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Abstract

The goa of this dissertation was to investigate the dynamic behaviours and the
related effects of a proposed passive magnetic bearing (MB) motor. The concept of the
bearing used the repulsive magnetic force to levitate the rotor in the radia direction by
utilizing the sintered magnet (N45) with high energy product. Not only a mathematical
model for the MB was proposed, which can predict the dynamic characteristics of the
developed motor, but also a design procedure for fabricating the prototype was
introduced. The mathematical model and the prototype points out that the micro
magnetic bearing motor can be carried out on the basis of the developed theory and
experiments. Beside the basic gyroscopic effect and rotor unbalance effect were
observed, the interesting effects including damping effect, bias-magnetic force effect,
and scaled-down effect were discussed one by one:

Regarding the damping effect,an- innovative damping device consisting of a
magnetic ring of high permeability and an annular rubber pad can apparently increase
the anti-shock ability of the MB motor.” Moreover, an approach of the vibration
reduction utilizing an induced magnetic force was developed. In addition, a prototype of
scaled-down MB motor (the outer magnet with an inner diameter of 5 mm, an outer
diameter of 8 mm, and a height of 3.6 mm) was studied. Both the inner and outer part
was comprised of a stack structure of high energy product magnet. These rings were
arranged on the shaft above the PM of the rotor and the stator. From the experimental
observation, the shaft can be rotated without any frictional contactsin radial direction. It
shows that the micro magnetic bearing (MMB) demonstrates the lower friction torque
loss in comparison with the conventional micro ball bearing (MBB). Moreover, the
radial vibration of our deviceis 21 % lower than the conventional MBB type.

The research mentioned above was focused on the motor type with radia air gap.
Finally, the dissertation gave the pre-study report regarding a study of axia vibration for
a flat-type motor (axial air gap). The results indicate that axial pre-load apparently
affects the axial vibration of the motor, and this will be a valuable reference for the

research which will be aimed to study the system with the MMB.
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Nomenclature

G=98m/s

XYZ = coordinate system fixed to stator

I, J, K =unit vectors of XYZ coordinate system

O = origin of the XYZ coordinate system

X'Y'Z = coordinate system fixed to rotor

O' = origin of the X'Y'Z' coordinate system, fixed to the center mass of the rotor
xyz = coordinate system fixed to rotor (body coordinate system)
I, J, K = unit vectors of body coordinate system

0 = origin of xyz coordinate system

Xem, Yem, Zem = displacements of CMin X, Y, and Z axes

0, ¢, v =Eulerianangles

On, N=1-12 = defined in equation (9)

Yn, N=1-6 = defined in equation (10)

{Q(t)} = definedin equation (10)

{Y(t,q,)} =definedin equation (10)

{K}, {K}, {Kj}, {K,} =definedin equations (40)-(43)

t = time at i-th instant

At =timestep



o =angular velocity of the rotor

Q = angular velocity for the axes of the body

> F, >R, > F, =tota forcesacting on rotor along X, Y, and Z axes
>T,, D.T,, DT, =total torquesacting on rotor along X, y, and z axes

'y, 12 = principle moments of inertia about y and z axes

k = stiffness coefficient of MB motor

¢ = damping coefficient of MB motor

¢ = damping ratio of MB motor

0 = logarithmic decrement

74 = time interval between the two amplitude peaks of ogarithmic decrement
on = natural frequency of rotor

Cc = critical damping coefficient of rotor

X1



Chapter 1

| ntroduction

Due to the outstanding magnetic performance, NdFeB material is broadly used in
various applications, for example, home appliance, information data storage,
communication, consumer electronics, electrical automobile industrial, and so on. The
maximum energy product (BH)max of 50.6 MGOe was first reported by Sagawa et a.
in 1987, and below 1500 ppm of oxygen was employed [1] . According to Sagawa’s
calculation the theoretical (BH)max of Nd>Fe;4B aloy is 64 MGOe [2]. Since many
scientists are devoted to developing the novel fabrication process in order to make the
powerful magnetic material available, nowadays, NdFeB materia is the great candidate
for levitating the rotor in a motor. The non-contact capability of fully passive magnetic
levitation, which has been improved due to the widespread availability of sintered
NdFeB magnets with high performance, has many merits, among which are low-loss,
high-speed, and flexibility (namely the capability of working in special or worse
environments, e.g., the environment in which much more dust particles are floating),
and so on. Magnetic levitation fascinates many scientists and researchers, who have
concentrated their efforts and reports on the development of alternative approaches to

achieve a passive system. As a result, it is now well-known that diamagnetic materials

1



[3]-[4], superconductors [5], and eddy currents [6] can be used to develop possible

stable passive levitation systems. In their development, one usually needs to deal with

the intrinsically unstable issue specified by Earnshaw’s theorem [7]. Simon et al. [8]

reported that the magnetic top can be stabilized within certain limitations of spin speed,

and the gyroscopic effect was introduced to illustrate his work. To get around the

instability, research demonstrating that NdFeB magnets can be statically levitated using

the auxiliary objects made of diamagnetic or powerful superconductor materials was

carried out by Simon et al. [1] Pursuing the practical magnetic bearing, Yonnet et al. [9]

thoroughly investigated the basic configurations.of MBs consisting of two ring magnets

and developed the calculation methods to depict the characteristics of these MB

structures. In addition, Yonnet et al. [10] pointed out that new stacked structures,

composed of magnet rings with a rotating magnetization direction, can increase the

stiffness of the MBs; furthermore, he demonstrated that the properties of two repulsive

radial MB configurations are exactly the same; both of them have the same mechanical

dimensions but different magnetization directions (axial or radia). Wang et al. [11]

constructed an effective structure, consisting of a magnetic ring and an annular-shaped

rubber pad, can enormously improve the anti-shock performance for a passive magnetic

bearing motor. Many researchers [3]-[11] have been involved in analyzing and

investigating magnetic levitation or magnetic bearings, nevertheless, no research has



been focused on the subject of an entirely passive MB designed for small spindles

considering a credible dynamic model. In thisthes's, a prototype of a passive MB with a

compact structure which is capable of being scaled-down is fabricated, and the dynamic

behaviours are experimentally and numerically studied.

1.1 Small motor

Small motor is widely used in consumer electronic devices, for example, hard disk

drives, scanners, mobile phones, digital cameras, digital video recorders, optical disk

drives (including CD series, DVD series, and Blue ray series, and so on), laptops (for

example, the cooling fans), and so on. Fig. 1- 1 demonstrates the structures for the small

motor with two types of air gap which areradial (see the left hand side of the graph) and

axial (see the right hand side of the graph) types. The axial type aso is called flat type.

In general, a small motor consists of arotor and a stator. The rotor, which is a rotational

part, comprises of a multi-pole permanent magnet (PM), a yoke, and a shaft. The rotor

Is conjunction with a stator viathe bearing. The stator, which is a fixed part, comprises a

coil, a case and a base. The bearing functions as a heart of the small motor, because it

apparently affects the life-span, acoustics and vibration performances, and so on. The

conventional bearings broadly used are ball [12]-[13] and sleeve [14]-[16] bearings.

These mechanica bearings limit the maximum speed of the small motor and life-span

due to the mechanical contact friction (for ball bearing) and mental wear (for sleeve

3



bearing’s leakage of lubrication oil). However, very little research has been studied or

reported about the passive magnetic bearing with the feature of non-contact capability,

which can beat the demon friction mentioned above, particularly, for a small motor of

which power consumption is lower than 10 W. Therefore, it is worth to deal with the

behaviour of the small motor employing the MB in order to become one of the

alternative candidate bearings to replace the sleeve or ball bearings in the future.

Axial air gap Radial air gap

Shaft —___ :
Conventional bearing |
Case | - | | |
i | — - Yoke
Yoke - L =
PM —— 1 —1 | — |~
i .
Coil ﬂ,\L : ) i ~— PM
Base— |, | | Coil
|
|
|

Fig. 1- 1. The structure of a small mator for-the types of radial and axial air gaps.

1.2 Fundamental configurations of MB

The use of permanent magnets to construct magnetic bearings has been studied for
more than half century. In 1964, Geary et al. [15] summarized the possible and
demonstrated configurations of permanent magnet bearings which have been proposed
before that date. In 1981, Yonnet et al. [18] paid attention to the compact magnetic
bearing which consists of two permanent magnets with simple annular shape,

particularly, the magnets magnetized in axial and radial direction are considered. By



calculating the forces and stiffness, he demonstrated ten structures of magnetic bearing

including both radial and axial bearings. Fig. 1- 2 shows the fundamental structures of

the radial bearing, i.e., there exists instability in axial direction while there exists an

unstable state in radial direction for the axial bearing. The structures shown in Fig. 1- 2

(b) can be obtained by simply switching the magnetization direction of magnets in Fig.

1- 2 (a), and these two types of magnetic bearing are exactly the same. Fig. 1- 3

represents the useful outlines of the axial bearing, which can be gained by changing the

magnetization of the magnet, one magnet each time, in Fig. 1- 2. When undesired axial

force is generated, for example, type R51 series (i.e, R51 and RevR51) or A51 series

(i.e.,, A51 and RevA51) represents the strongest axial force while type R11 series (i.e.,

R11 and RevR11) or A1l series(i.e, A1l and RevA 11) has a zero axial force. In order

to manipulate the axial force, Yonnet et al. proposed the approach to eliminate the axial

force to be zero by introducing a symmetrical arrangement for the radia bearing, as

shown in Fig. 1- 4. Moreover, one can adjust the preferred axial force by allocating the

permanent magnets around the optimal position.
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Fig. 1- 3 Fundamental structures of axial magnetic bearing
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Fig. 1- 4 Zero axia force of the radia magnetic bearing using symmetrical
configuration



1.3 Small deeve bearing system

Since a plane sleeve bearing (or so-called oil-impregnated bearing) possesses the
advantages of cost effective and suitably developed for mass production, it was widely
used in cooling fan motors, optical disk drives, and so on. In a small spindle motor
developed for the above applications, the plane sleeve, which is able to maintain the
RRO of the rotor to a desired value and reduce the friction, can generate boundary
lubrication [19]-[22]. In general, lubrication can be classified into three mode, boundary
lubrication, hybrid lubrication, and fluid lubrication, which revealed by Stribeck [19] on
the basis of observing friction .experiments.on-bearings. As shown in Fig. 1- 5, the
well-known Stribeck curve demonstrates the relationship between the friction
coefficient, viscosity of the “lubricating oail, ‘load, and velocity. The vertica and
horizontal axes represent the friction coefficient, and bearing parameter, respectively.
The parameter is (viscosity) x (velocity)/load. In addition, the solid friction is specified
in the curve. In the plot, on the top right, the graph clearly illustrates that there exists a
thin oil-film formed by only several oil molecules between the shaft and the bearing,

and it also occurs a solid friction between them.



