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Abstract

The increasing global desire for highly fuel efficient power systems and the need
for environmentally friendly eneygsources is driving much present research in
electrical power. A linear power system, where a linear machine is driven directly
by a free piston engine, offers scalability and a wide range applicability. Standalone
power units, hybridised power systemsl aange extenders in electrified vehicles

are all potential applications for this technology.

This thesis explores the application of a Linear Joule Engine driving a Permanent
Magnet Linear Machine for electrical power generation. Whereas most Joule cycle
engines have a rotary compressor and expander, at smaller scale this configuration
suffers from leakage around the blades. The linear engine uses a double acting free
piston configuration running on the external combustion Joydée, overcoming

the low efficiency inherent in small scale gas turbines. The key element for
electrical power generation, and the main focus of this thesis, is the development of
a linear machine operating as a generator, the design of which is heavily constrained

by the geometcdal and the operationaharacteristics of the engine.

Using specific constraints for an 5kW engine and by using two dimensional finite
element analysis, a novel design methodology of tubular PM linear machine with
modular armature winding and feasibleasagements of magnets on tinenslator
member is outlinedlhe effect of core material, pole number and power conversion
system on the machine design are investigated, highlighting the effect of the
interconnected design variables on the resulting pegnoa and material use, all
satisfying design objectives. A FltixConcentrated PM configuration is selected

for further development.




In order to accomplish an overall system performance investigation tool, at first the
development of a general novel lin@aachinemodel is introduced and tested in a
feedforward manner with accounts for all machine interacting electromagnetic
forces. Then, a novel dynamic model incorporating both the linear machine model
driven by the linear Joule engine model, coupled togeih a closed loop form, is
realized. The coupled model bridges mechanical and electrical parts of the engine
generator, and provides a solignamic performance prediction of the system
focusing on identifying the effect of cogging force on system padace and the

resultant electrical powéoss and electrical efficiency.

Compared with the reported cogging force reduction techniquesjel structural
technique andselection criteria are presented with two dimensional axisymmetric
finite element malysis verification showing the effectiveness of the proposed
technique.

Finally, a machine prototype of the selected design model is manufactured and
tested on a bespoke test rig to validate the design model findings. Manufacturing
recommendations andtlire achievable steps are reported for future development

of the existing work.
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Chapter 1 : Introduction

1.1 Introduction

The quest for highlyuel-efficient engines and the need for environmentally friendly energy
sources have played the major part in researching the condemeoPiston Engines (FPES)

This engine set up has been known fanea00 years, yet the advancement in control and
various engineering technologies have contributa@fireshing the researdn this family of
engines over the last2decade§l-4].

Conventionally, in acombustion rgine the linear reciprocating motion of the-aylinder

piston is converted to a continuous rotating motion via a crankshaft and the heat energy is
derived from combustion within the cylinder.drFPE, there is no conversion to rotary motion

and the mechanical load is derived linearly and is reciprocating. Potential advantages of this
include reduced frictional lossydreased thermal efficiencg physically compact design and

the potential for dlexible compression ratio leading to an improved performance at part load.
The free piston concept can be applied to many thermodynamic cycles, such as tw®]stroke
petrol [6] and diesel[7] engines, assuimg a suitable linear load can be designed for the
mechanical power take off.

Successful applications in air compressing in the navy during World War Il had highlighted
FPE high efficiency, low noise and vibration in addition to compactness. Its modé&oatpp

in hydraulic systems haseported excellent features, most importantly the fuel economy and
the high efficiency at part load§].

The second potential modern application is the use of the FPE concept for electrical power
generation which is the main goal of this thesis. When a linear machine with adequate field
excitationis connected to the FPE piston via a connecting rod, electrical energy will be
generated in the machine coils and the power starts to flow to any connected electrical load
when the engine is working.

Modern appliationswhich energised researghtheuseof FPE concepih small scale version

for electrical power generation fall undee following categories:

1- Hybrid Electric and ElectricVehicles[1, 3, 9-13]: to improvethe vehicletravelling
distanceas anauxiliary power unit to chargine on-board battery

2- Standalone or emergency power yi#, 15]: for multiple use in small scalomestic,
industrial and agricultural applications.

3- Microgeneration power systerfiss, 17]: for use ina hybridpowersystem
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During the years of researching the promising technologgows linearelectrical machine
topologies have been reported e inthis systemdue to its importance as a key element of
the systemHoweverthe impacts of system compactness and its relation to the stroke amplitude
of the engine, or the effect ofaktrokeamgitude on themachinedesignhave not clearlypeen
considered andiscussedAdditionally, the effect of the electrical machine loading variation
and itsphysicalcharacteristics on shaping its resultant reacting force on the engine operation
and overall gstem stabilityhave notetbeenexploredelsewhereThesanterconnected system
design parameterand effects orthe electromagnetic design of the machine agstem

behavioumwill be described in detail throught this thesis.

1.2 Objective

This thesis exjgres the application of a Linear Joule EndingE) driving a Permanent Magnet
Linear Machine for electrical power generation. The engine uses double acting free piston
configuration and works on é¢hJoule-cycle with outof-cylinder combustion in order to
improve the low efficiencyoundin small scale gas turbines. The key element for electrical
power generation is the linear machine operating &snear Generator(LG), wherethe
machinedesign is constrained by the geometrical and the operational ehatécs of the
driving engine. In order to accomplish an overall system performance investigation tool, the
development of a general novel linear machine model that accounts for all machine interacting
forces is explored. The effect of cogging force om $lgstem performance and energy loss in

the system ar® behighlighted. A prototype of the selected design model is manufactured and

tested to validate ¢ghpredictedlesign findings

1.3 Methodology

The work carried out in this thesis concerns the electrastagdesign of a linear machine
operating in the generating motiesatisfy specific constrainfer integration with a IE The

design of the electrical machine and its performance aghgsgin variablesnaterial selection,

power conversion technologyeall explored. For a selected design, innovative machine and
system modellingare usedto identify the feasibility of the systerfor electrical power
generationThe effect of critical machine performance parameters on the generated power is
investigaed, including exploring the possible elimination or minimisatioof cogging force
usinginnovative techniques. Selected design construction challenges, testing and validation are

alsodiscussed
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In order to achievéhe research objectivesd validate thelesign modelthe followingsteps

have been conducted:

1. Identifying the driving enginesteadystate operational point and the corresponding
specification objectives and constraints imposed on the design of the elesteachine

2. Develop a newoptimisation methodology to desigmoving magnet machineswith
feasible magnet orientatiofor any desired fordpower rating Unsuitability and
selection of a topology criterion using combined qustformance function are
explained.

3. Investigate thenachine interconected design varialdsuch asore materiathanges,
air gap length, grade of magneble number and power conversion techniques on the
machine performancand specific critical parameters

4. Development of a new linear machine analytical model thatustsdor all machine
interacting force components including losses and various cogging force origins.

5. Using the novel machine analytical modaupled tothe drive engine modelto
investigate the performance thie systemdynamically and rated load characistics

6. Analyse the cogging force due to ends effect usingefElementAnalysis (FEA)model
and proposanewstructuratechnique to reduce these effeansl total force fluctuatian

7. Constructiorand testingf best efficiency design model. Reswte compared ith those
obtained usingrEA machine model.

8. Recommendation for future work basedlwth simulationsresultsandthosefrom the

experimental model.

1.4 Overview of thesis

This thesis consists of four main parts. The first part introduces tieglengine, describes
its operational performance using a damper approximating a linear maechthes part, the
engine geometrical andsteady stateoperationalperformance and requiremehave been
identified and used as constraints to design thermaonachineOver the wide linear machines
range, a ranking system is used to adopt a topology to design.

The second part includes the design and modelling ofattepted electrical machine
constrained byhe engine specificatioto achieve a specific dgn force into a limited space
envelope. Then, a detail@d/estigationon the candidate machine has been carriedgainst
selected design variablematerial changes and speciffower conversion techniques
maximise the efficiency without sacrifiey design objective®\ prototype is built and tested

for themaximum efficiency design modtd validate design findings.

3
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In order to form a solid base for an integrated systewde| the third part presentsrevel
general linear generatonodel Then anovel dynamic system model ised to highlight the
electrical power generation feasibility and the effect of cogging forcéh@averall system
thermal and electricafficiendes

The final part describes a new cogging force reduction techniqubasaggligible effect on
thevolumetric dimensionsf theadoptednachinetopology while achieving its objective with

an improved power to mass ratio.

A brief description of ach chapter is given hereafter.

Chapter 1: The main focus of this chapter was t@kn the research as a whole and detail the
objectives and the methodology of the thesis.

Chapter 2: This chapter presents the literature review of the research. It is divided into sections.
The firstsection coversn brief, the demonstration tfie pssible engine layouf®cusing on

force balancing equation and load integdtsnensiorml requirementThe second part focuses

on reviewing the development of linear machines with their classifying methods. Then using a
proposed classifying method, variooschines have been ranked and topology selection is
decided.

Chapter 3. Introduces the LJE principle of operation, case study engine operational
performance, balancing equation agbls up with a set of design constraiatsl selection
basis.

Chapter 4. Describathe topology selected, possible alternatives and the destirodology

using 2D FEA transient solutioimportance of magnet orientation cost and maintainability is
considered in which it was used in a weighting system for final machine selectio

Chapter 5: Considersin detail, the effect of changing some parts of the selected machine
topology to investigate a more manufacturable design. General formulas that describe the
variation of both the inherent cogging force and that due to the ceérdflux force over
translator position are derived.

Chapter 6: Presents a novel dynamic realisation of the LJE integrated with the Linear
Generator (LG) model and it aims to obtain transient results for the whole -@aiagator
system to identify thefect of cogging force on the electrical power generated

Chapter 7: Describes the novel technique proposed to minimise the cogging force effect, by
presenting an analytical expression based flux distribution at both machineMsittiod
validation and & effectiveness is quantified usifgEA modelling looking at specific

parameters.
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Chapter 8: Describes e process of building thBM machine prototypalong with the
assembly procesand the encountered challenges. This includes identifying the PMuséduct
weakening actions during poles assembly and the effect e€@meentric machine members
on machine assembllimitations of the test rig aralso explained in this chapter.

Chapter 9: Lists the results of the tests carried out on the machine rigier to evaluate and
validate the design model results. This inckidegging force, static force and monitoring
temperature rise in machine coils in addition to open circuit induced EMF test.

Chapter 10: A summary of the research is provided in this ¢hamlong with the
recommendationsconclusionsand a discussion orthe possible faure researctwork and

progression.

1.5 Contribution to knowledge
The following contributions to kswledge are made in this study:

1. At first, existing sorting methods dihear nmachines are clarified. A developedrting
methodis then proposed and used in reviewing various up to date machine topologies
includingless traditionamachines in this research field

2. An innovativemanual optimisation method is presentedffers muchsaving in timeoy
selecting design variablesstarting by those influencing interconnected design
objectivespneby one an@void solving models of the undesired variable charigyas.
2D and 2D axisymmetric FEA machine models can be optimised using this
methodology.

3. Developnent ofa new dynamic system model incorporating both the drive engine and
the linear generat@uch that system performance can be investigated against machine
variables changes. Effect of cogging force on electrical power lossnitsfield using
this model which is a major contribution in this research area.

4. Designing a new cogging force reduction technique which proved its effectiveness in
minimising these effect and the accompanying electrical power loss in the integrated
system.

5. Construction and testing of a new power rating flux concentriwedr machine
topology. Important recommendations whilst managing prototype construction and
assembly are reporteltitial design cogging force, static force and electromotive force

validae clearly those obtained from the design model.
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1.6 Published and submitted work s

The following publicatbns have stemmed from this work;

1. Dawei Wu, Aslan Sa Jalal amdick J. Baker, A @oupled Model of the Linear Joule
Engine with Embedded Tubular Permanéviagnet Linear Generator 0 Energy
Procedia, Vol. (105), pp. 198891, May 2017.

2. Asl an Sa. Jal al , Ni cThe e¥fect oBpavkereconvester dn tHea w e i \
design of aLinear Generatorfor use with a Joule CycleEr ee Pi st tEBE Engi ne,
Internatioral Electrical MachinesndDrives Conference IEEE (IEMDC2017), Miami,

Florida USA 2017.

3. Dawei Wu, Aslan Salalala nd Ni ¢ k AXoupled ant&del of,the Binear Joule
Engine integrated with a tubular permanent maghetear Generator dhe 8th
Internatonal Conference on Applied Ergy (ICAE2016), Beijing, Chin&016

4. Asl an Sa. Jal al , Ni Elétrich.MadBinekDesign farmse inBrawei W
External Combustion Free Piston Engine The 5t h I ET I nternati o
Renewable Power Geration (RPG), London, UK, 2016.

5. Asl an Sa. Jal al , Ni DesigndftubuBaankoeing magnaheaD a we i Wi

Generator for use with an external combustionfree piston engine @th IET
International Conference on Power ElectronMschines and Dves (PEMD 2016),
Glasgow, UK, 2016.

6. Asl an Sa. Jal al , N i c RerfodmanceBiav&segationaohldneab a w e i
Alternator analytical model integrated with Linear Jowdgcle Enging &ustainable

Energy, IEEE Transactions on, submitted, 2017
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Chapter 2 : Background

2.1 Introduction

This chaptedemonstratethe basic working principlandthe most common possible layouts

of the Free Piston Engine (FPBEhd the corresponding force balance equatidngblightthe

layout adoptedin this work. Also, it presentsan overview on the linear motion types, the
development of Inear Machines (LM), the principle of operation for electrical power
generation accompanied by demonstrating the most commonly used sorting methods. A
classification method dfMs is presentedased on the flux path and the mover structure of the
considered topolog Afterwardsjt considers th&Ms that havébeenreported for use with FPE

for the purpose of electrical power generatiarious topologies are reported with discussion

on the benéfs and drawbacks with each topology.

