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Abstract—Passively levitated self-bearing machines provide
the rotor drive and guidance within a single structure without
requiring controllers, power electronics and sensors dedicated
to the magnetic suspension, leading to compact, reliable and
cost-effective systems. Electromechanical models describing their
rotor dynamics have recently been derived and experimentally
validated. However, these models do not account for non-idealities
that could arise from manufacturing imperfections. In this
context, this paper investigates the impact of an angular misalign-
ment between the upper and lower windings of passively levitated
self-bearing machines on the force and torque production. The
existing electromechanical model is extended, highlighting that
this misalignment slightly degrades the driving torque and the
conventional passive restoring force, on the one hand, and creates
additional force and torque components, on the other hand.
Among the latter, those arising from the suspension currents
are independent from the rotor axial displacement and are thus
produced even in centred position, thereby potentially acting
as disturbances. Finally, an experimental study is carried out,
allowing to validate the suspension force produced by the machine
in quasi-static conditions and to confirm the interest of accounting
for this winding non-ideality in the model.

Index Terms—Bearingless machines, Self-bearing motors, Pas-
sive suspension, Angular misalignment, Electromechanical model

I. INTRODUCTION

Self-bearing machines have been developed for high-speed
and high-torque density systems by integrating the rotor drive
and guidance within a single structure, thereby taking advan-
tage of magnetic suspension benefits, such as the elimination
of mechanical friction, wear and lubrication [1]. Their appli-
cations thus encompass blower and fans [2], pumps [3–5],
compressors [6], flywheels [7–9] and reaction wheels [10].

The rotor magnetic suspension is typically achieved by
actively controlling the currents flowing through the machine
windings, either dedicated to the levitation or shared with the
drive [11–13], based on the position measurement. Although
this approach can be applied to all five rotor degrees of
freedom [14, 15], self-bearing machines often integrate passive
suspension mechanisms to support the shaft along one or
more of these axes. In slice motors, reluctance forces provide
passive stabilisation in the axial and tilt directions whereas the
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radial degrees of freedom are actively regulated [16–18]. In
single-drive machines, permanent magnet bearings generally
ensure the rotor radial and tilt levitation, thereby limiting the
requirement for active control to the axial position [19–21].

Passively levitated self-bearing machines, that rely on the
operation principle of electrodynamic suspensions, stand out
thanks to the absence of controllers, power electronics and
sensors dedicated to the rotor magnetic levitation, resulting in
more compact, reliable and cost-effective systems. By circum-
venting Earnshaw’s theorem, these machines can be combined
with centring permanent magnet bearings to implement fully
passive magnetic suspension. Electromechanical models have
been established to predict the rotor axial and rotational
dynamics based on the global parameters of the machine [22–
24] and have been experimentally validated, both for axial-
flux [25, 26] and radial-flux structures [27–29]. However,
these models have not considered non-idealities caused by
manufacturing imperfections so far, assuming that a proper
commissioning phase can mitigate them, while this may not
be feasible in mass production.

In this context, this paper studies the impact of an angular
misalignment between the upper and lower windings on the
force and torque capabilities. The existing electromechanical
model is generalised to account for this non-ideality and
validated through experimental measurements.

The paper is structured as follows. Section II describes the
machine structure and operation principle. The electromechan-
ical model considering the winding angular misalignment is
then established in Section III. Following on from this, the
experimental setup, including the prototype and test stand, is
presented in Section IV. Finally, the experimental validation
of the proposed model is carried out in Section V.

II. MACHINE DESCRIPTION

This section first describes the structure of the self-bearing
machine, including the winding non-ideality being investi-
gated, and then outlines its operation principle.

A. Structure

The machine can be implemented based on either an axial-
flux or a radial-flux structure, as depicted in Fig. 1(a) and 1(b)
respectively. In both cases, the rotor consists of a permanent



Fig. 1: Self-bearing machine (only one phase represented and
with p = 3). (a) Axial-flux structure. (b) Radial-flux structure.

magnet arrangement producing a p pole-pair magnetic field
that interacts with an ironless armature composed of two three-
phase windings connected in parallel to the power supply.
These windings, referred to as the upper and lower ones, may
be angularly misaligned by a mechanical angle γ/p due to
manufacturing inaccuracies.

