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Abstract: In this study, the authors presented a systematic design procedure of outer rotor bearingless synchronous reluctance
motor (SynRM). The proposed motor is compared with an already prototyped inner rotor bearingless SynRM at different
operation points. It has been shown that a properly designed outer rotor SynRM can produce higher levitation forces than the

inner rotor counterpart. The inner rotor motor produces higher torque and eccentric forces than the outer rotor motor.

1 Introduction

A bearingless synchronous reluctance motor (BSynRM) is an
integration of the active magnetic bearing and a traditional
synchronous reluctance motor in the same unit. An additional p + 1
pole pair winding is placed with the p-pole pair main winding in
the stator slots. The interaction of the two windings generates an
uneven distribution of the flux density in the airgap, which creates
a magnetic force on the rotor [1]. Controlling the electromagnetic
forces can cancel the gravity acting on the rotor and the shaft, and
thus allowing the necessary levitation for the bearingless operation.
This type of machine topology is beneficial in the high-speed
applications [2] and in specific applications where the rotor and the
stator cannot have any physical contact [3]. Depending upon the
application requirement, the rotor can be placed inside the stator or
outside it. An outer rotor topology, for traditional permanent
magnet synchronous machines (PMSM), has already shown some
added benefits in comparison to the inner rotor structure [4]. Due
to the lower stator diameter, the outer rotor topology has less joule
losses from the end winding than the inner rotor counterpart.
Furthermore, the increased airgap diameter and permanent magnet
surface in the outer rotor structure result in a higher airgap torque
than in the inner rotor structure. However, designing an outer rotor
reluctance motor is not straightforward as the torque is only a
function of the reluctances difference of the d and g-axis of the
rotor, which is also influenced by the airgap diameters and the flux
barriers [5]. Nevertheless, designing a reluctance rotor for an
SynRM is quite challenging, as the number of flux barriers and
their width determine the electromagnetic performance of the
motor [6, 7]. Moreover, there are very few researches on the outer
rotor SynRM [8], as the topology is not so popular yet. In this
work, a systematic design approach is presented, which can be
used for designing an outer rotor normal and bearingless SynRM.
During the startup condition, the bearingless motors are
eccentric in nature as they are resting on the safety bearing. Thus,
the influence of the static eccentricity on the force production is
quite critical. While lifting up the rotor, the force generated by the
additional winding to compensate the eccentricity and to provide
the acceleration of the rotor is a critical design criterion for a
bearingless motor. The performance of the motors with different
rotor topologies will show different behaviour under eccentricity,
which will also influence the vibration of the motor. In [9], it is
shown that the outer rotor bearingless PMSM has better
performances in the starting characteristics. In addition, the ability
to reach higher rotational speed of the outer rotor structure, due to
the rotor being easy to reinforce without increasing the airgap and
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without making compromises with the active area of the motor
makes it an interesting choice for bearingless applications.

To the best knowledge of the authors, there is almost no
literature on the design and performances of the outer rotor
reluctance motor for the bearingless operation. The goal of this
paper is to fill up the gap in the literature through a comparative
analysis of the bearingless motor performance between an already
prototyped inner rotor motor and a designed outer synchronous
reluctance rotor, focusing primarily on the levitation force profile
and the electromagnetic torque characteristics. Furthermore,
different eccentricity cases are studied in detail to understand the
levitation force characteristics of the motors. A brief mechanical
stress analysis is also carried out to identify the feasibility of the
motor at different speed ranges.

2 Methods of comparison

The performance of the machine is analysed using the finite
element method with the magnetic vector potential formulation,
which consists of solving the Ampere's law in the 2D cross-section
of the machine. The equation to be solved is given as [10]

VX(WVXA)= —0%—0‘VCI>, (1)

where A is the magnetic vector potential and @ is the reduced
scalar potential. The reluctivity of the iron is considered as a non-
linear function of the magnetic flux density. For computing the
force, the Maxwell stress tensor method is used, where the stress
tensor in the airgap is integrated over a line circle. In this paper, the
line circle is selected at the 20% of the airgap from the rotor.
Comsol Multiphysics 5.3a software package is used for the finite
element calculation.

The machine windings are supplied with time varying
sinusoidal current with a constant amplitude. The corresponding
current density in the slots at a specific instant of time is shown in
Fig. 1.

The machines' outer diameter and length are kept fixed for all
the calculations. The parameters, which are unchanged for the
comparisons for both the inner and outer rotor motors are given in
Table 1.

