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Abstract: 

This thesis compares the performance of 5- and 3-phase PM generators connected to a 

diode bridge rectifier under normal and open-circuit failure conditions. Also it descrihes 

the design of 5- and 3-phase prototype PM generators with the same yolume and rated 

speed. The permanent magnet generator has advantages such as: simple construction. no 

excitation field winding, low maintenance cost. The advantages of using diode bridge 

rectifiers are simplicity and cost. 

A simulation model is developed for 5- and 3-phase systems that includes the generator 

self- and mutual-inductance and phase resistance. The developed model demonstrates 

the effect that both self- and mutual-inductance have on the 5-phase system including an 

important reduction in the shaft torque ripple. The 5-phase system displays considerably 

lower peak-to-peak shaft torque ripple compared to three-phase system. Also it is shown 

that the five-phase system can use a lower value of capacitance for the same output 

voltage ripple. In addition, the 5-phase system requires diodes with lower current ratings 

compared to the 3-phase system. The operation and performance of the 5- and 3-phase 

systems under open-circuit phase failure is assessed and discussed. It is shown that in 

terms of shaft torque ripple the 5-phase system has a performance superior to the 3-

phase system. With two open-circuit phase failures, the 5-phase system has adjacent and 

non-adjacent open-circuit failure modes. Non-adjacent failures are shown to produce a 

less extreme operating condition compared to adjacent phase failures in terms of torque 

ripple and dc output voltage ripple. 

The rms current in the dc link capacitor is discussed for the 5-phase and 3-phase 

systems under normal and failure conditions. If, under normal conditions, the capacitor 

is specified to give the same output voltage ripple in the 5- and 3-phase system, then 

during open-circuit failure, the 5-phase system displays a larger per-unit increase in rms 

current in the dc link capacitor compared to the 3-phase system. For systems making 

use of the fault tolerance of the 5-phase generator, the specification of the dc link 

capacitor becomes driven by the rms current during the fault. 

Simulation and FEA results are verified by experiments on practical 5- and 3-phase 

prototype generators. Good agreement is observed. 
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Chapter 1 

Introduction 

1.1 Introduction 

Generation of electricity causes substantial pollution. It is responsible for about one­

third of all carbon-dioxide emissions and is a major source of nitrogen oxide and 

sulphur dioxide. Wind energy, used to generate electricity, can contribute to a reduction 

in emissions and has been topic of research for more than 80 years [1.1]. Wind turbines 

are used to convert the wind energy to electrical energy through an electromechanical 

energy conversion process. Wind turbines are generally grouped into two basic types: 

horizontal axis wind turbines and vertical axis wind turbines [1.2] figure 1.1. The 

horizontal-axis turbine is the most common as it is aerodynamically more efficient. 

However, there are many problems that researchers continue to work on for example 

reducing the construction costs and optimizing the operating costs, improving the 

performance of electrical equipment (generators, rectifiers, inverters controller) and 

aerodynamic efficiency. 

Generator 

~Tower 

Gearbox 

Horizontal Axis Vertical A is 

1.1. ind turbin types (from American ind En rgy as ociation 



Wind energy is converted to electrical energy using an electrical generator connected 

either directly, or via a gearbox, to the wind turbine's aerodynamic system as sho\\TI in 

figure 1.1. Energy generation depends on the electromechanical energy conyers ion 

process. There are inherent maintenance requirements associated with the po\\-er take­

off from the aerodynamic system and some of these requirements are associated with 

the electrical generator. 

Electrical generators, used with wind turbines, are varied: direct current generators, 

induction generators, synchronous generators, reluctance generators and permanent 

magnet generators have all been proposed. Direct current generators and synchronous 

generators require brush maintenance especially in applications at high altitude or where 

dusts and high wind can damage the brushes. Permanent magnet generators are the 

machine of choice in small wind turbines offering simple construction, low maintenance 

costs and self-exciting ability [1.3]-[1.6] 

Diode bridge rectifiers are used in conjunction with permanent magnet generators to 

produce DC power from the generator's AC output. Diode rectifiers have the advantage 

of low cost and simplicity. However, diode rectifiers cause torque ripple and output 

voltage ripple and these reduce the performance of the generation system (blade system, 

generator and rectifier). Nonetheless, most small-scale wind turbines use a three-phase 

PM generator connected to a diode rectifier. The generation system is coupled to a grid­

connect inverter or is connected to a dc load with an associated load controller. 

The study of multi-phase permanent magnet machines as generators in small-scale wind 

turbines is a new topic. There is need for research investigating the performance of 

multi-phase PM generators connected to diode bridge rectifiers. This includes basic 

analysis of the performance of the system compared to traditional three-phase systems. 

This is one objective of the research reported in this thesis. 
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1.2 Wind turbine characteristics 

The aerodynamic power generated by a wind turbine is [1.7]-[l.9]: 

where 

p = density of air (kg/m3
) 

Asw = swept area of the blade system (m2
) 

Cp = performance coefficient 

V = wind speed (ms- I
) 

The torque generated by the turbine is: 

(Nm) 

where Ws is the mechanical rotor speed of the wind turbine. (rad S-I) 

The performance coefficient, Cl" is a function of tip-speed ratio (TSR) where 

TSR= wsR 
V 

( 1.1 ) 

(1.2) 

(1.3 ) 

and R is the radius of the wind turbine rotor (m). Figure 1.2 shows a typical Cp versus 

TSR curve for a small-scale wind turbine assessed in a wind-tunnel. The Cp 

characteristic has a peak value and the wind turbine should operate at the peak Cp for a 

given wind speed in order to generate maximum power. 

During start-up, when the rotor speed is low, the TSR is small thus the aerodynamic 

torque is small. For this reason, in the case of direct connection of the permanent 

magnet generator to the aerodynamic system, the generator must have low cogging 

torque to allow the turbine to start. 

.., 
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Figure 1.2. Cp versus tip speed ratio curve for the Rutland 913 wind turbine at an 

incident wind speed of 13.9ms-1 

Figure 1.3 shows a measured wind turbine power curve for a Rutland 913 turbine with 

an incident wind speed of 13. 9ms -I. The system should operate at a shaft speed that 

gives the maximum power, point A (475W at a speed of 125rpm). If the load power is 

reduced, for example, as a result of an open circuit failure in the generator, the speed of 

the turbine blade will increase to compensate the reduction in the output power. For 

example, if the power is reduced from 475W at the maximum power. point A, to 325W 

at point B, the rotational speed of the blade system will increase from 125rpm to 

200rpm. If the maximum point tracker is in use, the control system will track the 

maximum point and return the system to point A by increasing output power. The 

response of the tracker depends on many factors, for example, the inertia of the drive 

train and blade system. In this research, the response of the aerodynamic system to the 

change output power is assumed to be slow and the speed of the shaft at the time of 

failure is assumed to remain constant during the fault. 
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Figure 1.3. Measured wind turbine power curve for the Rutland 913 wind turbine at an 

incident wind speed of 13.9ms-1 

1.3 Permanent Magnet machines: 

The term 'permanent magnet machine' is used to include all electromagnetic energy 

conversion devices in which the magnetic excitation is supplied by permanent magnets. 

Energy converters using permanent magnets come in a variety of configurations. 

Today, most small-scale wind turbines are permanent magnet generators. The 

permanent magnet generators are usually either axial- or radial- flux machines. Radial­

flux permanent-magnet generators may be divided into two types according to the 

magnet location; surface mount PM machines and interior PM machines [l.10, l.11]. 

The subject of this thesis is radial-flux machines with surface-mounted magnets. 

1.4 Multi-phase generators 

Most wind generators generate three phase electrical power. Three-phase generators 

have been extensively researched however multi-phase generators are relatively new. 

Multi-phase generators have some potential advantages compared to three-phase such 

as; low phase current, higher output power density and low torque ripple. Disadvantages 

are higher space harmonics, an increase in the number of the connections to the machine 

and their poor commercial availability. In this research five-phase and three-phase PM 

generators are compared and their advantages and disadvantages identified. 
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1.5 Multi-phase PM generators with diode bridge-rectifiers 

Analysis of multi-phase permanent magnet generators connected to diode bridge 

rectifiers is new. The advantages of using diode bridge rectifiers are simplicity and cost. 

There are no existing mathematical models presented for multi-phase permanent magnet 

generators connected to diode bridge rectifiers. Fundamental research is presented 

investigating the operation of five-phase generators with associated full-bridgl?, diode 

rectifier circuits. 

1.6 Motivation for the research 

The permanent magnet machine is the machine of choice in small wind turbines. 

offering a simple generating mechanism and excellent power density. Typically the 

output from the PM generator is rectified and the de link voltage processed using po\vcr 

electronics-based converters and inverters to provide the desired output. The advantagl?s 

of using a diode bridge rectifier rather than full or partial-field-oriented control are 

simplicity and cost. 

Using a three phase PM generator with a rectifier is common in small-scale systems, but 

has some disadvantages, such as high torque ripple and output voltage ripple which 

affects the performance of the generator system. Using a generator which has more than 

three-phases may improve the generator performance. One objective of this research is 

to assess the improvement in performance of the generation system that uses a diode 

rectifier connected to multi-phase PM generator. 

Another objective of this research is to design and model a five-phase generator 

connected to a diode bridge rectifier with de link capacitor and resistive load. In 

addition, this research investigates the impact the five-phase system has on system 

losses including copper loss, rectifier diode losses and iron losses. Other aims of this 

research are to study the behaviour of the systems under open-circuit failure of one or 

more phases of the generator and to assess the impact this has on system performance. 

It is important to present a fair comparison between 3- and 5-phase generators. In this 

thesis, each generator has been constructed using the same stator lamination design 

6 



(which has 30 slots) and the same 4-pole rotor. Both machines will generate the same 

rectified output voltage at full load with the same prime-moyer speed. 

1.7 Scope of the thesis 

Multi-phase PM generators feeding electrical power through diode rectifiers has not 

attracted significant research. This thesis concentrates on performance analysis of an 

isolated three and five-phase permanent magnet generator with bridge rectifier and 

constant load. 

This thesis covers: 
• the design of the prototype five-and three- phase PM generators, 

• the modelling of the five-phase permanent magnet generator with a diode bridge 

rectifier, 

• the effect of the self- and mutual-inductance of the generator phase windings on 

the performance of the system, 

• the operation of the five-phase and three-phase generators with single and two­

phase open-circuit phase failures, and 

• the requirements and specification of the DC-link capacitor. 

Chapter two reviews relative literature associated with the research. 

Chapter three develops a model of three- and five-phase permanent magnet generators 

connected to diode bridge rectifiers. The developed model uses pulse functions. Also 

the effect of the phase inductance of the generator on the performance of the system is 

studied. The model is verified using PSpice. 

In chapter four the design of both generators is presented analytically and using FEA 

software. 

Chapter five details the experimental performance of the five- and three-phase systems 

with diode bridge rectifiers under full load and compares this to FEA simulation. 

In chapter six, open-circuit phase failures are considered for both systems. Simulation 

and experimental test results demonstrate the advantages of the five-phase system over 

its three-phase counterpart. 

In chapter seven an assessment is made of the required DC -link capacitor current. This 

demonstrates the rms de link capacitor current under normal conditions and with open­

circuit phase failures. 

Conclusions and future directions are presented in chapter eight. 
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Chapter 2 

Literature review 

2.1 Introduction 

The scope of this thesis covers the design of a five-phase permanent magnet generator. 

and the operation of the generator with a diode bridge rectifier with DC link storage. It 

is focussed on wind turbine applications of the system and particularly under normal 

and generator open-circuit failure conditions. In this chapter. existing rele\'ant literature 

is introduced, which is classified into: 

1. Theory and analysis of the diode bridge rectifier. 

2. Operation, analysis and design of permanent magnet machines. 

2.2 Theory and analysis of the diode bridge rectifier 

Diodes perform various functions in power circuits, including switching in rectifiers, 

anti-parallel 'freewheel' diodes to protect semiconductor switches in switched-mode 

circuits, or to avoid charge reversal of capacitors [2.1]. 

The diode is widely used in rectifier circuits to convert ac to dc power. Figure (2.1) 

shows types of diode rectifier circuits. 

Diode rectifier circuit 

Single-phase 

Bridge-rectifier 

Figure 2.1. Type of diode rectifier circuits, showing single- and multi-phase types. 
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The single-phase, half-wave rectifier has only one diode as shown in figure 2.2(a), and 

single phase full-wave rectifier has four diodes as shown in figure 2.2(b). The single­

phase, full-wave rectifier has advantages compared to single-phase half-wave rectifier, 

such as low ripple factor, higher efficiency and no dc component which can contribute 

to dc saturation in transformer cores [2.1]. In the multi-star rectifier circuit each phase 

has one diode as shown in figure 2.3(a). Each phase conducts for (2 Tr /q) radians, where 

q is the number of phases and the fundamental output frequency is q 4Hz. Figure 2.3(b) 

shows multi-phase diode bridge rectifier, each phase has two diodes and the output 

frequency is 2q4Hz, where/is the source frequency and q is the number of phases. In 

a similar fashion to single-phase circuits, the multi-phase diode bridge-rectifier has 

advantages compared to the multi-star configuration. 

ncurrent 

I n 
) red 

Output 
1r 21r Vffi 01 02 

Output red v 
Diode b YOltage 1r 21Z' 

RL n red AC RL 
AC ) 

1r 21r 

03 D4 

(a) (b) 

Figure 2.2. Single phase diode rectifier circuits, showing (a) half wave (b) full wave 

rectifier (diode-bridge). 

01 1C= ! ) 
lJr .... 
q 

RL 

(a) 

rutpul 

r--~~~_-.v :.voft-a

e 

~D2 ... 1 
~ I ) 

• tr ! q m 
• • • • • • 

RL 

vs ••• •••• • •• . ,,:..)-._ ...... . .... 
I 

VII 
~ D2n 
~ • 

(b) 

Figure 2.3. Multi-phase rectifier circuits, showing (a) multi-star n-phase rectifier and (b) 

n-phase bridge rectifier. 
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In this thesis literature on multi-phase diode bridge rectifiers is reviewed. \ lost 

literature focuses on three-phase bridge rectifiers. The three-phase diode bridge rectifier 

is a six-plus rectifier and the fundamental frequency of the dc voltage is six times the 

input frequency. 

Line current harmonics are an issue in diode rectifiers as they affect the efficiency of the 

rectifier and increase the rms ac supply current for the same load. Researchers have 

studied and improved methods of reducing the current harmonics. 

M. Sakui and M. Shiya [2.2] presented a new method to calculate the ac current 

harmonics. The method is based on the frequency domain and rectifier s\\"itching 

function. The Fourier series is used to analyse the switching function. The method 

assumes the source voltage is balanced and there is a dc filter. Calculating the ac line 

current harmonics, when the power supply is unbalanced, is presented by M. Sakui and 

H. Fujita [2.3]. They used the frequency domain and switching functions. The 

unbalanced power supply is taken into account when the switching function is created 

by changing the angle of 'continuing' period when the diode is forward biased. 

An analytical method to calculate the ac current harmonics with the effect of the phase 

impedance with both continuous and discontinuous ac current is proposed in [2.4]. The 

main conclusion is that larger values of phase impedance produce more continuous ac 

current. The paper is based on the frequency domain and switching function technique. 

It shows that the harmonic components from continuous and discontinuous modes are 

not the same, with the continuous modes displaying lower harmonic values compared to 

discontinuous modes. 

There are many methods to reduce current harmonics in the three-phase rectifier. W. B. 

Lawrance and W. Miedyslaw [2.5] presents a novel method to reduce the harmonic 

currents. The method is based on injection of third harmonic currents into the neutral 

point of the supply transformer. They also used passive LC tilters between the rectifier 

output and secondary neutral point to act as third harmonic current sources. 
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The hannonics become lower as the number of rectifier pulses increases. Increasing the 

number of phases smoothes the output DC voltage before filtering. Many researchers 

have presented and discussed rectifiers with more than three-phases. S. Choi et af. [2.6] 

presented 24-pulse diode rectifiers for high power ac motor drives. Two new 24-pulse 

rectifier systems were proposed. They transformed conventional 12-pulse rectifier to a 

24-pulse rectifier by using a tapped interface transformer. The fifth, seventh, eleventh, 

thirteenth, seventeenth and nineteenth harmonic current in the input lines are eliminated. 

Detecting a diode failure in the three phase alternator is presented in [2.7]. Diodes can 

fail in one of two ways; open circuit or short circuit. It showed that an open-circuit 

diode introduces a significant change in ac ripple of the output current and in the case of 

a diode short circuit the output is severely affected. It is also shows that the system can 

still operate safely with a diode failing open circuit but cannot operate safely if the 

diode fails short circuit. Table 2.1 shows the harmonic content of the dc output current 

relative to dc content. It is shows that the harmonic components of the dc output current 

change with the condition of the diode. The load in this case is the alternator's exciter 

(inductive load). 

Table 2.1 Harmonic content of the dc output current relative to dc magnitude for the 

three-phase bridge rectifier connected to alternator's exciter. 

Bridge intact Diode open-circuit Diode short-open circuit 

Fundamental 0.3% 17.0% 92.0% 

2na harmonic 0.1% 20.0% 33.0% 

3 rCl harmonic 0.1% 14.0% 10.5% 

4th harmonic 0.1% 5.0% 8.0% 

5th harmonic 0.1% 2.6% 13.0% 

6th harmonic 2.2% 4.7% 17.0% 

2.3 Operation, analysis and design of permanent magnet machines 

Permanent magnet machines can be classified into three categories: permanent magnet 

commutator dc motors (PMCDC), permanent magnet brushless dc motors (BLDCM) 

12 



and permanent magnet ac synchronous motors (PMSM) [2.8]. The P\lCOC motor is 

similar to a dc motor in construction but the excitation system is replaced by permanent 

magnets. The BLOC and PMSM design procedures are similar. They can be single or 

multi-phase. The differences between BLOC and PMStvl are primarily the back-emf 

waveforms and the method of controlling the machine. The BLOC machine typically 

has a trapezoidal back-emf waveform, and PMSM machine has near sine-\\aye back­

emf. The two machines do not need a commutator which reduces maintenance and 

improves reliability. P. Pillay and R. Krishana [2.9] present a comparison of PMSt--.l and 

BLOC machines. They found that if the copper losses of the PMSM and BLOCl\ 1 are 

equal, then the BLOC is capable of 15% higher power density; however it is shown that 

the ripple torque of the BLOC is higher than that of the PMSM. 

During the last decade, permanent magnet material has been developing rapidly. 

According to their basic chemical composition, the permanent magnet material can be 

grouped into Alnicos, ceramics, and rare earth magnets [2.10]. To maximize the 

achievable magnetic field energy, permanent magnet materials are designed to have a 

wide magnetic hysteresis loop [2.11]. The hysteresis loop is divided into magnetization 

and demagnetization regions. The demagnetization region is used to define the basic 

performance of a permanent magnet material. Figure 2.4 shows the demagnetization 

curve of a permanent magnet material. The figure shows both the normal and the 

intrinsic curve. Only the normal curve is required to determine the operating point of the 

magnetic field system, [2.11]. 
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Figure 2.4. Demagnetization CUf\'e for NdFeB at 20°C, showing both intrinsic and 

normal curves. [Ref. [2.11], p 1.5, figure 1.25]. 
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The improvements in permanent magnet materials. energy product and high temperature 

operation, has led researchers to investigate how these new materials can be applied in 

permanent magnet machines. Research has concentrated on the design. perfonnance and 

control when the pennanent magnet machine is operated as a motor. 

Penn anent magnet machines are usually axial or radial flux machines and this refers to 

the orientation of the flux in the air-gap. The radial-flux permanent-magnet machine can 

be used for low speed as well as high speed and can have surface mounted and interior 

magnet rotor [2.12]. Figure 2.5 shows types of radial-flux permanent magnet rotors. 

(a) (b) 

(c) (d) 

Figure 2.5. Type of radial-flux permanent magnet, showing four configuration (a) 4-

pole surface-mount (b) skewed magnet arcs (c) ring magnet topology (d) 

2-pole interior magnet design [Ref .[2.12]. p3-7, figure 3.1]. 

In this thesis some of the relevant literature on the design of the pennanent magnet 

machine is discussed though there are many research papers in this field. Most research 

work on PM machine design concentrates on improving the perfonnance of the machine 

by improving the magnet design, the shape of the magnet, the analysis of the magnetic 
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circuit and reducing the cogging torque and the losses. The permanent mat;net literature 

in this thesis is divided into: 

1. The design of magnetic circuits [2.13] to [2.22], 

2. The study and reduction of cogging torque [2.23] to [2.25]. 

3. The modeling and analysis of the pm machine [2.26] to [2.32], and 

4. Five-phase permanent magnet machine research [2.33] to [2.36]. 

2.3.1 Design of permanent magnet machines 

The permanent magnet machine operates as a motor when it is supplied by an external 

electrical power supply (sinusoidal or trapezoidal waveform voltage), or a generator 

when driven by an external prime-mover. for example. a wind turbine. The two types of 

machine have a similar design procedure. First. relevant permanent magnet motor 

design literature is reviewed. Second, literature on the design of permanent magnet 

generators is discussed. 

i- Permanent magnet motor design 

The electromagnetic circuit and flux density distribution is described usmg a 2D 

equation by Z. Q. Zhu and D. Howe [2.13]. The equation representing the instantaneous 

flux density in the air-gap due to the presence of the permanent magnets is presented 

and improved. The instantaneous flux density in the air-gap due to armature current is 

presented by the same authors in a second paper [2.14]. The effects of the slots and load 

current on the instantaneous flux density in the air-gap are presented in [2.15] and [2.16] 

respectively. These papers, [2.13] to [2.16], present complete analytical equations for 

flux density in the air-gap which can be used in computer software to investigate the 

effect of the permanent magnet machine dimensions. It can also be used to predict the 

back -emf waveforms. 

Many researchers use finite element analysis for electromagnetic systems. These 

techniques can help reduce design time and can assist in accurately determining and 

optimising performance through design. Z.Q .Zhu et al. [2.17] presented the application 

of finite-element analysis to both linear and rotary permanent-magnet brushkss 

machines. with particular emphasis on the calculation of iron loss. eddy current loss in 
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the magnets. In the motor with surface-mounted magnets, the inductance in the q-axis is 

slightly larger than the inductance in d-axis due to different saturation levels in d- and q­

axis magnetic circuits. The results show that at low speed the iron loss on-load is higher 

than the no-load loss and at speeds slightly above rated speed, the iron loss on-load is 

lower than the no-load. It is also shown that the on-load iron loss in the surface-mount 

machine is lower than for the other machine topologies. The cogging torque can be 

reduced to less than 5% of the rated torque by optimising the width of the teeth. 

M. A. Alhamadi and N. A. Demerdash [2.18] present a method of skewing a permanent 

magnet motor using 2D finite elements. The machine is divided into 9-sections as 

shown in figure 2.6 and FE solution for each section obtained. The average flux density 

waveform for the 9-sections is then calculated. The result shows agreement between 

practical and multi-section FEA model (about 3.4% difference). Using multi-section 2D 

FE analysis skew can be used to refine the design of permanent magnet machines with 

skewed magnets. However, skewing presents the manufacturers with difficulties in mass 

production which leads to an increase in the cost. 
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Figure 2.6. Schematic of a skew-mounted magnet on the rotor, showing 9-section used 

in FE analysis [2.18]. 

ii- Permanent magnet generator design 

Permanent magnet generator design has been presented by several researchers for use in 

wind turbine and special purpose applications such as the aerospace field. J. Chen et al. 

[2.19] described an outer-rotor permanent-magnet generator. It is designed for multi­

pole, low-speed power conversion for stand-alone applications (20k W, 17Orpm). In 

addition, they developed design principles and equations. They used finite-element for 

detailed analysis and fine adjustment of the design. The result shows that a PM 
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generator with simple construction can operate with good performance over a wide 

range of speeds, 70-200 rpm. In [2.20] M. Comanescu, A. Keyhani and M. Dai 

presented a design methodology for a three-phase permanent-magnet synchronous 

alternator. A three-phase 1800rpm permanent magnet synchronous alternator supplying 

a 2.SkW, 42 V dc load was designed to be used in an automotive electric system. An 

equivalent circuit model (reluctance model) of the PM machine was developed. The 

design was assessed using FE analysis at no-load and full load. The results show that 

stator currents increase the flux density and distortion of the air-gap field. 

C. Zwyssig et al.[2.21] present the design of a high speed 100W, SOO OOOrpm PM 

generator for mesoscale gas turbines. In addition, they calculated the losses in the 

copper winding due to the high frequency currents and magnetic field from the 

permanent magnet. The total copper losses are reduced by choosing an appropriately 

sized wire. They compare different magnetic materials to minimise the stator core 

losses. The torque of 1.9mNm can be produced by either a sinusoidal current of 4.lA 

peak or a square-wave current with an amplitude of 3.7 A. The sinusoidal current 

produces constant torque. The core loss of 1.2W at 10kHz is calculated using (2.1) 

~ore = Cmfa .B! (2.1) 

where Cm, a and p are parameters taken directly from the datasheet of material, f is 

frequency and Bm is magnetic flux density . 

H. Jussila et al. [2.22] produced guidelines for designing concentrated winding, 

fractional-slot, permanent magnet machines. If the number of slots per pole per phase, 

q, is not an integer the winding is called a fractional slot winding. 

number of slots 
q =-------------

number of poles x number of phase 
(2.2) 

Fractional-slots PM synchronous machines are better suited to low speed applications as 

they suffer from rotor losses at high-speed. Fractional slot machines also have short end 

windings. In [2.22] they found that with q = 0.4 the machine has a relatively good 

winding factor. It is also potentially the best design for low cogging torque. 
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2.3.2 The study and reduction of coggiog torque 

Cogging torque is produced in a pennanent magnet machine as a result of the change in 

the air-gap reluctance due to the presence of stator slots. The effect of the cogging 

torque is additive to the total machine torque and can impact on the ability of the 

machine to self-start. It also contributes to noise and mechanical vibration. Many 

methods to reduce the cogging torque have been reported. T. Li and G. Siemon [2.23], 

proposed a design method to reduce the cogging torque to an acceptable level without 

skewing the slot teeth. The method is based on appropriate selection of machine 

dimensions. The cogging torque may be reduced by appropriate choice of the magnet 

pitch relative to the slot pitch. Also by rotating one pair of poles relative to the other 

pair the cogging torque can be reduced to 0.3% of rated torque value. 

A study of the influence of design parameters on cogging torque in pennanent magnet 

machines is presented by Z. Q. Zhu and D. Howe [2.24]. They investigated the effect of 

the slot and pole number combination on the cogging torque. The results showed that 

the overlapping concentrated stator winding produced approximately twice the cogging 

torque compared to the non-overlapping concentrated winding. 

Reduction of cogging torque in interior magnet machines is investigated by Z.Q. Zhu et 

al. [2.25]. A machine with four interior PM poles and a 6-s10t, short-pitched stator and a 

12-s10t, full-pitched stator winding was compared. Negligible cogging torque in the 

surface-mounted magnet, interior rotor machine is achievable by selecting an optimum 

magnet pole-arc to pole-pitch ratio. 

In this thesis the cogging torque is reduced by using a combination of the two methods, 

reported in [2.24] and [2.25], these being the use of fractional-slot windings and a 1200 

magnet pole-arc. 

2.3.3 Modeling and analysis 

Modeling and simulation of pm machines to study the perfonnance either under steady 

state or transient condition is important particularly for design optimization. Modeling 
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literature is divided here into two; modeling motors. which includes the driye control of 

the machine [2.26] - [2.28]. and modelling generators [2.29] - [2.32]. 

i- Modeling and analysis as motor 

The papers reviewed here introduce techniques that are adapted for use in the research 

reported in this thesis. There are many other papers available in this area. 

P. Pillay and R. Krishana [2.26] present the modeling. simulation, and analysis of a 

vector-controlled brushless DC motor drive. The mathematical model of a BDC~l is 

developed. The simulation included the state-space model of the motor and speed 

controller and a real-time model of the inverter switches. The paper also presents the 

operation of hysteresis and PWM current controllers and the structure of the drive 

system. C. C. Chan et al. [2.27] presents a novel 5-phase multi-pole square-wayc PM 

motor drive. They described the motor configuration. the equivalent model and the 

design topology. The electromagnetic-field analysis of the motor was performed using 

FEA. Also the current ripple and torque pulsation is investigated using the state-space 

model of the motor as well as the real-time models of the speed controller, current 

controller, and inverter switches. The design and evaluation of a poly-phase brushless 

dc machine direct drive system suitable for high performance are presented by M. 

Godoy et af. [2.28]. A five-phase motor is designed with 60 stator slots, double-layer 

lap winding configuration with a 12-pole rotor. 

ii- Modeling and analysis as a generator 

In the eighties, researchers considered permanent magnet machines as isolated 

generators in wind turbines. This research studied the performance of three-phase 

permanent magnet generators using different methods. Only a few study the 

performance of five-phase permanent magnet generators. 

A. A. Arkadan et al. [2.29] presented a computer-aided method to study the effect of 

stator teeth on the eddy current loss in the stator conductors. and the core losses in the 

lamination of a 3-phsae, 75kVA, 208V, 24000rpm, two pole. permancnt magnet 
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generator. The method is based on a magnetic field solution using radial and tangential 

flux density components and associated harmonics throughout the machine cross­

section including the stator conductor regions. Two designs were presented; a toothless 

design and conventional stator design. The results show that core loss in the 

conventional design, with teeth, is approximately 56% higher than the toothless design. 

However, the toothless machine has lower power density compared to the machine with 

teeth. For this reason, in the research reported in this thesis the generator is designed 

with teeth. 

