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Thesis Summary 

The thesis reviews the development of traditional synchronous machine design and point out one 

problem with the manufacture of wound rotor synchronous machines. Install and repair process 

of the rotor windings can be considered labor-costly and time-consuming in synchronous machine 

design. The conclusion indicates a new winding method would be helpful for not only the new 

machines but also for rewound machines. 

 

A new rotor design for the easy insertion and repair of the rotor windings is then introduced. This 

new asymmetrical rotor shows good potentials for reducing the maintenance and repair costs of 

synchronous machines, making it suitable for manufacturers within the mass production markets 

such as gen-sets, steam turbines, wind power generators. Simulation results from 2-D finite 

element analysis and experimental results from testing a 27.5 kVA prototype machine have 

verified the performance of the new rotor. The results show that the asymmetrical machine’s 

electromagnetic performance is worse than traditional design and need to be optimised.  

 

The shape of the rotor is then optimised based on novel surrogate method in order to achieve the 

lowest power loss under the maximum power output. This method combines surrogate 

optimistaion with finite element method. It significantly reduces the time cost of the optimization 

process and can be applied with very complicated geometry design of the rotor. The performance 

of the new rotor is examined in 2-D finite element software and validated by experiments. After 

optimisation, the efficiency of the new rotor can reach the same level of the traditional rotor in 

electromagnetic performance in addition to its easy insertion and repair feature.  
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Chapter 1 Introduction 

This thesis focuses on the application of a new optimisation method for a new rotor design 

for easy assembly and repair of rotor winding in a wound-rotor synchronous machine. The 

aim of the optimisation aims to reduce loss caused by its unique asymmetrical rotor shape 

and improve its output power. This chapter provides a brief overview of the research 

background and objectives while discussing the methodologies required for this project.  

1.1 Background 

Rapid population growth and industrialisation in the 21st century have generated a rapid 

boost in electricity demand and corresponding CO2 emissions [1]. Since the signing of the 

Paris Agreement in 2016, a set of CO2 reduction policies has been proposed for 

environmental protection around the world. As a result, global CO2 emission growth has 

plateaued over the past 3 years. In developed countries such as the UK, CO2 emissions 

have fallen to their lowest level since the 19th century [2].  

An analysis of the success in reducing CO2 emissions in the UK suggests that a revolution 

in energy structure and the development of microgeneration are the major reasons.                                                                   

With respect to energy structure, the share of low-carbon electricity generation has 

increased significantly, as shown in Fig. 1. The detailed energy analysis shown in Fig. 2 

further indicates the following changes in energy structure.  

Coal, which was one of the major energy sources in 2014, has decreased to represent only 

approximately 2% of total energy consumption. Coal’s share of energy generation has 
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been replaced by gas and renewable energy. More focused research on renewable energy 

shows that wind is still the largest renewable energy source. This increase reflects a 

growing requirement for large-capacity onshore wind and solar energy. On the other hand, 

bioenergy’s share of energy has remained stable. If onshore (27%) and offshore wind 

power (18%) are calculated separately, these two sources constitute the largest share of 

energy generation (45%). 

Fig. 1. Low-carbon electricity’s share of energy generation in UK. 

Fig. 2. Renewable electricity generation [3]. 

Another reason for the UK’s low-carbon economy is the generalisation of microgeneration 

systems. Renewable energy is widely accepted by private users as a home-supply option 

rather than as a backup source to the grid. This home-based stand-alone electrical system 

is usually small in scale, and energy is consumed where it is generated. Therefore, such 

systems are more efficient, as transmission and distribution losses are negligible. Some 
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commercially available microgeneration systems include the following. 

Photovoltaics use solar energy to generate electricity using photovoltaic cells; that 

electricity is then transferred to an electrical system through a power converter. Therefore, 

no CO2 emissions are generated in this process. Given the price of solar cells and their 

large physical footprint, the cost of domestic solar power systems is quite considerable. 

To date, the promotion of household solar power systems has relied heavily on 

government subsidies. 

Biomass refers to the use of burning organic material to generate electricity or heat. Many 

types of fuel can be used for small-scale household applications, such as wood and 

recycled waste. This system is not ideal for urban users, as the transfer and storage of 

biomass fuel are quite costly. The use of an electrical machine is inevitable in this process 

for the conversion of thermal energy to electricity. 

Wind and small hydro systems are relatively less commonly applied in the household 

environment. Similar to large power plants, these small systems also require the 

conversion of wind turbine/hydro-turbine energy. Therefore, these systems rely heavily 

on natural energy sources and can be applied only in certain locations. 

To conclude, reducing CO2 emissions relies heavily on the promotion of renewable energy 

and the corresponding energy generators. Currently, however, generators are more often 

used in stand-alone systems. As they are grid-free, these systems should be able to operate 

under stable operating conditions and at small-medium power ratings for a considerably 

long time. Therefore, the installation and maintenance of generators play a more important 

role than their power rating and efficiency. 
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1.2 Motivation and objectives 

Wound-rotor generators have been widely used for many years. These generators are the 

primary source of electricity in the world. However, because it is necessary to install and 

repair rotor windings, the use of wound-rotor generators is considered expensive in terms 

of labour and time. 

This project focuses on the rotor design and optimisation of synchronous machines to 

achieve maximum power output with minimum power loss. The objectives of the research 

are as follows: 

(1) To design a salient rotor geometry for easy insertion and repair of the rotor

windings to simplify the manufacturing process 

(2) To provide a detailed analysis of the influence of the rotor structure on machine

performance 

(3) To apply a new method for optimising synchronous machine performance and

compare the results of the new method with those of the traditional finite element 

method 

(4) To validate the results of a simulation using a laboratory test bench

Achieving these objectives requires improvements in the efficiency of a synchronous 

machine with a new rotor geometry. A suitable optimisation approach and corresponding 

algorithm are established and applied. The optimisation results are then modified based 

on the results obtained for a commercially available synchronous machine and compared 
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to the traditional rotor of the original design. 

1.3 Methodology 

The thesis focuses on the repair and maintenance of rotor windings in a wound-rotor 

synchronous machine to achieve maximum power output and minimum loss. The 

following methodologies are used to simulate the machine and validate the test results: 

 The geometry of the salient rotor shape is designed using Autodesk AutoCAD.

 The performance of the synchronous machine is analysed using Infolytica MagNet

( 2-dimensional finite element software/2DFE software). 

 The design of the new rotor is optimised by a surrogate optimisation algorithm

involving the evaluation of different geometry parameters. The corresponding data 

are collected and processed in MATLAB. 

 The original and optimised rotor is manufactured and tested on the same test bench

to validate the results of the optimisation 

1.4 Thesis Overview 

This thesis presents a new rotor design for the easy insertion and removal of rotor windings. 

Five chapters are included in the thesis, and the thesis can be summarised follows: 

Chapter 2 reviews the development of synchronous machines, covering topology, 

traditional design methods, modern design methods, and the maintenance and repair 

process of synchronous machines (particularly on rotor windings). 

Chapter 3 analyses the performance of a new asymmetrical rotor design for easy assembly 

and repair of field windings in synchronous machines. A new rotor geometry is adopted 
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to simplify the manufacture and maintenance of installed rotor windings. The 

asymmetrical rotor design is simulated by 2-D finite element analysis (FEA) and verified 

by experimental tests on a 27.5 kVA prototype machine. 

Chapter 4 proposes a new method of optimisation using a surrogate model of a wound-

rotor synchronous machine with the assistance of finite element results. An appropriate 

search algorithm is chosen for the optimisation as well. 

Chapter 5 validates the results of the simulation and compares the performance of the 

optimised rotor with that of a traditional rotor. 

Chapter 6 presents the main conclusions of the study, suggests future work and highlight 

the main contribution to knowledge. 

1.5 Contribution to knowledge 

This work introduces a new asymmetrical rotor geometry of wound-rotor synchronous 

machines to simplify the installation and uninstallation processes of rotor windings. The 

electromagnetic performance of this new rotor is analysed by 2DFE software and 

confirmed by experimental tests. The critical curvature of the rotor geometry is analysed 

by varying changing parameters and is optimised through a new surrogate optimisation 

method. 

This work demonstrates that the new rotor design can improves the installation process of 

the rotor coils by not separating the rotor poles. Therefore, the mechanical integrity of the 

rotor pole is maintained; and the ageing problem is solved. The new design also improves 

the maintenance cost of the power system and increases the cost efficiency. 
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This work also provides a new optimisation process in the rotor design of wound-rotor 

synchronous machines. The combination of surrogate optimisation and finite element 

methods can reduce the time cost of the traditional search optimisation method and 

address the design of the rotor’s complex geometry. 
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Chapter 2 Synchronous machines 

2.1 Development of synchronous machines 

This chapter gives a brief literature review on the development of synchronous machines, 

including their topology, design, analysis method and maintenance process. 

2.1.1 Introduction 

Synchronous machines are traditional electrical machines whose history dates back to the 

19th century. These machines are still considered the most common type of machine for 

electric power generation although their ubiquity has been severely challenged in recent 

decades. The power rating of machines became larger over the last century due to the rapid 

growth of power requirements. Until recent years, the power rating of the largest 

synchronous machine, which was built and operated at a nuclear power plant in Finland, 

was 2000 MW per unit [4]. 

The basic operating principle of a synchronous machine is relatively simple: If a stationary 

magnetic field is fixed to a rotating shaft, the corresponding rotating magnetic field will 

induce an electromagnetic force on the stator windings. The word “synchronous” indicates 

that the frequency of the induced voltage is matched for the rotor. 

Synchronous machines can be divided into permanent magnet synchronous machines 

(PMSMs) and wound-rotor synchronous machines (WRSMs) based on the source of their 

magnetic field. The magnetic field of the former is fixed by choice of magnetic materials 

(such as a neodymium magnet). The introduction of a permanent magnet provides very 
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high-power density. However, the magnetic field is fixed , and field weakening becomes 

a difficult technical issue. 

Wound-rotor synchronous machines (WRSMs), on the other hand, use an electromagnet 

instead of a natural magnet. The magnetic field can thus be varied by changing the DC 

current of the excitation source. However, the efficiency of WRSMs is limited by the low 

power density of the electromagnet if the power rating of the machine is less than 10MW. 

2.1.2 Development of synchronous machines 

A stationary field pole surrounded by a rotating armature type of generator (known as an 

external-pole generator) was first introduced in the 1800s. The reverse type (i.e., internal-

pole generator) was soon recognized as a more suitable topology due to the invention of 

the three-phase alternative current system [5]. Haselwander built the first stationary, ring-

shaped, three-phase salient pole synchronous generator in 1887, which produced 

approximately 2.8 KW of power at 960 rpm, corresponding to a frequency of 32 Hz. 

The power rating of early synchronous machines was limited by the insulation materials 

and cooling systems used [6]. Modern high-solids and solvent-free resin insulation 

technology was not developed until the 1970 energy crisis. Similar advancements in 

cooling systems were made as well. Air cooling dominated the cooling system of 

synchronous machines until 1937 when the first hydrogen-cooled machines went into 

service [7]. Various direct and indirect cooling systems were invented only over the past 

50 years, such as gas-cooling, oil-cooling, and water-cooling systems. 

The limitations caused by the insulation technology were significantly improved during 
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the 1990s. A new Class F insulation system developed by Westinghouse Electric Company 

met most functional requirements. The system was then verified by industrial trials and 

has been used in several turbine generators since 1991[7]. Other insulation technologies 

developed for special operating conditions have also been introduced. One example is the 

rotor winding insulation system developed by Nanjing Turbine & Electric Machinery 

Group Co, which consists of Nomex 411 paper impregnated with adhesive varnish. This 

technology is specially designed for humid absorption and can be cleaned easily [8]. 

Another technology milestone in synchronous technology lies in synchronous machine 

analysis. Finite element software was initially introduced to design and analyse the 

synchronous machines in an aerospace project carried out at Parsons Lab [9]. This 

computer-assisted FE method, involving computational fluid dynamics, electromagnetic 

and thermal finite element analysis, became very popular in the following decades. 

2.2 Overview and topology of synchronous machines 

2.2.1 Introduction 

In general, any electromechanical energy converter that transfers energy by synchronising 

induction can be classified as a synchronous machine. However, PMSMs are more likely 

to be treated as individual devices because their magnetic fields are constant. In the 

following part of this thesis, the discussion of synchronous machines is limited to electro-

excited synchronous machines. 

Synchronous machines usually operate in parallel in power plant that transfers energy to 

consumers. Such machines can be categorised into two types based on their operational 
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speed. 

High-speed synchronous machines are usually of medium size, with their prime mover 

driven by fossil or nuclear energy sources. Low-speed synchronous machines, on the other 

hand, are very large and driven slowly by hydro-turbines that employ water power for a 

generation. Certain low-power synchronous machines operate individually for stand-alone 

networks, usually as a backup source with diesel engines or gas turbines as the prime 

mover. 

Synchronous machines can also sink power and operate as a synchronous motor. However, 

such machines usually operate as variable-power factor compensators for the grid instead 

of acting as a drive due to their relatively low power density compared with that of 

PMSMs. As a variable-power factor compensator, these machines can operate as 

capacitors or inductors depending on their excitation conditions.  

2.2.2 Types of synchronous machines 

According to the arrangement of the field and armature windings, an electron-excited 

synchronous machine can be classified as a rotating-field or rotating-armature machine. 

According to the shape of the field, a rotating-field synchronous machine can be further 

classified as a cylindrical rotor or salient rotor.  

A. Rotating-armature topology 

Rotating-armature synchronous machines place the field windings on the stator and 

armature windings on the rotor, as shown in Fig. 3. Therefore, the magnetic field is 

stationary, and energy must be transferred to the load via slip rings and brushes. This brush 
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system limits the power rating of this topology and creates an insulation problem. Such 

devices are mainly used in very low-power machines or used as exciters in high-power 

machines. 

However, due to the application of super-conductivity and the requirement for a cryogenic 

refrigerator, certain applications are trying to incorporate the rotating-armature type of 

machine into wind turbines [10] [11]. A stationary field permits the cooling devices to 

operate at constant environment (no vibration). It makes the cooling process easier and 

allows for a larger number of poles. Results show that rotating-armature machines provide 

a significant improvement in electromagnetic performance but inevitably increase the 

mechanical complexity and friction losses due to the brushes. 

Fig. 3. Schematic of 10-MW HTS synchronous generator [10]. 

B. Rotating-field topology

In contrast to that of a rotating-armature machine, the magnetic field of a rotating-field 

machine is on the rotor. The armature windings are located on the stator. The field 
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windings are supplied by a slip-ring/brush system or brushless exciter. Rotating-field 

topology is the most common topology due to its ability to provide large amounts of power. 

There are two types of rotating-field synchronous machines: cylindrical-rotor and salient-

rotor machines. 

In Fig. 4, the salient-pole rotor has a salient-pole body outside the rotor yoke. Field 

windings are wrapped around the pole bodies and protected by a pole surface against 

centrifugal forces. This type of rotor usually has multiple poles; therefore, it can operate 

at low speed. However, salient-rotor machines are usually in small and medium power 

ratings for the following reasons: 

a) Extra windage losses due to the salient-pole structure and the corresponding noise; and 

b) Weak mechanical strength when operating at high speed. 

The salient pole has an unequal air gap around its periphery. Therefore, the operating 

characteristic of this type of machine is significantly influenced by the design of the pole 

shape, as analysed in later chapters. 

 
Fig. 4. Structure of salient-rotor pole 

A cylindrical-rotor construction is widely used in high-speed applications, such as in 

steam turbines. The non-salient structure of this design provides solid physical support for 
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the excitation windings. Due to the large centrifugal forces caused by the high-speed 

operation, the diameter of the cylindrical rotor is constrained. Therefore, these rotors are 

the usually smaller in diameter and longer axial length when compared to salient rotors. 

A typical 4-pole cylindrical rotor is shown in Fig. 5 [12]. 

A cylindrical rotor is usually designed as a 2-pole or 4-pole machine. A major problem 

associated with multiple-pole cylindrical-rotor designs is the limited space available for 

stator slots [13,14]. Therefore, commercial multi-pole cylindrical rotors are rare. Two 

theoretical analyses of multi-pole cylindrical rotors were performed in [15,16]. The air-

gap distance around the periphery of a cylindrical rotor is uniform, which is a unique 

feature in rotor designs, as discussed in a later section. 

Fig. 5. The topology of 4-pole cylindrical rotor for synchronous machines [12]. 

Special types of rotors for synchronous machines are herein discussed. One interesting 

aspect of rotor design is the use of magnets and flux barriers in the rotor. Two examples 

are shown in Fig. 6. 



30 

Fig. 6. Rotor designs with magnet-based flux barriers [17]. 

(a) Design 1. (b) Design 2.

As the magnetic flux flow through the least reluctance path, the insertion of the magnet 

will guide the flux to follow its magnetized directions. On the contrary, flux barrier will 

stop the flux to follow its direction. Therefore, by changing the placement of magnet and 

flux barrier, this technology will change the electromagnetic performance of the machine. 

This technology can be applied to various types of machines, such as synchronous 

reluctance machines [17-19], wound-rotor synchronous machines [20], and stator wound-

field synchronous machines [21]. However, adding the flux barriers and magnets increases 

the complexity and manufacturing cost of the rotor. Therefore, this technology is not widely 

adopted by industry. 

