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LL  Leakage inductance matrix. 

𝑁̅  Vector of the winding functions.  
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𝑁𝐸
̅̅̅̅   Vector of the equivalent winding functions. 

R  Resistance matrix. 

Radd Additional resistance matrix used to simulate the load 

conditions in the Matlab-Simulink model. 

 

𝛹̅  Vector of the fluxes linking with the machine phases.  

𝛹𝑀
̅̅ ̅̅  Vector of the main fluxes (i.e. not leakage) linking with the 

phases.   

𝛹𝐿
̅̅̅̅   Vector of the leakage fluxes. 

 

Coil1_20 Coil used in the circuits coupled with the FE model: it 

represents the series of 20 coils. 

Coil1_8//1_8 Coil used in the circuits coupled with the FE model: it 

represents the parallel of two groups of 8 coils in series. 

CoilR Coil used in the circuits coupled with the FE model: it 

represents the series of the field winding coils. 

Coilb_i Coil used in the circuits coupled with the FE model: it 

represents a single (solid) damper bar. 

 



xxix 

 

Abstract 

In the field of power generation, the wound-field synchronous generator has a 

well consolidated history of utilisation, mainly due to its proven and excellent 

performance. Nevertheless, due to the ever-increasing requirements in terms 

of power quality, efficiency, grid compliance and manufacturing costs, there 

is interest in renewing the design of this electrical machine, also allowed by 

the recent advancements in the computational resources. 

In this thesis, an unconventional, modulated damper cage topology for 

salient-pole synchronous generators is proposed in order to address the 

requirements inherent to the power quality (by improving the total harmonic 

distortion of the output voltage), the efficiency (by reducing the damper cage 

associated losses) and the manufacturing costs and times (by achieving an 

un-skewed stator core structure). In order to achieve these objectives, a suite 

of innovative modelling techniques are proposed and validated in this work, 

including hybrid numerical/analytical models, a new methodology to model 

skewing in an accurate and fast manner and specific optimisation 

methodologies for synchronous generators. 

In this work, these tools are then used to propose improvements to 

synchronous generators through new configurations of the damper winding. 

The thesis focuses on two main platforms, namely 1) a 4MVA generator, 

where the modulated damper bars are shown to improve the losses and the 

THD of the system and 2) a 400kVA generator, where it is shown how 
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through a new damper winding configuration, the traditional skewing of the 

stator can be removed without compromising the machine performance in 

any way. 
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Chapter 1  

Introduction  

The Cummins Innovation Centre (CIC) is a £5M research framework, funded 

by the power generation company Cummins Generator Technologies (CGT) 

and hosted within the Power Electronics, Machines and Control (PEMC) 

Research Group at the University of Nottingham (UoN). This framework is 

aimed at achieving seamless and efficient academic/industrial interaction 

with main focus on research related to one of the most important market 

products for Cummins, namely the power generating set (gen-set).  

The main component of the gen-set is arguably the main alternator. In 

Cummins gen-sets, this usually takes the form of a classical, wound-field, 

salient-pole synchronous generator (SG). In recent years, the CIC has 

invested significant research effort aimed at improving the performance, 

reducing the cost and simplifying the manufacturing processes of this 

consolidated machine technology, in order to achieve more efficient, 

effective and flexible products. This is also due to the ever-increasing grid 

compliance requirements in terms of power quality and efficiency. 

The energy sector has long implemented and utilized the SG as a main source 

for power generation. In earlier times, when power generation and usage was 

implemented only at local levels, the sector was mainly dominated by the 

dynamo (direct-current machine). However, starting from the late 19th 

century, as long distance power transmission and distribution developed (in 
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parallel to improvements in insulation systems permitting higher voltage 

levels and thus improved long distance transmission capability), the 

importance of the SG as the optimal power generation device came to the 

fore [1].  

The year 1891 saw a major milestone in terms of SG technology, when for 

the first time three-phase AC power was generated and then transmitted for 

175km. This was achieved by a 210kW hydro-generator designed to provide 

95V line-to-line, which was stepped up by a three-phase transformer to 15kV 

for transmission purposes. The overall efficiency of the system was 96.5% 

and consisted of a salient pole SG [1]. 

As more advanced systems evolved, including the advent of the steam 

turbine, a new class of SGs surfaced. In particular, the high centrifugal forces 

caused by high speed rotation made the salient-pole rotors unsuitable for such 

purposes and this led to the development of the cylindrical rotor. 

Nevertheless, for low-to-medium speed applications, salient-pole SGs still 

represented the predominant choice in power generation and, nowadays, they 

are almost exclusively used for such purposes. 

The social and economic growth of the 20th century forced the sector to enter 

a new age in terms of power generation and machine design in general. More 

stringent regulations and the need for efficient and economic systems set the 

scene for improvements in the design of SGs, especially in terms of loss 

reduction, more efficient cooling, new insulation materials, better mechanical 

design and application specific steels, leading to the modern machines we use 
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and know today. However it is very important to note that all the advances in 

power generation technologies, including the SG development of the last 

century, have always been strictly incremental, with no significant disruptive, 

game-changing advancements being made in the last 50 years or so. In fact, 

most SG design and development philosophies still in use today are mainly 

based on techniques and processes developed in the 1950s and 60s. The turn 

of the 21st century with its push towards greener and more efficient systems 

(resulting from the economic and ecological requirements), has accelerated 

the need for new, advanced design philosophies. 

In fact, today, as power quality standards, efficiency and grid compliance [2-

6] become so demanding and constraining, there is an enormous interest in 

revamping the design and development of such classical machines. This 

industry pull towards ‘better and improved’ SGs is also enabled by the 

technology push resulting from recent advances in materials, manufacturing 

techniques and better system level integration processes. Also, significant 

improvements in computational resources and capabilities are allowing the 

utilisation of modern techniques and tools such as finite element (FE), 

analysis platforms, multi-physics modelling [7] and virtual prototyping [8]. 

The use of these advanced, modern design and development techniques 

enables the achievement of today’s stringent requirements. 
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1.1 Project description 

Its long history and proven performance capability makes the wound-field, 

salient-pole SG, the natural choice when an efficient and reliable electrical 

machine is required for generation applications. Being such a consolidated 

technology, a wealth of literature exists stemming from the long years of 

utilisation of these machines. However, it is also true that in terms of design 

and analysis, the wound-field SG remains one of the more academically 

interesting and complex electrical machines, with lots of opportunities for 

challenging and stimulating research. 

This work will therefore focus on improved designs aimed at enhancing the 

electromagnetic performance, the thermal management and the 

manufacturing process of SGs. Two products from CGT’s current product 

range, known as the DIG142 and the HC4 will be considered and these and 

their respective main challenges are introduced below. Although focus will 

be given to these specific platforms, the concepts, the models and the 

methodologies proposed in this thesis can be broadly exploited for various 

applications and electrical machines.    

 The DIG142 and its main design challenge  

The DIG142 is a 4MVA machine and a general picture of the frame enclosing 

the whole gen-set is shown in Fig. 1 below.  
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Fig. 1 – The DIG142 alternator. 

More detailed technical data, specifications and operation parameters will be 

given later in the thesis, but it is important to mention that an identified 

design improvement opportunity is related to the machine’s thermal 

behaviour and limitations, more specifically on its rotor. From relevant 

studies, it has been identified that a major contributing factor to this 

challenge is the loss generated in the bars of the damper cage, which is 

located on the rotor. Thus, innovative techniques aimed at addressing this 

design challenge for this machine will be proposed and investigated in this 

thesis. 

 The HC4 and its main design challenge  

The HC4 is a 400kVA machine and a general picture of the frame enclosing 

the whole gen-set is shown in Fig. 2 below. This is a very important machine 

from a CGT business perspective with sales amounting to $368M over the 

last decade.  
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Fig. 2 – The HC4 alternator. 

As for many other SGs and various electrical machines, this product employs 

an operation-enhancing technique known as skewing of the core(s). Skewing 

of the cores in general means that the stator and/or the rotor are assembled 

with an appropriate angular offset along the axial length. The main purpose 

of such a design feature is that it can significantly reduce the air-gap flux 

density oscillations due to the tooth harmonics. This in turn results in notable 

improvements in the quality of current, voltage and torque waveforms. 

However, it is also well-known that skewing may result in a deterioration of 

the general performance of an electrical machine, such as the reduction in the 

output voltage available at its armature terminals as well as the torque 

available at its shaft [9]. Skewing can also negatively affect the 

manufacturing process, resulting in more time consuming and expensive 

procedures. Thus, reduction or elimination of skewing is a highly desirable 

factor for such market-oriented systems, where cost and performance are of 

critical importance. In-depth analyses of these aspects are included in this 
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thesis. New methodologies to address these design challenges are proposed 

and validated.  

 Proposed solution(s) 

Considering the identified issues highlighted above for the DIG142 and the 

HC4 generators, it is clear that there is a lot of potential for efficiency and 

power quality improvements as well as for cost reduction. In particular,  

1) The DIG142 study aims at reducing the losses associated with the 

damper cage, allowing for potential improvements of the overall 

efficiency of the machine and at the same time reducing the resulting 

rotor temperature. This needs to be done without compromising the 

power quality constraints of the machine and/or the generator’s 

performance in dynamic conditions. 

2) The HC4 analysis is aimed at achieving an un-skewed stator 

topology, allowing for a significant simplification of the 

manufacturing industrial processes which in turn leads to reductions 

in manufacturing cost and production time. This needs to be done 

without compromising the quality of the SG operation and waveforms 

(i.e. meeting standard power quality constraints).  

From all the above observations, it can then be perceived that this work is 

very much dedicated and focused on a critical component of wound-field 

SGs, namely the damper winding (or damper cage) located on the rotor. A 

detailed introduction and overview of the nature, role and performance of 

damper windings is given in Chapter 2. It is the aim of this project to address 
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the design challenges of the machines described above through new and 

innovative techniques and methodologies associated with the design of this 

additional winding.  

Traditionally, for salient pole SGs, the bars of the damper winding are 

symmetrically distributed around the rotor poles. This thesis proposes a 

‘departure’ from this conventional topology and is built around the 

innovation spawned from a customised positioning of the bars, which can be 

named as the concept of employing a modulated bar pitch [10]. This concept 

is illustrated in Fig. 3, where an example of a customised modulation of the 

bars can be easily observed.  

 

Fig. 3 – Modulated damper bar concept. 

For the DIG142 machine case study, it is postulated that a carefully-chosen, 

irregular bar pitch can interact with the stator open slot structure in such a 

way that the air-gap parasitic harmonics are attenuated, allowing to 

significantly reduce the losses in the damper winding, whilst maintaining the 

voltage total harmonic distortion (THD) at an acceptable limit.  

The same concept of attenuating the “slot harmonics” through customised 

modulation of the damping bars can also be applied to the HC4 machine in 

order to address the challenge of achieving a ‘skew-less’ design that still 

complies with the set THD values of the machine.   
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Considering the different power rating of the two considered CGT’s 

alternators and the dissimilar nature of the relevant challenges, it is clear that 

the modulated damper bar concept can be applied to any SG equipped with 

such rotor winding.  

It is important to note that the concept of having asymmetrical or modulated 

windings is not a completely new philosophy. Some efforts (albeit quite 

limited) have been recorded, mainly focusing on the design of the stator 

windings in induction machines [11]. However, to the author’s knowledge, 

no such methodology has ever been applied to address losses and THD 

improvements in salient-pole SGs. The application, the design space and the 

overall system being proposed and investigated in this thesis comes with a 

completely different context, solutions and required analyses than for an 

induction machine (IM) situation. 

1.2 Aims and objectives 

As outlined in the above introductory sections, this thesis is focused on 

achieving a marked performance improvement in SGs, even though this is a 

family of machines which is very well-known and established. This is 

achieved through the development of advanced analytical, numerical and 

hybrid tools for electromagnetic analysis and the implementation of GA-

based optimisation approaches aimed at obtaining optimal solutions. As 

platforms for investigating the accuracy and validity of these tools, two 

alternators are considered, namely the DIG142 and the HC4, which are in the 

4MVA and 400kVA power range, respectively.  
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A major part of this work is thus focused on the analysis, modelling and 

testing of the DIG142 SG, whose performance will be improved by achieving 

an optimal damper winding design consisting in modulating (i.e. 

repositioning) the damper bars. Innovative analytical and numerical tools, 

based on virtual prototyping and optimization techniques, will be described, 

implemented and used to reduce the losses associated with the damper 

winding, while keeping the THD of the output voltage and the dynamic 

parameters of the generator within acceptable limits. These tools, once 

validated, will be then used to achieve another challenging target, i.e. a skew-

less SG, which will make up the most significant part of this thesis. For this 

purpose, the skewed HC4 machine will be considered, its performance will 

be analysed and validated against experimental measurements and, finally, a 

skew-less solution will be proposed by applying the same modulating 

technique to the damper cage of the SG. To this end, the performance of a 

prototype built on-purpose will be compared with the baseline machine, 

showing the feasibility of an un-skewed stator for SGs without significantly 

compromising its power quality.  

The main novelty proposed in this thesis consists in the concept itself of 

unconventionally displacing the bars of the damper windings of SGs. This is 

perceived as having significant effects of a multi-disciplinary nature, 

including electromagnetic (i.e. improving the power quality), thermal (i.e. 

reducing rotor losses and temperatures) and manufacturing (i.e. simplifying 

the relevant processes) aspects. In particular, the implementation of a 

modulated damper cage can allow to meet the power quality requirements 
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without resorting to the skewing, potentially leading to game-changing 

opportunities in the field of such classical machines. This is especially true in 

relatively low-to-medium rated alternators, where historically skew of the 

cores has always been implemented to meet such stringent requirements. 

Additional novelties of this work are represented by the analytical, numerical 

and genetic algorithm (GA) based modelling techniques developed and 

implemented to achieve optimal solutions, aimed at improving SGs’ 

performance and the overall efficiency of the whole gen-set. 

In summary, the main aim of this project is to investigate the proposed 

damper bar modulation technique and consolidate the improvements in terms 

of performance, power quality, cost and manufacturing that it can potentially 

result in, when implemented in SGs. In order to achieve this aim, a number of 

objectives and deliverables were identified at the start of the project and these 

include 

1) Build a comprehensive understanding of wound-field SGs, with 

particular focus on 

a. the damper winding and its effects on losses and THD; 

b. the stator skewing and its effects on THD and overall 

performance. 

2) Propose and develop a new modelling approach based around 

combining analytical-numerical techniques that will allow for 

accurate but time-efficient modelling of the machines (DIG142 and 

HC4) in question. 
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3) Validate these models against experimental results carried out on the 

current version of the considered platforms. 

4) Propose and investigate new ways, based around improved damper 

cage configurations relative to the modulated bar technique that will 

allow 

a. improvements in the damper bar losses and the no-load 

voltage THD for the DIG142 SG; 

b. the removal of the stator skew, without compromising the 

power quality and efficiency compliances for the HC4 

alternator. 

5) Confirm the validity of the proposed technique by building and 

testing a skew-less HC4, that even without skew would have at least 

the same performance as the original, skewed HC4. This will then 

prove the validity of the proposed modulated bars concept and 

confirm the feasibility of a skew-less, power quality compliant, 

400kVA SG. 

1.3 Thesis outline 

The thesis structure is organised in such a way to report all the logical 

passages and steps of the methodology followed towards the completion of 

the objectives of this project. 

Chapter 1 introduces the project by highlighting the required applications, 

providing relevant background and outlining aims and objectives of the 

project. In Chapter 2, these concepts are strengthened through a review of 
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existing methods in terms of design, modelling and analysis of SGs, with 

special focus on the damper cage loss reduction and the skewing as a method 

to improve the power quality. An in-detail description of the features of the 

considered alternators concludes this chapter and this first part of the thesis. 

The knowledge gained from the literature review is used in Chapter 3 and 

Chapter 4 to develop and implement fast and accurate analytical and FE 

models of the studied platforms. The models are then validated against 

available experimental measurements. 

Having validated these modelling techniques, then the thesis goes into the 

‘heart’ of the whole work, which is represented by Chapter 5 and Chapter 6. 

In Chapter 5, the validated models are used to achieve a full understanding of 

the roles and effects of the damper cage for both SGs by performing accurate 

sensitivity analyses on a number of parameters. The knowledge gained here 

is then applied in the most important chapter of all, namely Chapter 6, where 

the new designs of the damper windings for both SGs relative to their 

respective needs/aims are presented. These designs follow a detailed 

optimisation procedure in light of achieving the afore-mentioned objectives 

of 

1) significantly reducing the damper cage losses in the DIG142, while 

keeping the voltage THD within the requirements; 

2) achieving a voltage THD lower than 3% [12] in the HC4 even without 

resorting to the skewing, with no deterioration of the machine 

performance. 
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Experimental validation is then performed on the HC4 prototype. A 

prototype equipped with a skew-less stator and a modulated damper cage 

rotor is manufactured. The manufacturing aspects of this prototype are 

discussed and the results from the experimental testing are then presented and 

compared with the predicted results in Chapter 7. It is worth noting that it 

was not possible to manufacture a new 4MVA DIG142 prototype due to the 

costs and time-lines involved. 

Chapter 8 concludes this thesis, by presenting overall discussions and further 

work to be done in the related applications. 
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Chapter 2  

Literature review 

This chapter deals with the literature review carried out for preliminary 

investigation of the challenges related to this project which were introduced 

in Chapter 1. In particular, focus is given to the review of the methods aimed 

at improving efficiency and power quality in SGs, which have been the 

matter of research in recent literature.  

However, given the aims and objectives of this work listed in Section 1.2, the 

literature survey does focus on the damper cage and on skewing techniques, 

when implemented onto SGs in order to comply with the efficiency and 

power quality requirements mentioned above. 

2.1 Introduction 

As higher power density and efficiency levels are being required, many 

improvements options have been proposed over the last century or so. In this 

context, several aspects such as the thermal management, different winding 

configurations, the rotor pole shape and the damper cage topology have been 

widely considered.  

It is well known that the thermal performance of an electric machine has a 

great effect on the insulation material’s lifetime [13]. In fact, reduced 

temperatures usually result in improved efficiencies and increased machine 
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lifetimes [14]. Improved cooling systems can allow to push the temperatures 

to the highest limits, resulting in augmented power densities [15, 16]. Also, 

strategies relative to the stator winding configuration are known to be of 

significant impact on the general performance of these machines, in particular 

on the output voltage waveform [17-21]. The geometry of the stator slots and 

rotor poles can also affect the performance of electrical machines in terms of 

power quality and efficiency. In [22], the geometry of the stator slots has 

been optimized in order to achieve the optimum torque production while 

minimising the total amount of loss in the machine. In addition, the geometry 

of the rotor poles plays a very important role on the airgap flux density [23] 

when specific space harmonics need to be eliminated, although this comes at 

the cost of an increased leakage flux [17]. A review of all these methods 

utilised as options to increase power density, efficiency and power quality in 

SGs is given in [24].  

Finally, the damper winding design and the rotor and/or stator skew has been 

extensively shown to be of a great effect on the overall performance of SGs. 

As these techniques represent the main aspects investigated in this work, the 

related literature surveys are treated separately in the following sections. The 

relevant background is described below, with the aim of highlighting 

features, benefits and drawbacks of such aspects. 
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2.2 The damper cage 

Most synchronous motors and generators are provided with a damper 

winding. Although this damper cage winding, also called amortisseur 

winding, is usually designed for guaranteeing the power system stability [25, 

26], it also affects the machine behaviour under different operating 

conditions, including the steady-state operation. Due to its proven role in 

classical SGs, this section focuses on the description of various damper cage 

topologies conventionally used in alternators and on the purposes of this 

additional winding, highlighting benefits and drawbacks. Finally, recent 

advancements in this field are also given. 

 Conventional damper cage in synchronous generators 

The damper cage in wound-field, salient-pole, SGs consists of longitudinal 

bars placed in slots in the pole faces and connected together at each end. The 

end conductors in a “complete” damper winding (Fig. 4) are usually 

represented by relatively low-resistance rings connecting the bars of all the 

poles, while in an “incomplete” damper winding (Fig. 5) each group of bars 

embedded into the same pole is electrically insulated (i.e. not connected or 

realised through high-resistance paths) from each other. Complete damper 

windings are similar to the squirrel cage of an IM. Although it is preferable to 

equip generators with incomplete dampers in applications where the 

peripheral speeds are high, a complete configuration is usually implemented 

for its superior electrical performance. Besides this structural-based 

differentiation, the damper cage can be classified also according to its 
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resistance and inductance, whose values are chosen depending on the 

applications the synchronous machine is designed for. 

 

Fig. 4 – Damper winding with connected end rings between adjacent poles [27]. 

 

Fig. 5 – Damper winding with non-connected end rings between adjacent poles [27]. 

 Benefits and drawbacks 

The main reasons for providing a damper cage on salient-pole SGs, as 

summarized in [27], are 
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 providing starting torque for synchronous motors, condensers and 

converters;  

 suppress “forced” hunting due to the pulsating torque of the driving 

engines or particular loads; 

 suppress “spontaneous” hunting that occurs when synchronous 

machines are connected together by circuits having a high 

resistance/inductance ratio; 

 damping oscillations caused by unforeseen and/or irregular events and 

shocks, such as short-circuits or switching; 

 damping oscillations due to speed response inequalities of excitation 

systems of generators of the same power station; 

 balancing terminal voltages of the machine phases during unbalanced 

loading by decreasing the negative-sequence voltage; 

 preventing overheating of the pole tips of single-phase generators 

from eddy currents induced by sustained negative-sequence armature 

currents; 

 providing braking torque on a generator during an asymmetrical fault, 

i.e. reducing the accelerating torque during the fault; 

 providing additional torque for synchronizing generators; 

 reducing the stress on the insulation of the field winding during 

current surges in the armature windings; 

 preventing distortion of voltage waveform; in other words, to 

suppress harmonics. 
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The above features of the damper winding, presented as beneficial for the 

generator performance, usually incur the cost of induced voltages and thus 

currents in the bars themselves. This in turn produces additional losses in this 

winding, mainly due to the presence of parasitic harmonics in the air-gap flux 

density. As stated in [28], these harmonics are generated by the following: 

 Tooth-ripple, due to the open slot structure typical of high-voltage 

machines. 

 Armature reaction magneto-motive force (mmf), which causes 

parasitic harmonics on the rotor surface when currents flow in the 

stator windings. 

 Unbalanced air-gap, which can induce high bar currents. 

All the above confirms the worth of investigating into the design, analysis 

and modelling of this amortisseur winding, with the aim of finding improved 

designs which potentially allow, for the particular purposes of this project, 

for a minimisation of the induced ohmic losses, while still maintaining or 

even improving the winding capability of suppressing harmonics. 

 Review of methods 

Traditionally, the design of damper windings has been done by means of 

conventional methods which combine theoretical and empirical techniques. 

Early works focused on the prediction of the damper-bar currents with the 

classical dq equivalent circuit approach [29, 30]. With the same purpose, 

permeance models based on Fourier expansion techniques are used in [31] 

and [32]. In [28] an innovative numerical integration method is proposed and 
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also compared with the traditional dq-axis approach with very positive 

results. Although the worth of these traditional techniques is well known and 

consolidated, with the recent advancements in computational capabilities, a 

significant shift towards numerical methods, such as FE and computational 

fluid dynamics [14, 15], allows for improved accuracy and extra degrees of 

freedom in the design process. Due to this, today there is an increasing 

interest in the damper winding designs (and SGs in general [19]), as this can 

be very beneficial to the overall SG performance. This is very important 

especially when considering the possibility to investigate the machine 

operation both in steady-state and in transient conditions. In particular, 

complete and incomplete damper windings are analysed in [33] and [34], 

showing that complete end connections lead to higher slot ripple harmonic 

amplitudes. In [35-37], FE analyses are used to predict and optimize the no-

load voltage waveform. For example, [16] shows how improvements in the 

voltage output shape are achieved by inducing additional currents in the bars 

of the damper winding at the cost of increased losses and thermal issues. In 

[38], a sensitivity analysis on how the damper cage parameters affect 

associated losses and voltage THD is carried out, showing that these can be 

improved by increasing the distance of the damping bars from the airgap (i.e. 

moving the bars along the radial direction) and by shifting the cage around 

the polar axes (i.e. moving the bars along the tangential direction). 

 Final considerations 

Although a number of techniques to improve the overall SGs performance 

has been widely presented in literature, the main objective of this work is to 
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provide an alternative solution to the state-of-the-art. In this context, an 

innovative damper cage topology is proposed to reduce the power loss 

associated with this winding at steady-state operation while keeping the no-

load voltage THD under permissible limits. The proposed techniques are first 

considered on an existing machine platform in the form of a 4MVA SG (i.e. 

the DIG142). The SG in question is presented in Section 2.4.1, where it will 

be seen how this machine is an ideal vessel for the proposed work.  

 

2.3 Skewing and its effects and roles 

The positive effects of implementing various methods of skewing in 

electrical machines (to improve the general quality of operation) are well-

known throughout the machines and drive community. Providing the stator 

and/or the rotor of an electrical machine with an appropriate angular offset 

along the axial length can significantly reduce the air-gap flux density 

oscillations due to the tooth harmonics. This in turn results in notable 

improvements into the quality of current, voltage and torque waveforms. 

However, as mentioned above in Section 1.1.2, it is also well-known that 

skewing does produce some drawbacks, from both an electromagnetic and 

manufacturing points of view. In the next sections, an overview of how 

skewing is implemented in various electrical machines and how this is 

typically modelled is presented. 
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 Skewing in various machines 

The influence of axial skewing in IMs has been widely investigated [39-42]. 

In general, IMs usually employ skew in the rotor bars rather the stator slots in 

order to simplify the manufacturing processes. On-going research related to 

IMs includes investigations on the magnetic noise and the electromagnetic 

forces caused by skewing, as described in [43] and [44], where novel rotor 

structures are proposed at the cost of increasing manufacturing times and 

costs. The non-uniformity of the flux density axial distribution and the loss 

behaviour of a high-rated IM are investigated in [45]. 

In the field of permanent magnet (PM) machines, the analysis of skewing and 

its effects has also been widely dealt with, in particular for low speed 

applications, where high torque quality is often required. In such cases, 

skewing the stator slots or the PMs themselves [46, 47] can result in a 

significant reduction of the cogging torque component [48-52], which in turn 

produces improvements in the quality of the on-load torque. The challenge of 

minimising the torque pulsations has been dealt with in different types of PM 

machines in recent works. For example, [53] has shown that skewing in 

regular steps does not achieve significant improvements in the torque ripple 

of surface-mounted PM machines. An improved skewing method is presented 

in [54], where a spoke-type interior PM machine is optimised for torque 

ripple minimization without compromising the available average torque. An 

asymmetrical, bidirectional magnet skewing technique is instead proposed in 

[55], for a modular multi-stage axial-flux PM machine. An authoritative 
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review of magnet skewing techniques for double-rotor axial-flux disk motors 

is provided in [56].  

In recent years, significant effort related to improving the torque quality in 

the field of synchronous reluctance motors (SRMs) has also been registered 

[57, 58]. In  particular,  the benefits  of  skewing  the  rotor,  in  combination  

with  an appropriate stator winding design, are highlighted in [59]. In [60], it 

is highlighted how the torque ripple of a SRM can be further reduced if the 

skew is applied to an optimal asymmetric rotor structure. The three-

dimensional (3-D) effects associated with skewing are examined in [61], 

where it is shown how end-effects and axial interactions between skewed 

steps can considerably deteriorate the torque ripple effects in SRMs. 

 Skewing in synchronous generators 

A very important field which for historic reasons has never fully considered 

the importance of skewing is that related to the area of salient-pole SGs. As 

mentioned above, special focus is today being given to the THD of the output 

voltage of such electrical machines. For example, while [10], [24] and [38] 

show how the THD can be improved and optimised without resorting to 

skewing techniques, the work in [31] investigates how the choice of an 

optimal skew angle, combined with an increased air-gap thickness, can 

reduce the noise level within the standards and improve the THD in a hydro-

generator. The study performed in [31] also aims to achieve an understanding 

of how the field distribution, the damper cage currents and the rotor pole face 

losses are affected by stator skewing and provides a wide range of 
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experimental data at no-load and full-load operations. In [62], a detailed 

analysis of a tubular SG is carried out in order to investigate the effects of 

stator skewing on the voltage waveform and the damper cage loss. For the 

same aspects, large SGs with an axial skew are analysed in [63] and [64]. 

Considering all the above, it is clear that skewing in SGs is rapidly becoming 

an important design aspect. While traditionally it has been very roughly 

implemented, today skewing and its effects need to be considered from a 

very early design stage and to an appropriate level of detail.   

 Review of methods 

In this context, predicting the skewing’s effects in a fast and accurate way is 

thus very important in the design routine of an electrical machine, in 

particular when heavy design iterations are required. Classical approaches for 

modelling skewing consist in 3-D calculations of air-gap permeances which 

also include axial field variations [65]. Fully analytical models (that consider 

skew and its effects) have also been proposed by implementing the winding 

function method [66] and the subdomain modelling technique [67, 68]. With 

recent improvements in computational capabilities and modelling accuracy 

allowed by numerical methods, a number of hybrid analytical/FE techniques 

have been proposed [63, 69, 70] as well as purely FE models [71]. A 

common approach is to use the multi-slice (MS) technique [39-41, 72, 73], 

which comprises the creation of a number of cross-sections of the machine 

along its axial length and the simultaneous simulation of these slices. The MS 

approach has been proposed in [73] in order to overcome inaccuracies 

resulting from averaging processes in machines with short-circuited cages, 
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i.e. IMs and SGs. Such a study also shows how averaging processes can be 

used for SGs if the magnetic field does not significantly change along the 

axial direction. In [74], the MS method has been extended to a magnetic 

equivalent circuit model and a constraint is imposed to ensure that axial 

currents are equal in each slide. Although all these techniques are very 

accurate, they come at the cost of high computational resources which are not 

suited for iteration-heavy designs. 

 Final considerations 

Considering all the above, it can be clearly deduced that  

 predicting skewing effects in a fast and accurate way is very 

important in the design routine of an electrical machine; 

 removing the skewing allows for improvements in the overall SG 

performance and leads to more economical design solutions. 

An improved damper cage topology is proposed not only for the DIG142 but 

also for the HC4 alternator, with the aim of eliminating the stator skewing of 

such machine. While for the DIG142, 4MVA SG, the voltage THD represents 

a secondary objective, here the proposed techniques aim at achieving a power 

quality compliant machine, thus resulting in this critical parameter being 

considered as the main goal for the study relative to the HC4.  

The considered DIG142 and HC4 alternators are described in detail in the 

next section in order to provide all the relevant features necessary for the 

implementation of the analytical, hybrid analytical-numerical and fully 
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numerical (i.e. FE) models of electromagnetic analysis which will be focus of 

the next chapters. 

2.4 The considered platforms 

In this section, a detailed description of the DIG142 and the HC4 generators 

under study is given. All the features related to the geometry, the windings’ 

structure and the ferromagnetic materials of these machines are listed to 

provide all the information necessary for modelling and analysis purposes. 

 The DIG142 

The DIG142 is an alternator utilised in several applications (e.g. power plant, 

oil & gas, continuous power and standby). The machine has a rated apparent 

power of 4MVA at 0.8 power factor. The generator is designed to provide a 

three-phase output voltage of 11kV at 50Hz, achieved with Y-connections of 

the armature phases. Some of the major features of this SG are as follows: 

 the stator is laminated and has an open-slot structure;  

 the number of slots-per-pole-per-phase is 5 with a double-layer 

winding structure; 

 the stator coils are grouped in 2 parts, having different number of 

turns to reach a certain desired magneto-motive force; 

 there are no parallel circuits on the stator windings; 

 the stator core is equipped with radial ventilating ducts along the axial 

direction; these reduce the active material of the machine but improve 

cooling and airflow; 
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 the rotor is laminated and made  from the same electromagnetic steel 

as the stator laminations; 

 the number of rotor pole pairs is equal to 2; 

 the ratio between the rotor diameter (in correspondence of the 

minimum airgap) and the axial length is 0.5; 

 the damper cage on the rotor is displaced around the polar axis in 

alternating directions on each pole, in order to improve the harmonic 

content of the output voltage waveform in the absence of rotor or 

stator skewing; 

 the number of damper bars per pole is equal to 10; 

 the damper cage end connections are created by press plates made out 

of aluminium, i.e. laminations thicker than the rotor ones.  