A Fluid Boundary Boild
Solid friction ubrication lubrication triction
| mu, mu, mu,
- Shaft
Lubricating

oil

Friction coefficient

Hybrid
lubrication

< Boundary Fluid lubrication

lubrication

A
¥

Bearing parameter

Fig. 1- 5 Stribeck curve

As described above, the |ubricated surface between the sleeve bearing and the rotor

of the small spindle, though, .can not prevent partial contact between the rotor and the

sleeve. In other words, the partial ‘contact will-result in a failure of the deeve or

vibration of the system. Consequently, it is helpful to this project to study the dynamic

behaviour of the small plane Sleeve after it is installed into a spindle. Because the

physical model of the proposed MB is similar to the deeve bearing, it is good to

understand and review these prior studies which are related to arotary machine.

Lund et al. [23] showed that the comparison of critical speeds predicted by the

analysis of rotor response and the results investigated by experiments has shown good

agreement. Ehrich et al. [24] addressed that whip-free rubbing may be achieved if the

rotor system is designed with the similar dampings for both rotor and stator, and their

10



natural frequencies are manipulated to be different. Begg et al. [25] published a study
related to the stability of a rotor which discussed the considerations of the power
dissipation due to damping and power input due to friction. He found that the stability is
affected by the friction-to-damping ratio. For studying the transient analysis of the rotor
system, Choy et al. [26] used Jeffcott rotor to determine the effects of casing stiffness,
friction coefficient, imbalance load, and system damping characteristics. The conclusion
Is that an increase in system stiffness, friction coefficient, system damping, and
imbalance load can lead to an earlier onset of backward whirl.

According to the above literature review, it points out that the interesting items
needed to be investigated for-the developed M B include the effect of mass unbalance,
the gyroscopic effect, and the effect of friction force acting at the pivot point. However,
a valid physical model has to be proposed before these key factors affecting the
dynamic characteristics can be parametrically studied and analyzed. So, this dissertation
will be focused on figuring out a compact and simple configuration of MB, and then an
equivalent model will be addressed in order to realize the dynamic behaviours of the

MB installed in adesired motor.

1.4 Objectives of thethesis

The main objectives of this thesis were to develop, investigate, and validate a

11



proposed mathematical model stating the dynamic behaviour of a developed MB motor

with single pivot point in conjunction with a thrust plate; especialy, the MB designed

with an easy and compact structure, and effectively improved the damping ratio.

Moreover, this thesis aims to present a method of vibration reduction by utilizing a

novel bias-magnetic force. Moreover, this thesis develops a procedure to implement a

prototype of scaled-down MB motor with suppressed magnetic coupling effect for

SFFO drives.

1.5 Outline of thethesis

The thesis is composed of .6 chapters. Chapter 2 provides the detail components and

architecture of the proposed MB and reports the theoretical model for modeling and

understanding of the behaviour of the desired MB. After validating the stability of the

MB, Chapter 3 and Chapter 4 indicate the magnetic force induced damping effect and

the effect of bias-magnetic force for improving the damping ratio of the MB motor and

decreasing the radial vibration of the motor, respectively. Chapter 5 addresses the

developed micro-magnetic MB motor which has 18.5 mm in outside diameter and 3.6

mm in height. Chapter 6 represents an axial vibration study of a mobile fan motor.

Finally, Chapter 7 draws the conclusion of the thesis and gives the suggestions for the

future work. The framework of the thesisis organized in the following.

Chapter 2 presents the structure of the proposed MB on the basis of review of prior
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arts, and the totally passive structure consisting of sintered NdFeB rings is highly

compact. A mathematical model was developed to evaluate the dynamic behaviour of

the system. The governed equations for the simulation of the real system were

Newton-Euler equations of motion. By using the numerical integration of RK4, the

nonlinear equations were solved. The relationship between the model and the real

system was clearly addressed and discussed.

Chapter 3 locates in the interest of an innovative damping induced by magnetic

force. The unit of a magnetic ring of high permeability and an annular-shaped rubber

pad mounted on the stator for.increasing the damping ratio of the MB system was

developed. The impulse method was used to determine the natural frequencies for

lateral and rotational modes of the rotor. Chapter 3 summarizes the effectiveness of the

damping device in terms of the anti-shock performance of the MB motor.

Chapter 4 presents a compact method adopting a novel bias magnet to induce an

axial bias-magnetic force, which effectively contributes to the vibration reduction of the

MB motor. The use of the axial force for affecting the vibration of the MB system was

thoroughly discussed.

Chapter 5 is dedicated to the development of a MMB (Micro magnetic bearing)

motor, particularly the micro motor is considered to be used in a SFFO drive. The

magnetic coupling effect was taken into account when designing the device. This
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chapter examined the mechanical and electrical characteristics of the MMB motor in
comparison with the conventiona micro ball bearing motor (MBB). Finally, the
performance of the MM B motor was reported.

Chapter 6 is focused on the study of axial load effect for a flat-type motor operating
with and without the rated axia thrust force. It demonstrates that axial load plays an
effective and crucial factor in controlling the axial vibration of the mobile fan motor.

Chapter 7 draws the conclusion of the thesis by means of summarization of the jobs

which has been done and gives the suggestion for the future work.

1.6 Original contributionsof thisdissertation

The original contributions.of this dissertation are summarized as follows:

A very compact and simple MB structure-for miniature motors is proposed;
moreover, the developed mathematical model can successfully describe the dynamic
behaviour of the MB motor. An entirely passive MB structure consisting of two sets of
very compact sintered NdFeB rings is successfully achieved to make the contactless
rotor of the prototyped motor stably levitated in the radial direction, and low friction
torque is experimentally verified. A gyroscopic effect is observed, and it effectively
suppresses the radia vibration due to the mass imbalance of the rotor. The consistent
dynamic results are evaluated by adopting a proposed mathematical model numerically

solved with RK 4.
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An innovative damping structure is presented. An innovative damping induced by

magnetic force was designed successfully for the totally passive magnetic bearing motor.

A magnetic ring of high permeability and an annular-shaped rubber pad were mounted

on the stator 0.55mm below the permanent magnet of the rotor. Computer simulations

were compared with experimenta measurements for deciding material and

configuration of the critical components. The natural frequencies for lateral and

rotational modes of the rotor are around 22 Hz measured by impulse method. Both the

magnetic bearing motor without and with magnetic damping are rotated at rated speed

3840 rpm, which is far above the first critical speed of 1305 rpm. Without magnetic

damping, the natural damping ratio in radial direction-of the rotor is 0.0655. After

damping, it increases to 0.1401. We have demonstrated by both experimental

measurement and theoretical calculation that the anti-shock performance is significantly

improved by the innovative damping technology in a passive magnetic bearing motor.

The use of bias-magnetic force shows that the radial vibration of the MB motor is

significantly reduced. A compact method using a novel bias magnet to induce an axial

bias-magnetic force in order to reduce the radial vibration of the MB motor is

introduced. After applying the bias-magnetic force, the optimal radia vibration of the

developed MB motor is only around 0.197 G when the natural frequency of the bias

magnet reaches the resonant frequency of 62 Hz. In this optimal condition the ratio in
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the radial vibration of the MB motor with the bias-magnetic force to the original oneis
around 89 percent, and the driving power of 0.24 W is saved.

A MMB motor intends to apply in a portable optical disk drive was developed. The
novel MMB motor was developed with an inner and outer magnetic-ring stack structure
of high permeability. These rings were arranged on the shaft above the permanent
magnet of the rotor and the stator. The magnetic force between the MMB, the
permanent magnet and the stator induced the magnetic coupling effect that generated
the demon friction torque loss. However, the loss was controlled well under 1.93x10™
Nm by the proposed approach; so that the good stable system was achieved. After
suppressing the loss caused by the magnetic coupling effect, the shaft can be rotated
without any frictional contacts in radia direction, the running current was around 0.18
A, and the maximum speed was around 1850 rpm. It shows that the MMB demonstrates
the lower friction torgue loss in comparison with the conventional MBB. Moreover, the
radial vibration of our device is 21 % lower than the conventiona MBB type. To verify
the performance of the provided system, both the computer simulation and experiment

were performed.
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Chapter 2
M athematical modd for the M B

2.1 Theoretical mode

The prototype of the developed magnetic bearing motor, in which the rotor is stably
levitated, is equipped with two MBs, upper and lower, as shown in Fig. 2- 1. Each of
the MBs consists of two permanent magnet rings made of NdFeB with an energy
product of 45 MGOe, and each is axialy magnetized. The inner diameter, outer
diameter, and height for the inner ting are 3x103,6x10°3, and 4x10° m, respectively,
and the corresponding dimensions for the outer.one are 7x102, 10x10°2, and 4x10™ m,
respectively. These two MBs are properly located aong the axia direction by
employing two cylindrical washers: Only-asingle pivot point of the rotor in conjunction
with the stator is introduced, and it is supported by a thrust plate fixed above the base.
In addition to the inside part of the two MBs, arotor part composed of ferrite permanent
magnet with a yoke attached to it is connected to the shaft via a yoke bush, and the
diameter of the rotor is 4.1x10 m. The power can be input through the printed circuit
board (PCB) to generate the repulsive and attractive magnetic torque between rotor and
stator to drive the spindle.

Frames of reference are defined as shown in Fig. 2- 2. The coordinate (fixed frame)

with XYZ axes is an inertial set with origin O. The coordinate with X'Y'Z' axes, the
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origin of which is O', is located at the center of mass of the rotor (CM), and the
orientation of this coordinate is supposed not to be altered. The origin o of the body
coordinate with xyz axes is attached to the same position as O', and the z axis is along
the symmetry axis of the rotor. Then, the Eulerian angles ¢, ¢, and y , aswell asthe
corresponding angular velocities g, ¢, and  , can clearly be defined and associated
with a vector on which an infinitesimal rotation or time derivative is imposed.
Supposing that the xyz axes are not to be rotated about the z axis, the angular velocities

for the rotor and axes of the body can be represented as:

©=—-¢sinGi+0]+(y+¢cosh)k (1)

Q=—¢sin0i+0 j+dcoso k )

where o isthe angular velocity of therotor, Q istheangular velocity for the axes of
the body, and i, j, and k are the unit vectors in the x, y, and z directions, respectively.
Referring to the Newton-Euler equations of motion for a rigid body, which the desired
system is assumed to be, the mathematical model for the proposed system can be

expressed in the following.

z Fy = mXCM (3)
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z FY = mVCM ( 4)

> F =mZ, (5)
3T, =1, (fsin6 +20¢ cos0)+ 1,(6y7 + ¢ cosb) ()
3T, =1,(6 - §2sin0coso)+ 1 gsindly +dcoso) ™
ST =1, S+ dooso) ®)

where Xav, Yeu | and Zas are accelerations of ‘the center of mass of the rotor along

'y and ': are the principle moments of

X-axis, Y-axis, and Z-axis, respectively.
inertia about y and z axes, respectively. It is obvious that total forces and torques acting
on the rigid body are expressed in fixed frame body coordinate system, respectively.
The external forces considered in the MB motor are a mass unbalance force due to the
mass imbalance of the rotor, a MB force along the radial direction, and friction and

axial preload forces due to the pivot thrust plate. Then, the nonlinear equations (3)-(8)

can be numerically solved by applying the RK4, combined with an iteration procedure
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[27] which Wang et al. derived for modeling the porous bearing of a spindle motor.