Another interesting topology is the claw-pole alternators [22]. As shown in Fig. 7, the field 

coils can be clicked into position between the two rotor poles. This topology provides an 

interesting idea since the winding is separately designed and installed. However, this 

topology is quite complex electromagnetically, and the rotor is asymmetrical in the axial 

direction; thus, a 3-D FEA tool must be used to determine the device’s saturation level and 

leakage flux. This type of machine features high design and manufacture costs. 
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Fig. 7. Exploded view of the claw-pole machine [22]. 

With respect to rotor-pole geometry, asymmetrical rotors have been reported in the 

literature [23]- [27].  These rotor designs are characterized by an unequal number of poles 

between the stator and rotor [25] or an unbalanced rotor slot geometry [26]. 

Two asymmetrical rotor geometries are shown in Fig. 8. Both designs use an asymmetrical 

rotor geometry designed for reluctance machines, which are not widely used in industry. 

This thesis adopts an asymmetrical rotor design and modifies the shape of the rotor to 

simplify the assembly of the rotor winding. 

(a)       (b) 

Fig. 8. Existing asymmetrical rotor designs. 

(a) Design 1 [24]. (b) Design 2 [27].

2.2.3 Analytical design of the synchronous machine 

Traditional analytical design methods for synchronous machines are discussed in the 
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following subsections. A list of all symbols used in this section is shown in Table.23 in 

appendices. 

A. Dimensions and length

The gross dimensions of a synchronous machine are achieved based on its design 

objectives, such as power rating, power factor, and speed of rotation. A general equation 

is as follows: 
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As indicated by this equation (3), the volume of the machine is directly influenced by the 

specific loading applied. Due to the limitations of the following factors, the magnetic 

loading is often restricted to 0.7-1.1 T: 

 Iron loss: A high air-gap flux density leads to high saturation, which increases

the iron loss and decreases efficiency. 

 Insulation: A high air-gap flux density requires a high excitation level. This

demand will increase the size of the machine due to the stronger requirement of 
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insulation materials. 

 Stability: A low air-gap flux density requires a high number of turns under the

same voltage. This will influence the leakage flux density, jeopardising its power 

rating as well as stability. 

Similarly, electric loading is constrained to a specific range. However, the constraint 

depends on the insulating and conducting materials rather than a specific range of values, 

as observed for magnetic loading: 

 Copper loss: High electric loading produces high copper loss and heat generation,

which reduces thermal performance and the corresponding efficiency. 

 Voltage: High electric loading requires more space for copper; reducing the

amount of space for insulation causes problems with both thermal and electric 

insulation. 

 Stability: An increase in electric loading produces a higher armature reaction,

reducing the voltage regulation and the lower limit of steady-state stability, and 

a small amount of power is generated. 

Therefore, both forms of loading can be considered to be constant, and the entire equation 

can be modified as follows: 
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where D and L are determined based on the following general design rules: 

For round poles, 

/ / 0.6 0.7p

D
L L

p


   (5)



34 

For rectangular poles, 
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B. Air-gap distance

The function of the air gap is to establish a mechanical separation between the stator and 

rotor. However, because air is not an ideal material for flux transfer, the length of the air 

gap should be minimal distance. However, an extremely small air-gap distance can reduce 

the stability, synchronous power, cooling, and magnetic force acting on the machine. A 

general principle for choosing the air-gap distance is expressed as follows in terms of the 

pole pitch: 

For a salient-pole synchronous machine, Lg= (0.012 to 0.016) * pole pitch 

For a cylindrical-pole synchronous machine, Lg= (0.02 to 0.026) * pole pitch 

C. Stator design

Stator design can be divided into two parts: stator winding design and stator slot design. 

Stator winding design focuses on the arrangement of a high-conductivity coil (aluminium 

or copper) to achieve a low resistance in all coils. A major decision is whether to include 

a single- or double-layer design or a short-pitch or full-pitch design. 

Stator slot design involves the following steps: 

 Deciding the number of slots

 Determining the winding connection

 Designing the stator slot dimensions
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Number of slots 

The number of slots is determined by a constant referred to as the slot per pole per phase. 

A high value for this constant would lead to lower leakage reluctance, better cooling, and 

less tooth ripple. However, a high constant would also render the tooth structure 

mechanically weak, causing higher design costs and the high flux density in the teeth. 

Therefore, a general principle for a machine is that the stator slot pitch should be at least 

3.5 cm at low voltage, 5.5 cm at the medium voltage and 7.5 cm at high voltage, while the 

slot loading should be less than 1500 amps/slot 

Thus, the slot per pole per phase should be 3 to 4 for a salient-pole synchronous machine 

and 7 to 9 for a cylindrical-pole synchronous machine. 

Connection of windings 

Only two types of windings are applied in stator winding connections: single-turn bar coils 

and bar coils. Generally, multi-turn coils perform better in small- and medium-scale 

synchronous machines. 

Fig. 9. Multi-turn coils. 

Single-bar coils are only applied in large machines with a stator current greater than 1500 
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amps. A typical multi-turn coil with a double-layer connection in the stator slot is shown 

in Fig. 9.  

Clearly, due to the use of a wedge and insulating material, not all spaces can be filled with 

conductors. The ratio of the conductor area to the total slot area is defined as the slot filling 

factor, which should be constrained to a reasonable value (0.4-0.6).  

Stator slot dimensions 

In a traditional design, the slot dimensions are determined by checking the flux density of 

the stator lamination, ensuring that the value does not exceed 1.8 to 2 T. However, because 

the inner diameter of a salient-pole machine is usually large, and the flux density 

distribution is not always uniform along the depth of teeth, the flux density at the center 

of the teeth and the end of the teeth should be calculated according to the main flux and 

the corresponding geometrical length. Some common type of slot shapes includes a semi-

closed slot, semi-open slot, and open-slot as shown in Fig.10. Semi-close slots are widely 

used for machines with small-medium power rating machines (<10KW). Open-slot is 

more frequently adopted in large alternators.  

 

      (a)       (b) 

Fig. 10. Existing stator slot designs.  

(a) semi-close round-bottom. (b)semi-close flat-bottom slot. (c)open slot. 
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D. Rotor design 

The rotor pole is determined by 3 parameters: length, width and height. 

The length of the rotor is usually designed to be 95-97% of the stator core length. 

The width of the rotor is determined by the following equation: 
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where wp is the width of the pole, lp is the length of the pole, lcore is the length of the stator 

core, Φ is the main flux, and Φp is the flux in the pole body. 

Because the surface area of the coil is used to dissipate heat, the height of the coil is 

determined by the permissible loss ratio. The heat loss generated by the field coil is 

calculated as follows: 

2

2 2 2f f

coil f f f mt f mt

f f f f

T T
P I R I l I l

a s d h
           (8) 

where Pcoil is the heat generated by the field current, if is the field current, Rf is the 

resistance of the field windings, lmt is the main length of the field, ζ is the resistive 

conductivity of the winding, Tf is the number of turns in the field coils, and Af is the area 

of the surface conductors. 

Because the loss should be constrained by a factor representing the permitted loss per unit 

area, it can be calculated as follows: 

2loss f f f mt pP q a q l h            (9) 

Therefore,  
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where Af is the m.m.f of the excitation field.  

E. Loss and efficiency estimation 

The loss of a synchronous machine should be considered to be the sum of the different 

losses introduced in 1.2.4.5. However, in traditional machine design, to simplify the 

calculation, only stator iron loss, stator copper loss, rotor iron loss, excitation loss, 

mechanical loss and additional loss are considered.  

Stator iron loss 

If the total weight of the stator teeth and stator core is defined by Gteeth and Gcore, the stator 

iron loss is calculated as follows: 

Fe teeth teeth teeth

2 2
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core core core
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  (11) 

where Bteeth is the average flux density in the stator teeth, Bcore is the average flux density 

in the stator core, and Kteeth and Kcore are empirical coefficients. When PN/cosφ< 100 kVgA, 

Kteeth=2, and Kcore=1.5; otherwise, Kteeth=1.7 and Kcore=1.3. 

Rotor iron loss 

Rotor iron loss is given by the following equation: 
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2rotor p m bmp p l p         (12) 

where p is the pole number, αp is the pole-arc ratio, lm is the mean length of the machine, 

τ is the pole pitch, and pbm is a constant representing rotor iron loss per unit area is given 

by 
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where Kbm is a constant related to the material and the length of the lamination, Z1 is the 

slot number, nN is the rated speed, B0 is the maximum value of the teeth flux density, and 

ts is the stator teeth pitch (slot pitch). 

Stator copper loss 

Rotor copper loss is calculated as follows: 

2

Cus N a ( )p mI R x         (14) 

Where Ra(x) is a constant depending on the insulation class. 

Rotor copper loss 

Rotor copper loss consists of the copper loss of the excitation windings and brush and is 

therefore given by 
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Ifn is the rated field current; Rf(x) is the same constant, depending on the insulation class, 

as defined for the stator copper loss; and ηf is the efficiency of the excitation system, 

usually determined by empirical assumption. 

Mechanical loss 

The mechanical loss is estimated as follows: 
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where p is the pole number, v is the rated line speed of the rotor, and lm is the mean 

length of the machine. 

Additional loss 

Additional loss is estimated as follows: 
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where Pn is the rated power and cosφ is the power factor. 

Summary 

Using traditional design method is an inaccurate analytical method for determining the 

main characteristics of a machine. The method provides basic parameters such as the 

diameter and length of the stator/rotor. However, the calculation of the magnetic field is 

based entirely on simplified Maxwell equations. The power loss calculation is based on 

the corresponding constant determined by expert experience and experimental tests. 

Therefore, the overall design is rather simple but inaccurate. This design method is more 

often applied in modern machine design as an auxiliary tool or as the first step of the 

design process. 

2.2.4 Modern analysis of synchronous machine 

Analytical methods are useful for designing the basic geometry of synchronous machines 
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and provide good estimates of electromagnetic conditions. However, as previously 

mentioned, the analyses are based solely on simplified empirical equations, and the results 

are not accurate. Generally, numerical methods are used instead of analytical methods in 

modern electromagnetic design for simulating their electromagnetic performance. These 

methods include both magnetic equivalent circuit methods and finite element methods.  

Finite element method(FEA) 

Analytical methods establish a problem in terms of discrete variables. In this type of 

method, it is assumed that a function of several variables can be expressed as a product of 

functions, each of which depends on only one variable. 

)()...()(),......,( 2211321 nnn xxxxxxx  
   (18) 

Each unknown function is expressed in the form of a series to represent a general solution 

for the corresponding differential equations. Common series expansion may include 

trigonometric functions, Bessel functions, power series and polynomials such as Legendre, 

Chebychev, and other polynomials. For example, the function expansion for φ(x1) could 

be written as 

)sin()( 111 xnAx n        (19) 

Analytical methods are biased towards analytical solutions of the wave equations. As a 

result, the methods mentioned above can only be applied to devices with a regular shape 

and homogeneous dielectric.  

Finite element methods are based on the basic approach adopted by analytical methods. 

However, instead of expansion functions over an entire domain, these methods use 

subdomain functions such as 
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φ1m are referred to as subdomain expansion functions and are defined over a portion of 

the domain of x. These functions could be a pulse, piecewise linear, or piecewise sinusoid 

function.  

The process of separating a function into different subdomains is described as 

discretization; this process is generally accompanied by the corresponding discretization 

of a device’s shape in the form of cells or elements (commonly triangle shape) to ensure 

that the dielectric is homogenous over each cell. Inside each subdomain, the same 

expansion is adopted. The governing equation is solved separately for each of the 

homogeneous regions [28]. This method is called the finite element method because the 

design space is divided into a limited number of spaces.   

The finite element method has been applied to electrical machines since the 1970 and is 

generally considered the most accurate method for analysis [29,30]. The discretisation of 

the problem space into several elements allows for detailed magnetic characteristics, 

including saturation, to be analysed [31].  

However, the computational effort and time and economic costs required for the method 

are high. The method is accepted as a tool for analysing the performance of a machine in 

detail rather than as a method directly applied to primary design. Although this problem 

can be solved with the assistance of a search algorithm, the time and economic costs of 

the numerical method are still considerable because the model must be updated at each 

step of the optimisation procedure. 
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Fig. 11. Optimisation flowchart [30]. 

Fig. 11 shows a typical optimisation process aimed at finding the design that meets 

specific requirements (i.e., THD<5% when the RMS voltage reaches 13.8 KV). The model 

used lies outside the optimizer and must be updated iteratively with the new settings. 

Magnetic-equivalent circuit method 

The magnetic-equivalent circuit (MEC) method is another method for analysing electrical 

machines that were developed in the late 1980s [32] and widely used in the 20th century 

[33-34]. In this method, the reluctance of each part of a model is assumed to be the 

combination of individual flux tubes, as shown in Fig. 12. 

Fig. 12. Definition of a flux tube and the corresponding reluctance [34]. 

The tubes are organized in certain ways to form an element (similar to the subdomain 
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concept in the finite element method, as shown in Fig. 13), and the magnetic 

characteristics (for example, permeability) are assumed to be unified inside each element. 

Therefore, a machine is described as a lumped magnetic circuit with certain parameters 

(also known as a reluctance network). 

Fig. 13. Passive 3-D reluctance element [35]. 

However, although the discretization into elements is similar to that performed in FEA, 

the calculation in the MEC method is still based on analytical implementations of the 

virtual work method (VWM), including using spatial derivatives of air-gap reluctances 

[31, 32, 35], discrete evaluation of energies at two positions [33, 36], or electrical-

equivalent circuit formulas based on flux linkages and currents [37]. 

This method provides a compromise solution between FEA and analytical methods: it 

involves a relatively lower computational cost than that associated with FEA and relatively 

higher accuracy than that associated with analytical methods. However, this method is 

rarely applied commercially due to the difficulty of generating an automatic reluctance 

network. 
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A. Rotor design

Traditional rotor design focuses on changing the rotor geometry to establish a trade-off 

between competing for optimisation objectives (such as volume vs efficiency or mass vs 

efficiency) [38]. A conventional salient rotor is regular in shape; therefore, its geometry 

can be determined by several parameters, as shown in Fig. 14. 

Fig. 14. The topology of the traditional salient rotor for synchronous machines [39]. 

Based on the design objectives, a synchronous machine model is usually a multi-input-

multi-output (MIMO) system. It is clearly difficult to obtain an analytical model of this 

MIMO system. A few studies have attempted to use simplified assumptions to investigate 

the design analytically [41-43]. Nevertheless, because the equations become complex, it 

is very difficult to determine the relationships between the model objects and their 

corresponding variables. 

In addition, this analytical model is based on several assumptions. Although these 

assumptions simplify the calculation, they are unique to regular rotor designs and cannot 

be generalized when the rotor shape becomes complex. 
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Fig. 15. Flux path in rotor layer regions [40]. 

An example of those assumptions is shown in Fig. 15.  In this rotor-pole layer, the 

determination of the quasi-reluctance requires the flux path to be assumed. Therefore, the 

flux paths are constrained such that the flux density and path trajectory coincide. Therefore, 

this rotor can only be analysed in this geometry (although the parameters may be varied). 

It is extremely difficult to predict the flux path for irregular rotor boundaries. 

B. Stator design

Stator design is also highly important in synchronous machine design. As shown in Fig. 

16, the stator slot can also be defined by several parameters and optimised similarly to a 

rotor. 

However, because stator windings are essential for receiving electrical energy, the winding 

arrangement is also very important in stator design. Generally, the requirements of stator 

windings are as follows: 

a) receive a sinusoidal waveform of the symmetrical electromotive force (EMF) with an

acceptable magnitude; and 

b) generate a rotating magnetomotive force when a 3-phase current passes through the
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device. 

Fig. 16. Geometry definition of stator slots [44]. 

In general, stator windings (or armature windings) can be classified as follows: 

1) Single-layer/double-layer

2) Full-pitch/short-pitch

3)Concentrated/distributed

Layers 

The concept of a layer is defined by counting the number of coil sides inside a single slot. 

If only one coil side is in the stator slot, the structure is called a single-layer winding; 

otherwise, it is called a double-layer winding. Double-layer windings perform better than 

single-layer windings in the following respects: 

1) The windings are easy to manufacture and less expensive.

2) Fewer coils are required.

3) The windings provide the freedom to apply fractional slot windings.

Although double-layer windings carry the potential risk of internal slot short-circuiting, 

this risk can be offset by proper insulation. Therefore, double-layer windings are still 

widely adopted in commercial stator designs. 
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Single-layer windings are generally considered in fault-tolerant machine design, as the 

coils remain nonoverlapping, and phase-to-phase shorts are eliminated with one coil side 

per slot [45,46].  

Full-pitch versus short-pitch 

If two sides of a coil are 180 electrical degrees apart, the coil is defined as a full-pitch coil. 