The two-dimensional (2-D) cross-section of the stator and rotor of the 

DIG142 are respectively shown in Fig. 6 and Fig. 7, where most of the 

features described above can be observed. 

 

Fig. 6 – Open slot structure of the DIG142 stator lamination. 
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Fig. 7 – Rotor topology with damper cage displaced around the polar axis. 

 The HC4 

The HC4 is a salient-pole SG with a rated apparent power of 400kVA and a 

rated voltage of 400V, at 50Hz and at 0.8 power factor, achieved with Y-

connection of the armature phases. Some of the features of the considered SG 

are as follows: 

 the stator and the rotor have a laminated core and are made of the 

same electromagnetic steel;  

 the stator is skewed by one slot pitch allowing to mitigate the slot 

harmonics on the output voltage waveform; 

 the number of slots-per-pole-per-phase is 4 with a double-layer 

winding structure; 

 the stator winding is short-pitched by 4 slots, to eliminate the third 

harmonic on the phase-to-neutral voltage, as the generator is also 

designed to operate under single-phase conditions; 

 the number of parallel circuits on the stator windings is 2; 
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 the stator slot opening has an angular span which is about half of that 

of the slot pitch; 

 the rotor is such that the airgap is constant along the entire angular 

span of the pole shoes; 

 the angular pole span covers the 75% of the whole pole pitch; 

 the number of rotor poles is equal to 4; 

 the ratio between the stator outer diameter and the axial length is 1; 

 the rotor is equipped with a damper cage symmetrically displaced 

around the polar axes; 

 the number of bars per pole is 6; 

 the damper cage end connections are created by press plates made out 

of aluminium, i.e. laminations thicker than the rotor ones.  

The 2-D cross-section of the HC4 is shown in Fig. 8, where some of the 

features described above can be observed.  

 

 

Fig. 8 – 2-D half view of the HC4 stator and rotor laminations. 
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 Summary 

Section 2.4 presented the major design features of the generators used as 

vessels to investigate the challenges related to this Ph.D. project. Due to 

confidentiality agreements with the industrial partner, the geometrical 

dimensions cannot be published “directly”. However, the bulleted lists of 

sections 2.4.1 and 2.4.2, relative to the DIG142 and the HC4 respectively, 

comprehensively describe the considered platforms, whose main nameplate 

characteristics are summarised in Table 1. 

Table 1 – Technical datasheets of the considered generators. 

Generator name DIG142 HC4 

Main application Stationary power plant Industrial and marine 

Rated power 4450kVA 400kVA 

Power factor 0.8 0.8 

Rated voltage 11kV 400V 

Speed 1500rpm 1500rpm 

Frequency 50Hz 50Hz 

Rated current 233.6A 577.4A 

Winding pitch 5/6 2/3 

Insulation class F H 

Cooling Open-circuit ventilation Open-circuit ventilation 
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2.5 Conclusions 

This chapter presented a literature survey on SGs, with special focus on the 

methods used for improving the efficiency and power quality of such 

machines, stemming from those that for historical reasons have been most 

commonly utilised for such purposes. Given however the objectives of this 

work, this chapter focused on the effects and roles that the damper cage and 

the skewing have on the performance of SGs, highlighting the recent 

advancements and the state-of-the-art in the field. To conclude the chapter, an 

in-detail description of the DIG142 and the HC4 is provided. A summary of 

their characteristics is given in Table 1. 

The challenges related to this project as identified in Chapter 1 as well as all 

the aspects investigated in Chapter 2 in the form of literature review, are 

utilised in the next two chapters to develop, implement and validate accurate 

models for the analysis of classical, wound-field, SGs.  
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Chapter 3  

The hybrid analytical-numerical model 

The equivalent circuit methodology has been widely exploited for the 

theoretical analysis of electromagnetic devices and is considered a classical 

approach for modelling the phenomena internally occurring in electrical 

machines. In the field of classical wound-field SGs, the presence of the 

damper cage complicates the analysis of such devices and the accurate 

prediction of the inherent induced currents is still a matter of ongoing 

research. 

In this chapter, an advanced and generalised theoretical model for the 

analysis of electromagnetic devices is proposed and then properly adapted to 

the considered machines. Special focus is given to the damper cage 

modelling, where inherent assumptions allow for intermediate conclusions 

and simplifications, resulting in a reduced system of electromagnetic 

equations to be considered. However, due to the induced nature of the 

currents in the damper bars, a numerical solution is also required, resulting in 

a hybrid analytical-numerical approach being implemented. In order to 

validate the model, a 2-D corresponding FE model (whose details will be 

given in the Chapter 4) is built, also to take into account the complex 

electromagnetic phenomena that are not inherently considered in the 

generalised, analytical model.  
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3.1 Model introduction 

Rather than focusing on a specific machine configuration, i.e. assuming for 

example symmetrical and full-pitched windings (eventually with a sinusoidal 

distribution [75]), symmetrical structure of cores [76] and PMs (when 

present), a general model valid for any class of machine topology is 

proposed. The basic structure of the proposed analytical model is first 

introduced and presented in [77]. In this thesis, this basic framework is 

updated and customised to the requirements of this project.   

 

3.2 Model assumptions 

To set the context of the scheme, the main introductory assumptions are 

defined in this section. The proposed theoretical approach concerns the class 

of rotating electrical machines identified by the following features:  

 a “drum-type” arrangement with coaxial rotor and stator cores 

separated by a reasonably narrow main airgap;  

 stator and rotor magnetic cores featuring an equal axial length l; 

 an axially extruded geometry with approximately cylindrical envelope 

profiles of the surfaces facing the main airgap; 

 belt-shaped yokes encircling the active parts of the machine 

respectively on the external and internal sides;  

 salient poles with approximately cylindrical main head surfaces;  
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 phase windings composed of thin wire, each one featuring a 

geometrically closed shape with active sides laying parallel to the 

machine axis either inside the slots or around the salient poles;  

 PMs, when present, located for instance only on the external side of 

the rotor core and featuring a rather small thickness and a planar 

grossly radial magnetization;  

 main airgap interposed between the permanent magnets layer and the 

internal stator surface;  

 negligible secondary phenomena, such as hysteresis and parasitic 

currents inside the magnetic cores.  

From the basic, generic features listed above, the following considerations 

can be drawn, as shown in [78]: 

 A main region, corresponding to the axial portion of the machine 

delimited by the magnetic cores, can be defined and differentiated 

from a secondary region, mainly involving the phenomena occurring 

in the end parts of the windings. 

 Assuming that the shape of the magnetic cores and of the windings 

can be generated by straight extrusion along the machine axis, a 2-D 

approximation of the field map can be considered to derive the 

general model. 

 It is assumed that the ferromagnetic materials feature a sufficiently 

high permeability to permit neglecting the mmf drop inside the cores 

with respect to the mmf across the airgap. 
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 The mutual influence between the main field lines and the secondary 

lines (representing the flux leakage) can be neglected, permitting to 

separately analyse such phenomena. 

 The shape of the main flux lines in the airgap is assumed to be 

mainly determined by the profiles of the magnetic cores and by the 

rotor position, meaning that the dependency on the currents is 

neglected. 

 The variation of the magnetic field intensity along the portions of the 

field lines in the main airgap is considered to be small, permitting to 

focus on the average value and on its variation along the tangential 

direction. 

Given the above hypotheses, assumptions and considerations, it becomes 

then possible to derive the equations correlating flux linkages, phase currents 

and the position variables associated with the mechanical degrees of freedom 

of the device under analysis. It is important to mention that in classical SGs 

there is only one mechanical state variable, which is associated with the 

position of the rotor vs. stator. 

3.3 Problem definition 

The basic quantities used in the analysis are the vector 𝑖 ̅ composed by the 

currents flowing into the machine phases and the vector 𝜓̅ of the fluxes 

linking with the phases. The voltage at the phases’ terminals of any device is 

made up of two main components, due to the resistive (Ohm’s law) and 
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electromagnetic (Lenz-Faraday’s law) phenomena respectively. While the 

resistive component 𝑣̅𝑅(𝑡) is equal to 𝑅 𝑖(̅𝑡), where R is the matrix of the 

phase resistances, the electromagnetic portion 𝑣̅𝐸(𝑡) is given by the 

derivative 
𝑑𝜓̅(𝑡)

𝑑𝑡
 of the vector 𝜓̅ respect to the time. Considering the elements 

of the current vector 𝑖 ̅ and the rotor position α as state variables, the 

electromagnetic voltage can be further exploited as in (1). 

𝑣̅𝐸(𝑡) =
𝑑𝜓̅(𝛼(𝑡), 𝑖(̅𝑡))

𝑑𝑡

= (
𝛿𝜓̅(𝛼, 𝑖)̅

𝛿𝛼
|

𝛼(𝑡),𝑖̅(𝑡)

)
𝑑𝛼(𝑡)

𝑑𝑡
+ (

𝛿𝜓̅(𝛼, 𝑖)̅

𝛿𝑖𝑇̅
|

𝛼(𝑡),𝑖̅(𝑡)

)
𝑑𝑖(̅𝑡)

𝑑𝑡
 

(1) 

In (1), the further separation of the electromagnetic voltage in two more 

terms can be observed and these are 

 the motional component 𝑣̅𝐸𝑀(𝑡) = (
𝛿𝜓̅(𝛼,𝑖̅)

𝛿𝛼
|

𝛼(𝑡),𝑖̅(𝑡)
)

𝑑𝛼(𝑡)

𝑑𝑡
 , due to the 

variation of the position, when the currents are fixed; 

 the inductive components 𝑣̅𝐸𝐿(𝑡) = (
𝛿𝜓̅(𝛼,𝑖̅)

𝛿𝑖̅𝑇
|

𝛼(𝑡),𝑖̅(𝑡)
)

𝑑𝑖̅(𝑡)

𝑑𝑡
 , due to the 

variation of the currents, when the position is fixed. 

By further developing (1) and by adding the voltage drop across the winding 

resistance, the expression for the total voltage linked with the phases can be 

written as shown in (2), where L contains all the inductances characterising 

the considered machine and 𝐷[𝑖(̅𝑡)] is a diagonal matrix, whose each not-null 

element is composed by 𝑖.̅ However, the assumption introduced in Section 3.2 

relative to the magnetic linearity, allows for the consideration of the matrix L 
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as being only dependant on α. Thus (2) can be simplified and re-written as 

shown in (3). 

𝑣̅(𝑡) = 𝑅𝑖(̅𝑡) + (
𝛿𝐿(𝛼, 𝑖)̅

𝛿𝛼
|

𝛼(𝑡),𝑖̅(𝑡)

𝑖(̅𝑡))
𝑑𝛼(𝑡)

𝑑𝑡

+ (
𝛿𝐿(𝛼, 𝑖)̅

𝛿𝑖𝑇̅
|

𝛼(𝑡),𝑖̅(𝑡)

𝐷[𝑖(̅𝑡)]) + 𝐿(𝛼, 𝑖)̅
𝑑𝑖(̅𝑡)

𝑑𝑡
 

(2) 

𝑣̅(𝑡) = 𝑅𝑖(̅𝑡) + (
𝛿𝐿(𝛼)

𝛿𝛼
|

𝛼(𝑡)

𝑖(̅𝑡))
𝑑𝛼(𝑡)

𝑑𝑡
+ 𝐿(𝛼)

𝑑𝑖(̅𝑡)

𝑑𝑡
 

(3) 

It can be clearly observed that the inductance matrix L(α) plays a key role in 

(3) and thus on the internal electromagnetic behaviour of the device under 

analysis. Considering the above, the following sections are aimed at finding 

an expression for L(α), by introducing geometrical functions and elaborating 

the constitutive equations needed for the solution of the electromagnetic 

problem. 

 

3.4 Model description 

Having introduced the analytical model and the relevant assumptions, the 

next step consists in defining the reference frame, the windings’ features, the 

geometrical quantities and the constitutive equations needed to obtain a final, 

accurate expression of L(α). All these aspects are presented below in this 

section. 
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 Introductory aspects 

The description of the features and of the physical quantities of a generic 

device can be referred to two angular reference frames related to the cross-

section of the machine. These two angular reference frames are respectively 

locked to stator and rotor and their coordinates are indicated with γ and β.  

Employing the zero position of the rotor frame with respect to the stator 

frame as the rotor angular position variable α, the simple relationship γ=α+β 

then correlates the above variables. This concept is illustrated in Fig. 9. 

 

Fig. 9 – Example of a generic machine with cores, magnets and coils [77]. 

The proposed analytical model can be developed referring to either stator or 

rotor coordinates. Nevertheless, due to the convenience of using the 

coordinates of the machine component which shows significant anisotropies, 

β is used for the application at hand, as SGs present an evident saliency on 

the rotor structure (i.e. salient poles). In order to simplify the treatment, a 
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normalised coordinate is also defined by λ=β/(2π), allowing to map the whole 

airgap along the tangential direction by spanning in the interval [0,1). 

 The windings 

Considering the winding as made up of nE phases each one including nk 

groups of active conductors, the position and the number of conductors in 

each group are respectively given by the quantities γkh(λ) and Nkh (k=1,…,nE 

and h=1,…,nk), where the sign of Nkh depends on the conventional direction 

of the current flow in the conductors and it is again an arbitrary choice. The 

position γkh can be assumed to correspond to the location of the slot openings 

or to the position of the pole tip of the salient pole. The information related to 

how the several active conductors of each phase are connected through the 

end windings is not contained in any of the above-mentioned quantities. In 

fact, this is not necessary for the 2-D nature of the electromagnetic problem 

described in Section 3.2.  

 The geometrical quantities 

Although the model has been presented in its general framework, for the sake 

of this project it is irrelevant to introduce all the functions related to the 

potential presence of PMs in the considered machines. However, it is worth 

to keep in mind that this approach can be easily generalised and used to 

analyse different machines, as for example shown in [79]. Considering this, 

the layer in which most of the electromagnetic energy is stored during the 

normal operation of the machine is represented by the airgap, whose 

geometrical description is provided by  
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 its radial thickness function εAG(λ,α); 

 a magnetically potential surface ΩAG(λ,α), which crosses the airgap 

and is point by point orthogonal to the flux lines along the tangential 

direction, thus exhibiting a shape which follows the profiles of the 

outer rotor and inner stator surfaces; 

 the radial distance of ΩAG(λ,α) from the axis, which is given by the 

function rAG(λ,α).  

 

 The constitutive equation 

The assumption related to the smooth variation of fields along the radial 

direction into the airgap implies that only the average values of the flux 

density and field strength along ΩAG(λ,α) need to be considered. The state 

functions corresponding to the above defined field components are named 

B𝐴𝐺(𝜆, 𝛼, 𝑖)̅ and H𝐴𝐺(𝜆, 𝛼, 𝑖)̅, respectively. These are assumed to be correlated 

by the well-known linear, constitutive equation of the airgap layer as given in 

(4), where µ0 is the permeability of air. Conceptually, in a generalised 

scenario, the quantity linking the two state functions is the permeability 

µAG(λ,α) of the material filling the airgap [77]. However, for the application 

at hand where no insulating sleeves are present between the rotor and the 

stator, µ0 can be used. 

B𝐴𝐺(𝜆, 𝛼, 𝑖)̅ = 𝜇0 H𝐴𝐺(𝜆, 𝛼, 𝑖)̅ (4) 
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3.5 The solution 

Given all the conditions to solve the electromagnetic problem presented 

above, the last step towards the completion of this process consists of 

determining the analytical expression of 𝜓̅(𝛼, 𝑖)̅, thus depending on the 

position and the currents. Referring to the assumption related to the absence 

of mutual influence between principal and secondary phenomena (see Section 

3.2), this state function can be considered as composed by two terms, i.e. the 

main flux 𝜓𝑀
̅̅ ̅̅ (𝛼, 𝑖)̅ and the leakage component  𝜓𝐿

̅̅̅̅ (𝑖)̅, represented by a linear 

relationship independent by the rotor position, where the proportionality 

constant is the leakage inductance LL. The determination of   𝜓𝐿
̅̅̅̅ (𝑖)̅ can be 

carried out by a detailed knowledge of some features of the machine, such as 

the slot geometry, the end windings layout, etc. In practical applications, 

simple considerations about the physical symmetry of the machine lead to 

corresponding expressions for the inductances related to the leakage 

phenomena, as shown for example in [80-85]. Standard expressions for 

deriving LL are then used, which are not included here.   

Therefore the main focus is the determination of 𝜓𝑀
̅̅ ̅̅ (𝛼, 𝑖)̅, which is solved by 

applying the conventional laws of electromagnetism. Ampere's law can be 

verified for every possible simple loop that crosses the main airgap, passing 

through the stator and rotor yokes. One of the branches of these loops is at an 

arbitrary fixed reference position. Assuming that this position corresponds to 

the origin of the rotor reference frame, as shown in Fig. 9, then Ampere’s law 

can be expressed by (5), where 𝐹𝑅𝑆(𝜆, 𝛼, 𝑖)̅ is the magnetic voltage drop 
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between the rotor (R) and stator (S) cores given by the product shown in (6), 

while 𝐹𝐼(𝜆, 𝛼, 𝑖)̅ is the mmf linked with the considered loop according to the 

positive direction assumed for the currents. By introducing the concept of a 

winding function (WF) [86], this mmf can be written as shown in (7), where 

𝑁̅(𝜆, 𝛼) is the vector grouping the WFs of all of the machine phases. This 

vector contains the information related to the distribution of the conductors of 

the corresponding phase among the different groups (slots), their location 

along the tangential direction and their orientation according to the reference 

direction assumed for the current flowing inside each phase. 

𝐹𝑅𝑆(𝜆, 𝛼, 𝑖)̅ − 𝐹𝑅𝑆(0, 𝛼, 𝑖)̅  = 𝐹𝐼(𝜆, 𝛼, 𝑖)̅ (5) 

𝐹𝑅𝑆(𝜆, 𝛼, 𝑖)̅ = 𝐻𝐴𝐺(𝜆, 𝛼, 𝑖)̅ 𝜀𝐴𝐺(𝜆, 𝛼) (6) 

𝐹𝐼(𝜆, 𝛼, 𝑖)̅ = 𝑁̅(𝜆, 𝛼)𝑇 𝑖 ̅ (7) 

Having applied Ampere’s law as described above, then Gauss’ law is used to 

define the additional quantities required for the final expression of the matrix 

L(α). In particular, the application of this law to the generalised cylinder 

whose lateral surface is represented by ΩAG(λ,α), leads to the integral 

constraint shown in (8). The use of the relationships (4) and (6) in (8) leads to 

the definition of an equivalent function, whose dimensions are those of a 

permeability. Thus, the new quantity µE(λ,α) is named as the equivalent 

permeability function and its expression is given in (9). The constraint (8) 

can then be re-written as in (10) and, by using (5) for the magnetic voltage 

𝐹𝑅𝑆(𝜆, 𝛼, 𝑖)̅, the unknown function 𝐹𝑅𝑆(0, 𝛼, 𝑖)̅ calculated in λ=0 can be 

determined. The latter is easily deduced by (11), where another function 
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ν(λ,α) can be defined as shown in (12). This further exploitation leads to 

express (5) in the form shown in (13), which in turn provides the definition of 

an equivalent WF vector 𝑁𝐸
̅̅̅̅ (𝜆, 𝛼), whose expression is given by (14). 

∫ 𝐵𝐴𝐺(𝜆, 𝛼, 𝑖)̅ 𝑟𝐴𝐺(𝜆, 𝛼) 𝑑𝜆

1

0

= 0 (8) 

𝜇𝐸(𝜆, 𝛼) = 𝜇0

2 𝜋 𝑟𝐴𝐺(𝜆, 𝛼)

𝜀𝐴𝐺(𝜆, 𝛼)
 (9) 

∫ 𝜇𝐸(𝜆, 𝛼) 𝐹𝑅𝑆(𝜆, 𝛼, 𝑖)̅ 𝑑𝜆

1

0

= 0 (10) 

𝐹𝑅𝑆(0, 𝛼, 𝑖)̅ = −
 ∫ 𝜇𝐸(𝜆, 𝛼) 𝐹𝐼(𝜆, 𝛼, 𝑖)̅ 𝑑𝜆

1

0

∫ 𝜇𝐸(𝜆, 𝛼) 𝑑𝜆
1

0

 (11) 

𝜈(𝜆, 𝛼) =
 𝜇𝐸(𝜆, 𝛼)

∫ 𝜇𝐸(𝜆, 𝛼) 𝑑𝜆
1

0

 (12) 

𝐹𝑅𝑆(𝜆, 𝛼, 𝑖)̅ =  𝑁̅(𝜆, 𝛼)𝑇 𝑖 ̅ − ∫ 𝜈(𝜆, 𝛼) 𝑁̅(𝜆, 𝛼)𝑇 𝑖 ̅𝑑𝜆

1

0

 (13) 

𝑁𝐸
̅̅̅̅ (𝜆, 𝛼) = 𝑁̅(𝜆, 𝛼) − ∫ 𝜈(𝜆, 𝛼) 𝑁̅(𝜆, 𝛼) 𝑑𝜆

1

0

 (14) 

All the equations given above can be further commented as follows:  

 (9) shows that all the information regarding the anisotropies 

characterising the machine are contained in µE(λ,α); 
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 (10) allows for achieving the final expression of the unknown 

quantity 𝐹𝑅𝑆(0, 𝛼, 𝑖)̅, provided by (11); 

 (11) shows that 𝐹𝑅𝑆(0, 𝛼, 𝑖)̅ corresponds to the weighted average value 

of the mmf  𝐹𝐼(𝜆, 𝛼, 𝑖)̅ with respect to µE(λ,α); 

 The function ν(λ,α) defined in (12) represents an indicator of the 

saliency level presented by the machine (e.g. in a fully isotropic 

device ν(λ,α) = 1); 

 (13) shows the compact form of the Ampere’s law evaluated on any 

generic loop previously mentioned; 

 finally, (14) shows that the vector 𝑁𝐸
̅̅̅̅ (𝜆, 𝛼) is defined by the 

difference between the vector 𝑁̅(𝜆, 𝛼) and its weighted average value 

with respect to ν(λ,α). 

Having defined all the quantities necessary for the determination of the fluxes 

linked with the phases, the single element 𝜓𝑀𝑘
(𝛼, 𝑖)̅ of the vector 𝜓𝑀

̅̅ ̅̅ (𝛼, 𝑖)̅ 

can be resolved as given in (15), while the compact form is provided in (16). 

Finally, by using (4)-(7), 𝐵𝐴𝐺(𝜆, 𝛼, 𝑖)̅ can be further exploited in (16), leading 

to the final equation for the inductance matrix shown in (17). 

𝜓𝑀𝑘
(𝛼, 𝑖)̅ =  ∑ 𝑁𝑘ℎ 𝑙 

𝑛𝑘

ℎ=1

∫ 𝐵𝐴𝐺(𝜆, 𝛼, 𝑖)̅ 𝑟𝐴𝐺(𝜆, 𝛼) 𝑑𝜆

1

𝜆𝑘ℎ

 (15) 

𝜓𝑀
̅̅ ̅̅ (𝛼, 𝑖)̅ =  𝑙 ∫ 𝑁𝐸

̅̅̅̅ (𝜆, 𝛼) 𝐵𝐴𝐺(𝜆, 𝛼, 𝑖)̅ 𝑟𝐴𝐺(𝜆, 𝛼) 𝑑𝜆

1

0

 (16) 
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𝐿(𝛼) =  𝑙 ∫ 𝜇𝐸(𝜆, 𝛼) 𝑁𝐸
̅̅̅̅ (𝜆, 𝛼) 𝑁𝐸

̅̅̅̅ (𝜆, 𝛼)𝑇  𝑑𝜆

1

0

 (17) 

It can be therefore concluded that L(α) depends only on two functions, 

namely the equivalent permeability and the equivalent WF, meaning that 

these quantities play the most important role for the machine performance 

prediction. 

3.6 The model adapted to SGs 

Having proposed a generalised mathematical model for the analysis of 

electrical machines, it is now possible to limit the scenarios to the relevant 

applications dealt with in this thesis, i.e. salient-pole SGs. In this section, 

special focus is given to damper cage modelling, by proposing an alternative 

equivalent circuit which leads to obtain intermediate and simplifying results 

allowing for reducing the number of equations to be considered. 

 The damper cage  

From a structural point of view, damper windings of salient-pole SGs can be 

classified according to their electrical connection at the end sides of the 

machine, as mentioned in Section 2.2.1. For modelling purposes, it is worth 

to recall and expand the concepts which are behind this differentiation, thus 

highlighting the major aspects of complete and incomplete damper cages.  

Typically, the bars located inside each pole are connected through effectively 

low-resistance end paths consisting in ring sectors or press-plates. This is true 

for the considered DIG142 and HC4 case studies. Such groups of 
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interconnected bars can be connected to each other through equally effective 

low-resistance paths, for example when a complete ring exists at each side. 

Alternatively, the different pole bar groups may be purposely left insulated, 

for example when the end rings are segmented and the bars are not in contact 

with, or may be connected by means of paths featuring a much higher 

resistance than the inter-bar connections. The cage type is labelled 

“complete” in the first case and “incomplete” in the second one.  

When a complete cage is implemented as a set of nb straight parallel bars 

connected by two circular end rings, its equivalent topology can be obtained 

by enlarging the front end ring and shifting it to the same plane of the rear 

end ring, in such a way to obtain a planar net as shown in Fig. 10a. Such a 

topology indicates that the currents flowing in each side can be expressed as 

functions of the loop currents flowing in the natural loops of this planar 

representation, i.e. the nb loops delimited by any couple of adjacent bars plus 

the inner loop corresponding to the rear end ring. With respect to the 

electromagnetic phenomena, the whole cage can be then modelled using the 

classical approach where each loop is considered as an equivalent short-

circuited phase, meaning that the cage itself can be conceptually replaced 

with a set of closed conductive loops inside which the loop currents flow. 

Nevertheless, the resistive phenomena need to be taken into account, i.e. for 

any bar or rear ring arc, the related voltage drop depends from both of the 

loop currents flowing in the two adjacent loops, meaning that a non-diagonal 

form of the resistance matrix has to be considered in the electric model.  
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For the case of an incomplete cage as in Fig. 10b, the same approach above 

described may be used, but the number of natural loops is reduced to nb-2*p, 

since the 2*p+1 loops connecting the facing bars located in adjacent pole 

groups are suppressed, as well as the rear end loop. 

 
a) b) 

Fig. 10 – Equivalent circuit topology for a damper cage of complete (left) and 

incomplete type (right): example referred to the HC4 SG. 

In any common SG, typically the rotor poles are identical also with respect to 

the deployment of the bars, usually featuring a symmetrical distribution with 

respect to the pole axis. Therefore, the physical symmetry related to the 

number of pole pairs p of the machine can be extended to the cage and also to 

the set of currents flowing in it, unless very unusual operating conditions are 

considered. This means that, at any given operative condition, the pattern of 

the currents flowing in the bars and end-rings inside any pole pair sector can 

be assumed to be identical in all of the other sectors, thus resulting in a 

reduced number of actually independent loop currents: nb/p+1 for complete 

cages, nb/p-2 for incomplete cages. Additionally, if a full physical odd 

symmetry (with respect to the pole pitch) also stands for the electromagnetic 
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aspects, the current patterns related to the bars located in the two homologous 

sequences of poles may be assumed to be just opposite: the number of 

independent cage loop currents is then further reduced to nb/(2*p)+1 for 

complete cages and to nb/(2*p)-1  for incomplete cages.  

These relationships indicate that the correlated loop current patterns can be 

embedded into the model of the machine by assuming that the equivalent 

loop phases are properly connected in series/anti-series throughout the 2*p 

poles of the machine, as shown in Fig. 11 for an incomplete cage. Such an 

elegant connection also has the advantage of imposing the null voltage 

constraint to each short-circuited loop phase, since it is equivalently achieved 

by simply zeroing the total voltage across such compound phases thanks to 

the assumption of identical behaviour. 

 

 

Fig. 11 – Compound planar schematic of a generic rotor cage loop for symmetrical 

machines. 
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For the considered machines, all of the hypotheses assumed above about the 

symmetry properties are verified, whereas the electrical connections between 

bar groups actually exist thanks to paths along the press plates. However, 

these paths are much longer than the distance between adjacent bars. This 

justifies the consideration that such a damper cage can be termed as 

“incomplete”. Given the validity of such hypotheses for both the platforms, 

all the numerical quantities and graphical examples reported in this chapter 

will be referred to only one of those SGs, namely the HC4.  

Considering the HC4 damper cage, consisting of 6 bars-per-pole, it can be 

observed that the number of compound phases used to represent this winding 

may be then reduced to 5, as shown in Fig. 11, whereas the total number of 

phases in the machine is then 1+3+5=9. This is therefore the dimension of the 

vector differential equation shown in (3) that has to be solved in order to 

estimate the voltage waveforms. 

A comparison between the WFs related to a single cage loop and to the 

compound phase incorporating the four cage loops located in corresponding 

positions along the rotor periphery can be seen in Fig. 12 and Fig. 13. In 

general, any loop phase WF has to be single-signed, meaning  that the 

corresponding equivalent WF calculated according to (14) will be a positive-

negative square waveform (as shown in Fig. 12), usually asymmetric, 

whatever is the trend of the equivalent permeability function. This in turn 

implies that the different loop phases will be magnetically coupled to each 

other, besides being coupled to the field and armature windings.  
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Fig. 12 – Typical winding function of a single damping cage loop. 

 

Fig. 13 – Cage loop winding function for the compound representation. 

On the other hand, in general the WF of the compound phase representing 

any set of corresponding loops features inherently an odd symmetry 

periodicity with respect to one pole pitch. Considering that the equivalent 

permeability function of any normal symmetric machine is either constant or 

features a period just equal to one pole pitch, it can be easily concluded that 
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the equivalent WF will result just equal to the WF. This means that the 

equivalent WFs related to any couple of compound phases will not share any 

interval where both are non-zero, which implies that they are not 

magnetically coupled for what concerns the main flux tubes. Therefore, one 

can conclude that by using the compound phases not only the size of the 

system (3) is minimised, but also the complexity of the inductance matrix is 

reduced, thus reducing the computational burden. 

 The slot openings 

Although the basic, general framework of the model proposed in [77] is 

maintained for the analysis of the considered machine, it is clear that some 

adaptions and more assumptions need to be introduced for the sake of this 

study. In particular, as the main aim of this chapter is to estimate the no-load 

voltage waveform, it is necessary to introduce in the model the effects of the 

stator slot openings. In fact, the related harmonics can play a very important 

role in determining the actual waveform of the output voltage. In other 

words, the stator slot openings cannot be neglected as in [77]. As a first 

approximation, their equivalent profile is represented by a trapezoidal 

variation of the inner radius of the stator core vs. angular location, assuming 

the same slot opening width c1 of the real laminations and considering as 

characteristic parameters only the depth a1 and the width b1 of the ramp. 

Referring for example to the considered case study, in Fig. 14 the trapezoidal 

approximation and a schematic representation of the original profile are 

sketched, highlighting the characteristic parameters being considered. 
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Fig. 14 – Simplified representation of the equivalent inner stator profile. 

The values of the equivalent parameters characterizing the slots are intended 

to be determined by means of a tuning procedure, carried out by comparing 

the results from the simplified model to the ones obtained by a corresponding 

2-D electromagnetic FE model of the machine, as discussed in-depth in the 

next sections.   

 Further considerations 

The first sections of Chapter 3 recall the introductory aspects and the main 

functions of the generalized analytical model proposed by [77], valid for any 

electromagnetic device and properly adapted for the analysis of SGs. Updates 

regarding the effects of the stator slot openings (see Fig. 14) and an 

alternative way of modelling the damper cage (see Fig. 11 and Fig. 13) are 

proposed. All the assumptions above highlighted stand for machines provided 

with a symmetrical damper winding and when normal operating conditions 

are considered. In fact, the hypothesis on the currents featuring opposite 
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waveforms in corresponding bars of adjacent poles is always verified, unless 

any type of event resulting in an anomalous operation of the generator 

occurs. These include potential unbalances, single-phase operations, faults, 

etc. which basically produce an ‘asymmetrical’ response of the damping bars, 

thus not allowing to model the relevant winding as previously illustrated. On 

the other hand, all these events are not taken into consideration in this thesis, 

as the main goal is that of evaluating the no-load voltage waveform under 

normal 3-phase, symmetrical operation. To conclude, the not-null elements of 

L(α) involving the rotor cage loops will be then evaluated by using the 

equivalent WFs of the type shown in Fig. 13. 

