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Abstract
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The growing popularity of electric vehicles is being driven by a combination of an increased awareness of
global climate change and improvements in batteries and driveline efficiencies. Whilst more efficient and
less noisy than a combustion engjna poorly designed electric machine can still generate damaging
vibrations into the vehicle drivetrain and produce nuisance noise. The concern is that for all the apparent
mechanical simplicity of an electric machine, modelling the vibration is a nosbyialifficult task owing to

the multi-physics nature of the problem. This thesis attempts to tackle this issue by carefully measuring and
characterising the electromagnetic and mechanical characteristics of a baseline 20kW liquid cooled interior
permanentmagnet synchronous machine.

Based on mechanical finite element (FE) modelling techniques, methods of best representing the non
homogenous laminated stator core and complex windings structures are explored. It is found that stator
laminations and windingsan be represented by equivalent composite materials. Although the full winding
model has good alignment to the measured results, it takes excessive calculation time. The best
compromised solution is to apply the derived composite material to the slots dilyease the modelling
process of complex machine structure, the modal frequencies are obtained experimentally at different stages
of assembly so that the model can be finmed step by step as it is assembled, while the structure shape is
also simplifiel by removing complex features and the mesh is optimised to reduce the calculation time. For
the end plates, using the spot weld method within the FE tool is found to be an effective method of replacing
the bolts. A novel method of linking the coolant gl optimising the cefficient of friction is implemented.
Overall, the final simplified model shows good alignment with the experimental results.

An electromagnetic FE model is established to calculate the tooth forces acting on the stator frongtye air
field harmonics. The derived tooth forces are exported from the electromagnetic FE model and applied to
the developed 3D mechanical FE model to allow the dynamic vibration responses to be calculated and
compared with the measured results on the baselimachine. The final FE model is then used to
comparatively investigate the effects of four different rotor designs which exhibit almost the same {orque
speed characteristics, losses, and efficiency, as the baseline machine.

Dynamic experiments of the balne machine show that the key vibratory frequencies are directly linked to
the slot frequency owing to the high torque pulsations of the machine. A PWM component equal to the
switching frequency plus the“harmonic of the electrical frequency, idengifi as a side effect of using the
SVPWM technique, is highlighted as a concern and can be mitigated by avoiding mechanical resonances. In
addition, it is shown experimentally the amplitudes of the major electromagnetically induced vibration
frequency compoants drop as current angle shifts towards the maximum torque per Ampere point before

rapidly rising once the optimal point has passed.
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Abbreviations and symbols
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Abbreviation Full term

2D 2 dimensional

3D 3 dimensional

AC Alternating current

BEV Battery electric vehicle

BH Flux density vs. magnetizing force

BLAC Brushless AC motor

BLDC Brushless DC motor

BNC Bayonet NeilConcelman (c@xial connector)
CAA Californian Clean Air Act
CAD Computer aided design

CAE Computer aided engineering
CCLD Constantcurrent line driver
CCw Counterclockwise

CFD Computational fluid dynamics
CQ Carbondioxide

CPSR Constantpower speedrange

cRIO National instruments @mpact RIGmbedded controller
CwW Clockwise
D2A Digital to analogue conversion
DAQ Data acquisition
d-axis Direct axis
DC Direct current
DSA Digital signal analyser
EM Electromagnetic
EMD Electric machines and drives group
EMF Electromotive force
ERP Equivalent radiated power
ERPL Equivalent radiated power level
EV Electric vehicle
FE Finiteelement
FFT Fast Fourietransform
FRF Frequency responsinction
GCD Greatest common divisor
GM General Motors

GPIB General purpose interface bus
HEV Hybridelectricvehicle

ICE Internal combustion engine
ID Inner diameter
IGBT Insulatedgate bi-polartransistor
IM Induction machine
IP Intellectual property
IPM Interior permanent magnet
IPMSM Interior permanent magnet synchronous machine
ISO International organisation for standardisation
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UK
km/kWh
LCM
LCR
LEAF
MEPA
MMF
MTPA
MY xx
NDT

NLPQL
NI
NOx
oD
OPEC
PC
PF
PLC
PM
PM2.5
PMaSynRM
PMSM
PWM
g-axis
rad
RPM
SM
SPM
SRM
SVPWM
T-N Curve
TSB
UMF
UMP
UsB
USP
VA
VW

Abbreviations and symbols

Innovate UK

Kilometres per kilowatt hour (distance per unit energy)
Lowestcommon multiple

Inductance, capacitance, resistance meter

Leading environmentally friendly affordable, family @dissan)
Maximum efficiency per ampere

Magnetomotive force

Maximum torque per ampere

Vehicle nodelyear, xx = year

Non-destructive testing

Nonlinear programming by quadratic lagrangian (optimisation)
National instruments

Nitrous oxide

Outer diameter

Organization of the petroleum exporting countries
Personabomputer

Power factor

Product life cycle

Permanent magnet

t FNGAOdzZE FGS YFGGSNE Hdp>Y
Permanent magnet assisted synchronous reluctance machines
Permanent magnet synchronous machine

Pulse width modulation

Quadrature axis

Radian

Revolutions per minute

Synchronous machines

Surface permanent magnet

Switched reluctance machines

Space vector pulse width modulation

Torque vs. speed curve

Technology strateggoard

Unbalanced magnetic force

Unbalanced magnetic pull

Universal serial bus

Unique selling point

Volt-Amperes- apparent power of motor and drive
Volkswagemmotor group

Pagel2



Abbreviations and symbols
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Symbol Meaning Unit
am Modulationcoefficient
Asiot Slot area m2
Asir Area of 1 winding strand m?
B Hux density T
Bm Peak magnetic flux density T
Bok Peak flux density T
Brad Radial flux density T
B Remanent flux density T
Ban Tangential flux density T
C Dampingcoefficient
G Critical damping factor
G Material constant
G Goodnesdactor forcoggingorque
D Diameter
dT Time step S
E Young'smodulus Pa
B EMF fundamental \%
E Epoxy Young's modulus Pa
Em Steel Young's modulus Pa
Bsiot Winding slot Young's modulus Pa
By Composite XY plane Young's modulus Pa
E Composite Z plane Young's modulus Pa
F Force N
Cd6 . 0 Input spectrum N
R Fundamental force N
fe PWM switching frequency Hz
fa Dominant vibration frequency Hz
fe Electrical frequency Hz
R Frictional force N
fm Mechanical (rotor) frequency Hz
fmax Maximum frequency Hz
Fr Normal force N
fo Natural frequency Hz
f, Natural frequency of order r Hz
Fad Radial force N
Freading Force reading from cogginigrque measurement N
frip Ripple frequency Hz
Fu Unbalanced force N
Fan Tangential force N
g Air gap length m
g' Effective air gap length m
G Epoxy shear modulus Pa
Gn Steel shear modulus Pa
Gy Composite » plane shear modulus Pa
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Abbreviations and symbols

G Composite Z plane shear modulus Pa
H Magnetic field strength A/m
| 6 . 0 Frequency response function ms?/N
lc Characteristic current
la d-axis current A
ldq Current vector on dj plane A
ldg(max) Maximum current on e plane A
Imax Maximumsupplycurrent A
lq g-axis current A
lrms Root mean square current A
Isc Short circuit current A
j K-1, 90° complex rotation operator
K Lumped stiffness N/m
k General counter, number, integer, or index
Ke Carter'scoefficient
Kd Distribution factor
Kir OF T & S jito & for fringing
Koys Steinmetiz's hysteresis coefficient J/im?
K Hux leakage factor
Km1,2 Rotor mechanical loss coefficients
Kt Slot fill factor
Ksp Qoil span factor
Kw Winding factor
larc Total length of air gap arc m
Ly Beam length m
Ly d-axis inductance H
Lm Magnet lengthalongdirection of magnetiation m
Ly g-axis inductance H
Lsi Stack length m
M Mass kg
m Circumferential mode
M Modulation factor
Mpreload Preload mass used in coggtegque measurement kg
Muwater Mass of water kg
n Axial mode
N Rotor speed RPM
Ne Cogging fundamental, LCM between slot and pole numt
Naivs Number of divisions in curve
Ny Number of bearing axial grooves
Ny Harmonic order
[\ Number of poles
Noh Number of phases
Nop Number of wle pairs
Ns Number ofdots
Nspp Number of slots per pole per phase
Nstr Number of strands of winding in the slot
(\ No/Np
P Amplitude of magnetic pressure N/m?or Pa
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Abbreviations and symbols

Pout Output power w
q Vector
r Magnetic force order
Reoils Coil resistance M
ri Inner radius of bearing cage m
RippleRate Ripple rate of torque -
lo Outer radius of bearing cage m
Ron Phase resistance M
t Time S
Tavg Average torque Nm
Te Cogging torque Nm
TG Magnet thermal coefficient
Tiam Lamination plate thickness m
T Magnet temperature °C
Tinax Maximum torque Nm
Thin Minimum torque Nm
Tmutual Mutual torque component Nm
Tout Rotor torque Nm
Teuctance ~ Reluctanceéorque component Nm
Tootal Total machine torque Nm
u Rotor harmonic number
Vv Velocity m/s
w Sator harmonic number
v Poisson's ratio
Vh Normal velocity of vibrating structural surface
Vehannel Volume of water in coolant channel mm?3
\Z d-axis voltage \%
Ve DC supply from power supply \%
Vg Voltage vector on 4 plane \Y
Vdg(max) Maximum voltage on @ plane Vv
Ve OLREE t2A842y Q& NI GAZ
Vim {GSSt t2Aaa2yQa NIGAZ2
Vinax Maximum voltage \%
Vq g-axis voltage Vv
Viy CompositePoisson's ratio
Weop Total copper loss W
We Eddy current loss W
Wh Hysteresis loss W
Wiron Total iron loss w
Winech Total mechanical loss W
X Displacement m
- 0 . 0 Output spectrum ms?
Xd d-axis reactance M
X g-axis reactance M
Zy Number ofball bearings
Zm Mechanical impedance Ns/m
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Abbreviations and symbols

Greek symbols

Symbol  Meaning Unit
hep Cail pitch
hg Angular distance from origin
hp Optimal pole pitch to pole arc ratio
M sk Ratio of skew distance to slot pitch
h st Steinmetiz'sexponent (frequency)
i Current angle Radians
I st Steinmetiz's exponent (maximum flux density)
nR Stator core éflection m
y Damping ratio
' Efficiency %
"m Mechanical losgactor
‘e Rotor position in electrical degrees °
< A-phase fluXinkage Wb
b B-phase fluXinkage Wb
< Gphase fluXinkage Wb
<d d-axis fludinkage Wb
Sund Fundamentalflux linkage Wb
< g-axis fludinkage Wb
>0 Permeability of free space H/m
> Relative permeability
Srec Relative recoipermeability H/m
>s Coefficient of friction
Vhs Scaling factor between harmonic and fundamental
A Saliency ratio
’ Mass density kg/m?
o Mass density of air kg/m?
“f Epoxy density kg/m?3
“m Steel density kg/m?
" water Density of water kg/m?
’ Conductivity S/m
i Radiation factor
s Air gap arc section length m
Phase angle radians
' s Stack factor
*m PM flux linkage Wb
Angular frequency rad/s
£ 0 Angular natural frequency rad/s
- b Base speed rad/s
‘e Electrical speed rad/s
e m Mechanical (rotor) speed rad/s
+ mod Modulation angular speed rad/s
o Angular frequency at radial force order, r rad/s

Pagel6



Chapter 1¢ General introduction
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1.1 Thesis overview

Interior permanent magnesynchronous machines (IPMSMs) are a popular choice of electric machine
topology for electric vehicles (EVs) and hybrid electric vehicles (HEVS) owing to high torque density, wide
speed rangeand most importantly, high efficiencies. The importance of fficiency is underlined by the

fact that despite great advances in battery chemistry and management techniques over the past few decades
the energy density of modern batteries is still very low compared to fossil fuel alternatives such as gasoline
or diel so having a highly efficient powertrain is essential in maximising the drive range of the vehicle. The
more km/kWh a vehicle can achieve under a given drive cycle, the better the battery can be utilised with all
the cost and convenience advantages thisurs.

The mechanisms behind the high efficiency capabilities of the IPMSMs will be discussed later in this chapter.
It will be seen that the advantages gained in efficiency come a cost of complexity both the machine design
and controlrequirements, as well as issues such as torque pulsations, losses, and vibrations.

Whilst electric machines are structurally simple, especially compared to an internal combustion engine, this
apparent simplicity masks a complex mugltiysics system wheréh¢ world of control, power electronics,
magnetics and mechanics are required to synergise in order to generate the required output power to the
road wheel. This requires a muttisciplinary approach to fully optimise and realise the potential of the
machnes. A poorly designed machine can generate damaging vibrations and high levels of audible noise into
the surrounding environment leading to discomfort for people surrounding or operating the machine and
accelerated fatigue or damage of both the machinemponents and the larger system into which it operates.
Understanding these mechanisms and methods of counter measuring them is therefore of high importance
to increase the performance and reliability of both the electric machine and the system, whighdadé of

this thesis is an electric vehicle.

The aforementioned muHlphysics nature means that whilst the problems associated with vibration is well
understood the methods of tackling the problem and in particular modelling electric machinegtaich
potential concerns are captured and solved as early in the design phase of the electric machine as possible is
notoriously difficult.

This thesis will study this issue by careful measurement of both the electromagnetic and mechanical
attributes of a pototype IPMSM. The machine utilised was designed as a 1/4 scale representation of the
80kW IPMSM used as the traction machine in the 2010 Nissan LEAF. Using the empiric data from the
measurement and state of the art methodologies in finite elem&ifj (nodelling a3Dbaseline model of the
machine is developed, which attempts to balance the need for high fidelity but also minimise the processing

time required in order to reduce the development times of modern vehicles and powertrains.

Pagel7
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The structure of thehesis is shown in Fig. 1.1.1.

General
introduction
Chapter 1
Experimental |nvest|gal;|0n Experimental modal
of the electromagnetic . )
erformance of baseline analysis of baseline
g machine machine
Chapter 2 Chapir 4
Development of Development of the
lelectromagnetic FE model mechanical FE model of
for the baseline machine baseline machine
Chapter 3 Chapter 5

Measurement and
simulation of vibratory
b performance ‘

Chapter 6

v

Influence of IPM rotor
topologies on vibratory
performance
Chapter 7

v

General
conclusion
Chapter 8

Fig 1.1.FFlow diagram of the thesis.
The thesis has 8 chapters which flow in sequence to show the-tyoiid complexity of the model leading to

the final vibratory model then utilisation of the model in a study on tigact of different IPM topologies

on the machine performance. Table 1.1.1 provides a detailed overview of the chapters shown in Fig. 1.1.1.

Table 1.1.1 Detailed overview of thesis contents.

Leads

Chapter Title Content Output o

Project motivationjntroduction to vibration
& measurementeview of research area
General ) . .
1 . . - Electric machine topologies.
introduction . L . .
- Sources of vibration in electric machines
- Methodologies of mitigating vibration

Project
motivation and CH2
state of the art cH4

review

Experimental | Measurement of the electromagnetic and

investigation of | performance aspects of the prototype Empiric results of

electromagnetic

2 EMperformance| machine including cogging torque,4wad erformance of CH3
of baseline BackEMFE T-N curve, mapping th&1TPAand FL sical macime
machine hence efficiency of the machine. Phy
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Chapter 1¢ General introduction

Creation of electromagnetic model of
Development of . g o .
EMFEEmodel of prototype machine utilising the empiric datgd Electromagnetic
: from CH2 to align the model to the physical FE modeland | CH6
baseline ) .
machine machine. Once aligned tooth forces are tooth forces
calculated and studied idepth.
Measurement of the baseline machine usin .
. ) L ) Empiric results of
Experimental | an impact hammer. Machine is stripped to |
: . impact hammer
modal analysis | base parts and measured. Assembly is sloy
. . . . test for CH5
of baseline built back up withtesting at each stage from rototvne
machine base rotor to machine mounted on the test P yp
. o . machine.
rig, fluid filled machine and ready to run.
Similarprocess as chapter 3 where the
Development of
. measured results are used to allow the .
mechanical FE . . . 3D mechardal
mechanical FE model to be built up. Given
model of o : model of the CH6
: nature of model the emphasis is on creating ) .
baseline baseline machine
: model that balances the need for accuracy
machine N o
and simplicity to reduce processing times.
Analysis of acceleration data captured durir
Measurement | dynamic testing. Resultant data is used to .
: : T ; Full vibratory
and simulation | align final model which uses the tooth force
: : model of the CH7
of vibratory from the EMmodel in chapteB as the ) .
L . baseline machine
performance | excitation source for the mechanical model
developed in CH5
Identify the most common IPM topologies
used in EMapplications. Create FE models
Influence of IPM| selected topologies and matchN curves to .
. . . : Comparison of
topologies on | the baseline. Undertake comparison in tern .
. vibratory
vibratory of general performance (loss etc.) and CHS8
. ) performance of
performance of | vibratory performance and any difference )
) . . . . IPM machines.
machine investigated. Further comparisons into thg
influenceof features such as magnet shapir
and flux barriers is explored
Generfil Summarise the thesis and detail key findin - CH9
conclusion

The first step is to give some background into whig topic is important from an automotive engineering
perspective before moving on a stabé-the-art review of IPM machine topologies, sources of noise and

vibrations in electric machines and some of the methods developed to mitigate the vibration.
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Chapter 1¢ General introduction

1.2 Prgect motivation

1.2.1 A brief history of the electric vehicle

Whilst appearing an ultrnodern product of the 2%t century the electric vehicle (EV) is by no means a new
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first demonstrated an electric tricycle [JC12], [MG12]. Fig 1.2.1 gives a summary of the key points in the
history of electric vehicles [MG12], [JC12]. [LPW20], [KC17], [TM11], [NMG10], [AC19] as well as the general
trend in EV sales [IEA20].

Global EV sales volumes

5.M
4.5M
4.M
3.5M
3.M
2.5M
2.M
1.5M
1.M
500K

1820 /}320

1821: M.Faraday

rotating magnetic

demonstrates

field [LPW20]

T

Trouvé’s E-tricycle
[JC12]

1881: EV debut Gustave

1828: Anyos
Jedlik shows EV

1890: US
sales depute
[MG12]

principle [MG12]

e

1840’s (est):
Robert
Anderson’s
electric-
locomotive
[MG12]

1882: Thomas
Parker [MG12]

%

2017: Tesla model 3

[AC19]

1912: Kettering
electric self 2010: Nissan LEAF
starter [MG12] [NG10]
1920: EV i
sales steep amended
~1890 -> 1912 decline [MG12]
EV 1st golden [MG12] 1950 > 1970
age [MG12] ICE golden age
. [MG12]
y
= @ ® *—o—o

1900 1920 940 1960
Year
1914: Start 1939: Start .
of WW? of WWZ 1907”3 écr)isisc
MG12]

1996: GM EV1
[KC17]

2008: Tesla
Roadster [TM11]

Fig 1.2.1 Key points in the history of battery electric vehicles and sales volume, [MG12], [JC12]. [L
[KC17], [TM11], [NMG10], [AC19], [IEA20]
It can be seen in Fig 1.2.1 that the history of the electric vehicles is very long, caarirsg 200 years from
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1 ™y y aFfeach engineer Gustave Tr@demonstrates the first EV, a tricycle [JC12] in 1881 followed

closely by British emgeer Thomas Parker with awheel carriage in 1882.
1900-9mdpmnyY 9+xQa
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27
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1912: The invention of the electric starter motor by C. F. Kettering [MG12] and cost reductions due

to massproduction of Ford Model T mark EVs decline, fading from production in 1920.

1973, 1979: Renewed interest due to global oil price shadORED@Il embargo in 1973, Iranian oil

crisis 1979 to 1980), interest wanes following recovery of oil price.

1996:GMEV1 developed as an advanced prototype in reaction to Californian Clean ACA%td

mitigate hazardous smog in cities such as Los Angeles.
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1 1996-2003: GM along with other major US car manufacturers successfully fought CAA in courts and
won, EV1 projecterminated and infamously all cars crushed [KC17]

1 1997: Toyota releases thé' Prius [CC20] which goes on to dominate the hybrid vehicle market.

1 2008: Tesla, formed by some of the engineers on the EV1 project and the billionaire founder of PayPal
(Elon Musk) launches the Roadster, an EV sports car, high cost means volumes limited.

9 2010: Nissan Launches th&AFfirst affordable and practical mass produced EV of the new era.

f HamMpY d&5ASaSYwcaughi Biag speialist $oftwiarE to circumvent US emissions tests
[AC15], as mor®EMgget embroiled in the crisis Diesel vehicle volumes begin to drop.

1 2017: Tesla Model 3 releases to high praise in automotive world, proves to be a sales success.

1 2019: Most OEMs have released or are in the process of releasing EVs, improvements in battery

density see vehicle ranges exceed 200 miles.

In many ways the internal combustion engine (ICE) is a victim of its own success. The availabiligpst low

fuel and mastIJNB RdzOG A2y &l g GKS @g2NIRQa OAGASA |yR KAI3IK

producing large quantities d€@, strongly linked to climate change, and localised pollutants suctCas

unburnt hydrocarbons, and particulate matter (PM2.5.gtd hese factors combined with scandals such as

G5A85aSt 3IFHGS¢éE KIGS ONBIGSR GKS LISNFSOU O2yRAGAZ2YA
1.2.2 The EV market and risks

Fig 1.2.1 shows the exponential growth of the EV market from ~10,000 units in 2018gtirmaate 4.8 million
units in 2019 [IEA20]. By automotive standards, these volumes are quite low (Toyota alone made 10.7 million
cars in 2019), however the rise of the EV seems to be accelerating. This places EVs as a product very much in

the growth stageof the standard product life cycle (PLC) profile (Fig 1.2.2).

}  Position of EVs

E in PLC curve

E

@] Stage #1

& Market | |

Development

tage #2 :Stage #3: Stage #4
Growth | Maturity : Decline
| I .
Time
Fig. 1.2.2 Standard product life cycle showing location of EV, based on [RV79].
As a product matures the customer base shifts away from the early adopters to a more mainstream customer.

Mainstream customers are more interested in value for money and reliability than the distinctiveness and
novelties that satisfy early adopters. As such a manufacturer faces thelageoblem of trying to balance
the need for a reliable product with the nedar a low-cost product to attract the customer. A second aspect

to consider with increased volumes is the cost to a manufacturer to fix a problem once it is in the market,
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Chapter 1¢ General introduction

both in financial costs and less tangible costs such as damage to the brand i@pota¢ven the reputation
of the technology as a whole. Fig 1.2.3 gives an indication of the cost impact of a given concern or design

error [BHO4] at different stages of the design cycle.

S12Mm
$10,000,000.00
S10M -
@
vt S8M A
>
F:
g S6M -+
L
2 $am -
(]
$2M A $1,000,000.
$1,000.00 $10,000.00 $100,000.00
S + T 4 T
Design phase Prototype & Process design Production Final
test trial Production

Fig. 12.3 Error cost escalation at different phases of the dasiycle BH04.
It is very clear that catching a problem at the earliest possible stage of a design is highly desirable, ideally

before any prototype tooling or fabrication takes place. This is where having a good understanding of aspects
detrimental tothe life of the vehicle, such as the vibratory performance of the machine as well as effective

use of modern computer aided engine€&AE techniques early in the design phase becomes very important.
1.2.3 Impact of mise and vibration in electriwehicles

Someapplications such as loudspeakers positively gain fteersystenvibrating. However, the majority of
applications would look to minimise the phenomena as far as possible. The primary reasons for this are:

w Component fatigueithe action of rapidly moving cges the component to fatigue and wear
creating early life failures of a part if not carefully controlled. In an automotive application this
can generate warranty and/or aftermarket concermgth both cost and brand reputation
implications

() User discomfort noise andvibration can cause discomfort in humans which canextreme
caseslead to injuries or disease in humans; studies have shown that high levels of noise and
vibration on a vehicle can significantly contribute to driver fatigue [KJ04] [JFM@@iscomfort.

