2= Newcastle
University

Modelling and development of an integrated electrical machine
and linear engine

Ramin Moeini Korbekandi
B.Sc., M.Sc.

A thesis submitted for the degree of
Doctor of Philosophy

School of Engineering

Newcastle University

Decembef022


https://gtr.ukri.org/projects?ref=studentship-1948784
https://gtr.ukri.org/projects?ref=studentship-1948784

Abstract

Abstract

A linearenginegenerator is a combustion engine which converts chemmeaby into electrical
energy directly, without requiring a crank to convert it to rotary motion. Instead, the linear
engine uses a linear generator coupled directly to the oscillating piston, eliminating the need for
mechanical transmissions like rack gmion, belts and speed reducers, and gear system. As a
result, it has the potential to dramatically reduce the volume, weight, friction, and complexity
of a power generation system. Furthermore, physical integration of the combustion engine and
the geneator provides an alternative chemitalelectrical energy converter to compete with

fuel cell technology, with higher volumetric power density for electrification of automobiles,

trains, and ships.

In this thesis, the electromagnetic and mechanical asptatlinear engine generator using the
Joule cycle with a compact doukdeting free piston mechanism is investigated. Two generator
configurations are compared using a coupled dynamic model in LMS Imagine.Lab AMESIm,
namely long translateshortstator,and short translatdong stator linear machines. Alternative
magnet configurations and translator lengths of linear permanent magnet synchronous
machines are compared using the dynamic model. Finite Element Analysis is used to optimise,
analyseand compre the electromagnetic performance of the investigated machines. Attention
is mainly focused on physically integrating the electrical machine within the engine

compressor.

The design of an integrated prototype of the linear electrical machine builin wibi
compressor cylinder of an engine is proposed. By considering the complexity of manufacturing
and number of components a prototype is manufactured and tested on a bespoke test rig to
validate the design model. In general, a good agreement is shameehethe predicted and

measured results.
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Chapter 1 Introduction

Chapterl. I ntroducti on

1.1 Problem statement and motivation

The climate change act 2008 commits the UK government to reduce annual greenhouse gas
emissions by at least 80 % by 2050, compared to 1990 levels. Hybrid electric vehicles have a
drivetrain consisting of a conventional Internal Combustion Engine (ICE)eatric machine

and energy storage. As the ICE does not have to provide all the mechanical propulsion power
by itself, it can be utilised more efficiently. In the series hybrid electric vehicle, the engine is
only electrically coupled to the electric ¢tion machine. As electrical power is required, not
mechanical torque like in a conventional vehicle, the use of a rotating engine and generator is
not the only solution. A promising naotating alternative is thieree Piston Engine Generator
(FPEG.

A direct drive freepiston engine is a combustion engine where reciprocating pistons are used
to drive an electrical generator. The moving part in this system, the translator, has a
reciprocating motion determined by the forces acting on the piston and aatragkshaft. It

is hoped that the elimination of the rotary part of the engine will result in-mlasg, lowloss

system, resulting in high efficiency and a rapid transient response for use as a range extender
in hybrid electric vehicles, for exampleh& movement of a freiston engine is linear, with a
peakto-peak amplitude of perhaps 0.2 m and a mechanical frequency of the order of 20 Hz.
The success of the concept relies on the development and demonstration of the thermodynamic

cycle and small linar electrical machines.

The work in this thesis illustrates the FPEG from a system perspective. The motivation is to
study the FPEG related issues of such a system and design a linear generator -fuisefree
engine generator; then, the generator wal ibtegrated inside the compressor cylinder to
improve the overall performance of the system. In most literature considering FPEGs, the
engine and generator are designed and optimised separately, and an ideal damper is used to
mimic the behaviour of the gerator. In this thesis, real generator behaviour is used to observe
system performance. The LMS Amesim software is used in this thesis to create a coupled
dynamic simulation model that takes into account the integration of a generator with the
electricalload, mechanical and thermodynamic properties of the Joule cycle engine.

1.2  Aimand objectives

The main aim of this research is to investigate the feasibility of integrated linear electrical
machine topology for improved performance in a direct drivepis®n engine generator. The

1



Chapter 1 Introduction

engine and generator will be coupled in one envelope physically. Specifically, it is proposed to
integrate the generator and the compressor cylinder.

The researchbjectivesare

1) To design, analyse and compare a tubul&alirelectrical machine with a long and short

translator for integration with an engine's compressor cylinder.

2) To investigate the effect of changing the translator length on electromagnetic and system

behaviour.

3) Investigate the structural and mechah&spects of a permanent magnet machine topology

coupled with an engine's compressor cylinder.
4) Conduct a comparison study on various electric machine topologies.

5) To investigate the viability of incorporating the proposed machine into a directficréve
piston enginggenerator.

6) To validate electromagnetic simulation results experimentally.

7) To validate the use of an integrated generabonpressor for air compression.
1.3  Contribution to knowledge

The research presented in this thesis contribtaehe integration of the linear version of
permanent magnet synchronous machine with linear combustion enigipartant

recommendationfor managing prototype construction and assembly are provided.
1) A free piston engingenerator system integratiproposed and built.

2) Development and validation of a new dynamic system model that incorporates both the drive
engine and the linear generator, allowing system performance to be investigated in response to

changes in machine variables.
3) The coggindorce's effect on electrical power is identified.

5) In a free piston engingenerator model, the system performance of an ideal damper and a

real generator is compared.
6) Building and testing a new linear machine topology integrated into a comprelssdercy
7) The use of a linear generator to compress air for the first time has been demonstrated.

8) This is the first time that a combined thermodynamic and electromagnetic model has been

used to design a generator for this application.
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14  Thesislayout
The following is a brief description of the thesis layout and contents:

Chapter 2: This chapter provides a review of the literature on the free piston-gagerator
system. The first section provides a brief overview of the various engine layouts and their
requirements. The principle of operation of the Linear Joule Erfgite and modelling of an
electrical machine with LJE is then introducd®evious student work on this project's

thermodynamic modelling of a free piston engg@emerator is summarised.

Chapter 3 : This chapter provides a review of the literature orr leleetrical machines used
in free piston engine generator applications, as well as the benefits and drawbacks of each

topology.

Chapter 4:A comparison of transfer flux electrical machines and synchronous electrical

machines created by prior students virogkon a similar topic.

Chapter 5: The linear motion tubular shaped permanent magnet synchronous electrical machine
is being developed. Describes the topology chosen, potential alternatives, and design

methodology employing a 2D axisymmetFimite ElemenfAnalysis(FEA) transient solution.

Chapter 6: Presents a novel dynamic model of the LJE integrated with the Linear Generator
(LG) model, with the aim of obtaining transient and dynamic results for the entire engine
generator system in order to identifetéffect of the electrical machine on engine performance

and compare it to an ideal damper that mimics generator performance.

Chapter 7: Describes the prototype construction process, as well as the assembly process and

the challenges encountered.

Chapter 8Here are the results of the tests run on the test rig to evaluate and validate the design
model results. Static force, temperature rise monitoring in machine coils, open circuit induced
EMF testing, and short circuit current testing are all part of rie. compressor cylinder's
performance is also validated in order to demonstrate the concept of simultaneously generating

electricity and compressing working fluid for use in multiple applications.

Chapter 9: This chapter contains a summary of the reseascivell as recommendations,

conclusions, and a discussion of possible future research work and progression.
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15 Publications
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Chapter2. FRieset on-GEngrator s

21 Introduction

The first reciprocating Joweycle engine concept dated back 8)7, when a British inventor,

Sir George Cayley, brought a new concept engine with a separate expander and compressor
working on the Joule cycle or Brayton cycle. Due to its potential of high efficiency and
adaptability to renewable energy, the conce® teeived much attention from researchers
worldwide[1, 2].

In a conventional internal combustion engine, the crankshaft mechanism accounts for nearly
half of the friction loss force generated by pistorg andcylinder contact§3]. Thelinear Joule

engine technology can be used in small applications withouiegitig penalty as well as
renewable energy sources can be used to drive it, unlike internal combustion engine and

combustion turbine which are hard to convert to use renewable energy sources.

It should be mentioned that the drawback of all existing primeensoin their micro scale
applications, conventional engine, such as-roszhinery internal combustion engine and gas
turbine, is that when thgower is below XW, they suffer an efficiency penalty due ttoeir

low compression and expansion efficiencies. The LJE is designed theuksule cycle and
external combustion, to configure a doubfding free piston setup withowt crankshaft
mechanism which is an alternative engine technology that can be powerechentialoées and

has high efficiency ithe micro-scale e.g. couple of kilowattg1-10 kW)[3, 4].

The theoretical thermodynamic cycle applied in LIE consists of four processes, as shown in
Figure2-1. 1-2is the adiabatic reversible compression, when air is drawn into and compressed
in the compressoR-3 is the constant pressure fuel combustion idealised as constant pressure
heat addition, when fuel is mixed with the higlessure air and burned at consfaressure3-

4 is the adiabatic reversible expansion, when hot andgésure gases enter two opposite
expander chambers and expand in the chambers alternatively, to push the piston conducting
linear motion back and forth. The mechanical power froelittear motion is partly to drive

the compressor piston for the compression process, and the remaining power is the output to
drive a linear generator for electricity generatidi is the constant pressure exhaust process,

which is the constant pressugjection of the spent, hot gases to the environment.
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Figure 2-1: Ideal Joule cycle
Freepiston engines have been used and investigated by a number of research groups world
wide in applications such as gasifiers, hydraulic pumps, and compressors for more than 100
years. During recent years there has been a rising interest in combinfregtpeston engine
with a linear generator. This chapter demonstrates the basic working principle and the most
common layouts of the Free Piston Engine (FPE) and the corresponding force balance equation
to illustrate the layout adopted in this work. Algqresents an overview on the linear motion
types, the development of combustion engine generator system, the principle of operation for
electrical power generatioft.is reported that due to the absence of a crankshaft, free piston
engines have lessidtion, less mechanical loss, and are more compact, allowing them to
produce power more efficiently than conventional crankshaft models, which incur additional
mechanical los§b]. The resulting FPEG will be a compact unit sugab generate electricity
for use in a variety of applications such as electric and hybrid electric vehicle as a range

extender. A deeper review of free piston engines can be folJ6H in

2.2 Combustion EngineGenerator

A combustion engingenerator is a type of internal combustion engine which is used to
generate electrical power from the combustion of a fuel. The basic structure and conventional
model of a combustion enghiyEnerator system is shownkigure2-2. The combustion engine

acts as a prime mover to rotate the shaft of an electrical machine or vice versa, the electrical

machine can act as a motor to stagt¢ombustion engine.
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__=m Combustion Engine

Generator

Piston

Crankshaft

Figure 2-2: Basic structure and conventional model of engingenerator systenm7]
The combustion of an afuel mixture in the combustion chamber drives the piston back and
forth linearly. A crankshaft converts this linear motion to rotary motion. The power train from
piston to generator in this structure is heavy in terms of weighfractional loss. Furthermore,
due to a complex power train with multiple mechanical connections, this system is inefficient.

Furthermore, the piston amplitude is limited by the crankshatft.

It has been proposed in literature that by removing the craftksithusing a linear electrical
machine, the piston is free to move directly under the action of the combustion force. In other
words, there is no need to convert a piston's linear motion into rotary motion. As a result of
eliminating the crankshaft, isipossible to convert fuel to electricity in a more direct manner,
resulting in lower frictional loss and higher thermodynamic efficieltye FPEG's efficiency

is estimated to be higher than the efficiency of other systems, such as diesel generators, as
shown inFigure2-3, implying that sing an FPEG should increase total system effici¢Bicy

9]. As demonstrated, free piston engine @mer efficiency is 426 versus 32% from

Dieslgen.

> 03F- A7

c

.o

S 02rf
. ——— FPEC

Dieselgen.
50 100

Percent of max. load [%]

Figure 2-3 Efficiency from fuel to electrical power to the DGlink for an FPEG and a typical diese}
generator[8, 9].

Figure2-4 shows the geometrical structure of a linear eng@eerator system. It can be seen
that the power train from piston to electrical machine is greatly simplified compared to a

conventional combustion enghgenerator. The potential advantage of this stingcis to

7
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achieve high efficiency, low emissions, fuel flexibility, low noise and vibration, low cost and a

more compact format.

Linear Motor/Generator

Figure 2-4: Proposed internal combustion model of fregiston enginegenerata based on literature[7]

Combustion Engine Combustion Engine

In a FPEG, as shown Figure2-4, combustion drives the piston, which is directly coupled to

the translator of a linear generator and is surrounded by-phigese coil windings, back and

forth, inducing an EMF in the coilsThe technology is primarily intended for automotive
applications, but it can also be used in a variety of other applications, such as an auxiliary power
unit or distributed electrical power generation in ships. The new technology is based on the free
piston principle, and it consists of a combustion system and an electrical generator for

converting fuel energy intkinetic energy,andthen into electrical energy.

2.2.1 Potential application of free-piston enginegenerator technology

The basic structure afsing a FPEG in an automotive application is showFigure2-5. The
free piston generator generates electric power, which is fed into a powerretesyrstem to
charge an oiboard battery or energising the motor in order to drive the wheels of an electric
vehicle. This technology can also be used in the following areas such as:
i1 Standalone power system for electricity generation.
1 In series hybrid elgric vehicle for electricity generation.
1 Remote power generation.
1 Auxiliary power unit.
1

Distributed power generation.
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Figure 2-5: Basic structure of using FPEG in automotive application
2.2.2 Free-Piston EngineGenerator prototype at Newcastle University
Figure 2-6 shows a photograph of the full system on the test at Newcastle University. It
comprises of a compressor cylinder (left), a linear motor/generator (middle), an expansion
cylinder (right) and aexternal reactor (above) for combustion of air and fuel. In addition, two
doubleacting freepistons are placed in the compressor and the expander cylinders respectively,
which separates the cylinders into two opposite chambers. There are intake vélerlsaarst
valves at both ends on the compressor and expander, in order to intake and expel the working
fluid 7 air. The opening and closing timing of the valves is decided with the help of a control
algorithm taking into account retiime parameters, pistadisplacement, working air pressure

and temperaturg].

Photograph of
the full system on
Linear test
— nmmr,’genoralm'

External reactor

&) SwanCentre
9

TR T
RIRSEA
Solidworks image

Compressor Expansion cylinder

cylinder
Pneumatic |
overhead valves
= W\ N\

Figure 2-6: Concept of linear Joule engine generator prototype at Newcastle Universitjl0, 11]

This is an external combustion engine, the combustion occurs dimsic@dinders, which helps
manage the thermal issues related to high temperature due to the combustion of fuel and air
mixture, hence the risks of demagnetisationrPefmanent MagnefMs) or damaging the
winding and isolation is reduced. The externatteacan be replaced with any fuel combustor,

solar energy, waste heat, or renewable energy sources that can drive the tpaddér
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During operation, air is compressed in the compressor cylinderconepressed air flows into

the external reactor through pipes, and at the same time fuel is injected into the external reactor.
Ignition of the air and fuel mixture leads to combustion, then the high temperature and pressure
of expanding gas due to the domstion flows through pipes to move and expand the piston in

a reciprocating mannerhis cycle is repeated by timed control of the intake and exhaust valves

in order to have a linear power due to compressing and expanding of a working fluid, which
leads © generation of electrical power in generatibie linear electrical machine generates
power as gas on either side expands.

2.3  Freepiston engine background

Conventional internal combustion engine powered with fossil fuel is the key component to
power conventional vehicles, however the fossil fuel resources are decreasing significantly.
Due to increasing emission standards, automotive mantdestare forced to switch to
unconventional engine configurat®such ashefree piston engine generato achieve higher
fuel-efficient vehicles, hence less pollutidfreepiston engines are under investigation by a
number of research groups worldwide due to potential fuel efficiency and engine emissions
advantagefl2-14].

Recently, the free piston engine concept has been stimulated interest among research groups
for a variety of technologies such as hydraulic and generators, although in 1960s the
development of this technology was abandoned due to the low power to wéiglat @art

loads compared to a gas turb[aé].

