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This paper presents the methodology and computation results for the torque and iron losses in a bearingless synchronous reluctance
machine. The aim is to compute the hysteresis torque related to the asynchronous operation of the machine under the effect of the
levitation field rotating at twice the synchronous speed. For this purpose, and because it is impossible to compute the hysteresis torque
with a single-valued BH-characteristic, a magneto-dynamic vector hysteresis model is used. The computations show that the hysteresis
-related shaft power is considerable under no-load operation of the machine. It is also shown that the asynchronous torque can be
approximated by the classical equivalent circuit of an induction machine.

Index Terms— Electrical machine, finite element analysis, magnetic hysteresis, magnetic levitation, magnetic losses.

I. INTRODUCTION

YNCHRONOUS reluctance machines are nowadays
commercialized owing to their robust construction,

efficient operation, and inexpensive materials used for their
manufacturing. They are intended to achieve the IE4
efficiency class [1]. The design methodology of such
machines is also well-established [2]. A novel use of these
machines has been expanding lately; it consists of making
them bearingless. Bearingless machines integrate the torque
production and the magnetic levitation in the core of the
machine and remove the need for additional mechanical or
magnetic bearings [3]. The operation of a bearingless machine
is based on the use of a p-pole-pair rotating field for the torque
production and a p±1-pole-pair for the levitation of the rotor
of the machine [3]. The levitation is enabled by the
unbalanced magnetic pull created by the additional winding.
Bearingless machines can be of different types, but in this
paper, we focus on the synchronous reluctance machine
(SynRM) where the torque is produced by a 4-pole winding
and the levitation force is produced by an additional 2-pole
winding, both supplied at 50 Hz.

The primary focus of the research on bearingless machines
has been centered on the topology and the control of the
machines [3]-[6]. The main assumption for the additional
winding is that it does not have any influence on the torque
production, as for a synchronous machine to produce a torque,
the  flux  needs  to  rotate  at  the  same  speed  as  the  rotor.
However, since the flux of the levitation winding produces
eddy currents and hysteresis in the rotor, it has to produce also
an asynchronous torque as in the case of an induction or

hysteresis machine. As per the best knowledge of the authors,
there have been no studies on the effect of the levitation flux
on the torque production for synchronous bearingless
machines. The aim of this paper is to investigate the effect of
the levitation field on the torque production of a synchronous
reluctance machine with a 4-pole main winding and a 2-pole
levitation winding.

Indeed, a bearingless machine can be illustrated as shown in
Fig. 1, where it is divided into a fundamental synchronous
machine with respect to the torque-producing field and an
asynchronous hysteresis machine with respect to the levitation
field. Furthermore, both field harmonics can produce
synchronous or asynchronous torque components, either
positive or negative. Since the levitation field is rotating at
twice the rotor speed (in this particular case), the slip related
to this field is very high and equal to 50%. Together with the
hysteretic behavior of the rotor material and the eddy currents
in the iron sheets, such a field causes the machine to operate as
an asynchronous hysteresis machine. The computation of the
torque and power related to this operation mode requires
special attention.

The conductivity of the rotor materials of a SynRM is
usually assumed to be zero in the field equations. Moreover,
the hysteresis effects are neglected [7]. Such a modelling
methodology cannot catch the effect of the additional winding
on the production of asynchronous torque. Therefore,
hysteresis and eddy-current models are required in the field
equations. Several hysteresis models have been proposed in
[8]-[12], but some of them are only scalar, while others do not
account for the dynamic effects such as eddy currents, or are
very complex to be identified. In this paper, we propose to use
a previously developed and validated magneto-dynamic vector
hysteresis (MDVH) model [10] to estimate the hysteresis
torque and the power transferred from the asynchronous field
to the rotor when it is under self-levitation mode. The model
accounts for the static hysteresis and eddy currents under both
alternating and rotating fields. Besides the torque and power,
the model is also used to determine the different components
of iron losses in both the stator and the rotor of the machine.
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Finally, the asynchronous shaft power is compared with the
one calculated from a classical equivalent circuit
approximation for asynchronous machines. A simple
experimental proof of concept is also presented. It consists of
operating the machine in asynchronous mode with a low
voltage supply.

Fig. 1.  Illustration of the operation of the bearingless synchronous machine
from the point of view of the rotating fields. The rotor speed of the 3 virtual
machines is the same. The power produced by the middle part is in the focus
of this paper.

