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ABSTRACT 

The consumption of electricity is seen by society as a certainty and not an uncertainty; 

however, there are several uncertainties about how the topology of the electrical grid will look in 

the future. For instance, it is expected that the demand for electricity is set to considerably increase, 

there will be a greater incorporation of renewable generation sources, and society will call for a 

decrease in the spatial footprint of the electrical power grid. To address these uncertainties, new 

technology has been proposed to replace the conventional copper devices currently utilized. One 

of the new technologies that has shown great promise over the last decade are superconducting 

power devices. 

The appeal of superconducting technology lies in its ability to operate at significantly 

higher current densities than equivalently sized copper or aluminum technologies. This increase in 

current density will potentially allow for the electrical power grid to operate at higher capacity and 

greater efficiency. In order to develop superconducting devices for high power applications, 

knowledge of the critical boundaries with regards to temperature, current and magnetic field need 

to be studied. High-voltage engineering principles also need to be studied in order to ensure that 

an optimal design is produced for the superconducting power device. These theoretical and 

practical challenges of designing superconducting power devices are discussed in Chapter 1. 

Chapter 2 focuses on the high-voltage engineering and dielectric design aspects of a specific 

superconducting power device: HTS power cables. In particular, this chapter discusses the 

different dielectric design topologies, cable layouts, and reviews successfully demonstrated HTS 

power cables.   

One of the current limitations of designing superconducting power devices is the lack of 

dielectric materials compatible with cryogenic temperatures, and this area has been the focus of 

my research. The main focus of my Ph.D. is the investigation of new cryogenic dielectric materials 

and designs, which can be separated into two main areas. The cryogenic studies on increasing the 

dielectric strength of gaseous helium (GHe) focused on the addition of a small mol% of various 

gases such as nitrogen (N2), hydrogen (H2) and neon (Ne) to GHe (Chapter 4). The studies to 

increase partial discharge inception voltage of GHe cooled high temperature superconducting 

(HTS) power cables focused on using a Polyethylene Terephthalate heat shrink to individually 

insulate HTS tapes (Chapter 6), as well as the development of a novel HTS cable design referred 



xvii 
 

to as the Superconducting Gas-Insulated Transmission Line (S-GIL) (Chapter 7). While the 

research conducted can be split into different categories, the experimental techniques in preparing 

samples and performing measurements are consistent and are discussed in Chapter 3.  

From completing this research, several key findings were discovered that will help advance 

the development of GHe cooled superconducting devices. Here is a summary of these discoveries: 

 The addition of 4 mol% of hydrogen gas to GHe increases the dielectric strength by 
80% of pure GHe for all pressures. This trend was seen with both AC and DC voltages 
and DC breakdown strengths were approximately 1.4 times higher than the AC, as 
expected. 

 By measuring the breakdown strength of 1, 2, and 4 mol% hydrogen gas mixed with 
GHe, a linear relationship exists between hydrogen mol% and breakdown strength. 
The saturation limit does not appear to have been reached, so there is potential for 
higher breakdown strengths with higher hydrogen mol%. However, there are potential 
safety concerns with regards to flammability that need to be considered for higher 
mol% hydrogen mixtures. 

 Tertiary mixtures containing 8 mol% nitrogen gas, and 4 mol% hydrogen gas mixed 
with GHe yielded approximately a 400% increase in the dielectric strength when 
compared to GHe. With the introduction of the nitrogen gas to the mixture the 
maximum operating pressure was limited to approximately 0.85 MPa before 
condensation occurred.  

 The partial discharge inception voltage (PDIV) measurements for a cable measured in 
the 4 mol% hydrogen mixture and then in GHe showed a 25% higher value when the 
cable was measured in the 4 mol% hydrogen mixture than in GHe. This improvement 
in PDIV is not as great as the 80% improvement seen in the breakdown measurements. 

 The Polyethylene Terephthalate heat shrink selected to provide individual insulation 
to HTS tapes did not allow for a high operational voltage when used as the insulation 
method for a HTS cable as breakdown occurred between 1-2 kV. 

 The development of the S-GIL allows for the full benefits of increasing the dielectric 
strength of GHe to be exploited. 

 The S-GIL will allow for higher operating voltages and better thermal characteristics 
than currently available for GHe superconducting power cables
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CHAPTER ONE  

INTRODUCTION 

The focus of this research is on the discovery of alternative cryogenic dielectric 

materials and designs for high temperature superconducting power devices. Deconstructing 

this title yields a greater understanding of the background topics that need to be examined before 

presenting the actual research that was carried out. The title can be divided into three main areas: 

“alternative cryogenic dielectric materials and designs,” “high temperature superconducting” and 

“power devices”. To develop a good understanding of this research work it is useful to look at 

these areas in reverse order.   

The term “power devices” refers to the potential application of the developed technology 

in the electrical power grid. The challenges currently faced by the electric utility sector provide 

the initial context as to why this research is needed.  

