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ABSTRACT 

Wound-field synchronous machines (WFSMs) have a long-established history in 

power generation due to their reliability and controllability. However, when applied 

to transportation, particularly as generator in aerospace and motor in automotive 

sectors, achieving the necessary power density and efficiency becomes a challenge. 

To meet these demands, a comprehensive multi-physics design and modelling 

approach is essential. This thesis proposes a methodology that integrates advanced 

thermal and mechanical management techniques to optimise WFSMs for 

transportation applications. Innovative modelling techniques such as 3D thermal 

equivalent circuit (TEC), 2D and 3D finite element (FE) thermal and mechanical 

models, and 3D computational fluid dynamics (CFD) models are employed to 

assess and improve the machine's performance. In addition to the theoretical and 

computational work, experimental studies are conducted to monitor the fatigue of 

Polyether ether ketone (PEEK) insulation material, providing insights into its 

durability in operational environments. This research emphasizes the thermal and 

mechanical aspects of WFSM design, positioning them as strong contenders against 

permanent magnet machines for transportation applications.  
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SINTESI DEI CONTENUTI IN LINGUA INGLESE 

This thesis explores the design, optimisation, and analysis of Wound-Field 

Synchronous Machines (WFSMs) in transportation applications, particularly 

focusing on the aerospace and automotive industries. WFSMs, which rely on field 

windings to generate the necessary magnetic field, are widely used in power 

generation for their fault tolerance, reliability, and cost-efficiency. However, their 

application in high-performance fields such as transportation poses significant 

challenges, especially in terms of power density, thermal management, structural 

integrity and fatigue monitoring. The research presented in this thesis aims to 

address these challenges through a comprehensive multi-physics design and 

modelling approach. 

Research Objectives 

The main objective of the thesis is to enhance the performance and durability of 

WFSMs for transportation by improving their thermal and mechanical designs. This 

is achieved through the development of advanced modelling techniques that 

combine electromagnetic, thermal, and mechanical considerations. The research is 

divided into two main case studies: 

 

1. High-Speed WFSM Generator for Aerospace Applications: 

 

• The aerospace sector demands high-power density and efficiency, 

especially in the context of the "More Electric Aircraft" (MEA) trend, where 

electric systems replace traditional pneumatic and hydraulic systems. 

• The study focuses on the refined structural design of a high-speed WFSM 

generator. One key challenge is managing the heat generated by the rotor windings, 

which must be cooled efficiently to avoid overheating and structural failure at high 

rotational speeds. 
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• The rotor, with its salient poles, faces challenges in high-speed applications 

due to mechanical stress and centrifugal forces. The thesis proposes a solution by 

adding a 4 mm layer of non-electrical steel to the rotor’s periphery, enhancing its 

structural integrity and allowing it to withstand the demands of high rotational 

speeds. This design modification improves both the mechanical stability and 

thermal management of the rotor. 

• The solution allows an axial flow cooling, where air is forced through the 

rotor assembly to enhance heat dissipations  

• This project resulted in the design of a machine that meets the high-

performance needs of hybrid or fully electric aircraft. 

 

2. Rotor Cooling in Traction Applications (Automotive): 

 

•  The automotive industry requires motors capable of high torque at low 

speeds, and low torque at high speeds at cruising, with strict constraints on size, 

weight, and efficiency. WFSMs, while less common in traction motors compared 

to permanent magnet machines, have the potential to meet these requirements, 

particularly due to their inherent reliability and sustainability (as they do not require 

rare-earth materials). 

• The research investigates various rotor cooling techniques to improve the 

thermal management of high-speed WFSMs. Using analytical and numerical 

methods, including Thermal Equivalent Circuit (TEC), Finite Element (FE) and 

Computational Fluid Dynamics (CFD) models, the study evaluates different 

cooling strategy. These include an axial fan that generates axial airflow to actively 

cool the rotor, and an oil-flooded hollow shaft for passive cooling. The combination 

of active and passive cooling systems significantly enhances the machine’s overall 

thermal performance and operational efficiency. 

• The case study demonstrates that active cooling, involving fluid circulation 

through the rotor, leads to better heat management and higher power output, albeit 

with increased system complexity and mechanical losses. 
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Key Challenges Addressed 

Thermal Management: One of the primary difficulties in WFSM design is the 

management of heat generated by the rotor’s field windings, especially in high-

speed operations. This thesis develops and applies advanced thermal models, 

including 3D TEC, 2D and 3D FE models and 3D CFD simulations, to assess and 

optimize heat transfer in both aerospace and automotive applications. 

Mechanical Integrity: High-speed operation induces significant mechanical 

stresses, particularly due to centrifugal forces on the rotor’s end-windings and 

rotor’s tips. The research includes mechanical analyses to ensure structural 

integrity, using 2D and 3D finite element models to evaluate the rotor’s 

performance under these extreme conditions. 

Fatigue Monitoring of PEEK: The durability of insulation materials, particularly 

polyether ether ketone (PEEK), is critical in maintaining the long-term reliability 

of WFSMs. The thesis includes experimental work on PEEK, conducted under 

high-vibration conditions typical in aerospace and automotive environments. Using 

an electrodynamic shaker, the study simulates real-world vibrations and monitors 

the material’s failure under different loading conditions. 

 

 Experimental Studies 

A significant portion of the research is devoted to experimental testing, particularly 

on the fatigue and failure monitoring of PEEK insulation materials. These 

experiments were conducted at Montanuniversität in Leoben, Austria. The main 

focus of the activity was the development of time and frequency-based methods, 

which allow an early detection of damage during stress-controlled very high cycle 

fatigue (VHCF) experiment using an advanced electrodynamic shaker. 

 

Contributions to Research 

The thesis contributes to the growing body of knowledge on WFSM design by: 
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• Proposing a multi-physics modelling methodology that integrates 

electromagnetic, thermal, and mechanical analyses to optimize WFSMs for 

transportation applications. 

• Demonstrating the feasibility of high-speed WFSMs in aerospace and 

automotive applications, particularly as a sustainable, rare-earth-free alternative to 

permanent magnet machines. 

• Developing thermal management models, particularly for the rotor, to 

improve the thermal performance of WFSMs without compromising structural 

integrity. 

• Providing experimental insights into the long-term reliability of PEEK 

insulation material in high-vibration environments. 

 

Future Directions 

The research highlights several areas for further investigation, including: 

• Continued development of advanced cooling techniques, especially for the 

rotor assembly, where heat removal is most challenging. 

• Exploration of new materials and manufacturing processes, such as additive 

manufacturing, to improve the structural and thermal performance of WFSMs. 

• Further refinement of the electromagnetic design to enhance power density 

and reduce losses. 

 

Conclusion 

This thesis demonstrates that WFSMs, with their robust design and fault-tolerant 

characteristics, are a viable and sustainable option for transportation applications. 

By addressing key challenges in thermal management, mechanical integrity, and 

material durability, the research positions WFSMs as strong competitors to 

permanent magnet machines, offering a rare-earth-free solution for the 

electrification of both aerospace and automotive sectors. 
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1. INTRODUCTION 

WFSMs represent a well-established topology of electrical machines that rely on 

field windings to generate the magnetic field essential for their operation. These 

machines are extensively used as generators in various low-speed applications to 

meet electrical energy demands. Compared to their rare earth permanent magnet 

counterparts, WFSMs offer several advantages, including ease of control, inherent 

fault tolerance, lower cost, and the use of more sustainable materials. However, 

permanent magnet machines are known for their superior power density and 

efficiency, making them highly attractive for traction applications where reducing 

the weight and volume of the electric drive system is crucial. This is further 

supported by the robust structure of the rotor in permanent magnet machines, 

allowing them to operate at relatively high speeds. In contrast, the rotor of a WFSM 

features salient poles, making it less suitable for high-speed applications. 

While WFSMs have been widely adopted and studied as power generators in grid-

connected and isolated power plants, their use as traction motors is limited and 

remains an area of active research. This thesis investigates the mechanical and 

thermal performance of high-speed wound-field machines for transportation 

applications, with the goal of providing a suitable, rare-earth-free solution for the 

electrification of the transportation sector, particularly in aerospace and automotive 

contexts. The electromagnetic aspects are explored through a case study of a high-

speed wound-field generator designed to achieve high fault tolerance and power 

density, particularly for "more electric aircraft" applications.  

The rotor assembly in electrical machines poses substantial challenges for effective 

heat removal due to the rotational nature of the system, which restricts the thermal 

pathways for dissipating generated heat. Additionally, factors such as system 

integration and mechanical power loss must be carefully considered to achieve a 

well-balanced thermal management and electrical machine design. This thesis 
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explores various rotor cooling techniques, including the circulation of fluid (air 

and/or oil-based coolant) through the rotor assembly. 

Another critical aspect considered is the longevity of insulation materials under 

various conditions, such as the high-vibration environments typical of 

transportation applications. In aerospace applications, these vibrations are 

encountered during turbulence in cruising, with the most significant impact 

occurring during landing and take-off. Similarly, in automotive applications, 

vibrations are a common factor during normal road use, especially in hybrid 

vehicles due to the combined presence with the internal combustion engine. 

An in-depth study and experimental investigation are presented on the failure 

monitoring of PEEK, the most commonly used insulation material in electrical 

machines. Since insulation degradation leads to failure of the electrical machine, it 

is of fundamental importance to monitor its behaviour under high vibration 

conditions. 

Given these challenges, a multi-physics approach emerges as the ideal tool for the 

design of electrical machines, allowing for simultaneous consideration of 

electromagnetic, thermal, and mechanical behaviours. This work, therefore, focuses 

on improving analyses, modelling and testing aimed at enhancing the thermal and 

mechanical performance of WFSMs, building from a preliminary electromagnetic 

design. 

1.1. Project description 

The salient pole WFSM has a long history of reliable performance, making it an 

ideal choice for efficient electrical generation applications. This project aims to 

analyse and model the WFSM to optimize its mechanical and thermal capabilities, 

enhancing its performance and positioning it as a sustainable, rare earth-free option 

for the green transportation sector. To achieve this, a multi-physics approach is 

employed, beginning with electromagnetic design and progressing to thermal 

assessment to ensure machine temperatures remain within insulation limits. The 
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project involves the development of advanced analytical and numerical models, 

including TEC, 2D and 3D FE thermal models, and 3D CFD models. The focus is 

on the thermal management of the rotor assembly, which presents significant 

challenges due to the difficulty of effective heat removal from a moving part 

surrounded by air. This work was undertaken by the author during a six-months 

secondment with the thermal management group at Newcastle University, 

Newcastle upon Tyne, UK. Mechanical analyses are conducted to verify the rotor's 

structural integrity under high-speed operations. Initially, a 2D FE model assesses 

the preliminary rotor geometry's structural soundness. Subsequently, a 3D FE 

model, incorporating the rotor's actual geometry, evaluates the centrifugal forces 

from the rotor end-windings. While the focus is on this specific topology, the 

methodologies and models developed in this project can be broadly applied to 

various electrical machines and applications. To ensure the longevity of the 

electrical machine in high-vibration applications, failure monitoring of the 

insulation was conducted through experimental activities at Montanuniversität, 

Leoben, Austria, during a six-months secondment with the mechanical research 

group. 

A. High-Speed Wound-Field Synchronous Generator for Aerospace 

applications and its main Challenges 

This case of study is focused on refined structural design and thermal analyses of a 

high-speed wound-field synchronous generator aimed at satisfying the power 

demands on board of aircraft equipped with hybrid or electric powertrains. This 

work emerges from the need of evaluating in detail the temperature distribution 

inside a synchronous generator and to re-design the rotor retention system to allow 

high-speed rotation of the rotor while improving the rotor heat dissipation. The 

electromagnetic design was carried out in a previous research developed in 

collaboration with the University of Pisa, Pisa, Italy, and the University of 

Nottingham Ningbo, Ningbo, China. The rotor of a WFSM, with its salient poles, 

is generally unsuitable for high-speed operations. Structurally, the project addresses 

the centrifugal forces acting on the end-windings by adding a layer of non-magnetic 

material at the rotor's periphery. Thermally, it optimises cooling by allowing axial 

flow, generated by a fan on the shaft, by removing of the previously designed rotor 
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cage. The details of the multi-physics models and analyses are covered in deep in 

Chapter 3. The results demonstrate that the designed motor is suitable for high-

speed aircraft applications. 

B. Thermal Modelling of Advanced Rotor Cooling Solutions for Traction 

applications and its main Challenges 

This project explores alternative thermal management techniques for the rotor 

assembly of a high-speed salient-pole wound-field synchronous motor used in 

traction applications. To support the analysis, a number of design tools are 

developed and used, including a simplified correlation-based TEC, FE and CFD 

methods descripted in Chapter 4. This methodology offers a computationally 

efficient approach, with the TEC used for initial trade-off studies and high-fidelity 

CFD applied at later stages of development. A case study motor design is used to 

demonstrate the methodology. Initial theoretical predictions suggest that active 

rotor cooling provides significant performance gains compared to the baseline 

design with passive heat removal. Both the convective heat transfer coefficient 

(HTC) and rotor power loss handling are analysed in the context of overall motor 

performance and the torque-speed envelope. Additionally, insights regarding 

thermal management, motor system integration, and additional mechanical power 

loss are discussed. 

C. Monitoring of PEEK material failure under high vibration applications 

High-vibration conditions are simulated using an electrodynamic shaker. The 

process begins with the identification and modelling of the electrodynamic shaker 

itself. Experiments are then conducted by testing PEEK samples under various 

loading conditions. Through signals post-processing of the experiment data, it is 

possible to predict the specimen's failure. All details are thoroughly covered in 

Chapter 5. 
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Proposed solution (s) 

Considering the identified issues highlighted above for the WFSMs, it is clear that 

there is a potential for improving the performance of the WFSM without 

introducing any rare earth materials. 

In particular, 

A. The aerospace generator study aims at using standard cooling solutions to 

minimize the cost, the mechanical analysis is aimed at achieving the 

thickness of the end plate of 38NiCrMo4. At 15 000 rpm a layer of 4 mm is 

added at the end-caps of the rotor. This solution also has thermal advantage 

as it guarantees an axial air flow to cool the rotor. 

B. This work presents a methodology (design flow) for assessing power loss 

handing capability of alternative rotor assemblies commonly found in 

electrical machines. The proposed simplified TEC-based approach allows 

for a rapid evaluation of the rotor heat removal capability for a set of 

predefined operating conditions like maximum allowable rotor temperature, 

type of coolant, coolant temperature and mass flow. The proposed 

methodology has been demonstrated on a case study high-speed wound-

field salient-pole synchronous motor for traction applications. A set of 

alternative rotor cooling scenarios was evaluated showing that active 

cooling involving passing air through the rotor body offers here the best 

performance. The improved heat removal leads to significant performance 

gains over the entire torques speed envelope of the analysed motor. Note 

that the analysed baseline motor, relies on the rotor induced (passive) 

cooling only with limited heat removal capability at lower motor speeds. 

However, the active motor/rotor cooling comes at an expense of higher 

complexity of the motor and thermal management system, and mechanical 

power losses due to aerodynamic and/or fluid churning effects.  

C. The most notable signal variation across different load levels is observed in 

the voltage, where an increase in the voltage difference (∆V) is evident as 

the load level rises. 
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1.2. Aims ad objective 

As outlined in the introductory sections, this thesis focuses on modelling and 

analysing WFSM for aerospace and automotive applications, with the goal of 

enhancing performance, reducing costs, and improving manufacturing processes. 

The primary novelty of this thesis lies in the multi-physics approach for designing 

and modelling electrical machines, utilizing advanced analytical and numerical 

tools to identify optimal solutions for the required performance. Specifically, it 

includes the use of a layer of non-electrical steel to ensure the structural integrity of 

the rotor at high speeds and the integration of an axial fan and hollow shaft for 

cooling the rotor. 

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

modelling approach and consolidate the potential improvements in performance 

combining the electromagnetic aspect with the thermal and structural ones. To 

achieve this aim, several objectives and deliverables were identified at the project's 

outset, including: 

1. Building a comprehensive understanding of wound-field high-speed 

synchronous machines for transportation applications with a particular 

focus on: 

a) Structural performance 

b) Thermal performance 

2. Proposing and developing a new modelling approach based on multi-

physics through analytical and numerical techniques that allow for accurate 

yet time-efficient modelling of the machines in question. 

3. Proposing and investigating solutions to maximize the performance and the 

longevity of the machines. 
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1.3. Thesis outline 

The thesis structure is organized 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 and 

outlining aims and objectives of the project. 

In Chapter 2, these concepts are strengthened by providing relevant background and 

a review of existing methods in terms of WFSM design, modelling and analysis, 

with a special focus on multi-physics approach for aerospace and automotive 

application. 

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

4 to develop and implement fast and accurate analytical and numerical models such 

as TEC, FE and CFD of the studied topology machine. It is the ‘heart’ of the whole 

work. 

In Chapter 3, the validated models are used to assess the thermal and structural 

performance of a WFSM for aerospace application aimed to satisfy the MEA trend. 

In Chapter 4, the validated models are used to assess in deep the thermal 

performance of a WFSM as propulsion system for automotive application aimed to 

design a well alternative to IPM machine. Focusing mainly on rotor heat exchange. 

In Chapter 5, the failure monitoring experiment of the PEEK material is 

investigated. 

Chapter 6 concludes this thesis, by representing overall discussions and further 

work to be done in the related applications.  
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2. LITERATURE REVIEW 

This chapter deals with the literature review carried out for preliminary 

investigation of the challenge related to this project which were introduced in 

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

improving the performance of WFSM and adapting it for transportation 

applications, which have been matter of research in recent literature. 

2.1. Introduction 

Nowadays, reducing global emissions is widely recognized as essential for limiting 

global warming. Many resources are being invested to accomplish this important 

objective and transport electrification represents one of the necessary steps. Air 

transportation is seeing an important growth of more electric aircraft (MEA) 

research and adoption, which aims at increasing the number of electric components 

through the replacement of pneumatic, hydraulic and mechanical actuators with 

lighter and more efficient electric systems [1], [2]. On the other hand, long range 

air transportation is expected to proceed with traditional fuel engine propulsion 

systems for the upcoming years and it is not easily predictable when the 

technological gap for an electric propulsion will be closed. 

Transportation electrification is recognized as a key strategy to address pollution, 

particularly as traction motor in the automotive industry. The main motivations 

behind this trend are zero tailpipe emissions enabled by electric vehicles (EVs), 

higher energy efficiency of electric powertrains than conventional ones, and the 

elevated price of refined fuels. In this context, there is a growing demand for electric 

motors with increased power density, often achieved by increasing the operating 

rotational speeds. However, together with the structural challenges, power losses at 

high speed operation are a limiting factor and, thus, a primary design objective lies 

in efficiently dissipating the heat generated within the electrical machine.  
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2.2. Overview of electrical power generators in aircraft 

 Electrical power generation on aircraft was first introduced during World War I, 

allowing for on-board starting systems and wireless telegraphy [3]. Wind 

generators, preferred over batteries for their reliability, served as the primary power 

source. Between the two world wars, additional electrical systems, such as lighting, 

signalling, and heating, were introduced, increasing power generation capacity 

from 250 W to 1000 W [4]. This growth necessitated a transition from a 6 VDC to 

a 12 VDC electrical system. As aircraft speeds increased, drag caused by wind 

generators became problematic. Consequently, they were replaced by engine-

driven generators. During World War II, engine-driven generators underwent 

significant advances, achieving better power-to-weight ratios and greater reliability, 

although DC generation remained standard [5]. The continued increase in electrical 

power demands, driven by multiple onboard systems, led to higher voltage levels 

to reduce current, thereby minimizing conductor size and weight. The standard 

voltage level evolved to 28 VDC, with DC generators remaining prevalent until 

about 1950. After World War II, aircraft power systems moved to AC generation, 

marking a significant transition in technology. Figure 2.1 illustrates the evolution 

of aircraft power generators from 1950 to the present. 

