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ABSTRACT 
 

Wind is a natural source of energy related to the low and medium speed range. Electricity 

can be generated from the wind by using a variable speed machine. Among the common 

types of machines available are: double fed induction generator (DFIG), induction 

generator and also synchronous generator. However, the latest addition to the group is the 

Switched Reluctance Generator (SRG), which has attractive features such as simple in 

construction, inexpensive, robust and reliable. Current research on the SRG has been 

focusing on optimizing its performance individually in terms of structure, control and also 

reducing the components of power electronic devices. Despite the extensive research on 

the individual component of the machine, the comprehensive performance of the SRG has 

not yet been published. The main contribution of this thesis is the proposed modelling 

framework of the SRG. Based on the framework, extensive and in depth comparative 

analysis can be conducted.  

 

Firstly, the design of the existing machine including the winding configuration and rotor 

structure using finite element method is investigated. Secondly, based on the principle of 

electromagnetism, a simulation framework that adopts a heuristic method to perform 

comparative analysis between different types of SRG has been proposed. This framework 

serves as a platform to the development of the SRG in the low and medium speed 

operation. It can be used to predict the performance of the machine before it can be 

implemented on a prototype, thus, saving time and costs. 

 

Thirdly, the procedure to determine the optimal control variables is proposed. Basically, 

the controller plays an important role to determine the placement of the firing angles 

along the inductance profile. The most influential parameter that affects the percentage of 

power generated which are the firing angles and voltage level has been identified.  A 

polynomial function relating the percentage of power generated in terms of the optimal 

control variables has also been developed.  

 

Lastly, a novel control method is proposed to operate the machine in single pulse mode as 

opposed to the current chopping mode during the low speed range. The proposed control 
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scheme provides the highest percentage of power generated during the low speed range. 

Overall, the research will aid in the development of the SRG by allowing user to choose 

the best generating operation within any speed range. 
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CHAPTER 1  
 

INTRODUCTION 

 

1.1 Background 
 

The widely used energy source to generate electricity includes coal, fuel, oil and also 

natural gas. These main suppliers of electricity take millions of years to form, and is 

reaching the peak of their production.  Hence, their prices are expected to increase due to 

the high demand and low supply of these resources. Apart from that, these energy sources 

contribute to the build-up of the on-going human related greenhouse gasses. The smoke 

stacks produced during the generation process of these conventional energies are released 

into the atmosphere forming part of the greenhouse gasses. These emissions have come 

under increasing scrutiny by the regulatory bodies in their quest to curb them and their 

impact on the environment. For this reason, industries and electric utilities have to comply 

with the regulations imposed. Therefore, a lot of initiatives and drives were set to mitigate 

the concern which leads to the green technology. Figures released by the International 

Energy Outlook 2011 (IEA2011) [1] have shown that there will be an increase in the 

production of electricity using the renewable energy by the year 2035. These factors have 

prompted the study and development of various types of new generators, which are 

energy-efficient, affordable and durable.  

 

The switched reluctance machine is making good progress in the motoring industries due 

to its attractive features such as robust, simple in construction, fault tolerant and the 

ability to operate over a wide speed range. Also, having no brushes and permanent 

magnets on the rotor makes it a highly competitive machine alongside the existing 

machines in the current market.  The application of the machine as a generator 

concentrates more on high speed applications where it was used as starter generators for 

the aircraft industries. The potential of the machine operating as a generator in the low 

and medium speed range for wind energy application is actively being explored.  
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Figure 1-1: World net energy consumption 1990-2035 

1.2 Requirements of Electric Power Generation 
 

The International Energy Outlook 2011 (IEA2011) [1] report forecasted that the 

electricity consumption is expected to increase from 573 quadrillion British thermal unit 

(Btu) in 2015 to 770 quadrillion Btu in 2035 as shown in Figure 1-1. The increase is 

proportional to the expected growth in population from 7 to 9 billion in the year 2040. 

The residential sector will consume a large portion of the energy demand due to the rise 

in population. In this day and age, energy is essential to enhance our lifestyle, keep us 

safe and healthy. This urges from the desire to sustain and improve the well-being of one 

self, family and also the community. Furthermore, the advance in technology and the 

competitive innovation in electronic gadgets also contribute to the consumer demand. 

 

The development of other competing resources such as the alternative energy is 

influenced by the increase in energy demand, depleting conventional energy resources 

and not to mention the rising price of these resources. Industries are turning to alternative 

energy in an attempt to meet with the world’s energy demand whilst preserving the fossil 

fuels and keeping to the regulatory requirements to reduce the emission of carbon 

dioxide. This is projected in the report issued by the International Energy Agency (IEA) 

which projects the medium and long term energy consumption through to the year 2035 

as illustrated in Figure 1-2. As compared to the year 2010, there will be a decrease in the 

consumption of oil and coal. This is in contrast to the renewable and liquid biofuel, which 

shows an increase by 3%. The role of nuclear power is projected to stay constant as a 
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result of the recent earthquake and tsunami in Japan. Its safety has been revised due to the 

dangers associated by the release of its atomic power[2]. Furthermore, the nuclear plant 

needs to be located near the water resources for cooling purposes. While climate change 

is affecting the water supply, so does the development of the plant [3].  

 

Therefore, the responsibility to contribute to the rising demand of electricity is placed on 

other renewable energies such as the sun, hydro and wind. These are clean energies which 

do not produce any form of emissions detrimental to the environment and are constantly 

available. Although the use of water hydro plants has started way earlier, the availability 

of water resources are restricted depending on the area. Amongst the growing potential of 

renewable energy nowadays is the wind energy which would account for 6% of the 

world’s electricity demand by the year 2020 [4]. It can be categorized into two groups: 

large wind turbine (LWT) and small wind turbine (SWT). The former provides generation 

of electricity from large grid connected wind farms whereas the latter has been applied for 

off grid supply in various fields such as road lighting, mobile communication base tower 

and also for individual housing consumer. In developed countries such as the USA, the 

SWT is employed to supply electricity to remote regions. However, there is great 

potential to use the SWT in a fully developed area where there is limited space for the 

expansion of power supply as it can be placed in areas such as roof top. Although the 

industrial scale is far behind as compared to the LWT, its contribution to the power 

generation is equally important. The report by the World Wind Energy Association 2012 

(WWEA) [5] forecasted a promising increase of growth pattern in the installed capacity 

 
 

Figure 1-2: Projection of the energy consumption issued by the IEA 
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of power using SWT as depicted in Figure 1-3. It contributes to the total global installed 

wind capacity of 239GW [4]. The driving factors that will promote the future growth of 

the SWT industries have been identified as the constant increase in fossil fuel price, 

global warming and the growing demand of electricity. One of the main challenges with 

the development of renewable energies is the requirements of special equipment and 

infrastructure to capture and convert the energy into electricity.  

 

As mentioned earlier, the wind energy has been identified as one of the main contributors 

of electricity generation amongst the available renewable energies. The existing 

technologies such as the permanent magnet (PM) generators, doubly fed induction 

generator (DFIG), synchronous generators and also the squirrel cage induction generator  

has been widely used in the wind energy application [6]. However, the existing generators 

have their shortcomings such as the squirrel cage induction generator operates at constant 

speed as well as having large values of capacitor to attain the power factor close to one. 

The issues with using permanent magnet are the high cost and the demagnetization of the 

material [7].  Also it operates on high torque which is a disadvantage at lower speed [8]. 

The induction machine though is robust and requires less maintenance produces low 

efficiency.  Furthermore, there are concerns over the safety system for the DFIG during 

fault conditions due to the limited converter rating on the rotor side as compared to the 

DC link converter [9].  

 
Figure 1-3: The Small Wind Turbine (SWT) installed capacity world market forecast 2020 

 



 

5 

 

This has encouraged researchers to explore other generators, which are efficient, reliable, 

and able to work under variable speed condition and also to maximize the power 

generation [10]. One of the electric drives that is receiving much attention is the switched 

reluctance generator (SRG). Although the SRG has several disadvantages such as high 

acoustic noise and torque ripple, other factors listed below which are required of a 

generator outweigh the disadvantages. It has taken years of research before the existing 

generators penetrates the market, the same will be for the new generations of machine. 

Further research is required to close the commercial gap. The general requirements for 

electric generators are as listed: 

• low maintenance 

• fault tolerant 

• efficient 

• low in cost 

• variable speed operation 

The following section outlines the structure, development and progress of the SRG 

system in the wind energy application. 

 

1.3 The Advantages and Challenges of the SRG drive 
 

The Switched Reluctance Generator drive system consists of the machine itself, the 

converter and also the controller as depicted in Figure 1-4.  The machine has a structure 

 
Figure 1-4: A simplified diagram showing the main components which form the SRG system 
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Fig. 1.  Magnetization as a function of applied field. Note that “Fig.” 

 
                                          (a)                                                                                           (b) 

Figure 1-5: Structure of the SRG with twelve stator poles and eight rotor poles (a) stator poles (b) rotor poles 

whereby both its stator and rotor poles protrude into the air gap. There are several 

combinations of the machine depending on the number of its stator and rotor poles. An 

example of the structure which will be used in this study is a 12/8 machine having 12 

number of stator poles and 8 number of rotor poles as illustrated in Figure 1-5.  

 

The rotor and the stator are made of steel laminations, and only the stator poles have 

windings concentrated around them [11, 12]. Since the machine does not have any 

windings or permanent magnets on the rotor as in Figure 1-5(b), it is very robust and is 

able to operate at a very high speed. The rotor can also cool the copper windings on the 

stator pole during operation. Due to the machine not having a permanent magnet, the 

magnetic field within the machine has to be created using an external supply. Because of 

this, the SRG drive requires a separate excitation circuit which is connected directly to the 

windings on the stator poles. The machine therefore relies on a single excitation source; a 

battery, a magnet or a charged capacitor with an initial voltage connected in series with 

the load [13]. 

 

One end of the winding of each phase is connected to a set of switching devices from a 

converter. The series connection of the switching device and the winding avoids a shoot 

through fault. Furthermore, the phase winding operates independently of each other 

making it a fault tolerant machine [14]. A fault in any one of the phases does not affect 

the operation of the other phases although the total efficiency of the machine will reduce 

[15].  
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The continuous rotation of the magnetic field is achieved by energizing and de-energizing 

the set of windings. The position of the rotor is determined by a sensor placed on the 

shaft. Nevertheless, a large number of publications have been proposed for sensorless 

rotor position estimation [16, 17]. The scheme does not require additional hardware 

equipment but depends strongly on the machine characteristics such as mutual 

inductance, back EMF and phase resistance calculation [18]. The result of exciting the 

phase winding in sequence produces a continuous pulsed current. Generally the 

characteristics of the machine are highly nonlinear due to the salient pole structure and 

saturation of the iron along the flux path. This nonlinearity of the phase current is one of 

the factors causing torque ripple and acoustic noise, which may not be acceptable for 

some applications. Hence, a special controller or specific design of the machine is 

required as compared to the other machines.  

 

The operation of the machine in generating mode requires the phase winding to be excited 

when the rotor is moving away from the stator pole, creating a braking torque. Because 

the excitation is during the maximum inductance value, the initial phase current will be 

small. The current will increase as the inductance decreases. As this occurs, the back 

electromagnetic force (EMF) of the machine may be larger than the terminal voltage 

which further increases the phase current. Thus, the increase of phase current after the 

switches are turned off cannot be predicted and controlled.  A high current can harm the 

electronic switches as well as increases the volt-ampere (VA) rating of the semiconductor 

devices resulting in a larger machine size. The situation can be controlled by selecting the 

optimal values of firing angles. The task to determine the optimal angles is not straight 

forward due to the nonlinearity of the machine being very dependent on both the current 

and the rotor position [19]. Researchers have identified the optimal angles based on the 

application of the machine (i.e. –optimal angles in terms of minimum RMS current and 

minimize losses). These firing angles are not unique and changes according to its 

performance criteria [20].  

 

Despite the disadvantages of the machine such as high torque ripple, high acoustic noise 

and highly nonlinear, the attractive characteristics of the machine make it a potential 

candidate as a variable speed drive machine. The main attractive features of the machine 

can be summarized as follows: 
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• The machine can be manufactured in bulk since the rotor is free from the 

permanent magnet and winding. It will be cheaper as compared to the 

conventional induction machines (IM)[21]. 

• High reliability 

• More robust 

• It does not have a cogging torque, which normally exists in a permanent 

magnet (PM) machine and hence is able to operate at a much lower wind 

speed [22]. 

• Concentrated coils that reduce costs. 

• The unequal number of stator and rotor poles allows the starting and operation 

of the machine without pole clamping in both rotation directions.  

• The high torque at low speed is suitable for direct drive applications [23]. 

Nevertheless, the on-going researches on the switched reluctance generator (SRG) are 

rapidly evolving. 

 

1.4 Recent Progress in the Development of the Switched Reluctance 

Generator 
 

The simple construction of the machine that leads to a low manufacturing cost has 

widened the acceptance of the machine. The application of the machine as a motor has 

been commercialized and can be seen in domestic appliances such as the washing 

machines and vacuum cleaners. The features of the machine such as having the ability to 

operate under faulted condition, robust to harsh operational conditions and having a high 

power density has extended its motoring operation in the traction applications [24, 25] 

and automotive industries for hybrid vehicles [26-29]. Currently, the application of the 

machine as a generator concentrates more on high speed applications such as for the 

aircraft industries [30-35]. To date, the machine has yet to be commercialized in the wind 

energy application. 

 

Due to the attractive features of the machine as mentioned above, the operation has been 

extended to the low and medium speed applications. The structure of the machine and its 

inherent capability to start with low inertia has made researchers realize the potential of 

the machine for wind energy applications. The study on SRG includes the feasibility of 
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the machine for wind energy applications [7, 8, 36-39]. The selection of the machine is 

based on criteria such as control simplicity, able to be integrated with the grid and also the 

ability to operate at variable speed for higher wind extraction. Based on the application of 

the machine, the operation of the SRG can be categorised into low, medium and high 

speed operation. The operation of the machine at high speed can exceed the speed of 

20,000rpm for the aerospace applications, which is beyond the speed encountered in wind 

energy system that could be as low as 200rpm.  On the whole, the acceptance of the 

machine for variable speed application has initiated an  in-depth research into areas such 

as the control strategies, optimization method, machine structure and also on converter 

topology which, will be covered in the following sub-sections. 

1.4.1 Control Strategies for SRG 
 

The generating operation on the machine is said to mirror the operation of the motoring 

mode [40]. For this reason, similar control strategies can be adopted.  However, the 

control objectives and control implementation of the motoring operation differs for the 

generating mode [20]. In motoring mode, the excitation of the phase windings is made 

during the minimum inductance profile. During this time, a high rise of current is 

expected hence at low speed, current chopping mode is employed for overcurrent 

protection. In contrast to the generating operation, the excitation is made during 

maximum or increasing inductance profile.  Initially, the phase current will be low and 

will slowly increase as the rotor moves away from the stator pole, during the decreasing 

inductance profile. Once the signal reaches the turn off angle, the increase in phase 

current can no longer be controlled. Its value is dependent on the back EMF  [41]. As the 

back EMF increases, the current chopping mode (CCM) fails and thus the machine 

operates in single pulse mode (SPM). 

 

Existing control strategies for SRG provide a constant output voltage or power over a 

wide operating speed range by controlling the firing angles [42]. Several studies 

investigating the single pulse mode (SPM) operation show that the firing angles such as 

the turn on (Ton) and turn off (Toff) angles are the key elements to improve the 

performance of the machine in terms of efficiency [43]. Various control strategies can be 

employed to determine the turn on and turn off angles such as fuzzy logic, magnetization 

curve (MPPT), flux linkage and also curve fitting. The implementation of these firing 

angles can be grouped into: 
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• Fixing both turn on and turn off angles 

• One of the angles may be varied whilst keeping the other constant 

• Vary both turn on and turn off angles 

 

The turn off angle can be characterized as a function of power and speed [44]. An 

analytical curve is used to determine optimal turn off angle whereas turn on angle is 

adjusted to regulate the power. It is assumed that the machine gives optimal efficiency 

once optimal turn off angle has been determined. Mese et. al. [45]  uses a mapping 

strategy to determine turn on and turn off angles that produce maximum power based on a 

minimum rms phase current. Heuristic selection algorithm is used to identify the optimal 

angles hence the method is rather time consuming. Furthermore, it did not include any 

development of a function relating the optimized parameters with machine performance. 

Similarity between the two methods involves the use of phase current as a state variable. 

A simple formula to compromise the performance between high efficiency and low 

torque ripple has been proposed using flux linkage control. It can be used for both the 

single pulse [42] and current chopping mode [46]. The method assumes excitation period 

equals generation period at constant speed and relies heavily on the flux, current and 

inductance profile to determine the intersection angles of the maximum flux and peak 

current. Also, the output power generated is catered for a specific load requirement. A 

capacitive output filter is designed to reduce the voltage ripple using a voltage feedback 

control method [47]. A new control method using multi-objective optimization function 

was proposed to accomplish three criteria including high torque, high operating efficiency 

and also low torque ripple for an electric vehicle application [48]. For those reported 

methods, in summary, the proposed techniques are targeted for high speed applications 

whereby the objectives were confined to maximize torque production, minimize losses 

and also to minimize torque ripple. 

 

There are not many literatures, which focus on the low and medium speed operation. The 

current chopping mode control method in generating operation is normally used at low 

speed for wind energy conversion system (WECS) application [49]. A power control 

strategy was used to maintain the required load demand. Another method to control the 

output power is achieved by using a fuzzy logic controller to regulate the turn on angle  

whilst the turn off angle is kept constant [50]. The resources on the application of the 

machine for the control strategies in wind energy are still limited. The method based on 
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constant output power requires the machine to follow the set of reference power. This 

limits the potential of the machine to extract energy according to the wind velocity.  

 

1.4.2  Power Converter Circuit for SRG 
 

The same converter topology can be employed for both the motoring and generating 

operation. The end windings of each phase are connected to the converter circuit which 

controls the phase current through the windings. It provides a path through the switches 

during excitation and diodes during the generating operation. Therefore, the operation of 

the machine during one cycle can be categorised into two stages: excitation and 

generation. Thus, the switching strategy has an  impact on the efficiency of the SRG [51].  

 

The commonly described converter circuit for the SRG is the Asymmetric Half Bridge 

Converter (AHBC) consisting of two switching devices and two power diodes per phase. 

The implication of using a higher number of switching devices per phase limits the 

number of phases for a machine in terms of space constraint and cost. Various studies 

have emerged on the alternative converters for SRG using a reduced number of devices.  

In [52], a converter topology having one number of switch and diode per phase allows the 

load to be supplied from the grid even when the SRG is not running.  Unlike the 

conventional AHBC converter, the supply voltage will be in series with the back EMF 

during the generation process supplying load continuously. It is only suitable for constant 

speed applications. Another converter topology with a reduced number of devices was 

proposed in [53]. The operating characteristic of the new proposed suppression resistor 

converter topology is similar to a conventional AHBC; however, it is only suitable for a 

single pulse mode operation. Aside from generating DC power, the SR generator can also 

be used to regenerate AC power using a sparse converter  [54]. This opens a new research 

area in terms of generating AC voltage using SR generator. 

 

On the whole, the research on converter topology focuses on ways to reduce the number 

of semiconductor devices with the aims to minimize costs and size of the overall device. 

However, with a reduced number of switching devices, the converter is not flexible in 

terms of control. This might be one of the reasons that although new topologies have been 

suggested, researchers still choose the conventional AHBC converter. Other types of 

converter which have been proposed to be used with the machine are tabulated in Table 
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Table 1-1: Comparison of voltage level across the phase winding for various converter topologies 

Type of Converter Excitation Generation Freewheeling 

AHBC 
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Converter 
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di
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= +  
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di
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          V = voltage across phase winding                                                                                  vD = voltage across diode 

          vsw = voltage across switching semiconductor device                                                    L = Phase inductance 

         di/dt = change of instantaneous phase current with time                                             vemf = back EMF voltage 

 

 
1-1. It shows the voltage across the phase winding for various converter topologies under 

study for the generating operation. The generating cycle determines the type of converter 

to be used for a particular application. At the moment, there is no special preference of 

converter topology for either the low, medium and high speed operation. 

 

1.4.3 Machine Structure 
 

There is no specific design or structure which has been associated for either the 

generating or the motoring operation. However, various researches on parameters relating 

to the structure of the machine have been established and can be grouped as in Figure 1-6. 

It also shows that the performance of the machine is affected by the overall structure of 

the machine. 

 

1.4.3.1  Stator and Rotor Pole Combination 
 

The numbers of the stator and rotor poles are designed to avoid the zero torque regions. 

This leads to the design of the machine having a symmetrical and equally spaced number 

of stator and rotor poles [55]. The switched reluctance generator has been used in various 

applications as previously mentioned in Section 1.4. Therefore, using the available 
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literatures, the combination of the stator and rotor poles can be categorized based on the 

application of the SRG according to the low, medium and high speed applications as 

illustrated in Table 1-2. It is apparent from Table 1-2 that there is no specific 

configuration for the low, medium and high speed operation. Based on the structure of the 

machine, the lower number of poles have bigger dwell angle which is determined by the 

difference between the turn off and turn on angles. The number of rotor poles relates to 

the periodic cycle of one rotor position which decreases as the number of rotor poles 

increase shown below where Nr is the number of rotor poles. 

1 cycle of rotor position = 
rN

π2
 

The lower number of poles machine have been suggested for a high speed application 

whereas the high number of poles is for a low speed application [56, 57]. The reason 

being, lower number of poles has larger dwell angles thus allowing the flux to reach its 

desired level at high speed. At a lower speed, the magnetic flux requires longer time to 

build up as compared  to the higher speed [58]. Therefore, a high number of poles at low 

speed avoid saturation in the machine. In addition, with a higher number of poles, the 

aligned and unaligned inductance ratio is also reduced. The low inductance leads to a high 

peak current resulting in higher converter VA requirement [59]. 

 

The findings by Mueller [59] and Lovatt et. al [60] states that the relative performance 

such as current density and co-energy will not be affected by increasing the number of 

poles  per  phase. This  is true  since an  increase  on  the  number of  poles  per phase will  

Structure of machine
Stator/Rotor pole 

combination

Winding 

configuration

Tooth 

arrangement

Stator/Rotor

pole width

 

Figure 1-6: Parameters relating to structure of machine 
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Table 1-2: Stator and rotor poles configuration for switched reluctance machine 

 

reduce the number of machine phases. For example, a conventional three phase 12/8 

machine is subjected to having four poles per phase. If this number is increased to six, the 

machine is subjected to a two phase 12/8 machine. Nevertheless, the machines are able to 

produce the required output power at a given rating. The selection of machine depends 

onthe type of application. Although the 12/8 machine provides the best power factor and 

excitation penalty, a 12/16 was preferred by Mueller based on its torque density 

performance. A new family of the SR machine with a higher number of rotor poles than 

stator poles can be achieved using a pole design (PD) formula [69, 70]. A significant 

improvement in torque per unit volume characteristics with lower ripple as compared to 

the conventional machine structure which has a higher number of stator poles has been 

shown previously [69, 70] .   

