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DESIGN OF AN INTEGRATED-STARTER ALTERNATOR FOR A $#ES HYBRID
ELECTRIC VEHICLE: A CASE STUDY IN AXIAL FLUX PERMANENT MAGNET
MACHINE DESIGN

Jessica Lynn Colton, Ph.D.
University of Nebraska, 2010
Advisors: Jerry Hudgins and Dean Patterson

This thesis details the design of an electric nmectio perform as both a starter and
alternator in a series hybrid electric vehicle.eTocus of the work is on practical design aspects
specific to single-sided axial flux permanent magmachines with non-overlapped windings.
First, a characterization of the rotor losses ieséh machine types is presented through
experimental validation of finite element analys&imates. The approaches taken to model the
axial flux geometry, especially in two-dimensioree detailed, and the difficult issue of
validating the finite element analysis estimateshwexperimental data is addressed with a
prototype 24-slot, 20-pole single-sided machinteditwith single-layer non-overlapped windings.
Next, the comparative advantages and disadvant#ges single-sided axial flux geometry and
the most common form of radial flux structure, wah inside rotor, are explored within the
context of surface mount permanent magnet machiNesv material is offered which highlights
the benefits of the single-sided axial flux geometnd the constraints and assumptions made
when making the comparisons are discussed in datailiding a study of the biases these can
introduce. The basis of comparison is founded @amstant electromagnetic airgap shear stress,
being the product of electric and magnetic loadiagd indeed the constancy of both those
factors. The metrics used for comparison are thesmof the active materials and the volume
essential to house said materials. A range oktessues that are relevant when choosing a
machine structure are presented and discussed.allyfithe performance criteria for the
integrated starter-alternator are quantified baseaharacterization of the internal combustion
engine and the energy storage system of the veaiaea full account of the design process is

detailed, including justification of all design dbes.
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Chapter 1

Introduction

Interest in hybrid-electric vehicles (HEV) in theSWhas been growing significantly over the past
decade, primarily as a result of rising fuel camtsl environmental and sociopolitical concerns
about oil consumption. The HEVs on the market yoat® primarily parallel (omild) hybrids in
which the drive power for the vehicle is suppliedbdoth an internal combustion engine (ICE)
and a set of electric machines. A different, argbably more efficient, system design is the
series HEV, ostronghybrid, in which the ICE is disconnected from thréve-train and all drive
power is provided to the wheels through the electrachines. A conceptual schematic of this
system, with an additional plug-in charging optisshown in Fig. 1.1. A main result of the ICE
disconnection is that the engine now has the fil#tyibto be run at its most fuel-efficient
operating point without affecting the drive profitdé the vehicle. The project on which this
dissertation is based entails the conversion ddraliel HEV to a series HEV through a redesign

of the energy storage system of the vehicle (Fib). 1

The focus of this paper is the design of the dlectrachine that will perform as the generator
shown in Fig. 1.1. It should be noted that thishii@e must also have the ability to operate in
motoring mode to provide mechanical power to thE Wiiring startup; thus, the machine will

herein be referred to as artegrated starter-alternato(ISA). The concept of an ISA is not a



2

new one, and with the growing peripheral electri&inands, even in traditional gasoline-engine

vehicles, the design of more efficient and highewgr alternators has become an important

research topic.

Small 1CE

Energy Storage Syste

Integrated
Starter-
Alternator

Three-Fhase
Converter

| |

Power
Canverter

Traction Motor

Traction Motor

Magnets

Ultra-Capadt .
ra-Capadtar DiE-DC Battery Bank
Bank Converter
|
Charger
Fig. 1.1. Conceptual schematic of a series HEV system.
Stator Iron

Windings

Rotor Iron

Fig. 1.2. Basic structure (active materials) of a single-did& PM machine.



1.1 Motivation of the Work

In the context of the aforementioned project, thissertation is based on several aspects of
electric machine design with a focus on the sisidied axial flux (AF) permanent magnet (PM)
machine geometry (Fig. 1.2). AF geometries arenest. Faraday’s first machine in 1831 was
an axial flux machine and Tesla patented a diskomit 1889. This geometry has always
appealed to innovative thinkers in electric mackinbut has been dogged by some extra
difficulties in arranging the mechanical structur&his trouble was primarily in accurately
maintaining a necessarily small airgap in a retdgidarge disk-shaped machine. Thus, while
many people have researched AF induction machiheg,have not, in general, proved economic

to manufacture because of the substantial berfeditvery small air-gap in an induction machine.

The advent of rare-earth PMs has, however, madéimes designed with rather larger air-gaps
perfectly feasible. It is likely that this singlect has brought the AF machine back into purview.
When efficiency is of concern, the use of PMs imachine hardly requires justification,
especially as the cost of rare-earth PM materialbecome more reasonable in the last decade.
The most widely used PM material in electric maehiis NdFeB because of its high energy
product, residual flux density and magnetic coétgivn comparison to other magnetic materials.
Further rationalization of the choice to desigrs A as a PM machine using NdFeB as the field

excitation is both redundant and unnecessary.

Given all of this, the current reality is that whimuch research is carried on in universities
regarding AF machines (a recent machines and deimeference had 262 papers with “machine”
in the title, 14 of these had “axial flux” or “axigap” in the title), they have not yet enteredint

the marketplace at anything like this frequencyooturrence, appearing only in applications
where the aspect ratio is a dominant considerasioch as in-wheel vehicle drives. One goal of
this research is to provide a comparison of thglsisided AF machine geometry with the more
traditional, inner-rotor, radial flux (RF) machist&ructure in order to demonstrate the viability of

this type of machine.

Finite element analysis (FEA) is an important degigpl that is used extensively in the field of
electric machine design. Two-dimensional (2D) elod) is often preferred over its three-
dimensional (3D) counterpart due to reduced conifylex the modeling and appreciably
decreased computation time and resources. Howenike the RF geometry, the AF machine is
a naturally difficult structure to model in 2D. this is in fact managed, there are inherent errors
in the model due to the necessary geometrical &ppations. A second goal of this research is
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then to compare machine performance results olataiirle FEA in both 2D and 3D with actual
experimental data from a test machine using ratss talculation (or measurement) as the basis

of comparison.

In recent years, the use of non-overlapped win{lN@@W) schemes in which a coil spans a single
tooth as shown in Fig. 1.3, has largely replaced dif traditional full-pitched windings in high
performance electric machine designs. A discusar@hbrief tutorial of the theory behind NOW
is provided in Appendix B. Inherent in these wirglidesigns are many benefits including
reduced copper mass (and loss), better machinefawuarability, decreased cogging torque and
performance enhancements in terms of fault-toleraamed flux-weakening capabilities, just to
name a few. However, the use of NOW also comds péhalties resulting from a harmonic-rich
airgap MMF waveform that manifests as reductiongimding factors and increased rotor losses
when compared with machines equipped with tradiionindings. Thus, the final goal of this
work is to characterize the rotor losses in sirgitkied AF PM machines fitted with NOW through

the difficult issue of validating FEA estimationghvexperimental data.

(a) (b)

Fig. 1.3. Examples of stator windings for a RF, three-pha3e@nventional winding (18-slots/6-poles)
and (b) a single-layer NOW scheme (18-slots/22g)ole

1.2 Scientific Contributions and Relevant Publicatbns

The scientific contributions of this work are suminad as follows:

1. A comparative study on AF and radial-flux (RF) PNchine geometries is done with a

focus on the single-sided AF structure. (Chapter 3)
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2. An assessment of 2D and 3D FEA modeling of singleesAF PM machines is provided
including measurement of rotor loss and comparigitim FEA results. (Chapter 2)

3. A detailed account of the machine design proceasth®ISA application is given with a
focus on details specific to the design of singtied AF PM machines. (Chapter 4)

Publications associated with this dissertation are:

1. J. Colton, D. Patterson, J. Hudgins, “Rotor Losge#xial-Flux Permanent-Magnet
Machines with Non-Overlapped Windings”, |IEConference on Power Electronics
Machines and DrivesApr. 2010. (Currently in re-write process for submission teE
Transactions.)

2. J. Colton, D. Patterson, J. Hudgins, K. Vacha, “Gator Design for Existent Windmills:
From Water Pumping to Electricity Generation”, IEBE¥posium on Power Electronics,
Machines and Drives in Wind Applicatigrnin. 2009.

3. D. Patterson, J. Colton, B. Mularcik, B. Kennedy, Gamilleri, R. Roboza, “A
Comparison of Radial and Axial Flux Structures itedfical Machines”, |EEE
International Electric Machines and Drives ConfetenMay 2009. (Currently in
submission process for IEEE Transactions.)

4. J. Colton, D. Patterson, J. Hudgins, “Design of aviCost and Efficient Integrated
Starter-Alternator”, IETConference on Power Electronics Machines and Drivigs.
2008.

1.3 Literature Review

This literature review is divided into three topiokinterest: a historical development of the
theory behind NOW, preceding work done on the intgpaE NOW implementation on rotor eddy

current losses and previous research involving eoispns between AF and RF machine
structures. The aim is to provide an account efdtate of the art in the technical fields relevant

to the research work presented in this dissertation

1.3.1 Non-Overlapped Windings

For the past decade, much attention has been givennding schemes where the stator coils
wrap around a single tooth, in contrast with thevemtional windings in which the coils span

three teeth (Fig. 1.3). These new types of winglihgve been called many names, “fractional-

slot” or “concentrated” windings for example, buillvbe termed “non-overlapped” windings
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(NOW) throughout this paper. NOW can either becdbed as double-layer (DL), in which
there is a coil is around every tooth, or singlelaSL), where there are only coils placed around
alternating teeth as shown in Fig. 1.4 for an Akt The subsequent literature review is an
attempt at a coherent description of the major acdesin NOW analysis and design.

@) (b)

Fig. 1.4. lllustration of (a) SL and (b) DL winding layouts @an AF machine stator.

Cros and Viarouge (2002) presented a study of thhase NOW machines with various slot-pole
combinations. One outcome of the study was thetifiteation of which slot-pole combinations,
for slot numbers less than 24, allow for a NOW argether a SL layout can be used. More
importantly, the winding factor, which gives insigh the machine performance, was computed
for each structure. Several specific structureseweempared, including FEA calculation of their
torque output waveforms, and Cros and Viarougeloded that the best machine performance is
obtained when the number of slots per pole perelgg is betweenl/3 and1/2. Particular
attention was given to the 12-slot/10-pole SL wigdistructure for its low torque ripple and

minimal cogging torque.

Magnussen and Sadarangani (2003) added to workas &d Viarouge (2002) by identifying
additional structures that can support NOW andiliegathe analytical derivation of the winding
factor computations. This was accomplished by shgwhat the airgap MMF waveforms of
NOW machines have significantly increased harmawictent as compared to a machine with
unity s, It is this inherent increase in MMF harmonics ties prompted much of the
continuing research into the characteristics of N@@thines.

A comprehensive study of NOW machines was presdmgegalminen (2004). Winding factors
and harmonic components were calculated for diffierslot-pole combinations and the
characterization of cogging torque, torque rippid anductances were performed analytically and
verified via 2D FEA. A prototype 12-slot/10-pod& kWRF internal permanent-magnet (IPM)
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machine with DL NOW was constructed to validate ékpectations resulting from the analytical
technigues and FEA. Good correlation was observed.

Ishak et al. (2006) incorporated both analyticatl &EA technigues in the investigation of
machines which can support either a SL or DL NOWdentify the positive and negative
aspects of using one layout over the other. Osagltref the work is that both the winding factor
and the self-inductance corresponding to a SL wigdinay be higher than those for the
equivalent DL scheme. Additionally, it was showattthe mutual-inductance between phases is
lowered when a SL winding is employed for a givat-pole combination. The implications of
these findings prompted further investigations itite use of NOW machines for applications
that require field-weakening capabilities or whiznalt-tolerance is of paramount importance.

Building on the idea of using NOW machines for faalerant applications, Bianchi et al. (2005,
2006) applied the use of an analysis and desigrhadetcalled the star-of-slots, to NOW
machines. This method is used to present a gralpfpbasor) representation of the effects of
different order harmonics by characterizing the E(dFMMF) contribution for each individual
harmonic. More importantly, this method representémple, practical approach to designing the
physical layout of the windings in a NOW machinedpplying the star-of-slots method to the
main harmonic. Bianchi et al. also evaluated #lEand mutual inductances of both SL and DL
winding schemes for machines with several slot-pambinations, with results in accordance
with those described by Ishak et al. (2006).

El-Refaie et al. (2005, 2006) offered closed-foenhniques to analyze various parameters of
NOW machines whereas previous work had been pilyraased on FEA. Analytic expressions
were presented for calculations of the open-cirmdignetic field and back-EMF waveforms,
resistance and inductance of the windings, andutsrgfor both normal and flux-weakening
modes of operation. The developed analytical tiegtas were applied to a 36-slot/42-pole test
machine and the resulting calculations were vefili@ 2D FEA.

Several authors have investigated the mechanicatacteristics of certain NOW schemes.
Wang, et al. (2006), identified a type of NOW sclee(oalledmodula) in which coils of a
particular phase appear in groups. These (RF) imestare shown, via analytical techniques and
experimental verification, to exhibit a harmonickriradial force density pattern, raising the
likelihood of low-frequency vibration excitation dinig normal operation. Dorrell et al. (2008)

studied the effect of different rotor eccentrigtien surface-mount permanent magnet (SMPM)
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NOW machines with sinusoidal excitation. Unsuiipgdy, through both an analytical algorithm
and FEA, it was found that unbalanced magnetic pw@ls more prominent in the so-called

modularmachines due to the asymmetry inherent in the ingsd

The studies described up to this point in the dii@re review have primarily focused on
application of NOW to RF machines; however, it haen shown that these winding schemes are
also beneficial for AF machines. Kamper et al.0@0detailed the use of NOW for an air-cored
AF machine. The analytical winding factors for rircored AF, NOW machines were
investigated and used to develop complementary esgwns for corresponding air-cored
machines. Experimental data was offered to suppertanalytical work and verify that for an
air-cored AF machine, NOW can provide better penfamce than a traditional distributed

winding.

Given the advantages of NOW over traditional wigdischemes described throughout the
literature, it is justified for NOW to be employadthe design of the AF PM machine for the ISA
application which is the focus of this paper. Hoer it should be noted that the study of the
impacts of NOW in machines has not been exhausBatk area, in which there is still need for
research, is with regards to the impacts of thecespa@rmonic content of the airgap MMF

waveform on rotor losses as is detailed in the segtion.