2.2 Free Piston Engine background

Although the FPE was knowsenturies ago, stfirst generation was successfully applied in air
compressors and used during World War 1l. The moving piston was coupled to the air
compressig cylinder via a multstage configuratigrandsome of the remaining air was used

to push the piston back without the néadany rebounding devic&he merits of applying this
concept in air compressing at the navy had highlighted its high efficiemmynoise and
vibration levels and compactnesafter the success of this application in reality and its
attractive outcomes, research had been directed towards discovering the use of the FPE concept
in gas generators for large scale power plant. Muchteffat documented developments have
been reported in this application, yet the rapid advancements made &dt&iREtivedike the

gas turbine and the diesel engines, and because of the low power to weight ratio at part loads
compared to gas turbinkad esulted in a reduced or limited success of this application as a
practical competitor to the othef8]. Its first modern application was in Hydraulic engines,
where the hydraulic cylinder acts as a load and/or a rebound device by using controlled valves.
This application had reported excellent features, most importantly are teednemy and the

high efficiency at part loads], and dfferent FPElayoutswereinvestigated teeportthe major
differences.Such operational features yielded engines not only of simple structure, but also
with a reduced volume with load integrity, increased system integral reliability, and ease of
maintenanceAdditionally, these recognisable outcomes nominate its use for electrical power

generation as a second modern applicatiomghvis the main goal in this thesis.
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When a linear machine is connected to the FPE piston via a connectjrandothe engine
operates in aontiruous back iad forth linear motionelectrical energy will be generated in the
machine coils and the power flswo any connected electrical load.

2.2.1 Operational concept

A general 3D view of the FPE set up is shownFigure 2-1 clarifying its fundamental
componentsln general FPE operation is based oanverting an energy source, like different

fuels and renewables, into a linear forrmwéchanical energp drive a directly coupled load

The cranklessload coupliy reduces dramatically friction loss and in@esthee ngi ne o0 s
thermal efficiencyn comparison to rotating engmeounterpart4]. This is mainly due to the

key par amet er -caonfpresBidhEabiacombinedwith ithb dimgple mechanism in

whi ¢ h e nlitytooperate effi@iéntly, evewith part loads, becomes possible.

<«— Cylinder

Piston

Bearing
linear

Connecting

rod to load

Combustion
chamber

Figure2-1: 3D view of FPE set up showing fundamental components

I n the | ate 199006s due t o t loges,pesearghroeFPEhadf mod
revived to enhance the growing ndedmore radical redesigns of the existing systems, as well

as to follow up with the continuous environmental legislation chai@eshis resulted in the

development and/or the reconstructing of the engine into multiple layouts or assemblies. All

share the same opeamatal concept with variation in the working flutdair mixture, injection

timing and the control strategy, if grgnd the desired application

2.2.2 Single z Stroke

Figure 2.Zclarifies thesinglei stroke FPE layout and the mechanical limits. It can be &eén t
the engi neds ayisaneksare af tingpdistartcaubdteeer( the Bottom End Centre
(BEC) and the Top End Centre (TEC) of the piston motion inside the cyliNtigion is

permitted only between the mechanical limiis () atcylinderends

8
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Figure2-2: 2D view showing singktroke FPE and load arrangement

Piston motion and spanned distansdixed and controlled by the tygef the connected load
and the rebounding device, if grgnd theircorresponding forcerofiles. The nstantaneous

force("Q balancing equation for this configuration is given as:

B'O ®@ P "®v "®u 'Ob=@d) 2-1
Where:
@ :system accelerationd| i )

0 : moving mass (&)

"® : Expanding force (N)

"® :Load force (N)

"Ob : Rebounding device force (N)
To achieve full ut il i sat i oload axial sgating, indditigni ne 6 s

to its acive and any mandatory fittingkengths, must at leabeequal to the maximum stroke
amplitude

Applications that use this configuration are air compressors, gas generators, in addition to
hydraulic whichcould serve (react) as both load atie reboundirg force with areported
systemefficiency of 5098, 18, 19].

2.2.3 Two z Stroke

Applicationof the FPEo hybrid vehicle powertrains started to emerghaéndof last century
with severalvariatiors in the configurationnvestigatedo achieve robust and compact system
integration[3, 14]. This resultedn the development of the twsiroke or the duatombustion
FPE shown irFigure2-3.
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Combustion chamber
(Engine 2)

Combustion chamber
(Engine 1)

Common Load

Figure2-3: 2D view of twag stroke FPE set up showing major components

This configuration hagwo identical cylindes collinearly arranged to drive a common load
located at the midsection of tleegine By performing appropriate control techniqteethe
combustion process in each chamlitke twocylinderswork in opposed phases to achieve
continuous reciprocating operatiorhe force balanceggiationfor the two cylinders (1 & 2)

arrangement is:

"Obu O V@ = 0D 2-2

The axial displacement between the two cylinders, ensuring use of full mechanicahegdie,
to be at least twice the maximum stroke amplitude wotiseration to allowablmechanical
limits and load active length, and this imposes some constraints on the loachdesiggiriving
for a compact systemHowever, sucha configurationin hydraulic systems applications
demand a high degree of controllality incorporating bothfuel and load taontrol thepiston
position precisely a complextask to achieven practice[8], [20]. A 51% efficiencyof this
configuration was predicted at varying electrical lodé LM of which its reacting force was

assumed to vary linearly with system speeal like a dampdi5].

2.2.4 Opposed pistons

The third configuration of FPE is termed the opposed pistons engine, where two pistons share
the same combustion chamber, as showrigare2-4 (a). In general, the use of this set up is

to manipulate drivingwo loadsandtheirrebounding device.

Themain feature of this FPE configuration is the vibration free operation compared to previous
engine type$8]. Each load will require a maximum operating stroke length plus the necessary
fittings lengths and itactive length. The force balancing equation for this engine layout is given

as:

"@Pu OPY O P = 0D 2-3
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Chapter 2 Background

This configuration was one of the early FPE
free motion featured by perfect balance, nthadess the requirement to double component sets
increase system cost. Further, a synchronisation mechanism is required which adds another
frictional loss and reduces overall system efficiency, which is considered the major drawback
in this configuration.Yet, this configuration had served well as air compressors and gas
generators in large scale plants and have an efficiency of 31% in hydraulic E8jstem

One feasible development of this arrangement is the use of the double acting, or opposite
chambers, engine arrangement, Sigeire2-4 (b), which does not have much difference except

that the separate pistons are replaced by a diegipiston driven from both side chambers.

Common combustion chamber

Cylinder centre

(b)

Figure2-4: (a) 2D view of opposed pistons withased combustion chamber and two loads; (b) Double
acting or opposite chambers arrangement

In such a casa shorter assembly is gained dhe engine can drivene side otwo sided loads
dependhg on the desired application. The main achievement ofaggsmbly is that it can
operate quietly with mukiuel capabilities which promote it to fit for small scale applications
[2]. The driving engine adopted ithis thesisonsiders this arrangemantwhich the load(3

areplacedon one sideas will be explained in next chapter

2.3 Linear Machine s Background

In generallinear motioncan beclassifiedasoscillating motion or continuoygs in conveying
belts, escalators, or railway transportatiofor both motion typesmostLMs past studies

focused on converting electrical energy into a linear mechanical energy

11



Chapter 2 Background

Studies on Linear Induction Machines (LIMs) veadiscussed the differences between
conventionatotating IMsandthe LIMs intopologicalvariation, standstillaw andhigh speesd,

and seloscillating application§21-26].

Some pioneering studies have also been recognised in describing the development that have
been made to LIM of synchronous topology and investigated its ability for electrical power
generation basedn transformer actioj27, 28]. Other studies describing LIM principal of
operation, and classify it according to the geometrical variatidrtfze industrial applications

with the analytic prediction of fields/forces within machine geom§g2$36]. Most LMs

belong to one of the classes sortedbadingt o0 machi ne member sé | engt hs
Figure 2-5, in addition to desired application spe&dom these studies, the range of LMs
application may fall under one of the following:

(a) Force machinesn which themachines required to operate at low speed or at standstill
in applications like transduai{37], or actuatiorj38].

(b) Energy machines: in which theachineis to operate at high speed for accelerating
purposes as in systems assisting air craft laung¢B@gi0].

(c) Power machinesin which themachineis to work for longer periods compared to
previous applications. The speed range is variable during operation pecodsn
transportation system, dn electrical power generation like the intendesk of the

machine with theapplicationin the current research.

| Moving member I‘ | Moving member I-

>< =<l Koa >JOP] 0 B0 P<JOP<]o <] ©
Stationary member Stationary member
@) ()
Stationary member Stationary member
>< =< ol Kol IO PO DJOP<Io P ©
I Moving member (Sheet rotor) Iﬂ I Moving member (Sheet rotor) I-
> >=1® | © >IOPJoPJ o DJOP<]o P ©
Stationary member Stationary member

(©) (d)
(HCT @D~
J
O]

Figure2-5: Linear Machines classes based on geometrical variatidrmember lengti{a) Flat Long Rotor
One Sided(b) Flat Long Stator One Sidéd) Fat LongRotor Two Sided(d) Hat Long Sator Two Sded; and
(e) Tubular éngRotor One Sded
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Chapter 2 Background

2.4 Use of Permanent Magnet in Linear Machines

Progress in the manufacturibgchnology of raré earth Permanent Magnet (PM) accompanied

by the improvement in its energy prod{#i], Figure2-6, hashad a major impact on the design

and applications of mostlectrical nachinesIn general, using PMs in ailectrical machine
canresult in compactness, high operating efficiency, high torque (force) pevalnome
besides offering a more relialdgstem that consumes less, or produces higher, power ratings.
Nevertheless, penalties |ike cost, weight,
would add some restrictions and should be consideréccatie by the machine designer.
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Figure2-6: RareEarth PM energy product developmedt?]

2.5 Permanent Magnet Linear Machines for FPE application

All rotating machines can be reformeadith attention to electromagnetic behaviour, ititeir

linear counterparts without affectintpe operational principal$43, 44]. The following
subsections will demonstrate the LMs that have been proposed for use with FPE application
focusing on the up to datepologies The machines arerganisedaccording tawo kinds of
classification categories.

The first caggory considers the flux path within the machine geometry, where flux path plane

in the machine could be:

(1) Longitudinal Flux (LF): in which flux path plane is along the axis of motion.
(2) Transverse Flux (TF): in which flux path plane is perpendicular to theis of

motion.

The second classification method is according tgtsitioning of magnet/electromagnet onto

machine members, of which it gives one of three possible stru¢tifets|:

13



Chapter 2 Background

(1) Moving Coil Machine (MCM): in which the moving member contains only the
armature winding.

(2) Moving Iron Machine (MIM ): in which the moving member & pure iron structure
which, partially or totally, formsthe magnetic circuit.

(3) Moving Magnet Machine (MMM): in which the moving member contains the

magnets/electromagnets within its structure.

Combinations of thesigve classifications are discussed in the following sections.

2.5.1 Longitudi nal Flux machines

Thisgroupof LMs has a flux that flows in planes parallel to the machine as well as motion axes
as shown irFigure2-7. This LMs familyform a common topology for most linear direct drive

applications includinghe FPE application.

t

Machine axis

& D Oscillating motion

Figure2-7: Longitudinal Flux paths in a Linear Machine of cylindrical geometry

The MCM version of this group has the main feature of low moving mass which promotes it
for applicatons requiring fast dynamic response, high operating frequency and few Watt
ratings, like loudspeakefg4]. On the other hand, the moving coils require flexible leads or
commutator/brush set to extract the generated power and this imposes continuous maintenance
besides limiting power ratings. Thus, MCMs are rarely used in high power rating applications
and in bng stroke amplitudes.

14



Chapter 2 Background

However, LF generators of tubular geometry have been proposed and studied for use with an
Internal Combustion Engine (ICE), deigure2-8, with reporting the merits of low mover mass

on system controllabty when compared with a MMM and the low efficiencies for low
operating speedglg]. Also, the design and comparison of a thrgghase M®/1 with 6 and 8

poles have been reported with discussion on beneficial use of commutator for system initialising

and later electrical power extraction and conver§iah

— Outside yoke
— PM

— Coils = Magnets
- PM S S |

— Inside yoke

 r

o

(@) (b)
Figure2-8: 2D structure view of M2 (a) Ref[46]; (b) Ref[47]

Coils

MIM with its pure iron mover structure are generally characterised by robustness, ease of
manufacturing and maintenance procedures, well thermally protected magnets, and applicable
in both flat and ubular geometries. Such features promote it for power dense applications
ranging from linear transportation, of single and double sided configur§fi8ré9], to wave

energy conversion application of up to four sife as well as tubular geometrigsl].

Figure2-9 clarifies samples of such machines in binthular andlat geometriesAlso, it can

be seen fronFigure 2-9 (b) that thesamachines are suitable for long stroke applications in
which case moving short stator of loweasss more economic.
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Figure2-9: Samples of MIM configurations (a) Tubyit]; (b) Flaf52]
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Chapter 2 Background

This class of LMs has been proposed for FPE application in thpbases with double layer
armature[53], seeFigure2-10 (a), then it showed a heavierover when compared with an
MMM, seeFigure2-10 (b), for a specified design with geometrical constrgibds.

Permanent magnets
of opposite polarity

16 BQH
14 B FS

Mass (kg)

Stator core ]
modules Copper Magnet  Statorcore Mover core M:;:;g-

(Central ling)

(d)

Figure2-10: Hux SwitchingMIM machine models (a)hreephase mode[53]; (b) Comparison resul{§4]

(c) Singlephase mode[55]; and (d) Duat, stator modified mode[56]

The same findings were reported in another MIM topology of sihgiase, single coil
armature, se€igure2-10 (c), that has been proposed &b and compared with two MMMs,
all optimised for another degi requiremenof 1kW power rating. A modified topology of the
later machine with dual stator configuration, Begure2-10(d), can be viewed by visitif6].
MMMs with LF flux distribution have been widely researched by many research groups
worldwide, espeially with tubular geometries.

