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Abstract

Nowadays, linear actuators have been widely used in industrial systems such as the train
propulsion, the aircraft launch system, and the industrial gantry. Therefore, an increasing number
of researchers pay attention to linear permanent magnet (LPM) machines. There are various
studies aim to achieve high thrust force, high thrust density, and low thrust ripple of LPM motor.
Methods such as a double-layer end-iron-free structure that has higher thrust force in the same
motor volume, using halbach permanent magnet with a semi-closed structure, the E-core winding
topology, double-stator tubular vernier permanent magnet have been proposed.

Beside those solutions, magnetic gear (MG) and magnetic geared motor (MGM) have been
proposed to achieve high thrust force from linear system. There are some distinct advantages
of MG over the mechanical ones, such as higher reliability, higher efficiency, inherent overload
protection, free from maintenance, lower acoustic noise, and physical isolation between input
and output shafts. Therefore, MGs are expected to be applied to numerous industrial systems.
Various topologies and solutions for computation of flux distribution in magnetic gear have been
published. Methods such as circuit-field-motion solution, magnetic circuit modeling, and lumped
parameter magnetic circuits technique for tubular magnetic gear (TMG), or the resolution of
Laplace’s and Poisson’s equations for coaxial magnetic gear have been proposed. However, the
previous methods focus on model and analysis of magnetic flux densities, thrust force, and force
ripple but model for machines control purpose.

In this dissertation, a magnetic geared linear motor which combines a tubular linear motor
and a tubular magnetic gear for high thrust force and downsizing of motor is presented. The
motor has two movers which attract together through two-way transmission force in comparing
with one mover of traditional linear actuators. One mover has higher speed and lower thrust
force, meanwhile, another one has lower speed and higher thrust force.

In addition, a mathematical model and solution for flux density distribution will be newly
established in this study. In comparison with finite element solution, this method consumes less
computing time. In addition, this method provides both radial and axial components of flux
densities in comparing with only radial component in previous studies which were applied for
tubular structure. Basing on the calculated flux density, force transmission capacity of the MG
and the motor thrust force are predicted. The accuracy of the method is confirmed by finite
element analysis and experimental results. The predicted results can be used as a simple tool for
optimization geometrical parameters of the motor.

Furthermore, this study presented a mathematical model of the motor which aims to control
position of the motor’s mover. The main idea of the mathematical model is that consider reaction
forces between the two movers in their motion equations. A position controller which is applied
for the motor is developed. Simulation and experiment are employed to confirm the accuracy of
the motor model. The accurately experimental trajectory response results validate the controller
performance.
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Chapter 1

Introductions

Chapter 1 presents the detail of background, objective, and approaches of this dissertation.
This chapter ends by giving the chapter organization.

1.1 Background

Currently, linear motors have been widely used in industrial systems such as the train propul-
sion, the aircraft launch system, and the industrial gantry [1-3]. Therefore, linear permanent
magnet (LPM) machines have received much attention from researchers. There are various stud-
ies aim to achieve high thrust force, high thrust density, and low thrust ripple of LPM motor.
Methods such as a double-layer end-iron-free structure that has higher thrust force in the same
motor volume [4], using halbach permanent magnet with a semi-closed structure [5, 6], the E-
core winding topology [7, 8], double-stator tubular vernier permanent magnet [9—! 1] have been
proposed. Beside those solutions, magnetic gear (MG) and magnetic geared motor (MGM) have
been proposed as an advance solution for achieving high thrust force from linear system. In
comparing with mechanical gear, MGs provides some distinct advantages. For instant, MGs can
achieve higher reliability, higher efficiency, and lower acoustic noise. In addition, MGs do not
face with overload circumstantial like mechanical ones. Further more, MGs less required main-
tenance because the input and output shafts are isolated [ 1 2—14]. Because of these above distinct
advantages, MGs are expected to replace traditional mechanical ones in numerous industrial
systems as an advanced solutions of power transmission.

Various topologies and solutions for calculation of magnetic flux distribution in magnetic
gear have been published [ 5-21]. Basing on the designing, MGs can be classified into two main
categories: The first type is the traditional magnetic gears which can be achieved by replacing
steel teeth with permanent magnets pole pairs. The second one is flux-modulated magnetic gears
which work based on magnetic flux modulation effect. Following, the development of magnetic
gears, the disadvantages and advantages of using these technologies will be presented.

1.1.1 Magnetic Gear Based on Mechanical Gear Topology



s Low-speed rot:
Magnetization ow-speed rotor

High-speed rotor

Air-gap

PMs

Figure 1.1: Magnetic spur gear [22].

(a) Internal coupling topol- (b) Axial coupling topology (c) External coupling topology
ogy

Figure 1.2: Topologies of magnetic spur gear [24].

The first idea using magnetic material to replace mechanical gear has been applied in me-
chanical power transmission systems since early decades of the 20th century. At first, these
magnetic gears were very similar to mechanical ones. A spur MG which was created by replac-
ing mechanical steel teeth with permanent magnetic pole pairs is shown in Fig. 1.1. In 1941,
Faus invented a MG which quite analogy to a mechanical spur gear [22]. However, this topology
was not strong enough because of low performance and the weakness of permanent magnetic
energy. Thus, it was impossible to widely applied in the industry, even if this topology seemed
quite effective. Later, using ferrite magnets to manufacturer a non-contact magnetic gear was
proposed by Ikuta ef al. in 1991 [23]. Fig. 1.2 shows some different topologies that later were
developed from a simple parallel-axis MG: Internal coupling topology with radial magnetization
direction in Fig. 1.2a, axial magnetization direction coupling topology in Fig. 1.2b, and external
coupling topology with radial magnetization direction in Fig. 1.2¢ [24].

Using the same replacing method, other structures of MG were produced. In 1974, Baermann
invented a magnetic worm drive using barium-ferrite magnets as presented in Fig. 1.3a [25].
In 1993, the basic design, working principle, and effectiveness of a new worm magnetic gear
topology (Fig. 1.3a) using samarium-cobalt PMs were presented by Tsurumoto and Kikuchi [26].
Later, in 1994, Tsurumoto and Kikuchi also developed magnetic gear which similar to bevel gears
(Fig. 1.3b) [27]. To convert rotational to linear motion, a prototype of rack-pinion magnetic gear
has been published [28]. Fig. 1.3c shows this rack-pinion topology.

Similar to mechanical planetary gear, a planetary magnetic gear, which has higher power
transmission capacity and torque density than previous topologies, has also proposed as shown
in Fig. 1.4 [29,30]. In another research on planetary MG, from simulation results, Huang et al.,

2



(a) Worm structure [20] (b) Bevel [27] (c) Rack-Pinion structure [28]

Figure 1.3: Some other topologies of MG.

indicated that this planetary gears prototype can be obtained 48.3 kNm/m? of torque density in
comparison with 100 kNm/m? torque density of six planetary gears topology.

In general, MGs can be obtained from mechanical gears by replacing the steel teeth with the
permanent magnet poles pairs. These MG topologies possible to transmit mechanisms power
without contact between input and output shafts, avoiding the disadvantages of mechanical ones.
In addition, these MG technologies are quite acceptable dynamic performances and mechanical
characteristics. However, except planetary magnetic gear, the drawback of these topologies is
the low torque density because of only some PMs participate simultaneously in transmission of
power. Consequently, these topologies are unattractive for large-scale industrial power applica-
tions.

S Magnetic ring gear

Magnetic sun gear

\ Magnetic planet
gear

Figure 1.4: Magnetic planetary gear [29].

1.1.2 Flux Modulating Magnetic Gear

In another approach, a new type of MG topology which works basing on flux modulation
effect was proposed by Atallah and Howe in 2001 [31]. The design of Atallah and Howe consists
of three main parts: a high-speed rotor, a low-speed rotor, and a stationary ring of ferromagnetic

3



Low-speed rotor

High-speed rotor

Pole pieces

Figure 1.5: Flux modulating magnetic gear [32].

PMs

Pole pieces
Inner PMs High-

speed
rotor

Outer PMs

Back iron

Pole pieces

Low-
speed
rotor

Back iron

(a) MG with linear structure [36] (b) MG with axial flux structure [43]

Figure 1.6: Topology with linear and axial flux design of gears.

pole pieces. Both of the two rotors have radially magnetized permanent magnets and iron cores.
Pole pieces are placed between the two rotors, formed the modulator. Function of the pole pieces
is to modulate the magnetic flux which established by the permanent magnets into different fre-
quency. This new magnetic gear prototype is known as simply flux-modulated or flux-modulated
magnetic gear [372]; its basic structure is shown in Fig. 1.5.

Based on this approach, to obtain higher efficiency and better torque density, numerous
topologies have been proposed, which aim to optimize the magnetic gear parameters [33—35].
There are two different outstanding configurations are the linear structure and axial flux design
as shown in Fig. 1.6a and Fig. 1.6b, respectively.

Fig. 1.6a shows the linear magnetic gear which has a tubular topology [36]. It works similar
to operating principle of the coaxial magnetic gear in [37]. According this study, from simulation
results, authors pointed that this topology can achieve greater than 1.7MN/m? of transmitted
force density. On other studies, by combining with a PM linear machine, authors showed that,
the magnetic gear with linear structure can achieve amount benefit, and it can be applied for the
energy generation from the sea waves application [38—42]. In comparison with tubular topology,
there is a ferromagnetic modulated pole pieces which located in the middle of two disk-shaped
rotors as represented in Fig. 1.6b [43].

Then, there were many efforts which aim to reduce volume and obtain higher force density

4



Low-speed
rotor

High-speed rotor

Pole
pieces

(a) Spoke-Type Coaxial MG Tangen- (b) MG with spoke ferrite [45] (c) Coaxial MG with surface-
tially Magnetized-Inner Rotor [44] mounted and Halbach magne-
tized [46]

PMs with

uter rotor
Outer .
the same ole picces - Outer rotor
: rotor S ¥
polarity I he same
nner olari

Pol rotor

ole n

PMs with y

_~alien
polarity

(d) Same magnetized in outer rotor (e) Same magnetized in outer (f) Tangentially magnetized in
[50] and inner rotors [51] outer rotor and surface-mounted
MG [35]

Figure 1.7: Coaxial flux-modulated magnetic gear.

by changing direction of the magnetic magnetization and the exploration of new geometric pro-
totype. Rasmussen et al. presented measurement and calculation results of a 5.5 gear ratio high
performance PM gear as shown in Fig. 1.7a [44]. This topology, the inner rotor is the high
speed rotor which configuring of tangential magnetized direction in the rectangular PMs form.
However, efliciency for the actual gear was 81% instead of 96% of theoretical. Later, with this
same scheme, Uppalapati et al. [45] introduced a 1:4.25 ratio, torque density of 239 Nm/L mag-
netic gearbox using ferrite magnet and Nd-Fe-B magnet flux-focusing to decrease torque ripple
as shown in Fig. 1.7b.

In 2010, Jian et al. [19,34], used a surface-mounted PM Halbach array for a coaxial MG aims
to achieve higher flux intensity and increase flux density of the topology which were proposed
in [46,47]. The configure of this topology is shown in Fig. 1.7c. The authors indicated that the
MG can increase torque density, decrease iron losses and cogging torque. From FEA results,
authors verified that the gear obtained 13% of torque density higher, the maximum transmission
torque improved by approximately 7% when comparing to the normal condition.

In 2012, still using halbach array, combing with optimal magnet arrangement and the shape
of stationary pole pieces to increase transmission torque, Fujita ef al. developed a high speed
magnetic gear [48]. With this designed, it can provide the powerful (torque of 8 through 15
N.m) and high speed (about 3000 rpm), the transmission torque improved by 15% or more in
comparing to the conventional pole pieces.