An angle of 180 electrical degrees indicates that the EMF generated by two sides of the 

coil are opposite and equal to each other. Therefore, if the sides are connected in series, 

the coil will generate an EMF with double the magnitude. On the other hand, if the angle 

is not equal to 180 degrees, the two coil sides will have EMFs with the same magnitude 

and an unequal phase angle. Therefore, the entire coil will have an EMF with a magnitude 

slightly different from that of full-pitch windings. This coil is called a short-pitch or long-

pitch coil depending on whether the electrical angle is less or greater than 180 electrical 

degrees, respectively. The difference between short-/long-pitch and full-pitch windings is 

defined by a constant called the pitch factor. Furthermore, because a phase winding is 

composed of many coils, the angle difference between two coils is defined by a constant 

called the distribution factor. These constants are calculated as follows to form a winding 

factor used for analysis: 
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where kp is the pitch factor, kd is the distribution factor, m is the order of harmonics, ξ is 
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the pitch angle, δ is the distribution angle, n is the number of coils per phase [47]. 

C. Loss Analysis 

Generally, only two types of losses are considered in the design of a synchronous machine: 

electrical losses and mechanical losses. The former can be split into 5 components: 

➢ Stator conductor losses 

➢ Rotor conductor losses 

➢ Core losses 

➢ Exciter losses/ Excitation circuit losses (corresponding to brush or brushless) 

➢ Additional losses 

Mechanical losses are described as friction and windage losses and are measured 

separately. Details about the other losses are described in the following subsections. 

Conductor losses 

The current flowing through any conductor with internal resistance will generate losses. 

These losses will contribute to the Joule heating of the conductor and release heat to the 

environment. The magnitude of the losses can be expressed by the following equation: 

23P I R          (22) 

where I is the current and R is the resistance in ohms. The resistance can be calculated as 

follows: 

l
R

A
        (23) 

where ρ is the electrical conductivity, which corresponds to the materials properties of the 

conductor; A is the cross-sectional area of the conductor in m2, and l is the active length 



50 

 

of the conductor in metres. 

Common conductors include copper, aluminium, carbon, and silver. Copper alloys, which 

combine several materials, are the most common materials for electrical machines. 

Therefore, copper alloys are qualified by the International Annealed Copper Standard, 

which classifies alloys based on their conductivity.  

Both the stator and rotor of synchronous machines feature conductors. Therefore, 

conductors are part of both components of a synchronous machine. However, due to the 

excitation of the rotor, rotor losses are greater than excitation circuit losses alone.  

Core losses 

Core losses, iron losses or magnetic losses occur in the core of a machine due to changes 

in magnetic field. For ferromagnetic materials, these losses can be further classified as 

hysteresis losses or eddy current losses.  

Hysteresis losses 

Hysteresis loss is caused by the alternating magnetic field during operation. Due to the 

alternating rotation of the magnetic field, the materials are magnetized and de-magnetized 

within a short period (usually several milliseconds). After magnetization, the material 

cannot recover its original state unless it is demagnetized. This characteristic is described 

in Fig. 17 [48]. 

When an entire hysteresis loop of a hard-magnetic material is completed, an amount of 

energy proportional to the area of the loop is lost. This energy, which occurs as heat, is 

expended, reversing the magnetization zones and stressing the atomic lattice of the 
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specimen. 

Fig. 17. B-H hysteresis curve of a ferromagnetic material [48]. 

Eddy current losses 

Eddy currents are induced electrical currents that flow in a circular path. These currents 

borrow their name from “eddies” that are formed when a liquid or gas flows in a circular 

path around obstacles under special conditions. In a synchronous machine, eddy currents 

are induced by the alternating current in the stator coils and generated along the rotor axis, 

as shown in Fig. 18. 

Eddy-current losses can be minimized by using laminated materials, as in transformers, 

by using powders dispersed in an insulator or by using non-conducting materials. 

Hysteresis losses, on the other hand, can only be minimized by selecting a material with 

a narrow hysteresis loop. Therefore, it is difficult to predict hysteresis losses accurately. 

An empirical method for estimating iron loss is based on amplifying the corresponding 

simulation results by a factor called the “loss correction factor” or “build factor”. These 
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factors are typically equal to or greater than 2, which means that the error can reach 100% 

or more [49]. 

Fig. 18. Eddy current on pieces [50]. 

Traditional analysis software calculates the flux densities at different locations in a 

structure and simply determines the loss according to the loss table provided by the 

manufacturer, as shown in Fig. 19. In the loss table, the loss is regarded as a function of 

flux densities at the appropriate frequency [51]. 

Fig. 19. Loss table. 

More advanced Epstein frame loss measurements are adopted in FEA software with the 

assistance of the Steinmetz equation to isolate eddy current loss. Therefore, each loss can 

be determined individually. 

The Steinmetz equation used to compute loss values at any Bpeak and frequency gives the 
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iron loss P in W/kg as follows: 

2( )h eP K f B K sfB          (23) 

where the first term corresponds to the hysteresis and anomalous loss (also 

called Steinmetz loss) and the second term is the eddy-current loss. 

For each new material, the best fit of the Steinmetz equation to the entered grid data values 

is automatically updated. The R-squared value, which indicates how closely the loss 

obtained from the Steinmetz equation corresponds to the data grid values, is recalculated 

automatically after any change is made to Kh, Ke, α, β or the data grid values.  

Friction and windage losses 

Friction and windage losses capture the multiple losses caused by mechanical friction and 

air turbulence. These losses can be separated into different components, such as bearing 

friction losses, cooling fan windage losses and windage losses caused by air movement in 

the air gap [52,53,54].  

Bearing losses are dependent on factors such as bearing type, bearing diameter, rotor speed, 

load and lubrication and can be analytically examined according to the following equation: 

0.5b m b bP k FD        (24) 

where ωm is the speed of the rotor, kb is the bearing constant, F is the force on the bearing 

(generally considered the weight of the rotor), and Db is the bearing inner diameter. 

Unlike friction loss, windage loss is highly nonlinear with respect to speed; the 

corresponding analytical equations are as follows: 

3 40.03125w m ct r air r rP k k D l        (25) 

where ωm is the speed of the rotor, kt is the torque constant, kr is the roughness constant, 
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ρb is the volume density of air, Dr is the diameter of the rotor, and lr is the length of the 

rotor. 

Friction and windage losses are not technically proportional to speed. However, for a fixed 

low-speed operation, the losses can be assumed to be constant with respect to the 

synchronous speed. Therefore, these losses are usually estimated by an empirical formula 

or computational fluid dynamics and confirmed by experiment. 

Exciter losses/brush losses 

As previously stated, the rotor of a synchronous machine must be energized to establish 

the excitation magnetic field. Twos types of excitation methods are widely applied in 

synchronous machines: brush or brushless excitation. 

Brush excitation is the traditional method for synchronous machines. The method involves 

a set of brushes and a slip ring, as shown in Fig. 20. 

An external or internal excitation source is connected to the brushes, which are commonly 

made of electro-graphitic carbon or graphite. Electricity is then conducted through contact 

between the brush and slip ring and transferred to the excitation windings on the rotor. 

The contact between the brush and slip ring introduces many problems, including 

maintenance issues due to the carbon particles, sparking and brush loss. 
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Fig. 20. Brush exciter [55]. 

Fig. 21. Brushless exciter [56]. 

A brushless exciter is a small AC generator coupled to the rotor of the machine, with its 

field winding on the main stator and armature winding on the main rotor. Therefore, AC 

power is generated with the rotation of the main rotor and transferred to rectifiers on the 

main rotor. The rectifiers then provide direct current to the field windings of the main rotor. 

Therefore, the use of a brush and slip ring is eliminated, and no brush losses are generated, 

as shown in Fig. 21. However, that arrangement produces exciter losses, which need to be 

measured individually. 
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2.2.5 Maintenance of synchronous machine 

Machine maintenance and repair are very important for the industry. When a machine 

operates abnormally or is completely dysfunctional, a decision must be made on whether 

to replace it or repair it. Based on economic considerations, repair is a common selection. 

Therefore, the maintenance costs of a machine should be reduced, and the maintenance 

procedure should be simple. 

As documented in [57]- [58], synchronous machine failure can be categorized into the 

following types: 

1. Stator core defects 

2. Winding insulation defects 

3. Stator ending winding faults 

4. Cooling faults 

5. Rotor winding faults 

6. Rotor body defects 

7. Bearing failure 

Failures 1, 4, 6, and 7 are mechanical failures that can only be repaired by replacing broken 

parts. Failures 2, 3, and 5 can be considered winding failures, whose repair involves 

winding replacement. Winding failure has been considered the most dangerous threat to 

large synchronous machines.  

These failures can occur in turn-to-turn, coil-to-coil, phase-to-phase, phase-to-ground, and 

winding-to-iron machines. One turn-to-turn fault induces over-heating, causing the 

insulation to deteriorate and break down. This fault leads to other faults in the windings, 
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contributing to machine shutdown and potentially causing the power grid to fail. Therefore, 

winding failures are not isolated, and repair usually requires all windings to be examined.  

In general, condition monitoring can be used to predict faults in advance. However, the 

problem can only be solved by replacing the windings of the machine. Stator winding 

replacement is relatively easy due to the slot structure. However, rotor winding 

replacement is a different story. 

The rotor windings of synchronous machines are generally strip-on-edge windings (in 

large machines) and multi-layer wire windings in medium-sized and small machines. 

For the former, because the insulation is attached outside the copper, the windings can be 

addressed separately. If the conductors are in good condition, the coils can be dismounted 

from the poles, and the insulation surrounding them can be incinerated in a burnout oven. 

New insulation can be bound to the conductors with a thermosetting resin. 

Because the insulation is already bound to the wires, the only solution is to place the entire 

rotor inside a burnout oven. The rotor coils can only be removed from their laminated pole 

after burnout. The condition of the pole lamination and damper windings must be checked, 

and repairs should be completed before installing new windings. 

A general requirement for maintenance is to dismount the windings from the rotor-pole 

lamination. This dismounting requires the rotor-pole shoe (as shown in Fig.5) to be 

removed prior to the removal of rotor windings. Therefore, the integrity of the rotor must 

be damaged in this case regardless of how the original winding was installed. This 

procedure generates a set of electrical as well as mechanical problems that can generally 

deteriorate the performance of the machine. 
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Therefore, the following question is proposed: Is it possible to remove the rotor windings 

without damaging the integrity of the rotor? 

2.2.6 Stator vs Rotor winding 

A wide range of applications, such as thermal/hydropower plants (steam turbines), wind 

farms (wind turbines) and isolated power generation (diesel-generator sets) [59-61], use 

wound rotor synchronous machines(WRSM). In those applications, WRSMs are often 

operated at constant synchronous speed. However, in wind farms, WRSMs are operating 

at various wind speeds. The induced power of those WRSMs is converted to normal 3-

phase 50HZ power through power converters before connected to the grid. 

 

Fig. 22. The arrangement of the stator winding (distributed). 

Stator winding and rotor windings are both required on WRSMs. For the former, stator 

coils are pre-manufactured distributed windings as shown in Fig.22. They are arranged 

into the pre-designed slots on the stator covered with insulation papers. Therefore, the 

stator winding process is relatively easy.  

For the latter, since the rotor pole is usually designed larger than the pole arm as shown in 

Fig. 5. The direct install of rotor windings is impossible. Two possible solutions can be 
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applied in this case. 

Firstly, rotor coils are wrapped around pole bodies using labour forces or rotating 

machines as shown in Fig.23. Then they are covered with insulation and bounded as 

distributed windings. Manual winding is time-consuming and inefficient, and the cost of 

using a winding machine increases with rotor size. To conclude, a general winding method 

would facilitate the winding installation process.  

Secondly, the pole shoe of the rotor can be separated apart. Pre-designed distributed 

windings are arranged into the pole arms before the pole shoe is fixed on the rotor. 

However, this method breaks the integrity of the rotor and cause the corresponding 

mechanical weakness. 

Synchronous machines are also prone to winding failures (on both stator and rotor), which 

may account for half of all machine failures in the field [62]. When machine breakdown 

occurs, a decision should be made on whether to replace or repair the machine, usually 

based on an economic analysis. If a rewinding becomes necessary, the rotor (with broken 

windings) will be placed inside an oven to be burned out. The windings would then 

become easier to strip. However, the burnout process is dangerous, as heat may damage 

the core. Tests show that this damage may result in either a reduction in efficiency or 

overheating of the new winding [63]. 

If the rotor coils can be pre-produced and inserted into the rotor, similarly to a stator 

winding, the winding machine can be made smaller, and manufacture costs can be 

significantly reduced. 
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Fig. 23. The arrangement of the rotor winding (concentric). 

This work addresses the manufacturing issues associated with rotor field windings by 

modifying the rotor structure to facilitate the assembly of the rotor coils. Various rotor 

designs are introduced in the following section.  
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Chapter 3 Asymmetrical rotor design 

3.1 Aims and objectives  

Inspired by the existing asymmetrical rotor design, a new rotor should be designed with 

features that allows the rotor windings to be installed onto the pole arm without removal of 

the pole shoe. A 3-D diagram of such a newly proposed rotor is presented in Fig.24.  

It is clear based on this topology, that pre-manufactured field coils with insulation and 

covering can be installed onto the rotor pole from the teeth. Then, they can be slid through 

the round edges of the rotor and fixed by a non-magnetic shield to offset the centrifugal 

forces as shown in Fig.24. 

 

Fig. 24. A three-dimensional diagram of the proposed machine. 

 

For this rotor topology, the segmentation of the rotor poles is no longer necessary which 

ensures that the integrity of the rotor is maintained. By the direct insertion and removal of 

the non-magnetic shields, rotor winding and unwinding procedures will be simplified.  
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Fig. 25. Installation of the rotor coils. 

As shown in Fig.25, the rotor windings for this asymmetrical machine are specially 

designed to be wider than the pole arm, but the difference is controlled to less than 5% of 

the pole arm width. The empty space is filled with more insulation and bonding materials. 

The asymmetrical shape of the rotor reveals that the rotor has two parts: a part with teeth 

(teeth part) and a part without teeth (non-teeth part). Therefore, the machine is designed to 

operate in unidirectional conditions since the electromagnetic and mechanical 

performances are different. This kind of machine is suitable for applications such as steam 

turbines, generator sets and wind turbines, which are the target of this work. 

3.2 Comparison of two proposed rotors 

Two 2DFE models are produced by Magnet software to evaluate the effectiveness of the 

proposed designs. The same stator is featured by these two models with different rotors 

(one symmetrical and one asymmetrical). The machine’s stator is derived from a standard 

27.5-kVA alternator, while its salient rotor is used as a benchmark against the new design. 

Specifications of the two generators are shown in Table. 1.  
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Table.1 Specifications of the two generators 

Item Value Item Value 

Rated Power 27.5 kVA Rated Speed 1500 rpm 

Rated Voltage 380 V Rated Frequency 50 Hz 

Rated Power Factor 0.8 Stack Length 200 mm 

Stator Slot Number 36 Pole Numbers 4 

Stator OD 310 mm Stator ID 192 mm 

Rotor OD  188 mm Stator Winding Arrangement Double-Layer Star 

3.2.1. No-load operation  

 

a 

 
b 

Fig. 26. Flux distribution of the machines at no load. (a) Asymmetrical rotor. (b) 

Symmetrical rotor. 

The studies of the two proposed machines based on their flux-distribution, air-gap flux 

densities, harmonic level, induced EMF under no-load operation condition are obtained 

and illustrated in Figs.26-30, respectively.  
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It is clear that the absence of the rotor teeth reduces the corresponding flux path on the non-

teeth side, shifting the flux direction of asymmetrical rotor towards the teeth side of the 

rotor. This flux distortion leads to clear saturation on the teeth side of the rotor, making the 

rotor easy to saturate. Easy saturation feature of the asymmetrical rotor is confirmed by no-

load test results shown in Fig.30. This feature is also reflected in the air-gap flux density as 

well as induced EMF as shown in Figs. 27-30. 

 

(a) 

 

(b) 

Fig. 27. No-load air-gap flux density. (a) Asymmetrical. (b) Symmetrical. 
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Fig. 28. FFT analysis of the no-load air-gap flux density. 

In general, this flux distortion does not produce too many differences in terms of induced 

phase EMF and air-gap flux density. However, the air-gap flux density of the asymmetrical 

design is still larger than the symmetrical rotors in the non-teeth side. The results of FFT 

analysis shows that this air-gap flux density difference creates a higher 3rd harmonic but 

decreases the higher order harmonics. Since 3rd harmonic is not a problem in a balanced 3-

phase system, it would not be a big issue in this machine design.  

 
Fig. 29. No-load EMF voltages. 
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Fig. 30. No-load characteristics. 

An FFT analysis on the induced EMF is shown in Table.2 confirms its effect on the Total 

harmonic distortion in induced EMF. However, since the THD is still higher than its 

symmetrical counterpart, it should still be examined carefully.  

Table. 2 FFT analysis of the no-load EMF 

Harmonics Symmetrical rotor (V rms)  Asymmetrical rotor (V rms)  

1 245.47 239.26 

3 17.11 26.56 

5 3.28 0.822 

7 1.95 1.438 

9 0.043 0.0234 

11 0.162 0.772 

THD 7.14% 11.13% 

3.2.2. Full-load operation 

The performance of the proposed machines under the full-load condition is investigated 

using the flux-distribution and torque production scenarios. 
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a 

 
b 

Fig. 31. Flux distribution of the machine at full load. 

(a) Asymmetrical. (b) Symmetrical. 

