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Ironless motors are investigated for aviation applications because of their lightweight 

structure and high specific power. However, the removal of ferromagnetic materials creates 

an open magnetic circuit and increases magnetic flux leakage, which may cause 

electromagnetic interference (EMI) in sensitive aircraft environments. This thesis 

investigates magnetic shielding methods for high-temperature superconducting (HTS) 

ironless motors, focusing on active magnetic compensation and far-away iron yoke shielding. 

The principles, advantages, and limitations of both methods are analysed. Then, the far-away 

iron yoke method, which has a simple structure without adding cryogenics and 

superconductivity, is further studied using a two-dimensional finite element model in 

COMSOL Multiphysics. The results show that the far-away iron yoke can reduce the leakage 

magnetic field, and that both increasing yoke distance and increasing yoke thickness improve 

the shielding performance. It was also found that increasing the yoke distance is more 

effective on shielding than increasing the thickness. 
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SYMBOLS 

 

B magnetic flux density    T 

H magnetic field strength    A/m 

𝜇 magnetic permeability    H/m 

𝜇𝑟 relative permeability    T 

𝐽 current density    A/mm2 

𝑑sy distance between the iron yoke and the winding            mm 

ℎsy thickness of the iron yoke    mm 

 

ABBREVIATIONS 

 

HTS High temperature superconducting 

LTS Low temperature superconducting 

EMI Electromagnetic Interference 
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1  Introduction 

With the increasing urgency of global climate change, the aviation industry is facing 

unprecedented pressure to reduce emissions. Air transportation is considered as one of the 

transport sectors with the highest global carbon emissions. It accounts for about 2–3% of 

global carbon dioxide emissions (Keselova et al., 2020). Emissions from high-altitude flights 

may have a more significant impact on atmospheric chemistry and climate. To reduce 

environmental pollution, many countries and aviation organizations have set net-zero-

emission targets, promoting the development of low-emission and zero-emission aviation 

technologies. These targets show that in the future, aircraft propulsion systems need to move 

toward low-emission or zero-emission solutions. 

As traditional aircraft rely on fossil fuel combustion for power generation, it becomes 

increasingly difficult for such systems to meet future environmental requirements. Therefore, 

aircraft electrification has become an important development direction for future aviation. 

Among them, the propulsion system of the all-electric aircraft (AEA) is entirely powered by 

electric power. Its electric propulsion system can use batteries or other types of energy 

storage devices to drive electric fans instead of jet engines. Hence, it can avoid carbon 

dioxide and nitrogen oxide emissions during flight (Fard et al., 2022). Bærheim et al. (2023) 

and Anker et al. (2025) demonstrated that currently available battery technologies are 

insufficient to power larger airplanes or those operating long distances, because only relying 

on battery-driven generators cannot achieve sufficient energy storage to support a long range 

or high payload requirements in the short term, thereby failing to satisfy medium- and long-

distance flight requirements. Therefore, battery-based all-electric propulsion cannot meet the 

needs of medium- and long-haul flights alone. 

Given these reasons, clean liquid hydrogen (LH2) has attracted attention because of its high 

energy density and potential for zero-emission applications (Mohammad et al., 2022). 

Hydrogen can be used in fuel cells or hydrogen-fuelled turbines to convert chemical energy 

into electricity, which can then drive electric motors. Electric motors can be considered as 

the most important part of the propulsion system and their performance directly determines 

overall system efficiency and weight (Chen et al., 2025). Therefore, they must have a very 

high specific power and a relatively small size to meet the strict requirements for weight and 
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space in aircraft systems (Zhao et al., 2024). This serves as an essential driving force behind 

the development of hydrogen-based aircraft power systems. 

Traditional iron-core motors have limitations at high power levels, including significant 

weight and magnetic saturation of traditional iron-core motors at high powers. Therefore, 

ironless motors have received increasing attention in aviation applications because of their 

potential for achieving high specific power, lightweight structure, and compact size (Habib 

et al., 2022). The ironless structure considerably increases the magnetic reluctance of the 

motor and thus requires stronger excitation of the main magnetic field. Fortunately, high-

temperature superconducting (HTS) materials, such as HTS excitation coils, can provide 

high current density at low temperatures, while the resistive losses are significantly lower 

than those of conventional conductors (Uglietti, 2019). Therefore, HTS motors can therefore 

achieve high specific power. For AEA equipped with hydrogen-powered systems, LH2 can 

potentially be used both as fuel and as a cooling medium, i.e., fuel as coolant. Its low 

temperature can be used for cryogenic cooling and for replacing heavy cryogenic coolers on 

board. This combined use of LH2  further reduces the system weight and improves the 

overall efficiency. Therefore, superconducting ironless propulsion motors in an integrated 

liquid hydrogen environment can help achieve ultra-high specific power of AEA propulsion 

systems (Nøland et al., 2022). As a result, a suitable solution is to combine an ironless 

topology with HTS excitation and LH2 coolant for ultra-high-specific-power propulsion 

motor design. 

This technological combination also exposes an essential problem of ironless machine 

structures. Since there is no ferromagnetic material, an open magnetic circuit is formed in 

the structure of the ironless machine. The removal of the iron core reduces the magnetic 

permeability and increases the magnetic reluctance. Therefore, HTS coils are used to 

produce relatively strong magnetic fields to compensate for the increased magnetic 

reluctance. As a result of the ironless structure, magnetic fields can escape from the motor 

and cause magnetic flux leakage. This kind of magnetic flux leakage will damage sensitive 

components of the aircraft. Airborne avionics systems are very sensitive to the outside 

electromagnetic environment. Leakage magnetic fields may cause strong electromagnetic 

interference (EMI) and affect the electromagnetic compatibility (EMC) of the aircraft system. 