1.3.2 Rotor Eddy-Current Losses

The computation of rotor losses in PM machinesdaased interest recently due to the increased
implementation of NOW schemes in machine desigrhas been shown that NOW induce rich
harmonic content in the airgap MMF distribution.heBe harmonics, by definition, rotate at
speeds and directions which are not synchronizéletootor rotation (the main MMF harmonic),
and therefore a time-varying flux pattern is inwodd in the rotor materials and eddy-current
losses there are increased. Efforts in describimd) defining these losses have primarily been

concentrated in the last several years as willlbgtiated here.

Bianchi et al. (2010) calculated the rotor losses th MMF harmonics of RF NOW machines by

using analytical techniques to simplify a 2D FEAgrdure. The stator-induced harmonics were
transformed into a rotor reference frame frequesiog applied to current sheets in the model.
The rotor losses for an extensive list of slot-pmenbinations for a particular machine size were
tabulated and the main result was that the SL wipdichemes exhibit increased loss due to

richer harmonic content, especially sub-harmorlta their DL counterparts. It should be noted
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that the effects of stator slotting and any timeat@nics in the stator current waveform were
neglected.

Saban and Lipo (2007) introduced a method of cating rotor eddy-current losses for a high-
speed RF machine in which both 2D and 3D FEA wempleyed. The main idea of the

technique is that 2D FEA can be used to determinetar-referenced current sheet, which
mimics the effects of the stator MMF waveform, éov& as an input to a 3D model. The method
presented takes into account time harmonics, shakaonics and the effects of slotting in the

MMF distribution, however, no loss calculation iéswere presented.

An analytical technique for calculating rotor baoka eddy-current losses due to MMF space
harmonics in a RF machine was presented by Polietle&l. (2007) in contrast to the FEA
methods that had thus far been developed. Thaitpehis based on decomposition of the MMF
distribution (with slotting incorporated by applica of Carter's coefficient) into its harmonic
components and calculating the corresponding iddadi flux density magnitudes to be used in
the loss calculations. Jassal et al. (2008) ubexdapproach to compare rotor back-iron loss
between three different NOW machines and a maghittetraditional windings, confirming that

the rotor loss for the NOW machines all exceed thébe traditional machine.

Han et al.,, (2010) examined rotor eddy-currentdssir an IPM machine using a similar
approach as was suggested by Polinder et al. (2@8@gpt that here the loss calculation was
performed via 2D FEA. The study identified thaé tharameters with the greatest impact on
these losses are the magnitude of the fundamemtgbanent of the stator MMF, the stator slot

pitch and the yoke pitch between the rotor bagiets.

Nuscheler (2008) presented a 2D analytical modeté#iculating rotor eddy-current losses, in a
RF SMPM machine, which is derived directly from Maell's equations. Multiple instances of
two different slot-pole combination machines, eadth varying degrees of rotor lamination and
magnet segmentation, were analyzed with the madeérims of only the harmonic with the
highest magnitude (excluding the main harmonit)wvas determined that lamination of the rotor
yoke increases the eddy-current losses in the nmghet that loss can be mitigated by

segmentation of the magnets.

A study involving experimental validation of anatgl rotor eddy-current calculations for an AF
machine was performed by Alberti et al. (2008).e Hmalytical method is based on solutions of

Maxwell’'s equations in two dimensions and the lessee calculated by considering the
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contribution of each harmonic individually. Thetlaars were careful to include the effects of
stator slotting, as AF machines typically employeslots. An experimental procedure was
proposed in which the rotor eddy-current lossescateulated via a power balance and good
correlation between the analytical and experimenesllts was observed.

Yamazaki et al. (2008) described their work invetythe use of proprietary 3D FEA software to
calculate rotor losses in both IPM and SMPM RF rireeh fitted with either NOW or
conventional distributed windings. The FEA algomit was verified experimentally by
comparing torque and iron loss calculations (iniclgdoth hysteresis and eddy-currents) to those
obtained from measurements taken from an operatichine by a simple power balance. The
primary results of the investigation are that tddyecurrent losses in a PM machine with NOW
are much larger than that of an equivalent distetuvinding machine and that the primary
magnet eddy current loss in an SMPM machine is@ltref stator slot openings.

1.3.3 Machine Geometry Comparisons

The difficulty of making comparisons between maehgeometries is bound up in the issue of
attempting to compare apples with apples. Thumwarconstraints are imposed by researchers
to try and force equality in comparison. The eesuit is often that the constraints themselves
favor one geometry over another, leading to inamsick results. The general message of the
literature that will be presented is fairly cledResearchers have demonstrated that at a high pole
count, and if the aspect ratio is free or const@ito large values, any of the AF geometries

should be seriously considered as a design option.

In the first paper we study, Zhang et al. (1996) taut a comparison of the standard inside rotor
radial flux geometry with three kinds of axial flgeometries, denoted AFPM-11 (one stator, one
rotor), AFPM-12 (one stator, two rotors) and AFPW{gvo stators, one rotor). The two kinds of
AFPM-12 machines, which have also been termed TORId&hines and are discussed in detail
by Huang et al. (2001), were not separately consi@ieln one of these, magnet poles of the same
polarity face each other across the stator andnthehines are known as TORUS-NN types;
whereas in the other, opposite polarities face edobr and are known as TORUS-NS machines.
For clarification, the AFPM-12 studied by Zhangakt (1996) is a TORUS-NN type. Further
research, as will be discussed subsequently, fasnsthat using slotted or non-slotted stators
can add more possibilities to the range of axiat flnachines, and indeed, the TORUS-NS type
can be constructed with no stator iron.
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The work reported by Zhang et al. (1996) was basedthe well-known sizing equations
involving electromagnetic shear stress, where fipetirque, or torgue-per-unit-mass, was
derived. An advantage for AF machines that in@dasith pole count was demonstrated. The
geometric study appears not to have included theme associated with providing the electric
loading which will be included in later section$wo RF and three AF designs were compared
and the results suggested that, when comparedlhétbest RF design, the AFPM-11 was better
(by measure of specific torque) by a factor of 1h& AFPM-12 by a factor of 2.1 and the AFPM-
21 by a factor of 2.4.

Huang et al. (1999) reworked the sizing equatioitk much more detail, comparing the AFPM-
12 with a TORUS-NN machine. No direct comparisérR& and AF structures was covered,;
however, it was observed that a PM axial flux maehias a significantly lower volume than an

equivalent squirrel cage induction machine.

Simsir and Ertran (1999) looked specifically at Fl@RUS-NN machine in comparison with a
traditional RF machine for a particular applicatiorhe conclusion was that the AF brushless DC
motor has a much higher specific torque than thdoREhless DC motor and that this advantage

increases with higher pole counts.

The standard RF geometry and four different AF getoies were studied by Sitapati and
Krishnan (2001). The AF structures included a Isirgjded layout (i.e. AFPM-11) with both
slotted and slotless stators considered, the da@rsAFPM-21 and a variant on the TORUS-NS
machine in which the single stator had no ironroase the windings. Detailed designs of all
five machines were carried out at five differentveo levels, with the aim of producing similar
performances and efficiencies. The conclusion thasthe AF machines always have a smaller
volume than the RF machines for a given torquagatit was also noted that the slotless designs
required more copper and magnet material than tiwer geometries, which would impinge on

overall cost.

Cavagnino et al. (2002) studied, primarily fromhartnal standpoint, the RF machine and the
AFPM-21 machine. This paper goes into a very tiglel of detail, but ultimately only designs

that ensured a wasting surface that was adequatéhdolosses generated were considered.
Designs were carried out for a range of aspeaigatir diameter/length (D/L) ratios, and showed
very high specific torque in buildable AF machiraslarge aspect ratios. In general, an AF

machine design with a small aspect ratio is nottjpral.
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A three-way comparison between RF, AF and transviius motors was conducted by Rahman
(2004), with the specific application of an in-whewotor for an electric vehicle. The
comparison is based on a patented “twin pole” wigdicheme and is made based on physical
size (i.e. package dimensions) for a 9 pole-paichime with five phases. The RF and transverse
flux motors were both configured with the rotorgide the stator and the AF machine considered
is a single-sided structure. The results showeat the RF motor had a slightly better
performance than the AF motor. The transversevfarsion demonstrated the best performance,
though it was designed with 20 pole pairs becahsentodel would not converge with 9 pole
pairs. The constraints for this comparison inctudet only a fixed pole count but also a given
package size. Rahman does state that the AF matoid exceed the performance of the RF
design if the aspect ratio was greater than 5, edsefor this comparative study, the packaging
dictated an aspect ratio of 3.5. Rahman also tepleat the cogging torque was lower for the AF

design.

Parviainen et al. (2005) reported a detailed stamiyparing the traditional RF geometry to the
AFPM-21 structure. Mechanical constraints wereuwlsed and included in the analysis. The
metric of comparison was solely the cost of thévactnaterials. The conclusion was that at 8
poles, the two designs were of similar cost, butdesigns with greater than 8 poles, the AF

geometry was lower cost than the radial flux.
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Chapter 2

Rotor Losses in Axial Flux PM
Machines

The goal of this chapter is to detail the procdsssing FEA (both 2D and 3D) to estimate the
rotor eddy-current loss in a single-sided AF PM hiae as well as to substantiate the FEA
estimations with experimental measurements. Waddy-current rotor loss in an AF PM

machine may not have as much impact on performascthat in say, an inner-rotor RF PM

machine, the topic is still of concern because Adelimes are typically designed with open slots
and solid steel back-plates in addition to the ibdi&g of using NOW.

The focus placed here on experimental measurenfi¢hése losses may initially seem frivolous
in this age of rich computing resources and irgehit FEA software; however, this experimental
evidence that is important specifically when AF BMchines are considered. Unlike the more
traditional RF geometry, AF machines are diffidgitmodel in 2D and if this is done, there are
inherent errors in the model due to geometricat@pmations. It is possible to use 3D analysis;
however this approach is substantially more ting:r@source consuming than its 2D counterpart,
so it is often not a good option until a design hasn more established. Additionally, 3D FEA
computations are quite sensitive to meshing opmrattand time stepping (when a transient solver
is used).
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A useful approach to modeling the AF PM machin@binwill be described subsequently and the
experimental measurements are then used to tymfyriagnitudes of errors that can be expected
from the model estimations in both 2D and 3D. Phacess of experimentally isolating the rotor

loss measurements is not trivial and will occupy tiajority of this chapter.

2.1 Finite Element Analysis

The software used in the analysis described hekassft's Maxwell® where the transient solver
is utilized in order to include the large-scale imotof the rotor passing over the stator slotse Th
results presented here have been computed foisb®20-pole single-sided AF PM test machine
with single-layer NOW. The specific parametergha machine match those of the machine on
which experimental tests are performed and areritbescbelow in Table 2.1.

TABLE 2.1 Parameter Values of the AF PM Test Machine Usedfisasurement and Estimation of Eddy-
Current Rotor Losses

Parameter Value Parameter Value

Rated Power 1 kw Slots (N) 24

Nominal speed | 3000 rpm Poles (p) 20

Stator O .D. 110 mm Winding type Single-NOW
Stator I. D. 66 mm Phase resistance| 1.3Q

Stator height 25 mm Phase inductance 6 mH
Magnet type NdFeB-N35 Rotor thickness | 4 mm
Magnet thickness| 4 mm Airgap length 1 mm

2.1.1 2D Modeling

An approach to model the AF PM machine in two disiens is to view the machine from the
side (Fig. 2.1) and model a small portion of theehiiae with translation motion of the rotor piece
instead of rotation. However, the translation mottauses errors in the particular software used
in this project; so as a work-around, we liken femachine to a small piece of a very large RF
machine. In this way, we can assign rotation nrm&eoound a radius on the order of 100 m in
order to “simulate” the intended translation motioepending on the slotNy to pole ()
relationship of the machine, the model need onltaio a fraction of the total geometry where
the appropriate symmetry multipliem), equal to the GCIN,p}, is applied to the model. The

edges indicated in Fig. 2.1 are assigned mastes/slaundary conditions, where based on the
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winding function shown in Fig. 2.2, the relationsfior this particular machine model is master =
-slave. The output parameters of the FEA (i.eques, etc.) can easily be converted from the
large RF machine reference frame to that of thellem&F PM machine that is under
consideration.

. .
m

/' '\

Master ' Slave

Fig. 2.1. lllustration of the 2D modeling of a single-side& RM machine.

In order to calculate the total eddy-current poless in the rotor, the 2D FEA model is analyzed
to determine the z-direction current densiy {n the magnets and rotor back-iron. The current
density is used because the net current in each cotnponent is necessarily zero (indeed it is
forced to zero by a constraint in the model desion). The rotor power lossPf) is then

calculated as the integral over the model surfaga €6A) as shown in (2.1) where h is the model

depth in the z-directiorh(=r, —r;) andoe is the conductivity of the material.

|J.1?
P. = hm dSA (2.1)
0-8
SA

The analysis described was first conducted withewturrent input to the stator windings at
various speeds in order to determine the rotor &ss® result of stator slotting alorn@, ).
Then, the same procedure was performed for roteedsp of 1000 and 2000 rpm with stator
current set to provide selected values of outprdqu® to be consistent with the experimental
operating points as described subsequently in@ge2tl. Each simulation was carried out over a
rotor rotation equal to one pole-pitch and cald¢atabf rotor loss was made (by hand) at each of
10 time steps and then averaged to obtain thetseslubwn in Table 2.2. It is these values that

will be compared with experimental data.
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Fig. 2.2. Winding functions for the 24-slot/20-pole AF PM rhawe used for the measurement and
estimation of rotor eddy-current losses. A sindlage is shown in (a) while (b) shows the complete
winding function for an arbitrary time instant.

TABLE 2.2 Rotor Loss Estimations Resulting from 2D FEA

Rotor Speed Output Torque Estimated Rotor
(rpm) (Nm) Loss (W)
1000 0 1.8
1000 1.7 2.9
1000 2.7 4.4
2000 0 6.8
2000 1.7 10.1
2000 2.4 135
3000 0 14.8
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2.1.2 3D Modeling

Some comparison of the 2D FEA estimations (and raxeastal measurement) of the eddy-
current rotor loss for the test machine with wisagxpected to be more accurate estimations via
3D FEA was deemed useful. However, due to the éaxiip and time consumption of running a
transient simulation in 3D FEA, somewhat limiteduks are presented here for comparison.
Three full 3D simulations have been run to obtatugs forP, g at speeds of 1000, 2000 and
3000 rpm. This was accomplished with a transieralyais in the aforementioned software

employing large-scale rotor motion, but null cutssim the stator windings.