A linear version of FPE is a special type of combustion engine represantieqy approach
concerning the conversion of chemical energy into electrical energy directly without crank
mechanism. Instead of using conventional engihewar Engine GeneratoLEG) uses a

linear engine and a linear generator to generate electricaygtlg with linear movement of

piston and translator. The diredtive technology of linear electrical machine is a perfect way

to enhance power density and dynamic performance. Linear machines eliminate the need for
mechanical transmissions like rack gmdion, belts and speed reducers, and gear systems. As

a result, it dramatically reduces volume, weight, friction and complexity of power generation

system.

LEG is a potential alternative power supply in hybrid powertrains. Proposed hybrid electric
systemconfiguration is illustrated iigure2-7 showing an example of using the LEG concept
in automotive application. Electric power from LEG and battery sorces are connected using

power electronic converters to propel electric motors whas been embeded in the front tyres

10
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of the vehicle. Alternatively, LEG can act as a range extender to work as a battery charger in

electric vehicles.

————————— Electrical power

¢===) Mechanical power

Linear
Generator

o oo

12113ATI0))
otuonag
I2)12ATI0D)

o1uon22[ Jamod

Linear
Engine

Figure 2-7: Proposed hybrid electric vehiclesystem powertrain

-—-menb‘s

Sandia National Laboratorigd6, 17] studied FPEG performance on homogeneous charge
compression ignition combustion numerically in comparison to a previous prototype developed
in 1998 [18] from 1999 to 2003 West Virginia University studied a twairoke FPEG
numerically19] and an experimental study was carried out with a poweubuipto 316W

[20]. In 2008, Roskilly et a[12] at Newcastle University simulated the performance of a spark
ignition FPEG. A FPEG system was developed as a raxgading device in electric vehicles

at the German Aerospace Center in 2012. The FPEG works at 21 Hz with a power output of 10
kW [21]. In 2014, Toyota developed a twstrcke FPEG prototype with a gas spring chamber
which demonstrated 4% thermal efficiency and 10 kW could be achiey22+24]. In 2020,

the same research team of Newcastle Univesity reported a prelimiary prototype of hydroge
fuelled FPEGwith a compression ratio of 3.7, engine speed betweétz mand 11Hz and

different equivalence ratidd4].

With an increasing pressure of decarbonisation in transport sectors, hydrogen and ammonia are
viewed as promising zero carbon fuels. Internal combustion of hydrogen and ammmonia in a
well controlled manner poses difficulties on FPEGs using conventional internal combustion
engines. Researchers from Newcastle University proposed an external combustion LJEG, and
a working prototype has been developed with AW/ mechanical power output when the
efficiency was 32.26 [25]. Wu et al.[1] presented a coupled dynamic model of linear Joule
cycle engine generator, which enabled an integrated design of linear engine and linear
generator. Jia et aJ2] conducted a modeling study on the dynamic and thermodynamic
characteristics of a Linear Joule Engine Generator and found tratdieen pressure was the
most effective parameter to alter the system power output. Ngwak$2&] &luilt a numerical
model of the friction forces and validated by experiments using a compressed air driven linear
11
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engine prototype. More recently, Ngwaka et al. proposed a elospdLEG concept with
Argon-HydrogenOxy extenal combustion to tackle with the challenge of using zero carbon
fuels in LEGs. Both external combustion LEGs and FPEGs with internal combustion engines
may find their applications in electrification and decarbonisation of transport sectors.

24  Free piston configuration

Free Piston Enginesere manufactured between 193060 by GM, Ford, Renault, Junker,
Sigma, and othelf§]. The basic design and unique features of thegdigten engine have been
discussed in this part. Free piston engine designs can be divided into three categories according
to number and location of the pistons. Each confijumahas its own advantages and
disadvantages. Combustion chamber, rebound device and load are coupled by a free piston as
shown inFigure2-8 and dynamic interaction between these parts makes the free piston engine

system. A rebound device is used to store the energy thieilead is absorbing enerdg7].

Combustion
chamber Free Piston

S

Rebound device

Load

Combustion chamber Combustion chambers

Combustion
chamber +
Load Load Load ¢: Load

Single piston type Opposed piston type Dual piston type

Figure 2-8: Fundamental parts of a free piston enging27]

2.4.1 Single piston

A free piston engine with a single piston is showrrigure 2-9. It consists of a combustion
cylinder, a loadlevice,and a rebound device. In this configuration the hydraulic cylinder works

as both load and rebound device. Rebound device is required to store the energy for
compressing the next cylinder charge. In other designs the load can be an electric generator and

agas filled bounce chamber can be used as a rebound device.

The main advantage of this configuration is simplicity in design as well as great controllability.

In fact, with the help of the rebound device there is the possibility to accurately control the

12
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amount of energy applied into the compression process, as a result the compression ratio and

stroke length can be optimised and regulated precisely.

(3>

56‘: g |
|3 &
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Figure 2-9: Single piston hydraulic free-piston engine[28]

2.4.2 Dual piston

Free piston engine with a dual piston or dual combustion chamber is shéiguia2-10.

This configuration gained a lot of interest because the need for a rebound device is eliminated
as the working pistons provides the work to drive the compression process in the other,cylinder
both with hydraulic and/or electric power output. Elimination of rebound device leads to a

higher power to weight ratio.

The disadvantage of this configuration is that piston motion control is challenging, hence stroke
length and compression ratio hasy®d to be difficult. This is due to the fact that combustion
process in one cylinder drives the compression in the other cylinder and load. A small variation

in combustion will have a high influence on the next compression cycle.

i

o

T

|

Figure 2-10: Hydraulic dual piston free-piston engine[29]
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2.4.3 Opposed piston

A common combustion chamber and two separate pistons with a rebound device at each end
make the opposed piston free piston engine, as shokigune2-11 with a mechanical piston
synchronisation mechanism connecting two pistons in order to ensure symmetric piston motion.
Linear load device can be connected to one or two of the pistons. In large scale plants this
engine configuration has been used to dawvecompressor and gas generators, for example a

single power turbine is powered with a number of free piston enging 1fijts

Perfectly balanced and vibratidree design can be achieved in this configuration compared to
other free piston enginenfigurations, hence no need to control the vibration. There are two
disadvantages, mechanical piston synchronisation mechanism and doubling the components

make the engine bulky, hence lower power to weight ratio can be achieved.

Bounce chamber Combustion chamber

Piston synchronisation

Figure 2-11: lllustration of an opposed piston freepiston engine with piston[15]

2.4.4 Gas generators

As shown inFigure2-12, a power turbine is fed by the hot exhaust gas from free piston engine.
The load device for engine is intake air in order to compress it and the output work is extracting
from turbine. Therefe, the engine can be optimised effectively regardless of the load
behaviour. The main advantage compared to conventional gas turbinaisi¢iretompression

and pressure ratio can be obtained.

14



Chapter 2 -PBtea Engingsenerators

Bounce chamber Supercharge pump

/ Intake air valve ,Scavenge air box
| /

Exhaust gas receiver

~~ Power turbine

Figure 2-12 lllustration of a free -piston gas generatof15]

25  Theoretical principle of operation

The fundamentals of fregiston engine design and operation have been expldirsthuld be
mentioned that, as a power stroke is needed on every cycle, tiest@eengine is restricted
to the twaestroke operating principle.

In the freepiston engine the motion of the mover at any point in the cycle is determined by the
sum of the forces acting upon it and it makes the motion control difficult whereas in
conventional engines the crank mechanism ana/fgel deal with piston motion contrahc

energy storage respectively. Furthermore, sufficient compression in one side of the chamber
and enough time for scavenging (scavenggntpe process of replacing the exhaust gas in a
cylinder of an internal combusti@nginewith the fresh akfuel mixture for the next cycle) in

the other side of the chamber is crucial and piston motion control is used for this purpose. On
the other hand, energy storage device provide energy for the compression of the next charge
and rebound device to store the energy.

The piston motion can be described mathematically with the help of-bddsediagram as

shown inFigure2-13by appl ying Newtonds second | aw to
BO 0 zm (2-1)
B'O 0 z— (2-2)

Where the sum of the forces acting upon mover are, combustion chamber pressuf@,force

bounce chamber (rebound) fof€® load force€’O and x denotes mover position.

15
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Rebound device
Combustion chamber

Reciprocating motion

Linear load

Free piston

(a) Single piston freepiston engine configuration

x —>
< Fp

Max Stroke

(b) Free body diagram
Figure 2-13: Piston dynamics of a single piston fregiston engine

2.6  Starting free piston engine

One of the difficulties of the free piston engine is that, untibleventional engines, it cannot

be cranked over several revolutions to start the system. There are two ways to get started and
put it into action. To begin, by impulsing the piston to provide it with enough energy to reach
top dead centre, it is criticdidt the engine starts on the first stroke and that the engine control
system is capable of keeping the engine running after this. The second method is to drive the
piston back and forth until sufficient compression is achieved. This is possible if tlteloael

can be used as a motor, such as an electric machine or a hydraulic cylinder. To start the engine,
most linear engine generator concepts employ an electric machine in motoring mode. The use
of appropriate power electronics may allow the electrichim&cto be used in motoring mode

to aid engine control and starting.

2.7  Mechanical loads for FPES

The freepiston engine needs a linear load and electric generators, air compressors and hydraulic
pumps are all common loads for free piston engines. Imgddators when selecting a linear

load for a fregpiston engine are moving mass, physical size, efficiency, and load force profile.

In this thesis an electric generator will be the linear load coupled directly to the free piston
engine. In addition, to wa@ an efficient system the load must provide efficient energy
conversion, hence a PM electric generator is used which inherently has high efficiency.
Furthermore, mechanical requirement of linear free piston engine load should take into account
the heat @nsfer issue and high acceleration force due to direct coupling of dagthia order

to ensure robust and reliable system.

16
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The dynamic properties of these loads differ widely, and characteristics qfistea engine

loads can be seen frofigure 2-14. The linear generator load force is assumed to be
proportional to the speed of mover. The load force of a hydraulic pump is approximately
constant, due to the constant discharge pressurdodtid¢orce of air compressor is similar to

gas filled bounce chamber in the compression phase and with a constant load force when the

discharge valves are open towards the end of the stroke.

Gias force

Air compressor

Hydraulic pump

X X2

Load force

SR .

Figure 2-14: Characteristics of free-piston engine loadg30]
Removing of the crank mecham reduces the number of parts and the complexity of a free
piston engine significantly and this potentially gives a number of advantages. Unlike the
conventional engine, the driving force behind many of the recent free piston engine application
is simplidty such as low frictional losses, reduced manufacturing costs, compactness and low

maintenance costs and increased lifetime.

To control the thrust force with an appropriate value and direction from the standpoint of a
power electronic load, a feedback trohscheme with a position sensor must be implemented

on the linear generator. The closed loop system's variable will be the position error measured
by the sensor. The position sensor, and stator currents in the reference frame fixed to the rotor
flux field may be used to achieve indirect control of electromagnetic force/thrust. This type of
closed loop force/thrust control, however, may raise the cost of the drive. An alternative to the

abovementioned approach could be direct force/thrust control dPkihdinear generator.

17
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2.8 Reported free piston engine generator applications

A free piston engine generator is a combination of a free piston combustion engine and a linear
electrical machine. Simplicity, controllability, flexibility, high efficiency, and rapid transient

response are the main advantages over conventional engaratgeisystems.

TheUniversity of West Virginia describes the development of a spark ignited dual piston engine
generatof31]. An engine prototype is reported to have achievedv8¥ectric power output

at 23.1 Hz, with 36.5nm bore and0 mm maximum stroke. High cycl®e-cycle variations are
reported, particularly at low loadS]. The work has documented widely for generator design,
engine design and system design, take into account all system parts 20pe3iy34].
lllustration of the FPEG prototype developed at University of West Virginia can be seen in
Figure2-15.

Moving Coil Nonmagnetic Moving
Piston Spgacers Piston
Intake Intake
Port ,l | Port
| | ; - Al Spark
* . e * Plug
— b Translator o =
Spark /’ A TETITHIITVT
Plug ] 7 7 N
| / '
Exhaust Shaft P \ ‘ \ Exhaust
Port ermanen Ports
o Magnet Frame
Figure 2-15: lllustration of the free -piston engine generator prototype developed at University of West
Virginia [20]

Van Blarigan at Sandia national laboratories presents the design of a dual pistowiEPHL

kW electric power outputFigure 2-16. The engine works with Homogeneous Charged
Compression Ignition (HCCI) method in order to achieve faster combustion than that in spark
ignition engine or compression ignition engine, and tm bean mixtures at high compression

ratios and thereby reduce Nitrogen Oxides emissions form&aon

18
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Bounce chambers

Exhaust
anifold

Figure 2-16: lllustration of the free -piston engine generator prototype developedt Sandia National
Laboratories [36]

KTH, Stockholm([5, 37, 38]has published a number of articles evaluadtiftgrent electrical
machine possibilities for a frg@ston engine generator. It is believed that finding a good
electrical machine to meet all the requirements of engine generator system is challenging but
the most promising candidates are permanennetaglectrical machine and Transverse Flux
Machine (TFM). It has found that low power factor and high manufacturing costs is the
drawbacks of TFM, but the advantage is low translator mass compared to other permanent
magnet topologies. In addition, a dynarfriee piston model has been developed and used it for
the investigation on the electric power pulsation and proposed different generator force profiles

to suppress the pulsati¢s.

A topology of the FPEG concept introduced by Toyota in 2024€4]is shown inFigure2-17.

It is atwo-strokeengine generat@ystemand the main components are a combustion chamber,
gas spring chamber and a linear generator. The pistoslator assembly is driven by the force

of combustion chamber, hence converting mechanical energy to electrical power energy
directly. The return stroke is performed by the help of a gas spring chamber by storing part of
the kinetic energy from the combustion chamber, whereas in some s{at&n8, 12, 13, 15,

25, 39] two combustion chambers are used for returning the piston for the subsequent
combustion event. Exhaust valves are used to scavenge out the burned working fluesrand fr
air is brought in through the scavenging port. In the meantime, the interaction of permanent

magnets on the piston translator assembly with the stator coils generating electrical power.
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Figure 2-17: Toyota Free-Piston Engine Linear Generator[24]

Two-stroke spark ignition free piston linear engine concept witts@ing as the rebound
device is studied in Malays[d0]. Under a variety of compression ratios and heat additions it
was found that by changing the amount of heat addition, the velocity and stroke length ef piston
translator will change directly. However, by increasing compression ratio, the velocity of
pistonttranslator increases but the stroke length of pistmmslator remains constafit, 40,

41].

Furthermore, it has been proposed by some auf@r13]that HCCI mode is more desired
compared to conventional mode for free piston engine due to its low ignition timing control
requirements. In addition, the engine ability of a vadgatimpression ratio operation is well
suited for HCCI, making a flexible autgnition control on a cycko-cycle basis. It is also
shown that efficient and lowmission operation has been achieved by varying the injection
timings[41, 42]

In free pisbn engine there is no mechanical connection which controls the motion of the piston
in the FPEG. So, the piston moves as a response to the forces acting upon it, which implies that
the piston motion will depend on operating conditions. Furthermore, cosigrestio can be

varied simply without any hardware modifications. However, by eliminating the crank
mechanism a simple and effective way of control is removed, and control issues are the major
drawback of the FPE(33].

The 45kW prototype developed in the European FPEG project, the prototype engine energy
converter shown irFigure 2-18, which has two cylinder two stroke diésengine was

investigated to achieve HCCI combustion to obtair?&6f the fuelto-electricity efficiency
[5].
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Figure 2-18: (a) Cross section of a fregiston energy converter,(b) The 45kW prototype developed in the
European FPEG project[5, 9]

2.9  Previous work at Newcastle University on integrated design and modelling of FPEG

This section discusses previous Newcallhaversity research that has been summarised to
demonstrate how this thesis is an extension. The limitations of this approach, as well as the
need for a more integrated model, are discussed. This is where this thesis work begins. This

PhD is intended to adnce these discoveries

2.9.1 Thermodynamic Modelling of Free Piston Engine

The fundamental operation and performance of various FPEs has been extensively simulated
and presented e.g.-H. Expansion of this work includes combined electrical and dynamic
performance using assorted simulation tools [9], [10] and numerical models [11]. In [12] a
model of a linear Joule engine driving a simplified linear generator was presented and used to
propose an overall optimised system design. All these works havéfigichthe electrical
machine to an ideal damper, where the generator force varies linearly with velocity acting
against engineb6s driving force. I n terms of
model, where results from the thermodynammdel are simply pasto the electrical machine

model, sed-igure2-19(a). There is no link between stator current, translator position and force

felt by the engine.