3.7 The hybrid analytical-numerical approach 

Having set all the context necessary to implement the quantities defined and 

presented in the previous sections, it becomes possible to determine the 

inductance matrix L(α). In this section, the equivalent functions and the 

ensuing inductances of the HC4 generator will be first shown and, in a 

second instance, the development of a hybrid analytical-numerical model will 

be proposed. The related results will be finally presented. 

 The equivalent functions 

In order to determine the inductance matrix, it is necessary to implement all 

the equivalent functions involved in the integral (17), i.e. µE(λ,α) and 

𝑁𝐸
̅̅̅̅ (𝜆, 𝛼). The geometrical quantities involved in (9) have been defined in 

Section 3.4.3 and, for the application at hand, they are calculated as in (18) 
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and (19), where rs(λ,α) and rr(λ,α) are the equivalent inner stator and outer 

rotor radii respectively. In other words, these two equivalent functions retrace 

the inner stator and outer rotor profiles, resulting in the inherent inclusion of 

the slot openings and the salient poles in the relevant functions. 

𝜀𝐴𝐺(𝜆, 𝛼) = 𝑟𝑠(𝜆, 𝛼) − 𝑟𝑟(𝜆, 𝛼) (18) 

𝑟𝐴𝐺(𝜆, 𝛼) =
𝑟𝑠(𝜆, 𝛼) + 𝑟𝑟(𝜆, 𝛼)

2
 (19) 

As salient-pole SGs exhibit an intrinsic symmetry that turns into a repetitive 

trend with period equal to 1/(2*p) for all the quantities involved in (18) and 

(19), εAG(λ,α) and rAG(λ,α) are plotted vs. λ inside one repetition period in Fig. 

15 and Fig. 16, respectively.  

 

 

Fig. 15 – Equivalent airgap thickness function of the considered generator, after the 

application of the tuning procedure against the FE model. 
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Fig. 16 – Equivalent airgap radius function of the considered generator, after the 

application of the tuning procedure against the FE model. 

 

Having implemented these equivalent geometrical quantities, it becomes 

possible to develop (9) for the considered generator and this is shown in Fig. 

17, at a specific, fixed rotor position. Fig. 17 also highlights the effects of the 

slot openings and the rotor poles profile on the equivalent permeability 

function. The width and the depth of the dips that can be observed on such 

functions are determined by a tuning procedure that is compared to results 

obtained through the FE analysis of the SG being studied. In particular, the 

values of the characteristic parameters a1 and b1 (defined in 3.6.2 and shown 

in Fig. 14) of the slot opening are achieved by minimising the error, at any 

instant in time, between the no-load voltage waveform obtained by means of 

the proposed hybrid approach and that one determined through the 

corresponding FE model.  
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Fig. 17 – Equivalent permeability function of the considered generator, after the 

application of the tuning procedure against the FE model. 

 

Before going into the details of such models, it is of worth to show the WFs 

contained in 𝑁𝐸
̅̅̅̅ (𝜆, 𝛼) and associated to the considered 400kVA alternator.  

While those related to the damper cage loops were reported in Section 3.6.1, 

those related to the rotor field and the 3-phase stator windings are plotted vs. 

λ below in Fig. 18 and Fig. 19, where some of the relevant features listed in 

Section 2.4.2 can be observed. As well as the geometrical quantities shown 

above, the equivalent WFs of the machine phases present an intrinsic 

symmetry that turns into a repetitive trend with period equal to 1/p, which is 

double of the characteristic period of the functions shown in Figures 15-17.  
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Fig. 18 – Winding function of the rotor field equivalent phase.  

 

Fig. 19 – Winding functions of the stator armature equivalent phases. 

 The inductances 

The implementation of the geometrical quantities shown in (9) and of the 

equivalent WFs provided by (14) allows for the calculation of the machine’s 

inductances through the use of (17). The inductances are calculated off-line 

as well as the approximated values of their derivatives with respect to the 

rotor position α. Having adopted the rotor coordinate λ for the definition of 
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any function depending on the tangential location, it is worth highlighting 

that:  

 The dependence on the position α of the self- and mutual-inductances 

related to the rotor circuits is exclusively due to the stator slot 

openings; this feature can be observed in Fig. 20, where the self-

inductance of the field winding (first subplot), the mutual-inductance 

between the field winding and one of the rotor cage loop (second 

subplot) and the self-inductance of one cage loop (third subplot) are 

plotted against α. 

 

Fig. 20 – Self- and mutual-inductances of the rotor circuits. 

 The dependence on the rotor position α of the stator self- and mutual-

inductances, is due to the anisotropies featured by both the stator and 

rotor structures (slot openings and salient poles profile). This concept 

is shown in Fig. 21 and Fig. 22. In particular, the stator self- and 
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mutual-inductances are shown in Fig. 21. In Fig. 22, the mutual-

inductances between the field winding (indicated as FW in the 

legend) and the three stator phases can be observed in the top subplot, 

while in the bottom one the mutual-inductances between one cage 

loop (indicated as CL in the legend) and the three stator windings are 

shown. 

When the inductance matrix L(α) is determined as well as the matrices 

∂L(α)/∂α  and R, it becomes possible to solve the system (3). Because of the 

induced nature of the damper cage currents, a numerical solution is needed to 

estimate such quantities. A Matlab-Simulink model is therefore implemented 

for such purposes and its features are described in the next section. 

 

 

Fig. 21 – Stator self- and mutual-inductances. 
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Fig. 22 – Mutual-inductances between rotor and stator circuits. 

 

 The Matlab-Simulink model 

By manipulating the system of differential equations (3), it can be re-written 

as in (20) in the space-state representation, where 𝑖 ̅is the state vector.  

𝑑𝑖(̅𝑡)

𝑑𝑡
= (𝐿(𝛼))−1 ∗ (𝑣̅(𝑡) − 𝑅𝑖(̅𝑡) − (

𝛿𝐿(𝛼)

𝛿𝛼
|

𝛼(𝑡)

𝑖(̅𝑡))
𝑑𝛼(𝑡)

𝑑𝑡
) (20) 

Therefore the system (20), updated with an additional equivalent resistive 

voltage drop (represented by Radd), can be implemented in a Matlab-Simulink 

environment as shown in Fig. 23. 
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Fig. 23 – Linear model of the electrical aspects implemented in Simulink. 

In the schematic of Fig. 23, it can be observed that the voltage vector 𝑣̅(𝑡) is 

used as input for the solution of the system. The additional term Radd is a 

diagonal resistance matrix which gives flexibility to the model as it allows to 

simulate different load conditions. For example, in order to simulate the no-

load operation, all the terms contained in 𝑣̅(𝑡) are set to zero except for the 

term related to the field winding, while the terms in Radd relative to the stator 

phases are set to a very large value practically ensuring that the stator 

currents will be almost null.  

It becomes now possible to solve the system of differential equations. The 

method used for such purpose is the Dormand-Prince solver, which is a 

member of the Runge-Kutta family of ODE solvers [87]. It uses six function 

evaluations to calculate fourth- and fifth-order accurate solutions. The 

difference between these solutions is then taken to be the error of the fourth-

order solution. This error estimation is very convenient for adaptive step-size 

integration algorithms. In fact, a variable-step type simulation was performed 

to obtain the no-load voltage waveform of the considered SG. The relevant 

results are shown in the next section (Figures 25-27) in comparison with a 
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corresponding FE evaluation, for validation purposes, where the output 

voltage related to specific values of the excitation current are reported as 

examples.  

3.8 Model validation against FE results 

This section validates the results relevant to the hybrid model described 

above. For such purposes, a 2-D FE electromagnetic analysis of the HC4 

alternator considered in this work was carried out. A full and in-detail 

description of the FE model is provided in Chapter 4. It is however important 

to note here, that in order to be consistent with the assumptions inherent to 

the linear behaviour of the ferromagnetic materials used for the stator and 

rotor cores, a high permeability magnetic steel is employed. A transient with 

motion evaluation is performed at no-load operation, with the field winding 

voltage imposed, the three-phase stator winding open-circuited (i.e. 

connected to a circuital resistance of a practical infinite value) and the 

damper bars connected in parallel. 

 Comparison of results 

A comparison between the no-load waveforms provided by the analytical and 

FE methods is shown in Figures 25-27, for three different values of the 

excitation current. Those values are taken on the linear portion of the no-load 

characteristic of the considered generator, as the proposed hybrid model 

assumes linear behaviour of the ferromagnetic materials. An experimental 

evaluation of the no-load curve for the considered case study is shown in Fig. 
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24, where the airgap line of the machine (in blue) can be observed. In this 

figure, it can be noted that no saturation occurs until the excitation current is 

below 53% of the base field current, having defined the latter as that current 

value which provides the rated voltage when the armature phases are open-

circuited. An excellent similarity between the no-load phase voltage 

waveforms can be observed in all the cases, proving the validity of the mixed 

analytical-numerical approach. An important aspect to clarify is the need for 

a FE tuning procedure to achieve such minimum prediction errors. Although 

this is a limitation of the hybrid model, a single FE evaluation is sufficient to 

tune the slot opening parameters (see Section 3.6.2), proving that the 

proposed approach is however valid and turns out much faster than the FE 

method.  

Although the proposed model is based on the assumption of linear behaviour 

of the ferromagnetic materials, it is interesting to observe the deviations of 

the waveforms obtained through the implemented model from those 

evaluated by a FE analysis, when in the relevant model non-linear materials 

are employed. Fig. 28 shows this additional comparative exercise, where a 

value equal to 29% of the base field current is used (as for the evaluation of 

the waveforms of Fig. 26). Although a good match can still be observed 

between the no-load waveforms of Fig. 28, small discrepancies can be 

observed due to additional peaks introduced by the non-linear materials, 

when these are implemented in the FE model for the stator and rotor cores of 

the considered machine. 
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Fig. 24 – Experimental no-load characteristic of the HC4. 

 

 

Fig. 25 – No-load voltage waveforms: analytical vs. FE results at 7.5% of the base 

field current. 
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Fig. 26 – No-load voltage waveforms: analytical vs. FE results at 29% of the base 

field current. 

 

 

Fig. 27 – No-load voltage waveforms: analytical vs. FE results at 53% of the base 

field current. 
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Fig. 28 – No-load voltage waveforms: non-linear analytical vs. FE results at 29% of 

the base field current. 

 

3.9 Conclusions 

In this chapter, the development and the implementation of a hybrid, 

analytical-numerical model for the accurate estimation of the voltage 

waveforms in SGs was discussed. The first part of the chapter presents all the 

introductory aspects and assumptions necessary for the definition of the 

electromagnetic problem and of the quantities involved in the analysis tool. 

After having derived the solution in the form of an integral for the inductance 

matrix determination, it was shown how this matrix plays the most important 

role in the system of differential equations given by (3). Focus was then 

given to the damper cage analysis, whose modelling was carried out in an 

alternative way compared to the classical literature. This allowed to 
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drastically reduce the number of equations to be solved. A very important 

step for the adaption of the proposed, generalized model to the analysis of 

SGs was that of including the slot opening effect by opportunely 

implementing an equivalent inner stator radius function. Finally, a mixed 

analytical-numerical model that turns out much faster than the classic FE 

method was proposed. As case study, the HC4 SG was considered. When 

operating in linear conditions, promising results were achieved at different 

no-load operating points, showing the validity of the proposed hybrid 

methodology. The analytical results have been compared to the FE ones, also 

when a non-linear material is employed for the corresponding analysis. This 

showed some limitations of the proposed approach, although the similarity 

between results was still very good. 

Considering the above, further work would be that of including in the model 

the most representative non-linear parts of the machine, in order to better 

simulate the machine operation also on-load. With respect to this latter point, 

however, it is worth to highlight the significant flexibility the Simulink model 

was built with. In fact, the inclusion of an additional resistance/inductance 

matrix branch allows to simulate different loadings and power factors. 

The main aim of the hybrid model was therefore that of proposing a general 

and fast approach for the electromagnetic analysis of classical, wound-field 

SGs. However, due to the complexity of the phenomena under investigation 

in this thesis (e.g. the damper cage loss) and to the assumptions inherently 

related to the symmetric distribution of the damping bars, the proposed 
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approach will not be used for future optimization purposes. Therefore, while 

the analytical expressions derived in this chapter will be used to study the 

skewing effects (see Section 4.3.2) and to understand the rationale behind the 

modulated damper cage concept (see Section 6.1.1), the hybrid model is put 

aside and the FE method is used as a means to investigate the improved 

design solutions presented in Chapter 5 and Chapter 6. The next chapter aims 

at describing the features of such very important analysis tool and then at 

validating it against experimental results. 

3.10  Contributions to research 

The model proposed and presented in this chapter represents a significant 

contribution to the machine and electro-magnetism community. The model 

originally implemented in a general way in [77], has been successfully 

modified in this thesis for the detailed analysis of SGs. Its main advantages 

include the followings: 

 The model is general, ideal for (almost) the analysis of any type of 

electrical machine. 

 The model is fast, also due the proposed, innovative way of modelling 

the damper cage.   

 The model is flexible, ideal for the analysis of different loadings.  

The results of this chapter are reported in one academic publication in a high 

profile machines conference. The publication name is listed below. 
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 S. Nuzzo, P. Bolognesi, M. Galea, C. Gerada and N. Brown, “A 

hybrid analytical-numerical approach for the analysis of salient-pole 

synchronous generators with a symmetrical damper cage”, IEEE 

International Electrical Machines and Drives Conference (IEMDC), 

Miami, 2017.  

To confirm its “generality”, the model described in this chapter has been 

applied also to the exciter of the considered HC4 SG. The relevant results are 

reported in two academic publications, one in the “Transactions on Industrial 

Electronics” and one in a conference. The publication names are the 

following: 

 S. Nuzzo, M. Galea, C. Gerada and N. Brown, “Analysis, modelling 

and design considerations for the excitation systems of synchronous 

generators”, IEEE Transactions on Industrial Electronics, 2017. 

 S. Nuzzo, M. Galea, C. Gerada and N. Brown, “Prediction of the 

voltage drop due to the diode commutation process in the excitations 

system of salient-pole synchronous generators”, IEEE 19th 

International Conference on Electrical Machines and Systems 

(ICEMS), 2017. 

Finally, additional work is ongoing to circumvent the model limitations 

highlighted in the chapter, mainly those related to the assumptions of 

magnetic linearity and symmetry of the damper cage.  
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Chapter 4  

Development of the FE models 

Nowadays, the FE method represents the most accurate tool for the 

modelling, analysis and design refinement of electrical machines. Although 

analytical methods are still in common use, the accuracy offered by this 

numerical tool makes it a mandatory passage during the design process of 

electrical machines, especially when complex phenomena such as saturation 

and eddy currents have to be taken into account. Also, the complexity of the 

electromagnetic phenomena associated to the achievement of an optimal 

damper cage topology and a skew-less stator structure (for efficiency and 

power quality improvements) needs a high level of detail only ensured by the 

FE methodology. 

This chapter therefore deals with the description of a 2-D FE model, 

purposely built for the analysis of the alternators considered in this work. The 

corresponding results are then shown in a comparative exercise against 

experimental measurements, performed on both the benchmark DIG142 and 

the HC4 SGs for validation purposes. Once validated, the developed tools 

will be then used for proposing innovative design solutions on both the 

platforms. These studies are presented in Chapter 5 and Chapter 6. A brief 

introduction of the concepts which are behind the FE technique is given in 

Appendix 1, with special focus on the applications of such a tool to the field 
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of electrical machines. A comprehensive understanding of this methodology 

is provided by a number of existing works [88-93].  

4.1 The 2-D FE model of the considered SGs  

In general terms, the skewing, the presence of ventilating ducts along the 

axial length, the damper winding, the rotor laminations support bars and their 

related stacking issues make the classical SG a very complex machine to 

model and analyse. Other critical aspects are the leakage fluxes due to the 

end-windings and the presence of the aluminium end plates needed to give 

electrical continuity to the damper cage. It is clear then that a 3-D FE model 

would be ideal for the analysis of the SGs considered in this work. 

Ventilation ducts (implemented onto the DIG142) and stator skewing 

(implemented onto the HC4) are inherently 3-D features. However, a full 3-D 

analysis is very time consuming, thus a 2-D FE model of the 4MVA and 

400kVA generators is built. In order to take into account all the aspects 

highlighted above, a number of compensation factors are included in the 

model. The relevant details are given below in the next sections. 

 General aspects  

The FE analyses and the relative results which will be shown in the next 

sections of this thesis have been performed by using the software Infolytica 

MagNet [94]. The main reason for this choice is due to the flexibility of the 

software in terms of “interoperability” with any other ActiveX-compliant 

applications. Due to the simplicity of its programming code, Matlab is used 
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as an interface software, allowing for automation of any repetitive tasks, from 

pre-processing (such as modelling variations, solving a given model with 

options different from the default ones, etc.) to post-processing (specific 

global quantity calculations, graphing, data analysis, etc.). In other words, 

this direct link between these environments allows for an easy “scripting”. 

Considering all this, the models developed for the FE analyses of the 

generator platforms are built upon this philosophy to facilitate the design 

optimization processes which will be used in Chapter 5 and Chapter 6 for 

efficiency and power quality improvements purposes.  

 Geometry and materials  

The first phase of a simulation process is the geometrical modelling, that is 

concerned with the representation of the shape and dimensions of the various 

parts of the device under analysis. Depending on the device, the desired 

output quantities and accuracy level, more or less details will have to be 

included in the geometrical representation. Once created (or imported) the 

geometry of the machine, materials have to be assigned to the built 

components of the machine. MagNet is provided with a large library of 

materials and also allows the user to create new ones. This latter capability 

increases the model accuracy, especially for the considered case studies, due 

to the fact that a) the ferromagnetic materials used in the considered SGs 

were previously characterised through the well-known Epstein frame test 

[95] and b) the stator and rotor windings’ temperatures were previously 

measured during the machine normal operation. Considering the above, the 

following materials were purposely created: 
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 A ferromagnetic material, employed for the stator and rotor cores, 

whose magnetisation curve is shown in Fig. 29. Besides the BH 

curve, also the loss density values are used as input for the creation 

of the material, as well as the electric conductivity and the mass 

density. While all the data and results relative to the iron loss 

prediction will be dealt with in Section 4.2, it is worth to mention 

here that a null value is assigned to the electric conductivity, 

meaning that the eddy currents loss component is neglected at this 

stage. This is acceptable at least as a first approximation, due to the 

small value of the lamination thickness (0.35mm) relative to the 

application at hand (i.e. SGs rotating at a steady state speed of 

1500rpm). 

 

Fig. 29 – BH curve of the ferromagnetic material utilised for the stator and rotor 

cores of the DIG142 and the HC4 alternators.  

 A number of copper materials, in order to take into account the 

effects of the temperature on the rotor and stator windings during 
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operation at different loadings. In other terms, these copper materials 

exhibit different values of electric conductivity from each other. As 

well as for the magnetic materials, other quantities can be used for 

creating materials typically used for the windings of electrical 

machines: these include the thermal conductivity, the thermal heat 

capacity and the mass density.  

 Coils and electrical circuits 

The next step of the pre-processing phase consists in creating the coils, to be 

then used in electrical circuits of arbitrary complexity. Once created, it is 

possible to specify the terminals, the number of turns and the coil types. In 

MagNet, there are two types of coil, namely stranded and solid, whose 

features are described below: 

 Stranded coils are typically used to represent windings of insulated 

wires, made up of a certain number of turns. These turns are 

assumed a) to be uniformly distributed over the coil's cross-section, 

b) to be electrically insulated from one another, c) to be connected in 

series and d) to be carrying a uniform current density over their own 

cross-section. In time-varying situations, the stranded coil is 

typically used when the skin effects can be neglected [96]. It is easy 

to demonstrate that this assumption is well-founded for the rotor 

field and the stator armature windings, at the frequency of interest 

(i.e. 50Hz) for the analysis of the considered SGs. Therefore, these 

windings are set as “stranded” in the FE model.  
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 Solid coils, on the other hand, represent a solid piece of conductor, 

in which the current is free to flow where it wants. When the skin 

depth of penetration is smaller than the radius of the individual wire 

strands, the current density is not constant over the coil's cross 

section and the coil must be modelled as an actual solid conductor. 

In MagNet, solid coils are treated as a current flow problem, 

allowing for cross-sectional current density redistribution (from 

uniform profile) according to Maxwell's equations. Thus, time-

harmonic or time-transient induced (eddy) currents, as well as DC 

currents redistributions are taken into account in solid coils. Thus, 

considering that the main investigation of this thesis focuses on the 

damper windings, it is considered essential in the name of accuracy 

to model the amortisseur bars as solid conductors in order to take 

into account the potential skin effect resulting from the higher order 

slot harmonics [97, 98]. 

In actual devices, the voltage and current at the coils' terminals are not known 

directly, rather the way they are connected to external driving or load circuits. 

In MagNet, it is possible to couple the internal electromagnetic field 

quantities to the external electric circuit quantities by defining a circuit. 

According to the features of the rotor and stator windings described in 

Sections 2.4.1 and 2.4.2, respectively for the DIG142 and the HC4, the 

relevant circuits coupled to the FE model are shown in Fig. 30 and Fig. 31. 

The circuits representing the two machines’ windings are very similar to each 

other: the main differences include 1) the number of stator coils-per-phase 
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(20 in the DIG142 and 16 in the HC4), 2) the number of phase connections in 

parallel (no parallel circuits in the DIG142 and two parallel circuits in the 

HC4), 3) the number of damping bars (40 in the DIG142 and 24 in the HC4) 

and 4) the nature of some of the additional resistances. With respect to the 

latter point, in fact, it has to be mentioned that a number of lumped 

resistances are considered in the model to account for the inherently 3-D 

features of the generators. In particular, while any contact between bars and 

laminations is assumed to be negligible for the sake of this study, the 

following compensation factors are instead considered: 

 The bar-to-bar end connections – these are calculated by taking into 

account the shape and thickness of the end laminations. The lumped 

resistances included in the model in order to consider these 

connections are indicated as Rbb in Fig. 30 and Fig. 31.  

 The ventilating ducts - the DIG142 alternator comprises the presence 

of ventilating ducts on the stator. Thus, in order to consider the parts 

of the windings which are present along these ducts, the lumped 

resistances Rvd are added to the model.  

 The rotor field and stator armature end windings – the resistances of 

the field winding and the stator phases were directly measured with 

an ohmmeter at the machines’ terminals and, consequently, relevant 

lumped circuital resistance values are included in the FE model by 

tuning with the experimental measurements. These are indicated as 

RR,ew and RS,ew in the respective schematics of Fig. 30 and Fig. 31. 
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Rotor circuit 

Damper cage circuit 
Stator circuit 

Fig. 30 – Electrical circuits relative to the DIG142 SG coupled with the FE model. 

 
Rotor circuit 

 

Damper cage circuit 

 
Stator circuit 

Fig. 31 – Electrical circuits relative to the HC4 SG coupled with the FE model. 

For the sake of completeness, in Fig. 30, Coil1_20 is the series of the 20 coils-

per-phase which are representative of the DIG142 stator winding, while in 
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Fig. 31 Coil1_8//1_8 is the parallel of two coils’ groups, both representing the 

series of 8 coils of one stator phase of the HC4. Always referring to the same 

figures, for both the generators, CoilR is the series of the 4 rotor coils, while 

the circuit representative of the damper cage consists of nb bars in parallel 

and the relevant (solid) coils are named Coilb_i, where i=1,…,nb.  

All the observations described above lead to consider that a 2-D, transient 

with motion evaluation can be used for accurately taking into account the 

most critical aspects related to the end effects without resorting to the 3-D 

modelling. Before going into the details of the solver options, the most 

critical aspects of the pre-processing are those relative to the imposition of 

the boundary conditions and to the properties of the mesh, as they affect in a 

significant way the accuracy and the computation time of the FE model. 

These criticalities are discussed in the next section. 

 Model structure 

All the features and concepts behind the imposition of boundary conditions in 

a FE model are in general terms reported in Appendix 1. In this section, the 

application of these conditions to the SGs under analysis is discussed. 

The first consideration to highlight is that the magnetic field in electrical 

machines is enclosed within the space delimited by the core yokes. Thus, in 

theory, a homogeneous Dirichlet's boundary condition must be applied to 

these delimiting surfaces in order to model this aspect. However, in reality, 

some flux does leak from the back iron and a realistic FE analysis requires 

the imposition of this boundary condition to an external circumference 
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outside the stator. These spaces external to the machine, where the field is 

weak, do not need to be modelled in great detail because they do not have a 

substantial effect on the solution. This concept is applied to both the 

machines’ models as shown in Fig. 32 and Fig. 33, relative to the DIG142 

and the HC4 respectively. It can be noticed that while for the 4MVA SG only 

an external air box surrounds the machine parts being modelled, for the 

400kVA HC4 a hollow cylinder encloses the machine sector being analysed. 

This discrepancy between the models is due to the fact that the material used 

for the DIG142 shaft is a paramagnetic one (whose BH curve was available) 

this allows to analyse how the shaft affects the flux lines distribution, the 

field map and, in turn, the overall performance. On the other hand, the 

material used for the shaft of the HC4 is diamagnetic, meaning that its effect 

is negligible and the computational burden can be reduced. 

 

Fig. 32 – Imposition of boundary conditions onto the DIG142 FE model.  
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Fig. 33 – Imposition of boundary conditions onto the HC4 FE model. 

The second step of this exercise aimed at limiting the domain of analysis, 

concerns the exploitation of the symmetries and the periodicities of the 

machine. Taking into account the damper winding topologies of the DIG142 

and the HC4, different periodic conditions are used for the relevant models. 

In fact, as the damper cage of the DIG142 is displaced around the polar axis 

in alternating directions on each pole (see Fig. 7, in Section 2.4.1), it can be 

noted in Fig. 32 that the smallest machine sector that can be simulated for the 

full analysis of the considered SG corresponds to a one pole pair sector. This 

implies the use of even periodic boundary conditions along the tangential 

direction. On the other hand, the damper cage of the HC4 is symmetric, 

making the FE analysis simpler and faster, as the smaller machine sector that 
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can be simulated corresponds to a one pole sector. Therefore, odd periodic 

boundary conditions are imposed along the tangential direction, as can be 

seen in Fig. 33.  

The last pre-processing step before solving a FE model consists in defining 

the mesh of the elements. As mentioned above, this represents a critical 

aspect of the modelling stage, as the elements’ size and dimensions have to 

be chosen to satisfy the accuracy requirements, while keeping a relatively 

low computational time. MagNet allows for manual control of the mesh and, 

therefore, it is possible to define it according to the user objectives. For the 

applications at hand, it is clear that particular attention has to be given to the 

damper cage, considering that the prediction of the inherent induced currents 

(and associated losses) and of its effects on the output voltage THD represent 

the main goals of this work. In general, also the prediction of other loss 

contributors are important for the analysis of the considered SGs and, 

therefore, the mesh of elements of the relevant parts (i.e. cores and windings) 

have to be defined accordingly. Finally, special focus has to be given to the 

airgap, as in electrical machines with no magnets it represents the 

“component” where the majority of the electromagnetic energy is stored. 

Considering this, the airgap is divided in four layers along the radial direction 

in order to obtain a detailed field map; the two outer layers are marked 

“virtual air” with the purpose of improving the accuracy of the torque 

calculation via the Maxwell stress tensor method [17, 93], by shifting the 

integration surface inside a homogeneous region. Also, the software has the 

capability of enabling a “mesh edge subdivision” control tool, which allows 
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to control the mesh density along a component edge to be modified by 

specifying “seeds”. All the features described above regarding the mesh of 

elements in the various parts of the machine can be observed in Fig. 34 and 

Fig. 35, where it is also shown an in-zoom of the airgap area, highlighting the 

four layers subdivision concept as well as the “mesh edge subdivision” 

effects on the mesh. The mesh represented in the figures below and used for 

the FE analyses of the considered machines was achieved by adopting the 

“insensitivity of the solved quantity to further model refinement” philosophy. 

This was ensured by performing an iterative accuracy improvement process 

associated with a numerical sensitivity analysis. It is interesting to notice that, 

due to the higher complexity of the DIG142 than the HC4 (mainly due to the 

not-constant airgap along the salient pole tangential development), this 

iterative process led to consider smaller elements for the former SG. This 

discrepancy can be observed in the two figures below. 

 

 

Fig. 34 – Mesh refinement relative to the DIG142 FE model. 
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Fig. 35 – Mesh refinement relative to the HC4 FE model. 

Having set-up the structure of the model as presented above, the next steps 

consist in selecting opportunely the solving options and finally performing 

the FE analysis, as described in the next section.  

 

 Solving  

Before solving the developed FE model, a number of solver options has to be 

set according to the application at hand. The particular software utilised for 

the analysis provides the solver options detailed below: 

a) Material type: this section allows to specify if materials are to be 

treated as linear or non-linear. Most of the analyses carried out in this 

thesis treats non-linear materials and, if not otherwise specified, the 

results shown in the next chapters will be referred taking this choice 

into consideration.    
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b) Method: the linearization method option allows to specify how non-

linear model systems are to be linearized. The Newton-Raphson 

method [99] is used to linearize non-linear problems. It converges 

quadratically in the sense that the error at any given iteration is 

proportional to the square of the error at the previous iteration.  

c) Newton tolerance and maximum Newton iterations: in non-linear 

models, an iteration loop is initiated at solving in order to linearize the 

system of equations to be solved. This iterative process will terminate 

either when the relative change in the solution x from one iteration to 

the next is smaller than the specified Newton tolerance or the 

maximum Newton iterations reaches the specified value. The 

maximum number of iterations is set at 20, as 5 or 6 steps are 

sufficient to reach convergence. Decreasing the Newton tolerance so 

as to cause an increase in the number of nonlinear iterations results in 

a more accurate solution. 

d) CG tolerance: this option is used to determine when the iterative 

matrix system solution algorithm should be considered to have 

converged to the solution of the linearized matrix system resulting 

from the discretization of the model. The lower the CG tolerance, the 

more accurate and uniform the solution of the linearized matrix 

system. 

e) Polynomial order: it controls the order of the base functions used to 

represent the solution. The higher the polynomial order of the base 

functions used to represent the solution, the greater the accuracy.  
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As well as for the mesh refinement, the same “insensitivity of the solved 

quantity to further model refinement” philosophy has been applied for the 

choice of the solver options listed above. Once selected and opportunely set 

in the model, a solver must be selected according to the analysis to be 

performed. In particular, MagNet distinguishes the “no-motion” solvers from 

the “transient with motion” solvers and the main features of both are 

described below: 

a) The “no-motion” solvers can analyse devices with a moving 

component without taking into account the effects of motion. 

Basically, the device is solved with the moving component in 

different positions, meaning that the phenomena related to the eddy 

currents are neglected in the analysis.  

b) The “transient with motion” solvers can solve models in which a) it is 

necessary to model the induce currents due to motional effects and b) 

it is necessary to couple with mechanical components. The analysis 

 can include any number of rigid components; 

 involves time-stepping from one instant to the next over the 

time frame of interest; since a second order time integration 

scheme is used, there are two calculations for each time step; 

 is quasi-static, i.e. displacement currents and wave effects are 

neglected. 

Considering that the eddy currents’ effects play an important role in the 

analysis of the damper winding and, in general, of the SGs under study, the 
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FE results reported in the next sections will be obtained through transient 

with motion simulations. Nevertheless, parametrised static simulations will 

be also used where fast solutions are necessary and when the eddy currents 

phenomena can be neglected.   

 

 Final considerations 

In Section 4.1, an in-detail description of the FE model built and developed 

for the achievement of the objectives outlined in this work has been carried 

out. The product MagNet of Infolytica has been used for such purposes. The 

developed tool will be first used for an accurate performance prediction of 

the SGs considered in this thesis. The corresponding results of these analyses 

will be then validated against experimental measurements. Before going into 

the details of this comparative exercise, there are two critical aspects for the 

analysis of the considered alternators that need a dedicated treatment. These 

include 1) the iron loss, with special focus on the pole face loss, as it was an 

identified issue for the applications at hand (especially for the DIG142) and 

2) the skewing, as this design feature is implemented on the stator of the 

HC4. As the relevant modelling of such aspects is not directly correlated to 

the FE model features described above, it will be the focus of the next 

sections. 
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4.2 Modelling of surface rotor losses 

In general, power losses in electrical machines are composed of the following 

terms: 

 resistive losses in stator and rotor conductors;  

 iron losses in ferromagnetic materials; 

 mechanical losses, i.e. windage and friction. 