Due to the torque requirement, flux distortion is much clearer in the full-load flux 

distributions shown in Figs. 31-33. This leads to a serious saturation in the teeth side of the 

rotor, especially on the edges.  
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a 

 

b 

Fig. 32. Induced phase voltages of the machines at full load. 

(a) Asymmetrical. (b) Symmetrical. 

Both maximum torque and maximum torque angle are different between the two designs. 

However, the maximum torque angle shift is more significant. This confirms the main flux 

shift shown in the no-load flux distribution, suggesting that the stator and rotor field 

orientations have moved. This unique feature should be adjusted in the operations. It is 

clear that most of the non-teeth side are not utilised efficiently. Therefore, there is room for 

optimisation in the asymmetrical rotor design. 
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Fig. 33. Pull-out torques. 

3.2.3. Saliency calculation 

As stated in the last section, the torque of the machine has been changed due to the 

asymmetrical rotor geometry. In theory, it links to the saliency of the rotor. As earlier 

shown, the flux distribution has been shifted; which leads to the change in synchronous 

reactance in both direct and quadrature axis.  

 

Fig. 34. Phasor diagram 

Based on the equations reported in [65], the output torque at any speed can be derived as 

follows: 

2

d q s

1
cos (X X )I sin 2

2
ad f sT X I I        (26) 
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dX , adX  = per unit direct axis synchronous and magnetizing reactance at one per unit 

speed 

qX = per unit quadrature axis reactance at one per unit speed. 

With Vs defined as the stator voltage and Is as the phase current, the first component of 

the equation can be considered as the stator-rotor field interaction. The second part is the 

reluctance torque caused by the saliency of the rotor. A phasor diagram of the salient-pole 

wound-rotor synchronous machine is shown in Fig. 34. 

 

a 

 

b 

Fig. 35. Simulated low-slip test results. 

(a) Asymmetrical. (b) Symmetrical. 

Therefore, the direct-axis reactance and quadrant-axis reactance are measured by a low-

slip test following the standard method [64]. The rotor is driven by a prime mover to rotate 
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at 1483.3 rpm (0.01 slip), while the field winding is open-circuited. The stator is fed with 

a 50-Hz, 4-A alternating current. Since the stator and rotor magnetic fields are 

asynchronous, their flux linkage is varied, reflecting the flux linkage when they are in 

different alignments. The test results are presented in Table.3. 

Table. 3 D-Q axis reactance of the two rotors 

Item Asymmetrical rotor  Symmetrical rotor  

Ψd(Wb) 384 397 

Ψq(Wb) 153.7 158.6 

Xd(Ω) 1500 1500 

Xq(Ω) 97.4% 97.5% 

Due to the transformation of the rotor geometry, the saliency of the rotor is altered. This 

change in saliency affects the torque output of the alternator.  

3.2.4. Power loss and efficiency 

The loss and efficiency of the two rotors are calculated using Infolytica Magnet software 

and shown in Table.4. This shows that asymmetrical machine has a slightly lower 

efficiency compared to the symmetrical machine due to the iron loss caused by saturation. 

Their copper loss is the same due to the same stator configuration and supply.  

Table. 4 Loss and efficiency of two synchronous generators 

Item Asymmetrical rotor  Symmetrical rotor  

Iron loss (W) 384 397 

Torque (Nm) 153.7 158.6 

Speed (rpm) 1500 1500 

Efficiency 97.4% 97.5% 

3.3. Experimental tests and analysis of results  

The two machines are finalised and prototyped as shown in Fig.36 to validate their 

performance through experiments. The stator of the machine is a duplicate of a 

standard Cummins BCI-184F machine. Two rotors are manufactured for 
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comparison. The details of the machine rotors are provided in Table 3. 

Double-layer star connected distributed windings with a surface area of 144mm2 are 

applied on each layer of the stator. The symmetrical rotor windings use 76 turns of the 

copper coil with 2.3 mm2; whereas due to the manufacture requirements, 200 turns of 

hand-wound 1.55mm2 copper wires are used on the asymmetrical rotor. Clearly, rated 

current is different in the two machines; therefore, MMFs have been used during analysis 

instead of currents. 

 

 

(a) 

 

(b) 
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Fig. 36. Photographs of the prototyped synchronous machine. 

(a) Stator. (b) Asymmetrical and symmetrical rotors. 

 

3.3.1 Constant speed-variable excitation test 

Constant speed-variable excitation test is aimed to test the machine’s no-load 

characteristic and analyse its saturation level. This experiment is carried out by coupling 

the test machine to a prime mover (in this case, DC motor with the drive). The rotating 

speed of the rotor is controlled at synchronous speed (1500 rpm). Terminal voltage is 

measured by a power analyser at the terminal of the stator while the stator terminal is 

under open-circuit condition. Three-Phase AC supply is converted to DC excitation by the 

rectifier and measured through ammeters at the terminals.   

 

Fig. 37. Comparison of the constant speed-variable excitation test between the two 

machines. 

Following BSI standard BS EN 60034-4:2008, the excitation is changed in steps from 

rated value to zero using evenly distributed points. Armature voltage (in RMS) at the 

terminal versus the excitation current (in per unit) at the rated speed is plotted in Fig. 37. 

The discrepancy between the simulation and experimental test results confirms the FEA 
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simulation, which indicates that asymmetrical rotor geometry makes it easier for the 

machine to saturate. There are slight differences between the two results due to the end-

winding effect of 2DFE analysis.  

3.3.2. Constant excitation-variable speed test 

This test is to measure the performance of the two proposed machines under various 

rotating speeds. The armature phase voltage is plotted against speed in Figs. 38-39. The 

performance of the two was almost identical during this experiment.  

 

Fig. 38. FEA and measured results of the output voltage. 

 

 



75 

 

Fig. 39. Comparison of constant excitation-variable speed test between the two 

machines. 

 

3.3.3. Sustained three-phase short-circuit test 

The sustained three-phase short-circuit test followed the same pattern as the constant-

speed variable excitation tests. However, the measurement of short-circuit current is 

carried out between short-circuited terminals by ammeters. The armature current versus 

the excitation current at the rated speed is shown in Fig. 40. 

The asymmetrical machine gives a lower short-circuit current compared to a symmetrical 

machine. This feature should be carefully examined in the fault detection.  

 

Fig. 40. Comparison of the two machines during sustained three-phase short-circuit test. 

3.3.4. Inductive load test 

Synchronous machine response to inductive load is very important in power system 

stability because they are the most common type of loads in grids. An inductive load test 

is carried out with the test machines providing power to inductive load banks. The power 

generated by the tested machines and their corresponding terminal voltages are measured 

by a power analyser; while excitation current is recorded by an ammeter. Voltage, current 
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and power are recorded and presented in Fig. 41. 

 

a 

 
b 

 

c 

Fig. 41. Comparison of the two machines at varying inductive loads. 

Induced EMF of the asymmetrical machine was less sensitive to the load variation 
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compared to the symmetrical rotor. The voltage drop is not significant in this case. 

Therefore, the proposed asymmetrical design performs better in system stability under 

load variations. 

3.3.5 Resistive load test 

Setting to resistive load test is similar to inductive load test with the only difference being 

that, a resistive load is connected to the test machine. The test results in Fig.42 show the 

same trend as the inductive load test with the asymmetrical rotor performing better in both 

cases. This finding confirms the excellent performance of the proposed machine under 

different load conditions. 

 
a 

 
b 
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c 

Fig. 42. Comparison of the two machines at different resistive loads. 

3.4 Summary 

This chapter presents a new rotor design of synchronous generators targeted for diesel-

generating sets. The rotor pole is asymmetrical, effectively shifting the magnetic field to 

change the saliency of the rotor. As a result, the power output and the power factor range 

are affected. 

By adopting an asymmetrical rotor geometry, field windings can be easily installed on the 

rotor, thus simplifying machine assembly and repair procedures. Simulation results 

obtained from a 2DFE analysis and experimental results obtained by testing a 27.5-kVA 

prototype machine verify the performance of the new rotor design. Overall, the power 

profile and the ease with which the field windings are assembled are improved. 

The developed technique can significantly reduce the maintenance and repair costs 

associated with synchronous generators, particularly for small/medium power-rated 

alternators and for mass production markets, such as those of diesel generator sets and 

wind power generators. Machine designers, manufacturers and repair personnel can 

benefit from this design in terms of reduced capital and maintenance costs. 



79 

 

Chapter 4 Machine design investigation 

As shown in chapter 3, both FEA simulation and experiment test results indicate that the 

saturation level is a significant problem for the asymmetrical rotor; therefore, the rotor 

shape is investigated geographically in this section to identify the key geometry factor of 

the asymmetrical rotor.  

4.1 No-load operation 

 
(a) 

 

(b) 
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 (c) 

Fig. 43. Flux distribution of the 3 proposed rotor shapes. 

Following the principle that flux should be directed towards the centre of the rotor, three 

plans have been proposed and simulated as shown in Fig.43.  

Plan 1 is an advanced design based on the original rotor shape. The vertical edge of the 

non-teeth side is reshaped and replaced with a smooth half-circle. This generates an extra 

path for the flux and guides the flux back to the non-teeth side.  

 

 

(a) 
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(b) 

 

(c) 

 

(d) 

Fig. 44. No-load air-gap flux density and FFT analysis. 
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Plan 2 is an improvised version of plan 1, cutting the teeth of the rotor to reduce the flux 

on the teeth side. Flux distortion in this plan is significantly reduced. For mitigating the 

effects caused by the shape of edges, an off-centre arc edge is adopted on plan 3. This 

technology is explained in section 4.3. However, the results are shown here for comparison.  

As shown in Figs.44-45, plan 1 and plan 2 shares similar induced EMF, phase current and 

flux linkage. Slight differences can be observed on the maximum value of the air-gap flux 

density and their corresponding harmonic content. Plan 3 reshapes the edge of the rotor to 

improve the sinusoidal air-gap flux density. High order harmonics have been significantly 

reduced in this plan; hence, its effect is further investigated in section 4.3.  

 
Fig. 45. No-load voltage comparison of three proposed machines. 

 

As predicted in the flux distribution, all 3 plans enter saturation slowly than the initial 

asymmetrical design under the same excitation. As shown in fig.45, no-load voltage level 

in the first two plans is increased with a large number of harmonics. Therefore, although 

plan 3 does not have the best saturation level, it is still considered to be an optimal solution.  
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Fig. 46. No-load characteristic of the four machines. 

4.2 Saliency calculation 

Similar to section 3.2.3, the saliency of the machine is measured as follows: 

The initial rotor shows that the maximum flux linkage is 0.094 Wb and the minimum flux 

linkage is 0.068 Wb.  

d0.094 / 2 0.047 H,X 7.30d dL L    
 

0.068 / 2 0.034H,X 5.28q q qL L    
 

 Plan 1 shows that the maximum flux linkage is 0.083 Wb and the minimum flux linkage 

is 0.053 Wb.  

d0.083 / 2 0.0415H,X 6.44d dL L    
 

0.053/ 2 0.0265H,X 4.12q q qL L    
 

Plan 2 shows that the maximum flux linkage is 0.084 Wb and the minimum flux linkage 

is 0.047 Wb.  

d0.084 / 2 0.042H,X 6.52d dL L    
 

0.047 / 2 0.0235H,X 3.65q q qL L    
 

Plan 3 shows that the maximum flux linkage is 0.083 Wb and the minimum flux linkage 
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is 0.047 Wb.  

d0.078 / 2 0.039H,X 6.06d dL L    
 

0.043/ 2 0.0215H,X 3.34q q qL L    
 

 

Fig. 47. Low-slip test simulation results for machines. 

By checking the d-q reactance, the saliency of the machine is certainly influenced by the 

rotor geometry. However, the relationship between the geometry boundary and reactance 

is not proportional and must be analysed quantitatively. 

4.3 Full-load operation 

Similar to section 3.2.2, FEA simulation of full-load operations are conducted for all three 

plans with the results shown in Fig.48. Torque production of the three plans varies slightly 

among the machines. All three plans of asymmetrical machine provide almost same pull-

up torque as the symmetrical machine. Compared to the original asymmetrical rotor, the 

maximum power angle of all three plans are shifted relative to the position of symmetrical 

rotor design. Since both maximum power value and maximum power angle are influenced 

by the rotor design, optimisation should be considered.  



85 

 

 

Fig. 48. Comparison of the maximum torque between the three proposed machines. 

4.4 Stator design investigation 

In addition to the change in rotor-pole shape, the winding arrangement on the stator is 

very important for achieving a high-quality induced EMF waveform. Therefore, plans for 

distributed double-layer windings are discussed in this chapter. 

 

Fig. 49. Waves of induced EMFs for different winding arrangements. 

For a 36-slot, 4-pole, 3-phase machine, there are 3 slots per pole per phase. Therefore, the 

winding arrangement can be either full-pitch or short-pitch with 1 slot, 2 slots, or 3 slots. 

A 2-D finite element simulation is used to testify the induced EMF with the rated 

excitation level. EMF waves are shown in Fig. 49, and the results of an FFT analysis are 
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shown in Table 5. 

As indicated by the waves, the short-pitch winding arrangement shows less fluctuation 

caused by tooth ripple. The short-pitch arrangement introduces fewer fundamental 

harmonics but provides a better waveform compared with the full-pitch arrangement. 

Therefore, the short-pitch arrangement with 3 slots is chosen as the solution to the problem. 

However, it is also observed that the effect of high-order harmonics affects the waveform 

quality. This problem is studied in the next chapter. 

Table. 5 FFT results of induced EMFs for different winding arrangements  
FP SP1 SP2 SP3 

1 398.97  392.91  374.91  345.52  

3 51.26  44.39  25.62  0.02  

5 2.30  1.48  0.40  1.99  

7 7.03  2.41  5.38  6.10  

9 12.69  0.01  12.69  0.01  

11 3.63  1.25  2.78  3.15  

13 0.43  0.27  0.08  0.38  

15 12.54  10.86  6.28  0.01  

17 31.96  31.47  30.03  27.68  

19 1.29  1.27  1.21  1.12  

21 1.34  1.16  0.66  0.03       

THD 15.93% 14.15% 11.31% 8.28% 

An asymmetrical rotor provides a rather irregular flux path, leading to poor-quality EMF 

waves. However, because the majority of the harmonics are 3rd harmonics, it is easy to 

improve the results by using a short-pitch winding arrangement. A 3-slot, the short-pitch 

arrangement provides the best solution for the rotor and is adopted in this machine.  

4.5 High-order harmonic reduction 

As indicated in the previous chapter, high-order harmonics strongly affect the voltage 

waveform quality. Common methods for reducing high-order harmonics caused by tooth 
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effects include the use of an inverse cosine pole shoe or a centre-offset arc pole shoe [65].  

Inverse cosine pole shoes have long been applied in the design of salient wound-field 

synchronous machines [67-68]. This method produces an uneven air-gap distance 

according to a cosine function from the rotor d-axis to the q-axis. The air-gap distance is 

defined as follows: 

 

Fig. 50. Inverse cosine function pole shoe of a rotor. 

( )

cos( )

d

p


 






       (27) 

 

Fig. 51. Centre-offset arc pole shoe. 

Investigation of this method shows that it can achieve a good sinusoidal distribution with 

a high peak value. However, the complexity of the curve makes the method rather 

expensive for industrial applications. The technique can reduce torque ripple as well as 

the mean torque. Therefore, it is not ideal in this design. 
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To simplify the manufacturing process, the centre-off arc pole shoe method is utilized in 

this design. As mentioned in [68], the advantage of this shape is that the complete pole 

shoe can be defined by a single arc with a given radius, where the centre of the radius is 

offset from the origin. Therefore, the design and manufacturing process can be easily 

executed.  

 
(a)          (b) 

Fig. 52. Effect of ratio on air-gap flux density. 

 

Fig. 53. FFT analysis of air-gap flux density. 

Fig. 51 clearly shows that as the ratio r (r= δq/δd) increases, the radius of the arc decreases 

and the offset of the centre of the arc from the origin increases. Fig. 52 shows the effect 

of the ratio r when δd=2 mm, calculated based on a 2-D finite element analysis. Fig. 53 

shows that the air-gap flux density (influenced by the asymmetrical pole arc) is also 
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asymmetrical. 

The FFT analysis is shown in Fig. 53 shows that the fundamental, 5th, 7th, 9th, and 11th 

harmonics decreases significantly with the ratio. The 3rd harmonic can be reduced by 

short-pitching the stator winding. Overall, the sinusoidal air-gap flux density can be 

improved at the cost of relatively low amplitude. Therefore, the ratio should be kept at one 

appropriate value. The corresponding iron loss and fundamental amplitude of the back 

EMF are shown in Table 6. 

Table. 6 Amplitude and loss at various ratios 

Item Iron loss 

(W) 

Back-EMF Amplitude 

(V) 

Initial design 384 240 

Plan 1 304 236 

δq/δd=1 (Plan 2) 291 230 

δq/δd=1.5 (Plan 3) 260 222 

δq/δd=2 232 213 

δq/δd=2.5 214 206 

δq/δd=3 203 201 

The effect of the air-gap distance is quite clear based on the test performed; however, due 

to the asymmetrical pole arc, the air-gap flux density is also asymmetrical and highly 

distorted. However, by combining a proper stator winding arrangement and the off-centre 

arc method, the harmonics can be controlled to an acceptable level.   
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4.6 Simplified analytical analysis of asymmetrical rotor 

 

Fig. 54. The parametrisation of plan A. 