 

At this stage of research, there is no right combination of stator and rotor poles which 

gives an optimum output performance. In terms of maintenance and reliability, large 

number of poles with a large number of phases has the advantage in terms of fault 

tolerance. A fault caused on one of the phases may be isolated leaving the others working 

with less interruption. Apart from that, the current per phase may be reduced by splitting 

across phases, which can lower the rating of the semiconductor devices per phase [71]. 

Nevertheless, having a higher number of poles and phases increases the control 

requirement. This dissertation involves analysis of different number of rotor poles whilst 

maintaining the same geometrical stator structure of the three phase 12/8 machine.  

 

Applications 
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1.4.3.2 Winding Configuration 
 

The winding configuration depicts how the coils are placed around the stator poles. It 

determines the flow of magnetic flux within the machine structure, producing either a 

short or long flux path. The short flux path produces symmetrical pattern and can be 

realized in a machine with an odd number of phases [72]. The long flux path is avoided to 

reduce losses in the iron core. The winding arrangement can influence the torque angle 

characteristics of the machine [73]. 

 

Another method to increase the torque per unit volume of the machine is through the 

winding arrangement of coils on the stator poles. The conventional design has concentric 

windings around the salient poles termed half pitch winding. The fully pitched winding 

places the coils in between the stator poles resulting in a larger excitation area [74].  The 

implication of a larger excitation area increases the field density thus torque will be 

increased [75]. Generally, the objective of the existing literatures on the winding 

arrangements focuses on improving torque, which relates more to the motoring operation.  

 

1.4.3.3 Tooth Arrangement 
 

Previous studies on the SR machine mostly cover the conventional design of one tooth 

per slot machine. Various studies on the effect of tooth width on torque production [76, 

77] and acoustic noise [78] have been made to optimise the machine design. Examination 

on multi tooth per slot on the stator poles also shows improvement in the mass to torque 

ratio, which is an essential feature for wind turbine generator [79]. Although the various 

tooth design offer advantages over the conventional structure, the research was limited 

and it is not available commercially. This may be due to the complicated design of the 

teeth which have structure such as 26/16, thus reducing the space available for the 

winding. Furthermore, there are other methods available to improve torque and acoustic 

noise without performing major changes on the machine structure.  

 

1.4.3.4 Stator and Rotor Pole Width 
 

Any changes on the structure of the machine will affect its magnetic characteristic 

including the structure of the stator and rotor pole width. The changes in the widths of the 
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poles affect the inductance profile. The conventional design has a wide stator pole width 

as compared to the width of the rotor pole, producing a larger inductance profile. The 

surface area for the rotor pole to pass through is longer if the stator pole is wide. The rotor 

pole forms part of the flux path to complete the magnetic loop, thus having a small rotor 

pole width will result in higher pole saturation. An SR machine with a higher number of 

rotor poles has a limit on the value of the rotor width [70]. A double stator pole design of 

SR machine was proposed to generate motional forces to increase the energy conversion 

of the machine [80].  

 

1.5 Statement of the Research Problem 
 

Overall, the previous studies have acknowledged the potential of the SRG as one of the 

candidates for variable speed applications. Various researches have been performed as 

described in Section 1.4. Most of the available literatures were focused on the operation 

of the machine as a motor. The generating operation mainly covers the high speed 

application and studies are done on the specific individual element of the SRG drive such 

as the control, converter and also the machine geometry. For such specific study, an 

experimental set up is feasible since it does not involve many changes on the machine 

parameters. However, to analyse the machine thoroughly, various changes on the 

parameters have to be made. This would incur high cost and would be time consuming if 

the changes were to be performed during the experimental stage. The development of the 

SRG lacks a platform which enables researchers to perform analysis on the overall system 

before developing the machine prototype. To aid in the development of the SRG and to 

close the commercial gap between the existing machines, a simulation platform of the 

overall system is required. While a number of papers on simulation model of switched 

reluctance machine for motor [48] operation have been published, there is no model for 

SRG to determine the optimum design in terms of efficiency and performance during the 

low and medium speed operation to the best of our knowledge. 

 

1.6 Research Methodology 
 

This study will concentrate on the operation of the machine during the low and medium 

speed range. To meet the requirement for an optimal performance of the machine, the 
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dynamic operation together with its other elements such as converter and controller needs 

to be incorporated together. Therefore, this thesis is aimed at developing an integrated 

simulation platform of SRG to aid in the development of the machine. The development 

of the simulation platform is conducted using MATLAB/SIMULINK whereas COMSOL 

is used for machine study.  The simulation platform will be used to find solutions to 

maximize the generating operation of an existing machine.  

 

The first objective of this research is to perform a detailed analysis and investigation of 

the SRG conversion behaviour from mechanical to magnetic and to electrical energy. As 

a result of this investigation, a mathematical model of the SRG is produced. The second 

objective is to identify the design parameters and control parameters that affect the 

generated output power.  Then, a simulation platform of the complete SRG system is 

produced and subjected to wide testing conditions for different sets of machine and 

different range of related control parameters.  

 

1.7 Thesis Contributions 
 

The main outcomes of this analysis are: 

• Firstly, the design and development of an integrated simulation platform for SRG 

has been made.  

• Secondly, a comparative analysis between different sets of machine and various 

ranges of control variables is performed. The restrictions and limitation in 

selecting the optimal control variables has been identified. The relationship 

between the optimal control parameters has also been proposed. 

• Finally a simple controller to implement the proposed polynomial function is 

developed. The simulation model of the SRG serves as a platform to analyse 

various machine parameters to achieve optimal performance. 

 

1.8 Thesis Organization 
 

The dissertation is organized into eight chapters. It starts with the introduction and 

background which covers the current status of the electrical power generation and the 

requirement of electric generators. The choice of SRG and its recent development has 
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also been highlighted. The fundamental principles of the SRG drive are discussed in 

Chapter 2. It will cover the operational characteristics of the machine during generating 

operation and the energy conversion process. Basically, it will cover the fundamentals of 

the SRG drive which will be referred to in the following chapters. Chapter 3 describes the 

design of the machines considered in this research. It also outlines the methods to model 

the non-linear electromagnetic characteristics of the Switched Reluctance Machine 

(SRM). These characteristics embody the behaviour of the machine to be used for 

modelling and design of the controller. It forms the basis to the development of the 

simulation platform. Chapter 4 introduces the mathematical description and various 

modelling techniques which can be applied to develop the SR generator system. It also 

highlights the modelling technique and simulation package chosen based on the research 

objectives. Chapter 5 identifies the factors that affect the magnetic characteristics of the 

machine which influence the shape of its magnetization curve. This is achieved using 

different winding polarity and different number of rotor poles. Using the developed 

platform and the machines considered in Chapter 2 and 5, various control variables 

affecting the generated power is identified in Chapter 6. Chapter 7 describes the 

limitations in selecting the control variables and highlights the development of functions 

relating the optimal control variables with the generated power. Based on the findings, a 

novel control scheme is proposed. Lastly, the current work and future work is 

summarized and proposed in Chapter 8.  

 

1.9 Conclusions 
 

This chapter has briefly discussed the current status of the requirement for the electric 

power generation and also electric generator. The requirement for a generator which has 

the advantages to maximize the power generated at variable speed has been highlighted. 

In addition, the choice of a switched reluctance generator has been presented. The recent 

developments based on each of the components which form the SRG system have also 

been discussed. The next chapter will cover the fundamentals of the SRG drive and its 

characteristics operating as a generator. Based on this characteristic, the performance of 

the machine in terms of percentages of power generated will be highlighted. 
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CHAPTER 2  
 

FUNDAMENTALS OF THE SWITCHED RELUCTANCE GENERATOR 

(SRG) DRIVE 

 

 

The main SRG drive consists of the generator machine, the controller and the converter. 

The machine can be connected directly to the shaft of the prime mover. The shaft is then 

coupled directly to the rotor of the generator. Thus, any changes in the speed of the prime 

mover will directly affect the rotor of the generator, which is free from magnets and 

windings. The end of the concentrated windings on the stator pole is connected to the 

power converter, which receives signals from the controller. The controller is the heart of 

the system, which stabilizes the generated power through closed loop control of the 

voltage or current. It sends signals to the switches on the converter circuit. Upon 

receiving the signals, the converter performs excitation and demagnetization to build the 

flux up then bring it down to zero during each cycle of operation.  

 

This chapter will describe in detail each component of the drive and investigate the 

energy conversion behaviour of the generator from mechanical to magnetic and to 

electrical energy.  

 

2.1  History of SRG 
 

The term switched reluctance, variable reluctance and electronically commutated 

reluctance motor refers to the same machine. Tremendous efforts have been made to 

distinguish the machine with other electrical machines. The term switched reluctance was 

first used by Nasar in his paper in 1969 and the widespread use of the term was 

influenced by Lawrenson [81].  

The machine started way back in the early 1830s based on the concept of electromagnet. 

It was first used as a traction drive for an electric locomotive in the early days. Its 

development was hindered due to requirement of complicated control circuits and the 

high cost of power electronic devices. Furthermore, the emergence of the commutator 

motor in the 1870s and the introduction of the magnetic circuit law in the 1880s, results in 
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(a)                                                                                        (b) 

 

 

motors that outweigh the performance and requirement of the reluctance motor [81]. The 

Switched Reluctance Machine (SRM) made its come back  in the 1960s due to the rapid 

development of the power electronic devices and also the availability of high speed 

computers coupled with the advanced programming languages [81]. It was first used as a 

motor drive in the 1980s and has made good progress since.  

 

2.2 Structure of the Switched Reluctance Generator 
 

In general, the SRG is a double salient machine where both  its stator and rotor poles 

protrude into the air gap [82]. The rotor and the stator are made of steel laminations and 

only the stator poles have windings concentrated around them [56].  This leaves the rotor 

free from windings, magnets and brushes. The windings of one stator pole are connected 

in series with the opposite stator to form one phase. The windings are arranged in such a 

way that more than two opposite stator poles form one phase. The typical configurations 

of the machine include a three phase 6 stator and 4 rotor poles (6/4) machine, a three 

phase 12/8 machine, a four phase 8/6 and also a four phase 16/12 machine. Figure 2-1(a) 

shows an example of the 4 phase SR machine with 8/6 poles configuration while Figure 

2-1(b) depicts a 3 phase machine with 12/8 poles configuration. 

 

Figure 2-1: Configuration of Switched Reluctance Machine: (a) 4 phase 8/6 and (b) 3 phase 12/8 
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2.2.1 Operation of Switched Reluctance Generator 
 

The machine operates in such a way that the rotor will move to the position of minimum 

reluctance. The rotation of the rotor is achieved by energizing and de-energizing the 

phase windings on the stator poles. When the windings are energized, the stator pole 

behaves as an electromagnet pulling the rotor towards the excited phase. The stator phase 

has to be energized in synchronism with the rotor position to ensure continuous rotation. 

When the rotor moves towards the stator pole, there will be a change in the distance of the 

air gap, resulting in a change of the reluctance of the magnetic path. When the rotor is 

aligned with the stator pole, reluctance is minimum, whilst inductance is maximum. As 

the rotor moves away from the stator pole, the air gap increases and the inductance starts 

to decrease. During the unaligned position, inductance will be at its minimum value. By 

proper excitation of the phase winding, the machine can operate as a motor during the 

increasing inductance region, and as a generator during the decreasing inductance region. 

To operate the machine as a generator, the windings are excited as the rotor is moving 

away from the stator poles.  

 

The excitation of the machine during the generating operation is illustrated in Figure 

2-2a(ii) and Figure 2-2b(ii) whereas for motoring, the excitation is on the increasing 

inductance region. When the stator phase is excited as the rotor is moving pass the stator 

pole as in Figure 2-2a(ii) there will be a braking torque trying to realign the poles back 

together creating a negative torque, extracting energy from the prime mover.  The torque 

T  is produced by the tendency of the rotor moving towards the excited stator phase 

winding. It is independent of the direction of current, i  shown by the equation below: 

 2 ( , )dL i
T i

d

θ

θ
=   (2.1) 

where L is the phase inductance which varies as a function of both the current, i and rotor 

position, θ. From equation 2.1, the value of torque is dependent on the slope of the 

inductance profile, positive for motoring and negative for generating. As soon as the poles 

start to overlap, the torque starts to develop and when the poles are not overlapping, the 

torque will be zero and no energy is converted.  
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2.3 Characteristics of the SRG 
 

The magnetic characteristics of the machine can be determined from the flow of flux 

within the magnetic material. The flux is established when the current flows through the 

phase windings during excitation. The intensity of the magnetic field is represented by the 

flow of flux in the magnetic material. It changes with both the current density and rotor 

position. The flux intensity is high during the aligned position since the flux flows 

directly from the stator pole to the rotor pole. As the rotor moves, the air gap will increase 

and less flux is able to link to the rotor pole. The change of flux with the phase current at 

different rotor position is also known as the magnetization curve shown in Figure 2-3. 

The phase inductance can be determined from the magnetization curve by the following 

relationship: 

 ( , ) ( , )i L i iλ θ θ=   (2.2) 

 
Figure 2-2: Variation of inductance with respect to movement of rotor. (a) rotor movement with respect to stator 

pole i) Maximum inductance, minimum reluctance (full alignment) ii) Inductance decreasing linearly iii) Minimum 

inductance (mis-alignment) (b) Complete inductance profile 
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where λ is the flux linkage, L is the phase inductance, i the phase current and θ rotor 

position. The curve of the inductance as a function of current and rotor position 

determined using equation (2.2) is illustrated in Figure 2-4. 

 

Therefore, the SRG can be represented by using the flux linkage or inductance profile. 

The details on the representation of the characteristic of the machine are explained in 

Chapter 3, which focus on the nonlinear electromagnetic characteristics of the machine. 
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Figure 2-3: The flux linkage curve versus current at different rotor position from aligned to unaligned for the 12/8 

machine 
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Figure 2-4: Variation of the phase inductance with rotor position at different phase current for the 12/8 machine 
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2.4 Electromagnetic Energy Conversion of SRG 
 

The principle of energy conversion for the SRG is best explained by using the 

conventional asymmetric half bridge converter (AHBC) and the magnetization curve. The 

battery is connected directly across the phase winding through the switches and diodes. 

As mentioned earlier, the excitation is made as the rotor is moving away from the stator 

poles by closing the switches on the converter. When the switches T1 and T2 are closed 

as in Figure 2-5(a), the current will flow from the battery to the windings through the 

switches. The full terminal voltage will be across the phase winding; hence current will 

slowly build up and the energy is stored in the magnetic path of the coil. The energy is 

developed by the opposing torque on the prime mover. Both the switches will open when 

it receives signal from the controller upon reaching the turn off angle as depicted in 

Figure 2-5(b). The flow of current in the winding is maintained, however instead of 

storing energy, the stored energy is released through the diodes going into the battery or 

load. The output generated by the SRG using the AHBC is in DC form.  Therefore, 

 
(a) 

 

 

 
(b) 

 

Figure 2-5: The flow of current in the phase winding for one phase using asymmetric half bridge converter 

(AHBC) during (a) excitation stage and (b) generation stage 
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another converter is required to convert it to an AC output if required. 

 

2.4.1 Calculation of Magnetic Energy 
 

The magnetic energy can be calculated from the magnetization curve of the flux linkage 

versus current at a particular rotor position as shown in Figure 2-3. However, for ease of 

understanding, the explanation is made by assuming a linear magnetic flux linkage region 

as illustrated in Figure 2-6. Since the excitation is performed during the maximum 

inductance profile, the phase current, i slowly increase from O to A as in Figure 2-6(a) 

and the magnetic stored energy, W1 can be written as: 

 2

1

0

1
.

2

mi

m aW i d i Lλ= =∫   (2.3) 

where im and λ are the current level and flux linkage. The slope of OA represents the 

phase self-inductance at the aligned position, La whereas the slope OC represents the 

 
Figure 2-6: Linear energy conversion process for the SRG using the flux linkage versus current curve             

(a) magnetic stored energy, W1 (b) energy returned to the supply, W2 (c) remaining stored energy returned to 

the supply, W3 and (d) co-energy, Wtotal 
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phase self-inductance at the unaligned position, Lun. As the rotor moves away from the 

stator pole and reaches the turn off position, no energy is extracted from the prime mover. 

At that moment, the energy W2  is returned to the supply. 

  

 2

2 ( )m un aW i L L= −   (2.4) 

During the unaligned position, the torque is zero. Hence, the remaining stored energy W3 

is also returned to the supply. 

 
0

2

3

1
.

2
m

m un

i

W i d i Lλ= = −∫   (2.5) 

The total energy generated Wtotal is the sum of the areas, which is the addition of the 

magnetic stored energy and energy being returned to the supply at the end of each stroke. 

 2

1 2 3

1
( )

2
total m u aW W W W i L L= + + = −   (2.6) 

The same concept of energy calculation can be applied when the saturation is taken into 

account. There are two types of energy within the magnetization curve; the stored 

magnetic energy, Wm and the co-energy, Wc represented graphically as in Figure 2-7. The 

average output power generated by the SRG is proportional to the area between the 

aligned and unaligned curve.  When the saturation is taken into consideration, the 

calculation of the magnetic co-energy is determined by integrating the area under the 

magnetization curve as defined by the following equation: 

 
Figure 2-7: The non-linear conversion of magnetic energy in the switched reluctance generator 
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0

.

i

cW diλ= ∫   (2.7) 

The details of the calculation will be described in Chapter 3. 

 

2.5 Mathematical Model of SRG 
 

The mathematical model of the SRG is represented by the voltage equation across the 

phase winding. It consists of a resistance being in series with an inductance. Each phase 

of the SRG is considered to be independent of each other since the current and flux rises 

and returns to zero during each operating cycle. Thus, the phase voltage V across the 

winding is expressed as: 

 
j

j j

d
V Ri

dt

λ
= +   (2.8) 

Where R is the phase resistance, λj is the flux linkage of phase j, as a result of current, i 

flowing in the excited phase at time, t. Since the flux linkage varies as a function of the 

current and rotor position, equation (2.8) can further be expanded as follows: 

 

 
j j j

j j j j j

j

L di L
V Ri L i i

i dt
ω

θ

 ∂ ∂
= + + +  ∂ ∂ 

  (2.9) 

Where Lj , θ, ω are the inductance of phase j, rotor position and speed respectively. The 

last term in equation (2.9) is the motional back EMF, which can either be positive or 

negative depending on the slope of the inductance profile. The equivalent circuit for the 

SRG can thus be illustrated as in Figure 2-8. Since the back EMF is negative during the 

decreasing inductance slope, it will add on to the terminal voltage and aid in increasing 

the phase current during the generating operation. The flow of current in the phase 

winding remains the same; however the terminal voltage changes polarity. Therefore, 

equation (2.9) becomes negative and the current will be extinguished to zero at the end of 

the cycle, when the inductance reaches the minimum value. 
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2.6 SRG Drive Converter 

 

The function of the drive converter for the SRG is to perform excitation to build up the 

flux in the winding and demagnetization to bring the flux to zero before the excitation of 

the next phase [20]. Therefore, it must consist of a switch to allow the current to flow to 

the winding and a diode to allow the magnetic energy to freewheel back to the supply or 

load. The performance of the switching strategy gives an impact on the efficiency of the 

SRG [51]. The current can be controlled by the timing of the current pulses made in 

synchronism with the rotor position. At the moment there is no special preference of 

converter topology for either the low, medium or high speed operation.  

 

Although there are various topologies which can be employed, the commonly described 

converter circuit is the Asymmetric Half Bridge Converter (AHBC). It consists of two 

switching devices and two power diodes per phase. There are several other types of 

circuits that use lesser components as compared to AHBC such as C-dump power 

converter, R-dump converter, bifilar type converter and also the split DC converter [83, 

84]. 

 

However, due to the availability of the drive in the market and its control flexibility, the 

AHBC is selected. It has the ability to shape the phase current using three switching 

sequence as in Figure 2-9(a) positive voltage, (b) zero voltage and (c) negative voltage. 

This form of switching is suitable during the low and medium speed range, which 

( , )dL i

d

θ
ω

θ

 
Figure 2-8: Representation of an equivalent circuit for one phase of the SRG 
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employs the current chopping mode [51]. When the two switches T1 and T2 are turned 

on, the terminal voltage V will be across the phase winding given by the following 

equation: 

 
dL di

V i Ri L
d dt

ω
θ

− = +   (2.10) 

 

where ω,i,R,L,θ are the speed, phase current, phase resistance, phase inductance and rotor 

position respectively.  When T1 is open and T2 is closed as in Figure 2-9(b), the current 

will freewheel through the diodes and the winding. Hence, no energy is returned to the 

source. During this time, depending on the speed, the back EMF of the coil will aid in 

increasing or maintaining the current in the winding as shown in the following equation. 

 

 
dL di

i Ri L
d dt

ω
θ

− = +   (2.11) 

When both the switches are open as in Figure 2-9(c), the current will freewheel through 

the diodes and the energy is fed back to either the load or to recharge the supply. Since 

the current returns to the source, the phase winding is subjected to a negative dc bus 

voltage. At this point, the shape of the current depends on the back EMF voltage. The 

relationship between the back EMF and terminal voltage determines the behaviour of the 

phase current [46]. Three conditions may occur: 

• Back EMF voltage > terminal voltage - the current will increase after turn off 

angle before reducing to zero.  

 
Figure 2-9: Switching sequence for the AHBC converter at (a) positive voltage (b) zero voltage and (c) negative 

voltage 
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• Back EMF = terminal voltage – the current will stay constant and reduce to zero 

as the rotor approaches the minimum inductance region 

• Back EMF < terminal voltage – the current will drop to zero after turn off angle 

due to the negative voltage. 

The effect of the back EMF and terminal voltage after the switches are closed is depicted 

in Figure 2-10. It can be seen that the phase current can be regulated by the switches on 

the converter circuit. The AHBC converter is widely used in the low, medium and high 

speed application such as for the aircraft starter/generator and for the wind energy 

application. Although it has been reported to have voltage instability under the open loop 

control [40], it can be overcome by employing a closed loop control circuit. The operating 

modes of the converter will be explained in the following section.  

