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Abstract

Bearingless motor mechanism has functions of both a magnetic bearing and a motor.
It is therefore able to suspend the rotor and generate torque simultaneously. The
development of bearingless motor has attracted considerable attention in recent years.
One of the reasons is that bearingless motor has no physical contact with the spinning
rotor, which will contribute to longer motor life, negligible friction loss, no wear, higher
speed and no need of complex lubrication system for extreme environment. The second
reason is that properly designed bearingless motor can be operated in a wide range of
temperatures, and it can lead to a reduction in vibrations as well.

Bearingless motors can be used to artificial hearts, high speed drives, and generators.

In this thesis, a new type of bearingless motor with a rectifier circuit is proposed. The
feature of the proposed bearingless motor is that there is a rectifier in the rotor winding,
which ensures the induced current to flow in a fixed direction. Therefore, the
magnetized rotor will hold the characteristics of permanent magnet. The proposed motor
is supposed to work just like a bearingless permanent magnet (PM) stepping motor,
which possesses the advantages such as no demagnetization, less rotor reluctance and
higher mechanical strength. It is suitable to work at high-speed high temperature
circumstances.

The objective of this research work is focused on the development of the bearingless
motor with a rectified rotor. The study has been carried out by means of numerical
simulation, finite element method (FEM) analysis and experiments. At the beginning,
the feasibility for the proposed bearingless motor is verified by numerical simulation,
and simple experiments have validated the simulation results preliminary. After that, a
test machine prototype I is fabricated, and practical experiment is conducted to analyze
the characteristics of the motor. But it is found that the rotor cannot rotate as we
supposed like a stepping motor. FEM analysis results show that there are zero torque
positions for this prototype. Based on the FEM analysis results, prototype II is designed
and fabricated, which overcomes the deficiency of zero torque position. For this

prototype, it is verified that sufficient enough levitation force and rotation torque can be



produced by means of both FEM and experiments. Furthermore, the strategy about how
to realize the radial force and rotation torque control is studied by FEM. So far, the rotor

levitation has been implemented after trials of experiments.

Index Terms. Bearingless motor, FEM analysis, Rectifier circuit coil, Radial

force, Torque.
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Chapter 1 Introduction

1.1 Background

1.1.1 What bearingless motor is

In conventional motors, the rotor is supported by two radial mechanical bearings. The
physical contact between the rotor and mechanical bearing will inevitably cause friction,
wear and power losses, which confined the rotational speed and positioning accuracy.
Besides, the friction for the contacting will cause noise.

Active magnetic bearing (AMB) uses actively controlled electromagnetic forces to
control the motion of a rotor or other ferromagnetic body in air. Magnetic bearings are a
no-contacting technology. Contact-free suspension leads to important advantages
relative to conventional rolling bearings: negligible friction loss and no wear, higher
reliability, low-maintenance, and higher speeds in extreme environments without
requiring complex lubrication systems, and it can restrain the vibration and noise.

Typically, in an active magnetic bearing (AMB) system, the rotating force driving the
shaft is provided by other mechanisms such as a motor. Such a configuration results in a
relatively long shaft, which decreases the system critical speeds, and in turn complicates
the control task.

Bearingless motor is an innovation which possesses the capabilities of both a
magnetic bearing and a motor. It is therefore able to suspend the rotor and generate
torque simultaneously. Sometimes it is also called self-bearing motor or integrated
motor-bearing. Besides all the advantages a magnetic bearing has, the shaft of
bearingless motor is shorter than that of a motor or magnetic bearing, therefore, higher
operating speeds are possible. Furthermore, a bearingless motor has fewer components

with respect to a magnetic bearing system, so the reduction of cost is possible.



There are some special fields such as bioreactors and semiconductor-technology,
which require maintenance-free, long lifetime and sterile. Bearingless motor can meet
all of these requirements. Bearingless motor can be used to artificial hearts [67],
respiratory support equipment, flywheel drive and generators, satellite reaction wheel,
momentum wheels; food process, pharmacy process, information storage drives, which
are suitable work in harsh environments as low temperature, high temperature, vacuum,
poisonous gas atmospheres.

The major challenge in this technology lies in the design of a control device and
algorithm that coordinates the radial forces without interfering with the function of the
motor.

However there are several drawbacks associated with bearingless motors in
comparison with conventional motors. The fact is that stator performs two functions,
namely levitation and rotation, which may result in the limited current capacity of the
windings and magnetic flux density saturation, that is, the performance of motor may be
limited. Other drawbacks include eddy current losses and complicated control system.
These disadvantages, however, can be outweighed by the advantages that bearingless

motor possessed.

1.1.2 History of bearingless machines

In 1842, Earnshaw proved that a stable three-axis magnetic suspension system
couldn’t be achieved using only passive permanent magnets. According to Earnshaw’s
theorem, to ensure stability, at least one axis must be actively controlled [1]. After the
World War 11, the development of magnetic levitated systems was greatly accelerated by
the advancement of electrical technologies. Subsequently, several research teams were
involved in developing actively controlled magnetic suspension systems for various
applications. Due to the enormous progress achieved in electronics, the number of
industrial applications of active magnetic bearing technology has been considerably
increased. The applications include high-speed centrifuges, vacuum pumps, machine
tool spindles, medical devices, robotics, non-contact actuators. These and other

applications are described in [2-11]. A brief historical review of magnetic bearings can



be found in [12].

In the mid of 1970’s, the integration of motor with magnetic bearing was proposed by
Hermann [13, 14], who put forward the primitive electro magnet with p and p+2 stator
windings. And Meinke [15] proposed a split winding motor. But at that time, inverter
was very expensive, and there was little idea in application of digital signal processors
(DSP) and field oriented control theories. In addition, for digital control system, the
sampling frequency was slow, so the system stability was difficult to be guaranteed.

The associated technologies with beaingless machines were matured in the mid of
1980s, and a number of bearingless system structures were proposed. After that, based
on the vector control theory, the configurations of stator winding and pole numbers were
studied.

In 1985, Higuchi [16] proposed a stepping motor integrated with magnetic bearing
structure. The motor includes a decoupling structure of torque and radial force taking
advantage of motor exciting current.

In 1988, a disk type motor with axial force control by adjusting the exciting motor
current was proposed [17]. And from the late 1980’s to the early 1990’s, field oriented
control method [18,19] started to be used, and a basic structure for the stator winding

with 4 and 2 poles was adopted [18,20-23].

1.1.3 Related technologies

For the bearingless machines, the controller will control the output coil currents to
produce a rotating magnetic field, and at the same time control the rotor displacement
and rotation flux strength, generating the desired radial force to realize the rotor
levitation and rotation. In order to realize the precise and stable control, feedback
control strategy is necessary, and the processing speed of controller must be fast enough
to meet the requirement of sampling speed. The rapid development of the related
technologies contributed to the realization of bearingless machines. The associated
technologies are given in Fig.1.1 [24]. They are:

1. Vector control theory for rotating electromagnetic machines can be used to control

the instantaneous magnetic flux.



2. High speed digital signal processing technology
3. High speed high precision inverter technology with low cost power electronics

4. The development of magnetic bearing and suspension technology

Magnetic

Bearings

Vector Control
Theory

Power
Electronics

Bearingless
Drives

Digital Signal
Processing

Fig. 1.1 Related technologies

1.1.4 Bearingless motor structures

Since bearingless motors have so many advantages and special applications, so far,
various types of self-bearingless motors, which functionally combine motor with
magnetic bearing, have been developed. Bearingless motor technology offers many

mechanical and electrical design variants for different kinds of applications.

