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Chapter 1: Introduction

Agricultural activity could be described as the science, art and business of
cultivating soil, producing crops and raising livestock """. Even though agriculture
activity is seen as uninteresting, low income and productivity of economic activity, but
the contribution from this activity cannot be neglected especially in matters
concerning food security. For example, in China, having only 7% of the world’s total
cultivated farmland, could support about 20% of the world’s population’s needs .
Moreover, agricultural sectors are also playing a role as a major economic contributor
in several countries. In South Africa for instance, agricultural sectors provided 60% of
employment opportunities and generated 27% of gross national product (GDP) in
2001 . That same year, about 80% of Nepal’s people were involved in agricultural
economic activities yet contributed to about 40% of its GDP ¥ "> For Nigeria,
contribution of agricultural against its GDP has been shown increment pattern from
about 51 % on 1970 to about 65 % on 2010 "“®. Even for USA, at New York State
alone, agricultural contribute about USD 53,719 million to economic output with

about 206,604 on employment contributions .

Oil palm is the world’s most fruit crop in the agricultural sector. It is caused by
its unparalleled productivity and most productive oil plant in the world. The oil palm
or it scientific name known as Elaeis guineensis is a tree without branches but with
many wide leaves on its top or called as tree crown. The fruits are compactly packed
in bunches which are hidden in the leaf axils in crowns *. The oil palm could live up
to 30 years and could reaches height of 15 meters with a stem diameter about

45 cm Y

The palm oil could be found in numerous end products either in edible based
and non-edible based product "'”. Figure 1.1 shows the product that could be

derived from the palm oil (1.1), (1.10)

. Despite of non-edible based product, the
production of palm oil is most focus in edible product such as cooking oil and
margarine '”. Although ranked fourth in decades ago, awareness of the negative
effects of Trans Fat on human health has caused palm oil becomes the most consumed

vegetable oil in the world ""*. Conjunction with that, the production of palm oil is

Chapter 1: Introduction 1



expected to increase 3.47%/ year to support this demand. It will be estimated, in

2015, palm oil is set to become the most produced oil with total production of 37.41

million tonnes, surpassing soya bean oil *'?.

Palm Oil
|
| |
Edible Product Non-edible Product

| | |
- Cooking oil/fats Oleochemical Soap Bio Diesel
- Fats for bakery products | | P .
- Table Margarine - Fatty aCidS - quuld detergent - MethaHOI
- Specialty fats - Fatty alcohols| | - Laundry soap - Ethanol

- Glycerine - Toilet soap

Figure 1.1 Type of end product of palm oil.

In order to support palm oil’s demand, its productivity needs to be improved.
There are several ways has been suggested to be implemented to increase the
productivity of the agricultural product such as increase the labour productivity
through improved service extension, reintroduction of the fertilizer, improved seed
and enhance agricultural mechanization ""'". Therefore, in this research, improvement

of the oil palm productivity through mechanization is focused.

Agricultural mechanization could be defined as an economic application of
engineering technology to enhance the effectiveness and productivity of human labour
(12 The main objective of agricultural mechanization is reduce human drudgery,
improve timeliness of operation, increase cultivation rate of an area of land and

improve economy and standard of living of farmers through increased productivity

(1.13)

Mechanization has proven to enhance the agricultural activities and ensure
sustainable agricultural production ', For example in the USA, farm mechanization
allowed one farmer to feed from 5 people in 1880 to 80 people in 1982 ', In India,
farm mechanization started in the 1970s. It shows that land productivity has increased
drastically since the introduction of farm mechanization as a mechanical power source

in India from about 0.80 kg/ha to 1.45 kg/ha %

Agricultural mechanization also aims to reduce human energy along the

cultivated activity. Nkakini et a/ (2006), has reported comparison of the energy used
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to produce the same amount of cassava both manually and machine assisted. Based on
the result, machine assisted operations have 83 times lower energy consumption
compared to the manual operation of the same quantity of product "'”. On the other

hand, in China, mechanization has become the latest economical source for the nation

(1.2)

Agricultural mechanization has been put in place during processing raw material
to final product, land preparation, weeding, harvesting, pest control, irrigation and
drainage, transportation and storage. The process cycle of oil palm based product
starts with cultivation and harvesting activity "'¥. Cultivation and harvesting involve
seeding, fertilizing, weeding, cutting fronds and fruit bunches, collecting and
transporting the fruit bunches to an industrial site for end product processing.
Mechanization has considerable help to reduce the human effort to accomplish these
activities. It also proven could improve the productivity of the palm oil production.
For example, in weeding activities, through the mechanization has increased the ratio
of labour to land hectare from 1 : 25 to 1 : 50. On the other hand, mechanization in
fresh fruit bunch (FFB) collection has increased the earnings of the oil palm plantation
company from about USD 4.96 per day to USD 14.52 per day "'’. Current
technology has made further activity along the oil palm cultivation has been
mechanized. WIW. Ismail et al., 2000 & 2009 report regarding the vision system for
prediction of fruit ripening development. It helps the harvester to harvest only the ripe
fruit for palm oil quality guaranteed. However, the result of actual implementation of
this technology has yet to be discovered. MS. Deraman et al., 2007 discussed about
the roller-type oil palm loose fruit picker development. It eases the harvester to pick
loose fruit compares to before the introductory of this tools, the loose fruit was by

hand collected.

In this research, mechanization of oil palm FFB harvesting tools was discussed.
In Malaysia, efforts to develop mechanize oil palm FFB harvesting tools was initiated
by the Malaysian Palm Oil Board (MPOB). The MPOB has introduced a mechanical
based cutter known as Cantas™ "** (Y The Cantas™ has demonstrated its
capability to improve the oil palm FFB harvesting productivity through several fields
testing sessions. It is found that, the Cantas™ could increase the oil palm FFB

harvesting productivity more than twice compared to traditional technique. Despite of

Chapter 1: Introduction 3



it merits, due to weight of the top side of the Cantas™" made it become less efficient
to harvest oil palm FFB located more than 8 meters in height '**. At this height, the
pole of Cantas™ starts to bends and made the mechanical system inside the Cantas™

stop working.

Due to the impressive performance of the Cantas'", urge a solution needs to be
discovered to at least bring the same performance to the higher oil palm. Therefore,
an electrical based cutter or called as E-Cutter was introduced “*” " Through
implementation of E-Cutter, the pole bending problem no longer disturb the function

of harvesting tools by equipped this tool with flexible features.

1.1 Problem Statement

Development of Cantas™ by the MPOB is seen as a breakthrough to
implementation of mechanization to oil palm FFB harvesting activity. Impressive
performance has been shown by the Cantas™ through several field testing especially
in term of cost and time performances. However, the operation of Cantas'" becomes
less efficient at height of oil palm higher than 8 meters. At the height of the oil palm
higher than 8 meters, the pole bending problem made the mechanical system of the
Cantas™ was stopped and harvesting activity was unfeasible to accomplish.

The pole bending is caused by the weight of the top side of the Cantas™. Since
this factor could not be neglected, more flexible tools are required ! (-7,
Therefore, instead of mechanical based system employed in Cantas'", an electrical
based harvesting tool called as E-Cutter has been proposed "*~'*” The structure of
E-Cutter will be similar as Cantas™. An electrical generation system consist of 1.3 hp
petrol engine coupled with an electrical generator will be placed on the bottom part of
the E-Cutter. At the top side of the E-Cutter, a linear motor attached with a sickle
will be placed to perform cutting operation. By using electrical based instead of
mechanical based system, the pole bending problem will be no longer influence the

operation of the harvesting tool.

In this research, the linear motor for the E-Cutter has been designed. Several
prototypes of the linear motor comprise a single phase with slot and slotless stator

type structure topology has been designed previously 2* =Y. Despite of all the
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linear motors have been designed and developed, the slot stator type linear motor as

(13D s considered as the best model for the E-Cutter so far. The structure

described in
of the slot type linear motor has been designed in order to maximise it thrust while
maintaining its restricted weight. It has thrust at mover displacement, x of 0 mm, Fi—
of 230 N and total weight, W,y of 2.0 kg. The slot type of linear motor has been
tested in laboratory before it could be confirmed to be implemented for E-Cutter
actuator. Based on the testing result, it was confirmed that the thrust required by the
E-Cutter has been fulfilled. However, it needs higher cutting time comparing to the
Cantas™. Tt only needs about 2 seconds to finish the cutting by using the Cantas™
compared to about 6 seconds by using E-Cutter with the slot type of linear motor
(129 Therefore, in this research, focus will be given to design and develop new linear
motor to function as actuator for the E-Cutter. The new linear motor should have at

least similar thrust, F' and total weight, W, however the mover responses need to be

improved to reduce cutting time.

1.2 Objective

The aim of this research is to develop the linear motor to work as the E-Cutter’s
actuator. The linear motor should have high thrust characteristic within its restricted
weight. Two types of linear motor have been designed and developed which are
switched reluctance cylindrical linear synchronous motor (SRCLSM) and permanent
magnet cylindrical linear synchronous motor (PMCLSM). As a guide line along the

design stage, the design target are listed below :-
1. Thrust, F : >200 N

2. Total weight, W,y : <2.0kg

1.3 Scope of Study

In this research, the E-Cutter’s actuator was designed and developed.
Furthermore, the aim of this research is to find appropriate linear motor type to be
implemented as E-Cutter’s actuator. There are two types of linear motor were
considered which are switched reluctance cylindrical linear synchronous motor

(SRCLSM) and permanent magnet cylindrical linear synchronous motor (PMCLSM).
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Both types of linear motor were model using SolidWorks 2011 x64 Edition CAD
software. Once the models of the linear motor have been established, it’s were
simulated using JMAG Designer (x64) version 13.0.021. Each types of linear motor’s
structure were undergone structure design in order to maximize it performance. Once
the appropriate parameters have been obtained, each types of linear motor were

manufactured to validate the simulation result.

For the SRCLSM, the design stage start with a specific outline dimension.
Three structure parameters have been varied to determine appropriate structure
parameters. The structure parameters are air gap length, o, teeth pitch, 7, and ratio
between teeth width, ¢, and slot width, #. Each models of the SRCLSM was evaluated
using thrust, F. The SRCLSM was intended to be designed in 6 phase. However,
through the design and measurement stage, only single phase structure of the
SRCLSM was considered. Based on the single phase performance, the 6 phase
performance of the SRCLSM was estimated. Based on the estimated 6 phase
performance, implementation feasibility of the SRCLSM to the E-Cutter actuator was

observed.

For the PMCLSM, a 6 slot 8 pole structure topology was chose. The permanent
magnet pitch, z,m, coil pitch, = and air gap length, 6 were fixed. Three structural
parameters have been varied along the structural design. The structural parameters are
shaft radius, 7, height of permanent magnet, 4, and height of coil, /.. The structural
parameters were varied within fixed of total radius, 7. The total radius, 7w Was
fixed at 20 mm, 25 mm and 30 mm. A model of the PMCLSM with complies with
targeted thrust, /" and total weight, W, was observed and chose as the PMCLSM for
the E-Cutter’s actuator. Based on its performance characteristics, implementation

feasibility of the PMCLSM to the E-Cutter’s actuator was observed.

The design model of the SRCLSM and PMCLSM were then compared to
commercialize permanent magnet linear motor. Three type of commercialize
permanent magnet linear motor has been selected which are slot type linear motor,
slot less type linear motor and shaft motor. Around 200 models of linear motor have
been picked and performances of them were compared to the SRCLSM and
PMCLSM performance. Four performance characteristics were used which are thrust,

F, thrust constant, k¢, motor constant, &, and motor constant square density, G.

6 Chapter 1: Introduction



1.4  Thesis Layout

The thesis consists of five chapters. Chapter one gives an overview and
discusses the purpose of this study. The motivations of this study are addressed in the
problem statement and the objectives of research also listed in this chapter. Chapter
two presents the basic concept of E-Cutter’s actuator. This chapter start with
introduction to the basic concept and operation of Cantas™" and E-Cutter. On top of
that, brief of the Cantas™*s performance and it draw back as well as current status of
E-Cutter development also were explained. Furthermore, introduction to both linear
motor types which are the SRCLSM and the PMCLSM also being covered. The

method to determine the design target for the linear motor also was discussed.

Chapter three describe the design and develop the SRCLSM. This chapter start
with initial consideration of SRCLSM structure topology. After that, the structure of
the SRCLSM was finalized by considering several parameters such as air gap length,
o, teeth pitch, 7, and teeth width, #,. The SRCLSM has been manufactured based on
its final structure parameters. The performance characteristics of the SRCLSM were
then measured and decision on feasibility to implement the SRCLSM as E-Cutter

actuator was decided.

Chapter four covers the design and develop the PMCLSM. The design stage
was started from selection of 6 slot 8 pole permanent magnet linear motor structure
topology. The stator of the PMCLSM was set to slot type and slotless. Meanwhile
several arrangements of permanent magnet magnetization were tested to select the
appropriate permanent magnet magnetization direction for the PMCLSM’s mover. In
this chapter as well, measurement result of the PMCLSM characteristics was covered.
The decision on feasibility to implement the PMCLSM as E-Cutter actuator also
decided. Chapter Five presents a conclusion of the overall study and

recommendations for future work.
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Chapter 2: Basic Concept of E-Cutter’s Actuator

2.1 Mechanization of Qil Palm Harvesting Tool

Traditionally, the oil palm fruit fresh fruit bunches were harvested using a
sickle. The sickle is attached to an aluminium pole. The length of the aluminium pole
depends on the average height of the palm oil in the harvesting area. The sickle is
placed at the base point of the bunch and the harvester will pull the aluminium pole
several times to accomplish the cutting process. It took about 386 seconds to

2.1

complete one cycle of harvesting activity . By using traditional harvesting

technique, it was recorded that the ratio of worker to the area of land (ha) was 1:18

(22)

and oil palm productivity was 11.60 tonnes/day . However, the traditional

harvesting technique consumes a lot of time of the harvester and could reduce the rate

of harvester #¥ -,

Over the years, numerous of researchers has been working out to introduce
mechanizes harvester for various fruits. It was started about 1970s when human start
to improve the productivity and encountering the shortage of the number of labor in
the agricultural sector “. In 1983, A. M. Ramsay has discussed on the mechanization
of raspberries in Scotland. Base on his findings, by applying mechanization at the
raspberries plantation could improve the productivity over 10% compared to hand
pickers harvesting *®. G. Gianmetta and G. Zimnalatti, 1997, discussed a mechanical
pruning system for Olive-Groves “”. Based on this paper finding, the mechanical
pruning could reduce the labour requirement from 128 man h/100 trees on hand
pruning and 21 man h/100 trees for half mechanical pruning to 4 man h/100 trees. A
mechanical system for apricots harvesting was designed and tested in **. Base on the
test that has been conducted, the mechanical pruner could harvest about 1500 kg
apricots compared to 450 kg and 22.50 kg by using traditional tools and hand picker
respectively within 1 hour harvesting time. It is also increasing the number of trees
harvested per minute up to 400 tree compared to 20 trees and 6 trees by using
traditional tools and handpicked. A. Torregrosa et al., 2009 through their paper has

discussed the application of two type mechanizations to citrus harvesting in Spain.
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There are tractor shaker and trunk shaker using hand held pruner. The tractor shaker

was most effective (72 % detachment) than hand-held shakers (57 %) .

By taking the inspire by the various mechanize harvesting system mentioned
above, mechanization harvesting system for oil palm fruit system is come to idea to be
realized. Before the harvesting system for oil palm fruit could be designed, the
features of the fruit itself need to be studied. The oil palm fruits are normally
compactly packed in a bunch. It is also hidden in the leaf axils in crowns and about
12 m height above the ground. Stalk of frond that underlying a bunch need to be cut
first before the bunch could be harvested and fall freely on the ground *". The
previous discussed mechanize of the harvesting system is implementing shake-catch
mechanism *¢~*?_ All the fruits mention is having non-similarity with the oil palm
fruit especially when the location and bunch type fruit are considered. The limited
space between the fronds and bunches also made the shake-catch mechanism is
unrealistic. Furthermore, implementing this technique made loose fruit numbers
become higher hence increase the harvesting time especially during the time of
collecting the loose fruit. Therefore, the bunch-harvested style is suggested to use in

order to design and develop mechanize harvesting system for oil palm fruit " *'?,

The Malaysian Palm Oil Board (MPOB) has initiated the mechanization of oil
palm fruit harvester tools called as Cantas'". Figure 2.1 shows the structure of the
Cantas™. The structure and mechanism of the Cantas'" is similar to sickle tools

since it proven to be efficient enough so far in harvesting activities > D@12,

N—re——2

Figure 2.1 Cantas"™ structure.

The Cantas™ consists of a 1.3 hp petrol engine located at the bottom of a
telescopic aluminium pole. At the top, a sickle or a chisel will be attached and use as a
cutting head. The telescopic aluminium length could be adjusted suit with the oil palm
height made it suitable to be used in various height of oil palm. The rotational motion

of the engine is transmitted through a transmission shaft located inside the telescopic

12 Chapter 2: Basic Concept of E-Cutter’s Actuator



aluminium pole to a pair of gears where the sickle is connected. These gears convert
the rotational motion to linear oscillatory motion in order to vibrate the sickle. A con-
rod mechanism activates the sickle to move up-down in its longitudinal direction, thus
performing the cutting. The engine of Cantas™ has a working speed in the range
between 3000 to 5000 rpm. With the engine speed, the sickle of Cantas™™ has a
maximum cutting displacement of 16 mm at 80 Hz of maximum cutting frequency **"
@10 12 The MPOB has setup several field testing session on the Cantas™ in
commercial estates with the objectives of evaluating its performance and providing
recommendations to the industry. As indicated in *?, the field testing has been done
in Tereh Selatan Estate, located in Johor, Malaysia. Two teams of workers have been
established during the testing session where one team was used sickle tool and the
other used the Cantas™. Based on the field testing, by using the Cantas™,
productivity of oil palm increased from 4.19 tonnes/day to 11.60 tonnes/day as
compared to the manual sickles. Worker to land ratio (ha) also increased from 1:18 to
1:37. Despite of a good achievement by the Cantas'", this tool is found less efficient
for height of oil palm more than 8 m. At this height of oil palm, the telescopic
aluminium pole will start bends and making transmission of motion from the shaft to

the cutting head ineffective *> ',

2.2 Basic Concept and Current Status of the E-Cutter Development

The mechanized oil palm fresh fruit bunch harvesting tools should be easy to
handle, efficient enough and should improve the harvesting productivity. So far, the
Cantas™ has proven it capability of improving the FFB harvesting activity base on
the finding in “?. However, the same productivity is only competent to maintain at
height of oil palm up to 8 meters due to bending problem occurs in the Cantas™.
Nevertheless, mechanized tools similar to the Cantas™ still could be considered as
the best structure for higher oil palm. The farmer needs to engage the sickle to the
base point of bunches before the harvesting activity could be accomplished. However,
a flexible system should be designed so that the performance of the mechanized tools

is not affected by the bending occurrence.
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Harvesting activity done in horizontally could reduce the total thrust needed.
Therefore, in the Cantas™, the MPOB adopted the vibrating mechanism that is
transferred to a horizontal direction so that harvesting can be performed horizontally.
Thus, a vibrating mechanism has therefore been designed and developed for the
harvesting sickle which causes it to vibrate at high speed in the longitudinal direction
of the pole’s axis. Therefore, similar structure of harvesting tool as Cantas'™ was
proposed. In the new tool, at least comparable performance of the Cantas™ but more
flexible was aimed. Instead of mechanical based tool in the Cantas™, the new tool
was designed in electrical based tool. The new tool is called as E-Cutter *'¥ - *19,
The basic structure of the E-Cutter is as shown in Figure 2.2. Since the structure of
Cantas™ provides with several advantages especially on easiness to engage with the
base of frond during the harvesting activity, the E-Cutter also maintain a similar

structure of the Cantas™.

Figure 2.2 E-Cutter structure.

The 2 stroke engine used in the Cantas™ will still be used in the E-Cutter.
However, the engine is attached to an electrical generator in order to convert the
mechanical energy to electrical energy. On the top side of the E-Cutter, a linear motor
is used in order to provide direct linear vibration motion to the sickle in order to
accomplish the harvesting activity. A copper wire will be utilized to replace the shaft
inside the aluminum pole in order to transmit the electrical energy provided by the
electric generator to the linear actuator. Therefore, this tool will keep operating
efficiently even though the pole is bending caused by the height increments due to the

copper is more flexible to compare to the shaft in the Cantas™ '@,

The E-Cutter development progress depends on the development of the
electrical generator and the linear motor. The development of the electrical generator
seems to be established through several types of permanent magnet generator with

different performance characteristics have been designed and developed “'?~*'. On
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the other hand, the progress of linear motor development is still requiring significant
improvement. Therefore, in this research, the design of linear motor for the E-Cutter’s

actuator was focused on.

Previously, four prototype of linear motor for E-Cutter’s actuator has been
designed and developed. The entire previous prototype has been design as single

phase topology. Two type of stator types has been used which are slot less type *>*"

@22 and slot type &' 220229 @29 The detail comparison of these linear motors
performance is as discussed in @' ®'9_ Despite of all the linear motor has been
developed, the slot type linear motor as discussed in ¥ @2 29 coyld be
considered as the best linear motor for E-Cutter actuator so far. In order to easy

reference, this linear motor is referred as 1PhSTLOA.

The structure and construction of the 1PhSTLOA is as shown in Figure 2.3.
The structure parameters of the 1PhSTLOA have been optimized in order to made the
IPhSTLOA having starter thrust, Fx— is higher than 200 N and total weight, W
lower than 2.0 kg. Detail of the IPhSTLOA performance characteristics is as listed in
Table 2.1. Based on several session of laboratory testing, it is found that the
IPhSTLOA is feasible to accomplished frond and bunch cutting. The testing session is
shown in Figure 2.4. Several fresh oil palm fronds with different size have been
brought to laboratory during testing session. Even though the cutting frond and bunch
is feasible by the 1PhSTLOA, it is found that the cutting time is slightly longer
compared to the Cantas'™. It tooks only 2 seconds to finish cutting cycle by using

Cantas™ compare to about 6 seconds by using the IPhASTLOA.

The main drawback of the IPhASTLOA comparing with the Cantas™ is the
displacement, x and oscillation frequency, f;s.. Based on the observation, the Cantas™
could provide constant displacement, x of 16 mm at oscillation frequency, fos in the
range of 50 — 80 Hz ®? ®')- 12 However, the IPhSTLOA only could operate at
displacement, x of 10 mm and oscillation frequency, f;.. of 68 Hz *'?. It is shown that,
the 1PhSTLOA has an adequate cutting force, however lack on the dynamic
performance especially in term of displacement, x and oscillation frequency, fos.
Therefore, a new linear motor is needed to be designed to increase the reliability of

the E-Cutter especially in terms of it dynamic performance.
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(a) The 1PhSTLOA structure (unit in mm).  (b) Construction of 1PhSTLOA.
Figure 2.3 Structure and construction of IPhSTLOA.

Table 2.1 The 1PhSTLOA performance characteristics.

Performance characteristics Value
Starting thrust, Fi—o (N) 222
Outer dimension, ¢ % [ (mm) @60 x 115
Total weight, Wi, (kg) 2.0
Thrust constant, ks (N/A) 58.15
Motor constant, &y (N/A'W) 325
Motor constant square density, G (x 10° N*/Wm”) 3.40
Displacement, x (mm) 9.39
Oscillation frequency, fos. (Hz) 68

| (a) Equipment setup for cutting (b) During cutting evaluation.
evaluation.

