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Abstract

Abstract

The research work presented in this thesis aims at developing a permanent
magnet based claw-pole machine for automotive application with permanent
magnet reuse and recycle concept. The aforesaid research is under the aegis of
Project DEMETER which is in the framework of European Union’s Horizon 2020
Marie Sklodowska-Curie actions. The project focuses on the recovery of rare
earth permanent magnets utilized in automotive applications due to the
prevailing problems of price fluctuations and supply-demand issues of these

permanent magnets.

The claw-pole machine is employed in almost all of the automobiles in the world
for alternator application. With the increase in power demands, the claw-pole
machine 1s also being developed as a motor-generator utilized in the hybrid
electric vehicles. At present the permanent magnet based claw-pole machine is
being used in mild hybrid electric vehicles for energy savings. The literature is
replete with various configurations of claw-pole machines that can be developed
to achieve better performances. However, easy assembly and disassembly of
various parts of the machine is also important for the reuse and recycle of
magnets. In this research work two concepts have been developed; first, the
direct reuse concept i.e. easy assembly/disassembly of the rotor and magnets, so
as to easily take out the magnets for direct reuse or recycle and; second, the
direct recycle concept i.e. utilization of recycled magnets in the machine to

achieve the desired performance.

In the course of this research the base design of the claw-pole machine was
developed, analyzed and optimized so as to attain best torque versus magnet-
weight ratio. This helped in the reduction of magnet cost for almost the same
torque. The optimization was carried out using 3-D numerical analysis. The
optimized model was developed in a way that the assembly process of the
magnets and claw-poles remained the same. However, during disassembly the
magnets can easily be withdrawn without disassembling the complete rotor;

therefore utilizing these magnets for direct reuse in other applications or sent for
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Abstract

recycling. In the direct recycle concept, the magnets used in the machine are
recycled magnets with deteriorated performance. The type of recycling process is
a strong determinant of the deterioration in performance of these recycled
magnets. The aim of the direct recycle concept was to analyze the machine with
virgin and recycled magnets, and evaluate the energy consumption of the
machine under different drive cycles. It was observed that with utilization of
recycled magnets in the claw-pole machine, the energy consumption was almost
same as that of the machine with virgin magnets. Thus it can be concluded that
for the permanent magnet based claw-pole machine, the utilization of recycled
magnets i1s more sustainable for the environment as it can lead to consequential
limits on the mining of rare earth materials. The price fluctuations and supply-
demand problems can also be reduced with the increase in utilization of recycled

magnets, albeit policy and norms are effectuated.

The prototype of the machine with virgin magnets have been fabricated and
tested for performance. It has been observed that the experimental results match
fairly well with the design analysis results, hence validating the design process

and methodology.
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Résumé

Résumé

Dans son dernier rapport publié en 2014, le groupe d'experts
intergouvernemental sur les changements climatiques a déclaré: "Il est
extrémement probable que l'influence de I'hnomme ait été la principale cause du
réchauffement observé depuis le milieu du XXe siecle". Nous avons eu quelques
apercus des effets importants profonds du changement climatique. Seize des dix-
sept années les plus chaudes ont eu lieu depuis 2000. Les données empiriques de
nombreuses études montrent que les gaz a effet de serre sont les causes majeures
responsables de 'augmentation des températures mondiales: élévation du niveau

des océans, incendies de forét et cycles climatiques brusques.

Les gouvernements, ainsi que les groupes d'action composés d'industriels et
d'universités, ont manifesté une volonté nouvelle de s'attaquer au probléme des
émissions excessives de gaz a effet de serre en adoptant des technologies plus
écologiques et plus propres, non seulement au niveau de la production mais aussi
de la consommation. Les émissions de véhicules constituent 1'un des principaux
facteurs des émissions mondiales de gaz a effet de serre. Il est impératif que la
prochaine révolution automobile nous pousse vers des technologies moins
polluantes et facilement adoptables a la fois. Compte-tenu avec du dynamique
dans le domaine des technologies propres, la plupart des constructeurs
automobiles s’orientent vers [électrification des véhicules automobiles en
introduisant sur le marché des véhicules hybrides et électriques. En raison des
exigences concurrentielles de lI'industrie automobile en matiere de performances
élevées dans des espaces restreints, les machines électriques requises pour ces
applications doivent avoir des densités de puissance élevées. Pour atteindre ces
densités de puissance élevées, la plupart des machines électriques utilisées dans
les applications automobiles utilisent des aimants permanents a base de terres
rares, en raison de leurs propriétés magnétiques élevées. L'utilisation de ces
ailmants permanents a base de terres rares s'est multipliée en raison des
exigences susmentionnées des applications automobiles. Par conséquent, 1'offre et

la demande d'aimants a base terres rares ont été affectées au cours de la derniére
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décennie. Cependant, la majorité des terres rares produites le sont en Chine. En
2011 des événements a caractére politique ont entrainés une tres forte volatilité
des cotlits de ces matériaux .

Dans ce contexte, I'Union européenne a initié des travaux de recherches visant a
réutiliser et recycler ces éléments critiques, a savoir: les matériaux magnétiques
a base de terres rares. Cette theése s'inscrit dans le cadre du projet Horizon 2020
MSCA DEMETER de I'Union européenne, qui se concentre sur la réutilisation et
le recyclage des aimants permanents a base de terres rares utilisés dans les

applications automobiles de trois manieres:

» Réutilisation directe
» Recyclage direct

» Recyclage indirect

Les travaux de recherche présentés dans cette thése visent a développer une
machine a griffes a base d'aimants permanents (AP) pour les applications
automobiles en tenant compte de la réutilisation et du recyclage des aimants
permanents. Le projet se concentre sur le recyclage et la réutilisation des
almants permanents a base de terres rares utilisés dans les applications
automobiles en raison des problemes de fluctuations des prix et des problémes

d’offre et de demande de ces aimants permanents.

La machine a griffes est utilisée dans presque toutes les automobiles du monde
pour les applications d'alternateur. Avec l'augmentation de la demande en
puissance, la machine a griffes est également développée en tant que moteur-
générateur utilisé dans les véhicules électriques hybrides. Actuellement, la
machine a griffes a base d'aimants permanents est utilisée dans des technologies
d'hybridation mild afin de réduire les émissions de COq. La littérature regorge de
différentes configurations de machines a griffes pouvant étre développées pour

obtenir de meilleures performances. Cependant, le montage et le démontage
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faciles des différentes parties de la machine sont également importants pour la
réutilisation et le recyclage des aimants. Dans ce travail de recherche, deux
concepts ont été développés; premierement, le concept de réutilisation directe,
c’est-a-dire le montage / démontage facile du rotor et des aimants, de maniére a
pouvoir retirer facilement les aimants pour les réutiliser ou les recycler
directement; deuxiémement, le concept de recyclage direct, c'est-a-dire
I'utilisation d'aimants recyclés dans la machine pour obtenir les performances
souhaitées. Les figures R.1 et R.2 représentent respectivement le concept de
réutilisation directe et le concept de recyclage direct dans le cadre de la machine

a griffes.

[_- Reuse/Recycle

[ Direct re-use ] L

‘ Direct re-use of magnets after

End of Life (EOL) of the machine

Apply varnish
remover (chemical
or eco-friendly)

Firstforged claw
with appropriate

Second forged
claw with

During
manufacturing _, | At EOL X Rotor subjected
of new machine During

o to Curie temp.
disassembly \ for 30s (demag.)

Second claw

with complete
First claw with 5 slit

appropriate : /
mag. slit / Push the magnet out

VARNISH through the claw from
\_,\_/\/ complete magnet slit

Fig. R.1 Méthodologie de réutilisation directe pour I'assemblage et le démontage

d'aimants dans une machine a griffes
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| Reuse/Recycle _l

 Directrecycle

Electrical machine design
utilizing direct recycled magnets
o Design of electrical
New/ virgin machine (claw-pole Recycled
magnet magnet
— s e T

Performance
Performance
e (recycled
: mag.)

L <R -
L

Optimize the machine design to Energy cost
achieve the best performance (o EESRRIHEIIS

using recycle magnet

Fig. R.2 Méthodologie de recyclage direct pour la conception de machines électriques

(type machine a griffes)

Au cours de cette recherche, la conception originale de la machine a griffes a été
développée, analysée et optimisée de maniere a obtenir le meilleur rapport couple
/ masse d’aimant. L’automatisation de la géométrie est réalisée sur I'éditeur de
géométrie du logiciel d’analyse par éléments finis, de maniére a obtenir une
optimisation numérique tridimensionnelle de la géométrie des poéles a griffes
pour obtenir le meilleur ratio couple / aimant. Cela a permis de réduire le cout
des aimants pour presque le méme couple. L'évaluation complete des
performances est obtenue en utilisant des techniques de programmation, de
maniére a obtenir les cartographies du flux, du courant, la tension, des pertes et
du rendement de l'enveloppe couple-vitesse. Le modele optimisé a été développé
de maniere a ce que le processus d’assemblage des aimants et des griffes reste le
méme. Cependant, lors du démontage, les aimants peuvent étre facilement
retirés sans démonter le rotor complet; par conséquent, il est possible de
réutiliser directement ces aimants dans d'autres applications ou procéder a leur

recyclage.
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Dans le concept de recyclage direct, les aimants utilisés dans la machine sont des
aimants recyclés aux performances dégradées. Le type de processus de recyclage
est un facteur déterminant dans la détérioration des performances de ces
aimants recyclés. L'objectif du concept de recyclage direct était de comparer les
performances de la machine avec d'un c6té les aimants vierges et de l'autre coté
les aimants recyclés et d'évaluer la consommation d'énergie de la machine selon
différents cycles de conduite. On a observé qu'avec l'utilisation d'aimants recyclés
dans la machine a griffes, la consommation d'énergie était presque identique a
celle de la machine a aimants vierges. On peut donc en conclure que pour les
machines a griffes a aimants permanents, I'utilisation d’aimants recyclés est plus
durable pour l'environnement car elle peut réduire le besoin en extraction de
terres rares. Les fluctuations de prix et les problemes offre / demande peuvent

également étre réduits avec I'utilisation augmenté d’aimants recyclés.

Des indices de recyclage pondéré ont également été développés pour évaluer la
machine en termes de recyclabilité. Le premier indice dépend de la
standardisation et de la prise en compte des colts, de l'assemblage et du
démontage. Le deuxieme indice dépend de la consommation d’énergie, en tenant
compte du cycle de conduite. Le principe d'indexation a été utilisé pour évaluer la
recyclabilité de la machine développée et la comparer aux autres topologies de

machines développées dans le projet DEMETER.

Le concept de réutilisation directe et de recyclage direct des AP dans le contexte
de la machine a griffes offre des avantages en termes de facilité de recyclage. Par
conséquent, comme indiqué précédemment, l'utilisation de AP recyclés dans les
machines électriques est également plus durable et contribue a réduire
I'empreinte carbone en aidant a réduire les activités d’exploitation miniére afin
produire de nouveaux matériaux constitutifs d’AP. Comme cette machine est
produite en gros volumes (des millions par an); l'utilisation d'aimants recyclés
peut entrainer une réduction significative substantielle de 1'exploitation miniére.

Cependant, pour une implémentation en douceur des concepts de réutilisation et
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de recyclage; des politiques de réglementation doivent étre mises en ceuvre. Pour
faire exister pleinement le concept de recyclage, il serait nécessaire que des
directives politique soient lancées pour que le recyclage soit pris en considération
depuis le début jusqu'a la fin de la chaine d'approvisionnement: du constructeur
automobile au de-constructeur. Une fois le systeme en place, le recyclage
deviendrait un processus naturel et offrirait de nombreux avantages pour que la

planete reste verte et durable.

Enfin, une machine a aimants vierges est fabriquée avec les nouveaux poéles a
griffes puis ses performances sont testées expérimentalement. De méme, un rotor
a griffes avec des aimants recyclés est également fabriqué pour la méme
machine. Les résultats expérimentaux correspondent assez bien aux résultats de
la simulation, validant ainsi la méthodologie. La machine a aimants recyclés est
beaucoup plus écologiquement durable car elle limite les activités d’extraction de
nouveaux matériaux magnétiques et conduit a une moindre pollution de

I’environnement.
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General Introduction

The Inter-Governmental Panel for Climate Change in its latest report released in
2014 said that "It is extremely likely that human influence has been the
dominant cause of the observed warming since the mid-20t century." We have
experienced a few glimpses of the far-reaching effects of climate change on our
own. Sixteen of the 17 warmest years have occurred since 2000. Empirical
evidence through numerous studies show that Greenhouse Gases are the major
forces in driving up global temperatures which have had several detrimental

spillovers like ocean levels rising, forest fires and abrupt climate cycles.

Governments, as well as action groups consisting of industry and academia, have
exhibited a new resolve to tackle the problem of excess Greenhouse Gases
emissions by moving towards the greener and cleaner technologies, not only at
production levels but also at consumption levels. Vehicular emissions constitute
one of the high contributors of global Greenhouse Gases emissions. It is
imperative that the next automobile revolution pushes us towards technologies
that are less polluting and easily adoptable at the same time. With this increased
momentum in the field of clean technologies, most of the automobile
manufacturers are moving towards electrification of the automotive vehicles by
introducing hybrid and electric vehicles. Due to the competitive automotive
requirements of high performance in constrained space, the electrical machines
required for these applications need to have high power densities. To achieve
these high power densities, most of the electrical machines used for automotive
applications employ rare earth permanent magnets, due to their high magnetic
properties. The utilization of these rare earth permanent magnets have
multiplied due to the aforesaid requirements of automotive applications.
Consequently, the supply/demand of rare earth magnets have been affected in
the past decade. However, most of these rare earth materials are produced in
China. It is observed that in 2011 politically motivated events led to very high
volatility in the costs and supply/demand related problems to the rare earth

magnetic materials.
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Thus, in this context the European Union has started efforts in the reuse and
recycling of these critical elements viz. the rare earth magnetic materials. This
thesis 1s under the European Union’s Horizon 2020 Project DEMETER which
focuses on the recovery of rare earth permanent magnets utilized in automotive
applications by the following three ways:

» Direct reuse

» Direct recycling

» Indirect recycling
The research in this thesis is concentrated on the direct reuse and recycle concept
of Neodymium Iron Boron rare earth magnets used in a permanent magnet based

claw-pole machine. The thesis is organized as follows:

Chapter 1 presents the introduction and motivation for permanent magnet
recyclability. It highlights the various critical raw materials identified by the
European Commission, and depicts that Light Rare Earth Elements and Heavy
Rare Earth Elements are the most critical materials as most of them are
imported from China. The objectives and deliverables of Project DEMETER are
highlighted and the need for reuse and recycle of permanent magnets is

described in this chapter.

Chapter 2 covers literature survey and bibliography study on hybrid and electric
vehicles, claw-pole machines, reuse, recycling, assembly and disassembly of
electrical machines. The state of the art architectures for various hybrid vehicles
are explained along-with a typical electric vehicle architecture. The literature is
replete with various configurations of claw-pole machines and its design analysis

as well as for reuse, recycling, assembly and disassembly.

Chapter 3 concentrates on the design and analysis of permanent magnet based
claw-pole machine for automotive application. Geometry automation is carried
out on the finite element analysis software’s geometry editor, so as to obtain
three dimensional numerical optimization of the claw-pole geometry for best

torque to magnet weight ratio. The complete performance evaluation is obtained
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by utilizing programming techniques, so as to obtain flux mapping, current
mapping, voltage mapping, loss mapping and efficiency mapping for the complete

torque-speed envelope.

Chapter 4 is dedicated to elaborating the reuse and recycle magnet concept for
the claw-pole machine. Two concepts have been developed; first, the direct reuse
concept 1.e. easy assembly/disassembly of magnets and; second, the direct recycle
concept i.e. utilization of recycled magnets in the machine to achieve the desired
performance. Weighted index of recycling has also been developed to score the
machine in terms of its recyclability. First index is dependent upon the
standardization and cost taking material, assembly and disassembly into
consideration and second index is dependent upon energy consumption taking
drive cycle into consideration. The claw-pole machine is also analyzed with
recycled magnets developed at University of Birmingham with reduced
performance, and it is seen that the machine performance does not drop
substantially when compared to machine with virgin magnets. This result opens

the possibility of utilizing recycled magnets for succeeding claw-pole machines.

Chapter 5 presents the prototyping and experimental results of the developed
claw-pole machine. A machine with virgin magnets is developed with the new
claw-poles and tested for performance. Similarly an identical claw-pole rotor was
fabricated and recycled magnets will be fitted into this for the same machine. The
experimental results for the machine with virgin magnets rotor, match fairly well
with the simulation results, hence validating the design and the development
methodology. Similarly, the machine with recycled magnets is also assumed to
perform comparable to the simulation results, hence validating the utilization of
recycled magnets in next generation claw-pole machines. The machine with
recycled magnets is much more sustainable from the environmental point of view
as it limits mining activities for new magnet materials and leads to lesser
environmental pollution. However, the demand of Neodymium would go up as

the supplies for hybrid and electric vehicles increase.
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Chapter 1. Permanent Magnet Recyclability: Introduction and Motivation

Chapter 1

Permanent Magnet Recyclability: Introduction and

Motivation

1.1 Critical Raw Materials: Rare-Earth Elements

Critical Raw Materials (CRMs) are those raw materials which are economically
and strategically important for the European economy, but have a high-risk
associated with their supply. In 2011 the European Commission (EC) published a
report on CRMs for the European Union (EU) and highlighted the critical
elements which are under supply risk and their impact on economy is higher
compared to other raw materials [1]. Similarly in 2014 and 2017 the EC
published updated reports of the CRMs in which new materials were added as
critical elements [2]-[3]. Therefore, till date 27 raw materials have been listed as
CRMs as per the EC which can be seen in Table. 1.1 [3]. The list has been
generated to tackle challenges related to the access to CRMs. It is also an indirect
tool to analyze investment needs to help in mitigating Europe’s reliance on
imports of raw materials, support research and innovation, transition to a low-
carbon resource dependent economy and also incentivise the European

production of CRMs by enhancing recycling activities.

Table. 1.1 List of 27 CRMs as per EC [3]

Critical Raw Materials ‘

Antimony Fluorspar Natural graphite Tantalum
Baryte Gallium Natural rubber Tungsten
Beryllium Germanium Niobium Vanadium
Bismuth Hafnium Phosphate rock Platinum Group Metals
Borate Helium Phosphorus Heavy Rare Earth Elements”
Cobalt Indium Scandium Light Rare Earth Elements*
Coking coal Magnesium Silicon metal

“HREE *LREE
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Fig. 1.1 shows the CRMs and non-CRMs for EU as of 2017 in terms of supply risk
and economic importance [4]. It can be observed from the EU CRM 2017 report
that the global supply of majority CRMs like rare earth elements, magnesium,
tungsten, antimony, gallium, germanium and few others is dominated by China
[3]. Numerous other countries have leading supplies of specific raw materials,
such as Brazil (niobium) and USA (beryllium and helium) [3]. Supply of platinum
group metals is concentrated in Russia (palladium) and South Africa (iridium,
platinum, rhodium and ruthenium) [3]. Low recycling rates and low substitution
in several cases lead to the threat in the concentration and production of these
raw materials. Therefore, reuse and recycle of as many CRMs as possible is a

path to better sustainability and releasing pressure from the environment.

A Light Rare-Earth Elements O
OHeavy Rare-Earth Elements
Antimony
Phosphorus Magnesium
Bismuth
4 Niobium
7, Borate
e Scandium
> Natural Graphite .
o ) Platinum Group Metals
oY Indium  Beryllium
>
(Vs
Bauxite Germanium
Tungsten
Helium Vanadium Cobalt
Baryte
Sapele Wood Gallium Fluorspar
- ; Phosphate
Natural cork Lithium Silicon Metal Hafnium Rock Nersl muisiser
Rhenium Cooking coal Tantalum Manganese
Natural Teak wood Tellurium Tin Molybdenum Iron Chromium
Feldspar Magnesite s Potash
Kaolin clay Silver _, >ulpPhur i
Perlite © “ Gypsum Talc Zing, Selenium Alumingm
Bentonite Silica sand i i L Nickel
Aggregates Diatomite  fitaniym Copper
Gold Limestone Lead
Economic importance >

Fig. 1.1 List of CRMs and non-CRMs for EU as of 2017 [4] (credits image: redrawn by
Paul McGuiness, available: https:/new-mine.eu/eu-raw-materials-week/ )
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1.1.1 Heavy Rare Earth and Light Rare Earth Elements

The rare earth elements (REE) are a set of seventeen chemical elements in the
periodic table, i.e. the fifteen lanthanides including Scandium and Yttrium. Fig

1.2 depicts the 17 rare earth elements in the Periodic table [5].
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Fig. 1.2 Rare earth elements in the Periodic table [5]

The REEs are further sub-divided into two categories:
@) Heavy Rare Earth Elements (HREE), consisting of Europium (Euw),
Gadolinium (Gd), Terbium (Tb), Dysprosium (Dy), Holmium (Ho),
Erbium (Er), Thulium (Tm), Ytterbium (Yb), Luttetium (Lu) and
Yttrium (Y).
(i) Light Rare Earth Elements (LREE), consisting of Lanthanum (La),
Cerium (Ce), Praseodymium (Pr), Neodymium (Nd), Promethium (Pm)

and Samarium (Sm).

The HREEs and LREEs are the most critical materials in terms of supply risk as
both of them are 95% imported from China [4]. The rare earth permanent

magnets are the strongest magnets available in the world till date. The term
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‘rare-earth’ is used to refer to these permanent magnets (PM) due to the presence
of REEs in these PMs. There are two types of rare-earth PMs:
@) Neodymium magnet: - an alloy of neodymium, iron and boron to form
the Nd2Fe14B tetragonal crystalline structure.
(i) Samarium Cobalt magnet: - an alloy of samarium and cobalt to form
the SmCos and Sm2Co17.
The NdFeB magnets also sometimes utilize praseodymium (Pr) and dysprosium
(Dy) in their crystalline structure to improve their properties. Hence, due to the
presence of Nd, Sm, Co, Pr and Dy in the rare-earth permanent magnets, they
can also be indirectly considered as critical materials in the industry. The rare-
earth PMs are used in various applications like not only limited to automotive,
aerospace, electronics, magnetic resonance imaging devices, wind power, traction
machines, computer hard drives, magnetic refrigeration, defence, microphones

and speakers.

1.2  Rare-Earth Permanent Magnets in Automotive Applications

The electrical machines have been an integral part of an automobile since its
inception and will be the most important component for future automotive
applications. From the seasonally important wiper blades, to the glamorous
power windows, from the totally indispensable CD player to the totally
dispensable sun roof, (or maybe not); from the fuel pump to the starter motor, the
list is endless. It is not endless, but it’s very large and highlights the amount of

RE PMs being used in automotive applications.

1.2.1  Electro-mobility in automotive applications

Electric Vehicles (EV) and Hybrid Electric Vehicles (HEV) are the new key
developments in automotive industry with the implementation of new energy
efficiency regulations and standards in various countries around the world.

Electro-mobility (e-mobility) in automotive applications have picked up pace and
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nowadays every automobile manufacturer is striving towards the development of
EVs and/or HEVs. The EVs and HEVs provide benefits in the reduction of COs
emissions and help in environmental sustainability. Along-with EVs and HEVs,
an automobile consists of large number of electrical machines for various other
purposes. Fig 1.3 illustrates the large number of electric motors for various
functions in an automobile. Most of these machines employ permanent magnets,
whether it is ferrite magnets, AINiCo magnets, NdFeB magnets or SmCo
magnets. This provides a comprehension about the importance of PMs utilized in

automotive applications.

Automatic Speedometern,
Temperature Sun Roof Motor Gauges ond Digital
Control Clock
Defrogger
Malor
Windshield
Wiper Motor
Tail Gete /
Motor - Windshiald

‘Washar Pump

Headlight

Doorlock
— Door Maotor
I Economy and
Anti-Skid — Pollution Conirol
Fuel Pump Coolant Fan
Martor Motor
Starter Malor
S Heat and Alr
Seat Acuator ionkion J Condition Mator
Malor
Throftle and
Cronkshaoft Position
Sensors

Fig. 1.3 Electric motors for various functions in an automobile [6]

1.2.2 Permanent magnets employed in electrical machines for automotive

applications

Nowadays the most important component in advanced electrical machines used
in automobiles is permanent magnets. For low power motor requirements of few
Watts ferrite magnets are generally utilized. But with the stringent cost and

space requirements in the automobiles high energy magnets need to be used so
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as to fulfil the requirements. As highlighted in Section 1.1.1, rare earth magnets
are the strongest magnet on earth till date, and sintered NdFeB magnets being
strongest between SmCo and NdFeB. As a result, mostly NdFeB magnets are
used in large number of EV/HEV applications. Fig. 1.4 shows the evolution of
various PMs with respect to their energy product, and hence it can be observed

that NdFeB magnets have the highest energy product till date.
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Fig. 1.4 Evolution of PMs with respect to their energy product [7]

The REE magnet industry consumes the major part of the LREEs i.e. Nd and Pr,
while it consumes practically all of the produced HREE Dy. This makes the REE
magnet industry and the various downstream sectors that utilise these magnets
in their products and services extremely vulnerable to price fluctuations and
shortages. The automotive sector is likely to become the main consumer of REE

magnets in Europe, as it moves towards more HEVs and EVs [7].
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1.3  Project DEMETER

Project DEMETER [8] is under the European Union’s Horizon 2020 framework
programme for research and innovation, and support researchers at all stages of
their careers under Marie Sklodowska-Curie Actions (MSCA). DEMETER
corresponds to European Training Network for the Design and Recycling of Rare-
Farth Permanent Magnet Motors and Generators in Hybrid and Full Electric
Vehicles. During the rare-earth crisis of 2011, three possible solutions were
investigated to alleviate the shortages; (1) increased recycling rates of REE-
containing devices; (2) the search for new, mineable REE resources outside
China, and; (3) the development of REE-free strong permanent magnets
(“substitution”). Although Europe has access to some REE deposits, for instance
Norra Kirr (Sweden) and Kvanefjeld (Greenland), these mining projects are still
at an exploratory stage and it will take many years before these mines become
operational. Secondly, the development of new REE-free permanent magnets
requires a scientific breakthrough that has not come about, despite decades of
research, not only in Europe, but around the world. Therefore, of the three
potential options, only the first is likely to succeed from the European perspective

on the short to medium term [8].