These aspects can have a detrimental impact on two of the key unique selling Ry ¢f an EV, that is:

1 A silent and smooth driving experience.
o Driving an EV should be a simple, quiet, and relaxing experience.
1 Highreliability and low maintenance costs.
0 There is no need for oil changes and regular servicing that is common on ICE vehicles.
0 Regenerative braking means that even brake pads and discs wear significantly less (despite
increased vehicle mass).
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Fig. 1.2.4 shes a typical EV front wheel drive driveline setup.

Wheel

Gearbox

E-Machine E Legend
R o
;\: o I = Bearing
N =
N i
N |:>= Power flow

Charger
& DC/DC

Inverter 4 i
= attery Rear
Motor \\ inverter
Front motor & drive &
) Rear motor
Gearbox
600 d{[fll-élé RNRA S 000 d{ll-ﬁééQl-Nﬁé f |

Fig. 1.2.4 Simplified diagram of typicaldWeline setup and example vehicle layouts.
How the system depicted in Fig 1.2.4(a) is packaged in the vehicle can vary according to manufacturer or

even from vehicle to vehicle. Legacy manufacturers such as Nissan, GM and Renault tend to stack the
compments such that it resembles an ICE (fig 1.2.4(b)) as this allows the vehicles to use the same vehicle
production lines and engine insertion tools as standard ICE cars. New manufacturers such as Tesla have no
legacy process to deal with so can implementEMIS OA FA O L F G F2N¥a &dzOK (KS
where the motors are brought into line with the wheel axles and the battery, giving a solid platform onto
which different body designs can be applied, saving cost longer term.

With the advantagesrad mechanical simplicity of an electric driveline it would be a mistake to assume there

are no problems associated with its utilisation. Three key characteristics of electric vehicles have been the

source of a number of concerns in the early production. EVs

9 High vehicle mass
0 Battery stacks are very heavy (>300kg), significantly increasing the net vehicle mass.
0 Mass does not change as energy is consumed (unlike gasoline or diesel).
o0 High mass = high driveline load.

1 Reaction speed of the machine
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o0 Rated torque of the machine may be similar or even lower than an equivalent ICE. However,
the rate at which it can be applied is significantly higher

o High rate of change + high vehicle mass = large impulse forces on gearbox, drive shafts and
differentialsrisking accelerated fatigue and early life failure.

o In addition, high torque from start and low rolling resistance tyres mean wheel spin en pull
off is a problem with high tyre wear and loss of performance.

9 Vibratory characteristics of the machine

o Vibration and vibratory harmonics frequencies generated by a machine can be significantly
higher than an ICE.

0 This can cause accelerated wear in gear boxes, bearings, and the drive line, in particular parts
which were carried over from ICE vehicles to reduce kigreent costs.

o Higher vibratory frequencies may also mean excitations align with natural frequencies of
downstream components leading to discomfort and audible noise in the-dsest scenario

and parts failure in the worst case.

With the above aspects tooasider and the cost impacts of market issues highlighted in Fig. 1.2.3 the

development of good CAE model of the machine and drive is very important.
1.2.4 Utilisation of CAE tools in development

The flux bridging the air gap between the stator and rotor in ctecal machine is one of the few places
where the world of mechanics, electromagnetics and indeed the software controlling the system can be
physically observed. Modelling thébratory performance in electric machinegh®refore verychallenging

as t is arequires amulti-physicsapproach to tackle theroblem typically requiring the integration of
electromagnetic and mechanical FE models to yield any accuracy. Digging deeper into the structure of the
electric machine shows the apparent simplicityska a complex nehomogenous structure, highlighted in

Fig. 1.2.5.

Page?24



Chapter 1¢ General introduction

Stator core Rear encoder mount
* Holds rotor from moving axially.
* Mounting point for encoder.

* Laminated stack to reduce iron losses.
* Orthotropic material; radial mechanical
properties differs from axial.

Rear plate
* Bolted joints to main case.
* Bolted joint to encoder mount.
« Controls concentricity of rotor via
rear bearing.

Front plate
* Bolted joints into main case.
* Pushes coolant shell onto rear ‘o’ ring.
« Controls concentricity of rotor via front

bearing.
* Mounting point to motor stand for dyno Main Case
testing. * Case heat shrunk onto stator.

* Bolted joints to front & rear plates.
* Complex structure due to coolant paths.
and varying thickness along Y-Z cross
section.
Windings
* Distributed wound machine.
Coolant shell * Formed from copper wire, insulation
* Friction fit to main case via 2 O-rings. material and epoxy resin (potting).
*Rotor omitted from * Held in place by concentricity of bore * Complicated 3D structure.
Image. ID and main case OD.
* Inlets to coolant channels.

Fig. 1.2.5 Overview of wateooled electric machine structure.
In Fig 1.2.5 the main concerns unique to the electric machine are the laminated nature of the rotor and stator
coresand the complex shape and structure of the windings. These aspects combined with the structural
complexity of casing, cooling systems etc. conspire to make accurate modelling very challenging. Further
complexities lie in processing the model itself; firstlement methods offer an excellent way of calculating
the performance of a machine. However, they are computationally intense and generate very large volumes
of data requiring very powerful and expensive computers to handle effectively, and complexustrucan
still have computation times that can be many hours long.
Despite these challenges the life cycle cost impact in Fig. 1.2.3 highlights that the reward for creating a high
fidelity CAE model is enormous; with accurate simulations a large numbéfesent designs and operating
conditions can be evaluated, and any concerns quickly highlighted and changed with a few clicks of the mouse
before a physical part is ever machined.
This is the motivation for this thesis. By carefully measuring a physmehine the electromagnetic and
mechanical characteristics can be captured. Using this analysis, a CAE model of the machine can be made,
and the key attributes adjusted such that a good balance between model complexity and alignment to the
real machine ca be achieved. This model then forms a baseline from which different rotor designs can be
compared, giving good confidence in the simulation results, and mitigating the risk of concerns further down

the development process and into the marketplace.
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1.3 Introduction to the interior permanent magnet synchronous machine
G99t SOGNRO YI OKAySaeg Aa | GSNXY GKIG O20SNB | gL ad |
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Michael Faraday and William Sturgeon began applying the newly discovered properties of electromagnetism

to real world solutions. Fig 1.3.1 provides a Hig¥el overview of the different machine topologies available,

though this listis not exhaustive.

Electric
Machine

™,
‘ Synchronous \ Asynchronous

—

———————,

I 1 Induction

—_—— Motor
- 20
-
_'_4
[ Brushed DC ] IFieIdWoundAC]

I I I 1
[ Reluctance DC Field Wound [Fluxswitching] [ Hybrid j

Fig.1.3.1 High level overview of electric machine topologies
FromFig.1.3.1 it can be seen that electric machirte®adlyfall into two major categories:

Permanent
Magnet

1 Asynchronousr induction machinel): the field rotating within the stator rotates atlagherspeed
than the rotor creating a secalled slipvelocity, this slip induces current owindings in therotor,
generatinga magnetic field that couples to the field generated by the armature coithenstator
and forces the rotor to move.
1 Synchronousnachines $M: The rotor rotates at thesamespeed as the field rotating within the
stator coils; this idypically achieved through a fixed DC magnetic figdoin coils in the rotor or
permanent magnet (PMSM) whichink directly to the stator fieldr using shaped rotors which allow
the machine to utilise the reluctance effect to generate torque
CNRY (KS YIOKAySa KAIKE{AIKGSR Ay CAId mdo dmis (1 KS NI
very much application specific. Thus, to determine which topologies are best suited to EVs the basic

requirements must first be determined, which is well described in [ZQZ07b]:

9 High torque and power density
0 High torque for starting from rest (city dmg) and hill climbing.
o High power for higkspeed operation (highway cruising).

Page?26



Chapter 1¢ General introduction

I Wide speed range
o Constant power operation range off3times base speed is considered the best balance
between the peak torque requirement of the machine and ¥arating of the inverter
[ZQZ07b], [YHI7].
9 High efficiency over a wide range of the spderjue range of the vehicle to maximise range
1 Intermediate overload capability for very high torque demands (e.g., kerb mounting)
0 Twice rated torque for short durations is typi¢aQZ07b], [CCCO02].
1 High reliability
9 Acceptable cost

9 Low acoustic noise and vibration

From the above requirements the permanent magnet synchronous machine (PMSM) and the induction
machine (IM) meet the bulk of the requirements. The lack of brushes mediability is high, losses are lower

due to lack of friction, there is no electrical arcing and there are little maintenance requirements. Both are
also capable of wide speed operation, in particular when control techniques such as flux weakeningds appli
YR adzZFFSNIfSaa FNRY y2AaS YR GAONF(G2NEB LINROf SYa
designs such as Switched Reluctance Machines. Table 1.3.1 compardsvéighdvantages and
disadvantages of the PMSM and IM topologies.

Table 1.3.1 HigHevel advantages and disadvantages of asynchronous and synchronous machir

Advantages Disadvantages
V  Simple design U Low powerfactor
Induction machines (IM V' Highly robust _ v L(?VY efficiency vs._IPMS_M
V  Low-cost materials and v Difficult to control in variable speed
(Asynchronous) .
manufacture applications
V  Selfstarting
V' Very high efficiency (>96%] v High cost, especially if rare earth
V' High power factor magnets used
Permanent magnet | V High torque density v PMSM susceptible to demagnetisatio
synchronous machineg V. Easy to control in under high load conditions
(PMSMs) multispeed applications v Complex rotor design to package
magnets or supply power to coils
LU Requires special control to start

Given thatboth technologies are capable achieving the requirements previously laid out the choice of

topology with the automotive industry tends to boil down to cost and efficiency.

1 Induction machines are highly robust and relatively cheap in terms of both material cost and
manufacturing but sdér from lower efficiencys. PMSMand poor power factor. The low power
factor means thé/Arating for the inverter has to be higher, leading to a larger and more expensive

inverter.
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1 PMSM machines are sensitive to demagnetisation at high loads and tempsato require much
more careand monitoringwhen operating. To maximise efficiency, thdifise rare-earth materials
for the permanent magnes which areexpensive andubject to volatile supply conditions. These
issues are compensated for by the vengttorque densities and efficiencies the machines are
capable of plus the highower factor (>0.9) mean the VA requiremearid therefore cosbf the

inverter is lower.

When selecting the topology, the automotive designer must consider the system costpamaeds a drive

to operate so the increased VA rating of the inverter for an IM means higher costs which may outweigh the
low cost of the machine. Alsthe requirement of high efficiency to maximise the range of vehicle means a
PMSM typically has a higr MTPA than an IM meaning less battery charge is required to achieve a given
distance over a common drive cycle allowing for a greater rafpi can mean that the overall kilometres

per Watthour (km/Wh) is higher giving the vehicle with a PMSM mottoraer driving range for a given
battery pack.

1.3.1 Permanent magnemachinecommutation, AC vs. DC.

Generally, PMSM machines can be split into 2 categories according to the shape of the back EMF waveforms

shown in Fig. 1.3.2 [TMJ96]:

r'y A
E E

v \ 4
(a) BLD®@apezoidal EMF (b) BLAC Sinusoidal EMF

Fig 1.3.2 Ideal BLDC versus ideal BLAC EMF waveforms [TMJ96].
The construction of both machines is very similar as are the key external components such a position sensor

and inverter. However, the method of commtitan is quite different; in a BLDC machine the phase currents
need only be turned on and off whilst a BLAC needs shaped, sinusoidal waveforms requiring much more
sophisticated control methods and careful design of the stator windings and rotor.

At a systen level BLDC machines tend to be lower cost than BLAC owing to the lower cost of the position
sensor required, simpler commutation method and the fact the method favours SPM rotor topologies and
concentrated windings [ZQZ07b] which allow for low cost aightiolume manufacture. Despite the
disadvantage in cost and increased controller complexity, the smoother, less harmonic rich BLAC machine
are preferred for automotive traction applications due to the lower iron loss which is important in maximising

vehide range in higtspeed highway drive cycles where the iron loss dominates. BLAC machines also have
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improved performance above the base speed versus BLDC machines [ZQZ06], [YFS06] and utilisation of
aspects such as the reluctance torque component on cedasigns (see later in this section) means the

BLAC meets a large number of the traction motor requirements hence its popularity among EV power trains.

Table 1.3.2 Advantages and disadvantagdsaghlessAC and DC commutation.

Corr:reqﬁgztlon Advantages Disadvantages
V  Low-cost construction v High levels of flux harmonics
Brushless DC | V Simple commutation U Increased machine loss (copper and
V Easy to control iron).
V'  Smooth sinusoidal back EMHR v Distributed windings, difficult to wind
V'  Lower iron loss and end windings add parasitizss.
Brushless AC V Utiliseestablished LU Expensive position sensorsaontrol.
manufacturing process for IM v Complex control system, requires
machines powerful processor to fully utilise.

1.3.2 Machineconfigurations

Within the realm of PMSMs the topologiean be further broken down into how the rotor and stator are

positionedrelative to each otherlllustrationsof the major types are shown ig.1.3.3:

Stator
Magnets -
Rotor
Rotor
Magnets Windings
Windings Stator
(a) Interior rotor, radial flux machine (b) Exterior rotor, radial flux machine
Windings Magnets Windings
Rotor
Stator
Magnets

Rotor Stator

(c) Axial flux machine
Fig 1.3.3 Major machine configurations for brushless machines.
Table 1.3.3 details some of the advantages and disadvantages of each configuration.
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Table 1.3.3 Advantages adbadvantages of the main stator/rotor configurations [JRH10], [DH12

Arrangement Advantages Disadvantages
V'  Low-cost design v Stator windingprocess complicated
. V' High speed capability L Higher effort vs exterior rotor to maintain
Interior rotor .
. V low Inertia = less effort to steady speed
radial flux e
accelerate/decelerate v Difficult to cool magnets.
v High centrifugal forces in rotor core.
V' High torque density v High inertiag increased effort to
. V' High inertia = less effort to accelerate/decelerate
Exterior rotor o . : i . .
radial flux maintain target speed U Low torque/inertia ratio VS interior rotor
V'  Good packaging capabilities | v Rotor balancing difficult> increased risk
e.g.,in-wheel applications etc of mechanical vibration
V' Very high torge density. v Difficult to utilise traditional
V' Smooth rotation¢ no cogging manufacturing techniques.
V. Compact shape easy to L Relatively large axial gagincreased flux
Axial flux package leakage
V Relatively lowcost design LU Imbalanced magnetic forces can cause
axial wobbling of the rotar
L Susceptible to large eddy current losses
high speed

Within each of the configurations highlighted in Fig. 1.3.3 are a large array of different possible arrangements
with multiple rotors or stators etc. Within the automotiveector the preferred arrangement is the interior
rotor, radial fluxmachine; the low inertia and wedlstablished manufacturing processes mean it aligns well

to the performance and cost requirements of an automotive component.
1.3.3 Permanent magnet rototopologies

Within the subcategory of PM rotor desigribere is a large varietgf different topologies depending on
where the magnets are located; some have the magnets bonded touiter diameter ofrotor the core
(Surface PermanentMagnet (SPM) someembedded within the rotor (terior PermanentMagnet (IPM)

and somdn between (inset)Fig.1.3.4 [ZQZ07b] shows some of the different types of machines with the PM

on the rotor.

(d) Interior
circumferential

(a) Surfaceanounted (b) Surfacénset (c) Interior-radial

Fig.1.3.4 Example®PMSMrotor topologies.
As with all applications each method has advantaged disadvantages. IPMs tend to have the following

advantages and disadvantages over SPM Maclhngdighted in Thle 1.3.4[JRH10], [DH12]
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Table 1.3.4 Advantages and disadvantages of IPM machines versus SPM machines

Advantages Disadvantages
V' High speed operatiofno need for banding) | v High rotor core flux leakage
V  Improved thermal performance L Torque rippledue to variations in inductance
V' Simple bar magnets can be used. LU Rotorcomplexity and manufacturing costs
V' Reluctancdgorque component

The advantages of IPM machines in terms of better thermal performance of the magnets, less PM usage
(utilisation of relutance torque), simpler bar magnets, higher MTPA and-hjgged operation without the

need for additional processes such as banding give IPM machines the edge over SPM for traction applications.

1.3.4 Featuresof IPM rotor machines
The torque equation for a-Bhase IPMPMSMis given a$ZQZ07hb][GQO09]:

o]
Y EU ro 0 0 00 (1.1)

Where NoI' Y dzY 6 SNJ 2 F, =Lflaxflirtkagé dud tNEh& PMy,LL; and b, ky are the d and g axis
inductances and currents, respectively. This equation is very important ahows that an IPM has two
sourcesof torque.

T ¢KS FANRG LI N isirgferrédkoSs theNdut@al dMiaiqued A

9 The second part (§La)ldlg) is referred to as the reluctance torque componemtd relieson the

saliency of the machine, that is tlifference between thedand ls components.

With two torque sources a wetlesigned IPM machine can achieve a higher maximum torque per ampere
(MTPA rating than a similar surface PM machine which relies entirely on the miRdgItbrque pointing
towards a higher efficiency{.he key advantage of the IPM is therefore the saliency of the machine.
A machine has said to have saliency if the winding irmhe@s vary as a function or rotor position [JRH10],

that is g I La. The level to which a machine can utilise this effect is given by the saliency g/ S93],
[JRH1Q]

0 (1.2)
, 5 .
For the SPM machine in the example aboye Ly and therdore % = 1, whereas in the IPM maching> 1.
Toimprove the saliency the-gxis path can be enhanced by adding multiple layers of magnets or flux barrier

or even axially laminate the core such thaéxjs inductance is boosted. These are highlighteféign 1.3.5
[ZQZ07b], [LF10], [WLS93], [YHJ12]
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(a) Reduced reluctanceaxis armature path (b) Multilayer magnets

(c) Axially laminated core [WLS93]
Fig.1.3.5 Methods to increase rotor saliency [ZQZ07b], [WLS93]
These designs offer different methods of boosting the reluctance torque by enhancing teenponent

and/or reducing the dcomponent such that the saliency ratio can be quite high. Shaping of the magnets in
I W+ Q &AKI LIS Ay wmodebyssing to be usetl ® babst thek coriporterit, hé&teading tek
mutual and reluctance torque component [LG09]. Utilisation of raiter magnets in Fig. 1.3.5 (b) has the
additional benefit of improving the flux distribution across a pole arc [YH98], ramgdire flux density across

the more sinusoidal and therefore less full of parasitic harmonics that contribute to increased iron loss and
torgue pulsations.

Techniques to mitigate the flux leakage with the rotor core can also be used to both o@dst ensuring

more flux links with the stator coils and increase the machine saliency by enhancingaitie ftux path.
Adding features such as flux barriers or elongating the magnet slots cut into the core forces more of the flux
across the air gap giving higihutilisation of the PM flux as well as enhancing the saliency effect. Some
examples of this techniques can be observed in Fig. 1.3.6 [2QZ07b], [LSH09].

Inter-magnet
flux barriers

Inter-magnet
flux barriers

(a) Flux barriers on attgpe IPM rotor (b) Flux barriers on interiarircumferential rotor
Fig.1.3.6 Methods of reducing flux leakage in the rotor core
Utilisation of these different methods can mitigate flux leakage and boost the saliency of the machine, but

they come with some cost:
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1 Addition of extra magnelayers and features such as flux barriers to enhance thgig flux path
comes at the cost of mechanical strength, which is of high concern in particular fospegad
applications.

0 To boost the mechanical strength ribbing and shape optimisation ofiffereht shapes are
required at the cost of increased leakage flux in the core.

0 Adelicate balance is therefore required between the electromagnetic and mechanical design
requirements [ELCO04].

1 High shape complexity means tooling and assembly is more oballe and therefore more

expensive.
Further concerns arise when trying to utilise the reluctance torque component in practical machines:

f LYRdzOGFYyOS A& | FdzyOilAazy 2F OKIFy3IAy3ad FtdzE tAY
only with rotor pogtion but also with the MMF of the stator coils leading to complexities in control.
1 To produce reluctance torque, the current has to be in advance of the back EMF, achieved by
injecting current {l4) into the daxis of the e plane [WLS94].
0 Applying currat into the d-axis will lower the PM flux leakagem, acting to both reduce the
back EMF (flux weaken) but also the mutual torque component.
0 A tradeoff is therefore required to find a current angle that best balances the mutual and
reluctance components.
o Care must also be taken as aggressive use of this technique can lead to irreversible
demagnetisation of the PMs [YY17].
1 As a machine comes under higher and higher loads the magnetic steel in the lamination cores begin
to saturate, in particular the-axis]JRH10] and stator teeth leading to reductions in inductances with

knock on effects to the overall torque that can be achieved.

The variations in inductance due to aspects such as rotor position, current, as weltiseaomaspects such

as flux saturaon, both due to the loading of the machine anehdaxis cross coupling [ZQZ07b] mean
prediction of the reluctance torque is challenging. Analytical methods are difficult due to thdinsam

aspects so numerical techniques such as FE analysis is regjoingdvith more advanced analysis techniques

such as the frozen permeability method [JKT09], [WQC13a], [GTP14a], [GTP14b], [GTP14c] to improve
accuracy. It also means that finding the MTPA of a machine can be a laborious exercise as the change in
optimal current angle according to load conditions means a large number of simulations or tests have to be

run in order to map each speed and torque point.

From a noise and vibration standpoint these variations in inductance indicate a variation on the fluy densit

across the air gap, which as will be seen has a direct impact on the forces induced on the machine structure.
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1.3.5 Winding configurations

The method by which the armature coils are distributed within the stator is a core design aspect of the
machine as itlictates the flux distribution on nbad due to the tooth design and during load due to the flux
generated by thecoil MMF. Ttere are nunerous different methods of winding a machine; however, the
methodologies can generally be split into two major categories [JRH10]:
9 Distributed (overlapping) windings
o Caoils are distributed over a number of slots such that the coils span aligns as closely as
possible the pole arc of the rotor allowing for a more uniform flux distribution
1 Concentrated (nofoverlapped) windings
o Caoils are wound directly onto each tooth and the different poles and phases interconnected
externally

Fig.1.3.7 illustrates the two major winding types

(a) Concentrated (neoverlapped) winding. (b) Distributed (overlapping) winding.
Fig.1.3.7 Basic winding type®r a 4pole PM machine (fhase only).
As with all things, each method has a numbead¥antages and disadvantages listed in Table 1.3.5.

