Development of a permanent

magnet free piston compressor

by
Dyke W. Monyane

Thesis Presented for the Degree of
Magister Technologiae
in the Department of Electrical Engineering
Cape Peninsula University of Technology

November 2005



Declaration

I, Dyke Wellington Monyane, declare that this thesis is my own work. I have not sub-
mitted it for any degree at this institute or at any other institution. All the literature
used in this thesis has been fully referenced.

Therefore, I hereby submit this thesis as part of the Magister Technologiae in Elec-
trical Engineering at the Cape Peninsula University of Technology.

DW Monyane
14th November 2005



Acknowledgements

I would like to acknowledge the following people, who contributed to the success of this

work.

e Most of all, my supervisor Dr. Tan de Vries, for his excellent supervision in this

project.
e Prof. Ernst Uken for the financial assistance and supervision.
e Prof. Jevon Davies for his assistance in using LaTeX for typesetting this thesis.
e Dr Johan Enslin for the thermodynamics fundamentals he helped with.
e CIR members, for all their assistance as well.

e My girlfriend, Thapelo Faith Morake, who also played an important role towards

the success of this work, for her support and proofreading of this thesis.

e Lastly, my one and only parent, my mother, ’"Madyke Monyane for her encourage-

ment and prayers.

e Above all, T would like to thank the Almighty God who gave me strength.

1



Development of a permanent magnet free piston compressor
by
Dyke W. Monyane

Submitted to the Department of Electrical Engineering
on March 17, 2006, in partial fulfillment of the
requirements for the degree of
Magister Technologiae

/
Synopsis

There is a high demand for refrigerators in South Africa, as revealed by the Eskom TSI
market survey. Refrigerators are found to be expensive because compressors are imported
and compressors cost 45% of the total budget of a refrigerator. For this reason a project
was undertaken to develop an affordable refrigerator but this was unsuccessful owing
to expensive compressors. The compressor consists of an induction motor coupled to
the compression unit via a crankshaft. In this thesis a novel permanent magnet free
piston compressor is designed and constructed by using a linear motor topology. The
permanent magnets that are used are the Neodymium Iron Boron (NdFeB) with a high
energy density of 278.7kJ/m? and a coercive force of 955kA /m. Backing iron discs are
attached at each end of the magnet to contain all the flux in a semi closed loop. The
driving coils are embedded in a plastic enclosure through a vacuum casting process. The
coils are wound in such a manner that a current in one polarity causes a force in one
direction, and vice versa. This is a point of ingenuity of the design because it allows simple
and cost effective driving circuitry, whereas most linear motors require many phases with
sensing and control circuitry to drive the coils in phase. The driving circuit consists of
a full bridge inverter and the driving signals generated, using an Atmel microcontroller.
The permanent magnet is used as both a secondary for a linear motor and as a piston
for the compressor. The compressor is double acting, which means it compresses in one
chamber while extracting air in another chamber and vice versa when the direction of
the piston is changed. The stroke length is maximized because longer strokes result in
maximum volumetric efficiency. It must be stated that a novel permanent magnet free
piston compressor was successfully designed, although with limited tests since the main
objective of this thesis was a proof of concept. The compressed air is demonstrated
by blowing bubbles in a bottle of water. The concept was proved adequately at low
pressures. The final chapter discusses further work to take this concept further on how
to yield higher pressures/forces. The patent for this project has been filed.
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Chapter 1

Introduction

1.1 Objective

The main aim of this thesis was to invent, devise and develop a new kind of refrigerator
compressor, which could be manufactured for less than current compressor designs. This
thesis will discuss the design and development of a novel compressor from the simple

form of Lenz’s law, through a stage where it is developed to pump air.

1.2 Background

The Eskom electrification programme has provided electrical power to over 2 million
households over the last eight years. However, the main use of electricity in these homes
has been for lighting and television. Research has revealed that electricity was not used
to its full capacity, as it was found that other electrical appliances were too expensive to

purchase.

Eskom has therefore identified a need to develop affordable electrical appliances for
low-income households in order to realize the complete benefits of electricity. A survey
was undertaken by Eskom Enterprise (TSI) in order to ascertain what further appliances
people were interested in. The results indicated that a refrigerator was preferred; however,

1ts cost was a major barrier in these households [12].

1
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Table 1.1: Specifications of a desired refrigerator by Eskom

Refrigerator Size Volume: 100 litres(fridge volume=77.5( and
freezer volume=22.5]
Power Source 220V, 50Hz and current < 1.25A
Compressor Power (W):96, Displacement 4.33cm?,

83K cal/h, one year guarantee
System Performance (COP) | 2.5< COP <5.0
Refrigerant Gas R134a

Evaporator Temperature | -1°C < Tevap. < -35 °C

Condensing Temperature | <60°C

Operating Temperature 4°C inside the fridge and <-18 °C freezer

Insulation Material Polyurethane recommended but should be

CFC free

Local and international refrigerator manufacturers were approached to assist in the
development of an affordable refrigerator for the low income South African market. The
specifications of this refrigerator were as tabulated in above table.

Godrej-GE Appliances in India was contacted, based on the offer made to TSI in
1999 to supply 1501 refrigerators at a cost of approximately ZAR900. Owing to freight
rates, customs duty,and documentation, the cost for one refrigerator would be ZAR2500
when it landed in South Africa. The imported Indian refrigerators were, therefore, not

regarded as feasible.

In 2002, a project was undertaken by the Energy Technology Unit under the CIR at
the Cape Technikon to develop a Low Cost Domestic Refrigerator (LCDR) of 150 litres
for the lower income homes, with a maximum budget of ZARS00 per unit, as per Eskom’s

specifications[12].

Although many of the components of the refrigerator were optimized and even built
from scratch (e.g. the condenser unit was built at the Mechanical Engineering Faculty
of the Cape Technikon), it was found that the most expensive part of the refrigerator
was the compressor. Research showed that the compressor alone costs between 45% and
50% of the total cost of a refrigerator because they have to be imported, which makes

the target cost of ZAR900 unrealistic.
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Hence, the compressors were investigated to ascertain why they are that expensive.
As a result, a preliminary investigation was conducted, whereby scrap COMPIessors were
opened in the Department of Mechanical Engineering at the Cape Technikon, in order
to study existing designs and materials that make up the system. The electric motors
that were present within the sealed compressors unit were examined. The result of this
preliminary investigation was that existing compressors are neither easy to optimize nor
to reproduce cheaply, owing to their complex machining and expensive materials used.
These compressors are already produced in large volumes, which means the economies
of scale would be impossible to improve upon.

This has forced the research team to re-examine the architecture of the compressor by

basing the research on affordable materials and emphasising simplicity in construction.

1.3 Hypothesis

The researcher believes a functional working unit can be obtained to replace the conven-
tional compressor used in a refrigeration system and that this unit can be developed to

an extent, where it can be manufactured at a relatively cheap cost.

1.4 Novel linear compressor

The fundamental aim of this project was to design a new type of compressor based on
novel linear motor topology. The Linear Motor is a rotating motor flatly opened. Instead
of producing a rotating torque as in cylindrical machines, it produces a linear force. The
speed is determined by the winding design and supply frequency. Unlike conventional
compressors, where the rotating motion of the motor is converted into reciprocating mo-
tion, the linear motor produces reciprocating motion directly. The motor and COMPressor

form one part, with no coupling required.

It is almost a general principle that when the topological features of an electric ma-

3
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chine is modified, such as developing a linear motion machine when developed from its
rotary counterpart, the operating characteristics and the design criteria of a new machine
change considerably. For example, as a result of the topological changes in the magnetic
circutt of a machine, new electromagnetic phenomena come into play that cannot be
fully explained by conventional rotating machine theory. Consequently, older methods of

analysis have to be modified and at times new theories have to be developed.

The idea of designing a linear compressor originated from Faraday’s Law which states
that any change in the magnetic environment of a coil of wire will cause a. voltage (emf)
to be "induced" in the coil. No matter how the change is produced, a voltage will
be generated. The change could be produced by changing the magnetic field strength,
moving a magnet toward or away from the coil, moving the coil into or out of the magnetic
field and rotating the coil relative to the magnet.

Therefore, from Faraday’s Law it can be deduced that if the magnet is pushed through
a coll of wire, an emf will be generated. The process should be reversible if the voltage is
applied in a solenoid with the magnet inside, as the magnet will be pushed or pulled away
from the coil and if the applied voltage alternates, the magnet will be pushed backward
and forward.

A patent search was conducted [24] [9] [29] [15] [35] [22] and it appeared that this
idea was patentable. A patent was filed on the 18 May 2005. The reference number for
the application is V16803.

1.5 Thesis overview

The thesis is divided into several chapters. The chapters follow each other logically to
show progression and completion of the design. Chapter 1 is an introductory description,
which outlined the objectives and goals of the thesis and states the problem statement
as well as the background of the project and why the project was initiated.

Chapter 2 - 5 contains the literature review, which is a discussion and analysis of the

information obtained from journals, library databases, textbooks and Internet sources, in

4
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order to gain knowledge of refrigeration, linear motors, rare earth magnets (permanent
magnets) and plastic technology (casting, injection molding and machining).
Design implementation will be discussed in chapter 6 followed by a circuit analysis in

chapter 7. Conclusions and future work will end the thesis.



Chapter 2

Refrigeration

Preserving food has always been a necessity of [mankind] sic [2]. Keeping food fresh by
cooling it, i.e. by slowing down the growth of bacteria, can be a fairly difficult task.
Until the invention of refrigeration, the only means of lowering the temperature was
by harvesting and storing blocks of ‘natural’ ice grown in winter or by evaporative cool-

ing. At present, most domestic refrigerators use a vapour-compression refrigeration cycle.

Refrigeration deals with the transfer of heat from a low temperature level at the heat
source to a high temperature level at the heat sink. Refrigeration plays an important role
in developing countries, primarily to preserve food, medicines and for air conditioning.
Examples are:

° Domestic:

Food and drink storage;

® In retail trades:

Sale of fresh foods, fish and cold drinks;

. In agriculture and dairies:

Removal of field heat immediately after the harvesting of crops, storage of fruits,
vegetables, milk, meat, and cooling during the transport of products;

° Health clinics:

Storage of blood, vaccines and medicines; and

° Buildings, computer installations:
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Air conditioning and temperature regulation.

2.1 Previous refrigerators

There are different types of household refrigeration which are suitable for southern African
countries, and the two basic types of refrigerating systems are Vapour compression, which
1s commonly used, and Absorption, which is gaining popularity because of its ability to
use low grade heat, such as low pressure steam or solar energy which produces a cooling
effect [2]. It does, however, require a continuous supply of power.

Thermoelectric, Stirling and Thermoacoustic cooling technologies, are the types that
are also available but are still in the process of being researched for household refrigera-
tion. These methods are not commercially available.

The environmentally friendly solar household refrigerator, which used Stirling cycle

technology, is under development at Global Cooling Inc. [7].

2.2 Refrigeration fundamentals

The second law of thermodynamics states that heat cannot flow from a body of low
temperature to another body at a higher temperature, unless work is being done to
supply energy to the system. All conventional refrigeration cycles require that power be
introduced into the refrigeration system in order to compress gas or vapour from a low

suction pressure to a high condensing pressure, creating a temperature lift [13].

2.2.1 Refrigerant

Refrigerant is a fluid that is used inside the refrigeration system to transfer heat. For
the purposes of this study, only refrigerant HFC134a (R134a) will be considered as other
refrigerants such as CFC12 (R12) and HCFC22 (R22) will be phased out as a result of sub-

sequent revisions of the Montreal Protocol owing to their danger to the environment [32].

7
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Table 2.1: The properties of R134a
Chemical Representation | Tetrafluoroethane (CF5CH,F)

Molecular Weight 02.03 kg/kmol
Critical Temperature 374K (101°C)
Critical Pressure 40.7 bar

Saturated Liquid at 300K | Specific Heat (Cp) = 1.434 kJ /kg. K

Refrigeration systems, which use vapour, depend on the fact that a vapourizing liquid re-
quires relatively large amounts of heat and that the temperature at which vapourization
and condensation take, place depends upon pressure. By regulating the vapourization

and condensation pressures, refrigerant temperatures can be controlled for useful cooling.

Desirable characteristics of refrigerants

e Non-flammable to reduce fire hazards.

e Non-toxic to reduce potential health risks.

