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ANALISISPRESTASI 10 LUBANG ALUR/4KUTUB MAGNET
MOTOR SEGERAK MAGNET KEKAL LIMA-FASA BAGI

KENDERAAN ELEKTRIK

ABSTRAK

Di antara semua jenis motor elektrik, Motor Segdvignet Kekal (MSMK)
adalah motor yang paling boleh dipercayai dan celadam aplikasi perindustrian. la
digunakan secara meluas dalam industri, aplikasahy automotif dan pesawat, kerana
penyelenggaraannya yang rendah, kecekapan tingggtagi dinamik yang baik dan
kepadatan tork yang tinggi. Projek ini menyiasatgaguh pelbagai jenis konfigurasi
penggulungan dan corak magnetisasi yang berbezandalestasi lima-fasa MSMK.
Tiga corak magnetisasi seperti pemagnetan radeahagnetan selari dan pemagnetan
Halbach pelbagai segmen telah digunakan untuk b@niy alur/4 kutub magnet
MSMK pada keadaan litar terbuka dan keadaan bdfaedah elemen terhingga 2D
(FEM) digunakan secara intensif dalam penyiasatarumtuk membuat model dan
meramal ciri-ciri elektromagnetik dan prestasi MSMKeputusan analisis elemen
terhingga (FEA) terperinci mengenai tork penugalasitan fasa teraruh, ketumpatan
fluks udara, tork elektromagnet, tarikan magnefgyamak seimbang dan tork keluaran
dianalisis. Tahap voltan fasa teraruh selanjutnylaituwhg ke dalam komponen
harmoniknya untuk menyiasat prestasi dalam torkpwut Selanjutnya, kaedah
kecondongan bagi meminimumkan tork penugalan padaMKl dicadangkan.
Hasilnya, MSMK dengan permagnetan selari yang maygiypengulungan secara dua
lapisan memberikan prestasi motor yang terbaik dagi voltan fasa teraruh yang
tinggi, jumlah gangguan harmonik yang rendah, k&lkaran yang rendah, UMP yang
rendah dan tork elektromagnet yang tinggi. Disebabki, MSMK berpotensi untuk

Xii



menyediakan penjimatan kos untuk kenderaan elettéiigan mempunyai konfigurasi
penggulungan padat dalam motor pelbagai fasa, yaagpu membolehkan motor

berprestasi tinggi dengan jumlah magnet yang llebdil.

Xiii



PERFORMANCE ANALYSISOF A FIVE-PHASE
10-SLOT/4-POLE PERMANENT MAGNET SYNCHRONOUS

MOTOR FOR ELECTRIC VEHICLE

ABSTRACT

Among all types of electrical motors, Permanent MagSynchronous Motor
(PMSM) is the most reliable and efficient motorsndustrial applications. It is widely
used in industries, home application, automotived aircraft, due to its low
maintenance, high efficiency, good dynamic perfarogaand high torque density. This
project investigates the influence of the varioyset of winding configuration and
different magnetization patterns in the performanica five-phase PMSM. Three types
of magnetization patterns such as radial magneiizaparallel magnetization, and
multi-segmented Halbach magnetization are appledhe 10-slot/4-pole PMSM
during open-circuit and on-load conditions. A 2Dbite element method (FEM) is
intensively used in this investigation to model aptedict the electromagnetic
characteristics and performance of the PMSM. Thiilge finite-element analysis
(FEA) results on the cogging torque, phase back-EMKF gap flux density,
electromagnetic torque, unbalanced magnetic pullarput torque, are analyzed. The
phase back-EMF of the motor is computed furtheo ifts harmonic distortions.
Further, the skewing method for minimization of giogy torque of PMSM is proposed.
As a result, the PMSMs with double layer distribbitevinding with parallel
magnetization gives the best motor performancesims of high fundamental phase
back-EMF, low total harmonic distortion, low peadgging torque, low UMP and high
average electromagnetic torque. Due to this, th&sMMhas potential to provide the
cost savings for the electric vehicle with a comipamding configuration in multi-

Xiv



phase motors, which is capable of providing smathegnet volume with a high-

performance motor.
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CHAPTER 1

INTRODUCTION

1.1  Background

For the past decade, transportation sector oil wopsion has grown at a
higher rate than other industrial sectors. Thisaase was largely derived from the
new demand for personal use of vehicles poweredcdayentional internal
combustion engines. With increased awareness ofpallution and rising
petroleum prices, electrified vehicles have emergsedpromising solutions to
replace the conventional vehicles.

