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Abstract 

 

To combat the effects of climate change, more industries are beginning to move away from 

fossil fuels and towards green energy via electrification. This process is currently underway 

in the aerospace industry. The demand for more power-dense machines grows as 

manufacturers look to increase the capabilities of electric machines for use in propulsion 

applications within all-electric aircraft. Recent advances and research into aerospace 

electrification show that high-speed radial flux permanent magnet synchronous machines 

have the potential to power small electric aircraft and air taxis. However, issues arise when 

considering the high-speed nature of this type of motor topology. The immense centrifugal 

force that acts upon the rotating assembly, which is compounded with thermal expansion 

and interference fits, substantially increases the rotor components' stress, strain, and 

deformation. It is also prone to vibrational failure as a result of shaft whirling and 

resonance.  

This thesis will first review the structure and operation of electric machines. Electric 

machine topologies and architectures are briefly explained. A review of the current state-
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of-the-art electric machines used in aerospace applications will also be discussed to provide 

background on what trends exist in terms of the power density and speed of high-power 

motors. This thesis details the design process of two high-speed, high-power radial flux 

permanent magnet propulsion machines. The first motor (Motor A) is a 20,000 RPM 150 

kW motor. The features and mechanical design considerations of Motor A will be 

thoroughly explored. The second motor is a 20,000 RPM 1 MW motor introduced in this 

thesis. The second motor (Motor B) will only consider the rotating assembly in its analysis 

due to its significance in determining the power density and safety from multiple failure 

modes, such as magnet retention failure and vibrational failure. Optimization is not the 

express goal of this motor, but rather a detailed explanation of how to iterate and improve 

upon the mechanical design using various results, such as critical speed, eigenfrequencies, 

strain energy density, stress, strain, deformation, nodal forces, and force reactions. 

Evaluation of the rotating assembly design and possible improvements for Motor B are 

summarized in the conclusions. 
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Chapter 1: Thesis Introduction 

 

 

1.1 Thesis Motivation 

Climate change has emerged as a critical global challenge, with mounting environmental 

and sustainability concerns intensifying annually. Production and use of oil, gas, and coal 

have been proven to accelerate climate change and negatively impact the environment via 

greenhouse gas emissions. Non-renewable resources are projected to face depletion within 

the next century. As a result, Investments in green energy technologies and fuel have been 

gradually increasing each year with the intent to completely replace fossil fuels. One such 

industry that is experiencing this ñgreenò revolution is the transportation industry.  

According to the Intergovernmental Panel on Climate Change (IPCC), the transportation 

industry contributed to 14% of global greenhouse gas emissions, which primarily include 

carbon dioxide, methane, and nitrous oxide, in 2010 [1]. Large economies, however, exhibit 

a distinct carbon footprint profile where certain sectors, such as transportation, dominate 

the plurality of emissions. According to the US Environmental Protection Agency (EPA), 
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in 2021, the US transportation industry produced 35% of the countryôs carbon dioxide 

emissions [2]. When compared to other sectors such as agriculture, industrial, residential, 

commercial, and power generation, transportation is the most significant contributor to 

greenhouse emissions [3].  

The transportation industry is projected to grow significantly by 2050 [4]. By this time, the 

total worldwide road transportation through freight, passenger vehicles, motorbikes, and 

buses is projected to be 50trillion miles annually [4]. To sustain this demand and address 

environmental concerns, large changes are needed in infrastructure towards greener 

technologies. This would also create a more sustainable and efficient system. This can be 

compared by Well-to-Wheel (W2W) efficiency and carbon dioxide emissions. W2W 

efficiency is a measure of the total efficiency of operating a vehicle, beginning with the 

procurement of the energy source through the entire delivery path and finally in the 

drivetrain of the vehicle, ending at the wheels. Currently, the US national averages for 

internal combustion enginesô W2W efficiency and annual greenhouse gas emissions are 

approximately 15% and 11,500 lbs, respectively [4]. In contrast, for a fully electric vehicle 

charged by a renewable energy electricity grid, the W2W efficiency of 70% with annual 

carbon dioxide emissions of 3780 lbs [4]. In recent years, the sales of Battery Electric 

Vehicles (BEVs), Plug-in Hybrid Electric Vehicles (PHEVs), and Fuel Cell Electric 

Vehicles (FCEVs) have grown substantially, showing a growing interest in adopting 

sustainable vehicle infrastructure [4].  
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If electrification strategies are aggressively applied across transportation sectors in the near 

future, emission rates can be significantly reduced to meet stringent carbon dioxide targets 

for mitigating climate change. Additionally, electrified powertrains have been proven to 

have higher W2W efficiency. Therefore, electrification has become a key strategy in 

achieving aggressive emission reduction targets for many countries, especially those with 

extensive transportation infrastructure, such as China and the US. While road vehicles and 

rail have already made significant strides in electrification, aerospace has only recently 

embarked on this transformation. 

Air Transportation Action Group (ATAG) reports that aviation accounts for 2.1% of global 

annual CO2 emissions [4]. Other reports from the International Air Transport Association 

(IATA) indicate that without any changes, the current state of the industry will produce 

more emissions in the next decade, increasing to 3% of global emissions at its current 

growth rate. Figure 1.1 shows that aviation is among the highest contributors to overall 

transportation emissions when normalizing emissions for a set distance [5]. Therefore, it is 

imperative that electrification quickly advances in this industry to help meet emission 

targets. 
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Figure 1.1: Normalized US carbon dioxide emissions per million miles traveled [5]. 

Compared to other sectors of transportation such as light-duty vehicles and rail, aviation 

has not yet experienced widespread technological advancement in electrification. 

Therefore, more concerted efforts are being made towards electrification. Initiatives, such 

as converting aircraft into More Electric Aircraft (MEA), designing and testing very small 

battery electric aircraft such as Personal Electric Aircraft (PEA), or even integrating 100% 

electric propulsion in All Electric Aircraft (AEA), are current shifts and trends towards 

electrification in the aerospace industry. 

PEAs are designed for minimal passenger capacity (1-4 persons) and can be defined as 

flying taxis. The small size of PEAs reduces the power requirements for electric engines 

when compared to an average-sized passenger aircraft, allowing for feasible prototyping of 

a fully electric powertrain. The MEA initiative involves the replacement of pneumatic and 

hydraulic components with more efficient electric machines. This approach can apply to 

propulsion in the form of a More Electric Engine (MEE). MEAs and MEEs have been the 
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focus of recent electrification efforts for several reasons. Electrification using a MEA 

approach can greatly minimize the weight of the aircraft, increase the efficiency of 

subsystems such as pneumatic, hydraulic, and mechanical systems, increase the reliability 

of these systems, allow for more precise device control, and simplify component 

maintenance [6]. MEEs are high-power engines that can start operation from an electric 

motor and achieve up to 800 kW of output power, with some level of electrification of the 

powertrain [6]. This includes the integration of electric control, hybrid electro-mechanical 

drives, and fuel and oil pumps.  

Currently, Airbus and Boeing are designing advanced MEAs and PEAs. Airbus is planning 

to develop the worldôs first zero emission MEA by 2035, while Boeingôs 2019 Electric 

Vertical Take-Off and Landing (EVTOL) prototype is a successful example of a 

commercial PEA [4]. In 2021 NASA and GE collaborated to work on a 1 MW hybrid-

electric propulsion machine for a single aisle passenger aircraft [4]. On the other hand, 

developing an AEA for large commercial aircraft has been a challenge. AEAs require highly 

power-dense electric machines to support a completely electric powertrain.  

McMaster Automotive Resource Centre (MARC) is currently researching traction and 

propulsion motors for automotive and aerospace applications. Some examples include a 

high-power axial flux Permanent Magnet Synchronous Machine (PMSM) and a high-speed 

radial flux, Surface Permanent Magnet Synchronous Motor (SPMSM). Future motors may 

attempt to increase the power output to potentially power passenger aircraft, which is the 

next step for aerospace electrification beyond MEAs and PEAs. This thesis will focus on 
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exploring the mechanical design of the rotating assembly of 1 MW SPMSM. The motor 

design will aim to exceed state-of-the-art power densities to promote further development 

of aerospace propulsion motors. Analysis will focus on increasing power density, structural 

performance under dynamic conditions, and modal analysis of the rotor. Rotor cooling will 

be considered for a basic thermal analysis but is not the focus of this thesis. Motor 

optimization will not be conducted for this thesis. 

 

1.2 Thesis Contributions 

One of the goals of this thesis is to provide a review of the current state of electrification in 

the aerospace industry as a goal for green transportation. The topologies, architectures, and 

aerospace applications of electric machines will be detailed.  

The primary research goal of this thesis is the design and analysis of the rotating assembly 

of a new 1 MW machine, using the design methodology used for a 150 kW sample 

aerospace motor developed at MARC. The purpose of this thesis is to explore the design 

process and provide direction on how to improve motor design from a mechanical 

designerôs perspective. The stator assembly design will be discussed but is not within the 

scope of this thesis.  
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1.3 Thesis Outline & Summary 

Chapter 1 explains the motivations behind the development of high-power electric 

machines to advance electrification in the aerospace industry. 

Chapter 2 introduces a literature review that examines electric machine architectures 

common in electric aircraft. Motor topologies will be explained. Focus will be placed on 

PMSMs, such as the differences between axial or radial flux machines and surface or 

interior magnet machines. An overall view of motors used in aerospace propulsion is 

provided along with individual case studies exploring the differences in motor 

specifications. 

Chapter 3 introduces an example motor, designated as ñMotor A.ò An explanation of the 

materials, performance, and mechanical design is thoroughly detailed. Criteria for a new 1 

MW motor, designated as ñMotor Bò, will be determined from the design of Motor A.  

Chapter 4 encompasses the mechanical design and structural analysis of Motor Bôs rotating 

assembly, which includes the rotor shaft, rotor back-iron (hub), magnets, retaining sleeve, 

and bearings. ANSYS will be used to perform a multi-physics structural analysis, determine 

strain energy density, and perform a modal analysis to determine eigenfrequencies. 

Additionally, the critical speed will be calculated analytically using different methods. 

Chapter 5 concludes with a summary of the thesis and suggestions for future work. 



 

8 

 

 

  

 

Chapter 2: High-Speed Permanent 

Magnet (PM) Electric Propulsion 

Machines 

 

 

This chapter focuses on the use of various electric machine design architectures and 

topologies in the aerospace industry. Aircraft electrification falls into three main 

architectures: all-electric, hybrid-electric, and turboelectric. The chapter continues by 

explaining the various machine topologies available and explaining the differences between 

each. The chapter concludes with a review of the state-of-the-art electric machines used for 

aerospace propulsion. 10 significant companies in the aerospace industry contributing to 

electrification will be examined closely, and their electric machine products reviewed.  

The most widely used form of aircraft propulsion is the gas turbine engine. The goal of 

electrification is to move away from machines that rely on fossil fuels and towards highly 
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efficient electric motors that can be fueled by clean and renewable sources. While the 

current state-of-the-art battery technology is unable support widespread adoption of all-

electric architectures, advancements in power density in recent years show that progress is 

underway for the first all-electric PEAs and EVTOLs as well as hybrid electric commuter 

aircraft to hit commercial viability by 2030-2050 [4].  

This chapter will define motors based on their maximum operating speed and power output. 

Low speed refers to speeds below 3,500 RPM, medium speed refers to speeds between 

3,500 and 20,000 RPM, and high speed refers to speeds of 20,000 RPM and above. Motors 

can be classified as very high power (1 MW and above), high power (greater than 100 kW), 

medium power (10-100 kW), and low power (less than 10 kW). 

 

2.1 Electric Aircraft Architectures 

There are 3 main types of electric propulsion architectures: all-electric, hybrid-electric, and 

turboelectric. Furthermore, hybrid-electric can be subdivided into 4 sub-architectures, and 

turboelectric can be subdivided into 2 sub-architectures. The 7 sub-architectures are 

pictured in Figure 2.1 and are listed as: all-electric, series hybrid, parallel hybrid, partial 

parallel, series/parallel partial hybrid, full turboelectric, and partial turboelectric [7].  

Architectures are arranged in a system comprised of electric motors, generators, batteries, 

turboshafts, and turbofans. Electric motors are electric machines capable of being supplied 

by both batteries and generators. A battery is an electric power source that exclusively 
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drives electric motors. Generators turn a gas-powered input into electric output. 

Turboshafts are used to generate power for motors and batteries, while turbofans are used 

for propulsion purposes by consuming fuel. 

¶ All-electric systems solely use batteries to power aircraft propulsion via an electric 

motor. They can sometimes incorporate gearboxes to attain the required speed and 

torque, but typically only rely on an electric powertrain for propulsion.  

¶ Hybrid-electric systems use gas turbines for propulsion and battery charging, while 

also reserving batteries for propulsion. 

o Parallel hybrid systems couple a gas-powered turbofan, and a battery-

powered electric motor, allowing propulsion from either or both power 

sources.  

o Series hybrid systems use a gas-powered turboshaft to drive a generator that 

in combination with a battery, drives the electric motors for propulsion.  

o The series/parallel partial hybrid system uses the turbofan to either recharge 

the batteries or provide propulsion in combination with powering the 

electric motors through a generator. 

o The partial parallel hybrid system completely separates the gas engine from 

the electric drive, where propulsion can be powered from a battery or a 

turbofan with a connected generator. 

¶ Turboelectric systems typically use a gas turbine connected to a generator to power 

a propulsive electric drive without the need for any batteries.  
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o Full turboelectric systems do not use any batteries to directly drive 

propulsion and instead use a turbofan to drive a generator connected to 

electric motors that produce propulsion.  

o In a partial turboelectric system, electric motors drive some propulsion, 

while a gas turbine-powered fan provides the remaining thrust. Since the 

generator is not mechanically coupled to the motor, this provides additional 

freedom in the packaging of the components within the turboelectric 

propulsion system. Partial turboelectric systems are customizable and well 

suited for suited for distributed propulsion applications. 
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Figure 2.1: Electric aircraft sub-architectures a) all-electric, b) series hybrid, c) 

turboelectric, d) partial turboelectric, e) parallel hybrid, f) partial parallel, g) series/parallel 

partial hybrid [7]. 

Architectures can be applied in distributed propulsion systems, which divide the propulsive 

thrust into multiple outputs to reduce noise, reduce the required distance for take-off and 
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landing, and enhance specific fuel consumption which increases flight range [8]. 

Distributed propulsion usually integrates several engines that may be different in purpose. 

It has potential viability for rapid applications such as EVTOLs and supersonic flight [8].  

Aircraft size dictates the feasibility of different electric propulsion architectures. Currently, 

turboelectric systems are the highest priority regarding the development of hybrid 

propulsion architectures [7]. Currently, hybrid and all-electric systems are not ready to be 

widely implemented due to the lack of battery technology that can support the specific 

power required for regional commercial aircraft. It is estimated that the required battery 

energy density would be at least 800-1,800 Wh/kg, which is much greater than the projected 

advancement of 400-600 Wh/kg in 2035 [7]. For PEAs or small electric commuter aircraft, 

these architectures could be feasible but are not mature enough to be approved by the FAA 

within the next 30 years. The same is true for other developing niche technologies such as 

superconducting motors, fuel cells, and cryogenic fuels [7]. In the long term, AEAs will be 

limited to small aircraft such as single aisle and regional aircraft, while turboelectric 

architecture will be more feasible for larger aircraft.  

 

2.2 Electric Machine Topologies 

For most architectures, the most widely used Alternating Current (AC) electric machines 

can be divided into three main topologies: Permanent Magnet Machines (PMMs), Induction 

Machines (IMs), and Switch Reluctance Machines (SRMs) [9]. All motor structures consist 
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of a rotor, stator, and windings. The rotor rotates and generates radial forces due to magnetic 

interactions with the stator and windings. The stator is stationary and houses the windings. 

The windings are required to create magnetic forces and thus rotation of the rotor. An 

exploded view showing the basic structures of all 3 topologies is shown in Figure 2.2 below. 

 

Figure 2.2: Exploded view of a generic a) PMM, b) IM and c) SRM [9]. 
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PMMs use magnets on the rotor to create an independent source of magnetic flux [9]. This 

can result in very high torque and efficiency, which are key design objectives in propulsion 

and aerospace applications [10]. The magnets can be placed on either the outer surface or 

interior of the rotor. However, PMMs are expensive to create due to the high cost of rare 

earth metals such as neodymium and dysprosium, which are extremely difficult to procure 

and process. Additionally, China produces 76% of rare earth metals, meaning price 

fluctuations and increases due to material scarcity become significant concerns for the 

future development of these motors. These materials are also very dense, leading to a larger 

contribution to the overall weight, consisting of up to 50% of the motor mass [10].  

IMs are the first widespread AC asynchronous machine used in various applications such 

as the automotive industry. IMs are typically low-cost due to the lack of permanent 

magnets, instead using rotor bars from die-cast aluminum or copper to provide magnetic 

induction to turn the rotor [9]. It has self-starting capabilities, which make it useful in a 

variety of applications and scales. However, compared to other topologies, IMs suffer from 

lower efficiency due to high rotor losses, and solutions that increase efficiency such as 

copper rotor bars or implementing variable frequency drives greatly increase their cost. 

SRMs lack permanent magnets or rotor conductors. Their construction consists of a salient 

pole laminated stator core, concentrated windings, and a simple salient pole rotor structure. 

An SRM operates phase by phase, as exciting one phase in the stator with current produces 

a magnetic flux that penetrates the rotor and induces rotation as the rotor aligns with the 

time-changing magnetic field [9]. SRMs have a low cost comparable to IMs and can operate 

efficiently in high-speed and high-temperature conditions but can lack efficiency and 
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torque output at lower speeds. Additionally, torque ripple, acoustic noise, and vibrations 

are well-known problems during SRM operation. While these issues can be mitigated with 

more precise control, SRMs have not been widely implemented in propulsion applications.  

For aerospace propulsion applications, motor efficiency and power density are the most 

significant design objectives [7] [10]. Therefore, PMMs are the most common type of AC 

synchronous motor for aerospace applications. When compared to other topologies, listed 

in Table 2.1, PMMs offer high power density, high efficiency, low torque ripple, and high 

level of motor control, which are suited for these applications [11]. While IMs are also quite 

common and much cheaper than PMMs due to the lack of expensive permanent magnets, 

they are not ideal for propulsion applications due to higher power density and efficiency 

requirements, so they are more common in hybrid electric drives and MEAs [7]. 

Performance comparisons between the aforementioned topologies are shown in Figure 2.3.  
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Table 2.1: Comparison of different AC motor topologies [11] 

Topology Advantages Disadvantages 

Induction 

Machines 

¶ High Speed 

¶ Simple Construction 

¶ High torque to inertia ratio 

¶ High torque density 

¶ Low cost 

¶ Developed Industry 

¶ High rotor losses 

¶ Less potential power 

¶ Low power density 

¶ Lower average efficiency 

Permanent 

Magnet 

Machines 

¶ Highest efficiency 

¶ Highest torque to inertia ratio 

¶ Highest torque density 

¶ Easy to control 

¶ Low rotor losses 

¶ Developed industry 

¶ Demagnetization at high 

temperatures 

¶ Requires magnet retention 

¶ High Iron losses 

¶ High cost 

¶ Excitation during winding 

faults 

Switched 

Reluctance 

Machines 

¶ High speed 

¶ Simple construction 

¶ High efficiency at low speed 

¶ Low cost 

¶ High-temperature operation 

¶ Acoustic noise 

¶ Complex control 

¶ Small air gap 

¶ High windage losses 

¶ Lower efficiency at high speed 

¶ Large torque ripple 

 

Additionally, the current requirements for fully electric aircraft propulsion motors shown 

in Table 2.2 make it evident that the required power and power density are quite high. For 

example, a single aisle AEA requires up to 11 MW of power and at least 6.5 kW/kg in 

power density [7]. The most effective topology that can meet these needs at the current and 

near-future state of the art is the PMM. 
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Figure 2.3: Comparison of machine topologies in aerospace applications [10]. 

