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Sistemas como bombas de sangue e equipamentos situados em estagdes
espaciais ou grandes torres requerem maquinas elétricas com operacdo confiavel e
altamente durdveis. Contato mecéanico entre partes estaticas e rotativas € uma das
principais causas de falhas em maquinas elétricas.

A fim de eliminar completamente o contato mecénico, mancais magneticos se
tornaram uma alternativa aos tradicionais mancais mecanicos. Através do uso de imas
permanentes e eletroimds, tornou-se possivel levitar as partes rotativas do motor,
resolvendo o problema do desgaste e elevando a durabilidade, ao custo de aumentar a
complexidade operacional do sistema. Neste tipo de maquina, a miniaturizacdo se torna
mais desafiadora. Estruturas para controle de posicdo sdo incluidas e um
posicionamento altamente preciso é necessario. Cada fracdo de milimetro pode levar o
rotor a tocar o estator.

Adaptando a estrutura mecanica e os parametros eletromagnéticos de um motor
com mancal magnético integrado, foi possivel otimizar a distribuicdo de densidade de
fluxo e aumentar o torque de um motor sincrono de imas permanentes miniaturizado,
com posicdo altamente estavel. Esta dissertagdo mostra 0 método empregado e 0s
passos para atingir a versdo final do modelo, bem como os resultados de analise por

elementos finitos.
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Some systems like blood pumps and equipment positioned in space stations or
high towers require electrical machines with highly reliable operation and extended
durability. Mechanical contact between rotating and static parts are a major cause of
failure in electrical machines.

To eliminate mechanical contact completely, magnetic bearings rose as an
alternative to the usual mechanical ones. Through use of permanent magnets and
electromagnets, it became possible to levitate the rotating parts, addressing the wearing
and durability problems, at the expense of an increase in complexity of operation. In
this kind of machine, miniaturization becomes more challenging. Position control
structures are included and highly stable positioning is required. Each fraction of
millimeter can lead the rotor shaft to contact with the stator.

By adapting the mechanical structure and electromagnetic parameters of a
bearingless motor, it was possible to optimize flux density distribution and increase
torque in a miniaturized permanent magnet synchronous motor, while keeping position
stability high. This dissertation presents the method employed and the intermediate

steps taken towards the final version, as well the finite element analysis results.
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1.Introduction

1.1. Background and objectives

Rotating electrical machines play a crucial role in the development of human society.
Be it for transportation, temperature control, construction activities, domestic appliances
and even life support systems, people are always surrounded by those machines. Some
of those applications require uninterrupted and reliable operation.

The friction between bearings and rotor shaft causes deterioration of the bearing
material, releasing residues and contaminating fluids pumped by the motor. This should
be avoided as much as possible in high purity chemical processes and blood pumps.
Wearing of rotating parts is also a reason for constant preventive maintenance[1],
especially in high speed applications. Sometimes maintenance is dangerous, costly or
even impossible, like in space stations, high towers or underwater facilities. Highly
durable bearings become a must in these applications. To increase reliability and reduce
mechanical losses due to friction, magnetic bearings can be employed instead of regular
mechanical bearings, eliminating mechanical contact during operation.

A magnetic bearing consists of a system that keeps the rotor in the intended position
by means of magnetic suspension. By manipulating magnetic field intensity in opposite
sides of the rotor structure, it is possible to create a differential force, capable of
compensating disturbances and stabilizing the rotor position in all axes.

Since there are no mechanical bearings constraining the rotor displacement, it gains
five degrees of freedom (5DOF). By five degrees of freedom it means that movements
along the x and y radial positions, the z axial position and the tilting around x and y axes
are possible. All degrees of freedom can be actively controlled by using electromagnets,
but each one adds an extra layer of complexity to the model and to the control strategy.

Along with the benefits of magnetic bearings comes the design complexity of
fabricating machines that contain embedded suspension systems. Along with torque
control, the motor must also operate in a stable position. This requires that position
sensors, magnets for passive stabilization and electromagnets for active stabilization
must be included in the design.

While the employment of permanent magnets can put constraints on some degrees

of freedom, according to what is known as a consequence of Earnshaw’s theorem[2], it
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Is not possible to stabilize all DOF by static means, using permanent magnets. Even
though a complete passive stabilization is not feasible without employing diamagnetic
materials, like superconductors, it is possible to simplify the suspension system by
passively stabilizing some axes using permanent magnets, reducing the number of
controlled variables.

Many developers took different approaches for controlling 5DOF. The blood pump
machine designed by OSA et al.[3],[4] has an axial gap motor with two stators for
providing torque, radial, axial and tilting control with enhanced vibration control. The
model proposed by KURITA et al.[5] consists of a self-bearing motor on the radial
plane with an outer layer of coils designed to control axial position and rotor tilting. It is
a complicated model that does not rely on passive stabilization.

Simpler solutions were adopted by ASAMA et al.[6], OOSHIMA and
TAKEUCHI[7], and SCHUCK]8], that utilize active control only on radial position,
while passively stabilizing the axial direction.

The work published by KUROKI et al.[9] shows the experimental results for a
magnetic bearing that has active control only on axial position while radial position is
passively stabilized. This strategy is similar to the one employed in other
publications[10]-[15], with the difference that the later ones are single-drive motors,
that integrate the magnetic axial suspension control system with the motor drive,
allowing the use of just one inverter for controlling both rotor torque and shaft
positioning.

The outer rotor permanent magnet machine presented by YAMADA et al.[16] has
separate suspension coils for radial position stabilization on axes x and y, while axial
position is stabilized by permanent magnets. Another external rotor machine was
proposed by TAKEMOTO et al.[17], in which four radial axes were actively controlled
with separate suspension and torque coils. An outer rotor type motor was also designed
by REICHERT et al.[18],[19],[20] for bioreactor tanks. It is a permanent magnet
machine in which axial positioning and tilting around x and y axes are passively
stabilized, while the radial position is actively controlled.

This work focuses on designing a miniaturized permanent magnet three-phase single-
drive bearingless inner rotor type motor with passive radial (x-y) stabilization and active
1DOF control of axial (z) position. There are no restrictions for the back electromotive
force, except that it should be low enough to operate with usual DC source levels for

inverters. The proposed motor is targeted for general applications that require
2



miniaturized design with reliable operation and high durability, such as fans, blood
pumps and small generators for mobile applications. The first test application will be as
a cooling fan with radial air gap. A machine smaller than a thumb is being targeted,
with diameter and height at the order of a few centimeters. This motor must have good
torque density and must present small oscillations in the passively controlled radial
direction. SUGIMOTO et al.[11] proposed the concept of centering index for evaluating
the oscillation of passively stabilized position and gathered information about other
1DOF axially suspended motors, like shown in Figure 1.1. We are pursuing models
with high torque density and centering index, with at least 0.3Nm/{ torque density and
centering index higher than 30.

The reduced size of the model implies the need for very precise fabrication and
small oscillations of shaft positioning. The present document details the process of
designing the target machine. It consists of dimensioning, modelling, Finite Element
Analysis (FEA), performance evaluation and parameter optimization of the proposed
design.

Torque density vs centering index
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Figure 1.1 Torque density vs centering index for 1DOF axially controlled motors [11]

1.2. Document structure

In chapter 2 the base model used for creating this machine is presented along with
its levitation principle and brief explanations of concepts used during the design process,

such as radial stiffness, tilting torques, critical frequencies and force-current factor.



Chapter 3 describes the changes made to the model, explaining why they were
adopted, while reviewing some of the intermediate versions before achieving the final
model.

Chapter 4 describes the design process of the passive radial magnetic bearings.
Those bearings affect greatly the motor performance. Three proposals are analyzed in
this chapter.

Chapter 5 describes the performance of the final version already combined with the
passive bearings. One of the bearing models is chosen as the best solution for this
application. Changes made to the model are summarized at the end of the chapter.

Chapter 6 makes closing comments about the achieved results and discuss possible

future enhancements that can be evaluated after testing the first experimental prototype.



2.Base model and bearingless motor

design concepts

This chapter presents the structure and operation principles of a single-drive
axially positioned bearingless motor, along with the parameters that should be

considered for the design of a new prototype.

2.1. Base model overview

Figure 2.1 shows a model for the inner rotor type single-drive bearingless
machine presented by SUGIMOTO et al.[14].

Figure 2.1 Model overview of the traditional topology on [14]

2.2.  Stator detalls

The stator is composed by five layers, as seen in Figure 2.2. The outer and

central layers are composed of 35H360, laminated steel. The intermediate layers are
S45C, carbon steel for structure. There are 12 stator teeth with angular shape and small

corners at the tip to give the coils mechanical support, like shown in Figure 2.3.



35H360

Figure 2.2 Stator cut

Figure 2.3 Stator tooth detail

2.3. Rotor detalls

The rotor is composed by three layers of eight poles segmented permanent
magnets held by a non-magnetic case. The magnetic material is Neodymiun Iron Boron
(NdFeB), N40SH. The central layer is used for torque generation while the outer layers
are responsible for magnetic suspension forces. The outer layers have opposite
polarizing directions, like shown in Figure 2.4, implying self-cancelling generated
torques. This condition makes the central part the only torque contributing one.