A. Types of bearingless motor

Recently, a variety of bearingless motors--including permanent magnet, induction,
and reluctance motors were introduced. These motors have different characteristics and
different suitable applications. Among them, induction motor [23,25-38] is adopted
widely for industrial applications because of their advantages such as simple
configuration, good reliability, and low price. But the low efficiency in light-load
conditions restricts their applications in some fields.

Switched-reluctance motors will be good candidates for the electric propulsion
system because they have inherent fault-tolerance and rotor robustness at high rotational

speeds (no coil windings on the rotor). In addition, this type of motor generates a high



radial force in the air gap that might be able to be used for rotor levitation (bearing
function) [39,40].

From the point of view of quantities of the developed bearingless motors, permanent
magnet bearingless motor is becoming the greatly investigated for the sake of increasing
efficiency [41-51] and compactness.

Permanent magnet bearingless motors are divided into three categories based on the
rotor structures. One is surface mounted permanent magnet (SPM) rotor (see Fig.1.2.),
another is interior permanent magnet (IPM) rotor, and the last is buried permanent

magnet (BPM) rotor.

Permanent Magnet

/]
SZZZT 7>,

VT
Permanent
Magnet

Fig. 1.2 Surface mounted permanent magnet rotor

The SPM motor is that PMs are glued or bound to the surface of a rotor iron. The
IPM motors have square-shaped holes in laminated silicon steel. The PMs are inserted
and fixed in the holes. Some IPM motors need nonmagnetic shaft. For the BPM rotor,
PMs are near the rotor surface just like SPM motors, but the PMs are inserted in holes
in laminated silicon steel.

As far as the rotor design for torque and radial force generation is concerned, thick
PMs with large air gap contribute to produce a large torque; however, thin PMs with
small air-gap are preferred in radial force generation because of the low resistances. In
comparison with the electromagnetic motor, permanent magnet bearingless motor is
more effective even with a relatively large air gap; it is helpful to reduce the motor
volume. However, for permanent magnet, there are also some disadvantages, such as
demagnetization and limited mechanical strength [52].

There are a number of reports on synchronous reluctance [53-55] and homopolar

10



bearingless motor [56,57] as well.
For homopolar, synchronous reluctance and switched reluctance motors, the rotors
are made of silicon iron, and the air gap is small, therefore, the magnetic resistance in

radial force flux path is low.

B. Stator winding configurations

As far as the stator winding configuration is concerned, a representative one is the 4
poles motor winding and 2 poles radial force winding structure, and the radial forces
can be regulated to any desired directions by adjusting the air gap flux distribution [18,
58, 59]. This stator configuration is valid for both cylindrical rotor and salient pole
rotors. It is also easy to exchange winding functions in cylindrical rotor. This
configuration contributes to the magnetic field decoupling of rotation torque and radial
force.

There are still many reports about p-pole and p+2 poles configuration [42,43,60].

About the split winding, the mid point of 3-phase windings is connected to a neutral
point, and then independent current regulators are used to drive the 6 terminals. The
current values are adjusted to supply original motor current with slight variations to
produce radial force.

Similar concepts can be applied to motors with concentrated windings. These
windings are very practical in small power motors.

It is also noted that a reduction of the number of windings is reported in a
single-phase motor with well-adjusted controllers [45,46,61,62].

In addition, there are a good number of reports on bearingless motors with special
mechanical structure, such as sliced motor [63,64], disk type rotor [65,66], outer rotor
[67-69] and ring type rotor. The sliced motor is a radial motor with a short axial length,
and the rotor is stable with only 2 axes active control. The disk type motor generates
axial magnetic force basically. The outer rotor has a rotating outside part for saving
space for blood pump application. And the ring type rotor has a hole inside the rotor to

accommodate water blades.
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1.2 Motivation

The development of bearingless motor has attracted considerable attention in the
lately years. One of the reasons is that bearingless motor has no physical contact with
the spinning rotor, thus the friction which usually exists in conventional motors has
been eliminated. The absence of friction not only contributes to longer motor life but
also elimination of the need for lubrication. Because lubrication often causes problems
in vacuum and other sterilized environments. The second reason is that properly
designed bearingless motor can be operated in a wide range of temperatures, and often
leads to a reduction in vibrations.

In comparison of electromagnetic with permanent magnetic motor designs, it can be
concluded that in small motor applications, permanent magnet contributes to reduce the
motor volume and to increase the motor efficiency considerably. Especially in
applications with large air gaps, other design strategies cannot be competed with it. But
there are some disadvantages for permanent magnet. For example, the mechanical
strength of permanent magnet is limited, and under the situation of high temperature,
ferromagnetic material will lose its permanent magnetism. Therefore, permanent
magnet motor is not suitable for high speed and high temperature situations.

For a switched reluctance motor (SRM), it has many good performance, such as
robustness, high efficiency, low cost, high speed, simple structure, easy to maintain,
high torque in low speed, simple power converter circuits with reduced number of
switches, excellent controllability and smaller dimension of the motor in comparison to
the other motors [70,71]. Although it has been known for a long time, SRM has not
been very often utilized because of acoustic noise that comes from torque dip and
detection of rotor position [72]. SRM has been started to be used with the development
of power electronic devices. However, SRM still preserves the excessive torque ripple
problem, especially in the variable speed applications [75,76]. The main reason of this
problem is the stepping nature of the motor, which causes undesired effect on bearing
system and makes acoustic noise, although the emission of acoustic noise is a

characteristic of all electric motors.

Based on these considerations, a new type of bearingless motor that has the merits of
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both permanent magnet and switch reluctance bearingless motor is proposed.

1.3 Objectives and Dissertation Structure

The objective of this research work is to develop the new type of bearingless motor
with rectifier circuit including the design, feasibility study and practical verification.

This thesis contains three themes, firstly, the numerical analysis for the proposed
rectifier bearingless motor structure is conducted, then according to the FEM analyses,
the optimal mechanical structure of the prototype is determined; finally to realize the
rotor levitation and rotation by experiments.

The design process is as follows: firstly, an analytical study using linear analysis
methods is conducted, and the feasibility is verified preliminary; then experiments are
carried out, some variable relationships such as radial force versus air gap, radial force
with the control current and exciting current, flux density among air gap versus control
current are studied. The results, on one hand, validate the feasibility, and on the other
hand, give a direction for the improvement of prototype structure. Finally, based on the
Finite Element Method (FEM) analyses and experiment results, a modified prototype is
built, and the rotor levitation and rotation are realized.

The thesis is organized as follows: First, the principle of proposed bearingless motor
with rectifier circuits is given in Chapter 2. The numerical analysis for feasibility
investigation and simple experiment results are presented in Chapter 3. In Chapter 4
and Chapter 5, the FEM analyses and modified prototype are introduced, respectively.
And the experimental evaluation for rotor levitation and rotation are presented in

Chapter 6. Finally, concluding remarks are given in Chapter 7.
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Chapter 2  Proposal of Bearingless

Motor with Rectifier Circuit

2.1 Introduction

Permanent magnet bearingless motors hold some advantages such as small volume
and higher efficiency. However, permanent magnet has limited mechanical strength, and
demagnetization under the situation of high temperature. Therefore, permanent magnet
motor is not suitable for high speed and high temperature situations.

In order to take advantage of the merits and overcome the deficiencies of permanent
magnet, a new type of beaingless motor with rectifier circuit is proposed.