B. Operation Principle

The self-bearing machine under study provides both the
rotor drive and passive axial suspension.

In centred axial position, i.e. z = 0, the permanent magnet
fluxes linked by the upper and lower windings are identical
and so are the resulting electromotive forces. Consequently, the
current supplied by the three-phase voltage source distributes
equally between the two windings connected in parallel, only
producing a drive torque Tα,M as in a conventional motor.

In case of rotor axial displacement, namely z 6= 0, the
imbalance between the upper and lower flux linkages leads
to an uneven distribution of currents between both windings.
As discussed in [22], the upper and lower currents, denoted iU
and iL, can be seen as the superposition of the motor currents
iM and the suspension currents iS, defined as follows:

iM = iU + iL

iS =
iU − iL

2

(1)

The former relate to the currents provided by the power supply
and still solely generate the drive torque Tα,M . In contrast,
the latter correspond to circulating currents flowing through
the closed loop constituted of both windings that are short-
circuited on each other and create a passive axial force Fz,S ,
that tends to restore the rotor towards its centred position, and
a drag torque Tα,S , that opposes to the rotation.

III. ELECTROMECHANICAL MODEL

This section extends the electromechanical model derived
in [22] by taking into account a misalignment between the
upper and lower windings. To that end, the permanent magnet
flux linkages are first established and substituted into the
governing electrical equations. The electromagnetic forces are
then developed and finally analysed in quasi-static conditions.

A. PM Flux Linkages

The angular misalignment γ/p between the upper and lower
windings induces a phase shift γ between the permanent
magnet fluxes linked by these latter, denoted ΦU and ΦL

respectively. Assuming small rotor axial displacements z and
considering only the fundamental frequency of the magnetic
field, these flux linkages can be expressed as:

ΦU = (Kα + zKz) cos
(
pα− δ − γ

2

)
ΦL = (Kα − zKz) cos

(
pα− δ +

γ

2

), (2)

where α is the rotational position of the rotor, Kα is the flux
constant, corresponding to the flux amplitude when the rotor
is in axial centred position (z = 0), Kz is the flux gradient,
namely the proportionality coefficient between the flux ampli-
tude and the axial displacement z, and δ = [0, 2π/3, 4π/3]
includes the angular position of the three phase windings.

As presented in [22], the motor and suspension flux link-
ages, referred to as ΦM and ΦS respectively, can be defined
based on the upper and lower ones:

ΦM =
ΦU + ΦL

2

= Kα cos
(γ

2

)
cos (pα− δ)

+ zKz sin
(γ

2

)
sin (pα− δ)

ΦS = ΦU −ΦL

= 2 zKz cos
(γ

2

)
cos (pα− δ)

+ 2 Kα sin
(γ

2

)
sin (pα− δ)

. (3)

The former represent the fluxes seen from the power supply
terminals whereas the latter correspond to those intercepted
by the short-circuited paths consisting of the upper and lower
windings. In both expressions, the presence of an angular
misalignment γ introduces an additional flux component that
is in quadrature with respect to that without non-ideality.
Regarding the motor fluxes ΦM, the additional component
evolves linearly with the rotor axial displacement z and
thus cancels out in nominal position. In contrast, as far as
the suspension fluxes ΦS is concerned, it is independent
from the rotor excursion z, unlike the ideal case component.
Consequently, this manufacturing imperfection of the armature
winding prevents the self-bearing machine from satisfying the
null-flux principle, resulting in currents and thus losses even
when the rotor is centred, as confirmed in Section III-D.

