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ABSTRACT 

Electrical generating sets powered by gas turbines are required for many 

applications, in particular for emergency situations due to their critical attributes; high 

reliability, lightweight, small size, multi-fuel capabilities, low maintenance, low noise 

and low gas emissions. 

This research contends that a permanent magnet axial flux (PMAF) high-speed 

generator with a small gas turbine engine offers advantages over the radial flux 

permanent magnet generators. Higher power densities can be achieved with the axial 

flux configuration when compared to their counter parts of the radial flux machines of 

similar output power. The attributes of the PMAF machines were certainly appealing; 

lightweight, small size, high efficiency and ease of construction. 

In this research, a design approach for the PMAF high-speed generator which 

accounts for the mechanical and electrical aspects was provided. The machine's key 

components such as retainment ring was carefully designed and the materials utilised 
in their structures were appropriately selected to insure high mechanical integrity, ease 

of construction and low manufacturing cost. The generator's principle dimensions 

were determined from a theoretical model which was derived from the machine's main 
design parameters. This theoretical model was then correlated by some empirical 

coefficients determined through the manipulation of the experimentally validated finite 

element (FE) results. The analytical results have shown that with the appropriate 
design considerations, PMAF high-speed generators can be designed with high power 
densities in the range of 6-8 kW/kg and high efficiencies ideally in the range of 94 - 
96 %. The mechanical integrity and the steady state electrical performance of the 

machine were analysed using three-dimensional (3D) FE models. More in this 

research, a parametric study was carried out on the most influential parameters of the 

machine to improve its electrical performance through minimise rotor and stator eddy 

current losses. In addition, the total harmonic distortion in the output waveform was 

minimised through the appropriate and careful design of the magnet shape and 
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topology with the aid of 3D electromagnetic FE analysis. Furthermore, using FE it 

was possible to design, optimise and analyse the rotor back-iron disc through the 

selection of best material, shape and size for use in the PMAF high-speed generator. A 

prototype of the PMAF high-speed generator was constructed and tested preliminary at 
low speed for the purpose of the evaluation of the electrical performance of the 

machine. Experimental results have shown that the machine was capable to meet the 
design requirements. For the mechanical integrity of the machine, the rotors were 

safely tested on a cold run test rig at the speed of 47,000 rpm. This thesis describes 

also the trends and the technical details in the manufacturing, construction and 

experimental setup for the PMAF high-speed generator. 
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T. EI Hasan 

CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

CHAPTER 1 

Electric generating sets powered by small gas turbines are needed in a wide 

range of applications. They are strong competitors to the conventional generating sets 

powered by diesel engines because of their critical attributes; high reliability, 

lightweight, small size, multi-fuel, low maintenance, low noise, low vibration and low 

emissions [1°x, 41" Such generating sets can be employed for maintaining power 

electricity in emergency situations and disasters such as earthquakes, floods, tornados 

or war, and they can be used to provide necessary lighting for evacuation, power for 

communication systems and the maintenance of water supplies and power for the 

operation of elevators for use either by firefighters or rescue crews. In hospitals and 

other health care facilities, the continuous supply of electrical power is critical for 

maintaining the health of patients such as those on life support systems or those in 

surgery where a loss of power could prove life threatening. 

The keys to substantial market penetration for gas turbine-powered generating 

sets lies in having adequate range and power with reasonable prices in the eyes of the 

user. Such sets can be also used in applications in which connection to the utility grid 

is not possible, such as hybrid electric vehicles (HU), or in remote locations where 

utility service is not available, such as military field exercises. In addition to these 

applications, gas turbine-powered generating sets can be also utilised in many business 

and industries where it is necessary to maintain operations and protect equipment in 

the event of a utility failure and also to provide additional electric power in times of 

peak demand without increasing the facility electric bill. 

However, gas turbine-powered generating sets have two major problems which 
have held up their development. The first problem is related to the availability and cost 
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T. El Hasan CHAPTER 1 

of gas turbine engines since they contain some of the key components which are 

conventionally considered to be the province of aerospace technology with high 

manufacturing costs L5,6'7. By improving their performances, and their production 

processes, and with the utilisation of less expensive material, gas turbine engines can 

be produced with competitive prices and can find their ways to the markets. 

The second problem is associated with the electrical generator itself. Gas 

turbine engine is designed to operate at high rotational speeds in the range of 30,000 - 

100,000 rpm for optimum efficiency. Hence any electric generator coupled directly to 

the gas turbine engine must have the capability to withstand the high centrifugal forces 

developed due to the high rotational speed. In an initial review of possible generators 

for the gas turbine-powered generating sets, it was found that such generators do not 

exist commercially. At the earliest stages of the developments of such generating sets, 

high-speed induction and reluctance generators were used for aerospace and military 

applications [6,7,1 However, such generators were relatively heavy, inefficient, too 

expensive and required special cooling techniques. 

1.2 PROBLEM IDENTIFICATION 

In the last decade, several direct drive turboaltemators were built with their 

conventional field wound rotors were replaced by the state of the art of rare earth 

permanent magnet materials. The majority of these alternators were of cylindrical 

(radial flux) type configuration 19,10,11,121 In this type of machines, the magnets are 

mounted on the rotor surface and surrounded by carbon-fibre sleeve to insure magnet 

retention at high rotational speed. However, the introduction of the retainment sleeve 

resulted in an increase of the effective air gap length. Moreover, the stator of the high 

speed PM cylindrical generator is identical to the stator of a conventional one in which 

the iron core consists of thin laminated sheets. This in turn has lead into less 

exploitation of the machine's volume and detracted from its performance and power to 

weight ratio. Alternatively, other types of high speed PM alternators also were 

proposed and these were of disc type (axial flux) configuration. The attributes of the 

PM axial flux machines were certainly appealing; lightweight, small size, high 

efficiency and ease of construction. 
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T. ElHasan CHAPTER 1 

As far as the author is aware, two research activities were involved in the 
development of high-speed permanent magnet disc type machines 113,1aß However, the 
body of the work was focused on the mechanical design aspect with a little attention is 

paid towards the electromagnetic design. Moreover, the design data and technical 
information for such types of machines are scarce. Nevertheless, axial flux machines 
of low speed/low output power were used extensively in many applications and were 
reported in a number of papers that were of great importance for assisting in the design 

of high-speed generators 115,16,171 From the review on these machines, it was found 

that, axial flux machines have higher power densities when compared to their 

counterparts of radial flux machines of similar output power and with appropriate 
design consideration can be designed at high efficiency. 

The research work described in this thesis contends that the use of a permanent- 

magnet axial-flux high-speed electrical generator in conjunction with a small gas 
turbine engine offers a number of significant advantages over radial flux or any other 
types of generators for use in an emergency power generation system. These 

advantages centre on system reliability, ultimate power density, compactness and a 
high level of efficiency. 

However, a number of design challenges arise as a consequence of the high- 

speed operation of the generator. First, the mechanical integrity of the rotor becomes 

an issue. Keeping the rotor radius small enough should guarantee operation below 

critical speed, but the volume of permanent magnet required to produce a certain 
power and the size of the air gap required to accommodate the windings for a certain 
electrical loading are highly affected by the rotor radius. The introduction of a 
retainment ring (such as Maraging G125) will ensure magnet retention. This result in 

an increase of the rotor radius hence an increase in the windage losses of the machine. 
Another design issue occurring at high speeds is that of increased rotor losses arise 
because the rotor is exposed to a time varying magnetic fields from the spatial 
harmonics of the stator currents. The eddy current losses are proportional to the square 
of the magnetic field amplitude, the square of the frequency and inversely proportional 
to the rotor materials resistivities. As a result, ensuring low levels of rotor loss amounts 
to malting rotor surface have relatively low surface conductivity and producing stator 
currents that are sinusoidal, which could be achieved through careful design and proper 
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T. ElHasan CHAPTER 1 

material selection. Furthermore, the stator eddy current loses and copper losses can be 

dominant losses if several precautions are not considered in the design. By using Litz 

wire construction and by insuring a sinusoidal flux density distribution in the air gap 

through magnet topology optimisation, eddy current losses can be minimised and a 

successful design can be obtained. 

In order to analyse the mechanical stresses in the rotor and accurately evaluate 

the losses in the machine, a rigor analysis using finite element method (FEA1) should 
be performed. The permanent magnet axial flux (PMAF) machine by its nature has a 

three-dimensional (3D) pattern. The magnetic flux path and its corresponding spatial 
flux distribution are truly 3D in their nature and are at variance with the usual 

conventional or radial flux PM machines. This unusual 3D flux patterns in the PMAF 

machines is largely caused and shaped by the nature of the magnetic circuit geometry 

of the rotor, the location and the shape of the stator winding coils. Any attempts to 

simplify the machine into a two-dimensional (2D) FE model will give inaccurate 

results. Moreover, for this particular machine configuration, the magnetic losses, 

inductances and harmonics are not possible to be evaluated by the 2D FE model. For 

the stress analysis of the rotor, the simulation of the influence of interference fit 

between the rotor parts in the 3D FE model is an essential task to be performed in 

order to get accurate results. 

The design of the PMAF high-speed generator is a challenging task and 

requires multidisciplinary knowledge. It is believed that the technology in the 
development of such machine is immature. Hence, the need for further research to 

overcome all the difficulties associated with design of PMAF generators for high- 

speed applications continues to exist. 

1.3 AIM AND OBJECTIVES OF THE RESEARCH 

The main aim of the research described in the following Chapters is to provide 
a design methodology for a permanent magnet axial-flux high-speed generator directly 

coupled to a gas turbine engine for use as an emergency generating set. Taking into 

account all mechanical and electromagnetic conflicting design requirements such as 
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design of shaft, rotor, magnet and stator, the method will include a selection process 
for the best among several possible successful designs. 

This goal can be accomplished through the achievement of several objectives in 

this research. First, a comprehensive literature review on the available machines and 

on some aspects related to the design and analysis of several proposed electric 

machines will be carried out. Then a mathematical model of the PMAF generator will 
be developed and analysed based on the principle dimensions of the machine. Next, a 
basic FE model for a particular design will be developed and the results obtained will 
be verified by comparing the results of the FE model to the experimental data obtained 
from a particular PMAF prototype. These results will be used as feedback process to 

define a set of empirical coefficients that will be used to calibrate the developed 

mathematical models. Finally, the calibrated model will be used to simulate and 

evaluate several possible designs resulted from the variation in some of the design 

parameters such as number of poles and number of stator turns. The results of the 

simulations will be used for the selection of the best design of the PMAF high-speed 

generator based on the following order of priority; power density, size and efficiency. 

The back-iron disc is another key component in the machine which will be 

designed and analysed carefully in order to achieve machine's ultimate compactness 

and lightness without detracting from its electrical performance. Later, a 3D FE 

models will be developed for both mechanical stress analysis as well as for the 

electromagnetic analysis for accurate prediction of the performance of the machine. 
These models will be helpful in minimising machines electrical losses such as eddy 

current losses by optimising the magnet shape and topology. A prototype of the PMAF 

machine will be constructed and tested experimentally in order to obtain the design 

data for such machine for the evaluation and the assessment of the proposed integrated 

design methodology. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 INTRODUCTION 

CHAPTER 2 

A considerable research has been carried out worldwide in the development of 

permanent magnet machines due to the advantages offered by this technology. New 

machines are being developed with higher power density and efficiency and at the 

same time, work is continuing towards the improvement of exciting machines. In this 

Chapter, a brief of the work carried out in the recent past on development, construction 

and analysis of permanent magnet machines for use as generators for high-speed 

applications is presented. 

2.2 CONVENTIONAL HIGH-SPEED GENERATORS 

2.2.1 High-speed induction generators 

The induction machine is one of the simplest electrical machines and it has 

been used in many applications for more than a century. The rotor of such a machine is 

simple, robust and rigid and is suitable to withstand high stresses when used in high- 

speed applications. These types of machines are mostly used in the motoring operating 
[5 mode however, they can be used in the generator operating mode , 6, ß, 18,19J 

In the 1960's, Cohen et al [5j in collaboration with NASA, have developed an 
induction high-speed generator for aerospace applications mainly to supply electrical 
power for extended space missions. The machine, which is a 12 kW alternator, has 
four-pole brushless solid rotor running at speed of 12000 rpm directly coupled to a 
two-stage axial flow gas turbine engine. The rotor pole tips are laminated. The stator 
consists of stacks of laminations and the power coils for the three phases are mounted 
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in axial slots on the inside diameter of the stator. The stator stacks are shrunk-fit into 

the stator steel frame. The steel frame provides a conduction path for magnetic flux, 

structural support, and contains liquid cooling provisions. An efficiency of 91 % has 

been quoted for the alternator having radial and axial dimensions of 220 mm (stator 

core OD) and 156 mm respectively. The total machine mass being 212 kg makes the 

power to weight ratio relatively low and this is expected since the machine's operating 

speed is still far away from the nominal operating speed of the gas turbines. Also the 

efficiency of the generator will be reduced drastically when operating such machines at 
higher speeds in excess of 50,000 rpm. 

Rodgers [71 has presented a 10 kW gas turbine driven turboalternator at a speed 

of 100,000 rpm developed for the U. S army. The alternator design selected is a two 

pole machine which is similar to that presented by Demerdash 1201. The tested 

efficiency of the generator is 80 %. 

In addition to their low power to weight ratio, the induction machines have the 
following disadvantages when used in the generator mode of operation: 

" It consumes reactive power and always operates with a lagging power factor 

unless capacitors are connected to the terminals. 

9 Both magnitude and frequency of the output voltage and current are load 

dependent. 

" Its principle of operation depends on the residual flux in the rotor which in turn 

gives rise to the possibility of the rotor becoming totally demagnetised. 

" Relatively low efficiency. 

" Requires considerable stator back-iron length to reduce saturation. 

" Requires efficient cooling. 

" Requires laminated rotor and stator structures. 

2.2.2 High-speed reluctance generators 

The reluctance machine offers another option for providing motor or generator 
modes of operation for high-speed applications. It has the advantages of being 
brushless, robust, simple, of low cost and maintenance-free. With appropriate design 
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consideration, such a machine can be built with higher power to weight ratio [211 when 

compared to other conventional machines. Moreover, its frequency is determined only 
by the prime mover speed, rather than by both load and the prime mover speed as in an 

induction generator. 

Ferreira et at [81, have reported a 30 kW three-phase reluctance machine with 

six stator poles and four rotor poles directly coupled to an aircraft 1400 hp gas turbine 

engine. The machine operates in both start mode and in generate mode of operation 

covering a speed range from 27,000 rpm to 46,850 rpm. Both rotor and stator are made 

of vanadium iron cobalt laminations having 0.15 mm thickness to keep iron losses to a 

minimum. The stator windings consist of Litz conductors, to minimise the eddy current 

losses. The machine has an overall length of 113 mm and outer diameter of 159 mm 

and electromagnetic weight of 7.71 kg. The tested efficiency of the machine is close to 

87%. 

Despite the advantages offered by such types of machines over the induction 

machines, a high-speed reluctance generator would have the following disadvantages: 

" High ripple torque due to the saliency of the rotor poles which in turn may 

cause noise and vibration if mechanical tolerances are not held to close limits. 

" Power factor is always less than unity. 

" In addition, the construction of these machines especially the stator, will be 

very similar to that of induction machines and therefore, it will have similar 
structural disadvantages associated with lamination and considerable back-iron 
length 

2.3 PERMANENT MAGNET GENERATORS 

Permanent magnet machines and in particular generators were the first types of 
electrical machines to be developed. During the early stages of their use, three 
problems held up their development, and because of these problems they have been 

regarded as unreliable. The first problem was the poor magnetisation characteristic of 
permanent magnet materials available at that time. The second was related to the 

manufacture of permanent magnets since there was limited experience in developing 
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alloys with acceptable characteristics and in shaping magnets that could be built into a 

machine. The third problem was the lack in design experience and methods to help in 

the optimal utilisation of the magnets in electrical machines. In the mean time, 

conventional DC and AC types of machines offered an effective solution to industrial 

problems and therefore it was little incentive to replace them with alternative types of 

machine. 

It was not until the mid-sixties when new types of permanent magnet materials 

emerged on the scene and their considerably improved properties renewed interest in 

the development of permanent magnet machines. The powerful rare earth magnets 

such as samarium-cobalt (SmCo) and neodymium-iron-boron (NdFeB), satisfied the 

stringent requirements and eliminated the risk of demagnetisation under severe 

operating conditions. The properties and classification of the new permanent magnet 

materials in terms of the required characteristics to fulfil the design objectives of PM 

generators are briefly described, before reviewing the development of different types 

of permanent magnet generators. 

2.3.1 Permanent magnet materials 

Permanent magnet materials are used in a vast number of applications ranging 
from fractional wattage devices to large scale applications using hundreds of kilowatts 

of power 1231. The range of permanent magnet materials now available includes 

metallic materials such as "Alinco's", ferrite such as "ceramic" and rare earth magnets 
such as "NdFeB" and "SmCo". The use of these new materials in electrical generators 
is resulting in significant improvements in performance and power density. 

The design process of electric devices utilising permanent magnet materials 
have been presented in many publications [24,25,26, n The selection of a particular type 

of permanent magnet for a certain application depends on many factors and the most 
important are the magnetic properties, the physical properties, the cost and availability. 
Initial review on the available permanent magnet materials have shown that the rare 
earth permanent magnets are highly suitable for use in electric machines for many 
applications for the following reasons: 
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" High magnet residual flux density, B,.. 

" High magnetic coercive force H,. 

" High magnetic energy product, (BmH, 
�),,, . Hence machines with higher 

power/weight ratio can be developed. 

" Rare earth magnets possess linear demagnetisation curves which can be simply 

modelled in any magnetic circuit. 

However, the reversible magnetisation characteristic of the PM is limited by its 

maximum operating temperature which is normally 120°C for NdFeB and 250°C for 

SmCo. Temperatures exceeding these limits will cause progressive, irreversible 

demagnetisation until at the Curie temperature the magnetisation drops to zero. If the 

magnets are then exposed to temperatures above the Curie temperature for a long time 

then the magnetism cannot be recovered by any means due to metallurgical changes in 

the material. 

The NdFeB offers 30 - 40 % higher energy levels than SmCo alloys and is 

considerably lower in cost. Hence it would seem to be ideal for use in many electric 

machines and in particular in high-speed generators. However, NdFeB is a brittle 

material and its tensile strength is very low. Hence, special design techniques are 

required to ensure the mechanical integrity of the magnets when they are used in the 

rotors of high-speed generators. 

2.3.2 Evolution of permanent magnet generators 

The availability of new powerful rare earth magnets during the last two decades 
has resulted in the development of several types of permanent magnet generator for a 
wide spectrum of applications [15,16,17,8,29,30) Furthermore, the increasing demand for 

generators having a high power to weight ratio and with high efficiency has 

encouraged the development of new permanent magnet generators to meet specific 
requirements. In addition, the introduction of the new techniques to improve the 
mechanical design plus parallel developments in the fields of power electronics, 
microprocessor control and the efficient design and analysis methods have made it 

possible to design and develop permanent magnet generators for high-speed 
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applications. These generators can be classified into two main categories based on the 

direction of the magnetic flux. These are; permanent magnet radial flux (PMRF) high- 

speed generators and permanent-magnet axial flux (PMAF) high-speed generators, and 

they are described briefly hereafter. 

2.4 PMRF HIGH-SPEED GENERATOR 

The permanent magnet radial flux generator has a stator identical to the stator 

of a conventional machine. The rotor of such a machine can have surface-mount 

magnets or buried magnets configurations. A number of permanent magnet radial flux 

generators designed for low speed applications are described in a number of papers 

[31,32,33,341 For high-speed applications, the rotor of such machines is wrapped with 

special fibre sleeve or sometimes with non-magnetic conductive "can" to restrain the 

magnets at high speeds with minimised eddy current losses in the PM. 

ABB have developed a high speed cylindrical (radial flux) PM generator 

derived from HSG100 generator design in 191. The machine is designed for use in the 

combined heat and power plant units (CHP) to produce an electrical output power in 

the range of 70 - 100 kW. The generator is directly driven by a gas turbine running at 

speed of 70,000 rpm. The stator core consists of thin laminations of low-loss electrical 

steel and the winding is made with Litz wire to reduce stator eddy current losses. 

Water-cooling is used to keep the temperature low in the winding. The rotor consists 

of a magnetic steel body with surface-mounted (four pole) NdFeB PM. A carbon-fiber 

bandage holds the magnets firmly in place at the design speed. The rotor radius is 

selected according to mechanical design criteria, and is a trade-off between an 

optimum bending stiffness and the largest magnet thickness that can be retained by 

reasonably thin bandage. Using the rotor radius as a basis, the stator core radius and 

the axial length are determined in an iterative process. The rotor faces a major problem 

that the carbon-fiber bandage acts as a thermal insulator hence high possibility for PM 

demagnetisation due to excessive temperature. 

Similar types of radial flux machines of different power ranges and different 

speeds have been presented in a number of publications E'0,11°123sß Although PM radial 
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flux high-speed generators have high efficiencies and high power densities compared 

to their counterparts of induction and reluctance generators, they have the following 

drawbacks: 

" They have considerable rotor axial length with more potential for damaging 

vibration. 

"A considerable mass of back-iron is required for the stator to prevent 

saturation. 

" Laminated stator structure is required to reduce core losses, thus increasing cost 

and manufacturing complexity. 

" The stationary ferromagnetic core induces iron losses. 

"A conductive shield is required to surround the PM in the rotor to prevent eddy 

current circulation in the magnets '36,37'381Hence adding more complexity to 

the structure. 

" The effective air gap length is affected by the thickness of the carbon-fibre 

sleeve which surrounds the magnets. Further increase in the thickness will 

require larger air gap hence reducing the magnetic flux density in the air gap 

for a particular PM size. 

" Carbon-fibre and composite materials retainment sleeves are expensive and 

require a complicated manufacturing process. In addition, the assembling of the 

sleeve on the rotor requires special arrangements and mechanical setup. 

" The carbon-fibre sleeve acts as a thermal insulator which prevents heat removal 
from the rotor. 

2.5 PMAF HIGH SPEED MACHINES 

The history of electrical machines shows that the earliest generators were of the 

axial-field type 1291. The Faraday disc generator, which was invented 1832, was based 

on the axial configuration. Axial flux generator has its air gap flux directed axially and 
the conductors positioned radially. A description of the evolution, classification, main 

configuration and the applications of a numerous axial flux permanent magnet 

machines can be found in 1301 which shows suitability of such machines for many 

applications. However, in the literature, few of these machines have been addressed for 
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high-speed applications 113,14,40,41] A review on some of the PMAF high-speed 

generators is given hereafter. 

In 1991, Pullen [131, designed and developed a small gas turbine and high speed 

generator. The generator is directly driven by inward flow gas turbine engine (IFR) 

which provides 50 kW at speed of 100,000 rpm as an ultimate goal. Much of the work 
is focused on the mechanical design with a little attention is paid to the 

electromagnetic design and analysis of the machine. He has investigated several 

alternatives of geometry and configuration for the proposed axial flux generator and 
have sited the reasons for the selection of disc type. The rotor which has a disc type 

configuration, uses a carbon fibre material as a retainment shell for magnet retention at 

the design speed. The thickness of this shell is optimised based on the minimum 

attainable hoop stresses for a certain rotor diameter. A 2D finite element stress analysis 
is performed on the rotor to verify its mechanical integrity. Final magnet shape is 

selected based on the ease of manufacturing and optimal suggested shape of the 

windings. The effect of the magnet shape on the performance of the machine was not 

considered. The effect of design parameters such as magnet principal dimensions, 

number of poles, number of turns and number of stator and rotor stages, on the 

performance and characteristics of the machine have not been considered. The stator 
has an ironless core with the three-phase windings are all placed in one stack per stator 

stage and encapsulated by epoxy resin. Ironless stator has lower inductances hence 

lower armature reaction and voltage regulation. The windings are lap "wave" type and 

constructed from fine strands. The author has ignored stator eddy current losses 
however he has evaluated the windage losses in the machine and verified the results 
experimentally. He also mentioned the rotor eddy losses could be problematic and it 

requires thorough investigations. Manufacturing of the stator process has been 
described for alternative winding types. Assembling the rotor and manufacturing 
process for the carbon fiber shell also have been described. Shaft and component 
vibration analysis has been performed and the critical speeds have been predicted 
using PAFEC graphics package. Prototypes of the alternator have been successfully 
tested (up to 70000 rpm compared to the target of 100000 rpm) on the high-speed rigs, 
designed and commissioned specifically for this task Heating losses and stator cooling 
have been justified and different methods for forced cooling are suggested. Finally, the 

performance data of the machine is not available. In another paper for the same author 
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(40J, three units of 10,30 and 50 kW are developed tested at the speed of 60000 rpm 

and an efficiency of 95 % is quoted at full load currents. 

Sahin et al 1141, have reported a 30 kW axial flux permanent magnet machine 

mounted inside a flywheel used for the transient energy storage in an HEY. The 

machine which runs at speed of 16000 rpm, has its permanent magnets placed on the 

rotor which is an integral part of the flywheel, and the stators are fixed to the housing. 

In the paper, the design aspects for the machine are given. Analysis of the losses and 

thermal behaviour of the machine is included. Mechanical constraints and the aspects 

of manufacturing are summarised. The machine test bench is described and the 

measurements of losses are shown. Machine measured efficiency is 91.47 % whereas 

the predicted one is close to 95 %. Author detected the discrepancy is due to the 

unpredictable hysteresis loss are appearing in the stator cores. 

Much of the work carried out on the design and development of such machines was 
focused on the mechanical aspects with a little attention paid towards the 

electromagnetic design and analysis of such machines. Moreover the design data and 

technical information for such types of machines are still scarce and further work is 

still required. 

2.6 TREND FOR THE DESIGN AND ANALYSIS OF PMAF 

HIGII-SPEED GENERATORS 

As it was found from the literature that the detailed technical information, 
design data and performance analysis for the high speed PM axial flux machines are 
sparse and those are published are focused on the mechanical design with a little 

attention is paid towards the electromagnetic design and analysis. Therefore, main 
issues related to the design and analysis of the axial flux machines and other types of 
machines have been reviewed. 
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2.6.1 Design aspects 

CHAPTER 2 

The design aspects for the axial flux machines can be found in a number of 

papers 115.16,171In most of these publications, the output power equations for each type 

of machine are used for the design purposes. The rotor is optimised by the magnet 
inner radius to outer radius ratio which is 0.577 1151 However it was argued in some 

other publication (421 that there should be no fixed value for this ratio since it is a 
function of rotor geometry, number of poles, material used and the objective of 

optimisation. 

2.6.2 FE electromagnetic analysis and performance evaluation 

In the PMAF machine, the magnetic flux path and its corresponding spatial 
flux distribution are truly 3D in their nature and are at variance with the usual 

conventional or radial flux PM machines. This unusual 3D flux patterns in the PMAF 

machines is largely caused and shaped by the nature of the magnetic circuit geometry 

of the rotor, the location and the shape of the stator winding coils. Information 

concerning electromagnetic modelling of the PMAF machines is spars. Attempts have 

been reported in some publications for modelling such machines using 2D simplified 
FE models (39.43,441 In some other publications the evaluation of magnetic losses 
[45,46,471 

. accurate prediction of inductances (491 and harmonic analysis and their effect 

on the stator eddy current losses 1091, were performed using FE electromagnetic models 
for PM cylindrical machines and can be of use for analysis of the PMAF generator. 
Further details concerning the FE analysis will be discussed in Chapter Four. 

2.6.3 FE stress analysis 

The rotor is the most crucial part in the machine and extra care should be taken 

when designing such a rotors for high-speed applications. The accurate analysis of 
rotor for its mechanical integrity requires the utilisation of FEM. Pullen 1131, have used 
a 2D planar model but without modelling the interference fit between the magnet and 
the carbon-fibre shell. The planar model does not consider the deformation hence, 

stresses in the axial direction. In another related subject, Wei tsot have used a 
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simplified 2D axisymmetric model for two compound cylinders with the interference 

fit is taken into account. A 3D model with the influence of interference fit would be 

more realistic and would give more accurate results. 

2.7 MAIN OBSERVATIONS 

The following main observations are found through the literature review on 
different types of electric machines: 

A) The PM axial flux machines are strong competitors to radial flux machines in 

many applications. Compared with the radial flux machines, when designed for high- 

speed applications, the axial flux machines have the following potential advantages: 

" Compact configuration with short axial length. Machines with a large number 

of poles can be constructed. 

" For the same output power, a higher power density can be achieved in 

comparison with the radial flux generator. 

" Metallic, either magnetic or non-magnetic, materials can be used as retainment 

rings for the rotor. 
The thickness of the retainment ring does not affect the effective air gap length 

since it is not placed across the air gap. 

" The stator can be a slotlessrronless structure thus reducing stator core losses 

and thus giving better efficiency and reducing the total weight of the machine. 
" The flux path is completed through the back-iron discs which are rotating with 

the rotors thus eliminating iron losses. 

" Better cooling is achieved since the windings have open structure and are 
exposed to the air circulating around the stator. 

" Axial flux machines can be constructed on a modular design basis. Hence, the 

output power of the machine can be increased by using a larger number of 
stator and rotor stages. 

B) Published literature on the design and development of the PM axial flux high- 

speed generator is still scarce and further work is required to overcome all problems 
associated with the design of such machines. 
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C) Among the axial flux PM machines, the disc type rotor with ironless stator 
design is a strong competitor to any other configuration for high-speed applications. 

D) The axial flux machine has unusual 3D magnetic flux patterns and its 

performance analysis requires a 3D FE modelling. 

E) It is argued that the rotor of the axial flux machine can be optimised based on a 
fixed value for the ratio of magnet inner radius to magnet outer radius. 

F) Accurate stress prediction in the complex shapes of the rotor parts of the axial 
flux machine requires a 3D finite element modelling taking into account the influence 

of interference fit between all rotor parts. 

From these main observations concerning the PM generators and in particular 
for the PMAF high-speed generator, the main objectives of the project are justified. 
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CHAPTER 3 

CHAPTER 3 

DESIGN METHODOLOGY, MODELLING & 

THEORETICAL ANALYSIS 

3.1 INTRODUCTION 

The earliest electrical machine was axial flux machine. Nowadays, the 

emergence of powerful rare earth magnets such as NdFeB has made it possible for 

such machines to be constructed with high power/weight ratios, high efficiency and 

high degree of reliability. However the design of such machines for high-speed 

applications involves many technical challenges. Before setting the design procedures 

for the PMAF high-speed generators, the description the machine and of the key 

components is presented in the following section. 

3.2 DESCRIPTION OF KEY COMPONENTS OF THE PMAF 

In contrast to the radial flux (cylindrical) machines, The PMAF generators 

have their air gap flux in the axial direction whereas the windings are directed in the 

radial direction. These windings enclose a part of the magnetic filed produced by the 

PM in the rotor. Hence, whenever there is a relative motion between the magnetic field 

and the coils, a voltage is generated across the coil ends. If the generated voltage is 

applied across an electrical load, a current can be drawn from the stator. Typically the 

construction of the AF generators takes two forms; a multi-pole PM rotor disc rotating 
between two stator windings, or a disc type stator winding being inserted between two 

PM rotor discs. The latter form is considered more convenient for high-speed 

applications since the back iron discs are rotating with the PM disc hence eddy 

currents and hysteresis losses in the back-iron discs are eliminated. Whereas the first 

form have two stationary iron discs at the backside of each stator disc hence subjected 
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to a time varying flux density which in turn produces core losses in the back-iron discs. 

The configuration also facilitates multistage (modular) and multiphase arrangement by 

adding numbers of magnet rotors and stator discs. A 3D exploded view of a modular 
design configuration of the PMAF generators, which was found in the literature, is 

shown in Figure 3.1. This forms the basis for the design methodology which will be 

developed in the following Chapters. 

i� 1D Retamment Ring 
Permanent magnets 
Stator windings 

Figure 3.1 Exploded view for the permanent magnet axial flux high speed generator 

To design a PMAF generator for high-speed applications, some essential 

arrangements should be considered in the design and construction of such machines to 

satisfy electromechanical design requirements. In order to describe the arrangements 
for the proposed PMAF high-speed generator, a cross sectional view of the machine is 

depicted in Figure 3.2. These arrangements are described briefly as follows: 

3.2.1 Ironless stator core 

From the literature, most of the proposed PMAF generators have used ironed, 

either slotted or slotless, core in their stators [15,161 
. 

Although this will have the obvious 

advantage of increasing the flux density levels, hence high voltages can be induced, the 
iron structure have the following disadvantages for high speed applications: 

" The iron core is subjected to a time varying flux density hence causing 

significance iron losses due to the high rotational speed. Therefore this calls 
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for using thin insulated laminated sheets instead of solid ironed core to reduce 

core losses, thus increasing the manufacturing cost and complexity. 

" The machine will have relatively high saliency torque due to the standstill 

attraction between the PM and the iron core. 

" Slotted iron core produces ripples in the induced voltage. 

" The iron core reserve extra space in the air gap between the two magnet rotor 

discs, hence less space is left for the windings. Otherwise the air gap length 

has to be increased hence increasing the overall size and the total weight of the 

machine. 

Coil windings(Ironless stator) 

Retainment 

ii ring 
Magnetic ii 

flux cN 
--- ,I PM 

Back 
Non-magnetic iron disc 

carrier 

Rotor Hub 

-- 11 41L 

Magnetic i, 
flux 11 

Figure 3.2 A cross sectional view for the proposed PMAF high speed generator 

Hence a decision was made at the earliest stage of the design of the generator to 

use an ironless stator core due to the problems associated with the iron core stator. 
However the following design precautions must be considered when adopting ironless 

stator core: 

" Fine stranded insulted, twisted or braided, wires such as Litz wire are necessary 
to minimise the conductor eddy current losses in the stator since they will be 

directly exposed to a time varying magnetic flux density in the air gap. 
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"A self-supported rigid stator construction should be maintained using epoxy 

resins and some non-magnetic reinforcing materials. 

" Due to the absence of the iron core, cooling by conduction is not possible, 

hence the coils of the stator should be arranged in a way so that maximum 

surface area of the conductors are exposed to the forced ventilation. 

There are two forms of winding that can be used for the ironless stators these 

are; "coil" winding type and "wave" (lap) winding type. The description and the 

features offered by each type can be found in 1511. It was found that "coil" winding is 

more suitable for the proposed machine for the prescribed application due to the 

following reasons: 

" "Coil" winding is easy to construct and does not require many accessories for 

forming. 

" Coils can be easily dismantled from the stator assembly and replaced by other 

coils in case of damage or overheat. 

" The "coil" winding provides better access for cooling. 

3.2.2 Rotor hub 

A robust and rigid magnet rotor construction is a must for high operating speed. 

Moreover, modular configuration requires that the magnet rotor should not be 

permanently fixed on the shaft. Thus sliding fit is more feasible to allow for any 

further assembling or dismantling processes. The magnet carrier, which is designed to 

hold the magnets in a certain position, is literally made from non-magnetic material. 
However this material is not suitable to withstand the high stresses resulted from the 

mechanical interaction between the magnet rotor disc and the shaft. This in turn has 

called for the inclusion of a solid, rigid and high strength mechanical part (rotor hub) 

as a connection between the magnet rotor and the shaft. This part is designed to be 

shrunk fit at the bore of the magnet rotor disc to prevent slippage of the magnet rotor at 
high operating speeds. Also, the rotor hub is designed to be coupled with other rotor 
hubs on the same shaft through mechanical splines which are machined face to face on 

the rotor hub. The dimensions of the rotor hub are determined based on the knowledge 

of other parts dimensions such as the magnet axial length, back iron thickness and the 
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air gap axial length. The detailed description on the construction of this part can be 

found in Appendix A whereas the detailed drawings can be found in the AutoCAD 

drawings in Appendix B. 

3.2.3 Segmented PM 

To produce a time varying magnetic field, the PM in the rotor should have 

alternate polarity of minimum two poles. A one-piece annular magnet having alternate 

polarity is possible to be produced and is easy to manufacture with the required 
dimensions. However, a segmented magnet poles in particular shapes were found to be 

more suitable for the construction of the high-speed generator due to the following 

reasons: 

" The PM is a brittle material and it has a very low tensile strength but it can 

withstand high compressive stresses. Thus a one-piece annular magnet will 
be subjected to high tensile stresses when rotating at high rotational speeds. 
Whereas individual segmented magnets can be secured in their places without 

exceeding their design tensile strength. 

" Annular PM cannot be assembled via shrink fit on the rotor hub since any 

attempts to expand it by any means would cause high tensile stresses to the 
PM. Thus, it will not be possible to lock the annular magnet on the rotor hub 

to prevent slippage at high operating speed. 

"A small gap or spaces between the alternate polarities on the same rotor 
should be left to reduce the magnetic leakage and this can only be achieved 
by having segmented PM. 

" The spaces between the alternate polarities at the annular magnet surface are 
considered as dead zones, which are not beneficial for the magnetic flux. In 

addition, these inevitable dead zones add more weight to the PM hence 
increasing the total weight of the generator. 

" With segmented PM, it is possible to manufacture the magnets in particular 
shapes, thus allowing for the adjustment of the quality of the induced voltage 
and the performance of the generator by selecting proper magnet shapes and 
topologies. 
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3.2.4 High strength retainment ring 

CHAPTER 3 

In most of the PMAF machines found in the literature, the operating speed was 

very low (< 3000 rpm). Hence it was possible for the designer of such machines to fix 

the magnets on the rotor surfaces by using some special adhesive materials. With the 

most recent advancement on the available glues, they can however withstand a tensile 

strength up to 35 MPa, which is still far below the expected stresses developed on the 

magnet surfaces due to the high centrifugal forces at the design speed. In addition to 

the high centrifugal forces exerted on the magnets, the machine with its permanent 

magnets represents a magnetic system, which creates magnetic related forces. The 

major magnetic forces which should be considered for the axial-flux generators are the 

axial attractive forces between the opposite permanent magnets on the opposite rotors. 

With such high combined forces acting on a magnet, it is not possible to protect them 

by means of glue or any adhesive materials. 

In the literature, some of the mechanical techniques have been suggested based 

on using a "1°' shape disc or flywheel disc where permanent magnets were glued 

underneath the "T" edges of the disc [141. However the "F" edges were highly stressed 

although the rotors were designed for operating speeds in the range of (16000 - 24000 

rpm). Hence this type of construction would not be possible for higher rotational 

speeds. Another alternative construction was the use of high strength rings to retain the 

permanent magnets [131 similar to those wrapping sleeves that have been proposed for 

PM cylindrical (radial flux) machines [36,371 Using wrapping sleeves or retainment 

rings was found to be more suitable than the previous technique to retain the magnets 
in their positions at high rotational speeds. It is worth mentioning that these retainment 

rings could be made from composite material such as carbon fibre or fibre glass or 

could be made from high strength special metal alloys. In this research, a high strength 

steel alloy will be used as a retainment ring for reasons that will be described later in 

this Chapter. 
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3.3 DESIGN METHODOLOGY 

CHAPTER 3 

The design of the PMAF generator is a complicated process due to the many 

design variables that affect the performance and geometrical characteristics of the 

machine. However, the design process can be simplified by reducing the number of the 

unknown variables which can be done by synthesising some of the variables at the 

beginning of the design process. The first step in the design procedure is to set the 

design requirements that should be achieved at the end of the design of the machine. 

3.3.1 Design requirements 

Although the proposed design methodology can be adopted for several 

machines ratings, in this thesis, the following requirements should be achieved: 

" Output power, Po = 16.7 kW at the operating speed, Na = 50000 rpm 

" Phase-line terminal output voltage, Vt= 220 Volt 

" Maximum current per phase, IL=75 Amp 

" Number of phases, ph= I 

" Electrical frequency, fe= 3333 Hz 

3.3.2 Shaft design and bearings selection 

At the earliest stage of the design, it was required that the type of the shaft 
(solid or hollow) and its outside diameter are determined so that the dimensions of 

other mechanical parts can be calculated consequently. The generator shaft should be 

designed to transmit power from the gas turbine through a mechanical flexible 

coupling or magnetic coupling without suffering any problems. Hence to achieve a 

safe shall design for a certain material and certain design inputs, the minimum shaft 
diameter and the maximum permissible angle of twist should be calculated. But first 

the following loads are considered for the gas turbine driven generator: 

" Torsional loads which transmitted to the shaft through the couplings from the 

gas turbine engine. The torque, T5W, N. m, applied to the shaft can be 

calculated as: 
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shaft - 
Co 

where P;,, is the power input from the turbine and wm is the mechanical angular 

velocity in radsec. 

9 Bending loads: In this case there is no pulleys on the shaft and the only bending 

loads applied are due to the vertical loads from the weights of different parts 

supported on the shafts such as the weight of the shaft itself, rotors, fans, etc. 

for simplicity, we shall neglect the weight of the shaft and consider the loads of 

the rotors on the shaft as concentric loads. 

9 Axial loads which can be neglected in the calculations. The different loads on 

the shaft can be shown in Figure 3.3. 

Although hollow shaft has less weight and less moment of inertia compared to 

the solid shaft, the later is found to be more rigid, thus it can withstand various bending 

loads existed on the shaft. The ASME code equation for the solid shaft having no axial 
loading can be expressed as follows 1521: 

25 

Figure 3.3 Different loadings on the generator shaft 



T. El Hasan CHAPTER 3 

( l1/2 
1/3 

dshaft = 
1-16 [(ihaftj(t)2 

+ (MbKbl 
/2 J 

(3.2) 

where Mb is the bending loads due to weights of components, N. m, S3 is the maximum 

allowable stress in MPa which can be calculated as follows: 

. Ss =0.18ou (3.3) 

where 6u is the ultimate tensile strength for the material selected for the shaft in MPa. 