A high-leakage magnetic field may also raise safety concerns for passengers. Therefore, 

effective magnetic shielding measures need to be taken for employing the ironless concept 
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in practice. A shielding is needed to effectively confine the magnetic flux inside the motor. 

The shielding design must reduce magnetic flux leakage and meet the lightweight 

requirements. 

In summary, to meet the zero-emission targets for aviation, liquid-hydrogen-based all-

electric propulsion systems and HTS ironless motors show great potential. However, the 

magnetic flux leakage must be reduced using efficient and lightweight magnetic shielding 

methods. The thesis aims to find effective and lightweight magnetic shielding solutions for 

HTS ironless motors in aerospace applications. Two magnetic shielding methods are 

investigated: active magnetic compensation and far-away iron yoke shielding. The principles, 

advantages, and limitations of these two methods are analysed and compared. Then, the far-

away iron yoke shielding method is studied in detail using a two-dimensional finite element 

model COMSOL with Multiphysics. The effects of key parameters, including the yoke 

distance and yoke thickness, are studied to evaluate their impact on shielding performance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 

 

 

2  Ironless electrical machines 

This chapter introduces the structure of ironless electrical machines, their advantages, the 

functions of HTS materials, and the necessity of magnetic shielding. After removing the 

ferromagnetic materials, ironless electrical machines form an open magnetic circuit. 

Although the ironless design helps reduce weight, it also reduces the ability to guide the 

magnetic field. HTS materials are used to generate strong excitation and compensate for the 

increased magnetic reluctance. However, because of the open magnetic circuit and the strong 

magnetic field, some of the magnetic flux spreads outside into the surrounding air. This leads 

to magnetic flux leakage.  

2.1  Definition of ironless electrical machines 

To better understand the structure of ironless electrical machines, it is useful to first study 

the structure and characteristics of traditional motors. 

2.1.1  Traditional electrical machines 

In traditional electrical machines, the iron core is an essential component. Both the stator 

and rotor cores are made up of many thin laminations of silicon steel sheets. These structures 

form a closed magnetic circuit with high magnetic permeability to guide magnetic flux 

efficiently and reduce magnetic leakage. 

As shown in Figure 2-1, the stator and rotor cores are close to form a closed magnetic circuit. 

This can produce large magnetic flux with a smaller current. (Zhang et al., 2025). In addition 

to its magnetic role, the iron core also supports the windings, helping to maintain structural 

stability. It also helps conduct heat to the machine housing, where the heat can be removed 

by the cooling system. 
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Figure 2-1. Cross-sectional structure of a traditional induction motor with core (Zhang et al., 

2025). 

In addition to its magnetic role, the iron core also supports the windings, helping to maintain 

structural stability. It also helps conduct heat to the machine housing, where the heat can be 

removed by the cooling system. 

2.1.2   Ironless electrical machines 

An ironless electrical machine usually does not have ferromagnetic materials in either the 

stator or the rotor. Non-magnetic and high-strength materials are selected for replacing the 

iron core and support the windings in position. This helps reduce the overall weight of the 

machine. Figure 2-2 below illustrates a typical HTS ironless motor and its components, 

including the armature winding, the excitation winding, the support structure, and the 

electromagnetic shielding layer (Masson et al., 2005).  

 

Figure 2-2. Simplified model of an HTS ironless motor for an aircraft propulsion system 

(Masson et al., 2005). 
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The armature winding is powered by alternating current. The excitation winding is powered 

by direct current and generates the main magnetic field. In HTS ironless motors, HTS coils 

can be employed as the excitation winding to provide strong excitation. During operation, 

the magnetic field produced by the excitation winding interacts with the armature winding 

to generate electromagnetic torque. As there is no ferromagnetic material to guide the 

magnetic flux, part of the magnetic flux spreads into the surrounding air and causes a leakage 

magnetic field. Therefore, HTS ironless motors also require the additional shielding 

structures. The iron core is also heat conduction path, so HTS ironless motors also require 

the additional cooling system. 

2.2  Advantages of ironless electrical machines 

Ironless electrical machines have several advantages. First, they have no iron losses, because 

hysteresis and eddy-current losses are generally produced in the iron cores of traditional 

motors under alternating magnetic fields. Therefore, ironless electrical machines can achieve 

about 1% higher operating efficiency in some cases than traditional machines (Douine et al., 

2021). Another advantage is that ironless electrical machines are not limited by magnetic 

saturation in the iron core. Magnetic saturation is a limitation of ferromagnetic materials. In 

electrical machine iron cores, the flux density generally approaches saturation at around 1.8–

2.0 T (Fitzgerald et al., 2003). If the excitation current continues to increase after saturation, 

the magnetic flux density will not increase greatly. In contrast, ironless machines avoid this 

limitation because their magnetic circuit does not rely on ferromagnetic materials. 

In addition, ironless electrical machines are relatively lightweight and possess high specific 

power. The iron core is an important source of weight in an electrical machine, since the 

density of iron is approximately 7650 kg/m3. In ironless electrical machines, the iron core 

is generally replaced by lightweight high-performance materials to support the windings, 

such as glass fibre or carbon fibre composite materials. One representative example is glass-

fiber-reinforced composite material, which has a density of around 1850 kg/m3, only about 

one quarter that of ferromagnetic materials. These materials are relatively light and can 

provide high strength and stiffness while remaining non-magnetic, making them suitable as 

supporting structures in ironless electrical machines. As a result, ironless electrical machines 



13 

 

 

are well suited for applications requiring high performance, lightweight design, and high 

reliability. 