It has been the author’'s experience in using 3D Ei&h macroscopic calculations (i.e. torque)
are quite robust, but more microscopic estimat{@es rotor loss) can be quite sensitive to solver
parameters such as mesh and time step sizes.ctingfdte erratic (and physically impossible)
results have been found with meshing that is t@ysmand/or inappropriate time stepping. The
eddy-current rotor loss estimations presented have been obtained using the solver statistics
detailed in Table 2.3 and though the symmetry rafgdied in the 2D FEA are equally applicable
here, the simulations were performed using thereemtiachine model. Each simulation was
carried out over a rotor rotation equal to one fpileh and eddy-current loss calculations were
made automatically at each of 100 time steps. rébglts of the 3D FEA estimations for the rotor
eddy-current loss are shown in Fig. 2.3 with avereglues foP, 3 equal to 1.3 W, 5.7 W and
8.3 W for rotor speeds of 1000, 2000 and 3000 gspectively.

TABLE 2.3 Solver Parameters Used in the 3D FEA Calculatidadaly-Current Rotor Loss

Parameter Value
Magnet mesh 10,000 tetrahedra
Rotor back-iron mesh 10,000 tetrahedra
Stator pole-face mesh 5,000 triangles
Aspect ratio 3
Nonlinear residual erroy 0.001
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Fig. 2.3. 3D FEA calculation of, g for rotor speeds of 1000, 2000 and 3000 rpm.

2.2 Experimental Measurement

The purpose of this section is to detail the expernital techniques used to isolate the rotor eddy-
current loss. The methodology will be explainedeheavhile the actual rotor loss determination

(and comparisons with FEA calculations) will be sedded in the following section.

The test machine used for experimentation is alesisiged AF PM machine as pictured in Fig.
2.4 with parameters listed in Table 2.1. The pobbf isolating the rotor loss is approached by
running the test machine in generation mode vie\e anotor, coupled through an in-line torque
transducer. Rotational speed measurement is nmgidg a Hall-effect sensor and both voltage
and current measurements are accessible for a# thinase outputs of the generator. The power

balance for this described arrangement is given by

Pm_Pe=Pf+w+PCu+Ps,Fe+Pr,slot+Pr,N0W (2.2)

where the power terms are:

P

Pf+w:
Ps.cu
Ps,Fé
I:)r,slot:

mechanical power (inpt
electrical power (outpt

friction and windage lo:
stator copper lo:

stator iron los

rotor loss due to stator slotti
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Fig. 2.4. Photographs of the single-sided AF PM machine fiseexperimentation.

2.2.1 No-Load Tests

The first no-load test is to determine the spinass in the test machine. This loss measurement

encompasseBr.w, Psre and P, and is accomplished through the setup describediqarsly

with the generator load disconnected. The measspathing losses are shown in Fig. 2.5 for
speeds in the range of 300 to 3000 rpm. In omlebtain the best resolution possible at no-load,

the in-line torque transducer used in this setuptisd at only 0.5 Nm.
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Fig. 2.5. Spinning loss measurements for the test machinersiath a 2*-order polynomial curve-fitting
for the actual measured data points indicated.
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One concern that is often associated with singleesiAF PM machines is the large axial load
experienced by the bearing. Therefore, the secmbbad test performed was to isolate the
bearing friction lossPs., as a function of speed (note that the aerodynamnition of this loss is
ignored). In order to do so, the spinning loss sueament previously described was repeated
using an uncut steel toroid as the stator piedd figied with a Hall-effect sensor for speed
measurement). The airgap was adjusted by addintgsdietween the bearing and the rotor brace
such that the axial load in the bearing is equivate that of the actual machine, as computed via
magnetostatic 3D FEA. Fig. 2.6 shows the resultthe spinning loss measurements with the
uncut toroid. It can be argued that this measunénaéso contains a core loss component,
however, as can be seen in Fig. 2.7, the increaisgdp reduces the magnetic penetration depth
into the core and the flux densities encounteredgaite small. Therefore any core loss here is
considered to be negligible.
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Fig. 2.6. Spinning loss measurements for the test machineaerthe stator is replaced with an uncut toroid
shown with a Z-order polynomial curve-fitting for the actual maesd data points indicated.
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Fig. 2.7. 2D FEA representation of the stator flux densifiessent in the test machine when the stator is
replaced with an uncut steel toroid.



21

2.2.2 Core Loss Measurements

Arguably the most challenging experimental measerdno isolate is the loss in the stator core.
The stator of this particular test machine is aoreséd from a toroidal core consisting of tape
wound 0.28 mm thick grade M4, grain-oriented silicieel. In order to typify the behavior of

the core loss under different operating conditiohe,B-H curve of an uncut toroid was measured

for a range of frequencies and magnetic inductwels.

The toroid was fitted with two sets of windings wh¢he primary was connected to the output of
an audio amplifier (driven with a sinusoidal siggaherator) and the open-circuit voltage on the
secondary circuit was directly measured and nurallyiéintegrated to obtain the flux density

measurement. The specific core loss (W/kg) was tletermined by numerical calculations on
the B-H curve, scaled by the physical parameteteeoforoid. This procedure was completed for
frequencies ranging from 60 Hz to 500 Hz (corresiiogn to the fundamental frequency of the
machine at rated speed) and induction levels fr@lo 1.8 T. A sampling of the B-H curves

is shown in Fig. 2.8 and the results of the lossutations are given in Table 2.4.

The type of steel used in the stator of this mazléngrain-oriented and the loss measurements
described previously are made for flux in-line witle rolling direction of the steel. This is the
true flux path in the stator back-iron of the maehihowever, in the teeth, flux is pushed directly
across the grain orientation and it is expectetittteloss would increase in this case. According
to Soinski (1984), the specific loss is increasgdlfactor of approximately 2.8 when the flux
path is 90 from the rolling direction; it is this value thistassumed for the core loss calculations.

TABLE 2.4 Experimental Core Loss Data for the M-4 Steel Tbtdsed for the Test Machine Stator at
Various Frequencies and Induction Levels

Freq. | Induction Specific Freqg. | Induction Specific
(Hz) | Level (T) | Loss (W/kg) (Hz) | Level (T) | Loss (W/kg)
60 1.8 1.47 300 1.8 17.28
60 15 0.90 300 15 10.27
60 0.8 0.26 300 0.7 2.28
100 1.8 3.05 400 1.8 28.61
100 1.5 1.84 400 1.4 15.37
100 0.9 0.71 400 0.8 4.35
200 1.8 9.75 500 15 24.41
200 1.6 7.09 500 1 11.04
200 1 2.96 500 0.6 4.85
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Fig. 2.8. B-H curves for the M-4 steel toroid used for th& tmachine stator at frequencies of (a) 60 Hz,
(b) 100 Hz, (c) 200 Hz, (d) 300 Hz, (e) 400 Hz, 500 Hz.

2D FEA was used to identify that the magnetic induclevels present in the stator teeth and

yoke are 1.3 T and 0.8 T respectively. In termsak size, the complete toroid has a mass of
1.15 kg where the total volumes of stator teeth itk are 41% and 20% respectively, of the

uncut toroid mass. Thus, for loss calculations, bke mass is 0.23 kg and that of the teeth is
0.47 kg (total for all 24 teeth). Using this ploadidata, the total core loss in the machine can be
calculated as a function of fundamental frequerayrétational speed). To this end, the data

given in Table 2.4 along with'2order polynomial curve fits for each frequencyaafsinction of
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flux density was used to extrapolate values of ifipdoss at the induction levels of 1.3 T and 0.8
T. The core loss (in Watts) as a function of maehipeed is then shown in Fig. 2.9.
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Fig. 2.9. Stator core loss for the test machine as a functigntor speed. The points shown are not
measurements; they are extrapolated from actuasunement data using &rder polynomial curve fit.
A curve fit for the points shown is also illustrdten the graph, simply for the purpose of illusirgtthe
trend of the calculations.

2.2.3 Loaded Tests

In these tests, the AF PM machine was run in géioeranode, as previously described, with a
variable resistance load connected and the reguliss measurements are summarized in Table
2.5. The “Total Measured Loss” reported is théetifnce between the inplt and the outpu®,

as described in (2.2). Simpi&R calculations were made to determine the “Conductioss”,

where no discernible temperature rise was noticale stator windings.

TABLE 2.5 Summarized Results from Experimental MeasuremgtiiteoTest Machine On-Load

Rotor Speed Output Total Measured | €onduction
(rpm) Torque (Nm) Loss (W) Loss (W)
923 1.7 19.0 10.69
889 2.2 29.27 20.15
889 2.7 66.84 46.17
2000 1.7 46.92 10.86
2000 2.3 78.24 25.39
2000 2.5 93.22 31.63
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2.3 Results and Discussion

In this section, the experimental rotor eddy-curtesses I, s,,: andP, now) are inferred from the
experimental measurements described in the pregection. Comparisons are also made with

respect to the loss estimations obtained from FEA.

The rotor eddy-current loss that results from stakotting alone R, ) can be isolated from the
experimental measurements by subtracting the megdgaring loss (Fig. 2.6) and stator core
loss (Fig. 2.8) from the spinning loss measuremsimbsvn in Fig. 2.5. The equations found from
curve-fitting are used to evaluate the spinning laad stator core loss at rotor speeds exactly
corresponding to the measured data points of theirgeloss to provide the plot & o as a
function of rotor speed shown in Fig. 2.10. Alémwn on the plot are the estimations obtained
via 2D and 3D FEA. It can be observed that theegadnshape of the data points from the 2D
estimation is systematic, but the absolute valuegjaite overestimated. For the 3D estimations,
the calculated values are in better agreement thigthexperimental results, but the trend of the
curve appears non-physical, most likely as a rasfullhe choices of mesh size and time steps in

the computation process.

RotorLoss Due to Stator Slotting
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Fig. 2.10. Plot showing the relationship betweRn,, as inferred from experimental measurement and the
estimated values obtained from 2D and 3D FEA.

The rotor eddy-current loss that exists as a caresage of the NOW schemE, (ow) is obtained
from the experimental measurements of the machmmad by subtracting the spinning loss
(Fig. 2.5) and conduction loss (Table 2.5) fromtihtal measured loss in Table 2.5. The equation

found from curve-fitting is used to evaluate th@ésmg loss at rotor speeds corresponding to the
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measured data points of the on-load testing. €helts of this calculation are shown in Table 2.6
along with a reiteration of the 2D FEA estimatidB8® FEA estimations of this value were not
calculated due to the complexity and time consuomptf running a full transient simulation in
3D).

The behavior (i.e. the trend) & now both as inferred from experimental measurements an
estimated via 2D FEA is as expected in that the lnsreases as the current loading increases for
a given rotor speed. However, the loss calculabased on experimentation increases at a
drastically higher rate than is shown in the 2D F&afculations. It is likely that this discrepancy
is bound up in: (1) the number of measurementsrthat be taken when the machine is loaded in
order to calculaté, now and (2) the fact that the loss is so small in camspn with the total
power output of the machine that large errors tesoin the subtraction of two relatively equal
numbers. Further work should be done in the esiimaof this value; however, because the
measurement information is simpler to obtain, teads forP, ¢, Shown in Fig. 2.10 give some

insight into the differences between 2D and 3D EESAmation for an axial flux machine.

TABLE 2.6 Comparison BetweeR, yowas Inferred from Experimental Measurement andetftemations
Obtained via 2D FEA

Rotor Speed Output Pr now Pr now
(rpm) Torque (Nm) | Measured (W) | 2D FEA (W)
~1000 1.7 0.44 11
~1000 2.2 1.59 1.7
~1000 2.7 13.14 2.6
2000 1.7 12.44 3.3
2000 2.3 29.25 6.0
2000 25 37.99 6.7
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Chapter 3

Machine Geometry

The purpose of this section is to provide a frargcussion of the comparative advantages and
disadvantages of the single- and double-sided Afmgé¢ries as well as the inner-rotor style RF
structure when considering surface-mount PM mashindhe basis of the comparisons is
founded on constant electromagnetic air-gap sherasss being the product of electric and
magnetic loading, and indeed the constancy of bbtthose factors. So also included in this
section is a definition of electric and magnetiadmgs in reference to the AF PM machine

structure.

3.1 Electric and Magnetic Loading in Axial Flux Madines

The concepts of constancy of electric and magnediding need a little more care when applied
to an axial flux machine as opposed to the morditiomal radial flux structure. Because the
ensuing comparisons are all made with assumptibhetb constant electric loading and constant
magnetic loading, the purpose of this section isléarly characterize these in terms of the axial

flux PM machine geometry shown in Fig. 3.1.

The airgap flux densityB, (T), is established by the PM on the rotor in @&l direction and is
assumed to have the ideal spatial distribution shiowFig 3.2. The magnetic loading,, (T) is
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defined here as the peak value of the airgap flemsiy waveform. It is dependent on the
particular magnet material used in addition to thachine geometry and, assuming infinite

permeability in the steel, can be determined froertelationship

(3.1)

where B, (T) is the magnetic remanence of the PM matemal Ig andl, represent the axial
thickness of the magnets and airgap respectivE€bter’s coefficient may be included in (3.1) if
the effects of stator slotting are to be considertds assumed that the magnet pole &k¢.is

some arbitrary fraction of the pole pitah), and that the ratié,/6, is constant with radius. It
should be apparent that under these assumptiomsm#gnetic loading of the axial flux PM

machine does not vary with radius.

Stator Iron Magnets

Airgap surface:

\/

Windings Rotor Iron

Fig. 3.1. lllustration of the active components and structfra single-sided axial flux PM machine.

In a general sense, electric loadidg,(A/m), is defined as the ratio of the total statarrent to
the machine circumference at the airgap interfadilef, 1989). Now in an axial flux machine
stator, the slots obviously fan out as seen in Eifl. These slots are also invariably of constant
width, and hence of constant total current. Thwesdlectric loading, seen in the micro, is actually
higher at the inner radius and lower at the owdius. Without loss of generality, we use the
average electric loading, defined at the averagmpiradiust,, for a 3-phase machine as

_ 6N,N_I

A, = 3.2
= (3.2)
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whereN. indicates the number of coils per phasedenotes the number of turns per coil &nd

(A) is the RMS value of the stator current in atmage.