Electric Vehicles (EVs) are ideal vehicles for figtiapplications in terms
of their zero emissions. However, EVs face sewdnallenges including expensive
power electronics, electric propulsion motors, andrgy storage systems, which
are among the main barriers for their mass commakezation [1].

On the other hand, hybrid electric vehicles (HEM)mbine the
advantages of both conventional and electric vekichnd have achieved
significant success in the last decade. Electrichmmees are the vital parts of HEVs
in terms of energy conversion. They can either ajgelas motors to convert
electric power into mechanical power, or as gewesab generate electricity from
mechanical power [1].

Permanent magnet synchronous motors (PMSM) are masable of
competing with Induction Motors for the electriopulsion of HEVSs. In fact, they
are adopted by well-known automaker for their HEY84SM are very good
candidates for HEVs application due to their adagas in compactness which the

overall weight and volume are significantly reducked a given high power



density. Furthermore, their high efficiency with afficient heat lost to the
surrounding compared with traditional induction orptmade PMSM more
suitable for HEVs application [2].

However, electric vehicle applications require ertely high reliability
that made the traditional three-phase PMSM wilefagth severe challenge. The
torque of three phase PMSM drive system will desesadramatically in case of
major failures, such as open circuit of single ghastwo phases and short circuit
of one phase, which is unacceptable for electrinicles especially for in-wheel
motor driven vehicles [3].

Multiphase drives have additional degrees of freedoompared with
traditional three-phase drives. These, degreeseeflbm can be used for different
purposes, such as additional torque generatioaut tolerance when a part of the
system fails [4]With increase in number of phases in motoultiphase PMSM can
obtain the highest possible reliability. In fadtpne or two phases of motor are out of
service due to failure, motor can continue to ofgeaaad overcome the fayf].

Comparing with traditional three-phase PMSM, the Itipbase PMSM
improves fault-tolerant capability and reliabilibf the electric vehicle drive system
which are important in safety-critical applicatiof®educed torque pulsation, improved
noise characteristics, and lower copper losseso#iter advantages of multiphase
electric machine drives [6]. The multiphase PMSMWeasystem offers another solution
for the electric vehicle drive system.

The drive model can be described to compose ofeaphase star-connected
PMSM and a five-leg voltage source inverter (VShe neutral point is not connected
and all the phase currents are measured, with demdion that effects of saliency and

saturation are negligible [7].



The structure point of PMSM is depending on theitrs of the magnets on
the rotor. The PMSM can be constructed into threeegal categories, i.e., surface
PMSM which have their permanent magnets mountetth@surface of the rotor; inset
PMSM in which the permanent magnets are inset drafig inset into the rotor, and
interior PMSM which has the permanent magnets Hunside the rotor [8].

In terms ofwinding point of view, concentrated windings ariglely used than
distributed winding because of the low manufacimost, lower MMF ratio and less
copper loss in the motor windings. Although concated windings can improve
performance due to shorter axial length, its lowesistance gives advantageous in
application which is given a priority in lower ampdurn and small output torque
operation [9].

In PMSM, the magnetization pattern of magnet haaggmfluence on the
performance of the motor. However, magnetizationtepa types of Radial
magnetization, Parallel magnetization and Halbaadgmetization influence in
differences performance of motor.

A radial magnetization has affixed radial componarér the angular width
of the magnetized magnet area and zero tangeptimbonents everywhere. It also
has zero magnetization in the air space betweemetagCompared to Halbach
magnetizations that have an essentially sinusaidajap field distribution. Hence,
their induced electromotive force (EMF) waveforminderently sinusoidal and
the cogging torque may be negligible, without réagrto skew or a distributed
stator winding [10].

Widely, PMSM can be classified into two types; aesivave and trapezoidal

wave, that depending on the back EMF waveforms. Gdek EMF is the synthetic



voltage of the individual windings due to the fluariation caused by the rotor rotation,
and the higher the synthetic voltage is, the bgtkeformance the motor possesses [11].

