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Abstract 

This thesis studies the brushless permanent magnet synchronous (BLPM) machine design 

for electric vehicle (EV) and hybrid electric vehicle (HEV) application. Different rotor 

topologies design, winding design, and multiphase designs are investigated and discussed.  

The Nissan Leaf interior permanent magnet (IPM) traction machine has been widely 

analyzed and there is much public domain data available for the machine. Hence, this 

machine is chosen as a representative benchmark design. First, the Nissan Leaf machine 

is analyzed via finite element analysis (FEA) and the results confirmed via published 

experimental test data. The procedure is then applied to all the following machine designs 

and results compared. Then the Nissan Leaf machine rotor is redesigned to satisfy the 

performance specification with sinusoidal phase current in the full range for the same 

performance specification and permanent magnet material. Afterword, a comparative 

study assessing the design and performance attributes of the Nissan Leaf IPM machine, 

when compared to a surface permanent magnet (SPM) machine designed within the main 

Nissan Leaf machine dimensional constraints. The study illustrates and concludes that 

both the IPM and SPM topologies have very similar capabilities with only subtle 

differences between the design options. The results highlight interesting manufacturing 

options and materials usage. 

The grain boundary diffusion processed (GBDP) magnets are proposed to reduce the rare 

earth material content in the permanent magnet machines, especially subject to high load 

and high temperature operating scenarios by preventing or reducing the onset of 

demagnetization. The design and analysis procedure of BLPM machine with GBDP 

magnets are put forward. In the end, the Nissan Leaf IPM machine is taken as an example 

to verify the analysis procedure. and the results illustrates that IPM machines with GBDP 

magnets can realize torque and maintain efficiency at high loads while being less prone to 

demagnetization. 
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A new multi-phase synchronous reluctance machine (SRM) with good torque 

performance and conventional voltage source inverter is introduced for traction machine 

applications. Although the torque density is low compared with BLPM machine, the SRM 

machine gets rid of permanent magnets and achieve low torque ripple compared with 

switched reluctance machine when the asymmetric inverter is replaced with conventional 

voltage source inverter. 

The concentrated windings are designed and studied with both IPM and SPM rotor 

according to the Nissan Leaf machine requirements of performance and dimension to 

investigate how the concentrated windings affect the machine performance and 

manufacturability and cost. 9-, 12-, 15- slot concentrated windings’ stator share the same 

slot area with the Nissan Leaf machine distributed winding and the performance are 

evaluated and compared. 

Multi-phase concentrated windings machines with IPM and SPM rotor are designed and 

analyzed based on the Nissan Leaf machine specification and dimension constraints. The 

performance of 23-phase, 5-phase, 9-phase machine at low speed and top speed are 

studied and the advantages and disadvantages are compared in terms of torque quality, 

efficiency, and power electronic requirements. 
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Nomenclature  

Symbol Meaning Unit 

Bave Average airgap flux density T 

Ic Current carried in the stator winding per conductor A 

L Active axial stack length mm 

B Magnetic load T 

Q Electric load A 

r  Mechanical rotational speed rad/s 

m  Mass kg 

J Inertia kg·m
2
 

  Material density  kg/m
3
 

Br Remanence T 

Hc Coercivity kA/m 

Rs Phase winding resistance Ω 

Ls Phase synchronous inductance H 

is Phase current A 

PM PM flux space phasor T 

Ld d-axis inductance H 

Lq q-axis inductance H 

ωe Electrical angular speed rad/s 

δ Load angle degree 

 Current excitation angle degree 

k0 Back-EMF coefficient p.u. 

Is Phase RMS current A 

P Power w 

sN  Number of stator slots p.u. 

P Number of poles p.u. 



xxi 

 

m Number of phases p.u. 

ek  Eddy current loss coefficient p.u. 

hk  Hysteresis loss coefficient p.u. 

k  An excess loss coefficient p.u. 

D Current density A/mm
2
 

n Time harmonic order p.u. 

f  Fundamental frequency p.u. 

Acopper Copper area mm
2
 

tT  Electric machine torque Nm 

C
 Electric machine torque coefficient p.u. 

1R  Stator resistance  Ω 

2R  Rotor resistance referred to stator  Ω 

cR  Loss resistance   Ω 

1dcV  DC-link voltage at Converter 1 terminals V 

dcI  DC-link current A 

cu  Copper resistivity µΩm 

cu  Copper density kg/m
3
 

al  Aluminum density kg/m
3
 

mag  Magnet density kg/m
3
 

S  Lamination steel density kg/m
3
 

E Young’s modulus GPa 

magE  Young’s modulus of magnet GPa 

sE  Young’s modulus of steel GPa 

mag  Poisson’s ratio of Magnet p.u 

s  Poisson’s ratio of steel p.u 

σt Tensile force N 

σm Centrifugal force genereated by magnet N 



xxii 

 

T  
Strain caused by thermal stress p.u 

 Thermal expansion coefficient C
-1

 

pre  Strain caused by the interference fit p.u 

m  Strain caused by the centrifugal force of magnets p.u 

[max]t  Strain generated by centrifugal force of sleeve p.u 

  Interference for press fit mm 

isd d- axis stator current A 

isq q- axis stator current A 

p Number of pole pairs p.u 

sV  Stator phase terminal voltage V 

max  Achievable top speed within the power specification rad/s 

kwn Winding factor p.u 

kdn distribution factor p.u 

kpn Short pitch factor p.u 
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Chapter 1 

 

Electrified Vehicle Powertrains  

 

1.1 Introduction 

Hybrid electric vehicles (HEVs) and electric vehicles (EVs) have emerged as promising 

alternative solutions in the transportation sector to reduce or replace the dependency on 

fossil fuels and combat emissions [1-4]. Electric machines (EMs), which convert the 

electrical energy and vice versa to mechanical energy to propel or brake the vehicle 

respectively, are key components optimizing the functionality and performance of 

vehicles [3-4]. Compared with other applications, traction motors require specific 

characteristics, such as high torque and power density, high efficiency, low torque ripple, 

noise and vibration, high starting torque, high reliability, low cost, etc. [5-7]. Due to the 

overall distinguished performance, permanent magnet (PM) machines have become one 

of the most prominent traction machines widely applied in hybrid and electric vehicles. 

Electric machine design is a challenging task since electromagnetic, thermal, and 

mechanical phenomena are coupled and need to be considered at the same time. A lot of 

design variables and design choices make it difficult to search an optimal design. 

Additional complexity is the conflict between performance and manufacturability. For 

example, thinner steel lamination, more accurate lamination shape and tighter air-gap 

width are helpful with high performance, while each attribute will increase the 

manufacturing difficulties and cost. When involving performance and manufacturing 

together, the electric machine design process must be a multi-disciplinary task which 

challenges design knowledge and engineering experience. 
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Over the years, numerical modeling tools and design optimization methods have been 

successfully applied to predict, validate and optimize designs in engineering. For 

example, finite element numerical simulation, lumped parameters analysis, differential 

evolution optimization to name a few techniques. Unfortunately, none of these considers 

manufacturing and cost systematically. Furthermore, due to lack of constraints of 

manufacturability and cost, some optimization results are unrealistic in industrial 

application. 

Manufacturing is a difficult topic to assess without the cost structure of the manufacturing 

process, as an understanding of the component supply chain. Indeed, the automotive 

marker is a highly cost sensitive sector where small commodity changes can have a 

disproportionate effect if it impacts on the manufacturing company’s existing tooling and 

techniques. HEV’s and EV’s are disruptive technologies to existing automotive 

manufacturers since the new powertrain components are still at an early stage of 

technological development. 

The automotive industry is one of the world’s most important economic sectors with 

production volume increasing since the 1950s, as shown in Fig. 1.1. There are more than 

800 million cars and light trucks on the road around the world since 2007 [8]. Although 

the consumption of cars slows down in the developed and BRIC (Brazil, Russia, India 

and China) countries, the continually increasing market demand challenges the research 

and development of vehicle powertrains. 

According to Fig.1.2, the production of the top 10 motor vehicle producing countries 

contributes more than one third of the total volume all over the world. So it can be 

envisaged that the mass production of traction machines will be realized in these 

countries in the near future. Therefore, the study of traction machine design targeting low 

mass production cost is an interesting topic of great benefit to be automotive industry. 

As well as the development of HEV’s and EV’s, the production volume of traction 

machines will expand following the whole vehicle market around the world. Large 

production volumes make every cost item count. Similar to other components in 

conventional combustion engine vehicles, minimized cost will be the most important 

constraint besides the system performance requirements. While HEV’s and EV’s current 
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only form a small part of this market, any future more to these new powertrain 

technologies will require. 
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Fig. 1.1.  World motor vehicle production [8]. 
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Fig. 1.2.  Top 10 motor vehicle producing countries 2015 [8]. 
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A hybrid electric vehicle is a vehicle fitted with an internal combustion engine (ICE) and 

an electric machine (EM). Here, the electrical element of the powertrain is regarded as a 

secondary power source to a primary power source (engine) and it is desirable to optimize 

the power source operations so that the functionality and performance of the HEVs is 

ensured. By regenerating braking-energy, component down-sizing or right-sizing and 

making the engine always run in the best operating area, fuel economy improvements are 

realized. The main issues for HEV include the running condition judgment and control 

strategy, optimization and management of the energy source, real-time optimization of 

engine and motor, energy management of the battery packs and control of braking energy 

recovery [2].  

Generally, the powertrain includes the energy source and the energy converter or power 

source. If there are two or more energy sources, the powertrain will be called hybrid 

powertrain which has several different power flow routes as shown in Fig. 1.3. Based on 

how the gasoline and electric power sources are utilized in the vehicle, the HEV can be 

classified into three types: (a) series hybrid, (b) parallel hybrid and (c) split hybrid, where 

their typical structures are shown in Fig. 1.4. 

These three different configuration HEVs perform differently and encounter different 

control problems. Series hybrids obtain regenerative power from the vehicle kinetic or 

potential energy and allow the engine to work under its most efficient conditions. 

However, the more transfer links lead to more power losses. The control part of the Series 

hybrids can be realized easily by turning on the ICE when the battery state of charge 

(SOC) is low, and run it at optimal efficiency until the battery SOC is high. Compared 

with series hybrids, parallel hybrids have lower energy conversion losses and greater 

level of flexibility in configuration, component sizing, and control because the engine 

power is directly transferred to the driving wheels. Generally, the small secondary power 

source, which means ICE and EM do not operate simultaneously, make the controller 

focus on timing of engine start/stop and the execution of regenerative braking while the 

large secondary power source determines complicated control so that the overall 

efficiency of ICE and EM is optimal. Split hybrids are the combination of series hybrids 

and parallel hybrids. All kinds of optimal design and control strategy can be used in this 
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type. But the structure is complex and cost is high, especially for those with planetary 

gears [2].  

 

 

Fig. 1.3.  Conceptual illustration of a hybrid powertrain (From Fig. 5.1 in [9] ) 

 

 

 

a) Series b) Parallel 

 

c) Split 

Fig. 1.4.  Three typical types of HEV (Modified from Fig. 2, Fig. 3, and Fig. 4 in [10] ) 
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Configurations, combining with road conditions, determine the fuel economy, engine 

efficiency, electric path efficiency, control strategies, numbers and sizes of components. 

According to the results in [11], both parallel and split configurations have higher fuel 

economy than series configuration in the highway driving conditions. The split 

configuration possesses high fuel efficiency not only in urban driving but also in highway 

driving. Therefore, most of the full-hybrid passenger cars adopt the split configurations, 

such as the Toyota Prius, Toyota Lexus, GM, Chrysler and Ford Fusion Hybrid [12]. A 

comprehensive research, careful analysis and in-depth trade-off decisions must be done 

before selecting a HEV powertrain configuration. Although the powertrain configurations 

have been mature in the commercial area, they still attract many researchers studying on 

the performance of different configurations and trying to find the more fuel-efficient 

engines and transmissions [13]. 

An important element in the HEV or EV powertrain is the electric traction machine, the 

design considerations of which are the primary focus of this research study. Fig. 1.5 

illustrates the GM Chevy Spark vehicle powertrain and location of the main vehicle 

traction machine. The figure also shows an exploded view of the traction machine which 

is an interior permanent magnet machine as will be discussed further in this thesis. 

 

 
 

Fig. 1.5.  GM permanent magnet machine applied in Chevy Spark [14]. 
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1.2 Literature Review 

 Interior versus Surface-mounted Permanent Magnets Machines 1.2.1

IPM machines appear to be the favored topology choice for electric vehicle traction 

machine applications because of their widely quoted benefits of saliency torque 

contribution, minimum magnet mass, superior demagnetization withstand, wide flux-

weakening capability and high operational efficiencies, to list the often quoted attributes 

[15, 16].  

Due to the same inductance on the direct- and quadrature-axes, there is essentially no 

reluctance torque generated by SPM machines, although they can operate in a flux-

weakening mode if appropriately designed [17-19]. Both rotor topologies have been 

explored with distributed and concentrated stator windings [16-19] with various 

justifications for either implementation, the IPM being widely regarded as the preferred 

choice. 

Jahns et al [19] designed IPM and SPM machines with fractional-slot concentrated 

windings (FSCW) against the same vehicle traction specification, same slot-pole 

combination and same materials, presenting results in terms of flux weakening capability, 

overload capability, efficiency, loss, demagnetization, etc. However, the airgap and active 

axial lengths were varied, diluting the comparison. The results show that the IPM 

machine design needed slightly less permanent magnet material but required a higher 

phase current with similar machine torque and efficiencies over the whole speed range. 

Pellegrino et al [20] compared an IPM and SPM machine, but with different winding 

configurations and airgap diameter. Chlebosz and Ombach [21] studied the 

demagnetization properties of IPM and SPM traction machines and concluded that SPM 

machines required permanent magnets with higher coercivity or demagnetization 

withstand. However, the compared machines had different pole numbers, magnet material 

and geometries, hence the conclusions cannot be deemed general. 
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Although studies have compared the two rotor topology options for brushless PM 

machines, the compared designs always tend to have varied machine parameters, making 

a quantifiable comparison difficult, if somewhat arbitrary, and closely linked to the 

personal preference of the machine designer. To-date, no study has directly identified and 

justified the technical aspects of the two rotor topologies. This thesis aims to address this 

deficiency via the comparison of a published electric vehicle traction machine design 

having a distributed stator winding and an IPM rotor, as detailed in Chapter 3 with an 

SPM rotor while maintaining the mechanical air-gap and stator lamination as discussed in 

Chapter 4. 

 Grain Boundary Diffusion Processed Magnet 1.2.2

Permanent magnets play an important role in terms of performance and cost. Their 

configuration, geometry, volume, material properties and location, including associated 

flux barriers are essential in determining machine performance. Adversely, the rare earth 

permanent magnets are a significant portion in the total cost of the traction motor despite 

being only one tenth of the total machine mass (typically) [22]. This minimizing rare 

earth permanent magnet material in a design can significantly reduce the machine cost 

[23]. In addition, manufacturing processes applied to magnets can lead to the degradation 

of machine performance due to changes in localized magnet material properties. For 

instance, the excess ends of magnets are usually ground to keep magnets and rotor the 

same axial length. Here, the grinding process can damage the coating and change the 

localized permeability of the magnets. Hence, some grain-boundary magnets are 

manufactured to a prescribed length so that the grinding process can be eliminated [23]. 

The price and procurement of rare earth materials may restrict the development and 

expansion of permanent magnet (PM) machines. Grain boundary diffusion processed 

magnets contain less Dysprosium, a small contributory element to the total magnet 

material volume, but also the element that contributes a higher cost than neodymium. 

HEV and EV traction machines require high heat resistant magnets since they operate 

under high-temperature and high load conditions. Adding heavy rare earth (HRE) 
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materials such as Dysprosium (Dy) and Terbium (Tb) is a universal method applied to 

improve the demagnetization due to high temperature of the magnet [24]. However, the 

price of the rare earth magnet material has increased exponentially in recent years [25]. In 

his book [25], Walter T. Benecki points out that the neodymium price will be relatively 

stable while the Dysprosium price will still be expensive in coming decades. Fig. 1.6 

shows the Dy and Neodymium (Nd) prices compared with gold from 2008 to 2014. After 

the rare earth crisis in 2010, the Nd and Dy prices grew exponentially [26]. Then the 

permanent magnet price gets better but still varies depends on the Nd and Dy cost. 

Therefore, it is necessary to design PM machines with less Dy material; hence the 

application of grain boundary diffusion processed magnets can provide a good solution. 

It is hard to predict what will happen in next 30 years. Both the mechanical stress and 

unstable price for the permanent magnet material may limit the development of 

permanent magnet machines. So both the grain boundary diffusion processed magnet and 

the non-magnet machine design are introduced to reduce the rare earth material 

application or to get rid of permanent magnet in electric machines. The use of grain 

boundary material will be explored as part of the rotor design discussions of Chapter 4. 

 

Fig. 1.6.  Rare earth metal prices compared with gold (% of January 2008 price) [26]. 
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 Distributed Windings versus Concentrated Windings 1.2.3

The most common winding configurations for radial field electric machines can be 

classified as distributed and concentrated windings shown in Fig 1.7. In this thesis, both 

the integer slot and fractional slot distributed windings are denoted as distributed 

windings (wound around more than one tooth) and the concentrated windings refer to the 

non-overlapped concentrated windings (wound around one tooth). Concentrated and 

distributed windings have their own advantages and disadvantages. It is often quoted that 

the benefits for concentrated windings are [27-29]:  

(a) Shorter end-turns, which leads to smaller copper loss and copper mass. 

(b) Higher copper fill factors, especially for segmented stator, which provides higher 

torque and power density and potential lower manufacturing cost. 

(c) Low mutual coupling which results in better fault tolerance, especially for single layer 

concentrated windings.  

However, concentrated windings have a number of drawbacks that include:  

(a) Higher parasitic effects, which generally leads to higher noise and vibration. 

(b) Unbalanced magnetic forces. 

(c) Excitation torque ripple. 

(d) Higher rotor loss (including rotor core loss, magnet loss, and sleeve loss for 

conductive sleeve) due to higher localized field distribution on rotor. 

Higher d-axis inductance reduces the reluctance torque for IPM machines and the field 

weakening range, but increases the flux weakening capability for SPM machines [27]. 

Based on the particular features of concentrated windings, concentrated windings are 

popular in low speed, small power machine applications. The studies in [28, 29] shows 

that concentrated windings with either IPM or SPM rotors can generate higher torque 

than the distributed windings machines in the low speed application. However, the stator 

iron loss, rotor slot ripple loss and permanent magnets eddy current loss are all higher 

than distributed winding in the high speed flux weakening region [30]. 

The research of concentrated windings for EV traction machine applications can be dated 

back to 1990s [31], unfortunately it showed that the concentrated IPM produced lower 
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(a) 24 slot single layer integer slot 

distributed winding 

(b) 18 slot double layer fractional slot 

distributed winding 

  

(c) 12 slot single layer non-overlapped 

concentrated winding 

(d) 12 slot double layer non-overlapped 

concentrated winding 

Fig. 1.7.  Typical concentrated and distributed windings connections for U phase (8 

poles, 3 phases). 

torque in the constant torque region and yielded smaller constant power range than 

distributed SPM machines. Although the application for EV traction machine does not 

look promising, there are still plenty of researchers studying on concentrated windings 
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and its application in other areas. Soulard [32] investigated the pole-slot combinations for 

PM machines with concentrated windings and provided the winding factor table for 

normal slot-pole combination. The paper also concluded the high least common multiple 

(LCM) between slot and pole numbers lead to the low cogging torque and the 

concentrated windings have lower torque ripple than the one slot per pole per phase 

distributed windings. However, those general conclusions did not consider the specific 

machine and application constraints. From Table I in [33-35], the winding factor for 9-

slot/8pole is 0.945 while the 12-slot/8pole combination is 0.866, which suggests that the 

9-slot/8pole machine will provide higher torque than the machine with 12-slot/8pole 

combination. Nevertheless, the result presented in Chapter 5 show that with the same 

rotor, slot area, stack length, winding layer, number of turns, air-gap length and 

demagnetization limit, the average output torque at full voltage, base speed for the 9-

slot/8pole with 340A peak phase current excitation is 197.1Nm, while for the 12-

slot/8pole with same peak phase current, it is 250.6Nm.This has also been reported by 

other researchers, for example, Jussila [32]. Jahns et al. [35] claimed that the classical 

steady stator phasor or d-q analysis is not suitable for analysis of concentrated winding 

machine topologies due to their deviation from the sinusoidal conventional distributed 

windings, which explained that the torque production is not just determined by the 

winding factor in the concentrated winding machine. They proposed a closed form 

analysis for the SPM machine with concentrated windings. A 36-slot/42-pole, 6kW SPM 

machine was selected to verify the analytical model.  

Up to date, the research on concentrated windings for traction application is still 

continuing. Jahns et al [36] compared the concentrated and distributed windings with 

same IPM rotor cross section, airgap length and similar ampere-turns, but with scaled 

stack active axial length to meet the peak power requirements of a benchmark 

specification. The results show that the machine with concentrated winding obtains higher 

efficiency in the high speed region due to lower stator loss while the machine with

distributed winding has smaller rotor core loss. The choice can be made based on the 

specific requirement. Furthermore, they also proposed that the concentrated windings 

have higher d-axis inductance and extend the constant power working region for SPM 

[19, 38]. The results in [39, 40] also proved that the concentrated winding machines have 
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higher d-axis inductance than the integer slot distributed winding machine with the same 

constraints. Conversely, when compared to fractional slot distributed windings, 

concentrated windings do not have merit in terms of d-axis inductance according to [41, 

42]. A fractional slot distributed IPM machine design has been proposed to replace 

induction machines in a tram application, reducing the number of machines in the system 

by increasing the machine power density by 1.5 times [43]. For the number of layers of 

concentrated winding, Lester and Nicola pointed out that the single layer concentrated 

winding layout is more suitable for the machines with large air-gaps, for example, SPM 

machines, due to high magneto motive force (MMF) harmonics. On the contrary, a 

double layer concentrated winding layout can be applied to the machines with smaller air-

gap, for instance, IPM machines, because of their low MMF harmonics [44-46]. The heat 

dissipation of concentrated winding is also a challenging task for the machine designer. 

Compared with distributed windings, the slot area of concentrated windings is bigger and 

the hotspot temperature is higher [42]. As stated in [47], the cooling method and current 

density should be considered in the machine design and optimization stage.  

Different with the literatures mentioned above, this thesis mainly focuses on the 

comparative study between the proposed concentrated winding machines and the 

benchmarked Nissan Leaf integer slot distributed winding IPM machine with same rotor 

structure, same thermal management method, and performance constraints. Meanwhile, 

the concentrated winding and distributed windings are applied to the same SPM rotor to 

study the performance difference. The performance specification is the pre-requisite and 

the manufacturability and cost difference between concentrated and distributed windings 

under the same constraints are another important respect.  

This thesis therefore makes comparisons of topologies based on consistent volumetric, 

thermal and performance constraints, a study that has not been comprehensively repeated. 
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 Multiphase Machines 1.2.4

Multiphase machines have the advantages in high power and high tolerance drive 

systems. Recently, the multiphase machines have also attracted attention in electric 

vehicle applications [48].  

The structure of the traction machine and its drive system in EVs is shown in Fig. 1.8. In 

the EV application, the electric source of the traction motor is battery. In order to make 

sure the inverter works in the high efficiency region no matter the voltage change of the 

battery, a DC/DC converter is adopted to keep the DC link voltage steady and stable. 

Between the converter and inverter, a capacitor is applied to store the fluctuation of 

energy. For the traditional three phase machines, there are three voltage source inverter 

(VSI) legs. If the number of phase is increased, the current rating for each inverter legs 

will reduce for the same power requirement. The switching loss should remain roughly 

constant through the control complexity may increase due to more phases and switches. 

The conventional three phase VSI can be directly applied to the N3 (N is positive 

integer) phases machine. From the machine side, multiphase can increase the fault 

tolerance capability and, importantly, reduce the excitation torque ripple, an important 

system design goal. So far, multiphase machines have been widely applied in ship, 

aircraft and high power propulsion due to the advantages mentioned above [48-50]. 

For multiphase machines, current harmonics of orders less than the phase number, when 

coupled with the corresponding spatial MMF harmonics, will produce useful torque and 

relatively small loss, noise and torque ripple. Therefore, concentrated and full-pitched 

stator winding structure is preferable for multiphase machines, for which, it is also 

possible to increase the power density of the drive by minimizing the supply waveform 

[51]. The implementation and dynamic simulation of induction motor with 3 and 5 phases 

are completed and it shows that the machine with 5 phases has lower torque ripple 

compared to 3 phases [52]. The influence of phase numbers on drive and loss are compare 

for 3 phase and 9 phase machines in EV applications in [48]. 

Slot-pole combinations and their effects on winding factors, rotor loss, cogging torque 

and radial forces for 3-, 5- and 7-phase machines are discussed in [54]. Here, 18-slot-12- 
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Battery Converter Inverter Motor

 

Fig. 1.8.  Structure of EVs propulsion drive system. 

pole-3-phase, 15-slot-12-pole-5-phase, 20-slot-12-pole-5-phase, and 14-slot-12-pole-7-

phase machines are reported as examples to verify the average output torque, rotor loss, 

torque ripple, cogging torque and radial forces by finite element analysis (FEA) and prove 

that combinations with winding factors higher than 0.9 produce much more rotor losses 

comparing to those with winding factors between 0.75 and 0.9. In addition, the 

combinations generating low cogging toque generally have high winding factor and high 

rotor loss. The drive model of 3 phase and 23 phase and its application results are 

investigated in [55]. Here, 72-slot-6-pole and 108-slot-6-pole machine for 3-phase and 

23-phase connections as examples to verify the control model and compare results with 

FEA predictions. The machine is induction and used for ship propulsion. 

EV is a road vehicle which involves an electric propulsion system. With this broad 

definition in mind, EVs may include battery electric vehicles, hybrid electric vehicles and 

fuel cell electric vehicles. Utilize the Direct Torque Control (DTC) and Predictive Torque 

Control (PTC) to the five phase machine and get the required performance [56]. The 

multiphase technology has been used for many years on ships and split the very high 

power values that would be the case for three phases. For rail vehicles, the multiphase 

systems are sporadically used and limited to withstand the different levels of catenary 

voltage. In road vehicles, the electrification is today commonly implemented with three 

phase solutions and it seems that the multiphase have yet to penetrate this sector [57-59]. 

This thesis considers machines having more than 3-phases, specifically Chapter 6 

discusses 23, 5-, 7- and 9-phase design with concentrated and distributed winding and 

with IPM and SPM rotor topologies.  
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1.3 Research Contributions 

The manufacturability and manufacturing cost for prototype and volume production are 

always considered in the traction machine design stage. The studies reported in this thesis 

present an improved comparison of machine topologies that previously presented and also 

offers new topologies for future consideration. 

An SPM machine is designed according to the Nissan Leaf IPM machine benchmark 

design with a distributed winding and show to satisfy the performance requirements, a 

conclusion that is against popular opinion, particularly when the machine is working in 

the flux weakening region.  

This thesis contributes to electric vehicle systems by introducing a new multi-phase 

synchronous reluctance machine (SRM) with good torque performance and operation 

from a conventional voltage source inverter for traction machine applications. As far as 

the author is aware there has been no published data on 5-phase SRM design for traction 

machine applications. A major obstacle to this has been the high noise and vibration and 

low torque density of the synchronous machines. However, in the proposed SRM, the 

asymmetric inverter is replaced with conventional voltage source inverter to achieve low 

torque ripple compared with switched reluctance machine.  

Many people have investigated stator slot and rotor pole combinations for concentrated 

windings. But no author has completed a thorough assessment of the suggested 

combinations against specific machine volume and performance constraints. This thesis 

presents several results for machine designs against a reference benchmark and suitable 

for EV traction applications. The material and manufacturing cost are also considered. 

IPM machines have complicated rotor designs, not really discussed in literature for all 

operating points. This thesis considers designs suitable for full sinusoidal excitation 

current over the whole speed operation range. The choice and influence of IPM rotor 

topologies has been published in Journal. 
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1.4 Thesis Outline  

This Chapter has presented a general overview of the EV powertrain and literature review 

of traction machine design to-date to introduce the subject area, electric machine design 

and topics currently existing worldwide. The discussion is not presented as a 

comprehensive review of the industry, but as an introduction to the main topic area of this 

thesis.  

Chapter 2 discusses the fundamentals of traction machine modeling and design, some 

considerations to the manufacturing processes.  

In Chapter 3, a commercial IPM traction machine used in the Nissan Leaf is described 

and modeled against published performance specifications. Since there is much published 

data available for this machine and drive system from Oakridge National Laboratory, an 

independent US test establishment, the machine is used to form a benchmark against 

which subsequent designs can be validated without the necessity of expensive prototyping 

and test validation. Chapter 3 also establishes the relevant performance criteria against 

which subsequent designs are assessed. 

Chapter 4 discusses the design of rotor topologies for the benchmarked Nissan Leaf 

Machine application. The Nissan Leaf machine rotor is redesigned with the same magnet 

material and rotor dimensional constraints and the performance compared. The 

comparative study results between SPM and IPM machines are presented. The zero 

magnet designs of synchronous reluctance machine and switched reluctance machine are 

presented. Grain boundary diffusion processed permanent magnet material is analyzed 

and applied in the PM machine to obtain the best design specifications. 

Different winding designs are presented in Chapter 5. Concentrated windings and 

distributed windings are discussed from both design and manufacturing aspects. The FEA 

analysis is adopted to evaluate the machine performance. An aluminum stator winding is 

also designed and studied to show the advantages and disadvantages compared to copper 

stator windings. Finally, the bar wound winding is designed and investigated to compare 

its merits and demerits with respect to the stranded winding of the Nissan Leaf machine 

design. 
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Multiphase machines with concentrated and distributed windings are designed and 

studied in Chapter 6. The 23-phase connection is tried in the modified Nissan Leaf IPM 

machine with distributed winding and the performance compared to the stranded 3-phase 

connection. The 5-phase, 10- and 15- slot concentrated winding machines are designed to 

meet the specifications of Nissan Leaf machine and the benefits and drawbacks are 

discussed. The 9-phase, 9-slot concentrated winding machine is designed to meet the 

Nissan Leaf machine and is assessed. 

Finally, Chapter 7 concludes the thesis research findings, main achievements and presents 

recommendations for future work. 