Concurrently, in the recently published report [9] of the European Rare Earth
Competency Network (ERECON), which was set up under the auspices of
Directorate-General (DG) Enterprise and Industry to lower the REE supply risk
for the EU, it is pointed out that research focusing on the REE permanent
magnets used in e-mobility should receive top priority with drive motors, power
steering, stop-start motors, and regenerative braking generators being
highlighted in particular. Combining the EU needs and the ERECON “call-for-
arms”, DEMETER, therefore, focuses on solutions for the large quantities of REE
permanent magnets that are used in the motors and generators of EVs/HEVs, for
which at present there is no clear pathway for reclaiming the REE magnets when

they reach their End-of-Life (EoL) [8].
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1.3.1

Objectives and Deliverables

The project focuses on the recovery of large (i.e. > 30 g REE permanent magnets

in the drive motor, the power-steering motor, the stop-start motor, and the

regenerative braking and range extender generators in EVs/HEVs and in highly

advanced internal combustion engine vehicles (ICEVs). There are three options

with respect to the recovery of these devices.

L.

II.

III.

The first option is Direct Re-use: magnets could be removed from EoL

motors/generators and used again in new motors/generators. This 1is,
however, not a realistic option at present, as the magnets in the current
EVs/HEVs were never designed to be removed and are often difficult to
extract. In DEMETER the first aim is to develop strategies based on
Design for-Reuse with new generations of motors/generators that
incorporate standard sizes of magnets that can be easily removed for re-
use in new EVs/HEVs (and Advanced ICEVs) and also utilize recycled
magnets in new generation electrical machines for these EVs/HEVs.

The second option is Direct Recycling, in which case the magnets are

treated as a raw material for the production of new magnets, but using
novel techniques such as hydrogen decrepitation (HD) processing,
plasma/strip casting, and spark plasma sintering, to give new, ready-to-
use, magnetic materials or a new master alloy that can be processed using
existing magnet production facilities.

The last option is Indirect Recycling. In contrast with the alloy route in

direct recycling, indirect recycling implies that the magnet scrap material
1s transformed to its elemental components. The REEs are recovered from
the magnets and separated from each other for use in subsequent
permanent magnet production or, possibly, in other existing or new

applications such as magneto-caloric materials or lamp phosphors.

Fig. 1.5 depicts the above three ways to close the materials loop for rare earths

from permanent magnets in EVs/HEVs. In DEMETER, not only NdFeB magnets,

but also SmCo magnets are considered, as many magnet experts believe that
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SmCo is the better choice in certain motor applications. DEMETER has a

comprehensive strategy as it not only develops innovative, environmentally-

friendly direct and indirect recycling strategies for the permanent magnet motors

and generators in EVs/HEVs that are currently already on the market but also

Design-for-Reuse solutions for the motors and generators in future EVs/HEVs.

INDIRECT
RECYCLING

DIRECT
RECYCLING

MAGNET
PRODUCTION

~

Fig. 1.5 Three ways to close the materials loop for rare earths from permanent magnets

in EVs/HEVs (and Advanced ICEVs) [8]

DEMETER’s science and technology (S/T) objectives are to:

X/
o

0

0

X/
°e

Develop innovative, eco-efficient direct and indirect recycling routes of
NdFeB and SmCo magnets motors and generators from End-of-Life
EVs/HEVs and Advanced ICEVs.

Develop innovative processing techniques for production of high
performance NdFeB and SmCo magnets.

Design electric motors and generators for the next generation of EVs/HEVs
and Advanced ICEVs to enable easy future reuse and recycle of NdFeB
and SmCo magnets.

Develop a complete, “(urban) mine-to-machine”, lifecycle assessment (LCA)
and lifecycle costing (LCC) methodology for REE permanent magnets to
ensure that the most environmentally-friendly and economical routes are

applied for recycling.
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1.3.2 Collaborative work

In the project DEMETER consortium there are seven beneficiaries and three
partner organizations. The seven beneficiaries host doctoral researchers who
under their aegis work upon subjects related to project DEMETER’s objectives
and deliverables. These doctoral researchers are named Early Stage Researchers
(ESRs) in the MSCA scholarship structure and there are fifteen ESRs working in
the project for different beneficiaries. Consequently, due to the close-knit
deliverables of the project, there is collaborative work possible between ESRs to
achieve the goal of the project. Fig. 1.6 shows the possible integration of ESRs in
the overall research programme of project DEMETER.

Characterization, Life cycle assessment and Techno-economic Assessment

ESR 13, 14 & 15

Swarf & Scrap

Direct and A
Indirect recycling

ESR1,2,3&4

Magnet
Production

ESR5,6,7& 8

Design for Reuse

ESR 9, 10, 11 & 12

Fig. 1.6 Integration of ESRs in overall research programme [8]

This thesis is presented by ESR 11 whose deliverable was defined as to develop a
claw-pole machine for HEV application where the permanent magnets can be

extracted for reuse and also to develop a workable machine using recycled
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magnets. Along-with the above objectives the machine should also meet the

stringent performance and cost requirements of automotive applications.

During the course of the research work, ESR 11 worked closely with the group of
ESRs 9 to 12 towards electrical machine designs with reuse and recyclability
being the main driving force for different machine designs. As a result,
recyclability index for electrical machines with respect to (w.r.t.) permanent
magnets have been developed in the due course of the project by ESRs 9 to 12
which 1s detailed in Chapter 4. Four different machine designs have been
developed and evaluated for their recyclability index w.r.t. to assembly/

disassembly and energy cost evaluation.

In additional collaboration with ESR 2 who is working on the development of
recycled magnets from scrap magnetic materials, activities were undertaken for
the recycling of magnets developed by their facility. ESRs 7 & 13 also helped in
the final grinding and processing of these recycled magnets. These recycled PMs
are planned to be assembled in the machine developed in the course of this
research thesis. The results of this exercise are presented in Chapter 4 and they
show that with the utilization of recycled magnets with reduced performance,
there 1s negligible reduction in machine performance and energy consumed by

the machine for different driving cycles.

There is also close integration with ESR 15 who works upon the LCA and LCC of
magnet manufacturing and the complete supply-chain system. The results from
the use-phase of the electrical machines will be utilized for the LCA and LCC
research work of ESR 15.

As is evident, all the ESRs were connected to each other in some way or the other
and this was an excellent opportunity to gain knowledge of different domains

other than electrical machine design.
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Chapter 2

Literature Survey and Bibliography Study

2.1 Hybrid and Electric Vehicle Technologies

All around the world environmental problems due to air, water and land
pollution are creating huge health hazards. The main causes of air pollution are
emissions from industries, transportation, agricultural activities, mining
operations and indoor/household activities. Out of these, transportation is one of
the major contributors due to the burning of fossil fuels by automobiles. As a
result, many countries have started implementing new regulations and
standards to curb this by emphasising the introduction of hybrid and electric
vehicles. HEVs provide better fuel efficiencies than compared to conventional
internal combustion engine (ICE) vehicles, whereas EVs are purely electric and
hence sometimes termed as Zero Emission Vehicles (ZEV). There are various
vehicle architectures employed in these HEVs and EVs so to achieve better fuel

efficiencies in automobiles. Few of these are detailed in section below.

2.1.1 Hybrid Electric Vehicle architectures

Hybrid Electric Vehicles consist of an IC engine and one or more electrical
machine to drive the automobile. Depending on the architecture the wheel power
could be provided by IC engine or electrical machine or from both. Therefore, due
to this combined effect, it is termed as ‘Hybrid Electric Vehicle’. The IC engine
could be a conventional fuel converter or the more contemporary advanced
engines. The electrical machine can be of various types like direct current (DC)
machines, induction machine, brushless DC machines, permanent magnet
machines, synchronous reluctance machines, and many more. The electrical
energy to the machine is generally provided by batteries installed in the

automobiles. One of the main motivations for developing HEVs is the possibility
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to combine advantages of pure electric vehicles, in particular zero local emissions,

with advantages of ICE-based vehicles, namely high energy and power density.

In principle, it is possible to [10]:

1.

11.

111.

iv.

Downsize the engine and still fulfil maximum power requirements;

Recover some energy during deceleration instead of dissipating it in

friction braking;
Optimize the energy distribution between the prime movers;

Eliminate the idle fuel consumption by turning off the engine when no

power is required (stop-and-start); and

Eliminate clutching losses by engaging engine only when speeds match.

The HEVs are generally categorized into three main types:

X/
A X4

2.1.1.1

Series HEVs: electrical machine (e-machine) provides power to the vehicle
alone, and electrical energy to e-machine can be provided by battery or by

engine-driven generator.

Parallel HEVs: ICE and e-machine can power the vehicle individually or

simultaneously.

Series-Parallel, or combined HEVs: In this arrangement, mechanical and
electrical link is present altogether and depending upon architecture the

power is provided by ICE and e-machine.

Series HEVs

In series HEVs, e-machine is the main unit to deliver power to wheels of an

automobile. The electricity to e-machine is provided by battery, which is charged

by a generator driven by an ICE. In some cases electric power to e-machine can

be provided by battery and generator both depending upon the control strategy.

Hence, ICE is an auxiliary power unit utilized only to drive the generator to

charge the batteries or/and provide electricity via the generator. The engine

Thesis, Pranshu UPADHAYAY, 2018 18



Chapter 2. Literature Survey and Bibliography Study

power and size is not dependent upon automobile power requirements directly.
This type of architecture is a kind of EV assisted by an ICE to extend the electric
driving range of the vehicle. As the engine and e-machine are decoupled, this
configuration has the advantage of flexibility to place both components as per the
vehicle design. But generally the efficiency of this architecture is lower compared
to parallel HEVs. The series HEV becomes expensive when most of the
components need to be designed for maximum sustained power if the series HEV
1s required to climb a long grade. On the other hand, when it is only needed to
serve short trips as commuting to work and shopping, the corresponding ICE
generator set can adopt a lower rating [12]. Fig. 2.1 (a) depicts a typical series

HEV architecture [11].

(a) (b)
Fig. 2.1 (a) Series HEV architecture (b) Parallel HEV architecture [11]

(where TB is battery, PCU is power control unit and TM is electric motor)

2.1.1.2 Parallel HEVs

The series HEVs has only one source of propulsion and that is the e-machine,
hence can be considered as EV with a range extender, whereas in parallel HEVs,
ICE and e-machine both can propel the automobile. While ICE and e-machine are
generally paired together to the wheel transmission via clutches and gear, the
driving force can be provided by ICE alone, or by e-machine alone or by both
depending upon the configuration. Fig. 2.1 (b) shows a typical simple parallel
HEV architecture [11]. Due to parallel nature of this configuration, there is an

advantage that the ICE and e-machine can be optimized as per the drive control
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design of the HEV. Another advantage is that the engine can be turned off during
1dling, and e-machine can be used to assist the ICE during peak loads. A
disadvantage is the requirement of clutch, since ICE is mechanically linked to
the drive train [10]. The e-machine can be used as a generator to charge the
battery during regenerative braking or by the engine while normal driving.
However, the power is divided between ICE and e-machine; both these
components can be designed a little smaller so as to achieve same performance as
a normal ICE vehicle. As a result, generally the fuel economy and efficiency of
the complete system is higher than conventional gasoline powered vehicle,

consequently less CO2 emissions.

This architecture can further be subdivided to following categories (but not
limited to the following):

» Micro-hybrid: These are generally defined as micro-hybrid because of the
presence of automatic start-stop system. The start-stop system
automatically shuts off ICE during idling and other non load conditions,
and switches on ICE when the load requirement is induced. Regenerative
braking is also possible but is limited in power. Hence due to this it
provides marginal fuel savings. (Power: 3-5 kW)

» Mild hybrid: In this the e-machine is majorly utilized for start-stop, power
assist to ICE, generation and regenerative braking operations. During
peak loads the e-machine can provide boost to ICE so as to achieve more
power and during normal running the e-machine can operate as generator
for battery charging. During deceleration and descend at slopes, the e-
machine can boost charge the battery by converting kinetic energy to
electrical energy. This type of architecture provides good amounts of fuel
savings. (Power: 7-20 kW)

» Full hybrid: Full hybrid has a powerful e-machine so that as certain drive
schedules only the e-machine can power the wheels and ICE can be
switched off. In this type the vehicle can work in various modes like EV
mode (only e-machine operational), cruise mode (ICE powers the wheel,

and e-machine charges the battery), boost mode (ICE and e-machine drive

Thesis, Pranshu UPADHAYAY, 2018 20



Chapter 2. Literature Survey and Bibliography Study

the wheels during peak powers), regenerative braking and other modes
depending on manufactures control design. They have substantially good
fuel savings as compared to mild-hybrids. (Power > 25 kW)

» Plug-in hybrid: These are full hybrids with higher battery capacities and
can also be charged from the grid via charging stations. These can be
series or parallel or combined architectures. They have comparable fuel
savings to full hybrids and sometimes even have higher savings than full

hybrids. (Power > 25 kW)

2.1.1.3  Series-Parallel, or combined HEVs

In series—parallel or combined hybrid, the arrangement incorporates the features
of both series and parallel HEVs, but involving an additional mechanical link
compared with the series hybrid and also an additional generator compared with
the parallel hybrid. Although possessing the advantageous features of both the
series and parallel HEVs, the series—parallel HEV is relatively more complicated
and costly. Nevertheless, with the advances in control and manufacturing
technologies, some modern HEVs prefer to adopt this system [12]. There are
various architectures and configurations enlisted in number of literatures, which
provides us with good inputs that HEVs can be optimized to achieve high-quality
fuel savings [10]-[13].

2.1.1.4 E-machine placement in a hybrid architecture

It can be noticed from section 2.1.1.1 to 2.1.1.3, the HEV architecture has lot of
combinations to obtain required functions designed by various manufactures. The
placement of e-machine and ICE can be played with to attain different HEV
arrangements. Therefore, this section places attention on the placement of e-
machine in HEV architecture. Fig. 2.2 illustrates various e-machine placement
alternatives in HEV architecture. PO/P1 position demonstrates that the e-
machine is always linked to the ICE via belt (P0) or on the crankshaft of ICE

(P1). In P2 location the e-machine is linked to ICE on engine crankshaft but can
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be decoupled by the clutch. At P3 position the e-machine is connected to ICE by
gear transmission. The speed of e-machine is a multiple of ICE speed depending
upon gear ratio and hence the e-machine can be decoupled as per requirements.
In P4 locations the e-machine is mounted in driveline or in rear axle or in the
wheels directly. In this location if engine is eliminated the HEV transforms into a

pure EV.

PO/ P1 P2 P4
‘ E-motor E-motor in i
E-motor linked to decoupled from driveline or in
ICE ICE, at same rear axle or in
speed wheels

Fig. 2.2 Various e-machine placement alternatives in a HEV architecture [14]

Hence, it can be observed that with different placement of e-machine in HEV
architecture, the e-machine would have different specifications. Each placement
position has its own merits and demerits. For example, PO/P1 has start-stop,
torque-assist and regenerative operations but no e-drive mode, P2/P3 has start-
stop, torque-assist, regenerative and pure e-drive (certain distances) operations
and P4 has start-stop, torque-assist, regenerative and pure e-drive (long
distances) operations. The main aim of designers is to optimize the ICE and e-
machines to achieve best efficiencies.

The e-machine in this thesis is based on 48 V mild-hybrid design for PO position
in the above HEV architecture.

2.1.2  Electric Vehicle architecture
Pure electric vehicles, in simple terms, convert stored electrical energy into

mechanical energy for driving the automobile. The stored electrical energy is

generally in the form of batteries, which convert the chemical energy into
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electrical energy. Fuel cells, ultra-capacitors, and/or flywheels are some other
sources of storage energy. The e-machine utilizes this electrical energy to produce
mechanical movement. The EV has many advantages over the conventional ICE
vehicle, such as absence of emissions, high efficiency, independence from
petroleum, and quiet and smooth operation [13]. A simple modern EV

architecture is depicted in Fig. 2.3 [13].

Mechanical Electric

transmission motor
drive

|
Electric

( ) | enerey ( )

storage

Fig. 2.3 A simple modern EV powertrain [13]

The e-machine is driven by an electronic controller which is programmed
specifically for the function of driving with different performance patterns. The e-
machine functions as a motor during powering mode and as a generator during
deceleration or descend at slopes for regenerative braking. However, most times,
the batteries need to be charged by the charging stations or sockets to get the
batteries at maximum state of charge (SOC). The e-machine, electronic controller
and battery capacities vary a lot depending on vehicle dynamics, size, weight, etc.
Exhaustive literature is present in the domain of types of e-machine, electronic
controller topologies and type of batteries used in various EVs. Various EV
architectures are also detailed in [13] which portray that with the variation in
characteristics of electric propulsion and energy sources, numbers of

configurations are possible even for electric vehicles.
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2.2  Claw-pole Machine

Increasing comfort and safety in cars, trucks, and buses, driven by combustion
engines, require more installed electric power on board [15]. As of now, the claw-
pole-rotor generator is the only type of automotive generator used in industry,

with total power per unit up to 5 kW and speeds up to 18,000 rpm.

The solid rotor claw-pole structure with ring-shaped single DC excitation coil,
though supplied through slip-rings and brushes from the battery on board, has
proven to be simple and reliable, with low cost, low volume and low excitation
power loss. In general, the claw-pole-rotor generator is a three-phase generator
with three or six slots per pole and with 12, 14, 16 or, 18 poles, and a diode full
power rectifier. Its main demerit is the rather large losses (low efficiency), which
can be around 50-70% at full power and high speed. Producing electricity on
board with such high losses is no longer acceptable as the electric power
requirements per vehicle increase [16]. Improvements to the claw-pole-rotor (or
Lundell) generator design for better efficiency at higher powers per unit are
currently under aggressive investigation by both industry and academia, and
encouraging results are continuously being published. Fig. 2.4 illustrates the

position of the alternator in the complete powertrain unit.

Alternator

Fig. 2.4 Alternator position in the powertrain unit
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2.2.1 Construction and Operation

2.2.1.1 Construction

A cross-section of a typical industrial claw-pole-rotor generator is shown in Fig.
2.5. It contains the following main active parts:

e STATOR: Uniformly slotted laminated stator iron core.

e STATOR WINDING: Generally three-phase alternating current (AC)
winding; typically one layer with q = 1, 2 slots per pole per phase, star or
delta connection.

¢ CLAW-ROTOR & WINDING: Claw-pole rotor made of solid iron parts that
surround the ring-shaped DC-fed excitation (single) coil.

e SLIP RING & BRUSHES: Copper slip-rings with low voltage drop brushes
to transfer power to the DC excitation coil on the rotor.

Slip ring Drive
end frame end frame

= = g
"”HJIHEHH“ .
. . Stator

Rotor assembly

Fig. 2.5 Claw-pole-rotor (Lundell) generator [16]

Fig. 2.6 depicts a typical industrial Lundell generator system [16]. The Lundell
generator AC output is rectified through a three- or four-leg diode rectifier and

connected to the on-board battery. Today, 12 V DC batteries are used, but 42 and
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48 V DC batteries are now adopted as the new standard for automotive

application loads [16].

stator windings
— P
a

e

DC excitation b ¢

Voltage
converter <: regulator

N P,
— Battery
. Del egzDeﬁ
L -VANS VAN VAN AN
+
Y e ————
DC-DC

Fig. 2.6 Typical industrial Lundell generator system [16]

The diode rectifier serves the full-power output rectification and is designed for

the maximum power of the generator. For large units (for e.g. trucks), three

elementary diodes in parallel are mounted on radiator semi-legs to comply with

the rather high current levels involved.

2.2.1.2 Operation

Due to claw type rotor structure, the flux distribution in the machine is 3-

dimensional (3-D) and hence requires 3-D numerical magnetic field analysis

(finite element (FE)). The machine has axial fields and radial fields; as a result it

1s termed as 3D flux machine. Fig. 2.7 illustrates the geometry of a conventional

claw-pole machine with its main flux path through the magnetic circuit and

therefore we can observe the 3-D flux distribution [17].

Fig. 2.7 Main 3-D flux path in a conventional claw-pole machine [17]
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Hence, with no stator excitation and only DC field excitation the back
electromotive force (EMF) increases with speed as well as with the increase in
DC field current. The back EMF would saturate after a certain field current at a
fixed speed as flux induction in the machine would saturate due to soft magnetic
material properties. When stator is connected to a load like battery and resistors
or inductors through the rectifier unit; current is induced in stator winding and
provides load current to battery and other resistive or inductive loads. Typical
DC load current (/z) vs. speed curves for given battery voltage Va, are shown in

Figure 2.8 for three different Lundell automotive generators of increasing power

[16].

140 1
120 1
100 1
80 +
60 T

[dc (A)

20 1

1000 2000 3000 4000 5000
Speed n(rpm)

Fig. 2.8 Typical DC load output current vs. speed for constant battery voltage [16]

2.2.1.3 Permanent magnet based claw-pole machine

In a PM based claw-pole machine, the PMs are placed in the inter-claw region i.e.
between the two claw poles, to provide increased magnetic flux and reduce flux
leakage between the consequent claw poles [18]-[19]. Research work has also
demonstrated that by utilizing Iron-Cobalt (FeCo) soft magnetic materials in the
claw-pole alternator, there could be considerable gain in the output performance
of the machine [20]. But due to high price of FeCo material the research in [20]
shows that by utilizing them only in the rotor core also provides output power
increment with fewer rises in machine cost. Fig. 2.9 shows the claw-pole rotor

with the inter-claw magnets [21].
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| CCTAMALAA

Fig. 2.9 Claw-pole rotor with inter-claw magnets [21]

Hence, the complete assembly of PM based claw-pole machine can be seen in Fig.
2.10. All the major parts like end brackets, electronics, claw-pole rotor with PMs,

stator with windings and pulley are illustrated in the figure.

Rear bracket —_

Claw-pole rotor
with PMs

Front bracket

Electronics

Plastic cover Pulley

Stator with winding

Fig. 2.10 Exploded view of the PM based claw-pole machine

2.2.1.4 Claw-pole machine as a motor-generator for HEV application

The claw-pole machines are nowadays being utilized as a motor-generator unit
instead of only alternator operation, so as to be employed in micro or mild HEV

architectures. The rectifier unit of claw-pole alternator is replaced by more
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intelligent electronic controller so as to switch between motor and generator
operations depending upon the driving situation. Its use as a starter motor
presupposes inverter (frequency) control and, thus, implicitly controlled
rectification capability during generating mode. The design accent will be placed
on motoring mode with verifications for the generating mode [16].

Mild hybrid vehicles rely on the contribution of the starter/generator supplied
from the 36 or 48 V DC battery. Three or four 12 V DC batteries in series, with a
typical 100 to 300 A maximum current absorption, provide for a moderate cost
battery. The battery also serves all the auxiliary equipment on board for a
medium to large car. A 12 V DC bus is built through a special DC-DC converter
to serve the low voltage loads [16]. A mild hybrid vehicle system architecture

developed by Toyota with 42 V power net is illustrated in fig. 2.11 [16], [22].

Power control unit

e N\ \ ) o
g Accelerator SW
— E—
Brake master [l THS-M |a Engine sensor
pressure sensor Sensor signal ECU Sensor signal ECU
Sensor

) = e
[ sensor
o ] Auxiliary drive
[nverter command
~— .
- Air-conditioner
36-V DC/DC e ECU
battery I.I., ,I] converter
e/
12-V
battery H NI/G —

Starter

H00000Q T
=)

{ } Oil pump motor

Auxiliaries
(ex. AC, PS)

Fig. 2.11 A mild hybrid vehicle architecture by Toyota with 42 V power net [16], [22]

(where, ECU is electronic control unit and VSC is variable speed controller)

The starter—alternator design should be worked on with the following objectives
in mind [16]:
» Maximum motoring torque for starting and assisting the ICE at low speed,

and for driving ICE air conditioner compressor load when the ICE is off.
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» Maximum generating power vs. speed.

» Observation of the battery state and reduction of the losses in the system
to obtain a reasonable battery life.

* Minimum possible machine volume and pulse-width modulator converter

costs.

There are three ways to save fuel with the starter—generator system:
e Starting assistance of ICE.
e KEnergy saving during “idle stop,” when the ICE is shut down at traffic
lights or in traffic jams.
e Regenerative electric braking of the vehicle as much as the battery

recharging permits.

The design, operation, analysis and detailed study of the mild hybrid operation
are provided in reference [16] and [22]. This presents us with the impending
advantages of HEV applications for fuel savings and environmental

sustainability.

2.2.2 State-of-the-art for claw-pole machine

A lot of work has been carried out in the design and optimization of claw pole
machines to improve their performance and achieve higher efficiencies at lower
costs. This section details few state-of-the-art literature surveys on claw-pole

machines.

2.2.2.1 Design and analysis of claw-pole machines

Generally, the electromagnetic design and analysis of electrical machines can be
obtained by analytical modelling and numerical modelling. In analytical
modelling, the machine is modelled using reluctance network. The various parts
of the machine are decomposed into separate reluctance equations and the
solution of these equations provides the information related to machine design.