2.3  Lack of magnetic permeability 

Although removing ferromagnetic material can reduce weight and improve motor 

performance, it also removes the high-permeability magnetic path used to guide magnetic 

fields. When the high-permeability magnetic path is replaced by air or non-magnetic 

materials, the air-gap magnetic flux density B decreases significantly. As a result, the torque 

is reduced and the power output is also affected. Maintaining or increasing the magnetic 

field strength H requires increasing excitation current. However, the conventional copper 

conductors can not meet this requirement, because the high current density would cause large 

Joule losses and serious heating problems in ironless electrical machines. 

2.3.1  The significant drop in magnetic permeability 

In motor design, the relationship between magnetic flux density B and magnetic field 

strength H satisfies the magnetic field constitutive relationship formula: 

𝐵 = 𝜇𝐻 = 𝜇0𝜇r𝐻 (2 − 1) 

where B is magnetic flux density (T), 

𝐻 is the magnetic field strength (A/m), 

𝜇 is the magnetic permeability, 

𝜇0 is the vacuum magnetic permeability, and 

𝜇r is the relative magnetic permeability of the material.  

This formula describes how magnetic flux density varies in different media. In traditional 

motors, the relative magnetic permeability 𝜇r of the iron core is much higher than that of 

air. In simplified engineering analysis, it can be taken as approximately 2000–5000 

(Fitzgerald et al., 2003; Pyrhönen et al., 2013). A high magnetic permeability core means 

that a higher magnetic flux density B can be obtained at lower magnetic field strengths H. 

However, in ironless designs, non-magnetic materials are used to replace the iron core and 
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their relative magnetic permeability is approximately 𝜇𝑟 ≈ 1, which is close to the magnetic 

permeability of air (Griffiths, 1999). This means that under the same magnetic field strength 

H, the magnetic field strength 𝐵 in ironless electrical machines is greatly reduced due to 

the lower 𝜇𝑟, resulting in a decrease in motor output torque. 

2.3.2  Excitation trouble under Ampere's loop law 

According to the formula 𝐵 = 𝜇𝐻, compensating for the significant decrease in magnetic 

permeability 𝜇, a way is to increase the magnetic field strength 𝐻. According to Ampère’s 

law in its static form: 

∫ 𝐻 ⋅ 𝑑𝑙 = 𝑁 ⋅ 𝐼 (2 − 2) 

For a simplified closed magnetic circuit with an average magnetic circuit length of 𝑙m, 

Ampère’s law can be written as: 

𝐻 ⋅ 𝑙m = 𝑁 ⋅ 𝐼 (2 − 3) 

 

Or equivalently: 

𝐻 =
𝑁 ⋅ 𝐼

𝑙m

(2 − 4) 

 

where 𝐻 is the magnetic field strength (A/m), 

𝑙m is the average length of the magnetic circuit (m), and 

𝑁 is the number of turns of a coil, and 𝐼 is the excitation current (A). 

The excitation current can also be expressed by current density: 

𝐼 = 𝐽 ∙ 𝐴wire (2 − 5) 

where 𝐽 is the current density in the conductor (A/m2), and 

𝐴wire is the effective cross-sectional area of a single conductor (m2). 

Substituting this into the expression for magnetic field strength: 

𝐻 =
𝑁 ⋅ 𝐴wire

𝑙m
⋅ 𝐽 (2 − 6) 
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According to the formula, 𝐻 is proportional to 𝐽. Therefore, in order to increase 𝐻, it is 

necessary to increase the current density 𝐽. 

2.4  Implementation of high temperature superconducting materials to 

ironless electrical machines 

HTS materials are important in ironless electrical machines, as they can provide strong 

excitation and also contribute to magnetic shielding. The following section introduces the 

basic physical concepts and main characteristics of HTS materials. 

2.4.1  Physical concepts of superconducting materials 

Superconducting materials have two states: the superconducting state and the normal state. 

The superconducting state is restricted by three parameters: current density, operating 

temperature and magnetic field. As shown in Figure 2-3 below, the critical temperature 𝑇c 

is the highest temperature at which the material can remain superconducting; 𝐽c represents 

the maximum current density that the material can carry while still maintaining a 

superconducting state under specific magnetic field and temperature conditions; 𝐻c 

represents the maximum external magnetic field that the material can withstand while 

remaining in the superconducting state (Bussmann-Holder and Keller, 2020). If any of these 

limits are exceeded, the superconducting material will become a normal conductor. The 

shading area in the figure represents the superconducting state region. 

Low-temperature superconductors (LTS) have a lower critical temperature and usually work 

below 20 K. Therefore, they require cryogenic cooling to ensure their operating temperature 

conditions. In contrast, HTS materials such as yttrium-barium-copper-oxide (YBCO) have 

a much higher critical temperature and can operate at around 77 K with liquid nitrogen 

cooling. As shown in Figure 2-3, HTS materials show better performance than LTS in terms 

of critical temperature and upper critical field. This means that HTS materials have less 

demanding operating requirements, lower cooling system costs, and can provide the high 

current density required for ironless motors. 
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Figure 2-3. Schematic diagram comparing critical parameters of low-temperature 

superconductors (LTS) and high-temperature superconductors (HTS) (Bussmann-Holder 

and Keller, 2020). 

According to Pyrhönen et al. (2013), the current density of traditional copper windings is 

only 3-6 A/mm2 under forced air cooling, and it is difficult to exceed 50 A/mm2 even under 

extreme liquid-cooling conditions. However, superconducting materials can carry 20-50 

times higher current density than traditional copper conductors. For example, second-

generation YBCO superconducting wire from SuperPower Corporation can reach a coil 

current density of about 200-300 A/mm2 at 77 K (Kalsi 2011). These materials have a high 

current-carrying capacity. Therefore, HTS coils can provide a higher excitation current, 

increase the magnetic field strength 𝐻, and maintain sufficient magnetic flux density 𝐵 in 

ironless motors. 