 

2.7 Operating Modes of the SRG Drive 
 

Based on section 2.6, the shape of the phase current are dependent upon the terminal 

voltage, back EMF, firing angles and also the speed. Therefore, the operating modes of 

the SRG can be categorized as current chopping mode and single pulse mode.  

 

 
Figure 2-10: Graph of phase current (A) and inductance (H) against time(s) showing the effect of back EMF on 

the phase current at voltage of 150V and speed of 200rad/s. The turn on angle is constant at 16deg whereas 

the turn off angle is varied. 
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2.7.1 Current Chopping Mode 
 

The current chopping mode is commonly employed during the low speed range. For 

motoring operation, the excitation is performed during the minimum inductance profile 

whereas for generating operation, the excitation is made along the increasing inductance 

slope. The phase current can be controlled according to the reference limit as depicted in 

Figure 2-11. Figure 2-11(a) and (b) displays the soft chopping mode where one of the 

switches are on whilst the other are switched on and off depending on the reference limit. 

Figure 2-11(c) and (d) illustrates the hard chopping mode operation where both the 

switches operate simultaneously. The current chopping mode operates when the value of 

back EMF is lower than the terminal voltage [46]. During this time, the phase current is 

directly proportional to the terminal voltage. 

 

Unlike the motoring operation, the initial rise of current during the generating operation is 

slow due to the high inductance value.  Therefore, to aid in the fast increase of phase 

current towards reaching the reference limit, a boosting circuit is required [61]. The 

excitation can also be made along the decreasing inductance profile.  
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Figure 2-11: The phase current and voltage profile at turn on angle of 15deg and turn off angle of 35deg. 

Voltage=325V and speed=25rad/s (a) soft chopping current (b) soft chopping voltage (c) hard chopping current 

and (d) hard chopping voltage 

 

 



 

32 

 

2.7.2  Single Pulse Mode 
 

During high speed, the back EMF is more than the terminal voltage and the current no 

longer depends on the voltage. Hence, the machine operates in single pulse mode. The 

shape of the current depends on the placement of both the turn on and turn off angles 

along the inductance profile [85]. Depending on the amount of energy stored during 

excitation, the current will increase after the switches are turned off. The increase of 

current after turn off angle is affected by the negative back EMF and the amount of stored 

energy.  

 

Figure 2-12 illustrates the effect of the turn on angle placed before and after the alignment 

position. A low back EMF is observed for the turn on angle placed after the alignment 

position. The current directly reduces to zero after the turn off angle. When the turn on 

angle is placed along the increasing inductance profile, the current will peak after the turn 

off angle depending on the amount of stored energy and back EMF [86]. The optimal 

values of the firing angles will provide the highest amount of power generated. 

 

 

 

 

 

Figure 2-12: The effect of placement of turn on angle along the inductance profile at speed of 35rad/s and 

voltage of 50V 
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2.8 Excitation Method 
 

The SRG requires an external supply such as a permanent magnet [87] or a battery to 

create the magnetic field, which can make  it  either be self or separately excited. The 

former has a simple circuit as both the excitation and generation shares the same bus line. 

The latter is commonly used under fault tolerant application since it has separate lines for 

the excitation and the generation of power [8, 66] as depicted in Figure 2-13. Due to this 

feature, the separate excitation circuit can be controlled independently [15]. The circuit is 

normally employed for applications which requires high safety features such as for 

aircraft starter/generator applications [66]. A well explanation on the self and separate 

excitation has been given in [40]. In this thesis, the self-excitation circuit will be used. 

 

2.9  Average Power Calculation 

 

The average output power Pave of the switched reluctance generator is calculated based on 

the average voltage, Vave and the average line current, Iave of the power converter as 

follows: 

 
ave ave ave

P V I=   (2.12) 

The calculation for the average voltage and current is made based on the instantaneous 

values of the voltage, v and current, i across the phase winding as follows: 

 

Figure 2-13: A separate excitation circuit for the switched reluctance generator 
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0

1
.

T

aveI i dt
T

= ∫   (2.13) 

where T is the period of one cycle of the phase current and i is the phase current of the 

winding. The multiplication of the instantaneous voltage and current yields power and 

energy can be calculated as shown below: 

 
0

.

T

Energy vi dt= ∫   (2.14) 

The energy on the other hand is power multiply by time T; hence, the average electric 

power of the SRG can be obtained by adding the power of each phase during one electric 

cycle as follows.  

 
1 0 0

1
T Tm

ave j j j j

j

m
P v i dt v i dt

T T=

= =∑∫ ∫   (2.15) 

Where m is the number of phases, T is the conduction period of one phase, vj and ij is the 

instantaneous voltage and current of phase j. Based on the conversion of energy in 

subsection 2.4, the operation of the SRG involves two stages; excitation and generation. 

Therefore, the calculation of power can be made according to the operating cycle of the 

machine. Assuming that each phase of the SRG is independent of each other, the 

excitation and generation stage can be separated for calculation purposes as shown in 

Figure 2-14 for single pulse mode operation and Figure 2-15 for the current chopping 

 
Figure 2-14: Graph of (a) terminal voltage (V) against time(s) (b) Phase current (A) against time(s)                   

(c) Excitation current (A) against time(s) and (d) Generation current (A) against time(s) for one cycle of 

operation 
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mode operation. The excitation power is obtained by multiplying the excitation current 

with the corresponding excitation voltage. For the current chopping mode operation, the 

excitation is calculated at each time the switches are closed. The excitation period occurs 

during time period t2-t1, t4-t3 and also t6-t5 whereas time t3-t2, t5-t4 and t7-t6 are the 

generating period. According to equation (2.15), the excitation and the generated power 

can be calculated as follows: 

 

 
0

1
T

exc exc excP v i dt
T

= ∫   (2.16) 

and 

 
0

1
T

gen gen genP v i dt
T

= ∫   (2.17) 

Where vexc, iexc, is the instantaneous excitation voltage and current whereas vgen, igen is the 

instantaneous generation voltage and current and T is the period of one current cycle. The 

performance of the machine can be measured in terms of the percentage of generated 

power Pgen by the following equation: 

 % 100
gen gen

gen

gen gen exc exc

v i
P

v i v i
= ×

+
  (2.18) 

 

 
Figure 2-15: The phase current under current chopping mode operation 
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The calculations shown above emphasize on the electrical components of the machine 

and exclude its losses. The total average output power of the SRG drive is the difference 

between the mechanical input power and the total losses in the system. The losses in the 

SRG include several components such as the semiconductor losses, Psemicon, copper losses 

Pcu, iron losses Piron, mechanical losses, Pmech and other losses, Pstray such as friction and 

windage losses [88].  

 
loss semicon cu iron mech strayP P P P P P= + + + +   (2.19) 

The semiconductor losses comprises of the switching and conduction losses across the 

switches and diodes. The copper losses, Pcu is associated with the winding losses due to 

the phase current and winding resistance [89], whereas iron losses are composed of 

hysteresis and eddy current losses. It is highly nonlinear due to the asymmetrical flux 

linkage in the iron core. Because of this, the calculations of the iron losses are mainly 

based on estimation [90, 91]. The copper losses on the other hand can simply be 

calculated as: 

 2.cu rmsP m I R=   (2.20) 

Where m is the number of phases, Irms is the root mean square (rms) phase current and R 

is the phase resistance. 

 

2.10 Conclusions 
 

This chapter covers the fundamental principle of the SRG including the machine 

structure, the operating principle, the converter used for SRG and also the operating 

modes available. The characteristics of the generating operation describe the conversion 

of energy from the mechanical to electrical energy. The characteristic also illustrates the 

development of the mathematical model based on the voltage across the phase winding. 

The converter operation focuses on how it can be controlled to allow for the energy 

conversion process. Based on the converter operation, two operating modes are discussed; 

current chopping and single pulse mode. The calculation to determine the performance of 

the machine in terms of the percentage of power generated is proposed according to the 

two operating modes.  
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CHAPTER 3  
 

MODELLING OF ELECTROMAGNETIC PROCESSES 

 

The electromagnetic characteristic is crucial for the development of a simulation platform 

for the machine.  Therefore, this chapter outlines the methods to determine the nonlinear 

electromagnetic characteristics of the Switched Reluctance Machine (SRM). As stated in 

Chapter 2, the magnetic characteristic is based on the flow of flux due to the current in the 

winding and changes at each of the rotor position.  The magnetic characteristic of the 

machine embodies its behaviour and is used for modelling or design of the controller. It is 

established based on the mathematical model of the machine, which is represented by the 

voltage across the phase winding. The model comprises of the electrical and the 

mechanical components. The electrical component is shown by the equation below: 

  

 
( , )d i

V Ri
dt

λ θ
= +   (3.1) 

The mechanical equation on the other hand is governed by the movement equation: 

 
e L

d
T J B T

dt

ω
ω= + +   (3.2) 

Where, V is the terminal voltage applied to the phase winding, i is the phase current, λ is 

the flux linkage of the phase coil, which is a function of both current and rotor position θ, 

Te is the total torque for the machine, J is the total inertia of the rotor, В is the friction 

coefficient of the rotor, ω is the angular velocity of rotor and TL is the load torque. 

 

Since the flux linkage is a function of the phase current and the rotor position, equation 

(3.1) can further be expanded as follows: 

 

 
di d

V Ri L
dt d

λ
ω

θ
= + +   (3.3) 

Or 

 
di dL

V Ri L i
dt d

ω
θ

= + +   (3.4) 
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where L and R represents the phase inductance and resistance. The mathematical model of 

the SR machine can then be developed based on how one interprets its voltage across the 

phase winding; either using the inductance profile or the flux linkage profile. 

 

According to equation (3.1) and (3.2), the magnetic characteristics that form the 

mathematical model of the machine include the flux linkage, inductance and also torque. 

They are normally pre-calculated before modelling. The pre-calculation of the magnetic 

characteristics can be obtained either by the finite element method (FEM), an experiment 

or by analytical calculation. It is the crucial point in order to optimize the design or to 

evaluate the machine performance.  There are three methods to represent the machine in 

simulation for modelling: 

1. Simulation using analytical method 

2. Simulation using soft computing method 

3. Simulation using finite element method (FEM) 

The first two methods require initial data from either the FEM or experiment. The finite 

element  method on the other hand requires the data to be validated from experiment due 

to the manufacturing process and the assumptions made. 

 

The analytical model can be expressed in terms of inductance or flux linkage based model 

[92]. Due to the periodic nature of the inductance and the flux linkage, its variation can be 

represented by limited fourier series terms [93, 94]. The selected number of terms is 

based on the harmonic level [95]. Higher number of terms gives better precision but the 

calculation becomes complex. The variation of both the inductance and the flux linkage 

with current can be expressed by means of a polynomial [92]or an arc tangent functions 

[93, 94]. The geometrical dimensions of the machine can also be used to represent the 

machine analytically [96-98]. This method however requires exact details of the machine 

geometry.  The analytical method involves iterative process to determine the required 

characteristics. It proves to reduce computation time and memory space. However, it 

requires accurate mathematical relation between the non-linear parameters of flux linkage 

and inductance with the current and rotor position. The coefficients of the function are 

determined based on curve fitting procedure. Also the mathematical function becomes 

complex as mutual coupling and flux leakage effects are included. The main advantage 

however is the inclusion of the phase winding end effects which increase the accuracy of 

the model. This method is suitable to be realized for optimization in real time simulation.  
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The second approach is based on the soft computing method such as fuzzy logic (FL)[99, 

100], least square algorithm with orthogonal polynomial and artificial neural network 

(ANN)[101]. The soft computing strategies are dependent on the data set obtained from 

either experiment or FEM. They employ a supervised learning and training method hence 

the accuracy and the initial number of data set is of importance [102]. Unlike the 

analytical method, the soft computing strategies are suitable for both the online or offline 

parameter identification. The main disadvantage is that the settings of the model and 

network parameters require the experience and knowledge of the designer. 

 

The FEM approach is achieved with the help of the available analysis packages such as 

ANSYS, FLUX 2D or COMSOL. Different from the previous methods, it only requires 

the geometry of the machine which can be obtained from the manufacturer. In most cases, 

the 2D analysis provides sufficient accuracy to model the performance of the machine. 

The determination of the flux linkage data is performed under different rotor positions 

between the aligned and unaligned rotor positions for varying excitation current 

conditions. The FE method allows direct coupling to other software such as MATLAB, 

but is not suitable for optimization purpose due to the high simulation time. The pre-

calculated data gives better simulation time and is the most accurate method for analysis. 

The finite element method (FEM) has been well established and is widely used in the 

design process for electrical machines due to its ability to compute magnetic vector 

potential on structures with complex geometry having non-linear machine characteristics 

[103]. The ability of the finite element to solve such problems suits well with the SRM 

which have non-linear characteristics due to its double salient pole structure. Therefore, it 

was decided that the FEM is the best method to adopt for this study. The calculations 

leading to the development of the magnetic characteristics for the machine are reported in 

the following subsections.  

 

The descriptions of the machines under study are highlighted under Section 3.1. Section 

3.2 describes the numerical analysis and the related equations using FEM. In section 3.3, 

the calculations to determine the static characteristics of the machine are explained in 

details. Finally, section 3.4 describes the experiment to validate the procedures and results 

using the FEM.   
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3.1 Description of Machine 
 

The fundamental step in FEM is to specify the geometrical description of the machine, 

which is available from the manufacturer data sheet. In this study, four machines are 

analysed including the existing 12/8 machine. As for the other three machines, their stator 

and rotor geometry structure is made to replicate the existing 12/8 machine whilst the 

number of rotor poles changes. The following describe the parameters of the machine in 

detail: 

• Machine 1: The existing 12/8 machine which has been used as a motor for the 

wood lathe application will be the base machine model for this study.  

• Machine 2: A 12/16 machine with dimensions obtained from the manufacturer’s 

data sheet. The machine was selected to study the impact of having higher number 

of rotor poles. 

• Machine 3: A 12/16 machine having exactly the same dimension as the 12/8 

machine but the dimension of the width of rotor poles were halved.  

• Machine 4: A 12/4 machine with the same dimension as the 12/8 machine but the 

width of the rotor poles were doubled. 

 

The study involves the change on the number of rotor poles as it does not have any 

windings, thus it is the easiest part to manufacture and can reduce the time and costs from 

having to manufacture the complete machine. The geometrical structure and dimensions 

of the 12/8 machine is depicted in Figure 3-1 whilst the detailed dimensions of the 

machines are listed in Table 3-1. The structures of the other machines are illustrated in 

Appendix B. 
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Figure 3-1: The (a) complete structure and (b) dimensions of the 12/8 switched reluctance machine 
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Table 3-1: Dimensions of the SR machine 

PARAMETER 
DIMENSIONS 

Machine 1 Machine 2 Machine 3 Machine 4 

Stator outer diameter Sod 150mm 150mm 150mm 150mm 

Stator inner diameter Sid 130mm 130mm 130mm 130mm 

Diameter of stator pole (tooth to 

tooth) 

80mm 79.6mm 80mm 80mm 

Shaft diameter dshaft 41.05mm 41mm 41.05mm 41.05mm 

Rotor outer diameter Rod 79.3mm 79mm 79.3mm 79.3mm 

Rotor inner diameter Rid 63.05mm 69mm 63.05mm 63.05mm 

Width of stator tooth Stw 10mm 6mm 10mm 10mm 

Width of rotor tooth Rtw 12.78mm 7mm 6.39mm 25.26mm 

Air gap g 0.35mm 0.3mm 0.35mm 0.35mm 

Stack length L 0.12m 0.12m 0.12m 0.12m 

Diameter of copper wire Cud 0.73mm 0.73mm 0.73mm 0.73mm 

Number of turns per pole N 180 180 180 180 
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3.2 Analysis of Electromagnetic Fields using Finite Element Method 

3.2.1 Fundamental of Electromagnetic Fields 
 

The magnetic vector potential, A
��

 computed by the FE method can be processed to 

obtain the field distribution, torque and flux linkage [104]. These magnetic fields are 

governed by the following Maxwell’s equations represented in four differential forms: 

A. Gauss’s Law for electricity- 

 .D ρ∇ =
��

  (3.5) 

Where D
��

 is the electric flux density vector or displacement vector and ρ the electric 

charge density: 

B. Gauss’s Law for magnetism- 

 . 0B∇ =
��

  (3.6) 

Where B
��

 is the magnetic flux density vector 

C. Ampere’s Law- 

  
D

H J
t

∂
∇× = +

∂

��
��� ��

  (3.7) 

where  H
���

is the magnetic field intensity vector and J
��

 the total current density vector. 

D. Faraday’s Law- 

 
B

E
t

∂
∇× = −

∂

��
��

  (3.8) 

where E
��

 is the electric field intensity vector. The equations above are supported by 

their relative constitutive relations which takes the assumptions that the machine used 

are isotropic: 

 D Eε=
�� ��

  (3.9) 

 
0 rH HB µ µ µ= =

�� ��� ���

  (3.10) 

where µ0 and µr is the magnetic permeability and relative permeability. 

 

3.2.2 Application of Maxwell’s Equation to 2D Case 
 

The 2D analysis was chosen for this study because the machine can be analysed in a 

plane. Furthermore, the results from the 2D analysis have been demonstrated to be 

efficient in providing performance evaluation provided that the axial effects are not 



 

44 

 

relevant [105]. It is easier to generate and requires less computation time as compared 

to the 3D model. The common applications using the 3D model includes hot spots, 

thermal analysis [106, 107] and also structural analysis. Due to the complexity of the 

3D model and long computation time, a 2D model is used for this research work to 

obtain the magnetic parameters and static characteristics. End-effects can be corrected 

by introducing an inductance without considerable loss of accuracy [108]. The 

following assumptions were made for 2D modelling analysis: 

• The winding is subjected to the direct current excitation source hence there is 

no eddy current effects. 

• The magnetic field is confined within the machine. Anything outside the 

machine boundary is treated as zero potential. 

• Magnetic material is isotropic. 

• The direction of electromagnetic field is only along x and y axis. This means 

the axial direction of the shaft is neglected (z direction). 

• The current density within the conductors is uniform. 

The formulation of the problems is made in terms of the electric scalar potential V and 

the magnetic vector potential A
��

. The Maxwell Ampere’s law for the quasi-static 

system gives: 

 ( )v eD
H E B J

t
σ

∂
∇× = + × + +

∂

��
������ �� ��

  (3.11) 

 V
A

E
t

∂
= −∇ −

∂

��
��

  (3.12) 

 B A= ∇×
�� ��

  (3.13) 

where, σ = the electric conductivity. 

          v = the velocity of the conductor. 

        e
J
���

= the external current density. 

        A
��

 = the magnetic vector potential. 

         V = the electric scalar potential.              

 By substituting equations (3.10), (3.12) and (3.13) into (3.11) yields: 

 1 1

0( ) V v ( ) e

r

A
A A J

t
σ µ µ σ σ− −∂

+ ∇× ∇× + ∇ − × ∇× =
∂

��
����� ��

  (3.14) 
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When there is no variation in the z direction, the electric field is parallel to the z axis 

hence, V∇ is the potential difference over distance d and can be written as V / d−∆ . 

In the magnetostatic case the first term of Equation (3.14) is dropped and rewritten as: 

 1 1

0

V
( ) v ( ) e

r A A J
d

µ µ σ σ− − ∆
∇× ∇× − × ∇× = +

����� ��

  (3.15) 

Here, e
J
���

is the externally applied field and v is the velocity of the conductor which is 

zero in this case. The magnetic vector potential is expressed in terms of the magnetic 

flux density and electric field intensity as depicted in equation 3.12 and 3.13. 

 

3.2.3 Finite Element Analysis (FEA) Software 
 

The FE method uses the triangle elements to form the geometry of the structure, 

forming a grid called mesh. The size of the elements will change according to each 

region in the structure. The mesh grid around the air gap is fine and coarser as it gets 

away from the air gap.  The FEA can be achieved by three principle steps namely: 

• Pre-processing 

• Analysis 

• Post-processing 

 

3.2.3.1  Pre-processing 
 

Once the machine dimensions have been defined, each elements of the machine must 

be linked to its corresponding materials. The stator and rotor subdomains were set 

with the material magnetization curve of soft iron. The windings were set as copper 

with a unitary relative permeability. The shaft was made of aluminium also with a 

unitary permeability. The empty spaces between the subdomains were set as air. The 

current density was specified according to the respective stator pole windings. It must 

establish a correct direction and magnitude of the magnetic field. The machine model 

is then subdivided into a mesh of non-overlapping triangular elements. The size of the 

mesh was selected to be fine in the air gap region and coarser as it moves away from 

the air gap.  
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3.2.3.2 Analysis 
 

The analysis process includes the definition of each of the machine structures. It also 

involves selection of the solver for the model. The FEM solves the partial differential 

equation by means of algebraic equations using a specific numerical technique. The 

parametric solver with static analysis type provides reading for the various currents in 

the phase winding at each rotor position.  

 

3.2.3.3 Post-processing 

 

The simulation was performed under static conditions to determine the magnetic 

potential vector distribution along the machine. The solution leads to the calculation 

of the magnetic flux in each phase. The magnetic flux obtained at the aligned and 

unaligned rotor positions is shown in Figure 3-2. The B-H curve for the rotor and 

stator material is from soft iron material which gives a close match to the flux linkage 

characteristic of the machine. 

 

3.2.4 Calculation of Static Magnetization Curves using FEA 

 

The magnetization curve of the machine serves as a basis to calculate the parameters 

such as i-curve, co-energy and also torque. The combination of these characteristics 

will form the mathematical model of the SR machine.  

 

The magnetic flux, λ  through a surface can be defined as follows [109]: 

 . ( ).
s s
B d S A d Sλ = = ∇×∫ ∫
�� �� ���� ��

� �   (3.16) 

 
                                         (a)                                                                                      (b) 

 

Figure 3-2: Flux distribution in the (a) aligned position and (b) unaligned position 
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where B is the magnetic flux density and A is the magnetic potential. This results in 

Stoke’s theorem which states that the open surface S is bounded by the contour C. 

 ( ). .
S C

A d S A dlλ = ∇× =∫ ∫
�� �� �� �

� �   (3.17) 

In the x-y plane, the flux linkage through one winding turn can be evaluated by the 

difference of the magnetic vector potential between the two points multiplied by the 

depth of the object [103]. The total flux linkage is calculated by summation of the flux 

contributed by each coil [109]. These summations can be formulated by using the 

subdomain integration over the coil areas F1and F2 as depicted in Figure 3-3. 

