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!ōǎǘǊŀŎǘ 

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 engine, a 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 notoriously difficult 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 

permanent magnet 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 windings can 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 only. To ease the modelling 

process of complex machine structure, the modal frequencies are obtained experimentally at different stages 

of assembly so that the model can be fine-tuned step by step as it is assembled, while the structure shape is 

also simplified 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 shell by optimising the co-efficient 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 from the air gap 

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 baseline machine. The final FE model is then used to 

comparatively investigate the effects of four different rotor designs which exhibit almost the same torque-

speed characteristics, losses, and efficiency, as the baseline machine.  

Dynamic experiments of the baseline 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 3rd harmonic of the electrical frequency, identified 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 components 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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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 Neill-Concelman (co-axial connector) 

CAA Californian Clean Air Act 

CAD Computer aided design 

CAE Computer aided engineering 

CCLD Constant current line driver 

CCW Counter-clockwise 

CFD Computational fluid dynamics 

CO2 Carbon dioxide 

CPSR Constant power speed range 

cRIO National instruments compact RIO embedded controller 

CW 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 Finite element 

FFT Fast Fourier transform 

FRF Frequency response function 

GCD Greatest common divisor 

GM General Motors 

GPIB General purpose interface bus 

HEV Hybrid electric vehicle 

ICE Internal combustion engine 

ID Inner diameter 

IGBT Insulated gate bi-polar transistor 

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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iUK Innovate UK 

km/kWh Kilometres per kilowatt hour (distance per unit energy) 

LCM Lowest common multiple 

LCR Inductance, capacitance, resistance meter 

LEAF Leading environmentally friendly affordable, family car (Nissan) 

MEPA Maximum efficiency per ampere 

MMF Magnetomotive force 

MTPA Maximum torque per ampere 

MYxx Vehicle model year, xx = year 

NDT Non-destructive testing 

NLPQL Nonlinear programming by quadratic lagrangian (optimisation) 

NI National instruments 

NOx Nitrous oxide 

OD Outer diameter 

OPEC Organization of the petroleum exporting countries 

PC Personal computer 

PF Power factor 

PLC Product life cycle 

PM Permanent magnet 

PM2.5 tŀǊǘƛŎǳƭŀǘŜ ƳŀǘǘŜǊΣ нΦр˃Ƴ 

PMaSynRM Permanent magnet assisted synchronous reluctance machines 

PMSM Permanent magnet synchronous machine 

PWM Pulse width modulation 

q-axis Quadrature axis 

rad Radian 

RPM Revolutions per minute 

SM Synchronous machines 

SPM Surface permanent magnet 

SRM Switched reluctance machines 

SVPWM Space vector pulse width modulation 

T-N Curve Torque vs. speed curve 

TSB Technology strategy board 

UMF Unbalanced magnetic force 

UMP Unbalanced magnetic pull 

USB Universal serial bus 

USP Unique selling point 

VA Volt-Amperes - apparent power of motor and drive 

VW Volkswagen motor group 
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Symbol Meaning Unit 

am Modulation coefficient   

Aslot Slot area m2 

Astr Area of 1 winding strand m2 

B Flux density T 

Bm Peak magnetic flux density T 

Bpk Peak flux density T 

Brad Radial flux density T 

Br Remanent flux density T 

Btan Tangential flux density T 

C Damping coefficient  
Cc Critical damping factor  
Ce Material constant  
CT Goodness factor for cogging torque  
D Diameter m 

dT Time step s 

E Young's modulus Pa 

E0 EMF fundamental V 

Ef Epoxy Young's modulus Pa 

Em Steel Young's modulus Pa 

Eslot Winding slot Young's modulus Pa 

Exy Composite X-Y plane Young's modulus Pa 
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F Force N 

Cό˖ύ Input spectrum N 

F0 Fundamental force N 
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Gz Composite Z plane shear modulus Pa 

H Magnetic field strength A/m 

Iό˖ύ Frequency response function ms-2/N 

Ic Characteristic current  
Id d-axis current A 

Idq Current vector on d-q plane A 

Idq(max) Maximum current on d-q plane A 

Imax Maximum supply current A 

Iq q-axis current A 

Irms Root mean square current A 

Isc Short circuit current A 

j Ҟ-1, 90° complex rotation operator  
K Lumped stiffness N/m 

k General counter, number, integer, or index  
Kc Carter's coefficient  
Kd Distribution factor  
kfr OŦŦǎŜǘ ŦƻǊ ʰp to account for fringing  
Khys Steinmetiz's hysteresis coefficient J/m3 

K Flux leakage factor  
Km1,2 Rotor mechanical loss coefficients  
Ksf Slot fill factor  
Ksp Coil span factor  
kw Winding factor  
larc Total length of air gap arc m 

Lb Beam length m 

Ld d-axis inductance H 

Lm Magnet length along direction of magnetisation m 

Lq q-axis inductance H 

Lstk Stack length m 

M Mass kg 

m Circumferential mode  
Mf Modulation factor  

Mpreload Preload mass used in cogging torque measurement kg 

Mwater Mass of water kg 

n Axial mode  
N Rotor speed RPM 
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N  h Nc/Np  
Pm Amplitude of magnetic pressure N/m2 or Pa 
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Pout Output power W 

q Vector  
r Magnetic force order  

Rcoils Coil resistance ʍ 

ri Inner radius of bearing cage m 

RippleRate Ripple rate of torque - 

ro Outer radius of bearing cage m 

Rph Phase resistance ʍ 

t Time s 

Tavg Average torque Nm 

Tc Cogging torque Nm 

TCbr Magnet thermal coefficient  
Tlam Lamination plate thickness m 

Tm Magnet temperature °C 

Tmax Maximum torque Nm 

Tmin Minimum torque Nm 

Tmutual Mutual torque component Nm 

Tout Rotor torque Nm 

Treluctance Reluctance torque component Nm 

Ttotal Total machine torque Nm 

u Rotor harmonic number  
V Velocity m/s 

w Stator harmonic number  
v Poisson's ratio  
Vn Normal velocity of vibrating structural surface  

Vchannel Volume of water in coolant channel mm3 

Vd d-axis voltage V 

Vdc DC supply from power supply V 
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Vdq(max) Maximum voltage on d-q plane V 
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Xd d-axis reactance ʍ 

Xq q-axis reactance ʍ 

Zb Number of ball bearings  
Zm Mechanical impedance Ns/m 

 

 



Abbreviations and symbols 

Page 16 

Greek symbols 

Symbol Meaning Unit 

chp Coil pitch   

dh Angular distance from origin   
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ḿ Steel density kg/m3 
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s˒ Stack factor   
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e̟ Electrical speed rad/s 
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1 DŜƴŜǊŀƭ LƴǘǊƻŘǳŎǘƛƻƴ 

1.1 Thesis overview 

Interior permanent magnet synchronous 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 range, and most importantly, high efficiencies. The importance of high efficiency 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 diesel 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 this incurs.  

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 control requirements, 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 multi-physics system where the 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 multi-disciplinary approach to fully optimise and realise the potential of the 

machines. 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 machine components 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, which in the case of 

this thesis is an electric vehicle.  

The aforementioned multi-physics nature means that whilst the problems associated with vibration is well 

understood the methods of tackling the problem and in particular modelling electric machines such that 

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 prototype 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 element (FE) modelling a 3D baseline 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. 
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The structure of the thesis is shown in Fig. 1.1.1. 

 

 
Fig 1.1.1 Flow diagram of the thesis. 

The thesis has 8 chapters which flow in sequence to show the build-up in complexity of the model leading to 

the final vibratory model then utilisation of the model in a study on the impact 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. 

Chapter Title Content Output 
Leads 

to 

1 
General 

introduction 

Project motivation, introduction to vibration 
& measurement review of research area: 
- Electric machine topologies. 
- Sources of vibration in electric machines 
- Methodologies of mitigating vibration 

Project 
motivation and 
state of the art 

review 

CH2 
CH4 

2 

Experimental 
investigation of 
EM performance 

of baseline 
machine 

Measurement of the electromagnetic and 
performance aspects of the prototype 
machine including cogging torque, no-load 
Back EMF, T-N curve, mapping the MTPA and 
hence efficiency of the machine. 

Empiric results of 
electromagnetic 
performance of 

physical machine 

CH3 
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3 

Development of 
EM FE model of 

baseline 
machine 

Creation of electromagnetic model of 
prototype machine utilising the empiric data 
from CH2 to align the model to the physical 
machine. Once aligned tooth forces are 
calculated and studied in depth. 

Electromagnetic 
FE model and 
tooth forces 

CH6 

4 

Experimental 
modal analysis 

of baseline 
machine 

Measurement of the baseline machine using 
an impact hammer. Machine is stripped to 
base parts and measured. Assembly is slowly 
built back up with testing at each stage from 
base rotor to machine mounted on the test 
rig, fluid filled machine and ready to run. 

Empiric results of 
impact hammer 

test for 
prototype 
machine. 

CH5 

5 

Development of 
mechanical FE 

model of 
baseline 
machine 

Similar process as chapter 3 where the 
measured results are used to allow the 
mechanical FE model to be built up. Given 3D 
nature of model the emphasis is on creating a 
model that balances the need for accuracy 
and simplicity to reduce processing times. 

3D mechanical 
model of the 

baseline machine 
CH6 

6 

Measurement 
and simulation 

of vibratory 
performance 

Analysis of acceleration data captured during 
dynamic testing. Resultant data is used to 
align final model which uses the tooth forces 
from the EM model in chapter 3 as the 
excitation source for the mechanical model 
developed in CH5 

Full vibratory 
model of the 

baseline machine 
CH7 

7 

Influence of IPM 
topologies on 

vibratory 
performance of 

machine 

Identify the most common IPM topologies 
used in EV applications. Create FE models of 
selected topologies and match T-N curves to 
the baseline. Undertake comparison in terms 

of general performance (loss etc.) and 
vibratory performance and any difference 
investigated.  Further comparisons into the 

influence of features such as magnet shaping, 
and flux barriers is explored 

Comparison of 
vibratory 

performance of 
IPM machines. 

CH8 

8 
General 

conclusion 
Summarise the thesis and detail key findings. - CH9 

 

The first step is to give some background into why this topic is important from an automotive engineering 

perspective before moving on a state-of-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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1.2 Project motivation 

1.2.1 A brief history of the electric vehicle 

Whilst appearing an ultra-modern product of the 21st century the electric vehicle (EV) is by no means a new 

ŎƻƴŎŜǇǘΦ ¢ƘŜ ƻǊƛƎƛƴŀƭ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ǇǊŀŎǘƛŎŀƭ 9±ǎ ŘŀǘŜ ōŀŎƪ ǘƻ ǘƘŜ муулΩǎ ²ƘŜƴ DǳǎǘŀǾŜ ¢ǊƻǳǾé of France 

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]. 

 
Fig 1.2.1 Key points in the history of battery electric vehicles and sales volume, [MG12], [JC12]. [LPW20], 

[KC17], [TM11], [NMG10], [AC19], [IEA20] 
It can be seen in Fig 1.2.1 that the history of the electric vehicles is very long, covering almost 200 years from 

CŀǊŀŘŀȅΩǎ ŘŜƳƻƴǎǘǊŀǘƛƻƴ ƻŦ ŀ ǎƛƳǇƭŜ ǊƻǘŀǘƛƴƎ ƳŀƎƴŜǘƛŎ ǎǘǊǳŎǘǳǊŜ ǘƻ ǘƘŜ ƳƻŘŜǊƴ ŜǊŀΦ YŜȅ ƘƛǎǘƻǊƛŎŀƭ Ǉƻƛƴǘǎ ŀǊŜΥ 

¶ муулΩǎ ς French engineer Gustave Trouvé demonstrates the first EV, a tricycle [JC12] in 1881 followed 

closely by British engineer Thomas Parker with a 4-wheel carriage in 1882. 

¶ 1900 - ϤмфмлΥ 9±Ωǎ ŀŎŎƻǳƴǘŜŘ ŦƻǊ оу҈ ƻŦ ǘƘŜ ¦{ ŀǳǘƻ ƳŀǊƪŜǘ όǾǎΦ нн҈ ŦƻǊ ƎŀǎƻƭƛƴŜ ŎŀǊǎύ ώaDмнϐΦ 

¶ 1912: The invention of the electric starter motor by C. F. Kettering [MG12] and cost reductions due 

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

¶ 1973, 1979: Renewed interest due to global oil price shocks (OPEC oil embargo in 1973, Iranian oil 

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

¶ 1996: GM EV1 developed as an advanced prototype in reaction to Californian Clean Air Act (CAA) to 

mitigate hazardous smog in cities such as Los Angeles. 
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¶ 1996 -2003: GM along with other major US car manufacturers successfully fought CAA in courts and 

won, EV1 project terminated and infamously all cars crushed [KC17] 

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

¶ 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. 

¶ 2010: Nissan Launches the LEAF, first affordable and practical mass produced EV of the new era. 

¶ нлмрΥ ά5ƛŜǎŜƭ ƎŀǘŜέ ǎŎŀƴŘŀƭΣ VW caught using specialist software to circumvent US emissions tests 

[AC15], as more OEMs get embroiled in the crisis Diesel vehicle volumes begin to drop. 

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

¶ 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 availability of low-cost 

fuel and mass ǇǊƻŘǳŎǘƛƻƴ ǎŀǿ ǘƘŜ ǿƻǊƭŘΩǎ ŎƛǘƛŜǎ ŀƴŘ ƘƛƎƘǿŀȅǎ Ŧƛƭƭ ǿƛǘƘ ǘŜƴǎ ƻŦ Ƴƛƭƭƛƻƴǎ ƻŦ ǾŜƘƛŎƭŜǎΣ ŜŀŎƘ 

producing large quantities of C02, strongly linked to climate change, and localised pollutants such as NOx, 

unburnt hydrocarbons, and particulate matter (PM2.5 etc.). These factors combined with scandals such as 

ά5ƛŜǎŜƭ ƎŀǘŜέ ƘŀǾŜ ŎǊŜŀǘŜŘ ǘƘŜ ǇŜǊŦŜŎǘ ŎƻƴŘƛǘƛƻƴǎ ŦƻǊ ŀ ǊŜǎǳǊƎŜƴŎŜ ƻŦ ǘƘŜ ŜƭŜŎǘǊƛŎ ǾŜƘƛŎƭŜΦ 

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 2010 to an estimate 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 stage of the standard product life cycle (PLC) profile (Fig 1.2.2). 

 
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 the age-old problem of trying to balance 

the need for a reliable product with the need for 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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both in financial costs and less tangible costs such as damage to the brand reputation or even 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 [BH04] at different stages of the design cycle. 

 
Fig. 1.2.3 Error cost escalation at different phases of the design cycle [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 to the life of the vehicle, such as the vibratory performance of the machine as well as effective 

use of modern computer aided engineer (CAE) techniques early in the design phase becomes very important. 

1.2.3 Impact of noise and vibration in electric vehicles 

Some applications such as loudspeakers positively gain from the system vibrating. However, the majority of 

applications would look to minimise the phenomena as far as possible. The primary reasons for this are: 

ω Component fatigue: the action of rapidly moving causes 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 concerns with both cost and brand reputation 

implications. 

ω User discomfort: noise and vibration can cause discomfort in humans which can, in extreme 

cases, lead 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] [JFM09] and discomfort. 

These aspects can have a detrimental impact on two of the key unique selling points (USPs) of an EV, that is: 

¶ A silent and smooth driving experience.  

o Driving an EV should be a simple, quiet, and relaxing experience. 

¶ High reliability and low maintenance costs. 

o There is no need for oil changes and regular servicing that is common on ICE vehicles. 

o Regenerative braking means that even brake pads and discs wear significantly less (despite 

increased vehicle mass). 
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Fig. 1.2.4 shows a typical EV front wheel drive driveline setup. 

 
(a) Typical layout of EV powertrain from eMachine to road wheel 

 
 

όōύ ά{ǘŀŎƪέ ŘǊƛǾŜ ǘǊŀƛƴ ŀǎǎŜƳōƭȅ ώbDмфϐ όŎύ ά{ƪŀǘŜōƻŀǊŘέ ƭŀȅƻǳǘ ώ/aмпϐ 

Fig. 1.2.4 Simplified diagram of typical EV driveline 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 

components 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 implement EV ǎǇŜŎƛŦƛŎ ǇƭŀǘŦƻǊƳǎ ǎǳŎƘ ǘƘŜ άǎƪŀǘŜōƻŀǊŘέ ƛƴ CƛƎΦ мΦнΦпόŎύ 

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 advantages and 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. 

¶ High vehicle mass 

o Battery stacks are very heavy (>300kg), significantly increasing the net vehicle mass. 

o Mass does not change as energy is consumed (unlike gasoline or diesel). 

o High mass = high driveline load. 

¶ Reaction speed of the machine 
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o 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 

differentials risking accelerated fatigue and early life failure. 

o In addition, high torque from start and low rolling resistance tyres mean wheel spin on pull-

off is a problem with high tyre wear and loss of performance. 

¶ Vibratory characteristics of the machine 

o Vibration and vibratory harmonics frequencies generated by a machine can be significantly 

higher than an ICE. 

o 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 development costs. 

o Higher vibratory frequencies may also mean excitations align with natural frequencies of 

downstream components leading to discomfort and audible noise in the best-case scenario 

and parts failure in the worst case. 