Table 2.2: Aircraft Propulsion Motor Requirements [7] 

Type of Aircraft 
Electric Aircraft 

Architecture 
Power Rating (MW) 

Power Density 

(kW/kg) 

Regional/Single 

Aisle 

Parallel Hybrid Motor: 1-6 >3 

All-electric Motor: 1-11 >6.5 

Turboelectric 
Motor: 1.5-3 

Generator: 1-11 
>6.5 

General aviation 

and commuter 

Parallel hybrid Motor <1 >3 

All-electric Motor <1 >6.5 

Turboelectric 
Motor <1 

Generator <1 
>6.5 

Twin-Aisle 

Turboelectric Motor: 1.5-3 10 

Parallel hybrid Not available - 

All-electric Not available - 
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2.3 Permanent Magnet Machine Configurations 

PMMs can further be divided into axial flux and radial flux topologies. Additionally, the 

magnets on radial flux machines can be placed on either the interior or surface of the rotor. 

For this thesis, the most common aerospace permanent magnet machine topology will be 

explored and utilized: the radial flux SPMSM. 

Radial flux electric machines are extremely common in almost every industry. However, 

axial flux machines have recently been implemented in traction applications such as 

automotive propulsion. Axial flux machines can be identified by their disk shape, as the 

wider aspect ratio is required to support the rotor structure [12]. The magnetic flux travels 

across a flat annular airgap, between the stator and rotor back iron disks. In contrast, radial 

flux machines are more cylindrical in shape, and the flux path runs across the radial airgap 

[12]. A basic representation of a radial flux and axial flux machine is found in Figure 2.4. 

 

Figure 2.4: a) Basic radial flux machine [12], b) Basic axial flux machine [12]. 
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Radial flux machines can be arranged in both exterior and interior rotor configurations [13]. 

While exterior rotor motors can provide higher power output than similarly sized interior 

rotor configurations, water-jacket cooling can only be integrated exclusively within the 

stator back-iron, resulting in worse stator cooling [13]. As a result, the final efficiency of 

an interior rotor is usually greater than an exterior rotor while being capable of operating 

at higher temperatures and larger diameters. Exterior-rotor machines are limited in their 

maximum speed when compared to the interior-rotor machines [13]. Interior rotors are 

more commonly used, and more manufacturing expertise has been established because of 

their widespread popularity. An example of the rotor configurations is found in Figure 2.5.  

 

Figure 2.5: a) Exterior rotor configuration [13], b) Interior rotor configuration [13]. 

In contrast, axial flux machines are more common in direct drive, low-speed, high-torque 

traction, and propulsion applications [14]. They are typically wider than radial flux 

machines but with a much shorter axial length. This configuration provides a compact 

structure that can output high torque. Its low volume envelope, low weight, effective 

ventilation for stator winding cooling, low noise, and the possibility to stack multiple 

motors due to the short axial length make it a popular choice in aerospace and automotive 
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applications [14]. Unfortunately, axial flux machines are not common in high-speed 

operation and can be difficult to assemble. 

Some newer topologies include Transverse Flux Motors (TFMs) and Wound Field 

Synchronous Motors (WFSMs). TFMs have similar dimensions to axial flux motors but 

differ in the design of the stator windings [14]. Instead of winding copper wire around the 

stator teeth, TFMs implement circumferentially wound coils around the axis of rotation. By 

doing so, this creates a flux path axially through the stator, circumferentially through the 

rotor, and radially through the airgap. Benefits of this configuration include higher 

efficiency and torque at lower speeds, lower core losses, and lower cooling requirements 

compared to axial flux motors [14]. However, it is more complicated to manufacture, has 

lower potential power, and high core saturation [14]. WFSMs are a modified radial flux 

machine that passes a Direct Current (DC) through the excitation winding, creating a 

magnetic field [15]. The main benefit of WFSMs over other topologies is that the magnetic 

field strength can be easily modified by controlling the inputted current, rather than using 

complicated motor control methods such as field weakening [15]. They can also be easier 

to However, the excitation winding losses are large, typically resulting in a lower power 

density and efficiency when compared to PMSMs. However, they are commonly used as 

generators in aerospace applications. High-speed WFSMs can be directly coupled to a gas 

turbine, reducing the engineôs losses while achieving efficient power generation [15].  

Designers can select motor topologies by using sizing equations, which relate the 

electromagnetic torque to the motor length and diameter using coefficients depending on 
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the materials used [16]. The general sizing equations for the power of a radial flux machine 

(PR) and power of an axial flux machine (PA) are listed in Equations 2.1 and 2.2 [16], where: 

¶ m is the number of phases,  

¶ m1 is the number of phases of each stator,  

¶ ὑis the emf factor,  

¶ ὑ is the current waveform factor, 

¶ ὑ is the electrical power waveform factor,  

¶ – is the machine efficiency,  

¶ ὄ is the air gap flux density,  

¶ ὃ is the total electrical loading of the stator and rotor,  

¶ Ὢ is the converter frequency,  

¶ ὴ is the number of pole pairs 

¶ Ὀis the diameter of the outer surface of the machine 

¶ ὒ is the effective stack length of the machine 

¶ ‗ is the ratio of the diameter of the airgap surface to the diameter of the outer 

surface of the radial flux machine 

¶ ‗ is the ratio of the inner diameter to the outer diameter of the axial flux machine  
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When maintaining constant coefficients in Equations 2.1 and 2.2, the power of an axial flux 

machine increases by the cube of the outer diameter, while the power of a radial flux 

machine increases with the product of the stack length and square of the outer diameter. 

However, the diameter ratios (‗ and ‗) are not measured in the same way. This is a 

nonlinear comparison that does not necessarily result in higher power outputs for one 

topology over the other when diameter and length are equal. When dividing the power 

rating by the motor volume to obtain the power density, for longer shafts radial flux motors 

are more power dense, while shorter shafts are optimal for axial flux configurations [10]. 

Overall, while the dimensions and aspect ratios are different, it can be surmised that for 

motors operating at low speeds that require a direct drive, short shaft, or high pole count, 

axial flux machines can be more power-dense than radial flux machines. However, radial 

flux machines are capable of achieving speeds greater than 20,000 RPM due to a 

combination of lower rotor losses from the narrower rotor and lower centrifugal loading, 

allowing for higher peripheral speeds that result in a similar power density to an axial flux 

machine [16].  

Radial flux topology can be further divided based on the mounting of the magnets on the 

rotor structure. The two main machine configurations are Surface Permanent Magnets 

(SPM) and Interior Permanent Magnets (IPM). An SPM motor typically requires a high-

strength sleeve to retain the magnets on the rotor surface. The large airgap allows for greater 

magnetic flux density without causing significant saturation in the rotor back-iron due to 

the silicon laminated back-irons, which also minimize eddy current losses.  
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Alternatively, an IPM embeds the magnets within the rotor back-iron itself, which can 

complicate the electromagnetic design, and at high speeds, the centrifugal forces can 

damage the magnetic bridges [17]. IPMs can concentrate the magnetic flux generated from 

the magnets to achieve high air gap flux density [14]. The magnets are also protected by 

the rotor back-iron and are better reinforced, reducing magnet stresses and the risk of 

demagnetization below 15,000 RPM [14]. IPMs are capable of high torque operation but 

are limited in performance by their lower core saturation threshold, especially in motors 

that employ a large airgap [13]. They are also prone to large torque ripples and greater rotor 

core losses [13]. Each configuration comes with advantages and disadvantages, but for 

aerospace applications, the SPM configuration is favoured, especially for high-speed 

operation. 

For high-power and high-speed machines, an alloy sleeve cannot be used to retain the 

magnets as the electrical conductivity leads to high eddy current losses. While a thicker 

sleeve results in lower equivalent stresses, heat dissipation of the magnets will become 

more difficult. Additionally, the mechanical and electromagnetic airgaps will be affected, 

which could impair motor performance. Therefore, a carbon fiber retention sleeve is 

typically preferred as the high tensile strength of carbon fibre leads to a reduction in the 

required sleeve thickness. The use of carbon also results in minimal eddy loss currents due 

to its poor electrical conductivity. However, an IPM configuration avoids the heat 

dissipation issue and can lead to specific performance advantages such as torque. IPMs are 

typically cheaper than SPMs due to the omission of a composite sleeve. However, IPM 

rotor stress constraints are stricter as the bridges that hold the interior magnets are brittle 
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and prone to failure, especially at speeds above 20,000 RPM where centrifugal forces can 

exceed 1 MN for small motors [18]. IPMs exhibit increased flux leakage and lower possible 

core saturation, potentially compromising power output and efficiency optimization [18]. 

Examples of the configurations are pictured in Figure 2.6.  

 

Figure 2.6: a) Rotor structure of an SPM motor [17], b) Rotor structure of an IPM motor 

[17]. 

Guanghui et al compared SPM and IPM rotor structures using a multi-physics analysis to 

determine the required sleeve parameters that would optimize the SPMôs rotor stresses [17]. 

Out of a multitude of different options, a 5 mm thick sleeve assembled with a 0.15 mm 

interference fit was found to minimize rotor stresses in the SPM example, while a similarly 

sized IPM could not match the same factor of safety in the rotor [17]. It was concluded that 

the greater the interference, the greater the compressive stresses, which must be minimized 

when implementing carbon fiber. The sleeve must not be so thick that the electromagnetic 

airgap is too large, but not so thin that the sleeve loosens and deforms. There is a limited 

range of thickness and fits depending on constraints that allow for a proper sleeve 
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implementation depending on the rotor dimensions. The study concludes that SPMs are 

superior for high-speed aerospace applications due to lower rotor losses and a more robust 

rotor, whereas IPMs are cheaper and can potentially produce higher torque but are less 

suitable at speeds beyond 15,000 RPM [18]. 

 

2.4 PM Machines in Aerospace 

Electrification in aerospace spans a wide range of uses. In MEAs, components such as 

compressors and generators use electric machines, while PEAs use completely electric 

propulsion systems. The power rating of a motor can also determine its use case, such as 

very high power motors (above 1 MW) could be used for large aircraft, high power motors 

(greater than 100 kW) are viable for small commercial aircraft, medium power motors (10-

100 kW) are for small 1-4 passenger PEAs, and low power motors (less than 10 kW) are 

suitable for UAVs, small drones, and components in MEAs [4]. Higher power machines 

use distributed windings and are usually partially or fully liquid-cooled, while lower power 

machines use tooth windings and are typically forced air-cooled [4]. The power and speed 

ratings for various applications in aerospace are plotted in Figure 2.7 based on a survey of 

electric machines [4]. 
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Figure 2.7: High-speed electric machine applications in MEA [4]. 

To advance electrification in aerospace, conversion of MEAs to AEAs will be required. To 

make this jump, further improvements in power density should be made while battery 

technology is advancing [15]. For example, the Trent XWB-97 Turbofan used to power the 

engines of the Airbus A350, can output up to 94 MW of power and has a peak power density 

of 12.4 kW/kg [19]. Currently, high-power electric machines are only able to achieve an 

average power density of 3-4 kW/kg [4]. Recent projections estimate that the minimum 

required power density to make PEAs and AEAs commercially viable is 10 kW/kg [15].  

Examples of various PMSMs used in aerospace applications are listed in Table 2.3, with 

specifications listed for power, speed, torque, mass, and topology. Low-speed machines are 

typically meant for direct drive applications, while high-speed machines can be used for 

generator and propulsion purposes with a gearbox. 
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Table 2.3: Electric machines in the aerospace industry 

Manufacturer Application Topology 
Mass 

(kg) 

Rated Power 

(kW) 

Max Speed 

(RPM) 

Rated Torque 

(Nm) 

Power Density 

(kW/kg) 

Helix  

[20] - [23] 

CTSM242-03 RF 31.3 249 15000 297 8.0 

SPX130-181 RF 15.5 243 24000 153 15.7 

SPC330-94 RF 46 366 6000 1000 8.0 

SPX417-195 RF 90.3 562 2250 2384 6.2 

YASA 

[24] ï [26] 

P400 R AF 28.2 60 8000 200 2.1 

750 R AF 37 70 3250 400 1.9 

MagniX 

[27] 

magni350 EPU RF 128 350 2300 1608 2.7 

magni650 EPU RF 206 700 2300 3216 3.4 

H3X 

[28] ï [33] 

HPDM-1500 RF 125 15000 2700 5300 12.0 

HPDM-350 RF 35 350 2700 1238 10.0 

HPDM-250 RF 18.7 200 20000 642 10.7 

HPDM-140 RF 11 140 20000 67 12.7 

HPDM-30 RF 4.1 33 20000 15.8 8.0 

Emrax  

[34] ï [39] 

EMRAX 188 AF 7.1-7.9 37 8000 56 4.7-5.3 

EMRAX 208 AF 9.4-10.3 56 7000 90 5.4-6.0 

EMRAX 228 AF 12.9-13.5 75 6500 130 5.5-5.8 

EMRAX 268 AF 21.4-22.3 117 4500 250 5.2-5.5 

EMRAX 348 AF 43.1-43.9 210 4500 500 4.8-4.9 

Evolito 

[40] ï [43] 

D250 AF 8.3 203 10000 202 24.5 

D500 AF 28 230 9000 280 8.2 

D1500 AF 35 100 2500 1200 2.9 

Siemens 

[44] ï [46] 

SP70D RF 26 70 2600 260 2.7 

SP260D RF 50 260 2500 997 5.2 

Series-Hybrid 

Generator 
RF 24.4 170 6500 260 7.0 

Safran 

[47] ï [49] 

GENeUS - - 300 42,000 - 8.0 

ENGINeUS - - 100 3000 - 3.5 

ENGINeUS XL - - 1000 1900 - 3.5 

Rolls-Royce 

[50] ï [52] 

Urban Air 

Mobility  
TF 38 150 1100 1300 3.9 

Commuter 

aircraft 
- 140 320 2300 1329 2.3 

PEA Turbofan 

Generator 
RF - 1000 - - 4.0 

Honeywell 

[53] ï [54] 

1 MW 

Turbogenerator 
WFRF 126.5 1000 20000 110 7.9 

* RF: Radial Flux, AF: Axial Flux, TF: Transverse Flux, WFRF: Wound Field Radial Flux 
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Based on the information collected in Table 2.3, propulsion drives currently average a 

power density of 3-5 kW/kg. Low-speed machines tend to output higher torque, whereas 

high-speed machines tend to have higher power density [4]. Based on these trends, the 

specifications of aerospace propulsion motors align best with the performance of high-

speed machines.  

In the design of these motors, multiple performance trade-offs occur. Power and efficiency 

are difficult to simultaneously maximize. Other aspects such as fault tolerance, system 

voltage, and machine control are also difficult to balance when designing the ideal electric 

machine for aerospace propulsion [4]. 

Based on current industry trends, PMMs will dominate traction and propulsion applications 

in the near term [4]. However, the prices and scarcity of rare-earth metals mean that there 

are many concerns about the long-term viability of PMMs. Therefore, efforts are being 

made to optimize existing topologies or use newer topologies, such as TFMs and WFSMs 

[15]. For now, PMMs will need to achieve higher power densities for widespread 

implementation in aerospace propulsion. This can be done by using shape optimization, 

improving thermal management, and utilizing advanced materials or manufacturing 

methods [4].  

The following sub-chapters explore various electric machine products designed by the 

listed manufacturers from Table 2.3. 
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2.4.1 Helix Aerospace 

Helix Aerospace has been developing and manufacturing powerful, compact, efficient, and 

power-dense electric powertrains for 25 years for a variety of applications such as heavy 

land vehicles, motorsport, marine, automotive, and aerospace, with a focus on radial flux 

motors. The most prominent series is the CTSM242 for off-the-shelf motors/generators, 

focusing on high efficiency, power, and torque [20]. These motors are optimized for use in 

high-performance traction, propulsion, and power generation applications operating up to 

a maximum speed of 15,000 RPM. The power output and efficiency under peak operating 

conditions are 400 kW and 95%, respectively. To maintain high performance, the motor 

uses combined stator and rotor cooling using liquid cooling, with a coolant of 50% ethylene 

glycol and water mixture. With a mass of 30 kg, the power density can reach up to 7 kW/kg, 

which is noticeably more power-dense than the average propulsion motor.  

 

Figure 2.8: Helix SPM242 motors [20]. 

Other aerospace platforms include the SPX130, SPC330, and SPX 417. The SPX130 motor 

was originally used for a formula-E traction motor, but its small size, high speed of 24,000 
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RPM, and high power density of 15.7 kW/kg allowed it to be used for an aerospace 

application involving blown wing technology [21]. The SPC330 is a scaled-up revision of 

an older motor and is designed to perform under high torque and low-speed duty cycles of 

up to 1,000 Nm and 3,250 RPM [22]. The SPX417 is an industry leader in torque output. 

It was originally designed for marine applications requiring low speed and high torque [23].  

 

2.4.2 YASA 

Founded in 2009, YASA has been developing axial flux technology for the advancement of 

electrification in primarily automotive and more recently in aerospace through their spinoff 

company, Evolito [24]. YASA argues that while radial flux technology is easier to 

manufacture and a faster route towards electrification, axial flux technology offers better 

performance in parameters such as power density, size, and torque, especially for low-speed 

applications. Manufacturing the axial flux machine has become easier with the introduction 

of the Soft Magnetic Composite (SMC) material, which greatly simplified the windings 

and increased cooling capability [24]. Axial flux technology has continued to grow and in 

2019, YASA announced Ferrari as its first OEM customer in high-volume production for 

its new hybrid Stradale SF90 [24]. In 2021, YASA became a subsidiary of Mercedes Benz 

and is developing new electric drives for the company [24]. YASA has begun to expand 

further into electric aircraft and partnered with Rolls Royce to design a zero-emission PEA 

with a record speed of 345.4 miles per hour in 2021 [24]. The aircraft, named ñSpirit of 
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Innovationò, directly drives the propeller using three 200 kW axial flux motors stacked 

axially, each outputting 790 Nm of torque at 97% efficiency with zero emissions. 

 

Figure 2.9: YASA and Rolls Royce ñSpirit of Innovationò in 2021 [24]. 

YASAôs other notable axial flux aerospace motors consist of the P400R and 750R. The 

P400R is a medium-sized motor providing 60 kW of continuous power [25]. It is meant for 

traction, power generation, hydraulic replacement, and hybrid applications. Compared to 

other small, low-speed, and medium-power motors, it boasts adequate torque and power 

density by employing a compact structure with integrated stator oil cooling to maintain low 

operating temperatures. The 750R delivers greater torque and power than the P400R at low 

speeds, suiting it for similar applications [26]. Its compact 98 mm axial length facilitates 

the axial stacking of multiple motors. It should be noted that these motors offer below-

average power densities of 2.1 and 1.9 kW/kg respectively.  

  

Figure 2.10: YASA P400R (left) [25], YASA 750R (right) [26]. 



M.A.Sc Thesis ï Maaz Khalid  McMaster- Mechanical Engineering 

 

 33   

 

2.4.3 MagniX 

MagniX was established in 2005, focusing on PMMs and superconducting technologies. 