Suspension

Suspension

Figure 2.4 Rotor cut and PM polarization



2.4.  Slot fill factor

Slot fill factor, sy, is defined as the ratio of the slot area occupied by conductors

to the area available inside the slot, as given by:

o N (d/2)?

ff — T'

where n is the number of turns per coil, s, is the slot area and d is the conductor
diameter.

A value of s;r < 40% is desired for making the coil assembling easier. During
the design process of a new prototype, this should be kept in mind when increasing the
stator core’s thickness or the number of conductors per coil. Figure 2.5 and Figure 2.6
show a vertical cut on XZ plane and an horizontal cut in XY plane. The 40% s¢f

limitation must be observed for both sections.
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Figure 2.6 Horizontal coil section (XY cut)

2.5.  Suspension force principles

Like said in chapter 1, there are five degrees of freedom for the rotor position on
a magnetic bearing or bearingless machine: x and y position in the radial plane, z axial
position and rotation along the x and y axes. In this work, radial position and rotor

tilting along x and y axes are passively stabilized by permanent magnets while the axial



position is actively controlled. A single inverter is used for both axial stabilization and
motor driving. Therefore, this is called a single-drive bearingless motor.

Figure 2.7 shows the magnetic flux paths inside a motor section that intersects
the rotational axis (z-axis). Suppose a pair of dynamic coordinates dg with d-axis
aligned with the rotor pole central position. Red lines show the field induced by the
stator currents in d-axis, while the dotted yellow lines show the flux path of the rotor
permanent magnets, also called bias flux. If the d-axis current is positive, the induced
flux causes a flux strengthening in the upper side of the air gap and a flux weakening in
the lower side of the air gap. This difference in flux magnitude generates a force along
the positive direction of the z-axis. In case the d-axis current is negative, flux weakening
occurs in the upper side of the air gap and flux strengthening occurs in the lower side,
generating a force along the negative direction of the z-axis.

In summary, a positive d-axis stator current induces a positive z force, while a
negative current induces a negative z force. By controlling the d-axis current it is
possible to adjust the axial position of the rotor shaft, while the torque magnitude is

controlled by the g-axis current, normal to the d-axis and to the rotor pole reference.
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force
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Figure 2.7 Magnetic flux path

The radial attraction forces between the rotor permanent magnets and the stator
core are unstable. Moving the rotor axis away from the central position causes an

increase in radial force magnitude. To compensate those forces, a passive method is
8



applied. Permanent magnet bearings are attached to the rotor shaft and to the stator as
shown in Figure 2.8.

The passive bearings are attached in two points along the shaft axis to prevent
rotor tilting. They are comprised of four permanent magnet rings, polarized as shown in
Figure 2.8. The magnetic polarization creates repulsive forces between the inner and the
outer rings like shown in Figure 2.9. Similar to the radial forces between stator and rotor,
the closer the rings are to each other, the stronger the forces become. But in opposition
to the rotor radial forces, the inner rings of the passive bearings are subject to stable
forces that push them towards the center position. By choosing appropriately

dimensioned bearings, it is possible to compensate the rotor’s unstable radial forces.

Hole for bolt

Upper passive bearings

Lower passive

Figure 2.8 Rotor shaft cut

polarity

—
-

Frep 1 Frep 2

Figure 2.9 Repulsive forces on a radial passive magnetic bearing



2.6. Radial forces and passive

stabilization

To analyze the stability of the rotor radial position, we define K, = %, where

K, is the radial stiffness and % is the derivative of the radial force in terms of radial
displacement r. If K,. is negative, then F, is a restorative force and the radial position is

stable. If K. is positive, then the radial position is unstable.
For small displacements, the radial force is a linear function of r and% is a

constant. In this linear region it is possible to separate K, in other two linear
components: K,., the rotor’s radial stiffness and K,,, the magnetic bearing’s radial
stiffness. Resultant radial stiffness is given by:
Ky = Kir + Kpp

Even though a negative K, ensures that the radial position is stable, it is also
necessary to analyze if the stiffness can damp position oscillations. More negative K,
imply more stable radial positioning. Deciding how steep the E. curve should be
depends on the weight of the rotating parts, since for different mass, different oscillation
occurs.

The centering index C; is a concept introduced by SUGIMOTO et al.[8] as an
attempt of finding an easier parameter to evaluate radial stabilization, even among
motors with different rotor weights. It is defined by:

9 |_ |gKr
w/K, w

where g is the air gap size in mm, w is the rotor weight in N and K, is the rotor

Ci=|

)

resultant radial stiffness in N/mm. Estimated centering index is what determines if an

estimated radial stiffness is acceptable or not.

2.7.  Tilting stiffness

The tilting stiffness is a concept similar to the radial stiffness. It relates the
torque around x or y axis to an angular displacement around the same axis. It is given
by:

dTy

Ko = —,

T
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where Ky is the tilting stiffness, and % is the derivative of tilting torque at an angle

between the rotor axis and the z-axis.
Usually it is not established a design specification for Ky, but it must have a

negative value to assure stability.

2.8.  Critical frequency

The critical frequency or critical speed is the rotor mechanical speed value at
which oscillations achieve the maximum value. It depends on both the stiffness
coefficient and mass, so the rotor must be designed keeping this in mind. The rated
speed must be smaller or higher, but never too close to critical speed values.

The mechanical frequency f, in Hz where radial oscillations are maximum is

given by:

_ 1 | K|
2 m’

fr

Where K, is the resultant radial stiffness in N/m and m is the rotor mass in kg.
There is also a critical speed value where tilting oscillation is maximum. The

tilting critical mechanical frequency fy in Hz is given by

1 [|Kgl

f@zﬁ ]'

where Ky is the tilting stiffness in Nm/rad and J is the rotor inertia in kg m2.

2.9. Unstable axial forces and active

stabilization

Passive radial stabilization comes with a cost. Adding radial passive bearings
increase the destabilizing forces acting on the rotor axial direction. In the neutral
position those forces are null, but a displacement in the axial direction generates
repulsive force components that try to push farther the magnetic rings. We define the

passive bearing axial stiffness as:



where % Is the variation of axial forces due to a displacement of the permanent magnet

along the z-axis. For small displacements the axial force is also a first-degree function,
so K, is a constant. From FEA it is possible to see that an increase in K., implies an
even bigger increase in K,,,. To stabilize the axial positioning, an active method based
on the principle described in 2.5 is applied.

The differential force generated by flux enhancement has a limitation.
Ferromagnetic materials do not allow the flux density to rise above the saturation point,
implying also a ceiling for both torque and suspension forces. There are also restrictions
on the number of coils due to the limited slot area available and the conductor’s current
capacity. When choosing a passive magnetic bearing for radial positioning, it is
necessary to keep in mind the increase of unstable axial forces. The axial force needed
to lift the rotor from the touchdown position must be achievable considering saturation
and current limitations. The ratio from suspension force to i; current component is
known as force-current factor. A higher factor implies a more efficient position control

with smaller currents and less saturation risk.
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3.Earlier motor versions and design

process

This chapter describes the design process and results of Finite Element Analysis
for the inner rotor type model designed after the base model[14]. The design progress is
shown along the intermediate versions that came before the accepted model. The
software JMAG from the JSOL Corporation was used for FEA.

The new model is intended to be used on highly reliable applications for
equipment positioned in spots with high cost maintenance and limited space. The
machine is supposed to fit in small frames with diameters smaller than a thumb, so we
use the dimensions of OSA et al.[3] as a reference. Since this is a motor with 1DOF
control and radial gap, the axial length can be smaller than the one achieved by the
reference[3]. Stack length is set to 17mm, including the passive radial bearings, and
target outer diameter is set to 21mm. Mechanical speed is set to 18000rpm. Slot fill
factor should be smaller than 40% to have enough space to accommodate the windings.
Considering those restrictions, we try to raise the torque density as much as possible
while also keeping a good centering index value, according to the reference data
gathered by SUGIMOTO et al.[11].

The way in that the element mesh is generated greatly affects the analysis results.
A mesh with a small number of elements will present a lack of details and probably
deviate considerably from actual experimental results. On the other hand, meshes that
have an exaggerated number of elements for calculation will raise exponentially the
amount of time elapsed on simulations. Bearingless motors require 3D analysis for
accurate description of forces and torques in all axes. Therefore, the number of elements
is way higher than that of 2D simulations.

Careful selection of the method for mesh generation is also critical for obtaining
accurate results. Since the 3D model is a rotating body, the analysis mesh needs to be
adapted at each step. The mesh can either be regenerated from scratch or a sliding mesh
can be created. This sliding mesh creates a volume that moves along the motion
condition set for simulation. This volume is created as a cylinder rotating in the air gap
region, so models that have static parts aligned with the air gap along the axial direction

cannot be simulated.
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3.1. First version

The simulation model of the first version is shown in Figure 3.1. The number of
stator teeth was reduced from twelve to six and the number of rotor poles from eight to
four. Stator axial length was set to 17mm, still not considering the radial bearings, and
outer diameter to 21mm. The form factor became very different from the base model,
that had a disc shape. At first the slot fill factor was not taken into consideration.

