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Abstract

Homopolar hybrid active magnetic bearings generate very low power losses thanks to
the absence of bias currents and the homopolar distribution of the magnetic flux density
in the airgap. However, the slots in which the winding of these bearings are inserted
create fluctuations of the magnetic flux density which are at the origin of iron losses that
can be non-negligible at high speeds. This paper investigates a new slotless topology of
homopolar hybrid active magnetic bearings, which can totally remove these losses. An
electromagnetic model based on a magnetic circuit is proposed and validated through
finite element simulations. It is then used to optimize and compare the performances of
this original bearing topology with an existing slotted hybrid homopolar bearing.
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1 Introduction

Active magnetic bearings (AMB) generate a contact-free guiding of a rotor by actively control-
ling the current flowing in an armature winding. Compared with other bearings, AMB have the
advantages to create very low friction as well as to operate without lubrication and mechanical
wear. They are therefore widely used in industrial applications, such as in turbomachinery, from
smallturbo molecular pumps to large turbogenerators, in energy storing flywheels, in momen-
tum flywheels or even in ventricular pumps [3] [4]. The vast majority of AMB used in industry
relies on a heteropolar bias magnetic flux density created by a DC component of current, super-
imposed to the control currents, and have thus the drawback of generating Joule losses. This
is the reason why hybrid active magnetic bearing (H-AMB) topologies using permanent mag-
nets have been proposed to solve this problem [1] [5]. Among those H-AMB topologies, those
having 8 poles are widely used [9] [8]. However, for those topologies, the bias magnetic flux
density in the airgap alternate between a positive and a negative value and therefore generates
iron losses in the rotor during its rotation. Alternative heteropolar topologies, that have less
number of poles, have been proposed to reduce these losses [12]. Beyond heteropolar topologies,
homopolar hybrid AMB (HH-AMB) produces less iron losses because the polarity of the bias
magnetic flux density does not vary with the position of the rotor [11] [6]. However, there are
still some fluctuations of the magnetic flux density due to the slots within which the armature
winding is placed. To reduce further those fluctuations, slotless hybrid homopolar AMB (SHH-
AMB) have been proposed [13] [7]. Those kind of magnetic bearings drastically reduce and
even theoretically remove rotor core losses due to the bias magnetic flux density, which makes
it attractive for applications in the vacuum or at very high-speed. However, in the proposed
topologies, the PM are placed on the rotor in a surface-mounted configuration, which makes the
mechanical design of those bearings more difficult. In this context, this paper explores a new
slotless homopolar hybrid topology whose PM are placed in the stator, but more singularly,
inserted between two ring-shaped iron poles. This feature fundamentally changes the way the
magnetic flux density is redistributed in the airgap when the rotor is off-centered. The principle
of force generation is therefore different which could open the way to a potential increase in the
performances of the AMB.
This paper has the following structure. Section II gives a description and a parametrization of
the proposed SHH-AMB. Section III provides an electromagnetic model of the AMB that allows
to link the dimensional parameters of the SSH-AMB to performance criteria while section IV
presents a comparison of this model with a FEM model. In section V, a parametric analy-
sis is performed in order to study the influence of the parameters of the SHH-AMB over the
two performance criteria. Finally, the results of a bi-objective optimization combining the two
performance criteria as well as a comparison of these latter with an existing slotted HH-AMB
proposed in [6], are presented in section VI.

2 Magnetic bearing description and parametrization

The AMB considered in this study is shown in Figure 1. The stator is made of a PM ring
inserted between two ring-shaped iron poles and a concentrated winding located in the airgap
between the stator iron poles and the rotor.
The PM is polarized in the axial direction and creates a bias magnetic flux that it is guided
radially inward in the airgap on the right iron pole and radially outward in the airgap on the left
iron pole, as highlighted with the white arrows in Figure 1. It is thus a homopolar topology,
as the magnetic flux density produced in the airgap by the PM is supposed to be perfectly
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Figure 1: 3D view of the AMB.

Figure 2: Parametrization of the AMB.

constant and independant of the angular position, when the rotor is centered radially.
The winding is made of four concentrated coils for each of the two radial axes. Two of them are
placed at one iron pole with their magnetic axis pointing in the same direction as the axis under
consideration, and the other two at the other iron pole but with their magnetic axis pointing
in the opposite direction. The force generation relies in the unbalance of the magnetic pressure
in the airgap arising from the superposition of the bias flux and the control flux created by
the winding. Figure 1 highlights with the green arrows the control magnetic flux resulting in
a force aligned with the positive X-axis. On the left iron pole, the control magnetic flux is
directed such that it increases the magnetic pressure at the top and decreases it at the bottom,
creating therefore an upward force on the rotor. On the right iron pole, the bias magnetic flux
and the control magnetic flux are directed in the opposite direction, in order to also increase
the magnetic pressure at the top and decrease it at the bottom.
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Figure 3: Parametrization of the AMB.