(c) Cutting process successfull done.
Figure 2.4 Cutting evaluation of 1PhSTLOA.
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2.3 Introduction to the Linear Motor

Generally, a linear motion is produced by a combination of rotational motor and
motion translator. Motion translator such as ball screws, gears, belts and etc. will be
attached to the rotational motor shaft to convert rotational motion to linear motion.
Despite of vast applications of this linear motion system, it inherent several drawbacks
such as low acceleration performance, mechanical complexity and limitation, backlash

and low impact load capacity >

As an alternative, a linear motor is used to provide a linear motion with the
absence of all above mentioned motion translators. By eliminating the motion
translation parts, the system can work with no worries of backlash and compliance.
The total parts can be reduced, hence increase the system reliability, make the system
simpler and offer high flexibility to the system in terms of size and space.
Furthermore, linear motors provide the system with low friction and wear and
increase response, speed and acceleration of the moving parts **” @*®_ However,
cost of the linear motor is relatively higher compared to the traditional system. Linear
motor development’s cost is proportional to it stroke and length. It is due to the

(2.29)

increment of the permanent magnet price and a fact of the linear encoder cost is

length dependence *°.

The linear motor can be dividing into three major types. There are linear
induction motor (LIM), linear synchronous motor (LSM) and linear stepper motor
(LSTM). The thrust of the LIM is produced by interaction of the magnetic field
induced by the primary alternating magnetic field in stator and the induced current on
the mover’s conductor. The LSM produces thrust by interaction between alternating
magnetic field induced by excited stator coil winding and an array of magnetic poles
or a variable reluctance ferromagnetic rail. On the other hand, the LSTM created
thrust by interaction of magnetic field produced by a step excitation style of stator coil

and an array of magnetic poles or a variable reluctance ferromagnetic rail **"> %

Despite of the LSTM, either the LIM or the LSM are suitable to be
implemented as the E-Cutter’s actuator. It is due to the ability of continues the
movement of the mover part provided by the LIM and the LSM compared to the
LSTM based on it thrust production process. Table 2.2 shows advantages and
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disadvantages of the LIM and the LSM. One of key performance of the E-Cutter’
actuator is high thrust density. Therefore, based on the comparison of advantages and
disadvantages between the LIM and the LSM, the LSM is seen as the best candidate
to be implemented as the E-Cutter’s actuator. It is caused by higher thrust density
capability offer by the LSM. However, position information to determine excitation

sequence, a hall sensor can be used in the LSM driving system.

The LSM can be divided into two types. There are switched reluctance linear
synchronous motor (SRLSM) and permanent magnet linear synchronous motor
(PMLSM). The switched reluctance linear motor (SRLSM) converts reluctance thrust
into mechanical power. The stator parts of the SRLSM consist of teeth stator yoke
and coils while the mover parts consist of teeth ferromagnetic structure. The thrust of
the SRLSM is produced by the tendency of the mover teeth to align with the stator
teeth. Only an unidirectional pulse is required to produce thrust and made the mover
moved from unaligned teeth to align condition teeth condition “***3*%. On the other
hand, the permanent magnet linear synchronous motor (PMLSM) adds a permanent
magnet on the mover part. Depending on the magnetization direction arrangement of
the permanent magnet, either ferromagnetic or non-ferromagnetic moving yoke will
be used to rest the permanent magnet. The thrust of the PMLSM also produced by
interaction between primary travelling magnetic field induced by the exciting coil and
the magnetic field produced by the permanent magnet ***>“*> Due to two sources
of magnetic field exist, the thrust density of the PMLSM is relatively higher compared
to the SRLSM.

The LSM can be designed either in rectangular/flat shape or cylindrical/tubular
shape ***. However, in this research, the cylindrical shape of the LSM was choosing
based on several advantages opposed to the rectangular. The cylindrical shape of the
LSM does not need end winding as the rectangular shape. All coils in the cylindrical
shape are actively participating to the magnetic field and thrust production **. This
condition increases coil efficiency and power to weight ratio. Furthermore, the
cylindrical shape of LSM is comprised of ring shape of the coil winding. The ring
shape coil winding is easy to manufacture and suit to industrially produce. The
cylindrical shape of the LSM also has features of self-neutralization of normal force

@37 and reduces support mechanism requirement “**. On top of that, the cylindrical
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shape of the LSM has a compact structure and high force density “**~**?_ However,

the cylindrical shape of the LSM limits the maximum stroke. Exceeding the limit

stroke may cause vibrations and mechanical damage to the LSM **7.

Table 2.2 Advantages and disadvantages of LIM and LSM.

Linear induction motor | Linear synchronous motor
(LIM) (LSM)
Simple structure. Higher efficiency.
Advantages Low cost apd easy Higher thrust 'density.
.31), (2.32) manufacturing. Better dynamic
Low maintenance. response.
Robust.
Lower efficiency. Expensive
Lower power factor. manufacturing cost
Lower thrust density. due to magnet cost.

- Temperature

dependence due to
Disadvantages magnet temperature
(@31, (2.32) limitation.

- Exact position
information requires
ensuring
synchronisation of
magnetic field.

2.3.1  Switched Reluctance Linear Synchronous Motor

In recent years, the switched reluctance linear synchronous motor (SRLSM) has been
alternative to LIM or even to permanent magnet linear synchronous motor (PMLSM).
This is due to a factor of their simple and robust structure due to concentric windings
only either on stator or mover part, which results in easy maintenance and low
manufacturing and operational cost **"~**?_ The low manufacturing and operational
cost feature of the SRLSM are not only due to the simple structure, but also caused
by the absence of permanent magnet inside the structure. Addition, recently, it is
reported that the permanent magnet materials especially rare earth material has facing
supply chain problem and led to an increment of the material cost. Therefore, the

SRLSM can improve the cost performance of the LSM **”. With absence of the
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permanent magnet in the SRLSM structure, eliminate cogging force and temperature
dependency of the LSM #27» 34D~ @49)

Despite of it advantages, the SRLSM is producing higher ripple thrust compare
to other types of the linear motor. The thrust ripples contribute to vibration and
acoustic noise during operation. Furthermore, the SRLSM could not be driven by the
main AC or DC supply. It requires proper current pulse signal for proper thrust
production. However, continual development of power electronics and control
strategies increases the reliability and effectiveness of switched reluctance type
machine “*¥. On top of that, the structure of the SRLSM made it could be driven
only by unidirectional square pulse of current made the design of the motor driver

simpler **%.

2.3.2  Permanent Magnet Linear Synchronous Motor

The permanent magnet linear synchronous motor (PMLSM) producing thrust
by interaction of the magnetic field induced by a coil and the magnetic field produced
by a permanent magnet. When the coil and the permanent magnet have similar
magnetic pole, repulsive force will generate. When the coil and the permanent magnet
have different magnetic pole, attractive force will generate. Compared to the SRLSM,
the PMLSM use both repulsive and attractive force to produce the total thrust.
Therefore, a bipolar excitation current is useful for the PMLSM in order to generate
thrust.

The PMLSM has proven it superior performance. By comparing to the
SRLSM, the PMLSM normally design with higher air gap length. It will reduce the
manufacturing tolerance, Ax sensitivity >*”. The use of a permanent magnet as one of
magnetic flux source made the PMLSM has a high thrust density 47> ¢4%
Furthermore, by using a permanent magnet operates at high efficiency, high power
factor and reduce the driver rating ®*”~*°Y_ Despite of it superior performance, the
PMLSM suffers from thrust fluctuation especially during low speed operation. The
thrust fluctuation is mainly due to existence of cogging force **” “*" However,

several researchers have suggest various techniques to reduce the cogging force such

(2.52) (2.53)
b

as skewing the permanent magnet , shifting the permanent magnet pole pair
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changing the ratio of the permanent magnet width to the pole pitch “** and averaging

the permanent magnet position without skewing .

2.4  Design Target and Restriction of the E-Cutter’s Actuator

In order to ensure reliability of the E-Cutter, specific design target has been set
for it in actuator design. There are two design targets have been set which are cutting
force, Feouing and total weight, W. Since the E-Cutter use a sickle as a cutting tool,
based on “*?, the average cutting force per unit area required to cut the oil palm
frond is about 94 N/cm’. Meanwhile, the biggest size of frond is about 80 cm” cross
sectional area **”. Based on the facts mentioned above, there are about 7.5 kN to
accomplish the cutting process once. Therefore, implementation of vibrating
mechanism or also recognizes as rapid copping method could reduce the cutting force
required. The rapid copping method accomplishes the cutting procedure gradually
depending on the sickle displacement. Thus, the actual total force required in cutting

process is lower than mentioned above.

Consider the cross sectional view of oil palm frond as shown in Figure 2.5. It
has an area of 80 cm’, 17 cm in width and 10 cm in height. Assume that sickle
displacement during cutting activity is 0.2 cm, thus the cutting force, Feuuing, required
to cut that particular oil palm frond is as calculated in Eq. (2.1). Therefore, the cutting
force, Feuing, for E-Cutter’ actuator should higher that 188 N. However, in order to

ease the design process, the cutting force is target higher than 200 N.

Feutting = 94x(0.2x10)
=188 N.

2.1)

hy=10 cm

) we=17 cm -
Figure 2.5 Cross sectional view of oil palm frond.
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Nevertheless, the main constrain for the E-Cutter’s actuator design was the total
weight, W, of it. The total weight, W, of the E-Cutter’s actuator is aimed below 2.0
kg. This design condition has been set based on the existing system of Cantas™. The
total weight, W,y of this system is targeted to be below 7.5 kg similar to the total
weight of the Cantas™. The total weight, Wi, of this system includes the 2 stroke
petrol engine, dynamo, pole and linear motor. The maximum weight of the E-Cutter’s
(2.15)

actuator allowed maintaining the total weight, W,y of the overall system is 2.0 kg

about similar to the weight of gear in Cantas™.

2.5 Performance Index of the E-Cutter’s Actuator

Generally, the linear motor’s performance is evaluated using thrust. However,
thrust is directly proportional to other factors such as current, /, input power, P;, and
overall size of the linear motor. Therefore, several performance indexes are adopted in
order to make comparison between linear motors valid. The performance indexes are
thrust constant, ks, motor constant, 4, and motor constant square density, G. These

performance indexes are calculated using,

ke = % (N/A) 2.2)
ko = Lave o ouw) 2.3)

VB

2

F,
=—2C  (N*(Wm')) (2.4)
Pin Vmot

where, k¢ is the thrust constant in (N/A), F. is the average thrust in (N), / is the
current in each coil in (A), 4y, is the motor constant in (N/VW), P;, is the input power
in (W), G is the motor constant square density in (N*/(Wnr’)) and Vi is the motor
volume in (m’).

The thrust constant, k; is represent thrust produced at 1 A of current, /. Even

though the thrust constant, k¢ is just motor characteristics, however this characteristic
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represent thrust sensitivity against current. The higher this characteristic, represent the
higher thrust produced at similar current. Therefore, the thrust constant, &+ was used
as the performance index to evaluate performance of the E-Cutter’s actuator models.
The motor constant, &, is represent thrust produced at 1 W of input power, Pj,. The
higher the motor constant, k., represent higher thrust could be produce at similar input
power, Pi,. On the other hand, the factor of linear motor volume, V. is considered
through motor constant square density, G. The higher motor constant square density,
G represent higher thrust produced at lower input power, P;, and smaller volume of
the linear motor, V.

Instead of above mentioned performance indexes, response of the linear motor
can be evaluate using electrical time constant, z.. The electrical time constant, z.
represent the current, / response of the linear motor. The lower the electrical time
constant, 7. represent faster response of current, / hence higher frequency, f of power
supply can be used. The electrical time constant, 7. can be calculated using Eq. (2.5).

It also refer as ratio between the linear motor’s coil inductance, L to it resistance, R.

(s) (2.5)

Al
o

|
= |

where 7. is the electrical time constant in (s), L is the coil inductance in (H) and R is
the coil resistance in (Q2).

In this research, the performance of the SRLSM and the PMLSM will be
compared to commercialized permanent magnet linear motor (PMLM). There are 3
types of commercialized PMLM has been choose which are slot type PMLM, slotless
type PMLM and shaft motor. It involves about 200 models from several motor
manufacturers such as Yaskawa Electric Corporation, Rockwell Automation, Sanyo
Denki Co. LTD, GMC Hillstone Co., LTD and etc. Figure 2.6 shows performance
comparison of 5 samples of the commercialized PMLM for each type of linear motor.
The sample of the commercialized PMLM has been chose base on the best
performance on each performance index. Each axis on the Figure 2.6 also has been set
so that the further the plot from its origin represent the better performance. Based on

the Figure 2.6, the slot type of the PMLM has capability to fulfil the thrust required by
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the E-Cutter’s actuator. It also capable to produce high thrust at lower current, /,
lower input power, P;, and smaller size compared to the slot less type of PMLM.
Nevertheless, the slot type of PMLM has higher electrical time constant, 7. compared
to the slotless type of PMLM. On the other hand, the shaft motor has a similar
performance of thrust as the slot type PMLM and a current response as the slotless
type of PMLM. However, in most cases, the coil of the shaft motor will be work as
the mover that tends to slower the mover response due to weight of coils. On top of
that, the stator part of the shaft motor is constructed by solely brittle permanent
magnet, therefore, it seem to be unreasonable to be implement as the E-Cutter’s
actuator. Instead of comparing with each other, the performance comparison between
commercialized PMLM with the designed linear motor will be discussed in further

chapter.
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Figure 2.6 Comparison of performance index between difference types of
commercialized PMLM.

2.6 Introduction to Finite Element Method

Generally, the electrical machine designs employ either permeance analysis
method (PAM) or finite element method (FEM). Both of these techniques capable to
analysed the electrical machine performance with high degree of accuracy “*¥. The
PAM is uses a magnetic equivalent circuit that is analogous to electrical circuit which
is based on machine’s geometry and estimated of magnetic flux path to solve the
electrical machine analysis. It saves information of geometry and magnetic flux path

within permeances. The connection scheme of permeances can either be in parallel or
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in series and it is possible to represent a certain part of machine’s geometry by one
common permeance. However, the accuracy of PAM result depends on closeness of
estimation of the magnetic flux path to the actual condition. Closer to the actual
magnetic flux path, made higher level complexity of the mathematical modelling. Even
though the mathematical modelling complexity could be reduced however, an
acceptable accuracy of analysis output needs to be decided “~”.

The FEM is another method used to design an electrical machine. The FEM is
a numerical method of solving linear and non-linear partial differential equations *%”.
It offers an accurate and powerful design tool, allowing material properties,
nonlinearities and structural details to be taken into account. FEM uses a complex
system of points called nodes which make a grid called a mesh. This mesh is
programmed to contain the material and structural properties which define how the
structure will react to certain loading conditions. Nodes are assigned at a certain
density throughout the material depending on the anticipated stress levels of a
particular area. The mesh acts like a spider web in that from each node, there extends
a mesh element to each of the adjacent nodes. This web of vectors is what carries the
material properties to the object, creating many elements. The FEM calculation is
based on the energy conversation. The law of conversation of energy in electric motor

could derived from Maxwell’s equation and can be expressed as ",

5 Jav - [0
—!E-JdV_{H () (2.6)

where B is magnetic flux density (T), H is magnetic field intensity (kA/m), Jis

current density (A/m’), E is electric field (V) and V is volume enclosing the device
analyzed (m”).

The recent high growth of the computer systems and development of the
software to solve complicated problems made it possible to use precise methods of
calculations in electric machinery to obtain the magnetic field analysis. The
widespread FEM still demands too much computing power and memory space
consuming to obtain the results in a short time ***» %) By using the FEM technique,
it is possible to obtain the magnetic forces and other characteristics of electromagnetic

equipment with a high degree of accuracy because it gives an approximation of the
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magnetic flux distribution on a microscopic scale. On top of that, the FEM provide an
accurate mean to determine the field distribution that takes into account the saturation
3%). 29 Based on this fact, the FEM technique has been choose to be used in E-
Cutter’s actuator design.

The E-Cutter’s actuator has been designed using JMAG Designer (x64)
version 13.0.02I. Designing the E-Cutter’s actuator using JMAG Designer (x64)
version 13.0.02I involves sequential step as shown in Figure 2.7. Since the E-Cutter’s
actuator was design in cylindrical shape, 2D axisymmetric modelling was used. Figure
2.8 shows sample of the E-Cutter’s actuators have been used during design stage.
Once the model of the E-Cutter’s actuator has been created, material setting of each
part has been set. One of the determination factors of result’s accuracy is mesh
setting. Finer meshes relatively produce higher degree of result accuracy. However,
the simulation time will be longer and memory size consumption will be higher.
Therefore, the mesh size setting need to be set appropriately by considering simulation
time, memory size consumption and accuracy level of results. The thrust of the E-
Cutter’s actuator is developing at air gap region between mover and stator.
Therefore, the air gap region between mover and stator and it near region need to set
finer compared to other region. Figure 2.9 shows the mesh of the E-Cutter’s
actuators. Once the mesh was created, the FEM will start to run element calculation.
The result of the magnetic analysis will be form of magnetic flux density and magnetic
flux line. Figure 2.10 and Figure 2.11 shows sample of magnetic analysis result of the
E-Cutter’s actuator. Instead of magnetic flux density and magnetic flux line, other

output such thrust, current and voltage waveform, losses and etc. could be observed.

Structure modeling

\
Development of

mesh
\

Element calculation

\ Magnetic analysis \

End
Figure 2.7 Design step of E-Cutter’s actuator using FEM.
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(a) SRLSM model.
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Figure 2.8 E-Cutter’s actuator model.
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(b) PMLSM mesh.
Figure 2.9 E-Cutter’s actuator mesh.
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(b) Magnetic flux density of the PMLSM.
Figure 2.10 Magnetic flux density of the E-Cutter’s actuator.
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(b) Flux lines of the PMLSM.
Figure 2.11 Flux lines of the E-Cutter’s actuator.
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Chapter 3: Design and Development of the Switched Reluctance

Cylindrical Linear Synchronous Motor (SRCLSM)

3.1 Initial Structure Parameter of the SRCLSM

Previously, SRLSM was never tried to be implemented as the E-Cutter’s
actuator. It is due to the SRLSM is known having lower performance characteristics
compared to the PMLSM. However, because of absence of permanent magnet, the
SRLSM performance does not affect by temperature rise. Therefore, thrust can be
increase by injecting higher current to the SRLSM’s coil. Furthermore, recently the
Switched Reluctance Motor has been achieved similar performance compared to the
Permanent Magnet Motor ®". This factor has been importance motivation to design a

SRCLSM for the E-Cutter’s actuator.

The design of the SRCLSM starts from its basic design to observe feasibility of
the SRCLSM as the E-Cutter’s actuator. As discussed in the previous chapter, the
major drawback of the SRLSM is high thrust ripple ®*. One of techniques can be
used to reduce the thrust ripple is through mechanical design and geometrical
optimization ®~® However, as the first stage of the SRCLSM design, a multiphase
structure topology was used to be implemented in order to reduce thrust ripple ©°.
Despite of possibility of reducing the thrust ripple, the multiphase structure topology
also come with several advantages such as reducing rotor harmonic current ¢ ©¥
and phase current without increasing phase voltage "> ©? lowering the DC link

current harmonic ©”, higher reliability and fault tolerance ©” ¢

In this research, a 6 phase topology has been adopted to be implemented in
SRCLSM structure. The outer dimension of the SRCLSM’s stator was limited to
#40 mm (diameter) X 150 mm (length). Therefore, each phase stator length are
limited to 25 mm. Based on this consideration, the 6 phase SRCLSM outline structure
can be depicted as Figure 3.1. There are two styles of six phase structure topology.
First style is the traditional six phase structure topology where each stators phase is

shifted 60° as shown in Figure 3.2 (a). By implementing this structure topology, a low
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thrust ripple, AF is feasible to produce. Second style is a combination of two sections
of 3 phase structure topology. In order to create a six phase structure, the second
section of 3 phase structure is shifted half of teeth pitch, 7, compared to the first
section as shown in Figure 3.2 (b). Besides improving the thrust ripple, AF,

implementation of this structure also capable to increase the thrust of SRCLSM.

150
25 25 25 25 25 25
WL ﬂt ﬂt ﬂt ﬂL
S s nd rd h h h
g ¥ 2 3 4! 5 6 S
2 phase phase phase phase phase phase [

Mover Air gap
Figure 3.1 Outline structure of the six phase SRCLSM (unit : mm).

(a) Traditional 6 phase structure topology.
1* section 2 " section
( Yoo )
1¥ph. 2™ph. 39ph.  1¥ph. 2" ph. 3" ph.

X b

(b) Proposed 6 phase structure topology.
Figure 3.2 6 phase structure topology.

The sample of thrust characteristics of those two structure topologies are as
shown in Figure 3.3. It is shown that, the proposed 6 phase structure topology
improved thrust ripple compared to the traditional 6 phase structure topology from

17.9 % to 16.0 %. On top of that, the average thrust of proposed structure also
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increased from 11.4 N to 19.8 N. It is shown capability of proposed 6 phase structure
topology to improved thrust characteristics of the SRCLSM.
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(c) Each phase thrust for (d) Six phase thrust for
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Figure 3.3 6 phase thrust characteristic.

Each phase stator can be designed either with single coil or multiple coils. In
this research, only either single or double coil structure is considered. Initially, the air
gap length, 6 of the SRCLSM was fixed to 0.1 mm. In order to make a valid
comparison between the single and double coil structure, the total turns of each phase
has been fixed to 672 turns. Figure 3.4 shows the comparison between single and
double coil structure and the simulation setting is as shown in Table 3.1. Figure 3.5
shows comparison of thrust characteristics between single and double coil structure. It

is shown that, the double coil structure of SRCLSM produced higher thrust at similar
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current. Furthermore, the double coil structure has higher saturated thrust compared

to single coil structure.

24

A
—_
\S]

e Stator - >
~ Coil

Stator 1 o Stator 2
S Coil 1 /@ X | Coil 2

" Mover
(a) Single coil structure. (b) Double coil structure.

Figure 3.4 Comparison of single and double coil structure (unit : mm).

Table 3.1 : Simulation setting for SRCLSM.

Value
No. Parameter Single coil Double coil
1 Coil turns (each coil) 672 336
2 Resistance, R (each coil) (QQ) 8.7 6.5
3 Copper wire dia., ¢c (mm) 0.37 0.32
4 Current, I (A) 0.1-1.5
5 Air gap length, 6 (mm) 0.1

Figure 3.6 shows the teeth parameter of the SRCLSM. Generally, the ratio
between teeth width, #, and teeth pitch, 7z, is set to 0.5 @10 =612 However, as
discussed in ', the optimized ratio of teeth width, #, and teeth pitch, z, is in range
of 0.38 to 0.45. Furthermore, several researchers used the ratio between teeth width,
t, and teeth pitch, 7, equal to 0.40 ©'¥©19 and 0.45 19 G1D_ Therefore, in order to
determine the teeth width, #, and teeth pitch, 7, of the SRCLM, a simple simulation
was carried out. The teeth pitch, 7, was selected as 2 mm and three different teeth
width, #, which are 0.76 mm (0.38), 0.80 mm (0.40) and 0.90 mm (0.45) were set.
Maximum thrust, F..x and total harmonic distortion of thrust, THDy then were

observed.
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Figure 3.5 Comparison of thrust characteristics between single and
double coil structure.
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Figure 3.6 Teeth parameter of the SRCLSM.