As a first try, the number of turns per coil was set to 39 and coil resistance as
0.55Q. Phases are distributed like shown in Figure 3.2, with a phase sequence UVW.
The U coil magnetic flux is aligned with the y-axis. Phase RMS current is set to1.57A,
resulting in a current density per conductor of 12.5A/mm2 for conductors with 0.04mm

diameter.

Figure 3.1 First version of the inner rotor type motor
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Figure 3.2 Phase distribution

Figure 3.3 shows the torque calculation results for the simulation along an
electrical cycle (1.67ms). Calculated average torque is 4.32mNm. The actual torque
density cannot be calculated for this model because radial bearings were still no
included in the design. The ratio of the average torque to the stator volume, without
bearings, is equal to 0.73Nm/¢.

Slot areas on this model are too small compared to the stator teeth. Slot fill
factor was not considered when choosing the number of turns per tooth. The current
density 12.5A/mm? may be harmful to the conductor’s isolation if proper heat
dispersion is not provided to the coils. Densities below 12A/mm?2 are desirable for air-
cooled bearingless motors and 8A/mmz2 for non-cooled systems.

Figure 3.4 shows the generated mesh for the torque analysis, 127990 elements
were generated. Maximum size of elements was set to 0.5mm on all parts and 0.3mm on
stator and rotor teeth faces.

Torque calculated for the first model
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Figure 3.3 Torque result for the first version of the motor
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Figure 3.4 Flux density distribution and generated mesh
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Figure 3.5 shows the flux density distribution in the horizontal cut. No saturation

is observed.
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Figure 3.5 Flux density distribution at the horizontal cut in xy plane

3.2. Second version

The model was edited, now taking into consideration the slot fill factor. Due to
the need for more space to accommodate the coils, the stator poles became thinner. To
simplify the structure and numeric calculations, the holes for bolt fixation were removed.
Being small cylindrical surfaces, they were raising the complexity of the element mesh

generation. Figure 3.6 shows the 3D model used for the second version.
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Figure 3.6 Second version of inner rotor type

Now the available area was taken into consideration. The number of turns per
tooth was chosen to keep the slot fill factor below 40%. In this version, it was dropped
to 26, resulting in a slot fill factor of 38.76% for the 8.43mm? slot area shown in Figure
3.7. The poles with U phase coils were now aligned with the x-axis, so the phase

distribution becomes like what is shown in Figure 3.8.

Area:
Ferimeter: |11 E'Ern‘m

Figure 3.7 Horizontal slot area
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Figure 3.8 Phase distribution for the second version

This time, the element size constraints were changed. Face elements size was

kept as 0.3mm, while the general parts element size was raised to 1mm, to reduce the

time spent on calculations. Mesh grid is shown in Figure 3.9.

Figure 3.9 Elements mesh for the second version
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Figure 3.10 and Figure 3.11 show flux density distribution for torque calculation
with the same current as version 1, 1.57A RMS.
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Figure 3.10 Flux density distribution on xy cross-section
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Figure 3.11 Flux density distribution on xz cross-section
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Figure 3.12 shows the calculated torque for the second model. The average value
obtained was 2.17mNm. It is important to notice that the plotted results have a lot of
random oscillation. Suspecting that this may be noise originated from the calculation

methods, a second simulation was done.

Torque calculated for mesh generated at each step
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Figure 3.12 Torque calculated for the second version generating a new mesh for each
step

The graph from Figure 3.13 shows results for the same simulation from Figure
3.12 after changing the mesh generation method. In the previous calculations, a new
mesh was calculated at each step of the simulation, what may have caused the observed
random behavior. It was changed to a slide mesh generation method, resulting in a

periodic signal. The average torque calculated became 2.19mNm.

Torque calculated using a slide mesh
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Figure 3.13 Torque calculated for the second version using a slide mesh

The slide mesh method has an advantage over the mesh generated at each step. It
creates a detailed mesh for the air gap that follows the motion set in the simulation. The
mesh shown in Figure 3.14 was generated with 5 radial divisions and 192

circumferential divisions. In addition to the better results, it also shows data calculated
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in the air gap region. When the “generate mesh at each step” method is chosen, air gap

information is not shown if the simulation has any kind of motion.
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Figure 3.14 Flux density distribution for the second version with slide mesh generation

The 1.57A current set in the simulation must be reduced, if possible. The 0.4mm
diameter conductors used in the coils can operate with a maximum current of 1A RMS
to guarantee current density below 8A/mm? without any kind of cooling system. By
exceeding this value, the conductor isolation is endangered, and a cooling system must
be applied.

Figure 3.15 shows a comparison between the torque calculated for the 1.57A
current set in the first tentative and the torque for the desirable 1A current. For 1A RMS,
current density becomes 7.97A/mm2 and the average torque drops to 1.39mNm. Torque

density drops to 0.24Nm/X.
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Torque comparison with two RMS currents
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Figure 3.15 Calculated torque comparison between 1.57A RMS and 1A RMS

A RMS current value above 1A is not desirable, but the 0.20Nm/{ torque
density on 1A current condition was too low. This model had an axial length of 17mm,
a little smaller than the stack length specification. Considering that passive magnetic
bearings must also fit inside this height and that torque density needs improvement, on

the next steps, axial length is reduced while trying to raise the average torque.

3.3.  Third version

The third version of the inner rotor type motor is almost identical to the second
one. The thickness of the rotor permanent magnets was increased with the objective of
raising the average torque level. The third 3D model can be seen in Figure 3.16.

Figure 3.17 shows the torque calculated for the third version and its average
value, compared to the previous version’s torque for a 1A RMS current. The average
torque for the new model was 1.71mNm.

According to Figure 3.18, the flux density distribution is not uniform along the
yoke and the stator teeth. The flux density in the yoke is lower than the flux density in
the stator teeth, indicating that the yoke can be reduced without risking a saturation of
the core. Figure 3.19 shows that along the z dimension, there are also low density spots.
Reducing the axial length while keeping everything else constant may not result in

saturation risk for rated operation.
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Figure 3.16 3D model of the third version

Torque comparison between 2nd and 3rd versions
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Figure 3.17 Torque calculation for the third version
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Figure 3.18 Flux density distribution on the third model XY cut
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Figure 3.19 Flux density distribution on the third model XZ cut



3.4. Fourth version

In the fourth version, the stator teeth shape was modified, including shoes at the
tips. The stator shoes increase the air gap area without modifying the stator teeth width
and the slot area. The fourth 3D model is shown in Figure 3.20.

|

%

Figure 3.20 Fourth version of the inner rotor type motor

Average torque was changed from 1.71mNm to 2.10mNm for 1A RMS. The
inclusion of the stator shoes caused a 23% increase in average torque and an increase in
torque oscillation. A comparison of this result and the previous one is shown in Figure
3.21. The addition of shoes also caused a phase shift in the generated torque. Probably
this shift will not cause any undesirable effects.

The teeth shoes capture more flux lines, increasing the overall torque density.
Through Figure 3.22 and Figure 3.23 it is possible to see that density is higher near the
pole tips, since the magnetic field crosses a smaller normal area than the tooth base. The
shoe corners are highly saturated, but this does not offer an obstacle, since the stator
teeth are unsaturated.
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Torque comparison between 3rd and 4th versions
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Figure 3.21 Torgue comparison between fourth version and third version
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Figure 3.22 Flux density distribution on the XY plane
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Figure 3.23 Flux density distribution on the XZ plane

3.5. Fifth version

A problem was perceived on the design of the fourth version. The rotor shaft
must have a hole for fixing it to the rotating frame using a bolt, like shown in Figure 2.8.
After increasing the permanent magnet length, the hole diameter became 4mm. To fit a
bolt, at least 5Smm is required. In the fifth version, the shaft diameter was corrected to
5mm. Since this implies a reduction in the average torque, the air gap length was also
reduced from 0.65mm to 0.5mm. The rotor PM length was reduced from 2.35mm to
2mm.

The stack length was reduced from 17mm to 14.8mm, allowing more space for
the radial bearings that were not designed yet. The permanent magnet heights were kept
constant while the stator layers were reduced. A comparison is provided in Figure 3.24.
Figure 3.25 shows the 3D model of version five.

Torque calculation results for 1A RMS phase current are shown in Figure 3.26.
The average calculated values were changed from 2.10mNm to 2.22mNm for 1A.
Results indicate that shortening the air gap has a bigger influence over the average

torque than changes on the permanent magnet width.
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Figure 3.24 On the left, version 4 section cut. On the right, version 5 section cut
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Figure 3.25 3D model of the fifth version

Torque comparison between 4th and 5th versions
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Figure 3.26 Calculated torque for the fifth version
The flux density distribution shown in Figure 3.27 and Figure 3.28 indicates that

the stator shape can be optimized to improve flux density distribution
Reducing the air gap size implies that this case needs to be fabricated with a

higher precision. This will improve attraction forces between rotor and stator. The

severity of this effect was not yet considered in this step.
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Figure 3.27 Flux density distribution on the XY plane in the fifth version
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Figure 3.28 Flux density distribution on the XZ plane in the fifth version
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3.6.  Sixth version

In the sixth version, the stator was remodeled in an attempt to optimize the flux
density distribution. This version was also the starting point for the analysis of radial
passive bearing dimensioning.