The proposed bearlingless motor structure is using a rotor with rectifier circuit coil to
replace the permanent magnet rotor, and it is supposed to work just like a bearingless
PM stepping motor. Therefore, the proposed bearingless motor will inherit all the
performances of permanent magnet motor. Additionally, the rotor has a better
mechanical strength compared with permanent magnet motor, since the material of rotor
is silicon steel sheet, and the reluctance can be decreased. Furthermore, it can overcome
the deficiency of demagnetization. Properly designed bearingless motor can be operated

in a wide range of temperatures, and the vibration can be restricted.

2.2 Principle of Bearingless Motor with Rectifier
Circuit

The configuration schematic of rectified bearingless motor is shown in Fig.2.1. It

consists of an eight- pole stator and a four-pole rotor. There are two sets of coils on the

stator, in which one set of coils are connected with the diametrically opposite stator coil

in series, and AC current is applied to this coil, they are called exciting coils; the other
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set of coils can be controlled separately, DC current is applied to these coils to control
the generation of rotor torque and radial force, they are called control coils. In addition,
there is one set of coil wound on the rotor poles in series, and a rectifier diode is
connected in the rotor winding circuit. Therefore when AC current is applied to the
exciting coil, DC current will be induced in the rotor windings owing to the existence of
the rectifier diode, which makes the magnified rotor poles hold a fixed polarity and

work just like a permanent magnet.

Stator
B o«
%% :: && Rotor
= 0 o

g

& gg®

Exciting coil

Control coil

Fig.2.1 Configuration of rectified bearingless motor

2.3 How to Make Virtual Permanent Magnet

Firstly, just one phase is taken to by analyzed. The schematic of the stator and
rectified rotor is shown in Fig.2.2, which will be used to explain how the silicon iron
sheet rotor can possess the characteristic of permanent magnet.

Just as Fig. 2.2 shows, one set of stator coil is connected with the opposite stator coil
in series. These coils are excited by AC current and called as exciting coils. Another set
of coils are called as control coils, the control coil current is used to control rotation
torque and radial force, the magnitude and direction of torque and radial forces can be
adjusted by regulating the control current. In addition, one set of coils is wound on the
rotor poles in series, and a rectifier diode is connected to the rotor winding circuit.
Therefore, when AC current is applied to the exciting coils, DC current will be induced

in the rotor windings owing to the existence of the rectifier diode. This guarantees the
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magnetic flux of rotor to flow in a fixed direction, therefore, the rotor will keep a fixed

polarity, and can work just like a permanent magnet.

Exiting coil 1o Control coil
Ve Ve [\l Ve
N2 N

Fig.2. 2 The schematic of rectified rotor and stator

2.4 Summary and Remarks

In this chapter, the principle of the proposed bearingless motor with rectifier circuit
is introduced. The feature of the proposed motor configuration is that a rectifier circuit
is connected to the rotor winding, therefore, the magnetized rotor functionally possess
the characteristic of permanent magnet. In comparison with permanent magnet, this
structure can overcome mechanical strength deficiency and high temperature

demagnetization of permanent magnet.
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Chapter 3 Modeling and Simulation
on 1DOF Rectifier Circuit

3.1 Feasibility Analyses by Numerical Simulation

For the proposed bearingless motor with rectifier circuit, the feasibility investigation
is conducted by numerical simulation. Firstly, attentions are focused on a two-pole
motor. For the symmetrical structure of the motor, the analyses presented here can be
readily extended to a multi-pole motor.

The schematic of stators and rectified rotor is shown in Fig.3.1, which is used to

verify that the rectified rotor can hold the characteristic of permanent magnet. For the

structure shown in Fig.3.1, the air-gap length g is much smaller than the dimensions of

the section area of rotor and stator. Therefore, the magnetic flux ¢ will follow the path

i 10 ig
—> —> —>
© > ©
N1 NO N2
— |-

g

Fig.3.1 Schematic of rotor with rectified rotor
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defined by the core and the air gap, and the techniques of magnetic circuit analysis can

be used.
In Fig3.1, N,, N, and N, are the turn numbers of rotor and stator coils
respectively. v, and v, are the exciting voltages applied to the stator coils; v, is the

induced electromotive force (EMF) in the rotor coil, g is the air gap. The

terminal-voltage expressions of stator and rotor can be expressed as follows

d
vy = iy + 2 (3.1)
. d
VI =hi +_d¢;l (3.2)
. d
vy =hly +_;;2 (3.3)

where ¢,, ¢, and ¢, are the magnetic flux linkages flowing through the rotor and
stator coils; r,, n and r, are the resistances of rotor and stator coils respectively; i,
is the induced current in rotor coil, i; and i, are the exciting currents in stator coils;
L,, L, and L, are selfinductances of rotor and stator coils respectively.

Magnetic flux linkages ¢,, ¢, and ¢, can be respectively expressed as

Bo = Loy + M iy + M i, 3.4)
¢ = Ly + Myig + M i, (3.5)
Py = Loty + Myig + M iy (3.6)

where M,, M, and M,, are mutual inductances between rotor and stators.
Therefore, when the exciting voltages applied to the exciting stator coils are
v,=v,=4 sinwt 3.7
in which 4,, is the amplitude of the input voltage, and » 1is the input voltage

frequency, the simulation results are shown in Fig.4.2.
From Fig.3.2, it can be seen that when AC current is applied to the exciting stator coil,
DC current is induced in the rotor coil, and the exited rotor flux linkage almost keeps

constant. This verified that the magnetized rotor could work just like a permanent
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magnet.
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Fig.3.2 Simulation results
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3.2 Experimental Studies on 1DOF Analyses

3.2.1 Rotor can work just like a permanent magnet

In order to verify the feasibility of bearingless motor with rectifier circuit, a simple
experiment is carried out at the beginning, the structure of the test instrument is shown

in Fig.4.3, which is merely 1 degree of freedom (DOF) instrument.

Force Sensor

Rotor Coil

Stator Coil

Diode

Fig.3.3 Test instrument of rotor with rectifier circuit

The test instrument shown in Fig.3.3 is composed of stators, and rotor with rectifier
circuit. The stator coils are connected with the opposite stator coil in series, and AC
current is applied to this coil; the rotor coils are connected in series too, and there is a
diode in the rotor coil circuit. The turn numbers of exciting stator coil and the rotor coil
1s 100 and 200, respectively.. The structure of the test instrument is the same as shown
in Fig.2.2.

Using this test instrument, AC voltage is applied to the stator-exciting coil, and the

induced current is measured by oscilloscope (TDS3014B), the results are shown in
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Fig.3.4, Fig.3.5 and Fig.3.6.
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Fig.3.5 Waveform of induced current with diode in the rotor coil
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Fig.3. 6 Waveform of induced current without diode in the rotor coil

From the experimental results, it can be seen that when AC voltage is applied to one
set of exciting stator coil, AC current will be induced in the rotor coil if there isn’t
rectifier diode in the rotor winding. However, DC current will be induced in the rotor
coil due to the existence of rectifier circuit, and the induced current has the same
frequency as the exciting current. This further verified that the magnetized rotor could
work just like a permanent magnet.

Fig.3.7 gives the results of both exciting current and induced rotor current.
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Fig.3.7 Exiting current and induced rotor current
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3.2.2 Variable relationships

Induced current versus frequency

With the test instrument as shown in Fig.3.3, the relationships between all kinds of
variables have been investigated. The results are shown in the following figures.

The measured induced current with and without diode in the rotor coils are given in

Fig.3.8 and Fig.3.9, respectively
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Fig.3. 8 The induced current without rectifier in the rotor coil
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Fig.3.9 The induced current with rectifier in the rotor coil
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Fig.3. 10 The comparison ot induced current with and without diode

From these figures, it can be seen that the induced current will decrease with the
increasing of the exciting voltage frequency. A relatively large current can be induced in
the low frequency range.

