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Graphical abstract Abstract
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Linear electromagnetic actuator is receiving significant attention due to recent
advances in power electronics and modern control methods. This research proposes
a three-phase tubular linear switched reluctance actuator (LSRA) for application in
..... the semiconductor fabrication industry. The tubular LSRA has a robust construction,
low manufacturing and maintenance cost, good fault folerance capability, and high

57

o EEEEREEEEE. reliability in a harsh environment, making it an atfractive alternative to a permanent
magnet linear actuator. However, the tubular LSRA has a long mover, which

T increases the possibility of the mover deforming during fabrication. So, a new mover

m Hl‘l* — design is proposed to overcome the problem. The proposed mover design allows the

traveling distance of the actuator to be modified by adding or removing the rings

Holder ~ Shat ~ SWl°r without changing the shaft. The tubular LSRA prototype is fabricated according to the
optimized design. To drive the tubular LSRA, a appropriate switching algorithm
method are used to provide the correct switching signal. This method is
straightforward, while no extensive knowledge of power electronic converter is
required. The developed ftubular LSRA can generate a maximum static force of 0.65
N. Through the open-loop reciprocating motion, the dynamic responses of the tubular
LSRA can achieve a maximum velocity of 210 mm/s and maximum acceleration of
8m/s2, which are in the performance range for precision mechanism.

Stator Stator (Unit: mm)

Keywords: Linear stage, tubular linear electromagnetic actuator, actuator design

Abstrak

Penggerak elekfromagnet linear mendapat perhatian yang signikan disebabkan
oleh kemajuan ferkini dalam elekironik kuasa dan kaedah kawalan moden.
Penyelidikan ini mencadangkan penggerak keengganan pensuisan linear figa fasa
berbentuk tiub (LSRA) untuk aplikasi dalam industri fabrikasi semikonduktor. LSRA
berbentuk tiub ini mempunyai pembinaan yang feguh, kos pembuatan dan
penyelenggaraan yang rendah, keupayaan toleransi kesalahan yang baik, dan
kebolehpercayaan yang tinggi dalam persekitaran yang kasar, menjadikannya
alternatif yang menarik kepada penggerak linear magnet kekal. Walau
bagaimanapun, LSRA berbentuk tiub mempunyai reka bentuk penggerak yang
panjang, di mana ini meningkatkan kemungkinan penggerak berubah bentuk
semasa proses fabrikasi. Jadi, reka bentuk penggerak baharu dicadangkan untuk
mengatfasi masalah tersebut. Reka bentuk penggerak yang dicadangkan
membolehkan jarak pergerakan penggerak diubah suai dengan menambah atau
mengeluarkan gelang tanpa menukar aci. Dalam penyelidikan ini, prototaip LSRA
berbentuk tfiub direka mengikut reka bentuk yang dioptimumkan. Untuk memacu
LSRA berbentuk fiub, kaedah algoritma pensuisan yang sesuai digunakan untuk
memberikan isyarat pensuisan yang betul. Kaedah ini adalah mudah dan fidak
memerlukan pengetahuan luas tentang penukar elekironik kuasa. LSRA berbentuk
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tiub yang dibangunkan boleh menghasilkan daya statik maksimum 0.65 N. Melalui
gerakan salingan gelung terbuka, findak balas dinamik LSRA berbentuk tiub boleh
mencapai halaju maksimum 210 mm/s dan pecutan maksimum 8m/s2, yang berada
dalam julat prestasi untuk mekanisme ketepatan.

Kata kunci: Platform linear, penggerak elekiromagnet tiub linear, reka bentuk

penggera

© 2022 Penerbit UTM Press. All rights reserved

1.0 INTRODUCTION

Linear synchronous actuator (LSA) has penetrated the
market and established practical applications since
hard and soft ferromagnetic material developments.
The LSA structure consists of a stator with phase
windings powered by the mulfiphase alternating
current (AC) supply similar to a linear induction
actuator, while permanent magnet and mover
winding with direct-current (DC) supply are located on
the mover for constant magnetic flux production fo
create the electromagnetic poles [1, 2]. The
permanent magnet's presence caused the LSA to
have a sizeable cogging force and normal force in
planar LSA [3]. Moreover, high-energy rare-earth
magnet progress can be up fo 1.2T at room
temperature and maximum operating femperature at
150 ‘C before the permanent magnet loses its
magnetic properties [4-8]. However, the permanent
magnet offers improved performance, especially in
force density and dynamic response [9- 10].