Electrified Vehicle Traction Machine Design with Manufacturing Considerations
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Chapter 2 

 

Electrified Vehicle Traction Machines 

 

2.1  Introduction  

In this Chapter, the traction machine design fundamentals and manufacturing issues are 

discussed. The intent of this Chapter is to establish the necessary background for 

following Chapters and to introduce various components of the machine design process 

for study of the Nissan Leaf IPM machine as a benchmark machine for the later chapters. 

This chapter presents analytical sizing equations, guidelines for selection of the number 

of poles and slots and magnetic circuit materials. The primary focus of the chapter is on 

permanent magnet synchronous machines (PMSMs) including fundamental of design, 

manufacturing, benchmark machine, assessment criteria and design parameter studies. 

2.2  Fundamentals of Rotating Electric Machines 

The main components of a rotating machine are the rotor and stator. There is a gap 

between rotor and stator, which is denoted as the airgap, as shown in Fig. 2.1 and 2.2. The 

structure of an idealized electric machine is shown in Fig. 2.1. Assuming Bave is the 

average airgap flux density, Ic the current carried in the stator winding per conductor and 

L the active axial stack length, the force acting on one conductor is calculated from first 

principles as:  

thus, the force acting on Z conductors is: 

  ave cF B I L  (2.1) 
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The torque acting on the winding is: 

The average airgap flux density, Bave varies over the range 0.3T to 1.2T, depending on the 

magnetic strength from rotor and stator sides [60]. The quantity (ZIc) can vary from 

machine to machine, but can be defined in terms of a specific electric loading, Q, where: 

where Q is a more limited quantity and varies from 10 to 100A/mm
2
 for typical industrial 

machines [60]. But in special machines, Q can go higher depending on winding 

mechanical design, cooling medium and techniques. 

Thus, the general torque expression for first order sizing exercises becomes: 

 

 
Fig. 2.1.  Idealized electric machine. 

 

L = active axial length

D = Outer diameter of rotor

Bave = Average magnetic load

Ic = current per conductor 

in stator winding

Stator

Airgap

  ( )ave cF B ZI L  (2.2) 

  ( )
2

ave c

D
T B ZI L  (2.3) 

  cZI
Q

D
  (2.4) 
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where Bave is the specific magnetic loading, Q is the specific electrical loading.  

The power conversion is given by: 

where ωr is in mechanical radians per second. 

Impact observations can be drawn from this simple analysis: 

(a) Torque is proportional to rotor volume while B and Q are approximately constant for 

a class of machine and independent of machine dimensions. 

(b) Torque is generally independent of the number of pole-pairs. Poles being more related 

to the speed of machine or volumetric considerations. 

(c) High torque can often require large diameters, i.e. so called “torque motors”, which do 

not always have continuous requirements or only low speed requirements. 

The actual choice of D and L often depends on the torque-to-inertia ratio required to 

satisfy system dynamics. 

Since the inertia of a cylinder is: 

where ρ is the material density in kg/m
3
. 

The, torque-to-inertia is: 

So the torque-to-inertia is inverse in proportion to the square of rotor outer diameter. 

Hence fast acting servo type motors always prefer long-thin rotor length-diameter 

proportions. Conversely, for drives requiring constant speed, the larger inertia may be an 

advantage by smoothing out the effect of any torque pulsations thus minimizing 

corresponding speed fluctuations. 

2  
2

aveT D LB Q


  (2.5) 

  rP T  (2.6) 

4  
32

J D L


  (2.7) 

2

2
4

162  

32

ave

ave

D LB Q
T

B Q
J D

D L



 

   (2.8) 
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(d) An alternative approach is to derive an expression for the stress per unit area of the 

rotor surface. From the Equation 2.5, force on the rotor surface is 2T/D and surface 

area of rotor is πDL. Therefore, the force per unit rotor surface area is: 

2.2.1  Factors Effecting Magnetic and Electrical Loading 

In reality, the magnetic loading is usually limited by either saturation of the iron leading 

to large magnetizing MMF requirements or losses in the iron leading to poor efficiency 

and high temperature rise. In addition, PM machines can be limited by the magnetic 

properties of the PM. For example, saturation/loss limited machine: 

If Bave is the average magnetic loading in the airgap, the stator tooth flux density is given 

by: 

where the tooth width, wt, and slot width, λt, are as illustrated in Fig. 2.2. 

Therefore, if Bt is limited to around 1.7T to 1.8T, then for typical slot/tooth geometries 

Bave is limited to 0.5T to 0.7T. 

Bave can be increased only if the slot width is decreased, but this then reduces the 

available winding slot area and hence electrical loading. Some machines are designed 

with no teeth, so called “airgap winding” machines. Such windings eliminate the 

restriction due to teeth, but effectively increase the magnetic airgap between the stator 

and rotor; hence require increased MMF. However, this is useful in reducing losses in 

teeth and magnetic cogging torque produced due to changes in airgap or magnetic circuit 

reluctance. 

 

2

2
  ave

F T
B Q

DL D L 
   (2.9) 

  ave t
t

t

B
B

w


  (2.10) 
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Fig. 2.2.  Magnetic load condition. 

The rating of any machine is related to the losses internal to the machine and how 

effectively the losses can be removed to maintain the machine constituent components 

within their thermally rated limits. The electric loading is a significant contributing factor 

to machine loss and can quite often determine the thermal performance of the machine. 

Also, the winding wire insulation (per turn) and other insulations e.g. slot liners, inter-

phase and end-winding insulators, and insulating resins, are usually the most likely 

materials to degrade due to over temperature. 

Thermal modeling is used to calculate temperature variations within each component of 

the machine to ensure that they are operated within their thermal design limits.  

Heat can be removed from a machine by a number of techniques that ultimately fix the 

electrical loading for a given design. The degree of cooling in terms of complexity and 

cost often relates to the application, final product cost, available volume envelope, etc. 

The most common (through not exhaustive) techniques can be summarized as: 

(a) Simple natural ventilation. 
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(b) Force air cooled ventilation, e.g. vacuum cleaners has a small, but nevertheless, a very 

high rate of take-off air for cooling. Machines have finned cases to increase external 

surface area and provide a guide for air flow. 

(c) External water cooled jackets. This is common in automotive, but cooling fluid may 

be at 60C at the cooling inlet if taken from the vehicle/engine system. 

(d) Internal cooling pipes and fluid media. Aircraft and automotive fuel are often used to 

directly cool fuel pumps. Direct oil cooling of windings. 

Insulations are classified according to their temperature capability as well as voltage 

insulation properties. It is usually the temperature factor that ultimately leads to failure 

due, for example, to over temperature operation during mechanical (system) or electrical 

faults. 

Further, it is important to understand the application duty of the machine. To help clarify 

and assist in standardizing between manufacturers and users internationally recognized 

standards set out specific duty regimes.  

2.2.2  Permanent Magnets 

Permanent magnet materials have experienced a significant technological developments 

from 1970’s with the emergence of so-called rare earth materials, i.e. Samarium-Cobalt 

(SmCo) and Neodymium-Iron-Boron (NdFeB), as illustrated in Fig.2.3 (a) highlighting 

the improvement in “Energy product” during the 20
th

 century. These material 

developments have fostered new electrical machine developments particularly in 

application areas where machine power or torque density is critical design requirement, 

i.e. in the automotive, aerospace and marine sectors. 

Permanent magnets are characterized by having a large area hysteresis loop and are 

therefore generally known as HARD magnetic materials as opposed to SOFT magnetic 

materials such as mild steel, iron, lamination steels etc., that ideally have small loop areas 

to minimize hysteresis loss.  Fig. 2.3 (b) illustrates a typical hysteresis loop for a 
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(a) Development of permanent magnet materials [61]. 

 

(b) Typical hysteresis B-H loop of a permanent magnet material. 

Fig. 2.3.  Hysteresis loop of a typical permanent magnet material. 
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permanent magnet material defining the main terminologies that will be used later in the 

thesis discussions. 

Permanent magnet machine (device) design hinges around the characteristic of Fig. 2.3 

(b) and in determining the working point of a magnetized material. As usual with 

magnetic circuits, the three dimensional complex field patterns often require sophisticated 

finite element modeling techniques for greater standard of accuracy, although much 

useful work can be done by assuming a simple magnetic circuit type approach and using 

linear or graphical modeling techniques. 
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2.3  Basic Brushless Permanent Magnet Machine Analysis 

2.3.1  Machine Model 

Brushless permanent magnet (BLPM) machines generally have two types of rotor 

topologies:  

a) interior permanent magnet (IPM) rotor, where magnets are buried within the rotor iron 

[62, 63]; 

b) the surface-mounted permanent magnet (SPM) rotor, where magnets are mounted on 

the rotor surface.  

The rotor structures of IPM and SPM machines are illustrated in Fig. 2.4 (a) and (b) 

respectively.  

The magnets, which have a relative permeability close to unity, appear as an air gap to the 

stator magneto-motive force. Therefore, for the IPM machine, since the magnets are on 

the rotor direct axis and the quadrature axis paths have a larger iron contents, the direct 

axis reactance is less than the quadrature axis reactance, which results in rotor saliency 

[64]; for SPM machine, the reluctance between the stator and the rotor is essentially 

uniform and hence the direct axis reactance and quadrature axis reactance can be regarded 

as same. Fig. 2.4 illustrates the two rotor topologies within the same stator arrangement, 

as will be studied in later Chapters. 

It has been reported that BLPM machines have relatively high efficiency, high torque, 

and high power density for low speed operation because the excitation provided by PMs 

is current free and lossless, while PM machines inherently have a short constant power 

range since the fixed flux magnets limit its extended speed range [65-69]. However, the 

PM material is electrically resistive (approximately 70 times that of copper) and hence the 

rotor PM segments in high performance machines are axially laminated to reduce eddy 

currents. This feature will be discussed later in Chapter 4. 
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(a) IPM machine (b) SPM machine 

Fig. 2.4.  BLPM machines with IPM and SPM rotor topologies. 

To investigate general machine operational characteristics, a linear electro-magnetic 

model of a BLPM machines can be considered. The model is implemented in a classical 

linear two axis approach and simplified with some assumptions. Firstly, the magnetic 

saturation is neglected, which results in constant equivalent circuit inductances and 

magnet flux-linkage. Then, both the stator winding distribution and machine inputs are 

assumed to be sinusoidal so that the air gap space harmonics and switching harmonics 

during power electronic converter are neglected. In this way, the machine parameters 

which have significant influence on the machine power capability over a wide speed 

range can be determined, which clearly identifies the machine design procedure. These 

considerations are generally appropriate for the SPM, but need some care for the IPM, 

since the magnetic circuit and hence machine parameters are no longer linear due to 

magnetic saturation and cross-field effects. Notwithstanding this comment, thus analysis 

is still useful to develop the basic operational concepts and design ideas. 

Since there are no electrical circuits on the rotor of BLPM machines, the machine per 

phase voltage equation comprises of the stator voltage equation [64]: 
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where Rs is the phase winding resistance, Ls is the phase synchronous-inductance, is and 

PM are phase current and PM flux space phasor respectively. 

The voltage equation in the synchronously rotating reference frame can be split into direct 

and quadrature parts: 

where the subscripts d and q represent d-axis and q-axis components, ωe is electrical 

angular speed. 

For steady-state operation, the time derivative terms can be equated to be zero. The 

voltage equations, based on the machine vector diagram shown in Fig. 2.5, are expressed 

as follows: 

where δ is load angle,   is current excitation angle, k0 the back-EMF coefficient and Is the 

phase RMS current.  

sd
sd s sd d e q sq e PMq

di
V R i L L i

dt
       (2.12) 

sq

sq s sq q e d sd e PMd

di
V R i L L i

dt
       (2.13) 

sin sin coss s s e q sV R I L I      (2.14) 
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Fig. 2.5.  BLPM machine vector diagram. 

Therefore, the electrical angular speed can be calculated from: 

Rotor speed is calculated from: 

where p is the number of pole pairs. 

The total power, including copper loss and electro-mechanical power, is calculated from: 
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By neglecting copper loss, which is reasonable for highly efficient machines, the electro-

mechanical power as a function of the machine parameters, phase current magnitude and 

current excitation angle can be expressed as: 

Hence, the electro-magnetic torque is derived as: 

This torque equation illustrates the main torque combinations in BLPM machines, one 

arising from the interaction of current and permanent magnet excitation: 

and one arising from the interaction of machine phase current and the variation winding 

reluctance expressed in terms of the direct- and quadrate-axis inductance, the saliency or 

reluctance torque: 

In constant torque region, for any magnitude of stator phase current, there is an optimum 

current excitation angle which leads to maximum electro-magnetic torque. As the speed 

increases, this angle is chosen for maximum torque operation until the maximum phase 

voltage constrained by the DC link is reached and then machine enters to the field-

weakening region. At the maximum voltage constraint with the increment of machine 

speed, the current excitation angle rises from the optimum value to 90 degrees. Hence, for 

BLPM machines where there is no physical field current excitation, field weakening is 

achieved by supply of a negative component of d-axis stator current vector, which is 

progressively increased to reduce the machine flux. 
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Therefore, for SPM machine, Ld equals to Lq, hence the torque is maximized when the 

current excitation angle equals to zero and the current excitation angle progressively 

increased to field weaken the machine. For IPM machines, the optimum current excitation 

angle is obtained by differentiating the electro-magnetic torque with respect to the current 

excitation angle and equating the result to zero: 

Solving for the differentiating equation yields: 

where 
  s

o

q d

k
C

L L I



. 

Again, speeds above the full-load base speed at full stator voltage are achieved by 

advancing the current excitation angle from its optimum value towards the maximum of 

90°E. 

The above discussion will be illustrated in the machine analysis procedure and subsequent 

results in Chapters 3 to 5. 

2.3.2  BLPM Traction Machine Design Considerations 

When designing a BLPM traction machine, special attention is required to ensure that the 

machine has reasonable field-weakening capability within the drive system rated voltage 

and current constraints.  

In order to achieve an extended constant power above the voltage constrained base speed, 

the expression of rotor speed, Equ. (2.17) and (2.18) are analyzed. According to [68], the 

copper loss of stator winding of traction machines is generally a relatively small 

proportion of the shaft output power and the resistive voltage drop is also negligible. 

Hence, the phase resistance in Equ. (2.17) is neglected to assess the main design 
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parameters impacting on extended speed operation. The simplified rotor speed is 

expressed as: 

Above base speed, the current excitation angle is increased towards 90 degrees, hence the 

maximum achievable speed is given by: 

Therefore, according to Equ. (2.26), the machine maximum speed limit primarily depends 

on four parameters:  

(a) the supply voltage limit, 

(b) the phase current limit, 

(c) the back-EMF coefficient and 

(d) the direct-axis inductance.  

More importantly, it can be noticed that if the machine is designed such that: 

the maximum achievable speed is theoretically infinite (in this loss-less scenario). 

It is worth noting at this point that according to Equ. (2.28) maximum speed is influenced 

by the ratio of back-EMF coefficient and LdIs production. The quadrature axis inductance 

does not contribute to extended speed capability. This is a widely miss-conceived 

assumption in many current publications in the literature that machines must be salient if 

they have to realize a traction torque-speed characteristic. It may be a point that in being 

salient the direct-axis inductance is increased above that of an SPM design, however, this 

is not generally of use in a practical design of high current loads due to reduction of 

inductance with saturation. This discussion will be continued in Chapter 3 and 4 where an 

SPM design is proposed compared against a reference benchmark IPM design. 
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Fig. 2.6.  Influence of direct-axis inductance on field-weakening capability. 

Fig. 2.6 illustrates the impact on field-weakening capability due to increasing direct-axis 

inductance, Ld. With the increase of direct-axis inductance from 1.0 to 4.5 per unit (p.u.), 

the machine field-weakening capability is improved. Although the machine base speed is 

shifted to a lower value, the power characteristic has been extended to match a traction 

requirement. However, for any further increase in the direct-axis inductance, for example, 

from 4.5 to 6.0 then 8.0 p.u., the value of the LdIs (max) product will be higher than the 

value of k0, resulting in a fall-off in both the peak power capability and the extended 

speed capability, due to the dominance of the winding impedance voltage drop. This 

feature will also be observed in Chapters 3 to 5 where particular designs have limited 

high speed capability. 

By comparing the influences of the four parameters of Equ. (2.26) on the machine torque-

speed and power-speed performance, the following conclusions are made:  

(a) the increase in the supply voltage constraint will neither improve machine field-

weakening capability nor rated operating performance;  

(b) increasing the direct-axis inductance effectively facilitates field-weakening within the 

voltage and current constraints, but this results in some small reduction in the torque 

and power performance at 1.0 p.u. speed [61];  

(c) this issue can be solved by increasing the phase current constraint slightly or adjusting 

the value of the back-EMF coefficient [61]. 
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2.4  Traction Machine Design Considerations 

2.4.1  Pole and Slot Combinations 

Traditionally, both integer-slot and fractional-slot motors are used in the construction of 

BLPM machines. The number of slots-per-pole-per-phase is defined as: 

where sN  is the number of stator slots, P  is the number of poles and m  is the number of 

phases.  

The winding is referred to as an integer-slot type if q is an integer number. Otherwise, the 

winding is referred to as a fractional-slot type. An attractive class of fractional-slot 

windings where the number of slots-per-pole-per-phase less than or equal to 0.5, allows 

for single tooth wound windings, as will be discussed in Chapter 5. 

Integer-slot windings, in general, offer the highest values of winding factors and typically 

can benefit from existing and well developed induction motor winding practices and 

manufacturing equipment. However, the resulting long and overlapping end windings as 

well as the low values of attainable slot fills associated with integer-slot windings should 

be carefully considered [32]. Practical fractional-slot tooth wound (concentrated 

windings), in general, offer reduced length non-overlapping end windings, increased slot 

fill and overall simplicity of the winding [42]. These qualities are beneficial for high 

efficiency and high volume production machines. However, the resulting low 

fundamental winding factor [34], associated rich harmonic content of the stator MMF [35] 

and potential high core loss [43], should be carefully considered in the selection of 

fraction-slot windings. Some attractive slot-pole combinations may result in MMF sub-

harmonics that can lead to significant rotor losses. 

In the design of high performance machines, it is common to consider additional criteria 

such as vibrations and acoustic noise in the selection of slot-pole combinations [33]. In 

radial flux machines, the air-gap field has a significant radial component that results in 

  sN
q

mP
  (2.28) 
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radial air-gap stresses that are significantly larger than the tangential stresses that produce 

useful torque. The mode of the spatial distribution of the radial stress waveform is a 

function of the number of slots and poles. Selection of the number of slots and poles has a 

significant impact on the radial stator stress distribution [32]. For instance, machines with 

12/10 and 9/6 slot-pole combinations produce resultant stator forces respectively. A 

motor with 9/8 slot-pole combination leads to an unbalanced force distribution. However, 

it is the impact of unbalance on the motor bearings and load that is import, and that 

applies to any load. In general, the mechanical structure of the stator is more susceptible 

to mechanical deformations resulting from stresses with low modes [33]. If not properly 

mitigated, these deformations can lead to increased vibrations and acoustic noise during 

normal operation. Topologies that have inherently low radial force modes, such as 12/10, 

may benefit from stator lamination designs with increased yoke thicknesses, closed stator 

slots, or other means of increasing stator structural stiffness that will reduce unwanted 

stator deformations and acoustic noise. It should be mentioned that these changes 

typically have a negative impact on torque density and manufacturing cost. These features 

will be explored in Chapter 5. 

2.4.2  Rotor Topology 

In permanent magnet machines, a wide selection of rotor topologies is available. Two 

main classes of machines have already been identified based on the two basic rotor 

topologies, namely, surface permanent magnet (SPM) and interior permanent magnet 

(IPM) machines. Examples of rotor topologies belonging to the class of SPM and IPM are 

provided in Figs. 2.1 (a) and (b), and (c) through (f), respectively. An example of a 

generic SPM machine is provided in Figs. 2.7 (a). Torque quality (both cogging and on-

load ripple) and back-EMF distortion performance of the generic SPM motor can be 

improved by properly shaping (chamfering) the surface of the magnet such that it results 

in an air-gap flux density waveform that approximates a sinusoidal distribution, an 

example topology illustrated in Fig. 2.7 (b). However, a shaped magnet, Fig. 2.7 (b), is in 

general more expensive since it requires additional material to support increased airgap 
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and additional machining to shape the magnets. IPM rotors are shown in Figs. 2.7 (c) 

through to (f). These topologies offer potential benefits associated with rotor saliency, an 

additional reluctance torque component and claimed improved field-weakening 

performance [16-18], although this feature will be discussed in detail in Chapter 4. IPM 

rotors shown in Figs. 2.7(c), (d) and (f) benefit from simple rectangular magnet shapes 

and are typically used with high energy rare earth magnets. On the other hand, multi-layer 

and spoke IPM topologies shown in Figs. 2.7 (e) can take advantage of lower-cost 

alternative magnet materials such as bonded rare-earths and ceramic ferrites. 

Furthermore, the rotor topologies shown in Figs. 2.7 (d), (e) and (f) have an additional 

design flexibility to increase the air-gap flux density by focusing (concentrating) the PM 

flux. It should be mentioned that Fig. 2.7 provides only a basic overview of a large 

number of rotor topologies that are available. Selection of the proper topology depends on 

the specific target application. For example, SPM motors are predominantly used in servo 

applications where torque linearity and quality are of high concern. On the hand, various 

IPM topologies are most commonly found in traction and industrial applications, where 

high-speed field weakening performance is of importance. 

(a) surface-PM (b) surface-PM (shaped) (c) bar IPM

(d) v-shape IPM (e) multi-layer IPM (f) spoke IPM
 

Fig. 2.7.  Surface-PM and IPM machine rotor topologies. 
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2.4.3 Machine Losses and Efficiency 

Electric machine losses lead to practical performance limitations related to temperature 

rises of the insulation and permanent magnet systems. Efficiencies attainable in electric 

machines are mainly limited by the electric (conductor) and magnetic materials used to 

carry electric currents and magnetic fluxes, respectively. Therefore, understanding and 

quantifying the main loss mechanisms in such materials is crucial in the design of high 

performance electric machines. 

(a) Winding Loss 

Joule, ohmic or copper losses in the stator winding depend on the winding RMS current 

and resistance. Stator winding DC resistance per phase can be calculated using the basic 

geometric parameters related to the stack length, mean end winding (end-turn) length, 

conductor area and material resistivity.  

In addition to the loss in the DC component of the resistance, the stator winding will 

contain frequency dependent losses that are related to the skin and proximity effects of 

conductors of finite diameter placed in alternating magnetic fields. While leakage fields 

in the slots of an electric machine are typically small, their frequencies can be 

significantly high, especially for high speed machines and machines excited with PWM 

drives. High frequency induced ohmic losses are highly dependent on the following three 

factors: slot-opening dimensions, conductor diameter and transposition within the slot, 

and winding inductance (that provides smoothing of PWM current ripples). 

Thus, a factor, kAC, can be used to multiply the DC resistance to take account of higher 

frequency effects associated with conductor skin effect [69]. 

(AC)   total
ph AC

l
R k

conductor area

 
  

 
 

(2.29) 

For the machines considered in subsequent Chapters higher frequency losses in 

conductors assumes negligible due to the use of multi-stranded, transposed winding 

conductor per coil turn. This precludes the discussion on bar-wound winding topologies 



Ph.D. Thesis – Rong Yang                            McMaster University – Department of Mechanical Engineering 

39 

 

in Chapter 5 which mention higher frequency conductor loss, but does not calculate them 

due to the detrimental effect of the winding implementation. 

For an n-phase machine, the total armature winding copper or Joule losses can be 

calculated using the following equation: 

2

( ) (AC)  ncu ph rms phP I R  (2.30) 

where sr  is the winding resistance per phase computed at the correct operating 

temperature.  

(b) Core Loss 

Electromagnetic core losses induced by time-varying fields in laminated electric steels are 

typically calculated in the post-processing stage of the electromagnetic analysis and are 

based on the combination of calculated core flux density values and data obtained from 

loss measurements performed by manufacturers on lamination material samples. 

Measured specific core loss data is fitted to a fixed coefficient Steinmetz expression that 

is given as follows [70]: 

2 2 1.5 1.5  core h eP k fB k f B k f B

    (2.31) 

where ek  is the eddy current loss coefficient, hk  is the hysteresis loss coefficient and k is 

an excess loss coefficient used to improve the curve fitting process.  

The fixed coefficient model provided in Equ. (2.30) is limited to a narrow set of 

frequencies. An improvement to this classical model assumes that the hysteresis power 

coefficient, α, is equal to 2, the excess loss coefficient, k , to be equal to zero, and 

accounts for variation in loss with both frequency and flux density. On the other hand, 

tooth-yoke junction and tooth-tip regions experience both radial and tangential rotating 

(distorted elliptic) field components. It should be mentioned that in a typical machine 

stator teeth and yokes account for the majority of the core losses. 

Loss measurements on electric steels used in the laminations of electric machines are 

typically performed assuming AC pulsating field components. Improvements can be 

introduced by accounting for DC (constant) bias fields and incremental losses in the 
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measurements. In addition, further improvements in the measurements are possible by 

accounting for the above mentioned rotational field components in the measurement [71]. 

(c) Magnet Loss 

Permanent magnet losses in the rotor are produced by alternating field components that 

are not synchronized to the rotor rotation. Alternating field components in the rotor 

structure can be attributed to permeance variation produced by stator lamination slotting 

(in semi-closed and open slots), space-harmonics produced by armature winding layouts, 

and time-harmonics produced by either the power supply or a combination of the power 

supply-motor interaction. The eddy-current loss is the dominant loss component, while 

magnet hysteresis in the magnet material is typically considered insignificant [72].  

To analyze the magnet eddy current loss for IPM machines, the investigation of the loss 

origin is carried out shown as in Fig. 2.8. Those three sources of loss are all analyzed 

through Finite Element Analysis (FEA) in JMAG. Since concentrating on the motor 

structure and no control added in the simulation, the slot harmonics is the main reason of 

the magnet eddy current loss. 

The discretized Steinmetz model, shown in Equation (2.32) [70], is adopted to calculate 

the magnet eddy current loss:  

 2 2 2

, ,  ( )eddy currentloss e r n nW K D nf B B dv     (2.32) 

where eK  is loss coefficient, D  is current density, n  is time harmonic order, f  is 

fundamental frequency, ,r nB  is the n -th harmonics of the radial components of the flux 

density, and ,nB  is the n -th harmonics of the peripheral components of the flux density. 

The calculation process is shown in Fig. 2.9. The 3D simulation is the prerequisite of the 

calculation and all data of the elements on the magnets are needed to be exported to carry 

out the calculation. 
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Fig. 2.8.  Magnet eddy current loss investigation. 

 

 

Fig. 2.9.  FEA Based Magnet eddy current loss calculation. 

 

(d) Windage and friction 

This is estimated from the machine geometry, i.e. airgap and rotor dimensions, rotor 

chamber air flows etc. and the machine bearings. Typically, windage and frictional losses 

are relatively small by design compared to other mechanisms, as will be seen in the 

design calculations of Chapter 3 to 5. 
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2.5  Traction Machine Manufacturing Considerations 

This section reviews the popular techniques and recent developments in electric machine 

manufacturing, including prototype, low volume and high volume. Manufacturing 

methods for the main parts of electric machines, assembly and how they affect 

performance are discussed, as well some indication of the cost issues.  

Early in 1970s, design for manufacturability (DFM), was developed, as design concept 

and studied by many scholars, such as, R. H. J. Warnecke, D. M. Anderson, and Geoffrey 

Boothroyd [74-76]. The assembly-oriented design manner, like Boothroyd method and 

Dewhurst method, and assemblability Evaluation Method (AEM) developed by Hitachi, 

have achieved great success in reducing product cost [74]. Later on, concurrent 

engineering was put forward to encourage designers consider manufacturing factors at the 

design stage, including conceptual design, embodiment design and detailed design [75]. 

Now this topic is still focused by some researchers. Peter Groche, Wolfram Schmitt, etc. 

[76] integrated manufacturing-induced properties in product design and formulating 

mathematical optimization algorithms to obtain the design result. Distinguished with the 

conventional Design for Assembly (DFA) and Design for Manufacture, they considered 

the manufacturing-induced properties before design and carried out the optimization 

process in design.  

Although the DFM idea have been presented and approved for more than 40 years, it is 

hard for designers to give specific method to let others learn or inherit in a short time. 

Since design and manufacturing process change significantly for various products, the 

concrete implementation is out of the scope of this thesis.  

In addition, manufacturing constraints during machine design process need consideration. 

Although steel lamination can be manufactured to 0.1 mm, the general thickness for IPM 

machines is 0.35 mm since the cost will be much larger for the thinner lamination. Air-

gap width for IPM machines range from 0.3 mm to 1.0 mm, which is much larger than 

induction machine (IM) and switched reluctance machine (SPM) since the rotor with 

permanent magnet inside has a large magnetic force which makes the assembly more 

difficult. The tolerance of each part should be controlled no smaller than 0.01mm since 

the manufacturing cost will increase exponentially with high manufacturing precision.  
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Given the potential for high manufacturing volumes for automotive applications, as 

discussed in Section 1.1, many techniques have been investigated to try to simply the 

manufacturing process for electric machines. 

2.5.1  Overview of the Electric Machine manufacturing  

As the wide application of electric machines, IMs have well established manufacturing 

techniques and automated product lines for mass production. Fig. 2.10 shows the main 

manufacturing steps of IMs [77]. The stator and rotor are the two main parts which will 

be manufactured separately while they also share some common manufacturing process, 

for instance, lamination stamping and stacking, machining, coating, and test. Finally, the  

stator and rotor will be assembled together and some related tests will be done to make 

sure the electric machines are qualified. 

 
Fig. 2.10.  Main manufacturing process of electric machines [77]. 
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The electric machines manufacturing process varies with the product volume. Usually, a 

prototype will be fabricated in a workshop without product line. In that case, the winding, 

stacking and assembly will be done manually. So the labor cost and some design factors 

like winding factor, slot filling factor and air-gap width, are all linked in some way or 

another to the machine design. The cost of electric machines can be divided into fixed and 

variable costs. The fixed cost is the cost that does not change as the product volume 

changes, while the variable cost depends on the specific electric machine geometry, 

tolerance requirements, volume and materials selected etc.  Variable costs including raw 

material, manufacturing overhead, direct labor, indirect manufacturing, supplies and 

depreciation of equipment and facilities, and so on. The main components for electric 

machines manufactured in high volumes are the: 

(a) Lamination manufacturing process 

(b) Lamination selection 

(c) Permanent magnets, and  

(d) Stator windings.  