 

1 2

1 21 2

1 2

. .
F F

nl nl
A dF A dF

F F
λ = −∫ ∫

�� ��

  (3.18) 

   

Where l is the stack length or depth in the z direction and n is the number of turns per 

phase. Since the movement of the rotor pole from the aligned to the unaligned 

position correspond to half of the inductance profile, the readings of the flux linkage 

is taken between the range 0
0
 to 22.5

0
 in 0.5

0
 increments for the 12/8 machine. The 

subsequent sections will discuss the calculations of other machine parameters such as 

torque, co-energy and also i-curve. 

 

3.2.5 Calculation of the Static Torque Curves using FEA 
 

Torque represents the mechanical section for the machine. The calculation is based on 

the electromagnetic force acting on an enclosed volume of a nonlinear magnetic 

system. There are several methods to calculate torque according to the theory of 

electromagnetism such as:  

• Maxwell stress method 

• Coulomb Virtual work method 

• Global Virtual work Method 

The first two methods are based on the calculation of the individual finite element 

components and rely on the computed flux density in the air gap. Thus, both are 

sensitive to mesh discretization and integration contour location [110-112]. Therefore,  

the Global Virtual work method is preferred and well suited for FE, generally because 
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A21 A22 

 
 

Figure 3-3: Calculation of flux linkage using FEA 

it does not depend on errors caused by meshing as compared to the former methods. 

 

The torque is derived based on the derivative of co energy, Wc with respect to the rotor 

position θ at constant current i or using the derivative of magnetic energy Wm with 

respect to the rotor position at constant flux linkage λ. 

 m c
e

constant i constant

W W
T

λθ θ= =

∂ ∂
= − =

∂ ∂
  (3.19) 

The calculations of the magnetic energy or co-energy are based on the magnetization 

curve of flux linkage versus current. 

 

3.2.6 Calculation of i-curve 

 

The current curve is developed to form a matrix corresponding to the function of 

current i as a function of flux linkage λ and rotor position θ , ( , )i f λ θ= . The initial 

data for this procedure is obtained using the magnetization curve. Both elements of 

the magnetization curve must be extended to its maximum value (maximum flux) to 

avoid the undefined elements for the i-curve. This can be achieved by extrapolation 

and addition of extra point without changing the initial shape of the curve. Then the i-

curve can be plotted for any selected current to its corresponding flux linkage for each 

rotor position as depicted in Figure 3-4. Using this method, the flux linkage can be 

expressed as a product of two functions: current and rotor position. The i-curve data is  
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Figure 3-4: Calculation of i-curve from magnetization curve 

 

represented as a look-up table in SIMULINK having flux and rotor position as the 

input. 

 

3.2.7 Calculation of Co-energy 

 

The co-energy, Wc  is calculated by integration of the flux linkage, λ at each of the 

rotor position between its selected current, i values [113, 114].  

 
0

i

cdW diλ= ∫   (3.20) 

The integration is repeated for all the rotor positions and currents to obtain the graph 

of co-energy as a function of current and position. The calculation is performed by 

summation of the area under the graph using Simpson’s 1/3 rule. The method uses a 

parabolic interpolant passing through three adjacent nodes. It approximates the 

integration of equation (3.20) as a trapezoidal function.  

 1 3
1 3

( ) 4 ( ) ( )
2 3

c

i i h
W f i f f i

+ 
= + +  

  (3.21) 

The area under the magnetization curve is divided into even panels of width h 

indicated in Figure 3-5.The mathematical formula as in equation (3.21) can expressed 

using MATLAB/SIMULINK as in Figure 3-6 and Figure 3-7.The process is repeated 

for each rotor position giving the co-energy profile illustrated in Figure 3-8.  The 

slope of the ramp and time of simulation can be set to match the maximum current of 

magnetization curve. 
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Figure 3-5: Simpson's 1/3 rule applied to magnetization curve 

 

 

Figure 3-6: Representation of Simpson’s 1/3 rule in MATLAB/SIMULINK 
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Figure 3-7: Calculation performed in MATLAB/SIMULINK to determine co-energy from magnetization curve using 

1/3 Simpson’s rule 

 



 

51 

 

0 5 10 15 20 25 30 35 40 45
0

10

20

30

40

50

60

70

80

90

←0←0.45←0.9←1.35←1.8←2.25←2.7←3.15←3.6←4.05←4.5←4.95←5.4←5.85←6.3←6.75←7.2←7.65←8.1←8.55←9←9.45←9.9←10.35←10.8←11.25←11.7←12.15←12.6←13.05←13.5←13.95←14.4
←14.85←15.3
←15.75←16.2
←16.65
←17.1
←17.55
←18
←18.45
←18.9
←19.35
←19.8
←20.25
←20.7
←21.15
←21.6
←22.05
←22.5

C
o
-e
n
e
rg

y
 (
J
)

Rotor position

 

Figure 3-8: Profile of co-energy versus rotor position at various current 

3.2.8 Verification of Co-energy Curve 

 

In order to verify the process of determining the co-energy curves, derivative of co-

energy with current can be used to obtain the flux linkage curve. 

 cdW

di
λ =   (3.22) 

 

3.2.9 Calculation of Static Torque from Co-energy 

 

Torque is obtained from the derivate of co-energy with respect to its rotor position. 

Similar to the calculation of the co-energy, torque can be derived using equation 

(3.19). It is represented in MATLAB/SIMULINK as depicted in Figure 3-9. The co-

energy profile is extended to cover both the positive and negative torque region 

ranging from 0
0
 to 45

0
.  The ramp is set to reach the maximum rotor position in the 

co-energy profile. The torque profile calculated at various phase current is illustrated 

in Figure 3-10. 
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Figure 3-9: Calculation performed in MATLAB/SIMULINK to determine torque from co-energy 
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Figure 3-10: Profile of torque versus rotor position at various current 
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3.3 Verification of Electromagnetic Process 

 

Although the FE method is widely used to obtain machine characteristics, its 

procedure and results need to be verified. The verification can be achieved by an 

experiment to determine the static characteristics of the machine. Similar to the FE 

procedure, the rotor position is changed between the aligned and unaligned position. 

The readings for the voltage and the currents are recorded at each rotor positions. This 

chapter provide details on the experiment using the DC test method that was 

conducted to determine the magnetization curve of the machine. Although there are 

various experimental procedures available such as the AC method and inductance 

method, the techniques will not be explained here since our objective was to verify the 

procedures using the FE method. 

 

3.4 SRG Experimental Setup 

 

The main components of the experimental circuit setup are shown in Figure 3-11. The 

DC test method [113, 115] was employed for our study due to its simplicity and easy 

access to the equipment required. It consists of: 

• 6 x 12V dc battery  

• 1 x 4001 Pulse Generator1 x Tektronix TPS 2014 Digital Storage Oscilloscope 

(DSO) 

• 1 x IGBT 

• 1 x Diode 

• 1 x Fuse rated at 10A 

• 1 phase of SR machine winding 

The method is used to obtain measurement of the voltage V and phase current i to 

determine the flux linkage, λ  by rearranging equation (3.1) as shown below: 

 
0

( )

t

V Ri dtλ = −∫   (3.23) 

where R in the equation refers to the phase winding resistance.  A voltage pulse was 

applied to the phase winding and the required parameters such as the voltage and 

current are recorded. The DSO was used to register and store the relevant 

measurement signals. In addition, the pulse was injected into the circuit by a pulse 
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Figure 3-11: An experimental set up to measure the flux linkage of the machine 

generator. The copper resistance for each phase winding was measured by a simple 

relation of Ohms law, voltage over current, which yields: 

Resistance of phase A, R1 = 9.85ohms 

Resistance of phase B, R2=10.13ohms 

Resistance of phase C, R3=9.96ohms 

 

The calculation of the resistance was verified with a voltmeter, giving a similar result. 

The flux linkage measurements were taken on one machine winding and the other 

phases are assumed equal.  The aligned position is determined by applying a current 

on one of the windings. The rotor rotated freely and aligned itself towards the excited 

phase. The rotor was locked at the required position using a rotor key. The 

measurements were taken at three rotor positions: aligned, midway and unaligned. 

One end of the winding was connected to the IGBT whereas the other end of the 

winding was connected to the switch. The diode was placed across the winding to 

divert the phase current after closing the switch. It provides a path for the stored 

energy after the phase winding is disconnected from the supply. The set-up of the 

arrangement is shown graphically in Figure 3-12. Since a DC voltage was applied, the 

current applied to the winding is constant, hence the effect of iron losses are 

eliminated because the magnetic field cannot change with time [116]. 
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Figure 3-12: Circuit diagram of the experiment 

 

The width of the pulse to be injected was determined based on the saturation of 

current at the aligned rotor position.  The voltage pulse is turned off when the current 

no longer rises as captured in Figure 3-13. The steady state current is achieved at 7.3A 

at a voltage level of 76V. The slope of the current is steeper at the unaligned position, 

suggesting a low inductance value.  

 

3.4.1 Calculation of Flux from Experiment 
 

The current profiles at three different rotor positions are depicted in Figure 3-14. Due 

to the steady increase in the phase current at the unaligned position, the integral can  
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Figure 3-13: Graph of the voltage pulse (V) and current (A) against time(s) of one phase winding 
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Figure 3-14: The phase current at three different rotor position 

 

 

be estimated by approximating the curve as a straight line. The result agrees with the 

flux linkage curve obtained using COMSOL. However, the same method of 

approximation could not be used for the aligned position due to a mild dip at time 

0.0208s. Hence, the graph can no longer be assumed linear. An accurate estimate of 

the integral can be obtained using the trapezoidal rule where the curve is split into a 

number of even segments shown below:  

 

 0 1 11 2
1 2

( ) ( ) ( ) ( )( ) ( )
.......

2 2 2

n n

n

f x f x f x f xf x f x
I h h h −+ ++

= + + +   (3.24) 

Where h is the width segment of the curve. The calculation at the aligned position is 

shown below and illustrated in Figure 3-15.  The area under the curve is separated 

into two segments A and B. A better accuracy can be achieved using higher number 

of segments as shown by the following equations: 

 1 1

1
( ( ) ).

2
A V f i R hλ = −   (3.25) 

 1 2 2

1
[ ( ( ) ( )) ].

2
B V f i f i R hλ = − +   (3.26) 

 

Where V is the terminal voltage, R the phase resistance,  h1=t1-t0 and h2=t2-t1. The 

total flux λtotal for the aligned position will be the sum of flux in sections A and B. 

 

 
total A Bλ λ λ= +   (3.27) 
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The same method is used for the un-aligned and midway current profile. The results 

obtained using the trapezoidal calculations are in good agreement with the results 

obtained from FEM as depicted in Figure 3-16 . 

 

The small discrepancies in the results between the FE method and the experiment may 

be due to the following reasons: 

- There was no information from the manufacturer regarding the B-H curve for 

the material hence soft iron was chosen because of its common use in the SR 

machine.  

- The length of the air gap in FE model may not be the same as actual machine 

due to manufacturing errors. 
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Figure 3-16: A comparison of the magnetization curve obtained using FEM and experiment 

 
Figure 3-15: The graph showing the calculation performed for the aligned position 
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Nevertheless, the results obtained from both the experiment and FEM does not differ 

much. Hence, the choice of soft iron obtained from COMSOL was used throughout 

the study. The goodness of fit method has been used to analyse the discrepancies 

between the values of flux linkage obtained from experiment and FEM. These values 

are compared using the Kolmogorov-Smirnov (KS) test method in MATLAB. The KS 

test did not show any significant differences between the results. It was within the 

95% confidence interval level. Therefore, the procedure used to determine flux 

linkage using FEM was verified. This FE method was used to determine the magnetic 

characteristics of other machines as well as depicted in Appendix C. 

 

 

3.5 Conclusions 
 

The magnetic characteristics of the SR machine which include the flux linkage, 

inductance and torque are important to predict and analyse its performance. These 

characteristics can be determined by various methods such as experiment, numerical 

and also analytical method. Obtaining the magnetic characteristics from experiment 

gives an accurate model for the machine. However, the time and costs involved 

outweigh its advantages. Furthermore, numerical method such as FE is able to provide 

the same result as an experiment. It requires machine dimension and high computer 

speed which can easily be obtained. The analytical approach does not require any 

field analysis hence it gives the most time efficient method. However, it requires 

initial data from either FEM or experiment in order to construct the mathematical 

equations. Also it represents coarse simplifications of reality. The difficulty in the 

calculation occurs when the rotor and the stator pole starts to overlap. Amongst all the 

methods discussed, FE proves to replicate the real machine at a reduced time and 

costs. Based on the FE method the 12/4 machine provides the largest magnetization 

curve. 
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CHAPTER 4  
 

MODELLING OF SWITCHED RELUCTANCE GENERATOR 

 

The principle of operation of the SR machine is based on a series of pulsed excitation. 

This results in pulsed current waveforms which increase from and decrease to zero 

before excitation of the next phase. Due to its operation nature, it is not easy to 

describe the dynamic behaviour of the SR machine in a set of equations as found in 

other electrical machines. 

 

The behaviour of the machine can be analysed either by experiment or through a 

simulation model. The latter is selected as it is the most practical way to analyse and 

predict the performance of the machine. The relevant performance parameters such as 

the flux linkage, phase current, voltage, rotor speed, rotor position and torque can 

easily be analysed by performing the required changes on the simulation model, as 

opposed to the experimental setup. The simulation model also allows the parameter 

variation to be thoroughly examined, thus minimising cost and effort from having to 

develop the prototype machine. 

 

This chapter introduce the mathematical description and various modelling techniques 

which can be applied to develop the SR generator system. The development includes 

a single phase and linear SR machine and how it is modified to incorporate a non-

linear machine characteristic with different number of phases. It also highlights the 

modelling technique and simulation package chosen based on the objective.  

 

4.1 Modelling Techniques for SR Generator 
 

There are a few resources available on the development of the simulation model for 

the SR drive. The modelling approach is based on how the magnetic characteristics of 

the machine are being represented and how it is used within the phase voltage 

equation. It can be classified as the flux linkage approach, inductance based approach 

and also the phase current approach. It can be developed either as a linear or non-

linear model. Figure 4-1 illustrates the classification of the modelling techniques 
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available. The analytical method can be represented by a set of equations from either 

the flux linkage or inductance profile whereas the look up table (LUT) method uses 

the magnetic characteristic obtained from either the FEM or experiment to solve the 

phase voltage equation.  

 

Simulation of the SR machine is well documented, however the existing publications 

focused on analysing the behaviour of the machine [117, 118] and also targets a 

specific application such as the electric vehicle [119, 120], starter generator system 

[121] and its use for low voltage application [122]. 

 

Although the operating principle for the SR machine differs between motoring and 

generating function, the base to develop the simulation model is similar. The 

difference however is on the magnetic characteristics where the range of operation for 

generating is during the decreasing slope of the inductance profile. There was not 

much development of a comprehensive simulation model for the SR generator drive 

as compared to its motoring counterpart. An attempt has been made to evaluate the 

performance of the machine in generating mode by testing various parameters such as 

the firing angles, voltage and speed [123, 124]. The research however was limited to 

constant output power analysis [14, 46]. Furthermore, the studies were confined to 

high speed operating range. There was no attempt to characterize the elements of the 

drive such as the machine structure and the optimal control variables with the machine 

performance.  

 

 
 

Figure 4-1: Classification of various methods to represent the mathematical model of the SRG 
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In general, the simulation model for the SR machine was developed to allow thorough 

understanding of the behaviour and performance of the machine. It focused on the 

development of a specific system component such as the control, the SR machine and 

also the converter. The modelling area lacks a platform which allows characterisation 

on the performance of the machine. The following sections will discuss the modelling 

techniques available for the SR generator which motivates the development of our 

modelling platform. 

 

4.1.1 Linear Model 
 

A linear simulation model based on the linear inductance profile was first developed 

to analyse the behaviour of the machine [125] shown in Appendix D. The initial result 

verifies the operation of the model and was used as a platform for the non-linear 

model. The linear method assumes a linear inductance profile with a minimum value, 

Lmin and a maximum value Lmax calculated using the flux linkage λ  equation below: 

 ( , ) ( )*i L iλ θ θ=   (4.1) 

The model involves integration of the Power System Blockset (PSB) module with the 

SIMULINK module using the source to signal blocks: voltage block and current 

controlled source block. The number of phases for the machine is increased by using 

additional phase winding blocks. The method did not incorporate the non-linear 

behaviour of the materials hence the magnetic characteristics does not match the 

actual data. It is useful to understand the basic characteristics of the machine, but not 

suitable to measure or to predict its performance [12]. Therefore, the non-linear 

characteristics of the machine are incorporated by employing the B-H curve for the 

magnetic material and the magnetic characteristics obtained from the experiment. 

 

4.1.2 Look Up Table (LUT) Model 
 

The LUT approach can be grouped as a reduced model and full model based on how 

the partial derivatives of equation (2.8) are solved. The equation (2.8) determine the 

phase current from the flux linkage magnetization curve, thus requiring the use of 

only one electrical LUT; i-curve. It requires two input parameters; the rotor position 

and the flux linkage which is obtained from equation (3.23). Using the chain rule, 

equation (2.8) can be rearranged to obtain the phase current as follows: 
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θ
= − −   (4.3) 

The above equations are grouped under the full model category. Both equations (4.2) 

and (4.3) involve solving the partial derivative which may accumulate errors. 

 

The mechanical section is determined from equation (3.2) and is represented as a 

torque LUT which is calculated based on the derivative of the co-energy. This 

provides the instantaneous torque for one phase whereas the summation of the 

instantaneous torque for each phase will provide the total torque for the machine. The 

input parameters to the torque LUT are the current and also rotor position. It performs 

interpolation and extrapolation between the stored data based on the input parameters.  

 

This method assumes that each phase of the windings is symmetrical hence the LUT 

can be prepared using the measurement from one of the windings. The assumption is 

valid since the induced voltages on the adjacent phases are small as depicted in Figure 

4-2 where the highest voltage recorded is 14V. The advantage of this modelling 

method is the reduced computation time by employing the SIMULINK blocks. 

 
Figure 4-2: Graph of induced voltages (V) against time(s) on adjacent phases for the aligned, midway and 

unaligned rotor position 
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4.1.3 Inductance and Flux  Linkage Based Method 
 

As explained previously in Chapter 3, the inductance and flux linkage based model 

represents the inductance and the flux linkage using the Fourier Series (FS) terms. 

The coefficients of the FS terms are determined using a polynomial function. The 

approach normally considers three positions for the FS term namely the aligned, 

midway and unaligned position determined from either the FEM or experiment. These 

equations can be programmed in SIMULINK using the MATLAB function block 

[126, 127]. Due to the selected numbers of rotor position, these will result in 

estimation errors since the flux path differs from one position to the other.  

 

4.1.4 Circuit Coupled with FE method 
 

The method involves coupling of the electromagnetic field computation with circuit 

simulation. There are not many resources available on the coupling between two 

different software packages due to the longer simulation time required.  Using this 

method, time coordination is important to synchronize the operation of the machine 

with the external circuit. The purpose of this method is mainly used to study the 

dynamic behaviour of the machine [128, 129] and also the effect of machine under 

fault condition [130]. The studies did not involve any work on optimizing the 

performance of the machine. 

 

4.2 Selection of Modelling Techniques 
 

The aim of the discussion above was to evaluate the available modelling techniques to 

be used for our model.  The selected technique is based on the following criteria: 

• Has the ability to make changes on the parameters 

• Capable to add number of phases and to model different SRM topologies 

• Easy to model 

Based on the above criteria and previous discussions on modelling of the 

electromagnetic process, the most suitable method to represent the SRG drive in terms 

of a simulation platform is by using the phase current LUT approach. As reported 

earlier, the current curve was determined from the magnetization curve of known 
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rotor position and flux linkage. It does not involve any calculations hence avoiding 

the partial derivative errors [131]. The method also allows the calculation of torque 

and co-energy from the magnetization curve. The only drawback of this technique is 

the use of LUT which involves the use of high memory requirement. Nevertheless, the 

rate of growth of computer technology has increased over the years and is expected to 

keep on rising. Therefore, it is easy to have access to a high end computer. This will 

no longer be an issue for the LUT approach where the benefits will outweigh its 

disadvantages. 

 

The MATLAB/SIMULINK was selected as the software to be used for the dynamic 

modelling of the SR generator drive. It integrates both the circuit oriented and signal 

oriented approach in one simulation platform that is required to build the system 

[117]. It also provides a convenient graphical user interface (GUI) to link and edit the 

function blocks thus allowing the modelling of the differential equations in a flexible 

modelling environment. Each of the machine components is built and tested 

individually before it is integrated as a complete system. The platform is developed 

under the following assumptions: 

• Mutual coupling is neglected due to the low induced current in the non-

conducting phase. 

• All phases are assumed symmetrical. 

• The phases are singly excited. 

 

4.3 Construction of the Switched Reluctance Generator Drive 
 

Unlike the other machines such as the induction machine and the permanent magnet 

machine which has two sets of equations for each of the rotor and stator, the SR 

machine only requires solving equations on the stator poles. A generalized SR 

generator model consists of both the electrical and mechanical section. Based on the 

existing linear model platform developed earlier [125], the non-linear characteristics 

of the machine can easily be introduced according to the modelling approach of the 

magnetic characteristics discussed in Chapter 3 

.  
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Figure 4-3: Electrical model of an SR machine in SIMULINK 

 

The model of the SR generator system is developed in stages according to its 

subdomain such as: electrical subdomain, mechanical subdomain, rotor position, 

control and also converter subdomain.  

 

4.3.1 Electrical Subdomain of the SRG 

 

The electrical subdomain of the machine is implemented using the LUT method as 

depicted in Figure 4-3 by solving the equation (3.23). The LUT block for the i-curve 

replaces the linear calculation function block in the linear model [125]. The phase 

current is the output obtained from the flux linkage magnetization curve.  

 

4.3.2 Mechanical Subdomain of the SRG 
 

Figure 4-4 shows the implementation of the mechanical model in SIMULINK where 

the input to the model is the rotor position and phase current obtained from the 

electrical model. The output of the mechanical model is the speed of the rotor. One of 

the limitations of the linear model is the exclusion of the dynamic effect of the 

machine. Since the torque output from the LUT block represents the instantaneous 

torque for one phase, a summation block is added to determine the total torque for the 

machine. 

 

The mechanical parameters such as the inertia and coefficient of friction for the 

machine have to be determined by measurement since no data was supplied by the 



 

66 

 

 
Figure 4-4: Mechanical model of a SR machine in SIMULINK 

 

manufacturer. The calculation for the inertia of the rotor is made based on the direct 

drive load for a hollow cylinder [132] as shown below: 

 
2 2

21 2
( )

[ . ]
2

m D D
J kg m

+
=   (4.4) 

Where D1 and D2 are the external and internal diameter of the machine whereas m is 

the weight of the rotor. The inertia of the rotor gives 0.00216kg.m
2
. To simulate the 

effect of a prime mover on the generator, the load inertia can be added to the inertia of 

the rotor.  

