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Abstract

This thesis isocused on thenovel modular permanent magnet (PM) machines halumg
gaps (FGs) in alternate stattweth. Three research topics are includgdhe design of muki
phase modular PMnachines, 2) cogging torque and torque ripple reduction methods for

modular PM machine8) the manufacturing toleranoé modular PM machines.

First d all, the influence of F&on the multphase modular PM machines are summarized
and some general rulase established which can be used as the design guidelines for the multi
phase modular PM machinds.is worth noting that the-4and 5phase modulastatorPM
machines are only studied through the simulati&econdly, two cogging torque and torque
ripple reduction methods by the slogpening shift and also the employment of thedte stator
segments are introduced. The proposed methods can effectively reduce the resultant cogging
torqueand torque ripple of the modular PM machines. Thirdly, the manufag tolerances
of modular PM machines are also studied in this thesis and it provides an insight into the
influence of manufacturing toleran@m the modular PM machines performance. Three
possible manufacturing tolerance scenarios, e.g. stator segawak or circumferential
displacementand the PM defects, are investigated. The assessment of the manufacturing

tolerance withstand capability of modular PM machines has also been carried out in this thesis.

The prototype machines have been built andntimerical results calculated by both 2D
and 3Dfinite element FE) have been validated. It is worth meniiog that although the
researchcarried out in this thesibased on the small size modular PM machines (for
experimental validation purpose), the clusons obtained in this thesis mag extended to

other large modular PM machines.
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List of Abbreviations

BackEMF Back electromotive force

EV Electrical vehicle

FE Finite element

FG Flux gap

FP Frozen permeability

FSPM Flux-switching permanent magnet
GCD Greatest common divisor

IPM Interior permanent magnet

LCM Least common multiple

MMF Magneto motive force

PM Permanent magnet

RMS Rootmean square

SPM Surfacemounted permanent magnet

UMF Unbalancednagnetic force



Nomenclatures

Stator yoke thickness

Magnitudes of the fundamental phase baékFs
Magnitudes of thé harmonic of phase badkMFs
UMF of x-axis or yaxis

Magnitudes of the phase supply currents

RMS current

Distribution factor

Pitch factor

Winding factor

Number of FGs

LCM between) andqn

LCM between) andqn

Slotnumber

Stator inner radius

Cogging torque of nemodular PM machine
Cogging torque of modular PM machine

The magnitude of th&® cogging torque harmonic
Number of slot vectors aine phase

Tooth body width

mm

mm

Nm

Nm

Nm

mm



FG width

Split ratio

Angle between two adjacent baEMF vectors
Pole pitch

Slot pitch

Phase angles of tiie harmonic of phase badkMFs
Rotation speed

Time

Peak current

Phase number

Rotor pole pair number

Number of coil per phase

Rotor position

Desired shift angle

Desired shift angle

Phase angle of supply current

Angular position

Phase angle between adjacent EMF vectors of one pt

Phase angle of cogging toque harmonic

Electrical speed

mm

Elec. Deg.

Mech. Deg.

Mech. Deg.

Elec. Deg.

Rad/s

Elec. Deg.
Elec. Deg.
Mech. Deg.
Elec. Deg.
Mech. Deg.
Elec. Deg.
Elec. Deg.

Rad/s
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Chapter 1 INTRODUCTION

In this chaptera general introduction on éhmodular PMmachines is given. Theodular
stator and rotor topologidgve been reviewed in the first place and tthenadvantageand
disadvantagesf employingmodularmachinesopologieshave been detailed. Theachine
coolingby taking advantages afodular stucture haslsobeen demonstratetdast but not the
least, the research scope and contributionthisfthesis has been statatithe end of this

chapter.



1.1 BACKGROUND

PM machines, due to theimherently exhibitecadvantages compared with theatteally
excited machineand also induction machindsaveattracted increasing interests from both
academia and also industryrecent decade$he advantagesf PM machinesnclude but not
limited to[1]-[2]:

1. Simple structure especiallwhenthe brushlessopdogies are adopted. Therefore,
compared to the traditiah wound field synchronousachines withmechanical
commuators the PM machinesanhavehigherreliability.

2. Generally Iigh efficiency due to the fact that no extra excitation fislcheeded
resultingin the elimination of theopperlossesn the rotorduring the excitation.

3. High torquépowerdensity benefiting from the employment of PMsthawe high
magnetic energy dergi

4. High power factor etc

Benefiting from the advantages abovéhe PM machinexan be appliedo many
applicationssuch aserospacejomestic applianceslectric and hybri@lectricvehicles (E\$
and HEW), etc.[3]-[5]. In addition due tohigh torque and power densias well as high
efficiency, the renewable energyuch as (onshore and offshomeind poweris another
importantmarketsector forPM machineq6]. Two main PM machne topologies areften
sdectedfor the wind turbine which are the surfaemounted PM(SPM) generatoand the
interior PM(IPM) generatorslthough the former is more preferable particularly for offshore
wind power applicationg7]. By employing the SPM generattine lower torque ripple aabe
more easily achieved while when tileshapedPM generatoiis employed, the thinner PMs
are allowedlue tothe flux concentration effect in the rof@]. In [7], the performance of two
5MW PM wind power generators having either SPM or IPM rotors are compared. It has
concluded thatt the averagevind speedof 7m/s the IPM generatohas slightly higher

efficiency due tats better power factor, which st common and leavingsarprise



Fig. 1.1 The picture of wingpowergeneratof9].

However, the size of suahind powergenerators could be very larges show in Fig. 1.1.
By way of example,hte outer diameter can les large a8.6 meter for a MW wind power
generatof10]. Therefore, the manufacturinggansportationlifting and assembling woson

site will be big challenges.

The introduction of modular topologyan help tosignificantly ease theaforementioned
difficulties of such large wingower generatorand alsoother largescaled maching28]. By
employing the modular topologythe mantacturing efficiency in terms of the material
consumption, production capability, etc. can be impragavell Therefore, m this chapter,
the modulaiPM machines havindifferent modulasstators or rotors witktheir characteristics
as well agshe advardgesand disadvantages employing the modular topologiase reviewed

providing a powerful insight into the potential of such machines for wind power applications



1.2 EXISTING MODULAR MACHINE TOPOLOGIES

The modular PMmachines, due to advantages such as simple stator construction and
winding fabrication as well agood faulttolerant capabilityetc. are attracting growingterest
from both industry and academidarious modulatopologies have been proposedrecent
years although some modular rotor structures have been proposed, of the modular
machinesemploy the modular stator structures in different ways. In the follos&ugiors,
different modular topologies will be reviewedA summary of the modulaPM machine

topologies is given ifrig. 1.2.

Segmented Stator
with the Joint-
Connection

Segmented Stator
without the Joint-
Connection

M Modular Stator
Structures

Inserted Stator
Segments

coil

Modular PM Machines Modualr Stator with
Flux Barriers or

Topologies Flux-Gaps

Modualr Rotor
Structures

Inserted Rotor
Segments

Fig. 1.2 ModularPM machinesopologiesexistedin theliterature



1.2.1 MACHINES WITH MODULAR STATORS

1.2.1.1 SEGMENTED STATOR WITH JOINT-CONNECTION IN STATOR Y OKE

H. Akita, et.al have proposed a new stator core structure wdaalbe made into the model
of a jointlapped cord11] andby employingsome cylindrical convex or concajants, the
segments are connected togetiByr.doing sothe rotation of the segmerase allowedso to
obtain a cylindrical stator coras shown iffrig. 1.3. Additionally, if anon-overlapping winding
is employed, the copper wire can be wound around the teeth of such stator core easily and
automatically by the winding nozzlas illustrated ifrig. 1.4. This can largelgavethewinding
time and potentially help to increase thiet fill factor. It is foundthat the efficiency of the
machine with thegint-lapped core can benprovedslightly from 93.7% to 95.3% compared
with themachine with the conventionebre due to the reduction in both copper and iron losses
[11]. However, this method requires special tddlg and extra time to assemble the large
number of stator segmentshich could increase the mafacturing difficulty and reduce the

production efficiency

Rotatipn axis

Fig. 1.3 Model of a jointlapped corg11].



Winding nozzle

(@)

J‘\ Flyer

(b)

Fig. 1.4 (a) The flyer winding in the joirtapped core. (b) Joiapped core after windgn

procesg11].

- X

=

otational air-gap

(b)

Fig. 1.5 Modular stators. (a) Modular stator proposefli#]-[14] . (b) Modular stator proposed

in [15].

Similar to the modulatopologypresented ifil1], othermodular stator core structsreith

the jointconnectionareshownin [13]-[15], as shown ifrig. 1.5. It can befound that the joint

connection structures and the shape of the stator segments are siomppared to the

structures showin Fig. 1.3. By doing so, the manufacturing efficiency candignificantly



improved andhe statorcore materialconsumptiorcan begreatlysaved.The manufacturing
methodsuch as preforminginding bywinding machine foeachstator segmens still feasible
for this type of modular structure. It is worth noting that some commenmiatiucts have
already beenalinched bycompanies such as SWD AG6], Yuma Precision Stamping Co.,
Ltd [17], as shown irFig. 1.6.

() (b)

Fig. 1.6 The pictures of the stator segmen{f) Stator segment produced [4y]. (b) Stator
segment produced 7).

In [18], several other shapef stator jointconnectios are presented, as depictedHig.

1.7. However, compared to the stator segments shawrig. 1.6, the shape of the stator
segments showin Fig. 1.7 are more complicated. Such complicated j@iomnections can help

to strengtlen the interconnection between the stator segmeH®wvever, the precise
manufacturing is necessary which need very accurate stamping tool. This will lead to increase
in the productioncost On the contrarydue to the relatively simpigoint-connection sape,

the stator segmenpsoposedn [13]-[17] can be manufactured and assemipégativelyeasier

and quicker while the strength of the connectisii not necessarilype compromised

Therefore, such kind of stator segnt shpe is moresuitable in practice.



(@) (b) (©)

Fig. 1.7 Stator segments with different johlsbnnectios. (a) mshape. (b) Trapezoid shape. (c)
T shapg18].

Besides the models proposed above, other modular models wihdlttgrsinserting in
the stator yoke havieeen proposed ifiL9]-[21], as shown irFig. 1.8. The flux-barriers are
made ofnonmagnetic material so to reduce the effectiaéostyoke thickness (rather cutting
off the stator yoke partiallyand at the same time to maintain a complete stator core. By
uniformly displacingheflux-barriers in the stator yoke, the si@rmonics irtheair-gap flux
density as well ashe iron losses in the machine can be reduced and hence the machine

performance can be improvgtd)].

Flux-barriers

Fig. 1.8 Modular PM machine with flux barrier in the stator yg&8]-[21].