II. HYSTERESIS MODEL

The MDVH model used in this work consists of a history
dependent hysteresis model [11], [12] augmented with the
classical eddy current contribution [8], [12]. The whole model
is vectorized in sixteen directions according to the Mayergoyz
methodology [13], which makes it possible to account for
rotational hysteresis. The model is further incorporated into an
in-house 2D time stepping finite element software for the
simulation of rotating electrical machines. In previous works
[10], we validated the Preisach model for the scalar part and a
polynomial power function for the eddy current part, but the
parameters of these models turned out to be very sensitive to
the material used and the model is time consuming. The use of
the classical eddy current formulation is justified by the low
frequency and the absence of high harmonics. The same
methodology is applied in this paper. The excess contribution
is omitted from the present model. This is justified by the
large airgap in the machines under investigation and the
measurements from [14]. Furthermore, the concept of excess
losses is clear in the case of alternating field but is still not
well understood for the case of rotating fields. The scalar
hysteresis model has been identified from measurements with
a single sheet tester. The measurement results and the setup
are described in [14]. A full description of the scalar model is
given in [11], [12] and the description of the vectorization
procedure is given in [10].

III. SIMULATION MODEL

The machine under investigation is a prototyped bearingless
synchronous reluctance motor with a 4-pole main winding and
a 2-pole levitation winding. The geometry of the machine with
the respective mesh is shown in Fig. 3. The time stepping
simulation is carried out while accounting for voltage supply
by coupling the field and circuit equations [7].

The computations have been carried out by modeling the
magnetic material with a single value (SV) BH-curve and with
the above-described MDVH model so that the differences can
be identified in the torque production. Contrary to the current

supply methodology, the voltage supply ensures that the flux
density  in  the  machine  airgap  is  almost  the  same  for  both
models, provided the same voltage and load angle are used in
the simulations. The difference between the simulation results
is then seen in the computed input power and power factor.
The parameters for the machine are given in Table I.

(a)                                                   (b)
Fig. 2 a) The geometry and the mesh of the bearingless SynRM. The
additional winding can be seen at the bottom of the slots. b) The elements for
which the BH loops have been plotted in Fig. 3.

Fig. 3. The simulated BH behavior at two elements in the stator and two
elements in the rotor as specified in Fig. 2. The blue curves are for the x-
component and the red curves for the y-components of the flux density. The
effect of the asynchronous field is seen as a double loop in some of the stator
elements (399) and as biased hysteresis minor loops in some of the rotor
elements.

TABLE I
PARAMETERS OF THE ANALYZED MACHINE

Parameter SynRM
Power 4.8 kW

Voltage (main/additional) 190/40 V
Rated current (main/additional) 31/1 A

No-load current (main) 21.9 A
Connection (main/additional) star/star

Frequency 50 Hz
Pole pairs (main/additional) 2/1

Stator outer diameter 235 mm
Stator inner diameter 145 mm

Number of slots 36
Airgap 1 mm

IV. RESULTS AND DISCUSSION

The machine under investigation has been simulated with
the above-mentioned methodology under voltage supply for
both the main and the levitation windings. To operate the
machine at no-load, the load angle is adjusted by fixing the
rotor angle while computing with the SV model. The main
winding voltage was fixed to 190 V and the additional
winding voltage to 40 V. After fixing the no-load operation
points from the SV model, the same operation points were
used to simulate the motor with the hysteresis model.
However, with the increasing additional winding current and
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thus the levitation field, the saturation of the rotor changes
slightly. The machine ideally operates at 40 V along the
additional winding for full levitation, but to see the effect of
the additional winding, the simulations have been carried out
up to 250 V. The magnetic flux density for the machine at the
no-load operation point under levitation is shown in Fig. 4.
Here, the effect of the additional winding can be seen as a
difference in the flux density distribution between the upper
and lower parts of the machine. This difference is what creates
the levitation force.

Fig. 4. The no-load flux density distribution in the cross section area of the
machine. The difference between the upper and lower parts is what generates
the levitation force due to the unbalanced magnetic pull.

The simulated magnetic behavior of the iron core under
hysteresis and eddy current is analyzed at two elements in the
stator core and two elements in the rotor core as shown in Fig.
3, where the blue curves are for the x-component and the red
curves for the y-components of the flux density. Here, one can
see that in the stator, the hysteresis loops are doubled as the
flux density changes with the additional winding current,
which is a two-pole winding, whereas the main winding is a
four-pole winding. Furthermore, the effect of the main flux
bias and the varying levitation flux are seen in the rotor core.
Part  of  the losses related to the rotor hysteresis  loops are the
main cause of torque production due to the additional winding.
The plots show the last 2 periods after reaching steady state.

The computed iron losses in the stator and rotor of the
machine are shown in Fig. 5. In these cases, the additional
winding is supplied from 0 V to 250 V, while the main
winding is kept at 190 V and the losses are plotted against the
additional winding current.

Fig. 5. The computed components of iron loss as a function of the additional
winding current. Even at zero additional current, losses are seen in the rotor
although the main flux is only synchronous. These losses are associated with
the flux density harmonics coming from the slotting and flux barriers.