A linear switched reluctance actuator (LSRA) is an
electromagnetic actuator that operates based on the
principle that magnetically salient poles on the mover
are free to move to a position of minimum reluctance
so that the flow of the magnetic flux can complete a
magnetic circuit [11 - 13]. The LSRA possesses a simple
structure in which the coil windings are located on the
stator only, whilst the mover is made of ferromagnetic
material without any coil winding or permanent
magnet [14, 15]. The stator windings are fed regularly
with  a multiphase sequential DC supply for
electromagnetic force production [16]. Besides that,
the coil windings are concentrated rather than
distributed. This setup will enable the LSRA to operate
even if the phase winding is short-circuited. Since LSRA
does not use the permanent magnet, the actuator has
a low manufacturing cost and does not suffer from
thermal drawbacks [17]. However, the high force
ripple and high acoustic noise in the system
deteriorates the performance, which restricts its
application to precision devices [18-20].

Recent research has focused on developing the
direct-drive linear switched reluctance actuator (LSRA)
due to the increasing demand for low-cost, high-
precision actuators from the manufacturing and
semiconductor industries. This is because the
permanent magnet has widely applied in the
electromagnetic actuator, increasing the actuator's

overall cost and difficulty in assembling the permanent
magnet on the actuator due to the strong magnetic
force. Besides that, the sizeable cogging force caused
by the permanent magnet significantly deteriorates
and affects the positioning and tracking accuracy of
the precision actuator. LSRA eliminates the permanent
magnet in the actuator structure, offering a simple
geometrical structure that is easy to assemble and has
no cogging force. However, this reduces the force
density and efficiency of the LSRA.

On the other hand, most developed LSRAs focus on
planar single-sided and planar double-sided structures.
Planar single-sided LSRA exhibits significant normal
force, resulting in high friction force and positioning
error. Meanwhile, planar double-sided LSRA eliminates
the normal force, but the force density s
approximately 60% lower than the permanent magnet
linear actuator, which limits the applications of LSRA. In
contrast, the tubular LSRA can eliminate the normal
force and enhance the force density compared to the
planar type LSRA [21, 22]. However, a lack of attention
has been paid to fubular LSRA, which causes the
behaviour of the tubular LSRA, such as force and
motion characteristics, to be unclear. Moreover, the
conventional long mover increases the possibility of
deforming during fabrication, affecting the tubular
LSRA's performance. Therefore, an alternative design
for the mover structure is required, while the
characterization of the actuator is essential to
understand the behaviour of the developed tubular
LSRA.

2.0 METHODOLOGY
Design Optimization Procedure of Tubular LSRA

In this research, the actuator's parameters must be
optimized to design the tubular LSRA with optimum
performance. The optimization of the tubular LSRA has
been carried out through the Finite Element Method
(FEM) analysis by using Ansys Maxwell 3D version 18.0
software. The FEM analysis considers the nonlinearities
such as material saturation, magnetic flux leakage,
distribution, fringing effects, generated thrust force,
and the complex geometry of the actuator with very
accurate results. Therefore, this software is chosen to
be used in this research to optimize the actuator's
parameters based on the generated thrust force and
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saturation effect. The opftimization process will be
carried out by applying the DC excitation current
between 0 A to 2 A with an interval of 0.5 A. The
output of the three phases is assumed fo be similar
during the opfimization process. Hence, in this research
only the single-phase excitation is applied to the
tubular LSRA in the FEM analysis which is Phase A, whilst
Phase B and Phase C were set at 0 A. By referring to
the principles of electromechanical energy
conversion, the generated thrust force, F in a
magnetic circuit can be defined as in Equation 1.

E 1 . dL
= —1° —
y 7
where Fy is generated thrust force, i is excitation
current, L is phase inductance and mover position, .

Then, the phase inductance can be further derived as
in Equation 2

n¢A
L= Ko

g (2)

where | is permeability of air, n is number of winding
turns, A is overlapping area of magnetic flux path, g is
air gap thickness. Furthermore, Ampere’s circuit law
defined the magnetomotive force (mmf), F, of an
electromagnetic actuator which is related to the
magnetic field is shown in Equation 3 to Equation 5.

F=®&XR=nxi (3)
__4
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L Mot A (5)

where F is magnetomotive force, ® is magnetic flux,
R is magnetic reluctance, i is permeability of material,
li is material length, Ag is overlapping area of air gap
and overlapping area of material, Ai. Based on
Equation 1 to Equation 5, the number of winding turns
and air gap thickness need to be optimized in this
research. However, the number of winding furns will
determine the magnetic co-energy, which affects the
magnetic force and saturation level. Therefore, the
number of winding turns is first optimized, followed by
the air gap thickness. The output thrust force will be
influenced by the overlapping area changes for both
air gap and material. In order to achieve high
generated force, the air gap thickness should be
designed as small as possible, but the mechanical
capability limits the slightest air gap. Other than that, it
can be observed that the cross-sectional area is
related to the number of pole pairs, tooth width, and
mover tooth height of the designed fubular LSRA,
which will affect the performance of the actuator.