Neverthelessthe malular structureshownin Fig. 1.5 and Fig. 1.6 still requireaccurate
manufacturing andssemblyto build the completestator coreHowever, in practicahe 100%
accurate manufacturing during the mass productionpsssible and thus, the manufacturing
tolerance will always existas shown inFig. 1.9. In [13]-[14], the influence from the
manufacturing tarance of the tootbulge oncogging torque haseeninvestigated, as shown
in Fig. 1.9 (a). It has found that the toebulge problem leasto extra cogging torque harmonic
contents and based on such additional cogging torque harmonics, angiie&sy method for
identifying the most sensitive casasthe toothbulge problems introduced.

Tooth-bulge

()
’ 2m 2n
. Slot pitch (7) ; . Slot pitch (?) '
; ; ;
la_case_z : lb_case_Z : la_case_3 : lb_case_S :
et | T i il g | —flg— | —l b [
Stator : : Stator : :
! ) )
! ! 1
: ) :
e a° : '
! ' :
' ' ]
AIr-gap : Rg_case_z Air-gap : Rg_case_3
' |
s f_'('cnlrzl line of slot & PM PM r+Central line of slot & PM
Rotor Rotor
(b) (c)

Fig. 1.9 Modular stator core with the manufacturing tolerance. (a) Toolipe[13]-[14]. (b)

Stator segment misalignétls].



In [15], other two manufacturing tolerance scenarios of the statesegmenmmisaligned
are studiedas shown itrig. 1.9 (b) and (c) It has found that the inevitaldelditioral air-gaps
during the assembly procassulted irthe decrease in output power compared with the motor
with conventional stator core. This is mainly due to the increase in the effectigepair
reluctance resulted from such additionalgaps In addition it is found that the statesegment
misaligmmentproblemincreases the peak cogging torque and the periodi€itige cogging

torquewill be changedtthe same time
1.2.1.2 SEGMENTED STATOR WITHOUT JOINT-CONNECTION IN STATOR Y OKE

In 2004, BC. Mecrow .et.al.have proposed new modular stator core structuifrem which
the stator core is split into three segments, as shofxg.ihi.10[22]. By employingsud stator
structure, the préormedcoil canultimatelyplaced around the teeth easilyer passing along
the core backAs a resultthe high slot fill factor can be achievd@2]. Neverthelessthe
proposed manufacturing methatill has some drawbacksFirstly, the workng hours for
making and assembling the stator segmeiitsncreasef the machines halarge slot number
and pole number such as wind turbine generaBesondly, when welding the stator segments
togethey themanufacturing tolerance isore likely to bentroduced and possibhgsult in the
noncircular stator coreThirdly, the soldering spon the stator yokevill potentially increase
the iron losses, so the efficiency of the proposed mashight be reduced

Fig. 1.10 Stator core with three lamined statorsegment$22].
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F. Libertet al. havecomparedlifferent modularcoreshaps together with a summary of
their assembling methods [12]. FromFig. 1.11, the stator iron is split into several segments
(or modules). Consequently, such manufacturing method can help to reduce the iveaste
laminations from 80¥®0% (by manufacturing in conventional way) to 56%90 (by
manufacturing in modular way) of the total iron material. Since the assembling of stator is
acheved via welding the stator segments together, the increase in production time and other
materials consumptiomre still unavoidable Although the material waste is reduced by
applying such proddion method, as a matter of fact, the waste is still considerable. On the
other hand, because the segments are welded together, the local magnetic characteristics are

damagegdwhich leads to an unexpected increase in iron |d4ss

(a) (b)
Fig. 1.11 Stator laminations. (g) ¢ segments. (bp Ttskgment$l12].

Stator segment —>f —.—. Main

: |
! |
Tooth ‘ '
?:;;) | Leakage I
L . ﬂUX I
- |\w—-—-x‘: ™ T

/ Magnet ': , /P | : i] J

\ \‘_;‘-— . — ‘.//'
Rotor steel C—e

Fig. 1.12 Motor topology with segmented stator c¢2g].
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In [23], the authors havergsented a brushle®M motorwith a segment stator core and
investigated the influence of design parameters on the leakage flux through the tooth tips, as
shown inFig. 1.12. It can be concluded that, compared with the motor withsegmented
stator laminations, thieack electromotive forcdbckEMF) andthe tooth flux density of the
motor with the segmented stator laminations are smalés.is mainly due to highesiot flux

leakageand also the itcreased effective agap lengtH23].

Another similar modular structure is preseniad[24], from which the stator core is
segmented in the stator ygkehich introduces additional agapsdue to the manufacturing
tolerance as shown irFig. 1.13. Moreover, due to manufacturing defects, the additiairal
gaps areverylikely to be nonuniform, which may lead to a dramaticrease in bothesultant
cogging torqueamplitude and periadity but they have little impact on the performance of
backEMF waveform[24]. Moreover, such adddnal airgaps in the stator yoke may also

increase the total reluctee of the PM machine which mesgsult in the degraded performance.

(l i’y additional stator gaps

Fig. 1.13Modular stator structure with individual stator tooth badkiron [24].

1.2.1.3 INSERTED STATOR SEGMENTS

M. Kitamuraet al. [25] investigated the cagng torque due to roundness error of brushless
PM machines with segmented stator in 2088 showrin Fig. 1.14. It can be seethat the
stator consists of 12 teeth and a fsitaped stator yoke. Each tooth is wound by a concentrated
coil and by inserting them into the grooves of the stator.ydken,a complete stator can be
achieved. However, by doing so, the mechanical strength could be compromised and the

magnetic field iside the stator will be impactellie to the change of effective-g@ap length.

12
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back yoke

coil tooth

Fig. 1.14 Inserted segmented staf@s].

Several other similar modular structures have been repor{@é]inThe segmentestator
teeth with the prdormedcoils are inserted to the slotsn the solid back iron by the solid joint
to make the stator core, as showrkig. 1.15. The modular structure shavin Fig. 1.15 (a)
(b) wasfirst proposed by the authors, but it has been found that the iron losses of these two
models are &ry high. In order to solve such problem, the authors have proposed ania#grnat
in whichtwo arms are added to each side of the teeth, as depidtegl inl5 (c). Therefore,
the equivalent stator yoke can be formnaddch isthe main flix path As a result, the iron losses
of the model showin Fig. 1.15 (c) can be signifiantly reducedIt is worth noting thatte
shape of the solid joint can be differesiich as the round shapes showrin Fig. 1.15 (d) [26].
Both the rectangulaandroundjoint shape can bemade by the existing manufacturing tools

easily.

slots on
surface
single tooth

2 i
lamination single tooth

lamination

solid
back iron

solid
back iron

(@) (b)
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subsidiary
air gap
single tooth
lamination

solid back _
iron

(©) (d)

Fig. 1.15 Modularstatorstructures with solid joint26].

However, the drawbacks of the proposed modular structure aobstidlus The stator teeth
with the solid joint as well as the solid back iron require very accurate manufacturing. When
assembling the stator segmented teeth to the solid backidrtire solid joint, it is difficult to
guarantee those components are perfectly fitteleach other during mass production. As a
result, noruniform subsidiary aigap can occymhich mightlead toincreasedron lossesnd

also cogging torque
1.2.1.4 MODULAR STATORWITH FLUX BARRIERS ORFGS

E. Spooneret. al.have proposed some modular PM wind power generators sincé2i95
[32], as shown inFig. 1.16. The stator core of the introduced modular PM generator is
segmented circumferentially, as a resaltarge amount of individal E-coresare produced.
Each Ecore stator segment could carry preformed armature coil and be assembled with other

stator segments to form a modular Sta&, .

It is found that the proposed modular structure exerts several notable advantages such as: a)
reduced active machine mass and slightly inceka$kciency compared to the nonodular
counterpart$30], b) simple structure and laminatidizg], c) ease of assem{Ig8], d) ease of
repair due to the fact that the faulty segments can be removegawtcerather than removing
the entire generat$28]-[29], e) ease of coolin8]-[29].
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STATOR MODULE
WITH CORE AND COIL \

(b)

Fig. 1.16 (a) The Modular stator structuf27]-[32]. (b) The stator segment with cf29].

Nevertheless, since the modular topology is proposed for wind turbines applications, such
electrical machines normally have relativédyge slot and pole numbers, which means that
more number of mechanical support aswriedor the stator segments are required. This will
make such modular wind turbines complicated and potentially increase the posdwétion
although the material ogbe saved to a certain extent. Because of this, further optimization on

this modular topology is necessary.

D. Gerlinget al. [33]-[35] have proposed various similar modular structuresdas IPM
machinesA simple but effective method to achieve modulauatures is proposed by placing
flux barriers intdhealternate stator teeth, as showkig. 1.17. Through insertig flux barriers
in specific stator teeth, the drawbaskgh agich content oharmonics in the aigap magneto
motive force (MMF) of the conventional concentrated windsngan be overcome.
Furthermore, the new modular structure can increase the workimgohic and hence the
torque/power densit}33]. Different modular topologiebave been proposged.g. the model
(a) empl oys OE®6 core structure with single

structure
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A 12-slot/14pole IPM machine with th@ew modular technology has been investigated. It
concluded that the machineds performance has
torque and more than 50% decrease in rotor losses are achieved. Moreover, the new stator

topology can reduce up 0% in material costs33].

>
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1 ”,\‘ﬁjé}//\\\x\r’ 5
2 @
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Fig. 1.17 Various modular configuration$4]. (a) Hux bariers in alternate teeth, (b)Jux

barriers in alkeeth.

Li et al. [36]-[38] have proposedomenovel modular SPMnachine, in which, the FG
are inserted into the alternate stator teeth and the single layer windinglare on he stator
teeth without FG. The structures of conventional and mod®aM machines are described
in Fig. 1.18. It is worth noting that the total active tbdbody widttsin both modular and nen
modular machinearekept the samén order to avoid heavy local saturationstator tooth
body:.

The electromagnetic performance such agap flux density, phase ba&dF, cogging
torque, onload torque, copper dniron losses, etc. of the novel modus®M madines
influenced by the F& have been comprehensively investigated and some general rules for
modular machines with different slot/pole number combinations havepgoepased Briefly
speaking, the F&betwea the stator segments have negative effects on the electromagnetic
performance for modular PM machines with slot nun{beJ higher than pole numbégn),
e.g. the average torque is reduced while the torque ripple can be increased. In contrast, if the

slot number is lower than the pole number, the electromagnetic paricencan be improved
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by pickingthe appropriat&G width. To be specificthe average torque can be increased

the cogging torquedorque rippleand machines iron losses can be red{idéd
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Fig. 1.18 Crosssectiors of the 12-slot/10pole PM machineg36]. (a) With conventionahont

modularstator. (b)With modular stator.

The similar modulaPM machinestructure butvith or without tooth tips are introducéal
[37], asshownin Fig. 1.19. Thekey dimensiors of the investigated modular machines are the
same as the model proposed36]. The influence of F&and unequal too{tUNET) width on

the performance of modular PM machine are studied.