Since 2019, it has partnered with various manufacturers to create new battery-electric, 

hybrid-electric, and hydrogen-electric aircraft [27]. It partnered with Harbor Air to design 

the hybrid electric eBeaver in 2019, Universal Hydrogen in 2020 to power its 40-passenger 

hydrogen-powered Dash-8, and NASA in 2021 to develop an electric propulsion drive in 

its electric powertrain flight demonstration program [27]. In 2022, it was able to design and 

successfully test its battery electric helicopter, a Robinson 44 [27]. In 2024, MagniX 

advanced the development of its magni650 electric engine for use in another electric 

powertrain flight demonstration program [27]. It has begun testing at 25,000 feet altitude 

conditions for a regional-sized commercial aircraft. Currently, its two main electric 

propulsion units are the magni650 and magni350. These are oil-cooled 700 kW and 350 

kW power motors, respectively [27]. The high power and torque outputs at low speeds 

make these motors ideal for direct drive propulsion. In addition, the average power densities 

of 2.7 and 3.4 are comparable to other motors of the same size. These motors have seen 

success in AEA applications but could also be successful in hybrid electric applications. 

 

Figure 2.11: MagniX hybrid-electric Cessna (left) [27], magni650 (right) [27]. 
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2.4.4 H3X 

H3X has a history of designing commercially sustainable, power-dense electric motors. 

They have the goal of designing radial flux propulsion systems with a continuous power 

density of greater than 12 kW/kg [28]. It is notable that on average, H3Xôs radial flux 

machines offer very high power density compared to other competitors and use water-jacket 

cooling to achieve high-speed operation. All motor platforms are capable of four quadrant 

operation to allow for use as a motor or generator.  

Currently, they have designed motors that meet this goal, such as the HPDM platform. The 

HPDM-30 is a small 4.1 kg motor with a continuous power rating of 33 kW [29]. It can be 

stacked axially to form a 66 kW or 99 kW machine. For its size, it boasts a very high power 

density of over 8.0 kW/kg and is meant for the propulsion of small aircraft such as drones, 

EVTOL, mini rockets, hypersonic aircraft, and UAVs. 

The HPDM 140, 250, and 350 motors are capable of 140, 200, and 350 kW of continuous 

power respectively [30] [31] [32]. They boast substantial power densities of 10 ï 12 kW/kg, 

meeting their expressed goals of up to 12 kW/kg of power density. However, the 350 is a 

direct drive, low-speed, high torque machine, whereas the 140 and 250 are high-speed low 

torque machines. All motors could feasibly be used for PEA or small AEA propulsion.  

The HPDM-1500 is the largest platform available, outputting 1.5 MW of continuous power 

[33]. Offering substantially high power density and torque at low speeds, this direct-drive 

motor is meant for regional aircraft, submarines, and electric trains. This motor has great 

potential as it also boasts up to 97% efficiency, and up to six motors can be axially stacked 
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to create a combined 9 MW power output. This is enough continuous power to maintain 

the flight of a Boeing 737, but further improvement to power density will be required for 

commercial viability. 

 

Figure 2.12: 6 axially stacked HPDM-1500 motors resulting in 9 MW of power output [33]. 

 

2.4.5 EMRAX 

EMRAX designs compact and durable axial flux motors primarily for aerospace and 

automotive applications, such as Formula cars, motorbikes, EVTOLs, and Unmanned 

Aerial Vehicles (UAVs) [34]. Their motors boast up to 96% efficiency and are used for 

many electric and hybrid applications, and sometimes used in industrial and naval 

applications. Their motors feature combined air and water cooling and multiple stacking 

options to increase power output. 

EMRAX motors are either average or slightly above average in power density, ranging 

from 4.7 to 6.0 kW/kg. From smallest to largest, EMRAX models 188, 208. 228, 268, and 

348 are the available commercial motors. The 188 is the lowest weight (7.1 kg) and lowest 
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power (33 kW) motor designed for EVTOL aircraft and UAVs [34]. The 208 is the first 56 

kW motor designed by EMRAX for an electric glider but is now used for various 

applications like marine, aerospace, and automotive applications [35]. The 228 is the most 

power-dense motor at 5.5 kW/kg, intended for medium to high power applications with a 

continuous power output of 75 kW [36]. The 268 is EMRAXôs first high-power motor with 

a continuous power output of 117 kW, intended for light aviation, marine, and traction 

applications [37]. It is the first electric engine certified by the European Union Aviation 

Safety Agency (EASA) for use in general aviation [37]. Finally, the 348 is the largest motor 

offered by EMRAX, with continuous torque and power outputs of 1,000 Nm and 210 kW, 

respectively [38]. Intended for direct drive application in aviation, marine, heavy 

machinery, and heavy-duty land vehicles, this motor has a power density of 4.8 kW/kg, 

which is considered average for propulsion motors. All EMRAX motors can be stacked 

twice, increasing their power and torque output, but this does not improve their otherwise 

average to above-average power density [39]. Overall, these motors have potential use as 

generators or in EVTOL and light aircraft propulsion but lack the power outputs and power 

densities required for large commercial AEAs. 

 

Figure 2.13: EMRAX stacked motor and single motor [39]. 
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2.4.6 Evolito 

Evolito is a branch of YASA and has the express goal of transforming air travel in the near 

future by implementing axial flux motors in EVTOL and light aircraft. They seek to create 

cleaner and quieter aircraft with their lightweight, torque-dense direct drive motors [40]. 

Key design features are their yolkless axial flux topology and segmented magnet 

architecture for weight reduction [40]. Like many other axial flux motors on the market, 

they can be stacked for increased torque and power. Evolito offers three main motor 

products: D250, D500, and D1500.  

 

Figure 2.14: Evolito axial flux motor exploded view [40]. 

The D250 motor is designed for low-torque and medium-speed applications and can be 

coupled with a gear reduction stage for direct drive speeds [41]. Intended for high-power 

applications with a continuous power rating of 203 kW and a low weight of 8.3 kg leads to 

an extremely high power density of 24.5 kg/kW [41]. However, the overall power rating is 

far less than 1 MW and thus is limited to PEAs, EVTOLs, and very small AEAs. 
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The D500 motor is designed for medium torque, and medium or low-speed applications, 

and can be speed reduced to direct drive applications [42]. This motor produces 500 Nm 

and 320 kW continuous torque and power, respectively, with a peak operating speed of 

3,000 RPM [42]. While heavier than the D250 motor, it still outputs an above-average 

power density of 8.2 kg/kW. However, it can be stacked up to 3 times for a total power of 

1 MW. This motor can be used in hybrid aircraft, PEAs, and heavy-duty vehicles, but may 

not be as viable for larger AEAs. 

Finally, the D1500 is the largest motor offered by Evolito and is designed for low-speed 

and high-torque applications. With a maximum speed and torque of 2,500 RPM and 1,200 

Nm, this motor has been used for over 1,000 hours of flight testing in various direct-drive 

electric aircraft propulsion systems [43]. However, the maximum continuous power is 100 

kW [43], so it will not see much use outside of EVTOLs and small PEAs. 

 

2.4.7 Siemens 

Siemens has over 10 years of experience developing radial flux electric propulsion systems 

for electric and hybrid aviation. Since 2011, they have designed and tested various electric 

motors for custom-built light aircraft. Currently, they are looking to improve their motor 

power density to 10 kW/kg for more viable implementation in large hybrid aircraft and 

small AEAs [44]. They have not implemented their motors outside of custom-built light 

aircraft such as the Siemens Extra 330LE [45]. However, recently Siemens has begun to 

partner with airlines, such as Scandinavian Airlines and Airbus, to develop an electric-
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hybrid propulsion system [46]. In 2019, the US Department of Energy also announced it 

would fund Siemens programs for the development of low-cost electric aviation drives [44]. 

Altogether, this shows that Siemens has been moving away from simply testing their 

electric motors and moving towards commercial solutions.  

The SP70D is Siemensô premium 70 kW electric motor for electrification of small, hybrid, 

and light aircraft, and is featured in recent projects with smaller manufacturers, such as the 

all-electric Bye Aerospaceôs sun Flyer 2, as well as the series-hybrid 4 and 6 seater Apus i-

2 and Apus i-6 [46]. Usage in the Apus air taxis with passenger capacities of up to 6 require 

the motor to be stacked. With a maximum speed of 2,500 RPM and a rated torque of 200 

Nm, it is well suited for direct drive small hybrid aircraft such as EVTOLs and 1-4 seat air 

taxis [46]. However, its low power density of 2.7 kW/kg means it will likely not see 

integration in future AEA and PEA propulsion systems. 

 

Figure 2.15: Siemens SP70D (left) [46], Bye Aerospaceôs Sun Flyer 2 AEA (right) [46]. 

The SP260D is the other significant motor developed by Siemens. A 260 kW motor with 

an above average power density of 5.2 kW/kg, it has been flight tested on the Siemens Extra 

330LE and has plans to be integrated into the hybrid electric 4-seated Swiss cruise aircraft 

named ñSmartflyerò [46]. In a triple-stacked configuration, it is planned to propel the all-
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electric 9-seater Alice commuter airplane from Eviation [46]. To expand its AEA 

applications, Siemens plans to improve its power density.  

 

Figure 2.16: Siemens SP260D (left) [46], Eviation Alice Electric Aircraft (Right) [46]. 

The Siemens Extra 330LE is a record-setting electric aircraft, reaching speeds of 337.5 

km/hr over a distance of 3 km [45]. It has a takeoff mass of 1,000 kg and also became the 

first electric aircraft to air tow a glider into the sky, showing the power of its propulsion 

unit. Siemens is looking to apply its experience with the Extra 330LE to its program with 

Airbus. Airbus is looking to develop a hybrid-electric regional aircraft for up to 100 

passengers with a range of 1,000 km [45].  

 

Figure 2.17: Siemens Extra 330LE air-towing a glider [45]. 
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Siemens is testing new 2 MW and 4 MW motors in collaboration with the University of 

Nottingham since 2019 [46]. In addition, they have been looking to implement a new 200 

kW, torque-dense motor for use in direct drive urban air mobility applications. Their 

potential customers are developers of the EVTOL Octocopter CityAirbus [46]. 

 

2.4.8 Safran 

The first high-speed electric motor/generator developed by Safran was the GENeUS. It can 

output a peak power of 300 kW and a maximum speed of 42,000 RPM [47]. It boasts a 

peak power density of 8 kW/kg and is optimized for turbomachinery applications. 

However, the continuous power density is unknown. 

Safranôs main product line for hybrid turbomachinery and electric aircraft motors is the 

ENGINeUS 50-100 [48]. It is designed for direct drive propulsion systems with options 

between 50 kW to 1 MW and speeds from 1,500 to 4,500 RPM [48]. The listed power 

density is estimated to range between 3.5 to 5 kW/kg, which is considered average for 

propulsion motors. 

In 2023, Safran updated its most powerful 500 kW motor, the ENGINeUS 500, to 1 MW, 

named ENGINeUS XL [49]. In lab tests, the machine was able to achieve 1 MW at a speed 

of 1,900 RPM with an output torque of 5,000 Nm and a recorded efficiency of over 95%. 

The ENGINeUS 500 was originally designed for hybrid commuter aircraft. Safranôs 

intended market purpose for the new ENGINeUS XL is to power a 9-seater AEA meant for 

regional flights [49].  
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Figure 2.18: ENGINeUS XL electrical motor [49]. 

 

2.4.9 Rolls-Royce 

Rolls-Royce develops complete power and propulsion systems for all-electric and hybrid-

electric air, sea, and land transportation applications [50]. They have collaborated with 

many partners to advance sustainability in the advanced air mobility industry. They have 

also invested in charging infrastructure and energy storage systems, such as fuel cells and 

local battery storage systems [50]. Their patented technology involves multi-lane 

architecture in combination with unforced air cooling. Their electric propulsion units have 

been designed for urban air mobility, regional air mobility, and a turbogenerator system. 

The urban air mobility motor is intended for quiet, safe, direct drive operation of urban 

EVTOL air taxis [51]. This motor uses a transverse flux topology, which is a modified axial 

flux configuration that allows for unforced air cooling. The motor can output 150 kW of 

continuous power, and 1,300 Nm of continuous torque at a maximum speed of 1,100 RPM, 

with a continuous power density of 3.8 kW/kg [51]. While the power density is average, it 
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is enough to power a single, twin, or quad-engine commuter aircraft [52]. Rolls-Royce has 

also designed a propulsion system for regional air mobility. This motor is meant for short-

haul, small, hybrid and all-electric commuter aircraft in the 100 kW to 1 MW class [52]. 

While the topology is unknown, it is said to be a low-speed, high-torque air-cooled motor, 

with a power output of 320 kW and a power density of 2.3 kW/kg [52].  

 

Figure 2.19: Rolls-Royce Urban Air Mobility Propulsion Unit (left) [51], Rolls-Royce 

Regional Air Mobility Propulsion Unit (right) [52]. 

Rolls-Royce has also worked on developing a powerful turbogenerator [50]. It has a 

potential power output of up to 1 MW and achieves an average power density of 4 kW/kg 

[50]. It is stated to be highly efficient and dual-fuel capable for hybrid-electric aircraft.  

 

Figure 2.20: Rolls-Royce 1 MW Turbogenerator system for hybrid-electric aircraft [50]. 
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2.4.10 Honeywell 

Honeywell Aerospace has iterated its second-generation turboelectric electric aircraft 

propulsion. It offers a 500 kW and 1 MW model. The 1 MW option combines Honeywellôs 

1 MW generator with the power core of the HGT1700 auxiliary power unit within the 

Airbus A350 XWB [53]. It is a dual 3-phase wound-field synchronous radial flux generator. 

It can use either biofuel or jet fuel and boasts high efficiency and power density (7.9 kW/kg) 

[54]. By using biofuel instead of traditional jet fuel, emissions can be cut down 

significantly. The turbogenerator can also be used in distributed electric propulsion 

architecture, where motors can be individually tilted or turned off for EVTOL and 

horizontal flight applications [54]. The turbogenerator can also power multiple motors 

located anywhere on the aircraft in such a configuration.  

In December 2020, Honeywell signed a contract to collaborate with British start-up 

Faradair to implement the 1 MW turbogenerator to power 300 of their Biofuel Electric 

Hybrid Aircraft (BEHA) by 2030 [53]. The turbogenerator has also been tested for EVTOL 

flight successfully, with future potential implementation in autonomous EVTOL urban air 

taxis and small cargo aircraft [53].  

 

Figure 2.21: Honeywell's 1 MW Turbogenerator [53]. 
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2.5 Chapter Summary 

This chapter provides a review of electric aircraft architectures, electric machine topologies 

and configurations, and case studies on state-of-the-art aerospace propulsion motors. While 

the current rate of adoption of electrification is quite low, it is clear that there are 

advancements in power density that will allow for the commercial viability of PEAs and 

hybrid-electric commuter aircraft in the near future. Additionally, the improvement of 

energy storage, charging infrastructure, fault tolerance, machine control, and cooling 

systems will also need improvements to support the increasing power densities.  

It is clear that currently, the most viable sub-architecture applications are the series and 

parallel hybrid-electric aircraft due to their lack of full reliance on strictly green 

infrastructure. However, they may serve as a bridge to the all-electric future that may be 

possible in 2030 and onwards, as many projects are underway to produce greater than 1 

MW and 10 kW/kg electric machines [7]. As shown in this chapter, multiple motors from 

Helix Aerospace, H3X, and Evolito have managed to achieve greater than 10 kW/kg power 

densities with radial flux and axial flux options. Multiple successful projects have been 

completed for EVTOL applications for urban air mobility and air taxis. Observing the case 

studies, the most common trend within highly-power-dense machines is the usage of the 

high-speed radial flux topology.  

The next chapter will review a sample radial flux aerospace motor designed at MARC, with 

a focus on its mechanical design. 
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Chapter 3: Mechanical Design for High-

Speed PM Machines  

 

 

Current aerospace electrification efforts focus on enhancing high-speed electric machines 

for propulsion by increasing power output, reducing weight, and implementing fault-

tolerant designs. These issues can arise from excessive vibrations, electrical faults, 

demagnetization at high temperatures, and failure of various components.  

The purpose of this chapter is to review the design of an example SPM, labelled Motor A, 

including the motorôs specifications and the mechanical design of the stator and rotor 

assemblies. Once these aspects have been explained, the mechanical design criteria for the 

new 1 MW machine, labelled Motor B, will be presented. The main focus of this thesis is 

on the mechanical design of the rotor assembly, so the stator assembly will not be 

prioritized. The stator assembly mainly functions to house and cool the electrical windings 
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and stator back-iron, and determining the cooling design was not considered to be within 

the scope of this thesis.  

 

3.1 Design of a 150 kW Aerospace Motor  

The research team at MARC designed a 150 kW high-speed radial flux permanent magnet 

motor prototype for aerospace propulsion, identified in this thesis as Motor A. Motor A 

currently exceeds the industry standard, with a power density of 6.3 kW/kg. Motor Aôs 

design incorporates several unique features in its rotor, stator, thermal, and electromagnetic 

design to improve performance and simplify manufacturing and assembly.  

The mechanical analysis conducted for the rotor assembly, stator housing and stator 

endplate is credited to Akshay Manikandan. The stator cooling design is credited to 

Samantha Jones Jackson and Dikhsita Choudhary. The rotor cooling design is credited to 

Kenneth Noronha. The electromagnetic design is credited to Giorgio Pietrini, Mohamed 

Abdelmagid, and Srikanth Pillai.  

 

3.1.1 Motor A Rotor Design 

The rotor assembly design uses a nitrided AISI 4340 steel integrated rotor shaft and hub, 

which combines the rotor back-iron hub and rotor shaft into a single component. This is 

possible due to the arrangement of surface magnets in a Halbach array. AISI 4340 steel is 
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selected for its high yield strength. The steel is hardened using nitriding, which is a case 

hardening process that increases its fatigue resistance. Combining these parts removes the 

need to create a keyway, design joints, or use welds to connect the two components. The 

integration simplifies the assembly process, reduces the number of parts and overall motor 

mass, and improves the axial stiffness of the rotor assembly. A continuous hollow section 

and various pockets and cutouts are machined into the cross-section of the shaft and hub 

respectively to minimize the mass of the integrated shaft-hub.  

The removal of the hub was previously studied by researchers at MARC. In a comparison 

between a traditional and integrated hub, the resulting Von Mises stresses for a multi-

physics Finite Element Analysis (FEA) when optimizing both designs were about the same 

[55]. However, the integrated design reduced the stresses for other components such as the 

magnets and retaining sleeve [55]. These components are critical and should ideally achieve 

a higher safety factor when compared to the rotor shaft and hub. The traditional designôs 

retaining sleeve failed in some cases due to extremely high hoop stress, but the integrated 

design did not fail in any case [55]. Hoop stress is a stress distribution within cylindrical 

geometry that rotates [56]. This is likely due to the difference in material between the hub 

and shaft, as the hub is made of electrical steel, while the shaft is machined from AISI 4340 

steel. The components will experience separate stresses and deformation. Additionally, they 

have differing coefficients of thermal expansion, which can create additional interference 

pressure at maximum operating temperature. The additional interference increases the 

resultant stresses on the magnet and sleeve. The results of the study are summarised in 

Table 3.1. 



M.A.Sc Thesis ï Maaz Khalid  McMaster- Mechanical Engineering 

 

 49   

 

Table 3.1: Stress comparison between traditional and integrated hub designs [55] 

Component 

Traditional Design Integrated Design 

Material 

Yield 

Strength 

(MPa) 

Von Mises 

Stress 

(MPa) 

Material 

Yield 

Strength 

(MPa) 

Von Mises 

Stress 

(MPa) 

Rotor Hub 
Laminated 

steel 
370 235 AISI 

4340 
780 597 

Rotor Shaft AISI 4340 780 593 

Permanent 

magnets 
NdFeB 850 520 NdFeB 850 429 

Retaining 

Sleeve 

Hextow 

IM7 

Carbon 

fibre 

2100 2263 

Hextow 

IM7 

Carbon 

fibre 

2100 1928 

 

Additionally, the number of parts is significantly reduced when using an integrated design. 