The electric vehicle drive system application reggiia minimum vibration and
acoustic noise, and smooth operation of the métathermore, low torque pulsations
in motor drives are essential for high-performaspgeed condition and position control
applications where friendly human—machine intetatiare desired [12].

Instead due to the inevitable manufacturing erroipioduction, it generates
distortions of magnetic energy and additional exmn forces. These manufacturing
errors affect magnetic excitation forces. Coggimgjtie and unbalanced magnetic pull
(UMP) are major magnetic excitation forces of PMtons, which generate vibration,
noise, and stress of the machine bearings in therfi3].

Therefore, in this project the performancefieé-phase PMSM with various
type of winding configuration and different magazation patternss investigated and
validated by evaluating the cogging torque, phasekiEMF, unbalanced

magnetic pull, total harmonic distortions of phasek-EMF and EM torque.

1.2  Problem Statement

Hybrid electric vehicles (HEVs) and electric velgl (EVS) have been
identified to be the most feasible solution to ioye fuel economy and reduce
emissions in the transportation sector [14]. Thedfd HEV applications desire the
motors to produce high output torque under steaaly condition. The motor should
be capable of achieving high acceleration to athagi speed within short period of
time [15].

Since the electric vehicles run at low speed likenlting or accelerating,

permanent magnet synchronous motor (PMSM) mustigeothe higher torque.



When they run at high speed, PMSM must have stroalgiity of flux weakening to
expand speed [16]. Hence in long term operatioMSMs are expected to have high
energetic efficiency as one of the one most impdrg@al to reach.

In order to improve the performance of PMSM, iirgortant to fully utilize
the magnetic flux produced by permanent magnet. édaw it is difficult to control
the flux of the permanent, whose magnetic charetier is influenced by
magnetization, magnetic materials and geometriigoration [17].

On the other side, winding factors and consequeht#yharmonic contents of
the electrical quantities involving such machinegs determined by the type of
windings employed in their construction. Particlyathe harmonic distortions of
voltage, currents, flux densities, etc in electriceachines; such as torsional torque,
axial and radial forces are producing vibrationgisa and increment in copper and
iron losses; which depend on the type of windinfg@@tfin a significant manner on
both of the dynamic and steady state performanuetlzeir efficiency [18].

Therefore, the performance of five-phase PMSM deswgth different
winding topologies and magnetization patterns iarepircuit and on-load conditions
with and without applied skewing method are comg@ased analyzed; to identify
which design can be implemented for the best perdmice motor in high EM torque
and induced phase back-EMF and provide less coggngue and unbalanced

magnetic pull.



1.3  Research Objectives
The main aim of this research is to design a fikage 10-slot/4-pole permanent
magnet synchronous motor (PMSM). The specific dbjes of this project are as

follows:-

* To design and calculate the motor dimensions féivexphase 10-slot/4-pole

surface mounted permanent magnet synchronous motor.

* To model and simulate a five-phase 10-slot/4-paktase mounted permanent

magnet synchronous motor using finite element ntetho

« To analyze and compare the effects of differencading topology and
magnetization patterns on the performance of a-ghvase 10-slot/4-pole

permanent magnet synchronous motor.

1.4  Scope of Project

The scope of the project is to develop and analise
performance of five-phase, 10-slot/4-pole, surfacedinted permanent
magnet synchronous motor (PMSMging finite element methodhat involved
with three difference winding types suchdistributed winding with double-layer
configuration; and concentrated windings with siflyer and double-layer
configurations, respectively. Three type magneatratpatterns such as radial
magnetization, parallel magnetization and multirsegted Halbach magnetization are
applied to the surface-mounted PMSM.

Since the total harmonic distortions and harmaoimponents of
the phase back-EMF are calculated by using Fastigfotransform (FFT) in

MATLAB. The detailed finite-element analysis (FEANn the effect of



difference winding topologies and magnetizationtgyats are carried out to
evaluate and verify the performance of the designetbrs. Additionally, the
cogging torque has been analyzed to be reducedtby skewing method that

applied in the finite-element analysis.