Table 1.3.5 Comparison of different winding configurations. \

Advantages Disadvantages
V' Short end windings v High MMF harmonics resulting in
V' Good thermal conductivity increased iron loss in the core
V' High copper fill factor materials [LC114nd also rotor PM
Concentrated | V Lowcogging torqudfractional slot) eddy current loss
winding V'  Easy to automate manufacturing | v Low winding factor versus distributed
winding
v Difficultto utilise the relictance torque
component
V' High winding factor, less MMF U Large endvindings; increased copper
harmonicsreducing iron loss loss (IR)
VV  Good flux weakening performance| v Lower copper utilisation
Distributed andof reluctance torque U Increased cogging and ripple versus
winding component concentrated winding
V' Uses same winding process as LU Lower copper fill factor
induction machineglow cost) v Complex manufacturing process; can
be labour intensive
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Concentrated windings are otypically found onsuch asthose used indomestic appliance®sr similar
applications owing to their relatively low cost and low cogging torque. Large machines such as the traction
machine in the Nissan LEAF tend to use distributed windings due tedueediron lossedrom the lowver

MMF harmonicgYH97]and the ability to utilisdlux weakening technigues to increase the constant power
band of the machine anthe aforementionedreluctance torque component of the machine boost the

MTPA performancg€YH98] The key aspects in determining the winding layoubid13:

1 Coil span
0 ¢KS ydzYoSNI 2F aftz2ia SIFOK O2Af Ydzald aLly 2NJ
o Coil span is also referred to as winding pitch
1 Number of turns per/coil andiameterof wire
0 Number of turns dictates the MMF of the coil
o Diameterof each conductor in the coil dictates the current carrying capacity of a coil
0 Both these factors influence the inductance and therefore maximum-Eadk of a coil
0 Both factors are also influenced byetBize of the slot and how much space can be utilised
1 Manufacturing

o Cost and complexity of fabricating and inserting coils
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1.4 The fundamentals of noise and vibration
1.4.1 The source of noise and vibration in electric machines

+A0ONY GA2Y A& ReSifrdcafi®Rotiorsof aparticle of dhkeldsScodXadr medium in alternately
2LII2aA0S RANBOGAZ2Ya FTNRY AdGa LRaAAGAZY 2F SldzAif Ao
have two key characteristics: elasticity and mass. The vibratiorhvehsystem undergoes can be defined as

either:

1 Forced vibrationithe structure or system is forced to vibrate at a frequency dictated by an external
periodic source of force.
91 Natural or free vibration:Specific frequency at which the total energy stays $ame over time so

given a single input to start the system the amplitudes remain constant.

For a system to vibrate there must be some form of energy inputted into the system in order to generate the
forces required to move the system. In an electric maetihe sources are the electrical power suppling the

MMF in the stator coils, as well as the PMs on the rotor. The energy conversion process is summarised in Fig.
1.4.1(a) [JFGO8].

1

Electric Power Supply Acoustic noise

ELECTROMAGNETIC

Stator radial displacement

SYSTEM

5 =
Magnetic Forces § % >’
‘ b 3 g §
. G . B o A
MECHANICAL « ' E Radial q - -
2 S forces = 9“
SYSTEM 0 % o
<< =) <
(] -—
@ &

Displacerment

ACOUSTIC

Stator radial displacement

ENVIRONMENT

Acoustic noise

l‘&

(a) Conversion of electrical energy into  (b) Mechanism of generation of noise and vibration in
acousticenvironment electrical machines
Fig.1.4.1 System flow of noise generation in an electric machiR€06].

It can be seen that in an IPMtor machine the air gap magnetic flux density imparts a fancehe tooth
faces that form the inner bore of the machine. Thé&sees propagate through the stator and into the casing
causing displacement which is a function of the force distribution and the material and geometric properties

of the core. Given a mame surrounded in air the displacement of the outer body forces the air around the
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casing to move creating shock waves (sound) that propagate outwards into the wider environment. The
frequency and amplitude of these shock waves dictate the noise levelhemefore the potential level of
discomfort on any persons close to the machine [JFMB@thermore,as was highlighted in Fig. 1.2.5(a) the
vibrations generated by the machine will propagate via conduction through the driveshaft and machine
mounting ponts into the wider driveline and indeed vehicle body, meaning that whilst the vibratory
characteristics may have limited effect on the machine, it may have more serious implications further down
the driveline generating accelerated fatigue on key compogsentch as gear boxes which has all the negative

consequences on reliability and ultimately cost previously discussed.

The source of both the torque and parasitic aspects such as vibration lies in the interaction between the
magnetic flux between the stat@nd the rotor. The rotor is separated from the stator by an air gap and how
the magnetic flux interacts with the rotor and stator surfaces that form the air gap boundaries dictates the
force distribution within the machine. When discussing the forcesniadéal system, it is good practice to

define the forces in terms of radial and tangential forces, illustrated in Fig. 1.4.2.

F'Ed

Radial

Fig. 1.4.2 The definition of the tangential and radial directions.
Theforces induced in the tangential and radial directions are defined by the Maxwell stress tensorisvhich

defined in(1.3) and (1.4) respectivelyFGO06][YHO09, [RI09, [MSI14],[CL19.

5
o Y & & 0Qu (1.3)
0
0o — & & ua (14)
where
1 FRanand R are the tangential and radial forces respectively. (N)
1 Lswis the stack length of the machine (m)
1 [lis theunit length of the surfacen whichthe force is actingm).
1 Buasand Banare the radial and tangential flux density components (T)
1 eois the permeability of free space’ (4107 H/m).
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From Fig. 1.4.2 it can be seen that a tangential force acting on the rotor will cause it to spin on its rotational
axis which is the desiredfett. A radial flux density caused by the field in the magnetic circuit trying to find
the shortest route across the air gap is also present which tends to act against the stator teeth that form the
inner bore of the stator, applying a radial force to theucture. This radial force is less useful, with the
tangential flux density the bulk of the energy is utilised in generating a torque in the output shaft to provide
mechanical power to an external load, for the radial flux density the energy has noelser& go but into

the wider machine structure, generating an excitation.

Furthermore, if Bq >> Ban then the square function in (1.4) means that the radial force can be orders of
magnitude higher than the tangential force creating significant problentise machine, in particular if there

are any unbalanced magnetic forces (UMF) due to design or structural issues (see the later in this chapter).
As previously discussed, the flux density distribution around the air gap is not uniform, as will b@tewen sl
effects as well as variations in inductance due to saliency and core material saturation mean that as the rotor
spins the forces generated changes, inputting an excitation frequency proportional to this change in force.
As the rotor increases or dexases speed and load, this excitation frequency changes accordingly and if it
aligns to a natural frequency of the same mode order, either of the stator or the wider machine or driveline
structure through propagation of the forces then the part can begimove violently creating high levels of
fatigue or even component failure. An understanding of these natural frequencies and modes is therefore

required.
1.4.2 Introduction to natural modes

If the forced vibration applied to a system matches the natural frexgyeof the system, defined by (1.5),

then the system becomes resonant [TZ04].

O |

"Qe (2.5)

wherepA & GKS NBazylyld FTNBldSyOes 9 Aa GKS Y2Rit da
the mass density of the structure in kginWhen theresonant frequency of the system is encountered the
amplitude of the displacement of the system greatly increases over that of agsamant frequency given

the same excitation. Fig. 1.4.3 illustrates the effect.
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Ir.,/ undamped
H

|

\
\\‘,';/ Lightly damped
v

)')/ Heavily damped

Amplitude

——

Fo Frequencv’

Fig. 1.4.3 lllustration of theesonance effect with different levels of damping.
The undamped condition in Fig. 1.4.3 is a theoretical case, all systems have some form of loss that will
dissipate the energy e.g. friction or viscosity in a mechanical system or resistive losses atravaledgstem.
Therefore, in the real world the natural frequency of an unoptimized system would resemble the lightly
damped curve in Fig. 1.4.3 where the amplitude is high but finite. For some systems such as oscillators or
resonant converters in powerlectronics this natural amplification is much sought after as it allows for
designers to utilise smaller reactive (lighter, lower cost) components. In a mechanical system such as the
electric machines that are the focus of this thesis the resonant frequénd¢o be avoided owing to the
potential for fatigue and damage to the system and the surrounding components. If the natural frequency of
a system can be established, then from (1.5) the material properties or structure of the system can be
adjusted to sift the natural frequency above or below the operating frequency bandwidth of the system. To

understand this a short overview of simple harmonic oscillation is required.
1.4.3 Simple harmonic oscillation

A simple masspring damper system forms a basic harmasscillator which can be used illustrate an

example which is shown in Fig. 1.4.4 [JGO06].

F(t) = Fpel®t

1 [ X(t) = Xpel«t
M

K p—C

Fig. 1.4.4 Simple masgpring damper system [JGO06].
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The motion equation for the system in Fig. 1.4.4 can be shown as (1.6) [JGO06].

Qo Qo
0 — 0—= L WO 00 (1.6)
(0¢] (90

where X(t) is the displacement, M is the mass, C is the damping coefficient, K is the stiffness of the spring and

F(t) is the force applied at time, t. If the system is subject to a sinusoidal f@t'e $hown in Fig. 1.4.4hen
for a steady state solution the displacement of the mass would be of the foeff.X1.6) now becomes
[JFGO06].

@ 1 0 Q60 Q "0Q 1.7)
Rearranging gives the displacement of the mass [JFG06]
AT O . o0 (1.8)
LTV oy o] 10 8
Where is the phase angle:
O] 110 (1.9)

From (1.5) the system response is related to the system parameters (damping, mass, stiffness) and the
frequency of the input. This is an important point as this shows akeitation frequency has a large
contribution to the displacement of the system. Given that the velocity, V, of the mass is related to the
displacement as (1.10) [JFGO06]:

®o QuQ (1.10)
The impedance of the sprirdamper system can be obtaidas (1.11) [JGO6].
0 3 6 TQD— 10 (1.11)
w o 1

Setting the imaginary side to of the impedance to zero yields the resonance or natural frequency of the
system [JGO6].

c=| c- |

T (1.12)
Given this (1.6) can be rewritten as (1.1B}306]:
bo P (1.13)
where' nis the mechanical loss factor of the system (1.14) [JG06]
-3 6{) (1.14)

From (1.13) if the system is at the natural frequency (i.e=, o) the displacement is greatly amplified as the
(- > 2 term cancels. Thus, if the excitation frequency aligns with a natural frequency the displacement of
the mass within the system would be much higher. This is where the damping aspect of the system becomes

important.
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1.4.4 The damping ratio
For any given system, the damping can be classified as:

1 Underdamped: The system reaches the zero point rapidly but overshoots it and keeps oscillating over
time with the amplitude at each cycle reducing until the oscillation decays to zero.

§ CriticallydarhJSRY ¢KS da¢SSG alLRié 6KSNB GKS RIYLAY3I A
taken to reach the zero point is minimised.

1 Overdamped: The system does not oscillate but takes a long time to reach the zero point, at the
SEGNBYS Al Odngpositibnibefdraietiedz€eching the/zero point.

Fig. 1.4.5 illustrates the different terminologies listed above.

I
L

—
E
S

{c) Overdamp
-E' __.qJ Overdamped
! ) ----"'--_
: — )
E (B Critically/damped

e

I T
o : >
[a] Time (s)

{a) Underdamped

L J
Fig. 1.4.5 lllustration of the 3 main damping definitions.
A method of simplify the damping performance of a system is the damping dimgted byy which is
defined as (1.15).
_ 03 (1.15)

where C is the actual damping, defined In6f, and Gis the critical damping defined as (1.16).

0 ¢07 (1.16)
a Ad (GKS N aGK$ yRF GdzNI f FNBIdzSyOe RSTAYSR Ay oOmMdm
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For a simple system such as the magsng damper in Fig. 1.4.4 achieving a critically damped system involves
GdzyAy3a GKS aeadSy autAFTFfySaa FyR Yl aa RSyaiames adzOK

more complex and hahomogeneous as more than one natural frequency can be exhibited.
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1.4.5 Complex system mode shapes

As a system becomes more and more complex the vibration displacement at each natural frequency begin
to form a pattern which is known afie¢ mode shapes or eigenmodes. These shapes are a function of not
only the material properties and the frequency, as discussed with the simple-spasg damper system,

but also the geometry of the system. For a cylindrical system, such as the statgs tigh even more
complicated as the curvature of the structure means that the 3 orthogonal directions (radial, axial, and
tangential) are all coupled [JGO06]. This means that for a complex system there could be an unlimited number
of different modes acrosa wide frequency range. For this study, the interest is frequencies below 20kHz;
this is the upper range of human hearing. Thus, vibrations in this band may create undesirable audible noise
that can be clearly heard. Also, the higher the mode number theemmomplex the shape. Hence, the lower

the deflection, the lower modes are of greater interest as the higher deflections are more likely to induce
damaging forces into the rest of the system [SJY81].

There are 2 basic types of mode: rigid body and flexiimees.

1 Rigid body modes Translation or rotation of a structure without undergoing any significant
deformation
1 Flexible modesThe structure deforms into a series of patterns (modes) dependant on the natural
frequencies of the structure. Faylindrical structures, the modes can split into 2 categories:
o Circumferential modes (m): these are deflections in thé lane of the shape
0 Axial modes (n): deflections in the axialZXr ¥Z) plane of the shape

Each of these will be explored brieftythe following suksections.
1.4.5.1 Rigid body modes

A structure in free space (i.e., unconstrained) will have 6 degrees of freedom or rigid body modes at OHz.

These are:

I Translation modes in the X, Y and Z directions (TX, TY, TZ).

1 Rotational modes around the X and Z axis (RX, RY, RZ).
2 KSy | F2NOS Aa |LIWIXASR (2 lyed 2F (GKSasS Y2Réva |y
with no deformation. Applying a constraint to the structure reduces the number of degrees of freedom
accordingly. Dependg on the type of constraint it is possible to have rigid body features that are above zero
frequency. Fig. 1.4.6 gives an example of how an impulse force on a very stiff structure will cause the object

to rock over a central position before coming tott€ghis is assuming the force is not high enough to simply

knock the structure over.
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"

- Impulse
applied Whole

Non-rigid structure
constraint rocks over
zero point

S S

Fig. 1.4.6 Example of naero frequency rigid body mode.
In this case, whilst the structure may have experienced some small deformation there would be a very low
frequency rigid mode reflecting the motion of the entire structure as it rocks over the zero point before
coming to rest. Generally, rigid body modes are undesirable for modal testing as they introduce complexities
and noise to the analysis [AT00], [OD8&apeneral rule of thumb is the highest rigid body frequency should
be 1/10" that of the first flexible modes [AT0O]. If this is found not to be the case, then the methodology of

constraining the structure must be +valuated to attenuate the rigid bodyode frequencies.
1.4.5.2 Flexible body modes: Circumferential modes

In an electric machine the magnetic forces per unit area can be generalised as (1.17) [JFGO6]:
ni m 0 ATiIO 71 o (1.17)
Pmr is the amplitude of magnetic pressure, t is the timgjs the angular distance from the origin of the
coordinate system (A & G KS | y3dzZ I NJ FNBIljdzSyde FyR NI T wm3
The amplitude of R is dependent on the harmonicg$ the magnetic flux density that are participating in the

generation of the pressure. These are [JGO6]:

Excited by stator harmonics of the same number, w:
0

0 - (1.18)
Excited by the stator, w, and rotor, harmonics:
. 0O O
0 — (1.19)
Excited by the rotory, harmonics of the same number:
. 0
0 —_— 1.20
= (1.20)

Where w is the stator harmonic numberis the rotor harmonics number,.Bs the peakmagnetic flux
density and>g is the permeance of free space.
To obtain the amplitude of the radial forcead-at a given order the calculated,Ran be multiplied by the

stator inner diameter and stack length (1.21) [JGO6]:

O 0 “00 (1.21)
where Faqis the radial force (N),Bis the inner diameter of the stator (m) angkis the stack length (m)
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Considering the circumferential deformation of the stator core the deflecgh,is an inverse function of

the fourth power of the force order, r (1.22) [JFGO06]

yQe

(1.22)

The mode shapes for circumferential modes m = 0 to m = 4 are describeolénlTé&l [SIY81], [JFGO06]. For

modes 5 onwards the shapes should be-sg{flanatory given the explanations of the first 4 modes.

Table 1.4.1. Description of circumferential modes 0 to 4.

Mode no Image Description

1 Shape of part remains theame.

9 Diameter expands and retracts from a maximum (re

m=0 to a minimum (blue).

T {2YSGAYSa OFLtftSR GoNXBI
part moves between the maximum and minimum
points.

9 Unity vibration mode.

1 Diameter remains constant.

m=1 T tF NI & NE $nplé point2reti$ater diameter.

1 Moves between a maximum (red) and a minimum
(blue).

1 Outer diameter distorts into oval shape with 2 maxin
and 2 minima.

1 Cycles from the starting position (solid black line) to

m=2 the 13 oval (blue line), back through starting position
(black line), to the red line and back.

1 High level of deflection in this mode means it tends {
dominate the spectrum [JFGO6].

1 OD distorts into a rounded triangular shape.

1 Like Mode 2 the partycles from start (back) to blue t

m=3 black to red and back to black.

9 Occurs at higher frequencies than the mode 2 but
deflection is lower.
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1 OD distorts into quadrangle shape.
1 Again, occurs at higher frequencies (energy levels) t
mode 3.

Fromthe relationship between the force order in (1.22) shows that the lower modes should be avoided as

much as possible with mode 2 being attributed with high levels of acoustic noise [SJY81].
1.4.5.3 Flexible body modes: axial modes

The axial modes can be describadisimilar manner. Here, the cylindrical shape is shown as a section in the
Y-Z (or XZ) plane. In the examples in the following sections, we can consider this using 2D or 3D models. Like
the circumferential modes the red dashed lines represent the maxifitae displacement and the blue line
represents the minima.

Table 1.4.2 Description of axial modes 0 to 4.

Mode. Image Description

..........................

Top and bottom edges remain parallel
Edges move apart and towards each
n=0 B | other.

““““““““ T at dzf Al @dANBEEGRNY 3£
' circumferential mode.

Shape becomes trapezoidal.
Diameters of the cylinder ends shrink
n=1 T CoT ST whilst opposite end grows.

pomezim 1 Shape oscillates betweenmaaximum
e R (red)and aminimum (blue)

= =

= =4

v > 1 Upper and lower edges curve
i outwards and inwards.
n=2 I f Shape resembles %2 wave or a sin
L~ | peak.
e 1 High levels of deflection.
- R //"‘\\
o .
\\\_,//\' '-.‘.,.—"“
n=3 I .- 1 Full wave now shown on upper an
NSRS lower edges.
Ny \
A /
o \\___4//
//ﬁ\\’_/' \.\//—\\
I 3
N7 \\-// N~
n=4 I U 1 Pattern repeats 3 times.
TN N
v y
\ :
\\_.// ~ /’/\\-//
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Mode Oprovides a uniform displacement along the axial length creating the largest surface area with which
to displace the surrounding materigSJY81], [JGO6]. In terms of high noise, the literature indicates axial
mode 0 and circumferential modes 0 to 4 ane tmodes with the highest influence on the noise and vibratory

performance of the machine
1.4.6 Frequency response function

An efficient means of the modelling the response of a system is a frequency domain model where the output
spectrum measured by thehosen transducer is proportional to the input spectrum multiplied by a system
descriptor [OD88a] called the Frequency Response Function (FRF). The functionality is highlighted in Fig. 1.4.5
[OD88a].

|¥l Ml Ix]

= —p:

=

Fig. 1.4.5 lllustration of the frequenogsponse function [OD88a].
The relationship shown in Fig. 1.4.5 can be shown as (1.27) [OD88a].

01 k % (1.23)
where H( ) is the frequency response function (FRF) and is the complex ratio between the output spectrum
X( ) the input spectrum F(). F¢ ) is the input excitation force whereas.X(is the motion of the structure
and can represent the displacement, velocity or acceleration, dependant on what transducer is being used
during measurement. The fact that the FRF is a complex function inditdtas a magnitude |H()| and
phase H( ) =. (- ). What this implies is that given a sinusoidal input force at frequengy | y 2 dz{i LJdzi
occur at the same frequency with an amplitude dictatedtf- )| and a phase offset of H(. ) between the
output and irput. When dealing with linear systems the input/output spectrum can be considered as a
summation of sinusoids [OD88a], [ATOQ].
Given the definition of the FRF above a system can be measured by exciting the structure at specific
frequencies or simultaneolisat a wide bandwidth. Unless the natural frequencies are known at the start
the most useful method is to excite the structure with a wide band of frequencies and identify the modes
presented. The wide band excitation technique is utilised in this seofitime study.
The defined frequency response is a function of the chosen output parameter. The frequency response

function therefore tends to fall into one of 3 categories [OD88a]:
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1 Compliance, how far the part deflects with a given inpxititation.
0 X( )= displacement, typically in meters (m).
0 Resultant function, H(), units are meters per Newton (m/N).
1 Mobility, how fast the structure moves with a given input excitation.
0 X( ) = Velocity, typically in meters per second tins
0 Resultant functionH( ), units are m&/N.
1 Accelerance, how rapidly the structure accelerates with a given input excitation.
0 X( ) = Acceleration, given in g or meters per second per secorné).(ms

0 Resultant functionH( ), units are typically g/N or rm5N.

All three categories are algebraically related. Thus, measuring any one of the above categories allows any of

the others to be calculated [OD88a].
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1.5 A review of roise and vibration sourcem electric machines

The mechanisms described thus far in thegyation of vibration by an electric machine and the wider impact
on the surrounding environment are by no means new. These factors have existed in machine design since
the earliest days of the technology emerging in the mig n st Q@ af dittle Isurpriseherefore to find there
is very large amount of literature on the subject wiHarge number of different studies on the root cause
of noise and vibration; some providehéghlevelreview such as [PV98] or [TMJ96] but a larger number of
the papers foundook into the different sources as a means of optimising a given machine design [LSHQ9],
[MC14], [MB14]From all the gathered data the general consensus is that there are 4 primary sources for the
generation of noise and vibration in electric machineg98):
1 Magnetic sourcesvibration sources due to the interaction of the magnetic field generated by the
coils/PMs with the structure of the machini particular due to the geometry of the air gap.
1 Mechanical sourcesvibrationsources due to thghysical structure and materials of the machine
9 Aerodynamic sourcesvibration sources generated by the rotating parts disturbing the air
surrounding the components.
9 Electronic sourcesvibration ®urces due to the switching of the power electronics ondlioear
nature of the drive signal
Using the literature, a summary of the key sources can be derived and expanded upon to understand the
lower-level mechanisms beneath each source. A mind map of the key sources is shown in Figsihg.1
the map of he different sources will be looked at in turn to allow an understanding of what the different

mechanisms are and what influence they have on the noise and vibration generated within a machine.
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MNoise and
Vibration

sources on [PM

Winding

Fig. 1.5.1 Overview of key sources of noise and vibration in electric machines.
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Some of the literature goes a little deeper and looks to understand where in the noise bandwidth the
different mechanisms liallowing both optimiation ofthe design oEpecific areas or fault diagnosis to occur.
Fig.1.5.2 below highlights one such approach [LSHQHIC14]

el

----------------------------------------------------------------------------

Driving Freguency [Hz)
= Pt
T T R TTA

=
in

Frequency (kHz)

Fig.1.5.2 Noise spectra of different vibration mechanisms
FromFig.1.5.2, 3 noise bands can be seen [LSHOBC14]:

9 S1: Thisnovesproportionally to the driving frequency and as such is an effect of commutation
(phase current switching). This is tREAGNETI@esponse.
9 S2: This iixed and is an effect oftructural resonanceThis is thtMECHANICAlesponse.

0 Exceptions to this rule are bearing sei and dynamic eccentricities which increase
proportionally to the rotor frequency [PV98], [MC14].
9 S3: This spreads as the drive frequency increases and is the result of the PWM frequency. This is the
ELECTRONItEsponse.
Having built a higthevel image ohow eachsourcecontributes to the overall noise specteamore detailed

study of each source can be undertaken, starting with the electromagnetic sources
1.5.1 Electronagnetic sources

Fig.1.5.3 gives a highevel overview of the different magnetic sourcesnoise.
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Core
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Fractlonal slot

Slot/pole

combination <
Integer slot

Fig. 1.5.3 Overview of magnetic sources of noise in electric machines
Fundamentally the noise and vibration from electromagnetic sources is caused by the magnetic flux density

waves in the air gap interacting with the rotor and thiator. How these waves are established varies for a
number of reasonsHowever, machine designers tend to combine the different processes into specific
categories. [TMJ96] provides a good definition for torque pulsations:

1) Cogging TorquePulsating torqueomponents generated by the interaction of the rotor magnetic
flux and angular variations in the stator magnetic reluctance. By definition, no stator excitation is
involved in cogging torque production.