In numerical modelling, the machine is generally modelled based on finite
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elements. The FE method is a numerical analysis technique for obtaining
approximate solutions to a wide variety of engineering problems. Now that
computers are widely available, a more viable alternative is to retain the
complexities of the problem and find an approximate numerical solution. The FE
method envisions the solution region as built up of many small, interconnected
sub regions or elements. A FE model of a problem gives a piece-wise
approximation to the governing equations. The basic premise of the FE method is
that a solution region can be analytically modelled or approximated by replacing
it with an assemblage of discrete elements. Since these elements can be put
together in a variety of ways, they can be used to represent exceedingly complex
shapes [23].

Hence, analytical or lumped parameter models can provide quick and fast
solutions but utilize high assumptions, as a result can produce approximate
results. Whereas, numerical models can furnish accurate results but utilize time
consuming iterations during simulations. V. Ostovic et al in [24] have presented
a magnetic equivalent circuit (MEC) based model of a claw-pole alternator to
compute its performance. The reluctance network 1s quite exhaustive with lot of
elements but provides good agreement between calculated and measured results.
Mamy Rokotova in [25] has developed a reluctance model of the claw-pole
machine with comparatively less elements and provides rapid and good
performance results. The electric circuit is also modelled in this as a model
equivalent to the first harmonics, hence taking into account electromagnetic and
electrical performances. Thermal calculations are also computed in [25] along-
with electromagnetic calculations, hence providing data about the temperature of
the machine. The results are validated with experimental results and they are in
agreement with each other. Fig. 2.12 (a) depicts the MEC model developed by V.
Ostovic et al. and Fig. 2.12 (b) illustrates the reluctance model developed by M.

Rakotovao.

M. Hecquet & P. Brochet in [26] have also presented a permeance network based
model, coupled to electric network for a claw-pole alternator, and the results are

also validated with measured performances. H. Bai et al in [27] have developed a
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lumped-parameter coupled-circuit model of a claw-pole alternator. The machine
model is implemented in the simulation and analysis of an alternator/rectifier
system using a state-model-based circuit analysis program. Comparisons with
experimental results demonstrate the accuracy of the model in predicting the
steady state and transient performance of the machine. Sang-Ho Lee et al. in [28]
present magnetic field analysis of claw-pole machines using improved equivalent
magnetic circuit (EMC) which considers magneto motive-force (MMF) source and
permeance of 3-D main and leakage flux distribution. Nonlinear characteristics
of magnetic core are also considered for precise analysis results. Calculated
results are verified by FE analysis and as well as with experimental
measurements and its comparison show the validity of improved EMC method.
Similarly, L. Albert in [21] developed a reluctance network along-with electric
coupling for design of claw-pole alternator. The optimization of the machine was
also carried out using this reluctance tool with various design objectives and
constraints like to maximize efficiency, to minimize mass, compromise between

mass and yield, etc. and various design options were proposed.
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Fig. 2.12 (a) MEC model by V. Ostovic [24] (b) Reluctance model by M. Rakotovao [25]

Sylvain Perez in [20] has also developed an accurate model to pre-design a claw-

pole alternator taking different soft magnet materials into account in the claw-
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poles. It i1s shown that replacing directly the material by another is not enough
and optimization of the geometry as well as electric configuration are necessary
to take profit of this change. Hence, it can be observed from various literatures
above that analytical and semi-numerical design tools provide speedy solutions
and are in reasonable agreement with test results, but final numerical check with
FE analysis still needs to be obtained so as to assure minimum errors during
manufacturing. As a result, diverse literature is also available in numerical
analysis to attain close to manufactured product test results. Different authors
like H. C. Lai et al. [29], G. Henneberger et al. [30], [31], C. Kaehler et al. [32], C.
Barz et al. [33], [34], L. Melcesu [35], have worked upon numerical FE analysis of
claw-pole machines. It has been observed that numerical simulations can present
more detailed results related to local saturations, precise prediction of losses,
accurate wave-shapes, harmonic content in various electrical quantities and

proximal end results to experimental tests.

2.2.2.2  Literature on different claw-pole concepts

Due to distinctive 3-D structure of the claw-poles in the claw-pole machine,
different claw-pole concepts have been worked upon to achieve diverse solutions.
Y. Kuroda et al. in [36] have mounted ferrite magnets in the claw-pole rotor just
above the DC field windings, to increase the torque capability and reduce low
field excitation losses. Fig 2.13 (a) shows the concept of the developed claw-pole
machine with ferrite magnets in the rotor. J. Cros et al. in [37] have presented
new claw-pole stator structures with soft magnetic composites (SMCs) and this

can be seen in Fig. 2.13 (b).
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Fig. 2.13 (a) Claw-pole with ferrite magnet [36] (b) SMC Claw-pole stator [37]
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The main advantages illustrated for different structures in [37] are that the
electromagnetic, mechanical and thermal functions are integrated in the same
stator parts. There is no end-winding and the copper volume can be minimized.
These structures can be equipped with an integrated cooling system, with
efficient air convection or water circulation. S. O. Kwon et al. in [38] have
presented a double claw-pole structure as illustrated in Fig. 2.14 (a), to achieve
higher power ratings, and exemplified a 2-D equivalent model for analysis. Fig.
2.14 (b) represents a claw-pole machine with DC field winding in the stator as
developed in [17] by A. Ibala et al. The main advantage of this structure is the
elimination of slip-ring and brush arrangement as compared to conventional

claw-pole machine structure.

(a)

(b)
Fig. 2.14 (a) Double claw-pole structure [38] (b) Claw-pole rotor with field in stator [17]

F. Zhang et al. in [39] presented a structure with inner claw-pole stator and outer
PM rotor as seen in Fig. 2.15 (a). In this concept the claw stator need to be made
of 2-3 stacks. The main advantage in this is that the brush and slip ring are
eliminated and the different phases are isolated from each other, hence no
mutual coupling. C. Liu et al. in [40] have presented a SMC claw-pole stator and
four different radial flux PM rotors 1.e. surface mounted PM rotor, surface inset
PM rotor, V-type PM rotor, and flux concentrating PM rotor as seen in Fig. 2.15
(b). Motor with the flux-concentrating ferrite magnet rotor exhibits a very high
ratio of torque to cost, making the best candidate for low-cost applications. For
high-performance applications, the motor with surface-inset PM rotor has the
highest torque density and flux weakening index.

R. Rebhi et al. in [41] illustrate a hybrid claw pole topology which is equipped by

two excitation sources, such that: i) PMs in both stator and rotor, and (i) DC-
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current in the stator. The PMs utilized in this study are ferrite magnets. It has
been observed that with the following structure the power of the machine is
enhanced and by using partial non-magnetic ring barrier in stator yoke helps in
the homopolar flux cancellation and 3D flux enhancement. Fig. 2.16 (a) shows

this hybrid excited claw-pole alternator with two ring PMs in stator and rotor.

Stator cover Stator core

Rotor core
(Mild steel)

PM
‘ oﬂ
NdFeB)
(a) (b)

Fig. 2.15 (a) Outer PM rotor and inner claw-pole stator structure [39] (b) Claw-pole
stator with different rotor structures [40]

Stator Rotor

Ferrite PM

Ferrite PM Lamination

Magnetic collector

Field winding Claw plate

Magnetic
barrier Armature winding

Fig. 2.16 (a) Hybrid excited claw-pole alternator with ring PMs in stator and rotor [41]

M. Wardach in [42] has presented a hybrid excited claw-pole alternator with
skewed and non-skewed PMs in the claw-pole rotor fingers. In Fig. 2.16 (b) it can
be observed that rectangular magnets are placed in the claw-pole rotor fingers
and three different skew angles are seen i.e. 0°, 9° and 15°. It has been observed
that cogging torque reduces till the skew angle of 9° and then increases, but the

back EMF always decreases with increase in skew angle.

Thesis, Pranshu UPADHAYAY, 2018 35



Chapter 2. Literature Survey and Bibliography Study

Fig. 2.16 (b) Hybrid excited claw-pole generator with skewed and non-skewed PMs [42]

G. Dajaku et al. in [43] have developed a hybrid excited claw-pole alternator by
utilizing the space under the end-windings and adding two axial rotor magnets to
increase the air gap flux density, higher power and better efficiency. Fig. 2.17
depicts the hybrid excited claw-pole rotor with axial PMs. Two different magnet
materials (NdFeB and ferrite) were also used to analyze the effect in
performance, and it has been observed that there is an enhancement of about 2 to
2.8 times in torque depending upon material type. In addition to torque density
and efficiency improvements, the mechanical analysis shows that the new claw-

pole alternator concept presents also a more rigid and robust structure.
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Fig. 2.17 Hybrid excited claw-pole rotor with axial PMs [43]
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2.3  Recycling, Reuse, Assembly and Disassembly

Increase in the usage of e-machines in e-mobility due to implementation of
standards and policies by various nations have also augmented the usage of PMs
employed in them. Chapter-1 highlighted the motivation for recycle and reuse of
these PM materials as they are considered CRMs by the EU. Hence, this section
draws attention to literature study on recycling, reuse, assembly and disassembly

of electrical machines and devices.

2.3.1 Recycle and reuse

In recent years, numerous studies are being carried out in recycling of critical
materials, and NdFeB magnets contain a few of these critical materials i.e. Nd
and Dy. K. Binnemans et al. in [44] have presented a critical review on recycling
of rare earths. The paper provides an overview of developing efficient, fully
integrated recycling routes, which can take advantage of the rich REE recycling
literature; with emphasis on three main applications: permanent magnets, nickel
metal hydride batteries and lamp phosphors. The state of the art in pre-
processing of EoL. materials containing REEs and the final REE recovery is
discussed in detail. Both pyro-metallurgical and hydrometallurgical routes for
REE separation from non-REE elements in the recycled fractions are reviewed.
The relevance of LCA for REE recycling is emphasized. Fig. 2.18 shows the
simplified recycling flow sheet for REE magnets as illustrated in the paper [44].

Manufacturing WEEE: Waste Electronics and Electrical Equipment

! REM: Rare Earth Metal
S J ‘ REQ: Rare Earth Ore
WEEE containing | Recyclates ZREEs in
REE magnets ; containing REEs leachate

,I
End-of-Life I

magnets ((H)EVs/
turbines etc.)

Individual REOs

Magnets in _I REE Master « Individual J
. products . | alloys REMs

Fig. 2.18 Simplified recycling flow sheet for REE magnets [44]
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The review corroborates that, in addition to mitigating the supply risk, REE
recycling can reduce the environmental challenges associated with REE mining

and processing.

Y. Yang et al. in [45] have detailed a critical review on REE recovery from EoL
NdFeB PM scrap. This paper gives an overview of the sources of NdFeB
permanent magnets related to their applications, followed by a summary of the
various available technologies to recover the REEs from these magnets, including
physical processing and separation, direct alloy production, and metallurgical
extraction and recovery. At present, no commercial operation has been identified
for recycling the Eol. NdFeB permanent magnets and the recovery of the
associated REE content. Most of the processing methods are still at various
research and development stages. It is estimated that in the coming 10-15 years,
the recycled REEs from EoL permanent magnets will play a significant role in
the total REE supply in the magnet sector, provided that efficient technologies
will be developed and implemented in practice. It is believed that no single
metallurgical process can be successful for the efficient recovery of the REEs from
their EoL secondary resource, and a combination of hydrometallurgical, pyro-
metallurgical, and/or electrochemical technologies will be the future solution.

M. Zakotnik et al. in [46], [47] have demonstrated method of recycling NdFeB
sintered magnets using HD/degassing process and also improved the properties
of recycled magnets by multiple recycling with the addition of Nd hydride. It has
been observed that the magnetic properties of recycled magnets deteriorate due
to surface demagnetization effects and slight oxidation of the powder during
degassing. Whereas in [47] it has been illustrated that with the addition of Nd
hydride in multiple recycling steps; the magnetic properties can be improved to a
great extent. Fig. 2.19 (a) shows the demagnetizing curves of the recycled
magnets for up to four times of recycling cycle. In this there is no addition of Nd
hydride. The starting material has remanence (B, of 1.18 T and coercivity (H,) of
870 kA/m, while at 4tk cycle the recycled magnet has B, of 1.05 T and H. of 343
kA/m, hence approximately 11% reduction in B, and 60% reduction in H.. The

main reason for this degradation is (a) increasing porosity and diminishing of Nd-
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rich material and (b) build up in the oxygen and carbon content. The B, reduction
may not be a great threat for certain applications but the H. reduction is
certainly high as this could lead to magnet demagnetization at certain load
levels. Fig. 2.19 (b) depicts the demagnetizing curves of recycled magnets blended
with 1at% Nd additions, added on 2rd, 3vd and 4th cycle. Here it can be observed
that the B, of starting material and 4th cycle recycled magnet are almost similar
and the H. reduction is around 20%, which is quite acceptable for certain load

applications. Therefore, HD together with blending with Nd hydride provides an

effective means of recycling sintered NdFeB magnets.
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Fig. 2.19 (a) Demagnetizing curves of magnets recycled up to four times [47] (b)
Demagnetizing curves of recycled magnets blended with 1 at.% Nd additions, added on

2nd 3rd and 4th cycle [47]

R. S. Sheridan et al. in [48], [49] have shown that anisotropic magnetic powder
can be produced successfully from NdFeB scrap magnets by utilizing a
combination of the HD and Hydrogenation Disproportionation Desorption Recom-
bination (HDDR) processes. Varying disproportionation temperature alone

causes a large variation in magnetic properties. Each disproportionation pressure

and vice versa. Increasing

has an optimum processing temperature

disproportionation temperature requires increased disproportionation pressure.
The starting material has B of 1.36 T and H. of 860 kA/m, whereas the recycled
material has B, of 1.08 T and H. of 840 kA/m. Hence, approximately 20%
reduction in B, and only 2.3% reduction in Hs as a result highlighting good

recycle capabilities for PM scrap materials.

Thesis, Pranshu UPADHAYAY, 2018 39



Chapter 2. Literature Survey and Bibliography Study

Stig Hogberg in his doctoral work [50] has worked upon the direct reuse of rare
earth PMs from rotating machines. In this exhaustive work direct reuse of
bonded RE PMs, direct reuse of sintered RE PMs and magnet coating integrity
has been researched and presented in detail. Fig. 2.20 (a) shows the typical
production flow chart for sintered NdFeB magnets, Fig. 2.20 (b) shows the typical
recycling paths and Fig. 2.20 (c) shows the alternative reuse path for RE PMs. It
can be observed that during the HD/HDDR, machining and final application
steps the PMs can be utilized for recycling if proper tools, steps, systems and

processes are established and maintained.

S

(a) (b) (c)

Fig. 2.20 (a) Typical production flow chart for sintered NdFeB magnet (b) Typical
recycling paths shown (c) Showing reuse as an alternative recycling path [50]
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Comprehensive literature is available on the reuse and recycle of RE PMs, and
the above bibliography study in reuse and recycle is only a certain extract so as to

emphasize the importance of these steps in future studies.

2.3.2 Assembly and disassembly

Several European organizations and universities like Siemens, Daimler,
Umicore, Vaccumschmelze, Universitat Erlangen-Nurnberg, Technische
Universitat Clausthal, Oko-Institut and Fraunhofer, came together for MORE

project (Motor Recycling) which aimed for recycling of components and strategic
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metals from electric traction drives [51]. In the project report many routes and
ways were investigated for the easy assembly and disassembly of PMs from
electric motors. Three strategies for recovering PMs from surface mounted PM
motor have also been investigated, and Fig. 2.21 (a) shows these three strategies
i.e. thermal demagnetization, removal of bandages and disassembling the
magnets. The three steps can be operated in various configurations to obtain the
magnets from the rotor, and these different steps are also highlighted in Fig. 2.21
(a). A sophisticated automatic disassembly machine for surface PMs was also

developed and used for removal of magnets, which can be seen in Fig. 2.21 (b).
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(a) (b)
Fig. 2.21 (a) Three strategies for recovering PMs from surface mounted PM motor [51]
(b) Sophisticated disassembly machine for surface mounted magnets

Similarly, disassembly concept for internal permanent magnet machine has also
been developed in [51], which is accomplished by using different pressing and
sliding mechanism to achieve the task. But it has also been commented that the
use of these magnets in secondary markets as second-life magnets needs to be
investigated. Additionally the properties of dismounted magnet bodies have to be
compared to unused originals. And finally, there is still some uncertainty in the

price development of rare earth materials.

J. Franke et al. in [52] presents alternative approaches for the automation of
difficult assembly processes regarding issues like, the manufacture of complex
new winding bobbin geometries and the development of highly efficient
automation processes for magnet assembly. The authors have presented a Robot-

Based Winding-Process which offer potential for the economic production of
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conventional coils as well as for the flexible manufacturing of innovative winding
products. The authors have also explained the logistic chain for processing
magnet material, 1.e. starting with lab measurement principles and concepts and
then requirements for inline tests. The first concept handles the examination of
preassembled magnet bodies, the second pays attention towards the finished
product at the end of the rotor production line. Therefore a new concept
integrating hall sensors in a line array was presented. This enables automated
inline measurements of assembled rotary drives.

B. Karlsson & J. O. Jarrhed in [53] presents a robotized workstation for EoL
treatment of electrical motors with an electrical effect of about 1 kW. The first
step 1s an inspection whereby the functionality of the motor is checked and
classification either for re-use or for disassembly is done. In the second step the
motors classified for disassembly are disassembled in a robotized automatic
station. By measuring the rotation speed and the current and voltage of the three
phases of the motor classification for either reuse or disassembly can be done.
During the disassembly work, vision data are fused in order to classify the
motors according to their type. The vision system also feeds the control system of
the robot with various object coordinates, to facilitate correct operation of the
robot. Finally, tests with a vision system and eddy-current equipment are
performed to decide whether all copper has been removed from the stator. Fig.

2.22 shows the developed recycling shop in [53].
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Fig. 2.22 A schematic drawing of the recycling shop [53]
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T. Yuksel & I. Baylakoglu in [54] studies development of recycling method of a
washing machine and oven. In the study, the recycling systems have been
evaluated and a methodology has been presented to find the cost that producers
should bear according to the different collection targets. This is determined in
developing the best solution methodology in between the automatic disassembly,
manual disassembly and recycle with shredders. It has been broadly concluded
that the best results can be obtained by developing optimization of automatic-
manual methods and correct optimization method can provide the efficient usage
of resources and also provide benefits for logistics and tracking. M. Bdiwi et al in
[55] propose a robotized workstation for automatic disassembly of electric vehicle

motors. Fig 2.23 depicts the screw detection algorithm used in [55].
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Fig. 2.23 Screw detection algorithm [55]
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A novel image processing algorithm is utilized for autonomous detection of motor
screws, to automate the task of motor disassembly. Instead of having a database
of templates for matching, the screws are detected based on their characteristics
with respect to its gray scale, depth and HSV (hue, saturation, value).
Furthermore, with frame iterations, the accuracy of the system is increased,
mean while reducing its runtime. The algorithm is successfully tested and

implemented and yields highly accurate results [55].

T. Elwert et al. in [56] discuss the current developments in the recycling of
traction batteries, electric motors, and power electronics, which constitute the
key components of HEVs. Both technical and ecological aspects are addressed. As
e-mobility is a new trend, no recycling routes have been established at an
industrial scale for these components. The implementation is complicated by
small return flows and a great variety of vehicle concepts as well as components.
Furthermore, drastic changes regarding design and material compositions can be
expected over the next decades. Due to hazards and high weights, there is a
strong research emphasis on battery recycling. Most pilot-scale or semi-industrial
processes focus on the recovery of cobalt, nickel, and copper due to their high
value. Electric motors and power electronics can be fed into established recycling
routes if they are extracted from the vehicle before shredding. However, these
processes are not capable of recovering some minor metals such as rare earth

elements and antimony.

S. T. Lundmark & M. Alatalo in [57] and M. Alatalo et al. in [58] present the
design of a claw-pole motor, considering recycling of its components i.e. the
suggested design has segmented core parts of soft magnetic composites which
yield a design very suitable for recycling as the core material is brittle and it thus
simplifies the access of the copper winding. However, SMC are generally not
utilized in the rotors due to their low mechanical strength and brittle nature. The
machine components that are primarily considered as valuable to recycle are
copper and permanent magnet material but also the core material is considered.

It is observed that in comparison with the commercial motor (Toyota Prius
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motor); the claw-pole motor has similar performance, a higher core and magnet
weight and a lower copper weight. But it also has an expected advantage
regarding manufacturing cost and cost of recycling and it has lower copper loss.
In [58] it is shown possible to make an electric motor that is relatively easy to
recycle, without losing much of the overall performance (compared to a similar
sized reference AROS motor). A claw pole motor design is suggested which can
have permanents magnets (of SmCo) that can be recycled. The stator and rotor
core are of a recyclable material (SMC) that by its brittleness, simplifies the
recycling of the copper coils. Fig. 2.24 illustrates the one phase of the claw-pole
motor and Fig. 2.25 depicts the various steps of assembling the motor, hence

portraying good recycling aspects.

Core+magnet+shaft
Rotor core part

Fig. 2.24 The design of one phase of the  Fig. 2.25 Half a stack of the claw-pole motor

claw-pole motor [57] with (a) 10 segments of rotor and stator SMC
parts, b) an added ring that keeps stator seg-
ments in place, c¢) the ring coil is added, d)
the steel ring of the rotor is added, and e) the
ring magnet is added to the rotor [57]
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2.4 Conclusion

Significant amount of literature was explored during the course of the research
work and it has been observed that lot of work has been carried out on the
design, analysis and experimental testing on claw-pole alternators. It has also
been observed that good amount of research work is also being carried out on the
reuse, recycling, assembly and disassembly of electrical machines. Therefore, the
culmination of all the above literature provides a good insight towards the

research work to be utilized in this thesis.
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Chapter 3

Design and Analysis of Permanent Magnet based

Claw-pole Machine for Automotive Application

3.1 Electromagnetic Design

The design of an electrical machine can be segregated into electromagnetic
design, thermal design, mechanical design and system level design (i.e. along
with electronic controller). In this section main focus is given to the
electromagnetic design and analysis of the claw-pole machine for 48 V mild
hybrid motor-generator applications. As discussed in Chapter 2, section 2.2.2.1,
electromagnetic design and analysis can be achieved by analytical modelling and
numerical modelling. Both the methods have their advantages and
disadvantages, viz. analytical modelling provides quick solutions however with
lot of approximations, whereas numerical modelling provides accurate results
however with certain time consuming iterations. Nevertheless, analytical
modelling is preferred for initial design and sizing of the machine and
subsequent final verifications can be obtained using numerical FE analysis. The
section below provides an overview of magnetic equivalent circuit modelling of

the claw-pole machine.
3.1.1 Magnetic Equivalent Circuit modelling [16]

The magnetic equivalent circuit (MEC) modelling generally utilizes the
reluctance or permeance network to model the machine. As the claw-pole
machine is 3-D in structure due to claw-poles, the MEC should be based on the
3D magnetic flux path. A typical magneto-motive force (MMF) field flux path of
the claws is shown in Fig. 3.1 (a) and the simplified MEC is shown in Fig. 3.1 (b).

It corresponds to no-load conditions (zero stator current).
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Each flux path section is characterized by a magnetic reluctance:
e Air gap: R,
e Stator tooth: Rt
e Stator yoke: Rgy
e (Claw, axial: Rea
e (Claw, radial: Rer

e Rotor yoke: Rey

2Rsy Rsl
+
Rst Rg
+ : R—Cﬁ
R, F= — = Ry Ra R, Ry
| — -~

/! Re Ra Ry Ry

(a) (b)
Fig. 3.1 (a) Typical MMF field flux path (b) simplified MEC of the claw-pole [16]

Besides, there are at least two essential leakage paths for this main flux line: one
tangential and the other axial between claws: Rcti and Rca. In addition, there is

the “slot” leakage magnetic reluctance of the ring-shape DC excitation coil: Resl.

In the simplified MEC for no load shown in Fig. 3.1 (b), the axial inter-claw
leakage flux Rcai was neglected, for reluctance simplicity. Analytical expressions
for all these magnetic reluctances have to be adopted. While for the stator
sections (Rsy, Rst) and the air gap (Ry) the formulae are rather straightforward
(with zero slot openings), for the rotor sections (Rer, Rea, Rey, Ret), the magnetic
reluctance expressions, including magnetic saturation effects, are cumbersome, if
good precision is expected, because the claw pole cross-section varies axially and
so does the magnetic permeability in them. See for details reference [59], pp.

125-127.
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Acceptable no-load magnetization curves may be obtained this way:

By (Ip) = mVZnpr Wi @1 (I); - @py = Bgr=. T Lyvack (3.1)
where,
Iris the field current
p1is the number of pole pairs
Wi is the claw finger width at the broadest edge towards the rear end
@Dp;1s the fundamental of stator polar flux
E;is the rms value of the electromagnetic force (emf) fundamental
71s the pole pitch
Istack 1s the stator stack length

n1is the speed in revolution per sec (rpm)

The relationship between the polar flux @,; and the field current has to account
for the approximated air gap flux density distribution at no load which can be

observed in Fig. 3.2.
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Fig. 3.2 Ideal no-load air gap flux density [16]

The rectangular distribution, calculated with the average rotor claw span a, =
0.45 to 0.6 (Fig. 3.2) leads to an ideal flux density fundamental in the air gap Be:
of the following:

Bgi ==.Bysina,.> = K .By (3.2)
where,

Ko, = %.sin ap g (3.3)
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and similarly,

®p1 = Ky, Py (3.4)

Reducing the field current Ir to the stator frame /7 is also required for the

machine fundamental equation:

3.WyIp2

T.p1

Ko, Ip.Wp = 2.Fg;  Fig = (3.5)

Fip 1s the mmf fundamental per stator pole of a three-phase current /7 that
produces the same air gap field as the DC field current /rand Wris the number of

turns in the field coil.

In general, to limit the DC excitation losses, the air gap is kept small (g = 0.35 to
0.5 mm), but, to reduce the machine reactances and volume, the magnetic circuit
1s saturated for rated field current. Also, the solid iron claw poles serve as a
damper winding during transients and during commutation in the rectifier.
However, air gap field harmonics produce additional eddy currents in the claw
poles even during steady state. These additional losses increase with speed up to

a point and pose a severe limitation on machine output.