2.4.2  Two major characteristics of superconducting materials 

First of all, superconductors have a zero-resistance characteristic. When the temperature of 

a superconductor is close to or below its critical temperature, its electrical resistance becomes 

almost zero. Therefore, almost no Joule heat is generated. 

Another characteristic is complete diamagnetism. It is also known as the Meissner effect. 

When superconducting materials are below their critical temperature, they can repel 

magnetic fields and generate induced shielding currents when the external magnetic field 

changes. As shown in Figure 2-4 above, the magnetic field produced by these currents 
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opposes changes in the original field and thereby prevent magnetic field penetration (Shang 

et al., 2006). Zhang (2017) pointed out that in HTS stator ironless motors, although the HTS 

coil generates a strong magnetic field during operation, it can also produce a self-shielding 

effect on the leakage magnetic field. By arranging the HTS shielding layer or adjusting the 

excitation coil structure, leakage magnetic flux can be limited without adding additional 

ferromagnetic materials. 

 

Figure 2-4. Demonstration of the Meissner effect reproduced from (Shang et al., 2006). 

2.5  The necessity of shielding design 

Although ironless electrical machines have several advantages such as high efficiency, 

lightweight design, and no magnetic saturation, they still face a serious problem which is the 

open magnetic circuit. 

Without ferromagnetic materials to guide the magnetic field, the strong field generated by 

the HTS coil tends to spread outward, causing magnetic flux leakage. This leakage can affect 

nearby electronic devices and possibly pose a danger to safety. Therefore, effective magnetic 

shielding is required in the design of ironless electrical machines. This issue will be discussed 

in the following chapters. 
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3  Shielding 

As mentioned in the previous chapter, ironless electrical machines face magnetic leakage 

problems and require shielding. This chapter will introduce the concept of shielding. 

As shown in Figure 3-1 below, the magnetic field lines emanate from the main coil without 

any constraints (Haran et al., 2016). 

 

Figure 3-1. Magnetic field generated by the superconducting main coil without shielding 

measures (Haran et al., 2016). 

The main method to prevent magnetic field interference is using shielding technology. 

Magnetic shielding methods can be classified into three types: passive magnetic shielding, 

superconducting magnetic shielding, and active magnetic compensation. Ferromagnetic 

shielding and conductive shielding, shown in Figure 3-2(a) and (b), represent typical passive 

shielding methods. These methods prevent magnetic fields from penetrating. Figure 3-2(c) 

shows that superconducting magnetic shielding relies on the Meissner effect of 

superconductors. Figure 3-2(d) shows active magnetic compensation to reduce the original 

magnetic field by artificial generation of an opposing magnetic field (Zhao, 2025). 

This thesis focuses on the shielding technologies that prevent the diffusion of leakage 

magnetic fields inside the motor to the outside. In contrast, superconducting magnetic 

shielding is more commonly used to prevent external magnetic fields from entering a 

protected region, for example in precision instruments. Although passive shielding methods 

have a relatively simple structure, their defects include inevitable weight increase, 
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susceptibility to saturation, and high-frequency heat loss in the aerospace industry, where 

lightweight and high specific power are strictly required. 

 

Figure 3-2. Schematic diagrams of magnetic shielding, (a) ferromagnetic shielding; (b) eddy 

current shielding; (c) superconducting magnetic shielding; (d) coil-based active magnetic 

compensation reproduced from (Zhao, 2025). 

Therefore, this thesis focuses on two magnetic shielding technologies relevant to aviation 

applications, active magnetic compensation shielding and far-away iron yoke shielding.  

3.1  Active magnetic compensation method 

Active magnetic compensation is a way of reducing leakage magnetic fields in ironless 

electrical machines. Unlike passive shielding, it works by generating an additional magnetic 

field to oppose the original one, thereby reducing the strength of the magnetic field in the 

target area. This section first introduces the basic principle of the active magnetic 

compensation method. Next, the function of HTS materials in this method will be introduced 

and present the structures with the advantages and limitations of this shielding method. 

3.1.1  Basic principle 

The active magnetic compensation method can eliminate or weaken an existing magnetic 

field artificially by generating a counteracting magnetic field in response (Zhao, 2025). 

Additional compensation coils are placed outside the main excitation coil and apply current 
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in the opposite direction. In this way, the generated magnetic field opposes the original 

magnetic flux, reducing the magnetic field in the target region to a very low level. As shown 

in Figure 3-2(d) above, the original magnetic field 𝐵0 is generated by the main excitation 

coil, and the compensating coil generates an opposing magnetic field 𝐵𝑖. The superposition 

of the two yields the total magnetic field 𝐵total: 

 𝐵total = 𝐵0 + 𝐵𝑖 (3 − 1)  

The goal of active compensation is to achieve 𝐵total ≈ 0 within a specific region. 

3.1.2  Dual effect of HTS materials in active shielding 

Using HTS materials to make shielding coils can provide both active and passive shielding 

effects. For active shielding, the HTS coil can carry a current to generate an opposing 

magnetic field. This opposing field can reduce the original leakage magnetic field. Since 

HTS materials can carry much higher current density than copper with very low Joule 

heating, they are also suitable for producing a strong counteracting field in a limited coil 

space. 

The zero-resistance characteristic of HTS materials can also support passive shielding. 

According to Lenz’s law, an induced current is generated in the shielding coil when the 

magnetic field changes. In normal conductors, this current decays quickly because of 

resistance. However, the induced current can remain for a long time and continue to generate 

the opposing magnetic field in superconductors. Therefore, the active current and the 

induced current work together to provide and improve the shielding performance. 