For solving differential system equations described above, on the left hand side of
the equations (3)-(8) are needed to be connected to the parameters of the MB motor
which are shown in Table 2- 1. The detail derivation of these external forces and torques
areillustrated in the following.

To rewrite equations (3)-(8) as the expected form of equation, > F,, D F,,
> F,, DT, >.T,,and > T, have to be represented in terms of Xcwm, Yom, Zow,
Eulerian angles, and their derivatives. Considering the external forces acting on the
rotor which are pivot force, radia magnetic bearing force, and unbalance force, the
derivation is carried out as follows:

(1) Pivot force

As shown in Fig. 2- 3, a point 3'designates the pivot point. The I, |5, and I3
designate the axia distances from CM to MB 1, MB 2, and the bottom of the shaft,
respectively. Suppose that the rotor is unbalanced, and the unbalance can be represented
by amassi, which islocated at adistance € and le from the CM aong radia and axial
directions, respectively.

The externa forces acting at the mentioned point 3 are friction force and normal
contact force. The weight of the rotor and the friction coefficient between the shaft and

the thrust plate are mg and u, respectively. Supposing the velocity of the pivot point is
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known, the total force acting at this point can be calculated. In the fixed coordinate
system XYZ the velocity of the pivot point can be represented as

V, =Vy +V,o 9)
Therelative velocity Vo' can be calculated as follows:

Vo =0 xRy, (10)
where Rsor (see Fig. 2- 3) isthe position vector of point 3 relative to O’ and can be
expressed as follows.

Ryo =rsin@i+(l,—(r —rcoso)) k (1)
Substituting equation (1) and (1-3) into (I-2), so that V3o  can be expressed in the
moving coordinate system xyzand defined as follows:

Vao = Vao ) 1+ Voo )y I+ (Vao) K (12)

In the fixed coordinate system, these vectors of V3o are obtained by performing the
matrix multiplication of inverse of transformation matrix [DCM]™ and Vo, i.e., the

[DCM]™ matrix implements the coordinate transformation of a vector in moving frame

((Vao ) Vag ) (Vior),) into avector in fixed frame ((Vag,) s (Vaor )y (Vagy),) , thus

(\/30.) X (Vso' ) X
(Vso')v = [ DCM ]71 (VSO‘)y (13)
(\/30')2 (\/30. ) z

where DCM isthe well known coordinate transformation matrix, and is expressed as
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cosfd cosy cosfsing -sing
DCM =| -sing COS¢ 0 (14)
sindcos¢p sSinfsing coso

Substituting equation (14) into equation (13), the velocity of the pivot point can be

represented as,
Xow | [(Vao)x
V, = YCM + (Vso')v
2oy | ((Vag)s
(V3)x
= (Vs)Y (15)
(Vs)2

Supposing v is the unit vector of.Vs, and then v.can be represented as

Ma)x 1 L Va)y o (Va)z
V= | + J+ K
Vil Ve[V

=V, I +v,J+Vv,K (16)

The magnitude of the velocity vector V3 is

Vi =1V 95 + (VL)) + (V)21 (17)
Because an axial force of 1.887 N is applied aong the axia direction, it is believed that
the shaft is aways in contact with the thrust plate. Therefore, the unit vector of the

velocity of the contact point should be as
V=Vl +v,J (18)

The friction force can then be represented as
Fo=—pu(mg+F)(v | +vJ) (19)

where u, m, and F, are friction coefficient between thrust plate and shaft, mass of the
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rotor, and axia preload force, respectively.

Thus, the total force acting at the contact point is

FS = _:u(rrg + Fa)Vx I - :u(rrg + Fa)VY‘] + (rng + Fa) K

(20)

By operating the transformation matrix [DCM] to F3, so that F3 can be expressed in the

Xyz coordinate system to be as

(Fs).
{F3}xyz: (F3)y
(Fs).

(F)x

=[DCM] ™ (F,)y

(Fs)z

Finally, the torque about O’ resulted from the contact forceis as

Ty =Ry xFy
[ j k
=frsn@ 0 |,—(r—r'cos@)
(FR), (R, (F3),

=—(l;—(r —rcosO))(F;),i +
((ls - (I’ =TI COSQ))(F3)X =T SinQ(Fs)z)j +
rsind(F;) kK
where

I3 = distance from CM to shaft bottom in z-axis

r = radius of thefillet of shaft bottom

(2) Radia magnetic bearing force
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It is assumed that the radial stiffness of MB 1 (upper) and MB 2 (lower) are
identical.

The components of radial MB force along X-axis are

(Fkl)x =—ky (XCM + AX1) (23)
(sz)x = _kx (XCM +AX2) (24)

The components of radial MB force along Y-axis are

(Fk1X =-ky (YCM + AY1) (29)
(sz)v = _kv (YCM + AYz) (26)

Thus, in the fixed coordinate system, the force due to the stiffness of radial MB can be

represented as

(Fx]  [(Bs +(Fo)y
(Fk)v =y (Fa)y * (sz)/ (27)
(3 )z (Fa)z + (sz)z

Fihoe

By operating the transformation matrix [DCM] to the force vectors {F,,},., and
{Fis ), » respectively. Then, in the moving frame, the corresponding force vectors can

be represented as

(Fkl)x (Fk1)x

{Fkl}xyz: (Fkl)y =[DCM] (Fkl)Y (28)
( k1/z (Fkl)Z
(sz)x (sz)x

{FKZ}xyz: (sz)y =[DCM] (sz)y (29)
(Fk2)z (sz)z

The torque about O’ due to the stiffness of radial MB can be expressed as

T= l( Fld)yll +(Fk2)y|2Ji _[( Fkl)xll +(Fk2)x|2]j (30)
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where

/\ X1, /AXz = upper and lower MB displacement relative to the CM in the X direction

(these two variables can be further expressed in terms of the unknown

variables Eulerian angles)

/\Y1, /\Y2 = upper and lower MB displacement relative to the CM in the Y direction

(these two variables can be further expressed in terms of the unknown

variables Eulerian angles)
kx = radial MB stiffnessin X direction
ky = radia MB stiffnessin Y direction
(F)y» (F,), =upperandlower MB forcesin X direction
(Fu),. (F,), =upper and lower MB forcesin'Y direction
(F),. (F,), =upperandlower MBforcesinZ direction
(Fo), s (F,), = upper and lower MB forcesin x direction
(Fu),» (F.), =upperandlower MB forcesiny direction

(Fa),, (F.), =upper andlower MB forcesin z direction

l1 (I2) = axial distance between upper (lower) MB and CM of rotor (see Fig. 2- 3)

T, =torqueabout O”dueto radial MB stiffness

F. =radial MB force
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(3) Unbaance force

The unbalance force relative to the moving frame can be expressed as follows:

) | .
{Fe}xyz = (Fe)y = mél// Sn(l// tj (31)
@ .

By applying the inverse transformation [DCM] ™ to {F,}, ., in the XYZ coordinate

system, {F.},,, canbeexpressed as
(Fo)x (Fo)x
(Feher ={(R)y (= [DEM] ™ (R,), (32)
(Fe)Z (Fe)z

The torque about O’ due to unbaance forceisthen as
o2 . .2 .

T, =mey -Sin(l// tjlei —mey -Co{t//tjlej (33
where
t=time
m = mass unbalance of rotor
le=radial distance from the location of mass unbalance of rotor to CM (see Fig. 2- 3).
(F)y» (R)y, (F), =unbaanceforceinx,y, and zdirections
(F)y, (F)y, (F.), =unbaanceforceinX, Y, and Z directions
T, = torque about O’ due to mass unbalance

F. =unbaanceforce

e
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After performing the derivation of the external forces) F, ,> F,,and > F, in
equations (3)-(5) and torques »'T,, T, ,and ) T, inequations (6)-(8), the total
reaction force and torque can be determined by

2 F ={Fales el + Fdee (34)
ZT ={T, }Xyz +1{T, }xyz +{T, }xyz (35)
Thus, equations (3)-(8) can be rearranged as the following equation (37) because
D> Fand ) Taealintermsof Xcu, You, Zew, Eulerian angles, and their derivatives.

The demon friction force generated at the contact pivot point leads the system of
equations to be highly nonlinear. Particul arly, each of the two parameters will be known,
only if the other one of them-is given. Thus, an iteration procedure was developed by
Wang et a. [27] in order to determine these two parameters.

It is not difficult to reduce the above second-order differential equations to a set of
coupled first-order differential equations by defining a set of new variables, g, Qo,...,

and g;», and they are defined as follows.
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(37)

Referring to the fourth-order Runge-Kutta formula, the RK4 approximation of {Q(t,.,)}

can be given by the following equations:

QU= QU+ 5 1, 20K, 20K+ K,
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t,=t+At (39

where
Ko} =it 4 ) (o)
kb= oafv( 5 a0+ 31 @)
NN | -
e ma i) -

where subscript i and At are the time at i-th instant and step size of time increment,

respectively. Thus, the next value {Q(t;;)} is determined by the current value {Q(t;)}

plus the product of ..the _interval At 'aad an caculated Slope

L, 2l 20, ).