In the above approximations, the stator slot openings were neglected. To a first
approximation, they may be considered by increasing the air gap magnetic

reluctance K. per pole by the known Carter coefficient A.> 1 :

1 K,
R ~ g-Kc

'~ (3.7

H_o "apTlstack
The Carter coefficient produces a rough approximation that is also global in the
sense that the tangential actual distribution, strongly disturbed by the stator slot
openings, is not visible.

For no load, however, the emf measured harmonics are smaller than 10%, even

for rated field current, when heavy magnetic saturation occurs and tends to
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“induce” a third harmonic in the emf. This saturation-produced third harmonic
may be interpreted as if the inverse air gap function contains a second harmonic,
besides the constant value.

While the above MEC is suitable for no load, a more complicated one 1s needed to
take care of the local magnetic saturation as well as the inverse air gap function
variation with rotor position and along axial direction (due to the tapering shape
of claws). Such a comprehensive model is presented in reference [24], where the
on-load operation is considered directly.

It is a 3-D model in the sense that the permeance of air gap varies along axial
and tangential directions, while the stator and rotor permeances vary along
radial and tangential directions. Axially and in the radial plane, the areas are
divided into a few sections of almost uniform (but different) permeability (in
iron). The more elements that are considered, the better precision is obtained,
but the computation time increases notably. The magnetic permeance
approximations are, in general, analytical functions of rotor position (of time).
Each slot and tooth is modelled by one (or two) element. Axially, the machine is
divided into a few sections. The connection of phases is arbitrary. Remarkably
good agreement between calculated and measured phase and neutral (for eight-
diode rectifier) current is obtained with a few minutes of time on a laptop
computer [24]. In the same time, the distribution of air gap flux density along

circumferential directions is properly, though approximately, simulated.

3.2 Computer-Aided-Design and Analysis of the machine

Computer-Aided-Design (CAD) refers to the utilization of computers in modell-
ing, creation, design and analysis of any component or system. Currently,
numerous CAD softwares are available to develop products, components,
processes and varied user defined requirements. With the advancement in new
computer systems; complex geometries and components can be modelled to
design and analyze in a short time. To utilize this advantage, CAD and analysis
of the claw-pole machine is conceptualized in this section so as to obtain various

performance results and optimize the complex 3-D geometry of the machine.
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3.2.1 Geometry Modelling

The geometry of claw-pole machine is typically complex due to its two claws and
therefore requires 3-D geometry modelling. Consequently, the two-dimensional
(2-D) symmetry in the Z-plane for the claw-pole machine is unfeasible and
involves 3-D CAD modelling on commercially available CAD softwares like
CATIA™, Solidworks™, etc. After CAD modelling, the geometry needs to be
imported in commercially available FE softwares (like JMAG® or Altair Flux® or
ANSYS® Maxwell®) for electromagnetic analysis. As a result, this operation
maybe repeated a number of times for parametric geometry variations and
optimization analysis of the claw-pole machine; therefore this leads to an
escalation in design and analysis time for one specification. The above process is
repeated again for various other specifications, thus cumulatively increasing

design and analysis time.

In view of this problem, the best solution would be to model the geometry directly
in the FE analysis software’s geometry modeller itself, and thereby reduce the
time for each parameter variation by systematic design approach. This can be
achieved by modelling the claw-pole machine with variables and equations
incorporated in the geometry modeller, which can be utilized easily to vary

parameters and observe their changes rapidly and efficiently.

3.2.1.1  Geometry modelling in JMAG®

For electromagnetic design and analysis of the claw-pole machine, commercially
available FE software viz. JMAG® has been utilized. For the purpose of modelling
in JMAG®, a built in geometry modeller is incorporated in the software named

‘Geometry Editor’. The Geometry Editor has the following functions:

» It is a history based modelling tool.
» This tool can be used for 2-D and 3-D models.
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» This tool can be used for creating solid models and mesh models.
» A CAD model created using CAD software from another supplier can be

edited using the Geometry Editor (with certain limitations).

But in spite of various advantages in modelling via Geometry Editor, there are
other disadvantages related to CAD modelling. The Geometry Editor has limited
commands/operations/tools for modelling as compared to dedicated CAD
softwares like CATIA™ or Solidworks™, therefore building geometries in it can
be sometimes difficult. The modelling of claw-pole machine in Geometry Editor is
carried out in a number of steps so as to achieve the desired claw-pole profile.
The geometry modelling is detailed in Appendix Al. Fig. 3.3 depicts the

developed claw-pole machine in

Stator

! /7/

Permanent
magnets

otor DC
Claw-pole winding

rotor

Fig. 3.3 The developed claw-pole machine in JMAG®

Therefore, utilizing equations and variables, two examples are enlisted below

which illustrate the quick change in geometry for different value of variables.

Fig. 3.4 (a) shows the machine model with claw outer radii as 55 mm and in Fig.

3.4 (b) 56 mm.
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(a) (b)

Fig. 3.4 Machine models with different claw outer radii (a) with 55 mm & (b) 56 mm

Fig. 3.5 (a) shows the machine model with 24 mm as claw core outer radii and in
Fig. 3.5 (b) 32 mm. Consequently, just by changing variable values we can obtain

quick geometry variations.

(a) ()

Fig. 3.5 Machine models with different claw core outer radii with (a) 24 mm & (b) 32 mm

Similarly various other geometric parameters can be varied easily to get different
values of the claw pole geometry as well as the stator geometry. Hence trouble-
free geometry editing is possible by utilizing the defined variables and the

equations related to these variables in the JMAG® geometry editor.
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3.2.2 Numerical Analysis of the base design

The numerical design analysis of the developed claw-pole machine is necessary to
obtain the various performance characteristics. The machine is designed and
modelled as per the specifications provided by the research & development
department of Valeo. The machine is to be developed for a 48 V mild hybrid
motor-generator application utilized in automobiles. The maximum speed for the
machine is 18,000 rpm and peak power is around 14 kW. The stator material is
M800-50A, rotor material is SAE 1005 and magnet is N42SH sintered NdFeB.
The numerical analysis carried out uses JMAG® FE analysis software by JSOL

Corporation, Japan.

The design analysis of the machine has been carried out using classical electrical
machine analysis theory using Park’s transformation and FE analysis to evaluate
the machine performance at various speeds [60]. The d-g transformation

equations utilized are as follows [60]:

21T 2T
cos @ cos 9 — —) cos (9 + ?) E,
‘ =|—sind —sin(8 — —) —sin (6 + 2?”) Fb] (3.8
1 O
2 2

where, variable F' can represent any of the following, i.e. electromotive force

(EMF) ein volts, current (Z)in Amps and flux linkage () in Wb. @1is the angular

displacement of the rotor d-axis w.r.t. the a-phase.

Due to the complex 3-D geometry of the claw-pole machine, 3-D time stepping
motion FE analysis is time consuming. Therefore, in order to have quick
performance analysis with accurate results, Park transformation equations along
with static FE analysis can yield to favourable performance results. In Eq. 3.8,
utilizing flux linkage g in place of /' can provide the values of d-axis flux linkage
(wd and gaxis flux linkage () from phase flux linkages w. ws and w. for
different values of d-axis current (/), g-axis current (/) and field current ().

Hence, transforming three-phase time varying quantities to constant DC d-¢
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quantities. Fig. 3.6 illustrates an example of Park transformation of 3-phase flux

linkages into DC d-q flux linkages.

0.001 + -
—A-phase ——B-phase C-phase 0.0009

0.0008 - 0.0008 -
0.0006 - / 0.0007 -
2 0.0006 -

2 0.0004 - z
E 0.0002 - % 0.0005 - —wd
% . %ﬂ —wq
0 T T T T T o g ﬁ 0.0004 -
% -0.0002 ° 60 120 360 ; 0.0003 -
E £ 0.0002 -
& -0.0004 -
0.0001 -
-0.0006 -
0 —— —— — — —— —
-0.0008 -+
-0.0001 ¢ 60 120 N 180 240 300 360
-0.001 - Position (elec. deg.) Position (elec. deg.)

Fig. 3.6 Park transformation of 3-phase flux linkages to DC d-q flux linkages

The claw-pole machine developed in this research work is a double 3-phase
topology with 30° phase shift between phase-1 set and phase-2 set. The double 3-
phase topology helps in reducing the torque ripple and the electronic controllers’
device current carrying capacity. It also assists in increasing the machine power.
A current source excitation is utilized to evaluate the steady state performance

results of the machine and Fig. 3.7 shows the circuit utilized in the FE software.

“FEM - o FEM

-+ Al phase -+ A2 phase

=
®
-
[ ]

* FEM -

-~ FEM -
-+ Bl phase B2 phase

. Cs1 . . Cs2 .

Fig. 3.7 Current source excitation for steady state analysis

The stator currents (Zaz, Ipz, I:1, Iz, Ipz and 1.9 and Irare varied to obtain the flux
linkages in the stator windings i.e. waz, Ws1, Wei, Waz Wr2 and ez and thereafter
using Park transform equations g and gy is calculated. Fig. 3.8 shows the flux
map of the machine, where Fig. 3.8 (a) depicts the Iz vs. I, vs. s matrix and Fig.
3.8 (b) depicts yvs. I, vs. @, matrix for 7r = 10A in motoring mode.
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Fig. 3.8 Flux map of the machine for Zr= 10 A (a) Zzvs. Iy vs. wa(b) Llavs. I vs. yq

Flux density and vector plot of the developed claw-pole machine for 7;=0 A, I, =
325 A and Ir= 10 A can be seen in Fig. 3.9. This operating condition is during
peak torque performance and hence it can be observed that the machine is

saturated in most of the parts.
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Fig. 3.9 Flux density and vector plot of the machine for =0 A, I,=325A & Ir=10 A

By the variation of 7z I, and I; different winding voltages and torque can be
obtained. But it is important to maintain the voltage under the specification limit
and power should be steady in the constant power region. Fig. 3.10 depicts an
1deal torque/power vs. speed characteristics. In the constant torque region, the /y
is small, /; is close to maximum value and /ris also maximum to achieve the

maximum torque, whereas in the constant power region or field weakening
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region, 14, I, and Irneed to be optimized so as to attain steady power and limit the

voltage to the specified value.

Y

Constant power region

Torque, Power

Constant torque region

Speed
Fig. 3.10 Ideal torque/power vs. speed characteristics

The voltage equations at steady state are defined as follows [60]:

V, =Ry, + dd—"j‘ — wip, (3.9)

Vy = Rlq + 22 + wip, (3.10)

where, Vis the voltage in volts, Rs1is the stator phase resistance in ohms and o is
the speed in rad/s.
Finally the torque 7%in Nm is as below [60]:

Te = Z01(Walla Ig. 1) Ig = o (la 1g Ir)- 1a) (3.11)

where, mis the number of phases and p;is the number of pole pair.

In Table 3.1 1z I, and Irfor four different speeds were injected into the machine
to evaluate the torque and voltages. Vi-dq and 7.-dq corresponds to voltage and
torque using static FE analysis respectively and Vi-FE and 7.-FE corresponds to
time stepping motion FE analysis respectively. It can be observed that the
voltage and torque for static and time stepping motion analysis are matching
fairly well with each other. This encourages in utilizing static FE analysis for

complete performance evaluation and optimization of the machine.
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Table 3.1 Evaluation of torque and voltages using static and time stepping FE analysis

Ia I If wd wy |Speed| Vs dq| Vs FE|Tsdq| T FE
@ @] A || Wb | Wb |epm)] V) [ () [(p.uw)| (pu)

0 ([325( 10.0 §0.00806(0.00703] 600 7.53 | 8.41 |1.01] 1.00

0 |325( 10.0 J0.00806|0.00703 | 2440 | 23.86 | 24.36 | 1.01 | 1.00

-310 | 60 | 8.0 ]10.00164]0.00196|10000] 23.68 | 23.96 | 0.27 | 0.26

-315 | 35 | 6.8 ]10.00055]0.00127 18000 | 23.24 | 23.87 | 0.16 [ 0.16

Copper losses-

The stator and rotor copper loss calculations are purely dependent upon the
currents, resistances and temperatures. The DC copper losses at a particular
temperature are calculated by the following equation:

P., = I?Ry, (3.12)

where, P, 1s the copper losses, /1s the rms current and £ 1s the DC resistance.

Consequently, the stator copper losses at a particular temperature can be
computed as below:

Po_s =m.I*Rs_y, (3.13)
where, P, 1s the stator copper losses, m is the number of phases /s is the stator

rms current and Hs-q- 1s the stator phase DC resistance.

Similarly, rotor copper losses at a particular temperature can be computed as
below:

Poyr = "R _q. (3.14)
where, P, 1s the rotor copper losses, Iris the rotor field current and R4 1s the

rotor DC resistance.

AC copper losses can be predominant as compared to DC copper losses at higher
frequencies. Due to high computational time required to calculate the AC copper
losses using FEM; they are neglected in this study and considered as future

work.
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Iron losses-

Iron losses are generated in electrical machines due to the changing magnetic
field in the stator and rotor cores. For ferromagnetic materials, the iron losses
are often separated into hysteresis losses and eddy current losses. The former
describes the losses due to the hysteresis properties of the magnetic material. If a
magnetic material is first slowly magnetized with an increasing magnetic field A
and afterwards demagnetized with an opposing magnetic field —-H, the
magnetization curve does not describe the same path back. Instead, a hysteresis
curve is created. The area enclosed by this hysteresis curve is equal to the
specific energy for each cycle and thus proportional to the hysteresis losses. Eddy
currents are created by the induced voltages in the conducting magnetic
materials due to the changing magnetic flux, leading to dynamic iron losses.
These eddy currents counteract the variations (time and direction) of the
magnetic fields. They lead to a broadening of the hysteresis curve and thus

increase the H, [61].

The challenge with determination of the value of iron losses is that it is not
possible to measure them directly. Indirect thermal measurements (inverse
thermal models and calorimetric measurements), magnetic field measurements
(search coil windings, hall sensors, etc.) or loss separation calculations
(subtracting all known other losses from the total losses) are the applied
possibilities to determine indirectly iron losses in ferromagnetic materials for
electrical machines [61]. Fig. 3.11 depicts the BH curves for the soft magnetic
materials used in the machine viz. (a) M800-50A and (b) SAE 1005.
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Fig. 3.11 BH curves of (a) M800-50A and (b) SAE 1005 soft magnetic materials
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The iron losses can be depicted as per the equation below, considering their
simple decomposition into hysteresis losses contribution and classical eddy
current contribution. The excess losses contribution as modelled by Bertotti is not

considered [62].

2
P =Ky f.Bn" + K2 [} (52) dt (3.15)

where, P;is the iron loss, K} is the hysteresis loss coefficient, fis the frequency,
B 1s the peak flux density, a is like Steinmetz constant, A, is the eddy current
loss coefficient, 7"is the time period corresponding to fand Bis the flux density
curve corresponding to an element in the machine.

As a result, utilizing the above methodology, equation and analysis results,
performance of the machine can be computed for the entire torque-speed range.
The above section will be utilized to evaluate the machine performance and

efficiency map in Section 3.5.

3.3 Impact on Performance by Geometric Variations

Design optimization of claw-pole machine requires rigorous design iterations by
geometric parameter variations. This result into huge time consuming
optimization algorithms to be run in parallel to obtain appropriate results for the
complete torque-speed curves. Therefore, this section illustrates the effect of
variation in geometric parameters of the claw-poles on the performance of the
machine in the complete operational speed range of 600 rpm to 18,000 rpm and
hence provides information that geometry optimization could only be
concentrated in the constant torque region and not for the complete speed range.
The different geometric parameters utilized for the study are claw core outer
diameter, claw inside radius, claw side plate thickness and claw undercut angle.
These parameters are varied within a specific range of minimum and maximum,
taking the manufacturing and production design into consideration. It has been

observed that there is a significant variation in torque during low speed
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operation with the alteration in the above stated geometric parameters of the
claw-poles. Fig. 3.12 provides the details of various claw-pole geometry
parameters utilized in the study i.e. claw core outer radius, claw inside radius,

claw side plate thickness and claw undercut angle.

// >
Claw undercut angle
Claw inside
radius
Claw core
Claw side outer radius
plate
thickness

Fig. 3.12 Various geometric parameters of the claw-pole used for the study

The study in this section is mainly concentrated on the motoring mode of the 48
V mild-hybrid automotive application. As the main functions of integrated belt
motor-generator are (a) to start and boost the ICE by running as inverter driven
motor and (b) generating electric power during generator mode by controlled
rectification through the inverter; therefore, the low speed operation during
motoring mode is important as the machine needs to provide an adequate
starting torque to crank the ICE during initial starting. Along with the
importance of low speed operation, there is also a need to evaluate the
performance of the machine in constant power region, to verify the machine’s
capability to deliver sufficient power at higher speeds. The design study for peak
output power of the machine in motoring mode has been carried out for the entire
speed range to obtain torque vs. speed and power vs. speed curves. Therefore, the
performance analysis is carried out for the following two investigations: (i) at low
speed operation of 600 rpm and (ii) at complete speed range from 600 rpm to

18,000 rpm.
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One of the major challenges in automotive applications is having minimum size
and weight of the machine albeit with improved or increased performance. This
makes it necessary to have manufacturing and production related design into
consideration during parameterization and optimization of the machine. Hence,
geometric parameters of the claw-poles are varied within a specific range of
minimum and maximum, 1.e. claw core outer radius is varied from 24 mm to 33
mm, claw inside radius is varied from 37 mm to 45 mm, claw side plate thickness
1s varied from 11 mm to 19 mm & claw undercut angle is varied from 10° to 18°.
In the below study, when one geometric parameter is varied, the other geometric

parameters are kept constant as the base design values.

3.3.1 At Low Speed Operation (600 rpm)

Torque at low speed of 600 rpm is evaluated for all the geometric parameter

variations, which are as below:

3.3.1.1 Claw core outer radius

The claw core outer radius is varied from 24 mm to 33 mm, thereby modifying
claw core area and rotor winding area. With the increase in claw core outer
radius, there is reduction in rotor winding area. The number of turns of the rotor
winding has to be suitably designed so as to maintain approximately constant
current density in the rotor winding while also maintaining about 80% of the
rotor winding slot fill factor. As a result, in this case the number of turns of the
rotor winding is varied so as to maintain approximately 11.6 A/mm? as the

current density in the rotor winding.

Fig. 3.13 shows the flux density plot of the machine with claw core outer radius
at 24 mm and 33 mm respectively. It is observed that the claw core is highly
saturated at 24 mm as compared to 33 mm with the same maximum scale of 2.2

T for the flux density value. Fig. 3.14 illustrates the variation of torque with
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change in claw core outer radius, and it can be observed that the torque increases
initially from 24 mm to 30 mm radius and then decreases rapidly till 33 mm.

The initial increase of torque is mainly due to reduction of claw core saturation
till 30 mm and there after the claw core is totally unsaturated. However, the
effective ampere-turns in rotor winding are reduced due to less availability of

rotor winding area; in turn less amount of flux generation is possible through the

claw core.
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Fig. 3.13 Flux density plot of the machine with 24 mm and 33 mm as the claw core outer

radius respectively
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Fig. 3.14 Variation of torque with change in claw core outer radius

3.3.1.2 Claw inside radius

The claw inside radius is varied from 37 mm to 45 mm, therefore modifying the
rotor winding area. With the increase in claw inside radius, there is an increment

in rotor winding area. The number of turns of rotor winding has to be
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appropriately designed in the same way as discussed in the previous section
3.3.1.1. In this study also the current density in the rotor winding is maintained

at approximately 11.6 A/mm?2.

Fig. 3.15 shows the flux density plot of the machine with claw inside radius at 37
mm and 45 mm respectively. It is observed that the claw core saturation changes
slightly from 37 mm to 45 mm as compared to the saturation on the claw fingers
which increases drastically from 37 mm to 45 mm for the same maximum scale of
2.2 T of flux density value. Fig. 3.16 illustrates the variation of torque with
change in claw inside radius, and it can be observed that the torque increases
from 37 mm to 42 mm and then decreases till 45 mm. The initial increase of
torque is mainly due to unsaturated claw fingers till 42 mm and thereafter they
are totally saturated in spite of increase in the effective ampere-turns in rotor

winding, therefore, flux increment in the air gap is restricted due to saturation of

claw fingers.

Fig. 3.15 Flux density plot of the machine with 37 mm and 45 mm as the claw inside

radius respectively
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Fig. 3.16 Variation of torque with change in claw inside radius
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3.3.1.3  Claw side plate thickness

The claw side plate thickness is varied from 11 mm to 19 mm, hence modifying
the side plate area and not altering the rotor winding area. Fig. 3.17 shows the
flux density plot of the machine with claw side plate thickness at 11 mm and 19
mm respectively. It is observed that the claw side plates are less saturated at 11
mm thickness as compared to at 19 mm thickness where they are totally
unsaturated. It is also observed that the claw core is unsaturated at 11 mm
thickness and it gets saturated at 19 mm thickness. Fig. 3.18 illustrates the
variation of torque with change in claw side plate thickness, and it can be
observed that the torque increases from 11 mm to 19 mm thickness. The gradient
of increment is more from 11 mm till 14 mm thickness in contrast to thickness
from 14 mm till 19 mm and this is due to the start of saturation of claw core with

the increase in claw side plate thickness.

Fig. 3.17 Flux density plot of the machine with 11 mm and 19 mm as the claw side plate

thickness respectively

B

Per unit torque (p.u.)
=)
o
=
|

e =

o

o o
| 1

o
[
=)

13 14 15 16 17 18 19
Claw side plate thickness (mm)

—
j—
—
[

Fig.3.18 Variation of torque with change in claw side plate thickness
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3.3.1.4  Claw undercut angle

The claw undercut angle is varied from 10° to 18°, hence modifying the claw
finger area and not altering the rotor winding area. Fig. 3.19 shows the flux
density plot of the machine with claw undercut angle at 10° and 18° respectively
and it is observed that there is small deviation in the flux density level of claw
core area as well as in claw finger area. Fig. 3.20 illustrates the variation of
torque with change in claw undercut angle and it can be observed that there is
only slight modification in torque from 10° to 18°, and it is mainly due to the

little variation in flux at claw core, claw fingers and air gap areas.

Fig. 3.19 Flux density plot of the machine with 10° and 18° as the claw undercut angle

respectively
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Fig. 3.20 Variation of torque with change in claw undercut angle

Consequently, we can observe from the aforementioned four cases that with the
variation of geometric parameters, there is alteration in torque of the machine at
low speed. To quantify the above analysis, percentage change in torque 1is

calculated for all the aforesaid cases in the following way:
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Tavg — Tmax ;‘Tmin (3 16)
o = e Tmin)100 (3.17)
avg

where for each case, Tinax and 7inin are the per unit (p.u.) maximum and minimum
torque, 7Ty is average p.u. torque which is calculated by (3.16), and %7 is
percentage change in torque which is calculated by (3.17).

Table 3.2 shows Tmax, Tmin, Tave and %7 for all the geometric parameters and it
can be observed that for claw core outer radius, claw inside radius, and claw side

plate thickness the %7 varies from 5% to 15% which is a significant value.

Table 3.2 Tmax, Timin, Tave and % T for all the geometric parameters

Geometric Parameter

Claw core outer radius

Claw inside radius

Claw side plate thickness

Claw undercut angle

3.3.2 At Complete Speed Range Operation (600 to 18,000 rpm)

To obtain the complete torque vs. speed and power vs. speed curves for the claw-
pole machine, it is very important to optimize the /4, 1, and Iz so as to obtain the
constant torque and power region without exceeding the voltage limit of 48 V DC.
Multi-objective genetic algorithm methodology was adopted for performance
evaluation in the complete speed range. The objective functions in this analysis
were (1) to maximize the torque and (i) to limit the voltage at 48 V DC. The FE
models of all the geometric variations were realized and performance parameters

were evaluated at various speeds, which are as below.

3.3.2.1 Claw core outer radius

Fig. 3.21 illustrates torque vs. speed and power vs. speed curves in p.u. with

change in claw core outer radius, respectively. It can be observed that the
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modification of torque is higher in constant torque region as compared to

constant power region.
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Fig.3.21 Torque vs. speed and power vs. speed with change in claw core outer radius,

respectively

3.3.2.2 Claw inside radius

Fig. 3.22 illustrates the torque vs. speed and power vs. speed curves in p.u. with
change in claw inside radius, respectively. It can also be observed that the change
in torque is larger in constant torque region as compared to the constant power
region, comparatively similar to previous case of claw core outer radius

parameter.
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Fig. 3.22 Torque vs. speed and power vs. speed with change in claw inside radius,

respectively

3.3.2.3  Claw side plate thickness

Fig. 3.23 illustrates the torque vs. speed and power vs. speed curves in p.u. with

change in claw side plate thickness, respectively. It can again be observed that
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the variation of torque is greater in constant torque region as compared to the
constant power region, rather similar to previous two cases of claw core outer

radius and claw inside radius parameters.
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Fig. 3.23 Torque vs. speed and power vs. speed with change in claw side plate thickness,

respectively

3.3.2.4  Claw undercut angle

Fig. 3.24 illustrates the torque vs. speed and power vs. speed curves in p.u. with
change in claw undercut angle, respectively. It can be observed that in both the
constant torque and constant power region there is almost no alteration in torque

and power for the entire speed range.
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Fig. 3.24 Torque vs. speed and power vs. speed with change in claw undercut angle,

respectively

As a result we can observe from the above four cases that with variation of above
geometric parameters, there is consequent modification of torque in constant
torque region, thereby emphasizing that geometry optimization of the claw-pole

machine can fully be concentrated in the low speed range, and verification of
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performance can be carried out for the complete speed range after optimization

convergence.