It is found that for the UNET machines without tooth tipg winding factorsppencircuit
air-gap flux densityand the average torque are affected by the UNET widths. While for the
UNET machines with tooth tips, the @hging of UNET widthhas limitedimpacts on the
performance. However, for the modular PM machines without tooth tips, vk, their
winding factor and average torque decreasebbth modular models. Furthermptbe FGs
have flux defocusing effects. On the contrary, whencr), the winding factor and average

torque are increased and the $@ave flux focusing effe¢87].
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Fig. 1.19 ModularandUNET topologies with or without tooth tif87]. (a)(b) Modualr. (c}
(d) UNET.

The modular PM machines with alternate stator teeth having tooth tips are introduced in
[38], as shown irFig. 1.20. Some general conclusions are obtained thratiile machines with
0 ¢n), the reduce winding factor due to F&can be compensated by employing tooth tips
on the wound teeth. Therefore, #nerage torque will not be compromisadeven improved
compared to the nemodular counterparts. However, m&ntioned previously, the winding
factor increases due to tR€s for the machines with  ¢n, by applyingtooth tips on the
unwound teeth, the windinfactor can be further improvedo does the average torque. In
addition, tte torque ripple can breducedoy alteringthe tooth tip and F®&idths[3§].
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(a) (b)
Fig. 1.20 Modular machines with alternate teeth having tooth tips\W@lind teeth having
tooth tips. (b) Unwound teeth having tooth [Rf].

1.2.1.5 OTHER PM MACHINES HAVING M ODULAR STATOR

In [39], a newlinear modular fluxswitching permanent magnet (FSPM) machine is
introduced by removing the PMs from alternate stator teeth afotmeentionalinear FSPM
machines, as shown ifig. 1.21. The teeth with flux barrisrare unwound and hence, the
magnetic coupling between phases can be reduced significantly. Due to the advanced modular
configuration, the windings aghysically, magetically andthermally separated, leading to
higher fault tolerant capabilityt is worth noting thathe usgeof magnets is more efficient
whichleads tanearly 74% more output powender the same PM material volunMoreover,
as for other modular pwlogies,suchmodularstructurecan alsomakethe mass production

more cost effectiveas studied ipl2].
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Fig. 1.21 Modularlinear SFPM machine structuf@9].
1.2.2 MACHINES WITH MODULAR ROTORS

In previous sectiog) the PMmachines with modular statinave been reviewe#lowever,
it is worth noting thaalthough it has not been widely investigated in literatilve rotor core
can also be madesegmented to achieve modular machiniasthis section, somexisting

examples of PM machines with modular retarll be given.

1.2.2.1 SEGMENTED ROTOR FOR WIND POWER APPLICATIONS

The modular wind power generators proposed by E. Spoeneait. not only have modular

Fig. 1.22 Machines with mdular rotor structurg31].
stator but also modular rotf27]-[32], as illustrated irfrig. 1.22. By doing so, thélux leakage

can be lower, leading to optimal utilization of PMs. However, again very high manufacturing

==

and assembling accuracy for the PMs and the pole pieces is required in order to avoid

undesirable manufacturing tolerance from the rotor [@ée
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1.2.2.2 INSERTED ROTOR SEGMENTS

Fig. 1.23 12-slot/8-pole FSPMmachines with segmented rofd].

[ll- Phase A
[B- Phase B
[[]-Phasec

Stator‘C’-Core
Steel Laminatior

Permanent
Magnet

ModularRotor
Steel Laminatio

(a) (b)

Fig. 1.24 12-slot/10pole FM machines(a) Crosssections. (b) Rotor prototypg4l].

In [40], a FSPM machine with segmented rotor is introduced, as shofig.i.23 and
another similar modular FSPM machine is proposefdih, as shown irfFig. 1.24. For this
modular structure, the rotor segments are manufactured in the first place and then inserted into
the rotor back iron to form the complete rotor. By doing so, it is found that tibremnass can

be reduced by 11% compared with the conventional SFPM machines. Furthermore, regarding
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the electromagnetic performance, the total losses contributed by the copper losses, iron losses

and PM eddy current losses can be reduced by[43P6
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1.3 SUMMARY OF THE MODULAR PM M ACHINES

After introducing the different modular topologies, this section, the adwtages and
disadvantages ahodularPM machines will bsummarizedTheyare generally advantageous
over their conventional nemodular counterparts. By employing the modular structure, several

inherent advantagesnbe obtained36]-[39]:

1. The manufacturingnocess as well as winding process can be greatly simplEesch
segment can be manufactured separately and hence, the consumption ofsmaatkrial
the production period can be reducéd a result, th@roduction efficiency can be
improved Furthermore, it is well known that the transportation for large machines is
always a difficult issue, especially for large offshore wind generators or large
hydroelectric generators. However, by employing modular structure, each module of
the large machines can be transported individually and then be assemisiésl on
afterwards, and hence significantly ease the transportation process.

2. Better faulttolerarn capability can be achieved by modular structus@scethestator
segments are physically and magneticakyparatedthe faults cannot propagated
from onestator segment to otherth addition,due to the fact thasingle layer
concentraté winding is often employed in modular machineshigh ratio of
self/mutual inductancean be achieved?]-[43]. As a result, the shedircuit current
can be reduced whicheakers the fault nteraction between phas€herefore the
modular machines are very suitald@ndidatedor the safety critical applications
[44].

3. The modular machines also show the incomparable advantages in maintenance. The
faulty segments can be repaired or replacethbyhealthy ones, but avoid replacing
the entire machine. This can simplify the maintenance process and extend the lifetime
of themachines.

4. The electromagnetic perfmanceof the PM machines camsobe improved by the
modular structure.Properly choosing the FQGwidths and slot/pole number
combinationcan increase the winding factor aaderage torque while the cogging
torque, torge ripple and iron losses can be mitigated.

5. The improvement of cooling capability is another remarkable advantage of modular
structure. The spa¢eGs a flux barriers)between the machine modules can be used

as cooling channg[45]-[46], as shown irFig. 1.25. By doing so,the heat exchange
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area can be improved attte heat disipationcapability can be enhanced so that the
electromagnetic performance can be improded to the reduction in maclen

temperature

Temperature
Contour 1

3
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Fig. 1.25 (a) Radialcooling (b) Temperature distribution inside the PM macljiig.

However, the disadvantagesmabdular PM machinesompared with the conventional PM

machinesannot beverlooked such as:

1. Due to the novel modular structures, the coneerati manufacturing method &M
machines is not applicable. New equipment and new manufacturing methods are
required whichmay increase the cost of the entire PM machines.

2. The manufacturing tolerancernsore likely to occur since most of the modular PM
machines require relativeljnore complicated assembly process compared to the
conventionahon-modularPM machines.

3. The reliability of the modular PM machines may be compromised since the modular
PM machines require more mechanical accessories and thus, the structure of the

modular PM nachinesmight bemore complicated.
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1.4 RESEARCH SCOPE AND CONTRIBUTIONS

1.4.1

RESEARCH SCOPE

This thesis is aimedt further investigating the novel modular PM machines shiomm

Fig. 1.18 to Fig. 1.20. The desigrof multi-phase modular PM machines, cogging torque and

torque ripple reductio methods for modular PM machines aaldo the studies of the

manufacturing toleranagf modular PM machinegre coveredThesimulation results showed

in this thesis arebtained from the commercial FE package of OPE®Aand 3D This thesis

containss chaptersas follows

1

Chapter Iprovides a generahtroduction about the modular PM machimessting

in theliterature The research scope and contributions, pultdicdist are also given

in this chapter.

Chapter 2 investigates tfractionatslot multiphase modular PM machines. The 3
phase, $hase and-phase modular PM machines with different slot/pole number
combinations are introduced and compagslieral general rules of the myttiase
modular PM machines with the respectthe influence of FG widths on machines
performance have been establishEde predictedesultsof the 3phase modular
statorPM machinesare validated bgxperimental tests, while thephase and -5
phase modular PM machines are only studied throughBrsrkulation

Chapter 3 introduces a cogging torque mitigation methyoslot-opening shiftfor

the modular PM machines. The analytiggbredicteddesimable shift angleof each
group of stator segments for minimizing the resultant cogging tasglexived. The
efficiency of theproposed methodor mitigating the peak cogging torque for
modular PM machines with different slot/pole number combinatswalidatedby
casestudies The experiments based on the existing prototypeslsoearried out.
Chapter 4 proposes the-d©re modular PM machines for reducing the cogging
torque and torque ripple. The electromagnetic performances of the modular PM
machines with the €ore sator segments are investigated.

Chapter 5 discusses the manufacturing tolerances of the modular PM machines. The
manufacturing tolerance scenarios of the modular PM machines studier in th
chapter are focused on the radial circumferentialstator ggment displacement

as well aghe PM defect Through the anabesof the electromagnetic performance,
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the manufacturing tolerance withstand capability of the modular PM machines with
different slot/pole number combinations are assessbd. prototypewith the
defectve PM has been built and testfor validating thepredictedresults.

1 Chapter 6 givea generatonclusion of this thesis. The futuserk on the modular
PM machines is alsproposedn this chapter.

1.4.2 RESEARCH CONTRIBUTION

Themaincontributions of this thesis are summarizifollows:

1 The design guidelines for the mytthase modular PM machines have been
established.

1 Thecogging torqueand torque rippleeduction methods by the slopening shift
and the employment of the-€re stator segments apeoposed. Theroposed
method can furtheimprove the performance and enhance the advantages for the
modular PM machines.

1 The influence ofmanufacturing tolerances ¢ine electromagnetic performancds o
the modular PM machines are studi&anethod for identifying the most influeimg
cases of the stator segment displacemgntleveloped and the manufacturing

tolerance withstand capability is assessed

26



Chapter 2 DESIGN GUIDELINES FOR THE
FRACTIONAL -SLOT MULTI-PHASE MODULAR PM

M ACHINES

This chapter presents the design considerations for fractional slotphadé modular PM
machines with singiayer concentrated windings. The winding factors for various slot/pole
number combinations are calculated to identify the optimal slot/pole number combinations for
different phase numbers. In addition, the electromagnetic perfornmdluemced by FGssuch
as airgap flux density (both armature field and also flux density tduBMs), backEMF,
cogging torque, oioad torque and torque ripple, etc., are comprehensivelytigaesd by
using a nodinear 2D FEmethod. Several general rules with respect to the influence of FGs
on multikphase modular PM machines performance aebkshed. The prototypes of modular

PM machines are built and the FE results are validated by experiments.

This chapter comg4s. from aut hordés paper
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2.1 |INTRODUCTION

PM machines haveden increasingly applied to varioapplications such as electric and
hybrid vehicles, aerospace actuation and renewable energy, e.g. wind power generators, due to
their inherent advantages, including highque density and efficien¢8]-[49]. However, for
some safetgritical applications such as offshore wind power, the PM machines are not only
required to have excefieperformance (high torque and efficiency) but also good-faldtant
capability. To achieve such capability, the siAlgiger concentrated winding layoJ&s0] are
often employed, which can reduce the stuintuit current and limit the fault propagation
between phases. In addition, mydhase (>3) machines can also be employed, which provide
extra freedom when dealing with the faults such amaire phase opeasircuit or shoricircuit
[51].