2.1 Design choices of the outer rotor motor

The outer rotor motor for a PMSM is designed with an airgap
diameter as selected from the following criteria [4]:
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AD = 2(hy + hyy) — 2hy, @)

where AD is the changed airgap diameter, A4, /iy and hy, are the
height of the tooth, stator yoke and rotor yoke, respectively, of the
inner rotor structure. However in a reluctance motor, the torque is
only governed by the reluctance difference between the d- and g-
axis of the rotor. Thus, selecting the airgap radius is not very
straightforward, as the inductances are varied based on the rotor
geometry and operation points, mainly due the saturation. The
inner rotor geometry is already optimised by the selection of a
proper flux barrier ratio of the rotor and a proper airgap radius, as
widely used for inner rotor topology conventions [11]. For the
outer rotor motor, different motors with different airgap radius are
simulated, and the resulted torque is presented in Fig. 2 together
with the levitation force.

The inner rotor motor has an airgap radius of 75 mm. According
to (2), the outer rotor radius should be 78 mm. However, it can be
seen from Fig. 2 that the airgap radius of 82 mm is the best design
choice for a better torque and levitation force.

The £ ratio for a reluctance motor is the ratio of the flux barrier
to the iron part in the g-axis [12]. Next, different rotors were tested
using different k-ratios. The torque results for the outer rotor with
an airgap radius of 82 mm and the prototype inner rotor are
presented in Fig. 3.

Although Fig. 3 shows that the highest torque is achieved for a
k-ratio of 0.5, it has been observed during the simulations that the
levitation and torque have different design compromises, which
means that the maximum levitation force and the maximum torque
do not necessarily occur at the same k-ratio. Finally, to compare the
two topology, the outer rotor motor is designed with the airgap
radius of 82 mm and the k-ratio of 0.5. To mitigate the spatial
harmonics, some design suggestions from [13] have been used. The
concept of rotor equivalent slot for a reluctance rotor is based on
the equally divided rotor teeth along the airgap surface [14]. The
rotor equivalent slot for the outer rotor has been kept to 14. The
flux barriers for the inner and outer rotor has been manually further
optimised to mitigate the spatial harmonics, and ensure a better
mechanical stability.

2.2 Operational characteristics

The flux density of the inner rotor and outer rotor machines at rated
torque and levitation are presented in Fig. 4. The motors are
saturated more in the positive y-direction, which is the direction of
levitation.

Both motors are supplied with the same rated main winding
current and additional winding current with sinusoidal waveforms.
The total simulated time is 0.1 s. The time stepping simulation is
preceded by a stationary dc computation to mitigate the transient
behaviour in the time-stepping simulations [15]. The torque,
levitation force, and disturbance force (force in the x-direction) for
the inner and outer rotor topology are shown in Fig. 5.

The levitation force occurs in the direction of the highest flux
density, in this case along the positive y-axis with a strong force
ripple. Additionally, due to the unsymmetrical distribution of the
flux density in the non-levitating direction, a disturbance force
ripple can be observed along the x-axis of the motor, although the
time-average force is null. Furthermore, from Figs. 3 and 5, it is
clear that the average torque of the inner rotor motor is higher than
the torque of the outer rotor motor. However, the outer rotor motor
has higher time-average levitation force. Furthermore, the torque
and force ripples are lower in the case of outer rotor topology than
in the case of inner rotor. These are interesting observations, which
require more in-depth understanding. The magnetic flux densities
and the harmonic analysis of it in the airgap of the two topologies
are presented in Fig. 6; they correspond to operation point where
the additional winding is not energised. It can be seen that the
fundamental order of the flux density in the airgap of the inner
rotor structure is slightly higher than the outer rotor structure.

This clearly explains that the torque for the inner rotor is higher
than the outer rotor topology. The primary reason for a lower
saliency ratio, and thereby lower torque for the outer rotor structure
is the shape of the flux barriers. In the case of the outer rotor, the
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Fig. 1 Current density in the stator windings at a specific instant of time

Table 1 Design parameters, which are kept constant during
the comparisons
Parameter Value
rated current, main winding 31A
no load current, main winding 22 A
rated current, additional winding 1A
connection (main and additional windings) Star
cated frequency (main and additional windings) 50 Hz
number of pole pairs (main winding) 2
number of pole pairs (additional winding) 1
outer diameter of the motor 235 mm
length of the motor 195 mm
number of slots 36
airgap length 1 mm
main winding slot area 91 mm?2
no of conductors (main winding) 16
additional winding slot area 26 mm?2
no of conductors (additional winding) 14
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function of the airgap radius for the outer rotor design
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flux barriers are wider than in the case of inner rotor, which

decreases the saliency ratio. Furthermore, the rotor in the outer
rotor topology is slightly more saturated than the inner rotor
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Fig. 4 Magnetic flux density of the motor

(a) Inner rotor, (b) Outer rotor at rated torque and levitation force at one time instant

counterpart, which also decreases the saliency ratios. Next, the
magnetic flux density of the two topologies are presented in Fig. 7,
where only the additional winding is supplied with a sinusoidal
current of 3 A RMS and the main winding is disconnected. When
the motor is supplied from the additional winding only, it operates
without saturation. In this case, the higher airgap radius increases
the inductances of the additional winding as the slots are exposed
to a higher surface area of the rotor. The fundamental order of the
magnetic flux density is then higher in the outer rotor motor than
the inner rotor motor. Even when the motor is partially saturated,
while the main winding is supplied, the magnetic flux density is
slightly higher with the additional winding energised for the outer
rotor motor than for the inner rotor motor topology. Next, the
motor is operated at different speeds to understand the levitation
force profile. It is the voltage and the mechanical stresses on the
flux barriers that limit the speed. The levitation force at different
speeds is shown in Fig. 8. Clearly, with higher speed, and limited
voltage, the motor operates in the flux-weakening region which
results in lower levitation force.