3.1.3  Implementation methods and examples 

Active shielding in ironless electrical machines often uses a double-coil arrangement, 

consisting of a main coil and a shielding coil (Haran et al., 2016). The main coil generates 

the working magnetic field, while the shielding coil produces an opposing magnetic field to 

reduce leakage. In this arrangement, the two coils may have different cooling requirements.  

The main winding needs to generate a strong magnetic field, so it must operate at lower 

temperatures (about 20–30 K) to maintain a high critical current density. In contrast, the 
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shielding winding only needs to stay in the superconducting state, so it can work at higher 

temperatures, for example around 77 K using liquid nitrogen cooling. 

Haran et al. (2016) applied active magnetic compensation to a 10 MW-class partially 

superconducting synchronous motor. As shown in Figure 3-3, the DC excitation winding 

includes a main coil and a shielding coil (Haran et al., 2016). The main coil is placed on the 

inner side near the rotor armature winding and employs superconducting coils to produce 

the main working magnetic field. The shielding coil is placed outside the main coil and 

carries reverse current. This generates a counteracting magnetic field that reduces leakage 

magnetic fields. The system works at a low temperature of 4.2 K and is cooled by a 

refrigerator. With active shielding, the outer diameter of the motor can be reduced by 35%, 

while only increasing the amount of superconducting tape by 17%. 

 

Figure 3-3. Schematic diagram of ironless architecture (main coil + shielding coil) (Haran et 

al., 2016). 

Figure 3-4 below shows the magnetic field distribution after active shielding. Compared with 

the unshielded case in Figure 3-1, the magnetic field lines are better confined inside the 

motor, and fewer field lines extend into the external region. This shows the shielding effect 

of the active compensation coil (Haran et al., 2016).  



22 

 

 

 

Figure 3-4. Magnetic field distribution after active shielding (Haran et al., 2016). 

Balachandran et al. (2020) also applied active shielding to the aviation electric propulsion. 

They designed a 2.5 MW, 4500 rpm fully superconducting motor, as shown in Figure 3-5 

below. This design also uses a dual-winding structure with field coils and shield coils. MgB2 

superconducting wire is used, and both the excitation winding and the armature are 

superconducting.  

 

Figure 3-5. Active shielding structure of a fully superconducting machine (Balachandran et 

al., 2020). 

The results show that active shielding can limit the external magnetic field without using a 

conventional ferromagnetic shield. Through this shielding method, the weight of the motor 

is reduced to about 18 kg, achieving a power density of 50 kW/kg (Balachandran et al., 2020). 
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3.1.4  Advantages and limitations of active shielding 

The active magnetic shielding method has several advantages, especially when HTS 

materials are used. First, it has the lightweight structure and high specific power through 

reducing the use of ferromagnetic materials. Secondly, it is not limited by magnetic 

saturation. Another key advantage is its controllability. The shielding performance can be 

adjusted by regulating the current and position of the compensation coils. In addition, there 

is no current decay in superconductors.  

However, active shielding also has several limitations. First, it requires an additional cooling 

system, as the removal of ferromagnetic materials also removes the heat conducting path. 

The cooling system increases the weight, volume, and energy consumption of the system. In 

addition, AC losses may also occur in superconducting materials under time-varying 

magnetic fields even though they have zero DC resistance. Active shielding also requires 

additional coils and control units, making the system more complicated and enlarging the 

overall size of the motor. Finally, there is a risk of quenching. If the cooling is insufficient 

or the system is disturbed, the superconducting materials may return to a normal state. This 

leads to increased resistance, overheating, and even damage to the equipment. 

3.2  Far-away iron yoke shielding 

This section introduces the far-away iron yoke shielding method for HTS ironless electrical 

machines. It first introduces the basic principle of this shielding method and then introduces 

its advantages and limitations. 

3.2.1  Basic principle 

The far-away iron yoke shielding method relies on the natural decay of magnetic fields with 

distance and the high magnetic permeability of ferromagnetic materials. In an ironless 

electrical machine, the leakage magnetic field extends outward from the main region, and it 

gradually decreased with increasing distance. If the ferromagnetic yoke is placed close to 

the electrical machine, it is exposed to a stronger magnetic field and may require a thicker 

yoke to guide the magnetic field. However, when the iron yoke is placed at a farther distance, 
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the magnetic field reaching the yoke has already been weakened by distance. Therefore, 

using only a thinner ferromagnetic yoke can guide the remaining leakage flux. This helps 

achieve magnetic shielding while limiting the additional weight.  

 

Figure 3-6. Far-away iron yoke shielding in an HTS ironless electrical machine. 

As shown in Figure 3-6 above, it shows the basic structure of the far-away iron yoke 

shielding method in an HTS ironless electrical machine. The machines include HTS 

excitation winding, armature winding, the ironless stator structure and ironless rotor 

structure. The iron yoke is placed in the position away from the main magnetic field and is 

supported by the ironless stator structure. In this method, leakage magnetic flux can be 

reduced.  

3.2.2  Advantages and limitations of far-away iron yoke shielding 

The far-away iron yoke shielding method has advantages in lightweight design and simple 

structure. Because the magnetic field strength decreases at larger distances from the source, 

the risk of magnetic saturation in the yoke is reduced. Therefore, thinner and lighter 

ferromagnetic structures can be used, which is beneficial for weight-sensitive applications 
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such as aerospace propulsion systems. In addition, the overall structure is relatively simple, 

as it does not require complex structures or additional components. 