2.5.2  Lamination Manufacturing Process 

In general, the cost of manufacturing laminations decided by the amount of steel cost and 

the stamping machine. To fully use the material on the steel strip, the width of the 

stamped steel strip is just a little larger than the outer diameter of the lamination. If the 

width of the steel rolls was fixed, the design result would be slightly adjusted to reduce 

the cost. In addition, the punching machine can be purchased based on the production 

quantity, efficiency requirement, precision target, and cost. The error of punch increases 

as the process times, which needed to be controlled in a certain area to make sure the 

similarity of the lamination so that they can be attached to a rotor or a stator. Some 

punching machine can manufacture a lamination by one punch while smaller one just 

punch a part and need several steps to complete one. So the cost of punching machine and 

changing worn punch head needs to be compared. Besides, the lamination in a prototype 

is often manufactured by wire-electrode cutting, hence the cost for cutting is higher than 

the material. 
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Firstly, the steel sheet is unrolled and cut to smaller strips according to the outer diameter 

of the laminations and the new steel strip is rolled again to form steel strip rolls 

separately. Then the laminations are stamped from the steel strips and the error mainly 

determined by the punch. The shape error of slots putting magnet is strictly controlled in 

case the slot can’t fit the magnet. In actual production conditions, motor companies have 

more than two suppliers for one part to avoid the risk from one supplier and the stack of 

lamination also imparts another part of error. Thus each slot has tolerance to assemble the 

magnet with tiny shape differences. 

In general, the cost of manufacturing laminations decided by the amount of steel cost and 

the stamping machine. To fully use the material on the steel strip, the width of the 

stamped steel strip is just a little larger than the outer diameter of the lamination. If the 

width of the steel rolls was fixed, the design result would be slightly adjusted to reduce 

the cost. In addition, the punching machine can be purchased based on the production 

quantity, efficiency requirement, precision target, and cost. The error of punch increases 

as the process times, which needed to be controlled in a certain area to make sure the 

similarity of the lamination so that they can be attached to a rotor or a stator.  

If manufacturing of electric machines is considered in early design stage, the designer 

will obtain reasonable design. The automatic winding method, laminated or spiral-

laminated cores needs smaller slot fill factor compared with the manual winding, 

segmented or soft magnetic composite (SMC) cores, and open slots. 

Typical thickness of lamination in traction motors ranges from 0.2mm to 0.35mm. 

Depending on volume, stator laminations can be manufactured in complete or in sections, 

as illustrated in Fig. 2.11 [78]. For high volume manufacture, various researchers and 

companies have considered a number of techniques. For example, punching the tooth 

profile on a straight strip and then winding this strip to for the stator, as illustrated in Fig. 

2.12 [79, 80]. Alternatively, tooth sections care individually stamped and these then 

assembled to form the complete stack, two examples of which are shown in Fig. 2.13 [81] 

and Fig. 2.14 [82].  

Soft magnetic composites (SMCs) are also used for stator manufacture. The material can 

be compressed into a 3-dimensional design giving the machine designer some additional 

freedom to implement the magnetic field. However, SMC materials have a lower 
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magnetic performance when compared to laminated structures from thin sheet silicon 

steels and are hence not usually considered for high power traction applications. Fig. 2.15 

shows components from a sectionalized SMC machine proposed by Jack [83]. While Fig. 

2.16 and 2.17 shows other examples of stator assembly concepts [84, 85]. 

Welding is a widespread method for securing stator cores with the drawbacks of requiring 

manual loading of laminations and maintenance activity. But the welding also plays an 

important role in iron loss since it will change the electrical properties of silicone steels. 

This process has a significant impact on the eddy current, so care is needed in the weld 

application. 

  

 
(a) Entire section is 

punched. 
(b) 120 segments. (c) 60 segments. 

Fig. 2.11.  Stator laminations [78]. 
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(a) Outer stator from Mitsuhiro [79]. (b) Inner stator from Lee [80]. 

Fig. 2.12.  Examples of spiral-laminated stator cores. 

 

 
Fig. 2.13.  Akita’s model of a joint-lapped core [81]. 

 
Fig. 2.14.  Mecrow’s segmented lamination for easy insertion of pre-wound coils [82]  

 
Fig. 2.15.  Part of stator yoke, pre-pressed coil, and tooth in SMC from Jack [83]. 



Ph.D. Thesis – Rong Yang                            McMaster University – Department of Mechanical Engineering 

48 

 

 
Fig. 2.16.  Examples of stator with special tooth tips [84]. 

 

 
Fig. 2.17.  Comparison of the coils with a semi-closed and open slot [85]. 

2.5.3  Stator Windings Manufacturing 

Windings can be classified into stator windings and rotor windings based on the winding 

positions on the machine. From the perspective of manufacturing process, windings can 

be single-wrap winding, multiple-wrap winding, distributed winding, concentrated 

winding, etc. Although winding wires have their own insulations, insulation paper or 

other insulation materials are overspread in the slots or between the winding layers to 

isolate electrical transfer. Slot wedges are also used as the insulation part. In application, 

insulation is the most vulnerable part and fails very often. Some machine maintenance 

companies can heat the stator with failed insulation and take out the windings then insert 

the new insulation layers and then rewind the windings. Both concentrated and distributed 

windings can be automatically wound and inserted to the stator slots. Fig. 2.18 shows 

how a concentrated winding machine winds on each tooth for an open stator lamination. 

While Fig. 2.19 shows a complete stator for an external rotor SPM machine for a washing 
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machine application. For this application, machine power density is less of criteria than 

fully automated manufacture as car is witnessed by the relatively poor slot packing factor 

required for slot needle winding tool as shown in Fig. 2.20. 

 

 
Fig. 2.18.  Winding the coils of a joint-lapped core from Akita [81].  

 

 
Fig. 2.19.  Interior stator machine with concentrated winding [86]. 

 
Fig. 2.20.  Two needle-wound coils of the outer-rotor prototype motor [78]. 
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2.5.4  Magnet Manufacturing 

Powder metallurgy and melt-spinning are two major techniques to produce permanent 

magnets. The anisotropic, fully dense magnets are manufactured through powder 

metallurgy while isotropic bonded magnets are obtained by melt-spinning. Magnets 

fabricated by these two conventional methods have the same elements distribution. 

However, due to the skin effect, the eddy current only appears on the surface of the 

magnets. Grain boundary magnets, which have different rare earth metal element 

distribution, are introduced to lower the cost. Only the four surfaces perpendicular to the 

magnetization direction needed to diffuse the rare-earth elements, like Dy atoms. 

Nevertheless, the grain boundary diffusion process costs more than the powder 

metallurgy and melt-spinning. It is also a trade-off between the reduction of rare-earth 

element (Dy) and the grain boundary diffusion process cost. 

In spite of only one tenth of the weight in the motor, magnets play an important role in 

permanent magnet machines.  The cost of magnet usually increases to one third of the 

whole motor. The decrease of magnet material, especially the rare earth element can 

obviously help reduce the motor cost. In addition, the fabrication of magnets also leads to 

the change of magnet performance. For instance, the excessive end of the magnet is 

usually grinded to keep the magnet and rotor in same length.  However, the grinding 

process will damage the coating and change the permeability of the magnet. Some grain-

boundary magnets are manufactured to a certain length so that the grinding process can be 

waived. 

Sintered rare earth magnets, NdFeB and SmCo, have very uncontrolled structures once 

processed, as illustrated by the microstructure pictures captured at McMaster University 

for a typical NdFeB sample in Fig. 2.21. This uncontrolled structure requires some level 

of surface treatment (coating) or banding in SPM designs to guarantee mechanical 

integrity, as discussed in Chapter 4. 
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(a) 500 (b) 2000 

Fig. 2.21.  Microstructure of sintered permanent magnet material.  
 

2.5.5  System Cost Analysis for Traction Machine 

The manufacturing cost of an electric machine is a synthetization of production volume, 

design requirement, manufacturing type and equipment, labor cost and machine hourly 

cost. The assessment of the cost structure for electric machine is an estimation of the main 

cost part which is prepared for present electric machine cost mathematically in the 

optimization model. 

Despite the cost uncertainty of rare-earth materials in recent years, brushless permanent 

magnet (PM) machines are still a favored candidate technology for electric vehicle 

traction machines. Many papers have considered designs for traction applications, with 

the interior permanent magnet (IPM) topology gaining preference to date, while surface 

magnet (SPM) topologies seem less favorable [19, 87, 88]. Further, there has been much 

published on the choice of machine stator topology in terms of distributed versus 

concentrated winding implementations [19, 37]. 

The subsequent Chapter will consider various machine designs referenced to an industrial 

benchmark. Although no direct cost calculations are made, costs can be inferred by 

considering the various component volumes and mass.  
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2.6  Summary 

This Chapter discusses the fundamentals of electrified vehicle BLPM traction machines 

in terms of modeling, design and manufacturing, provides the basis of Chapters 3 to 5, 

defining parameter choice, slot and pole combinations, rotor topologies, winding types 

and how they influence the performance and manufacturing process of the machine. The 

Nissan Leaf IPM machine is taken as a benchmark machine design in Chapter 3 where 

the specifications are studies and presented. 
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Chapter 3 

 

Benchmark Machine Studies 

 

3.1  Introduction 

Much data is already published on the 2011 Nissan Leaf IPM traction machine [89-96], a 

distributed winding, IPM topology. Hence this machine is used as a reference benchmark 

against which a number of machine variations are compared. The various machine 

designs are compared at a number of key operating points on the Nissan Leaf IPM 

machine traction torque-speed characteristic and data presented for performance 

indicators. The study is used to inform on the design and production options faced by the 

industry when considering the manufacturing of high volume components. The 

manufacturability of the proposed designs will also be discussed in this thesis. 

The benchmark machine is analyzed and the FEA model is created based on the published 

information. Meanwhile, the consistence between FEA results and published test data 

also validate the simulation results and additional measured back-EMF and phase current 

data supplied by Dr. Tim Burress of Oakridge Labs. 

3.2  Overview of Nissan Leaf Machine 

The specification and efficiency map of Nissan Leaf Machine are shown in Table. 3.1 and 

Fig. 3.1 respectively. The dimensions of the machine are obtained from the Oakridge 

reports [91], as well as slot/pole number, number of turns per coil, number of strands per 

hand, torque, efficiency information and system DC link voltage. The materials for stator, 

rotor iron, and permanent magnet, are applied to make sure the Nissan Leaf machine 
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model can match the published performance information. Many trial and error 

simulations have been undertaken to build a FEA model in commercial software that can 

satisfy all the published performance data within 5% error. 

Based on the torque-speed information of the Nissan Leaf machine, four representative 

points are selected to capture the key features of the torque-speed specification, referring 

to 3.1, the first coordinate point is 0rpm, 280Nm, which shows the maximum torque at 

low speed region. The second coordinate point is 2100rpm, 280Nm, which is the 

maximum speed point to achieve maximum torque. The position of the third coordinate 

point is 3000rpm, 254.65Nm, at which the specified nameplate power of 80kW maximum 

is reached. The fourth coordinate point is 10000rpm, 76.4Nm, 80kW, which is the top 

speed point requiring torque at maximum speed. Following the motor efficiency map, the 

inverter efficiency map and combined inverter and motor efficiency map are shown in 

Fig. 3.2 and Fig. 3.3 respectively. We can see that the combined inverter and motor can 

acquire 90% efficiency and above in a large operation region. 

Fig. 3.4 shows some Nissan Leaf machine thermal test runs from which it is observed that 

the machine is capable of operating at 80kW continuously at 7,000 rpm with stator 

temperatures leveling out at about 135C. When the stator temperature is stable at 135C, 

the rotor temperature reaches 120C conservatively. So 120C is chosen to be the 

operation temperature in the magnetic performance simulation for all the machines in this 

thesis without specific demonstration. 

The Nissan Leaf machine design adopts a full pitched integer slot, single layer, 

distributed winding with two neutral points joined via an interconnecting link. The detail 

winding connection is sketched according to the winding information and DC link 

voltage. For this three phase machine, there are 8 coils per phase and three possible 

connections, (i) 8 coils that are all serially connected, (ii) every 4 coils are serially 

connected to form a group and then the two groups are connected parallel, and (iii) every 

2 coils are serially connected to form a group and the four groups are parallel connected. 

Combining the simulation results for each possible connection and the maximum 375V 

DC link voltage, it is deduced that the winding in the Nissan Leaf machine is connected 

every 2 coils in series and then the 4 branches connected in parallel to form each phase. 



Ph.D. Thesis – Rong Yang                            McMaster University – Department of Mechanical Engineering 

55 

 

The winding connection for 48 slots is shown in Fig. 3.5 and the connection for 8 coils in 

each phase is shown in Fig. 3.6. 

Table 3.1.  Details of 2012 Nissan Leaf machine [89-96]. 

Descripion Nissan Leaf IPM machine  

Outer diameter of stator (mm) 200 

Inner diameter of stator (mm) 131 

Stack length of stator (mm) 151 

Number of slot  48 

Winding type Full pitch single layer distributed winding 

No. of turns per coil 8 

No. of strands per turn 15 

Diameter of copper wire (mm) 0.812 

Outer diameter of rotor (mm) 130 

Inner diameter of rotor (mm) 45 

Active axial length (mm) 151 

No. of poles 8 

Large magnet dimensions (mm) 3.79 (DOM)  28.85  8.36* 

Small magnet dimensions (mm) 2.29 (DOM)  21.3  8.34* 

Total magnet mass (kg) 1.8954 

Pole arc/pole pitch ratio 0.9765 

Skew angle (degrees mech.) 3.75 

Performance 

Top speed 10,000 RPM 

DC-link voltage 375 V 

Stator excitation Three-phase AC 

Peak phase current ampitude (A) 625A 
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Fig. 3.1.  Efficiency map of 2012 Nissan Leaf Machine [91]. 
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Fig. 3.2.  Inverter efficiency map [91]. 
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Fig. 3.3.  Combined inverter and motor efficiency map [91]. 
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Fig. 3.4.  Continuous test results [91]. 
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Fig. 3.5.  Winding connection of Nissan Leaf Machine. 
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Fig. 3.6.  Coil connection of 2011 Nissan Leaf Machine. 
 

 

 

 

 

 

 

 

 

 

3.3  Nissan Leaf Machine FEA Model Creation 
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The mechanical model of the Nissan Leaf machine is created in the commercial FEA 

software JMAG on the basis of published structure data. Fig. 3.7 shows the Nissan Leaf 

rotor, stator, cross section of winding wire and the 2D model created in JMAG. Due to 

the repetitive characteristics, one quarter model, i.e. 1 pole-pair, is sufficient for the 

numerical calculation with acceptable accuracy and consecutive magnetic flux lines. 

Although one eighth, 1 pole, model consumes less time than the pole-pair model, the 

inconsistence of magnetic flux lines happens occasionally on the antiperiodic boundary. 

Fig. 3.8 shows an example of the magnetic flux line distribution in one eighth and one 

quarter model highlighting the antiperiodic boundary inconsistency of the model. This is 

not a software problem, but due to asymmetry in the solution at same rotor positions and 

under some (but not all) excitation conditions. 

After the model, materials are a key issue for the FEA model. In addition, there is no 

specific material name and characteristics for the iron and permanent magnet. So the 

materials need to be decided to according to the published performance. 

The permanent magnet material is selected based on the back-EMF information. Several 

permanent magnet materials are tried to tie up with the back-EMF at 10,000rpm due to 

the linear relationship between rotation speeds and back-EMF. For instance, N40UH, 

N48H, N36Z. Fig. 3.9 shows the back-EMF of 2011 Nissan Leaf machine with N28AH in 

different temperatures at 10,000rpm. The temperature coefficients of induction is 

−0.120%/C and of coercivity is −0.393%/C. The back-EMF also decreases linearly 

when the temperature rises. So the N28AH is selected to be the permanent magnet 

material and the error is within 5% compared to the test back-EMF at 10,000rpm and 

20C, which is 198Vrms. This error is acceptable since there is also inevitable 

experimental error during test. Besides, the demagnetization characteristics need to be 

considered as well so that the magnets would not be demagnetized during the whole 

working region.  
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Rotor core Stator coreStator core Cross section of 

winding wire

 

 

(a) Structure of Nissan Leaf machine [89] (b) 2D model in JMAG 

Fig. 3.7.  Nissan Leaf machine and its 2D model in JMAG. 

  

(a) 1/8 model (b) 1/4 model 

Fig. 3.8.  Flux lines distribution in 1/8 and 1/4 model under same operation condition. 
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Fig. 3.9.  Normalized back-EMF and remanence of N28AH in different temperatures at 

10,000rpm. 

 

Fig. 3.10.  Demagnetization curve of N28AH. 
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Fig. 3.11.  Demagnetization curve of N28AH as defined in JMAG. 

The demagnetization curve of N28AH is shown in Fig. 3.10 [97] and the JMAG self-

defined demagnetization curves at different temperatures of N28AH are shown in Fig. 

3.11. As mentioned before, the operation temperature for Nissan Leaf machine is set as 

120C and the maximum temperature is 170C. 

The 35JNE250 silicon steel is utilized to the stator and rotor iron to achieve low iron loss 

and high torque due to its low loss and high permeability feature. All the electrical, 

magnetic, mechanical, and loss information are included in the JMAG material library 

and can be applied to FEA simulation directly. Besides, the coating information is not 

included in the FEA simulation process and there is only one copper material in JMAG. 

The electric circuit and coils connections are built in FEA model based on Fig. 3.6. In this 

thesis, the sinusoidal current excitation is applied to all the permanent magnet machines.  

To complete the FEA model, the phase resistance needs to be calculated. The copper wire 

in the specification in Nissan leaf is quoted as ~20AWG having an outer diameter of 

0.812mm. However, using this figure yields an incorrect value for calculated resistance 
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and copper mass when compared to quote values. However, according to the technique 

data from P.A.R. (Insulations & Wires) Ltd [98], an outer wire diameter of 0.816mm 

yield a copper wire diameter of 0.71mm for grade 3 insulation. With this value of copper 

diameter, the calculated phase resistance and total copper mass agree with the Oakridge 

published data to within 0.4% and 9.69% error respectively. Each winding coil has 15 

strands and comprises of 8 turns per coil. So the copper area per slot is: 

2 20.710 15 8 47.510 ( )
4

copperA mm


      (3.1) 

The slot area in the stator model is 277.377 ( )slotA mm . So the fill factor of the Nissan 

leaf motor is: 

61.401%
copper

f

slot

A
k

A
   (3.2) 

This fill factor will be utilized to calculate the phase resistance of all the following 

distributed winding machine design candidates. Suppose the copper wire of distributed 

winding wire was wound like a half circle in the end winding part, as shown in Fig. 3.12. 

In this case, the coil distance is: 

76.738 (44.132 /180) 59.107coild mm     (3.3) 

The density of the copper in JMAG is 8960kg/m
3
. So the copper mass of the Nissan Leaf 

is 5.12kg. There is only 9.69% difference with the copper mass, 5.616kg, in the Oakridge 

report [93].  

The resistivity of copper in JMAG is 1.67310
-8

 ohm∙m. So the resistance of the winding 

in the 20C is 5.668mohm, which is just 0.4% difference with the measured phase 

resistance 5.67mohm in Oakridge report [93]. 

As shown in Fig. 3.4, the stator temperature in the normal operation condition is 135C. 

Considering the 0.00393mohm/C temperature coefficient, the phase resistance at 135C 

is 8.21mohm.  
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(b) Inter connection between two slots. 

Fig. 3.12.  Estimated winding length of 2011 Nissan Leaf Machine. 
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3.4  Validation of Nissan Leaf Machine FEA Model  

(a) Validation of locked rotor test 

To verify the FEA model, first the DC phase current excitation results are compared with 

the locked rotor test results published by Oakridge report. In Fig. 3.13, the black line 

shows the torque variation along one electric cycle at 615A peak phase current and it 

match well with the locked rotor test when the peak phase current is 625A. Even though 

there is a slight difference for the peak phase current amplitude between FEA and real 

test, the difference is within 5% error region. Besides the locked rotor test results 

comparison, the back-EMF, and excitation current amplitude for the whole speed region 

are further validated. 
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Fig. 3.13.  Locked rotor test results and simulation results. 

(b) Validation of back-EMF 

The back-EMF comparison of Oakridge group test and simulation results at 20C from 

0rpm up to 10,000rpm is shown in Fig. 3.14. The simulation results are close to the test 

results in each point. Although the back-EMF slope of simulation results is a little smaller 
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than the test, the biggest gap between rest result and simulation is 5.47V and within the 

5% test error. So the back-EMF validates the FEA model of Nissan Leaf machine. 
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Fig. 3.14.  Nissan Leaf machine back-EMF comparison between test data and FEA 

results at 20C. 

(c) Validation of excitation current for whole speed region 

The excitation current for torque requirement at each speed has been tested by Oakridge 

and the comparison between the test data and simulation are shown in Table 3.2 and Fig. 

3.15. The phase excitation current in simulation is very close to the test result and shows 

the accuracy of the FEA model of Nissan Leaf machine is within 5% error range. 
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Table 3.2.  Comparison of phase current between Nissan Leaf machine test results and 

FEA simulation. 

Speed (rpm) 2100 3000 4000 5000 6000 7000 8000 9000 10000 

Phase current(Ipeak) of 

test 
640 599 425 363 297 238 242 247 253 

Phase current(Ipeak) of 

FEA simulation 
615 600 425 365 300 245 250 250 251 
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Fig. 3.15.  Peak phase current comparison between test data and FEA simulation. 
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3.5  Assessment Criteria 

To assess the Nissan Leaf machine and the following new designs, some criteria are 

proposed based on the characteristics of traction machines and listed below: 

(a) Torque, power, speed. 

In this case, the torque-speed and power-speed envelope is shown in Fig. 3.16. The 

maximum torque at low speed is 280Nm and the maximum speed is 10,000 rpm. The 

toque at maximum speed is 76.40Nm. The maximum power is 80kW. 

(b) Cogging torque. 

Cogging torque is the torque produced in the no load condition and the peak to peak value 

(maximum to minimum) is used to evaluate it as shown in Fig. 3.17. Since cogging torque 

is a key component of torque ripple, it is usually desired to minimize by design. During 

all the speed range, the amplitude or waveform shape of the cogging torque does not 

change but the frequency varies depending on the rotation speed. 

(c) Excitation torque ripple. 

Excitation torque ripple is defined as the difference between maximum torque and 

minimum torque divide the average torque. Excitation torque ripple is an important index 

to access the quality of the torque and usually presented by the percentage form. In 

addition, there is a close relationship between torque ripple and noise and vibration. So 

the torque ripple reduction is a popular topic in machine design area and several effective 

methods have been applied, for example, add skew angles on rotor, stator or both, 

appropriate slot/pole combination [99-101]. Traction machines often have a torque ripple 

requirement for a certain speed or speed range due to the variation in different operation 

conditions. In this thesis, the excitation torque ripple of Nissan Leaf model is set as one 

design target of the SPM machine distributed and concentrated winding machines.  

(d) Thermal performance. 

Thermal limits are the most important issue for a machine design and needs to be 

considered for both rotor and stator sides. Overheated machines may suffer rotor  
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Fig. 3.16.  Torque, power, and speed specification of Nissan Leaf machine. 

 

Fig. 3.17.  Cogging torque waveform. 
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performance decrease and even damaged the machine. At the design stage, all kinds of 

loss needs to be evaluated carefully to make sure the elevated temperature is in 

requirement and the proper insulation materials has to be selected according to the power 

rating and loss disputation. In this thesis, the loss in rotor and stator iron and copper loss 

are the main comparative parts. The mechanical loss is roughly evaluated by an empirical 

formula and just related to the rotation speed. However, the temperature is kept constant 

in each FEA simulation. 

(e) Voltage and current levels. 

The voltage and current levels of electric machines determines the specification of power 

electronics as well as the machine performance. In constant torque range, the current 

levels limit the maximum torque and the iron loss, copper loss. In constant power range, 

the voltage levels limit the torque and excitation current. In this thesis, the voltage and 

current levels of Nissan Leaf machine is set up as a benchmark and other designs’ voltage 

and current levels cannot exceed the benchmark. 

(f) Demagnetization. 

Demagnetization is the phenomenon that the permanent magnet loses its permanence 

permanently during operation. The demagnetizing ratio is used in FEA simulation to 

quantitively analyze the demagnetization level and defined as the amount of 

demagnetization from the standard specified magnetization as given by Equation. (3.4) 

[102]. 

2

1

(%) 100 1
B

Demagnetization ratio
B

  
 
 
   

(3.4) 

where B1 is the residual magnetic flux density of the specified step and B2 is the residual 

magnetic flux density of the step that is displayed.  

The demagnetization ratio just reflects the demagnetization condition in one element in 

FEA. To make sure no element in magnet experiences it, the demagnetization ratio needs 

to be confirmed to 0 for every magnet element. In experimental test, the torque does not 
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increase linearly when current increase in certain operation temperature, then the 

demagnetization happens and the turning point is the boundary.  

(g) Mechanical strength. 

The mechanical stress on rotor is a normal issue for high speed machines. The maximum 

stress on rotor outer surface needs to be less than the material’s yield stress to avoid the 

mechanical damage and meanwhile the deformation also needs to be verified not 

affecting the air-gap flux density distribution or even over through the air gap. In 

addition, the safety factor of 2 and 20% over speed is introduced during the mechanical 

analysis when considering fatigue and worst scenario in real case. In this thesis, the 

mechanical strength also applied to sleeve design for SPM rotor. 

(h) Mass. 

Mass of the traction machines is not only an important component of cost, but also the 

weight consumes energy when the EVs’ driving. To gain high torque and power density 

with low cost, several design adjustments are implemented on rotor and stator sides in 

this thesis.  

(i) Volume. 

Volume is the whole space a machine occupies. Usually the outer diameter (OD) of 

housing, active stack length and the end winding length define the volume. In this thesis, 

the OD of stator, active stack length and the end turn length are considered synthetically 

to evaluate the machine volume since all the designs have the same power rating and 

there is only a subtle difference in housing.  

(j) Manufacturability and cost issues. 

The manufacturability is important for the industry application and volume 

commercialization. Since the Nissan Leaf machine has been volume produced, the 

manufacturability evaluation for the all the designs in this thesis are based on both 

volume production and laboratory prototypes. Besides, both the material cost and 

manufacturing cost are compared to study the cost issues. 
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3.6  Design Parameter Studies 

DC-link voltage and temperature variations are critical issues when designing an electric 

vehicle traction system. For BLPM machines, ambient temperature variation impacts on 

the performance of the rotor PM material and hence machine operation [103, 104], a 

feature that should be considered at the PM traction machine design stage. The Nissan 

Leaf machine is evaluated and performance assessed by considering DC-link voltage and 

temperature variations in this part. Moreover, the high back-EMF also needs to be paid 

attention to in case the power electronic damage during loss of power to the inverter 

above base speed. 

3.6.1  DC-Link Voltage 

When the DC-link is directly connected to the battery, the DC-link voltage varies during 

the loading cycles due to the state-of-charge (SoC) and internal impedance voltage drop 

of the battery [105]. This voltage variation impacts on the performance capability of the 

traction machine and also impacts on the inverter voltage and current. This variation in 

DC-link voltage limits the machine controllable region (considering minimum battery 

terminal voltage) or excessive regenerating current (considering maximum equivalent 

machine voltage). In addition, the magnitude of DC-link voltage determines the voltage 

and current ratings for the power converter devices and the traction machine. Adding SCs 

in parallel with the battery is one way to improve the DC-link voltage transient variation; 

however the voltage still drops with battery discharging. Implementing a bidirectional 

DC/DC converter between the battery and DC-link to maintain voltage stability ensures 

best utilization of the traction machine and power converter, as will be discussed here. 

While electric vehicle power-trains have been discussed extensively, the impact of 

maintaining a fixed DC-link supply to the vehicle traction system has not been assessed in 

terms of the traction machine and associated power electronic inverter specification 

requirements. Authors in [106, 107] discussed the traction machine torque control 

methods and field-weakening strategies by considering DC-link voltage variation. To 

reduce the DC-link voltage variation and hence extend the vehicle range, the combination 
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of battery pack and SCs are studied in [108]. Additionally, the benefits of adding a 

DC/DC converter have been reported. Firstly, with the DC/DC converter, the battery pack 

and traction machine can be designed independently [109]. Then, it is claimed that the 

implementation of a DC/DC converter improves the machine torque ripple and increases 

the system efficiency at low speeds and partial load, although additional converter losses 

are leading to advantages for the system without DC/DC converter at high speed 

operation [110-112]. Moreover, in the Toyota Hybrid System II (THS II), the DC/DC 

converter can boost the system voltage and increase the electrical power input of the 

inverter for the same current level which, combined with the machine rotor optimization, 

results in a higher machine power output than the last generation of THS [113, 114]. The 

boost converter also enables to reduce the number of battery modules connected in series 

[115] although the impact on reduced battery energy is not made clear. The impact of 

temperature variation on permanent magnet materials is reported in [103, 104]. However, 

there is no available study in EV traction system design based on the impact of DC-link 

voltage and ambient temperature variations. 

According to [116], the model predictions for Nissan Leaf EV driving range and battery 

energy consumption rate show good agreement with the Argonne experimental tests for 

US06 driving cycle. In addition, the battery terminal voltage variation or DC-link voltage 

variation over repetitive US06 driving cycles is illustrated in Fig. 3.18. The corresponding 

battery current is shown in Fig. 3.19. For this case, the DC-link voltage follows the 

battery open-circuit voltage versus SoC variation, as shown in Fig. 3.20, with additional 

voltage variation due to the battery internal impedance voltage drop. It can be noticed that 

as the vehicle range increases, the vehicle DC-link voltage reduces due to SoC from 403V 

to 240V. 

According to Fig. 3.18, there is an about 40% DC-link voltage reduction due to battery 

cumulative discharge and vehicle acceleration (battery regulation), which will impact on 

the traction system performance. The Nissan Leaf benchmark IPM machine is modeled 

by FEA software and the FEA model is validated by comparing the simulation results 

with the Oakridge test results presented earlier in Chapter 3.4, measured at a fixed DC-

link voltage of 375V, as illustrated in Fig. 3.20. The IPM machine is capable to develop a 
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torque-speed envelope approaching the measured data with the same DC-link supply. 

Thus, the FEA analysis tool is applied with confidence to investigate the machine 

performance under the issues related to DC-link voltage variation and temperature 

extremes and validate the machine design consideration. 