 
 

4.3.3 Converter Subdomain of the SRG 
 

The asymmetric half bridge converter (AHBC) was used for this study due to its 

flexibility to operate during the low, medium and high speed range as highlighted in 

subsection 2.6. It was constructed using two IGBTs and two diodes as shown in 

Figure 4-5. The converter acts as a switching device to control the phase current in the 

winding.  

 

As illustrated in Figure 4-5, the input to the subdomain is the signal obtained from the 

controller and the output is the voltage across the phase winding. The converter sub 

domain receives DC source from the battery which is connected in parallel to all the 

branches. Normally this circuit arrangement is characterized as the self excitation 

converter circuit. 
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Figure 4-5: The Asymmetric Half Bridge Converter (AHBC) model for the system 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.4 Rotor Position Subdomain of the SRG 
 

The overall function of the block is to provide the rotor position based on the input 

speed as shown in Figure 4-6. The subdomain of the block calculates the displacement 

between each phase according to the difference between the rotor angle and the stator 

angle. Since the modelling approach is based on the single phase excitation [124, 133, 

134], the number of phases can be added based on the number of strokes provided that 

the phases are symmetrical as shown by the following equation: 

 
360

*
stroke

rm N
θ =   (4.5) 

 

Where m is the number of phase and Nr is the number of rotor poles.  The following 

table shows the number of strokes for the different types of machines used: 

 

Table 4-1: Table showing the stroke angles of the SRM 

Machine type 12/8 12/4 12/16 

Stroke angle 15
0 

30
0 

7.5
0 
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Figure 4-6: The subdomain to calculate the rotor position 

 

 

 

 
Figure 4-7: The controller subdomain for the SRG system 

4.3.5 Controller Subdomain of the SRG 
 

The hysteresis current control is employed to take into account the low, medium and 

high speed range. The function of the switch block as in Figure 4-7 is to ensure the 

turn on and turn off angle is compared with the signal from the rotor position to 

develop the reference pulse for the current. The hysteresis block sets the upper and 

lower bound limit to regulate the current within the specified band. The band is set in 

terms of percentage of the phase current.  

 

At a higher speed range, the phase current depends on the firing angles as opposed to 

the hysteresis current controller which only works at lower speed range. The overall 

SRG drive is integrated in the MATLAB/SIMULINK environment as depicted in 

Figure 4-8. It can be seen that any adjustment to the model can easily be made without 

having to perform major changes. This allows thorough analysis to be made on the 

optimal performance of the machine.  
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Figure 4-8: The integrated system of the switched reluctance generator 
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4.4 Verification of Simulation Results 
 

The verification of the simulation results is made in terms of the existing fundamental 

theory of the machine. To illustrate the operation of the SRG system, a simulation 

study on the phase current is performed. Figure 4-9 shows the variation of phase 

current with the variable control parameters such as; the turn on and turn off angle, 

voltage and the phase resistance. The change in turn on and turn off angle as depicted 

in Figure 4-9(a) and (d) reflects the change of phase current accordingly. When the 

turn on angle is advanced in the motoring region, energy is stored to further increase 

the phase current after turn off angle. As the turn on angle is placed near to the 

aligned position, phase current is reduced. Also if the turn off angle is extended near 

to the unaligned region in the decreasing inductance profile, the current will extend 

into the excitation region of the next phase before returning to zero. With a fixed 

firing angle, the variation of phase current with the phase resistance is small as shown 

in Figure 4-9(b). The variation of the phase current with a change in the parameters 

has been demonstrated and it shows that the simulation results are in good agreement 

with the theoretical analysis.  
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Figure 4-9: Graph of variation of phase current (A) against time (s) with (a) turn on angle (b) phase resistance           

(c) voltage and (d) turn off angle 
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4.5 Component Selection for the Simulation Platform 
 

The effect of various machine parameters are analysed in this initial simulation. The 

aim is to select the parameters for the machine and evaluate its effect on the 

performance of the machine. Although the inertia for the machine has been estimated 

in sub-section 4.3.2, the numbers are varied to add in the load effect. The machine 

parameters chosen for the simulation studies are shown in Table 4-2. 

 

Table 4-2: The simulation parameters for the 12/8 machine 

Parameter Values 

Resistance, R 9.85Ω/phase 

Inertia, J 0.00216/0.0035/0.0065/0.0085kg.m
2
 

Coefficient of friction, β 0.008/0.004/0.02 

Ton 20
0
 

Toff 35
0
 

Voltage, V 230 V 

 

 

4.5.1 Effect of the Rotor Inertia on Speed 
 

As mentioned earlier, the rotor inertia includes the inertia of the rotor itself together 

with the load. The coefficient of friction relates to the friction between the rotor and 

the shaft. Therefore, the effect of both the inertia and the coefficient of friction was 

varied to study its impact on the angular velocity of the rotor. This enables us to select 

the suitable values for the rotor. Three values of the rotor inertia and coefficient of 

friction have been analysed. As expected, the lower inertia value will result in a faster 

rate of acceleration. This will shorten the initial start-up time for the machine as 

compared to rotor with higher inertia value. The acceleration rate of the speed curve 

of the machine depends on the selected values of the inertia [123] as shown in Figure 

4-10(a). The coefficient of friction determines the steady state value of speed as in 

Figure 4-10(b). Therefore, to simulate the effect of a prime mover, the values of the 

inertia and coefficient of friction can be changed according to the required speed level  

[123].  
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4.5.2 Comparison of Excitation Method 
 

The classical connection for the excitation circuit is shown in Figure 4-5. Both the 

excitation and generation stage share the same bus line. According to [40], by sharing 

the same bus line any perturbation that causes an increase in the bus voltage will 

affect the phase current. This in turn will cause instability as further increase in the 

generated current increases the generated voltage further.  

 

The instability problem was resolved by using a separate excitation bus for the 

generator as shown in Figure 4-11. The phase current will freewheel through the 

diodes and the load until the current decreases to zero. Thus, the time for the current 

to reduce to zero is determined by the resistive component. If the value of the resistor 

is small, the generation current in the main bus is reduced as depicted in Figure 4-12. 

The separately excited circuit would be an advantage in the event of a fault as it will 

not disrupt the other healthy phases. Since this study relates to optimizing the 

generated power of the machine, the self-excited circuit was sufficient to perform the 

required calculation. 

 

4.5.3 Effect of Soft Chopping and Hard Chopping 
 

Hysteresis current controller was employed for this study due to its ability to perform 

well under the low,  medium and high speed range  [135]. During low speed, the 
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Figure 4-10: The variation of speed with (a) inertia and (b) coefficient of friction 
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Figure 4-12: Comparison of current profile for the separate bus line with different values of load 

resistor. 

 

phase current is regulated under a specified band limit which is achieved either by 

hard chopping or soft chopping technique. The hard chopping technique involves the 

switching operation of both the IGBTs whereas in soft chopping only one IGBT is 

working during the commutation period whilst the other remain on until turn off angle 

is reached.  

 

The hysteresis current control method is widely used for the motoring operation since 

it is able to provide a constant current to the load. However the hard chopping 

technique results in high switching frequency. The soft switching technique was used 
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to avoid the switching losses however it was observed not suitable to be used for 

generating operation. The technique involves one of the switches turned on until the 

turn off angle whereas the other switch will operate according to the relay setting. 

When the second switch is in the off position, the voltage will be zero and the current 

will circulate through the diode and winding. The circulation of current through the 

winding results in the energy being dissipated.  The technique is suitable for the 

motoring operation, which requires the generated energy to be able to supply the load. 

Therefore, the hard chopping method was selected in this study.  

 

4.6 Conclusions 
 

This chapter highlights the various modelling techniques based on solving the phase 

voltage equation. The LUT approach was employed in this study based on its 

advantages highlighted earlier. The selection of the components for the model has also 

been clearly defined. Based on the previous literatures, the validation between the two 

methods was commonly conducted based on the steady state values of the SR 

machine [131, 136]. It has also been proven that the result of the steady state 

simulation model corresponds well with the experiment. Since this study will look 

into different machine structure and involves changing the control variables for the 

machine, the same procedure will be costly and time consuming on the experiment set 

up. The validation of the simulation model has been made based on the fundamental 

theory of the SR machine. The subsequent chapters will determine the winding 

configuration and optimal control variables for the machine. 
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CHAPTER 5  
 

INVESTIGATION INTO THE STATOR AND ROTOR CONFIGURATION 

 

According to the magnetic theory, the poles come in pairs of North (N) and South (S). 

The polarity of the poles is determined based on the flow of current and path of the 

flux lines.  Since the arrangement between the two poles and four poles per phase 

machine differs, the direction of the flux lines will not be the same. This in turn will 

affect the energy conversion curve and torque profile. The SR machine operates based 

on a single phase excitation having either two or four poles per phase machine. Many 

literatures highlight the effect of excitation with a two poles per phase machine [137-

139]. Under the single phase excitation, the flux path will be affected by the 

arrangement of poles within the same phase. However, for a dynamic performance of 

the machine, there will be an instance where two phases operate simultaneously. This 

will change the flux path due to the flux generated by each excited phase being either 

in the same or opposing direction. This chapter will analyse the influence of the 

different winding polarity for both the single phase and two phase excitation of a three 

phase four poles per phase machine. Its effect on the energy conversion curve and 

torque profile will be analysed. The study will also be extended to a machine with a 

higher number and a lower number of rotor poles. By observing the factors that 

affects the shape of the magnetization curve, the existing machine can be optimized 

without altering its main dimensions. 

 

The existing publications on the winding arrangements concentrate upon torque 

production rather than study the effect on how the flux path influence the power 

generated. A fully pitched winding makes use of the mutual inductance between 

phases to increase torque production as compared to the conventional machine 

arrangements where torque is produced due to the change of self-inductance on the 

stator pole [74, 140]. A double salient interior permanent magnet machine (DSIPM) 

employs the reluctance torque as in the mutually coupled Switched Reluctance 

Machine (MCSRM). Hence, it is able to achieve higher torque and low torque ripple 

[141]. An asymmetrical structure of the SR machine normally employs a short flux 

path control scheme [142] to reduce the eccentric forces and core losses in the 
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machine. However, the paper did not highlight on the performance of the machine. 

The effects of mutual flux have been compared between the machines with odd and 

even number of phases. A high performance applications can be obtained with an odd 

number of phases which produce symmetrical flux path between the phases [137]. 

Yet, the study was limited to machines having only two poles per phase. A detailed 

winding polarity with more poles per phase and their effect on the performance of the 

machine had not been reported.  

 

The focus of this chapter is to investigate the different excitation pattern of a three 

phase four poles per phase machine. Comparison in terms of their static magnetization 

curves and torque profile will be conducted in order to determine the optimum 

excitation pattern of the SR machine to be used. The observation will cover both the 

motoring and generating operation of the machine. Although the choice of the 

winding polarity will be made based on the flux path of one phase excitation, the 

observation of the flux path when two phases are excited will also be observed and 

discussed.  

 

The main purpose of this chapter is to optimize the machine structure by analysing the 

behaviour of the magnetic flux density without having to perform changes on the 

dimensions and structure of the existing machine, also to justify the choice of our 

winding polarity. The optimal winding polarity will be balanced in terms of the flux 

path and size of the magnetization curve. 

 

The study is based on the existing three phase 12/8 machine, a three phase 12/16 

machine and a three phase 12/4 machine having the same stator dimensions. It 

involves a single phase and simultaneous two phase excitation with the following 

winding configurations: 

• single phase excitation: NSNS and NSSN 

• two phase excitation: NNSSNNSS, NNSSSSNN, NSNSNSNS and 

NSSNNSSN 

The machines will be subjected to the same number of turns and current density level. 

The selection of the winding arrangements has been made based on the direction and 

magnitude of the magnetic field along the respective stator pole.  
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5.1 Winding Polarity and Flux Paths Under Single Excitation 
 

The direction of the flux path can be determined through the winding polarity and is 

used to design the machine. The magnetic path of the flux can be categorized as short 

flux loop and long flux loop. The latter design is obtained when the flux in the 

neighbouring poles opposes each  other [137]. The former design exhibit a short and 

balanced magnetic circuit path hence reducing the magnetic saturation of the machine 

which in turn reduces the core losses [139, 142, 143]. The short flux path can be 

obtained when the flux produced by the adjacent phases adds together. Also, it is 

normally achieved by using the asymmetrical machine structure [139, 142]. However, 

the existing machines available in the market are the conventional 12/8 structure. 

Therefore, this study aims to optimise the winding polarity without affecting the 

structure of the machine. Based on one phase excitation, the conventional winding 

polarity is the NSNS [11]. However, the study was not extended to see the effect of 

different phase winding polarity and is limited to the excitation for one phase. The 

combination of the winding polarity for a three phase machine having four stator 

poles per phase can be designed as: NSNS, and NSSN. The NNSS configuration is 

similar in pattern to the NSSN configuration hence it will not be studied. The various 

magnetic field distribution based on the above configuration is depicted in Figure 5-1. 

 

The NSNS pole configuration establishes a well distributed flux path under the same 

constant current density in the phase winding as compared to the other configuration.  

Also, no flux passes through the other phases of the machine. For the NSSN 

configuration, there will be a portion of the back iron yoke which does not have flux 

passing through.  The intensity of the flux is concentrated along the back yoke of its 

path as highlighted in Figure 5-1(b). Therefore, the iron losses will not be evenly 

distributed along the stator yoke.  Some of the flux from phase A (PhA) also passes 

through the other poles. 
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                                                  (a) 

 

 

 
                                                       (b)                                                       

 

 

 

Figure 5-1: The cross sections for a 3-phase 12/8 machine and their flux directions with phase A excited at constant 

current (a) NSNS and (b) NSSN 
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Figure 5-2: Comparison of magnetization curve for various winding polarity for a 3-phase 12/8 SR machine 

Based on  the observation under single pulse excitation, the NSNS configuration gives 

the best choice of winding polarity for a three phase four poles machine. A 

comparison between the flux linkage characteristics strengthens the choice of this 

configuration  as depicted in Figure 5-2. The curve is obtained based on the flux 

created by the magnetomotive force (MMF) applied to the phase winding which is 

represented by the following equation: 

 
Ni MMF

H
l l

= =   (5.1) 

Where H is the magnetizing intensity, N is the number of turns, l is the length of the 

core and i the phase current. The magnetizing intensity is directly proportional to the 

MMF. The applied MMF produces flux, λ  which increases as current is increased. 

This in turn increases the magnetic flux density, B as given by: 

 Baλ =   (5.2) 

where a is the cross section area of the flux path. Up to a certain point, an increase in 

the magnetomotive force produces no change in the flux as illustrated in Figure 5-2. 

At this point, the material is said to be saturated. The NSSN winding configuration 

has the smallest area between the aligned and unaligned curve due to the flux leakage 

whereas the NSNS winding configuration has the largest curve. The interactions of 

flux between the adjacent poles contribute to the size of the magnetization curve.  
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The result of the magnetic flux density taken at a point in the midway of the air gap 

between the stator and rotor pole is shown in Figure 5-3 (a). The 0
0
 marks the aligned 

position whereas 22.5
0
 mark the unaligned position of the rotor and stator pole. The 

magnetic flux density is high at the aligned position because all the flux from the 

stator pole passes through the air gap and into the rotor pole. According to equation 

(5.1), the small air gap area increases the magnetic flux density. As the rotor pole 

moves away from the stator pole, the air gap increases hence the magnetic flux 

density reduces. It will again increase due to the next rotor pole approaching the 

alignment position at 45
0 

as illustrated in Figure 5-3(a). Once the rotor is near the 

stator pole, flux will tend to concentrate its path into the rotor. The comparison 

between the torques produced by each of the winding polarity at 5A phase current for 

both the generating and motoring operation is illustrated in Figure 5-3(b). The 

equation representing the torque for one phase is shown below: 

 21

2
e

dL
T i

dθ
=   (5.3) 

Based on the observation of equation (5.3), it can be seen that the torque depends on 

the slope of the inductance profile, 
dL

dθ
 . At the aligned and unaligned position, the 

slope is zero hence torque is also zero as shown in Figure 5-3(b) at 0
0
, 22.5

0
 and 45

0
. 

The instantaneous static torque was obtained using the FEM over the rotor surface 

[139]. The concentration of flux linkage is higher in the NSNS configuration showing 

significant improvement in torque value. In addition, since the torque density is 

defined as maximum torque over volume of machine [29], the NSNS configuration 

provides higher torque density as compared to the NSSN configuration. Therefore, the 

NSNS configuration justifies the selection of winding polarity for this study in terms 

of the area of magnetization curve and torque profile. The analyses will also be 

extended to a simultaneous phase excitation in order to propose the best configuration 

for a two phase excited machine. The winding polarity will be based on the single 

phase excitation. 
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5.2 Calculation of Flux Linking the Adjacent Phases 
 

As seen in the previous section, the change in the winding polarity affects the flux 

path. The calculation of flux linking the stator pole for the NSNS configuration is 

straight forward as there is no flux linking to the adjacent phases. The relationship 

between the phase flux linkage and the flux in each tooth can be represented as: 

 

1 _ 1

2 _ 2

3 _ 3

1 0 0

0 1 0

0 0 1

tooth total ph

phase tooth total ph

tooth total ph

N

φ λ

φ λ

φ λ

    
     =     
         

  (5.4) 
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(b) 

Figure 5-3: The graph of (a) magnetic flux density and (b) torque against rotor position for each winding 

configuration between 0
0
 (aligned position) to 45

0
 (unaligned position) 
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Where Nphase is the number of turns per phase, ϕtooth1 is the flux in the stator tooth for 

one phase and _ 1total ph
λ  is the total flux linkage for one phase. However due to the flux 

in adjacent phases, equation (5.4) is not suitable for the NSSN configuration. The 

calculation will be based on the relationship developed by mutual coupling [140], 

when two adjacent phases conduct simultaneously. 

 

5.3 Winding Configuration and Flux Path under Two Phase 

Excitation 
 

The same winding polarity as in section 5.1 was used for the two phase excitation. An 

identical sequence of winding polarity was adopted for the second phase resulting in 

the following combination of poles under simultaneous excitation: 

• NNSSNNSS 

• NNSSSSNN 

Other option was to arrange the phase windings so that the adjacent phase has the 

same sequence as the initial phase such as NSNSNSNS and NSSNNSSN. The phase 

configuration for possible simultaneous operation includes PhA-PhB, PhB-PhC and 

PhC-PhA. Therefore, the flux path when PhA and PhB conduct for the NNSSNNSS 

configuration is depicted in Figure 5-4(a) at a rotor angle of 15
0
.The arrows mark the 

direction of the flux in the individual phases of the machine. The direction of the flux 

will depend on the polarity of the stator pole developed based from the current 

distribution. When phase A (PhA) and B (PhB) conducts, the flux in their 

neighbouring poles opposes in nature. The flux in stator pole one (P1) of PhA will be 

additive with the flux in stator pole four (P4) of PhB.  

 

When PhA and PhB of the NNSSSSNN configuration is excited, the flux in P1 and P4 

opposes one another and so does the flux in pole two (P2) and pole three (P3). 

Notably, there will be a reduction in torque due to the fluxes generated  by both 

phases opposing each other within this region [137]. This differs from the 

NNSSNNSS configuration, where there is a return path in the second phase although 

the flux in the adjacent stator pole opposes each other as in Figure 5-4(a). Another 

alternative winding polarity such as the NSNSNSNS configuration can be made as 

depicted in Figure 5-5(a). 
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                   (a)                                                                                                     

 
                                                                                                         (b) 

Figure 5-4: The flux path when two adjacent phases conduct simultaneously (a) NNSSNNSS (b) NNSSSSNN. The 

winding configuration for the second phase uses the same winding configuration as the first phase. 
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                                                                                                       (a) 

 

 
(b) 

Figure 5-5 : The flux path when two adjacent phases conduct simultaneously (a) NSNSNSNS (b) NSSNNSSN. The 

winding configuration for the second phase uses the same sequence as the first phase. 
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The fluxes on the adjacent stator poles are additive with each other. The only 

difference with the NNSSNNSS configuration is by changing the polarity of pole 2 

and 4 of Phase A and polarity of pole 1 and 3 of phase B. The last configuration 

consists of the NSSNNSSN pole polarity which duplicates the single phase NSSN 

polarity as shown in Figure 5-5(b). It has a similar arrow pattern with the NSNSNSNS 

configuration; however the difference is in the polarity of pole 2 and 4. The change 

causes the flux in the neighbouring poles such as pole 1 of phase B and pole 2 of 

phase A to oppose each other.  

 

The flux path for the simultaneous excitation can be grouped as in Figure 5-6 and 

Figure 5-7. Each winding configurations provides their own unique flux path. 

Although the main flux path for the NSNSNSNS and NSSNNSSN configuration are 

similar in pattern as shown in Figure 5-7(a) and (b), the change in pole polarity 

creates a difference in the magnetic flux distribution. The NSSNNSSN configuration 

has higher back iron saturation between the excited phases as compared to the 

NSNSNSNS configuration. Even though the winding configuration has been changed, 

it can be concluded that all the designs produce symmetric flux path. The outcome 

supports the previous findings where an odd number of phases produces symmetric 

flux path [137]. Nevertheless, the optimal winding polarity has yet to be defined. 

 

The simultaneous excitation creates interaction of flux between the adjacent phases 

normally termed mutual coupling. The mutual coupling aids to increase or decrease 

the net torque depending on the winding polarity. It can be said that the NNSSSSNN 

configuration has the weakest mutual coupling between the phases due to the long 

flux path. Therefore, it has the smallest torque between the other configurations as 

depicted in Figure 5-8. It can be seen that the NSSNNSSN, NNSSNNSS and 

NSNSNSNS gives better torque profile during simultaneous excitation. These 

configurations can be grouped under the short flux path having four groups of main 

flux.  An optimum pole configuration can be determined by analysing the distribution 

and change of flux path and also the torque profile.  
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                                                                                                           (a) 

 

 
                                                                                                             (b) 

Figure 5-6: Main flux path for the (a) NNSSNNSS and (b) NNSSSSNN configuration 
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                                                        (a)                                                                 

 

 
(b) 

Figure 5-7: Main flux path for the (a) NSNSNSNS and (b) NSSNNSSN configuration 
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5.4 Comparison of Magnetic Flux Density Distribution 
 

The magnetic flux density can be determined by the magnetic flux lines which travel 

in the same direction. The low and high flux intensity is represented by the distance 

between the flux lines. The high concentration of flux lines represents a high 

saturation level in the machine. The following sections will compare the intensity of 

the flux between the single phase and two phase excitation for machines with different 

pole polarity and different number of rotor poles; 12/8, 12/16 and 12/4 machine. 