Figure 3.7 shows the thrust characteristics, maximum thrust, Fi.. and total
harmonic distortion of thrust, THDr of the SRCLM with difference teeth width, .
Based on Figure 3.7, it is shows that, the teeth width, #, of 0.80 mm (0.40) gives
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highest maximum thrust, F.. compare to other models. Furthermore, with teeth
width, ¢, of 0.80 mm (0.40) as well have lowest total harmonic distortion of thrust,
THDry. 1t is shows that, the SRCLM with teeth width, ¢, of 0.80 mm (0.40) not only
have a capability to produce highest thrust, however, it also could result relatively low
ripple thrust due to the lowest total harmonic distortion of thrust, 7THDr compare to

other models.

Base on the above discussion in Figure 3.8 shows the initial structure
parameter of the six phase SRCLSM. In order to ease the manufacturing process, the
symmetrical model of stator is used. The length of each phase stator and coil pitch
was set to 24 and 12 mm respectively. Therefore, the total stator length by

considering as well the distance between each phase stator has become 148.32 mm.
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— ty = 0.76 2\ u Fmax [
10l &=080] 7~ <~ ||a THD S
e 213 28 &
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Displacement x (mm) (b) Maximum thrust and total
(a) Thrust characteristics. harmonic distortion.

Figure 3.7 Performance comparison of the SRCLSM with different teeth width, ¢,.
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Figure 3.8 Initial structure parameter of the six phase SRCLSM (unit : mm).

40 Chapter 3: Design and Development of the Switched Reluctance Cylindrical Linear Synchronous Motor
(SRCLSM)



3.2  Effect of air gap’s length and teeth pitch to the SRCLSM thrust

The initial structure parameter of the SRCLSM has been proposed as shown in
Figure 3.8. However, the optimized teeth pitch, 7, is depends on the air gap length, 6.
Therefore, the effect of the air gap length, o and the teeth pitch, 7, to the SRCLSM’s
thrust need to be established. The air gap’s length, 6 and teeth pitch, 7, of the
SRCLSM was varied from 0.1 mm to 0.5 mm and 1 mm to 4 mm respectively. At
teeth pitch, 7, of 5 mm, the shape of stator will be unsymmetrical. The ratio of teeth
width, #, and teeth pitch, 7, was fixed to 0.40 as this ratio is the optimized ratio as
discussed previously. The total radius of the SRCLSM was fixed to 20 mm. In this
stage, only single phase structure of the SRCLSM was used. Figure 3.9 shows the
SRCLSM structure with different teeth pitch, z,. The thrust characteristics of the
SRCLSM was simulated with current, / from 0.1 A to 2.0 A. In order to make valid
comparison, the coil parameter of each model has been fixed. Table 3.2 shows the coil
setting that has been used.

Tc=12 fczlz

(¢) , =3 mm. (d) 7, =4 mm.
Figure 3.9 Single phase SRCLSM with different teeth pitch, z, (unit : mm).

Table 3.2 : Coil settings for the SRCLSM.

No Parameter Value
1 Coil turns 336
2 Coil resistance () 6.5
3 Copper wire diameter (mm) 0.32
4 Excitation current (A) 0.1-2.0
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The stator material of the SRCLSM was set to SS400. The SS400 is one type

of ferromagnetic material. It has high magnetic field saturation, B,. Therefore, it is

suitable to be used as the stator’s material of the SRCLSM. The mover will be

constructing in long cylindrical shape. Therefore, a strong material is needed due to

withstand force produce by the SRCLSM especially in radial axis. A S45C material

was suggested to be used as the mover. Even though the magnetic property is slightly

low compared to SS400 material, however, it has stronger in term of it mechanical

property. It is shown in Table 3.3 where the S45C material has better characteristics

of tensile and yield strength compared to the SS400 material. Figure 3.10 shows

comparison between SS400 and S45C BH curve.

Table 3.3 : Mechanical properties comparison between SS400 and S45C material.

No Mechanical property SS400 S45C
1 Density, p (kg/m’) 7860 7700-8030
Young Modulus, £ (GPa) 190-210 190-210
. 569 (Standard) 686
3 | Tensile Strength, o, (MPa) 400-510 (Quenched, tempered)
. 343 (Standard) 490
4 Yield Strength, o, (MPa) 205-245 (Quenched, tempered)
5 Poisson ratio, v 0.26 0.27-0.30
2.0
o | .
s | N S45C
R / S400
2
i
< 1.0
><
5
=
8 s‘
5
§0.5 |
S :
=
0.0 '
0 5 10 15 20

Magnetic field strength H (kA/m)
Figure 3.10 Comparison between material’s BH curve.
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Figure 3.11 shows sample of the SRCLSM thrust characteristics. Based on the
thrust characteristics of the SRCLSM, the maximum thrust was identified. By refering
to Figure 3.11, it is shown that, within same of teeth pitch, 7, higher air gap length, &
produce lower thrust. Figure. 3.11 (b) shows the thrust comparison of the SRCLSM
with difference teeth pitch, 7z, at air gap length, 6 of 0.1 mm. It is shows that, the
maximum thrust of the SRCLSM with teeth pitch, 7, of 1 and 2 mm are similar. For

higher teeth pitch, z,, the maximum thrust is reducing.
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(a)I=0.7A, 7,=2 mm. (b)1=0.7 A, 5=0.1 mm.

Figure 3.11 Sample of single phase thrust characteristics of the SRCLSM.

The maximum thrust of the SRCLSM of all models is as shown in Figure 3.12.
As shown in in Figure 3.12, the maximum thrust of the SRCLSM will increase as the
current is increased. The maximum thrust of the SRCLSM is seemed to be saturate
only for the SRCLSM models with teeth pitch, 7, of Imm. For other structure
parameters, the SRCLSM, the thrust is not saturated. On the other hand, the
maximum thrust of teeth pitch, 7, of 3 mm is found higher especially at current, / of
2 A regardless the air gap length, 6. On the other hand, the higher air gap length, &

made lower thrust will be produced.

Figure 3.13 shows the maximum thrust, Fp,. of all the SRCLSM models at
current, / of 0.7 A. As shown in Figure. 3.13, the effect of air gap lengths, ¢ at similar

teeth pitches, 7,to the maximum thrust is clearly shows. However, the effect teeth
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pitches, 7,on similar of air gap lengths, Jto the maximum thrust is varies on air gap
length, o. For example, on air gap length, ¢ of 0.1 mm, teeth pitch, 7, of 1 mm gives
highest maximum thrust, Fi.x at 0.7 A compared to on air gap length, 6 of 0.2 mm,
teeth pitch, 7, of 2 mm gives highest maximum thrust, Fn. at similar current. Table
3.4 shows the teeth pitch, 7, on specific air gap length, J that produce the first and

second order of maximum thrust, F., at current, / of 0.7 A.

Table 3.4 : First and second order of maximum thrust, F},.x for
each air gap length, Jand corresponding teeth pitch, z,.

No Air gap length, | Teeth pitch, Maximum thrust,
o (mm) 7, (Mmm) Frax (N)
| o : 01
| e i
e ;
4 0.4 g gg
5 0.5 g 147‘
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Figure 3.13 Maximum thrust of all the SRCLSM models at / =0.7 A.

33 Estimation and comparison of the SRCLSM six phase performance

Based on the single phase thrust, the six phase thrust of the SRCLSM could be
estimated. Form this stage, only the best model of the SRCLM at each air gap length,
o0 is considered. However, for the air gap length, 6 of 0.1 mm, the height maximum
thrust, Fi.x was obtained on teeth pitch, 7, of 1 mm. Based on Figure 3.12 (a), the
SRCLSM with teeth pitch, 7, of 1 mm has a lower saturated maximum thrust, Fin.x
compared to the SRCLSM model with teeth pitch, 7, of 2 mm. Therefore, for the
SRCLSM with air gap, ¢ of 0.1 mm, teeth pitch, 7, of 2 mm will be used to estimate
the six phase performance of the SRCLSM. On the other hand, for other air gap

length, 6 models, the teeth pitch, 7, that produced highest maximum thrust, F,., will

be used.

Each phase of the SRCLSM has 2 coils. In order to increase the current
response, a parallel connection will be used. Figure 3.14 shows the schematic diagram
of each phase of the SRCLSM’s coils. If each coils need to be excite by 0.7 A to
produce similar thrust as previous result and considering the resistance of each coils is

6.5 Q, each phase need a 4.55 V input voltage.
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IRU =07A
Figure 3.14 Connection of the SRCLSM coils.

By assuming each phase of the SRCLSM is excite using step voltage and
current, with an appropriate excitation sequence as shown in Figure 3.15, the six
phase thrust characteristics can be estimated as shown in Figure 3.16. Figure 3.16
shows the sample 6 phase thrust characteristics of SRCLSM at air gap length, 6 of 0.1
mm and teeth pitch, 7, of 2 mm. Based on the six phase thrust characteristics as
shown in Figure 3.16, the average thrust, F,,. of the SRCLSM is 32.6 N. Since Each
coils phase of the SRCLSM was connected parallel and considering the pulse
excitation sequence, the total power consumption, Pr of the SRCLSM can be

calculated using,

Pr =6x I phase,rms % ¥ phase, rms

= 6x \/ixfiz(t)dt X \/fovz(t)df (3.1)

XT 0

=6x0.81x2.63
=12.78 W.
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Figure 3.16 Single, three and six phase thrust characteristics of the SRCLSM.

Performance of the SRCLSM was evaluated using it thrust and performance

index as discussed in Chapter 2. The comparison of performance index among the
SRCLSM models is as shown in Figure 3.17. Since the increment of the air gap
length, 0 made decrement of the average thrust, F,., the other performance parameter
is decreased as well. Based on Figure 3.17, it is shown that, the SRCLSM with air
gap length, 6 of 0.1 mm gives highest performance. Since the air gap length, o is

smallest compared to other models, it made the total magnetic resistance become low

and allow higher magnetic flux could induced thus produce higher thrust.

Chapter 3: Design and Development of the Switched Reluctance Cylindrical Linear Synchronous Motor
(SRCLSM)



AN
()
O
S

Z 35— < 80
o 30 € 70
o 25 <& 60
- - 50
172} =
S 15 & A
o S 30
= 10 % 20
< 3 A A = 10 A
0 | 0
0.0 0.1 0.2 0.3 04 0.5 0.6 0.0 0.1 0.2 03 04 05 0.6
Air gap length 6 (mm) Air gap length 6 (mm)
(a) Average thrust, F.. (b) Thrust constant, k.
< 10 ~ 500
= A = A
> 0 =
Z 8 s = 400
< 6 §'2 300
= g X
§ 4 g 7 200
g )
: g .
Q
5 2 I S £ 100 A
= 0 u=TY A A
0.0 0.1 0.2 03 04 05 0.6 0.0 0.1 0.2 03 04 0.5 0.6
Air gap length 6 (mm) Air gap length 6 (mm)
(c) Motor constant, k. (d) Motor constant square density, G.

Figure 3.17 Performance comparison of the SRCLSM with
optimized teeth pitch, 7, and difference air gap length, o.

The performance of the SRCLSM with air gap length, 6 of 0.1 mm was then
compared to several type of commercialized PMLM performance using similar
performance index. The performance comparison is as shown in Figure 3.18. All the
performance characteristics were plotted against their volume, Vi, Based on the
Figure 3.18, it is shown that, the SRCLSM is having a capability to produce higher
performance at similar volume, ¥ compared to PMLM. The SRCLSM is also seen
having capability to produce higher thrust, F" at smaller size and lower input power,

P;, compared to the commercialized PMLM as shown in Figure 3.18 (d).
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Figure 3.18 Performance comparison of the SRCLSM and commercialize PMLM.

34 Manufactured of the SRCLSM

For result validation, the SRCLSM was manufactured. It has air gap length, 6 of
0.1 mm, teeth pitch, 7, of 2 mm and teeth width, #, of 0.8 mm. The SRCLSM was
manufactured in single phase. It is estimate that, if the measurement results and the
simulation output have a good agreement in single phase structure, it will result the
same for the six phase structure. Figure 3.19 shows the manufactured SRCLSM. The
single phase SRCLSM was manufactured vertically. It was manufactured in such way
to ease alignment process especially during static characteristics measurement. At the
bottom side of the SRCLSM’s mover, a linear stage was located. The linear stage use

to vary the mover displacement during static characteristics measurement. On top side
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of the mover, a 1 kg counter weight has been placed. It uses to fix the mover
displacement during static characteristics measurement. The single phase SRCLSM
was manufactured with 2 coils. The coil parameter is similar as listed in Table 3.2 in

previous sub chapter.

Figure 3.19 Manufactured singlgpﬁaée SRCLSM.

3.5 Static Characteristics Measurement of the SRCLSM

In order to validate the simulation output, static characteristics measurements
were conducted. The static characteristics performances are including static thrust

characteristics, RL characteristic and electrical time constant, 7. characteristic.

3.5.1 Static Thrust Characteristic

The thrust characteristic of the SRCLSM was measured with the same
condition as in simulation. As a comparison, the mover of the SRCLSM has been
manufactured with unannealing and annealing S45C material. The experiment setup
and schematic diagram for the thrust characteristics measurement are as shown in
Figure 3.20 and Figure 3.21 respectively. The thrust was measured using load cell
(LMA-A-50N) located between bottom side of the SRCLSM mover and the linear
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stage. The load cell (LMA-A-50N) was connected to a digital indicator (TD-510).
The digital indicator (TD-510) will give an equivalent thrust in voltage, (mV). Instead
of act as counter weight, the 1 kg load is also used as calibration to the indicator in
order to obtain conversion constant of the digital indicator (TD-510). The 2 channel
DC power supply (IPS 303DD) was used to varied to excitation current from 0.2 A

to 1.0 A. The linear stage’s scale was used to estimate the mover displacement. The

thrust characteristic for the SRCLSM then was captured and analysed.

Digital ndicato
(TD-510)

Load cell§ 'CJ)'-
(LMA-A-50N) e

-
. W |

Figure 3.20 Experiment setup for the thrust characteristic
measurement of the single phase SRCLSM.
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Figure 3.21 Schematic diagram for the thrust characteristic
measurement of the single phase SRCLSM.
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The thrust characteristic was measured in two different of mover direction. It is
defined as forward direction and reverse direction. Despite of measuring the thrust,
this measurement style also defines the friction force. Ideally the mover would be
centred in the stator. However, there are variations due to physical limitations despite
of bearings is practically consist of certain level of clearance. In addition, the shaft
diameters must have a tolerance. Furthermore, there is a tolerance in the assembly of
the SRCLSM. This condition create irregular magnetics field and cause friction force
be produced ®'¥!) The friction force usually obtains using measurement @222,

Existence of friction force may cause stick slip oscillation, steady state error, poor

(3.20) (3.22)

tracking performance , Increase thrust ripple , limit achievable closed-loop

bandwidth ¥, system instability and machine wearing ©-** >

Figure 3.22 shows the thrust characteristic of the SRCLSM at current, / of 0.7
A in both direction of mover motion. Due to friction force, both direction of mover
motion force had a different value. The thrust, F was determined by averaging
instantaneous thrust at every mover displacement. Difference of instantaneous thrust
at every mover displacement is the friction force, F¢. Figure 3.23 shows the sample of
the SRCLSM’s friction force, Fc. The friction force, Fc was measured at current, / of

0.7 A.
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(a) Unnealing mover. (b) Annealing mover.

Figure 3.22 Thrust characteristics of the SRCLSM at current, / = 0.7 A.
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Figure 3.23 Friction force, Fc of the SRCLSM at current, / = 0.7 A.

Figure 3.24 shows the thrust characteristic of the SRCLSM with difference
treatment types on mover at several current, /. The thrust characteristic also was
compared between measured result and simulation output. Based on the thrust
characteristic, maximum thrust, F,x of the SRCLSM with both treatment types on
each current, / then was identified. The effect of current, / to maximum thrust, Fp.x of
the SRCLSM is as shown in Figure 3.25. It is shown that, the maximum thrust, Fi.x
of the SRCLSM with annealing mover is slightly higher compared to the SRCLSM
with unannealing mover. However, the thrust improvement is seemed to be
insignificant. On the other hand, the thrust error, ¢ of gives a significant value

regardless the treatment types has been applied.
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Figure 3.24 Comparison of thrust characteristics between
simulation, measurement and mover treatment type.
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Figure 3.25 Effect of current, / to maximum thrust, Fi,x.

As shown in Figure 3.24 and Figure 3.25, there is a slightly difference between
thrust produced by the SRCLSM with unannealing and annealing mover materials.
Therefore, the differences of thrust between the treatment type mover materials need
to be established in order to evaluate the performance of the SRCLSM. The thrust
difference, F, was calculated using Eq. (3.2) and it is shown as Figure 3.26. Based on
Figure 3.26, the increment of thrust of the SRCLSM with annealing mover is
insignificant compared to the SRCLSM with unannealing mover. Furthermore, at
certain current, /, thrust produced by the SRCLSM with annealing mover was less

compared to the SRCLSM with unannealing mover.

Fannealing — Fananneali
Fry = annealing — Tunannealing ) o, (3.2)

Funannealin g

where, %Fp is the thrust difference in (%) and Fanncaling a0d Funanncaling are thrust of the

SRCLSM with annealing and unannealing mover respectively in (N).

Chapter 3: Design and Development of the Switched Reluctance Cylindrical Linear Synchronous Motor
(SRCLSM) 57



10

W
\

)

Thrust difference Fp (%)
>

1
(9]
|

ol
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Current 7 (A)

Figure 3.26 Thrust difference, Fp, of the SCRLSM.

The friction force, Fc of the SRCLM with difference treatment type at several
current, / is as shown in Figure 3.27. Based on Figure 3.27, the SRCLSM with either
annealing or unannealing material produce similar friction force, Fc. However, higher
current, / produce higher friction force, Fc. It is due to the friction force, F¢ is
proportional to the thrust, F. The higher current, /, the higher thrust, F thus the higher
friction force, F produced. However, since the thrust of the SRCLSM is similar
between unannealing and annealing materials, the friction force, F also will be

similar.
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Figure 3.27 Friction force, Fc of the SRCLSM at several current, /.

3.5.2 RL Characteristic

The experiment setup and schematic diagram for RL characteristics
measurement is as shown in Figure 3.28 and Figure 3.29 respectively. Instead of
observing effect of frequency, f to the resistance, R and inductance, L, in this
experiment, the RL profile also being measured. The RL characteristic was measured
with both mover treatment types by using FFT analyzer (CF-930). The frequency, f
has been varied from 3 Hz to 1 kHz during the experiment in order to observe the
effect of frequency, fto resistance, R and inductance, L. The mover displacement was
varied by using the scale of the linear stage. In this experiment, the peak current, /p

was fixed to 0.5 A. Power supply from the FFT analyzer (CF-930) was amplified by
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the power amplifier in order to obtain 0.5 A peak current and confirm by observed the
waveform of the 2ch. oscilloscope. The FFT analyser (CF-930) will provide the gain,
Aps and phase different, ¢ of the SRCLSM. Based on these parameters, the RL
characteristic was calculated. The RL characteristic of the SRCLSM was calculated
using Eq. (3.3) to Eq. (3.5). The measurement settings of RL characteristic of the
SRCLSM is as listed in Table 3.5.

Power amplifier 2ch. oscilloscope

(NF 4502)

FFT analyzer

" :
Fig. 3.28 Experimental setup for RL characteristic measurement.

Input ch A SRCLSM
‘ gji
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Power +
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analyzer output | ampihier -
Input ch B
Standard Linear @
2 ch. tandar “ta
. L ge
oscilloscope [ resistance, /0 =
| R(0.1Q)

Fig. 3.29 Schematic diagram for RL characteristic measurement.

Rg
R+ Rg + joL , (3.3)
= A4p (cos @+ jsin ¢)
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L=—R—j/sin¢, (H) (3.4)

wl0Q /20

R=- 55 cos ¢ Q) (3.5)
10 /20

where A4p and ¢ are the gain and phase shift based on the FFT analyzer output in (dB)
and (°) respectively, Rs and R are the standard resistance and coil resistance

respectively in (QQ), @wis the frequency in (rad/s) and L is the coil inductance in (H).

Table 3.5 : Measurement settings for RL characteristic.

No Parameter Value
1 Peak excitation current, /, (A) 0.5
3,5,7,10, 30, 50, 70,

2 Frequency, f (Hz) 100, 300, 500, 1000
3 Mover displacement, x (mm) 0.0-2.0

4 Coil connection Parallel

5 Total coil resistance, R (€2) 33

6 Standard resistance, Rs (QQ) 0.1

The measurement result also being compared to the simulation output.
Magnetic, frequency analysis was used with similar excitation frequency with the
measurement setup. The amplitude of current source has been set to 0.5 A. Due to
high excitation frequency, f and eddy current losses could not be neglected.
Therefore, “Allow Eddy Current” option in the material control setting need to be
enabled. The eddy current calculation inside the stator yoke and mover was depends
on the material resistivity. The resistivity of the SS400 and S45C were set to 1.7 x 10
7 Om and 2.1 x 107 Qm respectively. Based on the simulation, the voltage and
current of the SRCLSM in term of real and imaginary part as Eq. (3.6) and Eq. (3.7)
were obtained. Based on the expression of voltage, v(f) and current, i(f) the

resistance, R and the inductance, L were calculated using Eq. (3.8) and Eq. (3.9).
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W(t)=Re{l }+ Im{V}, V) (3.6)

i(t)=Re{l }+Im{r}, (A) (3.7)

. :[Im{V}.Re{I}—Re{V}.Im{I}}{ ! ] " (3.9)

Re{/}* + Im{/ }? 27f

where v(¢) and i(¢) are the function of voltage and current in time domain respectively
mn (V) and (A), Re {V} and Im {V}are the real and imaginary parts of voltage
expression in (V), Re {I} and Im {I}are the real and imaginary parts of current
expression in (A), R and L are the resistance and inductance in (Q2) and (H)

respectively.

The RL characteristic of the SRCLSM is as shown in Figure 3.30 at fully
aligned (x = 0.0 mm) and fully unaligned (x = 1.0 mm) mover displacement. At fully
aligned (x = 0.0 mm) mover displacement, maximum inductance, L..x has been
produced. On the other hand, at fully unaligned (x = 1.0 mm) mover displacement,
minimum inductance, L, has been produced. It is shown that, higher frequency, f
cause the resistance, R of the SRCLSM is increased due to influence of skin effect
phenomena. At higher frequency, f, the current, / will flow near to the skin of the
copper wire and made the effective cross section of the coil is decreased. It tends to
increase the resistance of the SRCLSM’s coil especially during high frequency. On the
other hand, the skin effect made inductance, L of the SRCLSM is reduced. Since the
current, / only flow at the surface of the coil wire, it will cause the magnetic field
inside the wire is reduced. Therefore, it will reduce the inductance, L as the frequency,
f is increased. Furthermore, based on the Figure 3.30, the annealing to the mover
material cause the resistance, R and inductance, L of the SRCLSM is increased

compared to unannealing mover material.
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Figure 3.30 RL characteristics of the SRCLSM.

Based on the RL characteristics, the resistance, R and inductance, L profile of
the SRCLSM was estimated as shown in Figure 3.31. It is shown that, higher
frequency, f made higher difference between minimum and maximum resistance, R has
been recorded. However, the increment of frequency, / made difference between
minimum and maximum inductance, L is lower. Despite of the measured RL
characteristics and profile, Figure 3.30 and Figure 3.31 also shows comparison of
measured and simulated output. It is shown that, the difference between measured and
simulated of RL characteristic of the SRCLSM has a significant difference. On top of
that, the graph profile simulated RL characteristic has a steep slope compared to

measured RL characteristic.
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Figure 3.31 RL profile of the SRCLSM at several frequency, f-
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3.5.3 Electrical Time Constant Characteristic

Generally, the current response is estimate by using electrical time constant, ..
The lower electrical time constant, 7. represent faster current response. Based on the
RL characteristics of the SRCLSM, the electrical time constant, z. could be estimated.
The electrical time constant, 7. could be calculated using Eq. (3.10). By using this
method, the electrical time constant, 7. of the SRCLM under sinusoidal excitation
could be estimated. Therefore, the electrical time constant, 7. of the SRCLSM at

several excitation frequencies could be estimated.
L
7, :E' (s) (3.10)

where 7. is the electrical time constant in (s), L is the coil inductance in (H) and R is

the coil resistance in (Q).