Airgap Flux Density Waveform for a Machine with "p" Poles

Ideal airgap flux density

Flux Density, Bg (T)

0 2pilp 4pilp Gpi/p Gpilp
Spatial Angle, theta (rad)

Fig. 3.2. Ideal airgap flux density distribution along thecamferential direction.

The spatial distribution of stator current is degmt upon the specific slot and pole combination
used in the machine. For example, the ideal wipflimction for a single phase of a 6-slot/4-pole
machine with non-overlapped windings is shown ig. Bi.3-a and Fig. 3.3-b shows the complete
winding function of the machine, assuming a baldrsst of 3-phase currents, evaluated at some
arbitrary time instant. The winding function istrlependent upon the radius at which it is

considered.

Winding Function for One Phase of a 6-slot/4-pole Machine With Non-Overlapped Windings

Phasze A
MNt*la pwenhnld |11 ANEVRRRRVETY | ] .
w
o
E]
<
£
=
w
=
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0k 4 T i
1 1 1 1 1
0 pif3 2pif3 pi 4pif3 5pif3 2pi

Spatial Angle, theta (rad)



29
(a)

Complete Winding Function for a 6-slot/4-pole Machine With Non-Overlapped Windings

Ideal winding function
----- Main torgue-producing harmenic

MMF, Nt*l (A-turns)

1 1 Il 1 1
0 pif3 2pi/3 pi 4pif3 Bpil3 2pi
Spatial Angle, theta (rad)

(b)

Fig. 3.3. Winding functions for a 6-slot/4-pole machine witbn-overlapped windings. That of a single
phase is highlighted in (a) where the two phas¢simawn are identical with phase shifts of 12a6d 240.
In (b), the complete winding function for the statdMF is shown for an arbitrary time instant.

Fundamentally, a forcé (N) is produced in the machine due to the intésacdf rotor flux and
stator current. As detailed by Miller (1989), thkectromagnetic airgap shear stresgPa) is
defined as the magnitude of this force per unjagirsurface area and can also be expressed as

the product of the electric and magnetic loadirgs a

= kB, A, (3.3)

Specifically, only the spatial harmonics of the #iimg function waveform that coincide with
those of the airgap flux density contribute to ta@rgproduction. The proportionality constant,

in (3.3) is used to account for the difference iagmitudes between the peak values of the ideal
waveforms and those of the torque producing commsnas shown in Figs. 3.2 and 3.3-b.
Finally, the torques (Nm), produced in the single-sided axial flux miaehshown in Fig. 3.1 can

be defined in terms of the aforementioned quastiie
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T = 0gpAgTay (3.4)

wherea,, indicates theshear stress when the electric loading is evalustéide average machine
radius,ra, (m), andAq (mP) is the airgap surface area.

Since the slots in an axial flux machine are tyjcaectangular, of constant witlw{) and depth

(I9 as shown in Fig. 3.4, it is reasonable to redefiverage electric loading as

=]lSWSNS

3.5
2171y, (3.5)

e

in terms of the slot current density, (A/m?), usually established in design by thermal
considerations. In this equatidds is used to represent the number of slots in thehimna and
the current density implicitly accounts for thetdid factor. For the purpose of the subsequent
discussions and comparisons, it is assumed thabmigtis the average electric loading kept
constant, but so is the current density, in anretfo maintain the same order of loss in all the
machine geometries under scrutiny.

We

Fig. 3.4. Slot geometry in a typical axial flux machine stato

The ensuing comparisons are made in terms of aotaterial volume, so it is helpful to get a
sense of how the dimensions of the machine maymmadted by the electric and magnetic
loadings. The slot width is dependent upon thdégdeshoices of magnetic loading and the
maximum flux densityB; (T), allowable in the stator teeth and is given by

O B \ 27Ty
=(1l—-——|—— .
Wy < 6, Bt) N, (3.6)
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Substituting (3.6) back into (3.5), it becomes chiat the slot length, which has a direct impact
on the total axial length of the machine, is unigubetermined once the design parameters of
electric and magnetic loading, current density axakimum steel flux density are defined. The
expression for slot length is given by

(3.7)

3.2 Single- versus Double-Sided Axial Flux PM Maches

Only a minority of the studies discussed in theréiture review considered the single-sided axial
flux machine (Fig. 3.1). Those that did tendedike a comparison between single- and double-
sided versions of a machine at the same radiusvekder, if a torque specification is known and

the dimensions of the two competing machines agerdislly free, then the single-sided machine

can be shown to exhibit a significantly higherimétion of active material.

The subsequent development starts with a singkssakial flux machine and the amount of
active material is then doubled for two separatsigite cases, while maintaining constancy of
both electric and magnetic loadings. In the foase, a double-sided machine (dual stator) is
created at the same stator outer radius, whiles¢loend approach is to reallocate the additional
active material to construct a larger, single-sidexthine. The derivation shows a 41% increase
in the torque (power) for the enlarged single-sideatchine when compared with the double-

sided version.

For the baseline single-sided axial flux PM machihewn in Fig. 3.1, the torque is defined as in
(3.4). Following common usage when dealing wittiabkflux machines, we adopt the term split
ratio, which is, neglecting the airgap, the ratfotlte stator inner diameter to the stator outer
diameter. We apply this directly, with the samdirdéon, to axial flux machines using the
symbolasg The airgap surface area and the average marduiigs of the axial flux geometry
are then expressed as functions of split ratiovangn (3.8) and (3.9) respectively.

Ay =mrF(1—ad) (3.8)



32

Tav = 5(1 + agg) (3.9)

And finally, the torque expression is rewritten as

3
TOgyTy

2

T= (1 + asp)(1 — agp) (3.10)

If the total axial length of the machineljs the torque densityTQ) of the machine is given in
(3.11) where the total volume calculation negléletsimpact of the winding end-turns.

TD = T aavro(l + aSR)(]- B a.SZ‘R)

= = 3.11
mr2l, 21, (3.11)

Now we explore the two previously described wayslafibling the airgap surface area and the
effects these changes have on the torque dendityg ahachine. In the first case, another stator is
added on the opposite side of the rotor, creatingcand airgap; thus, the total required magnet
thickness also doubles in order to maintain theesaragnetic loading (see Eg. 3.1). Because the
electrical loading is also kept constant, the geoynef each stator remains unchanged from the
original single-sided baseline version (see Ed). 3This new machine has twice the airgap area
of the single sided machine at the same torquausadio the torque doubles. The total axial
length does not quite double since the rotor iras llecome unnecessary. However, the focus of
this study is on machines with high pole countserghthe necessary rotor iron thickness tends to
zero as the pole count rises (Fig. 3.6); so werassa doubling of the axial length in order to
simplify the analysis. Thus, the total machineumoé doubles and the torque density remains the
same as in the original single-sided machine.

In the second case, the new outer radiisof the single-sided machine that is requireddolde

the original airgap area can be calculated fronpErgeometry as

1 =A/2r, (3.12)

assuming thadsgris unchanged. The torque outptit,of this larger machine is then
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T = 04,(24,)(V21,) = 221 (3.13)

Since both the magnetic and electric loadings ap konstant, the magnet thickness and stator
axial length are unchanged. So it is a reasoratdemption that the volume of this machine

doubles as the airgap surface area is doublesholild be noted that more stator yoke and rotor
back-iron would be needed at the same pole cougt &6); however, a good designer would

increase the pole count for the larger diametebdtter handle end turn wastage. The torque
density of this larger, single-sided machine isithe
T 2V21

TD’:—,

- (3.14)
5 = oy \V2TD

This analysis has shown that while doubling the amhof active material in a single-sided axial
flux PM machine at the same radius to produce &ldesided machine results in the same torque
density (as the original version), reallocatingt thetra material to a larger single-sided machine
results in an increase in torque density by a faofal.414. Therefore, it is concluded that a
single-sided machine has a torque density that4is%- higher than that of a double-sided

machine.

3.3 Axial Flux versus Radial Flux Machines

The difficulty in making comparisons between maehgeometries is bound up in the issue of
attempting to compare apples with apples. Varimmsstraints are imposed by researches to try
and force equality in comparison; the end resutifien that the constraints themselves favor one
geometry over another, leading to inconclusiveltesurhe two aspects of AF and RF machines
that will be discussed here are the rotor volumeargap surface area advantages enjoyed by the
AF structure when compared to the traditional imo¢or RF geometry. The imposed constraints

are clearly outlined and it is the authors aindenitify any biases introduced by said constraints.

3.3.1 Optimal Split Ratio

The metrics used in the ensuing comparison betwaial and axial flux machine structures are
the torque density, or torque per unit of totalwoé needed to house the active materials and the
specific torque, or torque per unit mass of thesaghaterials. The torque density of a radial-flux
machine is written as a function of split ratio as
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o(2raspr,ly) (aspT,
D = (2masg oza)( k7o) = 2002 (3.15)
nrgl,

However, this expression does not fully define dependency of torque density on split ratio
because electric loading (and hence the airgap stregs) can also be expanded as a function of
split ratio. The optimum split ratio, in terms tfrque density, for a radial flux machine is
presented by Pang, et al. (2006) as a functiorotsf the number of slots in the machine and the
ratio of magnetic loadingd,) to the maximum steel flux densitg). The derivation is based on
general purpose sizing equations and while the enadltics will not be repeated here, plots are
included in Fig. 3.5 to show the optimal split catdr a radial flux machine as it varies with the
slot count and the flux density rati,/B; (Pang, 2006).

In terms of maximum torque production for a fixedter diameter in an axial flux machine, the
optimal split ratio has been shown to lker = 0.577 (Simsir, 1999) (Spooner, 1992).
Additionally, it is apparent that as the split calincreases closer to unity and the outer machine
radius approaches infinity, the specific torquettsé machine improves; however, this is an
impractical result because it implies a machindn\eigro mass and infinite diameter. As a point
of practicality, split ratio values between 0.57@da0.650 are considered to be within the

optimum range for an axial flux machine (Simsir9ap

Optimal Split Ratio as a Function of Flux Density Ratio for Various Slot Mumbers
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Optimal Split Ratio as a Function of Slot Number for Various Flux Density Ratios
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Fig. 3.5. Plots showing the optimal split ratio for a radlak machine as determined by Pang, et al.
(2006), in comparison with those of an axial fluaehine. Optimal split ratio is shown as a functidifa)
the number of slots in the machine and (b) the m@ttipeak flux density in the airgaB,{ to that in the
steel By).

3.3.2 Rotor Volumetric Advantage

There is a definite rotor volumetric advantage x@laflux machines at reasonably high pole
counts. A large part of the inside volume of aitianal radial flux rotor, or indeed the stator in
an outer rotor radial flux machine, is not usedctenagnetically. Ingenious solutions for
“slinky” style wound stators for outer rotor mackéand spiders to support a rotor structure will
not save on total volume, but will save active matend hence, both active and passive mass.
An estimate of the volume “wasted”, i.e. not uskatteomagnetically, will now be given for both

an axial flux and radial flux rotor.

Fig. 3.6-a depicts a side view cut-away of an aftied PM machine that has been adapted to a
linear coordinate system in order to ease the rgggeometrical descriptions. In this diagrdn,
represents the thickness of the rotor backiron thapenetrated magnetically arglis the
thickness of the stator yoke. Note that the dinoerssdiscussed are equally applicable to a radial
flux PM machine cross-section if the label for tdal direction is replaced with the radial

direction as explained in Fig. 3.6-b.
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Rotor ——p |
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Fig. 3.6. Structure and dimensions of a surface mount PM madre shown in (a) and (ilustrates the
PM flux paths. The representations shown are fifaa equally applicable to RF or AF structures
according to the coordinate systems indicated)in (b

The axial flux structure has the advantage thatdh® thickness can be designed to be exactly as
thick as is required to obtain the desired fluxgignin the steelH;). Because of this, the only
wasted volume in the rotor plate is the center djsko the stator inner radius so that the fraction
of rotor volume that remains unused is sim@lf. If we assume that the axial flux machine is
designed with a split ratio in the “usual” optimuange, then the fraction of rotor volume wasted

is between 33% and 42% of the total rotor volume.

It should be apparent that the ratio of flux degniitthe airgap to that in the rotor backiron ie th
inverse of the ratio of the respective cross-saatiareas carrying the flux. Note that only hdlf o
the flux lines crossing the airgap and enteringah pass through a cross section of the rotor

back-iron (Fig. 3.6-b). For the radial flux strui, this ratio can be expressed as

Bu_ 2l 6 by
B, <B_m> (ZnaSRro) L Ommasgr, (3.16)
[ p a
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where the airgap length has been neglected. Etg)(8an be used to calculdtefor a given
machine size, pole count and flux density ratioyéeer, unlike the axial flux design, the rotor
thickness in a radial flux machine cannot be adpisd exactly match this quantity. The fraction
of rotor volume that is wasted.{;) can then be determined by

2
_ m(@sgty = b = 1)la _ < _ masTy,  Om Bm) (3.17)

o) = — T
rad nt(asgry — lm)?lg p(asgty — i) ep B,

In order to quantify the rotor volume that is walste various radial flux machine designs, we

make assumptions about some of the parametersruégd?):

The airgap thickness is fixedlgt= 1 mm.
The desired magnetic loading is fixedBat= 0.8 T.
The magnets used in the design have a remnantdéogity ofB, = 1 T. (Note: This is
less than that of sintered NdFeB (N35) which hBve 1.23 T.)
4. The ratio of magnet pole arc to pole pitch is fietd,/d, = 0.9.

From assumptions 1-3 above, (3.1) can be useddualate a necessary magnet thicknesk, of

4 mm. Fig. 3.7-a shows a plotdfy as a function of pole count and machine rotorus¢isy o)

at a fixed flux density ratio d@,/B; = 0.5 while Fig. 3.7-b shows,4 as a function of flux density

ratio and machine rotor radius for a fixed polerdaaf p = 8. This shows that for machines with
pole counts greater than six, the axial flux stritetwill always exhibit higher rotor volume
utilization than that of a radial flux machine fomy machine size.

Wasted Percentage of Total Rotor Volume as a Function of Rotor Radius and Pale Count
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Wasted Percentage of Total Rotor Volume as a Function of Rotor Radius and Flux Density Ratio
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Fig. 3.7. Plot showing the percentage of back-iron voldha remains unused electromagnetically for a
radial flux rotor.