 

5.4.1 Single Phase and Two Phase Excitation for the 12/8 Machine 
 

The same current density level was applied to the single phase and the simultaneous 

excitation resulting in the magnetic flux density concentration shown in Figure 5-9 for 

the single phase excitation and Figure 5-10 and Figure 5-11 for the simultaneous 

excitation. It can be seen that the NSNS, NNSSNNSS and NSNSNSNS shows a well 

distributed flux density, thus avoiding the concentration of flux in a particular 

machine segment. A comparison between the simultaneous NNSSNNSS and 

NSNSNSNS configuration reveals that it originates from the single phase NSNS 

configuration. This shows that even though this study will be based on the NSNS 

configuration, the result will also reflect an optimum performance for the 

simultaneous operation. 
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Figure 5-8: Comparison of torque under the two phase excitation for all winding configurations 
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As for the NSSNNSSN configuration in Figure 5-11(b), the intensity is higher in the 

stator yoke section of the excited poles. The result of this study indicates that the 

saturation effect is enhanced under the simultaneous phase excitation. Higher 

saturation is observed when the flux path is not evenly distributed as depicted in 

Figure 5-9(b), Figure 5-10(b) and also Figure 5-11(b).  This may result in the machine 

having a hot spot area, thus reaching the thermal limit of the machine [144]. The value 

of the magnetic flux taken at the midpoint of the excited pole of phase A and B, the 

unexcited pole of phase C, and also stator yoke between the excited phases is 

illustrated in Figure 5-12. The value is in accordance with the earlier explanation 

where it can be seen that the flux value for the NNSSNNSS configuration is similar in 

the main machine segments due to well distributed flux. The high value of flux can be 

seen in the stator yoke between its excited phases for the NNSSSSNN configuration. 

As mentioned earlier, the main flux path for the NSNSNSNS and NSSNNSSN are 

similar, however, their magnetic flux distribution differs due to the polarity of the 

poles as depicted in Figure 5-11(a) and (b). The flux is mainly distributed around the 

stator yoke for the NSNSNSNS configuration whereas, for the NSSNNSSN 

configuration, the flux is concentrated in the segment between the excited phases. 

This will impose a certain limit on the number of turns for the machine to avoid high 

saturation of the machine segments.  

 

It can be concluded that the winding arrangement does not produce equally distributed 

magnetic flux density during simultaneous phase conduction due to the direction of 

mutual and self-flux. The NNSSNNSS configuration clearly has a symmetrical flux 

density distribution under the two phase excitation. This will provide a balance in the 

iron losses which can be calculated based on the flux waveforms in the stator pole and 

yoke [88, 145, 146].  The NSNSNSNS and NSSNNSSN configuration has shorter 

flux path as compared to the other two configurations. However, due to the flux 

distribution, the NSNSNSNS configuration results in lower magnetic flux density and 

saturation as shown in Figure 5-12. This in turn, will reduce the core losses due to the 

reduction in active steel volume [72, 139]. 
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(a)                                                               

 

                                          (b)                                                     

Figure 5-9: The cross sections of a 3-phase 12/8 machine and their magnetic flux distribution (Tesla) with phase A 

excited at constant current for configuration (a) NSNS and (b) NSSN 
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                                                  (a) 

 
                                                       (b)                                    

                    

Figure 5-10: The cross sections of a 3-phase 12/8 machine and their magnetic flux distribution (Tesla) with simultaneous 

excitation of Phase A and B at constant current level for configuration (a) NNSSNNSS and  (b) NNSSSSNN 
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                                                  (a) 

 

                                                 (b)                                                      

Figure 5-11: The cross sections of a 3-phase 12/8 machine and their magnetic flux distribution (Tesla) with simultaneous 

excitation of Phase A and B at constant current level for configuration (a) NSNSNSNS and (b) NSSNNSSN 
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Figure 5-12: The magnetic flux density in Tesla taken at the mid-point of each machine segment for a 3 phase 

12/8 machine at rotor position of 15
0
 

 

 

5.4.2 Comparison of Simultaneous Excitation Between the 12/8, 12/4 

and 12/16 Machine 
 

The number of rotor poles for the 12/8 machine were halved and doubled to analyse 

the effect of having a lower and higher number of rotor poles on the machine 

performance. The geometrical rotor arc satisfies the geometrical limit for the lower 

and higher number of rotor poles machine having a fixed outer rotor diameter as 

explained in [70]. Most research states that a high number of rotor poles improve the 

torque profile. A novel pole design formula was developed to accommodate the 

machine with a high number of rotor poles [70]. The aim was to improve the torque 

profile and focused on the geometrical parameters of both the stator and rotor poles 

for traction applications. Not much has been said about the lower number of rotor 

poles machine. In this study, the impact of a lower and higher number of rotor poles 

on the machine performance for wind energy application will be observed. Therefore, 

the intensity of the flux on the existing 12/16 machine and the new 12/4 configuration 

machine having the same number of turns and current density level as the 12/8 

machine were analysed.   
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With the number of rotor poles doubled, the return paths for the flux through the rotor 

poles have been reduced. Therefore, it can be seen that the rotor poles in Figure 

5-13(b) are subjected to higher flux intensity. Also, it can be seen that for the 12/8 

machine, when phase A (PhA) is at the aligned position, the second phase B (PhB) is 

approaching the alignment position. This is not the case for the 12/16 machine where 

PhB is still in the decreasing inductance region whilst PhA is aligned with the stator 

pole. 

 

When the numbers of rotor poles are halved, the width of the rotor poles doubles as 

illustrated in Appendix B. It has the lowest flux intensity during the aligned position 

under the NSNSNSNS configuration and very minimal flux leakage on the unexcited 

phase. However, for the other types of pole polarity, the flux density level in other 

parts of the machine segment for the 12/4 machine are quite high as shown in 

Appendix E.  The width of the rotor pole determines the saturation level of flux in a 

particular machine segment. Although the lower number of rotor poles has larger 

magnetization curve, the core losses in a particular machine segments may be high. 

Hence, there will be a limit on the number of turns to be used to avoid over saturating 

the machine segments. 

 

The 12/16 machine produces smaller degree of continuous overlap as compared  to 

the 12/4 and the 12/8 machine. This is one of the reasons for a smoother torque profile 

produced by the higher number of poles machine. Also, all the machine satisfies the 

minimum condition of the overlapping inductance profile to avoid the self-starting 

problem [70]. The condition of the overlapping inductance profile will occur when the 

aligned inductance of PhA overlaps with the unaligned inductance of PhB. 
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                                                 (a)  

 
                                                  (b)                                                       

Figure 5-13: Comparison of the magnetic flux distribution between a (a) 12/8 and (b) 12/16 machine at aligned 0deg 

position. 
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5.5 Conclusions 
 

This chapter gives an overview of the entire possible winding polarity for a four poles 

per phase machine subjected to a single and two phase excitation. The possible 

winding polarity for single phase and simultaneous excitation is as follows: NSNS 

and NSSN, NNSSNNSS, NNSSSSNN, NSNSNSNS and NSSNNSSN. 

 

The study indicates that a symmetrical flux path can be accomplished when only one 

phase is excited. However, for a dynamic operation there will be at least two phases 

conducting at any one time. The flux linkages on each excited phase will influence the 

flux in the adjacent phases. It will either attract or distort the flux based on the polarity 

of the adjacent poles. The path of these fluxes will determine the level of saturation in 

the machine.  

 

Under single phase excitation, the two winding configurations; NSNS and NSSN do 

not show any level of saturation. The best configuration in terms of the largest energy 

conversion loop is the NSNS configuration. Also, it is more superior in terms of 

having the least flux leakage. This is one of the reasons for the large energy 

conversion area as compared to the other configurations, making it the best choice for 

this study.  

 

During simultaneous excitation, a high level of flux intensity was observed in the 

stator pole and yoke caused by the polarity of the poles. By taking the average flux 

between the four segments, the NSNSNSNS and NNSSNNSS winding configuration 

have the lowest level of flux intensity. Both of the configurations also show higher 

torque profile. The similarities between these configurations are that they provide 

short flux path and well balanced flux distribution. They are also formed based on the 

single phase NSNS configuration. 

 

The machine with a higher number of poles will produce smoother torque profile due 

to continuous overlap of the rotor poles with the stator poles of its adjacent phase. 

However, the magnetic flux density is concentrated in the rotor poles due to the flux 

passing from larger stator pole area to a narrower area thus increasing the core losses. 
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Furthermore, the number of turns has to be reduced to incorporate the high saturation 

effect. 

 

The findings suggest that the winding polarity can be selected to optimise the 

performance of a machine in terms of torque, losses or power generation. The torque 

can be analysed in terms of torque profile whereas the losses can be determined based 

on the machine which produce the lowest magnetic flux density within the machine 

segment. The configuration which provides large energy curve will produce high 

generation of power. The best configuration can be summarized based on the three 

parameters as follows: 

 

Table 5-1: Table on summary of the best winding configurations for the SRM 

Parameters Machine structure Winding configuration 

Losses 

 

12/8 
NSNS 

NSNSNSNS 

12/4 NNSSNNSS 

Torque 

 
12/8 

NSNS 

NSNSNSNS 

Power generation 12/4 NSNS 

 

Based on this investigation, the NSNS configuration has been selected for the 

development of the SRG modelling platform. It forms the basis for design 

considerations that aid to optimise the performance of the machine. This configuration 

will be tested for the 3-phase 12/8, 12/16 and 12/4 SR machine. 
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CHAPTER 6  
 

 

CHARACTERIZATION OF THE OPTIMAL PARAMETERS FOR 

MAXIMUM OUTPUT POWER 

 

By definition, the electric generators are devices which convert mechanical energy 

into electrical energy. The mechanical energy can be in the form of wind, fuel, water 

or nuclear energy. Within the generator, electricity is generated based on the 

phenomenon of electromagnetic induction.  Unlike the conventional machine, the 

only windings on the SR machine are concentrated around the stator poles. Therefore, 

when the windings are energized, the stator pole behaves as an electromagnet creating 

a magnetic field around it. The movement of the rotor poles will cut through the 

magnetic field, varying the reluctance of the flux path. Thus, the machine is highly 

nonlinear as both its flux linkage and inductance varies as a function of the rotor 

position and current. The SR machine will store the electric energy in the form of 

magnetic field energy in the air gap during the first excitation stage, and it will be 

released together with the mechanical energy during the second generation stage. 

Therefore, the optimal performance of the machine can be determined according to its 

generation and excitation stage during each operating cycle.  

 

In this chapter, the control variables that affects both the excitation and generation 

stage will be identified and analysed based on the voltages across the phase windings. 

The variable which provides the highest percentage of generated power over the 

excitation power is grouped as the optimal variables. Since the machine is highly 

nonlinear, it is not easy to determine its optimal variables. It will also be difficult to 

determine the polynomials relating the variables with the output power. The heuristic 

method is employed to obtain an accurate profile of the variables affecting the output 

power for each of the machines stated in Chapter 3, sub section 3.1. The geometrical 

structure of the stator remains the same whereas the numbers of rotor poles are varied. 

The rotor poles are easier to be changed and manufactured as it does not have any 

magnets or windings.  
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6.1 Determination of the Control Variables Affecting the Output 

Power 
 

The phase current during the excitation and generation stages depends on the slope of 

the inductance, 
θd

dL
, amplitude of terminal voltage, V and back EMF, 

θ
ω

d

dL
i  as shown 

by the following equation: 

 
di dL

V Ri L i
dt d

ω
θ

± = + +   (6.1) 

The terminal voltage will be negative during generating stage due to the freewheeling 

current through the diodes. Using the separation of variable method to equation (6.1), 

phase current, i can be written as follows: 

 

( ( ))

Vt
i

dL
L R t

d
ω

θ

±
=

+ + ±

  (6.2) 

Where L is the phase inductance, R is the winding resistance, ω is the angular speed 

and t is the time. According to equation (6.2), the current will slowly increase 

depending on the voltage level and placement of the turn on angle on the inductance 

slope. The current will start to increase as the rotor moves away from the aligned 

position. It will keep on increasing as speed increases and when the back EMF is 

more than the terminal voltage. The current slowly extinguishes to zero as the slope of 

the inductance approaches the minimum value. From equation (6.2), the parameters 

which may increase and shape the phase current include speed, voltage, placement of 

firing angles and also reference current.  

 

Generally,  it can be said that the excitation stage is crucial as it needs to store as 

much energy as possible for the conversion of energy during the generation stage 

[12]. This relates to the switching on and off of the semiconductor devices and the 

placement of the firing angles along the inductance profile. The knowledge on the 

phase current is required to solve for the average output power, as stated in subsection 

2.9. The high percentage of generated power will be used as the criteria to determine 

the performance of the machine as it implies that the excitation energy and losses are 

at its minimum value. The main losses in the machine include the copper and iron loss 

[88]. 
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6.1.1 Copper Losses 
 

The copper losses, Pcu can be expressed as:  

 2

cu rms phP i R=   (6.3) 

It depends on the RMS phase current, irms and resistance, Rph of the winding. The 

RMS phase current can be calculated as: 

 2

0

1
T

rms phi I dt
T

= ∫   (6.4) 

where T is the period for one cycle of operation and  Iph is the phase current. 

 

6.1.2 Iron Losses 
 

The iron losses occur in the magnetic material, which consists of hysteresis and eddy 

current loss. The latter can be reduced by laminating the core material whereas the 

former varies as a function of frequency of the applied field. The applied field will 

change the magnetic properties of the material by the magnetizing and demagnetizing 

process. Some of the researches to estimate the iron losses include the finite element 

method [145], Steinmetz equation [91]  and also by using the geometry of the 

machine [88]. The calculation for the iron loss requires information from the 

manufacturer’s data sheet. The iron loss becomes dominant at a very high speed 

operation due to the high operating frequency [147]. This is related to the fundamental 

frequency, f1 of current in each phase which is equal to the rotor pole passing 

frequency [55] shown by the following equation: 

 1
60

rf N
ω

= ×   (6.5) 

Where Nr is the number of rotor poles and ω is the speed in r/min. One of the main 

challenges in determining the iron losses is due to the structure of the machine, which 

produces different flux waveforms in each segment. 

 

Since the focus of this research is on the low and medium speed operation, only the 

copper losses will be included in the calculation.  The following section will provide 

detail analysis of each of the variables from equation (6.2)  and how it affects the 

generated power. 
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6.2 Analysis of the Control Variables Affecting the Generated 

Output Power 
 

6.2.1 Firing Angles 
 

Since the operation of the SRG is during the decreasing inductance slope, the 

placement of the turn on angle should be made along the increasing inductance region 

to allow the phase current to build up. The turn off angle on the other hand can be 

placed anywhere before the poles starts to separate, which is before the minimum 

inductance region. The peak current for the generating operation occurs after both the 

firing angles are turned off depending on the back EMF and speed. Therefore, there is 

a possibility of the firing angles yielding the same output power [20]. Hence, the 

optimal firing angles are selected in terms of the highest percentage of generated 

power. Some possible factors which may affect the selection of optimal firing angles 

are stated below: 

• If the turn on angle is placed too low in the motoring region, the machine will 

develop positive torque, decreasing the efficiency of the generating operation.  

• If the turn on angle is placed along the decreasing inductance profile, the dwell 

angle will reduce, resulting in a non-overlapping current profile.  

• As for the turn off angle, it cannot be placed too near the minimum inductance 

region as this will result in the generating current tailing off into the excitation 

stage of the next phase. The current will increase continuously instead of 

returning to zero during each cycle [148, 149]. 

Based on the factors above, the optimal firing angles have to be determined 

heuristically to avoid any overlapping parameters. The range of the firing angles to be 

determined is narrowed according to the conditions above by starting from the mid 

motoring region and into the decreasing inductance region. For each turn on angle, the 

range of turn off angle for the 12/8 machine will be from 25
0
 to 40

0
. By doing this, the 

range of the firing angles on the inductance profile will be covered. As mentioned 

earlier, the angles which give the highest percentage of generated power is selected.  
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6.2.2 Terminal Voltage 
 

The terminal voltage is the voltage across the battery which is connected directly to 

the converter. According to equation (6.2), an increase in the terminal voltage will 

increase the phase current provided that the back EMF is lower than the terminal 

voltage. Since the turn on angle will be along the increasing inductance profile, the 

initial increase in current will be slow. In certain application, a buck boost converter is 

added to aid in the increase of phase current [61]. This however, requires additional 

circuitry, increasing costs and reduces the available space within the existing circuit. 

As the voltage is proportional to the current, any increase in voltage will increase the 

current. However, a high voltage may reduce the generating current; thus, a suitable 

value of voltage to be used has to be determined. This can be achieved using the 

heuristic method. A different level of voltage is simulated for each of the turn on 

angle groups mentioned in subsection 6.2.1.  

 

6.2.3 Speed 
 

The velocity of the wind will turn the blades of the turbine hence turning the shaft, 

which is directly connected to the rotor. Thus, the speed of the rotor is influenced by 

the wind velocity. According to equation (6.2) the wind speed has a major impact on 

the back EMF. A low wind speed results in the back EMF being lower than the 

terminal voltage whereas a high wind speed increases the back EMF to be more than 

the terminal voltage. Even though the speed is not a controlled variable, it influences 

the selection of parameters such as the firing angles, voltage and number of rotor 

poles. Therefore, the optimal parameters will be determined at various speed ranges.  

 

6.2.4 Phase Inductance 
 

The phase inductance can be obtained from the magnetization curve profile according 

to the following equation: 

 
( , )

( , )
i

L i
i

λ θ
θ =   (6.6) 

Both the inductance, L and flux linkage, λ varies as a function of current, i and rotor 

position, θ. The location of the firing angles on the inductance profile influences the 

shape of the phase current. From equation (6.6), the phase current is inversely 
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proportional to the inductance value, which is represented as the inductance profile 

curve. The inductance is also proportional to the reluctance, hence at the aligned 

position, inductance is maximum whilst reluctance is minimum.  

 

6.2.5 Reference Current 
 

During motoring operation, the closed loop current control is employed to shape the 

phase current. It was established that the generating operation of the machine is said 

to mirror the operation of the motoring mode. But, the generating excitation is made 

whilst the inductance is increasing hence the initial current will be low. On the 

contrary, the excitation for motoring operation is during the minimum inductance 

profile with high starting current. Due to this reason, the reference current for 

motoring is required for protection from the initial high current whilst for generating 

operation, for overcurrent protection after the switches are turned off.  

 

6.2.6  Phase Resistance 
 

The resistance of the phase winding is designed to minimise the copper loss, hence the 

value is made as low as possible. Due to this reason, most of the literatures neglect the 

resistive voltage drop in the calculation as it is insignificant as compared to the 

terminal voltage. Nevertheless, the effect of resistance is pronounced when the phase 

current is high.  

 

The following section describes the procedures to determine the optimal parameters of 

the machine. 

 

6.3 Iterative Search to Determine the Optimal Parameters 
 

Each of the variables including the firing angles; turn on and turn off angle, reference 

current, voltage and speed is analysed in terms of the percentage of power generated. 

The turn off angle is varied between 25
0
 to 40

0
 for each group of turn on angle 

ranging from 10
0
 to 24

0
. The overall current profile is checked to ensure continuous 

operation of the machine at each of the turn on angle position. The analysis is 

illustrated graphically through a graph of percentage of power generated against each 



 

104 

 

of the selected variables whilst the other variables are made constant. For example, a 

graph of percentage of power generated against turn on angle will hold the turn off 

angle, reference current, voltage and speed constant.  

 

6.3.1  Effects of Reference Current 
 

Reference current was chosen as an appropriate control variable when operating in the 

low speed range. It is normally obtained through the voltage, speed or power 

regulation. To analyse its effect on the generated output power, it is made constant. 

The constant value of reference current is chosen based on the maximum value of 

current, which occurs before the saturation point (knee point) of the magnetization 

curve.  

 

The values of the reference current are varied between 1A to 9A for all the machines. 

Figure 6-1 illustrates the effect of the reference current between 1A to 9A, and the 

results in Figure 6-1(a) shows the difference of percentage of power generated for 

various turn on angles selected before and after the alignment position. The turn off 

angle is kept constant at 35
0
 hence for the turn on angle placed after the alignment 

position, which is at 22.5
0
, it can be seen that the reference current has no impact on 

the percentage of power generated. 

 
Figure 6-1: Graph of % power generated against reference current (A). Each graph shows the effect of reference 

current with (a) turn on angle, (b) turn off angle, (c) voltage and (d) speed 
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The reason for this is because the machine operates in a single pulse mode due to the 

fixed voltage and small difference between the turn off and turn on angle, which is 

termed dwell angle. When the turn on angle is placed before the alignment position, 

the current has time to build up. Therefore, with a suitable voltage applied, the current 

can reach the reference limit imposed. If the voltage is fixed whilst the reference 

current is increased, there will be a point when the voltage is not enough to push the 

current to the reference value. For turn on angle of 18
0
, the turn off angle is varied 

between 30
0
,35

0
,38

0 
and 40

0
 as in Figure 6-1(b). The percentage of power generated 

increases as the turn off angle is moved further down the inductance slope. However 

up to a certain angle, the percentage of power generated decreases. To sum up, there 

is an optimal dwell angle which will provide the high percentage of power generated. 

At a fixed turn on angle of 17
0
 and turn off angle of 35

0
 the voltage level between 

50V – 150V gives higher percentage of power generated as shown in Figure 6-1(c). A 

decrease in the percentage of power generated can be seen as the voltage is increased, 

allowing the current to reach its reference limit resulting in the chopping action. 

Figure 6-1(d) depicts an increase in the percentage of power generated as speed 

increases. It is observed that at a reference current of 5A, a high percentage of power 

generated is obtained as the firing angles, voltage and speed is varied. For this reason 

we chose 5A as the reference current for the 12/8 machine. The reference limit serves 

as an overcurrent protection as the peak value of current after the turn off angle cannot 

be predicted. 

 

6.3.2  Effects of Terminal Voltage 
 

The terminal voltage is measured across the phase winding when the switch on the 

converter conducts. Hence the phase current is directly proportional to the terminal 

voltage as in equation (6.2). An increase in the terminal voltage will also increase the 

phase current. Therefore, a high terminal voltage can be used to aid in the increase of 

phase current during the initial excitation stage, in the increasing inductance region. If 

the voltage is kept high during the conduction period, it will result in a faster decrease 

in current after turn off angle due to the higher negative voltage. Subsequently, too 

much voltage provides more excitation energy to enable the current to reach its 

reference limit, resulting in the current chopping mode.  The effect of increasing the 

voltage on the shape of phase current at turn on angle of 18
0
 is depicted in Figure 6-2. 
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The effect of increasing the voltage on the amount of percentage of power generated 

will reduce as chopping action is approached. Using the criteria highlighted in 

Chapter 2, the percentage of power generated for the currents in Figure 6-2 is 

tabulated in Table 6-1. The difference between the percentages of power generated 

when the voltage is increased from 100V to 120V is only 0.1%. 

