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Preface

The European Union leaders have made several agreements to contiadatig
CO, emissions by 2050. For this purpose several initiatives are taken, ingludin
the 20-20-20 target, which is a climate and energy package of legislation aimed
ensuring that C@emissions in 2020 decrease by 20%. The goals for 2020 are:

* 20% less CQ emissions with respect to 1990
e 20% less energy consumption

« 20% of the total energy consumption must come from renewable energy su
as wind and solar power.

Electric motor systems are estimated to account for 46% of global electricity use
[1]. Electric motors could be called the workhorses of industry, convgrlec-

trical energy to mechanical energy, they drive compressors, rotatpgunove
materials, run fans, blowers, drills or mixers and so on. It is estimated that fo
industrial applications, motor systems approximately account for 70% dfielec

ity consumption[[1]. Small improvements of such huge consumers of electricity,
can lead to large energy savings. For this reason, the Internationaidietnical
Commission (IEC) introduced four levels of motor efficiency, summarized in the
IEC International Standard: IEC 60034-30-1:2014:

 |[E1 Standard efficiency

« |[E2 High efficiency

* |[E3 Premium efficiency

 |E4 Super premium efficiency.

These four IE codes are voluntary and can help regulators to deterneimeinir
mum efficiency levels for electric motor energy performance in their regultio
The IEC 60034-30-1 classification system has improved the competition &retwe
motor manufacturers and caused massive technological improvementsugkitho
the IEC international standards are voluntary, the IEC classificationnsyiste
adopted in the European Union (EU) and numerous other countries. Uhe E
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directive 640/2009, which is effective from January 2015 for motdtk @ rated
output from 7,5-375 kW and from 2017 for motors with a rated output foons-
375 kW, is generally referred as the EU Minimum Energy PerformancedSten
(MEPS). This measure, is expected to result in energy efficiency impreves
of 20% to 30%[[2]. With respect to these legislations, research towaralksflax
permanent magnet machines was started at the department of Electriogy,Ene
Systems and Automation of Ghent University in 2008 by prof. dr. ir. Aler Va
den Bossche and prof. dr. ir. Peter Sergeant as a generator in attoooenbined
heat and power application![3]. Already at an early stage, the axial @tmanent
magnet machine technology showed superior properties such as eeekegy
efficiency and high power density. Nevertheless, more research omé#ukine
was necessary. Therefore, a BOF association research projecequzested and
granted to prof. dr. ir. Peter Sergeant and prof. dr. ing. Ludwigd@ar This
research project would focus on the energy efficiency of axial flisnpaent
magnet machines.

I would like to acknowledge the Ghent University College for granting the
project “Composite Electric Machines” and Ghent University for theirrfaial
support by the special research fund (BOF).

Also special thanks to the people who directly contributed to this research:
Prof. dr. ir. Peter Sergeant for his insightful guidance during thisaeh and
being my promoter. Prof. dr. ing. Ludwig Cardon for his help in the seleaifon
the material used in the prototype machine and being my co-promoter. Rriof. dr
Herbert De Gersem (Technische UniveasiDarmstadt) for his excellent guidance
during this research and his many splendid ideas. Dr. Ir. Hendrik Vapsbfor
providing me his preliminary research files and the construction of the ppa&oty
machine. Prof. dr. ir. Luc Duprfor providing me measurement loss data files and
his customized setup. Prof. dr. ir. Joris Degrieck and Dr. Ir. lves Ber8 with
the many help on the construction of the prototype machine.

| also like to thank the many friends | made at the research group. | would like
to mention Bert Hannon and Jan De Bisschop (who started with me in September
2012) in particular, for the many coffee breaks and good talks towartida

Also special thanks is given to my family and my girlfriend Lisa, whose steady
support and love made me stand strong through the rough times.

At last | like to thank the technicians of Ghent University and all the colleagu
of the EESA research group.
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Summary

Electric motor systems are estimated to account for 46% of global electricity use.
Electric motors could be called the workhorses of industry, convertindriglalc
energy to mechanical energy. They drive compressors, rotate pumops, ma-
terials, run fans, blowers, drills or mixers and so on. It is estimated thahfor
dustrial applications, motor systems approximately account for 70% ofielgctr
consumption. Small improvements of such huge consumers of electricity,adn le
to large energy savings. The share of electrical motors in total enengyoption
will even increase, based on today’s automobile market. Most stakebalssnime

a realistic market share for new electrically chargeable vehicles to be iarige r
of 2 to 8% by 2020 to 2025. This increase in electrically chargeable velictbe
near future will decrease the use of fossil-fuel. Because of the ggogl@ctricity
use due to electrical motors, two European Union legislations has beesdpass
the EU:

The EU directive 640/2009, which is effective from January 2015fotors
with a rated output from 7.5 to 375 kW and from January 2017 for motorsavith
rated output from 0.75 to 375 kW, is generally referred as the EU MinimurfioiRe
mance Standard (MEPS). This directive is expected to result in endigigrty
improvements of 20% to 30%.

Directive 2009/28/EC of 23 April 2009 on renewable energy, disaissergy
consumption and the increased use of energy from renewable sotogether
with energy savings and increased energy efficiency.

Both legislations ask for higher efficiency and energy savings in electivies]
even in the most demanding conditions.

With respect to the electrical motor technology, the axial flux permanent mag-
net machine shows many advantages. Axial flux permanent magnet nmahine
particularly suitable for applications whereby the axial length is limited (built-in
applications). They can be applied for a variety of rotational speedsspaed
high torque or high speed low torque, together with a high efficiency anaipo
density.

Although a number of variants on the axial flux permanent magnet topologies
exist, this work focuses on the double rotor, single stator topology, whiah is
literature often referred to as the yokeless and segmented armaturen@rged
armature torus topology. This topology requires no stator yoke, whiclkases
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the compactness and the power density of the machine. The stator in thesgokele
and segmented armature topology is built of individually stator core elemewts, e
provided of aeastooth coil winding. These stator core elements can bdatanu
tured individually and finally arranged together into a stator. This meanshbat
winding process takes place out of the machine, which makes the windioggsro
easy, resulting in a good filling factor of the stator slots. All these advasitaighe
yokeless and segmented armature topology make it possible to meet the demands
on economical manufacturing cost and energy efficiency.

The good energy efficiency is the most important benefit of the axial #ux p
manent magnet technology in general and particularly of the yokelessemd
mented armature topology. Nevertheless, the aim of this work is to furtheaser
the energy efficiency focusing first of all on the existence of speciit liosses in
the machine and secondly on the reduction of these specific iron losses.

Chapter 1 presents the working principle of axial flux permanent magnet ma
chines, in particular the yokeless and segmented armature topology. plasned
why the yokeless and segmented armature is an interesting topology faerfurth
research. A comparison was made with other competing topologies. Thd globa
construction of the yokeless and segmented armature topology is explained.

Chapter 2 explains the behaviour of eddy currents in laminations and the influ
ence of several electromagnetic parameters. Skin effect and penettafith are
studied in a stack of laminates. The numerical field models used in this research
together with their model requirements are discussed: 2D Finite Element Method
(FEM), 2D multislice technique, 3D Finite Integration Technique (FIT) and 3D
FEM.

Chapter 3 starts with a study of the magnetic characteristics of the materials
and the losses in these materials: silicon steel (grain oriented and notedjjen
soft magnetic composite (SMC) and ferromagnetic wire. After that, seheral
mogenization techniques are compared in order to model the laminated materials
in finite element models.

Chapter 4 presents a detailed study of the losses caused by fringingfiiixg:
from the armature reaction on a simplified non-rotating setup, consisting of two
tooth coils and a return yoke. The validated field simulations give a very igiead
of the cause and the behaviour of fringing flux losses coming from thetarena
reaction. The last part of this chapter discusses three approacheddoing these
losses. The first method directly restricts the eddy-current lossesgoyesging
the lamination surface. The second method deflects the fringing flux by using
Soft Magnetic Composite (SMC). The third method magnetically short-circuits the
fringing flux using ferromagnetic wires. Here the magnetic characterisatiom
chapter 3 is included in the modelling.

Chapter 5 presents a study of the losses caused by fringing flux cormingtie
armature reaction and the permanent magnets of the complete axial flux machine
The study is done as a function of several parameters such as rotafieeal and
air gap size. In addition, in contrast to several cited papers that comsidlead
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only, the influence of the stator current is investigated. In the last seafdhe
chapter, we consider first the no-load situation. Here, the fringing flesel® are
caused only by the rotating permanent magnets. Then, full load is coedidét
full load, the stator currents cause additional fringing fluxes. Finallyeffect of
speed and air gap thickness is explained.

Chapter 6 gives the general conclusion of this research.
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Samenvatting

Het aandeel van elektrische motoren en elektrische aandrijvingen gesdhat
op 46% van het wereldwijde elektriciteitsverbruik. Elektrische motoren &ann
de werkpaarden van de industrie worden genoemd. Ze zetten elektisetwge
om naar mechanische energie, drijven compressors en pompen gger) 2oor
de verplaatsing van materialen, drijven ventilatoren, blazers, boren, snixer
Voor industréle applicaties staan elektrische motoren naar schatting in voor 70%
van het elektriciteitsverbruik. Kleine verbeteringen aan dergelijke grietie- e
triciteitsverbruikers kunnen aanleiding geven tot grote energiebegparinHet
aandeel van elektrische motoren in het totale energieverbruik zal igjénsn de
nabije toekomst. Gebaseerd op de visie binnen de hedendaagse autcutiriels
verwachten de meeste aandeelhouders een realistisch marktaandeakevoe
elektrisch oplaadbare voertuigen van 2 tot 8% tegen 2020 tot 2025. dliggrg
in de nabije toekomst van elektrisch oplaadbare voertuigen zal hetigehrufos-
siele brandstoffen doen dalen. Door het stijgend elektriciteitsverbruiknadtig
van elektrische motoren, heeft de Europese Unie twee wetgevingestelage

De EU richtlijn 640/2009, die in voege is vanaf januari 2015 voor motoren met
een nominaal vermogen van 7,5 tot 375kW en vanaf januari 2017 vooremattet
een nominaal vermogen van 0,75 tot 375 kW, wordt in het algemeen addgesl
de minimum prestatienorm. Deze maatregel zal naar verwachting leiden tot een
stijging van de energie-effientie van 20% tot 30%.

Richtlijn 2009/28/EC van 23 april 2009 inzake hernieuwbare energie, be-
spreekt het energieverbruik en het toegenomen gebruik van engrgiernieuw-
bare bronnen, samen met energiebesparing en grotere energieng#ic

Beide wetgevingen vragen om een hogere éffite en energiebesparing in
elektrische aandrijvingen, zelfs onder de meest veeleisende omstatetighe

Onder de elektrische motortechnologie, heeft de permanentemagneet-
bekrachtigde machine met axiale flux veel voordelen. Permanentemagneet-
bekrachtigde machines met axiale flux zijn bijzonder geschikt voor toegess
waarbij de axiale lengte beperkt is (ingebouwde toepassingen). Zeekun
worden ingezet voor verschillende rotatiesnelheden, enerzijds lasgntaken
hoog koppel, anderzijds hoog toerental en laag koppel. Dit gaat samen me
een hoge effi@ntie en vermogensdichtheid. Hoewel er een aantal varianten van
de permanentemagneetbekrachtigde machine met axiale flux bestaan, iskdit we
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gericht op de variant met dubbele rotor en enkele stator, die in de litenadakr
aangeduid wordt als de “Yokeless and Segmented Armature” (YASAxntar
Deze topologie vereist geen statorjuk, waardoor de compactheid emmdegens-
dichtheid van de machine verhoogt. De stator in de YASA machine is opge-
bouwd uit individuele statorkern-elementen, elk voorzien van een geotreerde
wikkeling. Deze statorkern-elementen kunnen afzonderlijk worderaeedigd en
nadien worden gerangschikt in een stator. Dit betekent dat het wiklaglp buiten

de machine plaats vindt. Dit vergemakkelijkt het wikkelproces en maakt hgg+mo
lijk een goede vulfactor van de statorgleuven te bereiken. Al deze etmordian

de YASA machine maken het mogelijk om de economische eisen met betrekking
tot fabricagekosten en energiebesparingen tegemoet te komen.

De goede energie effientie is het belangrijkste voordeel van de permanente-
magneetbekrachtigde machine met axiale flux in het algemeen en in het bijzonde
van de YASA variant. Desalniettemin is het doel van dit onderzoek om de ef
ficiéntie verder te verhogen, door gericht onderzoek te doen naar It&te éet
bestaan van specifieke ijzerverliezen in de machine en ten tweede nadezee
specifieke ijzerverliezen kunnen gereduceerd worden.

Hoofdstuk 1 toont het werkingsprincipe van permanentemagneetinigde
machines met axiale flux, met name de YASA variant. Er wordt uitgelegd waaro
deze variant de interessantste variant is voor verder onderzoekvort een
vergelijking gemaakt met andere concurrerende topoéwgi®e globale construc-
tie van de machine wordt uitgelegd.

Hoofdstuk 2 verklaart het gedrag van wervelstromen in lamellen en desithvio
van verschillende elektromagnetische parameters. Skin-effect engdafjite
worden bestudeerd in een stapel lamellen. De numerieke veldmodellen die ge-
bruikt worden in dit onderzoek komen aan bod, alsook de vereisternasaaoeten
aan voldoen: 2D eindige-elementenmethode, 2D multislice techniek, 3D eindige-
integratietechniek en 3D eindige-elementenmethode.

Hoofdstuk 3 begint met een onderzoek naar de magnetische eigepsnhap
van de materialen en de verliezen in deze materialen: gelamelleerd silicium-
staal (geoknteerd en niet-ged@teerd), “soft magnetic composite” (SMC) en
ferromagnetische draad. Daarna worden verschillende homogenigatietesn
vergeleken om het gelamelleerde materiaal in de eindige-elementenmethode te
modelleren.

Hoofdstuk 4 presenteert een gedetailleerde studie van de verliezenzapakt
door randspreidingsflux, afkomstig van spoelen op een stilstaandenveraligde
testopstelling. Deze testopstelling bestaat uit twee tanden voorzien vaerspoe
en een sluitjuk. Randspreidingsflux of franjes van het veld, wordt irEngels
fringing flux genoemd en veder spreidingsflux genoemd. De gevalidesnau-
laties van het magnetisch veld geven een goed beeld van de oorzaketrgediag
van de spreidingsfluxverliezen afkomstig van de spoelen. Het laatdteatedit
hoofdstuk bespreekt drie methodes voor het verminderen van ddiezer. De
eerste methode beperkt de wervelstromen rechtstreeks door het segmemn
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het oppervlak van de lamellen. De tweede methode buigt de spreidingsfhet a
behulp van “soft magnetic composite”. De derde methode sluit de sprefidings
kort door gebruik te maken van ferromagnetische draad. De magnekiachle
teristieken van deze materialen uit hoofdstuk drie werden opgenomert mjduke
elleren.

Hoofdstuk 5 beschrijft de studie van de verliezen veroorzaakt qoerdings-
flux afkomstig van de spoelen en de permanente magneten van de volledige ma-
chine. De studie wordt uitgevoerd als een functie van verschillendengtess,
zoals rotatiesnelheid en luchtspleet grootte. Bovendien, in tegenstellingkilee
geciteerde artikels die alleen nullast beschouwen, wordt de invloedevatatbr-
stroom onderzocht. In de laatste delen van het hoofdstuk beschausveerst de
onbelaste situatie. Hier worden de verliezen door spreidingsflux alleearzaakt
door de roterende permanente magneten. Vervolgens wordt vollasised. Bij
volledige belasting zorgt de statorstroom voor extra spreidingsfluxsidea wordt
het effect van de snelheid en de luchtspleetdikte toegelicht.

Hoofdstuk 6 geeft de algemene conclusie van dit onderzoek.
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Chapter 1

Introduction to the Axial Flux
PM Machine

1.1 Introduction

Synchronous machines consist of Permanent Magnet (PM) machuhessaiines
with excitation windings. Three main topologies exist: the radial flux, the axial
flux and the transversal flux topology. Assuming a sufficiently large sadixial
flux machines are similar to their radial flux counterpart concerning theretec
magnetic aspects. However, the mechanical and thermal design are nmuiex.o
Transversal flux machines are very complicated to manufacture bectusen-
plex 3D shapes in the stator ferromagnetic path [4]. This work only corssideaal

Flux Permanent Magnet Synchronous Machi(EEsPMSMSs).

1.1.1 Features of the axial flux PM synchronous machine

Axial Flux Permanent Magnet Synchronous Machines (AFPMSMsiragly se-
lected because of the following main advantages:

* The AFPMSM can be used in all kinds of areas because of the flexible de
sign, whereby the number of PMs together with the diameter of the rotor
can be changed easily. By changing the number of PM’s on the rotor of the
AFPMSM, different rotational speeds together with different torqueoha-
tained. Increasing the diameter and the number of PM’s of the rotor makes
the machine suitable for low-speed-high-torque applications (electriclgehic
propulsion and small/medium ranged direct-drive wind energy systems) [5]
Conversely, decreasing the diameter and the number of PM’s of the rotor
makes the machine suitable for high-speed-low-torque (pumps, fansg, valv
control, centrifuges, machine tools, robots and industrial equipméntpf6] a
plications.
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* The AFPMSM has a limited axial length, which makes it suitable for built-
in applications, like for example in electrical vehicles with in wheel applica-
tions. A high power density is reached because of these compact dimgnsion
which are needed in many applications. The inertia of the large diameter of
the rotor can be used as a flywheel.

* The AFPMSM uses permanent magnets for the generation of the magnetic
field, and has the same advantages as other types of permanent magnet sy
chronous machines: no copper losses for magnetization currents &gid a h
efficiency.

Because of these main advantages, AFPMSMs are also used in punspsataa
control, centrifuges, machine tools, robots and industrial equipment.

Besides academic interest, the AFPMSM is also provided by companies like
Evo-Electric (UK), Axco-motors (Finland) and YASA Motors Ltd (UK) makin
custom designed machines.

1.1.2 Basic Axial Flux PM Machine
Construction

The simplest construction of an axial flux machine is schematically shown irefigu
[I.2. This is a single-sided construction of an axial flux machine and is simpgler th
the double-sided one, but the torque production is lower. The singld-sine
struction comprises only one stator and one rotor on which the permanenétaag
are placed.

The airgap between the rotating (rotor) and stationary (stator) part esas
small as possible and is mostly limited by mechanical constraints.

The permanent magnets are magnetised in the axial direction, alternatingly
north-south. This causes a magnetic flux, alternatingly magnetized in atljacen
stator teeth. In the ideal axial flux machine, the net flux crossing the aisgap
zero, which means that the flux in the stator and rotor has to return intermbady.
magnetic circuit of the single sided axial flux machine is closed by the rotor disk
and the stator disk (also called the rotor and the stator yoke). The statoatekth
stator disk of figur€ 1]1 are one mechanical part.

Operation principle

The operation principle of an axial flux PM machine is equivalent to the baeas

dial flux PM machine. The shaft is forced to rotate, either by an exteonegf(e.g.

a combustion engine, a wind turbine, a gas turbine, ...) or the machine itselfe As th
rotor is rotating, the magnetic field from the permanent magnets is rotating- Look
ing at one stator coil, for every two magnets passing this stator coil, the magnetic
field waveform in this stator coil describes one period. If the rotor haeXample

16 permanent magnet poles, the magnetic field in a stator coil has eightgpfeniod
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Figure 1.1: Single-sided axial flux permanent magnet machine comgyisin
one stator (1) and one rotor (2) on which the permanent magnet
(3) are placed][7].

one mechanical revolution. This time varying magnetic flux induces by Fasaday
law a back electromotive force (voltage) in the stator coil. To amplify this induce
voltage of one stator coil, several stator coils can be placed in serieseldation

of coils to be connected in series can be determined by the star-of-slotg. thke
induced voltage (RMS) in the stator phases can be expressed as [8]:

E¢ = V2mnsp N1k ¢ (1.1)

with ng = % the synchronous speed of the rotating magnetic field produced by the
stator, which equals the mechanical speed in rotations per setdhe electrical
frequency in Hzp the number of pole pairgy; the number of turns per phase,
kw1 = kaikp1 the primary winding factor which is the product of the distribution
factorkg; with the pitch factork,, ¢¢ the magnetic flux through one tooth which
can be approximated byp; ~ 02 By, with D, = PeEbu the average
diameter,D.,; the outer diameter anf);, the inner diameter of the lamination
stack,L; = % the effective length of the stator core in the radial direction
and By, the maximum value of the flux density in the airgap.

The tangential force acting on the rotor disk can be calculated by use@ftzo
law:

dF, = I,(d7 X Bng) (1.2)

where I, is the armature currents the radius eIemen'rl?mg the vector of the
normal component (perpendicular to the disk surface) of the maximum mi@agne
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flux density in the airgap at a given radius. Assuming that the magnetic fhusitgle
in the airgapB,, is independent of the radius this electromagnetic torque is

given by [8]
ATy = rdF, = 2maiky1 ABpgr?dr (1.3)

With o = Baye/Bmg the average to maximum value of the normal component of
the magnetic flux density in the airgap add= % the armature line current
density in whichm, is the number of phases, amndhe pole pitch. Note that the
total torque of the machine, found by integratifig {1.3) oler scales with the
third power of the radius of the machine. For radial flux machines, the gcalin
law for torque is the square of the radius times the active axial length. Fofinfila
supposes a non-saturated machine and sinusoidal operation, whidreeessary
conditions for axial flux PM machines. In the general case, the torqusqoare
meter and per meter in radial direction can be approximated by:

By sw + Brsw
Td,sw = <l,—i2_7) Fm,sw (14)

with By ., and B, s, the magnetic flux density, respectively at the left and right
side of the slot width andF,, s, the magneto motive force of the slot width.

When the machine is driven by a mechanical source and connected taean ele
trical load, power is transferred from the mechanical power on thé tshelctrical
power in the load. On the other hand, when the machine is driven by anieéctr
source and connected to a mechanical load, power is transferredefeatnical
power to mechanical power on the shaft. The rotor experiences mainlyséaobn
flux over time (flux coming from the permanent magnets) and can for thismeas
be constructed out of solid steel, because the risk for losses due teddddy
currents is limited. In contrast, the stator experiences a time varying magnletjc fie
forming a high risk for losses due to induced eddy currents. In order totlmsit
risk, laminated silicon steel or Soft Magnetic Composite material (SMC) is used.
The mechanical properties of the material and the construction shouldbercim
order to withstand the very high axial attraction force between the rotostaiat.

Also proper bearings need to be chosen, because the bearings bhaalbe to
carry radial as well as axial forces.

1.1.3 Topologies

Besides the single sided construction of the axial flux PM machine, many other
topologies are found [9].

First of all there is the single stator double rotor machine (Eig. 1.2), in which
the stator is placed between the two rotor discs.

Secondly there is the double stator single rotor topology presented ih Hig. 1.3
in which the rotor is placed between the two stators. Possibly, the ferrotimagne
part of the rotor can be omitted. Stators with slotted windings and corelesssstato
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Figure 1.2: Schematic representation of the single stator double ®@ter
ial flux PM machine topology. Stator (1), rotor (2), permanen

magnet (3)[7].

Figure 1.3: Schematic representation of the double stator single @ter
ial flux PM machine topology. Stator (1), rotor (2), permanen

magnet (3)[7].
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are the two main classes in stator construction([10-12].