B. Electrical Equations

Assuming that the inductance coefficients are independent
from the rotor axial and rotational positions, Faraday’s law
applied to the upper and lower windings of each phase yields:

u = RiU + L
diU
dt

+ M
diL
dt

+
dΦU

dt

u = RiL + L
diL
dt

+ M
diU
dt

+
dΦL

dt

(4)



where R is the electrical resistance, u is the three-phase
voltage applied on the armature, L includes the self and mutual
inductance coefficients of the upper/lower windings, and M
contains the mutual inductance coefficients between the upper
and lower windings:

Substituting (1) and (3) into (4) allows us to emphasize
the electrical equations governing the motor and suspension
functions of the self-bearing machine:

u =
R

2
iM +

(
L + M

2

)
diM
dt

+
dΦM

dt

0 = 2R iS + 2 (L−M)
diS
dt

+
dΦS

dt

. (5)

The motor currents iM are supplied by the voltage source
u and flow through both windings connected in parallel
whereas the suspension currents iS are passively induced
within a closed path formed by the series connection of these
windings due to the electromotive force terms and therefore
circulate independently from the power supply u. Interestingly,
this highlights that the rotor levitation is still ensured when
disconnecting the voltage source from the armature winding.

Applying the Park-Concordia transformation to (5) leads to:

ud =
R

2
iM,d +

LM
2

(
˙iM,d − pωiM,q

)
+

√
3

2
pωzKz sin

(γ
2

)
uq =

R

2
iM,q +

LM
2

(
˙iM,q + pωiM,d

)
+

√
3

2

[
pωKα cos

(γ
2

)
− żKz sin

(γ
2

)]
0 = 2R iS,d + 2LS

(
˙iS,d − pωiS,q

)
+
√

6
[
żKz cos

(γ
2

)
+ pωKα sin

(γ
2

)]
0 = 2R iS,q + 2LS

(
˙iS,q + pωiS,d

)
+
√

6pωzKz cos
(γ

2

)

(6)

where LM and LS are the motor and suspension synchronous
inductance coefficients of an upper/lower winding [30]. The
first two equations, that govern the evolution of the direct
and quadrature axis motor currents, include an additional
electromotive force term caused by the winding angular mis-
alignment γ. The latter are proportional to the rotor axial
displacement z and speed ż respectively. This non-ideality
therefore creates a coupling between the rotor drive and sus-
pension whenever the rotor deviates from its nominal position.

C. Electromagnetic Model

The electromagnetic model is established based on the
magnetic coenergy approach. Assuming the independence
of the inductance coefficients from the rotor position and
given the ironless stator structure, the force and torque reduce
to their electrodynamic contribution, that results from the
interaction between the upper and lower PM flux linkages
with the currents flowing within the corresponding windings.

1) Axial Force: The total axial force Fz exerted by the
self-bearing machine can be calculated as:

Fz =

[
dΦU

dz

]T

iU +

[
dΦL

dz

]T

iL (7)

Injecting (1) and (3) into (7) allows to rewrite this force in
terms of the motor and suspension currents and fluxes:

Fz =

[
dΦS

dz

]T

iS +

[
dΦM

dz

]T

iM (8)

The axial force can then be expressed in the synchronous d−q
frame by applying the Park-Concordia transformation:

Fz =
√

6Kz cos
(γ

2

)
iS,d︸ ︷︷ ︸

Fz,S

−
√

3

2
Kz sin

(γ
2

)
iM,q︸ ︷︷ ︸

Fz,M

(9)

The first force contribution, noted Fz,S , lies at the basis of
the axial stabilisation of the rotor in the self-bearing machine
under study, being produced by the direct-axis component
of the passively induced suspension current iS,d, and is only
marginally affected by the winding angular misalignment γ.
On the contrary, the second contribution, denoted Fz,M , is
generated due to this non-ideality of the armature winding
by the quadrature-axis motor current iM,q and acts as an
axial disturbance force whose significance depends on the
rotational acceleration and load torque, the latter including
the passive electrodynamic drag torque discussed hereinafter.