The way how the ohmic-resistive aspects have been taken into account in the 

developed FE model of the SGs being considered in this thesis have been 

discussed in Section 4.1.3. Considering this, no further details are discussed 

in this section and the validation exercise of such a loss contributor will be 

shown in the relevant section (i.e. Section 4.4.4). On the other hand, a more 

in-detail treatment is necessary for the iron loss modelling and this is 

discussed in the next sections. 

 Background 

Due to a number of reasons, including manufacturing aspects that can have 

an impact on the magnetic properties of ferromagnetic materials, the 

estimation of this loss contributor represents a very difficult task for 

electromagnetic designers. Hence, as a first step, it was necessary to perform 

a literature survey to understand how core models have been traditionally 

developed. Regarding core losses with sinusoidal excitations, Steinmetz did 

much of the earlier work [100, 101]. The original model was aimed at 

representing core losses per unit volume in a single equation. Steinmetz 
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showed a separation into two components, as given in (21), namely the 

hysteresis and the eddy currents losses. 

𝑃𝑖𝑟𝑜𝑛 = 𝑘ℎ𝑓𝐵̂𝑛 + 𝑘𝑒(𝑓𝐵̂)2 (21) 

The parameters in this equation were found empirically, i.e. n is the 

Steinmetz constant (usually fixed at 1.6), kh and ke are known as the 

hysteresis and eddy current loss coefficients, f is the excitation frequency and 

𝐵̂ is the peak flux density. In recent years, it has been shown that there exists 

a third loss component [102, 103]. This additional contributor is termed extra 

losses, originating from eddy currents induced around domain walls as they 

move under the influence of an alternating magnetic field. A new model was 

proposed and the relevant equation is provided below in (22). 

𝑃𝑖𝑟𝑜𝑛 = 𝑘ℎ𝑓𝐵̂𝑛 + 𝑘𝑒(𝑓𝐵̂)2 + 𝑘𝑒𝑥(𝑓𝐵̂)1.5 (22) 

In (22), n is not fixed and is material dependent. Ultimately, research focused 

on the explanation of the physical meaning of n, kh and kex, which are often 

obtained through curve fitting techniques, and on the development of a core 

loss model that incorporates all the dynamics related to frequency and flux 

density [104]. The hysteresis component was recently modified by [105] as 

shown in (23), to reflect the frequency dependence of the hysteresis loss 

coefficient and the dependence of the Steinmetz’s constant on the peak flux 

density. This model, combined with classical models, showed good 

performance. All the coefficients are obtainable through curve fitting. 
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𝑃ℎ𝑦𝑠𝑡 = 𝑘ℎ(𝑓) 𝑓 𝐵̂𝑐+𝑑𝐵̂+𝑒𝐵̂2
 (23) 

In this thesis, the choice of the most accurate method for the loss estimation 

in the SGs under study was dictated by the following reasons: 

a) Experimental measurements carried out on the considered alternators 

have shown high rotor temperatures (relatively to their insulation 

class) even during normal operation; this was an identified issue 

particularly for the DIG142. A detailed analysis of the loss 

contributors is then necessary to identify which losses are most 

sensitive to the high rotor temperatures. 

b) The classical Steinmetz equation (21) is used in MagNet to determine 

iron losses. This may lead to obtain very inaccurate results, in 

particular when high flux density harmonics and minor loops are 

present.     

Having provided the above introductory aspects behind the iron loss 

modelling, next section focuses on the methodology proposed in this work 

for the estimation of such significant loss contributor. 

 

 The proposed method 

The method proposed and implemented for the estimation of the iron loss in 

the SGs under study consists in an algorithm based on Steinmetz equations 

but extended to all the harmonics [106]. In this way, surface losses due to the 

slot harmonics are properly considered over the whole amount of iron loss. 
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The computation algorithm of the iron losses can be summarized in the 

following: 

1) A transient with motion 2-D finite-element analysis is performed. 

2) From the magnetic field solution, the flux-density waveform 

corresponding to an electric cycle is extracted from the nodes of a 

grid built-on-purpose inside the iron regions, i.e. the stator and rotor 

steel for each element. On the left-hand side of Fig. 36, it is shown 

how the rotor pole shoe has been subdivided for such purposes. The 

use of a customised grid (rather than using the nodes of the mesh 

elements) gives more flexibility to the model, as it can be properly 

modified according to the objectives at hand.  

3) The flux density in the middle of each element is calculated by 

averaging the flux density waveforms extracted in 2), as shown on the 

right-hand side of Fig. 36.   

 

 

 

Fig. 36 – Subdivision of the pole shoe (on the left) for loss calculations and 

averaging of the flux density waveforms (on the right). 

4) The Fourier-series decomposition is applied for all the flux density 

waveforms. The first 100 harmonics are considered, in order to 

account for the slotting effect on the loss computation. 
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5) The following equations are then used to compute the hysteresis and 

eddy current components in each element of the iron regions: 

𝑃𝑖𝑟𝑜𝑛 = 𝑃ℎ𝑦𝑠𝑡 + 𝑃𝑒𝑑𝑑𝑦 (24) 

𝑃ℎ𝑦𝑠𝑡 = 𝑘ℎ ∑(𝑖 𝑓)𝐵𝑖
𝑛

𝑁

𝑖=1

 (25) 

𝑃𝑒𝑑𝑑𝑦 = 𝑘𝑒 ∑(𝑖 𝑓)2 𝐵𝑖
2

𝑁𝑝

𝑖=1

 (26) 

where f is the frequency, B is the peak flux density, kh and ke are the 

hysteresis and the eddy current loss coefficients, respectively, and n is 

the Steinmetz constant. These coefficients are determined through 

curve fitting techniques, by using the data available from the test 

previously carried out on an Epstein frame for obtaining the loss 

contribution separation. 

6) The summation of all the losses per element gives the total iron loss. 

As well as for the ohmic loss component, the validation exercise of the model 

proposed and described above will be provided in Section 4.4.4. 

4.3 Modelling of skew 

The second critical modelling aspect which needs a dedicated treatment in 

this chapter is that related to the skewing, as this is implemented onto the 

HC4 stator. The literature review relevant to the skewing has been discussed 

in Section 2.3, where it was highlighted how this 3-D feature can be 
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modelled with very accurate techniques (even in 2-D), although these come 

at the cost of high computational resources which are not suited for iteration-

heavy designs. Considering this, a fast FE-based method is proposed in this 

section, able to accurately predict the effects of skew in SGs in a relatively 

shorter time than the traditional methods.  

 Objective 

In this work, a technique for the modelling and the analysis of skew effects in 

electrical machines (with a focus on the platforms at hand, i.e. SGs) is 

proposed and investigated. A similar approach is presented in [107], where 

the analysis is focused on PM machines. However, in machines with short-

circuited windings, where currents are induced by a number of phenomena of 

different nature, further investigations are required. Therefore, updates on the 

approach presented in [107] are implemented onto the 400kVA HC4 SG in 

order to predict the no-load and on-load THD of the machine’s output 

voltage. Using the proposed modelling technique, then a theoretical 

explanation of the benefits due to the stator skew in the generator under 

analysis are carried out and presented. The technique and its results are then 

compared to the two more common approaches (for modelling of skew), via 

a purposely-built 2-D, SS FE model. The mentioned ‘common’ techniques 

are  

1) the averaged-slice (AS) technique, where a set of 2-D slices with 

appropriate shift between rotor and stator are created and then post-

processed by using averaging processes;  
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2) the MS technique, where a number of 2-D slices with appropriate 

shift between rotor and stator are created and then simultaneously 

solved.  

The above-proposed method is thus used for the analysis of voltage 

waveforms, damper cage induced currents and associated losses in SGs. As 

shown below in the thesis, excellent results in terms of modelling, accuracy 

and time consumption are achieved. Experimental tests are performed to 

prove the validity of the fast, proposed SS technique. 

 Conceptual considerations 

This section deals with some analytical considerations aiming at 

understanding the effects that skewing has on the overall performance of 

electrical machines. To do this, it is worth to recall the variable airgap 

thickness εAG(λ,α), defined in (18) as the difference between rs(λ,α) and 

rr(λ,α), which represent the stator and rotor radii respectively, evaluated along 

the tangential direction. In Section 3.5 and in particular in (8)-(17), it was 

highlighted the important role that this function plays in the solution of the 

electromagnetic problem. It was also presented in Section 3.6.2 how the slot 

opening effects can be implemented in the function rs(λ,α). For the sake of 

this study, step functions are sufficient to describe the slot opening. This 

concept is shown in Fig. 37, where the slot harmonic can be easily observed 

in the function εAG(λ,α). It is clear that this slot harmonic will be present in 

the permeability function µE(λ,α) and thus in the inductance matrix L(α), 

defined in (9) and (17) respectively. As expected, one possible solution to 
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mitigate the effects of the slot harmonics on the quantities recalled above 

(and consequently on the output voltage) is to axially skew the stator of SGs.  

 

Fig. 37 – Variable airgap thickness function εAG vs. angular displacement λ. 

To implement the skewing in εAG(λ,α), one can consider a number Ns of 2-D 

cross sections of the machine along the axial direction. Each slice is shifted 

from each other by a submultiple δ of the skewing angle αsk, as shown in Fig. 

38. In practice, this corresponds to a shift of rs(λ,α) and this is recalculated by 

averaging each waveform over the number Ns of slices considered. In order to 

show this concept, the waveform obtained in Fig. 37 (where the skewing is 

not considered and thus Ns=1) is compared with the waveforms obtained 

when Ns=5 and Ns=9. This is shown in Fig. 39, where it can be observed how 

the slotting effect is reduced when considering an increasing number of 

slices. In the case of the HC4 SG analysed in this work, where a continuous 

(i.e. not stepped) skewing is applied to the stator, it is obvious that an 

accurate implementation of this machine’s feature in the airgap thickness 
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function implies the choice of a theoretically infinite number of slices 

(Ns=∞). This results in the interesting result given in (27) where 𝜀𝐴𝐺
6𝑞±1

 is 

the first slot harmonic, evaluated under one pole pair.  

lim
𝑁𝑠→∞

𝜀𝐴𝐺
6𝑞±1 = 0 (27) 

 

 

Fig. 38 – 2-D cross-section of the HC4, including the skewing angle αsk and its 

submultiple δ. 

 

Fig. 39 – Zoom on the variable airgap thickness function – comparison between an 

un-skewed (Ns=1) and a skewed stator (Ns=5 and Ns=9). 
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Considering the above, it can be concluded that, although simplified shapes 

of rs(λ,α) and rr(λ,α) have been considered, some important results can be 

observed. In particular, it has been shown how skewing can mitigate the 

harmonics due to the stator slot openings (Fig. 39) and, in the case of a 

continuous stator axial skewing, a theoretical, complete elimination of these 

harmonics can be achieved (see (27)), allowing for improvements in the 

output voltage waveform.  

It is also important to observe that, by applying the same concept of 

averaging the waveforms obtained by considering Ns axial slices of the 

machine, it is possible to ‘improve’ also the winding functions which 

describes the machine’s phases. This concept is shown in Fig. 40, where the 

number of slices used is 5.  

 

Fig. 40 – Stator winding function: comparison between an un-skewed and a skewed 

stator. 
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It can be observed that the skewed winding function (in red) is much more 

sinusoidal-distributed of that of the un-skewed one (in blue). The main effect 

is therefore that of producing a better winding distribution. However, this 

comes at the cost of reducing the winding factor (by 0.3% in the case of Fig. 

40, where Ns=5) which in turn propagates a reduction of the performance of 

the machine. It is also clear that, when an increased number of slices is used 

for averaging the blue waveform, a further reduction of the winding factor 

can be observed, again highlighting that skewing is an optimizable feature in 

all the design stages of electrical machines. 

All the above highlights that the effects due to the skewing can significantly 

affect the internal electromagnetic phenomena occurring in electrical 

machines. Therefore, it is of paramount importance to model it in a fast and 

accurate way, especially for iterative design purposes. Therefore, in the next 

sections, a single-slice (SS), 2-D FE modelling technique [108] is proposed 

and compared with the most known 2-D FE approaches.  The validation 

process against experimental measurements will be presented in Section 

4.4.5, for the sake of consistency with the other modelling aspects previously 

highlighted.  

 The proposed model 

Considering the FE model described in Section 4.1, a SS method is proposed 

for the analysis of the skewing. A transient with motion evaluation of an un-

skewed machine is undertaken, which comprises flexibility in terms of 

simulating different operating conditions according to the type of load 
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considered in the circuit coupled to the FE model. In other words, the no-load 

condition is simulated by setting a resistance equal to a practical infinite 

value, while the on-load operation is analysed by setting the circuital lumped 

parameters (resistance, inductance and capacitance) according to the given 

apparent power and power factor.  

The key point of the proposed method is choosing a simulation angle step δ 

equal to a submultiple of the skewing angle αsk. The smaller the simulation 

angle step, the more accurate the post-processed electromagnetic quantities, 

without significantly compromising the computational times. These 

quantities (i.e. fluxes linkages, voltages, currents, etc.) are phase shifted by 

the selected angle δ and averaged over the skewing angle, as given in (28) for 

the generic scalar quantity x(θ). For the sake of clarification, it is worth to 

point out that this process is also applied for the evaluation of the damper 

cage currents and losses.  

𝑥(𝜃) =
𝛿

𝛼𝑠𝑘
∑ 𝑥(𝜃 + 𝜑)

+𝛼𝑠𝑘 2𝛿⁄

−𝛼𝑠𝑘 2𝛿⁄

 (28) 

The averaging process shown in (28) assumes that there are no variations of 

the magnetic state of the skewed machine along the axial direction. It is also 

true that averaging processes can lead to inaccuracies in machines equipped 

with short-circuited rotor cages [71]. However, the main objectives of this 

exercise are  

1) to propose a very fast technique for modelling the skewing in 

everyday, company-based design of SGs; 



100 

 

2) to prove that this method can be very accurate for estimating some 

critical standard grid requirements, such us the THD of the no-load 

and on-load voltages; 

3) to highlight that the limitations of the proposed method for the 

estimation of more complex quantities, such as the currents induced 

in the damper cage, are not significantly critical.  

The next section therefore deals with the analysis of the results obtained with 

the SS technique, at no-load and at full-load operations. The results are not 

presented on their own, but are illustrated directly in the validation 

comparisons with the results from the AS and the MS models. These are 

shown in Figures 42-46, Table 2 and Table 3. 

 Comparison with other FE techniques 

This section is aimed at comparing the proposed SS method described above 

with the two most common ways used to model the skewing in electrical 

machines, namely the AS and the MS techniques. The major features of these 

methods are highlighted below:  

1) The AS technique: it consists in creating a set of 2-D FE models, 

different from each other only for the initial phase shift between rotor 

and stator positions. Each model is then solved separately and the 

results are post-processed by averaging processes. The higher the 

number of models being used, the more accurate the field solution, 

but the required computational time is also compromised. This 
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technique is perfectly suitable for modelling stepped-based skewing, 

which for example is very common in PM machines.  

2) The MS technique: it consists in creating a number of 2-D slices with 

a specific phase shift between rotor and stator positions, according to 

the skew angle (see Fig. 41). These slices are then solved 

simultaneously. This forces the currents flowing in skewed windings 

to be the same along the axial direction, thus allowing for much more 

accuracy than with an averaging procedure. This technique is the 

most accurate amongst 2-D FE methods for modelling the skewing. 

On the other hand, it requires significant computational resources.  

 

Fig. 41 – The multi-slice FE model, with 5 slices simultaneously evaluated. 

An accurate, preliminary sensitivity analysis has been performed aiming to 

select the most appropriate number of slice Ns to be used for comparison 

purposes. The results of such analysis have led to consider a scheme with 5 
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slices. This number is chosen based on the results of a sensitivity analysis 

that indicated that no significant modifications on the electromagnetic 

quantities are observed when values of Ns bigger than five are used. The three 

techniques are thus compared with Ns=5 being used for all of them. All the 

results at no-load and full-load operations are shown in the following 

sections. 

4.3.4.1 No-load 

The results obtained with the proposed SS method at no-load operation are 

given in this section. Fig. 42 shows a comparison amongst the no-load output 

voltages obtained with the three different techniques. The terminal voltages 

obtained are not shown over-lapping to each other because of the excellent 

similarity being achieved. This is also confirmed by the results observed in 

Table 2, where the THD and the total RMS values of the open-circuit 

voltages are compared.  

 

Fig. 42 – No-load terminal voltage – Comparison amongst the three methods. 
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Table 2 – THD and RMS values – Comparison amongst the three techniques. 

-------------------

------------------- 

No-load Phase Voltage 

SS AS MS Skew-less 

THD 2.193% 2.183% 2.221% 5.58% 

Total RMS 230.01V 230.05V 230.25V 231.96V 

 

It is important to note that in Table 2, the main aim is to compare the three 

techniques. However, the values of the voltage THD and total RMS for the 

skew-less machine are also shown to emphasize the advantages that skewing 

can achieve. 

In Fig. 43 and Fig. 44, the comparison is carried out in terms of damper cage 

induced currents. In particular, Fig. 43 shows a comparison amongst the 

current’s waveforms induced in one damper bar (e.g. the bar on the pole tip) 

evaluated with the three different methods. Fig. 44 compares the RMS values 

(y-axis) of such currents induced on the damper bars (x-axis) of one salient-

pole. In this case, a good match amongst the results obtained with the three 

techniques can be seen, highlighting the validity of the proposed method at 

no-load operation. On the other hand, some differences can be observed 

amongst the currents in bars 3 and 4, especially when evaluated with the MS 

technique. This is due to the fact that the currents are constrained to be the 

same in each bar of this winding, and are not evaluated according to the same 

averaging concepts as the SS and the AS techniques do.  
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Fig. 43 – No-load currents induced in one damper bar: comparison amongst the 

three techniques. 

 

Fig. 44 – No-load, RMS values of damper cage currents: comparison. 

4.3.4.2 Full-load 

Classical averaging processes used to model skewed electrical machines can 

lead to inaccuracies in predicting the performance, especially when these are 

equipped with short-circuited windings. At full-load operation, besides the 
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effects due to the slot harmonics, additional damper cage currents are induced 

by the armature reaction [38]. As well as for the no-load operation, in order 

to validate the SS method, the damper cage currents are evaluated with the 

proposed technique and then compared with the well consolidated AS and 

MS simulations. An excellent similarity amongst the results of Fig. 45 can be 

observed, where the RMS values of the damper cage currents induced into 

the bars placed on one pole are shown. Also at full-load operation the damper 

cage currents predicted with the SS technique are very similar to those 

evaluated with the AS and the MS methods and the percentage error is very 

low. When considering the advantages in terms of computational times, then 

this relative accuracy is of course an added advantage for the proposed 

technique. The full-load stator currents are compared in Fig. 46, showing 

again a very good similarity amongst the results. 

 

Fig. 45 – Full-load, RMS values of damper cage currents: comparison. 
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Fig. 46 – Stator phase currents: comparison. 

For the sake of completeness, the damper cage losses are computed with the 

3 different techniques and compared relative to each other but also to the case 

of a skew-less configuration. In Table 3, it can be observed that losses are 

reduced by 2.2% when skewing is applied, as the slot harmonic effect is 

attenuated. Although skewing can affect other loss components [64], such as 

the pole face losses, and can lead to an increased field current to compensate 

for the ensuing output voltage drop (see Table 2), it can be concluded that 

this stator feature does not significantly affect the overall efficiency of the 

considered platform.  

Table 3 – Damper cage loss: comparison amongst the three techniques. 

Damper Cage Loss 

SS AS MS Skew-less 

1136W 1131W 1126W 1155W 
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4.4 Model validation against experimental results 

This section is aimed at confirming the validity of the models proposed 

above. The validation process is crucial for the further development of the 

project and for the achievement of the relevant objectives, as the validated 

tools will be then used for power quality and efficiency improvements 

through advanced optimization methodologies. 

More specifically, besides the basic performance at no-load and full-

operations of both the DIG142 and the HC4 SGs, the comparative exercise 

between FE and experimental results will focus on proving the accuracy of 

the power loss and the skewing models, respectively proposed in Sections 4.2 

and 4.3. The experimental measurements were performed in the Tech Centre 

of CGT at this stage for both the alternators. In the next sections, only the 

general aspects of the tests will be presented, while the detailed setups and 

procedures will be provided in Chapter 7, where the experimental results 

carried out on a new prototype will be discussed. 

 No-load characteristic 

The open-circuit characteristic is found by measuring the no-load terminal 

voltage at different levels of field current. For comparison purposes, first 

static FE simulations (phase A axis and d-axis parallel) were carried out as 

suggested in [93], in order to reduce the required computational resources. 

However, in order to fully consider the harmonic content of the no-load 

voltage, transient with motion simulations were also used. Fig. 47 and Fig. 48 

compare these different FE approaches with the experimental measurements, 
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respectively carried out on the DIG142 and HC4 prototypes. It can be noticed 

that, although the static simulation curves are quite accurate, the transient 

simulation curves are almost exactly matching the experimental results.  

 

Fig. 47 – No-load characteristics of the DIG142 – Comparison between FE and 

experimental results. 

 

Fig. 48 – No-load characteristic of the HC4 – Comparison between FE and 

experimental results. 
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For the sake of completeness, the field maps at no-load for the DIG142 and 

for the HC4 are reported in Fig. 49 and Fig. 50, respectively. These are 

illustrated with the phase A-axis (highlighted in the figures) and d-axis (i.e. 

the polar axis) parallel. 

 

Fig. 49 – No-load field map of the DIG142. 

 

Fig. 50 – No-load field map of the HC4. 
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 Short-circuit characteristic 

The short-circuit characteristic is determined by measuring the armature 

stator currents at different levels of field current, when the generator 

terminals are short-circuited.  

 

Fig. 51 – Short-circuit characteristics of the DIG142: comparison between FE and 

experimental results. 

 

Fig. 52 – Short-circuit characteristics of the HC4: comparison between FE and 

experimental results. 
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The relevant test set-up is replicated through FE, transient with motion 

simulations for comparison and validation purposes. Fig. 51 and Fig. 52 show 

a good agreement between FE and experimental results, respectively for the 

DIG142 and the HC4 generators. 

 

 Full-load results 

In Fig. 53 and Fig. 54, the field maps of the SGs under analysis at full-load 

rated conditions are shown. The effect of the transversal armature field 

component on the excitation field can be observed. This is due to the ohmic-

inductive nature of the rated load, being the rated power factor equal to 0.8. 

In the FE model, depending on the required loading and power factor, the 

rotor currents and the passive components values can be set to run a transient 

simulation, until the steady-state condition is reached.  

 

 

Fig. 53 – Full-load field map of the DIG142. 
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Fig. 54 – Full-load field map of the HC4. 

From an experimental point of view, the electrical load parameters are 

registered during normal, full-load operation of the two SGs and the results 

therefore compared with the FE values for validation purposes. Table 4 

summarises this comparative exercise for the DIG142 and Table 5 for the 

HC4, with the rated field current being used in the 2-D FE model and an 

excellent similarity being achieved. 

 

Table 4 – Full-load results for the DIG142. 

Electromagnetic 

Quantities 

FE 

Results 

Experimental 

Results 

Percentage 

Error 

Field Current 143.7A 143.7A 0% 

Load Voltage 10998V 11000V 0.02% 

Phase Current 230.2V 233.6A 1.46% 

Power Factor 0.802 0.8 0.25% 

Real Power 3.51kW 3.56kW 1.46% 
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Table 5 – Full-load results for the HC4. 

Electromagnetic 

Quantities 

FE 

Results 

Experimental 

Results 

Percentage 

Error 

Field Current 50.3A 50.3A 0% 

Load Voltage 400.2A 400V 0.05% 

Phase Current 575.7A 577.4A 0.3% 

Power Factor 0.783 0.8 2.13% 

Real Power 313kW 320kW 2.19% 

 

 Power losses  

This section deals with a comparison between the FE and the experimentally 

evaluated copper and iron losses of the generators being considered. In 

Section 4.1.3, it was described how to include the resistive effects not 

inherently modelled in the 2-D models of the SGs. These include the 

ventilating ducts, the end-windings and temperature effects on the copper 

conductivity. Based on this, it can be inferred that the resistances considered 

in the FE model are very close to the experimental ones. Therefore, while 

very small differences are detected for the field winding losses, the 

discrepancy between FE and experimentally determined currents reflects on 

the stator resistive loss. Fig. 55 shows a comparison between FE and 

experimental copper losses for the DIG142, at different loadings and power 

factors, where the percentage error at rated full-load condition is 5.46% for 

the stator loss.  
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Fig. 55 – Copper losses in the DIG142 at different load levels and power factors: 

comparison between FE and experimental results. 

The same comparison is carried out for the HC4 platform and illustrated in 

Fig. 56, where the percentage error at full-load operation is even smaller than 

the previous machine and results equal to 0.5%. 

 

Fig. 56 - Copper losses in the HC4 at different load levels and power factors: 

comparison between FE and experimental results. 
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Core losses are experimentally measured at no-load and then assumed to be 

approximately constant for all load levels and power factors. Traditionally, 

only the total core loss is determined as any localization exercise to 

determine where the loss actually is (rotor or stator or damper), is very 

difficult to do. Therefore, although damper winding losses are of ohmic-

resistive nature, they are included in the experimentally evaluated iron loss 

value. In Fig. 57, the DIG142 generator losses computed through the 

algorithm described in Section 4.2 can be observed at various loadings and 

power factors. It can be seen that iron losses are essentially constant in 

relation to loading and power factor, while damper cage loss significantly 

varies with respect to the same aspects. The same considerations can be 

drawn for the HC4 alternator, whose relative losses at different loadings and 

power factors are reported in Fig. 58. 

 

Fig. 57 – Iron losses in the DIG142, at different load levels and power factors. 
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Fig. 58 - Iron losses in the HC4, at different load levels and power factors. 

In order to be coherent with the experimental loss determination, the 

measured and predicted losses are compared only for the no-load condition. 

A very good similarity between FE and experimental results is observed, with 

percentage errors of ≈13% and ≈10% being achieved, for the DIG142 and the 

HC4 respectively. 

 Skew and its effects 

In Section 4.3, the validity of the fast SS FE technique, proposed for the 

modelling of skewing and its effects in the considered 400kVA HC4 SG was 

proven and validated against the well-known and consolidated AS and MS 

techniques. Nevertheless, further validation is necessary because of the 3-D 

nature of the skewing. Hence, experimental measurements have been 

performed on the HC4 platform. This is briefly described in the next section 

and tests at several load conditions are then used to compare and validate the 
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proposed technique. In order to reach a certain level of accuracy, the 

simulation angle step δ is chosen in such a way that the number of slices used 

to extrapolate the current and voltage waveforms is equal to 21.  

4.4.5.1 Description of the set-up 

The experimental platform for the validation of the skewing modelling 

proposed above consists of an IM drive, acting as the prime mover, whose 

speed loop controls the frequency of the SG, which is mounted on the same 

shaft of the motor. A photo of the experimental bench can be observed in Fig. 

59.  

 

Fig. 59 – Experimental test bench of the considered SG. 

A combination of testing methods including a load bank and the classical 

back-to-back (slave machine) method were used. For up to half load ratings, 

the machine terminals are connected to a resistive load bank, consisting of 

variable resistances whose power can be remotely varied up to 200kW, thus 

giving the opportunity of more discretization in the testing samples. The 
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classical back-to-back method was used to perform measurements at full-load 

rated operation. All the experimental tests have been carried out with the 

machine’s automatic voltage regulator (AVR) connected in order to maintain 

the output voltage at its rated value while changing the load. 

4.4.5.2 No-load test 

The no-load test is performed with the stator terminals open-circuited. The 

voltage waveforms and harmonics are recorded during the test through a 

typical power analyser. The voltage THD is evaluated and compared with the 

calculated value determined through the proposed technique. The results are 

shown in Table 6 (first row), with an excellent match being achieved at no-

load operation.  

4.4.5.3 Test at 50kVA, 100kVA and 200kVA, at unity power factor 

These tests are performed with the resistive load bank (Y-connected) set at 

50kW, 100kW and 200kW, respectively. The voltage waveforms and 

harmonics are registered during the measurements through a power analyser. 

The voltage THD is determined and then compared with that evaluated 

through the SS technique. Table 6 also shows the comparison at different 

loading levels (referring to the unity power factor rows), where a very good 

similarity can be observed. 

4.4.5.4 Test at 400kVA, at 0.8 power factor 

This test is carried out with the considered platform’s terminals connected to 

those of the ‘slave’ machine. The relevant details of this test setup will be 

shown in Chapter 7. The rated full-load condition has been evaluated, in 

order to compare the voltage THD between the FE and experimental 
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evaluations. The last row of Table 6 shows an excellent similarity between 

the above-mentioned results.  

Table 6 – Experimental and FE results: comparison at different loadings and power 

factors. 

Loading – power factor 

Voltage THD 

FE Experimental 

No-Load 1.26% 1.34% 

50kVA – 1pf 1.13% 1.19% 

100kVA – 1pf 1.39% 1.26% 

200kVA – 1pf 2.44% 2.01% 

400kVA – 0.8pf 2.17% 1.76% 

 

4.4.5.5 Summary 

Experimental tests have been carried out to prove the validity of the SS 

technique. The results in terms of voltage THD have been compared to the 

proposed method, resulting in an excellent similarity, which is clearly 

observable in Fig. 60. In this figure, an important aspect to note is the 

increasing discrepancy between FE and experimental results, relative to the 

increasing of the loading level. This is mainly due to the effects of the 

machine’s armature reaction. An important factor to consider is the 

inaccuracies intrinsically included in the averaging process, inherent to the 

proposed SS, FE technique. While it is acknowledged that averaging the 

current induced in the armature windings (and in the damper cage) is 

conceptually incorrect, it has however been shown to be a reliable 

approximation. In fact, as shown in Section 4.3, even more complex and 
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more time-consuming techniques (such as the MS method) produce similar 

results. Potential improvements can be achieved by increasing the number of 

slices utilized for modelling the stator skew, i.e. reducing the simulation time 

step in the SS technique. On the other hand, this would come at the cost of 

more computational time and resources. 

 

Fig. 60 – Phase voltage THD: comparison between FE and experimental results. 

4.5 Conclusions 

This chapter dealt with the description, the development and the validation of 

the FE model built for the electromagnetic analysis of the platforms being 

considered in this Ph.D. project. 

Although it is clear that a 3-D model [109, 110] would be ideal for the 

electromagnetic analysis of the alternators analysed in this chapter, all the 

above confirms the validity of the built 2-D FE models of the 4MVA and 

400kVA salient-pole SGs. It can be observed, in fact, that the obtained FE 
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results, when compared to the experimental ones, give an accurate match at 

several load conditions and for different power factors. 

Figures 47-48 and Figures 51-52 show a comparison in terms of no-load and 

short-circuit characteristics. From Table 4 and Table 5, a very good 

agreement can be observed in terms of full-load results. The FE and 

experimental copper and iron losses are also compared and successfully 

validated for different loadings and power factors, as reported in Figures 55-

58. Finally, the skewing effects on the output voltage THD of the HC4 are 

evaluated via an innovative technique, whose accuracy and validity can be 

observed in Table 6 and Fig. 60. 

Having fully validated the developed FE tools, these will be used in the next, 

final stage of this thesis to propose solutions for the reduction of losses, as it 

was an identified issue for the applications at hand (especially for the 

DIG142), and for limiting the voltage THD without resorting to the skewing 

(implemented onto the HC4), as this is an expensive manufacturing 

technique. Hence, after performing a sensitivity analysis on both the SGs 

(Chapter 5), a novel damper cage design technique is identified and applied 

to the platforms being considered in this work (Chapter 6).  

4.6 Contributions to research 

In this chapter, the main contributions to research are related to  

 a comprehensive review and implementation of 2-D FE modelling in 

salient-pole SGs;  
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 a fast method to model skew and its effects in SGs featuring such 

design characteristic.  

The validity of the built FE model, confirmed by the excellent match with the 

experimental tests, has led to investigate specific machine’s operating 

conditions which are different from those described in this chapter. For 

example, results relative to the single-phase operation of SGs are reported in 

the following conference publication:    

 C. Spagnolo, S. Nuzzo, G. Serra, C. Gerada and M. Galea, “Analysis 

of salient-pole synchronous generators operating in single-phase 

condition”, IEEE Workshop on Electrical Machines Design, Control 

and Diagnosis (WEMDCD), 2017. 