Kb is the combined shock and fatigue factor applied for bending moment and Kt is the 

combined shock and fatigue factor applied to torsional moment. The values of Kb and 

Kt for rotating shafts are determined from the ASME codes which can be found in 

[52] Table 3.1 

Table 3 

Type of load Kb Kt 

Load gradually applied 1.5 1 

Load suddenly applied (minor shock) 1.5-2.0 1.0-1.5 

Load suddenly applied (heavy shock) 2.0-3.0 1.5-3.0 

.1 
ASME codes for bending and torsiona l factors ann lied to rotatir g shafts 

According to the ASME design code, the permissible angle of twist for solid 

shafts used for high-speed applications should not exceed 0.3 deg/m and it can be 

calculated as follows: 

O= 
584TshafLshaf 

(3.4) rwrsc -q 
Gdshaft 

where LSD is the shaft length and G is the shear modulus of elasticity, GPa. 

To perform the design calculations we shall consider the simple case of the 

generator, which was shown in Figure 3.3 since we do not know yet the geometrical 
dimensions, weight and locations of the components on the shaft. Preliminarily, two 
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magnet rotor discs are proposed with their design input are listed in Table 3.2. The 

physical and mechanical properties of the material used for the shaft, EN24T steel, are 

given in Table 3.3. 

P� 

kW 

No 

krpm 

Kb 

- 

Kt 

- 

Fi 

N 

F2 

N 

Lshaft 

nun 
a 

mm 

b 

mm 

C 

mm 

50 50 3 3 25 25 15 5 5 5 
11 

Table 3.2 Design input for shaft design calculations 

Pm 

kg/m3 

Qu 

MPa 

E 

MPa 

G 

MPa 

v 

7800 700 200 87 0.29 

Table 3.3 Specifications of shaft material, EN24T steel 

Hence, the bending moments Mb on the shaft can be calculated using the 

following equations derived from the equilibrium state: 

F(Lstiot-a)+F2c 
(3.5) RA _- LAO 

Fla+F2b 
RB = (3.6) 

Lift 

Mbl = RAa (3.7) 

Mb2 =RAb-F(b-a) (3.8) 

or 

Mb2 = Rai (3.9) 

where Mb, and Mb2 are the bending moments at the left and right rotors respectively, 

hence the total bending moments can be determined asMb = MbI +Mb2 . 
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The results obtained from the calculations are summarised in Table 3.4. 

Table 3.4 

Tshaft 

N. m 

Ss 

MPa 

Mb 

N. m 

dshaft 

mm 

etwist 

Deg. 

9.55 126 1.25 10.5 0.791 

Initial results obtained form the sha ft design t 

CHAPTER 3 

alculations 

It is shown from Table 3.4 that the permissible angle of twist has exceeded the 

limit of 0.3 Deg/m, based on the value of 10.5 mm for the initial shaft diameter. Hence 

the shaft diameter should be slightly modified and this time it can be calculated from 

Equation 3.4 by setting 9t,, jst = 0.3 Deg/m. Accordingly, the minimum diameter was 

found to be dshaft =13.3 mm. The nearest standard size for the shaft is 13.5 mm. 

However, when considering the bearings for the shaft, it is important that the 

shaft diameter should meet the standard dimensions of the available bearings. In 

contrast, if the shaft final diameter is set without paying attention to the bearing size, 

then further machining might be required on the shaft either by making a shoulder or 

inserting a sleeve so that the selected bearing can fit at its place on the shaft. A simple 

and uniform solid shaft is much easier to machine and would require less 

manufacturing cost. 

The spindle bearings, which are angular contact ceramic high precession ball 
bearings, are found to be the most suitable bearings for high-speed application. The 

FAG-Barden Corporation offered a wide range of different types of bearings for better 

selection 1531. The inner diameter of the bearings comes in 10 mm, 12 mm and 15 mm. 
The calculated shaft diameter was found to be 13.5 mm. Hence the bearing type 

HCS7002CTP4& UM of 15 mm inner diameter was selected and the shaft size was 

again adjusted to meet the bearing dimensions hence a final value of 15 mm was set 
for the shaft diameter. 

In fact, the shaft design procedure requires an iterative process to synthesise the 
final dimensions of the shaft. This process is described in the flowchart depicted in 

Figure 3.4. 
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Set design input data, 
Set initial values for loads 
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Calculate initial shaft I 
diameter, dný,,, 

Calculate angle of twist, 
°twist 

Is 
< 0.3 

Modify shaft I 
diameter 

Complete the design of 
other items 

Set 
dinitial = 

CHAPTER 3 

Yes 

Is 
I dnew dinitial I 
- Threshol 

No 

Is dnew > dinitial 

Calculate new shaft 
diameter, d,, 

� 

Recalculate initial loads 
and their locations 

Figure 3.4 Iterative process for shaft design 

3.3.3 Winding design 

As mentioned earlier in this Chapter that stator structure will have ironless 

core. The stator windings which are of "coil" type, consist of number of coils, N, 

which are connected together in series to form one single phase winding. The coil itself 

consists of number of turns, N,. Each turn is formed from a bundle of fine stranded 

insulated wires of certain diameter, dstd. Based on the knowledge of the overall bundle 

diameter, db 
, other design variables can be determined consequently. The design 

procedure of the stator windings can be summarised as follows: 
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3.3.3.1 Determination of the conductor size 

To calculate the area of the required copper, A, the current density, J,, is 

specified based on standard codes for electric insulated wires. Normally values in the 

range (10 - 15 Amp/mm2) are used in most of electrical machines. However, higher 

values of J, ( up to 25 Amp/mm2) can be specified when using the proper type of 

insulated wires, but with sufficient cooling to remove all the excessive heat in the 

windings. In this work, J, = 25 Amp/mm2, was specified in the design calculations. 

Hence A. can be calculated as follows: 

AC= IL 

ic 
(3.10) 

The maximum required current in the stator winding is 75 Amp, thus 

A, = 3.00 x 1e Amp/m2. 

3.3.3.2 Determination of number of strands and strand diameter 

The total area of the solid conductor found from the previous calculation is 

divided into a number of fine insulated strands to reduce stator eddy current losses. 

The angular mechanical speed, w, n , number of poles, p, and the diameter of the 

strand, d5(d 
, are the determinant factors which affect the eddy current losses in the 

conductors for a certain air gap peak flux density, BP. Hence eddy current losses, Pse 

per unit conductor volume can be expressed as follows 116: 

PS. = 
Bp(wmP/2)2dsd 

(3.11) 32p, 

where & is the resistivity of the copper which can be calculated as: 

PC =Po[1+äc(Td-To)] (3.12) 
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where p, =1.56 x 10-8 92 "m is the copper resistivity at temperature T. = 0°C and 

U, = 4.3 x 10-3 deg'' is the temperature coefficient for the copper conductor. Hence, 

Pc(25) =1.727 x1 0ý8 92 "m calculated at room temperature, Td = 25°C 

The selected wire is a high class insulated with modified polyester resin. It is a 

solderable wire (at 450°C) that has a two part insulation system in which the ester- 

imide base coat is overcoated with nylon which improves the solvent resistance and 

windability [541 Although this type of wire can withstand a temperature of 180°C, a 

maximum design temperature, Td =110°C was specified for the stator windings since 

the maximum operating temperature for the NdFeB PM is limited to 125°C . 

As can be seen from Equation 3.11 that the smaller the diameter of the wire, the 

less will be the eddy current losses. Thus using the finest available wire will be 

beneficial for the design in terms of minimising stator eddy current losses. However, 

dividing the solid conductor into fine insulated strands reduces the total copper area 

available for a certain bundle size due to the worse filling factor, ff 
, associated with 

the round cross sectional wires which is found in the literature normally in the range 
from 0.55 to 0.65 1441. Thus, increasing the total copper losses, P, in the stator which 

can be calculated as follows: 

Pc =J2 Ac (3.13) 

where Rs, is the resistance of the conductor which is found at Td. Hence, if the 

conductor total length, LT, and the area of copper conductor are known, the resistance 

can be calculated by applying the following Equation: 

RSA _ 
PELT' 

A 

where p, = 2.297 x 10-8 SZ "m this time is calculated at temperature Td =110 . 

(3.14) 
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A good quality construction of a stranded bundle requires a proper combination 
between the number of strands, Nstd 

, and the diameter of the strand, d,, d to achieve 

high filing factors like those specified for Litz wire. 

Before proceeding in the design calculations, it was required to determine the 

filling factor that will be used through calculations by actual construction of bundles of 
different sizes (2.2 2.3 and 2.4 mm). Each bundle was filled with maximum allowable 

number of strands of certain size at a time. Three different sizes of strands have been 

tried (0.1,0.2 and 0.3 mm) for each bundle which makes the total number of bundles 

constructed for the test is nine bundles. The procedure for constructing these bundles is 

described later in Appendix A. Thus, once the maximum number of strands for each 

bundle size is known, the filling factor for each bundle of area Ab can be calculated 

using Equation 3.15 presented below. The results of filling factor are presented 

graphically in Figure 3.5: 

__ 
A�� NStd 

ff 
Ab 

0.723 

0.721 

U 0.719 
V 

co 

0.717 

db=2.2 mm 
db=2.3 mm 

0.715 -A- db=2.4 mm 

0.713 
0.1 0.2 0.3 

Strand diameter, dtd 

(3.15) 

Figure 3.5 Filling factor for constructed different bundles with different strand sizes 
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It can be seen that the results are close to each other, however a local maximum 
filling factor (ff = 0.723) can be found for a combination of 96 strands of 0.2 mm 

diameter which forms an overall bundle diameter of 2.3 mm. 

These results were compared to the data obtained for a commercial Litz wire of 
11/32 AWG provided by Wire Tronic Inc. [541 which has an equivalent bundle diameter 

and strand diameter similar to the constructed winding. The summary of the 

comparison between the constructed windings and the commercial Litz wire is found 

in Table 3.5. 

Type of wire db 

mm 

dstd 

mm 

Nsrd ff A, 

mm2 

PP / unit length 

W/m 

Constructed 2.3 0.2 96 0.723 3.00 43 

Litz (11/32)AWG 2.3 0.2 115 0.869 3.61 36 

Table 3.5 Comparison between the constructed wire and commercial Litz wire 

It can be seen from the above Table that the filling factor for the commercial 
Litz wire is higher than that for the constructed wire, thus more copper can be 

maintained for a certain bundle diameter, hence copper losses can be reduced by 16.2 
%. 

To complete the required calculations for the constructed windings, the eddy 

current losses is calculated for the bundle of 2.3 mm but this time the strand diameter 

is varied in the range from 0.1 mm to 0.5 mm with an increment step of 0.1 mm. It 

should be noted that the total area of copper is fixed to A, = 3 mm2 and the filling 

factor ff = 0.723 is used through the next calculations. For the purpose of comparison, 

the results of the eddy current losses for a unit length conductor is calculated using 
Equation 3.11 assuming an electrical frequency of 3333 kHz and air gap peak flux 

density of 0.60 T. These results can be shown in Figure 3.6. 
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Figure 3.7 Eddy current losses per unit conductor length for the bundle of 2.3 mm 

and different strand diameter 

It can be seen from the above Figure that the eddy current losses are drastically 

reduced when using smaller strand diameters. However, higher number of strands is 

required to fill the area of the bundle to achieve a fixed copper area. Moreover, 

practically, constructing a bundle which consists of a high number of very fine strands, 

requires a special machines and tools. Hence, it was decided to construct and use the 

bundle of 2.3 mm with 96 strands of 0.2 mm diameter in the design of the PMAF 

high-speed generator through this work The eddy current predicted per unit conductor 
length of this bundle is 35 Watt. However, this losses is calculated for the resistivity at 

room temperature, i. e. Pc(25) =1.727 x 10-8 l-m. Hence, as the temperature of the 

conductor increases, the eddy current loss in the stator decreases. 

3.3.4 Synthesising the design variables 

It is important at this stage to identify the design variables, their reasonable 

ranges and their influence on the design. By doing this, the number of unknown 

variables can be reduced, the range for each variable can be defined and its bandwidth 
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can also be narrowed. To investigate their influence on the design we shall put the 

output power equations as a function of the main design variables for the stator and 

rotor, which can be defined as follows: 

Po =f (Nm, db, N5, Nt, 1g, 1j, P, R., Bg, 1. ) (3.16) 

This equation has considered the main design parameters for the generator. 

However, some of these parameters are themselves dependent variables. Thus any 

change in one of these parameters would imply changing the other parametrs. For 

instance, if the number of turns is to be increased, then there are at least two major 

variables should change consequently to allow for the space required for the extra 

number of turns. The first choice would be by increasing the magnet inner radius, Rm;, 

thus increasing outer radius as well. The second choice would be by increasing the 

axial air gap length 1g hence increasing the magnet length to compensate for the loss 

in the air gap flux density. Accordingly, any of the options will cause a change in the 

whole structure and geometry, hence performance of the generator. In general, 

assuming reasonable values for some of the design variables would help and accelerate 

the design process, but this requires a design experience. To do so, the limitations on 

each design variable are considered hereafter. 

3.3.4.1 Number of stator stages 

As was mentioned before, that one of the advantages of the PMAF 

configuration, that it can be designed based on a modular basis i. e. number of stators 

and rotors on the same shaft. The minimum requirement for a single stage is two 

magnet rotors and one single stator in between. Thus, the number of rotors will always 

be N, = NS + 1. For any number of stators, they can be connected at the terminal either 

in series or parallel to provide the specified outputs. In a specific design case the stator 

stages can be also connected in Y or A connection to form a multiphase generator. 
Although more than one phase can be built in the same stator stage, for the three phase 

generator design, it was decided to construct each phase in a separate stator stage for 

two main reasons: 

9 To prevent mutual effect between the three different phases. 
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9 To overcome the unbalance situation that might be caused by the 

unsymmetrical distribution of the stator coils in the air gap with respect to the 

magnet surface. The stator coils that are close to the magnet surface will 

receive greater flux densities compared to the coils which are placed in the 

middle of the air gap. 

Hence for the design of three-phase 50-kVA generator, each phase is built into 

three separate stages where each stage is capable to produce a maximum power of 16.7 

kVA. In this work, a prototype of only one single stator stage (one module) capable of 

producing 16.7 kVA is designed, constructed and tested. The remaining stages can be 

constructed once the prototype is evaluated. Therefore, Ns variable is set to one 

through the next calculations. 

Vibration and critical speeds limit the increase of number of stator stages. 

Increasing the number of the stator stages will increase the overall length of the 

machine hence making the structure more critical for vibrations. The shorter the 
length, the more robust and rigid machine can be achieved. 

3.3.4.2 Number of turns and layers per coil 

Ideally, each turn of the stator coil should enclose the maximum flux coming 
from the magnet so that the maximum emf can be produced. The maximum area 

enclosed by a single turn can be maintained if the turn spans the same area of the pole 
pitch on the rotor. This can be possible if the conductor thickness is neglected i. e. a 
thin wire is assumed to follow the shape of the path shown in Figure 3.8. However, 

practically it is not possible to put all the turns of a certain coil at the same place due to 

the thickness of the conductor. Thus if a coil has a number of turns N, only one turn 

will approximately span the same area of the pole pitch whereas the remaining turns 

will be formed in a concentric shape having smaller areas. Hence the final shape of the 

coil will have an oval shape instead of the semi trapezoidal shape as shown in Figure 
3.9. 
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Figure 3.8 Ideal simple coil winding having thin single turn 

Figure 3.9 Turns of thick conductors for coil windings 

CHAPTER 3 

Another issue associated with the increased number of turns of the coil with a 

certain conductor thickness can be seen from Figure 3.9. The width of the inner end 

winding, W; 
e , 

is relatively large protruding radially towards the rotor hub. This inner 

end winding can be calculated as follows: 

W. = NfdbkR (3.17) 
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where kR is the winding radial backing factor and it was found experimentally in the 

range of 0.90 - 0.92. In fact, it was found that the conductor was flattened through the 

winding process i. e. it became thinner towards the radial direction but thicker towards 

the axial direction. 

The number of turns in a single coil of a certain conductor thickness is limited 

by the available space in the air gap. This space includes the axial distance between the 

magnet discs and the radial distance between the rotor hub and the magnet inner 

radius. Thus to allow for more space for extra turns one or more of the following can 
be done: 

" Increase the magnet inner radius which consequently requires an increase in the 

magnet outer radius to keep the same magnetic loading. However, The magnet 

outer radius is constrained by the mechanical stress due to the high rotational 

speed. 

" Increase the air gap axial length and make a multi-layer coil instead of a single- 
layered coil. Each layer can be placed in a different plane parallel to each other 

and perpendicular to the axis of rotation. However, the magnet axial length has 

to be increased for a particular fixed magnetic loading. 

Accordingly, it was decided to make double layer coils of identical number of 

turns in each layer. Consequently the axial thickness W.. of the coil will be enlarged 

and it can be calculated as follows: 

W= Nldbký (3.18) 

where N, is the number of layer per coil and kris the winding axial backing factor 

and it is found practically in the range of 1.70 -1.74. 

In this work, a value of 1.74 was considered for kam, hence the winding axial 

thickness was found to be 8.0 mm. Finally, the range for the number of turns per layer 

per coil is defined as Nt =[1-8] turns. Hence, for the rest of design calculations in this 

Chapter, the following design variables are defined as follows: 
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" N1 =2 layers/coil and 

" Nr = [1,2,3,4,5,6,7,8] tums/layer/coil. 

"W =8.0mm. 

3.3.4.3 Air gap length 

The air gap length is defined by the winding axial thickness and the clearance 

on both sides between the windings and the rotating magnet rotor. Hence, it can be 

found as follows: 

1g = Wax + A, (3.20) 

where Acl, is the total axial clearance between the stator and the magnet discs. 

A clearance of 1.0 mm was given on both sides of the stator which should be 

sufficient to prevent any rubbing between the magnet discs and the stator windings 
during the rotation. Hence, the axial air gap length was found to be 10.0 mm This air 

gap length will be used throughout the remaining design calculations. 

3.3.4.4 Magnet inner radius 

This design parameter is determined based on the determination of previous 
design parameters. More precisely it is limited from the inside by the inner end 
winding. Thus for the predefined range of NN, the magnet inner radius, Rmj, can be 

calculated as follows: 

Rmi =We+"CJs (3.21) 

where RcL, is the radial clearance between the inner end winding and the rotor 
hub outer radius. Normally, 1.0 nun should be an acceptable clearance for the end 
windings. 
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3.3.4.5 Number of poles 

Higher number of poles allows designing a more compact machine by reducing 

the number of turns or PM volume required to produce a certain output power in the 

generator. Since the magnet inner radius is determined by the number of turns per coil, 

the maximum number of poles also is constrained by the number of turns utilised per 

coil. If for a proposed design, the pole pitch arc at the calculated magnet inner radius 
less than the winding circumferential span, then the proposed design cannot accept the 

specified number of poles. The pole pitch arc at the magnet inner radius of the machine 

is calculated by: 

PParc = 
29r 

R` (3.22) 
P 

and the winding circumferential span is calculated by: 

Wsc = 2NtdbkR (3.23) 

The results for the maximum allowable number of poles for the specified range 

of number of turns and for the corresponding magnet inner radii are summarised in 

Table 3.6. 

Nt 1 2 3 4 5 678 

Corresponding Rm1 18 20 22 24 27 29 31 33 

Max. p 26 14 10 8 8 666 

Table 3.6 Maximum allowab le number of noles for the range of n�mhPr nf fi, ,e 

3.3.4.6 Magnet outer radius 

The ratio of magnet inner radius to its outer radius, kmr 
, 

is a major design 

parameter which has a significant effect on the characteristics of the machine. More 

precisely, the magnet outer radius diameter has a strong effect on the power density, 
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mechanical integrity and generator performance where windage losses are greatly 

affected by the outer diameter of the rotor. It was found from design optimisation 

studies related to PMAF machines, mainly addressed for low speed applications, that 

attempts have been made to define an optimum value for the ratio knr. In some papers, 

a numerical value of k, 
�, =I/ I has been reported as an optimum value for a given 

magnetic and electric loadings of the machine 1151. However, it was argued in some 

other papers [421, that this ratio cannot be reduced into a simple numeric value since it 

depends upon the optimisation goal, rated power, number of poles, materials and 

machine topology. 

Hence for the current design process, two approaches are adopted for 

determining the magnet outer radius, these are: 

" Using an optimum numerical value of k,,,,,, where magnet outer radius can be 

calculated as: 

_Rj R. 
0 kmr 

(3.24) 

" Determine the magnet outer radius required to produce a certain output voltage 
by assuming a certain air gap magnetic flux density. 

Both approaches will be described in details in the next section. 

3.4 MODELLING THE PMAF GENERATOR 

Once the main design parameters are defined and synthesised, it is possible to 
develop a mathematical model based on the combination of these design parameters. 
Using such a mathematical model, the electrical performances and characteristics of 
different designs can be predicted and compared to each other in order to select the 
best machine design that provides highest power density while ensuring that high 

efficiency is maintained. A simplified 2D drawing of the proposed PMAF generator is 

depicted in Figure 3.10. This Figure is used as an illustration when developing the 

mathematical model of the machine as described in the following sections. 
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Figure 3. lt) Design parameters shown on the a simplified model of the generator 

3.4.1 Induced voltage equation 

The voltage developed by an ideal single turn similar to that NN as shown in 

Figure 3.8, can be described by Equation 3.25 where is the induced no-load 

voltage. 

d (t) 
(3.25) 

where O(t) is the instantaneous flux passing through the turn. However, in reality the 

coil of interest has concentric turns where the inner turns have smaller areas. Thus, 

assuming a sinusoidal flux density distribution in the angular direction, the flux 

passing through each separate turn can be expressed as follows: 

O(t)(�) _ 0p(�ß sin(w. 1) (3.26) 

where n is the index number representing the turn number and Or is the peak flux 

passing through that turn and it can be calculated as follows: 
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cbp(n) = ksize(n)At(n)Bg 

CHAPTER 3 

(3.27) 

where ks; 
2e(�) 

is the coil size coefficient for a specified turn number n which is found 

from the FE results in Chapter Four and it can be expressed as: 

" For rotors with non magnetic retainment rings; 

ksize(n) = -325At(n) + 0.8098 (3.28) 

" For rotors with magnetic retainment rings; 

ksize(n) =-3384(, )+0.7782 
(3.29) 

Hence for a coil having Nl number of turns per layer, the total flux passing 

through these turns will be: 

N. 

OT (t) = Sin(G)et) op(n) 

n=1 

(3.30) 

Thus, by differentiating Equation 3.30 with respect to time, the peak induced 

no-load voltage in one single coil having Nl number of layers can be found as: 

N, 

epeak = weNIBg1 ksize(n)At(n) (3.31) 
n=1 

where weis the electrical frequency which can be determined as: 

2, rNNP we = (3.32) 120 
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Thus for N. number of stator stages with each stator stage having number of coils 

equal to number of poles p, the total rms no-load voltage can be expressed as follows: 

N, 

E=2; rNmNs p2NIBg ksýze(n)At(n) (Nr )ins 12� r 
Ohl L 

n=1 

(3.33) 

The area of each turn per layer in the coil can also be defined in terms of the design 

parameters, thus: 

((Ne -n)+1)dbkR +dbkR [R,, 
0 -R, , +ndbkR(Rmo +i , 

)I (3.34) At(n) - 
lp 

&i r 

i 

With the magnet outer radius is determined by Equation 3.24, the flux density 

in the air gap, Bg , which is required to produce a certain output voltage, E(,,, L),,,,,, can 

be determined from Equation 3.33 as follows: 

B_ 
120N-E(NL)rms (3.35) 

8N 

2WmNsp2 Nl ksize(n)4(n) 

n=1 

Hence, the magnet axial thickness required to produce that magnetic flux can 

be determined as described in the following Section. 

3.4.2 Magnetic modelling 

The PM used for the current design is a sintered NdFeB PM which has high 

remanence B, in excess of 1T and coercivity H, approaching 1 kA/mm. It has a 

linear demagnetisation characteristics, with recoil permeability p,. approximately equal 

to unity. This has simplified the analysis of the magnetic assembly of the proposed 

rotor. Thus for any structure having PM, iron core and air gap, the total 
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magnetomotive force (mmj) can be found from Ampere's circuital law which can be 

expressed as follows: 

9H" dl = Hmlm + Hiron'iron + Hglg =0 (3.36) 

The integral is equal to zero because no current is enclosed. Assuming there is 

no saturation in the iron core, its reluctance and its mmf may safely be ignored. The B- 
H characteristic curve for the NdFeB PM can be modelled by the relation: 

Bm - Br + PrPoHm (3.37) 

where B. and H. are the flux density and flux intensity in the PM respectively. Thus, 

the magnetic flux 0 can be found as, 

= B. A = BgAg (3.38) 

Substituting Equation 3.37 into Equation 3.36 gives: 

L. - Br 
Im + 

Bg 
Ig =0 (3.39) 

lir Bo Po 

Substituting for B. from Equation 3.38 into Equation 3.39 and rearrange for Bg gives: 

BS _ 
Br 

Ä 
(3.40) 

where A. is the surface area of the PM, Ag is the area of the air gap physically 

crossed by the flux. For axial flux permanent machine, Ag = Am , thus Equation 3.40 

can be reduced as follows: 
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Bg = 
im 

Br (3.41) 
Im lg 

However, Equation 3.41 in its plain form, dose not account for the leakage and 

mmf losses in the magnetic assembly. These losses are difficult to calculate accurately 

since they depend on machine geometry, number of poles and air gap length as shown 

in Figure 3.11. 

Figure 3.11 Flux pattern distribution in the proposed PMAF generator 

However, it was possible to determine empirical coefficients that account for 

the leakage for certain geometries by validated FE results in Chapter Four. Hence 

Equation 3.41 can be slightly modified as follows: 

kplm 
ka. B. Bg =1m 

+ kglg (3.42) 

Accordingly, the magnet axial length can be found by rearranging the above 
equation as follows: 

k9Bg 
lg lm = (kckBrBr - Bg (3.43) 
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where kp is the pole leakage factor which can be gives as: 

kp=l- 360 (3.44) 

As for the magnet leakage coefficient, k, 6,., and the air gap length coefficient, kg, 

they can be expressed as follows: 

" For magnet rotor disc with nonmagnetic retainment ring, 

kBr =1.161- 21.8161g (3.45) 

kg =1.028 + 10.331g (3.46) 

" For magnet rotor disc with magnetic retainment ring, 

kBr =1.164 - 26.3121g (3.47) 

kg = 0.99+17.3318 (3.48) 

More details regarding the determination of these empirical coefficients can be 

found in Chapter Four. Hence, by using the above equations it was possible to predict 

accurately the flux density in the air gap for several possible designs. Thus the design 

calculations of the machine can be performed using one of the following approaches: 

9 Given the magnet outer radius, Rý�o , 
determined by Equation 3.24, for a certain 

required output voltage of the machine, Bg can be determined from Equation 

3.35. Hence 1. can be found by Equation 3.43. 

" For unknown magnet outer radius, Rmo, chose a design value for the air gap 

flux density from the B-H curve of the selected PM material. Normally, a 

working point is selected where maximum energy (B.. H, 
�). product can be 

maintained from the magnet. Then calculate the required magnet axial length to 

produce such an air gap flux density using Equation 3.43. Substitute the value 
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of Bg in Equation 3.33 and solve the equation iteratively to determine the 

magnet outer radius which satisfies the required induced voltage. 

To check the accuracy of the analytical solutions, Bg is obtained from FEM for 

a particular rotor design having magnet axial length of 17 mm and the axial air gap 

distance is varied over the range from 8 to 16 mm with an increment step of 2 mm for 

both magnetic and nonmagnetic retainment rings. Results obtained from both solutions 

are presented graphically in Figure 3.12. A good agreement between the results can be 

seen. The graph also shows that the flux density in the air gap is reduced when 

magnetic material is used as a retainment ring. This can be referred to the increased 

leakage flux since the magnetic ring has a relatively low reluctance compared to the 

reluctance of air. The details of the FE magnetic analysis can be found in Chapter 

Four. 

0.8 
Analytical -- FEM 

0.75 1,, =17 mm 

0.7 
p=8 poles 

0.65 
Nonmagnetic ring 

0.6 

0.55 

0.5 Magnetic ring 

0.45 

0.4 
8 10 12 14 16 

'g, mm 

Figure 3.12 Magnetic flux density Bg vs. axial air gap distance obtained from both 

analytical and FEM solutions for magnetic and non magnetic ring rotors 

With all geometrical design parameters of the machine are known, it can be 

possible now to perform mechanical analysis and to predict the performance of the 

machine as described in the following sections. 
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3.5 ROTOR MECHANICAL ANALYSIS 

To insure the mechanical integrity of the proposed design of the PMAF 

generator, a stress analysis is performed on the rotor of the machine at the design speed 
in excess of 50,000 rpm. For safe designs, it is required to keep the tensile stress levels 

in the magnet and in the retainment ring well below their design strengths. In addition, 
the rotor fails if a separation occurs between any of the rotor parts while rotating at the 
design speed. Thus any possible designs that fail in the mechanical tests will not be 

used in further electromagnetic and performance analysis. The first step in the 

mechanical analysis is to study some of the available materials for use as a retainment 

ring for the rotor and select one that will satisfy the design requirements. 

3.5.1 Material selection for the retainment ring 

From the initial analysis performed on the rotor, the material selected for the 

retainment ring of the rotor should have the following mechanical properties: 
" High yield strength capabilities in excess of 1800 MPa, high modulus of 

elasticity. 

" Easy to manufacture and assemble with the most familiar processes and does 

not require advanced and special machines or tools or any sophisticated 
arrangements. 

" Low mass density since lightness is a prerequisite. 

" Non-magnetic material or have low magnetic relative permeability and low 

magnetic saturation level. Magnetic materials with high permeability will 
increase the flux leakage around the magnets hence causes a reduction in the 
magnetic flux density in the air gap. 

" Reasonable raw material cost and manufacturing cost. 

An extensive survey has been carried out on some of the high strength 
materials to investigate their suitability for prescribed application. Table 3.7 shows 
these materials and the properties that are investigated through the survey. 
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Material QTY E Manufacturing PM Magnetic Cost 

GPa & Assembling kg properties MPa 
Titanium 750 110 " Machineable 4500 Nonmagnetic Expensive 

alloys " Nonhazardous 

1711PH- 1300 210 " Machineable 7800 Magnetic Low cost 

925 steel " Nonhazardous 

" Requires heat treatment 

Beryllium 1100 200 " Health Hazardous 7500 Nonmagnetic Expensive 

copper " Requires high safety 

precautions 

Maraging 1950 195 " Machineable 7900 Magnetic moderate 

G125 " Nonhazardous 

" Requires heat treatment 

Carbon 2500 160 " Non machinable 1650 Nonmagnetic expensive 

fibre " Complicated structure 

" Nonhazardous 

" Requires special 

manufacturing & assembling 

tools & fixtures 

Table 3.7 Investigation on some of the materials that can used as retainment nngs 

It can be seen from the above Table that among the available materials, only 

Carbon fibre and Maraging G125 are capable to withstand high stresses. As far as the 

author is aware of that, among the nonmagnetic materials, only the composite 

materials such as Carbon Fibre can withstand high stresses. None of the nonmagnetic 

metals could have such high strength capabilities. Carbon fibre is a light material; 

hence it would be an ideal choice for ultimate generator electromagnetic performances. 

However, using this material in the form of circular rings would have the following 

disadvantages: 

" The manufacturing process for such material is a complicated process and 

requires special tools and advanced techniques which increase the over all 
[13 production cost of the generator , 55] 

" The assembling process of carbon fibre ring on the magnet rotor requires a 

special hydraulic expansion jig or vessel which has to be manufactured 
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specially for this purpose. Assembling via heat shrink fit is not possible since 
[sot excessive heat damages the resin between the carbon fibre layers 

Hence, it was decided to use Maraging G125 as a material for the retainment 

ring. The manufacturing and assembling processes for the retainment rings can be 

found in Appendix A. 

Once the type of the material has been selected, it is possible to determine the 

minimum radial thickness of the ring and the amount of interference fit required to 

prevent separation between the magnet and ring at the design speed. 

3.5.2 Determination of minimum radial thickness of the retainment ring 

To perform the stress analysis on the magnet rotor discs, the rotor which was 

presented previously in Figure 3.10 is considered for the calculations. For the initial 

stress calculations in this Chapter, the proposed geometry of the rotor is simplified by 

assuming that the magnets are continuous annular PM. The rotor hub and the magnet 

carrier are not considered in this analysis since the most critical parts in the structure 
are the PM and the retainment ring that supposed to withstand all the centrifugal forces 
developed due to high rotational speed. Hence the PM and the ring are represented by 

two concentric discs as shown in Figure 3.13. 

R etainment 
RRo. R , -- 

* )ring 

mm\ 

Rm! 
ij 

Figure 3.13 PM & retainment ring presented by concentric discs for stress analysis 
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The inner disc represents the magnet where its dimensions are determined from 

the electromagnetic design calculations that was performed in the previous sections 

and the outer disc represents the retainment ring. It is required to determine the 

minimum outer radius RR,, of the ring that keeps the hoop stresses in the ring below the 

specified design strength while it is rotating at the design speed. Normally, a design 

speed is considered in excess of 5% higher than the operating speed which is specified 
for electrical output. This gives an adequate margin for the rotor to run safely if an 
inevitable over speed occurs during operation. 

The maximum hoop stress is found at the inner surface of the retainment ring. 

The hoop stress at the inner surface of the ring is developed due to the following loads: 

" Centrifugal forces due to the rotation of the ring itself. 

" Inner pressure which is developed due to the centrifugal forces coming from 

the PM 

The above statements are valid as long as there is a contact between the PM 

and the retainment ring. Hence the total stresses at the inner surface of the ring can be 

found from Lame solution for thick-walled cylinder under pressure 156,571 and it is given 
as: 

a0I - Q6lntation + (Thpressure (3.49) 

where Qur is the total hoop stresses at the inner surface of the ring MPa, Q&orar; o�is the 
hoop stress due to the rotation of the ring and Qýpre�e is the hoop stress due to the 

pressure from the PM on the inner surface of the ring where they can be expressed 

respectively as follows: 

3+v 220 (3.50) Qbrotation -4 PR 0m [RRO +(1 
3+v) 

RR 2i 

(R0 
+ Rnr 

QQýresswe = Pr, 
22 

(3.51) 
no -- Rttr 
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where v is the Poissons ratio for the ring, RR; is the ring inner radius and it is equal to 

the magnet outer radius Rmo and Pr, is the pressure developed at the ring inner radius 

from the PM and it can be calculated as: 

Prj = 
F'" 
AR 

(3.52) 

where AR = 2frR, �ol n 
is the circumferential area of the inner surface of the ring and 

F� is the total force exerted by the PM and is given by: 

F. = 0.5 2rpmlmw2 m 
(IO 

-Rmi) 
(Rmo +Rmi) (3.53) 

Substituting Equations 3.50 and 3.51 into Equation 3.49 gives: 

22 

aff = 
3+v 

pmWm RRo+ V 
R2; +Pr; 

(R0ýR, ) 
(3.54) 

4 i+ 
v RRo - RR; 

The above Equation can be solved iteratively to find RR, for a given value of 

6ý . However, the exact solution can be found by formulating the above equation in 

the following form: 

RR0+BRRL+C=0 (3.55) 

where B and C are coefficients and given as follows: 

B= 

(PIi-aer 
-0.825PRing(O`mo +0.175pRingwm``m0) 

(3.56) (0.825PRjflg(»; ) 

C= 
(Pr, 

+ßgr -0.175pRmg(OmR, 2w 
(3.57) (O. 

825PRjflg»; 
) 

thus, 
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(RR0-m) (RR0-n)=0 (3.58) 

where, 

(-m)(-n) =C 

(-m) + (-n) 

from which, 

m2 +Bm+C =0 (3.59) 

and 

_ _B±/B2 -4C 3.60 m1'2 2C 
() 

Once the outer radius of the ring is determined, it is possible to calculate the 

amount of interference required to prevent the separation between the magnet and ring 

at the design speed. Hence, the radial and hoop stresses in the rotor can be determined. 

This can be described in the following section. 

3.5.3 Calculation of the interference fit 

The two concentric discs which represent the PM and the retainment ring are 

assembled via shrink fit process with a specified amount of interference fit. 

Interference fit is performed by machining the retainment ring having an inside 

diameter slightly less than needed to fit over the PM disc. By heating the ring to a 

specified temperature (sometimes cooling is necessary for the inner part) the ring 

expands and slip over the PM disc. After cooling to a uniform temperature, a contact 

pressure P, 01. 
is developed between the ring and the PM disc, which causes the inner 

and outer discs to be in compression and tension, respectively, in the hoop direction. 
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Stresses produced by P, o�t can be regarded as residual stresses, as they are present 

before the rotation of the rotor. 

To prevent the separation between the two discs while rotating at the design 

speed, this residual contact pressure should be sufficient to keep the magnets and all 

other parts below the retainment ring under negative pressure. Only the ring in this 

case will be exposed to a positive pressure. Thus, making P. o�t = Pr1, and the total 

interference fit 8 required to develop that pressure is calculated as follows: 

2R3P, onr(RRo -R1) (3.61) S_ 
E(RR0 -R, )( 2 

-Re; ) 

where Rcis the radius at the contact surface i. e. Rc = RRI = Rmo. 

Hence to assemble the retainment ring via shrink fit process, the temperature 

difference to allow for the ring to slip over the magnet is calculated as follows: 

AT =S Rcar 
(3.62) 

where AT in °C is the temperature difference required to perform the shrink fit and 

aT in K-1 is the thermal expansion coefficient for the assembled materials 

When the rotor parts (ring and PM) are assembled and the rotor starts rotating, 

additional stresses are developed on the rotating parts and these stresses are superposed 

to the residual stresses. This is valid as long as there is no separation occur between the 

rotor parts during the rotation. The radial and hoop stresses due to rotation are 

calculated as if only one disc is rotating with R., and RR,, are its inner and outer radii 

respectively. Hence, the total radial and hoop (due to residual and rotation) stresses 
distribution at any point on the PM and retainment ring can be calculated as follows: 

" Total radial stresses and hoop stresses in the retainment ring are given 

respectively as: 
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22 PcontRC Rno 
rrRjng - (RR0 -Rý) r2 

+ 
(3.63) 

22 (3 + v) 222 RRoRº�ý 2 
8 

Pmwm RRo +r- 
r2 

-r 

PcontR, 2 

1+ 
RR2o 

+ 
Ring (R2 _Rý) r2 (3.64) 

(3 + v) 22 Id i 
(1 + 3v) 2 

8 
prWm R;,, +Rmi + 

r2 (3+v) 
r 

9 Total radial stresses and hoop stresses in the PM disc are calculated 

respectively by: 

_R2 
CORC' ýC mi 

arTM 
W -4) 

1 
r2 

+ 
(3.65) 

22 (3 + v) 2 2i RRORºRý i 
8 P. RWºR 

RRO +r- 
r2 

-r 

P2 

_ 
-` contýC 

11 + 

Rm2i 

+ 
ýM ("c2 - "mi) r2 (3.66) 

(3+y) 
P2 R2 ++ 

RRoRm; (1+3v) 
r2 8mm Ro i 

r2 (3+v) 

It should be noticed that all the above-mentioned Equations are based on Lams 

solutions for compound cylinders which can be found in details in [561. In all equations, 
it is assumed that both inner and outer disc have the same mass density, pm (kg/m), 

modulus of elasticity, E (GPa) and Poissons ratio. 
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3.5.4 Rotor stress distribution 

CHAPTER 3 

The stress distribution in the PM and retainment ring at the design speed, is 

calculated using Equations 3.63 - 3.66. The design data used in the calculations for a 

particular rotor design are given in Table 3.8. 

RRo 

mm 

Rc 

mm 

RR, 

mm 

Pm 

kg/m3 

E 

GPa 

V 

- 

W. 

rad/sec 

1 
cont 

MPa 

S 

MM 

55 47 27 7850 210 0.3 5500 138 0.260 

Table 3.8 Design data given for a particular rotor design for the calculation of 

radial and hoop stress 

where Pao�, and 8 are calculated using Equations 3.52 and 3.61 respectively. 

The radial stress distribution in the retainment ring and PM disc are presented 

graphically in Figure 3.14 and the hoop stress distribution for both parts are shown in 

Figure 3.15. 

200 
----- Residual Radial 

-- -Rotational Radial 
150 Total Radial 

6= 0.26 mm PM disc Retainment 2 100 Nd= 52500 rpm ring 

u; '--- 
up 50 
i^ 
4 N 0 

-100 

-150 
27 31 35 39 43 47 51 55 

Radius, mm 

----- Residual Radial 

-- -Rotational Radial 
Total Radial 

6= 0.26 mm PM disc Retainment 
Nd= 52500 rpm ring 

001- 

r figure 3.14 Radial stress distribution in the PM disc and retainment ring 
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1700 PM disc Retainment 
15M 
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1300 

-. _Rotational Hoop 
to 1100 Total Hoop 
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i 

500- 

300-, --- --ý 
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-100 
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Figure 3.15 Hoop stress distribution in the PM disc and retainment ring 

These analytical results can be used to check for mechanical integrity of the 

rotor, with the following criterion should be considered: 

" Hoop stresses at the inner radius of the retainment ring at the specified design 

speed should be below the specified design strength, ad which is given as 

ad = ay/Sr , where ay is the yield strength of the retainment ring material and 

Sf is the safety factor. For the rest of this work, a design strength value of 1333 

is considered for the Maraging G125 retainment ring, based on safety factor 

Sr =1.5. 