15 Outlineof the Thesis

This thesis consists of five main chapters in detéiom introduction to
conclusion of this research. Chapter 1 is about itileduction of project which
includes and describes the background, problenerstait, objectives and scope of
project.

In Chapter 2, literature review of the past workrbgny researchers based on
motor topologies, structure topologies, magnetiratipattern, phase back-EMF,
cogging torque, self-inductance and mutual-indwmarflux linkage, torque ripple,
electromagnetic torque, unbalanced magnetic piMR) multiple phases and skewing
method are discussed.

Chapter 3 describes the methodology of the projHue methodology clearly
explains the methods applied in this project ardstieps in Finite Element tool that has
been used to simulate and model the performanogotdr. In addition, it also includes
the project plan and flow chart. Moreover, the dpsions of motor, calculations of
motor dimensions, winding layout and proceduredahds project are provided.

Results and Discussion are included in Chapterhé. Simulation results from
the FEA software i.e. Opera-2D are given, discussetanalysed in great details. The
graphical data and diagram of flux density, EMFg@iag torque, UMP and inductance
are obtained. The simulation results between diffetype motor designs are compared

and analyzed.



Finally, Chapter 5 describes the conclusions aof firioject. The conclusions
according to the simulation are made and the matodel which has the best
performance is selected. Additionally this chapmtso includes the summary of the
outcome and future work that can be done to furihgrove the performance of

PMSM.



CHAPTER 2

LITERATURE REVIEW

21 Oveview

In this paper, a five-phasg&0-slot/4-polepermanent magnet synchronous
motor (PMSM) is optimally designed to have high ayrnc performances such as high
efficiency; high steady-state torque; a very higigtie; and low rotational inertia for a
vehicle purpose. The researchers report variougreasting work on PMSM
performance. This chapter presents the previoustecklwork with regard to the
performances of five-phase PMSM.

The topologies of this PMSM are explained in secfa?. The type motor and
winding topologies are explained in section 2.3 section 2.4. Hence, winding layout;
and self-inductance and mutual-inductance are pteden section 2.5 and section 2.6.
The effect of phase back EMF, flux linkage, cogdiogjue, and unbalanced magnetic
pull (UMP) are presented in section 2.7, sectiod, 2ection 2.9 and section 2.10
respectively.

The few types of magnetization pattern are explhiim section 2.11 and
advantage of multiple phases is briefly explainimgection 2.12. Finally, the section
2.13 and 2.14 explaining about the type of elentlegit uses in the permanent magnet

and the function of skewing method.



2.2 Per manent-Magnet Synchronous motor

Wound-field and a permanent magnet are two typesyothronous motors
which widely used in constant speed drives at freguency as well as in variable
speed drive with inverter fed variable frequencymies. These motors also have lower
weight, volume, and inertia compared to dc motorgtie same ratings.

Wound-field synchronous motors are well-knownridustrial drives requiring
constant speed irrespective of load. Separatelyratable dc excitation in the form of
dc field current is a unique feature in the poveatdr control of such a motor from the
lagging to leading mode [19].

The dc excitation current to the motor is usuaky ffrom a static power
semiconductor-based exciter system through brushésslip rings. When the brushes
and slip rings, are not acceptable because of @mwiental constraints and frequent
maintenance requirements, they are replaced byighless excitation system having
shaft-mounted rectifiers in the ac excitation systand rotating with the rotor. The
field excitation can be provided using permanengmess.

This permanent magnet ac motor simply known ashbess PMSM [19].
PMSM is capable for the electric propulsion of HEVBese motors have numbers of
advantages such as the weight and volume are isaymify reduced for given a high
power density; have a higher efficiency, and heatefficiently dissipated to the

surroundings [2].

10
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Figure 2.0: Induction motor vs Surface mounted @gr@mt magnet synchronous motor

23 TypeMotor Topologies

Depending on the location of the magnets on thar rogpical brushless PMSM
can be broadly classified into three kinds, i.ateiior PMSM which have the
permanent magnets (PMs) buried inside the rotafase PMSM which have their
PMs mounted on the surface of the rotor; and iIR848M in which the PMs are inset
or partially inset into the rotor [19].