The six parameters that will influence the output
performance of the tubular LSRA will be discussed in
the following sequence: (i) number of stator-fo-mover
pole pairs, (i) number of winding turns, (iii) air gap
thickness, (iv) mover tooth height, (v) pole width and

(vi) types of material. The FEM analysis is conducted by
manipulating these parameters one at a time while
other parameters are fixed (remained). Figure 1 shows
the opftimization flowchart in which the sequential
optimization method is adopted. The highest
generated thrust force determines the opfimized
parameters of the fubular LSRA with the lowest
magnetic flux saturation. The magnetic flux saturation
can be observed by observing the saturation level of
the generated thrust force. Therefore, the opfimized
parameters for tubular LSRA can be obtained and
used for prototype fabrication based on the
parameters as shown in Figure 2. The optimized
parameters of the proposed fubular LSRA are
summarized in Table 1. The tubular LSRA prototype was
fabricated based on the optimized parameters so that
the fubular LSRA has the opfimum performance.

Tubular LSRA Prototype

In this research, a prototype of the proposed tubular
LSRA was fabricated based on the FEM analysis results
to verify the optimized design and evaluate the
actuator performances. The tubular LSRA stator and
mover fabrication were machined with a CNC lathe
machine with a fabrication tolerance of 20 um and
were made of medium carbon steel, S45C. The
fabricated stator is shown in Figure 3. The outer
diameter (O.D) and the fabricated stator's inner
diameter (1.D.) are 57 mm and 37 mm. The coil winding
will be placed on the stator slot with a diameter and
width of 37 mm and 2.5 mm. Then, twelve stators are
mounted onto two stator holders attached to the main
base. The stator's weight, including the coil windings, is

2.335kg.

Design specification and structure
determination of LSRA

Parameters, P l
. Stator-to-mover pole pair ratio

Number of winding turns
. Air gap thickness —p|
. Mover tooth height
. Toothwidth

. Types of material

A
High force and No
no saturation
Yes
Optimized parameter
P=6
Yes

Tubular LSRA with optimized
design parameters

Figure 1 Optimization process sequence

[

Ansys Maxwell 3D
software simulation

(FEM analysis)

Ot e

Parameter’s
variable
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Figure 2 Initial design of tubular LSRA

Table 1 Optimized parameters of tubular LSRA

Parameter Symbol Value
Stator to Mover Pole Pairs Ratio RS:M 12:8
Type of Material - $45C
Stator Outer Diameter D1 57 mm
Stator Inner Diameter D2 37 mm
Stator Tooth Width hi 5mm
Stator Slot Width h2 2.5mm
Stator Tooth Pitch PS 10 mm
Stator Length L2 120 mm
Stator Tooth Height h5 14 mm
Stator Yoke Thickness T 10 mm
Mover Shaft Diameter dl 5mm
Mover Tooth Height h3 1.5 mm
Mover Tooth Width h4 5mm
Mover Tooth Pitch P 15 mm
Mover Length L1 410 mm
Air Gap Thickness g 0.5 mm
Winding Turns per Coll n 60 turns

Figure 4 shows the fabrication procedure for the
coil winding. The corkscrew design of the tubular LSRA
has a simple disk-shaped hand wounded using
enamelled copper wire 0.55 mm in diameter. This disk-
shaped coil enables the coil winding to be assembled
on both sides of the stator slot. There are 24 coils in
total, and each coil has 60 turns. The coil winding was
wounded (60 turns per coil) on a mould with thermal
sheet insulation paper to achieve the disk-shaped coil.
The copper coil winding was sandwiched between
the thermal sheet insulation paper (Nomex paper type
410) with 0.1 mm thickness. Then, a thin acrylic resin
layer was injected info the coil to maintain its shape
once it was removed from the mould. Laostly, the
mould was disassembled after the acrylic resin had
cured, and the coil winding with two connecting wires
protruding was manufactured. The manufactured coil
winding's outer diameter (O.D) and inner diameter
(I.D) is 37 mm and 10 mm, with a maximum coil
winding thickness of 2.4 mm.

O0.D:57

1.D:37

Stator
Slot

(a) Individually fabricated stator

(Unit: mm)

TR T

Stator Stator (Unit: mm)
Holder ~ Shaf  S®t°r

(b) Final stator assembly

Figure 3 Fabricated stator of tubular LSRA prototype

Mould

Thermal Insulation Paper

(a) 3D Printed mould with thermal insulation paper

Coil

3l (Unit: mm)

(b) Coil forming with acrylic resin
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0.D: 37

I.D: 10

(Unit: mm)

(c) Fabricated disk-shaped stator winding

Figure 4 Fabrication procedure of coil winding

Based on the measured dimension of the stator
and copper wire, the stafor slot area and the coill
winding area can be calculated as shown in Equation
6 to Equation 9.

Agor = 2hohs = 2(2.5)(14) = 70 mm? (6)
2mnd?  2m(60)(0.55)2 .
== 4 = 28.5mm 7)

Ains = Hinchins = 4(0.1)(14) = 5.6 mm? (8)
Agoit = Acy + Ains = 28.5 + 5.6 = 34.1 mm? 9)

where Asot is area of stator slof, hz is stator slof width, hs
is stator tooth height, Acoil is area of coil winding, Acu is
area of copper wire, n is number of winding furns, d is
diaometer of enamelled copper wire, Ains is area of
insulation, lins is insulation width and hins is insulation
height. Therefore, the fill factor can be calculated as
shown in Equation 10.