Since the RL characteristic has been measured on peak current, /p of 0.5 A, the
electrical time constant, 7. also will be considered the same amount of peak current,
Ip. Figure 3.32 shows the electrical time constant, 7. characteristics of the SRCLSM
at fully aligned teeth position (x=0.0 mm) and fully unaligned teeth position
(x=1.0mm). As shown in Figure 3.32, the electrical time constant, z. of the SRCLSM

is decreased as the frequency, f'is increase.

It is due to increment rate of resistance, R is higher compared to rate of
decrement inductance, L against frequency, f. As shown in Figure 3.30, the resistance,
R has rate of increment about 10 times at frequency, f of 1 kHz compared to the
resistance, R at frequency, f of 3 Hz. On the other hand, decrement rate of the
inductance, L is about 5 times at frequency, f/ of 1 kHz compared to the inductance, L
at frequency, f of 3 Hz. Based on this fact, it cause the electrical time constant, 7 is
decreased as the frequency, f is increase. Based on the Figure 3.34 also, it is shown
that, the electrical time constant, 7. of the annealing mover is higher compared to the
unannealing mover. It is due to, the RL characteristic of the annealing mover is higher

compared to the unannealing mover as discussed in previous sub chapter. Therefore,
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it result the higher electrical time constant, z. of annealing mover compared to its

counterpart.

Figure 3.33 shows the electrical time constant, 7. profile of the SRCLSM. At
lower frequency, f, the profile of electrical constant, 7. is similar as inductance, L
profile. However, at higher frequency, f such as at 100 Hz, the electrical time
constant, 7. characteristics has been inversely compared to the inductance, L profile.
Whereas at fully aligned teeth position, the electrical time constant, 7. produce
minimum value and at fully unaligned teeth position, the electrical time constant, z.

produce maximum value.
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Figure 3.32 Electrical time constant, 7, characteristics of the SRCLSM.
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Figure 3.33 Electrical time constant, z, profile of the SRCLSM at
several frequency, f.

3.5.4  Effect of Manufacturing Tolerance to Static Thrust Characteristic

There are several factors that influence difference between simulation output
and measurement result of the SRCLSM static characteristics. One of the factors is
manufacturing tolerance, Ax. The manufacturing tolerance, Ax is a key factor to
determine the manufacturing cost. Even though the higher manufacturing tolerance,
Ax help reduce cost, however it will affect the performance of an electrical machine.
The manufacturing tolerance, Ax is exist due to limitation on the manufacturing
process and measuring precision on every part ©?*"*" Several researchers have

suggested doing an analysis to determine maximum manufacturing tolerance, Ax
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before the electrical machines undergo manufacturing process. Several design

technique could be apply to achieve that aimed such as Monte Carlo technique as

(3.28)-(3.29) (3.30)

discussed in and Stochastic Response Surface Method as discussed in

In this research, the effect of manufacturing tolerance, Ax to static thrust will be
discussed. The SRCLSM was modelled by considering certain range of manufacturing
tolerance, Ax and each model will be simulate and compared with measurement result.
On the same time, the mover of the SRCLSM has been measured by a vision
measuring system. Based on measured mover dimension, the SRCLSM has been
modelled and simulated. Based on the simulation result, the manufacturing tolerance,

Ax on stator part was estimated.

The manufacturing tolerance, Ax should be considered in all part of the
SRCLSM including, stator yoke and coil part on the stator part and mover part.
Furthermore, manufacturing tolerance, Ax became more significant to stacked part
such as in stator part of the SRCLSM that consist of 4 sets of stator yoke and 2 sets
of coil. However, in order to reduce simulation scope, the manufacturing tolerance,
Ax only was considered on the teeth of mover side. Meanwhile, the stator yoke and
coil part is assumed to be manufactured without manufacturing tolerance, Ax. Figure
3.34 shows the SRCLSM structure by considering the manufacturing tolerance, Ax.
The manufacturing tolerance, Ax was considered in range of -100 pm to 100 pum with
resolution of 10 um. The negative sign of manufacturing tolerance, Ax represent the
SRCLSM mover parameter was built smaller than it design value, while the positive
sign of the manufacturing tolerance, Ax represent otherwise. During simulation of the
SRCLSM models, the current, / have been set in range of 0.1 A to 1.0 A. Figure 3.35

shows several SRCLSM’s model on several manufacturing tolerance, Ax.

68 Chapter 3: Design and Development of the Switched Reluctance Cylindrical Linear Synchronous Motor
(SRCLSM)



T, = 2+2Ax
ts=12+Ax| |

fy = 0.8+4x |

Figure 3.34 The SRCLSM structure with consideration of
the manufacturing tolerance, Ax.

Figure 3.36 shows static thrust characteristics of the SRCLSM on several
manufacturing tolerance, Ax and current, / of 0.5 A. It is shown that, higher absolute
manufacturing tolerance, |Ax| give lower static thrust. On top of that, the static thrust
is shifted compared to the static thrust with no manufacturing tolerance, Ax is
considered. Based on each model’s thrust characteristics, the maximum thrust, Fp.. at
each current, / have been identified. The effect of manufacturing tolerance, Ax to the
maximum thrust, F.x at various current, / is as shown in Figure 3.37. Based on
Figure 3.37, it is shows that, +/-10 um of manufacturing tolerance, Ax does not much
influence to the maximum thrust, Fi,., compared to the ideal case. It can be seen as
shown in Figure 3.38 that the structure of the SRCLSM with 10 um of the absolute
manufacturing tolerance, |Ax| does not affect so much. As the absolute manufacturing
tolerance, |Ax| is increase, the maximum thrust, Fy.x at similar current, / will be

reduced.
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(a) Ax =+100 pm. (b) Ax =+60 pm. (c) Ax =+50 um.

(d) Ax = +40 um. (e) Ax =+10 um. (f) Ax = -40 um.

(g) Ax =-50 um. (h) Ax = -60 um. (1) Ax=-100 pm.
Figure 3.35 The SRCLSM’s model on several manufacturing tolerance, Ax.

70 Chapter 3: Design and Development of the Switched Reluctance Cylindrical Linear Synchronous Motor
(SRCLSM)



Thrust Fpo.x (N)

Thrust Fo (N)

[\
(e

— Unannealing
— Annealing
10
0 i
-5
-10 =50pum
=40 um
-15 =10pm
-20
0.0 0.5 1.0 15 20
e el £
ey P e
Displacement x (mm)
(a) +Ax.
20
15 AYJ = -ln LM
=-40 um
10 Ax-=--50-pm
5
Axi=-100 pm
-5
-10
-15
-20
0.0 0.5 1.0 1.5 2.0
o Crd o
) L o

Displacement x (mm)

(b) -Ax.

Figure 3.36 The SRCLSM’s static thrust characteristics on
several manufacturing tolerance, Ax and current, / = 0.5 A.

Based on Figure 3.35 also, it can be seen that, the manufacturing tolerance, Ax

will made the mover’s teeth will be shifted compared to it stator’s teeth on several
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mechanical degree. The teeth shifted made the value and direction thrust of the
SRCLSM on specific mover displacement might be change. The change of thrust
especially in term of direction against it mover motion direction will cause a reduction
to the total thrust. For example, on manufacturing tolerance, Ax of +/- 100 pum, some
of the mover teeth have shifted more than 180° mechanical degree. Due to thrust of
SRCLSM sole depend on attractive force between its teeth, it will create opposite
thrust direction at certain mover displacement compared to its main thrust and cause
reduction to the total thrust. This condition causes the thrust on manufacturing
tolerance, Ax of +/-100 um giver lowest value. Nevertheless, the maximum thrust,
Fiax of the SRCLSM model with manufacturing tolerance, Ax of — 50 pm gives
closest value compared to measurement result. Therefore, due to the definition of
manufacturing tolerance, Ax as shown in Figure 3.34, the teeth width, #, and slot
width, #; of the SRCLSM has been manufactured by — 50 um of the manufacturing
tolerance, Ax At the same time, it made the manufacturing tolerance, Ax of the teeth

pitch, 7, is — 100 pm.
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Figure 3.37 Effect of manufacturing tolerance, Ax
to the maximum thrust, Fp,,.
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In order to make clear decision on the total manufacturing tolerance, Ax of the
SRCLSM, the thrust error, e for each SRCLSM model with difference manufacturing
tolerance, Ax were calculated. The thrust error, er was calculated using Eq. (3.11).
Figure 3.38 shows the thrust error, ¢ of the SRCLSM with considering
manufacturing tolerance, Ax. Based on Figure 3.38, on the absolute manufacturing
tolerance, |Ax| lower than 50 um produced higher simulation static thrust
characteristics compared to it measurement result. However, if higher absolute
manufacturing tolerance, |Ax| is considered, the thrust comparison will be otherwise.
Furthermore, on negative manufacturing tolerance, -Ax gives nearer simulated
compared measured thrust since absolute manufacturing tolerance, |Ax| lower than 50
um is considered, the thrust error, ¢r on negative manufacturing tolerance, -Ax is
lower compared to when positive manufacturing tolerance, +4x is considered. For the
absolute manufacturing tolerance, |Ax| higher that 50 um, inversely condition has been
produced. Yet, the manufacturing tolerance, Ax of -50 um is seen gives lowest thrust

error, r on both mover material treatment types.

F -F
ep = simulated — “'measured , 100 (%) (3.11)

F measured

where, %er is the thrust error in (%), Fieasued aNd Fgmuaed are the measured and

simulated thrust respectively in (N).

Chapter 3: Design and Development of the Switched Reluctance Cylindrical Linear Synchronous Motor
(SRCLSM) 73



20 pm

30 um
I
I

40 um

50 um

Thrust error e (%)
S

60 um

100 um
|

0.2 0.4 0.6 0.8
Current 7 (A)

1.0 1.2

(a) S45C unannealing mover.

140

Ax =10 pm

120

100

o0
S

30 um

20 um

[N
S

N
S

\
40 um

50 um

Thrust error er (%)
[\
S

60 um

100 pm
|
|

Figure 3.38 Thrust error, ¢r by considering manufacturing error, Ax.

0.2 0.4 0.6 0.8

Current 1 (A)

1.0 1.2

(b) S45C annealing mover.

74

Chapter 3: Design and Development of the Switched Reluctance Cylindrical Linear Synchronous Motor

(SRCLSM)



3.6  Feasibility of the SRCLSM Implement as E-Cutter’s Actuator

The SRCLSM design and development has been discussed. In order to validate
the simulation output, a single phase SRCLSM has been manufactured. The static
characteristics has been measured and compared to simulation output. Despite of
capability to produce high thrust density, however, difference between simulation
output and measurement result is high. Therefore, if the full structure performance is
concern, it will produce only half compared to that has been estimated in Figure 3.18.
Based on Figure 3.25, it is shown that, the thrust constant, ki, of the single phase
SRCLSM based on measured static thrust at current, / of 0.7 A was about 17.1 N/A.
Based on the facts discussed in sub chapter 3.1, the thrust constant, k¢ of the
SRCLSM with 6 phase structure is about 27.4 N/A. It need about 7.3 A of current, /
to make the 6 phase SRCLSM fulfil the thrust requirement by the E-Cutter’s actuator.
The amount of current, / is seem high compared to size of copper wire used to
construct the SRCLSM coil and yet the thrust at current, / of 1.0 A is far below that
the targeted thrust. Even though coil parameter design is conduct, reduction of coil
turn due to use bigger size of copper wire to allow higher rated current, will also
cause reduction on thrust produced. On the other hand, the total weight, W, of the 6
phase SRCLSM was 1.41 kg. It is about 30 % lower than the E-Cutter’s actuator
restricted. Nevertheless, even if further structure design is conducted to the
SRCLSM, due to the thrust produced is significantly lower compared to the targeted
thrust, process to make the SRCLSM fulfil both design target is seem to be
unfeasible. Furthermore, the SRCLSM structure parameter especially in term of teeth
pitch, 7, is too sensitive to the manufacturing tolerance, Ax. Only about 5 %
difference compared to its design value caused reduction about 50 % of it thrust.
Therefore, the designed SRCLSM of this research is not fit to be implemented as the

E-Cutter’s actuator.
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3.7  Summary

Previously, the SRLSM was never being implemented as the E-Cutter’s
actuator. Therefore, in this research a fundamental study of designing the switched
reluctance cylindrical linear synchronous motor or called as the SRCLSM has been
conducted. Based on several facts, the initial structure of the SRCLSM has been
proposed. The performance of the 6 phase SRCLSM was compared to
commercialized PMLM to prove the SRCLSM has been designed with high
performance. Based on the comparison, it is found that, the SRCLSM has capability
to produce high thrust density compared to the commercialized PMLM. Instead of
producing similar performance as the commercialized PMLM, the designed SRCLSM
was found not fit to be implement as the E-Cutter’s actuator as discussed in sub

chapter 3.6. Table 3.6 shows summary of the SRCLSM design and develop results.

Table 3.6 Summary of the SRCLSM design and develop results.

o Design 6 phase SRCLSM
Characteristics target Simulation | Measurement
(I=0.7A) (I=0.7A)
Thrust, F (N) > 200 32 19
Weight, W (kg) <2.0 1.40 1.40
Volume, Vo (m’) - 1.90 x10™ 1.90 x10™
Thrust constant, ks (N/A) - 46 27
Motor constant, ky, (N/AVW) - 9 5
Motor constant square
density, G (x10° N*/Wnr’) i 425 153
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Chapter 4: Design and Development of the Permanent Magnet

Cylindrical Linear Synchronous Motor

4.1 Basic Structure Parameter of the PMCLSM

Previously, there are four linear motors has been designed and developed for E-

Cutter’s actuator *"*?

. All the linear motors had undergone several laboratory
testing sessions to ensure its feasibility on cutting activity. Despite of all the linear
motors, the linear motor in “**% or called as IPhSTLOA is the best linear motor as
E-Cutter actuator. The 1PhSTLOA has been designed in single phase structure
topology. However, the new PMCLSM was designed using 3 phase structure
topology. The 3 phase structure topology was chosen because it provides relatively
low ripple thrust, ease of displacement and motion direction control by controlling the
3 phase sequence compare to single phase structure topology. A 6 slot 8 pole 3 phase

structure type has been chosen as a first initiative to design a 3 phase PMCLSM for

E-Cutter’s actuator.

The PMCLSM structure is consists of stator and mover part. 6 coils and stator
yoke will be used to construct the PMCLSM’s stator. The stator part of the
PMCLSM can be designed either in slot type or slotless type. Even though the slot
type of stator could provide the PMCLSM with better static performance such as
static thrust, however, the slotless stator has better dynamic performance such as
lower inductance and electrical time constant “®. Therefore, a comparison between
these stator types is essential in order to decide which stator type is the best candidate

to be applied in the PMCLSM.

The mover part of the PMCLSM is made by ring shape permanent magnets
attached with a shaft. Currently, there are various permanent magnet magnetization
arrangement has been invented to improve performance of linear motor. The main

consideration factor is to direct the magnetic flux to flow at specific direction. It

1 (4.4), (4.7), (4.8)

includes simple N-S magnetization arrangement either in the axia or radial

4.9) - (4.11)

direction and more complicated magnetization arrangement such halbach
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@D - @1 46 achieve optimum performance of the linear motor. Instead of

array
choosing the stator types, on the mover part, the optimum magnetization arrangement

will be search.

Figure 4.1 shows skeleton of the 6 slot 8 pole slot type and slotless type of 3
phase PMCLSM. In order to made a valid comparison between slot type and slotless
of the PMCLSM, several stator’s structure parameters need to be fixed. The stator’s
structure parameters involved coil pitch, 7., input power, P;, and coil turns, N. On
mover part, several permanent magnet’s magnetization direction arrangement were
applied. Nine difference permanent magnet’s magnetization direction arrangements
have been chosen. It is as shown in Figure 4.2. For the mover part, magnetic pole
pitch, 7, and radius of permanent magnet, r,n, was fixed in order to create a valid

comparison. The structure parameters of the PMCLSM used is as listed in Table 4.1.

The performance of all the PMCLSMs was evaluated using dynamic thrust. For
the dynamic thrust, correlation between frequency, f of input power and mover speed,
v is essential to simulate the dynamic thrust. The input power for each phase of the
PMCLSM was set to 150 W at frequency, f of 70 Hz. At frequency, f of 70 Hz, and
consideration of the magnetic pole pitch, 7,, of 12 mm as stated in Table 4.1, the

PMCLSM mover speed, v was set to 1.68 m/s as calculated using Eq. (4.1).

ly

“ Yoke Coﬂ @ FtL
R === 2

fffff L T A Tl T T T ] ¥m

Airgap ~Mover

Tom
(a) Slot type stator.
ly
7 !
X ,~~ Yoke Coil fL
y=! < he

Air gap ~ Mover

(b) Slotless type stator.
Figure 4.1 Skeleton of 6 slot 8 pole PMCLSM.
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Figure 4.2 Permanent magnet magnetization arrangement and

4.1

where vy, is the mover speed in (m/s), fis the frequency of input power in (Hz) and 7,

is the magnetic pole pitch in (m).

Table 4.1 : The PMCLSM structure parameters.

Part Parameter unit Siot typ\e]alueSlotless
Coil pitch, 7. mm 16 16
Coil turns, N 704 704

Stator Coil resistanc.e, R Q 18.26 14.89

Height of colil, A mm 6.5 5.5
Yoke thickness, t, mm 2.5 2.5
Length of stator, /, mm 96 96
Magnetic pole pitch, pm mm 12 12
Mover Permagnent nfagnef radius]j Pom mm 10 10
Gap Air gap length, 6 mm 0.5 0.5

Generally, the performance of linear motors is evaluating using thrust

characteristic 4% D 419420 Nevertheless, several researcher has suggest to add
some other performance characteristics such as thrust constant, &, motor constant, &,

motor constant square density, G, electrical time constant, 7. and mechanical time
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constant, 7, ** @ -@2 Ag addition to the performance of the PMCLSM, thrust
ripple, AF and total weight, W, of all models will be used. While the thrust constant,
ki, the motor constant, k, and the motor constant square density, G could be
calculated using Eq. (2.2) to Eq. (2.4) as discussed in Chapter 2, the other
performance characteristics used in the evaluation of PMCLSM performance are as
listed in Table 4.2. Figure 4.3 shows sample of thrust characteristics of the slot type
and slotless PMCLSM. Based on the thrust characteristics, most of the performance
characteristics were derived. Except for time constants, 7. and 7, and total weight,
Wit Where depends on the structural parameters such as size of each parts and

number of coil turns.

300 : ; : :
—Slot type stator
—Slotless stator

Z 200
L3
£
= 100 \
— T~

0
30 20 -10 O 10 20 30
Displacement x (Mm)
Figure 4.3 Sample of dynamic thrust characteristics of the PMCLSM.

Comparison of performance characteristics of all PMCLSM models is as shown
in Figure 4.4. For the average thrust, F,., thrust constant, k¢, motor constants, k&, and
motor constant square density, G, the higher value of its represent the better
performance. On the other hand, for the rest of the performance characteristics, the
lower value was aimed to represent better performance of the PMCLSM. Therefore,
the graph in Figure 4.4 was set, so that the outer the plots of each performance
characteristics on each axis represent better performance. Based on the Figure 4.4, it
is shown that, within similar size of the PMCLSM, the slot type produced higher

static performance characteristics such as average thrust, F,., thrust constant, &
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motor constant, &, and motor constant square density, G. Due to higher performance
of static performance characteristics, the mover response is better for the slot type by
evaluating it mechanical time constant, 7,. Both type of stator have a similar
performance in term of electrical time constant, 7., however, the slotless type of the
PMCLSM has significant better performance in term of ripple thrust, AF" and total
weight, W, compared to slot type of the PMCLSM.

Table 4.2 : List of performance characteristics and it’s equation.

No. Performgnge Equation Unit
characteristics
1 (*x 0
p| AR Ut e = —[ JF(x)d+ | F(x)dxj N @2)
ave( ) XT 0 —x
Electrical time L
2 constant, 7, (ms) fe =% (ms) (4.3)
. . 2
Mechanical time _ mR
3 constant, 7, (ms) m = ks (1ms) (@4)
: Foox — Fin
o Maee | Ar-TE R %) @5
0 ave
5 TO;;I Vzlilg%ht’ Wiot =Weoil * Wpm +Wyoke (kg) (4.6)
tot

For Eq. (4.2) — Eq. (4.6), F.. is the average thrust in (N), xr is the total
displacement of the PMCLSM in (m), +x and -x are the most positive and negative
displacement respectively in (m), z. and 7, are the electrical and mechanical time
constant respectively in (ms), L is the PMCLSM inductance in (mH), R is the
PMCLSM resistance in (Q2), m is the mass of PMCLSM’s mover in (kg), AF is the
ripple thrust in (%), Fiux 1S the maximum thrust in (N), W, is the total weight in (kg)
and Weoii, Wpm and Wi are the the PMCLSM particular parts (kg) respectively.
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(b) Slotless stator PMCLSM.

Figure 4.4 Performance comparison of the PMCLSM between
difference stator types and magnetization direction arrangements.
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The comparison of the slot type stator of the PMCLSM performance is as
shown in Figure 4.4 (a). Based on the comparison, the slot type of the PMCLSM has
a similar value of total weight, W, and mechanical time constant z,,. Nevertheless, the
slot type of the PMCLSM magnetization direction arrangement 4, 5 and 6 have the
lowest performance in almost all performance characteristics except for the electrical
time constant 7., where the PMCLSM with magnetization direction arrangement 4 has
the best performance compared to other models. Even though the model with
magnetization direction arrangement 8 gives the lowest value of thrust ripple AF), it
gives the lowest value in other performance characteristics, especially on average
thrust Fa., motor constants k, and motor constants square density G, with the
exception of models with the magnetization direction arrangement 4, 5 and 6. Apart
from other models which were observed with similar performance characteristics, the
slot type linear actuator with permanent magnet magnetization arrangement 2 and 9
have the best performance in all characteristics except the thrust ripple 4F and the

electrical time constant, ..

The comparison slotless type of the PMCLSM performance characteristics is
shown in Figure 4.4 (b). Based on the plot, all models of the slotless type of the
PMCLSM have a similar value of all performance characteristics except for the
electrical time constant, 7. and mechanical time constant, 7,. However, the slotless
type of the PMCLSM with magnetization direction arrangement 5 and 6 have the
lowest performance in almost all characteristics except for the electrical time constant
7. compared to other models of slotless type of the PMCLSM. Due to elimination of
the slotless type of the PMCLSM models with magnetization direction arrangement 5
and 6, the model with magnetization direction arrangement 4 and 8 were observed
with the lowest thrust ripple, 4F and electrical time constant, 7. However, it gave a
low performance on other characteristics, especially average thrust, F. and the
mechanical time constant, 7,. On the other hand, the slotless type of the PMCLSM
with magnetization direction arrangement of 1 and 7 are seen as the best two models
for the slotless type of the PMCLSM since they have the best performance in all
performance characteristics except for the ripple thrust, AF for both models and

electrical time constant, 7. for the slot-less PMCLSM with magnet direction
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magnetization arrangement 7. Table 4.3 shows the summary of comparison between

the best two models of slot and slotless type of the PMCLSM.