In 2017, Som et al. presented a new type of FCH-MG by incorporating the ferromagnetic
flux concentration poles within the Halbach type structure [49]. From experimentally tested,
this prototype obtained a 112Nm/L of torque density but it still faced difficult to implement in

5



practice. In 2009, a new structure of axial magnetic gears was proposed and implemented by

Magnet
pole-pairs

Iron

Outer rotor Segments

Outer rotor

Inner rotor

Pole pieces

Levitation
winding

Pole

pieces
Magnet
pole-pairs

(a) Interior PM rotor coaxial mag- (b) Magnetic planetary gearbox [55] (c) Intersecting-axes mag-
netic gear [53] netic gear [56]

Pole
pieces

Low-
speed
High- rotor
speed
rotor

(d) Reluctance magnetic gear (e) Transverse flux magnetic gear
[57] [58]

Figure 1.8: Some special structure of flux modulated magnetic gearboxes.

Liu et al. as shown in Fig. 1.7d [50]. The proposed gear was designed with gear ratio of 7.33
and optimized by using the three-dimensional finite element analysis (3D-FEA). In comparison
with traditional MG, the proposed one can reduce volume by 16.5% but the torque capability
decreased by 5.3%. Fig. 1.7e shows the proposed topology with both permanent magnet and
consequent poles are employed on the inner and outer rotors by Shen et al. [51]. By increasing
the effective magnetic flux and offering additional reluctance torque, the MG improved torque
density of 24% meanwhile reduced the permanent magnets volume 75% and 80% in the external
and the internal rotors, respectively.

Fig. 1.7f shows a tangentially magnetized-outer rotor coaxial MG which was developed from
the Rasmussen’s topology [44], by Li et al. [35]. From 2D FEA results, the study pointed that the
gear can decrease ripples torque while increase 25% of torque density than that of conventional
topology. In a later study, Jing et al. proposed a high torque density and high mechanical
properties MG by changing the inner permanent magnet shape and the outer permanent magnet
magnetization [52]. From 2D FEA results, the outer rotor torque increased from 74.52 N.m to
140.40 N.m and the inner rotor torque is increased from 12.96 N.m to 24.39 N.m.

By modifying the geometry or arrangement of the MG’s components, various coaxial topolo-
gies which work basing on flux modulation effect have been proposed. Many studies aim to
achieve a high-performance magnetic gear even if some of these topologies do not provide high
torque densities. In 2011, Frank et al. proposed a concentric planetary MG for renewable en-
ergy application [53, 54]. This topology with strengthened stator and interior permanent magnet
(IPM) inner rotor, it consist: parallel magnetization PM in rectangular form of inner rotor and
reinforced stationary ring as shown in Fig. 1.8a.



Fig. 1.8b shows a 3 kW magnetic planetary gear with gear ratio equals to 9.5 for transmitting
power in Helicopter [55]. The gear includes a levitation winding aims to generate an average
unbalanced magnetic pull in the air gap. From simulation results, authors showed that suspension
winding does not affect on performance and torque transmission. In 2014, Liu et al. proposed a
novel magnetic gear with intersecting shaft axes as shown in Fig. 1.8c [56]. Basing on special
structure, this MG can achieve flexible transmission direction where the axes do not intersect. In
2016, Aiso et al. presented a novel reluctance magnetic gear as shown in in Fig. 1.8d [57]. In
difference with both PM pole pairs in inner and outer rotor of the other MGs, there is only PM
in the outer rotor (low-speed rotor). The inner rotor is the high speed rotor which is constructed
by only iron core. This structure make the gear become much more simple. Consequently, this
reluctance MG possible to operate in very high speed region. Fig. 1.8e presents the design of a
magnetic gear with transversal-flux topology [58]. This structure achieve flexible transmission
ratio and large torque.

Low-speed
Stator rotor

Rotor Outer rotor

Translator

4

(a) Trans-Rotatory Magnetic (b) Harmonic Magnetic gear [63] (c) Cycloidal Magnetic gear [65]
gear [59]

Figure 1.9: Some other special magnetic gearboxes.

Some other special topologies such as trans-rotary, a mechanical harmonic, and cycloid MG
have been proposed in Fig. 1.9a, Fig. 1.9b, and Fig. 1.9c, respectively. In 2012, Pakdelian et
al. presented and experimentally analyzed the trans-rotary magnetic gear which was designed
to convert linear to rotary motion [59—62]. A magnetic harmonic gear, was proposed by Rens et
al., aims to apply for a high gear ratio systems [63, 64]. In addition, a cycloidal MG which can
provide an extreme torque density and a very high gearing ratio was designed by Jorgensen et
al. [65]. Summary of the main MG technologies illustrated in Table 1.1.



Table 1.1: Summary on magnetic gear topologies

MG Topology Performance Gear ratio | Figure
Linear MG Transmitted force density ~ 1.7 MN/m’ 3.25 Fig. 1.6a
Axial MG Torque density: 70-289.8 kNm/m’ 5.75 Fig. 1.6b
Spoke-Type Coaxial MG
E/Elgg;;tiligﬁ Torque density: 92 kNm/m? 5.5 Fig. 1.7a
Inner Rotor
Spoke Ferrite MG Torque density: 84.4 kNm/m? 1:4.25 Fig. 1.7b
Coaxial MG with
surface mounted and Torque density: 110.7 kNm/m? 4.25 Fig. 1.7¢c
Halbach magnetized
Coaxial MG
Mi;ﬁleetie(:)cfgzer Torque density: 55.8 kNm/m? 7.33 Fig. 1.7d
Rotor
Same magnetized
in outer and Torque density: 35.4 kNm/m? 17:5 Fig. 1.7e
inner rotors
Tangentially magnetized
in outer rotor and Torque density: 98.1 kNm/m? 5.5 Fig. 1.7f
surface-mounted MG
Interior PM
rotor coaxial Torque density: 64 kNm/m? 5.5 Fig. 1.8a
magnetic gear
Reluctance MG Torque density: 29.4 kNm/m? 0.125 Fig. 1.8d
Transverse Flux MG Torque density: 80.6 kNm/m? 6.5 Fig. 1.8e
Trans-Rotatory MG Force density: 10 MN/m’ ~156 Fig. 1.9a
Magnetic Harmonic Gear Torque density: 110 kNm/m’ 20 Fig. 1.9b
Cycloidal MG Torque density: 141.9 kNm/m? 44/42 Fig. 1.9¢




1.2 Objectives

There are two main objectives of this dissertation. They are stated as follows:

e Solution for flux density in both axial and radial components in TMGLM.

e Modeling and control the TMGLM.

1.3 Approach

In this dissertation, a solution for flux density distribution in TMGLM which based on solving
Laplace and Poisson equations was newly established. In addition, mathematical model that con-
sider reaction forces between the two movers in their motion equations and a motion controller
were developed.

1.4 Chapter Organization

This doctoral dissertation consists of five chapters described as follows.

e Chapter 1 - Introduction and background of my research were summarized.
e Chapter 2 - The structure and working principle of the TMGLM are presented.

o Chapter 3 - Mathematical model and solution for flux density distribution will be presented
in this chapter. In comparison with finite element method, the presented method consume
less computing time. In addition, this method provides both radial and axial components
of flux densities in comparing with only radial component in previous studies which were
applied for tubular structure. Basing on the calculated flux density, force transmission
capacity of the MG and the motor thrust force are predicted. The accuracy of the method
is confirmed by finite element analysis and experimental results. The calculated results
used to determine the optimization geometrical parameters of the gear.

e Chapter 4 - This chapter presented a solution for modeling of a high thrust tubular mag-
netic geared linear motor aims to control the motor position. In addition, a controller was
developed by comparing PI and DOB methods. From simulation and experimental re-
sults, it was verified that the motor model is accurately. Effectiveness of the controller was
confirmed by experimental results under both cases of pulse and sinusoidal references.

e Chapter 5 - Finally, this dissertation is summarized.



Chapter 2

Tubular Magnetic Geared Linear Motor

2.1 Abstract

In this chapter, structure and working principle of the Tubular magnetic geared linear motor

will be explained, briefly.

2.2 Structure of the TMGLM

Fig. 2.1a, Fig. 2.1b, and Fig. 2.2 show the 3-D, 2-D, and manufacturing structure of the
TMGLM, respectively. The TMGLM consists of four main parts: Inner PMs, outer PMs, pole

pieces, and three-phase coils.

Pole-pieces

Inner PMs
(Low-speed mover)

3 phase coils

Outer PMs
(High-speed mover)

Inner PMs

(Low-speed mover) Pole-pieces

Outer PMs
(High-speed mover)
3 phase coils

Section-view Top-view

(a) 3-D model

Tg

7

Te

s

T

3

2

n

| Twp |
g Th e %w
: l l < g Outer PMs
Tom 2.
77777 u Pole-pieces

I Jin

e T [ [ [ e

—L Shaft

(b) 2-D model

Figure 2.1: Structure of the TMGLM
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Encoder for
high-speed mover

Encoder for

Pole pieces low-speed mover

High-speed mover

Three phase coils

Shaft
(Low-speed mover)

Figure 2.2: Manufacturing topology.

e The inner PMs represent the low-speed mover of the gear. The mover was made from
Neodymium magnet N-42 and it has inner diameter, outer diameter, and thickness equal to
4.0 mm, 10.0 mm, and 3.75 mm, respectively. Stroke length of the low-speed mover equals
to 40.0 mm. High thrust force is generated on the low-speed mover as the output force of
the motor. To measure displacement of the mover, an encoder is assembled as shown in
Fig. 2.3a. The encoder consists of a scale and a reader. The scale part is connected to the
low-speed mover and guided by 4 rollers which ensuring the scale can move with the same
velocity and direction of the mover. The reader part is connected to the controller (PE-
Expert4) aims to feedback position of the mover when motor working. On the opposite
side where assembled the encoder, a force sensor is configured to achieve thrust on the
inner mover, as illustrated in Fig. 2.3b. Fig. 2.3c shows the manufacturing draw of the
mover.

e The outer PMs represent high-speed mover of the magnetic gear. The mover was made
from Neodymium magnet N-42 and it has inner diameter, outer diameter, and thickness
equal to 24.0 mm, 30.0 mm, and 20.0 mm, respectively. Stroke length of high-speed
mover equals to 215.0 mm. Similarly to the inner mover, the outer mover also consists
of an encoder aims to feedback its displacement. Fig. 2.4a illustrates how the scale and
reader parts of the encoder setups on the experiment model. The outer mover is connected
to an extension part which exerted to encoder scale part. Two above and two bellow rollers
guide the direction for the extension part. In the case of response thrust on the high-speed
mover, a force sensor will be inserted as shown in Fig. 2.4b. This configuration provides
an ability to measure force when the mover is stationary, not for moving circumstances.
The retaining sleeve plays a role as an orientation part for the high-speed mover as show
in Fig. 2.4c.

e The pole pieces play a role as a modulation effect part. In the experiment motor, the pole
pieces were made from steel S45C and has inner diameter, outer diameter, and thickness
equal to 12.0 mm, 22.0 mm, 3.16 mm, respectively. The B-H characteristic of S45C steel
and manufacturing draw of the pole pieces are shown in Fig. 2.5a and Fig. 2.5b.
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Moving directior

=
ﬁnnecter between the mover and encoder scale ,
: Rollers = J

rf.ﬁ'):‘»" bt Y E e i S8Rl 2
(a) Setup for low-speed mover’s encoder (b) Setup to measure force on the low-speed
mover

Rollers

Low-speed mover

Low-speed mover

permanent magnet
Reader

Moving direction of encoder

T

Scale
of encoder

Shaft
(Low-speed mover)

(c) 3D view of low-speed mover

Figure 2.3: The low-speed mover.

e The coils are three phase windings. They were made from copper and have its inner diame-
ter, outer diameter, and thickness equal to 53.0 mm, 57.5 mm, and 11.33 mm, respectively.
There are total nine coils in each phase, and all of them are connected to the power supply
when the motor operates.