A computer aided method is presented by A. A. Arkadan et af. [2.30] which can analyse 

and predict the dynamic performance of a 3-phase permanent magnet generator 

connected to a rectifier load system with multiple damping circuits. They used the 

natural abc frame of reference. A diode failing short-circuit followed by open circuit is 

simulated. The unbalanced condition resulting from diode failure causes a decrease in 

power output delivered to the load. 

R. Krishan and O. H. Rim [2.31] described a variable-speed constant frequency (VSCF) 

technique applied to a permanent magnet brushless generator; the scheme is modeled in 

the steady-state by integrating the characteristic equation of the generator, the diode 

rectifier bridge, inverter, and harmonic characteristic for steady-state performance 

computation. The commutation overlap angle, J.l, effect is also included which is 

calculated using (2.3). 

_ 4tr(L-M) I 
J.l- 3k de 

p 

(2.3) 

where L, M and Ide are self inductance, mutual inductance and dc current respectively. 

Kp is voltage constant of the machine which equals 

k =~ (2.4) 
p OJ 

r 

where Vp and (4. are peak phase voltage at rated speed and rated speed respectively. 
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Theoretical data is correlated with results from an experimental prototype" The results 

show that efficiency is proportional to speed. It is also shows that the reactiYe power 

decreases as speed increases. 

B. Sarlioglu and T. A. Lipo [2.32] explored, by using relevant po\\"er electronic circuits. 

the characterization of power production capability of the doubly-salient P\l 

synchronous generator under load conditions. The problem of deriying dc power from a 

double salient synchronous permanent magnet generator through a typical bridge 

rectifier and a boost converter with hysteresis controller is also presented. They found 

that more power output is obtained by using a boost converter than using a bridge 

rectifier. 

2.3.4 Five-phase permanent magnet generators 

Multi-phase permanent magnet machines are used as drive motors [2.33]. The three­

phase machine is used in a wide range of generator applications, for example, most 

commercial wind generators use three phase generators. Three-phase generators have 

been researched extensively, but higher phase number generators are an emerging area. 

Multi-phase generators have some advantages compared to three-phase such as: lower 

phase current, higher output power and lower torque ripple. Disadvantages include a 

more complex control algorithm under vector control. However, little work is reported 

for five-phase permanent magnet machines operated as generators. 

Analysis of a five-phase rectifier is presented by B. Zhang and S. D. Pekarek [2.34]. 

They investigated the steady-state behaviour of 5-phase diode rectifiers for both a 

voltage source with source inductance and a synchronous machine. The output dc 

voltage at no-load has a value calculated using (2.5). 

v = 1 0 E sin( 1( ) 
d 1( 5 

(2.5) 

where E is maximum phase voltage. 
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The operating modes of a 5-phase diode rectifier are sho\\n in Table 2.2. Table 2.1 

shows the mode sequence and the corresponding number of conducting diodes in 36° 

(electrical degrees). Mode 1 occurs when the commutation angle is between 0° and 36° 

and the dc output current is less than 0.07 of the short circuit current, Idsh, calculated 

using (2.6). 

E 
Idsh = 1.618--

2tifLc 

where/and Le are source frequency and supply inductance (phase) respectiYely. 

(2.6) 

If the dc current is increased, other modes are entered. The results show that the 5-phase 

rectifier has higher average output voltage, 13.1 % higher. compared to the 3-phase 

system, with the same back-emf amplitude and commutating inductance when the 

source is an ideal voltage source and the load is light. The short circuit current in the 5-

phase rectifier is approximately 61.8% higher than the 3-phase. In the case where the 

source is a synchronous machine the system regulation depends on the phase self- and 

mutual-inductance of generator. The result shows that the output voltage of the 5-phase 

synchronous system is lower than 3-phase system during operating modes 3 to 7. 

Table 2.2. Operating modes of 5-phase rectifier system. 

Operation Number. of diodes conducting 

mode 

1 2-3 

2 3 

3 3-4 

4 3-4-5-4 

5 4-5 , 

i 

6 5 

7 5-6 
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L.A. Pereira and V. M. Canalli [2.35] have presented the design and detennined the 

main parameters of a five-phase pennanent-magnet machine operating as a generator 

using a rectifier bridge, and feeding a resistive load. Self and mutual inductance were 

calculated from the flux the stator field produced with one phase acting alone. The 

mutual inductance has two values, one between adjacent phases, whose values is 0.15 of 

the self inductance, and between non-adjacent phases, which is 0.46 of the self 

inductance. The main parameters were detennined from static finite-element method 

solution. At full-load ac current the output dc voltage decreases to approximately 800/0 

of the no-load voltage. The calculated output dc voltage ripple is 20%. The work does 

not consider the behaviour of the machine under failure conditions. 

H. W. Lee et al. [2.36] presented a new technique to maximize the power density and 

minimize the size and weight of a multi-phase BLDC generator. The technique is based 

on controlling each current and induced EMF hannonics. A simple algebraic method is 

used to remove zero-sequence components from induced the EMF. A five-phase and a 

three-phase machine were selected as examples of multi-phase BLDC generators. The 

results show an increase of 43% in power output power using the new control method 

which can reduce the weight and the volume by the same percentage. 

2.4 Summary 

A review of diode-based rectifier circuits has been provided. A brief literature review of 

pennanent magnet machine research, including machine design and operation, has been 

presented. A five-phase pennanent magnet machine used as a generator is a new area 

and there are few publications. Most existing literature addresses three-phase systems. 

This thesis reports research on five-phase pennanent magnet generators feeding diode 

rectifiers. This type of system can potentially offer low ripple torque and lower nns ac 

generator current and smoother output dc voltage (or lower dc link capacitance 

requirements). 

The main objective of this work is to study the perfonnance of a five-phase pennanent 

magnet generator feeding a diode bridge rectifier and to compare with the conventional 

23 



three-phase system. The output dc power and voltage for the two systems are designed 

to be the same. 

The scientific contribution of the research reported in the thesis can be summarized as 

follows: 

• A general model for the five-phase permanent magnet with diode rectifier 

including the effects of resistance and self- and mutual-inductances is 

presented. 

• Design of a five-phase permanent magnet generator with fractional pitch 

winding arrangement is described. 

• A comparison is made between the performance of fi\'e- and three-phase 

permanent magnet generators feeding diode rectifiers with the same dc output 

power and volume. 

• The performance of five-phase permanent magnet generators systems under 

open circuit failure (one phase out and two phases out) is researched. 

• The rms current in the dc link capacitor of the five- and three-phase systems 

under normal and open-circuit failure modes is assessed. 
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Chapter 3 

Analysis and modelling of five-phase system 

3.1 Introduction 

The three-phase full-wave diode bridge rectifier is extensively used due to its 

advantages compared to the single-phase rectifier. These advantages include 10\\'er line 

harmonics and lower dc output voltage ripple. On the other hand, higher phase number 

full-wave diode bridge rectifiers are sometimes used for example. five-phase, six-phase 

and nine-phase variants. The six-phase rectifier uses a transformer with two secondary 

windings phase displaced by 30° from each other and is often used in high voltage and 

high power applications [3.1]. The five-phase full-wave diode bridge rectifier is 

attracting research; it represents a middle ground between the three-phase and six-phase 

versions. The advantages of the five-phase diode bridge rectifier when compared with 

three-phase are lower output ripple and rms phase current [3.2]. The cost of diodes may 

be higher (as there are 10 compared to 6) but the dc link capacitor requirement is lower 

leading to a potentially cheaper and more compact system. 

In this chapter the modelling of three and five-phase diode rectifier system is described. 

Simulation models of three- and five-phase systems are developed and include mutual 

inductances of the permanent magnet generator. Mutual inductance has not previously 

been considered in rectifier analysis but is shown here to have important consequences 

on the operation and performance of three- and five-phase systems. This is one 

contribution of this research. In the five-phase system both adjacent and non-adjacent 

mutual inductance is modelled. 

The three-phase diode rectifier connected to an ac supply is discussed in section 3.2. 

Operation is considered with an ideal source model and with a source model that 

includes the inductances of the generator. The operation of a five-phase diode rectifier is 

presented in section 3.3 with an ideal ac source model and with a source model that 

includes the inductances of the generator. The effect of inductancl? on the dc output 
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voltage and generator phase currents are considered assuming a constant load current 

with no dc link capacitor. 

Dedicated simulation models for five- and three-phase systems are de\'eloped in section 

3.4. The models help demonstrate, by analysis, the impact of self- and mutual­

inductance on the performance of the systems. The models therefore include the self­

and mutual inductance of the generators. In section 3.5 the developed models are 

validated using PSpice and also with practical data in chapter 5. 

The performance of the generator is presented in section 3.6 with and without the self­

and mutual-inductance. This demonstrates the impact of modelling mutual inductance 

during rectifier commutation. 

3.2 Analysis of the three-phase diode bridge rectifier 

The analysis of the three-phase rectifier is performed for two cases. In the first case the 

resistance and inductance of the generator are neglected (the ideal case), Section 3.2.1. 

In the second case the inductance of the generator are taken into account, Section 3.2.2. 

3.2.1 The ideal case 

Reported research analyses the three-phase system under ideal conditions, for example 

[3.3]-[3.5], as the rectifier is supplied by a transformer which has low phase inductance. 

This is not the case when a diode rectifier is coupled to a generator system that has 

significant phase inductance, for example, a small-scale wind generator. In the ideal 

case there are three assumptions made: 

1. The source is a balanced sine wave, 

2. diode losses are neglected, and 

3. the dc load is replaced by a constant dc current sink. 
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The supply phase voltages are assumed as 

Eo = Vm sin( mt ) 

Eb = Vm sin( mt _ 21f ) 
3 

Ec = Vm sin( mt _ 41f ) 
3 

where Vm is the amplitude of the phase voltage and represents the phase back emf. 

(3.1) 

In diode bridge rectifier circuits, the two phases displaying the largest line-to-line 

voltage conduct [3.1]. The line voltages are 

Eob = Eo - Ec = .J3vm sin( mt + ~ ) 

Ebc = Eb - Eo = .J3vm sin( cot _ 1f ) 
2 

Eco = Ec - Eb = .J3vm sin( cot _ 7: ) 
Figure 3.1 shows the line voltages which have a peak value of .J3 Vm• 

Eab Eac 

.J3v 
m 

o 

Angular position (Electrical degrees) 

(3.2) 

180 

Figure 3.1. Line voltage waveforms for a three-phase system over 1800 (electrical). 

30 



After full-wave rectification by the diode rectifier, the output yoltage has a fundamental 

frequency component equal to six times the input frequency. Figure 3.2 shows the 

output voltage wavefonn. 

1.732 Vm 

1.5Vm 

n/6 ;to:! 

f-( ---T---~) 

(VI 

Figure 3.2. The output voltage of the three-phase full-bridge rectifier. 

The average dc output voltage Vdc for three-phase system is calculated using one n/3 

period as shown in figure 3.3. 

"--~-----7 wI 

1[/6 1[/3 1[/2 

Figure 3.3. Output dc voltage showing the period between n/6 and n/2. 

Using the period between 30° (n/6 rad) and 90° (n/2 rad) the average value of the output 

dc voltage is [3.2]. 

3 rr/2 

V dc= - f.J3vm coswtdwt = 1.654Vm 
J[ rr/6 

During the period between 30° and 90°, the output voltage from the rectifier is Eac. 

Hence, the output voltage at rot = n/6 is 
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E~= 1.732Vm Sin(;) = 1.5f~ 

and at m( =1[/3 (the maximum line voltage) 

(3.4) 

(3.5) 

From (3.4) and (3.5) the output voltage varies from a minimum of 1.5 TTm to maximum of 

1.732Vm. The peak-to-peak ripple in this case is 

VderiPple = 1. 732Vm -1.5Vm = O.232Vm (3.6) 

From (3.6) the peak-to-peak ripple is approximately 14% of the average dc output 

voltage 

3.2.2 Analysis including phase inductance 

There is an important change in the perfonnance of the diode rectifier when the 

inductance of each supply phase is included. Due to the inductance of the phases, the 

current commutation between phases cannot be instantaneous. Therefore, during 

commutation all three phases conduct at the same time. This period is called the 

commutation period and has an associated commutation (or overlap) angle, J.1. 

The commutation angle affects the output voltage of the rectifier and the supply phase 

currents. Figure 3.4 shows the effect of the overlap angle on the output voltage. The 

average output voltage is reduced from the ideal case. The average output voltage is 

reduced by Vred [3.2] where 

Vred = 6/ L Ide (3.7) 

where f. L and Ide are source frequency, phase inductance (includes self- and mutual­

inductance) and average output dc current respectively. 
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................ _-
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o 36 72 108 144 180 216 252 288 324 360 

Angular position (Electrical degrees) 

Figure 3.4. Output dc voltage without phase inductance and with phase inductance. 

Using (3.3) and (3.7) the average output dc voltage is: 

(3.8) 

The inductance affects the rate of rise and fall of the supply phase currents during 

commutation. Figure 3.5 shows simulation results and identifies the commutation 

angle, Jl. 

Time (Electrical degrres) 

Figure 3.5. Effect of supply phase inductance on the phase current. showing the 

commutation angle, f.1. 
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The commutation angle is calculated usmg (3.9) [3.2]. If the supply voltage and 

inductance are known the commutation angle depends on the load current, Ide. 

( 
2roLI) J1 = COS -1 1 - V

L 

de 

where 

L = phase inductance (H) 

OJ = 21[/ rotational frequency of supply (electrical radls) 

VL = peak line voltage (V) 

(3.9) 

The inductance, L, in this case includes self- and mutual-inductances for the generator. 

In the three-phase system the mutual inductance, M, between phases is the same, and 

has a value equal to 1/3 of the self inductance for a concentrated winding, Section 4.6. 

Using (3.9) the commutation angle, including self-and mutual inductances, is 

-1(1 2OJ(L - M)Idc ) J1 = cos -
VL 

(3.10) 

Figure 3.6 shows the relationship between the commutation angle and output voltage 

when the commutation angle is less than 60°, and when three diodes conduct 

simultaneously. The output dc voltage is approximately 75% of the no-load dc voltage 

when the commutation angle is 60°. If the load current were to be further increased, the 

commutation angle would exceed 60°. The phase current becomes continuous when the 

commutation angle reaches 60°. However, this condition is not experienced nor 

analysed for the system under study. 
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Figure 3.6. Ratio of output dc voltage to no-load dc voltage with respect to commutation 

angle. 

3.3 Analysis of the five-phase diode rectifier 

A five-phase diode bridge rectifier circuit is used in this research. The five-phase source 

generates a set of five phase voltages, each phase shifted by 72° with respect to its 

adjacent phase, and phase shifted by 144° from its non-adjacent phases. The phase 

voltages are 

Ea = Vm sin(mt) 

E = V sin(mt _ 2,,) 
h m 5 

. ( 4,,) Ec = Vm Sill mt - -
5 

(3.11 ) 

E = V sin(mt _ 6,,) 
d m 5 

E = V sin(mt _ 8,,) 
e m 5 

The phasor diagram of the 5-phase system is shown in Figure 3.7. 
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Va 

V'ph 

Vo 

Figure 3.7. Phasor diagram of the five-phase voltages showing the adjacent and non­

adjacent line voltages. 

In a five-phase system there are two line-to-line voltages. The adjacent line voltage is 

the voltage between adjacent phases. For example, the voltage between phase-a and 

phase-b. The non-adjacent voltage is the line voltage between non-adjacent phases, for 

example, the voltage between phase-a and phase-c (Vac). The two voltage magnitudes 

are 

V"adjacent = 2Vph cos(54° ) = 1.176 X Vph 

(3.12) 

v"non- adjacent = 2Vph cos(18° ) = 1.902 X Vph 

and 

V, ,non-adjacent = 1. 618 V, ,adjacenl (3.13) 

If a five-phase generator feeds a five-phase full-wave bridge rectifier, each diode 

conducts the load current for 72° in the ideal case. In the diode bridge rectifier the 

largest magnitude line voltage conducts hence the non-adjacent line voltage provides 

energy to the dc-side. Figure (3.8) shows the non-adjacent line voltages which are 

de cribed by 
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Eac= 1.901Vm sin( OJ! + ~) 
10 

Ead =1.901Vmsin(OJ!-~) 
10 

Ebd = 1.901Vm sin( OJ! _ 3JL ) 
10 

Ebe = 1. 901Vm sin( OJ! _ JL ) 
2 

Ece =1.901Vmsin(OJ!- 7JL) 
10 

Eca = -Eac' Eda = -Ead' Edb = -Eh./ 

Eeb = -Ebe , Eec = -Ece 

Eac Ead 

-1.902Vm 
~~--~--~~--~--~--~~---
o 20 40 60 80 100 120 140 160 180 

Angular position (Electrical degrees) 

Figure 3.8. Five-phase non-adjacent line voltages for one half cycle. 

(3.14) 

As with the three-phase case, two analyses for the five-phase diode rectifier are 

performed: the ideal case and the case with phase inductance. 

3.3.1 Ideal five phase rectifier system. 

In this case the generator phase inductance is neglected. The same assumptions are 

made to that in the three-phase case. 

The output dc voltage has a fundamental frequency of ten times the input frequency and 

peak value of 1.9021'm. Figure (3.9) shows the output voltage. 
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1.902Vm 

1.81 Vm 
................ , 

i 

I \ 

1:1~1 
7C 10 3r.,10 

~~-------------T------------~~ 

(t){ 

Figure 3.9. Output voltage from the five-phase rectifier 

The period between 54° (3 nil 0 rad) and 72° (2n/5 rad) can be used to calculate the 

average output voltage and the peak-to-peak ripple, Figure 3.10. 

1.902/~ 

1. 81/'m ------

wi 

3rr/1O 2rr/5 

Figure 3.10. Output dc voltage showing the period between 3n/l 0 and 2n/5. 

The average dc output voltage Vde for a five-phase diode rectifier is 

2,. 

5 5 
V de= - J1.902Vm cosmt dmt = 1. 85Vm 

1r 3,. 
-

10 

The minimum output voltage occurs at 0Jf = 54° 

E .,= 1.902/' .. Sin( 2; ) = 1.8IVm 
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and maximum value occurs at OJ{ =72°. 

(3.17) 

hence the peak-to-peak ripple is 

Vdcripple = 1.902Vm -1.81Vm = O.092Vm (3.18) 

From (3.16) and (3.18) the peak-to-peak ripple is 5% of the average output yoltage. This 

is significantly better than the three-phase case (14%). 

3.3.2 Analysis of the five-phase system including phase inductance 

As discussed in section 3.2.1, inductance affects phase current commutation and 

consequently there is a commutation period between phases. In the fiyc-phasc system 

the commutation angle is typically less than 36° electrical degrees. Otherwise, there are 

more than three phases conducting at one time and the output dc voltage rapidly falls 

away. 

The commutation angle, when three phases conduct simultaneously, for example, 

phase-a, phase-e and phase-c, as shown 10 figure 3.1 L is calculated. Phase-e is 

commutating off and phase-a is turning on. 

- va + ~ 
VLa 

~ i jJ J VLe - ve + 

Le 
ie 

~ Ide 
VLc - VC + 

ic 
- vb + VLb 

Lb 

- vd + Vld 

Ld 

Figure 3.11. Shows the current direction during the commutation period, when phase-a. 

phase-e and phase-c conduct simultaneously 
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The commutation current ip , due to the short-circuit between phase-a and phase-e, is 

equal to phase-a current, ia. This current builds up from zero to a final yalue equal to the 

de output current, Ide, at the end of commutation period, wI = )1. In the circuit of figure 

3.11, 

d · di 
v =L ~=L-~ 

fA a dt a dt (3.19) 

and 

d · di - L le - L p v - --- -
Le e dt e dt (3.20) 

The i p mesh equation is 

dip di 
v -v =L --(-L _11) 

a e a dt e dt (3.21) 

As all phase inductances are assumed equal, La=Le =1. and \'a -\'e is the line voltage, 

Vae' (3.21) becomes 

dip 
vae = 2L­

dt 
multiplying both sides of (3.22) by OJ, which equals 2 if, and integrating gives 

(3.22) 

(3.23) 

The line voltage in this case IS the non-adjacent line voltage, vL.non-ad}(]cenl, (3.12), 

substituting in (3.23) gives 

VI non-adjacent (1 - cos f.1 ) L' 
. ~ =OJ I 

2 dc 
(3.24 ) 

From (3.24) the commutation angle in the five-phase rectifier is 

-1(1 2wLiJc J II = cos -
r V 

L 

(3.25) 

where J 'L= non-adjacent line voltage peak value (V) 
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The inductance, L, in this case includes self- and mutual-inductances. In the five-pha e 

system there are two mutual inductances, Section 4.6. Using self- and both mutual­

inductances the commutation angle become 

-1[1 2w( L - MI + M 2 )idCJ f.1 = cos -
VL 

(3.26) 

where MJ and M2 are mutual inductance between adjacent and non-adjacent phases 

respectively. 

M/ equal 1/5 of the self inductance, L, and has negative value, and M2 equal 3/5 of L 

with a positive value, Section 4.6. 

The effect of commutation angle is to reduce the average dc output voltage. Figure 3.12 

shows the output voltages with and without inductance. The average output voltage with 

inductance is reduced by the area (Af.1) which represents the voltage drop across the 

inductance during commutation. 

1.902Vm 

o 18 36 64 108 126 144 162 198 216 252 270 342 360 

Angular position (Electrical degrees) 

Figure 3.12. Output dc voltage with and without phase inductance. 
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The voltage across the inductance, L, due to the commutation current, i f1' is 

di 
V =L-P 

L dt 

The integral of this voltage is the area Af1 in figure 3.12, which is 

(3.27) 

Ap = wLid (3.28) 

This area is repeated every ten times in one complete period. Using (3.28) the a\'eragc 

voltage reduction due to the commutation angle, Vred, is 

v = l Ox (2nf) L· = 1 OjL· 
red 2n Ide Ide (3.29) 

wheref is source frequency. 

Comparing (3.7) with (3.29), the dc output voltage in the five-phase system falls faster 

as the load current increases compared with the three phase case, assuming all other 

parameters are the same. 

Using (3.14) and (3.29) the average output dc voltage from the 5-phase system is 

V dc'= 1. 854Vm -10 jL ide 

where L is generator phase inductance and Vm is amplitude of the phase voltage. 

(3.30) 

Equations (3.8), (3.10), (3.26) and (3.30) represent the relationship between 

commutation angle and output voltage in five- and three-phase systems. The 

commutation angle limit is 36° (that is three diodes conduct simultaneously in the tl\'C­

phase case). The output dc voltage is approximately 91 % of no-load dc voltage at 36°. 

In general, in a five-phase system, the commutation angle must be kept less than 36° to 

avoid rapid reduction in the dc output voltage. 
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In the practical system, with the same output dc voltage for five- and three-phase 

systems at full load, the generator self- and mutual-inductances are different in both 

generators (section 4.7) and the peak phase voltage is higher in the three-phase system 

(54V) compared to the five-phase system (48V). Figure (3.13) shows the change of dc 

output voltage with output dc load power. The two systems have the same output dc 

voltage at full load (610W). It is clear from figure 3.13 that increasing the load increases 

the voltage reduction in the five-phase system faster than the three-phase system. It can 

be seen that there is a period in which the five-phase output voltage is lower than the 

three-phase system. This due to the output dc voltage reduction which depends on the 

self- and mutual-inductance and the output load current as discussed previously. 

C,) 

-c 
:; 
0-
:; 
o 

1.05 -,---------------_----, 
, 

five-phase 

0.85 +----+---~----.----r---___i 
o 150 300 450 600 750 

Output de power \VI) 

Figure 3.13. Voltage regulation vs. Power, showing the comparison between five- and 

three-phase system with the same output dc voltage 

3.4 Simulation model 

In this section, equations that represent the diode bridge rectifier and permanent magnet 

generator are developed using a pulse function description. The permanent magnet 

generator model includes phase resistance, inductance and mutual inductance. The 

simulation models of both three- and five-phase generators are developed_ The model 

are easily programmed using Matlab/Simulink. This model demonstrate the effect of 

generator parameters during commutation and the conduction period and help ob erve 

the effect of each generator parameter on the performance of the y tern . 
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3.4.1 Simulation model of the three-phase PM generator with diode rectifier 

In order to determine the equations representing a three-phase permanent magnet 

generator with diode bridge rectifier, figure 3.14 is used v;hich shows the back E~lF and 

generator parameters (resistance, inductance and mutual inductance) and the rectifier. 

Dc link capacitor, C, and resistive load, RL. The mutual inductance bet\\een the phases. 

MI, is equal to 1/3 of the self inductance, Section 4.6. In this thesis there are two cases 

examined: two diodes conducting simultaneously and three diodes conducting 

simultaneously. Figure 3.15 shows phase voltage for one cycle which can be diyided 

into twelve periods: six periods when only two diodes conduct and six periods where 

three diodes conduct. The periods where two diodes conduct are termed the conduction 

periods and the periods when three diodes conduct are called commutation periods. f.1. 

The periods are represented by pulses. The pulse has per-unit amplitude for each period 

and duration dependent on the period. For example, for the period of commutation the 

pulse has a duration equivalent to the commutation angle, f.1. In figure 3.15 the pulses S 1 

to S6 represent the commutation periods and pulses from S 7 to S 12 represent the 

conduction periods. The twelve circuits associated with each period are detailed in 

Appendix A. 

Ea 

c RL 

Figure 3.14. Three-phase diode bridge rectifier with permanent magnet generator 

showing the PM generator back emf and the generator resistance and 

inductance. 
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Figure 3.15. Phase back emf voltages of the three-phase generator and the twelve pulses 

used to define each conduction and commutation period. 

Differential equations are developed for each interval shown in figure 3.15 . Tv" o 

examples of how the equations are derived are described here for two intervals. One 

interval represents a commutation period (interval S 1) and the other interval repre ent 

conduction period (interval S7). 
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c 
Vdc RL 

Figure 3.16. The circuit associated with period S 1 when all three phases conduct 

simultaneously. 

During the interval SI, phase-a and phase-c are commutating on and off respectiH~ly. 

Phase-b conducts. There is overlap between phases -a and -c. This interval ends when 

the current in phase-a equals the de current, Ide. From figure 3.15 this interval has a 

period~ ~ wI ~ ~+ Ji. The circuit equations are: 
6 6 

(3.31) 

(3.33 ) 

by manipulation of (3.31), (3.32) and (3.33) the differential equation representing ia 

during S 1 is 

dia = (2Va - Vc-lb - 3Ria-Vdc ) (3 .3-l) 
dl 3(L-l\n 

-l6 



Va Ra is 
Vdc RL 

c 

Vb Lb Rb 

Vc Lc Rc 

Figure 3.17. The circuit associated with period S 7 when phases a and b conduct 

During interval S7, the current in phase-c is zero, and two phases conduct phase-a and-

b. This interval is defined by~ + ~ ~ wI ~ ~. From figure 3.17 the circuit equations for 
6 2 

this interval are 

(3.35 ) 

v - L dia _ Ri -M dih _ TT = TT _ L dih _ Ri _ ,\/ dia 
a dt a dt Je b dt b dt 

(3.36) 

v -v _2(L_M1dia -2Ri -T' =0 
a b I dt a de 

(3.37) 

by manipulation of (3.35), (3.36) and (3.37) the differential equation representing ill 

during S7 is 

dia = (Va - Vb - 2Ria -VdJ (3.38) 
dt 2(L-M) 

Other intervals are calculated using a similar procedure and are derived in Appendix A. 

Tables 3.1 to 3.3 summarise the intervals and associated ditTcrcntial equations for 

phase-a. phase-b and phase-c respectively for each period, S I-S 12. 
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Table 3.1. Differential equations for phase-a current 

Interval (8) (L_M)dia = 
dt 

81 and 83 
(2va - Vc - Vb - 3Ria - VdJ 

3 

82 and 84 
(2va -Vc -Vb -3Ria + VdJ 

3 

85 
(2va -Vc -Vb - 3Ria -2VdJ 

3 

86 
(2va - Vc - Vb - 3Ria + 2VdJ 

3 

87 
(va - Vb - 2Ria - VdJ 

2 

89 
(Va - Vc - 2Ria - VdJ 

2 

88 
(Va - Vb - 2Ria + VdJ 

2 

810 
(Va - Vc - 2Ria + VdJ 

2 

811 and 812 0 
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Table 3.2. Differential equations for phase-b current 

Interval (S) (L_M)dib = 
dt 

(2Vb - Va - Vc - 3Rib - VdJ 

S3 and S6 3 

(2Vb -Va -Vc -3Rib + VdJ 

S4 and S5 3 

(2Vb - Va - Vc - 3Rib - 2VdJ 

S2 3 

(2Vb -Va -Vc -3Rib + 2VdJ 

SI 3 

(Vb -Va - 2Rib + Vdc ) 

S7 2 

S8 
(Vb - Va - 2Rib - VdJ 

2 

SII 
(Vb - Vc - 2Rib - Vdc) 

2 

SI2 
(Vb - Vc - 2Rib + Vdc ) 

2 

S9 0 

SIO 0 
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Table 3.3. Differential equations for phase-c current 

Interval (S) (L-M) die = 

dt 

SI and S6 
(2v -v -v -3Ri -v ) e abe de 

3 

S4 
(2v -v -v -3Ri -2V ) e abe de 

3 

S2 and S5 
(2ve - Va - Vb - 3Rie + VdJ 

3 

S3 
(2ve - Va - Vb - 3Rie + 2VdJ 

3 

S10 
(V - V - 2Ri - V ) e a e de 

2 

S9 
(Ve - Va - 2Rie + VdC) 

2 

S11 
(Ve - Vb - 2Rie + VdJ 

2 

S12 
(Vc - Vb - 2Ric - VdJ 

2 

S7 0 

S8 0 

The differential equation for the output dc voltage is calculated from the total output dc 

current, Ide, which is the sum of the capacitor current, Ie, and load current, h as shown in 

figure 3.18. 