In electrical terms, this assumption means the machine inductance is ignored, the electrical load
is purely resistive and there is no force ripple. Whilst this may be applicable to a constant
velocity generator, where inductance can be tuned out with a capacitive load, the variable
velocity operation of the FPE gives a variable electrical frequeneyento capacitive tuning

can be implemented. In addition, a pure damper includes no effects of the combined
electromagnetic forces, machine losses, and variation of these parameters to the overall FPE

system.

As the electric machine is coupled directly to the pistmving rod, there is flexibility for the

designer to fit the system into limited volumetric envelopes. However, removal of the rotating
21
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inertia provided by the crank means the engine is sensititreettorce ripple of the electric
machine, potentially impacting the thermodynamic efficiency. An initial study of the effect of
cogging on system efficiency was prkEguent ed
2-19 (b), as the force from the generator did not alter the displacement profile of the machine
but improved electrical machine modelling based on FEA allowed the effect of inductance and

force ripple to be investigated.
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Figure 2-19: Modelling of free piston engines. (a) simple feed forward model; (b) more accurate electrical
machine; (c) fully integrated modelling

A full thermodynamic model, as presented in [13], has been implemented in AMESim from
LMS Imagine software. It is here integrated into the electrical machine model to give the system
model shown inFigure 2-19(c). The electrical machine force, which is now a function of
position, velocity and current, is directly fed back into the thermodynamic model of the engine.
The parameters of the electrical machine model can either be derived from a finite element
analyss model, an equivalent circuit model or an analytical machine model.

It is clear, there is a link between engine, generator, and load. In addition, it should be
mentioned that any variation in load would affect the generator and engine performance. Based
on the diagranfully integrated models of electrical machine model with thermodynamic cycle
model of free piston engine can be accomplished in LMS Amesim software in order to
investigate the overall system performance and also investigating the eftegoaig force

reduction technique on output electrical power.

2.9.2 Linear Joule Engine Model in LMS Amesim Software

The Inear electrical machine model is simulated in LMS Amesim softwaska@sgn inFigure
2-20[44]. It is comprised of three single phase electrical equivalent circuit per phase to form
a threephase electrical machine. Each single phase electigavalent circuit is comprised

of back emf source, resistance and inductance of electrical machine and load resistance. A
22
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dynamic model of the linear joule engine showfrigure2-21is developed in LMS Amesim

software, based on steady state balanced force equation of reciprocating Bl&tem

According to Newt ondesforce s equal td actekenatioro(d) muattiplied o n
by total moving mass)( ) [44, 45]

B'O ®z0 (2-3)
O B O B "0 B ®z0 (2-4)
O : Driving force in expander cylinder due to combustion (expaogerder).
O : Reacting force due to driving force in expander (compressing cylinder).
O : Linear generator reacting force.
Heat exchange
.

... ——

EXpanding (hot) Linear Generator | onipessing
cylinder (cold) cylinder

Figure 2-20: Linear Joule Engine-Generator prototype [45]
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Figure 2-21: Linear generator model[44]
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Figure 2-22: Linear Joule Engine Model[44]

2.9.3 Mathematical modelling of a tubular permanent magnet linear generator

The linear generator is driven by the force generated from the thermodynamic Joule cycle. Two
important input variables for the linear generator are the piston velaeityhe translator
velocity, and the aggregated force from the working gas in thedeyk. Linear generator
reacting forcéO can be divided into its components, hence a mathematical model can be
derived take into account all electrical machine performance parameters and forces which is
determined by electrical machine geometry alud pole combination in order to model the
linear generatojd4).

O 0O O O O O © (2-5)

Where, O is linear generator forc&) is electrical forcé O is cogging force)O is copper
loss force,O is copper loss forcéQ is core loss forceO is eddy current force an@® is

armature reaction force.
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2.9.3.1Cogging force

Cogging force is generated due to the reluctance variation brought by the stator tooth and slot,
which is seen by translatgk.mathematical equation of cogging force is derived based on FEA
analysis andhe slot/pole combination of electrical machine. Téwgging force over one
translator pole pitch as a function of piston/translator displacewisrgiven as follows. It is
periodic depending on the number of stator slots and the translator poles. It should be
mentioned thatO represent the peak wed of cogging force which is determined by FEA
analysis. The symbol$)(, 0 , T ) are thenaumber of slots, the number of translator poles and
translator pole pitch, respectively. In additie€M stands for least common multiple. The (£)

sign in phase shift holds for oscillating motion of the translator, and the phase shift
represents the shift from position corresponds to peak cogging force of total moving translator
with respecttothesiato nary st gtirg§ddl.where: 00O

O ® O0O8&E+Yay 7)) (2-6)

<
c

~—
o
\'

N—r

Cogging force, (N)
Cogging force, (N)

Displacement, (mm) Displacement, (mm)

(a) (b)

Figure 2-23: Cogging forcevariation over one pole pitch due to (a) stator slotting and (b) stator slotting
and end effect[44]

2.9.3.2Armature reaction (reluctance) force
Armature reaction force is due to coil current driven flux interacting with magnet driven flux.
In addition,"Orepresent the peak value of armature reaction force which is determined by FEA

analysislt varies with the electrical current loading and th@ver position with repetition cycles

equal to the number of machine phasasdver one translator pole pitch. Thissisown inFigure
2-24.
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Armature reaction force, (N)

Displacement, (mm)

Figure 2-24: Armature reaction force variation over one pole pitch due to rated current, afFEA, b)
mathematical equation[44]

2.9.3.3Equivalent electrical circuit per phase
A simple electric equivalemircuit of Figure2-25 and itsgoverning equations are used in order

to model the linear generator in an advanced simulation software (LMS Amesim).

L-ph R-ph
£ S AVAVAYS
— J-
SN L + é
(") EMF Vour = R-load
S~ - (.

Figure 2-25: Electrical equivalent circuit per phase

Furthermore, resistance of each phase can
the copper loss and phase current by FEA. Using the per phase equivalent circuit diagram,

which isshown inFigure2-25, phase currertan be obtained:

N A—— (2-9)

— -0 Yz (2-10)

2.9.3.4Back EMF
Variation of air gap flux linkage with respect to translator position casebe inFigure2-26,

which owns a sinusoidal behaviour and found by FEA analssson displacement can be

written in terms of ({Qmseeckanicplifrageens) st r oke amp
© —z0BT1 o (2-11)
T ¢ Q (2-12)
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System instantaneous velociiycan be obtained and expressed in terms of engine stroke and
its mechanical frequency as:

b — “QuAi1006 (2-13)
ovo Gzl (2-14)
Where 1 is flux linkage that varies with translator positiand0 is the number of turns per
phase
non zO0E® (2-15)
000 GzLlz— G0 “QuAl OATI0 0 (2-16)
n 0 zOEH (2-17)
0 —Ai & (2-18)
000062 Lr— Gn —z0Qa ¢ BAGOG (2-19)
t - (2-20)
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Figure 2-26: Variation of air gap flux with translator position over one electrical cycle by FEA

2.9.3.5Electric force

Machine electrical force outputd ) which is the major part in quantity of the responding

forces can be derived as follows:

z z z

0 (2-21)
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2.9.3.6Copper loss

Electrical machine copper loss force can be derived, by knowing phase curremsistadces
of each phase. Force corresponding to the copper loss.

z z z

"0 (2-22)

2.9.3.7Hysteresis and eddy currents losses in PMs and iron core
Core loss (hysteresis and eddy currents losses in laminatioSBah#lagnetic Composite

(SMC)) and magnets eddy currents loss variation with speed at rated load found by FEA is
shown inFigure2-27 [44].

o 8§ z0 (2-23)

These losses are responsible for producing the combined @rcehat varies with system
velocity. Based on aforementioned equations related to electrical machine forces, the linear

electrical machine model can be constructed in LMS Amesim softwashoas inFigure
2-21.
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Figure 2-27. Core loss and magnets eddy currents loss variation with speed at rated load (FEAX]

2.10 Integrated model of electrical machine with fregpiston engine

An integrated model of electrical machine with fp@ston engine in LMS Amesim Imagine

Lab Software is shown iRigure2-30. These two models are coupled to each other in order to
investigate the overall system performance as well as investigating the effect of cogging force
on dynamic performance of systehu claify, these results are generated using the previous
machine's model in [44]t should be mentioned that, based on developed integrated model,
electrical machine force is function of velocity profile atite force behaviour from

thermodynamic cycle of emge. Flux Gathering RinFGR)concepis used at the end of stator
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edge to reduce cogging forf#4, 46] As a result, cogging force reduction technigues

helpful to reduce the fluctuation of output electrical machine force and power. This is shown

in Figure2-28 andFigure2-29 respectively. In addition, blue graph shows the force without
any coggng force reduction technique (without FGR), whereas red graph shows the output

force and power after applying cogging force reduction technique (with FGR).
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Figure 2-28: (a) Predicted Electrical machine output force (b) Flux Gathering Ring [44, 46]
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Figure 2-29: Predicted electrical power output.
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Figure 2-30: Integrated model of electrical machine with freepiston engine[44]
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2.11 Summarised electrical power output
Peak and RMS values of output power is givehable2-1. The RMS output power is shown
to be the same for both electrical machines. Perhaps the cogging reduction technique applied

does not improve overall system efficiency, although it clearlysh&lth power smoothing.

Table 2-1: Summarised electrical power output

Cogging with FGR | Original cogging (No FGR)
Peak power (kW) 3.3 3.5
RMS power (KW) 2.1 2.1

2.12 Conclusion

A study has been presented regarding the principal of operation of free piston engine, its layout
development and applications that have been introduced over the last few decades The concept
and idea, as well as the need and history of directly utiliseagrezal energy from a combustion
engine, have been introduced. An overview of the most common existing FPEG technologies
that can be directly driven by a linear generator has been provided. These engines'
classifications based on piston layout and op@rgirinciple have been discussed. In addition,
various types of configuration systems have been introduced and described. It has been
demonstrated that the development of linear machines to facilitate direct drive is advantageous.
The engine configuratiawere presented with their corresponding force balancing equation of
moving bodies. The development of a fully integrated thermodynamic model and electrical
machine model of a free piston enggenerator has been presented. It is used to investigate
theimportance of a cogging force reduction technique on the electrical output pow@iuxthe
gatheringring is shown to:

1 Reduce cogging force significantly.

1 Reduction in fluctuation of output thrust force.

1 Smooth out the electrical power output frtime free piston engirgenerator.
It was found that the RMS power of the two machines (with and without ripdgice
reduction technique) was the same, and all the cogging force reduction technique did was
smooth the power flow. This may be helpful for optimum performance of overall system. It is
important to note that, this result is only possible by the ugeohtegrated system modak
the generator is coupled directly to the pistoaving rod, there is flexibility to the designer to fit
the system into limited volumetric envelopes. However, removal of the rotating inertia provided

by the crank means tlengine is sensitive to the force ripple of the electric machine, potentially
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impacting the thermodynamiefficiency. In the following chapters, the limitations of this

approach, as well as the need for a more integrated model, will be discussed in depth.
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Chapter3. Linear Electrical Machi

3.1 Introduction

Linear electrical machines are classified as a direct drive motion technology, which means that
they convert mechanical motion directly to electromechanical motion without the use of any
linkages. It can be foned conceptually by unrolling the stator and rotor concept of a rotary

electrical machine into a linear configurationsaswn inFigure3-1.

Figure 3-1: Typical rotary motor, unrolling a rotary motor to linear motor. The stator is cut radially and
spread out flat

A linearmotion load can be derived directly with linear electrical machine without intermediate
gears, screws, or crank shafts. Linear electrical machines can be designed with a flat or tubular
crosssection. Synchronous electrical machines operate on the penafpthe traveling
magnetic field and as a result the mechanical speed is the same as the speed of the magnetic
field [47].

Figure 3-2: Tubular and flat linear electrical machine [47]
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It should be noted that the speed of the translator in a linear PM electachine is equal to
the synchronous speed of the travelling magnetic field and is determined solely by the input
frequency and pole pitch, whereas the rotor speed in a rotary electrical machine is determined

solely by the input frequency and number ofepohirg[47].
0 U ' — 1 (3-1)
l ¢ Q (3-2)

Figure 3-3 depicts a comparison of the thrust density of induction and synchronous machines
[47]. The thrust, or useful forc® 0 & |, is directly proportional to theutput power)

and inversely proportional to the translator's speedu . The following formula is used

to calculate thrust per active surfddé]:

0o — (3-3)
N — (3-4)
60000
Lsv joc | | .
50000 — |
— LsM| we
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z /
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Figure 3-3: Comparison of thrust density of electricalmachineg47] Cooling systems: AC: Air Cooling,
NC: Natural Cooling, OC: Oil Cooling , WC: Water Cooling [47]

3.2  Use of Permanent Magnets in Linear Machines

There are two types of magnet material properties: soft materials and hard materials. Soft
magnetic materials, such as inductor and transformer cores, and electric steels used in motors,

are easily magnetised and demagnetized. These materials are usetpanaty magnetic
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applications. In contrast, hard magnetic materials, such as permanent magnets, are difficult to
magnetise and demagnetize. Furthermore, hysteresis loop characteristics are used to identify
them [48-52]. To fully comprehend the magnetic properties, consider an iron core with a
winding wrapped around.iThe current carrying winding generates a H field,olwhiesults in
a magnetic flux in the iron core. Magnetic flux in the core is reduced to zero when the H field
is removed. In fact, core flux density is never completely zero; a small amount of core flux is
retained. This is due to the hysteresis properiibs is known as the "retentiy” of the core,
and it is a key feature of magnetic property. Permanent magnets are materials that are capable
of retaining a strong field while removing the externally H f{did, 51, 53] LookingatFigure
3-4, the bllowing concepts regarding-B characteristics of PMs are defingd, 54}
1 Coercivity(
The intensity of the magnetic field in the opposite direction is required to reduce
the core flux to zero.
1 Residual flux density or remanente:
When a permanent magnet is placedam iron core with a zero magnetic
reluctance path or a short circuit, the intrinsic flux density increases.
1 Maximum energy density (
Maximum B-H characteristic value in the range of ( .
71 Curie point or temperature :
It is defined as the highest temperature at which PM loses its characteristic.
3.2.1 Common permanentmagnet materials

The following are examples of common permanent magnet mafétiafs!, 55]

1 AIl1NiCo:
A1NiCo PM is created by combining materials such as aluminium, nickel, and
cobalt. It has a very low temperature coefficient, a high residual fluiitderis
about 1.2 T, and a low coercivity.

1 Ferrites:
Ferrite PM is created by combining materials such as barium, stontitium, and
lead. It is considered to have a very low temperature coefficient, a low residual
flux density of around 0.4 T, and a highecoivity. It is advantageous because
of its low cost and negligible eddy current losses.

1T SmCo:
SamariuniCobalt PM is classified as a rare earth element. It has a low

temperature coefficient, a high residual flux density of about 1.1 T, and a very
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high ccercivity. It can also operate at a maximum operating temperature of
300°C. Furthermore, its high cost is a disadvantage.

1 NdFeB:
Furthermore, in terms of residual flux density (approximately 1.3 T) and
coercivity, rare earth PM Neodymiuhron-Boron is sinilar to SmCo. The only
difference is the price, which is less than that of SmCo, and the maximum
operating temperature, which is around 170°C, which is roughly half that of
SmCo.