With the above aspects to consider 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 an electrical 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 the vibratory performance in electric machines is therefore very challenging 

as it is a requires a multi-physics approach to tackle the problem 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 simplicity masks a complex non-homogenous structure, highlighted in 

Fig. 1.2.5. 
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Fig. 1.2.5 Overview of water-cooled 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 

cores and 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; finite element 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 complex structures can 

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 number of different 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 physical machine 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 can 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 

ά9ƭŜŎǘǊƛŎ ƳŀŎƘƛƴŜǎέ ƛǎ ŀ ǘŜǊƳ ǘƘŀǘ ŎƻǾŜǊǎ ŀ Ǿŀǎǘ ŀǊǊŀȅ ƻŦ ŘƛŦŦŜǊŜƴǘ ǘƻǇƻƭƻƎƛŜǎ ǘƘŀƴ ƘŀǾŜ ŘŜǾŜƭƻǇŜŘ ŀƴŘ ŜǾƻƭǾŜŘ 

ǎƛƴŎŜ ǘƘŜ ŜŀǊƭƛŜǎǘ Řŀȅǎ ƻŦ ƳŀŎƘƛƴŜ ŘŜǎƛƎƴ ŘŀǘƛƴƎ ōŀŎƪ ǘƻ ǘƘŜ мунлΩǎ ǿƘŜƴ ǎŎƛŜƴǘƛǎǘǎ and engineers such as 

Michael Faraday and William Sturgeon began applying the newly discovered properties of electromagnetism 

to real world solutions. Fig 1.3.1 provides a high-level overview of the different machine topologies available, 

though this list is not exhaustive. 

 
Fig. 1.3.1 High level overview of electric machine topologies. 

From Fig. 1.3.1 it can be seen that electric machines broadly fall into two major categories: 

¶ Asynchronous or induction machine (IM): the field rotating within the stator rotates at a higher speed 

than the rotor creating a so-called slip velocity; this slip induces current on windings in the rotor, 

generating a magnetic field that couples to the field generated by the armature coils in the stator 

and forces the rotor to move. 

¶ Synchronous machines (SM): The rotor rotates at the same speed as the field rotating within the 

stator coils; this is typically achieved through a fixed DC magnetic field from coils in the rotor or 

permanent magnets (PMSM) which link directly to the stator field or using shaped rotors which allow 

the machine to utilise the reluctance effect to generate torque.  

CǊƻƳ ǘƘŜ ƳŀŎƘƛƴŜǎ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ CƛƎΦ мΦоΦм ǘƘŜǊŜ ƛǎ ƴƻ άōŜǎǘέ ǘƻǇƻƭƻƎȅΣ ǘƘŜ ǎǳƛǘŀōƛƭƛǘȅ ƻŦ ŜŀŎƘ ǘƻǇƻƭƻƎȅ is 

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]: 

¶ High torque and power density 

o High torque for starting from rest (city driving) and hill climbing. 

o High power for high-speed operation (highway cruising). 
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¶ Wide speed range 

o Constant power operation range of 3-4 times base speed is considered the best balance 

between the peak torque requirement of the machine and the VA rating of the inverter 

[ZQZ07b], [YH97]. 

¶ High efficiency over a wide range of the speed-torque range of the vehicle to maximise range 

¶ Intermediate overload capability for very high torque demands (e.g., kerb mounting) 

o Twice rated torque for short durations is typical [ZQZ07b], [CCC02]. 

¶ High reliability 

¶ Acceptable cost 

¶ 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 mean reliability 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 weakening is applied 

ŀƴŘ ǎǳŦŦŜǊ ƭŜǎǎ ŦǊƻƳ ƴƻƛǎŜ ŀƴŘ ǾƛōǊŀǘƻǊȅ ǇǊƻōƭŜƳǎ ǘƘŀǘ ƛǎ ǘƘŜ !ŎƘƛƭƭŜΩǎ ƘŜŀƭ ƻŦ ƭƻǿŜǊ Ŏƻǎǘ ŀƭǘŜǊƴŀǘƛǾŜ ōǊǳǎƘƭŜǎǎ 

designs such as Switched Reluctance Machines. Table 1.3.1 compares high-level advantages and 

disadvantages of the PMSM and IM topologies. 

Table 1.3.1 High-level advantages and disadvantages of asynchronous and synchronous machines. 

 Advantages Disadvantages 

Induction machines (IM) 
(Asynchronous) 

V Simple design 
V Highly robust 
V Low-cost materials and 

manufacture 
V Self-starting 

ʋ Low power factor 
ʋ Low efficiency vs. IPMSM 
ʋ Difficult to control in variable speed 

applications 

Permanent magnet 
synchronous machines 

(PMSMs) 

V Very high efficiency (>96%) 
V High power factor 
V High torque density 
V Easy to control in 

multispeed applications 

ʋ High cost, especially if rare earth 
magnets used 

ʋ PMSM susceptible to demagnetisation 
under high load conditions 

ʋ Complex rotor design to package 
magnets or supply power to coils 

ʋ Requires special control to start 

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

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

¶ Induction machines are highly robust and relatively cheap in terms of both material cost and 

manufacturing but suffer from lower efficiency vs. PMSM and poor power factor. The low power 

factor means the VA rating for the inverter has to be higher, leading to a larger and more expensive 

inverter. 
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¶ PMSM machines are sensitive to demagnetisation at high loads and temperatures so require much 

more care and monitoring when operating. To maximise efficiency, they utilise rare-earth materials 

for the permanent magnets, which are expensive and subject to volatile supply conditions. These 

issues are compensated for by the very high torque densities and efficiencies the machines are 

capable of plus the high-power factor (>0.9) mean the VA requirement and therefore cost of the 

inverter is lower. 

When selecting the topology, the automotive designer must consider the system cost; a motor needs 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. Also, the requirement of high efficiency to maximise the range of vehicle means a 

PMSM typically has a higher MTPA than an IM meaning less battery charge is required to achieve a given 

distance over a common drive cycle allowing for a greater range. This can mean that the overall kilometres 

per Watt-hour (km/Wh) is higher giving the vehicle with a PMSM motor a longer driving range for a given 

battery pack. 

1.3.1 Permanent magnet machine commutation, 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]: 

  
(a) BLDC trapezoidal 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 commutation 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 system 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 and high-volume 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 

vehicle range in high-speed 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 certain designs (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 disadvantages of brushless AC and DC commutation. 

Commutation 
method 

Advantages Disadvantages 

Brushless DC 
V Low-cost construction. 
V Simple commutation. 
V Easy to control. 

ʋ High levels of flux harmonics. 
ʋ Increased machine loss (copper and 

iron). 

Brushless AC 

V Smooth sinusoidal back EMF. 
V Lower iron loss. 
V Utilise established 

manufacturing process for IM 
machines. 

ʋ Distributed windings, difficult to wind 
and end windings add parasitic loss. 

ʋ Expensive position sensors to control. 
ʋ Complex control system, requires 

powerful processor to fully utilise. 

 

1.3.2 Machine configurations 

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

positioned relative to each other. Illustrations of the major types are shown in Fig. 1.3.3: 

  
(a) Interior rotor, radial flux machine (b) Exterior rotor, radial flux machine 

 
(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 and disadvantages of the main stator/rotor configurations [JRH10], [DH12]. 

Arrangement Advantages Disadvantages 

Interior rotor 
radial flux 

V Low-cost design 
V High speed capability. 
V low Inertia = less effort to 

accelerate/decelerate. 

ʋ Stator winding process complicated 
ʋ Higher effort vs exterior rotor to maintain 

steady speed 
ʋ Difficult to cool magnets. 
ʋ High centrifugal forces in rotor core. 

Exterior rotor 
radial flux 

V High torque density 
V High inertia = less effort to 

maintain target speed 
V Good packaging capabilities 

e.g., in-wheel applications etc. 

ʋ High inertia ς increased effort to 
accelerate/decelerate 

ʋ Low torque/inertia ratio VS interior rotor 
ʋ Rotor balancing difficult -> increased risk 

of mechanical vibration. 

Axial flux 

V Very high torque density. 
V Smooth rotation ς no cogging. 
V Compact shape ς easy to 

package. 
V Relatively low-cost design. 

ʋ Difficult to utilise traditional 
manufacturing techniques. 

ʋ Relatively large axial gap ς increased flux 
leakage. 

ʋ Imbalanced magnetic forces can cause 
axial wobbling of the rotor. 

ʋ Susceptible to large eddy current losses at 
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 automotive sector the preferred arrangement is the interior 

rotor, radial flux machine; the low inertia and well-established manufacturing processes mean it aligns well 

to the performance and cost requirements of an automotive component. 

1.3.3 Permanent magnet rotor topologies 

Within the sub-category of PM rotor designs there is a large variety of different topologies depending on 

where the magnets are located; some have the magnets bonded to the outer diameter of rotor the core 

(Surface Permanent Magnet (SPM)), some embedded within the rotor (Interior Permanent Magnet (IPM)) 

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

on the rotor. 

    

(a) Surface-mounted (b) Surface-inset (c) Interior-radial 
(d) Interior-

circumferential 
Fig. 1.3.4 Example PMSM rotor topologies. 

As with all applications each method has advantages and disadvantages. IPMs tend to have the following 

advantages and disadvantages over SPM Machines highlighted in Table 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 operation (no need for banding) 
V Improved thermal performance 
V Simple bar magnets can be used. 
V Reluctance torque component 

ʋ High rotor core flux leakage 
ʋ Torque ripple due to variations in inductance  
ʋ Rotor complexity and manufacturing costs 

The advantages of IPM machines in terms of better thermal performance of the magnets, less PM usage 

(utilisation of reluctance torque), simpler bar magnets, higher MTPA and high-speed operation without the 

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

1.3.4 Features of IPM rotor machines 

The torque equation for a 3-phase IPM PMSM is given as [ZQZ07b], [GQ09]: 

Ὕ  
σ

ς
ὔ ‪ Ὅ ὒ ὒ ὍὍ  (1.1) 

Where Npp Ґ ƴǳƳōŜǊ ƻŦ ǇƻƭŜ ǇŀƛǊǎΣ ʌm = flux linkage due to the PM, Ld, Lq and Id, Iq are the d and q axis 

inductances and currents, respectively. This equation is very important as it shows that an IPM has two 

sources of torque. 

¶ ¢ƘŜ ŦƛǊǎǘ ǇŀǊǘ ƛƴ ǘƘŜ ōǊŀŎƪŜǘǎ όʌmIq) is referred to as the mutual or PM torque. 

¶ The second part ((Lq-Ld)IdIq) is referred to as the reluctance torque component and relies on the 

saliency of the machine, that is the difference between the Lq and Ld components. 

With two torque sources a well-designed IPM machine can achieve a higher maximum torque per ampere 

(MTPA) rating than a similar surface PM machine which relies entirely on the mutual (PM) torque pointing 

towards a higher efficiency. The key advantage of the IPM is therefore the saliency of the machine. 

A machine has said to have saliency if the winding inductances vary as a function or rotor position [JRH10], 

that is Lq Í Ld. The level to which a machine can utilise this effect is given by the saliency ratio ό˅s) [WLS93], 

[JRH10]: 

‚
ὒ

ὒ
 (1.2) 

For the SPM machine in the example above Lq = Ld and therefore ˅ s = 1, whereas in the IPM machine s˅ > 1. 

To improve the saliency the q-axis path can be enhanced by adding multiple layers of magnets or flux barrier 

or even axially laminate the core such that q-axis inductance is boosted. These are highlighted in Fig. 1.3.5 

[ZQZ07b], [LF10], [WLS93], [YHJ12]. 
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(a) Reduced reluctance q-axis 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 the Lq component 

and/or reducing the Ld component such that the saliency ratio can be quite high. Shaping of the magnets in 

ŀ Ψ±Ω ǎƘŀǇŜ ƛƴ мΦоΦрόōύ ŀƭƭƻǿǎ ǎƻ ŎŀƭƭŜŘ ŦƭǳȄ-focussing to be used to boost the ʌm component, increasing the 

mutual and reluctance torque component [LG09]. Utilisation of multi-layer magnets in Fig. 1.3.5 (b) has the 

additional benefit of improving the flux distribution across a pole arc [YH98], rendering the flux density across 

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

torque pulsations.  

Techniques to mitigate the flux leakage with the rotor core can also be used to both boost ʌm by ensuring 

more flux links with the stator coils and increase the machine saliency by enhancing the q-axis flux 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 higher utilisation of the PM flux as well as enhancing the saliency effect. Some 

examples of this techniques can be observed in Fig. 1.3.6 [ZQZ07b], [LSH09].  

  
(a) Flux barriers on arc-type IPM rotor (b) Flux barriers on interior circumferential 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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¶ Addition of extra magnet layers and features such as flux barriers to enhance the q-axis flux path 

comes at the cost of mechanical strength, which is of high concern in particular for high-speed 

applications. 

o To boost the mechanical strength ribbing and shape optimisation of the different shapes are 

required at the cost of increased leakage flux in the core. 

o A delicate balance is therefore required between the electromagnetic and mechanical design 

requirements [ELC04]. 

¶ High shape complexity means tooling and assembly is more challenging and therefore more 

expensive. 

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

¶ LƴŘǳŎǘŀƴŎŜ ƛǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ŎƘŀƴƎƛƴƎ ŦƭǳȄ ƭƛƴƪŀƎŜǎ όCŀǊŀŘŀȅǎΩ ƭŀǿύΣ ƳŜŀƴƛƴƎ ǘƘŜ ŜŦŦŜŎǘ ŎƘŀƴƎŜǎ ƴƻǘ 

only with rotor position but also with the MMF of the stator coils leading to complexities in control. 

¶ To produce reluctance torque, the current has to be in advance of the back EMF, achieved by 

injecting current (-Id) into the d-axis of the d-q plane [WLS94]. 

o Applying current into the d-axis will lower the PM flux leakage, ʌm, acting to both reduce the 

back EMF (flux weaken) but also the mutual torque component. 

o A trade-off 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]. 

¶ As a machine comes under higher and higher loads the magnetic steel in the lamination cores begin 

to saturate, in particular the q-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 well as non-linear aspects such 

as flux saturation, both due to the loading of the machine and d-q axis cross coupling [ZQZ07b] mean 

prediction of the reluctance torque is challenging. Analytical methods are difficult due to the non-linear 

aspects so numerical techniques such as FE analysis is required along with 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 flux density 

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 it dictates the flux distribution on no-load due to the tooth design and during load due to the flux 

generated by the coil MMF. There are numerous different methods of winding a machine; however, the 

methodologies can generally be split into two major categories [JRH10]: 

¶ Distributed (overlapping) windings 

o Coils 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. 

¶ Concentrated (non-overlapped) windings 

o Coils 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 (non-overlapped) winding. (b) Distributed (overlapping) winding. 

Fig. 1.3.7 Basic winding types for a 4-pole PM machine (A-phase only). 

As with all things, each method has a number of advantages and disadvantages, as listed in Table 1.3.5. 

Table 1.3.5 Comparison of different winding configurations. 

 Advantages Disadvantages 

Concentrated 
winding 

V Short end windings 
V Good thermal conductivity 
V High copper fill factor 
V Low cogging torque (fractional slot) 
V Easy to automate manufacturing 

ʋ High MMF harmonics resulting in 
increased iron loss in the core 
materials [LC11] and also rotor PM 
eddy current loss 

ʋ Low winding factor versus distributed 
winding 

ʋ Difficult to utilise the reluctance torque 
component 

Distributed 
winding 

V High winding factor, less MMF 
harmonics, reducing iron loss 

V Good flux weakening performance 
and of reluctance torque 
component 

V Uses same winding process as 
induction machines (low cost) 

ʋ Large end windings; increased copper 
loss (I2R) 

ʋ Lower copper utilisation 
ʋ Increased cogging and ripple versus 

concentrated winding 
ʋ Lower copper fill factor 
ʋ Complex manufacturing process; can 

be labour intensive 



Chapter 1 ς General introduction 

Page 35 

Concentrated windings are on typically found on such as those used in domestic appliances or 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 to the reduced iron losses from the lower 

MMF harmonics [YH97] and the ability to utilise flux weakening techniques to increase the constant power 

band of the machine and the aforementioned reluctance torque component of the machine to boost the 

MTPA performance [YH98]. The key aspects in determining the winding layout is [DH12]: 

¶ Coil span 

o ¢ƘŜ ƴǳƳōŜǊ ƻŦ ǎƭƻǘǎ ŜŀŎƘ Ŏƻƛƭ Ƴǳǎǘ ǎǇŀƴ ƻǊ άƧǳƳǇέ ǘƻ ŦƻǊƳ ŀ ǇƻƭŜ 

o Coil span is also referred to as winding pitch 

¶ Number of turns per/coil and diameter of wire 

o Number of turns dictates the MMF of the coil 

o Diameter of each conductor in the coil dictates the current carrying capacity of a coil 

o Both these factors influence the inductance and therefore maximum back-EMF of a coil 

o Both factors are also influenced by the size of the slot and how much space can be utilised 

¶ 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 

±ƛōǊŀǘƛƻƴ ƛǎ ŘŜŦƛƴŜŘ ŀǎ ŀ άƭƛƳƛǘŜŘ Ǌeciprocating motion of a particle of an elastic body or medium in alternately 

ƻǇǇƻǎƛǘŜ ŘƛǊŜŎǘƛƻƴǎ ŦǊƻƳ ƛǘǎ Ǉƻǎƛǘƛƻƴ ƻŦ ŜǉǳƛƭƛōǊƛǳƳέ ώWCDлсΣ ǇΦ мϐΦ CƻǊ ŀ ōƻŘȅ ƻǊ ǎȅǎǘŜƳ ǘƻ ǾƛōǊŀǘŜ ƛǘ Ƴǳǎǘ 

have two key characteristics: elasticity and mass. The vibration which a system undergoes can be defined as 

either: 

¶ Forced vibration: the structure or system is forced to vibrate at a frequency dictated by an external 

periodic source of force.  

¶ Natural or free vibration: Specific frequency at which the total energy stays the same 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 machine the 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) [JFG06]. 

 

 
(a) Conversion of electrical energy into 

acoustic environment 
(b) Mechanism of generation of noise and vibration in 

electrical machines 
Fig. 1.4.1 System flow of noise generation in an electric machine [JFG06]. 

It can be seen that in an IPM rotor machine the air gap magnetic flux density imparts a force on the tooth 

faces that form the inner bore of the machine. These forces 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 machine 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 level and therefore the potential level of 

discomfort on any persons close to the machine [JFM09]. Furthermore, 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 points 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 components such 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 stator and 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 forces in a radial system, it is good practice to 

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

 
Fig. 1.4.2 The definition of the tangential and radial directions. 