According to Fig. 3.21, the FEA simulation indicates that when the IPM machine operates 

at the minimum DC-link voltage, i.e. 240V, its field weakening capability is limited. By 

adjusting the phase current magnitude, it is still not capable to satisfy the specification in 

terms of torque and power requirements. Especially during the machine top speed 

operation at 10000 rpm, the torque can only reach 40% of the required value. 

 

Fig. 3.18.  DC-link voltage of the Nissan Leaf electric vehicle. 

 
Fig. 3.19.  Battery current of the Nissan Leaf electric vehicle. 
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Fig. 3.20.  Open circuit EMF of lithium-ion battery. 

 

 

 
Fig. 3.21.  Nissan Leaf machine FEA and ORNL test results at a fixed DC-link voltage 

of 375V. 
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In order to analyze the Nissan Leaf brushless IPM machine and assess the main design 

parameters impacting on the machine field-weakening capability, a linear electro-

magnetic model of the machine, coupled with a numerical direct search algorithm, is 

developed. This model is implemented in a classical linear d-q two axis approach, as 

discussed in Chapter 2 and Equations. (2.21) and (2.27): 
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23 cos sin 2
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(2.21) 

The machine torque consists of two items, i.e. excitation torque due to the permanent 

magnets and reluctance torque. For both IPM and SPM machines, ko and Is mainly impact 

on the electro-magnetic torque performance. In the field-weakening region, the current 

excitation angle is increased towards 90 degrees. If the phase resistance is neglected, the 

machine maximum achievable speed is given by: 

(max) 


s

r

o d s

V

p k L I


 

(2.27) 

It can be noticed that if the machine ko equals to product of Ld and Is, the maximum 

achievable speed is theoretically infinite. According to the FEA results, the benchmark 

IPM machine has been designed to make ko approach the product of Ld and Is to achieve 

wide constant power range. Generally, due to DC-link voltage reduction, the machine will 

require larger phase current to maintain the 80 kW constant power output in the field-

weakening region. However, increasing phase current enlarges the difference between ko 

and the product of Ld and Is, resulting in a further fall-off in high speed torque. 

Temperature variation is another issue impacting on the traction machine performance. 

According to the B-H characteristics analysis of typical PM materials [105, 106], magnet 

remnant flux density for a sintered NdFeB grade, Br, varies by typically 0.12% per degree 

C, which directly relates to variation of ko. According to Equations. (2.21) and (2.27), 

lower magnet temperature boosts the machine low speed torque. However, a high value 

of ko may impact on the machine field-weakening capability, which then requires some 

necessary adjustment (increase) of phase current magnitude, as detailed in Table 3.3 for 

the benchmark IPM and the SPM design detailed in Chapter 4 with 12 turns per phase 

(12t) and a variant with 8 turns per phase (8t). The design process and detail of the 12 and 

8-turn SPM machines will be discussed in Chapter 4. 

All of the Oakridge data is presented at a fixed DC link voltage of 375VDC, similarly 

with published data from other sources. No publications assess machine performance at 

minimum or maximum DC link voltage or with regard to typical automotive temperature 

variations. Clearly from the results of Fig 3.21 and Table 3.3, these are important issues 



Ph.D. Thesis – Rong Yang                            McMaster University – Department of Mechanical Engineering 

77 

 

that are more pronounced at the high operating speeds of the traction torque-speed 

specification requirement and suggest the necessity of an intermediate DC-DC converter 

between the battery and system voltage source inverter – a feature that is missing in the 

Nissan Leaf powertrain. 

Table 3.3.  Machine peak phase current (A) requirements at 2100rpm and 10,000rpm for 
voltage and temperature extremes. 

 2100RPM 10000RPM 

 375V 240V 375V 240V 

IPM (-40
o
C) 535 535 393 * 

IPM (+120
o
C) 600 600 354 303* 

SPM-12t (-40C) 390 390 481 600* 

SPM-12t (+120C) 480 480 392 500* 

SPM-8t (-40C) 590 590 435 747 

SPM-8t (+120C) 720 720 335 600 

*Cannot realise torque specification 

3.6.3  High Back-EMF Precaution 

In the benchmark powertrain system, the traction motor inverter converts DC power from 

the Li-ion battery to AC power, and drives the traction motor. Traction motor inverter 

drives traction motor accurately with the motor controller installed inside the traction 

motor inverter. The motor controller receives the rotor rotation angle from the traction 

motor resolver and the traction motor current value from the current sensor, and creates 

the pulse signal for driving the Insulated Gate Bipolar Transistor (IGBT). During 

deceleration, the traction motor inverter drives the traction motor to function as a 

generator based on the regenerative torque command signal, converting the vehicle 

kinetic energy into electrical energy to charge the battery. At the same time, the 

regenerative torque can be used as braking force.  

However, the fault behavior of inverter may cause serious consequence to the powertrain 

system. If IGBTs malfunction or the controller breaks down, the inverter will turn to an 

uncontrollable rectifier. In this case, if the vehicle operates at high speed, the traction 

machine will potentially generate high magnitude back-EMF which will be rectified to be 
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high magnitude DC voltage. Once the DC voltage magnitude is higher than the battery 

terminal voltage, the regenerative energy will feed back to the system without control. 

The worst case occurs when the machine is running at the maximum speed and battery 

voltage is dropped to its minimum. As an example, Fig. 3.22 shows the battery transient 

current when the battery voltage is 240V and the 8-turn SPM is rotating at 10,000 RPM 

with magnet temperature of +120C. It can be observed that once the failure occurs, the 

positive DC-link current is immediately changed to large negative value, which will be 

worse if the machine operates at lower temperature. Although mechanical relays are 

installed in the system, it is difficult for them to immediately switch off during the full 

load condition. In this circumstance, the vehicle starts to operate with uncontrollable 

braking, which could lead to safety issues. In addition, the large transient current would 

result in further damage to the power-train system in terms of battery, DC-link capacitor 

and traction inverter. Therefore, installing PE switches or a DC/DC converter between the 

battery and DC-link wound be necessary to avoid system uncertainty caused by the 

inverter failure issue, as illustrated in Figure 3.23. 
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3.7  Summary 

In this Chapter, a brushless permanent magnet machine having an IPM rotor topology is 

studied and a model developed based on the Nissan Leaf IPM traction machine. The 

model results are compared with published data from a series of Oakridge National 

Laboratories reports and additional test data provided by Dr. Tim Burress of Oakridge 

Labs. The model and published data are found to be in good agreement and hence the 

FEA model and simulation tool can be taken forward with confidence to predict machine 

design variations in Chapters 4, 5 and 6. 

The impact of DC link voltage and temperature variations commensurate with automotive 

applications is studied and shown to have a major impact on the realizable traction 

characteristic of a machine design based on a fixed DC link voltage and operating 

temperature. These considerations are not explored further in this thesis but recommended 

as an area of future research in Chapter 7. 

 

 

Fig.3.22.  DC-link current during fault. 
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(a) Nissan Leaf power-train system diagram [116]. 

 

(b) Nissan Leaf powertrain system with DC/DC converter. 

Fig. 3.23.  Nissan Leaf powertrain system without and with DC/DC converter. 
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Chapter 4 

 

Rotor Design for Volume Manufacturing  

 

4.1  Introduction 

In this Chapter, an overview of different rotor topologies and power electronics interface 

for traction machine applications is presented to propose new rotor topologies with high 

performance and low power electronics requirement for the EV’s applications. Both 

permanent magnet (PM) machines and zero permanent magnet machines, for instance, 

synchronous machines, are designed and compared based on Nissan Leaf benchmark 

machine described in Chapter 3. The new grain boundary permanent magnet material is 

also investigated to improve machine performance. 

4.2  Comparative Study of Modified and Original Benchmark Machine 

As mentioned in Chapter 3, the over modulation control in high speed region stimulate 

the excitation torque ripple for Nissan Leaf machine. So a new IPM rotor is proposed to 

obtain the whole torque-speed curve without over modulation based on the Nissan Leaf 

machine IPM rotor. The modified machine utilizes the same stator, similar amount of 

permanent magnet material with slightly different magnet size, and simplified flux 

barrier. The 2D geometries of two machines are listed in Fig. 4.1 and the difference in 

magnet size and weight is listed in Table 4.1. The slight change in magnet size and 

position results in a considerable improvement in performance. 
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Although no over modulation, that is the constant peak phase voltage limit for the field 

weakening region, the modified design can meet the torque-speed profile and the power-

speed profile published in the Oakridge report and shown in Fig. 4.2 and Fig. 4.3. 

  

(a) Nissan Leaf IPM machine (b) Modified design based on Nissan Leaf 

Fig. 4.1.  Geometry comparison of Nissan Leaf machine and the modified one. 

Table 4.1.  Magnet comparison of Nissan Leaf IPM and the Modified Design. 

Descripion Nissan Leaf IPM machine Modified design 

Large magnet dimensions (mm) 3.79 (DOM)28.858.36* 4.00 (DOM)25.778.36* 

Small magnet dimensions (mm) 2.29 (DOM)21.308.34* 2.50 (DOM)21.308.34* 

The V-shape angle (deg) 127 130 

Total magnet mass (kg) 1.962 1.988 
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Fig. 4.2.  Torque performance comparison of Nissan Leaf machine and the modified 

one with sinusoidal phase current. 
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Fig. 4.3.  Power performance comparison of Nissan Leaf machine and the modified one 

with sinusoidal phase current. 
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4.3  Comparative Study of PM Traction Machine Topologies for EV’s 

Interior permanent magnet (IPM) synchronous machines are popular in commercial 

hybrid- or all-electric vehicles (HEVs/EVs), such as the Toyota Prius, GM Chevy Volt, 

Lexus LS, Nissan Leaf, for example. This section presents the findings of a comparative 

study assessing the design and performance attributes of IPM machines when compared 

to other design options. The Nissan Leaf IPM traction machine has been widely analyzed 

and there is much public domain data for the machine. Hence, this machine is chosen as a 

representative benchmark design against which other permanent magnet (PM) machine 

topologies are assessed. Much is claimed of IPM topologies in terms of their saliency 

torque contribution, minimum magnet mass, demagnetization withstand, wide flux-

weakening capability and high operational efficiencies. These attributes are assessed and 

compared for surface mounted permanent magnet machines (SPMs) for both distributed 

and concentrated stator winding designs. The study illustrates and concludes that both the 

IPM and SPM topologies have very similar capabilities with only subtle differences 

between the design options, subtleties that may be exploited when considering the 

traction application requirements, for example, predominant low, medium or high speed 

operations. 

IPM machines appear to be the favored topology choice for electric vehicle traction 

machine applications because of their saliency torque contribution, minimum magnet 

mass, demagnetization withstand, wide flux-weakening capability and high operational 

efficiencies [15-17]. Due to the same inductance on the direct- and quadrature-axes, there 

is essentially no reluctance torque generated by SPM machines, although they can operate 

in a flux-weakening mode if appropriately designed [18-19]. Both rotor topologies have 

been explored with distributed and concentrated stator windings [17-19] with various 

justifications for either implementation. However, to-date, no paper has directly identified 

and justified the technical aspects of the various design choices. This research aims to 

address this via a comparative study of different machine implementation topologies, a 

subsequent qualification of design rules and finally quantified results from analysis 

underpinned via experimental test data published in [17]. 
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Jahns et al [19] designed IPM and SPM machines with fractional-slot concentrated 

windings (FSCW) against the same vehicle traction specification, same slot-pole 

combination and same materials, presenting results in terms of flux weakening capability, 

overload capability, efficiency, loss, demagnetization, etc. However, the airgap and active 

axial lengths were varied, diluting the comparison. The results show that the IPM 

machine design needed slightly less permanent magnet material but required a higher 

phase current with similar machine torque and efficiencies over the whole speed range. 

Pellegrino et al [20] compared an IPM and SPM machine, but with different winding 

configurations and airgap diameter. Chlebosz and Ombach [118] studied the 

demagnetization properties of IPM and SPM traction machines and concluded that SPM 

machines required permanent magnets with higher coercivity or demagnetization 

withstand. However, the compared machines had different pole numbers, magnet material 

and geometries; hence the conclusions cannot be deemed general. 

Although studies have compared the two rotor topology options for brushless PM 

machines, the compared designs always tend to have varied machine parameters, making 

a quantifiable comparison difficult, if somewhat arbitrary, and closely linked to the 

personal preference of the machine designer. To-date, no paper has directly identified and 

justified the technical aspects of the two rotor topologies. This study aims to address this 

deficiency via the comparison of a published electric vehicle traction machine design 

having a distributed stator winding and an IPM or SPM rotor while maintaining the 

mechanical air-gap and stator lamination. 

The Nissan Leaf IPM traction machine is chosen as a benchmark design since there is 

much published technical and experimental test data available to validate the machine 

analysis tools utilized in the study [90, 91]. Detailed finite element analysis (FEA) is 

performed on the Nissan Leaf machine design and computed data compared with 

published experimental test data [91] and shown to be in good agreement in Chapter 3. 

Thus, the FEA analysis tool and design procedure is applied to the SPM design with 

confidence in the final calculated predictions. The torque and extended speed capability 

of both machine topologies are explored and a SPM rotor design presented that 
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embellishes sensible and reasonable manufacturing rules commensurate with high volume 

manufacture of such machines. 

4.3.1  SPM Rotor Design 

This thesis will consider IPM and SPM rotors with distributed and concentric stator 

windings. In the part, a SPM machine with distributed winding is designed according to 

the specification of Nissan Leaf IPM machine and compared with it to study the 

difference in machine and how the difference affects the performance. To keep the 

comparatively as much as possible, the SPM rotor inherits the outer diameter, permanent 

magnet material, rotor iron material, and total magnet mass from Nissan Leaf IPM 

machine. The torque performance of radially (or sectioned fixed) magnetized SPM 

machine is mainly affected by the magnet topology and material properties, air gap length 

and key magnet dimensions. Those design parameters will be determined for the radially 

magnetized SPM rotor respectively. 

During the design process, tons of iterations have been done to search the optimal rotor 

design with minimum magnet mass. The mechanical air-gap is the same with the Nissan 

Leaf machine and the thickness of rotor iron is 10% more of the distance between coil 

edge and stator back iron edge of Nissan Leaf stator. Fig. 4.4 shows the design process of 

the SPM rotor. The design parameters are initialized by the IPM machine and then the 

machine performance are estimated by the FEA within the current and voltage limit. If 

the performance cannot satisfied the IPM performance, the design parameters are adjusted 

until the torque and power specification is met. Then the mechanical stress is analyzed to 

check the mechanical strength. In this application, the velocity of the rotor surface at top 

speed is very high and the glue method cannot hold the magnet. So the sleeve is decided 

to be introduced for permanent magnet retainment. Both the material and thickness of 

sleeve need to be selected according to the mechanical and electrical performance. 

Generally, the thickness sleeve is minimized on the basis of mechanical requirement to 

obtain better electromagnetic performance. Indeed, the sleeve thickness increases the 

magnetic air-gap in the machine and all the design parameters have to be modified again. 
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The process and principles of the main design parameters are discussed in detail in the 

following section. 

(a) Pole-arc to pole-pitch ratio 

As a design example, Fig. 4.5(a) illustrates the relationship between the air-gap flux-

density and magnet length, while Fig. 4.5(b) shows the relationship between peak 

cogging torque and magnet pole-arc to pole-pitch ratio, a parameter that plays a 

significant role in cogging torque and total torque ripple. Due to complex electromagnetic 

relationships, there is no explicit expression between cogging torque and pole-arc ratio. In 

the beginning, the pole-arc to pole-pitch ratio of Nissan Leaf machine is applied and the 

cogging torque is around 5Nm. However, the FEA simulation results of the SPM machine 

design based on the Nissan Leaf IPM major dimensions displays a minimum cogging 

torque at a pole-arc ratio of 0.85 (for this design), as shown in Fig. 4.5(b). The add-on 

sleeve does not affect the relationship between cogging torque and pole-arc to pole-pitch 

ratio, so the ratio of 0.85 is determined for the SPM rotor. 

(b) Sleeve thickness 

High speed machine is normally defined as when the peripheral velocity of the rotor is 

above 100m/s [119]. At 10,000RPM the SPM machine rotor peripheral velocity 68.07 

m/s, which allows nearly 20% over speed, to the 100m/s limit, a typical industrial 

requirement. Since the SPM magnets are not contained within the rotor iron structure as 

with the IPM, the magnet or rotor tensile stress is a key design factor. Magnet companies 

do not usually quote the tensile strength of sintered permanent magnets since it cannot be 

guaranteed due to manufacturing inconsistencies in the material microstructure. Both the 

IPM and SPM rotors suffer from the tensile stress during high speed operation mainly 

caused by centrifugal force [120, 121]. For the IPM, the thin bridge of the rotor iron is the 

weakest point due to stress concentration. While the failure of the permanent magnet is 

the concern for SPM rotor designs. Hence, an air-gap sleeve is introduced to protect the 

permanent magnet in high speed region.  
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Fig. 4.4.  Design process of SPM rotor. 
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(a) SPM Air-gap flux density versus ratio 

of magnet to air-gap lengths. 

(b) Peak cogging torque versus pole-arc to 

pole-pitch ratio. 

Fig. 4.5.  Example SPM machine FEA design results. 

Binder and Schneider also verified the bending failure of the SPM would happen if the 

filling material of the inter pole gap don’t have similar mechanical properties to 

permanent magnets. The SPM rotor can be considered as a thick disk. Compared with the 
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hoop stress and radial stress generated by centrifugal force, the shear stress caused by the 

angular momentum is negligible. During design stage, the Von Mises Stress, which is an 

equivalent stress combining radial and tangential stress, is calculated and compared to 

yield stress or the strength in certain direction. 

The sleeve is introduced to protect the permanent magnet in the SPM machine, especially 

in high speed region. The popular materials for the sleeves can be classified to non-

conductive, low conductive, and conductive materials. The eddy current loss in the 

conductive sleeves needs to be considered, like high strength steel. The eddy current loss 

in the low conductive and non-conductive sleeve, for instance, carbon fiber and glass 

fiber, can be ignored. Table 4.2 shows the property of prevalent sleeve materials [107]. 

Compared with hardening stainless steel and high strength alloy, composite materials 

have higher tensile strength, which means thinner thickness of sleeve, lower eddy current 

loss, and poor heat dissipation performance. However, the maximum allowable stress of 

composite material is just 10% to 33% of the fiber’s tensile strength due to the 

fabrication, air humidity, temperature rise, and fatigue failure. Besides, the tensile 

strength of carbon fiber is anisotropic in different direction and the strength is dependent 

on the temperature as shown in Table 4.3 and the mechanical property for iron rotor, 

permanent magnet and sleeve is shown in Table 4.4. 

Based on the velosity of the SPM rotor and low requirement on thermal dissipation, 

carbon fibre is selected as the sleeve material for the SPM rotor. According to [109], the 

thickness and intereference of between the sleeve and magnets need to satisfy the 

following conditions: 

(1) The Von Mises stress in sleeve under worst senario cannot exceed maximum 

allowable stress of carbon fibre at 150C, which is 1100 MPa. 

(2) The permanent magnets cannot in tension status and the tensile stress equals to 

compressive stress at 20% overspeed. 

(3) Both the paralle and perpendicular strength of carbon fibre need to be confirmed in 

the allowable stress at 150C. 
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Table 4.3  Property of carbon fiber. 

Property Circumferential direction Radial direction 

Young’s Modulus 164 GPa 9.5 GPa 

Maximum allowable stress at 20C 2100 MPa 80 MPa 

Maximum allowable stress at 150C 1100 MPa 35 MPa 

Table 4.4.  The mechanical properties of the iron steel, permanent magnet and sleeve. 

Description Iron steel Permanent magnet Sleeve 

Yield intensity/MPa 450 80 1070 

Density (kg/m
3
) 7650 7400 8240 

Elastic module /GPa 200 150 187.5 (150C) 

Poisson ratio 0.30 0.24 0.28 

Thermal expansion coefficient (10
-6

/C) 
12 

-4.6~-5.0 (Normal) 

3.2~3.6 (Parallel) 
13.25 

 

In the high speed region, there are three main sources contributing to the stress in sleeve, 

which are centrifugal force, thermal expansion, and interference fit. Here, the centrifugal 

force not only includes the centrifugal force in sleeve itself, but also the magnet 

centrifugal force acting on the sleeve. After simplification, the rotor iron, permanent 

magnets and sleeve can be seen as a three layers concentric circle. The model and the 

force analysis is shown in Fig. 4.6.  

The maximum centrifugal force on the sleeve appearing on the inner surface, which is: 

Table 4.2  Property of popular sleeve materials and the recommending ranges. 

Materials 
Density  

(g/cm
3
) 

Tensile 

strength 

t,max (MPa) 

Resistivity 

(Ωm) 

Thermal 

conductivity K 

(W/(m.K)) 

Recommending 

velocity vmax 

Glass fibre/ Kevlar fibre 1.44-2.54 2920-3447 <4.010
12

 <1.0 50-100 

Hardening stainless steel 8.0 520-720 7.2010
-7

 16.2 75-125 

Incenel 718 (GH4169) 8.2 1100 1.2510
-6

 11.4 100-200 

High Strength Alloy 8.4 414-2200 9.8610
-7

 11.2 150-250 

Carbon fibre 1.76 3500-6350 1.510
-5

 5.0 100-500 
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(4.1) 

where σt is the tensile force, ρ is the sleeve material density, ω is the rotation speed, R1 is 

the inner diameter of the sleeve, R2 is the outer diameter of the sleeve. 

The tensile stress in sleeve produced by the centrifugal force by the magnet is: 
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(4.2) 

where σm is the tensile stress along the sleeve thickness, R0 is the outer diameter of the 

rotor. 

The thermal stress generated by the temperature arise can be regarded as the tensile stress 

on the circumferential direction. Compared to the thermal expansion of sleeve, the one in 

rotor iron and magnet is very small. So the thermal stress in sleeve is: 

T TE E T       
 

(4.3) 

where E is the Young’s modulus,  is the thermal expansion coefficient, T is the strain 

caused by thermal stress. 

The total strain in the sleeve should be no less than the strain induced by the interference 

fit between sleeve and magnets. So the mathmetical expression is: 

[max]

[max]

T m t

pre T m t
E

  
   





 
     (4.4) 

where pre  is the strain caused by the interference fit, m  is the strain led to by the 

centrifugal force of magnets, [max]t  is the strain generated by centrifugal force of sleeve 

itself. So the minimum interference   is 1R  .  

The matlab code is developed based on Equation (4.1) to (4.4) and some published SPM 

sleeves have been tested and all the designed sleeve obtain a safety factor bigger than 2 

[121-124]. For the SPM rotor we are working on, Table 4.5 shows 0.5mm, 1.0mm, and 

1.5mm thickness sleeve and their coresponding maximum stress, safety factor, magnet 

mass, and magnet mass ratio to Nissan Leaf motor. Here the safety factor are all larger 

than 2. The 0.5 mm sleeve can help the SPM rotor achieve best electromagnetic 
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performance in Table 4.5 and is selected to be the sleeve thickness. The magnet thickness 

is supposed to 4.5mm at this stage and will be adjusted later on. 

(c) Number of turns per coil 

The number of turns per coil affects the peak phase current at constant torque region, as 

well as the performance at flux weakening region since the inductance will also be 

affected. So the torque performance at 2100rpm and 10,000rpm are checked to make sure 

the design can satisfy the whole operation range. The number of turns per coil for Nissan 

Leaf IPM machine is 8 and the sme number is used to initialize the SPM machine design 

as well. Table 4.6 shows the designs with different number of turns, sleeve thickness and 

the required peak phase current at 2100 rpm and 10,000rpm. In this table, the N36Z 

permanent magnet material is utilized and the magnet thickness is 4.5mm because the 

trend can be observed.  

In the 1.0mm thickness sleeve SPM machine, the peak phase current amplitude for 

constant torque region decreases when the number of turns per coils increases. The 10 

turns SPM design hits peak phase current constraints. Since the remanence of N36Z is 

higher than N28AH, the current will increase when the magnet material changes back to 

N28AH. The 15 turns design cannot meet the torque specification at 10,000rpm and was 

wiped out. So the 12 turns per coil is determined to be the adopted for the SPM rotor. To 

keep the same fill factor with Nissan Leaf IPM, the 12 turns needs 50% more slot area on 

stator.  

Winding copper loss is proportional to square of phase current and square of number of 

turns. For the SPM design, copper loss will change due to change in number of turns and 

current conducted per slot. Therefore, copper loss for SPM design will be: 

22
12

8

Phase current for SPM
SPM copper loss IPM copper loss

Phase current for IPM

  
    

   
 (4.5) 
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Fig. 4.6.  Rotor model and its force analysis  
 

Table 4.5  Mechanical performance comparison of SPM machines with different 

sleeves. 

Thickness of the sleeve (mm) 
Maximum stress 

in sleeve (MPa) 

Safety 

factor 

Magnet 

mass (kg) 

Magnet mass ratio to 

Nissan Leaf motor 

0.5 478.167 2.3005 1.751 0.9238 

1 262.8462 4.185 1.7369 0.9164 

1.5 191.0762 5.7569 1.7229 0.909 

Table 4.6  Performance comparison between IPM and SPM at base and at top speed 

(N36Z and 4.5mm magnet thickness). 

Sleeve thickness (mm) IPM 0 0.5 1.0mm 1.5mm 

Number of turns per coil 8 12 12 8 10 12 15 12 

Current at 2100 rpm (A) 600 400 460 750 600 500 400 550 

Current at 10,000 rpm (A) 440 400 440 310 380 400 400* 370 

*cannot meet the torque requirement, the maximum torque is 71.3 Nm. 

In the constant torque region, the peak phase current for IPM is 600A and the peak phase 

current for SPM is around 495A. So the SPM copper loss is 53.14% more than the IPM 

copper loss. The copper loss factor is denoted as the relationship between SPM copper 

loss and IPM copper loss. In this case, the copper loss factor for SPM is 1.53.  

To achieve equitable copper lossbetween the Nissan Leaf IPM and SPM design, the SPM 

stator slot area is increased by the increase in copper loss factor: 

 

R0

R2

R1

Rotor

P2

Magnet

P2

P1

P1

Sleeve
δ 
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277.377 1.5314 118.496SPM slot area mm    (4.6) 

Thus, maintaining the same back iron thickness, the new stator outer diameter becomes 

214mm. The SPM stator tooth width is maintained the same as the IPM tooth width so  

 
(a) IPM (b) SPM 

Fig. 4.7  Stator Comparison of IPM and SPM. 

that the change of stator flux density is minimized. The slot bottom diameter is increased 

until the new slot area is realised. Fig.4.7 shows the stator difference between IPM and 

SPM. 

(d) Magnet thickness 

After the pole-arc to pole-pitch ratio has been decided, the magnet thickness determines 

the magnetic and mechanical performance. Table 4.6 shows four magnet thickness 

choices and the corresponding maximum stress, magnet mass, required current for 

constant torque region and the maximum torque the design can gain in this current. Those 

magnet thicknesses are all selected according to the air-gap flux density variation along 

magnet thickness to air-gap ratio in Fig. 4.5(a). When the ratio is larger than 4.5, the air-

gap flux density increase speed slows down. So the peak phase current does not drop 

significantly when the magnet thickness increases from 4.5mm to 5.33mm. In order to 

guarantee the safety factor is no less than 2, the sleeve thickness is increased to 0.6 mm 

when the magnet thickness is 7.54mm. However, the adding in sleeve thickness mitigates 
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the ratio of magnet to air-gap length for the largest magnet thickness. Despite more than 

30% magnet usage, the performance of last row in Table 4.6 is not competitive compared 

the first three rows. Combining the magnetic flux density saturation condition at 2100rpm 

full load operation, the 4.8862mm magnet thickness is decided to be the final result, 

which satisfied the performance requirements with slight saturation and same amount of 

magnet usage as Nissan Leaf IPM machine. 

4.3.2 Comparative Studies 

Both the Nissan Leaf IPM machine and the SPM machine share the same stator, magnet 

volume, axial stack length, and outer rotor diameter. The information of Nissan Leaf 

motor is shown in Table 3.1.  

For a radial field machine design, excitation torque can be derived from first principles by 

considering the force acting on a current carrying conductor in a magnetic field, resulting 

in an expression for torque that is a function of the machine geometry and electro-

magnetic quantities: 

2

2
aT D L BQ


  (4.7) 

where D is the mean airgap diameter, 
aL

 
is the active axial length and B and Q the 

magnetic and electrical loadings respectively, as discussed in Chapter 2. 

Table 4.7  Mechanical and electrical performance comparison of SPM machines with 

different magnet and sleeves thickness. (N28AH for magnet material and 12 turns) 

Sleeve 

thickness 

(mm) 

Magnet 

thickness 

(mm) 

Maximum 

stress in 

sleeve (MPa) 

Safety 

factor 

Magnet 

mass 

(kg) 

Magnet mass 

ratio to Nissan 

Leaf motor 

Peak phase 

current 

@2100rpm 

Torque 

@2100rp

m (Nm) 

0.5 4.5 478.17 2.3005 1.751 0.9238 500A 278.96 

0.5 4.8862 511.73 2.1496 1.8954 1.0000 490A 277.36 

0.5 5.33 549.76 2.0009 2.0601 1.0869 480A 277.84 

0.6 7.54 549.59 2.0015 2.4990 1.3185 470A 276.15 
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The torque produced by IPM machines is contributed to by excitation torque and a salient 

torque component, as will be shown later. However, Equation (4.7) still represents the 

basic sizing approach where the magnetic and electrical loadings (BQ) incorporate both 

torque producing components. Essentially, the saliency element is included in the electro-

magnetic parameters. 

So often in comparisons of machine technologies and topologies, the differences in 

design are hidden or masked by changes in key geometrical parameters of the machine, 

namely the diameter and active axial length. Similarly, different pole number creates an 

unnecessary complication when trying to make a comparison. Consequently, for this 

study, the machine active axial length, mechanical air-gap length and air-gap mean 

diameter are maintained constant. To maintain equitable thermal performance, the outer 

diameter of the SPM stator is allowed to increase by 7% (14mm) to accommodate the 

additional turns required for the design, Table 4.8. This change does not contravene the 

torque equation, although some may argue that a more optimized split ratio (stator outer-

to-inner diameter ratio) may have been chosen. 