To investigate the dynamic characteristics of the MB motor, a physical model of the
MB is used. Each of the MBs is represented in terms of stiffness and damping
coefficients k and c. In order to smplify the model, the cross-coupled stiffness
coefficientsareignored. The modeling parameters for solving the ordinary differentia

equations mentioned above are listed in Table 2- 1.
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Fig. 2- 1 Schematic structure of the magnetic bearing motor.
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Fig. 2- 2 Frames of reference.
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A
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Fig. 2- 3 Geometry of the rotor
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Table 2- 1 Parameters of the MB motor

Rotor mass, (kg)

Polar moment inertia, (kg-m?)
Transverse moment of inertia, (kg-m?)
Rotational speed of rotor, (Hz)
Friction coefficient thrust plate, (-)
Axial preload force, (N)

Clearance, (m)

Radial stiffness of MB, (N/m)
Damping coefficient of MB, (N-s/m)
Damping ratio of the system, (-)

Mass unbalance of rotor, (kg-m)

0.071

2.092x10°
1.254x10°

60.5

0.01
1.887
5x10°*
1548

0

0.0655
0.10x10°

2.2 Proceduresfor prototyping the MB

As described in section 2.1, the mentioned MB prototype has been carried out using

a developed procedure which will be thoroughly addressed in the following.

Finite element analysis was used to analyze the magnetic force of the magnetic

bearing motor. To design a stable magnetic bearing motor system, there are three terms

should be considered.

First, in the static state, the system should be stabilized in all axes when the rotor is
tilted at a critical angle defined as © along the x-axis. Due to the geometry constraints of
the radial air gap is 500 um and the desired radia run-out should be smaller than 75 pm

(peak). The force analysis is considered, in the critical condition when the © is equal

to 1° shown as Fig. 2- 4(b).
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O =

(a) (b)

Fig. 2- 4 (a) Rotor istilted at a critical angle 0° about positive x-axis. (b) Rotor istilted
at acritical angle 1° about positive x-axis.

The restoring torque about y-axis was defined as Ty and the axial force was defined
as F,. The 3D full model of the finite element analysis was constructed to compute these
parameters, as shown in Fig. 2- 4. For each variation of the axia displacement defined
as Dz (When the surface A of the inner annular magnet is lower than the surface B of
the outer one along the positive z-axis, it was specified with D, > 0) of inner and outer
magnetic annular rings, the rotor was rotated 1° about the y-axis. Then Ty and F, were
calculated and shown as Table 2- 2. It was clear that the state of the system with 0 < D,

< 3x10*m was stable.

33



Y oke
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Fig. 2- 5 3D solid model mesh of the magnetic bearing motor.

Table 2- 2 Tyand F, versus various D,.

D (10°m) T, (Nm) F, (N) State
- 10 - 0.01658 2420  Unstable

0 - 001525 - 1.997 Stable

10 - 001219 - 4.086 Stable

20 - 0.00788 - 5.719 Stable

30 - 0.00487 - 7.070 Stable

Secondly, in the dynamic state, the system should be stabilized in all axes when the
rotor is loading the unbalance 9.8x10® Nm, rotated in the rated speed 3840 rpm and the

centrifugal force 0.1617N is generated. For supporting the dynamic load (0.1617N), the
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radial magnetic force is considered two times as it. That is equivaent to 0.3234N. The
target of the radial run-out was supposed to be lower than 150 pm (peak to peak) in this
prototype. To achieve the stable zone of D,, whenever the radial displacement was
greater than 75 pm, the radial force must be greater than 0.3234 N. Approach to this
computation of radial force of the development system, the stator was fixed and the
rotor was shifted along the positive x-axis as the following five different positions, O,
1x10* m, 2x10™* m, 3x10* m, 4x10* m and 4.9x10* m for each D, Three relative
positions of magnetic inner and outer ring were shown as Fig. 2- 5, in which Fig. 2- 5
(ar1) showed the radia displacement of the rotor along positive x-axis was 0. Fig. 2- 5
(a-2) showed the displacement of the rotor along positive x-axis was 3x10* m. And Fig.

2- 5 (a-3) showed the radial displacement of the rotor along positive x-axis was 4.9x10™

From these locations, arrangement of the rotor and stator, the radial force could be
obtained as a function of the radia displacement during the force calculation. In order to
analyze the radial force as a function of radial displacement at various D, values, the
variation of Dy, is chosen as follows 0, 1x10* m, 2x10™* m, 3x10* m, and 4x10* m.
And its 3D structure distribution at D, = 0 was shown as Fig. 2- 6, in which, ©, @, ®
and @ showed upper magnetic outer ring, lower magnetic outer ring, upper magnetic

inner ring, lower magnetic inner ring, respectively. The rotor was shifted along negative
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axis. Both in Fig. 2- 5 and Fig. 2- 6 only the magnetic inner and outer rings were
demonstrated.

Both radia force and axial force were known, and then the stiffness of the magnetic
bearing is perfectly determined. Because of the axia symmetry and the magnetic
bearings made exclusively of permanent magnets, the axial stiffness is twice as radial
stiffness according to Earnshaw’s theorem [7].

After computations were performed, we found the value of radia force for each
radia displacement. And the radia force as a function of D, could be obtained. Also,
use the same process for F, as.a function of radial displacement was calculated. The
final results were presented in Fig. 2- 8 (a) and Fig. 2- 8 (b). Fig. 2- 8 (a) shows the
radial force as a function of radial. displacement of the rotor. The radial forceis linearly
proportional to radial displacement at D,, = 0. Also as the D,, = 1x10* m, 2x10* m,
3x10* m, and 4x10™* m, the radia force versus radia displacement have the same
characteristic, except the radial displacement is greater than 4x10* m. Graphically the
equation Fr = - 0.3234 N and radial displacement = 75 um give two lines A and B, as
shown in Fig. 2- 8 (a). It is manifest that in the fourth quadrant of line A crosses line B,
the Fr is greater than the rated |load whenever the radia displacement is greater than 75
um. From the data analysis of radial force and the results of Table 2- 2, it indicates that

the stable zone of D,, is between 0 and 3x10™ m. The rotor can be levitated in the radial
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direction without any frictional contact when the radia run-out (peak to peak) is less
than 150 um. Fig. 2- 8 (b) shows the axial force as a function of radial displacement of
rotor. The number of axial force at D, = 0 was around zero from radia displacement =
0 to 4.9x10™ m. For a fixed value of D, the axial force rose slowly in the same radial
displacement scope. For a fixed value of radia displacement of rotor, the axia force
increased with increasing D,,. The axial force of the magnetic bearing motor with radial

displacement = 4.9x10™* m increase from O N for D,,=0to - 6.543 N for D, = 4x10™

Thirdly, the axial force of the development system should be controlled under a
proper value. The upper limit of thisscope could be decided by two constraints. One is
the friction torque produced by the MB system in the dynamic state has to smaller than
the ball bearing one. The other is the capacity of the thrust plate, with loading capacity
defined as P, which must be smaller than:10000kg/m?, the maximum speed defined as V,
which must be smaller than 7 m/sec, and the capacity of PxV value must be smaller
than 1000 kg/(m-sec) (The coefficient of kinetic friction 0.08). Referring to the friction
loss of ball bearing type spindle motor as shown in Fig. 2- 9, the cross points were the
data of measurement. After curve fitting of these data points the friction equation was
obtained. And it shows that friction torque is 4.209x10* Nm at the speed 3840 rpm.
Then the upper limit of the axial load is equal to 10.388 N.

Suppose one third in diameter of shaft is contacted with the thrust plate. Then the V
1S 0.2037 m/sec and the upper limit of magnetic bearing axia forceis 7.904N. From the
results of calculated value, it follows that the final limit value of the axial force should

be controlled smaller than 7.904N. It shows that in the stable zone of D,, mentioned
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above, the development system has the lower friction than the ball bearing type one.

Magnetic outer ring

Magnetic inner ring
(a1) (a2) (a3)

Fig. 2- 6 2D top view of relative location of the rotor and stator.
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2.3 Experiment

An accelerometer with a resolution of 1.6x10* G was attached to the rotor in the
radia direction while an impulse shock was given to initiate free vibration of the rotor,
and the time response of the rotor vibration was detected and recorded. The
corresponding frequency spectrum of the radial runout (RRO) can be determined by fast
Fourier transform (FFT). Accordingly, the damping ratio ¢ was experimentaly
determined using the genera formulation &=d/(wntg), Where o is the logarithmic
decrement, the definition of which is the ratio of any two successive amplitude peak
values of the response curve in the time domain; z4 1S the time between these two peaks,
and a, is the natural frequency of the rotor. In addition, the natural frequency of the
rotor can be identified from the mentioned frequency spectrum curve of the rotor; this
frequency was also confirmed by implementing the well known sine sweep method.
Since an infinitessmal motion is imposed on the rotor, it is believed that the system can
be approximated as a one-dimensional force free oscillation of a second-order model.

Thus, it is possible to calculate the unknown parameters of the system: ¢ =2maw,, the
critical damping coefficient; c=&c,, the damping coefficient; and k = me?, the radia
stiffness coefficient of the MB. While the motor was spun at the desired speed, a
high-accuracy laser displacement sensor with a resolution of 0.5 pm was used to

measure the RRO. The testing plan was constructed shown as Fig. 2- 10. The laser beam,
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emitted from the transmitter and reflected by the surface of the yoke bush, was received
by the detector, and the signal was processed by a spectrum anayzer which was
connected to the testing circuit. A personal computer (PC) was connected to both the
driver of the laser sensor and the spectrum analyzer in order to completing the
post-processing of the signals. Thus, the evolution of the responses in the time and

frequency domains was collected and recorded.

Laser displacement sensor

Yoke bush
v Spectrum
analyzer
MB motor |
Driver
MB motor [
controller
—‘—‘ Interface card
: Base ]
Power
supply Insulated table pPC

Fig. 2- 10 Sketch of test rig for the measurement of RRO

2.4 Results and discussion

Fig. 2- 11 shows the free oscillation motion of the rotor, of which the time and

frequency spectrum of the radial vibration is demonstrated. From the calculation, it can

be seen that the radia stiffness and the damping ratio of the system and the natural



frequency of the rotor are 1548 N/m, 0.0655 and 23.5 Hz, respectively. Fig. 2- 12

displays the experimenta curve for the RRO measurement in the time and frequency

domains. Comparing the results of Fig. 2- 12 (a) and Fig. 2- 12 (b), the ssimulated RRO

of 56 um has a good agreement with the experimental one of 60 um. In addition, the

spectral analysis of the RRO of the yoke bush, the magnitude of which is dominated by

the 1X component, where X (60.5 Hz) designates the rotational frequency of the motor,

and the primary 1X RRO harmonic in magnitude indicate that the mass unbalance of the

rotor is the main contributor to the RRO because the force profile of the unbalance

repeats every revolution; nevertheless, it can be found that 2X and 3X amplitudes exist

in the experimental frequency spectrum curve. Since the ratio of pole number to slot

number of the designed motor is 4:4, these frequency. components could be seen as

resulting from the unbalanced magnetic force [28]-[29], which is not considered in the

proposed model. By considering the parameters of the MB motor listed in Table I, the

differential equations can be numerically solved by the developed computer code. The

corresponding three-dimensional tragjectories of the rotor under three different rotational

speeds, 3000, 4500, and 6000 rpm, are shown in Fig. 2- 13, in which the top and bottom

loci are the locations of the yoke bush and shaft bottom, respectively; the related RROs

for the yoke bush are 64, 51, and 47um, respectively. After the coordinate

transformation between the body and fixed coordinates is performed, the 3D trgectory
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can be generated, demonstrating that the working mode of the dynamic rotor is in
cylindrical in nature. It is clear that both the RROs of the shaft bottom and the yoke
bush are close to each other for each trgectory, meaning that there is no contact
between the rotor and the stator; furthermore, an increased rotational speed resultsin a
decreased RRO, suggesting that the gyroscopic effect is active; aso, this effect is
experimentally observed.