Figure 3.18 The output section showing the dc output current, Ide, dc link. capacitor 

current, Ie, and load current, IL. 
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(3.39) 

The capacitor current is I =C dVde 
c dt (3.40) 

and load current I L = V de 
RL 

(3.41 ) 

where Vde and RL are the output dc voltage and load resistance respectively. 

Substitute (3.39) and (3.40) into (3.38) and rearranging gives 

dVde _ Ide Vde -------
dt C CRL 

(3.42) 

Using the pulse function and the phase currents the dc current, ide, is calculated as: 

ide = ia(85 + 89 - 86 - 810) + ib (82 + 88 - 81- 87) + ic(84 + 812 - 83 - 811) (3.43) 

Equation (3.44) represents the differential equations for phase-a and the output dc 

voltage during S 1. 

-R 
0 0 

-1 
L-m 3(L-m) 

ia 
0 

-R 2 ia 
0 

d ib L-m 3(L-m) ib = + 
dt ic 0 0 

-R -1 ic 

v dc 
L-m 3(L-m) 

Vdc 

0 
-1 

0 
-1 

- (3.44) C RLC 
2 -1 -1 

0 
3(L-m) 3(L-m) 3(L-m) va 

-1 2 -1 
0 Vb 

3(L-m) 3(L-m) 3(L-m) 
Vc -1 -1 2 

0 0 3(L-m) 3(L-m) 3(L-m) 
0 0 0 0 

The other differential equations for the three-phase currents and output dc voltage are 

presented by matrices A 1 to A12 in Appendix A for the twelve intervals. The 

commutation period is calculated using an iteration process which depends on the phase 

current value. The calculation is started with initial value for commutation period using 

(3.9). If the calculated value of phase-a current is less than zero at the end of its 

51 



commutation period then the commutation period is increased by a small amount and 

the calculation repeated until it equals zero, and vice-yersa. In this way. thc 

commutation period converges to its final value. This pulse function description. with 

iteration, produces faster simulation times compared \\-ith PSpice or SI~ lULI:-\K-based 

simulation and can easily from part of a complete analysis package for multi-phase 

generators connected to diode bridge rectifiers. 

3.4.2 Simulation model of the five-phase PM generator with diode rectifier 

In order to determine the equations required to represent the fiye-phase permanent 

magnet generator with a diode bridge rectifier, a similar procedure is used. Figure 3.19 

shows the circuit with back EMF and generator parameters (resistance. self- and 

mutual-inductances) and also shows the rectifier. Dc link capacitor. C. and resistiyc 

load, RL. The five-phase generator has two mutual inductances (Section 4.6): mutual 

inductance between adjacent phases, Mj. and mutual inductance between non adjacent 

phases, M2. As for the three-phase generator. two cases are examined: when two diodes 

conduct and when three diodes conduct simultaneously. Figure 3.20 shows phase back 

emf voltages for one period which can be divided into twenty sub-periods: ten periods 

when only two diodes conduct and ten periods when three diodes conduct. The periods 

are represented by pulses (in a similar way to that described in the previous section for 

the three-phase generator). 

Ide 

Ib 

RL 
ic VdC 

c 

Id 

Ie 

L 

Figure 3.19. Five-phase diode bridge rectifier with permanent magnet generator showing 

the PM generator back emf, the resistance and self- and mutual-inductances 

(L. Jlyf j • Af~) 
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Figure 3.20. Phase back emf voltages of the five-phase system and the twenty pul es 

used to define each fundamental period 
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The complete set of twenty circuits associated with each interval is shown in 

Appendix A. From these circuits the differential equations representing each phase 

current are shown in tables 3.4 to 3.8. 

Table 3.4. Differential equations for phase-a current for all intervals 

Interval (S) di 
(3L-4M2 +M))_a = 

dt 

SI 
1 [2VQ (L-M,)-Ve(L-2M, +M,)-vJ L-M,)- ] 

(L-M)) Ria(3L-2M2 +M))+2RiJM)-M2)-VdcrL-M)) 

S2 
1 [2VQ ( L-M,)-v.( L-2M, +M,)-vJ L-M,)- ] 

(L-M)) Ria(3L-2M2 +M))+2RiJ M) -M2)+ Vdcr L-M)) 

S3 
1 [2VQ (L-M,)-V,(L-2M, +M,)-vd(L-M,)- ] 

(L-M)) Ria(3L-2M2 +M))+2Rib( M) -M2)-Vde ( L-M)) 

S4 
1 [2VQ (L-M,)-V,(L-2M,+M,)-Vd(L-M,)- ] 

(L-M)) Ria(3L-2M2 +M))+ 2Rib(M)-M2)+Vde(L-M)) 

S5 [2va -ve -Vd - 3Ria -2Vde ] 

S6 [2va - ve - Vd - 3Ria + .2Vde ] 

S7 1 [v - v - 2Ri - V ] 
2(L-M2)(3L-4M2 +M)) a e a de 

S8 1 [V - v - 2Ri + V ] 
2(L-M2)(3L-4M2+M)) a e a de 

S9 1 [v - V - 2Ri - V ] 
2(L-M2)(3L-4M2 +M1) a d a de 

S10 1 [V - V - 2Ri + V ] 
2(L-M2)(3L-4M2 +M1) a d a de 

S11 to S20 0 

S4 



Table 3.5. Differential equations for phase-b current for all intervals 

Interval (S) 
(3L-4M2 +M2)

di
b = 

dt 

S3 
1 [2Vb(L-M,J-Va(L-2M, +M,J-vd(L-M,)- ] 

(L-M}) Rib(3L-2M2 +M})+ 2Ria( M} - M 2)- Vdc ( L - M\) 

S4 
1 [2Vb(L-M,J-Va(L-2M,+M,J-Vd(L-M,J- ] 

(L-M}) Rib(3L-2M2 +M})+2Ria(M\-M2)+VdJL-M\) 

SII 
1 [2Vb( L-M,J-vJL-2M, +M,J-v/ L -M,J- ] 

(L-M\) Rib(3L-2M2 +M\)+2Ric(M\-M2)-VdJL-M\) 

S12 
1 [2Vb(L-M,J-VJ L-2M, +M,J-v.( L-M,J- ] 

(L-M\) Rib(3L-2M2 +M\)+2Ric(M\ -M2)+VdJL-M\) 

813 [2vb -Vd -ve - 3Rib -2vdcl 
S14 [2Vb - Vd - ve - 3Rib + .2vdcl 

S15 1 [v - v - 2Ri - V ] 
2(L-M2)(3L-4M2+M}) b d b de 

S16 1 [v - v - 2Ri + V ] 
2(L-M2)(3L-4M2+M}) b d b de 

S17 1 [v - v - 2Ri - V ] 
2( L - M2 )(3L - 4M2 + M}) b e b de 

S18 1 [v - v - 2Ri + V ] 
2(L-M2)(3L-4M2 +M}) b e b de 

SI, S2, S5, S6, S7, 

S8,S9,SI0,SI9,and 0 

S20 
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Table 3.6. Differential equations for phase-c current for all intervals 

Interval (8) 
(3L-4M2 + Mt)die = 

dt 

811 
1 [2V/ L-M,)-vb( L-2M, +M,)-v,( L-M,)- ] 

(L-Mt) Rie(3L-2M2 +Mt)+2Rib(Mt-M2)-VdJL-Mt) 

S12 
1 [2V/L-M,)-Vb(L-2M, +M,)-v,(L-M,)- ] 

(L-Mt) Rie(3L-2M2 +Mt)+2Rib(Mt-M2)+VdJL-Mt) 

S6 
1 [2V/L-M,)-Vd ( L-2M, +M,)-v.(L-M,)- ] 

(L -Mt ) Rie(3L -2M2 + M t)+ 2Rid( M t -M2)- Vde ( L -Mt) 

S5 
1 [2V/L-M,)-Vd (L-2M, +M,)-v.( L-M,)- ] 

(L-Mt ) Rie(3L-2M2 +Mt)+2Rid(Mt-M2)+Vde(L-Mt) 

S2 [2ve -Ve -va - 3Rie -2VdJ 
SI [2ve - Ve - Va - 3Rie + 2VdJ 

S19 1 [V - V - 2Ri - V ] 
2(L-M2)(3L-4M2 +Mt ) e e e de 

S20 1 [v - V - 2Ri + V ] 
2(L-M2)(3L-4M2 +M)) e e e dC 

S8 1 [V - V - 2Ri - V ] 
2(L-M2)(3L-4M2 +M)) e a e de 

S9 1 [V - V - 2Ri + V ] 
2(L-M2)(3L-4M2 +M)) e a e de 

S3,S4,S7,SI0,813, 

SI4,SI5,SI6,SI7, 0 

and S18 

S6 



Table 3.7. Differential equations for phase-d current for all intervals 

Interval (8) 
(3L-4M2 +M))did = 

dt 

86 
1 [2Vd ( L-M,)-vJL-2M, +Mt)-vQ ( L - Mt)- ] 

(L-M)) Rid(3L-2M2 +M))+2Rie( M) -M2)- VdJ L-M\) 

85 
1 [2Vd(L-M,)-VJ L-2M, +Mt)-vQ ( L- Mt)- ] 

(L-Ml) Rid(3L-2M2 +M))+ 2Rie(M) -M2)+VdJL-M)) 

814 
1 [2Vd ( L -M,)-v.( L - 2M, + Mt)-v.( L - Mt)- ] 

(L-Ml) Rid(3L-2M2 +Ml)+ 2Rie(M)-M2)-Vde(L-M)) 
~ 

813 
1 [2Vd(L-M,)-V.( L-2M, +Mt)-v.(L-Mt)- ] 

(L-Ml) Rid(3L-2M2 +M))+ 2Rie(M)-M2)+VdJL-Ml) 

84 [2vd - va - Vb - 3Rid - 2VdJ 

83 [2vd -Va -Vb - 3Rid + 2VdJ 

810 1 [V - V - 2Ri - V ] 
2(L-M2)(3L-4M2+Ml) dad de 

89 1 [V - V - 2Ri + V ] 
2(L-M2)(3L-4M2 +M1) dad de 

816 1 [V - V - 2Ri - V ] 
2(L-M2)(3L-4M2 +M1) d b d de 

815 1 [V - V - 2Ri + V ] 
2(L-M2)(3L-4M2 +M1) d b d de 

81, 82, 87, 88, 811, 

812,817,818,819, 0 

and 820 
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Table 3.8. Differential equations for phase-e current for all intervals 

Interval (S) (3L-4M2 +M\)die = 
dt 

Sl4 
1 [2V.(L-M2)-V d( L -2M2 +M,)-v.( L-M,)- ] 

(L-M\) RiJ3L-2M2 +M\)+2Rid( M\ -M2)- VdJ L-M\) 

Sl3 
1 [2V.( L - M2) -vd ( L - 2M2 + M,) -v,( L - M.J- ] 

(L-M\) Rie(3L-2M2 + M\)+2Rid( M\ -M2)+ VdJ L-M\) 

Sl 
1 [2V.(L-M2)-Va ( L-2M2 +M,}-vJ L-M,)- ] 

(L-M}) RiJ3L-2M2 +M})+2Ria( M\ -M2)-VdJ L-M\) 

S2 
1 [2V.(L-M2)-Va( L-2M2 +M,}-vJ L-M,)- ] 

(L-M}) Rie(3L-2M2 +M\)+2Ria(M\-M2)+VdJL-M\) 

Sl2 [2ve - Vb - ve - 3Rie - 2VdJ 
Sll [2ve -Vb -Vc - 3Rie + 2VdJ 

Sl8 I [v - V - 2Ri - V ] 
2(L-M2)(3L-4M2 +M\) e b e de 

Sl7 I [V - V - 2Ri + V ] 
2( L - M 2)(3L -4M2 + M}) e b e de 

S20 I [V - V - 2Ri - V ] 
2( L - M2 )(3L - 4M2 + M}) e e e de 

Sl9 I [V - V - 2Ri + V ] 
2(L-M2)(3L-4M2+M}) e e e de 

S3,S4,S5,S6,S7,S8, 
0 

S9, SIO, SIS, and Sl6 

The differential equation for the de link voltage, V dc, is the same as in three-phase case. 

The output is then determined by the differential equation 

(3.45) 
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Using the pulse function and the phase current equations the de current, ide, is calculated 

from: 

ide = ia(85 + 89- 86 -810)+ ib (813 + 817 - 814 -818)+ ic(S2 + S8 - SI-S7)+ 

id(84 + 816 - S3 -SI5)+ ie(Sl2 + S20- SII- S19) (3.46) 

Equation (3.47) represents the differential equations for phase-a, -c and -e and the 

output de voltage during S 1. 

ia ia Va 

d ic ic VC 

dt 
= [A] + [B] (3.47) 

ie 

Vdc 

where [A] = 

- R(3L - 2M2 - M1) 

(L - M I )(3L - 4M2 + M I ) 

o 

ie 

Vde 

0 

-3R 

Ve 

0 

2R(M -M ) 
I 2 -(L-Mt ) 

(L-MI )(3L-4M
2 

+MI ) (L-MI )(3L-4M2 +MI ) 

2 
0 

(3L - 4M2 + M I ) (3L-4M2 +M1) 

o 0 
- R(3L - 2M2 - M I ) -(L-MI ) 

(L-MI )(3L-4M2 +MI ) (L-Mt )(3L-4M2 +MI ) 

-I -I 
0 o 

C RC 
L 

and [B] = 

2(L-M2 ) -(L-MI ) -(L-2M2 +M
I
) 

0 
(L-MI )(3L-4M2 +MI ) (L - M I )(3L - 4M2 + M I ) (L-MI )(3L-4M2 +MI ) 

-I 2 -I 
0 

(3L - 4M2 + M I ) (3L-4M2 +M1) (3L - 4M2 + MI ) 

- (L - 2M2 + M
I
) -(L - M1) 2(L-M2 ) 

0 
(L - M I )(3L - 4M2 + M I ) (L - M1)(3L - 4M2 + M I ) (L - M I )(3L - 4M2 + M I ) 

0 0 0 0 

The other differential equations for the five-phase currents and output de voltage are 

presented by matrices Al3 to A33 in Appendix A for the twenty intervals. The 

commutation period is calculated using an iterative procedure similar to the three-phase 

case. 
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3.5 Evaluation of the developed models 

The developed models for the three- and the five-phase systems are implemented in 

MATLAB/Simulink. Data from the practical permanent magnet generators described in 

Chapter 5 are used. The simulation results from the developed models are compared 

with PSpice results to validate the models. Table 3.9 shows the system parameters. The 

phase voltages in these simulations are sine wave (in the practical case they are distorted 

sine waves). The generator parameters yield the same average dc output yoltage in both 

systems at full-load and the Dc link capacitors in each case are selected to giye the same 

output peak-to-peak ripple for both systems at full load, RL=1 on. 

Table 3.9. The three-phase and five-phase systems parameters used in the simulation 

Parameters Three-phase Five-phase 

Phase voltage amplitude (Vm), V 54 48 

Frequency, Hz 46.67 46.67 

Phase resistance (R), n 0.56 0.65 

Phase Inductance (L), mH 1.2 1.3 

Mutual inductance (MI), mH 0.36 0.62 

Mutual inductance (M2), mH 0.24 

Dc link capacitor (C), JlF 2200 470 

Resistive load (RL), n 10 10 

The simulation results of the five-phase system using the developed model and PSpice 

model are shown in figure 3.21 and 3.22. Figure 3.21 shows the comparison of the de 

output voltage for both models. The average output voltage is 78.1 V, and has peak-to­

peak ripple approximately 0.7% of average voltage. It can be seen that the developed 

model closely matches the PSpice waveform. 
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Figure 3.21. Five-phase rectifier output dc voltage showing the waveforms generated by 

the developed model and the PSpice model. 

Figure 3.22 shows phase-a current for both models. The current has rms value equal 

4.6A (which is the permanent magnet generator's rated current). 

10 
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Figure 3.22. Phase-a current in the five-phase generator showing the waveforms 

generated by the developed model and the PSpice model. 

Figure 3.23 shows that the commutation angle is 23.3°, between phase-a and phase-b 

currents using the developed model. This commutation angle is due to the self- and 

mutual-inductance of the phase winding as discussed in section 3.2. 
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Figure 3.23. Phase-a and phase-b currents showing the commutation angle, 23.3° for the 

five-phase generator. 

The results for the three-phase system are shown in figures 3.24 and 3.25. Figure 3.24 

shows the three-phase de output voltage from the developed model and the PSpice 

model. The average voltage is, 78.1 V, which is the same as the five-phase system as is 

the peak-to-peak voltage ripple. Also it can be seen that the waveform from the 

developed model closely matches the PSpice waveform. 
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Figure 3.24. Three-phase rectifier output dc voltage showing the waveform generated 

by the developed model and the PSpice model. 
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Figure 3.25 shows the results from the three-phase system. Phase-a and phase-b currents 

commutate over an angle of 19.8°. The commutation angle in the three-phase system is 

less than the five-phase system. The explanation for this is that in the three-pha e 

system the total inductance is 1.3 times the self inductance (I.56mH) and in the fi e­

phase system is 1.7 times the self inductance (2.2mH). 
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c.> I I 

~ : : 180 
<IS I I 
.c I I 
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commutatIOn angle 

-10 -'-------~--________________________ __.J 

Rotor angle (Eectncal degrees) 

Figure 3.25. Three-phase model showing phase-a and phase-b currents showing the 

commutation angle, 19.8°. 

3.6 Effect of the self- and mutual-inductances on the performance of the generators 

In section 3.2.2 and section 3.3.2 the effect of phase inductances (self- and mutual­

inductances) on the generator currents and dc output voltage is discussed for three- and 

five-phase systems respectively. The analysis did not include the effect of the dc link 

capacitor. To evaluate how phase inductances affect the permanent magnet generator 

systems performance with a dc link capacitor, simulations are performed for three cases: 

with self- and mutual-inductance, with self-inductance and with no inductance using the 

practical data given in Table 3.9. The dc capacitance used in both systems is chosen to 

give the same output ripple: 470~F for the five-phase system and 2200~F for the three­

phase system. The load resistance value is fixed RL=10n, in all simulation cases. This 

resistance forces both systems to operate at rated current with self- and mutual 

inductance. The term inductance is used here to represent the total inductance including 

elf- and mutual-inductance. 

Figure 3.26 to 3.28 how pha e-a current. output dc voltage and generator power 

re pectively for the imulation re ult of the five-pha e y tern. It can be een that 
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without phase inductance the current has higher distortion and a higher rms alue 

compared to other the cases. However, the mutual inductance has a minor effect on the 

current waveform when compared to the impact that the self-inductance has on the 

current waveform. In all cases, there is distortion in the current waveform which will 

manifest itself as the generator power ripple (hence shaft torque ripple). 
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Figure 3.26. Simulation results of the five-phase system showing the generator phase-a 

current for the three cases, without Land M inductance, with L only and 

with Land M 

The electrical power delivered by the generator when connected to the diode rectifier is 

important in order to assess and to study the shaft torque ripple. Electrical power Pe 

from the five-phase generator is given by 

~=iava+ibvb+icvc+ idvd +ieve (3.48) 
where all values are instantaneous and the voltages are the back emfs of each phase. 

By neglecting the generator mechanical losses, Pe represents the shaft power. Using 

(3.48) the shaft torque, Te, 

T=~ 
e (3.49) 

W e 

where We is the shaft angular velocity (rads- l
). 

Figure 3.27 hows the simulation results of the five-phase permanent magnet power for 

the three ca e , with Land M, with L only and without Land M. 
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Figure 3.27. Simulation results of the five-phase system showing the generator power 

for the three cases, without Land M inductance, with L only and with L 

andM 

Several remarks can be made regarding the waveforms shown in figure 3.27 and Table 

3.10. In the case without inductance the generator is predicted to deliver more power but 

with a peak-to-peak ripple of 29.5% of average power. The ripple in the shaft power is 

reflected in the shaft torque and leads to mechanical vibration and noise. Including the 

self- and mutual-inductance reduces the ripple by a factor of 12. Without mutual 

inductance the predicted ripple is approximately three times that when mutual 

inductance is included. These results show the significant effect that mutual inductance 

has on generator power and shaft torque ripple. Although the phase currents are not 

appreciably different, the mutual-inductance significantly affects the shaft torque ripple 

and demonstrates a clear need to include the mutual inductance in the model of the 

generator. 

Figure 3.28 shows the dc output voltage for the three cases. In the case without self and 

mutual inductance the average dc voltage, 80V, is less than no-load voltage, 91.5V. This 

is due to the voltage drop across the diodes and phase resistance. In the other cases the 

reduction of the dc output voltage includes a contribution due to phase inductance in 

addition to the phase resistance and diode drop. It is seen from figure 3.28 that the peak­

to-peak ripple in the ca e \: ith self and mutual inductance i reduced by approximately 
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59% from the case without inductance. The influence of the mutual inductance is clearly 

shown in figure 3.28 by reducing the peak-to-peak ripple by approximately 22% 

compared to the case with self inductance only. Again this demonstrates the clear need 

to model mutual inductance. 
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Figure 3.28. Simulation results of the five-phase system showing the dc output voltage 

for the three cases. 

Table 3.10 summarises the results of the five-phase system for the three cases. The 

percentages of the peak-to-peak ripple are calculated relative to the average value. 

Table 3.10. Summary of simulation results of the five-phase system for the three cases. 

Without self and With self inductance With self and mutual 

mutual inductance only inductance 

rms/ Peak-peak rms/ Peak-peak rms/ Peak-peak 

average ripple average ripple average ripple 

Generator power 733.4W 29.6% 708W 7.5% 687.7W 2.7% 

Output dc voltage 80.3V 1.7% 78.7V 0.9% 78.12V 0.7% 

Output dc power 645W 3% 615W 1.7% 610W 1.1% 

Phase current 5A 4.6A 4.65A 
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The results of the three-phase system simulation are shown in figures 3.29 to 3.31. As in 

the five-phase system, three cases are simulated. The ac phase current is illustrated in 

figure 3.29. It is clear that in the case without inductance the current is highl distortion 

when compared to the five-phase system. With self inductance only and with self and 

mutual inductance, the current distortion is reduced, but is still higher than for the fi e­

phase system. The influence of mutual inductance is evident as it changes the shape of 

the current waveform. 
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Figure 3.29. Simulation results of the three-phase system showing the generator phase-a 

current for the three cases. 

The three-phase generator shaft power, Pe, is given by 

(3.50) 

where all values are instantaneous. 

Figure 3.27 shows the simulated shaft power of the three-phase generator for the three 

cases, with self-and mutual-inductance, without self-and mutual-inductance and with 

self-inductance only. 
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Figure 3.30. Simulation results of the three-phase system showing the generator power 

for the three cases. 

In the case without self and mutual inductance, the generator is estimated to deliver 

more power but with a peak-to-peak ripple of 151.8% of average power. This will lead 

to considerably more mechanical vibration and noise compared to the five-phase 

system. With self inductance modelled, the ripple is reduced approximately 2.7 times 

compared to the case without self inductance. Including the phase self- and mutual­

inductance estimates a reduction in ripple in the shaft power of approximately 3.4 times 

compared to without self- and mutual-inductance. It is clear from waveforms shown in 

figures 3.27 and 3.30 and Tables 3.10 and 3.11 that the mutual inductance has an impact 

on the five-phase simulation, the shaft torque ripple is reduced by 2.8 times from the 

case where self-inductance is modelled only. This reduction is more significant than that 

demonstrated by the three-phase generator where the ripple is reduced by 1.3 times if 

mutual-inductance is included. This is clear evidence of need to include all mutual 

inductances in the simulation. 

Figure 3.31 shows the dc output voltage for the three cases. In the case without 

inductance the average dc voltage is 80AV. In the other cases the additional reduction 

of the dc output voltage is due to the phase inductance voltage drop. It is obser ed from 

the five- and three-phase results that the peak-to-peak voltage ripple in the five-pha e 
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system (l.3V) is approximately 45% less than three-phase system (2.4V) in the ca e 

where self- and mutual-inductance are not modelled. The effect of the self and mutual 

inductance is clear in the three-phase system and reduces the oltage ripple by 

approximately 71 %. In the five-phase system the self and mutual inductance reduces the 

ripple by approximately 59% as discussed previously. 
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Figure 3.31. Simulation results of the three-phase system, showing the dc output voltage 

for the three cases. 

Table 3.11 summarises the results of the three-phase system for the three cases. The 

percentages of peak-to-peak ripple are calculated relative to the average value. 

Table 3.11. Summary of simulation results of the three-phase systems for the three cases 

Cases Without self and With self inductance With self and mutual 

mutual inductance only inductance 

A verage/rms p-p average/rms p-p average/rms p-p 

ripple ripple ripple 

Generator power 737.6W 151.8% 694.8W 57% 682W 45% 

Output dc voltage 80.4V 3.1% 78.7V 1.3% 78.0V 0.9% 

Output dc power 646 6.2% 618W 2.5% 609W 2% 

Pha e current 7.18A 6.4A 6.32A 
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Ignoring phase inductance the dc capacitor charges through the series combination of 

two phase resistances with a time constant;r, equal to 

r=RC (3.51) 

where R is twice the phase resistance. 

The capacitor discharges through load resistance, RL, with time constant equal 

r-R C - L 

Therefore, the charge time of the capacitor depends on the capacitance and the phase 

resistance. The capacitor discharge rate depends on the load resistance and capacitance. 

With phase inductance, however, charge and discharge of the dc capacitor depends on 

the phase inductance in addition to the capacitance, phase resistance and load resistance 

values. 

It is evident from the results of the five- and three-phase systems that there is a 

considerable difference between the three cases. It is also evident that inductance has a 

positive impact on the permanent magnet generator's torque ripple, however, large 

phase inductance leads to increase commutation angles and reduces the output voltage, 

as discussed in sections 3.2.1 and 3.2.2. As the power output is an issue it is 

recommended to keep the commutation angle in the five phase system less than 36° and 

in the three-phase system less than 60°. 

The comparison results of the dc output voltage and generator power respectively for 

the five- and the three-phase systems are shown in Figure 3.32 to 3.35. The comparison 

is for two cases: with self and mutual inductance and without inductance. From the 

figures, it can bee seen that the peak-to-peak ripple of dc voltage in the three-phase 

system without self and mutual inductance is a factor of 1.8 greater than the tive-phase 

system. With self and mutual inductance the peak-to-peak ripple is almost equal in both 

systems (the capacitor is selected to give the same output ripple in the practical case). 
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Figure 3.32. Comparison of dc output voltage without phase inductance showing the 

five-and three-phase system results. 
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Figure 3.33. Comparison of dc output voltage with phase inductance showing the five­

and three-phase system results. 
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Figure 3.34. Comparison of generators power without phase inductance showing the 

five-and three-phase system results. 

Figure 3.34 shows the generator power for the five- and three-phase systems without 

inductance. The peak-to-peak ripple in three-phase system is a factor of 5.1 greater than 

in the five-phase system. 

Figure 3.35 shows the comparison between the three-and five-phase generator power 

when the phase self and mutual inductance is modelled. From this figure, the peak-to­

peak shaft power ripple (hence shaft torque ripple) in the three-phase case is a factor of 

16 greater than the five-phase system. The mechanical vibration in the three-phase 

generator shaft expected to be higher than the five-phase generator shaft. 
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Figure 3.35. Comparison of generators power with phase inductance ho\\ ing the five­

and three-pha e system results. 
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3.7 Summary 

In this chapter the principle of three-phase and five-phase diode rectifiers are discussed. 

The analysis of both rectifiers with and without inductance is studied. 

The five-phase rectifier has an output dc voltage that is 12% higher than the three-phase 

rectifier if the no-load phase voltages are the same. 

The ripple in the dc output voltage, with no dc link capacitor. for the five-phase rectifier 

is approximately 4.80/0 and in the three-phase rectifier is 13%. This means a five-phase 

rectifier requires a smaller capacitor to smooth the output dc voltage to a specified level 

compared to a three-phase system. The capacitor rms current is discussed in chapter 7. 

The effect of the phase inductance in reducing the output voltage is higher in the five­

phase case than in the three-phase case (if the inductance and average output dc current 

are the same in both rectifiers). This is because the commutation periods in thc fivc­

phase case occupy a larger proportion of the fundamental cycle when compared to the 

three-phase case. 

The commutation angle in both rectifiers depends on the self and mutual inductance, the 

supply frequency, and the average output dc current. The maximum value of 

commutation angle for a five-phase rectifier is 36° otherwise there are more than three 

phases conducting simultaneously which has serious effects on the voltage regulation. 

In the three-phase case the limit is 60°. 

A simulation model is developed for both five- and three-phase rectifier systems feed 

from a permanent magnet generator. The models include the generator parameters 

specifically the self- and mutual-inductances. The developed models are verified using 

practical data (from chapter 5) and the results compared with PSpice simulation. The 

results show good correlation between the developed model and the PSpice simulation 

model. The developed model helps describe how the generator performs with a diode 

bridge rectifier and also shows the importance of generator parameters and the effect 

that mutual inductance has on the five-phase system. 
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Practical data for three- and five-phase pm generators (from chapter 5) is used to 

simulate the five- and three-phase systems for three-cases, without self- and mutual 

inductance, with self inductance only and with self and mutual inductance. This 

demonstrates the effect of phase inductance on the performance of the permanent 

magnet generator. The results show that the five-phase system displays considerably 

lower peak-to-peak shaft power and torque ripple compared to three-phase system. This 

is a significant advantage of the five-phase system. 