Figure 2.1 - Electric generation system evolution [10] 
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Modern DC generators are now primarily used in small aircraft for both primary 

and standby power generation systems. Examples of civil aircraft employing 28 

VDC starter generators include the ATR-600, Dornier 328, Gulfstream G280, and 

Falcon 2000 [4]. However, modern medium and large aircraft have moved away 

from DC generators due to the significant advantages offered by AC systems at 

higher power levels. AC generation allows higher voltage levels to be achieved 

easily and efficiently using simple transformers, allowing for reduced current for 

the same output power. This results in smaller conductor size and weight, aligning 

with one of the primary goals in aircraft design: minimizing mass and volume. 

Additionally, AC circuit breakers are lighter, more compact, more reliable, and less 

expensive than their DC counterparts. AC generators themselves are also smaller 

and lighter than equivalent DC generators, further supporting weight and space 

constraints in aviation. Reliability is another critical factor that drives the preference 

for AC systems. AC machines, without the brush-commutator system, offer longer 

life and lower maintenance costs than DC machines [6]. 

The wound-field synchronous generator is the most widely used type in modern 

aircraft. Its popularity stems from its ability to directly and precisely control the 

rotor field, allowing flexible management of the excitation. This feature not only 

ensures operational efficiency, but also provides a high degree of safety by allowing 

immediate removal of the excitation when necessary. Typically, the generator 

system comprises three key components, as illustrated in Figure 2.2. 

Figure 2.2 - Architecture of the three-stage wound-field synchronous generator [10] 
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The first stage of the system consists of a classical permanent magnet (PM) 

synchronous machine, characterized by a PM rotor and a three-phase stator 

winding. The three-phase voltages induced in this stage are rectified and used to 

energize the stationary DC field of the second stage, the main exciter, via an 

electronic control system. The main exciter is essentially a wound-field 

synchronous machine but with an inverted configuration: the DC excitation 

winding is placed on the outer stator, while the three-phase armature winding is 

placed on the inner rotor. The induced rotor voltages are rectified using a rotating 

diode bridge connected directly to the rotor. The rectified voltage then feeds the 

generator's main field winding, which resides on the rotor, while the three-phase 

armature winding is placed on the stator. The generator control unit regulates the 

amplitude of the main excitation, ensuring correct operation. The AC voltage output 

frequency depends on the number of pole pairs in the primary generator and the 

mechanical rotational speed of the primary drive shaft (Ω). Typically, the primary 

motor is the main engine, whose speed varies from 0 rpm to its rated value. This 

variability results in a non-constant AC voltage frequency, which is unacceptable 

for certain electrical loads. One solution to this problem is to integrate the generator 

stages with a variable-ratio drive gearbox, creating a single unit known as an 

integrated drive generator (IDG), as shown in Figure 2.3a. The gearbox converts 

the variable speed of the primary motor to a constant speed, providing a stable AC 

frequency. However, the gearbox adds weight and size to the system and requires 

regular maintenance [4]. An alternative approach eliminates the gearbox by using 

power electronic converters as interfaces to the three-phase armature winding of the 

main generator (Figure 2.3b). This configuration can use configurations such as a 

diode rectifier coupled with an inverter or AC/AC converter, producing a constant 

frequency AC output without the need for mechanical speed regulation. Although 

effective, power electronics introduce critical reliability issues to the entire system. 

A hybrid solution combines these approaches: frequency-insensitive loads are 

powered directly from the variable frequency generator, while frequency-sensitive 

loads are supplied via power electronic converters (Figure 2.3c). This method 

balances system complexity, weight, and reliability considerations [7]. 

 



 

28 

 

 

Studies have been made regarding machine technologies used in aircraft embracing 

the MEA trend, including induction machines, PM synchronous machines and 

switched reluctance machines. The main design aim is to increase the power 

density, reliability and efficiency. PM synchronous machines have the highest 

power density compared to other topologies and good efficiency, but their cost is 

high due to the price of PMs and the power electronics needed to control them. 

Furthermore, they are sensitive to the critical environmental conditions typical of 

aerospace applications and have medium reliability and fault tolerance capability. 

In fact, the excitation of the PMs cannot be removed immediately in the event of a 

winding fault, this means that the PMs energize the fault until the machine is turned 

off or the fault is removed. Induction machines, on the other hand, have a good fault 

tolerance but lower power density. Switched reluctance machines also do not 

achieve the same power densities as PM synchronous machines, but they can 

operate in harsh environments due to the robustness of the rotor. Finally, they have 

also an inherent fault tolerance [9]. 

  

Figure 2.3 - Three methods to interface the main generator with the prime mover and with the rest of 

the electrical system [8] 
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2.3. Challenges for WFSGs achieving state-of-the-art 

performance 

The power density of the most advanced wound field synchronous generators 

(WFSG) recorded, such as the one developed by Honeywell [10], rivals that of PM 

and switched reluctance (SR) generators when evaluated as stand-alone 

components. Although very little information is available on how Honeywell´s 

state-of-the-art generator is achieved, it is very clear that, to obtain an overall power 

density of 7.9 kW/kg, then all the aspects of the WFSG must be pushed beyond the 

standard boundaries. This requires a full understanding of each individual 

component in a WFSG from electromagnetic, thermal, and mechanical aspects. 

Finally, challenges arising from electromagnetic, thermal, and mechanical aspects 

are identified. 

A. Background for WFSGs 

 Figure 2.4 illustrates a representative rotor structure of a WFSG. In the aviation 

industry, WFSGs face significant challenges, mainly related to thermal 

management [11],[12] and mechanical reliability [13]. Furthermore, aerospace 

applications require a high power-to-weight ratio, which requires advances beyond 

the limits of conventional machines. These improvements typically focus on 

material optimization [14], cooling enhancements [15],[16], and refinement of 

structural mechanical design and analysis [13]. 

  

Figure 2.4 - Rotor structure of a typical WFSG 
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B. Thermal challenges for WFSGs implemented for variable speed 

systems 

Efficient cooling strategies play a crucial role in reducing the weight of WFSGs 

[17]. However, implementing effective cooling systems on the rotor is particularly 

challenging due to two primary heat sources: the rotor field winding and the damper 

cage. The field winding generates the excitation field for the main alternator and its 

losses manifest as heat. For WFSGs used in variable speed systems, electrical 

frequencies typically range from 360 to 800 Hz, leading to higher-order harmonics 

in the air gap. These harmonics induce high-frequency currents in the damper cage, 

contributing to additional heat generation. In the example shown in Fig. 2.4, the 

damper cage is integrated into the rotor interpole spaces and slots. Furthermore, the 

high frequency magnetic field causes significant losses and temperature increases 

in the magnetic core and stator windings [18]. The most common cooling solutions 

for aircraft systems include forced air cooling and oil cooling. Oil-cooled generators 

are preferable in the constant speed-constant frequency system since oil circuits are 

already available within the mechanical gearbox or integrated drive generators. 

However, variable frequency generators face a significant challenge due to the lack 

of existing oil cooling units. As a result, additional cooling circuits, pumps, and 

meters must be integrated directly into the WFSG, increasing the weight and 

complexity of the overall system. Additionally, as noted in [19], when shared 

lubricating oil is used as a cooling agent, the cooling oil may not be available to the 

generator during certain flight mission cycles. This creates a critical design 

challenge for variable frequency systems, requiring a delicate balance between 

maximizing power density and minimizing the complexity and weight of both the 

generator and its ancillary components. 

C. Mechanical challenges for WFSGs implemented for variable speed 

systems 

WFSGs typically operate at speeds between 10 and 25 krpm. At such high speeds 

and power levels, the rotor surfaces experience significant peripheral forces, which 

can cause mechanical fatigue or damage. In addition to speed and size, a key 

mechanical challenge arises from the design of the field winding, which is wrapped 

around salient poles, as shown in Fig. 2.4. These pole tips not only perform 
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electromagnetic functions, but also serve as structural supports to resist the 

centrifugal forces generated by the field windings. As a result, the rotor bore and 

pole tips often experience high levels of mechanical stress [20]. Another design 

challenge concerns the damper cage, located on the rotor pole surfaces, as shown 

in Fig. 2.4. Hollow structures on the rotor poles, created to accommodate the 

damper cage, can weaken the structural integrity of the rotor, especially during 

high-speed operation. Thermal expansion of the damper rods can exacerbate this 

problem. Furthermore, mechanical vibrations and centrifugal forces require 

additional structural reinforcements for the field windings, such as retaining rings 

for the end windings [21], [22], also depicted in Fig. 2.4. The highest mechanical 

stress (τmech) on the rotor core can be approximately calculated using equation (1), 

where C is a parameter related to Poisson's ratio, ρ is the mass density of the core 

material, r is the radius of the machine and Ω represents the angular velocity. 

 

                                   τ𝑚𝑒𝑐ℎ = 𝐶ρ𝑟2Ω 2 (1) 
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2.4. Overview of electric motor in automotive application 

The transition to EVs will continue in the upcoming years, and this will push the 

research to increasingly focus on improving electric and hybrid powertrains. In a 

driving cycle, a traction motor must operate in regions of constant-torque and 

constant-power as shown in Fig. 2.5. 

 

An ideal traction motor for EV and HEV must offer exceptional performance and 

efficiency. It requires high torque at low speeds to enable smooth acceleration and 

starting, along with substantial power output to support high-speed cruising. In 

addition, the motor should maintain high efficiency over a wide range of speeds and 

torque levels to optimize energy consumption and reduce emissions in the 

powertrain. To cope with various driving conditions, the motor must offer a wide 

speed range at constant power and possess the ability to handle short-term overloads 

[23]. In addition to its performance attributes, it must meet critical customer 

expectations, including reliable operation under all conditions, compact and 

lightweight design to improve vehicle efficiency, quiet and smooth operation for a 

better driving experience, and seamless transitions between internal combustion 

engine and electric modes in hybrid systems. Economics is also equally important, 

including low initial costs, low operating expenses, minimal maintenance, and 

Figure 2.5 - Typical power and torque characteristics of a traction motor 
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convenient servicing [24]. By meeting these requirements, a traction motor can play 

a critical role in improving the performance, efficiency and appeal of electric and 

hybrid vehicles.  

Automakers employ a variety of motor topologies to meet the performance and 

efficiency demands of electric vehicles. Among them, internal permanent magnet 

(IPM) motors are a popular choice due to their high torque and power density, 

which continue to be refined for even greater performance [25]. They also offer 

high efficiency and excellent flux weakening capabilities. However, achieving 

these advantages often requires the use of rare earth PM materials, such as 

neodymium-iron-boron (NdFeB) and samarium-cobalt (SmCo). These materials 

are subject to price fluctuations and raise concerns about their environmental 

sustainability and mining practices. To address these issues, ferrite-based magnets 

represent a more sustainable and cost-effective alternative, but their performance is 

significantly lower than rare earth PMs. Another promising direction is motor 

designs that eliminate the use of PMs entirely. The main alternatives in this category 

include induction motors (IM), synchronous reluctance motors (SRM), and WFSM. 

IMs have been widely adopted due to their affordability and robust construction. 

However, they are hampered by low power factor, limited efficiency, and a narrow 

constant-power speed range. Synchronous reluctance motors, on the other hand, are 

highly efficient, capable of operating at high speeds, and offer a wide flux-

weakening range. They are also cost-effective and environmentally friendly since 

they do not rely on PMs. Despite these advantages, their output torque, generated 

solely via magnetic reluctance, is relatively low compared to IPMs and IMs. 

Additionally, SRMs typically exhibit a low power factor, which can be improved 

by incorporating rare-earth or rare-earth-free PMs into their flux barriers [28]. 

These alternative motor topologies provide viable solutions to the challenges of 

traditional IPM designs, offering opportunities to balance performance, cost, and 

sustainability in the development of advanced propulsion systems for electric 

vehicles. 

WFSMs are currently used by major automotive manufacturers such as Renault and 

BMW. These motors are an established technology in power generation, commonly 
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deployed in grid-connected [29] and standby/emergency systems [30]. They are 

also the primary choice for starter generators in aircraft [31] and marine 

applications [32]. While their use as traction motors in automotive applications is 

still being explored, it is expected to be a key area of interest in future research. 

Although WFSMs may not match the torque density and efficiency of  IPM motors, 

they offer significant advantages such as inherent fault tolerance, reliability, high 

controllability, relatively low cost, and sustainability, making them suitable for the 

automotive industry. However, unlike other motor types, WFSMs require an 

excitation system to power the field winding, which adds complexity [32]-[34]. A 

comparative analysis presented in [35] summarizes the performance of four main 

radial flux motor options, as shown in Figure 2.6. The study evaluates torque 

density, efficiency, sustainability, cost-effectiveness and reliability. The results 

indicate that WFSMs offer a balanced solution, positioned as a promising option in 

terms of performance and trade-offs (represented by the orange line). 

  

Figure 2.6 - Qualitative performance comparison among 4 radial flux traction 

machines: IPM (green), WFSM (orange), SRM (red) and IM (blue) 
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2.5. WFSMs for automotive applications 

As mentioned in the above section, Renault and BMW implement a WFSM on 

board. The Renault´s has a basic configuration of 48 slots and 4 poles, and they 

have already updated the design for a 36 slots – 8 poles machine of 160 kW, as 

shown in figure 2.7. The vehicles that implement this motor span from cars to 

commercial vehicles. The BMW IX3 motor has 210 kW of peak power and 400 Nm 

of peak torque. Considering the above, it is clear that the WFSM can cover the 

performance request of different car segments, from small cars to Sports Utility 

Vehicles (SUV). 

 

Feasibility studies on WFSMs for automotive propulsion have been conducted and 

compared to IPM machines in [36] and [37]. In [36], the comparison focuses on a 

non-optimized design, using the same stator as the Toyota Prius—a 48-slot, 8-pole 

configuration—while evaluating an IPM rotor against a cylindrical WF rotor. The 

study primarily highlights the feasibility of WFSMs for automotive drive 

applications. Another comparison is presented in [38], involving a 100 kW motor 

with the same 48-slot, 8-pole design. Here, the IPM motor is air-cooled, while the 

WFSM is oil-cooled. Both motors share the same stator and rotor diameters, though 

the WFSM has a slightly longer axial length. This study reveals that IPMs 

Figure 2.7 - WFSM adopted in new Renault Megane E-TECH 
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demonstrate higher efficiency in the high-torque, low-speed region, whereas 

WFSMs excel in the low-torque, high-speed region. This difference can be 

attributed to the field coil in the WFSM, which enables higher speeds through field 

current regulation. Figure 2.8 illustrates a 2D angular sector representing one pole 

pitch for both the compared IPM and WFSM designs. 

A more detailed comparison is presented in [37], which builds upon the findings of 

[36] by using the same IPM motor and maintaining identical dimensions for the 

WFSM. This study incorporates rotor optimization, and FE simulations 

demonstrate that WFSMs are strong contenders for EV applications due to their 

wide torque-speed characteristics and superior efficiency under low-load conditions 

in high-speed or field-weakening regions. As with [33], [37] emphasizes the 

potential of WFSMs as traction motors. However, one of the key challenges for 

WFSMs in the automotive industry is their lower power and torque density 

compared to PM motors. To address this, [39] proposes a hybrid PM and excited 

field winding WFSM design that combines reluctance torque with field torque for 

optimal performance. Meanwhile, [40] focuses on increasing output torque by 

enhancing the saliency ratio through optimized design. Torque ripple, another 

drawback of WFSMs, is addressed in [41] and [42], where asymmetric pole shapes 

and rotor slits are introduced, respectively, as effective solutions. To further 

improve torque and power density as well as energy efficiency, [43] employs 

hairpin conductors in the armature winding. The motor, optimized for the New 

European Drive Cycle (NEDC) [45], is a 120 kW WFSM with a maximum speed 

of 10.000 rpm. The optimized design achieves an 8.5% increase in power density 

Figure 2.8 - 2D cross section of the IPM motor (left) and WFSM (right) compared in [38] 
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and a 0.7% improvement in energy efficiency compared to the prototype described 

in the same article. Hairpin windings were selected for their superior fill factor, 

while the dimensions of the field conductors were designed to be smaller than the 

copper skin depth at the frequencies caused by slotting effects and armature 

reaction. Cooling systems are critical for all motor types, and for WFSMs, the rotor 

is particularly challenging to cool effectively. The rotor, a key factor limiting power 

density, experiences high temperatures due to DC current in the field windings [46]. 

In light of this, [47] compares the designs of salient pole and cylindrical WFSM 

rotors, concluding that cylindrical rotors offer mechanical advantages over their 

salient counterparts. 
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2.6. Future developments: Challenges and Proposed 

solutions 

The electromagnetic design of  WFSMs is well established, but its integration with 

other critical aspects such as thermal management, mechanical design, materials, 

power electronics (especially in terms of excitation methods), automation, and 

manufacturing still requires substantial investigation in the coming years. To 

improve power and torque density as well as efficiency, significant research efforts 

are expected to focus on rotor thermal management [48]. One of the main 

challenges in this area is heat extraction from the rotating rotor, which complicates 

effective cooling. Additionally, higher operating speeds and frequencies can cause 

higher surface losses, exacerbating thermal challenges. To address this issue, low-

loss ferromagnetic materials and insulating materials with high thermal 

conductivity can be useful [49]. Furthermore, using pre-formed wires for the field 

winding can improve the fill factor, reducing the insulating material and improving 

the thermal conductivity inside the gaps. In terms of cooling, a dedicated rotor 

cooling system is essential, with techniques such as forced ventilation, hollow 

shafts, and optimized slot thermal paths, all compatible with high rotational speeds. 

Oil spray cooling, a widely used and effective method to extract armature winding 

losses in automotive applications, appears promising. However, extracting field 

winding losses through cooling will still require in-depth research in the coming 

years. Although materials are critical to improve electromagnetic performance and 

reduce losses, they also play a critical role from a structural perspective, especially 

in WFSMs. These motors experience high peripheral speeds on the rotor surface, 

which leads to mechanical fatigue. The field windings, wound on the salient poles, 

not only perform an electromagnetic function, but also act as mechanical structures 

to resist centrifugal forces. As a result, the rotor bores, pole tips, and end plates 

experience significant mechanical stress due to the forces generated by the field 

windings. Therefore, advanced containment structures are needed to push these 

machines to their operational limits. High yield strength materials, such as Vacodur 

S Plus or JNEX900, can help address the structural challenges inherent in WFSMs. 

In terms of excitation methods, significant research is already exploring alternatives 
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to traditional brushed or brushless systems. Both inductive and capacitive wireless 

power transfer (WPT) systems have demonstrated effectiveness, but challenges 

remain in integrating these systems into an “exciter-less” machine while reducing 

manufacturing costs. One approach to integration involves embedding the WPT 

system within the fan and its housing, as demonstrated in preliminary studies [51]. 