Stators with slotted windings, whereby the winding is placed in the stator slots,
are made of materials with a high magnetic permeability (such as laminated silicon
steel or amorphous iron). Unfortunately cogging torque is introducetrgpfrom
the stator slot openings near the airgap (local change in permeanasgudgeof
the interaction of the permanent magnets and the stator slot openings, theigrg
position dependent. Several applications require a low cogging torquelén tm
reduce the startup torque. For these applications, coreless (air eoneliigs can
be used. In axial flux PM machines with coreless windings, the winding is mostly
embedded in an epoxy resin having unit permeability. By doing so, the apggin
torque together with the core losses vanish and the mass of the machine. lowers
The main disadvantage of coreless axial flux PM machines is the high &mtiva
airgap thickness, which requires a relatively high volume of permanenhetsg
in order to reach sufficiently high flux densities in the machine. The permanen
magnets on the rotor are very often magnets made of rare earth materials such
as neodymium (NdFeB) and are therefore costly with respect to silicohastde
copper. The reduction of cogging torque in axial flux slotted PM machinas is
topic of recent scientific research.

1.2 Yokeless And Segmented Armature (YASA) Topology

Special attention needs be given to the slotted torus axial flux PM machinernveith o
stator and two rotors. In[13] the north south (NS) torus (Eigl 1.4) amthmmrth
(NN) torus (Fig.[1.b) are indicated as the best performing axial flux Phinac
topologies.

The torus machine is explained by use of the linear representation of dn axia
flux PM machine, introduced in Fig._1.6. A magnetic flux is present in the stétor o
the NN torus topology because both rotors are magnetised in the oppositedire
This in contrast with the NS torus where the magnets on both rotors are maghetis
in equal direction.

The shorter stator yoke in the NS torus topology, increases the powsityden
and lowers the stator core loss in comparison with the NN torus topology. Netwith
standing the winding configuration in the stator slots in the NS torus topology is
more complicated compared with the NN torus topology. The latter gives mostly a
lower filling factor of the conductors in the stator slots. In the NN torus topglog
the winding is toroidally wound around the stator yoke, resulting in an easy-win
ing arrangement, a good filling factor, together with a lower end winding length
In [14] a rectangular conductor is used for the NN torus topology, wiashlts in
a high filling factor.

In [14], the efficiency and power density of the NS topology were slightly
higher than the NN torus topology.
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Figure 1.7: The yokeless and segmented armature axial flux machine-topol
ogy. Stator consisting of multiple stator core elements (1)
around which a tooth coil winding (4) is wound, rotor (2), per
manent magnet (3).

1.2.1 From Torus to YASA

In [14], the yokeless and segmented armature flux machine topology (Hpis1
introduced. This machine benefits from a short stator yoke as well msanceasy
winding arrangement. Starting from the original NS torus topology, the fatigw
adjustments are performed:

« Because of the magnetic symmetry in the machine, there is no magnetic field
closing over the stator yoke. This means that the stator yoke has no magnetic
function and can be removed entirely. Replacing the stator yoke by individ-
ually segmented armature elements, removes the magnetic and mechanical
link between the different stator teeth as well.

* By using a concentrated (fractional pitch) winding instead of a distributed
winding, it becomes possible to reduce the number of slots per pole and per
phase, until the slot pitch approximates the pole pitch.

* The winding arrangement can be improved by using a double layer concen
trated fractional pitch winding. A modular construction is obtained, because
a winding (also called a tooth coil) is wound around each individually seg-
mented armature (Fig._1.7), which results in an advanced modular construc-
tion.
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The yokeless and segmented armature torus machine topology is an exeellent
ergy efficient machine, because of the absence of the stator yokdaodre
loss, the higher power density and the easy winding arrangement.

1.2.2 Geometry and construction of the YASA machine

The active parts of the YASA machine —i.e. the parts that create the magnletic fie
and torque — are shown in previous figures[1.4-1.7. The stator confktsiparate
modules: laminated stacks with concentrated windings around it. These are me-
chanically connected by an epoxy resin and an outer aluminium ring steyetso
taking care of the cooling. The rotors are solid discs in steel with magnetd glue
on it. Itis clear that the YASA machine is a challenge, not only on electromag-
netic but also on the thermal and mechanical domain. The mechanical améther
challenge in building such a machine is in making sure that the high axial forces
between stator and rotor do not cause deformation in the machine, or tiraathe
gradients do not cause damage. To give a better overview on suchrarsbatale,

an exploded view is presented in Hig.]1.8.

Among the different constructed YASA-prototype machines in recent litera
ture, three variants are found. In_[15], two endshields at both sidésecftator
keep the different elements together. These endshields are made ctigighth
synthetic material, as electrically conductive or magnetically permeable materials
would deteriorate the electromagnetic properties of the machine. A dravaback
this method is the increase of the airgaps.

A second solution is proposed in_|16] where 2 holes are made into the core
elements near the core tips (one at each side). The mechanical fixatiowickeor
by bolts, connecting the individual elements with an inner stator structure. Dis
advantages are found in the induced eddy currents in the electricallycire
material of the bolts and a major influence on the flux density pattern and |gossib
local saturation in the core elements near the stator tips.

A third construction method is introduced [n[17], where the shafts of the indi-
vidual stator core elements are inserted into two slotted supporting struneaes
the tooth tips. The axial movement is prevented by internal clamping of the tooth
tips between the two slotted supporting structures. This has the major disadvan
tage that the slot area near the tooth tips remains unwound, which inctbases
leakage flux. Moreover, there is the risk of induced eddy currents ieltutri-
cally conductive slotted supporting structures as they are situated veg/tdohe
airgap.

In this PhD, another mechanical construction is proposed, taking caceof
rate positioning and rigid fixation of the modular stator teeth by use of an epoxy
resin. The stator housing consists of an aluminium ring with radially inward fins
The fins reach between adjacent stator teeth modules. In this solution,ahe he
evacuation from the windings and the iron towards housing is optimized. Time ma
function of the aluminium ring is to evacuate the heat produced by the windings



Figure 1.8: Exploded view of a preassembled stator core element. Mézdidomacket (1), stator core element (2), tooth coil
winding (3).
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to the outside of the machine (cooling of the machine). The main function of the
epoxy is increasing the strength of the stator. The details about the atiwsirare
given in Chaptells.

1.3 Research on the YASA machine

Although the yokeless and segmented armature torus machine has inheleglly a
efficiency and power density, these quantities can be further improved.

In the PhD of Dr. H. Vansompel[7] of Ghent University, severaleasp of
the machine have been studied and improved. First of all, the magnetic materials
were studied. Grain oriented magnetic material was used instead of comantio
non-oriented material. The influence of eddy currents in the magnets \easiads
research topic. By segmenting the magnets, these losses could be sigpifican
reduced. Thirdly, the winding layout was investigated, proving that thetiele
Motive Force (EMF) could be increased by a few percent by usingnabaoed
star-delta winding layouf [18]. Finally, the effect of several geometmameters
was investigated: the slot openings, the shape of the magnets and thebtiape
stator teeth. As the results of the PhD are also relevant for the work &buaibg
flux losses, a summary of some of the results of dr. Vansompel is givenapt&h
B

A new YASA AFPMSM was presented in the work of Dr. Woolmer of the
University of Oxford [14]. This new YASA AFPMSM is having a higher goie
density than other axial flux machines, typically by 20%. This is due to thenabse
of the stator yoke, which gives a reduction of 50% of iron. Finite ElemeB) (F
analysis has been used to accurately calculate the machine losses. Themash
shown to have a peak efficiency of 96% and a wide range of operatirdjtimms,
where the efficiency was above the 94%.

In [19] a 1.6kW AFPMSM generator was designed to operate in small-scale
wind power applications. The obtained phase voltage and current wegesinu-
soidal and the torque ripple was low. The mechanical structure of theogedp
machine was simplest and cheaper than other axial flux machine configsratio
with laminated stator cores.

A new segmented armature torus AFPMSM as a strong candidate for in-whee
direct drive motors was presented(in][16]. The key feature of the motbeinew
configuration for the laminated stator cores of an axial flux machine, reguttin
low manufacturer cost while maintaining power and torque densities similar to that
of the mainstream radial flux machines, which are less suitable for an iatwhe
configuration.

An experimental study is done on reducing the cogging torque and the no-
load losses in axial flux permanent magnet machines with slotted windirigg in [20]
It was seen that magnetic wedges used for closing the slot openings wadye lik
to be used for reducing the cogging torque and no-load losses of thenaach
Also skewing of the permanent magnets and the selection of an approprgteima
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width is important in order to reduce the cogging torque. Shortening the magne
pitch was found to be the most effective measure for reducing the cotminge
to a few percent of the machine rated torque.

Antisymmetry effects in AFPMSMs were studied in[21]. A quasi-analytical
method for the evaluation of the airgap field in an axial flux PM machine has bee
developed. Based on this method, several operation quantities are dbtich
as flux linkages, EMFs, parallel loop circulating currents among windimglpa
lel paths, axial forces and bending torques, all taking into accoungrdisgtry
manufacturing defects.

In [22] a comparison is made between Soft Magnetic (SMC) AFPMSM stator
cores. Two machines with fractional slot windings, with the same rotor and ge
ometry whose magnetic cores were made of SMC were experimentally compared
by use of two machines. The goal of the paper was verifying the deijpada
performance of the machine when made of a cheap charged resin c@oT-
mercial SMC. It was found that the iron losses of the charged resin csitepeere
lower than the commercial SMC because of the internal structure of ifooicgt
Besides this, it was found that the torque density of the cheaper maching0#@
lower than the machine with commercial SMC stator cores.

1.4 Problem statement

The state-of-the-art literature did not focus on losses due to fringing filor on
special techniques to reduce them. Also mechanical construction, theemal b
haviour and production issues are less elaborated in literature. This&h&ud-

ied these missing parts in literature. The fringing flux losses are in detail egdmin
in the following chapters of this PhD. In addition, the mechanical construction
studied in chaptdil5 of this PhD.

1.5 Conclusion

The working principle of axial flux permanent magnet machines was miese

in particular the YASA topology. The reasons to further investigate the YASA
topology are its compactness (high power density) and inherently higieaffic
The global construction of the YASA-machine is explained. In furtheptdra,

the construction and production of a prototype is shown, and also dethildids

on the fringing flux losses in this machine. However, before studying the ledenp
machine, a lot of research is done on a simplified, non-rotating setup.
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Chapter 2

Field models for lamination eddy
currents

2.1 Introduction

The stator of a Yokeless And Segmented Armature (YASA) Axial Flux Perma-
nent Magnet Synchronous Machine (AFPMSM) is built of individualdenag-
netic core elements with concentrated windings. These core elements are ofte
constructed as either solid structure in soft magnetic compasite [23] ortasla s

of Laminated Silicon Steel Sheets (LSSS), in order to prevent excessilyecur-
rents. Nevertheless, two types of significant eddy-current effeatsin in lami-
nated media when excited by an alternating magnetic field [24].

The first type is due to laminar magnetic fields parallel to the laminations (main
field, H, in figure[2Z1). The corresponding eddy currents, which are present
every lamination of the lamination stacky, in figure[2.1) follow rather long
paths in proportion to a rather small enclosed surface area and arerealidnce
limited eddy currentf25]. This means that no skin effect is observed, and that the

Stacking direction

Transverse direction Y

2,

Rolling direction

il

Figure 2.1: Individual lamination sheet; local coordinate system
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sheets[[26].

currents are too weak to influence the magnetic field that causes them. iI©¢cou
these induced current;, are not guaranteed to be resistance limited, because
skin effect will occur in case of high excitation frequency or rather téghination
thicknessi. Nevertheless, we use the teresistance limited eddy currenfisr the
currents which are mainly restricted by lack of space. In most electric meshin
the lamination thickness is sufficiently thin for the given excitation frequeszy,
that the eddy currents caused by the main flux are indeed of this type.

The second type comes from magnetic fringing fields that are perpendicula
the lamination (fringing fieldsH,, in figure[2.1). The corresponding eddy-current
loops parallel to the laminations, which are only present in the end parts of the
lamination stack.{,s in figure[2.1) follow rather short paths in proportion to the
rather large enclosed areas. They thereby experience a large imckictad are
calledinductance limited eddy current8Ve use the ternmductance limited eddy
currentsfor the currents which are mainly restricted by the influence of their own
magnetic field[[25].

Many authors have investigated the two types of induced currents:

In [26], the second type of eddy currents is measured by use of a t@$ter
tester, shown in figurie 2.2, consists of a square stack of sheets plaaedoised
magnetic circuit which is excited by two coils and provided of search coilst,Fir
the square stack of sheets is placed in the in-plane direction (the flux frem th
excitation winding is perpendicular to the plane of the lamination sheet, (a) in
figure[2.2). The total iron losses are measured. Second, the squzkefsheets
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is placed in the lamination direction (flux from the excitation winding is parallel to
the plane of the lamination sheet, (b) in figlire] 2.2), and again the total iragsloss
are measured. The in-plane eddy-current losses are calculated syhinaction
of the first and second measurement. From this analysis, it is found thedldye
currents of the second type have nearly resistance limited characterislicsea
penetrating the stack much deeper than the theoretical penetration depth.

In the non-linear case (BH-characteristic as described in section 3bobih),
eddy current types cannot be strictly separated [27]. They influescie other due
to saturation effects, in other words superposition is no longer valid bedaaal
saturation causes a local change of permeability which locally changegithe s
and penetration depth. 10.[27] When flux enters the lamination perpendicula
(fringing flux), the surface for the eddy currents is no longer small. Wilsause
serious eddy-current losses, which will reduce the efficiency of gpdication.
In [28], eddy currents due to perpendicular flux where analysed intarior per-
manent magnet motor, by a 3D FEM model, using the parallel computing method
on a vector-type parallel supercomputer. Each lamination sheet (with adsislof
0.5mm) is modelled explicitly by use of gap elements (representing the magnetic
resistance between the adjacent sheets) and the perpendicular électritactiv-
ity of the sheets is set to zero. The eddy-current losses due to papkandux are
directly calculated from the eddy current density of the FEM results. Thl/sed
region is 1/12 of the entire region because of symmetry. The analysidstohs
15 million unknowns, and was completed in 7.3 min/step on 64CPUs of the su-
percomputer. It is shown that eddy currents related to the perpendftuxaare
responsible for an increase of 47% of the total iron losses.

2.2 Eddy currents in laminations

As the magnetic field in the AFPMSM is predominantly in the axial direction, this
type of machine is built with laminations in GO (Grain Oriented) silicon steel. In
chaptef B, the magnetic behaviour of this material as well as other materidls use
in this PhD are further explained.

2.2.1 Causes of eddy currents in laminations

In this type of permanent magnet synchronous machines, fringing fexrsbe-
cause of three reasons, explained in the next paragraphs:

1. Fringing flux from the excitation coil positioned around the laminated stack
(fields closing through the air and entering the lamination perpendicularly,
as can be seen in figure 2.8).

2. A part of the flux from the permanent magnets on the rotor, as carebbe se

in figure[5.27.



18 Field models for lamination eddy currents

Figure 2.3: Double-rotor, single-stator, yoke-less, and segmentethiare
axial flux PM machine. (1) Rotor disk, (2) permanent magnet,
(3) laminated stack, and (4) winding[29].

3. Redistribution of magnetic flux due to magnetic saturation of individual
sheets, as can be seen in figure ¥.12.

The first cause of eddy currents, fringing flux of the excitation coils, lba
tackled by increasing the axial length of the coils for a given axial lengtthef
laminations. The eddy-current losses reduce as the coil is stretched mreger
axial portion of the lamination sheets, at most if they are as long as the lamination
stack itself. The latter means that the windings reach the airgap. Then there is
no space left for additional tooth tips at the end of the stacks. The laclotf to
tips increases the higher harmonic content of the airgap field. This may lead to
higher cogging torqué [30] and unacceptably large eddy currents irothand the
permanent magnets at the rotor side. Moreover the proximity effect betwaeigh-
bouring conductors will become dominant in a coil with a longer axial lendth [7
Evidently, it is also possible to reduce the axial length of both laminations and
windings, leading to a lower inductance and by consequence highetgrealke of
the electrical machine. A quantitative overview of the influence of segexainet-
ric parameters on the individual loss terms and performance of the machlioreds
in chaptef’b.

The second cause is related to flux of the permanent magnets on the rotor.
The axial component of this flux is parallel to the laminations. This component
is responsible for the torque generation, but also leads to eddy cu(rentsn
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Figure 2.4: Skin depths for longitudinal and perpendicular magnetig flu
components.

figure[2.1). The radial component of the permanent magnet flux (figniirx in
the airgap) is perpendicular to the laminations, which will lead to eddy currents
Jap intheaS-plane in figuré 2J1).

The third cause is related to magnetic saturation. Magnetic saturation causes
migration of magnetic flux between the individual lamination sheets. This comes
together with perpendicular field components that also generate edeéntsurthis
phenomenon is also encountered in transformer lamination sfadks [31}hifthe
effect will result in flux travelling from one sheet to another, causing flerpen-
dicular to the plane of the sheet. The flux will follow a path as in transformmsgo
where sheets overlap each other in order to have a parallel way with lisetaece
(not only the airgap, but also a way between adjacent sheets).

2.2.2 Skin and penetration depths
A local coordinate systertr, /3, v) is attached to a lamination sheet, as shown in

figure[2.1. The coordinatesandp are aligned with the lamination sheet whereas
~ is perpendicular to the sheet. The skin depth is

/ 2
5sheet = - (2 1)
WHFeOFe
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with w = 27 f the angular frequency, the frequency ang. andoy, the per-
meability and conductivity of the silicon steel. This formula for the skin depth is
derived from the half-plane modél [25,32] and is only valid as long asmadge-
neous magnetic flux density is exerted on the lamination sheet.

It makes sense to think about the lamination stack as a solid block of material
with homogenised material parametérs| [24] as described in séction 3.5kifhe s
depths of the homogenised lamination stack are

2
dap = (2.2)
WOy

57 = L (2.3)
WO aptap

Here, i,z is the skin depth of the eddy currents due to the magnetic flux com-
ponent perpendicular to the laminates. These eddy currents hampemtteape
tion of the perpendicular magnetic flux component into the lamination stack. This
phenomenon can be characterised by the penetration depttperienced by the
magnetic flux components along the laminates (figureé 2.4). Begause con-
siderably smaller (series connection of the highly permeable lamination mhrt an
the coating) tham,s, the skin depthd,, s related to the perpendicular flux is much
larger than the penetration depth corresponding to the main (longitudinal) flux
components. The eddy-current paths according,tare, however, restricted by
the small lamination thickness. On the contrary, the eddy-current patbsdaug
to 0,5 and the perpendicular flux component spread out along the lamination and
may cause significant eddy-current effects, especially for laminatidthsawarge
surface.

2.2.3 Quantifying inductance and resistance limited eddywrents
By exploiting symmetry

We again consider figufe 2.1 with a local coordinate systen®,~) attached to
a lamination sheet. In figufe 2.1, as already explained, resistance limited eddy
currents caused by the main flux mainlydrdirection flow in5~-planes, and are
denoted by/s,, whereas inductance limited eddy currents caused by fringing flux
are denoted by, g and mainly flow ina3-planes.

Figure[2.5 shows the cross-section of figurd 2.1. In order to get mdghtins
in the behaviour of resistance limited and inductance limited currents, the total
current density vectas is written as a sum of two contributiong: = find + fres.
In the cross- section of figufe 2.5, the inductance limited eddy curtkptslow
in 3 direction and have the same sense at the top and bottom of the sheets. This
is in contrast with the resistance limited eddy curreﬁgg, which also flow in the
S-direction but have an opposite sense at the top and bottom of the sheets.
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A
\
v

Figure 2.5: Cross-section of the individual lamination of figlirel2. dioat-
ing the separation of resistance limited and inductianoééd
eddy currents.

We assume that the amplitudeﬁgd is constant iny-direction, i.e. along the
(small) thickness of the thin lamination sheet. This means that the fringing flux is
homogeneous along the thickness of the lamination sheet. Although not exactly
true — see the finite element results in chapter 4 — this assumption is useful for
the splitting of the two loss contributions and for understanding the difféosst
mechanisms. The = 0 plane — the dash-dot line in the figure — is taken as a
symmetry plane. It can be seen that both eddy current types courgardcbther
above they = 0 plane and reinforce each other below the= 0 plane. This
makes it possible to separate and quantify both types of eddy currense oy the
following mirrored current densities with respect to this plane:

—

J(Oé, 677) - (Ja(a7677)7 ']/3(057577)7 J’Y(aa 677)) (24)
jmir(aa B) 7) = (_Joc(av Ba _7)7 _‘]ﬂ(av /87 _7)) J’y(av Ba _’Y)) (25)

With J the local current density anﬁmir a virtual current density mirrored
with respect to they = 0 plane. To ensure the continuity law to hold fdri, as
well, there is no minus sign for the mirroredcomponent. Using this mirrored
current density, both eddy current types can be distinguished:

L
-
|
-

E.

Jnd = —F— (2.6)
7 j jmir
Jres = ; (27)

Jina and Jees flow in the same and opposite senses respectively at the top and
bottom of the sheet, as can be seen in figureé 2.1. The following propedieés h
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with V' the volume of the sheet:

- —

Jres . Jind 7é 0 for Oé,ﬁ,’)/ > 0 (28)
/ Jow g dV = 0 (2.9)
Vv

j' j jI" S ji)n : J_; 3 j;n
v o 1%

g
= Pres + Pind (211)

The last property (2.11) indicates that the power losses due to fringixagriid
due to main flux can be separated. In other words, that superpositidreaione.
This allows to clearly distinguish between losses due to the main flux and losses
due to the fringing flux. As already mentioned, the above quantification is only
valid for a homogeneous flux distribution over the cross-section of the laimna
In [27] it was stated that in the non-linear case, both eddy current tgrasot be
strictly separated. However, this propefty (2.11) is valid in the linear andinear
case, because the magnetic state is determined first on the basis of thedptal ed
current.

By subtracting classical eddy-current losses from total eddy+arent losses

The previous separation technique of both eddy current types is didyferaa ho-
mogeneous flux distribution over the cross-section of the lamination. Aatspar
which is valid for a non homogeneous flux distribution over the cross-sectithe
lamination exists by calculating the eddy-current losses due to both eddyntur
types in FEM and subtracting the losses due to the resistance limited eddytsurre
The latter are calculated by use of the low frequency approximation of tHayto
at high frequencies by use of the 1D diffusion model as descrided i 3m&er
chapters, this method is used for calculating fringing flux losses.

2.3 Finite-element modelling

2.3.1 The challenge of modelling fringing flux in laminations

This work focuses on all three causes of fringing flux described iagraptfi Z.2. In
order to attain a sufficient modelling accuracy, all details of the laminated media a
taken into account. Iri[33], analytical expressions are given for didg-eurrent
losses for low and very high frequencies in a rectangular geometrynAlytecal
approach would require too many simplifications and would become too difficult
for the geometry under consideration. For this reason, a finite-elemenin@del

is constructed. Considering the individual laminations and insulation layplis-e

itly is a challenge for the numerical model for three reasons:

1. The geometric scaling problem.
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2. A high number of unknowns.

3. Limited computational accuracy.

The first reason is related to the large geometrical disproportion between th
lamination and insulation thicknesses and the device size. The meshes of the lami-
nations must be finely divided along the perpendicular direction of theass[&].
Creating a mesh for the insulation layers is challenging because of mesthgrow
problems.