The phrase “high temperature superconducting” refers to a specific category of 

superconducting materials that over the last two decades have come to be seen as a solution to the 

current and future challenges faced by electric utilities. Thus, a fundamental overview of 

superconducting material parameters and their operational characteristics are discussed to give 

further context to the research as well as to delineate the design constraints. 

The final phrase “alternative cryogenic dielectric materials and designs” describes the 

specific aspect of high temperature superconducting power devices that will be examined. This 

topic area comprises research conducted on individual materials as components of the dielectric 

design as well as the development of new dielectric designs for superconducting power devices. 

Before exploring new dielectric designs, it is important to review the fundamental principles of 

high voltage engineering and dielectric challenges for devices operating at cryogenic temperatures. 

1.1 Challenges Faced by the Electric Utility Sector 

The consumption of electricity is deeply entwined in our daily lives. The electrical power 

grid, which is responsible for the supply of electricity, is an intricate system that must operate at a 

high level of reliability but all too often gets trivialized to a flick of a switch for the light bulb to 

turn on [1]. The electrical power grid is regarded as one of the greatest engineering achievements 
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of the twentieth century and is responsible for providing reliable and efficient transport of 

electricity from generators to the end users [2]. There is typically a vast distance between the 

generators and the end users, so cost effective solutions must be implemented. The electrical power 

grid is one of the largest and most capital intensive sectors of the economy, with U.S. assets of 

almost $1 trillion, yearly U.S. electric bills in excess of a quarter of a trillion dollars, and an array 

of customers that include almost every industry, business, and household in the United States [3]. 

While the power grid is a very rigid network, it can also be considered as a living organism that 

must constantly adapt to the demands and constraints forced upon it by the society. The major 

demands and constraints currently being imposed on the electrical power grid include load growth, 

generation from renewable resources, aging infrastructure, and consumer concerns related to the 

environmental impacts [2]. However, before investigating the challenges and obstacles being faced 

by the electrical power grid, it is first necessary to provide a basic overview of how the electrical 

power grid operates. 

As stated above, the electrical power grid is the necessary link between electrical 

generators and end users. Typically, electrical generators convert mechanical energy, which is 

created by rotating turbines using energy sources such as fossil fuels, hydroelectric, nuclear power, 

and renewables into electrical energy. In recent years there has been a push for a significant 

fraction of electricity generation to come from renewable and environmentally friendly sources 

such as solar and wind. Regardless of the generation method used to create electricity, the total 

power created is a function of the operational current and voltage and can be expressed as 𝑃 = 𝑉𝐼 (1) 

Where 𝑃 is the power, 𝑉 is the operating voltage, and 𝐼 is the operating current. Power can 

be generated as either direct current (DC) or alternating current (AC). The vast majority of 

electrical power generated and transported around the world uses AC at either 50 Hz or 60 Hz 

depending on local regulations. An AC power grid is preferred, instead of DC, because it allows 

the operating voltage to be easily “stepped up” and “stepped down” by power transformers. This 

is an important characteristic of AC, as it allows electricity to be transported long distances at a 

higher efficiency and lower cost. The main form of power loss in transporting electricity is Joule 

heating (or ohmic loss) that is characterized by 𝑃𝑙𝑜𝑠𝑠 =  𝐼2𝑅 (2) 
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where 𝑃𝑙𝑜𝑠𝑠 is the power loss through heating, 𝐼  is current, and 𝑅 is resistance in the 

conductor. Equation (2) demonstrates that the operating current plays a significant role in 

determining the amount of loss that is generated during the transmission of electricity and 

operation of power devices. Conductors commonly used in the power grid to transport the 

electricity (copper and aluminum) do have finite resistance which means that Joule heating does 

occur and needs to be taken into consideration when designing a power network. This is why in 

an AC electrical power grid the operational voltage is significantly increased during the 

transmission stage and then decreased to the required safe voltage as it reaches the end user. Figure 

1 demonstrates the voltage increases and decreases necessary to transport electricity from the 

generator to the end user [4].  

Each of the voltage transformations that take place occurs in a substation, comprising of 

various components of electrical equipment including transformers, switchgear, capacitors, and 

reactors. Some of the compartments of these electrical equipment are often filled with 

environmentally harmful substances such as sulfurhexafluride gas (SF6) and transformer oil. In 

the event of a transformer oil leak, it could be released into the surrounding environment and, as 

 

 

 

Figure 1:  Simplified electrical power transmission system [4] 
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oil is a flammable material, could cause fire.  SF6 is a man-made synthetic gas and, a potent 

greenhouse gas with a global warming potential that is 23900 times greater than that of CO2 [5]. 

Figure 1 shows that it is necessary to have substations in close proximity to residential and 

industrial areas to allow for the voltage to be reduced to a safe and usable level. There are 

community concerns about health and safety risks with substations being surrounded by residential 

areas. Society also prefers underground cabling in urban areas instead of overhead transmission 

lines due to safety implications as well as aesthetics.   