3.3.3 Torque Production

In this section, it is shown that the single-sidgedal flux machine typically requires a lower
airgap surface area for a given torque specifinadiod (average) shear stress design point than a
traditional radial flux machine. For the axialX¥lgeometry, (3.8) and (3.10) can be combined to

yield the expression for the airgap surface arsa (@nction of split ratio) given by

2T

2/3
> (3.18)
Ogut(1 + asg — ady — adp)

Ag ar = (1l — aSZR) <

For the radial flux structure, the symhgl, is introduced to represent the aspect ratio, twrro

diameter to length ratiai(l,). Then the torque production can be expressed as

3 a.?R
T = 4omnry (3.19)

Qasp

This can be solved for the machine radius and tse@termine the required airgap surface area
as given by
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A _ 4n (Taasp)2/3
A

(3.20)

A torque specification of 100 Nm and an (averadefteomagnetic shear stress design point of
20 kPa were used to illustrate the differencesguired airgap surface areas between the axial
and radial flux machine geometries as shown in Big. The lower area required by the single-
sided axial flux machine compared with all but tm®st disc-like radial flux machines is
significant. The cost of a PM machine is largetymihated by the amount of magnet material
necessary because there is such a large diffeiencest between magnets and other active
materials in the machine. Since the amount of retagraterial in a machine is proportional to the
airgap surface area, a lower area equates to icigi reduction in cost.

Airgap Surface Area Required for 100 Nm at 20 kPa
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Fig. 3.8 Plot showing the required airgap surface arearficaxial flux machine and radial flux machines
with various aspect ratios for a torque requirenéritO0 Nm and a shear stress design point of 20 kP

3.4 Details of Constant Electric and Magnetic Loadig in

Axial Flux and Radial Flux Machines
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3.4.1 Magnetic Loading

One might initially expect that the cost of magadtading in axial and radial flux structures
would be the same per unit area, but as will beudised subsequently, this is not necessarily the
case. Firstly, at this stage of axial flux teclogyl development, it is common to use larger
airgaps than are possible in a radial flux machifiéis would then imply a higher cost for a
given magnetic loading owing to the need for thickeagnets (Eqg. 3.1). The reality is that the
differences are much smaller than one might imagind sometimes nonexistent due to the
shaping of magnets required for surface mounted féMa radial flux machine. The necessary
curved surfaces of the magnets are invariably gtoimnshape from a pre-sintered block of
material and he cost of such magnets includes #sted material. Thus, premiums on cost of

the order of 30% are to be expected.

A second problem is the magnet retention mechamisoessary in a radial flux structure has
which has several negative impacts on magneticingadlt is common to add a glass fiber or
Kevlar “bandage” around the rotor which then addoshe effective airgap from a magnetic
perspective; in this way, the radial flux machinaynhave a larger effective airgap than an axial
flux machine.

A common solution to reduce the cost of the cunvedjnet piece in a radial flux machine is to

shallowly embed the magnets in pockets in the rattowing the use of flat magnet pieces. This
embedding of the magnets introduces its own regsigns on cost of magnetic loading because
it provides flux shorting paths which can reduce dfffective flux of the magnet by a factor of up

to 20%. Furthermore, attempting to reduce the flharting effect must be carefully balanced

against a reduced burst strength capability in-speed conditions. A final consideration for this

rotor assembly is that the manufacturing procegslwed can be quite challenging and ultimately

add to the cost.

Thus qualitatively, we may conclude that the céstsnagnetic loading are similar in both axial
and radial flux machine structures. However, weehaot been able to derive a generalized,

workable analytic relationship so each case shioelldonsidered independently.

3.4.2 Electric Loading

The physical amount of copper contained in a slaiearly the same for a given current density,
fill factor and electric loading. Differences thappear in the end-winding wastage. However,
most new machines are constructed with non-oveeldppindings so the effect is less apparent
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than when a traditional distributed winding schasased. We therefore assume that there is no
significant difference in the copper cost per anéa for a given electric loading.

The stator steel is a different matter. The amadiiton necessary firstly to provide the teeth to
enclose and support the copper and secondly taderdle yoke, can be computed as an area per
unit length of circumference of the airgap in ai@hflux machine and of the average radius in an
axial flux machine. Note that these are the sangths used in the definition for electric loading
for the radial and axial flux geometries respedyivel his area per length then represents the steel
volume per unit stack length in a radial flux mahiand per unit length of the radial stator
thickness in a single-sided axial flux machine.

Unlike an axial flux machine, the slots in a radlak machine fan out and so the width (in a
circumferential direction) is a function of radiu$f we consider a 2D cross-section of a radial
flux machine, the total surface area allotted tussliA;) per unit airgap circumference can be
written as
Asrr (1 B 99_?%) i ((Ti * lS’RF)Z B Tiz) (3.21)
2mr; 27y

where again, the airgap thickness is neglectenhil&ly for the axial flux structure, the total slo
cross-sectional area per unit circumferential Ieragtthe average radius is given by

AS AF 9m Bm
A (-2 )y 3.22
2T, ( 6, B, ) 4" (322)

In order to constrain the copper cost to be theestoma given electric loading in each machine
geometry, we equate (3.21) and (3.22) to obtaiguadratic equation ihhge Taking only the
positive root, an expression flQikrcan is determined as a function of- to be

/ 21
lore =1i | =1+ 1+;—'AF (3.23)
i
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The yoke thickness,, which is assumed to be constant from the bottbthe stator slot to the
outer radius in the radial flux geometry or thelbatthe stator in the axial flux structure, can be
determined using the same logic as was used iioBe8t3.2 to ascertain the necessary rotor
thickness. The expression for the axial flux maetis

_ My O B
Y Ny 6, B,

(3.24)

and the radial flux geometrical calculations regulthe same equation with, replaced wittr;.
We make the simplifying assumption tgt=r;.

Given these, the surface area of the annulus neémtethe radial flux machine per unit
circumferential length, ignoring the scrap cut dat slots can be readily computed from
knowledge oflsge andl,. The axial case is similarly simple. For compigeapurposes, Fig. 3.9
shows, forr; = 50 mm and a range of axial slot lengths frorn 3@ mm, the fractional increase in
steel required for constant electric loading iradial flux machine when compared to an axial
flux machine.

Fractional Increase in Steel for a RF Machine in comparison with an AF Machine
1.135 T T T T T

1125

112

Fractional Increase in Steel

1105

1
5 10 15 20 25 30
AF slot length, I_ ¢

Fig. 3.9 The fractional increase in steel, in a RF maghkihen compared with an AF machine, necessary
to provide the same electric loading. The resslisvn are for; = 50 mm,Ns = 9 ands aris allowed to
vary.



43

3.5 Auxiliary Issues

The observation presented in the introduction mdiggrthe relative uptake of the single-sided
axial flux PM machine both in academia and indugdryevealing. There is a range of issues,
some of which are reputed to rule out the axiat tructure as a viable solution and others of
which are claimed to be significant advantages.c@ifrse some of these issues have more basis

in scientific fact than others and the purposenhisf $ection is to introduce a sampling of these.

1. Axial Attractive Force

This is high in single-sided axial flux machinesias usually a surprise to most people
when they first encounter it which leads to consertHowever, standard deep-groove
ball bearings do have quite a high axial load tatimd careful design and testing has
shown that standard ball bearings, when corresidwand sized, are entirely adequate in
a well-designed machine. In fact, it is commoncpca to add axial loads to radial flux
machines using wave washers in order to reducengeaoise during operation. Fasco
Australia has recently taken out a patent for ehoebf reversing the usual wave washer
thrust on one of the machine bearings with the geepf reducing the net magnetic force
(Langford, 2010).

2. Stator Construction

Prototypes and small production quantities of @rgitled axial flux machines are
invariably produced by the expensive process dingilor spark eroding slots in a tape-
wound toroid. However, mechanically controlled figh and wind” machines abound in
the patent literature and a lesser number of sefidesiachines have been in operation
for many years. Fasco Australia has developedm@enoally controlled machine with a
single punch and die that produces stators attardaitg with low cost (Patterson, 2010).
The advantages of the method are that the sloestap be easily changed and the only
steel wasted in the process is that cut out forstbes. Such a stator production method
should be rigorously compared to the very expenprogressive die machines used for
large-scale radial flux machine stator laminatiooduction.

3. Stator Coils
With the assumption that the machine design is duitie open stator slots and a non-
overlapped winding scheme in which a coil spanisglestooth, the coils in an axial flux
machine are planar (regardless of whether the madhisingle- or double-sided). Thus

they are very easy to wind and place and the useabéingular section copper for high
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performance machines is comparatively simpler whempared with the process of
winding coils for radial flux machines.

Airgap Maintenance

The axial flux geometry does not lend itself well the small airgaps traditionally
required in machines, prior to common use of raaghemagnet materials for field
generation. However, the discussion presentetisnpaper is regarding PM machines
which allow the machine designer to impose a laajagap while still achieving good
performance. That said, the efforts of practicemgiineers in the process of continuous
improvement is a remarkable thing and we are théinding ways to gradually refine
our airgap tolerances and reduce the airgap length.

Magnet Retention

This is a substantial positive attribute of theahfiux geometry, either single- or double-
sided, where a simple lip on the rotor can managgnat retention with no practical
speed limitation. Additionally, the magnet retentmechanism on an axial flux machine
is external to the main flux paths so as not terfete with operational characteristics.
Heat Paths

In many applications, it is relatively easy to allthe rotor of a single-sided axial flux
PM machine to enjoy very poor heat paths from ttmgry source of heat in the stator
even for an air-cooled machine. This protectshbat-sensitive rare earth permanent
magnets and allows for a lower heat specification the magnet material, thereby
mitigating some costs. Furthermore, the flat backthe stator may be arranged to have

excellent heat paths to its mounting surface.
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Chapter 4

Design of the Integrated Starter-
Alternator

The fact that the application for this machinensirgegrated starter-alternator (ISA) for a series
hybrid electric vehicle (HEV) greatly simplifiesetdesign process because the machine can be
optimally designed around a single torque-speedatipg point instead of over a range of values.
This machine will operate predominantly in genexgtmode, but it must also be capable of
motoring operation to supply the required startimgjue of the internal combustion engine (ICE)
up to a given speed. So generally speaking, tlégulechallenge inherent to this type of
application is that the torque requirement of thechine during motoring is often much larger
than the nominal operating torque when the macisine generation mode. In this chapter, the
performance criteria for the machine are quantifiaded on characterization of both the ICE and
the energy storage system of the vehicle and aaftdbunt of the design process is detailed,

including justification of all design choices.

4.1 Specification of the Performance Criteria

An investigation of the relevant characteristicshaf vehicle’'s energy storage system and the ICE

chosen for this application will now be presentethe goal is to determine the torque-speed
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operating point and any electrical characteristicsund which the integrated starter-alternator
should be designed.

4.1.1 The Internal Combustion Engine

The primary advantage of a series-HEV in comparisoa parallel-HEV is the disconnection of
the ICE from the driveline of the vehicle. Thistramly permits the utilization of a smaller
capacity ICE, but also ensures that the operatimglitions of the engine are independent of the
driving demands on the vehicle. The objectivehef IiCE testing procedure is to specify a single
torque-speed operating point of the engine thatesponds to its maximum fuel efficiency since
it is assumed that the engine will be run onlyhég bperating point or not at all. The design of

the ISA will then be based around this particubeqtie-speed condition.

The model of engine chosen for this project is ad#oGX390 engine with datasheet parameters
as listed below in Fig. 4.1. The primary chardstis of interest are the maximum output power
of 8.7 kW and peak torque output of 26.4 Nm, althoughatial output of the engine depends
on a number of factors including the operating dpet the engine (Fig. 4.1). In order to
determine the peak fuel efficiency of the engineneasure of brake specific fuel consumption
(BSFC), defined as the ratio of the rate of fuelsmomption to shaft output power, is taken at a
variety of loads and engine speeds as shown iEtg. The testing of the ICE was performed at

the University of Nebraska Tractor Test Laboratasing a SuperFlow engine dynamometer

setup.
[N-m} NET TORQUE ( Ibf-ft)
Specification Description ” 19
Engine type 4-stroke, overhead valve, single cgind ;; | /\ :q
Dimensions (L x W x H) 407 x 459 x 449 mm 2;1;‘\-;. NET POWER iﬁp:m
Dry weight 31.5kg ’ 12
Peak power 8.7 kW(at 3600 rpm) 8 i
Peak torque 26.4 Nm (at 2500 rpm) 7 °
Displacement 389 cin . 8]
Bore x Stroke 88 x 64 mm . 7
Compression Ratio 82:1 &
Lubrication system Splash ’ ik Lo ?
3 4

2000 2500 3000 3500
ENGINE SPEED (rpm)

Fig. 4.1. Datasheet specifications for the Honda GX390 engine
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BSFC Measurements for the ICE
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Fig. 4.2.BSFC map of the ICE for a range of torque-speestaijng points. Note that peak fuel efficiency
of the ICE is indicated by minimum BSFC.

From these measurements, it can be seen that gheflel efficiency (low BSFC) operating
points are clustered around engine speeds betwi$hahd 2800 rpm for torque outputs ranging
from 22.5 to 23.5 Nm. The irregularity in the sdenpoints shown in Fig. 4.2 is indicative of the
difficulties encountered in stabilizing the ICEasingle operating point for any length of time.
Further testing in order to corroborate the ressliswn was unable to be performed due to
limitations in access to the appropriate facilitid®egardless of these issues, it is determindd tha
the generation mode design parameters of the atedrstarter-alternator (ISA) will be based
around the nominal operating point of 23 Nm at 28@®, corresponding to a power output of
6.7 kW.

4.1.2 Electrical Requirements

The ISA will be interfaced to the energy storagstem of the vehicle via a three-phase converter
that allows bidirectional power flow, thereby perfong inverter functions during motoring

mode and rectification for generation mode operafsee Fig. 1.1). The design of this converter
block is beyond the scope of this dissertation; dwmv, for machine design purposes, it is
assumed that it consists of a three-phase refitifierter on the machine side coupled with a DC-

DC converter on the battery side as shown in Fig. 4n order to not only keep the components
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of the converter small but also to minimize lossethe converter, it is desirable for the rectified
voltage output of the generator to be roughly etm#the desired battery bus voltage. The battery
bank for the vehicle consists of 64 cells, eacla aominal voltage of 3.7 V (peak of 4.2V),
connected in series to give a nominal bus voltd@36.8 V. The RMS value of the output of the
six-pulse rectifier is equal to 1.655 times thekpgalue of the phase voltage. Therefore the
machine will be designed to have a per-phase pegdubvoltage of approximately 148at the
nominal speed of 280@m, corresponding to a per-phase machine consaft488 V).