Mass unbalance caused by the rotor’s centre of mass not coinciding with the centre
of rotation will lead to the most common unbalance force, which is in the form of
centrifugal force, and the magnitude of this force will increase by the square of rotation
speed of arotor multiplies therotor mass unbaance. Fig. 2- 14 shows simulation results
of the mass unbalance effect, while the motor-was spun at the speed of 3000 rpm with a
mass unbalance of the rotor 0.1x10”° kg-m, and other parameters of the motor are shown
as Table I. Fig. 2- 14 (a) represents the RRO of radia surface (see Fig. 2- 10) of the
yoke bush along X and Y axes, and Fig. 2- 14 (b) shows the corresponding 3D loci of
the dynamic rotor. The RROx and RROy designate the RRO aong X and Y axes,
respectively, i.e, RRO = [(RROx)*+(RROy)?*>. The RRO in time and frequency
domains with regards to Fig. 2- 14 (a) are demonstrated in Fig. 2- 14 (c) and Fig. 2- 14
(d), respectively. Obviously, the amplitude of the RRO is sensitively affected by the

magnitude of 1X RRO harmonic, i.e., the mass unbalance is the main contribution to the
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RRO. The comparison of simulated different mass unbalance 0.1x10°, 0.2x10° , and
0.3x10° kg:m at the rotation speed of 3000 rpm are represented in Fig. 2- 15. While the
above mentioned mass unbal ances were applied to the rotor, the RROs of the yoke bush
are40.2, 87.4, and 134.0 um, respectively. The RRO isroughly proportional to the mass
unbalance, and this reveal s that the validation the proposed model.

Fig. 2- 16 shows the comparison of the friction torque for the proposed MB and
conventional ball bearing motors. For examination of the torque loss due to these two
bearing types, without altering the mechanical, magnetic, and electrical properties of the
motor, the MB was replaced with two conventional ball bearings, and the friction torque
was measured by atorque meter.

The torque meter with maximum capacity of 5x10 Nm and an accuracy of 10° Nm
was used to measure the friction torque loss of magnetic motor and ball bearing motor.
The method of measuring friction torque loss generated by the objective motor was that
the motor’s rotor was coupled to the shaft of the torque meter, then the motor was
rotated by the torque meter to the expected four speeds 3000, 4000, 5000 and 6000 rpm.
The torque loss caused by un-centering of the coupling had to be accounted. And the
friction torque loss as a function of the speed was obtained.

The torque losses of both motor types linearly increase with respect to the increased

rotational speed of the spindle; nevertheless, the MB motor exhibits a lower friction
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Chapter 3

Damping effect

3.1 Introduction

Passive MBs is one of the solutions to achieve low noise and long life span of the
spindle motors that are applied in the data storage disk drives such as HDD and DVD
devices. Few researchers have taken into account the effects due to motor design, and
treated both the MB and motor as:awhole system when developing the MBs [30]-[33].
For example, the magnetic flux density resulting from-the permanent magnet of the
motor may couple with the MB’s one. -However, the magnetic bearing system has a
disadvantage that is a lack of damping. Therefore, in the spindle motor systems which
support on these bearings can be expected likewise to show very small damping. This
condition is revealed by very large amplitudes as rotors transverse their critical speeds,
great sensitivity to unbalances conditions and poor resistance to instability. There are
some methods [ 34]-[40] for introducing damping into passive magnetic bearing systems
by using a resilient material. In general, these configurations rely on constructing an
intermediate housing that is supported by a ball between the rotor and stator. The
damping material is positioned between the housing and the stator. Due to the housing

that is added to system complexity and it causes a reduction in the resonant frequency.
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In addition, the stiffness and damping are coupled. In this study, an innovative damping

induced by a magnetic force isinvestigated for the magnetic bearing motor systems.

3.2 Design and simulation

Fig. 3- 1 shows the configurations of the magnetic bearing motor. The ratio of slot
number to pole number is 4: 4. The radia air gap between the stator and the rotor was
fixed to 7x10* m. A Baferrite ring with inner diameter of 3.14x10?m, axia length of
1.34x102 m, and outer diameter of 3.94x102 m were used for the magnetic rotor.
Outside of the Baferrite ring, an.iron yoke with.outer diameter of 4.1x102 m was
attached. The magnetic bearing spindle motor was designed under the conditions of the
rated speed is 3840 rpm. Two permanent magnetic annular magnetic rings were
mounted on a shaft and two annular magnetic rings were mounted on a stator. The shaft
bottom contacted the thrust plate. The magnet geometry has been optimized in order to
increase the restoring force in radial direction. NdFeB magnets with (BH)max of 45
MGOe were used. The dimensions of the rotating and stationary magnets are as follows.
The OD of the rotating magnet is 6x10° m and the ID is 3x10° m. The stationary
magnet OD is 1x10° m and ID is 7x10° m. The thickness of magnet used in both
rotor and stator is 4x10° m. The rotating and stationary magnets had a slight 5x10“% m

radial ar gap. Both rotating and stationary magnets had the same magnetization
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direction along axia axis. The axial distance between upper magnetic bearing and lower

oneis7.5x10° m.

M agnetic bearing Shaft

Ve Y oke

Spacer M agnet

Stator

PCB

Thrug plate
Rubber pad

Magnetic ring

Fig. 3- 1. Magnetic bearing motor.

In order to improve the damping of the magnetic bearing motors, a novel
configuration has been designed. The damping device is comprised of a magnetic ring
with high permeability and an annular rubber pad (the damping is0.2 N - s/m), whichis
attached to the stator. It has the same outer and inner diameters with the permanent
magnet of the motor and is 0.55 mm below it. The undesired rotor vibration forces are
transmitted from the rotor permanent magnet through the magnetic field. The resistance
of the rubber pad to the vibrations results in frictional forces, thus dissipating the

vibration energy.
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The damping ratio & is chosen as an index to evaluate the improvement of the
damping. The static state of the rotor is considered. To carry out the analytic analysis
easily, the simplified model is assumed as shown in Fig. 3- 2. It shows the rotor
supported by two magnetic bearings. Suppose that the rotor can do the translation and
rotation motions in only one degree of freedom. The damping can be adjusted by
varying the materia of the rubber pad. And the thrust plate is frictionless. Refer to the

Newton’s second law, a mass distribution m the equation of motion is as following.

M+ (k, + k,) X+ (o, — kl)B+ (C, + )%+ (c.l, — )0 = 0 (44)

30 + (K, — ki) x+ (ol F + KiIF)O (Sl ~ gl) X (el +¢l7)0 =0 (45)

Each of the two magnetic bearings is linked to an elasticity and damping
parameter k and c, respectively with the index 1 and 2. The |, and |, represent the length
from the position of the center of mass to the lower and upper magnetic bearing. The x
denotes the displacement for the ssmplified case of trandation displacement along the
x-axis. 0 is the angle of the rotor rotated about the center of mass position relative to the

y-axis.
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Fig. 3- 2. The simplified physical model of the magnetic bearing motor system.

Finite element analysis (FEA) was used to-anayze the magnetic force of the
magnetic bearing motor. Approach to this computation of radial force of the
development system, the stator was fixed and the rotor was shifted along the positive
x-axis as the following five different positions, 0, 1x10* m, 2x10* m, 3x10* m, 4x10*
m and 4.9x10* m. Three relative positions of magnetic inner and outer ring were shown
in Fig. 2- 6. Since radial force was known and then the radial stiffness 1288 N/m of the
magnetic bearing is perfectly determined. The B-H curves, namely 35AH440, spcc,
ferrite, and N45, for the elements used in the system, i.e., stator, yoke, magnet, and M B,

areshown asFig. 3- 3— Fig. 3- 6.
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3.3 Experimental testing

For measuring the damping ratio, a miniature hammer is included in this testing
system. When magnetic motor was in its static state, an accelerometer was attached to

the rotor in the radial direction. The hammer gave an impact shock in radial direction of
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the rotor as the input driving force and the rotor of the magnetic bearing motor was
excited and vibrated. The radia acceleration of the rotor was measured by using the
accelerometer and the time response of the rotor was recorded. By using the FFT (Fast
Fourier Transform), the frequency domain of the radia run-out could be obtained. From
the frequency impulse method the damping ratio £ was calculated by the general
equation, & = 8wy 9. The 6 was equal to In(xi/xz), where the x; and x, were the peaks

amplitudes chosen from the time response profile.

3.4 Results and discussion

Fig. 3- 7 shows the time response and frequency spectrum without the damping
device from the experiment. Without the damping device; the damping ratio measured is
0.0655. From the experiment data it.indicates that the natural frequency of origina
magnetic bearing motor is 23.5 Hz. To perform the calculating of the damping ratio
with the damping device, the values of parameters as following are considered.
Damping ¢ = 0.2 N + §/m was chosen, |; = 7.85x10° m, |, = 3.65 x10° m, ¢1 = ¢, = 0.2
N - s/m, k; = k,=1288 N/m, m = 7.1x10? kg. Then the differential equation (1) and (2)
was solved. According to the same parameters that are used in the analytical analysis,
the experiment was performed. The damping ratio of the experimental and analytical
model is 0.1401 and 0.1170 respectively. It has the same significant levels of passive

radial damping.
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Both the results obtained from the two methods in damping ratio are greater than

0.1. The corresponding natural frequencies are 21.75 Hz and 19 Hz respectively. It has

the same agreement in damping ratio and the natural frequency. The system resonance

is avoided. Because of the rated speed is around 64 Hz, and the experimental and

analytical model data in natura frequency is 42.25 Hz and 45 Hz below 64 Hz

respectively. Fig. 3- 8 shows the time response and frequency spectrum with the
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damping device from the experiment. The damping device applied in the developed
magnetic bearing system, the ratio in damping ratio of our device to original device is

214 %.
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Fig. 3- 8. (a) Time response and (b) Frequency spectrum with damping device.
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Chapter 4

Effect of bias-magnetic force

4.1 Preview

Passive MB motors present good potential for using in high efficiency, low power
consumption, and extremely high speed devices such as hard disk drive spindle motors
[41], polygon motors [42]-[43], optical disc drives, and fan motors [44]-[45] etc. In the
design of the MB motor, it is crucial to design adequate axia stiffness of the MB for
maintaining the minimum mechanical friction loss below a specified level and for
minimizing the radia vibration _due to the dynamic rotor system. However, many
studies [46]-[47] have been focused on'the MB motor design, but little research [48] has
been done on the reduction of the radial vibration by considering the control of the axial
force.