Table 4.3 : Comparison of best two model of slot-less and slot type PMCLSM.
Magnetization direction arrangement

Performance Unit Slot type Slotless type
characteristics Model Model Model Model
array 2 array 9 array 1 array 7
Average thrust, Fye N 145.06 147.06 47.65 48.70
Thrust constant, .. N/A 123.93 125.65 36.82 37.63
Motor constant, k. NAW 20.51 20.80 6.74 6.89
6
Motor constant X 10 3.90 4.00 0.42 0.44

square density, G. N*/Wm’
Electrical time

ms 0.43 0.18 0.16 0.15
constant, 7.
Mechanical time ms 0.50 0.48 3.77 3.62
constant, 7.
Ripple thrust, AF % 90.63 86.04 24.69 23.79
Total weight, Wi. kg 0.96 0.95 0.87 0.87

Based on Table 4.3, the model array 9 is the best model for the slot type of the
PMCLSM. On the other hand, the model 7 is the best model for the slotless type of
the PMCLSM. Even though, neither of slot type nor slotless type of the PMCLSM
has fulfil the thrust, F requirement by the E-Cutter, however, the total weight, W, are
far below than it restricted value. Therefore, a design step via structure parameter
variation is necessary to make sure the PMCLSM achieve it thrust requirement.
Despite of that, the slot type of the PMCLSM with model array 9 has a great
possibility to function as E-Cutter’s actuator. It is due to the ratio of thrust over
weight is higher compared to other model and it shows feasibility of it to reach aimed

thrust at restricted weight.

4.2 Design of the Structure Parameter of the PMCLSM

The slot type PMCLSM with model array 9 (or halbach array) requires a further
design stage to make it fulfil E-Cutter’s actuator requirement. During design stage,

several structure parameters of the PMCLSM will varied. Dynamic thrust and total
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weight of it will be calculated and compared to decide the finalized structure
parameter. The design of the PMCLSM was done in two stages. First stage, effect of
coil height, 4. and radius of permanent magnet, r,, to PMCLSM performance were

observed. Aim during the first stage was to made the PMCLSM fulfil its design target.

Based on result from first stage, second stage of the design stage was carried
out. During the second stage of design, the shaft radius, 7, and height of permanent
magnet, Ay, were varied within fixed radius of permanent magnet, r,,. The aim of
second stage of the design is to strengthen the mover part of the PMCLSM. During
the second stage of design, thrust reduction is expected due to reduction of the size of
permanent magnet. The of combination shaft radius, »; and height of permanent
magnet, A, that give insignificant thrust reduction will be used as the final structure

parameter of the PMCLSM.

4.2.1  Effect of coil height and permanent magnet radius to the
PMCLSM performance

In the first stage of design, the effect of height of coil, 4. and radius of
permanent magnet, 7, to the PMCLSM performance were examined. Figure 4.5
shows the basic structure and structure parameter of the 6 slot 8 pole slot type of
PMCLSM. Several structure parameters has been fixed such as coil pitch, r,
magnetization pitch, 7, yoke thickness, #, and air gap, 6. The total radius, 7w has
been set at 20 mm, 25 mm and 30 mm and the shaft radius, », was set to Imm. At the
same time, the height of coil, /. and radius of permanent magnet, r,» have been varied
at all possible dimensions at fixed total radius, 7. The average thrust, F,,. and total
weight, W, of the PMCLSM were calculated for all models. The design procedure of

the first stage of design is as shown in Figure. 4.6.

Due to variation of height of coil, A, the coil turns, N of each model of
PMCLSM will be varied too. It also will affect the resistance, R and current, / for
each coil. By considering the input power, P;, for each model has been fixed to 150 W
for each phase, coil turns, N, coil resistance, R and current, / were calculated using
Eq. (4.7), Eq. (4.8) and Eq. (4.9). The total weight, W,y of each PMCLSM models
can be calculated using Eq. (4.10).
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where W, is the coil width in (m), & is the space factor equal to 0.6, ¢. is the copper
wire diameter in (m), p is the copper resistivity equal to 1.67 x 10° Q.m, [ is the
copper wire length in (m), a is the copper wire cross sectional area in (m’), Jis the air
gap length in (m), /, 1s the phase current in (A), Pj, is the input power in (W), Omaterial

is the material density in (kg/m’) and vy, is the volume of PMCLSM part in (m’).

Figure 4.7 shows the effect of permanent magnet (PM) radius, r,mn to average
thrust, F,. and total weight, W, of the PMCLSM. By increasing permanent magnet
radius, 7,m, average thrust, /.. will also increase until it reaches maximum value. This
is due to higher magnetic energy providing by permanent magnet to produce higher
thrust. However, beyond the maximum point, increment of permanent magnet size
does not contribute to produce higher thrust. Instead, the thrust is reducing despite
the larger size of permanent magnet. It is because of smaller size of coil produce

lower magnetomotive force by the PMCLSM.

The effect of permanent magnet radius, 7, to total weight, W of the
PMCLSM is as shown in Figure 4.7 (b). Increment of permanent magnet radius, 7ym
does not give significant changes to total weight, . On the other hand, the total
weight, Wi, of the PMCLSM is only influence by the total radius, 7. The higher
total radius, 71w produce the higher total weight, Wi. It is due to higher volume of

each PMCLSM’s parts on higher total radius, 7iotar.
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Figure 4.7 Average thrust F,,. and total weight, W of the PMCLSM.

The model of the PMCLSM gives highest thrust on each difference total
radius, ry 1S as listed in Table 4.4. Based on Table 4.4, the PMCLSM with total

radius, 7o 0f 25 mm and 30 mm are exceeding the thrust requirement with producing
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217 N and 274 N respectively. However, the PMCLSM with total radius, 7. of 20
mm and 25 mm are satisfying the restricted weight of 1.13 kg and 1.80 kg
respectively. Therefore, the PMCLSM structure with a total radius, 7 of 25.0 mm
was selected as the initial model. It has an average thrust, F,. of 217 N and a total
weight, W, of 1.8 kg. This model has an outer radius of the PM, 7, of 13 mm and
the height of the coil, 4. is 7.5 mm. The structure parameter of the PMCLSM result

from first stage of design.

Table 4.4 : Highest average thrust, F,,. model and its total weight, W, on each 7).

No. Total radius, | PM radius, | Average thrust, | Total weight,
Vtotal (l'Ill'Il) 15 pm (mm) F ave (N) VVtot (kg)

1 20 10 155 1.13

2 25 13 217 1.80

3 30 16 274 2.63
=16
e e

r
OO
Tom=12 e " ‘

5=052
Hedv LV L [ [ TV = Jimie |*

Jy Fg

Figure 4.8 Structure parameter of the PMCLSM result from
first stage of design (unit : mm).

4.2.2  Effect of permanent magnet height and shaft radius to the
PMCLSM performance

In order to strengthen the mover part, the shaft radius, 7 need to be increased.
In the same time, the appropriate radius of permanent magnet, r,, has been decided in
previous stage. By considering the other structure parameter is fixing, increment of
shaft radius, , will made the height of permanent magnet, 4, is reduce, hence result
reduction on the PMCLSM'’s thrust, F. Therefore, optimizing between shaft radius, 7

and height of permanent magnet, /,, is needed. The aim during this stage of
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optimizing is to select the combination of these structure parameters that give

insignificant thrust reduction.

In this stage, the structure parameter of the PMCLSM will follow similar as
shown in Figure 4.8. The shaft radius, r; will be increased by 1 mm and made the
height of permanent magnet, /,, will be reduce by 1 mm due to fixed of radius of
permanent magnet, r,m. For each models, the average thrust, F,.. will be calculated
and compared. The current, / of the PMCLSM was varied from 1.0 A to 3.0 A. The

design procedure of the second stage of design is as shown in Figure 4.9.

Set Fipa1 = 25 mm, A, = 7.5 mm,
Fpm = 13 mm
v

‘ 7s=1mm ‘
v
4’{ hpmzfpm_rs ‘
‘ re=r¢t+ 1 ‘ ‘Calculate thrust,F‘

Figure 4.9 Design procedure of second stage of design.

The effect of shaft radius, 7 to average thrust, Fy. of the PMCLSM is as shown
in Figure 4.10. As shown in Figure 4.10, thrust reduction is not significant for a shaft
radius, 7 below than 6 mm. On the other hand, thrust reduction become significant for
shaft radius, 7, higher than 6 mm. Therefore, the shaft radius, ; of 6 mm is considered

as optimal.
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Figure 4.10 Effect of shaft radius, 7 to average thrust, Fj.
of the PMCLSM.

The final structure of the PMCLSM is as shown in Figure 4.11. Each coil of the
PMCLSM has 462 coil turns and 14.2 Q of each coil resistance. Figure 4.12 shows
effect of current, / to thrust, ' of the PMCLSM. Based on Figure 4.12, it shows that,
at current, / of 2.0 A, average thrust, F,. is 208.50 N. It is already exceed the thrust
required to function as E-Cutter’s actuator. At current, / of 2.0 A, input power, P;, of

the PMCLSM is 113.6 W.

o] e -
BN

TP <

Figure 4.11 Final structure parameter of the PMCLSM (unit : mm)
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Figure 4.12 Effect of current to thrust of the PMCLSM.
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4.2.3 Comparison of the PMCLSM performance with commercialize

linear motor

The performance of the PMCLSM is then compared to commercialized
permanent magnet linear motor (PMLM). The performance comparison was done by
utilizing performance index as discussed in Chapter 2. All the performance index of
the commercialized PMLM were obtained from manufacturer product technical
information. Some of the performance characteristics might be could not be obtain
directly, however, it was calculated by using Eq. (2.2) to Eq. (2.4) as discussed in
Chapter 2.

Performance comparison between the PMCLSM with commercialized PMLM is
as shown in Figure 4.13. The comparison was done with volume, V. of each linear
motor model is made as reference. Based on Figure 4.13, it shown that, the PMCLSM
capable to produce higher performance compared to similar volume, V. of the
commercialized PMLM. Generally, the linear motor performance depends on the
input power, P;,. Therefore, by using motor constant square density, G, the input
power, P;, of each model of PMLM including PMCLSM has been equalized as shown
in Figure 4.13(d). Based on Figure 4.13 (d) shows capability of the PMCLSM to
produce higher thrust, F at similar input power, P;, compared to similar volume of the

commercialized PMLM.
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Figure 4.13 Comparison between the PMCLSM and commercialized

permanent magnet linear motor (PMLM) performance characteristics.

4.3 Manufactured of the PMCLSM

Based on result of design, the PMCLSM has been manufactured. Figure 4.14
shows the manufactured PMCLSM. Figure 4.14 (a) shows the stator part and casing
of the PMCLSM. The stator part is consisting of 6 coil arranged for 3 phase
topology. Each phase consist of 2 coils that connected in series. The mover part of the
PMCLSM is as shown in Figure 4.14 (b). It consists of halbach magnetization

direction arrangement as was designed. Table 4.5 shows the specification of the
PMCLSM.
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Table 4.5 : Specifications of the PMCLSM.
Part Item Value
Stator length 96 mm
Size motor Total radius 25 mm
Slot/pole number 6/8

Yoke thickness, #, 2 mm

Length between coils, 2¢, 4 mm

Yoke material SS400
Diameter wire, O, 0.3 mm
Stator part Insulation Class H (180°)
Coil Turns, N 462 turns

Resistance, Q 13.6 Q

Number of cgil 2/Series

each/connection
Material NdFeB
Type N42SH
Maximum Operating 340°C
Temperature, Ty,
Mover part Permanent Remanent magnetic flux
Magnet . 1.27-1.32 T
density, B,

Coercive force, H, > 955 kA/m

Shape Ring type

Size (Touter/Tinner/length) 13 mm/6 mm/6 mm
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(c) Assembled PMCLSM.
Figure 4.14 Manufactured PMCLSM.

4.4 Static Characteristics Performance of the PMCLSM.

In order to evaluate performance of the PMCLSM, static characteristics
measurements were conducted. The static characteristics performances are including
static thrust characteristic, RL characteristic and electrical time constant, 7z

characteristic.
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4.4.1 Static Thrust Characteristic

Figure 4.15 and Figure 4.16 shows experiment setup and schematic diagram for
thrust characteristic measurement respectively. The static thrust of the PMCLSM was
measured using load cell (TCLP-50KA). The current of the PMCLSM was varied
from 0.0 A to 2.5 A using DC power supply (IPS 303DD) and power amplifier (NF
4502). The multimeter was used to observe the terminal voltage of the PMCLSM’s

coil equivalent to specific current.

The static thrust characteristic of the PMCLSM were measured on full scale of
it mover displacement. The PMCLSM was rest on movable table and the mover was
locked at header. The PMCLSM displacement was varied by using handle. The
PMCLSM was moved in forward and reverse direction. Despite of measuring thrust,
through this measurement style, friction force of the PMCLSM also can be captured.
The thrust characteristic of the PMCLSM was measured on each individual phase and

the measurement result and simulation output was compared for result validation.

Figure 4.17 shows sample of thrust characteristic of the PMCLSM. In this case,
current was set to 0 A. Due to existence of friction force, F¢, the thrust in forward
and reverse direction has different value. Based on the forward and reverse direction
thrust, the thrust, /" and friction force, F were calculated. The thrust, /' and friction

force, Fc were calculated using equation below,

Ffvd ey N (4.11)
2
FC:|Fﬁ)vd _Frev| N (4.12)

where F is the thrust in (N), Fra and F, are the forward and reverse direction force

respectively in (N) and FC is the friction force in (N).
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Figure 4.16 Schematic diagram for static thrust characteristic measurement.
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Figure 4.17 Sample of thrust and friction force of the PMCLSM.

Figure 4.18 shows comparison between measured and simulated cogging force
characteristics. It shows that, the profile of measured and simulated cogging force
characteristics is in good agreement. However, it shows a difference in maximum
value of cogging force. The maximum cogging force via measurement was 63.26 N
while via simulation was 89.25 N. On the other hand, the friction force, F¢ during 0

A excitation was in range between 10 N to 38 N.
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Figure 4.18 Cogging force characteristic of the PMCLSM.
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As shown in Figure 4.18, cogging force of the PMCLSM is relatively high.
There are various methods can be applied to reduce cogging force. One of the most

t 427420 However, this

common methods is via skewing of permanent magne
method will make design and manufacturing process of the E-Cutter’s actuator more
complicated. On the other hand, the simplest technique to reduce cogging force is via
optimization on slot and pole combination “*¥. Generally, by increasing number of
combination of slot and pole will reduce cogging force naturally. But it will also
reduce thrust of the PMCLSM. J. Lim and HK. Jung was suggested phase set shift
method to minimize cogging force “*. Yet, additional set of stator to the existing
PMCLSM structure will increase total weight, W, and exceed the aimed weight of
the E-Cutter’s actuator. AS. Mahdi et al. 2007, on the other hand suggest magnet
dividing method to reduce cogging force “*?. Similar to skewing permanent magnet

method, it will complicate the design and manufacturing process of the PMCLSM and

also will reduce thrust due to reduction of permanent magnet volume.

Several methods on cogging force reduction have been discussed from simple
methods like optimizing on slot and pole combination and phase set shift to
complicated methods like permanent magnet skewing and dividing. Based on finding
of several researcher “*?"**% these methods successfully reducing the cogging force.
Nevertheless, these methods produce side effect to the PMCLSM’s performance such
as thrust reduction and complicated design and manufacturing process. The main
consideration during E-Cutter’s actuator is cutting force, Fiuine. As long as, the
PMCLSM could provide adequate cutting force, Feuing, cogging force is not a crucial
consideration. Therefore, in order to maintain thrust and simple structure of the E-
Cutter’s actuator, cogging force reduction is not an important step for the PMCLSM

design.

The thrust characteristics at different current, / of U, V and W phase are as
shows in series of Figure 4.19 to Figure 4.21. Similar to cogging thrust
characteristics, the profile of measured and simulated thrust has a good agreement.
However, difference of maximum value was obtained between measurement and
simulation result. It also shows that, the higher current produce higher difference of
maximum thrust. The difference of the maximum and minimum thrust, Fi.x and Fuin

between measured and simulated result and measurement error, ¢ was summarized as
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in Figure 4.22. Based on Figure 4.22, magnetic density saturation was seemed not
occurred in simulation result. However, magnetic density saturation was occurred at
current, / higher than 1.5 A. At current, / higher than 1.5 A, the measured thrust is
not increased. It made the measurement error become higher at current, / higher than

1.5 A.

The profile of thrust characteristics of U and W phase has a similar profile.
However, it is inverse compared to each other. It is due to similar location of coil for
both phases but the current direction compared to both phases in inverse. It explained
the similarity of its profile but inverse in direction. On the other hand, the profile of
the V phase thrust characteristics was difference compared to U and W phase. It is

due to location of V phase coil is in between U and W phase.

On the Figure 4.19 to Figure 4.21 also, the friction force, F on each phase and
different current, / was shown. Based on the series of figures, the friction force, F¢ is
directly proportional with the thrust, /' produced. At similar current, /, the PMCLSM
produced about similar of friction force, Fc. For example, at current, / of 0.5 A, the

friction force, F produced is in range or 8 N to 40 N for U, V and W phase.

Based on the static thrust characteristic result, it is shown that, 200 N of thrust
was not able to be achieved. The magnetic density saturation seem to be happened at
current, / of 1.5 A and the maximum thrust, Fi.x is about 133 N for U phase, 157 N
for V phase and 180 N for W phase. In order to resolve the magnetic density
saturation occurrence, the appropriate size of yoke thickness needs to be determine.
In the same time, the magnetomotive force value need also to be considered to make

sure the PMCLSM fulfil the cutting thrust, Feuing requirement.
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Figure 4.19 Thrust characteristic of the U phase.
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Figure 4.20 Thrust characteristic of the V phase.
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Figure 4.21 Thrust characteristic of the W phase.
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4.4.2 RL Characteristic

Figure 4.23 and Figure 4.24 shows experiment setup and schematic diagram for
RL characteristic measurement respectively. Instead of observing effect of frequency,
f to the resistance, R and inductance, L, in this experiment, the RL profile also being
measured. This information’s are useful in estimating power consumption of the
PMCLSM at several frequencies. On top of that, the current response at various

frequencies also could be estimated based on frequency characteristics.

The RL characteristic was observed at range of frequency between 10 Hz to
100 Hz. This range of frequency is representing the operational frequency of the
PMCLSM. The peak current, /, was fixed at 0.5 A and was confirm by observing the
oscilloscope by measuring the potential across 0.1 Q resistance. While measuring the
frequency characteristics, the PMCLSM’s mover was moved at it full range of
displacement so that the RL profile and RL characteristics of the PMCLSM at full
range of mover displacement can be captured. Furthermore, the frequency profile

characteristics were measured for each individual phase of the PMCLSM.

Figure 4.25 shows the RL profile of each phase of the PMCLSM. Based on
Figure 4.25, it is shows that, the resistance, R of the PMCLSM on each phase is
increase as the frequency, f is increase. Inversely condition was happened to the
inductance, L. The inductance, L is decrease as the frequency, fis increase. It is due to
when the frequency is increase, the current will tend to flow near to the surface of
conductor. It will limit the current flowing and the resistance of the conductor seems
to be increase. Limitation of current, made the magnetic flux induced reduced. This

condition made the inductance in decrease.

The range and pattern of the RL profile of U and W phase is similar however in
inverse respective to mover displacement direction. This is due position of the U and
W phase is in similar position as shown in Figure 4.11. However, the magnetic flux
path direction is inverse cause by inversely PM pole facing on the U and W phase. On
the other hand, the value and pattern of the V phase RL profile is not similar
compared to the other phase due to the position of the V phase is in between U and

W phase.
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The RL characteristics of the PMCLSM are as shown in Figure 4.26. In the
Figure 4.26, the effect of frequency to maximum and minimum both of resistance
(Rmax and Rpyn) and inductance (Lm.x and Ly,) are clearly can be observed.
Furthermore, for the resistance, R, difference between maximum resistance, R . and
minimum resistance, Ry, become higher at higher frequency, /. On the other hand,
difference between maximum inductance, L., and minimum inductance, L, become
lower at higher frequency, f. The range of maximum and minimum value for
resistance, R and inductance, L for U and W phase is about similar due to similarity of
its position compared to the condition for V phase. Based on the frequency
characteristics result, the resistance, R and inductance, L for each phase at simulation

frequency (f'= 70 Hz) is as summarized in Table 4.6.

Table 4.6 : Resistance, R and inductance, L at = 70 Hz.

Element Type U phase V phase W phase
Resistance Maximum, Ry (€2) 38.22 36.03 38.33
Minimum, Ry, (€2) 36.13 34.81 35.81
Inductance Maximum, Lyx (mH) 79.49 75.42 75.95
Minimum, L, (mH) 67.11 70.52 63.91
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4.4.3 Electrical Time Constant Characteristic

Generally, the PMCLSM will be energized by a rectangular shape voltage
waveform either in simple square wave or PWM shape of waveform. When the coil of
the PMCLSM is energized by a step voltage, the current will rise eventually due to
existence of the coil inductance, L. The time taken to current rise is depend on the
ratio between coil inductance, L and resistance, R. This time constant is known as
electrical time constant, 7.. The electrical time constant, 7. is a parameter that
represents current response. The lower the electrical time constant, 7. faster the

current time reach it steady state.

Based on the result of frequency characteristics, the electrical time constant, z.
characteristics can be calculated. Both electrical time constant, 7. profile against the
PMCLSM mover displacement, x and frequency, f will be observed. From the result,
the electrical time constant, 7. at simulation frequency can be estimated. The electrical

time constant, 7. was calculated using,

L
T, = 2 (ms) (4.13)
where t is the electrical time constant in (ms), L is the coil inductance in (mH) and R

is the coil resistance in (€2).

The electrical time constant, 7z, characteristics of the PMCLSM is as shown in
Figure 4.27. Due to the coil resistance, R is increase and the coil inductance, L is
decrease as the frequency is increase, based on Eq. (4.15), this condition made the
electrical time constant, 7. will be decreasing as the frequency is increase. This
phenomenon is as shown in Figure 4.27. Furthermore, the higher frequency, f made
the difference between maximum and minimum electrical time constant, 7. become

lower.

The range and pattern of the electrical time constant, z. profile of U and W
phase is similar however in inverse respective to mover displacement direction. This is
due position of the U and W phase is in similar position as shown in Figure 4.11.

However, the magnetic flux path direction is inverse cause by inversely PM pole
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facing on the U and W phase. On the other hand, the value and pattern of the V phase
electrical time constant, 7. profile is not similar compared to the other phase due to

the position of the V phase is in between U and W phase.

Even though the lower electrical time constant, 7. is better for the current
response, however, higher frequency, f made lower steady state current at fixed
voltage. It also may reduce the thrust produced by the PMCLSM. Therefore, the
balance point between electrical time constant, 7. and adequate current, / is essential
to ensure reliability of the PMCLSM. Based on the result, the resistance, the electrical
time constant, 7. for each phase at simulation frequency (f = 70 Hz) is as summarized

in Table 4.7.

Table 4.7 : The electrical time constant, 7. at /=70 Hz.