The forces induced in the tangential and radial directions are defined by the Maxwell stress tensor which is 

defined in (1.3) and (1.4) respectively [JFG06], [YH09], [RI09], [MSI14], [CL19]. 

where 

¶ Ftan and Frad are the tangential and radial forces respectively (N). 

¶ Lstk is the stack length of the machine (m). 

¶ l is the unit length of the surface on which the force is acting (m). 

¶ Brad and Btan are the radial and tangential flux density components (T). 

¶ ɛ0 is the permeability of free space (4́x10-7 H/m).  
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(1.4) 



Chapter 1 ς General introduction 

Page 38 

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 desired effect. 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 the structure. 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 nowhere else to go but into 

the wider machine structure, generating an excitation. 

Furthermore, if Brad >> Btan then the square function in (1.4) means that the radial force can be orders of 

magnitude higher than the tangential force creating significant problems in the 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 be seen slotting 

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 decreases 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 begin to move 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 frequency of the system, defined by (1.5), 

then the system becomes resonant [TZ04]. 

Ὢᶿ
Ὁ

”
 (1.5) 

where f0 ƛǎ ǘƘŜ ǊŜǎƻƴŀƴǘ ŦǊŜǉǳŜƴŎȅΣ 9 ƛǎ ǘƘŜ ƳƻŘǳƭǳǎ ƻŦ ŜƭŀǎǘƛŎƛǘȅ ό¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎύ ƛƴ tŀǎŎŀƭǎ όtŀύ ŀƴŘ  ́is 

the mass density of the structure in kg/m3. When the resonant frequency of the system is encountered the 

amplitude of the displacement of the system greatly increases over that of a non-resonant frequency given 

the same excitation. Fig. 1.4.3 illustrates the effect. 
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Fig. 1.4.3 Illustration of the resonance 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 in an electrical system. 

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 power electronics 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 frequency is to 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 shift 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 mass-spring damper system forms a basic harmonic oscillator which can be used to illustrate an 

example which is shown in Fig. 1.4.4 [JG06]. 

 

Fig. 1.4.4 Simple mass-spring damper system [JG06]. 
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The motion equation for the system in Fig. 1.4.4 can be shown as (1.6) [JG06]. 

ὓ
Ὠὢὸ

Ὠὸ
ὅ
Ὠὢὸ

Ὠὸ
ὑὢὸ Ὂὸ (1.6) 

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 force F0ejwt, shown in Fig. 1.4.4, then 

for a steady state solution the displacement of the mass would be of the form X0ejwt. (1.6) now becomes 

[JFG06]. 

ὢ ‫ὓ ὮὅὑὩ ὊὩ  (1.7) 

Rearranging gives the displacement of the mass [JFG06] 
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Where  is the phase angle: 

ÔÁÎ•
ὑ‫ϳ ‫ὓ

ὅ
 (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 the excitation 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) [JFG06]: 

ὠὸ Ὦ‫ὢὩ  (1.10) 

The impedance of the spring-damper system can be obtained as (1.11) [JG06]. 
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Setting the imaginary side to of the impedance to zero yields the resonance or natural frequency of the 

system [JG06]. 
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ὓ
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Given this (1.6) can be rewritten as (1.13) [JG06]: 

ὢὸ
Ὂ

ὓ

Ὡ
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 (1.13) 

where ́ m is the mechanical loss factor of the system (1.14) [JG06] 

–
ὅ

‫ὓ
 (1.14) 

From (1.13) if the system is at the natural frequency (i.e.,  ̟= 0̟) the displacement is greatly amplified as the 

( 0̟
2-˖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:  

¶ 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. 

¶ Critically damǇŜŘΥ ¢ƘŜ άǎǿŜŜǘ ǎǇƻǘέ ǿƘŜǊŜ ǘƘŜ ŘŀƳǇƛƴƎ ƛǎ ŜƴƻǳƎƘ ǘƻ ǇǊŜǾŜƴǘ ƻǎŎƛƭƭŀǘƛƻƴ ŀƴŘ ǘƘŜ ǘƛƳŜ 

taken to reach the zero point is minimised. 

¶ Overdamped: The system does not oscillate but takes a long time to reach the zero point, at the 

ŜȄǘǊŜƳŜ ƛǘ Ŏŀƴ ƎŜǘ άǎǘǳŎƪέ ƛƴ one position before ever reaching the zero point. 

Fig. 1.4.5 illustrates the different terminologies listed above. 

 

Fig. 1.4.5 Illustration of the 3 main damping definitions. 

A method of simplify the damping performance of a system is the damping ratio, denoted by y  which is 

defined as (1.15). 

‒
ὅ

ὅ
 (1.15) 

where C is the actual damping, defined in (1.6), and Cc is the critical damping defined as (1.16). 

ὅ ςὓ‫  (1.16) 

a ƛǎ ǘƘŜ Ƴŀǎǎ ŀƴŘ ˖0 ƛǎ ǘƘŜ ƴŀǘǳǊŀƭ ŦǊŜǉǳŜƴŎȅ ŘŜŦƛƴŜŘ ƛƴ όмΦмнύΦ ¢ƘŜ ǾŀǊƛŀǘƛƻƴǎ ƻŦ ʸ ŀǊŜΥ 

¶ ʸҐлΣ ǎȅǎǘŜƳ ƛǎ ǳƴŘŀƳǇŜŘΦ 

¶ л ғ ʸ ғ мΣ ǎȅǎǘŜƳ ƛǎ ǳƴŘŜǊŘŀƳǇŜŘΣ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ όŀύ ƛƴ CƛƎΦ мΦпΦрΦ 

¶ ʸ Ґ мΣ ǎȅǎǘŜƳ ƛǎ ŎǊƛǘƛŎŀƭƭȅ ŘŀƳǇŜŘΣ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ όōύ ƛƴ CƛƎΦ мΦпΦрΦ 

¶ ʸ Ҕ мΣ ǎȅǎǘŜƳ ƛǎ ƻǾŜǊŘŀmped, represented by (c) in Fig. 1.4.5. 

For a simple system such as the mass-spring damper in Fig. 1.4.4 achieving a critically damped system involves 

ǘǳƴƛƴƎ ǘƘŜ ǎȅǎǘŜƳ ǎǘƛŦŦƴŜǎǎ ŀƴŘ Ƴŀǎǎ ŘŜƴǎƛǘȅ ǎǳŎƘ ǘƘŀǘ ʸ Ґ мΦ ¢Ƙƛǎ ōŜŎƻƳŜǎ ƳƻǊŜ ŘƛŦŦƛŎǳƭǘ ŀǎ ŀ ǎȅǎǘŜƳ ōŜŎomes 

more complex and non-homogeneous 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 as the mode shapes or eigenmodes. These shapes are a function of not 

only the material properties and the frequency, as discussed with the simple mass-spring damper system, 

but also the geometry of the system. For a cylindrical system, such as the stator, things get even more 

complicated as the curvature of the structure means that the 3 orthogonal directions (radial, axial, and 

tangential) are all coupled [JG06]. This means that for a complex system there could be an unlimited number 

of different modes across a 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 the more complex 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 flexible modes. 

¶ Rigid body modes: Translation or rotation of a structure without undergoing any significant 

deformation 

¶ Flexible modes: The structure deforms into a series of patterns (modes) dependant on the natural 

frequencies of the structure. For cylindrical structures, the modes can split into 2 categories: 

o Circumferential modes (m): these are deflections in the X-Y plane of the shape 

o Axial modes (n): deflections in the axial (X-Z or Y-Z) plane of the shape 

Each of these will be explored briefly in the following sub-sections.  

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 0Hz. 

These are: 

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

¶ Rotational modes around the X, Y and Z axis (RX, RY, RZ). 

²ƘŜƴ ŀ ŦƻǊŎŜ ƛǎ ŀǇǇƭƛŜŘ ǘƻ ŀƴȅ ƻŦ ǘƘŜǎŜ ƳƻŘŜǎ ŀƴ ƻōƧŜŎǘ ǿƻǳƭŘ ƳƻǾŜ ƻǊ ǊƻǘŀǘŜ ŀŎŎƻǊŘƛƴƎ ǘƻ bŜǿǘƻƴΩǎ мst law 

with no deformation. Applying a constraint to the structure reduces the number of degrees of freedom 

accordingly. Depending 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 to rest. This is assuming the force is not high enough to simply 

knock the structure over. 
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Fig. 1.4.6 Example of non-zero 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], [OD88a]. A general rule of thumb is the highest rigid body frequency should 

be 1/10th that of the first flexible modes [AT00]. If this is found not to be the case, then the methodology of 

constraining the structure must be re-evaluated to attenuate the rigid body mode 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) [JFG06]: 

ὴ ‌ȟὸ ὖ ÃÏÓὶ‌ ‫ὸ (1.17) 
Pmr is the amplitude of magnetic pressure, t is the time, dh is the angular distance from the origin of the 
coordinate system ̟r ƛǎ ǘƘŜ ŀƴƎǳƭŀǊ ŦǊŜǉǳŜƴŎȅ ŀƴŘ Ǌ Ґ мΣ нΣ оΧ ŀƴŘ ƛǎ ǘƘŜ ƻǊŘŜǊ ƻŦ ǊŀŘƛŀƭ ŦƻǊŎŜǎΦ 

The amplitude of Pmr is dependent on the harmonics of the magnetic flux density that are participating in the 

generation of the pressure. These are [JG06]: 

Excited by stator harmonics of the same number, w: 

ὖ
ὄ

τ‘
 (1.18) 

Excited by the stator, w, and rotor, v, harmonics:  

ὖ
ὄ ὄ

τ‘
 (1.19) 

Excited by the rotor, v, harmonics of the same number:  

ὖ
ὄ

τ‘
 (1.20) 

Where w is the stator harmonic number, v is the rotor harmonics number, Bm is the peak magnetic flux 
density and ˃0 is the permeance of free space. 

To obtain the amplitude of the radial force, Frad, at a given order the calculated Pmr can be multiplied by the 

stator inner diameter and stack length (1.21) [JG06]: 

Ὂ ὖ “Ὀ ὒ  (1.21) 
where Frad is the radial force (N), Dsb is the inner diameter of the stator (m) and Lstk is the stack length (m). 
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Considering the circumferential deformation of the stator core the deflection, ɲd, is an inverse function of 

the fourth power of the force order, r (1.22) [JFG06] 

ЎὨᶿ
ρ

ὶ
 (1.22) 

The mode shapes for circumferential modes m = 0 to m = 4 are described in Table 1.4.1 [SJY81], [JFG06]. For 

modes 5 onwards the shapes should be self-explanatory given the explanations of the first 4 modes. 

Table 1.4.1. Description of circumferential modes 0 to 4. 

Mode no Image Description 

m = 0 

 

¶ Shape of part remains the same. 

¶ Diameter expands and retracts from a maximum (red) 
to a minimum (blue). 

¶ {ƻƳŜǘƛƳŜǎ ŎŀƭƭŜŘ άōǊŜŀǘƘƛƴƎέ ƻǊ άǇǳƭǎŀǘƛƴƎέ ŀǎ ǘƘŜ 
part moves between the maximum and minimum 
points. 

m= 1 

 

¶ Unity vibration mode. 

¶ Diameter remains constant. 

¶ tŀǊǘ άǊƻŎƪǎέ ƻǾŜǊ ŀ single point on the outer diameter. 

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

m=2 

 

¶ Outer diameter distorts into oval shape with 2 maxima 
and 2 minima. 

¶ Cycles from the starting position (solid black line) to 
the 1st oval (blue line), back through starting position 
(black line), to the red line and back. 

¶ High level of deflection in this mode means it tends to 
dominate the spectrum [JFG06]. 

m=3 

 

¶ OD distorts into a rounded triangular shape. 

¶ Like Mode 2 the part cycles from start (back) to blue to 
black to red and back to black. 

¶ Occurs at higher frequencies than the mode 2 but 
deflection is lower. 
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m=4 

 

¶ OD distorts into quadrangle shape. 

¶ Again, occurs at higher frequencies (energy levels) than 
mode 3. 

From the 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 described in a similar manner. Here, the cylindrical shape is shown as a section in the 

Y-Z (or X-Z) 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 maxima of the displacement and the blue line 

represents the minima. 

Table 1.4.2 Description of axial modes 0 to 4. 

Mode. Image Description 

n = 0 

 

¶ Top and bottom edges remain parallel. 

¶ Edges move apart and towards each 
other. 

¶ άtǳƭǎŀǘƛƴƎέ ƻǊ ά.ǊŜŀǘƘƛƴƎέ ƳƻŘŜΣ ƭƛƪŜ 
circumferential mode. 

n = 1 

 

¶ Shape becomes trapezoidal. 

¶ Diameters of the cylinder ends shrink 
whilst opposite end grows. 

¶ Shape oscillates between a maximum 
(red) and a minimum (blue). 

n = 2 

 

¶ Upper and lower edges curve 
outwards and inwards. 

¶ Shape resembles ½ wave or a single 
peak. 

¶ High levels of deflection. 

n = 3 

 

¶ Full wave now shown on upper and 
lower edges. 

n =4 

 

¶ Pattern repeats 3 times. 
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Mode 0 provides a uniform displacement along the axial length creating the largest surface area with which 

to displace the surrounding materials [SJY81], [JG06]. In terms of high noise, the literature indicates axial 

mode 0 and circumferential modes 0 to 4 are the modes 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 the chosen 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]. 

The relationship shown in Fig. 1.4.5 can be shown as (1.27) [OD88a]. 

Ὄ‫ ḳ
ὢ‫

Ὂ‫
 (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 indicates it has a magnitude |H(̟)| and 

phase ᷂ H(̟ ) = ˒ ( )̟. What this implies is that given a sinusoidal input force at frequency ˖Σ ŀƴ ƻǳǘǇǳǘ ǿƛƭƭ 

occur at the same frequency with an amplitude dictated by |H( )̟| and a phase offset of ᷂H(̟ ) between the 

output and input. When dealing with linear systems the input/output spectrum can be considered as a 

summation of sinusoids [OD88a], [AT00].  

Given the definition of the FRF above a system can be measured by exciting the structure at specific 

frequencies or simultaneously at 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 section of the 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]: 

 
Fig. 1.4.5 Illustration of the frequency response function [OD88a]. 
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¶ Compliance, how far the part deflects with a given input excitation. 

o X(̟ ) = displacement, typically in meters (m). 

o Resultant function, H(̟), units are meters per Newton (m/N). 

¶ Mobility, how fast the structure moves with a given input excitation. 

o X(̟ ) = Velocity, typically in meters per second (ms-1). 

o Resultant function, H(̟ ), units are ms-1/N. 

¶ Accelerance, how rapidly the structure accelerates with a given input excitation. 

o X(̟ ) = Acceleration, given in g or meters per second per second (ms-2). 

o Resultant function, H(̟ ), units are typically g/N or ms-2/N. 

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 noise and vibration sources in electric machines 

The mechanisms described thus far in the generation 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 mid-муллΩǎΦ Lt is of little surprise therefore to find there 

is very large amount of literature on the subject with a large number of different studies on the root cause 

of noise and vibration; some provide a high-level review such as [PV98] or [TMJ96] but a larger number of 

the papers found look into the different sources as a means of optimising a given machine design [LSH09], 

[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 machines [PV98]: 

¶ Magnetic sources: vibration sources due to the interaction of the magnetic field generated by the 

coils/PMs with the structure of the machine, in particular due to the geometry of the air gap. 

¶ Mechanical sources: vibration sources due to the physical structure and materials of the machine. 

¶ Aerodynamic sources: vibration sources generated by the rotating parts disturbing the air 

surrounding the components. 

¶ Electronic sources: vibration sources due to the switching of the power electronics or non-linear 

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 Fig. 1.5.1. Using 

the map of the 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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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 lie allowing both optimisation of the design of specific areas or fault diagnosis to occur. 

Fig. 1.5.2 below highlights one such approach [LSH09], [MC14]. 

 
Fig. 1.5.2 Noise spectra of different vibration mechanisms. 

From Fig. 1.5.2, 3 noise bands can be seen [LSH09, [MC14]]: 

¶ S1: This moves proportionally to the driving frequency and as such is an effect of commutation 

(phase current switching). This is the MAGNETIC response. 

¶ S2: This is fixed and is an effect of structural resonance. This is the MECHANICAL response. 

o Exceptions to this rule are bearing noise and dynamic eccentricities which increase 

proportionally to the rotor frequency [PV98], [MC14]. 

¶ S3: This spreads as the drive frequency increases and is the result of the PWM frequency. This is the 

ELECTRONIC response. 

Having built a high-level image of how each source contributes to the overall noise spectra a more detailed 

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

1.5.1 Electromagnetic sources 

Fig. 1.5.3 gives a high-level overview of the different magnetic sources of noise. 
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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 the stator. How these waves are established varies for a 

number of reasons. However, machine designers tend to combine the different processes into specific 

categories. [TMJ96] provides a good definition for torque pulsations: 

1) Cogging Torque: Pulsating torque components 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 generated by 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. Reluctance Torque: resulting from the interaction of the current MMFs with the angular 

variation in the rotor magnetic reluctance.  

3)  Pulsating Torque: the sum of the cogging and ripple torque components. 
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There is a further component called unbalanced magnetic force (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 UMF: 

¶ Rotor eccentricity: [ZQZ14] static or dynamic eccentricity means that the air gap is non-uniform so 

one part of the rotor is closer to the stator teeth than another, given it is a square law that dictates 

the force the influence of the eccentricity can greatly multiply the radial forces acting on the rotor 

and stator resulting in high levels of vibration. 

¶ Diametric asymmetric poles/windings: [DI05] fractional slot machines where the slot number, Ns, 

and the pole number 2p differ by one, i.e., 2p = ± 1, may have asymmetry across the rotor resulting 

in UMP and the associated concerns. 

1.5.1.1 Slot/pole number combination 

The discussions into electric machine designs thus far has highlighted that there are a bewildering number 

of different machine topologies available in all manner of possible arrangements. How to choose which 

arrangement is the best is one of the big challenges 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]: 

ὔ
ὔ

ὔὔ
 

(1.24) 

where Nspp = number of slots per pole per phase, Ns = number of slots, Np = number of poles, Nph = 
number of phases. 