3 Modeling

The performances of an AMB are related to the force that is produced on the rotor. The
resulting force that acts on the rotor has different components. The first component is the
electrodynamic force, that arises from the interaction between the current ix and iy flowing
respectively in the coils for the X-axis and the Y-axis and the magnetic flux of the PM that
is linked by those coils. This force is related to the current through the the current stiffness
ki. By controlling the current in the winding, this force stabilizes the rotor in its centered
position. The second component is the detent force, due to the interaction between the PM
and the rotor iron. This force is related to the position x or y of the rotor with respect to the
centered position through the position stiffness ke. This force appears only when the rotor is
off-centered, but it is directed in the same direction as the one of the off-centering, giving rise
to instabilities. The third component is the reluctant force. It is due to the variation of the
inductance of the winding with the rotor position and it is proportionnal to the square of the
current.
In the centered position, because of symmetry, this reluctant force and its derivative relative
to the rotor position is nul. For the same reason, the potential corss coupling between the two
radial axes is non-existent. In consequence, in the centered position, the force acting on the
rotor is given by: {

Fx = −ke x+ ki ix

Fy = −ke y + ki iy
(1)

In this section, a model of the magnetic flux density due to the PM is first provided. From
this latter, the current stiffness and the position stiffness are derived. Finally, as the force
is linked to the current that flows in the winding, a model of the electrical resistance is also
provided, to evaluate the Joule losses.

3.1 Airgap magnetic flux density

The magnetic flux density in the airgap, due to the PM, is obtained in two steps. The first
consists in determining the magnetic potential difference between the stator and the rotor
by solving the magnetic circuit shown in Figure 4. This latter assumes an infinite magnetic
permeability of both the stator iron poles and of the rotor. The PM ring can be reprensented
by its Northon representation with a flux source :

φPM = Br · π(R2
S,e −R2

PM,i) (2)
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in parallel with its internal permeance:

PPM =
LPM

µ0 · (R2
S,e −R2

PM,i)
(3)

where Br is the remanent flux density, RS,e, RPM,i and LPM are respectively the external
radius of the stator, the internal radius of the PM and the length of the PM and µ0 is the
magnetic permeability of the vacuum.
The leakage magnetic flux going between the left and right outer radial surfaces of the stator
iron parts, is taken into account by the permeance PPMfe. According to [2], this permeance
can be approximated using the following expression:

PPMfe = 2µ0RS,e ln

(
1 +

2π ·RS,e LI + π L2
I

2LPM RS,e

)
(4)

where LI is the axial length of one stator iron pole. The leakage magnetic flux going between
the inner lateral surfaces of the stator iron poles. It is modeled by the permeance PPMfi, whose
expression is given by:

PPMfi =
µ0 π (R2

PM,i −R2
S,i)

LPM
(5)

where RS,i is the internal radius of the stator. The flux going through the airgap is taken into
account by the permeance Pg, that depends on the rotor off-centering x. Considering that the
magnetic flux is purely radial, this permeance is derived from:

Pg =

∫ 2π

0

dPg (6)

where dPg is the permeance of a radial flux tube located at angle θ relative to the X-axis and
having an infinitesimal angular opening dθ. This latter is given by:

dPg =
µ0 LI

ln
(
RS,i−x cos θ

RR

) dθ (7)

where RR is the external radius of the rotor. This function is not analytically integrable as it
is, but considering that the off-centering x is small relative to the radii RS,i and RR, on the
one hand, and to the nominal airgap thickness g = RS,i − RR, on the other hand, it can be
approximated first by developing the logarithm function in Taylor series limited to the first
order so as to be rewritten:

dPg =
µ0 LI

ln
(
RS,i

RR

)
− x

RS,i
cos θ

dθ (8)