The torque produced by IPM machine comes from two parts, magnetic torque and salient 

torque, as shown in Equation (4.8). In order to get high torque output and low loss, for the 

same pole numbers and power supply, the topology and material of the rotor are designed 

to provide large flux-linkage and inductance difference in the d- and q-axes. The way to 

embed permanent magnets in the rotor iron reduces the flux-linkage but leads to the 

inductance difference in two axes.  

If the embedded position is closer to the air gap, more torque can be produced due to 

larger flux-linkage while bigger torque ripple can be introduced because of worse smooth 

flux variation. The design procedure is to find a proper structure based on the 

requirements. 

3
[ ( )]

2
m sq sq sd q dT p i i i L L    (4.8) 

where isd and isq are the d- and q-axis stator currents, Ld and Lq are the d- and q-axis 

inductances, p is the number of pole pairs, and m is the PM flux-linkage.  
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Table 4.8.  Details of Nissan Leaf IPM and example SPM machine design; distributed 

winding. 

Descripion Nissan Leaf IPM machine Example SPM machine design 

Outer diameter of stator (mm) 200 214 

Inner diameter of stator (mm) 131 

Stack length of stator (mm) 151 

Number of slot  48 

Winding type Full pitch single layer distributed winding 

No. of turns per coil 8 12 

No. of strands per turn 15 

Diameter of copper wire (mm) 0.812 

Outer diameter of rotor (mm) 130 

Inner diameter of rotor (mm) 45 93 

Active axial length (mm) 151 

No. of poles 8 

Large magnet dimensions (mm) 3.79 (DOM)  28.85  8.36* 4.8862 (DOM) x 8.35mm* 

Small magnet dimensions (mm) 2.29 (DOM)  21.3  8.34* 

Total magnet mass (kg) 1.8954 

Pole arc/pole pitch ratio 0.9765 0.85 

Skew angle (degrees mech.) 3.75 

Stator and rotor iron material 35JNE250 

Permanent magnet material N28AH 

Nominal Performance at a DC-link voltage of 375 VDC 

Torque, zero to base speed 280Nm 

Power, base to maximum speed 80kW 

Thermal rating 80kW at 7000 RPM 

Peak phase current, 3 phases 615A 495A 

*18 pieces per active axial length 

 

For the IPM, the topology and material of the rotor are designed to provide permanent 

magnet (PM) flux-linkage and an inductance difference in the d- and q-axes. Generally, 

embedding the PM material in the rotor iron reduces the PM flux-linkage but leads to an 

inductance difference between the two axes. By way of example, torque segregation of 

the Nissan Leaf IPM design has been analysed, the results of which are illustrated in Fig. 

4.8. For this design, the saliency component of torque is higher than the excitation 
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component of torque at full load torque and between zero and base speed, Fig. 4.8(a) and 

also at the extended speed operating point, Fig. 4.8(b), by a factor of about 2/3rds in both 

cases. The saliency torque arises from the difference between the d- and q-axis 

inductances, a factor which varies with load current or saturation in the machine stator 

and rotor, as shown in Fig. 4.9. 
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(a) 2,100 RPM; 600A peak phase current; 

excitation angle = 50 

(b) 10,000 RPM; 370A peak phase current; 

excitation angle = 78.2 

Fig. 4.8.  IPM machine torque segregation at base and top speed. 
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Fig. 4.9.  Nissan Leaf IPM and SPM machine inductance comparison. 
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In constant torque region, the IPM works in the maximum torque per ampere (MTPA) 

condition. After going into constant power region, the q- axis current increases to weaken 

the flux produced by permanent magnet due to the voltage limit in power inverter. Hence 

the operation point locates on the large excitation angle area and the magnetic torque is 

much smaller than the salient torque. Therefore, the big difference between d- and q- axis 

inductance is conductive to the extension of IPM machines’ speed range. 

Relating the 2-axis currents to actual phase current, Equation (4.8) can be expressed in 

terms of the machine parameters, phase current, Is, and the current excitation angle, γ, 

which is the controlled angle between phase current and the machine induced back-EMF: 

   2
( )

3 cos sin 2
2

q d

m s s

L L
T p I I  

 
  

 
 (4.9) 

For SPM machines, the current excitation angle, γ, is held at zero from zero speed to base 

speed, where it is then progressively increased to field-weaken the machine for operation 

at speeds above base speed. For IPM machines, an optimum current excitation angle 

exists below base speed depending on the required load torque. In the case analyzed, the 

optimum current excitation angle is 50 electrical upon base speed, increasing to 78.2 

electrical at maximum speed, as shown in Fig. 4.8(a) and (b) respectively. 

Clearly from Fig. 4.8, it can be seen that the IPM rotor saliency provides the main torque 

contribution. This is also the case for other published IPM designs [15]. 

However, when assessing designs, it may be worth considering the utilization of the 

permanent magnet material, since this is a major cost component. Referring to Equation 

(4.9) the permanent magnet excitation torque component of the IPM is not fully utilized 

below base speed, being approximately only 64.3% effective at a current excitation angle 

of 50 electrical, i.e.: 

   3 cos 50 0.643 3o

excitation m s m sT p I p I   
   (4.10) 

This is an over estimate since Equation (4.9) assumes an idealized sinusoidal machine 

design, which is not the case. Comparing the peak excitation torque and that at a current 
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excitation angle of 50 electrical from Fig. 4.7(a), the reduction can be estimated at 0.833 

per unit. 

Further, the rotor implementation necessitates flux barriers that result in some loss of 

magnet flux via leakage, as illustrated in Fig. 4.10(a) via the highly saturated (+2T) thin 

sections between rotor poles. These barriers are required for mechanical integrity, but 

nevertheless, compromise the idealized magnetic design. Fig. 4.10(b) shows the FEA 

solution of the benchmark machine with a modified idealized rotor design comprising of 

air sections to guide flux as opposed to flux barriers.  

Until the discovery or invention of a flux insulator, this is purely an academic exercise to 

try to assess the reduced performance introduced by the rotor barriers, or flux short circuit 

paths. In the case studied, the idealized induced RMS back-EMF is reduced by a factor of 

0.772 and peak back-EMF reduced by a factor of 0.893, the actual torque element lying 

somewhere between these two bounds. Thus, one might postulate that the PM utilization 

could be between 0.643 (i.e. 0.7720.833) and 0.744 (i.e. 0.8930.833). 

For the proposed SPM design the peak stator current, at maximum torque-base speed, is 

0.825 per unit of the IPM. Thus, the improvement in PM utilization is probably closer 

related to the current excitation angle than the leakage factor. 
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(a) Nissan Leaf IPM. (b) Modified model. 

Fig. 4.10.  Lines of equal vector magnetic potential and flux-density contours for 

Nissan Leaf IPM and modified model. 
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4.3.3  Design and Comparison of two example machines 

In order to study the IPM and SPM machine rotor topologies, an example SPM machine 

is designed within the Nissan Leaf stator lamination constraint and compared. The 

geometry and specifications of the machines are listed in Table 4.7 along with FEA 

calculated performance comparison results in Table II for the IPM and Table III for the 

SPM from the nominal base speed of 2,100 RPM to the top speed of 10,000 RPM. 

To achieve extended speed capability, the machine parameters of the SPM are modified 

from those of the IPM to increase the direct-axis armature reaction flux to be closer in 

magnitude to the PM flux-linkage as suggested by [61]: 

max
s

m d s

V

L I






 (4.11) 

where sV  is the stator phase terminal voltage and max  the achievable top speed within 

the power specification. 

The increase in mechanical air-gap to accommodate the rotor sleeve along with choice of 

magnet radial length, Fig. 4.5(a), reduces the PM flux-linkage. Increasing turns then 

increases PM flux-linkage back to its desired value (proportional to turns) and direct-axis 

inductance proportional to turns squared resulting in a net increase of the direct-axis 

armature reaction flux-linkage. 

This would result in an increase in stator resistance and hence copper loss compromising 

the machine efficiency and thermal performance. Hence, the stator slot depth is increased; 

and by keeping the back-iron thickness unchanged the machine outer diameter increases 

by 7%. Note, the stator winding loss is not kept as per the IPM machine. Since the stator 

current magnitude and iron losses are reduced for the IPM, some additional copper loss at 

higher speeds can be managed. The SPM design has slightly better efficiencies at full 

load across the full speed spectrum. 

Each of the SPM poles is made from 6 circumferential blocks having fixed magnetization 

to realize a near radial air-gap magnetization. The SPM is designed to have the same 

magnet mass as the IPM. Both machines have full demagnetization withstand at the 
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operating points of Tables 4.9, 4.10 and 4.11 and at a rotor temperature of 120C. The 

simplified SPM rotor design requires less iron, although the stator iron mass is increased 

due to the increase in outer diameter. Similarly, the stator copper mass is increased for the 

SPM as discussed. Table 4.12 details the materials mass audit for the two machine 

designs showing 1.5% net increase for the SPM, which is negligible. 

Much is claimed of IPM topologies in terms of their saliency torque contribution, 

minimum magnet mass, demagnetization withstand, wide flux-weakening capability and 

high operational efficiencies. These attributes are assessed and compared for surface 

mounted permanent magnet machines (SPMs) for both distributed stator winding designs. 

The study illustrates and concludes that both the IPM and SPM topologies have very 

similar capabilities with only subtle differences between the design options, subtleties that 

may be exploited when considering the traction application requirements, for example 

predominant low, medium or high speed operation. All the performance difference 

between IPM and SPM can be concluded as the following six points: 

(a) The back-EMF of SPM machine is more than 50% higher than the IPM machine, 

which shows IPM machine is better in fault withstand as discussed in Chapter 3.6.3. 

Fig. 4.11(a) and (b) shows the back-EMF profile of IPM and SPM machine at 

10,000rpm and the difference is obvious. 

(b) Flux-weakening range increased in SPM machine design. Fig. 4.11 shows that the 

field weakening range of Nissan Leaf IPM is from 6000 rpm to 10,000 rpm. While for 

SPM machine, the flux weakening range is enlarged to 4000 rpm to 10,000 rpm. 

However, the excitation current for SPM machine is much larger than the IPM 

machine.  

(c) The rotor active material mass for SPM machine reduced by 45.35%. However, the 

SPM rotor needs a sleeve to maintain enough mechanical strength. The stator active 

material mass for SPM machine increase by 28.48%. But the total iron mass of SPM 

is still 8% less.  

(d) The excitation torque ripple of SPM machine is less than the IPM machine. Fig. 

4.12(c) and (d) shows the torque profile of IPM and SPM machine at 10,000rpm.  
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(e) An interesting observation is the reduced peak phase current requirement (600 to 

480A) for the SPM design, which is a significant reduction in power electronics. 

(f) Even though Fig. 4.12(e) and (f) shows no demagnetization, the IPM and SPM 

machine suffers different demagnetization if the permanent magnet material is not 

proper selected. Fig. 4.13 shows the torque-current relationship if the covercivity of 

the permanent magnet is very low, assuming 311kA/m at 180C. The demagnetization 

starts at around 400A for SPM machine while 500A for IPM. As mention in Chapter 

3.5, this torque-current curve is used to judge if the magnet is demagnetized in 

experiments. 

Table 4.9  Performance information of Nissan leaf IPM over whole speed range. 

Speed (RPM) 2100 3000 4000 5000 6000 7000 8000 9000 10000 

Back-EMF (Vrms) 34.61 49.44 65.92 82.40 98.87 115.35 131.83 148.31 164.79 

Back-EMF (Vpeak) 49.92 71.35 95.10 118.96 142.67 166.44 190.31 213.95 237.87 

Torque (Nm) 280.70 255.09 191.47 153.29 127.30 108.40 95.49 85.05 75.84 

Torque ripple (%) 10.65 15.16 13.72 16.42 16.55 15.78 20.06 23.23 26.40 

Vphase_RMS 62.70 79.53 101.25 112.73 132.82 160.48 155.92 158.08 159.57 

Vphase_peak 96.86 132.89 166.31 192.55 218.06 247.02 246.03 256.59 271.01 

Iphase_peak (A) 615 600 425 365 300 245 250 250 251 

Current excitation angle 

() 
50 49.2 43.35 47.88 55 48 58.5 63.25 67 

Stator iron loss (W) 277.00 437.23 601.55 789.80 988.69 1228.24 1368.30 1576.47 1759.95 

Rotor iron loss (W) 52.60 104.11 147.98 168.98 188.34 199.86 244.93 298.89 342.38 

Iron loss (W) 329.60 541.34 749.53 958.78 1177.03 1428.10 1613.23 1875.35 2102.33 

Copper loss (W) 4657.84 4433.40 2224.40 1640.67 1108.35 739.21 769.69 769.69 775.86 

Mechanical loss (W) 17.15 35.00 62.22 97.22 140.00 190.56 248.89 315.00 388.89 

Total loss (W) 5004.59 5009.74 3036.15 2696.67 2425.38 2357.86 2631.81 2960.04 3267.08 

Efficiency (%) 92.50 94.12 96.35 96.75 97.06 97.12 96.81 96.44 96.05 

Peak-peak Tcogging 
(Nm) 

2.61 
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Table 4.10  Performance information of modified Nissan leaf IPM over whole speed 

range. 

Speed (RPM) 2100 3000 4000 5000 6000 7000 8000 9000 10000 

Back-EMF (Vrms) 33.53 47.89 63.86 79.82 95.79 111.75 127.72 143.68 159.65 

Back-EMF (Vpeak) 48.93 69.89 93.23 116.57 139.87 163.22 186.60 209.88 233.18 

Torque (Nm) 283.01 254.89 190.56 152.70 127.85 109.42 95.61 84.87 75.15 

Torque ripple (%) 8.54 7.63 9.76 9.49 10.26 17.12 23.18 29.37 38.13 

Vphase_RMS 65.49 93.04 114.67 141.02 162.85 144.02 134.62 126.78 116.65 

Vphase_peak 99.88 134.94 159.21 187.60 216.38 212.48 217.12 214.67 216.76 

Iphase_peak (A) 600.00 532.50 395.00 319.00 271.00 273.00 290.50 314.00 353.5 

Current excitation angle () 50.00 45.00 45.00 39.60 38.20 58.30 66.80 72.40 77.25 

Stator iron loss (W) 259.25 439.37 620.00 849.70 1067.51 1144.86 1305.93 1536.38 1881.76 

Rotor iron loss (W) 38.92 62.81 86.33 116.87 135.22 167.47 209.17 269.46 364.29 

Iron loss (W) 298.17 502.17 706.34 966.57 1202.73 1312.33 1515.09 1805.84 2246.06 

Copper loss (W) 4433.40 3492.00 1921.45 1253.19 904.43 917.82 1039.27 1214.21 1538.91 

Mechanical loss (W) 17.15 35.00 62.22 97.22 140.00 190.56 248.89 315.00 388.89 

Total loss (W) 4748.72 4029.17 2690.01 2316.97 2247.15 2420.71 2803.25 3335.05 4173.86 

Efficiency (%) 92.91 95.21 96.74 97.18 97.28 97.07 96.62 96.00 94.96 

Peak-peak Tcogging (Nm) 1.26 

 

Table 4.11  Performance information of SPM design candidate over whole speed range. 

Speed (RPM) 2100 3000 4000 5000 6000 7000 8000 9000 10000 

Back-EMF (Vrms)  64.42 92.04 122.73 153.39 184.07 214.72 245.43 269.95 306.83 

Back-EMF (Vpeak) 76.97 109.96 146.64 183.28 219.94 256.60 293.26 322.56 366.60 

Torque (Nm) 282.59 254.61 192.02 152.93 128.67 109.73 95.25 84.77 76.21 

Torque ripple (%) 5.51 5.40 4.70 5.56 6.80 8.94 11.19 12.79 15.85 

Vphase_RMS (V) 85.75 116.54 141.28 127.98 130.10 125.59 121.84 117.76 112.89 

Vphase_peak (V) 126.34 171.09 207.08 204.36 216.16 216.74 216.68 214.51 210.74 

Iphase_peak (A) 480.00 428.00 316.70 306.00 305.00 326.00 345.00 362.00 392.00 

Current excitation 

angle () 
0 0 0 35 46.3 56.35 63 62 71.36 

Stator iron loss (W)  189.88 299.47 397.60 354.32 386.07 411.12 449.37 488.22 558.73 

Rotor iron loss (W) 0.28 0.27 0.53 0.43 0.33 0.47 0.53 0.99 0.64 

Iron loss (W) 190.16 299.74 398.13 354.75 386.39 411.59 449.90 489.21 559.37 

Copper loss (W) 4079.77 3243.70 1776.02 1658.04 1647.22 1881.86 2107.61 2320.44 2720.98 

Mechanical loss 17.15 35.00 62.22 97.22 140.00 190.56 248.89 315.00 388.89 

Total loss (W) 4287.07 3578.44 2236.38 2110.01 2173.62 2484.01 2806.40 3124.65 3669.23 

Efficiency (%) 93.55 95.72 97.29 97.43 97.38 97.00 96.60 96.24 95.60 

Peak-peak Tcogging 

(Nm) 
0.27 
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Fig. 4.11.  Flux weakening range comparison of SPM design and Nissan Leaf IPM. 

Table 4.12.  Mass comparison between IPM and SPM at base and at top speed. 

Unit (kg) 
Stator 

iron  
Rotor iron  Total iron  Copper  Magnet  Total machine  

Nissan Leaf IPM  16.35 10.55 26.90 5.12 1.96 34.01 

Modified Nissan 

Leaf IPM  
16.35 10.55 26.90 5.12 1.99 34.04 

SPM  19.4 5.6 24.9 7.71 1.92 34.53 
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(a)  Open circuit back-EMFs at 10,000rpm - 

IPM 

(b)  Open circuit back-EMFs at 

10,000rpm – SPM 

10 20 30 40 50 60 70 80 90
60

70

80

90

100

110

T
o
rq

u
e 

(N
m

)

Mechanical angle (degree)
0

 

0 10 20 30 40 50 60 70 80 90
70

75

80

85

90

95

100

T
o

rq
u

e 
(N

m
)

Mechanical angle (degree)

 

(c)  Torque versus angle - IPM (d)  Torque versus angle at 10, 000rpm - 

SPM 
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Fig. 4.12.  Performance results comparisons between IPM and SPM machines at 

10,000rpm. 
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Fig. 4.13.  Torque-current comparisons between IPM and SPM machines with 

311kA/m coercivity permanent magnet at 2100rpm, 180C. 
 

4.3.4  Manufacturing Comparison of Two Example Machines 

The Nissan Leaf machine has been commercialized and mass produced. Compared to the 

IPM rotor, the SPM rotor has simpler rotor lamination structure with radially magnetized 

arc magnets and carbon fiber sleeve. So it is not easy to judge which rotor is easier to be 

fabricated. But the good news is that both the arc shape permanent magnet with radial 

magnetization and SPM rotor with carbon fiber sleeve have been widely applied in 

industry before [122-124]. 

Much is claimed of IPM topologies in terms of their saliency torque contribution, 

minimum magnet mass, demagnetization withstand, wide flux-weakening capability and 

high operational efficiencies. These attributes are assessed and compared for well 

documented IPM design and a SPM design. The study illustrates and concludes that both 

the IPM and SPM topologies have very similar capabilities with only subtle differences 

between the design options, subtleties that may be exploited when considering the 

traction application requirements, for example predominant low, medium or high speed 

operation, and power train integration. 
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4.4  Rotor Stress Analysis 

The hoop stress is the force exerted circumferentially (perpendicular both to the axis and 

to the radius of the object) in both directions on every particle in the cylinder wall.  

The von Mises hypothesis, also called maximum-distortion-energy hypothesis, assumed 

that the material state becomes critical when the energy needed for the “distortion” of a 

material element (volume remains unchanged) reaches a critical value and the equivalent 

stress is called von Mises stress. Since the von Mises stress agrees well with experiments 

on ductile materials, it is preferably used to characterize the onset of plastic flow. In this 

case, a material is said to start yielding when its von Mises stress reaches a critical value 

known as the yield strength. 

In order to understand how the stress operates on the rotating rotors, an SPM rotor is 

taken as an example to initially calculate stress analytical and then confirm via more 

detailed FEA studies. One general element of the rotor is considered. The forces acting on 

the element are shown in Fig. 4.14. 

δθ r

δθ/2 

σH   δr    l  
  σr   rδS   l

S

σH   δr    l  

(σH+δσr)(r+δr)δS

l

 
Fig. 4.14.  Forces acting on general element in a rotating solid disc. 

Because of the symmetry of the rotor structure and forces, the deformation will not twist 

the rotor and there is no shear force on both cut-off sections. The tangential tensile stress 

on each cut-off section is given by [125], which is 

H rTensile strength per unit axial length     (4.12) 
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The radial tensile stress acting on the inner surface of the rotor is r , and r r  on the 

outer surface of the rotor. The volume of the element per unit length is  

uV r r     (4.13) 

The element mass per unit length is 

um r r       (4.14) 

Therefore, the centrifugal force acting on the element is 

2 2 2 2

cF m r r r r r r           (4.15) 

From the equilibrium of the radial forces acting on the element, 

2 22 sin ( )( )
2

H r r rr r r r r r


                (4.16) 

if   is small, 

sin
2 2

 
  (4.17) 

and as 0r  , 0r   

so the Equation 4.17 can be reduced to 

2 2r
H r

d
r r

dr


       (4.18) 

If there is a radial movement or “shift” of the element by an amount s, the radial strain 

can be expressed as: 

 
1

r r H

ds

dr E
      (4.19) 

The diametric strain is equal to the circumferential strain, so the strain can be presented as 

   
1

,H r H r

s r
s

r E E
         (4.20) 

The differential of deformation s is: 
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 
1 H r

H r

d dds r

dr E E dr dr

  
 

 
    

 
 (4.21) 

Simplifying Equation 4.20 and Equation 4.21, we can get 

  1 0H r
H r

d d
r r

dr dr

 
         (4.22) 

Substituting for  H r  from Equation 4.19, we can get 

 2 2 1 0r H rd d d
r r r r

dr dr dr

  
   

 
     

 
 (4.23) 

After simplification, the Equation 4.12 will be 

 2 1r Hd d
r

dr dr

 
     (4.24) 

The integration of Equation 4.13 will be 

 2 2 1
2

2
r H

r
A

 
 


    (4.25) 

where 2A is the convenient constant of integration. 

Subtracting Equation 4.9 from Equation 4.14 leads to 

 2 2 3
2 2

2

r
r

rd
r A

dr

 



    (4.26) 

Since 

21
2 ( )r

r r

d d
r r

dr r dr


     (4.27) 

Equation 4.26 can be rewrite as 

 
2 2

2( ) 2 3 2
2

r
r r

dd r
r r r A r

dr dr

  
  

  
        

   
 (4.28) 

After integration, 
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 
4 2

2 23
8

r

r
r Ar B

 
       (4.29) 

and  

 
2 2

2
3

8
r

B r
A

r

 
      (4.30) 

Substitute Equation 4.19 to Equation 4.14, the tangential tensile stress can be got. 

 
2 2

2
1 3

8
H

B r
A

r

 
      (4.31) 

For a solid rotor, when 0r  , if 0B  , from Equation 4.30 and 4.31, the stress will be 

infinite, which is not real in practice. So B has to be zero.  

There is a shaft hole in our rotor with radius of 1R , so the integration constant B is not 

zero. But the stress at both inner and outer surface without shaft is zero. The outer radius 

of the rotor is 2R . The stress at inner and outer surface is 

 

 

1

2

2 2

1

2

1

2 2

2

2

2

3 0
8

3 0
8

r R

r R

RB
A

R

RB
A

R

 
 

 
 





    

    

 (4.32) 

Both A and B can be solved as 

 
 

 

2 2 2

1 2

2 2 2

1 2

3
8

3
8

R R
A

R R
B







 
  




 

 (4.33) 

Equation 4.19 and 4.20 can be rewritten as 
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 

 

2 22
2 2 21 2

1 2 2

2 22
2 2 21 2

1 2 2

3
8

3 (1 3 )
8

r

H

R R
R R r

r

R R
R R r

r


 


  

  
      

 


  
      

  

 (4.34) 

so the maximum hoop stress occurs at the inner surface of the rotor, where 1r R  

 
2

2 2

max 2 13 (1 )
4

H R R


         (4.35) 

So for the case considered:  

3 3 1

1 246.5 , 61.2 , 7.65 10 , 0.3, 10,000 1256R mm R mm kg m rpm rad s            , 

Hence max 48.38H MPa  .  

when 2r R , min 29.438H MPa   

To find the maximum radial stress, we need to make 0rd

dr


 , the result is 1 2r R R . 

The maximum radial stress is: 

   
2

2

max 2 13 1.07572
8

r R R MPa


      
(4.36) 

Thus, compared with hoop stress, the radial stress can be ignored. 

The researcher J. Jung, etc. [126] stated that the maximum centrifugal force is reached 

when the rotor suffering high angular momentum, instead of the constant speed. 

However, there is no else paper considering the stress caused by the angular momentum 

during rotor stress analysis [127-130]. So the stress produced by the angular acceleration 

is calculated to verify if the angular momentum needs to be considered. 

According to [130], the maximum shear stress occurs at the inner radius and can be 

expressed as: 

4 4
2 2 1

max 2 2 2

1 2

2.4818
4

s

R R
R Pa

R R
   


      


 (4.37) 
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Compared with the hoop stress and radial stress generated by centrifugal force, the shear 

stress caused by the angular momentum is negligible unless the angular acceleration can 

reach the level of 
6 210 rad s , which is impossible for the machine operation.  

3
[ ( )]

2
m sq sq sd q dT p i i i L L    (4.38) 

The calculated maximum stress of single rotor is at inner surface, 48.38MPa, the 

minimum stress is at the outer surface, 29.438MPa.  
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4.5  Zero Magnet Machine Designs 

As an aside to the IPM and SPM studies, a magnet-less machine topology was considered 

based on the same stator active axial length of the Nissan Leaf machine (151mm), the 

same rotor outer diameter and stator inner diameter and an 8-pole rotor configuration. To 

maximize the machine saliency ratio, a concentrated winding topology was considered. 

Hence, the 12-slot and 15-slot reluctance machines with zero magnets are designed and 

excited with the winding connections are shown in Table 4.13 and 4.14. In order to obtain 

higher torque, the 12 degree choice is selected to be both the SPM and IPM 15 slot 

machine because of the highest winding factor among all the possible connections. Both 

3-phase sinusoidal and square wave current are applied to the 12-slot synchronous 

machine. The 5-phase sinusoidal current is used to excite the 15-slot synchronous 

machine.  

The 12-slot machine is also simulated as excited via a conventional 3-phase asymmetric 

SR machine converter, as illustrated in Fig. 4. 15 showing the machine geometry (a), 

asymmetric inverter (b) and applied phase currents (c). Fig. 4.18 shows the resulting 

torque waveform for the three configurations considered. Although the average torque are 

all lower than that of the Nissan Leaf machine (for the same peak inverter current) the 

sinusoidally excited machines show a better average than the asymmetrically driven SR 

machine. The synchronous machines have an average torque of 200Nm compared to the 

280Nm of the Nissan Leaf machine (71.4%). However, the machines have zero magnet 

content and the 5-phase implementation has extremely good electro-magnetic torque 

ripple, far superior to the 12-8 topologies and comparable with the IPM and SPM designs 

considered throughout this thesis. Actually, the torque ripple for the 15-8, 5-phase 

synchronous reluctance machine is 16.35% without skew, which is comparable to the 

Nissan Leaf IPM machine, which is 10.65% after skew and 29.00% without skew. 

In order to make the torque at constant torque region meet the torque requirement of 

Nissan Leaf machine, the stack length of 15-8, 5-phase synchronous reluctance machine 

is increased to 213.6 mm. The structure comparison of new synchronous machine and 

Nissan Leaf machine is shown in Fig. 4.19. Although the total end-winding length of 
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synchronous machine is 9.75 mm less than that of Nissan Leaf machine, the total length is 

52.85 mm longer. The design parameters comparison of Nissan Leaf machine and 

synchronous reluctance machine are shown in Table 4.15. The curb weight of Nissan  

Table 4.13  Three-phase concentrated winding connection for 12-slot machine. 

3-Phase, 12 teeth 0 degree choice 

Tooth Mech angle Elect angle Tooth Coil 

1 0 0 1 A1 

2 30 120 2 B1 

3 60 240 3 C1 

4 90 0 4 A2 

5 120 120 5 B2 

6 150 240 6 C2 

7 180 0 7 A3 

8 210 120 8 B3 

9 240 240 9 C3 

10 270 0 10 A4 

11 300 120 11 B4 

12 330 240 12 C4 

Coils are wound in the same sense, 1+, 1-, 2+, 2-, 3+, 3-, etc. 

Leaf S vehicle is 1481 kg. The mass of Nissan Leaf IPM and the 15-slot synchronous 

machine are just 2.30% and 3.07% respectively of the total vehicle mass. So the mass 

increase of 15-8, 5-phase synchronous reluctance machine is acceptable. In conclusion, 

the non-permanent magnet synchronous machine with 5-phase voltage source inverter is 

potential to be applied for traction machines when the magnet prices or the supply 

becomes an issue. 

Further work on this topology is time limited and hence reported in Chapter 7 as future 

work. However, an invention disclosure of this topology has been made and reported as 

an outcome of this thesis study. 
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Table 4.14.  Five-phase connections for the 15 slots. 

5-Phase, 15 teeth (12) 12 Degrees choice 24 Degree choice 

Tooth Mech angle Elect angle Tooth Coil Tooth Coil 

1 0 0 1 A1 1 A1 

2 24 96 2 B3 2 B2 

3 48 192 3 -A2 3 C3 

4 72 288 4 E1 4 E1 

5 96 24 5 A3 5 A2 

6 120 120 6 -E2 6 B3 

7 144 216 7 D1 7 D1 

8 168 312 8 E3 8 E2 

9 192 48 9 -D2 9 A3 

10 216 144 10 C1 10 C1 

11 240 240 11 D3 11 D2 

12 264 336 12 -C2 12 E3 

13 288 72 13 B1 13 B1 

14 312 168 14 C3 14 C2 

15 336 264 15 -B2 15 D3 

Coils are wound in the same sense, 1+, 1-, 2+, 2-, 3+, 3-, etc. 
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(a) Geometry of 12-slot machine 
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(b) 3-phase Voltage source inverter; 3-phase, star connected winding. 