If Nspp is an integer, then the machine is described as an integer slot. If Nspp is a non-integer, 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 windings, the former characterises the stator slots whilst the later 

characterises the windings. Fig. 1.5.4 shows 2 SPM machines, a 12S4P (Nspp = 1) and a 15S4P (Nspp = 1.25) to 

illustrate the differences. 

  
(a) 12S4P integer slot PM flux distribution (b)15S4P, Fractional slot PM flux distribution 

Fig 1.5.4 Comparison of static PM flux distributions in an integer and fractional slot SPM machine. 
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It can be seen in Fig. 1.5.4(a) that there is symmetry between the teeth and the poles in the stator as each 

magnet has the same relative position with respect the stator slots giving an additive effect to the cogging 

[CB00], [JRH10]. For the fractional slot, the relationship is less symmetrical as the teeth and the magnet poles 

align differently according 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 winding factors 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], 

[GJL16], [YSC06], 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 which can vary between machines of the same slot/pole 

number. 

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

Classification Definition Example (Slot/Pole) UMF Cogging 

Type I 

Diametric asymmetric 
disposition of slot and 

pole number 
combinations 

3S2P, 3S4P, 9S8P, 
9S10P, 15S14P, 

15S16P 
HIGH LOW 

Type II 

Modular machines, same 
phase windings in 

diametrically opposite 
slots 

6S8P, 12S10P, 
12S14P 

LOW HIGH 

Type III 
Non-modular machines, 
symmetrical windings 

9S6P, 12S8P, 
15S10P, 27S6P, 

18S12P 
LOW LOW 

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

[RI09].  

[HYID13] provides a general rule of thumb for deriving the slot/pole number combination: 

¶ Fundamental winding factor ς Higher winding factor results in higher torque. 

¶ Lowest Common Multiple (LCM) - between number of stator slots and number of rotor poles. A 

larger LCM value implies lower cogging torque. 

¶ Greatest Common Divisor (GCD) - between number of stator slots and number of rotor poles. GCD 

is an indicator of the forcing function shape of tooth force corresponding to the fundamental order. 

o  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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[ZQZ00] developed a useful formula (1.25) to assist in choosing the slot/pole number combination that 

ǇǊƻǾƛŘŜǎ ǘƘŜ ŘŜǎƛƎƴŜǊ ǿƛǘƘ ŀ άƎƻƻŘƴŜǎǎέ ǾŀƭǳŜΣ /T, for minimising the cogging torque. 

ὅ
ὔὔ

ὔ
 (1.25) 

where Np = number of poles, Ns is the slot number and Nc is the lowest common multiple between the 
slot number (Ns) and the pole count (Np). 

¢ƘŜ ƘƛƎƘŜǊ ǘƘŜ άƎƻƻŘƴŜǎǎέ ǾŀƭǳŜ όмΦнфύΣ ǘƘŜ ƘƛƎƘŜǊ ǘƘŜ ŎƻƎƎƛƴƎ ǘƻǊǉǳŜ ώ½v½ллϐΦ It is important to note that 

CT does not denote a torque value, rather indicates which slot/pole number selection will have the highest-

level cogging torque. Although this gives a good method of predicting the severity of the cogging torque in 

machine it does not account for the other key vibration sources such as ripple or UMP.   

[YSC06] developed a method of calculating the vibration frequency in a 12S10P fractional slot machine. The 

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

Ὢ ὔὪ  (1.26) 

Where fd is the dominant vibration frequency, Np is the number of poles and fm is the mechanical frequency 

of the rotor. The paper also concludes that the most important vibration order is dependent on the slot/pole 

number combination, e.g. [YSC06]: 

1. In three phase motors having 3 slots per pole, the vibration mode order is equal to the pole number  

2. In motors having 1.5 slots per pole, the vibration mode order is equal to the pole-pair number.  

3. In motors in which the slot number and the pole number differ by 2, the vibration mode order is 2.  

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

The conclusions in [YSC06] and [RI09] are reinforced in [DI05] where the force components for the UMP are 

analytically derived using the Maxwell stress tensor and compared using finite element results. The results 

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

 

 
(a) 9S8P winding arrangement (b) 9S8P resultant field distribution (on load) 

Fig. 1.5.5 Flux distribution of 9S8P under load [DI05]. 
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It can be seen from Fig. 1.5.5 that the on-load flux distribution in the 9S8P machine is non-uniform 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 unbalanced magnetic force will be experienced. [DI05] 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 densities. This linearity 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.  

[HSK04] provides a detailed investigation into the different torque pulsation components of a 12S4P IPM and 

SPM BLDC machine. The paper draws the following important conclusions to the frequency characteristics of 

the electromagnetic sources in IPM motors [HSK04]. 

1. Cogging torque: lowest common multiple of numbers of slots and poles times the rotor frequency 

(fm) and its higher harmonics. 

2. Ripples of mutual and reluctance torque: 6fm and higher harmonics. 

3. Fluctuations of radial attractive force: number of poles times fm and its higher harmonics. 

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

number combination lies at the heart of it. 

1.5.1.2 Stator slot openings 

The stator slot opening is the gap that separates the tooth tips from each other and allow access 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 between the stator teeth, either from the stator armature or flux from 

the rotor. 

The concern with the slot opening is the relative permeance of the slot, r˃, is 1. Thus, any flux aligned with 

the slot trying to bridge the air gap will deflect and bend to try and reach 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: 

¶ Cogging torque: The rotor PM flux 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. 

¶ Ripple torque: as the rotor spins in the changes in permeance create high frequency pulses, at the 

frequency determined in (1.27) [HSK04].  
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Ὢ ὲὔὪ  (1.27) 

where frip is the ripple frequency, Ns is the slot number, fm is the rotor frequency and nh is the harmonic 
order. 

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

 
 

(a) No load (b) Full load 
Fig 1.5.6 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 saturates 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 slotting effect is a challenging task due to the non-linearities involved. 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]. 

Ὣ ὑὫ
ὒ

‘
 (1.28) 

ǿƘŜǊŜ ƎΩ ƛǎ ǘƘŜ ŜŦŦŜŎǘƛǾŜ ŀƛǊ ƎŀǇΣ Ǝ ƛǎ ǘƘŜ ƳŜŎƘŀƴƛŎŀƭ ŀƛǊ ƎŀǇ ƭŜƴƎǘƘ όǎǘŀǘƻǊ ōƻǊŜ ǘƻ ǊƻǘƻǊ h5ύΣ Lm is the magnet 

length (in direction of magnetisation), and ɛrec is the relative recoil permeability. Kc ƛƴ όмΦнуύ ƛǎ ǘƘŜ /ŀǊǘŜǊΩǎ 

coefficient, which in its most basic form is a function of the ratio of the slot opening width and the air gap 

width. It has numerous derivations [DH12], [JRH10], [JFG06], [CGV70] according to the machine type (e.g. 

induction or PM [JFG06]), position of the rotor to the stator (axial, radial interior or exterior) as well as the 

ǎǘŀǘƻǊ ǘƻƻǘƘ ŘŜǎƛƎƴǎΦ hǘƘŜǊ ǿƻǊƪ ǎǳŎƘ ŀǎ CǊŜŜƳŀƴΩǎ ƳŜǘƘƻŘ ώ9aCснϐ ƻǊ ½Ƙǳ ώ½v½фоϐ provide more accurate 

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 non-linearities created by the 

tooth saturation and the fact that the system permeance is affected by aspects such as core temperature 

and the B-H properties of the material means that finite element methods tend offer the more accurate 

means of predicting the performance. Using the FE tool of course comes at a price; expensive and complex 

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

combinations of IPM machines by [ZQZ00], the results are in fig 1.5.7. 

 
Fig. 1.5.7 Influence of slot opening distance on cogging torque with different slot/pole number 

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 of the slot/pole number combination is again highlighted with the integer 

slot machine (12/4) having a much higher cogging torque than the fractional slot machines. Compensating 

for the slotting effect in the design is difficult to countermeasure as that there still needs to be some slot 

opening in order to allow the windings to be inserted and prevent short circuit flux paths. However, some 

methodologies are covered later in this chapter. 

1.5.1.3 Winding distribution 

The winding distribution is intrinsically linked to 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 time have developed a 

large variety of different winding methods to maximise the performance of the machine beyond the simple 

distributed and concentrated definitions provided earlier. The measure of the flux linkage between a coil and 

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

factor of the stator [JRH10].  

¶ Coil span factor (Ksp): electrical angle of the arc covered by each coil. The fundamental coil span factor 

can be calculated as follows (1.29) [JRH10]:  

ὑ ίὭὲ
‌
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 (1.29) 

where h cp is the coil pitch in electrical degrees, defined as: 

‌  
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(1.30) 

where Np = number of poles and Ns = number of slots 

¶ Distribution factor (kd): dictates the spread of the flux from the coil. On a distributed wound machine 
this should be unity as the coil span = pole span. Can be calculated as (1.31) [DH12]: 
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(1.31) 

where Nspp = number of slots per pole per phase. 

The final winding factor (Kw) is then (1.36) [DH12]: 

ὑ ὑ ὑ  (1.32) 

A winding factor of 1 means 100% linkage of all the flux between the coil and magnets, less than one means 

the flux linkage is lower and therefore the torque is lower [JRH10], [DH12], [FM03]. Using eqns. (1.29) to 

(1.32) the maximum winding factor for a number of different slot pole combinations with dual layer windings 

can be calculated [FM03], [EM20]. 

Table 1.5.2 Maximum winding factor for dual layer wound machines with different slot pole number 
combinations [EM20] 

        Poles 
Slots  

2 4 6 8 10 12 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 0.866 0.945 0.945 0.866 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 1 0.617 0.735 0.866 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 number combination: 

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

¶ Orange: Integer slot winding, number of slots/pole/phase is an integer. 

¶ Blue: Fractional slot winding, number of slots/pole/phase is fractional and greater than 1. 

¶ Green: Concentrated winding, number of slots/pole/phase is fractional and strictly less than 1. 

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

fractional slot.  

¶ Concentrated winding typically referred to distributed winding. 

¶ Fractional slot refers to integer slot. 

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

more common 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 means average 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 slot winding mean effort 
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is being placed into fractional slot windings [DI05], [DI06], [ZQZ07a], [YH97]. [FM07], [FM03]. With a high 

enough slot/pole number combination it is possible for a fractional slot machine to show similar performance 

[ZQZ07b]. However, there 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 losses due to higher 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 arrangement can produce. A good illustration of the difference is shown in Fig. 1.5.8 [JZ18] where a 

72 slot, 12 pole distributed wound machine is compared with an 18 slot 12 pole single layer concentrated 

wound machine of the same key specifications (torque, speed, power, stack length and stator outer 

diameter). 

 
Fig 1.5.8 Comparison of the MMF harmonics in the distributed wound and concentrated wound 

machines [JZ18] 
The contrast in spectral content of the MMF is stark between the distributed wound machine, shown as blue 

bars in Fig 1.5.8, and the single layer concentrated wound machine (yellow bars in Fig 1.5.8). These harmonics 

increase iron losses and contribute to the ripple torque having implications on the vibratory 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 rotor topology 

The layout of the magnets in the rotor 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: 

¶ The layout of the magnets is only constrained by the pole arc (dictated by the selected number of 

poles) and not constrained by the slot geometry like the armature coils. 

¶ The PM flux is DC and constant, it cannot vary like the armature coils. 
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¶ The PM material is typically sintered and mechanically weak requiring a careful balance between 

adding strengthening features and the level of flux leakage [ECL04], especially for high-speed design. 

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). [ZQZ00], [ZQZ03] detail how the pole-arc to pole pitch ratio can influence the cogging torque 

with the resultant cogging torque vs. pole-arc to pole pitch ratio shown in Fig. 1.5.10(b). 

 

 
(a) Definition of pole pitch and pole arc (b) Influence of pole pitch to pole arc ratio on 

cogging [ZQZ00] 
Fig. 1.5.10 Effect of pole-arc to pole-pitch ratio with different slot/pole number combinations on cogging 

waveforms [ZQZ00]. 

Using the trends set out in Fig. 1.5.10(b) [ZQZ00] provides a formula that obtains the optimal pole arc to pole 

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

‌
ὔ ρ

ὔ
Ὧ  (1.33) 

where: kfr is an offset to account for fringing and ranges from 0.01 to 0.03 depending on the air gap and 
N  his given in (1.34) 

ὔ
ὔ

ὔ
 (1.34) 

where Nc is the LCM between the slot number and the pole number, Np. 

k2 in (1.34) is used to account for the fringing effect on the stator tooth and is dependent on the airgap length 

[ZQZ00]. 

Earlier in the chapter it was explained that the primary difference between an IPM machine and an SPM 

machine is the saliency of the IPM machine 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 and slot/pole number 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 [TJK01]. 

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

arrangements: 

¶ 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). 

¶ The effects of saliency on the IPM machine Ŏŀƴ ōŜ ŎƭŜŀǊƭȅ ǎŜŜƴ ōȅ ǘƘŜ άƴƻǘŎƘŜǎέ ƻƴ ǘƘŜ ǇƻƭŜ ǉ-axis, 

starting at 45°from the x-axis and repeating in 45° steps, lining up with the flux barriers of the IPM 

machine in (a). 

¶ The SPM is much smoother, and however, the effect of the inter-pole magnet can be observed on 

the q-axis of each pole (again these are in 45° steps starting at 45° from the x-axis) 

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

unbalanced forces when subject to eccentricities [TJK01], [KTK01]. Fig 1.5.12 highlights this factor. 

 
Fig 1.5.12 Effects of rotor eccentricity on UMF of IPM vs. SPM [TKJ01]. 

[TKJ01] notes that not only are the unbalance forces on the IPM machine significantly higher, but the effect 

is non-linear as the eccentricity 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 eccentricities than a similar SPM machine [TKJ01], [KTK01]. 
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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 multi-layered 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 variations in d- and q-axis inductances [YH97], [EA15]. Analysis by [YH97] shows that 

the 2 layers provides the most effective boost for the q-axis inductance; 3 or more does increase the saliency 

but the gains are much lower than the step from single layer to 2 layers. 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 into so-called permanent magnet 

assisted synchronous reluctance machines (PMaSynRM) that look to utilise this feature using low-cost 

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 power electronics provide the critical role of converting the DC voltage from the battery in the vehicle 

into an AC waveform.  

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

1.5.2.1 Drive signal waveform, AC 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], [JRH10], [DH12], [ZQZ06], [YFS06] and the differences are best 

summarised in Fig. 1.5.14 [YH09]. 
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Fig. 1.5.14 Torque harmonics of 8-pole 12-slot machine at 1200rpm (480Hz electrical) [YH09]. 

The rich harmonic content is of course a well understood phenomenon, but 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 PWM carrier signal 

The concern with the PWM signal lies with the carrier signal switching frequency [TGH91], [SLC03]. The 

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 spectrum of hearing this is not 

realistic, for two key reasons [BD09], [JD15]: 

1. LƴŎǊŜŀǎŜŘ ǎǿƛǘŎƘƛƴƎ ƭƻǎǎΦ LD.¢ǎ ǎǳŦŦŜǊ ƘƛƎƘŜǎǘ ƭƻǎǎ ǿƘŜƴ ƳƻǾƛƴƎ ŦǊƻƳ άƻƴέ ǘƻ άƻŦŦέ; the more the 

IGBT has to move between the two states, the higher the net-switching loss, in 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 strain on the bond wires between the 

semiconductor material and the power supply copper.   

¢ƘŜ ƘŀǊƳƻƴƛŎǎ ƎŜƴŜǊŀǘŜŘ ŀǎ ǘƘŜ ǎǿƛǘŎƘ ŦƭƛǇǎ ŦǊƻƳ άƻƴέ ǘƻ άƻŦŦέ ƛƴǘŜǊŀŎǘ ǿƛǘƘ ǘƘŜ ŦǳƴŘŀƳŜƴǘŀƭ ŦƭǳȄ ǿŀǾŜ in 

the air gap [TGH91], [AB12], [PV98], [MC14], [AS16], [CL19], [SLC03]. Generally, for a PWM source the tones 

generated are of the order k*fc, where k is the order number and fc is the carrier frequency [SLC03], [AS16]. 

Thus, for a machine utilising a carrier switching frequency of 10kHz, tones could be excepted at 10kHz, 20kHz 

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

 
Fig. 1.5.15 Measured PWM tones on induction machine, 1000rpm, Fc = 1kHz [TGH91]. 
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Much of the work around this phenomenon is more focussed on the electromagnetic interference the 

machine generates [AB12], [SLC03], 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 regulated within the automotive industry due to the potential disruption to the increasing array 

of microcontrollers on-board, and is set to become even stricter with the advent of self-driving vehicles. 

1.5.2.3 SVPWM Control. 

The PWM frequency and duty cycle dictate the voltage 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 so-called space vector PWM (SVPWM) technique [JTB90], [JAH84]. 

The switching sequence is shown in Fig. 1.5.16. 

 

 

(a) Simple 3 phase Inverter 
(b) Inverter output with inverter leg switching 

states required to generate rotating voltage vector, 
V 

Fig. 1.5.16 SVPWM switching method based on [JTB90]. 
 

A core advantage of the SVPWM technique is it has a 3rd harmonic deliberately added into the pseudo-

sinusoidal output voltage of the inverter [JTB90], ǘƘŜ ǇǳǊǇƻǎŜ ƻŦ ǿƘƛŎƘ ƛǎ άŦƭŀǘǘŜƴέ ǘƘŜ ǇŜŀƪǎ ƻŦ ǘƘŜ ǾƻƭǘŀƎŜ 

waveform, effectively boosting the voltage of the inverter [JAH84] and providing the machine with more 

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 offsetting the need to flux weaken is a useful feature to reduce current 

consumption, in particular when driving at highway speeds, allowing the vehicle range to be maximised. With 

this benefit comes some cost however as deliberately injecting harmonics into the machine will 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 modulation wave, y(t) for the output pulse width from the inverter, eqn. (1.35), based 

on the fundamental and the third harmonics [WL14]. 