In the context of high-volume automotive manufacturing, cost reduction is closely 

linked to the automation of manufacturing processes. The use of pre-formed 

conductors for field windings and hairpin windings for the stator are effective 

strategies for this purpose. Another potential avenue to reduce manufacturing costs 

is the development of solid rotor structures, potentially using large laminations with 

radial and/or axial grooves, which could help minimize iron losses. New materials 

and, more significantly, advanced manufacturing techniques, such as additive 

manufacturing, have the potential to enable innovative designs, making this one of 

the key emerging topics in the field. While the electromagnetic design of WFSMs 

is well established, as previously mentioned, insights from advances in the design 

of traditional machines for other applications suggest that there is still room for 

improvement. For example, pole shaping has been shown to effectively reduce 

torque ripple [53], and incorporating damping systems could serve the same 

purpose [18]. However, these strategies need to be carefully evaluated, taking into 

account the additional thermal, structural, and manufacturing challenges they may 

introduce. Furthermore, hybrid-excited machines are believed to hold promise for 

automotive applications, offering increased torque density when combined with 

advanced rotor cooling solutions, all while avoiding the use of rare-earth permanent 

magnets. Table I provides a summary of the challenges and potential solutions for 

WFSMs in automotive applications. 
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TABLE I: CHALLENGES AND PROPOSED SOLUTIONS 

Wound Field Synchronous Motors 

Challenge Solution 

Thermal management, heat extraction from 

the rotor 

Advanced rotor cooling, e.g. dedicated fan, 

slot heat paths, hollow shaft, etc. 

Increase operating speeds and frequencies Improved materials, solid rotors, sophisticated 

analysis tools 

Structural Integrity End plates of non-electric steel, retaining 

structures for windings and pole tips 

Exciterless solutions Wireless power transfers (WPT) system 

integrated within the fan and its housing 

Cost reduction Preformed conductors for stator and rotor 

windings, solid rotor 

Improved Electromagnetic Design Pole shaping, damping systems, axial and 

radial grooves 
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2.7. Multi-physics design and optimization of electrical 

machines 

Electric machines are crucial components in various applications requiring high 

power, torque, and efficiency in compact dimensions, including the power 

generation, automotive, and aerospace industries [54]. These industries require 

products that are not only high-performance, but also reliable, cost-effective, and 

environmentally friendly. Given these requirements, electric machine design is a 

multidisciplinary challenge that integrates several interconnected subdisciplines, 

including electromagnetics, thermal management, and mechanical design. 

Consequently, the development of a new electric machine involves a 

comprehensive approach, balancing performance, cost, manufacturability, and 

lifetime, while optimizing the interaction between electromagnetic, thermal, and 

mechanical aspects. To achieve this, an in-depth understanding of a specific 

application is vital to inform the design process, also called “design for 

application”. A realistic multiphysics design process for electrical machines 

involves continuous iterations between electromagnetic, thermal, and structural 

design, supported by theoretical analyses, numerical simulations, and experimental 

tests [55]–[59]. Traditionally, the design process has focused primarily on 

electromagnetic considerations, with thermal and structural evaluations conducted 

separately afterwards. To prevent failures, especially in high-power, high-torque, 

or high-speed applications, engineers often apply empirical constraints based on 

experience and fundamental physical principles during the electromagnetic design 

phase. For example, thermal design aspects are sometimes addressed by imposing 

limits on the current density in the coils, the magnetic flux density in the cores, or 

other sizing parameters. However, these approaches may not have sufficient 

accuracy and may not ensure a fully optimized and reliable machine design. 

Numerous methodologies have been developed and presented to accurately predict 

the design performance of electrical machines and avoid prototyping time and costs. 

In general, these computation methods can be divided into two approaches: 

1. Classical analytical analysis  
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2. Numerical techniques  

Analytical analysis is based on fundamental physical theories, such as Maxwell's 

equations and heat transfer principles. However, applying these theories to complex 

geometries is often challenging. Numerical methods for solving these problems can 

be categorized into integral equations, typically solved using the boundary element 

method, and differential equations, which are addressed using finite difference and 

finite element methods (FEM). Among these, FEM is the most widely used 

approach to tackling complex engineering problems. However, it tends to have a 

relatively high computational time. A simpler alternative is the lumped parameter 

model, which represents the machine as an electrical circuit with linear and 

nonlinear elements. This model calculates the potentials of the nodes and the current 

flow through the branches. While increasing the number of elements increases the 

accuracy, solving nonlinear circuits also increases the computation time. The main 

differences between these methods lie in their mathematical formulations and 

solution techniques, which require a balance between accuracy, complexity, and 

computational efficiency. Furthermore, the properties of the materials used in 

electrical machines play a crucial role in the design process, although the 

characteristics of the materials can be said to be the main reason for a multiphysics 

design. 

A. Challenges and opportunities in multiphysics design and modelling 

An electric machine is a sophisticated electromechanical system composed of 

various components, including electromagnetic elements (rotor, stator, and 

excitation), cooling systems, housings, and mechanical parts such as shafts and 

bearings. These components collectively form the machine. There are two main 

approaches that can be used to design electric machines: 1) component-based 

design and 2) system-based design. In the component-based approach, each part is 

designed and optimized independently. In contrast, the system-based design 

approach involves an iterative process where the design and optimization of the 

entire machine is performed considering the interactions between all components. 

While the component-based methodology is simple and straightforward, it may not 

produce the optimal design of the overall system. In other words, optimizing 
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individual components does not necessarily result in the best configuration for the 

entire system. On the other hand, a system-based design, although more complex 

and time-consuming, ensures an optimized overall solution. It is important to note 

that the computation time is highly dependent on the methodology used to design 

and model each component. 

B. Electromagnetic Design 

The working principle of electrical machines is established on the electromagnetic 

theory. The electromagnetic design of electrical machines is the core of 

multiphysics design and it is derived from magnetic field calculation which allows 

the machine parameters to be calculated. 

1. Electromagnetic sizing 

The design process for electrical machines typically begins with the definition of 

key parameters and characteristics. These include the machine type (e.g., 

asynchronous, synchronous, or reluctance), structural configuration (e.g., axial or 

radial flux, internal or external rotor, single or multistage, round or salient poles), 

and key performance specifications such as rated torque, power, speed, number of 

poles, and voltage. Additionally, critical electromagnetic parameters, such as 

electrical load, stator slot current density, and air gap flux density, must be 

determined. These values are selected based on the machine's structural design and 

cooling system. With these key design inputs established, rotor and stator 

geometries can be calculated and optimized using guidelines such as Essen's rules 

[55]–[58]. 

2. Magnetic materials 

Material selection, including hard and soft magnetic, conductive and insulating 

materials, plays a vital role in the electromagnetic design of electrical machines. 

Soft magnetic materials are classified into grain-oriented and non-oriented 

electrical steels. Non-oriented steels exhibit uniform magnetic properties in all 

directions, but have limitations in terms of saturation flux density and magnetic 

permeability. These materials are widely used in rotating electrical machines, with 

silicon-iron, amorphous alloys, nickel-iron and cobalt-iron being prominent 

examples. Among them, silicon-iron is the most popular, accounting for about 80% 
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of the market, due to its affordability despite its lower saturation level compared to 

other alloys. Grain-oriented steels, on the other hand, possess optimum magnetic 

properties along the rolling direction, making them suitable for transformer 

applications [60], [61]. Soft magnetic composites (SMCs), composed of pure iron 

powder particles coated with insulating films, offer high electrical resistivity and 

low eddy current losses. Their powder-based structure enables the design of 

complex machine geometries such as axial flux, transverse flux, and hook-pole 

machines. Emerging materials such as two-phase [62] and multilayered magnetic 

composites [63], [64] show promise, although further research is needed to assess 

their applicability. Hard magnetic materials, also known as permanent magnets, are 

valuable for their ability to maintain magnetization without a continuous energy 

input. These materials are integral to numerous applications due to their resilience 

against external fields and self-demagnetization. Common options include alnico, 

hard ferrite, SmCo, NdFeB, and bonded magnets. NdFeB, characterized by its high 

remanence flux and coercive field, together with SmCo, represent the most 

advanced and expensive solutions. Conductive materials, mainly copper and 

aluminum, are essential for windings and bars in stator and rotor components. 

Superconducting tapes, which exhibit near-zero resistivity at extremely low 

temperatures (e.g., -196 °C with liquid nitrogen cooling), represent an advanced 

alternative for specialized applications. Insulating materials, such as PEEK, serve 

to separate the conductive elements from the magnetic core, preventing short 

circuits and ensuring mechanical stability. Commonly used insulating materials 

include polyamide-imide, polyester, glass-mica tape, mica paper, and epoxy glass 

[65], [66]. These materials not only provide electrical insulation, but also contribute 

to thermal management, as effective heat dissipation is critical in high-performance 

electrical machines. 

3. Winding design 

Windings in electrical machines serve various purposes and are classified into 

categories such as armature windings, rotating field windings, field or magnetizing 

windings, damping windings, commutation windings, and compensation windings 

[55]–[57]. Armature windings, in particular, are commonly implemented in three 

configurations: lumped, distributed, and ring (or core-wound) forms. Among these, 
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distributed windings are the most widely used despite their longer end windings and 

higher copper volume. This is because they offer superior performance by reducing 

the harmonic content in the air gap magnetomotive force waveform, improving 

machine efficiency, and minimizing losses. In contrast, ring windings are less 

common due to the complexity of their construction. The winding fill factor, 

defined as the ratio of the copper cross-sectional area to the gap area, is a critical 

parameter in the design of windings and stators. In conventional machines, this 

factor is relatively low, ranging from 0.25 to 0.5, mainly due to the round shape of 

conventional wires. Recently, there has been increasing interest in using rectangular 

conductors, such as foil and hairpin windings, to improve the fill factor. These 

advanced winding techniques can achieve higher packing density, resulting in 

reduced resistive losses, improved thermal management, and improved overall 

machine performance [67], [68]. 

C. Thermal design 

The main aim of thermal design is to evaluate the heat distribution in the electric 

machine structure. The heat is generated by power losses, and it has a great impact 

on the machine performance since the insulation materials degraded by increasing 

the temperature. Furthermore, the magnetic and mechanical properties of materials 

are temperature dependent. Usually, the cooling system type is chosen at the 

beginning of the design procedure on the basis of the selected application. 

1. Thermal management considerations 

Thermal management is a complex but crucial aspect in electric machine design. 

Inefficient cooling system leads to faster insulation degradation and increased 

winding failure rates due to increased thermal cycles [69]. The internal heating 

within an electrical machine is the result of generated losses and the temperature 

distribution is governed by the balance between generated heat, removed heat and 

thermal capacity [70]. The heat can be extracted through conduction, convection 

(natural and forced) and radiation. The thermal management of electrical machines 

is an inherently 3D feature which requires complex heat extraction phenomena to 

be addressed; e.g., heat transfer through complex composite components such as 

the wound slot, temperature drops across interfaces between components and 
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complex turbulent air flow within the end-caps [71]. Thus, the analysis of heat 

transfer and fluid flow is complex due to the high non-linearity of the phenomena 

which may occur. Non-thermally conductive materials such as winding insulations 

may also result in local heat concentration. Therefore, effective thermal 

management improves electric machine performance and ensures reliable machine 

operation, while poor thermal management results in performance degradation, 

accelerated machine wear, and even may cause machine breakdown. Different 

thermal management requirements are necessary for different types of electric 

machine applications. In general, the rotor assembly of an electrical machine is very 

challenging in terms of effective heat removal. This is due to nature of the rotary 

part with a limited thermal path for extracting the generated heat. In a thermal 

management system design, the thermal class of the coils generally define the 

maximum operating temperature of the machine. To enhance thermal management 

in electric machines, it is essential to resolve challenges from all aspects including 

the heat sources, the heat dissipation paths, and the heat removal sinks, as shown in 

Fig. 2.9 [72]. 

 

Figure 2.9 - Thermal management of electrical machines 
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2. Working temperature of electrical machine 

The performance and longevity of insulation materials in electrical machines are 

highly sensitive to operating temperatures. According to IEEE Standard 117, 

insulation systems are classified into separate thermal classes based on their 

maximum allowable temperature: Class A (105 °C), B (130 °C), F (155 °C), H (180 

°C), N (200 °C), and S (220 °C) [73]. Electrical machines are typically designed to 

operate below the upper limits of their assigned insulation class to ensure reliability 

and durability. 

The insulation system plays a critical role in determining the life of the machine. 

Excessive operating temperatures can have a negative impact, significantly 

reducing the useful life of the machine. This effect is well illustrated by a principle 

derived from the Arrhenius equation: for every 10 °C increase in operating 

temperature above the thermal classification of the insulation, the useful life of the 

insulation is approximately halved. This paper highlights the critical importance of 

effective thermal management in the design of electrical machines to prevent 

overheating and extend their operating life. 

3. Thermal properties of magnetic materials 

The operating temperature of an electrical machine has a significant impact on the 

properties of magnetic, conductive, and insulating materials, influencing 

performance and efficiency. For magnetic materials, temperature changes affect 

critical characteristics such as saturation point, hysteresis, and eddy current losses. 

In low-carbon steels and low-silicon laminations, the saturation knee decreases by 

about 10% with increasing temperatures, which reduces the anisotropy energy 

depending on the material [61]. However, total core losses decrease due to an 

increase in electrical resistivity, a nearly linear trend observed in the range from 20 

°C to 200 °C [74]. Non-oriented silicon steel shows a higher sensitivity to 

temperature changes in iron losses than grain-oriented types [61]. At cryogenic 

temperatures, the knee point of the B-H curve and the magnetic permeability of the 

lamination materials increase. However, beyond a certain low temperature 

threshold, the permeability begins to decrease, even below room temperature levels 

[61], [74], [75]. Similarly, hard magnetic materials, such as permanent magnets, are 
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highly temperature dependent. Elevated temperatures reduce their residual flux 

density, while cryogenic conditions increase the residual flux density by up to 20% 

[76]. Temperature also has profound effects on the conductive and insulating 

properties of materials. Cryogenic conditions increase conductivity but can degrade 

insulation reliability. Furthermore, mechanical properties of materials, including 

stiffness and Young's modulus, are significantly affected by temperature changes, 

which can affect the structural integrity and mechanical performance of machine 

components [77]. These multifaceted temperature dependencies highlight the 

importance of precise thermal management in the design and operation of electrical 

machines.  

4. Power loss 

There are different power losses in electrical machines. These losses are the main 

source of generated heat in the machine structure. In general, the loss components 

can be divided into electromagnetic loss such as copper and iron core losses and 

mechanical loss. The electromagnetic losses are mainly generated in the active part 

of the machine including rotor, stator, and excitations [78]. Some of these loss 

components are production technologies dependent, such as the loss increases due 

to the welding or punching of the laminations [79].  The copper loss results from 

Joule heating due to the resistivity of the conductors. Copper loss usually is a major 

loss component in all electric machines, especially at high torque operation. The 

copper loss increases as the resistance increases with the temperature. The second 

major loss in electric machines is iron loss. These are caused by the time-varying 

magnetic field that yields hysteresis and eddy current losses. It is typically dominant 

when a machine operates at higher frequency, i.e. at high speed. Hysteresis and 

eddy current losses are the main iron loss components. The hysteresis loss is caused 

by a time-varying magnetic field primarily in major loops. Eddy current loss is 

caused by the current induced in the core. In addition, frequency dependent skin 

and proximity effects add to the overall copper losses. The skin effect is caused by 

eddy currents induced by a conductor’s own flux linkage. Skin effect increases with 

frequency and effectively reduces the cross-sectional area of the conductor, thereby 

increasing its resistance. Mechanical loss in electric machines consists of friction 

and windage losses. Friction losses are mainly caused by the bearings and are 
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thermally relevant. The resulting heat and the heat passing to the ambient via 

bearing increase the local temperature. The aerodynamic drag experienced by rotor 

periphery and cooling fan causes windage loss. These losses can be minimised 

using high quality bearings, lubricants and high-performance fan designs. 

5. Cooling techniques  

The cooling systems of electrical machines can be categorized into passive cooling 

and active / forced cooling depending on the heat transfer mode or generated 

cooling flows. Passive cooling techniques denote systems without a fan or pump 

and feature lower power loss. Passive cooling methods work based on natural 

convection and radiation to dissipate the generated heat from the machine to the 

environment. The cost of passive cooling and its noise emission are typically very 

low. However, this technique is usually adopted for small size and low 

power/density machines. Fig. 2.10 summarizes various cooling methods in 

electrical machine application.  

Figure 2.10 - Different cooling system used in electrical machines 



 

50 

 

Considering fin or heatsink on the outer part of stator or machine frame is one of 

the most common solution to enhance convection heat exchange. Forced cooling 

techniques feature an active mechanism for circulating the fluid, either gas or liquid, 

in different parts of the machine structure. This technique is well-known and widely 

used in a large number of applications like automotive and aerospace industry. 

Force cooling can be as simple as using a fan enclosed in the machine structure or 

it can be much more complicated system for liquid channels. 

Water jacket cooling is a commonly-used indirect cooling technique, it is mainly 

used to cool the stator. The advantages of using water jacket include higher power-

to-frame size ratio, lower noise level, higher efficiency and completely enclosed 

environment. The removed heat is not directly dissipated into the environment. 

Different configurations of water jacket channels and frame structures have been 

exploited including helical ducts, circumferential channels, meander shape of ducts, 

and axial serpentine channels, as shown in Fig. 2.11. 

 

Figure 2.11 - Various water jacket cooling configurations and paths; a) Helical channels, b) 

Circumferential channels, c) Meander axial channels, d) Axial serpentine channels 
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The configuration and the number of cooling paths determine the cooling efficiency as 

well as the pressure drop from the inlet to the outlet. Figure 2.12 shows a typical 

example of external liquid cooling.  

 

Disadvantages of using water jacket for cooling include higher manufacturing cost, 

requirement for an auxiliary system to provide coolant, risk of corrosion inside the 

water circuit, risk of leaks, and more precautions with maintenance. Direct stator 

core cooling applies where water jacket cooling is not sufficient and a significant 

temperature gradient might exist between the outer stator surface and the inner 

stator core. As illustrated in Figure 2.13, traditional cooling techniques alone, such 

as cooling jackets [81], [82] or air cooling [83], [84], are not sufficient to handle 

the thermal demands of high power density EV motors [80]. Consequently, it 

becomes necessary to combine conventional cooling methods with more advanced 

indirect or direct cooling systems to ensure effective heat dissipation from the stator 

windings and rotor components. 

Figure 2.13 - Variation of the thermal management system of EV motors by increasing their peak power [80] 

Figure 2.12 - Water jacket cooling 
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Another important area that often requires improved cooling in electric machines is 

the end winding. Cooling methods for the end winding include spray cooling, liquid 

jets, and the use of thermally conductive materials between the end windings and 

the machine frame. For new generation EV motors, conventional cooling methods 

such as housing liquid jackets are being supplemented with advanced indirect or 

direct cooling systems (Fig. 2.14). These systems include techniques such as stator 

slot cooling [85]-[89], stator core cooling [88], [89]-[92], end winding cooling [93]-

[95], [11],[17], and rotor cooling [48],[96], [88], [97]-[99] to ensure effective 

cooling of critical machine components. 