The second reason relates to the maximal mesh size, which is limited for taking
into account the skin effect. For this reason, the mesh size must be stlfficien
smaller than the skin depth in each individual lamination.

The third reason relates to eddy currents due to stray fields being adsegon
effect and are for this reason small compared to the excitation currests.cAn-
sequence, the solution for the eddy currents may be inaccurate, ewantid
magnetic field converged [34], [B5].

The corresponding large memory consumption and calculation times hamper
the application of such models in many practical situations. For that reasog, ma
papers in literature introduce homogenization technidués [36] and entbleshekr
dimensional model$ [37[[27][38].

The suggested homogenization techniques fail to accurately descritsidtpre e
current effect corresponding to perpendicular magnetic flux commsnespe-
cially in the case when these components originate from non-trivial georoetric
figurations. This work studies such eddy currents by 2D and 3D field lnadere
all relevant geometrical details, even the thin insulation layers, are explicittly mo
elled. The calculation results are compared to each other and to the measureme
results obtained from a dedicated experimental setup. Eddy currents gee-
pendicular flux will hamper the flux causing these eddy currents by kdaw.

This shielding effect for the perpendicular flux is not perfectly taken autwount
by any homogenization technique. In 2D, it is possible to implement all details of
the insulated media for a simple geometry. In 3D, it is almost impossible.

Therefore, this work will first show a 2D pseudo anisotropic linear FENMleho
including all details of the laminated media. Secondly a 3D pseudo anisotropic
linear FEM model is presented, where a combination of individual sheetsan
homogenized bulk area is adopted. After this a comparison of the 2D and 3D
model is made. Finally a 3D pseudo anisotropic non-linear model is presémted
the simple non-rotating geometry that will be presented in chapter 4.

2.3.2 Model geometry

The considered geometry — a non-rotating, simplified geometry of an axial flu

PMSM — consists of a lamination stack, a coil carrying a magnetising curment, a
airgap and a yoke closing the magnetic circuit (Fiduré 2.6). Symmetries allow to
only model one fourth of the geometry in 2D and one eighth of the geometry,in 3D
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Excitation coil

Yoke

Figure 2.6: A section of a laminated stack in the XZ-plane is taken froe th
axial flux permanent magnet synchronous motor of figure 2.3.
On the left side a yoke is provided as a conducting path for the
magnetic flux. The insulation layers between adjacent sheet
are modelled explicitly.

accompanied by appropriate boundary conditions. In contrast to manyaghes
where the lamination stack is considered as a bulk material with homogenised ma-
terial parameters, here, the individual lamination sheets are consideueither-
more, the thin insulating coating between the sheets is either modelled explicitly
or embedded in the model by thin low-permeability interface conditions.

2.3.3 2D Finite Element model

The magnetic flux densityg = V x A is expressed in terms of the magnetic
vector potentialA By the Faraday-Lenz law, the electric field strengthEis=
-5 — Vo with v the electric scalar potential. In the frequency domain, Arafs

Iaw V x H = J with H the magnetic field strength anfithe electric current
density, leads to

— —

ﬁx(uﬁx[f)—i—jwaff:j;—Vst, (2.12)

with v = 1/u the reluctivity, . the permeabilityo the conductivityw = 2r f
and f the (angular) frequencyi, = —o'V the source current density adf} the
coercivity of the permanent magnets. In case of anisotropic materiavioeina/
ando need to be replaced by the tensp@nda respectively. The magnetic vector
potential is discretised by first order edge elements

N,
Wi(z,y,z) = J(f’y) e. (2.13)

z
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whereN;(z, y) are standard first order nodal finite elements (FEsis the length
of the 2D model and’, is a unit vector in the-direction [39]. The magnetic vector
potential reads:

A= a;i; (2.14)
J

wherea; are the degrees of freedom (DoFs). The discrete counterpdrtdd)(2
reads
K,a+ jwMsa = js + jmg (2.15)

whereK,, is the stiffness m@trix of reluctivitiedyl,, the matrix ochon@uctivities,
Js the discrete counterpart df andj..,, the discrete counterpart & x H, which
all follow from the discretization procedure and whargathers the DoFs.

The magnetic fluxes are aligned with the considered 2D cross-sedtion
whereas the excitation current and the eddy currents are perpendadla,. All
lamination sheets are considered explicitly. However, the insulation layeongr
present as line segments in the geometry and the mesh. Their relatively ligth re
tances are modelled by the thin low-permeability interface condition, as dedcrib
in the next paragraph. The current through each individual laminat@épdicu-
lar to the 2D cross-section) should be zero. This is enforced in the mygdat b
integral constraint of the form

/ J-dS=0 (2.16)
Sq

whereS,, is the intersection of laminaigwith Sop. Such integral constraint pos-
sibility is offered by the COMSOL Multiphysics® software.

Thin low-permeability interface condition

Considering individual lamination sheets already leads to huge numbersksf D
in the field models. When, moreover, the insulation layers between them need to
be drawn and meshed, the model may become prohibitively large. A wagdi®u
offered by a thin low-permeability model [40,/41]. The thickness of thelatgn
layer is not resolved by the computational grid but is present in the gridadace
A;. at which a specific interface condition is applied.

The application of Ampre’s law to the rectangle with infinitesimal cross-
section in Figure2]7 relates the tangential compon&iptsand H,» of the magnetic
field strength at both sides of the insulation layer to the normal componeng of th
magnetic flux density3,, by

0B,
s

wherev is the reluctivity of the insulation layeh, is the insulation thickness and
s is a tangential coordinate. In general,

Hy — Hyp = woh

(2.17)

—

X (ﬁl - HQ) = ﬁt X (yohﬁt X /T) (2.18)
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Figure 2.7: Ampere path around a thin insulating layer relating the tangen-
tial componentdi; and Hy, of the magnetic field strength to
the normal componen, of the magnetic flux density.

Figure 2.8: Contour of the magnetic vector potential, for an airgap ofrfim
computed by the 2D FEM with “thin permeability gap” bound-
ary condition between adjacent laminations.

Wheren is the unit vector normal to the interface aki@ddenotes the curl operator
at the interface.

The discretisation of(2.18) leads to a teln,a to be added in[{2.15). The
matrix coefficients are given by

Kh,ij = / l/ohﬁt X Wj * ﬁt X W dAiC (219)

ic

Figure[2.8 shows the contour of the magnetic vector potential, for an excitation
of 300Aturns at a frequency of 50Hz and an airgap of 1mm. The magnetériala



2.3 Finite-element modelling 27

Figure 2.9: Surface plot of the magnitude of the eddy current densitg+an
ing from —8 x 10 to 6 x 10* A/m?.

is a Grain Oriented (GO) magnetic material, with properties explained in cliapter 3
It can be seen that fringing field lines are closing through the air, entérengheets
perpendicularly. The corresponding eddy current density is shoaisimface plot

of the magnitude of the induced eddy currents in figuré 2.9. It can betsaetine
eddy currents due to fringing flux are the largest in the laminations closést to
excitation coil.

2.3.4 Multilayer 2D finite element model

A 2D FE multilayer model consists of several 2D FE models calculated atefiffer
radii. In such a 2D FEM, the whole circumference of the machine is modelted fo
example 15 teeth and 16 magnets. When the magnets are in NS-togology [11],
only half of the machine needs to be modelled in axial direction when a Neumann
boundary condition is applied at the centre part of the teeth. In circuntfate
direction, the use of periodic boundary conditions may also reduce tmesjgoto

be modelled, depending on the number of slots and poles of the machine.

2.3.5 3D finite integration technique model

In the Finite Integration Technique (FIT), Maxwell's equations are dttszé at
a primary-dual hexahedral tensor- product grid, yleldlng: Ca,h =M, b,
j=M,e = —Mg]wa+Js+me, Ch= j, which gives the discrete counterpart
of equation 2.1P2:

CM,Ca + JwMua = Js + J pm - (2.20)

where

ea, b, andJ pm are vectors collecting the degrees of freedom (DoFs)
of 4, B, H,

h, j,
J, f andV x H, respectivelyC andC are discrete curl operators at
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Figure 2.10: Magnetic flux density plot on the surface of the 3D FIT model
(with parameters of table"4.1) at a frequency of 50Hz and
200Aturns.

the primary and dual grid pair respectiveM,, andM,, are the grid reluctance and
conductance matrices and represent the constitutive relatiors vB and.J =
oE onthe computational grid [42]. Also standard finite-element (FE) methats ca
be expressed in the FIT notatidn [43]. The Joule loss is post-procéssedhe
field solutiona by Ps = w?afM,a

The eddy-current effect is described by the second terriin](2.11#ghwis
typically quite small compared to the first term bf(2.12). As a consequdiee,
results for the eddy-current losses may be inaccurate, even whessthitsifor the
magnetic field converged [34]. A low solver tolerance may lead to unadagpta
large calculation times. In an alternative procedurds computed from[(2.20)
with a feasible tolerance. The accuracy of the eddy currjagt& —jwMya is
improved by solvmg the dlvergence -correction equa&M ST¢> = —SJe and
SUbStItUtlngJ e jo+M STqb with S the discrete divergence matrix of the dual
facets.

The fringing field lines closing through the air and entering the lamination
perpendicularly cause saturation of the first few sheets closest to titatmn
coil, this is shown in figure 2.10.

2.3.6 3D finite element method model

The field model is based on a 3D non-linear time dependent magnetoquasistatic
field formulation. Second order tetrahedral finite elements are used togéthe
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the T — ¢ formulation [44] which uses an additional current vector poteffiai
the eddy current regioft. and a reduced magnetic scalar potentiah the whole
problem regior). The current densit;f, and the magnetic field are calculated
from the potentials as:

xT:H=T.+T—Ve¢in Q (2.21)
xT.:H=T, —V¢inQ— Q. (2.22)

with 7} the impressed current vector potential representing the given cdeesity
of the coils made of stranded conductors.
In the frequency domain, Faraday-Lenz’s law leads to:

T) + jwuT — jouVe = —juuT; (2.23)
¢) + V- (uT) = =V - (uT}) in Qo (2.24)
~V - (V) =~V - (uT}) in Q — Qe (2.25)

The current vector potential is approximated by edge basis functions as:

T =t (2.26)
J

wheret; are the line integrals of along the edges. The magnetic scalar potential
is approximated by use of nodal basis functions as:

b= ¢ (2.27)
J
where¢; are the nodal values @f andw; the nodal basis functions.

2.3.7 Mesh generation

The generation of the mesh is a challenge for two reasons. The firsinréas
that the maximal mesh size must be sufficiently smaller than the skin depth in
each individual lamination. The second reason is the large geometricab-disp
portion between the lamination and insulation thicknesses and the device size. A
3D geometry with thin sheets is particularly challenging for a tetrahedral ngeshin
routine. The standard tetrahedral mesh generator of COMSOL Multigi® sl

not work. Even mesh extrusion techniques resulting in a hexahedralfaiekb-
cause of the large disproportion between the lamination thickness and tice dev
size. The 3D model is constructed and solved in CST EM STUDIO® and post-
processed in MATLAB®, both capable of treating 3D hexahedral mesh&3ST,

a tensor-product hexahedral mesh easily copes with all geometricds detd is
easily constructed. In order to incorporate the large reluctance of thiafiosn
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layers and to prevent current migrating between adjacent laminates, thetios
layers need to be considered explicitly. It is, however, cumbersome tagifoth

the entire lamination stack. Therefore, only the top and bottom parts of the lam-
ination stack are modelled in full detail (figure_3.25). The number of explicitly
modelled lamination sheets is decided upon according to the penetratiomgepth
The centre part of the lamination stack is considered as a bulk material with the
homogenised material parameters of [Eq. (8.25). The tetrahedral mesfagef
Ansys Maxwell® succeeded in generating a mesh of the individual laminations
order to achieve the optimal level of accuracy, the mesh is first generaséatic
mode with adaptive mesh refinement. The mesh is refined automatically by use
of a highly robust volumetric meshing technique with multithreading capability.
The refinement is based on the reported energy error in a static simulatia. Th
adaptively refined mesh is then fixed and further used in the transieetsolv

2.4 Conclusion

In this chapter first three causes and the behaviour of eddy currdatsimations

is studied and a separation is made between inductance and resistance liohjted ed
currents. Then, different numerical models were described: 2D Fiem8D FIT
model and a 3D FE model. The first and third cause of eddy currents in laomsa

will be studied in chaptdi4 on a simplified non-rotating setup. In this chagker, a
models will be compared, evaluated and discussed. The second caakly alur-
rents in laminations will be studied using the 3D FE model on a complete rotating
axial flux machine in chaptéi 5. The second separation technique willdskfas
calculating inductance limited eddy currents in the next chapters.



Chapter 3

Magnetic material
characterisation

3.1 Introduction about characteristics and losses of mag-
netic materials

When calculating the magnetic behaviour and iron losses in high energgmdfjc
machines, like the axial flux permanent magnet machine, accurate modelihrey of
behaviour and losses of the magnetic material is needed. It is well knowthéha
core losses can be described as a summation of the quasi-static lossksdicalc
and excess dynamic losses|[45, 46], explained further in this chaptaue\ér,
these loss components are caused only by the flux in the plane of the laminations
The losses have to be augmented with the loss component due to fringingrflux,
extra eddy-current loss caused by flux entering the lamination planenmigo-
larly. This loss depends on both the magnetic material behaviour and geometric
details. For laminated materials, the thin coatings on the sheets create a big chal-
lenge from numerical point of view. Therefore, also homogenisation diesiun
order to describe the materials by bulk material having appropriate electnetiag
properties.

In this chapter, we first study the magnetic characteristics of the materials and
the losses in these materials. After that, several homogenisation technigues a
compared in order to model the laminated materials in finite element models.

3.1.1 Isotropic materials

The flux density vectoB is written as a function of the magnetic fielfl and the

magnetization vectod = ZTP with P,, the magnetic dipole moments amd
the volume:
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B = po(H + M) (3.1)

with 1o the permeability of vacuum. Although the magnetic quantities are vec-
tors, in many cases, the constitutive law can be a scalar characteristiB Hhe
characteristic. Moreover, if the hysteretic behaviour is neglected, theriaiate
are characterised by a single-valuBd{-curve passing through the origin of the
BH-plane. Then, the characteristic can be written using the relative magnetic
permeabilityu,: B = uopu.H. In this characteristic, three main regions can be dis-
tinguished. The first region is for lo# and B values and is called theayleigh
region In the Rayleigh region, the flux density is approximately quadratic with the
magnetic fieldH. The second region is tHmear region In this region, the per-
meability is more or less constant and the flux density is linear with the magnetic
field. The last area, theaturation regioris the region wheré/ is very high. In this
region, the magnetisatiall becomes constant fégf — oo and is equal to the sat-
uration magnetisatiom(s,;). Here, the differential permeability,{ = dB/dH)

is equal topu.

For non-linear FE calculations with the magnetic vector potential formulation,
the reluctivityr = 1/u needs to be calculated for each element as a function of
the magnetic flux density. ThBH-curves are measured with an Epstein frame,
as shown in paragrafph 3.1L.3. The measurements provide the measurement p
(H;, By),i = 0,...,n,with By = Hy = 0. v(B) is usually approximated by an
analytical formula, or by interpolation of a table of measured values.

3.1.2 Anisotropic materials

For anisotropic materials, the reluctivity tensqi3) is used :

Hz — Vyx Va:y Bm (32)

H, Vyz  Vyy| | By
The magnetic energy density = 35 - 7 - B is a quadratic form of3 [47]. The
latter means that(5) is a symmetrical positive definite tensor, wherehy =
vy FOr non-linear materials, the reluctivity components in the tensor are fanctio
of the magnetic flux density. Alsg; is not uniquely determined because there
are two equations and three unknowns,( v, andv,, = v,,) for each known

(measuredy! and B value. This indeterminacy can also be seen as followss [48].

The tensor®(B) and7 () are representing the same material if a numitgér)
exists so that:

(3.3)

#(é):y(é)ﬂ[ By _Bfo]

-B,B, B?
However, this uncertainty vanishes by use of the magnetic energy fuifiction

- B — —
Wem(B) = /0 H-dB (3.4)
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—

This numerical magnetic energy functidfi.,,,(B) can be constructed by use of
single-valuedB H-characteristics measured in a finite number of directions with
respect to the rolling direction. The single-valuBd/ -characteristics in each con-
sidered direction can be constructed using the peak values of the nithgstere-

sis loops. As the energy is only calculated in the considered directions wjhae

to the rolling direction, interpolation is used to get an energy map in an equidis-
tant rectangular grid of points in thé(,B,)-plane. The magnetic field strength

H corresponding with a magnetic flux densﬁycan be calculated by taking the
gradient of the magnetic energy function:

i (E) =V 5 Wem (é) (3.5a)
whereV ; denotes the gradient operatorfﬁaspace,

L 0 L 0
VB‘ —CxaiBac—i-eyaiBy. (35b)
Equation[(3.5a) can be rewritten as

OWem (B OWem (B
835 >+€y aBE )

i (é) —e, (3.5¢)

and hence the components of the magnetic field imthend y-direction can be
expressed as

L OWen (B)
and

 OWem (B)

respectively. Taking into account that, = 0H, /0B, Vyy = vy, = 0H,/0B,,
vyy = 0H, /0By, equation[(3.R) can be rewritten in function of the magnetic en-

ergy function:
By
A @9

Y

0 OWem _0 OWem
|:Ha::| _ |9B, @B, 9B, 9B,

H i% 8 aI/Vem
y 9B, 0B, 0B, 0B,

3.1.3 Magnetic measurements with the Epstein Frame

Using an Epstein frame, with a magnetic circuit as schematically shown in figure
[B3, it is possible to perform standardized (IEC 60404-2:2008) magnetisume-
ments on electrical steel sheets for sinusoidal alternating magnetic fluitielens
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Figure 3.1: Schematic presentation of an Epstein frame. Left: horeont
cross section of the Epstein Frame with the measurement and
excitation coils, wherd is the angle between the field excita-
tion direction and the rolling direction in case of grainesried
material; right: side view of the Epstein franie [48].

The frame is constructed by alternately stacking strips of 3cm width andsit lea
28cm length. An excitation coil and a measurement coil are located ar@ahd e
stack of strips. The magnetic field streng_ih's directly derived from the excitation
current coming from the power amplifier, the number of coil turns and timelatd-
ized length of the magnetic path. According to the norm (IEC 60404-2:2008),
length of the magnetic path is 94cm.

In the measurement setup used for characterisation of the materials in the nex
section, the voltage and current limits for the excitation winding are 50V arfdiBA
the used Kepco 50-8M amplifier. The measured signals (excitation camdrih-
duced voltage in the search coil) are processed by the data acquisitiemsii$e
magnetic flux density§ is derived from the induced voltage in the measurement
search coils. An analog integration is done to obtain the flux density wamefor
with high accuracy.
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3.2 Characteristics of magnetic materials used in this
PhD

3.2.1 Magnetic characteristics of grain oriented M100-23P

Several Epstein strips were cut from a MP100-23P laminated silicon $teet s

in seven different directions. The rolling direction is taken as a referamd is
referred to the angle°0 The other directions enclose an andgler( figure[3.1) of

15°, 3(°, 45°, 60°, 75> and 90 with respect to the rolling direction. The angle
9 is referred to as the transverse direction (TD). For all grain orientgasstr
several quasi-static hysteresis loops up to 7200 A/m were measured Bpsietn
frame, which results il3( H) characteristics along the seven considered directions
as presented in figufe_3.2. In_J49], Epstein measurements were prkfever
single sheet measurements, because the dimensions of the stator core lasinatio
are in good approximation congruent to the shape of the Epstein stripstifate

the elements of the tensor in_(B.2), several dynamic loops were measuted up
1000 Hz. The frequency is limited to 1000 Hz because of the voltage limit of the
amplifier. Figurd_3.8 shows the relative permeability in function of the magnetic
flux density for M100-23P grain oriented material in the rolling direction. A c

be seen, the peak value for the relative magnetic permeapilitg more than
50000.

3.2.2 Magnetic characteristics of Soft Magnetic Composite

As an alternative to Laminated Silicon Steel Sheets (LSSS), Soft Magnatic Co
posite (SMC) can carry 3D flux paths and may in some applications increase th
torque/weight ratio of the machine. SMC is mainly used in machines with com-
plex 3D magnetic flux paths like transverse flux machines [50] or axial flux ma
chines[[28]. On the one hand, the isotropic behaviour of SMC is an éatyaffor
these types of machines. Moreover, SMC does not suffer from indogeents
due to fringing field perpendicular to the lamination. On the other hand, SMC ha
a lower magnetic permeability and higher losses (as described in the neahsec
in the frequency range that is relevant in electrical machines.

By using the Somaloy® prototyping material from the compardgéatas, it
is possible to implement Soft Magnetic Composite material in experimental se-
tups without the need of a dedicated mold for the compaction of the needed SMC
components. By machining the SMC component out of a pre-fabricatedidylin
cal geometry, SMC can be implemented in a cost-efficient way. Normally, this
approach has the drawback that the properties will in most cases bexliffeom
those obtained by compaction. This drawback vanishes using Somaloy@typro
ing material, because of the enhanced machinability (milling, turning and drilling)
in order to minimize these differences.

In order to measure the magnetic characteristics of this Somaloy® prototyping
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Figure 3.2: Quasistatic B H-characteristics of MP100-23P measured in
seven directions with respect to the rolling direction. Tien-
tioned angles are the anglen figure[31.

material, a dedicated setup is built. The reason for building this dedicatedisetup
that the company bigarés does not provide toroidal cores of the Somaloy® pro-
totyping material. For this reason, four SMC blocks with identical dimensions to
the stator cores of the experimental setup of chdpter 4 were made (by milling) o
of four cylinders of Somaloy® prototyping material. A dedicated poly-amid po-
sition holder is used to position the four blocks in series, as shown in fig@re 3
The poly-amid position holder ensures that the airgaps between the SMK3 bloc
are as minimal as possible. All blocks are equipped with an excitation coil and
a measuring search coil of ea¢t turns. Several quasi-static hysteresis loops up
to 10000 A/m were measured on this dedicated setup, which results i8 ke
characteristic as presented in fighird 3.4. Figurk 3.5 shows the relatineaaility

in function of the magnetic flux density for SMC Somaloy® prototyping material.
As can be seen, a peak@f = 290 is reached, which is much lower than the peak
value of 50000 for M100-23P.
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Figure 3.3: Relative magnetic permeability in function of the magnétix
density for MP100-23P silicon steel in the rolling directio

3.2.3 Magnetic characteristics of ferromagnetic wire

Ferromagnetic wire used to conduct magnetic flux instead of an electricahtu
can be used for example as a closing path for fringing fluxes.

To determine thdé3 H-characteristics, a customized setup was made and mea-
surements were done at Ghent University by prof. L. BupFhe loss measure-
ments are not performed with an Epstein frame because of ease of ctinstand
because the Epstein method is not defined for wires. Also the number dhcuts
ferromagnetic wire should be minimal. For this reason, the excitation and mea-
surement windings were cylindrical windings of sufficient axial lengtt eather
small diameters, having the ferromagnetic wire inside. Big-characteristics
are measured for an unannealed ferromagnetic wire with a diameter of 0.35mm,
shown in figuré3J7. A maximum relative permeability of 800 is reached, asrsho
in figure[3.8.
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Figure 3.4: QuasistaticB H-characteristic of Somaloy® Prototyping mate-
rial.
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Figure 3.5: Relative magnetic permeability in function of the magnétix
density of Somaloy® Prototyping material.
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Figure 3.6: Measuring setup for SMC: four SMC blocks (light grey) placed
in a custom made poly-amid position holder (black). The mea-
surement and excitation windings consist of four conceedra
windings each, like in an Epstein frame.