Electrical time constant, 7 U phase V phase W phase
Maximum, 7. max (mH) 2.17 2.15 2.04
Minimum, 7 s (mH) 1.83 1.98 1.76
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4.5  Feasibility of the PMCLSM Implement as E-Cutter’s Actuator

The PMCLSM design and development has been discussed. Based on result of
design, the PMCLSM could be fulfil thrust required by current, / of 2.0 A. However,
based on measurement result, magnetic flux density saturation start to be occur at
current, / of 1.5 A. By referring to the design output, the average thrust, F,. at
current, / of 1.5 A is about 142 N. By considering the measurement error, ¢ especially
at current, / lower than 1.5 A, the measurement dynamic thrust of the PMCLSM is
estimated will be almost similar to simulation result with similar measurement error, &.
However, the PMCLSM has a potential to be implement as E-Cutter’s actuator due
to capability to produce high thrust at lower than it restricted weight. However, the
magnetic flux density saturation occurrence make the PMCLSM’s thrust was limited.
Design step of the PMCLSM need to continue by optimizing the coil and stator yoke
size. On top of that, the coil parameter such as copper wire diameter, ¢. and coil turn,

N also need to be decided.

4.6 Summary

The PMLSM is a common type used to be implemented as the E-Cutter’s
actuator. However, lack in term dynamic performance made a new PMLSM is
needed. In this research, a three phase permanent magnet cylindrical linear
synchronous motor (PMCLSM) was design and develop in order to observed the
feasibility to implement as E-Cutter’s actuator. The PMCLSM has been design to
makes sure it fulfil design target. The design stage includes searching the appropriate
magnetization direction arrangement on mover side and optimizing the coil’s height,
he, permanent magnet radius, r,m and shaft radius, »,, The PMCLSM has been
manufactured based on structural parameter from design result. The static
characteristics of the SRCLSM has been measured and compared with simulation
output for result validation. Based on static thrust characteristic of the PMCLSM
between simulation output and measurement result, it is found that, it shows that, the
simulation output and measurement result has a good agreement especially in term of
static thrust profile. However, difference between these result become significant at

current, / higher than 1.5 A. It shows that, higher than 1.5 A, static thrust of the
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PMCLSM start to saturate based on the measurement result. Table 4.8 shows

summary of the PMCLSM design and develop results.

Table 4.8 Summary of the PMCLSM design and develop results.

PMCLSM
Characteristics Design Simulation | Measurement
target (U phase, (U phase,
I1=15A) I1=15A)
Thrust, F' (N) > 200 148 134
Weight, Wio (kg) <2.0 1.8 1.8
Volume, Vo (m’) - 1.9 x10* 1.9 x10*
Thrust constant, ks (N/A) - 99 90
Motor constant, &y (N/AW) - 19 17
Motor constant square
density, G (x10° N*Wm’) i 1,900 1,600
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Chapter 5: Conclusions and Recommendation for Future Work

5.1 Conclusions

In this research, design of linear motor for E-Cutter’ actuator has been
discussed. It starts with explanation of basic concept of Cantas™ and E-Cutter
structure and operation, previous achievement of the E-Cutter’s actuator and
requirement of new linear motor. For the new linear motor for E-Cutter’s actuator, 2
type of linear motor has been designed which are switched reluctance cylindrical linear
synchronous motor (SRCLSM) and permanent magnet cylindrical linear synchronous
motor (PMCLSM). Despite of designing the E-Cutter’s actuator, this research also
aimed to observed suitable linear motor type to be used as the E-Cutter’s actuator. In
the end, based on the measured performance characteristics, it is found that, the
PMCLSM has potential to be used as E-Cutter’s actuator. In other hand, due to
performance limitation, the SRCLSM is seen unsuitable candidate as the E-Cutter’s

actuator.

The design of E-Cutter’s actuator starts with determination of design target. 2
design targets have been aimed. The E-Cutter’s actuator is aimed to having average
thrust, F,. at least 200 N at total weight, W, below than 2 kg. Instead of achieving
the design target, several other performance indexes have been used. There are thrust
constant, kg, motor constant, k,, motor constant square density, G and electrical time
constant, z.. Furthermore, the performances of the SRCLSM and PMCLSM also have
been compared to commercialized PMLM. As much as about 200 linear motors from
3 types of linear motor and several linear motor manufacturers have been selected. 3

types of linear motor are slot type PMLM, slotless type PMLM and shaft motor.

Design and development of the SRCLSM for E-Cutter’s actuator has been
discussed in chapter 3. Because of the switched reluctance type of linear motor never
has been used previously, therefore, a basic study on SRCLSM performance
characteristics was focused. Based on several considerations, initial structure of the
SRCLSM has been decided. It includes teeth pitch, z,, air gap length, J, phase number

and structure topology. In order to validate the simulation output, single phase
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SRCLSM has been manufactured. The static characteristics of the SRCLSM has been
measured and compared to simulation output. Based on the results, it is shows that,
the measurement result of static characteristics of the SRCLSM is about 2 times
lower compared to the simulation result. Manufacturing tolerance, Ax has been
estimated as caused of the discrepancy. Based on this facts, thrust of the SRCLSM is
about 5 times below than E-Cutter’s actuator while the total weight, W, of the
SRCLSM is only about 30 % below than E-Cutter’s actuator restricted weight.
Therefore, the SRCLSM is seen as incompatible to be used as the E-Cutter’s

actuator.

In chapter 4, design and development of the PMCLSM as E-Cutter’s actuator
has been discussed. This time, a 3 phase structure topology has been selected to be
used. Several permanent magnet magnetization direction arrangements have been
tested on both slot type and slotless type has been evaluated in order to select an
appropriate structure topology. The structure of the PMCLSM was underwent
several design stages in order to made it fulfil E-Cutter’s actuator design target.
Based on the simulation result, the PMCLSM has been design with structure
parameter that fulfils its design target. The PMCLSM has been manufactured to
validate the simulation output. The static characteristics of the PMCLSM has been
measured and compared to the simulation output. Based on the comparison, it is
shown that the static characteristics especially static thrust has a good agreement
between measured and simulated result. However, the difference of measured and
simulated thrust has a significant difference at current, / higher than 1.5 A. At current,
I higher 1.5 A, the static thrust of the PMCLSM is started to saturated. It is due to
magnetic flux density, B was saturated and temperature rise limit the magnetic flux
produced by the permanent magnet. At current, / of 1.5 A and the maximum thrust,
Frax 1s about 133 N for U phase, 157 N for V phase and 180 N for W phase.
However, the PMCLSM has a potential to be implement as E-Cutter’s actuator due
to capability to produce high thrust at lower than it restricted weight. However, the
magnetic flux density saturation occurrence make the PMCLSM’s thrust was limited.
Design step of the PMCLSM need to continue by optimizing the coil and stator yoke
size. On top of that, the appropriate coil parameter such as copper wire diameter, ¢,

and coil turn, N also need to be determined.
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5.2 Recommendation for Future Work

The PMCLSM shows a capability to work as E-Cutter’s actuator. However, the
main drawback of the PMCLSM so far was magnetic flux density saturation seem to
be occurred at current, / of 1.5 A. The next step of the research, the stator yoke
thickness, t, and coil size need to be determined. On top of that, the copper wire
diameter, ¢. at appropriate size allowing maximizing the magnetomotive force of the

PMCLSM.

The PMCLSM need a motor driver to excite it with optimum operation.
Generally, the PMCLSM will be energized by a sine wave voltage shape. However,
instead of pure sine wave excitation, a PWM voltage signal will be used. Therefore,
an experiment to determine the electrical time constant, z. of the PMCLSM coil under
step voltage excitation need to be execute. Based on this experiment result, an
appropriate carrier frequency of the PWM voltage signal can be estimate, hence the

motor driver of the PMCLSM could be develop.

The motor driver for the PMCLSM needs instantaneous mover displacement
information. The mover displacement can be estimated by using Hall elements. The
Hall elements need to be arranged in specific arrangement to produce a signal that
proportional to the mover displacement. By using appropriate signal conditioning
method, the instantaneous mover displacement can be estimated and required driving

signal to the motor drive can be generate.

Once the motor driver system of the PMCLSM has been developed, dynamic
characteristics of the PMCLSM should be measured. The result from this experiment
will be compared to simulation output for result validation. From this experiment as

well, the actual performance of the PMCLSM can be observed.
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Switched Reluctance Cylindrical Linear Motor
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Nowadays, most of the researchers have put a lot of effort in designing the permanent magnet type of linear mo-
tor. However, due to resource problem occur recently to the permanent magnet material has led to increment of the
material cost. This situation made the linear motor productivity is reduced. Because of this reason, most of linear mo-
tor manufacturers are prefer to development non-permanent magnet type to ensure product competitiveness and in-
crease cost performance. Therefore, in this research, a switched reluctance linear motor was designed. The teeth
shape has been varied in order to observed the effect to it’s performance. As a result, the best model of switched re-
luctance linear motor with optimum teeth shape has been proposed. The performance of the model also has been
compared to other similar type of linear motor and the permanent magnet type of linear motor.

Keywords: Cylindrical shape, linear motor, non-permanent magnet, switched reluctance type.

1. Introduction

Linear motor is an actuator that provide a linear mo-
tion with absence of motion translator such as belt, ball
screw and gears [1,2]. This system is called as direct
linear motion system. The direct linear motion system
offers high flexibility of operation eliminates system
limitation and reduce to total number of components
used hence increase the system reliability [1-4]. The
linear motor can be classified as permanent magnet type
and switched reluctance type [5]. Due to superior
performance of permanent magnet type especially in
term of thrust density and better dynamic response made
numerous of researchers put a lot of effort to develop it.

Recently, it is reported that the permanent magnet
material especially sintered neodymium magnet material
has facing supply chain problem. It has made the incre-
ment of it price and as well the linear motor develop-
ment cost. Most of the manufacturers are currently
prefer to use readily source material in order to ensure
stability and competitive price [6]. Therefore, non-
permanent magnet type of linear motor such as switched
reluctance type is seen as an alternative. Several of
researchers have discussed advantages of switched
reluctance type machine. Apart of it such as robust
construction, low cost in mass production, fault toler-
ance, high efficiency, rugged behavior, and large thrust
output over very wide speed [7-10]. Furthermore, the
windings are concentrated rather than distributed,
making them ideal for low cost of maintenance [10].
With the continual development of power electronics
and control strategies increase the reliability and effec-
tiveness of switched reluctance type machine [11].
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In this paper, a switched reluctance linear motor was
designed. The switched reluctance linear motor can be
designed either in rectangular or cylindrical shape [5].
The cylindrical shape is seen has a capability to mini-
mize the attractive force between the mover and the
stator when coils are energized. This feature is due to
existence of counterpart of coil compared to rectangular
shape. On top of that, it also can reduce the requirement
of support mechanism thus increase the thrust to size
ratio [12].

The main focus of this research is to improve the
performance characteristics of switch reluctance cylin-
drical linear motor (SRCLM). As suggested in [13] and
[14], there three characteristics were used to evaluate
the performance of SRCLM. There are thrust to weight
ratio, F/W, thrust to volume ratio, F/V and thrust to
power ratio, F/P. As report in [15], the researcher as
well used ratio force to volume ratio, F/V in order to
compare their findings with [13]. As a result, a switched
reluctance cylindrical linear motor (SRCLM) has been
designed with 123 N of average thrust, F,.. It also has
45.15 N/kg of thrust to weight ratio, 0.38 x 10° N/m’ of
thrust to volume ratio and 2.45 N/W thrust to power
ratio.

2. Basic Principle of SRCLM

2.1 Basic Structure of SRCLM

The partial structure of SRCLM is as shown in Fig.
1. The mover consists of a cylindrical shape of iron
shaft with 3 mm pitch of teeth, 7,. The stator consists of
a stator yoke and coils. The stator and mover are sepa-
rated by a 0.05 mm air gap. Each phase of SRCLM
stator consists of 4 coils. A non-magnetic separator was
used to insulate the SRCLM stator one phase to another.
On top of that, the non-magnetic separators also use to
maintain similar phase distance of each stator SRCLM
phase. Table 1 shows the per phase coil characteristics
of SRCLM.
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Fig. 1 Partlal of SRCLM structure (unit in mm)

Table 1 Per phase coil characteristics.

No. Parameter Value
1 Coil turns 327
2 Coil resistance (Q) 7.06
> Phase resistance (Q) 28.2
B Phase Input power (W) 50
5 Number of coils 4

2.2 Basic Thrust Equation of SRCLM

When the coil of SRCLM is energized by certain
current, /, a magnetic flux. ¢ is induced and flow from
the stator to mover. The thrust of SRCLM is developed
when unaligned teeth are attracted to each other until
align position is achieved. The magnetic flux, ¢ can be
expressed as Fourier Series as in Eq. (1) [5].

$=¢pc+ Zl¢ncosgnx (D
P

Where ¢pc is the DC component of magnetic flux in
(Wb), n is the Fourier order. & is nth Fourier compo-
nent of magnetic flux in (Wh). z, is teeth pitch in (m)
and x is the mover displacement in (m).

The magnetic energy of SRCLM., W can be calculat-
ed using Eq. (2).

W= Nf¢d1 )
0

Where W is magnetic energy in (J), N is coil turns, ¢
is the magnetic flux expression in (Wb) and / is the
input current in (A).

Base on Eq. (1), the expression of magnetic energy,
W can be rewritten as Eq. (3).

Qa0
W="Y 0 4n cosz—”nx 3)
n=0 Tp

Where wj, is the Fourier coefficient.

The thrust, F can be calculated by differentiating Eq.
(3) with respect to mover displacement, x. It is shown in
Eq. (4). By considering the expression of magnetic flux,
¢as Eq. (1) and the higher order Fourier coefficients are

(159)

neglected, the general thrust expression for the SCRLM
can be express as Eq. (5) [5].
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dx
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Base on Eq. (5), despite of coil parameter such as coil
turns, N and current, /, the thrust of SRCLM also de-
pends on the teeth pitch, z,.

2.3 Teeth Shape Variation of SRCLM

By referring to Eq. (5), smaller teeth pitch, z, is used,
higher thrust, 7 will be produced. In this paper, 3 mm
has been selected for the SRCLM mover and stator teeth

pitch, 7,. The teeth width, wy was fixed to 1.2 mm.

Instead of rectangular shape, a trapezoidal shape has
been used of SRCLM teeth shape. In order to evaluate
the effect of teeth shape to the SRCLM performance
characteristics, the slope base length, /; was varied in a
range of 0.0 — 0.9 mm. Fig. 2 shows the detail figure of
teeth shape of SRCLM.

o G0,

Fig. 2 Teeth shape detail of SRCLM

3. Thrust Characteristics of SRCLM

Each model of SRCLM was simulated using FEM
software. Based on the FEM output, thrust characteris-
tics of each SRCLM models was plotted. Based on the
thrust characteristics, the performance characteristics of
SRCLM were evaluated and the best model was identi-
fied. The thrust of SRCLM was simulated at input
power, P of each phase of 50 W. The 50 W of input
power, P is equivalent to 1.33 A of excitation current.
Based on the observation, the value of excitation current,
the magnetic saturation was not occurred. Fig. 3 shows
the example of thrust characteristics of SRCLM. Base
on single phase thrust characteristics as shown in Fig. 3
(a), the thrust characteristics of other stator phase of
SRCLM can be derived as Fig. 3 (b).
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The SRCLM is exciting by 1 phase excitation. Each
phase of coil is exciting one by one. The sequence of
excitation base on the phase number is 6-5-4-3-2-1. Fig.
4 shows the excitation sequence of SRCLM. Based on
this excitation sequence, the six phase thrust characteris-
tics is as shown in Fig. 5. The six phase thrust character-
istics of all SRCLM models were plotted. Each model
of SRCLM has been evaluated using average thrust, Fay.,
thrust to weight ratio, /W, thrust to volume ratio, F/V’
and thrust to power ratio, F/P.

150
100

Thrust F (N)

Displacement x (mm)
(a) Single phase

Thrust F (N)

Displacement x (mm)
(b) Six phase
Fig. 3 Thrust characteristics of SRCLM

4. Performance Comparison of SRCLM
4.1 Comparison between Similar Type of Linear Motor

The SRCLM models were evaluated using average
force, Fy., thrust to weight, F/W, thrust to volume, F/V
and thrust to power ratio, F/P in order to search the
optimum teeth shape. The teeth shape was differentiate
using the slope base length, /;.

Fig. 6 (a) shows the comparison of SRCLM average
thrust, F... It is shows that, the average thrust, F,y. of
SRCLM is increase as the slope base length, /; is in-
crease until it reach the maximum value at slope base
length, /; equal to 0.2 mm. At the slope base length, /; is
higher than 0.2 mm, the average thrust, F,,. is reducing
significantly. Therefore, the best teeth shape of SRCLM
is at slope base length, /; of 0.2 mm with average thrust,
Fypeof 117 N.

The thrust to weight ratio, F/W and the thrust to vol-
ume ratio, F/V of SRCLM are as shown in Fig. 6 (b) and
(c) respectively. By increment of slope base length, /; of
SRCLM made increment the total volume and weight of
SRCLM. However, each increment form each models is
not too significant thus made these characteristics
profile is not much different with the average thrust, Fi.
profile. The highest thrust to weight ratio, F/W and
thrust to volume ratio, F/V of SRCLM are 45.15 N/kg
and 0.38 x 10° N/m’ respectively.

Phase Phase Phase Phase Phase Phase

it i

L |
0t htztyls le by Iy Ioholnlinhis
Fig. 4 Excitation sequence of SRCLM coil
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Fig. 5 Six phase characteristics of SRCLM

The input power of SRCLM was fixed to 50 W.
Therefore, the profile of the thrust to power ratio, F/P is
exactly the same as profile of average thrust, F. as
shown in Fig. 6(d). The highest thrust to power ratio,
F/P is obtained at slope base length, /; of 0.2 mm with
value of 2.45 N/W.

All these performance characteristics of best model
SRCLM is then compared to the other similar type of
linear motor. In this case, the linear motor in [13], [14]
and [15] were referred. Even though in [13] and [14], a
linear pulse motor (LPM) were designed, however, due
to similar structure to switched reluctance type of linear
motor were used, these model was taken as comparison
model. Furthermore, the performance of SRCLM is
compared to common reluctance type performance. The
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comparison of performance characteristics is as shown
in Table 2.

In [13], the pitch of mover has been set to 30 mm
and six phase structure has been used. As a comparison,
the SRCLM used the same number of phase but lower
in term of the pitch. Based on Table 2, it is shown that,
the performance characteristics of LPM in [13] is much
lower compared to SRCLM. It is confirm with Eq. (5)
that the thrust of switched reluctance motor is inversely
to the pitch, 7,

The LPM in [14], is has better performance com-
pared to the SRCLM in term of thrust to volume ratio,
F/V and thrust to power ratio, F/P. This is due to use of
permanent magnet in the LPM structure. By using the
permanent magnet in the motor structure, higher thrust
can be obtain over the same size hence increase the
thrust to size ratio. However, the LPM in [14] is having
lower in term of thrust to weight ratio, F/W compared to
the SRCLM. Even though the lower pitch has been set
in this LPM which 2.2 mm compared to the SRCLM,
due to different of structure topology such as number of
phase used, the thrust to weight ratio F/IW of LPM [14]
is lower than SRCLM.

In the switched reluctance linear motor (SRLM) in
[15], the higher pitch has been used. The SRLM has
been designed with 10 mm pitch and produced 0.25 x
10° N/m® compared to 0.38 = 10° N/m’ produced by the
SRCLM. However, the other performance characteris-
tics are not reported in [15].

As shown in Table 2. the SRCLM not only having
the best performance in term of thrust to weight ratio,
F/W compared to other model. it also has been im-
proved the common range of reluctance type perfor-
mance. Even though the thrust to volume ratio, 7/ and
thrust to power ratio, /P of the SRCLM are locates
inside the common reluctance type performance range,
however the value of both performances are locates near
to the upper boundary of common reluctance type
performance range.

4.2 Comparison of the SRCLM and Permanent Magnet
Type of Linear Motor Performance.

The SRCLM performance also has been compared
to permanent magnet type of linear motor (PMLM).
There are three type of PMLM has been choose for
comparison which are double magnet core type linear
motor (DMC), permanent magnet coreless type linear
motor (PMCL) and shaft motor. All of these PMLMs
were selected from the commercialize PMLM from
several linear motor manufacturer companies. Almost
200 PMLMs has been selected and their performance
has been recorded.

The performance of PMLM normally measured by
three performance indexes such as force constant, kg,
motor constant, k;,, and motor constant square density, G
[16]. These performance indexes were calculated using
Eq. (6) - (8).

Fig. 7 shows the performance comparison between
the SRCLM and the PMLMs. Apart of the three perfor-
mance indexes that has been mention previously, the
average thrust, F,,. also has been used in this compari-
son. All the performance indexes were plotted against
their volume, V. Based on the Fig. 7, it is shown that,
the SRCLM is have a capability to produce higher
performance at similar volume, ¥ compared to PMLM.
The SRCLM is also seen having capability to produce
higher thrust, F’ at smaller size and lower input power, P.

Table 2 Comparison of SRCLM with Similar Type
of Motor Characteristics.

(161)

Com-
Best mon
Performance | model L['g\;[ IEE\;I [8115{] Reluc-
SRCLM tance
type
F/W (N/kg) 45.15 15.00 | 43.20 - 20-30
Fv 0.06 —
(x 10°N/m®) 0.38 0.0752/ 2043 12025 0.40
FPoNW) | 245 | 138 | 500 | C Oéso‘
F
kr=— 6
g (6)
F
k,, =— 7
m JF
2
F
G=— 8
PIA ®)

Where £; is the force constant in (N/A), &, is the mo-
tor constant in (N/W'?), P is the input power in (W), G
is the motor constant square density in (F/Wm®) and ¥/
is the volume in (m?).

5. Conclusion

In this paper, a non-permanent magnet type of linear
motor was designed. The aimed of this paper is to
improve the performance of switched reluctance cylin-
drical linear motor (SRCLM). From the analysis results,
the following conclusions are obtained.

1. The teeth pitch, 7, is playing a significant role in
increase the thrust, F. as can be seen from the thrust
comparison of the SRCLM with the LPM in [13].
The SRCLM has improved the performance of
common reluctance type in term of thrust to weight
ratio, F/W.

3. Even though the other two performance characteris-
tics of SRCLM which are thrust to volume ratio,
F/V and thrust to power ratio F/P are located in
common reluctance type range performance, how-
ever its located near to the boundary of the range.
The SRCLM is capable to produce high thrust, F
base on the comparison it performance indexes to
the PMLM.
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Evaluation of Various Permanent Magnet Arrangements on Linear Actuator

F. Azhar*l, M. Norhisam*z, H. Wakiwaka*l, K. Tashiro*l, M. Nirei

Linear actuator are used to provide linear motion in the absence of a motion translator. By using the linear
actuator, the linear motion can be produce with high degree of efficiency. Linear actuators can be designed with and
without slots; moreover, there are various types of magnetization arrangements can be applied to the mover. In this
paper, ten different magnetization arrangements were used to evaluate slot and slot-less linear actuator. Nine different
performance characteristics were used to find the best structure of linear actuator. Results show that, the slot-less
types of linear actuators generally have a better dynamic performance, while the slot types of linear actuators have a
better static performance. Four different structures with different magnetization arrangements were selected as the

best models of linear actuators.

Keywords: Linear actuator, magnetization arrangement, permanent magnet.

1. Introduction

Conventionally, linear motion is achieved by
conversion of rotational motion via a motion translator
such as a crank shaft, gear, ball screw, belt or motor
coupling system [1-4]. However, the conventional linear
motion system often functions with low efficiency due
to mechanical friction and wear [1,2]. Moreover, the
system operates with low acceleration and low impact
power, in addition to an increase the mechanical com-
plexity [5].