The TMGLM can be consider as a combination of a tubular linear motor and a tubular mag-
netic gear as shown in Fig. 2.6. The tubular linear part consists of three phase coils and outer
PMs. Meanwhile, the inner PMs, the pole pieces, and the outer PMs are combined to form a
magnetic gear. There are air-gaps with a length of 1 mm between the high-speed mover and
the pole pieces, as well as between the low-speed mover and the pole pieces. Parameters of the
TMGLM are specified in Table 2.1.
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(a) Setup for high-speed mover’s encoder (b) Setup to measure force on the high-speed
mover

Retaining
Moving direction sleeve

High-speed mover
permanent magnet

High-speed mover

Rollers

Scale of encoder

Reader of encoder

(c) 3D view of high-speed mover

Figure 2.4: The high-speed mover.

Pole pieces

0 20 40 60
H (kA/m)

(a) Magnetic property of S45C steel (b) 3D view of the pole pieces

Figure 2.5: The pole pieces.
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Table 2.1: Parameters of the TMGLM

Symbol Meaning Value
r Inside radius of inner PMs 2.0 mm
r Outside radius of inner PMs 5.0 mm
T Pole pitch of inner PMs 3.75 mm
rs3 Inside radius of pole pieces 6.0 mm
T4 Outside radius of pole pieces 11.0 mm
B Thickness of pole pieces 3.16 mm
rs Inside radius of outer PMs 12.0 mm
Te Outside radius of outer PMs 15.0 mm
T Pole pitch of outer PMs 20.0 mm
ry Inside radius of winding coil 26.5 mm
rg Outside radius of winding coil 28.75 mm
ay Thickness of a single coil 11.33 mm
gin Inner air gap length of the magnetic gear 1.0 mm
Sout Outer air gap length of the magnetic gear 1.0 mm
g Air gap length between high-speed mover and the coils | 11.5 mm
Ay Distance between two coil groups in one phase 34.33 mm
L Active length 120 mm
B,.. Remanence of PMs 1.15T
Nipm Number of high-speed mover pole pairs 3
Nipm Number of low-speed mover pole pairs 16
Ny, Number of ferromagnetic pole pieces 19
N,, Number coils of each phase 9
N, Number of turns per stator coil 90
Foax Maximal thrust force 10341 N
Lipax Stroke length of low-speed mover 40.0 mm
Limax Stroke length of high-speed mover 215.0 mm
R Winding resistance of each phase 11.0Q
Ly Winding inductance of each phase 8.5 mH
my, Mass of the high-speed mover 0.3 Kg
my Mass of the low-speed mover 0.5 Kg
1/ Permanent magnet flux linkage 0.165 Wb
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Figure 2.6: Components of the TMGLM

2.3 Working Principle of the TMGLM

As described about structure of the TMGLM in Section 2.2, the machine can be considered
as contributing from a tubular linear motor and a tubular magnetic gear together. The linear
motor part works as a conventional tubular linear motor. When current is applied to the coils, a
thrust force is generated on the high-speed mover (Outer PMs). This force makes the high-speed
mover travels along z-axis. Meanwhile, the magnetic gear part works basing on the magnetic
flux modulation effect. This MG can be worked under 2 different modes. The first case, the pole
pieces are fixed while the outer and inner PMs are allowed to travel. In this mode, the gear ratio
G, is given by:

2.1

Minus sign in (2.1) denotes that the two movers have opposite direction.

Secondly, if the inner mover is held on stationary, the outer PMs and pole pieces are allowed
to move, the gear ratio is given by

NPP

G, =
Nlpm

(2.2)

In this operating mode, the outer mover and pole pieces have the same direction. To obtained
maximal transmission force, under active length, the relationship among three type of segments
should follow as:

Npp = thm + Nlpm (23)

where: N, denotes number of pole pieces; Ny, is inner mover pole pairs number; Ny, is outer
mover pole pairs number.
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For the experimental motor in this thesis, stationary part is the pole pieces and the active
ferromagnetic pole piece number N,, = 19, the active poles on the high-speed mover of the
outer PMs Nj,,,, = 3, and the active poles on the low-speed mover of the inner PMs Ny, = 16.
Thus, the ratio the magnetic gear part is obtained as G, = 16/3. As a consequence, the low
and high-speed movers travel in opposite directions. The output force which exerted on the low-
speed mover, can be achieved by 16/3 times greater than that on the high-speed mover. The
frequency of the current flowing in the three-phase coil determines the synchronous velocity of
the high-speed mover.

2.4 Summary

This chapter briefly explains the structure and working principle of the TMGLM which can
generate high thrust force for linear motion. For specification parameters, MG of the motor has
gear ratio equals to 16/3; maximal thrust force equals to 103.4 N; output stroke length equals
to 40.0 mm. For working principle, a thrust force is generated on the outer PMs when current
is applied to the coils. The magnetic flux which excited by outer PMs is modulated by the pole
pieces; the amplified flux attracts the magnetic flux excited by inner PMs. Thus, a thrust force is
generated on the inner PMs. Similarly, a reaction force which exerts on the outer PMs is produced
when inner PMs travels, through pole pieces. In this topology, under active length, number
pole pairs of the outer PMs, pole pieces, and inner PMs equal to 3, 19, and 16, respectively.
Consequently, the inner PMs mover has slower speed but it can generate higher thrust force than
outer PMs do.
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Chapter 3

Magnetic Flux Density Distribution and
Thrust Force

3.1 Abstract

Flux density distribution in the air-gap and thrust force play an important role to advance the
design and development of new generation motors. Various methods for this problem have been
proposed. As for coaxial magnetic gear, the resolution of Laplace and Poisson equations solution
has been introduced [ 18, 19]. For tubular magnetic gear (TMG), there were several methods such
as circuit-field-motion solution [ | 5], magnetic circuit modeling [66], and lumped parameter mag-
netic circuits technique [17] have been proposed. However, the previous methods which were
applied for TMG, only can calculate radial component of flux density. In this section, basing on
Laplace’s equation in the air- gap region and Poisson’s equation in the permanent magnet region,
general solution for flux density of the magnetic gear is calculated. Then, particular solution for
magnetic flux respect with the topology of the tubular magnetic gear in this study is predicted by
solving boundary conditions. In addition, maximal force that the gear can be transmitted is also
calculated based on the predicted flux density. Further mover, thrust force exerted on the high
speed mover which generated by the three-phase coils are calculated. The maximal predicted
forces on the movers are important parameters to design the controller in the next section. In
comparison with previous methods, the solution in this study is solved in cylindrical coordinates
and applied for TMG. The method provides both radial and axial components of flux densities.
The calculated flux densities are compared with FEA results to confirm the accuracy of the pre-
dict method. Hence, the force transmission and thrust force are experimentally studied to verify
the calculated results.

3.2 Mathematical Modeling of the Tubular Magnetic Gear

3.2.1 2-D Model of the TMG

17
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Figure 3.1: 2-D model of tubular magnetic gear.
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Figure 3.2: Magnetization.

The flux density predicted method is based on the 2-D magnetic gear model in cylindrical
coordinates as shown in Fig. 3.1. The magnetic gear can be divided into total six regions:
regions I and IV are the PM regions; regions I, III, V, and slot-i are the air gap regions.

The governing partial differential equations in each region are as follows [13].

{ VA = —pgV x M In PMs regions (Poisson equation) 3.1

VA =0 In air-gap regions (Laplace equation)

where A is the magnetic potential vector, 1 is vacuum permeability, and M is the magnetization
vector which can be expressed as follows.

M = M,é. + M,é, (3.2)

In a cylindrical structure, the magnetization vector M has only M, component in the z direc-
tions as shown in Fig. 3.2. In addition, M, is a non-continuous function with a period of 27;
thus, it can be represented as a harmonic expansion [67].

rem . 7T(2]’l - 1)
M, = —_— ky 33
Z /1071'(2]1 ™ ( 2 “”) cosknz) (3-3)
where a, = 7,/7, and k, = (2n — 1)n/7,. In this research 7, = 7,,.
The position z; of the i — th slot as shown in Fig. 3.1 is defined as follows.

2i=Qi-DB+2z0

1 <i<N,, (3.4)
where z,,y denotes the initial position of the ferromagnetic pole pieces.

To calculate the flux density distribution in each region, Laplace equation (in the air gap re-
gions) and Poisson equation (in PM regions) are solved directly using the separation of variables
method as follows.
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3.2.2 Solution for Laplace Equation

From Laplace equation in the air gap regions (region II, III, V and slot 1):
VZA=0 (3.5)
In cylindrical coordinates (3.5) can be written as follows.

PA 10 0A A

—+-——=0—)—-==0 3.6
072 ror r@r) r? (3-6)

Using method of separation variables, assuming that
A=R(Z(2) (3.7)

Substituting (3.7) into (3.6), obtained
1 0°Z(2) 1 OR(r) 1 0°R(r) 1

Z(z) 07* +R(r)r or +R(r) or? —ﬁ:O (3-8)
Separating variables for (3.8), obtained
Z(L azazgo - k2
naf s "
Or
AL
e Solving Z” + k*Z = 0 has solution
Z = Csin (kz) + Dcos (kz) (3.11)
where C and D are integral constants.
e SolvingR” +1R'— tR-k’R=0
Or
PR+ 1R = (K + 1)R =0 (3.12)

Assuming x = kr;dx = kdr;dx* = dx * dx = k*dr?, (3.12) leads to
PR+ xR - (@ +1)R=0 (3.13)
(3.13) is the modified Bessel function and has solution as follows.
R=E.I (x)+ FK;(x) (3.14)
Or

R =E.I (kr) + F.K, (kr) (3.15)
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where I;(kr) is the modified Bessel function of the first kind for order one; K;(kr) is mod-
ified Bessel function of the second kind for order one; E and F' are integral constants.

Substituting (3.11) and (3.15) into (3.7), obtained

A= {C.E.Il(kr) + C.FK, (kr)} sin(kz) + {D.E.Il(kr) + D.F.Kl(kr)} cos(kz)  (3.16)

Because the axial component of flux density is antisymmetry on z = 0, so BZ|Z=0 =0,it
leads to D.E = 0and D.F = 0.

Finally obtained solution for Laplace equation as follows.

A= {al1 (kr) + bK, (kr)} sin(kz) (3.17)
In fourier series

A= Z {a,I,(k,r) + b,K,(k,r)}sin(k,z) (3.18)
n=1

where a, and b, are integral constants that can be determined by solving the boundary
conditions.

3.2.3 Solution for Poisson Equation

From Poisson equation in the magnet regions (region I and IV):
VA = —ugVx M (3.19)
Poisson equation in the PM regions can be written in cylindrical coordinates as follows.

A 10, 0A A
ga 10, 5_) A VXM (3.20)
0z ror r?

General solution for (3.20) is

A= i {[a,,l1 (k,r) + b, K, (k,,r)] sin(k,z) + S (r, z)} (3.21)
n=1

where Z [anll (k,r) + b, Ky (k, r)] sin(k,z) is the general solution of Laplace equation VA = 0
and S (r z) is a particular solution of Poisson equation (3.20)

Using method of separation variables, assuming that
S(r,2) = R(r).Z(z) (3.22)

Substituting M from (3.3) into (3.20), obtained

92A 18(8_A)_é:_ 4B, . [(m2n—=1)
Ho 3

a2 —k.si 2
072 " ror or’  r? uor(2n — 1) o a,,)( k.sin(kz)) (3:23)
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Substituting (3.22) into (3.23), we have

L #Z@ 1 RM) 1 PRM) 1
Z(z) 0z R(r)r or R(r) o0Or? r?
B 1 4B.w . (7(2n-—1)

- RNZ(2) T, ( 2

Assuming

P, =

4B, . (7(2n—1)
sin a
T 2 P

p

Now, (3.24) becomes

1 8°Z(2) 1 OR(>) 1 82R(r)_1

Z@ 02 Rr ar R o7~ WPnSin(kZ)
Assuming
1 ¥Z@) e
Z(z) 0z
(3.27) has solution as
Z = sin(kz)

Substituting (3.27) and (3.28) into (3.26), we have

| 1 ) 1
"R+ —R - — k=P,
R Rr r2 R

Or
PR +rR — (kK> + DR = r*P,
(3.30) is the modified Struve function, thus the solution for it is

wli(kr)
R =
2k?