As can be seen in Fig.3.10, at the low frequency zone, the amplitudes of induced
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rotor currents are very different with and without diode in the rotor circuits. The reason

is that when there is a rectifier in the rotor coils, the negative part of the waveform is

clipped out, so the amplitude of the induced current decreased with diode in the rotor

circuits.

Induced current versus air gap

The instrument shown in Fig.3.11 is used to measure the induced current and radial

force versus air gap. When there is a diode in the rotor coils, the induced rotor current is

measured with changing of the air gap, and the result is shown in Fig.3.12.
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Fig.3. 11 Test instrument of rotor with rectifier circuit
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Fig.3.12 The induced rotor currents versus air gaps

Fig.3.12 presents that the induced current has an inverse proportional relationship

with the air gap. The magnitude of the induced current will decrease with the increasing

of the exciting voltage frequency.

Flux density with respect to air gap

Flux density (mT)

22 - A\\\\ —A— 300Hz
i —us— 500Hz
20 ‘\\\\
18 1 A\\\\
16 \\
14
] .\. \
12 T~ A\\\\\A
10 B
J \I
\.
8 = \.
E TTT—n
6 T T T T T T T T T T T T T 1
1.0 15 2.0 2.5 3.0 35 4.0 4.5 5.0 55
Air gap (mm)

Fig.3. 13 Flux density versus air gap
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From Fig.3.13, it can be seen that the flux density has an inverse proportional

relationship with the air gap. Low exciting frequency generates larger flux density.

Flux density with respect to exciting current
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Fig.3.14 The flux density with respect to exciting current

The flux density in the air gap with respect to exciting current at different exiting
voltage frequencies is given in Fig.3.14. From this figure, it can be seen that the flux
density has a linear relationship with respect to exciting current when keeping the air

gap constant.

Flux density versus induced rotor current
The air gap flux density with respect to the induced current is shown in Fig.3.15. It
can be seen that the flux density in the air gap has a linear relationship with the induced

rotor current. And the flux density will increase with the induced current.
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Fig.3. 15 Flux density versus induced rotor current

Flux density with respect to exciting current frequency

Fig.3.16 presents that if the magnitude of exciting voltage is constant, the magnitude
of the flux density will decrease with the increasing of exciting current frequency, and
there is a nonlinear relationship between the flux density and the exciting current
frequency, and it also suggests that a relatively greater flux density can be obtained

under the lower frequency zone.
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Fig.3.16 Flux density with respect to exciting current frequency

Flux density against control current
When the amplitude of the AC exciting current V=14V, and the air gap g=1.5mm, the
measured results of flux density changing with the control current are shown in

Fig.3.17.
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Fig.3. 17 Flux density with respect to control current
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It can be seen that there is linear relationship between the flux density and the control
current, and this figure also indicates that a larger flux density can be obtained at the

lower exciting current frequency.

Induced current in rotor coil with respect to exciting current
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Fig.3. 18 Induced current with respect to the exciting current

It can be seen that in Fig.3.18, the induced rotor current has a linear relationship with
the exiting currents, and a relatively larger induced current can be obtained at lower
frequency. Furthermore, the magnitude of the induced current will increase with the

exciting current.

Radial force versus air gap
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Fig.3. 19 Radial force versus air gap

From Fig.3.19, it can be concluded that the relationship between the radial force and the

air gap and control current

.2
l

F=k-=< (3.8)

2

g

where F is the radial force; g is the air gap; i. is the control current; and k is a

coefficient.

Radial force versus control current
The results shown in Fig.3.20 further verify formula (3.8). The radial force will
increase with the control current. A relatively large radial force can be obtained at the

lower exciting frequency.
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Fig.3. 20 Radial force with respect to the control current

3.3 Summary and Remarks

The feasibility analyses of the proposed bearingless motor with rectifier rotor coil are
verified by numerical simulation preliminary. A simple test instrument in 1 DOF has
been built, and the relationships between all of the variants have been measured. These

results will provide an instructive direction for the following design work.
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Chapter 4 FEM and Experimental
Study Using Prototype |

4.1 Configuration of Prototype |

Based on the analyses and experimental results in the former chapter, a test machine
of bearingless motor with rectifier rotor coil is built. The configuration is shown in
Fig.4.1. The air gap is 0.5mm, the outer diameter of the stator is 70mm, and the outer
diameter of rotor is 33mm (see Table 1). With this test machine, a series of experiments
have been carried out to investigate the performance of the proposed rectified

bearingless motor.

Fig.4.1 Configuration of prototype bearingless motor with rectifier rotor
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Table 1 Dimensions of prototype I

Average air gap 0.5mm
Stator outer diameter 70mm
Inner diameter of stator 54mm
Rotor outer diameter 33mm

4.2 Basic Relations Between Different Variables
4.2.1 Radial forces versus control current

First, the problem how many turns of rotor and stator coils can generate the optimal

radial force has been studied by experiment.
When the control coil is 100 turns, exciting coil is 56, rotor is 500 X 2 turns, exciting

voltage is OVp-p, 10Vp-p and 20Vp-p respectively, /~=500Hz, air gap=1mm, the radial
force versus the control current is given in Fig.4.2. (Only left-hand stator is applied the

control current)
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Fig.4.2 Radial force versus control current
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From Fig.4.2, it can be seen that the changing of exciting voltage will affect the radial
force greatly. If there is no exciting voltage applied, the radial force does not change its
direction as the control current direction is changed. However, when the exciting
voltage is applied, the direction of radial force depends on the control current. That is,
the negative force will be generated. This result further verifies that the magnetized
rotor possesses the performance of permanent magnet. And the larger the applied

exciting voltage is, the larger the negative radial force can be produced.
When the control coil is 100 turns, exciting coil is 56, the rotor is 500 X2 turns,

exciting voltage is 0Vp-p, 10Vp-p and 20Vp-p respectively, /=500Hz, air gap=Imm, the
radial force versus the control current is shown by Fig.4.3. (Only right-hand stator is

applied the control current)
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Fig.4. 3 Radial force versus control current

Fig.4.3 shows that symmetrical radial forces will be produced for the opposite control

coils.

4.2.2 Radial forces versus the turn numbers of coil

When the exciting voltage is 20Vp-p, /=500Hz, the rotor is 500 X2 turns, air gap is
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constant, control coil is 56 turns, exciting coil is 100, 150, 200 turns respectively, the

radial forces versus the control currents are shown in Fig.4.4.

It can be seen that when the same control current is applied to the control coil, the

radial force increases with the decrease of turn numbers of exciting coil.
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Fig.4. 4 Radial force versus control current

When the exciting voltage is 20Vp-p, /=500Hz, the rotor is 500 X2 turns, air gap is

constant, exciting coil is 56 turns, control coil is 50, 100, 150 turns respectively, the

radial forces versus the control currents are shown in Fig.4.5.
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Fig.4. 5 Radial force versus control current

The figure shows that the turn numbers of control coil influence the radial forces
greatly. If the turn number of control coil increases, the radial force increases

correspondingly, furthermore, the radial force obtained will be increased greatly.

Comparison of different exciting winding turns

When the exciting winding is 14, 14 X2 and 14 X3 turns respectively, and control

winding is 14 X3 turns, rotor winding is 14 X3 X 2turns, air gap is 0.5mm, exciting

voltage is 6Vp-p, /~800Hz, the comparison of radial forces under different exciting

winding turns is presented in Fig.4.6.
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Fig.4. 6 Radial force versus control current

From Fig.4.6, it can be seen that when exciting winding is 14 X2 turns, the waveform

obtained is much better than the others.