The stator teeth were changed from an angular shape to a straight shape, like
shown in Figure 3.29, to make the available area constant along the teeth, expecting flux
density distribution to become more uniform. The stator slot is slightly increased
without increasing the risk of saturation. Flux density in the stator yoke is also bigger,
distribution became more uniform along the magnetic field path. This value of flux
density inside the stator tooth is a little high. Even though for rated operation this
density is acceptable, it presents risk of saturation when actively controlling the axial
position.

The axial length was once again reduced to get the most compact rotor as
possible. Now the permanent magnet height was also reduced, consequently the slot fill
factor on the vertical XZ plane became more critical. The number of turns per coil had
to be adjusted again. Figure 3.30 shows cross-sections of the sixth version. For the
6.9mm? area, the number of turns per coil was chosen as 20 for a slot fill factor of 36%.

Dimensions comparison between sixth and fifth version are shown in Figure
3.31.
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Figure 3.29 Stator teeth comparison: To the left, previous angular shape. To the right,
the straight shape from the sixth version
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Figure 3.30 Section area for planes XY and XZ
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Figure 3.31 Dimensions comparison between 5™ and 6™ versions
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The 3D model is shown in Figure 3.32.
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Figure 3.32 3D model of the sixth version

It was already expected that the average torque would be reduced due to the PM
height difference. A smaller number of turns also results in a smaller average torque.
Figure 3.33 shows the calculated torque for the sixth version. Due to reduction of air
gap area and the change in number of turns per coil from 25 to 20, the average torque

was sharply decreased from 2.22mNm to 1.33mNm. Some adjustments are needed in

order to reach higher torques.

Torque comparison between 5th and 6th versions
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Figure 3.33 Calculated torque for the sixth version
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Figure 3.34 shows flux density contour plot on maximum rotor displacements
along the x-axis. By displacing the relative rotor position, while keeping currents equal
to zero, it is possible to calculate the effect of the displacement component of radial

forces. Ranging from -0.2mm to 0.2mm, forces are calculated through FEA. The result

is plotted in Figure 3.35 and by first degree fitting we obtain the radial stiffness K,.,-:

dF,
KTT = E = 9.77N/mm

The severity of this radial stiffness is not yet known, since the rotor is not
associated with the passive bearings yet.

In a similar manner, we can calculate the unstable axial forces contribution by
interaction between rotor and stator. Figure 3.36 shows the flux density contour plot on
maximum simulated axial displacement positions: z=-0.2mm and z=0.2mm.

Calculated forces are shown in Figure 3.37, it is possible to calculate the rotor

axial stiffness, K,,., as:
d0F,
K, = e 8.06N/mm
It is important to notice that there exists a big offset force due to the permanent magnet
geometry. This is not a concern, since this offset can be eliminated by carefully

adjusting the passive bearings.

Figure 3.38 shows the axial forces on the z axis, due to I; current components.
The rotor was kept in the central position while changing only the current. I; current
was varied from -20A to 20A. Through first degree fitting of the force-current curve, we
obtain the force-current factor:

0F,
Kzi = W = 0246N/mm

It is important to notice that the current induced force has an offset value due to
the rotor axial force while in central position. After compensating this force, the force-
current curve becomes the one shown in Figure 3.39. There is saturation after 10A. This
implies that if forces above 2N are required for suspending the motor, high currents may
be required. Through 3D modeling software, levitated mass is estimated as 16g, weight

is calculated as  0.16N, reducing 0.6A  the  required  current.
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Figure 3.34 Range of radial displacement for radial stiffness calculation
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Figure 3.35 Rotor radial forces for version 6
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Figure 3.36 Rotor axial displacement
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Figure 3.37 Axial forces along the z-axis due to rotor displacements
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Rotor axial forces induced by phase currents
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Figure 3.39 Axial forces induced by I; current

3.7. Seventh version

The seventh version was the most compact one. The stack length was resized to

10.2mm, leaving reasonable clearance inside the 17mm target for inclusion of passive
bearings. The stator teeth were enlarged while the stator yoke width was reduced. The
stator slot area was reduced while keeping the same number of turns per coil from
version 6. The slot fill factor became 38%. Figure 3.40 shows the dimensions of the
seventh version. The height denoted as h was varied to analyze its influence over torque

value.
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Figure 3.40 Seventh version

This time, torque was calculated with two different types of meshes, one with
pole face elements size limited to 0.3mm and another one limited to 0.2mm. Figure 3.41
shows the face elements used for the FEA using 0.3mm limitation . For 0.3mm size, the
total number of elements becomes 287339. If the size is limited to 0.2mm, the number
of elements rises to 331157, implying the simulation will take a greater number of

calculations.
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Figure 3.41 To the left: Stator face elements. To the right: Rotor face elements

3.7.1. Torqgue calculation

Torque analysis results for h = 1.9mm are shown in Figure 3.42. From the
results obtained, two things must be noticed. The first is that the average torques,
1.49mNm and 1.22mNm, for the 0.3mm and 0.2mm face elements mesh, respectively,
are below the target. The second one is that the result for the less detailed mesh is 18%
bigger than the more detailed mesh. This may lead to the intuitive conclusion that the
highest detailed mesh should have the greatest number of elements as possible and the
less detailed mesh is not dependable.

In an attempt to increase the average torque and to confirm the relation between
calculated torque and level of details, version 7 was optimized by testing different
values for height h. Increase in permanent magnet height enlarges the air gap area and is

supposed to raise torque. Calculations were made for both kinds of meshes.
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Torque comparison between two qualities of meshes
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Figure 3.42 Torque calculations for the seventh version

Figure 3.43 and Figure 3.44 show torque values for a range of h values from
1.9mm to 2.9mm. Figure 3.44 shows that those results also have significant oscillation,
but slightly smaller than results obtained for the 0.3mm limit. By analyzing the
discrepancy between calculated torques and their respective tendency line, a tolerance

margin can be estimated.

Percentual deviation of average torque for 0.3mm element size mesh
= Avg torque -——Tendency
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Figure 3.43 Calculated torque for a mesh with less detailed faces
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Percentual deviation of average torque for 0.2mm element size mesh
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Figure 3.44 Calculated torque for a mesh with more face details

Considering that calculated percentages of discrepancy between tendency lines
and values estimated through FEA are less or equal to 10%, we conclude that the actual
torque should be inside an uncertainty margin of 20% from the tendency line.

Even though the plots from Figure 3.43 and Figure 3.44 are not monotonic
crescent, the curves have a rising tendency. Following both results, the 2.9mm height

PM is selected, because it has the highest torque tendency value, near 2mNm.

3.7.2. Radial stiffness

This section presents radial forces calculated for each h value ranging from
1.9mm to 2.9mm. The radial force plot is shown in Figure 3.45. Radial stiffness values
calculated through basic first-degree fitting are shown in Figure 3.46. Values range from
8.8N/mm to 11.5N/mm. The calculated relation between PM height and radial stiffness

was not linear. There was a big difference for the 2.5mm PM.
It is not possible to know if this increased value of radial stiffness will be

acceptable or not. To evaluate this, first we need to design the passive bearing rings that

are going to stabilize the rotor radial position.
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Rotor radial forces for all tested values of permanent
height

—o—h=1.9mm

h=2.1mm

h=2.3mm

—¥—h=2.5mm

Radial force (N)

—o—h=2.7mm

—#—h=2.9mm

X position (mm)

Figure 3.45 Rotor radial forces for all tested permanent heights, h
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Figure 3.46 Radial stiffness for many heights of PM in version 7

3.7.3. Axial stiffness

As seen in Figure 3.47, the angular coefficient for the axial forces versus
displacement curves was kept practically constant. On the other hand, an increase in the
permanent magnet height gave the axial forces an offset. In principle, this nullifies the
linear aspect of the axial position forces control, but since the unstable axial forces from

the passive radial bearings are usually dominant on single drive axially controlled
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bearingless motors, it is possible to compensate this offset by setting a very slight
displacement in the relative axial position of the passive bearings. Figure 3.48 shows the
offset values for all analyzed cases of PM height. For the interval considered, it can be
approximated by a fourth degree curve.

The maximum currents that must be supplied by the control system can only be

calculated after selecting the passive bearings.