Currently, most linear motion systems employ linear
actuators, in a system called direct linear motion. The
direct linear motion produces a linear motion without
the need of a motion translator [4,6]. This system offers
high efficiency and flexibility of operation, eliminates
the requirement of lubrication and reduces the total
number of components used in the system [1,4,6,7].
However, by applying this system, the overall cost will
increase as the length of displacement is increased.

Due to numerous advantages offered by direct linear
motion systems, this system has been applied to various
applications. Beginning with its use in transportation
systems, linear actuators are currently being
implemented in various applications such as automated
manufacturing [8], embedded power generation [9,10],
healthcare [11,12] and household appliances [5,13].

Several researchers have been put significant effort
in the development of different types of linear actuators
with several types of shapes, structural arrangements,
and most of the time, permanent magnet types of linear
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actuators are considered [1-7,10-13]. Furthermore, due
to advantages such as high power density, strength of
field, low weight, and high efficiency, the moving
magnet structure of the linear actuator is chosen for
study. The moving magnet linear actuator is mostly
designed in a tubular shape. In order to strengthen the
mover, the ring shape of the permanent magnet attached
to the shaft is used. The coil is wound at the stator side
of the linear actuator and a gap between the stator and
the mover allows the mover freely oscillate along the
axial air gap [14].

Apart from being designed as tubular shape with a
moving magnet structure, the linear actuator can be
classified as either a slot type or a slot-less type. The
classification depends on the type of stator used. Even
though the slot type of linear actuator has shown its
advantage in static performance such as static thrust
[15], the slot-less type has better dynamic performance
such as with inductance and when under time constants.
Therefore, a proper comparison between these structures
is essential in order to decide which type of structure
will be used, depending on the appropriate design target.

On the mover side, the arrangement of the
permanent magnet magnetization arrangement is a
significant factor in determining the performance of the
linear actuator. Presently, various permanent magnet
magnetization arrangements have been invented in order
to improve the linear actuator performance by directing
the magnetic flux to flow in a certain path.

A revolution of permanent magnet magnetization
direction has occurred since its first implementation in a
linear actuator. Several researchers have tried different
magnetization directions, from simple N-S arrangement
either in the axial [16-18] or radial [19-21] direction, to
the halbach array [21-23] in order to evaluate linear
actuator performance.

In this study several permanent magnet
magnetization arrangements of tubular shape linear
actuator were evaluated. Even though no specific design
target has been set up, the evaluation was performed in
order to observe the effect of permanent magnet mag-
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netization arrangement on the performance of a linear
actuator.

2.  Structure of the permanent magnet linear
actuator

In this study, two types of stator were simulated: a

3-slot 4-pole structure. Fig.2 shows the magnetization
arrangement of the permanent magnet that was used.
Table 1 shows the structural parameters of the both slot
and slot-less types of linear actuators.

Table 1 : Linear actuator structure parameter

slot type and a slot-less type. In order to make a valid Part Parameter unit Value
comparison between these types of linear actuators, Slot-less | Slot type
several parameters of the stator part need to be fixed, Coil pitch, 7. | mm 15 15
specifically the coil pitch 7., input power P;,, and num- Turns 704 704
ber of coil turns N. Therefore, the size of both stators Coil
type was slightly different in order to fix the parameters. resistance, R Q 14.89 18.26
Six coils and three phase power supply with 50W input Height of coil,
power, P;, and 70 Hz frequency were set. Fig. 1 shows Stator he mm 55 6.5
the structure of the slot and slot-less types of linear Yoke 25 125
actuators. thickness, ¢, mm : ‘
Ten magnetization arrangements of permanent Length of
magnets were used in this study. The magnetization stator, /, mm 90 90
arrangements were taken from several sources of Magnetic pole
reference of previous studies. To make a valid compari- Mover pitch, Tpy mm 11.25 11.25
son between these models, magnetic pole pitch, tpy and PM radius, 7py | mm 10 10
rgdius. of permanent mggnet, Tpm Were fixed. The sjfroke Gap Gap length, 5 | mm 0.5 05
direction of the mover in the Y axis is shown in Fig. 1.
Each model of linear actuator is set so that it makes a
l}’
Tc t)’
X ~ Yoke Coil [
yJ = h
-0
o T T T T I [l T T T 1w
Air gap Mover
M
(a) Slotless type of linear actuator
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Fig. 2 : Permanent magnet magnetization arrangement and pitch of magnetization, z,n

51



The 2012 Asia - Pacific Symposium on Applied Electromagnetics & Mechanics

3. Performance characteristics of the linear actuator

The performance of a linear actuator is evaluated
using several criteria. Most researchers use thrust, F as
the main factor to design a high performance linear
actuator [1,2,15,21]. At the same time, characteristics
such as the thrust constant k¢, the motor constant k,,, the
total displacement x, the volume v, the electrical time
constant 7, and the mechanical time constant 7, also
need to be considered in order to design the linear
actuator [3,4,16,29,30].

In order to evaluate the performance of linear actu-
ators with different permanent magnet magnetization
arrangements, nine criteria were used:

i. Average thrust, F..

ii. Ripple thrust, AF.

ili. Thrust constant, ;.

iv. Motor constant, k..

v. Motor constant square density, G.
vi. Tangential thrust, o.

vii. Total weight, W.

viii.Electrical time constant, 7.

ix. Mechanical time constant, 7,,.

Fig. 3 shows an example of the thrust
characteristics of slot and slot-less linear actuators at
full displacement. The first six criteria (i - vi) will use
some of the information as shown in the thrust
characteristics of linear actuator. The criteria of linear
actuators are indicated in (1) - (6).
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Fig. 3 : Thrust characteristics of linear actuator

The total weight of the linear actuator W was
calculated based on the structure size. The volume of
each element of the linear actuator was calculated and
multiplied with its corresponding material density. The
total weight of the linear actuator is indicated in (7).
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F,. 1s the average thrust in N, xt is the total dis-
placement of the linear actuator in millimeters, +x is the
most positive displacement of the linear actuator in mm,
-x is the most positive displacement of the linear actua-
tor in mm, AF is the ripple thrust in %, F. is the
maximum thrust in N, F,. is the average thrust in N, k¢
is the thrust constant in N/A, /¢ is the root mean square
of input current in A, k,, is the motor constant in N/ v W,
P;, is the input power in W, G is the motor constant
square density in N*/Wm’, 7 is the linear actuator
volume in m’, & is the tangential thrust in N/m?, S is the
area of permanent magnet surface corresponding to the
area of thrust developed in m?, J¥ is the total weight in
Kg, Piron,coppermagnet 1S the particular material density in
kg/m3 and Vimn,mppenma%net volume of each element linear
actuator structure in m-.

The electrical time constant 7, is used to measure
the current response of the linear actuator. The
mechanical time constant z,, is used to measure the
response of the linear actuator's mover. Lower time
constants correlate to a good response for the linear
actuator's current and mover. These characteristics are
calculated in steps (8) and (9).

T = £
cTR (®)
S mR*? ©)
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where 7, is the electrical time constant in ms, L is
the linear actuator inductance in mH, R is the linear
actuator resistance in Q, 7, is the mechanical time
constant in ms, and m is the mass of linear actuator's
mover in kg.

4. Comparison of linear actuator performance
characteristics.

Fig. 4 shows the comparison of characteristics
between the slot and slot-less linear actuators at
different permanent magnet magnetization arrangements.
Based on the comparison, it is shown that the slot type
of linear actuator has better static performance
characteristics such as average thrust F,., thrust con-
stant k;, motor constant k,, motor constant square
density G and tangential thrust o. Conversely, when the
slot-less stator was used, the linear actuator had less
thrust ripple AF, was lighter in total weight W, and
faster current and mover response.

The comparison slot-less linear  actuator
performance characteristics is shown in fig. 4 (a). Based
on the plot, all models of the slot-less type of linear
actuators have a similar value of all performance
characteristics except for the electrical time constant z,
and mechanical time constant z,,,. However, the slot-less
linear actuator with permanent magnet magnetization
arrangement 6 and 7 have the lowest performance in
almost all characteristics except for the electrical time
constant 7, compared to other models of slot-less linear
actuators. Due to elimination of the slot-less linear
actuator models with permanent magnet magnetization
arrangement 6 and 7, the model with permanent magnet
magnetization arrangement 5 and 9 was observed with
the lowest thrust ripple 4F and electrical time constant
7.. However, it gave a low performance on other

-l Model array 1
~4 Model array 6

20,55
km [NANW]

\\\3075 77777777 5 6 N2 3
o [KNm’] G [x10°N*Wm’]

(a) Slotless structure of linear actuator

@ Model array 2 & Model array 3 -W Model array 4
Model array 7 @ Model array 8 -+ Model array 9  -@-Model array 10

characteristics, especially average thrust F,,. and the
mechanical time constant z7,,. On the other hand, the
slot-less linear actuators with permanent magnet
magnetization in arrangement 8 and 10 are seen as the
best two models for the slot-less linear actuator since
they have the best performance in all performance
characteristics except for the ripple thrust AF for both
models and electrical time constant 7, for the slot-less
linear actuator with permanent magnet magnetization
arrangement 8.

The comparison of the slot type linear actuator per-
formance characteristics is shown in fig. 4 (b). Based on
the plot, the slot type of linear actuator has a similar
value of total weight W, and mechanical time
constant 7,,,. Nevertheless, the slot type linear actuator
with the permanent magnet magnetization arrangement
5, 6 and 7 have the lowest performance in almost all
performance characteristics except for electrical time
constant 7, , where the model with permanent magnet
magnetization arrangement 5 has the best performance
compared to other models. Even though the model with
permanent magnet magnetization arrangement 9 gives
the lowest value of thrust ripple 4F, it gives the lowest
value in other performance characteristics, especially on
average thrust F,,., motor constants k, and motor
constants square density G, with the exception of
models with the permanent magnet magnetization
arrangement 5, 6 and 7. Apart from other models which
were observed with similar performance characteristics,
the slot type linear actuator with permanent magnet
magnetization arrangement 4 and 10 have the best
performance in all characteristics except the thrust
ripple 4F and the electrical time constant, z.. Table 2
shows the summary of comparison between the best two
models of slot type and slot-less type of linear actuators.

Model array 5

e caly
086 .} kn [NAN W]
I/Vtota] [k] -
30, 5 6 N2 3
o [KNm2] G [x10°NYWm® ]

(b) Slot type structure of linear motor

Fig. 4 : Performance comparison of linear actuator models
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Table 2 : Comparison of best two model of slot-less and slot type linear actuator

Number of permanent magnet magnetization arrangement
Parameter Unit Slot less type linear actuator Slot type linear actuator
model array 8 | model array 10 | model array 4 | model array 10

Average thrust, Fe N 48.70 47.77 153.03 147.06
Ripple thrust, AF % 23.79 25.76 75.96 86.04
Thrust constant, k. N/A 37.63 36.91 130.74 125.65
Motor constant, k,. NAW 6.89 6.76 21.64 20.80
Motor constant X 10°N*/Wm’ 0.44 0.42 4.34 4.00
square density, G.
Tangential thrust, o. kN/m” 8.61 8.45 27.06 26.00
Total weight, . kg 0.87 0.87 0.96 0.95
Electrical time ms 0.15 0.37 0.11 0.18
constant, z..
Mechanical time ms 3.62 434 0.48 0.48
constant, z,,.

As shown in table 2, the linear actuator models
with permanent magnet magnetization arrangement 10
and 8 are listed as the best two models for the slot-less
type of linear actuator. The best models for the slot type
of linear actuator were observed to be arrangement 10
and 4. Arrangement 10 uses a halbach magnetization
arrangement of permanent magnet. The model with
permanent magnet magnetization arrangement 8 uses
the axial magnetization direction and each permanent
magnet faces the same pole of each other. Meanwhile,
the model with permanent magnet magnetization
arrangement 4 uses a similar halbach arrangement but
has a magnetic spacer on the outer side and inner side of
the permanent magnet.

4. Conclusion

Previously, linear motion is produced by convert-
ing the rotational motion to linear motion by using a
motion translator. However, this linear motion system
comes with an operational limitation. In order to
eliminate this drawback, a direct linear motion system
that consists of a linear actuator can be used. The
structure of the linear actuator can be designed with
either a slot or slot-less type of stator structure. On the
mover side, various permanent magnet magnetization
arrangements can be implemented in order to obtain
high performance of the linear actuator. In this study, 10
different magnetization arrangements were used to
evaluate the performance of a linear actuator. The
performances of the linear actuators were measured
using several criteria, and nine characteristics were used
to obtain the best model, specifically force, size and
response related characteristics. The force related
characteristics used were average thrust F,., ripple
thrust AF, thrust constant k;, motor constant k,,, motor
constant square density G and tangential thrust ¢. The
size related characteristics used were total weight W,
and the response related characteristics were the elec-
trical time constant z, and the mechanical time constant
7. Based on the results, the slot type of linear actuator
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has higher force related characteristics compared to the
slot-less type of linear actuator. On the other hand, the
slot-less type of linear actuator has smaller size and
faster response related characteristics compared to the
slot type of linear actuator. Furthermore, for the slot-less
type of linear actuator, the permanent magnet with
magnetization arrangement 8 and 10 are the best two
models, while for the slot type of linear actuator, the
permanent magnet with magnetization arrangement 4
and 10 are the best two models.
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Abstract— Currently, palm oil has become the most consumed
vegetable oil type. This is due to an awareness of the effect Trans
Fat has on human health. Therefore, increasing productiveness is
a crucial factor to ensure its continued availability as a product
in the marketplace. One of the processes that should be improved
to increase productivity is harvesting. The Malaysian Palm Oil
Board (MPOB) has put a lot of effort into developing a
mechanized harvesting tool called the Cantas™. This efficient
tool has been shown to increase oil palm harvesting productivity
by a factor of 3. However, Cantas™ is ineffective at harvesting oil
palm fruit in trees taller than 8m. Therefore, a new tool called the
E-Cutter was introduced. In this paper, the development
progress of specifically the E-Cutter’s linear actuator part was
discussed. The previous type of linear actuator for the E-Cutter is
also mentioned. Improvement in the planning and design target
of the linear actuator is also addressed. The potential linear
actuator structure and type is also identified.

Keywords-component; Cantas™; E-Cutter; permanent magnet
generator; slot type linear actuator.

L.

Palm oil has been recognized as the healthiest vegetable oil
due to high beta-carotene and saturated vegetable fat content
[1]. Since 2009, palm oil has become the most consumed
vegetable oil type [2]. Nowadays, Malaysia and Indonesia have
become top producers of palm oil products [3, 4]. In order to
support world demand for palm oil, production is projected to
increase 3.47% every year [5]. One option to increase palm oil
production is to improve the harvesting technique of the oil
palm’s fresh fruit bunch (FFB) [1].

In this paper, the evolution of the oil palm FFB harvesting
mechanism is discussed. The traditional technique and tools
have been mechanized in order to make the harvesting activity
more effortless and productive [6]. The mechanization using
Cantas™ has undergone several tests in order to prove its
usefulness in increasing the productivity of oil palm harvesting

[7].

Even though the test results were impressive, there are
other aspects of the Cantas™ especially limitations in
operation and maintenance, which need to be improved. Thus,
a new mechanized FFB harvesting system called the E-Cutter
has been introduced [8]. For now, the design and development
of the actuator for the E-Cutter is still in progress. The previous
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achievements and the possibility of improving the actuator will
be reviewed.

II.  EVOLUTION OF THE OIL PALM HARVESTING

MECHANISM

The oil palm harvesting process sequence involves cutting
the fronds and fruit bunches, stacking the fronds, collecting the
loose fruits and carrying the harvested fruit to the collection
point. All these activities have been mechanized apart from
cutting and stacking the fronds [6].

Historically, a cutlass or chisel was used to harvest the oil
palm FFBs that are within arm’s reach. However, for taller oil
palm trees, a sickle attached to a bamboo or aluminum pole is
the preferred mechanism. The length of the pole depends on
the average height of the trees on the plantation plot to be
harvested. The harvester stands on the ground while the pole
and knife are raised to the tree crown in order to harvest the
fruit bunches and fronds [1].

Even though this technique is seen as a favorable
mechanism, a new harvesting technique is needed to ensure
that palm oil productivity is aligned with targets. A
mechanization mechanism is one of the options to be
implemented. Like in other agricultural sectors such as apples
[9], apricots [10] and oranges [11], the mechanization of
harvesting tools could improve oil palm harvesting
productivity.

A.  Cantas™

In Malaysia, the mechanization of oil palm harvesting tools
has been started by the Malaysian Palm Oil Board (MPOB).
The MPOB invented a tool called the Cantas™. The tool’s
construction can be seen in Fig. 1 [6, 7, 12].

The Cantas™ uses a two stroke engine located as the base
of the tool as its power source. It retains the use of a sickle
since these prove to be efficient in harvesting oil palm FFBs.
The Cantas™ applies a rapid chopping method to harvest an
oil palm FFB. Using this method, the frond cutting process will
be performed gradually based on the displacement of the
vibrating sickle [6, 7, 12].
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Fig. 1 : Cantas™ for FFB harvesting tools

The engine provides the Cantas™ with mechanical energy
in the form of rotational motion. The rotational motion is
converted to linear motion needed to vibrate the sickle by using
a bevel gear. Mechanical energy is transferred from the bottom
to the bevel gear at the top of the tool via a transmission shaft
inside the pole [6, 7 ,1%]. Table I shows the operation
characteristics of a Cantas™.

TABLE I. OPERATION CHARACTERISTICS OF CANTAS™

Characteristics Unit Value
Vibration speed cycle/min 3000
Total weight kg 7.5
Max height m 8

The Cantas™ has gone through several field tests. One of
them was done in the Tereh Selatan Estate. This estate belongs
to the Kulim Plantations Group and is located in Kluang, Johor,
Malaysia. The estate started operations in 1974 and covers
about 2726.89 ha [12]. This tool was shown to increase the
ratio of worker to land area (ha) to about 1:38 as compared
with 1:18 by using manual harvesting. Furthermore, the
Cantas™ has also increased FFB productivity from 4.19
tonnes/day to 11.60 tonnes/day.

Even though the Cantas™ has proven its significant
contribution in improving harvesting output productivity, its
use is inefficient for trees taller than 8m. Due to the weight of
the bevel gear and sickle, the pole will start to bend at lengths
over 8m. This causes the transmission shaft inside the pole to
bend and does not allow mechanical energy to be transferred
[6, 7]. Therefore, another type of tool needs to be introduced.
This new tool not only aims to have performance at least
similar to the Cantas™, but its operation should not be limited
by the pole bending problem.

B. E-Cutter

To counter the drawbacks of Cantas™, the E-Cutter was
proposed [8]. The E Cutter structure is as shown in Fig. 2. The
2 stroke engine used in the Cantas™ will still be used in E
Cutter. However, the engine will be attached to a mobile
electrical generator in order to convert mechanical energy into
electrical energy. The bevel gear will be replaced by a linear
actuator in order to provide direct linear vibration motion to the
sickle in order to accomplish the harvesting activity. A copper
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Melaka (UTeM), and Ministry of Higher Education of Malaysia, for giving
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wire will replace the shaft inside the aluminum pole in order to
transmit the electrical energy provided by the generator to the
linear actuator [8]. Therefore, due to the flexibility of the
copper wire, this tool will continue to operate efficiently even
if the pole bends at increased heights.

III. PROGRESS OF E-CUTTER DEVELOPMENT

E-Cutter overall development depends on the progress of
development of the mobile electrical generator and the linear
actuator. The development progress of the E-Cutter’s electrical
generator was discussed in [13-16]. There are three types of
electrical generators that have been optimized for E-Cutter
implementation. To meet the needs of a light weight and small
electrical generator, a permanent magnet type generator (PMG)
was used. The PMG’s output was single and three phase
depending on which type of PMG was appropriate for
energizing the linear actuator. Table II shows the type of PMGs
that have been developed and their characteristics.

Sickle

Linear

. actuator
Aluminum

Copper \
wire )

Engine with generator
Fig. 2 : E Cutter for FFB harvesting tools

pole

TABLE II. CHARACTERISTICS OF PMG FOR E-CUTTER

Type of | Output Output Speed, Efficiency,

PMG phase | power, Pop n (%)
(W) pm 77

Slotless Single

[13.14] phase 103 1500 88

Double

stator Tg:: 170 1500 93

[s,16] | P

Double

stator Tg:: 90 1500 90

[s16] | P

Even though the PMG development seems to be

established, improvement is still in progress. However,
progress in the development of the E-Cutter’s linear actuator is
more crucial for its overall development. The development
progress of the E-Cutter’s linear actuator was discussed in [8,
17-19]. Each type of linear actuator that has been developed
has gone through a design optimization process to make sure it
operates at peak performance. Each linear actuator has also
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undergone laboratory and field testing to ensure performance.
The performance characteristics of each linear actuator are as
shown in Table III.

TABLE III. CHARACTERISTICS OF LINEAR ACTUATOR FOR E-CUTTER

. Motor Motor constant
Type of linear | Force .
actuator N) constanlt/,2 squareéde?sny, 3G
kny N/W7) | (X 10° NY/Wm')
Slot less [17] 50 8.5 0.58
Slot type [18] 100 22.1 1.97
Slot type [8,19] | 222 32.5 3.40

IV. LINEAR ACTUATOR IMPROVEMENT PROGRESS

A. Previous Achievement of Linear Actuator Development

The latest linear actuator which was discussed in [8,19] was
the E-Cutter’s best performing linear actuator. The structure
and construction of this actuator, known as STLOA-a, is as
shown in Fig. 3. The STLOA-a was designed based on the
target of having a minimum thrust of 200 N and a total weight
of less than 2.0 kg. The thrust characteristics of the STLOA-a
are as shown in Fig. 4. The details of STLOA-a’s performances
are listed in Table I'V.

Based on the results of several testing sessions that have
been carried out, it was determined that frond and bunch
cutting was feasible. Fig. 5 shows the laboratory testing session
carried out [8]. Several fresh oil palm fronds were brought to
the laboratory and cut testing was performed. Based on the
testing session, the STLOA-a has proven it can accomplish the
cutting for various sized oil palm fronds.

115.0
Stator Yoke Coil

([

NS BN N’S\-}S N
0. ") 30.0,

Moving Shaft Permanent
Yoke magnet

(a) The STLOA-a structure (unit in mm)

<O

(b) Construction of STALOA-a

Fig. 3 : Structure and construction of STLOA-a
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Fig. 4 : Thrust characteristics of STLOA-a

(c) Cutting process successfully done
Fig. 5 : Cutting evaluation of STLOA-a

B.  Structure and Design Target for Linear Actuator
Improvement.

In spite of its proven functionality, the STLOA-a has a
slightly longer harvesting cycle time when compared to the
Cantas™. The main drawbacks of the STLOA-a as compared
to Cantas™ are the total displacement and oscillation
frequency. From observation, the Cantas'™ has a constant
sickle vibration displacement of 16 mm and a frequency
oscillation range between 60 Hz to 80 Hz depending on the



2012 IEEE International Conference on Power and Energy (PECon), 2-5 December 2012, Kota Kinabalu Sabah, Malaysia

position of the diesel engine throttle. In contrast, the STLOA-a
has a total displacement of 9.39 mm and an oscillation
frequency of 68 Hz. These characteristics will be a primary
concern in E-Cutter linear actuator development without
affecting the other performance characteristics. Table V shows
the design target of the new linear actuator for the E-Cutter
labeled STLOA-b.