(@) (c)
Figure2-11: Surface mounted MMM classes (a) Axial (AM); (b) Radial (RM); and (cHalmsih (QHM)
This family of LMs, requires a supporting moving part for mounting the PMs in which an

additional mass is added to the total ingvmass. Based on the magnet orientation, these

machines are classified as the FlDencentrated or the Axial Magnetised (AM), Radial
Magnetised (RM) or Quasgialbach Magnetised (QHM) all are shown in the cut through view
in Figure2-11 clarifying machine parts and magnets orientation.
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Chapter 2 Background

Design and testg of a RM machine equipped with slotted conventional windings integrated
with aninternal Combustioi=PE has beereported 3, 14, 57]. Reported results showed system
ability to generate 313 W dumped by resistive loading until thenersgalled above this value,
with no data reported on machine pavisghts or the materials used.

At the same time, another team had reported ttaytcal field solution with B FEA
verification of this LM family incylindrical geometry and possible Ptrangementgs8]. The

field solution was then used for optimising and assessing the performance of three machines
equipped with slotless thrg#hase conventional windings with regard to force capability,
associated force ripple and magnet nja8s59]. Results showed higher force capability with
AM machine, albeit by consuming more magnet mass for the largga@assumed. Further
AM model modification was carried out by adopting fmagnetic rod to support translator
structure, seEigure2-12, which led to enhancing the force capability, reducing the force ripple
anda saving of 43% in magnet materigdb0, 61], with further studies on armatuséotting
effects on selinductance, reluctanderce and impacts on performance due to force fluctuation
[62].

-pi Pole-pieces
Pole-pieces ‘L G Magnets l( P { G Magnets\ ¢
i
A R A < << R
Rm Rm v
e < —> A<t <a— [ A A< [
" T <+ <
|-& T, L |-® — T L
Armature=— | ﬁ‘m < \ Stat Armature = Pl L_ Central rod
7 = 7, Stainless ator [ Stator
Iron sleeve e [ N tube Iron sleeve A

(a) (b)
Figure2-12: AM tubular model (a) Convention&9]; (b) Modified[61]

Finite stator length eneéffecs on the thrust force, associated ripple and generated EMF
harmonics of both RM ah QHM excitation has been formulated analytically with FEA
verification[63, 64]. Possible elimination of end effis in QHM has been examined with the
appropriate choice of armature length, appropriate displacement between stator and translator
cores and in order to gain advantageous use of opposition/unidirectional properties of side
forces[63, 64]. Additionally, optimisation and performance prediction of an RM machine and
conventional winding under the assumptiothefpowerc o n v e r t e r @bdgity to alignt r o | |
phase quantities in phase have been presented. Impacts of machine key parameters, core
saturation, inductance and converter losses on force capability, machine and overall system
efficiencies have been demonstraféf.

Before proposing the QHM machine topology as a candidate for use with FPE application,

valuable findings have been reported compnsiively on this machine rdel.
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Chapter 2 Background

This includesadescription of feasible pole/slot number combinations, introduced the modular
winding of which phase coils are displaced in adjacent slots, the effect of supporting tube
material on flux distribution and mover weight compared to an iRdthine.Key design
parameters, converter rating and losses influencing performance have been demonstrated and
prototyped, se€igure2-13, for an optimal 9slots/10 poles dimensions of which the practical

model achieved a moving mass of 6.0[KQ, 66-74].

Phase A

Phase B

Phase C

@ (b)
Figure2-13: 9 slot/10 poles tubular QHM for FPE use (a) Topd@gy (b) Prototyping in FPEC ufii0]

Additionally the prediction of iron losses, PM eddy currents loss and irreversible PM
demagnetisation have been repofté?] highlightinga performance degradatiohup to 6.3%

in rated force, due to PM demagnetisation, partially and irreversibly at magnet corners due to
its temperature rise, and with timerease of armature reaction field, s@gure2-14(a, b).

. )0 O A o II|I|I|II\I|IIIII|III I||II|II|IIII|III|I\IIIII|II||I|I||III||II|I|IIIIII s g
OO | T ||| |||||||||I“| ||||||l|||| mllll\ IE||IIIIII|||||| Vm |||I|" . P
s |||I\|I||H||||!|I|||\IIIIIIIII[IIHIIIII\II|||l||||\|||||\IIII\|||I||I||||||||\||||\||||\II|\|I|HIII s LI AT T [ N S
O At ||||||l|||||||l||l|l|||ﬂ|l|l||||||||||||l|||||||l||l| am ' N Pt e
woesp A HITTRNTERITETETERRVATITEONL- . O = Pl
. ||IHIIIII\IIIIH|II\|||I|I||||HI||I\|I| A II||IIIII||I|IIII\IIIIIIIIIII I|III|II|IIIII|IIIIIIIIIII|II|IIII|||III||IIIIIIIIII[ g =0 ; P
i T
’ smo IIIII\IIIIIIIIIﬂIIJIIIII\III[IIIIIIHIIII\||II\II|I1|IIII|IIII\II|IHIlI (- B II[III!II||[|I|II\I IIll]III IIIIIIIIIIIIIIIIII\III (I IIIIIIIIII 0f /;///
P .
RM b W m w 1_50_ -W"?;mene:;m" 20
Im (&)
(2) N (b)
I - o pd
‘ ‘ < - ‘/;,’// 2l ;
Tmrl N Tmzl = Lz ;';;;,
e Gl il
‘man 100 150 140 160
Im (&)
(©) (d)

Figure2-14: QHM patrtial irreversible demagnetisatiprd] (a) FE modelling of demagnetised PM corners;
Effect of demagnetization on machine force capahility Axial air gap between QHM segmersisd (d)
Effect of axial air gap on machine force capability
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Also, investigations on the use of Soft Magnetic Composite (SMC) as total slot core material
have reported that performance degraded, althouglglitt offer lower cosit73], with reporting

its effect on the resulted force capability and machine efficiency. Suggestions ligePidn

of trapezoidal cross shape (or chamfered), with associated penalties in cost besides
manufacturing complications, might help in the minimising PM demagnetisation problem; or
by introducing an additional axial air gaps separating pole segmerfigee 2-14 (c, d),

which have negligible effects on force capability besides offering a save in magnet mass,
however, it may cause some mechanical problems in the assembly of magri@# .sets

Other studies haveonsidered the optimisation by investigating the effect of pole number and
PM/lamination materials on an AM machine performathesigned for specific FPE demands,
thermal constraints and a system of constant spE&ld The reported results showed that
increasing pole number would resultimecreasing the iron loss

Yet, for a constant power operation, current could be decreased and hence copper loss decrease
Thus, the resultant specific power can be increadbeditwith decreased efficiency. A machine

with 10 poles/9slots, 1.49 kW/kg sk power, and 93.5 % efficiency has been concluded to

fit desired specifications.

Few interesting works had considered the use of flataydMM machine arrangement. A
singlei phaseiwo sidedMMM was proposed to replace a tubular geometry machirenseh

both with RM, for a 500 W power rating and maximstroke of 37.2mm. The use of the two
sidedstator was proposed to offset the attraction forces between PMs and salient stator teeth.
Reported results showed that tiv® sidedmachine topology requidean extra (38.4 %) in its
translator mass in order to achieve (43.2%) higher power density, and almost (2%) increased
efficiency[12].

Another fascinating work of using one sideiMM with RM in square (cube) shape, deigure

2-15, has been investigated with experiméngdidation proposed to reduce cost by simplifying

machine manufacturing in comparison with tubular geometry.

(b)

Figure2-15: Square shape ahe sidedMMM configuration[77] (a) One side stator mode(b) Cross
sectional 2D view; and (c) 3D view of stator and coil
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Using this topology also offers much simplapplicability to cogging force reduction
techniques suggested earlier for use with other tubular geometries, the pole shifting and end
face stepping75, 76], which can easily be applied together in this flat cube topology. The
reported results had clarified the effectiveness of these methods in reducing up to 80% of total
cogging force of this geometry.

Recently, ayokeless tubular machine of double movers equipped withl @rdan inbetween
(sandwiched) stator of singfghase winding, se&igure 2-16(a), has been proposed for
integration witha Stirling Engine,which has he same mechanical layout as FPE but with
shorter stroke amplitud&8]. The machine was proposed with development in order to obtain
better coilspace utilisationdr power rating improvementhe design wasompaedwith an

early optimised MMMs of AM and RM magnets arrangement for a 1kW power rating and same
drive engine specificationf§9]. Higher rated power density was achieved with the proposed

topology, albeit with heavier mover/magnet masses compared with the AM machine topology.
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Figure2-16: Yokeless dual mer LFMMM topology[78] (a) D view; (b) Flux path

A linear magnetid gear machine topology has also been proposed as a feasible solution for
the intended FPE gplication as shown ifrigure2-17. This topology is composed of double
stationary parts and doulileoving magneparts which imposes three air gaps.

. Generator stator Coils
Outer air-gap i

Modulation ppge
rings

High-speed mover
Generator translator)
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Topiston(—i-~———rn—r—r———=—~—-—~ - To piston

Figure2-17: Magnetic geamachinetopology[80] (a) 2D view; (b) kix distribution
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The machine shows LF field distribution and the topology was described in wihitarg a

gear ratio of 2.22 between the two movers which contributes to improve the resultant power
density, albeit with its structure complications and the associated cost. Further, without
reporting the resultant power densities, especially power/neasityl nor comparing with an
existing topology designed for same specification, the design and topology still needs detailed

analysis to become feasiljigQ].

2.5.2 Transverse Flux Linear Machines

In general, TFMs are characterised by their high power/torque densities compared to
conventional machines of radially distributed flux, due to the perpendicwaaatibn between

the magnetic and electric loadings of the machine. This perpendicular feature has two major
effects on machine characterisation. The first effect is a positive one, in whicblthenvpere

(VA) rating of the machine can be doubled by dimgbpole numbers, sefeigure 2-18, i.e.
doubling the rate of change of magnetic flux for a given geometrical longitudinal dimension
and for the same spefll, 82].

Current
flow

Main Flux path

(a) (b)
Figure2-18: Flat topology of TFLM with Rfd) 3 poles structure; (b) 6 poles structure

The second impact is unfortunately a negative interference to flux behasiooe the
increased pole number for a specifie@d length results in a reduced pole pitch and, therefore,
two consequences. Firstly, this will cause an incretisedi dimensional leakage and fringing
fluxes, i.e. a penalty in cost due to poor RNisation, within each reduced pole pitch that
affects the operating power factor of the mach@ig. Secondly, the low power factor operation
impacts on power convert®A rating requiements due to their inverse relationship, which
means another penalty the system cos{83]. However, thepositive features had attracted
many researchers to explore the design and/or optimisation of TFisiitinear form and

possible geometries as a candidate for FPE application.
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An intermediate RM poles, or th& TFM, and a modified flux paths had been proposed to
compensate the poor PM utilisation in conventional TFM. Yet in a later study it was hesitantly
concluded that it requires larger diameter for a specific ratings compared to the original
machine, even with 35% improvement in useful air gap [@4. A further stug¢ had reported

an approximatedwo-dimensionanalytical solution based on translator position with account
for air gap permeances and iron Aoearity in different machine parts.

Dimensioning and 3D F&k modelling of a 5kW prototype machine was performed using
iterative solutions of reluctance network®gr by magnets and armature fields. Reported results
had showed that a maximum power factor of 0.57, and a specific power of 1.05 kW/kg can be
achieved of which it considered high in comparison with other reported values in MMM and
MIM [55]. More or less, the poor power factor, manufaomricomplications and the
highlighted defects in prototyped model due to the shortened pole lengthshangktopped

the concept from later studies/en with the buried flux concentred magnets assef@b8p].
Anotherstudy considered the tubular MRopology with surface mounted RMs arrangement,
seeFigure 2-19, and introduced the alyéical solution of a modified reluctance network to
account for the axial leakage flux paths due to the inactive magnets that distort the main flux

paths and affect the resultant machine performg8fie

Flux path

Magnets

phase ‘b’

Winding Magnots: with phase
e phase ‘a chift

%%%%M
E[EESoE
= N [

Phase ‘a’
Stator teeth

’gpr_c_d v

(© (d)
Figure2-19: Tubular TM topology[82] (a) D FEA model; (b) Radial cut view showing separate flux (@tt
Axial magnets shift to achieve thregphase design and; (d) Rirtranslator structure
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The performance of the machine was predicted by 3D FEA performed for a singlespagke

phase topology. A Thréephase TFM design was achieved by setting up an axial shift of 120
electrical degrees between magnet sets thgtostipeparate flux paths per phase. As reported

in the research, complicated magnet assembly procedures are to be fulfilled with restrictions on
bearings selection to avoid any possible misalignment between niagfagir tooth pole axis

and the consequees on machine performance. Therefore, appreciable discussions on magnets
gluing type and methods, coating, translator stiffness enhancement, stator pole construction,
etc. had been documented in the sti8#}. Still however the predicted power factor of 0.38

by the modified adopted analytical method does not exceeded the earlier pronounced values for

this family of LMs[83].

Lamination A Lamination B

S

(©)

(a

(b)

Permanent Stator cores
/

magnets

Main magnetic flux @m Tooth-tip flux leakage ®Por

i Tooth root flux leakage ®Porr Concentrated

Mover iron yoke Wingdings

(e) (f)

Figure2-20: TRV topologies (a) Stator lamination; (b)IBview of flat stator core structur88]; (c)
Saggered teeth lamination; (d) TF with staggered teeth and thypbase desigip89]; (e) Major and leakage
flux paths in the staggered teeth; (f) TF with staggered teeth and singtase assembl90]

Otherwork had discussed theT#M design in one side form of which the stator is constructed
with two mirrored lamination sets, segure2-20 (a, b), to offer simpler machine mechanical

structure.