2) Torques: The total electromagnetic torque Tα can be
derived from the currents and flux linkages of the upper and
lower windings, and subsequently decomposed into its motor
and suspension components, referred to as Tα,M and Tα,S , by
substituting (1) and (3):

Tα =

[
dΦU

dα

]T

iU +

[
dΦL

dα

]T

iL

=

[
dΦS

dα

]T

iS︸ ︷︷ ︸
Tα,S

+

[
dΦM

dα

]T

iM︸ ︷︷ ︸
Tα,M

(10)

These torques can be further simplified by rewritting them in
the synchronous frame as:

Tα,M = p

√
3

2

[
Kα cos

(γ
2

)
iM,q + zKz sin

(γ
2

)
iM,d

]
Tα,S = p

√
6
[
zKz cos

(γ
2

)
iS,q +Kα sin

(γ
2

)
iS,d

] (11)

In both expressions, the angular misalignment γ slightly
reduces the classical torque contribution associated with the
quadrature-axis current, on the one hand, and introduces an
additional term generated by the direct component, on the
other hand. Regarding the motor torque Tα,M , the additional
term is proportional to the rotor axial displacement z and thus
disappears in centred position. It should be noted that this term
can generally be considered negligible due to its dependence
on the variation of the flux zKz , which is typically an order



of magnitude smaller than the motor flux constant Kα, and
on the sine of the misalignment γ. In contrast, concerning the
parasitic torque Tα,S created by the suspension current iS , the
additional term can not be neglected and may even become
the dominant contribution at small rotor displacements z.

D. Quasi-static Analysis

The quasi-static analysis is carried out by considering
constant rotor axial position z and rotational speed ω.
This approach allows to investigate the suspension currents
and the resulting electrodynamic forces and torques under
steady-state conditions, thereby providing an insight on the
passive suspension performance of the self-bearing machine.

1) Suspension Current: The quasi-static direct and quadra-
ture components of the suspension currents, iS,d and iS,q , can
be determined by setting the derivatives to zero in (6), yielding:

iS,d = −
√

6zKz

2Ls
cos
(γ

2

) ω2

ω2 + ω2
e

−
√

6Kα

2Ls
sin
(γ

2

)
ωe

ω

ω2 + ω2
e

iS,q = −
√

6zKz

2Ls
cos
(γ

2

)
ωe

ω

ω2 + ω2
e

+

√
6Kα

2Ls
sin
(γ

2

) ω2

ω2 + ω2
e

(12)

Assuming no angular misalignment between the upper
and lower windings (γ = 0), the direct-axis current iS,d
is predominant at high rotational speeds ω, namely well
above the speed ωe = 1

p
R
LS

corresponding to the suspension
electrical pole. Indeed, the winding impedance is primarily
inductive under these conditions, causing the currents to
flow nearly in phase with the suspension flux linkages that
generate them. Conversely, the armature winding exhibits
a resistive behaviour at low rotational speeds, leading the
quadrature component iS,q to prevail. The presence of an
angular misalignment γ significantly affects the distribution
of the suspension current between its direct and quadrature
components, both of them presenting an additional term
whose evolution with the rotational speed ω is inverted
compared to that of the classical term. This results from the
appearance of suspension flux linkage contributions that are in
quadrature with respect to the permanent magnet flux density,
as stated in Section III-A. Importantly, these additional terms
are independent from the rotor axial displacement z, implying
that currents and losses are generated even in centred position.

2) Suspension Force: The suspension force Fz,S exerted
by the self-bearing machine in quasi-static conditions can be

obtained by substituting (12) into (9):

Fz,S =− z 3K2
z

LS
cos2

(γ
2

) ω2

ω2 + ω2
e︸ ︷︷ ︸

kz,S

− 3KzKα

LS
sin
(γ

2

)
cos
(γ

2

) ωeω

ω2 + ω2
e︸ ︷︷ ︸

Fz,a

(13)

The first term corresponds to the conventional electrodynamic
restoring force, although slightly diminished due to the angular
misalignment γ. This force varies linearly with the axial
position z and is thus entirely characterised by the underlying
stiffness kz,S . As illustrated in Fig. 2, it increases with the
speed ω, regardless of the direction of rotation, eventually
approaching an asymptotic value. In contrast, the second force
term, Fz,a, arises from the angular misalignment between the
upper and lower windings. It is independent from the rotor po-
sition z and therefore does not contribute to the machine axial
stabilisation. As depicted in Fig. 2, its magnitude increases
with the rotational speed ω until it reaches a peak value at
the speed ωe corresponding to the winding electrical pole and
then declines asymptotically to zero. It should finally be noted
that the direction of this force is directly determined by the
rotor direction of rotation. Hence, this force can be advanta-
geous for partially compensating speed-dependent axial load
in applications consistently rotating in a fixed direction while
limiting the increase of rotor axial displacement z. Otherwise,
it acts as a disturbance that has to be counteracted by the first
force term, thereby leading to additional losses.