3.4  Design Optimization of the machine

In this section emphasis i1s set on the design optimization of the claw-pole
machine by 3-D numerical analysis. As observed in the previous section that the
performance variation is more in the constant torque region as compared to
constant power region with geometry parameter variations; the optimization will
be carried out only to maximize the torque at low speed. Final verification for
complete torque vs. speed envelope will be computed after the optimization
convergence. Various optimization algorithms are utilized nowadays for design
optimization of electrical machines viz. genetic algorithm, quadratic surface
response, non-dominated sorting genetic algorithm (NSGA), direct search,
particle swarm and many others. In this study genetic algorithm is used for the
optimization. The genetic algorithm is a method for solving both constrained and
unconstrained optimization problems that are based on natural selection, the
process that drives biological evolution. The genetic algorithm repeatedly
modifies a population of individual solutions. At each step, the genetic algorithm
selects individuals at random from the current population to be parents and uses
them to produce the children for the next generation. Over successive

generations, the population "evolves" toward an optimal solution [63].

3.4.1 Problem definition and optimization methodology

As the main problem definition of this thesis work is reuse and recycle of PMs,
hence optimization is this section is only concentrated in the rotor parameters.
The stator geometry is unaltered and optimization for complete machine is
considered for future work. The various geometry parameters varied in the

optimization are depicted in Fig. 3.25, viz. claw core outer radius, claw inside
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radius, length of the claw, claw side plate thickness, claw top step (pole pitch),
magnet width, magnet height and magnet length.

Magnet length
i

I Length of the claw .

Claw
inside
radius

Magnet width || Magnet height i

ki Claw core
side plate outer radiug

thickness

Fig. 3.25 Various parameters utilized for the optimization

Few salient points considered for the optimization are as follows:
v Prototype to be made with virgin magnets and look into the possibility of
utilizing recycled magnets.
v Stator geometry unchanged. Overall dimensions unchanged.
v" Temperature of stator winding, magnet and rotor winding @ 120°C.

v Number of turns in rotor DC coil varied according to coil fill factor.

Fig. 3.26 depicts the optimization methodology adopted to obtain the most
favorable design. A large set of geometry parameter ranges are used and design
of experiments (DOE) is employed to obtain reduced ranges to be utilized for the
optimization. Genetic algorithm is utilized with a defined objective function and
constraints to attain various results for a number of iterations. In the end best

design in terms of performance and cost is selected for the final analysis.

3.4.2 Optimization to maximize torque by magnet weight

In this optimization methodology the main focus is given on the average torque at
low speed and the magnet volume. It has been observed in the research work in
Appendix A2, that with the increase in magnet weight there is an augmentation
in torque, but this rise is not linear as compared to some PM based machines.
Hence, along with certain claw dimensional parameters, PM dimensions are also

varied so as to observe the change in average torque of the machine. Due to high
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production volumes of this type of machine; even small amount of cost reduction

builds up into huge amount of cost savings in total revenues.

Geometry
parameter
ranges

Design of
experiments

v
Condensed Z

»
A " parametric - 4
ranges

Objective
Constraints 4— function

Genetic Algorithm
optimization

|

No

Convergence?

\ 4

v Yes

No. of iterations/
results

Fig. 3.26 Flowchart for optimization methodology

The objective function is:

» To maximize the average torque by magnet weight

The constraints are:
» DC voltage limit <48V
» Rotor DC coil fill factor < 75 %
» Magnet weight <240 g

The fixed parameters are:
» Speed =600 rpm
» Stator current Is= 230 Arms
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Fig. 3.27 (a) and Fig. 3.27 (b) show respectively the evolution of per unit torque

and the evolution of magnet weight in the process of optimization.
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Fig. 3.27 Evolution of torque (p.u.) and magnet weight in the process of optimization

Similarly, Fig. 3.28 (a) shows the evolution of torque/magnet weight and Fig. 3.27
(b) shows the evolution of rotor number of turns (p.u.) in the process of

optimization.
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Fig. 3.28 Evolution of torque/magnet weight and rotor number of turns (p.u.) in the

process of optimization

It can be observed from Fig. 3.27 that, the torque (p.u.) has increased during the
final iterations, but the magnet weight has also increased for the corresponding
duration. So, it is important to observe the torque/magnet weight. It can be
observed from Fig. 3.28 (a), that the torque/magnet weight becomes constant

after iteration no. 100 and so on. But it is also important to observe the torque
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(p.u.) and torque/magnet weight simultaneously, as at some cases the
torque/magnet weight could be higher, but the actual torque could be much lower
than base torque. Similarly, as the claw dimensions are changing in the
optimization process, the number of turns in the rotor also change accordingly so
as to maintain the same fill factor during the complete optimization, and this can

be observed from Fig. 3.28 (b).

After a careful selection of certain designs depending upon torque, magnet
weight, claw-pole dimensions, manufacturability and design experience; selected
designs are shown in Table 3.3. It gives a comparison w. r. t. torque and magnet
weight. It can be observed that % difference in torque (% diff. T), % difference in
magnet weight (% diff. mag. wt.) and torque/magnet weight (T/mag_wt) are the
important factors to decide the final design for prototype fabrication. Case 2 and
case 4 have the same % diff. T but with opposite polarities. Case 2 has 2.54 %
increment in torque but also 3.07 % increase in magnet weight. Whereas Case 4
has 2.54 % decrease in torque however 16.40 % decrement in magnet weight.
This escalates into cost savings as magnet material prices are more expensive as
compared to iron and copper. Therefore, next step would be to compare Case 2
and Case 4 along with the base design for the complete torque-speed envelope, so

as to have a final confirmation of the performance in field weakening region.

Table 3.3 Design comparisons w.r.t. torque and magnet weight

Case T(‘I’)‘fﬁf;e Wl\e‘i:i‘;e(‘;) % diff, T ;ﬁ;lff&. T/mag_wt
Base | 1.00 194 0.00 0.00 5.15
1 | 105 220 474 | 1345 | 475
2 | 103 200 2.54 3.07 5.12
3 | 098 172 211 | -11.70 | 571
4 | 097 162 954 | -1640 | 6.00
5 | 097 159 295 | -1802 | 6.09

Fig. 3.29 depicts the torque-speed comparison of the base design, Case 4 and

Case 2 designs. It can be observed that the field weakening region is not affected
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much due to DC field current control and hence it confirms that utilizing Case 4
design for final prototype development is a good compromise between torque and
magnet weight. It also provides high T/mag_wt and less reduction in constant

torque region performance.

Torque (p.u.)

i
-

0.0 T T T T T T T T 1
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Speed (rpm)

Fig. 3.29 Torque-speed comparison of the base, Case 4 and Case 2 designs

3.5  Performance Evaluation and Efficiency Mapping for Motor and

Generator mode

After the design optimization of the machine it is important to obtain the
performance results in the complete torque vs. speed envelope. Efficiency at rated
or part load points provides only a certain amount of information related to
machine performance. Hence, efficiency or loss map presents a Dbetter
understanding of the machine performance in the complete torque-speed curve.
For this reason in this section a methodology to evaluate the torque vs. speed
curve along with the efficiency map in the motor and generator mode is
presented. Fig. 3.30 shows the methodology to obtain the performance curves of

the machine and in turn to get the efficiency map.
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Flux mapping

(varying 1,, 1, & 1) to get y, and y,

Iron loss coefficient and iron loss
mapping

Optimize the I, I, & I;,to minimize
the losses and satisfy the
constraints

Obtain the efficiency
map/performance curves

Fig. 3.30 Methodology to obtain the performance curves of the machine

3.5.1 Flux and iron loss mapping

Static FE analysis using JMAG® is utilized to get the flux map for different
values of I, I, and Iras explained in Section 3.2.2. Fig. 3.8 (a) depicts the Iz vs. I,
vs. wa matrix and Fig. 3.8 (b) depicts Iz vs. I, vs. w, matrix for Zr= 10A. It can be
observed from the above figures that the flux matrix is evaluated for coarse
values of 1y, I, and Iz The above figures shown are for only one value of /5 but the
actual flux matrix contains all values of flux linkages from 0 A to 10 A of Iz
Subsequently, interpolation method is used to obtain the exact values of flux
linkages for any value of 1z I, and Iz hence reducing the time for generation of

finer flux matrix using FE analysis only.

The next step is to evaluate the iron loss coefficients and integrate the same into
iron loss mapping. The iron loss equation for electrical machine is used as per Eq.

3.15 detailed in section 3.2.2. 3-D time stepping motion FE analysis of the claw-
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pole machine is carried out for three random operating points of the machine and
iron losses at these points are recorded. The flux density values at specific points
in the machine are also recorded for the three operating points. Using the above
three values of P, Bm, Band £, optimization algorithm is utilized to fit K., K, and
a for these values and to obtain the three iron loss coefficients. Using the above
iron loss coefficients, iron loss mapping can be obtained for any other values of B
and fof the machine. The B, and B values from static FE analysis are used to
generate the flux density wave-shape by utilizing hybrid electromagnetic

analysis model as described in [64], Chapter 3.

3.5.2 Optimization to obtain performance curve/efficiency map for minimum

losses

The most important step is the optimization of 7z I, and Irto minimize the total
losses and satisfy the constraints. For this purpose, optimization algorithm

fimincon of MATLAB® is utilized [63].

The objective function being:

> To minimize the total losses (copper and iron losses)

The constraint function being:
» DC voltage limit <48 V
» Stator current /s < 230 Arms

The optimization algorithm is setup to evaluate the objective functions and
satisfy the constraint function for the entire torque vs. speed envelope. After the
successful convergence of the optimization algorithm different performance
curves can be obtained like efficiency map, loss map, voltage map, current map
for the entire torque vs. speed envelope. Fig. 3.31 illustrates the various current

maps i.e. Iy, I, Irand Is--ms as a function of torque and speed of the machine.
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Fig. 3.31 14 15, Irand Ls+ms map as a function of torque and speed

Similarly, Fig. 3.32 shows the copper and iron losses of the machine as a function

of torque and speed, and Fig. 3.33 depicts the efficiency map of the machine.
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Fig. 3.32 Copper and iron loss map as a function of torque and speed
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Fig. 3.33 Efficiency map as a function of torque and speed

It can be observed that the stator rms current Zsrms and field current Ir are
maximum near the highest torque and then start reducing as the torque
decreases. The Isyrms 1s distributed accordingly between /z and /,, so as to achieve
the desired torque and maintain the DC voltage below 48 V. The copper losses
dominate during the constant torque region at higher level of torques, whereas
the iron losses dominate at high speeds. It can be observed that the peak
efficiency of the machine is around 88 % for certain operating region, and can be
as low as 50-60 % for certain operating region of peak performance for short

period of time.

The cartographic representation of the performance results provides detailed
insight of the operating points of the machine at various loads. However, the
above mapping is based upon a particular type of optimization algorithm, and
various other methods can also be evaluated to obtain different results. In this
study, pulse width modulation (PWM) technique has been adopted in the entire

mapping region. Another optimization technique could be to utilize PWM
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strategy from low speeds to some medium speeds and then switching to full wave
technique till maximum speeds. In this method, it can be observed that there is a
torque increase from the medium speeds as the voltage limit at the winding
terminals 1s increased as compared to PWM technique. Similarly, the
optimization methodology can be used for minimization of losses in certain
operating points where the machine operates most of the time. For this
technique, more information is needed regarding the ICE operating points and a
complete system simulation could help in retrieving this data. This would result
in more optimized control technique as the efficiency optimization is considered
only in the most important regions and not in the entire torque-speed envelope.
The above methodology can also be improved by incorporating analytical thermal
model so as to obtain the continuous performance curve as per the machine and
inverter cooling topology.

Incorporation of electromagnetic FE simulations along with surface response
mapping effectively provides good cartographic results in reasonably quick time.
As a result, electrical machine design and development landscape can be build up
to generate designs from initial analytical and FE models, and finally obtain
performance maps as per the specification requirements. This in turn can help in
obtaining various design results to fulfil different customer prerequisites and

provide faster solutions for their applications.

3.6 Conclusion

Therefore, automation of the geometry modeling was achieved by utilizing
variables and associated equations in the geometry editor of the numerical
analysis software. Genetic algorithm was utilized for the design optimization of
the machine so as to achieve maximum torque to magnet weight ratio. Various
claw parameters and magnet dimensions were varied to achieve the above
objective. It was observed that the new optimized claw-pole and magnets provide
fairly the same torque as the original machine with at least 16 % reduction in

magnet weight.
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Chapter 4

Reuse and Recycling: In the context of Claw-pole

Machine

4.1 Reuse/Recycle methodology for Claw-pole machine

The reuse and recycle of permanent magnets in electrical machines is considered
1mperative now due to various reasons detailed in Chapter-1 and Chapter-2, viz.
supply and demand, price fluctuations, environmental factors and many others.
Various recycling routes have been detailed so as to recover the REEs from waste
electronics and electrical equipments and automotive applications. Lot of
technological processes viz. physical processing and separation, direct alloy
production, metallurgical extraction and recovery are also detailed. Easy
assembly & disassembly is also considered as a significant step in e-machines

used for automotive applications, as it helps in trouble-free recovery of PMs.

In this chapter, emphases are provided on the reuse and recycle methodology
adopted for the PM based claw-pole machine. The main motivation to use this
machine for reuse and recyclability are:

(i) At present approximately, 95 million cars per year are manufactured with
this machine type used as a generator or motor-generator. Hence,
cumulatively large no. of magnets utilized that can be recovered after EoL.

(i) Project DEMETER’s objective is to recover > 30 g of magnets, and this
machine utilizes around 160-200 g magnets.

(iii) Presently, no reuse or recycle of PMs for e-machines is being worked up
extensively.

(iv) Three other motor topologies being designed in project DEMETER for reuse
and recyclability, hence a global perspective w.r.t. to e-machine designs.

Direct reuse methodology is the first concept developed for the claw-pole

machine, so as to have unsophisticated recovery of PMs. The second concept is
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the utilization of magnets produced by direct recycling in the claw-pole machine
design. To evaluate the impact of reuse and recyclability, a novel recycle index is
also developed depending upon easy assembly and disassembly, and also taking

energy consumption of the machine for particular drive cycle into account.

4.1.1 Concept of Direct Reuse of magnets in the machine

Direct reuse is defined as easy assembly and disassembly of permanent magnets
after EoL of the machine and reuse in other applications or reuse as an input
material in the manufacturing of new magnets. At present, in the claw-pole
machine, the two claw-poles are generally identical in construction related to
magnet placement between the inter-claws. The inter-claws have appropriate
magnet slits so as to maintain the magnets in the desired position. Fig. 4.1 shows
the claw-poles and magnets along with the highlighted appropriate magnet slit at
the end of each claw-pole in order to maintain the magnets in the desired
position. As a consequence, this arrangement hinders the disassembly of magnets
at EoL unless the complete assembly is dismantled using special tools and

techniques.

Fig. 4.1 Claw-poles and magnets with the appropriate magnet siit

After assembly of the rotor is finished, varnish is applied on the complete rotor
assembly 1.e. the claw-poles, rotor winding, magnets and shaft. In the present
design, varnish is important because it helps in the following issues:

» Vibration issues

> Corrosion issues (magnets are non-coated)
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> Thermal issues (to some extent)
There are various varnish removers available in the market according to their
removal capabilities and toxic levels. Following is the list of few varnish removers

as per extant literature available:

\
* Methylene chloride
* Toxic but very quick in removal
y,
* Dimethyl sulfoxide
* Medium level toxic and moderately quick in removal
V)
* Eco-organic solvents like terpenes from pine, citric acid, benzyl
alcohol
* Less toxic but slow in removal »

The Fig. 4.2 illustrates the direct reuse methodology for assembly and

disassembly of magnets in claw-pole machine.

The steps for direct reuse methodology are as follows:

During manufacturing assembly:

a) First forged claw-pole with appropriate magnet slit is placed in the
manufacturing setup.

b) Magnets are inserted in the desired position of the inter-claw till the end of
the appropriate magnet slit.

c) It is proposed in the reuse methodology to have second forged claw-pole
with complete magnet slit till the end as seen in Fig. 4.2. Subsequently,
the second claw-pole is placed over the first claw-pole and magnets.

d) Varnish is applied to the complete rotor assembly.

At Eol,, i.e. during disassembly:
a) Varnish remover is applied on the complete rotor assembly. Depending
upon the needs, chemical based or eco-friendly varnish remover can be

applied.
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b) The rotor is subjected to Curie temperature for 30 seconds so as to
demagnetize the magnets before disassembly. This temperature treatment

also helps in loosening of the varnish.

¢) Push the magnet out through the complete magnet slit.

| Reuse/Recycle

{ Direct re-use J

‘ Direct re-use of magnets after

End of Life (EOL) of the machine

Apply varnish
remover (chemical
or eco-friendly)

Firstforged claw
with appropriate

Second forged
claw with

During
manufacturing

Assembly At EOL Rotor subjected

of new machine During . Tthi e
disassembly \ for 30s (demag.)
Second claw
with complete
First claw with slit
appropriate

N / Push the magnet out

VARNISH through the claw from
k/\_/x—/ complete magnet slit

Fig. 4.2 Direct reuse methodology for assembly and disassembly of magnets in claw-pole
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machine

Therefore, it can be observed that with the above detailed process steps; there is
no change in the present assembly process. There is certain change in the rear
claw-pole design as the two claw-poles are no more identical, hence needs re-
development. In general, both claw-poles are not identical in many other designs
also, as there are certain modifications in the chamfers and manufacturing
related process. The extra process of disassembly is an added procedure, and
needs small investment. But due to large quantities of these machines being
produced, the recovery of PMs would be large, and provide recycling benefits. The
direct reuse concept provides prominence to directly use the PMs for similar
shapes in some other applications depending upon their quality or use the scrap

PMs for reprocessing so as to obtain new recycled magnets.
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4.1.2 Concept of utilizing Direct Recycled magnets in the machine

Direct recycle is defined as utilizing directly recycled permanent magnets in
design of new electrical machines developed for automotive applications. Direct
recycling of permanent magnets refers to the treatment of scrap magnets as a
raw material for the production of new magnets, but using novel techniques such
as HD and HDDR processing, chemical treatments, and many more, to give new,
ready-to-use, magnetic materials or a new master alloy that can be processed
using existing magnet production facilities. Literature has shown that the
magnetic properties of recycled magnets may differ by 3% to 20% when compared
to that of the original magnetic material used for production of new magnets.
Consequently, with the change in magnetic properties, the performance of
electrical machine is also altered. For example, decreased magnetic performance
of recycled PMs may lead to large variation in machine performance of surface
mounted PM radial flux machine, but less variation in machine performance for
PM assisted synchronous reluctance machine. This is because the contribution of
PMs in magnetic circuit is more in a surface mounted design than in PM assisted
synchronous reluctance machine design. Hence, direct recycle methodology for

design of electrical machine (claw-pole type) has been proposed in Fig. 4.3.

)

~ Directrecycle

Electrical machine design
utilizing direct recycled magnets
o Design of electrical e
L machine (claw-pole HeCyCe
magnet magnet
S — type) L —

Performance
Performance (recycled
(new magnet) macgnet)

5 compare <=

Optimize the machine designto Energy cost
achieve the best performance &=
using recycle magnet

evaluation

Fig. 4.3 Direct recycle methodology for design of electrical machine (claw-pole type)
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The steps for direct recycle methodology are as follows:

a) Existing electrical machine designs utilizing new/virgin permanent
magnets are analyzed and the performance of these machines are recorded
in a dataset.

b) In the electrical machine design of step 1, recycled magnet material
properties are used for analysis and performance parameters are recorded
in another dataset.

¢) The machine performances with new/virgin magnet and recycled magnets
are compared using data analysis.

d) Finally the machine design is optimized so as to achieve the best
performance utilizing the recycled magnet properties.

e) Evaluation of energy and fuel consumption to check for economic viability.

4.2  Weighted Index of Recycling and Energy concept

Weighted Index of Recycling and Energy (WIRE) concept is a tool that have been
developed for analyzing the recycling index of electrical machine. At present
there are no techniques or tools to define the reusability or recyclability of
electrical machines. In the framework of DEMETER project, one of the tasks was
also to develop a recycling index so as to score the different machine designs with
respect to their reuse and recycle capabilities. For this reason, in this section a
weighted index for recycling has been developed and it is divided into two parts.
Fig. 4.4 illustrates these two parts of the WIRE concept. Part-1 defines the
recyclability considering standardization and cost of materials, assembly and
disassembly. While part-2 considers the energy consumption evaluation of
electrical machine over a drive cycle. A weighted index of recycling for part-1 and
energy index for part-2 are first developed for a commercially available outer
rotor HUB motor. The methodology and tool for this are detailed in the section
below. Then the WIRE indexes for the claw-pole machine and the other motors

developed in DEMETER project are worked upon by the consortium researchers.
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Part 1: Recyclability considering
standardization and cost for
materials, assembly and
disassembly

Part 2: Energy consumption
evaluation taking drive cycle into
consideration

Fig. 4.4 Weighted Index of Recycling and Energy (WIRE) concept

4.2.1 Recycle index for standardization and cost taking material, assembly and

disassembly into consideration

In this part the recycle index is generated so as to achieve easy assembly and
disassembly, as it leads to good reuse and recyclability. The main elements
scored are standard and cost for electrical machines materials, assembly and
disassembly. Standard is defined as existing or available materials/components/
processes and cost is defined as the price of the materials/components/processes
with its impact on recycling. Fig. 4.5 depicts the sample evaluation sheet
developed for assessing the scores for various sections. It can be observed in this
that the standard and cost category is sub-divided into two scoring patterns i.e.
Score (S) and Importance (I). The S depends on its relative scale of 1-5 in
respective section while I depend on the materials/process relative criticality in
terms of recyclability of materials on the scale of 1-5. The final score is the
product of both S and I i.e. (SxI). For evaluation of WIRE it is recommended to
have a group of 5-6 people from different fields, involved in design and
manufacturing process of the motor. In Fig. 4.5 only the material section is
visible and similar sheet is also available for assembly and disassembly, and
hence the cumulative score for all the section accounts into the final score of the
machine. Although, the assessment largely depends on the mutual agreement of
the group formed for evaluation; certain guidelines are also formulated to

evaluate different sections and are enlisted in the form of a data-list.
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Furthermore, the process/materials in different sections are different depending

on the criticality of the material/process.
Scoring pattern  0-5

3 = neutral score

MOTOR ID Hub motor for in-wheel application
Component/ Recyclability
Parts Standard Cost SCORE
Remarks S | Sxl Remarks S | Sxl Remarks
Materials
- Stator
Lamination S segmented stator 5 5 25 good for recycle 1 5 5 30
not reuse
Copper SWG 24 5 5 25 2 1 2 27
- Rotor 0
Steel R MS steel 5 5 25 good for recycle 1 4 4 29
not reuse
Magnets NdFeB-rect shape 5 4 20 |Because of shape 5 1 5 Because of 25
coating
-Shaft 0
Shaft Steel 4 5 20  |shaft with hole for 1 2 2 22
wires
-Endshileds 0
Drive Side aluminium die cast 2 5 10 |prepare new die 1 2 2 12
Non-Drive side |aluminium die cast 2 5 10 |prepare new die 1 2 2 12
34 135 17 22 157

Fig. 4.5 Sample evaluation sheet for assessing the scores for various sections

The complete methodology explanation is detailed in ref. [65], where the
definitions of standard for material, assembly, disassembly and cost for material,
assembly and disassembly are defined. Calculation of the recyclability index is
also defined as per the weighted indexing principle so as to easily compare
different topologies of machines by a single tool. General guidelines for scoring
have also been defined for various categories viz. materials for standard,
assembly/disassembly for cost, importance of assembly/disassembly process and
score for materials. The developed methodology is flexible in adapting for new
categories and different guidelines by diverse users. Hence, this provides a new

starting tool to design and process engineers to keep recyclability into mind.
4.2.1.1 Recycle index of sample HUB motor
This methodology is now utilized to evaluate a commercially available outer rotor

HUB PM motor. The motor was disassembled using standard tools and

instruments in a step-by-step process and all the parameters were noted down.
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After the disassembly, the team evaluated the machine as per the WIRE
assessment sheet for standard and cost with material, assembly and disassembly
taken into account. Fig. 4.6 shows the various components and parts of the

sample HUB motor along-with the various disassembly steps.

il

N

(c) Stator with disassembled windings (d) Rotor with magnets
Fig. 4.6 Sample outer rotor HUB PM motor

The recycling index distribution for standard and cost category of the sample
HUB motor is depicted in Fig. 4.7. It can be observed that the material category
in the standard section has the highest score due to the usage of standard
materials, and assembly category has the lowest score as the assembly of the
machine is done so as to avoid recycling. Whereas in cost section the material
category is lowest as the materials used in the machine are standard products
with less return of the cost value. The disassembly category in the cost section is
highest as the machine was comparatively easy to disassemble with standard

tools at relatively low cost.
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Fig. 4.7 Recycling index distribution for standard & cost category of sample HUB motor

The final score for standard section is 73.1 % and cost section 1s 63.1 %, which
depicts that the machine 1is developed with standard materials and
assembly/disassembly. Whereas, in cost section it is little lower due to low

recyclability kept in mind while designing the sample HUB motor.

4.2.1.2 Recycle index of claw-pole machine

Utilizing the above described methodology, the claw-pole machine was also
evaluated within the team for all the categories in the evaluation sheet. Fig. 4.8
illustrates the recycling index distribution for standard and cost category of the

developed PM based claw-pole machine.
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Fig. 4.8 Recycling index distribution for standard & cost category of the developed claw-
pole machine
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It can be observed that almost all the categories in the standard section are high
and above 78 %, which portrays that the machine is quite standard in materials
and assembly/disassembly. In the cost section, the material score is low due to
standard products with low return value for recyclability for a single machine.
But as this machine is developed in high quantities (millions), the amount of
return value is much higher when compared to some other machine types. The
assembly cost is lower than the disassembly cost in terms of recyclability due to
the utilization of automated tools for the assembly of PMs and the claw-poles.
But due to the new reuse concept of the claw-poles as described in section 4.1.1,
the disassembly cost score is higher as compared to assembly cost score. This
corroborates the WIRE index evaluation, as it can be seen that the new claw-pole
concept is designed for easy disassembly, hence it is fruitful in recycling of the
magnet after EoL. In ref. [65] four different machines of DEMETER project are
evaluated using the WIRE sheet and the scores are compared for all the
categories providing the authors a good way forward on the developed

methodology.