Large heat of evaporation to minimize equipment size and refrigerant quantity.

Low specific volume in the vapour phase to minimize compressor size.

e High heat transfer coefficient.

Non-stratospheric ozone destroying properties.

Low liquid phase specific heat to minimize the heat required when subcooling the

liquid below the condensation temperature [11].

2.2.2 Refrigeration cycle

The properties of refrigerants can be listed in tables or they can be shown in a graph.
There are a number of types and arrangements of property diagrams. The one that is
most useful and used most often in refrigeration work is called pressure-enthalpy (p-h)
or Mollier diagram. Figure 2-1 shows what a basic refrigeration system would look like

when traced on the pressure-enthalpy diagram.

8
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Pressure

Expansiog

Heat rejectad

Cormpression

Heat extracted J

g

’ Wark dang
heat equivalent

Specific enthalpy

Figure 2-1: p-h diagram for a vapour compression cycle

The vapour-compression refrigeration cycle typically consists of a compressor, a con-

denser, an expansion valve and an evaporator. Enthalpy is defined to be the sum of the

internal energy E of matter plus the product of the pressure p and volume V, using the

symbol H for the enthalpy. Enthalpy is then a precisely measurable state variable, since

1t is defined in terms of three other precisely definable state variables:

H=FE+pV (2.1)

Enthalpy is a quantifiable state function, and the total enthalpy of a system cannot

be measured directly; the enthalpy change of a system is measured instead:

AH = Himar — Hiiriai

(2.2)

The basic refrigeration cycle, as illustrated in F igure 2-2, entails four steps:

° Step 1- Evaporator

A cool, low pressure liquid refrigerant is brought into contact with the heat

source, which is the medium to be cooled. The refrigerant, being at low pressure, absorbs

9
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Qr:ocmi

$
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Condenser
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Valve

Evaporator Work

#

Qewp

Figure 2-2: Operation system for refrigeration cycle

heat from the medium being cooled and boils, producing a low pressure vapour because of

saturation conditions. The heat exchanger used for this process is called the Evaporator.
® Step 2- Compressor

The compressor is the central component of every refrigerator. It has to be
supplied with electrical energy in order to produce mechanical energy to pump the re-
frigerant so that the desired cooling effect can be obtained. The addition of the shaft
work by the compressor raises the pressure of the refrigerant vapour. Increasing the gas
pressure raises the boiling and condensing temperatures of the refrigerant. Once the
refrigerant gas has been sufficiently compressed, its boiling point temperature is above

the temperature of the heat sink, which is the higher temperature medium.
° Step 3- Condenser

The high pressure refrigerant gas, which carries the heat energy absorbed at
the evaporator and the work energy from the compressor, is pumped to a second heat
exchanger called the Condenser. Because the refrigerant’s condensing temperature is

higher than that of the heat sink, heat transfer takes place, condensing a refrigerant

10
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from high pressure vapour to a high pressure saturated liquid. The heat source has been
cooled by pumping the heat energy to the heat sink.
® Step 4- Expansion valve

The condensed liquid is returned to the beginning of the next cycle. Its pressure
must be reduced to prevent the high pressure liquid from entering the low pressure
evaporator, as well as to reduce the boiling temperature of the refrigerant to below the
temperature of the heat source. When it flows through the expansion valve, the liquid
refrigerant is allowed to move from a high-pressure zone to a low-pressure zone, which
1s achieved by allowing the refrigerant to go through the narrow diameter, as it expands

and evaporates. This evaporating process, absorbs heat, making it cold.

2.2.3 Vapour compressor

A compressor can be considered as a vapour pump. The most common types are the
reciprocating, rotary and scroll compressor. Single-phase AC motors, such as the ca-
pacitor start motor and the split-phase motor, drive these compressors. The three-phase
motors are also used but are not applicable for domestic use, as the majority of households

are supplied with a single-phase source.

2.2.4 Reciprocating compressor

Reciprocating compressors are commonly used for small refrigerators (domestic) .A piston
in a cylinder is used to compress the refrigerant. The piston is linked by a connecting rod,
which is driven by the crankshaft from an electric motor. Only hermetic Ccompressors are
considered in this study, as these are used for domestic refrigeration.

The compressor produces the pressure differential required by the system. It must
absorb vapour from the evaporator and discharge it to the condenser at a much higher
pressure. When the piston is at the bottom of its stroke, the cylinder is full of refrigerant
at a pressure equal to the system suction pressure. As pressure builds up, the cylin-
der volume is decreased and the pressure inside the cylinder is increased. The pressure

continues to build until the cylinder pressure is high enough to overcome the high-side
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pressure that is holding the discharge valve closed. Further upward movement of the pis-
ton then causes the discharge valve to open because of the high cylinder pressure. The

refrigerant is discharged to the condenser until the piston reaches the top of its stroke.

At the top of the piston stroke, there is still a small clearance volume (S,) left.
Practically, a clearance volume cannot be zero but in order to increase efficiency, it
must be kept as small as possible [28]. When the piston starts on its way down, the
high pressure refrigerant that was trapped in this clearance volume re-expands to fill the
increasing cylinder volume and the pressure inside the cylinder falls. When the cylinder
pressure drops below suction pressure, the pressure difference causes the suction valve to
open. Further movement of the piston towards the bottom of its stroke causes refrigerant
vapour to be absorbed from the evaporator into the cylinder through the suction valve.
The four stages of the compression cycle described here are referred to as compression,

discharge, expansion and suction, as shown in Figure 2-3.
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Figure 2-3: The movement of a piston in a reciprocating compressor
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2.2.5 Compressor Design

When a compressor is designed, the compressor capacity is determined by the volume
of refrigerant pumped. The capacity will be determined by the piston and cylinder
dimensions, length of the stroke, the number of cylinders and the speed (frequency /
cycles per second) of the compressor.

Compressor capacity is the measure of a compressor, which causes refrigeration and it

depends on two factors:

e Mass flow rate (kg/s): The transfer of a mass of refrigerant per unit of time. The

mass flow rate is the product of density, velocity and area.

e Refrigerating effect (kJ/kg): The heat absorbed by the refrigerant from the refrig-

erated space.

The purpose of the refrigerator is to remove heat from the cold region, while requiring

as little external work as possible. A measure of the efficiency of the device is therefore:

_Q
COP = = (2.3)

where

Q is the rate of heat absorbed by the refrigerant from the refrigerated space;

W is the rate of work done, which is Power;

If q is the heat removed per unit mass and if w is the work done per unit mass and

if m is the mass flow rate of the refrigerant, then,

cop=—2_-1 (2.4)
muw w

Theoretically, the compressor discharges a volume of refrigerant equal to the total
volume displaced by each stroke of the piston. The piston displacement may be calculated

as:



Refrigeration

where

d is the piston displacement;

b is the bore (diameter) of the cylinder;

1 is the stroke length; and

Therefore, the displacement of the compressor may be calculated as:

D:%lenxf (2.6)
where

D is the compressor displacement;

n is the number of cylinders; and

f is the compressor frequency.

Theoretically, the amount of refrigerant pumped equals the compressor displacement
but the part of the downstroke is wasted in allowing re-expansion rather than allowing
fresh vapour to be drawn into the cylinder. The ratio of the actual volume of vapour
pumped divided by the calculated volume is called the Volumetric Efficiency of the com-
pressor, which is why it is important when designing a compressor to keep the clearance

volume as small as possible.

Compression ratio

The compression ratio of a compressor is defined as the absolute discharge pressure
divided by the absolute suction pressure. A system should not be designed that requires
a compression ratio higher than 10:1 [37]. Higher compression ratios cause too much work
to be done on the refrigerant, while a high refrigerant temperature will result. This may

cause equipment failure, due to the infirmity of compressor parts.

Compressor power

This is a theoretical power required to drive a compressor. If the compression can be rep-
resented as a polytropic process, the compressor power will only depend on the saturated

discharge temperature (SDT) and the saturated suction temperature (SST), independent

14
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of the level of superheat. Superheat is the amount of heat added to the liquid to make it
saturated and to change states. This conclusion is reached from the following analysis.
The work per unit mass (w) required to compress refrigerant from the suction condi-
tions to the discharge conditions in a polytropic process (i.e. pv"=constant), is given by

Equation 2.7

n—1

(%) & 1} 2.7)

where
w is the compressor work per unit mass;
n is the polytropic coefficient;

P, and P, are suction and discharge pressures (corresponding to the suction and

discharge temperatures, respectively); and
v is the suction specific volume of the suction gas.

The compressor power is

wm

POW = (2.8)

Nmotor
where
m is the mass flow rate; and
n is the motor efficiency.

The mass flow rate is related to the compressor volume displacement rate by volu-

metric efficiency, which can be expressed as Equation: 2.9

o
mu; Byy=
:—:1+Cv _Ovo O 2.9
771)01 D ol [ < Pl) ( )
where
7o 18 the compressor volumetric efficiency;

Cyo is the clearance volumetric ratio; and

D is the compressor displacement rate.
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Influences of compressor design on efficiency

The quantity of gas, WhiCh enters the cylinder is represented by 1-4 in Figure 2-3, where
Siindicates the volume of gas induced. When the larger S; is compared with S, the smaller
the compressor can be built [25]. This implies that a relatively short stroke compared with
a large piston diameter, results in a larger clearance volume, thus decreasing volumetric
efficiency 7, and increasing the piston leakage. A short stroke length results in a shorter
life span of the valves and a complex valve design. S;/S is also defined as volumetric
efficiency 7,,. A long stroke length and small diameter increases volumetric efficiency

and as a result, the stroke should be maximized and the diameter minimized.
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Chapter 3

Linear motor

3.1 History

The idea of a linear induction motor had been suggested in 1895, and was first developed
by an English electrical engineer, Eric Laithwaite. Laithwaite discovered that it is possible
to arrange two linear motors back-to-back, in order to produce a continuous oscillation
without the use of any switching device. In 1946, the first large scale linear motor was

built by Westinghouse Corporation, which was an aircraft launcher [10].

3.2 Basic principles of a linear motor

The Linear Motor is basically a rotating motor flatly opened. Instead of producing
a rotating torque as in cylindrical machines, it produces a linear force. The speed is
determined by the winding design and supply frequency. The stator is laid flat, without
affecting the shape or the speed of the magnetic field. Hence, the flat stator produces a
magnetic field that moves at constant speed [10].

Conceptually, all types of motors can have possible linear configuration (DC, in-
duction, synchronous and reluctance). The DC motors and the synchronous motor re-
quire double excitation (field and armature). The DC linear motor can be grouped into
moving-magnet, moving-armature and moving-coil motors. Linear induction motors can

have various configurations: the air gap can be flat or cylindrical and the flux can be
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Figure 3-1: Imaginary process of unrolling a conventional motor to obtain a linear in-
duction motor [10]

longitudinal or transverse.

In present-day automated machinery, there are a multitude of linear motion control
applications. Whether a simple reciprocating single axis or a more complex rectilinear
arrangement, of multiple axes producing 2D or 3D motion, system designers have many
choices when implementing the actuation of each individual linear axis of motion. Often,
conventional rotary motors are chosen to drive some type of rotary—to—linear conversion
mechanism, which is ultimately connected to the moving payload. A close examination
would reveal that rotary—to-linear conversion mechanisms add inertia, friction, compli-
ance, backlash, and wear, all of which compromise overall system performance. Linear
motors, on the other hand, offer the system designer an elegant alternative in that they
produce linear motion directly and, therefore, eliminate the need for conversion mecha-

nisms such as leadscrews, belt drives, rack & pinions and con rod & crankshaft.

3.2.1 Forces produced

Linear electric machines develop two mutually perpendicular forces, one in the direction
of motion (thrust) and the other, normal force perpendicular, to the direction of motion.
The normal force may be an attraction force or a repulsion force between the primary
and the secondary. A machine in which the net force is such that the secondary tends
to be suspended over the primary, may be used mainly for suspension and is called the
linear levitation machine. Conversely, a machine used primarily for producing thrust is

called a linear motor. The thrust depends on both the armature and field excitations.
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Therefore, for the moving-magnet linear motor, the armature field (permanent magnet)
is constant and the only variable is the field excitation. In order for the normal forces
to cancel each other out, the primary (stator in rotary motors) can be two, which means

the secondary will be in between the two primaries or the primary may be cylindrical

[8][21].