4.3 Determination of Coil Turns and Studies on
Prototype |

Comparing the results obtained in section 4.2, the turn numbers of exciting winding,

control winding, and rotor winding are determined as 14 X2 turns, 14 X3 turns, 14 X3

X 2turns respectively, and the air gap is 0.5mm. Based on these dimensions, the

realization of levitation and rotation is investigated for the proposed rectified
bearingless motor.

The comparison of force versus control current is given in Fig.4.7, as the exciting
voltage is 6Vp-p and 0Vp-p, /~800Hz.

That is, while the air gap is kept to be 0.5 mm, the radial force is measured when
regulating the control current. And the results are shown in Fig.4.7. It can be seen that
the radial forces will not change their direction when the exciting voltage is 0 volts, and

the blue curve shows the results when the exciting voltage is 6 volts. However, when the
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exciting voltage is applied to the exciting coil, the negative force can be produced,

which further verifies that the magnetized rotor has the characteristic of permanent

magnet.
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Fig.4. 7 Force versus control current

Fig.4.8 gives the results of flux density with respect to the control current. The air gap
is kept to be 0.5mm, and the flux density is measured when regulating the control

current.
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Fig.4. 8 Flux density versus control current

It can be seen that the line goes through the original point when the exciting voltage
is 0 volts, nevertheless when the exciting voltage is 6 volts, there is a start value when
the control current is zero. This figure also tells us that the magnetized rotor holds the
performance of permanent magnet, the flux density in air gap increases with the the

exciting voltage value, and they have a linear relationship.

Fig.4.9 shows that the leakage flux density has a linear relationship with the control

current.
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Fig.4.9 Leakage versus the control current

4.3.1 Investigation of radial forces with FEM

Since it has been verified that the DC current will be induced in the rotor coil due to
the existence of rectifier circuit, therefore, in the FEM analysis, we suppose that the
rotors are magnetized by DC current. And the current will polarize the rotor poles just
as shown in Fig.4.10. The control current arrangement is given in the same figure.

Current density : Istator=5.6/0.001**2, Irotor=5.6/0.001**2. With changing the rotor
angular displacement, the radial forces are computed using the software ANSYS, and

the flux distributions at different angular positions are shown in Fig.4.11.
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Fig.4. 10 Schematic of applied current

How the flux lines change with the rotor angular position are shown in Fig.4.11.
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Fig.4.11 Flux distribution

Fig.4.12 and Fig.4.13 give the results of radial force versus the control current by
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FEM and experiment respectively. It can be seen that these two results can verify with

each other.
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Fig.4. 12 Radial force versus control current (ANSYS)
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Fig.4. 13 Force versus control current (Experiment)
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4.3.2 Experimental studies for rotation

Firstly, the rotor center is fixed using a mechanical bearing, we tried to rotate the
rotor just like a permanent magnet stepping motor, but it is found that the rotor cannot
be rotated as we supposed.

In order to find the reason, a series of FEM analyses and experiments have been
carried out with the test model shown in Fig.4.1. The reason of the problem can be
explained by the flux distribution shown in Fig.4.14.

As can be seen in these figures, only few of flux lines flow between the rotor and
adjacent stator tooth, even with increasing the control current magnitude, there are still
very few flux lines flowing through the adjacent rotor and stator. Therefore, it can be
concluded that there exists zero torque position when the rotor and stator poles align
with each other.

In order to solve this problem, the prototype II is designed.

Control current density [¢=0.2A Control current density Ic=1A

Fig.4. 14 Flux distribution of prototype I
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4.4 Summary and Remarks

With the prototype I, a series of studies are carried out. The variable relationships are
investigated. However, for the practical experiment, the rotor cannot be rotated just as
we supposed like a PM stepping motor. From the FEM analyses, the flux distribution
shows that when the rotor poles align with the stator poles, there are only few flux lines
flowing between the neighbored stator and rotor poles, therefore, the torque is not large

enough to drive the rotor. Based on these analyses, the prototype test machine II is built.

46



Chapter 5 Design and Investigation

of Prototype i

5.1 Design of Prototype Il

5.1.1 Shape determination of prototype Il

For the prototype I, the experiment results show that the radial force is not large
enough to levitate the rotor, and there is a zero torque position when the rotor and stator
poles align with each other, just like the position illustrated in Fig.5.1.

Since there is a large air gap between the adjacent rotor and stator, which causes a
large reluctance between the adjacent rotor and stator teeth, and confines the flow of

flux lines between them, therefore the values of radial force and torque will be small.
Maxwell force is the magnetic surface tension between the different medium

boundaries, it is also called reluctance force. ¢ and #0 are the permeability of iron

B

and air respectively; “» and H: are the normal direction magnetic flux density and

tangential magnetic field intensity; since the magnetic flux lines entering or leaving the

iron core are almost in a perpendicular direction, so” "/ ~ ”. Then between the iron core

and air gap interface, Maxwell force in unit area can be expressed as

2
Hpe=Hy 2 2. B
g:e—(Bn +/”Fe'u0Ht ):ZL

2H ek Ho (5.1)

Then Maxwell force acting on the unit area dA  of rotor outside surface is

2
i, = B dA
2o (5.2)
Thus the normal directional force ©» can be expressed as
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B dA
2p,

F =

n

(5.3)

From these formulas, it can be concluded that in order to increase the radial force and
rotation torque, the overlapped area between the rotor and stator should be increased
and furthermore, the air gap between the adjacent stator and rotor should be decreased.
Based on these considerations, a new shape prototype test machine II is designed. The
schematic of new shape rectifier bearingless motor is shown in Fig.5.1. The coils wound

on the rotor and stator poles are as same as those shown in Fig.2.1.

Stator
/

/ Rotor
\A

ir gap
Fig.5.1 The shape of protortype II
Table 2 Dimensions of prototype 11
Average air gap 0.5mm
Outer diameter of stator 120mm
Inner diameter of stator 100mm
Outer diameter of rotor 59mm

48




The radius of the rotor is determined to be 60 mm. It is decided by easiness of
treatment. The air gap is 0.5mm. As illustrated in Fig.5.1, the shape of the stator or the
rotor is like an unfolded fan because of the necessity of increasing the section area
where the stator and the rotor face to each other. The induced rotor current should be
produced by mutual inductance, which depends on the faced area. The angle of the
stator tooth is 40 degrees, which is twice to 20 degrees shown in Fig.4.2. This value is
determined by the consideration for the widest stator tooth. The required angle for the
gap to the next tooth is considered as at least 5 degrees. The angle of the rotor is
indicated as « ; the coils wound on the rotor and stator poles are identical to those

shown in Fig.2.1.

5.1.2 The improvement design for prototype I

Since the shape of the rectified bearingless motor prototype II has been determined,
an optimum dimension « of the bearingless motor is desired so that a relatively large
radial force and torque can be generated. Based on the assumption that the rotor is
located at the geometrical centre of the motor and it is magnetized by uniform induced
DC current (the current density is 5.6/0.001*%*2), a series of FEM analyses have been
carried out to determine the right value of « .

In order to obtain sufficient rotation torque to drive the rotor, the sine and cosine
control current arrangement about the rotation angle is applied, as shown in Fig.5.2.