Aconn B 34.1 0487
Asior 70 ) (10)

Ff =
where Fi is the fill factor.

Based on Equation 10, the calculated fill factor is
0.487, which is in the normal range of fill factors
between 0.2 to 0.7 [21, 22]. In this tubular LSRA design,
the coil windings in the stator consist of several coils
connected in series and distributed in several stator
slots with no mover winding. There were eight coll
windings per phase connected in series and had a
winding resistance of 3.9 Q for each phase. Figure 5
shows the series connection of a single-phase coil
winding with a similar configuration and arrangement
used in the FEM analysis, as shown in Figure 6.

coil winding

current in T l current out

Figure 5: Single phase coil winding connection
Phase A

Phase B
Phase C

@ Current Out
® Current In

Stator Coil Winding

Mover

< MU €« MO0 <« MU < A0
PEREEREER B K £

Figure 6 Winding turns configuration

Meanwhile, the actuator's mover is the most crucial
part of fabricating the tubular LSRA profotype. The
mover is a long shaft with a 5 mm diameter and 1.5
mm mover tooth height, as shown in Figure 7.
However, the mover is impossible to be fabricated as
the machining process would cause deformation and
bending on the mover due fto its thin diameter.
Therefore, a new mover concept with the same mover
dimension was proposed to solve the fabrication
constraint. To avoid the bending problem, the mover
for the tubular LSRA is separated into three parts, i.e.,
the mover shaft, the magnetic ring, and the non-
magnetfic ring. Each mover part was machined
separately and precisely. The outer and inner
diameters for magnetic and non-magnetic rings are 8
mm and 5 mm fo provide 1.5 mm of mover tooth
height. The width for both magnetic and non-
magnetic rings are 5 mm and 10 mm, respectively.

Meanwhile, the fabricated mover shaft has a
diameter of 5 mm with a shaft length of 410 mm. The
material used to fabricate both the mover shaft and
the magnetic ring is medium carbon steel, S45C, similar
to the stator's material. In contrast, the non-magnetic
ring is made from MC nylon 901. There are 12
magnetic rings and 11 non-magnetic rings fabricated
to provide a fraveling distance of 50 mm. Since the
mover parts were fabricated separately, the tfraveling
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distance of the actuator can be changed by adding
or removing the magnetic rings and non-magnetic
rings. Figure 8 shows the fabricated magnetic ring and
non-magnetic ring. The non-magnetic rings are used
between the magnetic rings as a spacer fo ensure the
mover tooth pitch is uniform along with the mover. The
retaining rings were installed at both ends of the
magnetic ring fo fix the position of the magnetic ring
and non-magnetic ring on the mover shaft. Figure 9
shows the final mover assembly of the fabricated
mover. A linear encoder is attached to the linear
guide and connected with the mover with a mover
block. The mover's weight, including the linear
encoder and guide block, is 194.35 g.

Mover Stroke

Mover Tooth

Figure 7 Initial mover design

(a) Magnetic ring (b) Non-magnetic ring

Figure 8 Fabricated magnetic and non-magnetic ring

Magnetic Ring
(12 pieces)

Non-Magnetic Ring
(11 pieces)

/

Retaining Ring

Mover Shaft

510
170
410

(Unit: mm)
Figure 9 Final mover assembly

In order to operate the tubular LSRA, a proper
switching condition is required. The fubular LSRA is
operated in a phase-to-phase switching condition
based on the mover position. In this research, it is to be
noted that forward motion is referred to as the mover
moving in the left direction, and reverse motion is
referred to as the mover moving in the right direction.
Similarly, the forward motion is considered a positive
direction and vice versa. By applying the energization
sequence AA'-BB'-CC’, the mover confinuously moves
in the forward direction as shown in Table 2. The

magnetic circuit for Phase A at the initial mover
position is depicted in Figure 10. When the coils on
Phase A are applied with excitation current, magnetic
flux flows from the stafor poles with active phase coils
to the mover poles and flows back to the stator poles
to form a complete cycle of the magnetic circuit. To
reduce the reluctance between the stator and mover
poles, the mover poles near the stator poles with
active phase coils tend to move toward the stator
poles on the left to reach the fully aligned position.
When the mover poles moved to the aligned position
with stator poles, the active phase coils switched to
the next phase. Therefore, the mover will drive in
forward and reverse directions continuously according
to the active phase coils and mover position
sequence. On the other hand, the energization
sequence BB'-AA'-CC' makes the mover moves in the
reverse direction continuously as shown in Table 3. The
complete forward and reverse motion sequences in
the first pitch for the tubular LSRA are shown in Table 2
and Table 3. The next following sequence for the next
pitch is the repeating of the first pitch. Therefore, only
the sequence for the first pitch is shown.