2) Ripple Torque Pulsating torque components generatdry the interaction of stator current
magnetomotive forces (MMFs) and rotor electromagnetic properties, which can take two forms:

a. Mutual or Alignment Torque: resulting from the interaction of the current MMFs with the
rotor magnet flux distribution.

b. Relucance Torque: resulting from the interaction of the current MMFs with the angular
variation in the rotor magnetic reluctance.

3) Pulsating Torquethe sum of the cogging and ripple torque components.
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There is a further component called unbalanced magngdice (UMF), sometimes called unbalanced
magnetic pull (UMP)This is where the magnetic forces acting diametrically across the rotor are not balanced.
There are two primary sources of UiV
1 Rotor eccentricity: [ZQZ14] static or dynamic eccentricity mearnistki@aair gap is nofuniform so
one part of the rotor is closer to the stator teeth than another, gives & square law that dictates
the force the influence of the eccentricity can greatly multiply the radial forces acting on the rotor
and stator resuing in high levels of vibration
1 Diametric asymmetric poles/windings: [DI05] fractional slot machines where the slot number, N

and the pole number 2p differ by onee., 2p = + 1, may have asymmetry across the rotor resulting
in UMP and the associatedncerns

1.5.1.1 Slot/pole numbercombination

The discussions into electric machine designs thus far has highlighted that there are a bewildering number
of different machinetopologiesavailable in all manner of possible arrangemerti®w to choose which

arrangementsthe best isone of the bigchallengs of machine design.

One of the fundamental aspects of any electric machine aspect is the relationship between the slot/pole
numbers,defined as (1.24) [DH12]:

0 (1.24)
0 0
where Nspp = number of slots per pole per phase, Ns = number of slots, Np = number of poles, Nj
number of phases.

b

If Nsppis an integer, then the machine is described as an integer sla,piEM nonrinteger, then the machine
is described as a fractional slot. Care should be taken with the definitions as it can be easy to confuse
fractional slot and fractional pitch wiinls, the former characterises the stator slots whilst the later

characterises the windings. Fig. 1.5.4 shows 2 SPM machines, a 1254RL)dnd a 15S4P {y= 1.25) to
illustrate the differences.

ero flux Ig I

MOde ate __ i
V4 f H |I|.UX | < = nglI“UX
C|€l|5|\A ty dens|ty ||UX denS|tV' = denSity

=~ -
Magnet edge Zero flux Magnet edge |
aligned to slot density aligned to tooth
(a) 1254P integer slot PM fldistribution (b)15S4P, Fractional slot PM flux distribution

Fig 1.5.4 Comparison of static PM flux distributions in an integer and fractional slot SPM machi
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It can be seen in Fig. 1.5.4(a) that there is symmetry between the teeth and the polesstatitreas each
magnet has the same relative position with respect the stator slots giving an additive effect to the cogging
[CBO00], [JRH10]. For the fractional slot, the relationship is less symmetrical as the teeth and the magnet poles
align differently acording to the rotor pole, meaning the additive effect is reduced. The cost of this
advantage in cogging torque is increased air gap harmonics and a lower winding factor which means a lower

maximum torque than an integer slot machine which can obtain imopdactors of 1 [JRH10], [RI09].

A more detailed analysis of different slot/pole number combinations is found in [RI09] which introduces a
classification system for different slot/pole combinations which can be expanded upon using [JRH10], [DH12],
[GJIL16][YSCO06], and [ZQZ00] to understand the effect each slot/pole combination has on the UMF and
cogging torque. The summary is shown in Table 1.5.1. Note ripple torques are omitted from this as these are
strongly influenced by the winding arrangement whi@naovary between machines of the same slot/pole
number.

Table 1.5.1 Classifications of slot/pole number combination and influence on UMF &
cogging torque [RI09]

Classification Definition Example (Slot/Pole) UMF Cogging
dispositon of Slot ant | 352P: 384P, 9S8P
Type | P 9S10P, 15S14P, HIGH LOW
pole number
o 15S16P
combinations
Modular machines, same
phase windings in 6S8P, 12S10P,
Typell diametrically opposite 12514P LOW HIGH
slots
Non-modularmachines 9S6P, 1258P,
Type I ) N 15S10P, 27S6P, LOW LOW
symmetrical windings 18S12P

In the ideal case, motor types in type Il and type Ill should not have any unbalanced radial force on the stator

[RI09].
[HYID13] provides a general rule of thumb for derivingslo#/pole numbercombination:

1 Fundamental winding factor, Higher winding factor results in higher torque.
1 Lowest Common Multiple (LCM} between number ofstator slots and number of rotor poles. A
larger LCM value implies lower cogging torque.
1 Greatest Common Divisor (GCB)etween numberof stator slots and number of rotor poles. GCD
is an indicator of the forcing function shape of tooth force correspogdo the fundamental order
0 A high GCD leads to a shape favourable to be excited at higher frequencies, thus the greater
the GCD the lower the noise and vibration due to the modal frequency being pushed outside

the bandwidth of the machine [HYID13].
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[2QZ00] developed aiseful formula (1.25) to assist in choosing the slot/poleumber combination that
LINE A RS& GKS RSaA 3y Siibréikitniging the dogyidtrdveg. Sa a¢ G £ dzSz  /

5 1.25
0 g (1.25)

where N, = number of poled\sis the slot number and Ns the lowest common multiple between the
slot number [s) and the pole countl\y).

¢KS KAIKSNI GKS G3I22RySaaé¢ Gt dzS olnishmpdriark to doke$hatK A 3 K S
Grdoes not denote a torque value, rather indicates which slot/palenberselection willhavethe highest
level coggindorque. Although this givea good method opredicting the severity of theoggingtorque in

machineit does not account for the other key vibration sources such as ripplevie.

[YSCO06] developed a method of calculating the vibration frequency in a 12S10P fractiomalcivte. The

paperdetermined the dominant vibration frequency is of these machines is (1.26).

Q 0 Q (1.26)
Wherefy is thedominantvibration frequencyN, is the number of poleandfn is the mechanical frequency
of the rotor. Thepaper also cocludes that thanost important vibration order is dependent on the slot/pole

numbercombination e.g. [YSCO6]:

1. Inthree phase motors havirslots per pole, the vibration mode order is equal to the pole number
2. In motors havind..5slots per pole, the vibration mode order is equal to the podér number.
3. In motors in which the slot number artde pole number differ by 2, the vibration modedar is 2.

4. In motors in which the slot number arde pole number differ by 1, the vibration mode order is 1.

The conclusions in [YSCO06] and [RI09}eirdorced in [DI05] where the force components for the UMP are
analytically derived using thilaxwell stress tensor and compared using finite element results. The results

of the 9S8P machine can be seen in Fig. 1.5.5 [DI05].

Low Flux
density

High Flux density

(a) 9S8P winding arrangement (b) 9S8P resultant field distribution (on load)
Fig. 1.5.5 Flux distribution of 9S8P unkbed [DI05].
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It can be seen from Fig. 1.5.5 that the-load flux distribution in the 9S8P machine is aonform meaning

there is an asymmetry of flux density in the air gap. Given the Maxwell stress tensor for radial forces (1.4)
this flux imbalance means a high utdnr@aced magnetic force will be experienced. [DIO5] shows the amplitude

of the UMF is linearly proportional to the input current to the armature windings, which is logical given the
higher current means higher MMF and consequently higher flux densitiedingaigty is only observed to a

point; at higher loads, the core materials begin to saturate changing the magnetic circuit reluctance and

therefore the flux distribution.

[HSKO04] provides a detailed investigation into the different torque pulsation coems ofa12S4P IPMnd
SPM BLD@achine The paper draws théollowing important conclusions to the frequency characteristics of

the electromagnetic sources in IPM motors [HSK04].

1. Coggingorque: lowest common multiple of numbers of slots and poles tirtiesrotor frequency
(fm) and its higher harmonics.
2. Ripples of mutual and reluctance torqué&f, and higher harmonics

3. Fluctuations of radial attractive forcenumber of poles timesxfand its higher harmonics.

These rules of thumb are key to characterising the vibratory performance and as can be seen, the slot/pole

numbercombination lies at the heart of it.
1.5.1.2 Statorslot openings

The stator slot opening is the gap that separates the tooth tips from each othalvdaccess to the main
slot region from the inner bore of the stator structure (assuming interior rotor). These slots serve 2 important

purposes:

1. Allow insertion of the windings into the stator slots during assembly.
2. Prevent flux short circuiting betweethe stator teeth, either from the stator armature or flux from

the rotor.

The concern with the slot opening is the relative permeance of theslois 1. Thus, any flux aligned with
the slot trying to bridge the air gap will deflect and bend to trg aeach the high relative permeance of the
laminated magnetic steel that forms the tooth, the flux deflecting in this manner is collectively called fringing

[JRH10]. This variation in permeance is a prime contributor towards:

1 Cogging torqueThe rotor PMItix bridging the air gap will tend to prefer the relatively low reluctance
of the tooth tip to rotor air gap than the much higher reluctance of the slot region and resist being
moved away from the resting point.

1 Ripple torque as the rotor spins in the chges in permeance create high frequency pulses, at the
frequency determined in (1.27) [HSKO04].
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Q € 0Q (2.27)
wheref, is the ripple frequencyiNs is the slot numberfn is the rotor frequency ands is the harmonic
order.

Fig. 1.5.6 illustrates the flux lines around a tooth in (a) stationary no load and (b) maximum load.

Saturated
material (~2.2T)

Low level fringing
(a)No load (b) Full load
Fig 1.5 Influence of fringing on tooth due to slot gap under no load and full load conditions
The tooth under full load (Fig. 1.5.6b)) has to handle both the flux on the main flux path and the flux density
on the edge of the tooth from the fringing which sattea the tooth material. In terms of the magnetic circuit

this effectively expands the slot opening distance, exacerbating the concerns with variations in permeance.

Accounting for the Iptting effect is a challenging task due to the nlimearities involve. Traditionally
machine designers attempt to simplify these challenges by calculating the effective air gap in an attempt to

compensate for the slotting effect, for example (1.28) for an SPM machine [JRH10].

5
N 0 — (1.28)

GKSNE 3IQ Aa GKS STFSOGAGS AN Il LI 3T Adsthe &ney SOK |
length (in direction of magnetisation), argk. is the relative recoil permeabilityc Ay OomMPHYy 0 A a (O F
coefficient, which in its mwst basic form is a function of the ratio of the slot opening width and the air gap
width. It has numerous derivations [DH12], [JRH10], [JFGO06], [CGV70] according to the machine type (e.g.
induction or PM [JFGO06]), position of the rotor to the stator (exedial interior or exterior) as well as the

A0 G2N) 220K RSaAIyad hiGKSNI 62N) & dpfdde mdre aCNBIS Y | y Q
methods by expanding the variables attributed to the phenomena. These analytical methods are very useful
for the initial calculations required to establish the magnetic circuit but the-lmearities created by the

tooth saturation and the fact that the system permeance is affected by aspects such as core temperature
and the BH properties of the material mes that finite element methods tend offer the more accurate

means of predicting the performance. Using the FE tool of course comes at a price; expadsivmplex

FEsoftware and powerful computers to handle the volume of computation required.
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The effet of the slot opening distance on the cogging torque is investigated for different slot/pole

combinations of IPM machines by [ZQZO00], the results are in fig 1.5.7.

4 T T
£ e
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1 2 3 4 5
Slot opening (mm)

Fig.1.5.7 Influence of slot opening distance on cogging torque with different slot/palmber
combinations [ZQZ00]

It can be seen, perhaps unsurprisingly, that there is a direct correlation between the size of the slot openings
and the cogging torque. The role thie slot/pole numbercombination is again highlighted with the integer

slot maching(12/4) having a much higher cogging torque than the fractional slot mach@esmpensating

for the slotting effect in the design is difficult to countermeasurelas there still needs to be some slot
opening in order to allow the windings to be inserted and prevent short circuit flux peltxswever, some

methodologies are covered later in this chapter
1.5.1.3 Windingdistribution

The winding distribution is intrinsically linkeal the slot/pole number combination of the machine as well as

the number of phases, which for this study is assumed to be 3 [JRH10], [DH12]. [YH97], [TN14]. These aspects
dictate the basic requirements for the winding. However, machine designers over tinee developed a

large variety of different winding methods to maximise the performance of the machine beyond the simple
distributed and concentrated definitions provided earli#he measure of the flux linkage between a coil and

the magnet is known as thwinding factor and is the product of the coil span factor and the distribution

factor of the stator [JRH10].

1 Coil span factor @): electrical anfg of the arc covered by each coil. The fundamental coil span factor
can be calculawas follows(1.29)[JRH1D

o i Q|£c_ (1.29)
whereh ¢, is the coil pitch in electrical degrees, defined as:
0 p Yn (1.30)
0

where N, = number of poles andJ¥ number of slots

9 Distribution factor (k): dictates the spread dhe flux from the coil. On a distributed wound machine
this should be unity as the coil span = pole span. Can be calculaie@hDH12]:

Pageb7



Chapter 1¢ General introduction

' i O&2— (1.32)
C T a o

where Nspp= number of slots per pole per phase.
Thefinal winding factor (k) is then (1.36) [DH12]:

0 VIV 1.3)

A winding factor of 1 means 100% linkage of allfttie between the coil and magnetiess than one means
the flux linkage is loweand therefore the torquds lower [JRH10], [DH14EFMO03]. Using eqgns. (1.29) to
(1.32) themaximum winding factor for a number of different slot pole combinationts dual layer windings
can be calculated [FMO3EM2(Q.

Table 1.5.2 Maximum winding factor fdual layer wound machines with differesiot pole number

combinationdEM2(Q

Poles

Slots 2 8 10 14
3 0.866 0.866 0.866 0.866
6 1 0.866 0.866 0.5 0.5
9 0.945 0.617 0.945 0.945 0.617
12 0.966 1 0.866 0.966 0.966
15 0.951 0.951 0.711 0.866 0.951
18 0.96 0.945 0.617 0.735 0.902
21 0.953 0.953 0.538 0.65 0.866

From Table 1.5.2 it can be seen there is a colour coding system which indicates the winding type according

to the slot/pole numbercombination:

1 Black Unbalanced winding, winding arrangement is unable to produce a balanced rotating field.

1 : Integer slot winding, number of slots/pole/phase is an integer.
1 : Fractional slot winding, number of slots/pole/phase is fractional and greater than 1.
1 1 Concentrated winding, number of slots/pole/phase is fractional and strictly less than 1.

The difference between fractional slot wound and concentrated woundidkyt as technically both are

fractional slot.

1 Concentrated winding typically referred to distributed winding.

9 Fractional slot refers to integer slot.

1 Both concentrated and distributed windings can be employed in fractional slot machines, but it is

more ®mmon to employ concentrated winding, particularly tooth wound coils for fractional slot PM

machines.

As previously highlighted the integer slot, distributed wound machine is the method favoured for traction

applications [YH97], the high winding factor meaaverage torque is high and it allows for good utilisation

of the reluctance torque component. The draw backs due to copper loss, packaging and winding insertion

issues with the end windings as well as high cogging torque inherent in the integer slagiguinean effort
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is being placed into fractional slot windings [DIO5], [DI06], [ZQZ07a], [YH97]. [FM07], [FMO03]. With a high
enough slot/pole number combination it is possible for a fractional slot machine to show similar performance
[ZQZ07b]. However, tme are knock on effects at a system level; more poles mean the number of electrical
cycles per mechanical cycle has to increase which means the inverter has to switch at a higher frequency to
achieve a given speeds and of course the impact on iron lossetdigher electrical frequency.

The primary concern with fractional slot wound machines from a vibratory standpoint is, aside from the risk
of UMF on certain slot/pole number arrangements [DI05], [ZQZ07a], is the rich MMF harmonics which the
winding areangement can produceé\ good illustration of the difference is shown in Fig. 1.3 B where a

72 slot, 12 poldistributed woundmachineis compared with an 18 slot 12 padéngle layer concentrated
wound machineof the same key specifications (torquepeed, power, stack length and stator outer

diameter)

Bl Distributed
[IConcentrated

[} ) (%)
(=} W e
T T

Amplitude of MMF
)

Mﬂﬂ [0 B o

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96
Harmonic Order

Fig 1.5.8 Comparison tife MMFharmonics irthe distributed wound and concentrated wound
machines [JZ18]
The contrast in spectral contenf the MMF isstark between the distributed wound machinghown as blue

bars in Fig 1.5.&nd the single layer concentrated wound machiyellpw bars in Fig 1.5 8These harmonics
increase iron losses and contribute to the ripple torque having implications onilthatery tooth forces.
Within each of these categories lies a large variety of different winding methods, a detailed list of which is

covered in the vibration mitigation section of this chapter.
1.5.1.4 Influence of otor topology

The layout of the magnets in thetor core dictates the flux density distribution across the air gap and the

linkage with the coils in the stator, much like the winding layouts detailed previously. The key differences

are:

1 The layout of the magnets is only constrained by the pole aotafgd by the selected number of
poles) and not constrained by the slot geometry like the armature coils.

1 The PM flux is DC and constant, it cannot vary like the armature coils.

Pageb9



Chapter 1¢ General introduction

1 The PM material is typically sintered and mechanically weak requiring a chedfunce between

adding strengthening features and the level of flux leakage [ECLO04], especially fepéaghdesign.

One metric for describing the PM distribution in the rotor is the pole arc to pole pitch ratio which is illustrated
in Fig. 1.5.10 (a)2QZ00], [2ZQZ03] detail how the p@lec to pole pitch ratio can influence the cogging torque
with the resultant cogging torque vs. pedec to pole pitch ratio shown in Fig. 1.5.10(b).
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(a) Definition of pole pitch and pole arc (b) Influence ofpole pitch to pole arc ratio on
cogging [ZQZ00]
Fig. 1.510 Effect of polearc to polepitch ratio with different slot/polenumbercombinations on cogging
waveforms [ZQZ00]

Using the trends set out in Fig. 1.5.10(b) [2QZ00] provides a formulaltzans the optimal pole arc to pole

pitch ratio to minimise the fundamental component of the cogging torque (1.33) [2ZQZ00].

o p .

— Q 1.33
=5 (139

where:ky is an offset to account for fringing and ranges from 0.01 to 0.03 depending on thganda
N is given in (1.34)

0 T (1.34)
where N is the LCM between the slot number and the pole numbégr,

k2in (1.34) is used to account for the fringing effect on the stator tooth and is dependent on the airgap length
[2QZz00].

Earlier in the chapter it was explained that the primary difference between an IPM machine and an SPM
machine is the saliency of theNPPmachine allows for the use of the reluctance torque component. The
influence of the saliency on the radial force distribution of the machine is well illustrated in Fig. 1.5.11 [TJK10]

which compares an SPM and IPM machines of the same dimensions apolslotumber combination
(24S4P).
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(a) SPM radial force profile (b) IPM force profile
Fig. 1.5.11 Radial force density comparison between IPM and SPM machines [TJKO1].

The force density plot in Fig. 1.5.11 clearly illustrates some of thelikeyences between the two magnet

n

arrangements:

1 Common to both arrangements is the effect of slotting; both the pole count and slot count can be
observed from the radial force profiles in Fig. 1.5.11 (a) and (b).

f The effects of saliency onthe IPMmachid¢ y 0SS Of SIF NI &8 &aSSy oaxis,iKS$
starting at45°from the xaxis and repeating in 45teps, lining up with the flux barriers of the IPM
machine in (a).

1 The SPM is much smoother, and however, the effect of the 4mbde magnet carme observed on

the graxis of each pole (again these are ifi gfeps starting at 45from the xaxig

In addition to the concerns with ripple torque IPM machines have also been shown to suffer higher

unbalanced forces when subject to eccentricities [TIHBIKO1]. Fig 1.5.12 highlights this factor.

1200
—&— [PM motor
—O— SPMmotor
% w0 /
z /‘
3 .
=}
35 e ./
: -
F| - »
EE — P
E - "
[\ et
00 013 O,IG a9
Eccentricity ratio

Fig 1.5.12 Effects of rotor eccentricity on UMF of IPM vs. SPM [TKJO1].
[TKJO1] notes that not only are the unbalance forces on the IPM machine significantly higher, but the effect
is nonlinear as the ecadricity increases, reflecting the fact high levels of saturation on the teeth due to the
reduced air gap which acts to further amplify the UMF. The conclusion is therefore that IPM machines are

significantly more sensitive to UMF due to eccentricitiesithasimilar SPM machine [TKJO01], [KTKO1].
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In a similar manner to the windings, the rotor can have multiple layers of magnets in a variety of different
arrangements. These multyered machines offer a boost to the reluctance component due to the increased
saliency as well as the ability to achieve a more sinusoidal air gap flux density. The price of this, aside from
the obvious structural complexities, is increased cogging torque [YH98]. The larger saliency means higher risk
of torque ripple due to variatins in d and gaxis inductances [YH97], [EA15]. Analysis by [YH97] shows that
the 2 layers provides the most effective boost for thexds inductance; 3 or more does increase the saliency

but the gains are much lower than the step from single layer tay2rs. Increased numbers of layers and
careful shaping of the magnet slots means the machine begins to resemble a synchronous reluctance
machine instead of an IPM machine. Indeed, there is much research irtalled permanent magnet
assisted synchronoueeluctance machines (PMaSynRM) that look to utilise this feature usingdetv

magnets to counter the poor power factor that limits the application of synchronous reluctance machines
[FC15], [YHJ12], [KR13].

1.5.2 Power electronic and control sources

The powerelectronics provide the critical role of converting the DC voltage from the battery in the vehicle

—
harmonics

Flux weakening

Control Space vector
techniques control
Control loop
hysteresis

<

Fig.1.5.13Electronic and control sources of noise in electric machines

into an AC waveform.

Electronic /
control sources

Drive signal
waveform

1.5.2.1 Drive signal waveformAC vs DC

As previously discussed, the drive waveforms tend to fall into AC (sinusoidal) or DC (trapezoidal). The effect

is studied in much of the literature [TMJ96], HIR)], [DH12], [ZQZ06], [YFS06] and the differences are best
summarised in Fig. 1.5.14 [YHO09].
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Fig.1.5.14Torque harmonics of-Bole 12slot machine at 1200rpm (480Hz electrical) [YHO09]
The rich harmonic content is of course a well understood phenanghut as has previously been seen the

difference in operating in AC and DC mode becomes complicated by the slot/pole number combination and
winding methodology [JRH10], [DI06], [DH12], [ZQZ07a].

1.5.2.2 PWAM carrier signal

The concern with the PWM signal liedth the carrier signal switching frequen§yGH91], [SLCQ3The
switching frequency typically sits within the audio range of humans, typically between 3 kHz and 20 kHz.
Whilst it would be desirable to move these frequencies to beyond the human specfrheadng this is not
realistic, for two key reasori8D09], [JD15]
1. LYONBI aSR agAGOKAYy3a f2aad LD. ¢a adzFtReSrdde hd I K S a
IGBT has to move between the two states, the higher thesmatching lossin particular at the high
currents experienced with an electric vehicle at high speed.
2. Increased part fatigue: Whilst solid state IGBTs still suffer from fatigue, the higher amplitudes of
thermal cycling caused by the increased switching loss puts straiiheobond wires between the

semiconductor material and the power supply copper.

¢KS KFENXY2yAO0a 3ISYSNIrGSR Fa (GKS agAi0OK FfALdnTFTNRY
the air gag TGH91][AB12], [PV98], [MC14], [AS16], [CL19], [SLGeBierally, for a PWM source the tones
generated are of the order k¥fwhere k is the order number angi$ the carrier frequency [SLCO03], [AS16].
Thus, for a machine utilising a carrier switching frequency of 10kHz, tones could be excepted at 1 Gz, 20k

etc. This is well illustrated in Fig. 1.5.15 with measured results [TGH91], [AS16].