The de link capacitor in the three-phase system is 4.7 times larger than the fiye-phase 

system for the same de output peak-to-peak ripple. This is another significant adyantage 

of the five-phase system compared to the three-phase system. 
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Chapter 4 

Design of the Prototype Five-phase Permanent Magnet Generator 

4.1 Introduction 

In this chapter, the stator and rotor of a 4-pole permanent magnet generator is designed 

for operation both in a 3-phase and 5-phase configuration as a permanent magnet 

generator. Both generators are designed to have a rated speed of 1400rpm and feed six­

pulse and ten-pulse diode bridge rectifiers. 

The initial phase of the design is to define the type of rotor (an interior or external rotor. 

radial or axial-gap generator), the number of poles and the number of stator slots. In 

section 4.2 these aspects are chosen. 

The design procedure for the rotor is described in section 4.3. The rotor diameter is 

determined based on the availability of magnet size and shape to make fabrication 

quicker and easier. The stator topology and outline design is described in section 4.4. 

The stator slot dimensions are chosen in section 4.5. The flux density is designed to be 

less than the iron saturation flux density in order to reduce the rotor and stator iron 

losses. 

The stator windings are designed based on current density. generator rating. slot area 

and air-gap flux density. The design choices include winding configuration. conductor 

size and number of conductors per slot. This process is discussed in section 4.6. The 

phase resistance, self- and mutual-inductances are estimated in section 4.7. 

The initial design uses linear equations and the demagnetisation curve of the chosen 

magnet. Finite element analysis (FEA) is used to validate this model. Sections 4.8 and 

4.9 of this chapter discuss the FEA software and the results of the analysis. In sections 

4.10 and 4.11 the cogging torque and back EMF are estimated and discussed using 

results from the FEA program. 
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4.2 Initial design choices 

If a low speed, PM generator is required, it would be wise to consider an axial rotor 

design. This is particularly true if zero cogging torque is desired. Howeyer, this type of 

machine is expensive when low cost is an objectiye. Also the axial permanent magnet 

machine has a large outside diameter which does not always suit \\ind turbines. If a 

high-torque, low speed machine is required, then an interior-rotor design \\ould be 

appropriate. In addition, it has a smaller diameter, is more compact and can be easily 

connected directly to wind turbines or through a gear-box. In this research an interior­

rotor is selected as it is easier to manufacture using the traditional machinc 

manufacturing processes that were available for this research. 

The selection of the number of magnet poles depends upon many factors [4.1], for 

example: 

a. the magnet material and grade, 

b. the rotor type (interior-rotor, exterior-rotor, axial rotor). 

c. the mechanical assembly of the rotor and magnet, 

d. the speed of rotation, and 

e. the inertia requirements. 

The number of poles is generally inversely proportional to the desired rated speed of the 

machine. If smooth torque is required at low speed, such as in a DC torque motor, a 

large number of poles should be selected. Also, as the number of poles is doubled, the 

required thickness of the stator and rotor back-iron is reduced by one half [4.1-4.2]. 

Therefore, for a given magnetic and electrical loading and given rotor diameter, the 

overall machine diameter can be reduced by increasing the number of poles. Howc\·cr. 

there are some disadvantages such as an increase in fabrication cost and finding 

appropriate methods of fixing many magnets to the rotor. 

Until recently. certain ratios of pole to slot numbers have been more popular. Howcyer. 

there are many combinations of slot- and pole-numbers that can be used effcctiyely 

[4.1]. Table B.l and B.~ in Appendix B list all the possible pole-numbers which will 

operate with stator laminations having slot-numbers from 3 to 48 for 3- and 5-phasc 
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machines respectively. In this research the number of rotor poles and stator slots are 

selected to be 4 and 30 respectively. This reduces the cogging torque as \\ill be 

discussed in section 4.9. 

4.3 Rotor design 

In this research, the design of the rotor is driven by the availability of the permanent 

magnets for the rotor, which in this case is a bread-loaf shape that is made from XdFc B 

N38H magnetic material with dimensions shown in figure 4.1. Four poles are selected. 

which suites the approximate diameter of the rotor and also the dimensions of available 

magnets. The stack length is defined by the magnet length of SOmm. The rotor radius is 

determined by the radius of the magnet which is 3S.6Smm. This results in a pole arc of 

1200 (electrical) (a coverage factor of 0.67) which is acceptable. and reduces the volume 

of PM material. 
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Figure 4.1. The NdFeB permanent magnet shape. Magnet material is grade N38H. The 

outside radius is 3S.6Smm. 

In this research a direct and simple method of calculating the flux density in the air-gap 

is used. This direct method depends on demagnetisation curve of the PM material and 

the magnet dimensions. The permanence coefficient Pc is [4.1] 

P=~ 
C gC

o 

(4.1 ) 

where Lm is magnet width, g is air gap length (1 mm) and Co is concentration factor 

which is defined as 

c = Am = 0.6667 
o Ag 
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where Am is the air-gap surface area of the magnet and Ag is the total air-gap surface 

area. Using (4.1) with a magnet useful thickness Lum =5.1mm. and the value of 

concentration factor Co =0.67, the permanence coefficient, Pc, is 7.6 

Using the demagnetisation curve of the N38H grade material at a temperature of 120°C, 

and plotting the 'load line' value of Pc calculated by (4.1), the maximum flux density is 

0.95T and magnetisation force equal 143 kAlm as shown by the dotted lines in figure 

4.2. The total useful magnet area, Aum, is calculated at a radius, Rm of 33. 74mm [4.2] 

and is: 

(4.3) 

The air gap area, Ag, is 11200mm2 calculated at a radius of 35.65mm. 

p. =76 

Permeance Coefficent (Pc" B/H 
0.8 1.0 1. 2 1.4 1.6 18 2.0 2.S 1.0 40 5.0 10 .0 
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N38H 

Figure 4.2. Demagnetisation curve of N3 H NdFeB magnet material hawing the 

operating point which is the intersection of the 120°C demagneti ation 

curve and the I ine representing the permanence coefficient of 7.6. 

(KGt! =79.6 kA/m. KG = 0.1 T) 
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Since the useful magnet area and flux density are known, the useful flux per pole is 

calculated as: 

¢ = Bm ~m = 0.95 x 7067 x 10-
6 

= 1.68 mWb 
4 4 

(4.4 ) 

The specific magnetic loading (B), which represents the average flux density oyer the 

rotor surface, is 

B 
flux linkage per pole x no of poles 1.68 x 10-3 

X -I 0 -
= =:::: .6T (4.)) 

trD,Lslk tr x 0.0-13 x .05 

where Dr is rotor diameter and Ls'k is rotor length. 

Rotor back iron (rotor yoke) width is chosen to keep the flux density below the 

saturation level of the iron. The pole flux splits in half in the rotor, and circulates 

through the rotor yoke creating a flux density B, of: 

B = Total flux linkage per pole/2 
I WrL

slk 

(4.6) 

where Wr are rotor yoke width (m) and B, is the desired maximum flux density in the 

rotor iron (T). 

Using (4.6), with a specified maximum back iron flux density, B" of 1.55T and total 

flux 1.68mWb, the required rotor yoke is calculated as 10.83mm. For ease of 

manufacturing, the shaft is selected to be 9mm and the rotor yoke 10.65mm, resulting in 

maximum flux density of 1.58T in the rotor yoke. The final dimension of the rotor 

lamination is shown in figure 4.3. 

79 



lO.83mm 11', 
, 
" \ 

35.65mm 

Figure 4.3. Finalised rotor lamination design. 

4.4 Basic stator dimensions 

This section determines the stator topology based on the calculated rotor parameters. 

From section 4.3 the rotor radius is 35.65mm. The chosen air-gap is 1 mm. thus the inner 

radius of stator bore is 36.65mm. This results in a stator bore circumference of 

230.28mm. The number of stator slots is chosen to be 30 slots so that the stator can use 

either a three-phase or five-phase winding configuration. 

The stator tooth width is calculated based on the total flux crossing the air-gap and the 

air-gap flux density. The tooth flux density is adjusted to keep the flux density below 

saturation. The flux in each tooth is the total air-gap flux divided by the number of teeth. 

If the required tooth flux density is B'h then 

Total air - gap flux/ number of teeth 
11'( = (4.7) 

where 11'1 is the tooth width and B'h is tooth flux density. 

The total air-gap flux is 27.2m Wb, the number of teeth is 30 and maximum flux density 

in the tooth is chosen as 1.75T. Therefore the tooth width, 1t'/. is 3.8mm. 

The stator back iron, 11',1" is calculated to be 9.66mm using similar methods to calculate 

rotor yoke. 
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4.5 Stator slot design 

A larger slot opening is desired to make winding insertion easier. Howc\er. a large slot 

opening can decrease the machine efficiency and increase cogging torque hence noise. 

The slot opening is selected to be 2.21 mm which provides an opening adequate for 

winding insertion. This results in a total slot opening of 66.3mm around the stator bore 

circumference. The slot opening provides a tooth shoe of 5.57mm. 

The shape of the back of the slot is generally either a square bottom or a round bottom. 

The round bottom is a preferred shape for manufacture by automatic \\·inding machines. 

In this research a round bottom is selected with radius 3.1mm. The slot depth. dsh• is 

13.91mm. This is determined by the stator back iron. H·\. stator outer diameter. Do. and 

stator inner diameter, Dj• The dimensions are shown in figure 4.3 with the outer 

diameter (l21.2mm) chosen to suit a standard 48 range frame from LEMAC who 

fabricated the test machine and experimental rig. The slot area is 79.13 mm2 per slot 

given the dimensions in figure 4.4. 

Radius 
3.1 

Radius 
0.51 

Figure 4.4. The round bottom slot dimensions shows the shape of slot end. depth and 

slots opening (all dimensions in mm) 
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The proposed design has no mounting holes in the stator. But due to manufacturing 

constraints, four bolt holes are located in the stator back iron to locate the machine end­

caps. Steel screws are used in the holes in an attempt to reduce the effect of the holes on 

the magnetic field distribution. However, the holes have a significant effect on the flux 

density distribution in the lamination. The final dimension of the stator lamination i 

shown in figure 4.5 . 
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Figure 4.5. Finalised stator lamination design. 

4.6 Winding configuration 

The prototype generator has 30 tator slots and 4 rotor poles. The number of lot per 

pole is non-integral and is 7.5. This type of machine called "afractional- lot machine ". 

[4.1). Each lot ha two coil in a double-layer winding configuration in the fractional-

8 .. 



slot machine. There are many methods to design a fractional-slot winding .. -\ procedure 

that gives general results for double-layer windings, which tends to minimize the build­

up of phase displacement is presented in [4.1]. A pole-group arrangement is described 

in [4.3] for double-layer winding of the two sets of pole groups around the fractional­

slot. The distribution factor is detennined and depends on the pole-group arrangement. 

In this thesis, the winding configuration is developed by combining the procedure in 

[4.1] and pole group arrangement of [4.3]. This method eases the winding configuration, 

and also gives good results for a double-layer winding. The procedure is now described. 

The first step is to arrange pole-groups [4.3] by calculating the fraction, F, of slot 

number to pole number and reducing this fraction to the lo\vest pair of whole numbers 

that still gives a numerator that is a multiple of the number of phases. In this case 

F = slot number = 30 ~ ~ = E 
pole number 4 2 x 

(4.8) 

A table is then constructed that has a row for each pole and a column number equal to 

the numerator, y, (in this case 15). The columns are divided into the number of phases. 

Table 4.1 and Table 4.2 show this step for the three-phase and the five-phase machine 

respectively. A cross is placed every x column (starting from the top left of the table). 

In this case, every second cell has a cross, as x =2. 

Table 4.1. Three-phase pole-group arrangement. 

poles Phase A Phase Phase C 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

1 x x x x x x x x 

2 x x x x x x x 

3 x x x x x x x x 

4 x x x x x x x 
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Table 4.2. Five-phase pole-group arrangement. 

Poles Phase A Phase B Phase C Phase D Phase E 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

1 x x x x x x X I X ! 

I 

2 x x x x x x x 

3 x x x x x x x x 

4 x x x x x x x 

The two tables demonstrate that both the three-phase and five-phase machine can be 

split into two identical sections (poles section 1 and 2, poles section 3 and 4). Each pole 

section occupies 15 slots. 

The number of slots per phase for each pole group moving from left to right and 1"0\\­

by-row from upper left to lower right of table 4.1 and 4.2 are 

Pole-l Pole-2 Pole-3 Pole-4 

F or the three-phase stator a- b- c- a- b- c- a- b- c- a- b- c-

) 2 \ 3, 2 3 2 3 2 3 2 3 J 

poles Phase A / \ ~ Phase C 

. 1 2 3 J 5 6 1\7 8 9 ......... ~ 11 12 13 14 15 

1 ~ x Ie! X--""'D ~ x D ..:.-- "-

2 x x x x x x x 

3 x x x x x x x x 

4 x x x x x x x 

For the five-phase stator 

Pole-l Pole-2 Pole-3 Polc-4 

a- b- c- d- e- a- b- c- d- e- a- b- c- d- e- a- b- c- d- e-

2 2 1 2 1 2 1 2 2 1 2 1 I 1 2 1 I 1 - -

84 

! 

1 

1 , 



This means for the three-phase case, there are three coils for phase-a, two coils for 

phase-b and three coils for phase-c in pole 1. But in pole 2. there are t\\·o coils for 

phase-a, three for phase-b and two for phase-c. And for the fiye-phase case. for pole-l 

there are two coils for phase-a and one for phase-b, two for phase-c, one for phase-d and 

two for phase-e. A similar process yields coil numbers for pole 2, 3 and -+. 

The second step detennines the winding configuration by using the method described in 

[4.1]. The number of slots per pole is calculated, (4.9). which is an integer, S. plus 

fractional number,Jr. 

Cs = number of slots = N s ~ 30 = S + f = 7 + 0.5 
number of poles 2p .j 

(-+.9) 

S represents the maximum slot-pitch of each coil, which can be less than or equal to S. 

For the generators designed it equals 6 slots. If Jr is less than or equal to 0.5 the number 

of slots forward from the return coil-side of the previous phase coil to the go-side of the 

next coil in the phase winding is equal to maximum coil span plus one, and if it is more 

than 0.5, the number of slots forward equals the number of slots per section minus the 

maximum coil span. The number of slots per section is equal to the highest common 

factor of the number of coils per phase and pole-pairs. These rules are applied and all 

phase coils are located. 

To locate the other phase coil sides the tenn offset is used which is defined as the 

number of slot-pitches in 2/3 of a pole pitch for the three-phase case and 2/5 of a pole­

pitch for the five phase case. (In the three-phase case the phase windings are displaced 

from one another by 1200 (electrical) and in the five phase case they are displaced by 

720 (electrical)). 

These nIles and restrictions are programmed usmg Microsoft Excel allowing many 

configurations to be investigated using different coil spans. Three configurations an~ 

checked using FEA. The tirst configuration has a coil span of 7 slots. in the second 

configuration the coil span is 6 slots, and the third configuration has a coil span of 5 
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slots. On the basis of this investigation the coil span with 6 slots is selected as it 

displayed fewer harmonics in the back emf compared to the other two configurations. 

Tables 4.3 and 4.4 show the winding configuration of the three-phase and five-phase 

machines respectively. 

Table 4.3. Three-phase winding configuration. The number in the 'go' and 'return' 

columns indicate slot number. 

Phase a Phase b Phase c 

coil go return go return go return 

1 1 7 6 12 11 17 

2 14 8 19 13 24 18 

3 15 21 20 26 25 1 

4 28 22 3 27 8 2 

5 29 5 4 10 9 15 

6 16 22 21 27 26 2 

7 29 23 4 28 9 3 

8 30 6 5 11 10 16 

9 13 7 18 12 23 17 

10 14 20 19 25 24 30 

Table 4.4. Five-phase winding configuration. The number in the 'go' and 'return' 

columns indicate slot number. 

Phase a Phase b Phase c Phase d Phase e 

coil go return go return go return go return go return 

1 1 7 4 10 7 13 10 16 13 19 

2 14 8 17 11 20 14 23 17 26 20 

3 15 21 18 24 21 27 24 30 27 3 

4 16 22 19 25 22 28 25 1 28 4 

5 29 23 2 26 5 29 8 2 11 5 

6 30 6 3 9 6 12 9 15 12 18 
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The diagrams B3 and B4 in Appendix B show the distribution of coils in the stator slots. 

The figures show the coil span and the upper and lower coil sides in the stator slots. The 

winding distribution factor is calculated for the winding configuration using Tables -t.l 

and 4.2 by replacing the cross by slots number from left to right. Only the first section is 

shown in tables 4.5 and 4.6 below to demonstrate. 

Table 4.5. Two pole sections of table 4.1 for the three-phase machine. The cross is 

replaced by slot number. 

Phase A Phase B Phase C 

poles 1 2 3 4 5 6 7 8 9 10 1 1 12 13 I-t 15 

1 1 2 3 4 5 6 7 

2 9 10 1 1 12 13 I-t 15 

Table 4.6. Two pole sections of table 4.2 for the five-phase machine. The cross is 

replaced by slot number. 

8 

Phase A Phase B Phase C Phase D Phase E 
I 

poles 1 2 3 4 5 6 7 8 9 10 

1 1 2 3 4 5 

2 9 10 11 12 13 

The electrical span of adjacent slots is 

From tables 4.5 and 4.6, the span between slot 1 and 9 is then 

8x 24° = 192° 

1 1 

6 

This is equivalent to phase displacement between adjacent coils of 

d = 192 0 -180° = 12
0 

The winding distribution factor is then calculated using 

sinn( q x d 2) 
Kd=----=~ 

qsinn(d 2) 
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where q is number of coils per group (3) and n is the hannonic number and d is phase 

displacement between adjacent coils (120
). Using (4.11), for the first harmonic the 

distribution factor is 0.98. This value is used to calculate the output coefficient of the 

generator in section 4.6.3. 

4.6.1 Winding specification: number of turns per phase 

Two stators were to be built: a three-phase and a five-phase stator both \vith winding 

configurations that give the same rectified output voltage at rated current and rated 

speed. Both these generators are connected to diode bridge rectifiers which have an 

average output dc voltage, neglecting diode voltage drop, as shown in Chapter 3. of 

For the three-phase case 

For the five-phase case 

where Vs is the peak phase voltage. 

Vdc = 1. 63Vs 

Vdc = 1.87~~ 

(4.13 ) 

(4.14 ) 

In order to achieve equal average dc output voltages in both the three-phase and five­

phase systems, the phase back em/ in the three-phase generator has to be higher than the 

five-phase generator by factor of 1.15 (in the ideal case), ignoring stator impedance and 

voltage drop. However, in the practical system this factor depends on the generator's 

phase inductance and resistance. In this research, the factor is 1.125 and this was 

detennined by a set of finite-element simulations that included estimated values of 

phase resistance, phase inductance and diode voltage drop. The five-phase machine was 

to have an output phase voltage of 48V peak, therefore the required three-phase 

generator phase voltage is 54V peak. The required no-load line back em/for the three­

phase and for the five-phase generator is then 

Back em/ for three-phase, 

Back em/for five-phase, 

VL = 13 x 54 = 93.5 V 

T'L = 1.902 x 48 = 91.3V 
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The phase back emf constant ke at a speed, OJ.\'L, of 1400rpm (1-+6 rads- I ), is calculated 

for three and five phase systems, 

OJNL 
(-+.17) 

Three-phase back emf constant, 
93.5 1 

K = = 0.638 Vs rad-
e 146.6 (-+.18) 

91.3 1 
K = = 0.623 Vs rad-

e 146.6 
Five-phase back emf constant, (-+.19) 

The number of turns per phase is calculated using 

N - EMFper-phase 
h -

P OJNL X Dr X LSlk X Bm 
( 4.20) 

where Dr=73.3mm, Lstk=50mm and Bm=0.95T. 

Hence for the three-phase case, Nph ~ 110turns 

and for the five-phase case, N ph ~ 96 turns 

The three-phase generator has 10 coils per phase: hence the number of turns per coil is 

11 turns. The five-phase generator has 6 coils per phase; hence the number of turns per 

coil is 16 turns. These values generate a peak phase back emf of 48V for the five-phase 

generator and 54V for the three-phase generator. 

4.6.2 Winding specification: Conductor diameter 

The conductor diameter must be chosen to allow easy forming and insertion of each coil 

by hand. The required conductor diameter, Dw , can be calculated using 

Dw ~ AS/UI F.~/UI 
NcOl/ 
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where Aslot, Fslot and Ncoil are slot area, slot fill factor and the number of conductors per 

slot respectively. 

An achievable fill factor of 50% of the slot area (79.13 mm2) is assumed. and the total 

number of conductors in a slot is double the coil number, as each slot has t\\"o layers. 

U sing these parameters the wire diameters are calculated as 

Dw ~ 1.34mm for the three-phase generator. and 

for the five-phase generator. 

From the AWG table the wire gauge selected is AWG 18 for fiye-phase with diameter 

1.02mm and cross sectional area 0.82mm2, and for three-phase is A IrG 16 with 

diameter 1.29mm and cross sectional area 1.31mm2. 

4.6.3 Winding specification: Generator current 

The machine's nns rated current is defined as 

Irms = J x A.v (4.22 ) 

where J is the achievable current density (Anns mm-2), and All' is the cross-sectional area 

of the conductor used in the coils. 

') 

The maximum current density of the conductor is assumed to be 5Anns/mm-: because 

the ventilation condition is poor (the stator is cooled by natural convection only). 

The maximum rms current is then 

I = J x A = 5 x 1.31 = 6.55Arms for the three-phase case rms W 

Irms = J x ~ = 5 x 0.823 = 4.5Arms for the five-phase case 
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The specific electrical loading, is 19299A1m for the three-phase and 19286 Aim for the 

five-phase, as shown in (4.23) and (4.24) 

. 2x3xN I 
Three-phase specIfic electrical loading, A = ph rms = 19299 A / m 

trDr 

(4.23 ) 

. " 2x5xN I 
FIve-phase specIfic electncalloading, A = ph rms = 19286A / m 

trDr 

( 4.2-+) 

The specific electrical loading; A, and specific magnetic loading. B=0.6T, are known 

and equal. The output coefficient 

K = 1.74KwBA 

= 19746 for the three-phase case 

= 19732 for the five-phase case 

where Kw is the first harmonic winding factor (in this case, 0.98). That is both machines 

are designed to have same magnetic and electrical loading making the comparison 

between performance of three-and five-phase machines fair. 

The shaft torque, T, can be calculated for both machines from 

T = KD~L.Hk 

For the three-phase generator, T = 19745.7 X 0.0713 2 x 0.05 = 5Nm 

For the five-phase generator, T = 19732 X 0.0713 2 x 0.05 = 5Nm 

4.7 Generator Parameters 

( 4.25) 

(4.26) 

The parameters of the machine, such as winding resistance, self inductance and mutual 

inductance, need to be estimated in order to simulate the performance of the generators. 
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4.7.1 Winding resistance 

The winding resistance depends on the length of the phase winding and conductor 

cross-sectional area. The Mean Length of a Tum (ML T) has four sections: two active 

sides (length equal to the stack length) and two end windings. The ML T is multiplied by 

the total number of turns per phase to define the length of a phase winding. 

For the three-phase generator MLT is 32032mm and for the five-phase generator r-..lLT 

is 27955mm. The cross-sectional area of the conductors is calculated in section 4.5. 

Using (4.27) the phase winding resistance for three-phase generator is 0.430 and for 

five-phase generator 0.6Q. 

R L ..... =p-
A, 

(4.27) 

Lw is total length of conductor per phase including the end winding, p is conductor 

specific resistance (1. 76x 1 0-8 ohm-meter) and As is the cross sectional area of the 

conductor. 

The total copper losses in the machine depend on the square of the total rms phase 

current, the number of phases, and the phase resistance. The phase winding copper loss 

in the three-phase generator is predicted to be 54.5W. For the five-phase generator it is 

60.8W. The slightly higher value of copper loss for the five-phase generator is partly 

due to the use of a small conductor diameter (A WG 18) than ideally required. 

4.7.2 Winding inductance 

Each phase displays self-inductance and mutual-inductance with other phases. There are 

three components of self inductance [4.1], [4.2]: 

1. the air gap component, 

2. the slot-leakage component, and 

3. the end-winding component. 
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i- Self inductance 

The air-gap inductance can be directly calculated from the magnetic potential solution 

based on the flux linkage approach 

where Aa and ia are flux linking phase-a and the phase-a current respectiyely. 

The flux linkage is calculated using 

( 4.28) 

(4.29) 

where Nph is the total number of tum per phase and ()a is the total flux linkage in the air­

gap produced by winding current, ia1 which is approximated by 

ia1rN phf.1o Lslk'i 

()a = 2p2g" ( 4.30) 

where p is the pole pairs, g" is the equivalent air-gap distance and includes the radial 

thickness of the magnet and the air-gap length with the stator slotting effect (Carter's 

coefficient) and equals. 

(4.31) 

where Kc is Carter coefficient (see Appendix B), Lm magnet thickness and f.1 r is recoil 

permeability of the magnet (and equals 1.1 from the specification of the magnet in 

figure (4.2)). 

Using (4.30) and (4.31) the flux-linkage is 

( 4.32) 

and the air-gap-inductance 

L = 1rN~hJloLflk'i 
a 2p2g" 

(4.33 ) 

The end winding inductance is small compared to the self inductance and the \'alue is 

approximated at 100/0 of the self inductance value. For the three- and tl\'e-phase 

machine the calculated self inductances are equal to 1.3mH and 1.2mH respecti\'cly. 
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ii- Mutual inductance 

The electrical angle between two phases in the three phase generator is 120o(electrical). 

They are not in quadrature therefore there is non-zero yalue of mutual inductance 

between phases. It is important to calculate the mutual inductance as it has an impact on 

current commutation as the diode rectifiers commutates current from one phase to 

another [4.1] Due to the winding configuration, the mutual inductance in the three pha~e 

generator is 

M=_L=M 
3 1 

(4.34 ) 

where L is the total self inductance of the phase. 

In a five-phase generator there are two values for the mutual inductance, a \'alue 

between two adjacent phases and a value between two non-adjacent phases. As the 

electrical angle between adjacent phases is 72° the mutual inductance is expected to be 

small. It is indicated in figure 4.5 which represents phase-b coil sides placed in the flux 

generated by phase a. The flux-linking phase-b, due to phase-a, is shown as a shaded 

area in figure 4.6. 

Bg Phase a flux 

+a 

o 

Figure 4.6. Showing the flux linking phase-b due to the flux generated by phase-a 

The flux linking phase-b is calculated as 

( 4.35) 

where Nph and ia are the number ofturo per phase and phase-a current respecti\'ely. 

The mutual inductance, Mba. is then 
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M = IjI ba = [l.] 1rf..LoN!hLst'i = ~ 
ba ia 5 2p2g" 5 ( 4.36) 

where L is the self inductance of the phase. 

From this equation the mutual inductance between adjacent phases IS 115 the self 

inductance and has positive value. 

Using the same procedure above the mutual inductance between non-adjacent phases, 

for example, phase-a and phase-c, which are displaced by 144 0 (electrical) is 

approximately equal to 3/5 of the self inductance of a phase and has a negati\'e \'alue. 

Table 4.7 summarises the estimated generator parameters for the fi\'e- and three-phase 

generators. 

T bl 47Th fi a e e Ive- an d thr h d ee-PJ ase generators estImate parameters 
Three-phase Fi\'e-phase 

Phase resistance 0.430 0.60 

Phase self-inductance 1.3mH 1.2mB 

Adjacent phase mutual inductance 0.43mH 0.2mH 

Non-adjacent mutual inductance 0.6mH 
.-

4.8 Finite Element Analysis 

Finite element analysis is a commonly used method for electromagnetic field 

computation and analysis and allows nonlinear verification of the basic linear design 

carried out in the previous sections. The finite element method (FEM) is a numerical 

method for solving electromagnetic field problems which are too complex to be solved 

accurately using analytical techniques. Finite element analysis is based on di\'iding thc 

heterogeneous medium into a large number of small elements. These elements are 

connected together at nodes. Within each element a simple polynomial is used to 

approximate the solution over the area of the element. The process to divide complex 

problems to elements is called discretisation or 'meshing'. ~ hlX\\'ell' s partial 

differential equations are transformed into a large number of simultaneous nonlinear 



algebraic equations, which include the unknown node potentials. Iteration, such as 

Newton-Raphson method, is used to numerically solve the partial differential equations. 

In the software chosen to perform FEA the field distribution within each element 

follows a pre-defined function boundary. The field varies linearly between two nodes 

therefore the flux density is constant within each element. 

Example of elements and nodes from the FEM mesh is shown in figure 4.7. The 

accuracy of the results from FEM is a function of the correct discretisation of the region, 

in particular, refining the mesh in regions where rapid spatial variation of the magnetic 

flux density is expected. 

Nodes 

~2::.:.::~~~~5t----"" Elements 

Figure 4.7. Mesh ofa complex problem, showing the elements and the nodes 

There are many finite element software packages available to help solve the 

electromagnetic problem. Most of these packages have three main components. The 

first one is a pre-processor in which the finite element model is created, geometric 

outlines are drawn~ material properties are assigned, current source and boundary 

conditions are applied~ and then the finite element mesh is created. The second 

component is the solver where the finite element problem is numerically sol ed. The 

final component is a post-processor where the magnetic field quantitie are di played, 

and quantities. uch a energy. flux and force. are calculated. 
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4.9 Maxwell2D Finite Element Analysis software 

In this research, Maxwell 2D software is used to solve both static and transient 

problems. Maxwell 2D programme is divided into steps to enable the definition of the 

problem. These steps are summarised in figure 4.8 

Select solver and geometry type 

~ 
Draw geometric model 

~ 
Assign material properties 

• 
Assign boundary conditions and Pre-processor 

current sources 

+ 
Setup exclusive parameters 

~ 
Set up solution criteria and refine the 

mesh 

~ 
Generate solution 

~ 

} Solution 

Inspect solutions, view solution 

information, display field plots, and Post-processing 

manipulate basic field quantities 

Figure 4.8. Summary of steps in Maxwell 2D software. Showing the three stages of 

FEA: Pre-processor, Solution, Post-processing. 

