bearing, since the distribution of the magnetic flux

density in the conductor strongly depends on the ratio between the conductor diameter and the magnet inner

diameter [7]. If d2<<1 then there are no forces as the conductor rotates immersed in a constant magnetic flux. On

the other hand, if dE»l the force is also null as the rotor spins in free space.

Considering the non-dimensional parameter%, the thickness of the permanent magnets affects the magnetic flux

density in the conductor: at constant air gap, thicker magnets correspond to a higher magnetic flux in the conductor
and therefore an increased stiffness k, while wg, keeps constant. The trend of the magnetic flux in the conductor as
function of the permanents magnets thickness has a horizontal asymptote (see Figure 6) therefore the thicker the
magnets the higher the stiffness. Nevertheless the optimal value of this parameter can be identified considering that
permanent magnets contribute to the weight of the bearing affecting the stability of the system [5]. Since the
influence of the mass on the dynamic behavior of the EDB levitating system is not trivial, it must be the lower as
possible. Therefore an optimal value of the thickness can be found on the first part of the curve of Figure 6 where

the slope is maximized (BE <0.7).
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Figure 6: Percentage of magnetic flux density in the conductor as function of m;: di = 64 mmand g = 1 mm.
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The non-dimensional parameter di mainly affects the value of the magnetic flux in the conductor and consequently

I
the stiffness k, while the wg_ is not affected. According to magnetic levitation system requirements the range of
interest for the air gap can be g =0.5- 1.5 mm.

For what concerns the non-dimensional parameter di it is not possible to identify an optimal condition, as the

lowest value of wg, corresponds to the lowest value of k as shown in Figure 7.
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Figure 7: EDB’s behavior as function of the conductor thickness t

The optimal value obtained for the shape factors are listed in Table 4.

Shape Factor Description Value
D Permanent magnet outer diameter 1.72
d
m, Permanent magnet thickness 0.0859
d
g Axial air gap 11 1
d; 32'64'128

Table 4: Shape factors

The considerations about the EDB’s shape factors allow constraining three independent variables [dg%ng
i 9 G

resulting in a simplification of the problem. In conclusion the remaining independent variable is di and the non-
i

dimensional parameters of Eq. (9) become:

j. (11)

10
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3.4 Non-dimensional maps

The non-dimensional map describing the performance of EDBs can be determined performing tests on the numerical

model. The finite element analysis allows computing the values of k and wg, for different values ofdi. The values
i

of k” and wg. " can be computed by means of Eq. (8) considering the geometrical and physical parameters of the

EDB. The non-dimensional map is the diagram describing the behavior of k™ and wg, " as function ofdL :
i

The geometry of the bearing is the same for all the simulations performed. Only the thickness of the conductor t

varies to introduce a changing in the non-dimensional parameterdi. All the other non-dimensional parameters

[dg%dgj representing the defined shape factors are kept constant. The parameters of the EDB’s model are listed

in the table.

Parameter FE Analysis1 FE Analysis2 FE Analysis 3

d; [mm] 64 64 64
d, [mm] 120 120 120
D [mm] 110 110 110
my [mm] 5.5 5.5 5.5
g [mm] 2 2 2
t variable variable variable
D 1.72 172 1.72
d
t variable variable variable
d;
m, 0.0859 0.0859 0.0859
d;
g 1 1 1
o 2 4 128
B, [T] 1.22 1.22 1.22
o [S/m] 5.998 10’ 5.998 10’ 5.998 10’

Table 5: FE model parameters

The non-dimensional maps, obtained for three different values of the parameter di are shown in Figure 8.

11
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4 Design procedure

The non-dimensional maps of Figure 8 can be used for the preliminary design of EDBs. These diagrams represent

the performance of a bearing in non-dimensional form as function of a non-dimensional parameter T and allow

1
the designer to determine the values of k and wg, for a given geometry (with some assumptions and constraints),
avoiding to resort to finite element analyses. The maps represent the only one tool to predict the bearing behavior
starting from the geometry and physical characteristics of the bearing without performing FE analysis. Therefore,
defined a set of specifications, it is possible to follow a design procedure exploiting the non-dimensional maps to
determine the geometry and the material of the EDB. After studying the feasibility of the EDBs employment to a
specific application it is possible to perform the detailed design of the EDB starting from the geometry defined in the
preliminary phase and making the optimization of the bearing’s performance by means of FE analyses.
Considering the set of specifications of a specific application it is possible to use the non-dimensional maps to
define the geometry of the EDB.
The suggested design procedure allows performing a feasibility analysis of the application of EDB to a certain
rotating machine. An example of a preliminary design based on non-dimensional maps is described in the following
steps.
1 Definition of the specifications of the application:
a. operating rotational speed: wq, = 2000 rad/s;
maximum radial displacement of the rotor: z,, = 0.1 mm;
mass of the rotor m, = 0.7 kg;
maximum length of one EDB: Lgpg = 20 m;
shaft diameter: Dgpare = 20 m;
maximum outer diameter of EDBS: = Dgpg = 100 mm.