" According to the manufacturer data [58], PM should always be in compression 
state since it can only withstand high compressive stresses (in excess of 1500 

MPa) and very low tensile stresses (below 100 MPa). Preliminary results for 

the hoop stresses at the inner radius of the PM examined at the design speed are 
found in excess of 209 MPa where it could damage the magnet disc. However 

this problem can be solved by, using segmented PM in the rotor structure 
instead of having continuous annular PM. 
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" Negative radial stresses at the surface of contact between the PM and the ring, 
indicate that a continuous contact is maintained at the design speed. 

Finally, it is worth mentioning that for the stress analysis of the real structure of 

the PM rotor, a FE model is found to be more convenient due to the following 

reasons: 

" The analytical solution is based on a simplified model of uniform 

homogeneous concentric discs having similar mechanical and physical 

properties. The real PM rotor disc contains four different materials and they all 

should be considered in the analysis. 

" The analytical solution assumes that there is no axial deformation hence no 

stresses in the axial direction. 

" The actual geometry of the magnet rotor disc is much complicated especially 

when using segmented PM with different shapes which requires a 3D FE 

models. 
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3.6 STEADY STATE PERFORMANCE ANALYSIS 

The steady state performance of the PM generator is conveniently explained by 

the energy conversion process that takes place in the machine, which is achieved by 

the linkage of both the stator and rotor magnetic fields. Machine electrical parameters 

such as leakage and magnetising inductances are highly affected by the distribution of 

the magnetic field in the machine. Therefore the performance prediction depends 

critically on accurate computation of such electrical parameters. Electrical machine can 

be modelled typically using one of two methods. The first method involves the 

generalised electrical machine theory, from which an equivalent circuit can be 

constructed. The second method involves numerical calculations such as FEM from 

which the field distribution can be obtained. 

Although FEM allows accurate determination of machine parameters including 

inductances through magnetic field solutions, they require a lot of effort especially 

when the geometry of the machine is complex. At the earlier stages of the design 

process, it is recommended that machine performance can be predicted with sufficient 

accuracy using analytical models. Hence, several proposed designs can be quickly 

evaluated then those with acceptable performances can be then analysed accurately 

using FEM techniques once they are selected. In this section, an equivalent circuit is 

constructed based on lumped parameters from which the performance of several 
PMAF high-speed generators are examined. Later, in the next Chapter, a FE analysis 
is performed on a particular proposed machine designs from which performance is 

predicted and compared to the results obtained from the analytical approach adopted in 

this section. 

3.6.1 Equivalent circuit 

In an equivalent circuit, the machine is represented by lumped parameters such 

as inductances and resistances derived based on simplifying assumptions. These 

assumptions generally include linear magnetic material and simplified stator/rotor 

geometry. Several methods of representing the equivalent circuit for conventional 

synchronous generators are available 118,59 Permanent magnet generators have the 
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same parameters of field excited generators for the air gap and the stator, but the rotor 

is slightly different because of the presence of the magnets, which are regarded as a 
fixed field excitation source. The equivalent circuit for the proposed PMAF generator 
is presented in Figure 3.16-a). Whereas the generator phasor diagram at pure resistive 
load i. e. unity power factor is shown in figure 3.16-b). 

a) Xm x RS ýL 
b) 

L 

'C UB'. = ". x. 

J[A II4 
Ij 

t 

Figure 3.16 Equivalent circuit and phasor diagram of the AFPM generator 

at unity power factor 

3.6.2 Synchronous reactance 

When a current 1L is drawn in the stator windings, a flux 0Q is produced. Part 

of it, cbL known as the leakage flux, links with the stator windings only and does not 

link with the flux from the PM. A major part, OM 
, 

known as the magnetising flux, is 

established on the air gap and links with the main flux produced by the PM. 

Accordingly, the synchronous reactance, X, , can be calculated as follows: 

XS =XL +XM (3.67) 

where XL and X. are the leakage and magnetising reactances and they are calculated 

as follows: 

XL = r. WeLL (3.68) 

XM = (0eLM (3.69) 
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where LL and L. are the leakage and magnetising inductances respectively and they 

can be calculated from the coil geometry which as shown in Figure 3.17. 

e 

Leakage 
field 

Figure 3.17 Calculation of leakage and magnetising inductances 

3.6.2.1 Leakage inductance 

The coil proposed for the current design has its dimensions determined from 

the calculations performed in the previous sections. Hence for the coil having a total 

number of turns NCT = N, N1, if the energy stored in the magnetic field linking the 

coil can be determined, the value of the leakage inductance for a total number of coils 

equal to the number of poles, p, can be found as follows: 

W= 
JipH2d(vol) 

(3.70) 

where, vol is the volume of the coil, from which: 

2W 
LL =P IZ (3.71) 

L 

2HW = NC,. IL x (3.72) 
Se 

H= 
Ncrx 

(3.73) 
2WýW 

e 
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2ZW 

W=1 /Jo 
NCT LCI fx2dx 

(3.74) 
24W. WIe 0 

W_l Al 
NTIJC X. 

(3.75) 
2 12W¬ 

hence, by substituting Equation 3.75 into Equation 3.71 we get: 

L pNCT C'IK'e 
(3.76) L -'u° 12W,,, 

where LL is the total leakage inductance of the stator of the generator and it is given in 

Henry (H). Wce =W, -e and W. are the inner end winding and winding axial thickness 

respectively and they can be calculated using Equations 3.17 and 3.18. Cl is the coil 

mean path and it can be calculated as follows: 

hence; 

C, = 
2)r 

`ýmo +W e+i-e +2(Rmo -"mi +We) (3.77) 
p22 

Cl =2R +1 +2Rmi P-1 +2We (3.78) 

3.6.2.2 Magnetising inductance 

Magnetising inductance can be calculated based on the determination of the 
reluctance of the magnetising path through the air gap and permanent magnet [60] 

Thus; 

PNcr LM _R 
eq 

(3.79) 

where Req is total reluctance of the path of the magnetising flux and can be calculated 

as: 
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Req = 
'mg (3.80) 

'mg =2tn, +1g (3.81) 

22 
kg =r 

Router - Rinner (3.82) 
P 

where 'mg is the total magnet air gap length, Amg is the air gap/magnet interface area, 

Router and R; R�er are the rotor outer and inner radii respectively. 

3.6.3 Voltage regulation, VR 

The voltage regulation of the PMAF generator can be determined from the 

following Equation: 

VR=ENL - V` 
x100 ENL 

(3.83) 

where V. is the terminal voltage calculated at full load current and it can be found as 

follows: 

Vý = 
[E(2 

NL) _(ILXS)2 
JU2 

-(ILRSC) (3.84) 

where R.,, is the resistance of the stator windings calculated from Equation 3.14 at 

temperature of 110°C . It should be noted that only the DC resistance is considered in 

the calculations and skin effect in the conductor is neglected since it is constructed 
from fine stranded wires. The total winding length, LT,,, used for the resistance 

calculations is determined using Equation 3.78, where: 

tr,, = NIN1pC, (3.85) 
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3.6.4 Efficiency calculations 

CHAPTER 3 

The efficiency, ri', of the PMAF high-speed generator can be calculated as 

follows: 

%rJ=P°x100 
pill 

(3.86) 

where Po and P;,, is the electrical output power and total input power respectively and 

they can be found as follows: 

Po = KIL (3.87) 

Pn=Po+Pc+Pse+Pw, +PRe (3.88) 

where 

P, = stator copper losses, W, calculated using Equation 3.13 

Pse = stator eddy current losses, W, calculated using Equation 3.11 

P., = windage losses, W 

PRe = rotor eddy current losses, W 

where the total conductor length, Ledd , used for the stator eddy current losses is 

calculated as follows: 

Lei =2NtNl(Rmo-Rm) (3.89) 

For the efficiency calculations in this Chapter, only the first three types of 
losses will be considered. Accurate prediction of the rotor eddy current losses requires 
FEM which will be considered in Chapter Four. As for rotor windage losses, it can be 

calculated using one of the empirical formulae which has been presented in a number 

of papers [61,621 for the evaluation of windage losses for rotating masses. These 

formulas are theoretical functions approximated to practical results. James et al [101 
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have predicted the windage losses in a small high-speed alternator using one of the 

most common formulae which can be expressed as follows: 

Pw = NR 0.0311pai4/5 
r , i, W; 14/5m 

Ro 
/5823/5 vs (3.90) Pair 

where: 
NR = Number of rotating discs 

Parr = density of the surrounding air, 1.18 kg/m3 

Pair = coefficient of viscosity of the air, 1.98 x 10-5 kg/m. s 

Hence in this work, the windage losses in the PMAF high-speed generator is 

calculated using the formula presented in Equation 3.90. 

Once the losses in the machine are evaluated, the amount of air mass flow 

required to cool the generator can be calculated as follows [631: 

Poss 

C 
pLTgen 

(3.91) 

where m is the air mass flow rate, kg/sec, P1 is the total losses in the generator, W, 

Cp = 1004.7 in J/ kg "K is the specific heat capacity of the air at 25°C and ATge1 is 

the temperature rise in the generator. This value of mass of flow is helpful in the 

design or selection of an integral fan which can be mounted on the same shaft of the 

generator. A suitable cooling fan can be used for this application is the centrifugal fan. 

The design of the centrifugal fan is beyond the scope of this thesis. 

3.7 SIMULATION 

In this section, the model developed for the PMAF high-speed generator was 

explored and applied to several possible designs. With the known data for some of the 

design parameters which are given in Table 3.9, it was possible to perform the 

simulation in two different approaches which are described in the following Sections. 
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Rh!, 
mm 

R,,, 
mm 

db, 
mm 

d8td, 
mm 

Nsrd, 
No of strands 

N1, 

No of layers 
1g' 
mm 

En 
Volt 

IL. 
Amp 

Nm, 
rpm 

7.5 15 2.3 0.2 96 2 10 220 75 5000 

Table 3.10 M aior design data used for t he simulation of the mode l develoned 

for the PMAF high-speed generator 

3.7.1 First approach 

In this approach, the air gap flux density, Bg, is calculated where magnet outer 

radius, Rmo is given from Equation 3.24. Hence several designs of different 

characteristics and performances can be obtained through the exploitation of all 

possible design variables. However, those designs, which have poor mechanical 

structure, insufficient space for the windings and those which require extreme air gap 
flux density in excess of 1.1 T are eliminated and only those feasible designs for 

different number of turns and number of poles are presented in Table 3.10. Finally the 

power density of a machine plays a vital role in the selecting any of the proposed 
designs having such high performances. Although designs Al & B1 have the highest 

efficiencies, their power densities are very low compared to design D1 which has the 
highest power density and a good efficiency. Hence this design is adopted and will be 

used in the FEA in the following Chapter. A prototype of this design is built and tested 

and the experimental results obtained can be found in Chapter Seven. 

3.7.2 Second approach 

In contrast to the first approach, in this approach a specified value of flux 
density, Bg , 

is inputted into the model. Normally a working point at the maximum 

energy of the magnet or slightly greater values are selected to keep the operating point 
of the magnets on the reversible line and to avoid magnet demagnetisations. For 
NdFeB grade N38H having B, =1.22 T, a flux density of 0.63 is considered for the 

calculation. Several designs with the possible combinations of the number of turns and 
number of poles were taken into account. The magnet outer radius is found for each 
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possible design to satisfy electrical output. Again all designs which have poor 

mechanical structure and insufficient space for the windings are eliminated. In 

addition, designs which do not satisfy electrical requirements are not considered and 

only the accepted designs are presented in Table 3.11. A comparison between these 

designs based on the power density and efficiency of the generators are shown in 

Figures 3.18 and 3.19 respectively. Two more designs (D2 & H2) were found to have 

high power density and high efficiency through using this approach. 

Proposed design Al BI Cl D1 El 

Nr 
, turns 3 4 5 5 6 

P, poles 111 8 6 8 6 

R,,,, mm 22 24 27 27 29 

Rmo, inne 38 42 47 47 50 

Rlzr 
, mm 41 47 55 55 62 

1m, mm 241.5 47.4 45.12 17 23.3 

m 5.61 7.6 9.44 10.83 12.26 

Rotor weight, kg 17.37 4.53 5.9 2.25 3.93 

Stator weight, kg 0.12 0.16 0.2 0.23 0.26 
't'otal weight, kg 17.49 4.69 6.1 2.48 4.19 

, min 0.247 0.24 0.26 0.26 0.249 

Max a.. , 
MPa 1371 1232 1227 1227 1 178 

R,,., S2, 0.0429 0.0583 0.0723 0.0829 0.0939 

Ll, IAH 2.46 5.94 11.51 13.2 21.54 

Ltit IAH 0.42 4.78 11.03 25.12 36.3 

BK C 1.019 0.862 0.86 0.637 0.721 

V1, Volt 216.7 215 212.9 205.4 202.12 

fee, I Iz 4166.6 3333.3 2500 3333.3 2500 

1e, W 298.34 164.1 95.35 124.61 84.62 

P, 
,W 241.7 327.8 406.82 466.6 528.5 

1;,, 
,W 87.6 164.23 338.44 338.45 587.25 

110, W 16252.7 16123.67 15972.52 15403.46 15159.6 

% VI? 1.5 2.28 3.19 6.64 8.12 

% 17 96.28 96.1 95.00 94.31 92.66 

Power density, kW/kg 0.929 3.437 2.618 6.211 3.618 

Table 3.10 Successful possible designs determined by first approach 
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Proposed design A2 B2 C2 D2 E2 F2 

N, turn 

p, poles 16 18 20 22 24 26 

mm 18 18 18 18 18 18 
Iln, 

, mm 56.2 51.25 47.75 45 43 41.25 
RR,, mm 72.2 62 56 52 49 46.25 
1", mm 18 18.27 18.55 18.845 19.13 19.44 

Total weight, kg 4.6 3.47 2.88 2.52 2.27 2.03 
Al shrink 

' 
O( 510.8 518.4 542 510 507 520 

(5, mm 0.316 0.292 0.284 0.252 0.239 0.236 
Max 691' , MPa 1323 1270 1290 1208 1 191 1215 
RS,, Q 0.03 0.0297 0.0293 0.0291 0.0291 0.0294 
LI.. NH 0.2 0.189 0.186 0.185 0.186 0.187 
LA>, pH 1.71 1.23 0.975 0.82 0.711 0.61 
Vº 217.6 217.7 217.75 217.7 217.7 217.75 
E. vl. 219.55 220.79 220.88 219.96 221.2 221.3 
I St, ,W 381.25 471.88 579.16 699.6 841 994.4 

W 171.0 167 165 164 164.79 165.4 
P,, w 1 187 587 367.7 261.5 199 148.7 
1-1 0'W 16321 16328 16331 16332 16332 16331.7 
% VI? 1.07 1.03 1.02 1.01 1.01 1.02 
% J7 90.36 93.01 93.625 93.55 93.13 92.58 
Power density-, kW/kg 3.54 4.70 5.67 6.48 7.19 8.04 

l able 3.1 1 Successful possible designs determined by second approach 

t. i 
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Proposed design G2 H2 12 J2 K2 L2 M2 

N, =Iturn 2 2 3 4 5 7 8 

P" poles 12 14 10 8 8 6 6 

mm 20 20 22 24 27 31 33 

mm 51.25 46.75 49.5 52 47 52.75 47.5 
RJ) 

. min 62.25 55 60 64 55 66 55 
1,,, 

, mm 17.48 17.74 17.23 16.99 16.99 16.76 16.76 
Total weight, kg 3.33 2.66 3 3.43 2.48 3.52 2.36 
A"' hrink ' 

O(' 522 513.6 509 513.2 502.6 495 517.4 

t5, mm 0.294 0.263 0.277 0.293 0.295 0.287 0.27 
Max a, Ml'a 1284 1228 1250 1291.5 1227 1298 1269 
R, 

_ "Q 0.0452 0.0447 0.0587 0.0737 0.0829 0.117 0.1228 
L1 

.f 1.15 1.14 3.36 7.52 13.2 36.65 50 
La, 

" fiH 5.08 3.88 10.78 22.22 25.12 73.4 65 
Vi 216.1 216.2 213.8 209.4 205.4 168.9 164 
1vi. 220.65 221.16 220.55 220.3 219.98 219.77 219.53 

s" W 262.8 357.2 200.76 139.54 124.59 80.027 60.97 
Pt, 

,W 254 251.7 330.4 415 466.6 660.6 690.8 
II 

W, w 587 338.4 505 679.5 338.4 783 338 
PO 

,w 16209 16215 16037 15708.4 15403.3 12667.4 12304.4 
% VR 1.76 1.72 2.8 4.79 6.64 23.2 25.4 
% '1 93.62 94.47 93.93 92.71 94.3 89.26 

T 
91.86 

Power density, kW/kg 4.86 6.09 5.34 4.57 6.21 3.59 5.21 
Continued I able 3. I1 
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Figure 3.18 Power density comparison of successful designs determined 

via second approach 

8 
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Figure 3.19 Efficiency comparisons of successful designs determined 

via second approach. 
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CHAPTER 4 

COMPUTER AIDED ANALYSIS OF THE PMAF HIGH- 

SPEED GENERATOR 

4.1 INTRODUCTION 

Computer aided design (CAD) systems were used in the 1960's in the design 

phase of automobile and airplanes. They aided and simplified many design processes 

from conceptions and synthesis, through analysis, optimisation and drafting, through 

building and testing of prototypes [641. CAD systems provide a computer-human 

interaction which enables the designer to obtain the performance and characteristics for 

a model under consideration, and optimise the model by mathematical tools. 

Simulating the performance of a proposed design allows the introduction of design 

modifications prior to building the device. This undoubtedly cuts time, effort and cost. 

Another advantage is the documentation of every design step properly using database 

systems. These developments and features of the CAD system have accelerated the 

development of electrical machines especially permanent magnet type [651 

Since 1970's, computer technology has developed so rapidly, it made it 

possible to use numerical methods to solve more realistic design problems that involve 

the solution of large number of simultaneous equations. Numerous number of software 

programs for special and general purposes were and still developing to assist in the 

design process in all engineering aspects. These programs are termed as Computer 

Aided Analysis (CAA) systems. The main purpose of these software packages is to 

analyse models under certain operating conditions, through solving the related 

modelling equations. Nowadays, computer aided drafting, analysis, and optimisation 

are essential building bricks of any commercial general purpose package in the market 
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[661 in which its structure is based on the implementation of the Finite Element method 
(FEM). 

4.2 THE FINITE ELEMENT METHOD 

In the 1960's, structural and mechanical engineers were involved in developing 

and using a new numerical method for solving the Partial Differential Equations 

(PDE) in the mechanical and structural systems, called finite element method [671. This 

method then adopted by electrical engineers to solve electromagnetic problems for 

simple electric devices. Later it has been used to predict flux distribution in different 

electrical machines [681. Hence, this method has enhanced the capability of analysing 

complex structures and complicated machines which was impossible to perform by 

ordinary methods. 

The finite element method is a direct numerical computational method which 

provides an approximation to large number of complicated engineering and physical 

problems, which can be described by PDE. This method derives its name from the 

basic concept of the method that involves the subdivision of the domain under 

consideration into a number of small regions called elements. The elements can have 

different shapes and they can be put together to model any irregular shapes and 

complex objects composed of different materials and have mixed boundary conditions. 
The elements are joined by ensuring the boundaries of each element are compatible 
with those of its neighbours and with the overall boundary conditions of the model. 
After setting up the differential equations for the elements and applying load and 
boundary conditions, the global matrix equation can be solved at the nodes. This 

method is regarded currently as the computational base of many CAD systems and it is 

capable to solve many design problems associated with several fields such as 
structural, electromagnetic, thermal and fluid dynamics problems. 

Nowadays, general or special purpose commercial FEM packages are highly 
developed and they are available for educational purposes for research and for 
industry. In this project, a FE package called ANSYS version 5.4, which was licensed 

to Aerospace Civil and Mechanical Department (ACME) of University of 
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Hertfordshire, is used to perform the required structural and electromagnetic analysis 
for the proposed design of the PMAF high-speed generator. This version has a 
limitation on the node number. Nevertheless, through this work, it was possible to 

build different FE models with relatively reliable results obtained without significant 
loss of accuracy. 

4.3 OVERVIEW OF ANSYS FE SOFTWARE 

ANSYS, is a general purpose FE software package developed by ANSYS Inc., 

is a powerful tool, and extensively used in this Chapter. With high computing 

capability, ANSYS can deal with three-dimensional structural problems or complicated 

models quite well. In addition, it has the ability to quantify design parameters and 

visualise electromagnetic fields, which helps to understand performance variations and 

to obtain reliable and accurate characterisation data. 

There are three major parts involved in the analysis of any FE model when 
using ANSYS 1691 these are: 

" Describing the model and defining the problern. 

" Solving the problern. 

" Viewing the result of the analysis. 

The first part consists of creation of the model and definition of the problem. 
Usually, this part consumes most of the users time since it involves building the 

geometry, applying loads and boundary conditions, and creating the finite element 
model. It is worth mentioning that FE models, can be build using ANSYS Parametric 
Design Language (APDL) in which the model is built in terms of parameters, which in 
turn allows to make design changes easily and conveniently. APDL also encompasses 
a wide range of other features such as repeating a command, macros, branching, loops, 

and vector and matrix operations. This can be done in a batch file (normally text file) 

where all the commands are written in the file and then the file can be executed 
directly. 
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Later, the solution part offers users two options for running automatic analysis 

mode or manual analysis mode. In general, automatic mode is suitable for most of the 

analysis but if special options are required for a certain analysis, then manual analysis 

can be set. However, this requires that the users should have adequate experience in 

dealing with all options available in the solution interface. 

Finally, the results can be viewed after the solver has finished the calculations. 
Hence results can be evaluated and design modifications can be made based on 
information gleaned from the analysis. In general, whether the FE analysis is 

addressed for structural or electromagnetic analysis, the flowchart depicted in Figure 

4.1 describes the algorithm for performing general FE analysis used through this work. 

Start 
CD 

No Geometry 
4 OK? 

Create the Geometry Modify design Yes 
parameters 

No FE model Ok? 
Create the FE model 

Yes 
Refine or re-mesh 

Apply loads and 
j 

No t-ý ads 8 boundary 
boundary conditions conditions OK? 

Set up and run the Modify analysis Yes 
analysis options 

View the results 

No 
Resuäs acceptable? 

Yes 

End 

Figure 4.1 Flowchart for general purpose FE analysis inANSYS 
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4.4 FE STRESS ANALYSIS OF THE ROTOR DISC 

The design of the rotor of the PMAF high-speed generator is the most crucial 

part of the machine. Hence a reasonable attention is paid towards ensuring the 

mechanical integrity of the rotor. For stress analysis, the rotor is treated as any 

structural problem which is under static loadings, hence the governing equations which 
describe the FE are presented hereafter. 

4.4.1 Theory and general considerations for FE stress analysis 

For linear materials involved in any mechanical structure, the stress strain 

relationship in each element can be described as follows: 

{o}=[D] {E} (4.1) 

where: 

{a} = stress vector 
[Qx 

a, o ate, on a 

[D] = elasticity matrix 
{E} 

= total strain vector 
[E 

Ey EZ Ems, S 8'. 

Also the strain can be described as: 

{e}= [B] {a} (4.2) 

where [B] is the shape function which describes the geometry and variable change over 

each element and {a}is the nodal displacement vector at each node of the element. At 

equilibrium state, the following formulation can be achieved: 

{F}= [K] {a} (4.3) 

where {F}is the overall external force vector and [K]is the element stiffness which 

can be found as: 
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[K] _ [BT [D] [B] d (vol) (4.4) 

For the overall domain, the global stiffness matrix can be determined from the 

summation of the overall element stiffness matrixes, thus Equation 4.4 can be 

generalised for the whole elements as follows: 

{F)= [Kr {y (4.5) 

where 

[K]S _E[K] 
(4.6) 

9 

The summation of element stiffnesses is performed over the elements which 

share a particular nodal point. 

These equations are common for structural finite element method 1691. The 

analytical solutions that have been presented in Chapter Three can be used to solve 

these problems but mainly with many simplifying assumptions. Hence they are unable 

to solve complex structural geometry with different materials. Thus, FE solution 

overcomes the problems encountered with the analytical solutions and can be ideal for 

solving complex structural problems. However, when performing FE analysis, the 

following general guidelines should be considered: 

" The results obtained from the FE analysis should always be examined closely 

for discrepancies or checked against other solutions. 

"A compromised mesh density should be maintained for the model for good 

accuracy and acceptable time. Normally it is preferred to start with coarse 

meshing and then refine gradually till there is no significant change in the 

obtained results. 

"A good mesh should contain smaller elements at the area of interest and in the 

region where rapid variation on the geometry is found. 

" Inaccurate representation of the actual loads or boundary conditions leads to 

inaccurate results even if a good mesh is used. 
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" Rigid body motion of the model should be prevented by means of displacement 

restrain in certain directions. More detailed guidelines for FE modelling can be 

found in 169 

4.4.2 Initial stress analysis of the PM rotor using 2D FE model 

The PM rotor which has been described in Chapter Three, has only considered 

the PM and the retainment ring for stress analysis since they are the most critical parts 

in the rotor. In addition, the analytical stress analysis was based on the assumption that 

there is no deformation hence no stresses in the axial direction of the rotor and both 

PM and retainment ring have the same mechanical and physical properties. In contrast, 

the rotor consists of four different layers each layer presents a different material with 

different mechanical and physical properties. Moreover, the permanent magnet in the 

final rotor design is segmented into a number of magnets called poles with several 

proposed shapes, which in turn adds more complexity to the rotor structure. This has 

called for the utilisation of the FEM for the stress analysis of the rotor of the PMAF 

high-speed generator. 

In fact, the ideal FE modelling for the proposed design of the rotor would be a 

3D model. However, 3D model requires considerable effort and is time consuming 

especially at the earlier stage of the design where parametric analysis is required to 

investigate the mechanical integrity of several proposed designs. Moreover, 3D model 

requires large number of nodes, hence inevitable coarse meshing will be forced due to 

the limitation on the number of nodes available for the current software package. In 

response to this problem, it was decided to perform the initial stress analysis, 
investigations and parametric analysis for mechanical integrity of the rotor using 2D 

FE modelling. Once the final geometry with its final design data is determined, a 3D 

model then can be used for obtaining the final results of the rotor. 

One of the methods could be used for modelling the current rotor in two- 
dimensional modelling is the planar form E131. The planar form allows for modelling of 
the whole rotor including segmented magnets. However, such a model lacks some of 

the accuracy since it assumes that there is no deformation in the axial direction of the 
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rotor hence neglects the axial stresses. Moreover, in this type of modelling, in order to 

prevent rigid body motion, spring elements should be introduced between the nodes at 

the inner surface of the rotor and a single constrained node placed at the centre of 

rotation. Thus, adding another source of uncertainty to the results since the results will 
be affected by the specified values of stifnesses for these springs. 

Accordingly, the alternative option is to use the 2D axisymmetric FE 

modelling for the analysis of the simplified rotor. In this analysis, annulus PM disc is 

inevitably assumed and only half of the rotor is modelled in the x-y plane. Although 

the simplified rotor has four different concentric layers, the first axisymmetric FE 

model was performed for only two layers that represent the PM and the retainment 

ring. This was required in order to check the validity of the FE model against the 

analytical solution that was performed on similar layers in Chapter Three. Then all 
layers were considered and a parametric analysis is carried out to investigate the 
influence of some design parameters on the mechanical integrity of the rotor. First, the 

ANSYS program structure written for the axisymmetric FE model is described 

hereafter. 

4.4.2.1 ANSYS program structure for the axisymmetric FE stress model 

For this analysis, the ANSYS package was operated in the batch mode in which 
all commands are written in text file using APDL to allow for any changes required on 
the FE model and alteration of the design parameters. The file is read and executed 
automatically into the ANSYS processor and the output results are written to an output 
file where results of interest are viewed graphically in the ANSYS general 
postprocessor. This method is contrast to using the Graphical User Interface (GUI) to 
enter and analyse the model. 

The ANSYS environment is divided into several subsections. The begin stage 
(/BEGIN) is used to define the main parameters of the rotor disc. In the pre-processor 
stage (/PREP7), the model of the simplified rotor is developed, material properties are 
defined and assigned, areas are meshed and loads and boundary conditions are applied. 
In the solution processor (/SOLD) the finite element solutions are generated. Finally, 
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in the postprocessor stage (1POSTI), the outputs are generated and results obtained are 

stored and visualised. 

For this type of analysis, The ANSYS PLANE42 element type is selected. The 

PLANE42 element is defined by four nodes having two degrees of freedom at each 

node that are translation in the nodal x and in they directions. Since the simplified 

rotor of retainment ring and PM discs is assumed symmetric about the centreline of the 

shaft, it is only necessary to model half of the geometry in ANSYS. Hence, the 

parameter option for the defined element is set as axisymmetric elements. 

In reality, the retainment ring is assembled on the permanent magnet disc via 

shrink fit. To simulate the interference fit between retainment ring and the PM disc, a 

point-to-point contact element known in ANSYS as CONTAC52 was introduced 

between the two surfaces of contact. The amount of interference fit required is inputted 

in the pre-processor stage as one of the real constants defined by ANSYS for this type 

of elements. Other real constants such as normal, KN, and sticking, Ks, stiffnesses are 

also defined and their values were also inputted at that stage. In general, random values 
for these stiffnesses can be chosen. High stiffness values are recommended to 

accelerate the convergence rate; however, too high stiffness values could sometimes 

result in a non-converged solution. As a general rule, the normal stiffness, KN, can be 

estimated by the following calculations: 

KN=CRE (4.7) 

where C. is the contact radius and E is the material Young's Modulus of elasticity 

and the sticking stiffness, Ks, can be found as: 

KS = KN/100 (4.8) 

However, in some cases it is useful to change K, values between the load 

steps in order to obtain an accurate converged solution. 
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Once the element types are defined, all the relevant properties for the material 

used in the model are specified. For this application, the required properties are mass 

density p,,,, Young's modulus of elasticity E, Poisson's ratio v and friction 

coefficient p. . 

Next, the different regions of the model are defined and materials are assigned 

to each region. In the axisymmetric models all specified regions are presented by areas. 

In this particular analysis, rectangular area represented the retainment ring and the PM 

disc since they have uniform rectangular cross-sections. These rectangles are specified 

by supplying their x and y coordinates. Figure 4.2-a) shows the ANSYS axisymmetric 

model for the geometry of the PM disc and retainment ring. The design data and 

material properties for the PM and the retainment ring are found in Table 3.8 in 

Chapter Three. 

a) creating geometry b) meshing and applying boundary conditions 

With all of the areas defined and given material properties, the model can now 
be meshed. Meshing of the model involves dividing each area into the small elements 

which will be used for the finite element solution. The ANSYS processor provides an 

automated method for meshing the model in which software chooses the meshing 
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parameters. However, in this analysis, the meshing was controlled manually where 

quadrilateral mapped meshing is performed by setting an appropriate number of 
divisions for the lines enclosing the rectangular areas. The adopted meshing for the 

model can be seen in Figure 4.2-b). When meshing the separated regions it is 

necessary to ensure that the mating nodes are lined up at the surface where they 

supposed to meet. This is required since contact elements are created separately after 

meshing, where each element is connecting two opposite nodes together. 

Once the elements are created, boundary conditions and loads must be applied 

to the model. For this analysis, the PM and the ring are allowed to rotate about y -axis, 

and rigid body motion for the whole model is prevented by constraining one node at 

each separate area i. e. at x=R, �; and y=0 for the PM and x= RR; 
,y=0 

for the 

retainment ring as can be seen in Figure 4.2-b). 

Finally, the FE solution was performed in two steps in the solution processor. 
First, the model is solved without applying any rotational speed, thus residual stresses 
due to the shrink fit alone is obtained. Second, the rotational speed wy is applied to the 

whole model to account for the centrifugal stresses due to rotation. Once the solution is 
found, the postprocessor is utilised to examine the results. 

For this analysis, the maximum hoop and maximum radial stresses in the PM 

and the retainment ring are the most important results. The principle stresses are also 
checked and the gap or contact status is examined to investigate whether or not a 
separation between the PM and the ring has occurred. This feature is provided in 
ANSYS by screening the STAT condition for the selected contact elements via issuing 
the command NMISC, 9. If STAT =1, the gap is closed and no sliding occurs. If STAT 
= 3, the gap is open. A value of STAT =2 indicates that at least one of the contact's 
nodes is sliding relative to the other. Another simple method of determining the 
contact status is to check the values of radial stresses at all nodes on the surfaces of 
contact between the PM disc and ring. A negative radial stress value indicates the 
availability of contact and no separation is occurring at the design rotational speed. 
The detailed code written for the FE 2D axisymmetric analysis can be found in 
Appendix D. 
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4.4.2.2 Validation of the axisymmetric FE stress model 

CHAPTER 4 

For the validation process of the adopted axisymmetric FE model, the results 

obtained are compared to the results obtained from the analytical solution performed 

on similar structure. The computed results of interest are the maximum radial and hoop 

stresses and the status of contact between the magnet and the ring. The comparison 
between the results obtained from both solutions are summarised in Table 4.1. More 

detailed results concerning radial and hoop stress distribution in the model obtained 

from both models are presented graphically in Figures 4.3 and 4.4. As it can be seen 
from the results obtained that a good agreement between the analytical and FE model 
is achieved, thus further analysis and investigations on the rotor structure is performed 

with great confidence using the adopted FE model. 

Stresses PM disc Retainment ring 

Rm, = 27 mm Rmo = 47 mm RR; = 47 mm RRO = 55 mm 

Radial Analytical 0 -84.77 -84.77 0 

[MPa] FEM -3.97 -77.17 -77.17 8.75 

Hoop Analytical 209.98 66.33 1228.21 1017.48 

[MPa] FEM 210.00 70.27 1232.5 1019.3 

i ante 4.1 c; ompanson of stress results obtained by analytical and FE solutions for 

the simplified PM rotor 
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Figure 4.3 Total radial stress distribution in PM disc and retainment ring obtained by 
2D axisymmetric FE model and analytical solution 
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CHAPTER 4 

Figure 4.4 Total hoop stress distribution in PM disc and retainment ring obtained by 

2D aaisvmmetric FE model and analytical solution 

4.4.23 Parametric analysis 

The next analysis is performed for the simplified rotor taking into account the 

four different materials assembled on the rotor which are presented by four concentric 
discs as shown in Figure 4.5. The same code which was written for the previous 

analysis was slightly modified to account for the extra discs. Also, more contact 

elements are introduced at the new contact surfaces. These additional contact elements 
have their own real constants such as interference fit, normal and sticking stiffness 

values are different than those defined for the first contact element. It should be 

noticed that the magnet carrier disc is also assembled on the rotor hub via shrink fit, 

thus a specified value for the interference fit is given in the real constant of the 

corresponding contact elements. As for the PM disc, it is fitted on the magnet carrier 
by sliding fit, thus no interference fit value is specified for its corresponding contact 

element. 

The analysis is performed for the rotor having the design data given in Table 

4.2 and the mechanical properties for the materials used in the analysis are given in 
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Table 4.3 where v and , u,, are the material Poisson's ratio and friction coefficient 

respectively. The purpose of the parametric analysis is to investigate the influence of 

varying the retainment radial thickness RThk on the mechanical integrity of the rotor. 

The ring radial thickness is varied over the range of 49 - 65 mm with an increment 

step of 2 mm while the interference fit between the retainment ring and the PM 83 is 

also varied in the range from 0.250 - 0.270 mm with an increment step of 0.010 mm. 
For contact status, the radial stresses are checked at the place of contact between the 

PM and the magnet carrier, i. e. at Rm; where preliminary results have shown that the 

chances of separation at that location are much higher than in any other contact 

locations as can be deduced from the values of radial stress results at Rmi shown in 

Figure 4.6. Whereas the maximum hoop stresses are checked at the inner surface of the 

ring, RR,, as shown in Figure 4.7. The radial stress contours and hoop stress contours 

for the case of 8 mm retainment ring thickness can be seen in Figures 4.8 and 4.9 

respectively. 

RRo 

Contact (1) Retainment 
S3= 0.25 - 0.27 mm ring R,,, 

Contact (2) 
8z 

Magnet 
Contact (1) carrier 

S =0 R 
1 . 046 mm ho 

otor 
hub Rh / 

Figure 4.5 Simplified PM rotor used for the 2D axisymmetric FE stress analysis 
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Material Type 

P. 

kg/m3 

E 

GPa 

V P. 

Rotor hub 17/4 PH steel 7800 210 0.3 0.4 

Magnet carrier Alumec 79 2750 71 0.29 0.4 

PM Sintered NdFeB 7500 160 0.3 0.4 

Retainment ring Managing G125 7800 200 0.3 0.4 

43 Mechanical nronertiec for the material used in the FE model o f the Pl 

Rh, 

mm 

Rho 

mm 

Rmi 

mm 

Rmo 

mm 

RThk 

mm 

Ö1 

mm 

82 

mm 

83 

mm 

lm 

mm 

Nd 

mm 

7.0 14.0 27.0 47.0 2- 18 0.046 - 0.250 - 0.270 17.0 52500 

Table 4.2 Design data used for the parametric analysis performed by 2D rEM 

Table 
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Figure 4.6 Radial stresses computed at PM inner radius of the rotor at different 

retainment ring thicknesses and different interference fits 
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Figure 4.7 Hoop stresses computed at retainment ring inner surface of the rotor at 

different retainment ring thicknesses and different interference fit 
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Figure 4.8 Radial stress contours for the case of Rrhk =8 mm and 83 = 0.26 mm 

modelled at the design speed Nd = 52500rpm 
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Figure 4.9 Hoop stress contours for the case of RThk =8 mm and 83 = 0.26 mm 

modelled at the design speed Nd = 52500rpm 

It can be seen from the results that for a particular PM rotor, there is an 

optimum thickness for the retainment ring where hoop and radial stresses can be 

reduced to their minimum values. The stresses are decreased as the retainment ring 

radial thickness is increased starting from 2 mm up to a certain thickness where the 

stresses start to increase again. This is expected since as the ring thickness increases, 

the centrifugal forces due to the increased mass of the ring will be increased. Thus, 

developing more positive pressure at the ring inner surface, hence more radial growth 

and expansion occurs. It can be also seen that increasing the interference fit is 

beneficial from the design point of view since with higher interference fit, rings with 
less thickness can be used to achieve a certain compressive radial stress. Hence, a 

continuous contact can be achieved at the required surface. However, precautions 

should be considered when choosing higher values of interference fit due to the 
following reasons: 

" Any increase in the interference fit will increase the hoop stresses at the inner 

surface of the ring, hence approaching the level of specified design strength. 

" High interference fit values requires higher temperature difference to allow for 

the required expansion for the assembling of the matting parts. The limitation 

of the temperature on the retainment rings and on the permanent magnets does 
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not allow for excessive temperature since it will deteriorate their mechanical 

and physical properties and their ultimate strengths. 

It can be seen from the graphs for the current PM rotor design, and for the 

specified interference fit values 83, the minimum stresses can be achieved with a 

retainment ring thickness RT, 
�. =14 mm. Although mechanical integrity is the most 

important design criteria for such a high-speed machines, other related aspects such as 

ultimate compactness, lightness and increased performances should be considered in 

the design process. Hence, when selecting the ring thickness it is very important to 

reduce the size and weight of the ring provided that mechanical integrity can be 

achieved. Thus, for the adopted design procedure, the author believes that the 
following steps ensure the selection of optimum radial thickness of the retainment ring: 

" Start with the highest interference fit values. If the temperature required for the 

expansion for the specified interference fit value exceeds the limits for any of 
the specified materials then the next lower value of the interference fit is 

selected. For the current design, according to the manufacturer 

recommendation and based on the heat treatment process of the ring, the 

maximum allowable temperature on the ring after heat treatment should not 
exceed 3500C. The minimum temperature required, AT, for the expansion for 

each specified interference fit value is calculated by Equation 3.62 in Chapter 
Three. The results are obtained for thermal expansion coefficients of 

aT =11 x 10-6 K-1 for the ring and with an additional temperature of 50 °C is 

considered to account for the temperature decay during assembling process. 
The results obtained are presented in Table 4.4. 

Table 4.4 Minimum temperatures required for the expansion of the retainment ring 

4539 R0 =47mm, aT =11x10-6 K-1 
[mm] AT, [IC ] TI .9, [ °C ] TRing 

s[ °C ] 

0.250 484 -190 344 

0.260 503 -190 363 
0.270 523 -190 383 
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Where T, �ag 
is the maximum cooling temperature can be maintained for the PM 

disc using liquid nitrogen and Ting is the minimum heating temperature 

required for the ring expansion and it is calculated as follows: 

Ting = AT -ITmagI +50 (4.9) 

It can be seen from Table 4.4 that the interference fit S3 = 0.270 mm 

requires high temperature for expansion, hence it was excluded from the 

selection process due to the temperature limitations. Therefore, the interference 

fit of 0.260 mm is selected for the current design. 

" Once the proper value of interference fit is set, a minimum radial thickness of 

the ring is selected provided that the maximum hoop stresses are not exceeding 

the specified design strength for each specified material. It can be seen from 

Figure 4.7 that the predicted hoop stresses even at the lowest values of ring 

thickness are still bellow the specified design strength Qd = 1333 MPa for the 

retainment ring. 