Table 2 Forward motion sequence in the first pitch

Position (mm) Phase Stator Mover
0-5 AA’ $1-S4-S7-S10 M3-M5-M7-M9
5-10 BB’ §2-§5-S8-S11 M4-M6-M8-M10
10-15 cC’ §3-S6-S9-S12 M5-M7-M9-M11
Sta -
e [_’ —'l_ Magnetic

Flux

My  Mp «—
Travelling
Direction

Figure 10 Magnetic circuit for Phase A at the initial position

Table 3 Reverse motion sequence in the first pitch

Position (mm) Phase Stator Mover
0-5 BB’ $2-85-88-S11 M3-M5-M7-M9
5-10 AA’ $1-S4-S7-S10 M2-M4-M6-M8
10-15 ccC’ $3-86-5§9-S12 M3-M5-M7-M9

3.0 RESULTS AND DISCUSSION
Experimental Setup Overview

Figure 11 shows the overview of the experimental
setup. The experiment setup consists of a host
computer, digital signal processor (DSP) system (Micro-
box), three high current amplifiers (one PBZ60-6.7 by
Kikusui Electronic Corporation and two TS$250-0 by
Accel Instruments), a linear incremental encoder
(RGH24W30D33A by Renishaw) and load cell (LRM200
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by Futek). The linear encoder and load cell resolutions
are 0.2 ym and 0.7 mN, respectively.

Figure 11 Overall view of the experimental setup

Figure 12 shows the detailed experiment setup of
the tubular LSRA prototype. The stators are fixed to the
main base by using the stator holders. The main base is
made of aluminium, and a thin layer of epoxy glass is
placed on the aluminium base for insulation purposes.
Two polytetrafluoroethylenes (PTFE) coated linear
bushings are accurately aligned and fitted on both
the mover's ends in the direction of motion. This is
important to ensure the air gap is uniform throughout
the actuator and allows low friction sliding surface. A
linear encoder read head is mounted on the mover of
fubular LSRA and used as a position feedback sensor
to measure the displacement of the mover. The load
cell measures the thrust force by connecting the load
cell and mover with a thin nylon string. The DSP system
received the information on the mover's displacement
and measured thrust force; meanwhile, it assigned the
respective switching signal to three different high
current amplifiers to actuate the tubular LSRA.

Linear Bushing
iy,

(a) Full view

Linear

Load Cell Bushing Stator Mover Mover Block

Aluminium  Epoxy Glass
Base Encoder Guide

(b) Side view

Stator Holder  Linear Incremental Linear

Figure 12 Final tubular LSRA assembly

Force Characterization

In order to measure the static force characteristic, the
mover is fixed at a position by collecting the stafic
force for different rated phase currents. This research,
take note that the simulated force is the simulated
force obtained from the FEM analysis, whilst the
measured static force is the experimental force. The
measured static force for each phase was measured
at a step of 0.5 mm, and the applied DC excitation
current ranges from 1 A fo 2 A with 0.5 A increments.
The experimental result of statfic force characteristics
concerning mover position and excitation current for a
single mover pitch is demonstrated in Figure 13. All
three phases demonstrate similar trends in static force
generated by the tubular LSRA. As shown in Figure 13,
the maximum static force measured by the load cell is
0.24 N and 0.65 N af the rated phase current of 1.5 A
and 2.0 A, respectively, at position 6.5 mm. The highest
measured static force for each phase and excitation
current occurred when the mover position is at the
infermediate positions, 2 mm for Phase A, 6.5 mm for
Phase B, and 11.5 mm for Phase C. The measured
static force started to decrease as the mover moved
towards the aligned position and reached the
minimum force value when the mover reached the
position at 4.5 mm, 9.5 mm, and 14.5 mm for each
phase before reaching the fully aligned position. The
active phase coils at the stator poles are
disconnected at the fully aligned position, and the
phase coils for the next stator poles are excited. It is fo
be noted that the tubular LSRA does not generate any
thrust force or motion when the applied excitation
current is 1.1 A and below. This is because the thrust
force generated by the tubular LSRA is too small,
where the generated thrust force could not overcome
the maximum static friction force and mass of the
mover. Moreover, the tubular LSRA requires at least 1.1
A and above to produce thrust force and motion
which will be discussed in Section 5.0.