S Do o 0T

2 The electric pole frequency wg, is expected to be lower than half of wep: wg = % =1000 rad/s.

3 The bearing minimum radial stiffness k is computed as k _o5mg _ 41200 N/m.

max
4 The value of the internal diameter of the magnet d; must be chosen according to the geometrical constraints
of the application. The specification on the shaft diameter Dqy,s introduce a direct bound on the lower
value of d;, while the maximum outer diameter Dgpg give a constrain on the maximum value of d;,

according to shape factor dR of Table 4. Considering the geometric constraints of the application it is

possible to choose a value within the range: 20 <d; <53 mm.
5 Considering d; = 0.05 m, B, = 1.3 T and applying Eqg. (8) it is possible to obtain: kreq* =0.61.

6 One non-dimensional map g:i,i,i must be selected. The choice must take into account the
d, 1286432

geometric constraints of the application and that the lower the axial air gap g the higher the stiffness of the

bearing with equal geometry. For the present application, considering the diameter d; and the map with

g 1 : ey —
=~ =—— theairgapisg=0.39 mm.
d; 128 gapis g

The point P respecting the condition ke = kreq can be identified in the map as shown in Figure 9.

From the map it is possible to extract the value of wg * for the point P: wg * = 100 (see Figure 9).

According to Eq. (8) the computation of the electric pole frequency is possible: wg_ =534 rad/s.

10 Since the condition described at point 2 is respected, the geometric parameters of the bearing (D, t, m;, g)
can be determined according to the ratios defined by the shape factors of Table 4. For the present case the

EDB respecting the requirements of the application is characterized by the values shown in Table 6.

O 0
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Parameter EDB value Application Requirements
k 41200 N/m >34300 N/m
WRL 534 rad/s <1000 rad/s
de 93.4 mm <100 mm
d; 50 mm >20 mm
D 93.4 mm <100 mm
m, 4.3 mm -

t 3.8 mm -

g 0.4 mm -

Leps 13.2 mm <20 mm
o 1.22T -

B, 5.998 10’ S/m -

Table 6: EDB’s parameter obtained following the design procedure for the application example.

If the condition described at point 2 was not respected an iterative process from point 4 using a larger d; is
needed. The same iteration must be done even if the condition is satisfied but an optimization process is
requested. In this case the diameter d; can also be reduced.

If after the iterative process considering the largest d; defined at point 4 the condition described at point 2 is
not respected, then it can be concluded that axial flux EDBs are not suitable for that specific application.

ISR U N ST T [ S R S " B I n 3
0015 0025 0035 0045 0055 0065 0075 0085 0095 0105 0115 0125 0135 0.145 0.155
t
d

Figure 9: Non-dimensional map used for the example application.

The design flow presented allows making a preliminary design of an electrodynamic bearing able to satisfy the
application requirements in terms of working frequency range and radial stiffness reading the non-dimensional maps
without resorting to FE analysis. Once the feasibility analysis gives a positive result, FE modeling tool will be used
for the detailed design of the system.

6 Conclusions

Electrodynamic bearings are an attractive alternative to active magnetic bearing for high speed industrial application
but they are still lacking a clear design procedure to be followed. Furthermore, so far the EDB’s behavior could only
be defined by means of finite element analyses applying a trial and error approach resulting in a time consuming
procedure not compatible with industrial needs.
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Non-dimensional maps allowing the definition of the EDB’s performance for a given application have been
presented in the present paper. The dimensional analysis was used to compute non-dimensional parameters
describing the behavior of EDBs properly. Non-dimensional maps describing the bearing’s behavior have been
defined performing a set of FE analysis. The non-dimensional maps can be considered as a design tool for the
preliminary design of EDBs levitating systems. An important contribution of the present work is the reduction of the
time needed to decide geometrical and physical parameters of the bearing starting from the requirements of a given
application such as load capacity, stiffness and geometrical constraints. The FE analysis can be avoided during the
preliminary design, but are still necessary for the detailed design of the system.

The non-dimensional representation obtained can be a support in understanding how each parameter of the bearing
affect the final performance of the device. The insight provided by the non-dimensional description on the influence
of the scaling, the residual induction of the permanent magnets and the electric conductivity of the conducting disc
clarifies which direction can be followed for future improvements.
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