Referring to the fast model for the analysis of skewing and its effects 

described in this chapter, the results shown above are also reported in one 

academic publication in a high impact factor journal. The publication name is 

given below:  

 S. Nuzzo, M. Galea, C. Gerada and N. Brown, “A fast method for 

modelling skew and its effects in salient-pole synchronous 

generators”, IEEE Transactions on Industrial Electronics, 2017. 
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Chapter 5  

Damper cage loss and voltage THD 

sensitivity analysis 

In the previous chapter, a FE model of the 4MVA and the 400kVA SGs used 

as case studies to achieve the objectives of this Ph.D. project were built and 

then validated against experimental results on existing prototypes. The 

validated tools can now therefore be used to propose a number of design 

improvement solutions, aimed at addressing the damper cage loss and the 

voltage THD in both the generators under analysis. This study is carried out 

in the form of a detailed sensitivity analysis, whose objective is that of 

capturing the machine parameters that mostly affect the quantities mentioned 

above.  

The first part of this chapter focuses on the DIG142 alternator, with special 

attention to the damper cage loss reduction, as it was observed that this 

component plays a significant role on the overall power losses and thus on 

the machine efficiency. The second part of the chapter describes the 

sensitivity study carried out on the HC4 machine, where the principal 

variable investigated is the no-load voltage THD, as the main target here is 

that of keeping it below the standard value of 3% without resorting to the 

skewing of the stator. 
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Considering the above, it is clear how these studies are fundamental for 

limiting the design space which will be investigated for future, optimization 

purposes. In fact, the results of this sensitivity analysis will allow to discard a 

priori the machine design parameters that are less effective on the variables 

under investigation. On the other hand, the most sensitive parameters will be 

then kept for the optimization procedure described in Chapter 6.  

5.1 Introduction 

Having validated the FE model of the considered generators in Section 4.4 of 

the previous chapter, the next step is to start focusing more in detail on the 

damper cage loss and the voltage THD in the generators being considered in 

this work.  

Regarding the DIG142, from Fig. 57 (Section 4.4.4), it can be observed how 

the damper cage loss is a very important contributor to the DIG142 total loss. 

In particular, almost 30% of the total amount of rotor loss at no-load 

condition is due to the damper winding and about 27% at full-load rated 

condition. One of the main reasons for these elevated values of losses is the 

open slot geometry of the stator of the particular SG (see Fig. 6, in Section 

2.4.1). As can be observed in Fig. 61 such a design indicates large variations 

in the air-gap flux (under the slot openings). The damper cage reaction to 

these variations results in excessive induced current flows in its bars; thus, a 

considerable resistive loss is always present in the damper cage, even during 

the steady state. Having identified the elevated value of losses as an issue for 

the studied 4MVA machine, also confirmed by the high temperatures 
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(≈180°C) reached by the rotor during normal operation, the next step is that 

of proposing solutions aimed at reducing the inherent losses. Section 5.3 

focuses on these topics, developed in the form of a detailed sensitivity 

analysis performed for such purposes. 

 

Fig. 61 – No-load, radial airgap flux density of the DIG142. 

On the other hand, considering the HC4 SG, Table 6 (Section 4.4.5) shows 

that the no-load voltage THD is equal to 1.36% when the machine is 

equipped with a skewed stator, while a skew-less configuration features a 

THD of 5.58%. This is due to the fact that the slotting harmonics are much 

attenuated and almost absent in the voltage waveform when skewing is 

applied, allowing for the THD to be below the standard limit of 3%. This 

concept is also shown in Fig. 62, where a comparison between the no-load, 

line-to-line, rated voltages achieved with and without skew can be observed. 

On the other hand, it can be observed in Fig. 58 and Table 3 (see Section 

4.4.4) that the damper cage loss does not significantly affect the overall loss 
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and efficiency of the machine, in both cases. However, the issues inherently 

related to the manufacturing aspects of skewing lead to consider possible 

solutions to overcome the limitations due the THD requirements. Considering 

this, as well as for the DIG142, a sensitivity analysis is also performed for the 

HC4 and this is discussed in Section 5.4. 

 

 

Fig. 62 – Skewed vs. skew-less HC4 stator: comparison between the no-load, line-

to-line voltage waveforms. 

 

5.2 The general scheme for the sensitivity analysis 

A general scheme of this sensitivity analysis that is performed in this chapter 

is shown below in Fig. 63, where the interactions between the various inputs, 

outputs and the design parameters can be observed. 
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Fig. 63 – High level flowchart of the sensitivity analysis.  

5.3 Sensitivity analysis – the DIG142 

This section shows the results relative to some proposed design solutions 

aimed at reducing the losses associated to the damper cage of the DIG142, in 

the form of a sensitivity analysis. This is essential to identify the parameters 

that are most sensitive to damper cage loss and voltage THD variations. The 
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results shown in this section are therefore introductory to setup the 

optimization procedure which will be described in Chapter 6. 

 Key parameters 

The main key parameters, whose effects on the damper cage losses and on 

the no-load voltage THD are investigated, are the following: 

1) The magnetic permeability of the stator slot wedge. 

2) The damper bar pitch. 

3) The asymmetric displacement of the damping bars along the 

tangential direction. 

4) The radial position of the damper cage 

The relevant results are reported in the next sections.  

 Influence of slot wedge permeability 

One way to reduce the heavy “slotting” effect on the air-gap flux density is 

by using a different material for the slot wedge [111]. In the actual machine, 

the material employed as the stator slot wedge is Magnoval Fe70, with a 

relative magnetic permeability µr=2.5. By increasing the magnetic 

permeability of the slot wedge material, the slotting effect considerably 

decreases [112] on both the rotor surface and the damper bars. Indeed the 

higher the permeability, the more isotropic is the stator surface which faces 

the main air-gap. This determines a reduction of damper cage losses. The 

overall effect of this aspect was investigated by testing the FE model of the 

4MVA SG for a number of different slot wedge materials, each with its own 
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permeability value. Fig. 64 shows the reduced slotting effect on the airgap 

flux density, while the overall results are summarized in Table 7, reporting 

the damper cage losses calculated at no-load and full-load conditions, 

respectively. For each case, the no-load line-to-line voltage THD has been 

also computed, as shown in the fourth column.  

 

Fig. 64 - Zoom on radial air-gap flux densities: comparison among machines with 

different slot wedge materials. 

Table 7 – DIG412 losses and THD vs. magnetic wedge permeability. 

Permeability Damper cage loss No-load voltage 

µr No-load [W] Full-load [W] THD [%] 

2.5 2351 9653 2.57 

5 1832 6431 2.05 

8 1521 5601 1.83 

10 1398 5362 1.75 

13 1274 5096 1.68 

16 1191 4978 1.63 
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The relative magnetic permeability ranges from 2.5 to 16, all corresponding 

to Magnoval-based materials but with a different material composition. For 

the no-load condition, the cage losses decrease as the magnetic permeability 

of the slot wedge material increases. It can be noted that the major relative 

improvement is given by using a magnetic wedge with a relative permeability 

of 5, leading to a damper cage loss reduction of 23%. A further improvement 

could be achieved by using a magnetic wedge with µr=10, with a reduction of 

the losses by 40%. Similar considerations can be made for the full-load 

condition, where the damper cage losses are reduced almost by 33% if µr=5 

and by about 42% if a material with a relative permeability of 8 or 10 is used. 

In both cases, a further increase in µr does not relate to any significant 

reduction of losses. A THD reduction of the no-load, line-to-line voltage can 

also be observed in Table 7. The main drawback of increasing the 

permeability is the increase of slot flux leakage especially at the full-load 

operating condition. This results in a less useful flux crossing the air-gap and 

consequently a higher voltage drop and a torque reduction. Comparing the 

results of the simulations performed with µr=2.5 and µr=16 materials, a 

voltage drop of 5% is found. This can be compensated by an increase of the 

excitation current at the cost of extra copper losses, which in turn can 

potentially negate the positive effect of having a higher permeability slot 

wedge material.  

All the above confirms that significant advantages can be achieved by 

choosing an appropriate material for the slot wedges, where it is advised to 
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design for a good balance between the quality of the air-gap flux density and 

the resulting slot flux leakage. 

 Influence of bar pitch 

Another important player in terms of damper cage losses is the effect due to 

the pitch of the damper bars τd, which strongly relates to the stator slot pitch 

τs. Traditionally, this is chosen by applying well-known empirical rules, e.g., 

it can be varied from 0.8τs to 1.2τs. However, with detailed modern numerical 

techniques, this can also be analysed in more detail and potentially improved 

by a considerable margin. Thus, in order to fully understand this aspect, the 

FE model of the DIG142 SG is modified by varying the bar pitch with the 

damper cage being kept symmetric with respect to the polar axis. The results 

show no significant improvements with respect to the case where the original 

bar pitch is used. On the contrary, the current bar pitch (i.e., 5.7°) is the most 

appropriate in terms of the loss reduction, as one may note in Fig. 65. 

 

Fig. 65 – No-load damper cage loss vs. bar pitch. 
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 Influence of tangential displacement  

In order to improve the voltage THD, the damper cage can be displaced by a 

particular angle, usually chosen as a fraction of the stator slot pitch, with 

respect to the polar axis. Some considerations on improved design and 

analysis of this aspect are presented in [113], with the main focus on the 

improvement of the machine voltage THD, with no consideration for 

reducing losses. This geometrical feature can be seen in Fig. 66, where the 

damper bars are displaced in an asymmetric form over the rotor poles. In the 

case of the generator being studied in this section, the actual configuration is 

the one shown in Fig. 66a.  

 

Fig. 66 – Different damper cage positions shifted by: a) -1.68°, b) 0° (symmetrical 

case) and c) +1.68° with respect to the polar axis. 

In order to investigate the effects that this asymmetry has on both the total 

amount of losses in the damper cage and the voltage THD, a number of tests 
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by using different positions along the azimuthal direction are performed. In 

particular, the damper cage angles are varied from 1.68° (corresponding to 

the original displacement) to +1.68°, (corresponding to the position shown in 

Fig. 66c). From Fig. 67 and Fig. 68, it can be observed that a symmetrical 

configuration (position 0°, as shown in Fig. 66b) presents the lowest cage 

loss with respect to the other tangential positions, but at the same time results 

in a THD of about 7%, which for the application at hand is not acceptable. 

On the other side, the original damper winding position is the only one that 

achieves a THD lower than 3%. Even considering the importance of having a 

low THD for this application, this is still not an optimal solution because, as 

shown in Fig. 67, it also presents considerable damper winding ohmic losses, 

resulting in more heat generation and consequently a deterioration of the total 

machine efficiency. In particular, with respect to the symmetrical case, losses 

are increased by 15%. 

 

Fig. 67 – No-load damper cage loss vs. tangential position.  



134 

 

 

Fig. 68 – No-load voltage THD vs. tangential position. 

Considering all the above, it is clear that while the original design of the 

damper cage meets some of the requirements (THD<3%), significant margins 

of improvement (mainly in terms of reducing losses) can be achieved. 

 

 Influence of radial displacement 

While the previous section investigated the effects of moving the damping 

bars in the tangential direction, considerable variations on the machine  

performance can also be achieved by increasing the distance of the damper 

bars from the air-gap, which means that the effects of the open slot 

configuration would be significantly reduced. With all the above in mind, a 

sensitivity analysis of the damper winding position along the radial and the 

tangential directions, as shown by the red rows in Fig. 69, is carried out at the 

no-load condition.  
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Fig. 69 - Parametrization of the damper cage position along radial and tangential 

directions. 

As can be observed in Fig. 70, the losses in the damping bars are heavily 

affected by the radial distance from the air-gap. Fig. 71 shows the resulting 

total THD for the implemented variations of the radial and tangential position 

of the bars. It can be concluded that moving the bars further away from the 

airgap by 1mm for an optimal tangential position, the no-load output voltage 

THD can be improved by 17%, resulting in a damper winding loss reduction 

of 92.3% at no-load and 43.8% at full-load.  

 

 

Fig. 70 – Damper cage losses versus radial and tangential positions. 
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Fig. 71 – Voltage THD versus radial and tangential positions. 

 Intermediate conclusions 

This section investigated possible methods on how to reduce the damper cage 

losses and improve the output voltage THD in salient-pole SGs. The DIG142 

was used as vessel to test these improvement solutions. 

 The damper cage loss can be significantly decreased by using a stator 

slot wedge with an appropriate magnetic permeability. This however 

comes at the cost of a higher slot flux leakage (especially at full-load 

operating condition), which in turn propagates other negative effects 

such as torque reduction.  

 The damper bar pitch affects the damper cage loss. For the 4MVA SG, 

it was concluded that the original damper pitch of 5.7° can be 

considered as the optimal value in terms of loss minimisation.  

 There is a very close relationship between the voltage THD and the 

tangential position of the damper cage. This does produce 

improvements on the voltage shape, but it also results in higher losses 

and produces overheating issues. 
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 Moving the bars along the radial direction (i.e. increasing the distance 

of the damper cage from the airgap) and placing them in an 

appropriate tangential position produce benefits in terms of damper 

cage loss as well as voltage THD. On the other hand, this can lead to 

a significant modification of the generator behaviour during transient 

operation, as the relevant inductances are different from those of the 

original machine. 

Considering all the above, it is clear that improvements on the overall 

performance of the generator can be achieved by optimising the design of this 

sensitive rotor winding. However, usually this comes at the cost of 

compromising other machine parameters.  

 

5.4 Sensitivity analysis – the HC4 

As well as for the DIG142, a number of design solutions are proposed for the 

HC4. This section therefore describes the results of a sensitivity analysis 

aimed at reducing the THD of the no-load voltage waveform of the HC4 

generator, without resorting to the skewing of the stator core. The relevant 

results are essential to work out the design parameters that are most sensitive 

to voltage THD variations and therefore introductory to setup the 

optimization procedure which will be described in Chapter 6.  
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 Key parameters 

The main key parameters, whose effects on the no-load voltage THD are 

investigated, are the following: 

1) The angular span of the rotor poles. 

2) The shape of the rotor pole tips. 

3) The asymmetric displacement of the damping bars along the 

tangential direction. 

The relevant results are reported in the next sections. It is worth to mention 

that, contrarily to what being done for the DIG142 in Section 5.3, the damper 

cage loss sensitivity analysis is not performed for the 400kVA machine for the 

following reasons: 

1) In sections 4.3 and 4.4, it was observed that the damper cage loss in 

the HC4 is not an important contributor to the overall loss and 

therefore to the machine efficiency. It was also shown how this loss 

contributor is not significantly affected by the skewing.  

2) While the damper cage loss reduction is the main target for the 4MVA 

SG, the main objective for the HC4 platform is to achieve a THD 

lower than 3% when a skew-less stator topology is implemented onto 

it. 

3) No significant variations of bar losses were registered by performing 

the sensitivity analysis of the key parameters listed above.  

On the other hand, these design parameter variations may lead to an ensuing 

output voltage drop, which in turn would deteriorate the overall machine 
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performance. Considering the above, these aspects are monitored during the 

sensitivity analysis described in the next sections. 

 Influence of the pole span 

The first parameter considered for the voltage THD sensitivity analysis is the 

angular span of the rotor poles. From a conceptual point of view, a 

modification of the rotor angular span results in the variation of the 

equivalent permeability function µE(λ,α) introduced in (9) and shown in Fig. 

17 of Section 3.7.1. Here, the actual angular span (i.e. 70°) of the salient 

poles was investigated and used to define and plot the above mentioned 

electromagnetic quantity. It can be easily deduced that, if the angular span 

was to be modified, also the harmonic content of the function µE(λ,α) would 

be significantly altered, resulting in a variation of the inductance matrix L(α) 

(see (17) in Section 3.5) and thus of the voltage harmonic content, including 

its fundamental and slotting components. Considering this, it is clear that 

there is potential for investigating these aspects and, therefore, the angular 

span of the rotor poles is varied from 65° to 75° in order to evaluate the 

performance via a FE analysis. Fig. 72 and Fig. 73 show how the THD and 

the total RMS value of the no-load rated voltage vary with the angular span. 

The evaluations are carried out considering that no stator skewing is applied 

to the SG at hand. It can be observed how a span of 73° presents the 

minimum voltage THD (see Fig. 72), while the maximum RMS value (given 

in p.u. in Fig. 73) is obtained with an angular span equal to 70°, which 

corresponds to the one of the actual machine. This explains this specific 

design choice. In fact, although the above study has proven that there is room 
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for THD improvements by changing the pole angular span, however the THD 

requirements are achieved by skewing the stator of the considered generator, 

meaning that the output voltage maximization objective was prioritised at the 

design stage of the 400kVA SG.  

 

Fig. 72 – Effects of the angular span of the salient poles on the no-load line-to-line 

voltage THD.  

 

Fig. 73 - Effects of the angular span of the salient poles on the no-load line-to-line 

output voltage. 
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 Influence of the pole tips shape 

 The equivalent airgap thickness represents the main machine parameter used 

by SG’s designers to optimise the flux density harmonic content in the 

airgap. Conceptual observations similar to those outlined in the previous 

section can be carried out on the effects that this parameter has on the 

equivalent airgap thickness εAG(λ,α) defined in Section 3.7.1 (see (18)), which 

heavily affects the shape of the function µE(λ,α). Therefore, the effects on the 

voltage THD and total RMS of a non-uniform airgap along the salient poles 

is investigated in this section. The ratio k, defined as the ratio between the 

airgap thickness gmax, evaluated in correspondence of the pole tips, and the 

airgap thickness gmin, evaluated in correspondence of the polar axis, is varied 

from 1 (i.e. the actual, uniform airgap configuration in the considered 

machine) to 2. This concept is illustrated in Fig. 74, where these two cases 

are shown.  

k=1 k=2 

Fig. 74 – Qualitative illustration of the pole tips modifications. 

An increased equivalent airgap results in a lower harmonic content of the no-

load voltage, as shown in Fig. 75. This is mainly due to the 3rd harmonic 

reduction in the airgap flux density harmonic amplitude spectrum [24]. On 

the other hand, the overall THD reduction comes at the cost of a decrease of 
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the available output voltage at the open-circuited terminals of stator 

windings. This concept is shown in Fig. 76, where an overall voltage drop of 

4% can be observed from the actual configuration (at k=1) to the maximum 

considered ratio value (i.e. k=2) analysed in this sensitivity study.  

 

Fig. 75 - Effects of the gmax/gmin ratio on the no-load line-to-line voltage THD. 

 

Fig. 76 – Effects of the gmax/gmin ratio on the no-load line-to-line output voltage. 
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It can be therefore concluded that the equivalent airgap thickness, although 

very effective from a THD reduction perspective, is disruptive from the point 

of view of maximising the available output voltage at the generators’ 

terminals. 

 Influence of the tangential bar displacement 

The HC4 alternator is equipped with a symmetrical damper cage embedded 

in the rotor poles (see Fig. 8, in Section 2.4.2). In Section 5.3.4, the influence 

of displacing the damping bars asymmetrically with respect to the polar axis 

was investigated for the DIG142 SG. It was shown that moving the bars 

along the tangential direction can be beneficial for the no-load voltage 

waveform, however at the cost of increasing the damper cage losses. A very 

similar analysis is performed for the HC4 SG in this section, where the 

effects of tangentially displacing the bars on the voltage THD, the total RMS 

and the bar losses are studied. All the bars have then been moved in a 

uniform direction from -6° to +6° with respect to the original position, 

according to the concept shown in Fig. 66 and relative to the DIG412 

alternator (see Section 5.3.4). Fig. 77 indicates that the line-to-line voltage 

THD can be reduced by 1.5% by moving the bars tangentially to both sides 

by 3.3 degrees, confirming that this technique can be powerful in applications 

where THD requirements have to be met. Also, in opposition to the results 

shown in Section 5.3.4 for the DIG142, no significant variations of the 

damper cage loss as well as of the total RMS values are registered (and thus 

the relative results are not shown in this section) during this investigation for 

the HC4 generator. This is due to the fact that this machine presents a 
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constant airgap thickness along the whole tangential length of the polar 

shoes, making the bars less sensitive to the field variations than they are in 

the DIG142 generator.     

 

Fig. 77 – Effects of the tangential position of the damping bars on the no-load line-

to-line voltage THD. 

 Intermediate conclusions 

The objective of Section 5.4 was that of investigating methods potentially 

beneficial for THD reduction purposes in salient-pole SGs. In particular, as 

vehicle to carry out this study in the form of a sensitivity analysis, the HC4 

was considered. The main results of this investigation are the followings: 

 By varying the span of the rotor poles, an optimal angle does exist 

which minimises the no-load voltage THD. However, this optimal 

solution does produce a voltage drop at generators’ terminal of ≈1% 

with respect to the original angular span (i.e. 70°), which instead is an 

optimum in terms of output voltage maximisation. 
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 By applying a non-uniform airgap for this machine, i.e. modifying the 

shape of the rotor pole tips, a significant reduction of the THD is 

observed, but at the cost of significantly deteriorating the terminal 

voltage. An important benefit of this technique is the reduction of the 

3rd harmonic of the airgap flux density, which may allow one to 

consider a different stator winding configuration for the application at 

hand. 

 By altering the tangential position of the damper bars by 3.3° with 

respect to the original position gives a 1.5% reduction of the voltage 

THD. Also, for the application at hand, no significant variations in the 

available output voltage is observed. This confirms that there is a very 

close relationship between the voltage THD and the tangential 

position of the damper cage. 

The above study, performed on the HC4 generator, has confirmed that 

improvements on the overall performance of the machine can be achieved by 

optimising the design of such a sensitive rotor damper winding. The study 

has also confirmed that usually this comes at the cost of compromising some 

other machine parameters, such as the output voltage. The overall aspects that 

led to consider the modulated damper as a means to overcome these 

challenges are highlighted in the next, conclusive section of this chapter. 
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5.5 Conclusions 

Chapter 5 proposes a methodology for a comprehensive sensitivity analysis 

of SGs and reports the results performed through FE evaluations of the 

considered platforms. The aim of this study was that of investigating the 

machine design parameters (mainly those related to the damper cage of such 

alternators) which mostly affect the damper cage loss and the THD of the no-

load output voltage, that are the aspects identified as challenges in this work. 

Some intermediate, conclusive considerations were highlighted in sections 

5.3.6 and 5.4.5, relevant to the investigations carried out on the DIG142 and 

the HC4, respectively. However, a few aspects need further attention. These 

include the following: 

1) Amongst all the investigated variables, the relocation of the bars 

along the tangential direction is the most effective method for THD 

reduction. On the other hand, 

a. for the DIG142, this comes at the cost of inducing more 

elevated currents in the damping bars, which in turn produce 

losses associated with this sensitive rotor winding; 

b. for the HC4, although the bar losses and the output voltage are 

not compromised, the 1.5% THD improvement is not 

sufficient to avoid the resorting to the skewing, as the 3% 

requirement is still not achieved. 

2) Although some of the investigated variables (such as the slot wedge 

permeability, the radial bar position, the pole span and the pole tips 
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shape) have shown potential for addressing damper cage loss and 

THD requirements,  

a. they either come at cost of unacceptable voltage drops at the 

generators’ terminals or produce a different dynamic response 

of the damper cage during transients; 

b. they would cause a significant change in the manufacturing 

process of such machines, which is against the goal of this 

project as well as the company’s requirements and objectives. 

Considering all the above, in order to meet the loss and the THD 

requirements for both the generators (while keeping the same dynamic 

performance and an unchanged manufacturing procedure), it is proposed to 

apply the modulated damper cage concept identified as “the proposed 

solution” in Section 1.1.3. In order to achieve an optimal solution, a GA-

based optimization tool is built with the purpose of minimising the bar losses 

and the voltage THD, by giving more weight to the former for the DIG142 

SG and to the latter for the HC4 SG. All these aspects will be presented in the 

next chapter. 

5.6 Contributions to research 

In this chapter, the main contributions to research are related to a 

comprehensive review and implementation of methods to improve efficiency 

and power quality in SGs. A methodology for executing a comprehensive 

sensitivity analysis for SGs was introduced and used to address some 

challenges on the considered platforms. The results shown in this chapter are 
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also reported in two academic publications, both in high profile conferences. 

These works are relative to the DIG142 (Section 5.3) and to the HC4 (Section 

5.4) sensitivity analyses, respectively. The publication names are listed 

below: 

 S. Nuzzo, M. Galea, C. Gerada, D. Gerada, A. Mebarki and N. 

Brown, “Damper cage loss reduction and no-load voltage THD 

improvements in salient-pole synchronous generators”, IET 8th  

International Conference on Power Electronics, Machines and Drives 

(PEMD), 2016.  

 Y. Wang, G. Vakil, S. Nuzzo, M. Degano, M. Galea, C. Gerada, H. 

Zhang and N. Brown, “Sensitivity analysis for performance and 

power density improvements in salient-pole synchronous generators”, 

IEEE Workshop on Electrical Machine Design, Control and 

Diagnosis (WEMDCD), 2017. 
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Chapter 6  

An improved damper cage for the 

considered salient-pole synchronous 

generators 

In order to meet modern power quality requirements and to improve the 

overall efficiency and performance of such “classical” machines, an 

improved amortisseur winding topology for SGs is proposed and investigated 

in this chapter.  

In the previous chapters, FE models of the 4MVA and the 400kVA SGs used 

as vessel to study the proposed concepts were first built and then validated 

against experimental results. The validated models were then used to propose 

a number of improved design solutions and to perform a sensitivity analysis 

aimed at reducing the design space for the investigation of the proposed 

concept. The results confirmed that there is room for efficiency and power 

quality improvements by optimising the design of the damper windings. In 

order to achieve an optimal solution, a GA-based optimization tool is 

implemented in this chapter.  

First, the modulated damper cage concept is described in detail and its 

perceived advantages on bar losses and voltage THD are presented through 

preliminary analytical considerations. The DIG142 alternator is then firstly 

studied. A new, modulated topology which addresses the requirements for 
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lower loss components is found, without compromising the acceptable values 

of the output voltage THD. The performance of the optimised machine is 

compared to the original design both at a steady state and transient operating 

conditions. Due to the dimensions of the 4MVA generator and the ensuing 

economic effort necessary to implement the new damper cage topology onto 

it, the proposed concept is then applied to the 400kVA, HC4 generator. The 

optimal topology achieves a no-load voltage THD lower than 3% even with a 

skew-less stator structure. These aspects are all discussed in this chapter, 

while the manufacturing of the rotor prototype for the skew-less HC4 and the 

relevant experimental results will be shown and discussed in Chapter 7. 

6.1 Damper cage modulation 

All the studies shown in the previous chapters show that for certain aspects, 

there is a significant room for improvement by modifying the design of the 

damper cage windings. To reduce the losses in this winding, while 

maintaining the voltage THD at an acceptable limit, it is proposed to modify 

the positioning of the bars in the context of having a modulated bar pitch. 

This concept consists of having unconventionally displaced damper bars 

along the salient pole. In other words, when the bar pitch βi is constant and 

equal to βi+1, with i=0,…,9, the damper cage is equally distributed. When the 

bar pitch is variable, with βi ≠ βi+1, the winding can be called “modulated 

damper cage” and looks like the scheme illustrated in Fig. 78b. By applying 

this solution to the particular SG analysed, the irregular damper bar pitch 
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interacts with the stator open slot structure in such a way that the air-gap 

parasitic harmonics are reduced.  

 

Fig. 78 – Input parameters of the damper cage optimizations: a) αbi with i=1,…,10 

and b) modulated damping bars concept (βi ≠βi+1). 

The next section describes some preliminary analytical considerations aimed 

at studying the perceived advantages of repositioning the bars along the 

salient poles of SGs. For such purposes, the equivalent-circuit-based 

approach described and implemented in Chapter 3 is used and further 

developed in this section to show how damper cage losses and voltage THD 

can be affected by a customised, modulated damper bar distribution.  

 Perceived advantages 

An innovative way of modelling symmetrical damper windings in SGs was 

presented in Section 3.6.1. As the main aim of this section is that of 

investigating the perceived advantages of modulating the damping bars, the 
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symmetric properties are not a priori verified. Thus, the classical approach of 

modelling SGs as “m+1+(nb+1)” (where m and nb are the number of stator 

phases and rotor bars, respectively) circuits magnetically coupled to each 

other is used for the purposes of this section. In particular, it is common to 

model the damper cage as “nb+1” loops [114]. This allows the voltage 

equations to be derived in the matrix form as given in (29). Neglecting the 

saturation effects in the soft magnetic parts of the machine, the analysis can 

then be dealt with as magnetically linear and (29) can be developed and 

described by (30).  

𝑣̅(𝑡) = 𝑅𝑖(̅𝑡) +
𝑑𝜓̅(𝑡)

𝑑𝑡
 (29) 

𝑣̅(𝑡) = 𝑅𝑖(̅𝑡) + (
𝛿𝐿(𝛼)

𝛿𝛼
𝑖(̅𝑡))

𝑑𝛼

𝑑𝑡
+ 𝐿(𝛼)

𝑑𝑖(̅𝑡)

𝑑𝑡
 (30) 

In (30), α is the mechanical variable associated with the rotor position, and R 

and L are (m+nb+1)×(m+nb+1) matrices containing all the resistances, and 

the self- and mutual-inductances that characterise the machine. It can be 

observed that, if the phase resistances and the state variables (i.e. currents and 

position) are known, then the machine performance is directly related to the 

inductance matrix. An expression for the inductance was derived in Section 

3.5 and, for the sake of clarity, it is recalled in (31), where l is the axial length 

of the machine, λ the angular reference frame locked to the rotor and 

normalised over the electrical period and 𝑁̅𝐸(𝜆, 𝛼) is the vector of the 

equivalent WFs of the phases. The equivalent WF NEj(λ,α) of the generic 

phase j was defined in (14) by the difference between the WF Nj(λ,α) and its 
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mean value weighted over the equivalent permeability function µE(λ,α), 

which is re-given in (32). 

𝐿(𝛼) = 𝑙 ∫ 𝜇𝐸

1

0

(𝜆, 𝛼) 𝑁̅𝐸(𝜆, 𝛼) 𝑁̅𝐸
𝑇(𝜆, 𝛼) 𝑑𝜆 (31) 

𝜇𝐸(𝜆, 𝛼) = 𝜇0  
2 𝜋 𝑟𝐺(𝜆, 𝛼)

𝜀𝐺(𝜆, 𝛼)
 (32) 

In (32), µ0 is the permeability of the free space, and rG(λ,α) and εG(λ,α), 

defined in Section 3.4.3, represent the air-gap radius and thickness, 

respectively evaluated along the tangential direction. In order to investigate 

the slot ripple harmonics and their associated effects on the performance of 

SGs, (31) needs to be further elaborated. As most electrical machines, 

including SGs, exhibit an intrinsic symmetry that turns into a periodical trend 

of 1/p of all the quantities involved in (31), these can be developed into a 

Fourier series with respect to λ. The geometrical quantities involved in the 

(32) also have a periodicity which is half of that of the WFs of the 

vector 𝑁̅𝐸(𝜆, 𝛼). Hence, considering one generic element of the inductance 

matrix, (31) can be written as shown in (33).  

𝐿𝑖𝑗(𝛼) = 𝑙 ∫ (∑ 𝜇𝐸(𝛼)ℎ cos (2𝜋𝑝ℎ (𝜆 − 𝜆𝐸
ℎ (𝛼)))

+∞

ℎ=0

)
1

0

∗ (∑ 𝑁𝑖(𝛼)𝑟 cos (2𝜋𝑝𝑟(𝜆 − 𝜆𝑖
𝑟 (𝛼)))

+∞

𝑟=1

)

∗ (∑ 𝑁𝑗(𝛼)𝑠 cos (2𝜋𝑝𝑠 (𝜆 − 𝜆𝑗
𝑠 (𝛼)))

+∞

𝑠=1

) 
(33) 
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Considering that the amplitudes of the Fourier components shown in (33) do 

not depend on the rotor position, then the final expression for the inductances 

can be written as given in (34). 