Seconda
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Figure 3-2: Single sided linear motor showing the direction of forces

3.3 Previous linear motor compressor

The conventional linear motor compressor consists of a linear motor coupled to a piston
to a compression chamber. The other end of the linear motor is attached to a resonance
mechanical spring, as shown in Figure 3-3. The disadvantage with this type of compressor
is the shorter stroke length, which in order to obtain the adequate mass flow rate, has to
be driven at high frequencies [30]. Therefore, this leads to more complex and expensive

designs.

3.4 Application of a linear motor

Linear motors are increasingly popular solutions for current automation applications:
actuators and robotics. Another interesting application of the linear motor application
is in refrigeration application, such as Stirling Cooling, where a linear motor is used to

drive a Free Piston Stirling Cooler and again on vapour compressor to drive a piston for
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Figure 3-3: A typical linear compressor

compression, as shown in Figures 3-4 and 3-5.

3.5 Electromagnetic

The concept of Faraday’s Law is that any change in the magnetic environment of a coil
of wire will cause a voltage (emf) to be "induced" in the coil. No matter how the change
1s produced, the voltage will be generated. The change could be produced by changing
the magnetic field strength, moving a magnet toward or away from the coil, moving the
coll into or out of the magnetic field, and rotating the coil relative to the magnet.

The induced Voltage (Emf) is given by the Equation 3.1:

A¢

25 Sehir

(3.1)

where

N is the number of turns;

¢ = BA is the Magnetic flux;
B is the magnetic field; and

A is the area perpendicular to the magnetic field.
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Figure 3-4: Free piston stirling cooler unit showing a linear motor [7]

Figure 3-5: Linear compressor for domestic applications [6]
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At a given rate of change of the flux through the coil, the voltage generated is pro-
portional to the number of turns N which the flux penetrates. The minus sign (Lenz
Law) means, that when an emf is generated by a change in magnetic flux, according to
Faraday’s Law, the polarity of the induced emf is such that it produces a current where

the magnetic field opposes the change which produces it.

|

Figure 3-6: Emf induced in a solenoid when the magnet is pushed through

Figure 3-7: A typical emf waveform produced when a magnet is passed through the
solenoid

From Equation 3.1, it can be deduced that if the solenoid is supplied with voltage
and the magnet is placed inside, the magnetic field will be generated in a solenoid, and
therefore, either repel or attract the magnet depending on the direction of current flowing
and the orientation of the magnet, as shown in Figure 3-8.

Figure 3-8 shows the fundamental principles of a linear motor. By supplying an AC

voltage to the solenoid, the reciprocating motion of the magnet will be achieved, provided
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Figure 3-8: The magnet inside the solenoid reciprocating when the AC is applied

the magnet is driven at the right frequency and the solenoid is blocked on both sides to
prevent the magnet from falling out. In order to achieve excessive driving forces, rare

earth magnets (permanent magnets) were chosen.
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Chapter 4

Rare earth magnets

4.1 History

Rare earth magnets are made from intermetallic compounds that include one or more
rare earth elements. When the periodicity of elements was recognized, the periodic table
of elements was created. Since there were spaces for elements which had not yet been
discovered, they were called the rare earths. However, they are not rare and they are not
earths. The missing elements were later discovered and were found to be metals [1].
Rare earth magnets, Neodymium Iron Boron (NdFeB) is a kind of magnetic material
developed in the 1980’s with excellent magnetic characteristics in terms of a high energy

product, and high coercive force. They are also known as permanent magnets.

4.2 Applications of rare earth magnets

With excellent magnet characteristics, abundant raw material and relatively low cost, Nd-
FeB magnets are under rapid development and wide application. They are replacing the
traditional magnets of ferrite and AINiCo. The applications include consumer electronics,
computer peripherals, acoustics, magnetic resonance, biomedical and automation.
Depending on the particular application, the magnets can be selected according to

their particular properties, as shown in Table 4.1.

24



Rare earth magnets

Table 4.1: Characteristics of permanent magnets

Material (BH)max (MGOe) | Hci (KOe) | Max.  oper- | Coefficient
: ating temper- | of  thermal
ature (°C) expansion
(/K)
Flexible Ceramic =2 <3 100 -
Hard Ceramic <4 <3 280 13
AINiCo <10 =2 250 114
NdFeB(Bonded) <10 <10 125 60-80
NdFeB(Sintered) <45 <30 180 3.4
SmCo(Bonded) <12 <8 150 60.85
SmCo(Sintered) <30 2 250 9

From Table 4.1, it can be deduced that bonded magnets have a lower maximum energy
product because the permanent magnetic materials are powered and mixed with plastic
or rubber and is molded. Bonded magnets can be easily processed into any shape and
can be formed into a single piece with other parts but since the proportion of magnetic
material within the total volume is less, their magnetic force is reduced to the same
degree.

Sintered magnets are a type of ceramic composed of the compressed powder of the al-
loy material being used. Sintering involves the compaction of fine alloy powder (magnetic
material) in a die and then fusing the powder into a solid material. While the sintered
magnets are solid, their physical properties are more similar to a ceramic and are easily

broken and chipped.

4.3 The BH curve

The basis of magnet design is the BH curve, which characterizes each magnet material.
This curve describes the cycling of a magnet in a closed circuit as it is brought to satu-
ration, demagnetized, saturated in the opposite direction, and then demagnetized again
under the influence of an external magnetic field.

The second quadrant of the BH curve, commonly referred to as the “demagnetizing
curve”, describes the conditions under which permanent magnets are used in practice.

The three most important characteristics of the BH curve are the points at which it
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Figure 4-1: A typical second quadrant of the BH curve of a permanent magnet

intersects the B and H axes. The points at which the B and H are at maximum, is the
Maximum Energy product of the magnet (BHmax).

Magnet Quality (BHmax): The quality of magnetic materials is best stated by the
Maximum Energy Product (BHmax), measured in MegaGauss Oersted MGOe or kilo-
joules per cubic metre k.J/m? (1 MGOe =7.958 kJ/m?). Tt is the maximum product
of the flux density and field intensity along the magnet demagnetization curve. Even
though this product has units of energy, it is not actual stored magnet energy, but a
qualitative measure of a magnet’s performance capability in a magnetic circuit [18] [1].

Residual flux density (Br) is the flux density, which corresponds to zero magnetizing
force in a magnetic material after saturation in a closed circuit, while coercive force (He)
is equal to the demagnetizing force required to reduce residual induction to zero in a

magnetic field, after being magnetized to saturation.

For this thesis, the NdFeB grade N35 rare earth magnets were selected for the de-
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velopment of the linear motor, owing to its high energy product and coercive force.
The residual flux density (Br) and coercive force (He) is 12.2KG (1.22T) and 12KOe
(955kA /m) respectively. The N35 permanent magnet has a maximum energy product
of 35MGOe (278.9 kJ/m?). For the designed linear motor the rare earth magnet is the

moving part. The magnet is 22mm in diameter and is 25 mm long and zinc coated.

Figure 4-2: Zinc coated NdFeB magnet

4.4 Characteristics of rare earth magnet

There are two types of stabilities that are of prime interest in the application of mag-
nets. Firstly, the magnets should retain their physical integrity when exposed to adverse
operating conditions. Secondly, the magnetic properties of the magnet should remain
constant after exposure to corrosive environments. It is well known that the magnetic
properties of the magnets are harmfully affected when they are corroded, particularly,
when the acidic environment is highly corrosive, and hence, the necessity to stabilise

magnets in such environments [17].

There are a number of characteristics of rare earth magnets but for the purpose of

this thesis, only characteristics that affect the implementation of these magnets, will be

discussed.
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4.4.1 Thermal stability

Thermal expansion of permanent magnets depend on the manufacturing process, whether
it is bonded or sintered. Sintered magnets have a lower coefficient of expansion than
bonded magnets [20]. This is the reason why sintered permanent magnets were chosen

for this project. Temperature effects fall into three categories

° Reversible losses;
° Irreversible, but recoverable, losses; and
° Irreversible and unrecoverable losses.

Irreversible losses occur only once. If a thermal cycle is repeated, little or no additional

loss is observed because a domain can only be reversed once it is magnetized [36].

Reversible losses

These are losses that are recovered when the magnet returns to its original temperature.
Reversible losses cannot be eliminated by magnet stabilization and they are described
by two temperature coefficients, namely o and 3. Alpha is the reversible temperature
coefficient of remanent flux density B, and beta is the reversible temperature coefficient
of coercive force H;, as defined in the following 4.1 and 4.2 equations, whilst T is the

temperature.

v (é) (iﬁ’) X 100% (4.1)

{ AH;
7= (1) (B x o )

The temperature coefficient of H,;, 3, is generally much larger in magnitude than «, by

as much as a factor of twenty. When the temperature of a magnetized magnet 1s changed
from room temperature T; to a high temperature T,, the fluctuation of the magnetic
moment, due to thermal energy, changes the demagnetization curve, as in Figure 4-3.

Accompanying this, the remanent flux density B, and coercive force H.; decreases.

28



Rare earth magnets

Figure 4-3: Demagnetization curve shifting because of thermal energy changes

Irreversible, but recoverable, losses

These losses are defined as partial demagnetization of the magnet because of exposure
to high or low temperatures. These losses are only recoverable by remagnetization and
are not recovered when the temperature returns to its original value. These losses occur
when the operating point of the magnet falls below the "knee" of the demagnetization
curve [4]. An efficient rare earth magnet design should have a magnetic circuit, in which
the magnet operates at a permeance coefficient above the knee of the demagnetization
curve at expected elevated temperatures. This will prevent performance variations at
lifted temperatures.

The demagnetization curve in Figure 4-4 for a certain magnet at room temperature is
(1) and the demagnetization curve for the same magnet at a higher temperature, is (2):
If the usage permeance coefficient for that magnet is p1, then its working point is shifted
temporarily from Point a to Point b by a higher temperature but is returned to Point a
by cooling (reversible flux loss). However, if the usage permeance coefficient is p2, the
working point, which had been at Point a, is shifted by higher temperatures to Point b,
which is below the knee of the curve. In this case, the working point that has shifted,

does not return to its original Point a even when the magnet is cooled, but rather only
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Figure 4-4: Irreversible losses shown by demagnetization curve [4]

recovers to Point c¢. The resulting flux loss a-c is called the initial flux loss. The degree

of this initial flux loss, the same as for reversible the flux loss, is determined by the type

of rare earth magnet, the usage temperature, and the usage permeance coefficient.

Irreversible and unrecoverable losses

Metallurgical changes occur in magnets that are exposed to high temperatures and are
not recoverable by remagnetization. Partially demagnetizing a magnet by exposure to
elevated temperatures in a controlled manner, stabilizes the magnet with respect to

temperature. The slight reduction in flux density improves magnetic stability because

4.4.2 Time

domains with low commitment to orientation, are the first to lose the orientation [5].

The effect of time on modern, permanent magnets is minimal. Studies have shown that
permanent magnets will see changes immediately after magnetization. These changes,

known as "magnetic creep", occur as less stable domains are affected by fluctuations in

thermal or magnetic energy, even in a thermally stable environment. This variation is

30



Rare earth magnets

reduced as the number of unstable domains decrease. Rare earth magnets are not as

likely to experience this effect because of their extremely high coercivities.

4.4.3 Reluctance changes

These changes occur when a magnet is subjected to permeance changes, such as changes
in air gap dimensions during operation. These changes will change the reluctance of
the circuit, and may cause the magnet’s operating point to fall below the knee of the
curve, causing partial and/or irreversible losses. The extent of these losses depend on
the material properties and the extent of the permeance change. Stabilization may be

achieved by pre-exposure of the magnet to the expected reluctance changes.

4.4.4 Shock, stress and vibration

Below destructive limits, these effects are minor on modern magnet materials. However,
rigid magnet materials are brittle in nature, and can easily be damaged or chipped by
improper handling. Samarium Cobalt, in particular, is a fragile material and special
handling precautions should be taken to avoid damage. Thermal shock when Ceramics
and Samarium Cobalt magnets are exposed to high temperature gradients, can cause

fractures within the material and should be avoided.