W (rad/s).

T‘p
I_

-
A
)

Battery L+ M
| E+

E_

Fig. 4.3. Block diagram of the power electronics system cating the ISA with the battery bank.

4.2 Stator Design

The machine geometry chosen for this applicatiamsmgle-sided AF PM machine, as discussed

previously, so this section will include detailoabthe single stator.

4.2.1 Machine Sizing

In sizing this particular machine, we work arouhd torque specification discussed in section 4.1
where all dimensions of the machine are essentiedly. Eq. (3.10) gives the expression for
torque in an AF machine as a function of outerusadind split ratiodsp. The concept of
optimal split ratio for AF machines, as discussedection 3.3.1, is a topic of current research.
In order to illustrate what happens to the machiesign with variation of the split ratio, we begin
by specifying a nominal torque of between 22.8 2B&@ Nm and then compute combinations of
inner and outer radii, using (3.10) withy = 15 kPa. The following constraints are imposed o

all the designs being analyzed.

1. Equal electric4) and magneticHy,) loadings.
2. Equal current densities (J).
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Equal peak steel flux densit].

Equal magnet pole arc to pole pitch ratiGgd,).

Fixed number of slots per meter as at the averagghime radius (Q).
Fixed number of poles per meter at the average imacadius (P).

N g M

Equal airgap thicknes§) and magnet remnant flux densiB)

Three metrics of comparison were used to evallegedesigns: (1) specific torque (Nm/kg) or
torque per unit mass of active materials, (2) terdansity (Nm/rf) or torque per unit volume of
the total package, including the added volume tiegsufrom the winding end-turns and (3) cost
per unit torque ($/Nm) of the active materials.eMindings are assumed to be of the DL NOW
variety. Fig. 4.4 shows the specific torque argjue density as a function of split ratio for the
parameter values as listed in Table 4.1, whilecib®t trend for the designs is indicated in Fig.
4.5. Machines with split ratio values less thapragimatelyosg = 0.45 are not included in the
analysis because the slot width necessary to nmiBtgB; = 0.5 resulted in a tooth width that
was at or below zero at the inner machine radibigy. 4.6 does show the continuation of the
specific torque and torque density trends for gglibs between 0.2 and 1 by increasBB; to

0.9 (indicating a lower design point for the flugrgity level in the steel). In reality however,
there does exist a minimum value for the inner rimechadius as it is necessary to accommodate
the inner winding end-turns as well as the rotaftsh The details of the calculations used in

deriving these results can be found in Appendix A.

From these trends, it is obvious that the torguesithe and specific torque cannot generally be
maximized simultaneously, so selection of the oatiraplit ratio depends on the relative
importance of these two concepts. The dollar tesid indicates an optimal split ratio closer to
asr= 1. This is because the cost of magnet mat@MidFeB is considered here) is much higher
than that for the steel and copper, so the minintotal cost for the machine occurs for the
designs with the lowest airgap surface areas. ré&laive cost function for this application is
someone arbitrary, so a split ratio targetegt = 0.6 was selected. The machine sizing was
completed for a shear stress of 15 kPa and alhpettparameters as listed in Table 4.1, resulting

in machine dimensions of = 98 mm and; = 58 mm.
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TABLE 4.1 Parameter Values Used to Evaluate Machine DesighsVarying Split Ratio

Parameter Value Parameter Value
0l 6; 0.75 Q(mh 60
Bm (T) 0.8 P (m? 40
B./B 0.5 B, (T) 1.0
J (A/m?) 2.0x 16 Iy (M) 0.001

Specific Torque and Torque Density for AF Machines
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Fig. 4.4 Torque density and specific torque as a functiospbt ratio in AF machines with parameter
values as given in Table 1.
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Fig. 4.5 Cost per unit torque as a function of split ratidAF machines with parameter values as given in
Table 1.
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Specific Torque and Torque Density for AF Machines
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Fig. 4.6 Torque density and specific torque as a functiospbt ratio in AF machines with parameter
values as given in Table 1 except that Hg#, = 0.9.

4.2.2 Selection of Slot and Pole Counts

As discussed previously, this winding configurat@osen for this machine will be of the NOW

variety. The particular slot and pole counts gelédor this application have impacts on several
aspects of the machine performance and so impateas of consideration are: (1) rotor losses,
(2) main harmonic winding factors and (3) practicahcerns such as physical construction and
electrical frequency limitations. It is importantnote that the machine to be constructed for this
application is intended as a proof-of-concept amdlesign choices that are described here may

differ in a setting where many thousands of machimél be produced on an assembly line.

It is assumed that a high-performance sinusoideé dvill be used to control this machine and as
such, even with state-of-the-art power electron@shniques, there is an upper limit to the
frequency that can be achieved by the drive. Tdmimal speed of this machine is 2800 rpm
(section 4.1.1); however, it is only necessarytfe drive to supply the machine in motoring
mode, in order to start the ICE, up to a much logged. The drive accessible in this laboratory
is a 20-HP DURApulse (model GS3-2020), which hasaaimum frequency for sinusoidal drive
of 400 Hz. If we take a conservative design apgmpand assume that the drive must supply the
machine up to a base speed of 2000 rpm, the pailet or this application is then limited to 24
poles. It is advantageous, in terms of rotor desigd end-winding management to select a high
pole count, so only machines wiph= 20, 22 or 24 were seriously considered for imaatation.

According to (Cros 2002), a NOW configuration fothaee-phase machine is possible when the
constraint
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Ny
3+ GCD{N, p/z}

= integer (4.1)

is adhered to. Table 4.2 shows the slot and polebtations that are feasible for this

application.

TABLE 4.2 Slot and Pole Combinations Considered for the D®&ign

Poles ) Slots (Ns)
24 45,36, 27,18
45,42, 39,36, 33,3C, 27,24,
22 21,18 15,12
45,42, 39,3€, 33, 27,24, 21,
20 18, 15,12

It was decided that two prototype machines woulcctestructed with the same slot and pole
count, but one should have a DL winding and themn#SL winding. In this way, it is possible
to investigate the differences in machine perforreapetween the two schemes. In order for a
SL winding to be possible, two conditions must ket (Bianchi, 2007):

1. N must be even, AND

2. EitherGCD{N,,p/2} must be even o= must be even.
GCD{Ns,p/2}

The machines with slot numbers that lend themsdlyes SL NOW are indicated in Table 4.2,
highlighted in red. The winding factors for theim&orque-producing) harmonic for each slot-
pole combination are calculated as in (Bianchi,722Qihd are shown in Table 4.3, below. Note
that the winding factor for a SL winding is alwagseater than or equal to that of its DL
counterpart (Bianchi, 2007). The highest windiagtérs occur for machines with slot counts of

24 or 42 corresponding to either 22 or 20 poles.

In terms of rotor losses for NOW machines, it watednined by Bianchi et al. (2010) that local
minima occur for the relatioNy/p = 1.5 for both SL and DL schemes, in additiomN{e= p for SL
machines antly/p = 2.5 for the DL case. The 24 slot, 22 pole coratiam comes closest to the

minimum for the SL winding, so that is the slot-g@abmbination selected for this application.
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TABLE 4.3 Winding Factors of the Main Harmonic for VariougtaPole Combinations

Ns
42 36 30 24 18 12
p
24 - 0.86¢ - - 0.86¢ -
0.902 SlI 0.657SL 0.259 SlI
22 0.953 0.875 0.902
0.899 DL 0.949 DL 0.250 DL
0.966 Sl
20 0.953 0.946 - 0.946 0.250
0.933 DL

4.2.3 Slot and Winding Design

The necessary widtlw) and depthl{) of the stator slots can be determined by (3.8) @17)
respectively, with the following parameter values:

1. The magnet pole arc to pole pitch ratio is assutodeed,/6, = 1. The actual value of
this is designed as described in section 4.3.

2. The ratio of magnetic loading to steel flux densiti./B; = 0.64. The magnetic loading
is 0.8 T and the target steel flux density is covetive at 1.25 T in order to better
manage the stator core losses.

3. The electric loading at the average radiuddss 18,750 A/m. This comes from (3.3)
with a shear stress of 15 kPa and a magnetic Igaufif.8 T, where the coefficient, k, is
unity to obtain the minimum electric loading.

4. The current density i3= 1.8 x 16 A/m?% This comes from a standard current density of
4.5 A/mnt and taking into account a 40% copper fill-faciué to hand-winding).

The calculations result ws; = 8 mm ands = 29 mm. However, due to several factors, inclgdi
an attempt to relieve eddy-current loss in the eopgindings, the actual slot depth is set at 35

mm so that the windings can be set back somewtey &#om the magnets.

The stator yoke thickness that is required fortedaecagnetic purposes can be determined from

the same logic that the rotor thickness is caledlaas

_ Om Bin 14y

y _Q_pB_t D (4.2)
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For this design, the resulting yoke thicknes$, is 7 mm. The stator yoke has the secondary
functionality of providing mechanical stiffnessttee machine, so this value was increaselq to
10 mm in the actual design.

The single-sided AF machine was modeled in 2D FiBAware as described previously in
section 2.1. In order to determine the numbeugig per winding that is required to obtain the
aforementioned per-phase machine constant of 0/488/(rad/s), it is necessary to look at the
back EMF waveform of a single phase. In orderdcsd, we simply apply a DC current in one
phase winding (with the other phases set to zemeict) and obtain the resulting torque output as
the rotor is rotated over at least a full poledpitcThis is obviously a torque waveform, not a
voltage waveform; however it does contain the imfation of interest regarding the machine
constant. The resulting torque waveform for tlssbt/22-pole machine, with a DC current in a
single phase, for a rotor rotation over exactly pake pitch is shown in Fig. 4.7 for both the DL
and SL cases. The peak torque output for the Ripsoximately 7.1 Nm with 100 A-DC and so
a machine constant for a single turn is calculate®.047 Nm/A (or equivalently V/(rad/s)). So
in order to achieve 0.488 V/(rad/s), it is necegsainclude approximately 10 turns per coil. As
expected for the SL winding, the same peak torquipud, but with 300 A-DC, suggests a
requirement of 20 turns per coil; the SL winding havice as many turns per coil, but half as

many coils so that the number of turns per phasgusl to the DL case.

Torque in Single Phase for DC Current Torque in a Single Phase for DC Current
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8 Rotor Position (fraction of pole-pitch) * Rotor Position (fraction of pole-pitch)
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Fig. 4.7 Torque waveform resulting when a single phaseiied with 100 A (DC) and the rotor is rotated
over a single pole pitch. Currents in the two riring phases are maintained at zero. The DL windin
output is shown in (a) and that of the SL windisgnidicated in (b).

With an axial slot depth df = 35 mm and a slot width @f; = 8 mm, and taking into account the
40% fill factor, this gives a total copper fill @ef 112 mrhor 5.6 mm per turn for both the SL
and DL windings. This corresponds to round coppiee with a diameter of 2.7 mm (or size 10
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AWG wire), which was deemed too heavy to work witrhand. Instead, the windings were
completed with 4 strands of size 16 AWG (diametet.@9 mm) in-hand. 2D FEA was used
again in order to determine the current requireth&intain a full-load average torque output of
23 Nm. The torque curves in Fig. 4.8 are shownaftotal slot current of 445 Arms to get an
average torque of 22.9 Nm for both winding schemé&te that the machine with the DL

winding requires a slightly larger slot current 84Arms) to obtain the same torque output,
resulting from the lower winding factor as showrTable 4.3. With 20 turns per slot, this gives a
per-phase RMS current of 22.3 A; since each tugoisstructed with 4 strands of 16 AWG, the
per-strand current density is ~4.3 A/f@ymwhich is very conservative for a machine of thize

with no forced cooling.

Full-Load Torque for SL Winding bas Full-Load Torque for DL Winding
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Fig. 4.8 Full-load torque waveforms obtained via 2D FEA (a)y the SL winding and (b) the DL case.

4.3 Rotor Design

The purpose of this section is to detail the desigthe rotor backiron in addition to the magnet
dimensions. The rotor thickness required for eteoaignetic purposes, as discussed in section

3.3.2, is given by the equation

_ Mgy U1 By
T p Hp B

(4.3)

where in this design, there are 22 poles and becthes rotor iron does not see the full flux
reversals that the stator iron sees, the allowstielel flux density is increasedBp= 1.6 T. The
calculation results in a necessary rotor thickrfds.6 mm, although this was rounded up to an
even 6 mm for production. The necessary magneiribis is determined from (3.1) tolhe= 4

mm, with a desired magnetic loadingB = 0.8 T, a nominal airgap thicknesslpf 1 mm and
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a remanent flux density @&, = 1 T. Actually, sintered NdFeB (N35) magnetsjclithaveB, =
1.23 T will be used in this machine, however thedp flux density was used to obtain a
conservative design in the event that the magnatitguis not as expected. In the physical
structure of the machine, it is possible to adjhstairgap if necessary. Fig. 4.9 shows the 2D

FEA verification of the no-load flux densities aehed in the machine.

B[T] - hd b =

N 1.5000e+000

1.3500e4000
1.2000e+000
1.0500e4000

o = '
9.0000e-001 |
- 7.5000e-001
6.0000e-001
4.5000e-001
- 3.0000e-001
- 1.5000e-001
- 0.0000e+000

A - - -
Fig. 4.9 2D FEA calculation of the no-load flux densitiehigved in the machine for the described design.

As an additional requirement, the magnet thicknessst be designed so as to resist
demagnetization when the machine is operating aimman load. It was not possible to measure
the necessary cranking torque for the ICE usedim dpplication, however, an assumption is
made that four times the rated torque is requivestdrt the engine. Fig. 4.10-a shows the magnet
flux for full load operation for the machine wittoth SL and DL windings, while Figs. 4.10-b
and 4.10-c show the same information for operadioP00% and 370% rated torque respectively.
From this, we see that flux reversal in the magdets not occur because the flux density in the
magnets is not forced below 0.3 T. Thus, the miatimekness of,, = 4 mm is sufficient to resist

demagnetization even in overload conditions.
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Fig. 4.10 2D FEA flux plots of the designed machine for (@ed load, (b) 200% rated load and (c) 370%
rated load for two different time instants at ebwading. The flux density in the magnets is nathmd
below 0.3 T even under overload conditions.
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A machine designed with NOW inherently presertsager cogging torque in comparison with a
machine with a traditional winding scheme (Aydi®02). This happens because the cogging
component associated with an individual magneutsob phase with those of the other magnets
and thus the cogging torque of the machine is mdiwtue to the partial cancellation of the
individual components. However, it is possible totlier reduce the cogging torque without
compromising machine performance by adjusting tiagmat pole arc width. This technique is
commonly used in the design of RF PM machines aretjually applicable to AF PM machines
(Caricchi, 2004). Cogging torgue is not particiyl@mportant in this application, but the exercise
of designing the magnet pole arc so as to minirtiezecogging torque is done regardless, as a

“good” practice.