The need for additional parts such as a locknut, washers, and separate balancing plates for 

the front and rear of the hub to fit these components on a long rectangular keyway can make 

the assembly process lengthier and more complex [57]. The integrated design is also 

estimated to reduce the rotor assembly mass by about 35% when compared to the traditional 

design [57]. On the other hand, machining an integrated shaft and hub could be more 

difficult and expensive, so there are some advantages and disadvantages to both options. 

However, removing the hub removes the need for extremely tight tolerances on the keyway, 

so the cost is dependent on the vendor. Overall, if machining and assembly costs are not 

taken into consideration, the structural integrity and ease of assembly of the integrated rotor 
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design make it preferable to a traditional rotor design. A traditional and integrated design 

example is shown in Figures 3.1 and 3.2. 

 

Figure 3.1: Exploded view of an example traditional rotor assembly [55]. 

 

Figure 3.2: Exploded view of an example integrated shaft and hub rotor assembly [55]. 
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The magnets selected for this motor are Neodymium-Iron-Boron (NdFeB) magnets. They 

have useful properties, such as high magnetic coercivity, which translates to higher 

resistance to demagnetization. Being able to maintain magnetization over a wider range of 

operating temperatures over a long period is essential to aerospace applications so it is 

favoured over other alternatives such as Samarium-Cobalt (SmCo), another popular 

permanent magnet material used in propulsion applications. SmCo is very expensive when 

compared to NdFeB and is more commonly used in military applications.  

Since the motor is an SPM, the magnets will be experiencing significant centrifugal and 

thermal stresses, so the stronger magnet is preferable, and NdFeB magnets have greater 

compressive strength. The magnets are surface mounted in a Halbach array and divided 

into 4 segments in the axial direction. The Halbach array does not strictly require s 

laminated steel back-iron, allowing for the rotor shaft and hub to be combined into a single 

part. A comparison of the magnet properties is tabulated in Table 3.2. 

Table 3.2: Comparison of Permanent Magnet Properties [58] [59] 

Property NdFeB SmCo 

Density (g/cm3) 7.5 8.4 

Flux Density (T) 1.4 1.0 

Compressive Strength (MPa) 850 650 

Youngs Modulus (GPa) 160 150 

Thermal Conductivity (W/m*K) 10 10 

Maximum Temperature (ÁC) 180 250 
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An electromagnetic analysis was also performed to ensure that the AISI 4340 steel hub 

integrated with a Halbach array would not result in a loss in performance when compared 

to a non-oriented electrical steel equivalent. The results showed there were minimal 

differences, with the only notable difference being a slight increase in torque ripple. The 

Halbach array provides better demagnetization resistance and lower magnet losses, but it 

also provides benefits to lower the mechanical loading of the magnets, which are weak in 

tension in comparison to compression. Since segmentation reduces tensile loads which are 

especially apparent during shaft bending, it can maintain compression on the magnets, 

increasing its factor of safety [57]. The integration of the rotor back-iron and shaft increases 

the strength of the back-iron when compared to a traditional hub design, which is more 

beneficial at high speeds for large rotors due to greater centrifugal forces. 

 

Figure 3.3: Cross-sectional view of Motor Aôs rotor assembly. 
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To retain the magnets, a composite material retaining sleeve is used to envelop the outer 

diameter of the magnets, while adhesives are applied to the inner diameter and sides of the 

magnets, bonding them to each other in the radial and axial directions, as well as to the 

outer diameter of the integrated rotor for assembly. A carbon fibre retaining sleeve is used 

due to its high tensile strength along the fibre direction, low weight, and low conductivity 

resulting in minimal eddy current losses. Induced eddy currents are especially present if a 

metallic retaining sleeve is used. Therefore, it is imperative to use a composite material that 

is strong enough to withstand significant thermal and tensile loading, which makes carbon 

fibre an excellent material for this application. The adhesives used to bond the magnets to 

the rotor have very low strength when compared to the radial forces exerted by the magnets, 

which would cause magnets to detach from the rotor during operation if no additional 

retention component is in place, so it is necessary and standard in most high-speed radial 

flux SPMs to use a retaining sleeve. However, carbon fibre possesses a lower rate of thermal 

expansion when compared to NdFeB, so the sleeve will be under additional stress from 

magnet expansion under maximum operating temperature.  

To perform under these conditions, the sleeve is designed with a ply thickness of 1.35 mm, 

using 9 layers each of which is 0.15 mm thick. Typically, unidirectional filament winding 

orientation can vary between 80 to 89 degrees per turn depending on the loading condition. 

Based on testing, Motor Aôs sleeve used an 86-degree angle with respect to the axial 

direction during winding for the lowest sleeve hoop stress. The sleeve uses an interference 

fit to maintain contact with the magnets throughout the operating temperature range.  
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Figure 3.4: A closer look at Motor Aôs magnet retention system and axially segmented 

magnets. 

The rotor shaft has a machined exterior spline on the drive end to send output torque to a 

test bench or dynamometer. This spline was designed to withstand the maximum torque but 

consume the least amount of volume for a compact design, so stress calculations were 

performed to ensure it did not fail. The stress calculations showed a maximum shear stress 

of 372 MPa at the roots of the spline teeth, which results in a factor of safety of 2. The other 

end uses a custom tapered shaft to outfit a Variable Reluctance (VR) resolver for accurate 

position tracking. A taper shaft was used to mount the rotor of a VR resolver to account for 

differences in the motorôs shaft size and the available resolver rotor sizes. Welding could 

be to connect the parts, but this was not possible since the resolver rotor diameter would 

obstruct the assembly of the shaft bearings, so a simple bolted connection was chosen.  
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Figure 3.5: Motor A VR type resolver and taper shaft custom solution (left), Motor A rotor 

shaft spline (right). 

Two grease-lubricated hybrid bearings were selected for this motor. While most radial flux 

SPMs use deep groove ball bearings, their speed rating cannot meet the required maximum 

speed of this motor using grease lubrication. The bearings are sealed using a customized 

set of shaft seals to prevent grease runout or leakage. Since there is no oil lubrication used, 

there are no concerns with the mixing of the coolant from the endcaps and the bearing 

grease, but this results in higher bearing losses due to higher viscosities of grease when 

compared to oil [60]. An oil lubrication system for the bearings was not implemented due 

its high complexity and time constraints. A wavespring is placed at the non-drive end to 

apply a more consistent preload to the pair of bearings. Preload prevents bearings from 

floating, adds radial and axial stiffness to the rotating assembly, and ensures optimal 

operation based on several factors that the bearing supplier can provide. The wavespring is 

used to evenly distribute it through the outer grease seal, which is located between the front 

bearing and the external environment. 
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Due to the high speed of this motor, thermal simulations concluded that the bearing 

temperatures were higher than expected, leading to high temperatures near the bearing 

region. To mitigate overheating, aluminium cooling rods shrink-fitted into the hollow shaft 

section were used to help distribute bearing losses across the length of the shaft to ensure 

that the grease and bearings do not overheat. For larger motors, higher bearing stiffness 

may be required to withstand higher rotational mass and forces, which can be achieved by 

applying a higher preload, although this will result in greater bearing losses [60]. Oil is also 

capable of more effective heat transfer away from the bearing when compared to the passive 

cooling methods used for grease-lubricated bearings [60]. For this reason, oil lubrication 

for a larger machine operating at 20,000 RPM is preferred since using standard grease 

would likely result in overheating. Another solution would involve using hybrid bearings 

with Polyether Ether Ketone (PEEK) cages and ceramic rolling elements with high-

performance grease since these options are capable of higher temperature operation and 

lower loss generation [61]. However, they are generally more costly when compared to 

standard hybrid bearings. 
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Figure 3.5: Motor A bearing assembly and associated components. 

 

3.1.2 Motor A Stator Design 

The stator housing assembly is a two-piece construction, with a housing that extends to 

cover one end, and a front endplate that encloses the assembly around the rotor assembly. 

The two-piece design improves the overall stiffness of the stator housing when compared 

to a standard three-piece design involving two endplates. The housing and endplate also 

serve as a water-jacket by integrating internal cooling channels that transfer heat away from 

the bearings and stator back-iron using coolant. Typically, water-jacket stator designs use 

an inner and outer housing, where the outer housing has machined channels and the inner 

sleeve slides over the channels with grooves for O-rings, thus sealing the coolant. Motor 

Aôs front endplate and stator housing are additively manufactured to reduce the number of 
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parts. They are 3D printed using Laser Powder Bed Fusion (LPBF) with AlSi10Mg to allow 

for detailed cooling channels that encompass the entire length of the assembly. The 

components are then subjected to hot isostatic pressing and T6 heat treatment to address 

issues with anisotropy related to LPBF. AlSi10Mg is a frequently used material in additive 

manufacturing and has similar properties to Al6061-T6, which is a well-studied material 

that is commonly used in aerospace and traction applications. This design is beneficial since 

it reduces the number of components and seals required, reduces weight, and increases 

housing stiffness. 

 

Figure 3.6: Motor A Stator Assembly. 

The stator housing also has a set of six long bolt sleeves arranged around the outer diameter 

to enable mounting to a dynamometer for testing. The holes are 75% of the length of the 

stator. The stator is mounted in a cantilever orientation to an AISI 4340 steel adapter plate 
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that connects to the dynamometer. In the FEA of Motor A, the stator housing and adapter 

plate were confirmed to not fail under dynamic loading conditions. 

 

Figure 3.7: Stator bolting connection to dynamometer. 

The stator back iron is shrink-fitted into the housing to achieve an interference fit. This 

process involves increasing the temperature of the stator housing, placing the back-iron at 

the correct depth, and then waiting for the housing to cool and achieve the desired fit. The 

frictional forces from this fit must be great enough to resist the generated torque from the 

operation of the motor so that no slippage occurs. However, the fit must be limited to not 

induce excessive contact stresses on the housing. The materials of each component are 

different, so the rate of thermal expansion will cause a mismatch in radial expansion during 

operation. In this case, the housing will expand faster than the back-iron, so proper 
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tolerancing is required to ensure that the minimum interference to withstand 73 Nm of 

torque is maintained at the maximum temperature.  

The stator potting process involves insulating and connecting the stator back-iron and 

windings using an epoxy resin. The selected two-component potting resin is capable of 

resisting high operating temperatures, can flow well, can cure at low temperatures, provides 

high thermal conductivity, and is highly resistant to cracks. While non-resin potting 

materials can provide higher thermal conductivity, they have higher viscosity and are 

therefore more difficult to cure without any deformities or voids. It can fill any gaps 

between the windings and the back-iron to create a path for heat transfer from the windings, 

through the back-iron, and to the stator housing, which is internally cooled.  

 

Figure 3.8: Stator materials and components involved in potting and assembly. 
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3.1.3 Motor A Cooling Method 

The motor cooling can be divided into two systems, one for the stator assembly and the 

other for the rotor assembly. The stator assembly is cooled using the water-jacket cooling 

method previously mentioned in the stator design, using a 50/50 mixture of Water and 

Ethylene-Glycol (WEG) as the coolant [62]. WEG is commonly used in traction and 

aerospace applications for its wide range of usable temperatures and low viscosity [62]. 

The water-jacket cooling channels are embedded within the stator housing and extend to 

the stator front endplate. The cooling channels can reach the bearings, providing some 

mitigation of the bearing losses. The connection between the endplate and housing is sealed 

with O-rings to prevent coolant from leaking. The channels are close to the inner diameter 

of the stator, allowing for effective heat transfer from the windings for a potted stator back-

iron and windings.  

 

Figure 3.9: Example of housing and endplate water-jacket cooling channels. 
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The rotor assembly is cooled using air cooling through a metal 3D printed rotor fan that 

intakes cooler external ambient air from machined windows on the front endplate and 

circulates it through the length of the rotor assembly, finally expelling it out the rear of the 

stator housing. A flow straightener is used to ensure the airflow is focused through the 

hollow cutouts of the integrated shaft and hub. Convection within the cutouts cools the 

NdFeB magnets to prevent demagnetization. The complete cooling path for the air from 

the non-drive end to the drive end is illustrated in Figure 3.10.  

 

Figure 3.10: Airflow through Motor Aôs rotor assembly using rotor fan cooling. 

A set of hollow aluminum heat path conduction rods are inserted within the hollow steel 

rotor shaft to distribute losses generated from the bearings across the length of the shaft, 

rather than allowing it to concentrate within the bearing region. A larger motor may have 

issues with solely cooling the rotor assembly using air cooling. Other methods may need to 

be used or combined with air cooling to prevent demagnetization and overheating of other 
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components such as the bearings. Unfortunately, at the time of designing the 1 MW motor, 

the thermal design was not determined. Instead of using a baseless assumption, the cooling 

methods and thermal results of Motor A will be recreated as a mock thermal design for the 

1 MW motor. It can serve as reference data while the finalized 1 MW thermal design is 

eventually determined.  

 

3.1.4 Motor A Electromagnetic Design 

Motor A is classified as a 3-phase, 6-pole machine. The electromagnetic design consists of 

NdFeB magnets mounted on the surface of a high-speed inner rotor, arranged in a 4-

segment per pole Halbach array. The primary purpose of the segmented Halbach array is to 

augment the magnetic field on the side acting towards the windings while minimizing the 

magnetic field on the other side. It also allows for the removal of the back-iron, integrating 

the shaft and hub into a single component as previously mentioned in Chapter 3.1.1. The 

Halbach array also provides the best results for demagnetization resistance when compared 

to other magnet segmentations [63]. The corresponding stator and rotor dimensions, such 

as stack length, back-iron thickness, and tooth width were optimized in JMAG for minimal 

magnetic flux core saturation, as well as maximum slot fill factor for the hand-wound 

windings. The stator back-iron is composed of NO20 silicon steel laminations due to their 

low cost.  
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At maximum thermal and mechanical loading, the magnets start to become significantly 

demagnetized [63]. The magnets reach a temperature of almost 170ÁC and become 80% 

demagnetized, showing their performance limits under extreme conditions. The 

demagnetization contour of the magnet in JMAG is shown in Figure 3.11. 

  

Figure 3.11: Demagnetization ratio of magnets at 170 C, at worst-case scenario conditions 

[63]. 

The Motor A is capable of 150 kW of power and 73 Nm of torque at a maximum speed of 

20,000 RPM, resulting in a power density of 6.3 kW/kg [64]. A summary of the 

performance and losses for Motor A can be found in Table 3.3 below. 
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Table 3.3: Motor A Performance Summary [64] 

Motor Results Value 

Output Power (kW) 156 

Torque (Nm) 74.5 

Power Density (kW/kg) 6.3 

PM Eddy Loss (W) 79 

Stator Iron Loss (W) 1058 

AC Copper Loss (W) 1054 

DC Copper Loss (W) 2487 

As previously mentioned in the rotor design, the implementation of an integrated shaft-hub 

was tested to confirm that the electromagnetic performance of an AISI 4340 steel versus a 

non-oriented electrical steel rotor back-iron would not be significantly worse. The results 

showed that there were no reductions in power, torque, and voltage, but the average torque 

ripple slightly increased from 4.7% to 6.3% [55]. The integrated shaft-hub was concluded 

to not have any detrimental effects on motor performance. The results of the study are 

summarized in Table 3.4. 

Table 3.4: EM Performance comparison of silicon steel vs integrated steel rotor hub [55] 

Parameters 
Non-oriented silicon steel 

hub 

Integrated AISI 4340 steel 

hub 

Power (kW) 155 155 

Average torque (Nm) 74 74 

Torque ripple (%) 4.7 6.3 

Phase voltage (V) 743 740 

Magnet loss (W) 84 79 

Total loss (kW) 3.77 3.77 
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3.2 Design Criteria for a 1 MW Machine 

To design a high-speed high-power radial flux SPMSM, hereby named Motor B, the general 

motor dimensions should first be determined. Compared to Motor A, the stator and rotor 

outer diameters will need to be increased to meet power requirements. Some rotor design 

aspects of Motor A could potentially be used successfully in Motor B. However, certain 

components, such magnet retaining sleeve and integrated shaft-hub, will need to be 

redesigned to withstand the severe loading conditions that the larger motor will experience.  

The outer diameter of the rotor should not exceed a value that results in a tangential velocity 

above the speed of sound (Mach 1, or 343 m/s). A maximum tangential rotor speed limit of 

70% of the speed of sound is imposed to ensure that any problems such as sonic booms and 

transonic airflow are avoided. Transonic and supersonic airflow occur above 70% of the 

speed of sound and could complicate the forced air cooling method. The rotor may 

occasionally overspeed by up to 10%, and if no tangential speed limit is in place, it could 

exceed the speed of sound, causing excessive noise in the form of sonic booms [65].  

Using a 3-phase, 6-pole structure and arranging the surface magnets in a 4-segments per 

pole Halbach array, the motor dimensions are determined from preliminary electromagnetic 

testing in JMAG by other research group members to achieve 1 MW of power. The applied 

constraint results in a maximum rotor outer diameter of 206 mm. Credit goes to Srikanth 

Pillai and Mohamed Abdelmagid for performing the electromagnetic analysis. These 

dimensions and output specifications are summarized in Table 3.5.  
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Table 3.5: Dimensional comparison between the 150 kW motor and 1 MW motor 

Parameter 150 kW Machine Value 1 MW Machine Value 

Stator Outer Diameter (mm) 184 280 

Rotor Outer Diameter (mm) 120 206 

Stack Length (mm) 82 145 

Electromagnetic Airgap (mm) 6 5 

Magnet Thickness (mm) 8 8 

Rotor Back-Iron Thickness (mm) 5 15 

Torque (Nm) 74 473 

Speed (RPM) 20,000 20,000 

 

This analysis performed in this thesis focuses on the rotating assembly design of Motor B. 

However, preliminary versions of some of the stator components will be considered for the 

FEA since it provides stiffness and supports to the model. Adding a mock stator assembly 

also allows for the estimation of the power density. The analysis of the rotating assembly 

must ensure that: 

1. All components are safe from structural failure. Observing Motor Aôs Von Mises 

stress results shown in Table 3.1, Motor Bôs components should similarly achieve a 

minimum factor of safety of 1.25. 

a. Additionally, the magnet retaining sleeve must pass a higher safety factor 

due to its critical role in motor fault prevention and the unreliability of 

composite materials. Hexcel, the carbon fibre supplier for Motor A, 

recommends a minimum sleeve factor of safety of 2 [66]. 
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b. The adhesives are exempt from this requirement because they are likely to 

fail due to the extremely low strength at high temperatures [67]. The primary 

function of the adhesive is to bond the magnets to the rotor during assembly, 

rather than retaining during operation. The carbon fibre sleeve is meant to 

prevent the magnets from detaching. 

2. The power density of this machine is comparable to or better than Motor A and most 

industry examples from Chapter 2. To meet the demands of future PEAs and AEAs, 

Motor A should achieve a minimum power density of 10 kW/kg [15]. 

3. The system is out of range of any vibrational modes. Vibrational modes should 

exceed the maximum operating speed by a minimum of 50 Hz to completely avoid 

resonance, according to vibrational design textbooks [65]. 

4. The shaft does not meet the whirling speed. Shaft whirling can cause premature 

failure of shafts due to transverse deflections as a result of bending. The critical 

speed, also known as the whirling speed, should be at least twice the maximum 

operating speed, according to Shigleyôs design textbook [56]. 