0

0

Fig. 2: Evolution of the restoring and additional force compo-
nents with the rotational speed ω in quasi-static conditions.

3) Drag Torque: The torque Tα,S produced by the suspen-
sion current in quasi-static conditions can be determined by
inserting (12) into (11):

Tα,S = −
[(
zKz cos

(γ
2

))2
+
(
Kα sin

(γ
2

))2]
× 3p

Ls

ωeω

ω2 + ω2
e

(14)

As expected, it opposes to the self-bearing machine rotation
and therefore corresponds to a drag torque. Its magnitude
rises with the rotational speed ω up to the speed ωe related
to the electrical pole and then gradually decreases to zero.
The angular misalignment γ introduces an additional term that



Parameter Symbol Unit Value

Pole pair number p − 2
Flux constant Kα mWb 4.58
Flux gradient Kz Wb/m 0.84
Resistance R mΩ 765
Suspension inductance LS µH 56.5
External inductor resistance Radd mΩ 64
External inductor inductance Ladd µH 577.2
Angular misalignment γ degree 6.2

TABLE I: Global parameters of the prototype.

Fig. 3: Prototype. (a) Structure. (b) Pictures.

does not evolve with the rotor axial displacement z, creating
a disturbance even in centred position.

IV. EXPERIMENTAL SETUP

This section describes the self-bearing machine prototype
and the test stand developed for its characterisation and the
validation of the extended electromechanical model.

A. Prototype

The prototype adopts a radial-flux structure, as represented
in Fig. 3. The rotor includes internal and external permanent
magnet arrangements, fixed on back irons, that generate a two
pole-pair magnetic field while featuring a specific alternating
magnetisation pattern in the axial direction to enhance the
suspension performance [23]. The stator, placed between both
magnet arrangements, consists of six upper and six lower
concentrated coreless coils distributed among the three phases,
corresponding to a slots-per-pole-per-phase (SPP) number of
1/2. External inductors are connected in series with the upper
and lower windings of each phase to reduce the suspension
electrical pole ωe, thereby increasing the passive axial stiffness
at low rotational speeds [25]. The global parameters of the self-
bearing machine prototype, identified through the experimental
methods described in [22], are summarised in Table I.

B. Test stand

The test stand is depicted in Fig. 4. A laser displacement
sensor (SICK OD2-P30W04I0) allows to measure the rotor
axial position z. An air bearing (NEW WAY AIR BUSHING
S301301) ensures the rotor radial and tilt guidance without

Fig. 4: Test stand.

impacting the axial dynamics. The prototype inclination σ with
respect to the horizontal can be adjusted so as to apply a static
axial load Fz,e = mg sin(σ) on the rotor, with m and g being
the rotor mass and the gravitational acceleration. The test stand
can be further instrumented in two configurations, enabling
either the electromotive forces or the rotor axial behaviour
during levitation to be investigated. In the first configuration,
an external DC motor, mounted on a micrometric linear
stage, is attached to the shaft to drive the rotor at constant
rotational speed ω and fixed axial position z. In the second
configuration, the self-bearing machine itself is driven through
an off-the-shelf AC sensorless electronics (TI DRV8312-C2)
developed for conventional electrical motors. The left axial
landing bearing is fixed on a force sensor (LORENZ M-2416),
thus allowing to measure the external force Fz,e exerted on the
rotor at standstill due to the prototype inclination σ.

V. EXPERIMENTAL VALIDATION

This section aims to characterise the winding angular mis-
alignment by analysing the electromotive forces and to validate
the proposed electromechanical model through the evolution
of the rotor axial position for different axial loads.