4.2.2 Recycle index for energy consumption taking drive cycle into

consideration

The second part of evaluating the recycle index is by energy consumption
assessment taking drive cycle into account. In this section also the sample PM
based HUB motor is used to evaluate the above methodology development. The
benchmarking of sample HUB motor is done by disassembly, experimentation
and FE analysis. The efficiency map and energy consumption of sample HUB
motor with virgin magnets for urban part of New European Driving Cycle
(NEDC) i.e. ECE-15 [66] is evaluated. Similarly, machine performance and
energy consumption with recycled magnets for the same ECE-15 drive cycle is
evaluated. Finally, comparison in energy consumption between virgin magnets
and recycled magnets for sample HUB motor is done to obtain the energy cost

index.
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4.2.2.1 Benchmarking of sample electric vehicle motor

The sample motor is utilized in medium speed electric 2-wheeler or small
compact low speed city cars. The DC bus voltage for the sample motor is 72 V,
maximum speed of 700 rpm and output power up to 3.5 kW. The motor controller
1s a standard three-phase power electronic inverter with hall sensor inputs used

for position sensing.

Fxperimental measurements:

The motor was assembled on a test bench with high precision torque transducer
connected to the shaft. The input power measurements were recorded using an
industrial grade power analyzer so as to limit the uncertainties in measurement.
Fig. 4.8 (a) shows the experimental test setup utilized for the measurements and
performance evaluation. Two machines were assembled back to back and a
resistive load was connected to the machine which would operate as a generator
and load the test machine. Different resistance values were used with a set of
speed variations to get the torque, speed, voltage, output power and input power
of the test machine. Fig. 4.9 (b) depicts the experimental torque vs. speed with

the corresponding efficiency values.
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Fig. 4.9 (a) Experimental test setup for performance evaluation, (b) Experimental torque
vs. speed with corresponding efficiency values by virgin magnets

Disassembly and dimensions-

The major dimensions, weight and materials were identified by disassembling

the machine in a step by step process. Fig. 4.10 shows the disassembled machine
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and the magnets. Table 4.1 depicts the main machine dimensions which would be
utilized later on for 2-D FE analysis so as to obtain simulated performance of the

machine.

Fig. 4.10 Disassembled machine and permanent magnets

Table 4.1 Main dimension of the sample HUB motor

Parameters Value
Stack length [mml] 40
Maximum speed [rpml] 700
Air-gap length [mm] 0.6
Magnet axial length [mm] 40
Magnet thickness [mml] 3
Magnet width [mm] 14
Stator outer diameter [mm] 253
Number of poles 56
Number of slots 63

The PMs were shaped in appropriate sizes so as to be analyzed for their magnetic
properties. They were put to test in Magnetic Property Measurement System
(MPMS®) from Quantum Design. It was observed that the magnetization () of
the magnet at zero applied field (H) is around 130 emu/g which corresponds to
around 1.2 T as B:at temperature of approximately 300 K (27 °C).

Finite element analysis & comparison with test results-

The machine was modelled on commercially available FE analysis software by
using the dimensional details obtained in earlier. The magnet properties were
utilized from the MPMS® measurements with 1.2 T as the B, value. The stator
lamination was a standard silicon iron soft magnetic material with loss of around

5 W/kg at 1.5 T, 50 Hz. Time stepping 2-D motion analysis was carried out to get
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the various performance parameters like back EMF, cogging torque,
electromagnetic torque, iron losses, copper losses and winding voltages. Fig. 4.11
(a) shows the 2-D model along with the flux density plot at no-load by FE
analysis. The experimental winding current values were fed as an input in the
FE analysis at various speed points to get the developed torque and losses of the
machine. Finally the input power, output power, voltage and efficiency were
evaluated by simulation results. In Fig. 4.11 (b) it can be noticed that the
comparison of simulated and experimental results for torque vs. speed with
corresponding efficiency values of the machine. It can be observed that the
simulated and experimental results match fairly well and there is a maximum

percentage discrepancy of 9 % in torque and 5 % in efficiency values.
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Fig. 4.11 (a) Flux density plot of the sample HUB motor with virgin magnets, (b)
Comparison of experimental & simulated torque vs. speed with corresponding efficiency
values by virgin magnets

4.2.2.2 Efficiency map and energy evaluation of the sample hub motor with

virgin magnets

Energy consumption for a reference drive cycle requires performance parameters
of the machine for the complete torque vs. speed envelope. As a result, efficiency
map of the motor needs to be evaluated so as to acquire the precise torque and

efficiency points for the corresponding speed values in the reference drive cycle.
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Methodology for energy consumption evaluation:

A methodology has been developed to evaluate the energy consumed by the
machine for a particular drive cycle. Various articles/papers/studies depict the
importance of evaluating the energy consumption of a machine for different drive
cycles with diverse vehicle dynamics [67]-[76]. Fig. 4.12 shows the flow diagram
of the developed methodology. In this, the machine performance is evaluated
using FE analysis and utilizing the flux map of the machine, efficiency map is
generated. Along with this, vehicle parameters like wheel radius, vehicle weight,
rolling resistance, air density, drag coefficient and frontal area are used as input
for deriving torque vs. time curve from speed vs. time of drive cycle. Now, these
are used as input to the efficiency map and energy consumption for one cycle of
the drive cycle is evaluated. Finally, total energy consumed in the lifetime of the
machine is estimated by assuming that the motor operates for 2 hours daily
during 10 years as the vehicle assumed is a compact city car with the vehicle

parameters as listed in Table 4.2.

Finite element .
: : Drive cycle
analysis of machine

| |

Flux map and Torque vs. time Vehicle
Efficiency map Speed vs. tume parameters

Energy
consumption

Fig. 4.12 Flow diagram for energy evaluation methodology

Table 4.2 Vehicle parameters

Parameters Value
Vehicle weight [kg] 920
Density of air [kg/ms3] 1.225
Frontal area [m?] 1.85
Drag coefficient 0.4
Coefficient of rolling resistance | 0.01
Tyre radius [m] 0.21
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Ffficiency map and energy consumption-

The efficiency mapping of the machine is evaluated by utilizing the flux map with
different values of /s and [/, Similarly, iron loss mapping is also required for
various values of machine flux density and current levels. Therefore, by utilizing
optimization algorithm, the efficiency mapping is obtained for the sample motor.

Fig. 4.13 illustrates the efficiency map of the sample motor with virgin magnets.

Torque (Nmj)
Efficiency (%)

100 200 300 400 500 600 700 800
Speed (rpm)

Fig. 4.13 Efficiency map of the sample HUB motor with virgin magnets

The drive cycle selected for this study is the urban part of the NEDC i.e. ECE-15
[68]. Fig. 4.14 (a) shows the speed vs. time profile of the ECE-15 drive cycle. The

instantaneous wheel torque can be derived by using the following equation:

T, = (ma +mgC, + %paCdAfvz) T (4.1)
where, 7 1s wheel torque, m is total mass, a is acceleration, g is gravity, C:is
coefficient of rolling resistance, p, is density of air, Cy1is coefficient of drag, Aris
vehicle frontal area, v is velocity of vehicle and ry is radius of the wheel. Hence,
using Eq. (4.1), vehicle parameters as in Table 4.2 and ECE-15 drive cycle, the
wheel torque vs. time profile can be obtained. Fig. 4.14 (b) shows the wheel

torque vs. time profile for the selected vehicle and ECE-15 drive cycle.

In typical EVs, the electrical machine is coupled to the wheels via transmission
hence they have high speeds and high efficiencies. But here, it can be observed

that maximum torque required at wheel is around 220 Nm. The maximum motor
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torque which can be delivered is around 65 Nm. Hence, it is assumed that four
motors would be used in the vehicle with direct drive in-wheel configuration to

achieve required vehicle wheel torque.
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Fig. 4.14 (a) Speed vs. time profile of the ECE-15 drive cycle, (b) Wheel torque vs. time
profile for the specified vehicle and ECE-15

As per the flow diagram in Fig. 4.11, this torque vs. speed profile and efficiency
map are employed together to get the energy consumed by one motor during the
lifetime of 10 years with 2 hours of daily operation. The energy consumption can

be calculated as:

E. = [, E(t)dt (4.2)

where £.is total energy consumed, £(#)is energy input as a function of time and
t1s time. The regenerative braking and negative torque values are assumed to be
zero in the energy calculations. As a result, for the sample HUB motor with
virgin magnets, the total energy consumed for the complete lifetime is 3071 kWh
from Eq. (4.2). The harmonized electricity price for Europe region is considered as
0.22 €/kWh [77]. Therefore, the energy cost for one motor with virgin magnets is
€ 676 for the entire assumed lifetime. The weight of total magnet in the motor is
0.7 kg, and NdFeB material price considered is 45 €/kg [78], consequently the
total magnet price is € 31.5 in one motor. The study has utilized ECE-15, but the
methodology can be used to assess any drive cycle like NEDC, Urban
Dynamometer Driving Schedule, and Worldwide Harmonized Light Vehicles Test
Procedure (WLTP), etc.
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4.2.2.3 Machine performance with recycled magnets

Research is been carried out in recycling the PM scrap from various sources and
fabricate recycled magnets by HD and HDDR processes [47]-[49]. In this study,
magnetic property of recycled magnet considered is around 0.96 T as B, This is
as per reference [49], where new magnet material has 1.36 T as B and recycled
magnet has 1.08 T as B, hence 20% reduction in the B, In this study virgin
magnet has 1.2 T as B, and taking 20% reduction for recycled magnet, the B,
evaluated is 0.96 T.

Performance characteristics:

For the evaluation of machine performance with recycled magnets in sample
motor, the methodology utilized is similar to performance calculated with virgin
magnets as in earlier section. The sample motor’s dimensional parameters are
kept same as that with virgin magnets; only magnet properties are altered with
recycled magnet properties i.e. having 0.96 T as B, and increased length of the
motor to achieve same torque as obtained with virgin magnets. The length of
stator, rotor and magnets is increased from 40 mm to 46 mm. Henceforth, 2-D
time stepping FE analysis is carried out to get the performance characteristics.
Performance has been evaluated with similar current values as used in test and
simulations during the study with virgin magnets in earlier section. Fig. 4.15
shows simulated torque vs. speed with corresponding efficiency values by virgin

and recycled magnets.
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Fig. 4.15 Simulated torque vs. speed with corresponding efficiency values by virgin and
recycled magnets
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It can be observed that torque values match fairly well for virgin and recycled
magnets. But the efficiency at certain points has increased with recycled magnets
due to cumulative decrease of total losses, as iron losses have reduced but copper

losses have increased.

Ffficiency map and energy consumption-

The efficiency map and energy consumption of the sample motor with recycled
magnets is evaluated similarly as was done while using virgin magnets in earlier
section. By utilizing the flux map with different values of Iy and /; and iron loss
map for various values of machine flux induction and current levels, the
efficiency map is generated for the motor with recycled magnets. Fig. 4.16

illustrates the efficiency map of the sample motor with recycled magnets.

Efficiency Map

Torque (Nm)
Efficiency (%)
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Fig. 4.16 Efficiency map of the sample HUB motor with recycled magnets

Hereafter employing the flow diagram in Fig. 4.12, torque vs. speed profile and
efficiency map together can provide energy consumed by one motor during the
lifetime of 10 years with 2 hours of daily operation with recycled magnets.
Consequently, for sample motor with recycled magnets, total energy consumed
for complete lifetime is calculated as 2995 kWh from Eq. (4.2). Similarly,
assuming the harmonized electricity price for Europe region as 0.22 €/kWh [77],
the energy cost for one motor with recycled magnets is € 659 for the assumed
lifetime. It is difficult to comment on the price of recycled magnets as it is subject
to ongoing research. But as it is assumed to be prepared from scrap PMs the

price is assumed to be lower when compared to virgin PMs. Due to increased
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length the PM weight increases from 0.7 kg to 0.81 kg with recycled magnets.
Therefore, assuming the price of recycled magnet material as approximately the
half of virgin magnets 1.e. 22.5 €/kg, the total PM price calculated would be €

18.23 since the motor contains 0.81 kg of magnets.
4.2.2.4 Energy cost index and comparison between virgin and recycled magnets

Energy cost evaluation considering the machine performance on a particular
drive cycle or duty cycle gives more insights than evaluating machine
performance at rated loads. Since machine performance could be optimized for
rated conditions but their operation may not be subjected to rated conditions
during a specific duty cycle. Therefore, comparing machine performance at a
particular drive cycle with different magnet scenarios would provide information
about the importance of energy and magnet cost. For this purpose, an index has
been proposed to compare the energy cost in relation to magnet cost. The
temperature for both the machines has been assumed the same. For instance, in
this study energy consumption cost with virgin magnets is € 676 and magnet cost
is € 31.5 for the sample motor. Considering this as the base scenario and naming
it as Scenario 1 and/or Scenario base. The energy cost computed with recycled
magnets is € 659 and magnet cost is € 18.23 for the sample motor; and naming it

as Scenario 2. The energy cost index is defined as follows:

£ = (25 - (oess) @.3)

where, EC;is the energy cost index, E.(j)is energy cost for Scenario j, Mag.(j) is
magnet cost for Scenario j, £.(b) is energy cost for Scenario base and Mag.(b) is
magnet cost for Scenario base. As a result, energy cost index for Scenario 2 as
per Eq. (3) is evaluated as 0.564. Various other sample scenarios have also been
evaluated in ref. [84] which indicates the variation of the index with the
deviation in energy cost and magnet cost. From Fig. 4.17 it can been observed
that the design with recycled magnets has low efficiency in low speed high torque
region and high efficiency in high speed low torque region as compared to
efficiencies with virgin magnets. However, the drive cycle has most of the points

in high speed low torque region; hence energy consumption is low with recycled
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magnets for this drive cycle. Hence, it can be deduced that energy consumption

depends on both drive cycle and machine design.
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Fig. 4.17 Efficiency vs.
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A general representation of the index is tabulated in Table 4.3, where energy cost

index varies with the cost of virgin and recycled magnets. In this the £ virgin

magnet 1s € 676, £

recycled magnet is € 659 and weight of virgin magnet is 0.7

kg and weight of recycled magnet is 0.81 kg. Hence, it can be observed that as the

PM material price

varies for virgin and recycled magnets the index varies

accordingly. The greener is the index; the better it is economically when

compared to red coloured cells in Table 4.3.

Table 4.3 Energy cost index with varying magnet costs

VIRGIN MAGNETS
PM. mat.
price(€/ke) 20 35 50 65 80 95
Ll 14.0 | 24.5 | 35.0 | 45.5 | 56.0 | 66.5
cost (€) ) ) ) ) ) )

5 4.05 0.282]0.161|0.113 |0.087|0.071 | 0.059

20| 16.20 |1.128|0.645|0.451 |0.347 | 0.282 | 0.237

35| 2835 |1.974|1.128|0.790 | 0.607 | 0.494 | 0.416

50 | 40.50 ]2.820|1.611|1.1280.868|0.705 | 0.594

RECYCLED
MAGNETS

65 | 52.65 |3.666 |2.095|1.466|1.128|0.917|0.772

80 | 64.80 |4.512|2.578|1.805|1.388|1.128|0.950

95| 76.95 |56.358 | 3.062|2.143|1.649|1.340|1.128

Similarly, hypothesis can be generated with variable energy costs for different

grades of magnets and the index would indicate the cases which are economically

more advantageous.
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Besides the above cited advantages, with recycled magnets one can observe an
additional advantage, that they have low environmental impact as compared to
virgin magnets. The mining of rare earth materials have negative repercussions
in terms of environmental and human conditions. The preparation of recycled
magnets has lower implications on human labour aspects as no mining is
required. Additionally they have environmental benefits like reduction in air and
water pollution. It can be argued that even for the preparation of recycled
magnets a number of environmental hazards are possible like storage of
hydrogen gas and its use in HD and HDDR process, and use of certain chemicals
for separation of materials. However, if both the circumstances are weighed
together, as assumed in [79], the mining would have higher negative impact on

the environment than producing recycled magnets from scrap.

4.3 Design Analysis with recycled magnets in the machine

Utilization of recycled PMs in electrical machines is now being researched upon
so as to explore the advantages of reuse/recyclability, i.e. less pressure on mining,
fewer environmental impacts and small amount of supply-demand problems [80].
In this section, first the synthesis of recycled magnets using HD processing is
presented, then comparison in torque-speed at peak performance with virgin and

recycled magnets is presented and thereafter, energy consumption is evaluated

for NEDC and WLTP drive cycles.

4.3.1 Recycled magnet synthesis at University of Birmingham

Researchers at the University of Birmingham have shown that hydrogen can be
used to separate NdFeB magnets from hard disk drive scrap [81]. In this work,
hydrogen is used to extract NdFeB magnets from automotive motor scrap in the
form of hydrogenated NdFeB powder. This powder was then purified by various
separation techniques (e.g. magnetic separation and sieving) for production of

sintered magnets with good magnetic properties. However, the polymeric coating
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on some of the magnets used in drive motors could not be fully removed by these
techniques. Previous work has shown that carbon has a negative influence on the
magnetic properties; however this influence depends upon the rare earth

material composition as well as the carbon content [82].

In this work, the magnets were extracted from drive motors of Eol. vehicles and
demagnetized by heating to 350°C in the air and the polymeric coating was
removed by grinding the surfaces followed by HD. The HD powder was then
milled under Argon to below 45 pum particle size using a knife mill after the
addition of 5at% freshly prepared neodymium hydride (NdHsz7). Finally the
powder was aligned in 1.3 T field using a permeameter, iso-statically pressed into
a green compact and sintered at 1080 °C for 1 hour under vacuum (~10% mbar).
These recycled magnets were then compared in terms of magnetic properties and
density with commercially produced sintered N42SH magnets. Fig. 4.18 shows

the schematic of possible re-processing routes as developed in ref [81].
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Fig. 4.18 Schematic of possible re-processing routes. Green boxes show the primary route
for manufacturing a sintered NdFeB magnet. Red boxes and arrows demonstrate where
the hydrogen extracted powder can be fed back in to recycle the material [81]
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Fig. 4.19 (a) and (b) depict the measured JH and BH curve of virgin N42SH and
recycled magnet at 25 °C and 150 °C temperature respectively. Table 4.4

illustrates the magnetic properties i.e. B, and normal coercivity (H.) of virgin

and recycled magnets at 25 and 150 °C temperatures.
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Fig. 4.19 Measured JH and BH curves of: (a) virgin N42SH and recycled magnet at 25 °C
temperature, (b) virgin N42SH and recycled magnet at 150 °C temperature

Table 4.4 Magnetic properties of virgin and recycled magnets at different temperatures

Temperature A liszgyeliad % diff.
magnet magnet
@ 25°C 1.30 1.10 15.4
B-(T)
@ 150 °C 1.08 0.92 14.8
Ha @25 °C -1025 -830 19.0
kA/m) | @ 150°C -445 -375 15.7

It can be observed that the relative difference in B, @ 25 °C is 15.4 % and @ 150
°C 1s 14.8 %, and relative difference in He @ 25 °C 1s 19.0 % and @ 150 °C is 15.7
%. The percentage reduction in B: for recycled magnets is in the range of around
14-16 %, which would mainly affect the machine flux induction and torque; and
reduction in Hg is around 15-19 %, which would affect the magnet operating
point at elevated temperatures. Hence, it 1s pertinent to check machine
performance at higher temperatures for recycled magnets as the reduction in He

1s high and could lead to an irreversible demagnetization of magnets.
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4.3.2 Performance evaluation using recycled magnets

Virgin magnets used in this study are commercially available N42SH PMs with
the magnetic properties as listed in Table 4.4. The recycled magnets utilized are
developed at a lab scale as described in the above section and with magnetic
properties as listed in Table 4.4. 3-D FE analysis and MATLAB programming
were carried out to obtain the machine performance in the complete torque-speed
envelope. Fig. 4.20 illustrates the comparison of torque-speed curve with virgin
and recycled magnets at peak performance. It can be observed that there is a
reduction of 5.26 % in peak torque during constant torque region, and almost
negligible change in torque at constant power region. This decrease is mainly due
to the reduction in recycled magnet’s magnetic performance and can be overcome

by optimizing the machine design.
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Fig. 4.20 Torque-speed curve at peak performance with virgin and recycled magnets for

the PM based claw-pole machine

4.3.3 Energy consumption evaluation with drive cycle incorporation

Energy consumption during the machine operation in the automobile for a
particular drive cycle 1s an important parameter to be considered. The
methodology to obtain the energy consumption by the machine is presented in
section 4.2.2.2 and similar methodology would be utilized for different drive cycle
and vehicle parameters. To compare the energy consumption of the machine with

virgin and recycled magnets, it is important to obtain the efficiency map of the
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machine with recycled magnets. The machine peak torque with recycled magnets
1s reduced by 5.26 %; hence it is vital to obtain the same peak torque value as the
machine with virgin magnets, so as to have fair comparison for energy
consumption. The stator current is increased by approximately 7.8 %, so as to
achieve the same peak torque values. As a result, Fig. 4.21 shows the efficiency

map of the machine with recycled magnets in motor and generator mode.
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Fig. 4.21 Efficiency map of the machine with recycled magnets

To evaluate fuel consumption of the machine it is required to analyze the
complete system simulation with ICE, clutch and gear mechanism, etc. Hence, in
this section it is assumed that the machine performs in pure EV mode in an EV
automobile and is coupled to the wheels by gear transmission. It is assumed that
the vehicle is a compact 2-seater city car with the vehicle parameters as enlisted

in Table 4.5 [67].

Table 4.5 Vehicle parameters for compact 2-seater city car

Parameters Value

Vehicle weight [kg] 500
Density of air [kg/ms3] 1.25

Frontal area [m?] 1

Drag coefficient 0.3
Coefficient of rolling resistance | 0.007
Tyre radius [m] 0.273

Gear ratio 10:1
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Two different drive cycles are utilized in this section for energy consumption
evaluation viz. NEDC and WLTP which can be seen in Fig. 4.22 (a) and (b)
respectively. The NEDC cycle is the most widely used drive cycle for Europe. But
it has been criticized because it doesn’t take into account many of the real world
driving conditions. The WLTP drive cycle has started to be incorporated by many
vehicle manufacturers for their new automobiles. The WLTP includes more
realistic driving, higher average and maximum speeds, longer distance, shorter
stops, more dynamic and representative accelerations and decelerations. As a

result, in this study both the drive cycles are used for the study.
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Consequently, using the vehicle parameters given in Table 4.5 and NEDC &
WLTP cycles, the operating points of both the drive cycles can be obtained by
utilizing the flow diagram as shown in Fig. 4.12. The gear ratio of 10:1 is selected
due to the fact that all the operating points of NEDC and WLTP cycle are placed
nearly below the continuous performance region of the machine. This is because
the machine should operate in its thermal equilibrium continuously for the
complete drive cycle. Fig. 4.23 depicts the torque-speed envelope of the machine
for peak and continuous performance along with NEDC operating points.
Similarly, Fig. 4.24 shows the torque-speed envelope of the machine for peak and

continuous performance along with WLTP operating points.
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Fig. 4.23 Torque-speed envelope of the machine with NEDC operating points
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Fig. 4.24 Torque-speed envelope of the machine with WLTP operating points

As per the flow diagram in Fig. 4.12; the torque vs. speed profile and efficiency
maps are employed together to get the energy consumed by the machine during
the lifetime of 10 years with 2 hours of daily operation. The energy consumption
1s calculated as per Eq. 4.2. The harmonized electricity price for Europe region is

considered as 0.22 €/kWh [77].
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As a result, the energy consumption and energy cost by the machine with virgin
and recycled magnets for NEDC and WLTP drive cycle with the above assumed
lifetime are listed in Table 4.6.

Table 4.6 Energy consumption and energy cost by the machine with virgin and recycled

magnets for NEDC and WLTP drive cycle

NEDC WLTP

Parameters Virgin | Recycled Virgin Recycled

magnet magnet magnet magnet
Energy used - Motor mode (kWh) 12,048 12,088 19,804 19,851
Energy recuperated - Generator mode (kWh) | -2,428 -2,419 -3,451 -3,436
Total Energy (kWh) 9,619 9,669 16,353 16,415
Energy cost (€) 2,116 2,127 3,598 3,611
Distance travelled (km) 244,983 244,983 339,450 339,450
Total energy/distance (kWh/km) 0.03927 | 0.03947 0.04817 0.04836

It can be observed that, for NEDC cycle the total energy consumed by the
machine is 9619 kWh with virgin magnets and 9669 kWh with recycled magnets.
Similarly, it can be observed that the total energy consumed by the machine is
16,353 kWh with virgin magnets and 16,415 kWh with recycled magnets for
WLTP cycle. Thus, in the two cases the increment in energy with recycled
magnets as compared to virgin magnets remains very small 1.e. 0.51 % for NEDC
and 0.38 % for WLTP. As the distance travelled by WLTP cycle is more compared
to NEDC cycle; the total energy/distance provides a good comparison of energy
consumption for different cycles. As a result the total energy/distance with virgin
and recycled magnets for NEDC cycle is 0.03927 kWh/km and 0.03947 kWh/km
respectively, and similarly this is 0.04817 kWh/km and 0.04836 kWh/km with
virgin and recycled magnets for WLTP cycle respectively. The total
energy/distance for WLTP cycle is higher as compared to NEDC cycle for both
types of magnet since they are subject to increased real world driving conditions.
Finally, it can be concluded that the machine performance with recycled magnets
in different drive cycles at various operating points is almost the same as the
performance with virgin magnets. The above investigation gives insight upon the

utilization of recycled magnets in new age electrical machines of this application
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for these power ratings. The claw-pole machine could be easily optimized to
obtain the little reduction in energy and torque-speed performance to obtain
results equivalent to a machine with virgin magnets. The price of recycled
magnets is assumed to be lesser than virgin magnets, hence providing cost
benefits for the machine. Even if the price of recycled magnets is similar to virgin
magnets, the environmental impact of recycled magnets is much lower due to
reduced mining activities. Life cycle assessment of NdFeB magnet production by
magnet-to-magnet recycling for EV motors shows that PMs fabricated from
magnet scrap can have up to 64-96 % lower environmental impacts, depending on

the specific impact categories under investigation [79].