9 For any particular selected thickness of the ring, the contact status at each 

surface of contact, in particular the contact at the surface between the magnet 

carrier and the PM itself is checked. This can be simply done by viewing the 

radial stress results at the place of interest. Negative radial stress indicates a 

continuous contact is maintained at the design speed. From Figure 4.6, it can be 

seen that for the selected value of interference fit, a minimum radial thickness 

of 8.00 mm is required for the retainment ring to achieve a continuous contact 

at the surface between the magnet carrier and the PM disc. 

By adopting such processes in determining the retainment ring thickness, not 

only the mechanical integrity of the rotor is insured, but also other design aspects such 

as compactness and increased performance have been considered. The final step in the 

structural FE analysis is to perform a 3D FE modelling for the final design of the rotor 

to account for the unsymmetrical and non-homogeneous structure due to the 

segmented PM topology. Hence results of the 2D axisymmetric FE model can also be 
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compared to those obtained from the 3D model which is described in the following 

section. 

4.4.3 Three-dimensional FE stress analysis of the final rotor 

The final design of the rotor has its basic geometry similar to the one which 

was presented in the 2D model except that the PM is not in the form of annulus disc. 

In contrast the rotor consists of eight magnets of interchanged polarities having 

semicircular shapes which were selected at that stage based on the ease of 

manufacturing. These magnets are held in their positions by the magnet carrier as 

shown in the sectional view of the rotor in Figure 4.10. As for the detailed dimension 

of the rotor, they can be found in the AutoCAD drawings in Appendix B. 

The process of performing the 3D stress analysis is similar to that which have 

been described for the 2D analysis except SOLID4S is used for the 3D modelling. This 

element is defined by eight nodes having three degrees of freedom at each node, these 

are; translation in the nodal x, y, and z directions. The same contact element 

(CONTACS2) is used for defining all contact surfaces. For this analysis, only 1/8 of 

the full geometry is modelled. The model is constrained at specified nodes to prevent 

rigid body motion in the z-direction. ANSYS software provides two methods for 

applying symmetry boundary conditions at the surfaces of symmetry. The first method 

is automatically done through the GUI, either in the pre-processor stage or in the 

solution processor stage, simply by applying the symmetry condition on the picked 

surfaces that represent the planes of symmetry. The second method is done manually 
by picking the nodes at the specified surfaces and rotate these nodes in the cylindrical 

coordinates, then constrain these nodes in the hoop direction and allow them to move 

only in the radial direction. The modelled section of the rotor and its related hoop 

stress contours are shown in Figure 4.11-a) and 4.11-b) respectively. Other results can 
be shown for the full rotor by invoking the symmetric expansion option in the plot 

control menu. These results can be shown in Figures 4.12 and 4.13. 

91 



T. El-Hasan (7IAP1ER 4 

Rotor 
Hub 

Permanent 
Magnet 

[Yon-magnet, 5_-ý 
carrier 

Figure 4.10 Sectional view for the proposed final design of the rotor 

a) meshing the model b) hoop stress contours 
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Figure 4.13 Radial stress contours a) retainment ring b) PM assembly 

It can be seen from these Figures that the stresses are not uniformly distributed 

in the rotor especially at the inner surface of the retainment ring. For more precise 

results, the radial and hoop stresses obtained from the 3D model are computed at two 

different positions. The first results are obtained along the radial coordinates of the 

rotor where only magnet carrier is in contact with the retainment ring i. e. at position 

z=0 mm and 0=0 Deg. The second results are obtained along the same radial 

coordinates but with the angular coordinates is shifted at the centre of the PM i. e. 

z=0 and 0= 22.5 Deg. At this position, the PM is in contact with the retainment ring. 

The results obtained are presented graphically in Figure 4.14 and Figure 4.15 where 

93 



T. El-Hasan CHAPTER 4 

the radial stresses and maximum hoop stresses are compared respectively to the results 

obtained from the previous 21) FE model. 

20.0 

@Nd=52500 rpm N 

83=0.26 mm 
2D axisymmetric 
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Figure 4.14 Comparison of radial stresses between the 2D awsymmetric 

model and 3D model 
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Figure 4.15 Companson of maximum hoop stresses between the 2D 

axisymmetric model and 3D model 
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Both Figures show that there are some discrepancies between the results 

obtained from the 2D and these obtained from the 3D model. Also, in the same 3D 

model the results vary according to the place where they are calculated. This is 

expected since there are two different materials in contact with the ring at different 

angular positions. Higher hoop and radial stresses are found at the position where only 

magnet carrier is in contact with the retainment ring, i. e. at 0= 0Deg. This can be 

referred to the increased radial growth at the magnet carrier rim since it has the lowest 

modulus of elasticity E among the other material in the rotor. Thus, a non- 
homogenous pressure is exerted on the inner surface of the ring and hence non-uniform 

stress distribution is produced as a result. The maximum hoop stress at the position 

where PM is in contact with the ring is 5% less than those obtained at the position 

where magnet carrier is in contact with the ring. 

Also the hoop stresses obtained form the previous 2D model is 7% and 2% 
less than these obtained from the first position and second position respectively in the 
3D model. As for the radial stress distribution, results confirmed that a continuous 

contact is maintained at all contact surfaces, although there are some discrepancies in 

the negative radial stresses due to the non-homogenous geometry. 

From the two types of stress analysis performed in this Chapter, it can be 

concluded that the 2D axisymmetric model is reliable and results obtained can be 
accepted and can be safely used for the evaluation of the mechanical integrity of 
several designs during their earliest stage of the design process. However, it is quite 
clear that the 3D model is more accurate and it gives more precise results for the 
assessment of the mechanical integrity of the real geometry of the complex structure. 
The simulation results of the 3D stress model can be found in Appendix D. 
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4.5 ELECTROMAGNETIC FEA OF THE PMAF HIGH-SPEED 

GENERATOR 

With the increased interest in the demand in using PM machines for different 

applications, accurate modelling and analysis methods become essential in order to 
design machines that operate with high power density, high efficiency, high degree of 

reliability and minimum design and construction costs. The steady state performance 

of the PM machines is conveniently explained by the energy conversion process that 

takes place in electrical machines, which is achieved by linkage of both the stator and 

the rotor magnetic fields. Therefore the performance prediction depends critically on 

the accurate computation of the magnetic field distribution in different parts of the 

machine. 

Although a number of special methods for the analysis of PM machines have 

been implemented using analytical models [28,3241,42,7012 these analytical models are not 

always applicable especially in the case of complex machines geometries and for small 
high-speed machines. Moreover these models are mostly presented in terms of special 
factors that are affected by the shape and geometrical dimensions of the machine. 
Therefore the suitable alternative to overcome this difficulty in modelling and analysis 
of such machines is to use FEM. 

FEM shows superiority in providing the required information which later can 
be used in the CAD systems. FEM has been used extensively for modelling electrical 
machines and to predict their performances [711. Most of the work has been published in 

the literature is focused on modelling radial flux machines where a 2D FE model was 
found satisfactory for such machines [72,73,74]. Few have been published on the 

modelling and simulation of axial flux or disc type machines 175,761. However, these 2D 

models were based on many simplified assumptions and geometries. In addition, some 
important factors such as end windings and the leakage flux due to the interchanged 
PM polarities in the rotor were not considered. In fact axial flux machines do not have 

a complete symmetrical nature and they are away from being simplified into 2D 

models. Therefore a 3D FE model was found necessary to evaluate the performance of 

such machines although a 2D magnetostatic model was used at the preliminary stages 
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of the design to assist for the evaluation of the effect of type of retainment ring and its 

radial thickness on the magnetic flux in the air gap. 

In this work, the ANSYS software package is used to perform the 

electromagnetic analysis for the proposed design of the PMAF high-speed generator. 
The postprocessor of the software provides the user with interactive computation and 

graphics visualisation for the purpose of predicting the synchronous performance of 
the machines. The software provides the flux plots for different parts of the machine, 

air gap flux density distribution, thus with the aid of special purpose macros it is 

possible to view the induced voltage and the harmonics contents in the output 

waveform. In addition, parameters such as resistance of the windings, inductance, eddy 

currents and power losses can be computed through the model. In this section, the 

methods used to evaluate the PMAF generator performance and parameters mainly 

using 3D FE magnetostatic models are discussed. At the beginning, the 2D FE model 
is described and implemented for the purpose of parametric analysis which will be 

shown in details hereafter. However, the theory for the general magnetostatic FE 
formulation is given first in the following subsection. 

4.5.1 Theory of the magnetostatic FE analysis 

Magnetostatic analysis is governed by the following subset of Maxwell's 

equation [6,11,25]: 

V"B=O (4.10) 

VxH=J (4.1 1) 

where 
B= magnetic flux density vector 
H= magnetic field intensity vector 
J= total current density vector 

The above Maxwell's field equations are supplemented by constitutive relation 
that describes the behaviour of the electromagnetic materials. For problems 
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considering saturable materials without permanent magnets, the constitutive relation 

for the magnetic field is given as: 

B =pH (4.12) 

where u is the magnetic permeability of the material. When permanent magnets are 

considered, the constitutive relation becomes: 

B =pH+p0M, (4.13) 

where Mo is the remanent intrinsic magnetisation vector. Subsequently, the magnetic 

vector potential is introduced as: 

B=VxA (4.14) 

Use of the magnetic vector potential, A, from Equation 4.14 along with the 

constitutive Equation given in 4.12, allows Equations 4.10 and 4.11 to be written in 

terms of magnetic vector potential as: 

V. VxA=O (4.15) 

VxVxA=pJ (4.16) 

Furthermore, the Coulomb gauge can be defined as: 

V"A=O (4.17) 

With coupling of the Coulomb gage to the vector identity 

VxVxA= 0(0 " A)- V2 A, Equation 4.16 can be expressed in a more manageable 
form as: 

v2A = -1a (4.18) 
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The above PDEs are solved first by discretising these Equations in their space 

dimensions. The discretisation is performed locally over small regions of simple but 

arbitrary shape. The results in matrix equations relate the input current density vector, 

J, at specified nodes of the elements to the output vector potential A at the same 

nodes. To solve the equations over large regions, the matrix equations for these small- 

sub-regions can be summed node by node. Then the results for global matrix Equations 

are obtained. 

4.5.2 Magnetostatic analysis of the PMAF generator using 2D FE model 

The geometry of the PMAF generator is complex and at the advanced stage of 

the design, the accurate prediction of the generator's parameters and performances 

requires a 3D FE solution to represent the fields properly and also to account for the 

leakage and fringing effects between the adjacent magnets. However, at the earliest 

stage of the design process of the rotor of the PMAF high-speed generator, it is more 

convenient to adopt an appropriate 2D FE approximated model where several models 

with a range of dimensions of the retainment ring and made of different materials can 

be evaluated within minimum time of computation with accepted accuracy. 

The significance of this model that it accounts for the non-linearity and 

saturation effect if magnetic materials are used for the retainment ring and can be 

quickly built with a negligible computation time when compared to a 3D model. Also, 

in order to complete the magnetic circuit in the AFPM generator, another magnetic 

material is used for the rotor-back iron disc. For this analysis the back-iron disc was 

given a fixed shape having an arbitrary axial thickness of 20 mm and outer radius 

similar to the outer radius of the PM. It is worth mentioning that this 2D model will be 

also used for the design and analysis of the back-iron disc which will be discussed 

more in details in the following Chapter. 
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4.5.2.1 2D magnetostatic program structure 

The program written for the 2D magnetostatic analysis is similar in its main 

structure to that which was built for the FE stress analysis (Appendix D). The program 

also uses the APDL for the parametric analysis. The main difference in this program 

that the type of elements used is PLANE53 which is special for magnetostatic analysis 

and the planar option is chosen instead of axisymmetric. The axisymmetric model does 

not simulate the real magnetic model since in this case the permanent magnets would 

be presented as continuous annulus shape of one single polarity whereas in reality 

there are eight poles of interchanged polarities. Hence the behaviour of the flux lines 

would be totally different. The appropriate model alternative to the 3D model is the 2D 

FE planar model which is found convenient for analysis of the simplified model of the 

generator. The planar model is represented by a cross sectional cut made by the x-y 

plane in the PMAF generator and a unit depth is assumed in the z-axis. The 3D model 

and the two alternative 2D models are depicted in Figures 4.16 and 4.17 respectively. 

Retainment 
ring Permanent 
f 

magnet 

disc 

AN . 

Figure 4.16 3D model for one magnet rotor disc and back-iron disc proposed for the 
PMAF high-speed generator 
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aý b) Axis of symmetry 

Figure 4.17 2D models for the simplified PMAF generator 

a) planar model b) axisymmetric model 

The ANSYS element (PLANE53) is a 2D 8-Node magnetic element and it is 

based on the magnetic vector potential formulation which can be used for 

magnetostatic analysis. The element has nonlinear magnetic capability for modelling 
B-H curves or permanent magnet demagnetisation curves. Although symmetry can be 

used so that only quarter of the geometry needs to be modelled in order to simplify the 

model and reduce the time required for the analysis, it was found that the time of 

computation for the full model was not increased significantly. Hence, the full 

geometry was modelled to avoid any complication associated with applying the 
boundary conditions. In addition, the exterior of the full model was enclosed by 2D 

infinite boundary elements (INFIN9) to model an open boundary of the two- 
dimensional planar model. This element has two nodes with a magnetic vector 

potential degree of freedom at each node. This element allows modelling the effect of 
far-field decay in magnetic analysis without having to specify assumed boundary 

conditions at the exterior of the model. 

Once the ANSYS element type is specified, the material properties for all of the 

materials used in the model are specified. In particular, the B-H curve for the material 

used for the rotor retainment ring and the back-iron are provided to ANSYS. Also, the 
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relative permeability for the Alumec magnet carrier and air are given. Finally the 

relative permeability and the coercive force of the NdFeB PM are entered. 

The demagnetisation B-H curve for the NdFeB permanent magnet is linear. 

Thus, the permanent magnet permeability can be defined as: 

B 
Pr m HC 

(4.19) 

where B, is the remanence or residual flux density in the permanent magnet in Tesla 

and H. is the magnetic coercivity in kA/m. 

Hence, the relative permeability of the permanent magnet can be calculated as: 

Pr _ 
A. (4.20) 

With all regions defined in terms of geometry and material properties, the 

model can now be meshed. Although ANSYS provides automatic meshing, here 

quadrilateral mapped meshing was used to ensure fine meshing in the areas 

representing the air gap between the magnet rotor discs and also to keep a fixed 

meshing density during any subsequent change in the retainment ring radial thickness 

so that alike model can be compared to each other. The exterior lines of the whole 

model which represent the lower order infinite element, INFIN9, is divided and 

meshed first then the areas represented by PLANE53 for the rest of the model are 

meshed subsequently so that the higher order plane elements will appropriately drop 

their midside nodes during meshing. 

Once all of the elements are created, boundary conditions must be applied to 

the model before performing the solution. For this particular analysis, no boundary 

conditions needed to be applied since the infinite boundary elements INFIN9 enclose 
the full model. 
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Once the solution is found, the postprocessor is utilised to examine the results. 

For this analysis, the useful flux crossing the air gap is the most important result. 

Hence, the flux is calculated along a predefined path, which is represented by a vertical 

straight line in the 2D planar model. This line is placed in the middle of the air gap i. e. 

at x=0 and extended from the shaft outer edge i. e. y =15 mm to the surrounding air 

outer edge i. e. y= 70mm. Then flux is calculated by invoking the ANSYS command 

macro FLUXV along that defined path. This path can be shown in the 2D meshed 

planar model depicted in Figure 4.18 and the written code for this model can be found 

in Appendix D. 

Figure 4.18 A predefined path for flux calculation in the 2U planar FE model of the 

PMAF high-speed generator 

4.5.2.2 Effect of radial thickness of the retainment ring on the magnetic 
flux 

The retainment ring radial thickness is varied in the range of 2- 18 mm with an 

increment step of 2 mm while all other design parameters are fixed. The first analysis 
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is performed using the Maraging G125 material for the retainment ring. The flux lines 

and flux density distribution obtained from the nonlinear solution for one particular 

case of the model are shown in Figure 4.19. Whereas the results obtained from the 

parametric analysis for varying the retainment ring radial thickness is presented 

graphically in Figure 4.20. 

Nodal 
F' Bsum 

A =--017115 . 012497 
B =-- 01589 

. 124661 
=--014" 1 

. 
236826 

rl }+ 'ý D=- 01= - 
. 348991 I ý`I 

B 
. 

01ZL47 -. 461155 
F =-. 0110- - 

. 
57332 

G =-. 005 =1_ -- 685484 
H =-. 0085_ 

-797649 I =--00+_ .' 
0 

. 
909814 

nnr_ 1-022 
1.134 

F., 1. 
Q 1-358 

1.471 
1.595 

0 =. 002358 

Figure 4.19 Flux lines and flux density distribution in the PMAF 2D model 

x1 
1.62 T 

1.615 

1.61 
0 1.605 

ý-' 1.6 
E C X 1.595 

1.59 
V 

1.585 
C 
c 1.58 

1.575 

1.57 

_+ 4- 

_4 

2468 10 12 14 16 181 
Ring radial thickness, mm 

Figure 4.20 Magnetic flux variation vs. retainment ring radial thickness 
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It can be seen from the above Figure that the magnetic flux level crossing the 

air gap increases as the radial thickness of the ring increased. This can be referred to 

the fact that some of the flux lines tends to link with the useful flux as the path through 

the ring becomes relatively longer than the path through the air gap i. e. increased 

reluctance through the ring. However, this improvement in the flux level hence 

generator performance is marginal (< 2.5 %) when compared to the mass added due to 

the increased thickness. In addition, the windage losses will be increased significantly 

as the ring thickness increased. Hence, the final decision was made to keep the 

thickness of the ring as low as 8 mm which was determined by the mechanical analysis 
in the previous Section. 

4.5.2.3 Effect of retainment ring material type on the magnetic flux 

In this analysis, the retainment ring radial thickness is fixed to 8 mm and the 

relative permeability of the material is set to unity to investigate the effect of using a 

non magnetic material as a retainment ring on the flux linkage in the air gap hence on 
the performance of the generator. Results obtained from the analysis shows that a 

magnetic flux per unit length of 0.01750 Web/m and 0.015885 Web/m is obtained for 

the non magnetic ring and Maraging ring respectively. This improvement of 10 % in 

the flux is referred to the higher reluctance maintained when using the non magnetic 
ring. In contrast, the magnetic retainment ring works like a short circuit for some of the 
flux lines hence increase the flux leakage and reduces the useful flux which crosses the 

air gap. This can be clearly seen through the behaviour of magnetic flux lines shown in 
Figures 4.21 and 4.22 for the two types of retainment rings. 

However, the final decision is made to use the metallic magnetic retainment 
ring due to mechanical and manufacturing consideration as was discussed earlier in 
Chapter Three. If a non magnetic metallic material of high strength capabilities can be 

made available, then it would be a significant improvement to replace the Managing 
G125 ring by any of this material hence achieving higher power density. 
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Figure 4.21 Flux lines when using magnetic retainment rings (Maraging G125) 
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Figure 4.22 Flux lines when using non magnetic retainment ring 
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4.5.3 3D Electromagnetic analysis of the PMAF high-speed generator 

In the PMAF machine, the magnetic flux path and its corresponding spatial 

flux distribution are truly 3D in their nature and are at variance with the usual 

conventional or radial flux PM machines. This unusual 3D flux patterns in the PMAF 

machines is largely caused and shaped by the nature of the magnetic circuit geometry 

of the rotor, the location and the shape of the stator winding coils. Therefore, the use of 

the 3D FE analysis for this type of machine configuration is essential for accurate 

prediction of the machine parameters and performance. 

In this section, a 3D FE model is built using similar procedures for the 2D 

model except a solid element (SOLID97) is used to model three-dimensional magnetic 
fields from which the generator parameters hence performance are evaluated 
(Appendix D). The element is defined by eight nodes, and has up to five degrees of 
freedom (DOFs) per node out of six defined DOFs, i. e., the magnetic vector potential 
(AX, AY, AZ), the electric scalar potential (VOLT), the electric current (CURR), and 

the electromotive force (EMF). SOLID97 is based on the magnetic vector potential 
formulation with the Coulomb gauge, and is applicable to perform magnetostatics, 

eddy currents, voltage forced magnetic fields, and electromagnetic-circuit coupled 
fields. The element has nonlinear magnetic capability for modelling B-H curves or 

permanent magnet demagnetisation curves. The purpose of this electromagnetic 

analysis can be summarised as follows: 

" To validate the model by evaluation of the air gap induced voltage and 
harmonic analysis of the output waveform and compare them to the 

experimental results. 

" To study the effect of magnet topology on the harmonic contents. 
9 To determine the geometrical factors and leakage coefficients to use them in 

the derived analytical models as a correlation factors by performing parametric 
analysis. 

" To compute the generator synchronous reactance. 

" To evaluate rotor magnetic losses and the generator performance. 
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4.5.3.1 Validation of the 3D FE magnetostatic model 

CHAPI ER 4 

The usefulness of any developed FE model and simulation can be determined 

by the accuracy with which they represent the actual system. To determine the 

usefulness of the 3I) FE magnetostatic models developed for the PMAF high-speed 

generator, the results of the models must be validated against known data. 

To validate the simulations, the FE model was applied to the constructed 

preliminary prototype of the PMAF generator. This prototype has its main design 

parameters obtained from the previous analysis in Chapter Three. The most important 

parameters such as magnet inner and outer radii, types of material used and retainment 

ring radial thickness have already been determined. However, since the PM has to be 

segmented, a choice has to be made to use a convenient shape of the magnet out of the 

two possible shapes (semi circular and semi trapezoidal) to satisfy magnetic, 

mechanical and manufacturing requirements. Figure 4.23 shows the two possible PM 

shapes for the proposed rotor design. 

a) ' b) 

Figure 4.23 Possible PM shapes for the PMAF high-speed rotor 
a) semicircular b) semi trapezoidal 

In fact, at the earlier stage of the design and prior to performing this analysis, 
there was no precise knowledge of how could the shape of the magnet or the distance 
between the adjacent magnets on the same disc affect the performance of the 

generator. Accordingly, the PM manufacturer and the workshop that has been given 
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the task were consulted in order to select a feasible shape and dimensions for the PM 

to fit into the proposed design of the rotor. It was found that circular shape or disc 

permanent magnets are readily available at the manufacturer stocks and they are 

available in different standard diameters. Hence adjusting one of these magnets into 

the rotor would reduce the manufacturing cost of the prototype despite that these 

circular disc magnets require machining and grinding after assembling them into the 

rotor. In addition, the circular holes at the peripheral of the magnet carrier for the 

semicircular permanent magnets can be made by ordinary milling machine whereas the 

semi trapezoidal or any other shapes would require a CNC machine which in turn 

increases the manufacturing cost of the prototype. In respond to these limitations, the 

semicircular PM shape of diameter, dm = 29 mm was selected for the proposed 

prototype based on the ease of manufacturing, availability and cost reduction. Thus, 

the manufactured prototype has the final geometry which has been shown earlier in 

Figure 4.10. Full description regarding the manufacturing and assembling of the 

prototype can be found in Append & A. 

Hence, this prototype was modelled using the 3D FE magnetostatic model and 

the results of interest were obtained. The flux density distribution is of the primary 

interest where other results such as the air gap induced voltage and the harmonic 

contents in the output waveform can be deduced. To perform the analysis, a quarter of 

the rotor with half of the axial air gap was modelled in 3D and manual boundary 

conditions are applied on the appropriate surfaces to simulate symmetry. 

Once the solution is performed, the results of the flux density in the air gap and 
its components can be directly viewed in the ANSYS postprocessor menu. However, in 

order to predict the induced voltage and to analyse the harmonics in the output 

waveform, special techniques are required. It is worth mentioning that in contrast to 

time stepping techniques which require the incremental rotation of the rotor [77,78,79], in 

this analysis the results are obtained from one common solution where no incremental 

rotation of the rotor is performed. Instead, the results are obtained simply by defining a 

virtual path which simulates a single turn of thin wire in the stator coils. This path 

which is placed in a plane at the centre of the air gap and normal to the axis of rotation, 
is rotated to trace the flux at each particular position. Figure 4.24-a) shows the 
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modelled part of the generator with the virtual path defined at a particular position 

whereas the flux density contours obtained from the model is shown in Figure 4.24-b) 

For this analysis, the defined path has an angular span equals to the pole pitch 
i. e. 450 whereas the inner and outer radii of the coils are defined as Rc, =18 mm and 

Rio = 66 mm respectively. 

Then, the flux enclosed by the defined path is Fourier analysed as a function of 
time, t, to determine the various harmonics in the flux waveform. Even harmonics are 

not considered in the analysis since they were negligible 1851 and only the fundamental 

and odd harmonics are considered as follows L49, ß: 

0(t)=I] { 
-A2n-1 cos[(2n -1)Wet -ß2n 1ý} 

n=1 

where n= numeric counter 

2n -1 = harmonic order 

Azn-1 = Cain-ý + D2n-1 

(4.21) 

C2�_1 = harmonic sine coefficient of the Fourier series, 

D2n_I = harmonic cosine coefficient of the Fourier series, 

C 
ß2n I= tan-' 2" ', is the phase angle for the (2n -1) harmonic Dzn- I 
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Accordingly, for a given number of turns represented by the defined path, 

number of poles and specified rotational speed, the induced voltage, e(t), due to the 

flux change in the defined path can be determined by: 

e(t) -Nip 
d 

d(t 
) (4.22) 

Similarly, the waveform of the magnetic flux density in the conductor region 
i. e. in the air gap can be Fourier analysed to determine its various harmonics. The 

determination of these harmonic contents in the waveform is very important in the 

evaluation of the eddy current losses in the stator conductors and determination of the 

magnet working point after assembly. In this analysis, the magnet flux density was 

traced in the angular direction i. e. one pole pitch, at a constant radial position equals to 

the pitch circle radius (PCR = 36 mm). A 3D flux density distribution in the air gap 
for the PMAF generator determined by FEM is shown in Figure 4.25. 

Figure 4.25 3D presentauon for the tlux density predicted by FE for the 
PMAF prototype having 10 mm air gap length 

The results of the FE model was then compared with the experimental data 

obtained from the actual machine. The following Figures illustrate the results of the 
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FE models compared to the experimental data. The experimental setup and procedures 

of measurements are described in details in Chapter Seven. 

Figures 4.26 - 4.28 show the results obtained from the FE simulation 

compared with the measured normal component of the flux density at different 

positions of the prototype which has an axial air gap length 1g =10mm. Figures 4.29 

and 4.30 shows the modelled and measured induced voltage and harmonic analysis 

respectively for the same prototype at the speed of 1830 rpm These Figures confirms 

the validity of the 3D FE model where a good agreement between the FE results and 

the measured values is achieved hence. Hence, the FE models can now be used with 

great confidence for further analysis which will be described hereafter. 
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Figure 4.26 FE and measured normal components of flux density (BZ) vs. radial 

coordinates 
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Figure 4.30 Harmonic analysis for the induced voltage of the PMAF generator 

at speed Nm =1830 rpm. a) FE predicted b) measured 

It is worth mentioning that measured and FE predicted results are shown in 

separate figures to ensure the clarity of the presentation. 
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4.5.3.2 Effect of magnet topology on the induced voltage harmonics 

In the literature, a number of papers have proposed several techniques for 

reducing harmonics and improving the waveform of the induced voltages in radial flux 

machines 180,81,82). Some of these papers deal with the stator design and the others deal 

with the shape of the PM. In axial flux disc type PM machines, the shape of the 

magnets, the distance between the adjacent magnets on the same rotor and the shape of 

the coils are an important factors in determining the quality of the induced voltage. In 

this analysis, the two possible shapes for the PM shown in Figure 4.23 are modelled 

while varying the adjacent distance between the magnets. The distances and the 

corresponding areas left for a particular magnet are shown in the detailed drawings for 

the semicircular and the semi trapezoidal magnets in Figures 4.31 and 4.32 

respectively. The related geometrical equations are derived as follows: 

e1 _ 
360 

(4.23) 
P 

02 =01/2 (4.24) 

(R,,,, 
sin 9 

dJ 
22 

b= (4.25) (1-sin62) 

83 = cos 1 '2 o- 
R^2 - 2b2 - 2bR,,,; 
2b + 2bR i 

(4.26) 

A"- 2- b2180-b2sin83COSB3 + 

ße4 
-R Sin 64 COs B4 

(4.27) 

180 

2Am 
em= 

22 (4.28) Rmo Rmi 
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9S =O, - 9m 

where all angles in the above equations are in degrees. 

(4.29) 
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Figure 4.32 Detailed drawing for the semi trapezoidal PM 

To start the analysis, the semicircular PM shape is selected first, with the 

distance between the adjacent magnets, d, is varied over the range from 1 mm to 8 

mm with an increment step of 1 mm. For that distance the magnet radius, b, hence 
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area, Am required to fit it in the available space in the rotor is determined using 

Equations 4.25 and 4.27 respectively. Since the magnet inner radius, Rm,, and the 

magnet outer radius, R,,,,, are fixed for a particular rotor design, any reduction in the 

magnet surface area due to the increased adjacent distance is substituted by increasing 

the axial length of the magnet to keep the volume of the magnet constant during the 

successive steps of the analysis. Also for the purpose of comparison, the area of the 

semicircular magnet found at a particular distance is assigned to the area of the semi 
trapezoidal magnets to ensure that models of different magnet shapes are compared 
like to like. The equivalent space angle between the adjacent magnets and the span 

angle of the magnet itself are all determined using Equations 4.28 and 4.29. Then the 

induced voltage and the harmonic contents in the induced voltage are predicted using 

the same technique which was presented in the previous Section while the Total 

Harmonic Distortion (THD) in the induced voltage is calculated as follows: 

A2n-1 

THD% =100 e-2 
Al 

(4.30) 

where A is the RMS value of the induced voltage found from Fourier analysis at the 

fundamental frequency and A2,1 is the RMS values at the harmonics. For this 

analysis, harmonics up to the seventh order are considered, hence the Belt Harmonic 
Distortion (BHD) can be calculated as follows: 

BHD%=100 
4+A7 

Al (4.31) 

The breakdown of the harmonics in the induced voltage and the peak induced 

voltages are presented in Table 4.5 and 4.6 for the semi trapezoidal and semicircular 
PM respectively. The geometrical variation in the rotor due to the corresponding 
variation in the distance between the adjacent magnets, dt, is presented in Table 4.7. 

The harmonic analyses are presented graphically in Figures 4.33 - 4.35 for the purpose 
of comparison between the possible shapes of PM as the distance between the magnets 
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is increased. It is worth mentioning that harmonics above the 7`h order and even 
harmonics are not considered in the comparison since they were found to be almost 

negligible ". 

d5 

mm 

Fundamental 

V. RMS 

3` 

V, RMS 

5 

y ms 

7 

V, RMS 

% 

BHD 

% 

THD 

Vpk 

V 

1 1.08201 0.1228 0.01394 0.00218 1.304 11.424 1.3743 

2 1.07634 0.1085 0.00697 0.00343 0.721 10.106 1.3833 

3 1.05886 0.0890 0.00132 0.00818 0.782 8.441 1.3813 

4 1.03916 0.0692 0.01332 0.00724 1.459 6.817 1.3601 

5 1.01329 0.0422 0.02216 0.00673 2.285 4.750 1.3512 

6 0.98508 0.00533 0.03223 0.00576 3.323 3.367 1.3500 

7 0.92591 0.0329 0.03653 0.00520 3.985 5.339 1.3125 

8 0.86342 0.0756 0.0385 0.00341 4.484 9.837 1.2681 

Table 4.5 Harmonic analysis for semi trapezoidal PM 

ds 

mm 

Fundamental 

V, RMS 

3` 

V, RMS 

5 

V, RMS 

7 

V, RMS 

% 

BHD 

% 

THD 

Vpk 

V 

1 1.03601 0.11698 0.02510 0.005196 2.474 11.559 1.3278 
2 1.02530 0.1115 0.01703 0.00562 1.749 11.0146 1.328 
3 1.0127 0.09506 0.00967 0.006328 1.141 9.4558 1.3396 
4 0.9955 0.07314 0.000845 0.00695 0.703 7.3806 1.3154 
5 0.9810 0.05340 0.01305 0.00518 1.431 5.628 1.3062 
6 0.9505 0.02073 0.02188 0.001926 2.311 3.1775 1.2866 
7 0.9075 0.01561 0.02573 0.00126 2.838 3.3191 1.267 
8 0.86311 0.03487 0.02537 0.00109 2.942 4.9977 1.2322 

i aDie 4.0 riarmoruc anaiysis tor semi circular PM 
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ds 
, mm 1 2 3 4 5 6 7 8 

es 0 6.363 7.726 9.20 10.813 12.59 14.57 16.85 19.59 

0m 0 38.63 37.27 35.797 34.186 32.409 30.422 28.15 25.4 

1,,,, mm 15.94 16.53 17.21 18.023 19.01 20.25 21.89 24.25 

Am 
, mm2 499.0 481.4 462.34 441.529 418.58 392.9 363.5 328.07 

Table 4.7 Geometrical variation due to the increase of the distance 

between the adjacent magnets 
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Figure 4.33 Total harmonic distortion (THD %) in the induced voltages vs. distance 

between adjacent magnets for semicircular and semi trapezoidal magnets 
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Figure 4.35 Distortion due to the belt harmonics (BHD) for the semi trapezoidal 

and semicircular magnets 

It can be seen from the results that the minimum harmonic distortion for both 

shapes of PM is achieved at ds =6 mm where a reduction of 8.38 % is achieved in the 

THD compared to the THD obtained at ds=1 mm. At ds= 6 mm, the THD for the 

semicircular PM is % 0.19 less than for the trapezoidal PM. However, the peak 

voltage is reduced by 4.74 % for the semicircular PM. 

The breakdown of the harmonics is important in the design of the AFPM 

generator. If the generator is designed as single phase generator, then THD should be 

considered. For three phase generator, the triplen harmonics are all cancelled and only 

the distortion due to the belt harmonics (BHD) should be considered for the purpose of 

optimised magnet shape and distance between the magnets. It can be seen from Figure 

4.34 that the minimum BHD is found at d, =2 mm and d, =4 mm for the semi 

trapezoidal and semicircular PM respectively. At these points, the values of the BHD 

are almost identical (0.721 % and 0.703 % for semi trapezoidal and semicircular 

magnets respectively). However, the magnet axial length for the case of semicircular at 
ds =4 mm, is increased by 8.28 % when compared to the axial length of the semi 

trapezoidal magnet at ds =2 mm hence increasing the overall length and the total 

weight of the machine. Accordingly, a compromised value for ds =3 mm for both 

shapes of PM would be suitable for the design of three-phase PMAF high speed 

generator. 
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4.5.3.3 Determination of the coil size coefficient 

The coil size coefficient, kS12e which was introduced in the theoretical 

modelling of the PMAF generator in Chapter Three, is determined based on the FE 

results obtained for different sizes of the turn and different air gap lengths. To perform 

the analysis, another path is defined in the air gap which is similar to the shape of the 

path that has already been defined in the previous analysis but with the inner and outer 

radii of the new path are defined as R,, = 27 mm and R, 0 = 47 mm respectively. Thus 

for a given span angle of the path, 9p(�), the area, Ap(�), of path number (n) can be 

calculated as: 

22 i(Rco -Rc, )op( 
) AP(n) _ 360 

(4.32) 

For this analysis, 0p for each path is equal to the pole pitch i. e. 45°. Hence the 

area of the path is calculated as AP0)= 15833.3 mm2 and AP(2) = 581.1 mm2 for the 

first path and the second path respectively. With the two defined paths are positioned 

opposite to the PM for maximum magnetic flux, the axial air gap length is varied over 

the range of 8 mm to 16 mm with an increment step of 2 mm to account for the 

variation in the magnetic circuit. Once the maximum flux crossing each path, is 

found, then the average magnetic flux density, Ba,, 
e(�) 

for the n-path can be calculated 

as: 

Omax(n) 
Bave(n) =A 

p(n) 

(4.33) 

Through this variation in the axial air gap length, the air gap magnetic flux 

density Bg is determined and the ratio of flux density, CB(�), can be given as: 

Bin) 

8 

(4.34) 
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To account for the effect of the materials used for the retainment ring, the 

analysis is performed once with Maraging G125 used as a retainment ring and then a 

non-magnetic material properties assigned for another simulation. The results obtained 
from both analyses are presented in Tables 4.8 and 4.9. 

lg 

mm 

omax(1) 

mWeb 

omax(2) 

mWeb 

Bave(1) 

T 

Bave(2) 

T 

Bg 

T 

CB(1) CB(2) 

8 35.78 28.59 0.226 0.492 0.761 0.296 0.645 

10 30.94 24.58 0.195 0.423 0.677 0.288 0.624 

12 27.62 22.14 0.174 0.381 0.595 0.292 0.640 

14 24.68 18.36 0.156 0.316 0.524 0.297 0.602 

16 22.10 15.91 0.139 0.274 0.461 0.301 0.593 

Table 4.8 Results obtained for non magnetic retainment ring 

19 

mm 

omax(1) 

mWeb 

omax(2) 

mWeb 

Bave(1) 

T 

Bave(2) 

T 

Bg 

T 

CB(1) CB(2) 

8 28.41 25.92 0.179 0.446 0.727 0.246 0.613 

10 24.51 21.92 0.154 0.377 0.638 0.242 0.591 
12 21.26 18.64 0.134 0.321 0.553 0.242 0.579 

14 18.50 15.86 0.117 0.273 0.479 0.243 0.571 

16 16.19 13.57 0.102 0.233 0.418 0.244 0.557 

i adle 4.9 Kesults obtained tör Maraging G125 retainment ring 

The ratio of the magnetic flux obtained from each analysis is averaged thus, 
CB(l) = 0.295 and CB(2) = 0.621 for non-magnetic retainment ring and 
CB(1) = 0.243 and CB(2) = 0.582 for Maraging retainment ring. Hence after some 

manipulation, the size coefficient for any turn in the coil is given as: 
" For non magnetic retainment ring 

ksize(n) = -325At(s) + 0.8098 (4.35) 
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9 For Maraging retainment ring 

ksfre(n) _ -338A(fl) + 0.778 (4.36) 

where A, (a) is the area of the nth turn in the coil represented by a defined path in the air 

gap. 

4.5.3.4 Determination of the air gap length coefficient, kg 

Although the air gap length physically can be determined by the distance 

between the two opposite magnet rotors, the actual air gap length is slightly larger due 

to the fringing effects where the majority of the flux lines travel in lengthened paths in 

the air gap rather than in a shortcut path. 

Hence the air gap length 1g is multiplied by a coefficient which should be 

greater than 1.0 to make its actual length larger. To determine this coefficient for both 

cases of retainment reigns, the air gap flux density Bg and the attainable flux density, 

B., at the surface of the permanent magnet are determined for a particular air gap 

length. Hence the ratio of the attainable flux, kg, is determined by: 

k= Bu 
SB 

S 
(4.37) 

The results obtained from the FE model for this particular analysis are given in 

Table 4.10 and 4.11 for the nonmagnetic and Managing ring respectively. After some 
manipulation on these results the air gap length coefficient is presented as a function of 
the air gap length for each type of material retainment ring, thus: 

" For nonmagnetic retainment ring; 

kg =10.331g + 1.0283 (4.38) 
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" For Maraging retainment ring; 

kg =17.331$ + 0.9903 

lg 

mm 

Bg 

T 

B. 

T 

Vpk 

V 

THD 

% 

kg 

8 0.761 0.846 1.951 10.369 1.111 

10 0.677 0.760 1.783 8.669 1.122 

12 0.594 0.686 1.624 7.142 1.154 

14 0.524 0.614 1.478 6.019 1.173 

16 0.461 0.538 1.351 4.958 1.167 

CHAPTER 4 

(4.39) 

Table 4.10 Results obtained from FE model for nonmagnetic retainment ring 

Ig 

mm 

Bg 

T 

B. 

T 

Vk 

V 

THD 

% 

kg 

8 0.727 0.821 1.508 11.370 1.129 

10 0.6348 0.729 1.339 9.65 1.142 

12 0.553 0.654 1.164 8.389 1.182 

14 0.479 0.591 1.022 7.397 1.233 

16 0.4179 0.513 0.921 5.97 1.220 

Table 4.11 Results obtained from FE model for Maraging retainment ring 

The results found in Tables 4.10 and 4.11 contain useful data where the 

performance of PMAF generator for different axial air gap lengths can be compared 
for both types of retainment rings. These results are also shown in Figures 4.36 - 4.38. 
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Figure 4.36 Comparison of flux density obtained for both types of retainment rings 
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Figure 4.37 Comparison of induced voltages for both types of retainment rings 
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Figure 4.38 Comparison of THD obtained for both types of retainment rings 
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4.5.3.5 Determination of the magnet leakage coefficient, kB, 

This coefficient is determined from the derived Equation 3.42 in Chapter 

Three, from which it can be represented by the air gap length, magnet length and 

magnet residual flux density, thus; 

k B-r 
1s+Bu 

Br = kkBB Im kpBr 
(4.40) 

Applying Equation 4.40 on the data available in Tables 4.10 and 4.11 for both 

types of rings considering an axial length of the magnet, 1, =17 nun and magnet 

residual flux density, B, = 1.22 T, the magnet leakage coefficient is determined at each 

particular air gap length and the results obtained are found in Table 4.12. 