In 2010 the electrical power grid provided close to 4,000 TWh of electrical energy in the 

United States alone [3]. This number is expected to dramatically increase in the coming decades. 

An increase of greater than 20% is expected by year 2035 making the estimated total need of an 

annual power to be 4,800 TWh [3]. Yet this estimate maybe too conservative if electric cars begin 

to become common place in society. The majority of the expected increase in electricity demand 

will occur in urban areas which will add extra strain to the network. There is the possibility of 

urban bottle necks forming due to restrictions in available space for new cables to be installed [6].  

It is also expected that the percentage of electricity generated from renewable sources will 

increase for two main reasons. The first is that there is only a finite amount of fossil fuel available 

and it is expected that by the end of the 21st century these resources will have been completely 

used up. The second is the environmental impact from using fossil fuel resources. Globally there 

has been a push for electricity generation to come from renewable sources that do not adversely 

affect the environment.  Solar and wind technologies are increasingly economically feasible 

methods of generating electricity. However, one of the issues that will impede the implementation 

of these technologies is the vast geographic distance between the place of generation and place of 

demand. For these technologies to be cost effective, the construction of the required new 

transmission lines also needs to be considered [7]. 

Finally, the lifetime of the equipment installed in the power grid also needs to be 

considered. Electrical equipment has a finite lifetime, typically in the range of 30-50 years, 

depending on the type of equipment. In several key areas of the power grid in the US, electrical 

equipment is approaching the end of its life expectancy. Decisions about how to replace this 

equipment need to be considered to ensure a cost effective, reliable, and resilient electric power 

grid that can support the necessary demand of the future without adversely affecting the 

environment. 
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Superconducting technology is a feasible solution to address all of the challenges 

mentioned above [8]. Superconducting cables are capable of carrying up to 100 times more current 

than an equivalently sized conventional copper cable, as superconducting materials have 

effectively zero electrical resistance. A single strand of superconducting flat wire (tape) can carry 

enough electrical power to supply an average house. As superconducting cables can carry 

significantly higher amounts of current, it is possible to replace multiple conventional copper 

cables with a single superconducting cable [9]. As superconducting cables can transport electricity 

efficiently at lower voltages, it is also envisioned that fewer power substations will be needed in 

densely populated urban areas if superconducting technology is used [10]. The freed-up land could 

be used for more productive activities while eliminating potential environmental hazards 

associated with a substation. 

1.2 Background to Superconductivity  

The phenomenon of superconductivity was first discovered in 1911 when Kamerlingh 

Onnes lowered the temperature of mercury to 4 K and noticed that the electrical resistance went 

to zero. Onnes referred to this property as “superconductivity” [11]. Since then hundreds of 

materials have been shown to have superconductive properties [2]. There are multiple ways to 

categorize superconducting materials as either low temperature superconductor (LTS) or high 

temperature superconductor (HTS) and further into either as a Type 1 or Type 2 superconductor. 

 

 

 

Figure 2: Superconducting region defined by critical temperature, critical magnetic field, and 
critical current density [12] 
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These classifications refer to the boundary regions which define superconductivity. For a material 

to display superconducting properties it must be operated inside the superconductive region 

dictated by the temperature, external magnetic field, and self-current. The critical limits for 

temperature, magnetic field and current are interdependent as depicted in Figure 2 [12]. 

1.2.1 Critical Temperature (Tc) 

The critical temperature (Tc) refers to the temperature at which a superconductor 

transitions from a normal state to a superconducting state. When a superconducting material is at 

an operating temperature below Tc it will display zero resistance as seen in Figure 3. 

Figure 3 shows that there is a sudden transition from superconducting to normal state. 

When a superconducting material is in its normal state the resistance is higher than typical pure 

conductors such as copper and aluminum. If a superconducting material transitions from the 

superconducting state to the normal state this is referred to as quenching. 

 

Figure 3: Reproduction of the original plot of the electrical resistance of Hg versus 
temperature by Kamerlingh Onnes (Note that the horizontal axis is in Kelvin) [11] 
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As stated above, hundreds of materials display superconducting properties [13]–[35]. 

However there are only a few that can be manufactured into wires and tapes to be useful for 

practical applications [9]. A summary of the practical superconducting materials along with their 

associated critical temperatures is shown in Table 1. A superconducting material can also be 

categorized as either a low temperature superconductor (LTS) or high temperature superconductor 

(HTS). As the name suggests, LTS and HTS is a way to categorize a superconducting material 

based on its critical temperature. Typically any material with Tc below 30 K is referred to as LTS 

and a material with Tc higher than 30 K is referred to as HTS. MgB2 which has a critical 

temperature of 39 K has been referred to as either a LTS or HTS material [2], [9].  The structure 

of MgB2 is closely related to other LTS materials, however the unusually high transition 

temperature of MgB2 is more closely related to HTS materials. 