 

(c) Applied phase current 

Fig. 4.15.  12-slot SR machine with sine wave current excitation. 
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(a) Geometry of 15-slot machine 
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(b) 5-phase Voltage source inverter, star connected winding 

 

(c) Applied phase current 

Fig. 4.16.  15-slot SR machine with square wave current excitation 
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(a) Geometry of 12-slot machine 

S1

S2

D2

D1

+

-

S3

S4

D4

D3

S5

S6

D6

D5

 
(b) 3-phase Asymmetric inverter, 3-phase, 6-leadout connected winding 

 
(c) Applied phase current 

Fig. 4.17.  12-slot SR machine with square wave current excitation. 
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Fig. 4.18.  Torque comparison of SR machines. 
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(a) Nissan Leaf machine 
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(b) 15-8 synchronous reluctance machine 

Fig. 4.19.  Structure comparison between Nissan Leaf machine and synchronous 

reluctance machine. 
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Table 4.15.  Design parameters comparison between Nissan Leaf machine and 

synchronous reluctance machine. 

Description Nissan Leaf Machine 15-slot synchronous machine 

Active stack length (mm) 151 213.6 

Total length of end winding (mm) 41.5 31.75 

Total length of machine (mm) 192.5 245.35 

Number of turns per coil 8 8 

Phase resistance at 20C (mΩ) 5.67 10.11 

Phase resistance at 135C (mΩ) 8.21 14.64 

Total slot area (mm
2

) 3703.87 3800.71 

Machine mass audit (kg) 

Stator iron 16.35 23.03 

Stator 

copper 

  

Active length 3.09 7.27 

End winding 1.77 1.36 

Interconnections 0.27 0.20 

Total stator copper 5.12 8.83 

Total stator 21.47 26.61 

Rotor iron 10.55 13.54 

Rotor magnets 1.99 0 

Total rotor 12.54 13.54 

Total iron 26.90 36.58 

Total machine  34.01 45.41 
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4.6  Comparative study of IPM with conventional and GBDP Magnet 

Grain boundary diffusion processed magnets provide advantages when applied in 

permanent magnet machines subject to high load and high temperature operating 

scenarios by preventing or reducing the onset of demagnetization. To investigate how 

grain boundary magnets affect the performance of interior permanent magnet (IPM) 

machines, one of the challenges is to model the magnet with grain boundary 

characteristics, in this case by assigning different material properties to individual magnet 

pieces within a discretized magnet pole. In this paper, scripts using commercial magnetic 

simulation software have been created to automatically generate the grain boundary 

magnets and define the material properties accordingly. Then, the performance of an IPM 

machine having a delta-shape rotor topology was analyzed with conventional and grain 

boundary magnets and results were compared. Further, demagnetization of the magnets 

was analyzed to verify the advantage of grain boundary magnets, illustrating that IPM 

machines with grain boundary magnets can realize torque and maintain efficiency at high 

loads while being less prone to demagnetization. 

Since they were developed in 1984 [132], Neodymium Iron Boron (NdFeB) based 

magnets have attracted tremendous research focusing on improving their remanence and 

coercivity, so that the NdFeB based magnets can be downsized with lower cost while 

enhancing the machine performance. Adding HRE material such as Dy and Tb can 

enhance the coercivity because of the increase of magnetic anisotropy field. However, the 

remanence is lowered at the same time, since the uniformly distributed HRE increases the 

magnetic anisotropy field of grain boundaries and inner grain evenly [133]. In 2005, a 

new method named “Grain Boundary Diffusion Process (GBDP)” was proposed by 

Nakamura et al [134]. This process coated the HRE oxide or fluoride powders to the 

NdFeB sintered magnet. Then, heat-treatment is applied, so that Nd replaced HREs in 

Nd-rich phase and HREs diffused into the grain boundaries to form HRE-rich shells 

around Nd-riched phases. Fig. 4.20 (a) illustrates the GBDP with Dy source. In addition, 

Nagata employed vacuum technology to generate metal Dy vapor in a vacuum and 

diffused Dy to the crystal grain boundary [134]. 
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GBDP has two distinct advantages compared to conventional binary alloy method. First, 

it can effectively improve the coercivity of NdFeB magnet without lowering the 

remanence. For example, the magnet produced by GBDP with TbF3 improves the 

coercivity by more than 400kA/m and almost has the same remanence, as shown in the 

Fig. 4.20.(b). The specialized vapor deposition/diffusion technology invented by Hitachi 

metals can even increase remanence by 40mT while preserving the same intrinsic 

coercivity [136]. Second, GBDP reduces the amount of HREs used in permanent 

magnets. Nagata reports that, the amount of Dy in his process is just one-tenth of the Dy 

used in conventional magnets. Hidaka also announces that his “Homogeneous High 

Anisotropy field Layer (H-HAL)” process achieve 20% lower Dy content with the 

coercivity no less than 2.4MA/m [134]. 
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(a) Illustration of GBDP (b) Demagnetization curves of magnets after 

GBDP with different HREs and without GBDP 

Fig. 4.20.  GBDP and demagnetization curves comparison between GBDP and 

without GBDP[135]. 

4.6.1  Design process of PM machines with GBDP magnets. 

GBDP permanent magnets can improve on the demagnetization limits provided by more 

conventional magnet grades. The machine design process is shown in Fig. 4.21. The 

original design is modeled with conventional magnets first and then analyzed to confirm 

whether the design can meet the performance requirements. Then the demagnetization 

analysis is performed and the maximum magnetic field strength, H, is recorded for all 
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working conditions, especially extreme conditions like the heaviest load and highest 

magnet operating temperature. Next, the GBDP magnets are selected based on the 

maximum H, with a tolerance to ensure the coercivity of the GBDP magnets is larger than 

the conventional magnets when the magnets work in the non-demagnetization region. 

Finally, the GBDP magnet design is modeled to verify that it meets the design 

requirements. 
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Fig. 4.21.  Flow chart for the design process of permanent magnet machines using 

GBDP permanent magnets. 
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4.6.2  GBDP Magnet Modelling Process and Specification 

Finite element analysis (FEA) is used to analyses an example automotive IPM machine 

with grain boundary and standard magnets. In the modelling process, all the machine 

parts except for the magnets can be created through drawing commands in the geometry 

editor while the grain boundary magnets need to be modelled with a certain scripting 

procedure. This section shows the grain boundary magnet modelling and material 

definition process in detail. 

The magnetic characteristics of permanent magnet materials in the second quadrant 

reflect how they operate in an electric machine and, hence, determine machine 

performance. Fig. 4.22 illustrates typical magnetic characteristics of a high-energy-

density rare-earth NdFeB permanent magnet. The intrinsic curve stands for the total 

magnetic flux potential that can be produced by the magnet material while the normal 

curve represents the magnetic flux which can be measured and used in the magnetic field 

of the electric machine. When selecting permanent magnets, one would choose materials 

that have high remanence and coercivity at the same time. However, from Fig. 4.22, it can 

be observed that the magnetic characteristic curves are sensitive to temperature for 

NdFeB magnets higher temperature degrades the magnetic performance in terms of the 

remanence and the coercivity which typically change by -0.11 and -0.6% per °C 

respectively. If the magnet encounters strong exterior magnetic fields or is exposed to 

high temperatures, the magnet will work below the knee point of the magnetization curve 

and operate in its nonlinear region. Hence, magnetic performance will be lost and the 

performance of the machine would degrade since the recoil permeability lines have lower 

magnetic flux density for the same coercivity [137]. 

In grain boundary magnets, the coercivity varies through the magnet cross-section and, 

hence, the magnets are modeled in a piece-wise fashion. The segmentation of the magnet 

is a trade-off between accuracy of the analysis and computation time. In this section, each 

rotor pole is comprised of three magnet pieces arranged in a delta configuration, as 

illustrated in Fig. 4.23. For FEA, each magnet piece is sub-divided into 0.5mm1.0mm 

rectangular pieces. The N48H GBDP magnet is selected from magnet manufacturer and 
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the coercivity distribution for each magnet piece is defined based on the manufacturing 

properties, as illustrated in Fig. 4.22. The coercivity distribution in the modelled N48H 

GBDP magnet is at 180C. 

As discussed, coercivity distributes unevenly in the grain boundary magnet. Hence, each 

magnet is divided into smaller sections, and coercivity and direction of magnetization are 

assigned for each section. 
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Fig. 4.22.  Intrinsic and normal curves for a permanent magnet at 120 and 180 degrees 

centigrade and an example recoil permeability curve. 
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Fig. 4.23.  Coercivity definition of grain boundary magnet (Unit: kA/m, 180C). 
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Fig. 4.24 shows the flowchart for the programming process of the grain boundary magnet 

model. A coercivity distribution table that defines magnet coercivity distribution, 

typically provided by a grain boundary magnet manufacturer, is created in a spreadsheet. 

Then a conventional electric machine geometry is created in the FEA solver geometry 

editor. After the geometry modeling process, the electric machine with segmented magnet 

model is imported into the FEA solver, the main project interface for material and 

conditions pre-processing. The defined magnet characteristic curves are then assigned to 

each magnet piece with a name based on the magnet coercivity. The material defining and 

assigning process are then repeated until all the magnet pieces are defined. The remaining 

steps are assigning materials to other parts of IPM machines and assigning simulation 

conditions as is the case in conventional machine simulations. 

The specification and finite element model for 1-pole of the example IPM machine are 

presented in Fig. 4.25 [91]. The machine is an 8 pole, 48 slot IPM machine with 151 mm 

active axial stack length. The rated base speed of 3,000 rpm is selected as an example for 

comparison. Both the conventional and GBDP sintered NdFeB magnets were modeled. 

Thus, the only difference between the two machines is their magnet coercivity 

distribution. 

The coercivity in the conventional magnet is at the minimum value in each magnet in Fig. 

4, which is -250kA/m for all three magnets. The demagnetization effect due to the stator 

winding is investigated to compare the performance of the two machines. The 

demagnetization analysis is composed of three stages: before current excitation, during 

current excitation, and after current excitation [102]. The current is applied in the winding 

only in the second stage, while in the first and third stages the machine is working under 

open circuit conditions. After completing the three steps, both the magnetic flux density 

and field strength are recorded and depicted on the B-H curve of the magnet. The 

demagnetization ratio, permeance coefficient distribution, induced voltage waveforms, 

etc. can be obtained and compared for each of the three stages. 
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Fig. 4.24.  Grain boundary magnet programming flowchart. 

4.6.3  Results and comparison 

In order to study the performance of grain boundary magnets comprehensively, torque 

analysis, loss and efficiency calculations, demagnetization analysis, magnetic operating 

point analysis and magnetic flux-density analysis have been conducted in FEA. Each 

aspect will be discussed in this section. 

(a) Torque, loss, and efficiency study. 

The comparison between the conventional and grain boundary magnet machines has been 

investigated for winding peak excitation currents ranged from 100A to 200A, as shown in 

Table 4.16. When operating in the linear region of the magnet’s B-H characteristics at 

180°C, which is 100A current amplitude, the grain boundary magnet does not provide 

obvious advantages when compared to the conventional magnet. However, the advantage 

becomes more apparent at higher currents as shown in Table 4.16. When the peak 

winding current increases above 140A, the GBDP magnet machine shows better 

performance than the conventional magnet machine, in terms of torque performance, iron 
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loss, and efficiency, while it performs nearly equivalently as the conventional magnet 

with higher coercivity. 

(b) Operating Points Study. 

After projecting flux-density and field strength into the magnetization direction of the 

magnets, the magnet operating points can be plotted on the material B-H curve. Fig. 4.24 

shows the operating points with 100A and 200A peak current excitation. In Fig. 4.26 (a), 

all the magnetic operating points stay on the magnetization characteristic for the open 

circuit working conditions. No point goes into the non-linear region of the B-H 

characteristics; hence there is no demagnetization at this load current and operating 

temperature. On the contrary, under 200A peak current excitation, the magnetic operating 

points cross the knee point of the B-H characteristics as shown in Fig. 4.26 (b). After 

removing the load current, the operating points cannot go back to their original 

characteristic and instead operate on the recoil permeability line, which is parallel, but has 

smaller magnetic flux-density values. This phenomenon shows that the magnets are 

demagnetized when the peak phase excitation current value is at 200A and the rotor 

operating temperature is 180C. For the design considered, 140A is deemed the peak 

rated current at 180C. 

(c) Demagnetization ratio study. 

The demagnetizing ratio is defined as the amount of demagnetization from the standard 

specified magnetization as given by Equation (3.4) in Chapter 3.5. 

The demagnetization ratio results for the conventional and grain boundary magnets 

machines at 100 and 200A peak phase current are shown in Fig. 4.27, other conditions 

being the same as in Table 4.11. It can be observed that the grain boundary magnets 

prevent demagnetization on the corners and edges of the magnets, compared to the 

demagnetization experienced by the conventional magnets. For conventional magnets, the 

whole magnet shares the same coercivity. Demagnetization happens where the magnetic 

field is strong, typically in the corners and edges of the magnets. Nevertheless, the grain 

boundary magnets have different coercivity distribution, where the corners and outer 

edges exhibit higher coercivity, than the center part. Therefore, the higher coercivity in 
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8

8
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DC-link voltage 375V

 
Fig. 4.25.  Geometry and specifications of the IPM machines model [91]. 

Table 4.16: Performance comparison between grain boundary magnet motor and 

conventional motors. 

Performance Conventional magnet GBDP magnet 

Peak phase excitation current, 100A 

Average torque (Nm) 205.76 206.06 

Iron loss (W) 436.93 451.20 

Efficiency (%) 97.38 97.37 

Peak phase excitation current, 140A 

Average torque (Nm) 243.60 250.37 

Iron loss (W) 528.03 516.74 

Efficiency (%) 96.17 96.28 

Peak phase excitation current, 200A 

Average torque (Nm) 244.94 254.88 

Iron loss (W) 641.26 643.52 

Efficiency (%) 93.04 93.29 

the corners and outer edges counteract the strong external magnetic field, preventing 

demagnetization in these regions. 

Grain boundary diffusion process increases the coercivity of permanent magnets in 

regions subject to high demagnetization field while reducing the amount of rare-earth 

materials (Dysprosium). In this paper, the grain boundary magnets have been modeled 

automatically by running both MATLAB and FEA scripts. The performance of delta 

shape rotor topology IPM machines with conventional and grain boundary magnets have 
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been analyzed and compared based on the results of parallel FEA simulations. It is 

concluded that GBDP magnets have similar characteristics with conventional magnets in 

the linear region. However, in the nonlinear magnet B-H region, grain boundary magnets 

have better demagnetization performance thanks to their higher coercivity distribution on 

the corners and edges of the magnets. So IPM machines operating at elevated rotor 

temperature with grain boundary magnets can achieve better performance, such as higher 

average torque and higher efficiency, than machines with conventional magnets. 

B-H curve of grain boundary diffusion processed magnet
Before excitation current
Under excitation current

B-H curve of conventional magnet

After excitation current

Before excitation current
Under excitation current
After excitation current
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(a) Permanent magnet working points when peak current value is 100A 
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(b)Permanent magnet working points when  peak current value is 200A 

Fig. 4.26.  Permanent magnet working points when current peak value is 100A and 200A. 
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4.7  Summary 

In this Chapter, different machine topologies and permanent magnet materials for traction 

machines are proposed. The redesigned Nissan Leaf machine rotor can achieve the 

performance specification for whole operation range by supplying sinusoidal phase 

current. The IPM and SPM machine comparative study shows that the SPM machine can 

obtain the IPM machine performance with the same permanent magnet material and 7% 

more stator OD but 20% less silicon usage in power electronics. Then the non-permanent 

magnet synchronous machine is proposed to study the potential of its application for 

traction machines.  

In the last section, the electric machine with grain boundary magnets are analyzed and 

exhibits that the grain boundary magnets are more capable to withstand the 

demagnetization in high temperature or high load condition than the conventional 

permanent magnet material. 
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(a) Conventional magnet at 100A. (b) GBDP magnet at 100A. 
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(c) Conventional magnet at 200A. (d) GBDP magnet at 200A. 

Fig. 4.27.  Demagnetization ratio when current peak value is 100A and 200A. 

 



 

 

Chapter 5 

 

Stator Design for Volume Manufacturing 

 

5.1  Introduction 

In this Chapter, various stators are designed and compared in terms of performance and 

manufacturing. Both IPM and SPM rotors are compared for 48-slot distributed and 9-, 10-, 

12- and 15-slot concentrated 8 pole winding schemes. The results are compared for the 

same performance specification in terms of supply (voltage and current), material 

requirements, and manufacture cost for prototype and volume production. 

5.2  Fundamentals of Stator Windings 

The object of winding is to produce a magnetic field in the machine that is used to create 

torque. As a designer, the goal is to control the magnetic field by managing the winding, 

i.e., position, shape, movement etc. 

According to different winding construction, winding can be classified to distributed and 

concentrated winding. Each type of winding can have different layers, i.e. single layer, 

double layer, and even multiple layers. The more layers a winding has, the harder to 

manufacture it. Distributed windings are mainly used in the stator of AC machines, 

including induction and synchronous machines. It can create a sinusoidal rotating 

magneto motive force (MMF) distribution and magnetic field in the air-gap. Distributed 

windings are common on all machines, while, concentrated windings can be machine 

wound and widely adopted in low power or low cost machines. Further, multi-phase 
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windings are applied to improve the harmonic content of the air-gap MMF. i.e. make it 

more sinusoidal. 

Specific winding has its particular characteristics. It is reported that bar-wound windings 

usually have larger fill factor than the stranded windings, which means bar-wound 

windings can provide higher torque. However, the eddy current induced in the inductor of 

the bar increase the copper loss and the temperature of the machine, which will be more 

severe in the high speed region [87]. Compared with the distributed windings, 

concentrated windings are claimed to have shorter end winding [85]. If the axial stack 

lengths are the same, short end winding results in lower copper material and less copper 

loss. In addition, concentrated winding is easier to be automatic wounded while the slot 

fill factor will be lower if automatized [138]. The number of winding layer is not only 

determined by the manufacturability, but the performance. The Table 5.1 shows different 

performance between single and double-layer concentrated windings. 

 

Fig. 5.1.  Stator Winding classification. 
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The concentrated winding can be classified to two major kinds. One is overlapping 

concentrated winding, also denoted as fractional slot concentrated winding. The other is 

non-overlapping concentrated winding, which means the coil is wound on each tooth 

separately. Single and double layer windings are popular non-overlapping concentrated 

winding, shown in the following figure. And the winding factors are different in these two 

types of winding for the same slot/pole combination. 

To study the magnetic performance affected by the winding, the field solution is studied 

and the results are shown in Fig. 5.2. In this case, the rotor is set up as a solid cylinder 

with same dimension and magnetic material property. The 48 slots single layer distributed 

winding has evenly distributed magnetic field for both stator and rotor side. The 

penetration of the magnetic field on rotor is relatively deep compared with other 

windings. The field solution of 9 slot-8pole combination exhibits the unbalanced pull, 

which is not favored. The 12 slot machine has the strongest localized magnetic field on 

the rotor side which leads to higher rotor loss among those five designs. 

 

 

 

 

 

Table 5.1.  Comparison between single and double-layer concentrated windings 

[46][85]. 

Description Single-layer Double-layer 

Fundamental winding factor higher lower 

End-windings longer shorter 

Slot fill factor higher lower 

Mutual-inductance lower higher 

EMF more trapezoidal more sinusoidal 

Harmonic content of MMF higher lower 

Eddy current losses in the PM higher lower 

Overload torque capability higher lower 
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(a) 48 slots, 600A peak phase current, 3 

phases. 

(b) 9 slots, 340A peak phase current, 3 

phases. 
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(c) 12 slots, 350A peak phase current, 3 

phases. 

(c) 15 slots, 200A peak phase current, 3 

phases. 

Fig. 5.2.  Filed solution at 2100 rpm of different slot numbers with 8 poles, 8 turns per 

coil, 151mm stack length at the edge of demagnetization. 
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5.3  Winding Layout procedure 

5.3.1  Terminologies Needs for Winding Layout 

(a) Coil span, also known as coil pitch, is the circumferential width of a coil, should be 

as close to 180E as possible but seldom exceed it to maximize the flux linked to the 

coil and therefore maximizes the back EMF induced in the coil. Coil span can be 

defining by the number of slot per magnet pole as Equation (5.1). 

s
sm

m

N
N

N
  

(5.1) 

where Ns is the number of slots, Nm is the number of phase. The nominal coil span in 

slots is the integer portion of the Equation (5.1), or the equation (5.2) 

* ,1s
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   
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(5.2) 

where the max(∙,∙) returns the maximum of its two arguments and the function fix(∙) 

returns the integer portion of its argument. 

(b) Pole pitch is the distance that a magnetic pole covers in the air-gap. It can be defined 

as a function of the bore diameter, D or the number of slots per pole as shown in 

Equation (5.3) 

s
p p

ND
or

p p


    

(5.3) 

where p is the pole number. 

 

(c) Number of slot per pole per phase, denominated as q, is defined as Equation (5.4): 

s

m

N
q

N p
  

(5.4) 
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A very high value of q means a more sinusoidal current linkage, but it also leads to a 

higher number of coils and higher manufacturing cost. In practice, two to four coils per 

pole per phase are usually desirable in medium-size machines. 

(d) Winding factor contributes a lot to the torque production and can be expressed as 

Equation (5.5). 
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 is short pitch factor. β is 

slot angle. 
360

sN
  . m is the phase band, which is the group of adjacent slots of the same 

phase. n is the nth order of harmonic field.  is an integer multiple of the slot angle, β, 

2

s

k k
N


     . p is the number of pole pairs 

If magnitude of the n-th harmonic mmf produced by concentrated fully-pitched winding 

is Fn, the magnitude of n-th harmonic mmf produced by distributed short-pitched winding 

is Fn kdn kpn= Fn kwn. The effect of distributing the winding is to modify the magnitude 

of n-th harmonic produced by our basic concentrated winding by kdn , which would 

increase the torque in electric machines. Short-pitch can be used to reduce the length of 

the end windings, which can be particularly significant in 2-pole machines. 

(e) Phase offset. The phase offset of k0 slots leads to a 120E offset between phase A and 

phase B, shifting the coils in phase C by k0 slots from those of phase B produces 

another 120E offset, thereby creating a balanced winding. The angle of k
th

 slot is 

shown as Equation (5.6). 
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(5.6) 

There will be multiple solutions and any solution works equally well for Equation (5.6), 

so the smallest is usually chosen. The Equation (5.6) can be simplified to equation (5.7). 
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  , is a valid phase offset if the equation for an integer value of q in 

the range 1 to 1
2

mN 
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 
 produces an integer results. 

5.3.2  Assumptions for the Winding Layout Procedure 

(1) Three phases. 

(2) All slots are filled. 

(3) There are two coil sides in each slot. That is, the winding can be classified as a double 

layer winding. 

(4) Balanced winding. 

(5) The numbers of slots per pole per phase is less than or equal to 2. 

(6) All coils have the same number of turns and all span the same number of slots. 

5.3.3  Integer Slot Winding Layout Procedure 

The integer slot winding layout procedure is shown as Fig. 5.3. The phase offset K0 needs 

to be found first and then the nominal coil span S
*
, number of coils per phase Nph will be 
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calculated. Then the first coil will be placed in phase A and angular offset will be listed. 

Next choose a minimum total angular spread of Nph coils to be the coils for phase A and 

phase B and phase C will be determined by the coil offset right after. An example of 48 

slots, 8 poles, 3 phases winding layout demonstrates how this procedure work. 

Find the phase offset K0

Find the nominal coil span �∗

Determine the number of coils per phase Nph

Place the first coil in phase A

Find the angular offset

Reverse the coil direction and change the offset for each 

coil whose angular offset magnitude exceeds 90° E

Choose a total of Nph coils such that the angular spread 

among the coils is minimum 

Using the coil offset determine the winding layout for 

phase B and C

Check the validity of the winding
 

Fig. 5.3.  Flowchart of integer slot winding layout procedure. 

For example: 

N
s
=48, N

m
=8, p=3. 

Phase offset is  0

2
1 3 8

3

s

m

N
k q

N
    

q in the range 1 to 3, so coil span is 
* max ,1 6s

m

N
S fix

N

   
   

   
 

Number of coils per phase is N
ph

= 48/3=16 
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Angular slot pitch is   180 30m
s

s

N
e e

N
       

If the angles extend the range -180 ≤ ≤180, find the principle angle by applying the 

Equation (5.8). 

 180 ,360 180rem        (5.8) 

So the angle, in and out direction for each coil are listed in Table 5.2. 

Table 5.2.  Coil angle, in and out direction for each coil. 

Coil 1 2 3 4 5 6 7 8 9 10 11 12 

Angle 0 30 60 90 120 150 180 -150 -120 -90 -60 -30 

In 1 2 3 4 5 6 7 8 9 10 11 12 

Out 7 8 9 10 11 12 13 14 15 16 17 18 

Coil 13 14 15 16 17 18 19 20 21 22 23 24 

Angle 0 30 60 90 120 150 180 -150 -120 -90 -60 -30 

In 13 14 15 16 17 18 19 20 21 22 23 24 

Out 19 20 21 22 23 24 25 26 27 28 29 30 

Coil 25 26 27 28 29 30 31 32 33 34 35 36 

Angle 0 30 60 90 120 150 180 -150 -120 -90 -60 -30 

In 25 26 27 28 29 30 31 32 33 34 35 36 

Out 31 32 33 34 35 36 37 38 39 40 41 42 

Coil 37 38 39 40 41 42 43 44 45 46 47 48 

Angle 0 30 60 90 120 150 180 -150 -120 -90 -60 -30 

In 37 38 39 40 41 42 43 44 45 46 47 48 

Out 43 44 45 46 47 48 1 2 3 4 5 6 

Changing the coil angle by 180 and the coil direction is reversed as listed in Table 5.3. 
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Table 5.3.  Coil angle, in and out direction for each coil after applying Equation 4.8. 

Coil 1 2 3 4 5 6 7 8 9 10 11 12 

Angle 0 30 60 90 -60 -30 0 30 60 -90 -60 -30 

In 1 2 3 4 11 12 13 14 15 10 11 12 

Out 7 8 9 10 5 6 7 8 9 16 17 18 

Coil 13 14 15 16 17 18 19 20 21 22 23 24 

Angle 0 30 60 90 -60 -30 0 30 60 -90 -60 -30 

In 13 14 15 16 23 24 25 26 27 22 23 24 

Out 19 20 21 22 17 18 19 20 21 28 29 30 

Coil 25 26 27 28 29 30 31 32 33 34 35 36 

Angle 0 30 60 90 -60 -30 0 30 60 -90 -60 -30 

In 25 26 27 28 35 36 37 38 39 34 35 36 

Out 31 32 33 34 29 30 31 32 33 40 41 42 

Coil 37 38 39 40 41 42 43 44 45 46 47 48 

Angle 0 30 60 90 -60 -30 0 30 60 -90 -60 -30 

In 37 38 39 40 47 48 1 2 3 46 47 48 

Out 43 44 45 46 41 42 43 44 45 4 5 6 

Choose those coil angles closest to 0 for phase A and minimizing the total spread of 

angles will generally maximize motor performance. The chosen coils and angle is listed 

in Table 5.4. 

Table5.4.  Chosen coils for phase A. 

Coil 1 2 7 8 13 14 19 20 25 26 31 32 

Angle 0 30 0 30 0 30 0 30 0 30 0 30 

In 1 2 13 14 13 14 25 26 25 26 37 38 

Out 7 8 7 8 19 20 19 20 31 32 31 32 

So the winding layout of the 48-slots, 8-poles, 3-phases machine is shown as Table 5.5. 
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Table 5.5.  Winding layout of the 48-slots, 8-poles, 3-phases machine. 

Slot Phase A Phase B Phase C 

1 In & In   

2 In & In   

3  Out & Out  

4  Out & Out  

5   In & In 

6   In & In 

7 Out & Out   

8 Out & Out   

9  In & In  

10  In & In  

11   Out & Out 

12   Out & Out 

Note: 13-48 slot repeat the winding layout in 1-12 slot for four times. 

The harmonics produced by conductor density can be used to judge the quality of winding 

layout. The fundamental harmonics needs to be maximized to get the larger output torque 

and the summation of other harmonics excluding the fundamental should be as small as 

possible to minimize the loss.  

During Fourier transform, both positive and negative frequencies will be obtained. Since 

the negative frequency does not exist, this part will be converted to the negative region by 

the complex conjugate. When the frequency domain signals are converted to the time 

domain, the negative frequency will be considered to reproduce the original time domain 

signals. 
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5.4 Comparative Study between Concentrated and Distributed 

Windings for EV’s 

In this section, various winding types are discussed and compared in terms of 

performance and manufacturing. Both IPM and SPM rotors are compared for 48-slot 

distributed and 9-, 10- and 15-slot concentrated pole winding schemes. The results are 

compared for the same performance specification in terms of supply (voltage and current) 

and material requirements.  

5.5.1  Winding Connection Design 

Similar with distributed windings, the connection of concentrated windings affect the 

machine performance significantly. In order to get the maximum torque with minimum 

loss, the connections with maximum winding factor is selected. Table 5.6 and Table 5.7 

show the concentrated winding connections for 9- and 15-slot 8-pole combination. The 

winding connection for 12-slot 8-pole combination has been shown in Table 4.10 in 

Chapter 4.5. 

Table 5.6  Three phase concentrated winding connection for 9 slot machine. 

3-Phase, 9 teeth 0 degree choice 

Tooth Mech angle Elect angle Tooth Coil 

1 0 0 1 -A1 

2 40 160 2 A2 

3 80 320 3 B3 

4 120 120 4 -B1 

5 160 280 5 B2 

6 200 80 6 C3 

7 240 240 7 -C1 

8 280 40 8 C2 

9 320 200 9 A3 
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Table 5.7  Three phase concentrated winding connection for 15-slot machine. 

3-Phase, 15 teeth 0 degree choice 

Tooth Mech angle Elect angle Tooth Coil 

1 0 0 1 A1 

2 24 96 2 B4 

3 48 192 3 -A2 

4 72 288 4 -B5 

5 96 24 5 A3 

6 120 120 6 B1 

7 144 216 7 C4 

8 168 312 8 -B2 

9 192 48 9 -C5 

10 216 144 10 B3 

11 240 240 11 C1 

12 264 336 12 A4 

13 288 72 13 -C2 

14 312 168 14 -A5 

15 336 264 15 C3 

5.5.2  Preliminary Design of Concentrated Winding Machines 

This is the primary step to have a rough idea of how the performance of IPM with 

concentrated winding. For all the concentrated windings machines, the same slot area 

with Nissan Leaf machine is adopted although there is a slight difference among Nissan 

leaf machine, 9-, 12-, and 15-slot stator during the specific cases. So in this step, the stack 

length, number of turns and phase resistance are kept the same with the Nissan leaf 

winding. The stack length for 9-slot and 12-slot are all 151mm, the number of turns is 8, 

and the phase resistance is 0.00821Ω. One thing needs to be pointed out is that both the 9-

slot and 12-slot IPM concentrated winding machine are all on the edge of 

demagnetization and the peak phase current is limited by the demagnetization, so as the 

maximum output torque.  