RANCE. § OV STATUS, PAUSED
rao (STORED ity
e : :...... Conventional Modulation,
F » E s Ve
c —ip :
13
701V : S SO | T
i e, e
START, e Hx 2 000 W=
e 18 Hm Y 5.020 uVrue

Fig. 1.5.15 MasuredPWM tones on induction machine, 1000rpra=ALkH4TGH91]
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Much of the work around this phenomenon is more focussed on the electromagnetideirgece the
machine generates [AB12], [SLCO03], as the tones observed in the vibration in Fig. 1.5.15 can extend far into
the electromagnetic spectrum which can become a big issue for electromagnetic compatibility (EMC), an area
that is strictly regulatedavithin the automotive industry due to the potential disruption to the increasing array

of microcontrollers orboard, and is set to become even stricter with the advent ofdelfing vehicles.
1.5.2.3 SVPWMControl.

The PWM frequency and duty cycle dictate thdtage output of the inverter. However, a higher level of
control is required to ensure the correct switch on the inverter is activated at the correct time to create the

rotating field in the stator.

One of the most popular methods is the-salled space \&or PWM (SVPWM) technique [JTB90], [JAH84].

The switching sequence is shown in Fig. 1.5.16.

v3(010 V2(1,1,0)
\
i // \
\
Vg Sll 521 531 // Vo
T ( ( r / V7(1,1,1) \\
V4(0,1,1)¢ V1(1,0,0)
\
Machine \
\
\
\
V5(0,0,1) V6(1,0,1)

(b) Inverter output with inverter leg switching
(a) Simple 3 phase Inverter states required to generate rotating voltage vect
Vv
Fig. 1.5.16 SVPW#vitching method based on [JTB90].

A core advantage of the SVPWM technique is it ha& AaBmonic deliberately added into the pseudo
sinusoidal output voltage of the inverter JTBADIK S LJdzN1J2 4S 2F KA OK Aa a¥Ffl
waveform, effectively boosting the voltage of the inverter [JAH84] and providing the machine with mor
voltage overhead. Increased voltage overhead means the machine can operate at higher speeds before the
voltage control saturates and flux weakening is required. This is clearly beneficial in applications such as
battery electric vehicles where offsettinpe need to flux weaken is a useful feature to reduce current
consumption, in particular when driving at highway speeds, allowingehé&lerange to be maximised. With

this benefit comes some cost however as deliberately injecting harmonics into theimeawill have the

price of increased iron loss due to the additional high frequency flux components and additional vibratory

components. Liang et al. goes into some depth exploring this subject [WL14], [WL18], deriving an
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approximation for the modulatiowave,y(t) for the output pulse width from the inverter, eqrl.@5), based

on the fundamental and the third harmonics [WL14].

w6 0 0BT o ,OEd o) (1.39
where: 0 —= (1.39
and:, o (1.37)

wherean A & G KS Y2 RdzZ I U a260 5Q B $h& MadQdidhyadghlar spaed and M is the

modulation ratio andvsis the scaling factor between thé®harmonic and the fundamental.

1.5.2.4 Flux weakening control

Utilising field weakening contr¢&M89], [TMJ87] current can be injected into thexds in order to advance

the stator field angle relative to the rotor field, encouraging more flux along thgig| path generating the
reluctance component. As was discussed previously this requires saraeas the injection ofly current
suppresses the flux linkage from the PMsg)) reducing the mutual torque component meaning that a careful
balance of the two torque components is required. Fig. 1.5.17 shows the flux distribution of an IPM machine

at full load with a current angle § of ¢ and 45.

Low flux tooth

Low flux tooth shifted 1 tooth
Increased tangential ccwW

flux loading on teeth - /

610 L I HcdT! NYa 660 L I' Hc®T! NXV&
FigMm®p ®mT1T [/ 2YLI NA&a2y 2F FfdzE RAAGNRAOdzIAZY

The change in flux distribution from Fig. 1.5.17 (a) and Fig. 1.5.17(b) due to the change in relative position of
the stator field can clearly be seen to influence the toddrces.Using an &ole 12 slot spoké¢ype IPM
machine [DYK13a] did andepth FEinvestigation on the forces experienced across the air gap at different

current ©°) anglesUsing the resultant radial and tangential forces can be seen in Fig. 1.5.18.

) X ’ T —p=odeg
—p-0deg | T | e p- 35 deg
..... :7:\::,= ==== =70 deg |
e =70 deg | i

NN NN

Force density (10 N/m?)
Foree density (105 N/m?)

0l

\Wi \ /7 \V// N/
0 o %0 e 180
Angle (degree) Angle (degree)
—_— = a (b) Calculatedangential force on tooth at different
(@)Calculatedlr RA I £ T2 NOS 2V i o
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E —@— acceleration due to both radial and tangential magnetic force

@ -k~ acceleration due to radial magnetic force

g --d- acceleration due to tangential magnetic force
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(c) Acceleration of the"8harmonic due change of phase angle
Fig. 1.518 Calculatedrifluence of incrementing the current angle the air gap forces and ripple [DYK13

From Fig.1.5.18(a)there is a markedlecrease in the radial forces whilst in (b) therdnisrease in the
tangential magnetic force and the torque ripple with increasing phase aitgievever, the effect ison-

linear, as highlighted in analysis of the8armonic (EMF harmonicyhis reflects the fact that the change in
position of the stator field relative to the rotor is encouraging a higher tangential flux component. The high
uneven nature of the forcerpfiles indicates a potential concern with vibratory forces being applied to the
machine [DKY13a]. Similar results are shown in [GO11] where it was shown torque ripple becomes excessive

at higher current angles, primarily due to the high variation in isalice at high loads and speeds.
1.5.3 Mechanical sources

Mechanical sources of noise and vibration are those that arise from the structure of the machine and passive
components such as the bearings or air being disrupted as the machine operates. Some aspeashar
described as static, these are items such as poor tolerance of the machine structure leading to misalignment
of the rotor within the air and the concerns this induces. Other aspects are dynamic and are related to the

rotating speed of the rotor athload the machine is driving.

Fig.1.5.19gives an overview of some of the different mechanical sources.
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Fig.1.5.190verview of mechanlcal noise sources in electrical machines

FromFig.1.5.19,it can be seerthat there are a large numbaesf potential noise sources from a mechanical

perspective the key aspects will be summarised in this section.

1.5.3.1 Stator structure
Given the size and bulk of the stator it is typically viewed as being the prime source of mechanial nois
[LSHO09], [JFGO7], [YSCO06], [KTKO01], [MEHB®8]stator is driven into a natural mode, then this has serious

implications on the wider machine structure and therefore tends to be the primary focus iliteheture.

Tablel.5.3 highlights the effedtey features have on the vibratory performance.

Table 1.5.3 Effect of stator features on vibratory performance

Feature Effect Ref
Pole count dictates back iron thickness [JRH10], [DH12]
o0 Higher pole number = thinner back iron [MSI14], [RI09],
Slot/pole o Thinneriron = reduceq stiffness [EC15], [PV98],
number Slot geomgtry strqngly gontrlputes to mode shqpe . [SALO1]]WCO01]
combination o Thin back iron with thick tooth means high risk of

encountering low order mode
0 Low order mode = higher displacement & induced
vibration
Tooth tip desigrg large tooth tip with tight slot opening on thin [MEHB93],

tooth represents poorly constrained mass that can have multif [SALO01], [EC15]
Tooth width and| low frequency modes

tooth tip Tooth modes can have limited influence wherck@on is thick.
0 Main concern is rapid motion due to tooth mode can
accelerate fatigue of tooth, especially at yoke interface
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Contribution of overall system winding mass and stiffness dug [SALO01], [KI02],

potting strangly contributes to frequency performance [SN87], [WCB],
Windings 0 Mass due to windings tends to lower natural frequenci [JS14]
(active length) o Stiffness due to copper and potting material increases

natural frequency [MEHB93
Acts to constrain tooth modes, dampening motion

Large mass with stiff structure [K102], [SN8T7].
Influence of end winding strongly linked to winding method [SALO1]
Winding (end 0 Balance of mass and stiffness act to attenuate effect g
windings) end winding on concentrated wound machine [SALO1]

o Influence found tovary widely between distributed
wound machines [SN87], [KI02]

[RIO9], [MSI14] and [EC15] show that low order modes which are characterised by high displacement have a

much higher influence on the vibratory performance than justrdudial forces and excitation frequency. The
likely mode orders are directly correlated to the slot/pole number combination. Fractional slot machines with
low tooth counts and high pole counts are more susceptible to low order modes at lower frequery as t
ratio between the thin yoke and the relatively thick teeth mean the shape is more likely to deflect on the
mid-slot point where the structure weakest. For given stator inner and outer diameters the higher the
number of slots, the less significant thdfdience in thickness so the natural mode shape will increase as
highlighted in Fig. 1.5.20 [EC15].

(a) 12S10P showing mode 2,0 (b) 18S14P showing mode 4,0
Fig 1.5.20 Comparison of mode order @ rated torque and 1000rpm on 12S10P and diagir4mf
same inner and outer diameter [EC15]

[PV98Jand [SJY81jighlights that given th geometriccomplexityof the stator,the equations describing the

mode shapechange as the mode number increasesiaking predicting the noise and vibration anedgtly
beyond the first 2 or 3 modes computationally intense and time consuriinig lends the design process to
utilising FE analysis methods and is indeed the primary methodology use in much of the literature [MEHB93],

[SALO1], [HYID13], [KD14]. [RRt6]
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1.5.3.2 Influence of materials

Theresonant natural frequencg M ®p 0 A& LINRPLRNIA2YyLFf G2 GKS |, 2dzy3Qa
component. Thesaspectsare dictated by both the geometry of the part and the matdgalitilised. For the

magnetic steel cores of the rotor and stator structure this becomes a difficult problem

1 The corsareformed by thin magnetic steéminationsof thickness £ which are separated by very
thin layersisolation material. Many layers astacked to form the active length,. L

1 These isolation materials act to electrically isolate the plédemitigate eddy currents in the core

and can act as an epoxy to bond the stack together.

A simplified lamination structure is illustrated in Figh.21.

Fig. 1.5.29mple illustration of the laminated stacks and key measuremefgs= plate thickness,
Lsw = active length of stack

This means that the full active length of the core is formed of the sum of the steel and thelatemateral.

The ratio of magnetic steel to epoxy is called the stack faetpand isdefined in (1.38).

B"Y
%o - prtmp (1.38

The implications of this from a structural standpoint is that the material is orthotropic; that is the material
properties in the Xy plane (radial) differs from theX plane (axial). The concern is that a typical material

specification for core material typically does not account for this, an example is shown in Table 1.5.4 [CP08].

Table 1.5.4 Lamination stack reatl properties [CP08]

Property Stator core Epoxy Units
Material M250-35 Epoxy (E645
Density 7600 1186 Kg/m?
L, 2dzy3Qa 200 3.44 GPa
t2Aaazy 0.3 0.3
Shear modulus 80.8 1.32 GPa

As can be seen from the data provided only isotropic information is provided which does not represent the

orthotropic nature of the core. Fortunately, there been a lot of work on this area. Some of the literature use
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stress and strain measurements on saegpbf the materials to obtain the characteristics of the measured
data using more traditional stress testing methods [MVDG12] or ultrasonic NDT methods [ZT04]. Others
attempt to use FE tools to calculate the properties given some known input forces \Rit¢6yeduces costs

in terms of equipment but risks problems with accuracy.

A more attractive method utilises the fundamental rules of mixture that material engineers apply to simplify
the modelling of fibre reinforced materials and apply this to the@tatack, effectivelyreatingthe stack as

a compositematerial. The theonfRP16] [MVDG12PPB9%is to combinethe key characteristics of the
component parts of thetator structure éteel plates, epoxXyto form a single material that can lzgplied to

the existing 3D shape of the pafn important point here is that there is a separate value forrtizeluli on

the XY (radial) plane and the(&xial) planeThis is due to the fact that the strength of the magnetic steel

will dominate for theradial plane,but the epoxy will have gangibleinfluence on the axial strength of the

stack, in particular under tensile loat.K S SljdzZr GA2ya dzaSR G2 RSTAYyS (KS
stator material [MVD12], [RP16] are listed in Table 1.5.5.

Tablel.5.5Equations to combine material properties [RP16], [MVDG12]

Property Equation Unit Eg#
Density ="gpt a1 % kg/m? (1.39)
Qu=0gp+Q 1 %p (1.40)
L 2dzy3( . Pa
% 1 %
Modulus Q= £+ ' 0p (1.41)
T Gy G
Gy =— 1.42
T 2(1+vy) (1.42)
p— Em
Shear modulus E Pa
G,y = —— 20—
Y21+ vy) (1.44)
. QR
Q=s Q (1.45)
Q% 1 %p
O = UPp+ Uy 1 %
by = Ucdop + Ug op (1.46)
t2Aaazy -
E,
Uy = Uy = (1.47)
~ ~ 7 Exy ~
I RBIY aA2idyr3d Q &= sheaRmiatulls X t 2 A & & 2 f Stack N
Svmbols factor
y X% = steel property, X= Epoxy property
Xy = XY¢plane, X= Zplane (axial)

What is important in each of the abowsguations is that the stack factor (1.38) is key to deriving the
properties of the material. Bysing the formulae iTablel.5.5and varying the stack factor from 0.5 to 1 the
influence on the mechanical properties of the stator can be analytically asdcliIThe results are shown in
Fig. 1.5.22.
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(c) Composite densitys.stack factor
Fig.1.5.22Characteristics of the composite with varying stack factor-¥013[RP16].
From Fig 1.5.22, it can be seen that:

1 Density changes linearly with stack factor

T X,
Tz

LIy S
LI Fy$

2dzy 304
_2dzy 304

between stack factors of 0.9 and 1

Y2 Rdz dza | YR

t2A&a2y NI (A2
Y 2 Rdzf dzdinear yeRtiortstapinithavary shavgd: riserir?

OK I

The practical effect of this is that in theseaof bonded stator cores the axial stiffness can vary enormously

for small changes in stack factor and of course the epoxy chosen.

A similar concern exists for the representing the windings which are agaihemongenous structures

formed of:

1 Strand of cpper wire forming the turns of the winding

1 Enamel coating to electrical insulate the wire strands

1 Epoxy resin to boost the mechanical strength of the windings and improve thermal conductivity of

the winding to the stator core (potting).

[KI02] provides a® Y LJA NR O f £ &

many distributed wound machines for induction machines of all shapes and sizes were measured and an

RSNA PGSR OKI NI

2 Blot.(MKtSn the pagisf 3 Q &

empirical equation derived based on a best fit curve throughcihlitated data(1.48) [K102].

O

TR IYT 18T PYQ T W T

(1.48)

Pagerl

akK:

\



Chapter 1¢ General introduction
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Fig.1.5.23 Results afmpirical measurement by [KI02] and example slot cross section.

(b) Example section of slot measured in [KIOZ

The machines measured in [KI02] utilise windings which are both distributed wound and potted (Fig. 1.5.23
(b)), aligning well with the winding arrangement on the baseline machimework also gives the assumption

that the calculated compositenaterial isisotropic i.e., E= 5= E.

Key to (1.52) is the slot fill factor, that is the proportion of the total slot area that is occupied by the winding
(1.49) [JRH10].
0 O

0 <
o

(1.49

where Ksis the slot fill factorNsy is the number of strands in the slof is the area of one strand (including

coating) andAe: is the total area of the slot.
1.5.3.3 Machine induced sources

In an ideal machine the housing, rotor, stator, bearings etc. would all have perfect concentricity and
cylindricality, and everything would rotate across tequiredspeed range perfectly smooth. Unfortunately,

in the real world there are manufacturirend materialtolerances whiclcanstack up meaning that if not
carefully controlled can lead to misalignments in the machirteetwo types of eccentricityare [DGD94],
[IPB12], [2QZ14]

9 Static eccentricitythis is where the rotor spins on a different axis than the centre axis of the stator.
These axes are fixed and are caused by issues in the machine structure

1 Dynamic eccentricitythis is where the rotor spins on the central axis of the stator but rotates
eccentric mannelwhirls) due to an unbalance in the rotor, where this is mass, the bearings or

deflection of the rotor shaft
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Fig.1.5.24below illustrates the concept of static eccentricity [ZQZ14].

(a) Static eccentricity, rotor spins on o&Ris, Q, (b) Dynamic eccentricity, rotor axisgyOrotates
offset from stator axis, & aroundthe stator axis, &
Fig 1.5.24lllustration ofstatic and dynamic rotor eccentricities with the rotor centre of rotatiog;, O
offset from the stator central axis &) based 0rjZQZ14]

Static eccentricity can be thought of as a structural problem with the machine, either from poor design
methodologies or fatigue and wear within the bearings or casing that result in the rotor centre of rotation
falling out of alignment with the statobore centref A yS 6 & AR 3 .5.25gitessbrieéetiamples of

where the geometric tolerancgXI105], [DGDO09%Vithin the machine can lead to static eccentricities.

s — | —
S < = _ ‘
il (| : $= e n Resuutantam
— _FL “Ideal axis” I I — — — _
1_11 —————— —— . _ ‘Ideala)ﬂs
i T4 Resultantaxis : =
=l | :.]l = ‘ﬂ
(a)Casing bore, cylindrical mlsalignment (b) Bearing seat, concentric misalignment

Fig.1.5.25Examples of geometric tolerance on static eccentricity
A key point of the above is that the eccentricity is driven by the ovgealinetric tolerances of the structure
1 Each component in an assembly has its @eometric tolerancesccording to the materials and

process of manufacture.
1 These tolerances combine in the assembled structure, a phenomenon calleeugtathis is very

important in the formation of static eccéncities as different components can be within their

individual tolerances but when combined (stacked up) the final sysembemisalignedyiving the

machine a statieccentricity.
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Dynamic eccentricity is more complex and harder to characterise tlait siwing to the fact it is dictated

by a number of factors such @sor dynamic balancing of the rotfPD14], misalignment in the driven load

or more fundamental issues like poor specificationhaf rotor shaftmaterial means iflexegbendsat high
speeds [RM14], high bearing deflection [RM14] or the speed of rotor exciting a natural mode of the rotor

causing large deflections [RM1#]g.1.5.26 below illustratessome examples of dynamic eccentricity

Unbalanced mas\- CoG

Ve Cf/ ™ Inertia centre line
sh - |ZI_;E ............. . Eg 4R_o.to_r centre line (//
a \ / Sk >
v - X an
; bearing :
bearing Core Relatively small shaft @
movement at the bearing ;
Large shaft “’ﬁ:
deflection at the rotor =
(a) Effect on rotor centre of gravity die mass (b) Rigid body mode due to bearing deflectior
imbalance [RM14]
" = @M
. _ Wertical Angularity Vertical offset
-E’ - == |
Rear bearing Frant bearing
point point Horizontal Angularity Horizontal offset
(c) Shatft deflection, due to bending mode (d) Coupling/linkage misalignment

Fig. 1.5.26 Example sources of dynamic eccentricity, [PD14], [RM14].
Table 1.5.6 summarises ti&#luence of different factors of the rotor on the modal performance of the rotor
[RM14].

Tables 1.5.6 Degree of influence on critical speed for different mode shapes [R)

Bgarlng Sypport Rotor stiffness| Rotor mass

stiffness stiffness
Bending mode LIGHT MODERATE HEAVY MODERATE
R'?r'lg:;dy HEAVY HEAVY LIGHT MODERATE

It can be seen that both the rotor support and bearings have the largest influence on the rigid body mode

(i.e.dynamic eccentricities) whilst the rotor stiffness has the highest influence on bending mode.
The exciting force due to the rotor imbalance has the following frequéh&p)[PV98§:

Qo (1.50)
0T
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whereFyis the unbalanced forcH = rotor speedrpm) andk is a positive inteer.
To avoid dynamic eccentricity due to rotor modes Campbell diagrams [FCNO7] are used which allows the
speed and frequency of the rotor to be plotted against the calculated modal frequencies. If the frequency of
the rotor intersects with a modal frequency, then the machine has hit-aaled critical speed where high
deflection can be expected, in particular for lower modes. The designer can then attempt to avoid or mitigate
these modes, either by limiting the operatingesal to avoid the critical speed or adjusting the rotor design

such that the modal frequencies are moved away from the operating speed range.
1.5.3.4 Influence of earings

The bearings within a machine are a critical component as they suspend the rotor ¢ortieet position
within the statorin order to avoid the aforementioned issues with eccentricBgaringsare a nonstiff
component within the drive system giving the rotor some flexibility, in particular in the axial direction. There
are mary types of barings rated toa variety ofloadsand speeds However, from a general perspectivan

electricmachine manufacturewill tend to choose between sleeve bearings and rolling bealfiny98]
The causes of noise due to sleeve bearings are [PV98]:

Theroughness of sliding surfaces

1

9 Lubrication: type, and age

9 Stability of oil film in the bearing, in particular at high speeds and loads
1

Manufacturing faults.

Roller bearings offer a lower cost solution but th&ll bearingsnoving within thelargerbearng assembly
can bethe source of some noiseén particular if the bearing is poorly specified or fitted incorrectly to the

rotor. Noise from rolling bearings is produced due to [PV98]:

The accuracy of bearing elements track geometry and sphericity ofathédmarings
Ingress of dirt and other foreign material

lubrication conditions

Running speed and load, in particulahere phenomena such as lubrication starvatioccurs.

1
1
1
1 The natural frequencies of the outer ring and covers etc.
1
1 Operating temperatureelative to bearing spec

1

Installation of bearing, in particular damage due to misaligned press tool or overheating when using
heat shrink techniques to mechanically bond bearing to rotor shaft.

1 Bearing alignment

The exciting forces amummarised in Tabl1.5.7[PV98]
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Table 1.5.7 Bearing excitation forces [PV98]

Source Equation Eq.no
Rotor imbalance/eccentricity "Q v (1.51)
O TT
Axial grooves "Q °v (1.52)
0 TL
0 |
Irregularities in ball cage Q — (1.53)
. (p ',l[ ‘l
.0
Defects in bearing outer ring Q ® (pr[[ i (1.54)
v . 0 1
Variation of bearing stiffness Q Qo (PTT‘II ‘| (1.55)
N = rotor speed (rpm), ;N number of grooves; * inner radius of
Symbol meaning: cage, § = outer radius of cage,Z number of ball bearing, k =
positive integer.

Bearingsact as the primary mechanical loss mechaniBailure of the bearings can resultiimcreasing levels
of acoustic noise as the bearing wear or in the extreme cas®lete failure of the machine (rotor impacting
stator). A primary objective of reducing vibration within a machine is to minimise wetrednearinggiven

the implications on the life of the motor.

[KHY12]and [RM14] provide additional analysis and showing how bearing compliance strongly influences

rigid body modes, creating rotor eccentricities and all the concerns discussed previously.
1.5.4 Laad induced and structural sources

Theelectric machineon an EV does not ruin isolation, it is mounted within a casing and linked to a drive
train that is in turn linked to the road wheel and the road surface below it. The casing into which the motor
sits will change the fundamental stiffness of the machine, changing the modes of the stator compared to a
4 FNBS 062 R &vithin $he litevahife $he focus tends to be on the stator structure [SALO1], [DIO5],
[WL18], where casing is included [RP16], [ZT®4{O01] it tends to be simple cylindrical structures to avoid
model complexity. [WCO02] study the effects of dmells and windings on an air cooled SRM machine by
taking developing 3D models of the machine comparing modal performance with and withoemdheells

and windings, the trends of which were verified using shaker rig tests. An addition to reinforcing the

conclusions from [SALO1] and [SN87] with regards to the influence of the windings [WCO02] also concluded:

1 Endbells must be included in model tietermine accurate resonant frequencies, errors of up to 25%

can be found if neglected.