In this paper the axial forces composed of the preload, wind force, and
biassmagnetic force are reported by both finite element analysis (FEA) and
experimental measurement. The variation of radial vibration of the developed spindle

motor is determined as a function of the effectiveness of axial force.

4.2 Design and for ce calculation

Fig. 4- 1 shows the MB motor with a bias magnet. The motor consists of a spindle
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motor, a MB system, a PCB, and a Base. The motor has 4 slots and 4 poles. The radial
air gap between the stator and magnet made of Ba-ferrite with an inner radius of 1.57 x
10 m, axia length of 1.34 x 102 m, and aradial thickness of 2 x 10° m is designed to
be 7 x 10 m. Outside the ferrite ring an iron yoke with aradial thickness of 8 x 10* m
is mounted. The principle electrical parameters for the MB motor are 3720 rpm under a
current of 0.27 A. The MB system consists of two MB units assembled in lower and
upper end of the shaft, and separated by an axia length of 7.5 x 10 m. Each unit
designed with aradial air gap of 5x 10 m and bearing length of 4 x 10 m consists of
one inner and outer ring magnet made of Nd-Fe-B with (BH)ma of 45 MGOes, and
magnetized in the same axial direction along the shaft. - The inner ring with an inner
diameter of 3 x 10° m is rotated with the shaft,-and the outer one is fixed on the stator.
Both of these two rings are designed with the identical radial thickness of 1.5 x 10° m.
In order to generate the adequate radia restoring force to support the radia load, the
geometry of the MB system has been optimal designed. Therefore, the MB can stably
maintain the slight radial air gap between the rotating and stationary parts of the motor.
However, to avoid the inherent stability problem [49], a single conjunctive pivot point is
employed between the shaft and the thrust plate.

The novel bias-magnet made of (BH)max 0f 33 MGOes with an outer diameter of 3.09

x 10* m, inner diameter of 6 x 10° m, and axial length of 7 x 10 m is employed above
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the motor as a dynamic vibration absorber [50]. The B-H curve of the bias-magnet is
shown as Fig. 4- 2.

To calculate these axial forces, FEA software of MAGNET 6.18 is applied. First, the
estimation of downward force. This force, called preload, is the axia force generated
due to the offset axis displacement between the stator and magnet. Also, the offset axis
displacement between the inner and outer ring of the MB unit contributes to it (see Fig.
4- 1). To compute the force, the rotor is shifted aong the negative z axis with a
displacement interval of 5 x 10 m when the Dz ranges from zero (the balanced position)
to 4 x 10 m. The Dz is the axial ‘gap between the lateral axis of the inner and outer ring
magnet of the MB unit (see enlargement top left in Fig. 4-1). After performing the FEA
calculation, the preload as a function of the Dz can be gained. Second, the computation
of upward force. This force consists of bias-magnetic force and wind force. For
determining the bias-magnetic force, the bias magnet with the same axis of the shaft is
arranged above the MB motor, and the axial distance from the top surface of the shaft to
the bottom surface of the bias magnet corresponds to Dys (See Fig. 4- 3). When the Dy
ranges from 1.77 x 10 to 5.27 x 10 m, the bias magnet is shifted along the positive Z
axis with a displacement interval of 5 x 10 m, so the bias-magnetic force varies with
the Dy is successfully estimated subtracting the net axia force from preload. The wind

force is determined by experimenta approach, and supposed to be independent of the
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Dz or Dys. Since the downward and upward forces are estimated, the calculation of the

net axial force of the proposed system in dynamic state can be completely performed.

4.3 Experiment and results

Fig. 4- 3 shows the configuration of the test set-up for the axia force measurement.
The MB motor supported by a load shaft with a single conjunction point is fixed on a
base B that is tightly fixed to a base A. The load shaft is locked to aload cell used to
measure the axia force, and fixed to a z stage. For applying a bias-magnetic force to the
motor, the bias magnet is fixed to amicrometer locked to a xy table. Then the table is
assembled to a base B. The running speed-and current of the motor are collected from
power supply and RPM meter, respectively. After the desired forces are completely
measured, the MB motor is re-assembled with a base, and an accelerometer is attached
to the base of the motor in the radial direction to record the radial vibration.

The mean value of measured wind force of the motor is around 0.596 N upward. The
predicted preload of the motor is compared with experimental preload, as shown in Fig.
4- 4(@). Fig. 4- 4(b) displays the comparison of predicted net axial force of the motor
in dynamic state with experimental net axial force. Since these three axial forces
discussed above are determined, the bias-magnetic force of the motor can be
successfully cal culated deducting the wind force and preload from the net axial force, as

shown in Fig. 4- 4(c). For effectively achieving the radial vibration reduction of the
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motor, the distribution of the bias-magnetic force as a function of the Dys is specially
designed, so the frequency of the bias magnet can be exactly tuned to the same
frequency as the rated speed of the MB motor. To get the profiles, Fig. 4- 4(b) and Fig.
4- 4(c), the Dz of the motor is set a 3 x 10 m. The above results reveal that predicted
axial forces, the net axial and bias-magnetic forces, have the good agreement with the
experimental data. This suggests that the FEA could be considered utilizing in the
prediction of the key axial forces, essentialy affecting the radial vibration of the
developed MB motor. For evaluating the bias-magnetic force effect under the case of
the varied preload of the MB motor, the net axial force of the motor in rotating state is
measured corresponding to different positions of Dz, the initial and end positions are 1.5
x 10 and 4 x 10™* m, respectively, and the sampling interval between the two positions
is5x 10° m, as shown in Fig. 4- 4(d).

Without the bias-magnetic force, the radia vibration of the motor is probed as Dz is
in three different positions, 2 x 10, 3 x 10, and 4 x 10* m, as shown in Fig. 4- 5. The
related net axial forces of these three concerned positions are -2.981, -4.804, and -6.803
N, respectively. The distribution of the radia vibration as a function of the net axial
force indicates that the radial vibration is decreased when the net axial force is
increased.

However, when the bias-magnetic force is applied to the MB motor, the radial
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vibration of the motor can be sharply diminished, as shown in Fig. 4- 6. To investigate
the behavior of bias-magnetic force in reducing the radial vibration of the MB motor,
the Dz is fixed at three selected positions, 2 x 10, 3 x 10, and 4 x 10 m, then the
bias-magnetic force is applied to each condition; however, the point with the maximum
net axial force of each individual curveisin the case of the proposed motor without the
bias-magnetic force. According to the discussion of the Fig. 4- 5, normally, the decrease
of the net axial force of the MB motor will result in increasing the radial vibration of the
motor; however, there exists three local minimum radial vibrations of the MB motor as
the net axial force is gradually ‘decreased in each curve (see Fig. 4- 6). This
demonstrates that the proper bias-magnetic force distributions generating the exact axia
stiffness to make the natural frequency of the bias magnet equivaent to the rotating
speed of the MB motor are significantly useful for reducing the radia vibration of the
motor. When the motor is operated, and generates these three minimum radial vibration
waveforms, each of these dominant magnitudes in frequency domain corresponding to
the waveforms shows the same frequency with the rated rotationa speed, 62 Hz, as
shown in Fig. 4- 7. Fig. 4- 8(b) shows that the time response of the local optimal radial
vibration of the MB motor operated with the bias-magnetic force of 0.539 N and the net
axia force of -6.735 N is around 0.197 g (peak-peak), and the ratio in the radid

vibration of the MB motor under this condition to the one eliminating the bias force
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shown in Fig. 4- 8(a) isaround 89 percent, and it saves around 0.24 W of driving power.
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Fig. 4- 1. The schematic of the MB motor with a bias magnet.
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Chapter 5

Design of a scaled-down M B motor for
portabledisk drives

5.1 Preview

To achieve the low cost, smple, and high density in the trend of the optical data
storage drives, the most important issue is to obtain the high performance key elements
of the drives. To develop these new micro optical drives, recently, few papers have
focused on the key components of. SFFO drives [50]+[53], such as optical actuators, try
to improve the performances of miniature optical devices by applying the novel
magnetic circuit designs [54| due to the advantage of these designs that result in
producing magnetic force without ‘any contact between two objective components and
this may lead to low friction loss, long life-span and high speed micro motors
successfully.

Severa researchers have been focused on the magnetic bearing design [55]-[56] to
decrease the torque loss of a motor, but no work has been done on the miniature
magnetic bearing development. The magnetic bearing may be a good approach of
challenging the tribology, the elimination of the friction loss, which dominated the
mechanical friction torque loss in the spindles. However, the additional magnetic

bearing to be constructed in a micro motor will induce the magnetic coupling effect
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between the stator and rotor that may increase the cogging torque [57]-[62] of the
motor.

The main purpose of this paper is to design a simple and compact MMB motor with
the well control dragging-torque that achieves the low friction loss for using in a

miniature optical drive.

5.2 Configuration of the MM B system

The developed MM B motor was constructed by replacing the two micro ball bearings
of a conventional BLDC 3 phase MBB motor with unbalance 0.002 g-cm. The origina
motor had the rated speed 1850 rpm-and current 0.18 Amp. The slot number and pole
number were 12 and 9 respectively. The configuration of the MMB isshown in Fig. 5- 1.
The micro motor consisted of a rotor and stator. The shaft that had a pivot point
contacted with the thrust plate was located in the center of the motor. The MQ ring was
fixed at the lower end of the shaft and aradial air gap 0.2 mm was assigned between the
stator and rotor. The B-H curve of the MQ is shown as Fig. 5- 2.The outer diameter,
inner diameter and high of this ring were 9.4, 7 and 1.5 mm. The yoke with outer
diameter 9.8 mm high and high 0.4 mm was attached below this ring. The proposed
MMB system was composed of an inner and outer annular permanent magnetic ring that
was made of NdFeB N45. The outer, inner diameter and height of the inner ring were 4,

1 and 3.6 mm; those for the outer ring were 8, 5 and 3.6 mm respectively. Each of these
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two rings contained the two same sub magnetic rings that were provided with

anti-parallel magnetization directions aong the axial-axis.