The energy cost index can be evaluated for the claw-pole machine by utilizing Eq.
4.3. Thus, Table 4.7 (a) and (b) provides energy cost index with varying magnet
costs for NEDC and WLTP drive cycles. Here, the E:. for virgin and recycled
magnets are respectively € 2116 and € 2127 for NEDC cycle; while they are €
3598 and € 3611 for WLTP cycle. The weight of both virgin and recycled magnet
1s 0.16 kg.

Table 4.7 Energy cost index with varying magnet cost for (a) NEDC and (b) WLTP cycles

(a)
NEW MAGNETS

PM. mat. Price(€/kg) 20 35 50 65 80 95

PM. cost (€) | 3.2 5.6 8.0 10.4 12.8 15.2

5 0.8 0.251 | 0.144 | 0.101 | 0.077 | 0.063 | 0.053

aw 20 3.2 1.005 | 0.574 | 0.402 | 0.309 | 0.251 | 0.212
= = 35 5.6 1.759 | 1.005 | 0.704 | 0.541 | 0.440 | 0.370
§3 g 50 8.0 2.513 | 1.436 | 1.005 | 0.773 | 0.628 | 0.529
= E 65 10.4 3.267 | 1.867 | 1.307 | 1.005 | 0.817 | 0.688
~ 80 12.8 4021 | 2.298 | 1.608 | 1.237 | 1.005 | 0.846
95 15.2 4775 | 2.728 | 1.910 | 1.469 | 1.194 | 1.005

(b)
NEW MAGNETS
PM. mat. Price(€/kg) 20 35 50 65 80 95

PM. cost (€) 3.2 5.6 8.0 10.4 12.8 15.2

5 0.8 0.251 | 0.143 | 0.100 | 0.077 | 0.063 | 0.053

aw 20 3.2 1.004 | 0.573 | 0.401 | 0.309 | 0.251 | 0.211
= = 35 5.6 1.756 | 1.004 | 0.703 | 0.540 | 0.439 | 0.370
8 % 50 8.0 2.509 | 1.434 | 1.004 | 0.772 | 0.627 | 0.528
= § 65 10.4 3.262 | 1.864 | 1.305 | 1.004 | 0.815 | 0.687
~ 80 12.8 4014 | 2.294 | 1.606 | 1.235 | 1.004 | 0.845
95 15.2 4767 | 2.724 | 1.907 | 1.467 | 1.192 | 1.004
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Similarly, it can be observed that as the PM material price varies for virgin and
recycled magnets the index varies accordingly. The greener the index, better it is
economically when compared to red coloured cells in Table 4.7. The trend for
energy cost index varies in similar direction depending upon energy cost and
magnet cost as also seen in Table 4.3. The differentiating factor is that in Table
4.3, the magnet weight for virgin and recycled magnet are different, hence the
index for similar priced magnets is higher in Table 4.3 as compared to in Table
4.7. Therefore, the recycle index of energy consumption provides an idea for

recyclability of magnets utilized in electrical machines.

Consumption evaluation with HEV configuration-

As the developed claw-pole machine i1s meant for a mild hybrid application, the
fuel consumption evaluation is also important for this configuration. The HEV
configuration utilized for this study is for PO type architecture as it can be seen in
Fig. 2.2 in Chapter-2. The e-machine is belt driven by the ICE and is always
engaged to the ICE crankshaft. The supply voltage is provided by a 48 V battery
with 10 Ah rating. The automobile used for evaluation is a C-segment vehicle like
Volkswagen Golf or Peugeot 308 or similar with 1.2 litre engine and 5-speed
gearbox. The simulation schematic utilized is similar to as shown in Fig. 4.25

[12].
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Fig. 4.25 HEV simulation schematic utilized for fuel consumption simulations [12]
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The drive cycle utilized for this study is for WLTP cycle with the above
mentioned vehicle type. The e-machine efficiency map is fed along with engine
efficiency map to obtain the fuel consumptions. The evaluation is carried out for
the vehicle without e-machine and with e-machine for virgin and recycled
magnets. The initial and final battery state of charge considered is 60 %. The
study is carried out by the system simulation team working at Valeo EEM,
Creteil, with experience into HEV system simulations. The consumption

evaluation for only ICE vehicle and HEV automobile are listed in Table 4.8.

Table 4.8 Consumption evaluation for only ICE and HEV automobile

Onl HEV % diff bn | % diff bn

Parameters ICE? With With only ICE | virgin &
virgin PM | recycled PM & virgin | recycled

Fuel consumption (/100 km) 5.3571 5.0072 5.0080 -6.53 % 0.016 %
CO2 emissions (gCO2/km) 125.89 117.67 117.69 -6.53 % 0.016 %
Electrical energy used in ZEV [kd] 580.77 575.81 -0.855 %
Elef:trlcal energy used in torque 1102 1092 -0.899 %
assist [kd]
Electrical energy recovered on . . ) .
regenerative braking [kdJ] 1845 1838 0.391 %
Electnc?ll energy recovered on 995 989 1,939 %
generation [kJ]

It can be observed that there is at least 6.53 % of fuel saving and CO2 emission
reduction between an only ICE and HEV automobile with virgin magnets. This is
as expected from a mild hybrid automobile of this power rating and vehicle
segment, hence substantiating the use of HEVs for reduced emissions and fuel
savings around the world. The interesting point to be observed is that the fuel
consumption and CO2 emissions difference between the machine with virgin and
recycled PMs is only 0.016 %. This is almost negligible and corroborates well with
the results obtained earlier with pure EV mode. As a result it can easily be
concluded that recycled magnets with lower performances can be incorporated
into new age electrical machines of these ratings so as to provide two main
advantages: (a) release pressure on mining activities and (b) tackle the supply-
demand balance problem. Hence, utilizing recycled PMs would make e-machines

more sustainable in nature as compared to e-machines with virgin magnets.
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Demagnetization study-

The magnet demagnetization is an important aspect to be considered for PM
based machines. At elevated temperatures the PM performance curve degrades
and the knee point of the BH curve lies in the second quadrant. If the machine
operates mnear this knee point at these temperatures, irreversible
demagnetization of the magnet can occur. Due to this, the machine gets derated
permanently and hence loses its performance. Therefore to avoid this, prior
investigation of magnet demagnetization is necessary so as to observe the
machine behaviour during high temperatures with peak demagnetizing currents
as the worst case scenario. The demagnetization study is more imperative in the
case of recycled magnets due to the reduced H.» as compared to virgin magnets as

observed in the earlier section at Table 4.4.

In this section, first the machines’ developed torque at base speed with peak
current would be observed. Then as a worst case scenario, maximum field current
and only negative /s current at 150 °C temperature would be injected and the
magnet demagnetization would be observed. This demagnetized magnet would
again be used to calculate the new developed torque and compare it to the one
obtained with non-demagnetized PM. This procedure would be carried out for the
machine with virgin and recycled magnets. In Fig. 4.26, the magnetic field

distribution in virgin magnets with /z;=-325 A and /,= 0 A is shown.
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Fig. 4.26 Magnetic field distribution in virgin magnets at ls=-325 Aand 7,=0 A
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It can be observed that at PM corners the magnetization is above the knee point
of the BH curve and only small area seems to be demagnetized. Fig. 4.27 depicts
the developed torque with non-demagnetized and demagnetized virgin PMs. It
can be observed that there is almost no change in the torque and hence the

machine is capable to handle the worst case scenario without downgrading.

L oo

0.99

O

©
(o]
o
Il
Z,
(=]
8
o
@
E
o
ag
[=1
5}
&
N
@
o

e

o]

[Wik)
I

0.01

Torque {p.u.)

0.8

B

0.85 T T T T T 1
0 60 120 180 240 300 360
Pos.elec.deg.

Fig. 4.27 Developed torque with non-demagnetized and demagnetized virgin PMs

Similarly, in Fig. 4.28 the magnetic field distribution in recycled magnets with /s
=-325 A and 7, = 0 A can be observed. The recycled PM gets demagnetized more
towards the corners and move inwards as compared to virgin PMs as the H. for
recycled PMs is around 15 — 19 % lower than the virgin PMs. The developed
torque with non-demagnetized and demagnetized recycled PMs in the machine

can be seen in Fig. 4.29.
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Fig. 4.28 Magnetic field distribution in recycled magnets at /u=-325 A and ,=0 A
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Fig. 4.29 Developed torque with non-demagnetized and demagnetized recycled PMs

It can be observed that the developed torque is reduced by 1.6 % for
demagnetized PMs as compared to non-demagnetized PMs. The percentage
reduction in torque is very less as the PMs are not the main source of induction
in this machine but still the e-machine design needs to be taken care for this
reduction during designing the new e-machines. This reduction can easily be
surpassed by systematic optimization of the e-machine in order to achieve the

performance and as well as to take into account magnet demagnetization affects.

Finally, it can be concluded that utilization of recycled magnets in the PM based
claw-pole machine can be adopted with minor improvement in machine designs.
The direct reuse and direct recycle concept of PMs in the context of claw-pole
machine provides advantages towards easy recyclability of PMs. Consequently as
stated before, the utilization of recycled PMs in e-machines is also more
sustainable in nature and helps in reducing the carbon footprint by aiding in the
reduction of mining activities to recover new PM materials. As this machine is
produced in high volumes (millions); utilizing recycled magnets can lead to a

substantial reduction in mining.

However, for a smooth implementation of reuse and recycle concept; policy and

regulations need to be put into operation. To penetrate recycling into the
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complete supply chain system, it would be necessary to execute guidelines from
the bottom to top level viz. from scrap yards to automobile manufacturers. Once
the system is in place the recycling would become a natural process and provide

numerous benefits to keep the planet green and sustainable.

4.4  Conclusion

The direct reuse concept and the direct recycle concept have been developed in
this chapter, and they emphasis upon the reusability and recyclability of the
magnets used in the claw-pole machine. The weighted index of recycling and
energy concept has also been developed and proposed; and the machine’s score in
all the categories for standardization section is above 78 % and the score for
disassembly category in cost section is 74 %, hence favoring the machine design
for easy assembly and disassembly. It can also be observed that the energy
consumption of the machine in pure electric vehicle mode and hybrid electric
vehicle mode for virgin and recycled magnets is almost the same i.e. the deviation
1s less than 0.5%. Thus, substantiating the use of recycled magnets in new claw-
pole machines as they are ecologically sustainable due to the fact that they assist

in reduced mining of new rare earth magnet materials.
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Chapter 5

Prototyping and Experimental Results

5.1 Prototype Fabrication

One of the deliverables of the project was to develop and fabricate a prototype of
the designed electrical machine and test the performance parameters.
Prototyping and experimental testing provides more insights about the machine’s
manufacturing process and actual test measurements. Two sets of claw-poles for
the new design were fabricated, so as to assemble two rotors; one with virgin
magnets and the other with recycled magnets. The virgin magnets were procured
as per the N42SH specification from the supplier and the recycled magnets were
developed by the School of Metallurgy and Materials, University of Birmingham,
UK in their laboratory. Fig. 5.1 shows the fabricated front claw-pole with the

appropriate magnet slit.

Fig. 5.1 Front claw-pole with the appropriate magnet slit

Fig. 5.2 shows the fabricated rear claw-pole with complete magnet slit. Hence it
can be observed that through this complete magnet slit it is possible to recover

the magnets after EoL as per the direct reuse concept of Fig. 4.2.
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Fig. 5.2 Rear claw-pole with the complete magnet slit

One complete machine is fabricated at Valeo’s manufacturing unit with stator,
stator windings, end shields, electronic controller, and other components required
for the prototyping. In Fig. 5.3 the complete assembled machine can be observed.
The aim is to first assemble the rotor with virgin magnets in this machine and
test it for the performances and then assemble the rotor with recycled magnets
and again test it for performances. Hence, it will be possible to compare the
simulated and experimental results for both virgin and recycled magnets, and

also observe easy assembly and disassembly of magnets in the new claw-poles.

Fig. 5.3 Complete assembled prototype machine
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5.1.1 Prototype for 48 V application with virgin magnets

One set of claw-pole rotor with virgin magnets is assembled and developed in the
proto-shop of Valeo. Fig. 5.4 shows the prototype claw-pole rotor with virgin
magnets. The assembly process was similar to the existing process as the front
claw-pole design is similar to the existing claw-poles, so as not to modify the

present assembly process.

Fig. 5.4 Prototype claw-pole rotor with virgin magnets

5.1.2 Prototype for 48 V application with recycled magnets

Similarly, another set of claw-pole rotor for recycled magnets is assembled and
developed in the proto-shop of Valeo. As the recycled magnets are still in the
machining and grinding stage, the claw-pole rotor is assembled without the
recycled magnets. Fig. 5.5 shows the prototype claw-pole rotor for recycled
magnets, but without the magnets. It has been planned to slide the recycled
magnets into the claw-poles through the complete magnet slit when they are
finally fabricated for the proper shape and size. At present, due to existing
manufacturing process, the rear fan hinders sliding in and out of magnets and
obstructs the path for the entry and exit of the magnet. In the future designs, the

fan blades can be redesigned so as not to hinder the entry and exit of the
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magnets. This i1s possible by redesigning the number of fan blades as per the
number of rotor poles so that the blade comes just behind the claw finger and
provides a good path for the magnets. However, this needs further investigation
into thermal management of the machine as the fan blade design affects the

cooling of the machine.

Fig. 5.5 Prototype claw-pole rotor for recycled magnets but without the magnets

5.2 Experimental Testing

As the prototype is fabricated for the validation of a new concept, the
experimental testing is carried out for most essential tests viz. resistance
measurement, open circuit back EMF test and load test at various test points.
Other tests like temperature rise test, test on application, reliability tests, and
many more are also needed to validate a prototype for the complete product.
However, these are comprehensive tests with an extended timeline and would be
carried out as the prototype validation 1s complete. Measurement
instrumentation is also a very important step during experimental testing, as
improper measurements can lead to inaccurate results. Therefore, while
measuring the experimental results, the existing test bench of Valeo has been

utilized and this has been calibrated for their routine product testing.
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5.2.1 Resistance measurement

As the developed machine has a double 3-phase stator winding with star
connection, the phase to phase resistance is measured using a micro-ohm meter.
Similarly, the resistance of rotor winding is also measured and documented. The
instantaneous ambient temperature also needs to be observed and noted down.

Table 5.1 depicts the measured stator and rotor winding resistances.

Table 5.1 Measured stator and rotor winding resistances

Stator Winding
Phase-Phase | Resistance (mQ)| Phase-Phase | Resistance (mQ) | Temperature (°C)
U1-vVi1 16.42 U2-v2 16.36
Vi-W1 16.60 V2-W2 16.53 25
Wi1-V1 16.66 W2-V2 16.62

Rotor winding

Resistance (Q) Temperature (°C)
2.22 25

5.2.2 Open circuit back EMF test

Open circuit back EMF test is conducted to analyze the machine’s
electromagnetic performance with no stator excitation. The machine is externally
driven by a motor to a speed of 1000 rpm and the voltage values are observed at
the stator winding terminals with varying field current. The back EMF voltage
are also observed and recorded in an industry grade oscilloscope to check the
integrity of the phases and the wave-shape. The test is carried out at two
ambient temperatures i.e. at room temperature of 25 °C and high temperature of
105 °C, so as to verify the difference in voltage due to remanence change in
magnets at high temperatures. Fig 5.6 shows the machine on the test setup for
back EMF measurement. Fig. 5.7 (a) and (b) show the measured back EMF
waveform at 0.1 p.u. and 1 p.u. field current respectively @ 25 °C ambient

temperature.
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Fig. 5.6 Machine assembled on the test bench for back EMF measurement
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Fig. 5.7 Measured back EMF waveform @ 25 °C: (a) 0.1 p.u. & (b) 1 p.u. field current

In Fig. 5.8 the p.u. back EMF voltage is depicted with varying field current at 25

°C and 105 °C ambient temperatures. It can be observed that there is

approximately 3% reduction in back EMF at high temperature and this is mainly

due to remanence reduction of magnets.

Back EMF (p.u.)

—— @ 25degC

= @105degC

T T
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Fig. 5.8 Measured p.u. back EMF with varying field current @ 25 °C & 105 °C temp.
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5.2.3 Load test

Load test is carried out on the machine to evaluate the performance along with
electronic controller at various test points to observe the torque, speed, voltages,
currents, input power, output power and efficiency. The machine is assembled on
the same test bench where the back EMF test had been conducted. In this test
the electronic controller is also assembled with the machine and appropriate
control algorithm 1s programmed into the controller so as to test the machine at
various test points. Fig. 5.9 depicts the machine in the test bench along-with the

electronic controller for load test.

Fig. 5.9 Machine assembled on the test bench for load test along with controller

In this test, different /;, I, and Ir are injected in the machine by the electronic
controller for various speeds and the torque, speed, currents, voltages, input
power and output power are measured in the instrument panel. The test is
carried out from low speed of 50 rpm to high speeds of 10,000 rpm. Due to test
setup limitations, the test for higher speeds till 18,000 rpm could not be
conducted. However as the field weakening operation starts from 2300 rpm, the
machine performance at constant power region could be measured till 10,000
rpm. The test was conducted at 105 °C ambient temperature, so as to observe the

machine performance at elevated temperatures. Fig. 5.10 depicts the measured
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torque, power, Iy, I, Irand Lsums (all in p.u.) as a function of speed and efficiency

of the machine.
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Fig. 5.10 Measured torque, power, s, I, Ir and L-ms (all in p.u.) as a function of speed

and efficiency of the machine

It can be observed that the peak efficiency of the machine along with controller is
around 84 %. The torque and power varies according to the /s /; and Irvariation,

as it can also be observed by the above measurement results. The next step is the
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validation of simulation results by comparing them with these measurement

results.

5.3 Comparison of measured and simulated results

The main aim of this section is to compare the measured and simulated results,
so as to validate the design methodology. The open circuit back EMF test and
load test results are compared for the same operating conditions.

5.3.1 Open circuit back EMF test

The calculated open circuit back EMF of the machine is simulated for the same
value of field currents as measured in Section 5.2.2 and at a speed of 1000 rpm.
Fig. 5.11 depicts the comparison between simulated and measured p.u. back
EMF with varying fields for (a) 25 °C and (b) 105 °C temperature. It can be
observed that the simulated and measured results are matching very closely and
have a maximum deviation of only 2 %. At certain field currents there is no
deviation between simulated and measured results. Hence, it validates the

machines electromagnetic performance at open circuit and also corroborates the

quality of magnet material and its magnetization level.
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Fig. 5.11 Simulated and measured p.u. back EMF with varying field current: (a) 25 °C
and (b) 105 °C temperature
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Fig. 5.12 also illustrates the simulated and measured back EMF waveform for (a)
0.1 p.u. and (b) 1 p.u. field current at 105 °C temperature. The wave-shape and
the amplitude are precisely close to each other and hence providing a substantial

validation of the design in terms of its’ unloaded electromagnetic performance.
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Fig. 5.12 Simulated and measured back EMF waveform at 105 °C: (a) 0.1 p.u. and (b) 1

p.u. field current

5.3.2 Load test

In this section the calculated performance on load was simulated by utilizing the
same I 1, and Irfor the similar speeds as tested experimentally in section 5.2.3,
so as to fairly compare the simulated and measured performance during loaded
condition. Fig. 5.13 shows the simulated and measured p.u. torque, speed and
efficiency of the machine. Similarly, Fig. 5.14 depicts the simulated and
measured p.u. power, speed and efficiency of the machine. It can be observed that
the simulated and measured p.u. torque and p.u. power match fairly well with
each other, and the maximum deviation is around 7 %. However, in 21 test points
out of the total 29 test points, the deviation in torque and power is less than 5 %.
This demonstrates a very good agreement between simulated and measured
results for the machine performance during loaded condition. Although the
deviation in simulated and measured efficiency is higher as compared to

deviation in simulated and measured torque and power.
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Fig. 5.13 Simulated and measured p.u. torque, speed and efficiency of the machine
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Fig. 5.14 Simulated and measured p.u. power, speed and efficiency of the machine
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There is a maximum deviation of around 20-23 % in the simulated and measured
efficiency. However, in 19 test points out of the total 29 test points, the deviation
in efficiency is less than 10 %. This varying deviation in efficiency could be due to
the assumptions in the calculated efficiency in the simulations. In fact, in this
latter case, it is assumed that the converter efficiency is constant 95 % for the
complete test. The stray load losses are also assumed to be constant and the
calculated iron losses are based upon simple decomposition into hysteresis and
eddy current loss model. Whereas during actual experimental testing, the
converter losses depend upon the current level and switching strategy; and the

stray load losses also vary according to the loading conditions.

The complete comprehensive experimental testing has helped in validating the
new design and the performance results calculated by simulations. This
facilitates in developing various other new models and designs for other
specifications and later on with the help of experimental correction factors
predict the future test results. Thus, the above good agreements in simulated and
experimental results also substantiates that the machine which will be developed
with recycled magnets would be able to deliver the performance as predicted by
the simulated results. For this reason, it can be concluded that utilization of
recycled magnets in claw-pole machines would result in reducing the carbon
footprint by aiding in the reduction of mining activities to recover new PM

materials, hence making the e-machine more ecologically sustainable.

5.4 Conclusion

It has been observed that the simulated and measured back EMF results
correlate with each other with a maximum deviation of only 2 %. During the load
test, the simulated and measured torque and power are in the range of 5-7 %,
hence substantiating the proximity between design and experimental results.
The deviation in simulated and measured efficiency is in the range of 5-23%, and
this is mainly due to the assumptions present in simulated results viz. controller

efficiency, iron losses and stray load losses.
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Conclusion

In today’s world, the importance of developing reuse and recycle technologies
cannot be over-emphasized. Changing climate and depleting natural resources
propel the need for design concepts which can produce the traditional
performance, albeit with reused or recycled raw materials. It i1s with this
objective that the Project DEMETER was conceived to reduce the dependence on
new mining of rare earth materials and developing technologies which enhance

the reusability of these materials.

This thesis is the culmination of research work which was carried out with the
main objective of developing a permanent magnet based claw-pole machine for
automotive applications considering reuse and recyclability of magnets.
Significant amount of literature was explored during the course of the research
work and it has been observed that lot of work has been carried out on the
design, analysis and experimental testing on claw-pole alternators. Various
automotive original equipment manufacturers produce claw-pole machines as a
motor-generator for micro/mild hybrid applications, but there is limited literature
on design, analysis and testing of claw-pole machine as a motor-generator.
Therefore, in this thesis the claw-pole machine is developed for a 48 V mild

hybrid automotive application.

The numerical analysis of the claw-pole machine is quite rigorous and time-
consuming due to the 3-D flux paths in the geometry. Due to this, geometric
design optimization is a prolonged activity with numerous iterations. Hence,
automation of the geometry modeling was achieved by utilizing variables and
associated equations in the geometry editor of the numerical analysis software.
Genetic algorithm was utilized for the design optimization of the machine so as to
achieve maximum torque to magnet weight ratio. Various claw parameters and
magnet dimensions were varied to achieve the above objective. It was observed
that the new optimized claw-pole and magnets provide fairly the same torque as

the original machine with at least 16 % reduction in magnet weight. This is a
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substantial reduction as the machine would be developed in millions of

quantities, hence a huge amount of cost savings.

In this research work two concepts have been developed and proposed for reuse
and recyclability of magnets. First, the direct reuse concept 1i.e. easy
assembly/disassembly of the rotor and magnets, so as to easily take out the
magnets for direct reuse or recycle. Second, the direct recycle concept i.e.
utilization of recycled magnets in the machine to achieve the desired
performance. Weighted index of recycling and energy (WIRE) concept has also
been developed and proposed to score the machine in terms of its recyclability.
First index is dependent upon the standardization and cost taking material,
assembly and disassembly into consideration and second index is dependent upon
energy consumption taking drive cycle into consideration. Consequently, the

results exhibit that:

v' With the direct reuse concept, the magnets can easily be withdrawn out
from the complete magnet slit without disassembling the complete rotor
and then they can be sent for reuse or recycling.

v" For the first part of WIRE index, the machine’s score in all the categories
for standardization section is above 78 % and the score for disassembly
category in cost section is 74 %, hence favoring the machine design for easy
assembly and disassembly.

v" For the second part of WIRE index, the energy consumption of the machine
in pure electric vehicle mode and hybrid electric vehicle mode for virgin
and recycled magnets is almost the same i.e. the deviation is less than
0.5%. Thus, substantiating the use of recycled magnets in new claw-pole
machines as they are ecologically sustainable due to the fact that they

assist in reduced mining of new rare earth magnet materials.

The new optimized claw-poles with virgin magnets were fabricated and a
prototype of the complete machine was developed for experimental testing. It has
been observed that the simulated and measured back EMF results correlate with
each other with a maximum deviation of only 2 %. During the load test, the

simulated and measured torque and power are in the range of 5-7 %, hence

Thesis, Pranshu UPADHAYAY, 2018 132



Conclusion and Future work

substantiating the proximity between design and experimental results. The
deviation in simulated and measured efficiency is in the range of 5-23%, and this
1s mainly due to the assumptions present in simulated results viz. controller

efficiency, iron losses and stray load losses.