Next, as this function is a periodic function of θ, it can be expanded in Fourier series. Limited to
the second order and its coefficients being themselves approximated but analytically, it results
in:

dPg =
µ0LI

ln3
(
RS,i

RR

) [ln2

(
RS,i
RR

)
−
(

x

RS,i

)
ln

(
RS,i
RR

)
cos θ +

(
x

RS,i

)2

cos 2θ

]
dθ. (9)
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Using (6) and (9), the analytical expression of Pg finally reduces to:

Pg =
2π µ0 LI

ln
(
RS,i

RR

) . (10)

The fringing flux between the lateral surfaces of the stator iron parts and the rotor is taken
into account by the permeances Pgf . According to [2], it can be expressed as follows:

Pgf = 4 · µ0RR ln

(
1 +

ypgo2max (2RR + ypgo2max)

ypgo2min (2RR + ypgo2min

)
(11)

considering ypgo2max = RS,e −RS,i and ypgo2min = RS,i −RR.

Figure 4: Magnetic circuit considering fringing effets.

Based on the equivalent circuit, the magnetic potential difference between the stator and
the rotor ΘS−R = ΘSl −ΘR is directly given by:

ΘS−R =
2ΦPM

2PPMfe + 2PPM + 2PPMfi + Pg + 2Pgf
. (12)

The second step consists in determining the magnetic flux density in the airgap considering
that the flux dΦg going through a radial flux tube having an infinitesimal angular opening dθ
is given by:

dΦg = ΘS−R dPg. (13)

As this flux is also the product of the normal section and the magnetic flux density, this
latter is finally given by:

Bg =
µ0 ΘS−R

r ln3
(
RS,i

RR

) [ln2

(
RS,i
RR

)
−
(
x

RR

)
ln

(
RS,i
RR

)
cos θ +

(
x

RR

)2

cos 2 θ

]
. (14)
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3.2 Current stiffness

The electrodynamic force is related to the current through the current stiffness ki. This latter
can be expressed as the partial derivative relative to the off-centering x of the magnetic flux
Ψx linked by the winding:

ki =
δΨx

δx
. (15)

This flux can be obtained by summing the contributions of the fluxes dΨx linked by coils of in-
finitesimal section dSc = r dr dθ, whose NW

SW
dSc go and back conductors are located respectively

in (r, θ) and (r,−θ). Considering the four coils constituting the X-axis winding, the current
stiffness is given by:

ki =
4µ0LIΘS−R

RR ln2
(
RS,i

RR

)NW
SW

(
R2
S,i −R2

W,i

)
(cos (θW,e/2)− cos (θW,i/2)) (16)

where NW and SW are the number of turns and the section of one coil respectively.

3.3 Position stiffness

The position stiffness ke is directly related to the detent force through:

ke =
∂Fdetent
∂x

. (17)

This force can be derived by integrating the X-axis component of the magnetic pressure on the
rotor surface facing the stator iron poles:

Fdetent = 2LI

∫ 2π

0

B2
g

2µ0
cos θ RR dθ. (18)

Using (14) and (18), (17) leads to:

ke = 2µ0

π LI θ
2
S−R

R2
R ln3

(
RS,i

RR

) . (19)

3.4 Electrical resistance

The total resistance of one winding is given by:

R = 4 ρNw
Lloop
Sc

(20)

where ρ is the electrical resistivity, Lloop, the mean length of a loop, is given by:

Lloop = 2LI +

(
RS,i +RW,i

2

)[π
2

(θW,e − θW,i) + 2 θW,i

]
(21)

and Sc, the cross section of a conductor, is given by:

Sc = η
SW
NW

= η
(θW,e − θW,i) (R2

S,i −R2
W,i)

4NW
(22)

where η is the fill factor.
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4 FEM validation

In order to validate the proposed model, its predictions are compared with those obtained
from 3D FEM simulations. These latter have been performed with the software COMSOL
Multiphysics r. The parameters of the AMB used for this validation are given in Table 1. They
corresponds to the parameters of the slotted HH-AMB proposed in [6], except for the parameters
RR, RW,i, θW,i and LW,e that have been obtained by maximizing the bearing constant defined
in (23).

Parameter Symbol Value Unit

Total length of stator Ltot 21 mm
Length of PM LPM 5 mm
Length of stator pole LI 8 mm
Internal length of winding LW,i 8 mm
External length of winding LW,e 12.748 mm
Radius of rotor RR 15.89 mm
Internal radius of winding RW,i 16.09 mm
Internal radius of stator RS,i 16.2 mm
Internal radius of PM RPM,i 33 mm
External radius of stator RS,e 35 mm
Internal angle of winding θW,i 1.2767 rad
External angle of winding θW,e

π
2 rad

Number of loops of a coil NW 95 /
Fill factor η 0.4 /

Table 1: Parameters.