This is entirely logical as the end bells of the machine must be stiff structures to avoid the aforementioned
eccentricities in the machine structurZQZ99Jmplemerted a more practicastudy by measuring a test
induction machine in different conditions (off rig, mounted to rig, no coupling, fully coupled to load

dynamometer) and drew the following conclusions:
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1 The mounting and shaftoupling can significantly affettte natural frequency and consequently the
radiated acoustic noise.

1 The mounting will introduce additional natural frequencies, and also restricts the vibration of the
stator, changing the dynamics of the vibration modes.

1 Shaftcoupling of the rotor tahe load constrains the rotor movement, and, therefore, both increase
the stiffness of the motor and hence can reduce the emitted acoustic noise.

1 In contrast, the operating conditions, whether the motor is stationary or rotating, are found to have

negligble effect on the natural frequencies.

[RM14] details a similar study on a much larger machine and considers the impact of factors such as coupling
misalignment and even ambient temperature heat. It is shown that coupling misalignment place high forces
on the bearings, effectively inducing noise and eccentricity into the machine. Furthermore, differences in
temperature can cause different aspects of the driveline to expand or contract at different rates potentially

inducing a misalignment within the drived.
1.5.5 Aerodynamic sources

Aerodynamic sources of vibration are those created by air being disturbed by the action of the rotor rotating.
Some machines, in particular machines used in industrial procesaes fan blades attached to the rear
portion of the rotor shaft forcing air into the stator/rotor assemblies to cool the machine. IPM machines
utilised within EV/HEV tend to have high current densities which mean at full load they can get very hot very
quickly without sufficient coolingypically requiresfluid cooledto maintain performance under load

conditions.

The rotor does not rotate in a vacuum so air disturbed within the air gap will interact with surrounding air
and structures creating some losadapotentially generating noisé=ig.1.5.27highlights the mechanisms

that can create aerodynamic noise.

Fig.1.5.27Aerodynamic sources of noise in electric machines
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Windage noise refers to the noised associated lossgenerated by the interaction of the air within the air
gap and the rotating parts. Windage noise is airborne and will not generate vibrations on the yoke like the

structural and magnetically generated aspects previously discussed [WRF91].

Most papers dedihg with windage discuss the influence of the noise on induction machiés$-91jand
SRM machingKK14alwhere saliency on the rotor bore exists, either due to the rotor teeth (SRM) or due to
extension of the rotor bars (IM) or external fan added to thwr for cooling Examples of the kind of saliency
on the rotors can be seen in Fig. 1.5.28 where the complexity goes from-satient smooth bore in (a) to

the extreme of an SRM rotor in (d).

(b) Notchapplied to daxis, increased disruptions

(a) Smooth Circumference IPM machine to air

Extended rotor bars

(c)Open frame induction machine with extendec (d) SRM for hybrid vehicle traction system showi
bars for cooling [WRF91] salient poles
Fig. 1.5.2&xamples of machine saliency from smooth bore IBMighly salient SRM rotor.

For an IPM machine the rotor bore is typically smooth (often cited as the best method to reduce windage
[KK14b], [WRF91], [TMJ96], [PV98Fwever, some windage will occur due to laminar flow of the air
surrounding the rotorJEV68] as well as inconsistencies in surface of the cylindrical shape of the rotor due to
slight misalignment of the plates during the stacking of the lamination cordtagcof particular relevance
when the rotor is profiledFig 1.5.28 (b)h order b tune the air gap flux harmonics (see later in this chapter)

in this case the added saliency wdisturb more of the air in the air gap amatroduce additional windage

loss which must be accounted for in case the benefits from adding the featneg&éed by the additional

windage losses induced.
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Fig.1.5.29shows the differencén lossbetween a cylindricalotor such that shown in Fig. 1.5.28(a) and an

SRMrotor with high saliency of the typghown inFig.1.5.28§d) and rotor.

2000
—~ Salient-pole rot
2 1500 | ﬁa’llen pole rotor
= Cylindrical rotor
g
o 1000 F
5
= 500 |

0
0 5000 10000 15000

Rotational speed (r/min)
Fig.1.5.28Influence of rotor tooth saliency on windage loss [KK14a]

As can be seen the addition of saliency greatly increases the loss component of windage. It effectively moves
AG FTNRBY 0SAy 3ofaew 10V NProagRosscoimpoaeitof > 1kW Ths should be kept in

mind when adding salient features to the outer bore of the rotor geometry.
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1.6 Noise and vibration mitigation techniques

The discussion thus far has looked at the various sources of vibration within electric machines from the
fundamentalaspect of the slot pole number combination, through the stator winding and rotor magnet
arrangement to eccentricity and windage. This section provides an overview of some of the methods
implemented in the literature to counter measure the issues assochattidthe generation of vibration. The

order of this section follows the same process as the sources, starting with the electromagnetic aspects, then

the control and power electronics, followed by the mechanical and aero dynamic.
1.6.1 Slot pole number combinatin & windings

It is difficult in much of the literature to separate the slot/pole number combination and the windings as they
are inherently linked. [RI09], [MSI14] and [EC15] do some effort to focus solely the slot/pole number
combination and highlight #aissues with the mode shapes for different slot/pole number combinations can
encounter under similar load conditions. Much of the rules established on the fundamental winding factor,
LCM and GCD of slot/pole number combinations are applied across tfatuie

In terms of how the windings are arranged there is a very large variation in winding methodologies. The aim
ultimately is to obtain as smooth an air gap flux as possible without compromising the average torque by
lowering the winding factor or impding the efficiency by having a large end winding and associated losses
and parasitic engffects. The concern with the windings is the layout is constrained by the slots which means
a pure sinusoidal distribution is impossible. Typically, the techngjaecompromise and looks to target the
more troublesome lower harmonics such as tieds 7" harmonic [BN91], [JRH10] with the assumption the
balanced nature of the-phase winding will reject the™8harmonic. Table 1.6.1 highlights some of the key

methodologies.

Table 1.6. Examples of wmdingdistribution techniquego mitigate vibration

Method Description Refs Advantages Disadvantages
Number of | Increase number of [JRH10],| V Reduce torque ripple U Increased number of
phases phases [TMJ96], | V Improved winding inverter switches
[EF93] utilisation v Limited influence on

cogging torque
v Limited gains vs. cost
beyond 3 phases

Distributed V  High torque v Difficult to wind, typically
windina. 2 coils per [JRH10],| V Goodreluctance torque manual installation
Lap winding 9 P [DH12], capabilities v Very long end windings
pole, one coil . i .
overlans the other [TI15] | V  Very high slot fill factors. | v Integer slotg high
P V  Low MMF harmonics cogging torque
Distributed V il;lé(:t(ijof:r automated coil | v :;%wvigj;]/grage torque vs
Concentric winding, 2 coils per [JRH10], V' Good slot fill factor v Long end windings
- pole, one wound | [TMJ96] . : .
winding . V' Adjustment of colturns v Integer slotg high
concentrically over| [WOO05] L . .
enables limited tuning of cogging torque

the over

air gap harmonics
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V  Better freedom to shape Lower winding factor =
back EMF less flux linkage
V' Improved THD Less flux linkage = Lowe
Short Coil is deliberately V  Improved iron loss due to average torque
. ) [TMJ96], . .
(fractional) | inserted such that reduced harmonics Only practical to target
. ; [BN91], . . )
pitch it spans < 180 V' Can be designed to reject low order harmonics,
. . [JS16] . ) " .
winding electrical specific harmonics (§ 7 higher frequency
etc.) harmonics still exist
V' Reduced end winding
length
V  Reduced end winding Lower winding factor vs.
length vs. single layer single layer [FMO03].
Two coil ends per V  Significant reduction in Harmonics still higher
slot rather than [FMO3], MMF harmonics VS single than distributed
Dual layer . e .
one coil end per | [FMO7], layer More difficult to wind vs.
concentrated L S )
winding slot in single layer| [ZQZ09],| V Maintains advantage of single layer.
in fractional slot [LC11] low cogging torque with
machine single layer machine
V  Good field weakening
capabilities
V'  Improved winding factor Longer end windings vs.
over alktooth wound all tooth wound
Alternative Armature coils [DI08], V' Higher tor_que Higher ripple in BLAC
tooth V' Low cogging torque mode
wound on every ® | [AGJ96], o "
concentrated Winding fictor sensitive
tooth [JDEOZ2]
wound to slot/pole number
Poor reluctance torque
capabilities
Coils are located V' No teeth mean no cogging Retention challenging
directly in the air torque Larger air gap vs. slotted
gap, either bonded| [JRH10],| V No tooth saturation machine
Air gap or attached with [DW10], | V Lower iron loss (less iron) Larger magnets required
winding nonmagnetic [NB12], | V Excellent packaging to compensate for large
structure [KSI06] potential air ga ¢ higher cost
eliminating the V' Less constraints on windin Challenging thermal
stator teeth layout management
V  Mitigate UMF generated More effective on
Dampen UMF from by rotor eccentricity induction machines than
eccentricity using V' Uses the statowindingsg PM machines [IPB12]
L a2 an . [DGD94], " . .
Parallel UKS aSld: no additional components Requires high number of
[ABO7],
paths. [ELR65] property of parallel paths to be
[IPB12] )
parallel stator effective (3 or more)
windings. Constrains winding
layout options
1.6.2 Skewing

Skewing is a very popular method of reducinggtee pulsationNJRH10][ZQZ00][TMJ96], in particular the
cogging torque. It workisy deliberately misaligning the pole arc and the slot pitch such that the net variation
2F LISNX¥SIFyOS aaSSyé¢ o0& GKS NRG2N YI ®yh&dodging torqug 3 (1 K
is reduced. The cogging torque varies approximately linearly from its peak withskeurd rotor and stator

to ideally zeroHighly cited papers such as [TMJ96] or [PV98] indicate that the best method is to skew by one

Page31



Chapter 1¢ General introduction

slot pitch However, [ZQZ00] shows that this value can change depending on the slotimaheber
combination anddeveloped a characteristic equation (1.56).
W
—_ 1.56
I (1.56)
where N=slotnumber, N [/ a 0S06SSy (KS aftz20 ydzyo@Wwl |y
There are various methods of skewing which have been developed over time. Fig 1.6.1 highlights two of the

major methods with Table 1.6.1 giving a more detailed summary.

No Skew
1 step
Skew
) Z-Y cross section
3D view 2 step
Skew
(a) Continuous skewingstator) (b) Basictepped skew typesrotor)
Fig. 1.61 lllustration of the two basic skew types
Table 1.6.2 Overview of skewing techniques
Method Description Refs Advantages Disadvantages
V  Large reduction in LU Rediction in average
cogging torque. torque
Skevg is oneontinupus [TMJ96] V  Acts as low pass filtef v Increased leakage
FEAFE algA [JFGO8] for air gap flux inductance
Continuous | stator core starting from [RH1Q] harmonics smoother| v Stator only for PM
skew alignment to the [PVO8] EMF rotors due to magnet
required skew angle at [SW95i shape and insertion
the other end complexity
LU Specialist winding
insertion tools required
V' Reduce cogging LU Reduced average
torque torque
V Easytoimplement | v Increased part
Skew is applied in one [GO11] when applied to complexity (2 different
Single step step, typically at the [TMJ96] rotor laminations required)
mid-point of the stack [SW5] v 3D flux leakage paths
length between skewed
sections
v Axial force generated
on rotor

Paged2



Chapter 1¢ General introduction

V  Greater reductionin | v Increase complexity &

- . cogging vs. single cost
Similar to single st.ep bu [JFE97], stegpg 9 9 b Requires 3D FE analys

rzaﬁg ?r;r?tZ:vna:lusl tg?l)e;], [T}élﬁf], V' Additional degree of to account for inter

Multi-step 9 aong ; freedom on design step leakage and axial
the stack by splitting | [JWJ16], ;
core into multiole [WF13] V' Careful selection of forces
seaments P [XGl7]’ skew pattern can v Effectiveness of step
9 mitigate axial forces pattern varies by
machine [JB14], [JWJ1

1.6.3 Statortooth and slot gapdesigns

Whilst skewing has been clearly shown to be effective in reducing torque pulsations the reduction in average
torgue plus complexities the process places on the air gap harmonics means many designers target the tooth
and slot geometryto mitigate the torque pulsations. Fig. 1.6.2 highlights some of the major design types

whilst Table 1.6.3 provides a summary and references.

Auxiliary Slot

Auxiliary tooth

Slot insert

Irregular slot
distribution

Tooth tip feature

Slot closure

Fig. 1.6.2 Example stator showing different tooth and slot gap design techniques.

Table 1.6.3 Examples siitor tooth and tooth tip design methodologies to mitigate vibration

Method Description Refs Advantages Disadvantages
V Increase cogging LU Lessiron in tooth, lower
frequency flux linkage and therefore
[TMJ96], V'  Decrease cogging torque
Auxiliary slots Additional slots [2QZ00], amplitude L Increased risk of tooth tip
added to tooth tip | [LSHO9] V' Simple to implement saturation
[JFGO06] v High frequency

components risk
increased iron loss
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V  Similar effects to Similar risk to iron loss
[TMJ96] cogging as above due to higher frequencies
Additional ’ V  Better flux linkage vs. Tooth occupies winding
. [2QZz00], )
Auxiliary teeth | unwound,teeth [JRH10] slot method spaceg reduced fill factor
added to slot [DI06] ' V  Enhanced winding Reduced slot width
factor for single layer means winding insertion
CW machines difficult
[JRH10], V' Increased torque Risk of increased winding
Tooth width varied | [TMJ96], V  Reduce torque ripple complexity
Irregular slot | by a factor of the [ZQZz92], |V Reduce magnetic force Different slots have
distribution slot pitch +£ a [2QZzO05], fundamental different fill factors
given factor [Dl0], leading to winding issues
[YF16]
VV  Closed/ limited gap Closing slot gap increase
Slotclosing Adjust slot opening| [LSHO09], improves _cog_ging ri§k_ of Ieakage
shape to reduce [JFGO06], V' Reduce fringing on leflcult to wind, more
optimisation permeance [2QZz00], tooth edge suited to needle winding
variation [JRH10] V  Reduce MMF
harmonics
Tooth tip Addition of V' Reduce ripple at higher Increased tooth
features features such as [GO11], current angles saturationon load
holes totooth tip [LS11], | V Mitigate fringing on Loweraveragetorques
[KJ10], tooth edge Tolerancing difficult,
[JJ10]. especially on small
machnes
Slot inserts | Low reluctance V' Similar to slot closing Risk of increase flux
material added to but winding easier leakage in teeth
[TMJ96], X
slots or slot V  Increase tooth stiffness Reduced average torque
: [IMPO1], o . ) .
opening [REF] V  Mitigate slot harmonics Potentially lower f|_||
factor to package inserts
in slot
1.6.4 IPM rotor topology designs

As previously discussed, there is more design freedom with the rotor than the windings as the magnet design
and layout is lessonstrained than the windings. This freedom is not unlimited however as packaging issues
such as flux leakage and mechanical strength requirements act to eliminate some of the wilder proposals.
Some of the major design aspects put forwards in the litematisr shown in Fig. 1.6.3 and a summary
containing giving a brief description and references is provided in Table 1.6.4. Given the large number of

studies in this area the summary is limited to IPM topologies.
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Flux barriers

Multi-layer magnets

PM
magnetisation
pattern

Magnet end
barrier

Fig. 1.6.3 Example IPM rotor showitifferent features to mitigate vibration.

Table 1.64 Example®f rotor design methodlogies to mitigate vibration

Method Description Refs Advantages Disadvantages
Field distribution | [TMog] | ' mProved air gap Higher man.facturing
PM from PM shaped | [JRH10], . . -
— o V' Can use simple bar Highly sensitive to
magnetisation | during initial [YLO3], .
o magnets manufacturing
pattern magnetisation [PV98], . :
V  Simple to package in tolerances
process [HSK13]
rotor
[TMJ96], | V Improve PM flux Increased saliency risks
Use of arc S .
maanets or [YH97], distribution increased torque
9 [MFHO5], | V. Tune Ld/Lq to boost pulsations and iron loss
arrange bar .
. [2QZ12], reluctance component Harmonic injection risks
magnets into . . . .
. . [KW12], | V Utilise flux focussing> increased iron loss
PM shaping & | different :
. [SKL12], reduce PM volume Multiple magnets
multiple PMs | arrangements, " o .
: A [GDL15], | V Utilise harmonic injection present packaging &
(singlelayer) | S®3 d W+ Q
shape air gap fiu [AD15], to boost torque strength concerns
o [KSIO5], | V  Alternatively, harmonic Tolerances very difficult
distribution and - L S
[SHHO7], rejection to eliminate in high pole count
reduce . .
harmonics [HSK13], troublesome harmonics machines
[PUL3]
V' Improved cogging Increase flux leakage
[KSI05] performance risk
Adjust magnet(s) ' |V Improve flux distribution LYONBI &aSR Y
Magnet pole . [2QZ00], .
. width and depth V' Improved mean higher stress
pitch and depth | . [CHZO05], o o
in core demagnetisation concentration in
[2Qz03] .
resistance magnet slots
V'  Tune saliency
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rotor

V'  Mitigate vibration

[JWR10a],| V Similar advantages as Nornrsmooth rotor bore
[TN14], magnet shaping for means increased aero
Shaping of outer | [DIKO05], harmonic losses (high speed
circumference of | [SAE10], rejection/injection issue)
Rotor rotor by adding [JJ10], | V Easy toimplementin Sensitive to
shaping/notches| material or [KW12], lamination tooling manufacturing
removing [MC15], | V Can utilise simple bar tolerances
notches [DIKO5], magnets
[SC10],
[AD15]
[YHO7] V' Higher reluctance Limited gain past 2
[SMOO], component layers
Boost k by |V Good MTPA high Careful design required
Increased : [YHJ12], S : )
adding more efficiencies possible to balance mechanical
number of PM [JQZz15], .
magnet layers V' Can reduce PM content and magnetic
layers [AKP16], .
per pole [YY17] for same torque requirements
' Increased ripple due to
[LFO8] . .
higher saliency
[LSHO9], | V Reduce interpoléeakage. Increase saturation on
Obtimisation of [LF10], |V Increase saliency core at high load
Magnet end P ! [UJS11] | V Can target specific Increased core
; ) flux barriers at : ;
barrier design maanet end [SMHO06], concern harmonics complexity
9 [KSIO5] May compromise
mechanical strength
Magnet position [CBOO] V  Mitigate cogging torque Risk of asymmetric
. adjusted at each ' harmonics mass in rotorg difficult
Asymmetric L [MSO03],
pole, or within a V  Reduce magnet force to balance
magnet ole (multi [KPP18], fundamental Lower torque
distribution | P [WR15], q
magnet
. [FM16]
topologies)
Addition of V  Improve gaxis path Rotor shape complexity
. . through core Compromise
regions of high [BYYO06], .
. V' Reduce core flux leakage mechanicabktrength
Addition of Flux | reluctances to [MS03], . . .
. . . V  Mitigate d-q axis cross Increase ripple through
barriers/guides | improve control [AKOG, counlin increased salienc
of flux path in [DY17] pling y

Increased core
saturation

1.6.5 PWM noise reduction techniques

As previously discussed, the PWM frequency and the tones induced into the air gap flux MMF via the windings
are a side effect of usimgjscrete devices (IGBTs etc.) to switch the DC voltage from the battery source into
an AC voltage required to generate the rotating field in the stator. To countermeasure this a number of

different methods have been developed which again have their owrtitsrand costs. This is summarised

in Table 1.6.5.
Table 1.6.5 Methodologies to reduce PWM carrier frequency tone.
Method Description Refs Advantages Disadvantages
Addition of capacitive V' Filters high frequency LU Increased impedance loss
and inductive components L Increased component cost
. ) . [TMJ96], . .
Signal filter | components to filter [PVO8] VV  Simple to implement v Lower system power factor
highfrequency
components
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V  Eliminates high tones L Increases noise amplitude
from PWM carrier across bandwidth
Random Randomise the V  Simple implementation | v Coupled with duty cycle,
carrier carrier frequency | [TGH91],| V Reduces EMI of maching high duty cycle means
frequency such that tores are | [TMJ96] random factor drops, so
modulation | spread across wide| [AMTO04] tones can return
(RCFM) bandwidth v Open loop control, no
method of compensating for
drop in random factor
Random Similar to RCEM but V' Similar results as RCFM| v Additional control loop in
Pulse . . V  Closed loop control PWM controller
Position uses signal fall time,  [SES07], V  Decoupled from dut U Requires current sensor
N 15 G2 radtaRn( [AB12] P y q
modulation factor for modulation cycle
(RPPM)
V'  Two degrees of freedom| v High processing overheads
on randomisation especially for high speed.
Dual Combines elements| [KEKDO3] \% AIIOV\{Sf systems to v More effgctlve at EMI .
Random condition switch suppression than vibration
of RCFM and RPPM [AB12] S
PWM between modes mitigation
V  Integrated into main
control loop

1.6.6 Controltechniques

The above techniques highlighted how to reduce the PWM carrier sidoakver, modern controllers have
allowed for an explosion in techniques for mitigating the noise of a machine. The main advahtiitising
the controller is that machingsroduced at the edge of tolerances, or those that develop faults can made to

be less noisy by the retime sampling of the controller. A combination of a good, balanced, machine design

and control leads to much higher overall system performanedlel.6.6 highlights some of the methods

Tablel.6.6Selected control methodologies to reduce torque pulsations [TMJ96], [BG06], [DHL12], [KK15].

[TMJ96]

caused by the motor V

pulsating torque

Technique Overview Advantages Disadvantages
Iniectspre-proarammed v Increased?R loss from
! pre-prog : V' Can have similar effect a injected components
harmonics into the drive : : :
Selected rotor shaping using U Increased iron loss due to
: to reduce torque : . .
harmonic . . simple rotor shape high frequency harmonics
L pulsations. Harmonics an e
injection [TMJ96] . .1V Can target specific U Preprogrammed means
frequencies chosen during . . .
problematic harmonics issues due to part wear etq
development. e
difficult to compensate for
Sensors feed motor - .
— v Difficult to control at high
Speedioop parameter to pass filter in| V' Closed loop contrad can . .
. . . speedg; high bandwidth
disturbance controller which acts to compensate for machine :
S L controller required
rejection filter | attenuate speed variationg wear and tolerances -
v Limited by transducer and

Effective at low speeds

controller capabilities

transducers

V  Mitigates large torque U Not as effective as other
pulsations that occur at techniques such as flux
. machine limit weakening control
Allows operation of motor . o ; )
. : . V  Ensures machine stability v Injects high frequency
Overmodulation | operation at saturation - N ;
[TMJ96] oint of current at limit harmonics into machine
P V  Prevers effective short increased loss

circuiting of phases that | v
can damage machine an
drive

Should be utilised as a
safety net only to protect
machine and drive
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Active harmonic
control [BG06]

Actively controls the 5,

7 and 11" harmonics by
placing each on a separat
d-q axisframe and
controlling accordingly

Significant torque ripple
reduction

Can use ofthe-shelf
standard controller

Machine specific
Requires high quality
current transducer to pick
up high frequency
harmonics

High speed DSP required

Adaptive notch
filter [DHL12]

Uses a notch filter tuned
to the natural frequency
of the machine to control
the target current in the d
g axisframe such that

Reasonable reduction in
vibration versus non
filtered control

Can be tned to mitigate

Hysteresis high

resonance in the drive
train is minimised
The key finding in the study of the control system is best summarised by [TMJ96] and [JFG07] who state that

torque ripple

whilst control techniques do have a positive impact on the vibratory performance ah#tehine it is highly
reliant on the addition of higlyuality transducers and higspeed controllers and in some cases the
additional expense and complexity is not justified given the level of improvement provided, especially

compared to having a machinetivisound fundamentals.
1.6.7 Mechanical noise and vibration mitigation techniques

As discussed, the stator represents the key component in a radial flux machine given its relative size and mass
compared to the rest of the machine and it was also shown thatdldél forces acting on the teeth and the

modal performance of the stator are key performance indicators. Thus, optimising the mechanical
characteristics in tandem with the methods of mitigating the electromagnetic aspects as described above is
important in the overall system optimisation. Fig. 1.6.5 illustrates some of the key areas of focus and Table

1.6.7 summarises some of the key aspects explored in the literature.
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Thicken yoke at outer diameter

Increase slot
fillet radius

Thicken yoke at slot
outer diameter

Section A-A
Pull bar and
face plates

I

[
Keyway(s)1

Weld points

Fig. 1.6.5 lllustration of mechanical strengthening features applies tet#ter core.
Table 1.6.7 Mechanical vibratomyitigationmethodologies.