97 



4.9.1 Initial design data 

The outline dimensions of the rotor and the stator dimensions determined in sections -+.3 

and 4.4 is used to define the MAXWELL 2D geometric model. 

The material used to define the stator and rotor lamination characteristics is .\/8(}{) and is 

based on the material supplied by the manufacturer. The B/H characteristic curve of this 

material is shown in figure 4.9. 

The other materials used in object definition are: 

• aIr, 

• stainless steel for the shaft (f.lr= 1 ), 

• copper for windings, and 

• the permanent magnet material, N35H. 

• 
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Figure 4.9 .The B-H characteristics of stator steel defined as "\/80() 
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The flux density around the air-gap, through 3600 electrical angle. is shown in figure 

4.1 O. The figure shows the effect of the teeth on the shape of the flux density. The flux 

density has a maximum value near to 0.95 which agrees with the value calculated from 

linear analysis, section 4.3. 
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360 

Figure 4.10. Flux density around the air-gap. The effect of stator slots and teeth on the 

shape of the flux density waveform is clear seen. 

Figure 4.11 illustrates a flux density map of the geometry with no armature current and 

a fixed rotor position. As expected, the flux density in the slots is close to zero. It is 

clear from the figure that the flux density in the teeth agrees with the linear design, 

1.75T. The figure also shows that the flux density around the stator mounting holes is 

around 2.5T, which is a saturated value. This then distorts the back EMF and the effect 

is different for each phase as will be discussed in section 4.11. 
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2.S000e+{)00 
2. 3956e+{)00 
2. 2917 e+{) 00 
2 . 1675e+{)00 
2.08331>+000 
1.9792e+{)00 
1. 8750e+000 
1.77080+000 
1. 6667e+000 
1. 5625e+000 
1. 45830+000 
1.35421>+000 
1 . 25001>+000 
1. 1458e+000 
1 .0417e+000 
9.3750e-001 
8 .3333e-001 
7 .29170- 001 
6.25000-001 
5.20830-001 
4. 16670- 001 
3. 1250e-001 
2. 0833e-001 
1 .0417e-001 
0.00001>+000 

Figure 4.11. Flux density map of the machine with associated key. The maximum flux 

density, 2.5T. Two contour lines are shown, one through a tooth (line 1) 

and the other through a slot (line2). These are used to plot flux density 

profiles in figure 4.12 and 4.13. 

Figures 4.12 and 4.13 show the flux density plot along the two contour lines shown in 

figure 4.11. Figure 4.12 shows the flux density along line 1. The flux density has a zero 

value in the shaft as the shaft is non-magnetic. The maximum value of flux density in 

the tooth is 1.8T. This value is comparable to the linear design, 1.75T. Figure 4.13 

shows the flux density along line 2 from the centre of the machine through a slot. The 

flux density in the slot is equal to zero. The maximum flux density occurs at the back 

iron, 1. 75T. which agrees with the linear design value. It is clear from figure 4.10 to 

4.13 that the flux density in the stator lamination does not reach a saturated value except 

for around the mounting holes in the stator. 
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Figure 4.12. Flux density from the centre of the rotor to the outside of the stator along 

linel. 
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Figure 4.13. Flux density from the centre of the rotor to the outside of the stator along 

line2. 
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4.10 Cogging torque 

Cogging torque is an important issue in permanent magnet machines and. as identified 

in Chapter 2, significant in deterring low speed start up of wind turbines [.t.~]. Cogging 

torque is caused by the magnetic interaction between the rotor-mounted permanent 

magnets and the salient stator structure [4.5]. The salient stator structure changes the 

air-gap reluctance and results in periodic stable rotor positions. Many studies haye 

investigated cogging torque reduction [4.6]-[4.10], such as reducing the magnet arc, 

skewing magnets or slots, auxiliary slots and teeth, and fractional slots. Many of these 

methods are expensive and reduce the flux and torque capability. The method used in 

this thesis combines fractional slots with a reduced magnet arc as described in section 

4.1. The fractional slot is a good method to reduce the cogging torque [~.1 ]-[4.2], 

[4.10]-[4.11]. The cogging torque produced by the prototype machine is shown in figure 

4.14 for one slot pitch and was estimated using FEA. This figure shows that the peak-to­

peak cogging torque is 0.21Nm which represents 4.2% of maximum torque (5Nm). 
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Figure 4.14. Cogging torque over one slot pitch for the unexcited 4-pole. 30-slot 

prototype generator. 
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4.11 No-load Back E:MF 

The no-load back EMF can be calculated from the distribution of magnetic field in the 

air-gap produced by the magnets. The calculation is performed on two designs: the 

proposed design, without mounting holes in the stator, and the practical design with 

mounting holes in the stator. Figure 4.15 and 4.16 show the back EMF for the three- and 

five-phase for the proposed design. The back EMF of the five-phase generator has a flat 

top equal to 45° and the three-phase generator has a flat top equal to 54°. It is clear from 

the figures that in the five-phase generator each phase is displaced by 72° (electrical) 

and in the three-phase generator each phase is displaced by 120° (electrical). This 

confirms the winding configuration in section 4.6. The peak phase voltage is 48V for 

the five-phase generator and 55V for three-phase generator. These are close to the 

design values in section 4.6 
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Figure 4.15. Back emf waveform of the three-phase generator at 1400rpm for the 

proposed design. 
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Figure 4.16. Back emf waveform of the five-phase generator at 1400rpm for the 

proposed design. 

The effect of the mounting holes in the back EMF is shown in figures 4.17 and 4.18 for 

both the five- and three-phase generator respectively. The effect of the mounting holes 

in the stator is clear in phase-e, phase-d and phase-c waveforms in the five-phase 

generator. The figures show the practical design waveform and proposed design 

waveform (dotted line). The distortion is partly alleviated by using tight fitting steel rod 

to orientate and fix the end caps to the frame. The peak back EMF for both generators is 

the designed value. 
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practical design and proposed de ign. 
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Figure 4.18. Back EMF waveform of the three-phase generator at 1400rpm for the 

proposed design and proposed design. 

4.12 Summary 

In this chapter, the three-phase and five-phase permanent magnet generators are 

designed. Linear design is performed first, using the PM magnetisation curve and 

simple analytical methods. Winding configurations for both generators are proposed to 

give the same rectified output dc voltage and power. 

The conductor size and the number of turns per phase is calculated using the linear 

design technique and is checked using FEA. The phase resistance self inductance and 

mutual inductance are estimated using linear design. The three-phase generator has a 

resistance which is 65% of the five-phase generator. The five-phase generator has a self 

inductance which is 8% less than the three-phase counterpart. The three-phase mutual 

inductance is 30% of the self inductance. The five-phase generator has two mutual 

inductances; between adjacent phases, which is 20% of the self inductance and has a 

positive value, and between non-adjacent phases. which is 60% of the self inductance 

(with a negative value). 

In chapter 5, the Maxwell 2D software is used to evaluate the performance of the 

generator when connected to the diode bridge rectifier \ ith a resi tive load and dc link 

capacitor and uses the software' s transient 01 er. 
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Chapter 5 

Evaluation of the performance of the prototype five- and three-phase 

generators using FEA and experimental tests 

5.1 Introduction 

In this chapter, the performance of the prototype five- and three-phase PM generators, 

connected to diode bridge rectifiers, is evaluated using both the FEA and experimental 

tests. The Maxwell 2D software discussed in Chapter 4 is used for FEA. 

FEA analysis is performed on two designs. One design does not have the four mounting 

holes in the stator lamination (the 'proposed design') and the second design includes the 

mounting holes (the 'practical design'). The results for both designs are discussed in 

sections 5.2 and 5.3. A comparison between the five- and three-phase systems is 

presented. Section 5.4 considers the impact of introducing the mounting holes in the 

stator. The mounting holes were an undesired addition made by the manufacturer during 

the fabrication process. Unfortunately, they have a significant impact on the 

performance of the two machines, particularly the 5-phase generator, which will be 

discussed. 

The two stator stacks with windings were fabricated and could be interchanged within a 

common stator frame (one stator stack for the five-phase generator and the other stator 

stack for the three-phase generator). The 4-pole rotor designed in chapter 4 is also 

common to the five- and three-phase generator. A test rig was constructed to assess the 

performance of the permanent magnet generators connected to associated diode 

rectifiers and a comparison made between the five- and three-phase system. 

In section 5.5 of this chapter, the generator iron losses and the generator parameter 

measurements are discussed. The generators are connected to diode bridge rectifiers 

with resistive loads and a dc link capacitor. The shaft torque and shaft power are 

estimated from the instantaneous phase currents and back emfs. The dc output voltage 
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and power are measured under full load conditions. The results from the five-phase 

system are compared with the results from the three-phase system and are discussed in 

section 5.6. The significant outcome of the testing is that the five-phase system has 

improved performance in terms of shaft torque ripple compared to the three-phase 

system. 

5.2 Simulation using finite element analysis 

The Maxwell 2D transient solver is used to analyse the performance of the t\\"O systems 

and has a feature to connect external electrical circuits to the phase windings. This 

provides a means of coupling the electromagnetics of the generator to the electrical 

circuit characteristics of the diode rectifier. This allows variables such as shaft torque, 

phase current and rectifier output voltage to be accurately simulated and assessed. The 

five- and three-phase systems are analysed both for the proposed design and the 

practical design. The mounting holes of the practical design effect the phase back emf 

waveform. The FEA results from the practical design are compared with the 

experimental results and comparison made on both the AC side and DC side. The AC 

side comparison includes the generator shaft power. shaft torque and phase currents. and 

the DC side compares the output dc voltage, load power and capacitor current. 

5.3 FEA results of proposed design 

The phase back emf voltages of the five- and three-phase systems are shown in figure 

5.1. The five-phase back emf has waveform with a 45° (electrical) flat top. The three­

phase back emf has a 54° (electrical) flat top. The resultant non-adjacent line voltage in 

the five-phase system and the line voltage in the three-phase system are shown in figure 

5.2(a) and (b) respectively. Figure 5.2 shows only two line voltages, the remaining line 

voltages have the same waveshape. From figure 5.2, the output voltage from the 

rectifier is expected to have a peak-to-peak ripple in the ideal case (that is. without Dc 

link capacitor and generator self- and mutual-inductance) of 8.7% of the peak value in 

the five-phase system. In the three-phase system this would be 21 % of the peak value. 

Therefore, more capacitance is required in the three-phase system to achic\'i.~ the same 

output voltage ripple. The FEA results confirm the findings reported in Section 3.3.1 for 

the developed model. 

108 



60~-----;--;--___ ~_----, 

40 

€ fi 20 

~ 0 
.&:l 

M-20 

if: 
-40 

-60 ~--.J-----'-------'---~----.J 
Rotor angle (Electrical degrees) 

(a) 

OOr------------~----~--_ 

40 

:> ...... 
.... 20 
E 
u 

g O~--~-_r~~-r_f--~--~ 
.0 
u 
~ -20 

if 

Rotor angle (Electrical degrees) 

(b) 

Figure 5.1. FEA back emf (phase) for the five-phase and three-phase generators on no load, for 

the proposed design, (a) five-phase (b) three-phase. 
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Figure 5.2. FEA back emf (line) for the five-phase and three-phase systems on no load, for the 

proposed design, (a) five-phase (b) three-phase 

5.3.1 Generator shaft torque, power, and phase current 

Figure 5.3 shows the generator shaft torque for the five- and three-phase systems at full 

load with a dc link. capacitor of 470flF for the five-phase system and 2200flF for the 

three-phase system. The speed of the generator shaft is 1400rpm for both generators. 

The peak-to-peak ripple in the five-phase system (O.7Nm) is approximately 15% of the 

average torque (4.7Nm). The peak-to-peak ripple for the three-phase system is 34% of 

the average torque (4.6Nm). It is observed from the figure that the generator torque has 

fundamental frequency for the five-phase system equal to ten times the generator 

frequency and for the three-phase system it is six times. The generator noise and 

vibration will be significantly greater in the three-phase system when compared with the 
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five-phase system. Firstly, as the magnitude of the torque ripple is higher in the three­

phase system. Secondly, the low pass filtering effect the mechanical system attenuates 

the vibration more in the five-phase case as the frequency of the torque ripple is higher. 
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Figure 5.3. Generator shaft torque for the proposed design using FEA (a) five-phase 

system, and (b) three-phase system. 

Figure 5.4 shows the input shaft power to the generator for the five- and three-phase 

systems. The peak-to-peak ripple for the three-phase system (233W) is approximately 

34% of average value (674W). It is clear from the figure that the five-phase system has 

a lower peak-to-peak ripple compared to the three-phase system (a factor 2.2 of lower). 

This is a significant advantage of the five-phase system over the three-phase system. 
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Figure 5.4. Input shaft power to the generator for the proposed design using FEA 

(a) five-phase system, and (b) three-phase system. 
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Figure 5.5 shows phase-a current in the five- and three-phase systems. The RMS 

currents are 4.5A and 6.5A for the five- and three-phase generators respectively. This is 

the rated RMS current for both generators. As expected the RMS value of the phase 

current of the three-phase system is 30% higher than the five-phase system. The 

commutation angle in the five-phase system is equal to 19° (electrical) and for the three­

phase is 18° (electrical) which are close to the simulation results (23.3° for the five­

phase system and 19.8° for the three-phase system). 
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Figure 5.5. Phase-a current in the generator for proposed design using FEA 

(a) five-phase system, and (b) three-phase system. 

The diode current for the five- and three-phase systems is shown in figure 5.6. The 

diode in the five-phase system conducts for a period of 92.5° and in the three-phase 

conducts for 138°. The diode rms current in the five-phase system (1.6A) is 48% lower 

than the three-phase system (2.9A). The diode losses are calculated using 

'2 
Pdiodeloss = IVd(t)Id(t)dt (5.1) 

'. 

where Vd(t) and Id(t) are the instantaneous diode voltage (0.8V) and current respectively, 

and IJ and 12 are the initiation and termination times of the diode conduction period. The 

diode losses in the three-phase system are a factor of 1.8 greater than the five-phase 

system. Even though the total number of the diodes in the five-phase system is higher 

than the three-phase system (10 compared to 6), the total diodes losses in the five-phase 

system (12.8W) are still lower than the three-phase system (l4W). 
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Figure 5.6. Diode current for proposed design using FEA (a) five-phase system, and 

(b) three-phase system. 

5.3.2 Dc output voltage and power 

Figure 5.7 illustrates the output voltage of the diode rectifier for the five- and three­

phase systems. The Dc link capacitor in the five-phase system (-+ 70~lF) was chosen to 

give a similar voltage ripple to the three-phase system using a 2200~F dc link capacitor. 

The five-phase peak-to-peak voltage ripple is O.4V at rated load. The peak-to-peak 

ripple in the three-phase system is only slightly higher than the five-phase system (about 

160/0 higher). The lower voltage ripple is the five-phase case is due to the flatter top in 

the phase back emf of the five-phase generator as shown previously in figure 5.2. The 

three-phase system requires more capacitance for the same ripple voltage or a higher 

magnet coverage factor. This leads to higher cost. Hence the five-phase system will 

generate less peak-to-peak output voltage ripple compared to the three-phase system 

with the same magnet material. 
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Figure 5.8 shows the de load power for the five- and three-phase systems. The average 

load power in both systems is nearly the same value. From these figures the peak-to­

peak ripple in the de power delivered by the five-phase system is 0.4 of the three-phase 

system. 

650~------------~--------~ 

~625 

.... 
~ 
o 
~ 600 
::1 
8-
::1 
o 

8 575 

-.- - ... - - ---- -_. , 

550 +----+----,----.----r---~ 

o 72 144 216 288 360 

Rotor angle (Electrical degrees) 

(a) 

650 ~--------------------_____ 

~625 
'-' 
.... 
~ 
o 
~600 
::1 
8-
::1 
o 

8575 

550 +------.---__ .------,------.-------i 
o 72 144 216 288 360 

Rotor angle (Electrical degrees) 

(b) 

Figure 5.8. Dc output power for the proposed design using FEA (a) five-phase system. 
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Table 5.1 summarises the FEA results of the two systems for the proposed design. It is 

clear from the table that the five-phase system has improved performance compared to 

the three-phase system in the case of shaft torque ripple. This is a significant advantage 

of the five-phase system over the three-phase system. 

Table 5.1 The FEA simulation results for the three- and five-phase systems for the 

proposed design. 

Three-phase Five-phase 

Ac side Average 
Peak-to-peak Peak-to-peak 

Average 
ripple ripple 

Shaft torque (Nm) 4.6 1.6 (34%) 4.7 0.7 (15 00) 

Shaft Power (W) 674 233 (340/0 ) 683 104 (15%) 

Phase current (Arms) 6.5 4.7 

Dc side 

Dc voltage (V) 78.4 0.7 (0.9%) 78.2 0.4 (0.5%) 

Dc power (W) 616 13 (2%) 611 6 (1.20/0) 

5.4 FEA of the practical design 

The back emf of the five- and three-phase systems using the practical design is shown in 

figures 4.16 and 4.17, Chapter 4. The back emf generates a non-adjacent line voltage in 

the five-phase generator and a line voltage in the three-phase generator as shown in 

figure 5.9. It is clear from figure 5.9 that the line voltage is distorted due to the presence 

of the mounting holes. It is observed from the figure 5.9(a) that the output dc voltage in 

the five-phase system is expected to have peak-to-peak ripple higher than the proposed 

design as the distortion in the line voltage envelope has a significant impact. The 

performance of the practical design will be different from the proposed design. The 

discussion through this section of the thesis is for the five-phase system over one 

complete electrical period but focused on the period where the non-adjacent line voltage 

is similar to the waveform of the proposed design. Figure 5.9(a) identifies this period . 

. A'. The effect of the mounting holes manifest themselves in the dc output voltage and 

power. The five-phase system still delivers a lower peak-to-peak shaft torque ripple 
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compared to the three-phase system, Section 5.3.1. The effect of the holes in the three­

phase system is the same in all phases such that the three-phase system still generates 

balanced line voltages as shown in figure 5.9(b). Hence, the mounting holes ha e a 

minimal effect on the three-phase generator. 
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Figure 5.9. FEA results for (a) five-phase non-adjacent line voltages and their inverse 

and (b) three-phase line voltages and their inverse, for the practical design 

showing the line voltage envelope. 'A' identifies the period over which the 

practical design and proposed design are similar. 

5.4.1 Generator shaft torque, power and phase current 

The five- and three-phase FEA simulation results for the practical machine (with 

mounting holes) is shown in Figures 5.10 to 5.12 for the generator side. Figure 5.10 

shows the generator shaft torque for the five-phase system. The figure focuses on the 

period 'A' between 108° and 180°. From the figure the generator has a peak-to-peak 

torque ripple in this period equal to 0.9Nm and it is approximately 19% of the average 

value. This value increases to 34% if one complete cycle is analysed. It is observed 

from the figure that the fundamental frequency of the shaft torque is two times the 

generator output frequency (46. 7Hz) but has a significant component at ten times the 

generator frequency. The torque component observed at ten times the frequency is 

predicted from the simulation results in Chapter 4 and with FEA simulation on the 

proposed design (Section 5.2). 
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Figure 5.10. Five-phase generator shaft torque of practical design using FEA showing 

the period' A' between 1080 and 1800 (72°). 

Figure 5.11 shows the three-phase generator shaft torque for one complete electrical 

period. The peak-to-peak ripple (l.7Nm) is 37% of the average value (4.6Nm). The 

mounting holes have the effect of increasing the torque ripple in the three-phase system 

by around 4% compared to the proposed design. 
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Figure 5.11. Three-phase generator shaft torque of the practical design using FEA 
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Figure 5.12 shows the generator shaft power for the five-phase system. If the complete 

electrical period is taken the peak-to-peak ripple (238W) is approximately 34% of the 

average value (689W). During period A, the peak-to-peak ripple (l40W) is 

approximately 20% of the average value and this agrees with the simulation of the 

proposed design. 
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Figure 5.12. Five-phase generator shaft power of the practical design using FEA, 

showing the period' A' between 108° and 180° (72°). 

Figure 5.13 shows the three-phase generator shaft power over one period. The peak-to­

peak ripple is approximately 38% of the average value (684W). It is clear from figures 

5.12 and 5.13 that the five-phase system still generate a lower peak-to-peak ripple in the 

shaft power (238W) compared to the three-phase system (424W). This reduction in 

shaft power ripple occurs even though the mounting holes have a significant impact on 

the back emf waveform of the five-phase generator. 
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Figure 5.13. Three-phase generator shaft power of the practical design using FEA, 

showing the period 'A' between 1080 and 1800 (72~. 
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Each phase current in the five-phase generator has a different nns value. This difference 

is as high as 6% and is primarily due to the distortion in the phase back emf caused by 

the presence of the mounting holes in the stator. 

5.4.2 De output voltage and power 

Figures 5.14 and 5.15 show the dc output voltage and power respectively for the five­

and three-phase systems. From figure 5.14(a) the dc output voltage of the five-phase 

system has a peak-to-peak ripple of 4.7V which is approximately 6 % of the average 

value (73V). The three-phase system has a lower peak-to-peak ripple (3%). However, 

focussing on period A, the peak-to-peak ripple for the five-phase systems is as predicted 

by simulation. 
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Figure 5.14. Dc output voltage of the practical design using FEA (a) five-phase and (b) 

three-phase. 

Figure 5.15 shows the output power for both the five- and three-phase systems. The 

five-phase system has an average value of618W and peak-to-peak ripple of 12% of the 

average value. This ripple is twice the ripple in the three-phase system as observed from 

the figure. 
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Figure 5.15. Dc output power of the practical design using FEA (a) five-phase and (b) 

three-phase. 
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Table 5.2 summarises the FEA results of the two systems for the practical design. It is 

clear from the table that the five-phase system has better performance compared to the 

three-phase system in terms of generator shaft torque ripple, but the three-phase has 

better performance in terms of ripple in the output dc voltage and po\\·er. This primarily 

due to the effect of the mounting holes in the stator. By focussing on a limited period 

'A' of the output and input waveforms, where the effect of the mounting holes are not 

significant, it has been shown that the practical design produces output and input 

waveforms that correlate well with simulation of the proposed design. Therefore. 

focussing on the this period of operation provides a mechanism of validating the design 

and the performance improvement by the 5-phase design compared to the 3-phase 

design. 

Table 5.2. The FEA simulation results for the three-and five-phase systems for the 

practical design. 

Three-phase Five-phase Five-phase for 

period 'A' (72°) 

Peak-peak Peak-peak Peak-peak 
Ac side Average Average 

ripple 
Average 

ripple ripple 

Shaft torque (Nm) 4.6 38% 4.7 34% -+.7 200/0 

Shaft Power (W) 684 38% 686 340/0 688 200/0 

Dc side 

Dc voltage (V) 73 3% 73 6% 74 30/0 

Dc power (W) 617 60/0 618 12% 605 60/0 

5.5 Performance analysis using experimental tests 

The two stators designed in Chapter 4 were fabricated (one stator for the five-phase 

generator and one stator for the three-phase generator). Both stators include the 

mounting holes. The 4 pole rotor described in section 4.3 is common to both generators. 

A test rig was designed and constructed to assess the performance of the fi H?- and three­

phase permanent magnet generators operated with a diode rectifier. The results are used 

to compare the performance of the 3- and 5-phase system. 
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5.5.1 Test rig layout 

The general layout of the test rig is shown in figure 5.16. The rig comprises a 

1. Variable dc power supply. 

2. Permanent magnet dc motor. 

3. Permanent magnet generator. 

4. Diode bridge rectifier. 

5. Dc link capacitor. 

6. Resistive load bank. 

The variable dc power supply is used here in a current controlled mode and supplies the 

permanent magnet dc motor. The permanent magnet dc motor is used to driye the 

permanent magnet generator and is rated at 5Nm at 39A and 1400rpm at 36V. 

Appendix C provides the specification of the motor. 

The diode bridge rectifier is designed to work with both five- and three-phase 

permanent magnet generators at full load. The diode used in this experiment is a 30A 

200V (30CTH02). The output from the rectifier supplies a resistive load bank and the 

Dc link capacitor. The dc link capacitor is 470/lF for the five-phase system and 2200~lF 

for the three-phase system which give the same output dc voltage ripple for both the 

five- and three-phase system at rated load, Section 7.4. 
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Figure 5.16. The general arrangement of the test rig showing the permanent magnet 

generator under test, the prime mover and diode rectifier. 

5.5.2 Assessment of generator iron loss and friction and windage loss 

The iron, and friction and windage loss primarily depends on the shaft speed [5.1]-[5.4]. 

The generator iron and friction and windage loss is calculated using standard loss 

separation tests where generator is driven by the prime mover. Figure 5.17 shows the 

variation of the losses with generator shaft speed. 
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Figure 5.17. Showing prototype generator's iron and mechanical losses \'s. speed. 

As the generator is designed to work at a rated speed of 1400rpm the iron and 

mechanical losses total 32W. The losses for both 3- and 5-phase generators are the same 

as they share the same rotor and the same stator lamination geometry. 

5.5.3 Generator parameters 

The generator parameters (phase resistance, phase self- and mutual-inductance) are 

measured using an RCL meter (FLUKE PM6306). Tables 5.3 and 5.4 compare the 

measured values with the design values for the five-phase and three-phase generators 

respectively. Section 4.7 details the derivation of the design values. The results confirm 

the value of the two mutual inductances of the five-phase generator; the adjacent mutual 

inductance, M], has a value approximately equal to 115 of the self inductance and the 

non-adjacent mutual inductance, M2, has a value approximately equal to 3/5 of the self 

inductance. This agrees with the theoretical values. It is also shows the mutual 

inductance in the three-phase generator is 113 of the self inductance. 

Table 5.3. Five-phase generator parameters 

Parameter Practical Analytical 

Phase resistance, R 0.650 0.60 

Phase inductance, L 1.3mH I 1.2mH I 

Adjacent mutual inductance, M] 0.24mH 0.2mH 
-

Non-adjacent mutual inductance, M2 0.62mH 0.6mH I 

-
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Table 5.4. Three-phase generators parameters 

Parameter Practical Analytical I 
Phase resistance, R 0.540 0.430 

Phase inductance, L 1.1mH 1.3mH 

Mutual inductance, M 0.36mH 0.43mH 

5.5.4 Back EMF waveforms 

The back EMF of the generator phases on no load, at rated speed (1400rpm), were 

measured. The generator is rotated using the PM dc motor. Figures 5.18 and 5.19 show 

the five-phase and three-phase back EMFs respectively. These figures show the 

distortion of the back EMF waveforms due to the presence of the mounting holes in the 

stator. Phase-e and c in the five-phase generator are particularly affected and have a 

higher peak value with a less pronounced flat top. The amplitude of phase back EMF is 

48V in five-phase generator and 53V in three-phase generator which are similar to the 

design values in section 4.6. 
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Figure 5.18. Measured pha e back EMFs of the five-phase generator. 
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Figure 5.19 Measured phase back EMFs of the three-phase generator. 

The measured phase back EMF is compared with PEA results. Figure 5.20 shows 

phase-a back EMF of the five-phase generator. Figure 5.21 shows the equivalent for the 

three-phase generator. It is clear from the figures that the measured results confirm the 

FEA results in section 4.11. 

60 

~ 30 Practical 

.... 
~ 
..><: 0 <.) 
«I 

12- 144 .0 
d) 

~ 
..c:: 

-30 0.. -------- _.---

-60 

Rotor angle (Electrical degrees) 

Figure 5.20. Phase-a back EMF of five-phase generator showing the measured and FEA 

results. 
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Figure 5.21. Phase-a back EMF of three-phase generator showing the measured and 

FEA results. 

5.6 Experimental Results 

The generator is connected to a diode bridge rectifier with a resistive load and dc link 

capacitor. The generator speed is set at 1400rpm with a resistive load of Ion. The dc 

link capacitor for the five-phase system is 470j..lF and for the three-phase system 

2200J-lF. 

5.6.1 Generator shaft torque, power and phase current 

The generator shaft torque and power are estimated from the phase currents and the 

phase back EMF. The estimated generator shaft torque is shown in Figure 5.22 for the 

five- and three-phase systems. The average values of the shaft torque for both systems 

to deliver rated load are slightly higher than predicted by FEA. This is due to the iron 

loss and mechanical loss which are not modelled by the FEA. From figure 5.22(a) the 

five-phase generator has a peak-to-peak ripple of 1.8Nm which is 36% of the average of 

4.9Nm. By selecting the period between 108° and 180°, the torque ripple is reduced to 

0.9Nm (18%) as predicted by FEA for the proposed design. In terms of the performance 

discussion it is fair to discuss the performance during this period as being indicative of 

the proposed design. The three-phase generator has an average torque value of 4.9Nm 

with a peak-to-peak ripple of 1.5Nm (31 %). Because the distortion in the three-phase 

back emf is the same in all phases and the line to line voltage is not distorted 

significantly, unlike the five-phase generator, the calculation for the three-phase system 

is performed over one complete electrical period. 
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Figure 5.22. Estimated shaft torque from the practical test for the (a) the five-phase 

generator showing the period A where the non-adjacent line voltage is not 

distorted (72°), and (b) the three-phase generator. 

Figure 5.23 shows phase-a and -b currents in the five- and three-phase systems. The 

commutation angle in the five-phase system is equal to 21 ° (electrical) and for the three­

phase is 22° (electrical) which are slightly different from the simulation. 
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Figure 5.23. Measured phase-a and -b currents in the generator for the (a) five-phase 

system, and (b) the three-phase system. 