A basic steady-state thermal analysis will be performed using the final temperature data 

from Motor A, assuming that Motor B will achieve similar temperatures. This was done 

due to a lack of data and thermal performance testing on a 1 MW design. Table 3.6 lists the 

mechanical design requirements and passing criteria for Motor B.  
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Table 3.6: Mechanical Design Requirements and Criteria for Motor B  

Requirement Passing Condition 

Minimum factor of safety for all rotating assembly components 

except the adhesives 
>1.25 

Minimum factor of safety for the magnet retaining sleeve >2 

Minimum power density >10 kW/kg 

Vibrational modes 
No significant modes 

under 383 Hz 

Minimum critical speed >667 Hz 

 

Achieving these requirements while designing Motor B will result in a 1 MW motor that 

performs better than Motor A and most aerospace propulsion motors in terms of power 

density while maintaining structural integrity. 

 

3.3 Chapter Summary 

This chapter has presented a detailed review of a sample motor that was developed at 

MARC. Motor A has been extensively tested and iterated upon to meet high standards for 

safety and power density. It has been proven that when the magnets are arranged in a 

Halbach array, an integrated shaft-hub has no detrimental impacts on electromagnetic 

performance while also reducing the rotor mass and the hoop stress of the magnet retaining 

sleeve. This concept will be adapted to the 1 MW design to reduce the weight of the rotor 

assembly, thereby increasing the power density of Motor B. Other aspects of the mechanical 
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design, such as the carbon fibre magnet retention sleeve, should be carefully designed to 

ensure that the motor meets stringent safety standards. 

A comparison between a 150 kW motor and 1 MW motor dimensions shows that for the 

same speed, the required rotor outer diameter must be significantly larger. The increased 

size could cause issues if the maximum tangential rotor speed reaches Mach 1, so the 

maximum rotor diameter must be limited. Once the motor dimensions were determined, 

design requirements for the mechanical design of the rotating assembly are specified. The 

passing criteria uses metrics such as factors of safety, power density, and critical speed. The 

metrics are selected to meet or exceed the performance of Motor A and other industry 

examples outlined in Chapter 2. The design and analysis of the rotating assembly of Motor 

B will be discussed in the next chapter. 
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Chapter 4: Rotating Assembly Design and 

Analysis 

 

 

For high-speed, high-power radial flux SPMSMs, the rotating assembly contains some of 

the most critical components in the motor. For example, the rotor shaft must be able to 

withstand the significant centrifugal forces from the high rotational speed. The retaining 

sleeve must prevent magnets from detaching from the outer diameter of the rotor hub. This 

chapter explores the mechanical design and analysis of the rotating assembly of a new 1 

MW motor using similar design concepts used in Motor A. The new motor, named Motor 

B, shall be designed to meet the minimum criteria established in Table 3.6.  

A basic stator assembly design is created to estimate the power density. Additionally, the 

geometry of these components is included in the analysis since they add stiffness to the 

model, which better simulates real-life conditions for more accurate stress results. 

However, the stator components are exempt from discussion and conclusions as they are 
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not within the scope of the analysis. A separate section focuses on calculating the 

dimensions of the carbon fibre sleeve, due to its critical nature. The results of the analysis 

are used to suggest possible improvements to the motor. This thesis does not delve into 

motor optimization but rather outlines how an analysis workflow can be executed to 

complete a design iteration. 

 

4.1 Background for Motor Bôs Design and Analysis 

4.1.1 Stresses and Forces 

A majority of components in the rotor assembly experience some form of loading, which 

results in various stresses. Some of the most critical stresses include thermal stresses, 

torsional and bending stresses, and sleeve and magnet stresses. The centrifugal forces are 

the dominant load applied to the rotor shaft and retaining sleeve. 

Centrifugal forces are present when a mass rotates about an axis [56]. The centrifugal force 

(Ὂ) can be described as: 

Ὂ ά‫ὶ (4.1) 

Where m is the total mass of the entire rotating body, ɤ is the angular velocity, and r is the 

maximum radius of the rotating body. This force results in the majority of stresses 

experienced by the magnets and retaining sleeve, which can lead to magnet detachment if 

the retaining sleeve fails due to this force. It is imperative to reduce the mass as much as 

possible to minimize the centrifugal force acting upon the sleeve. 
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Thermal stresses are present as the temperature increases due to thermal expansion as a 

result of losses generated within the machine. This expansion is especially an issue when 

two interfacing components are composed of different materials with different coefficients 

of thermal expansion. This can be catastrophic since a specified fit could loosen or tighten 

at maximum operating temperature when compared to the initial conditions. For example, 

the sleeve must be initially pretensioned to maintain a minimum interference fit. This fit 

ensures continuous contact with the magnets and prevents them from sliding. However, 

during thermal expansion the carbon fibre sleeve will not expand as fast as the rare earth 

magnets, thus leading to an even tighter fit and therefore higher hoop stresses. Linear 

thermal expansion (ῳὒ) [56] and thermal stress („  [56] can defined as the following 

equations: 

ῳὒ ‌ὒῳὝ  (4.2) 

„ Ὁ‌ῳὝ  (4.3) 

Where ‌ is the Coefficient of Thermal Expansion (CTE) specific to the material, L is the 

length of the material, ῳὝ is the difference between the initial and final temperature, and Ὁ 

is the Youngôs Modulus specific to the material. The effect of thermal expansion must be 

accounted for when choosing the required fits for parts. For the majority of rotor 

components, interference and transition fits are required for most interfacing parts to 

maintain contact during operation. The pressure from thermal expansion and tightness of 

the fit should be considered when calculating the required interference. Ignoring other 

effects, and assuming a steady state temperature, the total interference (‏) [56], inner 
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component interference (‏) [56], outer component interference (‏) [56], and contact 

pressure (ὖ) [56] are defined as: 

‏ ȿ‏ȿ ȿ‏ȿ  (4.4) 

‏ ὺ   (4.5) 

‏ ὺ   (4.6) 

ὖ   (4.7) 

 

Figure 4.1: Interference fits for two cylindrical components [56]. 

Where R is the interface radius, Ὁ and Ὁ are the Youngôs Modulus of the inner and outer 

components respectively, ri and ro are the radii of the inner and outer components 

respectively, ὺ and ὺ are the Poisson's ratio of the inner and outer components 

respectively, Ὕ is the applied torque at the interface, ‘ is the coefficient of friction at the 

interface, and ὒ is the length of the interface. Fits will be discussed during the contact 

definition of the model. 
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Torsional stresses are present whenever a rotating body experiences a torque load [56]. 

Since Motor B is capable of outputting high torque, the resulting torsional effect produces 

shear stresses („ ) [56], which are defined as: 

„ ὶ  (4.8) 

Where Ὕ is the applied torque, rb is the outer radius of the rotating body, and ὐ is the polar 

moment of inertia, which is dependent on the cross-sectional geometry of the rotating body.  

To determine the minimum shaft radius, the shear stress can be equated to the shear strength 

of the material divided by the factor of safety shear stress [57]. Ignoring other effects, and 

assuming a steady state temperature, rearranging for radius (rb) [57] produces the 

expression: 

ὶ ȟ   Ͻ  Ͻ 
  (4.9) 

Where „ ȟ  is the shear strength of the material and FS is the factor of safety, selected 

by the designer. rb is the minimum bearing radius that can be selected to support the shear 

stresses of the shaft. 

Bending stresses are primarily of concern in the rotor shaft. Since the hub has been 

integrated into the shaft design, the axial stiffness of the overall part has been increased. 

However, excessive bending at the outer diameter of the hub is of concern since this can 

add additional stress to the magnets. While the primary purpose of the segmented Halbach 

array is to enhance the magnetic field distribution, it also reduces bending by splitting the 

magnets into more discrete parts. The formula for bending stress („ ) [56] is defined 

as: 
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„   (4.10) 

Where M is the bending moment, y is the distance from the central axis, and I is the area 

moment of inertia specific to the cross-section. To minimize bending stresses, assuming the 

torque and maximum diameter are constant, the moment of inertia should be maximized, 

but this can also increase the mass of the motor so a proper balance must be struck. 

The pressures acting on the sleeve are of importance due to the critical role of the retaining 

sleeve. Due to the unreliable nature of composite materials, carbon fibre suppliers such as 

Hexcel recommend a minimum factor of safety of 2 [66]. In addition, the magnets possess 

significantly greater compressive strength than tensile strength, so they should also be 

loaded primarily in compression. Therefore, the sleeve should always apply a compressive 

force on the outer diameter of the magnets, which is greater than the centrifugal force that 

the magnet experiences during the maximum operating speed. 

 

4.1.2 Magnet and Sleeve Stresses  
 

To derive the tangential and radial stresses on the sleeve and magnets, a model that includes 

a traditional rotor shaft, rotor hub, magnet, and sleeve can be described with equations. 

Assuming a traditional rotor design, the shaft, hub, magnets, and sleeve can be considered 

to be a series of interfacing cylinders. Cylinders under pressure experience radial („) [56] 

and tangential stress („) [56], defined as:  
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„ Ὁ ’„  (4.11) 

„ Ὁ ’„  (4.12) 

Where E is the Youngôs Modulus, ur is the radial displacement, r is the radius, and v is the 

Poissonôs ratio.  

Examining the forces on a rotating cylindrical body, for an arbitrary element, A, the force 

balance is equal to the difference between the outward centrifugal force (Ὂ) and the inward 

force due to radial stress (Ὂ) [68]. Assuming that the change in radial stress, radius, and 

angle are very small, their product can be approximated to zero. There is a tangential 

component of the inward force (Ὂ) that is also present, where a small angle approximation 

can be applied [68]. The formulas for Ὂ, Ὂ, and Ὂ [68] are expressed as: 

Ὂ ά‫ὶ ”‫ὶὨ—Ὠὶ  (4.13) 

Ὂ „ὶὨ—„ Ὠ„ ὶ ὨὶὨ— „ὨὶὨ—ὶὨ„Ὠ—   

where   Ὠ„ὨὶὨ—π 
(4.14) 

Ὂ ς„ὨὶίὭὲ   „ὨὶὨ—   where  ίὭὲ   (4.15) 

Where ɤ is the angular velocity, and ɗ is the angle. Element A is described in Figure 4.2. 

 

Figure 4.2: Element of a rotating disk (left) and force balance of element A (right). 
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A force balance,  Ὂ  Ὂ  Ὂȟ can be performed, rearranging for the expression [68]: 

ὶ ὶ ό ”‫ὶ  (4.16) 

A study on the analytical calculation for the carbon fibre sleeve thickness of an SPMSM by 

Barrans et al solved this second-order non-homogenous ordinary differential equation [68]. 

The complete solution for radial displacement (ό) [68] is in the general form: 

ό ὃὶ ”‫ὶ  (4.17) 

Where A and B are specific constants. Substituting this equation for radial displacement 

into Equations 4.11 and 4.12 yields the following updated expressions for radial and 

tangential stress: 

„ ρ ’ὃ ρ ’ ”‫ὶ   (4.18) 

„ ρ ’ὃ ρ ’ ”‫ὶ   (4.19) 

The boundary conditions for radial stress are equivalent to the internal and external 

pressures of the cylinder [56]. They are summarized as: 

„ ὶ ὶ ὴ , „ ὶ ὶ ὴ  (4.20) 

Substituting these boundary conditions into the radial stress expression solves for the 

constants A and B: 

ὃ ”‫ ὶ ὶ    (4.21) 

ὄ ”‫ὶὶ    (4.22) 
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Substituting the constants into Equations 4.18 and 4.19 produces the complete solution for 

a cylinder under internal and external pressure: 

„
Ⱦ

”‫ ὶ ὶ ὶ   (4.23) 

„
Ⱦ

”‫ ὶ ὶ ὶ   (4.24) 

Finally, the change in radius due to internal and external pressure (ό) [68] is summarized 

as: 

ό „ ’„   (4.25) 

The displacement due to thermal expansion (όȟ) must also be added to the radial 

displacement, which is based on the thermal expansion formula outlined in Equation 4.2: 

όȟ ὶ ὶ ὶ ‌ЎὝ  (4.26) 

Where ὶ  and ὶ  are the final and initial radii respectively.   

The total radial displacement (όȟ ) is expressed as: 

όȟ „ ’„   ὶ ‌ЎὝ (4.27) 

These governing equations will be used in the carbon fibre sleeve calculations in Chapter 

4.3 to estimate the required thickness of the sleeve, as well as the required sleeve 

interference and pretension to ensure the magnets are under compression. 

 

4.1.3 Vibrations 

When designing high-speed components such as shafts, it is important to consider 

vibrational effects. Vibrations in motors can be induced due to a variety of sources such as 
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power supply fluctuations, torque ripple, or poor mechanical design such as misaligned 

shafts, improper bearing placement, eccentric center of mass, and misalignment of rotating 

parts [4]. The vibrations can cause noise or mechanical failure through a phenomenon 

called resonance. Resonance occurs when an object rotates at its natural frequency, which 

exponentially increases the amplitude of vibrations and thus deformation, resulting in part 

failure [65]. The first natural frequency is related to the natural undamped harmonics of an 

object [65]. Other natural frequencies can induce vibrational modes, also known as 

eigenfrequencies, which deform the rotating components into specific patterns, called mode 

shapes. Rotating components can fail prematurely before resonance due to whirling speed. 

Whirling speed, also known as critical speed, is related to the rotational speed that causes 

maximum transverse vibrations in a shaft as a result of minor eccentricities of the centre of 

mass of the rotating assembly [56].  

For an unconstrained system, a free-free analysis can be conducted, where rigid body 

modes are present. Rigid body modes are related to the 6 degrees of freedom (translation 

and rotation about the x, y, and z axes) and are close to 0 Hz. For a properly constrained 

system under loading, a pre-stressed modal analysis can be conducted where rigid body 

modes should not be present. The first 10 vibrational modes can be determined, and the 

first of these modes should occur at least 50 Hz above the maximum operating frequency 

according to recommendations from vibrational design textbooks [65]. More details on the 

vibrational modes such as mode shapes will be discussed in Chapter 4.8. 

The natural frequency of an object (which is the critical speed of an undamped system ,(‫ 

[65], is generally characterized as:  
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‫   (4.28) 

To modify the natural frequency, the stiffness must be increased, or the mass must be 

decreased. If the natural frequency is below the operating speed, two options are available: 

increase the natural frequency beyond the maximum speed or ensure that the natural 

frequency is far from the intended operating speed, and the operating speed transitions 

quickly away from this speed [65]. If including damping, the damped critical speed ((‫ȟ 

[65] is approximated as: 

‫ȟ   (4.29) 

Where ‒ is the damping ratio.  

The critical speed of the rotor assembly (can be calculated analytically using either (‫ 

Raleighôs method or Dunkerleyôs method, which assumes dynamic conditions. For 

maximum safety, it is recommended that the critical speed of the shaft should be 2 times 

above the operating speed [65]. To simplify the calculation, the rotor assembly is assumed 

to be a simply supported hollow shaft with a weight load applied at the center of mass, 

which includes the mass of the shaft, permanent magnets, and sleeve. The Raleigh method 

for critical speed estimation [56] using the aforementioned conditions is: 

‫     (4.30) 

Where g is the acceleration due to gravity, ά is the mass per unit length, E is the Youngôs 

modulus, I is the polar moment of inertia, A is the cross-sectional area, and ‎ is the specific 
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weight. For a shaft attached to several components, Raleighôs method to calculate the 

critical speed for multiple lumped masses [56] is expressed as: 

‫ Ὣ
В

  (4.31) 

Where ύ is the weight of the ith location, ώ is the deflection at the ith body location. 

Usually, expensive computer software is required to compute the transverse deflections, 

but it is possible to estimate deflections using influence coefficients [56]. An influence 

coefficient is the transverse deflection at location i on a shaft due to a load at location j on 

a shaft [56], which can be described as: 

‏ ὰ ὦ ὼ   (4.32) 

Where ὦ is the distance between the load center to one end. ὼ is the distance to the other 

end of the simply supported beam, and l is the length of the shaft. For a properly balanced 

rotor assembly, the load is applied at the midpoint of the bearing-to-bearing distance, and 

therefore ὦ and ὼ are equal. Equation 4.33 describes how deflections (ώ can be calculated 

by multiplying the weights by the corresponding coefficient. Substituting Equation 4.33 

into Equation 4.31 for multiple lumped masses produces the following expression for the 

critical speed using Raleighôs method [56]: 

ώ ύẗ(4.33)  ‏ 

‫   (4.34) 

Dunkerleyôs method uses a similar equation, but instead equates the inverse of the square 

of the critical speed of the assembly to the sum of the inverse squares of the critical speeds 

of various attached components [56]. It is expressed as: 
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Ễ   (4.35) 

Where is the critical speed of other attached ‫ is the critical speed of the shaft and ‫ 

components and continues depending on the number of attached components. Raleighôs 

method is known to overestimate the critical speed [56]. The methods should be compared, 

with the more conservative result being used to calculate the critical speed safety factor. 

 

4.2 Motor B Model and Design Concepts 

The CAD model of the entire motor assembly is designed using similar concepts to Motor 

A. A bill of materials is listed in Table 4.1. The entire model for Motor B, including a 

dummy stator assembly is shown in Figures 4.3 and 4.4.  

 

Figure 4.3: Exploded view of Motor B CAD. 
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The components of the stator assembly are for theoretical purposes for creating supports 

for the rotor assembly, increasing the model stiffness, and estimating the total mass, 

volume, and power density of the motor. 

  

Figure 4.4: Sectional view of the entire assembly of Motor B. 
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Table 4.1: Motor B bill of materials and total mass 

Component Material/Product Selected Strength (MPa) Mass (kg) 

Integrated Shaft 

and Hub 
AISI 4340 

780 (Yield) 

350 (Shear) 
20.42 

Magnets NdFeB (UH48) 850 (Compression) 5.27 

Adhesives Delo Dualbond HT2990 
70 (Shear) 

7 (Shear at 120ÁC) 
0.08 

Carbon Fibre 

Sleeve 

HexPly 8552 laminate + 

Hextow IM10 fibers 
2200 (Tension) 0.38 

Housing AlSi10Mg 250 (Yield) 26.99 

Endplate AlSi10Mg 250 (Yield) 4.212 

Stator Back-iron NO20 Laminated Steel 370 (Yield) 16.81 

Windings Copper - 6.55 

Encapsulation Epoxy Resin - 5.21 

Bearings 
GMN Angular Contact 

Deep Groove Ball Bearings 
- 0.256 

Shaft Seals GMN Non-Contact Seals - 0.374 

Total Mass 86.55 

 

The rotor assembly dimensions were designed using the dimensions in Table 3.5. The 

primary goal of this design was to minimize the motor mass, and therefore maximize the 

power density. An integrated shaft-hub was used for the reasons stated in chapter 3.2.1, 

which reduces the overall stresses and simply the assembly. To determine the minimum 

bearing seat diameter of the rotor shaft, using Equation 4.9 while applying a 1.3 adjustment 

factor to the torque to account for extreme torque ripple, the minimum radius is calculated 

to be 11.1 mm. Scaling the dimensions by a safety factor of 2, as well as considering 



M.A.Sc Thesis ï Maaz Khalid  McMaster- Mechanical Engineering 

 

 86   

 

standard bearing sizes available from trusted suppliers and creating reasonable shaft 

shoulder sizes for machining, the final bearing diameter of the rotor shaft is determined to 

be 45 mm. By increasing the diameter, it is possible to reduce the weight of the shaft by 

changing it from a solid shaft to a hollow shaft. Additionally, the inner section of the hub 

was hollowed out by utilizing a webbed cross-section. 8 fin-like hub members connect the 

rotor back-iron to the main body of the shaft. This significantly reduces the weight of the 

hub but reduces the stiffness. However, the increased bearing diameter increases the overall 

shaft stiffness. In addition, this design could improve convective forced air cooling of the 

rotor back-iron. However, CFD is not considered in the multi-physics analysis, so this effect 

was not verified. A spline was added at the end of the shaft to output the generated torque, 

and a small amount of the shaft length was added in front of the machine to allow for the 

possible mounting of a VR resolver for accurate position tracking.  