However, this method also has limitations. Since the shielding structure is located at a 

distance from the magnetic field source, it cannot effectively suppress strong local leakage 

magnetic fields near the motor. Some leakage magnetic fields may still remain around 

sensitive components and lead to electromagnetic interference (EMI) issues. Studies have 

shown that the magnetic field should be reduced below the industrial safety limit (0.5 mT) 

within a radius of approximately 1 m, which may be challenging to achieve in some 

configurations (International Commission on Non-Ionizing Radiation Protection (ICNIRP), 

2009). In addition, placing the iron yoke at a relatively large distance increases the overall 

size of the system and space occupation of the system. This may conflict with the strict 

compactness requirements for AEA, because both weight and volume must be minimized. 
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4  Case study of the concept of far-away iron yoke 

In this chapter, a case study is conducted to evaluate the shielding performance of the far-

away iron yoke in an HTS motor. A two-dimensional finite element model is built in 

COMSOL Multiphysics. As the far-away iron yoke shielding method is relatively simple, it 

is selected for modelling and analysis in this study. In the model, the iron yoke is added as a 

shielding structure to guide the leakage magnetic flux and reduce its spread into the 

surrounding air. The effects of yoke placement distance and yoke thickness on the shielding 

performance are then analysed.  

4.1  Design parameters and variable definitions 

Table 4-1 summarizes the baseline specifications of the HTS motor, which serve as the 

design targets. These parameters define the required performance of the system, including 

power, speed, torque, voltage, and air gap size. These parameters are used as baseline 

references for the modelling and analysis. 

Table 4-1. Baseline specifications of the HTS motor 

Specification Value 

Rated output power (mechanical) 𝑃N ≥ 2.5 MW 

Maximum input power (electrical) 𝑃in 2.65 MW 

Rated speed ΩN 4500 rpm (direct drive) 

Nominal torque 𝑇nom for ΩN 5623 Nm 

Rated voltage UN 500 V 

Air gap diameter 𝐷ag 0.4 m 

 

The used HTS material is a YBCO tape as shown in Figure 4-1(a). The tape’s critical 

characteristic at 30 K is depicted in Figure 4-1(b). 
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Figure 4-1. The used HTS material: (a) YBCO tape, adapted from Shanghai Superconductor 

Technology Co., Ltd. (n.d.), (b) critical characteristic at 30 K, adapted from Robinson 

Research Institute (n.d.). 

As shown in Table 4-2, it defines the key variables used in this study. These variables 

describe the geometric configuration of the motor and the shielding structure. In particular, 

the parameter 𝑑sy represents the radial distance between the outer boundary of the armature 

winding and the inner boundary of the iron yoke, while ℎsy denotes the thickness of the 

iron yoke. The inner and outer radii of the yoke are defined as: 

𝑅0 =  𝑅HTS,out + 𝑑sy (4 − 1)

𝑅out =  𝑅0 + ℎsy (4 − 2) 

Next, the specific parameter values used for modeling in this study are presented in Table 4-

3. These parameters remain unchanged during the simulation study process.   

(a) 

(b) 
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Table 4-2. Definition of design variables 

Variable to be optimized Unit 

Number of pole pairs 𝑝 1 

Inner angle of field coil 𝛼 ° (electrical angle) 

Outer angle of field coil 𝛽 ° (electrical angle) 

Height of field coil ℎ𝑓 mm 

Height of stator slot ℎs mm 

Radial distance from armature winding to iron yoke 𝑑sy mm 

Iron yoke thickness ℎsy mm 

Inner radius of the far-away iron yoke 𝑅0 mm 

Outer radius of the iron yoke 𝑅out  mm 

 

Table 4-3. Optimum design parameters of the case study HTS motor 

Design parameter Value 

𝑝 7 

𝛼 44° 

𝛽 88° 

ℎf 50 mm 

ℎs 10 mm 

Air gap diameter 𝐷ag 0.4 m 

Rated speed Ω𝑁 6000 rpm 

Rated voltage U𝑁 1500 V 

Field current density  Jf,op 176 A/mm2 

Axial length 𝑙𝑠 0.285 m 

Total mass 𝑚tot 97.7 kg 

Rated load efficiency 𝜂 96.8% 

Specific power 26.3 kW/kg 

 

This study then focuses on analyzing the effects of shielding-related variables, including 

yoke distance 𝑑sy and yoke thickness ℎsy on the magnetic field distribution and shielding 

effect. 
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4.2  Simulation Model and Magnetic Field Analysis without Iron Yoke 

A two-dimensional simplified model is established in COMSOL as shown in Figure 4-2. To 

focus on magnetic field characteristics, some geometric details are simplified in the 

modeling, such as the ironless stator and rotor structures. This is because these structures use 

non-magnetic materials, so they can be approximated as air regions. The model consists of 

the HTS excitation winding and the armature winding, both supported by non-magnetic 

structures. All these regions are assigned air material properties. A large outer air domain is 

defined to represent the open magnetic environment. The radius of the air domain is 0.45 m, 

which is large enough to show the distribution and attenuation of the magnetic field outside 

the windings, and also leaves space for adding the iron yoke later. 

The HTS excitation winding and the armature winding generate a magnetic field distribution 

by applying current density as the magnetic field excitation source. 

 

Figure 4-2. Simplified 2D model of the ironless electrical machine without the iron yoke. 

As shown in Figure 4-3 below, the magnetic flux density distribution of the HTS ironless 

machine without the iron yoke is presented. It can be observed that due to the absence of 

ferromagnetic material, the magnetic circuit becomes open, and the magnetic field spreads 

into the surrounding space, resulting in a strong leakage magnetic field. The position of the 

observation point (0.31 m, 0) is also indicated in the figure. 
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Figure 4-3. Magnetic flux density distribution of the ironless machine without iron yoke. 