23



Chapter 2 Background

Again, an axial shift of 2/3 of thgole pitch had been used to implement the tplegse design

with compromised optimisation of important parameters affecting leakage flux paths and
performance within the proposed geome}8y, 88]. Even with its satisfactory characteristics

like low cogging force and force ripple, high efficiency and the gained manufacturing
simplicity, the reported power factoompared to other MMM topologies was only 0.44, i.e.

not exceeding the aforementioned range which indicates that the PMs are still poorly utilised
which negatively impacted the resultant power densities. This is mainly due to the leakage
fluxes in transver and longitudinal paths between adjacent stator teeth, and mover magnet
poles that had been furtherly inspected and analysed by 3D FEA solution in the study.

Then, by using a tubular geometry, a solution was proposed by staggering stator teeth with a
mowving magnet raver of multipolar circumferential pair of 1 and 3, $@gure2-20 (c)-(f), in

order to enhance the reluctance between adjacent stator teeth without affecting axial mover pole
pitch nor major flux paths. An in deptmnalysis alongside with a compromised optimisation
had been carried out on the topologies that resulted in pronouncing, although theoretically, an
improved power factor of (0.52) in the initial proposed defs$h, followed by a later jump of

up to (0.67) with 3 circumferential pole paj€xl].

Few design studies have considered TFM of singlease windings and/or stationary magnets
that had been optimised using 2D and 3D FEA optimising algorithms to achieve various
objectives. The machine was designed for up to 3kW power rating and short stroke applications,
and is featured by robustness besides ease of manufacturing and maintainability.
Investigations on a moving iron translator configuration had started with J2&Wr rating,

where optimisation had discussed, with prototyping, possible design cases achieving mass
minimising or efficiency maximisin92]. Later study haddicused on geometrical machine
optimisation to improve the specific power while adhering specific performance constraints
with achievement of 0.06 kW/kg specific power by using 3.58 kg mover [@3ss

Specific power had been furtherly improved by replacing the moving iron structure by a surface
mounted RM translator, which resulted in an increase of 55% in specific power that utilised
1.78 kg magnet ma$94).

When a dual stator, dual agap and moving magnet design replaces the thsign, this led

to saving almos#1% of total machine mass by utilising 2.0 kg magnet mass for same design
specification. A resultant gain of 40% in specific power with a decrease of 51% in mover
weight, however, versus the raised drawbacks as increassthtor manufacturing difficulties

and magnets demagnetising issues related to their internal eddy current losses had been reported

[95].

24



Chapter 2 Background

To overcome thesessues, the QHM had been investigated for same specification in which it
showed good improvements in most of the design aspects, except in the mover and magnet

resultant masses and PM losses.

Figure2-21: TTFLMopologiesand flux paths for short stroke FPE applicafiapinitial MITFLM desida2,
93]; (b) RMMTFLM design variatif®];(c) Dual stator RMM design variatif®b]; and (d) QHMM design
variation[96]

Figure2-21 clarifies the topological variation of Mrand corresponding transverse flux paths.
Addressed reduction of 15% in total machine mass and a 17% gain in power versus a penalty
of 45% extra magnet/mover mass can be gained using the QHM @@&jign

It is worth mentioninghat some of the reported inductances were in the range D@ 4nH)

without discussing the resulting power factor and related drive issues, nor the issues related to
magnefi mover assemblage as discussed by other W8ek93, 94].

A new TRV, seeFigure2-22(a),in tubular formhasbeen proposed for this application of which

its configuration offsets the problems of PMsiover assembly by applying the axial shift to

the magnetic circuit in order to achieve a thirgghase desigf43]. Continuous improvement

and research, viasing both static and dynami®©3-EA, had showed the efficient use of PMs

in this machine topology throughout demonstrating the promising performance parameters that
repoted an expected improvement in power factor of up to [R66

Side by side to the later MFtopology, a newinear flux switching moving iron machine
version of a rotating counterpg®8] topology was proposed and added to the TFM family, see
Figure2-22(b), in whid the flux paths of both the Plhd that driven by coil currents exhibit
perpendicular action to the motion direction, i.e. showsstrarse flux phenomena, and W0

magnet utilisations a resulf43].
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Later investigation on the topology against specified design constraints reported the effect of
leakage flux on machine performance and the improvement yielded by modifying tooth
structure of initialdesign, yet not competing for the desired specificd@Sh

-

,

Mt 0

I
|
translator

Leakage paths
(b)

Figure2-22: NewTRM for FPE application showing flux paf@8] (a) Moving MagnefTFM;and (b) Moving
Iron ¢ Flux Switching TFM

2.6 Selection of topology criteria

In the system under studihe LG selected topologynust interaceffectively with the prime
mover in order to sustain the maximum efficiency of the integrated sy$temmitial design
stage of the machine topologyust satisfy two constraints. Initially, those imposed by the
physical and the operational characteristics of the drive engine. Secondhathaeexternal
characteristics must show high efficiencyatiousloadng conditionsas a reflection of the
good overall material utilisation and the operational power factor

Bearing in mind that alnachinedopologies are equipped with magnets and focusing only on
the reportedubular geometriesTable 2-1 summarises a comparison between the machines
highlighting the main features of each topolpgyalified by the literature review preseniad

the previous section

To identify the most suited achine topology, a relative /) marking system was set on
specific key fators shared by all topologies this specific application. When assigning the
mark values, a positive mark refegvaysto a good key factor and the vice veraad vhenit

is always superior, i.e. even for a feature, the machineis suited for the application.
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The factors were chosen to cowbe machina in generalas the épology structure and
performance, and therefaseme factoare related tthestructure such as the moving mass and
magnet mass utilization; while other factors are selected according to machine operational
performance such as the power factor angtivea density

The key factors were mainly dependant on moving mass and materials costs, as expected the
topologies that have a lighter moving mass would have a positive mark, which is limited only
to moving coil machines MCM. Yet this machine topology neégls &amounts of PM mass to
achieve a specified power density due to the limited winding volume and the resultant electrical
loading, in addition to the limited power abilities of the moving coils and the scheduled
maintenance requirement.

Moving iron machies MIM had in general showed a limited resulting force (power) densities
compared to moving magnet machines due to poor magnet utilisation, besides the heavier
mover mass for a specified design fof68, 54], keeping in focus that moving mass is stroke
amplitude dependant. Therefore, it has negative marks in the moving mass, PM mass
requirement and power density factdields.

Table2-1: Summary of PMLM topologies for FPE applications

Topology Advantages Disadvantages
Light moving mass, PMs wel Low stroke amplitudes, lined power
MCM thermally protected, or ease ' ratings due to the low durability c
applying an appropriate cooling either the coil leads or brushed s
technique. resulting in a short term maintenance.
Robust with applicability to lon¢c Heavy mover, low power/mass dens
MIM stroke amplitdes, and long tern due to hidp leakage fluxes, andehce
maintenance. poor material utilisation.
Robust, i rrespeMagnets are not well thermall
LF Single orientation, with high powel protected. Mover mass is heavy
mover density and suitability for variou: general, especially for long strok
stroke amplitudesand long term applications and for long move
MMM maintainability. machine with high power ratings.
Robust and much suitable for fli Complicated manufactgring withhig|
Dual geometries, various strok magnet material use, i.e. heavy moy
mover amplitudes and long terr (5). Magnets are nqt_ well thernjal
maintainability. protected, nor well ut|I|§ed resulgnin
poor power to mass ratios.
Complicated manufacturing proce
MMM Robust with high power densit when axial shift is applied to move
TF and suitability for various stroki parts and may lead to loss O.f robustne
amplitudes In general, most_ to_polog!es show
MIM poor magnets utilisation with aower

factor not exceeding 0.67.
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Table2-2: Topology marking system

Key factors

PM Power Total
Topolo Movin PM Power .
pology 9 thermal ) factor maintenance marks
mass mass . density
protection (pf)
MCM
MIM
LF
Single
M
M mover
M Dual
mover

TEM i MMM type

The rest of the topologies share the same marks with respect to the moving mass, PM mass and
thermal protection as well as power density key factors. The otherdactwedifferent marks

as regard to machine power factor and maintenance requirement. In this regard, the moving
magnet machine in single mover topology is assumed to be easier to maintain compared to the
dual mover and the transverse flux machines TFM, thexéfbias a positive mark. Also, it has

a positive mark in the operating power factor side by side with the dual mover machine
compared with the TFM.

Scanning the advantages and disadvantages of both LF and TF machines summEaised in

2-1 and the total marking score irable 2-2, the machine topology of longitudinal flux and
single moving magnet mover HAMM looks like the better option to select as it shoveed

more convenient candidate for this apptionand the highest positive marks score compared
with other topologies.

However, there still one further problem that may arise in all MMMs, irrespective of the
selected machine topology or the type of flux distributibis due to the temperaturesei in

the expanding (compressing) cylinders due to the operation of the inside pistons. This
temperature rise will affect the surroundings due to heat conduction, conviction and radiation.
Should this hedtetransferred from the pistons to the connectod) the translator and then to

the magnets, this will expose the magnets to experience a temperature rise that migat degrad
their magnetic propertiesi¢magnetisation effect), or cause the permanent loss of magnetic
properties at their temperature cyp@nt when accumulated by the heat generated due to the
internal edly currents within the magneftBhis is totally dependent on the physical properties

of the materials used in tledectricalmachine Also, this depends if any insulation is applied to

limit the heat transferred theareassurrounding engine cylinders
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A thermal circuit can be established dnetemperature rise in eaglart of the systeroan then
be assessedppropriate ventilatingnd thermal insulatiotechniquegould be investigateas

a meanof improving the coupled system performance déyminaing or reducingthe heat
transferto the electrical machin@ndto avoid the associatedll of PM remanence with the
increased temperatuf£0(. However, thigopicis outside the scope of the work considered in

this thesis and included as a future $teghe development of the current research.

2.7 Background on system modelling

Fundamentabperation angerformance of various FPEs has been simulated and preggnted
[7], [8], [101]. Expansion of thse works includes ombined electrical anddynamic
performance using assorted simulation tddRZ, [103 and numerical modelgl04. High
operating efficiency of a compact system with a reduced emissions were tiegoas in the
work described by Sven and Mark{i$0Z. Various investigations on some key parameters
have been presented[itD3 104 such as the moving mass, spark timing, and equivalence ratio
to describe their effects on system performance and the feasibilityptwhising these
parameters for optimal engine performance. Feng[&08] have reported a detailed simulation
model of a single cylinder loaded byLmear Generatoand a linear motor acting as the
rebounding device. Prototyping of simpleusture has been investigated by controlling the
rebounding motor force profile to obtain stable system operation and to increase cylinder output
power. However, low system efficiency and generating power figures were reported in this
work, which promisetito be useful irsmall scale power applications

Jia et.a[10€ have also presented a study on a spark ignited foeston engine generator with
separation of starting and steady modes of oeratf the system. The linear machine was
dealt with as a linear motor in the starting mode and as a linear generator in theststeady
mode. Developments of subodels of the system for each mode were carried out using
MATLAB/Simulink and results were ampared with those of an existing prototype with
prediction of the engine efficiency.

In [107] a model of a Linear Joule Engine driving i@leal damper approximatingl& was
presented and used to propose an overall optimised engine design.

All theseworks havesimplified the electrical machine to an iddamper, wherehe generator
force varies linearly with velocitg c t i n g a g arivingforce.én elgciricaleednss his
assumptionmeans themachine inductances ignored, theelectromagnetic interconnected

forceseffects are ignorednd there is néorce ripple.

29



Chapter 2 Background

Whilst this may beapplicableto a constantvelocity generator, where inductance can be tuned
out with a capacitive loadhé variable velocity operation of tR€E gives a variablelectrical
frequencywhere no capacitive tuning can be igplentedin addition a pure damper includes

no effects of the combined electromagnetic forces, machine losses, and variation of these
parameterto the overall FPBEystemoperation Theseémportantparameters and forces need to

be considered in modellirntge LG in order to account for their effects on the integrated system
operation sensitivityand the resulting efficiency.

2.8 Background on cogging force in PM Linear Machines

Most LM topologies excited bynagnetsexcept air cored machines, suffer from thifisrce)
fluctuations, i.e. force ripple, mainly due to the existence of attraction forces between magnets
andslottedarmature structure, and partly by thenature reaction and/oeluctance force
Although employing strong magnets achieves higherefoensities, the corresponding force
ripple becomegigher andseverely #ectsthe performance of thepplication.

Generally, force ripple has been highlighted to influence the positional controllability and
accuracy in all applications incorporating kmgy controlled actuating and servo systems
Minimising or eliminating this effe@dds complexity to the applied control system, especially

for low speed applications requiring precise positioning and complying with its stfatlards
[7577,108117. Therefore, in the reported literature many technigues have been employed to
reduce hese inherent forces atite accompanying effects.

Some of these techniques are applicable in both planer and tubular machine geometries of which
some are easy to apply in practibet with penaltieon theresultant machine performance,
manufacturing cost dead toreduce themachineforce (power)density due to the increased
inactive machine length/volume.

Such techniques include adding auxiliatgts poleg to the armature of a flat PMLSM.11,

113, seeFigure2-23(a), which achieves a reduction therated force fluctuation frori.2%

down to 1.14%Anothertechnique ighe extended endotth width [110, 114 as shown in
Figure2-23(b) which can effectively reduce the peakpeak cgging force scale down to 85%

off its initial level The third technique is the end facksl or quarter skewing applied to the
armature core of a MMNI76, 77], seeFigure2-23(c), and can achieve a reduction of ug®86

in totalresultanttogging forces. Another technique applie@tdMM topology with different
magnebrientation of which itonsidershortening the length of the erwbth throughout FEA
optimisation ad wasfound to significantly reduce force fluctuation to low level margif;

115.
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Other researchers have repdréesolution that dealt with themagnefpole parts structure. An
analytical formulation of agging force components in an AMMM has been presented in
[116 to solve the problem by considering iron pole piece slotting Fepae 2-23(d). The
addeddummy slotgto the iron polepieceproved its effectiveness in reducing or eliminating
different cogging force active harmonic compongewts its effect on the resultant machine
force capability henot beenconsidered

Pole shifting[75] is also another technique that can be applied in both flat and cylindrical
geometries. It deals with the maggstructure and helped in reducing the cogging force levels
down to065%, 80%and 90% in 4 6 and 8 poles MMMtopologies Due to the introduced
asymmetrical pole distribution, s€egure2-23(e), this techniquentroducesa negative impact
onthe resultant force capability as discussed by the authors.