4.4.5 Coating

Neodymium Iron Boron magnets are susceptible to corrosion and consideration should
be given to the operating environment to determine if coating is necessary. Nickel or tin
plating may be used for Neodymium Iron Boron magnets, however, the material should be
properly prepared and the plating process properly controlled so that successful plating
can occur. Plating houses experienced in the plating of NdFeB materials are difficult to
locate, and must be furnished with the necessary information for proper preparation and
control of the process. Aluminum chromate or cadmium chromate vacuum deposition
has been successfully tested, with coating thickness as low as 12.7 pm. Teflon and other

organic coatings are relatively inexpensive and have also been successfully tested [5]. A
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further option for critical applications is to apply two types of protective coatings or to

encase the magnet in stainless steel or other housing, to reduce the chances of corrosion.

4.5 Magnetization

Permanent magnet materials are believed to be composed of small regions or "domains",
each of which exhibit a net magnetic moment. An unmagnetized magnet will possess
domains that are randomly oriented with respect to each other, providing a net magnetic
moment of zero [5]. Thus, a magnet, when demagnetized, is only demagnetized from the
observer’s point of view. Magnetizing fields serve to align randomly oriented domains to

give a net, externally observable field.

Figure 4-5: Different stages of the magnetization process

The objective of magnetization is initially to magnetize a magnet to saturation, even
if it will later be slightly demagnetized for stabilization purposes. Saturating the magnet
and then demagnetizing it in a controlled manner, ensures that the domains with the least
commitment to orientation will be the first to lose their orientation, thereby leading to a
more stable magnet. Not achieving saturation, on the other hand, leads to orientation

of only the most weakly committed domains, hence leading to a less stable magnet.
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4.5.1 Two common types of magnetization

The two common types of the magnetization process are the DC and capacitor discharge

magnetizers.

DC magnetizers

DC magnetizers employ large coils through which a current is applied for a short duration
by closing a switch. The current flowing through the coil produces a magnetic field, which
1s usually directed by the use of iron cores and pole pieces, with magnets placed in the
gap between the pole pieces. DC magnetizers are only practical for magnetizing Alnico
materials, which have a low magnetizing force requirement, or small sections of Ceramic

materials.

Magnet

lron core
piece

Coll with iron core

ve-'"‘f”

Figure 4-6: DC Magnetizer

Capacitor discharge magnetizers

Capacitor discharge magnetizers employ capacitor banks that are charged and then dis-
charged through a coil. Extremely high magnetizing fields (in the range of 100 KOe) can

be achieved by using special coils and power supplies.
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Chapter 5

Plastic technology

In order for the two magnetic fields of the coils and rare earth magnet to interact properly
to work as a linear motor and produce the reciprocating motion, non electrically con-
ducting material should be used. This will avoid the production of Eddy currents, which
will produce a lot of heat because of induction heating if the metal is used. Therefore,
plastic material is required.

The selected permanent magnets (NdFeB) are only available in particular dimensions
from manufacturers as is the plastic piping, therefore, the plastic pipe should be made to
fit the magnet so that there is a little air gap between the magnet and the coils because
the coils have to be wound over the plastic pipe. There are various processes of producing
different shapes of thermoplastics or polymers, namely casting, machining and injection
moulding.

There are basic properties of plastics, which are desired for the better performance of

the linear compressor:

e Low coefficient of friction to reduce wear;

High tensile strength to withstand compression;

e Low coefficient of thermal expansion;

High temperature resistance; and

Resistance to mineral oils and solvents (resistance to refrigerants).
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5.1 Plastic machining

5.1.1 Acetal

After looking at most of the available plastic materials with the desired properties and
affordability, the acetal plastic was chosen. Acetals have a unique balance of physics
properties not available with metals and most other plastics. Acetals absorb a min-
imal amount of moisture and their physical properties remain constant in a variety of
environments. Low moisture absorption provides excellent dimensional stability for close-
tolerance machined parts. Acetals are produced from copolymer and homopolymer resins,
which provide a high modulus of elasticity coupled with strength, stiffness and tough-
ness. They are also characterized by a low coefficient of friction and have good bearing

characteristics [27].

Typical properties

e Easily machined;

Good abrasion resistance;

Excellent dimensional stability;

High natural lubricity;

e Iigh mechanical strength;

High rigidity; and

Low moisture absorption.

5.1.2  Advantages of plastic machining

Plastic machining offers several distinct advantages over moulding for low volume pro-

duction, which include:

e Zero up-front tooling costs;
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e Drastically reduced lead-times;
e Close tolerances;
e Plastic machining is perfect for R&D and prototypes; and

e Part design can be altered cost effectively.

5.2 Plastic casting

Casting is a process by which a material is introduced into a mould while it is liquid,
allowed to solidify in the shape inside the mould, and then removed producing a fabricated
object, part, or casing. Casting is often used for creating one or more copies of an
original piece of three-dimensional artwork. It is also used extensively in the automobile

manufacturing industry, such as the casting of engine blocks or cylinder heads.

5.2.1 Vacuum casting

Amongst different types of plastic casting, vacuum casting was preferred because of
its advantages towards the desired design. Similar to traditional casting processes, the
vacuum casting process involves the pouring of a liquid (typically a polyurethane plastic),
into a moulded form that is pieced together along a parting line. There are several unique
aspects and advantages to the vacuum casting process that make it ideal for use in rapid
prototyping. The process is made up of three production steps: mould making, part
pouring, and the curing process, which includes the post cure finishing.

The primary advantage of the vacuum casting process is its low cost. Compared with
traditional, working, prototyping development processes, a vacuum cast urethane part
is less expensive with a quicker turn around and reworking flexibility. Silicone rubber
moulds produce excellent reproductions of patterned details, while allowing for easy de-
moulding of especially complex pieces.

Vacuum cast moulds are made of various grades of silicone rubber. The rubber

encloses a form that is cast from a pattern. Patterns can be production parts. Silicone
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rubber moulds generally contain several similar features. The pattern (pre-casting) is
taped, gated, vented and suspended. The tape is placed on the pattern typically along a
continuous edge or surface. The pattern is taped to allow for repeated separation of the
mould and clean parts with no apparent "witness" line. The pattern is also connected to
a sprue and gate arrangement that allows the liquid urethane mixture to fill the cast form
completely and efficiently. As parts are poured into the mould, liquid plastic displaces air
in the form cavity to fill the part. Moulded patterns are vented to allow for the complete
displacement of bubbles and the indication of a complete filling of the mould. Once

venting is completed, the pattern is suspended in an appropriately-sized mould box.

As with the urethane plastics, the mould rubber is a two-part resin/hardener mixture.
The vacuumed mixture is then poured, filling the mould box around the pattern. Once
cured, the rubber sections of the mould can be cut away from the pattern and the mould

used to pour pieces.

To produce a casting, a two-part polyurethane mixture is poured into the mould
cavity under vacuum. On the average, one silicone rubber mould can produce about 25
urethane pieces, varying slightly, depending on the geometry of the pattern. The vacuum,
created by the casting machine’s pump, eliminates air from both the liquid plastic and
the mould cavity. Once fully combined, the mixture is carried from a material chamber to
a mould chamber through tubing by gravity. Mixing time, mixing speed and temperature

of the polyurethane, are all factors in the cure time and shrink rate of the cure part.

Fastcast polyurethane

Polyurethane was used for casting the motor enclosure. It has a low coefficient of friction,
resistant to organic solvents and it can withstand higher temperatures. It is available in
two liquid mixtures (Type A and B), which are mixed in a one-to-one ratio when casting.
Type A is polyol and type B is isocyanate. Casting was found to be an ideal process

because of its low cost and the whole coils of the linear motor can be embedded in plastic.
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Casting Procedure

During the casting process, there were two major goals: firstly, to cast the sleeve together
with the coils inserted and, secondly, to place the coils as close as possible to the inner
diameter (i.e. closer to the magnet), in order to reduce an air gap.

) Step 1: The coils are lightly wound around the 22.00 mm diameter and 80 mm
long mild steel rod. The rod’s diameter is 0.25 mm bigger than the permanent magnet.
Ideally the rod should be the same as the permanent magnet but because polyurethane
contracts when it sets, the 0.25 mm would allow for shrinkage.

Figure 5-1: Coils wound around the rod, ready to be placed inside the silicone mould for
casting

. Step 2: The rod, with coils, is placed upright inside the silicone mould. The
two part silicone mould is joined and taped together with the rod and coils inside the
silicone mould and then placed inside the vacuum chamber.

@ Step 3: The two mixtures are measured and stirred separately inside the vacuum
chamber to remove air bubbles, then the two mixtures are mixed and poured inside the
vacuum chamber by the mechanism. The part will cure after 20 minutes.

5 Step 4: Finally, the two silicone mould parts will be separated and the product
removed. The rod will be removed leaving a tubular cylinder with coils embedded inside,

as shown in Figures 5-2 and 77.
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Figure 5-2: The end product after vacuum casting
5.3 Injection moulding

Injection moulding is a manufacturing technique for making parts made of plastic ma-
terial. Molten plastic is injected at high pressure into a mould, which is the inverse of
the desired shape. The mould is made by a mouldmaker from metal, usually either steel
or aluminum, and precision-machined to form the features of the desired part. Injection
moulding is widely used for manufacturing a variety of parts from the smallest component
to entire body panels of cars.

The resin, or raw material for injection moulding, is usually in pellet form, and is
melted by heat and pressure shortly before being injected into the mould. The channels
through which the plastic flows toward the chamber will also solidify, forming an attached
frame. The quality of the moulded part depends on the quality of the mould, the care
taken during the moulding process, and upon details of the design of the part itself. It
is essential that the molten resin be at just the right pressure and temperature, so that
it flows easily to all parts of the mould.

Moulds are very expensive to manufacture, therefore, they are usually only used in
mass production when thousands of parts are produced. Moulds are typically constructed
from hardened steel or aluminum. The choice of material used to build a mould is
primarily one of economics. Steel moulds generally cost more to construct but their
longer lifespan will offset the high initial cost over the higher number of parts made in

the mould before it wears out.
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Chapter 6

Design implementation

6.1 Design background

The initial approach to the project was to develop a compressor that will be able to draw
air from an atmosphere and compress it. Future work will include designing a linear

compressor for vapour compression.

6.2 Design considerations

The proposed linear motor compressor is planned to be cost effective by designing the
motor with as little components and materials as possible. Therefore, one of the ad-
vantages is that the permanent magnet is used as a secondary (rotor for rotary motor)
for the linear motor and the magnet itself, being solid cylindrical, is used as free piston,

which is the only moving part.

6.2.1 Permanent magnet

The permanent magnet has a maximum energy product greater than 45 MGOe (360
kJ/m?), which is the maximum energy that a permanent magnet can supply to an
external magnetic circuit when operating in demagnetization. The larger the BHmax,

the more energy a permanent magnet can convert in the energy conversion process as a
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reversible medium, while it is still in a stabilized condition.

6.2.2 Airgap

An airgap plays an important role in magnetic circuits because even the elementary
physics state that the magnetic field of a magnetic dipole, is approximately proportional
to the inverse cube of the distance from the dipole. Therefore, if the distance from the
magnet is doubled, the magnetic field strength will be reduced (roughly) by a factor of
8 [3]. As a result, when designing a linear compressor, an airgap should be kept to a

minimum in order to produce more force.

210

200+

&
€]
U T

P

i

160
140

T

O Percentage thryst

o

i

120}-10

ntcge current

“00F-80

H
(@]

oerce
ol
(&)
= e o
|
|

! v thrust

i 20

T

R

3 3 —

1
1

argep, mm

Figure 6-1: Effect of airgap on thrust and line current [21]

6.2.3 Driving coils

The driving coils will provide the external magnetic circuit to the permanent magnet in
a linear compressor. This external magnetic circuit can supply enough force to compress

air in a compression chamber of the linear compressor to the desired pressure.
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6.2.4 Plastic enclosure

As mentioned earlier, there are different types of processes involved in developing a plastic
enclosure particular care was taken in selecting the process and type of plastic material
to be used for the linear compressor. The plastic materials were chosen with regard to
the desired properties of the plastic material to work in a compressor environment, as
the primary objective of this thesis is to develop a low cost product, when selecting, cost

was also taken into consideration.

6.2.5 Driving circuitry

The criteria used when selecting electronic components was to source low cost components
and surface-mount components to keep a minimum size of the printed circuit board. In
this way, the entire compressor physical magnitude will be kept small and compact. More

details on circuits are found in chapter 7.