An observation point at (0.31 m, 0) is selected in the air region outside the windings to 

observe the magnitude of the leakage magnetic field. Figure 4-4 below shows the magnetic 

flux density waveform at this point. 

 

Figure 4-4. Magnetic flux density waveform at the observation point without iron yoke. 

The maximum magnetic flux density is approximately 0.0385 T, indicating that the magnetic 

field is relatively strong and has significant leakage. 

(0.31 m, 0) 

0.0385T 
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4.3  Study of far-away iron yoke shielding 

This study adds the far-away iron yoke structure based on the model in Figure 4-2, as shown 

in Figure 4-5. The iron yoke is placed at a distance from the windings. In this model, Silicon 

steel material is used for the iron yoke structure, while all other regions are still assigned air 

material properties.  

 

Figure 4-5. Simplified 2D model of the ironless electrical machine with far-away iron yoke 

shielding. 

In this section, the influence of the iron yoke thickness ℎsy and yoke distance 𝑑sy on the 

magnetic shielding performance is investigated. The magnetic field distribution and leakage 

field are analysed by changing these parameters. In the following models, the observation 

point is placed outside the outer boundary of the iron yoke. The y-coordinate is fixed at 0 

and the x-coordinate is set 0.1 mm beyond the outer radius of the yoke.  

4.3.1  Effect of distance 𝑑sy 

Figures 4-6, 4-7 and 4-8 show the magnetic flux density distribution for three different yoke 

distances, with 𝑑sy = 90 mm, 𝑑sy = 120 mm and 𝑑sy = 150 mm, respectively, while the 

yoke thickness is fixed at ℎsy = 1.0 mm. The observation point is also marked in each figure. 



32 

 

 

It can be seen that the magnetic field distribution in the outer region changes as the yoke is 

moved farther away from the HTS winding.  

 

Figure 4-6. Magnetic flux density distribution with iron yoke (𝑑sy = 90 mm, ℎsy= 1.0 mm). 

 

Figure 4-7. Magnetic flux density distribution with iron yoke (𝑑sy = 120 mm, ℎsy = 1.0 

mm). 

Observation 

point 

 n 

Observation 

point 
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Figure 4-8. Magnetic flux density distribution with iron yoke (𝑑sy = 150 mm, ℎsy = 1.0 

mm). 

The magnetic flux density variations at the observation point are shown in Figures 4-9, 4-10 

and 4-11 below for different yoke distances. When 𝑑sy = 90 mm, the maximum magnetic 

flux density is about 0.032 T; when the distance increases to 𝑑sy = 120 mm, the maximum 

value decreases to about 0.007 T. As the distance further increases to 𝑑sy = 150 mm, the 

maximum magnetic flux density is reduced to approximately 2.6 × 10−4 T, which is about 

120 times smaller than the value at 𝑑𝑠𝑦 = 90 mm.  

 

Figure 4-9. Magnetic flux density waveform at the observation point with iron yoke (𝑑𝑠𝑦 = 

90 mm, ℎ𝑠𝑦= 1.0 mm). 

Observation 

point 

 

0.032T 
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Figure 4-10. Magnetic flux density waveform at the observation point with iron yoke (𝑑sy 

= 120 mm, ℎsy= 1.0 mm). 

 

Figure 4-11. Magnetic flux density waveform at the observation point with iron yoke (𝑑sy 

= 150 mm, ℎsy= 1.0 mm). 

These results indicate that increasing the yoke distance leads to a continuous reduction in 

magnetic flux density at the observation point.  

0.007T 

0.00025T 
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4.3.2  Effect of thickness ℎsy 

Under the condition that the yoke distance is fixed at 𝑑sy = 90 mm, the influence of yoke 

thickness on shielding effect is further analysed. The case of ℎsy = 1.0 mm has been given 

in Section 4.4.1. Figures 4-12 and 4-13 show the magnetic flux density distributions for two 

different yoke thicknesses, with ℎsy  = 1.5 mm and ℎsy  = 2.0 mm, respectively. The 

position of the observation point is also indicated in the figures. 

 

Figure 4-12. Magnetic flux density distribution with iron yoke (𝑑sy = 90 mm, ℎsy = 1.5 

mm). 

Observation 

point 
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Figure 4-13. Magnetic flux density distribution with iron yoke (𝑑sy = 90 mm, ℎsy = 2.0 

mm). 

The magnetic flux density variations at the observation point are shown in Figure 4-8, 

Figures 4-14 and 4-15 below for different yoke thicknesses. When ℎsy  = 1.0 mm, the 

maximum magnetic flux density is about 0.032 T. When ℎsy  =1.5 mm, the maximum 

magnetic flux density at the observation point is approximately 0.022 T. When the thickness 

increases to ℎsy = 2.0 mm, the maximum value decreases to about 0.0115 T, which is about 

3 times smaller than the value at ℎsy = 1.0 mm. 

 

Observation 

point 
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Figure 4-14. Magnetic flux density waveform at the observation point with iron yoke (𝑑sy 

= 90 mm, ℎsy = 1.5 mm). 

 

Figure 4-15. Magnetic flux density waveform at the observation point with iron yoke (𝑑sy 

= 90 mm, ℎsy = 2.0 mm). 

This shows that increasing the yoke thickness leads to a reduction in the magnetic flux 

density at the observation point.  