Rotor axial forces for all tested values of permanent
height
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Figure 3.47 Axial forces versus axial displacement for all cases of the seventh version

Axial stiffness calculated through first degree fitting
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Figure 3.48 Axial force offset values for all attempted heights of central rotor
permanent magnet
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3.7.4. Unstable rotor torques

Torque values around the x-axis were calculated for tilting angles between -1°
and 1°. As seen in Figure 3.49, the tilting torques were not greatly affected by the
change in the permanent magnet height. All torques calculated do not have a linear
behavior. The highest torque values are -0.77mNm and 0.90mNm. The passive

magnetic bearings must be designed in order to compensate the tilting torque values.

Rotor tilting torques for all tested values of permanent heights

Tilting torque (Nm)

x angular position(°)

Figure 3.49 Tilting torques around x-axis

3.7.5. Force-current factor

Axial forces induced by currents were calculated by keeping the rotor in the
central position while supplying currents with only I; components. The results for

heights 1.9mm and 2.9mm are shown in Figure 3.50. As expected from the results
. o . OF, . .
obtained for the axial stiffness analysis, the value of K,; = a_iz is practically the same,

but the offset on force is noticeable. It is also possible to notice a saturation region after
10A. This is caused by the bias flux from the permanent magnets. Flux density
distribution for the highest evaluated current (i; = 204) is shown in Figure 3.51 and
Figure 3.52. The Max and Min points shown in the section cuts actually represent points
in the 3D model that didn’t appear in the cuts.

Still it is not possible to estimate maximum required current for axial

stabilization, because passive bearings were not yet designed.
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Current-induced axial forces for all tested PM heights
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Figure 3.50 Current-induced forces on the seventh version
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Figure 3.51 Flux density distribution in the xy cross-section for the highest current
evaluated in the force-current calculation (i; = 204)
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Figure 3.52 Flux density distribution in the xz cross-section for the highest current
evaluated in the force-current calculation (i; = 20A4)

3.8. Improvements achieved

The seventh version achieved 2mNm average torque at 1A RMS, higher than the
1.39mNm value from the second version. It also became more compact, allowing space
for placing radial bearings inside the 17mm height specification. Further development
of the model is tied to the dimensioning of the passive bearings. In the fourth chapter,

some proposals of radial bearings are analyzed.
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4.Passive bearing dimensioning

It is possible to further improve the torque density of the model. By changing the
height of the vertical XZ section slot area it is possible to adjust the number of coils
while respecting the 40% maximum slot fill factor. On the other hand, an increase in the
axial length means that there will be less space available for the passive bearings. Since
unstable forces on the rotor were investigated in the seventh version, it is possible to
devise options of passive radial bearings. In this chapter some passive bearing structures
are presented. After taking them into consideration, the final version of the motor can be
modeled.

To achieve radial stabilization, the passive magnetic bearing must have radial
stiffness high enough for compensating the unstable radial attraction forces between
rotor and stator. Figure 4.1 exhibits one of the proposals of passive magnetic bearing
structure. It is composed by two rings. The inner one is stuck to the rotor shaft, while
the outer one is fixed to the stator frame. The motor model with passive magnetic
bearings attached becomes a stack like shown in Figure 4.2. It is desirable that at least a
clearance of 0.5mm be kept between the rings and the stator structure to ensure that
attraction forces between the bearing and stator will not affect balance.

The repulsive magnetic forces between the inner and the outer parts depends
majorly on the shape of the bearings. Repulsive forces become stronger when the air

gap area is increased or the air gap length is reduced.

Figure 4.1 Passive magnetic bearing
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Figure 4.2 Motor model with passive bearings

4.1. Radial forces calculation

Stable radial forces can be adjusted by increasing or decreasing the airgap area
and length. A certain minimum radial stiffness may be required for minimizing radial
oscillations, but it is constrained by space limitations. Also, big stable radial forces
imply even bigger unstable axial forces and bigger currents required for axial

stabilization. In case the force-current factor, 2—2, is not big enough, the axial position
y

may become uncontrollable. This presents a limitation for radial passive bearings
effectiveness.

Different models were designed by adjusting the ring diameters and heights
while keeping a constant air gap of 0.5mm, same as the motor. Through FEA it is
possible to estimate their respective radial stiffness characteristics. The ring attached to
the rotor is displaced along the x-axis from position x=-0.2mm to x=0.2mm in steps of
0.1mm, in a procedure similar to the one used for calculating the rotor radial forces.
Maximum displacements are shown in Figure 4.3. Since the only displacement occurs

in the x-axis, we can say that these are the radial forces.

49



Figure 4.3 Flux density contour plot with maximum radial displacement on a passive
bearing.

4.2.  Axial forces calculation

The axial forces are calculated in a similar way to the one from the radial forces.
The ring attached to the rotor is displaced along the z-axis from position z=-0.2mm to
z=0.2mm in steps of 0.lmm, like shown in Figure 4.4. Forces in the z-axis are

calculated as outputs of the FEA for each step, generating five points in total.
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Figure 4.4 Flux density contour plot with maximum axial displacement on a passive
bearing

4.3.  Tilting torques

The diagram in Figure 4.5 shows a radial passive bearing, its repulsive magnetic
forces and distance vectors from point O in the mass center to the force contact points
P,, P,, P; and P,. This figure supposes a very small tilting in the counterclockwise

direction around the x-axis. The total torque in x-axis is given by:

Te=di X F{ +dy X Fy + d5 X F5 + dy X
being the result of a counterclockwise rotation, a positive TTC on x-axis will be an

unstable torque.
Analyzing the tilting torque stability is difficult when using the diagram from

Figure 4.5. So, all the force vectors F? are decomposed in radial and axial components,
E,, and Fy,, respectively.
Figure 4.6 shows a diagram of the components from forces FTL shown in Figure

4.5. Distances d,, and d,, are the sizes of the lever arms along y-axis and z-axis.
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Figure 4.5 Repulsive forces over the passive bearing ring for a small counterclockwise
rotation

Figure 4.6 Force components over the passive bearing ring for a small
counterclockwise rotation
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Torque contributions from the radial forces are given by:
Tragiar = dz(Fy1 = Fyz = Fy3 + Fya),
where a positive torque is directed towards the counterclockwise direction and a
negative torque is directed in the clockwise direction.

It is important to notice that the sign of T,4;q; is given by the term F,; — F,,, —
Fy3 + Fy,. If a tilting in the counterclockwise direction occurs, points P, and P;
approach the outer ring and radial repulsion forces F,,, and F,,; become stronger than in
the central position. Simultaneously, P, and P, move away from the outer ring,
weakening forces F,; and F,,. Consequently, both the term F,,; — F,,, — F,,3 + F,,, and
Trqaaiq1 @re negative. If a tilting occurs in the clockwise direction, force variations are
reversed and T,.q4iq; Decomes positive. Considering that the torque signal always
opposes the angular tilting, torque T,.44i4; IS Stable for small displacements.

Torque contributions from axial components are given by:

Toxial = dy (le + Fyp + Fp3 + Fz4)'
if the ring is rotated in the counterclockwise direction, all F,,, forces generate positive
torques, thus unstable. If the ring is rotated in the clockwise direction, E,, values
become negative, generating negative torques, also unstable. Therefore, T,,;4; 1S always
unstable.

Total tilting torque T, is equal to:

Tres = Tragial + Taxial -

It is not possible to stabilize the tilting torques actively, controlling just the axial
position. Also, increasing the radial forces will not solve the issue, since an increase in
radial forces implies an even bigger increase in the axial forces. The only solution is
designing the bearing structure to be inherently stable, so for counterclockwise
displacements:

Tres = dy(Fpy + Fpy + Fpz + Fpy) + dy(Fyy — Fyy — Fys + Fpy) <0

Stability is ensured by constraining d, and d,,. Considering that T,44;q; and

T..ia1 @lWays have opposite signs:

Tres < 0 & |d,(Fy1 — Fyp — Fys + Fyy)| > |dy (Fpy + Fpa + Fyz + Fyu))|
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d,

dy

FZl+FZZ+FZ3+FZ4
Fyl _Fyz _Fy3 +Fy4

The 22 condition implies that a minimum ratio from d, to d,, must be kept to
y

ensure tilting stability in the radial bearings.

4.4, Model I - Radial bearing with

small inner ring

Figure 4.7 shows one of the proposals for the radial passive magnetic bearings.

In this version, the ring diameters are small. Air gap length is 0.5mm, same as the motor.

The inner bearing ring is aligned with the rotor permanent magnets, keeping a high %
y

ratio. Radial, axial and tilting stiffness will be evaluated for different values of height h.

=l BE 1

Figure 4.7 Passive bearing with narrow rings
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4.4.1. Model I - Radial stiffness

Four different versions of model | were modeled by varying height h from
1.6mm to 2.8mm. Figure 4.8 and Figure 4.9 show respectively the radial forces caused
by displacement along the x-axis and radial stiffness for each height of PB model I.

When the passive bearing height is increased, also increase the stable repulsive forces.