P,

where L;(kr) is the modified Struve function for the first order.
Next, substituting (3.28) and (3.31) into (3.22), we have

_ nLy(kr)

S=RZ
2k?

P,sin(kz)

a p) sin(kz) (3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)

Finally, the general solution for Poisson equation (3.20), in fourier series, can be obtained as

follows.

7TL1 (knr)

A = Z {anll(knr) + anl(knr) + 2k2

n=1

Pn} sin (k,z)
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Figure 3.3: 2-D model of movers and pole pieces.

3.2.4 Magnetic Flux Density Distribution

The magnetic flux density B can be determined from the magnetic potential vector A as
follows.

B=VxA (3.34)
For radial B, and axial B, components of magnetic flux density
0A 10
oo Be= oo (rA) (3.35)
In the air gap regions (regions II, III, and V and slot i), from (3.18) and (3.35), we have
B, = 3 —{auli(ka) + b, K1 (ker)) cos(k2)
= (3.36)
BZ = Z {anIO(knr) - anO(knr)} Sin(an)

n=1
where Iy(k,r) is the modified Bessel function of the first kind for order zero, and Ky(k,r) is the
modified Bessel function of the second kind for order zero.
In the PM regions (regions I and IV), from (3.33) and (3.35), we obtain the solution for flux
density as follows.

B, = 3~ auli(kur) + b, K (kor) + T80 P, Yeos(k,2)

n=1 "

- (3.37)
B. = ¥ {aulo(kyr) — byKo(k,r) + %0 P, ksin(k,2)

S
1l
—

where Ly(k,r) is the modified Struve function for order zero. (3.36) and (3.37) present general
solution for flux densities distribution in air-gap and PMs regions.

To predict the flux densities in the inner and outer air gaps of the model in Fig. 3.1, the outer
PMs and inner PMs are removed as shown in Fig. 3.3(a) and Fig. 3.3(b), respectively.

For the model in Fig. 3.3(a), from the general solution for Laplace equation in (3.36) and for
Poisson equation in (3.37), we have

e Magnetic flux density distribution in Region 1.

Bl = 3 —[allikyr) + B (kor) + P52 P, \cos(k,2)

n=1 n

s (3.38)
B, =% {afllo(kn”) — bl Ko(k,r) + Z—E‘Lo(knr)}sin(knz)

S
Il
—_
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e Magnetic flux density distribution in Region II.

B, = i { I (kar) + bﬁlKl(knr)}cos(knz)
S (3.39)
Bﬁ’m = Z‘ { "Io(kar) — bl Kok, r)}sm(knz)

e Magnetic flux density distribution in Region III.

Bl — i —bH K, (kyr)cos(kyz)

r-in

] (3.40)
B! Z —b}!" Ko (ky,r)sin(k,z)

Note that [, (kr)|r_m =0 and Io(kr)|r_>00 =
e Magnetic flux density distribution in slot-i.

Bl

r.in

~{al, 1K) + B, K1 () je0s (ki 2)

—_

(3.41)
Bl

z-in

SMsiis

—_

{at o) = b, Ko(Kr) sin(kn2)

Similarly, solution for magnetic flux densities of the model in Fig. 3.3(b) obtained as follows.
e Magnetic flux density distribution in Region V.

BY,, = 3 —bYK\(kyr)cos(ky?)
el (3.42)
Z bVKo(kh r)sin(k,z)

z out -
e Magnetic flux density distribution in Region IV.

r_out 2k2

BY =73 — {a;ﬂl (knr) + BV K (kyr) + 2282 p }cos(knz)
h=1

© (3.43)
Bgvouz = Z {a;lvl()(khr) - b;lVKo(kh}") + %Lo(khr)}sin(knz)
h=1 h
e Magnetic flux density distribution in Region III.
B, = 3~ {al" 1) + bl () feos (k)
= (3.44)
B!, = 3 {al lo(kar) = bi!" Ko(kyr)Jsin(k2)
h=1
e Magnetic flux density distribution in slot-i.
B .= 2 - {aﬁnh(kmr) + bf;qu(kmr)}cos(kmz)
"S! (3.45)

Bé out — Z {a:nIO(kmr) - bi,,Ko(kmr)}sm(kmz)
m=1
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e Magnetic flux density distribution in Region II.

BI 1

r_out

= E} —al'l; (k,r)cos(k,z)

= . (3.46)

B! . = % al'ly(k,r)sin(k,z)
n=1

Note that K 1(kr)|r_>0 =0 and Ko(kr)|r_)0 =0.
where a,, b,, a;, by, a, and b,, are calculated based on the boundary conditions as shown in

Section 3.2.5.

Finally, the magnetic flux densities in the inner and outer air gaps of the MG can be obtained
when the nonlinear factor of the magnetic path is ignored, as follows.

Bf’[ = Bﬁm + Bﬁout

(3.47)
Bél = B Zin + B gout
B = B, + B,

(3.48)

Bé” — BIII + BIII

z-in z-out

3.2.5 Boundary Condition

To obtain the particular solution for the flux density with respect to the geometry, coefficients
a and b from (3.38) to (3.46) need to be employed by solving the boundary conditions. This
model has three different types of boundary conditions: Neumann, continuous, and combined
boundary condition.

When a region has a surface that is in contact with the soft-magnet material, it has Neumann
boundary conditions (the axial magnetic flux strength must be zero, H, = 0). For the continuous
boundary condition, the radial component of the magnetic flux density (B,) as well as the axial
component of the magnetic flux strength (H,) need to be continuous between two regions. If the
interface between regions that have an unequal width and/or unequal offsets, a combination of
the continuous and Neumann boundary conditions can be applied [65].

Boundary conditions for the model shown in Fig. 3.3(a). Region I (inner PMs) has a surface
that contacts the soft-magnet material (shaft) along r = r;. Thus, the Neumann boundary con-
dition holds at r = r;. Axial component of the magnetic flux strength excited by only the inner
mover in region | at r = r; equals to zero.

1
z-in

=0 (3.49)

r=ri

Besides, we have
B = popt, H + oM (3.50)

In a cylindrical structure, the magnetization vector M has only M, components as shown in Fig.
3.2. Therefore,

B, = pou-H. 3.51)

z-n
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From (3.49) and (3.51), the axial component of the magnetic flux density excited by only the
inner mover in region I at r = r; equals to zero.

Linley, =0 (3.52)
Or
/ / P,
anlo(knr]) - ano(knl"]) + 2_](2L0 (knl’l) =0 (353)

Applying boundary conditions at r = r,, r = r3, and r = r4, we have

e Radial component along r = r;

B =Bl (3.54)
Or
alli(kyra) + bL K, (kyry) = all Iy (kyra) = b} Ky (kyr2) + 522 Ly (k) = 0 (3.55)
e Axial component along r = r,
B,
B, = —= (3.56)
" Ar=r,
Or
al Io(k,ry) — b Ko(kura) — prall Io(k,ra) + bl Ko(k,ra) + ;TPE’LO (knr2) =0 (3.57)
e Axial component along r = r3
B .| Vzel|z,z+p]
Lol = s o 3.58
“ttlr=rs { 0 else (3.58)
Or
Npp M . X
all lo(kurs) = Bl Ko(kurs) = 3 3 |adIo(Kknrs) — bl Ko(krs) |k (r,m, 1) (3.59)
i=1 m=1
where
5 4P
k(n,m,i) = — f sin (k, (x — z;)) sin (k,x) dx (3.60)
T
P Zi
e Radial component along r = r;3
Bi]’{m rers = Bi‘,in r:r3VZ € [Zi,zi +ﬁ] (361)
Or
, _ N
al, 11 (krs) + B, Ky (k) = X [all1y (kyrs) + BITK (kyrs) g O, m, i) (3.62)
n=1
fori=1,...,N,,
where
) zi+p
n(m,n,i) = B f cos (k,x) cos (k,, (x — z;)) dx (3.63)

Zi
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e Axial component along r = ry

11 Vz € [zi, 2 + ]

: r=ry
zZ-in

— Bi,in
r=rs | Qelse

Or

Npp M .
—bl Ko(knra) = Y. 3 b Jo(knra) = bl Ko(kra) | & (hm, i)

i=1 m=1
e Radial component along r = ry4

=B

r=ra rin

BIII

r-in

V2 € [z, 2 + ]

r=

m

. . H
al Il(kmr4) + binKl(kan) = Z b;l”Kl(kth)T] (m, h, l) fori = 1, Ce ,Npp
h=1

(3.64)

(3.65)

(3.66)

(3.67)

Similarly, boundary conditions for the model shown in Fig. 3.3(b) can be obtained as follows.

e Axial component along r = r3

i
— B zZ-out|y=
r=r 0 else

Bl V2 € [z, zi + ]

z-out

Nop M . .
all lo(krs) = 3, 3 (ah,Io(Kkrs) — bl Ko(knrs)) k (n,m, i)

i=1 m=1
e Radial component along r = r3

=B

r=r3 r-out

B[[

r_out

r3VZ € [Zi’Zi +ﬁ]

r=

m
n=1

e Axial component along r = ry4

i
— Bz,out r=
r=ry 0 else

Bl r4VZ € [z,z + Bl

z-out

Or

Nep M, .
a ' Io(kyry) — b Ko(kyrs) = Y, 3 (afnlo(kmm) - b:nKO(kmr4)) Kk (h,m, i)

i=1 m=1
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al, 1y (knrs) + b, Ky (kurs) = 3, (all Iy (kyr3)) m (m,m i) fori = 1,..., N,

(3.68)

(3.69)

(3.70)

(3.71)

(3.72)

(3.73)



e Radial component along r = ry

B]II

r_out

r=r4 = Bifom|r:r4\7'z (S [Zi’ Z; +ﬁ]

H
al, 1y (k) + b, Ky (kra) = X, (all' I (Kyra) + b Ky (yra) ) m (m, )
h=1

fori=1,...,N,,
e Radial component along r = rs

BIII _ BIV

roout — “r_out

r=rs

Or

Ii(kyrs)aj!" + Ky (kyrs)by" = I (kprs)ay” — Ky (kyrs)b;" = %Ll (knrs)

e Axial component along r = rs

BI \%
z-out
BI 11

Hr r=rs

prlo(kyrs)all — i, Ko(kyrs)bi! — Io(kyrs)aly + Ko(kyrs)bLY = 222 Lo (kyrs)

2k2
e Radial component along r = r¢

BV — BIV

r-out r-out

r=re

—Ii(kyre)al’ — Ky (kyre)b!" + K (kyre)b) = ’;—;j:Ll (knrs)

e Axial component along r = rg

'A%
74 _ “zout
Bz,om‘ -
Hr r=re

Or

—Io(kpre)alY + Ko(knre)blY — p,Ko(kyre)b) = %Lo (knre)

where r; — r¢ are the radii of inner PMs, pole pieces, and outer PMs as shown in Fig. 3.1.
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Figure 3.4: 2-D model of high-speed mover and winding coils.