2.0

—B00 —400
H (kASmm)

Figure 3-4. B-H characteristic of permanent magnets in the second quadraturfs1]

The relationship betweddandH is defined in equations (3.5) and (3.6). In this equaids,
the flux density in Tesla, which is the product of material permeability and field intéhdity
fact, flux density is proportional thbl in a given material. Permeability, in other wordsai

measure of how permeable a material is to a magnetid5ig)b6]
6 0O (3-5)
‘ - (3-6)
3.2.2 Permanent Magnets History in the aspect of Magnet Energy

Figure 3-5 depicts the evolution of magnetic materials' maximum energy product. Energy
Product (BH) max is a magnet strength measurement with units of MGOe (CGS system) or
kJ/m3 (S| system). For exampleMGOe = 7.958 kJ/n{37].
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Figure 3-5: Permanent magnet development in the aspect of magnet strendsi’]

3.2.3 Hysteresis loop of BH curve

In order to investigate the saturation concept, consider iron, the most common example of

ferromagnetic material. Due to an externally applied field, the magnetic moments of the

domains tend to align in the same direction as the external field, resultexgremely high

permeability in the linear region. Increasing the field causes an increase in all domains until

they are roughly aligned. However, by entering the transition region, if the field continues to

increase, the condition will be reached whdmeost all domains are aligned. This is referred

to as the saturation region,sd®wn inFigure3-6 (a). Thisdiagram depicts the linear, transition,

ard saturation regions. It has been demonstrated that in the saturation region, the permeability

of materials loses their characteristics and behaves like the permeability of air. A different path

is then achieved by decreasing the external field to zeeoBHhhysteresis loop, which defines

the magnetic property, is created by increasing the field in the negative value until saturation

occurs in the third quadrature and then reversing the field from negative field to zero again, see

Figure3-6 (b). Futhermore, hysteresis loss is proportional to loop area, which is determined

by the material. Square loop materiabdepicted inFigure 3-6 (c). Thisis a characteristic of

PM materials. What can be seen is abr flux density, is significantly high, despite the fact

that the external field is zero. This case behaves as a flux source, generating flux that is

independent of the positive or negativddig51, 56] Permanent magnets are magnetised in

the first quadrate of the-Bl curve and operate in tlsecond quadrate.
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(a)Saturation B (b)Hysteresis

(c)Square loop material

Figure 3-6: (a) Saturation graph, (b) Hysteresis graph, (c) Square loop material grapi51]

3.2.4 Permanent magnet versus electromagnetic excitation

The following are the benefits and drawbacks of using PMs in the design and construction of
electrical machines:

1. It is not possible to generate sufficient flux by electromagnetic excitation in small
machines. This is due to space constraints, whereas PM excitation can generate adequate
flux even in very small spaces.

2. The construction of a PM excitation machine is much simgtan that of an
electromagnetic excitation machine. However, assembling small magdifisigt, so
this point not always true.

3. Because of their higher magnetic flux density in the airgap anddagler density, PM
excitation machineutperform electromagnetic excitation machines in terms of
dynamic performance and reliability.

4. In the electromagnetic excitation rotor, rotor flux can be controlled, whereas in the PM
rotor, constant flux is available, which is referred to as residuat#nsity.

5. Typically, PM machines are more expensive than electromagnetic excitation machines.

6. The PM rotor has no copper loss, whereas the electromagnetic excitation rotor has
copper loss. As a result, the former has a higher efficiency than the Hxdteever,
eddy currents can cause losses in the magnets.

7. PM machines have more torque per unit volume than electromagnetic excitation rotors.

8. Interms of drives and control, PM rotors do not require complex drive control circuits,

whereas electromagneticatation rotors do.
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3.3  Linear electrical machines proposed for FPEs

Depending on the plane direction of the magnetic flux relative to the motion direction, electrical
machines are classified lasngitudinalFlux Machines (LFMs) of FMs[58]. Electrical machines,

the majority of which are rotary, have been widely used in industrial and domestic applications.
However, linear motion is required in a wide range of applications, including military,
transportation, actuators, robot base movers'agbes, wave energy, and so on. For high
precision motion control solutions, a linear motion electrical machine is ideal. Flux density,
flux leakage, moving mass, and cogging force are the primary characteristics of any electrical
machine that allows it texcel in one are§9]. Figure3-7 categorisefinear electrichmachine
technologies and structures for direct drive systems. Since the advancement of power
electronics and permanent magnet materials in the 1990s, as well as the development of soft
and hard magnetic materials, the Permanent Madgnear Synchronous Machine (PMLSM)

has become the preferred device for the majorityapplications[60]. Linear Synchronous
Machine (LSM) topologies are classified basedwhether the geometry is flat or tubular,
single or double sided, slotted or slot less,4cored or air cored, and transverse or longitudinal
flux. It can be used in a variety of applications, including trains, industrial equipment, and

military equipnent[60-62].

Single

Sided
Linear Flat Machine
Double

Sided

Linear Electric Machines Geometry
I"I Tubular Linear |/\'
| Electric Machine |
o \ v
Excitation
Linear DC 320 IJnee_lr Linear Step
. Synchronous Induction
Machine . ; Motor
Machine Machine

Electrical Permanent

Synchronous Synchronous Reluctance

Figure 3-7: Classification of linear electrical machines

Figure3-8 depicts the topological relationship of electrical machines. Splitting and unrolling of
a conventional rotary rotor simply involves rerolliaigout a different axis, which results in flat

linear translator and tubular linear translator.
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{c)

Figure 3-8: Topological relationship (a) Conventional rotary rotor, (b) Flat linear translator and (c)
Tubular linear translator [63]

End winding increases copper 108#("0), resulting in lower efficiency and pow&s-weight ratio.
Furthermore, end windings generate their own flux pattern that does not interact to the secondary,
resulting in a low power factdb8, 63] However, end winding can help to cool the winding
because it is the only part exposed away from the slots and effective forced cooling can take place

to reduce the temperature of cqis].

End
winding

Usetul
<conductor

()

Figure 3-9: End winding of electrical machines, (a) Conventional rotary and/or flatinear machines, and
(b) Tubular linear machine[63]

(@) (b) (©)

Figure 3-10: Concept of linear electrical machine end winding, (a) Conventional rotary, (b) Flat linear
machines, and (c) Tubular linear machine
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Figure3-9 andFigure3-10show the end winding of electrical machines for conventional rotary
machnes, flat linear machines, and tubular linear machines. When the winding diagram in
Figure3-9(a) is rolled up to form the tubular winding diagranfigure3-9(b), it is clear that

the endwinding part contributes to the active machine part rather than the inactive coil.

A linear electrical machine isssentially a rotary electrical machine that has been opened out
flat. Figure 3-11 depicts two flat linear electrical machines, one with a short adbng

stator and the other with a long translatbort stator. By 'rolling it up' around the longitudinal

axis, the structure ifigure3-11 can be transformed into a tubular linear mokgure 3-12
depictsan industrial motoof this type. Because the primary windings are circular coils that
encircle the secondary magnets, tubular motors have a particularly simple structure. Short and

long translator versions of tubular geometry will be investigated in the following chapters.

;
L

(a)

Figure 3-11: (a) Short translator-long stator, (b) Long translator-short stator

Figure 3-12: Tubular linear motor [47]

34 Conventional linear machines

3.4.1 Linear induction machine

Induction machines do not have slip rings or collectors. In comparison to other electrical
machines, this reduces the production and maintenance costs of induction machines. The basic
operation of dhreephasdanduction machine is identical to that ofrartsforner, and it is based

on Faraday's law of electromagnetic induc{ief, 65]
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The Linear Induction Machine (LIM) can be used in a wide rang@plications. The working

principle is similar to that of a traditional rotary induction machine in that alternating current is
supplied directly to the stator and to the translator via induction or transformer action from the
stator. LIM requires an exteal source of winding excitatiolVhen the stator windings are fed

by a thregphase AC current supply that travels at synchronous speed in the airgap region, a
travelling magnetic field is produced in the LIM. As a result, the translator speed will todt the
synchronous speed of the stator's travelling magnetic field, resulting in an induced back EMF in the
translator. The difference between the two speeds is known as 'slip," and it is this difference that
causes the force and thus the translation onotif the slip is zero, no EMF is induced in the
translator, no current flows, and no force is produced. If the translator speed exceeds the
synchronous speed of the stator magnetic field, the machine switches to generator mode. Any slip
speed at any traiator velocity can be obtained by connecting the armature windings to a
controllable converter. As a result, the output power can be easily controlled for a variable input
speed, which is why the rotary counterpart is commonly used in wind turBiviesn the LIM is

used as a generator, it delivers active power to the electrical supply while drawing reactive
magnetization current from it, necessitating a bidirectional grid connection. If the mechanical airgap
is larger than the rotary equivalent, tmelictance and thus reactance of the winding are small,
resulting in an increase in the excitation current and thus a reduction in the machine's total efficiency
[65].

Mover

Windings
| (Primary)

Ay

- & . .
Secondary Secondary Back-lron

Reaction Plate

Figure 3-13: Linear induction machine [65]

3.4.2 Linear permanent magnet synchronous machine

The PMs can be positioned on the translator surface or withitrahglator structure. Different
magnet orientations and yoke materials (soft magnetic for (a) archagnetic for (b)) can be used
in translators. Furthermore, the Halbach array of PMs can be appkadLiBMs, with permanent
magnets in this configuratioexhibiting higher sinusoidal flux density than in conventional
configurations,seeFigure 3-14 and Figure 3-15 [66]. When the translator is driven, the flux

generated by the PMs sequentially cuts the statistatgr windings, resulting in an induced EMF.
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Furthermore, for stator winding, different slot/pole/phase ratios, distributed or concentrated

windings can be designed.

Furthermore, the absence of the translator windings affects its mass and size arittesdate

to no maintenance. However, the cost of the PM materials, the presence of stray magnet fields, and
the cogging force caused by the slotted structure and end effect are all issues that must be addressec
[47, 66, 67]
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Figure 3-14: Single sided topology with (a) Surface PMs, (b) Buried PMs.-BM, 2-Mild steel
core, 3Yoke [66]

Figure 3-15: Double-sided topology withHalbach array of PMs. 1- PMs, 2-Coreless armature
winding [39]

The permanent magnet machine operates on the same principles as thdieldsythchronous

linear machine, except that the excitation field is provided by the installed PMs rather than the
exdtation windings. The PMs serve as the excitation source in the translator, generating an
excitation field that interacts with the travelling magnetic fields produced by the armature windings
[66].

3.5 Variable reluctance permanent magnet machines

Variable Reluctance Machines (VRM) have high shear stress when compared to conventional
machines. Transfer flux machines, vernier hybrid machines, and flux switching machines are
derived and considered variable reluctance machines. The TFM, a membestrfafrihy, can
achieve an airgap shear stress of &88& , whereas its conventional counterpart air cooled
can only achieve 280 kM & . Given that back emf is directly proportional to the rate of

change of flux, magnetic gearing in variable reluctance machines can achieve a rapid flux
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change with a small physical displacement. In, the magnetic gearing corteptied-igure
3-16.
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Figure 3-16: Magnetic gearing[68]

3.5.1 Linear transverse flux machine

The TFM concept provides a higher specific torque and power density than a conventional
radial flux machine by a factor of three to five, but at the expense of a lower power factor. Low
power factor operation has an impact on power converter-Afoftere (MVA) rating
requirements due to their inverse relationship, which means that the capacity and cost of the
power converter system to drive an electrical machine is inversely proportional to the power
factor, with typical achievable values in the range of @35, as reported if69]. The TFM

is an intriguing concept because simply increasing the number of poles or decreasing the pole
pitch for a given overall dimension can increase the power rating of the machine by doubling
the rate of change of magnetic flux for a givgeometrical longitudinal dimension. However,

this will result in increased threimensional leakage and fringing fluxes. a cost penalty

due to poor PM utilisation, within each reduced pole pitch that affects the machine's operating
power factor, aseported in various studig®7, 70, 71] The influence of pole number on TFM

VA rating isdepicted inFigure3-17.

Stator Coi]_} G

Moving Magnets

Moving Iron Back

Stator Core —

Figure 3-17: Topology of a transverse flux machine, increasing VA by increasing of the pole number in the
machine[71]

As illustrated inFigure3-17, the number of poles in design (b) is double that of design (a), in

which the pole pitch has been reduced by half of its initial value. This clearly shows that the
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machine's magnetic loading$i not been affected. The magnitude of the flux surrounding the
winding has also remained constant, while the current loading has remained constant. The rate
of change of the flux, on the other hand, is duplicated due to a duplication of the number of
poles, resulting in a doubling of the induced EMF. As a result, increasing the number of poles
by decreasing the pole pitch while using the same amount of iron, copper, and current will have
no effect on the machine's electrical loading, resulting in a doudykase in the machine's VA

rating.

Most notably, in the TFM, the magnetic loading and electric loading are in different planes, i.e.
the magnetic loading is determined by the pole length, while the electric loading is determined
by the axial length. As gesult, the space required for the armature windings can be maximised
without sacrificing the space allocated for carrying the main magnetic flux, increasing design
flexibility. When compared to longitudinal flux permanent magnet generators, the active

volume and mass of linear transverse flux machines can be reduced.

The electric and magnetic loadings share the same space in a conventional PM machine
configuration. As a result, increasing the number of poles of this machine, for example, by
duplicating tle number of poles, will result in a halving of both the number of turns per coil
and the associated induced voltage. Furthermore, the flux will be halved, resulting in a further
halving of the induced voltage. However, both voltage drops will be compénatdy
doubling the number of coils and the frequency magnitude. This implies that the induced

voltage in the windings is unaffected, and thus the machine's VA rating remains unchanged.

3.5.2 Vernier hybrid machine

The Vernier Hybrid Machine (VHM) concept is describedia]. It is a topology derived from
variable reluctance permanent magnet machines that can provide high force[@8hslityhas

higher shear stresses than conventional machine topologies. The nature of the flux paths in the
machine, which are restricted to two dimensions as opposed to the TFM, wixdtanfiare

in all three dimensions and the machine structure is very complex, makes analysis and design

of this machine topology simp[&2, 74]

The advantage is that both windings and permanent magnets are mounted on the electrical
machine's stator, while a purely iron toothed translator is sandwiched between the stator sides.
The disadvantage of variable reluctarpermanent magnet machines such as VHM and TFM

is significant leakage flux paths, which has stimulated the interest of researchers to improve

them([74].
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Figure 3-18: Single phase unit of the vernier hybrid maching72]

The translator teeth are aligned with the magnets in such a way that low reluctance paths for
the magnetic circuit are provided. As a result, the total flux is provided by magnets with anti
clockwise magetising directions at the position depicted Figure 3-18 and clockwise
magnetising directions when the translator is displaced by one tooth or pole pitch. This
arrangement enables magnetic gearing and rapid flux reversal over a short distarirgy resul

in a higher electrical frequency than the displacement freqUéB¢cy 4]

3.5.3 Linear flux switching machine

The flux switching PM machine is a member of the VRM family with a deshlient structure.

[75]. The machine can be built as agle-sided, multisided, or tubular machine, and it is also
costeffective because the coils and magnets are both mounted on the shor{#6pvét

Figure 3-19 show examples of linear Flux Switching Machines (FSMs) with flat and tubular
geometry. The benefits of a simple stator structure with pure iron are generally defined by ease
of manufacturingyrobustness, and maintenance procedures. Because of thethaeveihlly
protected magnets in the mover, their simple and cheap stator that only consists of pure iron,
and their applicability in both flat and tubular topologies, short primary movers with bo
permanent magnets and armature windings have attracted considerable attention. It should be
noted that these machines are well suited for long stroke applications because both PMs and
armature winding are placed on the short part of the machine (statdeor translator), which
reduces the amount of PMs and copper required in comparison to conventiorsirddeg

linear PM machines, resulting in a significant reduction in the initial[¢8st79] particularly

in traction systems. However, this topology has drawbacks suchems/g mover, increased
cogging force, and force ripple due to an unbalanced magnetic circuit of the g80]cdilso,

by using a modular design of an electrical machine, a method for mitighe@ngroblem of

unbalanced magnetic circuits of end coils was proposed. Aside from the cogging force, the fact
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that the stator is not circular around the translator results in an additional fringing detent force,
which is a disadvantage of conventionaéhn LFMs[80].

PM  Armature winding Mover “E” Module Translater
Addidonal gy 04 N\a4 B3 [c3 as/B2 2 A2 BIJoi Al
|

Coil

Permanent

/Mangnel

No-Magnetic py ¢
Materials

Liner
encoder

(b)

(@)

Figure 3-19: Configuration of linear flux switching machine (a) Flat[78]; (b) Tubular [79]

Figure 3-20 illustrates a flux switching machines proposed for a FPEG application in three
phases with double layer armatiigd, 82] This study also comparedbular fluxswitching
machine with tubular PM machine with quagalbach magnetizatiosge Figure3-20(b), flux-
switchingmachine suffers from heavier moving m§&g|. In addition, this machine consumes

a large number of PMs than the conventional PM machines.