 

However, the excitation and generated power increases by at least 20%. At the point 

when the current starts to chop, the power generated by the machine can be increased. 

Any further increase in the voltage will increase the chopping frequency hence 

reducing the generated power. Based on this, it is clear that there is an optimal 

operating voltage level at each speed range especially during the low speed operation. 

 

 
Table 6-1: Calculation of the percentages of power based on the excitation and generation stage of current 

during one cycle of operation 

Voltage Excitation power 

(W) 

Generation power 

(W) 

% power 

generated 

50V 20.4 32.5 61.4% 

100V 88.8 136.8 60.6% 

120V 111.1 170.5 60.5% 

 
Figure 6-2: Effect of terminal voltage on the shape of phase current at turn on angle 18deg, turn off angle 35deg 

and speed of 25rad/s 
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The factors that affect the selection of optimal voltage are the firing angles and speed. 

It was shown that at a certain value of firing angles and voltage level, the percentage 

of power generated is reduced due to the current chopping mode operation. Also at 

different speed range, there is an optimal voltage level which provides the highest 

percentage of generated power.  

 

An in-depth study on the effect of changing the terminal voltage on the power 

generation for SRG has not been conducted. All this while, the voltage was kept 

constant by employing the voltage regulation approach [14, 121]. Since an external 

supply is required to provide the initial excitation for the SRG, the amount of the 

initial voltage to increase the generation performance of the machine has to be 

determined. Variations of the turn on angle, turn off angle, reference current and 

speed with the terminal voltage is performed under the low speed range as illustrated 

in Figure 6-3 and medium speed range as illustrated in Figure 6-5. The low speed 

operating range is between 25rad/s to 55rad/s whereas the medium speed operating 

range is between 100rad/s to 500rad/s. 

 

6.3.2.1 Low Speed 
 

When the terminal voltage is increased, the time for the current to rise is reduced and 

the time for it to return to zero after the turn off angle is faster due to the higher 

negative voltage, thus reducing the generated power. Figure 6-3(a) depicts the 

variation of the turn on angle made before and after alignment position with the 

terminal voltage. The turn on angle is held constant at 35
0
. For the terminal voltage 

below 200V at the turn on angle made prior to the alignment position, there is not 

much change in the percentage of power generated. However, for the turn on angle 

made after the alignment position, the percentage of power generated drops. It does 

not allow enough time for the current to build up to store the excitation energy. 

 

The dwell angle, which is the angle between the turn off and turn on angle reduces as 

the voltage level is increased while the turn off angle is held constant. This in turn 

reduces the percentage of power generated. The machine operates in current chopping 

mode since the duration for the current to reach the reference limit is reduced. A large  
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turn off angle gives better percentage of power generated at turn on angle of 18
0
 as in 

Figure 6-3(b). 

 

However, the large turn off angle may also reduce the percentage of power generated 

as shown in Figure 6-4 at a voltage of 50V and turn off angle of 40
0
. When the turn 

off angle is placed near to the minimum inductance region, the tailing current can 

either drop to zero or tail off into the next excitation phase, reducing the generating 

period of the conducting phase. In Figure 6-3(c), at a voltage of 100V and below, the 

percentages of generated power are similar at all the reference value. This shows that 

during single pulse mode, the reference value has no effect in increasing the current. 

And as the voltage is increased, the current has the energy to reach the reference limit 

thus, operating the machine in chopping mode. This is reflected by the difference in 

percentages as the voltage increases. The reference current is applicable under the 

current chopping mode operation, whilst during the single pulse mode operation; the 

phase current depends on the placement of firing angles along the inductance profile. 

The percentage of power generated reduces as the voltage level is increased for 

various speed ranges between 25rad/s to 55rad/s as in Figure 6-3(d). As the voltage 

level is increased, the percentage of power decreases. Hence, it can be said that there  

 
Figure 6-3: Graph of % power generated against terminal voltage (V) for the low speed range between 25rad/s to 

55rad/s. Each graph shows the effect of terminal voltage with (a) turn on angle, (b) turn off angle, (c) reference current 

and (d) speed 
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exists an optimal voltage level which provides high performance given the right 

selection of variables. Also, the selection of voltage level for excitation will determine 

the shape of the current either in single pulse mode or current chopping.   

 

6.3.2.2 Medium Speed 
 

During the medium and high speed range, the machine operates in a single pulse 

mode when the back EMF is larger than the terminal voltage. After the turn off angle, 

the current will increase before it eventually decreases to zero depending on the value 

of the back EMF. The percentage of power generated is supposed to be high as speed 

increases. However, the performance also depends on the firing angles. If a fixed turn 

on and turn off angle is employed, the power being generated is less compared to 

when both the firing angles are varied. The reason being, at higher speed, the cycle 

period is reduced hence the time for the flux and current to rise shortens.  

 

Table 6-2 and Table 6-3 above compares the generated power with a fixed firing 

angles and the ones obtained using the optimal operating angles. The percentages of 

power generated are higher when both the firing angles are varied. 
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Figure 6-4: Current profile for different turn off angle while the turn on angle is constant at 18deg, at speed w=35rad/s 

and voltage 50V 
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Table 6-2: Operation of machine at fixed dwell angle 

Turn on=14
0
, Turn off=30

0
, Dwell angle=16

0
, Voltage=50V 

Speed (rad/s) Generated power @ 1 

cycle operation (W) 

% power generated 

100 7.03 66.6 

200 3.79 68.5 

300 2.61 69.2 

400 2.66 72.9 

500 2.82 72.5 

  

Table 6-3: Operation of machine at optimal operating angles 

 Voltage=50V 

Speed (rad/s) Generated power @ 1 

cycle operation (W) 

% power generated 

100 16.39 73 

200 9.4 75.2 

300 6.49 76 

400 4.96 76.4 

500 4.01 76.7 

 

 

The variation of the turn on and turn off angle at various levels of voltage taken at 

speed of 300rad/s does not show much difference in percentage of power generated as 

illustrated in Figure 6-5(a) and (b). However, to achieve a high percentage of power 

generated, the turn on angle must be placed along the midway of the increasing 

inductance profile, whilst the turn off angle just after the midway of the declining 

inductance and before reaching the minimum value. The effect of voltage at various 

speeds in the range of 100rad/s to 500rad/s is taken at turn on angle of 16
0
 and turn off 

angle of 36
0
 shown in Figure 6-5(c). Clearly, during the high speed range, the 

percentage of power generated remains constant even though the voltage level is 

varied. 
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Comparing the low and medium speed operation, the effect of terminal voltage on the 

machine performance is more prominent at the lower speed range. The main reason is 

due to the back EMF being smaller than the terminal voltage, hence current is 

proportional to the voltage. When the back EMF is larger than the terminal voltage, 

the current no longer depends on the voltage. This is shown in Figure 6-5(c), where 

the percentages of generated power remains constant even though the voltage level in 

increased. 

 

6.3.3  Effect of Speed 
 

In this subsection, the effect of speed on the control variables is discussed. In theory, 

the higher the speed, the more energy can be captured. But not much research was 

conducted for the lower speed range. The current chopping control is normally 

employed during the low speed range. For the generating operation, the current will 

not increase immediately as in the motoring mode since the excitation is performed 

during the maximum inductance profile. As shown earlier, the current chopping mode 

is achieved when a high voltage level is employed. However, the high voltage level 

will reduce the percentage of power generated. Therefore, to maintain the high 

Figure 6-5: Graph of % power generated against terminal voltage (V) for high speed range between 100rad/s to 

500rad/s. Each graph illustrates the effect of terminal voltage with (a) turn on angle, (b) turn off angle, and            

(c) speed 
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percentage of power generated, single pulse mode operation is proposed during the 

low speed range as opposed to the conventional current chopping mode.  

 

6.3.4 Effect of Firing Angle 
 

There is a large number of papers published describing the roles of the firing angles 

on the generated power [148]. During the low speed operation, the initial rise of 

current is slow due to the high inductance value. One of the ways to aid in the fast 

increase of phase current is to advance the turn on angle into the decreasing 

inductance profile. However, when the turn on angle is placed further along the 

decreasing inductance profile, the dwell angle reduces. Also, the turn off angle has to 

be located near or along the minimum inductance region, thus reducing the generated 

power. The only energy being returned is the stored energy. During this time, energy 

will not be extracted from the prime mover due to zero torque. This section will 

analyse the effect of the turn on angle and turn off angle with other variables for the 

speed range 25rad/s to 500rad/s. 

 

6.3.4.1 Turn on Angle 
 

The following can be observed for variation of the turn on angle with turn off angle in 

Figure 6-6(a) when the SRG is subjected to a voltage level of 325V at a low speed of 

35rad/s and in Figure 6-7(a) at a medium speed of 300rad/s. At a lower speed, the 

percentage of power generated increases as the turn on angle is placed in the 

decreasing inductance profile, whereas during the medium and high speed, a high 

percentage of power generated is obtained when the turn on angle is along the positive 

inductance region. Correspondingly, the optimal turn off angle for both the speed is 

between 30
0
 to 40

0
. Care must be taken to ensure that a continuous overlapping 

current profile is maintained to provide adequate overlap between the current with its 

adjacent phase. Larger turn off angle will reduce the overlap due to the longer 

conduction period and current being forced to return to zero at the minimum 

inductance region. 
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Figure 6-6 (b) shows the variation of turn on angle with various reference currents. 

Although the percentage of power increases as the turn on angle is increased, the 

current profile may become discontinuous and does not overlap with the current in the 

adjacent phase. The reason is due to the reduced dwell angle as the turn on angle is 

varied while the turn off angle is fixed. The variation of the turn on angle with 

terminal voltage for the low and medium speed range is depicted in Figure 6-6(c) and 

Figure 6-7(b). The percentage of power generated does not show significant changes 

as the terminal voltage is varied at the higher speed range. However, for the lower 

speed range, the percentage of generated power decreases as the voltage is increased. 

The turn on angle is made prior to the alignment position for voltage level between 

50V to 150V, whereas at higher voltage level, the turn on angle is made after the 

alignment position to achieve a high percentage of power generated. As mentioned 

earlier, the continuous or overlapping current profile must be maintained. At a higher 

speed range, the percentage of power generated decreases when the turn on angle is 

near the alignment position because the time for the current to rise and store the 

magnetic energy is reduced. 

 

 
Figure 6-6: Graph of % power generated against turn on angle (degree) for low speed range between 25rad/s to 

55rad/s. Each graph shows the effect of turn on angle with (a) turn off angle, (b) reference current, (c) voltage 

and (d) speed 
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The variation of the turn on angle with speed is given in Figure 6-6(d) and Figure 

6-7(c). It shows that there exists an optimal value of turn on angle at each speed 

range. The graph tends to converge to one value due to the constant turn off angle 

used. As the turn on angle moves along the decreasing inductance profile, the dwell 

angle reduces, therefore the percentage of power generated decreases. We can 

conclude that the optimal turn on angle for the low speed range is prior to or just after 

the alignment position whereas for the medium speed, the turn on angle has to be 

placed midway during the inductance profile, which is during the motoring region. 

The implication of having the turn on angle in the motoring region is the development 

of positive torque which may reduce the generating operation 

 

6.3.4.2 Turn off Angle 
 

Similar to the analysis on the implication of the turn on angle on various control 

variables, the variation of the turn off angle can also be categorized by the low and 

medium speed operation as depicted in Figure 6-8 and Figure 6-9. At lower speed, the 

variation of the turn off angle is shown in Figure 6-8(a). Even though the turn on 

angle is changed, the variation of the optimal turn off angle is minimal.  Alternatively, 

 
Figure 6-7: Graph of % power generated against turn on angle (degree) for medium speed range between 

100rad/s to 500rad/s. Each graph illustrates the effect of turn on angle with (a) turn off angle, (b) terminal 

voltage, and (c) speed 
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during the medium speed, the optimal turn off angle shows a slight variation 

according to the placement of turn on angle. The placement of the turn on angle along 

the inductance slope for both speeds differs; after alignment position for low speed 

and before alignment position for medium speed. Figure 6-8(b) shows the effect of 

reference current at various turn off angles during the low speed operation at a voltage 

level of 325V and a turn on angle of 18
0
. The optimal value of turn off angle differs 

for each reference current level because of the current chopping mode operation. 

During the chopping mode, the current is regulated to follow the path on the energy 

conversion loop. The highest power generated occurs at reference current of 5A. On 

the contrary, the reference current has no effect during the medium speed operation as 

depicted in Figure 6-9(b). When the SRG is subjected to different levels of terminal 

voltage as in Figure 6-8(c) and Figure 6-9(c), the optimal turn off angle at both the 

low and medium speed operation has similar range of values. The percentage of 

power generated during the medium speed does not change when the terminal voltage 

level is varied as compared to the lower speed range. Likewise, minimal change in 

percentage of power generated is seen during the medium speed range as depicted in 

Figure 6-9(d). On the whole, it can be observed that although various variables have 

 
Figure 6-8: Graph of % power generated against turn off angle (degree) for the low speed range between 25rad/s 

to 55rad/s. Each graph shows the effect of turn off angle with (a) turn on angle, (b) reference current, (c) terminal 

voltage and (d) speed 
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been changed, the optimal value of turn off angle remains in the same range. It can be 

said that turn off angle does not have considerable effects on maximizing the 

generated power during the low and medium speed range under the generating 

operation. 

 

6.4  Conclusions 
 

The purpose of this chapter was to investigate the variables affecting the performance 

of the machine. The variation of the control variables for a three phase 12/8 machine 

in terms of percentage of power generated has been discussed during both the low and 

medium speed range. Similar outcomes are obtained from the other machines but with 

different values of firing angles. In this context, the low and medium speed range has 

been defined to be in the range of 25rad/s to 100rad/s whereas the medium speed 

range is between 100rad/s to 500rad/s. The impact of the percentage of power 

generated is observed for the following variables: 

• Reference current 

• Terminal voltage 

• Firing angles – turn on and turn off angle 

• Speed 

Figure 6-9:Graph of % power generated against turn off angle(degree) for the  medium speed range between 

100rad/s to 500rad/s. Each graph shows the effect of turn off angle with (a) turn on angle, (b) reference current,          

(c) terminal voltage and (d) speed 
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The observations are categorized according to the low and medium speed range.  

 

6.4.1  Low speed 
 

Since the excitation is made along the increasing inductance profile, the current 

chopping mode is achieved when a high voltage is employed. However, the 

percentage of the generated power obtained during the current chopping mode is less 

than 60%. Although the amount of power generated is higher, the losses due to 

chopping are also high. Therefore, it was suggested to employ the single pulse mode 

operation during the low speed range as opposed to the current chopping mode. As 

long as the back EMF is maintained lower than the terminal voltage, the phase current 

can be controlled.  Thus the control variables during the low speed range are the 

voltage level and firing angles. 

 

6.4.2 Medium Speed 
 

During the medium speed operation, the most influential control variables which 

affect the percentage of power generated are the firing angles. The terminal voltage 

and speed does not have much impact on the generated power as compared to the 

lower speed range. This is because the back EMF dominates at higher speed hence the 

shape of current depends on the location of the firing angles on the inductance profile. 

Also at higher speed, the time required to build the magnetic flux reduces, therefore 

the placement of the turn on angle has to be made in the motoring region to enable the 

current and flux to rise. However, if the turn on angle is placed too low in the 

motoring region; this will result in positive torque. Also, it may store enough energy 

for the generating current to tail off into the next excitation phase, resulting in current 

not returning to zero, a condition which only occurs during the medium and high 

speed range. Therefore, we can categorize the medium and high speed operation into 

two categories: 

• Zero returning current cycle or non-continuous conduction mode 

• Non-zero returning current cycle or continuous conduction mode 

The continuous conduction mode has been studied under the motoring operation 

[148], however no research details the implication of the method during the 

generating operation. Therefore, the following chapter analyzes the continuous 
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conduction mode during the generating operation and summarizes the findings of 

Chapter 6. 
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CHAPTER 7  
 

DISCUSSIONS OF RESULTS 

 

This chapter summarizes the findings of the research in Chapter 6 and highlight the 

limitations in determining the optimal control variables. It will be presented in two 

parts: low and medium speed range. An in depth analysis has been made based on the 

phase voltage equation. The results of this study indicate that the generated power 

strongly depends on the placement of the firing angles along the inductance profile. 

The findings seem to be consistent with other researches which focus on optimizing 

the firing angles as the control variable. However, the research is limited to high 

speed operation [42-44]. Only [46] have reported on optimizing the firing angles 

during current controlled operation. The value of current is regulated to the desired 

value according to the load requirement. Nevertheless, it did not evaluate the impact 

of other variables such as reference current and voltage to generate power at various 

speed ranges. Also, the limitations and issues regarding the selection of the optimal 

control variables have not been treated in much detail. Based on the studies presented 

in Chapter 6, the current chopping mode reduces the percentages of power generated; 

hence it is found not to be suitable for the generating operation. Therefore, the single 

pulse mode is proposed during the low speed range as opposed to the current 

chopping mode. The procedures to determine the optimal  control variables are 

conducted the same way as for the medium and high speed operation. 

 

As mentioned in Chapter 6, it is difficult to find relations of the generated power with 

the control variables due to the non-linear behaviour of the machine. Therefore, a 

heuristic method is applied to each control variables. The range of the voltage selected 

for this study varies from 50V to 500V. Each of the voltages is subjected to the low 

speed ranging from 25rad/s to 100rad/s and medium speed ranging from 100rad/s to 

500rad/s. Within each voltage and speed range, the turn on angle is made to cover the 

position before and after the alignment of poles, whereas the turn off angle covers the 

decreasing inductance slope in 1
0
 increments. 
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The optimal control variables are determined in terms of the highest percentage of 

power generated for each machine under study.  A polynomial relating the optimal 

control variables for each machine is proposed. The related applications of the 

machine are proposed based on the performance of the machine. 

 

7.1 Limitations and Effects of Control Variables on the Generated 

Power 
 

There are several factors that must be considered during the selection of the optimal 

control variables such as the position of the firing angles on the inductance profile and 

voltage level.  A small dwell angle will produce a discontinuous operation of the 

machine because the current does not overlap with the current in the adjacent phase. 

Also, if the dwell angle is too large, the generating current may not return to zero and 

coincide with the excitation current of the adjacent phase. The selection of the voltage 

level is employed to avoid the current chopping mode during the low speed operation. 

The following sections describe the conditions in detail.  

 

7.1.1 Overlapping and Non-Overlapping of Phase Current 
 

In this context, the overlapping refers to the overlap between the current of adjacent 

phases.  Since the current in the winding starts and returns to zero during each current 

 
 

Figure 7-1: Graph of phase current (A) and current profile (A) against time (s)  for   (a) non-overlap of phase 

current (b) non-overlap phase current profile (c) overlap of phase current and (d) overlapping phase current 

profile 
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cycle, a smooth operation of the machine is achieved by adequate overlap between the 

phase currents as depicted in Figure 7-1 (c) and (d). The non-overlapping condition 

may occur if the dwell angle is small and the voltage level is high as illustrated in 

Figure 7-1 (a) and (b). The optimal firing angles selected in terms of the highest 

percentage of the power generated has good balance between the phase current profile 

and the total amount of the generated power. 

 

7.1.2  Continuous and Non-Continuous Current Profile  
 

The continuous conduction of current can only be achieved during the medium and 

high speed operation by increasing the dwell angle slightly greater than half of the 

rotor pole pitch. Since the commutation is prolonged, the generating current of the 

outgoing phase is directly connected to the excitation stage of the incoming phase. 

This action results in an offset of current, thus increasing the peak value of current. A 

slight change in the turn off angle produces significant change in the phase current. 

The transition from the non-continuous to the continuous conduction mode is 

illustrated in Figure 7-2. The continuous conduction is achieved by moving the turn 

off angle just 1
0
 from the optimal value. It shows that the continuous conduction mode 

 

Figure 7-2: Graph of phase current (A) against time (s). The transition of phase current by changing the turn off 

angle in 1
0
 increment (a) turn off angle 33

0 
(b) turn off angle 34

0
 and (c) turn off angle 35

0
 at 325V and 400rad/s 
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is sensitive to the change of turn off angle.  Since a higher current is obtained, the 

approach can be applied to applications which require continuous constant power and 

high torque, for example heavy vehicles. To enable the continuous conduction mode 

under generating operation, the placement of the turn on angle has to be made 

according to the following positions:  

• in the motoring region to provide an adequate energy for the generating stage 

to tail off into the next excitation stage. 

• near the minimum inductance region, just before the start of overlapping 

between the stator and rotor pole 

Both of the above conditions extend the dwell angle more than half of the rotor pole 

pitch angle. The result of extending the dwell angle causes the steady state current to 

increase more than the limit of the reference current. This in turn will increase the 

copper losses of the winding. Although the continuous conduction mode increases the 

amount of the generated power, the excitation power is also increased due to the 

longer excitation time. 

 

The implication of extending the conduction period is more beneficial to the motoring 

operation because the positive torque region is well utilized, covering half of the 

inductance profile. In contrast to the generating operation, the dwell period that is 

required to initiate the continuous conduction mode has to cover both the motoring 

and generating regions. This reduces the generating period due to the generating 

current tailing off into the excitation stage of the next phase instead of returning to 

zero. Figure 7-3 shows the comparison of peak current and generated power between 

the continuous conduction and non-continuous conduction mode. The generated 

power drops as speed increases during the non-continuous conduction mode. This is 

due to the rapid increase of back EMF, to a point it is more than the terminal voltage. 

As a consequence, the time for the flux to increase reduces, thus the phase current is 

naturally limited [148, 150]. On the other hand, the continuous conduction mode 

provides a higher constant current throughout the operating speed range. 

 

The factors such as the current regulator [151], voltage level and the duration of dwell 

angle causes the steady state phase current to increase within the continuous 

conduction mode. Because of the increase in phase current, the optimal values of 
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firing angles during the continuous conduction mode has to be selected for currents 

below 5A.  This result in a constant amount of power generated over the operating 

speed range as depicted in Figure 7-3(b). By placing a limit on the peak current, the 

continuous conduction approach has similar behavior to the current chopping mode 

where the power is held at constant value by following a set of reference value [151]. 