The 2-D transient simulation is run (as descrilvegection 2.1) for magnet pole arég)(varying
between 65% and 90% of the pole-pitéh),(with cogging torque outputs as shown in Fig14.1
The motion is set at a speed of approximately &-pitch per second in order to prevent bias in
the results due to so-called “spinning losseshamachine. Note that the expected 12 periods of
cogging torque is indistinguishable in the wavefershown due to the “noise” resulting from the
FEA calculations. All of these plots show low coggtorque values, as is expected with NOW,
but the important detail to notice is the initigrid of the torque waveforms. We can see that the
waveform foré,, = 0.69), is negative for the initial rotor position; but @rmthe magnet pole arc
to pole-pitch ratio is increased to 70%, the torqiaeform becomes positive for the same initial
rotor position. This means that there must be gnapole arc value between 65% and 70% of
the pole-pitch that nulls the cogging torque. Veée she same trend happen for magnet arcs
between 80% and 85% of the pole-pitch. Since mm&chierformance is better with the larger
magnet pole arc, the latter range was investigatete closely. Fig. 4.12 indicates that the
cogging torque is minimized for a magnet pole arpale-pitch ratio of approximately 0.81 and
thus the magnets are designed to aye 13.25.
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Chapter 5

Summary and Continuing Work

In this thesis, the design of an electric machm@drform as both a starter and alternator in a
series hybrid electric vehicle has been detail@the focus of the work is on practical design
aspects specific to single-sided axial flux pernmanmagnet machines with non-overlapped
windings. First, a characterization of the rotosdes in these machine types was presented
through experimental validation of finite elememiabsis estimates. The approaches taken to
model the axial flux geometry, especially in twaordinsions, were detailed, and the difficult issue
of validating the finite element analysis estimatgéth experimental data was addressed with a
prototype 24-slot, 20-pole single-sided machinteditwith single-layer non-overlapped windings.
Next, the comparative advantages and disadvantdghe single-sided axial flux geometry were
explored within the context of surface mount peremmmagnet machines. New material was
offered to highlight the benefits of the singleesidaxial flux geometry and the constraints and
assumptions made when making the comparisons vigcasged in detail, including a study of
the biases these can introduce. The basis of aisopavas founded on constant electromagnetic
airgap shear stress, being the product of eleatritmagnetic loading, and indeed the constancy
of both those factors. The metrics used for comparwere the mass of the active materials and
the volume essential to house said materials. nyaaf lesser issues that are relevant when
choosing a machine structure were presented andsdisd. Finally, the performance criteria for
the integrated starter-alternator was quantifiedetdaon characterization of the internal
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combustion engine and the energy storage systaheofehicle and a full account of the design

process was detailed, including justification dfdasign choices.

The present laboratory facilities and availableigapent at the author’s institution allow electric
machine and drive testing for only very low poweaahines (1 kW or less). However, a new
laboratory space is currently being renovated amdighed with the intention of providing a
platform for the testing of larger machines. THeme it is possible for the work presented in this
thesis to continue with future students. The psepof this section is then to identify the up-to-
date status of the project and outline the proasiand equipment necessary for completion of

the prototype machine construction and testing.

Fabrication of the two aforementioned 7-kW protetymachines for the integrated starter-
alternator has commenced. Fig. 5.1 shows the emddsed machines to illustrate the status of
the process to date. Both stators have been fobyedilling slots (as specified in Chapter 4) out
of a tape-wound toroid of grade M12 silicon ste€nce the milling process was complete, the
stators were soaked in a 50% phosphoric acid solufisPQO,) in order improve isolation
between the laminations that were shorted as dt resthe machining. The stator coils have
been formed by winding four strands of 16 AWG cappére in-hand around an aluminum
bobbin in the shape of a tooth and placed in tawisby hand for both the single- and double-
layer configurations. The solder connections far $ingle-layer machine have been completed,
but those of the double-layer machine are currdsgipng made. The mechanical structure of the
rotor assemblies has been finalized and the mamhfioir said pieces is complete. All materials
necessary for magnet installation have been aatjuineugh the magnet-gluing process has not
yet begun. Finally, the frames that will housesthéwo prototype machines have been designed
and constructed.

In order to complete the fabrication, the followistgps should be undertaken:

Finish making the solder connections for the doddner machine.

2. Insert thermocouples into select windings on ba#toss so that the temperature of the
coils can be monitored during testing.

3. Take the stators to be potted in resin and haventimguholes tapped through the yokes.
Additionally, spaces for three Hall-effect senssisuld be machined into the top of the
stator teeth.

4. Glue the magnets onto the rotor plates and in$talHall-effect sensors.
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5. Assemble the active components of the machinesraemuoht to the frames.

It is estimated that this process would be comgléteone month’s time for a student working

part-time if no significant issues are encountered.
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Fig. 5.1 Photographs of the machine assemblies to illuestra fabrication process to-date. In (a) the
rotor plates with shafts are shown along with tia¢os back-pieces with bearing insets, (b) shows th

wound single- and double-layer stators and the muatwnting frames are shown in (c).

Before testing of the prototype machines can conoeiesome laboratory equipment should be
purchased (or installed). First and foremostracstrally sound and adjustable platform to affix
the machines to during testing must be manufactudeally this would be fastened directly to
the concrete floor of the lab. Secondly, dSPACEmating resources must be available and
configured in order to interface with the DURAputiéve mentioned in Chapter 4. Finally, large
power supplies should be acquired which have thmaaity to provide the electrical power
necessary to fully test these machines, even unagtoad conditions. It is worth noting that it is
possible to test the machines at rated load bygwsiseries connection of the two 3.3 kW (100 V,

33 A) power supplies that are currently availahléhie laboratory.

The intention of constructing two similar machineshat the machine under test can be run as a
generator by connecting it through an in-line terdransducer to the other prototype machine
which would be operating in motoring mode and ffisieed to the drive electronics. With this
configuration, the following tests should then leefprmed for each machine:

1. Machine constant confirmation. The purpose of th& is simply to verify that the
machine constant is as designed for and that thelimg connections have all been
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made properly. The machine under test is run witHoad connected and the open-
circuit voltages (line-neutral) at the machine tierads are measured. It is not necessary
to use a torque transducer between the two machingsone can be placed there if
required for coupling. A smooth, sinusoidal setloke-phase voltages should be seen
and the machine constant in V/(rad/s) can be catledl using the magnitude and
frequency information from the voltage waveformadfingle phase.

Spinning loss measurement. In this, the machingewunest is run with no load
connected and a small capacity torque transduceidhve used in order to obtain good
precision. The 2D FEA estimation of rotor loss tlialotting is approximately 350 W
at 3000 rpm (~1.2 Nm), so a torque transducer @ith Nm capacity would be ideal.
Speed sensing should be done with either the Hfgttesensors in place or via an
encoder. The mechanical input power to the geoecain then be determined and since
there is no load connected, the entirety of thiwgrais the spinning loss encompassing
power loss due to friction and windage, stator itoss and rotor loss due to stator
slotting. This test should be run for a full speot of speeds ranging up to rated speed.
Core loss measurement. This test should be pegfbon the extra, uncut stator toroid,
as described in Chapter 2 for a range of frequerfoien 60 to 500 Hz. A higher power
amplifier may need to be acquired.

Spinning loss measurement where stator is rephaitbdan uncut toroid. Once the core
loss measurement is completed, the uncut toroididhisave mounting holes tapped
into it to affix it to the machine frame containittge bearing. The “machine” assembly
is then the same as if an actual stator was inepéend the test setup is the same as
previously described for spinning loss testing.e Tlurpose of this measurement is to
isolate the loss due to bearing friction. The &irghould be increased from 1 mm to
1.5 mm by adding shims (that have already been faetwed) between the bearing and
the rotor brace such that the axial load in thaibgds equivalent to that of the actual
machine. The mechanical power input to the “maghiwhich is entirely bearing loss,
can then be measured.

Loaded tests up to rated load. A three-phasetirasi®ad should be connected to the
output of the generator. Two three-phase loadsunently available in the lab: one is
fixed resistance (around 13 per phase rated at approximately 8 kW and theratha
3.3 kW variable resistance load. These would siffo test the machine at a few low
power operating points and a single higher-powéntpaeally another load would be
acquired that is completely variable and ratedratired 10 kW. Speed and torque
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measurements should be taken as before, usingOtiNnRrated torque transducer, in
order to calculate the mechanical power input t® gkenerator. Voltage and current
measurements on two of the phases should be usmdctdate the electrical output of
the generator. These measurements will be usaetéomine the generator efficiency at
a range of operating points and also, in conjuncivith the other aforementioned tests,
to extract particular losses that are of interest.

6. Overload tests. The purpose here is to test tlilgyatf the machine to supply the
starting torque for the engine. It may not be flidsgo carry out these tests until a more
established and larger-scale testing facility islenavailable, however, an overview of
the process will still be given here. Firstly, awgr supply and drive capable of
handling the current (~ 100 Arms per phase) necg$sathe machine to output 400%
rated torque should be purchased and installedcorBdy a higher capacity torque
transducer (rated at 80-100 Nm) should also beiamtjuFinally, it is necessary to have
a mechanical load to absorb the power (i.e. an-eddent brake). In this setup, the
machine under test is run in motoring mode, coratkdirectly to the drive electronics
at the input and to the mechanical load, throughindine torque transducer, at the
output. The ability of the machine to provide tlezessary torque for a very short time

period is assessed and the thermocouples pladkd stator windings are monitored.

In summary, this dissertation provided a full agwoaf the design process for an integrated
starter-alternator for a series hybrid vehicle.stifigation of all design choices was provided
through the investigation of several important atsp@f electric machine design and the final
result was a single-sided AF PM machine with angatbf 6.7 kW at 2800 rpm. The present
laboratory facilities and available equipment & #uthor’s institution allow electric machine and
drive testing for only very low power machines @/ lor less), so testing of a prototype machine
was not possible. However, a new laboratory sipmeerrently being renovated and furnished
with the intention of providing a platform for thesting of larger machines. Therefore it is
intended that the work presented in this thesisdmtinued with future students. To that aim, the
current state of the prototype machine construatias identified the procedure for completion of
construction was given. Additionally, the methaaisl equipment necessary for execution of the

prototype machine testing was provided.
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Appendix A: Split Ratio Calculations
for Axial Flux Machines

The purpose of this appendix is to provide theitbetd the calculations regarding specific torque
and torque density of AF machines as functiongbf satio, the results of which are provided in
section 4.2. The parameters listed in Table 4eladirassumed to be predetermined quantities

used to perform the geometrical calculations idieatihere.

A.1 Specific Torque and Monetary Cost

The specific torque of an AF PM machine is defimasdthe torque per unit mass of the active
materials. To determine this quantity, the totalumes of magnet material, steel and copper

must each be defined in terms of geometrical patermiend design criteria.

The volume of magnet material necessary in eaclgmesn be calculated as in (A.1) whére

the axial thickness of the magnets, is determinaah {A.2).

7]
Vinag = n(roz - riz) e—mlm (A1)
P
B, =B bm A2
m — T'lm + lg ( . )

The volume of steel in the rotor backiron,, is given by (A.3) where the rotor thicknegs,is
designed to exactly match that required for elestrgnetic purposes as discussed in Chapter 3
and given by the expression in (A.4). The numberates ) in the machine is calculated from

the predefined number of poles per meter lengtheaiverage machine radid® @s in (A.5).

Vsr = gl (A.3)

[ =—2-mm (A.4)
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p = 2mry, P (A.5)

The stator geometry is slightly more challengingdtdine as the total volume of steel in the
stator,V; s is dependent upon the slot geometry as showA.8).( We begin the derivation of the
expression for circumferential slot widtivg{ by first defining the magnetic loadin®.) and
maximum steel flux densityB() in terms of the flux per pole{.e) and geometrical quantities as
shown in (A.7) and (A.8). Solving each of thesedg, equating them and rearranging, yields
the expression for slot width shown in (A.9). Thember of slots in the machin&l] is
calculated from the predefined number of slots rpeter length at the average machine radius
(Q) as in (A.10). A discussion regarding determivratiof the axial slot lengthl from
fundamental design criteria is given in Chaptera®hough the equation is provided here in

(A.11) for completeness.

Vss = (ly + ls)ﬂ"(ro2 - Tiz) — lyws (15 — 1) N (A.6)
B = @pole
m =79\ (2, (A7)
(72) (5=) @ =
Bt — @pole
2 N, A.8
(717;]_7‘5(117 - Ws) (o — 1) (f) (A-8)

9m Bm T[(ro + ri)
N = 2m7,,Q (A.10)
A B,
Iy = Te S (A.11)
Bt - g_mBm
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The necessary stator yoke thicknelgs,is based on the same principles governing ther rot
backiron design and is defined in (A.12). Theltstael volume in the machine is then the sum
of the rotor steel\;,) and stator steeV( .

_ My O B
YN, 6, B

(A.12)

The calculations regarding the amount of coppeanmF PM machine are inclusive of details
regarding the specific winding scheme utilizedtampacts the arrangement of the end-turns of
the windings. It is assumed that NOW are usedcaizllations for both SL and DL layouts are
presented here, although in practice, there arg paiticular slot-pole combinations that lend
themselves to a SL winding (Bianchi, 2007). Thergetry of the coils in an AF machine is
shown in Fig. A.1 for both cases. It is appardat there is less copper in each end-turn with a
DL winding; however, there are twice as many cafisare present in the SL case. The curvature
of the machine is neglected in the ensuing caliculatand it is assumed that all of the end-turns,

at both the inner and outer radii of the machimeeha semicircular surface area (Fig. A.1).

The added radial length of the machine due to titeterns in both the inward,() and outward
(Ie,o) directions can be determined by (A.13) for SL §Ad.4) for DL, where the tooth withw,
is calculated at the innew() or outer { ) radius, respectively as in (A.15) and (A.16).