 

 Another thermal management approach focuses on improving heat dissipation 

from the rotor. In motors with an internal rotor design, the air gap acts as a thermal 

insulator, significantly impeding heat transfer from the rotor [96]. As a result, the 

rotor tends to reach its temperature threshold earlier [97]. Since direct rotor cooling 

in an EV motor is a challenging task [96], an indirect shaft cooling system is 

Figure 2.14 - Various cooling concepts for EV motors [96] 



 

53 

 

proposed as a solution. In this system, the crankshaft is equipped with concentric 

tubes through which a coolant (such as oil or water) circulates. This technique is 

commonly used in electric vehicles with induction motors, such as the Tesla Model 

S [100] and the Audi e-tron [101]. This cooling approach improves motor 

performance and rotor cooling can be integrated with the stator cooling system, as 

illustrated in Fig. 2.15. However, in practice, this solution is complex and may 

increase the axial length of the motor. 

 

Spray cooling in electrical machines is an emerging technique, although spray 

cooling itself is not a new concept. Numerous research studies have explored this 

approach [102], [103]-[105]. The method involves a complex heat transfer 

mechanism, with most of the results derived from experimental studies. As 

illustrated in Fig. 2.16, research efforts to implement oil cooling systems in 

electrical machines can be classified into two main groups: evaporative spray 

cooling and lubricating oil spray cooling. Furthermore, lubricating oil spray cooling 

is further divided based on the motor winding configuration: one for stranded-

winding motors and another for hairpin-winding motors. Furthermore, stranded-

winding configurations are classified into two additional subcategories based on the 

nozzle placement.  

Figure 2.15 - Integrated rotor and stator cooling systems [101] 
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The use of spray cooling in electric machines was first explored in 2009 by Li 

Zhenguo et al. [107], who applied an evaporative spray cooling method to a large 

synchronous generator. Traditionally, such generators are cooled using a wet stator 

technique, where the stator is immersed in coolant. However, this method has the 

disadvantage of requiring a significant amount of coolant. To address this problem, 

spray cooling systems were introduced for the active parts and end regions of the 

stator, significantly reducing the amount of coolant required. Compared with the 

semi-flood cooling method, spray cooling offers better cooling efficiency, smaller 

coolant inventory, and more uniform temperature distribution. EV motors are 

compact and installed in tiny places. Therefore, there is no adequate space for 

installing extra devices such as pre-heat, extra pumps, condenser, and reservoir for 

evaporation coolant. Furthermore, the cooling system’s primary objective is to use 

the available fluid as a coolant; for example, in EV motors, the coolant can be air, 

water, and oil. As a result, the lubricant oil with a more straightforward thermal 

management system, including one loop, becomes suitable for EV motors. 

However, the non-uniformity of oil film distribution on end-windings during high 

rotor speed becomes more significant, leading to uneven temperature distribution 

Figure 2.16 - The attempt and research on implementing of oil cooling system for electrical machines 

[106] 
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on the end-windings. The main drawback of the uneven temperature distribution is 

the occurrence of unexpected hot spots in the system. 

6. Thermal modelling 

An important aspect of thermal management in electrical machines is the ability to 

predict the temperature distribution during the design phase using thermal analysis 

methods [108]. These methods are divided into analytical and numerical 

approaches.  

For analytical analysis, the most commonly used method is the lumped parameter 

thermal network (LPTN), which provides a fast way to determine the temperature 

distribution in electrical machines. It allows users to quickly evaluate the effects of 

varying input parameters. Components can be grouped into different submodels, 

either radially in a 2D cross-section of the machine or in a 3D representation that 

considers the effects of axial heat distribution. LPTN models can predict steady-

state or transient heat flows within the machine, as well as estimate the temperatures 

of individual components. However, a disadvantage of the LPTN method is the 

significant effort required to develop an accurate model [109]. LPTN models differ 

between machines based on specific rotor and stator configurations, which 

introduce fundamental variations and result in distinct thermal network paths during 

model development. 

For numerical modelling, there are proven methods to predict temperatures within 

electrical machines with high accuracy compared to experimental results. The two 

most widely used techniques are finite element analysis (FEA) and CFD. Although 

these methods can provide highly accurate temperature predictions with minimal 

error, they are typically more time consuming due to their complexity and the need 

for detailed input data. As a result, each thermal analysis approach has its strengths 

and limitations. FEA involves dividing the machine geometry into a finely 

interwoven grid of nodes and elements to evaluate temperature variations between 

those elements. Many commercially available software tools can perform 2D or 3D 

thermal FEA for both steady-state and transient simulations. Thermal FEA results 

are generally comparable to LPTN models when similar inputs are applied. 

However, FEA becomes advantageous for geometries that are too complex to be 
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modelled using LPTN. To reduce computational time, FEA models are often 

simplified to partial or fractional representations of the full geometry by applying 

periodic patterns. FEA accuracy improves with finer mesh details, but this comes 

at the expense of increased computational time. CFD is generally the most accurate 

method for temperature prediction, outperforming both LPTN and FEA, especially 

in scenarios involving fluid flow and heat transfer. CFD can be used to determine 

heat transfer boundary conditions for LPTN and FEA models and can simulate fluid 

flow characteristics to optimize cooling systems (e.g., water jackets or air cooling) 

[110]. Various CFD thermal analyses of varying levels of complexity have been 

used to simulate the airflow around machine components, including the stator-rotor 

air gap, end windings, and cooling passages. CFD excels in cases where 

simultaneous airflow, mass transfer, and a combination of laminar and turbulent 

states need to be considered, or when designing coolant flow channels and patterns 

[110]. Similar to FEA, CFD requires the input of material properties and boundary 

conditions, such as fluid volume flow rate, inlet temperature, and pressure [111], 

[110]. Modern CFD tools are mainly based on the finite volume method, solving 

the Navier-Stokes equations with validated physical models to achieve high 

accuracy for 3D laminar or turbulent flow and heat transfer simulations [109]. 

However, the main limitation of CFD is its long simulation time, which depends on 

the complexity of the geometry, mesh refinement and available computing power. 

Simplifying the geometry while maintaining solution accuracy is a significant 

challenge in CFD, limiting the user's ability to quickly assess the thermal 

distribution impact of changes to design input parameters.  
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D. Mechanical design 

The mechanical design process is crucial for assessing the structural integrity of the 

geometry derived from the electromagnetic design. In high-speed applications, 

where stresses and vibrations are significantly elevated, ensuring mechanical 

integrity becomes paramount to prevent potential failures. The primary objective is 

to confirm that the geometry can withstand the mechanical loads and stresses 

encountered during operation, including centrifugal forces, thermal expansion, and 

vibrational impacts. This involves not only evaluating the material strength and 

fatigue resistance but also optimizing the design to mitigate stress concentrations 

and ensure long-term durability and reliability under demanding conditions. 

1. Stress analysis of rotor 

Traction motors operate at very high speeds (> 10 krpm). At these speeds, the 

centrifugal forces play a dominant role when considering the mechanical design 

issues. Stress analysis is essential for evaluating the ability of a machine's structure 

or components to withstand various loads without failure, thereby ensuring optimal 

performance of electric machines. A key design parameter that significantly 

influences the mechanical behaviour of the rotor is the length-to-diameter ratio (λ 

= L/D). A smaller λ value results in higher centrifugal forces at the rotor surface 

and increased tangential speed. These centrifugal forces induce stresses in both the 

circumferential and radial directions, which must be carefully analysed, particularly 

at the shoes of a salient pole rotor. It's important to note that stress not only affects 

the structural integrity but also impacts the magnetic properties of materials, leading 

to an increase in hysteresis loss due to the elevated coercivity under stress [112]. 

2. Fatigue models and analysis 

Due to the typical cyclic loading experienced in electrical machines, progressive 

and localized structural damage can initiate on a microscopic scale, often starting 

with microcracks. These microcracks can rapidly propagate, leading to significant 

macroscopic cracks. Over time, this degradation can culminate in material failure 

at stress levels well below the material's yield tensile strength or even ultimate 

tensile strength. This phenomenon, known as fatigue, is particularly concerning 

because it can lead to unexpected and catastrophic failures in machine components, 
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emphasizing the need for rigorous fatigue monitoring and material selection to 

mitigate such risks. Fatigue of a structure defines the service life of a component 

and it is dependent on several factors, including material, manufacturing process, 

operating environment, and the design. Traction motor drives are expected to 

deliver superior performance throughout the lifetime of a vehicle. Thus, the 

durability and reliability requirements (determined by fatigue life estimates) are 

critical factors in customer satisfaction. Fatigue analysis helps in predicting the life 

of the system under different drive duty cycles and severe loading conditions. 

Common fatigue failure models include the S-N (stress-life) curve, fracture 

mechanics, and energy dissipation models. The S-N curve is the most traditional 

and widely used approach to predict the fatigue life of materials under specific 

stress levels [113]. Although it is simple and intuitive, its predictive accuracy is 

limited under complex stress conditions, especially when applied to composite 

materials and nonlinear fatigue behaviour. The fracture mechanics model, which 

predicts fatigue failure by analysing crack initiation and propagation [114], is 

particularly useful for materials susceptible to microcrack formation, such as metals 

and some piezoelectric ceramics. It can accurately predict crack growth rates, 

although its application to complex material systems requires further research. The 

energy dissipation model, which examines the energy dissipated by materials under 

cyclic loading, is suitable for polymers and composites [115]. This model captures 

nonlinear fatigue behaviour and provides more flexible predictions, as energy 

dissipation is related to the accumulation of internal damage within the material. 

The analysis of the fatigue mechanism focuses mainly on how microstructural 

changes in materials influence their macroscopic fatigue behaviour. Fatigue crack 

initiation typically occurs at the material surface or in regions of stress 

concentration, with crack propagation significantly influenced by the fracture 

toughness of the material and external environmental factors [116]. Understanding 

the crack propagation rate and path is critical to predicting fatigue failure. Under 

cyclic loading, the material microstructure, such as grain boundaries, dislocations, 

and pores, often undergoes significant changes that directly influence fatigue life 

[117]. This effect is particularly pronounced in nanomaterials and composites, 

where microstructural changes have a greater impact on fatigue performance. 
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Environmental factors, such as temperature, humidity, and exposure to chemical 

media, can accelerate the fatigue damage process. These factors accelerate material 

aging, corrosion, and crack propagation, which can significantly reduce the fatigue 

life of components. Therefore, a comprehensive understanding of these fatigue 

mechanisms is essential to optimize the design of electrical machines and improve 

their operational life. 

 

3. Mechanical modelling 

Given the nonlinear nature of the problem, the most effective method for evaluating 

the structural integrity of the rotor is through FE modelling. A 2D FE model is used 

to assess the rotor geometry at its maximum operational speed, ensuring that the 

design can withstand the associated stresses. However, to capture the full 

complexity of the system, a 3D FE model is necessary to account for the impact of 

end-windings on the rotor tips of a WFSM. The rotor tips are particularly critical 

because they bear the load of the cantilevered mass of the end-windings, making 

them highly susceptible to stress concentrations. A key aspect of this modelling 

process is accurately simulating the contacts between the rotor and winding. 

Properly modelling these interactions is crucial for achieving precise stress 

predictions, particularly in the rotor tips, where even minor inaccuracies can lead 

to significant errors in the evaluation of structural integrity. By carefully 

considering these factors, the FE model provides a comprehensive assessment, 

helping to ensure the rotor's reliability and longevity in high-stress environments.  
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3. CASE OF STUDY 1: Refined Structural Design 

and Thermal Analyses of a High-Speed Wound-

Field Generator for Aerospace Applications 

WFSMs are widely used as generators to meet the electrical energy demands of 

various low-speed applications. They offer several advantages over rare-earth PM 

counterparts, including ease of control, inherent fault tolerance, lower cost, and the 

use of more sustainable materials. However, PM machines are generally preferred 

as generators in aircraft due to their higher power density and efficiency. This 

preference is further supported by the robust rotor structure of PM machines, which 

enables reliable operation at relatively high speeds. In contrast, the rotor of a 

wound-field machine, with its salient poles, is less suitable for high-speed 

operations.  

This chapter investigates the structural and thermal performance of a high-speed 

wound-field generator designed for aircraft applications. While the electromagnetic 

aspects of the design have been thoroughly explored in previous work, this study 

focuses on the structural design and analyses using 2D and 3D finite-element 

methods, as well as evaluations using CFD. 

Structurally, the challenge of managing centrifugal forces on the end-windings was 

addressed by adding a layer of non-magnetic material to the rotor's periphery. 

Thermally, the removal of the rotor cage, originally designed as a retaining system, 

enabled axial airflow, which effectively cooled the rotor. The results indicate that 

the designed motor is well-suited for the intended application.  
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3.1. Introduction 

The electrification trend which is occurring in all types of transport applications is 

taking a central role to contrast the climate change and improve the life quality. In 

this context, the aviation industry is also moving towards the design of aircraft 

featuring higher efficiency and lower emissions [118]. Traditional actuation 

systems, such as hydraulic and pneumatic ones, are being replaced by electrical 

actuators [119]. However, this is determining a huge increase in the total power 

required by electric loads on board of aircraft. For example, the installed electric 

power has risen up to about 1 MVA in two of the most significant applications of 

the MEA concept, i.e. the Boeing 787 (B787) and the Airbus 380 (A380) [120]. 

According to the MEA trend, the electric generators and related converters are 

designed to start the main engines up, thus implementing the “starter generator” 

function that permits to eliminate the pneumatic systems [121]. Presently, the 

WFSM is the most used type of electric generator on board of aircraft. While the 

generator system is relatively complex and bulky, it permits to achieve a good fault 

management capability compared to other machines equipping PMs [122]. In fact, 

the generator rotor field current can be easily controlled, thus permitting to zero the 

currents when an internal fault occurs, without the need to halt the rotor. On the 

other hand, it is rather a common view that wound-field machines are less power 

dense than other machine types used as on-board generators for MEA applications, 

such as synchronous PM and reluctance machines [31]. Aiming to overcome the 

reliability challenges associated to PM machines and to achieve higher power 

density values than reluctance machines, a high-speed WFSM is proposed for use 

as generator in an MEA context. The estimated power density of the WFSM 

designed is 3 kVA/kg (active parts only), achieved thanks to the relatively high 

rotational speed being hypothesized (i.e. 15 krpm). To balance the cost/performance 

ratio, that study was carried out using common materials and standard cooling 

solutions, aiming to keep the costs at reasonable levels. A water jacket is adopted 

to cool the stator and an axial airflow from a fan to cool the rotor. The main focus 

of the previous work was on the electromagnetic aspects, where a preliminary sizing 

and a FE refinement were mainly performed. In this chapter is reported a brief 
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overview on the electromagnetic design. However, starting from the WFSM 

electromagnetic design, the present chapter focuses on the structural and thermal 

aspects of the WFSM with detailed 2D and 3D FE mechanical analyses and CFD 

investigations. The aim of these models is twofold: 

1) to design a reliable mechanical solution able to withstand the high speed 

of the generator while allowing for axial flow on the rotor; 

2) to extrapolate an accurate temperature map, allowing to propose further 

design improvements of the WFSM. 
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3.2. Electromagnetic Design 

The electromagnetic design of the generator was realised through a previous 

master’s thesis work in collaboration with the University of Pisa, Pisa, Italy and the 

University of Nottingham Ningbo, Ningbo China.  

3.2.1 Target of the project 

The project focused on leveraging existing knowledge and expertise to design a 

high-power-density wound-field synchronous generator, which is the most used AC 

generator in aircraft. The generator under analysis was designed with specifications 

closely aligned with those of the Boeing 787 (B787) wound-field synchronous 

generator, particularly regarding mechanical inputs (nominal torque and speed) and 

electrical outputs (nominal voltage and power). However, the primary objective 

was to reduce size and weight by utilizing standard materials and cooling systems. 

The B787, recognized as a leading example of the MEA concept, served as a 

benchmark. The goal was to design a generator that could be highly competitive in 

the future aircraft generator market. Achieving a higher power density than the 

already efficient B787 generator could provide significant benefits, such as reduced 

fuel consumption and emissions while maintaining the same nominal power or 

enabling the installation of additional electrical loads without increasing overall 

weight. 
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3.2.2 Preliminary Electromagnetic Design 

The rated specifications assumed for the design of the aerospace generator are 

showed in table II. 

TABLE II: MAP OF SPECIFICATIONS 

Quantity Notation Value 

Speed Ω 15 000 rpm 

Input Torque T 159 Nm 

No. of stator phases m 3 

Power S 250 kVA 

Voltage V 400 V 

Frequency f 750 Hz 

Pole pairs p 3 

 

In order to minimize the weight of power generation system, it was assumed that 

the rotor is mechanically driven by a variable-speed shaft and the alternator is 

interfaced with the rest of the power system by means of a suitable active power 

convert. Therefore, the damper cage was not included in the design because the 

power converter takes care of properly controlling the machine operation during 

transients. A simplified analytical algorithm based on [123] was implemented to 

achieve a preliminary sizing of the generator. As a starting point, the axial active 

length was fixed as L = 245mm, which derives from reasonable space 

considerations. Then, the air gap diameter D was determined using (2), where cd is 

an empirical coefficient.  

                                  𝐷 =  √𝑐𝑑

𝑆

Ω 𝐿
 

(2) 
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Assuming a sinusoidal distribution of the air gap flux density and considering its 

half-wave average value equal to the reasonable level Bm = 0.65T, the magnetic 

flux per pole was calculated as in (3). 

𝛷 =  
𝐵𝑚𝐷 𝐿

𝑝
 

(3) 

 

Concerning the stator winding, aiming to achieve an acceptable quality of the trends 

of linked fluxes for the armature phases, a double-layer configuration with 3 slots-

per-pole-per-phase was initially assumed with a shorted pitch by 1 slot to mitigate 

some major harmonics without significantly compromising the amplitude of the 

fundamental. Considering the above, the number of active sides per phase N was 

then calculated as in 4) assuming Y-connected stator phases:                      

𝑁 =  
𝑉

√3 (𝑘𝑓𝑘𝑑𝑘𝑝)𝛷 𝑓  
 

(4) 

 

where kf , kd and kp are respectively the form factor, the distribution factor and the 

pitch factor. Since the phase current is obtained as S/√3= 360.8A, the stator winding 

was divided into 3 parallel paths, one per each pole pair, to reduce the current 

flowing in each active side. Assuming a standard external forced air cooling system, 

a stator current density of 6 A/mm2 was chosen, allowing the conductors and, 

consequently, the stator slots to be sized. Consistent with the choice to design a 

machine that is not too expensive, standard fully processed M330-35A non-oriented 

silicon steel laminations were selected for the rotor and stator cores. For the rotor 

pole body, the rotor and the stator yokes, an operating flux density of Bp = Bsy = Bry 

= 1.6T was chosen. Finally, magnetic circuit analysis was performed to calculate 

the excitation magneto-motive-force MMFexc needed to compensate for the 

magnetic voltage drops in each part of the generator. These drops were then 

calculated for different values of the output voltage knowing the geometry and the 

magnetization curve of the ferromagnetic material used, thus allowing to build the 

open circuit characteristic. Although a salient-pole machine structure was 
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envisioned from the beginning, a rough estimation of the MMF needed for the 

magnetization of the machine MMFexc when operating with nominal load was 

obtained using the Potier method to account the MMF due to the armature reaction. 

Since a relatively small machine equipped with common forced-air cooling of the 

rotor was envisioned, a reasonable rated current density equal 6 A/mm2 was 

assumed for the field winding, whose corresponding rated voltage at no load was 

chosen as 60V assuming again a reasonable typical value. Such data permitted to 

determine the number of turns and the wire diameter for the field winding. Having 

completed the preliminary sizing of the generator, its electromagnetic analysis was 

carried out for verification purposes using the model described in [124]. 