There are many inherent advantages offered by 1plétse machines, e.g. the improvement
on reliability, the reduction in the phase current without the increase in phase voltage, and the
mitigation of the torque ripple, etf51]-[52]. The influence of phase number on the winding
factors are comprehensively investigatefl58|, which also provides guidelines for selecting
the optimal slot/pole number combinations for mphiase PM machines. Fiphase[54]-
[58], six-phase[59-[61] and dualthreephase[62]-[63] machines (similar to siphase
machines) are the most widely studied mphase machines in the existing literaturd.6g,
a novel dual threphase, 7&lot'12-pole PM synchronous motor with asymmetric stator
winding is proposed (phase shift angle between the phdsasdA8l is 120.3 Elec. Deg. rather
than 120 Elec. Deg. in conventional symmetrical machines) in order to achieve the better
performance. It ishown that the proposed duapBase (multpbhase) PM machine offers
extremely low cogging torque and torque ripple and also very low Btk total harmonic
distortion. Furthermore, the torque density can be slightly improved compared with that of the

dud 3-phase, 7z&lot/12pole PM machines with symmetrical windings.

Alternatively, themodular topologies with singliayer concentrated windings, such as those
shown inFig. 2.1, can also be employed to improve the faolerant capbility. Due to the
fact that the segments are separated physically and magnetically in modular machines, the
faults would not propagatieom one segment to another. This can reduce the-siouit
current and weaken the fault interaction between phases. Hence, the modular machines are

excellent options for safetyritical applications.
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Flux gap

Fig. 2.1 Cross sections of modular and amdular PM machines with opaircuit flux
distributions. (a). $hase 1&lot/10pole [37]. (b) 4phase 1&lot/12pole. (c) S5phase20-
slot/18pole.

Nevertheless, the existititeratureareonly focused on-phase modular PM machines and
very few if not at all studies dhe multi-phase modular PM machines have been carried out.

Therefore, to fill in this gap, the mufphase modular PM machines having different slot/pole
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number combinations and singleyer concentrated windings will be investigated, with a
particular focus o the electromagnetic performance such agyair flux density, torque
characteristicsetc. Consequently, some general rules which can cover the influence of FGs on
the multiphase modular PM machines will be established and can be used as desigreguidelin

for modular machines in practice.
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2.2 WINDING ARRANGEMENT OF THE MULTI-PHASE

MODULAR PM MACHINES

In this section, the optimal slot/pole number combinations for each modular PM machine
with different phase number will be identified first so aadhieve the highest winding factor
which is calculated based on its Amodular counterpart. Then, the influence of FGs on the
winding factors of multphase modular PM machines having different slot/pole number
combinations will be investigated.

2.2.1 WINDING FACTORS OF NON-MODULAR PM M ACHINES

For classic nommodular and equal tooth width PM machines, without considering the higher
order harmonics, the distribution fact&§, the pitch factor’Q), and hence the winding factor

(Q) can be calculated by:

Q — 2.1)

Q i Qz‘;r—z i Qg— (2.2

Q0 0 0 (2.3)

wheren is the number of coil per phaseijs the angular phase angle between adjacent EMF
vectors of one phase (in Eldgeg.),T  ¢*j ¢n is the pole pitch and the slot pitchtis

¢“j 0 . Additionally, 0 is the slot number whilg is the rotor pole pair number. As it is well
established thdf depends on the slot/pole number combination rather than on the phase

number. Thereforethe calculation of winding factor is focused on the calculations of

distribution factors for the fractional slot PM machines with different phase numbers.

Since the multphase PM machines studied here have silagler concentrated windings,
the theory dveloped in[64] for a doublelayer concentrated winding structure is no longer
applicabletherefore certain modifications have to be taken into account. The imprethdd

is detailed as follows:
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whered is the phase numbayjs the greatest common divisor (GCD) between the slot number

divided by 2 (single layer winding) and the pole pair number. This means that the machine is
composed by elementary machigewith a slot number 6f and a pole pair number efj

is the number of slot vectors which form one phase of the elementary maching wiisléhe

electrical angle between two adjacent b&dkF vectors.

By using the above method, the ding factors for fractional slot singlayer concentrated
winding normodular machines with different phase numbers have been calculated, and hence,
the optimal slot/pole number combinations for each phase number can be determined
accordingly. The resultare shown inTable 2.1, in which only the results for each phase
number with its relevant minimum achievable slot number have been given. It isnobni)
that the bold figures iffable2.1 are the optimal winding factors for various slot/pole number

combinations and phase numbers.
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TABLE 2.1 WINDING FACTORS OF THESINGLE LAYER CONCENTRATEDWINDING N-PHASE
MACHINESWITH NON-MODULAR STATORS

1-phase 2-phase 3-phase 4-phase 5-phase  6-phase

2p\Ns 4 8 12 16 20 24
2 0.707 0.271 0.259 0.180 0.156 0.126
4 1 0.707 0.500 0.383 0.309 0.259
6 0.707 0.653 - 0.513 0.454 -

8 0 - 0.866 - 0.5878 -
10 -0.707 0.653 0.966 0.768 - 0.588
12 -1 0.707 - 0.924 0.809 -
14 -0.707 0.271 0.966 0.906 0.891 0.766
16 0 - 0.866 - 0.951 -
18 0.707 -0.271 - 0.906 0.988 -
20 1 -0.707 0.500 0.924 - 0.966
22 0.707 -0.653 0.259 0.768 0.988 0.958
24 0 - - - 0.951 -
26 -0.707 -0.653 -0.259 0.513 0.891 0.958
28 -1 -0.707 -0.500 0.383 0.809 0.966

Based on the previous results, it can be concluded thr@ater to achieve the maximum
winding factors for fractional slot modular PM machines with different phase numbers and
different slot/pole number combinations, the following rules should be satisfied:

0 ¢n OEd  p (2.8)
0 ¢ 1TQ "O¢d QQUL Qe (2.9
0 ¢ ¢Q "O¢d QEQQ (2.10)

whereQis an integer and equalsdof ta . By way of example, for-phase machines with
12-slot, the pole numbers enabling the machines to have their maximum winding facter are 10
pole and 14oole; for 4phase mdanes with 16slot, the pole numbers are-pdle and 20

pole; for 5phase machines with Zot, the pole numbers are-p8le and 2zpole. Therefore,

the slot/pole number combinations mentioned above are chosen for modular PM machines with

different phasen u mb er s i n order to analyse the i
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electromagnetic performances.
2.2.2 WINDING FACTORS OF MODULAR PM MACHINES

The winding factors for modular machines can be calculated using similar methods as those
for classic normodular machine However, when the FGs are inserted into the alternate stator
teeth, the coil pitch and henttee fundamental) need to be modified with the variation of the

FGwidths { . According to[37], the pitchfactor accounting for the influence of FGs can

be calculated by:

el Y
Q i QE——- (211
T ¢
y i Q¢ ! (2.12)
S '

whereR; is the stator inner radius and agdinandt arethe coil pitch and the pole pitch,
respectively. The=Gs will reduce the coil pitch but they do not influence the pole pitch.
Therefore, they will increase the pitch factor for machines Wwith ¢r) such as the 12lot/14

pole 3phase machine, while reducing it for machines with ¢r) such as the Zslot/1G

pole 3phase machine.
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Fig. 2.2 Winding factors versu$G width of 3-phase, $hase and ‘phase modular PM

machines with different slot/pole number combinationsi(a) ¢r. (b)0  ¢n.

Since the distribution factors are unchanged due to the fixedEiMékand slot vectors
distributions for a given slot/polaumber combination, the resultant winding factors of
modular PM machines with different phase numbers are only affected by the pitch factors, as

shown inFig. 2.2.

It is evident fronFig. 2.2 that for multiphase modular PM machines havidg ¢n, the
winding factors decrease with the increase in FG width. Whereas, wherphasdé modular
PM machines having  ¢n, their winding factors increase with the increasing FG width
until they reach the unity and subsequently decrease. The winding factor largely determines
the electromagnetic performance. Therefore, the influence sfWiGalso be reflected on the

machinegperformances, and will be investigd in the following sections.
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2.3 DESIGN OF MODULAR PM MACHINES

The cross sections of modular PM machines with different phase numbers are depicted in
Fig. 2.1. The rotors for all machines have surfaceunted, fullarc PMs although other rotor
topologies can be employed such dsrior or inset PM. Furthermore, it is worth mentioning
that the total active tooth body width for the stator teeth with or without FGs is unchanged for
different FG widths, as shown fig. 2.1. This is to avoid heavy local magnetic saturation
occurring in the tooth bodies when large FGs are employed, and hbacefluence of
magnetic saturation effect due to FGs will be limited to the mininftome of the general
design parameters are exactly the same for modular PM machines having different slot/pole

number combinations and phase numbers, as showabie?2.2.

It is worth notingthat the general design parameters showédble 2.2 and the 3phase
PM machines design parameters showeddhle 2.3 are contributed by other researchers.
While for the other optimized design parameters for tphakse and “phase PM machines

showed inTable2.3 are contributed bthe author of this thesis.

TABLE 2.2 GENERAL DESIGNPARAMETERS OF THEMODULAR PM MACHINES

Phase voltage (V) 36 Stack length (mm) 50
Rated torque (Nm) 5.5 Air-gap length (mm) 1
Rated speed (rpm) 400 Magnet thickness (mm) 3
Stator outer radius (mm 50 Magnet remanence (T) 1.2
Filling factor'Q 0.37 Number of turns per phase 132
Rated RMS current (A) 7.35 PM material N35H

TABLE 2.3 OPTIMIZED DESIGNPARAMETERSOF THEMODULAR PM MACHINES

Modular PM machines  _ 0 (mm) Q (mm) 0 (A
3-phase 0.57 7.1 3.7 7.35
4-phase 0.61 5.9 2.7 4.83
5-phase 0.64 4.7 1.9 3.41

Some other design parameters are optimized individually in a certain sequence by the
assumed constant copper losses, e.g-1gid_ (ratio of stator inner diameter to stator outer

diameter)Y tooth body widthd Y stator yoke thickne<© . In order to determine the
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maintained copper loss of 4-phase and ‘phase RI machines as the reference fibre
optimization, the current density of the designggzhdse PM machines is calculated in the first
place. Then, thenitial supply currents, so to the copper losses of thbake ad 5-phase PM
machines beforeptimization can be determindy applying the same current density of the
3-phase PM machinds a resultbasé on the determinedopper losses, the selectedida

parameter$or the 4-phase and-‘phaes PM machineshowed inTable2.3 can be optimized.