Other techniques had considered magnets skewongv-skewing applied ina plarar
synchronous machinavhere thev-skewing has reducedfettively the5" and6™ harmonic
componerg while negligibly affecting other harmonicsee Figure 2-23(f). It is worth
mentioning that this technique is hardaggplyin acylindrical machine geometry.

Other research had codsred reducing the cogging force using field oriented control with
feedforward current compensation, igedtime harmonics and reluctance force. The control
technique has been proposed, investigated and applied alongside with added external poles in
[112 117, 118. Reported simulation and experimental results imipéy éffectiveness of the
control method, even with distorted current waveforms at low speed appligbt@nand for
constant speed operating machine

Constrained by a specific application requirement and for the same magnet mass, newer design
of 9pde/10slot to replace the existing 8pole/10slot design has been prop¢$a€ imhe new
machine model offered lower cogging force and higher thrust force levels for three phase
applicationsyet it introduced an (0.47%) imbalance to the induced EMF in windings.

In all aforementioned works, cogging force effect in actuating system can be minimised and
reduced significantlysing applicablelassical control methodsith the suitable power drive

The effect ottogging force on the performanceadinear machin@perating as a generator has
never beeffully investigated, except in terms @dusing vibration, noise and must be minimised

to achieve smoother operation of the driving engifgé.

When the machine works as a power source driven by a variable speed driving system, as in
this application case, there esisb work that descrilsecogging force effecon the electcal

power generated.
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Further, under such continuously transient operation of the system, classical control techniques
would fail in achievingthe target otontrolling the current absorbed by the load. This might
enforce proposing newer stitural techniques that can be applied easily to the selected machine

topology without affecting its resultant power (force) density.
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Figure2-23: Structural modification to reduce cogging force in various linear machines
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2.9 Summary

A survey has beegpresented regarding the principal of operation of FPE, its layout development
and applications that kia been introduceadver the last 23 decades. The existing engine
configuratiors were presented with their corresponding force balancing equation ohgnovi
bodies.A simple explanation of the necessary load operating axial displacemeatadbr
configuration has also been described usvmdimensionatirawings, in which it is found that

this has not beemwell explained in thexistingliterature. Frontheaut hor 6 s poi nt o©
dimensionis requiredto ensure compactness of system integration and selection of machine
topology. The nextchapter will clarify why this displacement is important and howisit
interconnected tthee n g i n e 6amd adetts tbekresultardystem physical dimensions,
electricalmachine dimensions and performance parameters.

Various machine topologies reported for this application have been reviewed using a new
sorting method. The method usedsfound to benclusivefor the purposef identifying the

most suitable machine topology for this application. Using this method, the single mover,
moving magnet machine was selected to design and to study its performance and suitability for
the application.

Various modelling methodand assumptions have been reported, in addition to negdne
various cogging reduction techniques, with classification, applicalddirnear machine with
tubular geometries to further highlight in this thesis chapters.

As the LG is coupled directly the pistoamoving 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 the engine is sensitive to the force ripgile@gctric machine, gentially

impacting the theral and electrical systeefficiendes
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Chapter 3 : Linear Joule Engine Specification

3.1 Introduction

Most heat engine technologies suféerefficiency penalty whethe power ratinggoes down

to a coupleof kilowatts. Also,thetwo mapr prime novers;internal combustion engine and
combustion turbine, have inherent difficulties to be converted to use renewatdessorhe
Linear Joule EngindLJE) is an alternativeenginetechnologythat can bepowered with
renewables and has high eféincyat themicro-scale.In most literaturediscussing similar
systemg103 [104] [105, two parts of thesystem i.e. mechanical and electrical systems, are
separately designed and optimized, therefore, it is impossible to observe dynamic interaction
between two systentiuring simulations investigating their operational performance

It is important that @oupledmodel including both mechanical and electrigatems needs to
be built for accurate performamgrediction and optimal engiadternator designTherefore,
this chapter presens firstthe LJE with freedouble actingistonset upoperationaprinciple
andcharacteristicsThe Linear Generato(LG) model will thenbe derived from the designed
machine model for the LJE under studinally the combined integtad models will be
investigated

The LJE model in this chapterworks in a closed loop form includinghermodynamic,
mechanicaland control sy®ms integrated into one systatic model to drivea LG
approximated to an idediamper The dynamic system was constructeding Siemend.MS
Imagine Lab AMEsim and the engineoperational features are outlinéd concludethe

constraints imposed on thesign of the intendebbad, thdinear machine.

3.2 Linear Joule Engine operation concept

Thermodynamic power cycles are the basis for the operation of heat engines, which supply
most of the world's electric power and run almost all motor vehidlhe most comon cycles

used in Internal Combustion Engines (ICE) are the Otto cycle, which models gasoline engines
and the Diesel cyel which models diesel engingSycles that model external combuasti
engines include the Brayton, Jowlgcle, which models gas turies.

At larger machne powers, gas turbine engif@scome attractive as the continuous steady flow
through the combustor avoids the temperature peaks associated with reciprocating engines and
can naturallyhave lower emissionsdowever, gas turbines do nstale well to low power

smaller machines, primarily as leakage acbtire turbine becomes dominant.
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To avoid this, at small engine sizesl(0kW), it has been proposed studythe Joule cycle
using reciprocating cylinders and pistof$,121].

Thefirst designof the LJEis shown inFigure 3-1(a) [107], while Figure 3-1(b) clarifies the
ideal pressuré volume diagram of the applied Joule cyclée splitexpansion(hot) and

compressiorfcold) cylinders are placed &ft andright hand sides of theystem

Heat exchange
A

Expandmg (hot) Linear Generator Compressing
cylinder (cold) cylinder
(a)
@4 Constant pressure heat in
g I Reversible expansion
ﬁ [ Constant pressure heat out
a I Reversible compression

>

Volume, m3

Stroke, mm

Y
'y

()

Compressor (1, 2)

[ X Load 1

* L

M lim

Xoad + Working length

(©)

Figure3-1: (a) First design of the Linear Joule En§itd]; (b) PV thgram of an ideal Joule cyctnd (c)
System integral length description

The LG, approximated by a simplified damper to mimic its reacfimmte on the engine
operation, is centred with its shaft couplecdedity with the rods from the compressor and the
expander.
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With the optimal stroke length generated from the parametrisiodebpresented if107], the

overall length of the engiralternator has to be at least two times the stroke length in addition
to the operational lengtibecided bythe peakto-peak amplitde of the centredinear machine

and the gaps left for mechanical safety, couplings and beasrgsown irfFigure3-1(c). In an
external combustion FPE, the working fluid iscieculated in a closed system. By using heat
exchangers and any source of heat as solar energy or waste heat from another process, heat is
added and removed to the working fluitkat is adde to the working fluid as it is transfed
between the two separate expansion and compression cylinders of different swept volumes.
This heat addition can be in the form of external combustion, solar heat, or waste heat from
another process such as in @ombined heat and power plda@?, [123. Compared to the

ICE here the workindluid does not contain fle@nd can now be any inert gas

The LJE design offers several advanesgcompared torotatingmachinery engineskuel
flexibility becomes possible arftencelow carbon dioxide emissiolevelsare now feasible.

Power transmittedo the loads) can be used directlwithout the needor loadi carrying
bearingsjnhetent inthe structure ofconwentional rotatingenginesbetweenthe pistonhead
crankshaft The efficiency penalty due to engine scaling is totally omitted as the engine

constructiorbecomes muckimple with its fewer moving partgiving a more compact system.

3.3 Case study engine model

A dynamic model of the engine was established using AMEsim softeeeEigure3-2, and
the mainenginegeometrical parameters have bpanametrisedetaiing optimal performance
[107]. The hot cylinder, thexpander provides the systemvith linear mechanical powersed
to drivethe directly connected loads, tliamper("O P and the compressd@iO P ) with a
total movingmass { , kg). The intake and expel ahe working fluid i air mixture at both
expander and compressor cylinders were controlled by an algorithm achievadgMifiEW to
control theopen/close of the valves at both cylinders. Control timing waeasure of real
time parametersncluding piston displacemerdnd frequency working air pressure and
temperatureAll friction losscomponentsvithin the systenmareaccountedor by appropiate
resisting forces to insure balanced dynast@adyi stateoperating systenThe force balance
equation of the reversible system is given3i), where:

BO &I + OPY O Py OP=d 31

With the LG reacting force© ) approximated by:
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'O P=0£ Dbt NIQAE ®QO O 3-2
In (3-1) the focus is otthe damping forcébehaviour, and the velocity definedin (3-2), over

amechanical cgle as it reflethe expected G effect on the engine operatiofhese system
performance parameters are obtainable from the LJE rsbdelinto the left ofFigure3-2.
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Figure3-2: Linear Joule Engirdynamic modelmplementationin LMS [106]

3.4 Engine performance

The systemwas simulated for a running time of (10 secondshere it was noticed that the
system reaches stable operation after a (tilbeseconds) starting fromge The parameters

that havea direct impacbn the IG design were investigated, althougtih a damper reaction.
Thevariations othes y st e mé s thedhngegifotcgstaringfdom rest until reaching
stable system operation adarified in Figure3-3.

In stable steady state operation of the system, two mechanical cycles of the velocity and the
damping force profiles are clarified fgure 3-4, showing that the force and the velocity
profiles are in phase, based damper operation.

A trace of velocity versus piston position in the steadyate operational region is shown in
Figure3-5, and here it shows the stable operation of the system, i.e. with negligible changes in

pistonlocus
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The variation of the piston oscillating motion with time is showrFigure 3-6 for one
mechanical cycle in the steadiate operational region. Compared to a Sine wave, just for
clarification of piston motion inside the cylinder, the difference between both displacements
can k& assumed negligihlédence the piston displacemefd) may be expressed in terms of

the enginebs stroBR® whempl itude as given in
O Qi naww@aﬁc—eo?coal o ha 33

Where] ¢“ "Q; and'Q is the mechnical frequency of the system.
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Figure3-6: Linear Joule Engine steagyate piston displacement compad with sinusoidal displacement
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From @-4), system instantaneous velocity ¢an be obtained and expressed in terms of engine

stroke and its mechanical frequency as:

- Qw o g
a)naéamo%b GRT10 0 haT 34

Where:wis the peak velocity and is given as:

®w “O0Qavhan 35

3.5 Machine design constraints

The linear machineconnected collinearly to thengineoscillating pistonrod must interact
effectively undethesteadyl stateoperatingcondition. Thereforehie steady state operational
features of the LJE@re important. Additionally, theptimal dimensionaparameterof the
engine are also important for system compactness. Thusrbkteaints taken forward to design
the linear electricgeneratoy listed in Table 3-1, are a mix of operational (changing) and
geometrical (fixed) parameters

Table3-1: Linear Joule Engineptimal dimensions and steadyz state operational characteristics

Parameter (symbol/period) Value (unit)
Expander cylinder outer diameter, (fixed) 200 (mm)
Exact,(fixed) 120 (mm)
Stroke amplituded)
Achieved 116 (mm)
Moving masg0 ) 8 (kg)
Peak velocity(changing) 4.8 (m/s)
Peak force© ), (changing) 800 (N)
Frequaicy (Q:st ar t ¥ stase) (chanding) 20 Y5(Hz} .

The outer diameter of the large cylindéine expanderis taken as the geometrical limit
perpendicular to system motion imposed on the design of the linear machine. The exact stroke
amplitude is taken as a constraint, although it can be noticed that there is a small difietence
exceeding 3.35%etween the dynamically achieved and the exact stroke decided mechanically,
excluding the mechanical limits at both cylinder efidss differences due to the combined
effects of all interacting enginé load forces, the dead times assumed in controlling the
opening/clomg of the intake/exhaust valves as well as the total moving mass corresponds to

the sum of all moving masses including thathaf tonnectig rod.
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As the difference igery small and occurs at both strak®ds where the velocity is almost zero,
i.e.load may be assumadactive,it can be neglected leaving the exact stroke to be used as a
constraint.

In order to achieve a full use the operational stroke, it is preferable in practice to set a ratio
between machine active length and the stroke amplitude of the driving engine, and look for the

feasible bore dimension.
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Figure3-7: Half cycle piston motion with a ratio df/@ : 1) between active machine length to stroke
amplitude

The efect of setting this ratio hasonsequences on the percentage utilisation of both stator and
translator partsand the overall system length. If a machine topology is designed to have a
(1/2:1) ratio as shown ifrigure3-7, its translator neexdo be elongated to maintain the machine

full active area during@nengine stoke, as illustraten Figure3-7. In this short stator machine
structure, the required translator elongation must be at least three times that of the stator in order
to ensure a 100% utilization of stator parts compared to the 33.33% utilisaticanslator
parts. This translatords el ongation necessi
integral performance due to the factorised moving m2ass07]. The displacement required
between the two cylindeis this case needs to be five times the active length of the machine,

or two and a half times that of the stroke amplitudléurther impact ofshort ratios (ratic<

1:1)is the largebore diametewith consequent larger machine diamebegsides that the rate

of change ofnagnetic flux would be higher.