Stator inner circle: x^2+y^2=Rs^2 

Rotor outer circle: x^2+y^2=Rr^2 

Arc side: For angles ranging from θ to θ2, 

2 2 2

0 0 3

2 2 2

3 0 0

( ) ( )

( ) ( )

x x y y r

r x a y b

    


   

     (28) 

Therefore, to estimate the average air-gap distance, these equations are converted to polar 

form. 

For the stator and rotor, ρ=Rs and ρ=Rr. 

For the arc, 

2 2 2

0 0 3

2

( cos( ) ) ( sin( ) )x y r

when

   

  

   

 
    (29) 

The equation can be further simplified as follows: 

2 2 2

0 02 ( cos( ) a) 2y ( sin( ) )a b x b             (30) 

2 2 2

0 0 0 0 0 0[2 y sin( ) 2 cos( )] [2 y sin( ) 2 cos( )] 4[ 2 2 y ]

2

x x a b ax b   


        


It is assumed that 



91 

 

1 0 0

2 2

2 0 0

2 y sin( ) 2 cos( )

2 2 y

C x

C a b ax b

  


    
      (31) 

Thus, the equation can be further simplified as follows: 

2

1 1 24
( )

2

C C C
f 

  
        (32) 

The air-gap distance can be calculated for any given point AB as follows: 

2 2

1 2 1 2 1 22 cos( )AB              (33) 

Because the angle is fixed, the equation can be expressed as follows: 

1

2 2

1 1 2 1 1 22 2

1 2

2

l( ) 4 4
( ) 2
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s s
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  


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 


       
   



 (34) 

The average air-gap distance over one rotor pole (one of four in a four-pole rotor) is 

calculated as follows:  

1 2

1

1 1
( ) [ 2 l( ) ]

re

rs rs
avg

pole pole

L l d d d
  

  
    

 
        (35) 

When saturation and flux leakage are neglected, the average flux density can be calculated 

as follows: 

r
avg

g avg

r

m m

B
B

A L

A l






       (36) 

The peak-to-peak open-circuit flux linkage is given by 

2p avg
DLB

p
         (37) 

The back EMF and torque can be expressed as  

2
2

2

2

p

avg dpn dpn p r dpn avg r

r

N
E K K Np K NB DL

p

 





     (38) 
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and the torque as 

2

2

avg

dpn avg

r r

E IP
T K D LB Q



 
         (39) 

According to the calculation, the average torque depends on the average air-gap flux 

density, which is influenced by the corresponding constants: a, b, x0, and y0. Because the 

coordinates a and b are fixed based on the prototype, the two variables that affect the 

torque performance are x0 and y0, i.e., the coordinates of the centre. 
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Chapter 5 Surrogate optimisation 

5.1 Introduction 

Modern electrical machines are designed to operate under certain conditions and for 

specific purposes. For mass-critical applications such as electric vehicles, a high-speed, 

high-frequency working environment is often required [69]. However, in aerospace 

applications, designs are tailored to operating conditions characterised by a high working 

temperature and fault-tolerance and minimal mass [70]. To address a range of operation 

requirements, an accurate machine analysis method is required. 

In traditional machine analysis, analytical models based on electrical equivalent circuits 

are highly popular [71]- [72]. However, in specific applications, the modelling of eddy 

currents, saturation and hysteresis losses is difficult. However, analytical methods are 

performed based on average estimated values of the magnetic field in the air gap and 

lamination. Therefore, analytical methods offer an advantage in terms of speed but at the 

cost of accuracy [73].  

FEA, on the other hand, is an effective numerical tool for solving magnetic fields. Use of 

this method can be dated back to 1970 [74]. FEA offers an advanced technique for 

addressing geometry variations and irregularities. Saturation and eddy current effects can 

be predicted with high accuracy by FEA [75]. The disadvantage of FEA is its high 

computational cost. A full model of a machine and its FEA analysis are time-consuming. 

For example, the finite element models used in the previous chapters takes 20 mins to 

simulate the performance for 20 ms with the minimum element restricted to 1 mm2. In the 
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machine design process, because every function calls for one FEA, the optimisation time 

increases proportionally with the number of functions required [76]- [78]. Since the 

number of functions cannot be estimated in advance, the computational time is 

unpredictable. A detail discussion of FE and analytical methods can be found in Section 

2.2.4. 

As mentioned in Section 2.2.4, magnetic equivalent circuit (MEC) based analysis is also 

a common option, used throughout the 20th century [79-81]. This method is based on 

physical geometry and material characteristics but incorporates natural flux behaviour. 

Saturation, leakage, iron losses, etc., can be modelled with moderate accuracy and 

moderate computational time [82]. However, due to the natural flux behaviour assumption, 

the effort required to predict the flux path increases with the complexity of the physical 

geometry.  

Surrogate modelling has recently been used in machine design. This technique 

significantly reduces the analytical effort required by estimating the relationship between 

machine design input parameters and output characteristics [83]. A simplified 

mathematical approach is constructed based on output data obtained from high-fidelity 

models (called sampling points). This approach is then used in machine optimisation 

instead of the original physical or simulated models, hence the name “surrogate” 

modelling. This method provides a rapid approximation of objects and constraints. 

Because it is a mathematical technique, surrogate modelling can easily deploy multiple 

search algorithms to achieve high-speed optimisation.  

Surrogate modelling has been widely accepted in industrial applications such as rotor 
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blade design [84], aerofoil shape optimisation [85]-[87], electromagnetic device design 

[88], antenna structure design [89], cooling device design [90] and injector design [91-

94]. Although surrogate modelling is recommended as an effective tool for machine 

design optimisation, a limited number of machine designs are based on surrogate 

modelling [95-96]. 

5.2 Surrogate modelling 

Surrogate modelling can be applied to a wide range of problems because the construction 

of the model does not require corresponding knowledge of the physical system. As 

previously mentioned, the basic concept of surrogate modelling is to build a fast and 

analytically tractable surrogate model by iteratively creating, optimising and updating the 

corresponding models. A limited number of data acquired from real models are used to 

create a surrogate model. Because the amount of information carried by the data is not 

sufficient to identify the real function, a set of estimated equations can be built based on 

the same data, as shown in Fig. 55. 

Fig. 55. Different surrogate models may be constructed with the same data [97]. 

Therefore, two aspects of surrogate model construction are critical: the estimated formula 

used to construct based on the available data and error assessment [98]-[99]. Regarding 
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the former, many types of functions, such as polynomial regressions, Gaussian radical 

basis functions, neural networks, and Kriging models [100], can be used to predict the 

performance of physical models. Regarding the latter, the uncertainty caused by 

insufficient data is treated as a probability density function. This approach indicates that 

the predicted value of the equation can be located anywhere within a small area covered 

by the function, as shown in Fig. 56.  

 

Fig. 56. Predicted uncertain area using probability density function θ in the predicted 

function (𝒇𝒑) [98]. 

An experiment is first conducted to distribute several sampling points inside the design 

space. Then, surrogate models are constructed using the previously mentioned prediction 

approaches. The accuracy of the surrogate model is verified by calculating the 

convergence of the models. Iteration is performed if the model does not converge. A 

typical surrogate-based optimisation flow chart is shown in Fig. 57 
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Fig. 57. The procedure of the surrogate modelling method. 

 

5.2.1 Design of experiment 

Classic DOE 

The first step of surrogate modelling is to locate a certain number of sampling points 

(specific values of input variables) in the design space. There is a clear problem between 

the number of sampling points and the information they carry. Generally, the sampling 

points should be spread as far apart as possible to gain global trends but not so far apart 

as local trends might be dismissed. However, inevitable random error (because the 

sampling points are only part of the global space) and bias error (caused by an unbalanced 

probability distribution in the system) are bound to occur. Therefore, the spread of the 

sampling points should be controlled using a mathematical method. 

Design of experiment (DOE) technology was developed to solve this problem. This 

technology is used to maximize the amount of information gained by a limited number of 
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sample points [99,100,101].  

Today’s DOE technology can be categized into one of two groups: classic DOE methods 

or modern DOE methods [102]. 

Classic DOE methods are obtained based on the assumption that field experiments 

(sometimes called laboratory experiments) are random and non-repeatable. The 

corresponding mathematical expression is as follows: 

t(x) y (x)my    

where ym is the measured response, yt is the true response, and ε is the random error. 

Because the random error is independent and assumed to be evenly distributed, the results 

of two measurements with the same input are still different. Classic DOE methods assume 

the trend of a true response yt is previously known. Therefore, to minimize the influence 

of random error, classic DOE methods tend to distribute the sampling points as far apart 

as possible. Therefore, sampling points are often distributed at the boundaries of the design 

spaces to gain the maximum trends of the true model. 

Classic DOE technology uses discretized design variables (often described as levels) to 

search large design spaces. It is easy to determine, for an n-dimensional space with p levels, 

the total number of sampling points n^p that should be used to study the effect of each 

factor on the results as well as the interactions between factors. This DOE method is called 

full-factorial DOE.  

However, the number of sampling points increases exponentially with the number of 

experimental levels and design variables. To reduce computational effort, fractional DOE 

methods are adopted. In contrast, if more details are required inside the design space, more 
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sampling points should be inserted, such as in central composite design, star design, or 

Box-Behnken design, as shown in Fig. 58. 

Fig. 58. Factorial designs for three design variables (n=3): 

(a) full factorial design, (b) fractional factorial design, (c) central composite design, (d)

star design, and (e) Box-Behnken design [103]. 

Modern DOE 

On the other hand, modern DOE methods are determined based on computer simulation, 

which can be repeatable and deterministic. In this case, knowledge of general trends is no 

longer necessary due to the absence of random error. Therefore, sampling points are often 

located inside design spaces; a process often referred to as “space filling”. This interior 

sampling displacement is designed to minimize bias error. Popular space filling design 

methods include Monte Carlo simulation, Latin hypercube sampling and orthogonal array 

sampling. 

Monte Carlo simulation 

Monte Carlo simulation (MCS) is an iterative process of generating random sampling 

points as input and running the corresponding model for analysis. The mean of the MCS 

output should converge to the real mean when the number of sampling points is large 

enough. 
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If g(X) is the function considered (where X =(x1,x2.,xn) is the vector of m random 

variables), MCS randomly draws m samples from the adjoint probability density function 

f(x) [104]. The mean value of MCS can be estimated as follows: 
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

        (40) 

and the variance is given by 
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Latin hypercube sampling (LHS) 

Latin hypercube sampling [105] is a typical modern DOE technology widely used in the 

computation. Two aspects of LHS offer an advantage over other methods. First, LHS can 

provide a more accurate estimation of the mean value. Second, the method is not restricted 

by the number of sampling points. Therefore, the technique allows the user to control the 

complexity and computational cost of sampling.  

In LHS, the design space is divided into several bins with the same probabilities. The 

generation of sampling points is based on two principles: 

1. Each sampling point is independently and randomly selected.  

2. Only one point is allowed in each bin. 

The following is a simple equation for generating LHS sampling points: 

( ) ( )

( )

i i

j ji

j

U
x

k

 
        (42) 

for 1≤j≤n and 1≤i≤k, where k is the number of samples, n is the number of design variables, 

U is a uniform value in the range [1,0], and π is an independent random permutation of 
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the sequence of integers 0, 1…, k-1. Subscript j donates the dimension number, and 

superscript i donates the sample number.  

As an improvement over the unrestricted stratified sampling method, LHS can be applied 

to design variables that have an abnormal probability distribution as well as correlations 

among variables [106]. Therefore, LHS is adopted as the DOE technique in this work.  

5.2.2 Construction of surrogate models 

Following the appropriate generation of sampling points, a suitable approximation 

approach is chosen next. Two types of approaches are generally considered: parametric 

and non-parametric approaches. Parametric approaches, such as the use of a polynomial 

regression model, assume that the global functions formed between design variables and 

responses are previously known [107]. Non-parametric approaches, such as the use of 

radical basis functions (RBFs), treat the global function as a black box and use different 

types of simple local models in different regions of the data. A compromise approach 

called the Kriging model has become popular in recent years. A Kriging model is 

composed of two parts, a parametric part and a non-parametric part. No specific model 

structure is used, and the non-parametric part is considered the realization of a random 

process. The following chapter introduces these approximation models.  

Polynomial regression model 

Although polynomial regression is the simplest and first surrogate method to be developed, 

it is still commonly used in engineering design [98].  
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Polynomial regression models (PRMs) estimate a real function as a combination of a 

polynomial approximation ŷ(x) and a random error ε, which is assumed to be normally 

distributed with zero mean and a variance of σ2
.  

ˆ( ) ( )y x y x           (43) 

A first-order polynomial approximation ŷ(x) is defined as follows: 

0

1

ˆ( )
n

i i

i

y x x 


         (44) 

where βi is an unknown coefficient and xi is the ith design variable.  

Similarly, a second-order polynomial approximation ŷ(x) is defined as follows: 
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Parameters estimated using a least-squares method should be calculated as follows: 

^
1( ) fT TX X X         (46) 

One limitation of PRMs is that the order of equations should be restricted to be less than 

2. A high-dimensional, nonlinear problem is difficult to simulate using the PR method. 

Radial basis function 

An RBF is a generalized linear model developed for the interpolation of scatted 

multivariate data [108]. Similarly to PRM, the approach used to approximate the true 

function is defined as ŷ(x) and expressed as follows: 
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where ωi is the weighted coefficient; φ(x) is the basis function, which depends on the 

Euclidean distance between the observed point x(i) and untried point x; and P(x) is the 

global trend, which is usually considered constant.  

Various basis functions can be used as an RBF, such as Gaussian functions, power 

functions, thin plate spline functions and Hardy’s multiquadric function.  

Similarly to a polynomial regression model, a radial basis function can be expressed as 

follows: 

jf            (48) 

The coefficient of linear combinations ω can then be computed as follows: 

1( )T T

j f           (49) 

and the radial basis function Φ is a matrix of the number of sampling points and the 

number of basis functions Ns × NRBF, which is given by 
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  (50) 

It is clear that if NRBF=NS, the matrix is a square matrix 

Kriging model 

As a technique for interpolating deterministic noise-free data, the use of a Kriging model 

has become the most popular method in recent decades [110-113]. The function of a 

Kriging model is composed of two parts: one polynomial model and one isolated 

symmetrical component representing either small-scale, high-frequency variations or 

large-scale, low-frequency variations [114]. 
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As previously stated, the isolated symmetrical component reflects the fluctuation around 

real function, with the basic assumption that these fluctuations are correlated only by the 

distance between the locations under consideration [98]. To be more specific, a zero-mean 

second-order stationary process is by the following equations: 

( ) z( )y t t          (51) 

where β is a constant value, and fundamental function z(t) is a Gaussian distribution with 

an error. The residual error is considered to be independent, identically distributed or 

normal random variables with 0 mean and variance. Similarly to the previous model, the 

estimated model for y(t) can be expressed as follows: 

^ ^ ^
1( ) ( )Ty t r R y q           (52) 

where R is the correlation matrix, r is the correlation vector, y is the vector of ns observed 

data, and q is a unit vector. The correlation matrix and vector are 
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where i and j are independent indices ranging from 1 to ns 

(1) (2) (ns) T(t) [R(t, t ),R(t, t ),...,R(t, t )]r      (54) 

The parameters θ1 to θn should be solved by applying an optimisation algorithm as follows: 

^
2

s[n ln( ln ]

2

R
maximise

 
      (55) 

A large number of studies have compared the precision of estimated models, and the 

Kriging method is considered to be among the most accurate in predicting nonlinear and 

complex real models [115,116]. Therefore, a Kriging model is employed in the surrogate 

modelling performed in this thesis.  
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5.3 Surrogate optimisation 

As previously mentioned, a surrogate model is an approximation of an input and output 

relationship. Because the features of the design space are first converted to a mathematical 

approximation, the optimisation process, with the associated objective and constraint 

functions, can be completed within a relatively short amount of time. Surrogate models 

can address optimisation problems with non-smooth or noisy responses and reveal trends 

within given design spaces [94,117,118]. Moreover, multi-disciplinary and multi-

objective optimisation can be performed by surrogate-based analysis and optimisation 

(SBAO) [119]. 

The flowchart is shown in Fig. 59 describes the SBAO procedure. The purpose of problem 

definition is to specify the variation range and constraints of the input variables and to 

clarify the objective of the optimisation by choosing appropriate output variables. The 

final step is to choose one appropriate optimisation algorithm for SBAO.  

 

Fig. 59. The procedure of the surrogate modelling method [115]. 
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 Optimisation problem definition.  

Clarify the variables, the objectives affected by the variables and the 

corresponding constraints. 

 Design of experiment. 

 Locate the sampling points for collecting the maximum amount of information 

in the design space under the constraint of low computational expense. 

 Construction of surrogate models.  

Select the most appropriate model that fits the characteristics of the information 

gathered by the sampling points and construct the model using the given 

sampling points. 

 Infill sampling points.  

Improve the accuracy of the model by comparing the difference between the 

surrogate estimation and actual models in specific locations. 

 Converge.  

Test whether the convergence of the surrogate model is achieved and decide 

whether to add more sampling points to train the model. 

 Heuristic search method.  