Permanent magnets
of opposite polarity

Mass (kg)

Stator core
modules

Copper Magnet  Statorcore Movercore Moving-
mass

(@) Linear flux switching machine (b) Comparison results

Figure 3-20: Flux Switching machine[81] (a) Three-phase model, (b) @mparison results[81, 82]
3.6  Linear tubular permanent magnet machine

Linear tubular permanent magnet machine is a linear machine in which the primary stationary
part (stator) is wrapped around the secondary moyst€translator) in parallel to the motion
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axis, and these two partare circumferentially separated by the mechanical airgap. The
machine's active part consists of amagnetic supporting moving part for mounting the PMs,

a combination of ringghaped iron or SMC, magnet poles, cylindeaped translator coreback
and orfull PMs with different magnetisation directions, which interacts with-shgped coils

and stator toot[B83, 84] Permanent magnets are magnetised as Axial Magnetised (AM), Radial
Magnetised (RM), or Quasialbach Magnesied (QHM), as shown in the cut through 2D view

in Figure3-21, which clarifies machine parts and magnet orientation.

S=EEE
eER

)ife

(@) (b) (c)

Figure 3-21: Tubular PM machine (a) AM, (b) RM, and (c) QHM

The advantage of linear tubular permanent magnet machines is that thetofaeaght ratio

is higher than that of flat linear topolof36]. Furthermore, a high force density and a high ratio

of PM utilisation can be achieved. Furthermore, because tubular machines do not have an end
winding, copper dss is reducedB6]. The tubular geometryfaan electrical machine can
theoretically offset the attraction force between the stator and the translator, allowing all
machine parts, including the stator, translator, bearing, position sensors, and power electronics,

to be integrated into a single aydier.

It has been demonstrated that this machine topology has appealing features such as high power
density, high efficiency, low cogging force, and low moving mass, all of which are required for
achieving a high output power from an FPEB3] and make it a more appealing choice for

applications requiring dynamic performance and reliabfis).

The complexity of the translator and stator structure, as well as the implementation of the
laminated core, are disadvantages of this type of tubular linear machine. The developed SMC,
on the otherhand, can overcome the core lamination probl&3]. Furthermore,[89]
investigates tubular vs. fogided structures, with four sided being preferred due to a simpler

manufacturing process.

Figure 3-22 depcts an ironless tubular machine in which the iron core has been removed,
resulting in significant core material savings and a significant reduction in undesirable magnetic
force/cogging forces. However, due to a poor magnetic circuit, this configura@regative
impact on the generator's performance capaljdidy 90]
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3-Phase Winding

Permanent Magnet

Steel pole

Figure 3-22Ironless tubular machine[91]

3.7  Selection of machine for further development

Table 3-1: Comparison of linear machines for free piston engine generator application

Topology Advantages Disadvantages
Simple structure. Requires high excitation current
. . . . Low initial cost. Low efficiency.
Linearinductionmachine . :
Light moving mass. Low shear stress.
High power factor. Requires a large amount of PM
. . High efficiency. Low shear stress.
Linearsynchronousmachine .
High translator mass.
Very high shear stress. High copper consumption.
High force and power densities High copper los.

Lineartransversdlux machine
Complex structure.

High cogging force.
Low power factor.

Simple structure. Low power factor.
. . . : Low PM mass. Poor magnet utilisation.
Linearvernierhybrid machine . . . :
High shear stress. Attraction force is an issue.

High efficiency.

Robust translator structure.
Low translator mass.
Shares the advantages of TFM a
Flux reversal machine.

High force and power densities
PMs in the stator.

Simple structure. Requires a large amount of PM
Linearflux switching machine High shear stress. __Mmass.
Great magnet utilisation. Stator iron teeth are easy to
High powerfactor. saturate.
Robust translator structure. High cogging force.

PMs in the stator. Attraction force is an issue.
No endwindings. .

No attractian forces. PMs thermal protection needed

High force and power densities Mover mass is heavy.
Linear tubular permanent magng Less maintenance.

High power factor.

Well suited for system integratior
Simplicity of manufacturing.
Suitability for various stroke

amplitudes.

machine

To get the most power out of the FPEG, an efficient generator must interact with the direct
coupling of the prime mover. The comparison of linear machines for FPEG applications is

shownin Table3-1. Finally, despite intense competition among the members of the permanent
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magnet machine family, the tubular permanent magnet machine has been chosen for further
development in the following elpters.

3.8  Finite element analysis and MagNet software

Finite Element Analysis (FEA) is a method for simulating a real physical system that employs
mathematical approximation. Specifically, breaking down a large complex system into a large
number of sma| simple units, then calculating the approximate solution for each unit and
combining the results to derive an approximation for the original system. FEA has a high degree
of accuracy and is a useful tool for engineering analysis. Finite elements aegedisits that,

when combined, can represent the actual continuous domain. Because FEA typically contains
enormous, calculated quantities, the use of software is unavoidable; MagNet is one such
software that uses FEA to work on electromagnetic problenagNdt is a cuttinggdge
software application for modelling electromagnetic devices on a personal computer that is
currently available. It provides a virtual laboratory where the user can build models out of
magnetic materials and coils, view displays ia torm of field plots andjraphs andbtain
numerical values for quantities like flux linkage and force. A MagNet user only needs a basic
understanding of magnetic concepts to model existing devices, modify designs, and test new
ideas. MagNet is intended to be a full 3D modelling tool forisg electromagnetic problems
involving static magnetic fields, varying time fields, eddy currents, and dynamic conditions
with motion. MagNet also provides the option of 2D modelling, which saves a significant
amount of computing resources and solve tiMagNet's use of cuttingdge methods for
solving field equations and calculating quantities such as force and torque is one of its
distinguishing features. To obtain reliable results, the user must make afirdedween
running speed and accuracy; fem&r, while 2D simulation results can be obtained quickly, 3D
simulation results can take a long time to obtain. The designer will perform 2D axisymmetric
modelling in this thesis because their magnetic field has a longitudinal feature that is very
similarto 3D modelling but with a much faster solution time compared to 3D simuldtlon

44].

3.9 Conclusion

A literature review has been presented regarding the principal of operation of FPE, its layout
development and applications that have been introduced over tlieepades. The existing engine
configurations were presented with their corresponding force balancing equation of moving bodies.
Various machine topologies of linear machines which reported for this application have been
studied and described in this Chapi2etails have been given of conventional linear induction

machines, linear PM synchronous machines, linear variable reluctance PM machines and linear

51



Chapter 3 Linear Electricail8lachin

tubular PM machines and a discussion outlining some of their benefits and drawbacks has taken
place. Thesimplicity of manufacturing process and rigidity of the translator have been taken
also into consideration. Finally, despite the intense competition between the members of the
family of the permanent magnet machines, the tubular permanent magnet mashieema

selected for further analysis development in the proceeding chapters.
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Chapter4a. EIl ect r iScedle cMa comi ne

4.1  Comparison of two generators

A linear synchronous machine is compared to a linear transverse flux machine in this chapter.
Both machines were designed and built with the intent of serving as the powefftiaka free

piston engine. Because both topologies are cylindrical, theyptharbuilt with flat laminations

alone, so alternative methods are described and demonstrated. Despite differences in topology
and specification, the machines are compared in terms of rated force and suitability for use as
a generator. This chapter debes the experimental demonstration of two electrical machines
designed for this application: the LSM, a tubular permanent magnet machine, and the TFM, a
modulated pole machine. Both machines have a cylindrical cross section and are powered by
magnets thadre mounted on a moving translator. Both machines are constructed in an unusual
manner and rely on thremensional flux paths guided by SMC. Both topologies were
evaluated using the same test facilif@?, 93]

e

,’ : 1-«-\‘l :.'..:..'..'...'..'..:: :

Figure 4-1: Model of an integrated free piston engine

4.2 Linear machines

Two permanent magnet linear cylindrical machines have been chosen, which represent the two
extremes of machine design in some ways. The LSM is a surface m&htedchine with a
conceptually simple topology, similar to the surface mounted rotary synchronous PM machine,
which is known for its high overload torque density and relatively simple construction. The
TFM, on the other hand, requires unconventional coosbn in its rotary forn{94, 95] is

known for effective use of PM material, has good rated performance but is less good in extreme
overload condition$96]. Assuming that integration into a free piston engine necessitates a
cylindrical or tubularconstruction, neither of these linear machines can be made from
conventional lamination stacks, so arguments about the rotary counterpart construction are less

relevant.
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4.3  Specification

The LSM was designed for use with an external combustion free piston engine, bfEed on
requiring a rated force capability of 800 N and connected to a resistive load. The TFM was
designed for an internal combustiaed piston engine described[#1], has a rated force of

1500 N and assumes a fully rated inverter as a load. The machine specifications are shown in
Table4-1.

Table 4-1: Target specification for two machines

TFM LSM

Ratedforce (N) 1500 800

Stroke (mm) 152.4 120

Machineactive length (mm) 150 120
Active length/Strokdength 1 1

Airgap (mm) 1 15

peak speed (m/s) 2.54 4.6

Translatomass (Kg) 06 06

4.4  Linear synchronous machine

Figure4-2 depicts a section of the LSM, a cylindrical surface mounted PM machine. Within
the volumetric constraints of the system, radial, axial, and Halbach permanent magnets were
considered during theéesign stagf97]. The radial machine was discovered to be incapable of
reaching the design force and was thus rejected. The remaining topologies were evaluated using
a weighted function of the form given in Equationl(4 with the lowest magnet mass machine
serving as th base value. The three evaluation coefficients were magnet mass, moving mass,
and overall machine efficiency. The parameters are comparEdjume 4-3, where axially

magnetised magnets provided the best overall machine for the constrainis lisbte4-1.

Figure 4-2: The linear synchronous machine

P& ¢QQ0RQE 0 " P (4-1)
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Figure 4-3: Selection of magnet orientation for the LSM[97]

45 Build and test

The translator uses flux concentration in the axial radial plane and has an axisymmetric flux
path. While this could theoretically be supported by radially laminated pole pieces, it was
unlikely to be practical to construsgeFigure4-4. Similarly, solid electrical steel would have
resulted in significant losses, so SMC blocks were used. These were mounted on a non
magnetic support tube in the centre.

Figure 4-4: Laminated stator concept[97]
Flux flow is radial and possiblgxial in the stator teeth, and axial and radial in the stator
coreback. The entire stator could have been SMC, but because the prototype material comes in
200 mm billets, construction would have been difficult. Similarly, a radially laminated core
back irterfacing with axially laminated teeth, ssown inFigure4-4, could have been used,
though experience with radial laminations is limitedyure 4-5 shows thestator, which was
made of axially laminated teeth stacked to form rings and interfaced with an SMC coreback

made of segments.
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(a)

Figure 4-5: (a) individual SMC coreback segment (b) assembled SMC coreback and laminated te¢d4]

Figure4-6 shows the stator mounted within an aluminium housing and the translator mounted
on a stainless rod supported by solid bearings. To achieve open circuit emf and static force
capability, the machine was driven by a ball screw. The result, as shéigure4-7, validate

the FEA simulation result.

Flange Linear
ball bushing

¥| Linear bushings
- Holder

© Measured - FEA

No-load EMF, (mV)

1} 0.75 1.5 2125 3 3.75 4.5 5.25 6 6.75
Time, (s)

Figure 4-7: Open circuit back emf for the LSM when driven at constant spee44]

4.6  Linear transverse flux machine
Figure4-8 shows (second generator) a linear TFM with axially magnetized permanent magnets

on the translator if41].
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Phase windings

Stator laminations

Translator

Figure 4-8: Modulated pole transverse flux maching41]
Figure4-9 showsa single phase of a linear TFM with axially magnetized permanent magnets
on the translatdi98]. Within the translator, magnetic flusavels axially from the magnet into
the pole pieces (1), radially across the air gap and into the stator tooth (2). It is a similar
construction to that used in the LSM. In the stator core back, flux travel is axial and
circumferential around the outergalof the coil (3) to align with the next translator pole piece.
The path is completed by radially returning down a stator tooth (4), across the air gap into the

translator pole piece.

Figure 4-9: TFM flux schematic diagram [88]

Because these machines have a natural low reluctance, they tend to be quite forced dense,
making it relatively easy to optimise the design for low magnet .nkbmsever, this naturally

leads to machines with a highdinctance and low power factor. For practical use as a generator,

it is better to look at machines with a higher magnet mass, but a corresponding lower electric
loading and better power fact®9].

4.7  Building and test

As with the LSM.,it is more practical fothe magnetic poles of the translatolbe made from

SMC. The stator has an inherently thoensional flux path, and so cannot be made from a
simple single laminated structure. To dersivate an alternative to SMC as a coreback material,

a concept was devised whereby the teeth were made from axially laminated laminations and

they were magnetically connected via radially laminated b|dekmire4-10. The blocksare
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held in place by a nemagnetic (composite) structure. The construction of this machine is fully

described iM88]. The assembled machim&as driven by a ball screwigure4-11, and the

results used to validate back emf predictions, as showigure4-12.

Figure 4-11: Test- rig used for both machines: 1 TFM; 2 load cell; 3 linear actuator; 4 displacement
transducer; 5 DC power source; 6 oscilloscog88]

EMF simulation

Voltage (V)

--------- EMF measurement

T.iITIE (s}

Figure 4-12: Example of back emf result used to validate TFM FEA88]

Table4-2 shavs a summary of the parameters of the two designed machines. Most notably, the
TFM has a rated force of double that of the LSM, despite the fact the LSM was designed to
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have twice the currg density44, 93] As magnet mass was unconstrained in this study, this is

perhaps not a fair comparison.

Table 4-2: Parameters of compared machines

TFM LSM
Number of turns 120 40
Translatormpoles 20 14
PM mass (kg) 2.33 1.59
Statormass (kg) 13.8 16.45
Translator mass (kg) 5.96 7.4
PM material NdFeB: Neodymium Iron Boron SmC017
Electricalpower output (KW) 3.8 3.83
Efficiency (%) 97 94.6
Powerfactor 0.62 0.7
Jmax (A/mm”2) 35 6.0
Totalmass (kg) 24 20
Shaftdiameter (mm) 25 12

Figure4-13 compares the machines at rated current detwityeet the required forceshere
most parameters of the LSM are used as the base for a per unit comparison of the two.machines
Efficiency and pwer factor are not scaled. In terms of absolute force, force per unit mass and

efficiency, the TFM is the stronger machine.
mLSM ®mTFM

1.4
12

1
0.8
0.6
0.4
0.2

0

Mass Force PM mas<Efficiency Power Current For ce/
Factor Density PM mass

]
o

Figure 4-13: Per unit comparison. Mass, magnet mass, current density arfdrce per kg magnet mass all
use a per unit base of the LSM values. Efficiency and power factor are the absolute values

Neither the power converter kVA rating nor the current density is equal in these designs. The
LSM was designed to feed a simple resistive load, with the TFM coupled to a fully controlled
converter. The direct comparisonTadble4-2 must therefore be treated with caution.

4.8  Machine constant density

The different specification and different current density used in the design studies skews the
comparison as force capability, efficiency and mass are all relevant. Considering just copper
losses, which will be dominant at rated force, the Machine Congw#®} for an m phase
machine can be defined it terms of its foFEems currentims and phaseesistancer as in
Equation (42).
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In terms of mass or volum¥, the Machine Constant Densit¥CD) can be defined as in
Equation (43).

060 — —— (4-3)

Table4-3 shows theMCD for the two machines, where once more the TFM appears to be the
stronger machine.

Table 4-3: Machine constant density comparison.
MCD ( k N/ (kg

LSM 21
TFM 59

Near rated current, both machines can be represented by an equivalent circuit consisting of an
emf, a series resistance and a series reactaabk 4-4 shows the component values for the
two machines, based on finite element analysis predictions.

Table 4-4: Equivalent circuit parameters

Generator TFEM LSM
Turns per phase - 120 40
Peak flux Wb 0.00063 0.0031
Inductance H 0.045 0.0027
Resistance Ohm 1.42 0.227
Peak electrical frequency Hz 146 130

When coupled to a free piston engine, the excitation velocity of the electrical machines will be
almost sinusoidal. Assuming a peak speed of 4.6 m/s, the predicted open circuit emf of the two
machines is shown iRigure4-14. When coupled to a simple resistive load, the RMS power
developed in the load is dictated by the value of that resistance. For exkigpte4-15

shows the characteristics of the LSM over a range of loads. The RMS power is seen to be a
maximum of over W at around 2 Ohms, which corresponds well to the impedance calculated

using the valuem Table4-4.
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Figure 4-14: Back emf of machines coupled to a sine wave
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Figure 4-15: Power output with load variation for the LSM driven at a near sinusoidal wave form with
peak speed 4.6 m/s

For the TFM, the increased frequency, resistance and most importantly inductance results in a
maximum power transfer occurring at a load resistance of around 40 Ohms, with a real power
output just a fraction of that from the LSM. The inductance prevents the machine extracting
any real powerthis machine is almost worthless without a properly ratedrterat its output

as capacitive tuning is not possible in this variable frequency application.