5.3 Design and analysis

For identifying the proposed system, the magnetic forces were calculated by applying
the Maxwell stress method, according to the govern equation of magnetic field that is
Maxwell’s equation. To perform these calculations, the FEA software Magnet 6.18 was
used. The 3D half model of the design motor shown in Fig. 5- 3 was provided with the
number of tetrahedral 252987.

To design a stable micro magnetic bearing system, there were three main subjects that
must be considered. These subjects were as follows. (1) Static stable state. (2) Dynamic
stable state. (3) Well-controlled axial-force. First, to achieve the static stable state, the
system must induce the enough restoring torque when it suffered an additional tilt
torque. Suppose that the shaft was tilted at an angle theta, relative to the pivot point, in
the clockwise direction along the positive y-axis refer to the coordinate system in Fig. 5-
3. Since it was acritical condition when the theta was 2 degree, the principle parameters
that were sensitive to the stable state of the proposed system were estimated when the
theta was chosen to this value. To analyze the distribution profile of the restoring torque
Ty, the fluctuation of the Ty due to the axial gap Zgyp and the rotation angle was

calculated as shown in Fig. 5- 4. The Zg,, was positive when outer one higher than inner
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one magnetic ring of the MMB in positive axia direction. The initial rotation angle
between the rotor and stator is shown in Fig. 5- 5. The Fig. 5- 4 revealed that the stable
region of the micro magnetic bearing system appeared when the Zgy,, ranged from 0.1 to
0.3 mm.

Second, to obtain the dynamic stable state, the develop bearing must generate the
enough radial restoring force which was two times the radial loading at the rated speed
and this was referred to our laboratory data base. For the radial run-out (RRO) of this
prototype was assigned to 10um (peak), the restoring force must greater than 7.506x10™
N. This corresponding RRO-constrain the tilt angle was 0.0785 degree and the desired
RRO could be maintained according to the FEA estimation of magnetic radial forces
that were -0.02956 and -0.02215 N when the Zg,, were 0.1 and 0.3 mm respectively. To
verify the dynamic stable state could be maintained under the magnetic coupling effect,
the restoring radial force changed due to the rotation angle and Zys, was calculated as
shown in Fig. 5- 6. It is manifest that the restoring force is high enough to resist the
radial loading force when the Zg,, are operated between 0.1 and 0.3 mm. This
guarantees that the target RRO could be satisfied and the system could be stable in the
dynamic state.

Third, for achieving the well-controlled axial force, four constrains should be

specified asfollows. P < 10° kg/m?, V < 7 m/sec, PxV < 10° kg/(m-sec) and the target
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friction loss < 2.926x10"* Nm. The first three and the last items were constrained due to
the specification of the thrust plate and the desired friction loss must be lower than the
MBB type motor respectively. According to these considerations, the corresponding
final axia force criterion that must be smaller than 5.081 N was decided. The
calculation shows that the axial force varies with the rotation angle steadily for each
chosen Zgy (0.1, 0.2 and 0.3 mm) and each maximum value of these axial forces is
smaller than 5.081 N when the Z g, ranges from 0.1 to 0.3 mm and the maximum goes
from 1.339 to 3.599 N.

Refer to earlier mention that it is manifest that the restoring torque and radia force
are not highly related to the variation of the rotation angle, but the friction loss is.
According to FEM estimation the friction loss due to.the magnetic axia force is shown
inthe Fig. 5- 7. Fig. 5- 8 shows the original cogging torque represented by crosses, after
the magnetic bearing system was assembled into the motor, the cogging torque was
increased and deformed to the dragging-torque curves when Zyy, = 0~0.3 mm, i.e, the
dragging-torque is equivalent to the friction loss plus the cogging torque. However, the
absolute peak values of these profiles were well controlled smaller than 1.93x10* Nm.

It was assumed that the thrust plate contacted with the shaft in 1/4 times the shaft
diameter. The kinetic friction coefficient of the thrust plate was 0.06. The total friction

loss caused by the MM B was equivalent to the friction loss contributed by the magnetic
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axia force added by the dragging torque, then the total friction torque loss (peak)
generated by the MMB were -1.16x10%, -1.49x10* -1.73x10* and -1.93x10* Nm
when the Zgy, were 0, 0.1, 0.2, and 0.3 mm respectively. This leads to that design motor

has the lower friction loss than the MBB type perfectly.

5.4 Experiment

Based on the analytical simulation that the stable state of the MMB motor appears
when the Zgy, = 0.1, 0.2 and 0.3 mm. During this region, the experimental data of the
MMB motor shows that motor speed > 1850 rpm and the running current <0.18 A
and thisis consisted with the prediction. Asthe Zgy, = 0.2 mm, the total friction loss and
radial vibration of the MMB motor were measured and represented in the following.

To measure the friction loss of a-micro motor, the motor was operated at various
constant speeds, then the friction loss was equivalent to the running current times the
torque constant of the motor. The torque loss varies with the speed are shown in Fig. 5-
9. It is apparently that the MMB motor had a lower friction loss than ball bearing type.
For observing the radia vibration of the micro motor, the motor was fixed to afreetable,
an accelerometer was attached to the motor in the radia direction and a spectrum
analyzer was employed to detect the output signal of the accelerometer. The time
response signals were probed as shown in Fig. 5- 10, when the rotor was rotated at the

speed around 1850 rpm and running current around 0.18 Amp. The radia vibration
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(peak-peak) of MBB and MMB motor were 5.954 mG and 4.668 mG, respectively.

Shaft

M agnetic bearing

\
Yoke N——Thrust plae

Fig. 5- 1. The micro magnetic bearing.motor.
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Chapter 6

Axial vibration study of a mobile fan
motor

6.1 Introduction

A mobile fan motor for use in portable devices such as cell phones, ultra-mobile PCs,
and mobile internet devices must be designed with low power consumption, low noise,
and low vibration. Since the small fan isused for cooling the main digital signal
processor chips or other integrated circuits, large vibration of the fan may become
confused with an intentional vibration indicating a paging signal. So, idealy, the
vibration should be reduced as much as possible. Therefore, the issue of suppressing the
vibration of amobile fan motor is very important.

From the view of bearing design, in this case a sleeve bearing, the axial load
functions as an attractive force to prevent the rotor from jumping out of the micro motor
when it encounters an external shock in the static or dynamic status. In general, for a
flat-type motor, the axial preload is introduced using the magnetic attraction force
between a permanent magnet (PM) and a magnetic sheet. Unfortunately, along with the
axial thrust force, an Unbalanced Magnetic Force (UMF) is simultaneously created; i.e.,

they can not be decoupled for thistype of motor. Asis known, UMF and cogging torque
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are main factors contributing to magnetically induced vibration. Jang et al. [63]

performed an experimental study to show that rotor and stator eccentricities mainly

generate a radia vibration at the first harmonic frequency and at the harmonics of the

pole number. Hartman et. al. [64] reported that the sources of UMF fall into the

following categories. an eccentric rotor, an eccentric stator, and uneven magnetization.

Yao et. al. [65]-[66] showed that the mechanism of the reduction of cogging is

illustrated by the minimum net integral of the product of norma and tangential

magnetic flux with respect to the contour between the stator and rotor; and they

proposed a method achieving @ high efficiency and. low cogging torque motor by

altering the magnetization profiles of the permanent magnet and the design of the teeth

of the stator in a motor. "_A few researchers [67]-[68] have focused on the

characteristics of UMF related to a motor, adopting numerical and analytical approaches.

However, the axial load effect, which accompanies UMF and results in the vibration of

a miniature motor, is not addressed. The main goal of this paper is to understand the

axial load effect related to the axial vibration in the development of a mobile fan motor.

The axial vibration of the micro motor is due to three essential factors: the radial

vibration, the UMF, and the axial load. These are studied and analyzed. First, this paper

deals with asimple physical model of the sleeve bearing motor to determine the relation

between radial and axial vibrations, and it is presumed that the magnitude in the 1X
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(where X designates the fundamental frequency) axial vibration harmonic should be a
fraction of the radial one because the axial one is only a sine of atilt angle times the
magnitude of the 1X radia vibration harmonic due to the mass unbalance of the rotor.
This assumption is experimentally validated. In addition, the frequency contents of the
axial load coupled with the UMF for micro motors are numerically analyzed using FEM
and compared with the experimental results. Furthermore, both the axial load effect with

and without excited UMF are reported.

6.2 Design and for ce calculation

Fig. 6- 1 (a) shows the sketch of the developed motor. It consists of a spindle motor, a
sleeve bearing system, a PCB,"and a Base. The motor has 6 slots and 8 poles. The axial
air gap between the coil and PM is 3% 10 m; the PM is made of high energy product
NdFeB with an inner radius of 2 x 10° m, an axial length of 5 x 10 m, and an outer
radius of 4 x 10 m. Outside the PM, an iron yoke with aradial thickness of 6 x 10* m
Is mounted. The rotational speed of the micro motor is 6360 rpm, and the rated current
is below 25 mA. The sleeve bearing has an inner radius of 4 x 10 m, an outer radius of
8 x 10" m, and an axial length of 2.5 x 10 m, and the clearance is 4 micro meters. To
identify the model mentioned above, identical motors, M1 to M3, are the type with a

symmetric magnetic sheet to preload the rotor; also, motor M1 is utilized to study the
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axial load effect without UMF (motor M1P). To investigate the axial load effect under
UMPF, the second type micro motor, M4, with an asymmetric magnetic sheet, has been
fabricated; the ratio of pole number to slot number is 6:2, and the other mechanical
constraints are the same as those of the first type. In general, the shape of the magnetic
sheet in motor M4 should be asymmetric in order to avoid the dead point [69]. M1P and
M4P designate motors M1 and M4 without the sheet, respectively.

Fig. 6- 1 (b) displays the ssmplified model of a rotating rotor of the small motor.
Referring to Newton’s second law, the unbalance force of the rotor can be represented
as

F = mew’sin(d) (46)
where m,g,andw denote the mass unbalance of the rotor, the rotor eccentricity, and
rotor rotational speed, respectively. ‘Since the ‘bearing clearance is only 4 pm, it is
believed that the tilt angle theta rotates about the Y -axis, as shown in Fig. 6- 1 (b), and
can be small enough to lead to the result that the undesired axial vibration force is only
afraction of the radial one for awell designed sleeve bearing motor. Therefore, once the
axial vibration of a motor is greater than the radial one, then both the preload and UMF
may be regarded as the principal contributors to the vibration. Definitely, based on this
assumption, the mass unbalance of each motor has to be maintained close to a level

which avoids propagating radial vibration which, in turn, leads to the rise of the axial
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vibration.