41



Chapter 3 Linear Joule Engine Specification

On the other hand, a ratio larger than unity would result in a thinner machine with a ldnaker ra

space utilisation and lower rate of change of magnetic flux. Inhtagsthis ratio is set to be a

(2:1) which will impose a translator elongation of twice the machine active length and achieve

50% utilisation of translator parts along the full Eregoperating mechanical cycle.

During steadystate system operatiome \elocity profile reflets thebehaviourof the moving

massand the interconnected balanced for@éss profilehas the effeatf shaping theer phase
backelectromagnetic forcéQ) "®and hence the deliveretectrical power of thgeneratorin

all LMsconfigurations a compared ttheirrotatingcounterpartshe peak velocity is important

andt he basis of Faradayodos | aw of el'@c@Gr omagne
inducedper phas€O ) due to the continuous back and fontlation of the translataand the

corresponding interaction beden coils and flux lines. This is expressed as

o
O 0 —h  WMmQ 3-6
O Ugh ol
Where:
n: Flux linkage that varies with translator positiovib

N: number of turns per phase

Due to the continuous oscillating motjghe useful air gap flux of amplitude () ¢ varies
with respect tgphase windings, and thisriation may be assumed sinusoidal dudridmeslator

displacement44], and hencenay expressed as:

nn VEMh oo 37
Using(3-4) - (3-7) with substitution and rearrangemenelds:

OAT ®AT1Q 06 Viph 38

, Q@ Qw
QwQo

Q0 Ui
Where:

O 00 , isthe amplitude ahducedEMF

Equation 8-8) indicates that the duced’O varies as the velocity varies withanslator

displacement, i.e. with mechanical frequeri€y)( and with a constant amplitud®)(which is
a peak velocity dependant, and this clasivhy the peak operational velocity is importaartd
is thereforeselected
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Chapter 3 Linear Joule Engine Specification

Thesteadyi statepeak force dfinesthe maximumforcelevel that the engine is able to drive
prior to stalling. It is used to decidéhe active area of theectricmachine based dhedesired
cooling system and thmaximumforce per activenachinearea { ). Inspectingthe trust
density comparison between LIM andnéar SynchronousMachines (LSM)with various
cooling systemsshown inFigure 3-8, it can be seen th#te specific thrust of linear machines
with natural coolingand thrust force of up t@250 N), theregionhighlightedin redin Figure
3-8, fall in the rangei (6x10° - 26x10°%) N/m? [45, 124-126¢]. Hence, for a given design force
(O ), an assumed cooling system ayyical thrust density, the active area of the potential

machinecanbe calculated agivenin (3-9):

Active machine area = ha 39
60000
Lsm joc | |
50000 - —
— | LsM| we
//
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E
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thrust densi

. OC: Oilcooling
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10000

/
e -
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0 2000 4000 6000 8000 10000 12000 14000
thrust, N

Figure3-8: Thrust density of singlesided LIMs and LSMs at different cooling systgta)

For tubular geometryhe active machine surface area defines the effectiveregeaedand
maintained constant during system operation @dwefull stroke range, and di¢ same time it

sets the relative relationship between the machine active physical dimensions, i.e. its active
length ( ) andthe activebore diameter@ ) andis shown inFigure3-9.

The last design constraint is the mechanical frequeiiz), (he only parameter that has a
variation range from the start mode ttee steadyl state region modeDesign frequency
selection needadiscussion, bearing in mind that tti@mping force represents a LG operating

at rated load, and is velocitiependat.
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Chapter 3 Linear Joule Engine Specification

Since the Lds directly connected to the driving engine rod, itstieal frequency’() varies
linearly as the mechanical frequeri€y, and vice versa. Therefore, higher system operational
speeds, fragency,is a result due ta parially loadedLG. As thus, to achieve optimal system

operation even at part loadke start frequecy is taken as the maximum design frequency.

A
v

Figure3-9: Physical active dimensions afygubular LMtopology

3.6 Summary

This chaptethaspresented the principle of operation of the Linear Jouldnengsing free,
doubleacting piston configuratiofEngine performance parametarsl operation specification
have been demonstratagsuming th&inear Generatoacting as a simplified damper.
Thetabulated parameters clarifying the constraints imposedeotesign of the potential linear
machine operating in the generating modesave been presented and their effects on the
machine design have also been illustrated with discussions.
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Chapter 4 : SelectedMachine Topology Design

4.1 Introduction

This chapter describesid design methodologysedto design a.ongitudinal Flux Moving
MagnetMachine(LF-MMM) of tubulargeometry foruse withthe Linear Joule EnginéLJE)

of the specificationdetailed in Chaptes, Table3-1, to supply apureresistve loading Three
alternative MMMs are designed throughout manual optimisation to react the same driving
force. Allmachines have similar stator and translator structures and material to study the effect
of feasible key design variables on the designndledor structurewith feasible magnet
orientation hagslsobeen considereasone of the key design variables in order to highlight its
effect on the resulting machipartsweights overallperformancend best magnet utilisation

All machines were modield using 2D FEAwith ignoredend effects, and by usiregtransient
solution,theresults were obtained and the resultant machines achieving design objectives have

been compared and conclusianglined

4.2 Slot / Pole number combination

In LF-MMM and along he active length of the machine, the combination of stator slojs (
and translator poleg)() encompassed by the active length are the only effective parts in the
electromagnetic energy conversion proca@s$alis, the active length, the slot pitch)(and the

pole pitch ¢ ), with (q) representing nubrer of slots per pole pg@hase, are simply related to

each other as:
0 na Of 0 OF 4-1

For a basic threphase machine design configuration with p and a mininmm combination
of three stator slots and two translator polesFsgere4-1, the slot pitch{ ) satisfying three
phase requirement, and that of the pole piteh)(satisfying 18Gelectrical degreebetween

adjacent translator poles may be defined as:

Tyu i
- 25 42

— ok
By making use of4-1) and @-2), and withk =1, 2,&é , it can be shown that:

. ., 0Q p
v v 07Q C 4-3
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Figure4-1: Threec Phasdinearmachineof three stator slots and two translator poles

It must be noted that for the viability of the above relationskip, iwust be diviable by three
for any given pole numben (), and thus the termH——) must be a positive inger[100.

Feasible slepole number combinati@that achieve threghase MMMmachineconfiguration
of up to 15 slots are listed ifable4-1, althougha higherslot number is also achievableis

deduced irhere forup to 15 slots.

Table 4-1: Feasible slot/pole combination

Slots € Pole numberd{ _
3 2,4
6 4,5,7,8,11
9 4,6,8,10,12, 14
12 2,7,8,10, 11, 13, 14
15 10, 14

4.3 Machine topolog y

The machinggeometryadoptedn this study is of tubular geometry due to symmetry offeaing
theoreticaltotal elimination to the forces perpendicular to the axis of motion. The aim of the
design is to investigate the effect of PMentation on themachinecompactness, magnet
utilisation for a specific design for@don the overall machine performance.

The design of three machine topologies is presented in fwrdg0 oE W x)
combinationalthough other combinatigritan satisfy the design objectivésgure4-2 shows

aschematic ofeneral machinwpology.
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Stator housing

Magnetic poles Translator
Slot
Translator
supporting
tube

Figure4-2: 3D quarter cut view clarifyintiie generalinvestigated topologyarts

All machine models are assumed tabéurallycooledand the geometrical constraints imposed

by the drive agine are considered as follows:

1 Firstly, and as stated befqral modelshave a (1:1) ratio of active length to engine
stroke.

1 Secondlydesign objectives were set to satigfg design forceas a first objective
theninvestigatesystem compactness the second objective.

1 Thirdly, when investigating the effect of stator outkameter on themachine
resultantforce capability for a specified bore diameter, the optimal balancing
between magnetic and electric loading was taken into considefdtiprb5)].
Bearing in mind thathe increase or selection of stator outer diameterpswithin
certain limits andaccountingfor the machine housing thickness as clarified in
Figure4-2.

4.4 Design variables and PM orientation

Initial machine dimensional parameters are designed based on classic design theory and
elaborating on specific thrust criterjid4, 125 126. A longitudinal cut view of the unified
machine base model is shownRigure4-3, clarifying common key design variabldsalso

shows that stator slots are occupied by thirphase windigs of modular connection which

gives higher force capability compared with conventional windihgs, 127, 12§.
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According tothe PM orientationthe three feasiblganslator magnetrrangerants aréAxially
MagnetisedAM), RadiallyMagnetisedRM) and QuasiHalbachMagnetisedQHM) asshown

in Figure 4-4(a-c) respectively.To achievea specified force capabilitythere must bean
electricalload to dump the electrical power generdigthe machineTherefore, a simple star
Resistive Loading (RL) is connected to the star commedf stator winding as shown Figure

4-4(d). Each topology has five optimisable variables, except the RM machine topology, where
a flux return path is compulsory in the translator core, thus a sixth parameter is added and
termed TCBH) in Figure4-3.

-
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Figure4-3: Longitudinal view illustrating optimisable parametémsmachine topology

In all machinemodels, &ator magnetic circuitcomposed of teeth andasor core back is
modelled by non oriented silicon steel material graded aslM26 Ga thattarts to saturate
atflux density ofl1.6 T, which is also used in translator magnetic circuit when requiiteslair
gap length () is taken to be (1mm) comphg with perceived manufacturing tolerancEhe
translator is composed of a robssipportingtube (sleeve), surface mounted PMs of gréde 5
Samarium Cobalt and/@mon pole segments if required.

4.5 Optimisation methodology and results

All machine topologies @re optimised using the transient solution in 2D FEA software. The
same speed was used in obtaining the solutions of the three alternative models while supplying

the same resistive balanced load.
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Figure4-4: Investigated machine topologies and connected load (a): Axially Magnetised magnets; (b) F
Magnetised magnets; (c) Qudsalbach Magnets arrangement, and (d) Resistive Loading

4.5.1 Details of 2D FEA model

A general 2D FEAmachine model is shown Figure4-5(a), and the mesh size is shown in
Figure 4-5(b). The full machine active length was modelled after cutting the machine
longitudinally and extruding it along the full air gap circumferential length. Since the machine
has arodd pole number, odd periodic boundary condition was applied to the outer surfaces of
the air box enclosing the translator components in addition to stator side faces, which is the case
corresponding to ignoring stator end effects. The transient soluéisltained by moving the
translator components in the assigned direction showigure4-5(a) in time steps that achieve

the peak driving engine speed (4.8 m/s). The full 7 pole distance was solved transiently while
using a 0.25mm mesh size in the remesh regions, and a 2.0mm in the other model regions to

obtain the results such as the #l@magnetic force, EMF generated, losses, etc.

4.5.2 Methodology

A manual optimisation method using transient solution of 2D FEA models is carried out to
optimise, individually, key design variables of each topology. It is implemented by automating
Microsoft Exel and the FEA modelling software via Visual Basic Scripting (VBS), as clarified
in the framework shown ikigure4-6. Optimisation addressed towards achieving the design
objectives bearing in mind that design variables are entirely coupled by the elgrtetima
loadings of the machine.
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Figure4-5: (a) 2D FEA general machine model used in optimisation; (b) Mesh size of the general mi

Therefore, optimisation started with the variables that influence all objectives at the beginning,
then considering remaining variables while keeping the optimisedhble unchanged.
Individual investigation of the variation of each variable is used to enhance the understanding
of how the machine force capability is affected by these changes for each topology. The ranges
of different design variables variation argtéd inTable4-2. The results are displayed in per

unit (pu) scale while the machine is running at a peak driving engine speed of (4.8 m/s) and at
a room temperaturegf (20°C), assuming a perfect thermal isolation protectiregRM from the

heat transferred from the running engine. However, a practical temperature measure could be
used to account for the heat in the area surrouridanghachine.
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For a resulting slot ared (, n?), a fill factor in the ranger® Q 1) and a conductor

area  hm?), the number of turns per slat ¢ is obtainablaising the formula

. 6 30
VW = 4-4
(0]
EC-FPE operational Set PMs’ arrangements,
. . Design Machi . .
characteristics and D achine parameters,
constraints constraints Set loading condition
Ms Excel
e e [ Tt T T T T T T |
I | I
! S i I i . |
v Set motm.n Set design objectives, variables, etc. I . Check design |
VBS | and velocity . . L
I ’ Build machine model | I objectives |
I features I I
| il 2 Design variables N 1 I
L N I A N I
FEA \ A J A4
softwar FEA model solution
Figure 4-6: Optimisation methodology framework
Table 4-2: Design variables ariance ranges
] ) ) PM arrangement
Design variable unit
AM RM QHM
Stator diameter (2&), mm 175-192
PM height (My), mm 7712
Axial PM width (M), mm 771 12 - 10.147 6.64
RadialPM width (Mw), mm 8.147 17.14 71 10.5
Tooth width (Tw), mm 3.57 9.8
Stator core back height (SCBH), mm 2-6
Translatorcore back heighfl{CBH), mm 2-5

4 5.3 Stator outer diameter

Figure4-7 clarifies the effect of stator outer diameter increase on the machine force. It shows
that force capability increases with increasing stator diameter notably in QHM topology
compared with other topologies.

Peak force capability is obtained with sifieadiameter figures in all machas, where further
increments haveo, or negative impact on the resulting electromagnetic f@uaeer diameter

is thus selected based on maximum force
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Figure4-7: Varation of electromagnetic force with stator outer diameter (2ROS)

4.5.4 PM Dimensions

Figure4-8 (a) illustrates the effect of increasing PM height on the resulting force, wivenre it

be seen that the force increasksast linearly for both AM and QHM machines, whereas in
the RM machine this increase is negligible. This indicates that as the PM dimension increment
is perpendicular to its orientation, its magnetic eneffgct on the force productiaoes not
change gjnificantly. This can be seen in the RM force results, where an increase of (5 mm) in
magnets height results in onl#%) increase in the force productiorddixed translator core
back. Figure 4-8 (b) shows the variation of electromagnetic force with dimensional ratio
(0,1/ pﬁ Since all translators have the same fixed pole pitchorder to investigate this
dimensional change in theth the AM and QHM machinesthe axially mgnetised magnet
width is changedvhile thewidth of the iron part of the poles a resultin the RM machine
topology,the width of the radially magnetised PM is changed with respect to the fixed pole
pitch, which introduces air gaps in the pole sides.