I, = w, + % (A.13)
=2 er ad: (A.14)
Wiy = I;SNSWS (A.15)
Weo = 2o — Nes (A.16)
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() (b)

—r—>
Ws W,

(©) (d)

&)

0.5ws W

Fig. A.1. An AF stator is shown with SL and DL NOW in (a) aft) respectively, while (c) and (d) show
the geometry of the end-windings for the SL anddakes.

The volume of copper that is contained in the stdtthe machine\(c, 9 is as shown in (A.17)
regardless of the winding type, whdfeindicates the slot fill factor. The volume of qap
wasted in the end-turn¥4, ¢ is given by (A.18) for a SL winding and (A.19)fa DL winding.
Note that the termk , andl,; in these two equations should be calculated ajpiattety for the
winding type under consideration. The total volusheopper is then the sumé§, sandVc, e

VCu,s = Wslsff(ro - ri)Ns (A.17)

' 2 Wz./
”(lg,o_Wt'o/él-) T lﬁ,i— ti 4

Vewe 5 + > (%) I.ff (A.18)
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Veue + NI ff (A.19)

The total mass of active material in the machimg)(is then determined by summing the total
volumes of magnet material, steel and copper nligitipy the respective densitigsfres = 7400
kg/m?, psiee = 7800 kg/m andpc, = 8900 kg/ml). The specific torque is calculated by dividing

the torque output of the specific machine desigtheymass of active material.

In order to calculate the monetary cost of eacligdeshe individual masses of magnet material,
steel and copper are multiplied by an estimatet mersmass ($/kg). The specific values used for
the trend shown in Fig. 4.5 are $38/kg for NdFeB58/kg for the steel and $4.40/kg for copper
(as of mid-year in 2009).

A.2 Torque Density

The concept of torque density differs slightly fronat of specific torque not only in the units of
measure, but also in that specific torque takes adcount only the active materials of the
machine while the complete package size is corsideihen defining the torque density. The
total volume of the machine/(.s) is regarded as a cylinder where the diameteudsd the
winding end-turns and the height is the total ajgsgth of the machine as given in (A.20).
Again, the term, ,should be calculated according to whether the macisi fitted with SL or DL
windings. The torque density is calculated bydiivi the torque output of the specific machine
design by the total package volume.

Vpack = ”(ro + le,o)z(ly +l+lg+ L, + lr) (A.20)

A.3 Featured Geometries

Table A.1 details the specific geometries considid¢oe the discussion presented in section 4.2
along with results of the calculations describedhiis appendix, where the parameters listed in
Table 4.1 have the values indicated there andgbenaptions listed in section 4.3 hold true. The
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aforementioned assumptions fix several calculationse constant across all the desigmg:=
10.4167 mmls = 15.0 mm]J, = 3.125 mm|, = 4.6875 mm antj, = 4.0 mm.



TABLE A.1 Calculation Results for Machine Designs Featime®ection 4.3

o Fi e T N, Wi o Wi leo le 0 Ve Vg Vinag Mot Vpack Cost
(mm) | (mm) (Nm) (mm) | (mm) | (mm) | (mm) (mm’) | (mn?) | (mm) | (k) (m°) (%)
190 183 | 0.963| 22.9% 70.31 6.563 5.987 8.490 8.176.874 109852 603390 24608 5.866 .00344 18
191 184 | 0.963| 2294 70.69 6.561 5984 8.489 8.178.124 110441 609386 24740 5919 .00348 18
178 170 | 0.955| 22.86 65.60 6.633 5.867 8.525 8.143.734 106589 543115 26239 5.379 .00304 17
179 171 | 0.955| 23.17 65.97 6.631 5.869 8.524 8.143.984 107202 548812 26389 5.430 .00307 18
169 160 | 0.947| 22.80 62.02 6.706 5.794 8.561 8.108.344 104645 501990 2790y 5.033 .00275 17
161 151 | 0.938| 23.13 5881 6.784 5.716 8.600 8.068.213 102914 467484 29405 4.780 .00251 17
154 143 0.929| 22.83 5598 6.867 5.683 8.642 8.029.323 101465 439058 30791 4.556 .00231 17
155 144 0.939| 23.16 56.36 6.863 5.6837 8.634 8.027.573 102148 444208 30998 4.603 .00234 17
148 136 0.919| 2299 5353 6.9%4 5546 8.685 7.985.693 100370 41624% 32120 4.3¥8 .00215 17
149 137 0.919| 2298 5391 6.949 5561 8.683 7.985%5.943 101076 421279 32346 4.425 .00217 17
144 131 | 0.910| 23.19 51.84 7.038 5.462 8.727 7.939.563 100429 403636 33694 4.292 .00204 18
143 130 | 0.909| 22.81 5146 7.044 5.4p6 8.730 7.034.313 99698| 398695 33449 4.245 .00201 17
139 125 | 0.899| 22.88 49.76 7.134 5.3p6 8.775 7.89B.183 99522| 386124 34834 4.135 .00191 18
135 120 | 0.889| 22.83 48.07 7.230 5.270 8.824 7.842.043 99133| 37353 36050 4.063 .00181 18
132 116 | 0.879| 22.81 46.756 7.325 5.5 8.871 7.796.173 99333| 365666 37398 4.013 .00173 18
131 115 | 0.878| 23.07 46.37 7.334 5.1p6 8.875 7.790.913 98532| 360913 37096 3.97 .00171 18
128 111 0.867| 22.87 45.05 7.435 5.065 8.923 7.[/40.033 98544 | 352962 38298 3914 .00164 18
125 107 0.856| 22.86 43.73 7.543 4.957 8.980 7.68B.152] 98391| 344891 39358 3.837 .00157 18
123 104 0.846| 23.07 42.79 7.645 4.855 9.031 7.638.532] 98945| 341358 40649 3.844 .00152 19
120 100 0.833| 22.86 4147 7.765 4.735 9.091 7.57G.652] 98486| 333009 41469 3.781 .00146 19

28
41
91
04
82
77
77
91
83
98
13
97
21
39
68
51
76
96
30
41

LL



o Fi e T N. Wi o Wi leo le 0 Ve Vg Vinag Mot Vpack Cost
(mm) | (mm) (Nm) (mm) | (mm) | (mm) | (mm) (mmr’) | (mn?) | (mn?) | (kg) | (m°) (%)
118 97 0.822| 23.06 4058 7.878 4.6p2 9.147 7.519.02) 98780 | 329160 42553 3.761 .00141 19
116 94 0.810| 22.81 3958 7.996 4.5p4 9.206 7.460.392p 98957 | 32515% 43542 3.739 .00187 19
113 89 0.788| 22.83 38.08 8.230 4.2/0 9.323 7.B43.382p 99947 | 32130% 45691 3.734 .00131 20
111 86 0.775| 22.86¢ 37.13 8.365 4.185 9.391 7.276.7624 99794 | 31682% 46417y 3.703 .001p7 20
110 84 0.764| 23.06 36.57/ 8.484 4.0016 9.450 7.216.3824 100559| 316841 47539 3.718 .00125 21
107 79 0.738| 22.82 35.06 8.759 3.741 9.888 7.079.372B 100795 311763 49084 3.692 .00119 21
106 77 0.726| 22.8§ 34.4p 8.891 3.6p9 9.654 7.013.002B 101325 311348 5001y 3.7Q0 .00117 21
105 75 0.714) 2290 3398 9.028 342 9.122 6.p44.622p 101785 310797 50894 3.7Q7 .00115 21
104 73 0.702| 22.8§ 33.3p 9.169 3.381 9.193 6.874.242p 102174 310111 51714 3.711 .00113 22
103 71 0.689| 22.83 32.80 9.312 3.185 9.866 6.801.87211 102492| 309289 5247y 3.713 .00111 22
102 68 0.667| 23.13 32.04 9.583 2917 10|00 6.667.36211 104141| 312098 54475 3.764 .00110 23
101 66 0.653| 23.00 3148 9.743 2.767 10{08 6.587.992D 104271 31089% 55088 3.761 .00108 23
100 64 0.640| 22.81 30.91 9.909 2.5P1 10|16 6.504.612D 104330 309557 55644 3.785 .00106 23
100 63 0.630| 23.16 30.72 10.03 2.4B7 10|22 6.442.482D 105614 313048 56841 3.802 .00106 23
99 61 0.616| 2292 60.16 10.21 2.292 10|31 6.854 1120.105555| 311464 57303 3.793 .00104 23
98 58 0.592| 2294 29.40 1082 1.9y6 10/47 6.197 6019.106592| 312962 58811 3.825 .00103 24
97 55 0.567| 22.8§ 28.6b5 10.86 1.645 10|64 6.031 1019.107440| 314048 60168 3.851 .00101 24
97 54 0.557| 23.1Q 2846 11.00 1.504 10/71 5.960 9818.108512| 31704% 6119% 3.892 .00101 25
96 51 0.531| 2291 27704 11.35 1.148 10|88 5.782 4718.109101| 317556 62345 3.909 .00100 25
96 50 0.521| 23.1Q 2752 11.30 0.999 10/96 5.y08 3518.110079| 320332 63297 3.947 .00100 25
95 47 0.495| 22.80 26.7¢ 11.88 0.616 11/15 5.516 841)7.110409| 320269 64239 3.956 .00098 26
95 46 0.484| 2295 26.58 12.04 0.458 1123 5.437 721}.111293| 32282% 65116 3.990 .00099 26

8L
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Appendix B: Background Theory for
Non-Overlapped Windings

The purpose of this appendix is to provide a bnefoduction to the differences between
traditional, full-pitched windings and the recentdgveloped non-overlapped winding (NOW)
schemes, primarily in terms of the harmonic conterthe MMF waveforms (winding function
waveforms). In (2007), Bianchi et al. preparedbmprehensive resource detailing the design of
NOW machines, so the brief treatment here is amfigrimation pertinent to the understanding of
the material in this dissertation. The benefitsN@W are touted in the introduction, but the
drawback of these windings is that the carefullyalieped sinusoidal MMF waveform in a full-
pitched winding is transformed into more of a sguaave with NOW. The impacts of this will
be discussed here. Additionally, there are sowtepslle combinations that can be designed with
a single-layer (SL) NOW, in which a winding is pdgicaround every other tooth, as opposed to a
double-layer (DL) scheme, where there is a coiladoevery tooth, and the differences in the

MMF waveforms with these two layouts will also bekined.

The winding functions for a single phase of botk 2¥-slot/20-pole and the 24-slot/22-pole
machines discussed in this paper for both the $1.Gincases are shown in Fig. B.1. Note that
the total number of turns per phase is equivalertdth the DL and SL cases; that is, the SL

scheme has half the number of coils as the DL ¢ageeach winding has twice as many turns.

Winding Function for a Single Phase of a 24-slot/22-pole Machine with DL NOW

N'la e pord i

MMF (A-turns)
[=}
1

Nla | pord Ve

1 1 1
0 pi/2 pi 3pii2 2pi
Spatial Angle, theta (rad)
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Winding Function for a Single Phase of a 24-slot/22-pole Machine with SL NOW
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Winding Function for a Single Phase of a 24-slot/20-pole Machine with DL NOW
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Winding Function for a Single Phase of a 24-slot/20-pole Machine with SL NOW
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Fig. B.1. Winding functions for a single phase of (a) a 28/2R-pole machine and (b) a 24-slot/20-pole
machine with both SL and DL NOW.

1
3pif2 2pi
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The complete winding functions for these two maehiifboth SL and DL cases) are shown in
Fig. B.2 for an arbitrary time instant. From tfigure, it is obvious that the MMF waveform
resulting from current flow in the windings is faiom sinusoidal and contains many harmonic

components. The main, torque producing harmonie @/2) is included in these plots for

comparison.
Complete Winding Function for a 24-slot/22-pole Machine With DL NOW
I ‘ Ideal winding function
----- IMain torque-producing harmonic
e B e rw\ o
oo, . " N r—" [~—1
P~ Fi [ P
NI A AL i
L ] [ ] | i1 1 1
- [ f I 1 i if! H HE L M I
wr 1 1 il i 1
2 ' ¢! r I o] 713 i HEN ] !
s PR HHIEHRE
e 1 1 1
B I o R e L A fi b by f
- ! vl IR
= f Hk L Ty o Lol (A H i|
= H 1 [ I Y A
} i (B il i 1 V| 1
i 1 44 i|i H 1 il 1
{ R AR AN IR
W N ! L & L b
]
LvJ Yy | — Pt
1 | 1
0 pil2 pi 3*pif2 2pi
Spatial Angle, theta (rad)
Complete Winding Function for a 24-slot/22-pole Machine With SL NOW
I I Ideal winding function
----- Main torgue-producing harmonic
w
=
E
<
w
=
=
1 1 1

0 pif2 pi Fpil2 2pi
Spatial Angle, theta (rad)

(a)



82

Complete Winding Function for a 24-slot/20-pole Machine With DL NOW

I I Ideal winding function
----- Main torque-producing harmonic
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Fig. B.2. Complete winding functions for (a) a 24-slot/22-@atachine and (b) a 24-slot/20-pole machine
with both SL and DL NOW shown at an arbitrary timstant.

Fourier series expansions, onmagriod, of the single-phase winding functions sttewn in Fig.

B.3 to illustrate the harmonic spectrum presertie o primary impacts of these harmonics are
that (1) the winding factor of the main harmonicrésluced in comparison to the full-pitched
winding case and (2) the rotor losses of the machne increased. The latter effect is due to the
fact that the rotor motion locks to that of the mharmonic so that the remaining harmonics

rotate asynchronously with the rotor and causene-tiarying flux waveform in the rotor
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components; obviously these time-varying flux wavefs cause eddy-current losses in the rotor.
Of specific concern are the subharmonics (the alplairmonics with number less than the main
harmonic) because these penetrate more deeplyhatmtor and cause higher losses. It is seen
in Fig. B.3 that the SL windings have subharmomiite higher magnitudes than those of the DL
windings, so the rotor losses are higher with the&es (Bianchi, 2010).

Harmonic Spectrum of the Single-Phase Winding Function fora 24-
slot/22-pole Machine
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Harmonic Spectrum of the Single-Phase Winding Function fora 24-
slot/20-pole Machine
a7
06
Main Harmonic
05
£ 04
£
-
E 0.3 mpL
ES5L
0.z
01 ] i
. ] | I I ' 1
1 3 5 7 9_11 13 15 17 1% 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
Harmonic Number
(b)

Fig. B.3. Fourier series expansions, onmapriod, of the single-phase winding functions (@ya 24-
slot/22-pole machine and (b) a 24-slot/20-pole rireeh
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