Radial forces for different heights of passive bearings

Radial force (N)

X position (mm)

Figure 4.8 Radial forces over the inner ring of the passive bearing for displacements
between x=-0.2mm and x=0.2mm

Radial stiffness for different heights of passive bearing
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Figure 4.9 Radial stiffness results for model 1. Heights ranging from 1.6mm to 2.8mm
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4.4.2. Model I - Axial stiffness

Figure 4.10 and Figure 4.11 show, respectively, axial forces due to displacement
of the inner ring of the passive bearing and axial stiffness for each height of passive
bearing tested. When the passive bearing height is increased, unstable axial forces also
increase and axial force variation is approximately twice the increase of stable radial

forces.

Axial forces for different heights of passive bearings
T I

1| Sl i S

(0]

Axial force (N)

z position (mm)

Figure 4.10 Axial forces over the inner ring of the passive bearing for displacements
between z=-0.2mm and z=0.2mm
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Figure 4.11 Axial stiffness results for model 1. Heights ranging from 1.6mm to 2.8mm
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4.4.3. Model I - Tilting stiffness

Tilting torques around x axis are always stable in the displacement range
considered for this model. Tilting torques and tilting stiffness are shown in Figure 4.12
and Figure 4.13. The tilting torque variation when changing the height of passive

bearings can be approximated by a second-degree function.

Tilting torques for different heights of passive bearings
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0,016  fm-mnmrmmemrmemmem e
T I e L I
0,008
0,004

0
-0,004
-0,008
-0,012
3

c0,02 b
angle displacement around x-axis (°)

Tilting torque (Nm)

Figure 4.12 Tilting torques over the inner ring of the passive bearing for angular
displacements between -1° and 1°

Tilting stiffness for different heights of passive bearing
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Figure 4.13 Tilting stiffness results for model 1. Heights ranging from 1.6mm to 2.8mm
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45. Model Il - Radial bearing with

medium inner ring

Model Il was adapted from model I. The diameter of the inner ring is bigger
than that of model I. Air gap length is 0.5mm, same as model I. It is expected that

overall higher radial and axial stiffness may be obtained at the expense of a decrease in

the Z—z ratio and consequently less tilting stability. Figure 4.14 shows the 3D model for

y o

Figure 4.14 — Passive bearing model 11

the proposed model I1.

@A
@5--j

P12 ||
P18 _|=
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4.5.1. Model Il - Radial stiffness

Radial forces and radial stiffness values are shown in Figure 4.15 and Figure
4.16. As expected there was an increase in radial forces, since air gap area was

increased.

Radial forces for different heights of passive bearings

Radial force (N)

X position (mm)

Figure 4.15 Radial forces over the inner ring of the passive bearing for displacements
between x=-0.2mm and x=0.2mm

Radial stiffness for different heights of passive bearing

Radial stiffness (N/mm)

PB height (mm)

Figure 4.16 Radial stiffness results for model Il. Heights ranging from 1.6mm to 2.8mm
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4.5.2. Model Il - Axial stiffness

Axial stiffness was also considerably increased. Variation in axial forces are also
twice the variation of radial forces. Calculated axial values and stiffness are shown in
Figure 4.17 and Figure 4.18.

Axial forces for different heights of passive bearings
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Axial force (N)
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Figure 4.17 Axial forces over the inner ring of the passive bearing for displacements
between z=-0.2mm and z=0.2mm

Axial stiffness for different heights of passive bearing
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Figure 4.18 Axial stiffness results for model 1l. Heights ranging from 1.6mm to 2.8mm
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4.5.3. Model Il - Tilting stiffness

Figure 4.19 and Figure 4.20 show respectively, tilting torques and tilting
stiffness. Model 1l has less stable torques than model I. The most stable torques are

achieved at h=2.4mm.

Tilting torques for different heights of passive bearings

0,008 [
!

E
2
.g. e=f==1.6mm
o
g- 2mm
o
E" 2.4mm
B 2.8mm
= -0,004

-0,008 L
angle displacement around x-axis (°)

Figure 4.19 Tilting torques over the inner ring of the passive bearing for angular
displacements between -1° and 1°
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Figure 4.20 Tilting stiffness results for model Il. Heights ranging from 1.6mm to 2.8mm
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4.6. Model Il - Radial bearing with

large inner ring

Model 111 has larger air gap diameter. Following the results from Model I, it is

expected that radial stiffness will be higher and tilting torques will be less stable. The

e

3D model is shown in Figure 4.21.

°

L @13

019 "IN

B3 =8 !

Figure 4.21 Passive bearings model 111
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4.6.1. Model 11 - Radial stiffness

Radial stiffness was increased if compared to models A and B. Calculated radial
forces and radial stiffness are shown in Figure 4.22 and Figure 4.23.

Radial forces for different heights of passive bearings

Radial force (N)

X position (mm)

Figure 4.22 Radial forces over the inner ring of the passive bearing for displacements
between x=-0.2mm and x=0.2mm

Radial stiffness for different heights of passive bearing

Radial stiffness (N/mm)

PB height (mm)

Figure 4.23 Radial stiffness results for model I11. Heights ranging from 1.6mm to
2.8mm
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4.6.2. Model 11 - Axial stiffness

Figure 4.24 and Figure 4.25 show calculated axial forces and axial stiffness,
respectively, for model 111 passive bearing.

Axial forces for different heights of passive bearings
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Axial force (N)
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Figure 4.24 Axial forces over the inner ring of the passive bearing for displacements
between z=-0.2mm and z=0.2mm

Axial stiffness for different heights of passive bearing

w b U1 O N ®
o O O O O O

20

Axial stiffness (N/mm)

PB height (mm)

Figure 4.25 Axial stiffness results for model 111. Heights ranging from 1.6mm to 2.8mm
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4.6.3. Model 111 - Tilting stiffness

Figure 4.26 and Figure 4.27 show torque values and tilting stiffness for passive
bearings of model 111 with different heights. In Figure 4.26 we see that calculated torque
characteristics do not have a symmetrical behavior. This may result in displacement of
the motor’s rotation axis, but since the bearing is completely symmetric, it is also highly

likely that this was caused by numerical deviation when it gets near to instability.

Tilting torques for different heights of passive bearings
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Figure 4.26 Tilting torques over the inner ring of the passive bearing for angular
displacements between -1° and 1°

Tilting stiffness for different heights of passive bearing
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Figure 4.27 Tilting stiffness results for model I11. Heights ranging from 1.6mm to
2.8mm
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4,7. Comparison between passive

bearing proposals

This section provides a comparison between the three proposed passive bearing
structures. Figure 4.28, Figure 4.29 and Figure 4.30 show respectively the radial
stiffness, the axial stiffness and the tilting stiffness for all models. The passive bearing’s
axial stiffness is always approximately twice the radial stiffness.

Model 11 has the highest value of radial stiffness, but its tilting stiffness is not
reliable. The highest radial stiffness achievable using the models proposed are those

from model I11. Axial stiffness follows the same tendency as the radial stiffness.

Radial stiffness comparison between proposed types of bearing
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Figure 4.28 Radial stiffness comparison between the three proposed models
Axial stiffness comparison between proposed types of bearing
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Figure 4.29 Axial stiffness comparison between the three proposed models
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Tilting stiffness comparison between proposed types of bearing
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Figure 4.30 Tilting stiffness comparison for the three proposed models

Considering that Model 111 has lower tilting stiffness than the other two, it is better
to choose Model 11 when aiming at high radial stability without compromising tilting
stability.
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5.Final version of the proposed model

This chapter describes the final models proposed for the single drive axially
controlled bearingless motor. The final version of the model was adapted from the
seventh version by increasing the vertical section of stator slot area for accommodating
coils with a higher number of turns to increase torque value. The upper and lower stator
layers were reduced to optimize flux density distribution and the middle layer was
increased to reduce saturation when high currents are required for regulating the axial
position. The number of turns per coil was increased from 20 to 25 and stator height
rose to 11mm. A comparison between the seventh version and the final version are
shown in Figure 5.1.

The stack length, considering passive bearings, is set as a design specification.
The stator size imposes a limitation on the bearing size, reducing the options for radial
stabilization. It is necessary to find a balance between stable radial stiffness and
adjustment of motor parameters.

As a safety measure, a clearance should be provided between the stator and the
passive bearings to avoid interference in the tilting torques by attraction forces between
the stator and the permanent magnets. Setting a clearance of 0.5mm, and an addition
margin of 0.1mm for axial touchdown position, the passive bearing height becomes
limited to 2.4mm.

Keeping the stator exactly the same, two different types of rotor were proposed,
like shown in Figure 5.2. The first one, type A, has segmented magnets with parallel
polarization. The second one, type B, has ring-shaped magnets with polar anisotropic
polarization. Type B is easier to assemble than type A, since it does not require a rotor
case like the one shown in Figure 2.4, but it is not easily fabricated like type A.

This chapter makes comparisons between models with the two rotor types, by

analyzing their torque performance and magnetic forces.
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Figure 5.1 Comparison between the seventh version and the final version
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Figure 5.2 To the left: rotor layers type A, segmented magnet. To the right: rotor layers type B, ring shaped.
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5.1

Torque analysis

Figure 5.3 show torque results for the FEA of the final model for types A and B.