Both the AM and th@HM machine models show an increase in force capability until saturation
starts to take place in each machine magnetic circuit. QHM machine force cagaloNity an
increasepeak at optimal ratio ot:U pQ 0.5) and then declining witturther ratio increase.

The results also clarify that force capability of RM is not feasible even with magnets spanning
the full pole pitch with different radial dimensiofooth width, Stator and Translator core backs
The results of changing the tooth widthw{T stator core back height (SCBH) in all modalsd

thetranslator core back in the RM are displayed as ratios with respect to slogpjtch (
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Figure4-9 (a) shows the variation of electromagnetic force with the dimensiatial(Tw/ Lé)

where it can be seen for each machimalelthere exists an optimal ratio for this dimensional
ratiovariation that corresponds to peak foreftecting thebalancednteracting electromagnetic
loadingsin each topologyThis fact is also tre in other dimensional ratiegriation and their

effects on force capability as shownFigure4-9 (b).
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Figure4-9: Variation of electromagnetiforce with dimensional ratios (a) Tooth width effect (TW); (b) Ste
and translator core backs effect (SCBH, TCBH)

Figure4-10 shows the variation of the rated |lo@dce profile of theoptimal selectednachne
topologies, whileFigure4-11 shows the flux distribution in these topologashe ratedoad
It can be seen fromigure4-10that the peak obtainable force in the RM mackim&iguration
does not exceed®.{’5 design forodimited by saturation in the translatore backasdepicted
in Figure4-11 (c).
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Figure4-10: Rated force variatio over one electrical cycle of alternatieptimal LongitudinalHux Moving
MagnetsMachinetopologies

A flux density of (2.43 T) is detected ithe RM translator core back region, exceeding
saturation level of the material used. Limited force capaloiidites the RM machine unsuitable

for this application under these running conditions and design geometrical constraints,
therefore, it is not considered further in the rest of this work. Thedptahalvariables of the

AM and the QHM machines are listedTable4-3.

Table 4-3: Optimal machines variables

_ PM arrangement
Parameter, unit

AM QHM
Stator diameter (2&), mm 180 187
PM heighti width (Mu, Mw), mm 11-8 8.5-17.143
Tooth width (Tw), mm 7.7 6.3
Stator core back height (SCBH), mm 4 5
Turns per coilNc), turns 40 48
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Figure4-11: Rated badflux distributionshowing saturation regionis optimal modelsof (a) AM machine;
(b) QHM machine; and (c) RM machine
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4.6 Performance comparison

By recapturing the results of PEransient solution ofhe selected optimahachinemodels
the efficiency(-) is calculated using formulas of both input and otufmwers, with negligible

frictional losses, where:

U V] U 4-5
0 0 0 0 4-6
0 ®0 ©®O ©O 47
and
V]

In practical consideration of measuring input mechanical power driving the alter@abr,
does not retrieve actual results as mechamigaing power is a reflection odiriving engine
velocity times its bodsng force, and thus this principal is used in calculating the machine input
power and the corresponding efficiency defined #8)( In (4-6), the iron loss{ )
represents eddy currents amgsteresis losses in theagnetic circuitThe copper loss)( ) is

a reflection of the resulting current density and phesistance.{ ) is a further eddy currents
lossin magnets andleevedue to eddy currents induced by the oscitigtmovement othe
translator[96].

FEA transient solution accounts for this loss as ohmic losdellgand the sleeve. Practically,
this loss can be minimised by circumferential segmentation of magidety.currents power
loss in the sleeve is unrecoverable, as segmentatiolld weaken it and is a function of the
selectedsleeve material. Thelectricaloutput power§ Q& ‘Qdnd4-7) is the sum ofhe

instantaneous power aagred over one electrical cydteall phases

Table 4-4: Optimised machines volume and masses

PM arrangement
Parameter, unit

AM QHM
Volume, mnd 3.6x10° 3.74x10%
PM mass, Kg 1.745 2.89
Translator mass, K¢ 4.36 3.71
Copper mass, Kg 7.4 8.62
Statormass, Kg 12.33 13.57
Total mass, Kg 16.69 17.28
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Table 4-4 lists a comparison between the remainopgimisedmachines by considerinipe
volume and materials masses. Translator (noving mass is of importance above athe
componenimasses as this parameter is a constraint imposéoebgrive engine operational
constraintsTable4-5 lists a comparison gierformance parameters of the resultaathines

at rated dading condition. Force ripples ialso included since it is important for smooth
operation of the integrated systamd its effect on system integral operation will be explained
laterin Chapter 6.

Table4-5: Optimal machinesperformance paameters

_ PM arrangement
Parameter, unit

AM QHM
0o W 25 19
0o ,wW 57 68
0o ,W 375 39
*, A/mn? 5.9 5.93
Rated load force ripple( ), N 33 10.5
, kW 3.65 3.69
0 , KW 3.72 3.78
% Efficiency 98.12 97.62
Power density, kW/rh 1.01 0.97
Powermassratio, W/Kg 219.3 213.8

4.7 Weighting Criteria

A weighting score systemsing specific coefficients angercentage criterigs proposedn
deciding the most appropriate machbmetween the AM and the QHkemaning machines

Three coefficients are selecteith consideration to manufacturing cospresented by magnet

mass moving mass andverall machineefficiency from performancearametersThe higher
percentage score of a coefficient, the better coefticerdthe machindinal scoreis used to

judge the selection ohé appropriate topology for this specifipplication.

Amongst whole machine parts, mass of magnets and orientation type have importance when
considering manufaating cost and maintainahi} of the machingand thus this coefficient is
evaluated to represent 50% of the total scoring system. The lowest PM mass of the optimised
machines tabulated ifable 4-4 is used as a base value in weighing this coefficient.
Furthermore the limitation of maximum moving mass anle operatingnechanical cyclef

the enginamposes restrictions tothe designer to look foa lighter mover desigrand adds

complexity to the final judgment.

58



Chapter 4 Selected Machine Topology Design

In order to achieve full use of thdE medanical cycle, translator length should be twice the
machine active lengthTherefore,twice the translator mass is also included in the scoring
system and evaluated using a baseSdg). This basevalueis selected fronTable 3-1, the
maximummoving mass constraint, by taking out (2 kgsumed teepresenthe connecting
rod mass from the constrair®0% is assumed the contribution of this coefficienthiatotal
scoring system.

Both coefficients are weighed usingr9), where § ¢ 'Q"QQ® 3@ ) defines the value of
the coefficient under evaluatiothe Basg defines theébase useth evaluatinghe coefficient
under weighing(X) is theweighingcoefficientassumegyercentagandsubscripts 1, 2) refer

to the abovementioned coefficients

6 & QUBBaAP I Oi Q, ]

T o T e 4-9
0 £ QQQm AP M Wh

b & & QQORQAE o

Theremaining20% of the scoring system was offered to evaluate the resultéinigineoverall
efficiencywhich reflectsthe total desigmterconnectegherformanceparametersFigure4-12
shows the results of the soag system used and it is clear that tHé fopology score is higher

than that of the @M machinetopology

B0 ool
Axial mQ-Halbach
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B0 oo R

L e e B

Score

L et SRR B

Efficiency Translator Mass Magnet Mass Total Score
(209%) + (30%) + (50%) = (100%)

Parameter percentage and Total score (%)

Figure4-12: Scoring system results

59



Chapter 4 Selected Machine Topology Design

Additionally, from Table 4-4 results, the cost of using magnet and copper materials inthe A
topology is cheaper 40 %and14 %respectively. Furthermore, the former machine is more
compact, that resulting in its higher power density. The only drawback ofhtopgology is

its resulting ratedforce ripple. However, as a percentage of the total design force, force ripple
of both machingopologiesare in the range of (1.8 4.1%), which makes it of negligible
importance in current design stage withapplying any force ripple redtien techniqueThus,
based on the scoring system results @nedcost of material use, theM\ machine is more

appropriateor this application.

4.8 Conclusion

This chaptehadexplainedthe optimisation methodolodyased transient solution of 2D FEA
modellingtechnique. The methodologyaredby definingthedesign objectives artie design
variables and eneéd bydemonstrating its use in the desigthree alternative topologies of
Linear Generatar of moving magnet and longitudinal flugonfiguration. The applied
methodology is considered a useful tool in designing this family of linear machines for any
desired force rating.

The optimisatiorresults presenteshowthat the machinequipped with radially magnetised
magnets (RM)s unsuitable for the apgfationwith its resulting force of(.75*design forcg
underthe considered geometrical constraints

The comparison made via the suggested scoring system showed #@nffeting machines
have different scores with regard to the selected weiglua{ficients and the used percentage
criteria. Theaxially magnetisedAM) machine has a higher score over @easi Halbach
(QHM) machine, despite its higher translator mass. The lighter magnet mass makéé the A
machine cheaper by at least¥%0when considering anufacturing cost of the translator only.
Therefore, the AM machine has been adopted ifolleving chapters for furtér investigation,

developmentmodellingand prototyp construction
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Chapter 5 : Flux T Concentrated Tubular M achine Detailed Design

5.1 Introductio n

This chapterconsiderghe effect of changing some partstioé axially (Flux i Concentrated)
magnetised tubular machirselected in Chapter. & his is performedo investigate a more

manufacturable designh€ followingdesignvariables are investigated

1- Core material
2
3

4- Power conversion method.

Air-gap lengtrandgrade ofmagnet

Translator pole numbeb {ersusy).

General formulas that describe the variation of both the éntheogging force and that due to
the coil driven flux force over translator gppon are derived. These formulas will be used to
implement the modelling of theinear Generato(LG) taking into consideration the effect of
finite stator length end effects on the resultant on load force ripple variation.

These changes and performangarametersnvestigations have been carried out using 2D
axisymmetri¢ as opposed D FEAused in previous chaptavhich was found to give results
as close to as a 3D model with much saving in solvinbaserall design process timdde

difference beween 2D and 2D axisymmetric machine modelling is described in Appendix A.

5.2 Core material investigation

The initial machine corenagneticmaterial was sein the FE softwardrom Magnetto the
available grade M.526 Ga, a&aommon grade ofully processed noworiented silicon steeh
different lamination thicknesseBue to adopting a tubular geometry, and the nature of flux
distribution patterrshown inFigure5-1, using laminations means that the formation of stator
core back requires radially stacked laminatjomkile the teeth are formed by axially stacked
laminationsIn practice, thisvould resultin a complex manufacturing and assembly processes
to form the structure shown iRigure5-2(a). This complexity can be reduced by usingftS
MagneticComposite (SMC)material for the stator core bakkeping the teetformed from
laminaton as shown offrigure5-2(b).

Translator pole segments separating the magnets amaddled bySMC material to provide

the necessary two dimensional flux path through each segment which cannot be achineved in

case of radial lamination stacking.
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Figure5-1: 2D view of flux distribution ithe machine geometry

(@) (b)

Figure5-2: Statoryokeand toah structureusing (a) Lamated steel for both componentgb) Lamingd
steel for both and Soft Magnetic Composite for stator core back

Before performing the modelling and FEA analysis using 2D axisymmetric, stator core back
and translator pole segments were modelled byatrelable SMC material grade in the
software Somaloy 700HR 3p from &tjarést, corresponding to the same material that will be
used in the manufacturing of the actual tesirri@hapter 8 The BH curves of different core
materials used are shown in AppenBpshowing the lower permeability of ti8\MC material
compared to the lamination material, and hence a lower force capability is expected as clearly
shown inFigure5-3. It is clear that the average machine force capability is reduced due to using
lower permeability magrec material with negligible effect orthe peakto-peak force ripple

("O 1 n) and itscyclic behaviour

! https://www.hoganas.com/
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Figure5-3: Effect ofcorematerial onratedload force oveone electrical cycl€2D FEA)

The rated force is reduced by & while "O | 1 is increased by 0.138 % whesing the
700HR 3p material.

5.3 Investigation of air -gap length based magnet grade

By keeping the bore diametand machine loading conditieamchanged, thair-gaplengthand

the magnet grade fbdeen changed to overcome thanufacturingdifficulties and tolerance
issueghat mayappeaiin casef magnetsaresupplied inarcsform instead ofa completeaing,

a manufacturingfact based magnegirade discussedith supplier during ordering If the
magnets are supplied in segmented arcs to form aaingppropriate coatingust be used to
hold ring segments in position during translator poles assetaldyoid any undesired forces
that could act to deform ring segments adsdgnT herefore, heinitial designair-gapof (1 mm)
lengthis increased to be (1.5mnbd ensure enough room to use magnets coating should
necessaryg2].

The initial PM gradewas(SmCoj of a 0.87T remanence anah energy product df40.8 kJ/m

at¢ 1C, andthe replacement gradge(SMCol7 of a 1.08 T remanence and an energy product
of 220.3 kJ/m at¢ TC, astronger magnet grade

For the same magnetic circuit of laminated teeth and SMQridaised in stator core back and
translator pole segments, the machine design is modified using 2D axisymmetric FEA to react

the required design force against thegap length and magnet grade changes.
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Force capability oboth desigrmodelsis shown inFigure5-4, andthe resultingdimensional,
volume massandperformancecomparisos are listed inTable5-1 andTable5-2 respectively.
It can be seen thatator slot geometry is unaffected, while tranglagimle structure is largely
influenced by these changes. A penalty oP281 PM masswas requiredo achieve the same
performancewhich consequently increases tinanslatormass PM eddy currentossand a
dight reduction inefficiency. On the other Inal, theload force rippledecreased from 3.2%
to 1.77% offering partial offset toheaforementioned penalties.