It is worth mentioning that the stator outer diameter and active lehtita 8, 4 and fphase
modular PM machines are always the same during the optimization process. Moreover, the 6
phase modular machine is not shown here mainly because its performance is verymaich si

to that of a 3phase one.
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2.4 ELECTROMAGNETIC PERFORMANCE OF MODULAR

PM M ACHINES

2.4.1 AIR-GAP FLUX DENSITY DUE TO THE ARMATURE

Although the fractional slot singlayer concentrated winding has advantages as mentioned
above, the inherent drawbacks of such a winding layout cannot be overlooked. By way of
example, the rich subarmonics in the aigap flux density due to armature windings will result
in many undesirable effects on the performance of PM machines, such as increasing PM eddy
current loss and core losses, heavy local saturation, acoustic amaiseibrations, etc.
Fortunately, the modular structure can help to effectively mitigate thogm@miflux density

sub-harmonics as will bdemonstrated in this section.
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Fig. 2.3 The waveforms of the aigap flux dnsity due to the armature windings of the modular
SPM machines. (a)}Bhasd®M machines(b) 4phaséP?M machines(c) 5phasd’M machines

The waveforms and their spectra of thegap flux density due to the armature windings
for modular PM machines having different slot/pole number combinations and different phase
numbers have been calculated by the 2D FE software (Opera 2D). The results-phése,3
4-phase and-phase machinesre shown irFig. 2.3 andFig. 2.4. It has been established that
the working (or fundamental) harmonics arf® & 7" order harmonics depending on the

slot/pole number combination for thepBase, 8 or 10" for the 4phaseand 9" or 11" for the

39



5-phase machines.

The rotating direction of each order harmonic of thegap flux density due to armature
can be determined by employing the analytical expression. By way of example, fqtthee3
PM machines, thes1 7™, 13", etc. order harmonics rotateforward direction While for the
5t 11" etc. order harmonics rotate backwarddirection The rotating directions of the
harmonics for hase and-phase PM machines can be determined by similar method as for

the 3phase PM machines.

As shown inFig. 2.4, when the FGvidth changes, the variations of the working harmonics,
which produce the electromagnetic torque, are similanded of the winding factors. This is
mainly due to the fact that the working harmamitthe airgap flux densityue to the armature

windings ardargely determined by the winding factor.

-

o 0.15 T T T T T T T T T T T T T

1]

E EllFG=0mm
g [ JFG=2mm
E Working harmonics l:lFG=4mm

o of the 12-slot/10-pole Working harmonics - i
© 017 pMmachines (") of the 12-slot/14-pole gFGzﬁmm
.g PM machines (7 FG=8mm
z \ /

¢

% 0.05

>

=

(=

a I-‘-|-|

1]

?’ 0 Il 1 1 1 1 Il Il 1

< 01 2 3 45 6 7 8 9 10111213 14 15 16

Harmonic order

(@)

40



0.1
BFG=0mm

E

Qo

1=

=

®

E . . [ JFG=2mm
; 0.075 - Working harmonics :|FG=4mm |
o of the 16-slot/12-pole Working harmonics -

: PM machines (6)  of the 16-slot/20-pole l:IFG_Smm
3 \ PM machines (10™) ENFG=8mm
> 0.057 ] \ _ |
]

c

]

T

x 0.025 - _
=

—

=}

o

?, L i L L L b ! |

= 0

<

0 1 2 3 45 6 7 8 9 10 111213 14 15 16
Harmonic order

(b)

0.1
Working harmonics -FG=0mm

of the 20-slot/22-pole l:l FG=2mm
PM machines (11"'}

0.075 - [ IFG=4mm -
Working harmonics l:IFG=6ITIm
of the 20-slot/18-pole PFG=8mm

0.05 - PM machines (9') ]

N

0.025 - T

01 2 3 456 7 8 9 10111213 14 15 16
Harmonic order

Air-gap flux density due to armature (T)

(©)

Fig. 2.4 Spectra of the aigap flux density de to armature windings ahodular SPM
machines. (a)-phasePM machines(b) 4phaseé®M machines(c) 5phasePM machines

41



Fig. 2.5 The crosssections of modular PM machine and srondularPM machine with UNET

However, for the $hase and-phase modular PM machines, the-salbmonics are mainly
contributed by theSlorder harmonic, while for theghasenodular PM machines thé%rder
harmonic is the main stiftarmonic. It is evident that for all modular machines, regardless of
the slot/pole number combination and phase number, the mahmasoionics are significantly
reduced when the FGs are introdug&d the alternate stator teeth. In order to understand the
influence of FGs on the agap flux density due to the armat windings ofmodular PM
machines, it is necessary to separate the infli@h FGs from that of the slopenings This
is becauséor modular PM machines, the primary two factors that influence the arnzature
gap flux density are the stopening and FGs, as can be described(By3). Here, the
corresponding nemodularPM machines wittUNET widths are introduced, as showrHig.

2.5, which can be obtained by simply replacing the FGs (air) tvéhsame iron material used

for stator and rotor iron cores. This gives anrgap flux density component due to slot
opening only © ). As a result, the aigap flux density due to FGs only can be obtained
by using the resultant agap flux desity subtracting thé . This is possible because, to
calculate the aigap flux density due to the armature windings, the PMs are removed and the
magnetic saturation can be neglected due to the large effectigapalength of thesSPM

machine.

8 8 8 (2.13)
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Fig. 2.6 Influence of FGs on the agap flux density due to the armature windings of the 3
phase modular PM machines. (a) Waveforms. (b) Spectra.

Fig. 2.6 depicts the atgapflux density components (due to slmpenings, FGs) of nen
modular and modular PM machines. For the latterpha&se machine with 1got/10-pole and
FG=2mm is shown as an example. It is evident that the FGs significantly reduce the sub
harmonics whilencreasing the working harmonics when the slot/pole number combination is
properly selected. This is because the-lsabmonic component caused by the FGs is always

negative while for certain working harmonics, e.g. thefler, the component due to theFG
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can be positive.

In order to further investigate the influence of FGs on the maigagirflux density sub
harmonics, the flux distribution due to armature currents for{biea3e, $hase and-phase
non-modular and modular PM machines are showign2.7. It is worth noting that the main
subharmonic of the aigap flux density due to the armature windings of Hpdh&se machines
is similar to that of the-phasemachines. As expected, the main-$avmonic of the aigap
flux density due to the armature windings for thphise machine is 2 poles, while for the 4
phase machines it is 4 poles regardless of whether the machines are modular or not. However,
when themodular structure is employed as showifrign. 2.7 (b) and (d), the FGs in the stator
teeth add extra equivalent g@ap length to the flux path of the main armaturegap flux

density sukharmonic compared to its ngnodular counterparts.

Non-modular Modular
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(e) (f)

Fig. 2.7 Flux distribution due to armature winding only.-(@8) 3-phase PM machine. )
4-phase PM machine. ) 5-phase PM machine.

2.4.2 AIR-GAP FLUX DENSITY DUE TO THE PMS

In this section, the study on the-gap flux density due to PMs, which is also known as the
opencircuit air-gap flux density will be carried out. Frofg. 2.8 to Fig. 2.10, the waveforms
and their spectra of the mufthase modular PM machines with different FG widths and also
different slot/polenumber combinations are depicted. It is found that the working harmonics

for all the 3phase, 4hase, and-phase modular PM machines increase in the first place and
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then decrease with the increase in the FG widths. Thisirdynthue to the change oféfslot
openingwidths interacting with the agap flux density due to the PMs and also the iron parts

that face the aigap are constaf87].
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Fig. 2.8 Waveforms and spectra of the oparcuit air-gap flux density of the-phase modular
PM machines. (a) Waveforms of the-4®t/10pole modular PM machines. (b) Waveforms of

the 12slot/14-pole modular PM machines. (c) Spectra.
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Fig. 2.10 Waveforms and spectra of the oparcuit airgap flux density of the -phase
modualr PM machines. (a) Waveforms the-skft/18pole modular PM machines. (b)

Waveforms the 2@lot/22pole modular PM machines. (c) Spectra
2.4.3 PHASE BACK-EMF

The phase backEMF waveforms and their spectra for modular PM machines with different
phase numbers and FG widths are showRig 2.11. Only the results of the phase A are
presented. It is found that for mufthase modular PM machines havidg ¢n, the
fundamental phase ba&kVIFs always decrease with the increase in k@hy\When0 cn,
the fundamental phase baENFs can be improved by appropriately selecting the FG widths.
Such features are similar to the performance of thgagrflux density due to the armature
windings, as discussed in sect@#d.1 and are mainly due to the influence of FGs on winding

factors.
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Fig. 2.11 BackEMF waveforms and specti@)-(c) 3-phase®?M machines(d)}-(f) 4-phase®M
machines. (g)i) 5-phase®M machines.

2.4.4 COGGING TORQUE

It has been established[iB5] that, the periodicity and the amplitude of cogging torque for
nornrmodular PM machines mainly depend on the valug ofwhich is the least common
multiple (LCM) between thé and thecny. The higher thé\. is, the lower the cogging torque
will be. However, when the modular structure is employed, the vallle becomes) due
to the change in stator core symmetry. can be obtained by calculating the LCM between

¢r and the number of FG§6]. This will be investigateth more detail in the Chapter

By way of example, the optimal slot/pole number combinations to achieve the highest
winding factor for the $ghase modular PM machines aresl@t/12pole and 16slot/20-pole
and the number of FGs is 8. Hence, the valuas ofare 48 and 40, respectively. However,
for the 5phase modular PM machines, the optimal slot/pole number combinations-are 20
slot/18pole and 2slot/22pole and the FG number is 10, leadingito of 90 and 110,
respectively. As a result, the petkpeak cogging torques of thephase modular PM
machines are always higher than those of tpadse modular PM machines, as showfign
2.12. Moreover, for different mukphase machines, if the slot/pole number combination and
FG width are properly selected, the pé¢alpeak cogging torque can be significantly reduced.

This will have a profound impact on th@que ripple as studienh the following section.

55



o

F =N

—&— 3-phase 12-slot/10-pole

|| =—+—4-phase 16-slot/12-pole
—+%—5-phase 20-slot/18-pole

w
T

L% ]
T

—
T

3

Peak-to-Peak cogging torque (Nm)
o

o

3

4

5

Flux gap width (mm)

(@)

5]

F =Y

w
T

N
T

—
T

Peak-to-Peak cogging torque (Nm)

o
o

machines having

—e—3-phase 12-slot/14-pole
—+—4-phase 16-slot/20-pole| |
—+5—5-phase 20-slot/22-pole

3

4

5

Flux gap width (mm)

(b)

qn.

¢r, decrease with the increasing FG width regardless of the phase

Fig. 2.12 Peakto-peak cogging torque of modular PM machines with different phase numbers.