0.022T 

0.0115T 
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4.4  Summary of Results 

This chapter investigates the magnetic shielding performance of a far-away iron yoke in an 

HTS ironless electrical machine using a two-dimensional finite element model in COMSOL 

Multiphysics. In this work, two key parameters are studied: the distance between the iron 

yoke and the armature winding (𝑑sy) and the yoke thickness (ℎsy). For the distance study, 

the thickness is fixed at 1.0 mm. For the thickness study, the distance is fixed at 90 mm. All 

cases are evaluated based on an observation point located 0.1 mm outside the outer radius of 

the iron yoke, on the 𝑥-axis at y = 0. In each case, the position of the observation point 

changes with the yoke radius but remains consistently close to the yoke boundary. This can 

ensure that the shielding performance of each case is reasonably compared. 

In the case without the iron yoke, the open magnetic circuit leads to significant magnetic 

flux leakage. From the magnetic field distribution, it shows that the magnetic flux lines are 

not effectively confined and spread into the surrounding air. This results in a relatively high 

magnetic flux density at its observation point (0.31 m, 0), which is about 0.0385 T. 

First, the shielding effect is verified for both the distance study and the thickness study. Since 

the observation point position changes with the outer radius of the iron yoke, one case is 

selected from each study in which the observation point is closest to (0.31 m, 0), and the 

maximum magnetic flux density at the observation point is compared with the case without 

the iron yoke. For the distance study, when 𝑑sy = 90 mm and ℎsy = 1.0 mm, the value at 

a nearby point (0.3011 m, 0) is about 0.032 T. For the thickness study, when 𝑑𝑠𝑦 = 90 mm 

and ℎ𝑠𝑦 = 2.0 mm, the value at (0.3021 m, 0) is about 0.0115 T. Compared with 0.0385 T, 

the magnetic flux density decreases in these two cases, indicating that the two studies have 

a shielding effect. 

For the distance study, when 𝑑sy = 90 mm and ℎsy = 1.0 mm, the maximum magnetic flux 

density at the observation point is approximately 0.032 T. When 𝑑sy increases to 120 mm 

and further to 150 mm, the magnetic flux density decreases rapidly to approximately 

2.6 × 10−4 T, which is about 120 times smaller than the value at 𝑑𝑠𝑦 = 90 mm. This shows 

that increasing the distance between the iron yoke and the armature winding helps reduce 

the leakage magnetic field. This is because the magnetic field attenuates with distance.  
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For the thickness study, when ℎsy increases from 1.0 mm to 1.5 mm and further to 2.0 mm, 

the magnetic flux density decreases to approximately 0.0115 T at 2.0 mm, which is about 3 

times smaller than the value at ℎsy  = 1.0 mm. This indicates that increasing the yoke 

thickness improves the shielding performance. A thicker yoke provides a lower magnetic 

reluctance path and helps guide the magnetic flux more effectively. 

Overall, the far-away iron yoke shielding method can effectively reduce the leakage 

magnetic field in ironless electrical machines. Both increasing the distance 𝑑sy  and 

increasing the yoke thickness ℎsy help to improve the shielding performance. However, 

increasing the distance has a more significant effect on reducing the leakage magnetic field 

than increasing the thickness. 
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5  Conclusion 

This thesis investigated the magnetic shielding problem in ironless electrical machines. Two 

methods were identified to solve the problem: active magnetic compensation method and 

far-away iron yoke shielding method. 

First, the principles of these two methods as well as their respective advantages and 

disadvantages were analysed theoretically. The active magnetic compensation method 

suppresses leakage magnetic fields by generating an opposing magnetic field using 

additional shielding coils. It offers advantages such as lightweight design and no magnetic 

saturation. However, it also introduces challenges including complex control systems, 

cryogenic requirements, and potential reliability risks such as quenching.  

In contrast, the far-away iron yoke shielding method is simple in structure and does not 

require additional active components. It can reduce the leakage magnetic field by guiding 

the magnetic flux through a low-reluctance path. The risk of magnetic saturation is also 

reduced as the yoke is placed far from the main magnetic field. However, it has limitations 

in suppressing strong local leakage fields near the machine, and placing the yoke at a larger 

distance may increase the overall size and space requirement of the system. 

As the far-away iron yoke shielding method is relatively simple, it was selected for 

modelling and analysis in this study. A two-dimensional finite element model was built in 

COMSOL Multiphysics. Two key parameters were investigated, namely the distance 

between the iron yoke and the armature winding (𝑑sy) and the yoke thickness (ℎsy). All 

results are evaluated based on the maximum magnetic flux density at an observation point 

located near the outer boundary of the iron yoke. The results show that, without shielding, 

the magnetic flux is not effectively confined but spreads into the surrounding air. After 

introducing the far-away iron yoke, the leakage magnetic field is effectively reduced. The 

shielding performance depends on, but not limited to, the yoke distance 𝑑sy and the yoke 

height ℎsy. 

For the distance study, when 𝑑sy = 90 mm and ℎsy = 1.0 mm, the value decreases to about 

0.032 T, and then reduces to approximately 2.6 × 10−4 T when the distance increases to 

150 mm, which is about 120 times smaller than the value at 90 mm. For the thickness study, 
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when ℎsy increases from 1.0 mm to 2.0 mm, the magnetic flux density decreases to about 

0.0115 T, which is about 3 times smaller than the value at 1.0 mm. These results indicate 

that increasing both the yoke distance and thickness improves the shielding performance, 

while the shielding effect of distance is more significant than that of thickness. 

In conclusion, both shielding methods have their own advantages and limitations. Active 

shielding is more suitable for applications requiring high performance and strict weight 

constraints, while the far-away iron yoke method provides a simpler and more practical 

solution for reducing leakage magnetic fields. This study shows that the far-away iron yoke 

method is effective within the investigated range and offers a promising approach for 

magnetic shielding in HTS ironless motors for aerospace applications. Future work may 

focus on practically integrating the far-away yoke into the aircraft structure. 
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