875
—1st design Ag=1mm, SmCo5 -o-Modified design Ag=1.5mm, SmCol7
850
/\ XL /\ Jroo) Joo
'/ \'/ (\”‘/ \\\'l \\'/ \\'l )

Force, (N)
(o]
o
o

775

750

725
0O 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75
Time, (Ms)

Figure5-4: Variation of rated load force over electrical cycle vathgap and magnet grade changes

Table5-1: Optimal machinesdimensional, volume and masparameters

Parameter, unit 1st design Modified design
Stator diameter (26&), mm 180
Tooth width (Tw), mm 7.7
Stator core back height (SCBH), m 4
Turns per coll 40
Copper mass, Kg 9.34
Stator mass, Kg 16.45
Air-gap, mm 1 15
Translator diameter (257), mm 104 103
PM heighti width (Mu, Mw), mm 9-75 12-8
PM mass, Kg 1.17 1.59
Translator mass, Kg 3.56 4.19

64



Chapger 5 Fluxi Concentrated ubular Machine Detailed Design

Table 5-2: Optimal machinesperformance parameters

Parameter, unit 1st design Modified design

o W 16 15.6
0 ,wW 76 75
0o W 113 136
* A/mn? 5.8

Rated load force ripple&( ), N 27 14.5
0 , kKW 3.75 3.7
0 , KW 3.93 3.91
% Efficiency 95.2 94.6
Power density, kW/rh 1.23 1.21
Power massatio, W/Kg 190 179

To avoid the manufacturing complexity if segmented magnets are supplied, the larger air gap
design is selected for fuhinvestigations despitbe reduced power densi@yndpower mass

ratios.

5.4 Pole number investigation

Another machine model of same stator struchuriea5 poletranslatoas been designed and
compared withthe modified 7 pole design seeFigure 5-5. Both desigrs were optimised
assuming ignored end effects. Also, tihaye thesame statoruter diameter, same stroke ratio,

sameair gap length of1.5mm)and same magnets grae comparison fairness.

The purpose of this comparis@to:

1- Describe the effect of lower pole number on the resultant machine performance
parameters.
2- Analyse the cogging force at both-lwad and loading conditions such that a formula

describing these effect can be generalised.

Typical machine dimensional dnmmass parameters are listedTiable 5-3, where another
parameter is added and termed as the effective PM mass p€bpluled in the tablein order
to explain its importance on the resulting force ripple at both rated aindaaal condition.

Table5-4 lists the performance parameters of the competing designs.
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@)

Figure5-5: Configurations of th competing machines (a) 7 pole design; and (b) 5 gesign

Table5-3: Typical machines dimensionaland massparameters

Parameter, unit 7 poledesign 5 pole design
Stator diameter (2&), mm 180
Tooth width (Tw), mm 7.7 5.6
Stator core back height (SCBH), m 4 2.5
Turns per coll 40 49
Copper mass, Kg 9.4 11.58
Stator mass, Kg 16.45 16.77
Air-gap, mm 15
Translator diameter (2§2), mm 103
PM heighti width (Mn, Mw), mm 12-8 127 9.5
PM mass, Kg 1.59 1.35
PM mass/pole 0.227 0.27
Translator mass, Kg 4.19 4.17
Volume, mm3 3.05x 10°%
Total mass, i§ 20.64 20.94

Table5-4: Typical machines performance parameters

Parameter, unit 7 pole design 5 pole design

0o W 15.6 15.7
0 ,wW 75 96

0o ,W 136 66

* A/mn? 5.8 5.88
Rated loaddrce ripple & ), N 14.5 58.3
0 , kW 3.7 3.83
0 , kW 3.91 3.99
% Efficiency 94.6 96

Power density, kW/rh 1.21 1.25
Power mass ratio, W/Kg 179 183
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Compared to the 7 poteanslatoy the5 poles desigmodelhas a better PMtilisation witha

total saving of 186 in material anc consequenower eddy current loss in theagnets There

IS an increase iopper loss resuftg from the increased slot geometry and the increased
electrical loading of the design. Howevhrgherelectrical loadingneansa higher electrical
power output and hence a better overall machine efficiency.

The force capability of typical designs is showfrigure5-6 at rated loadTheno-load cogging

forces due to slotting effeotver half electrical cycles shownin Figure5-7.

900
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775

Time, (ms)

Figure5-6: Variation of ratecelectromagnetidorce over electrical cycle with & 7magnetic pols
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Force, (N)
=

——————
r "
' '

Time, (ms)

Figure5-7: Variation of ndoad cogging force over a half electrieath 5 & 7 magnetic poles
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Figure5-7 shows that the electrical frequency decreases as the pole number decreases in th
machine topalgy under investigatiarFurther, itshows that the higher the PM mass per pole
ratio, the higher force fluctuation at both loading conditions. From these two graphs, the
variation of cogging cycle is periodic with periodicity § depending on the mober of stator

slots and translator polels/5, 116, andis six in these typical design models over oneepol
pitch in both casesTherefore, the variation of cogging foroger one translator polas a

function of mover positiolc) can beexpresseas:

0 @ O J LY W T 5-1
0600 M

with -
0

0 5-2

Where (O ) is the peak of cogging for@nd the symbol@) , 0 , T ) arethe number of slots

number oftranslator polesndtranslator pole pitchrespectively The ( ) sign in phase shift

¢ ) holds for oscillatig motionof the translator, and the phase shift representshiftsfrom

position correspondintp peak cogging forceith respect to the stationary statahere 1t

i pYym (0 O P stands for Least Common Multiple between statot skamber and
translator pole number.

With regard to design selection, it is most favourable that whef & lselected for FPE
applications, its reacting force must be as smooth as possible to ensure stable system operation
and accurate Heylinder pistonmotion control.Sincethe 7 pole design modéks the lower

force fluctuationit is therefore more suitable for the application compared Wieh5 pole

machinemodel.

5.5 Power conversion technology investigation

All the machinedesigns describegreviouslyhave considerednaassumedbalancedResistive
Loading(RL) to dump the power generated by the linear machmtne literaturd10, 61, 79,
100, 12§, the load was undefineahd its impacts on the machine design andréselting
performance parameters therefore has not previously been consieetbs section two
additionalpossiblepower conversiomtechnologiesare considered tmvestigate the electrical
circuit influence onthe resultant machine dimensional andfgenance parameters while
extracting the rated powerhe resultanelectricalpower output will be a function of machine

losses and the operating power factor
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The twoadditional pwer conversiotechnologiexonsideredre

(a) Grid Interface Gl): The Grd Interface scenario assumes power is injected into the
referenced LV side of the UK power grid, $égure5-8. It assumes a% voltage drop in
each uncontrolled conversiamit representing internal losses, and an ideal DC link
voltage.

(b) Unity Power Factor Controlled Convert&dRFCQ: The Unity PowelrFactor Controlled
Converter shown irFigure 5-9, assumes a fully controlled current density equals that
resulted from the previous (GI) loading method. Thenttblled Converter forces the
machine to operate at UPF, i.e. the current is controlled to be in phase witdubed

EMF and the load absorbs all thealpower gaerated by the alternatpt2§.

In fixed speed, rotary applicationdnity Power Factocould be achieved by using a tuning
capacitor to offset the phase synchronous indeatdactance. In a linear machine, varying
electrical frequency means varying reactance and advanced control techniques, with the
associated cost and losses, are required. This can be thought of as the penalty of compensating
phase inductance effects in hdrle speed direct driven machines in order to convert the

variable frequency generated power tmastant frequency useful powd29, 137 .

- - >
va' AC/DC % DC/ AC '
LJE LG — VpcLink | Single-phase @
e ter
Converter inverter NS
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.82;

Figure5-8: Power circuit for Grid Interface scenaaad FEA software circuit implemented
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Figure5-9: Power cicuit for Unity power factor controlled converter scenario

The effect of power convertor anachine dimensins like the stator yoke and tbowidth
appear not to have been considesdth careelsewhere, e.410, 79, 128. Therefore, besides
performing design study for singleath width valuein all designmodels seeFigure5-10(a),

these dimensionbave been examined for thatedforce capability against tirecombined
variationas shown irFigure5-10(b-d).

From these optimization results,can be seedlearlythat the trend of each surface change is
different, highlighting the importance of considering the power conversion scenario at the
design stageAlso, it clarifies that these machine dimensiblasing notable influence on the
resulting force capabilityfahe range 126, 20% and 25% in the RL, Gl and UPFCC design
models respectivelylastly, the manual design methodology adopted can exactly give the
optimal dimension for the design variable under considerakon.instance, the effect of
changing toothwidth for fixed slot and corback height dimensions can be explained by
examining this effect on the magnetic circuit reluctantg, knowing that the reluctance
increases linearly with flux path length, and inversely with the esestoonal area and
permeability. Decreasing tooth width increases the electrical loading, due to the increased coill
area. On the other hand, and for a fixed stator diameter, this will result in decreasing the machine
magnetic loadingThe hypothesis is reversed as tooth widtincreased, and the optimal value

is selected as a balance between the cogiatiromagnetic loadings.

Final selected dimensions are highlighted in the graphs considering manufacturing feasibility,
although other dimensions can be selected with atterit machine losses when thinner
dimensions are consideredimensional and performance parameters for the three machine
design modelsracompared aBsted inTable5-5 andTable5-6 respectively.

In comparison with RL design model, the Gl model has almost the same translator and overall
machine mass, however, there is an extra cost ofta2rgrease in magnet material, an %4
increase in stator core mass antl®% reduction in copper mass.

High current bading is responsible for a 22 increase in copper loss, givingtable
reductiors in machine #iciency and power densitieend requiring external coolinGurrent

density in the RL design version is such thatrtfaehine ould be naturallycoded.
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Figure5-10: The effect of teeth width and stator core back height variatiortr@force capability (a) D
view for optimal tooth width; and in-B view fa (b) Resistive Loading; (c) Grid Interface; andJity
Power Factor Controlled Converter
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Table5-5: Typical machines dimensional and mass parametetsased power conversion method

Parameter, unit RL design Gl design UPFCC design
Stator diameter (26), mm 180
Tooth width (Tw), mm 7.7 5.6
Stator core back height (SCBH), mr 4 4.5 3
Turns per coll 40 112 146
Copper mass, Kg 9.34 8.64 11.38
Stator mass, Kg 16.45 1635 16.74
Air-gap, mm 1.5
Translatordiameter (2Bt), mm 103
PM heighti width (Mu, Mw), mm 127 8 127 9 51 5.5
PM mass, Kg 1.59 1.79 0.5
PM mass/pole 0.227 0.27 0.071
Translator mass, Kg 4.19 4.21 2.51
Volume, mm3 3.05x 10°
Total mass, Kg 20.64 20.56 19.25

Table5-6: Typical machinesperformance parametersbased power conversion method

Parameter, unit RL design Gl design UPFCC design
Hysteresis and eddy current iron loss, 13,2.6 9.5,2.0 23,12
o W 15.6 11.5 35
0 ,wW 75 165 231
0o ,w 136 108 159
*  A/mn? 5.8 9.15

Rated force ripplas a percentage to

rated force(%& ) 1.77% 15.17% 3.1%
0 , KW 3.7 3.33 3.73
0 , KW 3.91 3.82 4.16
% Efficiency 94.6 86.5 89.8
Power densitykW/m? 1.21 1.09 1.22
Power mass ratio, W/Kg 179 162 194

This GI design also shows the highest rated force ripple compared with other design models,
and will be explaned at the end of this sectiorhe UPFCC design model offer savings of 65.5

% and 30.%% with respect to PMs and stator core material versus an ex¥ac@pper mass.

Also, it has the highest power densities and the lightest translator mass compared with other
designs. However, the significant increase in copper loss, of order three edrptrat of RL

design, resulted in a notable efficiency reduction

The variation of the cogging force at rioload over half an electrical cyclghown inFigure

5-11 clarifies that he UPFCC design has the lowest cogging, due to the low PM material mass

as well as the lowest PM mass/pole ratio in this design version.
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Figure5-12: Rated load force fluctuation based powamversionmethod

However, he rated force variatioover one electrical cycle shownkigure5-12 clearly shows

that the force ripplés totally different from the case at+hmad condition, ands significantly

higher in the Gl design versio@ne reason is the high PM mass/pole ratio compared with other

design models.

The other reasonan be exg@ined with the aid of the circuit diagram showrFigure 5-13.

Assuming identical phase quantities and parameters, the instantaneous Qurirendgting in

theassigned path of the circuitay be expressed as follows:
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Figure5-13: Grid Interface designraiuit diagram clarifying current path at an instant of three phase syst
operation.

o ©10 &1 C“G.CO gy ©08ce . -
qY
Where
w1 0: Phase (a) induced emf, V.
w1 0 ¢“jo:Phaself) inducedEMF, V.
O ,Y :Phase inductance and resistance, H,

And @ :diodesON state voltage drop, V.

Equation §-3) clarifies that the instantaneous circulating cur(Brs a measure aheinduced
phase voltages difference, i.e. the line voltagg)( supported by the energy stored (released)
in the uncompensated phase inductance of both phases, and is lintitedd® link voltage
and partly by converteand phase resistance volts droffss can be noticed from the variation
of phase voltages in all designs, and a line voltage in the Gl design, as shegurab-14.

Figure5-15shows the variation of phase and DC link current quantities in the Gl design model.

Therefore, in the Gl design, the higher on load force ripple is due to the high instantaneous

current flow which is also respsible of the high resultingiorent density in the design.
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Figure5-14: Variation of phase and line voltage quantities per turn over one electrical cycle for the th
selected design models

Figure5-15: Variation of phase anBC link currenuantities over one electrical cydiethe machine design
model forGrid Interfaceapplication

It should be appreciated that although the same current densigd in theJPFCC design
scenarig yet the compensation of phase inductance by the controlled convestéineha
advantage of reducing the force ripple to almo#itf) of that in the Gl design.
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