3.3 Loss modelling in magnetic materials

According to the loss theory of Bertotfi [45], the iron losses in laminated steel
are divided into the quasi-statical hysteresis losses and the dynamic. |d$ses
dynamic losses can be further divided into the classical dynamic lossethand
extra dynamic losses (excess losses). For a periodic excitation, the pessgycle

and per volume-unit are as follows:

Wy, = Whys + Wdyn = Whys T Wel + Wexc (37)

The unit of the above loss density is J/mUsually, the loss density is given in
WI/kg. The above loss density, can be converted to that unit by dividing by the
mass density (typically 7650kgfinand multiplying with the frequency.

3.3.1 Quasi-static loss component

The quasi-static loss component,, is the surface enclosed by the quasi static
(f — 0) BH-loop with peak valueB. If converted to a power in W/kg, it is
approximated as follows:

P, = aB"f (3.8)
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Figure 3.7: BH-characteristics of ferromagnetic wire with a diameter of
0.35mm.
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Figure 3.8: Relative magnetic permeability in function of the magnétix
density for ferromagnetic wire with a diameter of 0.35mm.
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with a and « material specific coefficients, fitted on the basis of quasistatic
magnetic loss measurements. The above equation is only valid if the waveforms
describe a closed hysteresis loop, and if there are no minor loops in tleéonav

3.3.2 Classical loss component: low frequency approximatn

The classical losses for a perfect homogeneous lamination (without tiagoe
mains), neglecting the skin effect can be approximated by Bertotti’s lowémcy
approximation in the frequency domain:

1
Py = 607r2d2 ?B? (3.9

or in the time domain for an arbitrary waveforB(t)

1 2

Pcl(t) — ﬁO,d2 dB(t)

dt

(3.10)
with d the lamination thickness.

3.3.3 Classical loss component: 1D diffusion problem

Taking the skin effect into account and calculating the classical lossgsueu-
rately and with a high spatial accuracy, Bertotti's low frequency appraximas

no longer an option in the considered grain oriented material with very higtives
permeability (up to 50000, as can be seen in fiuré 3.3), because offfddtse
even for frequencies that may be lower than the rated frequency ofettteie ma-
chine studied in this PhD. Assuming the operating point at maximal permeability
and a lamination thickness of 0.23mm — which is thinner than most laminations
used in electrical machines — we obtain a critical frequefigy where the skin

depth
1
Ocrit = \/ (3.11)
chrit HoMr FeO g,

equals half the lamination thicknegg2:

1

ferit = (3.12)

™ (%) ? Moy, FeO g

For d/2 = 0.115mm, jt; Fe max = 50000 ands,, = 1.67 16 S/m (explained in
sectior3.4.1) we obtain a critical frequency of 229 Hz. Above this frequehe
low frequency approximation is not valid any more.

For this reason, a one-dimensional space diffusion proklem [51] iscdbr
half of the lamination thickness. The lamination and reference frame arenshow

figure[3.9.
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Figure 3.9: Cross-section of the lamination of figurel2.1.

The magnetic field intensity in the out-of-plane directifiy of figure[3.9 is
calculated from:
0*H, dB 0H,
o2 UdHa ot
where H and B are respectively the magnetic field strength and magnetic flux
density component in the out-of-plane directionthe electrical conductivity and
~ the transverse direction of the lamination. Half the lamination is discretised in
space from = 1...ng and in time fromk = 1...n;. The discrete counterpart in
the space-time domain at nodes defined by the tirard space pointreads:
1

ﬁ(Hz’—&-l,k —2H;,+ Hi_1 ) = f;l(Hz’,k—i-l —H; ), (3.14)

(3.13)

With 4B
S 3.15
Ba=0m (3.15)
and withp; the time interval between two successive valued pbver time at space
nodei, andh the mesh length representing the length between adjacent nodes in

spacel[25]. This gives the explicit equation:
Hippr =rHigr,+ (1 —2r)Hyp +rHi 1, (3.16)
Where

pi
= ; 3.17
r= g (3.17)
Using the explicit equation for calculating the magnetic field at each node, the
following restriction arises to ensure numerical stability:

r < % (3.18)

To ensure numerical stability, it becomes advantageous to apply the magnetic
field waveform instead of the magnetic flux density in function of time. A sinu-
soidal excitation gives a non-sinusoidal response in the non-linear ¢as this



3.3 Loss modelling in magnetic materials 43

reason, for obtaining a sinusoid&!(¢), a non-sinusoidaH (¢) must be used as
excitation source in both measurements and simulations. Here, the nonid@thuso
magnetic field waveforms measured with the Epstein frame are used for exciting
the 1D diffusion model, to ensure numerical stability. This is the magnetic field at
the boundary of the lamination.

As an illustration of the 1D diffusion model, we consider a M100-23P lami-
nation of 0.23mm thickness, where the magnetic field waveform at the bgunda
is enforced as source term in the model. This magnetic field waveform isnshow
in figures[3.ID an@3.11 for a frequency of 50Hz and 500Hz resgdgtiNote
that the magnetic flux density waveform is non-sinusoidal because omsyicdh
losses were considered; hysteresis and excess contributions da&erointo ac-
count, in this model, which focusses on an acceptable prediction of addyrt
losses. The response of the model is the dynamic hysteresis loop of oolgske
cal losses, which is shown in figure 3112 and B.13. Measurements aitoeiadea
for a magnetic field strength of zero are inaccurate because of noiseatisiss the
discontinuity around the area where the magnetic flux density is zero. Tdieng
surface integral of these dynamic hysteresis loops, multiplied with the finegue
and divided by the density of the material, gives the classical lossesuhefigl0,
it can be seen that there is no skin effect. In figurel3.11, skin effecesept. This
can be seen by comparing the magnetic field at the boundary with the magnetic
field at the middle of the lamination at a certain time instant.

For the same example, a comparison is made between the low frequency ap-
proximation of Bertotti, and the 1D diffusion model.

3.3.4 Excess loss component

The extra dynamic losses are associated with the eddy currents arouimgmov
domain walls due to the changing domain wall structure and are approximated by
the equation from Barbisi® [46] in the frequency domain:

P.=c¢;Bf(\/1+eBf —1) (3.19)

or in the time domain for an arbitrary waveforB(t)

dB)
dt “

with ¢y, ¢;, ey ande; material specific coefficients, fitted on the basis of Epstein
frame measurements.

dB

P—e, dt’ _ 1) (3.20)
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Figure 3.10: Magnetic field strength at the boundal,,undary and in the
middle Hjqqie Of the M100-23P lamination together with
the average magnetic field densiBycage at a frequency of
50Hz.

3.4 Losses of magnetic materials used in the PhD

3.4.1 Losses of grain oriented M100-23P

For all FE models, the sam@ H -characteristic for grain oriented silicon steel is
used. Figuré 3.14 shows the fitted total iron losses for M100-23P gra&nted
silicon steel based on Epstein frame measurements, using the low frecancy
proximation of Bertotti for the classical losses. This fitting is done by firstly gttin
the hysteresis losses on the base of a quasi-static BH-loop measurencentli$e
the classical losses together with the excess losses and the calculateddig/ste
losses are fitted. Figuke 3115, shows the fitted total iron losses for MAB@tain
oriented silicon steel based on Epstein frame measurements for the hgsaecks
excess losses and the 1D diffusion model for the classical losses. ffing i
done by firstly calculating the classical losses by use of the 1D diffusioremod
Secondly the hysteresis losses are fitted on the base of a quasi-statioBrida-
surement. At last, the excess losses are fitted on base of the total |dssasted
from the calculated classical losses and hysteresis losses. In bottsf&lidleand
[3:13, there are differences at low flux density levels and low frequendibese
differences are related to the fact that standard fitting routines availab&TrR
LAB®, cannot find an optimal fitting for both low and high flux density levels.
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Figure 3.11: Magnetic field strength at the boundak#,,undary and in the
middle Hiqqic Of the M100-23P lamination together with
the average magnetic field densiByc..ge at a frequency of
500Hz.

Asymptotic behaviour of the B H-curve

The measurement of thB H-curve is restricted by the voltage and current limits
of the measurement setup. The point of total saturation is mostly out of the mea-
surement range. For this reason, it is necessary to extens theurve before
application in the FE model [52]. ThB H-curve is extended starting from the last
measurement point as:

B(H) = poH + Mgat (321)

Obtaining the conductivity tangential to the plane of the sheets

The conductivity is required for magnetic loss models. It is measured withra fo
point DC meter and by use of Pouillet’s law:

l

R:E

(3.22)

with R the electrical resistance§ the cross-section of the conductor ahthe
length of the conduction path. The conductivity depends on the fractisiticin
in the steel, for example, steel with much silicon has a conductivity of abai®
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Figure 3.12: Dynamic hysteresis loops as a response of the 1D model at a
frequency of 50Hz. The loops are for M100-23P but do not
include hysteresis or excess loss components.
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Figure 3.13: Dynamic hysteresis loops as a response of the 1D model at a
frequency of 500Hz. The loops are for M100-23P but do not
include hysteresis or excess loss components.
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Figure 3.14: Fitted total iron losse#;,, in the rolling direction of M100-
23P grain oriented silicon steel based on Epstein frame mea-

surements B.q.s), using the low frequency approximation of
Bertotti for the classical losses.
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Figure 3.15: Fitted total iron lossesK,;,, in the rolling direction of M100-
23P grain oriented silicon steel based on Epstein frame mea-

surements B,q.5), using the 1D diffusion model for the clas-
sical losses.
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S/m whereas for a lower fraction of silicon, the conductivity is algut0° S/m.
The conductivity of M100-23P silicon steel is67 - 10¢ S/m.

3.4.2 Losses of Soft Magnetic Composite

For the core elements made of SMC, the classical losses are computed by ho-
mogenised material parameters in FEM. The classical losses are directly calc
lated from the current densities of the 3D non-linear FE model (deschibselc-

tion[Z.3.6) by:
P= / LTy (3.23)
Vv g

With o provided by the manufacturer or measured as explained in pardgrafih 3.4
The magnetic losses are computed based on measurements on the measyring se
of Figure[3.6, which is described in section 312.2. Fidurel3.16 shows the total
measured iron losses of the SMC Somaloy® prototyping material measured on
the SMC measuring setup together with the total iron losses of MP100-238 LSS
measured on an Epstein frame for a magnetic flux density of 0.5T, 1T andAk5T
can be seen, are the losses of the SMC Somaloy® prototyping up to 16 timess larg
than the losses in LSSS for low frequencies. For higher frequencies)dhsical

loss becomes high in the laminated material so that the difference is reducss to le
than a factor 4 at 1000Hz and 1.5T.

300
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Figure 3.16: Losses for Somaloy® Prototype SMC and FeSi measured on
Epstein frame for 0.5T, 1T and 1.5T.
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Figure 3.17: Total losses as a function of magnetic flux density for grain
oriented M100-23P, SMC and FeSi-wire at a frequency of 50
Hz.

Because of the isotropic behaviour, SMC is mainly used for machines with a
complex 3D path like transverse flux machinel[50] or axial flux machiné€ls 28
the one hand, SMC does not suffer from induced currents due tarfgriigld per-
pendicular to the laminations. But, on the other hand, SMC has a lower magnetic
permeability and higher losses in the frequency range that is relevantcini-ele
cal machines: see figures 3.17 and B.18. By a clever combination of SMIC too
tips with LSSS, the advantageous material properties can be optimally exploited.
In chaptef4 SMC tooth tips are combined with a rectangular stack of laminated
silicon steel sheets.

3.4.3 Losses of ferromagnetic wire

The losses of the 0.35 mm ferromagnetic wire together with the losses of the So-
maloy® Prototype SMC and the losses of M100-23P GO laminated silicon steel
are shown in figure_3.17 for 50 Hz and in figlire 3.18 for 200 Hz.

3.5 Homogenisation methods for eddy-current losses in
steel laminations

A stack of grain oriented laminated steel sheets is both pseudo and crystalline
anisotropic. The pseudo anisotropy comes from the heterogeneitydchvushe
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Figure 3.18: Total losses as a function of magnetic flux density for grain
oriented M100-23P, SMC and FeSi-wire at a frequency of 200
Hz.

Figure 3.19: Losses for ferromagnetic wire

insulation between adjacent sheets. The crystalline anisotropy is due toniie ma
facturing (rolling) process of the individual sheets. The straightfodvieatment

of the lamination stack consists of drawing all lamination sheets and their insu-
lation layers separately, assigning appropriate material data, definingpitie- n
bouring coils, meshing the laminations explicitly and starting a 3D field simula-
tion (Fig.[3.20). Using the straightforward treatment would lead to unmabigea
large computational grids. Instead, the lamination stack is typically modelled by
bulk material with surrogate material properties, ki@mogenisatiori38,53/54]

or an iteration between the macro-scale model and a number of meso-scale mod
els (multi-scaletechniques)[[24, 44, 55]. A trade-off has to be found between the
complexity of the technique and its accuracy.

3.5.1 Methods for homogenising the magnetic behaviour

This section sets up a comparison between a number of existing homogenisation
techniques for laminated stacks. In figlire_8.21, the lamination stack is shown,
consisting of a highly permeable material and a non-magnetic space betweeen th
adjacent laminations (isolation and/or air). When the lamination (thicki)essd

the isolation (thicknesi) are excited by the same mmf (causing a magnetic field
strength in the direction parallel to the lamination and isolation), the magnetic flux
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Figure 3.20: Stack of lamination sheet and coating layers.

densityéisol in the space between the adjacent sheets is much lower than the mag-
netic flux density in the Iaminatioﬁ?lam. We define thestacking factoy the ratio
of steel material volume to total volume:
_d
XTd+n
Typical values for this factor and the way to obtain it are given in sefio®3.5

(3.24)

h d

<> <>

[

coat

Figure 3.21: Lamination stack.

Method 1:In this method, a lamination is considered with the stacking direction
along the~-direction (Fig.[3.2D). The reluctance experienced by the main flux
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Figure 3.22: Homogenisation of laminated structure.

(flux parallel to the laminations) is found by a parallel connection of the feluc
tances of the path alongside the lamination itself and alongside the coating. The
perpendicular flux component experiences a series connection afjtilg perme-
able lamination part and the coating. The insulating coating between the iralividu
lamination sheets causes a significant change to the permeability and the-condu
tivity in the  direction, and the allowable current paths. The electrical conductivity
is set to zero in the perpendicular directien: = 0.

A simple homogenisation leads to diagonal reluctivitand conductivitye
tensors([24]:

ﬁ‘ = dla’g(:uaﬂ7 Haps :U”Y)
XIU’Fe + (]‘ - X)lu’coat
1 _ X + 1-x

Ky Hpe Heoat

=

2

5
|

diag(oa8,043,0)
OaB = XOFe (3.25)
oy = 0

Qll
Il

where y is the stacking factordefined in [3.2K),ur. and op. are the per-
meability and conductivity of steel and...; is the permeability of the coating
material [54]. For conciseness, we formulate the theory for an isotramic a
linear steel material and a non-conductive coating material. The extensiba to
non-linear case is derived in [56].

Method 2: In method 1,0, is set to0, which excludes the eddy currents
generated by the magnetic fluxes parallel to the sheets. From an analfical 1
model, one can represent the eddy-current effect as a magnetisgadioftf =
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vB + %Qo—ped%am%’t? [38]. This is easily incorporated, and can be added to Method
1 as an anisotropic, complex-valued reluctivity; — v, + jw% in M, in
the frequency domain model of sectlon 213.5.

The straightforward method for modelling the lamination stack which consists
of drawing all lamination sheets and their insulation layers separately, evssid
all variations of the electromagnetic fields at the scale of the individual lamina-
tions, whereas Method 1 and Method 2 neglect them completely. Nevegheles
Method 1 and Method 2 are assumed to represent the same macroscepiobeh
of the lamination stack as the straightforward method. However, Method 1 and
Method 2 may become very inaccurate, especially when the magnetic fluxnpatter
is nontrivial. A compromise is found in Method 3:

Method 3: In this method, the individual laminations are resolved by mesh
elements but the coating layers are only related to mesh planes. The magnetic
behaviour of the coating layers is considerd by a thin low-permeability iteerfa
condition [41], as explained In'2.3.3. This amounts to adding reluctanceg of th

form m where A, are the incident primary-grid faces ¥, of equation

3.5.2 Methods for homogenising the electric behaviour

Resolving the individual sheets in the mesh is not sufficient to correctly hioele
proper current paths. Several techniques to numerically prevergndumigration
between the insulated sheets are:

» Currents in they-direction are prohibited automatically by the conductivity
tensor as in(3.25), used Method landMethod 2

» Currents are allowed to migrate between the sheets, thereby drifting away
from the true current pattern. However, the conductivity tensor istadap
as proposed i [53]. In order to obtain correct results for the eddyent
losses, the following requirements were taken into account: the dissipated
powers and the magnetic fields outside the core must be the same for the
homogenised and the real model. The latter requires that the total current a
the surface must be equal.

< Migration of currents between the laminations is prevented by an integral
constraint on the currents, forcing the current through the shekicssrto
be zero[[44].

3.5.3 Stacking factor of a lamination stack

Thin sheets (typicallp.2 — 1.0 mm) have an insulating coating layer of typically
1—15 pm, leading to a stacking factqr— seel(3.24) — of at least 95% for a material
of 0.35 mm thickness, or 97% for a material with 0.50 mm thicknesss [57]. When
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Figure 3.23: Excitation winding around a laminated stack with a measure-
ment winding between the laminations (shown in red).

modelling the lamination stack of figuke 3121 by taking the gross thickness of the
lamination stack as the active length it becomes necessary to recalculate the
real material characteristics of the lamination steel (net thickdess the gross
thickness { + h = %) in the FE model. For example in 2D FEM, the real flux
density in the lamination is then given by:

o 1 = 1 [(0A, - 0A, -
Bre = —Bpp = — | -2 la — 21 .2
Fe X BB X! ( op O ’8> (3.26)

With Bgp the 2D FE solution for the magnetic flux density over the gross
thicknesd, and A, the magnetic vector potential in thedirection.

Obtaining the isolation thickness

In order to obtain the width of the isolation between adjacent sheets, the ifudiow
methods can be used:

Method 1 By measuring the flux density in a single sheet of the lamination stack. This
can be done by using a measurement winding placed between the sheets, as
illustrated in figuré 3.23. When the flux density is measured, the width of the
isolation can be estimated by changing the width in a 2D FE model until the
same magnetic flux density on the same place is reached, which constitutes
an inverse problem.

Method 2 By measuring the permeability in the transverse direction (circuit in series)
and assuming that the permeability of the lamination (silicon steel) is infinite.

Method 3 By measuring the total volume of a lamination stagk,.., which is the sum
of the volumes of the laminations and the coatings between the laminations.
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Calculating the volume of the laminatioi$,,, out of the mass density of
the material of the laminations (7650 kg¥tior silicon steel) and neglecting
the mass of the isolation, the isolation thickness is given by:

Vvstack - Vlam

NamW1W2

h= (3.27)

With n,,,, the number of laminationsy; andws the “in-plane” height and
width of one lamination respectively, see figlre 3.20.

3.6 Equivalent geometry model for laminated media

Apart from homogenisation, another technique to simplify the meshing of the fi-
nite element model is using an equivalent geometry for the laminated strusture a
shown in figurd_3.24 with an enlarged lamination and insulation thickness. This
approach reduces the geometrical disproportion between the laminatidgmsand
lation thicknesses and the device size. In order to have equivalencedrette
original model (with parameters, , 1., Wy, o andwg) and the model with en-
larged thickness (with parameters, w1, p2 andw-), we need to take into account
the following conditions:

e The same skin depth:

2 2
5= =/ (3.28)
waFeMFe WO-]_M]_

» The same reluctance for the parallel flux:

e Wie + HOWO = p1W] + f12W2 (3.29)

¢ The same reluctance for the series flux:

Zee Do T T2 (3.30)

Mg MO p1 M2

3.7 Post processing of finite element results

In the 2D FE model, the lamination stack is modelled by including thin low perme-
ability interface conditions, representing the insulation. In the 3D model, ttez ou
sheets are modelled explicitly. The inner sheets are modelled by a bulk magerial b
homogenising the permeability and conductivity as showhin{3.25).
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Figure 3.24: Equivalent geometry for a laminated structure.

The losses are determined in a post-processing step. The eddytdossEs
due to perpendicular flux are calculated by:

J-J*
Pcl,fr = / 70_7 dVv (331)
‘/iron

With J the RMS complex phasor of the current densltythe complex conjugate
of J andV;,, the volume of conducting material.

The material models are applied per triangle (2D model) or per primary-grid
cell (3D model). As such, spatially distributed results for the loss densitees ar
available. The total losses are determined by numerical integration.

3.7.1 Lamination stack: individually modelled sheets

For core elements made from LSSS, even for low excitation currents, tee ou
sheets of a LSSS stack saturate very quickly: see figuré 3.25. This is roairdgd

by stray fields perpendicular to the lamination. As a consequence, theeadyts
induced by these stray fields will be the highest in the first few sheets tldke
excitation winding. To accurately compute the eddy currents caused pyistds,

the first few 0.23 mm thick sheets closest to the excitation winding are explicitly
resolved by the FE mesh by defining them in the FE model as individual domains
separated by thin insulating (coating) layers ofiib The two types of eddy cur-
rents as described in the introduction, cannot be strictly separated inriHanear
case, because they influence each other. For this reason, bothwedelyts are
calculated together in the first few sheets closest to the excitation windirayv-Kn
ing that the magnetic field is enforced in the rolling direction (stator field) and the
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magnetic flux density is predominantly in the rolling direction, it is acceptable to
neglect the crystalline anisotropy and to use a scalar magnetic material model.

3.7.2 Lamination stack: homogenisation of the stack

The remaining centre part of the laminated stack is modelled as a homogenised
bulk material with anisotropic magnetic and electric properties, as suggested in
[58] and shown in figuré_3.25. For the centre part of the laminated stagk, w
use homogenisation method 1 described in seétioh 3.5. The permeability in the
direction perpendicular to the stack is determined by the coating thickness and
lamination thickness. The pseudo anisotropy is taken into account by using a
anisotropic electrical conductivity. The classical losses in this homogkoesgre

part are calculated separately using a 1D finite difference diffusion hoddhalf

the lamination thickness.

O b, {
{oap: 0ap, 0}
{:uaﬂ’ Haps IU”Y}
B oy {

Figure 3.25: 3D stack with in the middle bulk material and at the top and
bottom sheets

3.8 Conclusion

In this chapter, the characterisation of magnetic materials is described: ge-sin
valued magnetic characteristic (tlieH -characteristic), and the losses. For the
losses, the loss theory of Bertotti is explained, with for the classical |assthe
low frequency approximation and the 1D diffusion model in the lamination.