Torques were calculated using a 0.3mm limit for face element size. The stator coils

were fed by a three phase AC current source with 1A RMS, keeping the 8A/mm?

current density. Average torque and ripple are described in Table 5.1.
Table 5.1 Torque results for the final model

Type A Type B
Average torque 2.44mNm 2.96mNm
Torque ripple 40.8% 36.8%
Torque density | 0.414Nm/¢ 0.503Nm/¢

As seen in Table 5.1, substituting the segmented rotor (type A) for a ring-shaped

rotor (type B) with same size increases the average torque. Considering average torque

value or torque density, type B is the best option.

Torque(mNm)

4,00

w
=)
S

Torque comparison between rotor type A and type
—4—Type A —i—TypeB ——AverageA ——AverageB
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150 180 210 240 270 300 330 360
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Figure 5.3 Torque results obtained through FEA for the less detailed face mesh
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5.2.  Efficiency analysis

Figure 5.4 shows results as calculated by the FEA for output power, iron losses,
copper losses and efficiency for type A and type B, for both kinds of meshes.

Efficiency calculated for type A is 77.74% and for type B is 79.36% at
18000rpm. SUGIMOTO et al.[14] made a comparison between a bearingless motor and
a motor with ball bearings. Both achieved efficiency close to 84% at 7200rpm, higher

values than the ones obtained in this work.
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’ 72,00%
1,000 71,00%
0,000 70,00%
Type A Type B
Copper losses 0,756 0,756
s Iron losses 0,559 0,697
mmm Output power 4,592 5,588
—@—Efficiency 77,74% 79,36%

Figure 5.4 Power and losses calculated by FEA

5.3. Back-electromotive force (Back-
EMF) analysis

Setting the source current to OA, back-electromotive force at 18000rpm was
calculated by FEA. Back-EMF values are shown in Figure 5.5 for rotor type A and in
Figure 5.6 for rotor type B. The Fast Fourier Transform of back-EMF is shown in

Figure 5.7 for type A and in Figure 5.8 for type B.
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Maximum peak back-EMF values are around 2.5V. The influence of harmonic

com

ponents is visible in Figure 5.5, due to a flattening near the peak values. As shown

in Figure 5.7, this effect is caused by fifth and seventh order harmonics. Since the

mag

nitude of both components are around 0.03V, it is difficult to see them in the plot.

On the other hand, the fifth order harmonic in type B is approximately ten times larger

than the one in type A, while the seventh order harmonic has twice the magnitude of

type A.
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Figure 5.5 Back-EMF values for type A
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Figure 5.6 Back-EMF values for type B
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Type A Back-EMF FFT at 18000rpm
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Figure 5.7 FFT of back-EMF signal for type A

Type B Back-EMF FFT at 18000rpm
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Figure 5.8 FFT of back-EMF signal for type B

54. Unstable forces and passive

bearings dimensioning

This section presents an analysis of radial forces in the motor for types A and B.
It shows calculations for the radial stiffness, centering index, unstable axial forces and

current required for lifting the rotor from axial touchdown position.
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5.4.1. Rotor radial stiffness

Figure 5.9 shows the magnitude of radial force acting on the rotor for
displacements between -0.2mm and 0.2mm. By first degree fitting, we find the rotor
radial stiffness, K., 12.70N/mm for type A and 16.25N/mm for type B. Radial stiffness
on type B is slightly higher.

Radial stiffness - Rotor unstable radial forces
35 —o—Type A Type B =—Linear (Type A) ====Linear (Type B)
2,5 oo
y =16,25x + 0,0223

e 1,5 e T
Z y =12,703x + 0,1307
8 05 b T
8 T T T ]
= 05-¢2 015 01 _o 0,05 01 0,15 0,2
2
B 1,5

R

B T

X position (mm)

Figure 5.9 Unstable radial forces for both rotor types

5.4.2. Centering index calculation

In Chapter 4, repulsive forces on passive bearings were analyzed. Now it is
possible to estimate resultant radial stiffness and centering index for the motor. Using a
3D modeling software, we estimate the rotor mass will be less than 16g. A limit height
of 2.4mm was set to the passive bearings, so we set a height h=2.4mm, because it has
the maximum possible radial stiffness.

Passive bearing model 111 was discarded due to its poor performance on tilting
stabilization. Resultant radial stiffness and centering index are calculated by combining

rotor types A and B with radial bearings I and 1l. Results are shown in Table 5.2:
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Table 5.2 Maximum and minimum resultant radial stiffness and centering index

Type A Type B

Radial stiffness | -10.38N/mm | -14.85N/mm -6.84N/mm -11.30N/mm
Centering index 33.08 47.31 21.78 36.01

Both resultant radial stiffness and centering index depend on the chosen passive
bearing. As said before, increasing the radial stiffness implies the need for higher
currents to compensate unstable axial forces, so not necessarily the highest centering
index is the best solution. It depends on operational limitations. There is also a tradeoff
between torque density and centering index in this case. Type A has the highest radial

stability while type B has the lowest radial stability.

5.4.3. Tilting analysis

Tilting torques for angular rotor displacements ranging from -1° to 1° are shown
in Figure 5.10. The resultant tilting torque is given by the sum of rotor tilting torques
and passive bearing tilting torques. Resultant tilting torques for the considered options
of magnetic bearing are shown in Figure 5.11 and Figure 5.12.

The type of rotor does not affect greatly the tilting torques, since stable torques

are in a higher order.

Unstable tilting torques for rotor types A and B
——Type A Type B

Angle(°)

Figure 5.10 Rotor tilting torques around x-axis
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Tilting torque (Nm)

Resultant tilting torques for rotor type A
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Figure 5.11 Resultant torques for rotor type A combined with both bearing types

Tilting torque (Nm)

Resultant tilting torques for rotor type B

—o—Bearing | Bearing Il
0,015 - R

Figure 5.12 - Resultant torques for rotor type B combined with both bearing types
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5.4.4. Unstable axial forces

This section explains the calculations of the unstable axial forces.

Unstable rotor axial forces when varying position

4 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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P e
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S Y = 9,0559x + 0,4452
© 0 ——Linear (Type A)
x - Ll L]
<_1'°,,,,,, t 777777777777777777 01 0,2 —Linear (Type B)
0 2

z position (mm)
Figure 5.13 shows forces on rotor types A and B when displacing the rotor along the z-

axis from position z=-0.2mm to z=0.2mm. At position z=0, offset axial forces are 0.67N
for rotor type A and 0.45N for rotor type B. By slightly adjusting the passive bearings
axial position, also considering the rotor weight, it is possible to adjust the axial force at
central position to ON, removing the force offset.

Figure 5.14 and Figure 5.15 show resultant axial forces (with offset force
compensated) when rotor types are combined with both passive bearings.

Unstable rotor axial forces when varying position
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Figure 5.13 Axial forces due to displacement of the rotor in the final version
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Figure 5.14 Resultant axial forces for rotor type A combined with both bearing models.
Bearing height is 2.4mm
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Figure 5.15 Resultant axial forces for rotor type B combined with all bearing models.
Bearing height is 2.4mm

5.4.5. Active compensation of unstable axial
forces

Unstable axial forces are actively compensated by I; current components, like
explained in item 2.5. Stabilizing axial force is limited by two factors: current
conduction capacity and stator core saturation.

Figure 5.16 shows axial force on the rotor with I; current components ranging
from -25A to 25A, while keeping the rotor in the central position. There is a clear

asymmetry in the rotor axial forces in the central position due to the intrinsic offset
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force generated by the rotor permanent magnets. By subtracting the force offset, we
obtain the actual current-induced forces like seen in Figure 5.17.

It is important to notice that for currents above 15A the core starts to saturate
and the force-current factor decreases, while for lowest currents, no saturation occurs.
This asymmetry in the force-current curve is caused by the interaction of the permanent
magnets. Figure 5.18, Figure 5.19, Figure 5.20 and Figure 5.21 show flux density
analysis for the extreme conditions of I; = 25A and I; = —25A.

From the current-induced force results we see that, for 0.2mm axial
displacements, active control cannot be realized since unstable forces rise above force
values at core saturation point. Therefore, we limit mechanically the axial displacement
touchdown position to 0.1mm. Precision is critical during the construction of the motor,

since even 0.1mm variations may cause huge force changes.

Biased axial forces for a centered rotor

Current-induced axial force (N)

Id (A)

Figure 5.16 Total axial forces when currents are supplied and the rotor is centered
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Axial forces for a centered rotor with compensated offset

Current-induced axial force (N)

Id (A)

Figure 5.17 Current-induced forces over the rotor

Comparing data from current-induced forces and displacement induced axial
forces, we see that for stabilizing the maximum axial forces, 20A currents may be
required. This is close to 14 times the rated peak current. Table 5.3 shows the tradeoff
between the required stabilizing current and the centering index. Using passive bearings
that increase radial stiffness, and consequently the centering index, but increases the

required current for lifting the rotor, since unstable axial forces also become bigger.