For the surface-mounted PMSM topology, the PMssargly mounted on the
rotor surface by using epoxy adhesives. Since ¢énegability of PMs is near to air, the
effective air gap is the sum of the actual air gamth and the radial thickness of the
PMs. Hence, the corresponding armature-reactidd #esmall, and the stator winding
inductance is low. In addition, since the d-axisl @raxis stator winding inductances
are nearly the same, its reluctance torque is dlm@® [20]. The surface mounting
design tends to yield a small rotor diameter watv linertia, which is conducive to

good dynamic performance [19].
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For the surface-inset PMSM topology, the PMs asetinto the rotor surface
[20]. Thus, it can lead to the g-axis inductanckiger than the d-axis inductance. The
saliency will produce significant reluctance torcagwell as the magnet torque [19].
Since surface-inset magnet develops reluctanceudordt improves mechanical
robustness and also possesses better field wegkeapability. Hence, surface-inset
magnet provides a lower PM eddy current losses apaapto those of surface-mounted
magnet topology [21].

For the interior-radial PMSM topology, the PMs aaglially magnetized and
buried inside the rotor [20]. The interior magnedsign offers the advantages of
mechanical robustness and a smaller air gap, whlildws for a degree of flux
weakening when the motors are expected to opemnatenstant power mode at high
speed. In the interior magnet design, it is possiblproduce greater flux density than

the flux density at the magnet surface [19].
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Figure 2.1: PMSM with (a) PMs mounted on the swefatthe rotor, (b) PMs are inset
into the rotor and (c) PMs buried inside the rotor
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24  Winding Topologies

There are two winding for PMSM for HEVs; concenghtwinding and
distributed winding. Both have own merits in terro§ influences the motor’s
performance.

In concentrated winding, the structures of tootd aail part are independent
each other. Therefore, teeth can be divided intth eme tooth at the coil winding
process, which makes coil fill factor extremely hég. Hence, contribute to a low
copper loss with a short axial length applicatiéarthermore, it's lower resistance
gives an advantage to the application which a gaveniority in lower ampere-turn and
small output torque operation [9]. Due to this, ®ith concentrated winding has an
advantage on the structure of motor which is sntightweight, short end coil and an
easy winding operation.

On the other hand, the PMSM with a distributed wigdhas a high efficiency
and having a low current loss in the PM at a higeesl [22]. The higher reluctance
torque density gives a distributed winding advaetag available in higher torque
regions. In all, the distributed winding motor haetter performance in longer core
length region [9].

For traction motor which flows large current, eddyrrent loss of NdFeB
Magnet is the critical functioning. To reduce edulyrent loss, the distributed winding
is good to use. But end turn length of the disteduwinding is long, copper loss of the

distributed winding is bigger than that of the cemttated winding [23].
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25  Winding Layout

The effect of winding layout on the shape of flinkhge and back EMF can be
described through distribution factor, pitch fagctand winding factor. There is two
type of winding layout which is a single layer adduble layer. For single layer
winding, each slot can only accumulate with ond, atifferent from double-layer
winding that each slot can accumulate with two sales which is upper side layer and
lower side layer.

2.5.1 Distribution factor

For coil per-phase winding which accommodated icheaf slot can be

calculated by using Equation 2.1 as below:

Slot/Pole/Phase, sspg;: (2.1)

where p is number of poles amglis number of phases.

Each coil per-phase will identical have the samelmer of turns, they will
have same RMS value of induced EMF. However, theyehprogressive time phase
difference as these coils are uniformly distributBlde RMS phase EMF is less than the
algebraic sum of RMS coil EMF due to the effectcofl distribution which is called
distribution factorK,,. To determine the type of winding of motor desithg ratio of
slot/pole has to be considered, in order to achibeehigh-performance motor design.
For slot/pole less than or equal to 1.5, the méatmywn as having non-overlapping
winding. On the other hand, for slot/pole more tHah the motor known as having
overlapping winding.

For overlapping, the distribution factor is shovenbelow:

Kan = —5% (2.2)
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where n = 1,3,5,7,... is the harmonic numbers, muimlrer of coils and y is the coil
displacement angle.