It was long believed that superconducting materials could only have a maximum transition 

temperature of ~30 K. The discovery of superconducting material with a transition temperature in 

 

    Table 1: Practical superconducting materials 

Superconductor Transition Temperature 

(K) 

Year Discovered Further 

References 

Nb 9.5 1930 [13] 

NbTi 9.5 1962 [13] 

Nb3Sn 18.3 1954 [13] 

Nb3Al 18.8 1966 [13] 

MgB2 39 2001 [14]–[17] 

REBa2Cu3O7 93 1987 [18]–[24] 

Bi2Sr2Ca1Cu2O8 85 1993 [25]–[27] 

Bi2Sr2Ca2Cu3O10 108-110 1988 [28]–[35] 
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excess of 77 K during the late 1980’s and early 1990’s renewed interest in superconductivity 

solutions for electrical power applications [9]. The discovery of HTS has two important practical 

implications: the first is the cryogen used and the second is the improved refrigeration efficiency 

and thermal stability. HTS materials having a Tc in excess of 77 K allow for liquid nitrogen (LN2) 

to be used as the cryogen instead of liquid helium (LHe). LN2 is preferred instead of LHe as it is 

cheaper, easier to manufacture, has a higher heat capacity, and has a greater abundance [36]. By 

operating HTS materials at a higher temperature there is also the additional benefit of improved 

thermal characteristics. The efficiency of the required refrigeration system decreases dramatically 

with the reduction of the operating temperature, which can be seen by calculating the Carnot 

Coefficient of Performance (COP). COP is the theoretical maximum efficiency that can be 

achieved in a refrigerator (or any heat pump) and is expressed as  𝐶𝑂𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =  𝑄𝑐𝑊𝑖𝑛 =  𝑇𝐶(𝑇𝐻 −  𝑇𝐶) 
(3) 

   Where Qc is the heat energy removed from the cold environment at temperature Tc to 

keep it cold and Win is the work energy applied for the refrigeration, exhausting the waste heat at 

temperature Th. The Carnot COP of a refrigerator cooling the device to the boiling point of LHe 

(4.2 K) and exhausting the heat at room temperature (300 K) has an efficiency of 1.4%. Performing 

the same calculation, but only cooling to the boiling point of LN2 (77 K) yields an efficiency of 

34%. The Carnot COP refers to the maximum theoretical efficiency and in practice the 

refrigeration systems can only achieve between 10 – 33% of this value.  Operating superconducting 

systems at LN2 temperatures instead of LHe temperatures increases the thermal stability of the 

system and reduces the possibility of thermal runaway which will cause the superconducting 

material to quench [37]. The specific heat of materials increases as the temperature increases at a 

rate of T3.  The specific heat refers to the amount of energy to raise the temperature of the material 

by 1 K. The specific heat capacity of a material is approximately 6000 times higher at 77 K than 

it is at 4 K. This allows for a greater tolerance of the heat load by the system before there is a 

substantial increase in temperature. This property is an important factor to consider when 

designing superconducting devices as there is heat generated due to terminations (interfaces with 

room temperature components), cryostat inefficiency (heat leak), and within the superconducting 

device itself. 
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1.2.2 Critical Current (Ic) 

The critical current of a superconducting material is one of the most important practical 

parameters to be considered when designing a superconducting device. The whole appeal of 

superconducting technology is based on the premise that superconducting technology has the 

ability to carry significantly higher current densities when compared to conventional copper 

devices. In order for a superconducting device to be a feasible replacement for a conventional 

copper device, the current density achieved must be far greater to offset the cost of the 

superconducting device and associated refrigeration system [7]. By increasing the current density, 

there is the potential to reduce the space and weight of an electrical power device compared to the 

corresponding copper technology, which is an additional benefit. These benefits will be discussed 

in greater detail in Section 1.3.  

The total current in a superconductor must obey Ampere’s law, which can be expressed as  µ0𝐽 =  𝑑𝐵𝑑𝑥  (4) 

Where µ0 is the permeability of free space (1.27 × 10-6 H/m), J is the locally averaged 

current density, B is the locally averaged magnetic induction field, and x is the measure of position. 

For the total current, a gradient must exist in the locally averaged magnetic induction field, and 

thereby a gradient in the density of the flux lines. Forces proportional to the average current density 

drive the flux lines to even out, which reduces the current to zero.  

If the flux lines remain trapped in at the sites of these defects, the voltage remains zero and 

the material remains in its superconducting state. However, in the presence of a flux gradient 

corresponding to an overall local current density vector J, a net force J x B, called the Lorentz 

force, acts on the flux lines; when the Lorentz force exceeds the maximum pinning force, the flux 

lines will expand out from the defect sites, initiating flux motion and hence voltage (emf). The 

current density at which flux lines escape out of the defect sites determines the critical current 

density Jc of the superconductor. 