Figure 5.24 shows the diode current for the five- and three-phase rectifiers. It is clear 

from the figure that the diode conducts for a shorter time in the five-phase system 

compared to the three-phase system. The rms current in the diode is 1.5A in the five­

phase system and 2.9A in the three-phase system. These correlate \i ith the FEA results 

reported in Section 5.3. 
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Figure 5.24. Measured rectifier diode current for (a) the five-phase system and (b) the 

three-phase system. 

5.6.2 Output de voltage and power 

Figures 5.25 and 5.26 show the output dc voltage and load power for the five- and three­

phase systems respectively. It is clear from the figures that the peak-to-peak ripple in 

the five-phase system is greater than the three-phase system, and different from that 

predicted by simulation in chapter 3 and FEA in section 5.3. This is due to the distortion 

in the phase back emf due to the presence of the mounting holes in the stator. For a fair 

comparison between the two systems period A in figure 5.25(a) and 5.26(a) for the fivc­

phase system is taken as an indicative period of the performance of the proposed design. 

The five-phase system has peak-to-peak voltage ripple of 1 V and an output power ripple 

of 17W during period A. These are less than the three-phase system ripple shown in 

figure 5.25(b) and 5.26(b) which are 2V and 36W respectively. 
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Figure 5.25. Output dc voltage from the practical test for (a) the five-phase system, 

showing the period 'A' where the non-adjacent line voltage is not distorted 

and (b) the three-phase system. 
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Figure 5.26. Output dc power from the practical test for (a) the five-phase system. 

showing the period A where the non-adjacent line voltage is not distorted 

and (b) the three-phase system. 

The results are summarised in Table 5.5. It is clear from the results that the five-phase 

system has better performance than the three-phase system in the period where the non­

adjacent line voltages are not distorted by the mounting holes. 

Table 5.5 The experimental results for the five-and three-phase systems 

Three-phase Five-phase for one Five- phase for 

completed period period . A' (720
) 

Peak-peak Peak-peak Peak-peak 
Ac side Average Average 

ripple 
Average 

ripple ripple 

Shaft torque (Nm) 4.9 31% 4.88 36% 4.7 18% 

Shaft Power (W) 719 31% 716 36% 692 18% 

Diode current (Arms) 4.8 3.3 3.3 

Dc side 

Dc voltage (V) 73 3% 73 6.5% 72 1.40/0 

Dc power (w) 606 6% 607 13% 595 2.90/0 
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5.7 Summary 

In this chapter, the perfonnance of a five-phase and three-phase pennanent magnet 

generator connected to diode bridge rectifier is evaluated using FEA and practical tests. 

Two designs are modelled using FEA to evaluate perfonnance of the proposed design, 

(without mounting holes in the stator) and the practical design (with mounting holes). 

The FEA results for the proposed design show that the five-phase system has lower 

peak-to-peak shaft torque ripple, O.7Nm, compared to the three-phase system, 1.6Nm. 

The output voltage and load power peak-to-peak ripple in the three-phase system is 16°0 

higher than the five-phase system for the chosen values of the dc link capacitor. For the 

same capacitance the five-phase system can use less magnetic material and generate the 

same dc output peak-to-peak ripple compared to the three-phase system. Alternati\'ely. 

with the same volume of magnetic material, less capacitance is required in the five­

phase system to generate the same output voltage ripple as the three-phase system. 

An experimental test rig is described and tests on the five- and three-phase systems at 

rated load are reported. A comparison between the five- and three-phase system is 

provided. Due to the distorted phase back EMF in the five-phase system, the 

comparison of the practical design do not compare well with the FEA or simulation 

results. Hence comparison is made over a restricted period of the electrical cycle where 

the non-adjacent line voltages are not significantly affected in the five-phase system. 

The diode nns current in the five-phase system is a factor of 0.55 of the three-phase 

system and the total diode losses are lower in the five-phase rectifier. Therefore, the 

five-phase system requires diodes with lower current ratings compared to the three­

phase system. It is also shown that the five-phase system can use a lower value of 

capacitance for the same output voltage ripple. In this case 470JlF compared to 2200JlF 

for the three-phase system. The perfonnance and specification of the capacitor in both 

systems are discussed further in Chapter 7. 
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In general, if the practical machine was fabricated without the mounting holes the fiye­

phase system would have better performance in term of shaft torque ripple compared to 

the three-phase system for the same output dc voltage and power. 
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Chapter 6 

Performance of a five-phase PM generator with diode bridge rectifier 

under open-circuit phase failures 

6.1 Introduction 

In this chapter, the performance of a five-phase permanent magnet generator connected 

to a diode bridge rectifier under open-circuit failure conditions is assessed through 

simulation and experiment. The performance of the five-phase system is compared with 

that of a three-phase system under open-circuit failure. 

Three possible open-circuit phase failure modes in the five-phase machine are 

considered [6.1 ]-[6.2] 

1. one open-circuit failure, 

2. two adjacent phases failing open circuit (for example, A and B). and 

3. two non-adjacent phases failing open circuit (for example, A and C). 

For the three-phase machine one single phase open-circuit failure mode is assessed. 

In this chapter, the estimated permanent magnet generator torque and power are 

presented for each of these failure modes. Also the impact of these failure modes on 

rectifier output dc voltage and power are discussed. In section 6.2, simulation results are 

used to examine the performance of the five- and three-phase generator systems under 

the open-circuit failures described above. To verify the simulation and demonstrate 

practical applicability, experiments are performed and the results presented in 

section 6.3 

6.2 Simulation of permanent magnet generators with open-circuit phase failures 

In the five-phase system two cases of open-circuit failure considered; a single-phase 

open-circuit and two phases open-circuit. The two phase open-circuit mode can occur in 

two ways; two adjacent and two non-adjacent open-circuit phase failures. The adjacent 

and non-adjacent failure modes have a radically different impact on the resultant 
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performance of the generator. The simulation assumes a sine wave back emf and the 

generator parameters from Tables 5.3 and 5.4. 

6.2.1 Single open-circuit phase failure 

Figure 6.1 shows a five-phase permanent magnet generator connected to a diode bridge 

rectifier with phase-a open-circuit. The permanent magnet generator is still able to 

deliver power to the load through the remaining four phases. 
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Figure 6.1. Five-phase permanent magnet generator feeding a diode bridge rectifier with 

single open-circuit phase failure. Phase-a is open-circuit. 

Similar to when all phases in the five-phase generator are functioning correctly~ under a 

single open-circuit failure, non-adjacent line voltages provide load power through their 

associate diodes. Figure 6.2 shows the resultant non-adjacent line voltages when 

phase-a is open-circuit. This figure clearly shows the periods where phase-a and its 

related non-adjacent line voltages, are absent. Effectively 4 out of 10 line voltages arc 

no longer generated. This leaves 6 line voltages- still twice as may as three-phase case 

under normal conditions. The line voltages Eec and Ece now have to conduct until they 

fall to 420/0 of the peak line voltage, (neglecting phase inductance and resistance and an 

assumption of no dc link capacitor). The diode rectifier output yo!tage decreases to a 

minimum of 0.42 T'Lo In a practical system, the dc link capacitor and phase inductance 
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will impact on output voltage and the resultant output voltage may be more than 0.42V
L

. 

However, in both ideal and practical cases, the output ripple voltage is expected to be 

higher and the average output voltage reduced compared with all 5 phases functioning 

correctly. 
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Figure 6.2. Five-phase non-adjacent line voltage for one cycle, with phase-a open­

circuit 

Figure 6.3 shows the back emf phase voltages when phase-a is open-circuit and 

identifiers the approximate conduction periods of each phase. From figure 6.3 non­

adjacent phases -c and -d conduct for periods of 72° (electrical). The adjacent phases, to 

the open-circuit phase, phase-e and phase-b, conduct for periods of 1 08° (electrical). 

Therefore, the rms phase current is expected to be higher in the adjacent phases (e and 

b) compared to non-adjacent phases (c and d), and potentially, higher compared to the 

normal condition (under the same load conditions). The increase in rms current of 

phase-e and -b leads to an increase in the copper loss in phase-e and -b. Likewise the 

decrease in rms current in phase-c and -d leads to a decrease in copper loss. The 

insulation temperature of phase-e and -b will increase if the phase current is higher than 

rated current and potentially will exceed maximum rating. In the practical ystem, the 

resultant value of the rms phase current depends on permanent magnet generator 

parameters and dc link capacitor and load. The dc link capacitor ha a ignificant effect 

on the nns phase currents. The phase current conduction periods are altered when a dc 

link capacitor is included. For example, in Figure 6.2, the capacitor will not be charged 



from the peak of Eec at 36° until close to peak of Ebd at 144°. That is a 1080 period 

during which no phase will conduct and charge the dc link capacitor. Under such 

circumstances, the rms phase current of phase-b and -d will be significantly higher as all 

the energy supplied to the load during this 108° period is replenished by phases band d 

resulting in high crest factor phase current. 

108 180 216 252 288 324 360 

Rotor angle (Electrical degrees) 

Figure 6.3. Five-phase back emf phase voltages for one cycle, when phase-a 

disconnected, showing the period where the phase currents conduct under 

ideal conditions with R, L,M and de link capacitor neglected. 

In the three-phase system, with one phase open-circuit failure the system effectin:ly 

functions as a single-phase full-bridge rectifier. The remaining two phase currents have 

the same rms value. 

In this section, the generator parameters used in chapter 3 to simulate the five-phase and 

three-phase systems are used to simulate the generator torque and power. rectifier 

output dc voltage, and output power with one open-circuit phase failure. The results are 

used to compare between the two systems in order to evaluate advantages and 

disadvantages of five- and three-phase systems. The generator speed is kept constant, at 

1400rpm, as the system is assumed to be driven by a wind turbine's blade system, 

where the mechanical and aerodynamic time constant are such that for the initial period 

of the fault the rotor speed can be assumed constant. The results are categorised into: 

generator torque and shaft power, rectifier de output voltage and power, and rms phase 

current. 
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i- Generator shaft torque and power 

Figure 6.4 shows the generator torque with phase-a disconnected. The peak-to-peak 

ripple (S.5Nm) is approximately two times the average torque value (4.2SNm). The 

average torque is decreased by 9.9% compared to the normal condition. It is observed 

from the figure that the generator torque reaches a null for a short time, in this case less 

than 2° (electrical). The fundamental frequency of the shaft torque is 93.3Hz. The torque 

ripple will generate vibration and noise. The simulation results of the three-phase 

generator torque when phase-a is open-circuit are shown in figure 6.5. The peak-to-peak 

ripple (9.5Nm) is approximately 2.9 times the average torque value (3.28Nm). The 

average torque is decreased by 18.6% from the normal condition. The figure shows that 

the generator torque has a null period that is 72° (electrical). 
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Figure 6.4. Five-phase PM generator shaft torque with phase-a open-circuit. 
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Figure 6.5. Three-phase PM generator shaft torque with phase-a open-circuit showing 

the 72° period where the torque equals zero. 
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From Figures 6.4 and 6.5, the torque ripple of the five-phase machine is lower in 

magnitude than that of the three-phase machine, and the average torque of the five­

phase machine is 23% higher than the three-phase machine. The vibration and the noise 

from the three-phase generator would be expected to be higher than the five-phase 

generator as the result of the higher magnitude fundamental torque ripple component. 

Figure 6.6 shows the generator power for the five- and three-phase case when phase-a is 

open-circuit. The five-phase system has an average value approximately 10.5% higher 

than the three-phase system. The power in the five-phase generator decreases by 8.9% 

and in the three-phase generator decreases by 18.2% from the normal condition. It can 

be seen that five-phase system captures more power from the prime-mover than the 

three-phase system. This is an advantage of the five-phase system over the three-phase 

system under single open-circuit failure conditions. 
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Figure 6.6. Generator shaft power with phase-a open-circuit for (a) the five-phase 

generator, and (b) the three-phase generator at 1400rpm 

ii- Dc output voltage and power 

Figure 6.7 demonstrates the impact that an open-circuit failure has on the output voltage 

of the diode rectifier for the five- and three-phase systems. The output voltage from the 

rectifier that is feed from the five-phase generator has an average de output voltage that 

is 10% higher than the three-phase system. The influence of the phase-a failure in the 

five-phase system is clearly shown during the period between 54°and 144° in figure 6.7. 
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The dc voltage decreases to 53V which is 0.6 of the peak dc voltage. In the three-phase 

system, as a higher dc link capacitor has been chosen (such that the ripple under normal 

conditions is the same for the three- and five-phase cases) the peak-to-peak ripple is less 

(l5.8V compared to 35V). 
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Figure 6.7. Five- and three-phase system output dc voltage with phase-a open-circuit. 

The dc link capacitor is 470 f.1F for the five-phase system and 2200 f.1F for 

the three-phase system. 

Figure 6.8 shows the load power for the five- and three-phase system with phase-a 

open-circuit. The average load power in the five-phase system is factor of 1.2 higher 

than the three-phase system. From these figures the peak-to-peak ripple in the five­

phase system is a factor of 2 higher than the three-phase system. 
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Figure 6.8 Five- and three-phase system load power with phase-a open-circuit. The de 

link capacitor is 470 ~F for the five-phase system and 2200 ~F for the three­

phase system. 

Table 6.1 summarises the results of the two systems when phase-a is open-circuit. It is 

clear from the table that the five-phase system has improved performance compared to 

the three-phase system with a single open-circuit failure. The table shows that the total 

losses in the three-phase system are a factor of 1.2 greater than the five-phase system. 

The five-phase system efficiency is lowered by approximately 3.3% compared to the 

normal condition but is higher than the three-phase system. In this simulation, as the de 

capacitor in the three-phase system is a factor of 4.7 greater than the five-phase system, 

the output dc voltage and power ripple in the three-phase case is lower than the five­

phase case. The maximum Dc voltage is 88V in the five-phase system and 75V in the 

three-phase system. The key outcome is that the five-phase system can deliver 538W 

whilst the three-phase system can only provide 452W. 
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Table 6.1. The simulation results for the three- and five-phase systems under one open­

circuit failure 

Three-phase Fiye-phase 

Ac side 
Peak-peak Peak-peak 

average Average 
ripple ripple 

Shaft torque (Nm) 3.28 198% 4.28 179% 

Shaft Power (W) 561 1980/0 627 1790/0 

Dc side Average Average 

Dc voltage (V) 67 23.6% 72.5 48% 

Dc power (w) 452 46.6% 538 89.20/0 

Losses 

Totallosses(w) 108 89 

Efficiency 80.70/0 85.80/0 

iii- Generator rms phase current 

The rms phase currents in the five-phase generator are increased in the adjacent phases 

and decreased in non-adjacent phases. In the three-phase system phase-b and -c rms 

currents are increased from the normal condition. Figure 6.9 shows the phase currents 

for the five- and three-phase system. The figure shows the difference in the phase 

currents in the five-phase system. Table 6.2 shows the percentage increase and decrease 

of the rms phase currents for both systems relative to the normal condition. The values 

in the five-phase case are not the same in all phases due to the effects of phase 

inductance and the dc link capacitor. The total generator copper losses with a single 

open-circuit phase for the five-phase generator (78.8W) is higher than the loss under 

normal conditions (65.8W) and in the three-phase generator the copper losses (l02W) 

significantly higher than the copper losses in normal condition (68.5W). This leads to 

increased heat generation in both cases with a greater change in the three-phase 

generator. In the five-phase system phase-a and -e have a peak \'alue of phase current of 

7 A and phase-b and -d have the same peak value of 14.1 A \vhich is less than the peak 

value in the three-phase system (18.4A). 
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Figure 6.9. Phase currents for the (a) five- and (b) three-phase generators with phase-a 

open-circuit. 

Table 6.2. Percentage change in rms phase current values relative to the normal 

condition, and peak phase current, in the five- and three-phase s stems with 

phase-a open-circuit. 

Three-phase Five-phase 

Percentage Peak value (A) Percentage Peak value (A) 

change in rms change in rms 

Phase-b 55% 18.4 62% 14.1 

Phase-c 55% 18.4 -28.5% 7 

Phase-d 45% 14.1 

Phase-e -7.5% 7 

6.2.2 Adjacent open-circuit phase failures 

In this case, phase-a and -b are open-circuit in the five-phase system' this is an adjacent 

phase open-circuit failure. The system continues to deliver power to the load, but \\ ith 

higher shaft torque ripple and output voltage ripple. 

i- Generator shaft torque and pO'wer 

The generator shaft torque depend on pha e current . In thi ca e nl} pha c -c, -d and 

-e conduct. Figure 6.10 how the imulated g nerator haft torque during one electri al 
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cycle. The torque drops to zero for approximately 70° (electrical). This null period is 

where under normal conditions, phases-a and -b would be conducting. The peak -to-peak 

ripple is 9.2 Nm with an average value of 3.4Nm. The generator vibration will be higher 

than that when only phase-a open-circuit due to a higher fundamental torque ripple 

component. 

10.------:------~----~----~~----~ 

! 
Q) 7.5 

8-.s 
5 

... .s 
~ 2.5 

~ 

, , 
- --t- - -- ------ -- - - - ~ --- --- ----

, , 
, , , , 

---------------: ---------------r---- ----------f-------

, , , , , , , , , , , , 

o 72 144 216 288 
Rotor angle (Electrical degrees) 

360 

Figure 6.10. Generator shaft torque for the five-phase system with phase-a and-b open­

circuit. 

Figure 6.11 shows the generator shaft power. The power has average value which is 

73% of the average power developed by the system under normal operation conditions, 

and 80% of the average power developed with one open-circuit failure. Further it is seen 

that the peak-to-peak power ripple is increased by approximately 7% compared to the 

single phase failure. 
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Figure 6.11. Generator shaft power for the five-phase system with phase-a and-b open­

circuit. 
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ii- Dc output voltage and load power 

The average values of dc output voltage and load power are calculated over one 

complete electrical period. Figures 6.12 and 6.13 show the output dc voltage and load 

power respectively when phase-a and -b are open-circuit. The average dc voltage and 

load power are reduced from normal conditions by 21.6% and 22.4% respectively and 

the voltage (hence power) ripple is significantly higher. 
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Figure 6.12. Load voltage from five-phase system with phase-a and-b open-circuit. The 

dc link capacitor is 470 JlF. 
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Figure 6.13. Load power from five-phase system with phase-a and-b open-circuit. The 

dc link capacitor is 470 JlF. 

Table 6.3 summarises the simulation results for the adjacent phase open-circuit failure 

condition. The peak-to-peak ripple is calculated with respect to the average value. The 

tota1losses are calculated by subtracting the output dc power from the generator power. 

With an adjacent phase failure the system efficiency is reduced by approximately 7.4% 

from the normal condition. This efficiency reduction is due to the increase of stator 

copper losses caused by the increased rms phase current in the three operational phases. 
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Table 6.3. Simulation results for the five-phase system with adjacent open-circuit phase 

failures 

Ac side Average Peak-peak 

ripple 

Shaft torque (Nm) 3.4 193% 

Shaft Power (W) 500 193% 

Dc side Average 

Dc voltage (V) 61.3 85% 

Dc power (W) 410 144% 

Losses 

Totallosses(W) 89.7 

Efficiency 82.1% 

iii- Generator rms phase current 

The rms phase currents in the five-phase generator are increased in phase-c and -e and 

decreased in phase-d as shown in figure 6.14. This is different from the ideal case due to 

the presence of the dc link capacitor and generator parameters. Table 6.4 shows the 

percentage change in the rms phase currents for the five-phase system relative to the 

normal conditions. The increase of the currents in some phases leads to increase the 

temperature in these phases. Imbalance in the phase current value increases the 

vibration at the generator shaft. Table 6.4 also details the peak value of phase current. 
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Figure 6.14. Phase currents for the five-phase system with pha e-a and -b open-circuit. 
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Table 6.4. The percentage change in nTIS phase currents relative to the normal condition. 

and peak phase current, in the five- phase system when phase-a and -b are 

open-circuit. 

Percentage change Peak value (A) 

In rrns 

Phase-c 80% 15 

Phase-d -58% 15 

Phase-e 68% 5.4 

6.2.3 Non-adjacent open-circuit phase failures 

In the case of a pair of non-adjacent phase failures, for example phase-a and phase-c, 

there are two phase current that conduct for 108° electrical degrees and the other 

conducts for 144°, as shown in figure 6.15 for the case with no dc link capacitor. The 

generator delivers power to the load through the remaining 6 conduction periods. The 

simulation uses the same data in section 6.2. 
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Figure 6.15. Five-phase back emf phase voltage for one cycle when phase-a and-b 

disconnected, showing the period where the phase currents conduct. 

i- Generator shaft torque and power 

Figures 6.16 and 6.17 show the simulation results of the generator haft torque and 

power respectively. From figure 6.18, the torque falls to zero for t\\0 period in one 
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electrical cycle. Each of these periods lasts for 180 (electrical). The total period of zero 

torque production is 36
0 

compared to 1440 for adjacent phase failures. The average 

torque output is 3.9Nm with a peak-to-peak ripple of9.2Nm. This represents 0.83 of the 

average torque value under normal conditions. 
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Figure 6.16. Five-phase system generator shaft power for non-adjacent open-circuit 

phase failures. 
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Figure 6.17. Five-phase system generator shaft power for non-adjacent open-circuit 

phase failures. 

ii- Dc output voltage and power 

Figures 6.18 and 6.19 present the rectifier output dc voltage and load power respectively 

when phase-a and -b are open-circuit. The average dc output voltage is 66.9V and 

resultant load power 475W. This is 1.1 of the voltage with adjacent phase failure, and 

1.16 of the average power. It is clear that a non-adjacent phase failures captures and 

delivers more power compared to adjacent phase failures. 
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Figure 6.18. Output de voltage of the five-phase system with non-adjacent open-circuit 

phase failures. The de link capacitor is 470 J.lF. 

1000 ,..---------------~ 

, , 
- - -,.. --- -- - - - - - - - - - - - - - - - r- - - - - - - - - - - - --, , 

o +----~r_---_r------._---------------~ 
o 72 144 216 288 360 

Rotor angle (Electrical degrees) 

Figure 6.19. Output de power of the five-phase system with non-adjacent open-circuit 

phase failures. The de link capacitor is 470 J.lF. 

Table 6.5 summarises the simulation results with a non-adjacent open-circuit failure. In 

the case of a non-adjacent failure the efficiency is increased by approximately 2% 

compared to the adjacent phase failure. The non-adjacent phase failure is a less extreme 

operating condition compared to the adjacent phase failure mode. 
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Table 6.5. Simulation results for the five-phase system with a pair of non-adjacent open­

circuit phase failures 

Ac side Average 
Peak-peak 

ripple 

Shaft torque (Nm) 3.9 192% 

Shaft Power (W) 566 192% 

Dc side Average 
i 

Dc voltage (V) 66.9 680/0 

Dc power (W) 475 1190/0 

Losses 

Totallosses(W) 91.6 

Efficiency 83.8% 

iii- Generator rms phase current 

The rms phase currents in the five-phase generator are increased in phase-b and -d and 

decreased in phase-e as shown in figure 6.20. Table 6.6 shows the percentage change in 

the rms phase currents for the five-phase system relative to the normal rms current. The 

rms current in phase-b and -d are not equal due to the presence of the dc capacitor in the 

rectifier circuit. The dc link capacitor alters the conduction period of the rectifier circuit. 

The total generator copper loss is a factor of 1.2 of the rated copper loss. The generator 

may sustain this mode of operation but there will be two phases operating at 

significantly higher temperature than under normal operating conditions. 
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Figure 6.20. Phase currents for the five-phase system with phase-a and -c open-circuit. 

Table 6.6. The percentage increase and decrease of rms phase current relati e to the 

normal condition in the five-phase system when phase-a and -c are open­

circuit. 

Percentage change Peak value (A) 

mrms 

Phase-b 78.8% 15.2 

Phase-d 69% 15.2 

Phase-e -45% 5.7 

It is observed from the simulation results that when a single phase open-circuit failure 

occurs, the five-phase system captures more power from the prime mover compared to 

the three-phase system, with lower peak-to-peak voltage ripple. Also the total copper 

loss is less in the five-phase generator compared to the three-phase generator de pite 

imbalance in the phase currents. When two adjacent phases are open-circuit in the fi e­

phase system the system still captures more power than the three-phase system \i\ ith a 

single phase open-circuit failure. The generator peak-to-peak torque ripple and output 

de voltage ripple are higher in the five-phase sy tern with single pha e open-circuit 

failure compared to the normal condition. The non-adjacent pha e failure mode re ult 

in a Ie s e. treme condition compared to an adjacent pha e failure in term of torque 

ripple and output de voltage and power ripple. In both ca th total copper 10 e ar 
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less than rated copper losses in the generator, though it is expected that sustained 

operation in these modes would result in higher insulation temperature in 1\\'0 of the 

three remaining phases. 

6.3 FEA simulation and experimental tests on the five- and three-phase systems 

under open-circuit phase failures 

FEA simulation is used in this section with the practical design with mounting holes. 

The generators designed in Chapter 4 and 5 are operated with one and two phase open­

circuit failures to evaluate and compare the performance of five- and three-phase P~1 

generators. The results from FEA are validated by comparing with the results from the 

experimental test. The speed is fixed at 1400rpm for all tests the dc link capacitor is 

470J..lF for the five-phase system and 2200J..lF for the three-phase system. 

The results differ from the simulations in section 6.2 due to back emf distortion. The 

distortion in the back emf is caused by back iron saturation due to the mounting holes in 

the stator lamination. The distorted back emf has a significant impact on the operation 

of both the three- and five-phase system. Nonetheless the practical results provide 

evidence of the advantages of the five-phase system compared to the three-phase system 

under open-circuit failure conditions. 

6.3.1 Single open-circuit phase failure 

This test is carried out for both the five- and three-phase systems. During the test phase­

a is open-circuit. The experimental generator torque and power and FEA results for the 

five-and three-phase systems are shown in figures 6.21 and 6.22 respectively. The 

experimental results are estimated using the phase currents and the phase back emf. 

There is a slight difference between the results from FEA and the results from 

experimental primarily due to the estimation process using the experimental test results. 
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Figure 6.21. Five-phase generator with phase-a open-circuit showing (a) estimated shaft 

torque, and (b) generator shaft power at 1400rpm. 
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Figure 6.22. Three-phase generator with phase-a open-circuit showing (a) estimated 

shaft torque, and (b) generator shaft power at 1400rpm. 

It can be seen from the estimated torque waveform that the five-phase system has a 

lower peak-to-peak torque ripple (8.2Nm) than the three-phase system, (lONm). The 

average torque is 4.5Nm for the five-phase system and 3.8Nm for the three-pha e 

system. The audible vibration noise from the three- phase system is significantly higher 

than five-phase system. 

150 



Figures 6.23 and 6.24 show the output de voltage and load power results from 

experimental test and FEA for the five-and three-phase systems respectivel . From 

these figures, it is clear that the average de voltage and load power values for the fi e­

phase system (68.4V, 540W) are higher than the three-phase system (60.5V, 429W). 

The figures show that the peak-to-peak ripple in the three-phase system is less than the 

five-phase system as predicted by simulation. This is a result of the de capacitor alue, 

which in the three-phase system is 2200l-lF and in the five-phase system 4701-lf. The 

figures show the correlation between the experimental results and FEA results. 
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Figure 6.23. (a) Measured de output voltage and (b) load power with phase-a open­

circuit in the five-phase system at 1400rpm. 
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The experimental results are summarised in Table 6.7. The efficiency of the fi\'e-phase 

system is 4.7% higher than the three-phase system. It is clear from the results that the 

five-phase system has better performance than the three-phase system under single 

phase open-circuit failure in terms of shaft torque ripple and power ripple (7° 0 less). 

Table 6.7 Experimental results for the three-and five-phase systems with a single open­

circuit phase failure. 

Three-phase Fi\'e-phase 

Generator side Average 
Peak-peak 

Average 
Peak-peak 

ripple ripple 

Shaft torque (Nm) 3.8 263% 4.5 1830/0 

Shaft Power (W) 550 263% 660 183% 

Load side Average Average 

Dc voltage (V) 60.5 24% 68.4 53.9% 

Dc power (w) 429 540/0 540 100% 

Losses 

Totallosses(w) 121 120 

Efficiency 78% 81.80/0 

The rms phase currents in the five-phase generator are shown in figure 6.25(a). The rms 

current is increased in phase-b and -d and decreased in phase-e and -c. The waveform of 

the rms currents in the three-phase generator is shown in figure 6.25(b) and has the 

same rms value (9.7 A). Table 6.8 shows the percentage change in the rms phase 

currents for the five- and three-phase generators relative to the normal rms current. 

Figure 6.25 waveforms agree with the simulation waveforms with only slight 

differences in the phase rms currents values in Table 6.8. 
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Figure 6.25. Phase currents for the (a) five- and (b) three-phase generators with phase-a 

open-circuit. 

Table 6.8. Percentage change in rms phase current values relative to the normal 

conditions in the five- and three-phase systems when phase-a is open­

circuit 

Three-phase Five-phase 

Percentage Peak value Percentage Peak value 

change (A) change (A) 

Phase-b 51% 17.4 64% 13.2 

Phase-c 51% 17.4 -16% 7.6 

Phase-d 29% 13 

Phase-e -1% 10.1 

6.3.2 Adjacent open-circuit phase failures 

This test is carried-out with phase-a and-b open-circuit in the five-phase system. The 

vibration and noise is higher than that from the single phase failure. Figure 6.26 shO\\is 

the generator estimated torque and power compared with FEA results when pha e-a 

and -b are open-circuit. Figure 6.26 clearly shows the period where the shaft torque and 

power fall to zero. The peak-to-peak ripple in figure 6.26(a). 7.9 m. generate noi e 

and vibration. 
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Figure 6.26. Five-phase (a) estimated shaft torque and (b) shaft power with phase-a and­

b open- circuit at 1400rpm. 