The evolution of the magnetic flux density in the airgap with the angular position, for a
centered and off-decentered positions along the X-axis is shown in Figure 5. It can be seen that
the analytical predictions overestimate the FEM ones by approximately 3%. This offset can be
explained by the fact that the model does not consider the leakage flux between the PM ring
and the rotor.

A comparison on the current stiffness shows that the analytical predictions underestimates
the current stiffness by maximum 4%. Even if the magnetic flux density is overestimated by
the analytical model, this underestimation can be explained by the fact the FEM model takes
into account the flux linked the end-windings whereas the analytical model not.
A comparison on the position stiffness shows that the analytical model overestimates the FEM
model by approximately 7%, independently of the off-centering amplitude. This difference can
be explained by the higher magnetic flux density predicted by the analytical model.

The evaluation of this component of the force using the FEM model has shown that it
represents less than 1% of the total force and therefore can be neglected.

5 Parametric analysis

In this section, the influence of the bearing parameters on its performances is studied. Those
performances depend on the electrodynamic force, that should be as large as possible, and on
the detent force, that should be as low as possible. Altough the latter can be evaluated using
the position stiffness, the first one depends both on the current and on the current stiffness. For
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Figure 5: Magnetic flux density in the airgap.

the same current stiffness, an increase in the current would increase the electrodynamic force
but this has to be limited because of the Joule losses and the temperature increase it generates.
Therefore, an interesting criterion is the bearing constant defined as [10]:

kb =
ki√
R

(23)

Indeed, mutliplying the numerator and the denominator by the current, the bearing constant
reveals to be proportional to the ratio between the electrodynamic force and the square root of
the Joule losses.
Based on these two performance criteria, a parametric analysis is performed. In a first step, the
influence of the winding thickness and of the winding internal angle is studied, considering the
parameters in Table 1. Then, keeping the best values for those two parameters, the influence
of the other parameters is studied.

5.1 Winding thickness

The variation of the current stiffness, the electrical resistance, the bearing constant and the
position stiffness with the winding thickness is shown in Figure 6. The current stiffness decreases
when the thickness increases because it directly impacts the gap between the stator and rotor,
and therefore reduces the airgap magnetic flux density. The number of loops beeing constant,
the flux linked by the winding, as well as the resulting current stiffness have to follow the same
evolution. Regarding the electrical resistance, it decreases with the winding thickness because,
for a constant number of loops, the wire cross section increases with the winding section.

It can be seen that this effect has a much bigger impact for very small values of the thickness.
Concerning the bearing constant, it reaches a maximum as the decrease in resistance predom-
inates over the decrease in current stiffness for small thicknesses, whereas it is the opposite
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Figure 6: Analysis on winding thickness, ◦ corresponds to parameters in Table 1.

for larger thicknesses. The evolution of the position stiffness with the winding thickness quite
logically looks close to the evolution of the current stiffness.

5.2 Winding internal angle

As shown in Figure 7, the current stiffness increases with the winding internal angle because
each winding loop links a higher magnetic flux. Concerning the resistance, it increases slightly
for small value and then increases fastly when this angle becomes close to the external angle of
the winding. As shown by the evolution of the bearing constant, the increase of the resistance
has more impact than the increase of the current stiffness and therefore the bearing constant is
decreasing monotonically. The position stiffness is not influenced by the winding internal angle
as this latter parameter does not modify the value of the magnetic flux density in the airgap.

5.3 Stator internal radius

As presented in Figure 8, a higher radius leads to a higher current stiffness. It can be explained
by the fact that the winding covers a higher area and therefore links a higher magnetic flux, the
airgap magnetic flux density remaining almost the same because the gap between the stator and
the rotor is fixed. Concerning the resistance, it decreases with the value of the radius because
the section of the winding increases. The effect on the current stiffness and the resistance goes
in a way to increase the bearing constant. The radius has only a small impact on the position
stiffness.
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Figure 7: Analysis on winding internal angle, ◦ corresponds to parameters in Table 1.

5.4 Permanent magnet internal radius

The internal radius of the PM has a direct impact on the value of the magnetic flux density in
the airgap. It can be seen in Figure 9 that the bearing constant, which has exactly the same
shape as the current stiffness because the resistance does not vary, and the position stiffness
depend almost linearly on the radius. However an increase of a given factor over the current
stiffness is counterbalanced by an increase of the square of this factor in the position stiffness.
Obviously, the electrical resistance is not affected by the PM internal radius.