In the figure, 0 is the rotational angle of the rotor, which rotates counterclockwise.
The rotor position shown in Fig.5.2 corresponds to 0 equal to 0 degree. The torques at
various angular positions have been calculated when « changes from 15 degrees to 40
degrees with the incremental angle being 5 degrees. These variations of o are
corresponding to the rotor tooth length being shorter, equal, and longer than the stator
tooth length. Because of the symmetrical configuration of the rotor and the stator,
analyses of the rotor angle 6 change from 0 degree to 90 degrees have been examined.
The results of torques are shown in Fig.5.3. As can be seen in the figure, when the angle
of the rotor tooth increases, the curve of the torque becomes flat. But the magnitude will
decrease. By comparison, it can be found that a relatively large and smooth torque can

be obtained when « is equal to 30 degree. Thus, the 30 degrees of o has been
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chosen for the prototype bearingless motor.

20
-c0s20 cos26
0
-$in20 S -$in20
N
c0s20 -c0s20
sin20

Fig.5. 2 Rotation strategy for the proposed bearingless motor

Torque (N*m/m)

Angular Position (deg)

Fig.5.3 Torques for different rotor dimensions

It can also be seen that the torque approaches its maximum when the rotor pole front
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edge begins to overlap with the stator tooth face at all angles of & . Theses conclusions
are given by the flux distribution shown in Fig.5.4. For example, when & is equal to
15 degree, and the rotor angle position & is 10 degrees, the torque reaches its

maximum when the front edge of rotor pole begins to overlap with the next stator tooth

face.
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Fig.5.4 Flux distribution at the maximum torque

From Fig.5.4, it can also be seen that the torque approaches its maximum when the
rotor polar front edge begins to align with the stator tooth face at all « . For example,
when « is equal to 15°, and the rotor angle position € is 10°, the torque reaches its
maximum, i.e. the rotor poles front edge begins to overlap with the next stator tooth
face exactly.

Fig.5.5 shows the flux distribution at the minimum torque value.

o=15, 6=0deg 0=20, 0=40deg
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Fig.5. 5 Flux distribution at the minimum torque

5.2 FEM Analyses for Prototype |1

5.2.1 Fluxdistribution of prototype 11

Under the assumption that the rotor is located at the geometrical centre of the motor
and it is magnetized by uniform induced current, and the rotation control current

arrangement shown in Fig.5.2 is applied, «

distributions when 6 changes from 0 deg to 80 deg are shown in Fig.5.6.
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Fig.5.6 Flux distribution with changing 6
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Fig.5. 7 Radial force corresponding to « equal to 30 degree

Fig.5.7 presents the result of radial forces versus the rotor angular positions. From
this figure, it can be concluded that the radial force is very small and can be neglected,
therefore this control current arrangement of rotor rotation will not interfere with the

rotor radial force function, furthermore, there is a decoupling relationship between the
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radial force and rotation torque.

5.2.2 The comparison between prototype | and prototype 11

The performances of the prototype I and prototype Il are compared when the same
control currents shown in Fig.5.1 are applied to the two test machines. The flux
distributions are shown in Fig.5.8. Compared with Fig.4.14, it can be seen that much
more flux lines flow between the stator and the adjacent rotor tooth. And the flux
distribution will change with the control current.

The comparison results about the radial force and rotation torque are shown in Fig.5.9
and Fig.5.10. It can be seen that much larger radial force and torque can be generated in

the new test model, and there is no zero torque position in the prototype II.

Control current density Ic=0.2A Control current density Ic=1A

Fig.5.8 Flux distribution of « equal to 30 degrees

56



50 —m— Prototype I

—A— Prototype 11 A
401
£
&
- 30
o
2
E 20 I
2
<
[

10 /
A

0 - ] ] [ ] [ ]
T T T T T T T T T
0.2 0.4 0.6 0.8 1.0
Current (A)

Fig.5.9 Radial force comparison for the new and old model
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Fig.5. 10 Torque comparison for the new and old model

5.2.3 Decoupling relationship between the radial force and rotation torque

For bearingless motors, the major challenge lies in the design of a control device and

algorithm that can control the radial forces without interfering with the function of the
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motor. According to the assumption mentioned above, the radial forces and torques are

adjusted by control current. In order to investigate the effect of control currents, based

on the control current arrangement shown in Fig.5.2, a constant value g is

superimposed upon the control current of the top stator pole and - 8 is superimposed to
the opposing stator pole, as illustrated in Fig.5.11. The torques have been calculated
with the rotating of rotor, i.e. changing angle ¢ from 0 to 90 degrees. The constant

value g isequal to 1,3 and 5 respectively, and the results are given in Fig.5.12.
It can be seen that when the constant A is superimposed to the control current, the

torque almost keeps no change, even if B is changed from 1 to 5. Therefore, it can be

concluded that superimposing a constant to the control current will not interfere with the
motor function, i.e. rotation torque. This conclusion gives us an instruction that DC
current can be superimposed to the motor function to generate radial force, and there is
no coupling between the motor and radial force function. This will contribute to the

simplification of control strategy.

sin2 0+ f3
-cos2 0 cos2 0
N
-sin2 0 S b S -sin2 0
N
cos2 0 -cos2 0
sin2 0 - 8

Fig.5. 11 Control current arrangement
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Fig.5. 12 Torques versus superimposed rotor angular position

5.2.4 Control current arrangement for radial force

In order to find the right control current arrangement for radial force generation, a
series of computations have been carried out using FEM. Firstly, the vertical radial force
has been considered. When the control current arrangement shown in Fig.5.13 is applied,
the radial forces and torque have been calculated corresponding to various rotor angular

positions. The results are shown in Fig.5.14 and Fig.5.15.
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Fig.5. 13 Control current arrangement for radial force (#y)
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Fig.5. 14 Radial force versus rotor angular position
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Fig.5. 15 Torque versus rotor angular position

When the radial force control current arrangement rotates 90 degrees in
counterclockwise as shown in Fig.5.16, which are planned to be used to control the
horizontal force, the radial forces and torque are also calculated corresponding to rotor

angular positions, and the results are shown in Fig.5.17 and Fig.5.18.

-sin2 @ -sin2 0
+
+ N -
+ +
cos2 6 S 2 S -cos2 60
+ N
; +
sin2 0 sin2 0

Fig.5. 16 Radial force control current arrangement (#x)
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Fig.5.18 Torque versus rotor angular position
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From Fig.5.14 and Fig.5.17, it can be seen that the specified radial forces are about
ten times to lateral forces. As a result, the radial forces can be guaranteed by the control
current arrangements shown in Fig.5.13 and Fig.5.16. Fig.5.15 and Fig.5.18 give the
torque values when the control current arrangements shown in Fig.5.13 and Fig.5.16 are
applied. These values are very small, and they can be neglected in comparison with the
toque values shown in Fig.5.3.

Therefore, the superimposition of the control current arrangements illustrated in
Fig.5.2 and Fig.5.13 can be used to realize the rotor rotation and vertical radial force
control, meanwhile the superimposition of the control current arrangements illustrated
in Fig.5.2 and Fig.5.16 can be used to control the rotor rotation and horizontal radial
force. In addition, these two functions will not interfere with each other.

For a bearingless motor, in order to keep the rotor balance, we hope to keep the radial
levitation force constant when the rotor is rotating. However, as can be seen in Fig.5.14
and Fig.5.17, the radial force fluctuates with the rotor angular positions. Taken into
account that the feedback control is easy to be realized in a linear system, this problem
may be solved by feedback control. Therefore, we need to investigate what the

relationship is between the radial force and control current with a coefficient £.

ksos2 6
ksin2 @ ksin2 0
N
S L S
N
ksin2'@ -ksin2 6
-kcos2 6

Fig.5. 19 Radial force control current arrangement with constant &

The investigation is conducted by the control current arrangement given in Fig.5.19. k
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is a multiplying constant to the control currents. Changing the constant k& from O to 1,
with the incremental value being 0.2, the radial forces in x and y directions Fx and Fy as
well as the torques with the changing of rotor angular positions have been computed
using FEM. The results of radial forces are presented in Fig.5.20-Fig.5.22. The radial

forces in y direction versus the constant k are shown in Fig.5.23.
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Fig.5. 20 Radial forces in Ydirection versus angular position with constant &
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Fig.5. 23 Radial forces with constant &

From these figures, it can be seen that the radial force and the coefficient & have a
linear relationship. Therefore, the feedback control method can be adopted to regulate

the radial force.