Figure 14 compares static force characteristics
between the generated force and measured force at
the maximum rated phase current of 2 A. According
to the static force profile, the force generated by the
tubular LSRA is within the required range for the
semiconductor fabrication application which s
between 0.2 N to 1.0 N. Based on the result, the
highest and generated static force obtained from the
FEM analysis is 0.95 N. Meanwhile, the maximum
measured static force obtained from the experimental
works is 0.65 N which is reduced by 44.9 % compared
to the simulation result. The main reason that causes
the reduction in the measured static force is the
presence of friction force between the mover shaft
and linear bushings. Figure 15 illustrated the measured
friction force when the mover was manually pulled.
Based on Figure 15, the static and kinetic friction data
obtained are relatively close. Therefore, the static and
kinetic friction is assumed to be similar, and the
average friction force is approximately 0.26 N.
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Figure 14 Comparison of generated and measured static
force characteristics at 2.0 A
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Figure 15 Measured friction force

Besides that, both generated and measured static
force acquired similar trends when the mover is moved
from an intermediate position (2.5 mm) tfo an aligned
position (4.5 mm) for all three phases, as shown in

Figure 14. However, the measured force clearly shows
different characteristics than the generated force
when the mover moves from an unaligned (0 mm) to
the intermediate position (2.5 mm). Unlke the
generated static force, which has the highest thrust
force at the unaligned position (0 mm), it decreases
when the mover moves to the intermediate position
(2.5 mm). The measured static force shows an
opposite trend. The tubular LSRA has a smaller static
force af the unaligned position (0 mm). The static force
increases when the mover moves from the unaligned
position fo the intermediate position. In addition,
experimental work shows that the tubular LSRA can
generate the most significant thrust force when the
mover is at an intermediate position instead of an
unaligned position, as shown in the FEM analysis. The
difference between the generated and measured
static force characteristics is due to the uncontrolled
magnetic flux distribution in the tubular LSRA usually
occurs in any conventional LSRA design.

Figure 16 shows the magnetic flux distribution when
the mover is located at an unaligned position,
infermediate position, and nearly aligned position
under the maximum rated phase current of 2 A. Both
the generated and measured static force profiles
were conducted with an interval of 0.5 mm. The fully
aligned position is supposed to be 5 mm. However,
according to the switching algorithm, the active
phase will be switched to the next phase when the
mover reaches the aligned position of 5 mm. Besides
that, a fabrication tolerance of 20 uym also caused the
mover not to reach the exact aligned position at 5
mm. Therefore, the nearly aligned position with 4.5 mm
is used in the context of static force profile only
because it is the nearest to the aligned position. This is
to observe the trends and changes of magnetic flux
flow as the mover moves from an unaligned position
toward the aligned position. However, the actual fully
aligned position during the operation of the fubular
LSRA remained at 5 mm.

Based on the results, the magnetic flux distribution
on the active stator and mover poles at Phase A was
increasingly high when the mover poles moved
towards the aligned position. When Phase A is applied
with excitation current and the mover is at the
unaligned position, the magnetic flux flows from the
active stator pole to the mover pole fo form a
complete magnetic circuit. However, some amount of
magnetic flux flows through the non-active pole,
resulting in the non-active pole generating a small
amount of force that opposes the measured static
force. The unconfrolled magnetic flux distribution
generally causes the force generated from the non-
active pole. While the mover moves from an
unaligned position fo an infermediate or aligned
position, the magnetic flux that flows through the non-
active poles is reduced as most of the magnetic flux
flows through the active pole due to the increasing
overlapping area. The unconfrolled magnetic flux
distribution in the tubular LSRA justified the difference in
measured static force characteristic when the mover is
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at the unaligned position compared to the generated
static force characteristic.
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Figure 16 Magnetic flux distribution at different mover position

Motion Characterization

In this research, the motion of the fubular LSRA is
further examined through driving characteristics via an
open-loop experiment. The mover's open-loop motion
characteristic is evaluated by applying a constant DC
current from 0.9 A fo 2 A with 0.1 A increments for four
seconds. The excitation phase depends on the mover
position, as illustrated in Table 2 and Table 3. The
steady-state displacement is collected to observe the
motion behaviour of the fubular LSRA. Thus, the
relationship between the motion characteristics for
forward and reverse motion concerning excitation
current can be obtained. Then, the response of the
fubular LSRA for a single step motion is evaluated by
applying a constant excitation current of 2A for 1s. The
fransient responses such as percentage of overshoof,
settling time, and equilibrium position are collected to
determine the behaviour of the tubular LSRA. Next, an
open-loop control with continuous step motion s
examined to observe the motion characteristic. Six
steps (two pitches), forward and reverse motion, are
evaluated by applying a constant phase excitation

current of 2A in sequence for 1s each step. The
displacement of the mover is collected to determine
the continuous step motion behaviour of the ftubular
LSRA in open-loop confrol. Figure 17 shows the block
diagram of the open-loop control for the tubular LSRA,
and the respective phase excitation current s
illustrated in Figure 18. In Figure 17, the Matlab Simulink
block diagram uses the saturation unit block to ensure
that the maximum current to the experimental setup
does not exceed 2A. This block prevents the winding
coils for Phase A, B & C from breakdown. The open-
loop confrol performance is evaluated based on the
displacement response.