Table 5.3 Relation between axial forces, required currents for active compensation and
centering index (CI)

Type A
z=-0.1mm z=0.1mm
Bearing | -6.10N 19A 5.66N -17A 33.08
Bearing 11 -6.25N 19A 6.62N -20A 47.31
Type B
z=-0.1mm z=0.1mm
Bearing | -5.98N 18A 5.80N -18A 21.78
Bearing Il -6.13N 19A 6.32N -19A 36.01
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Figure 5.19 Flux density for I; = —25A on type
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Figure 5.21 Flux density for I; = —25A on type B
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5.4.6. Critical frequencies

This section shows calculations of critical speeds for the passively stabilized
axes. There is a direct relation between stiffness and critical speed. Critical speed value
varies with the squared root of the respective stiffness. The critical mechanical speed for

radial oscillations, w,, is given by:

60 [IK,|
C2m m’

Wy

where K, is the resultant radial stiffness and m is the rotor mass. Being w, in rpm, K, in
N/m and m in kg.

Table 5.4 shows the relation between the radial stiffness and critical speeds.
Operation near critical speeds are not desirable, since they are the speed values in which
maximum oscillations occur. The minimum critical speed reached in this work was
6242rpm and the maximum value was 9200rpm. The specified speed, 18000rpm, is
twice the highest critical speed, so probably critical oscillations will not present a
problem during the experimental phase.

Table 5.4 Relation between radial stabilization and critical speeds

Type A

Bearing | -10.38N/mm 33.08 7693rpm

Bearing 11 -14.85 N/mm 47.31 9200rpm
Type B

Bearing | -6.84 N/mm 21.78 6242rpm

Bearing Il -11.30 N/mm 36.01 8027rpm

There is also a critical speed value for tilting oscillations. The tilting
critical mechanical frequency wg in rpm is given by:

60 ||Kp|

Wy = ,
6'271]

where Kj is the tilting stiffness in Nm/rad and J is the rotor inertia in kg m2.
Inertia calculated by the 3D modeling software was around 900g mm?, equal to

9x10~"kg m2. Table 5.5 shows tilting stiffness and their respective critical speeds.
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Table 5.5 Relation between tilting stabilization and critical speeds

Type A
Bearing | -0.58Nm/rad 7657rpm
Bearing Il -0.37 Nm/rad 6095rpm
Type B
Bearing | -0.56 Nm/rad 7504rpm
Bearing 11 -0.34 Nm/rad 5902rpm

Critical speeds for tilting oscillations are smaller than 8000rpm. Probably this
will not present a problem at the rated 18000rpm speed, because oscillations are damped
in frequencies distant to the critical values.

There is not much difference in current requirement when employing Bearing | and
Bearing I1. Also critical speeds do not present a problem for both bearings. Bearing Il is

chosen for the final version of the motor, due to higher radial stability.

5.5. Summary of design modifications

Different design proposals were modeled in 3D and exported to a Finite-Element
Analysis software. This session summarizes the main changes in design from the base
model to the last version.

5.5.1. Number of stator teeth

Number of stator teeth was changed from 12 to 6.

5.5.2. Rotor shape

The number of rotor poles was changed from 8 to 4. Two rotor shapes were
proposed as possible solutions. One that keeps the original segmented shape and another
one that is composed of ring-shaped permanent magnets. The width of the permanent

magnet rings was adjusted to increase average torque.
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Type A: Segmented Type B: Ring-shaped

Figure 5.22 Proposed rotor types

5.5.3. Stator shape

Shoes were added to the stator teeth. They give mechanical support to the stator
coils and enhance the flux linkage by capturing more flux lines from the rotor field,
increasing the torque value without changing the machine size at the expense of adding
to unstable radial forces.

The stator teeth were changed from an angular shape to a straight shape,
increasing the area available for coil accommodation and making the flux density
distribution more uniform along the teeth.

Yoke and teeth width were dimensioned according to flux density distribution,

to avoid saturation while keeping considerable space for the stator coils.

Yy

SHAPE 1 SHAPE 2 SHAPE 3

Figure 5.23 Comparison between the different stator pole shapes attempted
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5.5.4. Number of turns per coil and rated

current

The number of turns was decided in accordance to the slot area and to the

maximum value of 40% slot fill factor. In the final design, 25 turns per coil are used.

5.5.5. Current supplied

The RMS current capacity for the 0.4mm diameter copper cable is around 1A.
This results in current density of 7.96 A/mm2, almost equal to 8A/mmz2. Higher current
densities imply the need for cooling systems in order to preserve isolation integrity. To

simplify the system, we choose 1A RMS currents for feeding the coils.

5.5.6. Permanent magnet height

Increasing the central rotor permanent magnet height resulted in improved
torque, while also implying an axial force offset and worse saturation in the central

stator core. The central rotor PM was set at 2.9mm height.

5.5.7. Fine tuning of radial stiffness, tilting

stiffness and active compensation.

The proposed passive bearing models were adjusted to fit the needs of this
project. Passive bearings that had a marginally stable behavior were discarded, height
was restricted by mechanical limitations and in the end, only model Il with height equal

to 2.4mm was kept.

5.5.8. Proposed solutions

Two models were designed that achieve target specifications, with rotor type A

and type B. Table 5.6 relates parameters achieved in both proposed models.
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Table 5.6 Parameter comparison between models type A and B

2.44mNm | 2.96mNm
40.8% 36.8%
11mm 11mm
17mm 17mm
21mm 21mm
0.41N/L 0.50N/L
18000rpm | 18000rpm
4.59W 5.59W
0.76W 0.76W
0.559wW 0.697W
77.74% 79.36%
1A RMS 1A RMS
7.96A/mmz2 | 7.96A/mm?
39% 39%
38% 38%
47.31 36.01
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6.Conclusion and future work

A new miniaturized single-drive axially-controlled bearingless motor was developed.
Through many steps of modelling, simulation, result analysis and parameter
optimization, a model contained in the dimensions stated as design specifications was
conceived. Two rotor types with different characteristics were proposed: type A with a
segmented permanent magnet and type B, with ring-shaped permanent magnet. Bearing
Model 11 was chosen among the proposals presented.

Both motor types A and B achieved results inside the target region. The model has
17mm stack length, with passive bearings, and outer stator diameter equal to 21mm.
Current density was kept below 8A/mmz2, not requiring cooling systems for preserving
conductor isolation.

Figure 6.1 adds the proposed models to the data provided by [11] . It shows a
comparison between torque density and centering index between models of axially-
controlled 1DOF bearingless motors and motors with magnetic bearings, including
motors type A and type B presented in this work.

The model that uses rotor type B has higher average torque, but smaller
centering index that the one that uses rotor type A. The most suitable model depends on
the application requirements. If torque density is the priority, type B is the most suitable,

if stability should be the highest possible, type A is the most suitable.

1.2 T aaaaemes .
< ! ®[15] | Target region
£os : E
- ' Type B !
304 ® [22] | @ e :
S 02 L 2 1 e e A
CH NE) J24]

0 5 10 15 20 25 30 35 40 45 50 55
Centering index

Figure 6.1 Torque density vs centering index for 1DOF axially controlled motors[11]
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This motor still has room for improvement. Maximum currents for axial position
control are too high. In the next version of the motor, a better relation between
suspension currents and torque density will be sought.

Calculated critical speeds do not present a limiting factor for operation at
18000rpm. Even higher speeds may be achieved, being limited only by its back-EMF
and mechanical losses due to air friction. The low calculated peak back-EMF (2.5V)
indicates that it may be possible to drive the motor at higher speeds.

In this stage it is not possible to say if the radial stability is suitable or
exaggerated. During the prototype phase, bearing models I and 11 will also be tested. If
a satisfactory oscillation is achieved by reducing the radial stiffness, it will be possible
to achieve higher torque densities, by reducing the height of the passive bearings and
increasing the stator slot and number of turns per coil. In case the current radial stability
is not enough, radial stiffness may be prioritized by increasing the height of the passive
bearings and reducing the stator slot area or by employing bearing model 111 and
increasing the stack length to 18mm, making the tilting stiffness more stable.

By comparing the results with the blood pump designed by OSA et al.[3], we
see that it may be possible to modify and optimize this model for application on blood
pumps. The lowest critical speed (8067rpm) is above the range of operating speeds of
the reference (3000-5000rpm)[3] torque density was 0.41Nm/£[4] and the motor has
similar dimensions[3],[4].

The design process described in this document still does not include the
mechanical design of the fan and mechanical structure. Current density was limited to
8A/mm?2 as a safety measure, but if a prototype is built with good heat dispersion, it may
be possible to increase the current density up to 12A/mmz2 (1.5A RMS) and torque
density to 0.76Nm/( for type B and 0.63Nm/{ for type A, like shown in Figure 6.2.

The next step is designing the mechanical structure and assembling the first
prototype. A PID controller will be implemented. Combinations of radial bearings and
rotors will be analyzed.

In the future, different topologies may be studied, like one with outer rotor and a

Halbach permanent magnet configuration.

89



1.2 Torque density vs centeringindex
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Figure 6.2 Torque density vs centering index for 1DOF axially controlled motors[11],
possible enhancement
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