Fig. 5 shows that the additional winding has a significant
impact on the losses of the machine in both rotor and stator.
The losses in the rotor are different from zero even at zero
additional current. However, these losses do not generate any
positive torque, as they are associated with the flux density
harmonics. The increase of the stator core losses is due to the
harmonics (with respect to the main flux) induced by the
additional winding. The increase of the rotor losses is due to
both the fundamental harmonic of the levitation flux and its
harmonics. When the additional winding is energized, an
increase in the shaft power was observed in the computations
with both SV and MDVH models. This is explained by the
saturation of iron, which shifts the flux form the d-axis of the
machine. This shift depends on the model used and thus makes
the comparison between the two models challenging. A good
way  to  compare  the  simulations  is  as  follows.  In  the  SV
simulations, the iron losses are not accounted for and thus they
show as extra shaft power, when it is computed from the
torque and the speed. In the case of MDVH computations, the
iron losses are accounted for in the power balance of the
whole machine. The copper losses in both cases are accounted
for, thanks to the field-circuit coupling. Thus to have a better
appreciation of the hysteresis torque related shaft power, we
needed to subtract the iron losses from the computed shaft
power in the case of SV simulations and then compute the
difference between this shaft power and the one computed
with the MDVH model as:

∋ (< , ,diff sh-MDVH sh-SV FeP P P P (1)

where P stands for power and the subscripts sh for shaft, SV
for single-valued, FE for iron, and MDVH for magneto-
dynamic vector hysteresis. SV and MDVH refer to the
modelling methodology.

The computed results from (1) are shown in Fig. 6, together
with the increase of iron losses in the rotor as a function of the
additional winding current. This comparison is motivated by
the analytical description of an induction machine, where the
so-called airgap power Pag is split into two parts according to
the slip s of the machine. The first part (1-s)Pag is the
mechanical power, whereas the second part sPag is the rotor
loss. Since the slip associated with the levitation field in this
case is 50%, this means that the airgap power is split into two
equal parts, the mechanical power and the rotor losses. From
Fig. 6, one can see that these powers have the same trend and
they match each other very well at low values of the additional
winding current. However, when the current is large, the
difference between the two powers increase. This behavior is
understandable as the analytical model is based solely on the
fundamental component of the flux density in the airgap.
Indeed, when the additional winding current is increasing, the
fundamental component of the flux density associated with it
increases too and produces positive torque. However, the
higher harmonics also increase and produce positive or
negative torque depending on their rank and direction of
rotation with respect to the rotor. Thus, not all the rotor losses
are associated with a positive torque.
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Fig. 6. Comparison between the shaft power difference, as computed by the
MDCH and SV models according to equation (1) and the analytical equation
from the equivalent circuit model of an induction machine. The trend is
similar but the analytical equation overestimate the power as it is based on the
fundamental harmonic only.

To confirm the above results, we made a simple experiment
on the prototype shown in Fig. 7a. We present it here as a
proof of concept rather than a validation. In the experiment,
the main winding of the motor was connected to a sinusoidal
power supply from the grid, and the amplitude of the voltage
was increased slowly with an autotransformer. The rotor and
the shaft were kept levitated by the active magnetic bearings,
which reduces the friction loss in the system. The rotor started
rotating at 28 V, with a terminal current of 5.4 A. The starting
current was much higher and fluctuated heavily.  The steady
state measured speed was 744 rpm, which means that the
SynRM was rotating as an asynchronous motor. To get an
estimate of the torque in this experiment, we carried out a FE
computation with the MDVH model with the same supply
voltage and speed. The computed terminal current and torque
were 5.27 A and 0.13 Nm. To obtain the same torque by
energizing the additional winding instead of the main
windings, approximately the same current would be needed as
seen in the computations of Fig. 7b. These computations were
carried out with a blocked rotor. Such a high current was not
possible to implement on the prototype, as the risk of damage
it is evident.
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                                 (a)                                                         (b)
Fig. 7. a) Measurement setup with the prototype motor. The large parts at the
end of the prototype are active magnetic bearings. b) Computed torque vs
additional winding current in blocked rotor condition with the main winding
open. The MDVH model shows an increasing torque, whereas the SV model
shows decreasing one.

V. CONCLUSION

Through well-designed computations with an advanced
hysteresis and eddy current model, the paper showed that the
asynchronous field in bearingless synchronous machines
produces a positive torque that adds to the motoring one.
Furthermore, it shows that this torque can be roughly
approximated by the classical equivalent circuit model of an

asynchronous machine, in which the airgap power is split into
rotor losses and shaft power in the proportions s and 1-s, s
being the slip of the rotor with respect to the levitation field.
Such a result could have an impact on the control of the
machine especially in case of sensorless control.

In the hysteresis model, the magnetic field associated with
the excess losses was ignored. Such an approximation still
need to be investigated in view of more accurate
computations.  Further,  we  carried  out  a  simple  test  and
presented it as a proof of concept. A thorough experimental
validation of the presented results is still needed. These issues
will be at the focus of future works.
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