6.2.6 Forces produced

There is a force produced when a current carrying conductor is passed through a magnetic

field. The direction of this force is determined by the Fleming’s left hand rule.

_ <<< :

e E:{:‘M""‘ ——— resulting field
field due to m:u?:'l‘nr
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Figure 6-2: Force on the conductor shown when passed through the field

F = Bil

where
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F'is force on current carrying conductor;

7 is current in a conductor; and

[ is the length of the wire.

The force mentioned above is the force on the conductors, therefore, the actual force
that will cause the permanent magnet to move will result in an opposite direction because
of Newton’s third law. It states that for every action, there is an equal and opposite

reaction.

6.3 First prototype

Acetal plastic was used for the first prototype. The machined acetal enclosure comprises
of two slots for the coils and a precision drilled hole in the middle. The cavity (hole) is

used as a cylinder for the piston (permanent magnet), as shown in Figure 6-3.

Figure 6-3: Sectional drawing of the machined acetal material for the compressor at 1:1
scale
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6.3.1 Coils winding

The two driving coils were wound onto the slots of the acetal casing, using a coil winding

machine. These coils were connected in a parallel opposing manner.

6.3.2 Laminations

In order to strengthen the magnetic path, the laminations that are 0.5 mm thick were
slotted along the enclosure. This ensures that the flux around the coils and the perma-

nent magnet is contained.

Figure 6-4: Side view of acetal enclosure showing the slotted steel laminations

Figure 6-5: Laminations used for containing flux path
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6.3.3 Valve housing inserts

When the piston reciprocates inside the cylinder in a sealing manner so that compression
may occur, end pieces should be bonded on both ends of the cavity. These end pieces
should incorporate inlet and outlet valves on both ends. Different types of valves were
explored and the suitable valve type chosen were the pressure dependant valves because

they can be cost-effectively produced.

6.3.4 Problems

The problems encountered with the first prototype was that the moving magnet tends
to get stuck between the coil in Figure 6-6a. As a result, the solution was to design a
coil in such a way that there is always a maximum force produced at any position of the

magnet, as shown in the second prototype.

Flux lines

Figure 6-6: a) Permanent magnet got stuck between the coil, .i.e. no force; b) maximum
force being produced

6.4 Second prototype

There were a few difficulties encountered with the first prototype, namely:

e Since long strokes were desired for better performance, as a result, the coils’ struc-

ture did not work properly in the sense that the permanent magnet tended to get
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stuck on either side of the chamber where the exciting field flux cannot reach the

permanent magnet.

e The acetal material was machined, therefore, the airgap could not be reduced fur-
ther, as desired, because the coil slots cannot be machined down to under a two

millimetre thickness, otherwise the acetal would break.

The plastic manufacturing process that was suitable for the desired coils’ structure

was the vacuum casting.

6.4.1 Improved coil structure

The improved coil structure was a simple configuration. The fact that one half of a coil
was the same distance as the magnet with one backing iron and the other half vice versa,
made it possible to have a constant force throughout the coil. This configuration made
1t easy to be driven with a simple half bridge, whereby a current in one polarity causes a
force in one direction, and vice versa, as shown in Figure 6-7. This is a point of ingenuity
in this design, which allows a simple and cost effective driving circuitry because most
linear motors require many phases with sensing and control ciruitry to drive the coils in
phase. This design has eliminated all of the above mentioned, and allowed the researcher

to build a simple and cost effective drive circuitry.

6.4.2 Maximizing the stroke length

Maximum stroke length is of the utmost importance because higher volumetric efficiency
can be reached. This means that there will be less residual volume during the gas
discharge stage. The maximum stroke length is achieved by making the length of one
driving coil the same distance as the permanent magnet (piston), plus one backing iron,

as shown in Figure 6-8. The maximum stroke length was found to be 25 mm.
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Permanent
magnet -=-—
direction

= is current into the page
= is current away from the page

F is force on current carrying conductor
B is the magnetic field

Figure 6-7: Force generated at the pole face of the permanent magnet

| Coil length (&) Coil length (B)
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Backing iron

Figure 6-8: Maximum stroke length
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6.4.3 Vacuum casting

The casing was processed through straight casting with the new set of coils configuration.
This process was suitable because the airgap was able to be kept at a minimum which
means greater forces were generated, however, around the inner walls of the cavity, there
were voids, which were caused by air bubbles left during the casting process. These
voids cause a poor performance of the compression process because the piston cannot
seal properly as it moves along the cylinder. In order to avoid the voids, vacuum casting
(explained in detail in chapter 5) was successfully used because all the air bubbles were

removed.

Figure 6-9: The half sectional drawing of the casing done through vacuum casting with
coils embedded

6.4.4 Valve design

Since the compressor is double acting, which means it has two chambers, it compresses
air on one chamber while drawing air in on the other chamber, and the opposite happens
in the next half cycle. Initially, the valves were made of machined acetal material but
due to the limited space and complexity of the machining needed on the piece, it was

difficult to do. As a result, brass was the second option because it is not magnetic. The
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brass will not become heated due to induction heating as the brass pieces are situated

outside the solenoid, (i.e. on both sides of the casing).

Stainless steel ball
valve seat

8 Inlet holes

Figure 6-10: An end piece consisting of inlet and outlet valves

Operation

The operation discussed here relates on valves on one half of the linear compressor because
in terms of valves functioning, whatever happens on one side of the linear compressor,
the opposite occurs on the other side. The outlet pipes (high pressure pipes) on both
sides of the compressor are connected through male connectors to the compressor and
these outlet pipes are joined together to form one high pressure outlet pipe. The inlet
valve consists of a silicone flap, while the outlet valve comprises of a stainless steel ball,
as shown in Figure 6-11. When the permanent magnet moves towards the end piece
(compressing), the silicone flap (suction valve) closes the 8 inlet holes while the stainless

steel ball discharge valve is still in a closed position until the pressure inside the chamber
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1s more than the pressure inside the outlet pipe.
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Figure 6-11: A daigram showing the operation of the valves

Initially, the end pieces were threaded onto the compressor (casing) but gradually, the
threads tended to wear out. As a result, the end pieces were clamped onto the casing.

The O-rings were used for sealing.

6.4.5 Backing iron

In order to contain the flux path of the permanent magnet, backing iron discs were
attached at each end of the magnet. These backing iron discs have the same diameter as
the permanent magnet but are 5mm thick. This thickness was determined empirically
by measuring what thickness of mild steel is required to completely contain all the flux
in a semi closed loop. The 0.5 mm mild steel laminations were added gradually on top of

the permanent magnet’s pole until there was no residual magnetic field left.

6.4.6 Magnetic materials

In future work, in order to contain the flux in a closed loop of least reluctance, the ferrite
or iron powder will be bonded with the thermoplastics during the vacuum casting of the

casing. As a result, the flux path from the permanent magnet will be contained from
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Figure 6-12: a) Permanent magnet with the backing iron to contain the flux in order to
exert more force on the conductors; b) Permanent magnet without backing iron

the backing iron attached at the magnet to the ferrite and back to the magnet through

another backing iron, as shown in Figure 6-13.

Magnetic material {e.g. ferrite or
. iron powder) bonded with plastic
Flux line | material
-

Figure 6-13: Flux contained in a closed loop

6.5 Permanent magnet calculations

6.5.1 Force

The calculation of force produced in a current carrying conductor:
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F = Bil (6.1)

where

B is the magnetic flux density;
1 1s current in a conductor; and
[ is the length of the conductor.

B is unknown, therefore, to calculate the magnetic field from the backing iron attached

to the magnets:

s
Il
SRS

(6.2)

where
¢ is the flux; and
A is the cross-sectional area.

Substitute equation 6.2 in 6.1 to get:

F:2<Z>mz (6.3)

where
n is number of turns; and
2 is for number of poles.

Area is calculated as follows:

_ Been thicknase

Figure 6-14: The permanent magnet with the backing irons
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A = md X thickness

A =7 x0.022 x .005
= 3.46 x 10~* m?

Figure 6-15: A cut sectional-drawing of a magnet with the interacting wires, which
produces external flux

n is approximately 3 turns over a pole and [ is the circumference (7d), which is
0.069 m.

The current is assumed to be 1 A;

The only unknown in equation 6.3 besides force, is ¢.

The magnetic flux density of the type of permanent magnet used on this design is
1.22 T from its data sheet. This flux density may not be used in the calculations because
the flux exits on the magnet from the sides of the backing iron, and not on the face of
the magnet.

The area (surface area on a pole face) of this type of permanent magnet is:

A =09 _38x104m?
Therefore, the resultant flux is:
o= 1.22T % 38 x 10" m?
= 0.464 mWb
Since the backing irons are attached to the magnet, the resultant flux density is

calculated as:
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B= 0.464 mWb
T 3.46x10—4m?2

= 34T
Note: area used is for the backing iron because that is where the flux exits the magnet.

F=2x134T x1A x3x0.069m

=0.55N



Chapter 7

Circuit design

The complete circuitry system designed to drive a linear compressor consists of various
circuits. The system comprises of a micro controller for driving signals and the feedback,

driving circuit.

Micro- Full-bridge Driving M bud |
controller ‘ é | inverter Sk | coils

k.

Position /3\
sensing / | \

A

Figure 7-1: A block diagram of the complete permanent magnet piston compressor system

7.1 Full-bridge inverter

The full-bridge inverter was chosen over the half-bridge inverter mainly because the linear
motor is driven at a low frequency. Therefore, the matching capacitors’ value needed if
it was driven by the half-bridge inverter, will be big in value, physical size and cost.

The full-bridge inverter comprises of four semiconductor switches known as MOS-
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Figure 7-2: a) Full-bridge inverter; b) Half-bridge inverter with C; and Cpas the matching
capacitors

FETs. M; and My are switched ON at the same time while M3 and M, are OFF. The
current flows from the DC bus through M; and M, to ground in one half cycle. M3 and
M, are switched ON while M; and M, are OFF and thus current follows through M3 and
M, for the next half cycle.

The MOSFETs (IPBO3NO3LA) used for the full bridge were the DPak package
(TO263 package) from Infineon technologies. These MOSFETS can handle up to a max-
imum of 80A of drain current with the low on-resistance Rps(on) of 2.7mf2. They do not
need a heatsink to deliver the high current as they only need a 6¢ m? pad size on a PCB.
The above mentioned advantages make this device an obvious choice because the size of
the PCB is kept to a minimum.

The drain to source voltage is 25V, which is within the specifications of the circuit.

In this linear motor, the current is directly proportional to the force produced.

7.1.1 MOSFET drivers

LM5100 is the MOSFET driver selected. It drives both the high and low side of the N-
channel MOSFET and it has independent high and low driver logic inputs. Its logic input
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makes it compatible to be controlled using a microcontroller. This device is available in

standard SO-8 and LLP-10 packages.

7.1.2 Control signal generation

The signals for driving were generated using the ATmega8 (Atmel). This device is a low-
power CMOS 8-bit microcontroller. Atmel’s new controller family is designed to offer
high speed and low power consumption at a lower cost. It is available in PDIP, TQFP
and MLF packages.
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Figure 7-3: Circuit diagram for driving the permanent magnet piston compressor

7.2 Linear motor driven on open-loop mode

Initially, the linear motor was driven on open-loop, which means no feedback for position
control. The 50% duty cycle signals were generated using the microcontroller with a fixed
deadtime of 4ms. A deadtime is a time when the two driving signals are off at the same
time to avoid the MOSFETSs from switching on at the same time and, thus, MOSFETSs

may not be blown, as shown in Figure 7-6.
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Figure 7-4: Signals generated using the Atmel microcontroller

The frequency is varied by pressing the push-button in pin 2 and 3.

Figure 7-5: The 2 driving signals, which are 180 ° out of phase
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Figure 7-6: A fixed deadtime of 4ms in driving signals
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Chapter 8

Results and discussion

8.1 Permanent magnet free piston compressor

It should be reiterated again that this thesis was mainly a proof of concept. The aim
was simply to try and prove that our novel permanent magnet free piston compressor
(PMFPC) concept could possibly work. To this extent, the concept was proved ade-

quately at low pressures and low volumes.

8.2 Pressure and Flow rate

The flow rate of the PMFPC at zero pressure was measured empirically through the

following procedure:
e 5Litre bucket full of water.