3.2.6 Force Transmission of the TMG

In this section, we discuss the thrust force on the high-speed and low-speed movers of the
MG part. The average magnetic thrust force on the low-speed mover (F,) and high-speed mover
(F,.) can be obtained by calculating the Maxwell stress tensor in cylindrical coordinates [20].

z+L/2
Rin
Fu= T [ B R B (R (3.84)
0 z—L/2
z+L/2
TR ou
out = 2/,1 ' f B£H (Rour) Bﬁ” (Rour) dz (385)
0 z—L/2

Subsequently, force transmission capacity can be analyzed by moving the low-speed mover
while maintaining the high-speed mover stationary.

3.2.7 Thrust Force

To calculate the thrust force generated by the winding coil on the high-speed mover, we
consider model shown in Fig. 3.4. The thrust force exerted on the high-speed mover, which is
produced by a single coil when it carries a current density J, can be obtained from the following
integration [69].

7+, /2 rg
Fy=— f f 2rrJB) drdz (3.86)
z—ay/2 17
where
BY = > ~by K (kur)cos(z) (3.87)
m=1
J = V2J,, sin (w0) (3.88)
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and let:
rg

Ky = f b)Y K, (k,,r)rdr (3.89)

ry

Thus, the thrust force produced by only a single coil can be expressed as follows.

- km w .
F,=4 \/Eﬂ],ms Z K, cos (k,,2) sin ( 20 ) sin (wt) (3.90)

m=1

Finally, the thrust force on the high-speed mover produced by a single phase (F,) and the total
of the three phase (F,;,;) can be obtained as follows.

Ny,

Fop= ) Fi(z+nay) (3.91)
n=1

Fiowa = Fspu + Fspv + Fspw (3.92)

where N, is the number of winding coils in each single phase, Fj,, is the thrust force produced
by phase u, F,, is the thrust force produced by phase v, and F,, is the thrust force produced by
phase w.
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3.3 Results and Discussion

Fig. 3.5 shows the experimental model. It consists of some main parts as follows:

e A tubular MGLM as shown in Fig. 3.6;

A three-phase inverter as shown in Fig. 3.7 and Table 3.1;

A PE-Expert4 controller as shown in Fig. 3.8 and Table 3.2;

Two position sensors (encoder) as shown in Fig. 3.9 and Table 3.3;

Two force sensors as shown in Fig. 3.10 and Table 3.4.

== PE-Expert4

Force Sensor

Three phase coils ? Low-speed mover

Figure 3.6: Experiment TMGLM.

Table 3.1: Parameters of the inverter

Explanation Value Unit
Model MWINV-1R022 -
Power supply 200 VAC
Output current 2.88 Arms
Switching frequency ~20 kHz
Dead time 3.0 us

Figure 3.7: The inverter.
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Figure 3.8: The PE-Expert4 controller.

Table 3.2: Parameters of the PE-Expert4 controller

DSP board (MWPE4-C6657) PEV board MWPE4-PEV)

Item Specification Item Specification
DSP TMS320C6657 3-phase PWM 6 gates and 1 brake
On chip RAM 1024KB/32KB | Modulation Voltage triangular wave,

Voltage space vector

Ext. RAM 512MB Carrier (Dead time) 1kHz ~ 500kHz
EEPROM 128KB PWM precision 14bit (10kHz carrier)
PC interface Ethernet (optical) | ADC 14bit 8ch
Isolated RS232C 2 sets Dsub-9pin Digital input/output | 16ch ea.
CAN port speed 125kbps ~ 1Mbps | Input capture 32bit 4ch
CAN port connector | Iset Dsub-9pin Up/Down counter | 32bit 1set

Figure 3.9: Position sensor.

SN: 1802003

] S
| g x\
|  Leptrino //
MODEL:PFS055YA501U6 /
y
/

Table 3.3: Parameters of the position sensor

RGH24 Readhead RGH24 Scale
Explanation | Value | Unit | Explanation | Value | Unit
Power supply 5 V | Scale period | 20 us
Acceleration | 500 | m/s’> | Linearity +3 | um/s
Maximum 500 | KHz | Scale length | < 50 m
frequency

Figure 3.10: Force sensor.

Table 3.4: Parameters of the force sensor

Explanation Value Unit
Model PFS055YAS501U6 -
Rate output
F.FyF, +500 N
M., M, +10 Nm
M, +8 Nm
Nonlinearity +1% R.O
Resolution +1/4000 R.O
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3.3.1 Magnetic Flux

Fig. 3.11 shows the flux density distribution excited by the low-speed mover in the middle
of the inner air gap. The results show a good agreement between the 3-D FEA results (An-
alyzed) and 2-D model calculation (Calculated) results for both radial and axial components.
Furthermore, good agreement is obtained in the case of the flux density caused by the high-speed
mover for both radial and axial components, as shown in Fig. 3.12. The axial component of the
magnetic flux density is approximately 80% greater than the radial one.

——FEA —CAL 038 ~+FEA — CAL
g 04 . : cost4 1t 4] bt i 1o
) )
=02 =
% é 0.2
MR 0.1
i 2 |
T -0.2 | = I
| ‘ - 0.4 i ‘ | T : J !
0.4 L L L L I 0.7 L L L L L
20 40 60 80 100 120 0 20 40 60 80 100 120
Position (mm) Position (mm)
(a) Radial component (b) Axial component

Figure 3.11: Flux density distributions in the middle of inner air-gap excited by low-speed mover.
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Figure 3.12: Flux density distributions in the middle of outer air-gap excited by high-speed
mover.
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Fig. 3.13 and Fig. 3.14 show the distributions of the magnetic flux density produced by the
low-speed mover modulated by the pole pieces and the magnetic flux density excited by the high-
speed mover modulated by the pole pieces, respectively. The results clearly show the modulation
effect of the ferromagnetic pole pieces on the flux distribution. The magnetic flux densities are
amplified into different waveform from the initial ones shown in Fig. 3.11 and Fig. 3.12.

0.04 ——FEA — CAL 1 0.04 —FEA —CAL
= = 0.02 | | ’
g g |
k=l e or
> >
=} =
= - T -0.02 -
‘ ‘ ‘ ‘ ‘ -0.04 - : ‘ ‘ :
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Position (mm) Position (mm)
(a) Radial component (b) Axial component

Figure 3.13: Flux density distributions in the middle of outer air-gap excited by low-speed mover
modulated by pole pieces.
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Figure 3.14: Flux density distributions in the middle of inner air-gap excited by high-speed mover
modulated by pole pieces.

33



The magnetic flux density distributions at the middle of the outer air gap region (r = R,,,)
and the middle of the inner air gap region (r = R;,) excited by both the high-speed and low-speed
movers are shown in Fig. 3.15 and Fig. 3.16, respectively. Good agreement between the 2-D
calculated and 3-D FEA analysis results is observed for both radial and axial components.

——FEA —CAL

Flux density (T)
Flux density (T)

"0 20 40 60 80 100 120 ) 60 80

Position (mm) Position (mm)
(a) Radial component (b) Axial component

Figure 3.15: Flux density distributions in the middle of outer air-gap excited by high-speed and
low-speed movers.
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Figure 3.16: Flux density distributions in the middle of inner air-gap excited by both high-speed
and low-speed mover.

The flux density distributions in the middle of air gaps, which were only excited by the coils
carrying a three-phase current (amplitude 2 A, frequency 2 Hz) are shown in Fig. 3.17 and
Fig. 3.18. Fig. 3.19a shows the flux distributions of the motor, and Fig. 3.19b shows the flux
distribution of the coils when a three-phase current (amplitude 2 A, frequency 2 Hz) is applied.
These results show that the flux density distributions excited by the coils are significantly weaker
than those excited by the PMs.
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Figure 3.17: Flux density distribution in the middle of the inner air gap excited by the coils.
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Figure 3.18: Flux density distribution in the middle of the outer air gap excited by the coils.
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Figure 3.19: Flux distribution.
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3.3.2 Thrust Force

Fig. 3.20a shows the force transmission capacity when the high-speed mover is fixed at z =
3.05 mm, low-speed mover travels with a velocity 0.375 mm/s from 0 mm, and the pole piece
is stationary at 2.05 mm. The maximum forces on the high-speed and low-speed mover are
approximately -19.29 N and -103.41 N, respectively. Furthermore, the calculation, FEA, and
experimental results are in good agreement. From these results, gear ratio of the MG can be
determined to be approximately 5.36.

For investigating thrust force generated by the winding coil on the high-speed mover, three-
phase excited currents (frequency 1 Hz, amplitudes 1.5 A and 2 A) are applied to the coil while
keeping the high-speed mover fixed. The results of the thrust force are presented in Fig. 3.20b
and Table 3.5. The maximum thrust force exerted on the high-speed mover depends on the
current carried in the coil; the values are 13.82 N and 18.39 N for currents of 1.5 A and 2
A, respectively. The calculation and FEA results are in close agreement. However, there are
differences between the experimental and calculated results, which may be due to manufacturing
factors as the coils are not exactly identical in terms of resistances, inductances, etc.

"~ FEA 1.5A —CAL 1.5A ~ EXP 1.5A
‘ FEA 2A° —CAL2A ——EXP2A /

——CAL-LowSpeed ——FEA -LowSpeed EXP-LowSpeed

fan) g 10 L
% 8 P '
o =
5. 2 0
= 2
7 =]
g , . 5 -10+
£100 e
L L L 20 L
0 2 4 6 8 10 0 0.2 0.4 0.6 0.8 1
Times (s) Time (s)
(a) Force transmission capacity (b) Force produced by three phases

Figure 3.20: Force

Table 3.5: Summary of thrust force results

Current[A] | Phase | Maximum force[N]
1.5 U 3.27
1.5 A" 5.67
1.5 w 9.22
1.5 U-V-W 13.82
2 U 4.34
2 \Y% 7.53
2 'Y 12.27
2 U-V-W 18.39
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To obtain thrust force versus current, a simple PI controller is designed to track reference
current applied into the three phase coils. Thrust force generated by the mover is measured by

a force sensor. Fig. 3.21 shows an example to achieve thrust force on the low-speed mover at
I, =22A.

Fig. 3.22 shows the thrust force on the low-speed and high-speed movers versus current /.
There is agreement between calculation, experiment and FEA results of thrust force generated on
the high-speed mover (F,). However, calculated force on the low-speed mover (F)) significantly
greater than experimental and FEA results. The difference is due to ignore of resistant force in
the calculated model. In addition, if the two movers travel at the same time, thrust forces which
estimated by FEA only depend on the difference in initial positions between the two movers.
Therefore, there is a different in FEA and calculation methods.

It also can be observed that, if the applied current is greater than 2.6 A, the generated force
on the low-speed mover maintains approximate 100 N. It is because of the maximal force the
gear can be transmitted. The two movers slide together when the force exerted on the high-speed
mover generated by the coils beyond 19.29 N (at /, approximate 2.6 A). This situation will make
mistake if thrust force on the low-speed mover is calculated through gear ratio and thrust force
on the high-speed mover (F; = G,F},). This error can be solved if estimated thrust force on the
mover by maximal force and the difference positions between the two movers in (4.17). On the
other hand, low-speed mover force significantly decreases if input current less than 2.0 A. From

this results, it can be concluded that the motor should operate with current varies from 2.0 to 2.6
A.

Force generated by the mover ——lu = W —— Iq_res = Iq_ref

Current (A)

0 05 1 15 2 25 3 35 4
Time (s)

»

Force sensor Low-speed mover 3 phase coil Motor

0 05 1 15 2 25 3 35 4
Time (s)

=

Figure 3.21: Example to obtain thrust force on the low-speed mover at I, = 2.2 A.
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Figure 3.22: Thrust characteristic.
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In comparison on thrust force density, some topologies can provide both linear and rotary
motions, meanwhile the other motors only provide linear motion. Some structures can achieve
high/very high thrust force which maybe require wider air-gap length than structure of lower
thrust force output. Therefore, high/very high thrust force motors have smaller thrust force den-
sity. In addition, some topologies have been developed for high/super high speed applications
and some other for lower range of velocity. Thus, it is difficult to obtain conclusion on superior-
ity because various design conditions differ. If only consider thrust force density, the presented
motor achieves 31.1% higher than TL-HPM and 20.1% less than BSA1. Table 3.6 shows the
summary on thrust force per active volume of some highlight topologies.