2.4.5 ON-LOAD TORQUE AND TORQUE RIPPLE

The results of average torque and torque ripple of modular PM machines with different
phase numbers and supplieith sinewave currents (the phase RMS currents are givieabie

2.3) are shown inFig. 2.13. It can be found that the average torques of the modular PM
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number. However, for the modular PM machines hauving ¢r, the average torques can be
maximized by selecting appropriate FG widths. This is mainly due to the impacts of FGs on

the working harmonics of the agap flux density due to the armature windingnd the
fundamental phase ba&ViIFs, as detailed previously.
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Fig. 2.13 Average torque and torque ripple versus FG width of modular PM machines with
different phase numbers. (@) 0  ¢n.(¢)-(d) 0  ¢n.

The torque ripples (peda-peak torques) follow a similar trend as the peageak cogging
torque. This is mainlyue to the fact that higher order harmonics, particularly tharsl 7,
are quite low in the phase baBElFs of the modular machines and hence the torque ripples

due to the EMF harmonics are much less dominant than those due to the togpies.
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2.5 EXPERIMENTAL VALIDATION

In order to validate the predictions carried out previouslyethsting3-phase 15lot/10
pole and 1Zlot/14pole prototype modular PM machinestivaut tooth tips have been
employed as investigated ifB7]. The design parameters are giveifable2.2 andTable2.3.

2.5.1 PHASE BACK-EMF
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Fig.2.14 Predicted and measured phase A babks. (a) 12slot/10pole. (b) 12slot/14pole.
(c) Spectra of the phase A baENFs.

The phase baekEMFs of the prototypes are measured and compared with the codegpon
predicted results, as shownHig. 2.14. A good match can be obtained between the predicted

and measured results.
2.5.2 STATIC TORQUE

The static torque against the rotor position can be measured by employing the method
presented if67] and the test rig is shown kig. 2.15 (a). The supply currents to phages
(O, B (O and C (O are set a®© ¢ O ¢ O "OwhereGs a DC and can be
changed to represent different load conditions. It is evidentfign2.15 (b) that the predicted

and measured results are in good agreement for all prototype machines.
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Fig. 2.15 Static torque measurement (I=5A). (a) The prototype machines and the test rig. (b)

Static torque versus rotor position.
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2.6 CONCLUSION

The nulti-phase modular PM machines with sinf@lger concentrated windingsere
investigated in this chapteifhe optimal slot/pole number combinations for modular PM
machines with different phase numbers were identified. The electromagnetic performance such
as winding factorsair-gap flux density due to armature windingdPdis, backEMF, cogging

torque, average torque and torque ripple have been investigated, it demonstrated that:

1 The main subharmonics of akgap flux density due to the armature are significantly
reduced by employing the modular topologies for rpiftase PMmachines. This can
largely mitigate the negative effects on the electromagnetic performance due to such
subharmonics.

1 For multiphase modular PM machines havihg ¢n, the FGs have negative effects
on the electromagnetic performance such as decreasing the winding factors, the
working harmonics of the agap flux density and also the average torques, etc.

{ For the multiphase modular PM machines having ¢n, if the FG width is properly
selected, the FGs can improve the electromagnetic performance, such as increasing

average torques and reducing the torque ripples.

The predictions obtained by 2D FE have been validated by the experiments. The general
rules establishedh this chapter summarize the influence of FGs on the electromagnetic
performance of mukphase modular PM machines. Although only 3, 4 apti&se cases are
discussed, the conclusions achieved in this chapter can be extended to modular PM machines
with all other phase numbers and can be used as design guidelines f@thasdéimodular PM
machines in practical applications. Furthermore, although only small size machines have been
investigated for the experimental validation purpose, the establisheadlgernes can also be

extended to the design and analysis of large PM machines, e.g. offshore wind generators.

In the following chapter, a cogging torque mitigation method by theoglening shiftfor
modular PM machines will be proposed and detailed.
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Chapter 3 COGGING TORQUE AND TORQUE RIPPLE
REDUCTION OF MODULAR PM MACHINES BY SLOT -

OPENING SHIFT

This chapter proposes a novel cogging torque mitigation metinedddular PMmachines
with FGs in alternate stator teeth. The sipenings of the modular PM machines are divided
into two groups in a special way. By shifting the gipenings othosetwo groups in opposite
directions with the same angline cogging torque can be significantlydreced. Analytical
formula of the desired shift angle is derived, and can be applicable to other modular machines
with different slot/pole number combinations. Meanwhile, the influence of the proposed
method orthe phase baclEMF andon-load torque are inwgigated. It is found that tharee
phase baclEMF waveforms remain balanced for all slot/pole number combinations after slot
openingshifting. Experiments based on existing prototypes are carriei eatidate theFE

modelling.

This chapter comesfromut hor f66. paper
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3.1 [INTRODUCTION

Cogging torque is the consequence of intesadbetween the PNIMF harmonics and the
air-gap permeance harmonics resulted from-sfmEnings68]-[69]. Due to the fact that the
cogging torque causes torque ripple and hence vibrations and acousf{i69ptke reduction
of cogging torque is of significant importance fl@signing PMmachines. Various methods to
reduce the cogging torque have been progpaseaecent years. For instance, employihg
auxiliary slot§68], [70Q], [71]-[76], shaping the rotor magnets or stator t¢é#f-[80]. Another
effective method for reducing cogging torque is skevWtj, [70], [81]-[83]. Moreover, by
appropriately selecting slot/pole number combinaf&s), [84] or the optimized ratio of pole
arc to polepitch[70], [85], the cogging torque can be effectively mitigated as well. In addition,
the distribution of PMs orhe rotor{76] of the PM machines can also affect the cogging torque

significantly.

However, the existing methods of mitigating cogging torque still have some drawbacks.
Taking the method of skewing as an exéenpkewing the magnets helps to reduce the cogging
torque, along with the reduction in the fundamental of phasebisitk and hence average
torque. Furthermore, it is more difficult to wind the machines after skewing the stator since the
effective slotopening width is decreased slight[$5]. In terms of manufacturing, skewed

stator or rotor will be more complex to build, which also increases the cost of production.

Another effective method of minimizing cogging torque such as shiftingpplerings o
PMs is proposed for classgPMmachineg70], [86]-[88]. The slotopenings are divided into
several goups and each group is shifted by a proper angle so the cogging torque produced by
different slotopenings can cancel each other. As a result, the resultant cogging torque can be
mitigated. The most significant advantage of using this method is thatrimeetgy of the
threephase bek-EMF remains the same and extra harmonics are introduced to the back
EMF.

However, the available methods are for conventional machines, so far no cogging torque
mitigation method has been proposed for the modular PM machines. teadtlitional air
gaps introduced by modular topologies, the cogging torque could be sighjficantased. In
[24], the influence of additional agaps between the stator teeth and stator back iron on
cogging torque has been analysed. When the additional stagapairare uniform, only the
magnitude of cogging torque is increased but theuroform additional stator aigaps sharply

increase bothlthe amplitude and the periodicity of cogging torque. However, although the
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modular stator affects the performance of the PM machines, the superiorities of using modular
topologies cannot be neglected, i.e. using modular stator can significantly easeufectuoee
process, especially the stator winding, particularly for large machines such as wind power
generators, for which the modular/segmented stators are necessary.

Fig. 3.1 The crosssectionof 12-slot/10-pole modular PM maching83]-[39].

TABLE 3.1 MAIN PARAMETERS OF THEMODULAR PM MACHINES

Phase voltage (V) 36 Tooth body width (mm) 7.1
Rated togue (Nm) 5.5 Slot-opening (mm) 2
Rated currentd 7.35 Stack length (mm) 50
Rated speed (rpm) 400 Air-gap length (mm) 1
Slot number 12 Rotor outer radius (mm) 27.5
Pole number 10/14 Magnet thickness (mm) 3
Stator outer radius (mm 50 Magnet remanence (T) 1.2
Stator inner radius (mm 28.5 Number of turns per phase 132
Stator yoke height (mm) 3.7 Filling factorQ 0.37

Nevertheless, the previous works were focused on studying the influence of various modular
topologies on thelectromagnetic performances such as cogging torque, phaseMé&clon
load torqueiron losses, etc., no method of reducing the cogging torque has been proposed. As
discussed above, cogging torque is a main design parameter which cannot luked et
it is also true fomodular PM machines. Therefore, to fill this gap and to further improve the
performance of modular PM machine, a novel method of mitigating the cogging torque is
proposed in this chapter. It is worth mentioning that different fronr ettigggation methods,

the proposed method uses the cogging torque produced bypsioings to compensate that
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produced by F& so to reduce the resultant cogging torque.
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3.2 COGGING TORQUE PREDICTION OF MODULAR PM

M ACHINES

3.2.1 EFFECTS OF FGS ONCOGGING TORQUE

The previous cogging torque mitigation methods are feasible because of the assumption that
resultant cogging torque can Isgnthesized from the cogging torque produced by each
individual slotopening[65]. So by shifting slots in specific ways, the cogging torque produced
by different slotopenings can be cancelled out. Accordindg @8], without accounting for
magnetic saturations, the cogging torque for classicrmodular PM machines can be

expressed bgB.1), which s the sum of the cogging torques produced by alapehings.

0% Y oI Qf ¢ — (3.1)

5¢
5¢
mr

where( is the least common multiplCM) of ¢fj and0 , and equals to the number of
periods of cogging torque over one mechanical revoluti¥n. is the amplitude of it® &

harmonic—is the mechanical angle between the stator and rotor.

However, with regard to the modular PM machines, therssginmetry has been changed
since the stator is segmented into several idaigections by the FEG Taking 12slot/10pole
PM machine as an example, without stator segmentation, the stator periodicity repeats 12 times
over the entire circumference (3Bkch. Deg.). Whereas using stator segmentation, the stator
is divided into 6 identical segments ($€g. 3.1), hence, the stator periodicity repeats 6 times
instead 612 times. Therefore, the value @f becomes 30 instead of 60. For this reason, the

cogging torque equation of modular PM machine needs to be rewritten by:

Y YO0k & — (32)

where0 is the LCM of the FGiumber ( andcr). Similar to normodular PM machine,
the frequency of cogging torque depends on the value of However, the amplitude is
determined by the widths of botthe slotopenings and F§& and also their interactions.
According to[68], the larger th& , the higher the frequency of cogging torque and the lower

the amplitudes of resultant cogging torqueefdiore, the method of choosing an appropriate
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combination of pole and F@umbers is still applicable to mitigate the resultant cogging torque
for modular PM maltines regardless of the R@dth. By way of example, for the idlot/16

pole moduir PM machingit has 9 FG, and the value af is 144. As a result, its peak
resultant cogging torque is nearly zero, so this kind of modular machines will not be
investigated further in this chapter.