Implementing the equivalent circuit equations as in [125], the machine inductances 

and the terminal voltages were determined for different operating conditions. To 

evaluate the load condition, it was assumed that the power converter draws a 

symmetrical set of sinusoidal currents in phase with the fundamental harmonic of 

the corresponding voltages. At full load condition, to keep the output terminal 

voltage at its rated value, it was necessary to increase the excitation current up to 

9.2A. A summary of the main characteristics obtained from preliminary design is 

reported in Table III. 

TABLE III: MAIN CHARACTERISTICS OF THE INITIAL MACHINE DESIGN 

 

 

 

 

 

  

Parameter Notation Value 

Axial active length L 245 mm 

Rotor diameter Dr 183 mm 

Outer stator diameter Dout 209 mm 

Air gap thickness g 2 mm 

Number of slots Q 54 

Number of conductors per slot nc 2 

Number of excitation turns per pole Nexc 155 

No-load excitation voltage Vexc 69 V 

No-load excitation current Iexc 7.9 A 

Full-load excitation current Iout 9.2 A 
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3.2.3 Electromagnetic design refinement 

Despite its reduced computational burden and accuracy under specific operating 

conditions [125], the developed analytical model is based on a number of 

simplifying assumptions, e.g. the linear behaviour of the ferromagnetic materials 

and the neglecting of leakage fluxes above all. Hence, a FE model of the generator 

was built in MagNet® software using the geometry resulting from the preliminary 

design. First, the no-load operation of the machine was evaluated through a 2D 

transient-with-motion simulation, observing a pretty good waveform quality for the 

open circuit terminal voltages. However, the rms-value of such voltages was lower 

than the expected rated value. Therefore, the excitation current was increased (up 

to 12A) until the rated value of the output voltage was reached at no-load. To 

compensate for the negative effects deriving from such an action, the geometry was 

modified to properly adjust the saturation level in the cores and to keep the current 

density values still compliant with the assumed cooling system. As a result, the 

stator outer diameter was increased keeping the same yoke thickness, thus resulting 

in an increase of the rotor diameter. The rotor yoke thickness was decreased while 

the pole width was increased to limit the magnetic stress. Therefore, the available 

space to locate the field winding was increased, permitting to keep standard values 

of current density even with higher excitation currents.  

  
Figure 3.1 - Flux density and current density maps of the generator at full-load condition 

(a) Flux density map (b) Current density map 
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A second significant simulation was then run at rated load conditions. As at nominal 

load condition the armature reaction produces an overall demagnetization effect, it 

was found necessary to increase the excitation current up to 13.5A to provide the 

nominal terminal voltage. Referring to full-load operative conditions, in Fig. 3.1 the 

flux density and the current density maps are shown, whereas the waveforms of 

line-to-line voltages and phase currents are depicted in Figure 3.2. Since Figure 

3.1a) shows a peak flux density of 2.2T in the rotor pole shoes, modifications were 

made to the inner profile of the rotor pole core to reduce this excessive value. 

Chamfers were introduced as part of these modifications. Figure 3.3a) illustrates 

the updated geometry along with the corresponding flux density map at full load. 

The flux density inside the pole shoe decreases by about 0.2T, while overall the 

rotor and stator cores appear properly loaded from a magnetic point of view. As 

shown in Figure 3.1b), the actual current density values were calculated by 

considering the assumed slot fill factor of 0.65. This resulted in current densities of 

9.38 A/mm² for the stator and 6.46 A/mm² for the rotor. To reduce the stator current 

density to an appropriate level, the outer diameter of the stator was increased, 

leading to larger stator slots. This adjustment effectively limited the maximum 

stator current density to 6.75 A/mm², in alignment with the assumed cooling 

capabilities. 

  

Figure 3.2 - Line-to-line voltages and phase currents at full-load condition 
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The terminal voltages shown in Figure 3.2 determine an rms-value of the 

fundamental component of 405V that meets the technical specifications, with an 

acceptable total harmonic distortion THD = 4.9%. The last modification to the 

preliminary design consisted in increasing the number of turns of the field winding 

up to 166 per pole, allowing to keep the excitation voltage below 100V. Hence, the 

excitation current decreased down to 12.6A to keep the same MMFexc. The main 

characteristics of the refined machine are summarized in Table IV. 

  

Figure 3.3 - Flux density and current density maps of the update geometry at full-load condition 

(a) Flux density map (b) Current density map 
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TABLE IV: MAIN CHARACTERISTICS OF THE REFINED MACHINE 

Parameter Notation Value 

Axial active length L 245 mm 

Rotor diameter Dr 207 mm 

Outer stator diameter Dout 240 mm 

Air gap thickness g 2 mm 

Number of slots Q 54 

Number of conductors per slot nc 2 

Number of excitation turns per pole Nexc 166 

No-load excitation voltage Vexc 100 V 

No-load excitation current Iexc 11.1 A 

Full-load excitation current Dout 12.6 A 
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3.3. Mechanical Design and Modelling 

The selected rated speed of 15 krpm presents a significant challenge, as the salient 

pole structure of the rotor is not ideally suited for high peripheral speeds. Therefore, 

it is crucial to assess the structural integrity of the rotor at this speed. This 

assessment is performed using both 2D and 3D  FE models, with Altair Hypermesh 

utilised as the pre-processor and MSC MarcMentat as the solver. The primary 

objective of this chapter is to identify a solution that can withstand the rotor's high 

rotational speed while also enhancing its cooling. To achieve this, the initial step 

involves evaluating the geometric layout from the preceding electromagnetic design 

using a 2D FE model to check the rotor's structural integrity at 15 krpm. Following 

this, the stress on the rotor tips due to rotor end-windings is analysed through a 3D 

FE model. Based on the results from both the 2D and 3D models, observations were 

made that led to a potential solution: adding a 4 mm layer to each rotor end-cap to 

improve structural integrity and cooling efficiency. 

3.3.1 2D FE Model – Pre-processing 

First, structural simulations have been performed to record the stress of some 

critical parts of the components at maximum rotational speed of 15 krpm. An 

important aspect of the FE model is the definition of the mesh. It is important to 

consider a trade-off between the computational time and the accuracy of the results. 

The mesh has been prepared by employing only half rotor pole has been modelled, 

which corresponds to half pole pitch of the machine, taking advantage of its 

symmetry. A mesh size of 2 mm has been adopted employing Quad4 elements 

(four-node, four Gaussian integration points, isoparametric, bilinear element). The 

mesh is shown in Fig. 3.4. 
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The displacements orthogonal to the symmetry planes and the rotations of the 

planes are constrained. Table V shows the structural property of the materials 

adopted. 

 

 

 

 

 

 

 

 

 

Figure 3.4 - Structural 2D FE model – mesh used 
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TABLE V: MATERIAL PROPERTIES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

M330-35A 

Density 7650 Kg/m3 

Young’s modulus 195000 MPa 

Poisson ratio 0.3  

Yield strength 365 MPa 

Equivalent orthotropic copper 

Density 5980 Kg/m3 

Young´s modulus longitudinal 58763 MPa 

Young´s modulus transversal 11548.4 MPa 

Poisson ratio 0.3  

38NiCrMo4 

Density 7800 Kg/m3 

Young´s modulus 210000 MPa 

Poisson ratio 0.3  

Yield strength 1020 MPa 
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Since the rotor winding shows a complicated geometry to be discretised in the FE 

model, an equivalent solid part has been inserted. In particular, an equivalent 

density has been computed considering the ratio between the full and the empty 

parts of the winding. This has permitted to properly take into account the centrifugal 

load caused by the winding on the rotor. Also, it should have been necessary to 

calculate the equivalent mechanical properties of the winding. Since it exhibits an 

orthotropic behaviour, different properties should be applied in the axial direction 

and in the plane orthogonal to this axis. Since this contribution focuses on the rotor, 

the mutual interaction between the copper wires of the winding has not been studied 

in detail. As a result, the stress and strain state of the winding could not be 

accurately captured. However, the contact area with the rotor and the corresponding 

load transfer from the windings to the rotor were computed precisely, as shown in 

Figure 3.5. The contact modelling involved defining the elements at the copper-

rotor interface and assigning the appropriate meshed deformed contact interaction 

type. To simulate the retain force of the winding, a friction coefficient of 0.5 is 

applied. 

  

Figure 3.5 - Highlight of the element in contact in the 2D FE model 
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3.3.2 2D FEM – Results 

Two main aspects have to be considered in this analysis. First, the structural 

integrity of the rotor has been investigated. In particular, the yield stress of the 

material has been considered as the limit of both the static loadings and of the 

repeated fatigue cycle that involves the assembly. Secondly, the maximum radial 

displacement of the periphery should have been less than 2 mm not to jeopardize 

the function of the machine. Figure 3.6 shows the contour bands map of the von 

Mises stress of the rotor. The maximum value of von Mises stress is 279 MPa, 

lower than the yield stress of 365 MPa for the steel M330-35A employed. 

Therefore, no critical issues should be encountered. Figure 4 shows the radial 

displacement of the rotor. The maximum displacement of the periphery is 0.075 

mm. This value is not negligible and should be properly considered during the 

definition of the main air-gap. However, with the current airgap thickness of the 

machine (i.e. 2 mm), no critical challenges should occur. 
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Figure 3.6 - Equivalent von Mises stress contour plot of the rotor 

Figure 3.7 - Radial displacement contour plot of the rotor 
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3.3.3 3D FEM – Pre-processing 

Although the 2D model has not shown critical issues, it is necessary to set up a full 

3D model to study the stress on the rotor due to end-windings. In fact, the 2D planar 

model is sufficient to study the behaviour of the assembly far from the extremities 

but it is not enough to predict the behaviour of the end-windings. The 3D analysis 

takes into account the real axial geometry of the machine. Figure 3.8 shows the 

discretised 3D model. The same methodology chosen in the 2D model has been 

adopted, and one half of the axial extent has been modelled exploiting the 

transversal symmetry of the WFSM rotor. A mesh size of 2 mm has been adopted. 

HEX8 3D elements (eight-node, isoparametric, hexahedral element) have been 

employed. 

  

Figure 3.8 - Structural 3D model – mesh used 
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The contact modelling involves defining the elements at the copper-rotor interface 

and assigning the appropriate meshed deformed contact interaction type. To 

simulate the retain force of the winding, a friction coefficient of 0.5 is applied. 

Figure 3.9 highlights the elements of both the winding and the rotor that are in 

contact. 

 

3.3.4 3D FEM -Results 

The built 3D model has been able to consider the influence of the end-winding. In 

fact, the end-winding might be considered to be a cantilever mass that loads the 

extremities of the rotor. Three aspects have to be analysed in detail: 

1) the structural integrity of the rotor is considered as done for the planar model; 

2) the maximum radial displacement of the rotor periphery should be less than 

2 mm not to compromise the operating conditions of the motor; 

3) the radial displacement of the end-winding should be also considered. 

Figure 3.10 shows the von Mises stress contour plot. A peak value of 653 MPa is 

located on the periphery of the rotor in correspondence to the end-winding. Clearly, 

cantilever mass is not supported by anything and therefore it loads the extremity of 

the rotor. This stress field is not tolerable and a solution is proposed in the next 

section. 

Figure 3.9 - Highlight of the element in contact in the 3D FEM model 
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3.3.5 Design refinement 

The electrical steel M330-35A, used for the rotor core, exhibits good 

electromagnetic properties but lacks in mechanical strength. To enhance the 

mechanical robustness of the rotor, a 4 mm layer of non-electrical steel, 

38NiCrMo4, is added to the periphery, as detailed in Table V and illustrated in Fig. 

3.11.  

  

Figure 3.10 - Equivalent von Mises stress contour plot of the rotor 

Figure 3.11 - Structural 3D model, improvement design 
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The von Mises stress distribution, shown in Fig. 3.12, reveals a maximum value of 

653 MPa at the rotor's extremity. Given that the yield stress of 38NiCrMo4 is 1020 

MPa, this stress level is within acceptable limits. The maximum stress observed in 

the M330-35A electrical steel remains below its yield stress of 365 MPa, ensuring 

structural integrity. 

 

Figure 3.13 presents the radial displacement of both the rotor and the winding, 

showing that the deformation is negligible compared to the original configuration. 

The addition of the steel layer increases the total axial length of the rotor by 8 mm, 

from 245 mm to 253 mm. This length increase leads to a corresponding increase in 

the winding length, resulting in approximately a 2.7% rise in Joule losses in the 

rotor winding a reasonable trade-off for the enhanced mechanical stability. 

  

Figure 3.12 - Equivalent von Mises stress contour plot of the rotor 
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Considering the computed displacements, this solution could enable the reduction 

of the air gap thickness from 2 mm to 1 mm, potentially improving the performance 

of the wound-field synchronous machine (WFSM). This further geometrical 

interaction will be considered in the future work.  

Figure 3.13 - Radial displacement contour plot of the assembly 
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3.4. CFD Analysis  

The second significant aspect addressed in this chapter is the thermal analysis, 

which plays an important role since the maximum temperature affects both power 

density and efficiency of the machine [52]. The heating in electrical machines is 

primarily due to the internal losses and the temperature distribution is governed by 

the balance between generated heat, cooling and thermal capacity [70]. Heat 

removal takes place with different mechanisms, conduction through the solid 

components, convection (natural and forced) via cooling circuit and/or air flow and 

radiation. The thermal field of an electric machine is the result of complex 3D 

phenomena, such as heat transfer through composite components (for example the 

insulated wires deployed inside the slots) and complex turbulent air flows in the 

end-caps [126]. Therefore, an accurate analysis of such phenomena is usually time-

consuming and not effortless. 3D CFD simulations, especially conjugate heat 

transfer (CHT) ones, can be proficiently adopted to evaluate an electrical machine 

thermal field. CHT occurs when at least two different heat transfer mechanisms are 

simultaneously involved. In the present chapter, a CHT simulation is carried out to 

evaluate the thermal field of the investigated generator, following a well 

consolidated methodology developed in the past by the authors [127]. The CHT 

model allows to account for both the conduction heat transfer in the solid 

components and the forced convection related to both the water jacket and the axial 

air flow that cools the rotor. 

  

Figure 3.14 - Solid and fluid domain 
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3.4.1 CHT Model – Pre-processing 

The CHT model of the 6-poles generator is built in STARCCM+ licensed by 

SIEMENS DSWI and it is used to evaluate the thermal field of the solid 

components. Rotor, stator and windings are included in the solid domain. The fluid 

one is represented by the cooling air, as depicted in Fig. 3.14. In order to account 

for the rotor motion (and the relative effect on the flowing air) with a fixed mesh, 

thus saving computational cost and time, a moving reference frame approach is 

adopted. The fluid region is simulated using the RANS k-ϵ Realizable Two-Layer 

turbulence model. An all y+ approach recently developed by the authors [128] is 

chosen for the wall treatment in order to properly model the near-wall flow 

throughout the cooling jacket, regardless the y+ value (i.e. regardless of the local 

mesh resolution and the flow conditions inside the circuit). It relies on a high-

Reynolds near-wall grid and it forces the use of wall functions even in case of low 

y+ values, thus avoiding the use of very refined layers in the near-wall region. As 

for the mesh, polyhedral cells are used to discretise the entire CHT domain. 

Prismatic layers are added next to the fluid walls in order to improve the boundary 

layer modelling. Maximum cell size is set to 5 mm in the air region and 10 mm in 

the solid region, while the minima are 1 mm and 5 mm, respectively, in order to 

reduce total number of cells and, simultaneously, to have an accurate mesh in the 

fluid domain. A detail of the mesh is reported in Fig. 3.15, where an axial section 

cutting both solid and fluid domains is visible.  

Figure 3.15 - Detail of the polyhedral mesh for solid and fluid regions 
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Boundary conditions (BCs) are defined in order to replicate the presence of both a 

fan that triggers the air flow on the rotor and a water jacket that cools down the 

stator. In particular, a mass flow rate and a temperature are imposed at the inlet and 

they are equal to 0.186 Kg/s and 300 K, respectively. A pressure is fixed at the outlet 

and it is equal to the ambient one (i.e. 1 bar). A heat transfer coefficient and a 

reference temperature are imposed at the top of the stator to mimic the presence of 

the water jacket and they are fixed to 1000 W/m2K and 300 K, respectively. As for 

the physics of the problem, air is modelled as an ideal gas and the solid as a multi-

part domain made of copper (in the windings) and Fe-Si M330-35A (in both rotor 

and stator). The presence of the insulation system for both rotor and stator windings 

is taken into account through the definition of an orthotropic thermal conductivity. 

An equivalent axial thermal conductivity of 251.15 W/mk (obtained considering a 

fill factor of 0.65) and a transversal one of 1.4 W/mk. Contact resistances are used 

to model the insulation liners in the stator and rotor slots with a value of 0.0002 

W/m2K and the glue between the layer of 38NiCrMo4 and the rotor core with a 

value of 0.0009 W/m2K. Interfaces are placed in correspondence of the contacts 

among the solids and between solid and fluid domains to allow heat transfer. As for 

the rotor and stator core and windings, heat sources are placed to simulate the 

presence of the electromagnetic losses. The latter are estimated by an 

electromagnetic analysis in the designed machine at full load considering the 

conductivity of copper at 20 °C and they are briefly resumed in Tab. VI [52]. 

TABLE VI: AVERAGE VALUES OF ELECTROMAGNETIC LOSSES 

 Hysteresis Loss Eddy Current Loss Ohmic Loss 

Rotor 17.04 W 25.10 W 892.82 W 

Stator 4138.00 W 2492.91 W 314.64 
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3.4.2 CHT – Computational Results 

Once the convergence is met, the generator thermal field can be critically discussed. 

Figure 3.16 shows the temperature map on the axial section of the machine cores. 

 

 The cool air enters the domain on the right and it exits on the left. This is the reason 

why an increase of temperature along the axial direction can be noticed from the 

right to the left. The highest temperatures are registered in both stator (76 °C) and 

rotor (72 °C) cores at the interface with the winding. Figure 3.17 shows the 

temperature map on the axial section of the rotor and stator windings. The highest 

temperatures are recorded at the back end-winding (72 °C) and at the interface of 

the rotor winding with the rotor core (73 °C). As for the stator winding, the highest 

temperatures are at the interface with stator core (75 °C) and at the interface with 

the airgap (75 °C). The heat power balance highlights that the air flow produced by 

the fan cools down the rotor. However, it also helps to cool the temperature of the 

stator of nearly 6 °C. Both the temperatures of stator and rotor windings are lower 

than the limits imposed by the insulation class. This means that there is a significant 

room for increasing the current density values in both rotor and stator windings, 

Figure 3.16 - Temperature map on the axial section of the machine cores 
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thus potentially obtaining a significant increase of the WFSM performance. These 

further studies will be presented in future research. 