The transition from superconducting to normal state can be characterized by a power law 𝐸𝑆𝑆𝐶(𝑇) =  𝐸𝐶  ( 𝐼𝑂𝑃𝐼𝐶(𝑇))𝑛
 

(5) 
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Where n is the superconducting transition index parameter, T is the absolute temperature, 

and Ec is the electrical field defining the critical current. It should be noted that because of the 

thermally activated hopping of flux lines known as flux creep, the electric field E in HTS is not 

precisely zero at finite temperature in the presence of current density J. Typically E ~ Jn, where n 

is the index value (typically between 20-30), and the critical current density Jc and corresponding 

wire critical current Ic are defined by an electric field criterion of 1 µV/cm or less, which is 

sufficiently small to ensure minimal power loss at and below the critical current in practical 

applications [38]. An example of identifying critical current from measured data of current voltage 

relation of a superconducting material is shown in           Figure 4.   

 

From           Figure 4 it can be seen that there is a rapid transition from superconducting 

state to normal state. Care needs to be taken to ensure that superconducting devices operate below 

the critical current as the associated I2R joule heating will introduce a significant heat load to the 

system with a potential to damage the superconducting device. 

As seen in Figure 2, the critical current is dependent on the applied magnetic field and the 

operating temperature. An increase in either the magnetic field or in the operating temperature 

cause a decrease in the critical current of a superconducting material. Superconducting power 

 

          Figure 4: Typical voltage-current dependence of superconducting material [38] 
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applications such as generators and motors which inherently associated with a large magnetic field 

need to operate in a lower temperature range typically  between 30 -50 K to ensure a sufficiently 

high critical current for the application to be beneficial. Superconducting applications such as 

cables that operate in a relatively low magnetic fields can be operated at a higher temperature range 

between 65 – 75 K to achieve the same level of critical current.  

For a fixed magnetic field, the critical current of a superconducting material increases as 

the operating temperature decreases. For HTS materials this relationship is linear whereas for LTS 

materials this relationship is more of a curve. For example the critical current of a HTS cable is 

doubled as temperature lowered by 10 K and the increase is linearly related to the temperature 

decrease. This relationship in a HTS cable is shown in Figure 5. 

1.2.3 Critical Magnetic Field (Hc)  

As stated above, a superconducting material can be categorized as either Type 1 or Type 2. 

The major difference between Type 1 and Type 2 superconducting materials lies in their behavior 

 

 

Figure 5: Increasing the critical current rating of a GHe cooled superconducting cable by 
reducing the operating temperature. 
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while operating in an external magnetic field. Type 1 superconductors sometimes referred to as 

“soft” superconductors, lose their superconducting properties in a relatively weak magnetic field, 

whereas Type 2, sometimes referred to as “hard” superconductors, stay superconducting even at 

very strong magnetic fields. Theoretically, the criterion which categorizes a superconducting 

materials as Type 1 or Type 2 is related to whether a material has a positive or negative surface 

energy. The surface energy is characterized by the magnetic penetration depth (λL) and its 

coherence length (ε) and described by the Ginzburg-Landau Parameter.  Practically the difference 

in Type 1 and Type 2 superconducting materials can be detailed by the transition from 

superconducting to normal state. Both Type 1 and Type 2 materials display perfect diamagnetism 

(Meissner effect) under certain conditions. The Meissner effect causes the material to display 

perfect diamagnetism and exclude magnetic flux lines from penetrating the material except for a 

very thin layer on the surface (Figure 6). The magnetic penetration depth on the surface of the 

material is characterized by London’s equations.   

A Type 1 superconductor displays perfect diamagnetism (Meissner effect) at applied 

magnetic field lower than the critical field (Hc) and transitions to  normal for H > Hc (Figure 7 

(a)) [39]. As mentioned above Type 1 superconducting materials transition from superconducting 

to normal state under relatively low magnetic fields which limits their potential for real world 

applications. Type 2 superconductors also display perfect diamagnetism when H < Hc1, where 

 

Figure 6: Demonstration of a superconducting materials displaying the meissner effect 
(diamagnetism) when operating below critical temperature and critical magnetic field [12]. 
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Hc1 is referred to as the lower critical field. When the magnet field is between Hc1 and Hc2 (upper 

critical field), the superconductor goes into a mixed or vortex state. When in the mixed state, 

magnetic flux lines penetrate the superconductor in the form of quantized vortices which are 

surrounded by superconducting shielding currents. As the applied magnetic field is increased, there 

is a greater penetration of the flux lines until eventually the density of flux lines in the material 

outside and inside the conductor is equal. At this point H > Hc2 and the material loses 

superconductivity and becomes normal (Figure 7 (b)).  