The selected bearings are HYS-61909 CTA 45 mm diameter angular contact ball bearings 

from GMN [69]. These bearings are similar to the hybrid bearings used in Motor A. The 

GMN bearings are made from Silicon nitride rolling elements and high-temperature PEEK 

cages. They are compatible with very high-temperature greases that can operate up to 

180ÁC. Some of their larger bearings are capable of grease lubrication up to and over 22000 

RPM operating speeds. However, these specific bearings do not have a shield or seal and 

must be implemented with shaft seals. The available seals with the same outer diameter of 

68 mm are selected, and the bearing shoulders on the shaft are designed to accommodate 

the bearing seals. For optimal bearing performance, GMN recommends a minimum bearing 

preload of 500 N for these particular bearings, which is achieved using a nested steel 
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wavesping selected from Smalley [70]. Oil lubrication was not selected due to its 

complexity and the need to best replicate the cooling methods used in Motor A, which also 

implemented grease lubricated bearings.  

To accommodate for a similar forced air rotor cooling method used in Motor A, a seat with 

a groove for a set screw is added between the front bearing seat and the hub section, pictured 

in Figure 4.5. Additionally, a fan shroud is added to the front of the hub to funnel air into 

the hollow portions of the hub to potentially improve convective heat transfer. To maintain 

proper balancing and simplify the critical speed calculation, the center of mass of the 

integrated shaft is designed to be located at the midpoint between the bearings. The bearing-

to-bearing distance of the shaft is minimized, which reduces the mass of the integrated 

shaft-hub and therefore increases the power density of the motor. Accounting for the 

shroud, fan seat, and balancing, the bearing-to-bearing distance is minimized to 228 mm. 

This distance allows for small clearances at certain mounting shoulders to facilitate easier 

assembly. Nitrided AISI 4340 steel is used as the integrated shaft-hub material, due to its 

strong mechanical properties such as high yield stress. Nitriding is a case-hardening method 

that increases fatigue resistance. 
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Figure 4.5: Integrated shaft-hub design for Motor B. 

The magnets selected for Motor B to generate 1 MW of power and 473 Nm of torque are 

N48-UH NdFeB magnets. These magnets have a high magnetic coercivity of 1070 kA/m, 

meaning higher resistance to demagnetization [63]. It also boasts a high compressive yield 

strength of 850 MPa versus other alternatives such as SmCo magnets. The magnets are 

arranged in a 4-segment Halbach array to maximize the electromagnetic performance and 

bending resistance. To keep the magnets in contact with the outer diameter of the integrated 

hub, Dualbond HT2990 magnet adhesives from Delo are applied between the adjacent sides 

of the magnets and the outer diameter of the rotor hub [67]. These adhesives are capable of 

light fixation of the magnets to steel surfaces up to 180 C, and at room temperature exhibit 

a shear strength of 70 MPa, higher than most other magnet adhesives [67]. It is strong 

enough to be used for assembling the magnets onto the outer diameter of the hub but is 

insufficient at high operating speeds. The adhesivesô maximum shear strength is quite low 
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compared to the magnet stresses resulting from the centrifugal forces, thermal expansion, 

and interference from the sleeve. Therefore, the retention sleeve must enhance the structural 

integrity of the rotor assembly and prevent magnet detachment. The carbon fibre retaining 

sleeve uses Hextow IM10 tow fibres with Hexply 8552 prepreg adhesives to bond the fibre 

ply layers together. This is chosen for its high tensile strength. Specific details on the design 

of the sleeve are mentioned in Chapter 4.3. A closer view of the magnet retention system is 

found in Figure 4.6. 

 

Figure 4.6: Magnet retention system of Motor B. 

Finally, a mock stator assembly is created to model a more accurate stiffness path from the 

rotor assembly to the fixed supports at the mounting bolt holes, using an AlSi10Mg water-

jacket housing and endplate. The stator assembly is not the focus of the analysis, but certain 

boundary conditions should be applied to the stator housing to obtain more accurate stress 

results from the analyses. For example, the mounting bolt holes should have a fixed support 

constraint since it would realistically be mounted to the front cover of a dynamometer for 

testing. To produce a realistic estimate of the mass of the housing and endplate, simple 
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internal cooling channels were designed, in addition to nonfunctional inlet and outlet ports. 

Large cutouts of the front endplate and rear face of the housing are implemented to facilitate 

rotor air cooling. A path is created for external air to enter through the front via the rotor 

fan and fan shroud, transfer heat via convection through the hub, and is expelled from the 

motor cavity. Other mock stator components such as the laminated steel stator back-iron, 

copper windings, and epoxy resin encapsulation are only created to calculate the total mass 

of the motor, and thus obtain an estimate of the power density. The total mass of the motor 

is estimated to be about 86.55 kg, resulting in a power density of 11.6 kW/kg. This does 

not include auxiliary components such as the compression lugs, 3-phase adapter, fasteners, 

resolver, and other electrical components, so the finalized motor mass could be different 

from this initial estimate. 

Since the main goal of this thesis is to explain the design process and preliminary analysis 

of the rotor assembly and not to optimize the design, it is possible to improve the power 

density in the future. The encapsulant is of importance since the epoxy resin acts as a heat 

dissipater, electrical insulator, and dampening for vibrations. The modal analysis in the 

proceeding chapter did not include the encapsulant, so a more extensive noise and vibration 

analysis that includes the entire optimized motor assembly should be done in the future. 

The most significant improvements to the motor model would primarily be made on the 

stator assembly, which is pictured below in Figure 4.7.  
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Figure 4.7: Mock stator assembly structure, for future reference. 

 

4.3 Carbon Fibre Sleeve Calculations  

The magnet retaining sleeve will need to withstand a maximum centrifugal force of about 

11.9 MN. The required sleeve thickness and pretension are estimated iteratively using the 

equations specified in Chapter 4.1.2. For Motor Bôs specific rotor conditions, it is assumed 

that: 

1. Magnets are segmented, and thus only experience radial stress („ȟ π. 

2. The sleeve is considered to be a thin-walled cylinder („ȟ  is negligible). 
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3. Pressure at the hollow rotor shaft inner diameter and outer diameter of the sleeve is 

zero (ὴ Ǫ ὴ π). 

4. Idle conditions are assumed to be at 0 RPM and room temperature. 

A representation of a traditional SPM rotor assembly and associated variables is pictured 

in Figure 4.8. 

 

Figure 4.8: Nominal radii and pressures at each interface for a typical rotor assembly. 

For the equations outlined in this sub-chapter, Ὕ is the torque transferred between the shaft 

and hub, Ὢ is the coefficient of friction, ὰ is the stack length, ὸ  is the sleeve thickness, 

Ὓ ȟ  is the sleeve tensile yield strength, Ὓ ȟ  is the shaft tensile yield strength, Ὓ ȟ is 

the compressive yield strength of the shaft, Ὓ ȟ  is the tensile yield strength of the hub, 

Ὓ ȟ  is the compressive yield strength of the hub, and ὶȟ  is the inner radius of the 

sleeve when it is not pressed onto the magnets. 

The required interface pressure between the rotor shaft and hub to transfer torque (ὴ) is 

calculated using Equation 4.7: 
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ὴ   (4.36) 

The required pressure at the outer diameter of the hub to limit the outward displacement of 

the hub to meet a specific sleeve safety factor is defined as ὴ. The radial stress at the hub 

outer diameter („ȟ ὶ ὶ) is equal to this required pressure: 

„ȟ ὶ ὶ ὴ (4.37) 

The tangential stress at the hub outer diameter („ȟ ὶ ὶ) using the governing 

equation is simplified to: 

„ȟ ὶ ὶ ” ‫ ὶ ὶ   (4.38) 

The total displacement of the outer diameter of the hub (όȟ ὶ ὶ), adding effects 

from stress-strain and thermal expansion is expressed as: 

όȟ ὶ ὶ „ȟ ’ „ȟ ὶ‌ ЎὝ  (4.39) 

The total outwards displacement of the magnets at the inner diameter of the magnets 

(όȟ ὶ ὶ) is equal to: 

όȟ ὶ ὶ ÌÎ ὶ‌ ЎὝ  (4.40) 

The final radius of the magnet's outer diameter at maximum speed and maximum 

temperature (ὶ) after adding the magnet displacement is: 

ὶ ὶ όȟ ὶ ὶ όȟ ὶ ὶ  (4.41) 

The required pressure at the magnet's outer diameter (ὴ) is expressed as: 

„ȟ ὶ ὶ ὴ   (4.42) 
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The hoop stress („ ȟ ) is used to calculate the required idle pressure (ὴȟ ) at the 

magnet's outer diameter to maintain contact interference based on changing the input 

parameters. Including the sleeve factor of safety (ὊὛ), the sleeve hoop stress is 

represented as:  

„ ȟ
ȟ  ȟ   (4.43) 

This boundary condition can be used to adjust the required sleeve thickness to meet the 

required sleeve safety factor, which is recommended to be 2 or above according to 

suppliers.  

To verify that interference between the rotor and sleeve exists, the radii can be compared. 

The hoop stress and sleeve strain can be arranged to form the following expression and 

condition:  

ὶȟ
ȟ

ὶ  (4.44) 

Where Ὁ  is the Youngôs modulus of the sleeve, and ὶȟ  is the updated inner diameter 

of the sleeve. The resulting radial interference between the rotor and sleeve (‏ ) is simply:  

ὶ ‏ ὶȟ  (4.45) 

The minimum required radial interference between the shaft and hub at idle conditions 

ȟ‏) ) can be calculated as:  

ȟ‏ ὴὶ ’ ’ όȟ ὶ

ὶ όȟ ὶ ὶ    

(4.46) 

Where the radial shaft and hub displacements at ὶ are: 
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όȟ ὶ ὶ „ȟ ’ „ȟ ὶ‌ ЎὝ  (4.47) 

όȟ ὶ ὶ „ȟ ’ „ȟ ὶ‌ ЎὝ  (4.48) 

To calculate the radial and tangential stress of the shaft and hub at the shaft-hub interface 

at idle conditions, the pressure at this interface (ὴȟ ) is used instead of ὴ. These values 

must be less than the yield strength of the shaft and hub respectively, with an applied safety 

factor. It is assumed that the radial pressure on the outer diameter of the hub is zero, but in 

reality, there is some pressure from the sleeve that compresses the entire rotor assembly, 

which would reduce the tangential stress. By using this assumption in the calculation, this 

effect is ignored and thus the tangential stress is calculated with the worst-case scenario in 

mind.  

ὴȟ
ȟ   

(4.49) 

„ȟ ȟ ὶ ὶ „ȟ ȟ ὶ ὶ ὴȟ  ὓὭὲ ȟ ȟ ȟ 
  (4.50) 

„ȟ ȟ ὶ ὶ ȟ  ȟ 
  (4.51) 

„ȟ ȟ ὶ ὶ ȟ ȟ 
  (4.52) 

To solve for the required pretension of the sleeve, the absolute value of the sum of the 

displacement equations for the entire rotor assembly (‏) can be equated to the sleeve 

interference (‏). The idle pressure at the sleeve (ὴȟ ) must be iteratively adjusted to 

match the equality condition for the interference, and this adjusted value can be used to 

calculate the required sleeve pretension, ὴ .  
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όȟ ȟ ὶ  ὶ ȟ ’   (4.53) 

όȟ ȟ ὶ  ὶ ȟ ȟ ’ ὴȟ   (4.54) 

όȟ ȟ ὶ  ὶ ȟ ȟ ’ ὴȟ   (4.55) 

όȟ ȟ ὶ  ὶ ȟ ÌÎ   (4.56) 

ὴȟ
ȟ   (4.57) 

όȟ ȟ ὶ  ὶ ȟ ’   (4.58) 

‏ ‏  ȿόȟ ȟ ὶ  ὶ όȟ ȟ ὶ  ὶ όȟ ȟ ὶ  ὶ

όȟ ȟ ὶ  ὶ ȿ ȿόȟ ȟ ὶ  ὶ ȿ   

(4.59) 

ὴ ȟ ὸ ὰ ὴȟ ὶὰ  (4.60) 

These calculations assume an SPMSM with a traditional shaft hub design. However, for an 

integrated shaft-hub, the interface between the hub and shaft (i.e. ὴ) no longer is 

considered. This reduces the complexity of the calculations since there is one less set of 

contact pressures and displacements to consider. As a result, the only variable inputs are 

the pressure at the outer diameter of the hub (ὴ), the idle pressure at the sleeve (ὴȟ ), 

and most importantly sleeve thickness (ὸ ). Ideally, the sleeve should be as thin as 

possible, while meeting a relatively high safety factor of 2 due to the unreliability of 

composite materials. Carbon fibre is an orthotropic material, meaning that its physical 

properties vary depending on the measured direction. The maximum hoop stress is heavily 

dependent on the laid direction of the fibres and the direction of the applied load. Ideally, 
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the load should be parallel to the fibre direction so that the fibres are under pure tension. 

Notably, the actual tensile strength of the sleeve is limited by the strength of the adhesives 

that bond the fibre's tow layers together. It is recommended by suppliers to apply a 33% 

reduction of the fibre adhesiveôs strength due to the unreliability of the material properties.  

The sleeve materials are selected from Hexcel: Hextow IM10 12k tow fibres and Hexply 

8552 adhesive prepreg. This bonding adhesive is the strongest available product offered by 

Hexcel, and the IM10 fibres are the strongest carbon fibre compatible with this adhesive. 

At pure tensile loading, the strength of the adhesive is estimated to be about 3300 MPa 

[66]. Applying the 33% reduction factor gives an adjusted strength of approximately 2200 

MPa. The properties of the selected fibre and adhesive are found in Table 4.2. 

Table 4.2: Properties of Hexply 8552 Epoxy Resin with Hextow IM 10 12k Fibers [66] 

Property Value 

0Á Tensile Strength (MPa) 3310 

Adjusted Tensile Strength (MPa) 2200 

0Á Tensile Modulus (GPa) 190 

0Á Compressive Strength (MPa) 1793 

0Á Compressive Modulus (MPa) 164 

Poissonôs Ratio 0.28 

Density (g/cm3) 1.790 

Coefficient of Thermal Expansion (/ÁC) 0.7 x 10-6 

 

A set of iterative calculations is performed in MATLAB using the motor dimensions to 

estimate the required sleeve thickness using the equations previously derived in this 
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chapter. Assuming the same conditions specified in the derivation of sleeve stresses, various 

inputs are used to determine the minimum sleeve thickness that achieves a safety factor of 

2 at minimum. The process involves adjusting the sleeve thickness until it almost reaches 

the target safety factor, and then adjusting the hub pressure to achieve the required value. 

The sleeve pressure would then be adjusted to satisfy the condition in Equation 4.59 (‏

 The initial temperature is assumed to be 25ÁC, and the final temperature is assumed to .(‏ 

be 125ÁC. Using 0.15 mm carbon fibre ply layer thickness increments recommended by the 

supplier, a summary of the results can be found in Table 4.3. 
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Table 4.3: Summary of iterative sleeve calculations for inputted sleeve thickness and 

pressure  

Iteration First - - - - - Final 

Inputs 

Selected Sleeve 

Thickness (mm) 
1.50 1.65 1.80 1.95 2.10 2.25 2.25 

Pressure between hub 

and magnets (MPa) 
1.00 1.00 1.00 1.00 1.00 1.00 0.23 

Idle Sleeve Pressure 

(MPa) 
21.4 23.5 25.6 27.8 29.9 32.0 20.5 

Output 

Results 

Sleeve Safety Factor 0.98 1.17 1.33 1.55 1.73 1.95 2 

Required Pretension 

(KPa) 
319 351 382 415 446 478 306 

Radial interference 

between magnets and 

sleeve (mm) 

0.97 0.86 0.77 0.70 0.63 0.57 0.56 

Maximum Sleeve 

Hoop Stress (MPa) 
2240 1880 1660 1420 1270 1130 1100 

Constant 

Outputs 

Required Sleeve 

Pressure on Magnets 

(MPa) 

32.3 

Tangential Stress at 

hub outer diameter 

(MPa) 

83.8 

 

To achieve the target sleeve safety factor of 2, a minimum sleeve thickness of 2.25 mm is 

required. This can be achieved using 15 layers of carbon fibre, with a ply thickness of 0.15 

mm. The laid fibre sleeve should exert a maximum idle pressure of 20.5 MPa on the 
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magnets and a resultant maximum of 0.23 MPa between the hub and magnets. This can be 

achieved with a pretension of 306 kPa applied to the fibre tow. A filament winding angle 

of 86 degrees with respect to the axial direction was selected based on FEA carbon fibre 

sleeve testing from Motor A. Future work could be done to test different angles varying 

from 89 to 85 degrees for Motor B. 

 

4.4 Rotor Assembly Analysis Workflow 

Using basic calculations to determine key dimensions for various components such as the 

bearings, shaft inner diameter, and carbon fibre sleeve, CAD models were created. The 

CAD models are then imported into a Finite Element (FE) environment for analysis. The 

FEA can be split into four major stages: simple steady-state thermal analysis, static 

structural analysis, modal analysis, and strain energy density analysis. The critical speed is 

analytically calculated during the modal analysis. The analysis workflow is explained 

below and visualized in a flowchart shown in Figure 4.9.  

1. Meshing: The CAD components must be meshed to create a 3-D FE model. The 

mesh should capture all feature geometry as accurately as possible using smaller 

elements while using larger elements in other non-critical areas to reduce 

computation time. The mesh must pass certain quality criteria to proceed to the 

analysis stage. 
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2. Basic Thermal Analysis: In the selected FE software, thermal analysis cannot be 

performed at the same time as a structural analysis. Therefore, the thermal analysis 

is conducted first, and the results are imported into the main structural analysis. The 

thermal analysis for Motor B uses the temperature data of Motor A due to the lack 

of available testing data. Any unexpected behaviour at the contact regions should 

be corrected by changing the material or fit conditions before advancing the multi-

physics analysis.  

3. Static-structural analysis: The thermal analysis results are imported into the main 

analysis, forming a multi-physics analysis. The loads from interference fits, thermal 

expansion, and rotational velocity are applied at specified load steps. The resulting 

stress, strain, and deformation are post-processed for observation. The safety factor 

of each component is tabulated and compared to the design criteria from Table 3.6. 

Any failed components should be redesigned by increasing the componentôs 

stiffness. 

4. Modal analysis and critical speed calculation: The stressed model is imported into 

a modal analysis to determine if resonance occurs at any point during the motorôs 

operation. The first 10 eigenfrequencies, also known as modes, should be 

determined, and if any occur before the maximum operating speed, the stiffness of 

the system should be increased.  

a. The critical speed, at which shaft whirling occurs, should be determined. 

However, it is difficult to simulate accurately using a Finite Element Method 

(FEM). It can be calculated analytically using different models that simplify 
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the geometry. The design should achieve a minimum critical speed safety 

factor of 2, due to the volatile nature of shaft whirling and the various 

assumptions used to calculate it. The critical speed of the motor can be 

increased by reducing the length of the shaft and/or increasing the thickness 

of the shaft. 

5. At this stage, a successful design iteration is completed. To further improve the 

rotating assembly, strain energy density can be used to determine where material 

could be added or removed to optimize each component in terms of maximum 

safety and minimum mass.  

It should be noted that the effects of fatigue and cyclical loading are not being considered 

in this analysis.  
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Figure 4.9: Workflow for analysis of 1 MW machine. 
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4.5 FEA Model of Motor B 

The FEM splits a component into numerous, discrete FEs. The component can be defined 

in an FE environment by meshing 3D elements together using the geometry created in a 

CAD model as a guide. The mesh is then subjected to boundary conditions and loads, where 

the stress tensor of each element can be calculated by the software to generate results for 

component stresses, strains, and deformation. For this thesis, FEA is completed in the 

ANSYS Mechanical environment. The motor CAD model that was imported into ANSYS 

Mechanical is shown in Figures 4.10 and 4.11. 