5.5 Permanent magnet length

As the total length of the bearing Ltot = 2LI + LPM remains constant in the analysis, the
length of the PM is studied through the following parameter:

α =
LPM
Ltot

(24)

As illustrated in Figure 10, the current stiffness reaches an optimum that can be explained by
the respective evolutions with the magnet length of both the magnetic flux density in the airgap
and the coil area. For increasing α, the airgap magnetic flux density increases as the leakage
fluxes between the two stator ferromagnetic parts decrease on the one hand, while the coil area
decreases on the other hand. For small values of α the airgap magnetic flux density increases
faster than the surface of winding decreases, resulting in an increase of the current stiffness,
while it is the opposite for high value of α.
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Figure 8: Analysis on stator internal radius, ◦ corresponds to parameters in Table 1.

The resistance decreases with α as it depends linearly on the stator pole length LI . The
position stiffness reaches a maximum but for higher α because of the square dependency of this
stiffness on the magnetic flux density.

6 Optimization and comparison

A bi-objective optimization, considering the bearing constant kb and the position stiffness ke
as two independant objectives is performed. The optimization parameters are RR, RS,i, RPM,i

θW,i, θW,e and α. The other parameters, more specifically RS,e and Ltot, are fixed to the ones
in Table 1, . The optimization is performed using a sequential quadratic programming (SQP)
algorithm. The results of the optimization process is shown in Figure 11 and consists of several
optimizations applied on a single objective function combining with variable weights the two
objectives. The Pareto front consists of the best compromise and is found between the extremas
(kb, ke) = (0, 0) and (kb, ke) = (28.9, 40.5). In Figure 11, the geometry of two bearings from
the Pareto front are shown. It can be seen that the bearing ◦ has a lower position stiffness
due to the higher winding thickness and higher internal radius of PM. On the contrary, the
bearing � reach a higher bearing constant because of the very low winding thickness and the
lower internal radius of PM.
Comparing these results with those of the slotted homopolar AMB presented in [6] for which
(kb, ke) = (51.23, 0.57), shows that it is apparently not possible to reach the same value of
the bearing constant. Furthermore, for the same position stiffness, the bearing constant is
approximately five times lower.
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Figure 9: Analysis on PM internal radius, ◦ corresponds to parameters in Table 1.

7 Conclusion

In this paper, a new slotless HH-AMB that theoretically removes iron losses due to the bias
magnetic flux density has has been studied. To that end an electromagnetic model that assumes
small off-centering amplitude has been presented and validated by a FEM model. From that
model, two performance criteria have been derived, the bearing constant, which reflects the
force capability of the bearing through the current stiffness and the winding electrical resis-
tance, and the position stiffness. On that basis, a parametric analysis has been carried out to
understand the influence of the different dimensional parameters of the proposed bearing on its
performances. Then, a Pareto front was obtained via an optimisation process. This revealed
that the proposed bearing seems not able to reach the performances of slotted HH-AMB in
terms of bearing constant. . However, these results have been obtained by imposing the same
total length of the stator and the same external radius of the PM. Keeping the same volume
of the AMB while varying those two parameters might give better results. In addition, these
two HH-AMB should also be compared considering the iron losses, since the slotless topology
should be better on this aspect.

13



Investigations on a new slotless homopolar hybrid active magnetic bearing Colinet, Dehez

0.2 0.4 0.6 0.8

Proportion of magnet length [/]

10

20

30

40

50

60

70

80

C
u
rr
en
t
st
iff
n
es
s
[N

/A
]

0.2 0.4 0.6 0.8

Proportion of magnet length [/]

300

320

340

360

380

400

E
le
ct
ri
ca
l
re
si
st
an

ce
[Ω
]

0.2 0.4 0.6 0.8

Proportion of magnet length [/]

0.5

1

1.5

2

2.5

3

3.5

4

B
ea
ri
n
g
co
n
st
an

t
[N

/√

(W
)]

0.2 0.4 0.6 0.8

Proportion of magnet length [/]

0

0.1

0.2

0.3

0.4

0.5

P
os
it
io
n
st
iff
n
es
s
[N

/µ
m
]

Figure 10: Analysis on PM length, ◦ corresponds to parameters in Table 1.
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Figure 11: Pareto front and geometry of 2 bearings.
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