ώὸ ὓ ÓÉÎ‫ ὸ ‚ÓÉÎσ‫ ὸ (1.35) 

where: ὓ
Ѝ

 (1.36) 

and: ‚
Ѝ

 (1.37) 

where am ƛǎ ǘƘŜ ƳƻŘǳƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘΣ лҖ am ҖмΣ ˖mod is the modulation angular speed and M is the 

modulation ratio and ˅hsf is the scaling factor between the 3rd harmonic and the fundamental. 

1.5.2.4 Flux weakening control 

Utilising field weakening control [SM89], [TMJ87] current can be injected into the d-axis in order to advance 

the stator field angle relative to the rotor field, encouraging more flux along the q-axis path generating the 

reluctance component. As was discussed previously this requires some care as the injection of -Id current 

suppresses the flux linkage from the PMs (m̞) 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 0° and 45°. 

  
όŀύ L Ґ нсΦт!ǊƳǎΣ ʲ Ґ лϲ όōύ L Ґ нсΦт!ǊƳǎΣ ʲ Ґ прϲ 

Fig. мΦрΦмт /ƻƳǇŀǊƛǎƻƴ ƻŦ ŦƭǳȄ ŘƛǎǘǊƛōǳǘƛƻƴǎ ƛƴ ŀƴ Lta ƳŀŎƘƛƴŜ ǿƛǘƘ ʲ Ґлϲ ŀƴŘ ʲ Ґ прϲΦ 

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 tooth forces. Using an 8-pole 12 slot spoke-type IPM 

machine [DYK13a] did an in-depth FE investigation on the forces experienced across the air gap at different 

current (ɓ°) angles, Using the resultant radial and tangential forces can be seen in Fig. 1.5.18. 

  

(a) Calculated rŀŘƛŀƭ ŦƻǊŎŜ ƻƴ ǘƻƻǘƘ ŀǘ ŘƛŦŦŜǊŜƴǘ ʲϲ 
(b) Calculated tangential force on tooth at different 

ʲϲ 
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(c) Acceleration of the 8th harmonic due change of phase angle 

Fig. 1.5.18 Calculated influence of incrementing the current angle on the air gap forces and ripple [DYK13a]. 

From Fig. 1.5.18(a) there is a marked decrease in the radial forces whilst in (b) there is increase in the 

tangential magnetic force and the torque ripple with increasing phase angle. However, the effect is non-

linear, as highlighted in analysis of the 8th harmonic (EMF harmonic). This 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 force profiles 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 inductance 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 aspects are can be 

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 and load the machine is driving. 

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

From Fig. 1.5.19, it can be seen that there are a large number of 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 mechanical noise 

[LSH09], [JFG07], [YSC06], [KTK01], [MEHB93]. If the 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 in the literature. 

Table 1.5.3 highlights the effect key features have on the vibratory performance. 

Table 1.5.3 Effect of stator features on vibratory performance  

Feature Effect Ref 

Slot/pole 
number 

combination 

Pole count dictates back iron thickness  
o Higher pole number = thinner back iron 
o Thinner iron = reduced stiffness 

Slot geometry strongly contributes to mode shape 
o Thin back iron with thick tooth means high risk of 

encountering low order mode 
o Low order mode = higher displacement & induced 

vibration 

[JRH10], [DH12], 
[MSI14], [RI09], 
[EC15], [PV98], 
[SAL01], [WC01] 

Tooth width and 
tooth tip 

Tooth tip design ς large tooth tip with tight slot opening on thin 
tooth represents poorly constrained mass that can have multiple 
low frequency modes 
Tooth modes can have limited influence when back iron is thick. 

o Main concern is rapid motion due to tooth mode can 
accelerate fatigue of tooth, especially at yoke interface 

[MEHB93], 
[SAL01], [EC15] 
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Windings 
(active length) 

Contribution of overall system winding mass and stiffness due to 
potting strongly contributes to frequency performance 

o Mass due to windings tends to lower natural frequencies 
o Stiffness due to copper and potting material increases 

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

[SAL01], [KI02], 
[SN87], [WC02], 

[JS14] 

Winding (end 
windings) 

Large mass with stiff structure  
Influence of end winding strongly linked to winding method 

o Balance of mass and stiffness act to attenuate effect of 
end winding on concentrated wound machine [SAL01]. 

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

[KI02], [SN87]. 
[SAL01] 

[RI09], [MSI14] and [EC15] show that low order modes which are characterised by high displacement have a 

much higher influence on the vibratory performance than just the radial 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 frequency as the 

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 the difference 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 18S14P stators of 
same inner and outer diameter [EC15] 

[PV98] and [SJY81] highlights that given the geometric complexity of the stator, the equations describing the 

mode shape changes as the mode number increases, making predicting the noise and vibration analytically 

beyond the first 2 or 3 modes computationally intense and time consuming. This lends the design process to 

utilising FE analysis methods and is indeed the primary methodology use in much of the literature [MEHB93], 

[SAL01], [HYID13], [KD14]. [RP16] etc. 
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1.5.3.2 Influence of materials 

The resonant natural frequency όмΦрύ ƛǎ ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ 9Σ ŀƴŘ ǘƘŜ Ƴŀǎǎ ŘŜƴǎƛǘȅ ƻŦ ǘƘŜ 

component. These aspects are dictated by both the geometry of the part and the material(s) utilised. For the 

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

¶ The cores are formed by thin magnetic steel laminations of thickness Tfe which are separated by very 

thin layers isolation material. Many layers are stacked to form the active length, Lt. 

¶ These isolation materials act to electrically isolate the plates to mitigate eddy currents in the core 

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

A simplified lamination structure is illustrated in Fig. 1.5.21. 

 
Fig. 1.5.21 Simple illustration of the laminated stacks and key measurements, Tlam = plate thickness, 

Lstk = active length of stack. 

This means that the full active length of the core is formed of the sum of the steel and the inter-plate material. 

The ratio of magnetic steel to epoxy is called the stack factor, sʟ, and is defined in (1.38). 

 

The implications of this from a structural standpoint is that the material is orthotropic; that is the material 

properties in the X-Y plane (radial) differs from the Z-X 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 material properties [CP08] 

Property Stator core Epoxy Units 

Material M250-35 Epoxy (E645)  

Density 7600 1186  Kg/m3 

¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ 200 3.44  GPa 

tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ 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 

‰  
ВὝ

ὒ
ρππϷ (1.38) 
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stress and strain measurements on samples of 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 [RP16] which reduces 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 stator stack, effectively treating the stack as 

a composite material. The theory [RP16] [MVDG12] [PPB96] is to combine the key characteristics of the 

component parts of the stator structure (steel plates, epoxy) to form a single material that can be applied to 

the existing 3D shape of the part. An important point here is that there is a separate value for the moduli on 

the X-Y (radial) plane and the Z-(axial) plane. This is due to the fact that the strength of the magnetic steel 

will dominate for the radial plane, but the epoxy will have a tangible influence on the axial strength of the 

stack, in particular under tensile load. ¢ƘŜ Ŝǉǳŀǘƛƻƴǎ ǳǎŜŘ ǘƻ ŘŜŦƛƴŜ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻŦ ǘƘŜ άŎƻƳǇƻǎƛǘŜέ 

stator material [MVD12], [RP16] are listed in Table 1.5.5.  

Table 1.5.5 Equations to combine material properties [RP16], [MVDG12]. 

Property Equation Unit Eq# 

Density  kg/m3 (1.39) 

¸ƻǳƴƎΩǎ 
Modulus 

 
Pa 

(1.40) 

 
(1.41) 

Shear modulus 

 

Pa 

(1.42) 

 
(1.43) 

 
(1.44) 

 
(1.45) 

tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ 

 
 - 

(1.46) 

 
(1.47) 

Symbols 

ˊ Ґ ŘŜƴǎƛǘȅΣ E Ґ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ G = shear modulus, v Ґ tƻƛǎǎƻƴΩǎ ǊŀǘƛƻΣ s˒ = stack 
factor 
Xf = steel property, Xm = Epoxy property 
Xxy = XY ςplane, Xz = Z-plane (axial) 

What is important in each of the above equations is that the stack factor (1.38) is key to deriving the 

properties of the material. By using the formulae in Table 1.5.5 and varying the stack factor from 0.5 to 1 the 

influence on the mechanical properties of the stator can be analytically calculated. The results are shown in 

Fig. 1.5.22. 
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(aύ LƴŦƭǳŜƴŎŜ ƻŦ ǎǘŀŎƪ ŦŀŎǘƻǊ ƻƴ ¸ƻǳƴƎΩǎ modulus 
on the XY plane and the Z-axis in the composite 

material 

(bύ LƴŦƭǳŜƴŎŜ ƻŦ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ƻƴ ǘƘŜ ·¸ ǇƭŀƴŜ ŀƴŘ 
the Z-axis in the composite material 

 
(c) Composite density vs. stack factor 

Fig. 1.5.22 Characteristics of the composite with varying stack factor (0.5-> 1) [RP16]. 
From Fig 1.5.22, it can be seen that: 

¶ Density changes linearly with stack factor 

¶ X-¸ ǇƭŀƴŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŀƴŘ tƻƛǎǎƻƴ Ǌŀǘƛƻ ŎƘŀƴƎŜ ƭƛƴŜŀǊƭȅ ǿƛǘƘ ǎǘŀŎƪ ŦŀŎǘƻǊ 

¶ Z-¸ ǇƭŀƴŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŀƴŘ tƻƛǎǎƻƴ Ǌŀǘƛƻ ǎƘƻǿ ƴƻƴ-linear relationship with very sharp rise in 

between stack factors of 0.9 and 1 

The practical effect of this is that in the case of 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 again non-homogenous structures 

formed of: 

¶ Strand of copper wire forming the turns of the winding 

¶ Enamel coating to electrical insulate the wire strands 

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

the winding to the stator core (potting).  

[KI02] provides an ŜƳǇƛǊƛŎŀƭƭȅ ŘŜǊƛǾŜŘ ŎƘŀǊǘ ƻŦ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƻŦ ǘƘŜ ǿƛƴŘƛƴƎ ƛƴ-slot. Within the paper 

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

empirical equation derived based on a best fit curve through the collated data (1.48) [KI02].  

Ὁ πȢπππτὛ πȢπςρςὛ πȢφωτ (1.48) 
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Eslot ƛǎ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƻŦ ǘƘŜ ǎƭƻǘ όƛƴ Dtŀύ ŀƴŘ { ƛǎ ǘƘŜ ǎƭƻǘ Ŧƛƭƭ ŦŀŎǘƻǊ όŀǎ ŀ ҈ύΦ ¦ǎƛƴƎ (1.48) a general trend 

ƻŦ ǘƘŜ ǎƭƻǘΩǎ ƳƻŘǳƭǳǎ Ŏŀƴ ōŜ ƎŜƴŜǊŀǘŜŘ ŀƴŘ ƛǎ ƛƭƭǳǎǘǊŀǘŜŘ ƛƴ Fig. 1.5.23(a). 

 

 

 

(a) ̧ ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƻŦ ǿƛƴŘƛƴƎ ƛƴ ǎƭƻǘ ǾŜǊǎǳǎ ǎƭƻǘ 
factor (30% -> 80%) 

(b) Example section of slot measured in [KI02] 

Fig. 1.5.23 Results of empirical measurement by [KI02] and example slot cross section. 

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 machine. The work also gives the assumption 

that the calculated composite material is isotropic i.e., Ex = Ey = Ez.  

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]. 

ὑ
ὔ ὃ

ὃ
 (1.49) 

where Ksf is the slot fill factor, Nstr is the number of strands in the slot, Astr is the area of one strand (including 

coating) and Aslot 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 the required speed range perfectly smooth. Unfortunately, 

in the real world there are manufacturing and material tolerances which can stack up meaning that if not 

carefully controlled can lead to misalignments in the machine. The two types of eccentricity are [DGD94], 

[IPB12], [ZQZ14]: 

¶ Static eccentricity: this 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 

¶ Dynamic eccentricity: this is where the rotor spins on the central axis of the stator but rotates in an 

eccentric manner (whirls) due to an unbalance in the rotor, where this is mass, the bearings or 

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

  
(a) Static eccentricity, rotor spins on own axis, Ortr, 

offset from stator axis, Ostr 
(b) Dynamic eccentricity, rotor axis, Ortr, rotates 

around the stator axis, Ostr. 

Fig. 1.5.24 Illustration of static and dynamic rotor eccentricities with the rotor centre of rotation, Ortr, 
offset from the stator central axis (Ostr) based on [ZQZ14]. 

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 stator bore centre ƭƛƴŜ όάƛŘŜŀƭ ŀȄƛǎέύ. Fig. 1.5.25 gives some examples of 

where the geometric tolerances [XI05], [DGD09] within the machine can lead to static eccentricities. 

  
(a) Casing bore, cylindrical misalignment (b) Bearing seat, concentric misalignment 

Fig. 1.5.25 Examples of geometric tolerance on static eccentricity. 

A key point of the above is that the eccentricity is driven by the overall geometric tolerances of the structure. 

¶ Each component in an assembly has its own geometric tolerances according to the materials and 

process of manufacture. 

¶ These tolerances combine in the assembled structure, a phenomenon called stack-up. This is very 

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

individual tolerances but when combined (stacked up) the final system can be misaligned giving the 

machine a static eccentricity.  
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Dynamic eccentricity is more complex and harder to characterise than static owing to the fact it is dictated 

by a number of factors such as poor dynamic balancing of the rotor [PD14], misalignment in the driven load 

or more fundamental issues like poor specification of the rotor shaft material means it flexes/bends at high 

speeds [RM14], high bearing deflection [RM14] or the speed of rotor exciting a natural mode of the rotor 

causing large deflections [RM14]. Fig. 1.5.26 below illustrates some examples of dynamic eccentricity: 

 

 
(a) Effect on rotor centre of gravity due to mass 

imbalance 
(b) Rigid body mode due to bearing deflection 

[RM14] 

  
(c) Shaft 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 the influence 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 [RM14] 

 
Bearing 
stiffness 

Support 
stiffness 

Rotor stiffness Rotor mass 

Bending mode LIGHT MODERATE HEAVY MODERATE 

Rigid body 
mode 

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 frequency (1.50) [PV98]: 

Ὂ
Ὧὔ

φπ
 

(1.50) 

Shaft

Core
FR 

bearing

RR 
bearing

Unbalanced mass CoG

Rotor centre line

Inertia centre line
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where Fru is the unbalanced force N = rotor speed (rpm) and k is a positive integer. 

To avoid dynamic eccentricity due to rotor modes Campbell diagrams [FCN07] 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 a so-called 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 operating speed 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 bearings 

The bearings within a machine are a critical component as they suspend the rotor in the correct position 

within the stator in order to avoid the aforementioned issues with eccentricity. Bearings are a non-stiff 

component within the drive system giving the rotor some flexibility, in particular in the axial direction. There 

are many types of bearings rated to a variety of loads and speeds. However, from a general perspective an 

electric machine manufacturer will tend to choose between sleeve bearings and rolling bearings [PV98].  

The causes of noise due to sleeve bearings are [PV98]: 

¶ The roughness of sliding surfaces.  

¶ Lubrication: type, and age. 

¶ Stability of oil film in the bearing, in particular at high speeds and loads. 

¶ Manufacturing faults. 

Roller bearings offer a lower cost solution but the ball bearings moving within the larger bearing assembly 

can be the source of some noise, in 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 of the ball bearings. 

¶ Ingress of dirt and other foreign material. 

¶ lubrication conditions. 

¶ The natural frequencies of the outer ring and covers etc.  

¶ Running speed and load, in particular where phenomena such as lubrication starvation occurs. 

¶ Operating temperature relative to bearing spec. 

¶ 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. 

¶ Bearing alignment. 

The exciting forces are summarised in Table 1.5.7 [PV98]. 
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Table 1.5.7 Bearing excitation forces [PV98] 

Source Equation Eq.no 

Rotor imbalance/eccentricity Ὢ
ὔ

φπ
 (1.51) 

Axial grooves Ὢ
ὔὔ

φπ
 (1.52) 

Irregularities in ball cage Ὢ ͺ

ὔ

φπ

ὶ

ὶ ὶ
 (1.53) 

Defects in bearing outer ring Ὢ ͺ ὤ
ὔ

φπ

ὶ

ὶ ὶ
 (1.54) 

Variation of bearing stiffness Ὢͺ ὯϽὤ
ὔ

φπ

ὶ

ὶ ὶ
 (1.55) 

Symbol meaning: 
N = rotor speed (rpm), Ng = number of grooves, ri = inner radius of 

cage, ro = outer radius of cage, Zb = number of ball bearing, k = 
positive integer. 

Bearings act as the primary mechanical loss mechanism. Failure of the bearings can result in increasing levels 

of acoustic noise as the bearing wear or in the extreme case complete failure of the machine (rotor impacting 

stator). A primary objective of reducing vibration within a machine is to minimise wear on the bearing given 

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 Load induced and structural sources 

The electric machine on an EV does not run-in 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 

άŦǊŜŜ ōƻŘȅέ ŜȄŀƳǇƭŜΦ Within the literature the focus tends to be on the stator structure [SAL01], [DI05], 

[WL18], where casing is included [RP16], [ZT04], [WC01] it tends to be simple cylindrical structures to avoid 

model complexity. [WC02] study the effects of end-bells and windings on an air cooled SRM machine by 

taking developing 3D models of the machine comparing modal performance with and without the end bells 

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

conclusions from [SAL01] and [SN87] with regards to the influence of the windings [WC02] also concluded: 

¶ End-bells must be included in model to determine 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 structure. [ZQZ99] implemented a more practical study 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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¶ The mounting and shaft-coupling can significantly affect the natural frequency and consequently the 

radiated acoustic noise.  

¶ The mounting will introduce additional natural frequencies, and also restricts the vibration of the 

stator, changing the dynamics of the vibration modes.   