Another fechnique fo characterize the tubular LSRA
is fo obtain the mover dynamic responses in ferms of
displacement, velocity, and acceleration with open-
loop control. The mover response is obtained by
reciprocating the mover between 0 mm and 25 mm at
a maximum rated phase current of 2 A. The
experiment was implemented using a switching
mechanism based on mover position, as shown in
Tables 2 and 3. Therefore, a linear encoder measures
the mover position and feeds fo the switching
mechanism to determine the phase excitation. The
switching algorithm will recalculate the mover position
when the mover moves exceed 15 mm fto deftermine
the phase excitation after the first pitch. This is to
simplify the switching mechanism for the repeating
sequence. Figure 19 illustrates the block diagram of
the switching mechanism for reciprocating motion, i.e.,
forward and reverse motion, as shown in Figure 20. The
switching mechanism was changed to forward motion
when the mover reached 0 mm; meanwhile, the
reverse motion was applied when the mover reached
25 mm and went back to the initial position (0 mm).
Although the maximum traveling distance of the
tubular LSRA is 50 mm, the maximum reciprocating
range is fixed at 25 mm to prevent the mover from
colliding with the linear bushing during open-loop
control. In order to acquire the velocity response of the
tubular LSRA, the displacement is undergoing the first
derivative with respect to tfime. On the other hand, the
acceleration response is obtained when the
displacement is undergoing the second derivative with
respect to time. The velocity and acceleration
responses go through a second-order low-pass filter
with a cut-off frequency of 160 Hz to attenuate the
high-frequency signals. The mover response obtained
holds a piece of important information on the
characteristics of the tubular LSRA system.
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Figure 17 Three-phase open-loop control of tubular LSRA
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Figure 20 Switching mechanism

The linear motion characteristic of the fubular LSRA
was evaluated experimentally with a series of open-
loop experiment control. It is fo be noted that forward
motion is referred to as the mover moving to the left
direction, and reverse motion is referred to as the
mover moving to the right direction. Similarly, the
forward motion is considered a positive direction and
vice versa. The mover displacement of the tubular
LSRA with respect to the excitation current for forward
motion and reverse motion are presented in Figure 21
and Figure 22. All the three phases for both forward
and reverse motion demonstrated similar trends in
motion characteristics, in  which displacement
increased with the increased applied excitation
current. By comparison, all the three phases for both
forward and reverse motion have their motion
characteristics as the displacement versus excitation
current curve is different, although their trends are
similar. This is because the mover has an unbalanced
load on one end of the mover, which causes the
tubular LSRA requires more considerable energy to pull
the mover. Figure 23 shows the mover structure where
the forward part is heavier than the reverse part due
to installing the linear encoder and linear guide on the
forward part. Besides that, the unconfrolled magnetic
flux distribution also causes Phase B, which is located in
between Phase A and Phase C, to have higher
measured static force and magnetic flux density
compared to the Phase A and Phase C. When the
applied excitation current is less than 1.1 A, the tubular
LSRA is motionless for both forward motion and reverse
motion due to the generated thrust force is smaller
than the maximum static friction force which already
been justified.
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Figure 21 Linear motion characteristic for forward motion
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Based on the forward motion characteristic, as
shown in Figure 21, the displacement gradually
increases when the applied excitation current
increases from 1 A to 1.3 A. The mover displacement
increases rapidly when the excitation current is
increased from 1.3 A to 1.8 A. On the other hand, the
reverse motion characteristic in Figure 22 shows that
the displacement increased slowly when the applied
current was increased from 1 A to 1.2 A. When the
excitation current is increased from 1.2 A fo 1.8 A, the
generated force increases, causing the displacement
to increase rapidly, similar as in forward motion.
However, the displacement increments for both
forward and reverse motions reduced when the
applied excitation current was above 1.9 A. When the
applied excitation current is 1.9 A and above, the
tubular LSRA has a more significant generated thrust
force and magnetic co-energy; thus, the mover can
reach the equilibrium position closer to the expected
position. The generated force is the lowest as the
mover reaches the equilibrium position due to the
sizeable overlapping area between the poles. In
open-loop control of tubular LSRA, each phase of
tubular LSRA is capable of providing a step motion of 5
mm when the mover moves from an unaligned
position to an aligned position. However, the mover
was unable to reach the exact fully aligned posifion
when the mover reached the equiliorium position
because the thrust force generated by the tubular

LSRA was too low to move the mover to the fully
aligned position.

The open-loop control of the fubular LSRA for one
step forward motion at a maximum rated phase
current of 2 A is demonstrated in Figure 24. Based on
the result, the tubular LSRA has an overshoot of 33.3 %
and requires approximately 0.18 s for the mover to
reach the equilibrium position at 5.071 mm, where the
mover pole and stator pole are almost fully aligned. At
this position, the insufficient energy produced at the
active stator and mover poles cannot aftract the
mover to the expected equilibrium position. This is
because the large overlapping area between the
poles causes a small thrust force to be generated.
Therefore, the mover stopped at an equilibrium
position instead of a fully aligned position at 5 mm.