 

 

  

Figure 3.17 - Temperature map on the axial section of the windings 
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3.5. Conclusion 

This chapter investigated the possibility of increasing the performance of a 

previously designed salient-pole, WFSM, intended to cope with the electric energy 

demand in a MEA application. To do so, in-detail structural and thermal 

investigations were performed through purposely built 2D and 3D FE models for 

the structural aspects, and 3D CFD model for the thermal ones. The structural high 

speed requirement, achieved through end plates made of a suitable material, 

indicated negligible values of the displacements. This would allow to significantly 

reduce the airgap thickness, currently equal to 2 mm. The CFD analysis, carried out 

considering a fan and a water jacket as cooling systems for the machine, indicated 

low values of the temperatures in the stator and rotor cores and windings, with a 

maximum value of 76.2 °C recorded in the stator winding. This would allow to 

significantly increase the current density values in the generator. The results 

highlighted a significant room for increasing the performance of the generator, 

when the design recommendation provided above were applied. 
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3.6. Contributions to research 

The results of this chapter are reported in two academic publications in a high 

profile machines conference. The publication name is listed below.  

• M. G. Pasquinelli, P. Bolognesi, A. Guiducci, S. Nuzzo and M. Galea, 

"Design of a High-Speed Wound-Field Synchronous Generator for the 

More Electric Aircraft," 2021 IEEE Workshop on Electrical Machines 

Design, Control and Diagnosis (WEMDCD), Modena, Italy, 2021, pp. 64-

69, doi: 10.1109/WEMDCD51469.2021.9425625.  

• A. Guiducci et al., "Refined Structural Design and Thermal Analyses of a 

High-Speed Wound-Field Generator for the More Electrical Aircraft," 2023 

IEEE Workshop on Electrical Machines Design, Control and Diagnosis 

(WEMDCD), Newcastle upon Tyne, United Kingdom, 2023, pp. 1-6, doi: 

10.1109/WEMDCD55819.2023.10110937. 

The second paper was awarded as the best paper award of the conference. 
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4. CASE OF STUDY 2: Thermal Modelling of 

Advanced Rotor Cooling Solution for Traction 

Applications  

This chapter explores alternative thermal management techniques of a rotor 

assembly of a high-speed salient pole WFSM for traction applications. The work 

was carried out during a six-month secondment of the author at Newcastle 

University, Newcastle, UK in the thermal management research group. In general, 

the rotor assembly of an electrical machine is very challenging in terms of effective 

heat removal. This is due to nature of the rotary part with a limited thermal path for 

extracting the generated heat. Further to this, factors like system integration and 

additional mechanical power loss need to be carefully considered for a well-

balanced thermal management/electrical machine design. In this chapter, the author 

investigates several selected cooling techniques, which involves passing a fluid (air 

and/or oil-based coolant) through the rotor assembly. To facilitate the analysis, 

several design tools have been developed/used, including a simplified correlation-

based thermal TEC, an FE method, and a CFD. The proposed methodology offers 

a computationally efficient approach, with the TEC used for initial trade-off study, 

and high-fidelity detailed CFD employed at later stage of the development process. 

A case study motor design is used here, to demonstrate the methodology. The initial 

theoretical predictions suggest that the active rotor cooling offers clear performance 

gains, as compared with the baseline rotor design with passive heat removal. Both 

convective heat transfer coefficient (HTC) and rotor power loss handling are 

discussed in the context of the overall motor performance/torque-speed envelope. 

Moreover, comments regarding the thermal management and motor system 

integration, and additional mechanical power loss are provided.  
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4.1. Introduction 

Transportation electrification is recognized as a key strategy to address pollution, 

particularly in the automotive industry. The main motivations behind this trend are 

zero tailpipe emissions enabled by EVs, higher energy efficiency of electric 

powertrains than conventional ones, and the elevated price of refined fuels. In this 

context, there is a growing demand for electric motors with increased power 

density, often achieved by increasing the operating speeds. However, together with 

the structural challenges, power losses at high speed operation are a limiting factor 

and, thus, a primary design objective lies in efficiently dissipating the heat 

generated within the electrical machine. Thermal management in electrical 

machines is crucial for ensuring their reliable and efficient operation. The 

temperature reached is governed by the balance between heat generated, heat 

removed and thermal capacity. Major sources of loss are Joule losses in the 

windings, core losses due to eddy currents and hysteresis phenomena, and 

mechanical losses, such as bearing and windage losses [70]. Table VII shows how 

these depend on various operating parameters of the electrical machine: I is the 

current and R the resistance, Ω is the rotational speed, μ is the friction coefficient, 

D the rotor diameter, L the rotor axial length, B the magnetic flux density in the 

cores and ρ the air gap fluid density.  

TABLE VII: DEPENDENCY OF POWER LOSSES ON MACHINE OPERATING PARAMETERS 

Joule loss              ∝ I2R 

Eddy current loss  ∝ Ω2B2 

Hysteresis loss      ∝ ΩBn 

Bearing loss         ∝ Ωµ 

Windage loss       ∝ Ω3D4Lρ 
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Heat removal takes place with different mechanisms: conduction through the solid 

components, natural and forced convection, and radiation [13]. In this study, 

emphasis is given to the thermal modelling of cooling solutions on the rotor of 

electrical machines. Cooling the rotor poses significant challenges due to its status 

as a fast rotating component restricted within an air environment. In addition, at 

high rotational speeds, rotor losses could become comparable to stator ones (see 

Table VII), thus making this task even more complicated. Also, in wound-field 

machines, such as electrically-excited synchronous motors and induction motors, 

rotor Joule losses increase the cooling challenges [35]. Rotor cooling solutions are 

designed based on the specific requirements of the electrical machine, taking into 

account factors such as power rating, operating conditions and dimensions. The 

choice of cooling method depends on the desired level of cooling efficiency and the 

application requirements. In this work, four distinct scenarios of heat transfer in the 

rotor are examined: 

• The rotational effect only; 

• The rotational effect with an oil flow in the hollow shaft; 

• The rotational effect combined with axial air flow in the annular gap; 

• The rotational effect along with axial air flow and oil flow in the hollow 

shaft; 

These scenarios are investigated using analytical correlations on simplified 

geometries and operating conditions. The aim is to prove their validity under 

various cooling conditions and extend it to more complicated rotor geometries, 

such as a salient-pole structure typical of electrically-excitated synchronous 

machines. To such purpose, thermal finite element and computational fluid 

dynamic analyses are performed.  
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4.2. Analytical correlations for heat transfer predictions 

This section shows how to estimate the HTC in the main parts of the rotor using 

correlations defined in [129]–[132]. To simplify the burden, a basic system 

composed of two concentric cylinders is assumed as shown is Fig. 4.1. 

 

 

The outer radius of the inner cylinder R1, representative of the outer profile of the 

rotor, is equal to 66 mm in the following calculations. Whereas, the inner radius of 

the outer cylinder R2, which is representative of the inner profile of the stator, is set 

to 67 mm. The air gap thickness δ is thus 1 mm, while the axial active length L is 

100 mm. These dimensions are taken from an existing machine design for traction 

applications. 

4.2.1 Airgap heat transfer prediction 

Different studies [133], [134] on the heat transfer of electric motors have 

demonstrated the importance of convective heat transfer within the cylindrical gap 

(i.e. the area separating the rotor from the stator). In fact, the rotor is the locus for 

Figure 4.1 - The considered simplified geometry 
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largescale dissipations of electromagnetic losses, and its cooling is ensured 

principally by the air flow of the cylindrical gap. From the heat transfer point of 

view, two main families of rotating electric machines may be distinguished: closed 

frame machines, characterised by rotor rotation without axial air flow (Taylor-

Couette flow), and open frame machines, featuring an axial flow combined with 

rotor rotation (Taylor-Couette- Poiseuille flow) [135]. To estimate the HTC in the 

airgap a number of analytical correlations are used in this section. However, starting 

from the ratio of the Taylor number (Ta) and a geometrical factor (Fg) it was 

possible to identify the flow condition and select the specific empirical formulas to 

estimate the Nusselt number (Nu) which is required for deriving the convective heat 

transfer coefficient. The Taylor number is a dimensionless number applicable to 

cylindrical geometry machines. It provides an indication of the relative effects of 

inertial forces and viscosity in an annular region with rotation of the cylindrical 

surface. This is calculated as in (5), where rm = (R1+R2)/2, and ν is the kinematic 

viscosity of the fluid. 

                                       𝑇𝑎 =  
𝛺 𝑟𝑚

0.5 (𝑅2 − 𝑅1)1.5 

𝜈
 

(5) 

 

The factor Fg is calculated as in (6), where S is determined as in (7). 

                                    𝐹𝑔 =
𝜋2

41.19 √𝑆
 (1 −

(𝑅2 − 𝑅1)

2 𝑟𝑚
)

−1

 
(6) 

 

𝑆 = 0.0571 (1 − 0.652 
(𝑅2 − 𝑅1)/𝑟𝑚

1 − (𝑅2 − 𝑅1)/(2 𝑟𝑚)
)

+ 0.00056 (1 − 0.652 
(𝑅2 − 𝑅1)/𝑟𝑚

1 − (𝑅2 − 𝑅1)/(2 𝑟𝑚)
)

−1

 

(7) 

When Ta is low, then the flow is a laminar shear flow and, for 𝑇𝑎
2 /𝐹𝑔

2 < 1700, heat 

transfer is dominated by conduction and can be predicted for inner surface using 
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the correlation reported in (8) [129], where Dh = 2(R2−R1), k is the thermal 

conductivity of the fluid and h is the HTC. 

                                  𝑁𝑢 =  
ℎ 𝐷ℎ

𝑘
=  

2 [(𝑅2 − 𝑅1)/𝑅1]

ln[1 + (𝑅2 − 𝑅1)/𝑅1]
 

(8) 

 

For laminar flow with vortexes (1700 < 𝑇𝑎
2 /𝐹𝑔

2< 104), Nu can be found as in (9) 

[130], [136], whereas for turbulent flow ( 104 < 𝑇𝑎
2 /𝐹𝑔

2< 107) it can be determined 

using (10) [130], [136]. 

                                             𝑁𝑢 = 0.128 (
𝑇𝑎

2

𝐹𝑔
2

)

0.367

 
(9) 

 

                                              𝑁𝑢 = 0.409 (
𝑇𝑎

2

𝐹𝑔
2

)

0.241

 
(10) 

 

The above correlations all apply to Taylore-Couette flow whereas the remainder of 

this section concerns the case of axial throughflow. Moving to the axial flow in the 

airgap combined whit rotor rotation we assumed an axial air velocity va = 6 m/s. In 

this case to estimate the Nusselt number we use the Konesterin and Finatev 

correlation reported in (11) [131]. 

                                𝑁𝑢 = 0.018 {𝑅𝑒𝑧 [1 + 0.6 (
𝛺𝑅1𝐷ℎ/𝜈

𝑅𝑒𝑧
)

2

]

0.5

}

0.8

 

(11) 

The correlation is valid for 0 < 
Ω𝑅1𝐷ℎ

𝜐
 < 105 and 3000 < Rez < 3·104, where Rez = 

𝑣𝑎 𝐷ℎ

𝜐
.  
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Fig. 4.2 illustrates the trend of the HTCs vs. rotational speed for both flow 

conditions. The case with no axial flow shows a slight increase of the HTC vs. 

speed. Contrarily, axial flow cooling enables a significant increase of the HTC at 

high rotational speeds. 

  

Figure 4.2 - HTCs in the air gap vs. rotor speed 
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4.2.2  Rotor end cap heat transfer prediction 

The rotor end caps and air heat transfer is mainly dominated by air convection. The 

Nusselt number Nu is defined as in (12) [137], where Rer =  
Ω𝑅1 

𝜐
 and 𝑃𝑟 =

𝑐𝑝µ

𝑘
  . 

Figure 4.3 shows the HTC trend vs. speed in the the rotor end caps. 

 

 

4.2.3  Heat transfer prediction for axially flooded rotor shaft 

The rotor shaft cooling is approximated as an axially oil flooded rotating hollow 

cylinder. The heat transfer in a rotating shaft is dominated by the fluid behaviour in 

axial and radial directions, the geometry of the shaft, and the fluid properties [138], 

[139].  

                                            𝑁𝑢 =  
0.585 𝑅𝑒𝑟

0.5

0.6
𝑃𝑟 +

0.95
𝑃𝑟1/3

 
(12) 

Figure 4.3 - HTC in the rotor end cap vs. rotational speed 

Figure 4.3 – HTC trend in the rotor end cap vs. rotational speed  
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 Recent research on oil-cooled shafts of traction motors showed that the 

destabilising effect of the high rotational speed increases the heat transfer and, 

therefore, the rotor shaft cooling is a quite effective cooling method for traction 

motors [138], [139]. For laminar flow (Re < 180), (13) is proposed to determine Nu 

in steady state conditions [132], where Rer = 
0.5 𝜌𝐷𝑉𝑟

µ
 (with Vr being the velocity in 

[m/s] at the inner radius of the hollow shaft), ρ is the density and μ is the viscosity 

of the E-fluid M oil. 

                                          𝑁𝑢 = 3.8111 (
1

𝑅𝑒𝑟 𝑃𝑟
)

−0.641

 
(13) 

 

Considering an oil volume flow rate of 3 l/min and hollow shaft diameter d of 12 

mm, the trend of the heat exchange of the oil in the hollow shaft is shown in Fig. 

4.4, where the HTC increases with the rotation speed can be observed. 

 

 

  

Figure 4.4 - HTC for axially flooded rotor vs. rotational speed 
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4.3. Simplified Analysis 

In this section an analytical model to estimate the maximum heat extraction for each 

of the cooling solutions listed in Section I is developed in MATLAB/Simscape. The 

simplifying assumptions are: 

• a simple geometry of the rotor is assumed, as in Fig. 4.1; 

• the heat flows in the radial and axial directions are independent; 

• a single mean temperature defines the heat flow both in radial and axial 

directions; 

•  the thermal capacity and heat generation are uniformly distributed; 

• no interaction between the rotor and the stator is considered, i.e. only rotor 

simplified representation is considered; 

• rotor is modelled as an equivalent homogeneous structure (material). 

Fig. 4.5 illustrates the representation of the rotor modelled within Matlab Simscape 

environment. The power losses are introduced as heat source within the block, and 

the resulting heat flux is predicted in both radial and axial directions along the core. 
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The maximum temperature is set at 180 °C corresponding to the maximum 

temperature allowed for class H insulation and an ambient temperature of 25 °C is 

considered. The T-model introduced in [140] is used, where all the resistances are 

described in detail. The conduction thermal resistances are defined to model the 

conduction heat transfer in the radial and axial directions of the rotor core and the 

shaft. The heat flux is directed radially from the rotor core to the air gap and from 

the core to the shaft. Conversely, in the axial direction, it extends from the centre 

of the cylinder to each end cap. Consequently, there are four thermal resistances: 

two in the radial direction and two in the axial direction for each layer. The other 

two resistances Rradial and Raxial located adjacent to the heat source block are 

referred to as interconnecting resistances, serving to connect the two distinct heat 

paths.   

Figure 4.5 - Rotor core layer modelled in MATLAB Simscape environment 
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Regarding convection heat transfer, the model defines two convection thermal 

resistances in the radial direction: one for the heat transfer with the air and one for 

heat transfer with the oil through the shaft, in the case of an oil cooling solution 

being in place. Along the axial direction, the model incorporates two convective 

thermal resistances for each end cap, accounting for heat transfer with the air in the 

rotor core layer and the shaft, respectively. These two convection thermal 

resistances are determined using the HTCs derived from (8) provided in each 

cooling case. The cooling solutions are modelled with the corresponding HTCs 

obtained from the above analytical correlations. Two thermal capacities are 

specified in the model, one for the rotor material NO20 and another for shaft made 

of steel AISI8620. Aim of this model is to rapidly estimate the amount of heat that 

can be extracted from each cooling solution.  

  

Figure 4.6 - Shaft modelled in MATLAB Simscape environment 
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The same modelling methodology is applied to the shaft layer, as depicted in Fig. 

4.6, with an external shaft diameter of 60 mm. In this case, there is not heat source 

as all losses are injected into the rotor core layer. 

The cooling performance varies according the considered scenario, with an 

increasing trend from Case 1 to Case 4. The considered cases are summarised 

below: 

1) Case 1 - Rotational effect: Heat dissipation occurs through the heat transfer 

from the rotor body via the air-gap and ends, as a result of the rotor motion 

covering a speed range from 1 krpm to 18 krpm. The convective resistance 

takes into account the HTCs estimated through (4)-(6) corresponding to the 

specified speed range. 

2) Case 2 - Rotational effect and hollow shaft: Heat dissipation occurs through 

both the rotational motion of the rotor and the oil flow inside the hollow shaft, 

with a volumetric flow rate of 3 l/min. The hollow diameter is set equal to 12 

mm. This solution is incorporated in the HTC of the convective thermal 

resistance in the shaft layer, where the HTC values are determined using (9). 

3) Case 3 - Rotational effect and axial flow: Heat dissipation occurs through the 

combined effects of the rotational motion and axial airflow at 6 m/s in the 

airgap. Specifically, the HTCs of the convective thermal resistance in the radial 

direction of the rotor core are estimated using (7). 

4) Case 4 - Rotational effect, axial flow and hollow shaft: Heat dissipation is 

achieved through the combined mechanisms of rotational motion, axial airflow 

at 6 m/s in the airgap, and oil flow at 3 l/min within the hollow shaft. The 

convective thermal resistances in the radial direction utilize the HTCs from (7) 

to simulate the presence of an axial fan. Additionally, (9) is employed to model 

the oil flow within the shaft. 
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4.3.1  Case study: WFSM for traction application 

Considering as case study a 6-pole electrically-excited synchronous traction motor 

as shown in Fig. 4.7, whose main data and geometrical parameters are shown in 

table VIII. 

TABLE VIII: DATA OF THE MACHINE 

Parameter Value Unit 

Peak Power 160 kW 

DC bus voltage 500 Vrms 

Stator current 250 Arms 

Base Speed  6000 rpm 

Rotor DC current 16 A 

Poles 6  

Stator slots 72  

Outer stator diameter 202 mm 

Inner rotor diameter 133 mm 

Active axial length 100 mm 

Air-gap thickness 1 mm 
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4.3.2   Results and application 

Fig. 4.8 shows the power heat loss dissipated for the four cases vs. speed, which 

ranges from 1 krpm to 18 krpm. The highest cooling performance is found for Case 

4, as expected. The axial airflow impacting the rotor contributes significantly to 

improve heat dissipation, particularly evident in Case 3 at high rotational speeds. 

This means that direct air cooling is very efficient solution to extract heat from the 

rotor. However, given the operating speeds typically employed in traction 

applications, it is necessary to have a separate fan on the shaft rotating 

independently on the rotor speed.  

Figure 4.7 - Wound-field high-speed synchronous motor for traction application 
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Hollow shaft liquid cooling is rather a conventional method nowadays, since it is 

relatively easy to manufacture but lacks in thermal performance due to the relatively 

high interface resistances from heat source (rotor core, winding and magnets) to the 

coolant within the shaft [141]. 

 

The rotor copper losses of the case study obtained using MotorCAD software are 

plotted in Fig. 4.9. While being a very sustainable solution as opposed to permanent 

magnet machines, this wound-field topology is characterised by lower torque 

density and efficiency values. To reduce the extra rotor losses and increase the 

torque density of the machine, implementing a high-performance rotor cooling 

system is of paramount importance, thus making this investigation worthy. 

Together with the rotor losses, Fig. 4.9 shows the heat extraction capabilities of 

each cooling solution in the torque-speed envelope. The dotted line envelope 

delineates the thermal limits for each scenario. It can be observed that cases 3 and 

4 appear overly aggressive, extracting more heat than necessary from 3 krpm 

onward. In contrast, at low speeds cases 1 and 2 show cooling limitations. From 1 

krpm to 3 krpm all the cases demonstrated a thermal limit due to the low rotor speed. 