The characterisation is done for 3 magnetic materials that are used in this PhD:
grain oriented M100-23P Silicon Iron with 0.23mm sheet thickness, Sajinglic
Composite (Hhgarés) and ferromagnetic wire. The first was measured by a con-
ventional Epstein frame; the second and third were measured on cust@®iapd.

In the magnetic characteristic, it is observed that the maximal relative peifityeab
differs a lot for the three materials: 50000 for the M100-23P, 290 foICSivid
800 for the ferromagnetic wire. In the losses, it is seen that the M10Gx@sSkery
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low losses at low frequency compared to the others, but at highereineguthe
difference becomes smaller.

In the last part of the chapter, homogenisation techniques are studieteirntor
model the laminated material in Finite Elements. Several techniques are déscribe
In chaptef# anf]5, the first homogenisation method will be used for thefithe
lamination stacks which is modelled as a bulk material. Finally, some details are
given about material-related postprocessing in Finite Elements: the computiation
eddy-current losses in the laminated stack, both the explicitly laminated stdck an
the homogenised stack.



Chapter 4

Fringing flux losses due to the
armature reaction

4.1 Introduction

Itis explained in earlier chapters that fringing flux is caused by on théand the
(rotating) permanent magnets in the YASA machine, and on the other hand by th
stator currents (armature reaction). This chapter focusses on frifigingpsses
coming from the armature reaction of the YASA machine.

To avoid the complexity of a rotating machine, all simulations and measure-
ments in this chapter are based on a simplified non-rotating setup. The geometry
of the simplified setup is shown in figure ¥.1a. This setup consists of two tooth
coils (whereas the real machine has 15 such coils), a return yoke, aindy2ps
with accurately controlled width. This setup is suitable for studying fringing flux
losses caused by stator currents in the YASA machine, i.e. by the armadgre re
tion. For this setup, a detailed analysis is given of the eddy currents dregm{
flux. As the setup has no moving magnets, fringing flux caused by the magnets
cannot be studied in this chapter: this is studied in the next chapter.

f\l/x
(a) (b)
Figure 4.1: (a) Simplified setup (b) 3D FEM geometry exploiting symme-
try and showing explicitly modelled laminations (blue) ahd
homogenized part of the lamination stack (green).

The several FEM models of chaplér 2 are used and tested concerriingcpthe
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pability of modelling eddy currents due to fringing flux. The difference icuaacy
between the FEM models is discussed. The simulations are validated by measure
ments on the simplified setup, and the validated field simulations give a very good
idea of the cause and the behaviour of fringing flux losses caused layrtfaure
reaction.

The last part of this chapter discusses three approaches for rgdiheise
losses. The first method directly restricts the eddy-current lossesgnyesging
the lamination surface. The second method deflects the fringing flux by using
Soft Magnetic Composite (SMC). The third method magnetically short-circuits
the fringing flux using ferromagnetic wires. Here, the magnetic charaatietisof
SMC and ferromagnetic wire from chapkér 3 is included in the modelling.

4.2 Simplified non-rotating experimental setup

Although the goal is to study iron losses in an axial flux machine, an expetd@nen
setup without moving parts is built, as shown in figlirel 4.2 and figude 4.3. This
makes it possible to measure iron losses more accurately than in a setup with a
moving rotor. As already mentioned, the focus of this section is on eddy cur-
rents due to fringing flux of the coils. For that reason, permanent magretsot
included in the setup. Four stacks of grain oriented material M100-23PRvith
characteristic and losses shown in chalpter 3, and parameters collectdddl,

are positioned at a pole width of 50 mm from each other. A laminated yoke of
20 mm thickness is provided. This is much larger than the real back iron of the
axial flux machine studied in chapfér 5, in order to keep the losses of thérbac

low compared to those in the lamination stack. All surrounding material besides
the lamination stacks and copper is polyamide. The airgap length can be varied
in a very accurate way by moving the back-iron and stacks and inserteegssh

of polyamide (of 1 mm thickness) between them. The grain oriented silicon steel
sheets are cut by a water jet, in order to have minimal degradation of the titagne
properties in the regions near the cutting boundaries [59].

4.3 Comparison and discussion of different models

4.3.1 The models: 2D FEM, 3D FIT, and 3D FEM

To model the simplified, non-rotating setup, three different numerical medels
considered: the 2D Finite Element Model described in sefion]2.3.3, the 3@ Fin
Integration Technique model, described in sedfion 2.3.5 and the 3D Finite Elemen
Model described in sectidn 2.8.6. The used post processing is desiribection
sec:postprocessing. In this simplified setup, symmetries allow to only model one
fourth of the geometry in 2D and one eighth of the geometry in 3D, accompanied
by appropriate boundary conditions. In this way, the considered gepowisists
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Excitation coil
Lamination stack

Back Iron

Figure 4.2: Experimental setup in exploded view

Table 4.1: Geometric and electromagnetic parameters for the simglifie

setup
Parameter Value
Number of turns of one excitation call 200
Grain oriented material grade M100-23P
Lamination thicknessd) 0.23 mm
Insulation between adjacent sheéty 15.2um
Stacking factor {) 0.94
Stack width 28 mm
Stack height 24 mm
Stack depth 60 mm
Airgap width (variable) 0.0-5.0mm
Conductivity ¢) 1.67 MS/m

of a lamination stack, a coil carrying a magnetising current, an air gap aokiea y
closing the magnetic circuit. The geometry of the 2D FEM is shown in figuie 4.4,
the geometry of the 3D FIT and 3D FEM are shown in figurg 4.1. In contrast
to many approaches where the lamination stack is considered as a bulk material
with homogenised material parameters, here, the individual lamination sheets a
considered in all three numerical models. The relevant geometric paranoéter
the lamination stack are listed in Talblel4.1. The 2D FEM and 3D FIT models are
evaluated with a constant relative permeability of 10000. The 3D FEM model is
evaluated in the non-linear case by use of an effediivé-curve, as described in
chaptefB.
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Figure 4.3: The simplified, non-rotating experimental setup

Excitation coil

Return yoke

Figure 4.4: A section of a laminated stack in the YZ-plane is taken from th
simplified setup of figurE4l1b. On the left side a yoke is pro-
vided as a conducting path for the magnetic flux. The insutati
layers between adjacent sheets are modelled explicitly

4.3.2 Validation in the linear case

Only low currents are applied, because the top and bottom sheets of theatac
urate easily, even for weak currents. This can be seen in figure 2.10.

The losses due to perpendicular flux are plotted in function of the freguen
figure[4.5. It can be seen that the losses of the 2D model are slightly highrethe
losses of the 3D model. This is mainly due to the fact that the returning paths for
the eddy currents are not included in a 2D model, as they are inherenthzeep
by short-circuit connections between the front and back model sidashédf re-
strictions of the 2D model are:
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Figure 4.5: Comparison of the losses due to perpendicular flux calalilate
by the 2D and 3D FIT model for an excitation of 200Aturns and
an airgap width of 1 mm

» Flux migration between adjacent teeth (in the direction perpendicular to the
modelled plane) is not considered.

* Only the losses in the stack are considered (not in the back iron).
 Crystalline anisotropy cannot be included.
» Only simple geometries can be modelled.

These restrictions vanish by using a 3D model, at the expense of a didistan
larger number of unknowns and according computation time.

Figure[4.6 shows the total measured and modelled losses by use of the 3D
FIT model, for an airgap of 1.0 mm. It can be seen that the results of simulations
and measurements are in good agreement. This is easily explained by the main
flux following mainly the rolling direction. The slight deviation may be attributed
to the non-crystalline behaviour of the used grain oriented material, whiabtis n
included in the model.

Table[4.2 shows the individual components of the total losses, for arpairga
of 1.0 mm, with f the frequency/.« the RMS excitation currentf’,,.,s the total
measured losse$),.q the total modelled losse$; ¢ the modelled losses due to
perpendicular fluxp;, the hysteresis losseB,, the classical losse$,, the excess
losses and % the increase of total loss due to perpendicular flux. A greaifp
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Figure 4.6: Comparison of the measured and simulated total lofsgss
and P, in mW, as a function of the rms curreht,s, the cor-
responding surface plot of the magnetic flux density is shown
in figure[2.10 for a frequency of 50 Hz and 1 A rms excitation
current.

the total losses consists of excess losses, because the setup is bait ofignted
silicon steel sheets. The highest increase of total loss related to pengdandux
at this point is 3%.

4.3.3 Validation in the non-linear case

Figure[4.T shows loss measurements on the AFPMSM setup for SMC and FeSi
stator core elements at 0.5T and 1T. The difference between measwses fos

the motor teeth made of on the one hand laminated silicon steel and on the other
hand SMC is small because of the 3D flux path capability of SMC and the losses
in the back iron. With the SMC teeth, the total iron losses increase by a fdctor o
1.5 on average, while in chapter 3 an increase by a factor 4 to 16 was/ethse
This fact is explained by the substantial eddy-current losses indudée InSSS

by fringing fluxes perpendicular to the laminates.

The 3D model is evaluated and compared with the measurement data for both
materials. FigurE 418 shows the total measured and total modelled loss of the AF-
PMSM setup for LSSS at frequencies of 50, 100 and 200 Hz. It caseber that
the loss due to fringing field increases more rapidly than the total loss heettais
loss due to fringing field increases quadratically with the magnetic flux density.
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Table 4.2: Measured and calculated losses on the simplified setup.ashe |
column is the percentage of fringing flux logy, . in the total

iron losses.
f [HZ] ch [A] Pmcas [mW] Rnod [mW] Pcl,fr [mW] Ijh [mV\/] Pcl [mW] ch [mW] %
0.5 7.6 5.53 0.12 2.04 0.63 253 |2.25
50 Hz 1 40.2 20.7 0.5 8.14 2.52 9.54 2.4
15 48.2 455 1.1 18.3 5.66 20.5 2.4
0.5 21.2 16.6 0.5 4.09 2.53 9.57 3.0
100Hz|] 1 103 63.3 1.8 16.4 10.11 35 2.8
1.5 209 137.03 4.1 36.8 22.74 73.4 3
0.5 73 55.1 1.5 8.25 10.2 35.2 2.7
200Hz] 1 339 204 6.1 33 40.8 124 3
1.5 547 434 13.7 74.2 91.8 254 3.2
0.5 180 135 3.43 13.9 28.5 89.6 2.5
333 Hz 1 718 489 13.7 554 114 306 2.8
1.5 1386 1030 30.8 125 257 618 3
16 ‘ ‘
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Figure 4.7: Losses for Somaloy Prototype SMC and GO silicon steel on the

AFPMSM setupat0.5Tand 1 T.

The highest increase of total loss due to fringing flux is about 34%. Tdlisevs
approximately 10 times higher than in section 4.3.2, because in sgctioh 4.3.2 only
low excitation currents were applied to the excitation tooth coil in order to pteve
saturation of the first few sheets closest to the excitation winding.
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Figure 4.8: Total measured losseBy{..s), total modelled losses,,,q) and
losses due to fringing fieldH;, ) of the AFPMSM setup for
LSSS at frequencies of 50, 100 and 200 Hz.

4.4 Detailed analysis of eddy currents in Laminated Sili-
con Steel Sheets

The first type of eddy currents — eddy currents due to the main flux -esisance
limited. The second type of eddy currents — the eddy currents causetalyy s
fields — are mostly limited by their own field and are said to be inductance limited.
Knowing the latter effect, a phase shift in time between the two types of eddy
currents is expected. For the calculation at a frequency of 333 Hz) heaeen in
figure[4.9 that at 1.57 ms, when the change in main flux is maximum, the classical
eddy currents are dominant. It can be seen in figurd 4.10 that later in tith&2at

ms, when the change in stray flux is maximum, that the eddy currents due to stray
fields are dominant.

The fringing field causes a flux redistribution in the individual sheets due to
saturation, which is shown in figuke 4111. This redistribution causes evea mo
perpendicular flux falling in to the adjacent sheets, as shown in figure 4.12

Figure[4.1B8 shows the simulated instantaneous eddy-current lossedmg-to
ing flux in function of time in the individual top laminations for a calculation at a
frequency of 200 Hz, with the sheet numbering starting from the top of 8&3_
stack of figuré 4J1-b. It can be seen in Figure #.13 that there is a time shifebn
the peak values of the losses in the individual laminations, due to the shielding
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Figure 4.9: Induced eddy current field in top sheet of LSSS stack (seegfigur
[41-b), at point 1.57 ms where the eddy currents due to the mai
flux are dominant.

Figure 4.10: Induced eddy current field in top sheet of LSSS stack (see fig-
ure[4:1-b), at point 1.72 ms where the eddy currents due to
stray fields are dominant.

effect of the individual sheets, which delays the penetrating fringirg iinetime.

This shielding effect comes from the inductive behaviour of the laminatiotigin
perpendicular direction. The decreasing edge of the instantaneous @fistte

top lamination (lamination number 1 in figure 41.13) occurs earlier in time than the
decreasing edge of the losses in the other laminations. This is due to magtetic sa
uration of the first lamination, causing a decrease of the inductance whiskesa
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Figure 4.11: Magnetic flux density in the top sheets of figlirel4.1-b, raggin
from light green 0.7 T tillred 2 T.
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Figure 4.12: Fringing field lines in the outer sheets of figlirel4.1-b.

the resistance of the first lamination to become dominant. Because of the satura
tion, the top lamination reaches its maximum of loss before the excitation current
reaches its maximum: at 5.35 ms compared to 6.25 ms for the maximum of the
current. The losses in the second lamination are higher, because of fltationg

from the first lamination to the second lamination (as shown in figurd 4.12), as a
consequence of the saturation of the first lamination.

4.5 Fringing flux losses as function of flux density

Figure[4.1# shows the simulated eddy-current losses due to fringing ffuxdn

tion of the averaged magnetic flux density level in the stator tooth, simulated by
the field solver described in sectibn 213.6. In a purely linear problem with iethos
sinusoidal flux density at constant frequency, the losses causedieit currents

are expected to be quadratic with the flux density level. However, the fiianes

that for the considered non-linear problem, the losses increase lesguhdrati-
cally, even for low flux densities. Looking at the losses per individuaési4.13B,

it is clear that — in spite of the simple geometry of this setup — complex nonlinear
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Figure 4.13: Instantaneous simulated losses due to stray fields in famofi
time in the individual top sheets. The sheet numberingsstart
from the top of the LSSS stack. The frequency is 200 Hz and
the excitation is 1000 At. The average magnetic flux density
level in the LSSS stack is 0.33 T.
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Figure 4.14: Simulated additional in plane eddy-current losses cauged b
fringing flux in function of the magnetic flux density levelat
frequency of 200 Hz.

field patterns and loss distributions occur. Even for low average flusities in
the stack, the top laminations saturate (fidurel4.11), so that the problenmabes
become linear even for rather low flux density values.

In order to validate the FEM simulations, the induced voltages due to fringing
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Figure 4.15: (a) Dedicated setup and (b) Detailed representation oittugps
with 1) Excitations coils, 2) search coil, 3) LSSS stack.
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Figure 4.16: Measured and simulated induced voltage due to fringing flux
in the search coil of figule 4.15 at a frequency of 200 Hz and
an excitation of 1000 At.
flux are measured with a search coil of 100 turns, positioned as showguire fi
[4.13. The search coil is constructed by revolving wires around a polydstodk
with parameters of table 4.3. These dimensions fit perfectly between thérback
—®
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Table 4.3: Parameters of the fringing flux search coll

Parameter Value
Wire diameter| 0.2 mm
Length 27.9 mm
Height 10.6 mm
Width 11.8 mm

and the excitation winding. This makes an easy positioning on top of the LSSS
stack possible, as can be seen in figurel4.15.

Figurel4.16 shows the measured and simulated induced voltage due to fringing
flux in the search coil in function of time. Thanks to the accurate positionidg an
the accurate geometry of the search coll, it is seen that the measured ard simu
lated waveforms correspond well. In chafdier 5, where the complete &atthgp
axial flux machine is considered, also measurements and simulations arfedone
the induced voltage in a search coil for fringing flux. Because of muctemof
certainty on the exact airgap size and the exact dimensions of the sedrt¢he
correspondence of the waveforms is less good. This illustrates thenesflof
the simplified setup studied here in chapter 4.

4.6 Techniques for reducing fringing flux loss from arma-
ture reaction

Three novel methods are discussed and experimentally evaluated. stinedfinod
restricts the eddy currents directly by decreasing the enclosed sarkzeby seg-
mentation. The second method deflects the fringing flux by adding SMC tooth
tips. The third method short-circuits the fringing flux by adding ferromagnetic
wires. The three approaches are studied theoretically and are coniparegw
experimental setup. Figute 4117 illustrates the three techniques graphithady.
loss properties of the LSSS, SMC and ferromagnetic silicon-steel (Fe&d) for

the wires are given in chaptelr 3

4.6.1 Top & bottom laminations segmented along axial diredbn

The largest eddy-current losses due to fringing fields take place inriddw
sheets close to the excitation winding. Therefore, it is advantageous to linmtthe
plane eddy currents in these first few sheets. A simple method, withoubyestr

the material properties for the main magnetic field, is cutting the top and bottom
sheets along the axial direction, as shown in fiurel4.17-(a). In thistegurface

for the eddy currents due to fringing flux is significantly reduced. Thahler of
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a b C

Figure 4.17: (a) Segmented top and bottom lamination (b) SMC tooth tips
(c) top and bottom layer of adjacent ferromagnetic wireaglo
the axial direction.

segmented top and bottom sheets and the number of divisions are two pasamete
to be determined. The number of split top sheets depends on the penetegtibn d

of the fringing field. The number of divisions of the split laminations is resticte
by construction constrains. Too many divisions will eventually destroy ttienaa
properties for the main magnetic field and will be to difficult to assemble. For this
reason only a feasible number of divisions is applied. First only the tojpattdm
lamination were divided in two divisions each for a simulation of 200 Hz, bezau
the penetration depth (according to equalion 2.3) for M100-23P with atriefdc
conductivity of 1.67 S/m at a frequency of 200 Hz and calculated with dgivela
permeability of 10000 in the rolling direction for a flux density level of 1.8 T (as
shown in figurd_313) is only 0.275 mm. This penetration depth is the penetration
depth for a half-plane model and is only valid as long as a homogeneougtitagn
flux density is exerted to the lamination sheet. As will be seen is the penetration
depth of the fringing field larger. Besides this, it will be seen that splitting the to
and bottom lamination, causes an increasing penetration depth of the friredthg
perpendicularly into the laminated stack. For this reason, three top and bottom
laminations where divided into two divisions each.

4.6.2 SMC tooth tips for capturing fringing flux

Tooth tips are mainly used to reduce the higher-harmonic content of thepairga
magnetic field in order to reduce torque ripple and cogging torgue [60jalB®
SMC blocks do not exhibit large eddy currents regardless of the direofithe

flux density vector, it is advantageous to deviate the fringing flux by SM@htoo
tips, as shown in figule 4.1.7-(b). The captured fringing flux will flowttigr in the
laminations in the in-plane direction, without introducing extra eddy curramgs d
to fringing flux.
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Figure 4.18: Instantaneous simulated losses due to stray fields in fumcti
of time in the individual top sheets, withne segmented top
sheet The sheet numbering starts from the top of the LSSS
stack. The frequency is 200 Hz and the excitation is 1000 At.

Using SMC tooth tips may also be beneficial from constructional point of,view
for the cutting of the laminations: all sheets remain rectangular and can be cut
easily on a plate shear. However, the assembly of the laminated stack amdGhe S
tooth tips may be a disadvantage from constructional point of view.

4.6.3 Ferromagnetic wires as closing path for the fringing fix

Adding a layer of ferromagnetic wires, all oriented in the axial directioncatja
to the top and bottom of a LSSS stack, will short-circuit the fringing flux asvs
in figure[4.17-(c). In this way, the fringing flux is no longer perpendictiathe
laminations.

4.7 Performance of the three proposed loss reduction
techniques

The performance of the three proposed loss prevention measuresiézisindhe
basis of the finite-element model and on the basis of the experimental sdtep. T
major tendencies are described in the following three subsections.
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Figure 4.19: Eddy current density distribution in the top segmented hemi
tion at a frequency of 200 Hz and an excitation of 1000 At.

4.7.1 Top & bottom laminations segmented along axial diredbn

To explain the effect of segmented laminations, we compare the simulated instan-
taneous losses in the laminations for the unsegmented case [figure 4.13)ewith th
case with the first lamination segmented (figure 4.18) (the other laminations re-
main unsegmented). For the segmented case, it can be seen that the sindalated e
currents are lower in the segmented top lamination (lamination number 1 in figure
[4.18): the peak value is about 45mW compared to 78mW in the unsegmented case
(figure[4.1B). However, the loss is higher in the other laminations, for ebeaimp
laminations 2 and 3, we observe 92mW and 85mW versus 87mW and 81mW in
the unsegmented case. For this reason, the eddy-current losséghareith total
compared with the standard case (without segmented top and bottom lamination).
This is caused by the shielding effect of the first lamination in the unsegmeitted
uation. By segmenting the first lamination, the reaction field of the eddy darren
due to fringing flux in this segmented lamination will be lower.

Figure[4.19 shows the eddy current distribution in the segmented top lamina-
tion of figure[4.I8 (lamination number 1). It is seen that the segmentationscause
two eddy current loops, instead of one in the unsegmented case: sedfig.

Figure[4.2D shows the instantaneous iron losses for three segmented top lam-
inations. The losses evidently decrease in the first three laminations. Irafi@s c
the total fringing flux losses decrease with 17%. Knowing that the amounhgf
ing flux losses is 34% of the total iron losses, this gives a reduction of alBi6st
in total iron losses.

The measurement results of figlire 4.21 confirm this reduction of 6%icpedd
by 3D FEM simulations, in case of three segmented laminations. Also the slight



4.7 Performance of the three proposed loss reduction techniques 75
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Figure 4.20: Instantaneous simulated losses due to stray fields in famcti
of time in the individual top sheets, withree segmented top
sheets The sheet numbering starts from the top of the LSSS
stack. The frequency is 200 Hz and the excitation is 1000 At.

increase of losses in case of only one segmented lamination can be seen in the
measurement results.

For the technique of segmenting top and bottom laminations, we obtain the
important conclusion that the total iron losses are reduced by about 6%.

4.7.2 SMC tooth tips for capturing fringing flux

Figurel4.2? shows the SMC tooth tips positioned using a polyamide holdereFigur
[4.23 shows the total measured losses for the standard setup and theide&id @
tooth tips. As the tooth tips change the inductance of the circuit, it is important to
know that at a given abscis value in the figure, the total flux through ttib tee
is the same in the case with and the case without tooth tips. It can be seen that
the losses are higher for low frequencies and low magnetic flux densitysvalue
and lower for high frequencies and high magnetic flux density values wieg
SMC tooth tips. This is expected because for low magnetic flux density and low
frequencies, hysteresis losses are dominant, and these are quite higR ir-&r

high frequencies and high magnetic flux density values, the classicaklasse
dominant, but for SMC these latter losses are quite small.
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Figure 4.21: Total measured iron lossd%:. for the standard stack, for the
stack with one segmented sheet and for the stack with three
segmented sheets. The frequency is 200 Hz.
2
—>
3
(a) (b)
Figure 4.22: (a) Dedicated setup with tooth tips and (b) Detailed represe
tation of the setup with 1) excitation coils, 2) SMC toothstip
and 3) laminated stack.
4.7.3 Ferromagnetic wires as a closing path for the fringindlux
One layer of eighty adjacent axially oriented ferromagnetic wires of 0.35 rem a
placed at the top and bottom of the LSSS stack, as shown in figure 4.24ayéris
is constructed by making a coil around a mold followed by removing the endings
of the constructed coil. Figute 4125 shows the total measured losses bf/thée
—®
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Figure 4.23: Total measured iron losses for the standard LSSS, a LSSS with
one segmented top and bottom sheet, a LSSS with three seg-
mented top and bottom sheets and a LSSS with SMC tooth
tips. The frequency is 200 Hz.