Method Description Refs Advantages Disadvantages
v Care to avoid increase losse
Adjust . Choqse [TMJ96], | V Increase radiadtiffness due to material change (iron
o stiffer/thicker . . loss)
lamination . [JRH10],| V Minimal impact on
. laminate plate . L Increased tool wear for
material . [2G18] machine geometry
material manufacture
LU Higher material cost
v B(.)OStS axial strength & U  Risk of shortircuiting
stiffness lamination plates; increased
Welding of V' Improve longitudinal plates,
[JRH10], eddy currents
Stator stack stator core to modal performance . .
. . [FC19]. L . LU  Only suitabledr exterior
welding increase V'  Limited design change .
) [2G18] : diameter of yoke
stiffness requirements to stator

L Risk of splaying lamination

V  Different weld patterns .
plates at air gap

can be applied

v Plates, bolts, and bars add t
mass and machine axial

length
Use of lond bars U Increases stator volume
. g V' High strength & v Risk of circulating currents it
. with bolt or [SC16], . .
Pulling bars and increased stiffness end plates
welded ends to | [JRH10],
stator end : V  End plates allow for v Care must be taken that bar
retain and [CM20], . . .
plates strengthen the | [2G18] uniform clamp force material does not interact
g V  Reduce splay with field in back iron (eddy

lamination stack
currents etc)

v Tight control of fixing points
required to ensure clamp
force is correct and uniform

V' Effective method of U Increased stator mass
[TMJ96], . . ) .
increasing stiffness v If added to OD, increased
. [JRH10], : . .
Increase back | Add material to [DH12] V'  Simple to implement machine volume
iron thickness. | the back iron [LSH09’] V  Does notimpact core | v If added to slot, reduced slot
’ magnetic design area
[KSI06] . : I
(improves) v Increased material utilisatior]
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Increased strength with
o minimal material
Opt|m|sat|o.n of Add . Maintain stator OD Reduced slot area (less
chamfer offillet | strengthening | [LSHO09], o
Mitigate stress copper)
feature to features to [KS106], concentrations at yoke Less copper means increasg
tooth/yoke tooth/yoke [MB98]. . y P
interface interface Interface copper loss
Shift tooth mode
frequencies higher
Special process required to
insert
Shrink fit requires careful
Increase . .
. - Increase stator stiffnes design of toleranceserror
Increase bond | bonding with .y .
[YHO9], Limited changes to means either bond too loose
strength stator (e.g. . . :
L [DMO09], stator design or too tight leading to
between case shrink fit) or . .
", [KY15] Strong bond between distortion of case
and stator addition of . ;
core and case Once inserted it cannot be
keyways
removed
High core stress can lead to
increased core losses
Optimisation of Can mask poor machine
. the @ase design) [YHO9], Independent of stator design
Casing &materials.to [1Y99], - Can only really target
, . Can mitigate/supress L : .
strengthening stiffen and [DP97], low order mode shapes Limited effect against high
strengthen the | [HJC13] P frequency componets such
machine as PWM

From the sources section of this chapter the eccentricity was highlighted as a concern. This is a little more
difficult to define as manufacturing practices towards aspects such as geometric tolerancing and
manufacturing standards ardess well published due to the highly sensitive nature of the topic.
Manufacturers typically link to the ISO standards such as ISO 8015 for geometric dimensioning and
tolerancing or ISO 1940 for rotor balancing but these standards serve more as a glide hard rules.

Table 1.6.8 denotes some good practise in eliminating many of the eccentricity concerns highlighted
previously.

Table 1.6.8 Methods of mitigating eccentricity
Static eccentricity Dynamic eccentricity
9 Tight control of rotor outediameter and 9 Careful modelling of rotor in design phase to
stator inner diameter concentricity and identify critical speeds and countermeasure §
cylindricity of both parts. required. (stiffen rotor, optimise geometry
9 Strict control of the parallelism and etc.)
concentricity of the bearing seats and bearin{ I Balancing of rotor prior to installation into
to ensure uniform air gap. machine assembly.
1 High strength and good locating features on | § Ensure bearing speda#tion is matched to
casing end caps tmitigate assembly errors. motor application with good safety factor (>2

The bearings are of course a critical part of the machine, being both responsible for supporting the rotor such
that it can freely rotate whilst maintaining a uniform air gap acrossréwired speed and load range.
Aspects such as bearing wear and the impact the degradation has on the performance is a large topic in itself
which will not be covered here, the author recommends [NTN12] from bearing supplier NTN for a good guide

to bearings.
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1.7 Summary and Contributions of the Thesis

Given the breadth of topics this chapter has covered it can be seen that the reputation of noise and vibration
as being one of the more challenging topics within machine design is well founded. The primaryofource
the vibration lies at the very heart of the electric machine, the interaction of the magnetic flux and its
harmonics traversing the air gap between the rotor and stator. It has been seen that the air gap flux density
and its numerous harmonics are affed by a large humber of factors from the fundamental slot/pole
number combination of the machine, through variations in the machine inductance due to the magnet
arrangement on the rotor and winding layout on the stator to the commutation switching gtyad@d even

the highlevel control strategy. Issues such as eccentricity due to geometric problems in the machine design
offsetting the rotor spin axis (static) or rotor whirl (dynamic) exacerbate the issue with IPM machines being
particularly sensitive t@ny eccentricities due to the variations in inductance due to the rotor saliency being
amplified by the variation in air gap due to the eccentric rotation.

Modelling the vibratory behaviour necessitates a mpliysics approach which in terms of FE sofeva
means utilising different solvers to gain an insight into the vibratory response. This is a complex and time
consuming method and perhaps explains why much of the literature concentrates on the tooth forces or
torgue pulsations such as cogging torquedamnload torque ripple rather than the more macro scale
vibratory response. Those that do study the vibratory response tend to focus only on the stator or, where
there is casing it tends to be very simple shapes. This is entirely logical given the domnpltafforts
required however as EV manufacturers explore increasingly higher power densities the high current densities
necessitate liquid cooled systems which forces the structural complexity high. Destildigs into the
mechanics of these structuseare less apparent in the academic literature, partly because the focus tends to
be on the thermal performance but also due to the fact that the casing and cooling are largely application
specific. More interest can be found within industrial or patetetrfiture, but methodologies and techniques

are less detailed than the academic literature, reflecting the commercial sensitivity of these aspects. At the
start of the chapter, it was shown that the cost benefits of eliminating potential market conceglgisas
possible in the design phase are very high, so manufacturers are less keen to share any advantages they have
in this area, especially in the highly competitive automotive market.

The main concern with this is that given the complexity of an etestachine it is difficult to have confidence

in a model without some reakorld performance data to compare the model to; FE packages will blissfully
output inaccurate results if given inaccurate input data. Measuring both the electromagnetic and methanic
characteristics of a reaborld machine allows the performance to be captured empirically and used as
benchmarks for the FE model. Further benefits lie in knowing precisely what materials were used and what
fabrication processes went into the fabricati@f the machine providing vital information for the model,

minimising the need for erreinducing assumptions.
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Utilising this baseline, the effect of different machine design variations on the overall vibratory performance
can be studied. As this chapteas shown there is a near very large number of different machine design
variations so the focus will primarily be on the interior permanent magnet rotor topologies used within EV
and HEV powertrains to understand their comparative performance both in tedraspects such as
efficiency and torque but also the full machine vibratory performance. This apparently straight forward task
requires care, however, as has been seen differences in fundamental aspects such as the slot/pole number
combination can leadat very large changes in vibratory performance, even for the same machine volume
and rotor design so the challenge is to fix as many key aspects of the machine design as possible such that

the only variation lies in the rotor design.
1.7.1 Thesis contributions
The contributions of the thesis can be summarised as follows.

1. Development of novel methods for 3D mechanical finite element modelling to greatly simplify the model,
improve the prediction accuracy, and save the computation time:

1 Representation of the nchomogenous laminated stator core and windings by employing equivalent
compositematerials andapplying the derived composite material for windings to the slots only.

1 Identification of material mechanical properties of various paments and fittings/mountings by
detailed experimental impact modal tests and 3D FE models systematically, which should provide
useful information for designers and researchers.

1 Simplification of fastening front and rear face plates by using equivalesttvgeld and frictional
contact methods, and simplification of coolant shell by optimising thef@ioient of friction.

2. ldentification of the influence of four IPM rotor topologies, which have been designed in this thesis with
similar electromagnetic perfmance, including torquapeed characteristics, losses, and efficiency, on
the stator vibratory force behaviour.

3. Detailed dynamic analysis of vibratory behaviour of the prototype machine, highlighting the influence of
torque ripples, PWM switching frequeydn particular the influence of the SVPWM control technique, on

the vibratory behaviour.
1.7.2 Published papers

T Ldad ! NJjdzKEF NI FyR %oved %Kdz 65508t 2L8yd 2F YS$S

022t SR AYUSNR 2N LISNX¥YI ySy GIETYI® Iiérdalional EoyiferénbeRoyf 2 dza
Power Electronics, Machines, and Drives, (PEMD), Online, 2020.
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Chapter 2¢ Experimental investigation of the electromagnetic performance of the baseline machine
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2.1 Introduction

The baseline machine acts agtatum to which all the electromagnetic and mechanical models required
for the simulation of the vibratory performance of the machine are aligned. As the literature review in
chapter 1 alluded to, full FE models are notoriously difficult to develop otarpe complexity of the
machine structure and the sheer number of variables that can influence the vibratory performance. Having
a prefabricated machine that can be utilised as a benchmark for the model provides a boon in terms of both
judging the reliabity of the model and gives increased confidence that any applied design change is reflective
of a real machine.

In this chapter the specifications and structure of the baseline machine is introduced and then the machine
is run through a number of expemints to establish the performance of the machine, starting with very basic
aspects such as measuring the phase resistance and inductances. Complexity is increased initially by cogging
measurement and then mounting the machine to a dynamometer to enableatesting. Following this a

full control and data acquisition system is applied to map maximum performance envelope of the machine
(T-N curve) and then the efficiency of the machine at a number of points on-tedrve. The tools and

methodologies sed to operate and capture the machine parameters are described at each stage.
2.2 Baseline machine specifications

The baseline machine is a8t 4LJ32 f S AYGSNA 2N LISNXY I ySy G YIF3aySad YI G
shape rotor magnet topology. The maié was originally designed as a % scale proof of concept machine for
Nissan LEAF sized Battery Electric Vehicle (BEV) as part of a TSB (now iUK) funded joint project between the
Nissan Technical Centre Europe and The University of Sheffield Electriondé4aahd Drives (EMD) group.

The machine wadesigned to allow analysis of a novel mechanically actuated variabiiflotion to adjust

the peak efficiency region of an EV traction motor depending on load conditfonshis study the novel

variable fllx mechanism is omitted to minimise unnecessary complexity and to allow utilisation of the full air

gap flux. The specifications of the motor are provided in table 2.2.1.:

Table 2.2.1 Specifications of the baseline motor

General specification Smallscale Unit Notes
Outer diamete(OD) 100 mm
Stack length 75 mm
Number of slog 24
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Number of pols 4
Slot per pole per phase 2
Max line voltage 600 \% at 11000rpm
Phase current 26.7 Ams
Number of turns 24 Per coll
Windingcircuit 4S1P S = series, P = parallg
Current density 17 A/mm?
Skew NONE
Max speed 11,000 rpm
Max torque 16.5 Nm Target
A cross section and key dimensional information are detailed in figure 2.2.1.
'y
3
Rotor OD stator OD
50mm 100mm
y
Yy

(a) Rotor and statocrosssection showing the outer diameter (OD) of each core respectively
@100.00

@51.00 _
== 7.50°

) ~a075 /) _‘\:/ ’
'\ \\

TN A =

N

(c) Fabricated stator core

(b) Stator tooth key dimensions
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@50.0

>

(e) Fabricated rotor core (during magnet

(d) Key otor core & magnet dimensions insertion)

Fig 2.2.1Small scale machine cressction
¢KS RdzZlf WwW+Q (2Lkt23& Aa Of SINIe& aSSy Ay CAIDP HODH

the variable flux mechanism, which required an axial (3D) flux path but also to provide a back EMF profile
that was analogous to the Nissan LE#&Etion motor. The LEAF utilises a Delta type topology, as will be seen

in chapter 7, but at the time the machine was designed this was commercially sensitive information, so the
project had to implement an alternative, less IP sensitive topology. Andtbye differential between this
machine and the LEAF is the rotor and stator are unskewed whereas the LEAF has a single step skew on the
rotor.

The machine utilises afhase single layer distributed wound winding. The winding layout and circuit is

shown n Fig. 2.2.2.

Slot Number

pap3palil2|3lals]e |7 [8]ohohihalizlialishel7hishobopipapapal

AN NANANAANANAN |

Neutral

(a)Winding layout
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(b) Coil locations istator teeth (c)Winding circuit

Fig 2.2.2Machine winding layout
Fromfig 2.2.2 (a) and (b) the coils can be seen to have a span of 4 slots. Each phase is formed of 4 coils, each

with 2 wires in parallel and 24 turns per coil. For this chapter, the details of the casing will be omitted as it
will be discussed in great depth amapter 3 when the 3D mechanical model is generated. However, it is
important to note that given the high current density of the windings in the stator core a water coolant
system is required to prevent the machine overheating at high loads and as stedsies the complexity of

the machine.
2.3 Measuring the machine

Having established the key specifications of the machine the next step is to measure the motor. This is a
standard process to capture the key characteristics of the motor ensuring the fabricaetime performs

as expected, and in this case allows the FE model to be validated. The measurement occurs in several distinct
phases, detailed in Table 2.3.1.

Table 2.3.1 Summary of machine performance measurement

Testtype | Test# Machine state Process Output
i Phase resistance
 Line to line resistance
1 LCR 1 Phase inductance VS.
: , measurement iti
Static Off rig ) rgtor po.smo.n
1 Line to line inductance
VS. rotor position
5 Cogging 1 Cogging torque over 1
measurement mechanical cycle
Motor mounted to rig. 1 Back EMF waveform
Llnkeq to dynamqmeter vid  \1achine rotated (Pha;e & Line to line)
No Load 3 couplings and inline torque 1 Identify any concerns
at 1200rpm
transducer. across speed range
Inverter & control offline

Page96



Chapter 2¢ Experimental investigation of the electromagnetic performance of the baseline machine

1 Speed
T-N curve, 1 Torque
Spin motor at set| § Electrical power,
speeds, sweep mechanical power,
4 current angle to efficiency

find maximum | § Phase currents,
Dynamometer setup samas torque @ current voltages, PF

no load, coolant system limit 1 1Id,Iqg
Load connected, phase lines I Temperatures
linked to inverter via power 1 Speed
analyser and all control ang  Efficiency map | 1 Torque
DAQ systems engaged Utilise MTPA | § Electrical power,
control method mechanical power,
5 to map maximum efficiency

efficiency ata |  Phasecurrents,
number of speed voltages, PF
and torques 1 Id,Iq

1 Temperatures

Each of these steps will be repeated with the FE model and the results compared in order to ensure good
parity between the measured and the model; any significant errors will mean the forceodgdatted by

the model is erroneous making the vibratory simulation less representative of the real machine.
2.3.1 LCR measurement

The first step in characterising the machine is to measure the basic electrical characteristics of the windings
using an LCR metédne advantage of the prototype machine is that during the winding procksg-gauge
wire waslinked to the neutral point wastalledallowing the phase and line to line characteristics to be
measured directlyThe measurement process is showrkig.2.3.1

LCR Meter
LCR Meter =00 @@
38888 QQ Machine
“-—

Machine

Z
4

(a) Phase line measurement (b) Line to Line measurement
Fig 2.3.1 Measurement of winding electrical characteristics
The full table of results is provided.

The winding resistances are the simplest to measure and the results can be Jebiei.3.2.
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Table 2.3.2 Measured phase and line to line resistanct

Phase resistancen] Line to line resistancenj
A 0.413 AB 0.735

B 0.414 B-C 0.734

C 0.413 GA 0.734
Average 0.413 Average 0.734

The average phase resistance can be seen to be ;4&&en the winding circuit is 4 coils in seriggZ.3.1

(c)) the caoil resistance can be approximated to 0.413/4 = @103

Following on from the resistance measurement the inductances are meastsgateviously explained the

inductance is a®lorder phenomenon therefore needs an AC signal to be meastedidition, the saliency

of the IPM rotor means the inductance will vary depending on the rotor posifioninitial sweep of each

phase is undertaken, rotating the rotor in &0 electrical) steps with the LCR meter set to input a 5kHz

sinusoidal waeform.

90
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I
E35 1
3
e 34
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S 25 -
£ 2 -
215 -
T -o-Ph_AL(mH) Ph_B L (mH) —-Ph_CL(mH)
0.5
O 1 1 1 1 1
0 15 30 45 60 75
Rotor Postion (deg)
(a) Phase inductances
14
h
-:ElZ
E
o 10
s
1+
5 8
=
©
=
£ 5] \-
£
2 4
o -e-A-B L (mH) B-C L (mH) -+C-A L (mH)
0 2 4
0 T T T T T
0 15 30 45 60 75 90

Rotor Postion (deg)

(b) Line to line inductance
Fig. 2.3.2 Phase and line to line inductaioethe machine versus different rotor position
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The data from the charts iiig 2.3.2 can be seen ifable 2.3.3.

Table 2.3.3Measured inductance values for phase and line to.line

A Angle Phase Line to Line
s (elec) Ph_AL Ph_BL Ph_CL ABL BCL GAL
(mH) (mH) (mH) (mH) (mH) (mH)
0 0 3.719 2.47 457 5.875 9.69 12.73
15 30 2.5 3.81 4.56 6.19 13.05 9.38
30 60 2.5 4.57 3.76 9.67 12.72 5.96
45 90 3.9 4,57 2.479 12.91 9.29 6.24
60 120 4.65 3.66 2.47 12.65 5.925 9.75
75 150 4.61 2.476 3.84 9.25 6.23 13.14
90 180 3.67 2.42 4.49 5.91 9.45 12.65

Given the low resolution of the sample (15 deg. mechanical = 30 deg. eleanidahe low currents utilised
by the LCR meter mean thtitese measurements are only useful to check wirdings and magnetircuit
for any major concernd=rom the resultshe 3 phases are well balanceglaching the same maxima and

minima comfortably within the error bands expected during measurement

2.3.2 Cogging torque measurement

The measurement of the coggitgrque on machine is deceptively difficuthe rotor has to be raited and
held in precise angular steps and the steps must be small enough to give a good picture of the torque
waveform. For thisnachine the cogging must beneasuredoff rig; linking the machine to the much larger
dynamometercomplicatesthe measuremenprocesseven moreas the much larger inertia acts as a mass
damper and makes it difficult to control the position of the rotor over one or more cogging cycles. Other
methods use specialised torque sensors which are good in terms of precision but are iexpdine
technique used is much simpler and utilises a method detailed in [ZQZ09b]. The stator is fixed into a lathe (or
similar precision device) which can be rotated and held in precise angular steps. The rotor shaft has a balance
beam attached which hasne end resting on a set of digital scale. A weight is placed on the beam over the
scale to act as a preload and prevent the bar from coming away from the scales. The stator is then rotated in
precise steps causing the relative position of the stator tvenfrom that of the rotor and the variation in
force is recorded using the scales. The torque is obtained simply using the following equation [ZQZ09b]:

Y 0 O VA (2.1)
where T is the resultant torque, dis the beam legth, FeadingiS the reading from the scales and,Moadis

the prelload mass. Fig 2.7 illustrates the method and the machine setup.

Page99



Chapter 2¢ Experimental investigation of the electromagnetic performance of the baseline machine

i
& i

: I"u'luhar stator
W9|ght
Spirit level
‘ _ . ‘ Balanned beam
Dlgltal gauge Rotor shaft

(a) Schematic diagram of the cogging torque measurement fro literature [ZQZ09b].

(b) Photograph of théaseline machine under measurement.
Fig. 2.3.4 lllustration of cogging torque measurement.
The machine is measured irdégree (mechanical) steps for 1 electrical cycle and is shown in Fig. 2.3.5.
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(a) Measured cogging waveform
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0.45

12th Harmonic
0.4 A Amplitude = 0.44Nm

0.35 A

o
w
1

0.25 A

Torque (Nm)
o
[}

0.15 A

0.1 A 36th Harmonic
Amplitude = 0.05Nm
0.05 H

0 II ——r LT |-|I|.|I|I| T |I|I|.|.|.|-|.|-|'|-|I| e e e e LA m

DC 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Harmonic number

(b) Measured coggmFFT.
Fig. 2.3.5 Measured cogging torque over 1 mechanical cycle.

Table 2.3.5 Cogging measurement key resul

Item Torque (Nm)

Max 0.50

Min -0.50
Peak to Peak 1
Fundamental 0.44

From the results the waveform is relatively well balanced. thileinductance measurement the main
concern is the low resolution of measurement; 1 cogging cycle is 15 degrees mechanical, so 1 mechanical
degree is 360/15 = 24 degrees of a cogging cycle. From the FFT the fundamental is very cleartat the 12
harmonic wtich is correct (1 electrical cycle = 12 cogging cycles) as well as'theBfonic but the low
sampling rate means the waveform is nasimusoidal, introducing a large number of low amplitude harmonics

across the frequency domain.
2.3.3 No loadtesting.

Themachine is mounted to the test rig and is coupled to the dynamometer. Using the dynamometer, the
rotor is spun to 1200rpm (40Hz electrical) and the back EMF is measured using 3 differential probes (1 per
phase) linked to an oscilloscope. The differentiabgs are utilised primarily as a safety mechanism to
protect the oscilloscope from high voltages in the case the rotor is rotated too quickly such that the induced
EMF exceeds the voltage rating of the oscilloscope either through user error or somewisisutne

dynamometer. The system diagram is shown in fig. 2.3.6.
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Torque

>
Sensor '

b

| Diff_probe A

hA

Diff_probe B

PhB oscilloscope

Neutra

Fig. 2.3.6 System diagram back EMF measurement.
Temperature data is also captured using one of the thermocouples embedded in the stator core and showed

the machine temperatur@veraged 19.9°C during the 4mad measurementThe results of the phase and

line to line measurements are shown in Fig. 2.3.7.
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(a) Phase line EMF-. (b) Phase line FFT (phase A).
75 60
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50 A
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(c) Line to line voltage. (d) Line to line FFT &)

Fig.2.3.7 Back EMF phase and line to line measurement @ 1200rpm.

The key resultant waveform data are shown in Table 2.3.5 and the harmonic amplitudes are shown in Table
2.3.6.
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Table 2.3.6 Summary of back EMF results (speed = 1200rpm).

Phase Line toLine
A B C A-B B-C CGA
Max (V)| 33.02 33.22 33.34 64.78 65.43 65.59
Min (V) | -32.99 | -33.25 | -33.45 | -64.78 | -65.38 | -65.80
RMS (V) 23.35 23.49 23.58 45.81 46.27 46.38
PP (V)| 66.01 66.46 66.80 | 129.57 | 130.81 | 131.39

Table 2.3.7 Back EMF results FFThieegnonic amplitudes.