¶ Shaft-coupling of the rotor to the load constrains the rotor movement, and, therefore, both increase 

the stiffness of the motor and hence can reduce the emitted acoustic noise.  

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

negligible 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 driveline. 

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 processes, have 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 cooling typically requires fluid cooled to 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 loss and potentially generating noise. Fig. 1.5.27 highlights the mechanisms 

that can create aerodynamic noise. 

 
Fig. 1.5.27 Aerodynamic sources of noise in electric machines. 
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Windage noise refers to the noise and associated losses generated 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 dealing with windage discuss the influence of the noise on induction machines [WRF91] and 

SRM machine [KK14a] where 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 the rotor for cooling. Examples of the kind of saliency 

on the rotors can be seen in Fig. 1.5.28 where the complexity goes from a non-salient smooth bore in (a) to 

the extreme of an SRM rotor in (d). 

  

(a) Smooth Circumference IPM machine 
(b) Notch applied to d-axis, increased disruptions 

to air. 

 
 

(c) Open frame induction machine with extended 
bars for cooling [WRF91] 

(d) SRM for hybrid vehicle traction system showing 
salient poles 

Fig. 1.5.28 Examples of machine saliency from smooth bore IPM to highly 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], [PV98]). However, some windage will occur due to laminar flow of the air 

surrounding the rotor [JEV68] 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 core etc. It is of particular relevance 

when the rotor is profiled (Fig 1.5.28 (b)) in order to tune the air gap flux harmonics (see later in this chapter); 

in this case the added saliency will disturb more of the air in the air gap and introduce additional windage 

loss which must be accounted for in case the benefits from adding the feature is negated by the additional 

windage losses induced. 
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Fig. 1.5.29 shows the difference in loss between a cylindrical rotor such that shown in Fig. 1.5.28(a) and an 

SRM rotor with high saliency of the type shown in Fig. 1.5.28(d) and rotor. 

 
Fig. 1.5.28 Influence 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 

ƛǘ ŦǊƻƳ ōŜƛƴƎ άōŀŎƪƎǊƻǳƴŘέ ƭƻǎǎ of a few 100W to a primary loss component of > 1kW. This 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 

fundamental aspect 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 associated with the 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 combination & 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 the issues 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 the literature. 

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 impacting the efficiency by having a large end winding and associated losses 

and parasitic end-effects. The concern with the windings is the layout is constrained by the slots which means 

a pure sinusoidal distribution is impossible. Typically, the technique is a compromise and looks to target the 

more troublesome lower harmonics such as the 5th or 7th harmonic [BN91], [JRH10] with the assumption the 

balanced nature of the 3-phase winding will reject the 3rd harmonic. Table 1.6.1 highlights some of the key 

methodologies. 

 

Table 1.6.1 Examples of winding distribution techniques to mitigate vibration 

Method Description Refs Advantages Disadvantages 

Number of 
phases 

Increase number of 
phases  

[JRH10], 
[TMJ96], 
[EF93] 

V Reduce torque ripple 
V Improved winding 

utilisation 

ʋ Increased number of 
inverter switches  

ʋ Limited influence on 
cogging torque 

ʋ Limited gains vs. cost 
beyond 3 phases 

Lap winding 

Distributed 
winding, 2 coils per 

pole, one coil 
overlaps the other 

[JRH10], 
[DH12], 
[TI15] 

V High torque 
V Good reluctance torque 

capabilities 
V Very high slot fill factors. 
V Low MMF harmonics 

ʋ Difficult to wind, typically 
manual installation 

ʋ Very long end windings 
ʋ Integer slot ς high 

cogging torque 

Concentric 
winding 

Distributed 
winding, 2 coils per 
pole, one wound 

concentrically over 
the over 

[JRH10], 
[TMJ96] 
[WO05] 

V Suited for automated coil 
insertion 

V Good slot fill factor 
V Adjustment of coil-turns 

enables limited tuning of 
air gap harmonics 

ʋ Lower average torque vs. 
lap wound 

ʋ Long end windings 
ʋ Integer slot ς high 

cogging torque 
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Short 
(fractional) 

pitch 
winding 

Coil is deliberately 
inserted such that 

it spans < 180° 
electrical 

[TMJ96], 
[BN91], 
[JS16] 

V Better freedom to shape 
back EMF 

V Improved THD 
V Improved iron loss due to 

reduced harmonics 
V Can be designed to reject 

specific harmonics (5th, 7th 
etc.) 

V Reduced end winding 
length 

ʋ Lower winding factor = 
less flux linkage 

ʋ Less flux linkage = Lower 
average torque 

ʋ Only practical to target 
low order harmonics, 
higher frequency 
harmonics still exist 

Dual layer 
concentrated 

winding 

Two coil ends per 
slot rather than 
one coil end per 

slot in single layer 
in fractional slot 

machine 

[FM03], 
[FM07], 
[ZQZ09], 
[LC11] 

V Reduced end winding 
length vs. single layer 

V Significant reduction in 
MMF harmonics VS single 
layer 

V Maintains advantage of 
low cogging torque with 
single layer machine 

V Good field weakening 
capabilities  

ʋ Lower winding factor vs. 
single layer [FM03]. 

ʋ Harmonics still higher 
than distributed 

ʋ More difficult to wind vs. 
single layer. 

Alternative 
tooth 

concentrated 
wound 

Armature coils 
wound on every 2nd 

tooth 

[DI06], 
[AGJ96], 
[JDE02] 

V Improved winding factor 
over all-tooth wound 

V Higher torque 
V Low cogging torque 

ʋ Longer end windings vs. 
all tooth wound 

ʋ Higher ripple in BLAC 
mode 

ʋ Winding factor sensitive 
to slot/pole number 

ʋ Poor reluctance torque 
capabilities 

Air gap 
winding 

Coils are located 
directly in the air 

gap, either bonded 
or attached with 

nonmagnetic 
structure 

eliminating the 
stator teeth 

[JRH10], 
[DW10], 
[NB12], 
[KSI06] 

V No teeth mean no cogging 
torque 

V No tooth saturation 
V Lower iron loss (less iron) 
V Excellent packaging 

potential 
V Less constraints on winding 

layout 

ʋ Retention challenging 
ʋ Larger air gap vs. slotted 

machine 
ʋ Larger magnets required 

to compensate for large 
air gap ς higher cost 

ʋ Challenging thermal 
management  

Parallel 
paths. 

Dampen UMF from 
eccentricity using 
ǘƘŜ άŜǉǳŀƭ ŦƭǳȄέ 

[ELR65] property of 
parallel stator 

windings. 

[DGD94], 
[AB07], 
[IPB12] 

V Mitigate UMF generated 
by rotor eccentricity 

V Uses the stator windings ς 
no additional components 

ʋ More effective on 
induction machines than 
PM machines [IPB12] 

ʋ Requires high number of 
parallel paths to be 
effective (3 or more) 

ʋ Constrains winding 
layout options 

1.6.2 Skewing 

Skewing is a very popular method of reducing torque pulsation [JRH10], [ZQZ00], [TMJ96], in particular the 

cogging torque. It works by deliberately misaligning the pole arc and the slot pitch such that the net variation 

ƻŦ ǇŜǊƳŜŀƴŎŜ άǎŜŜƴέ ōȅ ǘƘŜ ǊƻǘƻǊ ƳŀƎƴŜǘǎ ŀƭƻƴƎ ǘƘŜ ŀŎǘƛǾŜ ƭŜƴƎǘƘ ƛǎ ǊŜŘǳŎŜŘ ŀƴŘ ƘŜƴŎe the cogging torque 

is reduced. The cogging torque varies approximately linearly from its peak with an un-skewed rotor and stator 

to ideally zero. Highly cited papers such as [TMJ96] or [PV98] indicate that the best method is to skew by one 
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slot pitch. However, [ZQZ00] shows that this value can change depending on the slot/pole number 

combination and developed a characteristic equation (1.56). 

‌
Ὧὔ

ὔ
 (1.56) 

where Ns = slot number, Nc Ґ [/a ōŜǘǿŜŜƴ ǘƘŜ ǎƭƻǘ ƴǳƳōŜǊ ŀƴŘ ǇƻƭŜ ƴǳƳōŜǊ ŀƴŘ ƪ Ґ мΣнΣΧΣ bc/Ns 

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. 

 

 

Table 1.6.2 Overview of skewing techniques  
Method Description Refs Advantages Disadvantages 

Continuous 
skew 

Skew is one continuous 
ŀȄƛŀƭ άǘǿƛǎǘέ ƻŦ ǘƘŜ 

stator core starting from 
alignment to the 

required skew angle at 
the other end 

[TMJ96], 
[JFG06] 
[JRH10], 
[PV98], 
[SW95] 

V Large reduction in 
cogging torque. 

V Acts as low pass filter 
for air gap flux 
harmonics, smoother 
EMF 

ʋ Reduction in average 
torque 

ʋ Increased leakage 
inductance 

ʋ Stator only for PM 
rotors due to magnet 
shape and insertion 
complexity 

ʋ Specialist winding 
insertion tools required 

Single step 

Skew is applied in one 
step, typically at the 

mid-point of the stack 
length 

[GO11], 
[TMJ96], 
[SW95] 

V Reduce cogging 
torque 

V Easy to implement 
when applied to 
rotor 

ʋ Reduced average 
torque 

ʋ Increased part 
complexity (2 different 
laminations required) 

ʋ 3D flux leakage paths 
between skewed 
sections 

ʋ Axial force generated 
on rotor 

 

 
(a) Continuous skewing (stator) (b) Basic stepped skew types (rotor) 

Fig. 1.6.1 Illustration of the two basic skew types. 
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Multi-step 

Similar to single step but 
happens at multiple, 

regular intervals along 
the stack by splitting 

core into multiple 
segments 

[JFE97], 
[HYID13], 

[JB14], 
[JWJ16], 
[WF13], 
[XG17] 

V Greater reduction in 
cogging vs. single 
step 

V Additional degree of 
freedom on design 

V Careful selection of 
skew pattern can 
mitigate axial forces 

ʋ Increase complexity & 
cost 

ʋ Requires 3D FE analysis 
to account for inter-
step leakage and axial 
forces 

ʋ Effectiveness of step 
pattern varies by 
machine [JB14], [JWJ15] 

1.6.3 Stator tooth and slot gap designs 

Whilst skewing has been clearly shown to be effective in reducing torque pulsations the reduction in average 

torque plus complexities the process places on the air gap harmonics means many designers target the tooth 

and slot geometry to 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.  

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

 

Table 1.6.3 Examples of stator tooth and tooth tip design methodologies to mitigate vibration 
Method Description Refs Advantages Disadvantages 

Auxiliary slots 
Additional slots 
added to tooth tip 

[TMJ96], 
[ZQZ00], 
[LSH09], 
[JFG06] 

V Increase cogging 
frequency  

V Decrease cogging 
amplitude 

V Simple to implement 

ʋ Less iron in tooth, lower 
flux linkage and therefore 
torque 

ʋ Increased risk of tooth tip 
saturation 

ʋ High frequency 
components risk 
increased iron loss 
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Auxiliary teeth 
Additional, 
unwound, teeth 
added to slot 

[TMJ96], 
[ZQZ00], 
[JRH10], 
[DI06] 

V Similar effects to 
cogging as above 

V Better flux linkage vs. 
slot method 

V Enhanced winding 
factor for single layer 
CW machines 

ʋ Similar risk to iron loss 
due to higher frequencies 

ʋ Tooth occupies winding 
space ς reduced fill factor 

ʋ Reduced slot width 
means winding insertion 
difficult 

Irregular slot 
distribution 

Tooth width varied 
by a factor of the 
slot pitch +/- a 
given factor 

[JRH10], 
[TMJ96], 
[ZQZ92], 
[ZQZ05], 
[DI05], 
[YF16] 

V Increased torque 
V Reduce torque ripple 
V Reduce magnetic force 

fundamental  

ʋ Risk of increased winding 
complexity 

ʋ Different slots have 
different fill factors 
leading to winding issues 

Slot closing 
shape 

optimisation 

Adjust slot opening 
to reduce 
permeance 
variation 

[LSH09], 
[JFG06], 
[ZQZ00], 
[JRH10] 

V Closed/ limited gap 
improves cogging 

V Reduce fringing on 
tooth edge 

V Reduce MMF 
harmonics 

ʋ Closing slot gap increases 
risk of leakage 

ʋ Difficult to wind, more 
suited to needle winding 

Tooth tip 
features 

Addition of 
features such as 
holes to tooth tip 

[GO11], 
[LS11], 
[KJ10], 
[JJ10]. 

V Reduce ripple at higher 
current angles 

V Mitigate fringing on 
tooth edge 

ʋ Increased tooth 
saturation on load 

ʋ Lower average torques 
ʋ Tolerancing difficult, 

especially on small 
machines 

Slot inserts Low reluctance 
material added to 
slots or slot 
opening 

[TMJ96], 
[JMP01], 

[REF] 

V Similar to slot closing 
but winding easier 

V Increase tooth stiffness 
V Mitigate slot harmonics 

ʋ Risk of increase flux 
leakage in teeth 

ʋ Reduced average torque 
ʋ Potentially lower fill 

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 less constrained 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 literature is 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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Fig. 1.6.3 Example IPM rotor showing different features to mitigate vibration. 

 

Table 1.6.4 Examples of rotor design methodologies to mitigate vibration 

Method Description Refs Advantages Disadvantages 

PM 
magnetisation 

pattern 

Field distribution 
from PM shaped 
during initial 
magnetisation 
process 

[TMJ96], 
[JRH10], 
[YL03], 
[PV98], 
[HSK13] 

V Improved air gap 
distribution 

V Can use simple bar 
magnets 

V Simple to package in 
rotor 

ʋ Higher manufacturing 
costs 

ʋ Highly sensitive to 
manufacturing 
tolerances 

PM shaping & 
multiple PMs 
(single layer) 

Use of arc 
magnets or 
arrange bar 
magnets into 
different 
arrangements, 
ŜΦƎΦ Ψ±Ω ǎƘŀǇŜ ǘƻ 
shape air gap flux 
distribution and 
reduce 
harmonics 

[TMJ96], 
[YH97], 

[MFH05], 
[ZQZ12], 
[KW12], 
[SKL12], 
[GDL15], 
[AD15], 
[KSI05], 
[SHH07], 
[HSK13], 
[PU13] 

V Improve PM flux 
distribution 

V Tune Ld/Lq to boost 
reluctance component 

V Utilise flux focussing -> 
reduce PM volume 

V Utilise harmonic injection 
to boost torque 

V Alternatively, harmonic 
rejection to eliminate 
troublesome harmonics 

ʋ Increased saliency risks 
increased torque 
pulsations and iron loss 

ʋ Harmonic injection risks 
increased iron loss 

ʋ Multiple magnets 
present packaging & 
strength concerns 

ʋ Tolerances very difficult 
in high pole count 
machines 

Magnet pole 
pitch and depth 

Adjust magnet(s) 
width and depth 
in core  

[KSI05], 
[ZQZ00], 
[CHZ05], 
[ZQZ03] 

V Improved cogging 
performance 

V Improve flux distribution 
V Improved 

demagnetisation 
resistance 

V Tune saliency 

ʋ Increase flux leakage 
risk 

ʋ LƴŎǊŜŀǎŜŘ Ψ±Ω ŀƴƎƭŜǎ 
mean higher stress 
concentration in 
magnet slots 
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Rotor 
shaping/notches 

Shaping of outer 
circumference of 
rotor by adding 
material or 
removing 
notches 

[JWR10a], 
[TN14], 
[DIK05], 
[SAE10], 
[JJ10], 

[KW12], 
[MC15], 
[DIK05], 
[SC10], 
[AD15] 

V Similar advantages as 
magnet shaping for 
harmonic 
rejection/injection 

V Easy to implement in 
lamination tooling 

V Can utilise simple bar 
magnets 

ʋ Non-smooth rotor bore 
means increased aero 
losses (high speed 
issue) 

ʋ Sensitive to 
manufacturing 
tolerances 

Increased 
number of PM 

layers 

Boost Lq by 
adding more 
magnet layers 
per pole 

[YH97], 
[SM00], 
[YHJ12], 
[JQZ15], 
[AKP16], 
[YY17], 
[LF08] 

V Higher reluctance 
component 

V Good MTPA ς high 
efficiencies possible 

V Can reduce PM content 
for same torque 

ʋ Limited gain past 2 
layers 

ʋ Careful design required 
to balance mechanical 
and magnetic 
requirements 

ʋ Increased ripple due to 
higher saliency 

Magnet end 
barrier design 

Optimisation of 
flux barriers at 
magnet end 

[LSH09], 
[LF10], 
[UJS11] 

[SMH06], 
[KSI05] 

V Reduce interpole leakage. 
V Increase saliency 
V Can target specific 

concern harmonics 

ʋ Increase saturation on 
core at high load 

ʋ Increased core 
complexity 

ʋ May compromise 
mechanical strength 

Asymmetric 
magnet 

distribution 

Magnet position 
adjusted at each 
pole, or within a 
pole (multi 
magnet 
topologies) 

[CB00], 
[MS03], 
[KPP18], 
[WR15], 
[FM16] 

V Mitigate cogging torque 
harmonics 

V Reduce magnet force 
fundamental 

ʋ Risk of asymmetric 
mass in rotor ς difficult 
to balance 

ʋ Lower torque 

Addition of Flux 
barriers/guides 

Addition of 
regions of high 
reluctances to 
improve control 
of flux path in 
rotor 

[BYY06], 
[MS03], 
[AK06], 
[DY17] 

V Improve q-axis path 
through core 

V Reduce core flux leakage 
V Mitigate d-q axis cross 

coupling 
V Mitigate vibration  

ʋ Rotor shape complexity 
ʋ Compromise 

mechanical strength 
ʋ Increase ripple through 

increased saliency 
ʋ 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 using discrete 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 own benefits and 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 

Signal filter 

Addition of capacitive 
and inductive 

components to filter 
high frequency 
components 

[TMJ96], 
[PV98] 

V Filters high frequency 
components 

V Simple to implement 

ʋ Increased impedance loss 
ʋ Increased component cost 
ʋ Lower system power factor 
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Random 
carrier 

frequency 
modulation 

(RCFM) 

Randomise the 
carrier frequency 

such that tones are 
spread across wide 

bandwidth 

[TGH91], 
[TMJ96], 
[AMT04] 

V Eliminates high tones 
from PWM carrier 

V Simple implementation 
V Reduces EMI of machine 

ʋ Increases noise amplitude 
across bandwidth 

ʋ Coupled with duty cycle, 
high duty cycle means 
random factor drops, so 
tones can return 

ʋ Open loop control, no 
method of compensating for 
drop in random factor 

Random 
Pulse 

Position 
modulation 

(RPPM) 

Similar to RCFM but 
uses signal fall time, 
ʲΣ ǘƻ ǇǊƻǾƛŘŜ random 
factor for modulation 

[SES07], 
[AB12] 

V Similar results as RCFM 
V Closed loop control 
V Decoupled from duty 

cycle 

ʋ Additional control loop in 
PWM controller 

ʋ Requires current sensor 

Dual 
Random 

PWM 

Combines elements 
of RCFM and RPPM 

[KEKD03], 
[AB12] 

V Two degrees of freedom 
on randomisation 

V Allows systems to 
condition switch 
between modes 

V Integrated into main 
control loop 

ʋ High processing overheads, 
especially for high speed. 