𝐿𝑖𝑗(𝛼) = 𝑙 (∑
𝜇𝐸 𝑁𝑖 𝑁𝑗

ℎℎ0

2
cos (2𝜋𝑝ℎ ( 𝜆𝑖

ℎ (𝛼) − 𝜆𝑗
ℎ (𝛼)))

+∞

ℎ=1

)

+ ∑
𝜇𝐸 𝑁𝑖 𝑁𝑗

𝑠𝑟0

4
cos (2𝜋𝑝 (ℎ 𝜆𝐸

ℎ (𝛼) + 𝑟 𝜆𝑖
𝑟 (𝛼)

+∞

ℎ,𝑟,𝑠=1
ℎ=𝑠−𝑟

− 𝑠 𝜆𝑗
𝑠 (𝛼)))

+ ∑
𝜇𝐸 𝑁𝑖 𝑁𝑗

𝑠𝑟0

4
cos (2𝜋𝑝 (ℎ 𝜆𝐸

ℎ (𝛼) − 𝑟 𝜆𝑖
𝑟 (𝛼)

+∞

ℎ,𝑟,𝑠=1
ℎ=𝑟−𝑠

+ 𝑠 𝜆𝑗
𝑠 (𝛼)))

+ ∑
𝜇𝐸 𝑁𝑖 𝑁𝑗

𝑠𝑟0

4
 cos (2𝜋𝑝 (ℎ 𝜆𝐸

ℎ (𝛼) − 𝑟 𝜆𝑖
𝑟 (𝛼)

+∞

ℎ,𝑟,𝑠=1
ℎ=𝑟+𝑠

− 𝑠 𝜆𝑗
𝑠 (𝛼))) 

(34) 

The last three summations in (34) show that only the harmonics that comply 

with the relationship ℎ ± 𝑟 ± 𝑠 = 0 contribute to the machine’s inductances. 

For the sake of this study, slot ripple harmonics are of critical importance. 

Considering all the above, it is clear that in order to reduce these slotting 

effects, one may act on any of the quantities involved in (34). One possible 

option may be the repositioning of each damper bar along the salient poles of 

the machine, as this results in a modification of the following quantities: 
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 self- and mutual-inductances of the rotor damper windings 𝐿𝑏𝑖𝑏𝑗
; 

 mutual-inductances between the damper windings and the stator 

circuits 𝐿𝑏𝑖𝑠𝑗
; 

 mutual-inductances between the damper circuits and the field winding 

𝐿𝑏𝑖𝑟.  

If (29) was to be written in its full form, it can then be observed that only the 

terms 𝐿𝑏𝑖𝑠𝑗
can affect the stator voltages. However, all of these terms, 

i.e. 𝐿𝑏𝑖𝑏𝑗
, 𝐿𝑏𝑖𝑠𝑗

 and 𝐿𝑏𝑖𝑟 can have an impact on the damper cage currents. If 

the amplitudes rNi, 
sNj and the phases rλi, 

sλj involved in (34) are modified, 

then this can potentially result in improvements of 

 the stator voltage waveforms, by minimising the harmonic 

components whose order comply with the relationship ℎ ± 𝑟 ± 𝑠 = 0, 

 the damper cage currents, by minimising the term 
𝑑𝜓(𝑡)

𝑑𝑡
 present in (29) 

and developed in (30).  

An example of how one damper WF can be modified by repositioning two 

bars is shown in Fig. 79. The effects of this modification on the amplitude 

and phase spectra of the WF can also be observed.  
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Fig. 79 – Modulated damper winding function and its effect on harmonics. 

 

Considering the above preliminary analysis, it is clear that there is room for 

performance improvements by modulating the damper bar pitch of SGs. It 

can also be noticed that, due to the high number of bars-per-pole in both the 

considered generators, there is a significant amount of combinations that can 

potentially result in THD and damper cage losses improvements. In order to 

achieve more accurate and reliable solutions, FE-based analysis is used to 

investigate all the possible configurations that the damper winding can 

assume. The optimal solutions are achieved by carrying out GA-based 

optimisations, according to the procedure described in the next section.  
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6.2 Investigation with modulation – the DIG142 

In Section 6.1, it was shown how the implementation of a modulated damper 

cage onto salient-pole SGs can be significantly beneficial for addressing 

losses and THD requirements in such classical machines. As vehicle to 

confirm such perceived advantages, the proposed technique is firstly 

investigated onto the DIG142 alternator. This section thus presents the FE-

GA-based optimization procedure and the results relative to this 4MVA 

machine. The obtained optimal solution is finally compared to the existing 

generator, showing excellent achievements in terms of loss and THD 

improvements. 

For the sake of completeness, it is worth to mention that the GA-based, 

commercial software modeFRONTIER of ESTECO is utilised for the 

optimizations. Main reason of this choice is due to the flexibility of the 

software in terms of “interoperability” with any other application. In 

particular, from this GA-based environment, it is possible to run Matlab 

scripts, which in turn generate in MagNet (through its ActiveX features 

described in Section 4.1.1) the geometries representing the individuals of the 

GA. 

 Input parameters  

In order to take advantage of the geometrical periodicities of the synchronous 

machine under analysis (i.e., to reduce computational times), odd periodic 

boundary conditions are used in the model and coupled to the damper 

winding circuit, in order to be consistent with the fact that the fields and 
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signals should reverse when going from the modelled part of the device to 

one of its neighbouring un-modelled parts. In other words, an additional 

short-circuiting branch (shown in red in Fig. 80) is included in the electrical 

circuit associated to the damper cage winding. Only 1/4-th of the machine is 

therefore considered in the FE model. This results in only ten design 

variables (i.e. the bars embedded in one salient pole) being considered and 

used as input parameters. The design variables are shown in Fig. 78a, in 

Section 6.1.1. They are constrained in such a way that two consecutive bars 

never interfere with each other. 

 

Fig. 80 – Damper cage circuit coupled to the FE model, when odd periodic boundary 

conditions are used. 
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 Optimization strategy 

A general introduction to GAs is reported in Appendix 2, whereas in this 

section only the optimization strategy relative to the application at hand is 

presented. The optimization process is initialized by a preliminary 

exploration of the design space. This phase is performed by using design of 

experiments (DoE) techniques [115, 116]. DoE is a methodology that 

maximizes the knowledge gained from experimental data. It provides a 

strong tool to design and analyse experiments, it eliminates redundant 

observations and reduces the time and resources to make the experiments. 

Hence, DoE techniques allow the user to try to extract as much information 

as possible from a limited number of test runs. Although this methodology is 

used in many applications, in this work DoE provides to the optimization 

algorithm an initial population of 50 designs. In particular, a DoE based on a 

random sequence is used to find an assignment to each input variable in such 

a way that all constraints are satisfied.  

The second phase of the procedure consists in performing a preliminary 

optimization by using a Multi-Objective Genetic-Algorithm (MOGA). The 

algorithm is based on a scheduler designed for fast Pareto convergence, 

whose main features are  

1) support geographical selection and directional crossover;  

2) implements  elitism for multi-objective search, allowing to preserve 

some excellent solutions without bringing the premature convergence 

to local-optimal frontiers;  

3) enforces user defined constraints by objective function penalisation; 
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4) allows generational evolution;  

5) allows concurrent evaluation of independent individuals.  

Also, MOGA [117] requires only very few user-provided parameters, several 

other parameters are internally settled in order to provide robustness and 

efficiency to the optimizer.  

In the end, a refinement is performed by using the best solutions of the 

previous iteration. In other words, the best 50 solutions of the first, 

preliminary optimization are used as initial population for this second 

iteration by implementing a user-defined DoE. Results have shown that only 

two iterations are sufficient to find an optimal solution. 

 

 Output variables 

As highlighted in the previous section, a multi-objective GA is used for 

investigating possible design solutions aimed at reducing the total amount of 

the damper cage loss and, at the same time, maintaining the THD of the no-

load voltage the same as the original machine. Therefore, these two output 

variables (i.e. the objectives of the GA) are investigated and the objective 

type was set to “minimise”, as this is the goal of the optimisation process for 

the application at hand. All the FE-based tests were performed at no-load 

operating condition and the best solutions analysed at full-load in a 

successive step. Both the objectives are constrained by the following 

expressions: 
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∑ 𝑅𝑏𝑖
𝐼𝑏𝑖

2 < 2000𝑊

𝑛𝑏

𝑖=1

 (35) 

100

√∑ 𝑉𝑖
2𝑛ℎ

𝑖=2

𝑉1
< 3% (36) 

The left-hand sides of (35) and (36) represent the damper cage loss and the 

THD calculations, respectively. The right-hand sides represent the imposed 

threshold values. In particular, in (35), Rbi is the resistance of the i-bar that 

takes into account the skin effect due to parasitic harmonics and Ibi is the 

value of the current flowing into the i-bar once the steady state is reached. In 

(36), nh is the number of harmonics used to evaluate the Fourier series 

decomposition of the no-load line-to-line voltage, whose fundamental is 

indicated as V1 and higher harmonic components as Vi. Priority has been 

given to the loss minimization for which a threshold value lower than the 

actual no-load cage loss was assigned. On the other side, it is sufficient that 

the THD is kept under the permissible limit of 3%. 

 Optimization results 

The results obtained from the modulated damper cage optimization are 

shown in Fig. 81. Few designs satisfy the objective constraints (35) and (36), 

as highlighted in the target area. Most of them have a damper cage design 

with a similar geometry and therefore THD and losses are very close to each 

other. Among the best solutions, the one presenting the minimum amount of 

losses, while maintaining the same THD as in the current generator, has been 

selected for the comparison with the actual design. The rotor topology of the 
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best machine obtained is highlighted in the red square (Fig. 81) and shown in 

Fig. 82, where the particular pattern of the bar pitch modulation can be 

observed. 

 

Fig. 81 – No-load damper cage losses vs. THD: optimization solutions. 

 

Fig. 82 – Optimal damper cage solution for reduced losses and THD.  

 Final proposed solution 

A comparison between the actual and optimized damper bar losses in one 

salient pole is shown in Fig. 83. The bar numbering goes counter clockwise 

looking at the investigated salient pole. One may observe a considerable 

ohmic loss reduction in bars 3, 6, and 7. While losses have not been reduced 
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in all the bars (i.e., 4 and 5), the total amount of losses has been strongly 

attenuated. Fig. 84 shows a comparison between the currents in bar 6 of the 

original and the improved damper windings, where it can be observed that a 

strong current reduction has been achieved with the optimal solution. 

 

Fig. 83 – Bar losses comparison between the actual and the improved designs at no-

load operating condition. 

 

Fig. 84 – Currents in bar 6: comparison existing and optimal damper cages at no-

load operating condition. 
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The same qualitative results are obtained at the full-load operation. In Fig. 

85, ohmic losses in each bar are compared for the existing and the optimal 

topologies. At the no-load condition, there are few bars in the new cage with 

higher losses than in the existing design, i.e., bars 4 and 5, but the total loss in 

the whole damper cage has been reduced. Also, it can be noticed that the 

most loaded bars are the ones on the right-hand pole tip, due to the armature 

reaction. 

 

Fig. 85 – Bar losses comparison between the actual and the improved designs at full-

load operating condition. 

A summary of the comparison between the two topologies is shown in Table 

8. The selected solution achieves a loss reduction of about 30% at the no-load 

condition and 35% at full-load condition. By analysing the optimal pattern of 

Fig. 82 and the results shown in Fig. 83 and Fig. 85, it can be concluded that 

losses are minimised because the presence of a graded airgap (not constant 

along the tangential direction) makes the bars positioned on the pole tips less 
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sensitive to the slot openings. For example, bars 1, 2, and 3 present an 

increased distance from the stator slots in the proposed design, with respect 

to the same bars of the existing machine. This has advantages at both no-load 

and full-load operations, where the same bars are less affected by the 

armature reaction field, as they link reduced flux due to their new 

repositioning. 

Table 8 – Summary of the improvements achieved by the optimal topology. 

Machine Topology No-load loss Full-load loss THD 

Current 2.331kW 9.653kW 2.573% 

Improved 1.642kW 6.224kW 2.552% 

 

 Considerations on the dynamic parameter 

In Section 6.2.4, it was shown that a significant loss reduction can be 

achieved by designing the damper cage in such a way that the bars are not 

uniformly spaced over the rotor surface (see Fig. 82). With this technique, the 

voltage THD can also be maintained approximately the same as the current 

SG, without reverting to disruptive techniques such as rotor and/or stator 

skewing. However, for a comprehensive design of the damper cage, the 

dynamic performance of the machine also needs to be studied and analysed. 

This is required in order to keep the characteristic values (transient and sub-

transient time constants and reactances) within an acceptable range and thus, 

to avoid intolerable mechanical stresses resulting from excessive currents that 

occur during electrical disturbances at or near the SG stator terminals.  
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In order to determine the parameters that describe the dynamic behaviour of 

the machine, a sudden three-phase short-circuit test was performed (see Fig. 

86) and the dynamic parameters were evaluated according to the procedure 

described in [36] and discussed in detail in the last chapter of this thesis. The 

prototype generator studied in this paper was tested at a rated output voltage.  

 

 

Fig. 86 – Setup for the sudden three-phase short-circuit test carried out on the 

original 4MVA SG. 

 

 

Fig. 87 – Circuits coupled to the FE model for the short-circuit test. 
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In the test, the simulation was performed by coupling the stator and the rotor 

external circuits to the FE model, as shown in Fig. 87, where the resistance R 

is equal to a practical infinite value in order to simulate the no-load condition. 

These resistances are then short circuited by the switches S1 and S2 at the 

short circuit time instant. The field winding supply source Vf is such that is 

able to provide the rated voltage at the no-load operation. This simulation 

setup was used for both the existing SG and the optimal machine, aiming to 

show that the unconventionally displaced damper cage topology does not 

modify the dynamic behaviour of the SG. 

A comparison between simulations and experimental results is shown in Fig. 

88, where the envelope curves of the short-circuit currents for each phase are 

shown. A reasonable match between the test and the simulation of the 

existing machine is achieved. Besides this, a perfect match between the FE 

envelope curves of the existing and the improved machine can be observed. 

Therefore, the optimal damper cage topology, in addition to significantly 

improving the overall efficiency of the machine, does not modify the 

dynamic performance of the salient-pole 4MVA SG considered as proof of 

concept. 

For the sake of completeness and closure of this work, the dynamic 

parameters of the SG were experimentally evaluated and their values are 

given in Table 9. These characteristic parameters are usually used to describe 

the machine’s behaviour on sudden short circuit events. 
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Fig. 88 – Envelope curves resulting from the sudden three-phase short-circuit test: 

FE results (in red) are relative to the existing and the optimal machine; experimental 

results (in blue) are relative to the existing machine.    

Table 9 – Reactances and time constants of the DIG142 generator. 

Dynamic Parameters 

Synchronous reactance Xd 2.44p.u. 

Transient reactance Xd
’ 0.20p.u. 

Sub-transient reactance Xd
’’ 0.16p.u. 

Transient short-circuit time constant Td
’ 0.268s 

Sub-transient short-circuit time constant Td
’’ 0.0209s 
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 Intermediate conclusions 

Section 6.2 has dealt with the reduction of the damper cage loss and the 

output voltage THD in the DIG142 generator. It was shown that the damper 

cage loss, as well as the THD of the output voltage, is strongly affected by 

the rotor damping bars geometry. 

After a full and detailed validation at several load conditions of the FE model 

of the considered SGs (see Chapter 4) and a FE sensitivity analysis of the 

design variables that have a high impact on the damper cage losses and no-

load voltage THD (see Chapter 5), an optimal damper cage design for 

reduced ohmic bar losses and improved output voltage THD was then 

proposed in Section 6.2. This solution lies in replacing a typical uniformly 

distributed damper cage with a modulated one, and tailoring the position of 

each bar to reach the desired objectives. In order to achieve an optimal 

geometry, a GA-based software has been used to investigate the problem. 

The optimal solution achieves a loss reduction of about 30% at the no-load 

condition and 35% at the full-load condition, while maintaining the THD 

below the critical value of 3%. Also, it has been shown how the improved 

damper cage topology does not affect the behaviour of the DIG142 in 

transient conditions. 

The results obtained in Section 6.2 have shown how this technique is 

particularly suited for the type of machine considered, i.e. the DIG142. 

Nevertheless, it is not limited to this particular SG, as it can also be applied to 

avoid skewing and, hence, reduce manufacturing cost in smaller alternators. 



170 

 

It is clear that this technique can be further improved and modified according 

to the specific application which it is intended for. In fact, variants of this 

technique can include the increase in the number of input variables to be 

considered. For example, in this work only the bars of one pole were 

considered, in order to reduce the computational time of the virtual 

prototyping process. A second iteration might include a consideration of the 

localized modulation, i.e. not repeated over the poles. This investigation will 

be the focus of the next section, where the proposed concept will be applied 

to the HC4 alternator. 

6.3 Investigation with modulation – the HC4 

In the previous section, the proposed “new” concept (repositioning of the 

damping bars, according to THD and losses requirements) was investigated. 

The technique, never used before for such purposes in SGs, may potentially 

allow for machine efficiency and power density improvements, while 

meeting stringent power quality requirements. The methodology followed to 

prove the validity of the proposed technique and the justification for the study 

relative to the DIG142 alternator has been built on the philosophy highlighted 

in following steps.  

1) Develop an accurate FE model of the 4MVA machine.  

2) Validate the model against experimental results, carried out on the 

existing machine. 

3) Investigate the proposed technique on the validated FE model, 

throughout GA-based optimizations.  
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It is important to note that the optimal machine with the new damper winding 

shown in Fig. 82 has not been prototyped, as a 4MVA generator would need 

considerable resources and financial effort to prototype. It is also important to 

note that aim of this work is to prove that the technique is general and is 

applicable to other power ranges and configurations of SGs.  In fact, 

considering that the conventional displacement of the bars is only a particular 

case of the “random” displacement, this concept can be generalised and 

applied to smaller machines, also for other purposes. Related to this, it 

becomes obvious to apply the modulated concept to the smaller HC4 

generator. As explained throughout this thesis, the output voltage of the 

current product exhibits a THD<3%, however this is achieved with a skewed 

stator structure. As one of the goals of CGT is that of reducing the 

manufacturing costs associated to such processes, the proposed modulation is 

applied to the 400kVA SG with the aim of having a THD lower than the 

critical value of 3% without resorting to the skewing. While the optimizations 

will be focused on this power quality parameter, the damper cage loss will be 

also be closely monitored as it was previously shown that the repositioning of 

the bars affects the inherent losses.  

 Methodology  

In general terms, the concepts, the features and the settings of the 

optimization procedure discussed above for the DIG142 SG are not modified 

for the sake of the study relative to the HC4 product. Nevertheless, it is worth 

to recall the main characteristics and to highlight how the tool has been 
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slightly modified to adopt the investigation for the 400kVA generator. These 

include the following: 

 Interface – ModeFRONTIER of ESTECO is utilised as software for 

carrying out the GA-based optimizations. This interoperates with 

Matlab and Magnet during the pre-processing, the solving and the 

post-processing phases. 

 Input parameters – in order to take advantage of the periodicities of 

the machine and to reduce the computational resources associated 

with the FE and the GA tools, only 1/4 of the model is considered in 

first instance, meaning that only the positions of the bars embedded in 

one salient pole are optimised, while the same positions are then used 

for the bars over the adjacent (not modelled) poles. Being the number 

of bars-per-pole equal to 6, this is also the number of the input 

variables, which are opportunely constrained in such a way that two 

consecutive bars never interfere with each other. 

 Strategy – a DoE based on a random sequence of 50 individuals is 

used as initial population. A MOGA is used for carrying out a first 

exploration of the design space. A refinement is then carried out 

according to the results obtained in the first, preliminary phase (i.e. 

using the best solutions as initial population for a second round of 

optimizations). 

 Output variables – the objective is that of minimising the damper cage 

loss and the no-load, line-to-line voltage THD, as for the DIG142 SG. 

However, there are some slight differences with respect to the study 
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performed in Section 6.2: main attention is given to the voltage THD 

rather than the losses minimisation objective. In fact, for the sake of 

this study, this is by far the most important requirement to achieve in 

order to avoid the implementation of the stator skewing. On the other 

hand, it was proven that the damper cage does not represent a 

significant loss source in the 400kVA SG. Nevertheless, it is essential 

to maintain this objective below acceptable limits: therefore, as well 

as for the DIG142, the loss threshold is set at the value lower than the 

actual no-load damper cage loss found into the benchmark machine 

(i.e. ≈70W), while the THD threshold value is set at 3%. 

Having recalled the features, opportunely adapted for the HC4, of the 

optimization procedure, the next step is that of showing the relevant results, 

which are plotted and discussed in the next section. 

 Preliminary optimization results 

As mentioned in Section 6.3.1, six input variables are used for the modulated 

damper cage optimization, i.e. the positions of the damping bars placed inside 

one salient pole. This allows for modelling and solving 1/4 of the machine, as 

shown in Fig. 33 and Fig. 35 of Section 4.1.4, resulting in reduced 

computational times. It is in fact very important to minimise these 

computational resources, as all the considered individuals of the various 

populations correspond to a FE, transient with motion simulation. All these 

FE evaluations are carried out at no-load and the optimization results are 

plotted in Fig. 89. Recalling that the THD of the no-load voltage is equal to 
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5.58% when skewing is not implemented, it is possible to note that 

improvements with respect to the actual design can be achieved by 

repositioning the bars over one salient pole. However, the best solution in 

terms of voltage shape exhibits a THD of ≈4.6% and the losses are also 

reduced by few watts. This confirms the potential of the proposed concept for 

a different platform. On the other hand, the achieved THD improvement is 

not sufficient to avoid the skewing as the power quality standards ask for a 

THD upper limit of 3%.  

 

Fig. 89 – No-load damper cage losses vs. THD: preliminary optimizations results 

(six input parameters). 

In order to reach this challenging goal, the modulated damper cage concept 

with the variant of considering additional input variables is proposed. In 

particular, a repositioning not repeated over the poles is investigated, 

meaning that the positions of the bars distributed along two adjacent poles are 

optimised, resulting in a doubled number (from 6 to 12) of input parameters 



175 

 

being considered for optimization purposes. This variant allows for a 

significant increase in the number of possible combinations to consider, but 

comes at the cost of increasing the computational resources. In fact, the 

minimum angular cross-section to model and solve via FE analysis 

corresponds in this updated version to 180° (1/2 of the whole machine), as 

shown for example in Fig. 90. No additional major modifications are 

necessary for performing this new round of optimizations, meaning that the 

basic structure of the whole procedure remains that described in Section 

6.3.1.  

 

Fig. 90 – Updated FE (half) model of the HC4 used for optimization purposes. 

 Final optimization results 

For this stage of the work (with 12 degrees of freedom used as input 

variables) all the tests are performed for the no-load operation. The results 

obtained from the optimization are shown in Fig. 91. Few designs satisfy the 

objective constraints of 70W and 3%, for the losses and the THD 

respectively. These achievements are highlighted in the target area in Fig. 91. 

As in the case of the DIG142, most of these “feasible” solutions have a 
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damper cage design with a similar geometry and therefore THD and losses 

are very close to each other. 

 

Fig. 91 - No-load damper cage losses vs. THD: optimization solutions with 12 input 

variables. 

 

Fig. 92 - Optimal damper cage pattern for reduced losses and THD. 
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The best solution that combines a minimum THD and an acceptable value of 

damper cage loss has been selected for the comparison with the actual, 

benchmark design. The rotor topology of the best machine obtained is 

highlighted in red (see Fig. 91) and shown in Fig. 92, where the particular 

pattern of the bar pitch modulation can be observed. 

 Final proposed solution 

The optimal machine, consisting of a skew-less stator and of a rotor equipped 

with a modulated damper cage, is compared in this section with a) the HC4 

with a skew-less stator and a standard rotor (i.e. with bars symmetrically 

displaced over the poles) and b) the benchmark HC4, consisting of a skewed 

stator and a standard rotor. For the sake of the clarity of all the figures and 

tables which will reported in the remaining part of this thesis, these three case 

studies are termed as follows: 

1) Machine A – HC4 with skew-less stator and conventional rotor. 

2) Machine B – HC4 with skewed stator and conventional rotor (i.e. the 

benchmark CGT product). 

3) Machine C – HC4 with skew-less stator and modulated rotor (i.e. the 

optimal, proposed platform). 

The comparison of Machine C with Machine A is the fairest one, as both the 

machines have a skew-less stator and, therefore, it provides the real 

effectiveness of the proposed concept on the voltage waveform quality. On 

the other hand, for the sake of completeness, it is worth to show how the 

optimal machine compares with Machine B.  
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The comparison between the no-load, line-to-line voltage waveforms of 

Machine C and A is shown in Fig. 93. The improvements achieved with the 

modulated damper cage are impressive, resulting in a more than halved THD 

(from 5.58% to 2.56%) in comparison with Machine A. In Fig. 94, the 

comparison in terms of amplitude harmonic spectrum is provided, showing 

that the THD improvement is mainly due to the heavy attenuation of the first 

group of slotting harmonics, as expected. It can be noticed that also the other 

slotting harmonic groups are reduced, as highlighted by in green in the same 

figure, where the amplitudes (on the y-axis) are provided in percent of the 

fundamental harmonic (not shown in the graph). 

 

 

Fig. 93 – Effects of modulation on the voltage waveform: comparison between 

Machine A and Machine C. 
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Fig. 94 – No-load line-to-line voltage harmonic amplitude spectra: comparison 

between Machine A and Machine C. 

The same comparison is carried out between the optimal Machine C and the 

benchmark Machine B. In Fig. 95, it can be observed how Machine B 

presents a “cleaner” voltage shape than that of Machine C, with a 

THD=1.26%. This is expected, as the skewing has the effect of almost 

eliminating the slotting harmonics, as demonstrated and provided in Section 

4.4.5. This concept can be also observed in Fig. 96, where the comparison 

between the respective spectra is shown. This comparative exercise shows 

that most of the harmonic amplitude values are lower in the current HC4 

product than the optimised configuration. However, apart from the 11th 

harmonic, the optimal machine presents harmonic amplitudes that are lower 

than the 1% of the fundamental, resulting in an acceptable deformation of the 

output voltage. 
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Fig. 95 – No-load line-to-line voltage waveforms: comparison between Machine B 

and Machine C. 

 

 

Fig. 96 – No-load line-to-line voltage harmonic amplitude spectra: comparison 

between Machine B and Machine C. 
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A summary of the comparison amongst the three topologies is shown in 

Table 10, where the voltage THD as well as the damper cage loss at no-load 

operation are compared. Although the benchmark machine (i.e. Machine B) 

presents a lower THD than that achieved with the optimal HC4 (i.e. Machine 

C), it is worth to re-underline that this is possible only by implementing the 

skewing onto the stator. This comes at cost of reduced performance and more 

elevated manufacturing costs (see Section 2.3). The selected solution, on the 

other hand, achieves a THD of 2.56% while keeping the stator un-skewed, 

allowing to meet the stringent requirements relative to this critical parameter. 

This confirms the validity of the proposed technique, as the machine with a 

standard rotor and a skew-less stator shows a THD which is more than twice 

higher than that achieved with the optimal solution. In terms of losses, it can 

be concluded that the selected machine achieves a reduction of 21.6% and 

1.58% at no-load, respectively with respect to Machine A and Machine B, 

however not significantly influencing the overall efficiency of the machine. 

   

Table 10 – Comparison amongst the three case studies. 

Machine Topology No-load loss THD 

Machine A 71.3W 5.58% 

Machine B 56.8W 1.26% 

Machine C 55.9W 2.56% 
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6.4 Conclusions 

This chapter presented improved damper cage topologies aimed at addressing 

damper cage losses and voltage THD in the considered DIG142 and HC4 

salient-pole SGs. This was achieved by repositioning the bars over the salient 

poles according to the GA-based optimization procedure whose details were 

discussed throughout the chapter. The main conclusions relative to the work 

discussed in Chapter 6 can be summarised as follows. 

1) An optimal damper cage topology (shown in Fig. 82) was found for 

the 4MVA DIG142 SG, that significantly reduces the inherent loss 

associated with this winding and keeps the voltage THD at the same 

value as the baseline machine. Therefore, the proposed, modulated 

damper cage concept showed high potential for efficiency and power 

quality improvements in SGs, without modifying the transient 

performance. 

2) In order to confirm the validity of the proposed technique, this was 

applied to a smaller generator, i.e. the 400kVA HC4 SG, for similar 

purposes. Although a variant of this concept (i.e. the modulation not 

repeated over the poles) was necessary to achieve a THD lower than 

3% without compromising the induced losses, an optimal damper 

cage topology (see Fig. 92) was found also for this smaller platform, 

allowing to meet this critical requirement without resorting to 

disruptive and costly techniques, such as the skewing. 
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Considering all the above, the next step would consist in validating the FE-

GA-based results obtained in this chapter by assessing the proposed 

modifications onto the studied machines and by performing dedicated 

experimental measurements. Therefore, considering the drive from CGT 

towards reducing the manufacturing costs associated with the HC4 skewing, 

a 400kVA generator equipped with a skew-less stator and a rotor with a 

modulated damper cage was built in order to experimentally prove the 

proposed technique. 

6.5 Contributions to research 

The concept proposed in this chapter represents the main novelty of the 

thesis, as it has never been implemented for addressing damper cage loss and 

voltage THD in salient-pole SGs. The major benefits deriving from the 

application of the modulated bar pitch onto salient-pole SGs can be 

summarised as follows: 

 Improvements in terms of efficiency and power quality, without 

significantly impacting each other. 

 No impact on the dynamic performance and associated parameters. 

 Ease of manufacturing, resulting in a very low impact on the inherent 

costs. 

 Applicability to platforms of different power range. 
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The results relative to the DIG142 optimization studies, shown in Section 6.2, 

have led to one academic publication in a leading journal. The publication 

name is given below. 

 S. Nuzzo, M. Degano, M. Galea, C. Gerada, D. Gerada and N. 

Brown, “Improved Damper Cage Design for Salient-Pole 

Synchronous Generators”, IEEE Transaction on Industrial 

Electronics, 2017. 

Although the concept of modulating the damper cage has been already 

published in the journal listed above, the study relative to the HC4 has shown 

room for updates and variations of the technique. Therefore, more 

publications are projected in relation to the results reported in Section 6.3. 
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Chapter 7  

Prototype and experimental validation 

of the proposed concept 

This chapter presents the manufacturing of the optimal HC4 rotor 

configuration proposed for the purposes of this project, as well as the 

experimental measurements carried out on the prototyped platform for 

validation purposes. 

A brief introduction to the Electrical Discharge Machining (EDM) process is 

given in Appendix 3, as it represents the selected method for the rotor 

manufacturing. Some relevant manufacturing details of the HC4 rotor are 

then discussed in the next section and, in conclusion, the experimental tests 

are described and the results presented in the form of a comparison exercise 

with the benchmark machine.  

 

7.1 Manufacturing of the rotor prototype 

Considering the description given in Appendix 3, EDM seems to be suitable 

for the manufacturing of the HC4 rotor equipped with the optimal, 

unconventionally displaced damping bars. Other manufacturing techniques, 

such as stamping, laser cutting and water jet cutting, have been considered as 

potential competitors of EDM in the initial stage of this process. However, 
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after a trade-off study where the costs and the delivery times of various 

manufacturing techniques provided by different companies were investigated, 

EDM was selected as manufacturing method for the job at hand, with an 

estimated, overall cost of £3700 and a delivery time of about 2 months. 

Besides these considerations, the key point of this choice was related to 

logistic advantages, as the workshop of the Department of Electrical and 

Electronics Engineering of UoN have two EDM machines that were fully 

available to immediately start the rotor manufacturing. In this section, the 

high-level steps that led to the completion of the whole rotor stack are 

discussed. 

Square laminations of dimensions 500mm*500mm were provided by CGT. In 

this way, it was possible to use the same ferromagnetic materials that CGT 

utilises for the rotors and the stators of its own current products. Considering 

in fact the criticalities related to the internal behaviour of the ferromagnetic 

materials during the machines’ operation, this was an important point to 

satisfy to allow for a fair comparison between the new prototype and the 

benchmark HC4. Also, it is important to mention that the stator of the new 

prototype was produced directly by CGT through conventional stamping, 

allowing then to use the same lamination materials for both the stator and the 

rotor. A picture of the skew-less, HC4 stator is shown in Fig. 97.  
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Fig. 97: Photo of the prototyped skew-less HC4 stator. 

The detailed dimensions of the rotor lams are not reported in this thesis, due 

to confidentiality agreements with the company. The general pattern of the 

optimal HC4 rotor can be observed in Fig. 92, in Section 6.3.3. Due to the 

limitations in size of the used EMD machines (whose pictures are shown 

below in Fig. 98), the entire axial length was divided in 4, resulting in four 

stacks of 125mm. The laminations were all preliminary pre-drilled in 

correspondence of the holes dedicated to the damper bars.   

  

Fig. 98 – EDM machines used for the rotor lams manufacturing. 