The output de voltage and load power are shown in figure 6.27. The FEA results show 

good agreement with the experimental results in term of average value and waveform 

shape. 
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Figure 6.27. Five-phase (a) measured de output voltage and (b) load power with phase-a 

and -b open-circuit at 1400rpm. 

Experimental results are summarised in Table 6.9. The results show that the total los e 

are less than when only one phase is open-circuit. Also the system efficienc decreases 

by approximately 4% compared to the single open-circuit failure mode which agree 

with the simulation results. 
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Table 6.9. The experimental results for the five-phase system with adjacent open-circuit 

phase failures 

Ac side Average 
Peak-peak 

ripple % 

Shaft torque (Nm) 3.2 246% 

Shaft Power (W) 475 246% 

Dc side Average 

Dc voltage (V) 55.4 88% 

Dc power (W) 373.3 164% 

Losses 

Total 10sses(W) 101.7 

Efficiency 78.6% 

The waveform of the phase current when phase-a and -b are open-circuit is shown in 

figure 6.28. Phase-c and -e rms current are increased compared to the normal condition 

and decreased in phase-d. Table 6.10 shows the percentage change in the rms phase 

currents for the five-phase system relative to the normal conditions. The total copper 

loss generated by the imbalanced phase currents is 77W which is 12% higher than the 

rated copper loss and leads to an increase in the machine temperature. The waveform 

agrees with the simulation results. 
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Table 6.10. The percentage increase and decrease of rms phase currents relative to the 

normal condition, and peak phase current, in the five-phase system when 

phase-a and -b are open-circuit 

Percentage change Peak value (A) 

Phase-c 73% 13 

Phase-e 67% 13 

Phase-d -60% 5.4 

6.3.3 Non-adjacent open-circuit phase failures 

Phase-a and -c are open-circuit in this experiment. During the test a higher peak-to-peak 

torque ripple occurs and the generator displays noticeably higher levels of vibration. 

There is more noise generated by the test rig. Figures 6.29 and 6.30 show the 

experimental and FEA results of the generator torque and power, and rectifier output de 

voltage and load power respectively. 
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Figure 6.29. Five-phase (a) estimated shaft torque and (b) shaft power with phase-a 

and -c open-circuit at 1400rpm. 

156 



85 

> 
';;' 70 
01) 

~ 
"0 
> 55 
'5 
Co 
'5 
o 40 
is 

25+----r---,----~--~--~ 

o 72 144 216 288 360 

Rotor angle (Electrical degrees) 

(a) 

920 

'""'740 
~ 
.... 
~560 
0 
Co 

B- 380 
:J 
0 

is 200 

20 
0 72 144 216 360 

Rotor angle (Electncal degrees) 

(b) 

Figure 6.30. Five-phase (a) measured de output voltage and (b) load power with phase-a 

and -c open-circuit at 1400rpm. 

Experimental results for the five-phase system with two non-adjacent open-circuit 

failures are summarised in Table 6.11. The results show that the resultant efficiency is 

higher than that when single phase open-circuit, which agrees with the simulation 

results. 

Table 6.11 The experimental results for the five-phase system with non-adjacent open­

circuit phase failures. 

Peak-peak 
Average 

ripple % Ac side 

Shaft torque (Nm) 4.1 238% 

Shaft Power (W) 595 238% 

Dc side Average 

Dc voltage (V) 62.1 83% 

Dc power (W) 470 154% 

Losses 

Totallosses(W) 125 

Efficiency 79% 
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Figure 6.31 shows the rms phase currents waveform in the five-phase generator \\hen 

phase-a and -c are open-circuit. The rms currents are increased in phase-b and -d and 

decreased in phase-e which agrees with the simulation results. The percentage change in 

the rms phase currents relative to the normal rms current is shown in Table 6.12. The 

total generator copper loss is a factor of l.3 of the rated copper loss. Phase-b and -d will 

operate at significantly higher temperatures than under normal conditions. 
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Figure 6.31. Phase currents for the five-phase system with phase-a and -b open-circuit. 

Table 6.12. The percentage increase and decrease of rms phase currents relative to the 

normal condition in the five-phase system when phase-a and-c are open-

circuit. 

Percentage change Peak value (A) 

Phase-b 91% 8.6 14.4 

Phase-d 62% 7.3 14.4 

Phase-e -18% 3.7 9.4 

Table 6.13 illustrates the comparison ben een the five- and three-pha e ystem under 

normal failure condition. 
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Table 6.13. Comparison between experimental results for the five- and three-phase system under normal and failure conditions. 
-.'--

Three-phase system Five-phase system 

Normal Single-phase Normal Single-phase Adjacent phase Non-adjacent 

condition failure condition failure failures phase failures 

peak- peak- peak- peak- peak- peak-

Ac side Average peak Average peak Average peak Average peak Average peak Average peak 

ripple ripple ripple ripple ripple ripple 

Shaft torque 4.9 31% 3.8 263% 4.7 18% 4.5 183% 3.2 246% 
(Nm) 

4.1 238% 

Shaft Power (W) 719 31% 550 263% 692 18% 660 183% 475 246% 595 238% 

Dc side Average Average Average Average Average Average 

73 3% 60.5 24% 72 1.4% 68.4 53.9% 55.4 88% 62.1 83% Dc voltage (V) 

Dc power(w) 606 6% 429 54% 595 2.9% 540 100% 373.3 164% 470 154% 

Losses 

113 121 
97 

120 101.7 125 
Totallosses(w) 

Efficiency 84% 78% 86% 81.8% 78.6% 790" 
- -

~ 'rt:-,-';r-<~,~' 

0\ 
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6.4 Summary 

In this chapter, the operation of the five-phase and three-phase permanent magnet 

generator feeding a diode bridge rectifier under single open-circuit phase failures is 

assessed and discussed. Also the operation of five-phase system \\ ith adjacent and non­

adjacent open-circuit phase failures is presented. 

With a single phase open-circuit failure, the five-phase system has a higher output de 

voltage and load power compared to the three-phase system. 7.4% higher. The peak-to­

peak torque ripple in the permanent magnet generator for the fi\'e-phase is 

approximately 1830/0 and in the three-phase system is 263%. The fi\'e-phase system 

efficiency is 60/0 higher than the three-phase system. It is clear from the results that fi\'c­

phase system has advantages over three-phase system with a single open-circuit phase 

failure in terms of generator torque ripple, output power, and efficiency. 

The five-phase system has adjacent and non-adjacent open-circuit failure modes. \\'ith 

two adjacent phase failures the system has an efficiency of 82.1 % and with non-adjacent 

phase failure the efficiency is 83.8%. In both cases the efficiency is higher than with the 

three-phase single-phase failure. It observed that non-adjacent failure produces a less 

extreme operating condition compared to adjacent phase failures particularly in terms of 

torque ripple and voltage ripple. Under both adjacent and non-adjacent phase failures. 

the five-phase system still outputs more power than the three-phase system with one 

failure. 

In the three-phase system with an open-circuit phase failure, the remaining two phase 

currents have the same rms value but the rms value is increased compared to the normal 

condition. In the five-phase system the rms phase currents are not the same in all phases 

at failure. Some phases have higher rms value than rated and other phases ha\'e a lower 

rms value. With a single open-circuit phase failure the total copper loss in the thrcc­

phase generator is 49% higher than the rated copper loss. In the ti\'c-phase generator the 

copper loss increases by only 14% compared to the normal operating conditions. In the 

five-phase generator with two open-circuit phase failures the total copper loss is higher 

than the rated copper loss. With adjacent phase failure the loss is 120/0 higher than rated 
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loss and with non-adjacent phase failure the total loss is 300/0 higher than rated loss. The 

generator may sustain this mode of operation but this \\-illiead to increase the generator 

temperature if it operates for a long period. 

Experimental data for the five- and three-phase permanent magnet generators is used to 

verify simulation results. There is a slight difference in waveforms due to the back emf 

distortion in the practical design due to iron saturation around the stator mounting holes. 

But the results confirm that five-phase system has improved performance under open­

circuit failure compared to the three-phase system, these being reduced torque ripple 

and improved output power. 
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Chapter 7 

Analysis of the dc link capacitor current 

7.1 Introduction 

In this chapter the rms current of the dc link capacitor in the five- and three-phase P\l 

generator systems is investigated using the simulation model. FEA and experimental 

tests. 

Analysis of the dc link capacitor current is presented in section 7.2 and the capacitor 

rms ripple current and capacitor core temperature are discussed in section 7.3. 

Simulation is performed when all phases of the permanent magnet generator are 

functioning properly (the normal condition), and when single. adjacent and non-adjacent 

open-circuit failures occur. Simulation results for the five- and three-phase system for 

both normal cases and failure conditions are discussed in section 7.4. In section 7.5 the 

capacitor current for the five- and three-phase system is assessed using FEA where the 

FEA is performed on the practical design. 

Experiments under normal and failure conditions are performed for the three- and five­

phase systems. The results are presented in section 7.6. These verify the simulation and 

FEA results. The key outcomes are that under normal operation the five-phase system 

has advantage of a lower capacitance requirement compared to the three-phase system 

with the same absolute capacitor core temperature. However, during failure the power 

delivered from the five-phase system is greater and this imposes a more extreme 

operating condition on the dc link capacitor. Care must be exercised when specifying 

the dc link capacitor in a five-phase system that may be expected to operate with one or 

more phase failures. 
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7.2 Dc link capacitor current 

The capacitor is used to smooth the output voltage thereby generating near constant 

voltage. The capacitor is connected in parallel with the resistive load as sho\\TI in figure 

7.1. The diode rectifier current, Ide, equals the sum of the load current~ h. and capacitor 

current, Ie. 

(7.1) 

The capacitor current is 

dV 
I = C de eap 

e dt 
(7.2) 

where C is the capacitance and Vde_eap is the dc link voltage. The equivalent series 

resistance of the capacitor is ignored for simplicity. The capacitor current has a 

frequency equal to six times the source frequency in the three-phase system and ten 

times the source frequency in the five-phase system under steady-state operation with 

no fault conditions. 

Rectifier output 

Figure 7.1 The output section showing the load current, h, capacitor current, Ie and dc 

output current, Ide. 

7.3 Dc link capacitor rms ripple current and core temperature 

Ripple current is a key factor for capacitor lifetime. The lifetime of the capacitor 

depends on temperature of the capacitor core and periods operation at high core 

temperatures lead to thermal stress that can have a significant impact on accumulated 

lifetime. The ripple current in the capacitor is the primary source of heat generation in 
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the core which increases the capacitor core temperature. The capacitor power (or rate of 

heat generated in the capacitor) is [7.1] 

P =12 R 
cap c-rms ESR (7.3) 

where 1c-rms is the rms value (ripple current) of the capacitor current, and RESR is the 

equivalent series resistance of the capacitor. 

For a given capacitor, RESR depends on the frequency and core temperature of the 

capacitor. Characteristic curves are often provided by the manufacturer. The core 

temperature should not exceed the maximum temperature given by the manufacturer. 

The core temperature of the capacitor can be calculated using [7.2] 

(7.4 ) 

where Ta is ambient temperature (assumed here to be 45°C worst-case) and Tr is the 

core temperature rise. Tr is estimated 

(7.5) 

where Rha is the thermal resistance. 

The thermal resistance, Rha, depends on the capacitor dimensions and the airflow around 

the capacitor as shown in Table 07 Appendix O. In this thesis the airflow is assumed to 

be 2ms- l . The dimensions of the 200V 470JlF, capacitor used in the five-phase system 

are ~36 x 52mm and for the three-phase system (2200JlF, 200V) are ~51 x 82mm. From 

Table 07 the thermal resistance is 8.29°C/W for the five-phase capacitor and 4.7°C/W 

for the three-phase capacitor. The capacitor type used in this research is the BHC 

ALS30 Series. 
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As the R ESR decreases with ripple frequency, the ripple current capability of an 

electrolytic capacitor increases with ripple frequency. For example. rated rms ripple 

current for the 470JlF capacitor at 100Hz is 2.6A but increases to 4.3A at 10 kHz. \10st 

manufacturers give the rms ripple current for particular frequency. For other frequencies 

a formula is often provided to correct the rms current ripple [7.3]. For the ALS30 series 

this formula is 

Irms_cap = 0·6) 

where F is the required frequency, and A and B are the maximum 100Hz ripple current 

and 10kHz ripple currents respectively and are provided by the manufacturer. The 

frequency compensation is only made for normal conditions where the fundamental 

frequency of the current is greater than 100Hz. With failure conditions the fundamental 

frequency of the capacitor current is 93Hz which is close to 100Hz. Hence frequency 

compensator for RESR is only carried out for normal conditions. 

7.4 Simulation analysis of dc link capacitor current 

The five- and three-phase systems simulated in chapters 4 and 5 are used to investigate 

the dc link capacitor requirements for the five- and three-phase systems. The simulation 

is performed for the normal condition, where all phases function, and the failure 

conditions with a single phase open-circuit, with an adjacent and with a non-adjacent 

open-circuit failure. 

7.4.1 Dc link capacitor current under normal conditions current 

Table 7.2 and 7.3 show the simulation results for different values of dc link capacitor. It 

is clear from the tables that with the same capacitance the fi\'e-phase system has a lo\\cr 

rms capacitor current compared to the three-phase system. The capacitor \'alues 470~lF 

and 2200JlF produce similar values of output dc voltage ripple for the fi\'e- and thrcc­

phase systems respectively. These were the chosen for thc c:\perimental work in this 
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thesis. The rms capacitor current for the five-phase system is then a factor of 5 lower 

than the three-phase system. It is observed that the rms capacitor current decreases as 

the capacitance increases. This is due to relationship between the capacitor current and 

output dc voltage (7.2). For example, with a small capacitor value the output dc yoltage 

has higher ripple hence the derivative of this voltage has a higher value and the 

capacitor current, which equals the derivative dc voltage multiplied by the value of 

capacitor, will be higher. In the five-phase system the capacitance used is lower than the 

three-phase system, even so the capacitor rms current still lower than that experienced 

in the three-phase system. This is one advantage of the five-phase system over the three­

phase system under normal conditions. 

Table 7.1. Simulation results for the five-phase system with different values of dc link 

capacitor. The average output dc voltage is 78.1 V. 

Capacitor, J.lF Peak-to-peak RMS Capacitor 

output ripple, (V) Current, A 

220 1 0.23 

470 0.6 0.22 

680 0.3 0.21 

1000 0.2 0.2 

2200 0.12 0.2 

Table 7.2. Simulation results for the three-phase system with different values of dc link 

capacitor. The average output dc voltage is 78.0V. 

Capacitor, J.lF Peak-to-peak RMS Capacitor 

output dc ripple, (V) Current, A 

220 12.3 1.68 
-

470 4.4 1.32 

680 2.8 1.22 

1000 1.8 1.2 

2200 0.7 1.1 
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Figure 7.2 and 7.3 show the dc link capacitor current for the fi\'e- and three-phase 

systems respectively. The capacitors in this simulation are the capacitors that gi\'e the 

same output dc voltage ripple for both systems, 2200IJ.F for the three-phase and ~ 70l1F 

for the five-phase system. 
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Figure 7.2. Dc link capacitor current from MATLAB simulation for the fiyc-phase 

system. The dc link capacitor is 4 701J.F. 
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Figure 7.3. Dc link capacitor current from MATLAB simulation for the three-phase 

system. The dc link capacitor is 22001J.F. 

From the ALS30 datasheet for the 200V series of capacitors, the nns current ripple for 

the five-phase system with a 470IJ.F capacitor operated at 466.7Hz (ten times the 

generator frequency) is 3.9A and for the three-phase system with 2200~lF at 280Hz (six 

times the generator frequency) it is 9.1 A. The actual nns capacitor current ripple for the 

five-phase system is only 6% of the rated nns ripple current. For the three-phase system 

it is 12% of rated rms current. Even though the 470IJ.F capacitor has a higher RESR 
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(286mO) compared to the 2200JlF capacitor (73mO), the the-phase capacitor dissipates 

13.8mW internally compared to 88.3mW in the three-phase capacitor. The capacitor 

core temperature rise in the five-phase system, O.II°C, is less than the three-phase 

system, O.4°C, (Appendix D). Both temperature rises are small. It is clear that the ti\'e­

phase system has a lower capacitance requirement compared to the three-phase system 

for the same output ripple and will operate at a lower core temperature. 

7.4.2 Dc link capacitor current with a single phase open-circuit failure 

In this simulation, phase-a is disconnected for both the fi\'e- and three-phase systems. 

The output dc voltage for both systems has higher peak-to-peak ripple as discussed in 

Chapter 6. Higher output dc voltage ripple will generate higher rms current ripple in the 

dc link capacitor. Figures 7.4 and 7.S show the dc link capacitor current waveform for 

the five- and three-phase systems respectively. The fundamental frequency is twice the 

generator electrical frequency (93.3Hz) for both systems. The three-phase system 

capacitor has a peak current (Il.SA) equal to 1.6 of the peak value in the fivc-phase 

system (7A). The rms current in the five-phase capacitor (3.4A) is lower than the rms 

current in the three-phase system capacitor (7.0 A). However. in the fi\'e-phase systcm 

the rms ripple current with a single phase failure has a value which is 110% of the rated 

rms ripple current of the capacitor. In the three-phase system, the ripple current is 830/0 

of the rated ripple current of the capacitor. As a consequence of the increase in the rms 

currents in both cases, the capacitor core temperature is increased (Tables D 1 and D2, 

Appendix D). In the five- and three-phase phase systems the capacitor core temperature 

rise is 27.4°C and 17°C respectively giving an absolute core temperature of 72.4°C for 

the five-phase capacitor and 62°C for the three-phase capacitor. As the temperature is 

below 8SoC (maximum operating temperature is 10SOC) [7.3] both capacitors are still 

within specification in the five- and three-phase system, but the lifetime of the three­

phase capacitor would be expected to be longer than the five-phase system. 
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Figure 7.4. Dc link capacitor current from MATLAB simulation for the fi\'e-phase 

system with a single phase open-circuit failure. The de link capacitor is 

470J.lF. 
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Figure 7.5. Dc link capacitor current from MATLAB simulation for the three-phase 

system with a single phase open-circuit failure. The de link capacitor is 

2200J.lF. 

7.4.3 Dc link capacitor current with adjacent open-circuit phase failures 

In this case, two adjacent phases, phase-a and -b, are open-circuit in the five-phase 

system. The capacitor rms current ripple, as expected, is found to be higher than the 

case of a single phase failure (Section 6.2). Figure 7.6 shows the capacitor current 

waveform under this condition. The rms current ripple is 4.9A which is a factor of 1.6 
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higher than rated rms ripple current. The estimated temperature rise of the capacitor 

core is 55.5°C which would increase the capacitor absolute core temperature to 100.5°C 

(Table DI). This is a high value and close to the maximum operating temperature of the 

capacitor, 105°C. Capacitor lifetime would be greatly reduced. 

Decreasing the capacitor value reduces the capacitor rms current ripple. For example. by 

reducing the capacitor from 470uF to 330uF the capacitor rms current reduces to 3 ... L\. 

The drawback is that the output de voltage ripple will increase during normal operation. 

With the 470uF capacitor, it is possible to increase the load resistance to reduce the rms 

current in capacitor to rated value. It is found that the load must increase by factor of 3 

in order to do this. This will decrease the power captured from the generator by a factor 

of 3. These simulations show that the five-phase system under adjacent open-circuit 

failure must either shutdown or control the load in order to avoid damaging the de link 

capacitor through excessive rms current. This assumes that the prime mover speed 

remains the same. In reality, the failure reduces the output power and the turbine blade 

system would accelerate to a speed where the power from the blade system matched that 

delivered to the load. In the further work section the system response to a phase failure 

is identified as an area of future research. 
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Figure 7.6. Dc link capacitor current with adjacent open-circuit phase failures. The dc 

link capacitor is 470~F. 
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7.4.4 Dc link capacitor current with non-adjacent open-circuit phase failures 

In this case a pair of non-adjacent phases ( phase-a and phase-c) are open circuit. The dc 

ripple voltage is 45.5V, which is less than that with an adjacent open-circuit phase 

failure, therefore the capacitor nns current ripple is expected to be lower compared to 

the nns current with adjacent failures. 

Figure 7.7 shows the capacitor current wavefonn. It is observed from the figure that the 

capacitor current has a fundamental frequency equal to twice the generator electrical 

frequency. The capacitor has an nns current ripple equal to 4.3A which is 1420/0 of the 

rated ripple current value. In the case of non-adjacent phase open-circuit failure the 

capacitor core temperature rise is 43.8°C giving an absolute core temperature of 88.5 11C 

(Table DI). This is near to the rated temperature, 8SoC, and the expected drawback is a 

reduction the lifetime of the capacitor. The rated nns ripple can be achieved by 

increasing the resistive load by 150%. However, reducing the load also reduces the 

generator shaft power, in this case to 400/0 of the rated power. 
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Figure 7.7. Dc link capacitor current with non-adjacent open-circuit failure phase. The 

dc link capacitor is 4 70JlF. 

The simulation results are summarised in Table 7.3 where the capacitor ripple current is 

also expressed relative to the rating of the capacitor. It is clear from the results that the 

capacitor in the three-phase system can tolerate a single phase open-circuit failure. In 

the five-phase system the core temperature calculations suggest that with a single phase 

failure the absolute core temperature would be tolerable. The increase in rms current in 

the capacitor is mainly due to the fact that the five-phase system can export more pO\\Cr 
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than the faulted three-phase system. With two adjacent phases failures the fi\'e-phase 

system will be at risk if the system works for a significant time. With two non-adjacent 

phase failures the capacitor will operate just above the continuous core temperature 

limit. This would lead to reduced lifetime of the capacitor. In all cases decreasing the 

load (by increasing the load resistance) leads to a reduction in the capacitor rms current 

and could be used to satisfy the generator rated current. Ultimately~ in the five-phase 

system, the capacitance could be increased to solve this problem. In the next section 

simulation results are validated using FEA and the experimental system. 

Table 7.3. Simulation results for the de link capacitor current in the three-and five-phase 

systems 

Three-phase Five-phase 

Capacitor ripple current Capacitor ripple current 

rms ripple relative to rms ripple relati\'e to 

current (A) rated rms current(A) rated rms 

Normal condition 1.1 0.12 0.22 0.1 

Single phase open-circuit 7.0 0.85 3.4 1.1 

Two adjacent open circuit - - 4.9 1.6 

Two non-adjacent open circuit - - 4.3 1.4 

7.5 FEA analysis of dc link capacitor 

FEA analysis is used to analyse the current in the de link capacitor of the three- and 

five-phase systems. FEA is applied to the practical design (with mounting holes). The 

FEA results are expected to be slightly different from the simulation model results due 

to the distortion in the phase back emf (Chapter 5). The capacitor current is discussed 

for both normal and failure conditions. 
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7.5.1 Dc link capacitor current under normal conditions 

In this case, all phases function properly. The mounting holes haye a significant effect 

on the output dc voltage of the five-phase system compared to the three-phase system 

(Section 5.4). Due to the distortion in the dc output voltage the capacitor current in the 

five-phase system is different compared to the simulation results. Figure 7.8 and 7.9 

show the dc link capacitor current waveform for the five- and three-phase systems 

respectively. The current in the dc link capacitor in the five-phase system has a 

fundamental frequency equal to two times the generator electrical frequency instead of 

ten times. However, the important issue in this chapter is the value of the capacitor rms 

current ripple. In the three-phase system the capacitor current has a fundamental 

frequency equal to six times the generator electrical frequency which agrees with the 

simulation results. The five-phase system's capacitor current has an rms value of 0.44A 

which is 0.11 of the rated value (3.9A at 467Hz). In the three-phase system, the 

capacitor current is 1 A which is also 0.11 of the capacitor rated ripple current (9.1 A at 

280Hz). This confirms that when both systems have no failures the capacitor operates 

within design limits and the five-phase system has the advantage of requiring a lower 

capacitance compared to the three-phase system. 
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Figure 7.8. FEA simulation of the dc link capacitor current for the five-phase system 

using the proposed design. The dc link capacitor is 470~F. 
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Figure 7.9. FEA simulation of the dc link capacitor current for the three-phase system 

using the proposed design. The dc link capacitor is 2200~F. 

7.5.2 Dc link capacitor current with a single phase open-circuit failure 

Figures 7.10 and 7.11 show the capacitor current when phase-a is open-circuit for both 

the five- and three-phase systems. The fundamental frequency for both systems is the 

same and equal to 93.3Hz. The capacitor rms current ripple in the five-phase system is 

equal to 3.3A which is 106% of the rated rms ripple current of the capacitor. It is 

estimated that this current will raise the capacitor core temperature 25.8°C increasing 

the capacitor's absolute core temperature to 70.8°C which is less than rated temperature 

(85°C). In the three-phase system the capacitor rms current ripple, 5.8A, is 71 % of the 

rated rms current ripple and the capacitor core temperature rise is estimated at II.5°C 

giving an absolute core temperature of 56.5°C. It is clear from the results that the 

capacitor in the three-phase system has less power dissipation than the capacitor in the 

five-phase system. These results agree with the results from simulation. However, the 

five-phase system still captures more power from the wind turbine' s blade system and 

delivers more dc output power. 
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Figure 7.10. FEA simulation of the dc link capacitor current for the fiye-phase system, 

with a single phase open-circuit failure. The dc link capacitor is 470IlF. 

10 ~---~----------------------~~- ------

S 5 -t: 
~ 
;:s 
~ 0 +---------:.­
o -.~ 
8 -5 

, 
. ------ --,- - . , 

, 

180 
, , ------- --.-- --- _. , 

-10 -L.....-__ ~-~----------------

Rotor angle (Elect. deg.) 

-- 1 

3~O 

Figure 7.11. FEA simulation of the dc link capacitor current for the three-phase system, 

with a single phase open-circuit failure. The dc link capacitor is 2200IlF. 

7.5.3 Dc link capacitor current with adjacent open-circuit phase failures 

In this test phase-a and -b are open open-circuit and the generator speed is 1400rpm. 

The dc link capacitor is 470IlF. Figure 7.12 shows the dc link capacitor current 

waveform. The fundamental frequency is 93.3Hz which is the same as the simulation 

result. The dc link capacitor has rms current ripple of 4.8A which is significantly higher 

than the capacitor rated rms current (3.1A). Under these circumstances, the core 

temperature rise is estimated at 54°C and increases the absolute core temperature to 

99°C. This will reduce lifetime. In this case, it is recommended to shutdown the system 

or control the load as discussed in section 7.4.3. 
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Figure 7.12. FEA simulation of the dc link capacitor current with adjacent open-circuit 

phase failures. The dc link capacitor is 470JlF. 

7.5.4 Dc link Capacitor current with non-adjacent open-circuit phase failures 

Figure 7.13 shows the dc link capacitor waveform when non-adjacent phases are open­

circuit (in this case phase-a and-c). The speed and dc link capacitor are the same as the 

normal condition (1400rpm and 470JlF). The dc link capacitor rms current ripple (4.3A) 

agrees with the simulation results. Due to the increase in ripple current the capacitor 

power dissipation is increased and the capacitor core temperature rise is estimated to be 

41°C giving an absolute core temperature of 86°C which is just above the rated 

operating temperature. The system would operate continuously but the lifetime would 

be expected to be reduced. The situation is not as severe as the adjacent phase failure 

condition. 
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Figure 7.13. FEA simulation of the dc link capacitor current with non-adjacent open­

circuit phase failures. The dc link capacitor is 4 70~F. 

7.5.5 Summary of FEA simulation 

Table 7.4 summarises the FEA results. It is observed from the results that in the normal 

condition the dc link capacitor for the two systems works \vithout excessivc stress. With 

a single phase failure, the three-phase capacitor operates without exceeding rated rms 

current. However, the five-phase capacitor has an rms ripple current that is 

approximately 106% of the rated current. However, the capacitor core temperature is 

estimated to be lower than the rated temperature. For adjacent and non-adjacent failures 

in the five-phase system the rms current is significantly higher than the capacitor rated 

current. It is clear that in terms of capacitor rms current, the three-phase system operates 

within manufacturer's ratings. However, this is not the case for the five-phase system 

with the lower value of capacitance under single phase open circuit and two phase open 

circuit failures. The results from FEA confirm the results from the simulation. If thc 

load was controlled when failure occurs. the capacitor in the five-phase system could 

operate within design specification and the system can capture and deliver more power 

compared to the three-phase system. 
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Table 7.4. FEA simulation of the dc link capacitor current for the three- and fiye-phase 

systems 

Three-phase Five-phase 

Capacitor ripple current Capacitor ripple current 

rms ripple Relative to rms ripple I Relatiye to 
i 

current (A) rated rms current rated rms 

Normal condition 1 0.11 0.44 I 0.11 
: 

Single phase open-circuit 5.8 0.7 3.3 1.1 

Two adjacent open circuit - - 4.8 1.5 

i 

1 
I 

- ----- . 

Two non-adjacent open circuit - - 4.2 1.4 

7.6 Experimental evaluation 

To assess the simulation and FEA results, a set of experimental tests are carried out 

using the fabricated generator. The generator speed is set to 1400rpm for both systems 

at full load (100) with 470flF dc link capacitor for the five-phase system and 2200J.lF 

for the three-phase system. 