ʋ More effective at EMI 
suppression than vibration 
mitigation 

1.6.6 Control techniques 

The above techniques highlighted how to reduce the PWM carrier signal. However, modern controllers have 

allowed for an explosion in techniques for mitigating the noise of a machine. The main advantage of utilising 

the controller is that machines produced at the edge of tolerances, or those that develop faults can made to 

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

and control leads to much higher overall system performance. Table 1.6.6 highlights some of the methods. 

Table 1.6.6 Selected control methodologies to reduce torque pulsations [TMJ96], [BG06], [DHL12], [KK15]. 

Technique Overview Advantages Disadvantages 

Selected 
harmonic 

injection [TMJ96] 

Injects pre-programmed 
harmonics into the drive 
to reduce torque 
pulsations.  Harmonics and 
frequencies chosen during 
development. 

V Can have similar effect as 
rotor shaping using 
simple rotor shape 

V Can target specific 
problematic harmonics 

ʋ Increased I2R loss from 
injected components 

ʋ Increased iron loss due to 
high frequency harmonics 

ʋ Pre-programmed means 
issues due to part wear etc. 
difficult to compensate for 

Speed-loop 
disturbance 

rejection filter 
[TMJ96] 

Sensors feed motor 
parameter to pass filter in 
controller which acts to 
attenuate speed variations 
caused by the motor 
pulsating torque 

V Closed loop control ς can 
compensate for machine 
wear and tolerances 

V Effective at low speeds  

ʋ Difficult to control at high 
speeds ς high bandwidth 
controller required 

ʋ Limited by transducer and 
controller capabilities 

Overmodulation 
[TMJ96] 

Allows operation of motor 
operation at saturation 
point of current 
transducers 

V Mitigates large torque 
pulsations that occur at 
machine limit 

V Ensures machine stability 
at limit 

V Prevents effective short 
circuiting of phases that 
can damage machine and 
drive 

ʋ Not as effective as other 
techniques such as flux 
weakening control 

ʋ Injects high frequency 
harmonics into machine ς 
increased loss 

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

Actively controls the 5th, 
7th, and 11th harmonics by 
placing each on a separate 
d-q axis frame and 
controlling accordingly 

V Significant torque ripple 
reduction 

V Can use off-the-shelf 
standard controller 

ʋ Machine specific 
ʋ Requires high quality 

current transducer to pick 
up high frequency 
harmonics  

ʋ 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-
q axis frame such that 
resonance in the drive 
train is minimised 

V Reasonable reduction in 
vibration versus non-
filtered control 

V Can be tuned to mitigate 
torque ripple 

ʋ Hysteresis high 

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

whilst control techniques do have a positive impact on the vibratory performance of the machine it is highly 

reliant on the addition of high-quality transducers and high-speed controllers and in some cases the 

additional expense and complexity is not justified given the level of improvement provided, especially 

compared to having a machine with sound 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 that the radial 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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Fig. 1.6.5 Illustration of mechanical strengthening features applies to the stator core. 

Table 1.6.7 Mechanical vibratory mitigation methodologies.  
Method Description Refs Advantages Disadvantages 

Adjust 
lamination 
material 

Choose 
stiffer/thicker 
laminate plate 

material 

[TMJ96], 
[JRH10], 
[ZG18] 

V Increase radial stiffness 
V Minimal impact on 

machine geometry 

ʋ Care to avoid increase losses 
due to material change (iron 
loss) 

ʋ Increased tool wear for 
manufacture 

ʋ Higher material cost 

Stator stack 
welding 

Welding of 
stator core to 

increase 
stiffness 

[JRH10], 
[FC19]. 
[ZG18] 

V Boosts axial strength & 
stiffness 

V Improve longitudinal 
modal performance 

V Limited design change 
requirements to stator 

V Different weld patterns 
can be applied 

ʋ Risk of short-circuiting 
lamination plates ς increased 
eddy currents 

ʋ Only suitable for exterior 
diameter of yoke 

ʋ Risk of splaying lamination 
plates at air gap 

Pulling bars and 
stator end 

plates 

Use of long bars 
with bolt or 

welded ends to 
retain and 

strengthen the 
lamination stack 

[SC16], 
[JRH10], 
[CM20], 
[ZG18] 

V High strength & 
increased stiffness 

V End plates allow for 
uniform clamp force 

V Reduce splay 

ʋ Plates, bolts, and bars add to 
mass and machine axial 
length 

ʋ Increases stator volume 
ʋ Risk of circulating currents in 

end plates 
ʋ Care must be taken that bar 

material does not interact 
with field in back iron (eddy 
currents etc) 

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

Increase back 
iron thickness. 

Add material to 
the back iron 

[TMJ96], 
[JRH10], 
[DH12], 
[LSH09], 
[KSI06] 

V Effective method of 
increasing stiffness 

V Simple to implement 
V Does not impact core 

magnetic design 
(improves) 

ʋ Increased stator mass 
ʋ If added to OD, increased 

machine volume 
ʋ If added to slot, reduced slot 

area 
ʋ Increased material utilisation 
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Optimisation of 
chamfer or fillet 

feature to 
tooth/yoke 
interface 

Add 
strengthening 

features to 
tooth/yoke 
interface 

[LSH09], 
[KSI06], 
[MB98]. 

V Increased strength with 
minimal material 

V Maintain stator OD 
V Mitigate stress 

concentrations at yoke 
interface 

V Shift tooth mode 
frequencies higher 

ʋ Reduced slot area (less 
copper) 

ʋ Less copper means increased 
copper loss 

Increase bond 
strength 

between case 
and stator 

Increase 
bonding with 
stator (e.g. 

shrink fit) or 
addition of 
keyways 

[YH09], 
[DM09], 
[KY15] 

V Increase stator stiffness 
V Limited changes to 

stator design 
V Strong bond between 

core and case 

ʋ Special process required to 
insert 

ʋ Shrink fit requires careful 
design of tolerancesς error 
means either bond too loose 
or too tight leading to 
distortion of case 

ʋ Once inserted it cannot be 
removed 

ʋ High core stress can lead to 
increased core losses 

Casing 
strengthening 

Optimisation of 
the case design 
&materials.to 

stiffen and 
strengthen the 

machine 

[YH09], 
[IY99], 
[DP97], 
[HJC13] 

V Independent of stator 
V Can mitigate/supress 

low order mode shapes 

ʋ Can mask poor machine 
design 

ʋ Can only really target  
ʋ Limited effect against high 

frequency components such 
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 are less 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 1940-1 for rotor balancing but these standards serve more as a guide than 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 

¶ Tight control of rotor outer diameter and 
stator inner diameter concentricity and 
cylindricity of both parts. 

¶ Strict control of the parallelism and 
concentricity of the bearing seats and bearings 
to ensure uniform air gap. 

¶ High strength and good locating features on 
casing end caps to mitigate assembly errors. 

¶ Careful modelling of rotor in design phase to 
identify critical speeds and countermeasure as 
required. (stiffen rotor, optimise geometry 
etc.) 

¶ Balancing of rotor prior to installation into 
machine assembly. 

¶ Ensure bearing specification is matched to 
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 across the required 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 primary source of 

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 affected by a large number 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 strategy and even 

the high-level 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 to any 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 multi-physics approach which in terms of FE software 

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 

torque pulsations such as cogging torque and on-load 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 computational efforts 

required however as EV manufacturers explore increasingly higher power densities the high current densities 

necessitate liquid cooled systems which forces the structural complexity high. Detailed studies into the 

mechanics of these structures are 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 patent literature, 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 concerns as early as 

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 electric machine it is difficult to have confidence 

in a model without some real-world performance data to compare the model to; FE packages will blissfully 

output inaccurate results if given inaccurate input data. Measuring both the electromagnetic and mechanical 

characteristics of a real-world 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 fabrication of the machine providing vital information for the model, 

minimising the need for error-inducing 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 chapter has 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 terms of aspects 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 lead to 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: 

¶ Representation of the non-homogenous laminated stator core and windings by employing equivalent 

composite materials and applying the derived composite material for windings to the slots only.  

¶ Identification of material mechanical properties of various components and fittings/mountings by 

detailed experimental impact modal tests and 3D FE models systematically, which should provide 

useful information for designers and researchers. 

¶ Simplification of fastening front and rear face plates by using equivalent spot weld and frictional 

contact methods, and simplification of coolant shell by optimising the co-efficient of friction. 

2. Identification of the influence of four IPM rotor topologies, which have been designed in this thesis with 

similar electromagnetic performance, including torque-speed 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 frequency, in particular the influence of the SVPWM control technique, on 

the vibratory behaviour. 

1.7.2 Published papers 

¶ LΦaΦ ¦ǊǉǳƘŀǊǘ ŀƴŘ ½ΦvΦ ½Ƙǳ ά5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ƳŜŎƘŀƴƛŎŀƭ ƳƻŘŜƭ ŦƻǊ ǾƛōǊŀǘƻǊȅ ǎƛƳǳƭŀǘƛƻƴ ƻŦ ǿŀǘŜǊ 

ŎƻƻƭŜŘ ƛƴǘŜǊƛƻǊ ǇŜǊƳŀƴŜƴǘ ƳŀƎƴŜǘ ǎȅƴŎƘǊƻƴƻǳǎ ƳŀŎƘƛƴŜέΣ IET 10th International Conference on 

Power Electronics, Machines, and Drives, (PEMD), Online, 2020. 
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2 9ȄǇŜǊƛƳŜƴǘŀƭ ƛƴǾŜǎǘƛƎŀǘƛƻƴ ƻŦ ǘƘŜ ŜƭŜŎǘǊƻƳŀƎƴŜǘƛŎ 

ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ ǘƘŜ ōŀǎŜƭƛƴŜ ƳŀŎƘƛƴŜ 

2.1 Introduction 

The baseline machine acts as the datum 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 owing to the complexity of the 

machine structure and the sheer number of variables that can influence the vibratory performance. Having 

a pre-fabricated machine that can be utilised as a benchmark for the model provides a boon in terms of both 

judging the reliability 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 experiments 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 enable no-load testing. 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 the T-N curve.  The tools and 

methodologies used to operate and capture the machine parameters are described at each stage. 

2.2 Baseline machine - specifications 

The baseline machine is a 24-slot 4-ǇƻƭŜ ƛƴǘŜǊƛƻǊ ǇŜǊƳŀƴŜƴǘ ƳŀƎƴŜǘ ƳŀŎƘƛƴŜ ǘƘŀǘ ǳǘƛƭƛǎŜǎ ŀ Řǳŀƭ ƭŀȅŜǊ Ψ±Ω 

shape rotor magnet topology. The machine was originally designed as a ¼ 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 Electric Machines and Drives (EMD) group. 

The machine was designed to allow analysis of a novel mechanically actuated variable flux function to adjust 

the peak efficiency region of an EV traction motor depending on load conditions. For this study, the novel 

variable flux 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 Small scale Unit Notes 

Outer diameter (OD)  100 mm  

Stack length  75 mm  

Number of slots  24   
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Number of poles  4   

Slot per pole per phase  2   

Max line voltage  600 V at 11000rpm 

Phase current  26.7 Arms  

Number of turns  24  Per coil 

Winding circuit  4S1P  S = series, P = parallel 

Current density  17 A/mm2  

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. 

 
(a) Rotor and stator cross-section showing the outer diameter (OD) of each core respectively 

 

 

(b) Stator tooth key dimensions (c) Fabricated stator core 
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(d) Key rotor core & magnet dimensions 
(e) Fabricated rotor core (during magnet 

insertion) 
Fig. 2.2.1 Small scale machine cross-section 

¢ƘŜ Řǳŀƭ Ψ±Ω ǘƻǇƻƭƻƎȅ ƛǎ ŎƭŜŀǊƭȅ ǎŜŜƴ ƛƴ CƛƎΦ нΦнΦм όŀύΣ όŘύ ŀƴŘ όŜύΦ ¢Ƙƛǎ ǿŀǎ ƛƳǇƭŜƳŜƴǘŜŘ ǇǊƛƳŀǊƛƭȅ ǘƻ ŜƴƘŀƴŎŜ 

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 LEAF traction 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. Another key 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 a 3-phase single layer distributed wound winding. The winding layout and circuit is 

shown in Fig. 2.2.2. 

 

 
(a) Winding layout 
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(b) Coil locations in stator teeth (c) Winding circuit 

Fig. 2.2.2 Machine winding layout. 
From fig 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 in chapter 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 such increases 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 fabricated machine 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 

Test type Test# Machine state Process Output 

Static 

1 

Off rig 

LCR 
measurement 

¶ Phase resistance 

¶ Line to line resistance 

¶ Phase inductance VS. 
rotor position 

¶ Line to line inductance 
VS. rotor position 

2 
Cogging 

measurement 
¶ Cogging torque over 1 

mechanical cycle 

No Load 3 

Motor mounted to rig. 
Linked to dynamometer via 
couplings and inline torque 

transducer.  
Inverter & control offline 

Machine rotated 
at 1200rpm 

¶ Back EMF waveform 
(Phase & Line to line) 

¶ Identify any concerns 
across speed range 
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Load 

4 

Dynamometer setup same as 
no load, coolant system 
connected, phase lines 

linked to inverter via power 
analyser and all control and 

DAQ systems engaged 

T-N curve, 
Spin motor at set 
speeds, sweep 

current angle to 
find maximum 

torque @ current 
limit 

¶ Speed 

¶ Torque 

¶ Electrical power, 
mechanical power, 
efficiency 

¶ Phase currents, 
voltages, PF 

¶ Id, Iq 

¶ Temperatures 

5 

Efficiency map 
Utilise MTPA 

control method 
to map maximum 

efficiency at a 
number of speed 

and torques 

¶ Speed 

¶ Torque 

¶ Electrical power, 
mechanical power, 
efficiency 

¶ Phase currents, 
voltages, PF 

¶ Id, Iq 

¶ 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 force data outputted 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 meter. One advantage of the prototype machine is that during the winding process a low-gauge 

wire was linked to the neutral point was installed allowing the phase and line to line characteristics to be 

measured directly. The measurement process is shown in Fig. 2.3.1. 

 

 
(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 seen in Table 2.3.2. 

R 0.000
L 0.000

LCR Meter

Machine

Ls 0.000
Lp 0.000

LCR Meter

Machine
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Table 2.3.2 Measured phase and line to line resistances. 

Phase resistance (ʍ) Line to line resistance (ʍ) 

A 0.413 A-B 0.735 

B 0.414 B-C 0.734 

C 0.413 C-A 0.734 

Average 0.413 Average 0.734 

The average phase resistance can be seen to be 0.413 ʍ. Given the winding circuit is 4 coils in series (fig 2.3.1 

(c)) the coil resistance can be approximated to 0.413/4 = 0.103ʍ. 

Following on from the resistance measurement the inductances are measured. As previously explained the 

inductance is a 1st order phenomenon therefore needs an AC signal to be measured. In addition, the saliency 

of the IPM rotor means the inductance will vary depending on the rotor position. An initial sweep of each 

phase is undertaken, rotating the rotor in 15° (30° electrical) steps with the LCR meter set to input a 5kHz 

sinusoidal waveform. 

 
(a) Phase inductances. 

 
(b) Line to line inductance. 

Fig. 2.3.2 Phase and line to line inductances in the machine versus different rotor position. 
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The data from the charts in fig 2.3.2 can be seen in Table 2.3.3. 

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

Angle 
(mech) 

Angle 
(elec) 

Phase Line to Line 

Ph_A L 
(mH) 

Ph_B L 
(mH) 

Ph_C L 
(mH) 

A-B L 
(mH) 

B-C L 
(mH) 

C-A L 
(mH) 

0 0 3.719 2.47 4.57 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. electrical) and the low currents utilised 

by the LCR meter mean that these measurements are only useful to check the windings and magnet circuit 

for any major concerns. From the results the 3 phases are well balanced reaching the same maxima and 

minima comfortably within the error bands expected during measurement. 

 

2.3.2 Cogging torque measurement 

The measurement of the cogging torque on machine is deceptively difficult; the rotor has to be rotated and 

held in precise angular steps and the steps must be small enough to give a good picture of the torque 

waveform. For this machine, the cogging must be measured off rig; linking the machine to the much larger 

dynamometer complicates the measurement process even more as 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 expensive. The 

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 has one 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 to move from that of the rotor and the variation in 

force is recorded using the scales. The torque is obtained simply using the following equation [ZQZ09b]: 

Ὕ ὒ Ὂ ὓ ͺ  (2.1) 

where Tc is the resultant torque, Lb is the beam length, Freading is the reading from the scales and Mpre_load is 

the pre-load mass. Fig 2.7 illustrates the method and the machine setup. 
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(a) Schematic diagram of the cogging torque measurement from literature [ZQZ09b]. 