Harmonic Phase A Line to Line (M)
Fundamental 31.51 54.43
3 3.94 N/A
gh 2.33 N/A
11 1.52 2.66
13" 2.13 3.63

The results show good balancing between the phases with the profiles matching closely and very small
differences between the peak values of each. The waveform is sinusoidal in nature but is by no means smooth,
as is shown in the FFT of phase A which showsthg"311" and 13" harmonics to be the main contributors

to the nonsinusoidal nature of thevaveform. Theine-to-line results by their nature filter out the8and 9"

harmonics However, the 1 and 13" are still present.
2.3.3.1 High speed resonance concern

As is anticipated with testing any complkeystem several concerns were encountered during the setup and
measurement of this machine which had to overcome in order to run the machine. One concern, however,
could not be overcome in the limited time on the test rig. As the rotor was accelerated7p@étpm a
distinct roaring noise began to be heard from the test chamber that became very loud at ~8000rpm. The test
chamber can only be run with the door closed due to the safety interlock system and has a high level of sound
insulation in the walls andoors so to be clearly audible outside indicates a serious problem with the driveline.

Fig. 2.3.8 highlights the concern as measured on the torque sensor.

USSR A

0.35

0.3 4

00S
000T -
00ST A
0002 4
005
000€ -
00S€
000t 4
00SY 4
000S -
0055 1
0009 -
0059
0004 4
00SZ
0008
0058 -
0006 4
0056

Speed (RPM)
Fig. 2.3.8 No load torque measurement highlighting resonance concern.
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The rotor had been balanceahd certified to 11,000 rpm so the concern had to be some imbalance in the
driveline or some component hitting a natural frequency at this speed. Unfortunately, during the
investigation the rear stulshaft onto which the encoder is mounted sheared justiathe rear bearing, the

damage is shown in Fig. 2.3.9.

Failure
C—d point

______

ear Rear Rear
Circlip Spacer Bearing

(b) Location of the shear on the
assembly
Fig. 2.3.9 Image of failed rear encoder shaft mount.
This was a serious concern which could have ended theidstidg before it could even start. With no means

(a) Photo of the sheared shaft end

to mount the encoder load testing would be very difficult and vector control impossible without a position
sensor. Fortunately, a spare rotor shaft had been fabricated and balanced during the origiratiabrof

the machine to mitigate any such concern. The broken shaft was carefully swapped out and the machine
carefully reassembled and mounted back on the rig. To prevent recurrence of the failure the following steps

were undertaken:

1 Deflection toleranes of the drive line components tightened and strictly adhered to (reduce

deflection forces).

1 Speed limit of 7500rpm imposed.

There was no'3rotor shaft and the limited time on the rig meant there was no time to fabricate asteatt,
so the imposition ba speed limit was necessary to protect the machine and prevent any further delays to

the testing.
2.3.4 Load testing; Measuring the TN curve
2.3.4.1 Introducing the test rig

Measuring the N curve requires a full drive, control and data acquisition system to operate the machine
such that the performance of the machine can be maximised and, of equal importance, captured in as much

detail as possible for pogtrocess analysis.
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(a) Photo of the full test rig setup and ready to run.
AVL dyno
control N
Speed & Torque
Magtrol (Analogue)
Torque
Amplifier
Torque | I CRIO 4_|
Sensor _I Inv temp
Thermocouple | eNet
. ™™= Semikron
- INverter
I
Vdc
la, Ib, | T o
a, lb,lc
_ cE5 W
GPIB Motor position g g -
w a
> <+—eNet
. gy e o]

eNet:

(b) Block diagram of the test rig.
Fig 2.3.10 Block diagram of the full dynamic test rig.

A short description of each component is detailed in Table 2.3.8 for convenience.
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Table 2.3.8unctionality of each block of the machine test rig
Block Function
Motor Machine under test
Inline torque sensor located between the dyno and motor that measures the
rotational speed and torque output of the machine
Provides power to the torque sensor and acts as a signal conditioner to outp
the speed and torque in analogue and digital (RS232) formats.
Load machine for the motor to act again$he dyno is operated in speed mode
whilst the machine is operated in torque mode
Optical encoder uses engraved disk to give precise angular position of the r¢
to the dSPACEontroller to allow forvector controlof the machine.
100kW3 Phase invertely Semikrorswitching the currat from the DC link into
Inverter the 3 phase AC signals required to generate the rotating field in the machine
windings as dictated by the controller
Real time control systemsing dSPACE platfottimat takes in the positional data|
Controller of the motor and genetes the switching signals to the inverter in order to
cortrol the machine to the targetorque
Yokogawa WT300Rower analyser sits between the inverter and the machine
monitor the electricapower intothe machine as well as the mechanical powe
of the system (from the torque sensor) in order to calculate the efficiency of
system as well as key parameterglsas the power factor
National Instrument€ompact RIO data acquisitiiAQ)system, interfaces
Data Acquisition | with all the different measurement systems (RS2323/Ethernet/analogue/
(DAQ) thermal) synchronising the data and themnsmitting the cdhated data to the
central PC fomonitoring and data logging
Sensitive piezeelectric sensors attached to the casing of the motor to capture
the vibrations on the machine outer casing
Signal conditioner | Reamoves common mode noise and booéfgequired)the signal from the
and amp acceleration sensor to improve the accuracy of the readings.
Generates FFT for each of the acceleration channels recorded by the sysier
unit is trigger andlata iscapturedviaa GPIBcomms linko the central PC
Monitoring & dataloggindhub for the whole system. Utilises a Labview systen
developed by the author to capture all the data generated within system
Both the block diagram ifig 2.3.10(b) andable 2.3.8 show the acceleration sensors and the associated

Torque sensor

Torqueamplifier

Dynamometer

Encoder

Power Analyser

Acceleration sensory

Signal analyser

Central PC

amplifier and signal analyser used to measure the vibratory behaviour of the machine under various loads.
This will be explored in much greater depth in chapter 6 of this thesis where the finainity!model is

developed. For this section the only real comment to make is every measurement of the machine generates
a trigger to the signal analyser to capture the output of the acceleration sensors meaning each test point and

each current angle sweep fia corresponding set of acceleration data recorded.
2.3.4.2 Controlling the machine

All testing at this point have had the machine in a passive state being measured off the rig or rotated by the
dynamometer. For operating the machine at load some form of cofngrobquired. This is achieved using
vector control developed using Simulink adfSPACE operate the machine. A summary block diagram can

be seenirfig. 2.3.11.
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Fig. 2.3.1% Block diagram of the controller.
Fromfig 2.3.11 it can be seen that the system runs a continuous loop of the following tasks:

1. Sample the instantaneous torque, phase currents, voltage, and rotor position.
Transform the Johasecurrent into a stationary frame eordinate system (dexis frame).
Generate error signal based on current torque VS demand torque

Use PI controller(s) to adjustdnd | currents according to the error from (3).

Generate voltage vector based on new &untrvalues.

Transform voltage vector into axisframe.

Add Compensation for inverter and control dead time.

Determine if modulation index = 1 and implement overmodulation strategy if required.

© © N o 0 &~ w Db

Transform final voltage into 3 phase space vector PWM signal.

10. Output signal to hardware.
This is a fairly standard control methodology for this type of machine, the only care that must be taken is
tuning of the 4 and | Pl gains; maintaining control of the machine is very important in particular at high

speeds to prevent damage to the inverter, dynamometer or power supplies.
2.3.4.3 Mapping the FN curve

The TN curve describes the maximuarque and power boundary of the macta on a speedorque graph.

The limits of the machine are dictated by the maximum voltage{\and maximum current 4k). These
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limits are typically set by the VA rating of the power electronics and power supply; these parts tend to be
higher cost and mre sensitive to failure if overloaded than theachine so it is best practice to consider the
full system when setting the limits. In this case the limits are:

T Viax= 300\
T Inax= 26.7 Ans

Given the chosen control strategy it is convenient to convagse values into vectors on the @gis plane,

Vigmax@nd bgmaxy (22) and (23) show the conversion formula.

6 © (22)

C
0 e) (2.3)

where \jqmax (VOItS) is the net voltage vector on the-dgis plane, Mis the DC bus voltageg (Amps) is the

net current vector on the dexis plane. This establishes the maximum voltage and current that can be fed

into the machine and ultimately dictates whatrtpue can be generated at what speed.

The next point is to understand the EMF generated by the machine as it rotates at different speeds. The
formula for calculating the -gand daxis voltages can be seen ind)2and (25) and the resultant voltage

vectoris given in (B).

@ 1 _ Y © (24)
@ 1 _ Y O (25)
@ ® o (26)

where. .is the electrical speed inrad/s;RA & G KS O2 A fis MBENA(WR) Hisyfh® SurreniA),> <

Vi is the voltage (V), d and g are theaslis and epxis references, respectively.

A simple method of working out whether the machine has reached the set voltage limit is the ratigt@f V
Vigmaxy this is sometimes to referred tasdahe modulation factor (M. (27) highlights this.

) o 2.7)
From (2.7) it can be seen that as the EMF in the machine approaches the maximum, the modulation factor,
Mg, will approach 1. At this point the current controller will begin to saturate leading to loss of control of the

machine. To avoid this, flux weakeginontrol is implemented [TMJ87], [SM89].

Flux weakening control is in essence a method of applying a demagnetisation current ontaxiseod the
machine in an attempt to temporarily drop the flux linkage between the permanent magnets and the
armature coils. Lowering the flux linkage means the EMF generated at a given speed is reduced and
consequently the modulation factor drops allowing the machine to speed up. For an IPM machine, the
shifting of the current angle has the added benefit of allowingréiectance torque to be utilised, which will

be discussed in the efficiency mapping process.
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Flux weakening comes at a cost, however, dropping theomponent from the magnet reduces the mutual
torque and the technique comes with the very real risk of @h@xis armature reaction irreversibly

demagnetising the permanent magnets if not managed correctly.

To understand the operation of flux weakening, the favoured method [TMJ87], [SM89], [WLS94] is to plot
the voltage and current limits of the machine on tiig axis plane. Fig 2.3.12 shows the current and voltage
limits [SM89], [JRH10].

Voltage-limit ellipse

Current limit
circle

Increasing
speed A4

Fig. 2.3.12 lllustration of voltage and current limits in an IPM machine [SM89].

It can be seen that the current limit forms a circle centred on the origin, 0, the circle is dictated by

O 0 0 (2.8)
The current limit, dymaxy iStypically determined by the current rating of the inverter as it represents the
maximum current the system can inject into the machine. In the case of the tested baseline machine the
inverter VA rating greatly exceeds that of the machine as the drive box was designed to accommodate the
full size EV machingith some minor modifications {flerent current sensors) to allow the smaller baseline
machine in this thesis to be driveherefore, dymx is dictated by the machine to prevent damage. Within
the control software there is safety logic to prevent the current exceeding the maximurantwf the

machine (26.7 fs).

The voltage limit is very different in its form. The limit is an ellipse, (2.9) [SM89], [JRH10], which is a function

of the difference in kand ly inductances that is a key attribute of IPM machines.

0 &0 A0 (2.9)
where kis the EMF fundamental (V) X the daxis reactanceand X, is the gaxis reactance.

It is important to note that the ellipse 1and. »in Fig. 2.3.12 iseurrentellipse and describes the maximum
current the machine can operate to with a given voltage limig, The ellipse is centred on the poing,Q)

on the xaxis wheredtis the short circuit current and is defined by.

0 2 2.10
= (2.10)
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From (2.9) it can also be seen that if>XX% (i.e. an SPM machine) then the voltage limit will be a circle.
However, it forms an ellipse ifyX% X as is the case for an IPM machine which is why the voltage limits
depicted are elliptical in form. Settirtge shape of the ellipse aside the key point about the voltage limit is
that as the rotor speed increases the limit decreases. In Fig. 2.3.12 three different ellipses can be seen

representing 3 different speeds:

 DNXB Sy ) Low speed operation, limilue to voltage greatly exceeds the current limit meaning
the current limit (red line) acts as the limiting factor.

1 Orange line.(2): Base speed, limit due to the voltage has dropped such that it intersects the current
limit, the machine is now limited Ryoth the current limit and the voltage limit.

91 Black line (3): High speed operationly current has to be very high in order to clamp the EMF from

the rotor sufficiently to keep the current vector within the voltage limit ellipses.

What this means in terms of mapping theNTcurve is that when the base speed is struck the machine must
balan@ the maximum current and voltage limits to maintain control and prevent damage to the machine or

inverter. Fig 2.3.13 shows a more practical example of the limits [SM89], [WLS94].

MTPA

trajectory 1,4
,-' d Current limit
circle

Max output
trajectory

Voltage-limit
ellipse

Fig. 2.3.13 Operating at the current and voltage limits.
PGAfTAalLGAZ2Y 2F GKS NBfdzOGFyOS G2NJjjdzS O02YLRyYySyid 3A
being the location of maximum torque. It should be noted that the locatior.ad Within the current limit
circle, reflecting the oversized inter used. The effect of the torque due to the voltage limit at higher speed
is as follows [WLS94]:
T 14 f26 &4LISSRE& YFEAYdzY (G2NJjdzS A& | OKASOSR o6& LI
representing the maximum torque of the machine at therent limit.

o Thisis region | or the constant torque region.
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1  When the rotor speedncreases to a certain point, thaurrent and voltage limits (line=. , in Fig
2.3.13) intersect, attempting to drop the current angle (eld.= 0) will breach the voltaglimit
causing the modulation index to rise above 1 and induce the aforementioned loss of control.
0 This is the base or corner speed of the machine.
1 Asthe speed increases abovgethe maximum torque drops as the voltage limit drops proportionally
tothed LISSR FT2NOAYy3 G(KS YIFEAYdzY OdzZNNByid @SOG2NI {2
o0 Thisis region Il or the constant power region as the drop in torque is proportional to the gain
in speed.
f 2KSYy LRAYG W.Q A& NBIOKSR ot cirrenf vetatziue b tHE SR 2
dominance of the back EMF of the machine at such high speeds, the current vector will follow the
LI 6K FNRY a.¢ G2 L

0 This is region Il or the reduced power region.

It should be noted that region Ill operation can only od€tine inverter is oversized, i.e. the current limit of

the inverter exceeds the short circuit current of the machine. An interesting side effect of region |1l operation
is that when the current controller reachesT N2 Y LR Ay G W. Q (idal§y bevdriverkoinfifte Ol y
speed [JRH10], [2QZ07b]. Practically of course this is not feasible, switching limitations of the inverter plus
the mechanical limits of the machine mean the speed has to be limited. An illustration ofrdgga®is on a

T-N arve can be seen in Fig. 2.3.14 [ZQZ07b].

Torgue

; Region I ! Region II " Region III
(Per unit) Constant torque, Constant power | Reduced power
P— = e e e o = -l
1 'll I\
¢ ! !
0.8 ‘o '
. rl 1 |
r" 1 i
1 1
0.6 ri 1 I
s 1 1
F 1 1
0.4 ! :
" ' 1 1
) ! — Torque :
0.2| f 1 === Power !
1
' L ! }
0 1 2 3 Speed 4
(Per unit)

Fig 2.3.14 IdealisedN curve highlighting regions I, 11, and Il1.
In this application the imposed maximum speed limit of 7500rpm due to the resonance concern means during
the testing the current vector willsi. a2 YSS6KSNB 0SG6SSy Wl Q FYR W. Q Ay
Fig. 2.3.13.

Using the circle diagram in Fig. 2.3.13 as a guide the methodology of mapping\tised€fined as:

1 Atlow speed, increase current towards the limit and incrementdheent angle until the crossover

point between the MTPA trajectory and the current limit is met.
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1 Increase the speed in regular steps, paying attention to the calculated modulation Mdex,
o When Mt approaches 1 then the voltage limit is closeigsorease the current angle by
injecting higherlg current.
o0 Creep the target torque higher until maximum is found, taking care not to breach the current
or voltage limits.
1 At high speeds beyond the base speed the machine is sped up to a known speedytgpaGrpm
to allow a small amount of torque to be applied and current angle increased toMrdjefore the
machine is carefully accelerated to the target speed.
0 This keeps the current vector within the voltage limit, some increments to the curreng ang|
may be required to maintain controller stability as the speed increases.
0 Once at the target speed the target torque is increased, and the current angle adjusted to
find until the maximum stable torque at the voltage and current limits.
9 Care must be taketo monitor the temperature of the machine at each stage.
0 The DAQ system has an alarm system in place to warn the user the temperature of the

machine or inverter is reaching critical levels.

The control software is very much prototype in nature and thuesdoot contain any derate systems that
would be found in a production drive. Thus, running a machine with such a high current density at maximum
current at increasing speeds whilst giving the DAQ system time to capture the acceleration and performance
dataof the machine means great care must be taken not to overheat the machine. The DAQ system records
the thermal channels and contains logic in it to warn the user when the machine is overheating. However, it
is still up to the user to safely control the niae to a stop. This is of particular concern when the machine

is running at high speed as the controller can be very sensitive; small adjustments to the current angle can
lead to the machine breaching the current or voltage limits. In this situationlbigis of concentration are
required, and it can be easy to neglect the rising temperature in the machine at full load making an alarm

system very useful.

The final point is the speeds chosen to sample. The ultimate aim is to develop a vibratory mduel of t
machine which is time consuming to run; the more points there are to run, the longer the analysis period.
Thus, a balance is required to ensure the performance envelope is characterised well but does not provide a
data overload for later analysis. It walecided that 1000rpm steps was sufficient fidelity with additional
points at 1500, 4500 and 7500 rpm due to the integer values of the different machine frequencies at these
speeds. Integer values make it much easier to both operate the machine andygdiektify any concern

both during measurement and post processing. This is illustrated in Table 2.3.9.
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Table 2.3.9 Frequency components at each speed

Mechanical Electrical EM force Cogging frequ
S () Frequency (Hz) frequency (Hz) frequency (Hz) % (?—|z) A
1000 16.67 33.33 66.67 400
1500 25 50 100 600
2000 33.33 66.67 133.33 800
3000 50 100 200 1200
4000 66.67 133.33 266.67 1600
4500 75 150 300 1800
5000 83.33 166.67 333.33 2000
6000 100 200 400 2400
7000 116.67 233.33 466.67 2800
7500 125 250 500 3000

7500rpm is the maximum speed for the reasons stated in section 2.3.3.1 of this chapter.

Fig. 2.3.15 shows the results of the mapping process.
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Fig. 2.3.1% Measured N curve of the machine
The measured values are shown in Téh1Q including the average measured temperature from both a

machine to highlight the temperature of the machine at each point
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Table2.3.10 Measured results ofN curve

S Power IN Power OUT Efficiency| Torque Avg core Avg
(F?PM) (Electrical) | (Mechanical) (%) y (Ng1) lag (A) | T (°) Temp Surface
(W) (W) (°C) | temp (°C)

1000 2652.48 1604.19 60.48 15.29 | 37.69 | 43.92| 61.51 13.54

1500 3448.55 2402.03 69.65 15.26 | 37.52 | 44.00| 60.50 12.49

2000 4376.24 3218.70 73.55 15.35 | 37.80 | 44.02| 78.95 13.57

3000 5942.51 4830.20 81.28 15.35 | 37.74 | 44.02| 62.52 13.25

4000 7590.69 6423.63 84.63 1531 | 37.62 | 44.41| 71.97 13.13

4500 8112.10 6869.29 84.68 1456 | 37.58 | 59.01| 88.02 14.47

5000 8302.62 7049.39 84.91 13.44 | 37.51 | 64.82| 87.82 15.31

6000 8361.51 7159.94 85.63 11.38 | 36.36 | 70.03| 82.48 14.22

7000 8440.71 7131.66 84.49 9.71 37.39 | 75.01| 78.45 14.37

7500 7783.55 6761.39 86.90 8.6 32.74 | 74.02| 66.46 15.08

Maximum average torque is observed to be 15.3Nm with a current angleaiptb 4500rpm where the
voltage limit is approached, and controller has to apply a much larger current angle to maintain control. This

means the base speed lies between 4000 and 4500 rpm.

The odd drop in the power at 7500rpm is due to a controller dtgltibncern. This speed is around the point
where the resonance concern began to make its appearance on tHeadomeasurements. The current
shown for 7500rpm in Table 2.3.9 represents the maximum current that could be injected; all attempts to
push towads the current limit and therefore the maximum torque ended with the controller becoming very
unstable and losing control resulting in the system requiring immediate shutdown to prevent damage to the
inverter. Thus, the point shown in Fig. 2.3.15 is thghbst torque that could be maintained without de
stabilising the controller. There were no concerns when measuring torque points up to 8Nm at 7500rpm, and

therefore, the efficiency and vibration were measured for all points up to 8Nm.
2.3.5 Mapping the machine Hiciency

With the performance limits of the machine established the machine efficiency can now be mapped. The

mapped points can be seen in Fig. 2.3.16.
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Fig. 2.3.16 Speed and torque points for mapping the efficiency.
The speeds and torque valuesed in fig 2.3.14 are shown in Table2.3.11

Table 2.3.11 Speed and torque values used in MEPA/MTPA mapping

Torque Speed (rpm) |
(Nm) | 1000 | 1500 | 2000 | 3000 | 4000 | 4500 | 5000 | 6000 | 7000 | 7500
2 V V V V V \Y V V V \Y
4 V V V \Y \Y \Y V V V \Y/
6 V V V \ \ V V V V \/
8 V V V \ \ V V V V V
10 V V V \ \ V V V X X
12 V V V \ \ V V X X X
14 V V V \Y \Y \/ X X X X

From table 2.3.11 it can be seen that the highest target torque at each speed point is held below the
maximum torque as these were established in firevious section.

Two methodologies are investigatedTDA1Y:

1 Maximum Torque Per Ampere (MTPA): Torque is fixed and minimum current for each torque point
is established by sweeping the current angle.
1 Maximum Efficiency per Ampere (MEPA). Similar to th&Mmethod however the priority lies in

finding the best balance between the copper and iron loss of the machine for every given point on

the machine.

The two methods were both measured primarily to see if changing the target parameter of the sweep would
yield any differences in the vibratory performance, in particular at the extreme edges of the machine
performance where some differences in current angle would be observed due to the different priorities.
The procedure for measuring both the MTPA and MER#milar, the difference is the target variable being

hunted. Fig 2.3.17 illustrates the process on thead¢s plane for a target torque below the current limit.
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Fig. 2.3.17 Finding the peak efficiency point at a set torque po
below the current limit on the dgaxis plane.
From Fig. 2.3.17, the procedure is:

=

Set the target speed using the dynamometer.
2. Increase the target torque on the controller causing theurrent to rise to point (a) on Fig. 2.3.17.
1 Ifthe target torque is greater than the maximum mutual torque, then some current ahple (
is applied to utilise reluctance torque to meet the target.
3. With the target torque fixed, slowly increase the curramgle { ), shown at point (b) in Fig. 2.3.17,
as the reluctance torque component increases the net curregt $hould begin to drop up to a
certain point (c) in Fig. 2.3.17. Past this poigtwill start to rise again as the flux weakening reduces
the PM flux linkage too far, dropping the mutual torque component which means more current is
required to achieve the target torque.
4. The current angle is typically allowed to overshoot the point (c) in Fig. 2.3.17 by a few degrees to
confirm the MTPA point lebeen located and then some fine tuning around (c) occurs to fix the
optimum value.

5. All monitored variables at this point are captured and recorded for-postess analysis.

Theprocedure above is followed for both MTPA and MEPA methodologies, andstiéarg efficiency maps

can be seen in Fig.2.3.18.
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Fig. 2.3.18 Measured efficiency maps using MTPA and MEPA methods.

The recorded efficiency values for the two maps are shown in Tables 2.3.223ah8 respectively.
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