7.6.1 Dc link capacitor rms current under normal conditions. 

Figures 7.14 and 7.15 show the dc link capacitor current waveforms for the fiyc- and 

three-phase systems respectively. From figure 7.14 the dc link capacitor current in the 

five-phase system has an rms current ripple of 0.5A which is 0.16 of the capacitor rated 

ripple current, 3.1A. The dc link capacitor current in the three-phase system (0.9A) is 

0.1 of the rated rms ripple current (8.4A). The results correlate with that from thc 

simulation and FEA. 
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22.S0C (Table D5) and with an ambient temperature 45°C the absolute core temperature 

is 67.SoC which is less than capacitor rated temperature (S5°C). The three-phase 

capacitor is works safely with an rms current ripple (5.7A) which is lower than the rated 

current of the capacitor (S.2A). The capacitor core temperature rise in the three-phase 

system is II.5°C giving an absolute core temperature of 56.5°C which is less than the 

five-phase system. This leads to an increase the capacitor lifetime in the three-phase 

system compared to the five-phase system. The results from the five- and three- phase 

system correlate well with simulation and FEA results. 
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Figure 7.16. Measured de link capacitor current for the five-phase system with a single 

phase open-circuit failure. The dc link capacitor is 470JlF 
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Figure 7.17. Measured de link capacitor current for the three-phase system with a single 

phase open-circuit failure. The dc link capacitor is 2200J.LF. 

ISO 



7.6.3 Dc link capacitor current with adjacent open-circuit phase failures 

Adjacent phases, phase-a and-h, are open-circuit in this test. The capacitor rms current 

is expected to be more than the capacitor rated current as shown by FEA. The shaft 

speed in this test is 1400rpm and the capacitor is 4 70JlF. Figure 7.18 shows the 

capacitor current waveform which agrees with FEA, Figure 7.12. The capacitor has an 

rms current ripple equal to 4.3A. This value is high enough to raise the capacitor core 

temperature by estimated 43.8°C giving an absolute core temperature of 88.8°C (Table 

D5) and as a consequence the lifetime of the capacitor is reduced. With adjacent phase 

open-circuit failures it is recommended to either increase the capacitor value (extra cost) 

or control the maximum load power to a value that satisfies the maximum capacitor rms 

current. 
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Figure 7.18. Measured de link capacitor current for five-phase system with adjacent 

open-circuit phase failures. The de link capacitor is 4 70J.1F. 

7.6.4 Dc link capacitor current with non-adjacent open-circuit phase failures 

Figure 7.19 shows the wavefonn of the dc link capacitor current in the five-phase 

system when two non-adjacent phases are open circuit (phase-a and-c). The capacitor 

nns current (3.9A) is a factor of 1.25 of the capacitor's rated nns current. This 

generates 4.4 W of losses in the capacitor which will raise the core capacitor temperature 
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by estimated 36°C giving an absolute core temperature of 81°C. This temperature is less 

than rated capacitor temperature (8S0C). The impact on lifetime is not as great as 

adjacent phase open-circuit failures but is worse than that for normal conditions or a 

single phase failure. However, the results from both experimental and FEA show the 

condition is less extreme than the adjacent phase failure conditions. The impact on 

capacitor lifetime is not as serious. 
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Figure 7.19. Measured dc link capacitor current with non-adjacent open-circuit phase 

failures. The dc link capacitor is 470JlF 

7.6.S Summary of experimental results 

Table 7.S summarises the experimental results. Many remarks can be made from the 

results: 

• The capacitance in the five-phase system is only 0.21 of the three-phase system. 

Under normal conditions the dc link capacitor for the two systems has the same core 

temperature. 

• With a single phase failure, the capacitor core temperature in the five-phase system 

is estimated to increase by 22.8°C to 67.8°C which is less than capacitor rated 

temperature but higher than the absolute core temperature estimated in the three-

phase system, 56°C. 
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• With two adjacent phase failures, the capacitor absolute core temperature, 88.8°C, 

is higher than rated temperature, 85°C, but less than maximum temperature 105°C. 

The capacitor will function but with reduced lifetime. 

• With two non-adjacent failures, the capacitor absolute core temperature rises to 

81°C which is less than rated temperature and also less than that with adjacent phase 

failure. The capacitor is expected to be able function continuously. 

• The FEA simulation is validated by experimental values. 

Table 7.5. Summary of measured dc link capacitor current for the tbree- and five-phase 

systems 

Three-phase Five-phase 

Capacitor ripple current Capacitor ripple current 

rms ripple relative to rms ripple relative to 

current (A) rated rms current (A) rated rms 

Normal condition 0.9 0.1 0.5 0.16 

Single phase open-circuit 5.7 0.7 3.1 1 

Two adjacent open circuit - - 4.3 1.4 

Two non-adjacent open circuit - - 3.9 1.3 

7.7 Summary 

In this chapter, the rms current in the dc link capacitor is discussed for the five-phase 

and three-phase permanent magnet generator connected to a diode bridge rectifier. The 

current is evaluated using simulation, FEA and practical tests. The performance is 

presented for normal and failure modes. 

Under normal conditions the rms current in the five- and three-phase system is much 

smaller compared to the capacitor rated current (factor of 0.13 and 0.1 for the five- and 

three-phase system respectively). However, the capacitance in the five-phase system is 

much less than the three-phase system. It is estimated that the capacitor's absolute core 
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temperature for both systems have similar values (45.6°C and 45.3°C for the five- and 

three-phase system respectively). 

With a single phase open-circuit failure, the capacitor in the five-phase system is 

estimated to have a higher core temperature compared to the capacitor in the tbree­

phase system. In both systems the capacitor core temperature does not exceed the 

capacitor's rated temperature. 

With adjacent and non-adjacent phase failure in the five-phase system the rated rms 

current of the capacitor is exceeded. With adjacent phase failures, the increase in rms 

current causes the estimated to raise the capacitor core temperature above its rated value 

leading to a reduction in the lifetime of the capacitor. In the case of non-adjacent failure 

the core temperature is estimated to be lower than the rated temperature. 

Experimental tests are carried out to verify the FEA. The results show a good 

correlation between the FEA and experimental tests in terms of rms values and 

waveforms. 

The key outcome is that whilst a five-phase system has superior tolerance to open­

circuit phase failures, the increased power that can be delivered during failure imposes a 

more extreme operating condition for the dc link capacitor. Care must therefore be 

exercised when specifying dc link capacitor in five-phase systems that may be expected 

to operate with one or more phase failures. Specifically, this may require an increase in 

the link capacitance or the selection of a capacitor with a higher rated ripple current. 
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Chapter 8 

Conclusions 

8.1 General conclusion 

A three-phase permanent magnet generator connected to a diode bridge rectifier is a 

popular solution for small wind turbines. The generator shaft torque in the three-phase 

system displays a high peak-to-peak torque ripple when a dc link capacitor is used and 

requires mitigating techniques to reduce this ripple. A five-phase permanent magnet 

generator operated with a diode bridge rectifier is shown to have reduced shaft torque 

ripple and output dc voltage ripple. MUlti-phase generators connected to diode bridge 

rectifiers have not been the subject of research to ascertain the advantages of multi­

phase technology and disadvantages. This research investigates, discusses and compares 

the performance of a three- and five-phase permanent magnet generator connected to a 

diode bridge rectifier under normal and failure conditions. The five-phase system shows 

improved performance compared to the three-phase system under normal conditions and 

under open-circuit phase failures in terms of generator shaft torque and power delivered 

to the load. However, the increased power that can be delivered during failure imposes a 

more extreme operating condition on the dc link capacitor in the five-phase system. 

A simulation model using pulse functions for the five- and three-phase PM generator 

connected to a diode bridge rectifier is developed in chapter 3. The effect of self- and 

mutual inductance of the generator is discussed. It is shown that the self- and mutual­

inductance have a significant effect on the simulated performance of both systems by 

reducing the generator shaft torque ripple. In the five-phase system, including the self­

inductance reduces the generator shaft torque ripple by approximately 4 times compared 

to without inductance. In the three-phase system the reduction is 2.7 times. With self­

and mutual inductance modelled, the reduction in shaft torque ripple in the five-phase 

system is approximately 12 times compared to without inductance. In the three-phase 

the reduction is only 3.4 times. Therefore the research demonstrates the importance of 
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including both the self- and mutual inductance during the simulation and analysis of 

torque ripple. 

In chapter 4, the three-phase and five-phase pennanent magnet generators are designed. 

Linear design is performed using the PM magnetisation curve and simple analytical 

methods. Winding configurations for both generators are proposed to give the same 

rectified output dc voltage and power. Finite element analysis (FEA) is used to confinn 

the linear design. Two designs are analysed using FEA; the proposed design (without 

mounting holes in the stator stack) and the practical design (with the mounting holes in 

the stator stack). The cogging torque and back emf is assessed using FEA. 

In chapter 5, the performance of the prototype five-phase and three-phase pennanent 

magnet generators connected to diode bridge rectifiers are evaluated using FEA and 

practical tests. Two designs (the proposed design and the practical design) are modelled 

using FEA to evaluate perfonnance of the proposed design. The proposed design shows 

that the five-phase generator has lower shaft peak-to-peak torque ripple (O.7Nm) 

compared to the three-phase generator (1.6Nm). In addition, the five-phase system has 

output dc voltage ripple 16% lower than the three-phase system. It was shown that the 

five-phase system can use a lower value of capacitance for the same output voltage 

ripple. In this case, 470J.lF compared to 2200J.LF for the three-phase system. Also it is 

found that the five-phase system requires diodes with lower current ratings compared to 

the three-phase system (45% lower). The experimental tests are perfonned using the 

practical design. Due to the distorted phase back EMF in the five-phase system, the 

comparison of the practical design do not compare well with the FEA or simulation 

results of the proposed design. Hence comparison is made over a restricted period of the 

electrical cycle where the non-adjacent line voltages are not affected in the five-phase 

system. This shows that the five-phase system has better perfonnance in tenns of shaft 

torque ripple (O.9Nm) compared to the three-phase system (1.5Nm) for the same output 

dc voltage and power. The results show that the three-phase system has a total losses 

(l13W) higher than the five-phase system (97W) under normal conditions. 
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In chapter 6, the operation of the five-phase and the three-phase permanent magnet 

generator feeding a diode bridge rectifier under open-circuit phase failures in the 

generator is assessed and discussed. Also, the operation of five-phase system \\-ith 

adjacent and non-adjacent open-circuit phase failures is investigated. The results show 

that the five-phase system has advantages over three-phase system with a single open­

circuit phase failure in terms of generator torque ripple and efficiency. The non-adjacent 

failure mode produces less extreme operating condition compared to adjacent phase 

failure mode, particularly in terms of torque ripple and voltage ripple. Howe\,er, with 

non-adjacent phase failure the total losses (l25W) are higher than the total losses with 

adjacent phase failure (l 01. 7W). It is also shown that in both modes. the efficiency is 

higher than with the three-phase single phase failure and the power output is higher. 

In chapter 7, the rms current in the dc link capacitor is investigated for the five-phase 

and three-phase permanent magnet generator connected to a diode bridge rectifier. The 

current is evaluated using simulation, FEA and practical tests. The performance is 

presented for normal and failure modes. It is shown that whilst a five-phase system has 

improved output power during an open-circuit phase failure, the increased power that 

can be delivered during a failure imposes a more extreme operating condition for the de 

link capacitor particularly the adjacent open-circuit failure mode. This imposes a design 

constraint on the de link capacitor. The rms ripple current rating of the capacitor now 

determines the capacitance rather than the dc voltage ripple if operation during open­

circuit failures is a requirement of the system. 

The five-phase system can be used in small- and medium-scale wind turbines, aerospace 

applications including unmanned autonomous vehicles, Ground-based vehicles and 

Micro-CHP applications. 

8.2 Main contributions of this thesis 

The scientific contribution of this thesis can be summarised as follows: 

• A general model for the five-phase permanent magnet with diode rectifier is 

developed. The developed model includes the generator parameters specifically the 
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self- and mutual-inductance. The developed models are compared with PSpice 

simulation and show good correlation. The developed model helps describe how the 

generator performs with a diode bridge rectifier and also shows the importance of 

modelling generator inductance and the significant effect that mutual inductance has 

on the performance of the five-phase system. 

• The design of a prototype five-phase permanent magnet generator is detailed. The 

stator is designed with 30 slots such that it can be wound as a three-phase generator 

or five-phase generator. The rotor has 4 poles for both systems. The winding in both 

generators is arranged to give the same output dc voltage providing a platform for a 

fair comparison between the two systems. 

• A comparison is provided between the performance of the prototype five- and three­

phase permanent magnet generators feeding diode bridge rectifiers with the same dc 

output power, voltage and volume. The comparison is performed for shaft torque 

and power and output dc voltage and output power. In addition, a comparison of 

rms current of the dc link capacitor is made. 

• The performance of five-phase permanent magnet generator systems under open­

circuit failure (one and two phase failures) is assessed and compared with the three­

phase counterpart. 

• An assessment of the rms current requirements of the dc link capacitor is made 

under normal conditions and with single, adjacent and non-adjacent open-circuit 

phase failures. This is carried out for both three- and five-phase counterparts and a 

comparison made. 

8.3 Further research 

The comparison between the three- and five-phase systems is demonstrated for fixed 

speed and load. But the operation of the generator with an aerodynamic prime-mover 

and variable speed input requires more investigation, particularly under open-circuit 

phase failures. Under open-circuit phase failures the reduction in output power from the 

generator will lead to an increase in the shaft speed as a result of the wind turbine power 

curve characteristics. Research is required into how the system reacts and what stresses 

may occur in the system, particularly electrical stresses in the generator and rectifier. 
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Further, if some form of maximum power point tracker is being used, the system reacts 

as the tracker attempts to recover the maximum power point (which is determined by 

the aerodynamic efficiency). The performance of the three- and five-phase system may 

be significantly different in this respect and requires further investigation. 

Other further research includes the performance of the three- and five-phase systems 

when one or two diodes fail open-circuit. Under such circumstances the performance 

during such failures will be different to that experienced during phase open-circuit 

failures. Similar analysis to that in this thesis is required. 

It would also be useful to make practical torque measurements on the system to 

determine true values of shaft torque rather than the estimated values provided in this 

thesis. 

In this thesis the performance of the five-phase permanent magnet generator is 

investigated under steady-state conditions. However, one key aspect would to study the 

system under transient operation during the failure. A transient model may need to be 

developed, including the electromechanical system (permanent magnet generator and 

diode rectifier) and the aerodynamic system. Also it is important to study the impact 

that a transient aerodynamic system has on the performance of the electrical system 
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Appendix A 

AI. Possible circuit~ for 3- and 5-phase system 

The circuits represents the twelve p~ri0ds that generate by the twelve pulses sho'vvn in 

figure 3.15. S 1 to S 12 represent the twelve pulses. 
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The circuits represents the twenty periods that generate by the twenty pulses sho\\TI in 

figure 3.20. Sl to S20 represent the twelve pulses. 
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Al. Matrices representing 3- and 5-phase systems 

Differential equations representing the twelve periods shown in figure 3, 15 for the 

three-phase system include the output voltage equation. 
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Differential equations representing the twenty periods shown in figure 3.20 for the five­

phase system include the output voltage equation. 
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d -r -1 -1 1 
0 (A30) 

i. 0 i. + v. - L-M2 2(L-M2 ) 2(L-m) 2( L-m) dt 0 
Vdc -1 -1 Vdc 0 0 

- 0 
R,C C 

205 



• S19 

-r 
0 

-1 1 -1 
0 

~t[:J= 
L-M2 2(L-M2) 

[:J+ 
2(L-m) 2(L-m) 

[~] 0 
-r 1 -1 1 

0 
(A31) 

L-M2 2(L-M2) 2(L-m) 2(L-m) 
-1 -1 0 0 0 

0 - -
C ~C 

-r 
0 

1 1 -1 
0 

ic 
L-M2 2( L-M2) 

[:J+ 
2(L-m) 2( L-m) 

[~ }A32) d 
0 

-r -1 -1 1 
0 ie -

dt L-M 2(L-M2) 2( L-m) 2(L-m) 2 
Vdc 1 -1 0 0 0 

0 -
C RIC 
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Appendix B 

Bl. Possible slotlPole combinations for 3- and 5- phase machines 

Table B.1 Possible Slot/Pole combinations for 3-phase PM machines 

I Slots I 3161 9 11211s1181 21 I 241 271 30 I 33 I 361 391 421 451 481 
Poles 2 2 2 2 2 2 2 2 2 2 2 2 2 2 '1 2 

4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
6 8 10 6 8 8 6 8 8 6 8 8 6 8 
8 10 8 14 10 8 10 10 8 10 10 8 10 
12 18 12 16 16 10 20 14 10 14 14 10 14 

14 20 12 22 20 12 16 16 12 16 
16 18 26 22 14 26 26 14 20 

20 26 16 28 28 16 32 
22 28 22 32 32 20 34 
24 24 34 34 28 38 

26 30 40 
28 32 
30 34 
32 38 

40 

Table B.2 Possible Slot/Pole combinations for S-phase PM machines 

I Slots Isllo 11s120 12s1 30 13s140 14s1 

Poles 2 2 2 2 2 2 2 I 2 

4 4 4 4 4 4 4 4 4 

6 6 6 6 6 6 6 6 

8 12 8 8 8 8 8 8 

12 10 12 12 12 12 

14 16 18 14 14 14 

16 18 22 22 16 16 

20 24 24 24 18 

22 26 26 26 28 
28 28 32 

32 34 
34 36 
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H2. Carter's coefficient 

Carter's coefficient is an approximation factor to determine the air gap permeance in the 

presence of slotting. The permeance can be written as 

(B. 1 ) 

where ge is an effective air gap length gIven by ge = Keg, where Kc IS Carter's 

coefficient which is described by 

4(g+~J 
1- Ws + f.1r In 1 + 7lWs 

r., m, {g+ :J 
-\ 

(B.2) 

where Ws slot width Ts is stator slot pitch, 1m is the machine effective length. f.1r is recoil 

permeability of the magnet and g is air gap length. In the prototype machine, using the 

slot dimensions in chapter 4 giving Kc= 1.2 
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B3. Winding configuration 

1. Five phase winding configuration showing the distribution of the phase coils in the 

stator slots. 

, - ~~ ~ ~ - ~-~ 
~ ~ ~ ~~~ >-.~ ~ 
~r I TT l i lT 1 I ~ ~ ~ ~n 1 ~ ~ .T 1 1 ~ ~ r ~ ~ ~ T 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
I I I I I I I I I 1 ~ I ~ I t ~ I I 

1 ~ ~ I t>1 I I 
~ ~ I r ~ ~l ~, I I I I I 1 I I I 1 1 f I . ~ n ~I I I 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

~ 
io... io...~ ....... io... ..... f.- hoc pc "-~ k"'c: r;:, .... - p;: r> r-- .... P t-- I" f-" I-'" 

~ ~ • • ~ 

A1 82 A2 E1 D1 E2 C1 D2 81 C2 



2. Three phase winding configuration showing the distribution of the phase coils in the 

stator slots. 
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Appendix C 

Permanent magnet motor performance 

Permanent magnet motor performance produced by LEMAC Company is shown below 

_ LJEMAC TEST NUMBER: 
DC I 
DP I 

DC MOTOR PERFORMANCE TEST 
ox 1 

I Motor No: I Date: 122/02/2008 

1 Customer: ISt rathdyde UnIversIty ITested By: IR.HADDEN 

1 ProJect: Is Phase Rig 

Model No. Poles 2 TUnis / Coli 
Volts 36 Slots 12 Wire Dla. 
RPM 2009 RotatIon DE rev. Sections 

Amos 27 Enclosure TE Lavers 
Watts 600 Ins. Class F Ohms 

Stack 
Comments Test on heavy duty partIcle brake. 
and 
Remarks 

TEST VOLTAGE [V]: 3 6 Rat ing: 

Toroue Soeed Current InDut Outout Efficiency 
rNml rroml rAl rWl rwf r%] 
0 .00 2518 2.00 72.0 0.0 0.0 
1.00 2298 9.40 338.4 240.6 71.1 
3 .00 1903 27.00 972.0 597.8 61.5 
4 .50 1622 37.50 1350.0 764.2 56.6 
6. 00 1434 54.00 1944.0 901.1 46.4 
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Appendix D 

Capacitor core temperature calculation 

Application notes from BHC Components are used to calculate the capacitor core 

temperature. The steps to calculate the capacitor temperature are detailed below. 

[1] The power loss is calculated using 

p = /2 R (Dl) cap c-rms ESR 

where /c-rms is the rms value(ripple current) of the capacitor current and RESR is the 

equivalent series resistance of the capacitor 

For the five-phase system the capacitor is 470llF and for the three-phase system it is 

2200IlF. From the data sheet the REsR equals 0.2860 for the 470llF capacitor and 

0.0730 for the 2200llF capacitor at frequencies 100Hz. 

[2] The capacitor thermal resistance (Rha) is founded by using Table D7 with airflow 

rate of 2m/s. This gives 8.29°C/W and 4.7°C/W for the 470llF and 2200llF capacitors 

respectively. 

[3] The core temperature rise is calculated using 

[ 4] The core temperature is calculated using 

Tc=Tr+Ta 

( D2) 

(D)) 

where Ta is ambient temperature in this case is assumed to be 45()C (maximum working 

room temperature) 
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Calculation 

The calculations of the capacitor core temperature for the 470JlF and 2200JlF capacitors 

are shown in Tables D 1 to D6 for the five- and three- phase system for the normal 

condition and failure condition. Tables D1and D2 show the estimated from the 

simulation results, Tables D3 and D4 show the estimated from FEA results and Tables 

D5 and D6 show the estimated from the experimental results. The capacitors are chosen 

from BHC Component's ALS30 series with rated dc voltage of 200V. The ambient 

temperature is chosen to be 45°C. The value of the equivalent series resistance, REsR, is 

given by the manufacturer specifications and the power loss is calculated using (7.3). 

Table D 1. Estimated five-phase dc link capacitor core temperature from the simulation 

results. 

Five-phase 

Normal case Single phase Adjacent Non-adjacent 

failure phase failure phase failure 

Capacitor nns current (A) 0.22 3.4 4.9 4.3 

Ambient temperature (OC) 45°C 45°C 45°C 45°C 

RESR(n) 0.286 0.286 0.286 0.286 

Capacitor thennal resistance (OCIW) 8.29 8.29 8.29 8.29 

Power loss (W) 0.014 3.3 6.7 5.2 

Core temperature rise eC) 0.11 27.4 55.5 43.8 

Core temperature eC) 45.1 72.4 100.5 88.8 

Table D2. Estimated three-phase dc link capacitor core temperature from the simulation 

results. 
Three-phase 

Nomal case Single phase failure 

Capacitor ms current (A) 1.1 7 

Ambient temperature (OC) 45°C 45°C 

RESR(n) 0.073 0.073 

Capacitor thennal resistance (OCIW) 4.7 4.7 

Power loss (W) 0.08 3.6 

Core temperature rise (OC) 0.4 17 

Core temperature rC) 45.4 62 
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Table D3. Estimated five-phase dc link capacitor core temperature using FEA results. 

Five-phase 

Nonnal case Single phase Adjacent Non-adjacent 

failure phase failure phase failure 

Capacitor nns current (A) 0.4 3.3 4.8 4.2 

Ambient temperature (OC) 45°C 45°C 45°C 45°C 

RESR(n) 0.286 0.286 0.286 0.286 

Capacitor thennal resistance (OCIW) 8.29 8.29 8.29 8.29 

Power loss (W) 0.05 3.1 6.6 5.0 

Core temperature rise eC) 0.4 25.8 54 41 

Core temperature eC) 45.4 70.8 99 86 

Table D4. Estimated three-phase dc link capacitor core temperature using FEA results. 

Three-phase 

Nonnal case Single phase failure 

Capacitor nns current (A) 1 5.8 

Ambient temperature (OC) 45°C 45°C 

RESR(n) 0.073 0.073 

Capacitor thennal resistance (OC/W) 4.7 4.7 

Power loss (W) 0.07 2.5 

Core temperature rise (OC) 0.3 11.5 

Core temperature eC) 45.3 56.5 
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T bI D5 Eft d fi h d rnk a e . s Imae Ive-PJ ase c I capacItor core temperature usmg experimental. 
Five-phase 

Normal case Single phase Adjacent Non-adjacent 

failure phase failure phase failure 

Capacitor rms current (A) 0.5 3.1 4.3 3.9 

Ambient temperature eC) 45°C 45°C 45°C 45°C 

RESR(O) 0.286 0.286 0.286 0.286 

Capacitor thermal resistance (OCIW) 8.29 8.29 8.29 8.29 

Power loss (W) 0.07 2.7 5.2 4.4 

Core temperature rise (OC) 45.6 22.8 43.8 36 

Core temperature (OC) 45.6 67.8 88.8 81 

T bI D6 E . a e . stlmate dthr h d rnk ee-pJ ase c I capacItor core temperature usmg expenmen tal. 
Three-phase 

Normal case Single phase failure 

Capacitor rms current (A) 0.9 5.7 

Ambient temperature (OC) 45°C 45°C 

RESR (0) 0.073 0.073 

Capacitor thermal resistance (OCIW) 4.7 4.7 

Power loss (W) 0.06 2.4 

Core temperature rise eC) 0.3 II 

Core temperature eC) 45.3 56 
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Table D7. Thermal resistance value for ALS series, from BHe product. 

Thennat resistance values b' ALS (screw terminalj products, no heat sink. 
Cia Len Thennal resistanoe values Rha °CIW 
mm mm <1mls 1.0 m/s 1.5 mJs 2.0 mls 2.5 mls 3.0 m's 3.5 m's 4.0 mJs 4.5 mJs 5.0 mls 
36 49 112 9.91 9.23 8.68 8.27 7.95 7.69 7.50 7.39 7.34 
36 52 10.7 9A7 8.82 829 7.90 7.60 7.35 7.17 7.06 7.01 
36 62 9.57 8.47 7.89 7.42 7.06 6.79 6.57 6.41 6.32 6.27 
36 75 8.53 7.55 7.03 6.61 6.30 6.06 5.86 5.72 5.63 5.59 
36 82 8.12 7.19 6.69 629 5.99 5.n 5.58 5.44 5.36 5.32 
36 105 7.09 6.27 5.84 5.49 523 5.03 4.87 4.75 4.68 4.64 
36 115 6.n 5.99 5.58 525 5.00 4.81 4.65 4.54 4.47 4.43 
51 62 7.56 6.69 6.23 5.86 5.58 5.37 5.19 5.07 4.99 4.95 
51 75 6.5 5.75 5.36 5.04 4.80 4.62 4.47 4.36 429 4.26 
51 82 6.06 5.36 4.99 4.70 4.47 4.30 4.16 4.06 4.00 3.97 
51 105 5.09 4.50 4.19 3.94 3.76 3.61 3.50 3.41 3.36 3.33 
51 115 4.79 4.24 3.95 3.71 3.54 3.40 3.29 3.21 3.16 3.14 
51 140 4.3 3.81 3.54 3.33 3.17 3.05 2.95 2.88 2.84 2.82 
66 67 5.2 4.60 428 4.03 3.84 3.69 3.57 3.48 3.43 3.41 
66 75 4.75 4.20 3.91 3.68 3.51 3.37 3.26 3.18 3.14 3.11 
66 82 4.4 3.89 3.63 3A1 325 3.12 3.02 2.95 2.90 2.88 
66 98 3.84 3.40 3.16 2.98 2.83 2.73 2.64 2.57 2.53 2.52 
66 105 3.64 3.22 3.00 2.82 2.69 2.58 2.50 2.44 2.40 2.38 
66 115 3.4 3.01 2.80 2.64 2.51 2.41 2.34 2.28 2.24 2.23 
66 140 3 2.66 2.47 2.33 2.21 2.13 2.06 2.01 1.98 1.97 
73 115 2.97 2.63 2.45 2.30 2.19 2.11 2.04 1.99 1.96 1.95 
n 67 4.3 3.81 3.54 3.33 3.17 3.05 2.95 2.88 2.84 2.82 
n 75 3.94 3.49 325 3.05 2.91 2.80 2.71 2.64 2.60 2.58 
n 82 3.65 3.23 3.01 2.83 2.69 2.59 2.51 2.45 2.41 2.39 
n 98 3.16 2.80 2.60 2A5 2.33 2.24 2.17 2.12 2.09 2.07 
n 105 3 2.66 2A7 2.33 2.21 2.13 2.06 2.01 1.98 1.97 
n 115 2.79 2.47 2.30 2.16 2.06 1.98 1.92 1.87 1.84 1.83 
n 140 2.38 2.11 1.96 1.84 1.76 1.69 1.64 1.59 1.57 1.56 

n 146 2.29 2.03 1.89 1.77 1.69 1.63 1.57 1.53 1.51 1.50 

n 180 1.9 1.68 1.57 1.47 1AO 1.35 1.31 1.27 125 124 

n 220 1.4 1.24 1.15 1.09 1.03 0.99 0.96 0.94 0.92 0.92 

91 67 3.5 3.10 2.88 2.71 2.58 2.49 2.40 2.35 ~.31 229 

91 75 3.2 2.83 2.64 2A8 2.36 2.27 2.20 2.14 2.11 2.10 

91 98 2.56 2.26 2.10 1.98 1.88 1.81 1.75 1.71 1.68 1.67 

91 148 1.85 1.64 1.52 1A3 1.37 1.31 1.27 1.24 1.22 1.21 

91 180 1.55 1.37 1.28 120 1.14 1.10 1.06 1.04 1.02 1.02 

91 220 1.2 1.06 0.99 0.93 0.89 0.85 0.82 0.80 0.79 0.79 
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Appendix E 

Overall experimental system layout 

Figure E 1. Picture of the experiment showing (A) the dc motor (8) the three-phase 

prototype generator (C) the diode bridge rectifier, and (D) the stator of the 

five-phase prototype generator. 
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