The performance of 9-slot and 12-slot IPM machine with concentrated windings at base 

speed (2100rpm) is shown in Table 5.8. From Table 5.8, we can see that the 9-slot 

machine generates lower torque with lower cogging torque and torque ripple compared to 
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12-slot machine. However the most severe problem of these two machines is that there is 

a high spike in the phase voltage, which means these IPM concentrated winding machines 

cannot provide required torque performance with the same inverter of Nissan leaf 

machine. 

Then the SPM rotor is introduced to the 9-, 12-, 15-slot concentrated winding and 

preliminary performance tests are also done with 151mm stack length, 8 turns per coil, 

and 0.00821Ω phase resistance. The results are shown in Table 5.9. The terminal voltage 

of those SPM machines is much smoother than the IPM. Fig. 5.5, 5.6, and 5.7 shows the 

phase voltage waveforms of 9-, 12-slot and 15-slot IPM and SPM machines and their 

corresponding flux density distribution. It can be seen that the local saturation on stator 

and rotor causes the high spike on the phase voltage. From machine design side, this issue 

can be solved by change the design parameters. It has been noted in this thesis that the 

SPM rotor help get rid of the problem in this situation. Meanwhile, Zhu et al also pointed 

out that the change of slot and pole number combination can also reduce the distortion in 

the phase voltage waveform [139-141]. 

 

Table 5.8.  Performance comparison among 9-slot, 12-slot and 15-slot IPM machine 

with concentrated winding at base speed (120C). 

Description 
Base speed 2100rpm 

9-slot 12-slot 15-slot 

Open circuit back 

EMF (V) 

RMS 
51.857 61.923 63.73 

Peak 84.106 93.754 91.48 

Maximum average torque (Nm) 169.664 185.116 166.92 

Excitation torque ripple* (%) 4.637 18.310 6.57 

Vphase_RMS (V) 
119.514 126.108 117.16 

Vphase_peak (V) 
300.798 217.297 174.43 

Iphase_peak (A) 
300 230 200 

Current excitation angle (Electrical) 25 35 35 

Peak-peak Tcogging (Nm) 0.392 3.972 0.13 
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Table 5.9.  Performance comparison among 9-slot, 12-slot and 15-slot SPM machine 

with concentrated winding at base speed (120C). 

Description 
Base speed 2100rpm 

9-slot 12-slot 15-slot 

Open circuit back 

EMF (V) 

RMS 
61.997 76.959 78.76 

Peak 
77.484 102.955 125.04 

Maximum average torque (Nm) 
197.110 250.564 225.79 

Excitation torque ripple* (%) 3.038 7.985 2.59 

Vphase_RMS (V) 90.272 116.094 106.76 

Vphase_peak (V) 
134.108 175.838 146.98 

Iphase_peak (A) 
340 350 310 

Current excitation angle (Electrical) 
0 0 0 

Peak-peak Tcogging (Nm) 
0.873 7.221 0.63 
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U phase V phase W phase
 

  

(a) 9-slot IPM machine (b) 9-slot SPM machine 

  

(c) 12-slot IPM machine (d) 12-slot SPM machine 

  

(e) 15-slot IPM machine (f) 15-slot SPM machine 

Fig. 5.4.  Back-EMF of 9-, 12-, 15-slot IPM and SPM machine at 2100rpm. 
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U phase V phase W phase
 

  

(a) Phase voltage of 9-slot IPM machine (b) Phase voltage of 9-slot SPM 

machine 

  

(c) Flux density distribution of 9-slot IPM 

machine 

(d) Flux density distribution of 9-slot 

SPM machine 

Fig. 5.5.  Phase voltage and magnetic flux density distribution of 9-slot IPM and SPM 

machine at 2100rpm, full load. 
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U phase V phase W phase
 

  

(a) Phase voltage of 12-slot IPM machine (b) Phase voltage of 12-slot SPM machine 

  

(c) Flux density distribution of 12-slot 

IPM machine 

(d) Flux density distribution of 12-slot 

SPM machine 

Fig. 5.6.  Phase voltage and magnetic flux density distribution of 12-slot IPM and SPM 

machine at 2100rpm, full load. 
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U phase V phase W phase
 

 
 

(a) Phase voltage of 15-slot IPM machine (b) Phase voltage of 15-slot SPM machine 
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(c) Flux density distribution of 15-slot 

IPM machine 

(d) Flux density distribution of 15-slot 

SPM machine 

Fig. 5.7.  Phase voltage and magnetic flux density distribution of 15-slot IPM and SPM 

machine at 2100rpm, full load. 
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shown in Table 5.10. Compared to distributed integer slot Nissan Leaf machine, the 

concentrated winding SPM consumes more materials due to the increased active stack 

length. However, the end-turns length is shorter, so the total machine length is very 

similar. The concentrated winding can obtain higher slot fill factor than the distributed 

winding. In this paper, 0.8 is supposed to all the concentrated winding design candidates 

since it is normal for automatically wound tooth. Here, the ampere turns in preliminary 

design is applied to each machine to keep the demagnetization on edge. In addition, the 

torque at low speed and high speed need to be satisfied with the similar peak phase 

voltage in low speed and DC link voltage limit in high speed. The fill factor of each 

machine is also kept the same. After redesigned, the stack lengths of 9-, 12- and 15-slot 

concentrated winding machine are increased. The end winding lengths also change due 

to the different winding arrangement and layout compared to the distributed winding. 

The machine structure and dimensions compared to Nissan leaf machine are shown 

respectively in Fig. 5.8, 5.9 and 5.10. For the 9-slot concentrated winding machine, both 

the stack length and total end winding length is longer than the Nissan Leaf distributed 

winding machine. So the end winding length of concentrated winding machines are not 

always shorter than distributed winding machines. It is determined by both the winding 

type and the machine geometry and dimensions. The total end-winding lengths of 12- 

and 15-slot concentrated winding machine are shorter than the Nissan Leaf distributed 

winding machine, which is commonly stated in the published literatures. 

The machine performance of 9-, 12- and 15-slot concentrated windings is presented in 

Table 5.11. Among those three machine, the 9-slot one need smallest current and 

smaller cogging torque and excitation torque ripple, while the 12-slot one produce less 

core loss. One thing needs to be noted that there are unbalanced magnetic pull in 9-slot 

8-pole machines which may lead to noise and vibration in real application. Fig. 5.5 (c) 

and (d) shows that the magnetic flux density distributes unevenly in 9-slot machine 

causing the unbalanced magnetic pull. 
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(b) 9-slot concentrated winding machine 

Fig. 5.8.  Structure comparison between Nissan Leaf machine and 9-slot concentrated 

winding machine. 
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(b) 12-slot concentrated winding machine 

Fig. 5.9.  Structure comparison between Nissan Leaf machine and 12-slot 

concentrated winding machine. 
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(b) 15-slot concentrated winding machine 

Fig. 5.10.  Structure comparison between Nissan Leaf machine and 15-slot 

concentrated winding machine. 
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Table 5.10.  Design parameter comparison between 3 phase 9 slot, 12 slot and 15 slot 

SPM machine with concentrated winding. 

Description 
9-slot SPM 

machine 

12-slot SPM 

machine 

15-slot SPM 

machine 

Nissan Leaf 

Machine 

48-slot SPM 

machine 

Active stack length (mm) 209 169 187.5 151 151 

Total length of end 

winding (mm) 
52.85 39.89 31.75 41.5 41.5 

Total length of machine 

(mm) 
261.8 208.9 219.2 192.5 192.5 

Number of turns per coil 7 5 5 8 12 

Phase resistance at 20C 

(mΩ) 
8.37 6.66 10.11 5.67 8.15 

Phase resistance at 135C 

(mΩ) 
12.12 9.65 14.64 8.21 11.80 

Total slot area (mm
2
) 3907.74 3742.99 3800.71 3703.87 5694.90 

Machine mass audit (kg) 

Stator iron 22.33 18.32 20.22 16.35 19.40 

Stator 

copper 

 

Active length 5.87 4.53 5.13 3.09 4.73 

End winding 2.33 1.68 1.36 1.77 2.71 

Interconnections 0.12 0.37 0.20 0.27 0.27 

Total stator copper 8.33 6.58 6.69 5.12 7.71 

Total stator 30.66 24.90 26.61 21.47 27.11 

Rotor iron 7.73 6.25 6.93 10.55 5.60 

Rotor magnets 2.66 2.15 2.38 1.99 1.92 

Total rotor 10.39 8.40 9.31 12.54 7.52 

Total machine 41.05 33.30 35.92 34.01 34.63 

In terms of the cost, the manufacturing cost of lamination is pretty close for the volume 

progressive die stamping. Compared with IPM rotor, the manufacturing of SPM rotor 

cost more due to the magnets retainment. The manufacturing process cost for distributed 

and concentrated windings are also similar for the automated winding methods. So the 

material cost contributes a big portion to the total manufacturing cost. From Table 5.12, 

we can see that the 9-slot SPM machine uses 11.07% more steel, 33.65% more magnet, 

but 12% less copper material compared to the Nissan Leaf machine. The 12-slot SPM 
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machine needs 9.20% less steel, 25% less copper, and 8.10% more permanent magnet 

material. Among all the materials, permanent magnet material is the most expensive 

material. Concentrated windings are easier to be automated, but only if the stator is 

segmented. A non-segmented stator lamination design would result in lower slot 

packing factor for an automated winding design. 

Table 5.11.  Performance comparison among 9 slot, 12 slot and 15 slot SPM machine 

with concentrated winding at base and at top speed (120C). 

Description 
Base speed 2100rpm Top speed 10,000rpm 

9 slot 12 slot 15 slot 9 slot 12 slot 15 slot 

Open circuit 

back EMF (V) 

RMS 75.08 53.83 61.12 357.54 256.35 291.06 

Peak 93.84 72.02 97.04 446.86 342.97 462.04 

Average torque (Nm) 280.31 280.43 279.86 76.69 76.41 76.30 

Excitation torque ripple (%) 3.03 7.98 2.59 5.22 17.65 3.04 

Vphase_RMS (V) 110.75 84.63 83.91 139.13 148.16 141.82 

Vphase_peak (V) 164.95 126.92 115.81 214.12 213.79 211.02 

Iphase_peak (A) 400 560 495 279.50 280.00 320 

Current excitation angle 

(Electrical) 
0 0 0 66 55.50 63.7 

Peak-peak Tcogging (Nm) 1.21 8.80 0.79 1.21 8.08 0.79 

Stator iron loss (W) 225.45 204.53 199.78 613.35 592.88 606.89 

Rotor iron loss (W) 74.18 7.04 18.94 438.16 17.40 117.98 

Iron loss (W) 299.63 211.57 218.72 1051.51 610.28 724.86 

Copper loss (W) 2908.80 4539.36 5380.75 1420.23 1134.84 2248.70 

Mechanical loss (W) 17.15 388.89 

Total loss (W) 3225.58 4768.08 5616.62 2860.62 2134.01 3362.46 

Efficiency (%) 95.03 92.82 91.64 96.56 97.40 95.96 
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5.5  Aluminum Stator Winding Design 

The increase in hybrid and electric vehicle traction machines may pose a challenge to 

future copper resources. Here, an aluminum winding configuration considered to 

investigate the impact on machine design for such a material change.  

Assume that the aluminum conductors can be manufactured as per the copper conductors, 

i.e. 0.71mm diameter aluminum wires electrically insulated from each other, 15 wires for 

one turn and 8 turns per slot. Hence, 158 wires are electrically connected at the machine 

phase and star-point terminals. The challenges for the aluminum windings are: 

(a) The manufacture and handling of the small diameter separately insulated aluminum 

wire. 

(b) Transposition (axial twist) of the 15 wires as the 8 turns is wound. 

(c) Jointing of the terminal connections. 

(d) The issue of durability during repetitive electrical pulse cycling. 

The benchmark Nissan Leaf machine is again used for comparison. The rotor geometry 

remains unchanged, while the stator slot for the aluminum wound machine is extended to 

increase winding surface area and maintain stator Joule loss to be equitable for the two 

designs. Fig. 5.11 shows the slot geometry comparison between copper winding and 

aluminum winding and Table 5.12 presents the main dimensions. This longer stator tooth 

and back iron volume results in an increase in stator iron volume and mass. But the net 

winding loss is reduced. Thus the aluminum wound machine demonstrates a 4% net 

increase in specific power (kW/kg) due to a reduced total active mass of 2kg but a 15% 

reduction in power density (kW/liter) based on the Nissan Leaf machine and peak power 

rating of 80kW. 

Although the reduction in power density looks quite detrimental, it is actually an increase 

in machine outer diameter from 200mm to 220mm, which is a relatively small increase 

(10%) in dimension. 
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L1

D1

A1Copper wire slot  

(a) Copper wire slot 

 

(b) Aluminum wire slot 

Fig. 5.11.  Machine slot geometries. 

Table 5.12.  Comparison between copper and aluminum wire slot. 

Description Copper  wire Aluminum wire 

D (mm) D1=1.88 D2=2.4 

L (mm) L1=22 L2=25.3 

Area (mm ^ 2) A1=96.2 A2=105.8 

Winding mass (kg) 5.67 
[69]

 3.603 

Outer diameter of stator (mm) 200 220 
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5.6  Comparative Study between Stranded and Bar Wound Windings 

for EV’s 

Nowadays, although the stranded windings are popular in EV’s traction motor, bar wound 

windings are also applied in some commercial EV vehicles, for example, GM Chevy Volt 

[142] and Toyota Prius 4
th

 generation [143]. According to GM and Toyota’s published 

information, the proper designed bar wound winding machine can provide torque 

requirements from low speed up to maximum speed with competitive efficiency 

compared with stranded windings. So a bar wound winding is designed based on the 

Nissan Leaf stator. Fig. 5.12 shows two options for layer arrangement of the bar wound 

windings. Because of the limitation of skin effect, the 8-layer arrangement is selected to 

be this bar wound winding connection.  

The phase resistance of bar wound winding is 11.45mΩ, which is 39.46% more than the 

stranded windings. So the copper loss of bar wound winding machine is 39.46% higher 

than the stranded winding machine with same peak phase current amplitude. The 

performance comparison between stranded and bar wound IPM machine at corner speed 

and top speed is shown at Table 5.13. The efficiency of bar wound machine decrease due 

to higher iron loss and copper loss compared to stranded winding machine. 

 
 

(a) Four layers in each slot (b) Eight layers in each slot 

Fig. 5.12.  Options for bar wound winding. 



Ph.D. Thesis – Rong Yang                            McMaster University – Department of Mechanical Engineering 

163 

 

5.7  Summary 

This Chapter discusses how different winding designs and winding layout affect the 

performance, manufacturability and material cost of the machines. The 9-, 12-, and 15-

slot concentrated winding IPM machine have higher peak phase voltage than the 

concentrated SPM machine due to higher saturation in rotor and stator iron. Compared to 

Nissan Leaf IPM machine, the concentrated winding machines utilize more magnet 

material and have longer stack length, but lower excitation torque ripple and peak phase 

current in constant torque region. The aluminum winding design and investigation 

indicates that the aluminum winding can reduce the winding weight with same thermal 

and electromagnetic performance. However, the mechanical strength of transposition and 

terminal joint still a concern. The bar wound winding design based on the Nissan Leaf 

stranded winding stator can gain slightly higher torque than the stranded winding in the 

low speed region while the copper loss and iron loss increase more.  
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Table 5.13.  Performance comparison between stranded and bar wound distributed 

winding IPM machine at corner and top speed (120C). 

Description 
Base speed 2100rpm Top speed 10,000rpm 

Stranded Bar wound Stranded Bar wound 

Open circuit back EMF 

(V) 

RMS 33.53 33.45 159.65 159.31 

Peak 48.93 49.03 233.18 233.69 

Maximum torque (Nm) 283.01 288.59 75.15 67.44 

Excitation torque ripple* (%) 8.54 10.32 38.13 39.33 

Vphase_RMS (V) 65.49 72.52 116.65 121.73 

Vphase_peak (V) 99.88 109.62 216.76 220.15 

Iphase_peak (A) 600.00 600 353.5 316 

Current excitation angle (Electrical 

degrees) 
50.00 45.00 77.25 76.60 

Peak-peak Tcogging (Nm) 1.26 1.319 1.26 1.319 

Stator iron loss (W) 259.25 330.02 1881.76 2015.94 

Rotor iron loss (W) 38.92 66.06 364.29 804.75 

Iron loss (W) 298.17 396.08 2246.06 2820.68 

Copper loss (W) 4433.40 6183.00 1538.91 1715.03 

Mechanical loss (W) 17.15 388.89 

Total loss (W) 4748.72 6596.23 4173.86 4924.60 

Efficiency (%) 92.91 90.58 94.96 93.48 

 

 



 

 

Chapter 6 

 

Multiphase Machine Design and Study 

 

6.1  Introduction 

In this Chapter, multiphase machines with concentrated and distributed windings will be 

designed to satisfy the Nissan Leaf machine performance and comparative studies 

between multiphase machines and three phase machines will be discussed as well. The 

23-, 5-, and 9-phase machines are designed and evaluated from both machine and power 

electronics sides, as well as material audit. 

6.2  23-Phase Machine Design with Distributed Winding 

Based on the advantages of multiphase machine mentioned above, the 23 phase is 

selected to compare the performance with the Nissan Leaf benchmark machine. The 

machine structures are exactly same. The only difference is the winding connection, 

which actually the difference in current source. Unlike the conventional three phase 

machine, the 23 phase machine needs two inverters with 30 degree electric shift. The 

current requirement for each inverter is downsized to half of the three phase machine. The 

FEA results of the 23 phase machine are shown in Table. 6.1. The maximum torque at 

base speed of 23 phase machine is 5.04% higher than the conventional three phase 

machine. However, the phase voltage exceeds the voltage limit and cannot meet the 

torque requirement in the high speed region.  
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The winding connections are shown as Fig. 6.1 and 6.2. Instead of the 2 slot winding per 

pole per phase, the 23-phase connection becomes 1 slot per pole per phase and two three 

phase current supply having a 30 electric degree shift. And the current amplitude is 

divided to two half parts. Fig. 6.3 explains the winding connection relationship of 23-

phase machine. Assuming the length of A21 to A24 and A11 to A14 are all 1.0 p.u., so 

the length of Atotal will be 1.9318 p.u., which is 3.5% less than 2. So the back-EMF of 

23-phase is around 3.5% higher than that of 3-phase. Fig. 6.4 shows the Inverter 

comparison between 3- and 23-phase machines. It is obvious that the inverter size of 

23-phase machine is doubled compared to 3-phase machine, but the current in each 

inverter leg is just half of that of 3-phase machine inverter. So the current handling 

capability of the higher phase number machine is much better than the 3-phase machine. 

In order to meet the 280Nm requirement of low speed region, the 23 phase machine can 

be redesigned to save cost. From the inverter side, the excitation current can be reduced 

6.17% to 565A so that the current requirement of inverter can be reduced. If considering 

the machine, the stack length can be decreased 6.17% to 142mm so that the 23 phase 

machine can meet the low speed torque specification. The two redesign ideas are also 

verified by the FEA results and shown in Table 6.2. The results provide two options for 

the machine designer or researchers in related field. However, none of 23-phase IPM 

machine can achieve the required torque specification at top speed within the voltage 

constraint. 

Similar to 23-phase IPM machine, the 23-phase SPM machine is also designed and the 

results are shown in Table 6.3 and 6.4. If the same excitation current is applied to the 

23-phase and 3-phase SPM machine design, the 23-phase machine can gain 2.59% 

more torque at 2100RPM than the 3-phase SPM machine as shown in Table 6.3. 

Unfortunately, the 23-phase SPM cannot realize the requiring torque at top speed within 

the voltage constraint. So the 23-phase SPM machine is redesigned to use either less 

excitation current for same active stack length with 3-phase SPM machine or same 

excitation current but shorter active stack length than the 3-phase SPM machine. Table 

6.4 shows that 464A peak phase current is needed to excite the 151mm active stack length  
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(b) Current supply (b) Winding connection 

Fig. 6.1.  23 phase machine winding set. 

Phase V1

Star point 1 Star point 2

Phase U1

Phase W1

Phase U2

Phase V2

Phase W2

Star link

 

Fig. 6.2.  Winding connection of 23-phase machine. 

30° 

A11 to A14

A21 to
 A24

15° 

Atotal

 

Fig. 6.3.  Winding connection relationship of 23-phase machine. 
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(a) Inverter of 3-phase machine (b) Inverter of 23-phase machine 

Fig. 6.4.  Inverter comparison between 3- and 23-phase machine. 

Table 6.1.  Performance comparison between 3-phase and 23-phase IPM machine 

with distributed winding at base and top speed (120C). 

Description 
Base speed 2100rpm Top speed 10,000rpm 

3 phase 23 phase 3 phase 23 phase 

Open circuit back EMF (V) 
RMS 33.53 34.80 159.65 165.71 

Peak 48.93 49.24 233.18 234.68 

Maximum torque (Nm) 283.01 297.28 75.15 76.33 

Excitation torque ripple* (%) 8.54 5.47 38.13 7.87 

Vphase_RMS (V) 65.49 67.44 116.65 163.00 

Vphase_peak (V) 99.88 94.16 216.76 294.66* 

Iphase_peak (A) 600.00 600.00 353.5 260.80 

Current excitation angle (Electrical degrees) 50.00 50.00 77.25 70.15 

Peak-peak Tcogging (Nm) 1.26 

Stator iron loss (W) 259.25 258.87 1881.76 1642.19 

Rotor iron loss (W) 38.92 36.63 364.29 219.78 

Iron loss (W) 298.17 295.50 2246.06 1861.97 

Copper loss (W) 4433.40 4433.40 1538.91 837.62 

Mechanical loss (W) 17.15 388.89 

Total loss (W) 4748.72 4746.05 4173.86 3088.48 

Efficiency (%) 92.91 93.23 94.96 96.28 

*cannot realize required torque within voltage constraint. 
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Table 6.2.  Redesign of 23-phase IPM machine with distributed winding (120C). 

Description 

Base speed 2100rpm Top speed 10,000rpm 

151mm stack 

length 

142mm stack 

length (-6%) 

151mm stack 

length 

142mm stack 

length 

Open circuit back 

EMF (V) 

RMS 34.80 32.72 165.71 155.83 

Peak 49.24 46.29 234.68 220.76 

Maximum torque (Nm) 281.63 279.56 76.33 76.02 

Excitation torque ripple* (%) 4.57 5.46 7.87 8.11 

Vphase_RMS (V) 68.88 63.50 163.00 156.26 

Vphase_peak (V)  93.33 88.63 294.66* 288.91* 

Iphase_peak (A) 565.00 (-6%) 600.00 260.80 270 

Current excitation angle 

(Electrical degrees) 
45.00 50.00 70.15 70.10 

Peak-peak Tcogging (Nm) 1.26 1.18 1.26 1.18 

Stator iron loss (W) 265.03 243.44 1642.19 1602.58 

Rotor iron loss (W) 34.72 33.96 219.78 216.41 

Iron loss (W) 299.75 277.40 1861.97 1818.99 

Copper loss (W) 3931.26 4433.40 837.62 904.43 

Mechanical loss (W) 17.15 388.89 

Total loss (W) 4248.16 4727.95 3088.48 3112.31 

Efficiency (%) 93.58 92.86 96.28 96.24 

*cannot realize required torque within voltage constraint. 

 

23-phase SPM machine and 146mm active stack length can achieve the 280Nm torque 

at 2100RPM for 480A peak phase current excitation. But the torque at top speed cannot 

be realized within the voltage constraint for either design candidate. 

Since the winding connection of 23-phase IPM and SPM machine is similar to the 3-

phase machine, so the end winding length of 23-phase machine is also 41.5mm, the 

same with 3-phase machine. The overall length of 142mm active stack length IPM design 

is 183.5mm, which is 4.68% shorter than the overall length of Nissan Leaf machine. 

While the overall length of 146mm active stack length IPM design is 187.5mm, which is 

3.10% shorter than the overall length of Nissan Leaf machine. 
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Table 6.3.  Performance comparison between 3-phase and 23 phase SPM machine 

with distributed winding at base and top speed (120C). 

Description 
Base speed 2100rpm Top speed 10,000rpm 

3 phase 23 phase 3 phase 23 phase 

Open circuit back EMF (V) 
RMS 64.42 68.98 306.83 321.60 

Peak 76.97 77.27 366.60 366.63 

Maximum torque (Nm) 282.59 289.90 76.21 76.11 

Excitation torque ripple* (%) 5.51 1.97 15.85 9.62 

Vphase_RMS (V) 85.75 91.59 112.89 119.52 

Vphase_peak (V) 126.34 129.62 210.74 236.67* 

Iphase_peak (A) 480 480 392 450 

Current excitation angle (Electrical degrees) 0 0 71.36 69.3 

Peak-peak Tcogging (Nm) 0.27 

Stator iron loss (W) 189.88 242.44 558.73 636.33 

Rotor iron loss (W) 0.28 0.21 0.64 0.27 

Iron loss (W) 190.16 242.65 559.37 636.59 

Copper loss (W) 4079.77 4079.77 2720.98 3585.73 

Mechanical loss (W) 17.15 388.89 

Total loss (W) 4287.07 4339.56 3669.23 4611.22 

Efficiency (%) 93.55 93.63 95.60 94.53 

*cannot realize required torque within voltage constraint. 

 

In summary, the 23-phase IPM and SPM machines can gain slightly higher torque in 

constant torque region but cannot achieve required torque at top speed within voltage 

constraint. When compare the 23-phase IPM and SPM machines, the 23-phase IPM 

can realize the torque at low speed region with 4mm shorter active stack length, while the 

peak phase voltage of 23-phase SPM machine at top speed is 23.76% smaller than that 

of IPM machine. But the rotor topology is not optimized in this study so the further study 

can be carried on in the future work. 
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Table 6.4.  Redesign of 23-phase SPM machine with distributed winding (120C). 

Description Base speed 2100rpm Top speed 10,000rpm 

151mm stack 

length 

146mm stack 

length 

151mm stack 

length 

146mm stack 

length 

Open circuit back 

EMF (V) 

RMS 68.98 66.70 321.60 310.95 

Peak 77.27 74.70 366.63 354.45 

Maximum torque (Nm) 281.72 280.30 76.11 
76.34 

Excitation torque ripple* (%) 1.95 1.97 9.62 
9.29 

Vphase_RMS (V) 90.42 88.59 119.52 
117.95 

Vphase_peak (V)  128.64 125.37 236.67* 
233.45* 

Iphase_peak (A) 464 480 450 450 

Current excitation angle 

(Electrical degrees) 
0 0 69.3 68.7 

Peak-peak Tcogging (Nm) 0.15 0.14 0.15 0.15 

Stator iron loss (W) 235.63 234.52 636.33 
623.14 

Rotor iron loss (W) 0.13 0.21 0.27 
0.25 

Iron loss (W) 235.76 234.73 636.59 
623.39 

Copper loss (W) 3812.31 4079.77 3585.73 3585.73 

Mechanical loss (W) 17.15 388.89 

Total loss (W) 4065.22 4331.65 4611.22 4598.01 

Efficiency (%) 93.84 93.43 94.53 94.56 

*cannot realize required torque within voltage constraint. 
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6.3  Five-Phase Machine Design with Concentrated Winding 

To study the advantages and disadvantages of five-phase machine, 10-slot and 15-slot 

stator is selected and the concentrated windings are applied. Both the IPM and SPM 

rotors are combined with the 10- and 15-slot stator to investigate the optimal 5-phase 

machine. 

6.3.1  Winding Connection Design for 5-phase Machine 

Five-phase winding connection of 10 teeth concentrated winding is shown in Table 6.5. 

The 5-phase winding connection for 15-slot concentrated winding has been given in 

Table 4.11 in Chapter 4.5. 

Table 6.5  Five phase concentrated winding connection for 10-slot machine. 

5-Phase, 10 teeth 0 degree choice 

Tooth Mech angle Elect angle Tooth Coil 

1 0 0 1 A1 

2 36 144 2 C1 

3 72 288 3 E1 

4 108 72 4 B1 

5 144 216 5 D1 

6 180 0 6 A2 

7 216 144 7 C2 

8 252 288 8 E2 

9 288 72 9 B2 

10 324 216 10 D2 

 

The five phases are distributed uniformly in the space and there is a 72deg E between 

each neighboring phase as shown in Fig. 6.5 and the winding connections is shown in Fig. 

6.6. 
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Fig. 6.5.  Five phase winding set. 
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Fig. 6.6.  Winding Connection of 5 phase 15 slot concentrated winding. 

6.3.2  Preliminary Design of 5-phase Machine 
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After the winding layout and connections are sorted out, the FEA is adopted to verify the 

design and study the performance of each design candidate. Similar to 3-phase 

concentrated winding study, both IPM and SPM rotor are tried in the 5-phase 

concentrated winding stator. During the preliminary design, the 151mm active stack 

length, 8 turns per coil and 0.00821Ω phase resistance are applied in the FEA simulation. 

The performance at corner speed 2100rpm is shown in Table 6.6. For this design, the slot 

areas are consistent with the Nissan Leaf machine and the full load of every machine 

determined by the demagnetization edge. 

Table 6.6.  Performance comparison between 10-slot and 15-slot 5-phase preliminary 

design with concentrated winding at corner speed (120C). 