TABLE IV. STLOA-A PERFORMANCE CHARACTERISTICS

Performe.lnc.:e Symbol Unit Value
characteristics
Starting thrust Fy N 222
Maximum
thrust Fax N 360
Minimum thrust Foin N 60
Dimension d mm 115 x @60
Weight w kg 2.0
Thrust constant ke N/A 58.15
Motor constant ki NAW 32.5
Motor constant || 66 N2y 3.40
square density
Displacement X mm 9.39
Oscillation
frequency Jose Hz 68
Electrical time . ms 312
constant
Mechamcal - s 275
time constant

TABLE V. COMPARISON OF STLOA A-A AND STLOA-B SPECIFICATION

STLOA-a [8,19] STLOA-b
Starting thrust 222N Average thrust 222N
Thrust constant | 58.15 N/A | Thrust constant | 58.15 N/A
Total weight 2.0 kg Total weight 2.0 kg
Displacement 10 mm Displacement 16 mm
Oscillation 68 Hz Oscillation 30 Hz
frequency frequency

For the STLOA-b, the 3 phase linear actuator will be
designed compared to the previous single phase type STLOA-

90.00

a. The 3 phase type was chosen because it provides relatively
low ripple thrust, ease of displacement and motion direction
control by reversing the 3 phase sequence.

In the STLOA-a, an anti-parallel permanent magnet
arrangement was used. The purpose of using this arrangement
was to double up the magnetic flux density inside the air gap.
However, for the STLOA-b’s design and development, a
halbach array of permanent magnets will be used to control
their magnetic flux path direction and increase efficiency. The
structure of STLOA-b is as shown in Fig. 5. The stroke of
STLOA-b is in the Y-axis direction. The permanent magnet
and coil pitch are set to 11.25 mm and 15 mm respectively. A
three phase current with an amplitude of 1.66 A and a
frequency of 70 Hz were used to energize the STLOA-b. The

coil turns were set to 704 with a coil resistance of 18.26 Q.

C. Initial Findings
Improvement.

Comparison of Linear Actuator

The STLOA-b model was simulated in order to evaluate the
performance. The full displacement of thrust characteristics of
STLOA-b is as shown in Fig. 6. It has a maximum thrust, F,.x
of 208 N, a minimum thrust, F;, of 92 N and an average
thrust, F,,. of 142.4 N. The comparison details of STLOA-a
and STLOA-b performance characteristics are as listed in
Table VI.

300
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Fig. 6 : Thrust characteristics of STLOA-b
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TABLE VI. COMPARISON OF STLOA-A AND STLOA-B PERFORMANCE

CHARACTERISTICS
Performa.ln(.:e Symbol Unit STLOA | STLOA-
characteristics -a b
Maximum Foox N 360 208
thrust
Minimum thrust Foin N 60 92
Weight w kg 2.0 0.95
Thrust constant ke N/A 58.15 125.65
Motor constant ki NAW 32.5 20.80
Motor constant x 10°
square density G N*/Wm’ 3:40 4.00
Electrical time . ms 812 0.18
constant
Mechanical - ms 2.75 0.48
time constant

Based on table VI, the maximum thrust, F,, of STLOA-b
has been reduced 42.2% when compared to the maximum
thrust, F,, of STLOA-a. However, the increment of minimum
thrust, Fi,;, of STLOA-b is as much as 53.5% when compared
to the minimum thrust, F,,;, of STLOA-a. This proves that the
3 phase linear actuator could relatively reduce thrust ripple.
Even though the average thrust, F,,. of STLOA-b does not yet
meet the design target of about 35.8%, it structure size could
possibly be increased since the weight of STLOA-b is far
below the design target.

The thrust constant represents the ratio between the injected
current and the average thrust developed. The higher value of
thrust constant indicates that higher thrust could be produced
with the same excitation current value. The thrust constant, k¢
of STLOA-b was calculated using (1). As shown in table VI,
the STLOA-D has a greater thrust constant value, kr compare to
STLOA-a by about 116.08%, from 58.15 N/A to 125.65 N/A.

F,
kf _ Tave

e

N/A (1

rms

Where £ is the thrust constant in N/A, F,,. is the average thrust
in N and /,,,s is the RMS value of the excitation current in A.

The motor constant, 4, is used to evaluate the ratio
between thrust and input power. The higher the value of the
motor constant, k,, the higher the thrust of the linear actuator
with the same input power. The motor constant, 4, of STLOA-
b was calculated using (2). But in this case, the motor constant,
kyn of STLOA-b was lower by 56.25% when compared to
STLOA-a. Nevertheless, this parameter is expected to increase
as structural and thrust optimization is done.

Fave , NAW )
Vi

m
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Where k,, is the motor constant in N/YW, F,.. is the average
thrust in N and P;, is the input power of the linear actuator in

The motor constant square density, G, is used to estimate
the ratio between thrust, input power and the size of the linear
actuator. The higher the value of the motor constant square
density, G, the higher the thrust of the linear actuator with the
same input power and size. The motor constant square density,
G of STLOA-b was calculated using (3). In this case, the motor
constant square density, G of STLOA-b was higher by 17.65%
when compared to STLOA-a. The motor constant square
density, G, of STLOA-b and STLOA-a were 4.00 x 10°
N*/Wm® and 3.40 x 10° N*/Wm’ respectively.

2
_ Fave  NAW
P v

m

3)

Where G is the motor constant square density in N*/Wm’, k,, is
the motor constant in N/AW, v is the volume of the linear
actuator in m’, F,,. is the average thrust in N and Py, is the
input power of the linear actuator in W.

The electrical time constant, 7, is used to evaluate the
current response of a linear actuator. The lower the value of the
electrical time constant, 7, the faster the response of the
current. The current will reach its final value when the
inductance no longer affects the response of the current,
corresponding to the frequency of the power supply in a short
time. The electrical time constant, 7, of STLOA-b was
calculated using (4). The design target for the electrical time
constant, 7., depends on the frequency of the power supply, f
and the mover’s oscillation, f;. of STLOA-b. In order to make
the STLOA-b operates similar to a Cantas™, the frequency of
mover’s oscillation, f,,. of STLOA-b was targeted to equal 80
Hz. Since the total displacement target is 16 mm, the velocity
of the mover is estimated to be equal to 1.28 m/s. Based on
several simulation ftrials, the appropriate frequency of the
power supply for STLOA-b, f is 70 Hz. Therefore, the
electrical time constant, 7., of STLOA-b needs to be less than
half of the complete cycle time of the power supply which is
7.14 ms.

L
T, =—,ms

2 4)

Where 7. is the electrical time constant in ms, L is the coil
inductance in mH and R is the coil resistance in Q.

The mechanical time constant, 7, is used to evaluate the
mover response of the linear actuator. The lower value of the
mechanical time constant, 7,, means a faster mover response.
The mover as well will reach the desired final displacement in
a short time. The mechanical time constant, 7, of STLOA-b
was calculated using (5). As discussed, the oscillation
frequency, fo. of STLOA-b was targeted to equal 80 Hz. The
total displacement target is 16 mm and the mover velocity is
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estimate to equal 1.28 my/s. Therefore, the mechanical time
constant, 7, of STLOA-b needs to be less than half of the
complete cycle time of the oscillation which is 6.25 ms.

)

Where 7, is the mechanical time constant in ms, m is the
mover weight in mH, R is the coil resistance in Q and 4; is the
thrust constant in N/A.

Based on these observations, there are some characteristics
of STLOA-a that have been improved by the STLOA-b such as
the thrust constant, k¢, the motor constant square density, G, the
electrical time constant, 7, and the mechanical time constant, z,
while the other characteristics seem to be reduced especially
for the average thrust. Yet, since the total of weight of STLOA-
b is much lower as compared to its design target, design
optimization is possible to increase the parameter between
weight restrictions.

V. CONCLUSION

World demand for palm oil products has been increased
year over year. Therefore, increasing production is essential to
ensure its availability in the market. To achieve this, one aspect
could be to improve harvesting. In Malaysia, research to
improve productivity of oil palm fresh fruit bunch (FFB)
harvesting has begun by the Malaysia Palm Oil Board
(MPOB). The MPOB has invented a new mechanized
harvesting tool called the Cantas™. Cantas™ has
demonstrated impressive improvements in oil palm FFB
harvesting output. Yet, improvements need to be done due to
height limitations that affect the operation of Cantas™. Thus
the E-Cutter was introduced. The E-Cutter solves the operation
limitation of Cantas™ due to a part elimination in the
transmission shaft which causes the operation limitation of the
Cantas™. The progress of E-Cutter development is discussed
in this paper. The main concern was progress with the linear
actuator as it is a key success point for E-Cutter development.
The STLOA-a linear actuator of the E-Cutter has been
established previously. Several tests conducted prove that the
STLOA-a could perform the required harvesting activity.
Improvement to the STLOA-a is essential, especially to
improve dynamic operation of the E-Cutter. Therefore, a new
linear actuator for the E-Cutter is required. The initial findings
and the possibility of improving E-Cutter operation was
discussed in this paper.
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Abstract

Palm oil has become the most consumed vegetable oil. In
order to ensure its sustainability, the productivity of oil palms
is targeted to increase by about 3.5% each year.
Mechanization is one method to improve the oil palm
productivity. Most activities in the oil palm process have been
mechanized, and the mechanization of the harvesting process
still need to be established. Tools to this end have been
introduced by the Malaysian Palm Oil Board (MPOB) in
Malaysia with the introduction of the Cantas™, however, due
to their operational limitations, the E-cutter was later
introduced. In this paper, the design of the E-cutter’s actuator
is discussed. The design targets of the actuator are also briefly
explained. In the end, an E-cutter’s actuator with 218 N of
average thrust, F,,. and a total weight, 7, of 1.8 kg has been
designed. The performance of the E-cutter’s actuator is also
compared to a commercialized linear motor to prove its high
performance.

1 Introduction

In Malaysia, the mechanization of oil palm harvesting began
with the introduction of a tool named Cantas™. The
Cantas™ is a mechanical based tool developed by the
Malaysian Palm Oil Board (MPOB). Fig. 1 shows the
structure of the Cantas™. It uses a petrol engine to provide
mechanical energy to the system located at the bottom of the
tool and a gear system located at the top of the tool to convert
rotational motion to linear motion in order to vibrate the
sickle during harvesting activities. Mechanical energy is
transferred from the engine to the gears via a transmission

shaft located inside the pole [1-2].

~—

Fig. 1 : Cantas™ for oil palm harvesting tools

The Cantas™ has undergone several fields testing sessions in
order to prove it capabilities. The results of the tests are
presented in [2]. Based on the results, it was found that the
Cantas™ is able to improve harvesting productivity threefold
when compared to manual labour.

Despite of impressive performance shown by the Cantas™,
its operation was greatly reduced during harvesting of palm
oil fresh fruit bunches (FFBs) located higher than 8 meters.
At a height of more than 8 meters, the pole of the Cantas™
starts to bend and cause the transmission shaft to bend as
well. This condition made the Cantas™ operate inefficiently
[2-3].

In order to address this problem, an electrical based tool
called the E-cutter was introduced. The structure of the E-
cutter is as shown in Fig. 2. The E-cutter replaced the
transmission shaft used as an energy transfer medium in the
Cantas™ with copper wire. The mechanical energy produced
by the petrol engine is converted to electrical energy by an
electrical generator and the function of the gear is replaced by
a linear actuator. By using this structure, the pole bending
problem no longer an issue [3].

Fig. 2 : E-cutter structure

This paper focuses on the design of the E-cutter’s actuator. Of
the various types of linear motor, the slot type moving
permanent magnet linear motor (PMLM) is seen as best
candidate to be implemented on the E-cutter. Despite the high
thrust density, this type of linear motor (PMLM) has no flying
leads which are a potential source of unreliability and limit
the achievable stroke, good thermal dissipation and
bidirectional force production [4 -5].

In [6], the force required to harvest oil palm was discussed.
Based on the findings, is about 200 N force is required to
accomplish the harvesting activity. Therefore, the PMLM



needed to be designed with at least 200 N of thrust.
Furthermore, in order to ensure the E-cutter is mobile, the
total weight of the PMLM is targeted to be below 2.0 kg.
Therefore, in this paper, these design requirements for the
PMLM are discussed.

2 Basic PMLM structure.

In [7], several magnetization arrangements for the PMLM
permanent magnet have been compared. The structure
topology used for the PMLM was a 6 slot 8 pole
configuration. Based on comparisons, it was found that the
halbach magnetization arrangement could be applied to the
PMLM design for the E-Cutter actuator. Even though it
lagged by about 4% when compared to the best model, it
provides a simple permanent magnet design compared to its
nearest rival.

Therefore, the basic structure of the PMLM is as shown in
Fig. 3. The initial design of the PMLM for the E-Cutter
actuator has been discussed in [8]. Even though its thrust
characteristics are about 26% lower compared to aimed
thrust, through structural optimization, incremental thrust is
achievable since the total weight of the actuator is far lower
when compared to the restricted value.

X ¥~ Yoke Coil
v B
A (V= [A[= ]V TR [= ]V [~ A3V =] A=V = [A[=]T]
02\ > — X L
J Shaft Air gap ~ Permanent magnet
Fig. 3 : Basic structure of PMLM

3 PMLM Structure optimization.

Optimization of the PMLM’s structure was focused on the
PM and coil height. At the same time, the total radius, i, of
the PMLM also was varied. The other structural parameters
such as coil pitch, 7, magnetization pitch, z,, and yoke
thickness, #, were left fixed. The aim of the structural
optimization was to obtained high thrust within a restricted
weight. Fig. 4 shows the design parameters of the PMLM.
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Fig. 4 : Design parameter of PMLM (unit in mm)

The total radius, 7y, of PMLM was set to 20 mm, 25 mm and
30 mm. Initially, the shaft radius, »; had been set to 1 mm.

The height of the PM, 4, and the height of the coil A, were
varied accordingly within the fixed total radius, 7. Changes
to the height of the coil, 4, made other structural parameters
such as coil turns, N, phase resistance, R and total weight, W
variable. These parameters was calculated using (1) — (3).

N 1[&Xh_cJ (1)
S\oc dc
R=nN22
a
28z rg +h,,, +0+t +hC/
1(%@ hc] s T pm T2
= —| — X ——
2
W= PcopperY coil + P NdFeBY pm + P 55400V yoke 3)

+ PSUS304Yshafi

Where W, is the coil width in [m], & is the space factor equal
to 0.6, ¢, is the copper wire diameter in [m], p is the copper
resistivity equal to 1.67 x 10 Q.m, [ is the copper wire length
in [m], a is the copper wire cross sectional area in [m’], & is
the air gap length in [m], Pnaera 1S the material density in
[kg/m’] and Vpart 18 the volume of PMLM part in [m’].

3.1 Optimized PM and coil height.

A sample of the thrust characteristics of the PMLM can be
seen in Fig. 5. Based on the thrust characteristics, the average
thrust, F,,. of all PMLM models was calculated. Furthermore,
the total weight, W of all PMLM models has also been
estimated.
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Fig. 5 : Thrust characteristics of PMLM with
different of total radius, 7.

Fig. 6 shows the effect of the PM outer radius, 7,y to the
average thrust, F,,. and total weight, W of the PMLM. Based
on Fig. 6 (a), by increasing the PM outer radius, 7y, of the
PMLM, the average thrust, F,,. will increase until it reaches a
maximum. This is due to incremental size of the PM which



contributes more magnetic energy to the PMLM, producing
higher thrust. However, beyond the maximum point, the
average thrusts, F,. is reducing despite the larger size of the
PM. The smaller size of the coil used results in a lower
magnetomative force produced by the PMLM.

On the other hand, the total weight,  of the PMLM is only
influenced by the total radius, r as shown in Fig. 6 (b).
This is because the higher the total radius, ), the greater the
volume, v of the PMLM. This will influence the total weight,
W of PMLM as clearly shown in (3).
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Fig. 6 : Average thrust F,,. and
total weight, W of PMLM

The PMLM models that have the highest average thrust, Fy.
for each total radius, 7, are identified and summarized in
Table 1 and as shown, the PMLM with an 7y, of 25 mm and
30 mm satisfy the average thrust requirement, F,,. with
values of 250 N and 316 N respectively. On the other hand,
the PMLM with a total radius, 7y, of 20 mm and 25 mm
satisfy the total weight requirement, /¥ with limits of 1.13 kg
and 1.80 kg respectively. From these results, the PMLM
structure with a total radius, 7, of 25.0 mm was selected as
the initial model. It has an average thrust, F,,. of 250 N and a
total weight, I of 1.8 kg. This model has an outer radius of
the PM, 7, of 13 mm and the height of the coil, /. is 7.5 mm.

Total PM outer | Average Total
No. radius, radius, thrust, weight,
total (mm) Ipm (mm) Fave (N) |4 (kg)
1 20.0 10 178 1.13
2 25.0 13 250 1.80
3 30.0 15 316 2.62

Table 1 : Average thrust, F,,. and total weight, W of
optimized model of each 7.

3.2 Optimized shaft radius.

Since the PM of the PMLM is ring shaped, the inner diameter
of PM is a crucial factor to determine if the PM could be
magnetized or not. Furthermore, a smaller inner diameter of
the PM ring increases its manufacturing costs.

On the other hand, for a higher inner PM diameter, a higher
shaft radius, r, needed. A higher shaft radius, r; will
strengthen the PMLM structure but at the same time it will
reduce the thrust of the PMLM due to a reduced PM size.
Therefore, the effect of shaft radius, », on PMLM thrust
needed to be established.

Fig. 7 shows the effect of shaft radius, 7, to average thrust,
F.. of a PMLM at several excitation currents, /. Based on
Fig. 7, the reduction of the average thrust, F,. is not
significant for a shaft radius, r; below 6 mm while for a shaft
radius, r; higher that 6 mm, the average thrust, F,,. was
significantly reduced. Therefore, a shaft radius, 7, of 6 mm is
considered as optimal.
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Fig. 7 : Effect of shaft radius, 7, to
average thrust, F,,. of PMLM.

The final structural dimensions of the PMLM are as shown in
Fig. 8. The final structure of PMLM has 462 coil turns with
14.2 Q of winding resistance for each coil and about a similar
total weight, W, as the initial structure. The PMLM produces
about 218 N of average thrust, F,,. and has a total weight, W
of 1.8 kg.



Fig. 9 shows the effect of the excitation current, / on the
thrust characteristics. Since there is a reduction in terms of the
permanent magnet size, the thrust characteristics of the final
PMLM structure are lower as compared to the initial
structure. It needs about 125W supplied in each phase in
order to achieve the targeted average thrust, Fe.
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Fig. 8 : Final structure dimension of PMLM (unit in mm)
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thrust characteristics of PMLM

4 Comparison of this PMLM with commercial
PMLM performance.

The optimized PMLM performance was then compared with
a commercial PMLM. There are about 200 commercial
PMLMs from several linear motor manufacturer companies
that could be compared to this PMLM. Three type of PMLM
were selected: a slot type PMLMs, a slot-less type PMLM
and a shaft motor.

Four performance characteristics were used for comparison:

(a) Thrust, F.

(b) Thrust constant, k.

(c) Motor constant, k,,.

(d) Motor constant square density, G.

All these performance characteristics were calculated using
4 - (6).
F, ave (4)

1

k=

F
ki = e )
P,
2
=1L ©)
Py

Fig. 10 shows the performance comparison between this
PMLM and the commercial PMLM. Based on the Fig. 10, it
is shown that, this PMLM is capable of producing higher
performance at a similar volume, v compared to the
commercial PMLM. Additionally, this PMLM is also capable
of producing a higher thrust, F at a smaller size and lower
input power, P as shown in Fig. 10 (d). Because the thrust
produced by a linear motor depends on the input power
supplied, based on the motor constant square density, G the
capability of the PMLM to produce higher thrust at same
input power compared to the commercial PMLM is also
shown.

5 Conclusion.

In this paper, a 6 slot 8 pole PMLM was designed in order to
be implemented as an E-Cutter actuator. The structure of the
PMLM has been optimized in order to produce targeted thrust
within a restricted weight. The optimization involved the
height of the coil, /., the height of the permanent magnet, /1,
and the shaft radius, 7. The performance of the PMLM was
then compared to commercial PMLMSs. In the end, it was
found that the PMLM not only achieved the desired thrust, it
also has better performance compared to commercial PMLM:s.

Acknowledgements

F. Azhar wishes to acknowledge the Universiti Teknikal
Malaysia Melaka (UTeM), and Ministry of Higher Education
of Malaysia, for giving him the opportunity to pursue his PhD
study and for their financial support in Shinshu University.

References

[1] Abdul Razak J., Abdul Rahim S., Ahmad H., Johari J.
and M. Mohd Noor, “High Reach Oil Palm Motorized
Cutter”, MPOB Information Series, MPOB TT No 349,
ISSN 1511-7871, (2007).

[2] Abdul Razak J., Ahmad H., Johari J., M. Noor, Yosri
Gono and Omar Ariffin, “Cantas™ - A tool for the
efficient harvesting of oil palm fresh fruit bunches”,
Journal of Oil Palm Research, Vol. 20, pp. 548 - 558,
(2008).

[3] F. Azhar, “Design of a linear oscillatory actuator for oil
palm mechanical cutter”, MSc. Thesis, University Putra
Malaysia, Selangor, Malaysia, (2009).

[4] Bong Jang K., Heoung Kim T., Do Chun Y., and Lee J.,
“Tron Loss Calculation in a Flux-Concentration-Type
LOA”, IEEE Transactions On Magnetics, Vol. 41,
pp- 4024-4026, (2005).



[5]

(6]

[7]

Heoung K.T., Woo L.H., Hyun K.Y., Lee Y, and
Boldea 1., “Development of a Flux Concentration-Type
Linear Oscillatory Actuator”, [EEE Transactions On
Magnetics, Vol. 40, No. 4, pp. 2092-2094, (2004).
Abdul Razak J., Desa A., Ahmad H., Azmi Y. and
Johari J., “Reaction force and energy requirements for
cutting oil palm fronds by spring powered sickle cutter”,
Journal of Oil Palm Research, 11(2), pp. 114-122,
(1999).

F. Azhar, M. Norhisam, H. Wakiwaka, K. Tashiro, M.
Nirei, “Evaluation of Various Permanent Magnet

10*
10°
z
2
w 10
g 10
=
10°
10_1 6 4 3 2
10° 10° 10* 10° 107 10"
Volume v [m’]
X (a) Thrust, F
10
= 2
%10 rr«"'
z * .|lrl"|I|l
£ 10! P -
- IF_1I"
E L ok
5 10°
(&)
5
15
= 10!
10° 10° 10* 10° 107 10"

Volume v [m’]
(c) Motor constant, &y,

Motor constant square density G

(8]

Thrust constant &y [N/A]

Arrangements on Linear Actuator”, Asia-Pacific
Symposium on Applied Electromagnetic and Mechanics
2012, APSAEM 2012, Ho Chi Minh City, Vietnam, (25
—27 July 2012), pp. 50 - 55, (2012).

F. Azhar, M. Norhisam, H. Wakiwaka, K. Tashiro, M.
Nirei, “Initial Progress and Possible Improvement of E-
Cutter Linear Actuator Development”, 2012 I[EEE
International Conference on Power and Energy (PECon
2012), Kota Kinabalu, Sabah, Malaysia, (2 — 5
December 2012), pp. 933-938, (2012).

10°
2 A" il ,,h,,
! v o
r |
L |
1 o H
10 u
10° |- = Slot type
= Slot less
Shaft motor
107! * PMLM
10 10° 10* 107 107 10"
Volume v [m’]
10* (b) Thrust constant, k¢
10°
10
10!
10

0

10° 10° 10* 10° 107 10"
Volume v [m’]

(d) Motor constant square density, G

Fig. 10 : Comparison between PMLM and commercialized PMLM performance