A. Electromotive Forces

The angular misalignment between the upper and lower
windings results in a phase shift γ between the corresponding
permanent magnet flux linkages, as expressed in (3). The
latter can be identified through experimentation based on the
analysis of the electromotive forces induced in the windings
in open circuit, illustrated in Fig. 5, when the rotor is driven at
constant rotational speed ω by the external DC motor which
also fixes its axial position, yielding 6.2 electrical degrees.

B. Rotor Axial Position

The passive axial suspension force Fz,S produced in quasi-
static conditions by the machine, modelled in (13), is inves-
tigated by studying the evolution of the rotor displacement z
with the rotational speed ω for different external forces Fz,e.
To that end, the following methodology is adopted.

Firstly, an axial load Fz,e is applied on the rotor by tilting
the prototype and determined with the force sensor. The rotor
is accelerated up to a rotational speed ω of 4500 (rpm). The
driver is then disconnected from the three-phase winding, pre-
venting the motor currents from flowing and thus generating
any torque Tα,M and axial force Fz,M . Consequently, the
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Fig. 5: Evolution with time of the electromotive forces induced
in the upper and lower windings of phase A at a rotational
speed ω of 775 (rpm) in centred position.

axial dynamics solely results from the axial load Fz,e and the
passive axial force Fz,S . As the rotor decelerates due to the
electrodynamic and aerodynamic drag torques, the time evolu-
tion of the axial position z and rotational speed ω is recorded
until the shaft contacts the landing bearing, and both these
experimental data are finally combined. It should be noted that,
although neither the axial position z nor the rotational speed
ω remain constant throughout this test, the measurements can
be considered to reflect quasi-static conditions. Indeed, the
electrical phenomena are much faster than the mechanical
dynamics occurring during the rotor deceleration, allowing the
suspension currents and the resulting forces to be assumed to
evolve in steady state.

Fig. 6 illustrates the evolution of the rotor displacement
z with the rotational speed ω for different axial loads Fz,e.
The solid line represents the experimental data while the
dashed and dotted lines correspond to the equilibrium position
extracted from the electromechanical model in quasi-static
conditions when accounting for the actual and zero winding
angular misalignment γ respectively. The close agreement
between the two former allows us to validate the proposed
model whereas the significant discrepancy between both mod-
els highlights the substantial influence that this misalignment
can have on the rotor axial suspension. Interestingly, this
manufacturing imperfection leads the rotor to start levitating
from a lower rotational speed ω and to get closer to the centred
position, z = 0, than in the ideal case. Indeed, as discussed in
Section III-D, the direction of the additional force Fz,a, that
arises from the angular misalignment γ, directly depends on
the rotor direction of rotation. The latter is selected so that this
force opposes the external force Fz,e, partially compensating
or even exceeding it depending on the considered case. This
demonstrates the potential interest that this additional force
could have in applications rotating in a unique direction.

VI. CONCLUSION

This paper analyses the effect of an angular misalignment
between the upper and lower windings, caused by manufac-
turing imperfections, on the force and torque capabilities of
passively levitated self-bearing machines.
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Fig. 6: Evolution of the axial position z with the rotational
speed ω for different external force Fz,e.

The electromechanical model that predicts their axial and
rotational rotor dynamics is adapted to account for this non-
ideality, revealing that the conventional passive restoring force
is slightly reduced, on the one hand, and that two additional
force terms are generated, on the other hand. The first term
is produced by the quadrature-axis motor current, that is
responsible for the torque production, and acts as an axial
disturbance on the system. The second one results from the
passively induced suspension current and therefore evolves
with the rotational speed. It is independent from the rotor
axial displacement and its direction is determined by the rotor
direction of rotation. Applications involving unidirectional ro-
tation could thus benefit from this additional force to partially
offset an external axial load, thereby minimising the rotor
axial displacement. Regarding the rotational dynamics, the
angular misalignment between the upper and lower windings
introduces two additional torque components. The former
arises from the direct-axis motor current and can be considered
negligible whereas the latter is created by the suspension
currents regardless of the rotor axial displacement, resulting
in additional losses even in centred position.

Finally, an experimental study is performed based on a
prototype and a dedicated test stand, validating the passive
suspension forces, retrieved from the electromechanical model
under quasi-static conditions, and underlining the importance
of considering this non-ideality of the armature winding.
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