Find the best location for the problem among multi-objective optimisation 

problems. 

 Model validation.  

Evaluate the precision of the predicted surrogate model relative to the actual 

objective function.  
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5.4 Heuristic search method 

The optimisation of electrical machines is always a multi-variable and multi-objective 

problem [120-125]. Important factors include the choices of magnetic, electric and 

insulation materials used in an apparatus; the magnetic performance of the apparatus; the 

electrical performance of the apparatus; the method for insulating the apparatus; heating 

and cooling arrangements; and mechanical design [126]. Analytical methods have been 

widely used in previous machine designs [127]-[128]. However, the use of a search 

algorithm combined with FEM has become popular in recent years, as the method 

provides a solution in a short amount of time and with low computing costs [129,130].  

5.4.1 PSO 

Particle swarm optimisation is a stochastic algorithm developed for optimizing continuous, 

nonlinear, constrained or non-constrained, non-differentiable multi-objective functions 

[131,132]. The method is widely used in various fields and applied to different 

optimisation problems [133-140].  

The PSO method selects a number of points in n-dimensional design space to form a 

population (or swarm). Each particle travels individually at a certain velocity in the space, 

searching for the best solution. Each particle evaluates its solution based not only on its 

personal best (pbest) but also on the best value among the rest of the population (gbest, 

global best). The particles then change their position in the design space. The change in 

position (i.e., travelling velocity) is determined dynamically based on the trajectory of 
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each particle itself and the trajectories of its colleagues. The equations for the new velocity 

and position are as follows: 

1 t

1 1 i i 2 2 i(pb p ) (gb p )t t t t t t

i iv v cU c U     
    (56) 

where vi
t and pi

t represent the ith particles in iteration t, pbi
t is the personal best result of 

particle i in iteration k, and gbi
t is the global best of all the particles in iteration k. c1 and 

c2 are the weight ratios, and U1 and U2 are uniformly distributed random numbers 

between 0 and 1. The first term represents the inertia, which causes the particles to move 

in the same direction. The second and third terms ensure the particles follow the best 

personal and best global directions. A flowchart of the PSO process is shown in Fig. 60. 

PSO and other search algorithms are compared in various studies [126,127, 139].  

Results show that PSO can locate optima accurately in a relatively short amount of time. 

It is also suggested that PSO can be simply implemented and can achieve higher efficiency 

with fewer parameters compared with other algorithms [140]. Therefore, PSO is chosen 

as the optimisation method in this work. 
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Fig. 60. The procedure of the PSO method [138]. 

5.4.2 Genetic algorithm 

Genetic algorithms (GAs) are based on the natural genetic process of biological organisms, 

i.e., “survival of the fittest”. These methods were introduced in 1975 by Holland [141] 

and explained in a later series of articles [142-143]. These methods can be applied to 

highly complex design problems, including machine design [144-146]. 

The basic principles of GA are explained as follows. 

 Coding 

In GA, each design choice is defined as a gene. Genes are joined to form a string of values 

(known as a chromosome) to represent the input variables of a problem. The formation of 

individual chromosomes can be coded by various methods, including the use of binary 

strings (most popular), real numbers, permutations of elements, and lists of rules.  
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After coding, a set of initial chromosomes is generated randomly or based on known 

suitable results; these chromosomes are defined as the first population.  

 Fitness evaluation 

Population fitness is tested by a fitness function and selected based on different strategies 

(such as proportionate fitness selection, linear ranking selection or local tournament 

selection).  

 Reproduction 

Selected chromosomes (i.e., parents) are recombined to produce the next population (i.e., 

child). The chromosomes are recombined based on two methods: crossover and mutation. 

Crossover takes two chromosomes, cuts parts of the strings and reorganizes them. 

Mutation is applied to each individual after crossover, randomly changing genes of the 

chromosome with a certain probability. New populations are generated after reproduction.  

 Convergence 

If the GA has been performed correctly, the population will evolve towards the global 

optimum point after several iterations.  

5.5 Summary 

This section gives an introduction to surrogate optimisation and its corresponding flow 

steps. By combining surrogate optimisation method with finite element models on 

geometry design, a compromise is established between a high-accuracy FE method and a 

low-computation cost analytical method. A detail application of surrogate optimisation is 

described in the following chapter.  
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Chapter 6 Simulation results and analysis 

This chapter shows one surrogate optimization process for rotor geometry design in 

wound rotor synchronous machines.  

6.1 Aims and objectives 

The rotor shape of the original design is created for easy insertion of excitation coils. 

However, as demonstrated by FEA as well as experimental tests, the majority of the flux 

is concentrated on the tips of the rotor due to the edge effect. 

In this case, the tips of the rotor should be reshaped, to avoid the formation of rectangular 

edges (creating an even flux path) and to create a uniform air-gap distance along the edge 

of the rotor. Two plans are proposed and simulated, as shown in Fig. 61. 

The aim of this project is to develop a rotor structure for easy installation of excitation 

windings. Therefore, one side of the rotor tip must be removed to slide the excitation 

windings onto the rotor pole. 

 

(a) 
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(b) 

Fig. 61. Optimisation plans. 

Plan 1 attempts to cut the right side of the rotor tip with an arc. This arc directly connects 

the rotor pole to the outside arc, which allows for a smooth path for the flux to pass. The 

arc separates the rotor into one side with rotor teeth (teeth side) and one side without rotor 

teeth (non-teeth side). The flux of the rotor can be modified by changing the direction of 

the arc. Therefore, the edge effect can be reduced.  

Plan 2 also connects the pole body to the outer radius with an additional arc. However, the 

arc side of the rotor tip is not completely removed as in plan 1. In addition, the teeth side 

of the rotor is cut with a circle. In this case, the direction of the flux can be controlled by 

changing the shape of the two sides instead of one side alone.  

6.2 Preliminary test on two rotors 

6.2.1 Optimisation of plan A 

The first step of this optimisation process is to determine the shape based on certain sets 

of parameters. Problem definition A of plan 1 is shown in Fig. 62. The principle of the 

plan is simple: Assuming the joint point between the rotor pole and rotor body (indicated 
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by the star in Fig. 62.) is fixed, a connecting arc can be easily defined by its arc centre 

(x,y) and connected at the red point to the outside arc. In this case, the optimisation is 

clearly a 2-variable optimisation (x and y). The optimisation plan is defined as follows: 

Maximise: Power output 

Minimise: Loss 

Constraints: 

0<x<20 

0<y<30 

This optimisation is designed to identify the best performance of the machine, i.e., that 

which maximises torque with minimal loss. 

6.2.2 Simulation results 

 

Fig. 62. Problem definition A of design plan 1. 

The surrogate optimisation is adopted for this design, as discussed in the previous chapter. 

FEA simulations are performed at test points to train the surrogate model. An example of 

these FEA simulations is shown in Fig. 63. 
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(a)         (b) 

Fig. 63. FEA simulation: no-load flux distribution. 

As indicated by the no-load flux distribution, the flux path is shifted towards the tip side 

of the rotor due to the lack of a flux path on the non-tip side. Changing the centre of the 

arc controls the flux path of the rotor. This unique flux change has a negative effect on the 

induced voltage. Three-phase induced voltages of the rotor are shown in Fig. 64. 

 
Fig. 64. Three-phase induced voltages. 

It is also observed that in this design, the flux has a natural angle between the geometrical 

centre and magnetic centre. Therefore, the maximum power angle is different from that of 

the conventional rotor. During the simulation, one extra angle is added to achieve 
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maximum power. The full-load operation is shown in Fig. 65.  

 

Fig. 65. FEA full-load flux distribution. 

 
Fig. 66. Estimated torque production. 

The surrogate optimisation uses 50 training points. After training, the surrogate model is 

as shown in Fig. 66. 

As shown in Fig. 67, the surrogate model indicates that the torque is distributed linearly. 

The highest torque is consistently achieved on the top right side of the design region. 

However, the loss is quite nonlinear and distributed unevenly around the entire design 

region. Therefore, the PSO search algorithm is adopted for optimisation. 
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(a) 

 

(b) 

Fig. 67. Surrogate models: (a) torque distribution and (b) loss distribution. 

Using the PSO search algorithm, the surrogate optimisation provides suitable estimates. 

The optimal point is set to [15.55, 17.94], where the estimated torque is 173, and the 

estimated loss is 374.99. The optimized results are confirmed by FEA simulation. To 

verify the accuracy of the surrogate models, several test points (selected by LHS) are also 

simulated with the optimized points.  
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Table. 7 Accuracy comparison between surrogate model and FEA results 

Item x y 
Torque 

(FEA) 

Torque 

(SE) 
Error 

Loss 

(FEA) 

Loss 

(SE) 
Error 

Test_1 12 5 171.7 171.42 0.28 597.04 596.7 0.34 

Test_2 8 23 173.37 173.36 0.01 601.97 602.04 -0.07 

Test_3 6.32 28.42 173.69 173.71 -0.02 603.82 603.33 0.49 

Test_4 4.21 0 171.52 171.5 0.02 587.02 596.82 -9.8 

Test_5 3.16 17.37 173.06 173.05 0.01 601.94 601.8 0.14 

Test_6 18.95 22.11 173.07 173.11 -0.04 600.38 601.6 -1.22 

Test_7 5.26 11.05 172.54 172.56 -0.02 600.27 599.85 0.42 

Test_8 9.47 14.21 172.7 172.71 -0.01 600.29 600.33 -0.04 

Test_9 0 6.32 171.42 172.37 -0.95 597.02 598.57 -1.55 

Optimised 15.55 17.93 172.88 172.89 -0.01 600.32 599.98 0.34 

 

As indicated in Table 7, the accuracy of the surrogate models is confirmed by FEA 

simulation. The number of training points is the most important factor affecting the 

accuracy of the surrogate model. Therefore, another surrogate with 20 sampling points is 

simulated. Because new operation data are received, the machine is set to operate in 

different conditions under which the stator current is reduced.  
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(a) 

 

(b) 

Fig. 68. Twenty sample surrogate models: (a) torque distribution and (b) loss 

distribution. 

 

The results in fig.68 show a distribution similar to the previously described distribution. 

However, it is clear that in this surrogate model, due to the reduction in the number of 

training points, the accuracy of the model is reduced. The prediction on the top left side 

of the design area is underestimated. Therefore, the number of training points should be 

increased in that area.  
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Fig. 69. Three-phase induced voltages of 2/3 short-pitch rotor. 

 

 
Fig. 70. Flux distribution and harmonic analysis. 

By changing the winding configuration from a 1-slot, short-pitch configuration to 2/3 

short-pitch configuration, the machine operates under different conditions. Because this 

winding configuration is the common choice of machine, the surrogate model of a 2/3 

short-pitch winding configuration is simulated by figs.69-70.  

Harmonic reductions were discussed in the previous chapter. However, torque reductions 

due to a short-pitch configuration are also apparent, as shown in Fig. 71. The loss 

distribution follows the same trend observed for the previous design.  
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(a) 

 

(b) 

Fig. 71. Surrogate models of short-pitch configuration: 

(a) torque distribution and (b) loss distribution. 

To conclude, these simulations show that by changing 2 variables, the performance will 

not be improved significantly. The torque improvement is less than 1%, and loss is reduced 

by less than 100 W. More variables should be incorporated to design a rotor shape that has 

a significant influence on machine performance.  
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6.2.3 Optimisation of plan B 

 

(a) 

 

(b) 

Fig. 72. Asymmetrical rotor designs. (a) Original design. (b) Constraints. 

As mentioned in section 6.1, plan B connects the pole body to the outer radius with an 

additional arc as shown in Fig.72. Therefore, the critical curvature (arc) of the rotor should 

be controlled by two variables as shown in Fig. 73.  

 

Fig. 73. Definition of input parameters. 

The low-sinusoidal induced voltage and low efficiency of asymmetrical machines should 

Fixed  
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be optimised in this design. Therefore, the efficiency is defined as one objective of the 

optimisation. The calculation of efficiency is carried by the following equation:  

2 2

2 2T k a

P P

P P P P P
  

  
        (57) 

where 

P2 is the output power; 

PT is the total power loss; 

Pa represents armature winding losses; and 

Pk represents constant losses, including friction and windage losses as well as iron losses. 

 

Fig. 74. Harmonic spectrum for evaluating power quality. 

 

For inducing a sinusoidal voltage, harmonics of the voltage should be considered as 

another optimisation goal for the design. However, by a set of random combination (in 

Fig. 74), a prevalent 17th harmonic is founded in this rotor design. It is assumed to be 

directly linked to the parameters defined and is one of the major harmonic threat. 

Therefore, in addition to the commonly used THD, 17th harmonic is also chosen to be one 

of the optimisation goals.  
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Simulation results 

 

Fig. 75. Efficiency contour for D-R combination. 

 
Fig. 76. Harmonic contour for D-R combination. 

Fig. 75 illustrates the rotor optimisation function for efficiency with the corresponding 2-

D variables (D-R combination). Fig. 76 shows the same 2-D variable optimisation 

function for the 17th harmonic.  

These figures indicate two highly nonlinear test functions and two contradictory 

optimisation goals (high efficiency versus low harmonics). Therefore, it is very hard to 

locate one exact location of the optimised point in the design spaces manually. PSO 
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algorithm is conducted to make a compromise between the two objectives as shown in 

table.8.  

Table. 8 Comparison between the original rotor and optimized rotor 

 D (mm) R (mm) 17th Harmonic (V) Efficiency 

Original 21 0 27.85 93.374 

Optimised 7.43 0.85 9.73 93.386 

A sinusoidal voltage is achieved by reducing 65% major harmonic (17th harmonic) but 

retaining the same level (losing the only 3W for a 27.5KVA machine) of efficiency after 

optimisation.  

 

Fig. 77. Efficiency distribution for the D-R combination.  

It can be easily observed that the proposed algorithm shows excellent performance in 

terms of speed and accuracy, as shown in Table.9. 

The results of the surrogate optimisation are further confirmed by 2DFE simulation results 

built in Magnet software. Comparison of the rotors (before and after optimisation) is 

produced in Figs.78-80.  
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Fig. 78. Seventeenth harmonic distribution for D-R combination. 

The results of FFT analysis show that the optimisation reduces the spatial harmonics, with 

the 17th harmonic and THD significantly reduced. The 17th harmonic is reduced by 65%, 

and the THD has been reduced by 10%. 

 

Table. 9 Loss and efficiency of two synchronous generators 

 17th Harmonic (V) Efficiency 

Estimation 9.99 93.365 

Numerical results 9.73 93.374 

Relative error 2.6% 0.009% 

Computation speed 5 mins 

 

Fig. 79. Comparison of the no-load EMF voltages. 
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Fig. 80. Comparison of FFT results. 

The flux has been guided away from the rotor teeth due to the change of rotor shape. This 

contributes to a low saturation level shown in Fig.81.  

 
Fig. 81. No-load characteristics. 

A higher torque is achieved by optimised machine, and its maximum power angle is 

changed which slightly changes the magnetic axis of the rotor as shown in Fig.82. 

However, this level of change is insignificant.  
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Fig. 82. Comparison of load tests. 

To conclude, the optimisation plan B provide a valid surrogate optimisation for rotor 

geometry design. A sinusoidal induced voltage is achieved by not sacrificing too much 

efficiency. However, since the harmonic of the voltage can be reduced in other topology 

and power change is much more important in machine design, the further simulation will 

reconsider power output and efficiency as the goals.  

6.3 4-D parameterization 

Problem definition B of plan 1 is shown in Fig. 83. The principle of the plan is an extended 

version of problem definition A, which incorporates two more variables into the design 

space. These added variables are used to cut the tip side of the rotor to balance the flux 

distribution. The aim of the optimisation remains the same: 



128 

 

 

Fig. 83. Problem definition B of design plan 1. 

 

Maximise: Power output 

Minimise: Loss 

Constraints: 

0 20,0 30, 2 10 ,27 36x y R Theta         

Problem definition C of plan 2 is shown in Fig. 84. This version is a slightly more complex 

than problem definition B. To balance the flux distribution, the arc side of the rotor tip is 

not completely removed. In addition, the left side of the rotor is cut with a circle. Two 

additional round circles are added to guide the flux into the rotor to avoid rectangular 

contact. As a result, this plan is a 4-variable optimisation plan similar to plan B. The 

optimisation goal is as follows: 

Maximise: Power output 

Minimise: Loss 

Constraints: 

0 1 6, 0 2 4, 0 1 6 ,0 4 4R R L R         
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Fig. 84. Problem definition C of design plan 2. 

 

6.3.1 Optimised plan simulation results 

 

(a) 

 

(b) 

Fig. 85. Comparison of no-load flux densities of two plans. 

As shown in Fig. 85, the flux paths of both designs are shifted towards the tip side of the 
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rotor due to the absence of a rotor tip. However, plan 2 clearly provides a better flux 

distribution. The flux concentration on the rotor tip is reduced by providing an extra flux 

path on the arc side. This extra flux path has a distinct effect on the induced EMF of the 

two plans. The results are shown in Fig. 86 and Table 10. 

 

Fig. 86. Comparison of induced EMF of two plans 

According to the FFT results shown in Table 10, the induced EMF is significantly distorted 

in plan 1, a clear reflection of the unbalanced flux path. However, in the second plan, 

because the flux is distributed evenly on both sides, the level of total harmonic distortion 

remains acceptable.    