  

Figure 4.8 - Dissipative power loss (generated heat) versus rotational speed for 180 °C of the rotor body 
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Figure 4.9 - Rotor copper losses map in Torque-speed curve 
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4.4. Detailed Analysis 

The aim of this section is to compare the results obtained from the simplified model 

with those derived from a 3D FE thermal model using the same boundary 

conditions. A 3D FE thermal model for one pole of the electrically-excited 

synchronous motor at hand is built in Simcenter Thermal, as shown in Fig. 4.10. 

The FE model considers the same geometric dimension and HTC as the analytical 

model. As a cooling solution for the rotor, the thermal model considers oil flow 

towards a hollow shaft and an axial air flow generated by a fan, i.e. the Case 4 

cooling scenario is investigated through the FE model. 

Fig. 4.11 shows the comparison between analytical and FE results in terms of 

thermal power extracted vs. rotational speed. The main differences are that in the 

FE model the more representative geometry of the rotor is modelled, the presence 

of copper winding and the relative heat transfer with air are considered. An 

acceptable match can be observed, with a discrepancy up to 22% being registered 

at 2 krpm. As expected the simplified model representation of the rotor 

overestimates the maximum dissipative power loss handling for a given heat 

removal scenario. 

  

Figure 4.10 - FE model of one rotor pole 



 

107 

 

It is worth mentioning that an approximation in both the analytical and FE models 

is considered for the HTC. This consists of assuming a homogeneous HTC value 

on the surfaces. On the contrary, it is expected that the HTC distribution is not very 

homogeneous. To such purpose, a 3D CFD analysis is carried out leveraging on the 

researches presented in a previous authors` publication [13]. In particular, a CHT 

simulation is performed to evaluate the thermal field of a wound-field high-speed 

machine, to which more complexity is added such as the 3D geometry of the rotor, 

including the end-winding region, and considering the interaction with the stator. 

The CHT model allows to account for both the conduction heat transfer in the solid 

components and the forced convection heat transfer related to both the water jacket 

that cools the stator and the axial air flow that cools the rotor, which rotates at 15 

krpm. Fig. 4.12 illustrates the solid (rotor, stator and windings) and fluid (air) 

domains of the CHT model.  

Figure 4.11 - Comparison between analytical and 3D FE results in terms of power extracted vs. rotor 

speed 
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Figure 4.12 - Solid and fluid domains of the electrically-excited machine 

Fig. 4.13 shows the HTC map of the rotor front surface investigated directly by a 

mass flow air rate of 0.186 kg/s. The average HTC value on rotor end-winding and 

end cap surface is 190.02 W/m2K. There is a rather homogeneous value in the rotor 

end-winding, while the HTC is increased in the rotor shoes. 

  
Figure 4.13 - HTC map of the front rotor 
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Fig. 4.14 illustrates the HTC map in the rotor outer surface, where the axial flow 

enters the rotor from right to left. The range is pretty uniform, with an increase of 

the HTC at the inlet. The average HTC value on the rotor top surface is 251.89 

W/m2K. 

 

The literature indicates a lack of a correlation for estimating the HTC on the rotor 

winding surface. However, CFD can be employed for this estimation. Fig. 4.15 

illustrates the HTC map on the rotor active winding surface interacting with air. 

The elevated values on the right side result from the influx of fresh air moving from 

right to left. The average HTC on this surface amounts to 224.91 W/m2K. 

  

Figure 4.14 - HTC map of the top salient rotor view 
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The HTC maps obtained from CFD simulations highlight that the HTC vary 

significantly from point to point. However, using suitable homogeneous values in 

both the analytical and FE models allow for a more manageable representation in 

the simulations and a rapid prediction of the cooling performance at each rotor 

speed. 

  

Figure 4.15 - HTC map of the rotor winding surface  
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4.5. Thermal analysis of WSFM for traction applications  

This section presents a 2D FE thermal model of the WFSM for traction applications 

described in Table VIII. The analysis initially focuses on heat transfer within the 

rotor, followed by a comprehensive examination of the entire machine in the 2D 

domain. Both analyses are conducted under base operating conditions, with the 

machine running at 6000 rpm. Pre-processing and post-processing of the thermal 

models are carried out using Altair Flux software. 

4.5.1 Pre-processing 2D rotor model 

The aim of this model is to predict the heat flux in the rotor and determine its 

maximum power heat transfer capability at 6000 rpm. Figure 4.16 illustrates one 

pole of the rotor, highlighting several critical details essential for accurate thermal 

management.  

  
Figure 4.16 - 2D Rotor thermal FE model 
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Key parameters for predicting conductive heat transfer include: 

• Keq_air = 0.024 W/mK: The equivalent thermal contact resistance in regions 

with air, a highly sensitive parameter influenced by surface roughness and 

contact pressure. 

• K8620 = 37 W/mK: The thermal conductivity of the steel used in the shaft. 

• Keq,cu = 0.77 W/mK: The equivalent thermal conductivity of the windings, 

considering a fill factor of 0.65. It accounts the presence of insulation in the 

winding. 

• KNO20 = 21 W/mK: The thermal conductivity of NO20, used in both the rotor 

and stator cores. 

• KNOMEX = 0.11 W/mK: The thermal conductivity of NOMEX, used as an 

insulation material in the liner. 

 

The model replicates the cooling effect of an axial fan and an oil-flooded hollow 

shaft on the rotor, with appropriate HTCs defined for each boundaries. At the rotor's 

top surface, an HTC of h = 181.2 W/m²K at 25°C is applied, derived from correlation 

(11), while along the hollow shaft, h = 320 W/m²K at 40°C is used, based on 

correlation (13). In the winding region, an HTC of h = 100 W/m²K is specified. 

4.5.2 Post-processing 2D Rotor model 

The objective of the model is to evaluate the maximum heat dissipation capacity of 

the rotor, cooled by both the fan and hollow shaft. A maximum allowable 

temperature of 180°C is set as a boundary condition, assuming an insulation class 

“H”. For a 6-pole machine, the 2D thermal model estimates that the cooling solution 

allows a maximum dissipated power of 570 W. Figure 4.17 provides a temperature 

distribution map of the model. 
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Figure 4.17 - Temperature map of one pole of the Rotor 
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It is also crucial to analyse the heat flux within the rotor to identify the primary 

cooling mechanism. Figure 4.18 illustrates the heat flux vectors, revealing that the 

active cooling solutions significantly impact the rotor's thermal management. The 

results clearly indicate that the heat flux directed toward the air gap ensures that 

active cooling via a fan is the most effective cooling method, as confirmed by the 

simplified model.  

 

 

  

Figure 4.18 - Thermal flux map of one pole of rotor in 2D thermal model 
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4.5.3 Pre-processing 2D WFSM thermal model  

The model of a single pole of the 6-pole WFSM motor, leveraging symmetry, was 

built using Flux software, the same environment used for the electromagnetic 

model. The machine's specifications are listed in Table VIII. The rotor and stator 

cores are made of N020 steel, while copper is used for the windings. An equivalent 

thermal conductivity has been defined to account for the combined presence of 

copper and insulation material in the rotor windings, as illustrated in Fig. 4.19. In 

the stator, the design includes eight layers of hairpin windings, with impregnation, 

wedge, and slot opening features modelled as depicted in Fig. 4.20. 

 

Figure 4.19 - 2D Thermal model of one pole of WFSM for traction applications 
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The stator model focuses on heat transfer through conduction within the stator slots, 

as well as convection with air in the air gap and water in the case, as the stator is 

cooled by a water jacket. To accurately assess the motor's temperature, thermal 

coefficients are defined for each region, following the values used in the 2D rotor 

model for the same materials. For the wedge and impregnation regions of the stator, 

a thermal conductivity of Kimpregnation=0.2 W/mk  is applied. 

The cooling system consists of a water jacket for the stator and a fan generating 

axial airflow at 6 m/s to cool the rotor. To replicate this system, appropriate heat 

transfer coefficients are defined: hrotor= 200 W/m2K at 80°C for the top rotor 

boundaries, and hstator= 2000 W/m2K at 80°C for the top stator boundaries. 

The heat sources are derived from the electromagnetic losses evaluated in the 2D 

FE electromagnetic model, with resistivity values based on a winding temperature 

of 155°C for the rotor and 263°C for the stator. These temperatures were determined 

Figure 4.20 - Zoom of stator winding of the 2D thermal model  
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through iterative coupling between the electromagnetic and thermal models, 

ensuring a stable temperature distribution. A breakdown of the losses in the 

machine at a base speed of 6000 rpm is provided in Table IX. 

  TABLE IX: AVERAGE VALUES OF ELECTROMAGNETIC LOSSES  

 

 

 

 

  

 Iron losses [W] Ohmic Losses [W] 

Rotor 3 153 

Stator 57.5 348 
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4.5.4 Post-processing 2D WFSM thermal model  

Figure 4.21 shows the resulting temperature distribution in the motor at base speed, 

with the hotspot located in the stator winding, exceeding 200 °C. This temperature 

surpasses the limit for insulation class "H” i.e. 180 °C. To address this issue, the 

stator winding's current density could be reduced by revising the electromagnetic 

design. Alternatively, a more aggressive cooling solution, such as spray cooling for 

the stator coils, could be considered. 

 

 

 

Figure 4.21 - Temperature distribution from 2D thermal model 
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4.6. Conclusions and Observations 

This work presents a methodology (design flow) for assessing power loss handing 

capability of alternative rotor assemblies commonly found in electrical machines. 

The proposed simplified TEC-based approach allows for a rapid evaluation of the 

rotor heat removal capability for a set of predefined operating conditions like 

maximum allowable rotor temperature, type of coolant, coolant temperature and 

mass flow. As the model uses a combination of theoretical and empirical 

correlations derived for simplified geometries, it is recommended to use the model 

in conjunction with a high fidelity CFD model or experimental data for a more 

detailed analysis. The proposed methodology has been demonstrated on a case 

study high-speed salient-pole WFSM for traction applications. A set of alternative 

rotor cooling scenarios was evaluated showing that active cooling involving passing 

air through the rotor body offers here the best performance. The improved heat 

removal leads to significant performance gains over the entire torques speed 

envelope of the analysed motor. Note that the analysed baseline motor relies on the 

rotor induced (passive) cooling only with limited heat removal capability at lower 

motor speeds, in particular. However, the active motor/rotor cooling comes at an 

expense of higher complexity of the motor and thermal management system, and 

mechanical power losses due to aerodynamic and/or fluid churning effects. These 

however can be addressed by the appropriate sub-systems integration and 

‘intelligent’ thermal management, all of which will be investigated by the authors 

as a continuation of this work. 
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4.7. Contributions to research 

The results of this chapter are reported in one academic publication in a high profile 

electrical machines conference. The full publication citation is listed below: 

• A. Guiducci, S. Nuzzo, D. Barater, G. Franceschini and R. Wrobel, "Thermal 

Modelling of Advanced Rotor Cooling Solutions for Traction Applications," 

2024 International Conference on Electrical Machines (ICEM), Torino, Italy, 

2024, pp. 1-7, doi: 10.1109/ICEM60801.2024.10700224.  
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5. FATIGUE MONITORING OF PEEK MATERIAL 

This chapter presents an experimental study conducted by the author during a six-

month secondment at Montanuniversität Leoben, Austria, as part of the Mechanical 

Research Group. The study focuses on predicting the failure of specimens made 

from PEEK, a widely used material for slot and linear insulation in electrical 

machines and many other applications. By analysing the current, voltage, force and 

acceleration data from an electrodynamic shaker, the research aims to development 

of time-and frequency-based methods, which allow an early detection of damage 

during stress-controlled fatigue experiment.  

5.1. Introduction  

Researchers have been investigating the phenomenon of material fatigue [142] for 

more than 150 years. Fatigue is described as a three-step process comprising crack 

initiation, crack propagation and the final fracture caused by varying loads. The fact 

that fatigue occurs at much lower macroscopic loads than the elasticity limit for 

example, have led to many new findings in research throughout the decades. 

Wöhler carried out the first tests in the 19th century and defined a fatigue limit 

(constant amplitude limit) between 106 and 107 cycles, which was mainly initiated 

by the railway industry. Loads below the fatigue limit result in an infinite life of the 

components, when reaching 107 cycles without failure [143–145]. For many years, 

various models [146] have suggested that material damage cannot occur below the 

fatigue limit, a concept that is still widely incorporated into general descriptions. 

Testing time was limited up to some 106–107 cycles. Because of economic reasons, 

new approaches for material testing were developed as a consequence of increasing 

requirements of new applications in the railway, automotive and aircraft industry 

[147]. The most common testing technique for actual investigations in the very high 

cycle range (107 -1010) is the usage of ultrasonic testing equipment. Several 

previous investigations performed by Stanzl-Tschegg [148], Mayer [149], Marines-
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Garcia [150] and Bathias [151] have given a broad overview. Besides the ultrasonic 

testing devices (up to 40 kHz) there are other setups as well mentioned in [148] 

reaching testing frequencies from 20 Hz up to 1.8 kHz [151–156].  

This work presents a novel high-frequency fatigue testing method, capable of 

operating at frequencies up to 4000 Hz. Existing testing systems are limited to 

frequencies of up to 30 Hz (servo-hydraulic) and 200 Hz (electromechanical), 

making tests up to 109 cycles inefficient and uneconomical. The development of 

this new method is driven by several key requirements, including higher testing 

frequencies (around 1 kHz), flexibility in both setup and specimen design, and the 

ability to test both standard specimens and component-like samples. To meet these 

demands, an electrodynamic shaker system is selected, and a specialized oscillatory 

test setup is designed. The aim is to excite the system at its resonant frequency using 

the shaker, leveraging the amplification of the excitation signal to induce high loads 

within the specimen. 
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5.2. Electrodynamic shaker identification and modelling 

Electrodynamic shakers have the advantages of being relatively inexpensive, 

simple to control, and have approximately linear behaviour, and are widely used in 

vibration tests. As shown in Figure 5.1, the core of the shaker is the coil, which is 

wound around a stiff thin-walled tube and forms the coil form.  

 

 

   

Figure 5.1 - The structure of the electrodynamic shaker [157] 
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The coil form is suspended in a magnetic field between the inner pole and the outer 

pole, one end of the coil form is attached directly to the vibration table, and the 

other end of that is attached to a compliant disk. The shaker adopts these flexure 

supports to keep the coil form concentric between poles and restrain any out-of-

plane moments applied to the vibration table. When the current flows through the 

coil, a force Fcoil is produced in proportion to the current i and is transmitted to the 

test object, which is affixed to the vibration table. By reaction, the force Fcoil is also 

operated on to the shaker body. Meanwhile, as the coil moves axially in the 

magnetic field, a back-emf  Ubackemf  is generated in proportion to the velocity across 

the coil and reflects the mechanical activity into the electrical domain, which means 

a “two-way street” between the mechanical and electrical parts and these two are 

coupled. The power amplifier has two operation modes: voltage and current. In the 

former mode, E is related to the input voltage V, in which the current i flowing into 

the coil depends on the mechanical movements. This leads to evident 

electromagnetic damping when the movement of the armature exhibits a maximum 

around the resonance frequency. In the latter mode, the output of the amplifier is 

the current i. For the current independent of the Ubackemf, the mechanical movement 

of the shaker affects V, which means that there is no electromagnetic damping 

effect. The vibration shaker applications typically adopt the voltage amplifier. 
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Figure 5.2 depicts the electrical part, and we should account for the resistance R, 

and the inductance L of the coil, and Uemf  is the back-emf coefficient of the shaker. 

The mechanical part is ignited by force Fcoil proportional to the current i of the 

electrical part. Meanwhile, the electrical part is excited by the back-emf Ubackemf 

proportional to the coil velocity of the mechanical part. Therefore, these two parts 

are cross-coupled, and the small shaker is a 3 DOFs coupled system. It works as a 

linear motor. 

  

Figure 5.2 - Equivalent Electric Circuit 
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5.2.1 Identification 

To identify the characteristics of the electrodynamic shaker, the experiment is 

conducted without a specimen as shown in figure 5.3. The goal is to compare the 

transfer functions obtained from the data acquisition system of the shaker with those 

estimated using MATLAB, both under an acceleration of 200 m/s². Five tests are 

performed, covering a frequency range from 20 Hz to 4000 Hz in both upward and 

downward sweeps.  

 

Figure 5.3 - Electrodynamic shaker 
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The analysis begins by considering the transfer function from the shaker software, 

F(s) = a / V, and the phase date for each experiment.  

  

Figure 5.4 - Comparison between transfer function estimation and data acquisition system from 20 Hz to 4 kHz 

Figure 5.5 - Comparison between transfer function estimation and data acquisition system from 4 kHz to 20 Hz 
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The first step is to decompose F(s) into a complex signal, then create a frequency-

response data model in Hz and subsequently generate the transfer function from the 

complex signal. Finally, F(s) is compared with the transfer function estimated in 

MATLAB, as shown in Figure 5.4 for the upward frequency sweep (20 Hz to 4000 

Hz) and in Figure 5.5 for the downward sweep (4000 Hz to 20 Hz). The table in 

each figure demonstrate a strong agreement between the transfer functions. 
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5.3. PEEK material 

High performance polymers have further expanded its technological lead in the 

high-performance polymers sector with PEEK compounds. It is particularly 

suitable for applications in which extremely high mechanical, thermal, and 

chemical requirements must be met. These compounds are particularly 

characterised by the following material properties: 

• Very high heat resistance 

• High rigidity 

• Lower water absorption and therefore high dimensional stability 

• High hardness 

• Good strength 

• Excellent sliding friction behaviour, minimal abrasion 

• Good electrical characteristics 

• Excellent chemical resistance 

• Excellent hydrolytic stability 

• Good processability 

• Low tendency to form stress cracks 

To meet the requirement of different applications, manufactures can adjust the 

properties of pure PEEK selectively by adding various additives: 

• Processing aids facilitate demoulding. 

• Fillers and reinforcing materials increase rigidity and dimensional stability 

upon exposure to heat. Chopped carbon fibres are most effective for this. 

Minerals and glass microbeads also counteract the tendency to wrap.  
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PEEK compounds can be used for a wide range of applications, such as in electrical, 

electronic, aerospace, railway, food, medical and automotive industries, as reported 

in Fig. 5.6. 

 The figure 5.6 highlights that PEEK compounds are an excellent choice for 

transportation applications, particularly in the electrical and electronic industries. 

This is due to their exceptional combination of properties, including thermal, 

chemical, mechanical, and electrical field. Additionally, PEEK offers outstanding 

dimensional stability and processability, making it highly suitable for 

manufacturing and ensuring reliable performance in demanding environments. 

  

Figure 5.6 - Relevant properties of polyether ether ketone for industrial applications [158] 
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In this thesis, we focus on PEEK specimens reinforced with 30% glass fibers. For 

confidentiality reasons, a sketch of the PEEK sample is provided in figure 5.7. This 

material is primarily used in insulation systems for electrical machines as shown in 

Figure 5.8 and rotor retention systems. 

 

  

Figure 5.7 - Sketch of 30% Glass Fibers Reinforced PEEK specimen  
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Figure 5.8 - Completed stator winding with PEEK magnet wire, PEEK slot insulation and PEEK phase 

insulation 

PEEK materials are specifically designed to address the unique challenges of rotor 

and stator applications in electrical machines. Primarily used to insulate the slot 

between motor windings and metal laminates, slot liners and bobbins also serve as 

containers for stator windings, providing rigidity, shape retention, ease of assembly, 

and protection from damage and vibration during both assembly and operation. 