In majority of superconducting applications, the HTS materials are in magnetic fields 

greater than Hc1, and the maximum tolerable  magnetic field is characterized by the irreversibility 

field, B*(T) and not Hc2. The irreversibility field is the point where the critical current density is 

approaching zero due to the flux flow phenomenon. The irreversibility field is not an intrinsic 

property and techniques such as flux pinning have been explored, where the flux lines can be 

pinned to normal sections of the superconducting tape to allow for a higher B*(T) to be achieved.    

  

 

 

(a) (b) 

Figure 7: (a) Typical M versus H curve for a Type 1 superconductor and (b) typical 
magnetization curve for an undefected Type 2 superconductor [39].  
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1.3 Electric Power Applications of Superconducting Devices 

Various superconducting device technologies have been successfully demonstrated over 

the past decade including power cables, motors, generators, fault current limiters, and 

transformers. The applications of these devices include electric utilities, shipboard and aviation 

applications. With further optimization of the designs and expected reduction in production costs 

of HTS it is hoped that superconducting devices will have a greater penetration into everyday life.  

Superconducting technology based on LTS has long been used in medical and high energy 

physics applications. These applications typically require relatively low operating voltages 

compared to electric power applications. The lower operating voltages mean simpler dielectric 

designs and for this reason these applications will not be discussed here. The focus of this research 

is HTS electric power applications where high voltages are essential and cryogenic dielectric 

design is typically one of the major challenges.  

1.3.1 Electric Utilities 

The electric power grid has gone largely unchanged over the last 100 years, with copper 

and aluminum technology being fully optimized. Even with fully optimized copper and aluminum 

designs approximately 8% of electricity generated (approximately 0.5 TWh annually in the USA) 

is lost in joule heating. Superconducting technology has the potential to reduce the amount of 

inefficiency in the power grid whilst adding extra capacity. Superconducting devices expected to 

be incorporated into the power grid include power cables, fault current limiters, transformers, and 

superconducting generators which will be discussed in the following sections. 

1.3.1.1 Cables: Superconducting AC cables and their inclusion in the power grid will be 

discussed in greater detail in Chapter 2. To avoid repetition, this section will just focus on the 

potential to incorporate DC superconducting cables to the power grid. The power grid typically 

consists of AC components but there are several scenarios where it is advantageous to incorporate 

DC cables into the network. DC cables have the ability to interconnect independent networks, 

which operate at different frequencies. DC cables are more efficient than AC cables over long 

distances and have the ability to directly connect to renewable generation sources with a smaller 

footprint than conventional AC copper cables. 

Inherently a DC signal does not have an operating frequency and as such can be used as an 

ultra-high power link between asynchronous grids. The envisioned Tres Amigas SuperStation 
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(TASS) at Clovis, New Mexico will allow for the three main US grids to be connected. DC 

superconducting cables are being evaluated as a possible solution to enable gigawatts of electricity 

to be transported across the entirety of the USA. This long distance DC transmission idea will be 

of a greater significance in the coming years as more renewable generation sources are brought 

online. 

DC is more efficient than AC at transporting large quantities of electricity over long 

distances. The inefficiency in using DC arises from the rectification and inversion process of 

converting from AC to DC and then back to AC. To absorb the cost and the inefficiencies of the 

rectification process needed to make the DC links feasible, the total length has to be a few hundred 

miles. Typical renewable generation such as offshore wind generators and solar panels produce 

DC power which then are inverted to AC. There is the potential to make this process more efficient 

by connecting the output of multiple renewable generators together via DC superconducting cables 

and then inverting the signal. In Korea, installation in progress to connect a large solar farm to a 

data center using a DC superconducting cable. For this project no inversion/rectification of the DC 

voltage is necessary as the data center uses DC power for operation.  

 

 

Figure 8: Installation footprint of a 4 kA-320 kV conventional system (a) and 
superconducting cable (b) [38] 
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As superconducting cables support a significantly larger current density than conventional 

copper cables, a single superconducting cable can replace multiple equivalently sized copper 

cables. A superconducting cable is also more environmentally acceptable than conventional copper 

cables with regards to the amount of heat released to the surrounding environment and electrical 

interference created. This allows for superconducting cables to be laid closer to one another than 

traditional copper cables. These two characteristics of superconducting cables alleviate easement 

issues due to reduced size as shown in Figure 8. 

1.3.1.2 Fault Current Limiters (FCL): Fault current limiters (FCL) is an attractive 

superconducting technology, which utilizes the rapid transition from superconducting to normal 

state. As there is no equivalent copper technology available, FCL are seen as a promising solution 

in limiting the adverse effects of fault currents in the power grid.    

The most common type of FCL is based on the increase in resistive impedance produced 

by a superconductor when the operating current exceeds its critical current in the event of a fault 

effectively pushes the superconductor into a transition to the normal state.  

A fault current can easily exceed 10 times the rated current of the circuit and has the 

potential to affect the reliability and stability of the electrical power grid, if not adequately 

mitigated.  If a fault current is not handled appropriately, there is the possibility of damaged 

equipment installed within the power grid leading to extended periods without power. As the fault 

current levels of a network increase the electrodynamic and thermal ratings of the equipment 

installed must also be increased which leads to a substantial increase in the size, weight and cost 

of the equipment.   