The new rotor lamination obtained through the described process is shown in 

Fig. 99, where the particular pattern of the unconventionally displaced 

damper bars’ holes can be observed.  
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Fig. 99 – Rotor lamination with zoom on the modulated holes for the damper cage. 

The rotor laminations were sent to CGT for the assembling of the whole 

stack and, once this process was completed, the bars were mechanically 

pushed inside their relevant holes, resulting in the configuration shown below 

in Fig. 100.  

The next step was then that of placing the rotor windings around the salient 

poles. The active sides of the field winding coils wound around adjacent 

poles were fixed against each other with plastic clips. Also, a number of 

thermocouples (bead RTDs sensors, shown in Fig. 101a) were inserted in 2 

coils of adjacent poles to take record of the rotor temperatures during test. A 

number of pictures taken during the winding process of the rotor are 

illustrated in Fig. 101b and Fig. 101c, while the rotor RTD map is shown in 

Fig. 102. Here, it can be seen that 10 thermocouples per pole were used, 6 

positioned along the axial length and 4 on the end windings. Having 

completed the rotor windings, the last step consisted in dipping the whole 

structure for impregnation.  
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Fig. 100 – Rotor stack, after the insertion of damping bars inside the relative holes. 

a) 
 

b) c) 

Fig. 101 – Rotor winding process: a) bead RTD, b) RTD terminal embedded into the 

winding layers and c) man at work. 

 

Fig. 102 – Location of rotor winding RTDs. 
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For the sake of completeness, it is worth to mention that the stator pack was 

also equipped with 52 thermocouples, with the aim of capturing the axial and 

circumferential temperature distribution in the slots (using 33 thin-film 

RTDs, shown in Fig. 103a), the temperature distribution in the end windings 

(using 12 bead RTDs) and the temperature of the main air streams at various 

operating conditions (using 7 bead RTDs). The thin-film RTD sensors were 

located just under the slot separator as detailed in Fig. 103b, while in Fig. 104 

it is shown how the bead RTDs are embedded in the end windings.  

 

 
a) 

 
b) 

Fig. 103 – Stator winding process: a) thin-film RTD, b) location of RTDs in slots. 

 
a) 

 
b) 

Fig. 104 – Location of RTDs in the end windings: a) photo and b) schematic. 
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Three RTDs were located on the stator outer surface after impregnation as 

illustrated in Fig. 105. Finally, bead RTDs were positioned in the air stream 

attached to the inboard and outboard side of the drive-end and non-drive-end 

end windings (4 in total, as depicted in Fig. 106). 

 
a) 

 
b) 

Fig. 105 - Location of RTDs on outer stator surface: a) photo and b) schematic. 

a) b) 

Fig. 106 – Air temperature sensor in the airstream between a) stator and frame 

(outboard) and b) rotor and stator (inboard). 

Having completed both the stator and the rotor separately, last step was that 

of completing the assembling process according to standard procedures that 

CGT applies to the whole range of its products. These include integrating the 

rotor with the stator, mounting the excitation system (the standard HC4 

excitation system was used) onto the same shaft of the main machine, 
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embedding the system into the case and making the stator terminal box 

accessible for appropriate connections during testing. A picture of the whole 

Genset is shown below in Fig. 107. 

 

Fig. 107 – The whole HC4 gen-set prototype. 

Following the detailed description of the rotor manufacturing and, in general 

terms, of the assembling procedure of the whole gen-set described above, the 

final stage of this project will be that of experimentally validating the 

proposed concept by carrying out measurements on the built prototype. The 

relevant results are therefore shown and discussed in the next section.  

7.2 Experimental results 

The previous section presented the manufacturing process of the optimal 

rotor topology reported in Fig. 92, in Section 6.3.3. The prototyped 400kVA 

SG is equipped with a skew-less stator. The aim of this configuration is to 

prove that the alternator is able to achieve a THD lower than 3% without 

resorting to the skewing, while keeping the efficiency above acceptable 
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values (i.e. at least maintaining the same efficiency as the baseline HC4). In 

order to prove the above, experimental measurements were performed on the 

prototype both in the Tech Centre of CGT and in the High Power Laboratory 

of UoN.   

First, the no-load rated voltage waveform is obtained and post-processed in 

order to prove the modulated damper cage concept and to confirm the 

validity of the FE-GA-based optimization results attained and reported in 

Chapter 6. Then the relevant waveforms and harmonic spectra are presented 

in a comparative exercise with two machines, previously marked as Machine 

A and Machine B. Finally, the comparison is carried out between the new 

prototype (previously marked as Machine C) and the benchmark (Machine B) 

HC4, with the purposes of showing how the modifications applied to the 

generator do not deteriorate the overall machine performance, including those 

during transient conditions. 

 Waveform analysis 

The aim of this test is to confirm the design impact of the unconventionally 

displaced damper cage on the voltage waveform. This section therefore 

represents a critical and very important stage of this project, as it is aimed at 

confirming the validity of the proposed concept by demonstrating that a THD 

lower than 3%, at no-load operation, is achievable without implementing 

stator slot skew onto the 400kVA SG. 

This test was carried out both in CGT and UoN facilities in order to double 

check the results validity and repeatability. Both the tests achieved the same 
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results. For the purpose of this thesis, only the test procedures adopted in the 

HPA of the UoN are reported. A general picture of the test bench is shown in 

Fig. 108.  

 

Fig. 108 – HC4 prototype test bench. 

The experimental platform is similar to that described in Section 4.4.5.1, 

consisting of an IM drive, acting as the prime mover, whose speed loop 

controls the frequency of the SG, which is mounted on the same shaft of the 

motor. The test can be carried out on a cold or warm machine, as suggested 

by [118]. However, to be coherent with the corresponding FE evaluation, the 

evaluation is performed on a cold machine. The alternator was run at rated 

speed, with the stator windings open-circuited and with the field voltage set 

in such a way that the rated voltage was available at stator terminals. The 

AVR was connected to the exciter field winding in order to maintain a 

constant voltage (i.e. 400V) at the armature terminals. The voltage probes 

(shown in Fig. 109a) were directly connected to these terminals and the 
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waveforms were observed, recorded and saved on a USB pen drive for post-

processing purposes. A picture showing the leads coming out from the stator 

terminals and used for the voltage measurements is observed in Fig. 109b, 

while the three-phase, no-load, phase voltages obtained with the skew-less 

stator, modulated rotor machine can be observed in Fig. 110. 

 

 
a) 

 
b) 

Fig. 109 – Voltage measurement: a) LeCroy probe and b) stator terminal box with 

leads. 

 

Fig. 110 – Photo of the no-load voltage waveforms available at prototype’s stator 

terminals. 
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The waveforms shown above in Fig. 110, after post-processing, are compared 

with the voltage shape obtained through FE analysis for validation purposes. 

In Fig. 111, the excellent match between numerical and experimental results 

can be observed. This is also confirmed by the comparison, shown in the 

same picture, between the THD of such output voltages, where the relevant 

error is ≈10%. This result finally proves the feasibility of the modulated 

damper cage concept for power quality improvements. In fact, the study has 

demonstrated that this design technique is sufficient to guarantee a THD<3%, 

without resorting to any skewing techniques.  

 

 

Fig. 111 – No-load line-to-line voltage waveforms: comparison between FE and 

experimental results. 

For the sake of completeness, the measured voltage waveforms are compared 

with those relative to Machine A (i.e. the HC4 with skew-less stator and 

conventional rotor) and Machine B (i.e. the HC4 with skewed stator and 
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conventional rotor). This comparative exercise is shown in Fig. 112. This 

comparison confirms the results provided in Section 6.3.4, where it was 

observed that  

1) the THD improvement due to the modulated rotor with respect to the 

normal rotor is mainly due to the heavy attenuation of the first groups 

of slotting harmonics (see Fig. 94, in Section 6.3.4); 

2) the “cleaner” voltage shape of the benchmark machine with respect to 

the prototyped machine is obtained through the disruptive and costly 

technique of skewing, which produce almost an elimination of the 

slotting harmonics.  

 

 

Fig. 112 - No-load line-to-line voltage waveforms: comparison between a) Machine 

A and Machine C and b) Machine B and Machine C. 
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It can be concluded that the results presented in this section prove and 

confirm the validity of the proposed modulation concept in terms of 

achieving a skew-less machine without compromising voltage quality. These 

results also show that the GA-FE-based methodology aimed at finding an 

optimal topology gives excellent results. Having therefore found out that a 

skew-less configuration can meet very stringent power quality requirements 

in combination with an optimal damper winding design, the next step consists 

in proving that the new prototype does not affect the overall, steady-state and 

transient performance of the benchmark HC4. Hence, in the next sections, a 

comparison between the performance of the new prototype and the 

benchmark machine at no-load, short-circuit, full-load and overload 

operations will be presented and discussed.    

 No-load characteristic 

In general terms, the purposes of this test is to evaluate the saturation within 

the machine’s magnetic circuit, to measure the level of excitation required to 

magnetise the machine and to verify the capability of the excitation circuit. 

The no-load characteristic test was performed in the Tech Centre of CGT. 

The investigation was carried out on a cold machine, with the output terminal 

open-circuited and with the AVR disconnected, meaning that the excitation 

system was connected to an external controllable DC supply. The open-

circuit test set-up is shown in Fig. 113. The slip rings shown in Fig. 114 were 

used to record the main field winding voltage and current. A typical power 

analyser was used for the voltage measurements. 
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Fig. 113 – Open-circuit characteristic test set-up.  

 

Fig. 114 – Slip rings used for field voltage and current measurements. 

In order to eliminate any residual magnetism in the system, a negative DC 

pulse was applied to the exciter stator winding. The alternator was then run at 

rated speed and the excitation increased in incremental steps, recording the 

values of line voltage, exciter voltage and current as well as the main rotor 

voltage and current (through the slip rings). At the rated voltage, the line-to-

line values on each of the three phases were recorded to ensure balance. The 

excitation was increased until the output volts reached the 130% of the rated 

voltage. Finally, the line-to-line voltage vs. rotor field current was plotted and 
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compared in Fig. 115 against the available experimental no-load curve 

relative to the current HC4.  A perfect match between the two curves can be 

observed and it is found that the new prototype achieves the rated voltage 

value with a field current reduced by 0.7% in comparison with the original 

machine. This also confirms the analytical observations carried out in Section 

4.3.2, in particular those relative to the fact the skewing does produce a 

performance deterioration due to the reduced “equivalent” winding factor 

(see the waveforms of Fig. 40, in Section 4.3.2). 

 

Fig. 115 – No-load characteristic: experimental comparison between optimal and 

existing HC4. 

 Short-circuit characteristic 

This test aims at determining the excitation requirements and capabilities of 

the machine under test and at evaluating the unsaturated synchronous 

reactance. As well as for the no-load characteristic, the short-circuit curves of 

the new prototype and the benchmark machine are compared to prove that the 

new design does not affect the performance of this machine. In Fig. 116, the 
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excellent match between the characteristics can be observed, resulting in a 

very good match also in respect to the unsaturated synchronous reactance 

(3.38p.u. for the new prototype against 3.35p.u. for the existing machine).  

 

Fig. 116 – Short-circuit characteristic: experimental comparison between optimal 

and existing HC4. 

The investigation is carried out on a cold machine. The test set-up is shown 

in Fig. 117, while the short circuiting connections are shown in Fig. 118. 

Current Transformers (CTs), whose full range is very similar to the 

maximum measured load current of the generator, were used in order to 

maintain acceptable levels of measurement accuracy. These are shown also in 

Fig. 118. As well as for the no-load test, the AVR was disconnected and a 

DC power supply was used to power the excitation system. In order to 

eliminate any residual magnetism, a negative DC pulse was applied to the 

exciter stator winding. The generator was run at rated speed and then the 

excitation was increased in discrete steps until the output current is at least 

50% above the rated value. At each step, the values of stator current, exciter 
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field voltage and current and the generator field voltage and current (through 

the slip rings) were recorded. It was finally possible to plot the phase current 

vs. the rotor field current figure shown above in comparison with the one 

available for the current HC4.  

 

Fig. 117 – Short-circuit test set-up. 

 

Fig. 118 – Short-circuit test: short-circuiting connections and CTs used for the 

current measurements. 

The last step was that of evaluating the unsaturated synchronous reactance as 

the ratio of the excitation current required to sustain the rated short-circuit 

current, to the excitation current required to sustain rated open circuit voltage. 

This second value is derived from the air gap line extrapolated from the no-



203 

 

load curve, as shown in Fig. 115, as this line represents the unsaturated 

excitation requirement. 

 Power losses and efficiency 

The experimental determination of power losses and efficiency in classical 

SGs represent a well-known and consolidated task, due to the historical 

experience gained in the field of power generation. In this work, the 

“summation of losses” method [118] is used for determining the overall 

machine efficiency. Power losses were partially evaluated through the test 

described in the previous sections. Other loss contributors mainly present at 

on-load operation were evaluated through additional tests, according to the 

procedures discussed below. The power losses to be summed for the 

efficiency determination include 

1) No-load losses, i.e. the mechanical (windage and friction) and the iron 

losses. The set-up used is that of Fig. 113 of Section 7.2.2, where the 

machine is driven by a variable speed motor, at constant, rated speed, 

with a shaft torsionmeter connected between the drive motor and the 

generator. During the open-circuit test, in addition to the readings 

required for the no-load characteristic, with slip rings fitted, readings 

of the torsionmeter and shaft speed are taken for each point on the 

curve. By using torque and speed values to obtain the shaft power in 

kW, it becomes possible to plot the output voltage against the 

kilowatts. By extrapolating the voltage curve back to zero volts on the 

graph, the windage and friction of the machine is where this line 
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crosses zero volts, while the iron losses are the total losses at rated 

voltage minus the obtained mechanical losses. The graphs relative to 

these loss contributors are plotted in Fig. 119 and Fig. 120. 

 

Fig. 119 – Windage and friction loss evaluation. 

 

Fig. 120 – Iron loss determination. 

2) Full-load losses, i.e. the rotor and the stator copper losses. This test is 

carried out with the alternator hot, meaning that the machine was run 
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for a certain number of hours to reach the steady state, at rated load 

and power factor. This rated condition is achieved by loading the HC4 

on resistive and inductive load banks. The load parameters registered 

during the test were rotor and stator voltages and currents, 

respectively for the exciter and the main generator, and these are 

summarised in Table 11. 

Table 11 – Electrical load parameters registered during full-load, steady-state 

operation of the generator prototype. 

Load Parameter Measured Value 

Armature Voltage 400V 

Armature Current 577.4A 

Reactive Power 400kVA 

Active Power 320kW 

Power Factor 0.8 

Rotor Current 50.49A 

Rotor Voltage 98.9V 

Exciter Rotor Voltage 81.6V 

Exciter Stator Current 2.342A 

Exciter Stator Voltage 45.95V 

 

Through this test, it is also possible to estimate the excitation losses: 

this contributor is considered equal to the 10% of the main rotor 

copper loss. This assumption is based on the experience gained by 

CGT through the testing carried out on the whole range of products 

that the company produces. Although a detailed characterization of 
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the excitation system is necessary to properly determine the excitation 

loss, for the sake of this study (that is aimed at comparing the 

performance of the new prototype with that of the original machine) 

the assumption is very well-founded as the excitation system is the 

same for both the platforms 

3) Short-circuit losses, i.e. the additional stray losses. According to 

[119], this contributor can be defined as additional loss, wherever 

occurring, caused by the load current due to changes in flux 

distribution and to eddy currents and, in the case of poly-phase 

synchronous motors and generators, it shall be deemed to be equal to 

the values which would be obtained on a short-circuit test, namely the 

difference between the total measured mechanical input on the short-

circuit at the current under consideration, and the sum of the friction, 

windage, iron, copper and excitation losses. Therefore, in order to 

experimentally estimate the stray loss, during the short-circuit test, in 

addition to the readings required for the relative characteristic, 

readings of the torsionmeter and shaft speed are taken for each point 

on the curve. By using torque and speed values to obtain the shaft 

input power in kW, it becomes possible to determine this loss as 

explained above.  

Having determined each single loss contributor, it becomes possible to obtain 

the machine efficiency η by using (37), where Pout is the output real power of 

the machine (i.e. 320kW) and Plosses is the sum of losses above determined. 
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𝜂 = 100 ∗ (
𝑃𝑜𝑢𝑡

𝑃𝑜𝑢𝑡 + 𝑃𝑙𝑜𝑠𝑠𝑒𝑠
) (37) 

Table 12 shows the comparison in terms of losses and efficiencies between 

the new and the existing HC4. Aim of this study is to prove that the design 

modifications assessed onto the HC4 do not deteriorate the overall 

performance of the product. This is verified by observing the excellent match 

between the machines’ efficiencies, where it can be noticed that the new 

prototype does produce a slight improvement (by 0.23%), confirming once 

again that the bar reposition concept is a very effective technique for 

improving power quality and efficiency in salient-pole SGs.  

 

Table 12 – Efficiency calculation by loss summation method. 

Loss Component Optimal Machine Existing Machine 

Windage & Friction  2.387kW 2.141kW 

Iron (Fe) 3.933kW 3.884kW 

Armature Winding (Cu) 9.599kW 9.593kW 

Field Winding (Cu) 4.993kW 5.433kW 

Excitation 0.493kW 0.544kW 

Additional (Stray) 2.450kW 3.111kW 

Total 23.855kW 24.706kW 

Efficiency 93.06% 92.83% 
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In Table 12, it is interesting to note that the loss reduction achieved by the 

optimal machine is mainly due to the iron, field winding and stray loss 

contributors. In particular, due to the negative effects that skewing has on the 

output voltage (see Section 4.3.2), it can be safely concluded that the skew-

less machine requires a field current lower than that needed by the existing 

machine to achieve the rated voltage, resulting in a reduction of the field 

winding loss contributor.  

 

 Dynamic parameters 

One of the most important and critical aspect to consider for a comprehensive 

study of the new HC4 (equipped with the unconventionally displaced damper 

cage) is related to the dynamic behaviour of the machine. The aim of this 

section is therefore that of proving that the new design does not modify the 

parameters corresponding to the generator short-circuit performance. In order 

to determine these characteristic values, a suddenly applied three-phase short-

circuit test was performed according to the procedure described below. 

The test set-up is illustrated in Fig. 121. The alternator under test is coupled 

to a slave generator by a ring feeder coupling. The coupling bolts require 

tightening to the correct torque. Adequate size cables are required for the test. 

Nevertheless, as the instantaneous short circuit only lasts for a fraction of a 

second, cables able to carry the steady-state current are sufficient for this test.  
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Fig. 121 – Decrement test set-up. 

A separate breaker is used to perform the test. The cables are connected from 

one side of the breaker to the machine under test and to the short on the other 

side. Suitable sized shunts must be positioned between the shorting bar and 

the breaker. According to the experience gained in the long history of 

utilisation of these classical machines, it is estimated that the HC4 under test 

will carry up to ten times the full-load current in the first instants of the short 

circuit (i.e. when the breaker is closed). CTs of suitable size are used for the 

measure of the steady-state current. These are shown in Fig. 122b, while the 

whole set-up is illustrated in Fig. 122a. Each shunt has a BNC lead connected 

across its terminals which is linked to the auxiliary panel inside the cell. 

Another set of BNC leads are then connected from the auxiliary panel outside 

the test cell to the test equipment used to measure the instantaneous short 

circuit. A mains key switch is also used in connection with the breaker for its 

on/off operation (opening and closing). The phases are opportunely insulated 

from the cables running from the machine to the breaker by using an 

insulating device. Each phase is cabled to the insulated device for extra 

support (as shown in the photos of Fig. 122) in order to minimise movement 
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during the test. A suitable DC power supply is connected to the exciter field 

winding and, after the generator is run at its rated speed and the output 

voltage is at its rated value, then it becomes possible to apply the three-phase 

short-circuit. A Yokogawa oscilloscope is used for recording and saving of 

the data. 

 
a) 

 
b) 

Fig. 122 – Decrement test: photo of a) the test cell set-up and b) the CTs. 

 

Fig. 123 – Typical current oscillations after a sudden short-circuit. 

A classical current oscillation occurring after a sudden three-phase, short-

circuit test is illustrated in Fig. 123. The dynamic parameters determination is 

performed according to the method standardised in [120]. This consists in 



211 

 

several passages and is a simple, “hand” procedure, whose main steps are 

listed below. 

1) Number the peaks and draw the envelope curves (for all the phases), 

as shown in Fig. 124 for the phase A of the prototype under 

investigation. 

 

Fig. 124 – Envelope curve for the phase A: numbering of the peaks. 

2) On a log-linear graph (x-axis = peak number, y-axis = distance in 

mm) plot the curves below: 

a. Curve A – The difference between the instantaneous peak-to-

peak current and the peak-to-peak steady state current. 

b. Curve B – Extend the straight line portion of Curve A 

backward to the edge of the paper. 

c. Curve C – The difference between Curve A and Curve B at 

discrete peak positions. 

d. Curve D – Derived from the mean value of the upper and 

lower waveform envelope curves (see Fig. 124). 

e. t = 0 – Compute the ratio a/b (see Fig. 123). On the log-linear 

graph, plot a point to the left of peak 2 position which 
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represents the ratio a/b multiplied by the distance between 

peak 2 and 0. Draw a perpendicular line through this point 

extending it through Curve B. This represents t = 0. 

The curves obtained as described above are shown below in Fig. 125 

for the new, optimal HC4. 

 

Fig. 125 – Decrement test: curves for the dynamic parameters determination. 

3) These curves will then be used to compute the different parameters as 

described below: 

a. Direct axis transient reactance Xd’, whose calculation is given 

in (38), where Irated is the machine rated current, it=0 the y-axis 

reading at the point where Curve B intersects the t=0 line (see 

Fig. 125), Iss the field current required to produce Irated for a 

sustained symmetrical short circuit at the generator terminals 

and, finally, iss is the steady state current after the fault. 

𝑋𝑑
′ =

𝐼𝑟𝑎𝑡𝑒𝑑

(𝑖𝑡=0 + 𝑖𝑠𝑠)
𝐼𝑠𝑠

𝑖𝑠𝑠

 (38) 
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b. Direct axis sub-transient reactance Xd’’, calculated as in (39), 

where i’t=0 is the y-axis reading at the point where Curve C 

intersects the t=0 line (see Fig. 125). 

𝑋𝑑
′′ =

𝐼𝑟𝑎𝑡𝑒𝑑

(𝑖𝑡=0
′ + 𝑖𝑡=0 + 𝑖𝑠𝑠)

𝐼𝑠𝑠

𝑖𝑠𝑠

 (39) 

c. Direct axis transient short-circuit time constant Td’. The use of 

Curve B, which has a trend line equation in the form y=A*eBx, 

allows computing Td’ in peaks, by reducing It=0 by 1/e and 

then by transposing the trend line equation, as summarised in 

(40). Finally, it becomes possible to obtain Td’ in seconds by 

using (41), where f is the operating frequency and c=2-

(2*(b/a)).  

𝑇𝑑
′ [𝑖𝑛 𝑝𝑒𝑎𝑘𝑠] =

[ln (
𝑖𝑡=0 ∗

1
𝑒

𝐴 )]

𝐵
 (40) 

𝑇𝑑
′ =

(𝑇𝑑
′ [𝑖𝑛 𝑝𝑒𝑎𝑘𝑠] − 1) + (1 − 𝑐)

2𝑓
 (41) 

4) Direct axis sub-transient short-circuit time constant Td’’. This is 

computed in a very similar way as for Td’. Curve C, which has a trend 

line equation in the form y=C*eDx, is used instead of Curve B to 

determine Td’’ in peaks by reducing i’t=0 by 1/e and then by 

transposing the trend line equation, as summarised in (42). It is then 

possible to obtain Td’’ in seconds by using (43). 
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𝑇𝑑
′′[𝑖𝑛 𝑝𝑒𝑎𝑘𝑠] =

[ln (
𝑖𝑡=0

′ ∗
1
𝑒

𝐶 )]

𝐷
 (42) 

𝑇𝑑
′′ =

(𝑇𝑑
′′[𝑖𝑛 𝑝𝑒𝑎𝑘𝑠] − 1) + (1 − 𝑐)

2𝑓
 (43) 

In Table 13, the comparison between the existing and the novel HC4 

prototype in terms of dynamic parameters is summarised. This is based 

around the procedure described above. It can be observed that a very close 

match between the results exists, thus confirming that, besides the overall 

performance of the machine (see previous sections), the dynamic behaviour 

of the generator is insensitive to the modifications applied to the damper 

winding of the machine.   

 

Table 13 – Dynamic parameters: experimental comparison between optimal and 

existing topologies. 

Dynamic Parameters Optimal Existing 

Synchronous reactance Xd 2.40p.u. 2.63p.u. 

Transient reactance Xd
’ 12.17% 12.92% 

Sub-transient reactance Xd
’’ 8.08% 9.14% 

Transient SC time constant Td
’ 0.056s 0.062s 

Sub-transient SC time constant Td
’’ 0.01226s 0.01299s 
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7.3 Conclusions 

This chapter presented the manufacturing aspects and the experimental 

results relative to an innovative, unconventionally displaced, damper cage for 

improved losses and THD in salient-pole SGs. This new concept was 

implemented onto the rotor of a 400kVA SG, with the aim of showing how 

tailoring the position of the damping bars allows to achieve a THD lower 

than 3% without resorting to the stator slot skewing and without 

compromising the losses associated with such bars.  

The EDM technique, whose major features are discussed in Appendix 3, was 

the selected method for the “in-house” rotor manufacturing. The inherent 

processes and issues were then discussed as well as the skew-less stator 

manufacturing and the whole assembling of the gen-set, carried out in CGT. 

The experimental results of the new prototype were then presented in the 

form of a comparative exercise with those performed on the HC4 current 

product, with the aim of proving that the proposed, modulated damper cage 

does not modify the overall, steady-state and transient performance of the 

considered platform. 

More specifically, in Section 7.2.1, the validity of the proposed concept was 

proven through the waveform analysis of the rated no-load voltage, which 

showed a THD equal to 2.29%. This result was very close to the GA-FE-

evaluated THD (2.58%), showing also the validity of the proposed 

optimization strategy. Sections 7.2.2 and 7.2.3 presented the comparison 

between the no-load and the short-circuit curves evaluated on both the 
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machines, showing a perfect match between the existing and the new HC4 

(Fig. 115 and Fig. 116). In Section 7.2.4, the power loss and efficiency 

evaluation method was presented and the inherent results were also 

discussed: in particular, the total losses of the new prototype were reduced by 

3.44% with respect to the original machine, resulting in an improved 

efficiency of 0.23%. Finally, the dynamic performance of the original and the 

prototyped SGs were compared, showing again an excellent match between 

the respective characteristic values (see Table 13). All the above confirmed 

that the new modifications assessed onto the 400kVA SG fully meet the 

power quality requirements related to the no-load voltage THD, while 

keeping (and even improving) the same steady-state and transient 

performance of the current product.  

 

7.4 Contributions to research 

The work presented in this chapter has shown the validity of the proposed 

methodology, i.e. the positive effects of having a modulated damper winding 

have been proven. The experimental results provided in Section 7.2 are being 

used to develop a journal publication, which is programmed to be submitted 

to a leading IEEE journal by the end of 2017. 
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Chapter 8  

Conclusion 

This work has been developed in such a way as to allow for conclusions, 

discussions and other aspects to be presented at strategic points of the thesis. 

Thus in this chapter, only a higher level and more general discussion and  

conclusions as well as further observations relative to the main achievements 

and novelties of this project are discussed.  

In particular, the general conclusions are first provided in the form of a 

concise summary of all the chapters of this thesis. Then, more details are 

given in relation to 1) the implemented hybrid analytical-numerical model, 2) 

the SS method for modelling skew and 3) the modulated damper cage 

concept and its effects on the two considered applications. Finally, some 

ideas for future work are also included. 

8.1 General conclusions 

This work has shown the critical effect that the damper cage winding has on 

the operation but also on the manufacturing processes for classical SGs. In 

this thesis, innovative damper winding schemes, based around asymmetrical, 

modulated bars were proposed and investigated. It was shown how, through 

the implementation of this unconventional bar displacement, 1) important 

gains in terms of losses and THD can be achieved for the 4MVA DIG142 
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prototype, and 2) the historical need for skewing of the stator can be removed 

for the 400kVA HC4 application. 

First, a detailed literature survey of the methods most commonly used for 

achieving the objectives outlined above was discussed in Chapter 2. The most 

recent advancements in the field of SGs were highlighted, with special focus 

given to the damper cage and the skewing modelling aspects, as these played 

the most important role for the sake of the investigation presented in this 

project. It became thus possible to propose new solutions with respect to the 

state-of-the-art, in terms of design, analysis and modelling of such already 

well-consolidated machines.    

Advanced analytical, hybrid analytical-numerical and fully numerical (i.e. 

FE) modelling tools were presented, developed and compared with 

experimental measurements carried out on the mentioned CGT market 

products. The results relative to the innovative modelling and analysis 

techniques proposed in Chapter 3 (relative to the damper cage modelling) and 

Chapter 4 (the power loss and the skewing modelling) showed an excellent 

match with the experimental measurements, confirming the validity of such 

tools. 

The studies presented in Chapter 4 were also aimed at investigating the 

challenges inherent to the power losses (especially for the DIG142) and to the 

skewing (implemented onto the HC4) effects on the voltage waveforms’ 

quality. Therefore, in Chapter 5, a number of solutions aimed at overcoming 

the aspects mentioned above were proposed. These investigations, carried out 
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for both the generators, were presented in the form of in-detail sensitivity 

analyses of the design variables that have a high impact on the damper cage 

losses and on the no-load voltage total harmonic distortion. It was concluded 

that the tangential position over the salient poles of the damping bars can 

significantly impact (and improve) the losses and THD in both the 

generators. This “information” was then taken on board and considered for 

optimization purposes. The symmetrical arrangement of the bars was 

however abandoned and varied according to the concept of modulation.  

An optimal damper cage design for reduced ohmic bar losses and improved 

voltage THD was then proposed in Chapter 6. This solution lies in replacing 

a typical, uniformly distributed damper cage with a modulated one, and 

tailoring the position of each bar to reach the desired objectives. In order to 

achieve an optimal solution, a GA-based approach has been used to 

investigate the problem. For the DIG142 alternator, the optimal solution 

achieves a loss reduction of about 30% at no-load and 35% at full-load, 

whilst maintaining the THD below the critical value of 3%.  

While excellent results were achieved by the optimal DIG142 solution, the 

more attractive benefits (as perceived by CGT) in renewing the design of the 

HC4 product led to investigate more deeply the proposed concept on the 

400kVA SG. In fact, due to the manufacturing costs associated to the 

skewing, the objective has then become that of meeting the power quality 

requirements (related to the no-load voltage THD) without resorting to this 

technique. CGT predicts that without the need for the skewing process, a 
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single prototype will get off the assembly line, approximately in twenty 

minutes time less. From preliminary simplified calculations, based on one 

single prototype, then the improvement resulting from the achievement of 

this objective is perceived to be of around 3-4% cost saving per machine. 

As vessel to investigate the validity of the proposed tools and findings, an 

optimal damper cage was implemented and built on the 400kVA platform, 

featured with a skew-less stator. The performance of the new prototype was 

finally experimentally evaluated and compared with the current market 

product. The new HC4 has shown a THD equal to 2.29%, which is below the 

set objective of 3%, and an improved efficiency of 0.23%, while keeping the 

no-load, full-load and transient requirements the same as the existing 

alternator. The results shown in Chapter 7 have then confirmed the validity of 

the proposed method and the feasibility of a skew-less generator, potentially 

improving the HC4’s market value. 

 

8.2 Contributions to research 

The major contributions to research of this work in terms of academic 

publications were already mentioned in the final section of every chapter. In 

summary, the research presented in this thesis has resulted in a number of 

published works in peer reviewed journals [10, 85, 108] and conference 

proceedings [24, 38, 78-80, 121, 122].  
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The major contributions of this research program from a technical point of 

view can be listed as follows. 

1) An accurate, hybrid analytical-numerical model for the 

electromagnetic analysis of the generators considered in this thesis is 

developed and implemented. The main novelty is related to how the 

damper cage modelling has been addressed, resulting in a reduced 

order of the system of differential equations to be solved. The model 

has been shown to achieve minimum prediction errors. To the 

author’s knowledge, no similar modelling technique is available in 

literature. It is the author’s belief that this new modelling procedure is 

better suited in terms of time consumption against accuracy in 

comparison with other previous works [34, 77], as also confirmed by 

the summary which will be presented in Section 8.2.1.   