For non-overlapping, the distribution factor is wimabelow:

resultant emf vector per phase

Kan = (2.3)

algebraic sum of emf vector per phase

Motor with distributed windings have typically lornd windings because the
coil of a phase must cross the other phase chésetore distributed winding known as
overlapping winding. Since the phases are locatesely together, more insulation
material is used, which will add to the axial buslidthe end windings [24].

On the other hand, the concentrated winding knownnan-overlapping
winding because it has phase coils that are wounuhd separate teeth, which means
that the axial build is short. In addition, the gdatlayer concentrated winding has
almost twice the axial end winding build, compatediouble-layer windings. This is
because the coil around one tooth consists ofoaltiactors in the slot next to it, while
for double-layer windings it consists of only haffthese conductors.

2.5.2 Pitch Factor

The pitch factor is defined as the ratio of thetwesum of EMF induced in the
coil to the arithmetic sum of EMF induced in theal.cBor overlapping winding, the
pitch factor is equal to 1 when the coil EMF isuansof the conductor EMF in GO and

RETURN conductor.

However, if the coil span is not full pitch coihe pitch factor is shown as below:

0
Kpn = cos% (2.4)
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In contrast, the pitch factor for non-overlappinmeing is given:

Kpn = sin% (2.5)
25.3 Winding Factor
The winding factor for overlapping and non-overlagpwinding is the product

of the pitch factor and the distribution factor [Zfihe winding factor can be calculated

by using Equation 2.5 below:

Ky = Kpn X Kan (2.6)

26  Sdf-Inductance and Mutual-Inductance

The stator winding inductances can have a sigmfie&fect on the performance
of PMSM, as high inductances can cause the torgeeescurve depart from the ideal
linear characteristic [25]. The air gap componehtimmluctance in the magnet is
mounted adjacent has an only small portion of weiding inductance and mutual
winding inductance. While the slot component ofuciince has more effect in self-
winding inductance and mutual winding inductance.

However, the ratio of self-inductance and mutuduictance are depending on
the motor design. There are various componentsindiing inductance that given a
different impact to machines, such as non-overtappvinding and an overlapping
winding. An overlapping winding result, more siniggd magneto-motive force
(MMF) distribution and phase back-EMF waveform. Whnon-overlapping generally
gives lower copper loss, high efficiency and tordeasity [26].

In addition, synchronous inductances the harmoeakdge inductance, slot

leakage inductance and end-leakage inductance awmnpds classified as phase
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inductance. In fact, the higher slot/pole numbdroravill give the lower winding

inductance, since the number of series turn pesgleduces [26].

2.7 PhaseBack EMF

The most of PM brushless motors can be classifieal two types back EMF
waveform which is a sine wave and trapezoidal wave application with the sine
wave motor satisfies less mechanical vibrationlamdacoustic noise.

The back-EMF is the synthetic voltage of the indinal windings due to the
flux variation caused by the rotor rotation [11jfdrm of performance, the higher the
synthetic voltage lead to better performance forampossesses. This can be calculated
by employing the open-circuit magnetic field distriion on the motor [27].

Back EMF waveforms partly depend on the air-gap flistribution produced
by magnets. In parallel magnetization, for arc ghagagnet is given a uniform air-gap
permenance and trapezoidal back EMF, it contragtsanvbread loaf magnet that gives
a non-uniform air-gap permeance and more sinuso@et EMF waveform. However,
there are no specific criteria to determine thecexaagnet shape to form the required
sinusoidal back EMF [11]. According [27], the cdktion of the magnetic flux linked
with each coil is a prerequisite for the inducedisBMF prediction in each phase.

The magnetic flux passing through a surface cdoled by

¢= [ B.dS (2.7)
where B is the magnetic flux density vector digitibn passing through the surface and

dS is an element of the surface area vector.

The back-EMF can also be found from the Lorentzddaw,

E=vLxB (2.8)
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where v is the tangential velocity between the aod the flux density.
The no-load RMS back EMF in the stator windingtbg magnetic excitation
flux of rotor is;
Er = nV2f,k,, Ny @, (2.9)
where N, is the number of stator turn per phakg, is the winding factorf, is the

frequency and, is the total flux per stator tooth.