The power output of the TFM is much lower than the power factor of 0.62 would imply. There
are lessons to be learnt here about designiggnarator as a motor with a constant current
density in FEA. Furthermore, as this was mainly an electrical topology demonstration project,
the authors were more concerned with fill fa¢&8 percentjhan turn numbgd00]. Assuming

a reduction in turn number gives a linear reduction in emf and resistance, and a square reduction

in inductance, the equivalent circuit model implies the power could be increasely $light

will always be well below the LSM.
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In a cylindrical linear machine with moving magnets, it is hard to envisage a translator that does

not require SMC. On this basis, the translator of the LSM and TFM are mechanically equivalent.

In terms of the star, the mechanical structures are quite different, and experience gained is

worth sharing. In rotary machines, the TFM can justifiably be called hard to manufacture, and
often the 3D flux path forces the machine to be fabricated from SMC or bent lam&hhfit].

In this study, however, it is the LSM that has SMC in the stator and the transverse flux machine

has a prely laminated structure.

For prototype machines, it is not normally feasible to construct large SMC corebacks as a single
pressed component, as might be expected in a production machine. Instead, mechanically robust
prototype grade SMC can be supplieatyfindrical billets. These must then be machined into
intersecting segments to make larger components. Although cutting tolerances can be tightly

controlled, stack tolerance is still a concern and airgaps are inevitable.

Both stators include laminationisat must be magnetically coupled: to other laminations in the
TFM and to SMC in the LSM. In the TFM, the stator consists of relatively fewer components
and so overall fittings are likely to be better. Hence the normal arguments about fabrication
based on duction experience of rotary machines are not necessarily applicable to prototype
linear machines.

4.9  Electric equivalent circuit of the singlephase linear generator

The goal of this section is to examine the electrical output power of the integrated linear engine
generator combination. Thus, it is important to examine the electrical model of generator.

Figure4-16 is pictured equivalent circuit diagram of generator per phase. Electrical output

powerand EMF can be written as foll owing base
L-ph R-ph
£ AANA- ~
I :) J.
P i ar <
) EMF Vour = R-load
hN — k"[)

Figure 4-16: Equivalent per phase circuit diagram

Based on Far adativdFerce (BVK),of oBd phaset candoe calculated from the
flux linkage in the coils. In simple words, EMF can be obtained by derivation offiiinx

respect to time. EMF is defined as:
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000 §— (4-4)
The terminal voltage> for a phase can be defined as:
w 00 0YzQ 00— (4-5)

WhereN is the number of turn®R is phase resistanceis the phase current amdis phase

inductance.

In these equations the values of inductance and flux linkage are extracted directly from the
finite element analysis performed on the electrical machine. By obtaining the peak flux linkage
value, then the F can be calculated. Thus, the current in electraclel ofFigure4-16 can

beobtained by knowing the value of winding resistance of one phase. By knowing the current,

voltage and power can be calculated as follows:

0 — (4-6)

o Y 270 0 o 70

Owing to the variable frequency of intended application in this thesis, alternatively, the value
of current can be obtained by performing the solution of differentialatean in
Matlab/Simulink shown ifrigure4-17.

— -0 'Yz'Q (4-7)
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Figure 4-17: Electric model of generator in Matlab/Simulink

4.10 Comparison of two electrical machines for use with free piston engine application

A direct drive free piston engirgenerator is a combustion engine where reciprocating pistons
are used to drive the translator of an electrical generator. It is hoped that the elimination of the
rotary part of the engine will result in a low mass, loasl@lectrical generator, for use as a
range extender in electric vehicles for example. Two electrical machines designed for this
application: a tubular permanent magnet machine referred to as thgtdEamd a modulatd

pole TFM[41]. In addition, both machines have a cylindrical cross section and involve magnets
mounted on a moving translator. Based on a simple electrical equivalent circuit in
Simulink/Matlab these two electrical generators are comparhe aame sinusoidal velocity
profile input.
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411 Linear synchronous machine

Table 4-5: LSM generator electrical data

LSM
Number of turns per phase 40
Internal resistancp VY ] 0.227
InternalinductancgH] 0.0027
Load resistancg VY ] 2.27
Piston velocity[—] 4.6
(a) Velocity profile
3000
2500
E 2000 E:-
1000
S00
’ ] 002 0.04 0.06 0.08 01 0.12 014 0.16
(c) Electric power (d) Current

Figure 4-18: Simulink results of LSM
LSM topology previously is shown frigure4-2. The data related to simple electric equivalent
circuit of linear synchronous machine LSM is shownTable 4-5. Furthermore, velocity
profile, EMF, electric power and current of LSM can be seéiigare4-18. It should be noted

that, the value of load impedance is chosen equal to the value of internal impedance of

generator, in order to obtain giamum power out of generator.

@ Yoo Y 10 Y ¢“Q 2D (4-8)

W Y ® ™ X ¢ Zpo®moZzmaingyx & xL 0 (49)
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412 Transverse flux machine

Table 4-6: TFM generator electrical data

LSM
Number of turns per phase 120
Internal resistancp VY ] 1.42
Internal inductancgH] 0.045
Load resistancg VY ] 44
Piston velocity[—] 4.6

The data related to simple electrical equivalent circuit of Modulated pole TFM is shown in
Table4-6. Furthermore, velocity profile, Back EMF, electric power and current of TFM can
be seen irrigure4-19. It should be noted that, the value of load impedance is chosen equal
to the value of internal impedance of generator, in order to obtain maximum power out of

generator.

@ Y o® p8 ¢ ¢‘zZputz Mrtv TTL (4-10)

Velocity [m]
BackEMF [v]

Time [s]

Time[s]

——Phase A Phase B Phase C

(a)Velocity profile (b) Back EMF

WA

0 -6
0 0.02 0.04 0.06 0.08 01 0.12 0.14 0.16
Time [s]

i
w
=]
=]

Power [w ]
Current [A]

Time [s]

Phase A Phase B Phase C

(c) Electric power (d) Current

Figure 4-19: Simulink results of TFM

It should be mentioned that, basedFigure4-18, maximum peak power of 3|8V can be
extracted from LSM generator with load resistance ofY2,4 wh e r eomRgurb4al$, e d
maximum peak power of 2RV can be extracted from TFM generator with load resistance of
60Y .

66



Chapter 4 Electrical MachinerSelectio

413 Conclusion

Two cylindrical machines have been introduced. Whilst the per unit pendermance of the
transverse flux machine was significantly better than the synchronous machine in the design
study, its performance when coupled to a resistive load was significantly poorer. In addition,
the build of both machines is discussed, andatgsied that aversion to 3D flux topologies in

rotary machines should not influence design decisions about tubular linear machines.

Performance of TFM and LSM is compared in Matlab/Simulink to determine which is superior.

In terms of electric powegeneration, LSM outperformed TFM when both machines were
connected to the rated load. TFM's other drawbacks were its low power factor and difficulty in
manufacturing. As a result of these considerations, LSM has been chosen for further research

into its integration with the linear Joule engigeneratosystem.
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Chapter5. Devel opment of Per mamieme Mag!

51 Introduction

The am of this chapter igo produce a feasiblelectromagnetic design of tubular linear
synchronous machine. Translagpermanentmagnet orientation and configuration will be
investigated from an electrical machine perspective. This chapter describes the design
methodology used to desigmelectrical machine of tubular geometry for use with the LJE to
supply a pure resistive loadinghree electrical machines candidates with feasible permanent
magnet orientation have been studietiich have been designed and optimised with manual
optimisation to react the same engine driving force, having similar stator and translator
structures andnaterial to study the effect of feasible key design variables on the design. All
machines were modelled using 2D Axisymmetric F&#alysiswith considering end effects,

and by using transient solution, results were obtained and the resultant electdbalesa
achieving design objectives have been compared and conclusions are detailed.

5.2  Physical integration

It is intended to integrate a linear tubular generator within the compressor cylinder, with two
different generator layouts being investigatedotimer words, a compressor cylinder with an
integrated generator can be produced with a short stator/long translator configuration or a long
stator/short translator configuration. Furthermore, the concept of two generator configurations
is physically compad to each other, and for fair comparison, stroke length and chamber
volume are kept constant for both configurations.

To shorten the total physical length of the system, the linear generator's translator is thought to
be combined with the piston in the aompressor. Instead of employing the expander cylinder,
the compressor cylinder is substantially cooler, allowing for optimum flux generation from the
permanent magnetSigure5-1 shows a 2D perspective of a linear tubular shaped PM electrical
machine topology with short and long translators integrated with a comprossor cylimder
terms of system integration complgxitit is evident that employing a short transldtorg

stator arrangement is much supetma long translator/short stator configuratiémgeneral,

the long stator generator concept reduces the amount of PM material used in the assembly,
because thentire flux established by the PMs crosses part of the coils at any time of operation.
Therefore, it can be concluded that the magnets are used more efficiently in comparison with
the short stator PMLG design.
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The advantages of using shtreinslatorlong stator can be 1) overall system length is reduced
by one third, 2)permanent magnet mass is reduced by half/total cost is reduced, 3) the full
usability of the permanent magnet flux at any instant of time, 4) mover weight is also reduced
by half, might be beneficial for system operation.

The drawbacks of using short translator/long stator is that coil configuration is a bit complex
and it requires a power electronic system or position controlled switches in order to
exclude/include coils froralectric/magnetic circuit. Otherwise the remaining inactive coils act
as an inductive load, hence reduction in performance and electrical machine efficicency. In
addition, due to have long stator design the total mass of generator in this configuration is
heavier than of short stator design.

1
EL

Compressor cylinder

Non-magnetic sealing

2L
Figure 5-1: 2D view of linear tubular generator integrated into compressor cylinder of FPEG system

The air gap lengthg is considered to be 1.5 mm satisfying perceived manufacturing tolerance. The
compressor cylinder will be inserted between stator and piston/translator assembly gap. The actual
air gap length will be 1.5 mm because there ismb tolerance between PMs aodmpressor
cylinder and the compressor cylinder thickness ismh. Piston/translator assembly will be
reciprocating inside compressor cylinder and only contacting part is piston rings/rider band and

cylinder wall asshown inFigure5-2.
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stator

Compressor cylinder t 1mm

[ PMs 1

translator

Piston ring

Axis of e
Y

Figure 5-2: Air gap length between PMs and stator

5.3  Long translator versus short translator

Same active area
6slots / 7 poles

| specification | Value | unit |
outer 180 mm
diameter
length 24 mm
Longer translator , Shorter stator 0 Shorter translator , Longer stator
Alr gap 15 mm

Figure 5-3: Long translator versus short translator
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(a) Thrust force versus position
5000

4500
4000
3500

2500

2000 ——Long translator — ——Short translator
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Power [W]
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Direction of motion [ mm ]

(b) Electric power versus position
Figure 5-4: Thrust force and electric power of generator

This section shows that both machiirekigure5-3 have the same active electromagnetic area,
and they are capable of generating same thrust force and poweiguwes-4. For integration

with compressor cylinders, the short translator arrangement is mosefiausive and practical
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Declaring that the short translator is the emphasis of this chapter because the performance is
the same, tithe permanent magnet usage is cut in half.

54  Slot-pole number combination

The active length of the electrical machine is a combination of the statob skmsl translator
polest which are the only effective parts in the electromagnetic energy conversion process.
Thus, the active length, the slot pitthand the pole pitch , with rj representing number of

slots per pole per phase, are simply related to each other as:

0 nzo zt 0zt (5-1)
Ny * T
o Tg . ':
A B C
| N [ S |
i: T > i
) Np * 1y g

Figure 5-5: Three i Phase linear electrical machine of three stator slots and two translator poles

For a basic three phase machine design configurationfwithand a minimum combination
of three stator slots and two translator ppteseFigure5-5, theslot pitcht the requirement
for three phases, and that of the pole pitckatisfying 18@lectrical degrees between adjacent

translator poles may be defined as:

T Qv — (5-2)
T QU (5-2)
By making use of &) and (52), and withk=—1, 2, €&, it can be shoyv
0] U (5-3)

It must be noted that for the viability of the above relationshipnust be dividable by three
for any given pole nutyer 0 , and thus the term———) must be a positive integ¢t02].

Feasible slepole number combinations that satisfy three phase electrical machine
configuration of up to 18 slots are listedTable5-1, althougha higher slot number is also
achievable, it is deduced in here for up to 18 slots.
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Table 5-1: Feasible slot/pole combination

31 160( Poles(
3 2,4,5
6 4,5,7,8,10,11
9 6,12, 15
12 8, 10,14, 16, 20, 22
15 10, 20, 25
18 12, 15, 21, 24, 30, 33

55  Machine topology

The ubular geometry has the theoretical benefit of removing all forces perpendicular to the axis
of motion, resulting in no attraction force between the stationarynamdng parts of an
electrical machineThe design of machine topologies is presented in heré) for§,c & ® =5)

combination, although other combinations can satisfy the design objectives.

Figure5-6 shows a schematic of the general machine topaldigis composed of a three phase,

six slot /five pole combination and equipped with a modular stator winding in which
circumferential coils of each phase are located adjacent to each other which gives higher force
capability compared with conventional giisuted windingg102-104]. Theflux path in the

stator core back and translator pole pieces is three dimensional and so these components are
made from soft magnetic composite material, whereas flux in the stator teeth is radial and
circumferential, and so they are also formed of SMihding diagram of 6 slots and 5 poles

electrical machine iglustrated inFigure5-7 to provethree phase balance winding.

SMC
Permanent magnets

Figure 5-6: Flux path in electrical machine

72



Chapter 5 Developmemesmanent Magnet Electrical Machine

Figure 5-7: Depiction of winding phasor diagram of 6 slots and 5 poles electrical machine

The sizing equations are almost always constrained by space limits which set the maximum
overall length and diameter. To size any electrical machine geometry, cooling is very important
and all machines modelled in this thesis are assumed to be cooleallydfid5]. Design
objectives were set to satisfy the maximum electric power gémeras well as system
compactness. In addition, the optimal balancing between magnetic and electric loading was
considered when stator/translator diameter ratio has been opt[@iisd®6] In all models the

active length of the electrical machine is the same as the stroke length of the engine model to
achieve a ratio of 1:1 to get the maximum power fronnfidthanical cycle of engine generator
system.

5.6  Design variables and permanent magnets orientation

The stator outer diameter is fixed at 120mm because it has been decided to build machine
completely with Somaloy which is Soft Magnetic Composite powdetis wiique 3D flux
properties SMC material and the prototyping material is only supplied at 120 mm outer diameter
and 20mm width. The stroke length or active part of the electrical machine is also fixed at 50
mm because engine stroke length is 50 mm. Tisémaited volume irthecompressor cylinder

and for integration of generator and compressor the electrical machine dimension must be small
to integrate into the compressor cylinder of an engine, this will be elaborated in upcoming

chapters.

Initially electrical machines are dimensioned with analytical calculation theory which is based on

specific thrust requiremef7, 58, 67, 107]A 2D cut view ofdesignparameters in machine

topology is illustratedn Figure5-8, identifying key design variables. Permanent magnets can
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be installed and mounted on the translator with three different arrangements Axially Magnetised
(AM), Radially Magnetised (RM), and QsiaHalbach Magnetised (QHM) as shoimrFigure
5-9. The PM radial height is fixed, at 8 mm to provide enough magnetic energy for performance

however theaxial width will be optimised accordingly.

In electrical machine modelthe translatomagnetic circuit composeaf a robust supporting

tube (nommagnetic cylinder), surface mounted PMs (Recoma 30HE) and/or pole segments
made ofSoft Magnetic Composite (SMC) and translator core lbaakle ofSMC. Magnet type is
Samarium Cobalt Sm2 Co17, manufacturing method of sintered and uniformity of magnetic
orientation of anisotropic. Assumptions: Tétator magnetic circuit is composed of SNE&th

and SMC stator core back modelled to saturate at flux densities of 1.4 T, which is also used in

translator magnetic circuit.