Even though the loss in excitation energy is high due to the long conduction period, 

the overall power being generated increases. This continuous conduction mode is 

suitable for operations which require a constant power at high speed range. One major 

drawback of this approach which has been overlooked, is the high ripple produced on 

the DC link current profile as depicted in Figure 7-4. Although the generated current 

is increased, the current profile is not smooth. 

 

Overall, it can be concluded that the method is suitable for both the motoring and 

generating operation as it can continuously hold the power constant over a wide speed 

range. It can be used in applications which require a constant generation of power, 

(i.e. the grid connection). Instead of the conventional maximum power point tracking 

(MPPT) method which operates the machine according to the optimal peak power at 

each speed range, the continuous conduction mode can be used as an alternative 

method.  It does not require any changes in the control method since the dwell angle 

can be controlled. However, the peak value of phase current must be limited. 
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Figure 7-3: The graph of current (a) and generated power (b) versus speed to compare the performance of 

continuous conduction mode and the conventional non-continuous conduction mode current cycle 
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Comparison of the percentages of power generated between the two approaches; non-

continuous conduction and continuous conduction mode in Figure 7-5 shows a slight 

difference in percentage of power generated. Although the percentages are higher in 

the non-continuous conduction mode, the amount of the generated power is lower as 

compared to the continuous conduction mode. Also, the overall current profile for the 

continuous conduction mode contains more noise due to the overlap of all the three 

phase currents. 

 

Generally, it can be summarized that during the generating operation, the continuous 

conduction approach increases the amount of generated energy without compromising 
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Figure 7-4: Comparison between (a) non-continuous current profile and (b) continuous current profile taken at 

speed 400rad/s, voltage level 100V, turn off angle34deg and turn off angle 36deg 
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on the percentages of generated power. However, the increase in the amount of 

generated power has to be compromised with the increase in both the copper and iron 

losses. Also, another disadvantage of employing the continuous conduction mode is 

the requirement to limit the peak phase current as it will increase with speed and dwell 

angle. Once the optimal control variables at each speed and voltage level have been 

obtained and its limitations have been identified, the function relating the optimal 

variables with the percentage of power generated can be developed. 

 

7.2 Development of Function Relating the Optimal Parameters 
 

In Chapter 6, the optimal control variables for a three phase 12/8 machine have been 

identified based on the heuristic method. The method covers the low and medium 

speed range at various voltage levels whereas the turn on angle covering both the 

position before and after alignment position and turn off angle covering the angles in 

the negative inductance slope in increments of 1
0
.  The findings are similar for all the 

machines whereby during the low speed range, the use of a high voltage level will 

cause the percentage of generated power to reduce. In addition, during the medium 

speed range, the change in the voltage level does not affect the percentage of 

generated power as depicted in Figure 7-6.  

 

Based on the observation, the machine with lower number of rotor poles gives the 

highest percentages of generated power. This is associated with the rotor angle, 

inductance profile and magnetization curve of that machine being larger than the 

machines with a higher number of rotor poles. The drawback of having a low number 
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Figure 7-5: Graph showing comparison of performance between the continuous conduction mode and non-

continuous conduction mode in terms of percentage of power generated versus speed at V=325 
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of rotor poles is the high current and torque ripple. Thus, it may not be suitable for 

motoring application but suitable to generate energy such as for wind energy 

applications.  

 

During the low speed operation, the shape of the phase current as well as the power 

generation is affected by the terminal voltage and the firing angles, whereas at a 

medium and higher speed operation only the firing angles affects the power 

generation. The common variables between the two speed ranges is the firing angles 

as illustrated in Figure 7-7. Therefore, the percentage of power generated %Pgen can 

be characterized as a function of firing angle, θ and speed, ω at different voltage level 

as shown by the following equation: 

 
Figure 7-7: Illustration of the control variables affecting the generated power for both the low and high 

speed operation 

 

     
(a)                                                                                         (b) 

Figure 7-6: Simulation result of the graph of percentage of power generated against voltage for all the machines 

at (a) low speed range at 35rad/s and (b) medium/high speed range at 200rad/s 
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 % ( , )gen V cons
P f θ ω

=
=   (6.7) 

 

Given that the voltage level does not affect the percentage of the power generated 

during the medium speed range, the selection of voltage can be made in terms of the 

amount of generated power.  

 

Also, since the change in the optimal turn off angle during the low and medium speed 

is small and falls within the same optimal range, it can be made constant. 

Subsequently, the optimal dwell angle θd can be determined according to the 

difference between the turn off angle θoff and turn on angle θon as shown below:
  

 
d off onθ θ θ= −   (6.8) 

As a result, a controller model of dwell angle can be defined as a function of speed. 

The regression method is used to determine the relation between the optimal control 

variables.  The following figures illustrate the optimal dwell angle versus speed for 

the four machines under study. Figure 7-9, Figure 7-8, Figure 7-10 and Figure 7-11 

show the graph of dwell angle versus speed at each voltage level between 50V to 

500V. 

 

All the graphs confirm the similar results obtained during the medium speed range, 

where the dwell angle is almost constant. The change of dwell angle is more 

prominent at the lower speed range. The reason being, at the medium and higher 

 
Figure 7-8: Graph of dwell angle versus speed and voltage for a three phase 12/16 machine having the same 

stator structure as the 12/8 machine 
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speed range the voltage level does not have an effect on the percentages of generated 

power and phase current due to the back EMF. At lower speed, the shape of phase 

current depends on the speed and voltage level.  For this reason, the voltage is used to 

characterize the optimal variables during various speed ranges. At lower speed, the 

voltage is characterized to maximize the percentage of generated power by operating 

the machine in single pulse mode. Meanwhile, the voltage at medium speed is used to 

categorize the performance in terms of the amount of power generated or torque ripple 

or noise ratio. Table 7-1 categorizes the voltage according to the lower speed range 

 
Figure 7-10: Graph of dwell angle versus speed and voltage for the existing three phase 12/8 machine 

 

Figure 7-9: Graph of dwell angle versus speed and voltage for a three phase 12/16 machine 
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for each of the machine whereas Table 7-2 compiles the characterization of voltage 

level in the medium speed range according to the current profile as illustrated in 

Appendix F. 

 

Once the voltage has been characterized, the related function can be developed 

according to the speed range. Figure 7-12 depicts the percentages of power generated 

versus voltage level for all the four machines operating at their optimal angles for two 

speed ranges.
 

 

It is observed that the change in the voltage level for all the machine under study is 

prominent during the low speed range as compared to the medium speed where the 

percentages of power generated is almost constant as the voltage level is increased. 
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Figure 7-11: Graph of dwell angle versus speed and voltage for a three phase 12/4 machine having the same 

structure as the 12/8 machine 

 

Table 7-1: Characterization of voltage at low speed range between 25rad/s to 100rad/s 

Machine Speed range Voltage level 

Machine 1: 12/8  w<=35rad/s 100V 

 35rad/s<w<100rad/s 150V
 

   

Machine 2: 12/16 w<=35rad/s 100V 

 35rad/s<w<100rad/s 150V 

Machine 3: 12/16 same stator 

structure with 12/8  

w<=25rad/s 

25rad/s<w<100rad/s 

100V 

150V 
   

Machine 4: 12/4 same stator 

structure with 12/8 

w<=45rad/s 

45rad/s<w<100rad/s 

100V 

150V 
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Nevertheless, the total amount of power being generated and the torque profile differs. 

Compared to the lower speed, the amount of power generated during the medium 

speed is higher due to the frequent number of excitation. One cycle of current at 

45rad/s is equivalent to 10 current cycles at 400rad/s under the same excitation 

voltage level as illustrated in Figure 7-13. Since the change in the optimal turn off 

angle is minimal for all speed range, it is made constant. Thus, the firing angles can be 

represented in terms of dwell angle at each speed range and voltage level. 

 
Table 7-2: Characterization of voltage level in the speed range between 100rad/s to 500rad/s 

Speed, w (rad/s) Voltage level 

100rad/s≤ w ≤ 500rad/s 
200V 

Low noise and low generated power 

  

100rad/s≤ w ≤ 500rad/s 

325V Low noise with moderate amount 

of generated power 

  

100rad/s≤ w ≤ 500rad/s 

High generated power at the expense of 

higher noise level 

500V 

 

 

 
Figure 7-12: Graph of percentages of power generated versus voltage level (V). The graph shows comparison of 

speed for four machines at their optimal firing angles during low and medium speed (a) 35rad/s and (b) 200rad/s 
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The function of dwell angle in terms of speed at each voltage level is evaluated using 

the Sigmoidal Model for each of the machine. A closed loop control is established to 

provide the optimal dwell angle for various speed ranges. The controller allows the 

voltage to be selected in order to maintain the high percentage of power generated. 

Appendix G shows the two types of curve; the Weibull and the Ratkowsky curve 

which best fits the dwell angle data. The related function is developed using both the 

Ratkowsky and the Weibull model based on the following equation: 

                                                                                                     
 

 _
1

dwell n b c

a

e
ω

θ
−

=
+

  (6.9) 

 

 _

d
c

dwell n a be
ωθ −= −   (6.10) 

Where, θdwell is the dwell angle, ω is the speed, a, b, c and d are the coefficient 

parameters and n is the voltage level. The functions of dwell angle in terms of speed 

and voltage are determined using Figure 7-9, Figure 7-8, Figure 7-10 and Figure 7-11 

which represents each of the machines. For the 12/8 machine, only three levels of 

voltage are selected since at higher voltage the percentages of power generated is less 

than 60%. 
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Figure 7-13: Comparison of phase current during one current cycle at low speed (a) 45rad/s and high speed (b) 

400rad/s 
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7.2.1  Ratkowsky Model 
 

The function for the 12/8 machine is represented in matrix form using the equation 

(6.9) as shown below: 

 

_ 50

_100

_150

22.97
1

22.17 .
1

22.04

dwell V

dwell V M

dwell V

e

θ

θ

θ

   
    =     +      

  (6.11) 

where M=b-cω and n is the voltage level. 

 

0.528 0.0306

1.104 0.0826 .

1.539 0.0674

M ω

−   
   = −   
      

  (6.12) 

The parameters for the 12/16 machines and 12/4 machine are listed in Appendix H. 
  

 

7.2.2 Weibull Model 
 

The equation relating the optimal parameters for the 12/8 machine is represented in 

matrix form according to equation (6.10) as follows: 

 

_50

_100

_150

23 13.5 0.09

22.3 30599 exp 0.24

22 13.5 2.36

dwell V

d

dwell V

dwell V

θ

θ ω

θ

       
       = − −       
             

  (6.13) 

                            

 

Where 

0.76

0.24

2.4

d

 
 =  
    

The parameters for the 12/16 and 12/4 machine are listed in Appendix H.  
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7.3 Proposed Control Method 
 

The implementation of the controller can be made based on the group which has been 

assigned to the respective voltage level and speed. The dwell angle is obtained from 

the polynomial function according to the speed range. The selection of voltage level 

also depends on the speed range. The existing simulation platform has been modified 

to include the voltage selector circuit as depicted in Figure 7-14.  

 

The scheme is simple to implement since it does not include any complex circuitry. 

Based on the speed range, the controller will switch to its optimal voltage level that 

has been set. In this way, the machine can accommodate the change in wind velocity 

and provide the highest percentages of generated power. Figure 7-15 shows the result 

when a step input speed is applied. The input signal to the simulation model is 

represented using step input, triangular input and a combination of both which 

correspond well with the scheme proposed as depicted in Appendix I.  The proposed 

scheme adjusts to the required voltage level in order to provide high percentage of 

generated power.  

 

7.4 Verification Through Simulation 
 

The results are verified by comparing the optimal dwell angle obtained via the 

heuristic method against the ones obtained using both the Weibull and Ratkowsky 

model. The difference in the results obtained are tabulated in Table 7-3 and illustrated 

in Figure 7-16. Both models shows slight difference as compared to the parameters 

Speed, ω Volt

35rad/s <= ω 100V 

35rad/s < ω <

100rad/s
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Figure 7-14: Schematic diagram of the proposed controller 
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obtained from the simulation model. Thus, the results were further verified using the 

Kolmogorov-Smirnov (KS) test method. From the test, the Ratkowsky model was 

selected for this study due to its higher confidence value. The model also gives stable 

result during the low speed range as illustrated in Appendix G and Table 7-3. 

 

7.5 Conclusions 
 

Each of the variables such as the reference current, terminal voltage and firing angles 

has an effect on the performance of the machine in terms of generated power. The 

selection of the optimal control variables is made in terms of the highest percentages 

of power generated.  It provides a good balance between the excitation and generated 

power. 
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Figure 7-15:Simulation result of the proposed algorithm when a step input is applied. The speed range was 

tested at 45rad/s-55rad/s-100rad/s-55rad/s-35rad/s-100rad/s 

 

 

Table 7-3: Comparison of optimal dwell angle between the Weibull and Ratkowsky model with the simulation  

Speed 

(rad/s) 

Voltage 

(V) 

Tdwell  

Weibull 

Tdwell 

Ratkowsky 

Tdwell 

Simulation 

25 100 15.89 16.03 16 

35 100 19.17 18.99 19 

45 100 20.53 20.65 21 

55  150 19.74 19.74 20 

100 150 21.99 21.88 22 
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The shape of the phase current is dependent on the placement of the firing angles 

along the inductance profile. An optimal firing angle will provide a continuous 

overlapping of phase current. It also avoids the generating current from tailing off into 

the excitation of the next phase, thus reducing the build up of a positive torque. 

 

As for the voltage, it has been shown that during the low speed range, the use of high 

voltage level results in the current chopping mode and decreases the percentages of 

generated power.  Also, there exists an optimal voltage level which provides the 

highest percentages of generated power.  Therefore, the voltage can be grouped 

according to the speed range and selected to maintain the high percentage of 

generated power by operating the machine in single pulse mode thus avoiding the 

current chopping mode during the low speed range. Since the voltage level does not 

affect the percentage of generated power during the medium speed range, it is 

categorized in terms of the amount of power being generated by the machine. 

 

The most influential parameter affecting the generated power at all speed range is the 

firing angles whereas the voltage level only affects the lower speed range. From the 

analysis, the performance of the machine is categorised in terms of the percentage of 

power generated for the low speed range and amount of generated power for the 

medium speed range. Polynomial functions for the controller based on the firing angle 

and speed has been proposed.  
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Figure 7-16: Comparison of the dwell angle obtained between the Ratkowsky model and Weibull model with 

the simulation result at speed of 35,45,55 and 100rad/s 
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The controller is designed to operate the machine at its optimal performance based on 

the functions developed for each machine. This allows the machine to be selected 

according to the required application and tested before the development of the 

prototype saving costs and time.  
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CHAPTER 8  
 

CONCLUSIONS AND FUTURE WORK 

 

8.1 Conclusions 
 

An integrated simulation platform for the SRG operating in the low and medium 

speed range has been developed using the MATLAB/SIMULINK software. It has 

been demonstrated that the optimal performance in terms of the generated power of 

the machine is determined based on the overall SRG system.  

 

The structure of a three phase 12/8 machine which was previously used as a motor has 

been modelled using a two dimensional finite element analysis. All the possible 

winding configurations for the three phase four poles machine operating in the single 

phase and dual phase excitation has been analyzed. It has been demonstrated that the 

distribution of flux within the core will impact the performance of the machine in 

terms of generated power, torque production and losses. The NSNS polarity of the 

poles was proposed based on the winding configuration which produces the largest 

magnetization curve, whereas the NSNSNSNS and NNSSNNSS configuration was 

proposed for dual phase excitation. A better performance in terms of torque and losses 

was achieved by proper arrangement of the winding configuration. 

 

Using the simulation platform of the SRG, the control variables affecting both the 

excitation and generation stage based on the voltage across the phase winding was 

investigated. An extensive discussion on each of the variables and how it affects the 

generation stage has been put forward. The optimal operating point in terms of the 

ratio between the generation and excitation stage for each of the control variables has 

been determined based on the heuristic method. The highest percentage of power 

generation was found to be when the SRG operates during single pulse mode as 

opposed to the current chopping mode during low speed.  

 

The determination of the optimal variables poses several challenges as the machine 

operates based on pulsed signals. From the findings, two sets of current profiles are 
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identified; overlapping and non-overlapping of current during the low speed range and 

continuous current during medium speed operation. The non-overlapping current 

should be avoided as it will affect the operation of the machine by producing jerking 

motion. It was also shown that the continuous current mode is not suitable for the 

generating operation as it requires large excitation, which reduces the current in the 

generation stage.  

 

The optimal control variables has been selected and characterized based on the 

percentages of power generated while ensuring the overlapping of current. The 

nonlinear regression method; Ratkowsky model was used to relate these optimal 

variables with the percentage of power generated. A novel control scheme was 

proposed to operate the machine at its high performance using the single pulse mode 

during the low speed range.  

 

Based on the analysis performed on the various number of rotor poles machine, it was 

observed that the performance of the machine in terms of generated power relates to 

the magnetization curve. The change in the magnetization curve is affected by the 

change in winding polarity and also the number and width of rotor poles. Lower 

number of rotor poles provide large magnetization curve with a high inductance ratio. 

As the number of rotor poles increases, the inductance ratio decreases. In addition, a 

lower number of rotor poles have lower value of peak current thus; the volt-ampere 

(VA) requirement of converter circuit is reduced. The higher number of rotor poles on 

the other hand gives better torque profile as compared to the lower number of rotor 

poles machine. Therefore, a low number of rotor poles machine is suggested for 

application which requires high generation of power.  

 

 

8.2 Future Research Work 
 

The principal aim of this research was to integrate the overall drive system of the SRG 

into one single platform and analyse the performance of the machine during the low 

and medium speed range. The platform allows the designer to perform changes on the 

machine parameters without having to redesign the prototype circuit. This would save 
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time and costs incurred during the experimental stage. However, the comparative 

performance analysis of the machine was mainly based on simulations. Thus, an 

experimental analysis should be conducted to evaluate the effectiveness of the model. 

The hardware implementation of the system should include the induction motor as the 

prime mover, the 12/8 machine, controller, power supply used for supplying voltage 

sources to the controller, the converter which is composed of two MOSFETs and two 

normal recovery power diodes and battery set for excitation of the winding. 

 

In this research, the simulation was limited to using the existing machine and 

changing the number of rotor poles and polarity of the phase winding. It can further 

be extended to see the effect of changing the number of phases and number of poles 

per phase without altering the main geometrical structure of the stator.  

 

Furthermore, the performance of the machine is determined based on one cycle of 

operation. However, for a dynamic operation the current overlaps with each other, 

thus require further investigation that includes the calculation and effect of the 

overlap.  

 

A more advanced control system ought to be designed to extend the operation of the 

machine in both generating and motoring operation.  

 

Finally, the available simulation platform can be enhanced to provide a user friendly 

environment for the development of the machine through a graphical user interface 

(GUI) based application.  
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Appendix B 
 

Machine 2: 12/16 machine  
 

 

 

Machine 3: 12/16 machine having the same geometrical structure as the 12/8 

machine 
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Machine 4: 12/4 machine having the same geometrical structure as the 12/8 machine  
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Inductance profile of the machines under study 

 

Machine 1: 12/8 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Machine 2: 12/16 
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Machine 3: 12/16 with the same geometrical structure as the 12/8 machine 

 

 
 

 

 

Machine 4: 12/4 
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Appendix E 
 

 

 

Machine 2: Graph of magnetic flux density (T) against winding configuration for the 

12/16 machine during 2 phase excitation at rotor position of 15deg 

 

 

 

 

Machine 4: Graph of magnetic flux density (T) against winding configuration for the 

12/4 machine during 2 phase excitation at rotor position of 15deg 
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Appendix F 
 

Current profiles for each of the machines taken during the medium speed range 

 

 Machine 1: 12/8 taken at its optimal firing angles at 200rad/s 

 

 

  

 

 

Machine 2: 12/16 taken at its optimal firing angles at 200rad/s 
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 Machine 3: 12/16 having same structure as the12/8 machine taken at its optimal firing 

angles at 200rad/s 

 

 

 

 

 

Machine 4: 12/4  machine having the same structure as the 12/8 taken at its optimal firing 

angles at 400rad/s 
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Appendix G 
 

12/8 machine. Optimal dwell angles at 100V 
 

Weibull 
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Appendix H 
 

Ratkowsky Model 

                            

Machine 1: 12/8 machine Machine 3: 12/16 machine having the same geometrical structure as the 12/8 machine

a b c a b c

50V 23 -0.5277 0.03 50V 11.06 -0.017 0.038

100V 22.17 1.1 0.08 100V 10.6 0.366 0.05

150V 22 1.54 0.067 150V 10.5 0.427 0.054

325V 10.71 1.95 0.073

500V 10.86 2.29 0.059

Machine 2: 12/16 machine Machine 4: 12/4 machine having the same geometrical structure as the 12/8 machine

a b c a b c

50V 11.02 0.12 0.06 50V 43.96 0.357 0.0173

100V 11.02 0.12 0.06 100V 42.45 1.13 0.03

150V 11 1.47 0.099 150V 42.54 1.657 0.033

325V 11.02 1.56 0.06 325V 43.07 1.77 0.018

500V 10.97 1.38 0.039 500V 44.34 1.87 0.012

Coefficients Coefficients

CoefficientsCoefficients

Voltage (V) Voltage (V)

Voltage (V) Voltage (V)
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Weibull Model 

 

Machine 1: 12/8 machine Machine 3: 12/16 machine having the same geometrical structure as the 12/8 machine

a b c d a b c d

50V 23 13.47 0.086 0.755 50V 11.39 190674 8.21 0.09

100V 22.25 30599 3.87 0.244 100V 10.64 14.42 0.14 0.74

150V 22 13.52 0.00015 2.36 150V 10.51 9.19 0.045 0.996

325V 10.72 11.81 0.0073 1.43

500V 10.89 11.97 0.0042 1.44

Machine 2: 12/16 machine Machine 4: 12/4 machine having the same geometrical structure as the 12/8 machine

a b c d a b c d

50V 11 3.02 0.0004 2.17 50V 45.45 67.45 0.172 0.524

100V 11 3.02 0.0004 2.17 100V 43.69 74.77 0.15 0.58

150V 11 30413.5 3.75 0.28 150V 42.65 38.28 0.0023 1.416

325V 11 7.71 0.0005 2.02 325V 43.08 35.91 0.000224 1.69

500V 11 11.63 0.016 1.08 500V 45.24 39.29 0.000233 1.55

Coefficients

Voltage 

(V)

Coefficients

Voltage (V)
Coefficients

Voltage (V)
Coefficients

Voltage 

(V)
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Appendix I 
 

12/8 machine 
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