Table 3.6: Comparison of thrust force capabilities

Topologies Rate thrust force | Thrust force per active volume Reference
(N) (MN/m’)
TL-SPM - 0.225 [70]
TL-IPM - 0.258 [70]
TL-HPM 254 0.324 [71]
The motor
in this study i 0.469
BSAI 804 0.588 http://www.thk.com/
DCP-TFLM 853 0.615 [72]
Helical motion 200 0.64 (73]
motor
FSTFPMLM 570 0.712 [74]

TL-SPM: tubular linear surface-mounted permanent magnet motor

TL-IPM: tubular linear interior permanent magnet motor

TL-HPM: tubular linear quasi-Halbach magnetized permanent magnetic motor
BSAT: ballscrew actuator with lead length 10 mm

DCP-TFLM: dual-consequent-pole transverse flux machine

FSTFPMLM: flux switching transverse flux permanent magnet linear machine
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3.3.3 Losses

Motor loss is dominated by copper loss, iron loss, and mechanical losses. Copper loss can be
more or less known from the current flowing in the coils. However, iron loss depends on material
properties, drive conditions, and geometry. Following, iron in magnetic material (pole-pieces
and shaft) and Eddy current loss in permanent magnets are discussed.

Iron loss in magnetic material can be classified into Hysteresis and Joule losses (eddy cur-
rent loss). Apply loop and FFT methods are used to account for Hysteresis and Joule losses,
respectively.

e Apply loop method for Hysteresis loss conducted by formula as follows [75]

nelem nloop
W, = Z { f ZZ; (Kh X BY % ve)} (3.93)

e=1
where:

B W, : Hysteresis loss

B : Amplitude of magnetic flux density of k — t loop for each component
Kh : Coefficient of hysteresis loss

V, : Volume of each element

f : Basic frequency

nelem : Number of element

a : Coefficient of the empiric formula

B nloop : Number of loop

e FFT method for Joule loss conducted by formula as follows [75]

nelem N
W, = Z { fZ (Kex Bl x £ x V)} (3.94)
e=1

k=1
where:

W W, : Joule loss

|Bx|” : Magnetic flux density at frequency order of k
Ke : Coefficient of Joule loss

V, : Volume of each element

fi : Frequency at frequency order: fi, f>,..., fy
nelem : Number of element

v, 0 : Coeflicient of the empiric formula

N : Maximum frequency order
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Using FFT method to estimate Joule loss, basic frequency needs to determine. In tubular
magnetic gear topology, the basic frequency can be obtained, as follows:

Vi

Nhpm 3.95
2Th hp ( )

fpole—pieces =
where fpie—pieces denotes basic frequency; Ny, is the number of high-speed mover pole pairs; v,
and 7, are velocity and pole-pitch of high-speed mover, respectively.

Fig. 3.23a and Fig. 3.23b illustrate ratio between Joule and Hysteresis losses versus veloc-
ity of the high-speed mover. The both Joule and Hysteresis losses dramatically increase with
mover’s speed; Joule loss are significantly greater than Hysteresis loss. Fig. 3.23c shows the
contribution of iron loss on the pole-pieces and shaft. This result indicates that almost iron loss
is on the pole-pieces because of its greater volume. Hysteresis loss density distribution and Joule
loss density distribution when v, equals to 1.33 m/s are shown in Fig. 3.24a and Fig. 3.24b,
respectively. The iron loss on the magnetic gear is summarized in Table 3.7.

* The iron losses analysis based on S0JN1000 steel due to lack of S45C steel loss database.
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(c) Ratio of iron loss between pole-pieces and shaft

Figure 3.23: Iron loss in the magnetic gear (FEA).
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(a) Hysteresis loss density distribution
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(b) Joule loss density distribution

Figure 3.24: Iron loss density distribution of the magnetic gear (FEA).

Table 3.7: Summary of iron loss in the magnetic gear

Basic Velocity of Pole-pieces Shaft
frequency | high-speed mover | Hysteresis loss | Joule loss | Hysteresis loss | Joule loss

(Hz) (m/s) (W) (W) (W) (W)
50 0.67 0.1900 0.5023 0.0228 0.0638
60 0.8 0.1868 0.6200 0.0260 0.0833
100 1.33 0.4195 2.1195 0.0494 0.2423
200 2.67 0.9875 8.3087 0.1061 0.8645
400 5.33 1.9840 27.1745 0.2102 2.6579
1000 13.33 5.3980 128.1301 0.5327 11.6476
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Eddy current density and eddy current loss density distribution in the magnet, when high-
speed mover travels with velocity of 1.33 m/s, are shown in Fig. 3.25a, 3.25b and Fig. 3.25c
respectively. Fig. 3.26 shows the eddy current loss on the magnets of the two-movers versus
speed. These results show that eddy current loss on the magnets significantly increase following
the increasing of mover’s velocity. In addition, losses on the magnets dramatically less than iron
loss on the pole-pieces. From losses analysis results, we can ignore iron losses, magnet loss if
velocity of the high-speed mover is small (total iron and magnet losses approximates 0.8164 W
at v, = 0.67 m/s).

Low-speed mover
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Figure 3.25: Eddy current loss in the magnets of movers (FEA).
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Figure 3.26: Eddy current loss in the magnets (FEA).
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3.3.4 Effect of Geometrical Parameters on the Thrust Force

This section introduces an application of the calculated flux density as a simple tool for opti-
mization design. For instance, investigating the influence of pole-pieces and magnet thicknesses
on the output thrust force to determine their optimization parameters.

Fig. 3.27a shows the effect of the radial thickness of the pole-pieces on the thrust force value
when the other geometrical parameters do not change. From this result, the maximal thrust force
is obtained for a pole-pieces thickness of 6 mm.

To study effect of the PMs thickness on the thrust force when the other parametric do not
change, the total magnet thicknesses of the low-speed and high-speed movers is fixed (d;, + d; =
constant).

Assuming,

dy
K,, =
P dh+d1

(3.96)

where d), and d; are the radial magnet thicknesses of the high-speed and low-speed movers re-
spectively; K, denotes the ratio between magnet thicknesses of the two movers.

Fig. 3.27b illustrates effect of the PMs thicknesses on the thrust force values when the thick-
ness ratio varies from 0.3 to 0.8. The result indicates that the thickness of the high-speed mover

(3.6 mm) should be greater the thickness of the low-speed mover (2.4 mm) at thickness ratio
K,, =0.6.

Thrust on the low-speed mover Thrust on the low-speed mover

110 120

100
2 90 = 100
g 80 @ 80
s 10 Maximal thrust force, approximate 103.6 N, is 5 60 ; ) .
+ 60 obtained for a pole-pieces thickness of 6 mm ot Maximal thrust force, approximate 113.6 N, is
3 5o 2 40 obtained when Kpm = 0.6 (radial thickness of the
= 40 = low-speed mover and high-speed mover are equal
[ 30 = 20 to 2.4 mm and 3.6 mm, respectively)

20 0
3 4 5 6 7 8 9 10 1 0.3 0.4 0.5 0.6 0.7 0.8
Pole-pieces thickness (mm) Kpm

(a) Effects of the radial thickness of the pole-piece on (b) Effects of the radial thickness of the PMs on the
the thrust force (calculation) thrust force (calculation)

Figure 3.27: Effects of geometrical parameters on the thrust force.
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3.4 Summary

In this chapter, a solution for calculating flux density distribution in a high thrust tubular
magnetic gear is presented. Using separation variable method to solve Laplace’s and Poisson’s
equations, general solution for magnetic fluxes in the gear are calculated. Particularly solutions
of magnetic flux are predicted by find out integral coefficients based on boundary conditions.
The advantages and disadvantages of the method are listed as follows:

Advantage

In general, the method requires much less computational time than FEA (comparison of
consuming time is shown in Table 3.8).

The method in this study provides both radial and axial components of flux densities in-
stead of only one component in previous method which applied for tubular magnetic gear
as shown in Table 3.9.

The method can be used as a simple tool for designing optimization such as investigate ef-
fect of thickness of magnet, pole-pieces, pole pitch on output thrust to choose the optimum

geometrical parameters
Disadvantage

e Assuming permeability of the iron is infinite and characteristic of the material is linear;
e Saturation is ignored;

e 3-D effect, end effect are ignored, etc.

Table 3.8: Comparison of computation time

Computing time/

Method Hardware Platform . e
Analysis time
Intel(R) Core(TM) 19-10900K CPU
Method @ 3.70GHz MATLAB 01 min 37.69 sec
in this study RAM 32.0GB R2023a '

Windows 10 Home x64

FEA 3D model Intel(R) Xeon(R) CPU E5-2680 0 IMAG 06 hour 57 min 28 sec

(Mesh size Imm)

(Mesh size 1mm) @ 2.70GHz Designer
RAM 64.0GB 20.1
FEA 2D model Windows 10 Pro x64 30 min 05 sec
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Table 3.9: Comparison of solutions for magnetic flux density distribution in magnetic gears

Poisson’s equations

[15]

magnetic flux density

Method Structure Advantage Disadvantage
Presented Proy ide both axial and Neglected loss,
Tubular radial component of .
method . . saturation effect, -
magnetic flux density
Only provide radial
Suitable for both nodal componept of magnetic
.. ) flux density. So, the
Circuit-field-motion method and loop method, .
i Tubular method cannot provide
solution [16] used to couple fields and
circuits thrust on the mover.
Neglected loss,
saturation effect," -
Consider both linear and
Lumped parameter nonlinear 1sot'r0plc steel Only provide radial
L for the pole-pieces, and )
magnetic circuits Tubular . . component of magnetic
technique [17] infinitely permeable flux densit
4 high-speed armature and Y
stator yokes
L Provide fundamental Only provide radial
Magnetic circuit . .
. Tubular mathematical model of component of magnetic
modeling [66] . .
tubular magnetic gear flux density
EZS(I);:;?;ES Provide both axial and Neglected loss
P Co-axial | radial components of & ’

saturation effect," "
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Chapter 4

Modeling and Controller Design

4.1 Abstract

Accurately predict mathematical model is essential for designing and developing controller
for new generation motor. Various topologies and solutions for computation of flux distribution
in magnetic gear have been published. However, the previous methods do not focus on control
purpose. This chapter presented a mathematical model of the motor which aims to control po-
sition of the motor’s mover. The main idea of the mathematical model is that consider reaction
forces between the two movers in their motion equations. Further more, a position controller
which is applied for the motor is developed. Simulation and experiment are employed to con-
firm the accuracy of the motor model. The accurately experimental trajectory response results
validate the controller performance.

4.2 Modeling of the Tubular Linear Motor Part

This section presents about modeling of the TLM part which included of winding coils and
high-speed mover. Basing on Faraday’s law, equivalent equation that describes the electric part
of a permanent magnetic tubular linear synchronous motor (PM-TLSM) are given as follows.

Uy = Ryiy + 2
u, = Ryip, + % 4.1)
Ue = Rei, + e

dt

where u,, up, uc; iy, ip, ic; Ra, Ry, Re, and Y., ¥y, . are the voltages, currents, winding resistances
and linkage fluxes on phase a, b, c, respectively.