1.5Litre bottle filled with water from the 5Litre bucket then turned upside down.

e This 1.5Litre bottle was held at the surface (water level) of the 5Litre bucket so

that the mouth of the bottle is slightly immersed in water.

The high pressure outlet of the PMFPC is inserted in a bottle.

As the PMFPC is turned on, the stopwatch is used to time how long it took for the

bottle to empty onto the bucket and with the known volume of water in a bottle,
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Figure 8-1: Pressure vs flow rate graph

the flow rate was therefore calculated.

The pressure measurements were obtained using a Digital Manometer.

Although this pressure/volume is not sufficient for a real refrigerator, these results

were considered more than adequate as proof of concept for this thesis. The final chapter

discusses further work to take this concept further.

8.3 Force

After designing the linear motor, the important parameter that needed to be measured
was the force. As a result, the measured force compared with the calculated force. The
force was empirically measured by attaching the string from a permanent magnet of the
linear motor via the bearing to the spring balance. The bearing was used because the
spring balance is used vertically for accuracy. The DC current is applied to the linear

motor so that it pulls the spring balance resulting in the force being recorded.
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Figure 8-3: A complete compressor with the driving circuitry
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Figure 8-4: A compressor in action, shown by pumping compressed air through water in
a bottle

There were limitations for testing higher forces due to the measuring instrument
capability. However, the motor constant which is called Figure of Merit (FOM) in linear
motor was found to be 5.1 N/ W as shown from Figure 8-7. The measuring instrument
used was a spring balance, whereby the deflection of force is shown by a slider(pointer)
along a calibrated scale. This means that for higher forces, the slider travels longer
distance, therefore, it is impossible to measure higher forces because the stroke length of

the compressor is only 25 mm.
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Figure 8-5: High pressure outlet pipe immersed in water; bubbles are produced
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Figure 8-6: thrust vs current graph
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Figure 8-7: Force vs power graph showing the Figure of Merit (FOM) at 1N to be 5.1
N/W
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Figure 8-8: Force measurement setup; the DC current is applied to the motor and the
corresponding force is read of the spring balance
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Chapter 9

Conclusion, recommendations and

future work

9.1 Conclusion

The permanent magnet piston compressor was successfully constructed, however, exper-
iments on pressure could not be performed due to the incomplete test setup, although a
high pressure outlet pipe from the permanent magnet piston compressor was immersed in
a full bottle of water for demonstration purposes, whereby intense bubbles could be seen
inside the bottle. The theoretical and experimental relationship with thrust and current
were performed, however, tests on higher forces were not conducted due to limitations
on measuring equipment.

As this thesis is the first phase of the entire project and future developments on the
project are listed in the future work section. This work is a proof of concept phase and,

as a result, it should be seen as a basis for the on-going project.

9.2 Recommendations

During the development of this project, the linear motor was found to have vast appli-
cations besides being used as a compressor. It can be used as a mechanical actuator for

position control purposes and this may replace the hydraulic actuator and it can also be
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used as an ultrasonic transducer. The other interesting application which was discovered,
is in the medical field where the compressor can be used to supply oil-free air. As a result,

1t is recommended that these other applications be explored.

9.3 Future work

The scope of the project was limited to a phase where the permanent magnet piston
compressor was designed to pump air. Therefore, the ultimate goals are to improve and
optimize the design to a stage where it is developed so that it can be used in a refrigerator
system. Initial research has been done and has shown that the project is feasible up to
the final phase as a commercial product in the refrigeration industry.

The following outlines a few areas for future development.

9.3.1 Closed loop mode

The designed compressor was only tested on open loop mode where the frequency was
varied manually with the varying load (pressure). As part of future work, the compressor
will be run on closed loop mode. The feedback signals will be obtained by a hall effect
sensor mounted on both sides of the motor. This will be done to determine the position

of the permanent magnet (piston).

9.3.2 Increasing force

Force can be increased in various ways:

Diameter reduction

The diameter of the piston needs to be decreased by at least half the size in order to
yield a higher force, as force is the product of pressure and area, therefore, this will result
in higher pressure. Again, decreasing the diameter with the same stroke will also mean
less clearance volume, which will result in better volumetric efficiency and less piston

leakage.
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Addition of iron powder or ferrite

During the formation of the enclosure (cylinder), iron powder or ferrite will be added to
the thermoplastic material. This will result in improving and containing the flux path.
The relative permeability u, of iron is 5000, therefore, this is much higher as compared

to the permeability of air, which is 1.

Increasing the number of poles

At present, linear motor has two poles, therefore, having more than two poles will yield

in higher forces.

Stronger permanent magnet

At present, there are already higher grade permanent magnets than the ones (N35) that
the researcher used in the development of a compressor, which are available on the market

which are N55 and N65.

9.3.3 Valves improvement

By improving the valve tolerances, leakage losses are decreased. Better dynamic perfor-
mance of the valves is achieved by damping their oscillation. Flapper valves made out of

stainless steel seemed to be the best set of valves in terms of performance and cost.

9.3.4 Vibration reduction

To reduce oscillation, two compressors can be constructed to work in counteraction to

one another.

9.4 Final note

The project has been successfully demonstrated as a working proof of concept of the novel

compressor. It has shown that it has potential to work as a refrigerator compressor, as well
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as other applications. It should be pursued further in terms of research and development
and could be used in personal refrigerators in the future.

During the development of this project, it won some prizes and achievements, namely:

¢ The innovative nature of this project made it possible for a patent to be filed. The
reference number for the application is V16803 and it was filed on the 18 of May
2005.

e It won first prize at a local Innovation Fund competition, which was held by the
Cape Peninsula University of Technology (CPUT) (formerly Cape Technikon) and

continued to be nominated among the top 12 projects at national level.

e This project received recognition from the SABS Prototype Awards as a project
with lots of potential but could not win any prize because it was incomplete at the

time of the competition.

e It was exhibited at an IEEE student exhibition held in Kenya and managed to
obtain second prize. This exhibition was created to create a culture of innovation

in the region of East Africa, which faces several economic and political challenges.
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Appendix A

Refrigeration calculations

A.1 Mass flow rate

To calculate the mass flow rate required for 50W cooling capacity as specified by Eskom.
COP was said to be: 2.5< COP <5. therefore asuming COP of 3.5. The refrigerant
used is R134a. The condensing temperaure 40 °Cis while the evaporating temperature is
-10°C, these temperatures correspond with 10 bar and 2 bar respectively from the p — A

diagram of R134a.

PV = mART

To calculate m from initial conditions:

Volume of the our cylinder is calculated with the stroke length of 20 mm.

__ 200x103 Pax7.604x10—6 m?
T 76.13x263 K

m

=76 % 10~ %kg/s (for our system)

Therefore for cooling capacity of 50 W x 3.5 = 175W= 175.J /s

Mass flow rate needed for 50W

h%/; = -2% = 0.851kg/s (note: hy, is correspond with -10°C from p-h

diagram.
therefore: QEELXA02 . 17 19 = frequency x no.of strokes
" 76.6x10-9 : qUENCcY X no.0j st
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Refrigeration calculations

9.9 cycles per second is the frequency need for our compressor to be able pump

the mass flow rate for 50W cooling capacity.

A.2 Power required for compression

This the power needed for one throw on one chamber upto a pint where the vapouri s

just about to be pushed out. The compression ratio is assummed to 5.

__ 76.9x10~5x76.13%263x1.166 (10) — LKl
= 1.166—1

— 2.75J

A.3 Outlet temperature

It is important to calculate the outlet temperature for adiabatic compression. An adi-
abatic compression means that all the heat of compression is retained in a gas being

compressed (no heat is added or subtracted). We assume n = k.

Tk (Pz)k’-l
i 2

Ty = [2531.166 (1._20)14166~1} e

1
k

T, =

=.330:65 K =57.7°C
Note: Final Temperature is 57.7°C which is greater than saturation temperature
(Tsat = 40°C) from the Table ?? This means the gas 1s superheated which means it

stays near perfect gas as a results all assumption are correct [16].
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Refrigeration calculations

A.4 Saturated conditions of R134a
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Appendix B

Plastic casting

B.1 Vacuum casting

B.1.1 Silicone mould

To make the silicone mould, the plastic material is machined as shown in Figure B-1.This
shape is placed into the box in such a manner that the shape is completely inside the
box, the silicone mould filled into the box. After the mould has set, it is cut into two

halves and the plastic shape is removed leaving a cavity.

Figure B-1: Shape for the mould
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Appendix C

Data sheets

C.1 MOSFETSs
C.2 MOSFET driver

C.3 Atmel

80



Data sheets

Infineon IPBO3NO3LA
s IPI03NO3LA, IPPO3NO3LA

OptilOS 2 Power-Transistor
Product Summary

Features T 76 v
.k igh-f ; N - =
fdeal for high-frequency de/de converters R o5tangmax (SMD version) 27 i

= N-channe!

s 80 A
+ Logic ievel
« Excelient gate charge x R psien product (FOM)
= Very low an-resistance R pajon

P-T0263-32 P-TO262-3-1 P-FTO220-3-1

« Superior thermal resistance

+ 175 *C operating temperature .
« dv/df rated v »
E 2 fatsi ,d’*::v’”

§¥ 5 %7

Type Package Ordering Code | Marking

IPS03NO3LA P-TC263-3-2 Q67D42-54178 | O3NO3LA

IPIGIND3LA P-T0262-3-1 QB7042-54180C | O3NC3LA

[PPO3NO3LA P-TG220-31 Qb7042-S4179 | O3NG3LA

Maximum ratings, at 7,=25 °C. unless otherwise specified

Parameter Symbal |Conditions Value Unit

Continuous drain current s Te=25°c" &0 A
T=100°C 80

Pulsed drain current Fapiee [Te=25°C2 385

Avalanche energy, single pulse Ess {c=80 A Raz=2542 960 mJ
15=80 A, Vps=20 V,

Reverse dinde dvidf dvidf  |diidt=200 Adgs, g kWips
Tims=175°C

Gate source voltage™ Vas £20 \Y

Pawer dissipation Pt Te=25°C 150 W

Operating and siorage temperature |7 Tas 55 . 175 c

IEC climatic category; DIN IEC £8-1 55/175¢56

Figure C-1:
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IPBU3NG3LA
IPIO3NO3LA, IPPC3NG3LA

Parameter Symbot [Conditions Values Unit

min. I typ. I max.

Thermal characteristics

Thermat resisiance, junction - case  |Rayc - - | KA
SMD version, device on PCB Ras minimat fostpring - - 62
& cm” coofing area” - - 40

Electrical characteristics, at 7;=25 °C, unless otherwise specified

Static characteristics

Drain-source breakdown voltage Vasose [Vas=B V. in=1 mA 25 - - W
Gate thresheld voitage Vases |Voe=Vas Io=160 pA 12 1.6 2
2 Vos=25 YV, Va=0V,
Zzra gate voliage drain current foes S 2 - a1 i pA
T=25°C
Voe=25 Y, ¥ee=0 Y,
7=325°C E ® 180
Gate-source leakage curmrent tass Vas=20 ¥, ¥oe=0V - 10 108 [nA
Drain-source on-siate resistance Rosemy |Yas=d5 V., Ip=55 A - 36 44 |me
Vas=45Y, fp=55 A,
- 3
SWMD version e e
Vas=10V, ip=h5 A - 25 30
Vas=10V, {g=h5 A, 5
SMD version ; - L
Gate resistance Ra - 09 - e
Vo 2) IR rey )
Transcanductance s i Zes A| o i 56 112 - s
=55

" Current is fimited by bondwirs; with an R ma=1 KA the chip is alde te cammy 175 A
% See figure 3

% Time=150 °C and duty cycle 5<0.25 for Vige=-6'Y

* Davice on 43 mm x 40 mm ¥ 1.5 mm epoxy PCB FR4 with 6 cm? {one fayer, 70 pm thick) copper area for drain
connection. PCB is vertical in still air.

Figure C-2:
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iPBO3NOD3LA
IPIO3NG3LA, IPPO3NO3LA

Infineon

technaiogigs

Parameter Symbel (Conditions Values Unit

min. I typ. | max.