Fig. 6- 2 presents the FEM model of the proposed motor with 892,892 tetrahedral
elements. The sampling mechanical angle interval of one degreeis utilized in estimating
the preload force distribution of the motor. The preload profiles versus mechanical
rotation angles and the corresponding frequency spectra after the FEM calculation are
shown in Fig. 6- 3.

The mean values of the axial forces for motors M1, M4, and M4P are 32.11, 27.95,
and 3.07 mN, respectively. While the axia force curve for motor M1 contains only a
DC term, those of motors M4 and M4P contain 6X and 12X axial force harmonics, and
the first two peak values in magnitude for motors M4 and M4P both occur at 6X (M4:
1.66 mN; M4P: 1.10 mN) and 12X (M4: 0.12 mN; M4P: 0.10mN) harmonics.
Nonetheless, the 1X component is not generated; i.e., although the UMFs are induced in
the motors M4 and M4P, they do not contribute to the 1X harmonic. For motors M4 and
M4P, mass unbalance of these two motors are almost the same, and the simulated result
indicates that the UMFs of these two motors do not contain the 1X axial force harmonic
(which dominates the axia vibration of time domain). These results suggest that the

axial load will effectively affect the axia vibration of the motors.
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6.3 Experimental measurements

For measurement of the axia load, the rotor was tightly fixed to an accurate balance
(see Fig. 6- 4), and the magnetic sheet was arranged above and locked at a manual xyz
stage. After a centering device was applied to center the rotor and the magnetic sheet,
the axial attraction force versus different axia air gaps was obtained. As the working
distance was reached, the axial forces for M1 and M4 were 32.48 mN and 26.83 mN,
respectively, which is consistent with the numerical results. To verify the vibration
properties of the mobile fan motor, the measurement plant was constructed as shown in
Fig. 6- 5. A precise accelerometer was utilized to detect the vibration. While the testing
was performed, the motor .was rotating at the rated speed of 6360 rpm. The
accelerometer was attached to the motor to sense the traveling vibration signals; then
the vibration was calculated and recorded by a spectrum analyzer. Finally, the vibration
harmonics can be determined by using the fast Fourier transform method.

Three motors, M1 to M3, were prepared for identifying the simple model mentioned
above. The corresponding frequency spectra of radial and axia vibrations are shown in
Fig. 6- 6. It is clear that the magnitudes of the 1X components are the dominant reasons
for the vibrations of the motorsin both the radial and axial directions.

Table 6- 1 summarizes the magnitudes of the 1X harmonics of the radial and axial

vibrations for these motors; the ratio of the axial vibration to the radial one is between
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65 and 75 percent, which supports the model that the axia vibration of the small motor
iIsonly afraction of the radial one. In addition, the result reveals that mass unbal ance of

the rotor is akey factor affecting the vibration of the motors.

6.4 Results and discussion

Fig. 6- 7 shows frequency spectra of radial and axial vibrations for the motors M1P
(motor M1 without the magnetic sheet), M1, M4P (motor M4 without the magnetic
sheet), and M4. It indicates that the 1X harmonic of the axial vibration is dlightly
increased to a value of 0.99 mG.(see Table |, where 1G = 9.8 m/s?) after the symmetric
magnetic sheet isinstaled; i.e; the preload has slightly increased the axial vibration and
its 1X harmonic. Fig. 6- 8(a) ‘and Fig. 6- 8(b) show. the axial vibration of the motors
M1P and M1, respectively, and the amplitudes in peak-to-peak (pk-pk) are 11 mG and
15 mG for the former and latter, respectively.

Comparing the two graphs in Fig. 6- 7 (d), the motor M4P (top graph) demonstrates
the 6X and 12X axia vibration harmonics due to the UMF, while the motor M4 merely
includes the latter harmonic (see Table 6- 2). However, these two harmonics (6X and
12X) in magnitude were predicted by FEM analysis. The unexpected disappearance of
the 6X harmonic for the motor M4 is believed to be associated with its asymmetrical

coil (this means some defects in the coil were developed during the fabrication process),
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and the induced UMF harmonics due to the defects are related to the pole number of

magnets [64].

As mentioned earlier, the axia vibration results from three primary contributors: the

UMF, the radia vibration, and the axial load. According to the numerical results, the

UMFs of these two motors do not contribute to the 1X axial vibration harmonic. In

addition, the measured magnitudes of the 1X radial vibration harmonic for these two

motors are maintained nearly the same (M4P:5.986 mG; and 6.266 mG). However, the

measured magnitude of the 1X axial vibration harmonic is enormously raised, and the

ratio of this harmonic of motor. M4 to motor. M4P is approximately 41 percent. The

reason might be that the lack-of axia load leads to the growth of the magnitude of the

1X axia vibration harmonic; i.e., a weak axia load may result in an increase in the

magnitude of the 1X axia vibration harmonic if the shaft is loose. Therefore, the axia

preload plays an essential function in the reduction of the 1X axia vibration harmonic

of the micro motor. Furthermore, comparing the axial vibrations of motors M4 and M4P

reveals that the axial vibration is significantly reduced for motor M4. The amplitudes

(pk-pk) of the axia vibrations for the motors M4P and M4 are 38 mG and 21 mG,

respectively (see Fig. 6- 8 (c) and Fig. 6- 8 (d)).
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Table 6- 1 The magnitudes of 1X radial and axial vibration harmonics for motors M 1P
and M1 to M3.

Motor No. Radia (mG) Axia (mG)

M1P 6.279 3.051
M1 6.255 4.041
M2 5.850 4.124
M3 5.624 4.134

Table 6- 2 The magnitudes of radial and axial vibration harmonics for motors M4P and
M4

Frequency X 6X 12X

Motor No. Radial Axia Radia Axia ‘Radia Axiad
M4P 5986 9.083 0.163 3.382 0.168  0.879
M4 6.266 3.680 0.403 0074 0.236 2352

Unit (mG)
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Fig. 6- 2. The FEM model of the mobile fan motor.
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Chapter 7

Conclusion

Referring to the above results and discussion, the conclusions of this dissertation are
summarized below.

A credible mathematical model has been developed to predict the dynamic
behaviour of the MB motor, and the numerically ssimulated RRO of the MB motor has
good agreement with the experimental -one. The system utilizing repulsive magnetic
force is the one in which the rotor can be stably levitated in the radia direction, i.e.,
the highly compact MB configuration applying only a single pivot point can
successfully get around Earnshaw’s theorem and-make achievable contact less of the
rotor along radial direction. In addition, it is experimentally validated that in comparing
this MB motor with the conventional ball type motor for small motor applications, it
shows that the MB motor posses the lower torque loss. Furthermore, the gyroscopic
effect actively suppresses the radia vibration of the rotor due to the mass unbaance
response while the spindle was operated within a speed range between 3000 and 6000
rpm. Accordingly, it is believed that a scaled-down version of the MB motor could be
developed utilizing the presented structure to deal with the dynamic model; this will

make possible the development of aminiature MB motor in the near future.
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Asiswell-known, the passive MBs motor intrinsically represent the disadvantage of

lack of damping, and the original damping ratio of our MB motor prototype is only

0.0655. On the basis of our ssimplified physical model of the MB motor the prediction

shows that the novel damping device can effectively improved the damping ratio of the

MB motor, and the experimental results show a good consistency with those of

simulated one. The ratio in damping ratio of new development to the origina oneis 214

%. The natural frequencies for lateral and rotationa modes of the rotor are around 22

Hz measured by impulse response method. It is 42 Hz below the rated speed of 64 Hz;

therefore, the system resonance.is avoided completely. Finally, we have demonstrated

that the anti-shock performance is significantly improved by our innovative damping

technology in a passive MB motor which will -be useful for high density data storage

applications.

Moreover, the radial vibration of the MB motor affected by axial force has been

investigated. The lower net axial force of the motor can result in increasing the radial

vibration of the motor. However, the applied bias-magnetic force contributing to

suppressing the axial force of the motor can significantly reduce the radial vibration of

the spindle motor when the resonant frequency is reached. Therefore, the bias-magnetic

force could be useful for the reduction of the radial vibration of a MB motor. A compact

bias-magnetic force device embedded in a MB motor would be implemented in the
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future work.

In order to realize the effects of scaling down size of the MB configuration, two

application examples were studied. One is the MMB motor with suppressed magnetic

coupling effect expected for applying in the portable optical disc drives; the other oneis

preliminary study of the axial vibration for a mobile fan motor. For the investigation of

the first case, the shaft can be rotated without any frictional contacts in radia direction.

Furthermore, the MMB motor presents the lower friction loss than the conventional

MBB type does. Moreover, the radia vibration (peak-peak) of the MMB motor is 21 %

lower than the conventional MBB' type. This shows that the innovative magnetic

bearing research with the consideration of the magnetic coupling effect applied to the

passive MMB motor improved the motor performance significantly. For the second case,

we introduced an approach to realize the axial load effect for a flat-type motor with an

axial air gap. When a symmetric magnetic sheet is utilized to produce the axial force for

the developed micro motor with 6 slots/8 poles, the preload dlightly increases the axial

vibration of the spindle; however, when the asymmetric magnetic sheet is employed to

preload the motor with 2 slots/6 poles and the intrinsically excited UMF, the preload

significantly decreases the magnitude of the 1X axial vibration harmonic. Moreover,

comparing the axia vibration of the small motor without and with the asymmetric

magnetic sheet, the magnitudes of the axial vibration and its 1X harmonic for the latter
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are 45 and 59 percent reduction of the former, respectively. It appears that the axial load

highly affects the axial vibration of the mobile motor with an UMF.

The suggestions for the future study are listed as follows.

(1) Optimization of dimensions of ring magnet with strong repulsive force. The

repulsive force is directly related to the stiffness of the MB; thus, an analytical solution

of the force between the annular magnets can help to figure out the MB with more

compact size while it represents an amazed repelling force.

(2) Taking into account the cross-coupled stiffness coefficients of a MB. Since the

cross-coupled exists in the-real system, if the term can be considered in the

mathematical model, then how it affects the system can be realized.

(3) Study of the MB installed in a flat-type motor. As is known, a flat motor has the

potential to be thin and small in size, so it is worth to investigate the performance of a

flat motor designed with the MB.
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