2.8 Flux Linkage

Maximum flux linkages occur when the axis of a metgis in alignment with
the center of the tooth for the coil is wound amunsingle tooth. The magnetic flux
linkage depends on the tooth tip width, which will slightly smaller than the slot
pitch [28]. The smaller the number slots, a smailember of coils are required as the
size of the slot is large. The number of a slot &asinor influence on the maximum
amplitude flux linkage, as the pole width is deseghthe maximum amplitude flux is
decreased [8].

The flux linkage can be calculated using Equati¢n 2
Self-inductance, L=A;—® (2.10)

Where @ = Flux Linkage
N = Number of turn

I = Current in the coil

29 Cogging Torque
The cogging torque is the most important parantatgrneeds to be considered
in the design of PMSM. Cogging torque can be detntal in PM brushless DC motor

as it produces noise, vibration and output rippleciv reduced the efficiency of the
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motor [8]. Cogging torque results from the intei@ctof permanent magnet MMF
harmonics and the air gap permeance harmonicsodletting.

It manifests itself by the tendency of a rotoral@n in a number of stable
positions even when the machine is unexcited, asdlts in a pulsating torque, which
does not contribute to the net effective torquel.[d%e causes of speed ripple and
induce vibrations, particularly at light load armvl speed, its reduction is usually a

major design goal. The cogging torque can be catledlusing Equation 2.8.

Cogging Torque, T, = ——— (2.11)
The Equation 2.10 shown that the cogging torquirectly proportional to the
change of radius with respect to the circular amgleadian. The independent of flux
direction as the magnet is squared, which prodtslestance variations with the rotor
position; it is independent of stator current. Whigcreasing the pole width, the
maximum of cogging torque is reduced, but the fesmy of that is increased.
Therefore, it is concluded that a change in thdeasmgvould change the cogging torque

to a better value outputs [8].

2.10 Unbalanced Magnetic Pull (UMP)

A PMSM are widely implemented in many applicatiohecause of its
advantages in high magnetic energy that producdn hayque density. Due to
manufacturing errors, inevitable in their produntigenerate distortions of magnetic
energy and additional excitation forces.

One of the major manufacturing errors is an eceztytr which happens when
the rotor and the stator do not coincide. Thisrecem be classified as dynamic or static
eccentricity. Static eccentricity is the state ihieth the rotor rotates with respect to a

fixed center and the air gap between the rotor thedstator is stationary. Dynamic
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eccentricity is the state in which the rotor rasaggound its own center in a whirling
motion, and so the position of the minimum air geyolves around the center of the
stator, which changes the magnetic field conculy¢h8].

When the rotor is dynamic eccentric, it will produdMP, but it is smaller than
EMF and it can still be omitted [30]. However, UNEPimportant as it affects the wear
on the bearing, as well as noise and vibration extinf31]. There has been much
research on the cogging torque and UMP generatelyiymic and static eccentricities
and uneven magnetization. From J. Y. Song et &| $how that the pole harmonics
and pole multiple +n harmonics of the UMP are matkd by the frequency of the
unevenly magnetized PM.

The possible sources of UMP and the associatedtion frequencies can be
analyzed by developed an analytical model usingtireg field theory. The samples of
machines are analyzed using finite element anatgsisbtain the magnitudes of the
UMP and eccentricity of the small rotor exploredthe event of high eccentricity, the
UMP will be excessive generating high audible ndiskich will lead to developing
fault when inspected) or complete rotor pull-ovethe air-gap which will cause drive

failure [31].

211 Magnetisation Patterns

Electromagnetic torque can form from the six ddf@r magnetization pattern
that is radial sinusoidal amplitude magnetizatimeal Halbach or sinusoidal angle
magnetization; radial magnetization; parallel mdigagon; Halbach magnetization
with fractional pole arc per pole pitch ratio; atwb-segment Halbach magnetization.

For Halbach magnetization pattern, the electrom@&gt@que can be maximized.
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In addition, the sinusoidal armature current waues with the Halbach
magnetization pattern produces maximum torque métio ripples. By using the radial
magnetization pattern with sinusoidal armature eniriwaveform yielding results in
zero torque ripples, the electromagnetic torqualisost at minimal compared with
other magnetized patterns with the same armaturerduvaveforms.