These linkage fluxes can be obtained as follows.

lpa = Lty + Mypip + Myl + lpma
Wy = Lyt + Mpaia + Mpcic + Ymp 4.2)
lr//c = Lcic + Mcaia + Mcbib + l//mc
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where M;; (i = a,b,c and j = a,b, c) are the mutual inductances coeflicients between i and j
windings; L,, L,, and L. are the self-inductances on phase a, b, c, respectively. The linkage
fluxes ¥4, Yup, and ¥, are established by permanent magnets on three phases windings, whose
maximal value is represented by ¢, as follows.

wma = ‘ﬁmCOS(%Zh)
Y = Ymcos(Zzy — % (4.3)
wmc = lﬂmCOS(%Zh + 22_71)

where 7, is the pole pitch of the high-speed mover, z;, is the displacement of the high-speed
mover.

Considering that the PM-TLSM stator have the same resistance value for all phase windings,
as well as the same value for the self-inductances and mutual inductances coefficients.

R,=R, =R.=R;
L,=L,=L.=L; “4.4)
My =My, =Mye =My = My, = My, = M,

Hence, the linkage fluxes ¥, ¥, and ¢ derivatives become:

o = L% + M2+ M, % — 280y, sin(£z,)

dt S dt S dt S dt T, dt
dp _ g dip dig dic _ zmdz (K, _ 2n
o = Lsg + Mg + MyGr — - msin(S 2, — 5 (4.5)

dbe _ g dic dig dip _ xdzy n(Z~ 2n
o = Lo + Mgt + Mg = 25 msin( oz, + 5)

In order to simplify the linear motor part model, (4.1) - (4.5) can be written in matrix form as
follows.

diabc th dlpabc

Ugbe = Rsiabc + Labc? dt th (46)
where
U, R, 0 O i,
Uaghe = |Up Rs =(0 R 0 iabc =i (47)
U, 0 0 R, i
n dzp s (T
L, M, M, 7 Emeln(T—hZ}z)z
Ly=|M; Ly M; Yabe = _%%wmﬂn(%zh - ?ﬂ) (4.8)
d .
Mg M, L —f—hﬁt//msm(fhzh + 23—”)
Next, using Park’s transform, (4.6) can be rewritten in d — g coordinate as follows.
dig _ R dyxle: | 1
dr Ly ld + dt Th Lg 4q Lyg ud
dig _ _dyxle; _ Ry o 1, _dun¥p
@ = L Tt L% T L, (4.9)
-
Or = 72
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where 6,; is angular position given by rotary-linear geometric motor transformation; ¢, repre-
sents permanent magnet flux linkage; w4, u,; i4, iy, and Ly, L, denote the d-axis and g-axis
voltages, currents, and winding inductances, respectively.

For mechanic equation, there is a different in comparing with conventional PM-TLSM. There
is always reaction force between high-speed and low-speed movers in case of the TMGLM. Thus,
the motion equation in case of TMGLM can be given by the second Newton’s law as follows.

Fo— Fyp— Fyy = my o2 4.10
e L'rh — hm—mhﬁ ( )
where F, represents for electromagnetic force which generated by winding coils, F,, is the re-
sistant force, my, is the mass of the high-speed mover, and F},, is the force transmitted to the

high-speed mover from low-speed mover which will be calculated in Section 4.3.

The resistant force F,; in (4.10) can be expressed as follows.

dzy,
Frh = th— +Keh (411)
dt
where K, represents for dynamic attrition coefficient and K, is the static attrition coefficient on

the high-speed mover.

The electromagnetic force F, in (4.10), is described by using the principle of field oriented
control as follows [76].

3

Fo=>=
2Th

Wi, (4.12)

Finally, the model of TLM part is described by (4.9) and (4.12) in field synchronous coordinate.
Fig. 4.1 shows model block diagram of the TLM part.

Fhm
Uq 1 Iq 3n¥, F, l_ 1 Zy | 1| Zn
—p > —> > —
%— Lq.s +Rs 27y, %_ my.s + Kyp, s
¥, Keh

p

Th

{

Figure 4.1: Model of the linear motor part.

4.3 Modeling of the Tubular Magnetic Gear Part

This section describes about modeling of the TMG part which combined of high-speed
mover, pole-pieces, and low-speed mover. In this work, the pole-pieces is stationary, low-speed
and high-speed mover travel in opposite direction, thus gear ratio G, can be expressed as follows.

(4.13)



If losses are neglected, the force transmission relationship between low-speed and high-speed
movers is given by.

Finzi = Frnzn (4.14)

where z; and F},, are the displacement of low-speed mover and thrust force which transmitted to
low-speed from high-speed movers, respectively.

Other hand, force transmitted to low-speed mover from high-speed mover, F,, can be given
Fin(0) = Fiaxsin(0) (4.15)

where F,,,; is the maximal transmission force from high-speed to low-speed movers which was
solved in [77]; @ is the angular displacement between the two movers and it can be obtained by

_ 2n(zn — 7n0) N 271(z; = z10)
Th Ti

0 (4.16)

where z;,0 and zjy denote initial position of low-speed and high-speed movers, respectively.
Similarly, force transmitted to high-speed mover from low-speed mover can be given
Fin(0) = —Fpansin(0) 4.17)

where F,,., 1s the maximal transmission force to high-speed from low-speed movers.

In other word, applying equation of motion for low-speed and high-speed movers, we have

{ miZ; = Fi(0) = Fioaa — Fri

. 4.18
mpZy = Fo — Frop — Fp(6) ( )

where F),,, 1s load exerted on low-speed mover. The resistant force on the low-speed mover F;
can be expressed as follows.

d
Frl = Kdl% + Kel (419)

where K, represents for dynamic attrition coefficient and K,; is the static attrition coefficient on
the low-speed mover.

Finally, model of the TMG part can be obtained as follows.

2 = A{Fim(0) = Fioaa — Fri} /my

Zn =AFe = Fun — Frm(0)} /my,

Fiu(0) = Frnausin(0)

Fyn(0) = =F . 05in(6) (4.20)
0 = 2n(zp — zro)/Th + 270(21 — 210) /T

d
Fo=Kag + Ky

Fou = K2 + K,
Fig. 4.2 shows model block diagram of the TMG part.
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A

Fmaxh- sin(B)

Fhm
F - 1 Zp | 1 |%n 21N, 0
— - pm > — i
?__’ my.s + Ky s _ L ~Q Fmaxt-sin(9)
Ken Zpo
2 Npm

L

Figure 4.2: Model of the magnetic gear part.

4.4 Modeling of the Tubular Magnetic Geared Linear Motor

Firstly, we consider electrical part of the TMGLM. From (4.14) we have

2y = Lim,
h — 5= <l
Fhm

Other hand, from (4.15) and (4.17) we have
Flm(g) _ Fmaxl

Fhm(e) B Fmaxh

Thus,

Fmaxl .
<

p ==
F maxh

Substituting (4.23) into the first and second equations of (4.9), we have
dig _ R; - Fuax m L’i dz - 1
A T L' T Fo i Ly ar ' T LM

diq Fuax 7 Lg dZ[ 7 R; - 1 Fuax wl’ dZ[
— = e Ay, — 2 4+ = +4 lmax o ot
d7 0, T L% Fog th Ly dt

dt Fuaxn th Ly dt

(4.24) can be written in state space model as follows.

0
d—; = Ai + Bu + Niv, + Sy,

where
T

T
i= [ld, lq] U= [ud, uq]

System matrix:

R
s ()
|
Input matrix:
L 0
B = La 1]
lo L

4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)



¢ LM part

¥,
T Ken MG part
Uq l— 1 Iy | 3ny,
P
— (| ——
Lg.s +R; 2ty
Fload —

Figure 4.3: Model of the TMGLM.

Nonlinear coupling matrix:

O _ Finaxi lﬁ
— Fraen Th L,

N=ltwar "™ (4.29)

Fuaxh Th Lq
Disturbance vector:
0
S = | Fuaw 7 1 (4.30)
Fuaxh Th Lq

In case of TMGLM, the state space description in (4.25) is characterized by a bilinear char-
acteristic due to there is a multiple between the element v; and vector i.

Secondly, combining (4.25), electromagnetic force F, in (4.12), and equation of motion for
low-speed and high-speed movers in (4.18), complete continuous model of the TMGLM can now
be achieved as follows.

% :Ai+Bu+Niv[+Sl/’le
Fo =3my,i,/ 27,

431)
2 = {Fpn(0) = Fipaa — Fri} [my

Zh:{Fe_Frh_Fhm(Q)}/mh

Through a control strategy, based on i; = 0, the block structure of the model for TMGLM is
shown in Fig. 4.3.
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4.5 Controller Design

This section proposes a controller to demonstrate controllable ability of low-speed mover’s
position.

. . . . . T T
Changing coordinate system. Assuming that v, = dz;/dt; x = [zd, lq,Zl] U= [ud, Uy, vl] 3y =
. . T
[ld, lq,Zz] = Ip)X.

Now (4.24) becomes

dx; _ Ry Fuax 7 L‘I 1
=2y = 2 A nuy + —u
t Ly 1 Funaxh Th La 243 Ly 1
dxy _ Fumau 7 Lg R 1 Fpa 7w ¥p
=2 = el Ty s — 2x) + —Up + 2Ly 4.32
dt Fuaxh Th Lq 143 Lq 2 Lq 2 Funaxh Th Lq ( )
dxz _
a U3

Or (4.32) can be expressed as

{ & = f(x) + hyuy + hyuy + hauz (4.33)
y=g(x)
where:
R;
_§x1 Lid
O = |=Lxa|ih = |0 (339
0 0
Foaa Lq
(1) F Z;"_M;T_hg 4
L. — maxl T maxl T 7P
hy =1, |1 hs = Foan 70 Ly ¥ Fopg 7 Ly (*3%)
0 1
yi = gi1(x) = x|
Y2 = &2(x) = x2 (4.36)
y3 = g3(x) = x3

Using exact linearization method, system described in (4.33) can be linearization to a linear
system as

z=Az+ Bw
4.37
{ y=Cz (4.37)
(4.37) has feedback controller
u(x) = a(x) + L' (x)w (4.38)
where vector a(x) and matrix L(x) can be look as follows
Lygi(x)
a(x) = =L (x) | L;g2(x) (4.39)
Lfg3(x)
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Lyigi1(x) Lpigo(x) Lpigs(x)
L(x) = [Lppgi(x) Lpga(x) Lipngs(x)
Lizg1(x) Lypzga(x) Lyzgs(x)

where L;g(x) = ag(x) = f, L(x) can be achieved

l 0 _ Finaxi s Iﬂ
Ly | F f maxh Th Lﬁl‘ m
L x) = 1 maxl T Ld maxl T 7P
( ) 0 Lq Fuaxh Th Lz] Fuaxh Th Lq
0 O 1
From (4.41) we have det(L) = — - # 0, it leads to
Finaxt s
1 Ld 0 F Finaxh Th qxz
L_ xX) = L L maxl T maxl T
( ) O q Fuaxn Th Fuaxn Th "70[)
0 O

Determine a(x) in (4.38)

a(x) = ~L' ) [Lig1 (0. Lrga), Lygs()]'

T
= —L (.x)[ xla _%;x27 0]
Rsxl
= RSX2
0
Finally, obtained controller (4.38) in matrix form
u Rxxl Ld 0 ?Z_xgquXZ
w|=|Rxa|+|0 L, —pelZ],x — putX
u3 0 0 O
Now (4.37) becomes
00O 1 00
% ={0 0 O0|z+|0 1 O|w
0 0O 0 01
1 00
y=|0 1 0]z
0 01

where:

X1
X2
X3

21
=22 =
<3

The following transfer function for the TMGLM in new coordinated system is obtained

Y(s) = l

L,,xl

};w = —ILLXQ + L(x)
q

1/s
0
0

0
1/s
0
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0

0
0
1/s

} W(s)

Ui
7%}
Us

¥p

|

w1

w3

:

(4.40)

(4.41)

(4.42)

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)



_l Fload

ref ref o [ref 1ref uref >
z z, h| mpy q R Calculate q
_><“>—> Pl —| G, —»(P—» Co(s) K. > e »| Motor z
_ n >
Tz Zp jemp
1
Kin .| Disturbance |,
Y "l Observer
Fdis
1
s

— GaisMp [

ref [ ] Zh
Iq e L
| |

| |

| Kin >+ aisMp |+ :

| T |

| |

I Yais I

: s+ Yais :

| |

| ¢ |

| |

| |

(b) Block diagram of disturbance observer controller.