1g, mm 8 10 12 14 16 

ka,. (nonmagnetic) 0.9869 0.949 0.906 0.856 0.794 

kB, Maraging 0.9533 0.9051 0.856 0.807 0.7428 

Table 4.12 Results of magnet leakage coefficients obtained from FE model 

Hence the final Equations for the magnet leakage coefficient for this particular 
deign of the rotor can be presented in terms of air gap length for the given magnet 
length and magnet residual flux density as follows: 

" For non magnetic retainment ring; 

kBr = -21.81661g + 1.1614 (4.41) 

" For Maraging retainment ring; 

kBr _ -26.3121g + 1.1638 (4.42) 
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4.5.3.6 Modelling the final coil of the PMAF high-speed generator 

In this analysis, the final shape of the coil is considered for the prediction of the 

induced voltage and THD of the PMAF high-speed generator. Five concentric paths 
for each layer are defined having their shape and dimensions approximately similar to 

the shape and dimensions of the coil that was shown in Figure 3.17 in Chapter Three. 

These paths which are shown in details in Figure 4.39 are rotated about the axis of 

rotation and the flux change in all coil is determined hence the induced voltage and 
harmonics are predicted in the same way which was described for a single path. 

42.50 

32.5°x& 

27.5° 

66 64 

Figure 4.39 Path definitions for modelling the final coil of the 
PMAF high-speed generator 

To predict the no-load induced voltage accurately, the above-described paths 
are placed at a plane at a distance of 2 mm from the centre of the air gap which 
represents the middle of the thickness of the single layer of the actual constructed coil. 
Finally the results obtained from these paths are multiplied by two since there are two 
identical layer for each coil then multiplied by eight which is the total number of coils 
per stator. Since the no-load voltage is required from this analysis, the results are 
modelled at a speed of 1830 rpm so that they can be compared with the experimental 

results obtained at the same speed in Chapter Seven. The induced voltage from each 
individual turn of the coil for the case of Maraging G125 retainment ring is shown in 

Figure 4.40. The total induced voltage compared to a pure sinusoidal waveform and 
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the spectrum analysis of the induced voltage from all turns of the stator coils for the 

case of Maraging G125 retainment ring and nonmagnetic retainment ring are shown in 

Figure 4.41 and 4.42 respectively. The comparison between the induced voltages for 

both types of retainment rings is shown in Figure 4.43. 

Figure 4.40 Induced voltages from the individual turns of the final coil for the case of 
Maraging GI 25 retainment ring rotor 

V Vpk=11.545 b) 
Vrms % THD =5.47 FE Predicted a 9.6 
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Figure 4.41 Results obtained for final coil of the PMAF generator with Maraging 
G125 retainment ring a) no-load induced voltage b) harmonic analysis 
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Figure 4.42 Results obtained for final coil of the PMAF' generator with nonmagnetic 

retainment ring a) no-load induced voltage b) harmonic analysis 
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Figure 4.43 Induced voltage predicted for two types of retainment rings 

The total peak induced voltages for both types of retainment rings are 

calculated at the speed of 50000 rpm as follows: 

" For the rotor with Ma raging 25 rin VP 
11.545 x 50000 

ý. g g, k= 1830 = 315.437 Volt 

" For the rotor with nonmagnetic ring, _ 
14.485 x 50000 

ýý k 1830 = 395.76 Volt 
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It is shown from the results that the peak no-load induced voltage for the 

Maraging G125 ring is 21 % less than induced voltage from the rotor with 

nonmagnetic rings. 

These results are favourably compared to these obtained from the analytical 

models which were derived in Chapter Three. The induced voltages predicted by the 

analytical models are Vpk = 311.1 Volt and Vpk = 394.29 Volt for Maraging ring and 

non magnetic retainment ring respectively. Hence, a discrepancy less than 1.4 % can 
be seen between the results obtained from the FE models and the analytical models. 
This confirms the significance of such analytical model as a tool used for preliminary 
design and assessment of the PM generator. 

4.5.3.7 Computation of the inductance of the PMAF High speed 

generator 

The inductance of the PMAF generator is computed from the stored energy in 

the machine due to the magnetic field that resulted from the armature current [48,69] To 

determine the stored energy in the model, a static analysis is performed by the 3D 

model which is slightly modified to account for the coils which has its geometrical 
shape as shown in Figure 4.44. 

In this analysis, the permanent magnet coercive force is set to zero and a peak 

current of 75 x Amp is applied per single turn of the coil which has NcT =10 
turns. This is done by selecting the elements that represent the coil and a current 
density of 13.25 Amp/mm2 is injected into these elements which have a total cross- 
sectional area of 0.8 mm2. Since the coil has an oval shape, it was necessary to divide 
it into four regions from which each region has its elements oriented according to a 
local coordinate systems that have been created specially for this purpose (Figure 
4.44). The flux density distribution in the model as a result from the injected current 
alone is shown in Figure 4.45. 
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shown is due to armature current only 

To compute the total inductance of the windings, the total elements in the 

model are selected then the energy stored in these elements is calculated by invoking 

the built-in macro provided through the ANSYS postprocessor. In fact, this macro 

gives that total stored energy in the whole model as well as the discrete values of the 

energy stored in each component in the model from which the leakage and magnetising 
inductances are calculated as follows: 

2W 
L1 =2 1 

(4.43) 
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where W is the energy stored in the selected elements in the model (Joule) and i is the 

peak current per turn of the coil. Results of the energy stored in the selected elements 

and the corresponding computed inductances are presented in Table 4.13. 

Leakage Magnetising Total 

Energy, J 0.08219 0.14467 0.22686 

Inductance, pH 14.630 25.752 40.382 

Table 4.13 Stored energy and inductances obtained from 3D FE model 

4.5.3.8 Evaluation of rotor eddy current losses 

Since the rotor surface of the high-speed PM generator is exposed to time 

variation in the flux density due to the magnetic flux created by the current flowing in 

the stator, eddy current is induced and it is distributed over several parts of the rotor. 

The eddy current loss may occur in the magnet material, in the aluminium alloy 

magnet carrier and in the retainment ring over the magnets and may be problematic if 

several precautions are not considered in the design of such machines. Although it is 

important to know the total eddy current losses in the rotor, the permanent magnets are 

of primary concern since a high loss may result in demagnetisation of the magnets. In 

addition underestimation of these losses me result in over heat of the machine which in 

turn may cause permanent demagnetisation of the magnets. Hence an accurate and 

rigor method is required to evaluate the eddy current losses in such machines. 

In literature, several methods were presented to calculate the eddy current 
losses in the rotor of cylindrical machines 145,46, aß Polinder et at 1461 have presented a 

modified model for calculating the losses in the magnets of the surface mount PM 

cylindrical high speed machines which is based on the following formula: 

pbm 
dB 2 

e 12p dt 
(4.44) 

where bm is the magnet circumferential width and p is the resistivity of the PM. The 

model has shown a good agreement between the predicted and the measured losses for 

132 



T. El Hasan CHAPTER 4 

a particular machine at locked rotor test and the author finally suggested that the eddy 

losses in the magnets can be minimised by reducing the magnet width or by using pure 

sinusoidal stator current. However, this model is based on many simplified 

assumptions which may be valid for such a particular machine configuration. 
Moreover, winding end effect and harmonics effect were all neglected in the 

calculations. Abu Sharkh etal 1361 have also presented a 2D FE method for calculating 

the rotor eddy current losses in cylindrical PM machines under various conditions. 

Results obtained showed more agreement with the experimental data have been 

achieved when compared to the results obtained from the simplified analytical models. 

Accordingly, and due to the complex nature of the proposed PMAF high-speed 

generator, it was decided to compute the eddy current losses in the rotor with the aid of 

the 3D FE model which has been introduced in the previous sections. In this analysis, 

the PM again is set off (deactivated) and AC harmonic analysis is performed instead of 

the magnetostatic analysis and the procedures of the analysis are summarised as 
follows: 

" All resistivities for the material used in the model are specified. 

" The DC current injected in the elements of the coils in the previous analysis is 

set off. 

" Extra degree of freedom (CURR) is added for the elements of the coil that 
have already been defined by SOLID97 element and this is done through the 

element's options available in the ANSYS program. 

" This additional degree of freedom allows simulating the case of voltage fed 

stranded coil with the rotor locked at certain position. 
" The stranded coil is described through the real constant of the specified ANSYS 

element where number of turns, coil cross sectional area, actual volume of the 
coil and filling factor are all defined. 

" The nodes of the coil are coupled in the current degree of freedom (CURR) and 
specified values of voltage drop and phase angle are applied to the coil 
elements. 

" The type of analysis is set to harmonic analysis and the frequency range is 
defined. All boundary conditions applied in the previous static analysis are 
valid for this type of analysis. 
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" The solution is performed and the results are viewed in particular the current 

density in the coil is checked first to make sure that the full load current is 

drawn through the coil. This current density can be adjusted by the amount of 

the voltage drop specified at the beginning of the analysis. If the current density 

is satisfied then other results of interest can be viewed in details. 

" The eddy current losses in any part of the rotor can be calculated by invoking 

the built in macro in ANSYS program (POWERN) which calculates the RMS 

power loss in any conducting body in the model represented by the selected 

elements. The theory for calculating eddy current using this macro is given as 

follows [691: 

PRrms 2 
fPjjýtj 2 d(vol) (4.45) 

vol 

where: 
PRIM" = rotor rms power loss, W 

p= material resistivity, Um 

Jt = total current density, Amp/mm2 

= complex quantity 

The macro evaluates Equation 4.45 by integrating over the selected element set 

according to: 

n 

PRm, =2 Re l (JPi P. F. {i }) 
vol; 

where: 
n= number of elements 
Re{ }= real component of a complex quantity 
[p; I= resistivity matrix 

{JJ = total eddy current density vector for element 1 

vol; = element volume 

*= complex conjugate operator 

(4.46) 
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" The calculations of the eddy current losses are performed on the rotor which 

has its dimensions and geometry defined in previous sections with the material 

resistivities are given in Table 4.14. The first set of results is obtained for the 

load current varied in the range from from 15 - 75 Amp with a step increment 

of 15 Amp. The calculations are obtained at an operating frequency of 3333 

Hz. The total as well as the discrete eddy losses in each component in the rotor 
is given in Table 4.15 and also presented graphically in Figure 4.46. The Flux 

density distribution as well as the induced eddy current density distribution in 

the whole rotor and in each individual part of the rotor are shown in Figures 

4.47-4.51. 

Magnet PM Retainment Back-iron 
Material Carrier (NdFeB) Ring (steel) 

(Alumec 89) Mara in G125 

Resistivity, S2 -m 3x 10-8 70 x 10-8 20 x 10-8 20 x 10-8 
Table 4.14 Material resistivities used for rotor eddy current calculations 

Load current, 
Rotor Eddy losses, W@ frequency =3333 Hz 

Amp Magnet carrier PM Retainment ring Back-iron Total 
15 7.61 1.178 3.47 0.20 12.46 
30 30.49 4.72 13.91 0.79 49.96 
45 68.45 10.61 31.23 1.87 112.16 
60 121.69 18.86 55.52 3.34 199.41 
75 188.46 29.21 85.99 5.04 308.8 
i avie'+. i: ) Kotor easy current losses at ditlerent load current 
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b) eddy current density distribution 
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Figure 4.50 Effect of stator current on the magnets a) flux density distribution 
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Figure 4.51 Direction of the induced eddy currents in 1/8 of the rotor 
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9 The second set of results are obtained at full load current , 
i. e. IL =75 Amp 

with the operating frequency is varied in the range from 666.6 - 3333.0 Hz 

with an increment step of 666.6 Hz. The results obtained are given in Table 

4.16. 

Rotor Eddy losses, W@ full load current =75 Amp 

Frequency, Hz Magnet carrier PM Retainment ring Back-iron Total 
666.6 7.527 1.166 3.43 1.867 13.99 
1333.2 30.13 4.67 13.75 2.23 50.78 
1999.8 67.7 10.505 30.92 2.995 112.12 
2666.4 120.62 18.69 55.03 3.91 198.25 
3333.0 188.46 29.212 85.99 5.138 308.8 

Table 4.16 Rotor eddy current losses at different operating frequency 

It can be seen from the results that the magnet carrier has the largest part of the 

eddy current losses and this is expected since it has got the lowest resistivity and it has 

the largest surface area among the other parts of the rotor. It is worth mentioning that 

all these results are obtained at a room temperature. Thus, when full load current is 

drawn in stator coils, the rotor is more heated due to the eddy losses hence the 

resistivity of each part of the rotor is increased and the rotor total eddy current will be 

less than what is expected. However these values gives the designer a good indication 

of the eddy current losses in the rotor. 

4.5.3.9 Evaluation of stator eddy current losses 

The FE model can give accurate prediction of the stator eddy current losses if 

the harmonics in flux density waveform are determined. Hence, the total eddy current 
losses per unit volume of the conductor can be given as follows [16,801: 

22 °0 dstdLe 
! 2n )2 2 Pe = 32pß `- 1Bp(2�_l) 

n=1 

(4.47) 

where Bp(2i_1) is the flux density at the (2n -1)`h harmonics and weis the electrical 

angular frequency (rad/sec). 
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The harmonic contents in the flux density waveform can be determined from 

the FE model where the flux density at the middle of the air gap is scanned per pole 

pitch i. e. in the angular coordinates from 22.5° - 67.5° and at a fixed radial 

coordinate, R= 36 where Bg is maximum. The waveform of the air gap flux density 

which is shown in Figure 4.52-a) is Fourier analysed and its harmonic analysis is 

shown in Figure 4.52-b). The values of the flux density at their harmonic's order and 

their corresponding eddy current losses are given in Table 4.17. 

a) r> fo++-f) b) I. 10++-fI s 
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Figure 4.52 Air gap flux density a) waveform b) harmonic analysis 

Harmonics I st 3rd 5th 7th 9th 11 

Bp, T 0.698 0.0737 0.0111 2x 10-4 1.59 x 10-3 3.55 x 10-z 

Pte, 
, 
W/m 46.6 4.67 0.294 0.000182 0.0174 0.1457 

I able 4.1 i waveform harmonic analysis and stator eddy current losses 

per unit length of the conductor 

where Pte, in the table is the eddy current losses per unit length of the strands calculated 

at room temperature i. e. p, =1.729 x 10-8. f2- m. Hence these losses will be reduced 

when the full load current is drawn and the temperature of the stator coils increases. 

The sum of all losses is found to be 51.72 W/m which represents an increase of 9.9 % 
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in the eddy current losses due to the harmonics in the waveform. Accordingly, the total 

eddy current losses in the stator can be calculated as: 

PS* =Peu xLadd (4.48) 

where Leddis the total conductor length and it is found from Equation 3.89 in Chapter 

Three. Hence the total eddy current losses in the stator due to the presence of all 

harmonics of the air gap flux density is found to be 165.5 W for a conductor length of 

3.2m. 

4.5.3.10 Revaluation of the performance of the PMAF high speed 

generator 

Based on the results obtained from the FE models and with the evaluation of 

the rotor eddy current losses and the stator eddy current losses, the generator 

performance can now be revaluated. The stator copper losses and the windage losses 

are calculated using the same equations presented in Chapter Three. The results 

obtained from the FE analysis are compared to these obtained from the analytical 

solutions and are presented in Table 4.18. It can be seen from the results that the 

analytical model is a good tool for evaluating the generator performance 

Parameter FE Analytical 
No-load Volt, Vrms 223 220 
Resistance, S2 0.0828 0.0828 
Leakage inductance, pH 15 12 
Magnetising Inductance, uH 25 26 
I2R loss, W 466 466 
Windage loss, W 350 350 
Rotor eddy loss, W 309 Not predicted 
Stator eddy loss, W 165.5 124.61 
Terminal voltage, Vrms 207.75 205.39 
Pout, W 15581.25 15403.46 
Voltage regulation % 6.83 6.64 
Efficiency % 92.35 94.31 

Table 4.18 Performance prediction of the PMAF high speed generator using 
FE and analytical models 
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CHAPTER 5 

DESIGN & FE ANALYSIS OF THE BACK-IRON DISC 

5.1 INTRODUCTION 

The "back-iron", normally called the keeper disc, is the part which completes 

the magnetic circuit in any electric machine. In general, back-iron has been used in 

laminated forms in generators, motors, transformers and electromagnetic switches to 

minimise the hysteresis and eddy current losses generated due to the time variation of 

the flux density in their stator cores. Also, for the same reason, in some applications 
laminated sheets have been used in the rotor of generators and motors running at low 

and moderate speed. However, in high-speed applications, laminated sheets are not 

suitable for the rotor structure since they can be a source of mechanical failure due to 

the high centrifugal forces exerted on these parts. In addition, epoxy resin and 

sometimes tie rods and bolts are required for stacking process and mechanical support 
of the laminated structure and these complicate the design. 

Accordingly, an alternative design for the back-iron disc is required for the 
high-speed generator. In this work, a solid disc form of the back-iron is proposed for 

the purpose of high speed application, not only because of its rigidity, mechanical 
integrity and robustness, but also due to the simplicity and cost reduction in 

manufacturing and assembly. In this chapter, initial mechanical analysis is performed 
for the simplified circular disc of the back-iron. Then investigation is carried out on 
different materials in the light of their meeting design requirements in terms of 
availability, suitability and cost. Finally, further analysis is carried out to obtain the 
final design data for the back-iron disc with the aid of FE electromagnetic and 
structural modelling. 
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5.2 INITIAL ANALYSIS OF THE BACK IRON DISC 

The proposed PMAF high-speed generator was described earlier in Chapter 

Three and was shown in Figures 3.1 and 3.2. The proposed back-iron disc, which is a 

steel based alloy, is assembled adjacent but at the backside of the magnet rotor disc to 

endorse a good path for the flux lines that are leaving the permanent magnets of 
interchanged polarities rather than to leak into the free air space. Thus, the back-iron 

disc and magnet rotor disc are both fitted at the same shaft and will be rotating together 

at the same speed. 

As was stated earlier in this chapter, making the back-iron in the laminated 

form was essential in most of conventional electric machines to minimise eddy current 
in their cores. In the present proposed PMAF generator arrangement, there will be no 

relative motion between the magnet rotor disc and the back-iron disc. Hence, the only 
flux density variation occurs within the back-iron disc will be due to the current drawn 

in the stator coils that are placed in the air gap between the two opposite magnet rotor 
discs. Earlier FE magnetic analysis of the generator was carried out in Chapter Four 
has shown that the flux density variation within the back-iron disc is marginal, hence 

negligible eddy current losses will be generated in the back-iron as a result of the 

current drawn in stator coils. 

Because of the high-speed limitations, a solid form of the back-iron disc is 

proposed for the PMAF high-speed generator. Preliminary, uniform circular disc is is 
.....,,,,,. presented for the purpose of initial analysis. Basically, the design of the back iron disc 

will follow the design of the magnet rotor disc. Hence, the principle dimensions of the 
back-iron disc have been obtained from the design data for the magnet rotor disc, 

which was determined earlier in Chapter Three. A sectional view for the simplified 
magnet rotor assembly and the back-iron disc is shown in Figure 5.1, whereas the 
principal dimensions of the magnet rotor disc are presented in Table 5.1. 

An appropriate material can be selected partly on the basis of stress levels in 
the rotating disc. In order to perform the initial stress calculations for the back-iron 
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disc rotating at the design speed, a uniform back-iron disc was selected with axial 

thickness 1, = 15 mm, outer radius R, 
0 = 47 mm and inner radius R,, = 7.5 mm. 

Figure 5.1 
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12 

ol 

Ring Rmo 

R; 
o 

PM ö 
LV 
Y 

Rho 
R;; 

Simplified view of the magnet rotor assembly and back-iron disc 
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mm 

Rmi 

mm 

Rho RI, 

mm (mmi 

5 17 15 55 47 47 27 15 7.5 

Table 5.1 Principal dimensions of the magnet rotor disc 

5.2.1 Initial stress analysis for the uniform back-iron disc 

The disc is fitted on the shaft via shrink fit to prevent slippage while it is 

running at the operating speed of 50,000 r. p. m. The required amount of interference fit 

and the associated stresses can be calculated as follows: 

First, when the disc is standstill, a contact pressure P,,, 
�r 

is exerted on the disc 

bore due to the shrink fit on the shaft. Hence, the residual radial and tangential stresses 

can be calculated using Lame solution for thick-walled cylinder theory (56,57]: 
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22 P,. ntRii 1_ 
Rio (5.1) 

rl -222 
R, o - R; fr 

2 PcontRj; 1+R; 
2o 

(5.2) ei-ýo_Rj r2 

where R, 0 and R,, are the outer and inner radii of the back-iron disc respectively and 
r is the radius at which stress is to be calculated. 

Maximum radial and tangential stresses occur at the bore of the disc, i. e. at 

r=R.,, hence: 

an = -Pcont 
(5.3) 

R°+R, 2 
5.4 COI =PC--t () 

2 Ri'i 

The disc-plus shaft assembly acts as if it were a single solid disc (with initial 

stresses) until the shrink fit loosens. Thus, the associated stresses at r=R;; for a solid 

rotating disc are calculated as: 

2 

l7r2 
3+v 

PW2Rö 1- 
RRfl 

(5.5) 
8 

,o 

(7B2 - 
3+v 

,. 2R2 1+3v R 
8_ 

(5.6) 10 
13+v 

R? 

The disc will be made of some type of steel-based alloy so Poisson's ratio and 
the mass density of the disc are basically given as v=0.3 and p =7850 kg/m3 

respectively. 
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Finally, the net stresses are calculated by combining both cylinder and solid 

disc solutions. The compressive contact pressure on the disc bore decreases as the 

rotational speed increases. When the shrink fit loosens, the net radial stress at the bore 

of the disc becomes zero. Thus, by adding Equation 5.3 to Equation 5.5 and equating it 

to zero we get: 

6rT = an + 6r2 =0 

i 
0=-Pconr+3+yPC02Rö 1-R'º 

8 Rio' 

(5.7) 

(5.8) 

Hence, the required contact pressure to keep the disc rotating with the shaft is 

given as: 

3+v 2 
z Rt 

(5) i1 ý'cont =8 Pw0 - Rýo2 .9 

By substituting Equation 5.9 into Equation 5.4 we get: 

3+v 2(IýR) 2 (5.10) UBI -8 Pw ;. 

The net tangential stress at the bore is calculated by adding Equation 5.6 and 
Equation 5.10: 

_2r2 
21 2 1+3y R 

CFgr _3 gy 
p(v `Rio+R 

)+ Rio 1 
3+v 10 

(5.11) 

The minimum amount of interference fit required to keep the disc in contact 
with the shaft is found from: 
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8= P_ R ý? 
(5.12) 

E 

From the above analysis and using Young `s modulus of elasticity, E, for steel 

as 210 GPa, results for the uniform back-iron disc are given in Table 5.2. 

Table 5.2 

Pc 

[MPa] 

S 

Lu m] 

(T81 

[MPa] 

602 

[MPa] 

66l 

[MPa] 

188.5 16.8 198.35 190.58 389.93 

Results of the mechanical analysis for the uniform back-iron disc 

Next, an investigation needs to be carried out on some available soft magnetic 

materials to select one that can match both magnetic and mechanical requirements for 

the specific application. 

5.2.2 Material requirements for the back-iron disc 

It is worth mentioning that system requirements such as high operating speed 

and high power density imply that the material of the back-iron disc must have both 

good magnetic and mechanical properties. The initial stress calculations performed 

assuming the use of normal steel has shown that the disc is not capable of withstanding 

the high stresses developed due to the high rotational speed. Hence, an alternative 

material is required which should exhibit high strength capability as well as high 

magnetic relative permeability and high saturation level. Minimum requirements for 

the magnetic and mechanical properties are summarised in Table 5.3. 

Yield % Elongation Forms & Saturation Relative 

Strength Dimensions [T] Permeability 

[MPa] [Mn] 
> 500 > 10 Round Bars > 1.2 1000 

1000 x30L 

Table 5.3 Minimum requirements for the properties of back-iron material 
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An extensive survey was carried out and several worldwide suppliers and 

manufacturers were contacted in order to find a suitable material that satisfies these 

demands. Aspects such as cost effectiveness, manufacturing processability, and 

availability were also considered in the survey. 

Information and data sheets for several different types of soft magnetic 

materials were obtained from Carpenter Technology Corporation which is a leading 

international manufacturer of specialty alloys and engineered products. A comparison 

chart for these materials based on magnetic property selector and cost is shown in 

Figure 5.2. 

Among these general types of soft magnetic alloys, four particular materials 

were found to be suitable as regards meeting the requirements already listed. A brief 

description of these materials and their properties are shown in Table 5.4. Further 

details can be obtained from the manufacturers data sheets [821. 

Nickel-Iron Iron-Cobalt Iron-Cobalt 

= Silicon Iron Iron Nickel-Iron 

Iron Silicon Iron Ferriüc 
Stainless 

Iron-Cobalt Fc 
Stainless Silicon Iron 

Fenifi c Nickel-Iron Iron St a s 

Figure 5.2 Magnetic property selector for soft magnetic materials 

It is worth mentioning that, the mild steel or normal iron will not be considered 
in the evaluation because of its low mechanical strength (yield strength < 200 MPa) 

despite its high magnetic saturation level (BS > 2.0 T) and high relative permeability 

(3000 - 5000). 
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Material Iron Cobalt Silicon Iron Ferritic Stainless Ferritic Stainless 

Property (Hiperco 27-HS) (Type-C) (17/4 PH-1150) (17/4 PH-A) 

or (50-HS) 

0.2 Yield 552 517 860 760 
Strength MPa 
Tensile strength 896 655 1000 1034 

MPa 

23 30 19 6-15 
% Elongation 

Heat Treatment Required Required Required Not Required 
after machining 

Magnetic 2.4 2.06 1.01 1.38 
Saturation [TI 

Magnetic 2000 4000 - 1000 
Permeability 

265 58 25 16 
Cost /k£ 

Scientific Scientific West Yorkshire West Yorkshire 
Source of Alloys, Inc. Alloys, Inc. Steel Co Ltd. Steel Co Ltd. 
Material USA. USA. UK. UK 

Round Bars N. A. Alternative Available Available Available 
Availability is Hiperco 50 A 

Table 5.4 Properties of selected soft magnetic materials 

From the summarised data in Table 5.4, it is clear that the vanadium iron- 

cobalt-alloys such as Hiperco 27-HS or 50-HS have the best combination of 

mechanical and magnetic properties. However, these alloys are highly expensive and 

are rarely found in the form of round bars of the required dimensions. Additionally, 

the minimum quantity that can be ordered is 1000 kg. 

Hiperco 50-A, is another grade of iron-cobalt alloys that was suggested by the 

manufacturer. This alloy has its saturation level similar to that for the 27-HS and 50- 

HS grades. However, this material is very brittle and its yield strength is below 370 

MPa. Hence, this rules out iron-cobalt alloys as an option although their magnetic B-H 

curve is considered in the magnetic analysis in the next sections of this Chapter for the 

sake of comparison with the other soft magnetic materials such as silicon-iron and 
ferritic stainless steel alloys. It also can be noticed that the mechanical strength of 
ferritic stainless alloys is higher than that of silicon-iron alloys whereas the latter have 

a higher magnetic relative permeability and saturation level. In addition, the cost of the 
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silicon-iron alloys is high relative to the ferritic stainless steel alloys. However, less 

material is required when silicon-iron is used for the back-iron disc due to its high 

magnetic saturation level. These property interactions mean that, for the precise 

determination of the optimum dimensions and shape for the back-iron disc, non-linear 

solution FE analysis needs to be undertaken using the magnetic B-H curve for each of 

these various materials. 

5.3 MAGNETOSTATIC FEA OF THE BACK IRON DISC 

This section deals with the FE magnetic analysis of the back-iron disc using 

the ANSYS 2D planer model which was developed earlier in Chapter Four. The 

objective is to optimise the geometrical parameters for the minimum volume of the 

back-iron disc that could handle the highest flux without saturation. The analysis is 

performed taking into account the non-linear behaviour of the proposed soft magnetic 

material for the back-iron disc. The intention is then to examine the influence of the 

back-iron dimensions and geometry on the magnetic flux and hence the influence of 

these parameters on the overall performance and operation of the generator. To 

accomplish this, a parametric analysis is carried out on the main geometrical 

parameters such as back-iron axial thickness and tip radius for a selected type of 

material. Then, the shape of the back-iron disc is modified where a certain cut, 

basically a quarter circular shape, on the outer edge is carried out. Finally, the 

magnetic attraction force exerted on the back-iron disc is calculated for the use in the 

upcoming FE structural analysis, which will be discussed in the next sections of this 

Chapter. 

5.3.1 Justification of the 2D model 

Before proceeding with the required analysis, the 2D planar model is verified 

against the 3D model which was presented in Chapter Four. The results of the flux 

density in the air gap for a particular solution are obtained at two different positions 
defined by paths similar to those which were found in Chapter Four. These results are 

presented graphically in Figures 5.3 and 5.4 where both 2D and 3D models are 

compared to each other. 
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It is shown from the graphs that the flux density values found in the 3D model 

are 4.5 % less than these obtained from the 2D model. These discrepancies can be 

referred to the fringing and leakage effects in the 3D model. However this percentage 
is accepted and the 2D can be used to perform the required analysis on the back-iron 

disc. 

5.3.2 Nonlinear magnetostatic analysis 

To simulate the nonlinear behaviour of the material used in the model, the B-H 

for all materials are inputted. The B-H curves for vanadium iron cobalt and silicon iron 

alloys are readily available in the ANSYS material library whereas the B-H curves for 

the ferritic steel and the Maraging G125 steel are obtained from the manufacturer 
datasheets L831. Once the static nonlinear analysis is performed, results of interest can be 

viewed. 

In studying the results of the magnetostatic analysis, the value of the useful flux 

crossing the air gap is necessary to evaluate the influence of subsequent changes of the 

design parameter of the back-iron disc on the performance of the generator. In order to 

determine this, the flux was calculated a long a predefined path that was presented by a 

vertical straight line in the 2D planar model which was allocated in the middle of the 

air gap i. e. at x=0 and extended from the shaft outer edge i. e. y =15 mm to the 

surrounding air outer edge i. e. y= 70 mm. The flux was calculated by invoking the 

ANSYS command macro FLUXV along the defined path A flowchart for the code 

created to carry out the modelling of the magnetostatic nonlinear analysis of the back- 

iron disc is shown in Figure 5.5 and the full written code is found in Appendix D. the 
flux density contours obtained for a particular nonlinear solution using one of the 

ferritic steel material is shown in Figure 5.6. 
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Figure 5.5 Flowchart for FE modelling of the back-iron 
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Figure 5.6 Flux d 

17/4 PH-A for the back-iron disc 

5.3.3 Effect of type of material on the magnetic flux 

CHAPTER 5 

, on using 

In this analysis, materials listed in Table 5.4 are modelled. For each particular 

type of material, the effect of the back-iron axial thickness on the magnetic flux level 

is investigated. Results obtained are given in Table 5.5 and presented graphically in 

Figure 5.7. 

1; [mm] 5 10 15 20 25 30 35 

Material Flux / unit depth [Web/ml x 10 " 

Van-Iron Cobalt 1.2141 1.6226 1.6223 1.6233 1.6223 1.6223 1.6225 

Silicon iron 0.9980 1.5698 1.6189 1.6200 1.6201 1.6201 1.6202 

17/4 PH-A 1.1624 1.4341 1.5547 1.5863 1.5954 1.5984 1.6003 

17/4 PH-1150 1.1829 1.4040 1.5096 1.5586 1.5742 1.5796 1.5826 

Table 5.5 Magnetic flux for different magnetic materials and axial thicknesses of 

the back-iron disc 
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with 

It is seen from Figure 5.7 that in terms of useful magnetic flux and minimum 

material volume the best material for the back-iron disc is the vanadium-iron-cobalt. A 

high and constant level of magnetic flux level can be achieved at thickness of 10 mm. 

However, as explained earlier in this Chapter, this material is expensive and is not 

available on the round bar forms. The next best material is silicon-iron. A flux level 

similar to that for the previous material can be achieved with a slight increase in the 

axial thickness (2.5 mm) i. e. 25 % increase on the total volume. Although this material 
is relatively expensive compared to the 17/4 PH steel, less volume is required with 

silicon-iron material to produce high magnetic flux. The maximum magnetic flux 

achieved using 17/4 PH-A and 17/4 PH-11500 are less by 1.3 % and 2.5 % 

respectively than that achieved with vanadium-iron-cobalt. However, to achieve the 

highest flux level using 17/4 PH steel, a minimum axial thickness of 30 mm is 

required. This represents an increase of 200 % of the total back-iron volume. Table 5.6 

summarises the results for the purpose of the evaluating the different materials in terms 

of thickness, magnetic flux, weight and cost for use in the back-iron disc. 
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Material 
Minimum axial 

thickness [mm] 

Flux / unit 

depth [Web/ml 

Weight / disc 

[kg] 

Cost / disc 

[£] 

Van-Iron Cobalt 10 1.6226 0.53 140 

Silicon-Iron 12.5 1.6150 0.66 38 

17/4 PH-A 30 1.5984 1.58 25 

17/4 PH-11500 30 1.5826 1.58 25 

Table 5.6 Results obtained for the evaluation of different back-iron disc materials 

From this analysis, Silicon-Iron steel has been selected as an appropriate material 

for the back iron disc due to the following reasons: 

" It provides a high magnetic flux at low material volume. 

" Low cost as a result of smaller material volume. 

" Good mechanical strength capabilities. 

" Available in round bar form 

5.3.4 Effect of back-iron outer radius on the magnetic flux level 

In the previous analysis, the axial thickness of the silicon-iron core back-iron 

disc has been determined. Further use of the ANSYS model already described with a 

silicon-iron steel disc of thickness 12.5 mm allowed the optimisation of disc outer 

radius, R, 
0 

for a maximum attainable magnetic flux. The outer radius was varied in the 

range of 43 to 49 mm. Results obtained from this analysis are shown in Figure 5.8. 

X 10-2 
1.83 

1.6's 

1 1.8' 

1.55 

1.57 
U- 

1.5' 

Figure 5.8 flux 
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It is seen from this Figure that the maximum magnetic flux is achieved at a disc 

outer radius, R,,,, of 46 mm. Lesser or greater radii will force more flux lines to link 

with the retainment ring thus short-circuiting the flux lines around the ring and 

reducing the useful magnetic flux in the air gap. Figure 5.9 shows the behaviour of the 

flux line at selected outer radii of, 43 mm, 46 mm, 47 mm and 49 mm, of the back-iron 

disc. The Figure is an enlarged sectional view for right upper part of the 2D planar 

model of the magnet rotor disc with the back-iron disc. It is seen that the minimum 

number of flux lines that links with the retainment ring occurs when R, 
0 = 46 mm. 

Figure 5.9 Flux lines at different R, 
0 of the back-iron disc 
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5.3.5 Shape optimisation of the back-iron disc 

To further reduce the weight, hence mechanical stresses, "profiling" of the 

back-iron disc was investigated. It was shown in the previous analysis that the flux 

lines are less concentrated at the outer rear corners of the discs. Hence, to a certain 

extent, discarding some of the disc's material not used for the flux path at that place, 

will not deteriorate the flux level. A circular cutting shown in Figure 5.10 was used for 

manufacture ease and performance comparison. 

Figure 5.10 Profiling of the back-iron disc, circular cutting 

To perform this analysis, the ANSYS program was slightly modified to allow 
for parametric modelling with the cutting radius R, 

�t 
is varied over the range of 5 mm 

to 12 mm. The behaviour of the flux lines in the back-iron disc before and after the 

cutting is shown in Figure 5.11-a) and 5.11-b) respectively. 

Fit 

a) b) 

: =-lý 
:. 

; ure 5.11 Flux line distribution a) before b) after back-iron cutting 

157 

1. 



T. El-Hasan CHAPTER 5 

Results of the FE analysis are summarised in Table 5.7. Additionally, 

percentages of magnetic flux change across the air gap and weight reduction in the 

back-iron disc are included. These results are also represented graphically in Figure 

5.12 which shows that the flux/depth change is just about zero as the cutting radius 

increases from 5 mm to 10 mm. Then the flux/depth decreases and a reduction of 5% is 

observed at a radius of 12 mm. The weight of the disc is reduced of course as the 

cutting radius increases. A design point with a cutting radius of 10 mm was selected 

since, at this point, the maximum magnetic flux is maintained and a relatively high 

percentage of weight reduction (27.3 %) is achieved. 

Reut [mm] 5 6 7 8 9 10 11 12 

Flux / unit depth 
1.6230 1.6233 1.6260 1.6258 1.6253 1.6264 1.6098 1.5415 

[Web/mI x 10-' 

% Flux change + 0.05 + 0.07 + 0.24 + 0.22 + 0.19 + 0.26 - 0.75 - 5.0 

Weight [kg] 0.60 0.58 0.56 0.53 0.50 0.47 0.43 0.39 

% Weight 
6.83 9.83 13.38 17.48 22.12 27.31 33.0 39.33 

reduction 

Table 5.7 Flux and weight as a result of the cutting in the back-iron disc. 

Figure 5. 
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5.3.6 Calculation of magnetic attraction force on the back-iron disc 

Using the selected type of material, the analysis so far has enabled the three 

main design parameters for the back-iron disc to be optimised. These are, 1,, P.,,, and 

R. t. Next, a further analysis is performed to determine the magnetic attraction force 

on the back-iron disc so that these values can be used for a FE stress analysis. For 

simplicity, we shall name the back-iron disc having the circular profile cutting as 

"modified" back-iron disc. 

When the back-iron disc is assembled on the shaft at the backside of the 

magnet rotor disc, a clearance gap S, = 0.5 mm is set between the back-iron disc and 

the magnet rotor disc for the purpose of mechanical isolation while they are running at 

high rotational speed. If the magnetic flux density, Bbi, across this clearance can be 

predicted then the attraction force can be calculated analytically as: 

x 
bi 

Abi 
F, =- 

2 po 
(5.13) 

The flux density in the air clearance between the magnet and the back-iron 

disc can be predicted from the FE nodal solution in the 2D model for the modified 
back-iron disc that was described in the previous section. The flux density distribution 

in the air clearance region is shown in Figure 5.13. By checking the nodal results at 

this specific place, Bb; is found to be 0.95 T. 

The effective back-iron surface area adjacent to the magnet rotor Ab; can be 

calculated from the magnet rotor geometry as: 

Abi = (Rio -Rmi depth (5.14) 

where Mdepth is the unit depth of the magnet in the z-direction, R10 = 0.046 m 

and R,, = 0.027 m. Hence, the calculated force per unit depth, Fr =- 13645 N/m. 
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Figure 5.13 Magnetic flux density nodal solution in the air clearance region between 

the magnet rotor disc and the modified back-iron disc 

Alternatively, in ANSYS FE model, there are two different techniques that can 

be used to calculate the magnetic forces on ferromagnetic materials surrounded by air. 

The first approach is done by invoking the FOR2D macro which calculates the 

magnetic forces on a body that is completely surrounded by air. A closed path passing 

through the air elements surrounding the back-iron disc is defined in a counter- 

clockwise order to give the correct sign on the forces. This macro makes the use of the 

Maxwell stress tensor to evaluate the force on a body. It computes the local stress at all 

points of the bounding surface and then sums the local stresses by means of surface 
integral to find the net force on a body. Thus, the macro interpolates the values of flux 

density, B, along the defined path and integrates to obtain the force on the body 

surrounded by air. The force per unit depth calculated by this approach is Fx= -12941 

N/m. 

The second approach calculates the magnetic forces using the virtual work 

method. The force is obtained as the derivative of the energy versus the displacement 

of the movable part. This calculation is valid for a layer of air elements surrounding 

the movable part. 
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The second approach is a simple and quick technique which can be done in 

ANSYS. The force of attraction on the back-iron disc is calculated by selecting one of 

the areas which represents the back-iron disc in the previously described 2D model and 

then select all nodes contained in this specific area then applying virtual displacement 

loads on these nodes either in the preprocessor or solution stage. ANSYS calculates the 

force in every selected element that represents the selected area, which is the back-iron 

disc. The results are displayed by specifying ANSYS element table command (nmisc, 

3) and the total force is calculated as the sum of each result stored in each element. The 

total force per unit depth, Fs 
, 

found by this approach is -13551 N/m. A comparison 

between results of magnetic force obtained by the two techniques of FE solutions and 

the analytical solution is shown in Figure 5.14. For further details related to these 

techniques, reference 1691 should be consulted. 
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Figure 5.14 Attraction force on the back-iron disc calculated by different approaches 

It can be seen from Figure 5.14 that the results obtained by the second 

approach, which is based on the virtual displacement method are much close to these 

obtained from analytical solution. Hence this value of magnetic force, Fx = -13551 

N/m, will be used for the stress analysis carried out in the following section. 

161 

,. 



T. El-Hasan CHAPTER 5 

5.4 FE STRUCTURAL ANALYSIS OF THE BACK-IRON DISC 

The results obtained from the initial stress analysis for the back-iron disc 

carried out earlier in this chapter have indicated the stress levels developed in the 

rotating disc at the design speed. However, in order to finalise the design, a more 

precise knowledge of these levels, of the lateral deflection and vibration characteristics 
is required especially for the modified disc. In fact, the axial force of attraction exerted 

on the back-iron disc from the magnets also should be taken into consideration since 

there is an air clearance between the disc and the magnet rotor in order that there is 

mechanical isolation between the two parts. The purpose of this section is to perform 

FE structural analysis for the back-iron disc using again the ANSYS software package. 

The programme written for this analysis is similar in its nature to that axisymmetric 2D 

FE code which was used for stress analysis of the magnet rotor disc presented in 

Chapter Four. The FE model for the modified disc with all boundary conditions and 

possible loads applied is shown in Figure 5.15. 