The more rigid PEEK magnet wire offers greater resistance to coil movement 

during start-up, surge, and similar scenarios. PEEK material demonstrates superior 

tear resistance and maintains its shape when installed as slot insulation, including 

cuff formation. While the PEEK wire is stiffer than standard magnet wire, making 

its installation into the slot slightly more challenging due to its reduced ability to 

retain bends. However, for use as slot liner, installation of the PEEK is comparable 

to the installation of the standard Nomex® [154]. After resin impregnation, follow-

up electrical testing shows no significant partial discharge (PD) activity [159]. 
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Engineered plastics are heavily influenced by filler reinforcements. Although 

unfilled polymers typically have a thermal conductivity of ~ 0.2 W/mK, the 

appropriate choice of fillers can significantly increase this value.  

 

Szparagowski and a team of material experts have successfully developed several 

material grades that enable PEEK compounds to offer a customized solution that 

can be matched to specific application requirements. Each grade offers a unique 

blend of material characteristics such as tensile strength, elongation, electrical and 

thermal properties, that are achieved by adjusting the filler. Quantix 90-5, for 

example demonstrates high thermal conductivity of 0.6 W/mK through plane and 

4W/mK in-plane. Extensive material testing confirms the material’s superior 

thermally conductive while maintaining high, electrically isolating properties 

(volume resistivity of 2 x1014 Ohm·cm). As a result, these materials help designers 

enhance electric motor performance by improving thermal management. The 

reduced internal temperatures within the electrical machine can provide several key 

benefits, including increased motor power density, simplified cooling strategies, 

and extended lifespan, as both winding enamel and potting materials tend to 

degrade at higher operating temperatures [160]. 

Figure 5.9 - Thermal advantage of PEEK material respect Aramid paper [160] 
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5.4. Testing procedure 

To better understand the functionality, the equipment, measurement technology, 

and developed testing components used in this study are presented below. The 

testing setup is integrated with an electrodynamic shaker system to perform high-

frequency fatigue tests. Various high-frequency testing methods exist, including 

servo-hydraulic, electromagnetic, and ultrasonic test rigs. In this case, an 

electrodynamic shaker is chosen with the goal of developing a setup capable of 

testing at frequencies up to approximately 1 kHz. Similar setups are proposed by 

Yun [161] and George [162]. 

5.4.1 Shaker system 

An electrodynamic shaker i210 (IMV Europe Ltd.) has been installed at the 

Department of Mechanical Engineering at the Montanuniversitaet Leoben. The 

system arrangement, excluding the blower which is installed for cooling the shaker 

body, is displayed in Fig. 5.10. 
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The shaker itself (Shaker i210) is built out of a field coil and a drive spool. These 

electrical components are covered under a steel casing. The armature is supported 

by air suspensions and centred by an upper support system. The whole body is 

supported by an additional air suspension where vibrations are decoupled from the 

ground. An oscillating force is provided by Fleming’s left hand rule where a force 

is caused by the flow of electric currents perpendicular to a magnetic field. The 

system is capable of testing up to maximum 4000 Hz. The shaker armature has a 

weigth of 3 kg, a diameter of 128 mm and a maximum acceleration of 1000 m/s2 is 

reachable. A maximum force of 3 kN can be achieved in SINE (sine signal) mode 

while acceleration a is limited by Eq. (14). With increase of m the reachable a 

decreases and limits the performance of the shaker. 

 

𝐹 = 𝑚 𝑎 (14) 

Figure 5.10 - Description of the arrangement and components of a common shaker system IMV i210 
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The amplifier, as the name suggests, serves for amplification of electric signals. The 

shaker is capable of running in different modes like SINE, RANDOM and DWELL. 

For example the SINE mode describes an operation mode where a sine shaped 

acceleration (or equal value) signal is performed by the shaker armature. The 

vibration controller K2 sprint is responsible of processing accelerometer signals. At 

least one external accelerometer is needed to maintain the internal control loop 

(closed loop system) of the shaker.  

5.4.2 System operation 

Operation of the shaker was established by the K2 operation software. Dependent 

on the actual drive mode (SINE, RANDOM, DWELL) certain settings have to be 

adjusted to ensure proper operation. The functionality of the software is described 

by the IMV manual in detail. As displacement, velocity and acceleration values are 

equivalent they can be adjusted in a certain range dependant on the frequency. 

5.4.3 Test setup 

A fan is used to cool the specimen during testing. The shaker is located in a climate 

chamber equipped with a ventilation system. The test rig set up is shown in fig. 

5.11, where the specimen is clamped at both ends.  

Figure 5.11 - Experimental test rig 
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Several tests have been conducted with applied loads of 350 N, 400 N, 450 N, and 

470 N at a frequency of 230 Hz, as shown in the table below. 

Table X: Experimental tests 

Test Material Force [N] Frequency [Hz] 

1 PEEK GF 30 - L 450 230 

2 PEEK GF 30 - M 450 230 

3 PEEK GF 30 - M 450 230 

4 PEEK GF 30 - M 400 230 

5 PEEK GF 30 - M 400 230 

6 PEEK GF 30 - M 350 230 

7 PEEK GF 30 - L 350 230 

8 PEEK GF 30 - L 470 230 

9 PEEK GF 30 - L 470 230 

10 PEEK GF 30 - R 470 230 

11 PEEK GF 30 - L 450 230 

 

5.4.4 Measurement equipment 

Accelerometers play a crucial role in continuously measuring and verifying 

vibration behaviour, providing valuable data on the stability and reproducibility of 

the vibration tests. The accelerometer used in this study is a Kistler 5128829. 

Additionally, a thermocouple is employed to monitor the specimen's temperature, 

while a current meter measures the input current to the electrodynamic shaker. The 

shaker itself is equipped with internal voltmeters and force meters for further 

monitoring.  
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5.5. Results 

To post-process the experimental data, the initial step is to clean and normalize the 

data, focusing on the range from the start of the experiment after the transient trend 

to the point of failure. The root mean square (RMS) provides a clear view of trends 

in acceleration, current, voltage, and force in the time domain. Additionally, 

kurtosis is used to assess how prone a distribution is to outliers. Kurtosis formula is 

shown in the equation below as the ratio between the fourth central moment 𝜇4 and 

the standard deviation 𝜎4. 

K=3, It means a normal distribution. 

K >3, Distribution that are more outlier-prone than the normal distribution. 

K<3, Distribution that are less outlier-prone than the normal distribution. 

 

Figure 5.12 - Trends in explanations of Kurtosis 

                                                𝐾 =  
𝐸 (𝑋 − 𝜇)4

𝜎4
=  

𝜇4

𝜎4
 

(15) 
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All the cases shown in table VII are post-processed and for a better understanding 

only case 6 at 350 N and case 8 at 470 N are reported and explained through an 

interpretation of data trend.  

5.5.1 Case 6 - 350N – short term experiment 

In case 6, the specimen was subjected to a 350 N load and failed after 1026 minutes, 

categorizing it as a short-term test. 

 

Figure 5.13 - Acceleration trend at 350 N of normalized data over time 

Figure 5.13 illustrates the normalized acceleration trend over time, based on data 

from an accelerometer mounted on the shaker. The trend shows an initial decrease 

in acceleration, followed by stabilization with minor fluctuations until the 

specimen's failure. These fluctuations likely indicate small dynamic variations.  

0

0,2

0,4

0,6

0,8

1

1,2

1

1
7

3
3

4
9

6
5

8
1

9
7

1
1
3

1
2
9

1
4
5

1
6
1

1
7
7

1
9
3

2
0
9

2
2
5

2
4
1

2
5
7

2
7
3

2
8
9

3
0
5

3
2
1

3
3
7

3
5
3

3
6
9

3
8
5

4
0
1

4
1
7

4
3
3

4
4
9

4
6
5

4
8
1

4
9
7

5
1
3

ac
ce

le
ra

ti
o

n
 [

a(
t)

/a
0

]

t [min]



 

140 

 

 

Figure 5.14 - Current trend at 350 N of normalized data over time 

The current is measured using a meter connected to the shaker's power supply cable. 

Figure 5.14 displays the normalized current fluctuations over time, showing 

somewhat periodic oscillations with varying amplitude. These fluctuations likely 

represent the shaker's dynamic behaviour under load, possibly caused by the control 

system adjusting the current. The initial oscillations may indicate the system's 

attempt to reach a steady state, while the ongoing variations could reflect inherent 

system characteristics or external factors influencing the current. 
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Figure 5.15 - Voltage trend at 350 N of normalized data over time over time 
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Figure 5.16 illustrates the normalized voltage fluctuations of the shaker, which 

remain within a narrow range over time. This behaviour indicates that the shaker 

operates with relatively stable voltage after an initial settling period. The minor 

fluctuations could be attributed to load variations. 

 

Figure 5.16 - Force trend at 350 N of normalized data over time 

Figure 5.16 displays the normalized force oscillations within a narrow range over 

time. The force is applied as an input in the experiment, and the fluctuations arise 

from the shaker's control system as it works to maintain a constant force. As the 

specimen nears failure, the frequency of these fluctuations increases.  
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Figure 5.17 - Kurtosis trend of signals over time 

Figure 5.17 illustrates the kurtosis of the signals. The current maintains a constant 

kurtosis value of 3, indicating a normal distribution. In contrast, the acceleration, 

voltage, and force exhibit kurtosis values below 3, suggesting their distributions are 

less prone to outliers compared to a normal distribution.  
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5.5.2 Case 8 - 470N – short term experiment 

In Case 8, a load level of 470 N was applied, and the experiment was conducted 

without activating the ventilation system inside the shaker’s cabin. Failure occurred 

after 282 minutes, categorizing it as a short-term test. 

 

Figure 5.18 - Acceleration trend of normalized data at 470N over time 

Figure 5.18 shows the normalized acceleration trend over time under a 470 N load, 

based on data from an accelerometer mounted on the shaker. The curve reveals 

initial fluctuations in acceleration, followed by a stabilization phase, and then a 

noticeable increase as the specimen neared failure.  
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Figure 5.19 - Current trend of normalized data at 470N over time 

The current was measured using a meter connected to the shaker's power supply 

cable. Figure 5.19 illustrates the normalized current fluctuations over time under a 

470 N load. The trend reveals a gradual decline in current, accompanied by minor 

fluctuations.

 

Figure 5.20 - Voltage trend of normalized data at 470N over time 

Figure 5.20 shows the normalized voltage fluctuations of the shaker, revealing a 

steady decrease over time, mirroring the current trend in Figure 5.19. This suggests 

that the shaker draws less electrical power as the test progresses.  

0

0,2

0,4

0,6

0,8

1

1,2

1 6

1
1

1
6

2
1

2
6

3
1

3
6

4
1

4
6

5
1

5
6

6
1

6
6

7
1

7
6

8
1

8
6

9
1

9
6

1
0
1

1
0
6

1
1
1

1
1
6

1
2
1

1
2
6

1
3
1

1
3
6

1
4
1

cu
rr

en
t 

[i
(t

)/
i0

]

t [min]

0,75

0,8

0,85

0,9

0,95

1

1,05

1 6

1
1

1
6

2
1

2
6

3
1

3
6

4
1

4
6

5
1

5
6

6
1

6
6

7
1

7
6

8
1

8
6

9
1

9
6

1
0
1

1
0
6

1
1
1

1
1
6

1
2
1

1
2
6

1
3
1

1
3
6

1
4
1

V
o

lt
ag

e 
[V

(t
)/

V
0

]

t [min]



 

145 

 

 

Figure 5.21 - Force trend of normalized data at 470N over time 

Figure 5.21 illustrates the normalized force oscillations, which remain within a 

narrow range over time. The applied force stays relatively stable, exhibiting only 

minor fluctuations. As the specimen approaches failure, the force shows slight 

oscillations around the normalized value.  

 

Figure 5.22 - Kurtosis trend of signals over time  
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Figure 5.22 illustrates the kurtosis of the signals. All measured signals—

acceleration, voltage, current, and force—exhibit kurtosis values below 3, 

indicating that their distributions are less susceptible to outliers compared to a 

normal distribution.  

5.5.3 350N - long term experiment without failure of the specimen 

 At a load of 350 N, the specimen did not reach failure. As shown in Figure 5.23, 

the RMS values of force, acceleration, current, and voltage remained constant over 

time. A similar trend is observed in the kurtosis measurements, as illustrated in 

Figure 5.24. This indicates that when the specimen does not experience failure, the 

signal trends remain stable over time. 

  

Figure 5.23 - RMS signals of long term experiment at 350N whit no specimen’s failure 
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Figure 5.24 - kurtosis trend of the signals at 350N in a long term experiment with no specimen’s failure 
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5.6 Conclusion  

This work presents a new high-frequency vibration technique (HFVT) using an 

advanced electrodynamic shaker. Fatigue tests were conducted at 230 Hz with 

different loads: 350 N, 400 N, 450 N, and 470 N. For clarity, only three different 

cases are reported in the thesis, but each case has been thoroughly post-processed. 

Voltage serves as the primary signal, providing valuable insights throughout the 

test.  

 

Figure 5.25 - Delta voltage vs load level at failure point and 2 minutes before the failure reference 

Specifically, Figure 5.25 illustrates the voltage difference ΔV for each load case. 

The orange points indicate the percentage difference in voltage from the beginning 

of the test to the point of specimen failure, while the blue points represent the 

percentage difference from the start to two minutes before the specimen's failure. 

In both instances, the voltage increases as the load level rises. This leads to a key 

conclusion: ΔV is directly dependent on the load level, increasing proportionally 

with the load. 
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Figure 5.26 - ΔI vs load level at failure point and 2 minutes before the failure reference 

Figure 5.26 presents the percentage difference in current at each load level. The 

orange point indicates the current difference from the beginning of the test to the 

point of specimen failure, while the blue points represent the current difference 

from the start to two minutes before the specimen's failure. Due to the instability of 

the current readings, it is difficult to draw definitive conclusions about the current 

trend. This instability is primarily attributed to the limitations of the current meter, 

particularly in long-term experiments where the battery cannot sustain operation for 

the entire duration.  
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Figure 5.27 - ΔV percentage in function of load level along the time 

Figure 5.27 summarizes the key findings of this chapter, highlighting the 

relationship between ΔV and load level. At lower loads (350 N and 400 N), the 

voltage difference (|ΔV_rel|) remains minimal and almost identical for both 

conditions, approximately 2%. However, when the load increases to 450 N and 470 

N, |ΔV_rel| shows a substantial increase, from 10% to 13%. In particular, when the 

sample does not reach failure, the root mean square values of stress, current, and 

acceleration remain stable over time. 

 

5.6.1 Contributions to research 

In this chapter, the main contributions to research are related to  

• Early damage detection in the field of very high cycle fatigue (VHCF) 

testing of PEEK materials. 

The results will be reported in a high impact factor international journal of fatigue, 

which is under development.  
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6. FINAL CONCLUSION 

This work has been structured to present conclusions, discussions, and other key 

aspects at strategic points throughout the thesis. Therefore, this chapter provides 

only a high-level overview, offering general conclusions and reflections. It also 

includes observations on the main achievements and novelties of the project. 

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 related to  

1) multiphysics design and modelling of WFSG for aerospace applications; 

2) thermal rotor modelling of WFSM for traction applications; 

3) fatigue monitoring of PEEK material.  

Finally, some ideas for future work are also included. 

 

6.1. General conclusions and future works 

This research has highlighted the challenges and opportunities of employing 

WFSM in the transportation sector. Through a comprehensive multiphysics design 

and modelling approach, WFSM emerges as a promising alternative to PM 

machines. 

In Chapter 2, a thorough literature review was conducted on the use of WFSM in 

the aerospace and automotive industries, emphasizing the importance of a 

multiphysics methodology. This laid the foundation for the advanced analytical and 

numerical tools (i.e., 3D TEC, 2D and 3D FE, 3D CFD) developed throughout the 

study, which were specifically designed to address the thermal and mechanical 

challenges. This chapter was fundamental to understand the state of the art of 

multiphysics modelling of electric machines, in particular those with WFSM, and 

to define the novelty of the thesis, as discussed in detail in chapters 4 and 5. 
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Chapter 3 focused on the structural integrity of the WFSM rotor at high rotational 

speeds, presenting a solution to enhance rotor durability by incorporating a 4 mm 

non-electrical steel layer at the rotor end caps. This design allows the rotor to 

operate safely at 15 krpm while promoting axial air flow for cooling. Simulations 

suggest that this solution could enable a reduction in airgap thickness from 2 mm 

to 1 mm, potentially improving machine performance. This solution is highly 

innovative because, in the current state of the art, only rotor cages are used, which 

prevent active cooling of the rotor and significantly increase its weight. Future work 

will further explore this geometric optimization. Additionally, both the stator and 

rotor winding temperatures remain well below the insulation class limits, indicating 

considerable potential for increasing current density and thereby enhancing overall 

WFSM performance. This is a significant achievement, as it allows for an increase 

in power density while keeping costs low. The downside, however, is that the 

generator has been electromagnetically designed to operate in the 15 krpm range. 

These optimizations will be further investigated in future studies. 

Chapter 4 addressed the thermal management challenges of the WFSM rotor, 

proposing a design approach for electrical machines specifically tailored to 

transportation applications. A TEC model was developed to strike an efficient 

balance between computational time and accuracy in estimating heat extraction for 

both passive (hollow shaft) and active (axial fan) cooling systems. Despite the 

simplified geometric assumptions (modeled as two concentric cylinders), the TEC 

model showed strong agreement with FE simulations. The CFD model further 

highlighted the importance of predicting heat transfer coefficients through CHT 

models, which accurately replicate fluid dynamics based on machine geometry, 

operating conditions, and cooling systems. While active cooling introduces added 

complexity and potential mechanical power losses due to aerodynamic effects, 

these drawbacks can be mitigated through optimized subsystem integration and 

intelligent thermal management, which will be explored in future research. The 

main advantage of this approach is that, once the machine’s targets are defined, the 

machine designer can select the appropriate cooling system and then optimize it 

using detailed models. The drawback is that the machine is considered as a cylinder 
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but as discussed in the thesis, by calibrating the model with experimental or 

numerical data, a more accurate result can be achieved. 

Due to delays in the machine's manufacturing process, the experimental validation 

of the scientific findings could not be conducted. At the time of writing this thesis, 

the machine was still in production.  

Lastly, Chapter 5 explored VHCF testing of PEEK, a material widely used as 

insulation in electrical machines. The degradation and aging of electrical insulation 

systems are becoming increasingly critical in the development of electrified 

vehicles, as they directly impact both cost optimization and the longevity of 

electrical machines. While thermal-mechanical aging in electrical machines is well-

documented, limited research exists on the VHCF behaviour of PEEK.This study 

introduced time- and frequency-based methods for early damage detection during 

stress-controlled fatigue tests. The voltage signal demonstrated a proportional 

increase in voltage drop with rising load levels, serving as a key early indicator of 

specimen failure. However, when failure was not reached, the RMS values of 

current, voltage, and acceleration remained stable over time.Future work will focus 

on automating post-processing analysis and reducing the sampling time from 2 

minutes to 30 seconds, enabling more precise failure predictions within the critical 

range. 
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