Lacu‘vv

H seb %:':

Rs-outler

L, ¢

Hsleeve s

Tinner Touter Wp Tpp Lpym

Axissymmetry

Figure 5-8: A 2D cut view of optimisable parameters in maching¢opology

Pole pitch
——

(c) Quasi-Halbach magnetization.

Figure 5-9: Three feasible translator permanent magnet arrangementga) radially magnetised,(b) axially
magnetised and (c) quasi halbach magnetised
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5.7  Design studyand results

Electrical machine topologies westudiedusing the transient solution in 2D FEA softw#neyet
the maximise electric powefhe same speed was utilised to get the solutions of alternative models

while giving the same resistive balanced load.

5.7.1 Details of 2D FEA model

A general 2D Axisymmetric FEA machine model with appropriate mesh size is shdvigure

5-10. Since full machine was modelled the machine has no periodic boundary condition which
is the case corresponding to consider stator end effects. The transient solution was obtained by
reciprocating the translator in time steps that achieves the peak driving engine speed (4.8 m/s). The
full 5 pole distance was solved transiently while usir@y25 mm mesh size in the Remesh regions,

and a 2.0 mm in the other model regions to obtain the results such as the electromagnetic force,

EMF generated, losses, etc.

(a) 3D model of generator

(b) 2D model of generator

e
AVATAVATATAVATAVAYAVANATS (i
YA S
X
A A

(c) Mesh size of generator
Figure 5-10: A general 2Daxisymmetric FEA machine model

5.7.2 Methodology

A design study is used to individually improve the key design variables of each topology using
a 2D axisymmetric FEA model. Because the electromagnetic loadings of the machine are the
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only thing that connects the design variables, design study is focnseeeting the design

goals. So, the design study begins with the variables that affect all of the goals, then moves on
to the rest of the variables while keeping the one that has already been improved unchanged.
Each variable is examined separately tosh$ise designer in better understanding how machine
performance/force capability changes with each topology. In addition, for a resulting slot area

(0 ,a ), afill factord0 of 50% and a conductor area ( & ), the number of turns per slot

0 can be obtained using the formula:

z

o (5-4)

5.7.3 Design studywith constant load

The design variables are translator diameter to stator diametefYatity ), magnet pitch to pole

pitch ratio(t /T ) and tooth width to slot width ratigr /1 ). Figure5-11 showsthe variation

of electrical power with dimensionalratid¥(/Y) . As it can be seen for
ratio of 0.7 can provide maximum electricity generatibme fator ouer diameter is constant
at 120 mm due tthe maximumSMC prototyping material diameter atite translator length

is fixed at 50nm to be the same as stroke length of engine.

—Quasi-Halback —Axially
440

390
340
290
240

190
140
90

40
0.5 0.55 0.6 0.65 0.7 0.75 0.8

Rm/Re

Electric power [ W ]

Figure 5-11: Variation of electrical power with dimensional ratio (=| O /=| o

Figure5-12 shows the variation of electrical power with dimensional ratid{ ). Since all
translators have the same length (fixed pole pitch), in order to investigate this dimensional
change in th both the AM and QHM machines, the axially magnetised magnet width is changed
while the width of other pole part is a result. Both the AM and the QHM machine models show
an increase in power generation capability until saturation starts to take plack imachine
magnetic circuitAM machine force capability shows an increase, peak at optimal ratio of
(t/t4 0.8) and then declining with further r
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—Quasi-Halback —Axially
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Figure 5-12: Variation of electrical power with dimensional ratio (W /W)

Figure5-13 shows the variation oglectric powewith the dimensional ratiot( /T ), where it

can be seen there exists an optimal ratio for this dimensional ratio variation that corresponds to
peak electric powerreflecting the balanced interacting electromagnetic loadings in each
topology. This fact is also true in other dimensionabsavariation and their effects @hectric

powercapability as showm Figure5-13.
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Tw/Ts

Electricpower [ W]

Figure 5-13: Variation of electrical power with dimensional ratio (W/W)

5.8  Design studywith optimum load

In this design study by changing the geometry of stitelgptimum load has been calculated
to obtain themaximum electric powerFigure 5-14 shows three full geometry model with

different translator topologies which has bstrdiedand compared to each other.
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Figure 5-14: a) Radially magnetised,(b) Axially magnetised and (c) Quasi halbaahagnetised

5.8.1 Translator to stator diameter ratio

The translator diameter over stator diameter ratio is very importaatf@chine desigstudy;

electric power is maximum when the ratio of translator to stator is 0.7 for optimum resistive
load as it can be seemFigure5-15.

600

500

300
200

100

Electrical Power
B
(=)
o

—AM —RM —QHM

0.3 0.4 0.5 0.6 0.7 0.8 0.9

translator D /stator D

Figure 5-15: Translator to stator diameter ratio studiesfor three translator topologies

5.8.2 Tooth pitch to slot pitch ratio

Figure5-16 shows another important key factor for machine desigislywhich is the ratio of
slot width to stator pitch, when this ratio is 0.6 maximum performance will be achieved.

78



Chapter 5 Developmemesmanent Magnet Electrical Machine

600
500
400
300
200

100
AM RM QHM

Electrical Power

0.3 0.4 0.5 0.6 0.7 0.8
Tw-Ts

Figure 5-16: Tooth pitch to slot pitch ratio studiesfor three translator topologies

5.8.3 Permanent magnet pitch to pole pitch ratio

The ratio of magnet pitch to pole pitch is investigated to observe its impact on electric power

generationshown inFigure5-17.
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400
300
200

100

Electrical Power

AM RM QHM
0

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
Tm-Tp

Figure 5-17: Permanent magnet pitch to pole pitch ratio optimisation for three translator topologies

5.9  Prototype selection for test rig

In design studies with constant load oM, AM machine performance is better than QHM
translator. In design studies with optimum load, QHM can generate more electric power
compared to AM translatoHowever theaxially magnetised machine is chosen to be built and
integrated with compressor cytiar even though performance of QHM is better compared to
AM machine. This is because less PMs will be used in AM machine, lzefmser cost
compared to QHM and in assembly process of prototype AM translator will be easier than
QHM.
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5.10 Compressor cylinde thickness

Initially the compressor cylinder wall thickness was designed to be 1mm then it has been
decided to increase the thickness of compressor cylinder wall from 10 2mm, becausé
givesastronger cylinder wall for air compress. Furthermore, it was difficult to machine an
Inconel rodto al mm thickness, insteaml2 mm thickness ishosen as more practicable and
strongersolutionfor the integrated prototyp@&he dfect of cylinder wall thickness on electric
power generatiorsiillustratedin Figure5-18. As it can be seen electric power from 400 W
dropped to below 200 W, then in order to compensate the impact of doubling the air gap length

because of an increase in cylinder wall thickness, PMs height has been doubled.

effect of cylinder wall thickness on

electric power generation

425
400
375
350
325
300
275 1mm
250
225
200
175
150
125
100

0.5 0.7 0.9 11 13 1.5

Resistive Load [ Ohms ]

2mm

Electric Power { W ]

Figure 5-18: Effect of cylinder wall thickness on electric power generation

Electric power versus cylinder wall thickness in shawrrigure 5-19 and as cylinder wall
thickness increases the electric power reduces due to the bigger airgap between PMs and coils.
Electric power versus PM mass for cylinder wall thickness of 1 and 2 mmowansn Figure

5-20. As it can be seen increasing the mass of PMs will increase electric power.

900
800
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200

100
0 0.5 1 1.5 2 25
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Figure 5-19: Electric power versus cylinder wall thickness
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stroke length 50 mm
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Figure 5-20: Electric power versus PM mass

5.11 Cogging force reduction technique with dummy slots

Cogging force is due to the magnetic attraction between the permanent magnet mounted onto
the shaft and the stator tedft03]. The field naturally pulls the machine to the position of
lowest reluctance path for the PMs. Furthermore, cogging force in all linear electrical machine
is due to two reasons, slots, and the finite length of stator geometry. Slots (shown with red
dots) and finite length of stator (shown with blue dots) can be se&igure5-21.

End effect force Mover End effect force

b a

SN
Sm{\r Cogging lorce

Figure 5-21: Cogging force origin

Skewing is a common method to reduce the cogging force, however at the expense of aloss in
performance of an electrical machine as well as complexity for manufacturing. Another
method to reduce theogging force is adding dummy slots at both ends of outer stator tooth as
shown inFigure5-22. This method is a very simple but effective method to reduce the cogging

force effect significantly.
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(a) Original geometry

(b) Cogging force reduction with extra tooth and slots

Figure 5-22: Cogging force reduction technique

A flux plot of the unloaded machine found by FEA analysis can be séegure5-24. It is

clear that, leakage flux from end poles causiggging force at the end of stator tooth wall

due to finite length of stator and it is important to reduce this undesirable effech iwta
common unwanted effect in all PM electrical machines. The amplitude of cogging force is
about 30N when translator and stator are aligning togethehetsanslator edge is moving

far from end othestator the cogging force amplitude decreadestatts gradually to increase

the amplitude once translator reaches end of stator again in negative direction. What, dummy
slots do is very interesting. It is clear that, all leakage flux from end poles is gathered/governed
into dummy stator tooth. It shitd be mentioned that the width and length of the added dummy
slots should be optimised in order to have the optimum performance. Comparison of cogging
force behaviour with and without cogging force reduction technique is shokgure5-23.

It is obvious that, implementing cogging force reduction technique reduced the cogging force
significantly by around 85 percent.
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Figure 5-23: Cogging force reduction results
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(b) With extra tooth and slots for cogging force reduction
Figure 5-24: Finite element analysis of flux linkage without and with cogging force reduction technique

5.12 Conclusion

In this chaptershort translator and long translagectrical machinés investigatedit has been
demonstratedhat the best translator is a short translator that meets the requirements of both
physical integration and performan&esign studyparameters ielectricalmachine topology
wereidentified and design studies has been performed to understand the effect of changing
the key parameters of electrical machine. AM, RM, and QHM permanent magnet
configurations are all possible for installation on the translator. Finally, an axiallyetisegh

short translator electrical machine is selected for construction and integration with a compressor
cylinder. Using the dummy slots approach, it was demonstrated that the undesired cogging force
impact could be greatly decreased. It was explained thewcompressor cylinder will be
inserted between the stator and the piston/translator assembly gap, and the cylinder wall
thickness was investigated, with the results demonstrating that the thickness of the cylinder wall

has a direct relationship to thergeration of electricity.
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Chapter6. System Modelling and I nt

6.1 Introduction

The work in this thesis considers the fpgston engine generator from a system perspective
including the mechanical and electrical part of the system and the goal is to optimise the engine
and electrial machine, and the fully integrated model paves the way for fully integrated
componentsA linear engine generator witacompact doublacting free piston mechanism
allows full integration of the combustion engine and generator, which provides an alternative
chemicalto-electrical energy converter with higher volumetric power density to compdte wit
fuel cell technology for electrification of automobiles, trains, and ships. This chapter aims to
analyse performance of the integrated machines with different permanent magnet linear tubular
electrical machine topologies using a coupled dynamic mod8&iegmens Simcenteflwo
alternative generat topologies, namely long translatshort stator and short translatong

stator linear machines, are comparEae dynamic models of linear engine and linear generator
validated with labscale prototypes are applied to investigate, from a system pivepdoe
influence of different topologies of linear generator on system performance. The coupled model
will facilitate the early design phase and reveal the optimal match of key parameters of engine
and generator. In this chapter, a comprehensive studgtergrated linear engirgenerator

design is conducted to fully understatheé optimal match betweetne engine and generator

[46, 108110]. In most LEG development, PMLSMs are widely chosen to integrate with linear
engines due to their great performance in terms of force/power density as well as high
efficiency. The direct coupling dhe linear engine piston and linear generator transliator
totally different fromthe traditional connection of engine and generator, which results in
difficulties in design due to direct mutual impacts of engine and generator on both dynamics,
in turn, affecting electromagnetic effect and thermodynamic equitib In much existing
literature, an ideal damper is used to simplifg linear generator performance, which results

in an oversimplifying spontaneous response from linear generator and missdeptm
understanding on linear generator effects on tineagine behavior. In this section, a
comprehensive study on intergrated linear engieerator design is conducted to fully
understandhe optimal match between engine and generator. The research teams at Newcastle
Univesity have developed a linear ermiprototype[45] and a linear electrical machine
prototype[44] to validate the dynamic models repectively before a couple@heodeveloped.
Topologies of linear generators are examined with practical geometry constraints in order to

expose dynamic interactions and provide direction on integrated LEG deShgngoupled

84



Chapter 6 System Modelling and Integration

dynamic model in this thesis is built with Siemens SinreeAMESIM, together with MagNet
FEA analysis generating performance maps of the PMLSM prototype.

The dynamic characteristics of the coupled system is defined by four interlinked aspects shown
in Figure6-1, namelyengine design, engine performance, electric machine design and electric
load. Valve timing, engine geometry and engine controller are beyond the scope of this thesis,
although they haw effectively been optimised ieir own right[11, 45] This section is to
address the potential impact caused by topologies of PMLSM on the performance of the LEG
system, when the linear enginesidgn and the engine operating parameters are optimised in the

previous models.

/" Electrical Mechanical [

Electric i Engine
| load jt\  performance

response

Figure 6-1: Interlinked aspects of a linear engine generator

Figure6-2 introducesa novel dynamic model of the linear Joule engitéch was developed
with the help of LMS Imagine.Lab AMESim software, and the main engine geometrical
parameters have been paranseili for optimal performandd5] andthe damper is used to

simulate the behaviour of the generator.
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Figure 6-2: Design of thelinear Joule-cycleengine prototype in Amesim software[44]

The piston dynamics are determinedtgforces acting on it, which are the gas pressure forces
from the linear expander and compressor, the electromechanical force from the linear generator,

the incylinder frictional force, and the inertia of the moving mass.

According to Newton's Second Lathe forces acting on the piston of the LJEG are shown in
Figure6-3 and can be expressed as follows: the expai@provides the system with linear
mechanical power used to drive the directly connected loads, the damper/gé@eratidrthe

compressofOwith a total moving massi( , kg).

To ensure a balanced dynamic steathte operating system, all frictidass components
within the system are accounted for by appropriate resistive forces. The reversible system's
force balance equation is provided irl(s where:
B'O wd O 0O 0O wd (6-1)
And to simulate the L@esponding force on engine operation, a simplified damper was used to

approximate it:
O #1 1T O0OEABAI TAEOU (62
The velocity and damping force behaviour defined b)(@ver the mechanical cycle is the

focus of (61) since it should reflethe expected LG influence on engine operation.
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Figure 6-3: Schematic of the forces acting on the piston of LJEG

The variation of system velocity and the damping force starting from rest until reaching stable
system operation are shovim Figure 6-4. Also, two steadystate mechanical cycles time

variation of (a) Velocity; and (b) Damping force showrrigure6-5.
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Figure 6-4: Instantaneous time variation of (a) Velocity; and (b) Damping force

800
600
400

200
0
-200
-400
-600

Force (N)

9.83| 9.85 9. 9.89 991\ 9.93 9. 9.97 9.99 9.83| 9.85 9. 9.89 991 993 9. 9.97 5.99

Velocity (m/s)
h b bk ornwsuwnm

Time (s) -800 Time (s)

(@) (b)

Figure 6-5: Two steady-state mechanical cycles time variation of (a) Velocity; and (b) Damping force

6.2  Linear enginegenerator development

Figure6-6 illustrates a LEG system which is comprised of an expander with daatitg free

piston mechanism, a compressor with smaller diameter and similar mechanism, a combustor
and a PMLSM. The onlgnoving part of the LEG is two double acting pistons and the translator

of PMLSM. As the pistotiranslator reciprocates back and forth, air is compressed in the
compressor cylinder before entering the combustor. Fuel (e.g. hydrogen and ammonia mixture)

is injected into the combustor for heat addition process. Hot exhaust gas from the combustor
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enters into two chambers of the expander cylinder alternatively to generate an expansion force.
The expansion work deduces the work spent on the compression poocktsrt the net force

for electricity generation with the PMLSM. A latale prototype in terms of the illustrated

LEG system is detailed {#5]. The doubleactingpistons are utilised to achieve enhanced and

smooth power output in both the expander and the compressor assemblies.

v Cumbustor

J L ‘ RORORONOROR0RE® ‘

Val\g % ‘ ‘ WW ‘ ﬂ %/alve

|
i
Exhaust Expander Exhaust Linear generator Airinlet Compressor Airinlet

Figure 6-6: LEG system overview[111, 112]

The LSM is the component that converts mechanical energy into electricity. Due to the
Faraday6s L awranslaty whiolois donsigtingtohpermanent magnets, a varying
magnetic flux will pass through the windings, hence induces an electricahtum the coils of

the stator which feeds the electrical load.