2) Accurate, numerical, 2-D FE tools of electromagnetic analysis are 

developed and built for both the generators. The models have been 

shown to achieve minimum prediction errors with reasonable time 

penalties. Thus, increased iteration is possible and feasible during the 

design processes aimed at achieving optimal design solutions.  

3) A fast, FE-based method for modelling skew and its effects in salient-

pole SGs is proposed. Although this technique presents some 

limitations relative to the prediction of the damper cage currents, the 

advantage gained in terms of computational resources is impressive in 

comparison with other FE-based techniques. The model has shown an 

excellent match with the experimental results, especially in terms of 



222 

 

voltage THD, which is an ideal situation for the sake of this study. 

From an impact perspective, this technique is felt to be a major 

outcome of this work. The modelling procedure proposed in [108] has 

excellent potential for the design and development of various machine 

families. 

4) An innovative technique based on bar spacing, i.e. the modulation, is 

proposed for addressing damper cage loss and voltage THD in SGs. 

In summary, it is possible to optimally tailor the position of the 

damping bars in such a way that both bar losses and voltage THD are 

minimised, without significantly interfering and compromising each 

other. The technique is applied to the DIG142 and the HC4 platforms, 

confirming its effectiveness on alternators of different power ranges 

and designed for different applications. Also in this case, the 

predicted results have shown excellent match with the measurements 

(carried out on the 400kVA platform), confirming the validity of the 

proposed concept. From an impact perspective, this technique is felt 

to be a major outcome of this work and its excellent potential is also 

proved by the number of citations that [10] has already gathered in 

just the first seven months that it has been publicly available. 

The technical contributions listed above are discussed in more detail in the 

next sections, in a sort of comparative exercise with other works and 

technologies. 
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 The hybrid analytical-numerical model 

In Chapter 3, a mixed analytical-numerical model that solves much faster 

than the classic FE method was implemented with the aim of accurately 

estimating the no-load voltage waveform in salient-pole SGs, when operating 

in linear condition. 

Firstly, a purely analytical model was presented and described in depth with 

the final aim of achieving an accurate expression of the inductance matrix, 

valid for any type of electrical machine. The model, originally proposed by 

[77], has shown room for updates and variations, resulting from the need of 

adapting the study to the particular machine considered in this project: the 

SG. In particular, the application of this powerful analytical tool to a specific 

electrical machine is missing in the original work. Depending therefore on 

the specific machine to analyse and on the particular objectives to aim for, 

the model needs further exploitation and “ad hoc” variations. As in this Ph.D. 

project the machine under analysis is represented by the SG and the objective 

is that of predicting its no-load voltage waveform, two major modelling 

aspects were included and updated with respect to [77]: 

1) The slot opening – its effects are of paramount importance on the no-

load voltage waveform. While the original work neglects this design 

feature, the model presented in Chapter 3 does consider the slot 

openings and the way how these are included in the analytical tool 

was described in Section 3.6.2. 

2) The damper cage – the significant contribution of this short-circuited 

winding on the voltage waveforms was pointed out throughout the 
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thesis. The original work does not mention the modelling aspects 

relative to this winding. Therefore, in Section 3.6.1, an innovative 

way of modelling this complex rotor winding was presented.  

While the above observations highlight differences and updates of the 

proposed model compared to the original work,   

Table 14 compares the damper cage modelling technique presented in this 

thesis with those classically used by machine designers, if these models were 

to be applied to the HC4 alternator. These classical ways of modelling the 

damper windings of SGs still represent today the state-of-the-art in this field.  

Table 14 – Major advantages of the proposed model with respect to the classical 

literature. 

Models 
Analysed 

Portion 

System 

order 
Implications Complexity 

Classical 

literature 

Whole 

machine 
24 

Not-null CL mutual 

inductances 
High 

One pole 

pitch 
9 

Not null CL mutual 

inductances 
Medium 

Proposed 

work 

Whole 

machine 
9 

Null CL mutual 

inductances 
Low 

 

In summary, Table 14 highlights the advantages of the proposed technique 

resulting from the exploitation of the symmetries characterising the machine. 

The considerations presented in Section 3.6.1 allow to model the entire 

machine without compromising the order of the system of equations to be 

solved; on the contrary, just thanks to the fact that the whole machine is 
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modelled, it becomes possible to obtain null values of all the mutual 

inductances between the cage loops. This last aspect represents the major 

further step with respect to the state-of-the-art and allows to achieve a 

relatively low complexity (and thus high speed) of the overall system. 

Finally, the proposed analytical model had to be combined with a numerical 

approach, due to the induced nature of the damper cage currents, resulting in 

a highly flexible and fast hybrid technique. 

 The single-slice technique  

Another major technical contribution associated to the research presented in 

this thesis is related to a fast FE-based method, proposed with the aim of 

accurately predicting the output voltage and current THD in stator-skewed 

SGs, at both no-load and on-load operations. As a vessel for studying the 

proposed SS method, the 400kVA HC4 alternator was considered. This 

innovative tool was compared for validation purposes with the well 

consolidated AS and MS techniques, at both no-load and full-load conditions, 

with an excellent match being achieved, indicating the validity of the 

technique. At this stage, focus was given to the damper cage behaviour, 

highlighting some limitations of the SS technique in estimating more 

complex quantities to analyse, such as the currents induced in the bars. 

Finally, in order to further validate the SS method, experimental 

measurements were performed at no-load and at different loadings and power 

factors, where the voltage THD comparisons showed an excellent similarity. 

At no-load, the maximum error was 5.97%. The validation however 
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highlighted a weakness of the technique when going toward the higher 

loading ratings. This is associated with the machine’s armature reaction and 

the averaging processing philosophy employed by the technique. However, it 

is also important to note that even with this perceived challenge, the 

maximum error at full load was 18.9%, again highlighting the adequateness 

of the modelling technique. 

Also, although an increased number of slices (21) is considered for the 

experimental validation of the SS method, it allows for a reduction of the 

computational time by 4.5h and by 22h, in comparison with the AS and the 

MS techniques respectively, when five slices are used for all of those models. 

The comparison was carried out using the same desktop computer (32.0GB 

Ram and Intel(R)-Xeon(R) CPU E5-1620 v2 @ 3.70GHz Processor) for all 

the methodologies. It can therefore be safely concluded that the proposed 

method does achieve the main goal of a fast but accurate technique for 

modelling skew in SGs. 

 The modulated damper cage  

The modulated damper cage concept, described in Section 6.1, represents the 

major contribution to research of this project, as its application is 

unprecedented in the field of wound-field SGs. The concept was first proven 

on the 4MVA DIG142 alternator, where excellent achievements in terms of 

damping bar losses reduction were registered. During this study, the proposed 

innovative technique has also shown potential for improvements in terms of 

voltage THD. Therefore, the modulation was applied to a platform of 
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different size and power (i.e. the 400kVA HC4 SG) in order to achieve the 

challenging objective of meeting the stringent power quality requirements 

imposed by grid codes and compliance standards (i.e. THD < 3%), without 

resorting to the skewing. The experimental measurements carried out on the 

renewed HC4 confirmed a) the validity of the optimization strategy adopted 

to achieve the optimal solution and b) the feasibility of a skew-less and, at the 

same time, power quality compliant SG. The results in terms of damper cage 

loss and THD improvements, for both the alternators, were extensively 

detailed in Chapter 6 and Chapter 7, thus they are not reported again in this 

section. On the other hand, it can be of interest to provide the key THD 

achievements over the last century and half of different machine topologies, 

with the aim of highlighting the impressive outcomes deriving from the 

application of a modulated damper cage on salient-pole SGs. This 

comparison is given in Table 15. It can be noticed that, besides the topologies 

which include a modulated damper cage (i.e. the generators renewed in this 

work), also those which are featured by a “shifted” damper cage (such as the 

original DIG142) and/or by a skewed stator (such as the existing HC4) are 

below the THD limit of 3%. However, in this thesis it was demonstrated that 

the shifted damper cage and the skewing come at the cost of increased 

damper cage loss, reduced performance and elevated manufacturing cost. The 

modulated damper cage, therefore, represents the best option to circumvent 

these challenges and has the potential of marking a significant shift in the 

market of such classical, often forgotten, wound-field electrical machine. As 
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mentioned above, based on the number of citations that [10] already has, this 

technique is already gathering a measure of success. 

 

Table 15 – Harmonic mitigation topologies and applications. 

Application Year THD Topology  

Early generators 

[123]   
Late 1800s >12% 

Single-layer, full-pitched 

winding; skew-less 

6MVA electric 

generator [124] 
Early 1900s 

>10% 

& 

<12% 

Distributed, full-pitched 

winding; skew-less 

Medium-to-large 

rated SGs [38] 

1950s (still 

produced) 
≈5% 

Distributed, short-pitched 

winding; skew-less 

Medium-to-large 

rated SGs [113] 
2014 ≈2.5% 

Distributed, short-pitched 

winding; skew-less; 

“shifted” damper cage 

Medium-to-large 

rated SGs (renewed 

DIG142) [10] 

2017 ≈2.5% 

Distributed, short-pitched 

winding; skew-less; 

modulated damper cage 

Small-to-medium 

rated SGs (renewed 

HC4) 

2017 ≈2.2% 

Distributed, short-pitched 

winding; skew-less; 

modulated damper cage 

Small-to-medium 

rated SGs [23] 

1980s (still 

produced) 
≈1.5% 

Distributed, short-pitched 

winding; skewed stator 
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8.3 Future work 

The last, conclusive section of this thesis is dedicated to potential future work 

related to the concepts, models and applications presented in this project. 

Considering the technical contributions mentioned above in Section 8.2, there 

are several aspects which have been already targeted as potential areas of 

future research. 

1) The hybrid analytical-numerical model – the limitations highlighted 

in Chapter 3 can be overcome by revisiting the model and the 

relevant equations by including the most important non-linearities 

characterising an electrical machine, which are relevant to the 

inherently non-linear behaviour of the ferromagnetic materials. Once 

updated, it can be heavily used for analyses under load conditions. 

Another area already under investigation is the adaption of the 

model to the case of modulated damper windings. In fact, an 

interesting study may be that of running purely analytical 

optimizations, as one of the main drawbacks of the FE-GA tool 

described in Chapter 6 is the elevated computation time. 

2) The SS, FE technique – the limitations highlighted in Section 8.2.2 

relative to the accuracy of the model under load condition can be 

mitigated by developing and implementing appropriate 

compensation factors, aimed at overcoming the mentioned 

inaccuracies. However in order to find appropriate factors, quite 

some effort is required, including 
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a. investigating more in depth the optimal number of slices to 

use; 

b. investigating the proposed technique for a number of 

different platforms, with different power and load ratings. 

3) The modulation – due to the significant benefits that this innovative 

design feature has brought to the DIG142 and the HC4, some 

interesting areas of investigation may be targeted as follows: 

a. investigate the bar modulation all over the 360° of the 

machine; 

b. investigate how the bar modulation affect harmonics lower 

than the slotting ones, with the aim of considering different 

stator winding arrangements, e.g. with a decreased (or even 

null) short pitching; 

c. consider the rotor bar modulation in conjunction with several 

slot number combinations;  

d. build an optimization tool that is able to consider all the 

Cummins SGs power portfolio.  
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Appendix 1 – Introduction to the FE 

technique  

Numerical methods are based on the determination of the electric and 

magnetic field distribution through the solution of Maxwell’s equations. The 

FE method is a particular numerical technique that allows to achieve an 

accurate field solution even when time variable fields are involved and when 

non-homogeneous, anisotropic and non-linear materials are employed. 

Today, the FE method represents the most diffused technique for the solution 

of the vector field problems.  

More specifically, the method consists in dividing the whole analysis domain 

into elementary subdomains, called finite elements, and the field equations 

are applied to each of them. The study of the electromagnetic field problems 

allows for a highly accurate local analysis, highlighting dangerous field 

gradients, localised saturations, etc. In fact, the FE analysis provides an 

excellent estimation of the machine performance, which would be hardly 

achievable in applications where classical, analytical methods are difficult to 

apply. One additional advantage of this technique with respect to the classical 

methods is that it allows to reduce the number of prototypes, being the 

relevant analysis very close to the real behaviour of the considered device. 

However, the FE method has some disadvantages as well. In fact, being a 

numerical technique, the solution is necessarily approximate. Also, if the 

method is not correctly applied, it might generate inaccurate or completely 



232 

 

wrong results. The most significant drawback is represented by the relatively 

high computation time, which grows proportionally to the required accuracy. 

This is influenced by the dimension of the finite elements, in fact a fine 

subdivision increases the accuracy but at the same time increases the 

computation burden. In order to reduce it, one can take advantage of 

periodicity and symmetry (both geometric and electromagnetic) of the 

structure under analysis. Thus, by simulating only a portion of the device, the 

finite elements dimension can be reduced, thus improving the accuracy of the 

solution without significantly compromising the computation time.  

 

Methodology 

According to [93], the typical framework of a FE analysis is organized in the 

following steps: 

1) partition of the domain: in 2-D problems usually each element is a 

triangle, while in 3-D problems each element is a tetrahedron; 

2) choice the interpolating function: these functions are necessary for the 

resolution of the field problem inside each finite element; 

3) formulation of the system of partial differential equations needed to 

solve the electromagnetic problem: it can be developed through the 

Galerkin or the Rayleigh-Ritz method [93], indifferently; 

4) solution of the problem: the resulting system of equations is solved 

through common numerical algorithms. 
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The last step of the FE analysis consists in post-processing the results: once 

the field solution is obtained in each node, it becomes possible to determine 

the most significant electromagnetic quantities involved. 

2-D modelling 

Although electrical machines are inherently 3-D structures, a full 3-D 

analysis requires heavy processing and significant computational resources. 

An appreciable reduction in the computation time can be achieved by taking 

advantage of the machine symmetry and therefore by analysing the device in 

a 2-D environment. 

In rotating machines, the planar symmetry can be adopted: it is assumed that 

the magnetic phenomena are identical in each plane (x, y) perpendicular to 

the rotational axis z. In 2-D analyses with planar symmetry, the study can be 

simplified as follows: 1) the current density vector 𝐽 ̅ has only the z-

component and, consequently, 2) the potential vector 𝐴̅ (that is parallel to 𝐽)̅ 

has only the z-component; 3) the flux density vector 𝐵̅ has components only 

on the plane (x, y) as 𝑟𝑜𝑡𝐴̅ = 𝐵̅ =  [
𝛿𝐴𝑧

𝛿𝑦
, − 

𝛿𝐴𝑧

𝛿𝑥
, 0] and, finally, 4) if the 

permeability µ is constant, the field problem is described by the Poisson’s 

equation given in (44). 

𝛿2𝐴𝑧

𝛿𝑥2
+

𝛿2𝐴𝑧

𝛿𝑦2
= −𝜇 𝐽𝑧 (44) 

Considering the above, it is clear that a 2-D analysis significantly simplifies 

the field solution. On the other hand, it is also true and obvious that some 
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inherently 3-D phenomena (such as the effects due to the end parts of the 

machine) are omitted in 2-D analyses. However, the applications of 

appropriate correction factors could allow to take such phenomena partially 

or totally into account, if they are not negligible.  

Boundary conditions 

One way to overcome the issues related to the computational limitations 

associated to the FE method is that of exploiting the symmetries of an 

electrical machine. The boundary conditions assignment therefore assumes a 

paramount importance in the resolution of the field problem.  

There are 3 types of boundary conditions: 1) the Dirichlet’s condition, 2) the 

Neumann’s condition and 3) the periodic boundary conditions. Major 

features of these conditions are given below.  

1) The imposition of the Dirichlet’s boundary condition consists in 

assigning a given value (typically constant) to the magnetic vector 

potential 𝐴𝑧 on a given part of the boundary. In the analysis of 

electrical machines, the homogeneous Dirichlet’s condition (i.e. 𝐴𝑧 =

0) is usually adopted, meaning that the flux lines are tangential to the 

boundary and that they do not cross the boundary itself; such 

condition is equivalent to consider an external material with a 

magnetic permeability equal to 0.  

2) The Neumann’s boundary condition corresponds to imposing a given 

value to the derivative of 𝐴𝑧 normal to the boundary, so that the flux 
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lines have a given incidence angle with the boundary. When the 

homogeneous Neumann’s condition (i.e. 
𝑑𝑨

𝑑𝑛
= 0, where 𝑛 is the unity 

vector normal to the boundary line) is imposed to the analysis, the 

flux lines and, therefore, the components of 𝐵̅ are constrained to be 

normal to the boundary. This condition is equivalent to have an 

infinite permeability material just outside the domain. 

3) A periodic boundary condition assigns a correspondence between the 

values of the magnetic vector potential along two or more boundary 

lines. In general terms, 2 boundary lines are chosen: a principal line is 

selected and the magnetic vector potential of the other line is 

expressed as a function of the magnetic potential of the principal line. 

This kind of boundary conditions is really useful in structures that 

exhibit a repetition of the electromagnetic field. The application of 

such conditions allows again to reduce the domain of analysis and, 

more specifically, permits to model portions of the machine, while the 

neglected (i.e. not modelled) parts are considered as mirrored images. 

Considering all the above, it is clear that an appropriate choice of the 

boundary conditions can potentially reduce the computation burden 

associated to the analysis of electrical machines and, at the same time, 

increase the accuracy of the solution. Also salient-pole SGs exhibit inherent 

periodicities and symmetries which have been heavily used in this thesis to 

reduce the domain of electromagnetic analysis of the corresponding FE 

models.  
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Appendix 2 – Introduction to GAs 

General introduction  

GAs were invented with the goal to create a computer algorithm that would 

mimic some functions of natural evolution. The idea is based on the 

following concept: starting from a randomly created population, the nature, 

over a long term, produces a new population with individuals that are more 

suitable to the environment than the previous random one; thus, this feature 

could be reflected upon an algorithm in order to solve very complex 

problems. 

In nature, the evolution is based on the principle that chromosomes which 

decode into more successful individuals reproduce more often. Processes of 

mutation and recombination (crossover) occur, allowing to produce new 

chromosomes from the genes of the parent’s ones. Throughout this process, 

evolution does not keep track of the success rate of the generation and thus it 

has no memory. Also, the evolution process does not consider the type of 

environment it is dealing with. The only information that is available to 

biologic evolution is contained in the chromosomes of the current population. 

GAs simulate the mechanism of the biological evolution. The algorithm is 

not aware of the problem that it is trying to solve. The only information that 

is provided to it is how the chromosomes are decoded into functional 

individuals of the population and how successful each individual is in 

adopting to the environment. 



237 

 

In general terms, a GA is initialised by a set of individuals (represented by 

the chromosomes) called the population. Solutions from one population are 

taken and used to form a new, “better” one. The individuals of the new 

population are selected according to their “fitness” into the environment. The 

fitness parameter is an index of how successful an individual is, while the 

environment is represented by the objective function when the GA is applied 

to an optimization problem. 

The main steps of a basic GA can be summarised as follows: 

1) Generate a random population of N chromosomes (i.e. individuals). 

2) Evaluate the fitness function of each chromosomes in the population. 

3) Create a new population according to the following steps: 

a. select two parent chromosomes from a population according 

to their fitness value; 

b. with a crossover probability, mate the parents to form a new 

offspring (if no crossover is performed, the offspring is an 

exact copy of the parents); 

c. with a mutation probability, mutate randomly one part of the 

chromosome. 

4) Use the new generated population for further run (go to step 2) of 

algorithm until one of the end conditions is satisfied. 

The structure of a basic GA is however very general and flexible, therefore 

there are many aspects that can be implemented differently in various 

problems. In fact, depending on the application and the type of problem to be 
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solved, the encoding method to be adopted for creating chromosomes, the 

selection process of parents for crossover and the mutation operation can be 

implemented in different ways. Always in general terms, the general 

guidelines for selection of crossover and mutation are provided below:  

 A practical problem is how to select parents for crossover; the main 

idea is that of selecting the best parents, according to the Darwin’s 

evolution theory that they will produce better offspring. There are 

many methods of how to select the best chromosomes, for example 

Roulette wheel selection [125], rank selection [126] and some others. 

Once the best chromosomes have been selected, the crossover 

operator can be applied to form new offspring. 

 After a crossover is performed, the mutation operator can be used. It 

consists in randomly changing the new offspring. The mutation 

provides the genetic diversity of the offspring in order to enlarge the 

search space and to avoid any loss of useful genetic information. 

When a new population is created through crossover and mutation operators, 

one potential risk is that the best chromosomes from the last population could 

be lost. In order to circumvent this issue, the so-called strategy of elitism can 

be adopted. It consists in copying, with no modifications, at least one of the 

best chromosomes into the new population. Associated to the concepts of 

crossover and mutation are also their inherent probability parameters. The 

crossover probability informs one on how often the crossover will be 

performed. If the crossover probability is 100% then all offspring is 
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generated by crossover, while if it is equal to 0%, the entire new generation is 

made from exact copies of chromosomes belonging to the previous 

population. The mutation probability, on the other hand, informs on how 

often the mutation occurs. If the mutation probability is 0% the offspring is 

taken after crossover without any change, while if it is equal to 100%, the 

whole chromosome is mutated. Hence, the following considerations can be 

drawn: 

 A low crossover probability causes a contracted search that can be 

ineffective because similar individuals invade the population, while a 

very high value introduces too many new chromosomes into the new 

generation, which can lead to lose the best individuals of the previous 

round.  

 A too low value of the mutation probability inhibits the search 

towards new zones, however a low value is usually adopted for this 

parameter to allow for an effective search; on the other side, a high 

value produces many mutated chromosomes in the new population 

which can alter the selection process of the algorithm and it can 

compromise the convergence of the procedure. It is clear from the 

above that mutation is necessary to prevent that the GAs fall into 

local optimum. 

Considering this, in general terms, very typical values of crossover and 

mutation probabilities are 80-90% and 1-2%, respectively.  
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Another parameter that plays a very important role in the setting procedure of 

a GA-based optimisation is the population size N, i.e. the number of 

individuals of one population. A low number of chromosomes can prevent 

the GA from performing crossover and, therefore, only a small part of the 

search space is explored. On the other hand, if the population is made of too 

many individuals, GA can be very computational. It is clear from the above 

that the setting of the GA’s parameters significantly depends on the 

optimisation problem under study and that no general theory exists for the 

setting procedure relative to the GA’s parameters. 

One of the main advantages of GAs is in their parallelism, meaning that the 

GA acts in a search space with more individuals, so they are less likely to get 

stuck in a local optimum than other methods. In addition, the GAs do not 

require a good initial point to start the optimization, as they can evolve from 

poor initial points in a game of survival of the fittest. On the other hand, the 

main disadvantage of GAs is in their required computational time. 

The last, general aspect to mention is related to how and when the algorithm 

stops. Theoretically, the algorithm can continue indefinitely even if it has 

converged to the global optimum of the objective function. Therefore a 

stopping rule is necessary to inform the algorithm when it must stop. Also in 

this case, this can be achieved in several ways and depends on the 

optimisation problem. Some of the possible methods include  

a) to fix the maximum number of generations and to use the best 

individual of all generations as the optimum result;  
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b) to fix the time elapsed and to select the optimum similarly to the 

previous point;  

c) to let the algorithm converge to an average fitness value with some 

error margin.  

In this section, the high-level concepts and the general rules of GA-based 

optimisation have been introduced. While these can be applied straight 

forward to single-objective optimization problems, further observations are 

needed for the sake of study, as the optimisation process relative to this 

project consists of two objectives to be minimised, namely the damper cage 

loss and voltage THD. Considering this, the concepts behind the multi-

objective optimisation problems are reported in the next section. 

Multi-objective optimization problems 

In the majority of the cases, the design of electrical machines represents an 

optimization process of multiple objectives. In a multi-objective optimization 

problem, there are two general approaches that can be adopted in order to 

achieve an optimal solution. The first approach consists in combining the 

individual objective functions into a single composite function or separately 

treating all the objective functions by assigning a set of constraints. In the 

former case, the determination of a single objective function is possible with 

methods such as utility theory, weighted sum method, etc. However, the main 

limitation is strictly related to the selection of weights or utility functions, 

which can be a very difficult task even for well-known problems; also, small 

perturbations in the weights can sometimes lead to inaccurate and different 
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solutions. In the latter case, a constraining value must be assigned to each 

objective. In both cases, an optimization method would return a single 

solution rather than a set of solutions that can be examined for trade-offs. 

In order to overcome these issues, the second general approach is that of 

determining an entire Pareto optimal solution set or a representative subset. A 

Pareto optimal set consists of a set of solutions that are non-dominated with 

respect to each other. More specifically, a solution belongs to the Pareto 

optimal set if it is not dominated by any other solution, meaning that a Pareto 

optimal solution cannot be improved with respect to any objective without 

worsening at least one other objective. The set of all feasible, non-dominated 

solutions is referred to as the Pareto optimal set, and the corresponding 

objective function values in the objective space are called the Pareto front. 

These Pareto optimal sets are often preferred to single solutions because they 

are useful when real-life problems are considered, since the final solution of 

the decision maker is always a trade-off. One negative aspect of this approach 

is that, due to its size, it becomes impossible in practice to identify the entire 

Pareto optimal set. Therefore a practical approach is that of investigating the 

set of solutions that represents as close as possible the Pareto optimal set. 

This is called the best-known Pareto front. Considering the above, a multi-

objective optimization algorithm should achieve the following three 

conflicting goals: 
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1) The best-known Pareto front should be as close as possible to the true 

Pareto front. Ideally the best-known Pareto set should be a subset of 

the Pareto optimal set.  

2) The solutions in the best-known Pareto set should be uniformly 

distributed and diverse over the Pareto front in order to provide the 

decision maker a true picture of the available trade-offs. 

3) The best-known Pareto front should capture the whole spectrum of 

the Pareto front. This requires to investigate solutions at the extreme 

ends of the objective function space. 

For a given computational time limit, the first goal is best served by focusing 

the search on a particular region of the Pareto front. On the contrary, the 

second goal demands the search effort to be uniformly distributed over the 

Pareto front. The third goal aims at extending the Pareto front at both ends, 

exploring new extreme solutions. 

There are a lot of different ways to implement a multi-objective GA, and 

generally they differ based on their fitness assignment, elitism, or 

diversification approaches. With respect to the fitness assignment, there are 

three main approaches to solve it: 

1) The weighted sum approach, where each solution in the population 

uses different weights in the calculation of the summed objective 

function and the weights can be embedded within the chromosomes. 

Therefore multiple solutions can be simultaneously searched in a 

single run; in addition, the weights can be adjusted to promote 
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diversity of the population. The main advantage of this method is the 

straightforward implementation, while its main disadvantage is the 

difficulty in finding solutions uniformly distributed when the true 

Pareto front is non-convex.  

2) The alternating objective functions method, where the population is 

randomly divided into K equal sized sub-populations, where K is the 

number of objectives; then a fitness value is assigned to each solution 

in the sub-population, based on the corresponding objective function. 

The sub-population solution are chosen through a proportional 

selection for crossover and mutation. These are performed on the new 

population in the same way as for a single objective GA. The main 

advantage of the alternating objectives approach is that it is easy to 

implement and computationally as efficient as a single objective GA. 

Its major drawback is that the population tends to converge to 

solutions which are superior in one objective, but poor at others. 

3) The Pareto-ranking approach, where the population is ranked 

according to a dominance rule, and then to each solution is assigned a 

fitness value based on its rank in the population and not on its actual 

objective function value. There are different ranking approaches to 

assign fitness values to individual solutions, and they are usually 

combined with various fitness sharing techniques aimed at achieving 

a uniform Pareto front. In fact, without taking preventive measures, 

the population tends to form relatively few cluster in multi-objective 
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GAs. This phenomenon is called genetic drift, and several approaches 

have been devised to prevent it. 

One of the most important aspect to consider in multi-objective optimization 

systems is related to the implementation of elitism, whose general features 

have been introduced in the previous section. In multi-objective GAs, the 

whole set of non-dominated solutions are potentially eligible as elitist 

solutions. However, the implementation of elitism in multi-objective 

optimization is not straightforward as in a single-objective GA, due to the 

large number of possible elitist solutions. Therefore, it is typical to set the 

maximum number of solutions to include in the elite set and, then, either 

keep them within the population or store them in an external secondary list to 

be reintroduced into the population in a second instance. 

Another aspect related to most real-word optimization problems is how 

handle the constraints that must be satisfied. A single-objective GA may use 

one of four different constraint handling strategies: 1) discarding unfeasible 

solutions (the “death penalty”), 2) reducing the fitness of unfeasible solutions 

by using a penalty function, 3) crafting genetic operators to always produce 

feasible solutions, 4) transforming unfeasible solutions to be feasible 

(“repair”). While the constraint handling strategies 1, 3 and 4 are directly 

applicable to the multi-objective case, the implementation of the penalty 

function strategy is not a simple task in multi-objective GAs, due to the fact 

that the fitness assignment is based on the non-dominance rank of a solution 

and not on its objective function values. 
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Appendix 3 – Introduction to EDM 

The EDM [127], also known as spark machining, spark eroding, burning, die 

sinking, wire burning or wire erosion, is a manufacturing process whereby a 

desired shape is obtained by using electrical discharges. Material is removed 

from the workpiece by a series of rapidly recurring current discharges 

between two electrodes, separated by a dielectric liquid and subject to an 

electric voltage. One of the electrodes is called the tool-electrode, while the 

other is called the workpiece-electrode. The process depends upon the tool 

and workpiece not making actual contact. 

When the voltage between the two electrodes is increased, the intensity of 

the electric field in the volume between the electrodes becomes greater than 

the strength of the dielectric, which breaks down, allowing current to flow 

between the two electrodes. This phenomenon is the same as the breakdown 

of a capacitor. As a result, the material is removed from the electrodes. Once 

the current stops (or is stopped), new liquid dielectric is usually conveyed 

into the inter-electrode volume (commonly referred to as “flushing”), 

enabling the solid particles to be carried away and the insulating properties of 

the dielectric to be restored. Also, after a current flow, the difference of 

potential between the electrodes is restored to the same value as before the 

breakdown, so that a new liquid dielectric breakdown can occur. 

To obtain a specific geometry, the EDM tool is guided along the desired path 

very close to the work; ideally it should not touch the workpiece, although in 
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reality this may happen due to the performance of the specific motion control 

in use. In this way, a large number of current discharges (colloquially also 

called sparks) happen, each contributing to the removal of material from both 

tool and workpiece, where small craters are formed. The size of the craters is 

a function of the technological parameters set for the specific job at hand. 

They can be with typical dimensions ranging from the nanoscale (in micro-

EDM operations) to some hundreds of micro-meters in roughing conditions. 

EDM is often included in the “non-conventional” group 

of machining methods, together with processes such as electrochemical 

machining, water jet cutting, laser cutting, and opposite to the “conventional” 

group, such as turning, milling, grinding, drilling and any other process 

whose material removal mechanism is essentially based on mechanical 

forces) [128]. 

To conclude up this section, the major advantages and disadvantages of EDM 

techniques are listed below. The positive aspects include machining of: 

 Complex shapes that would otherwise be difficult to produce with 

conventional cutting tools. 

 Extremely hard material to very close tolerances. 

 Very small workpieces where conventional cutting tools may damage 

the part from excess cutting tool pressure. 

 There is no direct contact between tool and workpiece. Therefore, 

delicate sections and weak materials can be machined without 

perceivable distortion. 
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 A good surface finish can be obtained; a very good surface may be 

obtained by redundant finishing paths. 

 Very fine holes can be attained and tapered holes may be produced. 

EMD techniques have also some negative aspects which include: 

 The slow rate of material removal. 

 The additional time and cost used for creating electrodes for 

ram/sinker EDM. 

 Reproducing sharp corners on the workpiece is difficult due to 

electrode wear. 

 Specific power and power consumption is very high.  

 Excessive tool wear occurs during machining. 

 Electrically non-conductive materials can be machined only with 

specific set-up of the process. 

Considering the above, EDM seems to be suitable for the manufacturing of 

the HC4 rotor equipped with the optimal, unconventionally displaced 

damping bars. Other manufacturing techniques, such as stamping, laser 

cutting and water jet cutting, have been considered as potential competitors 

of EDM in the initial stage of this process. However, after a trade-off study 

where the costs and the delivery times of various manufacturing techniques 

provided by different companies were investigated, EDM was selected as 

manufacturing method for the job at hand.  
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