5.3 Summary and Remarks

A new shape of test bearingless motor with rectifier rotor coil has been designed. In
order to increase the radial force and rotation torque, the shapes of rotor and stator poles
have been designed to be like unfolded fans to increase the facing area between the
rotor and stator poles. FEM analysis method has been used to compare the differences
between the old test machine and the new one. The results verify that the new test
machine can generate a larger radial force and rotation torque, and no zero torque
position exists.

For the new shape of bearingless motor with rectifier rotor coil, the radius of the rotor
is determined to be 60 mm for the easiness of treatment. Then the optimum rotor tooth

size is decided by comparing the torques when the rotor tooth is shorter, equal and
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longer than the stator tooth, and a tradeoff consideration for the tooth size that can
generate relatively larger torque and radial force has been chosen.

Based on the new configuration of bearingless motor with rectifier rotor coil, the
realization of rotation and radial force strategy has been investigated by finite element
method, and the feasibility has been verified preliminary. Furthermore, the analysis
results indicate that there is no coupling between the motor and radial force function
when this control strategy is used. And it will contribute to simplify the control system.

In addition, it has been validated that the output radial force has a linear relationship
with the input control current, which means that the radial force can be easily regulated
by feed back control method.

All the results indicate that the proposed bearingless motor with rectifier circuits can
be realized. However, all of the results are obtained under ideal situation, so the
experiments should be carried out to validate the feasibility, and the analysis results can

give a direction for the experiments.
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Chapter 6 Experimental Study for
Prototype |1

6.1 Mechanical Configuration

Based on the feasibility and preliminary control strategy investigated by FEM in
Chapter 4, a prototype bearingless motor with rectifier rotor coil is designed, the test
machine is shown in Fig.6.1. The configuration parameters are given in Table 3.

The radius of the rotor is determined as 60 mm., which is decided by easiness of
treatment. The shape of the stator and the rotor is like an unfolded fan because of
necessity of large area facing to each other, since the induced current must be generated

by mutual inductance, which depends on the faced area.

Fig.6.1 Picture of prototype II
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Table 3 Design parameters of prototype 11

Average air gap Imm
Turns of exciting coil 72
Turns of control coil 72

Turns of rotor coil 70
Outer diameter of stator 120mm
Outer diameter of rotor 59mm

6.2 Characteristics of Rectified Bearingless Motor

Based on the analyses in Chapter 4, the prototype II of the bearingless motor with
rectifier circuit coil has been fabricated. The A-phase stator exciting winding
configuration is shown in Fig.6.2. The exciting winding Ne consists of four coils
connected in series. The control coil connects with the opposing one in series too. As
illustrated in Fig.6.2, cos20 and sin26 are the control current arrangements for radial
force control. The horizontal radial forces with respect to control currents have been

measured when the exciting voltage is 26V, 8V and 0 V respectively, and the AC

No
I Ef/

Lr

Fig.6. 2 Configuration of exciting and controlling winding
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voltage frequency is 800Hz. Fig.6.3 presents the generated radial forces when only the
control current /cL is applied. It can be seen that when the exciting voltage is zero, the
direction of the radial force does not change with the control current. However, when
the exciting voltage shown in Fig.6.2 is applied to the exciting winding, the negative
force is produced as the control current /cL changes its direction, which verifies that the
existence of rectified coil makes the rotor possess a fixed polarity and have the

characteristic of a permanent magnet.
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Fig.6. 3 Radial force when just control current £t is applied

The radial forces have also been measured when only the control current / g is applied,
and the results are shown in Fig.6.4. When both the control currents /. and I.r are
applied to the control current coils at the same time, the measured radial forces are

shown in Fig.6.5. It can be seen that these values are rightly equal to the summation of

F(;L and FcR.
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However, from the experiment, it is also found that the induced magnetic flux is not
strong enough when the exciting voltage is 16 volts. Therefore, the exciting voltage is
changed to AC 26 volts, and frequency 900Hz. While the control current arrangement
for the vertical radial force is shown in Fig.6.6 in black letters, the control current
arrangement for the horizontal radial force is shown in Fig.6.6 in blue ones. When the

rotor is located in the position shown in Fig.6.6, the angle 4 is equal to zero.
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Fig.6. 6 Configuration of exciting and control coils
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Fig.6. 7 Configuration of exciting and control coils in detail
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First, only the exciting voltage and horizontal control current are applied, the detailed
schematic of winding connection is shown in Fig.6.7. The radial forces have been
measured when the rotor is located at different positions. The results are shown in

Fig.6.8 and Fig.6.9.
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From Fig.6.8, it can be seen when the air gap d is equal to 1.05mm and 1.15mm, the
generated radial force almost has a linear relationship with the control current, that is to
say, when keeping the rotor air gap range between 1.05mm and 1.15mm, a linear feed
back control method can be used to maintain the rotor at its balanced position.

Fig.610 gives the amplification of Fig.6.8. How the radial forces change with the

control current can be seen much more clearly in this figure.

6.3 Implementation of Rotor Position Control

Based on the above analyses, the exciting AC voltage of 26 volts and 900Hz is
applied, just as shown in Fig.6.6. Linear PD controller is used to regulate the control
current both in horizontal and vertical directions. Fig.6.10 is the schematic of control
strategy for the vertical direction force, and the control strategy for the horizontal
direction force is the same.

Because the electromagnetic force of the rotor is a function of the current going

through the control coil, the modulation of the control current can realize the movement
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and position of the rotor. The control system is implemented digitally using a

high-speed digital signal processor board. The control block diagram is shown in Fig.

6.10.

D/A »| Rotor position

A 4

—>®—> Controller

A/D Eddy current

A

sensor

Fig.6. 11 Rotor position control for vertical direction

Firstly, the rotor position is measured with the eddy current sensor, then the measured
value is feedback to DSP controller, the feedback signal is compared with the given
value (here is the rotor position), then a control coil current is output to keep the rotor
locating at the balance position.

The experiment results are given in Fig.6.11 and Fig.6.12. After the rotor got its

balance, we input a disturbance signal, and it can be seen that the rotor will change its

position correspondingly.

#1:1
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Time (s)

Fig.6. 12 Reference input signal
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Fig.6. 13 Rotor response trajectory

6.4 Implementation of Motor Rotation

For the development of bearingless motor with rectifier circuit, firstly, the rotor
rotation is tested when the rotor center is fixed to a mechanical bearing, and the results

show that the rotor can work just as we supposed like a permanent magnet stepping

motor.
6.4.1 FEM analysis

Firstly, the performances of the rotor rotation are analyzed using FEM, that is
keeping the rotor poles magnetized by DC current, and keeping the rotor angular
position of the control coil current 0 equal to 22.5°, e.g. keeping the control current
constant, the control current arrangement is shown in Fig.6.13, then rotating the rotor,

how the torque changing with the rotating angle is computed, the results are shown in

Fig.6.14.
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From Fig.6.14, it can be seen that when the rotor rotating angle 0 changing from -45°
to 145°, that exactly is the half rotation of the rotor, it is found that the rotor got its
balanced position when the rotation angle equal to 67.5°. At this point, with the
increasing of the rotor rotation angle, the rotor torque changed its direction. The angle 0
equal to 65 and 70 are also computed, which are the points nearing the balanced

position, the results present that the slope is sharp, that means the opposing torque is

large.