2.3 Eccentricity characteristics

When the rotor center axis shifts from the stator center axis, it
creates an eccentric force, which is primarily the interaction of the
p=£1 harmonics of the main windings with the fundamental
harmonic [16]. When the relative position of the rotor center and
the stator center is constant, it is called the static eccentricity,
which is modelled in this work. When a bearingless motor is idle,
its rotor rests on the safety bearings. While lifting up the rotor from
its eccentric position to the center of the stator axis, a sufficient
force needs to be generated to overcome the eccentric force, rotor
weight and some necessary acceleration in the lifting up process.
However, electromechanically there are different harmonics from
the main winding and the additional winding which influence the
process. The eccentric force is indeed governed by the magnetic
flux density produced by the main winding, as the additional
winding harmonics are too weak to influence. The levitation force,
on the other hand, is governed mainly by the additional winding.
The levitation force for the inner rotor topology and the outer rotor
topology at different eccentricity levels and different additional
winding current is shown in Fig. 9.
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(a) Magnetic flux density distribution in the airgap, (b) Fourier analysis of the
magnetic flux density in the airgap

Since the magnetic flux density of the main winding for the

outer rotor topology is lower than of the inner rotor topology, the
eccentricity force produced in the outer rotor topology is also lower
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Fig. 8 Levitation forces for outer rotor motor at different speeds

than in the inner rotor motor. In addition, the higher magnetic flux
density from the additional winding helps to generate a higher
force in the levitation direction for the same additional winding
current in the outer rotor motor. It can be concluded that in this
case, the outer rotor motor has better rotor levitation characteristics
than the inner rotor motor, which is again a crucial factor for
designing a bearingless motor.

3 Mechanical stress

The speed of a radially laminated SynRM is often limited by the
mechanical stresses in the flux barriers. Since the tip of the flux
barrier has the maximum stress, it cannot be kept very close to the
rotor outer surface. Again, keeping the tip too far from the rotor
outer surface will hinder the saturation of the tip and thus the
reluctance torque will decrease. Often, it is a design compromise of
torque and mechanical stability for high- speed design. Since the
motors in this work are primarily designed to operate at 1500 rpm,
the flux barrier tip (or bridge) is placed only 1 mm from the rotor
circumference. However, for high-speed application, this distance
can be increased for a better mechanical stability by compromising
the torque. The two motors are simulated at 5000 rpm and the von-
Mises stress distribution is presented in Fig. 10.

The mechanical stress is slightly higher in the inner rotor
structure than in the outer rotor one. The maximum von-Mises
stress at any domain for different speeds is presented in Fig. 11.

It can be seen that the outer rotor structure has slightly better
mechanical characteristics than the inner rotor structure. This is
primarily due to the orientation of the flux barriers in the outer
rotor structure, which are subjected to compressive stresses
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Fig. 10 von-Mises stress distribution of the
(a) Inner rotor, and (b) Outer rotor motor

whereas those of the inner rotor structure are subjected to tensile
stresses. The outer rotor structure can operate at more than 500 rpm
higher speed than the inner structure for the same mechanical
stress, especially in the high-speed region.
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4 Conclusion

In this work, the inner and outer rotor configuration of the
bearingless SynRM are compared on different operational
characteristics. It has been found that the torque of a reluctance
motor has a better profile in the inner rotor structure than in the
outer rotor structure. A proper selection of the airgap radius is very
critical for the outer rotor motor as the airgap radius is determined
by several factors including the motor operation points and the
saturation state of the motor, which influences the torque and the
levitation force. A k-ratio of 0.5 has been found suitable for
producing the maximum torque at the rated current. The levitation
force profile of the properly designed outer rotor motor has shown
better characteristics than that of the inner rotor motor. It has been
found that the main winding of the inner rotor motor produces
higher magnetic flux density in the airgap, and thus generate higher
eccentricity forces on the rotor at standstill condition than the outer
rotor motor. In addition, the additional winding for the outer rotor
motor produces higher magnetic flux density in the airgap than the
inner rotor motor. Moreover, it has been shown that mechanically,
the outer rotor configuration has better stability than the inner rotor
counterpart, which can be beneficial while operating the motor at
higher speeds.
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