In the case of internal rotor motors, the parattelgnetization pattern develops
slightly higher electromagnetic torque than radielgnetization pattern. However, in
the case of external rotor motors, this is totaffposite [27].

Depending on the magnetization orientation forrfegnets, the rotor can also
be classified into radiation oriented or circumferaly oriented configurations type.
For surface type configuration, the only directimhmagnetization is the radial. In a
brushless PMSM, there is no provision for rotoresekcitation control. The control is
done only entirely through the stator terminals.

On the other hand for variable speed drive apptinaf it required the constant
torque and constant power operating modes. Singmetia flux is usually fixed, the
air gap flux weakening is achieved by controllihg direct-axis current at high speed.
This results in low efficiency at high speed; PMymae subject to irreversible

demagnetization condition [19].

212 Multiple Phases

The electric vehicle is one of the applicationst thequire extremely high
reliability, the conventional three-phase PMSMs amenfronted with a severe
challenge. Generally, the torque of conventionedgiphase PMSM drive system will
decrease dramatically in case of major failureshsas the open circuit of a single

phase or two phases and short circuit of one plvalsieh is unacceptable for electric
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vehicles especially for in-wheel motor-driven vedif3]. Due to this, some researchers
turned to the investigation of multiphase PMSM eystfor the better fault-tolerant
capability [3]-[6],[15],[32],[33].

Increasing in the number of phases is one of ththads for reducing the
amplitude of torque pulsation and increasing iexjfrency. The multiphase machine
provides a significant advantage of fault tolerafeature and improved reliability
characteristics compared to conventional threeg@haschines. In the five-phase
machine, loss of up two phases will not inhibit thetor from continuing operation or
even from starting [34]Multiphase machines can continue operations when th
faults occur by using the remaining healthy phadegrovement of noise
characteristics andeducing the stator current per phase without amsirey the
voltage per phasare other advantages of multiphase machjhB$. These features
are very fit for the modern electric drive applioas which are energy efficient in

variable speed operation underweight and volumetcaint.

213 Typeof Magnet Materials

There are various types of magnet materials witliffarent characteristic that
can use in PMSM. Ferrite is one of the low-costmaet that has better linearity in
demagnetization. However, the remnance in ferrigmets is low and more material is
required to achieve a flux level in the air gapnkk ferrite magnets tend to be used in
drives where high dynamic performance is less igmbithan motor cost.

On the other hand, Samarium-Cobalt is high-cosernatthat has substantially
increased residual flux density and coercivity. Asresult, it is used in high-
performance servo drives, where a high torque ¢otian ratio is desirable. A further

increase in residual flux density and coercivitg lhaen achieved with the introduction
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of Neodymium-Iron-Boron magnet material at a lowest than the Samarium-Cobalt

material [19].

2.14 Skewing Method

In work for PMSM to become a high-performance cdatk for hybrid and
electric vehicle, PMSM application requires minietdzthe cogging torque value for
reduced vibration and acoustic noise, and smooénabipn of the motor, that appear
due to the mutual attraction between rotor andstatagnetic armature of the motor
[12], [35]. Therefore researcher has addressedaewethods can be used to minimize
cogging torque [12], [35]-[37]. One well-known appch for reduction of cogging
torque of PMSM is skewing method.

Skewing may be accomplished with either a skewatbisbr a skewed magnet.
Both techniques were constructed and resulted immvath minimum cogging torque.
Theoretically, skewing of the stator is simple @t of construction as the stator is
made of a thin lamination of the steel. This lartioramay simply be twisted before
stacked and glued.

The skewing of magnets can be continuous or stepwighree-step skew is a
good compromise between manufacturing complexity @erformance the three step-
skew schemes. A three-step skewed motor is modeeane with three axial slices
each shifted by the skew angle. The centered pgecensidered to have a zero phase
angle ¢ =0), while the other two pieces (lagging and lagdbieces) have positive and
negative phase anglesofl12].

However, a disadvantage of skewing the stator slotspared to the straight

slots solution is the decrease of the e.m.f. dubdskewing factor [35].
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215 Summary

There are a great number of researchers in literatealing with the optimum
design of PMSM. Hence, various approaches have beepted by researchers to
develop the analytical model for predicting desitrat given a high dynamic

performance for PMSM.
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