Figure 5.15 2D axisymmetric FE model for the modified back-iron disc 
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5.4.1 Results of the stress analysis 
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For the purpose of comparison, the FE stress analysis was performed on both 

the simple back-iron disc of uniform thickness and the modified disc of the 

geometrical shape and dimensions that were previously defined and optimised in the 

magnetic analysis. The details of the geometry for both discs used in the analysis are 

shown in Table 5.8. The radial and hoop stress results obtained from the FE solution 
for the uniform disc are obtained first and compared with the results obtained from the 

analytical Equations 5.1-5.12 presented earlier in this Chapter. These results are 

shown in Figures 5.16 and 5.17. 

Disc 
type 

dshaft 

mm 

R10 
[mmi 

1; 
[mm] 

R, 
[mml 

6 
1, u m1 

Uniform 15 46 12.5 - 16.8 

Modified 15 46 12.5 10 16.8 

Table 5.8 The geometrical details for both uniform and modified back-iron discs 
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Figure 5.16 Analytical & FE radial stress results for the uniform disc 
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Figure 5.17 Analytical & FE hoop stress results for the uniform disc 

With confidence, the stresses and lateral deflection of the modified back-iron 

disc could be compared with the corresponding values for the uniform back-iron disc 

using the minimum value of interference fit of 8= 16.8 pm required to prevent 

slippage of the disc on the shaft at the operating speed N, 
� =50000 rpm. 

In the following Figures (5.18 - 5.20), the contour plots for the radial and hoop 

stresses and lateral deflections for both types of the back-iron disc are presented. From 

these plots it can be found that the maximum hoop stress at the bore of the uniform and 

modified discs are 386 MPa and 348 respectively. Thus, the hoop stress for the non- 

uniform disc is reduced by 9.8 % for the same operating speed and interference fit. In 

addition, a maximum radial compressive stresses of -28 MPa is found at the bore of 

the modified disc compared to -4 MPa that is found for the uniform disc at the same 

place. This increase in the compressive radial stress (86 %) is beneficial for the design 

of the back-iron disc since higher compressive radial stresses implies an improvement 

in the sticking ability of the disc on the shaft while rotating at the designed operating 

speed. Accordingly, the amount of interference fit can be further reduced, thus lower 

hoop stresses can be maintained as a result of removing some of the material by 

performing the previously described cut in the geometry of the back-iron disc 
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It can be also seen from the Figure 5.20 that the lateral deflection at the rim of 

the uniform disc is almost negligible whereas a maximum negative deflection of 21.3 

p in is observed at the rim of the modified disc on the side next to the magnet rotor. 

High deflection level should be avoided since the damages could be highly sever if 

precautions are not considered at the earlier stage of the design to minimise the 

deflection or allow for enough clearance for the mating parts in the final assembly. 
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To investigate the effect of interference fit on the stresses and deflection levels 

at the bore of the back-iron disc, both uniform and modified discs were examined in 

order in the range of 10 - 20 , gym, of interference fits. At the same time, the effect of 

several different boundary conditions applied to the bore of the non-uniform disc was 

also examined. The first of these conditions was that of "free" disc i. e. when the non- 

disc is alone shrunk onto the shaft hence there are no axial constraints on both sides of 

the disc. The second was that of "axial constraint" i. e. when the disc is placed between 

the magnet rotor and the shaft nut and by tightening the nut an axial force is applied to 

both sides of the disc. The third involved "magnetic pressure" applied to the "axially 

constrained" modified disc. This pressure is applied to the disc surface area that is on 

the side opposite to the magnet rotor disc. In the 2D axisymmetric model which was 
described for the structural analysis, this area was represented by line where the 

magnetic pressure is applied to it as was shown previously in Figure 5.15. Due to the 

model symmetry around the y-axis, half of the total magnetic pressure is applied and 

can be calculated as: 

IFl 
m 2Ab, 
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where F =13645 N/m is the magnetic axial force of attraction per unit length which 

was calculated using the virtual displacement method. The effective surface area of the 

back-iron disc is calculated as Ab, =1 x (0.046 - 0.027) = 0.019 m2. Thus the pressure 

due to the magnetic force is therefore Pm = 0.359079MPa. These three different 

boundary conditions applied to the non-uniform disc are illustrated in Figure 5.21. 

Results obtained with these boundary conditions for both radial and hoop stresses and 
lateral deflections for both the uniform disc and non-uniform disc are shown in Figures 

5.22-5.25. 
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Figure 5.22 Radial stresses vs. interference fit for uniform disc and modified disc 

with the three different boundary conditions. 
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Figure 5.23 Hoop stresses vs. interference fit for uniform disc and modified disc 

with different boundary conditions. 

It can be seen from Figure 5.22 that, for the same operating speed and possibly 

not surprisingly, more contact pressure between the disc and the shaft is achieved 

through increasing the amount of interference fit since the compressive radial stress at 

the bore of the disc is increased. A compressive radial stress of approximately 5 MPa 

is required to insure that all the contact elements on the surface of the bore of the disc 

are closed. It can be noticed that to maintain closed contact elements for the non- 

uniform disc, minimum interference fits of 12 pm and 10 pm are required for the 

"free" and for the "axially constrained" boundary conditions respectively. 
Accordingly, these values represent a reduction of 25 % and 37.5 % of the required 
interference fits compared with the uniform disc. A minimum interference fit of 16 

pm is required to maintain closed contacts for the uniform disc. 

Compared to the uniform disc, the hoop stresses for the "free" modified disc 

and the "axially constrained" modified disc are 18.4 % and 20.3 % respectively less 

when examined at the same interference fit of 16 p m. 
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Figure 5.24 Lateral deflections vs. interference fit for uniform disc and modified 

disc at different applied boundary conditions. 

Figure 5.24 shows the effect of change in interference fit on the lateral 

deflections is minimal. A precise comparison between the deflection of the uniform 

disc and the deflection of the non-uniform disc at an interference fit of 16 µm at the 

three different boundary conditions is shown in Figure 5.25. It can be seen that the 

uniform disc has the minimum deflection (0.825 um), whereas the 'free" modified 

disc has the maximum lateral deflection (28.31 um) compared to the "axially 

constrained" modified disc (21.36 p m). However, the lateral deflection is slightly 

decreased (18.54 p m) when "magnetic pressure" is added to the "axially constrained" 

modified disc. The later value is the minimum deflection that can be achieved for the 

non-uniform disc. It is considered that this is a safe value since a clearance gap of 0.5 

mm is reserved between the back-iron disc and the magnet rotor disc and enough 

clearance is also kept for the other mating parts such as stator casing and bearing 
housing. 
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Figure 5.25 Comparison of Lateral deflections for uniform and modified disc with 

different boundary conditions at interference fit of 16.8 ý. un 

5.4.2 Results of Modal analysis 

Every structure has a very large number of natural frequencies at which it can 

be excited. These natural frequencies and their associated mode shapes are important 

parameters in the design of a structure that is subjected to dynamic loading condition. 

For rotating machines, it is essential to avoid any prolonged operation of the machine 

close to or at any of the natural frequencies otherwise the machine will start vibrating 
in a potentially violent way under resonant conditions. In order to prevent the 

destruction of the rotor this situation has to be avoided. 

In this Section, Modal analysis is used to determine the natural frequencies and 

the mode shapes of the back-iron disc. The ANSYS program structure that used for 

stress analysis is slightly modified to perform the required analysis on the pre-stressed 
back-iron disc. The major modification in the program structure was achieved by 

actually deleting the contact elements between the shaft and the disc by merging the 

coincident nodes at the mating areas that represent the shaft and the disc. 
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Modal analysis here is carried out in two steps. First, a static analysis is 

performed because of the prestressed condition. Second, the Modal analysis is carried 

out to determine the natural frequencies and mode shapes. 

The results for the lowest natural frequency and the following five are 

presented in Table 5.9. The ANSYS post-processor allows the mode shapes to be 

displayed for each natural frequency in exaggerated form and Figure 5.26 show the 

first six mode shapes for the non-uniform back-iron disc. 

Table 5.9 Natural frequencies for the first six vibrational modes of the prestressed 

non-uniform back-iron disc 

Mode 1 2 3 4 5 6 

Freq. [Hz] 10000 38187 46866 67189 106230 119760 

It can be seen from the results in Table 5.9 that the lowest natural frequency of 

10000 Hz is an order of magnitude greater than the (rotational) operating frequency of 

the modified back-iron disc which is 833 Hz. These relatively high frequencies are 

expected since the analysis is performed on the back-iron disc alone. Other 

components such as shafts and assemblies were not included in the analysis. It must be 

mentioned that different results would be obtained if all the components of the 

generator were modelled i. e. including the PM discs of the generator plus accessories 

such as bearings, tightening nuts and washer springs that are mounted on the shaft. 

However, the results given in Table 5.9 give an initial indication of the lowest natural 
frequencies and mode of shapes that might be excited by rotation. 
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CHAPTER 6 

EXPERIMENTAL SETUP, PERFORMANCE AND 

MECHANICAL INTGRITY TEST OF THE PMAF HIGH- 

SPEED GENERATOR 

6.1 INTRODUCTION 

Unlike conventional types of synchronous machines, permanent magnet types 

have a non controllable field excitation. With the renewed interest in permanent 

magnet machines, a number of special methods to measure their performance have 

been proposed and implemented [14,32441. Although measurement methods show in 

some cases remarkable level of accuracy, especially when they are used for medium 

and large size machines, they can not be generalised to all types and configurations of 

permanent magnet machines. This is due to the fact that such types of machines would 

have different operating behaviour and performance characteristics depending on rotor 

configuration and type of application. Furthermore, in the case of high-speed machines 

some assumptions that are acceptable for large sizes, are not any more valid. 

Therefore, the suitable alternative to overcome the above mentioned difficulties is to 

establish a direct measurement and analysis methods. 

In this Chapter, a simple but reliable approach is used to measure the steady 
state synchronous performance of the PMAF high-speed generator. The method is 

based on direct on-line measurements of the equivalent circuit parameters 1471. Other 

related tests such as no load tests, flux density measurements are also found in this 

Chapter. Finally, the mechanical integrity test on the rotors of the PMAF high-speed 

generator is also described. 
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The constructed single phase prototype of the PMAF high-speed generator, 

was designed for a minimum output voltage of 220 V AC RMS and a maximum 

current output of 75 Amp AC RMS at the operating speed of 50000 rpm. However, 

there was no available engine that could drive the prototype fully loaded at this speed. 
The development of a special drive mechanism to operate the prototype at its ultimate 

speed was beyond the aim of this work Moreover, a separate but simultaneous project 

was undertaken at the ACME department by another colleague to design and develop 

an inward flow radial gas turbine engine (IFRG7) especially to drive the PMAF 

generator at a speed of 50000 rpm. Unfortunately, up to the stage of writing up this 

thesis, the engine was not ready to operate at its ultimate design objectives. Hence, a 

simple but reliable alternative drive system was used to test the prototype for the 

following tests: 

" Electromagnetic performance tests which included magnetic flux density 

measurements, low speed no-load test and low speed load test. 

" Mechanical integrity and acceptance tests for the individual magnet rotor discs 

of the prototype. The specified acceptance test consisted of acceleration to 
design speed, operation at this speed for a prolonged operation 1-2 hours, and 
deceleration. This test was performed via cold air test rig using a fractional 

horsepower turbine. Details regarding this test are given in the following pages. 

6.2 ELECTROMAGNETIC TEST 

6.2.1 Magnetic flux density measurement 

At the start of the experimental work, the flux density values at several points 
across the air gap of the preliminary prototype and at the magnet surface were 
required. This preliminary test was necessary to understand the magnetic behaviour of 
the model. The prediction of the effect of the materials type of the retainment ring in 
the magnet rotor disc on the flux level and flux distribution in the air gap was also 
vitally required. Moreover, these measurements were also required for the validation of 
the FE results obtained in Chapter Four and also to assist for the calibration of the 

analytical models that were derived in Chapter Three. 
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To accomplish this task, the Hirst GM05 handheld gauss meter with RS232 

interface was procured from Hirst Magnetic Instruments Ltd. The instrument is 

capable to measure magnetic flux density of magnets and magnet assembly. The gauss 

meter can measure DC, DC peak, AC RMS, AC RMS Max and AC peak. It can 

measure from 0- to 3 Tesla with a resolution of 1 MicroTesla on most of the available 

ranges. The gauss meter was pre-calibrated by the manufacturer with an accuracy of 

±11% at a temperature of 20°C 
. 

More details about the instrument and its 

1841 specifications can be found in 

A transverse flux probe that was supplied with the gauss meter was used for the 

measurement of the flux density and it was held in the place of the tool-post of a small 

lathe that was available in the lab. This arrangement has allowed for precise 

measurement of the flux density at different locations by fine movement of the probe 
in radial and axial directions i. e. R and Z respectively. On the other hand, the rotors of 

the prototype were held through the shaft in a three jaw chuck of the lathe which in 

turn has allowed the movement of the rotors in the 0 direction. Figure 6.1 shows the 

experimental setup used for the flux density measurements for the preliminary 

prototype. 

Figure(). I Experimental setup for magnetic flux density measurement of the 

preliminary prototype 
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The constructed preliminary prototype which is described in Appendix A, is a 

single module flexible generator which has two of magnet rotor discs and two back- 

iron discs at the backside of each magnet rotor disc. These discs are mounted on a 

threaded shaft to allow for adjustment of the air gap length between the magnet rotor 
discs. The flux density measurements were performed for one sector of the magnet 

rotor disc which represents 1 /8 of the rotor area that was enclosed by a virtual path 

similar in the shape and dimensions of the path that was presented in the FE model. In 

order to get accurate results, the sector was divided into small rectangles similar to the 

mesh which was generated in the FE models. This mesh which can be seen in Figure 

6.2, was defined from 0° to 45° in step of 2.5° in 9 direction and from 18 mm to 66 

mm in step of 3 mm in the radial directions. This mesh was placed on a non magnetic 

sheet and placed at the middle of the air gap for three different cases of air gap lengths 

these are; 10 mm, 12 mm and 14 mm. 

The first set of measurements of the flux density are obtained at the middle of 
the air gap for the case of normal iron retainment ring with the air gap length is set to 
10 mm, 12 mm and 14 mm. For a particular air gap length, the flux density was 

measured at two different paths which were shown in Figure 6.2. The measured values 

were compared to the FE results and they can be seen in Figures 6.3 and 6.4. Thus the 
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results of the FE model were validated since they were favourably compared to the 

measured values of the flux density. 

Similar tests were performed on the rotors having Aluminium retainment ring. 

The flux density measured at a particular case of 10 mm air gap length was compared 

to that obtained from the rotors having iron ring at the same air gap length. Results 

obtained are presented graphically in Figure 6.5. 
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Figure 6.3 Measured & predicted FE flux density at the middle of air gap vs. radial 
distance at different air gap lengths for the case of iron retainment ring 
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Figure 6.4 Measured & predicted FE flux density at the middle of air gap vs. angular 

co-ordinates at different air gap lengths for the case of iron retainment ring 
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The same tests were performed but with the probe was placed at the surface of 

the rotor. The results obtained for rotors having iron retainment rings at different air 

gap length are shown in Figure 6.6. In the same Figure, the results obtained for the 

rotor having Aluminium ring for the case of 10 mm air gap length is also presented. 
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Figure 6.6 Flux density measured at the surface of the rotor 

It can be seen from these results that the peak flux density in the air gap is 

reduced by 4-5% when using Iron as a retainment ring. Also the flux density 

measured at the surface of the iron ring has a negative values. This is expected sine the 

permeability of the iron ring is high (3000-5000) thus it acts as a good conduction path 
for the magnetic flux. Therefore some of the flux lines will leak through the ring and it 

will reversed its direction. It can also be seen from the Figures that the peak flux 

density in the air gap for the rotors having iron retainment ring is found at radial 
distance R= 36 mm whereas for the rotors having the Aluminium retainment ring, the 

peak flux density is shifted towards the point where R= 39 mm instead of 36 mm. 
These results are of a great value since it helped in visualising the actual behaviour of 
the magnetic flux under different conditions which in turn has enhanced the design 

capabilities for the PMAF high-speed generator. 
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6.2.2 Low speed no load test of the prototype with simple coil winding 

The objective is to test the preliminary prototype at no load and to obtain 

preliminary experimental data at the earlier stage of the design so that it can be sued to 

verify several FE electromagnetic models which can be used then to calibrate the 

analytical models. Hence performance of several designs can be predicted with a 

reasonable accuracy and high confidence once they are experimentally validated. To 

accomplish this task, the preliminary prototype was tested at no load using a simple 

experimental setup. In this arrangement, coupling, bearings and casing were eliminated 

since the rotors were fitted on a threaded adjustable shaft and the shaft was held from 

one end by the jaw chuck of the lathe whereas the other end of the shaft was left free. 

As for the stator, a thin insulated single wire was used to form a simple single turn coil 

winding which has its shape and dimensions similar to the coil that was shown in the 

Chapter Three (Figure 3.8). The simple coil winding was placed at the middle of the 

air gap between the two magnet discs and was fixed by two stand clamps as shown in 

Figure 6.7. The lathe provides five different speeds starting from 120 up to a maximum 

speed of 1830 rpm through the selection of set of operating gears. Figure 6.8 shows 

part of the low speed test rig that was used for the no load test of the prototype with the 

simple coil winding. 
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Figure 6.8 11x11 i ul UIC eypenmentai set up used I'ur tesun the f'MA/, ' prototype at 

no-load with simple coil winding 

In this test, the no load induced voltage was measured at the speed of 1830 rpm 

and the harmonics contents were analysed. A PC based oscilloscope, ADC-216, was 

procured from Pico Technology Ltd. The instrument is supplied with the PicoScope 

software, which turns a PC into an oscilloscope, spectrum analyser and a meter. 

Measurements and waveforms can be annotated with notes and printed, saved or 

exported to other applications. The ADC-216 is a high resolution, high precision 

oscilloscope. The unit is accurate to 1% and has a 16-bit resolution with sampling rate 

of 333 kS/s. However, a quick accuracy check was performed by comparing the 

generator output measured by the ADC-16 oscilloscope to these measured by the pre- 

calibrated instruments such as Fluke-83 digital multimeter and HP3560A dynamic 

signal analyser with their accuracy are 0.1 % and 0.08 % respectively. The results were 
found to be less than the manufacturer specified accuracy of 1 %. A summary of the 

results for a particular output signal of the prototype obtained by three different 

instruments is found in Table 6.1. A typical view for the screen layout for the 

measurements of the generator output voltage and its spectrum performed using the 
ADC-216 oscilloscope is shown in Figure 6.9. 
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Instrument V-RMS [Volt] V-Peak [Volt] Freq. [Hz] THD % 

Fluke-83 0.9550 - 122.54 - 
HP3560A 0.9548 1.289 122.51 4.151 

ADC-216 0.9627 1.300 123.40 4.116 
1 --J1 Table 6.1 Measurements obtained by three different pre-calibrated instruments 

Two sets of measurements were performed on PMAF prototype with the 

simple coil winding. The first set was performed on the prototype having Aluminium 

retainment ring with the axial air gap length was varied in the range from 8 -16 mm 

with an increment step of 2 mm. The second test was similar to the first one but with 

the aluminium ring was replaced by iron rings. These measurements including 

harmonic analysis of the induced voltages were also compared with the results which 

were obtained from the 3D FE model in Chapter Four. This comparison can be clearly 

seen in Figures 6.10 - 6.13 for a particular air gap length of 16 mm. The summary of 

the results for this particular case is given in Table 6.2. 
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dB o=123.4Hz. A=2.50dB 

0 
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-0.4 60 

-2.0 ms 
0123456789 10 -100 jjkHz 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 
18Sep2002 11: 54 10Sep2002 11: 54 

j, : ax0lr -II 
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Wafingfor ADC Trigger Auto F -h A Fusing lýmV 

Figure 6.9 Typical screen layout for the ADC-216 oscilloscope 
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a) b) 
chA: THDAtpeak(%) 
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Figure 6.10 Measured a) no load output voltage and b) harmonic analysis for the 

case of 16 mm air gap length for prototype of aluminium retainment ring 
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Figure 6.11 Measured a) no load output voltage and b) harmonic analysis for the 

case of 16 mm air gap length for prototype of iron retainment ring 
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184 

the case of 16 mm air gap length for prototype of aluminium retainment ring 

Figure 6.13 FE predicted a) no load output voltage and b) harmonic analysis for 

the case of 16 mm air gap length for prototype of iron retainment ring 
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Aluminium retainment ring Iron retainment ring 

Measured FE Measured FE 

Peak [Volt] 1.303 1.351 0.920 0.921 

THD % 4.116 4.958 5.611 5.974 

1St 0.941 0.939 0.680 0.685 

cn 2" - 2.6 x 10" - 2.4 x 10- 

UÖ 
0.042 0.046 0.038 0.041 

> 4 - 5.2x10 - 4.8x10" 
E 

0.002 0.004 0.002 0.002 

6 - 7.8 x 10 7.32 x 10" 

Table 6.2 Measured and predicted FE data for the case of 16 mm air gap length for 

the prototype of both aluminium and iron retainment ring 

For the complete two sets of measurements the peak voltages were considered 

and compared with the corresponding FE results as shown in Figure 6.14. Complete 

results for the described tests with the results of the FE are found in Table 6.3 

2.2 
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V 

1.4 $ 
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Y 
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FE aluminium FE iron 

--a- Exp aluminium -- -- - Exp iron 

Figure 6.14 Measured peak induced voltages compared with FE results 
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Peak voltage, V 

Air gap length, (Aluminium ring) 

Peak voltage, V 

(Iron ring) 

mm FE Exp FE Exp 

8 1.95 1.925 1.508 1.487 

10 1.783 1.76 1.339 1.313 

12 1.6247 1.592 1.164 1.149 

14 1.478 1.443 1.022 1.016 

16 1.351 1.303 0.921 0.92 

Table 6.3 Complete results for mctucea peak voltages 

It can be seen from the results that a good agreement was achieved between the 

FE results and the experimental results. The maximum differences in the induced 

voltage were 3.5 % and 1.9 % for the rotors of aluminium retainment ring and iron 

retainment ring respectively. It can be also seen that the induced voltage for the rotors 

of iron retainment ring is 20 %- 22 % less than that for the rotors of aluminium 

retainment rings. As for the THD, the increased values in the FE results can be 

referred to one or more of the following reasons; poor meshing, low number of points 

which define the virtual path in the air gap and relatively large step increment in the 

path through rotation 

6.2.3 Low speed test for the prototype with the final coil windings 

The prototype of the PMAF high-speed generator was tested also at low speed 

but with the simple coil winding was replaced by the final coil winding and the air gap 
length was fixed to 10 mm and the rotors were retained by Maraging ring. The final 

coil winding was mentioned briefly in the previous Chapters and is described in details 

in Appendix A. The test was performed in two steps as follows: 

6.2.3.1 No-load test at different speeds 

The prototype was tested at no load at five different speeds which were 

attainable by the lathe. The measured peak induced voltages were again compared to 
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these obtained from the FE models as shown in Figure 6.15. The induced voltage 

waveforms at different speeds are shown in Figures 6.16 and 6.17. 
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%r 
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Figure 6.15 No load measured and FE predicted peak voltages for the final coil of 

the PMAF obtained at different speed 
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Figure 6.16 No-load induced voltage waveforms at different speeds 
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V x=11.21 V o=122.2Hz, A=7.24V 
20 V THD = 2.602 % 
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Figure 6.17 Measured no-load voltage and harmonic analysis for the final coil 

winding at the speed of 1830 rpm 

It is worth mentioning that two types of losses can be deduced from the no load 

test these are; mechanical and stator eddy current losses. The mechanical losses are 

restricted to windage losses while stator eddy current losses are attributed in the stator 

conductor only since there is no iron core in the machine's stator structure. This eddy 

current loss in the stator is related to the flux produced by the magnets alone. 

The windage losses of the machine can be measured by driving the machine at 

a particular speed with the stator coils removed. The output power at the shaft of the 
driving mechanism can be measured thus, windage losses can be determined. 

However, it was not possible to determine the windage losses at the speed of 1830 rpm 

since the loss will be negligible at such speed. 

Stator eddy current losses can be also measured by driving the machine at a 
particular speed. Thus if the windage losses of the machine at that particular speed is 
known, then the eddy current losses can be determined by subtracting the windage 
losses from the output power delivered to the machine. Again this measurement 
requires the machine to operate at high rotational speed in order to obtain measurable 

values of eddy current losses which in this case of 1830 rpm will be negligible since 
the stator windings are constructed from thin stranded wires. 
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6.2.3.2 Load test 

CHAPTER 6 

Load test is required for the machine in order to determine the losses 

incorporated with loads and hence the machine's synchronous performance and 

parameters can be experimentally determined. 

Further losses usually occur in the electrical machines when they are loaded 

and these are; copper losses in the stator windings and magnetic losses induced in the 

rotors. The physical sources for the magnetic losses in the rotor are due to the time 

variation of the magnetic filed due to the flow of the current in the armature windings. 

In small machines, the major part of the losses is attributed to the copper losses 

in the stator winding resistance. Therefore the value of the effective resistance is very 
important to be determined with reasonable accuracy in order to predict the machine 

performance, since this resistor is the dominant parameter. At high operating speed, a 
high frequency current will flow in the stator windings. In addition the stator windings 

will be subjected to high frequency flux and high temperature. Therefore the AC value 

of the resistance would be higher than its DC value since it is affected by the skin 

effect, proximity effect, and temperature rise. 

In many investigations the effective values of the winding resistance is 

assumed to be constant and it is equal to the value that can be directly obtained from its 

DC value. However, in the current research, the winding resistance was obtained 
directly from the load test by using the on line measurement of the phasor angle from 
the phasor diagram. 

Recalling the phasor diagram which was shown in Figure 3.16. There are four 

parameters should be measured in order to determine the effective resistance of the 
windings these are; 

" No load induced voltage, E 

" Terminal voltage, V, , at a particular load current, IL 
. 

" Air gap induced voltage, El at the same load current. 
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" The phase shift between El and IL. In case of pure resistive load, this phase 

shift is equal to the angle between El and V,. We shall call this angle as the 

internal power factor, yrt . 

The first parameter can be measured directly across the resistive load whereas 

the other two parameters require special arrangements for the coil winding and 

measurement techniques. To accomplish this task, a "dummy coil" winding was 

constructed simultaneously with the final coil winding having the same shape and 

approximately the same dimensions. This was done at the earlier stage of construing 

the stranded wire where 3 strands out of the 96 strands were marked and left especially 
for making an embedded but separate coil. No current will be flowing in this "dummy" 

coil since it will not be connected to a load. The load will only be connected across the 

terminals of the major coil which is formed by the remaining strands. Hence measuring 

the voltage across the dummy coil will give El and measuring the phase shift between 

F., and V will give V,. 

The PMAF generator was tested at the speed of 1830 rpm. Part of the 

experimental setup used for load test is shown in Figure 6.18. Summary of the 

measurements obtained are given in Table 6.4. Terminal voltage measured across the 

resistive load vs. load current is compared with that predicted by FE models as shown 
in Figure 6.19. Also, winding temperature was measured using K-type thermocouples 

and plotted vs. load current as shown in Figure 6.19. Since no forced cooling was used 
in this particular test the maximum current drawn was limited to 40 Amp where 
maximum winding temperature measured at this current was 100°C 

. All instruments 

used for current, volt and temperature measurements are pre-calibrated at RS 
Calibration Laboratories. 
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Figure 6.18 Part of the experimental setup used for load test of the PMAF generator 

IL 
Amp 

Temperature 
°(' 

vI 
V rms 

E, 
V rms 

W; 
Deg 

0 25 7.926 7.925 0 
5 25 7.592 7.924 0.51 
10 26 7.25 7.913 1.1 
15 29 6.89 7.903 1.7 
20 39 6.48 7.88 2.24 
25 50 6.033 7.859 2.95 
30 61 5.551 7.823 3.58 
35 75 5.01 7.76 4.02 
40 100 4.307 7.71 4.62 
Table 6.4 Measured parameters obtained from load test 
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Figure 6.19 Measured and predicted terminal voltages and winding temperature vs. 

load current 

There are some other parameters that can be deduced from the measurements 

obtained from load tests. The necessary modelling equations can be obtained to 

determine these parameters as follows: 

" Leakage reactance 

El sin yr, XL =I (6.1) 
L 

" Magnetising reactance 

[ETL 
-(E1 COSY/, )i 

xM =I -XL (6.2) 
L 

" Effective resistance 

El cos V/, -V, RAC =I (6.3) 
1. 

" External load angle, 8L 
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8L = cos 
El cosyr; (6.4) 

E, 
vc. 

" Internal load angle, 8, 

s; = SL - yr; (6.5) 

These parameters are presented on the phasor diagram as shown in Figure 6.20 

and are given in Table 6.5. 

Figure 6.20 Phasor diagram used for parameters calculations 

I/, 
Amp 

XL 
S2 

XM 
S2 

RAC 

S2 
6L 

Deg 
br 

De 
5 0.0141 0.0242 0.0663 1.38 0.87 
10 0.0152 0.0326 0.0661 3.46 2.36 
15 0.0156 0.0275 0.0673 4.68 2.98 
20 0.0154 0.0299 0.0696 6.56 4.33 
25 0.0161 0.0280 0.0726 8.01 5.06 
30 0.0163 0.0291 0.0752 9.91 6.33 
35 0.0155 0.0331 0.0783 12.40 8.38 
40 0.0155 0.0329 0.0844 14.16 9.54 

Table 6.5 Other parameters deduced from the measured parameters at load test 

It can be seen from the results that effective resistance of the machine is 40 - 
50 % higher than the synchronous reactance. The average leakage and magnetising 

reactances are found as 0.0154 f2 and 0.0297f2 respectively. The synchronous 

reactance was calculated as 0.0451 S2 from the load tests whereas the predicted one 

was found by FE as 0.0306 S2 
. 
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6.3 MECHANICAL INTEGRITY TEST 

An acceptance test of the individual rotors to demonstrate the mechanical 
integrity of the PMAF high-speed generator at the design speed was required. To 

accomplish this task, a simple cold test rig comprising a small radial turbine rotor was 

constructed as shown in the Figure 6.21. The magnet rotor was mounted (at the non- 

magnetised stage) on the same shaft of the turbine rotor and a pressurised air 

controlled by a pressure regulator was used to run the turbine at different speeds. 
Although the rotor was required to run safely at a speed of 50000 rpm, the maximum 

speed obtained by the turbine was 47000 rpm. A pre-calibrated magnetic pickup 

transducer was used to measure the speed of the prescribed rotor. A digital multimeter 

was used to measure the frequency of the output signal from the magnetic pickup and 

it was found as 6.251 kHz as can be seen in Figure 6.21. The test was repeated several 

times to operate the rotor under sever conditions such as acceleration and deceleration. 

Also the rotor was operated at that maximum speed for a prolonged time (1 -2 hours). 

The tests have showed that the rotor is robust and has good mechanical structure. 

Through the acceleration of the rotor to the maximum speed, the rotor was slightly 

vibrated at two different speeds these were; 22,300 rpm and 39,000 rpm. Apart from 

these two speeds, the rotor was running smoothly without suffering any problems. 

Air inlet 

Turbine 
Magnet Frequency, 
Rotor kHz 

Figure 6.2 1 Part ul the cold test rig used for testing the magnet rotor discs 

for its mechanical integrity at the speed of 47,000 rpm 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

7.1 CONCLUSIONS 

CHAPTER 7 

A design methodology was presented for the permanent magnet axial flux 

high-speed generators to be incorporated in a lightweight and compact electrical 

generating set for use in emergency situations. The design of such generator involves 

conflicting mechanical and electromagnetic requirements. Attention was given to 

design the generator with high power/weight ratio, and providing an adequate 

mechanical strength to the rotor, reasonable high efficiency and minimum cost of 

manufacturing. This was demonstrated by designing a single-stage (single phase) 16.7 

kW generator and can be applied for designing higher output power generator. The 

significance of the design that it is based on a modular design basis, thus for a 

particular rotor design, higher output generators can be designed by increasing the 

number of modules i. e. stator and rotor stages on the shaft. 

To assist in the design and assessment of such generators at their earlier stages 
of deign, a mathematical model was derived based on the generator main design 

geometrical parameters. This model was modified by incorporating empirical 
coefficients to account for the magnet leakage and losses in the magnet circuit of the 

model. These empirical coefficients were determined from the FE results with the aid 
of experimentally validated data for several proposed designs. This model was then 

used to evaluate several proposed designs obtained through the variation of number of 
turns and number of poles as major design parameters. The design process was 
accomplished by implementing two different approaches. The first approach was based 

on setting a fixed numerical value for the ratio, kn� = 0.577, of the magnet inner radius 

to its outer radius as a determinant factor in the rotor geometry. The flux density in the 

air gap required to produce a certain output voltage for a given number of turns and 
number of poles was then calculated and the magnet axial length was determined. The 
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second approach was based on selecting a value of the air gap flux density where at 

this point maximum energy product for a particular permanent magnet material can be 

achieved in a certain magnetic circuit. Hence the rotor dimensions were determined to 

satisfy this value of flux density for a given number of turns and number of poles to 

produce a certain output voltage. 

Through the design calculations in both approaches, the successful rotors, in 

terms of electromagnetic design, was always checked vs. its mechanical integrity. A 

high strength steel alloy (Maraging G125) was used as an alternative to the Carbon 

Fibre sleeve which has been used in the design of some of the radial flux PM high 

speed machines and more recently in axial flux machines. The radial thickness of this 

retainment ring was optimised based on the minimum required thickness to achieve a 

safe design and the amount of interference fit required to assemble the ring onto the 

rotor was also calculated. The outcome of the two approaches was a set of several 

successful possible designs with their performance data and geometrical characteristics 

were all determined. By screening these data and based on the design objectives it was 

possible to select the best design among the successful designs. 

It appeared by using the second approach that more successful designs can be 

achieved. This is because in the first approach the rotor was bounded by the magnet 

ratio knr 
. 

When evaluating the generator performance, the theoretical analysis 

provided results within 5% of the FE and experimental results. This demonstrated the 

usefulness of the theoretical analysis method. 

A particular design of configuration, 8 poles, 5 turns/coil/layer, was selected 
from the first approach based on the maximum achieved power density. For that 

particular design, a power density of 6.21 kW/kg, based on the electromagnetic 

components, was achieved and an efficiency of 94.31 % was quoted. The selected 
design was then analysed using FEM. The stress in the rotor was accurately predicted 

using 3D FE with interference effect included in the model. Results have shown that 

the proposed rotor is capable to operate safely at the design speed in excess of 50000 

rpm. A 3D FE electromagnetic analysis was also performed on the selected design. 

The model was capable to evaluate induced voltages, harmonics, synchronous 
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parameters, rotor and stator eddy current losses and performance of the machine. 

Results obtained were favourably compared to the experimental results. By performing 

parametric analysis with the aid of FE modelling, it was possible to predict the effect 

of some influential design parameters such as permanent magnet topology and type of 

material used for the retainment ring on the performance and characteristics of the 

machine. With the appropriate design of magnet topology it was possible to reduce the 

total harmonic distortion (THD) in the induced voltage by 8 %. This reduction in the 

THD was beneficial for minimising rotor eddy current losses which were attributed 

due to the flow of the current in the stator coils. Pure sinusoidal waveform will 

produce a minimal eddy current loss in the rotor of the machine. It was found from the 

electromagnetic analysis, that when a magnetic material was used for the retainment 

ring such as Maraging G125, the induced voltage was reduced by at least 20 % when 

compared to that induced from the same design of the rotor but with nonmagnetic 

material. However, this drawback was offset by advantages such as ease of 

manufacturing and assembling, low manufacturing cost and availability, offered by 

using such metallic rings. 

More in this research, a novel design of the back-iron disc was proposed for the 

PMAF high-speed generator. With careful mechanical design and structural FE 

analysis, it was possible to utilise the silicon iron material for the back-iron disc as a 

replacement for the ferritic stainless steel. With the aid of FE electromagnetic analysis 

it was possible to minimise the weight and volume of the disc without detracting from 

the generator performance. A reduction of 200 % on the volume of the disc was 

achieved when the silicon iron material was used instead of the ferritic stainless steel 

materials. 

A prototype of the proposed design for the PMAF high-speed generator was 

constructed and tested at low speed and the results obtained were favourably compared 

to the predicted one. A simple but reliable technique was used to determine the 

synchronous parameters of the machine based on the direct on line measurements of 

the parameters of the phasor diagram. For the mechanical test, the individual rotors of 

the machine were tested safely on a cold run test rig at a maximum speed of 47000 rpm 

without suffering any severe mechanical problems. 
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7.2 RECOMMENDATIONS FOR FUTURE WORK 

The distinctive advantages gained by using PMAF machines, led them to be 

very attractive to be used in many applications and in particular for high speed 

applications. Thus research in this field is still gaining momentum in order to improve 

their performance and lower their cost. Research in this field needs to be conducted in 

both computational and experimental aspects. 

7.2.1 Computational aspects 

" The accurate calculation of eddy losses and the appreciation of their 

dependence on machine design parameters are of great importance. Thus 

further analysis on the rotor and stator eddy current losses could be conducted 

taking into account velocity effect. 

" Further analysis could be conducted to evaluate the transient performance of 

the machine by FE analysis. 

9 Heat transfer and cooling aspect is also a major area of further work. In 

addition, design and construction of an efficient integral fan is required. 

" Alternative stators comprising iron powder material in their cores can be 

designed, built and tested. Thus, further FE analysis can be performed on the 

machine having such stators. 

" Vibration analysis of the machine taking into account all components on the 

shaft is needed. For modal analysis, it is worth pointing out that not taking the 

shaft into account does not seem very useful, for low frequency modes will 

certainly appear on the shaft. An example for modal analysis on one single 

components considered in this research was the back-iron disc. 

" Further work is required on the evaluation of windage losses. 

7.2.2 Experimental aspects 

9 The prototype of a single phase PMAF high-speed generator is now ready to be 

tested at its design speed. Hence a high-speed test is to be carried out by 

coupling the described generator to the gas turbine engine which was designed 
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and developed especially for this purpose as a separate but parallel part to this 

project. 

"A data acquisition unit for the on line measurement can be built to be a part of 

computer aided testing system. This system can be modified to measure the 

transient performance for the machine. Moreover, such measurement can be of 

a great help in building a computer controlled drive system. 

" Constructing and testing a three-phase version of the generator is required and 
this can be done by incorporating another two stator and two rotor discs on a 

new longer shaft. 
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APPENDIX A 

MANUFACTURING & ASSEMBLING OF THE 

PMAF HIGH-SPEED GENERATOR 

A. 1 INTRODUCTION 

The construction and development of the PMAF high-speed generator involves 

many challenging technical tasks such as high precision machining, heat treatment and 
in some cases assembling via a shrink fit technique. In addition, manufacturing of the 

stator comprises procedural methods for building the winding such as magnet wire 
braiding, coil forming and winding encapsulation. 

The PMAF generator was totally built from the scratch. At the start of the 

project, there were no older versions or similar prototypes available to the author on 

which preliminary tests could be carried out Moreover, as far as the author was aware, 
detailed technical information and design data especially that concerning the 

electromagnetic analysis for such a machine was inadequate. Therefore, there was a 

need to develop and construct a preliminary prototype in order to make an assessment 

of the design and an evaluation of the electromagnetic FE model before the final 
design of the PMAF generator could be created with confidence. In this Appendix, the 
manufacturing, assembling and technical development of the PMAF generator is 

covered. First, the development of the preliminary prototype is described. Second, the 
construction of the final design of the PMAF generator is presented. A description of 
the geometrical construction and the development of various components and 
accessories are included. Finally, detailed work on the manufacturing and assembling 
processes is also covered in this Appendix. 
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A. 2 DEVELOPMENT OF THE PRELIMINARY PROTOTYPE 

A. 2.1 Objectives in constructing the preliminary prototype 

The main objective of constructing the preliminary prototype was to facilitate 

and speed up the design procedure by investigating the capability of the model to 

generate results that met the design requirements. Moreover, there was the necessity to 
build confidence in the FE electromagnetic results by experimental validation so that 

results obtained from FE analysis during the whole design process could be relied 

upon since there was not much data published regarding the design and development 

of such machines. 

Among the prototype parts, the magnet rotor disc is the most complicated and 

relatively the most expensive part because it contains the rare earth NdFeB permanent 

magnets and high quality alloys such as Alumec 79 and requires high precision 

machining. Hence, considerable attention was given during the earlier stages of the 

project to the design of the magnet rotor disc to ensure that the design was sound and, 
in its final form, met both the electromagnetic and mechanical requirements. Any 

alteration in the design parameters of the magnet rotor disc once it had been produced 
would boost the cost of the construction and would be time consuming. Thus, it was 
planned that, once the magnet rotor disc was manufactured, any modification in the 
dimensions and shape of the magnet rotor disc would be as far as possible avoided 

unless test results showed that a major conceptual modification in the design of the 

magnet rotor disc was required in order to meet the electromagnetic and mechanical 
requirements. 

Satisfaction of the electromagnetic requirements could be achieved 
alternatively through the adjustment in one or more of the design parameters of 
components other than the magnet rotor disc and this could be investigated using the 
preliminary prototype. With a suitable flexibility in the prototype design, components 
such as the rotor hub, stator winding, shaft, back-iron disc could be amended in a more 
or less trouble-free way. Hence, parameters such as air gap axial length, conductor 
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cross-section, number of winding turns, shape of coils and type of stator winding 

encapsulation could be easily modified. 

The flexibility in the preliminary prototype will make it possible to avoid major 

costs that would be involved if the PMAF generator failed in some way and, 

moreover, some parts of the preliminary prototype could be incorporated into the final 

design of the PMAF high-speed generator. 