Meanwhile, the open-loop control for continuous
six steps forward and reverse motion atf a maximum
rated phase current of 2 A is demonstrated in Figure
25, and Table 4 shows the tabulated results for ten
repetitions. Based on the result, it can be observed
that the tubular LSRA has a resolution of approximately
5 mm per step. Besides that, it can be depicted that all
the step motions for forward motion and reverse
motion have similar trends. The mover has an
overshoot for forward motion and undershoots for
reverse motion due to the mass and inertia of the
mover. Then, the active poles pulled the mover back
to the aligned position and reached the equilibrium
position. However, the mover does not reach the
expected equilibrium position. When the mover
reaches the equilibrium position, the insufficient energy
at the active poles unable to attract the mover to the
expected equilbrium position due to large
overlapping area between the poles and thus small
thrust force generated. The disadvantage of this open-
loop control is motfion characterized by significant
overshoot and error as there is no position feedback in
the system to correct the position error. Overshoot
occurred for each step motion before the mover
reached the equilibrium position caused by the inertia.
However, no physical vibration was observed in the
experimental work when operating in a continuous
step motion. Furthermore, open-loop control of the
tubular LSRA only allows the actuator to be operated
in step motion, and the intermediate position is
unachievable.
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Table 4 Open-loop control for confinuous step motion

Motion Displacement (mm) Error Standard
Expected Average (mm) Deviation

5 5.031 0.031 0.088

10 9.951 -0.049 0.067

Forward 15 15.469 0.469 0.040

20 19.964 -0.036 0.025

25 25.230 0.230 0.024

30 30.208 0.208 0.048

25 25.072 0.072 0.049

20 20.458 0.458 0.035

Reverse 15 14.921 -0.079 0.047

10 10.079 0.079 0.014

5 4.971 -0.029 0.079

0 0.246 0.246 0.053

Another method to acquire the fubular LSRA
performance is to measure the signals of the
displacement, velocity, and acceleration responses of
the mover while reciprocating at a maximum rated
phase current of 2 A. The mover responses based on
the open-loop control reciprocating between 0 mm
and 25 mm is depicted in Figure 26. It can be seen that

the maximum and minimum displacement of the
mover exceed the reciprocating range. The linear
encoder measured the maximum, and minimum
displacements are 28.414 mm and - 3.199 mm instead
of 25 mm and 0 mm. This is because the mass of the
mover causes inertiac when the mover changes
direction at 25 mm and 0 mm. Moreover, the open-
loop control of the tubular LSRA does not have position
feedback and controller; thus, the tubular LSRA
cannot correct the position error that occurred in the
system.

On the other hand, the maximum velocity at the
maximum rated phase current of 2 A is exceeded 200
mm/s. The maximum velocity for forward and reverse
motions is 213.64 mm/s and - 196.32 mm/s,
respectively. It can be observed that the forward
motion has a faster velocity compared to reverse
motion due to the mover having more significant
inertia in forward motion, which is caused by the
unbalanced load on one side of the mover. In
addition, it can be observed that the maximum
acceleration occurs when the mover is decelerating.
When the mover is decelerating, the maximum
acceleration is approximately 8 m/s2. Meanwhile,
when the mover moves with increasing velocity, the
average acceleration of the mover is approximately 2
m/s2. The mover's acceleration is lower than
deceleration due to the static friction force when the
mover is accelerating. The velocity and acceleration
responses are in the performance range for the
precision mechanism [23]. Moreover, the fluctuation
that occurred in the acceleration response cannot be
eliminated is caused of the friction force and force
ripples when phase switching, which is commonly
found in any normal LSRA. However, no physical
vibration was observed in the experimental work,
although the fluctuation is observed in the
acceleration response.
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Figure 26 Open-loop control for reciprocating motion

4.0 CONCLUSION

In summary, this research focused on validating the
design, optimization, fabrication, and characterization
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of the tubular LSRA for application in a low-cost, high-
precision system. The velocity and acceleration
response of the proposed tubular LSRA met the main
performance range for the precision mechanism. The
tubular LSRA prototype can produce a maximum
measured stafic force of 0.65 N with a maximum
fraveling distance of 50 mm. However, the measured
static force is approximately 45 % lower than the
simulation result, mainly due to the high friction force
characteristic and unconfrolled flux distribution in the
fubular LSRA system. The maximum velocity and
acceleration that the tubular LSRA can operate are
approximately 210 mm/s and 8 m/s2, respectively.
However, it can be clearly seen that the fluctuation
occurs when the tubular LSRA is accelerating due to
the friction force and force ripples when phase
switching, which is commonly found in any LSRA and
cannot be eliminated but can be reduced by either
implementing mulfi-phase excitation or ufilizihng power
converter. To increase the usefullness of the proposed
tubular LSRA, it is essential to include a positioning
conftroller and realize a precision system with the
proposed LSRA, which are the plans for future work.
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