3.2.2 SYNTHESIS OF COGGING TORQUE FOR MODULAR PM

M ACHINES

For modular PM machines, since the B@lmost eliminate the circumferential flypath
(main and leakage fluxes) in the stator iron core, the entire flux distribution inside the stator
has been modified, as showrFig. 3.2 andFig. 3.3. This means that, due to BGhe cogging
torque produced by one single stggening will benfluenced by the presence of adgnt slot

openings and F&

Therefore, different from classic nanodular SPM machines, the resultant cogging torque
of modular machine cannot be simply written as a sum of cogging torques dueojaesivigs
andFGs. Itshould be the resultant cogging torque generated bpgttingsd ,FGs ©
and the cogging torque due to stgienings accounting for tHeGs influence ¢ , as shown
in (3.3).

0 0 6 0 (3.3

This chapter introduces a special way to synthesis the restogging torque waveform of
modular PM machines from the cogging torque Vf@awes generated by both slopenings
andFGs. To do so, the stator core has been split into twessubtures, as shown Fig. 3.4.
Each substructure has 6 slaipenings and &Gs (the 6FGs are the same in both sub

structures).
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Fig. 3.2 The flux lines distribution under the opeincuit condition of the 1&lot/10pole

conventional and modualr PM machines. (a) Conventional. (b) Modular (FG=2mm).
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Fig. 3.3 The flux lines distribution under the opeimcuit codition of the 1&lot/14pole

conventional and modular PM machines. (a) Conventional. (b) Modular (FG=2mm).
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A

(a) (b)

Fig. 3.4 The twosubstructuresfastator core for cogging torque synthesis. The rotor is exactly

the same for 2 groups. (a) Group I. (b) Group II.

To reassemble groups | and Il into one entire stator core so that the resultant cogging torque

can be calculated, the equati(@®B) should be rewritten by:

0 0 0 0 0 =0 (3.4)
whered 0 represents the cogging torque of sdpenings under the influencefeBs
in group I, and is named as afor simplicity. Similarly, for group 119 0
0 &Therefore(3.4) can be rewritten by:

0 ® 0 e 0 =0 (3.5

Fig. 3.5 proves the feasibility and accuracy of us{8g}) to predict the resultant cogging
torqgue waveform of modular PM machines. It is worth noting that the cogging torque
waveforms o , 0 , andd in (3.4) are obtained from the FE simulation. The
waveform named @ Sig.n3b isesgnthesieed dy usimB.4)t Wwhde the
waveform #&mhedd i 32D he r esul t anrdirectlgfoomtheé entge t or g u

modular PM machines model in the FE.
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Fig. 3.5 Comparison of synthesized and direct FE calculated cogging torque waveforms. The
FGwidth is 2 mm for both machines. (a)-8®t/10pole.(b) 12slot/14pole.

There is no doubt that the quantification of the influence offeson cogging torque using
exact analytical expression is very difficult. However, applyi®g) to predict theresultant
cogging torque amodular PM machine can take into account the effe¢t efithout the need
to calculate its exact expression. This arrangement makes the proposed cogging torque

mitigation method possible, as will be detailedratethis chapter.
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3.3 COGGING TORQUE MITIGATION

As mentioned prewusly, the cogging torque afodular machines is produced by both the
slot-openings and thEGs. Therefore, only compensating the cogging torque due to the slot
openings will not be sufficid to mitigate the resultant cogging toeqIrhe cogging torque due
to FGs is often more dominant and needs to be mitigated. To do so, #metohgs of the
Group | and Group Il are shifted in opposite directions with the same shift ahgiEH{ereas,
the positions of thEGs are fixed so to maintain the two todibdy widths on two sides &Gs
unchanged, as shown kig. 3.6. It is worth mentioning thaduring the shifting process, the
slot-opening widths are unchanged. By employing this compensation strategy, effective

mitigation of the resultant cogging torque can be achieved if an appropriate shift angle is

chosen.
Stator segment Flux gap

Group II Group [

Y, .V VoY

l— —

N S
Fig. 3.6 Stator core with slebpeningshifted. Sloto peni ng of Group | I shi
Deg., whileslobopeni ng of Group | shifted right by 2

Other slotopening shift methods (e.g. all the stigienings are shifted in tlsame direction,
and with the same angle, etc.) have also been studied. It is found that these methods cannot
help to reduce the cogging torque, some might even increase it and hence, the calculation

results will not be shown in this chapter.

3.3.1 THEORETICAL ANALYSIS BY FE

For conventional PM machines, when shifting the -sfmnings, the cogging torque
components can be shifted in phase accordingly without changing the ampliisies Still
applicable formodular PM machines although th&s have influenceon cogging torque

produced by the slaipenings, as shown Fig. 3.7.
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Fig. 3.7 Relevant cogging torque waveforms before and after shiftingppkenings of Group

l. bis slotopening shift angle in Elec. Deg. ands an electrical shift angle which can be any

value.
Based or(3.1), the cogging torque expressiongdof  aandod aare given as:
0 e Y | Qe—| - (3.6)
hhE d
and
0 e Y | Qe—| - (3.7)
hhE d

where”Y and”Y  are the respective magnitudes of the— order harmonics of

0 aando abefore the slebpening shift. Through applying the cogging torque data

computed by FE to the Fourier analysis program, the valué¥ of and”™Y  can be
obtained| is the electrical angle between the stator and retor. ande are the

electrical phase angles of aando gerespectively and can be acadrbyFourier

analysis as well.
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Fig. 3.8 Cogging torque waveforms bf O1 &@bd O1 @BHeFGwidth is FG =2 mm for
both machines. (a) 1&ot/10pole. (b) 12slot/14pole.

It is worth mentioning that the slolpenings of the two groups have the same dimension.
Moreover, the effect of FGs on cogging torque produced by theséotings in each gup is
nearly the same as well due to the symmetrical distribution of FGs in the stator. As a result, the

values of Y and”Y can be regarded as identical. Her(8€]) can be rewritten by:
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o) x Y i Qe—— N (3.8)
R E d

Fig. 3.8 depicts the cogging torque waveformgof  aando abefore shifting slot

openings for both the 1&ot/10pole andl2-slot/14pole modular PM machines. It can be

observed thab aando abas the following relationship:

o} ® 0 ®

(3.9)

where| is an electrical angle which can be any value depending on the relative position

bet ween the stator and rotor of Group 1|06.

Therefore, based di3.9), the relation between aando

gecan be described by
(3.10

Y | Q‘S‘—| .
hhE d
(3.10)
w el € G
Y | QE—‘ | °
hhE r] E‘_
hhE y
Equation(3.10) can be derived as:
Y | Q%| o
R E d
v ,Qﬁ € ¢ .,
Ve T wE! (3.11)
RRE —
n
0 ¢ ., 0 & o 0 ¢
—| wWE | -— | Qe |
n L_ - n
n

Equation(3.11) can be simplified to:
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(3.12)

(3.12) can be further developed, and he(®&&3) is obtained, as shown in secti®:3.

Y i Qsh—| .
FihE
) (3.13)
Y 1 Qe— -
RRE d
Then, from (3.13), the relationship between the phases angles of aando ®
(° ands ) can be obtained:
‘ . QN @ (314)

as will be verified in the following sections.

Since the focus of this chapter is not on analytically predicting the cogging torque of

modular PM machine but on minimizing the resultant cogging torque, the vakues of and
. have been calculated by FE directly without givihgir exact analytical formula.

Then, they will be used for the following analysis related to the cogging torque mitigation.

By replacinge  usinge _ such as described 1§$.14), (3.8) becomes:
o] & Y | Qe—| - (3.15
hhE n
By employing similar expression as for aando gthe cogging torque due to
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FGs can be written as:

o] Y I Qe—] - (3.19)
e d
where”Y is the amplitude of the— order harmonics is the electrical phase

angle ofé which can be acquired by Fourier analysis as well. However, by defining th

position of one singl&G as the reference position, the value of can only be equal to

T brp Y 1ElEC. Deg., and hence the analysis can be simplified.

3.3.2 CALCULATION OF THE DESIRED SHIFTING ANGLE

When the desired shift angle is defined as Elec. Deg.(3.6) and(3.15) are modified

as:
S0 € 0 ¢
o] e Y | Qe— - —1 (3.17)
R E d
and
. . RV 0 ¢
o] 2] Y | Qe——| - —1 (3.18)
R E d d

By replacing0 20 aando in (3.5) using (3.16)-(3.18) respectively, the

resultant cogging torque expression of the modular PM machine can be obtained as:

(o} Y i Qe—— . —]
hRE d n
Y | Qe—| - —1 (3.19
hhE n n
Y i Qe—— .
hhE n

Equation(3.19) can be derived further as:
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o & . 0 ¢
0 Y ¢iI Qe——| wE i I
RRE d d
(3.20
0 ¢
Y i Qe— .
e d
After simplifying (3.20), (3.21) is obained.
. NV R > w T 0 ¢ .
0 i Qe— <Y wet —1 Y (3.21)
ARE d -
Whene equals tat Elec. Deg., the value 6% is positive. However, when the
value ofe isp Y 1ElEC. Deg.,’Y  will be negative.
Let
v o ¢ . _ Lo
Y weH 7 f Y e plglotE (3.22)

the resultant cogging torque can then be mitigated.

As a result, the desired slopening shift angle (Elec. Deg.) can be calculated by:

(3.23)

u

where

can be replaced byto simplify the analysis.

It has been found out that in some special cases, the valueoafd exceed the range of
arccosine function-[L, 1]. In these cases, the maximum or minimum value of the cosine
function, i.e. 1 or1, will be employed to calculate the desired shift anigles found when
applying the desired shift angle calculated based=dnor-1, the method can still be efficient
to mitigate the resultant cogging torque but the mitigation effect could be unsatisfactory.

Another similar phenomenon may appear durimg application of this method. For some
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cases, the value of desired shift angle is beyond the maximum available shift range of slot
openings. In such cases, the solution will be similar, i.e. the boundary value (maximum
achievable slot shift angle) will kegpplied. It is found that the targeted harmonic of cogging
torque can also be reduced.
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3.4 CASE STUDY

To validate the proposed method, two typical modular PM machines with different slot/pole
number combinations as well as differ€i@ widths, i.e. 12slot/10-pole and 1zlot/14pole
modular PM machines with 2mm or 4nk® width, have been adopted as examples. The main
parameters of the modular PM machines are listdcile3.1.

3.4.1 12-SLoT/10-POLE MODULAR PM MACHINES

3.4.1.1 WITH 2um FG
a. The First Slot-Opening Shift

With regard to the 1:8lot/1Gpole nmodular PM machine, the LCM @iy and0  is 30. The
main coefficients for calculating the desired shift angle are showahte3.2. Two slot shift

angles are also given to remove the relevant harmonibs iresultant cogging torque.