The basic parameters of a FCL which need to be considered are: 

 Impedance values under normal and fault conditions 

 Transition current 

 Device activation time 

 Device recovery time 

Ideally, a FCL should have zero impedance under normal conditions and be able to operate 

before the first peak of a fault current, to effectively reduce the fault current. Practically a FCL 

with voltage drop of <5% of the rated voltage is deemed sufficient as this will not affect the static 

stability of the power grid. Inherently, the transition current where the FCL action is activated 
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needs to be taken into consideration, but there are additional current levels that need to be taken 

into consideration as summarized in Table 2. 

Table 2: Operational parameters and associated currents used in the design of a FCL 

Condition Current Comments 

Normal Operation 𝐼 <  𝐼𝑛𝑚 The current (I) is below 

the maximum current 

rating of the circuit (Inm) 

Overload Regime 𝐼𝑛𝑚  <  𝐼 <  2𝐼𝑛𝑚 Typically an overload 

regime only lasts for 

several minutes 

Steady State Fault Current 2𝐼𝑛𝑚  <  𝐼 <  𝐼𝑓𝑚 The maximum current 

(Ifm) of a fault current is 

dependent on its location.  

Admissible Transient Fault 

Current  

𝐼 <  𝐼𝑡 The power equipment 

must not be subjected to 

transient currents greater 

than 𝐼𝑡 without risk of 

being damaged 

Admissible Steady State Fault 

Current 

𝐼 <  𝐼𝑠𝑠 The power equipment 

must not be subjected to 

steady state currents 

greater than (𝐼𝑠𝑠) without 

risk of being damaged 

Current Rating of Circuit 

Breaker 

𝐼 <  𝐼𝑐𝑐 For the circuit breaker to 

successfully operate the 

current must be less than 

the maximum rating of 

the circuit breaker 
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Table 2 shows that a FCL action must not be triggered until the fault current has exceeded 2𝐼𝑛𝑚 which is the maximum current expected during an overload regime and must operate before 

the current exceeds either the admissible transient fault current, admissible steady state fault 

current, or the current rating of the circuit breaker [40]. Figure 9 demonstrates how the introduction 

of a FCL into a circuit limits the maximum fault current observed.   

 

From Figure 9 it is clear that the introduction of the FCL ensured that the maximum fault 

current observed was below the admissible transient fault current, admissible steady state fault 

current, and the current rating of the circuit breaker. Without the FCL, the prospective fault current 

would have exceeded the admissible transient fault current, admissible steady state fault current, 

and the current rating of the circuit breaker, risking damage to the electrical power equipment as 

well as cause a further propagation of the fault current due to the failure the circuit breaker 

operation.  

 

Figure 9: Diagram of currents in a power network [40] 
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1.3.1.3 Transformers: It should be noted that conventional copper transformers have been 

optimized where the total losses are less than 2% of their power ratings. Even though copper 

transformers operate at high efficiencies there are still reasons to consider superconducting 

transformers for application in the power grid. Typically there are between 5-10 transformers used 

to supply electricity from the generator to the customer (refer Figure 1) and the cumulative losses 

from all of these transformers do represent a significant loss. Replacing the conventional copper 

transformer would see an improvement in efficiency. However, it should be noted that 

superconducting transformers would still have inefficiencies in the form of AC loss, and the 

expenses related to operating the associated cryogenic cooling system. 

One of the main benefits of using a superconducting transformer instead of a conventional 

transformer comes in the reduction of potential harm to the surrounding environment. A 

conventional transformer contains oil as part of the dielectric and cooling design. In the event of a 

leak there is the possibility of oil leaking into the area surrounding the substation which may 

damage the local environment. There is also a potential fire hazard associated with oil containing 

transformers. On average there is a 4% chance over a transformers service life of 40 years that a 

transformer fire may occur [41]. The event leading to the fires initiation will probably destroy the 

transformer. The fire mitigation strategies need to be implemented to ensure the safety of 

surrounding people and electrical equipment. A superconducting transformer would use LN2 as 

coolant in place of oil. The only safety concern with LN2 occurs in indoor environments where 

there is the possibility of asphyxiation if there is a leak. LN2 does not pose as a potential fire hazard 

or environmental disaster. 

An implication of using a superconducting transformer instead of a conventional copper 

transformer is the increase in occurrence in fault currents. Traditionally the impedances of the 

transformer have helped in reducing the maximum fault current. Therefore if a superconducting 

transformers are implemented, a FCL may need to also be added to the circuit to minimize the 

maximum fault current observed. Designs for fault current limiting transformers are being 

explored to combine the FCL feature into superconducting transformers [41]. 