A. 2.2 Description of the preliminary prototype 

The preliminary prototype was developed for testing at low speeds in the range 

1500 - 3000 rpm. The key feature of this prototype is its simplicity and flexibility. It 

can be easily constructed, assembled, adjusted, modified and easily tested within the 

available resources and facilities. The preliminary prototype is a single phase, single 

module generator i. e. it has two magnet rotor discs, two circular back-iron thin discs 

with one single stator coil in-between. The PMAF generator preliminary prototype is 

depicted in Figure A. 1 

Figure A. I 

The magnet disc and back-iron disc are fitted by sliding them onto the rotor 
hub and fixing via tightening nut at the back of the back-iron disc to prevent the discs 
from slipping on the hub while they are running at the prescribed speed. The rotor hub 

and the shaft are both threaded so that the axial distance between the two magnet rotor 

e- I 

iary prototype 
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Threaded r 

discs can be adjusted. The major parts of the preliminary prototype are shown in 

Figure A. 2. The detailed dimensions of these parts can be found in Appendix B. 

Magnet carrier 
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2 Preliminary prototype major parts 

A. 2.3 Manufacturing the magnet rotor disc 

The first step in the manufacture of the preliminary prototype was the 

manufacturing of the magnet rotor disc, i. e. magnets plus magnet carrier without the 

retainment ring or the rotor hub. This task was given to a UK company, Magnet Sales 

& Service Ltd 1581 since they were capable of carry out the high precision machining 

required for this part. This disc is the component common to the preliminary prototype 

and the final form of the PMAF high-speed generator. This disc comprises eight 

semicircular permanent magnet pieces made of sintered NdFeB, grade N38H and a 

magnet carrier machined from Alumec 79 aluminium alloy. Although this particular 

shape of the permanent magnet was considered based on the ease of manufacturing, 

cost reduction and availability, it was shown in the electromagnetic analysis performed 

in Chapter Four that that an appropriate magnet topology can improve the performance 

of such machines. Figure A. 3 shows the magnet rotor disc whereas the AutoCAl) 

drawings can be seen in Appendix B. 

The magnet carrier disc was CNC machined to obtain the tight tolerances on 

the dimensions especially those on the bore and on the rim of the disc due to shrink-fit 

requirements. The sintered permanent magnets were machined to the required size 

before coating and magnetising. Coating is required to prevent corrosion in the 
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permanent magnets due to the high iron content. For the preliminary prototype, the 

magnets were magnetised individually and glued into the magnet carrier using high 

strength Permabond F246 adhesive recommended by the magnet manufacturer. The 

magnetising process was carried out at the manufacturer premises using a standard 

magnetising jig, which is normally used for magnetising standard individual magnets. 

[SC 

A. 2.4 Manufacturing and assembling of retainment rings for low speed test 

Although permanent magnets pieces are glued to the carrier, retainment ring is 

needed to insure that the magnets are securely located in their positions in the carrier 

during rotation. Two types of rings; one made from aluminium and the other made 

from mild steel were manufactured. The intention was to test the preliminary prototype 

using materials of completely different magnetic permeabilities and to observe the 

influence of each type of ring on the performance of the prototype. Figure A. 4 shows 

the retainment rings of aluminium and mild steel, which were used in the preliminary 

prototype. Detailed drawings can be found in Appendix B. 

The retainment ring was machined using horizontal boring machine and 
enough clearance was given to the ring inner diameter to prevent damage of the 

magnets or magnet carrier during assembly or dismantling processes. A machine shop 
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press was accessible and some tools were machined specially for this purpose. Great 

care was needed especially when fitting the mild steel ring because of the high 

attractive forces generated by the magnet disc. Figure A. 5 shows the assembling of the 

retainment ring into the magnet rotor disc of the preliminary prototype. The same 

arrangement is used for the dismantling process but with the base plate is removed this 

time. It should be noted that the base ring inner diameter was made slightly bigger than 

the outer diameter of the magnet rotor disc so that none of the discs could stick in the 

base ring during the assembly and dismantling processes. All tools and discs used for 

this purpose were made from non magnetic materials to avoid hazards that could be 

caused by sudden attraction due to the magnet rotor disc. 

Figure A. 4 Retainment rings of aluminium and mild steel used for preliminary prototype 

Mechanicalpress 

Tire rod 

Base plate 

Magnet rotor disc 
Guidance disc 

Retainment ring 
Base ring 

Figure A. 5 Assembling the retainment ring for the preliminary prototype 
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A. 3 DEVELOPMENT OF THE FINAL DESIGN OF THE PMAF 

HIGH-SPEED GENERATOR 

The manufacturing and development of the final design of the PMAF high- 

speed generator requires high precision machining to satisfy the mechanical design 

aspects. The same design and construction of the magnet rotor disc, which was covered 

in the previous section, will be incorporated for the final design of PMAF generator 

except that the magnets will not be magnetised individually. Instead, they will be 

magnetised after assembling using a special magnetising fixture built specially for this 

purpose in a was that will be described in this section. Also in this section technical 

details for manufacturing and assembling of the high strength steel retainment ring for 

the magnet rotor disc will be given. The manufacture and assembly of the back-iron 

disc, rotor hub, shaft and bearing housing are included. Finally, the manufacture of the 

stator winding also discussed. 

A. 3.1 Manufacture of the high strength retainment ring 

The material proposed for the ring is a high strength steel alloy, Maraging 

G125. This material was supplied by a UK company, Advanced Metals International 

Ltd. 1831. Maraging G125 is supplied as forged rings with roughly the following 

dimensions, 117 mm OD x 75 mm ID x 25 mrn thickness that can be machined to the 

following dimensions: 110 mm OD x 94 mm ID x 17. mm thickness. The forged ring 

of Maraging G125 as supplied by the manufacturer is shown in Figure A. 6. 

Figure A. 6 Forged ring of Maraging G125 
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The forged ring is supplied in the solution-annealed condition, which is the best 

condition for machining where the most of the machining is performed on a lathe. 

After machining, heat treatment was carried out to give the alloy its full mechanical 

properties. Simple aging treatment at a temperature of 482 °C for 5 hours was 

performed followed by air cooling. It should be noted that 0.5 -1 mm clearance was 

left on each side of the ring to account for distortion due to aging process. After aging, 

the ring was machine-finished to the specified tight tolerances of the required 

dimensions. The inner diameter was the most critical part and cylindrical grinding was 

carried out on this surface to insure good quality and smooth surface finish. 

Dimensions for the ring are given in AutoCAD drawing in Appendix B. 

It can be seen from this drawing that the inner diameter of the ring was finished 

at 0.520 mm less than the outer diameter of the magnet rotor disc with the tolerance of 
± 0.005 mm was specified on this dimension. This difference in diameter is the 

amount of interference fit required between the magnet disc and the retainment ring to 

keep the magnets under compressive stresses while rotating at the design speed. On the 

other hand, the non-magnetised magnet rotor disc was fine ground at the outer 
diameter to insure good surface contact with ring during the assembly procedure. 

A. 3.2 Assemble of the high strength retainment ring 

The assembling of the high strength retainment ring involved a shrink-fit 
process. Normally, heating or cooling one of the parts is sufficient to permit assembly. 
However, in this case the amount of interference fit is relatively large and so both 
heating and cooling is required simultaneously to accomplish the task The process is 

not easy and any underestimation to any of the requirements could cause the loss of the 
most important and expensive part of the generator. Therefore, it was decided not to 
jeopardise the real magnet disc and a dummy rotor disc was constructed to carry out 
the first testing of the assembly procedure using the shrink-fit technique. The 
expensive materials in the real magnet disc were replaced by low cost materials with 
thermal expansion coefficients similar to those of the real disc. The permanent magnets 
were replaced by mild steel and the Alumec magnet carrier was replaced by 

aluminium. The Maraging G125 retainment ring was replaced by ring made of 
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stainless steel. All parts in the dummy rotor were machined to the same dimensions 

and tolerances of the real disc. Finally, a reliable process of assembly process was 

evolved as follows: 

" Calculate the amount of temperature difference required to fit the ring into the 

disc. As was found in Table 4.3, the temperatures required for the retainment 

ring and the disc were calculated as + 363°C and -190°C for the retainment 

ring and the magnet disc respectively. 

" Manufacturing of the assembly fixture, which contains the following parts: 

shrink fit base plate, shrink fit guidance plate, assembly vessel, centring rod 

and shrink fit pressing cap (Appendix B). 

" Expansion by heating of the retainment ring using an air-circulating electric 

furnace. The ring should be inserted into the furnace while it is at room 

temperature and the furnace switched on to allow a slow warm-up to a 

temperature of 363 °C over 40 - 50 minutes. Figure C. 7 show the electric 

furnace used for the ring expansion. 

" Freezing the magnet disc. A sufficient quantity of liquid nitrogen and a suitable 

container that allows the magnet rotor disc to be submerged totally in the liquid 

nitrogen are required. It was found that at least two to three litres of liquid 

nitrogen is required to cool the magnet disc down to -190 °C within 10 - 15 

minutes. Great care should be taken when taking the magnet rotor disc out of 

the container to avoid damaging the disc since it will be very brittle at this 

temperature. 

Figure B. 7 Electric furnace used for the expansion of retainment ring 
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" Removing the magnet disc from the furnace and the retainment ring from the 

liquid nitrogen. Clearly, these and subsequent operations need to be carried out 

quickly. All equipment and accessories required in the assembly process must 
be to hand so that the time required for the process is minimised. Any delay in 

handling and assembling might result in fitting failure. 

" Positioning the magnet disc and the retainment ring in their specified locations 

in the assembling fixture. 

" Pressing the arrangement using hydraulic press (Figure A. 8) in the assembling 
fixture (Figure A. 9). 

" Removing the assembled disc from the assembling fixture. The colour of the 

retainment ring will have changed to a brassy colour due to the heating process. 

Surface grinding is now carried out to finish the disc to the required 
dimensions. Figure A. 10 shows the assembled disc before and after surface 

grinding. 
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Figure A. 9 Arrangement for the shrink fit assembling fixture 
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rigure A. ºu 

After the successful assembling process on the dummy rotor, this reliable 

process was then performed on the real magnet rotor and it was a successful process. 

A. 3.3 Magnetising the high-speed magnet rotor disc 

A difficulty in magnetising now arose since the permanent magnets were fitted 

into the disc with the ferrous retainment ring surrounding the magnets. The standard 

magnetising jig at the manufacturer's premises, could not deal with the disc in this 
form and so a new magnetising fixture was specially developed for this purpose. 
Fabrication of the jig was given to a UK company called Magnetic System Technology 

Ltd specialising in manufacturing and developing all sorts of magnetising fixtures. The 

details of the fixture are given in Table A. 1 and a photograph of the magnet rotor disc 

in the new magnetising fixture is depicted in Figure A.! !. 

Parameter Value 

Peak current 13000 A 

Rise time 0.7 ms 

Operating voltage 2000 V 

Energy 10 KJ 

Table A. 1 Details of the new magnetising fixture used for magnetising the 
high speed magnet rotor disc 
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igure A. 11 Magnetising the high speed magnet rotor 

magnetising fixture 

A. 3.4 Manufacturing the back-iron disc 

Appendix A 

Zagtet itg- 

yoke 
Ti 
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Vice 

using a new 

The design of the back-iron disc was covered in Chapter five. Silicon iron core 

material of grade B-FM was selected and it was supplied by a US company, Scientific 

Alloys, Inc. The raw material was supplied on the form of uniform solid discs in the 

solution-annealed condition with the following dimensions: 100 mm OD x 20 mm 

thickness. Major machining process was carried out on the disc while it was in the 

solution-annealed condition. Heat treatment task was given to a UK company, Kepston 

Limited since a special wet hydrogen-atmosphere heat treatment was required. The 

discs were heated at temperature of 850°C for three hours and cooled at a rate of 

50°C per hour to 538°C and then at rate of 100°C per hour to room temperature. For 

further details regarding the heat treatment of this material, reference 1821 can be 

consulted. After heat treatment, the disc was finished by high precision machining to 

the tight tolerances required for the shrink fit process. 

A. 3.5 Manufacturing the rotor hub, locking spline and shaft 

The PMAF high-speed generator was developed based on a modular design 
basis and intended for easy assembling and dismantling. Accordingly, the rotor hub 

was designed and manufactured to meet these requirements. The material selected was 
the same material as used for the shaft, which was EN24T. This material has good 
mechanical strength, good workability and it does not require heat treatment. 
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The rotor hub was machined using a CNC machine. The rotor has three splines 

protruded axially at both sides of the hub. These splines were 120 degree equally 

spaced and designed to fit male-female into the locking spline and into the second 

rotor hub as shown in Figure A. 12. The locking spline was also machined from EN24T 

using the CNC machine to perform the female cut into the side that mates the "open 

end" side of the rotor hub. The bore diameter of the locking spline was precisely 

machined at 0.030 mm smaller than the shaft diameter with a tolerance of ± 0.005 mm 

is specified on this side. This was the amount of interference fit calculated for the 

locking spline to be shrunk fit into the shaft. As for the bore diameter of rotor hub, it 

was designed to allow for sliding fit of the rotor hub on the shaft. Thus, once the 

magnet rotor and the back-iron discs are shrunk fit into the rotor hub, the assembly can 

be easily assembled and dismantled on the shaft on demand. 

The solid shaft was precisely machined to a diameter of 15.000 mm and a 

tolerance value of ± 0.003 mm was assigned to meet the high precision bearing 

manufacturer's specification and recommendation. 
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A. 3.6 Assembling of the high-speed rotor assembly on the shaft 

Appendix A 

In this section. the process of assembling of the high-speed rotor is illustrated 

with the aid of diagrams. Only the assembling of one module is presented, i. e. two 

magnet rotor discs for a single-phase stator. The three-phase machine is outside the 

scope of this thesis. The procedure of assembling was carried as follows: 

A. 3.6.1 Shrink- fit of the locking spline 

The first step in the assembly process was fitting the locking spline into the 

shaft by shrink fitting. The minimum temperature difference required for the shrink-fit 

was calculated using Equation 3.62 as 182 C. To achieve this difference, the shaft was 

cooled down to -190 C and the locking spline warmed up to + 50 C. The shaft was 

removed from the liquid nitrogen and clamped inside a steel can coated by rubber on 

its inside to prevent damaging or scratching the shaft during the assembly process. The 

steel can has a predetermined length, which acted as a stop while the locking spline 

was advanced along the shaft (Figure A. 13). Once the locking spline was fitted onto 

the shaft the components were left to attain room temperature. 

Clamping 
steel can Locking 

spline Sliding then 
shrink It 

rr--i 

'oiecu\ e 

rubber 
13 Shrink fit of the locking spline on 
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A. 3.6.2 Filling the first rotor hub 

Appendix A 

The first rotor hub was then fitted by sliding it towards the "open end" of the 

shaft with the "open end" side of the rotor hub facing the locking spline. The rotor hub 

then locked with the locking spline (Figure A. 14). 

Rotor Locking 
hub spline 

Sliding tit 

Shaft 
_ _---_ -- 

Protecti\ e 
rubber ('lamping 

vice 
Figure A 14 Fittine the first rotor hub on the shaft 

A. 3.6.3 Sliding the magnet disc and the back-iron disc onto the dummy rotor hub 

Before assembling the magnet rotor disc into the rotor hub, the magnet rotor 

disc and the back-iron disc were temporarily assembled next to each other to ensure 

that the magnet rotor disc and the back-iron disc were both aligned in the right 

position. To accomplish this, a removable dummy hub was manufactured and was 

placed inside the magnet rotor disc using a sliding fit. This dummy hub was also used 

as guidance for the magnet rotor set during the shrink fit process. 

A. 3.6.4 Shrink-fitting the first set of magnet disc and back-iron disc into the first 

rotor hub 

Before the assemble of the first set of magnet rotor disc and back-iron disc into 

the first rotor hub, the magnet rotor disc and the rotor hub were both rotationally 
aligned and marked to ensure proper alignment of the magnet poles when the magnet 
rotor discs are assembled opposite to each other. The set of magnet rotor disc and the 
back-iron disc were then shrink-fitted onto the rotor hub. The shaft, rotor hub and 
locking spline assembly were clamped in a vice while the set of the magnet disc and 

224 



T. El-Flasan 

back-iron disc was advanced along the fitted rotor passing through the locking spline. 

The dummy hub was pushed away by the locking spline during the insertion thus 

leaving just the magnet disc and the back iron disc assembly on rotor hub. This process 

is shown in Figure A. 15. 

Back-iron Positionin-, 
mark-, disc -- -- 

Clamping 
Shrink fit 

Shaft 

Removable 
Magnet dummy hub "= 

rotor disc 

Figure A. 15 Shrir 

onto the rotor hub 

A. 3.6. S Sliding the second rotor hub onto the shaft 

Once the first set of magnet rotor disc and the back-iron disc were assembled 

onto the first rotor hub, the second rotor hub was inserted by sliding onto the shaft and 
locked with the first rotor hub with the "stopping end" of the second rotor hub facing 

the similar "stopping end" of the first hub (Figure A. 16). 

set of magnet rotor disc and 

Appendix A 

disc 

Clamping 

vice 

Shaft 
........... ». 

0 
1-3 

Figure A. 16 Sliding the second rotor hub onto 
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A. 3.6.6 Shrink fitting the second set of magnet disc and back-iron disc onto the 

second rotor hub 

Procedures similar to those described earlier for assembling the first set of 

magnet rotor disc and back-iron disc were followed (Figure A. 17). 

ýliniik tit 
"L 
"L 

U5: Hf 

Clamping 

Nice 

Figure A. 17 Shrink-fitting the second set of magnet disc and back-iron disc 

onto the second rotor hub 

The high-speed rotor is now assembled and is ready for the fitting of the 

bearings and bearing housings, spacers, washer springs and tightening nuts onto the 

shaft. The stator could be easily assembled between the two magnet rotor discs since it 

was manufactured in two separate halves. The manufacturing and assembling of the 

stator winding designed for the PMAF-HSG is described in the following section. 

A. 3.7 Manufacturing and assembling of the stator winding 

The stator winding for the PMAF high-speed generator has been designed and 
manufactured with the following objectives in mind: 

" Easy to manufacture, assembly and easy to repair. 

" Flexible to form and shape. 

" Minimum stator eddy current losses. 

" Satisfactory electrical loading. 
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Manufacture of the stator windings were performed as follows: 

A. 3.7.1 Manufacture of the braided conductor 

The conductor used in the stator is similar in its shape and construction to Litz 

wire. Each bundle contains twisted stranded wires called magnet wire. The machine 

which was used for braiding is only capable of handling sixteen pulleys at maximum. 

Hence, the 96 strands required to satisfy the electrical design requirement for the 

PMAF high-speed generator, as described in Chapter Three, were divided into sixteen 

bundles where each bundle consisted of 6 twisted strands. To accomplish this task, a 

feeding machine was used for twisting and filling sixteen small pulleys with six 

twisted strands prior to the braiding (Figure A. 18). 

IndM&ual 

stand in large - 
Pulley's 

Figure A IS' Magnet wire in 

Bundle of 
6 twisted 

. trnnýc 

.A Ii ýI! iHtIVt 

These small sixteen pulleys were then placed into their positions in the braiding 

machine. The banding machine which is shown in Figure A. 19, was originally used for 
braiding the shielding wires for coaxial antenna cables. Hence some modification on 
the machine was carried out since the wires used in the shield were bare copper wires 
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i. e. not insulated wires. A protection technique was developed to prevent scratching or 

damaging the wire insulation by the feeding or braiding processes. 

The final braided wires were then automatically fed into a large rotating drum 

placed at the top of the braiding machine. The constructed braided wire used in 

manufacturing the windings of the PMAF generator is shown in Figure A. 20. 

Fi 
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A. 3.7.2 Manufacturing and assembling of the coils 

The thickness of the braided wire was measured and was found to be 2.3 mm. 

Ten turns was required to form one single coil of the eight coils that are required for 

one single phase stator windings. The final shape of the coil constructed from braided 

wire is shown in Figure A. 21. 

Figure ) ided wires 

It can be seen from this photograph that the coil spans an angle of 45 degrees, 

which is equal to the pole pitch. This coil was formed into this particular shape using a 

special mould that was manufactured especially for this purpose. Also, a special 

winding fixture was manufactured to assist in pressing the coil and in encapsulating it 

with a special epoxy resin (Figure A. 22). Detailed AutoCAD drawings for both the 

moulds and winding fixture parts are found in Appendix B. 

Eight coils were held into their positions to form the final shape of the stator 

windings as shown in Figure A. 23. Four halves of stator casing made of fiber were 
used to clamp these coils from both sides. These stator casing are good electrical 
insulators and they, when assembled together, work like a passage duct for cooling the 

coils when forced ventilation is used. Dimensions of the coil casings are found in 

Appendix B. The method of fixing the coils in the stator casing can be shown in Figure 
A. 24. 
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Figure A. 22 View of the winding fixture and mould used in the winding process for 

the coils of the PMAF high-speed generator 
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Figure A. 23 Final stator windings for the PMAF high-speed generator 
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Figure A. 24 Fixing the coils in the stator casing 
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This type of construction for the stator makes it easy for the stator coils to be 

assembled and dismantled at any time during experimental testing. In addition, any 

coils can be removed and replaced in the event of damage or when different coils of 

different sizes are required. The eight coils were connected in series via electrical 

connectors and two terminals were left free for the output connection of the generator. 
In case of three-phase generator design, three separate winding discs should be used. 
Each stator winding should be placed in between two magnet rotor discs as shown in 

Figure A. 25. The exploded view of the proposed three-phase machine and its all 

accessories can be seen in Figures A. 26 and A. 27. However, the three-phase machine 
is outside the scope of this thesis. 

Figure A. 25 Exploded view for a three-phase PMAF high-speed generator 
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Figure A. 26 Exploded view of the proposed 3-phase PMAF high-speed generator 
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Figure A. 27 3D view of the disassembled PMAF generator 
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AUTOCAD DRAWINGS 
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Modular Design of High-Speed Permanent-Magnet 
Axial-Flux Generators 

Tarcq S. El-ilasan, Patrick C. K. Luk, Member. IEEE, F. S. Bhinder, and M. S. Ebaid 

Abstract-A modular design methodology for high-speed per- 
naaent magnet (PM) aslal flux generators is proposed. Based on 
irrt principles and therefore applicable to a Made range of gener- 
aers, this analytical design method is illustrated %itb a case study 
in a 50 M. 420'; 3-phase. 50000 rpm PM generator. Results 
is the efficiency with a number of critical design parameters, in- 
doffing magnet size, number of modular stator stages and poles. 
ne presented. 

lwdex Teruo-Axial flux generators, high-speed generators. 
nodular design, permanent magnet machines. 

A9,, ß, airgap, magnet surface area (m2) 
p conductor resistivity (f2. m) 
p, air density (kg/m3) 

lie air vescosity [kg/(m. s)) 

pe.,, eddy current, windage losses (W) 
d strand or conductor diameter (m) 
J3, peak flux density (T) 
WM mechanical rotational speed (rad/s) 
we electrical angular frequency (rad/s) 

tiornendature 

Cu. induced voltage in winding segment 1- 1' (V) 
BO airgap magnetic flux density (Wb/m2) 
R1. = magnet inner and outer radius (m) 

= Rt/na. the magnet (rotor) ratio 
magnet mean radius (m) 

Ri rotor bore radius (m) 
8 radial distance (m) 
ti tangential speed at radius r (m/s) 
4 angle between conductor dr and vector vx Ba (rad) 

angle between B. and v vectors (rad) 
4 windings bundle diameter (m) 
jr )winding backing factor (1.2 - 1.3%) 
tf winding former axial thickness (m) 
t, surface thickness of epoxy resin (m) 
CS cooling space between the phases layers (m) 
y clearance gap between stator and rotor (m) 

1 B, magnet remanence flux density (Vti'b/m2) 
It effective airgap length (m) 
p., t power output (W) 
EA.,.. generator rms armature voltage/phase (V) 
'A armature current (A) 
1 generator number of poles/rotor stage 

number of turns of one phase wave-winding ýi. 
M airgap, magnet reluctance (A/Wb) 
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I. INTRODUCTION 

S MALL scale generating sets of high power densities, pre- 
viously used predominately in military applications, are at- 

tracting growing attention for a wide variety of civil and indus- 

trial applications. One salient feature of these sets is the use 

of a high-speed generator directly coupled to a small gas tur- 

bine, resulting in significant reduction of weight and size due 

to the elimination of the gearbox [1], [2]. The use of rare-earth 

permanent magnets such as Ne-Fe-B for field excitation fur- 

ther reduces the size and weight. As higher compactness can be 

achieved at higher rotational speed, research opportunities exist 
for overall design methodology for these high speed systems 
where inter-relationships between the electrical and mechanical 
limits must be critically investigated. 

Although such high speed systems in the form of turbo-al- 
ternators have been developed for aerospace applications [3], 

they are expensive and commercially rare, and have relatively 
low efficiencies. Due to commercial confidentiality, their de- 

sign method is not available in the literature. However, design 

methods in permanent magnet generators have been discussed 
[41-461, albeit mainly on either lower output power or lower 
speed ranges. 

In this paper, a design method based on a mathematical 
model derived from first principles is proposed. The generator 
model is a function of a number of dependent and interdepen- 
dent variables. A parametric study is carried out to investigate 
the influence of each main variable on the geometry and 
performance. The design procedure uses an analytical and 
systematic approach aimed at optimizing a number of design 
parameters as well as ensuring the overall mechanical integrity 
and maximum power output. The first design parameter to be 
optimized in the procedure is magnet size i. e. rotor inner to 
outer diameter. Then at certain given speeds, the main design 
variables such as number of poles, number of turns per phase, 
number of modules, winding bundle diameter, number of 
strands per bundle and strand diameter are varied over a wide 
range. 
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The paper is organised as follows. In Section II, the struc- 

ture of an axial flux PM generator is reviewed, and a mathe- 

matical model for the design modules is established. Section III 

presents and discusses the analytical results on the case study 

of a 50 kVA, 420 V, 3-phase, 50000 rpm PM generator. Con- 

cludin remarks are in Section IV. 

MODELING AND 019IMI'ZAPION OF MODULAR DESIGN 

A. Reviev" of Design on Axial Flux PM Generators 

Fig I shows a typical modular axial flux PM generator 141. In 

Fig. I (a), the magnets are bonded to the surface of the rotating 

disc, and stator windings are arranged normal to the axis of rota- 

tion between the two opposite discs. Alternative disc types with 

embeaacd magnets inside a "spider" retainment shell to reduce 

centrifugal 
forces at very high speed have been reported I Il. 

Fig. f (b) is an exploded view showing a two-rotor configura- 

tion with the ferrous keeper discs and a single stator stage. For 

higher power ratings, N� number of stator stages and (N, + 1) 

number of rotors are assembled. The terminals of the windings 

are c0ýnnected either in series or in parallel. 

B. M,. 11henialical Model 

The power output per unit volume at a given speed, the most 

important 
design parameter for these high speed generator sets, 

is related 
to the concept of electric loading and the magnetic 

lnadillg' 
For the model depicted in Fig. 1, the determination 

of the electric loading necessitates the use of a voltage model 

teased on the structure. The determination of magnetic loading 

5, 
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concerns the optimization of magnet size, shape and orientation. 
The derivations of the associated formulae from first principles, 
including detailed design parameters, are given in the Appendix. 

III. ANALYSIS AND ANAI. Y'FICAI. Rh; SUI: 1: S 

The performance analysis is based on the design study of a 
50000 rpm, 50 kVA, 3-phase, 420 V generator model at full 
load and at a power 1'actorr of 0.9. The variation of efficiency 
versus the design parameters (p, Nt, Ns) are studied over spec- 
ified ranges. Magnetic loading of 0.56 Wh/m2 is used. Stress 
calculations based on the pessimistic formulae developed in 171, 
181, with a safety margin of 20'7 of the operating speed, are first 
used to establish the mechanical integrity cif'the system. The el'- 
Iects on rotor stress by the number cif stator turns per phase 1 'or 
different stator stages and pole number are shown in Figs. 2 and 
3 respectively. A design value of 1500 Mpa based on the use 
of a6 mm of carbon tiher shell and 15 tnm of rotor bore ra- 
dius, is chosen in the case study. The efficiency variations with 
stator turns per phase at different stator stages and pole number 
are shown in Figs. 4 and 5. It is noted that a maximum clli- 
ciency of 92'X% is achievable with this modular axial Ilux de- 

sign. In high-speed generators, maintaining low values for rotor 

Jý.. I".. 
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outer radius's important to minimize windage losses which can 
be calculated 

based on the formula [8] shown in Appendix. The 

optimization of rotor radius involves the study of the bundle di- 

=eter dao strand diameter d, and number of strands per bundle, 

and how they affect eddy current and stator copper losses. Re- 

wits of calculated filling factor ff for measured values of db and 
d, are found in the range of (0.73 - 0.76) for different strand 
and bundle diameters. Eddy current losses are calculated using 

[ the formulae [6] in the Appendix. Optimized values of dL and 
is shown in Fig. 6 illustrate how the method of windings affects 
the efficiency at very high speeds. 

IV. CONCLUSION 

design methodology for a modular high-speed PM A 
uial-flux generator from first principles has been proposed. 

ization of the design parameters is shown to be is very Optir 
compl,, x due to the multi-variable nature of the system. Here a 

} good first degree of approximation is achieved by examining 
i the variations of efficiency with different parameters. An 

efficiency of 92% in this proposed design, considerably supe- 
3 riot to conventional low speed generators, has been achieved 

where iron losses have been eliminated, and others have been 

minim zed by proper selection of design parameters. These 

initially promising results will be followed up by further work 
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involving the development of a prototype generator to validate 
the design methodology with experimental results, and the 
development of a finite element model. 

APPENDIX I 

Voltage Model 

The voltage induced in winding segment 1- 1' in Fig. 1(a) 
is given by 

e ll, 0.5w�nB9cos0sin brdr 
1 

JR, 2 

Integrating (1) gives 

ell, (+/ý) = 0.5w.. B. siný/5(R2 - R21) (2) 

Induced voltage in the segment 2- 2' is 

e22i(i, h) = 0.5w, nB9(R2 - R2) sin(180 - 0) (3) 

Hence, the total voltage e(O) in the two segments is 

40) = ei1'('O) + e22'(l/') (4) 

Thus, for pNN conductors in a single-phase coil, the total rms 
induced armature voltage of Na stator stages is given by 

EA, rme = 0.353pNtNs)�ºB9(R2 - Rl) (5) 

Electric Loading and Magnet Size Optimization 
From (5), assuming a unity power factor and neglecting any 

drop voltage across the three-phase windings, the output power 
P0,, c is given by 

Pout =3x [0.353pNtNewmB9(ni 
- f? )] IA (6) 

The electric loading q at the inner radius of the stator is: 

q= 31ApNtl(27r1i1) (7) 

Substituting (7) into (6) and rearranging yields 
Pout = 0.707? rgNewmBel4k, (1- k*) (8) 

Rearranging (8) gives 
I'ouc = Ckr(1 - k*) (9) 



L- AN et al.: MODULAR DESIGN OF HIGH SPEED PM GENERATORS 

where 
ýi = 0.707irgBywmN, 14 (10) 

From (9), dPo�t/dkr =0 gives conditions for maximum P0�t, 
which is k,. = 0.577. Once 111 and R2 are found, the magnet 
axial length 1,,, is calculated as 

3561 

Windage and eddy current losses are found by (16) and (17) 
respectively: 

P,,, = 0.0311(s/R)-0.23i0.23pn. 7SWm73 
.a (16) 

P, =Bpcaed2/(32p) (17) 
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A UNIFIED APPROACH FOR DESIGNING 
A RADIAL FLOW GAS TURBINE 

M. S. Y Ebaid, F. S Bhinder, G. H. Khdairi and T. S. El-Hasan 

ABSTRACT 

Radial flow turbo machines have been used for a 
long time in a variety of applications such as 
turbochargers for reciprocating internal combustion 
engines, cryogenics, auxiliary power units, and air 
conditioning of aircraft cabins. Hence numerous 
papers have been written on the design and 
performance of these machines. The only 
justification for yet another paper is that it would 
describe a unified approach for designing a single 
stage inward flow radial turbine comprising a rotor 
and the casing. The turbine is designed to drive a 
direct-coupled permanent magnet high- speed 
alternator running at 60000 rev/min. and developing 
60 kW electrical power. 

The freedom of choice of the tip diameter and the tip 
width of the rotor that would be necessary for 
optimum isentropic efficiency of the turbine stage 
was restricted by the specified rotational speed and 
power output. Hence, an optimisation procedure was 
developed for determining the principal dimension of 
the rotor. 

The mean relative velocity in the direction of the 
flow would be accelerated but flow velocity on the 
blade surfaces experiences a significant space rate of 
deceleration. The rate of deceleration can be 
controlled by means of a proper choice of the axial 
length of the rotor. A prescribed mean stream 
velocity distribution procedure was used to spread 
the rate of deceleration the mean flow velocity along 
the meridianal length of the flow passages. 

C Absolute flow velocity of gas (mis ) 

Cp Specific heat capacity at constant pressure 

for gas (kJ/kgK ) 
d Diameter (m) 
fý Friction factor 

J Polar second moment of area (m4 ) 
M Absolute Mach number 
Mr Relative Mach number 
m Mass flow rate (kg/s ) 

N Rotational speed (rpm) 

Ns Specific speed 

nb Number of blades 

P Stagnation pressure (N/m2 , 
bar) 

R Degree of reaction 
Re Reynolds number 

r Radius of curvature (m) 

Sp Speed parameter 
S. Specific Torque 
T Stagnation temperature (K ) 
t Blade thickness (m) 

U Rotor tip velocity (M/S) 

V Relative velocity (M/S) 
W Work output (kJ ) 
Z Axial length (m) 

The nozzle-less volute casing was designed to satisfy 
the mass flow rate, energy and angular momentum 
equations simultaneously. 

The paper describes the design procedure for both the 

rotor and the casing. As interest in developing gas 
turbine based hybrid road vehicles is growing, the 

authors believe that the paper would lead to a 

Stirnulating discussion. 

NOTATION 

A Area normal to mean flow direction (m2 ) 

fj Blade width (m) 

)3f Blockage factor 

Greek symbols 

Cr Absolute flow angle relative to axial 
direction (degree), angle between 
meridional streamline and axis 
Relative flow angle relative to axial 
direction (degree), angle between relative 
velocity vector and meridional plane 

ßb Blade angle 
0 Relative angular co-ordinate 
Y Ratio of specific heats 

17 Efficiency of a process 

p Gas density (kg/m3 ) 
11I Blade loading 

0 Pressure loss coefficient 

-1- 
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Centriod 

C'shear Shear stress (N/m2 ) 

2 Torque (Nm) 

w Angular velocity ( rad/s ) 

Q Small increment of 

Subscripts 

p Stagnation conditions 
3 Inlet turbine station 
2 Inlet rotor station 
1 Outlet rotor station at mean 
Q Air 

av Average 
C Compressor 

e Exit condition , exducer 
jZ Hub 
i. Inlet condition 
in Mean 

s Spouting velocity, shroud 
SFL Skin friction loss 
t Turbine 
tt Total to total 
w Tangential direction 
marts Root mean square 
r Radial direction 

x Any station inside the rotor passage 

INTRODUCTION 

Inward radial turbines have established their place in 
industry, especially in the field of small turbo- 
machinery because of their simplicity, reliability, 
lower pollutant emissions, multi-fuel capabilities and 
fast response. These attractive features have made 
them ideal prime movers for many applications and 
in particular, producing small electrical power 
generation in the range 10-100 kW. 

gesearch programms regarding the design of these 
machines (the rotor and the casing) have been cited 
in the open literature. For the rotor design, Von der 
Nuell [1] and Balje [2,3] both suggested that the 
choice of the principal dimensions might be based on 
Specific speed and specific diameter. Rohlik [4] 
developed a relationship between specific speed and 
a number of important design ratio. He argued that 
for the same specific speed, it was possible to 
produce a large number of rotor shapes by choosing 
different combination of these ratios. Therefore, the 
problem was to find specific speed that would result 
in maximum efficiency. 

Wallace et al. [5], used one-dimensional analysis 
together with empirical loss models to determine the 

principal dimensions of the rotor. Further studies on 
one-dimensional design analysis procedures for 

radial flow turbines have been described by other 

authors, Rodgers [6], Whitfield and Baines [7] and 
Wasserbauer and Glassman [8]. The common 
features of these are that the user has to specify the 
geometry of the turbine, together with any 
assumptions about losses from which to calculate an 
efficiency values. Since most of the turbine geometry 
is likely to be undefined and many different 
assumptions about losses are possible, then a large 

combinations are possible and must be investigated. 
This is time consuming and there is very incentive to 
reduce the time taken and the number of cases to be 
investigated. Whitfield [9] proposed a method based 
on maximizing efficiency by minimizing the energy 
losses of the fluid which are considered to be a 
function of the square of the velocity and expressed 
at inlet and outlet conditions in terms of Mach 

numbers. The procedures is largely non -dimensional 
and is based on an initial power ratio and an estimate 
of the of the total to static efficiency. The later in 

particular can cause problems, because the designer 
has still to decide on the likely magnitude of the 
efficiency can be achieved. 

In recent years, a number of computer aided design 
procedures have been developed for turbine rotors. 
Benson and Fisher [10] and Baines et al. [11] in 
their work assumed a preliminary shape, which 
would be improved progressively through analysis. 
This work is an indirect mode and the main draw 
back of this approach is that a decision on whether or 
not a particular step produces a satisfactory result 
tends to be made quite arbitrarily. Furthermore, it is 
not a simple matter to know what changes in the 
geometry would produce the desired results. 

For the turbine casing design, it is often based on the 
assumptions of an adiabatic incompressible flow, 
together with a free vortex distribution about the 
rotor. The passage design is specified in terms of area 
to radius ratio at the centriod as described by 
Bhinder [12], Chapple et al [13], Russian et al [14]. 
Whitfield and Noor [15] extended the work further 
by considering the flow to be viscous and 
compressible. 

From the foregoing, several limitations to these 
procedures can be identified which deserve 
attentions: 

1. Most of the design methodology was based 
on iterative procedure involving successive 
modifications to the hub, shroud and blade profiles to 
arrive at an acceptable and efficient design. 

2. For a given set of performance requirements 
such as power output, pressure ratio and rotational 
speed or mass flow parameter, several rotor shapes 
may be drawn which would appear to meet the 
specifications. The choice of optimum shape is by no 
means simple. 

. 2. 
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3. The choice of number of rotor blades was 
based on empirical formulae given in the open 
literature and the choice of axial length was chosen 
arbitrarily based on engineering practice. 

4. Papers described the whole design of the 
rotor and the casing was scarce for a specific 
rotational speed and power. 

This paper provides a unified approach for designing 
radial flow gas turbines, which does not suffer from 
the above limitations. 

pROPOSED DESIGN PROCEDURE 

The design procedure of an inward flow radial 
turbine IFR may be divided into stages, namely: 

I. The design of the turbine rotor at which the 
design methodology consists of two main 
programmes: Firstly, the determination of the 
optimum principal dimensions of the turbine rotor 
and number of blades. Secondly, the choice of axial 
length and optimisation of passage geometry for a 
prescribed mean stream velocity distribution. 

2. The design of the nozzle-less volute casing 
where the mass flow rate, energy and angular 
momentum equations must be satisfied 
simultaneously. 

ROTOR DESIGN 

The choice of the principal dimensions of 
the IFR turbine rotor. 
The geometrical shape of a typical IFR turbine rotor 
is shown in Fig. 1. The inlet and outlet velocity 
triangles diagramms and the thermodynamics of the 
expansion process are illustrated in Figs. 2 and 3, 
respectively. 

how 
w c= 

V2 c. 2 
CC2 ýa2 

cw 

CV 
u= 

INLET VELOCITY 
TRIANGLE 

VI 
C. I 

CI 

UI 
OUTLET VELOCITY 

TRIANGLE 

Fig. 2 Velocity triangles of an inward flow radial 
gas turbine 

Fig. 3 Enthalpy - entropy diagram for 
a turbine stage 

The momentum, continuity and energy equations can 
be combined to produce the following principal 
equations listed hereafter: 

Bate! tip width 

A +bi 

d2 
Ide 

A 

ii 

Blade angle 

Bledo, angle 
ßbß (exduta) 

ýeýet^p. d nie. d blades at efe a 
dlamdee 

Fig-1 The geometrical shape and the principal 
dimensions of the IFR gas turbine 

1. Speed parameter 

d2N 60' Ju2 

CPT, 

( 

c, 

) 

2. Absoluter flow angle at rotor inlet 

cosa2 cwt d2N 1+ y21 M=i 
= 

u2 60 CPT (y-1)M== 

3. Blade width to tip diameter ratio 

(1) 

(2) 

-3- 
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rýý! 

b, rii C, T I+y2i M" (M, 

sina, d2dnýr>ý y 

4. Mass tiow parameter 

rit CT PI ýr ydd, 

M, sin ß, 

ýý+(Yi 
-)(M�sind, )' 

1 t, B1 =1-- '1 - 
.rd, 

'- '? (t/dd, ) Bit = [(de/d, )+(d,, /d2ý1 

Subject to: g; (x) =0i=1................... C/ 

g1(x)? 0 j =q+I............ in 

Where F(T) represents the objective function, in our 

case is the inlet tip diameter d, and the functions 

and g, (x) and gI(. Y) are sets of equality and 

inequality constraints, respectively. The detailes of 
the optimisation programme which have been used 
are beyond the scope of this paper, but may be t, und 
in Refs. [16,171. 