Dynamic characteristics

Input capacitance Cies - 5283 | 7027 |pF
Output capacitance C s ;/:{;5;(‘;1\: Vos=t5 V. - 2231 2967
Reverse transfer capacitance g - 304 457
Tum-on delay time £ aieny - 18 26 |ns
Rise time £, Vog=15V, Ves=10V, - 85 13
Tura-off delay time tm |20 A ReT27Q : 45 68

Fall time t - 75 11

Gate Charge Characteristics®

Gate to source charge Qe - 18 2t |aC
Gate charge at threshoid Q g = 85 1.2

Gate to drain charge Qgs Vos=15 V, 15=40 A, - 12 18
Switching charge Q. |YesBBEY 2 20 28

Gate charge total Qg - 43 57

Gate plateau voltage V paesy - 31 - W
Gate charge total, sync. FET 5 Ve 0.1V, = 7 49 [nC

VesmBtoBY

Output charge Qoss Voo=18 V, Vas=0 ¥V - 48 64

Reverse Diode

Diade continous forward current i - - 20 |A
T¢=25°C
Diode pulse current {5 puse - - 385
. Vae=0%, (=80 A, i
Diode farward voltage Van T=25°C F= : - 396 1.2 |V

V=15V, ig=is,
Reverse recovery charge Qr dii at :QODFN:S - - 20 [nC

¥ See figure 16 for gate charge parameter definition

Figure C-3:
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& National
Semiconductor
LM5100/LM5101

General Description

The EMB100/AMS101 High Voltage Gate Drivers are de-
signed to dive both the high side and the low sids
N-Channel MOSFETS in a synchronous buck or a half bridgs
configuration. The flosting high-side driver is capable of
operaing vith supply voltages up to 106, The outputs are
independently contralled with CMOS input threshalds
{LMS100) or TTL input thresholds (LM5101). An intagratad
high veltage dicde is providad to charge the high side gats
drive bootstrap capacitar. A rohust Jevel shifter operates at
high spaed whils consuming low power and praviding clean
levst transitions from the contral logic to the high side gats
driver. Under-voltage lockout is provided on both the low
sida and the high side power rails. This devics is available in
the standard S0IC-8 pin and the LLP-10 pin packages.

Features

® [Drives both a high side and low side N-Channal
MOSFET

® Independart high and low driver logic inputs {TTL for
L5101 ar CMOS far LMS100)

High Voltage High Side and Low Side Gate Driver

January 2004

w Bootstrap supply valtage rangs up ta 118V BC

w Fast propagation times 25 ns typical)

w Drivas 1000 pF load with 15 ns rse and fall times
w Excellent propagation delay matching (3 ns typinal)
o Supply rail under-voltage lockouts

» Lows povser consumption

® Pin compatible with HIPZ1007HIP2104

Typical Applications

m Curent Fed push-pull convertars

m Half and Full Bridge power converters
# Synchronous buck convaners

» Twa swileh forvard power converters
# Forward with Active Clamp convarters

Package
a SOIC-8
® LLP-10 64 mm x 4 mmj

Simplified Block Diagram

HE

RS

FIGURE 1.

2604 Natonsl Ssmiconductce Corporstion DS:002BR

s national.com

Figure C-4:
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Data sheets

LM5100/LM5101

Connection Diagrams

Vg (3] S &) Lo Vi =1 S
He e 7] Ve HE — AV,
Sl %3 e L Ho~f 3 LLP10 8 1l
Hs {7 Ay Hs — TE—H
omsenn NG B P NC
DOREIT
FIGURE 2.
Ordering Information
Ordering Number Package Type NSC Package Drawing Supplied As
L5100/01 0 BOIC-8 MosA Shipped in anti static rails
LM510G01MX S0iC-a 1054 2500 shippad as Tape & Rasl
LMB196/01SD LLP-10 SDC10A 1000 shipped as Tape & Resl
LM51e6/0180X LLP-ig SDC1oA 4500 shipped as Tape & Resl
Pin Description
Eig N Deseripti Application Informati
e LT e escription pplication Information

d 1 VYoo Positive gate drive supply Locally desoupls fo Vg using low ESRESL capacitor locatsd
23 cloge to 1T as possibls.

2 2 HB High side gate driver Connect the positive t d of the b o cap to HE

bootatrap rail and the negative teminal fo HS. The Bootstrap capacitor
should be plare as close to 1€ as possibls.

3 8 HO High' side gats driver cutput Connect to gate of high side MOSFET with a shart low
inductance path.

4 4 HS High side MOSFET sourcs Connect to booistrap capacior negativa teminal and the

conRsction source of the high side MOSFET.

5 7 Hi High side driver contral input | The LM5160 inputs have CMOS type thrasholds. The LME101
inputs have TTL type thrasholds. Unused inputs should be
tied to ground and not Jeft open.

& 8 4] Leaw side driver control input The LM5190 inputs have CMOS type thresholds. The L5101
inputs have TTL type thresholds. Unused inputs should be
tiadd to ground and not left open.

z g Vas Groond retum A signals are referenced to this ground,

2 10 LO Low sids gate driver output Connact to the gate of the low side MOSFET with a short low
inductance path.

Hote: For LLE-1D package, itis tecommendexd that the expossd pad o the bottom of the LEG100 f LMSA04 be soldersd to sround plane on the PO boad,
and the ground plane shauld extend cut from bensath the I£ to help dissipais e heat Pina 5 and § haye fo connestion.

Figure C-5:
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Absolute Maximum Ratings ifate 1) Storage Temperature Range -65'C ta +150°C
i Military/Aerospace specified devices are required, ESD Rating HEM {Nots 23 2 k¥
please contact the National Semicond Sales Office/

Distribut £ itability and Hications. 5
e Recommended Operating

Voo to Vss -3V to +18V Conditions

Vig to Vys 0.3V to +18Y

L or Hl Inputs 0.3V ta Vpg +0.3V Voo +8V to 414V
LO Cutput 0.3V to Vg, +0.3V HS ~1V 1o 100V
HO Cutput Vs ~0.8V to Vg +0.3V HB Vg +BY 10 Vg +14V
Visto Vsg —1V to +100V HS Slew Rato < 50 Vins
Yug to Vse 1By Junction Temperatura —45°C o +125°C
dunction Temperaturs +150°C

Electrical Characteristics
Specifications in standard typeface are for T, = +25°C, and those in boldface type apply aver the full operating junction tem-
petature range. Unlass otherwise speoified, Vo = Vg = 12V, Vag = Vs = oY, o Load on LO orHO |

Symbol ] Parameter I Conditions [ Min ] Typ Max Units
SUPPLY CURRENTS
feo Voo Guiescant Currant LI = HI = oV (L5100 01 02
L = HI = 0V {LM5101) (S 04 s
laos Vo Operating Current f= 500 kHz 5 3 A
lug Tetal HB Quisscent Currant L =Hl =0v 0.06 o2 m&
o Total HB Operating Current { = B0O kHz 1.3 3 mé
fugs HE 1o Vg Current. Quinscent Ve = Vg = 100V 005 10 pa
lygso HE ta Voo Current. Oparating =500 kHz 0.08 mA
INPUT PINS
Vi Low Level Input Yoltage Threshold 3 5§ ¥
(L5100
Yy Leow Leval Input Valtage Threshald
{LME101) 0B 18 ¥
Vi High Leval Input Voltage Thrashold as s v
(LME1003
¥, High Level Input Voltage Threshold
= (LMsto1) = = \
Yivs Input Yoltage Hysteresis (LMS100; a5 Y
28 Input Pulidown Resistance 100 200 -1 ksz
UNDER VOLTAGE PROTECTION
Yons Yoo Rising Threshald 84 69 74 ¥
Yoou Voo Thrashold Hysteresis 05 Y
Vuar HE Rising Thrasheld 57 68 74 v
Yian HE Thrashold Hysterasis a4 Y
BOCT STRAP DIODE
Yo Low-Current Forward Voltaga hiopaue = 160 pA 0.8 08 v
Veni High-Cumrent Forward Valtage lypp.yp = 160 ma 0.85 11 ¥
Ry Dynamic Resistance bypoye = 100 mA 03 15 fod
LC GATE DRIVER
Yo Low-Level Cutput Yoltage fi =100 mA 0.23 0.4 A4
Your High-Level Qutput Voltags !5.3 =100 mA, o e "
Vou = Yoo—Yio
[ Paak Pullup Curent Via=0V 16 A
fow Peak Pulldown Current Yo =12V 3 A
HO GATE DRIVER
Vew | Low-Level Output Voltage [ 1o =100 mA 023 04 v
Figure C-6:
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Data sheets

Features
- High-performance. Low-power AVR ® B-bit Microcontrolier
+ RISC Architecture
— 118 Pawerful Instructions — Most Single Clock Cycie Execution
- 32 x 8 General Purpose Working Registers
- Fully Static Operation
— Up to 15 MIPS Throughput at 16 MHz
- Data and Non-vaiatile Pragrans Memory
- 2K Bytes of in-System Programmable Pregram Memory Flash
Endurance: 10,000 Write/Erase Cyciles
— 128 Bytes of In-System Programmable EEPROM
Endurance: 100,000 Write/Erase Cycles
- 128 Bytes internal SRAM
— Programming Lock for Flash Program and EEPROM Diata Security
« Peripheral Features
— B-bit TimeriCounter with Separate Prescaler
- 8-bit High-speed Timer with Separate Prescaler
2 High Frequency PWM Dutputs with Sy Gutput Comg Registers
Non-overlapping Inverted PWM Cutput Pins
- Universat Serial interface with Start Condition Detector
- 16-bit ADC
11 Single Ended Channels
8 Differential ADC Channels
7 Differentiat ADC Channel Pairs with Progransmable Gain (1x, 20x)
— On-chip Analog Comparator
— External interrupt
— Pin Change Interrupt on 11 Pins
- Programmable Watchdog Taner with Separate On-chip Oscillator
- Special Microcontrofler Features
— Low Power Idle, Noise Reduction, and Powsr-down Modes
- Power-on Reset and Pragrammable Brown-out Detection
— Externai and Internal Interrupt Sources
- In-System Programmabie via SP| Port
— Internat Calibrated RC Osciliator
* U0 and Packages
— 20-jead PDIP/SDIC; 16 Programmable 1D Lines
— 3Z-ead MLF: 16 programmable G Lines
« Operating Voltages
— 2.7V - 5.5V for ATtiny26L
— 4.5V - 5,5V for ATtiny26
« Speed Grades
— 0 - 8 MHz for ATtiny26L
— D - 16 MHz for ATtiny26
+ Power Constumption at 1 MHz, 3V and 25°C for ATtiny260L
— Active 16 MHz, 5V and 25°C: Typ 5 mA
— Active 1 MHz, 3V and 25° L 70 mA
- idle Mode § MHz. 3V and 25°C: .18 mA
— Power-down Mode: < T pA

Figure C-T7:
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Pin Configuration

PDIP/SOIC
(MAOSKDISDAGCTA) PEC L] 1 20 [T PAG (ADCD}
{MISO/DOOCTA) PBY ] 2 19[1PAT(ADCT)
{ECKISCLTTTE) P2 3 18 [ P42 (ADC2)
(C1B) PR3] 4 17 [0 PAZ (AREF}
veers 16 I GND
GNDL]B 15[ JAVCS
{(ADCTIXTALY) PB4 ] 7 14 ] PA4 (ADC3)
(ADCa/XTALZ) PBS | & 13 [ PAS (ADC4)
(ADCHINTOITO) PEE (] @ 12 [ PAB (ADCS/AING)
{ADC1O/RESET) PB7 ] 10 11 I PA7 (ADCEIAINT)
MLF Top View
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T ————— T iy 26(L)

Description

The ATtiny26(L} is a low-power CMOS 8-bit microcontrolier based on the AVR
erhanced RISC architecture. By executing powerful instructions in & single clock cycle,
the ATtny28(L) achieves throughputs approaching 1 MIPS per MHz allowing the system
designer ta optimize power consumption versus processing speed.