 
(b) Photograph of the baseline machine under measurement. 

Fig. 2.3.4 Illustration of cogging torque measurement. 
The machine is measured in 1-degree (mechanical) steps for 1 electrical cycle and is shown in Fig. 2.3.5.  

 
(a) Measured cogging waveform 
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(b) Measured cogging FFT. 

Fig. 2.3.5 Measured cogging torque over 1 mechanical cycle. 
 

Table 2.3.5 Cogging measurement key results. 

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. Like the inductance 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 clear at the 12th 

harmonic which is correct (1 electrical cycle = 12 cogging cycles) as well as the 36th harmonic but the low 

sampling rate means the waveform is non-sinusoidal, introducing a large number of low amplitude harmonics 

across the frequency domain. 

2.3.3 No load testing. 

The machine 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 differential probes 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 some issue with the 

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



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

Page 102 

 
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 temperature averaged 19.9°C during the no-load measurement. The results of the phase and 

line to line measurements are shown in Fig. 2.3.7. 

  
(a) Phase line EMF. (b) Phase line FFT (phase A). 

  
(c) Line to line voltage. (d) Line to line FFT (A-B) 

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. 

Motor

Dyno
AVL dyno 
control

Target 
Speed

Diff_probe A
Ph_A

Diff_probe B

Diff_probe C

Ph_B

Ph_C

Neutral

PICO 
oscilloscope

Torque 
Sensor

PCUSB



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

Page 103 

Table 2.3.6 Summary of back EMF results (speed = 1200rpm). 

 Phase Line to Line 
 A B C A-B B-C C-A 

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 FFT key harmonic amplitudes. 

Harmonic Phase A Line to Line (A-B) 

Fundamental 31.51 54.43 

3rd 3.94 N/A 

9th 2.33 N/A 

11th 1.52 2.66 

13th 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 shows the 3rd, 9th, 11th and 13th harmonics to be the main contributors 

to the non-sinusoidal nature of the waveform. The line-to-line results by their nature filter out the 3rd and 9th 

harmonics. However, the 11th and 13th are still present. 

2.3.3.1 High speed resonance concern 

As is anticipated with testing any complex system 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 accelerated past 7500rpm 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 and doors 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. 

 
Fig. 2.3.8 No load torque measurement highlighting resonance concern. 
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The rotor had been balanced and 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 stub-shaft onto which the encoder is mounted sheared just after the rear bearing, the 

damage is shown in Fig. 2.3.9. 

  

(a) Photo of the sheared shaft end 
(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 the load testing before it could even start. With no means 

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 original fabrication of 

the machine to mitigate any such concern. The broken shaft was carefully swapped out and the machine 

carefully re-assembled and mounted back on the rig. To prevent recurrence of the failure the following steps 

were undertaken: 

¶ Deflection tolerances of the drive line components tightened and strictly adhered to (reduce 

deflection forces). 

¶ Speed limit of 7500rpm imposed. 

There was no 3rd rotor shaft and the limited time on the rig meant there was no time to fabricate a new shaft, 

so the imposition of a speed limit was necessary to protect the machine and prevent any further delays to 

the testing. 

2.3.4 Load testing ς Measuring the T-N curve 

2.3.4.1 Introducing the test rig 

Measuring the T-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 post-process analysis. 
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(a) Photo of the full test rig setup and ready to run. 

 
(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 2.3.8 Functionality of each block of the machine test rig 

Block Function 

Motor Machine under test 

Torque sensor 
Inline torque sensor located between the dyno and motor that measures the 
rotational speed and torque output of the machine 

Torque amplifier 
Provides power to the torque sensor and acts as a signal conditioner to output 
the speed and torque in analogue and digital (RS232) formats.  

Dynamometer 
Load machine for the motor to act against. The dyno is operated in speed mode 
whilst the machine is operated in torque mode 

Encoder 
Optical encoder uses engraved disk to give precise angular position of the rotor 
to the dSPACE controller to allow for vector control of the machine. 

Inverter 
100kW 3 Phase inverter by Semikron switching the current from the DC link into 
the 3 phase AC signals required to generate the rotating field in the machine 
windings as dictated by the controller 

Controller 
Real time control system using dSPACE platform that takes in the positional data 
of the motor and generates the switching signals to the inverter in order to 
control the machine to the target torque 

Power Analyser 

Yokogawa WT3000 Power analyser sits between the inverter and the machine to 
monitor the electrical power into the machine as well as the mechanical power 
of the system (from the torque sensor) in order to calculate the efficiency of the 
system as well as key parameters such as the power factor 

Data Acquisition 
(DAQ) 

National Instruments Compact RIO data acquisition (DAQ) system, interfaces 
with all the different measurement systems (RS2323/Ethernet/analogue/ 
thermal) synchronising the data and then transmitting the collated data to the 
central PC for monitoring and data logging 

Acceleration sensors 
Sensitive piezo-electric sensors attached to the casing of the motor to capture 
the vibrations on the machine outer casing 

Signal conditioner 
and amp 

Removes common mode noise and boosts (if required) the signal from the 
acceleration sensor to improve the accuracy of the readings. 

Signal analyser 
Generates FFT for each of the acceleration channels recorded by the system, The 
unit is trigger and data is captured via a GPIB comms link to the central PC 

Central PC 
Monitoring & datalogging hub for the whole system. Utilises a Labview system 
developed by the author to capture all the data generated within system 

Both the block diagram in fig 2.3.10(b) and table 2.3.8 show the acceleration sensors and the associated 

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 final dynamic 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 has a 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 control is required. This is achieved using 

vector control developed using Simulink and dSPACE to operate the machine. A summary block diagram can 

be seen in fig. 2.3.11. 
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Fig. 2.3.11 ς Block diagram of the controller.  

 From fig 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. 

2. Transform the 3-phase current into a stationary frame co-ordinate system (dq-axis frame). 

3. Generate error signal based on current torque VS demand torque. 

4. Use PI controller(s) to adjust Id and Iq currents according to the error from (3). 

5. Generate voltage vector based on new current values. 

6. Transform voltage vector into h -̡axis frame. 

7. Add Compensation for inverter and control dead time. 

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

9. 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 Id and Iq PI 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 T-N curve 

The T-N curve describes the maximum torque and power boundary of the machine on a speed-torque graph. 

The limits of the machine are dictated by the maximum voltage (Vmax) and maximum current (Imax). 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 more sensitive to failure if overloaded than the machine, so it is best practice to consider the 

full system when setting the limits. In this case the limits are: 

¶ Vmax = 300Vdc 

¶ Imax = 26.7 Arms 

Given the chosen control strategy it is convenient to convert these values into vectors on the dq-axis plane, 

Vdq(max) and Idq(max). (2.2) and (2.3) show the conversion formula. 

ὠ
ὠ

ς
 (2.2) 

Ὅ ЍςὍ  (2.3) 

where Vdq(Max) (Volts) is the net voltage vector on the dq-axis plane, Vdc is the DC bus voltage, Idq (Amps) is the 

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

into the machine and ultimately dictates what torque 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 q- and d-axis voltages can be seen in (2.4) and (2.5) and the resultant voltage 

vector is given in (2.6). 

ὠ ‗‫ Ὑ Ὅ (2.4) 

ὠ ‗‫ Ὑ Ὅ (2.5) 

ὠ ὠ ὠ  (2.6) 

where ̟ e is the electrical speed in rad/s, Rcoils ƛǎ ǘƘŜ Ŏƻƛƭ ǊŜǎƛǎǘŀƴŎŜ όʍύΣ ˂x is the flux (Wb), Ix is the current (A), 

Vx is the voltage (V), d and q are the d-axis and q-axis references, respectively. 

A simple method of working out whether the machine has reached the set voltage limit is the ratio of Vdq to 

Vdq(max), this is sometimes to referred to as the modulation factor (Mf). (2.7) highlights this. 

ὓ
ὠ

ὠ
 (2.7) 

From (2.7) it can be seen that as the EMF in the machine approaches the maximum, the modulation factor, 

Mf, 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 weakening control is implemented [TMJ87], [SM89].  

Flux weakening control is in essence a method of applying a demagnetisation current onto the d-axis of 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 allowing the reluctance 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 the m̞ component from the magnet reduces the mutual 

torque and the technique comes with the very real risk of the d-axis 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 the d-q axis plane. Fig 2.3.12 shows the current and voltage 

limits [SM89], [JRH10]. 

 
Fig. 2.3.12 Illustration 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 

Ὅ Ὅ Ὅ (2.8) 

The current limit, Idq(max), is typically 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 machine with some minor modifications (different current sensors) to allow the smaller baseline 

machine in this thesis to be driven. Therefore, Idq(mx) is dictated by the machine to prevent damage. Within 

the control software there is safety logic to prevent the current exceeding the maximum current of the 

machine (26.7Arms). 

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 Ld and Lq inductances that is a key attribute of IPM machines.  

Ὁ ὢὍ ὢὍ ὠ  (2.9) 

where E0 is the EMF fundamental (V), Xd is the d-axis reactance, and Xq is the q-axis reactance. 

It is important to note that the ellipses ̟ 1 and ̟ 2 in Fig. 2.3.12 is a current ellipse and describes the maximum 

current the machine can operate to with a given voltage limit, Vdq(max). The ellipse is centred on the point (Isc,0) 

on the x-axis where Isc is the short circuit current and is defined by. 

Ὅ
Ὁ

ὢ
 (2.10) 
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From (2.9) it can also be seen that if Xd = Xq (i.e. an SPM machine) then the voltage limit will be a circle. 

However, it forms an ellipse if Xq > Xd as is the case for an IPM machine which is why the voltage limits 

depicted are elliptical in form. Setting the 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: 

¶ DǊŜŜƴ ƭƛƴŜ ό˖1): Low speed operation, limit due to voltage greatly exceeds the current limit meaning 

the current limit (red line) acts as the limiting factor. 

¶ Orange line (̟ 2): Base speed, limit due to the voltage has dropped such that it intersects the current 

limit, the machine is now limited by both the current limit and the voltage limit. 

¶ Black line (̟ 3): High speed operation, -Id 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 the T-N curve is that when the base speed is struck the machine must 

balance 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]. 

 
Fig. 2.3.13 Operating at the current and voltage limits. 

¦ǘƛƭƛǎŀǘƛƻƴ ƻŦ ǘƘŜ ǊŜƭǳŎǘŀƴŎŜ ǘƻǊǉǳŜ ŎƻƳǇƻƴŜƴǘ ƎƛǾŜǎ ǘƘŜ a¢t! ǘǊŀƧŜŎǘƻǊȅ ǎƘƻǿƴ ƛƴ CƛƎΦ нΦоΦмо ǿƛǘƘ Ǉƻƛƴǘ Ψ!Ω 

being the location of maximum torque. It should be noted that the location of Isc is within the current limit 

circle, reflecting the oversized inverter used. The effect of the torque due to the voltage limit at higher speed 

is as follows [WLS94]: 

¶ !ǘ ƭƻǿ ǎǇŜŜŘǎ ƳŀȄƛƳǳƳ ǘƻǊǉǳŜ ƛǎ ŀŎƘƛŜǾŜŘ ōȅ ǇƭŀŎƛƴƎ ǘƘŜ ŎǳǊǊŜƴǘ ŀǘ Ǉƻƛƴǘ Ψ!Ω ƻƴ ǘƘŜ a¢t! ǘǊŀƧŜŎǘƻǊȅΣ 

representing the maximum torque of the machine at the current limit.  

o This is region I or the constant torque region. 
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¶ When the rotor speed increases to a certain point, the current and voltage limits (line ̟= b̟ in Fig 

2.3.13) intersect, attempting to drop the current angle (e.g. -Id = 0) will breach the voltage limit 

causing the modulation index to rise above 1 and induce the aforementioned loss of control.  

o This is the base or corner speed of the machine. 

¶ As the speed increases above b̟ the maximum torque drops as the voltage limit drops proportionally 

to the ǎǇŜŜŘ ŦƻǊŎƛƴƎ ǘƘŜ ƳŀȄƛƳǳƳ ŎǳǊǊŜƴǘ ǾŜŎǘƻǊ ǘƻ Ŧƻƭƭƻǿ ǘƘŜ ǇŀǘƘ ά!έ ǘƻ ά.έ ƛƴ CƛƎ нΦоΦмоΦ  

o This is region II or the constant power region as the drop in torque is proportional to the gain 

in speed. 

¶ ²ƘŜƴ Ǉƻƛƴǘ Ψ.Ω ƛǎ ǊŜŀŎƘŜŘ ǘƘŜ ƳƛƴƛƳǳƳ ǎǇŜŜŘ ƻŦ ǘƘŜ ƳŀȄƛƳǳƳ-output current vector due to the 

dominance of the back EMF of the machine at such high speeds, the current vector will follow the 

ǇŀǘƘ ŦǊƻƳ ά.έ ǘƻ Lsc. 

o This is region III or the reduced power region. 

It should be noted that region III operation can only occur if the 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 III operation 

is that when the current controller reaches Isc ŦǊƻƳ Ǉƻƛƴǘ Ψ.Ω ǘƘŜ ƳŀŎƘƛƴŜ Ŏŀƴ ǘƘŜƻǊŜtically be driven to infinite 

speed [JRH10], [ZQZ07b]. 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 of the 3-regions on a 

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

 
Fig 2.3.14 Idealised T-N curve highlighting regions I, II, and III. 

In this application the imposed maximum speed limit of 7500rpm due to the resonance concern means during 

the testing the current vector will sƛǘ ǎƻƳŜǿƘŜǊŜ ōŜǘǿŜŜƴ Ψ!Ω ŀƴŘ Ψ.Ω ƛƴ ǘƘŜ Ŏƻƴǎǘŀƴǘ ǇƻǿŜǊ ǊŜƎƛƻƴ ǎƘƻǿƴ ƛƴ 

Fig. 2.3.13. 

Using the circle diagram in Fig. 2.3.13 as a guide the methodology of mapping the T-N is defined as: 

¶ At low speed, increase current towards the limit and increment the current angle until the crossover 

point between the MTPA trajectory and the current limit is met. 
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¶ Increase the speed in regular steps, paying attention to the calculated modulation index, Mf. 

o When Mf approaches 1 then the voltage limit is close so increase the current angle by 

injecting higher -Id current. 

o Creep the target torque higher until maximum is found, taking care not to breach the current 

or voltage limits. 

¶ At high speeds beyond the base speed the machine is sped up to a known speed, typically 5000rpm 

to allow a small amount of torque to be applied and current angle increased to drop Mf before the 

machine is carefully accelerated to the target speed.  

o This keeps the current vector within the voltage limit, some increments to the current angle 

may be required to maintain controller stability as the speed increases. 

o 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. 

¶ Care must be taken to monitor the temperature of the machine at each stage. 

o 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 thus does not 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 

data of 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 machine 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 situation high levels 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 model of the 

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 was decided 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 and quickly identify 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 

Speed (rpm) 
Mechanical 

Frequency (Hz) 
Electrical 

frequency (Hz) 
EM force 

frequency (Hz) 
Cogging frequency 

(Hz) 

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. 

 
Fig. 2.3.15 ς Measured T-N curve of the machine 

The measured values are shown in Table 2.3.10, including the average measured temperature from both a 

thermal couple embedded in one of the slots of the stator core and one located on the outer shell of the 

machine to highlight the temperature of the machine at each point. 
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Table 2.3.10 Measured results of T-N curve 

Speed 
(RPM) 

Power IN 
(Electrical) 

(W) 

Power OUT 
(Mechanical) 

(W) 

Efficiency 
(%) 

Torque 
(Nm) 

Idq (A)  ̡(°) 
Avg core 

Temp 
(°C) 

Avg 
Surface 

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 15.31 37.62 44.41 71.97 13.13 

4500 8112.10 6869.29 84.68 14.56 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 angle of 44° up to 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 stability concern. This speed is around the point 

where the resonance concern began to make its appearance on the no-load measurements. The current 

shown for 7500rpm in Table 2.3.9 represents the maximum current that could be injected; all attempts to 

push towards 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 the highest 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 efficiency 

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 values used 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 
(Nm) 

Speed (rpm) 

1000 1500 2000 3000 4000 4500 5000 6000 7000 7500 

2 V V V V V V V V V V 

4 V V V V V V V V V V 

6 V V V V V V V V V V 

8 V V V V V V V V V V 
10 V V V V V V V V X X 

12 V V V V V V V X X X 

14 V V V V V V 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 the previous section. 

Two methodologies are investigated [ATDA11]: 

¶ Maximum Torque Per Ampere (MTPA): Torque is fixed and minimum current for each torque point 

is established by sweeping the current angle. 

¶ Maximum Efficiency per Ampere (MEPA). Similar to the MTPA method 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 MEPA is similar, the difference is the target variable being 

hunted. Fig 2.3.17 illustrates the process on the dq-axis 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 point 

below the current limit on the dq- axis plane. 
From Fig. 2.3.17, the procedure is: 

1.  Set the target speed using the dynamometer.  

2. Increase the target torque on the controller causing the Iq current to rise to point (a) on Fig. 2.3.17. 

¶ If the target torque is greater than the maximum mutual torque, then some current angle (ɓ) 

is applied to utilise reluctance torque to meet the target. 

3. With the target torque fixed, slowly increase the current angle (̡ ), shown at point (b) in Fig. 2.3.17, 

as the reluctance torque component increases the net current (Idq) should begin to drop up to a 

certain point (c) in Fig. 2.3.17. Past this point, Idq will 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 has been 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 post-process analysis. 

The procedure above is followed for both MTPA and MEPA methodologies, and the resultant efficiency maps 

can be seen in Fig.2.3.18. 
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(a) MTPA measured map 

 
(b) MEPA measured map 

Fig. 2.3.18 Measured efficiency maps using MTPA and MEPA methods. 

The recorded efficiency values for the two maps are shown in Tables 2.3.12 and 2.3.13 respectively. 






























































































































































































































































































































































































































































































































































































































































































