 

Figure 4.10: Complete Motor Model with added bolts in ANSYS Mechanical. 
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Figure 4.11: Cross section of the imported Motor B CAD model in ANSYS Mechanical. 

Modelling and analysis in the FE environment can be broken down into multiple steps. 

1. CAD Preparation: The initial CAD geometry is modified by removing or 

simplifying certain features. Extreme curvature in particular can be difficult to 

properly capture in the FE environment and therefore should be changed. Sharp 

edges, especially near loads, should also be removed or chamfered to prevent 

stresses approaching infinity due to stress concentration. Stress concentrations arise 

due to limitations in the FEA software and are not always representative of the 

actual stresses. It can also be advantageous to combine similar components in 
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contact with each other to reduce the number of connections and thus reduce the 

complexity of the model. 

2. Material Definition: After the CAD geometry is imported to the FE environment, 

the material properties of the components such as Youngôs Modulus, Poisson's ratio, 

CTE, and other parameters are defined for each material. For orthotropic materials, 

the properties for each direction need to be separately defined.  

3. Meshing: The CAD components are meshed into small, discrete elements. The 

element shapes are triangular and rectangular 2-D elements or tetrahedral and 

hexahedral 3-D elements. The mesh should flow well across the length of the 

component and have similarities between contacts. Meshing is an iterative process 

that requires multiple quality checks to ensure low computation time and accurate 

results. It should be noted that composite materials are orthotropic and thus require 

specific composite modelling in a ply structure before being imported into the FE 

model with the other components.  

4. Contacts: When components interact with each other, a contact fit condition needs 

to be defined between the two surfaces or features. Contact definition consists of a 

contact and target surface, where the target surface is usually the stiffer component 

and has a finer mesh than the contact surface. The interaction between the surfaces 

is limited so that the target surface cannot be penetrated by the contacting surface. 

Contacts can be defined as bonded, no separation, frictionless, rough, and frictional. 

The most common contact types are bonded and frictional.  
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5. Solution setup: The loads and boundary conditions are applied to the model. Loads 

can be present in the form of pressure, force, rotation, displacement, and 

acceleration. The boundary conditions include various supports which can be 

defined to constrain certain degrees of freedom. The solver itself can be configured 

to support a variety of options to speed up solution convergence. The number of 

substeps, solver method, and load steps can be defined so that various loads are 

applied at the appropriate time and the model achieves a faster convergence time. 

Once the solver can converge to a solution, the results are reviewed so that positive changes 

can be made toward optimizing the motor in the future. 

 

4.5.1 Initial CAD Modifications 

Before the model was imported into ANSYS Mechanical, changes were made to simplify 

the model and make it easier for the software to process. 

The front and rear bearing components (bearings, seals, and wavespring) are combined into 

a single cylindrical body to reflect an approximate representation. This assumption in 

geometry is not completely accurate but greatly simplifies the model. This practice is valid 

when modelling motors in FE environments since increasing the number of connections 

can greatly increase the complexity of the model, and the bearing itself is very difficult to 

model. FE modelling of two cylindrical rings with multiple rolling elements in between 

them can lead to highly skewed and collapsed elements due to the high amount of curvature 

and contacts. Proper bearing definition also requires extensive material properties and 
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bearing-specific performance that is rarely provided by manufacturers and is difficult to 

verify. Therefore, a common practice is to model bearings as a large steel block with 

frictional interference contacts on both the inner and outer diameter. The changes to the 

bearing components are shown in Figure 4.12.  

 

Figure 4.12: CAD model of front bearing components (left) compared to FE model of the 

front bearing representation in ANSYS (right). 

Other components not related to the rotating assembly such as the stator potting 

(encapsulant and windings) as well as the stator back-iron were also removed. The housing 

and endplate were not removed since they transmit the reaction forces from the rotating 

assembly to the supports located on the housing. Therefore, at minimum, the components 

that enable this stiffness pathway are required to provide accurate results for stress, strain, 

and deformation. A cross-sectional view of the exported CAD Model is displayed in Figure 

4.13. 
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Figure 4.13: Exported CAD model with certain components removed (Stator back-iron and 

potting) or simplified (bearing representations). 

To prevent the endplate from rotating, 6 steel bolts were created after importing the model 

into ANSYS and inserted into the endplate-housing bolt holes to increase the stiffness of 

the connection between the endplate and housing. One AISI 4340 steel bolt representation 

is shown in Figure 4.14. 
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Figure 4.14: Simple endplate bolt created in ANSYS. 

Some features were removed or modified during the meshing process to improve the overall 

mesh quality. These changes are discussed at the end of Chapter 4.5.3. 

 

4.5.2 Material Property Definition 

Since some of the components have been removed or modified for FE modelling, only 5 

distinct materials are required to be specified. These include AISI 4340 steel for the 

integrated shaft-hub, endplate bolts, and bearings, NdFeB for the UH48 magnets, Delo 

Dualbond HT2990 for the adhesives, AlSi10Mg for the housing and endplate, and HexPly 

8552 laminate with Hextow IM10 tow fibres for the carbon fibre retaining sleeve.  

The isotropic material properties for AISI 4340 Steel, NdFeB, Delo HT2990, and AlSi10Mg 

are listed in Table 4.4. The shear modulus is derived by ANSYSôs isotropic elasticity 

calculator using Youngôs Modulus and Poissonôs ratio. Carbon fibre is an orthotropic 

material in which material properties vary based on direction. It is separately defined in 

Table 4.5. 
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Table 4.4: Isotropic material properties used in Motor B 

Material Property AISI 4340 NdFeB Delo HT2990 AlSi10Mg 

Density (kg/m3) 7.80 x 103 7.50 x 103 1.60 x 103 2.64 x 103 

Thermal Expansion Coefficient 

(K-1) 
1.23 x 10-5 3.70 x 10-5 1.50 x 10-6 2.70 x 10-5 

Thermal Conductivity 

(W/mmK) 
4.45 x 10-2 1.03 x 10-2 5.54 x 10-4 0.165 

Youngôs Modulus (GPa) 205 160 5.50 71.2 

Poissonôs Ratio 0.290 0.342 0.350 0.330 

Shear Modulus (GPa) 79.5 59.6 2.04 26.8 

 

FE Modelling of the retaining sleeve is completed separately from the isotropic components 

since the properties of carbon fibre are dependent on the laid fibre direction. The directional 

properties of the fibre layers provided by the supplier are listed in Table 4.5. 

Table 4.5: Orthotropic material properties of HexPly 8552 laminate with Hextow IM10 

fibers 

Material Property 
X Direction 

(Axial) 

Y Direction 

(Planar) 

Z Direction 

(Planar) 

Youngôs Modulus (GPa) 164 12 12 

Thermal Expansion Coefficient (K-1) -3 x 10-7 2.84 x 10-5 2.84 x 10-5 

 XY Plane YZ Plane XZ Plane 

Poissonôs Ratio 0.32 0.45 0.32 

Shear Modulus (GPa) 5 3 5 

Isotropic Thermal Conductivity 

(W/mmK) 
5.4 x 10-3 
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The effect of strain hardening, especially for non-linear materials under large loads, should 

be considered. This can be observed in the stress-strain curve. The stress-strain curve can 

be characterized by engineering stress-strain and true stress-strain relationships [71], where 

engineering stress-strain uses the initial cross-section and elongation whereas the true 

stress-strain uses the immediate cross-section and elongation. Under most conditions, both 

relationships are roughly equivalent. An exception applies to ductile materials experiencing 

high loads, where true stress-strain is a more accurate representation of the strain behaviour, 

where higher stresses cause lower engineering strain than expected [71]. For this motor 

model, the integrated shaft-hub will experience large loads, such as a maximum centrifugal 

force of 8.5 MN. The true stress-strain curve can be plotted by using the Ramberg-Osgood 

approximation [72] defined in Equation 4.61: 

„  „ Ὁ   (4.61) 

The yield stress („) represents the stress from the elastic part of the strain, while the 

hardening stress (Ὁ ) represents the stress from the plastic part of the total strain. Ὁ is 

the Youngôs modulus, k is the strength coefficient, and n is the work hardening coefficient, 

which decreases as the strength increases [72]. For AISI 4340 steel, n is estimated to be 

around 0.16 [72]. Using the supplier-provided information for heat-treated AISI 4340 steel, 

the true stress-strain relationship was plotted. The stress up to 11% plastic strain is plotted 

in Figure 4.15. 
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Figure 4.15: True stress-strain for AISI 4340 using the Ramberg-Osgood approximation. 

At approximately 11% plastic strain, the ultimate tensile strength of 1250 MPa is reached. 

This value is closer to the 13.2% strain at the ultimate tensile strength cited by the supplier 

when compared to using the engineering stress-strain. Therefore, the Ramberg-Osgood 

approximation is more accurate than the engineering stress-strain curve. The true stress-

strain curve was inputted into the FE model material property library for AISI 4340 steel.  

 

4.5.3 Meshing Process 

Mesh generation is a complicated and iterative process that greatly impacts the final results 

and computation time for analyses conducted in the FE environment. A coarse mesh can be 

useful for quick results, but a finer mesh yields more accurate results since it can capture 

finer details in the CAD geometry. Finer meshes can also improve solution convergence by 
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replacing poor-quality elements. The mesh generation and refinement processes used in the 

Motor B FE model will be explained below. 

Mesh generation and refinement involve multiple processes: 

1. Initial mesh sizing and generation: Typically, the initial mesh should be somewhat 

large (around 5 mm) to investigate the types of elements and element quality around 

specific features such as curves and any non-symmetrical geometry [73]. Once the 

initial results are determined, specific sizing and modification can begin. 

2. Specific mesh modifications: Around important or curved features, it is 

recommended to apply a finer mesh by using options such as body, edge, vertex, 

and face sizing [73]. For cylindrical, spherical, or curved surfaces, options such as 

swept or face meshing can be used to create a circular mesh about a point or curve. 

Element shapes, such as hexahedral and tetrahedral 3-D element shapes, can be 

specified for each body [73].  

3. Improving mesh flow quality: Mesh flow refers to the alignment of the connections 

between the elements and should be kept as parallel as possible in relation to the 

edge geometry [73]. This is important since it can affect overall element quality and 

thus by improving mesh flow a more consistent quality mesh can be achieved. 

Higher mesh quality means faster solution convergence and more accurate results.   

4. Quality checks: Before any analysis can proceed, the mesh quality needs to meet 

specific criteria to be considered acceptable. According to ANSYS, the maximum 

skewness should be kept below 0.95 while the minimum orthogonal quality should 



M.A.Sc Thesis ï Maaz Khalid  McMaster- Mechanical Engineering 

 

 115   

 

be 0.1 or greater [73]. For 3-D meshes, the minimum tetra collapse should be 0.05 

or greater [73]. 

a. Skewness refers to how much an element deviates from its optimal shape, 

where 1 is the most distorted, while 0 is the most optimal. For the best 

results, the average skewness should be below 0.3 [73]. The optimal shape 

for a quadrilateral element would be a square, while a triangular element 

should resemble an equilateral triangle. An example of a poor-quality 

triangular element would be an extremely obtuse-angled triangle, while a 

poor-quality rectangular element would be an extremely thin parallelogram.  

b. Orthogonal quality applies to 2-D surface meshes and is a measure of how 

close the angles between adjacent mesh elements are to 90 degrees, where 

1 means 90 degrees and 0 means 0 degrees [73]. Improving 2-D mesh flow 

using a quadrilateral or mapped mesh can increase orthogonal quality.  

c. If a 3-D mesh is dominated by tetrahedrons, another important quality to 

check is tetra collapse [73]. It refers to the ratio of height to width of the 

element, where 0 would be a completely flat or 2-D element. Tetra collapse 

is most optimal at a rating of 1, where elements resemble uniform triangular 

prisms. Flat elements tend to warp and produce unrealistic results.  

5. Mesh editing and refinement: Depending on the results of the quality checks, the 

mesh can be improved further in terms of mesh flow and average element quality 

by using the techniques in the previous steps. The components that will be studied 

significantly and directly experience loads should have a finer mesh, while 
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unimportant components can have a coarser mesh. Contact surfaces involving a 

significant component should also be meshed finely. If a certain feature is proving 

to be problematic concerning the quality checks, it can be replaced, removed, or 

simplified. Editing insignificant features by either removing them or replacing them 

with simpler, straighter shapes can be very beneficial to mesh quality and has no 

detrimental impacts on the analysis. Once this is completed, the analysis can begin.  

To improve mesh quality and allow for specific body temperatures to be applied during the 

multi-physics analysis, the integrated shaft-hub is split into 9 sub-bodies. It is divided based 

on geometry, such as any change in outer diameter. These bodies are set to share their 

topology, meaning that altogether they are considered a single component and share the 

same mesh, but each sub-body can be independently modified so that a specific mesh 

technique or load can be applied separately from another sub-body. The divided shaft is 

shown in Figure 4.16.  

 

Figure 4.16: Integrated Shaft-hub divided into 9 sub-bodies in ANSYS. 
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Motor B was initially meshed with a global coarse tetrahedral mesh of 6 mm element size. 

Each componentôs mesh is then modified based on its size, contacts, and proximity to loads. 

Finely meshed components include the integrated shaft-hub, magnets, adhesives, retaining 

sleeve, and bearing representations, with element sizes of 2 to 3 mm. The rotating assembly 

directly experiences all of the loads in the system, so a finer mesh would be needed for 

these parts. Meanwhile, the endplate and housing used a large element size of 5 to 6 mm, 

only using a finer mesh around the surfaces contacting the bearings for better contact 

definition. Even though they did not have any boundary conditions or loads directly applied 

to them, the endplate bolts are very small when compared to the housing, and therefore 

their element size was reduced to 2 mm. Finally, the carbon fibre retaining sleeve was 

meshed separately in ANSYS Mechanical Composite Pre-Post (ACP) since it is an 

orthotropic material. An element size of 2 mm is used due to its proximity to the magnets 

and extremely thin ply layers. A summary of the mesh details is found in Table 4.6. 

Table 4.6: Motor B Mesh Details 

Component Body Element Size (mm) Element shape 

Housing 6 Tetrahedral 

Endplate 5 Tetrahedral 

Front Bearing 3 Tetrahedral 

Rear Bearing 3 Tetrahedral 

Integrated Shaft-Hub 3 Tetrahedral 

Magnets 2 Tetrahedral 

Adhesives 2 Hexahedral 

Retaining Sleeve 2 Hexahedral 

Endplate Bolts 2 Tetrahedral 
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Some specific meshing techniques were used throughout the model. Mapped face meshing 

was used, especially for contact surfaces, to maintain a nicely flowing mesh wherever 

possible. Other techniques are applied to improve mesh quality around small features such 

as holes, chamfers, fillets, cylindrical bodies, and concave surfaces, some of which were as 

small as 2 mm. Edge, face, vertex, and body sizing are applied to refine the mesh around 

these features, using 1 mm sizing if needed. To properly capture small feature geometry, 

one may select a maximum size that is half the size of the smallest feature. Certain shaft 

sub-bodies such as the bearing seats were able to be meshed using the sweep method, which 

can be beneficial for mesh quality of cylindrical objects.  

Most components use tetrahedral elements due to faster computation time as a result of a 

smaller element stress tensor matrix when compared to other element shapes [74]. Most 

meshing algorithms in FE software are heavily optimized for tetrahedral meshes due to 

more research being done on this method. However, tetrahedral elements can struggle to 

capture surface geometry well [74]. In contrast, hexahedral elements produce more accurate 

solutions than tetrahedral elements due to their more stable, 6-faced shape and are less 

likely to introduce highly skewed elements into the mesh [74]. They are common in 

sweeping and multizone mesh methods. However, its stress tensor is larger, meaning a 

longer computation time. A comparative analysis involving hexahedral and tetrahedral 

meshing to solve multiple partial differential equations concluded that tetrahedral meshes 

were more efficient in terms of time to approach a given accuracy [74]. The only two 

components that used hexahedral meshes were the carbon fibre sleeve and the adhesives, 

due to their geometry. The extreme aspect ratio of the composite ply layers and the 
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adhesives created highly skewed and collapsing tetrahedral elements, due to elements 

needing to be as thin as the 0.15 mm thick ply layers. Therefore, a hexahedral mesh is 

employed to improve the element quality substantially, and the retaining sleeve mesh passes 

all quality checks.  

The remaining component meshes are further refined after checking for quality in multiple 

metrics. These aforementioned metrics include: 

1. Less than 0.95 maximum skewness. 

2. An average skewness lower than 0.3. 

3. Greater than 0.05 minimum tetra collapse. 

Numerous problematic features were outlined after filtering elements based on these quality 

checks. The checks showed that features involving curvature or sharp edges, such as fillets, 

holes, and corners had the majority of skewed elements present. In the CAD model, fillets 

are added at the edges between the largest shaft seats and the main body of the hub to 

prevent stress concentrations. However, due to the severity of the curvature, the fillets 

created small, contorted surface boundaries for elements to fit into. Reducing the element 

size did not remedy this issue, so more geometric changes are needed. Other problematic 

geometry included the fan slot on the fan seat of the shaft, the small corner at the rear hub 

where the magnets are retained, and the flanges of the members in the hub body. Some 

examples of these issues are shown in Figures 4.17 to 4.19. 
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Figure 4.17: Highly skewed elements located at small fillets and corners. 

 

Figure 4.18: A closer look at poor surface element quality due to curvature. 
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Figure 4.19: Example of a non-important feature such as the fan slot causing poor mesh 

flow. 

To improve the mesh, some of these features are either modified, enlarged, or removed 

entirely. The fan slot, for example, is not a feature that significantly modifies the stiffness 

and does not have any load applied to it directly. It can be removed to make the fan seat a 

simple cylindrical body, which greatly improves the mesh flow around this body. Other 

redundant features such as the inlet and outlet coolant ports on the endplate and housing 

were removed as well due to their disruptions to mesh flow. Most fillets are converted into 

chamfers to maintain the same functionality of reducing stress concentrations at sharp 

edges, without creating collapsed or skewed elements. Mesh editing and refinement yielded 

the final mesh shown in Figures 4.20 and 4.21. Some larger fillets are not converted into 

chamfers, instead being enlarged to avoid generating small, skewed elements. 
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Figure 4.20: Isometric view of the final mesh, with geometry edits and mesh refinement. 

 

Figure 4.21: Cross-sectional view of Motor B Mesh in ANSYS Mechanical. 
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Due to its orthotropic nature, the retaining sleeve is independently modelled from the other 

components in ACP. After defining the orthotropic material properties, the sleeve is divided 

into 15 composite fibre ply layers, with each ply layer being 0.15 mm thick for a total 

thickness of 2.25 mm. The ply layers are stacked in the normal direction from the bottom 

layer at an inner diameter of 206 mm and build outwards radially so that the final ply layer 

reaches an outer diameter of 210.5 mm. The fibres in each layer are laid at an angle of 86 

degrees to encompass the desired length of the sleeve using a rosette coordinate system. 

The sleeve is meshed using 2 mm-sized hexahedral elements. The sleeve mesh was finally 

aligned with the axial direction for the best mesh flow. Since the sleeve is meshed 

independently from the other components, the solid composite elements are imported into 

the main model with the main mesh for multi-physics and modal analysis. A view of the 

fibre direction and the mesh of the 15-layer carbon fibre sleeve is shown in Figures 4.22 

and 4.23. 

 

Figure 4.22: Fibres laid at 86 degrees with respect to the axial direction (z-axis) in ACP. 
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Figure 4.23: Motor B carbon fibre sleeve mesh. 