(b)

Figure 4.24: (a) One layer of adjacent FeSi wires (b) One layer placed at
the top and bottom of the LSSS

layer. It can be seen that the losses are always higher when usinmgmaagnetic
layer. This is due to the large difference in permeability between the fernoetiag
wire and the LSSS and also because the losses of the wire in W/kg are mheh hig
than the losses of the grain oriented silicon steel sheets: see figures8[Z 8.
Fringing flux migration takes place and these flux lines are perpendiculatteto
plane of the sheet.
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Figure 4.25: Total measured iron losses for the standard LSSS, a LSSS with
one segmented top and bottom sheet, a LSSS with three seg-
mented top and bottom sheets, a LSSS with SMC tooth tips
and a LSSS with one top and bottom layer of adjacent axial
oriented ferromagnetic wires. The frequency is 200 Hz.

4.8 Conclusion

A simplified non-rotating experimental setup of the AFPMSM is presented hwhic
makes it possible to measure iron losses very accurately. This simplified non-
rotating setup consists of motor teeth, each excited by a tooth coil and a return
yoke.

The field models of chaptél 2 are compared with each other and validated on
the simplified experimental non-rotating setup. The magnetic characterigation f
chaptef B is included in the modelling.

On this simplified non-rotating setup, a detailed study is done of the losses
caused by fringing flux coming from the armature reaction. The lossesbdated
on the simplified non-rotating setup. The validated field simulations give a very
good idea of the origin and the behaviour of fringing flux losses coming fiee
armature reaction.

In the last part of this chapter, three approaches for reducing theseslare
discussed. The first method directly restricts the eddy-current logsegimenting
the lamination surface. The second method deflects the fringing flux by using
Soft Magnetic Composite (SMC). The third method magnetically short-circuits the
fringing flux using ferromagnetic wires. The technique using segmentedridp
bottom laminations obtained the best result in reducing iron losses due tmfring
flux.



Chapter 5

Fringing flux loss in the complete
Axial Flux Permanent Magnet
Synchronous Machine

5.1 Introduction

Chaptel]l has given an overview on the operating principle of the Yakeled
Segmented Armature Axial flux machine. As explained in that chapter, this ma-
chine is known to have a high efficiency and a high power density [7].ogef
the start of this PhD, the geometry and electromagnetic properties of the machin
were already optimized in a “conventional” way, considering iron lossasper
losses and magnet losses. This was done by several researcls grgupprof.
McCulloch and dr. Woolmer at the University of Oxford (UK) [14], pr&i Ger-
lando at Politecnico di Milano in (Italy) [21], prof. Pydnen and dr. Parvainen

at Lappeenranta University of Technology (Finlarid)l [61], and ais@hent Uni-
versity, EELAB [7]. In this PhD, the goal is not to redo this optimization. The
research goal is to further improve the efficiency of the existing machimebing

a deep focus on the loss components, in particular the fringing flux losseBrstv
give an overview of the conventional iron and copper losses of the ingcind
then study the fringing flux losses in detail. The full understanding of tleetsfof
fringing flux in YASA machines makes it possible in the future to further ineeea
the efficiency of this type of machines.

According to literature, the fringing flux caused by the permanent magnets
on the rotor or the end windings on the stator can increase the losses iicalectr
machines, especially if the stack length is rather short compared to the widjap
and the end winding size [62]. Fringing fluxes have been studied inalgyagpers,
mainly for radial flux machines.

In [63], the 3-D finite-element analysis (FEA) shows the excessiveeredand
radial-flux fringing effects in the axial-flux configuration of a switchetlicéance
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motor. The paper presents geometry modifications to reduce the radia gk

because it reduces the torque of the machine (higher flux in the unaligséibp).

Notice that the goal of this paper is not to increase the efficiency, but tedse
the torque of the machine.

In [62], the fringing flux was investigated for linear induction motors. As ex-
pected, the authors found that the fringing flux increases the magnetiradiocy
tance and that it becomes more significant when the airgap becomes latger.
esting parametrized studies were done, showing the quantitative influiegiogap
width, stator width and end portion width on the thrust force of the linear motor
and on its circuit parameters.

The effect of end windings is studied also for synchronous maching&4]n
for large 150MW turbo-generators. Similar to the above cited papers, BED
analysis was done. The main concern of this paper is the induction of edeynts
in metal components in the end region, which leads to heat generation. &loé us
copper and magnetic screens was studied in order to reduce the totadwedelyt
losses of end metal structures.

In [65] the in-plane eddy currents where analysed for end and intstabor
core packets of turbine generators (the stator core of turbine gersisttivided
into packets in order to provide duct-space). A 3D FEM analysis was clomsd-
ering each lamination by the 3D finite elements, in order to calculate the in-plane
eddy currents accurately. The authors found that the in-plane eddntdensity
was not only large in the laminations of the end stator core packets but als® in th
top lamination of interior core packets. It was found that the maximum current
density in the top lamination of the interior core packet was comparable with the
current densities in the laminations of the end stator core packets.

The paperl[66] analyses the behaviour of the radial and axial flusityezom-
ponents and the corresponding eddy currents inside the laminated tarkesge-
sized squirrel-cage induction motor. The 3D model is shown in figure b.EGa)
comparing the eddy-current losses in the core ends at differentdepéths conve-
niently, the active region was divided into forty 10-mm-thick slices perpealic
to the rotor shaft. Only a no-load situation was considered. The axial 8ogity
component, caused mainly by the airgap fringing flux and the end-winditkg lea
age flux, appears in the end portion of the cores, and decays rapidiydewhe
middle of the cores. The decay occurs roughly by a factor 3 in subsetpra-
inations towards the middle of the stack. The authors have studied not only the
decay of the amplitude, but also the phase lagging of this axial flux density co
ponent, which is shown in figufe 5.I|b) for the 10 outermost slices at the &p o
stator tooth. The phase shift indicates that the axial flux penetrates the tadhina
stack like in a diffusion problem, causing phase delay from the stack boel 49)
towards the machine centre (slice 1). This phenomenon was not obsetkiedo-
tor: there were almost no eddy currents in the rotor as the authors catsmdy
no-load (slip zero). The radial component of the flux density had aréthited
decay (20%) from the stack end towards the centre of the stack, butotiigoe
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(a) Stator tooth of the squirrel-cage induction motor
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(b) Phase diagram of the axial flux density component in the 10 outéstoes
at the tip of a stator tooth.

Figure 5.1: a) The 3D model of the squirrel-cage induction motor of paper
[66], b) phase angles of the axial flux density componentén th
10 outermost slices at the tip of a stator tooth.

nent showed almost no phase shift. The eddy-current losses were o be small

(about 43 W in the stator core for a 1.25 MW machine, compared to 306 W do loa

copper losses of the stator phase winding), but the authors only cossini-load,

and the axial length of the machine is very large compared to the airgap length.
For YASA machines, the phase shift of the field perpendicular to the lamina-

tions was studied in chapter 4 and|[67] for the simplified setup of the YASA axia

flux machine. Similar conclusions were found. The eddy currents cawséte
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main flux — the flux in the plane of the lamination — are resistance limited and have
about 90 degrees phase shift with the flux. The eddy currents céwysgohg-
ing flux — flux perpendicular to the lamination plane — behave as in a diffusion
problem: the phase shift is larger — between 90 and 180 degrees —iaraffekt
is observed for this flux: the amplitude of the flux decays in azimuthal direction,
from the edges towards the middle of the laminations.

The YASA machine considered in this PhD has a stack length — which is in
radial direction — that is usually rather short in comparison to radial fluxhimas
of the same size and power. For axial flux machines, almost no literaturgecan
found on fringing fluxes and their effect on losses. Moreover, alitiadal prob-
lem occurs in axial flux PM machines compared to radial flux PM machines. Th
problem occurs if the rotor magnets are rectangular or trapezoidal, vehaften
the case. When the magnet passes a stator tooth, the edges of the matyneé pr
in radial direction, causing larger fringing flux as shown further in thisptér.
This chapter presents a study of the losses caused by fringing fluxuastioh of
several parameters such as rotational speed and airgap size. Inradditbon-
trast to several cited papers that consider no-load only, the infludribe stator
current is investigated. In the last sections of the chapter, we congisiethie
no-load situation. Here, the fringing flux losses are caused only by tagng
permanent magnets. Then, full load is considered. At full load, the statognts
cause additional fringing fluxes. Finally, the effect of speed and pitgakness is
explained.

5.2 The machine under study

5.2.1 The considered YASA machine

The design of a 4 kW YASA machine as well as the study of the differentéosss
have been studied by several researchers at the laboratory EEhd\Baze been
published in a number of papers. The design and study were done rstiatfitof
several geometrical parameters, for several magnetic materials, @&yakeurrent
waveforms and at different operating speeds.

All studies have been done for the same YASA machine, initially introduced
in [68]: a machine of 150 mm outer diameter, 15 stator slots and 16 rotor poles.
The machine has a rated power of 4 kW and a rated speed of 2500 RRM. Th
main specifications are given in Talfle]5.1, and further details of this macténe a
explained later in this chapter. Also in this PhD, the same YASA machine is con-
sidered, so that e.g. values of losses found in earlier studies can beicaliye
compared to new studies in this PhD.

The following sections give an overview of the studies done on this machine:
the global design and the study of loss components. The goal of thei@vess
not to give a detailed report of these studies, which are available in thetificie
literature. The goal of the following sections is to give an idea of the orfler o
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Table 5.1: Axial flux PM machine prototype specifications.

Parameter Value Unit
Rated mechanical output power 4000 W
Rated speed 2500 RPM
Rated torque 15 Nm
Rated current 10 A
Pole number 16 -
Slot/tooth number 15 -
Outer diameter housing 195 mm
Outer diameter (active) 148 mm
Inner diameter (active) 100 mm
Axial length stator 61 mm
Total mass 9 kg
Magnet thickness 4 mm
Magnet segments width 18/21/24 mm
Magnets NdFeB 40SH -
Stator core material M100-23P -
Rotor back iron thickness 8 mm
Airgap length (adjustable) 1.0-5.0 mm
Slot width 11 mm
Slot opening 3 mm

magnitude of the different loss components in the considered machine,tso tha
later comparison with fringing flux losses is more useful.

5.2.2 Global design of the machine for high efficiency

In [68], the efficiency optimization of the YASA machine was done, by usiig th
multislice 2D technique of sectidn 2.8.4. Also the influence of mass on the optimal
values of the geometry parameters and the efficiency is considereds fowad

that the mass can be reduced significantly with only a small decrease @reffic
Furthermore, in[[69], two types of silicon steel were compared to study itieir
fluence on the efficiency: non-oriented and grain oriented steels. dHeatout
optimization, published by Dr. H. Vansompel, and the work about the conaparis
of magnetic materials, published by Dr. D. Kowal, were the oldest publisioeki w

on the YASA machine in the research group EELAB. These publications thier
basis for later, more detailed research on losses. In the optimization, itneadya
noticed that some parameters have a contrary effect on the differseslosthe
machine. For example, a high axial length of the stator cores combined wiéh larg
slot openings is beneficial with respect to the copper losses, but its@shigher
stator core losses. The work considered rather conventional losdlimgdbut

it was important to optimize the geometry of the machine towards high efficiency
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and power density.

5.3 Loss analysis in the YASA machine

In this section, the several loss terms of the YASA machine are investigated in d
tail: iron losses, copper losses, permanent magnet losses, beariagdossidage
losses. Evidently, these losses depend on the geometry, the electrompgretic
erties (magnetic materials), the sources (stator currents, permanentts)agee
well as on the rotation speed. The following sections give an overviewook w
that is not done in the framework of this PhD, but that is published in the literatu
by the research group EELAB.

5.3.1 Stator core losses
Non-oriented versus grain oriented magnetic material

The possibility to use grain oriented material is an important advantage of the
YASA machine. This material is not much more expensive than conventional n
oriented magnetic material, but it has two advantages: 1) it has a higheefisikyl
at typical magnetic field levels in machines, and 2) it has much lower losses in the
rolling direction: as low as 1.0 W/kg is possible at 1.7 T and 50 Hz, while cenven
tional non-oriented steel with the same thickness has usually at least 2.3a¥V/kg
an even lower flux density of 1.5 T and at the same 50 Hz frequency.

The comparison of oriented and non-oriented (M700-50A) material, fdalis
by D. Kowal [69], was carried out for the described 4 kW YASA machii@e
hysteresis loops were measured — see figure 5.2 — showing both the fhigher
density (about 1.8T instead of 1.5T at 2000A/m) and the lower losses (smaller
enclosed surface of the hysteresis loop) of the grain oriented materibke paper
[69], the losses were studied as a function of the frequency: figurdBis figure
gives a quantitative impression of the iron losses in the considered maeakiae,
function of speed. With the grain oriented material, the YASA machine has only
about 1/5 of the iron losses of non-oriented material at the same speedafople
at a speed of 2000 RPM, it is seen that the expected iron losses ate38bbtor
the grain oriented material and 150W for the non-oriented material. In addition
10% higher torque is obtained for the same current. Also, when extragptatin
the rated speed of 2500 RPM in a quadratic way (worst case), theterpean
losses are about 47W.

Influence of the slot openings on the stator core losses

The effect of geometrical parameters on the stator core losses areftiédsiré30)].
Here, the influence of the stator slot openings is investigated. This is antampor
study because it has a link with the study of iron losses on the simplified setup of
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Figure 5.2: Measured hysteresis loops for non-oriented (NO) and gré&in o
ented (GO) material [69]

the axial flux machine, as explained in chapter 4. In chdpter 4, a compaves®
made between on the one hand a stack of rectangular silicon steel shetets an
the other hand the same stack of rectangular silicon steel sheets with ad@ed S
tooth tips for capturing fringing flux. The tooth tips also decrease the skitiog
width. It was concluded that for low frequencies the total iron lossekigter in
case of added SMC tooth tips because of the high hysteresis losses o&&MC
that for high frequencies the total iron losses are lower in case of égldé€tooth
tips because of the low classical losses of SMC.

The width of the stator slot openings near the airgap has a large influence o
the losses in the stator iron and in the permanent magnets of concentrat@wind
machines such as the YASA machine. This was shown by V. Xuan [70]imwks-
tigated the influence of stator slotting on the performance of a radial flumgreznt
magnet machine. On the one hand, the increase in stator slot openinigs iresu
lower losses in the stator iron. On the other hand, it also results in incresses
in the permanent magnets. Also the torque is reduced for large (13 mm) but als
for very small slot openings (1 mm).

To clearly illustrate the influence of the slot opening widghtwo values are
chosen in all further examples: rather closed slots Wjth 3 mm and rather open
slots withbg = 9 mm.

When considering only permanent magnet flux, an unequal distributidreof
magnetic field over the tooth is observed in radial direction. Due to the stiape o
the permanent magnets, the magnetic flux density in the laminations near the inner
radius is found to be higher than the one at the outer radius. This is chysed
the variable tooth pitch as a function of the diameter combined with a constant
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Figure 5.3: Iron losses in the stator for non-oriented and grain orgnte-
terial [69]

slot width. Flux leveling over the laminations by radial magnetic flux components,
is limited due to the very poor permeability of the stator cores in the direction
perpendicular to the lamination planes. The effect is further studied byE3DiR
sectiorf5.35. However, it can be seen also by 2D FEM presentéed|inifBBig.

the magnetic flux density pattern in the stator core element is illustrated in case
only permanent magnets were present and aligned with the stator core elemen
case of 3 mm slot opening width.

The influence of increasing the slot opening width from 3 to 9 mm is illustrated
in Fig.[5.3. At the inner diameter lamination regions, the magnetic flux density in
case ofby = 9 mm has decreased with an average value of 0.3 T compared to the
case ofby = 3 mm as the smaller tooth tips catch less magnetic flux. With larger
slot openings, the total magnetic flux in the stator core element reduces.

When considering only armature reaction current — that means that the rema
nent flux density of the permanent magnets is set to zero — higher magngtic flu
densities are found at the inner diameter regions compared to the outer diamete
regions. The magnetic flux density pattern is plotted in Eigl 5.6 for the 3 mm slot
width opening and in Figl_5L7 for 9 mm, both at rated current [30]. The asee
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Figure 5.4: Magnetic flux density in tesla in the stator core when the jgerm
nent magnet is aligned with the stator core for the 3 mm stator
slot openings width [30].
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Figure 5.5: Magnetic flux density in Tesla in the stator core when the jgerm
nent magnet is aligned with the stator core for the 9 mm stator
slot openings width [30].
of the slot openings increases the reluctance for the slot leakage fid>Xyeamnce
reduces the magnetic flux density levels in the stator core elements. Théwaduc
of the magnetic flux density is higher at the inner diameter regions compareal to th
outer diameter regions.
When combining permanent magnet flux with armature reaction flux, lower
stator core losses are expected for the machine with the wide slot opefimgs.
is indeed observed when evaluating the iron losses in the machine both anlbad
at no-load. Table 5]2 shows the results.
Analysis of Tabl¢ 512 indicates that the stator core losses mostly exceed.100 W
Note that in this table a non-oriented material was used. Both for no load add lo
—3
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Figure 5.6: Magnetic flux density in Tesla in the stator core taking only a
mature reaction into account for the 3 mm stator slot opening

width [30].
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Figure 5.7: Magnetic flux density in Tesla in the stator core taking only a
mature reaction into account for the 9 mm stator slot opemning
width [30].

working conditions, the iron losses decrease as the stator slot opemogsé
wider. The difference between the core losses with closed slots andstisris
large: almost 50% at rated load. Further in this PhD, a slot opening of 3 mm is
considered, leading to stator core losses in rated conditions (2500 RPPldat)

of 135 W with non-oriented material (Tallle 5.2) and — by extrapolation afltes

in [69] — 47 W with grain oriented material.

5.3.2 Copper losses

For the same size, power and speed, the copper losses in YASA type amchin
— and in machines with concentrated windings (tooth coil windings) in gereral
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Table 5.2: Influence of the stator slot opening width on the losses,u®rq
and power, at rated speed (2500 RPM), rated load current (7 A)
and with 4 segments per magnet. The copper losses in the wind-
ings are estimated at 60.8 W. [30]

Stator slot ~ Average Average Load losses No load losses
openings torque power Core PM Total Core PM Total

width [mm]  [Nm] kW] W] W] W] W] W] W]

1 18.22 4.769 148.0 5.446 2143 1244 0.1691 124.6
3 18.50 4.844 1351 10.15 206.1 1245 5877 1304
5 18.38 4811 127.3 2191 210.0 120.3 18.42 138.7
7 18.09 4.736 118.7 33.45 213.0 113.5 30.33 1438
9 17.65 4.622 109.2 40.52 210.5 1048 3755 1424
11 17.07 4470 98.95 4256 202.3 95.07 39.69 134.8

are typically lower than in machines with distributed windings. This is thanks to
the short end windings and the resulting rather low resistance per s he
phase resistance can be reduced further by aiming at a high slot filt. f&ctothe
considered YASA machine, the slot fill factor is about 0.5. The total colpsses

at rated load are about 60 W. The section of the wire is chosen sufficentyl

so that the AC resistance is not much higher than the DC resistance. leisvets
that these losses are dominant at rated load and speed when usingrignaiedo
magnetic material (iron losses are about 47 W), and that iron losses areait
when using conventional silicon steel M700-50A: the iron losses areceet\®5
and 148 W according to Talle 5.2.

The copper losses can be further reduced for the same power byuaingdhe
combined star-delta winding. This technique increases the winding faaidnyan
consequence themf of the machine by about 3% for the considered machine with
16 poles and 15 stator slofs [72]. As power is determined by the prodwrhbf
and current, it is clear that either the power increases by 3% for the sapperc
losses, or the copper losses can be reduced by about 6% for the sguiEp@wWer.

Finally, it is well known that reducing copper losses requires a low winding
temperature. The copper resistance increases with temperature byra(fa¢to
acyAT) with ac, = 0.004/K. A good thermal management is crucial to keep the
windings at an acceptable temperature at high load. Therefoie,lindZ8upled
electromagnetic and thermal modelling technique is developed for the catsider
YASA machine and validated with measurements. It was found that the machine
reaches a steady state temperature of abdi€ &b 2500 RPM and at rated load.
This is much lower than the allowable temperature of°Th%or enamelled wire
class F, and results in 1/3 less copper resistance than &€155
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5.3.3 Eddy-current losses in the permanent magnets

Eddy currents in the permanent magnets of the YASA machine originate from
changing flux density (8/dt) in the magnets, causing induced voltages. The in-
duced voltages in the electrically conductive NdFeB magnets lead to induced ¢
rents and eddy-current losses. The/dt has three possible causes:

« Reluctance effects caused by the stator slotting. This is the only term gausin
losses at no-load operation. It is absent in slotless machines.

e Space harmonics of the current. The mmf of the stator currents in the slots of
the machine is a stepwise function along the circumference of the machine:
each stator slot causes a step. The fourier spectrum of this functiondms
harmonics, especially in fractional slot machines. Even if sinusoidal time
waveforms of the currents are injected in these slots, the airgap flux density
contains harmonics that rotate in a non-synchronous way. These Hasmon
cause eddy currents in the magnets.

» Time harmonics of the current. Additional harmonics are created if the time
waveform of the current is not sinusoidal. When using Pulse Width Medula
tion (PWM), several harmonics are introduced. Also these harmonick res
in eddy currents in the magnets.

The eddy-current losses in the permanent magnets are evaluated ierdiffe
ways. A fast computation technique is based on the multislice 2D - 2D model, in-
troduced by H. Vansompel ifl[7]. The study was done for the same YAS#hima
as the one described further in this PhD in sedtion b.2.1, and with propetés g
in Table[5.1. The losses in no-load depend on the rotational speed, therseg
tion of the magnets, and the geometry of the stator teeth. At load, the losses also
depend on the current distribution in space, and the current wavefiotime. The
computational approach in the paper is fast, but only valid for rather legquin-
cies, where the eddy currents are “resistance limited”. As explained tei,
this means that the induced currents in the magnets are too weak to influence the
source field that creates them.

In Table[5.2, taken froni [30], the magnet losses are shown for diffetator slot
opening widths, from 1 mm to 11 mm. The losses are computed with the multislice
2D - 2D model of [7]. In this table, the permanent magnets are assumedsistcon
of four electrically isolated segments. At load, evidently, the magnet losses a
higher than at no-load. The values range from 5 W for almost closed slate

to 43 W for almost open slots. The increase with the slot opening is mainly due to
the first cause of eddy currents: the reluctance effects.