Taken into account that 6 equal to 45° is another typical position, the rotation torque

1s computed when the control current is fixed. The control current arrangement is shown
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in Fig.6.15, and 0 is fixed to equal 45°, the results are shown in Fig.6.16.
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Fig.6. 16 Control current arrangement for the torque production
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Fig.6. 17 Torque versus the rotor angular position

From Fig.1.16, it can be seen that when the rotor angular position is equal to 90°, the
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rotor got its balanced position. The points 0 equal to 85 and 95 are calculated also,
results show that, the slope is not large comparing with the former situation, with means
that the opposite torque is not very strong, but it still can returned to the balanced
position.

For these two situations, the balanced angles are equal to 45°+6.

6.4.2 Experimental verification

The rotor rotation has been verified by experiment, the rotor can be rotated just like a

permanent magnet stepping motor.

6.5 Summary and Remarks

According to the FEM analyses, the prototype of bearingless motor with rectifier
rotor coil is fabricated, and some variable relationships have been investigated. Based
on these results, a control system based on DSP controller is used to modulate the
control current of control coil to realize the rotor position control both in horizontal and
vertical directions. It has been verified that the rotor levitation can be realized.

From the experiment, it is still found that if the rotor deviates from the center position
more than 0.1mm, the rotor will be out of balance. Some control methods should be

considered to improve the system stability.
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Chapter 7 Conclusions

For the proposed bearingless motor with rectifier circuit, the principle has been
introduced firstly, then its feasibility is verified by numerical simulation. The
fundamental characteristics of the proposed bearingless motor have been investigated by
means of FEM and experiments. Based on the Prototype I, the strategies for radial
force and rotation torque control have been studied by FEM, and the rotor position
control has been implemented preliminary.

Chapter 1 gives an overview about bearingless motor. Bearingless motor is an
electromagnetic machine that has the functions of electric motor and active magnetic
bearing, and possesses the capabilities of both a magnetic bearing and a motor.
Sometimes it is also called self-bearing motor or integrated motor bearing. There are
some special applications for bearingless motors, such as high speed drives and
generators, bioreactors and semiconductor-technology, biomedical products e.g.
artificial hearts, respiratory support equipment, flywheel drives and generators. The
rapid development of the related technologies such as power electronics, vector control
theory and digital signal processing greatly contributes to the realization of bearingless
machines. Then, the bearingless motor types, winding structures and configurations that
have been developed are summarized. Finally, a new type of bearingless motor with
rectifier rotor coil is proposed.

In the followed chapter, the principle of the proposed bearingless motor with a
rectifier circuit is introduced in detail. In the proposed brearingless motor structure, a
rotor with rectified circuit coil is used to replace the permanent magnet rotor of stepping
PM motor. Therefore, this bearingless motor will inherit all the performances of
permanent magnet motor. Furthermore, the rotor mechanical strength will be improved
compared with permanent magnet, because the material of rotor is silicon steel sheet,
and the reluctance can be decreased. Besides, it can overcome the deficiency of
demagnetization. As compared with the reluctance motors, the problem such as rotor

vibration can be restrained. In addition, the motor contains a decoupling structure of
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torque and radial force, which will simplify the control system.

The feasibility for the proposed bearingless motor structure has been verified by
means of numerical simulation. A simple test instrument has been built. Both simulation
and experiment results prove that the rotor can be magnetized to possess the
performance of permanent magnet. Furthermore, the relationships between all of the
variables such as induced current versus air gap, flux density versus exciting voltage,
etc. have been measured. These results will provide an instructive direction for the
following design work.

In Chapter 3, based on the prototype I, the characteristics such as the induced current
with winding turns, radial force versus control current, torque and radial force versus
the rotor angular position, have been investigated. Following these preknowledge, we
tried to realize the rotor rotation, but the rotor was failed to rotate like a stepping motor
just as we supposed. From the FEM analyses, the flux distribution shows that when the
rotor poles align with the stator poles, there are only few flux lines flowing between the
neighbored stator and rotor poles, The FEM calculation results also indicate that the
torque value is very small at that moment, which causes a zero torque position.
Therefore, a new shape of bearingless motor is desired which can overcome the
deficiency of this prototype.

For Chapter 4, the prototype II is designed. In order to increase the magnitude of
radial force and rotation torque, the induced current must be generated by mutual
inductance, which depends on the faced area to the shape of rotor, so the stator poles
have been designed to be like an unfolded fan to increase the facing area between the
rotor and stator tooth. FEM analysis method has been used to analyze the characteristic
of this test machine. The results show that the new test machine can generate a larger
radial force and rotation torque, and no zero torque position.

For the new shape of bearingless motor with rectifier rotor coil, the radius of the rotor
is determined for the easiness of treatment. Then the optimum size of rotor tooth is
determined by comparing the torques when the rotor tooth is shorter, equal and longer
than the stator tooth, and a tradeoff consideration for the tooth size with which the
motor can generate relatively larger torque and radial force has been chosen.

Based on the new configuration of bearingless motor with a rectified rotor coil, the
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realization of rotation and radial force strategy has been investigated by finite element
method, and the feasibility has been verified preliminary. The analysis results indicate
that there is no coupling between the motor and radial force function. Therefore, when
the proposed control strategy is used, it will contribute to simplify the control system.

In addition, it has also been validated that the output radial force has a linear
relationship with the input control current, which means that the radial force can be
easily regulated by feed back control method.

All the results indicate that the proposed bearingless motor with a rectified circuit can
be realized. However, all of the results are obtained under ideal conditions, so
experiments should be carried out to validate the feasibility. The analysis results will
give a direction for the experiments.

In Chapter 5, using the prototype II, a control system based on DSP controller is
constructed.

Firstly, the characteristics of radial force change with the air gap and control current
were measured, and it is found that when the air gap is equal to 1.05mm or 1.15mm, the
generated radial force almost has a linear relationship with the control current. This
indicates that when the air gap between the rotor and stator changes from 1.05mm to
1.15mm, a linear control method can be used to keep the rotor balance.

The electromagnetic force of the rotor is a function of the current which goes through
the control coil. The modulation of the control current can realize the movement of the
rotor position. The control system is implemented digitally using a high-speed digital
signal processor board. An eddy current sensor is used to measure the rotor
displacement, then this signal is fed back to the controller, and the DSP controller
compares the feedback signal with the given value of the rotor position, then the control
coil current is output to keep the rotor being at the balance position. The rotor levitation
has been successfully realized.

From the experiments, it is found that if the rotor deviated from the center position
more than 0.Imm, the rotor will be out of balance. Some control methods, e.g. adaptive

control method, may be considered to improve the system stability.

From the numerical and FEM analyses, the results show that the proposed bearingless
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motor with rectifier rotor coil can be realized. Moreover, the feasibility has been
verified by the experiment results of rotor levitation. Certainly, there are many jobs still
to be done for the complete implementation of the proposed bearingless motor with
rectifier circuit coil.

So far, for the proposed bearingless motor, only the rotor levitation has been realized,
and the stability of the system still needs to be improved, and the robustness should be
strengthened. Therefore, some issues in the thesis should be further investigated. The

analysis on the achievable performance PD controller is used. Maybe some other

control schemes such as H

= or adaptive control method can also be tried to investigate
how the hardware components constrain the system performance.

The followed job is to realize the rotor rotation by experiment.
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