Combining the main mesh and composite fibre ply mesh, the final mesh is constructed. The 

final mesh contains a total of 5.39 x 106 nodes and 3.70 x 106 elements. The meshed rotating 

assembly is well-defined and flows continuously in the axial direction. This is optimal since 

the rotating assembly components will be directly experiencing all the loads in the system, 

so excellent mesh quality and flow are crucial in expediting solution convergence. 

Observing the quality metrics of skewness and tetra collapse, the overall mesh was able to 

achieve a maximum skewness of 0.96, an average skewness of 0.28, a minimum tetra 

collapse of 0.08, and an average tetra collapse of 0.70.  

While the mesh passed the requirements for average skewness and minimum tetra collapse, 

the maximum skewness technically does not meet the suggested value of 0.95 by ANSYS 
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[73]. However, the poorly skewed elements were found to only occupy a combined 0.08% 

of the total volume of the mesh. Due to the low proportion of skewed elements, and the 

difficulty of manually modifying elements, the mesh is considered sufficient, and the model 

progressed to the next step: contact definition. Contour maps of the mesh metrics for 

skewness and tetra collapse can be viewed in Figures 4.24 and 4.25 respectively. 

         

Figure 4.24: Element skewness of Motor B FE model with a maximum of 0.96 skewness. 
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Figure 4.25: Element tetra collapse of Motor B FE model with a minimum of 0.08 collapse. 

 

4.5.4 Motor B Contact Definition 

Contacts between components in FE models can be designated as linear or non-linear. 

Bonded contacts are considered linear, while frictional contacts are non-linear. Non-linear 

contacts tend to increase computation time but are required when certain fit conditions are 

introduced, such as interference, transition, and clearance fits between holes and shafts 

[56]. Interference fits are tight fits that are applied when two parts should not move relative 

to each other, with strict pressure and location requirements [56]. Transition fits are usually 

a compromise between interference and clearance fits and are commonly used for accurate 

locating of parts [56]. Clearance fits are looser fits that usually specify a gap, allowing for 

free-running parts [56].  
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All contact information is found in Table 4.7. The bearing fits are based on specifications 

from the supplier. A coefficient of friction of 0.12 is assumed for all frictional contacts 

between dry metallic surfaces. This assumption is based on previous experience in the FEA 

of Motor A. The target surface is usually denoted as the stiffer component, but other factors 

such as size can reverse this order. For example, the endplate and housing are designated 

as the target surface, even though they are made of aluminum but are larger than the steel 

components that are in contact with. All other contacts were assumed to be bonded to 

reduce the complexity of the model.  

A critical area involving multiple connections is the outer diameter of the hub. Around this 

location, multiple key components are in contact, such as the adhesives bonded to the hub 

and magnets and the sleeve press-fitted onto the magnets. The most critical contacts are 

shown in Figure 4.26. 

 

Figure 4.26: Key rotating assembly location, highlighting contact definition including the 

integrated shaft-hub, adhesives, magnets, and retaining sleeve. 
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Table 4.7: List of contacts in Motor B FE Model 

Contact Surface Target Surface Contact Type Fit 
Maximum 

Interference (mm) 

Front Bearing Endplate Frictional Interference 
3.5 x 10-2 (Radial) 

0 (Axial) 

Front Bearing 
Integrated 

shaft-hub 
Frictional Interference 

1.1 x 10-2 (Radial) 

0 (Axial) 

Rear Bearing Housing Frictional Interference 
3.5 x 10-2 (Radial) 

0 (Axial) 

Rear Bearing 
Integrated 

shaft-hub 
Frictional Interference 

1.1 x 10-2 (Radial) 

0 (Axial) 

Bolt Endplate Bonded - - 

Bolt Housing Bonded - - 

Adhesives 
Integrated 

shaft-hub 
Bonded - - 

Adhesives Magnets Bonded - - 

Magnets 
Retaining 

Sleeve 
Frictional Interference 0.56 (Radial) 

Magnets 
Integrated 

shaft-hub 
Frictional Clearance 0 (Axial) 

Endplate Housing Bonded - - 

 

The maximum interference at the contact boundary is specified in Table 4.7 to simulate the 

worst-case fit scenario, which assumed the greatest interference possible. The bearings 

require an interference fit on their outer diameter with the housing or endplate to prevent 

relative rotation between the two parts. However, the bearing is steel whereas the housing 

and endplate are made of aluminum, creating a mismatch in the rate of thermal expansion 
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between the two components, where the housing will expand faster than the bearing and 

cause the bearing to float in space if no interference is specified. Due to the resulting 

unequal thermal expansion, an interference fit with a maximum possible interference of 

0.035 mm was selected between the bearings and stator components. Since the bearings are 

modelled as a block without rolling elements, they need a fit that accurately locates the axis 

of rotation of the shaft, so a slight interference fit of 0.011 mm is specified based on 

recommendation from the bearing supplier. The sleeve needs to be press-fit onto the 

magnets with an interference fit of 0.56 mm to maintain the correct contact pressure, which 

was discussed in Chapter 4.2. Finally, the rear face of the last magnet in the Halbach array 

axially contacts the shaft during assembly, so a sliding fit with 0 maximum interference 

was specified. Tolerances and standard fits are not specified since this is not a finalized 

motor design. 

To improve the definition of the contact surfaces, the mesh of each pair of surfaces should 

be similar in terms of flow and size. For instance, a contact between a surface with a mesh 

size of 5 mm and a surface with a 2 mm mesh size would result in massive gaps and 

misalignment between the interacting nodes and lessen the number of elements within the 

scope of the contact region. This type of poor definition can cause extreme penetration of 

elements into the opposing surface, causing poor solution convergence and element 

warping or distortion. Solving the initial contact conditions is the first set of load cases, and 

introducing errors at this stage can drastically alter the final results for the structural and 

modal analyses. An example of similar meshes used to better define the contacts can be 

seen between the front bearing and the bearing seat on the shaft, shown in Figure 4.27. 
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Figure 4.27: Mesh similarity between contacting components. 

 

4.5.5 Solution Setup 

The non-linear analysis can be divided into discrete load steps that apply each load at a 

specific time. The first load step involves the assembly phase, which applies all fit 

conditions. The second load step is completed in two separate analyses. The first analysis 

applies the thermal loads using data from Motor A in thermal analysis to solve for body 

temperatures. The second analysis imports the results from the thermal analysis while 

applying a rotational velocity to the rotating assembly in a static-structural analysis. Both 

loads are ramped from zero to the maximum. The third and final step is an additional step 

where no more additional loads are applied, achieving a steady-state system. The boundary 

conditions include fixed support constraints applied to the 6 mounting holes located on the 

housing. A plot of the loads applied at each load step time is found in Figure 4.28. 
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Figure 4.28: Time at which loading conditions are applied to Motor B. 

Initially, before any loads can be applied, the motor must be assembled. The first step 

between 0 and 1 second assumes all components have zero penetration or gaps between 

each other, and as time passes to 1 second, interference is applied from 0 mm to the 

maximum interference specified in the contact definition. As previously stated, the 

maximum possible interference is used to simulate worst-case scenario stresses resulting 

from contact conditions. This step serves as an initial condition for the more significant 

thermal and structural loads that will be applied in the next step. 

The second load step involves applying temperatures and rotational velocity, between 1 and 

2 seconds of simulation time. The loads are ramped from 0 to the maximum load throughout 

the load step. The thermal load cannot be solved in the same analysis as the rotational load, 

so this step is split into one steady-state thermal analysis and one static-structural analysis. 
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The steady-state thermal analysis applies specified body temperatures and convection data 

to the Motor B FE model based on the thermal performance of Motor A. While this 

assumption is not realistic of the actual thermal performance of Motor B, thermal data was 

not available for Motor A since the cooling method was not determined at the time. The 

data from Motor A will serve as reference until the thermal design of Motor B is finalized 

in the future. The results of this analysis are imported into the independent static-structural 

analysis and ramped throughout load step 2. More details on this load condition can be 

found in Chapter 4.6, and the conditions are displayed in Figure 4.29.  

 

Figure 4.29: Convection (yellow) is applied to the fan shroud and inner faces of the hub, 

while temperatures resulting from Motor Aôs losses are applied to specific bodies (red), 

such as the shaft, bearings, adhesives, and magnets. 
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In the separate static-structural analysis, in which all loading conditions and boundary 

conditions are applied, the rotational velocity is applied to the rotating assembly 

components (integrated shaft-hub, magnets, adhesives, and retaining sleeve). Throughout 

the load step, the velocity is ramped from 0 to 20,000 RPM with a 10% overspeed multiplier 

added. More details on this load condition can be found in Chapter 4.6, and the conditions 

are displayed in Figure 4.30.  

 

Figure 4.30: Rotational velocity load applied to the rotating assembly, in red (integrated 

shaft-hub, magnets, adhesives, and retaining sleeve). 

After all loads have been applied from the first and second load steps, the final load step 

acts as a steady-state condition between 2 and 3 seconds of simulation time. This step 
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allows time for the system to reach an equilibrium state where no additional changes are 

applied. The results in this step are reflective of the maximum operating conditions after a 

prolonged period without any acceleration or additional sources of heat.  

The stresses experienced by the system due to the specified load cases affect the stiffness 

matrix of the model, impacting the results of the modal analysis. Therefore, the state of the 

system at the end of load step 3 is imported into a pre-stressed modal analysis environment. 

More information can be found in the modal analysis results.  

The boundary conditions of the system are fixed supports, located at the 6 mounting bolt 

holes on the housing, pictured in Figure 4.31. Fixed supports in ANSYS constrain all 6 

Degrees of Freedom (DOF), which includes displacement and rotation in the x, y, and z 

axes. The long mounting bolts are meant to mount the motor through the housing onto a 

dynamometer mounting plate in a cantilevered condition similar to Motor A. While it would 

be more realistic to include the dynamometer components in the analysis, this would 

significantly increase the complexity of the model. Only the rotating assembly components 

are within the scope of the analysis, so it is not greatly consequential if the stiffness of the 

housing to dynamometer connection is modelled realistically. Therefore, it was deemed 

sufficient to place the fixed constraints at the mounting flanges. 
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Figure 4.31: Location of the fixed supports (blue) at the 6 mounting bolt holes on the 

housing. 

The solver settings are selected to reduce the computation time as much as possible. Due 

to the high number of elements, nodes, and contacts, conventional computer hardware is 

incapable of running the analyses specified in this model, so a remote server with very 

powerful hardware is employed to handle this simulation job. A remote server with 128 

CPU cores and 1000 GB of memory is used to run these mechanical simulations, but only 

64 CPU cores were used reliably due to high server traffic and technical issues. The total 

computation time for the multi-physics analysis took 31 hours, while the modal analysis 

took 3 hours to complete.  

ANSYS mechanical allows for 2 types of solvers: the sparse (direct) solver and the 

preconditioned conjugate gradient (iterative) solver. Both solvers can be used in non-linear 
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analyses, where the stiffness matrix equation is solved once, and then solution convergence 

is evaluated to decide if the nonlinear system has converged. The direct solver uses the LU 

matrix decomposition method to solve the stiffness matrix equation, whereas the iterative 

solver uses an iterative algorithm to solve the stiffness matrix equation. The effectiveness 

of each solver can vary depending on the FE model. After testing both solvers, it was 

determined that the direct solver was faster at solution convergence.  

The number of initial, minimum, and maximum substeps can be specified for each load 

step to improve solution convergence. A substep divides the load step into smaller time 

steps. The applied load is divided by the number of substeps to linearly ramp up the load 

throughout the load step. The initial substeps are the first substep size used by the solver. If 

the solver can complete an initial substep size easily and predict the solution at the end of 

the load step, it can increase the step size to a specified minimum substep that is a larger 

step size. If the solver has difficulty predicting the solution at the end of the load step, it 

can use a smaller step size specified by the number of maximum substeps. After testing 

multiple runs, it is determined that using 5 initial substeps (20% of the load per substep), 2 

minimum substeps (50% of the load per substep), and 100 maximum substeps (1% of the 

load per substep) is optimal to speeding up solution convergence when using the direct 

solver. These settings were used for all load steps. 
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4.6 Multi-Physics Analysis of Motor B 

4.6.1 Basic Thermal Analysis of Motor B 

The load cases are integrated to form a non-linear multi-physics analysis, calculating stress, 

strain, and deformation resulting from centrifugal force, thermal expansion, and 

interference effects. The load cases are divided into two separate analyses, a separate 

thermal analysis that solves for component temperatures, and a principal static-structural 

analysis that imports the thermal analysis results at a specific load step while applying a 

rotational velocity.  

The total solution is set up so that interferences between components are ramped up in the 

first load step (0 to 1 second) in the main static-structural analysis. This creates some initial 

penetration between elements, resulting in minor contact pressure and stresses. During the 

second load step (1 to 2 seconds) the component temperatures are solved independently in 

a separate steady-state thermal analysis. The results are imported and ramped up during the 

second load step within the main static-structural analysis. In the main static-structural 

analysis, the rotational velocity is applied from 0 to the maximum speed. The third and final 

load step (2 to 3 seconds) achieves a steady-state solution in which no additional loads are 

applied, and the system is in an equilibrium state at maximum loading conditions.  

Motor Bôs steady-state thermal analysis applies data from Motor Aôs final temperatures and 

convection cooling performance after CFD analysis. Since thermal data is not available for 

Motor B, the thermal data from Motor A, while not entirely realistic, was used as an initial 
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approximation for the temperature profile of the components within the motor. The thermal 

data is split into two applied conditions: body temperatures and convection from ambient 

and forced air cooling. The input data is summarized in Table 4.8. It is assumed that: 

1. The corresponding component temperatures are the same as Motor A.  

2. The initial temperature of the system is assumed to be 50ÁC, and the external air 

temperature is 25ÁC.  

3. For convection, ANSYS requires a Heat Transfer Coefficient (HTC) to be specified 

[75]. The heat transfer coefficient is defined as the rate of heat flux, in W/m2 -ÁC, 

needed to cause a unit difference in temperature at a specified surface [75]. The 

surfaces affected by convective heat transfer are displayed in Figure 4.32. 

a. For natural convection, ANSYS recommends a minimum HTC of 10 W/m2 

-ÁC, while forced air convection can vary [75]. Ambient air cooling is 

applied to the external faces of the retaining sleeve, as it is exposed to 

external ambient air. 

b. For forced air cooling, HTC of 20 W/m2 -ÁC was selected based on the 

minimum cooling performance of Motor Aôs fan [76]. Most of the faces on 

the hub, such as the finned members and fan shroud, are cooled via forced 

air from the fan.  
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Table 4.8: Thermal Analysis Input Data 

Location  Type  Temperature (ÁC) 

Retaining Sleeve (exterior faces) Ambient air 

convection 

25 (Air) 

Hub body (finned surfaces and fan shroud) Forced air convection 25 (Air) 

Magnets (all bodies) Applied temperature 125 (body) 

Adhesives (all external faces) Applied temperature 125 (face) 

Rear and Front Bearing Representations  Applied temperature 110 (body) 

Shaft bearing and seal seats  Applied temperature 105 (body) 

Shaft spacing seats and spline  Applied temperature 100 (body) 

Hub body hollow section (inner diameter) Applied temperature 90 (face) 

 

 

Figure 4.32: Convection from forced air cooling and ambient air applied to specific surfaces 

on the hub and sleeve (yellow). 
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According to the thermal data of Motor A, the hottest components in the rotating assembly 

include the magnets and bearings, which generate heat during motor operation. As a result, 

these bodies experience peak temperatures of about 125ÁC and 110ÁC respectively. The 

heat is transferred across the rotating assembly, developing a temperature gradient where 

the temperature diminishes the further the distance from these components. The fan forces 

cool ambient air into the motor and significantly reduces the temperatures of the hub. The 

applied temperatures are visualized in Figure 4.33. The temperature contour is based on the 

one shown by Islam et al [76]. 

 

Figure 4.33: Applied body and face temperatures for thermal analysis of Motor B, based on 

final component temperatures of Motor A [76]. 
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The steady-state thermal analysis is solved separately from the static structural analysis 

using the direct solver with a single load step which applies the body temperatures and 

convection data from Motor A. This basic simulation took 6 minutes to solve using the 

settings discussed in Chapter 4.5.5. The results at the end of the load step are displayed as 

a body temperature contour in Figure 4.34. 

 

Figure 4.34: Thermal analysis results for Motor B. 

The center of the shaft is the coolest location within the rotating assembly at 90ÁC since it 

is furthest from the heat-generating components. The hottest components include the 



M.A.Sc Thesis ï Maaz Khalid  McMaster- Mechanical Engineering 

 

 142   

 

magnets and adhesives, recording a temperature of 125.3ÁC. Observing the outer diameter 

of the hub, the temperature increases to the maximum of 125.3ÁC because of its proximity 

to the magnets. However, forced air cooling allows for convective heat transfer away from 

the regions of the hub near the magnets. It has a visible effect in reducing the temperature 

of the fan shroud and the hub members. Consequently, high temperatures around the 

magnets mean that significant thermal expansion will occur around the contacts involving 

the outer diameter of the hub, adhesives, magnets, and retaining sleeve. All components in 

this area are comprised of different materials, meaning different CTEs, so the rates of 

expansion will differ, adding noticeable stresses around these contact boundaries. This is 

compounded by the centrifugal forces that the rotating assembly will experience in the 

static-structural analysis.  

The contact status of all components is checked at the end of the analysis to see if any 

components are unconstrained or detached. All frictional contacts showed sticking 

behaviour, indicating interference. No gaps resulting from thermal expansion are present. 

The model proceeds to the static-structural analysis. 

It should be noted that if all stator components were properly modelled, the stator back-

iron would become a source of heat due to winding losses. As such, the temperature would 

not be uniform around the outer diameter of the stator. The encapsulation also provides 

some heat transfer from the windings to the housing and endplate, so the temperatures of 

the stator assembly vary. The results in Figure 4.34 inaccurately depicts the stator 

components experiencing the same uniform temperature as the bearings because the 

bearings are in direct contact with the housing and endplate. This inaccuracy in temperature 
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plays a role in the static-structural stress results of the integrated shaft-hub when 

compounded with the centrifugal force. For future work, the finalized rotor cooling method 

and associated thermal performance of Motor B should be determined and applied to the 

FEA model. 

 

4.6.2 Static-Structural Analysis of Motor B 

The results from the thermal analysis are imported into the static-structural analysis and 

ramped up from the initial temperature of 50ÁC to the maximum temperatures shown in 

Figure 4.34 between load steps 2 and 3. At the same time, the rotational velocity is ramped 

up from 0 rad/s to the maximum speed of 2303 rad/s, which adds a 10% overspeed factor. 

At the end of load step 3, the system has reached a steady state at maximum rotational 

speeds and temperatures. The resulting Von Mises stress contours are generated and 

displayed in Figures 4.35 and 4.36. The data for maximum stresses per component in the 

rotating assembly is summarized in Table 4.9. 
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Figure 4.35: Von Mises stress contour for Motor B. 
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Figure 4.36: Sectional view showing the maximum Von Mises stress at the mounting bolt 

face. 

Table 4.9: Stress results of Motor B multi-physics analysis 

Component Material Type of Stress 
Yield Stress 

(MPa) 

Max Stress 

(MPa) 

Factor of 

Safety 

Integrated 

shaft-hub 
AISI 4340 

Von Mises 780 604 1.29 

Shear 350 262 1.34 

Magnets NdFeB Von Mises 900 260 3.46 

Retaining 

sleeve 

Hexply 8552 + 

Hextow IM10 
Tensile (Hoop) 2200 896 2.46 

Adhesives Delo HT2990 Shear at 120ÁC 7 108 - 

 




























































