TABLE 3.2 DESIREDSHIFT ANGLE AND MAIN COEFFICIENTS(12-SLOT/10-POLE AND FG=2vM)

n=1 n=2

Y (Nm) 0.17 0.06

Y (Nm) 0.02 0.04

* __ (Elec.Deg) 98.29 5.35

* ___ (Elec.Deg) -98.30 -5.27

*  (Elec.Deg) 0 180

Desired shift angle (Mech. Deg.) -0.17 1.03

Original peak cogging torque (Nm) 0.1 0.1
Peak cogging torque with shifting (N 0.08(20%) 0.22(120%)
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Fig. 3.9 The reduction of— (6" order harmonic of the resultant cogging torque. (a)

Comparison of cogging torque waveforms with or without slot shifting. (b) Sp€@ina.
machine has *8lot/10pole & FG = 2mm).
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Fig. 3.10 Reduction of (12" order harmonic of the resultant cogging torque. (a)

Comparison of cogging torque waveforms with or without slot shifting. (b) Sp€@ina.
machinehas 12slot/10pole & FG = 2mm.)

When app}ing the desired shift angle0(17 Mech. Deg, the targetee— (6™ order

harmonic is almost eliminated, as showrfig. 3.9 (b). This can prove the efficiency of the

proposed method for eliminating specific harmonics in cogging torque. However, since the

—— (12" order harmonic is dominant in the résat cogging torque, the mitigation of
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resultant cogging torque by only removing the  (6"") harmonic is not satisfactory, as

shown inFig. 3.9 (a). Wherel is the desired mechanical shift angle for reducingtherder
harmonic cogging torque.

Therefore, the question here is why not directly applying the desired shift angle to eliminate

the

(12" order harmonic? This is mainly due to thetfthat when focusing on the

elimination of the dominant harmonic, the magnitudes of other harmonics are largely out of

control due to the interaction between the-sle¢nings and thEGs. Thus, it is difficult to
predict the variation trend of other harmonics after the first slot shifting even-the

(12" order harmonic can be completely removed. By way of example, if the desired shift angle
of 1.03 Mech. Deg. has beenosen, the—— (12" order harmonic is completely
eliminated, as shown iRig. 3.10 (b). Wherg is the shift angle for reducing ¢ order
harmonic. Howver, the amplitude of the— (6™ order harmonic is increased dramatically.

As a result, the peak cogging torque after shifting theaglehings becomes even bigger than

that of before shifting.In conclusion, the slebpeningshifting method annot be directly
applied to eliminate the— (12" order harmonic without eliminating the—  (6™) order

harmonic first.
b. The Second SlotOpening Shift

In order to reduce the dominant order harmonid"(1the second shift aflot-openings
based on the first shift is necessary. However, after the first shift, the symmetry of the modular
PM machines has been changed. This means that for the second shiftopkesiogs, the
groups need to be-+arangedas shown irFig. 3.11. The 6FGs are numbered from FG1 to
FG6.Similar grouping method has been proposef8if). The rearranged 2 groups have the
same shift angle but shift in the opposite directions as well. Similéetdirst shift, the

following equation can be derived.
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Fig. 3.11 Machine cross section after the first shift to eliminate-the (6™ order harmonic

in cogging torque

) ) 8 5 8 =5 (3.24)
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Fig. 3.12 Comparison of synthesized and direct FE calculated cogging torqueowasef
before second shift based (8124). (12-slot/10pole & FG=2mm).

The waveforms of the cogging torque obtained by direct FE and by the synthesis method
based on(3.24) are compared ifrig. 3.12. An acceptable agreement can be observed with
minor discrepancy between the amplitudes (the phases of twangagggues are exactly the

same), which will not compromise the mitigation effectiveness.
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The second shift angle is calculated (By23) as well. After shifting the st-openings of
two groups in opposite directions with the calculated shift angle (1.03 Mech. Deg.), the
synthesized cogging torque waveform of spenings is almost the mirror image of the
cogging torque waveform due to th€s, as shown ifig. 3.13(a), wheref AT [A represent
the shift angles for reducing the first two harmonics by employing the second shift based on
the first shift.
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Fig. 3.13 Reduction of the first two order harmonics of the resultant cogging torque. (a)
Cogging torque waveforms &Gs and slobpenings before and after the sbqtening shift.

(b) Comparison of resultant cogging torque waveforms. (b) SpectraslqtI20pole &
FG=2mm).

As a result, the resultant petkpeak cogging torque is reducedD82% after the second
shift of slotopenings. However, it is worth mentioning that unless the higher order harmonics
are dominant, the second shift is not necessary duedontplexity, such as the case for 12

slot/14pole in the following section.
c. Back-EMF and On-Load Toque

The backEMF waveforms oimodular PM machines with 2m&G before and after shift
are shown irFig. 3.14. Here, only the results for phase A are given, for phases B and C, the
EMFs of which have the same amplitude but with a phase shift angle of 120 Elec. Deg. It is
found that the value of tharidamental decreases slightly, so do the other harmonics. However,
this influence on phase ba&kMF remains largely negligibl®r this casewhich is different
from the stator or rotor skewing method. The tiny decrease in phasdbHekeads to the

decrase in average torque slightly from 5.33 Nm to 5.29 Nm, as shokig.iB.15.
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Fig. 3.14 Phase backEMFs before and after the slopening shift. (a) Waveforms. (b) Spectra
(12-slot/10-pole & FG=2mmat 400 rpnj.
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Fig. 3.15The onload torque waveforms of the moduRk™ machine before and after the slot
opening shift (1Xlot/10pole & FG=2mm).

3.4.1.2 WITH 4umm FG

a. The First Slot-Opening Shift

TABLE 3.3 DESIREDSHIFT ANGLE AND MAIN COEFFICIENTS(12-SLOT/10-POLE AND FG=4uM)

n=1 n=2

Y (Nm) 0.18 0.06

Y (Nm) 0.41 0.04

* __ (Elec.Deg) 102.24 8.06

* __ (Elec.Deg) -102.3 -8.09

* __ (Elec.Deg) 180 180
Desired shift angle (Mech. Deg.) -3.41 -

Original peakcogging torque (Nm) 1.04 1.04

Peak cogging torque with shifting (N 0.36(65%) -

The main coefficients for calculating the desired shift angle of th&d2 0pole modular
PM machine with 4mm FG are listed Trable 3.3. For this case, the valué ‘o exceeds the
range of arccosine functiorl] 1], hence, the value bfis selected as 1. Therefore, the desired

shift angle is calculated a3.41 Mech. Deg.
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As can be seen frofaig. 3.16, the target cogging torque harmonic still damitigated
efficiently and the resultant peaf-peak cogging torque is reduced#6%% from 1.04 Nm to
just 0.36 Nm.
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Fig. 3.16 Reduction of— (6) order harmonic of the resultant cogging torque. (&)

Comparison of cogging torque waveforms with or without slot shifting. (b) Spécina.
machine has *8lot/10pole & FG = 4mm)
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b. Back-EMF and On-Load Torque
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Fig. 3.17 Phase baclEMFsbefore and after the slopening shift. (a) Waveforms. (b) Spectra
(12-slot/10pole & FG=4mmat 400 rpny.

In Fig. 3.17, the backEMF waveforms and their spectra of modular PM machines with 4mm
FGs beforeand afterslot-opening shift are depicted. Again, only the results for phase A are
given. It can be found that the value of the fundamental harmonic of the phaseNdack
decreases from 13.37 V to 12.05 V, which results in the decrease in average torque from 5.01
Nm to 4.48 Nm, as shown Kig. 3.18. This decrease iphase baclEMF is mainly due to the
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relatively bigger reduction iwinding factor caused by the slopening shift. Thus, in practice,
the compromise between reducing the cogging torque and phasé&Mé&ckeeds to be
consideredor this case Moreover, similar to the premiis case studied, there are no extra
orders of harmonic introduced and the balance -ph&se baclEMF waveforms is also

maintained.
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Fig. 3.18 The onload torque waveforms of the modular PM machine before and after the slot
opening shift (1lot/10pole & FG=4mm).

3.4.1.3 WITH DIFFERENT SLOT-OPENING WIDTHS

Fig. 3.19shows theeak cogging torque versus shift angles@avidths of the 1lot/10
pole modular PM mach&with various slebpeningwidths. It can be found that for different
FG and slotopening widths, although the slopening shift angles are different, the proposed
method can always be used to reduce the resultant cogging tdfgcevely. Nevetheless,
for the case such as slopening=1mm and FGmm, the cogging torquedsaction is limited.
This is mainly due to the fact the resultant cogging torque of th@gésting is much smaller

than that due to theGs. As a result, they cannot cancel each other.
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Peak cogging torque (Nm)

()

Fig. 3.19 Peak cogging torque G widths and shift angles of iot/10.pole modular PM
machine. (a) Slebpening=1mm. (b) Sledpening=3mm. (c) SledpeningSmm.

3.4.2 12-S.0T/14-POLE MODULAR PM MACHINES

3.4.2.1 WiTH 2um™ FG
a. The First Slot-Opening Shift

Another typical slot/pole number combination that has been widely investigated in literature
is the 12slot/14pole. For this madhe, thel is 42. Using previously mentioned methods,
the main parameters of calculating the desired shift angle haneabbéved and listed in
Table3.4.

For the 12slot/14pole modular PM machine with 2 mm FGs, the  (6") order harmonic
is the most dominant one. Therefoomly the first shift is necessary to mitigate its resultant
cogging torqueWhen the desired shift angle for cancelling+the (6") order harmonic is

applied,the cogging torque waveforms synthesized from-gpenings (under the effect of

FGs)is almost opposite to that produced by the FGs, as shokig.iB.20 (a). As a resultthe

amplitude of the— (6™ order harmonic can be significantly decreased. Furthermore, the

—— order harmonic is reduced slightly at the same time. Consequently, a 85% reduction

93



in the resultant cogging torque has been achieved.

TABLE 3.4 DESIREDSHIFT ANGLE AND MAIN COEFFICIENTS(12-SLOT/14-POLE AND FG=2vM)

n=1 n=2

Y (Nm) 0.18 0.02

Y (Nm) 0.09 0.02

* __(Elec.Deg) -94.5 -2.32

* __ (Elec.Deg) 94.48 2.41

* __ (Elec.Deg) 180 180
Desired shift angle (Mech. Deg. ) -4.55 -

Original peak cogging torque (Nm) 0.13 0.13
Peak cogging torque with shifting (Nm 0.02(85%) -
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(b)

(©)

Fig. 3.20Reduction of the first tworder harmonic of the resultant cogging torque. (a) Cogging
torque waveforms ofFGs and slobpenings before and after shifting. (b) Comparison of

resultant cogging torque waveforms. (b) Spectra-s{at/14pole & FG=2mm).
b. Back-EMF and On-Load Torque

Fig. 3.21 compares the waveforms of baEMF before and after applying the staening
shift. Again, only the results of the phase A are given. The shift cbpkatings weakens the
magnitude of the fundamental baEKMF leading to potential decrease in the averagque
from 6.33 Nm to 6.06 Nm, as shown Hkig. 3.22. The reason for the decrease in the
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