Segmenting the magnets is a known technique to reduce eddy-currerst losse
Table[5.3 shows the loss in the magnets for other segmentations in case of
bp = 3 mm. It is seen that with sufficient segmentation (two rotors were made
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Table 5.3: Effect of segmentation on the eddy-current losses in thenetag
for 3 mm slot opening[30]

Magnet eddy-current losses [W]
#segments no-load rated load
1 8.14 15.42
2 6.61 11.76
4 5.88 10.15
14 2.89 4.09

with 16 magnets consisting of 14 segments), the magnet losses can bedrezluce
4W at full load and speed, which is almost negligible compared to other losses

Other methods for loss computation in the magnets of the same YASA machine
were presented by A. Hemeida [n[74]. This paper describes an anhlyickel
for the eddy currents in the permanent magnets (PMs) in the YASA machine us
ing a coupled solution of Maxwell's equations and a magnetic equivalentitcirc
(MEC). The method includes the effect of armature field and slots. Thmagrent
magnets are modelled by a simple electric network, composed of resistarnices an
inductances. The model can describe the reaction field effect of thyecadients
flowing in the magnets and also the skin effect. It is shown for many cases ho
big the error in the computed losses is if the reaction field is neglected, by compa
ing with a transient 3D FEM. The authors conclude that inclusion of theiogac
field is necessary when the machine is excited by a Pulse Width Modulated YPWM
current, while for a sinusoidal excitation, the reaction field effect has ndao-
tributions to the total eddy losses. As expected, the influence of the reéielebn
increases with the speed. The losses found in the machine were 3.8 Woaitho-
and 22 W at full load. This corresponds with earlier published valu€dsri3table
5.3, obtained by the multislice 2D - 2D technique.

In [74], also PWM losses were studied in the permanent magnets of the YASA
machine. Using PWM has a significant effect on the losses in the magnetsdac
ing to [74], the loss with 5 kHz PWM increases from 22W to 33W in case of one
magnet segment. Evidently, segmentation can reduce these losses to 170/W (tw
segments) or 12.8W (four segments).

To conclude, the losses in the permanent magnets can be as high as 22 W or
even 33 W if PWM is included and if the magnets are not segmented. However th
permanent magnet losses can be reduced to an almost negligible 4W iestffic
segmentation is considered.

5.3.4 Windage losses and bearing losses

The windage losses of the machine have been investigated by A. Rasékbmmia
putational Fluid Dynamics. Also this study was done for the considered YASA
machine([75]. Here, for the same prototype with an airgap thickness of 1.0 mm,
the windage losses were found to be 5 W per rotor, at a reference spaé m/s.
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This corresponds to about 3800 RPM. It was shown that the lossesxpasted
— are third power of speed. At 2500 RPM and considering both rotassptéans
that the windage losses are less than 3 W and by consequence almosbesiglig
speeds lower than or equal to 2500 RPM.

For the bearing losses, the bearing supplier gives loss curves ast&oifun
of the axial and radial load. The construction of the machine is made in such
a way that not the complete axial force between rotors and stator is sebe by
bearings. Nevertheless, a sufficient axial load must be foreseere dreénings to
avoid small axial displacements in the bearings. The latter would causealnequ
airgap thicknesses and are therefore not allowed. The axial forcérasie-off
between sufficient axial stiffness on the one hand and low losses othigrehand.
According to simulations in software of Schaeffler, a bearing loss of aNetts is
found at rated speed.

5.3.5 Influence of lamination stacking and magnet shapes

For yokeless and segmented armature (YASA) axial flux permanent-magnre
chines, several lamination stacking methods and magnet shapes areseatiscus
in [[76], in terms of output torque, cogging torque, efficiency and padesrsity.

By evaluating the different combinations of lamination stacking methods and mag-
net shapes, it is shown that some combinations suffer from local satyrimtizer
output torque and higher losses. Especially the local saturation may hawe a
fluence on the fringing flux in the machine. In Chagtkr 4, it was seen that flu
migrates from one sheet to another in the first few adjacent sheetstdloghe
excitation winding, because of saturation, which causes even more fling fiaa
perpendicular to the sheets. Therefore, it is interesting to summarize this i&fs

the cited work in order to see how the flux density behaves in radial diredtion
the YASA topologies with several lamination stacking methods and magnetshape

Four types of lamination stacking are compared: conventional lamination
stacking (CLS) and 3 simplified lamination stackings (SLS1, SLS2 and SLS3).
The four types of lamination stacking are shown in figuré 5.8: 1) the coiove
lamination stacking in Fig. 5.8(a), 2) the rectangular lamination stacking SLS1 in
Fig.[5.8(D), 3) the T-shape stacking SLS3 in Fig. 5]8(c) and 4) the qvknfaina-
tion stacking SLS3 in Fig. 5.8(d).

The two considered magnet shapes are on the one hand trapezoida&tsnagn
(Fig. [5:9(a)) with a width of 0.8 times the pole pitch, and on the other hand an
assembly of two rectangular magnet segments that are combined into aefshap
magnet (FigC519(b)). The width of the upper magnet is limited to the width of the
pole pitch at the average radius.

The comparison of lamination stacking methods and magnet shapes in terms
of losses, power density and efficiency is given in Tablek 5.4 and 5& Tables
show that the lamination stacking technique has an effect on the output powe
and the efficiency: compared to the CLS, the rectangular stacking has o
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(b)

(d)

Figure 5.8: Overview of the lamination stacking methods; (a) CLS: conve
tional stacking method; (b) Rectangular LS: a simple stagki
method with only one lamination profile; (c) T-shape LS: a-sim
ple stacking method with only two lamination profiles thag ar
stacked straight; (d) Overlap LS: simple stacking methatth wi
only two lamination profiles that are stacked in an alternmati
way so that they overlap partially [76].
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@) (b)

Figure 5.9: Overview of the magnet shapes; (a) trapezoidal; (b) T-sthape
a combination of two rectangular magnéts|[76].

lower output power and 0.57% point lower efficiency at full load. The meag
shape however has only a very small influence on these two quantitiesseenis

by comparing both tables. Although this PhD does not focus on coggingeprq

it is interesting to mention that the cogging torque is strongly influenced by the
lamination stacking method while the magnet shape has almost no effect. Note
that the considered machine with 15 stator teeth and 16 magnets has antlgheren
low cogging torque because no symmetry in the machine exists.

Table 5.4: Comparison of simulation results for trapezoidal magrié®$ [

parameter CLS Rectangular LS T-shape LS Overlap LS
full-load torque (Nm) 15.19 14.24 14.71 14.89
no-load iron-losses (W) 35.84 50.71 42.88 35.95
full-load iron-losses (W)  32.83 45.68 38.67 31.66
output power (W) 3977.1 3728.6 3851.8 3897.7
power density (kW/kg)  0.5136 0.5560 0.5345 0.5408
efficiency at full-load (%) 96.15 95.58 95.89 96.10

Table 5.5: Comparison of simulation results for T-shaped magnets [76]

parameter CLS Rectangular LS T-shape LS Overlap LS
full-load torque (Nm) 15.19 14.23 14.75 14.91
no-load iron-losses (W) 35.98 50.52 43.19 36.19
full-load iron-losses (W)  32.95 45.68 38.94 31.79
output power (W) 3977.0 3728.6 3860.8 3902.2
power density (kW/kg) 0.5136 0.5560 0.5327 0.5414
efficiency at full-load (%) 96.15 95.58 95.89 96.10

The interesting part for the research on fringing flux, is related to the 3§ ma
netic field distribution in the machine, for the different lamination stacking tech-
niques and magnet shapes. In Fig._5.10, an overview of the magnitude of th
magnetic flux densities in the different 3D-models is given.
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Figure 5.10: Overview of the magnitude of the flux density distribution in

the tooth for each combination of lamination stacking mdtho

The columns represent the magnet shapes: trapezoidal;and T

ing method: CLS, Rectangular LS, T-shape LS, Overlap LS.
shaped([76]

and magnet shapes. The rows represent the lamination stack-
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Fig. [5.10 (a) and (b) show that with CLS, a lower flux density is obtained in
the laminated steel than with the other stacking methods. This results in lower iron
losses and hence higher efficiency.

Fig.[5.10 (c) and (d), show that local saturation of the lamination with rectan-
gular LS takes place at the upper layers while the material is still not satwaated
the lower layers. Therefore the output power (Tables 5.4 and 5.5) is sroaite
pared to the other combinations with trapezoidal and T-shaped magnetowdar
the no- and full load iron-losses are high, leading to a less efficient madlican
be summarized that the Rectangular LS is not appropriate in combination with
trapezoidal and T-shaped magnets.

The conclusion is that some combinations — especially the rectangular lamina-
tion stacking — result in local saturation, which may lead to higher fringinge8ux
perpendicular to the lamination plane. The CLS has the lowest flux densititén sp
of the high output power, which causes a high efficiency because ofdomen-
tional iron losses and low expected fringing flux losses. Because all ltiorisa
have a different geometry in the CLS, this technique is unfortunately alsodse
expensive. Only the Overlap LS-method shows comparable properties @S-
method and is therefore a good alternative for the CLS because of itsdoster

Because of the lowest production cost and the above consideratiqurotioe
type of the machine was made with T-shape stacking, and with T-shapedtsiagne
Instead of 2 segments however, 3 segments for the magnets were takénién
ferent geometries for the stator core. Further details are given in sEclon

5.3.6 Summary of the losses in the YASA machine

A numerical overview is given of the losses in the prototype YASA machiseda
on the previous studies of all loss contributions. Téblé 5.6 gives the sunwhary
the conventional losses. As it is understood that geometric details sud atoe
opening have a large influence on the losses, the values in[Table 5.6 beaddn
as indicative values only.

Table 5.6: Summary of conventional losses in the YASA machine at rated
speed of 2500 RPM and rated power of 4.0 kW

Loss Remark
Iron losses 40 -50 W When using grain oriented M100-23P
Copper losses 60— 70 W At operating temperature 6€70
Permanent magnet losses 5-33 W Highest value for 1 segment, incl. PWM
Bearing losses 2—-20W Depends strongly on axial load
Windage losses 2-3W At2500 RPM
Efficiency at full-load ~ 95%
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5.4 Construction of the prototype

5.4.1 Overview of the prototype construction

In [[7], the electromagnetic design of a 4 kW, 2500 RPM YASA-machine vas o
timized for energy-efficiency. This design optimization has resulted in afset o
parameters listed in tadle 5.1. In this new design, the rated current is 10éa@hs
of 7 A), this because of geometrical reasons, the number of turns obihis ad-
justed (reduced) to the left space between adjacent stator teeth, whitflersnd
from the first prototype because of the aluminium fins. The mmf of both desgn
the same.

Later, in [73], thermal aspects of the prototype YASA-machine have lreen
vestigated. As the rotors in axial flux machines have a disc shape, inlsetén
ventilation [77] will have a significant contribution to the transfer of heatafthe
machine. This effect becomes particularly interesting for axial flux PM tapeso
with two rotors and a single stator [78]. Nevertheless, in high torque deaysity-
cations, this self-ventilation will become insufficient [79]. Thereforeadditional
stator heat extraction system is suggested which consists of inwardxtreatien
fins cfr sectiof 5.4.1.

In the construction of the stator of the YASA machine in sedfion b.4.4, epoxy
potting techniques will be used to get the different stator parts bonded amgle
solid stator structure. As this epoxy potting material has both a thermal and me-
chanical function, extensive tests on different epoxy materials hase t&rried
out in the concept study towards the stator casting process.

The combination of the optimized electromagnetic design, the thermal analy-
sis and the extensive tests on different epoxy materials have resultedABA& Y
machine of which a cross-section overview is given in fiqure]5.11. As toi®p
type machine is used for various experiments and measurements, some atldition
features have been addedh. adjustable airgaps and the integration of multiple
sensors in the stator. The construction of this prototype is discussed iollthe-f
ing sections.

5.4.2 Construction of the rotors

The two rotor discs are made of 8 mm thick steel C45, and combine two major
functions. Firstly, they are a back-iron for the magnetic flux, and sdgdhdy
carry the high mechanical attraction forces from the permanent magneesstath
tor cores. In general, the required thickness of these rotor discdig setchanical
constraints rather than the electromagnetic ones.

On these rotor discs, the permanent magnets are glued. These magnets are
4 mm thick in the axial direction, which is also the direction of the magnetization.
In circumferential direction, adjacent magnets are magnetized in the opfesite
ial) direction. In this prototype YASA-machine, each disc has 16 magneishwh
results in a machine with eight pole pairs.
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Figure 5.11: Cross section view on the prototype YASA-machine.

The permanent magnet material is NdFeB 40SH. This material grade com-
bines a high remanent flux densityg. 1.30 T at 20°C, with a sufficiently high
maximal operating temperature of T8 As this material has a relatively good
electrical conductivity, the eddy currents will be induced in the permameagnets
by stator slotting and stator armature reaction. To limit the eddy currents and the
corresponding power losses, segmentation of the permanent magr]essififrb-
duced. The segmentation reduces the eddy-current loss in the magabktady
explained earlier and shown in Talile]5.3. In the prototype machine, thd radia
height (24 mm) of the magnet is divided into three (3 times 8 mm). The tangen-
tial lengths become 18, 21 and 24 mm. The axial thickinesshe magnetization
direction is 4 mm. This 4 mm thickness results in an airgap flux density of about
0.95T. To protect the permanent magnet material from corrosion, eaghetseg-
ment is coated with a copper-nickel alloy. The rotors are shown in figdi2. 5
The picture shows clearly that each magnet pole consists of 3 rectardodéar
magnets.

The permanent magnet segments are glued on the rotor disc. The thermal ex
pansion coefficient of the NdFeB is negative (0186 1/K) in the direction
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Figure 5.12: Rotor discs of the prototype YASA-machine, showing the
glued magnet segments.

perpendicular to the magnetization direction, and the one of steel C45 is/positi
and relatively big (11.%107% 1/K). The big difference in thermal expansion co-
efficients requires flexibility of the glue. Moreover, the strength of the ghauld
not reduce significantly at the nominal operating temperature. In the ppetoty
machine, a 2-part, room temperature curing methyl-methacrylate (Permabond
4246) based structural adhesive is used.

5.4.3 Construction of the modular stator element

Together with the rotor discs with the permanent magnets, the modular stator ele-
ments are the electromagnetic active components of the machine. Such a modular
stator element includes a ferromagnetic core and a concentrated winding.

In the prototype YASA-machine, the ferromagnetic core is made of thin lam-
inated silicon steel sheets. As the direction of the magnetic field in these cores
is always in the axial direction, a grain oriented material M100-23P is uéed.
explained in section 5.3.1, in the YASA-machines, the use of such a grairteatie
material results in strong reduction of the core losses in comparison with non-
oriented oned [69]. In theoﬂf, the use of this grain oriented material results in
core losses of about 40 W at rated load and speed in the prototype mé&bivie
is given in [69] but at a speed of 2000 RPM; quadratic extrapolation 0 ZPM

"Neglecting the degradation of the magnetic material properties due to cuttingss, perpen-
dicular fringing fluxes,etc
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gives 47 W).

As the magnetic flux density over the radial direction in a stator core element
is not uniform, a variable airgap is also introduced in the prototype madh@je [2
The variable airgap is obtained by shortening the axial direction of the $ater
inations in the radial direction. A variable airgap has a higher airgap théskat
the inner radius of the core elements, because these elements are generally
sensitive to local saturation. As a consequence, the higher airgapdbghhthe
inner radius results in a desaturation of the core at the inner radius, thwedvidiri-
ation in the airgap is chosen carefully, a uniform magnetic flux density oeer th
radial direction in the core. This results in less iron losses for the samediux p
tooth, and by consequence in less power losses for the same output powe

After the stack of the stator core is made, it is impregnated in an epoxy resin
to keep the individual steel laminates in place. Then, an electrical isolatibn fo
is wound around the core. On this insulation foil, the winding is placed. This
winding is composed of two parallel strands of 1.12 mm diameter. The number of
turns is equal to 57. The wires of each core element are brought to thid@of
the stator; in such a way the individual electromagnetic behaviour of ealotan
be measured. Finally, a second layer of electrical isolation is put overititing.
This isolation layer is required because of the close contact between thagvin
and the heat extraction ficfr. sectiof5.4J4. The housing structure with radially
inward fins can be seen in figure 5.13, as well as one finished stator nthdtile
to be inserted between the radial fins. A detailed image of a modular stator ¢élemen
is shown in figuré 5.14.

5.4.4 Casting techniques for the stator

In a next production step, a stator assembly needs to be made out of the-15 p
assembled stator modules. Also a connection with the rotors and the final appli-
cation needs to be provided. Moreover an additional cooling systemdatétor
modules is introduced.

The 15 pre-assembled stator modules are arranged in a circle configuratio
and the bearing block is put concentrically with them. The bearing block will
be the interface between the stator and the rotors; the bearings andvhiaé
integrated in a later construction step. The outer cylindrical boundaryrisei by
the stator housing. This housing is also used to mount the prototype machiee to th
application. Figuré5.15 shows the manufacturing of the housing by stattiéng
aluminium sheets, and figure 5113 shows the finished stator housing.

The remaining openings between the inner bearing block and the outer stator
housing will be filled with epoxy. The use of epoxy resins as a potting material
has also a major impact on the thermal design of the machine. These eposy res
have a relatively low thermal conductivity between 0.25-0.85 W(/ii80]. By
consequence, a high thermal resistivity between the heat souueeshe iron
losses in the cores and the copper losses in the winding, and the suitiaestator
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Figure 5.13: The stator housing of the prototype YASA-machine with one
of the 15 stator modules shown at the bottom right. The white
cover of the stator module is a glass fiber insulation.

ke

Figure 5.14: Stator modules. The location of the search coil to measure
the fringing flux are shown on top of the lamination stack
(left). Afterwards the lamination stack is provided witheth
main winding and electrical isolation (right).

housing limits the power output of the machine. To increase the conductate he
flux from the stator modules to the stator surface, inward heat extract®mrfn
integrated in the stator housing as illustrated in figlred 6.13] 5.15 afdd 5.46n%h
reach up to the inner diameter of the stator winding to have a high contaatsurf
with the stator winding. Moreover, the stator housing is made of an aluminium
alloy because of its good thermal conductivity. In order to avoid eddeots [81]
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Figure 5.15: The construction of the stator housing of the prototype YASA
machine, and the bearing block in the middle. The white mate-
rial in the middle is in a later stage replaced by the ball ingar
The finished stator housing is shown in figlire 5.13.

in the inward heat extraction fins due to leakage fluxes in the slot openheys,
stator is made by a stack of coated aluminium profiles as can be seen in tles figur
and 5.755. Near the end windings, a sufficiently high distance is maintained
towards electrically conductive parts in order to avoid eddy-curreseksDespite

the reduction of the thermal resistance, the inward heat extraction finserdiokel
winding thickness, and hence, will result in an increase of the coppataace

and copper losses. The ratio between the fin thicknesspetter cooling, and

the winding thicknessi,e. lower copper losses, is optimized in the multiphysics
design.

As mentioned previously, the epoxy resin is used as a potting material and fills
all the remaining openings between a mold formed by the bearing block at #re inn
diameter and the stator housing at the outer diameter. As a consequerggmxie
material is the only securing means to keep the stator modules in place. On the
other hand, the epoxy material has also an effect on the thermal prepafrtiee
machine. Therefore, the selection of the epoxy resin is critical in this carisn
method.

First of all, the epoxy resin should havégh strength up to high temperature
as it must be capable to withstand the high forces from the rotor-statordtitera
These forces can be in the axial directiemy. during the mounting of the discs
or because of small asymmetry in the airgaps or magnetization of the rotas. Th
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Figure 5.16: Axial-flux PM machine stator before the epoxy potting pro-
cess.

forces can also be in the circumferential directeng. because of torque produc-
tion. The epoxy resin should be capable to withstand these forces attioger
temperatures. A critical parameter in the selection of the epoxy resin isaheref
the glass transition temperature. At this glass transition temperature, the epoxy
resin loses its strength. As a consequence, the glass transition tempefahee
epoxy resin should be sufficiency higher than the maximum temperatureggdurin
operation of the machine.

Secondly, thehermal expansion coefficienf the epoxy resin is also impor-
tant. In many places in the stator, there is a very thin layer of epoxy between
copper-iron and copper-aluminium alloy surfaces. Temperature trassiaring
operation of the machine will result in expansion of the different statdsp#&mn
epoxy resin with a thermal expansion coefficient that is more or less in tigera
of these of copper, steel and aluminium alloy is therefore advantageous.

Thirdly, thethermal conductivitynust be as high as possible. The epoxy resin
will have an influence on the thermal properties of the machine. Despite thednw
heat extraction fins have been introduced to have a better heat comdpatioin
the machine, an epoxy resin with a high thermal conductivity is still advantesgeo
The epoxy resin will fill the thin gaps betweeng. different wires of the stator
module coils and the inward heat extraction fins, and hence, also conttdute
better thermal conductive paths between the different stator parts.

The epoxy resin should haveviscosityas low as possible during the casting
process, to fill even the smallest cavities in the stator. Although the epoxsres
have a relatively poor thermal conductivity, air inclusions have an ev@senin-
fluence on the heat evacuation of the machine. Low viscosity epoxy nedlins
result in less air inclusions, and hence, a better thermal performancesoiéo,
too many air inclusions will also reduce the strength of the stator. The chidice o
epoxy resin with low viscosity is not the only way to eliminate air inclusions. Pre-
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heating of the epoxy resin before casting will also lower the viscosity ofabiar
Also preheating of the stator components can be help; although the emixysre
preheated, direct contact with a cold stator part will immediately cool down the
epoxy resin with an increase of the viscosity as a consequence. ltagitdaast,

air inclusions can be eliminated by mechanical vibrations and vacuum casting.

During the selection of the epoxy resin, taking the previously mentioned
requirements into consideration, four resins have been retained. Th&agla
Epoxylite TSA220S, Henkel Stycast 3050 with catalyst 28, Henkel Sty2850
FT with catalyst 27-1 and Henkel Hysol EO 1058. The main parametereséth
epoxy resins are mentioned in tablel5.7.

Before the casting of the entire stator, the properties of the epoxy resies w
evaluated in small test samples. In these test samples, a steel cylindemsas-co
utively wound with a first layer of electrical isolation material, a copper wigdin
and another layer of electrical isolation material. Finally, this assembly is put into
an aluminium alloy casting profile. These small test samples are very similar to a
stator module, but use less effort and cost to produce.

As mentioned previously, the samples are heated up te6C36r lowering
the viscosity of the epoxy resin. During the curing, the sample filled with epoxy
is heated at the listed curing temperature and time. Consecutively, the sample is
heated for 2 more hours at the service temperater&20°C. After these 2 hours,
the temperature is gradually decreased in a period of about 8 hours.

After the casting process, the samples are cut to evaluate the occuafence
cavities in the epoxy resins into the different sample structures and thenpees
of cracks. In figur@ 5.17, the presence of cavities and cracks in the/epsins is
shown for the different sample structures in the test sample are shown.

Evaluation of the test samples showed that the Epoxylite TSA220S suffered
from major cracks into the massive epoxy parts. Even when using filling ialster
e.g. cut glass fibers, the cracks remained in the massive epoxy parts. TdasSty
2850 is interesting because of its high thermal conductivity, but the intetizen
tion into the winding was less effective: the cavities in the blue resin are clearly
visible on the picture. This is due to the relatively high viscosity of the Stycast
2850. Despite the Hysol EO 1058 has also a relatively high viscosity, tiere
interpenetration of the epoxy resin into the different sample parts was rfore e
fective. Moreover, the Hysol EO 1058 is a single component, and heasy to
use. Nevertheless, its relatively high viscosity and by consequenciskimnrcav-
ities was decisive to choose the Stycast 3050: the resin with lowest visbosity
unfortunately also a rather low thermal conductivity (compared to Sty &&x1)2

Before the casting of the stator, some research was done on the methanica
stresses during and after the casting process. Initially, there are namealh
stresses in the stator modules, bearing block and stator housing. Duriogsthe
ing process, these pieces are heated up to the curing temperature. Diging
process, the elevated temperature introduces mechanical stressesatoth@sd-
ules, bearing block and stator housing, while no mechanical stresspseasnt



Table 5.7: Properties of the selected epoxy resins.