Thus, the implementation of reuse and recycle concept of rare earth magnets in
electro-mobility has been accomplished in this thesis and this initiates new
prospects to expand the work for new electrical machines and complete system

incorporation, so as to achieve the global goal of recyclability.

Future work

As the research work carried out for this thesis was mainly concentrated upon
reuse and recyclability of rare earth magnets in the claw-pole machine, a good

amount of future work 1s possible which are listed below:

X/

% Although the magnetic properties of the recycled magnets are measured
experimentally in the lab; experimental testing of the claw-pole machine
with recycled magnets would substantiate the direct recycle concept.

% The WIRE index could be improved by incorporating more information
regarding manufacturing process, tools and quality requirements along
with finer scaling for the scoring patterns.

% Design optimization of the claw-pole machine can be performed by taking
the stator, stator winding, number of poles and number of phases into
consideration. The objective function can be varied for different goals.

% The cartographic representation of the results viz. efficiency map, loss
map, current map and voltage map can be improved by incorporating the
converter losses, AC copper losses and analytical thermal models so as to
achieve more accurate simulated results.

% A complete hybrid electric vehicle system could be developed for the

evaluation of energy and fuel consumption of the machine for various

hybrid configurations and automobiles.
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Geometry modelling in JMAG®

Al.1 Geometry Editor Interface

Fig. A1.1 shows the main interface of the JMAG® Geometry Editor with various
interface sections highlighted upon it like the model manager, toolbar, graphics

window and status bar.
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Fig. A1.1 JMAG® Geometry Editor interface

All the geometric operations like creation of 2-D and 3-D geometries, extrude,
chamfer, boolean, reference point or line or plane, extrude cut, fillets, etc. are
listed upon in the Model Manager, and hence all the information regarding the

model generation is available in this tab.
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Therefore, utilizing the various toolbar options and constraint feature of JMAG®,
the complete geometry of the claw-pole machine was modelled, and all the parts

are enlisted below along with the related figures.

A1.2 Claw-poles

Fig. A1.2 shows the developed claw-poles modelled in JMAG® geometry editor. In

the model manager it can observed that various operations like extrude, chamfer,

boolean, fillets, etc. have been utilized to model the said topology.
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Fig. A1.2 Claw-poles of the machine in geometry editor

Al1.3 Permanent magnets

In Fig. Al1.3, the highlighted section shows the two magnets modelled in the

inter-claw region of the claw-poles.

Al.4 Claw core and coil

In Fig. A1.4, the highlighted section shows the claw core and coil of the machine.
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Fig. A1.3 Magnets along with one claw-pole of the machine in geometry editor
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Fig. A1.4 Claw core & coil along with claw-poles & PMs in geometry editor

Al. 5 Stator core and winding

In Fig. A1.5, the highlighted section shows the stator core and windings of the

machine.
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Fig. A1.5 Stator core and windings along with claw-poles, PMs, claw core and claw coil in

geometry editor

Al1.6 Geometry Automation using equations and variables

During the process of geometry modelling of the machine in JMAG® geometry
editor, geometry constraints were utilized along with variables and equations, so
as to automate the geometry modelling of the claw-pole machine. This would help
in easy and trouble free modelling of the machine with different value of various
geometry parameters, without modelling the complete claw geometry again for a

new parameter variation.

Total 79 equations were incorporated in the geometry editor model manager for
various parameters like claw outer radius, claw inside radius, claw core radius,
claw side plate thickness, distance between the claws, magnet dimensions, stator
outside and inside radius, slot dimensions, etc. Figures A1.6 (a), (b) and (c)

enlists all the equations and variables utilized for the creation of the geometry.
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Variable Type Expression il
1 agl_inc_mag Expressian 180/ P
2 dist_mag_cut_pl Expression dist_mag+ mag_gap_H_up
3 mag_cut ht Expression mag_H+mag_gap_H_up+mag_gap_H_dn
4 mag_Lby2 Expression mag_L/2
5 mag_Wby2 Expression mag_W/2 3
6 mag_cut Lby2 Expression mag_L/2 + mag_gap_L
7  mag_cut Why2 Expression mag_W/2 + mag_gap_W
8 da_corew Expression cla_core_or- sh_or
9 mag_gap_H_up Value 0 |4
10 stor Value 1]
11 z1_dist Value 0
12 X1 Expression -x1_dist/2
13371 Expression z1_dist
14 Y1 Expression cla_or*sin((pi/2)+(asin((x1_dist/2)/cla_or)))
15 X2 Expression -x2_dist/2
16 Y2t Expression ((x2_dist-x1_dist)/2)/tan(pi*ang_ch_p2/180)
17 X3 Expression -x3_dist/2
18 ¥3 Expression cla_or*sin((pi/2)+(asin({(x3_dist/2)/cla_or)))
19 73 Expression z3_dist
20 Zal Expression -cla_plat_In+10
21 Za2 Expression ~cla_plat_In
22 7Za3 Expression -cla_plat_In
23 st_sk_len Expression 0
24 x1_dist Value (1]
25:¥2 Expression Y1-Y2_t
26 In_aer_chf Value 0
27 st.wdg_ir Expression st_ir+st_sl_tlip+st_sl_wd +st_wdg_cir 3
Modify... Remaove

Fig. A1.6 (a) Equations and variables incorporated in JMAG® model manager

Variable Type Expression i
28 stsl_or Expression st_ir+st_sl_tlip+st_sl_wd+st_sI_H
29 st.wdg_or Expression st_sl_or-st_wdg_clr
30 stslH Value o
31 stslwd Value 0
32 xal_dist Value o
33 aglaer_chf Value 0
34 mag_gap_L Value o
35 Z2 Expression z2_dist
36 styk th Expression st_or-st_sl_or | |
37 Xal Expression -xal_dist/2
38 Yal Expression cla_or*sin{(pi/2)+(asin({xal_dist/2)/cla_or)})
39 stir Expression cla_or+airgap
40 Ya2 Expression cla_or-(In_aer_chf*tan(pi*agl_aer_chf/180))
41 Xa2 Expression -(xa2_dist/1.52885)/2 =
42 Nph Value 0
43 Ns Expression P*Nph
44 cla_coil_In Expression cla_core_In-2
45 cla_coil_ W Expression (cla_ir-0.5)-(cla_core_or+1) B
46 st_sl_open Value 0
47 sh_or Value 0
48 mag_gap W Value 0
49 mag_H Value o
50 st.wdg_clr Value 0
51 z3_dist Value 1]
52 x2 dist Value 0
53 z2 dist Value (1]
54 x3_dist Value 0 o
Modify... Remove

Fig. A1.6 (b) Equations and variables incorporated in JMAG® model manager
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Variable Type Expression £
53 z2_dist Value 0
54 x3_dist Value 0
55 In_lat_cut_cl Value 1]
56 stsl_tlip Value 1]
57 Xa3 Value 0
58 Ya3 Value 0
59 xaZ_dist Value 0
60 st_sl_width Value 0
61 airgap Value 0
62 agl_cl_side face Value 0
63 ang_ch_p2 Value 0
64 agl_lat_cut_cl Expression (180/pi)*asin(((cla_top_step_up-2*cla_or*sin...
65 cla_or Value 1]
66 cla_ir_plat Value 0
67 clair Value 0
68 mag_L Value 0
69 mag_W Value 0
70 dis_bn_cl Value 0 (Wl
1P Value 0
72 cla_core_In Value 0
73 cla_plat_In Value 1]
74 mag_gap_H_dn Value 0 =
75 agl_und_cut_cl Value 0
76 dist.mag Value 0
77 cla_top_step_dn Value 4]
78 cla_top_step_up Value 0
79 cla_core_or Value 0 =

Add... Modify... Remave
G

Fig. A1.6 (c) Equations and variables incorporated in JMAG® model manager
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Design & Comparison of a Conventional and
Permanent Magnet based Claw-Pole Machine for
Automotive Application
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Abstract — This paper presents the design and performance
comparison of a conventional claw-pole machine with a
permanent magnet based claw-pole machine for automotive
application. The magnets are placed in the inter-claw region to
decrease the leakage flux and to supply increased magnetic flux
in the machine. It has been observed that with the addition of
permanent magnets weighing only a few grams, there is a
significant increment of more than 22% in output power of the
machine. The geometric dimensions of magnets were also varied
to verify their effects on performance and it has been observed
that with the increase in magnet weight there is a non-linear
increment in torque of the machine.

Keywords — claw-pole; permanent magnet; automotive; motor;
alternator; finite element

I INTRODUCTION

Power requirements for automotive applications are
increasing day by day with the increase in comfort, safety and
luxury in automobiles. With the increase in electric power for
various automotive functions, there is also a need of higher fuel
efficiency and the automotive applications are moving towards
higher voltages of 48 V from erstwhile 12 V systems with
increased output power requirements [1]. Generators of output
power up to 5 kW and speeds up to 18,000 rpm for these
applications are solely dominated, till date, by claw-pole type
machines [2]. For mild-hybrid automotive applications, the
conventional starter motor and alternator are replaced by an
integrated motor-generator set generally known as integrated
starter-generator (ISG). The ISG provides its two main
functions: (a) starting the internal combustion engine (ICE) by
running as inverter driven motor and (b) generating electric
power during generator mode by controlled rectification
through the inverter. Apart from the main functions, the ISG
also provides an auxiliary function of automatic start-stop of
ICE during idle standstill, therefore assisting in increased fuel
efficiency [2]-[3].

This paper presents design and comparison of a
conventional and permanent magnet (PM) based claw-pole
machine for mild-hybrid automotive applications. In general,
for design and analysis of a belt-driven ISG, the machine
design is mainly focused on motoring mode and verifications
are done for the generating mode. In this paper the design study
for the peak output power of both the machines in motoring
mode only has been carried out and comparison of torque vs.
speed and power vs. speed for the entire speed range has been

evaluated. The generating mode verifications are the scope of
future work. It has been observed that the claw-pole machine
with PMs provide more than 43% torque in constant torque
region and in the range of 22-32% in field weakening or
constant power region. The magnet volume is also modified by
varying the dimensions of PMs, and it has been observed that
there is increment in torque with the increase in magnet weight,
but the relationship between torque and PM weight increment
is non-linear.

II. DESIGN AND ANALYSIS OF CLAW-POLE MACHINE
USING FINITE ELEMENT METHOD

A conventional claw-pole machine consists of a 3-phase or
multi-phase stator with windings and two forged claw-poles as
rotor with ring shaped field coil, fed with direct current (DC)
via slip rings and carbon brushes. Fig. 1 shows a conventional
claw-pole machine [4]-[5]. In a PM based claw-pole machine,
the PMs are placed in the inter-claw region i.e. between the two
claw poles, to provide increased magnetic flux and reduce flux
leakage between the consequent claw poles [6]-[7]. Research
work has also demonstrated that by utilizing Iron-Cobalt
(FeCo) soft magnetic materials in the claw-pole alternator,
there could be considerable gain in the output performance of
the machine [8]. But due to high price of FeCo material the
research in [8] shows that by utilizing them only in the rotor
core also provides output power increment with less rise in
machine cost.

Field
current

\
Carbon '"’-::I’i;l'
brushes Al BLUS

e

ROTOR

STATOR

Fig. 1. Conventional claw-pole machine [4]

Literature shows [6] that, with the introduction of PMs in
the inter-claw region, there is a torque boost of more than 40%
for 42 V DC bus systems with peak output power of around 8
kW for generator operation. Therefore the research carried in
this paper is focused on motoring mode during peak power
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operation with 48 V DC bus mild-hybrid automotive system
with speed range from 600 rpm to 18,000 rpm. The
performance comparison of both the machines is carried out for
the complete speed range taking into account the contant torque
and power regions.

The design analysis of the machines has been carried out
using classical electrical machine analysis theory using Park’s
transformation and later finite element (FE) analysis has been
investigated to evaluate the machine performance at various
speeds [9]. The dg transformation equations utilized are as
follows [9]:

cos 6 cos (6 - —) cos (9 + 2?”) F
] l—sm 0 - sm(B - —) —sin (9 + Zf)j F‘; (1)
1 1 Fe

2 2

where, variable F can represent any of the following, i.e.
electromotive force (EMF) e in volts, current (i) in Amps and
flux linkage (y) in Wb. The 0 is angular displacement of the
rotor d-axis w.r.t. the a-phase.

The voltage equations are as follows:

d
Va=Rig + -0y, Vy=Rig+Drawpy  (2)

where, V is the voltage in volts, R; is the stator phase

resistance in ohms and o is the speed in rad/s.

Finally the torque in Nm is as below:

T = ZP(aiq — Yqla) 3)

where, m is the no. of phases and P is the pole pair.

The FE models of both the machines were realized and
performance parameters were evaluated by providing
appropriate stator and field currents at various speeds for a
rotor rotation of one 360° electrical [10]-[11]. In Fig. 2 & Fig.
3 we can observe the magnetic flux density vector plot of the
claw-pole rotor without magnets and with magnets
respectively. The permanent magnets used in the study are
sintered NdFeB with remanent flux density (Br) of 1.3T and
coercive field strength of 994 kA/m at 20° C.

Fig. 2. Magnetic flux density vector plot of claw-pole rotor without magnets

Fig. 3. Magnetic flux density vector plot of claw-pole rotor with magnets

III. SIMULATION RESULTS AND COMPARISON

To obtain the complete torque vs. speed and power vs.
speed curve for claw-pole machine, it is very important to
optimize the stator current, field current and current angle, so
as to obtain the constant torque and power region without
exceeding the voltage limit of 48V DC. Multi-objective
genetic algorithm methodology was adopted for performance
evaluation in the complete speed range.

The objective functions in this analysis were:

(i) To maximize the torque.
(i) To limit the voltage at 48 V DC.

The optimized d-axis current (I;), g-axis current (/,) and
field current (Iy) are obtained as a result of the optimization
convergence; and this process is repeated for different value of
speeds so as to obtain the complete torque vs. speed and power
vs. speed curve [12]-[13].

Fig. 4 and Fig. 5 shows the torque vs. speed and power vs.
speed curves for both the machines respectively. The results
thereafter are calculated in per unit (p.u.) method so as to have
quick and straightforward comparison of performance. It can
be observed from Fig. 4, in the constant torque region, if 1 p.u.
torque is obtained for machine without magnet, then over
1.43p.u. torque is obtained for machine with magnets.
Therefore this is an increment of more than 43%. In the
constant power region it can be observed that this value
reduces, however, it is still in the range of 22-32% increased
torque as compared to a machine without magnets. Similarly, it
can be observed from Fig. 5 that in the constant power region
there is a gain of minimum 22% and maximum 45% in the
output power of the machine with magnets as compared to
machine without magnets.
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Fig. 4. Torque vs. speed curve for both the machines
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Fig. 5. Power vs. speed curve for both the machines

The objective of this paper is to observe improvements
solely due to magnet placement; therefore, the geometry
optimization of the claw-poles with magnet is the subject
matter of future work. The weight of one PM is 5.64g; hence
the total weight of sixteen PMs in the machine with magnets is
only 90g. As a result it can be observed that there is a
substantial enhancement of more than 22% in the output power
of the machine with an addition of only 90g of sixteen
magnets.

IV. EFFECT OF MAGNET WEIGHT VARIATION ON THE
PERFORMANCE

In the following section, effect of variation in magnet
weight on the performance of the machine has been evaluated.
In section III we observed that with the introduction of PMs in
the claw-pole machine there is a notable increment in the
output torque of the machine. Therefore, this provided the
motivation to investigate the effect on torque of the machine
with change in PM weight. As the percentage gain in torque is
highest at low speed of 600 rpm, the following studies are
carried out by varying the magnet dimensions and calculating
the torque at low speed for each case and observing the effects
on performance of the machine. Fig. 6 depicts the width, height

and length of the magnets, which are varied to obtain different
magnet weights.

Magnet width

Magnet height

Fig. 6. The width, height and length of magnet utilized for varying the PM
weight

A. Magnet width variation

As the first step, the width of the PM was varied to change
the weight of PM and observe the consequent effects on the
low speed torque of the machine. Here on, torque of 1 p.u.
value refers to the base condition of 90g of magnet weight and
hence the PM width is increased thereafter till the maximum
limit of manufacturing tolerances is achieved. Fig. 7 shows the
variation of p.u. torque as a function of PM weight by changing
the magnet width. It is observed that the torque increases
approximately till the weight of PM is 168g and then reduces
till the weight of PM is 184g. This is due to the fact that after a
certain value of PM width the claw-pole fingers saturate and
subsequently there is an overall reduction of flux in the air gap,
hence the torque reduces. It can also be observed that there is
5.45% increase in torque from minimum to maximum value by
changing the PM width; however there is 103.4% increment in
magnet weight from minimum to maximum, hence depicting
non-linear relationship between the increase of torque and
weight.
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Fig. 7. Variation of torque as a function of PM weight by changing the magnet
width

B. Magnet height variation

As a second step, the height of the PM was varied to change
the weight of PM and observe the consequent effect on the low
speed torque of the machine. In this case also the torque of 1
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p.u. value refers to the base condition of 90g of magnet weight
and hence the PM height is increased from a minimum to a
maximum limit till manufacturing tolerances is achieved. Fig. 8
shows the variation of p.u. torque as a function of PM weight
by changing the magnet height. Here, it is observed that the
torque increases in a polynomial order with increase in PM
weight from 54g to 181g. Hence, illustrating that from
minimum to maximum value there is an increment in torque of
34% with a large rise in PM weight of 233%.
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Fig. 8. Variation of torque as a function of PM weight by changing the magnet
height

C. Magnet length variation

The length of the PM was varied as the third step to change
the weight of PM and observe the consequent effect on the low
speed torque of the machine. Similarly in this case the torque
of 1 p.u. value refers to the base condition of 90g of magnet
weight and hence the PM length is increased from a minimum
to a maximum limit till manufacturing tolerances is achieved.
Fig. 9 shows the variation of p.u. torque as a function of PM
weight by changing the magnet length. Here also it can be
observed that the torque increases in a polynomial order with
increase in PM weight from 36g to 144g. Therefore, this also
shows that the torque increases by 36% from minimum to
maximum value, although with a significant rise of almost
300% in PM weight.
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Fig. 9. Variation of torque as a function of PM weight by changing the magnet
length

Thus, in continuation to the above three cases; one more
scenario is considered where the PM width, height and length
are altogether set up to their maximum value. This is done to
finally observe the effect on low speed torque by placing
maximum PM weight in the machine. Table I shows the total
PM weight and p.u. torque of the claw-pole machine with
magnets for base model and model with maximum PM width,
length and height. It can be observed that the PM weight is
increased from 90g to 511g from base model to maximum PM
width, length and height model respectively, which translates
into 467.78% increment in PM weight. Whereas, the torque is
increased from 1 p.u. to 1.39 pu. from base model to
maximum PM width, length and height model respectively, and
this translates into 39.35% rise in torque.

TABLEIL  COMPARISON OF PM WEIGHT AND P.U. TORQUE BETWEEN BASE
MODEL AND MAXIMUM PM WIDTH, LENGTH AND HEIGHT MODEL

Total PM Torque
weight (g) (p.u.)
PM model - base 90 1.00
PM model - maximum width, 511 139
length & height of PMs
Percentage (%) 467.78 39.35

As a result, from all the above cases it can be observed that
the percentage augmentation in torque is comparatively smaller
than the percentage increase in PM weight, hence representing
non-linear relationship between PM weight and torque
increment. This is primarily due to the geometry of claw-pole
machine and PM placements in it, since the main role of PM is
to reduce leakage flux and assist main flux produced by the
rotor DC coil. Thus, optimization of magnet weight with
respect to optimum performance of machine is one of the
important design criteria in claw-pole machines.

V. CONCLUSION

In this paper it has be illustrated that there is a considerable
torque and power boost of more than 43% in constant torque
region and around 22-32% in the constant power region with
the introduction of PMs in the inter-claw region of the claw-
pole machine. With the placement of only 90g of total magnet
weight in the machine we perceive a considerable gain in
torque, hence improving output power of the claw-pole
machine. This translates into significant power to weight
amplification of the machine which is one of the main
advantages for mild-hybrid automotive application. It has also
been observed that because of claw-pole geometry of the rotor
and PM placements in inter-claw region; large PM weight
increment transforms into small percentage rise in torque of the
machine, thus corresponding to a non-linear correlation
between PM weight and torque.
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Mechanical Simulations of the Claw-poles

Along with the geometry optimization of the claw-poles as described in Chapter 3
Section 3.4, the mechanical simulations were also carried out to evaluate the Von
mises stress and radial displacement of the claw-poles at maximum speeds of
20,000 and 22,000 rpm respectively. Linear static analysis was carried out using

Catia V5 software by the mechanical simulation team of Valeo.

The detailed report for the analysis can be observed in below section. It can be
observed that after three iterations of minor geometry modifications, the claw-
pole design was defined safe for operation at high speeds in terms of maximum
Von mises stress @ 20,000 rpm and radial displacement at claw finger tip for non

shrinking claw pole @ 22,000 rpm.
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OBJECTIVE
The aim of this study is to perfform the mechanical analysis for I Demeter Claw pole centrifugation V3 (following 1608.18 request)
Claw pole and to study the stress and deformation at 20000 pm and 22000 pm respectively.
I TYPE OF APPLICATION Non Shrinking
I TYPE OF MODEL Half Model
—
PRESS TO CONFIRM
SNO SUMMARY
1> At maximum speed of 20000RPM the maximum stress level is below the limit of 521MPa and below the ultimate limit of 570MPa.
2> At the maximum speed of 22000RPM, the maximum displacement obtained at the clawpole is below the limiting value 0.197.
3> From the above points - we can conclude that, the design is considered to be SAFE for Non Shrinking type .
. Displacement at horn tip for Non Shrinking cla
Max- Von mises Stress @ 20000rpm (MPa) 1sp 1P for rinking caw
Model pole@ 22000(mm) Status
Front Rear Front Rear
Demeter_Claw pole
centrifugation V3 446 504 0.153 0.173 0K
SIMULATION REFERENCE|
521 0.197 TEKNO 2004
LumMIT
Assembly considered for Simulation
e —————
OBSERVATION:

The design modification in the 3rd version is effective and the observations in stuctural point of view is listed below :

* The Von mises stress value for rear clawpole is reduced by 181 VIPa whereas for front clawpole itis reduced 84 VIPa as compared to the 2nd
iteration, and the design is found to be SAFE .

* The increase in clawpole horn root fillet thickness is effective and the maximum stress value observed in this region is not spreading more than 2
element.

* Also, the radial displacement values are within the limits and the design modification is effective in this regard.
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| MAXIMUM VON-MISES STRESSES |
I FRONT I I Rear I

Stress @ 20000rpm

IR
L

Von Mises stress (nodal values), Won Mises stress (nodal values),
> 556 556
521 521
487 ’ 487
452 452
417 417
382 382
348 348
313 313
278 278
243 243
209 209
174 174
159 139
105 105
69.8 65 8
35 35.1
0311 0,23
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Von-Mises stress at 20,000 RPM in Front Clawpole (MPa)

441.251 MPa 440,801 MPa
441452 MP3|

Bl 443972 WP 445,972 MP3}

445,338 MPa 441,421 MP gt

Von Mises stress (nodal values)

521
487
452
417
382
348
313
278
243
209
174
139
105
69.8
35
0.311

Max. Von mises stress found in the Front Clawpole is (MPa)

1138

Max. Von mises stress found in the critical location of Front Clawpole (fillet regions) is (MPa)

446

REMARKS: | Max. stress in the critical region is below the limit of 521 MPa

Von-Mises stress at 20,000 RPM in Rear Clawpole (MPa)

Von Mises stress (nodal values).

59.8
351
0.33

On Boundary

Max. Von mises stress found in the Rear Clawpole is (MPa)

504

Max. Von mises stress found in the critical location of Rear Clawpole (fillet regions) is (MPa)

504

REMARKS: | Max. stress in the critical region is below the limit of 521 MPa
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Appendix A3

50 Vonmises- stress Front Clawpole(MPa)
700
650 -
600 7 Ultimate limit - 570MPa
550 1T Critical limit - 521MPa
500 1,
450 1,
400 1
350 - e [
300 -
Tteration 1 Tteration 2 Tteration 3
- Vonmises- stress Rear Clawpole (MPa)

__Ultimate limit-570MPa.________

- Critical limit-521MPa--

Iteration 1 Iteration 2 Iteration 3
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Appendix A3

MAXIMUM RADIAL DISPLACEMENT

Displacement @ 22000rpm

Translational displacement component,

0.25
0.234
0.217
0.201
0.185
0.168
0.152
0.136
0.119
0.103
0.0868
0.0705
0.0541
0.0378
0.0215
0.00516
-0.0112
On Boundary
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Appendix A3

Radial Deformation at 22,000 RPM in Front Clawpole (mm)

Translational displacement component.2

021
0.197
0.183
017
0.156
0.142
0.129
0.115
0.102
0.0879
A ] 0.0743
‘ N 152545 mm 0.0606

0.047

0.0334
0.0198
f 0.152697 mm|

0.00615
-0.00747

Maximum radial displacement observed in front claw pole is (mm) | 0.153
REMARKS: I Max. radial displacement observed in the critical regions of front claw pole is 0.153 mm which is less than the limit of 0.197 mm non shrinking.

Radial Deformation at 22,000 RPM in Rear Clawpole (mm)

Translational displacement component.

021
0.197
0.183
» 0.169
0,155
0.141
0.127
0113
0.0996
/ - 0.0857
0.0719
0,058
0.0441
0,0303
00164
0.00254
00113

Maximum radial displacement observed in rear claw pole is (mm) | 0.173

REMARKS: | Max. radial displacement observed in the critical regions of rear claw pole is 0.173 mm which is less than the limit of 0.197 mm non shrinking.
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