Table. 10 Harmonic analysis of two plans 

Harmonics P1 (V) P2 (V) 

1 184.61  173.29  

3 0.03  0.04  

5 9.26  7.08  

7 1.91  4.17  

9 0.12  0.18  

11 0.70  2.85  

13 4.26  1.87  

15 0.05  0.05  

17 34.78  7.92  

19 0.50  16.13  

THD 0.20  0.12  
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Another interesting aspect of the two designs is the saturation level. As indicated for the 

previous design, the saturation level should be carefully examined due to the high flux 

concentration on the rotor tip. Fig. 87 compares the 2 design plans and the original rotor 

plan.  

 

Fig. 87. Comparison of no-load characteristics. 

The no-load characteristics show that neither plan 1 nor plan 2 is easy to saturate. However, 

the results also show that the plans would produce a relatively low voltage at a given 

excitation level. This feature can be attributed to the reduction in the flux paths due to the 

removal of the rotor tip. Interestingly, however, both plans can achieve higher voltages at 

the cost of a higher excitation level.  

In general, the two plans operate similarly to a normal symmetrical rotor. The maximum 

power generated by the two plans can exceed that of the traditional symmetrical rotor. The 

maximum power angle shows interesting behaviour. As shown in Fig. 88, the maximum 

power angle is quite different between the 2 design plans, which corresponds to the unique 

shape of the rotor and its flux path.  
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As described above, the 2 design plans show different characteristics, and each presents 

its own merits and drawbacks. Therefore, it is very difficult to determine which one should 

be applied. Optimisation should be carried out to determine which of the 2 designs yields 

better performance.  

 

Fig. 88. Comparison of induced torque angle of two plans. 

Because the advanced optimisation plans involve 4-variable optimisation, the results 

cannot be visualized by a 2-D figure. Following the same pattern, the details of the 

optimisation results are shown in Table 11 and Fig. 88. 

Table. 11 Optimisation results of two plans 

  Plan1 Plan2 Original 

design 

X1 21.65 4 / 

X2 24.72 1.33 

X3 2 2 

X4 27 2 

Torque (Surrogate) 154.68 Nm 163.54 Nm 162.5 Nm 

Torque (FEA) 154.73 Nm 163.70 Nm 

Iron Loss (Surrogate) 424.3 W 462.5 W 544.4 W 

Iron Loss (FEA) 422.9 W 462.48 W 

The accuracy of the surrogate model is confirmed by FEA simulation. According to the 

results, the two plans show similar iron losses. Both plans perform better in terms of loss 
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and torque production compared with the preliminary optimisation plan. However, 

compared with the original design, the torque provided by plan 1 is reduced. Therefore, 

plan 1 is not ideal for our optimisation goal. As a result, plan 2 is selected for experimental 

validation. The experimental validation of the simulation results is discussed in detail in 

the next chapter.  
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Chapter 7 Validation of experiment 

This chapter describes a set of experiments test for validate the FEA simulation results 

and compare the performance of optimised asymmetrical rotor with the conventional 

symmetrical rotor.   

7.1 Test equipment 

The test equipment used in these experiments are listed in Table.22 in the appendix.  

7.2 Specifications of the original machine  

The stator of the machine is a duplicate of a standard Cummins PI-144F machine. 

The specifications provided by the manufacturer and photographs of the machine 

are provided in Fig. 97 (in the appendix) and Table 12. 

Table. 12 Specifications of PI-144F 

Item Value Item Value 

Rated Power (kVA) 27.5 Rated Speed (rpm) 1500 

Rated Line Voltage (V) 380 Rated Frequency (Hz) 50 

Rated Power Factor 0.8 Stack Length (mm) 200 

Stator Slot Number 36 Pole Numbers 4 

Stator OD (mm) 310 Stator ID (mm) 192 

Rotor OD (mm) 188 Stator Winding Arrangement Double-layer Star 

7.3 Test procedure  

The calculation of efficiency and its corresponding losses are shown as following: 

Total loss = constant loss + load loss + excitation loss + additional load losses 

T k S LL eP P P P P     
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Constant loss = Friction losses + windage losses + iron losses 

k fw feP P P   

Excitation circuit losses = excitation winding losses + exciter losses + Brush losses 

e f Ed bP P P P    

PS:  For external, separately supplied system and for the synchronous machine only. 

Exciter losses = power absorbed by the separate auxiliary winding + power absorbed by 

the exciter – excitation winding losses - separately supplied excitation power  

Load losses = load winding losses 

7.3.1 Test limitations 

The equipment is chosen based on the following requirements based on British standards 

BS EN 60034-4:2008 and BS EN 60034-2-1:2007. 

A. Voltage 

Three-phase AC generators shall be suitable for supplying circuits that, when 

supplied by a system of balanced and sinusoidal voltages, 

a) Result in currents not exceeding a harmonic current factor (HCF) of 0.05. 

b) Result in a system of currents in which neither the negative-sequence 

component nor the zero-sequence component exceeds 5% of the positive-sequence 

component. The HCF shall be computed by using the following formula: 

 

where 
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in is the ratio of the harmonic current In to the rated current IN; 

n is the harmonic order; and 

k = 13. 

Should the limits of deformation and imbalance occur simultaneously in service at 

the rated load, this shall not lead to any harmful temperature in the generator, and 

it is recommended that the resulting excess temperature rise related to the limits 

specified in this standard should not exceed approximately 10 K. 

B. Frequency 

The frequency shall be within 0.3% of the rated frequency during the experiment. 

C. Resistance 

For a polyphase AC machine, resistance refers to the line-to-line resistance of the stator 

or armature winding. The test resistance at the end of the thermal test shall be determined 

as described for the extrapolation procedure, within the shortest time interval to avoid 

interference by thermal temperature.  

D. Extrapolation method 

If a resistance reading cannot be done in the time interval specified in Table 12, it shall be 

made as soon as possible but not after more than twice the interval specified in Table 12, 

and additional readings shall be taken at intervals of approximately 1 min until these 

readings have begun a distinct decline from their maximum value.  
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Table. 13 Time interval after switching off 

Rated output (PN) 

kW or kVA 

Time interval after switching off power 

s 

PN≤50 30 

50<PN≤200 90 

200<PN≤5000 120 

5000<PN By agreement 

A curve of these readings shall be plotted as a function of time and extrapolated to the 

appropriate time interval indicated in Table 12 for the rated output of the machine.  

7.3.2 Direct measurement 

A. Direct-current winding resistance measurements 

The resistance is measured directly at the winding terminals with the rotor at rest at 

ambient temperature (27°C). Armature winding resistances are measured for each phase 

separately. In measuring the DC resistance of the armature or of the excitation winding by 

a voltmeter and ammeter, three readings are taken at various steady values of the current, 

as shown in Table 14. 

Table. 14 Resistance measurement results 

N.O. Rotor winding (ohms) Stator winding (line to 

neutral) 

1 1.45 0.268 

2 1.73 0.275 

3 1.54 0.257 

Average 1.57 0.267 

B. Torque measurement 

The torque transducer used in this experiment is a type JN-338 Series from SanJing United 

Technology Corporation, Beijing. This instrument has an accuracy of ±0.2% at full scale 

(100 Nm). The torque signal generated by the torque transducer is a square-wave signal 

with a certain frequency, as shown in Fig. 90. 
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Fig. 89. Torque signal. 

The amplitude of the measured torque is calculated by the following equations: 
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where f is the frequency of the torque signal, fp is the positive torque frequency (15 kHz), 

f0 is the zero-point frequency (10 kHz), fr is the negative torque frequency (5 kHz), and N 

is the full-scale torque amplitude (100 Nm in this case).  

C. Speed measurement 

The speed signal is also a square wave similar to the torque signal. The frequency of the 

square-wave signal indicates the speed of the machine based on the following equation: 

60 / Zn f  

where f is the frequency of the speed signal and Z is the number of teeth in the torque 

transducer. This number is 60 in the devices used in this study. Example of the torque and 

speed signals are shown in Fig. 91.  
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Fig. 90. Torque and speed signals measured by an oscilloscope. 

7.3.3 Indirect measurement 

Indirect measurements and their calculations are described in the following subsections. 

A. Determination from the no-load test 

A no-load saturation test is conducted while driving the test machine as a generator by a 

prime mover (DC motor, vector-controlled) at a rated frequency and voltage (by adjusting 

the excitation current) when operating as a generator and at a unity power factor 

(minimum current) when running as an uncoupled motor. 

During the no-load test, excitation changes should be made in gradual steps from high 

voltage to low voltage using evenly distributed points. The voltage value should start with 

1.3 times the rated voltage of the machine under test, and reduce gradually to 0.2 times 

the rated voltage unless the residual voltage is higher. 

The following are recorded simultaneously: 

– Excitation current; 

– Line voltage; 
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– Frequency (or speed); 

PS1: The resistance is measured after the voltage reading as stated in section 7.3.2.C. 

PS2: For a coupled machine, 
0P is determined from T and n. 

 

Fig. 91. Comparison of the results of the constant speed-variable excitation test. 

The results of the no-load test can be founded in Table.22 in the appendix and shown in 

Fig.91. In comparing the results obtained for the symmetrical rotor, it is clear that the 

prediction of the FEA is lower than the experiment results by approximately 10%. The 

prediction of the asymmetrical rotor is quite close to the experimental result at a low 

excitation level, but the rotor reaches saturation faster than predicted. However, both no-

load characteristics show that the asymmetrical rotor can perform similarly to the 

symmetrical rotor at the cost of a higher excitation level. 

B. Sustained three-phase short-circuit test (coupled) 

A sustained three-phase short-circuit test is conducted by driving the test machine as a 

generator by a prime mover (DC motor, vector-controlled). A short circuit should be made 

as close to the machine terminals as possible, applying the excitation current after being 
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short-circuited. One of the readings is taken at a current close to the rated armature current 

to avoid interference from end-windings.  

The excitation current and armature line current are recorded simultaneously. Speed 

variation is caused by the limit of prime-mover.  

Table. 15 Sustained three-phase short-circuit test results 

(a) Symmetrical rotor 

Line current 

(A) 

5 10.3 14.5 20 25.1 30 

Excitation 

current (A) 

4.4 9 12.6 17.1 21.6 26.8 

Excitation 

voltage (V) 

4.94 9.3 13.0 17.24 21.3 25.5 

Speed (RPM) 1504 1489 1490 1488 1470 1400 

(b) Asymmetrical rotor 

Line current 

(A) 

23.24 20.33 18.18 16.01 14.21 11.93 5.59 0.06 

Excitation 

current (A) 

19.8 17.85 16.15 14.14 12.34 10.31 5.06 0.01 

Excitation 

voltage (V) 

18.33 16.73 11.47 13.61 11.99 10.16 5.33 0 

Speed 

(RPM) 

1520 1502 1506 1511 1520 1506 1520 1515 

The short-circuit current experiment shows that the optimized asymmetrical rotor 

provides a slightly higher short-circuit current than that of the symmetrical rotor. Apart 

from its effect on synchronous reactance and saliency, this high short-circuit current 

generally require better heat insulation when in a fault condition. However, the current is 

also very easy to detect, as the fault current is higher than the current of the symmetrical 

rotor. 

C. Zero-power factor over-excitation test 

Inductive loads are the most common type of loads connected to the power system. 
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Therefore, a machine’s response to such load changes is critical in terms of system stability.  

The zero-power factor test is designed to compare the performance of the two 

abovementioned designs under normal generating conditions. The active power is equal 

to zero when the machine operates as a generator (i.e., pure inductive load). 

During the test, the stator terminals are connected to a power analyser in parallel with an 

inductive load bank. The phase voltage and current are measured by the power analyser, 

and the excitation is measured by an ammeter at the output terminal of the rectifier. 

Table. 16 Zero-power factor test results 

 (a) Symmetrical rotor 

Inductance L=44 mH L=66 mH 

Excitation current (A) 18.27 18.54 

Stator voltage(V) 195 207.4 

Reactive power (kVar) 2.92 2.30 

Active power (W) 0.27 0.18 

Power factor 0.03 0.02 

Frequency 50.51 50.1 

Stator current (A) 14.9 11.1 

(b) Asymmetrical rotor 

Inductance L=44 mH L=66 mH 

Excitation current (A) 17.71 17.70 

Stator voltage (V) 183 202.4 

Reactive power (kVar) 2.53 2.09 

Active power (W) 0.26 0.20 

Power factor 0.04 0.07 

Frequency 49.92 49.7 

Stator current (A) 13.8 10.03 

Due to the limitations of the excitation device, the stator voltage cannot return to its rated 

value when connected to an inductive load bank. The asymmetrical rotor clearly shows a 

larger voltage drop than the symmetrical rotor does under the same excitation. According 

to the active power, the rotor has a relatively lower reactive power compared with that of 
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the symmetrical rotor. However, these differences remain acceptable. Overall, the 

performance of the asymmetrical design doesn’t show too much difference to that of the 

symmetrical design in reactive power.  

D. Resistive load bank test 

The resistive load test involves the same settings as the inductive load test. The resistive 

load test is designed to determine the active power output capability of generators. As 

observed for the inductive load test, the asymmetrical rotor performs similarly to the 

symmetrical design but still shows lower active power generation.  

Table. 17 Resistive load test results 

(a) Symmetrical rotor before excitation adjustment 

(b) Symmetrical rotor after excitation adjustment 

 

 

 

Load (kW) 4.33 7.45 8.7 

Terminal voltage 

(V) 

216.8 200.1 178.0 

Stator current (A) 6.6 12.3 16.3 

Excitation current 

(A) 

12.32 12.12 12.07 

Excitation voltage 

(V) 

12.01 11.88 11.82 

Load (kW) 4.88 8.17 12.9 

Terminal voltage 

(V) 

220 223.7 215.4 

Stator current (A) 7.2 13.8 19.8 

Excitation current 

(A) 

14.53 11.71 16.0 

Excitation Voltage 

(V) 

15.4 12.88 15.4 
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(c) Asymmetrical rotor 

However, the rotation of the asymmetrical rotor is quite unstable in the high-active-load 

condition. The noise and vibration of the asymmetrical rotor severely affect the 

performance of the machine. The reason is partly due to the inappropriate balancing 

technology used in the manufacture of the rotor. Because the rotor itself is asymmetrical, 

the balancing of the rotor should be treated carefully. Another possible reason is that the 

traditional plain bearing (bushing) used in this machine is heavily pressured due to the 

rotor’s asymmetry. Therefore, a rolling ball bearing should be used in these tests.  

E. Run down test 

A self-deceleration test is used to test the inertia of the rotor and losses. During the test, 

the machine is connected to a prime mover with an external excitation system. The test 

machine is accelerated to 110% of the rated speed before the power of the prime mover is 

cut off, and the test machine decelerates. The time required for the machine to decelerate 

from 110% of the rated speed to 90% of the rated speed is recorded under the following 

conditions: 

a) The stator winding is open-circuited, the excitation is cut off, and the time is recorded 

as Dt1. 

 Before  After Before After 

Load (kW) 3.99 4.27 7.45 8.26 

Terminal voltage 

(V) 

215.5 223.2 203 220.3 

Stator current (A) 6.5 6.7 12.2 12.5 

Excitation current 

(A) 

12.37 13.10 12.21 13.35 

Excitation voltage 

(V) 

12.7 13.34 12.64 13.82 
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b) The stator winding is open-circuited, the rated excitation is supplied by an external 

source, and the time is recorded as Dt2. 

c) The stator winding is short-circuited, the rated excitation is supplied by an external 

source, and the time is recorded as Dt3. 

d) The stator winding is connected to a load with known losses, the rated excitation is 

supplied by an external source, and the time is recorded as Dt4. 

F. Low-slip test 

A rotor should be driven by a prime mover at a slip of less than 0.01, and for solid-rotor 

machines, the slip should be much lower than that value so that the currents induced in 

the damper circuits during synchronous operation will have a negligible effect on the 

measurements. A subnormal symmetrical three-phase voltage (0.01 to 0.2 of nominal 

voltage) is applied to the armature terminals of the machine under test (that the machine 

does not pull in must be ensured). The excitation winding shall be open-circuited during 

measurement. 

The following values are recorded: 

-Armature current and voltage; and 

-Speed 

The voltage and current of the source are measured by a power analyser. 

Simulation results are presented in Fig. 92. Experimental validation results are 

shown in Fig. 93.  

The saliency of the rotor caused by the transformation of the rotor geometry is 



146 

 

confirmed by experimental results. This change in saliency affects the torque 

output of the alternator. Based on the equations reported in [20], the output torque 

at any speed can be derived as follows: 

2

d q s

1
cos (X X )I sin 2

2
ad f sT X I I      

dX , 
adX  = per unit direct axis synchronous and magnetizing reactance at one per 

unit speed; 

qX = per unit quadrature axis reactance at one per unit speed. 

 

a 

 
b 

Fig. 92. Simulated low-slip test results (FEA results) 

(a) Symmetrical. (b) Asymmetrical. 
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Fig. 93. Low-slip test results (experimental results). 

With Vs defined as the stator voltage and Is as the phase current, the first 

component of the equation can be considered the stator-rotor field interaction. The 

second part is the reluctance torque caused by the saliency of the rotor. This latter 

part is significantly increased in the asymmetrical design, leading to the higher 

power output shown in the optimisation results.  