(epoxy+catalyst) is given.

In case of two coemdoepoxy resins, the properties for the mix

Propery Unit Epoxylite TSA220S  Stycast 3050 Stycast 2850 FT HysBO 1058
Color gleny amber maroon blue black
Density g/cnd 1.18 1.55 2.3-2.5 1.65
Brookfield viscosity P& 55 2 200-300 50
Glass transition temperature  °C 143 140
Hardness ShoreD 90 88 94 90
Tensile strength MPA 110 54 69
Compressive strength MPA 144

Coefficient of thermal expansionum/m-°C 50 40 24
Thermal conductivity W/nK 0.23 0.4 1.0661 0.54
Temperature range of use °C -40 to +130 -40to +175 ?
Cure temperature °C 165 120 120 140
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(a) Epoxylite™ (Elantas) TSA220S  (b) Blue: Stycast™ 2850, black: Hysol™ EO
1058 , maroon: Stycast™ 3050 (Henkel)

Figure 5.17: Evaluation of cavities and cracks in the epoxy resins fot-cas
ing experiments in the different sample structures in tis¢ te
sample.

into the epoxy resin. After the curing, the temperature is decreased &yaing
the cooling, the residual stresses in the stator modules, bearing blockadod s
housing compensate somewhat the higher coefficient of thermal expaofdioe
epoxy resin in comparison to these of the stator modules, bearing blockadod s
housing.

5.4.5 Mechanical assembly allowing adjustable airgaps

To measure the effect of the airgap thickness on the fringing fluxes attaler
cores, both airgaps of the prototype YASA-machines are adjustablerefdhe

an adaptor interface is used which connects the shaft with the rotors. eQn-th

tor discs, two types of holes are made. The first type of holes is providbd w
(screw) thread. This thread is also used to mount the rotors on the ad#pter
faces. Initially, bolts are placed in these holes and are maximally inserted into the
rotors. This results in a distance between the magnets and the stator odtes, s
the attraction forces between both is still limited. Then these bolts are gradually
unscrewed, which results in a decrease of the airgap due to the attramies f
between the magnets and the stator cores. Finally, when the airgap hasthe rig
thickness, a set of additional bolts is used to secure the position. Treréie
adaptor interface is equipped with holes with thread.



5.5 Experimental set-up 107

Figure 5.18: Axial-flux PM machine test set-up. From left to right: load
(asynchronous) machine, torque sensor with couplings| axi
flux PM prototype machine.

This mechanical assembly does not only allow a uniform variation of the air-
gap, but also non-uniform airgaps over the circumference are p@ssitese non-
uniform airgaps are required to study the effect of eccentricity [82].

5.4.6 Search colls for fringing flux

During the construction of the AFPMSM prototype, multiple sensors have bee
integrated inside the machine: search coils to measure the induced voltaged ca
by the main flux in a module, at both sides of the stator core, and search coils to
measure the fringing flux, and multiple RTD-sensors to measure the temgsratur
in different parts of the machine.

The most important for this research is the fringing flux search coil. Figure
shows this coil mounted on top of the lamination stack of a stator module
core. The search coil consists of 20 turns of 0.2 mm wire diameter andsescio
surface of 17.3 mm by 7.3 mm.

5.5 Experimental set-up

5.5.1 Overview of the complete setup

To perform measurements, the axial flux PM prototype is placed into a tegpse

of which an overview is given in figufe 5.118. In this test set-up, an asgmous

7.5 kw, 3000 RPM motor is used as a load machine and is powered by a commer-
cial drive. Set-points to this drive for the speed (or torque) are diyem dSPACE

1104 platform. The feedback of the speed signal is realised by an inctaime
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encoder attached to the asynchronous motor. Together with the torqeenvah+
sured by the Lorenz DR2112 (nominal torque of 50 Nm, accuracy of Qtb¥que
sensor, an accurate value of the mechanical power is achieved. deesu of
the power on the electrical side of the prototype machine is done using aiiektr
PA4000 power analyser. Interface boards are made to transfer theedifsensor
signals into the dSPACE platform.

The axial flux PM machine can be operated using a dSPACE controlledwusto
designed inverter using a Semikron SEMiX101GD12E4s IGBT-moduleammbe
connected to a fully-programmable three-phase load. For the measurgraents
formed in this research, the axial flux PM machine is used as generatoected
to the fully-programmable three-phase load. This load has the advantagagf
no pulse-width modulation, which make the measurements less sensitive to EMI.

5.5.2 Measurements of torque and total losses

Figureg5.19 shows the total measured losses in the machine in function oét sp
and torque. The corresponding efficiency is given in figurel5.20. srheoth
colours are a result of smoothing. It can be seen that the efficiencyie &%

in a lot of operation points. Tab[e$.8 shows the individual loss componéttis o
machine at rated speed of 2500 RPM and an RMS stator current of 7eXtotdd
fringing flux losses in rated for this condition is 1.508 W, which is 3.2 % of the
total iron losses. The bearing losses are not accurate, becausdafjire sensor
limitations (small torque values compared to the measurement range of the torque
sensor). The bearing and windage losses are measured with nomdgmetic
rotors in order to exclude iron losses.

Table 5.8: Summary of losses in the YASA prototype machine at rated
speed of 2500 RPM and an RMS stator current of 7 A

Loss Remark
Iron losses 47 W
Copper losses 70 W  Atoperating temperature 6f70
Permanent magnet losses 12.8W
Bearing losses 20W Depends strongly on axial load
Windage losses 3W At 2500 RPM
Fringing flux losses from PM 0.03 W%
Fringing flux losses from armature reaction 1.478 W%

5.5.3 Low noise data acquisition of the fringing flux coil sigal

The voltage induced in the fringing flux coil remains very limited; from 74,1 mV
peak at rated speed and no phase currents, to 150 mV peak at radddepeaated
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Figure 5.19: Measured total losses [W] in function of the mechanical speed
nmech and torquel’ of the prototype machine.
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Figure 5.20: Measured efficiency of the mechanical spegd.;, and torque
T of the prototype machine.

phase currents. Therefore some actions are performed to improve tizd-tig
noise ratio.

The axial flux PM machine is used as a generator connected to the fully-
programmable three phase load instead of the custom-designed axial flmaPM
chine inverter. In contrast to the inverter, the three phase load usadgewidth
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modulation (PWM). As a consequence, the absence of a high frequetitcis
ing signal of the PWM has a positive impact on the electromagnetic intererenc
(EMI), and hence, improves the signal-to-noise ratio.

In order to amplify the low voltage signal of the fringing flux coil to a suf-
ficiently high level,i.e. + 10 V for the ADCs of the dSPACE 1104 platform, a
noninverting operational amplifier circuit is used. To cancel out EMI incitve-
nection wires between the fringing flux coil and the amplifier circuit, twisted-pa
cabling is used. Moreover the amplifier circuit is located as close as possible
stator sensor wire opening to reduce the length of the fringing flux coibwire

5.6 At no-load: fringing flux caused by the permanent
magnets

5.6.1 Waveforms of flux in the tooth search coil

The tooth search coil is not to be confused with the fringing flux coils forsueag
fringing flux. The tooth search coil is a winding around a stator tooth, to uneas
the main flux, which is in axial direction. Before studying the fringing flux, we
first validate the main flux in the stator tooth of the 3D FEM model (as described
in sectio 2.3 of chapté&t 2), by comparing it with measurements. The machine
was at no load and at a speed of 2500 RPM. The measured flux in the ¢aoth s

coil is compared with the simulated flux in 3D FEM. Figukes 5.21[and|5.22 show
respectively the measured and simulated flux through the tooth searchncibié |
measurement, the flux is obtained by integrating the voltage in the tooth search
coil. It is seen that the noise level on the measured flux is quite low, and that
the simulated waveform is smooth, indicating a sufficiently fine discretization in
both time and space. Moreover, the correspondence between the eteasdr
simulated waveforms is good.

5.6.2 Waveforms of emf in the fringing flux search coil

The waveforms in the fringing flux search coil of the prototype machinerea-
sured and simulated at a constant speed of 2500 RPM, without statentsurfhe
airgap widths are constant, at 1.0 mm. The influence of different rotatieedsp
different stator currents, and different airgap sizes is studied in letgiogs in this
chapter.

Figure[5.28 shows the measured induced voltage (blue) in the fringing flux
search coil. As can be seen in the picture of the search coil in figuré 544, th
coil has a small surface and a — for construction reasons — rather sunaitien
of turns. Therefore, the signal has a very low voltage, and by coeseg the
signal-to-noise ratio in the signal is low.

From the raw signal, a signal with reduced noise is constructed in the fotjowin
way. First, the time signal is captured during a complete mechanical revolution.
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Figure 5.21: Measured flux through the tooth search egil meas-
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Figure 5.22: Simulated flux through the tooth search o, gim.
The resulting waveform is transformed into a Fourier series of whicheigLz4
shows the harmonic content. It can be seen that the fundamental foyqttand
and fifth harmonic are dominant i.e. orders 8, 24 and 40. Other harmaeicg a
least 5 times smaller than the 40th and at least 40 times smaller than the 8th. Itis
not surprising to see these harmonics to be dominant in this no-load expgrimen
as also these harmonics are dominant in the spatial spectrum of the permanen
magnets. To make the waveform clear, the time domain signal is reproduced by
considering only those three dominant harmonics. The result is the resfomay
in figure[5.23.
—®
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Figure 5.23: Measuredemf in the fringing flux search co# meas in func-
tion of timet: unfiltered waveform (blue) and waveform con-
sidering only the three most dominant harmonics (red).
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Figure 5.24: Present harmonics in the measured (unfilteesdj waveform
of the fringing flux search coil.

The “noise free” time signal — which is the same as the red curve in figurk 5.23
— of the induced voltage in the search coil is shown in detail in figurd 5.2& flitk
through the coil — which is the fringing flux — is found by integrating the measur
noise free signal: see figure 5l 26.
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Figure 5.25: Measuredemf in the fringing flux search cois; meas Without
noise at a speed of 2500 rpm.
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Figure 5.26: Measured flux through the fringing flux search agil icas-
5.6.3 Origin of the dips in the emf waveform
The waveform in figuré5.25 clearly shows some “dips”. These dips @renea-
surement noise. The following paragraph explains their origin by makiraya c
parison with 3D FEM simulations and field plots.

Figure[5.2Y an5.28 show the field lines at no load for a speed of 2509 RPM
at the moment that the PM is respectively aligned and unaligned relative to the
stator tooth. It can be seen that in the case of an unaligned PM, more fringin
flux is falling in perpendicularly to the plane of the lamination sheets, especially

—®
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Figure 5.27: Field plot at no-load and 2500 RPM; magnet pole aligned with
stator tooth.

Figure 5.28: Field plot at no-load and 2500 RPM; magnet pole unaligned
with stator tooth.

at the edges. The cause is the shape of the pole in permanent magnatpoleac
consists of 3 rectangular block magnets — see selction 5.4.2 about rostnuction
of the prototype — and does not have the arc of a circle at highest raéiys
consequence, the magnet “protrudes” the plane at outer rag{tedius of the top
of the laminated stack) in the unaligned position in figure5.28.

This increase of the flux in unaligned position can also be proven numerically
by computing the flux linkage with the search coil. In FEM, a surface integjral
the normal flux density component was taken over a surface with identisdign
and dimensions as the search coil of figureb.14. This is done as a fuattiore,
resulting in the simulated flux waveform shown in Figlire 5.29. At points a and ¢
the PM is unaligned relative to the stator tooth, as is the case in figure 5.28. At
point b, the PM is aligned relative to the stator tooth as is the case in figude 5.27.
It is observed that there is a little drop in flux in the aligned position. By taking



—®
5.6 At no-load: fringing flux caused by the permanent magnets 115
o)
=
£
&
0 05 1 15 2 25 3
t[ms]
Figure 5.29: Simulated flux through the fringing flux search cojl g, in
no-load operation mode.
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Figure 5.30: Simulatedemfin the fringing flux search cody, ., at no-load
and at a rated speed of 2500 RPM.
the derivative of this simulated flux and multiplying it with the number of turns,
the emf in the search coil is obtained from 3D FEM. The resulting waveform is
shown in figuré¢ 5.30. The drops in the simulaédf are similar to the drops in the
measure@mf as shown in figure 5.25.
—®
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Figure 5.31: Simulated instantaneous eddy-current losses due to rfigngi
flux P s at no load and 2500 RPM in one half of a motor
tooth.

5.6.4 Fringing flux losses

Figure[5.31 shows the instantaneous eddy-current losses causeddiygf flux
calculated directly by the 3D FEM model of a half motor tooth. These inductance
limited eddy-current losses are separated from the resistance limiteccedeynt
losses by use of the second separation technique of secfioh 2.2.3. B{RJosW

for the complete machine) has to be compared with the total iron losses in the same
operating condition, as found in section 515.2. The fringing flux loss dbad-s
0,75% of the total iron losses.

5.7 Atload: fringing flux caused by PM’s and stator cur-
rents

5.7.1 Waveforms of emf in the fringing flux search coil

Figure[5.3P and 5.33 show the waveform of the induced voltage and fllaganéf
the fringing flux search coil at a load current of 5 A. When comparingréb.26
with figure[5.33, it is clear that the excitation winding has a larger influendben
fringing flux than the permanent magnets: the peak value oéhig74,1 mV) at
no load is much smaller compared to #rmaf (150 mV) at a load of 5 A.

Similar to the no-load situation, Figure 5132 shows dips ineind waveform.
It is expected that these dips are also caused by the magnets that pto&ptkne
ro =cst in unaligned position, wherg is again the outer radius of the lamination
stack. This is indeed proven by 3D field plots for the considered loadindjton:
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Figure 5.32: Measuredemf in the fringing flux search coi, meas Without
noise at a rated speed of 2500 RPM and a load current of 5 A.
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Figure 5.33: Measured flux through the fringing flux search il meas at
a rated speed of 2500 RPM and a load current of 5 A.

figure[5.34 and figule 5.85 show the field lines at full load for a spee8@d RPM,

at the moment when the PM is respectively aligned and unaligned relative to the
stator tooth. Therefore, the same explanation for the dips can be giamas

load.
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Figure 5.34: Field plot at full load and 2500 RPM; magnet pole aligned with
stator tooth

Figure 5.35: Field plot at full load and 2500 RPM; magnet pole unaligned
with stator tooth

5.7.2 Influence of stator current amplitude on fringing flux

Figure[5.3b6 shows the measured stator current waveform in function ofatime
load of 5 A and a speed of 750RPM. It is already observed that theeddraitage
in the fringing flux search coil is higher at load than at no-load. It is isténg to
study the influence of the stator current amplitude. This is shown in figurk As37
expected, more fringing flux is generated for increasing stator curféi.effect
is already observed in chapfdr 4 and can be seen in figure 4.6. Thenespe
is done at 1000 RPM. It is observed that at 0 A (no-load) and at 5 fentirthe
induced voltages are about 23.4 mV and 38 mV, while they were found to im&/74
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Figure 5.36: measured stator current waveform at a load of 5 A current and
750 RPM.
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Figure 5.37: Measuredemfin the fringing flux search cog meas in func-
tion of the armature load currefit at a speed of 1000 RPM.

and 150 mV resp. for the same currents and at 2500 RPM. For full loa@ntif

is about 43 mV. It can be concluded that the induced voltage almost dduines
no-load to full load, and that this statement can be done at both 1000 REM an
2500 RPM.
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Figure 5.38: Measuredemf in the fringing flux search co#, meas in func-
tion of the mechanical speeq,q...

5.8 Fringing flux as a function of rotation speed

Figure[5.38 shows the induced voltage in the fringing flux search coil ofdif. 14
in function of the mechanical speed. Because of the low signal-to-ndiseata
very low speeds, it was not possible to do accurate measurements b&l&PH
Several measurements were done between 500 RPM and 2500 RPM;|6ardh
part load (1.5 A stator current) and full load (7 A stator current).

In order to have a more detailed view on the behaviour of the induced voltage,
a new figure (figure’5.39) is made wherein the measured induced voltfigeref
is divided by the mechanical speed. From this figure, interestindusimas
can be drawn regarding the behaviour of the fringing flux as a funcfispexd.

At low frequencies, the flux penetrates through the upper laminations. The
induced currents are almost uniformly distributed over the available sréaxl
are too weak to oppose the field.

For higher frequencies, the flux is pushed towards the edges of the taomma
The fringing flux causes larger eddy currents only in the first fewtsh&esest to
the excitation winding. The field coming from those currents opposes thggrign
field, reducing the induced voltage in the search coil. Above a sufficieigly h
frequency (corresponding to about 1000 RPM in the considered mecltile flux
is almost completely flowing at the edges, causing almost no change any more in
the induced voltage. The figure again shows the more or less double amplitude
of the induced voltage at full load, compared to no-load. In figure 4.5hape
ter[4, it is also observed that for perpendicular flux coming from the diarita
coil, higher frequencies cause higher losses. Higher losses forrtiigh@encies,
means higher opposing fringing fields.
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5.9 Fringing flux as a function of airgap width

When the airgap width increases, the reluctance for the main flux increlases.
this reason, the ratio between the reluctance for the main flux and the releictan
of the fringing flux decreases. The result is that more fringing flux &;@s can
be seen in figure5.40: the induced voltage due to fringing flux is incredsing
increasing airgap width. Five measurement points are considereck iffessure-
ments are very difficult, because they suffer from certain errors liggnametries
of the machine, also the precise thickness of the air gap is difficult to measure
The effect of the airgap width can be seen easily from 2D FEM simulations.
These are computations done by the 2D FEM described in cHapter 2, alhere
laminations and the coatings in between them are modelled and meshed explicitly.
The 2D geometry is shown in figure #.4. The 2D FEM results are shown irefigu
(.41a an@5.41b, where the magnetic vector potential in the out of planéatirisc
plotted for the simplified setup of chapfér 4 for a frequency of 50 Hz, aitaion
of 300 Aturns and an airgap of 1 mm and 5 mm respectively. It can bethaén
more fringing flux is falling in perpendicularly to the plane of the lamination sheets
for a larger air gap.

5.10 Conclusion

In this chapter, the losses of the complete axial flux permanent magnéreyoas
machine were studied. At full load, the conventional iron losses of thetyme
machine are about 40 W. In addition, there are copper losses of a@d@W and
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Figure 5.40: Measuredemf in the fringing flux search co# meas in func-
tion of the airgap widthy for a constant current of 5 A and a
constant speed of 1000 RPM.
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Figure 5.41: 2D field plot of the magnetic vector potential in the out ofia
direction of the simplified setup described in chapter 4 ith
airgap of (a) 1 mm, and (b) 5 mm.
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a number of smaller losses such as losses in the permanent magnets sbeading
windage losses. The fringing flux losses increase the iron lossestebusaally
small. The losses increase with increasing stator current, and also witlp airga
width. They are more or less quadratic with the rotational speed.

The construction of the prototype is explained in detail: construction of the
modular stator teeth, the rotors, and the assembly of the stator. A lot of wker
done by colleagues at Ghent University for finding the appropriateye@sin and
casting technique, as the properties of the resin are very important: it Steed
high strength up to high temperature, a thermal expansion coefficient simiker to
one of copper and aluminium, a high thermal conductivity, and a low viscosity.
Many tests have been done to investigate cavities, cracks and behavldigh a
temperature. Measurements on the prototype have shown that the chsiseim r
combination with the aluminium housing with inward fins leads to an excellent
thermal and mechanical behaviour of the machine.
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Chapter 6

Concluding Remarks

6.1 Conclusion

First, the working principle of axial flux permanent magnet machines is exqula
After this, a comparison is made of competing topologies. Out of this comparison
the YASA topology is selected because of its advantages: modular cdiwstruc
high power density and high efficiency. The construction of the YASA lmpo
has been explained.

The second part of this work was dedicated to the behaviour of eddgntsir
in laminations and the influence of several electromagnetic parameters ffékin e
and penetration depth are studied in a stack of laminates. The field models used
in this research, together with their model requirements were discusseeERID
2D multislice, 3D FIT and 3D FEM.

The third part studied the magnetic characteristics of the materials and the
losses in these materials: silicon steel (grain oriented and non-oriergéidyag-
netic composite and ferromagnetic wire. Several homogenization technigues
compared in order to model the laminated materials in finite element models.

The following chapter presented a detailed study of the losses causeddy f
ing flux coming from the armature reaction on a simplified non-rotating setup, co
sisting of two tooth coils and a closing yoke. The validated field simulations give a
very good image of the cause and the behaviour of fringing flux lossesmgdrom
the armature reaction. The last part of this chapter discusses thremelpes for
reducing these losses. The first method directly restricts the eddyatloeses
by segmenting the lamination surface. The second method deflects the fringing
flux by using Soft Magnetic Composite (SMC). The third method magnetically
short-circuits the fringing flux using ferromagnetic wires. Here the magokac
acterisation from chapter 3 is included in the modelling.

The last chapter presented a study of the losses caused by fringirugfiurg
from the armature reaction and the permanent magnets of the complete axial flu
machine. The study is done as a function of several parameters suntiatsnal
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speed and airgap size. In addition, in contrast to several cited papetisider
no-load only, the influence of the stator current is investigated. In thedasibns
of the chapter, we consider first the no-load situation. Here, the frirflzirndosses
are caused only by the rotating permanent magnets. Then, full load islemsts
At full load, the stator currents cause additional fringing fluxes. Findily,effect
of speed and air gap thickness is explained.

6.2 Recommendation for future research

In the future, further research on fringing fluxes can be done. InRhI3, the
influence of a number of parameters on fringing flux loss was done: siatant
amplitude, airgap thickness, combination of several techniques to redogiad
flux losses. Further research can be focussed on the influenceeodiggarameters
that were not studied in this work: the stack height, the stator slot operihngs,
magnetic material grade, the geometry of the coil end windings, ...

Another further research activity will be on the production methodologhef
YASA machine. As low cost is very important in commercial motors, it is cru-
cial to find construction techniques suitable for mass production. Sgwactical
problems must be solved: the accurate positioning of the stator modules during
stator assembly, the casting process, the connection of the wires of dralsta-
tor modules,... For example, in the prototype, this connection is done manually by
soldering. In mass production however, an automated solution is reqeigedjia
busbars or specially designed printed circuit boards.

A last topic is the further research on the thermal behaviour of the machine.
A lot of research is done already in the framework of other PhDs, bufutioee
study may focus on very high temperatures, in combination with the mechanical
behaviour. Indeed, a machine with high power density is usually a machine tha
can operate at higher temperature than conventional machines (typicafi§)15
This is only possible if all components (enamelled wire, magnets, resins,...) are
functioning properly at these temperatures. Here, the epoxy resins maycial
role. Further testing of the properties of the resins is required, makimgtsat
strong temperature gradients in the machine do not cause excessivenioakcha
stress or cracks in the machine. Also resins should be studied with goodniesih
properties at these high temperatures.
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