Figure 4.4: Controller block diagram.

From (4.47), it can be seen that the output of a proportional transfer function with delay of
1*" order is not differentiable at t = 0 and the system has ability to decouple into independence
channels.

In order to achieve accurate response value, displacements of both the low-speed and high-
speed movers are required to feedback. The position of low-speed mover loop is designed by a
PI controller. Meanwhile, a Disturbance observer (DOB) controller is chosen as position of high-
speed mover loop. Fig. 4.4a and Fig. 4.4b show the principle block structure of the developed
controller. Where K, g4is, and C,(s) denote force coefficient, cut-off frequency, and position
controller on high-speed mover side, respectively. The C,(s) controller which aims to track the
high-speed mover displacement can be expressed as follows:

Cp(S) = Kph + K8 (448)

where K, and K, denote proportional and velocity gain of DOB controller, respectively.

Finally, the reference values of the controller can be obtained as follows.

re Ki
2 = Gu(Ky + TI)AZZ (4.49)
Vi = (K + Kap-5)Azy (4.50)
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.ref:ﬂ.ref_i_Fdis 451
“ K, T K, @D
A _ ref 8dis
Fais = (Kmiy,” + 8aisMpvn) o 8aisMnvh (4.52)
dis
u;ef = (R, + Lq/s)i;ef + Y VR /Ty (4.53)

4.6 Results and Discussion

In this section, the presented motor model and controller are validated base on experimental
and simulation results. Fig. 4.5a shows the experimental platform, it consists of six main com-
ponents: a TMGLM, three-phase inverter, PE-Expert4 controller, force sensor, monitor, and two
position sensors. Meanwhile, setup for load case is shown in Fig. 4.5b. Simulation is employed
by MATLAB/Simulink in order to compare with experimental results. In addition, using finite
element analysis (FEA), we can determine mutual inductance between winding coils, M; = 0
mH, maximal transmission forces F,,,; and F,,,,; equal to 103.41 N and 19.29 N, respectively.
On the other hand, dynamic and static attrition coefficients of the movers determined: K,;, = 0.5,
th = 65, Kel = 05, Kdl = 65, ZhO =0 mim, Zl() =1 mm.

: Tﬂ—w— T_ow—speed mover

Position sensor

Force sensor

(b) Experimental setup of load.

Figure 4.5: Experimental platform
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Figure 4.6: Position of the two-movers.
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Figure 4.7: Position of the two-movers at special displacements.

4.6.1 Motor Model Validation

To validate motor model, started-state characteristics of the motor in numerous difference
initial positions of the high-speed mover are conducted. The simulation and experimental results
are compared when a three-phase source (V,,; = 30V, f = 2 Hz) is applied to the coils and
motor works without load.

Fig. 4.6 shows the comparison between simulation and experimental results when initial po-
sition of the high-speed mover, z;0, variables from 0 to 35 mm. There is a agreement between
simulation and experimental results in both position of the low-speed and high-speed movers.
From these results, it can be confirmed that started-state characteristic slightly changes in dif-
ferent initial positions. Fig. 4.6a shows the response position of the low-speed and high-speed
movers when motor starts from O mm. There is a push force which made the movers move for-
ward faster at z;,y belongs to [5, 15] mm (Fig. 4.6b to Fig. 4.6d). It is also found that the push
forward force increases when z;,, leaves far from O mm. In contrast, existing a draw backward
force which make the movers travel backward before moving toward when z;,, belongs to [20, 35]
mm (Fig. 4.6e to Fig. 4.6h). The same phenomenon occurs when initial position of high-speed
mover belongs to [-5, -35] mm

As can be seen from Fig. 4.6d and Fig. 4.7a to Fig. 4.7d, the started-state characteristic
changes significantly when z;,, increases small distance from 15 mm. At z,, = 15.5 mm, the
high-speed mover moves forward and then backward before keeping forwarded instead of just
moving forward. This phenomenon slightly changes when z;, increases to 18 mm. The same
circumstance happens when initial position of high-speed mover located in [-20, -25] mm.

57



4.6.2 Controller Validation

Table 4.1: Parameters of the controller

Controller | Symbol Meaning Value

K,n Proportional gain 350.0
K, Velocity gain 50.0

DOB
K., Force coefficient | 12.5 N/A
8dis Cut-off frequency | 150.0 Hz
PI K, Proportional gain 1.6
K Integral gain 24.0

In order to evaluate the tracking performance of the developed controller, experimental was
implemented in this section. The controller required to track a pulse and sinusoidal reference
trajectory. The sampling time of the controller is 1 ms and term parameters is shown in Table
4.1.

Case 1: Motor works without load. Fig. 4.8a and Fig. 4.8b show response positions and
tracking error when a reference displacement of low-speed mover is set by a pulse source (am-
plitude = 15 mm, period = 10 s, pulse width = 50 %). From these results, it can be seen that
measured position tracked well the desired values. Additionally, transmission force from high-
speed to low-speed movers (F,), reverse (F},,), and estimated disturbance force on low-speed
mover (F ;) are shown in Fig. 4.8d. Meanwhile, Fig. 4.8e to Fig. 4.8h show response values un-
der a sinusoidal source (amplitude = 15 mm, frequency = 0.05 Hz, initial phase = 0 deg). Again,
well position tracking is obtained. However, there was a slight difference between transmission
force which was calculated from displacement of the two movers (eq.(4.15)) and estimated force
from Disturbance observer controller.

Case 2: The low-speed mover directly contacts to the force sensor when its displacement
beyond 14 mm from start point (load configure is shown in Fig. 4.5b). Fig. 4.9 illustrates
response positions, tracking errors, and estimated forces under the same references as in case 1.
The experimental results show corresponded from response values to reference trajectory. The
estimated forces have the same form, however, there was still slight differences between these
forces.
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4.6.3 Frequency Analysis

This section evaluates frequency analysis of the controller and the magnetic gear. Fig. 4.10a
shows opened-loop bode diagram from reference to response displacement of low-speed mover.
It can be observed that gain and phase margins are equal to around 6.5 dB and 45 degree, respec-
tively. From the result, the both gain and phase margins are greater than zero, proves that the
controller is stable.

Fig. 4.10b illustrates closed-loop Bode plot from command to response positions of the
low-speed mover. At low frequency (less than 0.4 Hz), response value is very closes to reference
value in the amplitude (magnitude approximates to 0 dB). Then, the magnitude slightly decreases
when the frequency increases, reaching resonance around 4.5 Hz before increasing back. The
same phenomenon occurs in phase-shift value.

Bode plot from displacement of high-speed mover to displacement of low-speed mover is
shown in Fig. 4.10c. This result shows that the gear ratio G, of the MG slightly increases from
ideal value, approximate 5.33 (magnitude ~ 20log(1/G,) ~ —14.54 dB), to approximate 6.38
(magnitude ~ —16.1 dB) when input frequency increases from 0.3 to 7.1 Hz, respectively. Then,
magnitude significantly decrease when in frequency greater than 7.1 Hz. From this results, the
maximal velocity of the movers can be estimated as V), = 28.4 mm/s and V; = 4.45 mm/s.

The Bode diagrams focus on analyzing frequency response of the mover’s displacement (me-
chanical system), therefore frequency domain is in lower range than it in electronics system.
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4.7 Summary

This chapter presented a solution for modeling of a high thrust tubular magnetic geared linear
motor aims to control the motor position. The motor’s model established on the motion equation
of the two movers. In comparison with traditional linear motors which have only one mover,
there are reaction forces between the low-speed and high-speed movers. This reaction force was
estimated basing on the difference position of the movers. In addition, a motion controller was
developed by comparing PI and DOB methods. From simulation and experimental results, it
was verified that the motor model is accurately. Effectiveness of the controller was confirmed by
experimental results under both cases of pulse and sinusoidal references. Furthermore, frequency
analysis of the controller and magnetic gear were investigated. However, there was a slight
difference when estimated reaction forces.
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Chapter 5

Conclusion and Future Work

5.1 Conclusions

The main contributions of this dissertation are:

e Newly establish a method to predict flux density distribution in high thrust force tubular
magnetic geared linear motor.

e A solution for mathematical modeling of the motor which aims to control the motor posi-
tion was developed.

In detail, chapter 3 presented a mathematical solution for calculating the flux density distri-
butions in a tubular MGLM that generates a high thrust force. Using a 2-D model, the Laplace
and Poisson equations were solved in cylindrical coordinates to predict the magnetic flux density
distributions. The method consumes significantly less computing time than the finite element
method and provides both axial and radial components of magnetic flux in comparison with
previous methods. The force transmission capacity and thrust force were also calculated. The
predicted results can be used as a simple tool for optimization geometrical parameters of the
motor. The calculation, analysis, and experimental results show that the established method is
suitable for predicting the flux density distribution in a tubular MGLM. However, there is a small
difference between the experimental and calculated results because of the manufacturing factors
of the motor.

Chapter 4 presented a solution for modeling a high-thrust tubular magnetic linear gear motor
for the purpose of controlling the motor position. A controller was also developed by comparing
the PI and DOB methods. Simulation and experimental results confirmed the accuracy of the
motor model. The effectiveness of the controller was confirmed by both cases of pulse and
sinusoidal references. Furthermore, the frequency analysis of the controller and magnetic gear
was examined. However, there was a slight difference in the estimated reaction forces.

The motor expects to replace the traditional linear motor in the linear system which required
high thrust, reduce the maintenance and extend the life such as small injection molding machines
or medical assistance devices. In this stage, the presented motor is at the first step to be applied
to real systems. The motor geometrical parameters, speed capacity, stroke length, and suitable
controller must further study.
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5.2 Future Work

This dissertation has described a solution for magnetic flux density distribution in a tubular
magnetic gear and basic control the tubular magnetic geared linear motor. However, it is diffi-
cult to consider all the faced technical issues during the PhD program. Hence, the future work
recommendation is as follows:

e The calculation method in this study is established when neglected magnetic saturation. To
achieve higher flux density, magnetic material probably operates in saturation zone because
of non-linear B — H curve. If saturation occurs in pole-pieces (magnetic material), the
resultant relative permeability is not a constant but a function of the movers displacement
u-(2) or a function of the magnetic flux strength H. This complicate issue needs further
study.

e The topology and test experimental of TMGLM as one of a potential solution for a high
force density linear actuator system, the challenge is to make sure the structural integrity,
manufacture ability, and satisfy the performance through comprehensive tests.

o This study mainly focuses on analysis of static characteristics. However, as the motivation
component of a high thrust force density actuator in linear systems, the motor has to ob-
tained not only high thrust force but also desirable dynamics to satisfy the requirements
of suitable fields application. Thus, dynamic performance analysis of the TMGLM needs
further research and experimental tests.

e Complicate issues such as vibration, friction in mechanical components, harmonic noise,
losses, and end effect have not been conducted.

e In order to achieve high performance, it is necessary to investigate a comprehensive as-
sessment and global optimization based the multi-physical field analysis.

e Magnetic gear in general can overcome overload circumstances. In this situation, the two
movers/rotors will slide together. This phenomenon probably not so serious in rotary mag-
netic gear. However, overload circumstances maybe dangerous because of limited stroke
length in the case of linear structure. This issue also need to further research.
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