7.4 Harmonic analysis 

Based on the test described in section 2.4.1.1, the voltage waveform can be easily obtained 

from an oscilloscope. In this analysis, FFT technology is applied to the waveform for 

harmonic analysis. The results are compared with FEM results for confirmation. 
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Fig. 94. FFT analysis of symmetrical rotor no-load voltage waveform calculated by 

power analyser. 

 

Fig. 95. FFT analysis of asymmetrical rotor no-load voltage waveform calculated by 

power analyser. 

 

Table. 18 FFT results of FEM analysis and experimental validation  
Symmetrical rotor  Asymmetrical rotor 

1 231.14  217.98  

3 1.05  2.45  

5 3.41  1.42  

7 3.61  3.93  

9 0.14  2.02  

11 0.21  2.00  

13 1.85  1.62  

15 0.03  2.25  

17 1.59  0.67  

19 3.27  6.87  

21 0.31  1.26  

THD (FEA) 2.82% 4.31% 

THD (EXP) 2.7% 4.6% 
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7.5 Determination of efficiency 

The loss and efficiency of each rotor are calculated in this section. 

7.5.1 Determination from direct measurement (self-

deceleration test)  

The time gaps of the four tests mentioned in section 7.3.4.E are shown in Table 19. 

Table. 19 Self-deceleration test results 

 Symmetrical Asymmetrical 

Dt1 7.79 6.95 

Dt2 6.82 5.98 

Dt3 4.20 4.26 

Dt4 3.2 3.03 

The inertia of the rotors is calculated as follows: 

6

4 2

10

10.97 ( )N

P
J

n n
n

t t

 
 


 

 

where P is the power of the load banks connected to the machine. In the corresponding 

experiment, P=4.5 KW. 

Therefore, the inertias of the two rotors are calculated as 

6 2

4 2 4 2
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In this case, the mechanical losses, constant losses, and total losses are calculated as 

follows: 

6

1

10.97 10fN N

n
P Jn

t


 


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The results are shown in Table 20. 

Table. 20 Iron loss results obtained by direct measurement 

 Symmetrical Asymmetrical 

Mechanical losses 2898 3780 

Constant losses 3309 4242 

Total losses 5425 6074 

Iron losses 411 462 

These losses gained from the run-down test is used as a reference to the indirect 

measurement since the accuracy of the test is severally limited by the time measurement.   

7.5.2 Determination from indirect measurement 

Indirect measurements and their corresponding calculations are discussed in this section. 

A. Friction and windage losses fwP  

Based on the no-load test points, it is shown that no significant saturation effect occurs, 

and a curve of constant losses (
kP ) against voltage squared (

2

0U ) is developed. A straight 

line is extrapolated to zero voltage. The intercept with the zero-voltage axis represents the 

friction and windage losses fwP . 

The experimental results are slightly lower than the FEA results. This discrepancy is partly 

due to the fact that the material characteristics incorporated into the simulation are 

inaccurate relative to those of the actual material used in the experiment. However, it is 

still confirmed that the loss of the asymmetrical rotor can reach the same level observed 

for the symmetrical rotor, and the overall design performs significantly better than the 
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original design. 

 

Fig. 96. Loss-voltage curve 

 

Table. 21 Loss analysis of designs 

 Symmetrical 

rotor 

Asymmetrical 

rotor 

Original 

asymmetrical 

design 

Iron Loss (Exp) 408 407 493 

Iron Loss (FEA) 470 463 544 

Iron Loss (Exp-

Deceleration) 

411 462 / 

Attention should be paid to the friction and windage losses of the asymmetrical rotor, 

which are greater than those of the symmetrical rotor. The unbalanced shape of the 

asymmetrical rotor makes for larger vibrations, increasing the mechanical loss of the 

machine. Therefore, the alignment of the shaft and the fixing of the frame should be 

specially designed.  

In this case, the friction and windage losses of the symmetrical rotor (Psfw) are calculated 

to be 171.68 W, whereas those of the symmetrical rotor (Pasfw) is calculated to be 600.96 

W.  
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B. Iron losses feP  

For each of the voltage values (see section 7.3.4.A), a curve of constant losses against 

voltage is plotted. The windage and friction losses are then subtracted from the curve to 

determine the iron losses. 

fe k fwP P P   

 The iron losses for the symmetrical rotor are calculated to be 535.94-171.68=364.26 

W. 

 The iron losses for the asymmetrical rotor are calculated to be 1006.65-

600.96=399.69 W. 

The results are compared with those of the self-deceleration test (section 7.3.4.E); the 

results indicate that the iron losses are reasonably close. The difference of the error is 

caused by the lack of accuracy in the time measurement of the run-down test.  

The iron loss of the asymmetrical rotor is slightly higher than that of the symmetrical rotor, 

but the loss does not significantly influence the performance of the machine. However, 

the balance of the asymmetrical rotor must be carefully addressed due to the large 

mechanical losses caused by vibration.   

C. Excitation circuit losses
eP  

In the case of separately excited synchronous machines, the excitation winding losses fP  

are the 

the product of ,e eU I , minus by the brush losses 
bP . 
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D. Brush losses
bP  

Brush losses are determined based on the assigned voltage drop per brush for each polarity: 

2b b eP U I    

where 

eI  is determined according to the load test described in section 7.3.4.C  

bU is the voltage drop per brush for each polarity depending on brush type as following 

1.0 V for carbon (used in the test), electro-graphitic carbon or graphite and 0.3 V for metal-

carbon 

 Therefore, the excitation loss can be calculated as follows: 

2e f b e e b bP P P U I U I   
 

 According to the test described in section 2.4.1.1,  

2 12.56 12.55 2 1 12.56 182.728e e e b eP U I U I W         

E. Load losses
SP  

At each of the load points, the stator-winding losses are determined as follows: 

2

,01.5s llP I R    

where 

Rll is determined as described in section 7.3.2.C, corrected to 25°C, the primary reference 

coolant temperature. 

21.5 38 0.27 584.82sP W     

F. Efficiency 

The comparison of three rotors (original asymmetrical rotor, optimised asymmetrical rotor, 
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commercial symmetrical rotor) is shown in Table. 23. 

Table. 22 Efficiency Table 

 Commercial 

symmetrical 

rotor 

Original 

asymmetrical 

design 

Optimised 

Asymmetrical 

rotor 

Friction and windage loss 200 W 600 W 600W 

Iron Loss 408 W 493 W 407 W 

Excitation circuit 

loss 

183 W 183 W 183 W 

Load loss 585 W 585 W 585 W 

Efficiency 95% 93.24% 93.55% 

The results show that the iron loss has been restored into the same level of the commercial 

symmetrical rotor after optimisation. However, the efficiency hasn’t been improved 

significantly due to the friction and windage losses. The mechanical design of the rotor 

should be considered in the future studies.  

7.6 Summary 

The results obtained from simulation and experimental tests on both the original rotor 

design and the optimized design are analysed in this chapter. The experimental results 

verify the finite element predictions. The two rotors are compared under the same 

experimental conditions with the same method.  

The no-load test compares the iron, friction and windage losses of the two machines. It is 

observed that the asymmetrical rotor achieves lower iron loss than does the symmetrical 

design. However, another method should be implemented to reduce the corresponding 

friction and windage losses caused by the asymmetrical shape of the rotor. A load test 

compares the performance of the two machines under different load conditions. The 

results indicate that the asymmetrical rotor shows similar but slightly worse performance 
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compared with the traditional design.  

Overall, it is fair to conclude that the asymmetrical rotor shows essentially the same 

performance as the traditional rotor with the added feature of easy insertion of the rotor 

windings.  
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Chapter 8 Conclusion 

The major results of this thesis are concluded in this chapter. Studies of rotor geometry 

design in wound-rotor synchronous machines and the application of a surrogate 

optimisation method have been the focus of this thesis. This chapter also provides 

suggestions for future work. 

8.1 Conclusions 

This thesis is organised as follows. 

Literature related to synchronous machines is reviewed in Chapter 2. The reviewed studies 

show that synchronous machines are still considered the most common choice for electric 

power generation, including in diesel/gas/steam turbines in heat power plants, large hydro-

machines in hydro plants, and wind turbines in wind farms. Despite the variety of such 

machines, they are still irreplaceable due to their high reliability in harsh operational 

environments.  

Although traditional wound-rotor synchronous machines have been used for many years, 

their design methods have been heavily modified in recent decades with the development 

of computer-aided analysis software and corresponding numerical optimisation methods. 

However, computational costs (both time and economic) also increase significantly with 

these technologies. 

One major issue associated with the manufacture of wound-rotor synchronous machines 

is the rotor winding process, which is considered to be labour-intensive, as the windings 
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are not pre-designed and must be wrapped around the rotor pole. The advantages and 

disadvantages of two alternative methods are discussed. The results indicate that a new 

winding method would be helpful not only for new machines but also for the rewind of 

machines.  

Chapter 3 presents a new asymmetrical rotor shape for wound-rotor synchronous 

machines. The rotor pole is asymmetrical, effectively shifting the magnetic field to the 

leading edges. As a result, the output power is increased due to the change in saliency. 

This design allows for the field windings to be easily installed on the rotor, thus 

simplifying machine assembly and repair procedures.  

The results of a 2-D simulation FEA and experiment are discussed based on a 27.5-kVA 

prototype. Overall, the asymmetrical rotor can achieve performance similar to that of the 

symmetrical rotor if the shape is optimised to improve its power profile.  

In Chapter 4, in addition to the analysis of the original asymmetrical rotor design, tests are 

carried out to examine the key factors influencing the performance of the machine. The 

components of both the stator and rotor are included in the studies. Simplified analytical 

calculations are performed to confirm the test results via FEA.  

In Chapter 5, a new method for surrogate optimisation is introduced. A finite element-

based surrogate optimisation method is performed to determine which rotor geometry 

factors are related to power output and loss. In this procedure, surrogate models are 

constructed based on finite element results obtained from sampling points selected by the 

design of the experiment. Then, optimisation is carried out on the surrogate models instead 

of the finite element models. Since the surrogate model is constructed based on the test 
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results, the time cost of the optimisation can be controlled by controlling the test results 

used in constructing surrogate models. 

Latin hyperspace sampling is selected to minimise the computational time required and 

maximise the information acquired from a trade-off between the number of selected points 

and the amount of information. The sampling points are used to build surrogate models of 

the synchronous machines with the assistance of Kriging models to estimate the response 

of the function in an unknown design area. Errors in the estimation are measured to correct 

the surrogate model and improve its accuracy. Particle swarm optimisation is then applied 

to the surrogate models to find the best solution.  

In Chapter 6, specific optimisation plans are examined and carried out with different 

designs. Asymmetrical rotor optimisation focuses on presenting the critical curvature of 

the rotor geometry by varying parameters, investigating the effect of rotor shaping 

methods by surrogate models and optimizing the rotor-pole shape for high-efficiency 

output.  

Through the design of the rotor’s geometry, the machine is optimised to achieve a high-

efficiency power output and still maintain its easy installation feature. The effect of rotor 

shaping is verified by FEA simulations and experiments. FEA results indicate that the new 

rotor shape can achieve the same performance as that of the traditional rotor after 

optimisation, with the benefit of easier rotor installation. 

The original and optimised rotors are manufactured and tested based on the IEEE standard 

under the same conditions in chapter 8. No-load tests are used to determine the iron, 

friction and windage losses of the machines. Loaded tests measure the asymmetrical 
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rotor’s performance under different operating conditions. The experimental results are 

confirmed by FEA, validating the accuracy of the simulation.  

This work demonstrates that an asymmetrical rotor can improve the rotor winding 

installation and repair process of a synchronous machine. This asymmetrical rotor design 

improves the installation process of the rotor coils by not separating the rotor poles. 

Therefore, the mechanical integrity of the rotor pole is maintained, and the ageing problem 

is solved. It also improves the maintenance cost in the power system and increases the 

cost efficiency. 

The electromagnetic performance of the machine can be optimised to reach the same level 

observed for a traditional rotor. It is also proved that the combination of surrogate 

optimisation and finite element methods can reduce the time cost of the optimisation 

process and address the design of the rotor’s complex geometry.  

8.2 Future work  

Some limitations are concluded from the asymmetrical design shown as following: 

 The machine is designed to operate uni-directionally, and is not very suitable for bi-

directional operation conditions such as electric vehicles. 

 The mechanical performance of the asymmetrical rotor is worse than that of the 

symmetrical rotor. 

 

 

 



160 

 

A few areas are open for further investigation and exploration in addition to the work 

presented in this thesis: 

 

 Further research can address the mechanical force of the asymmetrical rotor design 

to reduce the relatively large friction and windage losses observed experimentally. 

 The surrogate optimisation can be applied to various objectives and constraints, such 

as torque ripple and power density.  

 Further experimental tests can be performed on the power system to confirm the 

stability of the asymmetrical machine due to its unique saliency.  
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Appendices 

Table. 23 Test equipment 

Equipment Items PICs 

Multi-meters 0.2% accuracy for 

voltage and current 

measurement 

 

Instrument 

transformer 

Instrument 

transformers have 

an accuracy 

according to 

Standard IEC 

60044-1 such that 

the errors of the 

instrument 

transformers are 

not greater than 

0.5% for general 

testing. 

 

Torque 

measurement 

The 

instrumentation 

used to measure the 

torque have an 

accuracy of ±0.2% 

of full scale 

 

Speed and 

frequency 

measurement 

Accuracy is less 

than 1 rev/min 

Included in torque transducer 
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Temperature 

measurement 

1°C 

 

Oscilloscope / 

 

Prime mover 

 

DC machine with 

speed control 

 

Resistive load 

bank 

Adjustable 

resistive load bank 

controlled by 

switches 
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Inductive load Adjustable 

inductance by 

changing air-gap 

distance inside the 

load 

 

Three-phase 

power 

analyser 

For power 

measurement as 

well as harmonic 

analysis 

 

Symmetrical 

rotor for test 

Two rotors are 

constructed of the 

same material by 

the same 

manufacturer. Both 

are designed based 

on a commercial 

Cummins PI-144F 

machine. Two 

rotors are placed in 

the original stator 

for the test. 

 

Asymmetrical 

rotor for test 
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a 

 

b 

 
Fig. 97. Photographs of the Cummins PI-144F. 
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Table. 24 No-load test results 

(a) Symmetrical rotor (high-low) 

Line voltage (V) 261 239.1 218.2 196.1 152.6 96.8 50.1 0.68 

Excitation current (A) 26.82 17.9 12.55 9.42 6.48 3.9 1.96 0 

Excitation voltage 

(V) 

24.9 17.39 12.56 9.67 6.93 4.52 2.49 0 

Speed (rpm) 1498 1490 1499 1485 1500 1495 1502 1500 

Torque reading (Hz) 10.24 10.16 10.16 10.14 10.09 10.09 10.04 10.04 

(b) Symmetrical rotor (low-high) 

Line voltage (V) 50 101 160 186 220 239 257 

Excitation current 

(A) 

1.89 4.12 6.78 8.82 11.11 17.20 28.23 

Excitation voltage 

(V) 

4.54 7.71 10.55 12.27 14.80 22.20 38.6 

Speed (rpm) 1470 1472 1471 1471 1550 1550 1500 

Torque reading
 

10.11 10.50 10.05 10.06 10.07 10.10 10.10 

 (c) Asymmetrical rotor (high-low) 

Line voltage (V) 246.4 218.4 196.5 167 140.9 101.2 46.2 0.52 

Excitation current (A) 18.3 12.96 10.73 8.63 7.18 5.05 2.28 0 

Excitation voltage 

(V) 

17.05 12.7 10.75 8.86 7.58 5.63 3.06 0 

Speed (rpm) 1500 1495 1497 1499 1497 1502 1506 1510 

Torque reading (Hz) 10.22 10.32 10.31 10.19 10.15 10.11 10.09 10.07 

 (d) Asymmetrical rotor (low-high) 

Line voltage 124.5 142.8 166.5 184.4 200.4 220.2 240.3 246.0 

Excitation current 6.2 7.18 8.55 9.66 10.85 13 16.08 17.50 

Excitation voltage 6.72 7.52 8.74 9.75 10.81 12.69 15.61 16.8 

Speed (rpm) 1506 1504 1508 1504 1504 1502 1510 1508 

Torque reading (Hz) 10.21 10.21 10.21 10.22 10.27 10.32 10.31 10.32 
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Table. 25 List of symbols 

 

Item Expression 

S Apparent power 

Vph Rated phase voltage 

Iph Rated phase current 

Nph Number of turns per phase 

Φ Main Flux 

Kw Winding factor 

Bav/Bp Average air-gap/pole flux density 

D The outer diameter of the rotor 

L The axial length of the rotor 

p Pole number 

τ Pole pitch 

wp Width of pole 

Ap The surface area of the pole 

Lp/lcore Length of stator pole/stator core 

Af Excitation MMF 

Kteeth/Kcore The empirical coefficient of iron 

loss in rotor teeth/stator core 

αp Pole-arc ratio 

pbm Rotor iron loss coefficient 

Ra(x) Stator copper resistance based on 

insulation level 

Rf(x) Rotor copper resistance based on 

insulation level 

v The rated line speed of the 

machine 

 