OPTIMIZATION RESULTS 

The optimization programme was run for several 
(4) numbers of blades ranging from 12 to 20 blades. 

Number of blades specified within this range in 

accordance with the assumed efficiency iJ, , 
(5) blockage B, and blade loading factor 

(6) 

DESIGN SPECIFICATION DESIGN 
VALUE 

Mass flow, in 0.572 

Pressure ratio, Pi /PC 3.6 

Inlet stagnation temperature. Ti 
1000 K 

Rotational speed, N 60,000 r. p. m 
Total to total efficiency, tltt 0.87 

Average blade thickness at rotor inlet. 
/2 

2.5 min 

Average blade thickness at rotor outlet, 
tj 

1.5 min 

Fable 1 Input data at design point 

For a given set of design specifications as shown in 
Table 1, the optimum principal dimensions of the 
rotor can be found by solving equations (I) to (6) 
within the specified ranges of the constraints 
variables. The solution can be obtained by using a 
suitable optimisation algorithm. The authors used the 
algorthims OPRQP developed by Biggs [16,171. The 

general mathematical representation of the algorithm 
can be stated as: 

Minimise F(. t), where .t =[ x ]r ,.......... 11 

-4- 

The optimization results reveal that the optimum 

number of blades lies in the range between 12 and 
20. Consequently, any blade number in this range is 

quite satisfactory provided it satisfies the other 
design criteria and specifications set by the designer. 

The design velocity diagrams hased on optimization 
technique and the complete design data are shown in 

Fir. 8 and Table 2, respectively. 

Ali 
,. "", lukl vekxily tnanFlr 

. '. 
' 
ý 

X11. 
3 

. 
Ai l('r" 

`. 

_ 

:IV 
uff . 1)ý M1M rý, ý . 

IIIi ßr"1 ý'lhlfjIY 111.114? ý' 

t-ig. 4 Velocity triangle based on numerical 
optimization programme 
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FLOW FLOW 
VELOCTIES AT VELOCTIES AT 
ROTOR INLET ROTOR EXIT 

C2 =538.82m/s ci =186.77m/s 

v2 =158.13m/s cwt =0.0m/s 

c, Z =157.34m/s c* =186.77m/s 

cwt =515.11m/s c, =186.77m/s 
v, = 346.77 m/s 

vw =267.32m/s 
v, =411.39m/s 

ROTOR SPEED PERFORMANCE 
AT ROTOR PARAMETERS 

INLET AND EXIT 
u2 =531.24m1s m =0.574 

ul =292.18m/s Sp =0.157 

u. =191.25m/s ST = 0.24 

u, = 366.55 m/s 11� = 0.87 
R=0.56 

c, �, 
/u2 = 0.32 

N, = 0.56 
TABLE 2 Design data (1) for an IFR turbine rol 

based on numerical optimization 

DESIGN GEOMETRICAL 
SPECIFICATIONS DIMENSIONS 

W�,, = 60 kW d2 =16.91 cm 
N= 60000 r. p. m b2 = 0.87 cm 
P, P =4.0 t2 = 0.25cm 

T, =1000K d, = 9.30 cm 

u21cs = 0.67 dti = 6.09 cm 
d, =11.67 cm 
r, = 0.15cm 

FLOW ANGLES MACH NUMBERS 
AT ROTOR AT ROTOR INLET 

INLET AND EXIT AND EXIT 
a, =17.0° M2 = 0.93 
P2 = 84.2" M, = 0.35 
a, =90° M�, = 0.50 
a,, =go- M,, = 0.65 
a, =90° 

=0.8 M ß: =44.32" � 
fl, = 32.59° 
f= 27.0° 

The choice of a suitable axial length is almost a pre- 
requisite for completely defining the passage 
geometry. The effect of the axial length on velocity 
distribution is shown qualitatively in Fig. 5. It can be 

seen that the shortest channel length of rotor A 

should produce minimum friction loss, but the flow 

would probably separate due to high deceleration rate 
in the exducer section. In contrast, rotor C, which has 
the longest channel, would be expected to produce 
highest friction loss, but flow separation might be 
delayed due to the gradual deceleration rate in the 
exducer. 

i 
b2 

-! cram m. ae WRnr of niirr. 

RMor A RýNOr 11 lüýlnr C 

'ýndý'ýy 
fCf 1' "ýy 

Y 

nmv. wnýy (I) (b) (0) 
FMN 

ROTOR AXIAL LENGTH 

or 

Fig 5 Qualitative description of the effect of axial 
length on velocity distribution 

Following this, a prescribed mean stream velocity 
distribution theory may be used to optimize the 
passage geometry and the axial length of the rotor. 

The relative velocity vector V at any point inside the 
turbine rotor passage, as shown in Fig. 6, may be 
resolved into three basic components along the axial, 
radial and tangential directions, Vz 

, 
V, V711 

respectively. Vm is the velocity vector along the 
mean streamline in the hub-to-shroud plane, hence: 

Uz+V, +vw ý7) 

The boundary values of the components of the 
relative velocity are known from the inlet and outlet 
velocity triangles, which resulted from the previous 
optimisation as shown below: 

I A131 ,z Design data (2) for an IFR turbine rotor 
based on numerical optimization 

Optimization of Passage geometry and 
the choice of axial length 

At rotor inlet: 
`w 

-(1-W)U2 

At rotor outlet: 

V,,, =V2sinß1 

. 5- 

Vz =0, Vr =(Vr)max and 

V= _ (Vz ),,, 
ax , 

V, =0 and 



ASME Conference paper No: GT-2003-30578 
Amsterdam, June 2003. 

V. and Vom, for one assumed value of Z. At the 

start, all these figures are based on the assumption 
that the relative velocity vector V variation is linear. 

z 400 
y 330.0D 

V 

uo 00 ý ",. 

300 

SaM 

00 OD 

04 0ý 'ý" 

0 001 0.02 0.03 004 005 006 007 
ROTOR MERIDIONAL LENGTH 

Fig. 8 Assumed linear relationship of relative 
velocity vector and its components for 

an assumed Z=0.06m 
The angles shown in Fig. 6 can be expressed in terms 
of the velocities as shown below: 

= sin-' 1-Vß, 2/V , tan 0= 
yZ 

and Cosa 
ww 

$y combining the above relationships, the angles 
a, ß and 0) are related to each other by the 

following relationship: 

A computer programme was written to perform the 
iterative calculations to check this linear relationship 
variation of relative velocity vector along the mean 
streamline. The output results are plotted in Fig. 9 
and a flow chart based on this programme is shown 
in Fig. 10 

tan ,B= tan O cos a (8) 

The spatial description of the mean streamline can be 
found iteratively by assuming a starting value for the 

meridional length Zm , and the distributions of the 

relative velocity vector. Fig. 7 shows three 
ieridional lengths 0.02,0.04,0.06 of a turbine 

rotor. Fig. 8 describes the velocity components V,, 

-6- 

1r,. Vi UMLIUll 1Ul IG1OUVC vclotlty vc%: wl 

and its components 

Fig. 7 Assumed variation of the relative velocity 
vector at various meridional lengths for 

the same boundary conditions 

rig. V rrescrtbed relative velocity distribution 
along mean streamline for an assumed 

meridional length of 0.06 m 
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The next step is to optimize the axial length, Z by 

minimizing the loss of stagnation pressure in the flow 

channels. For this purpose, the losses must be 

expressed as functions of the resultant velocity V 

and the length of the channel and the radius of 

curvature rc. Several models are available in the 

published literature Dallenbach [18] and Rodgers 
[19] which take account of the losses. These losses 

are adapted to be used for the turbine rotor. A 
detailed review of these losses is outside the scope of 
this paper, but it should suffice to say that any loss 

models could be integrated into the programme as 

Sub-routine. A computer programme was written to 

optimize the axial length and the flow passage based 

on the relations listed below: 

The radius r of the mean streamline in the 
0eridional plane can be represented using Lame' 

ovals relationship as: 

3 72 

ý.. 

(r-r2 ) Zm-Zm1 
-F r2 

ý9) 

zm2 - Zml 

The first and second derivatives of dr/dz are given 
in equations 10 and 11, respectively: 

dr_-(31 rl-r2 Zm-Zm1 r-r2 

dz L2J Zm2 -Zml .% m2 -Zml 

2 

rl -r2 

(10) 

der 
- 

dr 2+ -1 
J[dr')l 

dZ zm dzm zm -zml r-r2 dzm 
(11) 

The length of the streamline is given by: 

Lwt 

1. - j l+dz dZm 
zwo m 

Temperature at any section inside the passage 

L. 
=1+ 

1 uxz -2cW, u, (13) 
T, 2 CPT, 

Pressure at any section inside the passage 

r 

Density at any section inside the passage 

vz 
y-' 

P 
PX = 1- Xx (15) 

2CPTx RTF 

Shroud contours at any section inside the passage 

r- (r 2+1 thcosax (16) 
- , mss 

)x 
2 psy--B- 

Hub contours at any section inside the passage 

xx 
r, _ (2rrms )x - rsx (17) 

It can be seen from Equations 16 and 17 that they can 
be used to calculate the shroud and the hub contours 
at any section inside the blade passage, hence the 
final shape of the blade of the blade passage can be 
defined. 

A flow diagram for optimizing the axial length of the 
turbine rotor and the optimized design of the flow 
passage are shown in Fig. 11. The output results are 
plotted as shown in Fig. 12. This plot of the 
stagnation pressure loss vs. the meridional indicates 
that the minimum losses of stagnation pressure 
occurs at a meridional length equal to 40.0 ntm . 

-7- 
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The final drawings of the turbine rotor are shown in 
Fig. 13,14 and Fig. 15, respectively. 

TOP VIEW 

Fig. 14 Multiple sections 

Fig. 15 3-Dimensional view of the rotor 

NOZZLE-LESS CASING DESIGN 
The design objectives of the casing are: 

i. Accelerate the working fluid to the leading 
edge of the rotor and generate the desired rotor inlet 
conditions in terms of the magnitude and direction of 
the absolute velocity vector. 

H. Distribute the working fluid uniformly 
around the rotor periphery. 

W. Achieve these requirements as efficiently as 
possible that is with minimum loss in stagnation 
pressure. 

The required inlet conditions must be derived from 
the desired turbine performance, e. g. the desired 
power output. 

-8- 
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ALL DIMENSIONS ARE IN mm UNLESS OTHERWISE STATED 

ISOMETRIC VIEW 
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A. Volute parameters 
The nozzle-less volute must be designed to provide 
these rotor inlet conditions. The preliminary design i. The cross-sectional area Ay, of the volute and the 

of the volute is often based on the assumptions of an 
variation of this area as a function of the azimuth 

adiabatic flow, together with a free vortex 
distribution about the rotor. angle Cp . 

H. The radial distance of the centriod rc, of the 
The passage design is often specified in the form of 
the variation, with azimuth angle, of cross-sectional 

area, casing width or parameter Aq, /r, 
. 
The desired 

rotor inlet condition is one of a uniform distribution 

of angular momentum about the rotor periphery, 
whilst the volute inlet conditions at the tongue are 
those of a fully developed turbulent pipe flow 

, VOLUTE DESIGN PROCEDURE DESIGN 

1. Assumptions 

j. Steady, one-dimensional, isentropic flow, 

constant angular momentum, energy and 
conservation of mass along the volute length. 

ii. Vortex motion is fully established hefOre the 
commencement of any outer low from the volute in 

the radial direction. 'T'his is a necessary condition for 

the flow angles a, and ß, to be independent of the 

azimuth angle and the flow into the rotor to be 

uniform. 

iii. The flow near the outer wall profile is 

assumed to follow the same contour as the outer 
profile of the casing, the boundary layer thickness 
being negligible. 

A diagrammatic sketch of a centripetal turbine fitted 
with a nozzle-less casing is shown in Fig. 16. 

- feu] 

Ho" iQ 

Section A-A 

Fig. 16 IFR turbine fitted with a single 
nozzle-less volute casing 

2. Principal design variables of the 
nozzle- Tess volute casing, 

cross-sectional area from the axis of rotation. 

iii. The shape of the volute cross-section. 

B. Rotor parameters 

i. Rotor tip diameter cl, and blade width b, 
. 

H. Effective peripheral flow area A, or the 

number of blades and blade thickness at 
d,. 

C. Operating conditions 

i. Rotational speed, N 

ii. Mass flow rate, lil 

iii. Stagnation temperature, 7' 
1 and stagnation 

pressure P of the working gas at the entry 

flange of the turbine. 

i. Design method 

The frame size and weight OC' the turbine is often an 
important design consideration and it is essential that 

the overall size he minimized. The design procedure 
first assesses the overall size in terms of the volute 

radius ratio rjº', , and area ratio A 
, 
/A, 

and 

consider the parameters, which must he varied in 

Order to adjust the overall size. 

Using the equations of mass flow, energy and angular 
momentum and based on the assumhtiun 0i. free 

vortex relationship, the following expression defining 
the interconnection of the design parameters of the 
casing is shown below: 

n d, N sin 

q) 
f2 Cl, T 

sin(a, 
)(tan 

360ýý r, 

ý---- 

1l r, rl, N sinr)vit, 
V (' -1, 

Where B, is the blockage factor corresponding to 

rotor entry and is givcn as: 

-9- 
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B 
Total flow area of the passage 

j' Peripheral area 

Peripheral flow area - Blockage due to blades 
B11 

Peripheral area 

!1I, 17, 

lid, b, 

Where 'i : Number of blades 

1, : Thickness of inlet rotor blades 

Equation 18 represents a fundamental design 

equation linking the main design parameter 
A,, I ry, of the volute with relevant principal 

dimensions of the rotor and the operating conditions 
as shown below 

d, 

ýý 
(a"ý)"(ý0)"(N) ý, 

= 
"IT, b2 

A 
these variables 

represent rotor parameters. 

And A" 
=f ýºiý. P. T 

, 
N, a>ý" these variables 

ºN 

represent operating conditions. 

The losses may be included in equation I8. I luwever 

experiments have shown [20,211 that, in general, 
Stator losses are a small fraction of the overall losses, 

therefore the assumption of isentropic flow, at least 
for design calculations, is unlikely to introduce 

serious errors. 

Figures 17,18 and 19 show graphically the plots of 
ANIA, versus /, -, for azimuth angles (O ranking 

from 0 to 360 and different relative flow angle /3, 
. 

The plotted graphs are based on the design 

parameters depicted in Table 3. The trend of the lines 
in these plots is similar for different values of inlet 

relative flow angle fi, 
. 

The choice of (ý p/, - and (r /r) would mm , m. n 

normally dictated by the tip diameter of the rotor and 
the allowable overall dimensions of the volute casing. 
The initial design values were chosen to he 1.06 and 
2.5, respectively. 

DESIGN PARAMETER VALUES 
Speed parameter, d, N/ C,, T, 0.157 

Inlet absolute flow angle, a, 17 

Inlet relative flow angle, ß2 73 
, 

85 
, 
90 

Blockage factor, B, 0.93 

Takle 3 Constant design parameters 

Therefore, The corresponding pairs of values of the 

dimensionless parameters Al /A, and T /r, can he 

directly read from such a plot by joining 

ýYY, )min and (-r,, 
mx 

by a straight line as 

shown in Figs. 17,18 and 19 

06 /r, 
ýyi 

iMl 

os W 
270 
240 
210. 
190 

77 
1 SO 
120 
90 

RADWSRATIO 

Fig. 17 Relationship between area ratio, radius ratio 

and azimuth angle /i, = 85 
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Il fr 1M1 

IL5 .............. .. _. __. _. Wo 11111 
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f..... : 711 
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-- ------------ - '. III 
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Fig. 19 Relationship hetween area rat i. radius ratio 
and azimuth angle for /1, = yU 
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18 Relationship hetWCCn area ratio, radius ratiºº 
and azimuth angle for /f, = 73 
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Since (Aw/rý)°`1(AN/ A, )-iý, ý, iL Ih n 

A" 
=K -I 

rN A, 

Where K=A, //', to satisfy the e. \hre»iun ah o%C. 

The final design graph of Aý ýºý versus CQ can be 

obtained from the corresponding values of A, /: 1. 

f-, /r, and l0 which can he read either li m Figs. 17 

to 19. Such a graph is shown in Fig. 20 

0: Qw 

it nvl /% <8 00 L-- 

6W C- 
/' 

ýý zl. ý 
j 

111 1,11 Mi I'II IIII INII 21(' 
_'111 

II I, X) 1III 11.11 1,111 

A"/I\111'I'H 
. ANGLE 

Ifl 

Fig. 20 Design graph for nozzle-less volute casing 
for different incidence angles for 

(r /r, ) =2.5 (n nmx 

It should be noted that the shape of the graph above 
depends on the shape of the line joining the minimum 
and maximum values of on the value of 
(r. /r, ) chosen by the designer. Once the shape of 

cross-section, i. e h=f (r) has been decided, in our 

case, a circular cross-section was chosen, its 
dimensions can be found from the following equation 

Aý b dr (20) 
rN j 

The final design dimensions and drawing for the 
nozzle-less casing is shown in Fig. 20 and Table 4. 

position of 
points 

Ai angle 
me) 

Radius W 
Centrdd (mm) 

Elevation -x- 
mm 

Radius of Casing 
Crass Section (mm) 

1 0 85 65 300 
2 30 9026 -5153 447 

60 94 87 -50 93 5 07 
4 90 9949 -4823 777 5 220 104 10 -4462 11 36 

108 71 -406 1540 
7 1 11332 : 36 27 1973 

11794 31 67 2429 

M 

122 55 -26 91 2909 
12716 -2189 3411 
131 -1664 3936 
136 39 -11 16 4484 
141 00 -543 50 57 

14 363 144 54 -543 50.57 

Table 4 Design values of turbine nozzle-less casing 

Dimensional vie ol the nuzzic Icss 

casing 

-11- 

CONCLUSIONS 

LA unified approach fur designing a single 

stage inward flow radial turbine comprising a rotor 

and a nozzle-less casing to drive a direct-coupled 

permanent magnet high speed alternator running, at 

60000'pm and developing 60kW electrical power 

has been described 

2. A computer Programme was developed toi 
find the optimum choice of the principal dimensions 

of the rotor and the number of blades. 

3. The theory of the prescribed mean stream 
velocity distribution was used to finds the optimum 
axial length and optimizing the blade passage. 

4. A procedure for designing the nozzle-less 
casing was given based on using the equations of 
mass Clow rate, energy and angular momentum. The 
flow is assumed to he isentropic and satisfies the tree 
vortex relationship. 
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Back Iron Design for High Speed PM Axial 
Flux Generators 

Patrick C. K. Luk. Atemher, iEEE, Tarcq S. El-Hasan 

lbst/act - For high speed permanent magnet (PM) 
'. tnerators, the hack iron on the rotor magnetic circuit is not 
+minated to minimize vibration and risks of mechanical 
reakdov'n. The design of back iron is no longer trivial for 

nechaaical, magnetic and thermal reasons. The scarcity of 
published work for design study on back iron in these 

chines has not help to reflect this. This paper reports an 
ntegrated design approach for the back iron based on 
igorous magnetic and stress analysis using efficient finite 
lement (FE) modeling. By considering both the optimization 
,f the back iron geometry and economy of design, the study 
, sky to highlight the inherent complex design issues virtually 
bored by the literature. 

Index Terms-- Back iron design, flux generators, disc type 
ienerators, high PM generators. 

1. INTRODUCTION 

though high-speed permanent magnet (PM) 
(kgenerators generally benefit from superior power-to- 
4eight ratios and compact structures to their lower speed 
. ounterparts, the main design challenge in these machines 
ies in preventing overheating rather than achieving 
optimum performance. Axial flux design with its disc type 

mctry is conducive to better cooling because of higher 
xator surface area and lower electrical losses when 
Ompared with other designs I1 1. Typically the design takes 
o forms, a multi-pole PM rotor disc rotating between two 

stator windings, or a disc-shape stator winding being 

111Serted 
between two PM rotor discs. The latter form 

`acilitates better heat extraction due to the natural cooling 
action of two rotating discs. However, the accurate 
predictions of the heat losses due to eddy currents and 
hysteresis are extremely difficult to achieve, partly due to 
the fact that non-ideal sinusoidal stator currents generate 
monies which induce flux to surrounding components 

-, ith magnitudes which are likely to be unknown. In 

Wicular, the back-iron on each of the rotor discs, which 

provides a high permanence path to complete the magnetic 
ircuit formed by the rotor PMs, will critically affect the 

flux formation. Furthermore, in order to minimize vibration 
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and more importantly the risk of mechanical failure due to 

extreme centrifugal force at high speed, the back-iron is not 
laminated. The thickness of the solid back-iron must 
therefore be kept to minimum to avoid potentially excessive 
induced eddy currents, while ensuring designed magnetic 
flux levels to be maintained and undue flux leakage paths to 
be minimized. Thus, the design of the back-iron for the 
high speed rotor discs is non-trivial, for magnetic, 

mechanical and thermal reasons. 
However, the literature suggests very few published work 

in back-iron design, and mainly on linear machines 121. 
This paper reports an integrated design approach for high 

speed PM generators based on vigorous magnetic and stress 
analysis using efficient finite element method (FEM), and 
focuses on the optimization of the back-iron to meet the 

magnetic and mechanical requirements. Aspects on the 

economy of the design are also considered. Sufficient FEM 

simulation results underline the significance of the 

proposed back-iron design. 

11, INI'I'IAI, DI? SIC; N S'I': 1c'jEs 

A. Disc-Type Generator 

Fig. I shows the disc-type generator tinder investigation. 
It has an output of I kVA at 50krpm. The modular 
structure however facilatates multistage and multiphasc 
arrangement, making it easy to extent to a 3-phase 
generator with three times the power, for instance 111. The 
back-iron disc is mounted on the same shaft and fixed at 
the outer end of each of the rotor magnet assembly (only 
one rotor disc is shown for clari(y). 

I'=10 

t, =8 RinQ ý. I. 

Magnet .T 

hm=20 Rs 
Magnet canner 

R, 

RI=27 

to=7.5 = 
d. h. n=15t (I-) 

i 

Rotor Hub 

Fig. I Disc-type generator with key dimensions 
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B. Initial Stress Analvsis for Uniform Disc 
An initial stress analysis is carried to estimate the 

mechanical properties required for the back iron disc. The 
disc is designed to be mounted on the shaft via shrink fit to 
prevent slippage at the operating speed of 50,000 rpm. The 

required amount of interference fit is determined by the 
contact pressure exerted on the disc bore due to the shrink 
fit at standstill. Then, the Hoop stresses can be calculated 
using Lame solution for thick-walled cylinder theory [3]. 
Table 1 shows the results. 

TABLEI 
MECHANICAL. ANALYSIS FOR UNIFORM BACK-IRON Disc 

Quantity Value Knits 

Interference fit 16.8 µm 

coma pressure due to interference fit 188.5 MPa 

Hoop stress due to rotation 198.35 MPa 

HOOP stress due to pressure 190.58 MPa 

Total Iloop stress 389.93 Mpa 

C Choice of Back Iron Material 

The system requirements at high operating speed and 

high power density imply that the material of the back-iron 

must have both good magnetic and mechanical p 
rties. The initial stress calculations performed above p-C 

pS normal steel (density) and has been shown that normal 

stCCI 
disc is not capable of withstanding the high stresses. 

alternative material must be sourced to satisfy the high 

length capability, high relative permeability and 

sau dtion level. Minimum requirements for the magnetic 

and mechanical properties are summarised in Table 2. An 

extensive 
survey was carried out worldwide and four 

particular 
materials were found to meet the requirements, 

with cost effectiveness and manufacturing processability 

men into consideration. The variation of flux level with axial 

tluckoe, ss of the back iron for these different materials is shown 

in Fig. 2" in which vanadium-iron-cobalt is best in terms of 

magnetic 
flux and minimum volume, with a high constant 

level of magnetic flux level achieved at thickness of 10 mm. 
Si_iron is however chosen for a marginally lower flux level 

but a huge cost advantage. The possibility exists that the 

cost advantage may be used to compensate the flux level 

lost A flux level similar to that for the previous material 

can be achieved at 12.5 mm, that is, a slight increase of an 

axW thickness of 2.5 mm, which represents a 25 % 

increase on the total volume. 

TABLE 2 
MINIMUM REQUIREMENTS FOR BACK-IRON MATERIAL 

Yield Elongation Forms & Saturation Relative 
length Dimensions [1] Permeability 

ýl I1 
, 500 > 10 Round Bars > 1.2 1000 

1000X30L 

_ý 
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X 10-2 

1 
.7 

1 6 . 
Van-iron-co 

d Si-Iron 
1.4 X 17/4 PH-A 

1714 PHI 150 

W 1.3 
C i 

c 1.2 4. 

1.1 

LL 1 

0.9 

5 10 15 20 25 30 35 

Ii [mm] 

Fig. 2 Variation of flux with back-iron axial thickness for 
different materials 

III. BACK IRON OPTIMIZATION DESIGN 

A. Effect of Outer Radius on flux level 

In the previous analysis, the axial thickness of the 
silicon-iron core back-iron disc at 12.5 mm has been 
determined. This allows for the optimization of the outer 

radius, R; 0 for a maximum attainable magnetic flux, using 

an efficient FE model for the rotor system. FE analysis 

gives the variation of flux level over an outer radius range 

of 43 to 49 mm is shown in Fig. 3, in which maximum flux 

is achieved at R, 0 = 46 mm. Apparently, smaller or greater 

radii force more flux lines to link with the retainment ring 

thus short-circuiting the flux lines around the ring, 

resulting in the reduction of useful magnetic flux in the air 

gap. Fig. 4 is an enlarged sectional view for right upper part 
of the 2D planar FE model of the magnet rotor disc with the 
back-iron disc at four selected outer radii (43mm, 46mm. 
47mm and 49mm). A detailed study on the behavior of the 
flux lines explains how the pattern of flux leakage affects 
the optimum flux level, which occurs when minimum 
number of flux lines are linked with the retainment ring. 

x 10, 
1.63 

SFlron core 
1.62 1F12.5 mm 

1.81 

1.8 

1.59 

1.58 

1.57 

43 44 45 AB 'V rE 49 

RIQ, ITm 

Fig. 3 Variation of flux level with outer radius of back-iron disc 
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Fi¢. 6 Flux line distribution a) with no cutting b) with R_� =10mm 

An `optimum' value of cutting radius of l0mm was found, 

which represents a 27% weight reduction at no apparent 
flux loss in the air gap. From k,,, =10mm to 12mm, the flux 
level experiences a -5% drop but a further weight reduction 
to 40%. Thus, the part of the curves from R,,,, =10 to 12mm 

represents a trade-off region between mechanical and 

magnetic properties of the system. Depending on the 

application, optimum design values could be at found at 

this region. 

B. Shape Optimisation 

To further reduce the weight, hence mechanical stresses, 
profiling" of the back-iron disc was investigated. It was 
S, n in the previous analysis that the flux lines are less 

ce , ntrated at the outer rear corners of the discs. Hence, to 
acein extent, discarding disc's material at these regions 
may not deteriorate the flux level, while significant weight 

, ant, age can be gained. A circular cutting shown in Fig. 5 

was used for manufacture ease and performance 
rison. To perform this analysis, the FE program was 

lightly modified to allow for parametric modelling with 
the cutting radius R, ß, 1 varied over the range of 5 to 12 mm. 
The behaviour of the flux lines in the back-iron disc before 

aj wer the cutting is shown in Fig. 5. The variation of 
flux level and weight reduction with cutting radius is shown 
in Fig- 6. Interestingly, there is no apparent degrade of flux 

level up to a cutting radius of l0mm. Allowing for 

simulation tolerance, it appears that the removal of some 
iron alters the flux line distribution but enhances flux 

density 

1. 
r 

CTIý 

IV. CONCLUSION 

Back iron design for high speed PM generators has 

proven to be much more complex than their low speed 

counterparts, primarily due to the more stringent 

mechanical requirement, and the usual demand for high 

power-to-weight ratio expected from them. Although the 

design study focuses on a particular topology of a disc-type 

PM generator, the results presented in this investigation 

serve to highlight some key design parameters that can be 

considered for back-iron design in other high speed 
generators. 
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Magnet Topology Optimisation to reduce 
Harmonics in High-speed Axial Flux Generators 

Tareq S. El-Hasan, Patrick C. K. Luk, Member, IEEE 

Abstract - The effect of the shape and distance between 

djacent permanent magnet (PM) poles on the quality of the 

t voltage of an ironless axial flux PM generator is 

ingated. Two possible magnet shapes, semi-circular and 
kpezo, idal with equal volume and surface area, are modeled 
Wng 31) FEM. For each particular magnet shape, the space 
;, ten the adjacent magnets on the same rotor is varied and the 

tluced voltages are analyzed and the harmonics contents 
jed. The results obtained from the FE models are 

60uably compared to the experimental results obtained from a 
peular prototype which was constructed from a seºni-circular 
magnet shape. 

ýd Terms - PM generators, Axial flux generators. 

L INTRODUCTION 

xial flux permanent magnet generators (AFPM), in which 
air gaps lie across the cross-section of the rotor rather 
i periphery, lend themselves mechanically suitable for Ian 

ýgh speed operations, which has widespread applications in 

rospace, mobile power and the like. However, eddy currents 
iced in the rotors of the AFPM generator could become 
jominate if several precautions are not considered in the 
jesigý of such machines. These losses arise because the rotor 
s exposed 

to a time varying magnetic fields from the spatial 
tonics of the stator current. Eddy current losses are 
Proportional to the square of the magnetic field amplitude, the 

e of the frequency and inversely proportional to the rotor 
,,., Is resistivity. As ar esult, ensuring low levels of rotor 

amounts to producing sinusoidal stator current and 
Makin?, the rotor surface has relatively low surface 
zeduotjvity. 

This paper examines how sinusoidal signals can be 
fished by a design case study on a high speed single 

phase JFPM generator, and in particular investigates the 
doy of freedom for two design parameters - the shape 

relative 
distance of magnetic poles. Two magnet shapes, 

ilcular and trapezoidal, are considered. Rigorous and 
Ilicient 3D FE models are developed, and their use in 

ounce prediction on these generators are validated by 
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experimental results. 

II. FINITE ELEMENT MODEL 

Design issues of the AFPM generator are well documented 
[ 1,21. Here, two different rotors with two different PM 
topologies are proposed, as shown in Fig. 1. The machine has 

a three-dimensional (3D) pattern and the magnetic flux path 
and its corresponding spatial flux distribution are truly 3D in 

their nature and as such represents a distinct departure from 

the conventional radial flux PM machines. This unusual 3D 
flux pattern in the AFPM generator is largely due to the 

magnetic circuit of the rotor, and the location and the shape of 
the stator winding coils. A finite element (FE) design tool was 
used to develop an efficient 3D FE model. A quarter of the 

rotor with half of the air gap (Fig. 2) was modeled to reduce 
computational time. The results for a particular magnet shape 
and topology were found from one common solution (Fig. 3). 

The coils in this analysis are replaced by a virtual path of the 

same shape and presented opposite to the magnets in the 

middle of the air gap. This virtual path is incrementally 

stepped in electrical degree where the flux linkage at each 
position for a particular solution is determined and the induced 

voltage is found by the derivative of the flux linkage with 
respect to time at a mechanical speed of 1830 rpm. 

Pig. I. Two PM rotor shapes. Semi-circular(left) Trapezoidal (right) 

Im 
Marag{Rg 
f: ý1 ßni 

ds 
Back 1,,,, Yfrneel 

coil 

8 Yý 
- 

Fig. 2. Modeled part of the AFPM generator 
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K 3. Magnetic flux density distribution for a semi-circular PM 

111. HARMONIC ANALYSIS 

To irivestigate the effect of magnet topology on the 

tonics of the induced voltages, the distance between the 

idjat magnets, d, 
, on the rotor of a particular magnet 

iape (Fig. 4 and 5) is varied in the range of 1 mm to 8 mm 
1qffi a step increment of 1 mm. For each step, the reduction in 

surface area due to the increased distance between the 
zagnets is compensated by increasing the axial length of the 
tenet to keep the volume of the magnet constant. The 

voltage obtained for each particular case is analyzed 
Vid the total harmonic distortion (THD %) in the induced 

; ohage is determined (Fig. 6). Furthermore, the harmonic 

, untnts obtained from each case are broken down into triplen 
Irld it harmonics (Fig. 7- 9). 

14 

12 

10 

am 6 
C 

H6 

4 

2 

0 

semi trapezoidal magnet 

-ý---- se, mcraJer magnet 
l -1830 rpm 
Ig. 10mm 

Pis 

12345678 
d5, mm 

Fig. 6. THD vs. 
dS for both magnet shapes 
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Fig. 9 Belt harmonics for both semicircular and trapezoidal PM 

IV. EXPERLMENTAL VALIDATION 

A prototype of a semi-circular AFPM generator was tested 
at 1830 rpm to verify the FE model. The low speed test was 
used for two main reasons. First, it allows easy mechanical rig.. '. veuiuea urawings for mne rotor of [rapezotow rwm 
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q, fond, the machine possesses near linear magnetic 
1es due to the absence of stator iron. Thus results 

ftined from low speed operations can be extrapolated to 

redict high speed operations with confidence. Fig. 10 shows 

* test rig using a simple motor drive as the prime mover. A 

Mpk stator winding with a single turn per coil was used. The 

bulaü0n and experimental results are depicted in Fig. 11 - 
t Excellent agreements between the simulation and 

ental results are demonstrated 

V o=122.4Hz. A=1.00V ýIfffflffl 
2.0 b 
1'8 I 

ch A: THD At pcak 6.378% 
1.6 
1. A 
1.2 
1.0 
0.8 
0.6 
0.4 
0.2 kHz 
0.0-- 
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Fig. 13 Harmonic analysis (tested) 
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0. [16 

-0.4 

-1.2 
-1.6 

-2.0 0 
Fig. 11 Induced voltage (tested) 

V. CONCLUSION 

The effect on output voltage quality by two design 

parameters, the shape and distance of PM poles in the AFPM 

generator, has been examined with an efficient FE model. 
Whilst the results show the semicircular and trapezoidal PM 

rotors have very similar overall performance, individual 
harmonic contents appear to vary differently with adjacent 
pole distance, offering design alternatives when harmonic 

content, together with other non-electrical factors, are also 
important design considerations. 
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Three-Dimensional FE Analysis of Disc type 
High-Speed PM generators 

fareq S. }: l-1lasan, Patrick C. K. Luk, Alember, IEEE' 

f act - An efficient 3-D finite element model for a 

+eaneot magnet slot-lets high-speed generator is developed. 

e model addresses non-symmetry problems commonly 
sciated with 2-D modeling, and avoids computational 
, rwkIIcy and complexity typical of 3-D modeling. Based on a 
, jInercial FE tool, the 3-D 

model can predict both the 
mime's electromagnetic performance and mechanical integrity 

irately- Simulation results from the 3-D model compare very 

Wably with experimental results. 

index Terns - PM generators, axial flux generators, slot-less 
mimes, high-speed generators. 

1. k\1ROIx cTION 

Jýhere are increasing interests and demands for permanent 
maltet (PM) generator sets in a wide range of 
lications, notably in distributed generation where the 

eaerators are located closed to the user as micro power 
ýntsMore recently advanced configurations of PM 

aierators aimed at more compactness and higher power-to- 
Right ratio have emerged. These machines are typically high 

,d operated and have very stringent operation requirements 
M design constraints. Traditional analysis and 2-D finite 

erjt methods (FEM) were found not suitable to predict 
ately the performance characteristics of such machines 

1e to the non-symmetrical geometry along their axis. 
=4hernore, they are not often easy to be simplified into 2-D 

))dc Is with satisfactory results 111. This calls for the 

treloprnent of accurate methods to predict the performance 
td mechanical integrity of such high power and high speed 

es. The conflicting design requirements in the 
khanical, magnetic and thermal aspects are well known for 

machines 12,31. Successful development of accurate 
+hdiction methods will thus allow alleviate the complex 
i, igii task with improved reliability and shortened design 

Gele. 
8-pole single-phase disc-type PM generator with a 

;, Jwer rating of 18kVA and an operating speed of 50,00rpm is 

%esti gated. The 3-D model developed focuses on the 

I. 0 agnetic and stress analysis, but does not include the 
mal aspect. In particular, the model is used to predict the 
ict of using two different retainment rings made from two 

different materials (non-magnetic and magnetic). The study of 
the retainment rings is of interest due to the stringent 

mechanical and magnetic requirements upon them. The model 
is also used for predictions on inductance measurement, eddy 

current losses and mechanical stress. 

I]. FE ELECTROMAGNETIC ANALYSIS 

The rotor disc and the stator windings are two key parts of 
the PM generator under investigation. The rotor disc consists 
of 8 permanent magnets (8-pole) embedded in the magnetic 
carrier and locked by the retainment ring. Fig. 1 is a meshed 3- 

D model of the rotor disc, and Fig. 2 shows the flux density 
distribution of the rotor disc, using a non-magnetic retainment 
ring. with a. levels magnet carrier was analysed using a 31) 
FE model as shown in Fig. 1 and 2. The results interpreted 
from the model are discussed in the following sections. 
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Fig. l Meshed 3-1) model of the disc type generator 

Fig. 2 Flux density distribution 
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Air gap induced voltage 

-fight stator coils are positioned between the rotating rotor 
c to obtain the induced voltage. Fig. 3(a) shows a stator coil 
ýCn out from the its fibred stator casing. To model the air 
a induce voltage, the actual stator coils were replaced by 

xentric virtual paths, shown in Fig. 3(b), that are identical 

shape and dimensions to the actual coils. The induced 

tage was found for two different types of retainment rings, 
of Managing and the other of non-magnetic material, at the 

5ed of 1830 rpm, as shown in Fig. 4. Moreover, the influence 

a& gap length between the magnet rotors on the induced 
rage for both retainment rings was studied and the results 
-tained were shown to he in good agreement to the 

mental results, as shown in Fig. 5. 

ýý ý6 

Al So 

Fig. 3 (a) Actual stator coil (b) Modeled virtual paths 

B. Inductance computation 
Inductance measurement for the machine was obtained 

using the energy storage method. In this case the actual coils 
were modeled (Fig. 6) with the PM coercivity set to zero and a 
certain dc current level injected in the coil. The leakage and 
magnetizing inductances were found to be 14.63 M-1 and 
25.75 MIA respectively compared to these obtained from 
experimental results as 20.1 MH and 38.74 MA respectively. 

C. Rotor eddy current losses 
The rotor eddy current loss was determined by performing 

harmonic analysis with the frequency was set to 3333 I-Iz. In 
the 3-D model shown in Fig. 7, it is possible to visualize the 
eddy current distribution and to gain insightful observation on 
effective heat loss for the system. It also allows the evaluation 
of the eddy losses in the individual component in the magnet 
rotor as the current drawn increases, as shown in Fig. 8. 

Fig- 4 FE Induced voltages for rotors with magnetic 
and nonmagnetic retainment rings 
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Fig. 5 Induced voltages vs. air gap length 

iI 
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Fig. 6 3-D model used for inductance computation 

Fig. 7 Eddy current distribution in the magnet rotor 
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Fig. 8 Eddy current losses vs. current drawn 

III. FE STRESS ANALYSIS 

Digest No. 1235. INTERMAG Conf. Boston, USA. 

M. magnet rotor disc has a complex and non-homogeneous 
ture due to the presence of different types of materials of 

4rerent mechanical and physical properties. Hence the 3-D 

model was found to be more suitable to perform stress 
Wysis for this type of structure. Moreover, the permanent 
meets are placed in their positions by the magnet carrier and 
te secured by the retainment ring. This ring is shrunk fitted 

% the magnet rotor hence pre-stressing all components in the 
sture. Once the rotor starts to rotate, additional stresses are 
eveloped on the ring surfaces due to the high centrifugal 
tr_ This in turn has necessitated the inclusion of contact 
dents in between all the surfaces of the rotor to simulate 
s interference fit effect. The blot contours for the hoop 

psi in the rotor disc running at 55000 rpm is shown in 
r-, 9, whereas the distribution of the radial and hoop stresses 
the radial direction of the rotor is shown in Fig. 10. 

me minimum amount of interference fit was required for 

agent ring to prevent any slippage or damage of the rotor 
kts was found precisely by using the described 3-D FE 
Wysis which was found to be 0.480 mm. To test the validaty 
rl'these stress predications, prototypes of the rotor constructed 

on the simulated data.. Mechanical integrity tests were 
4isfaetonly done individually, by using a gas turbine running 
'55440rPm no load, as shown in Fig. 11. 

Nodal solution 

von-Kises stress 
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Fig. 10 Radial and hoop stresses distribution at 55000 rpm 

IV. CONCLUSION 

The 3D FE model is an efficient tool for the design and 
analysis of the disc type high-speed generators. Results 

obtained from the FE electromagnetic analysis were 
experimentally validated and a good agreement between the 
FE results and the experimental results was achieved. 

Air inlet 

Turbine 
Magnet Frequei 
Rotor kHz 

III csting the mechanical Intcgrdy of the generator 
using a cold run gas turbine test rig 
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Fig. 9 Plot contours for the hoop stresses at 55000 rpm 
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APPENDIX D 

Appendix D 

ANSYS FILES & SIMULATION RESULTS ON CD-ROM 

" 2D STRESS ANALYSIS OF THE PMAF ROTOR 

" 2D ELECTROMAGNETIC ANALYSIS 

" 3D STRESS ANALYSIS OF THE PMAF ROTOR 

" 3D MAGNETOSTATIC ANALYSIS 

" 3D HARMONIC ANALYSIS 

* Note that all input files and results are produced using ANSYS5.4 