The AVR core combines a rich instruction set with 32 general purpose working registers.
Al the 32 registers are directly connected to the Arithmetic Logic Unit {ALU}, alfowing
two independent regisiers to be accessed in oae single instruction executed it cne clock
cycie. The resuiting architecture is more code efficient while achieving throughputs up to
ten times faster than conventional CISC micmocentrollers. The ATtiny26{L} has a high
precision ADC with up to 11 single ended channels and 8 differential channels. Seven
differential channels have an optional gain of 20x. Four out of the seven differential
channeis, which have the optionat gain. can be usad at the same time. The ATtiny26(L)
also has a high frequency 8-bit PWH module with two independent outpuis. Two of the
PWH outputs have inverted non-ovesiapping output pins ideal for synchrencus rectifica-
ticn. The Universai Serial Interface of the ATtiny2B{L) ailows efficient software
implementatior of TWi {Two-wire Seral interface) ar SM-bus interface. These features
allow for highly integrated batiery charger and lighting batlast applications, low-end ther-
mostats, and firedetectors, among other applications

The ATtiny26(L) provides 2K bytes of Flash, 128 hiytes EEPROM, 428 bytes SRAM, up
to 18 general purpose Y0 kines, 32 general purpase working registers, two 8-bit
Timer/Couanters, one with PWM outputs, intemal and extemnal Osciltators, mtemnal and
external interrupts, programmable Watchdog Timer, 11-channel, 16-bit Analog to Dagital
Converter with twa differential voliage input gain stages, and four sofiware seleciable
power saving modes. The Idie mode stops the CPU white afiowing the Times/Counters
and nterrupt system ta continue functioning. The ATtiny26(L} also has a dedicated ADC
Noise Reducticn mode for reducing the noise in ADC conversion. In this sleep mode,
only the ADC is functioning. The Power-down mods saves the register contents but
freezes the osciiators, disabling afl other chip functions until the next interrupt or hard-
ware reset. The Standby made is the same as the Power-down mode, but external
oscillatars are epabled. The wakeup or interrupt on pin change features enable the
ATtiny26(L) to be highly responsive o external evenis, stilt featuring the lowest power
censumption while in the Power-down mode.

The device is manufactured using Atma¥'s high density non-volatile memory technclogy.
By cambining an enhanced RISC &-bit CPU with Fiash or 2 monslithic chip, the

ATENY26{L | is a powerful microcontroller that provides 2 highiy flexibie and cost effec-
tive solution to many embedded control applications.
The ATtiny25(L} AVR is supported with a full suite of program and system development

toois inciuding: Macro assemblers, programy debugger'simulaters, in-cirewt emuiators,
and evaluation kits

_ﬁ 3
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Block Diagram Figure 1. The ATtiny26(L) Block Diagram
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I ——————— A T iy 26(L)

Pin Descriptions

vee D:gital supply voitage pin.
GHD Cigital ground pir.
AVCC AVCC is the supply voitage pin for Port A and the A/D Converier {ADC}. It should be

extermally connected to Vo, even if the ADC is not used. If the ADC is used, it should be
connected to ¥ through a low-pass filter. See page 77 for details on operating of the
ADC

Port A (PAT7..PAD} Port A is an 5-bit general purpose 1O port. PA7..PAD are all /0 pins that can provide
internal pull-ups {selected for sach bit). Port A has aliernate functions as analog inputs
for the ADC and analog comparator and pin change interrupt as deseribed in “Alternate
Part Functions” on page 95.

Port B (PB7..PB0} Port B is an 8-bit general purpose ¥0 port PB6..0 are ail #O pins that can provide inter-
nal pull-ups {selected for each bit). PB7 is an ¥O pin if not used as the reset. Ta use pin
FB7 as an I/0 pir, instead of RESET pin, program ("0} RSTDiSBL Fuse. Port B has
alternate functions for the ADC. clocking, timer counters, USH, SP! programming, and
pin change interrupt as described in “Alternate Port Functions’ on page 95

An External Reset is generated by a low fevel on the PB7/RESET pin. Reset pulses
lorger than 50 ns will generate a reset, even if the clock is not running. Shorter pulses
are not guaranteed to generate a reset.

XTAL® input fo the Inverting esciliator ampifier and miput to the internal clock operating crcuit.
XTAL2 Cutput frem the inverting esciliator ampiifier.
| ﬁ 5
477E-2YR-420%
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Architectural The fast-access Register File concept contains 32 x 5-bit general purpase working reg-

Overview isters with a singég ciock cycle aceess time. This means that duting one single ciock
cycle. one ALU {Arithmetic Logic Unit) operation is executed. Two operands are output
fram the Register File, the operation is executed, and the result is stored back in the
Register File — in ane clock cycie.

Six of the 32 registers can be used as 16-bit painters for indirect memory access. These
pointers are called the X-, Y-, and Z-pointers, and they can address the Register File
and the Flash program memory.

Figure 2, The ATtiny26({L} AVR Enhanced RISC Architecture
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The ALU supports arithmetic and logic functions between regisiers or between a con-
stant and a register. Single register operations are also executed in the ALU. Figure 2
shows the ATiny25{L} AYR Enhanced RISC mucrocontraller architectare. In addition to
the register operation, the conventiona! memory addressing modes can be used on the
Register File as wei. This is enabled by tha fact that the Register File is assigned the 32
lowermast Data Space addresses {300 - $1F), allowing them to be accessed as though
they were ordinary memory lecations.

The #O memory space contains B4 addresses for CPU peripherat functions as Control
Registers, Timer/Counters, A/l Converters, and other I/Q functions. The /G Memory
can be accessed directly, or as the Data Space locations foliowing those of the Register
File, $20 - 35F

The AVR uses a Harvard architecture concept with separate memcries and buses for
program and data memories. The program memory is accessed with a two stage
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Architectural The fast-access Register File concept contains 32 x 5-bit general purpose working reg-
Overview isters with a single ciock cycle access time. This means that during one single ciock
cycle, one ALU {Arithmetic Logic Unit) operation is executed. Two operands are output
from the Registes File, the operation is executed, and the result is stored back in the
Register File — in one clock cycie.

Six of the 32 registers can be ysed as 16-bit painters for indirect memory access. These
pointers are called the X-, Y-, and Z-painters, and they can address the Register Fite
and the Flash program memery.

Figure 2. The ATtiny26(L} AVR Enhanced RISC Architecture
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The ALU supports arithmetic and logic functions between registers or between a con-
stant and a register. Single register aperations are also executed in the ALU. Figure 2
shows the ATiiny26(L} AVR Enhanced RISC microcontroller architecture. In: addition to
the register operation, the conventiona! memory addressing modes can be used on the
Register File as wei This is enabled by the fact that the Register File is assigned the 32
lowermost Data Space addresses {300 - $1F), allowing them 1o be accessed as though
they were ordinary memary locations.

The #0 memory space contains G4 addresses for CPU peripheral functions as Control
Registers, Timer/Cousters, A/D Converters, and other #/Q functions. The 1/C Memory
can be accessed directly, or as the Data Space Iocations faliowing those of the Register
Filg, $20 - 35F

The AVR uses a Harvard architecture concept with separate memaries and buses for
program and data memories. The program memory is accessed with a two stage
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———————————— AT tiny 26(L)

Generai Purpose

pipetining. While cne instruction is being executed, the next instruction is pre-fetched
from the program memory. This concept enabies instructions to be executed in every
ciock cycie The program memory is In-Systen: programmable Flash memory

With the relative jump and relative call instructions, the whole address space is directy
accessed. All AVR instructions have a single 16-bit word format, meaning that every
program memory address contains a single 16-bit instruction.

During interrupts and subroutine calls, the return address program counter (PC)is
stored an the Stack. The Stack is effectively allocated in the general data SRAM, and
consequently the stack size is only limited by the totai SRAM size and the usage of the
SRAM. All user programs must initialize the SP in the reset routine {before subrottines
or interrupts are executed). The 8-bit Stack Painter SP is read/write accessible in the HQ
space. For programs written i1 C, the stack size must be declared in the linker file. Refer
to the C user guide for more mformation.

The 128 byles dala SRAM can be easily acressed through the five different addressing
modes supported in the AVR architecture.

The memory spaces in the AVR architecture are all linear and regular memory maps.

The ¥0 memuory space contaiis 84 addresses far CPU peripheral functions as Control
Registers, Timer/Counters, and other #O functions. The memory spaces in the AVR
architectire are all linear and regular memory maps

A flexible interrupt module has its contro! registers in the /0 space with an additional
Glohat interrupt Enable bit in the Status Register. Al the different interrupts have a sep-
arate Interrupt Vector in the interrupt Vector table at the beginring of the program
memary. The different inferrupts have priordy i aceordance with theyr Interrupt Vector
positiors. The lower the Interrupt Veetor addrass, the higher the priozity

Figure 3 shows the structure of the 32 general purpose working registers in the CPU

Register File s :
Figure 3. AYR CPU General Purpose Working Registers
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X-register, Yregister, and Z-
register

ALU — Arithmetic Logic

S ——

All of the register operating nstructions in the instruction set have direct and single cycle
access to all registers. The anly exceptions are the five constant arithmetic and Iogic
instructions SBCI, SUBI, CPi, ANDI, and CRI between a constant and a register, and
the LDI instruction for load immediate constant daia. These instructions apply to the
second half of the registers in the Register File — R15. R31. The general 5BC, SUB, CP,
AND, and OR, and ail other aperations between two registers of on a single register
apply to the enfire Register File

As shown in Figure 3. each register is also assigned a data memory address, mapgping
them directly into the first 32 locations of the user Data Space. Aithough not being phys-
izally implemented as SRAM locations, this memory organization provides flexibil
access of the regisiers, as the X~ Y- and Z-registars can be sat to index any register in
the file.

The registers R26. R3] have some added functions to their gensral purpose usage
These registers are address pointers for indirect addressing of the Data Space. The
three indirect address registers X, Y, and Z are defined as:

Figure 4, X- ¥, and Z-register

5
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Zezgisizr El |

in the different addressing modes, these address registers have functions as fixed dis-
placement, astomatic increment and decrement {see the deseriptions for the different
instructions).

The high-pedformance AVR ALU operates irs direct connection with ail 32 general pur-

Unit pose working registers. Within a single clock cyele, ALU cperations between registers in
the Regsster File are execuied. The ALLl operations are divided into three main catego-
fies — Arthmetic, Logical, and Bit-functions.

8 ATHNYZ26(L) m———
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A T {iny26(L)

In-System Programmable

Flash Program Memory

SRAM Data Memory

The ATtiny25(L) contains 2K bytes On-chip In-System Programmable Fiash memaory for
pragram storage. Since all instructions are 16- or 32-bit words, the Flash is organized as
1K x 16. The Fiash memory has an endurance of at least 10,000 write/erase cycles. The
ATtny26{L} Pragram Counter — PC —is 10 bats wide, thus addressing the 1024 pragram
memory addresses, see "Memory Programming” on page 10€ for a detailed deseriptian
or: Flash data downloading. See “Program and Data Addressing Modes™ on page 10 for
the different program memory addressing modes.

Figure 5. SRAM Crganization

- Data Aderess Space
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Figure 5 above shows how the ATtiny26{L} SRAM Memory Is crganized.

The lower 224 Data Memory locations address the Register File, the ¥0 Memory and
the internal data SRAM. The first 96 locations address the Register File and /O Mem-
ory, and the next 125 locaticns address the internal data SRAM.

The five differeat addressing modes for the data msmory cover: Direct, indirgct with Dis-
placement, indirect, Indirect with Pre-decrement. and indirect with Post-increment. In
the Register Fite, registers R26 te R31 feature the indirect addressing pointer registers.
The direct addressing reaches the entire data space. The Indirect with Displacement
mode features 3 63 address focations reach from the base address given by the Y- or Z-
register

When using register indirect addressing modes with automatic pre-decrement and post-
increment, the address registers X, Y, and Z are decr ted and mcr d

The 32 general purpose werking registers, 64 I/C Registers and the 128 byies of inter-
nai data SRAM in the ATtiny28(L} are all accessibie through ak these addressing
modes.

See the next section for a detaiied description of the different addressing modes

S 9
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Appendix D

Old compressors

The scrap compressors that were cut open at the CPUT laboratory during preliminary
investigation. All these compressor units have a single phase motor coupled to the com-

pression unit. As it can be seen, the designs are mature and complex.
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Old compressors

Table D.1: A and B shows the scotch yoke type of reciprocating compressor, C. Valve
parts for scotch yoke and D. half cut open compressor enclosure
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Old compressors

Table D.2: A. Reciprocating piston compressor, B. rotor of the motor driving the com-
pressor, C.Valve parts and D.Compressor enclosure

5
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Old compressors

Table D.3: A and B. Rolling piston type of compressor, C. Valve parts and D. the stator
of the motor that drives the compressor
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