Description 

Turning speed 2100rpm 

With IPM rotor With SPM rotor 

10-slot 15-slot 10-slot 15-slot 

Open circuit back 

EMF (V) 

RMS 54.73 39.40 42.37 49.07 

Peak 81.76 55.92 52.28 76.28 

Maximum average torque (Nm) 178.05 175.79 211.40 226.65 

Excitation torque ripple* (%) 6.18 2.87 2.12 0.71 

Vphase_RMS (V) 110.46 73.60 63.51 68.45 

Vphase_peak (V) 217.12 118.98 99.78 96.33 

Iphase_peak (A) 180 200 320 300 

Current excitation angle (Electrical) 30 40 0 0 

Peak-peak Tcogging (Nm) 3.46 0.13 3.83 0.63 

Compare the performance between 5-phase machine with IPM rotor and SPM rotor, both 

the IPM machines shows lower cogging torque, lower full load current and lower 

maximum torque. The lower cogging torque is because of the more sinusoidal back EMF 

of 5-phase IPM than the back-EMF of SPM machines as shown in Fig. 6.7. The lower full 

load current and lower maximum torque are caused by the high local saturation of 

magnetic flux. Meanwhile, the local saturation also leads to another big issue for the 10-

slot IPM is that there is a high spike in the phase voltage as well similar to the 3-phase 9- 

and 12-slot machine. Fig. 6.8 and 6.9 shows the phase voltage waveform and the 

magnetic flux distribution of 10- and 15- slot, 5-phase IPM and SPM machines. From 
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Fig. 6.9 (c), we can see there is less magnetic saturation and no high spike on the voltage 

waveform in Fig. 6.9 (a). Compared to Fig. 6.9 (c), Fig. 6.9 (d) has less saturation area so 

that both 10-slot and 15-slot SPM machines are chosen for the final design of 5-phase 

machine. 

 

B phase C phaseA phase D phase E phase
 

  
(a) 10-slot IPM machine (b) 10-slot SPM machine 

 
 

(c) 15-slot IPM machine (d) 15-slot SPM machine 

Fig. 6.7.  Back-EMF comparison between 5-phase IPM and SPM machine at 2100rpm. 
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B phase C phaseA phase D phase E phase
 

 
 

(a) Phase voltage of 10-slot IPM machine (b) Phase voltage of 10-slot SPM machine 

  

(c) Flux density distribution of 10-slot 

IPM machine 

(d) Flux density distribution of 10-slot 

SPM machine 

Fig. 6.8.  Phase voltage and magnetic flux density distribution comparison between 10-

slot, 5-phase IPM and SPM machine at 2100rpm, full load. 
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B phase C phaseA phase D phase E phase
 

 
 

(a) Phase voltage of 15-slot IPM machine (b) Phase voltage of 15-slot SPM 

machine 

  

(c) Flux density distribution of 15-slot IPM 

machine 

(d) Flux density distribution of 15-slot 

SPM machine 

Fig. 6.9.  Phase voltage and magnetic flux density distribution comparison between 15-

slot, 5-phase IPM and SPM machine at 2100rpm, full load. 

6.3.3  Final Design of 5-phase machine 

The design parameters and results for 5 phase concentrated winding for 10 and 15 slot are 

shown in Table 6.7 and 6.8 respectively. Due to one turn less but 19.05% lower current in 

the maximum speed, which indicates the 10-slot 5-phase concentrated winding SPM 

machine has better flux weakening capability than the 15-slot 5-phase SPM machine. 
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Leaf distributed IPM machine, the overall length is 26.20mm longer due to the longer 

active stack length. 

Table 6.7.  Design parameter comparison between 5-phase 10-slot and 15-slot SPM 

machine with concentrated winding. 

Description 
Active stack 

length (mm) 

End 

winding 

length (mm) 

Overall 

length 

(mm) 

Number 

of turns 

Total slot 

area (mm
2
) 

Phase 

resistance 

(mΩ) 

10 slot SPM 

machine 
200 47.81 247.81 7 3783.69 9.05 

15 slot SPM 

machine 
187 31.75 218.7 8 3800.71 22.12 

 

Table 6.8.  Performance comparison between 5 phase 10 slot and 15 slot SPM machine 

with concentrated winding at base and at top speed (120C). 

Description 
Base speed 2100rpm Top speed 10,000rpm 

10 slot 15 slot 10 slot 15 slot 

Open circuit back EMF (V) 
RMS 49.05 60.77 233.56 289.40 

Peak 60.36 94.46 287.39 449.84 

Maximum average torque (Nm) 283.05 280.68 75.71 76.233 

Excitation torque ripple* (%) 2.12 0.71 15.04 3.60 

Vphase_RMS (V) 73.93 83.94 148.99 136.82 

Vphase_peak (V) 116.37 118.21 216.33 216.68 

Iphase_peak (A) 370 300 170 210 

Iphase_reference to 3 phase 616.67 500 283.33 350 

Current excitation angle (Electrical degrees) 0 0 54.5 67.5 

Peak-peak Tcogging (Nm) 4.39 0.79 4.83 0.79 

Stator iron loss (W) 205.30 200.54 759.45 545.13 

Rotor iron loss (W) 25.39 11.76 69.14 82.96 

Iron loss (W) 230.69 212.29 828.59 628.10 

Copper loss (W) 3097.36 4977.00 653.86 2438.73 

Mechanical loss (W) 17.15 388.89 

Total loss (W) 3345.20 5206.44 1871.34 3455.71 

Efficiency (%) 94.90 92.22 97.69 95.85 
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Once again, the 15-slot 5-phase SPM machine presents extraordinary advantage in low 

cogging torque and torque ripple and slight higher efficiency since low iron loss. In 

addition, the active length of 15-slot is 6.50% less than 10-slot and leading to 6.50% 

material cost in terms of steel, copper and permanent magnets. From all the performance 

information above, the 15-slot 5-phase SPM machine is recommended to be the 

comparative design with Nissan Leaf machine. 

The performance data in Table 6.8 demonstrates that the 10-slot 5-phase SPM machine 

needs 23.33% higher current than the 15-slot 5-pahse SPM machine in the constant region  

Compared with three phase distributed Nissan Leaf machine, the five phase concentrated 

winding SPM machines reduce the torque ripple a lot, especially for 15 slot one. Fig.6.10 

shows the torque profile comparison between modified Nissan Leaf machine and 5 phase 

machines. The torque ripple of 15-slot 5-phase SPM machine for base speed is 8.28% of 

the Nissan Leaf machine and 9.45% at the maximum speed. However, the 5 phase 

machines need 23.84% more materials to satisfy the torque requirement in the whole 

speed range as shown in Table 6.9. Although the current limit for each phase is reduced to 

half of the current for the three-phase Nissan Leaf machine, the increased phase number 

make the total energy just reduced by 16.67%. So the 5-phase 15-slot concentrated 

winding SPM machine provides an option for low torque ripple, high efficiency and less 

current supply. 
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Table 6.9.  Material usage comparison between 5 phase 10 slot and 15 slot SPM 

machine with concentrated winding (kg). 

Description Rotor iron Stator iron Copper Magnet Total iron Total mass 

10 slot SPM 

machine 
7.394 21.554 7.982 2.543 28.948 39.473 

15 slot SPM 

machine 
6.913 20.164 6.599 2.377 27.077 36.053 

 

 

Fig. 6.10.  Torque profile comparison between modified Nissan Leaf machine and 5 

phase machines at 2100rpm, full load. 
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6.4  Nine-Phase Machine Design with Concentrated Winding 

6.4.1 Winding Connection Design for 9-phase Machine 

Different with 9-slot 3-phase machine winding layout, the 9-slot 9-phase machine has one 

slot per phase and the winding connection which can provide the maximum winding 

factor is selected as shown in Table 6.10. The 9 phase is evenly distributed in the space 

and the electric angle between each adjacent phase is 40deg electric. Fig. 6.11 shows the 

winding set for nine phase connection. 

 

Table 6.10  Nine phase concentrated winding connection for 9 slot machine. 

9-Phase, 9 teeth 0 degree choice 

Tooth Mech angle Elect angle Tooth Coil 

1 0 0 1 A 

2 40 160 2 E 

3 80 320 3 I 

4 120 120 4 D 

5 160 280 5 H 

6 200 80 6 C 

7 240 240 7 G 

8 280 40 8 B 

9 320 200 9 F 
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Fig. 6.11.  Nine phase winding set. 

6.4.2  Preliminary Design of 9-phase Machine 

Both IPM and SPM rotor are tried in the 9-phase concentrated winding stator. During the 

preliminary design, the 151mm active stack length, 8 turns per coil and 0.00821Ω phase 

resistance are applied in the FEA simulation. The performance at speed 2100rpm is 

shown in Table 6.11. For this design, the slot areas are consistent with the Nissan Leaf 

machine and the full load of every machine determined by the demagnetization edge. The 

machine geometry is the same with the 3-phase 9-slot machine, just the winding 

reconnected to 9-phase machine. 
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Table 6.11.  Performance comparison between 9-slot 9-phase preliminary design with 

concentrated winding at 2100rpm (120C). 

Description 
2100rpm 

With IPM rotor With SPM rotor 

Open circuit back EMF (V) 
RMS 18.192 21.75 

Peak 28.942 25.97 

Maximum average torque (Nm) 194.63 218.90 

Excitation torque ripple* (%) 3.25 0.68 

Vphase_RMS (V) 42.104 33.100 

Vphase_peak (V) 86.397 52.243 

Iphase_peak (A) 335 360 

Iphase_peak reference to 3 phase (A) 1005 1080 

Current excitation angle (Electrical) 30 0 

Peak-peak Tcogging (Nm) 0.38 0.87 

Compare the performance between 9-phase machine with IPM rotor and SPM rotor, the 

IPM machines shows lower cogging torque, lower full load current and lower maximum 

torque. The lower cogging torque is because of the more sinusoidal back EMF of 9-phase 

IPM than the back-EMF of SPM machines as shown in Fig. 6.12. The lower full load 

current and lower maximum torque are caused by the high local saturation of magnetic 

flux. However, the excitation phase current for all 9-phase is too high compared to 3-

phase Nissan Leaf machine. So the number of turns needs to be adjusted to make the 

back-EMF and peak phase current similar to the Nissan Leaf machine.  

Meanwhile, the local saturation also leads to higher phase voltage in IPM than the SPM 

machine. Fig. 6.13 shows the magnetic flux distribution of 9- slot, 9-phase IPM and SPM 

machines. The unbalanced magnetic pull still exists in the 9-phade 9-slot IPM and SPM 

machines. From Fig. 6.13, we can see that there is less magnetic saturation in SPM 

machine than the IPM machine. So the SPM machine is selected for the final design of 9-

phase machine. 
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(a) 9-slot IPM machine 

 
(b) 9-slot SPM machine 

Fig. 6.12.  Back-EMF comparison between 9-phase IPM and SPM machine at 2100rpm. 
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(a) 9-slot IPM machine (b) 9-slot SPM machine 

Fig. 6.13.  Flux density distribution comparison between 9-phase IPM and SPM 

machine at 2100rpm, full load. 

6.4.3  Final Design of 9-phase machine 

The design parameters and results for 9 phase concentrated winding for 9-slot are shown 

in Table 6.12 and Table 6.13 respectively. Due to low back-EMF at 2100rpm, 8 turns, 11 

turns and 21 turns are tried to test the performance in top speed. Same to 5-phase 

machined design, the slot area is also roughly the same with the Nissan Leaf IPM 

machine to maintain the same thermal rating.  

The results in Table 6.14 exhibit that the longer stack length can reduce the current 

requirement. Thus the silicon can be reduced in the power electronic side. So it is an 

option for designer to decide to use more material in machine side or power electronic 

side combined with Table 6.15, which presents the material usage for the 200mm and 

209mm 9-phase SPM machine design candidates. Fig. 6.14 shows the phase voltage and 

flux density distribution of 9-phase, 21 turns, 200mm stack length SPM machine at 

2100rpm. The peak phase current of this 9-phase machine design candidate is still much 

higher than the 3-phase SPM machine design but the saturation is reduced a lot by 

increasing the number of turns.  
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Table 6.12.  Design parameter comparison for 9-phase, 9-slot SPM machine with 

concentrated winding. 

Description 
Active stack 

length (mm) 

End winding 

length (mm) 

Overall 

length (mm) 

Number 

of turns 

Total slot 

area (mm
2
) 

Phase 

resistance 

(mΩ) 

Candidate 1  193.5 52.85 246.3 8 3907.74 4.90 

Candidate 2 193.5 52.85 246.3 11 3907.74 9.27 

Candidate 3 200 52.85 252.8 21 3907.74 34.58 

Candidate 4 209 52.85 261.8 21 3907.74 35.68 

Table 6.13.  Performance comparison between 9 phase 9 slot SPM machine with 8 

turns and 11 turns at base and at top speed (120C). 

Description Base speed 2100rpm Top speed 10,000rpm 

8 turns 11 turns 8 turns 11 turns 

Open circuit back EMF 

(V) 

RMS 27.87 38.32 132.72 182.49 

Peak 33.28 45.76 158.46 217.91 

Maximum average torque (Nm) 280.50 280.69 76.67 76.744 

Excitation torque ripple* (%) 0.68 0.68 2.44 3.06 

Vphase_RMS (V) 42.00 56.82 138.400 157.72 

Vphase_peak (V) 66.59 90.77 188.586 215.76 

Iphase_peak (A) 360 262 96 82 

Iphase_peak reference to 3 phase (A) 1080 786 288 246 

Current excitation angle (Electrical degrees) 0 0 0 30.5 

Peak-peak Tcogging (Nm) 1.12 
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Table 6.14.  Performance comparison between 9 phase 9 slot SPM machine with 

200mm and 209mm stack length at base and at top speed (120C, 21 turns). 

Description Base speed 2100rpm Top speed 10,000rpm 

200mm 209mm 200mm 209mm 

Open circuit back EMF (V) 
RMS 75.62 79.02 360.09 376.29 

Peak 90.28 94.35 429.92 449.27 

Maximum average torque (Nm) 281.74 281.89 76.69 76.32 

Excitation torque ripple* (%) 0.72 0.77 4.02 4.41 

Vphase_RMS (V) 108.92 111.34 128.93 136.14 

Vphase_peak (V) 174.13 176.77 215.50 222.15 

Iphase_peak (A) 133 127 100 96 

Iphase_peak reference to 3 phase (A) 399 381 300 288 

Current excitation angle (Electrical degrees) 0 0 67.35 67.6 

Peak-peak Tcogging (Nm) 1.16 1.21 1.16 1.21 

Stator iron loss (W) 183.24 184.12 486.20 509.48 

Rotor iron loss (W) 28.85 27.74 166.24 159.98 

Iron loss (W) 212.09 211.86 652.44 669.45 

Copper loss (W) 2752.59 2589.67 1556.10 1479.72 

Mechanical loss (W) 17.15 388.89 

Total loss (W) 2981.82 2818.68 2597.43 2538.06 

Efficiency (%) 95.41 95.65 96.87 96.92 

 

Table 6.15.  Material usage comparison between 200mm and 209mm stack length of 9-

phase SPM machine with concentrated winding (kg). 

Description Rotor iron Stator iron Total iron Magnet Copper Total mass 

200mm stack 

length 
7.39 21.36 28.75 2.54 7.95 39.24 

209mm stack 

length 
7.72 22.33 30.05 2.66 8.20 40.91 
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(a) 9-slot SPM machine phase voltage at 2100rpm (21 turns). 

 

(b) 9-slot SPM machine flux density distribution 

Fig. 6.14.  Phase voltage and flux density distribution of 9-phase, 21 turns, 200mm 

stack length SPM machine at 2100rpm. 
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6.5 Distributed Winding Multiphase SPM Machine Design 

The one slot per pole per phase single lager distributed winding 5-, 7- and 9-phase SPM 

machine are designed based on the 3-phase SPM machine. The rotor, stack length, and 

stator outer diameter are all the same with the 3-phase SPM machine. Fig. 6.15 illustrates 

the phase winding set for 7-phase machine. Other phase implementations have been 

shown in Fig. 6.5 and 6.11. Fig. 6.16 illustrates the 5-phase (a), 7-phase (b) and 9-phase 

(c) SPM machine cross section and the winding connection for one pole-pair of the 5- (d), 

7- (e) and 9-phase SPM (f) respectively with the maximum winding factor. Table 6.16 

and 6.17 present materials usage and design parameters for the 5-, 7- and 9-phase design 

respectively. Table 6.18 presents the performance comparison results for the 5-, 7- and 9-

phase designs at 2100rpm and 10000rpm. Compared to 3-phase SPM, the phase peak 

current for 5-, 7- and 9-phase machine is too high and the peak phase voltage are all 

beyond the 375V DC link voltage. So the number of turns needs to be adjusted to make 

the design candidates meet the torque requirement at 10,000rpm within the 375V DC link 

voltage. 
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Fig. 6.15.  Seven phase winding set. 
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(a) 5-phase SPM machine (b) 7-phase SPM machine (c) 9-phase SPM machine 

 

Note: 11-40 slot repeat the 

winding layout in 1-10 slot for 

four times. 

 

Note: 15-56 slot repeat the 

winding layout in 1-14 slot for 

four times. 

 

Note: 19-72 slot repeat the 

winding layout in 1-18 slot for 

four times. 

(d) Winding connection for 

5-phase SPM machine  

(e) Winding connection for 

7-phase SPM machine 

(f) Winding connection for 

9-phase SPM machine 

Fig. 6.16.  Geometry  and winding connection of 5-, 7-, 9- phase SPM machine with 

single lager integer slot distributed winding. 

Table 6.16.  Material usage comparison between 5-, 7- and 9- phase SPM machine with 
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single lager integer slot distributed winding (kg). 

Description Rotor iron Stator iron Total iron Magnet Copper Total mass 

5-phase SPM 5.58 19.36 24.94 1.92 7.64 34.50 

7-phase SPM 5.58 19.39 24.97 1.92 7.60 34.49 

9-phase SPM 5.58 19.33 24.91 1.92 7.67 34.50 

The end winding length of the 5-, 7- and 9-phase distributed winding machine is 41.5mm, 

the same as the 48-slot 3-phase machine, and as well as the overall length, 192.5mm. As 

shown in Table 6.16, even rotor, stator and copper mass are very similar. So there is 

almost no difference in the material usage for 5-, 7- and 9-phase distributed winding 

machine design and the performance is the only aspect needs to be considered. 

When the number of turns increases, the back-EMF will increase and the inductance as 

well. Hence less current may need to weaken the flux at the top speed. However, if the 

number of turns drops, the back-EMF will decrease as well as the inductance, which may 

cause less current at the top speed, too. Both 26 and 22 turns are tried for 9-phase 

machine and the results show that the 22 turns-9-phase machine design candidate can 

satisfy the torque at 10,000rpm within the 375V DC link voltage. So the 23 turns are 

applied to for the 5- and 7- phase machine design candidates and meet the torque and 

voltage requirements at the same time. But the phase current increases in the constant 

torque region correspondingly. The results are shown in the Table 6.19. Now the three 

designs can achieve torque at 10000rpm within the voltage limit, however, the excitation 

phase current is very high compared to the 392A for that of 3-phase SPM machine design. 

The excitation phase current of 5-, 7- and 9-phase distributed winding designs already 

similar to or even slightly higher than the 480A for the 3-phase SPM machine design. If 

the number of turns decreases, the current for low speed increase again although the 

current for high speed reduce, which indicates the power electronic size has to be 

enlarged for the 5-, 7- and 9-phase distributed winding designs. From this performance 

side, the 5- and 9-phase concentrated winding design candidates are better than that of 

distributed winding in terms of lower phase current requirements at both low and high 

speed and lower torque ripple but more material usage due to longer axial stack length. 
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Table 6.17.  Design parameter comparison for 5-, 7- and 9-phase SPM machine with 

distributed winding. 

Description Slot number Number of turns Total slot area (mm
2
) Phase resistance (Ω) 

5-phase SPM 40 24 5647.91 19.41 

7-phase SPM 56 24 5623.72 27.31 

9-phase SPM 72 24 5675.80 34.81 

Table 6.18.  Performance comparison between 5-, 7- and 9-phase SPM machine with 

distributed winding at base and at top speed (120C). 

Description 
Base speed 2100rpm Top speed 10,000rpm 

5-phase 7-phase 9-phase 5-phase 7-phase 9-phase 

Open circuit back 

EMF (V) 

RMS 68.64 68.97 80.12 326.84 328.45 329.51 

Peak 77.31 77.31 119.17 368.11 368.21 367.63 

Maximum average torque 

(Nm) 
281.62 281.12 281.13 76.42 76.39 76.96 

Excitation torque ripple* 

(%) 
2.66 5.49 3.53 73.11 60.65 11.93 

Vphase_RMS (V) 94.60 94.16 90.40 149.34 153.55 146.84 

Vphase_peak (V) 135.39 134.09 130.05 224.85* 232.86* 240.19* 

Iphase_peak (A) 276 196 151.5 320 240 180 

Iphase_peak (A)_reference to 

3-phase 
460 457.33 454.5 533.33 560 540 

Current excitation angle 

(Electrical degrees) 
0 0 0 76.15 79.30 72.00 

Peak-peak Tcogging (Nm) 6.14 3.63 2.68 6.14 3.63 2.69 

Stator iron loss (W) 278.35 282.48 269.28 766.61 882.46 906.65 

Rotor iron loss (W) 0.28 0.44 0.25 1.51 1.59 1.18 

Iron loss (W) 278.63 282.92 269.53 768.12 884.04 907.84 

Copper loss (W) 3696.20 3672.54 3595.62 4968.63 5506.52 5278.23 

Mechanical loss (W) 17.15 388.89 

Total loss (W) 3991.97 3972.61 3882.30 6125.64 6779.45 6602.36 

Efficiency (%) 93.94 93.96 94.09 92.89 92.19 92.39 

*cannot realize the torque without over modulation. 
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Table 6.19.  Performance comparison between 5-, 7- and 9-phase SPM machine with 

distributed winding at base and at top speed (120C). 

Description 
Base speed 2100rpm Top speed 10,000rpm 

5-phase 7-phase 9-phase 5-phase 7-phase 9-phase 

Open circuit back 

EMF (V) 

RMS 65.78 66.10 63.43 313.23 314.77 302.05 

Peak 74.09 74.08 70.76 352.81 352.80 336.93 

Maximum average torque 

(Nm) 
281.62 281.09 280.72 76.41 76.58 76.53 

Excitation torque ripple* 

(%) 
2.66 5.49 3.53 72.37 59.36 13.21 

Vphase_RMS (V) 90.75 90.30 82.93 140.64 141.89 138.37 

Vphase_peak (V) 129.86 128.57 119.30 218.41 215.83 216.11 

Iphase_peak (A) 288 204.5 165 330 245 200 

Iphase_peak (A)_reference to 

3-phase 
480 477.17 495 550 571.67 600 

Current excitation angle 

(Electrical degrees) 
0 0 0 76 79 72.3 

Peak-peak Tcogging (Nm) 6.14 3.63 2.68 6.14 3.63 2.69 

Stator iron loss (W) 278.29 282.54 268.69 747.01 849.34 933.53 

Rotor iron loss (W) 0.33 0.41 0.30 1.33 1.75 1.71 

Iron loss (W) 278.62 282.95 268.99 748.35 851.09 935.24 

Copper loss (W) 3700.50 3676.04 3592.49 4858.52 5276.26 5278.23 

Mechanical loss (W) 17.15 388.89 

Total loss (W) 3996.27 3972.61 3878.64 5995.75 6516.23 6602.36 

Efficiency (%) 93.94 93.96 94.09 93.03 92.48 92.39 

Description 23 turns 23 turns 22 turns 23 turns 23 turns 22turns 
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6.6  Summary 

In this Chapter, different phase numbers and stators are designed for both IPM and SPM 

rotors. Compared with 3-phase machine, the 23 phase machine can obtain higher torque 

at low speed but a slightly lower torque in the top speed due to higher phase voltage. The 

redesigned 23 phase machine provides two options for the future application. The five 

phase machine designs can satisfy the performance specification with much lower torque 

ripple than the Nissan Leaf machine but higher material mass. The 15-slot, 5-phase 

machine design shows lower excitation current and torque ripple and less material than 

the 10-slot, 5-phase machine design. Compared with distributed multiphase machine 

candidates, the concentrated winding multi-phase machine design candidates can meet the 

performance specification with lower current. Especially for 9-phase concentrated 

winding candidate, the excitation torque ripple at both low and top speed is comparable 

with 5-phase 15-slot concentrated winding but the current requirement reduces 20%. But 

the active axial stack length of 9-slot 9-phase machine is 6.95% more than the 5-phase 

15-slot design candidate. Compared to the 5- and 9-phase distributed winding multiphase 

design, the 5- and 9-phase concentrated winding design candidates are better in terms of 

lower phase current requirements at both low and high speed and lower torque ripple but 

more material usage due to longer axial stack length. 

 



 

 

Chapter 7 

 

Conclusions, Future Research Work and Publications  

 

7.1  Conclusions  

Different traction machine design candidates satisfying the Nissan Leaf machine 

specification are proposed and discussed in this thesis. The design and manufacturing 

issues for traction machine are analyzed and the design improvements have been 

investigated. The comparative studies of rotor topologies, winding types and phase 

numbers provide reference information for machine designers and engineers. 

In Chapter 3, The FEA modal of Nissan Leaf benchmark machine is built and verified. 

The FEA results shows that the Nissan Leaf machine can achieve its announced 

performance when the over modulation is applied after 6000rpm. 

In Chapter 4, the comprehensive rotor topology design is conducted. The modified Nissan 

Leaf machine rotor is proposed to meet the whole operation range with sinusoidal phase 

current excitation. Then a SPM design is proposed and compared for well documented 

IPM design. The study illustrates and concludes that both the IPM and SPM topologies 

have very similar capabilities with only subtle differences between the design options, 

subtleties that may be exploited when considering the traction application requirements, 

for example, predominant low, medium or high speed operation, and power train 

integration. In addition, the SPM machine also reduces 20% silicon in power electronics 

compared to the Nissan Leaf machine. A new synchronous machine structure with 5 

phase sine wave current excitation is proposed in the rotor design part. The torque ripple 

produced by the new machine can be controlled within 20%. It is concluded that GBDP 

magnets have similar characteristics with conventional magnets in the linear region. So 
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IPM machines operating at elevated rotor temperature with grain boundary magnets can 

achieve better performance, such as higher average torque and higher efficiency, than 

machines with conventional magnets. 

In Chapter 5, different types of windings are studied and discussed. The results shows the 

the SPM machines with concentrated windings can achieve higher torque at low speed 

than the IPM machines due to less saturation in rotor and stator iron. The 12-slot 

concentrated winding machine can achieve the Nissan Leaf machine specification with 

12% more magnet and iron material but 20% less copper and 6.67% less silicon in power 

electronics. The aluminum stator winding design provides an opportunity to reduce the 

machine’s weight with the same thermal and magnetic performance. However, the risk of 

mechanical strength in transposition parts and difficulties of terminal joints are significant 

issues for aluminum stator windings. The bar wound winding design based on Nissan 

Leaf machine stator exhibits that the higher copper loss and iron loss in bar wound 

winding is a considerable aspect needs to be managed in the design stage. 

In Chapter 6, the study of multiphase machine designs shows that the increase of phase 

numbers may not cause the performance improvement or material saving, but can 

decrease the torque ripple. The 23-phase connection of Nissan Leaf machine obtain 5% 

higher torque in constant region and 2.67% less torque at top speed. Similar to 3-phase 

concentrated winding machines, the 5- and 9-phase machine with SPM rotor gain more 

torque at low speed than the machine with IPM rotor. The 10-slot SPM 5-phase machine 

achieve 3% and 1% higher efficiency than the 15-slot machine in low speed and high 

speed respectively but 11.76% more magnet and iron material and 23% more silicon in 

power electronics. Another exciting discovery is that the 15-slot, 5-phase machine can 

acquire amazing low excitation torque ripple, for example, 0.70% at 2100rpm and 3.60% 

at 10,000rpm. The 9-phase machine design consumes 31% more silicon and 28.15% more 

magnet and iron material than the 3-phase machine but also very low torque ripple. The 

multiphase machine is an option for fault tolerance and high quality torque requirements. 
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7.2  Future Research Work 

Following recommendations are suggested for future work:  

(a) More investigation can be done to find out the reason why the industry prefers IPM 

machine design than SPM machine design. The manufacturing cost of IPM and SPM 

machine can be a possible answer.  

(b) The impact of system DC link voltage and temperature variations or machine 

capability requires further study to reduce the impact on the realizable traction 

characteristics. 

(c) The high noise and vibration and low torque density of the 5-phase synchronous 

machines need to be studied further. Further detail analysis and prototype validation 

need to be done to validate the design. 

(d) The inductance comparison and how this affect the machine performance of 

concentrated winding and distributed winding can be further studied. Assembly of 

concentrated and distributed winding designs and its impact on manufacturing 

techniques and time per stator will be an interesting topic. 

(e) As discussed in Chapter 6 that the excitation torque ripple is reduced for the higher 

phase number machine design. It would be interesting to quantify the benefits of this 

torque ripple in terms of the total machine noise and vibration. This work is currently 

being investigating by colleagues at MARC.  
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7.3  Publications  

This Ph.D. study has resulted in following publications to-date:  

Journal Paper:  

Yinye Yang, Sandra Castano, Rong Yang, Michael Kasprzak, Berker Bilgin, Anand 

Sathyan, Hossein Dadkhah, and Ali Emadi, “Design and comparison of Interior 

Permanent Magnet Topologies for Traction Applications”, Accepted and to be 

published in  IEEE Transactions on Transportation Electrification. 

Conference Papers:  

1. Nan Zhao, Nigel Schofield, Rong Yang and Ran Gu, “An Investigation of DC-Link 

Voltage and Temperature Variations on EV Traction System Design”, IEEE Energy 

Conversion Congress and Exposition (ECCE 2016),Milwaukee, MI, September 18-22, 

2016. 

2. Rong Yang, Nigel Schofield,and Ali Emadi, “Comparative Study between Interior 

and Surface Permanent Magnet Traction Machine Designs”, The IEEE Transportation 

Electrification Conference and Expo (ITEC ), Dearborn, Michigan, USA, June 27-29, 

2016. 

3. Rong Yang, Yinye Yang, Berker Bilgin, Nigel Schofield, Anand Sathyan, Hossein 

Dadkhah, Stephen C. Veldhuis, and Ali Emadi, “Analysis of an IPM machine with 

grain boundary diffusion processed magnet”, The 8th IET international conference on 

Power Electronics, Machines and Drives (PEMD 2016), Glasgow, Scotland, UK, 

April 19-21, 2016.  

Patents:  

1. Berker Bilgin, Rong Yang, Nigel Schofield, Ali Emadi, “Alternating-Current Driven, 

Salient-Teeth Reluctance Motor with Concentrated Windings”, 2016. (submitted, 

internal reference number is 17-019). 

2. Berker Bilgin, Yinye Yang, Rong Yang, Anand Sathyan, Hossein Dadkhah, Ali 

Emadi, “Permanent Magnet Machine Design for Higher Resistivity against 

Demagnetization of Permanent Magnets”, submitted to FCA in October, 2014. 
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