6.3  Electric machine configurations

Figure6-7(a) shows a long translator generator which is the reference design with the moving
mass of 9 kg (Moded), with slot/pole combination of 6/7. This design is also the configuration

of the labscale prototype which has been used for experimental validatjdd]irFigure6-7(b)

shows decreasing the moving mass of longer translator generator (reference design) to 5.2 kg
(Model B), Figure 6-7(c) shows short translator generator with fixed sheer stedsstrical
machine design and the same active electromagnetic interaction as reference design (doubled
the stator length and halved the translator length) thghmoving mass of 5.2 kg (Modé).
Figure6-7(d) shows increasing the moving mass of short translator generator to 9 kg (Model
D). For same mechanictrce input profile from the linear engine, the PMLSM with a lighter
translator will have a higher velocity, hence generate a greater back emf and a potentially larger
electrical power output. Although the modeand modeD have the sammassof translators,

a large initial electromagnetic force is generated by mbdhle to bulk amount of permanent
magnets, which makes the LEG system fail to start properly. Therefore, the comparison study
focuses on theemainingthree designs. The study iisvestigated with Siemens Simcenter

AMESIM which integrates electrical, mechanical and thermodynamic models to observe the

88



Chapter 6 System Modelling and Integration

behaviour of the whole system dynamically under real condition. In order to observe system

performance, resistive load is directlynoected to the terminals of each phase for extracting

electrical power out of generator.

(@) Model A - II(%ng ranslator 9 ) \odel B Long translator 5.2
kg

[O0O0A
rasrs
= =4
L0600
Zs

LoiSi

(c) Model Ci Short translator (d) Model DT Short translator 9
5.2 kg kg
Figure 6-7: Linear electrical machines, a) long translator (reference design), b) long translator (same
stator and halved the mass of translator in reference design), c) short translator (doubled the statandh
halved the translator of reference design), d) short translator (doubled the stator and halved the
translator of reference design with same mass of the translator in reference design)

6.4  Model structure and simulation implementation

In order to investigate the dynamic characteristics of the overall system, it is required to use an
integrated model to take into account the mutual effects of electrical and mechanical responses
in LMS Amesim software based on the work[1®, 11, 45] This software is an integrated
simulation patform designed to accurately predict the multidisciplinary performance of
intelligent systems.

A flowchart of novel integrated model in AMESisoftwareis shown inFigure6-8. It is clear

that there is a dynamic interaction between engine, generator and resistive load and any
variation in the sub models will affect the system performance. In the initial desigrusiog

only FEA analysis (MagNet software), the applied velocity was kept constant regardless of the
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translator mass, because of this resaon it is not possible to observe the effect of translator mass
in the engine performance. It has been shown elsewhatein FPEGs the translator mass

shouldbe kept to a minimum for optimuperformance of the engif&5].

In this flowchat, the electromagnetic force behaviour of generator while the generator is
connected to the resistive load is obtained by FEA analysis and then data is transferred to
AMESIim software for modelling purpose by using a series of look up tables. In other, words
data of look up table is extracted from MagNet software whegenerator is connected to a
variety of resistive loads for a number of different velocity points, however the engine model
is pure analytically designed aadPI controller is used to control the valve openings, closings
and changing the combustion powstoi the system depend on moving mass of the system
based on the second law of motion of Newton. In this case electromagnetic theedtrical
machine is considered as a function of three inpfitgelocity, position and resistive load
(current). Using this unique approach to identify the dynamic interaction between engine,
generator, and load, it is feasible to analyse the performance of the entire system in real time
and further optimise .itn addition , real generator behaviour interacts withrengather than

an ideal damper approximating a linear generator which it is used in literature so far.

Resistive Load _*1 v

Fg Fret . e X Generator

. Piston position—2 - .

Engine . P . X3 look-up tables Fe!ectramagnetw
Piston velocity——=—

-

Figure 6-8: Flowchart of novel integrated model in AMESIm

Figure 6-9, shows a screenshot of dynamic modellingh& enginegenerator in AMESIm
software which followsthe flowchart shown inFigure 6-8. This model can be used to

investigate the performance of the entire system in real time
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Figure 6-9: A novel enginegenerator system model in AMESim software

6.4.1 Sub-model of the linear engine

A linear engine dynamic modeamplementséed with an ideal damper approximatiginear
generator can be found in th@evious publicationsand the main engine geometrical
parameters have been parametrised detailing optimal perforrf¥fgnt@, 11, 44] Based on
Newtonds second | aw, the piston motion is d

i.e. the gas force within thexgander and compressoylinders friction force, and load force.
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Therefore, the piston dynamic equation can be written as Equat®)rb@ow, wheréOis gas
force, Qis friction force, Ois load force is moving mass angis acceleration.

O 0 O 4w (6-3)
The gas force can be calculated from the pressure within the cylinder, which is governed by the
First Law of Thermodynamics and expressed by Equatief) (6 (67) with an ideal gas
assumption, wher®is gas forcer) is in-cylinder pressurd) is piston area) is heat input]
is specific heat ratiap is in-cylinder volume & is mass flow rate considering inlet or outlet

of the cylinder,Q is the enthalpy of the inlet or outlet flow, and the subscegfsandcom

represent expander side and compressor side, respectively.

"0 0 0 (6-4)
‘0 BR 6 (6-5)
"0 BR b (6-6)

-~ — — —— —B4&4w (6-7)

In order to calculate the heat transfer from the expander, compressor, and pipes to the
environment, the heat transfer coefficient is obtained by referring to the knowledge of
traditional internal combustioe n gi ne s . coelationhism applied for waylinder
convective heat transfer coefficient calculagomnd an empirical correlation based on
measurements of engine exhaust pipe heat transfer is useepfpeioonvective heat transfer
[113]. The relevant equations are written as below, wheigethe convective heat transfer
coefficient (subscriptd, o, cyl and pipe represent inside, outside, cylinder and pipe,
respectively)| is the overall heat transfer coefficient, is the characteristic heat transfer
area,"Yis the temperature (subscripgs w and O represent gas, wall, and environment,
respectively)d is thecylinderwall thicknessQis the thermal conductivity of the wal)is the

cylinder bore diameterj 0is Nusselt number ari¥dl ‘(s Reynolds number.

— 1® Y Y (6-8)
| — (6-9)
" og @ ®ndy?dysd (6-10)
O T P (6-11)
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The friction force of a free piston engine is mainly from the piston cylmder liner and some
from bearing/shaftl114]. As nonrlubricant graphite piston rings with bablone springs were
used for this study, the friction from the piston ring mainly consists of two compdaébis

dry friction caused by the tension force of piston fi@g, and the friction due to tnylinder
pressure loading . Stribeck model is useid calculateéO as expressed in Equatiof+13),

where"O and™O are Coulomb friction force and maximum static friction fokCsis Stribeck
constant, respectivelyO is derived from Equation6(14), where' is pressure friction

codficient, ] is in-cylinder pressuréQ s cylinder bore diameter anal is piston ring width.

0O 0O O (6-12)
$s
0O O 0O 00 (6-13)
O ' N0 (6-14)

6.4.2 Generator sub-model

Considering the interacting and coupling nature of forces and their influence on LEG dynamics,
it is of great importance to accurately predict its loading force, i.e. generator force. While most
of the previous modeling studies on LEG simplified the ge¢oers an ideal damper, where

the amplitude of generator force was assumed to vary linearly with piston véRcify, 11,

25, 45] Under this assumption, generator inductance was ignored, and the electrical load was
purely resistive without force ripple, which is more suitable for a constant velocity generator
rather than for the generator in LEG with a variable velocity. In addlitiee ideal damper
assumption did not consider the effects of variable electromagnetic forces and machine losses,
which would compromise the accuracy of generator force and therefore that of the LEG system

dynamic model.

The force generated from the threrdynamic Joule cycle acas a prime mover to drive the
linear generator. The piston velocity, i.e. the translator velocity, and the total force from the
working gas in the cylinders are fed into the linear generator. These two input variables to the
linear generator are affected by responding forces from the linear generator, which in turn
affecs the dynamic balance of the linear motion of finear Jouleengine.

O 0O O O O O © (6-15)
Where O : electrical force;O : cogging force O : core loss forceéO : eddy current force,

"O : copper loss forcéD : armature reaction force
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The linear generator responding for@®scan be divided into its componentsib), hence a
mathematical model can be deriviedtake into account all electrical machine performance
parameters and forcewhich are determined by electrical machine geometry and slot/pole

combination in order to odel the linear generator shown44].

For simplicity and accurate resulteglinear generator responding for¢€s areobtained by

the help ofFEA modelling methodthen look up tables are created and used to model the

aggregated linear generator responding forces.

6.4.3 Input parameters of the coupled model

The parameters of the three models are showWialle6-1. The key distinction is that two of

them are long translator generators while the other is a short translator generator

Table 6-1: Design parameters of the FPEG

Components Parameters [Unit] GeneratorConfiguration
Long translator Long translator Short translator
Model A Model B Model C
linear Moving mass 9 5.2 5.2
expander [kg]
Maximum stroke 120 120 120
[mm]
Effective bore 80 80 80
[mm]
Inlet pressure 6.19~7.20 6.57~7.88 7.12~8.34
[bar]
Inlet temperature|  1037.07~1077.94  1052.04~1112.89 1074.72~1165.8¢
[K]
Valve number 4 4 4
Valve diameter 40 40 40
[mm]
Linear Maximum stroke 120 120 120
compressor [mm]
Effective bore 66 66 66
[mm]
Inlet pressure 1 1 1
[bar]
Outlet pressure 6.56~7.05 7.16~7.70 7.87~8.48
[bar]
Linear Stator outer 180 180 180
electrical diameter [mm]
machine Translator outer 103 103 103
diameter [mm]
Active 120 120 120
electromagnetic
length [mm]
Air gap [mm] 15 15 15
Overall machine 240 240 240
length [mm]
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6.5  Model validation and performance prediction

6.5.1 Linear engine submodel validation

It is necessary to verify the prototype dynamic model before extensive parameter analysis. The
verification is based on the experimainesults, and the detail of the prototype is presented in

the papes [10, 11, 45, 111, 112]while Table 6-2 lists the main input parameters of the
conditions used for model validatiolm the prototype engine, a moving mass load is used to
replace a linear generator, and compressed air from ougsitked to start the engine. When

the expander piston reaches its Top Dead Center (TDC), the expander inlet valve opens, and
then the piston is pushed to its Bottom Dead Center (BDC) by thedmgterature and high
pressure working fluid to complete anpaxsion stroke. At the same time, the compressor
piston connected by the shaft with the expander piston moves synchronously and completes a
compression strok&he exhaust valve of the expander begins to open at the start of expansion
stroke and closes netlne TDC position, which is controlled by the engine control unit and the
compressor valves open and close according to the set value of the pressure in the compressor.

Table 6-2: Input parameters for model validation

Parameters Unit | Value
Expander inlet temperature °C 416
Intake valve closing position after TDC mm 58
Expander valve control _ N
Exhaust valve closing position before TDQ mm 11
Compressor reed valve Exhaust valveracking pressure bar 0.45
Moving mass kg 27.90

The comparisons of the piston movement characteristics of the test and simulation results are
presented ifFigure 6-10, Figure6-11 andFigure6-12. In Figure6-10 andFigure6-12, the

piston velocities and displacements of the test and simulatiorveamye similar and the
movements are regarded as simple harmonic motion, except some difference between the peak
values. The peak velocity of the simulation is 1.96 m/s which is 1.14 times of the test peak
value. The stroke of the simulation is 110.54 muh te test stroke is 100.82m while the set

stroke is 120mm, which reflects the necessity of adjustment of the control unit for the
simulation and prototype. lRigure6-11, the accelerations of the test and simulation are quite
similar and the values reach the peak (95~100 m/s"2) when the pistons are in the TDC and
BDC.
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Figure 6-10. Comparison of thepiston velocities of the test result and simulation resuftl11, 112]
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Figure 6-11. Comparison of the acceleration®f the test result and simulation result[111, 112]
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Figure 6-12: Comparison of the piston displacements of the test result and simulation resuji11, 112]

Figure 6-13 Figure 6-14 describe the gas force and friction force comparisons, respectively.

The comparison of gas forces shows that the test and simulation results have the same trend and

a relatively small gap. When the piston reaches TDC and BDC, the maximum gas forces of the

test and simulation reach 2255.42 N and 3140.20 N respectively, which could be explained by
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the highest pressure in the chamb@ise difference between the test and simulation results
may be due to the possibility of leakage near the TDC in the expériMere consideration

of the effects of leakage in the simulation model may further improve the n@gbusly,
Figure6-14 shows that the simulatiaesults and the test result of the friction force are not very
consistent like the previous paramet@ise simulation friction result reveals that when the
piston moves, the friction increases from N 476N and changes directiomhe tesfriction

has a larger fluctuation but has a rough consistency with the simulation friction. In the
meanwhile, the comparison results skdhat the friction force of the Linear Joule Engine
should not simply be regarded as a function of piston speed, arel factors need to be
considered in order to accurately analyze the dynamic characteristics of the Eallnéng

the comparison of test results and simulation findings, it was discovered that, while the system
model requires improvement, it can acdeha anticipate the dynamic behaviour of the
prototype engine and is appropriate for further parameter study.
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Figure 6-13: Comparison of the gas forces of the test result and simulation resuji1l1, 112]
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Figure 6-14: Comparison of the frictions of the test result and simulation result[111, 112]
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6.6 Performance prediction of the LEG system with long translator generator (Moded\)

Based on the validated linear engine submodel and PMLSM submodel, the coupled model of
the LEGsystem is built in Siemens Simcenter AMESIim as presented previduskigure

6-15, high load resistance indicates a lower electricity output of teesy The figure also
reflects that the LEG system cannot operate continuously when the load resistance is under 4
Ohms. When the load resistance is under 4 Ohms, the PMLSM would require higher mechanical
force to balance electromagnetic force which waydderate a higher power output. However,

the linear engine with its geometry constraint simply cannot provide any higher force under the

given combustion heat input, whittis causes the LEG to stop.

The electric power generated from the long translator PMLSM is obsert7glire6-15. The
associated mechanical power generation versus the loadamesisis also shown. The
interaction between the mechanical and electrical parts can be revealed from the variations of
the variables, i.e. velocity, displacement, voltage, and current, etc. It shows that long translator
PMLSM is capable to generate abowd BW electric power from 2 kW mechanical power input
generated in the thermodynamic process, while the resistive load is 5 Ohms. The PMLSM
efficiency and the LEG system efficiency versus resistive loads can be dagare6-16. At

a resistive load of 5 Ohms, the generator efficiency B 2Md the system efficiency is slightly

less than 306.
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Figure 6-15: Mechanical power input and electrical powers output of long translatoigenerator versus
resistive load.
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Figure 6-16: Long translator generator and systemefficiencies versus resistive load
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Using the dynamic model, the variation of phase voltages, phase currents and power dumped
in the load resistance, at peak load condition of 5 Ohms, are shéwgune6-17(a-c). Phase
voltages and currents shasriableamplitudes over the entire mechanical cycle with variable

electrical frequency'QYoperation.
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Figure 6-17. One mechanical cycle variation of (a) phase voltages; (b) phase currents; and (c) Electrical
power dumped by the load of 5 Ohmdong translator 9 kg generator (ModelA)

Toindicate the huge difference that the coupled model brings, a simplified model using an ideal
damper to approximate a linear generaerdone in most existing literatyigused to compare
the LEG systemds plhe impactsnad detadeelqriromapmnetct force,n .

machine losses, and magnetic force ripples are not included in an ideal damper mimicking linear
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