1.3.2 Shipboard Applications 

Superconducting technology is attractive in accomplishing the high power densities 

required for defense applications. The use of superconducting devices in place of conventional 



20 
 

copper devices offers significant reductions in both weight and size, allowing for more compact 

designs. Cost is often the limiting factor in implementing superconducting devices for commercial 

applications; however, defense applications have the ability to absorb the cost due to the additional 

benefits in utilizing superconducting technology. The Department of Defense has sponsored HTS 

research since its discovery and by the early 1990’s funding for HTS technologies far exceeded 

that for LTS devices. 

Liquid nitrogen (LN2) is typically the preferred coolant for HTS devices due to 

significantly lower associated costs, superior dielectric strength, and higher specific volumetric 

heat capacity. LN2 has, however, some drawbacks making it undesirable for defense applications. 

The first undesirable characteristic is the limited operating temperature range of LN2. LN2 can 

only operate between 63 – 77 K, whereas gaseous cryogens can operate at significantly lower 

temperatures. As mentioned above, the power density of a HTS device increases at lower operating 

temperatures. Also as mentioned above, rotating machinery requires a lower operating temperature 

due to the higher magnetic fields present. Therefore for a HTS rotating machine to provide the 

required current density it must be operated in the range of 30 -50 K. The second major factor that 

makes LN2 unsuitable is the risk of asphyxiation in confined spaces in the event of a cryogen leak. 

LN2 expands approximately 800 times when it becomes a gas and this is the main reason why the 

Table 3: Electrical and thermal properties of cryogens 

Cryogen Operating Range (K) Specific Heat (kJ/m3/K) Dielectric 

Strength (at 77 K) 

GHe 4-80+ 638.8 4 kV/mm at 

1.0 MPa 

GH2 20-80+ 663.6 (superior to 

GHe and GNe) 

GNe 27-80+ 2339.6 2 kV/mm at 

1.0 MPa 

LN2 63-80 1646.3 19.7 kV/mm 
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US Navy has a preference to use gaseous helium (GHe) instead [9, 10]. Gaseous hydrogen (GH2) 

and neon (GNe) are also other possible cryogens, but have fire hazard or higher cost associated 

with them. The important thermal and electrical properties of GHe, GH2, GNe and LN2 are shown 

in Table 3.  

Typically LNe/GNe is the preferred coolant for HTS rotating machines as it allows for the 

required operating temperature and has superior heat capacities than GHe. The drawbacks in using 

GNe is the reduced dielectric strength and the high cost of neon gas. 

LH2 has been selected as a potential cryogen to be used for NASA applications. Hydrogen 

is flammable and therefore is seen as unsuitable cryogen for naval applications. 

As mentioned above the US Navy has a preference in using GHe as the cryogen. GHe does 

facilitate lower operating temperatures and is a cheaper alternative than GNe. The use of GHe as 

the cryogen allows for multiple HTS devices to be connected in a single closed loop. The ability 

to connect multiple HTS devices in a single loop reduces the necessary cryogenic equipment and 

potentially increases the efficiency. This allows for a higher power density to be achieved through 

savings in space required for the associated cryogenic equipment. This is of particular importance 

for aerospace and naval applications where space and weight are limiting design factors. Figure 

10 presents the vision of a single cryogenic circulation loop integrating and supporting multiple 

HTS devices such as generators, motors and cables. 

Figure 10 shows a hypothetical cryogenic loop with multiple devices and the associated 

heat loads with the respective HTS devices. Figure 10 shows that all of the HTS devices are 

 

Figure 10: Multiple superconducting operating from a single GHe cryogenic cooling loop. 
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connected in series within the closed loop. If two HTS devices require the same operating 

temperature, then there is the possibility of combining series and parallel configurations when 

connecting multiple devices. 

It should be noted that while GHe does have some advantages to LN2, there are some 

limitations of GHe. Table 3 lists both the specific heat and dielectric strength of GHe showing 

significantly lower values for GHe compared to those for LN2. The lower specific heat of GHe 

necessitates high flow rates and operating pressures to ensure a small temperature gradient (∆𝑇) 

between the inlet and outlet [42]. A small ∆𝑇 is required to ensure that all of the devices within 

the closed loop remain at the required respective operating temperatures. 

The reduced dielectric strength of GHe is currently restricting the HTS devices to low or 

medium voltage applications. The dielectric strength of GHe is directly related to its density and 

thereby associated operating pressure. By increasing the operating pressure of GHe a higher 

operating voltage can be obtained. Enhancing the dielectric strength of the gaseous cryogen (GHe) 

would allow for a higher operating voltage while staying at the operating pressure limited by the 

mechanical design of the cryogenic circulation system and the devices. 

Superconducting devices being developed for shipboard applications include motors, 

power cables, and degaussing systems. More discussion on superconducting power cables for 

naval applications will be provided in Chapter 2.  

1.3.3 Aviation Applications 

NASA is utilizing superconducting technology in the development of the N3-X aircraft, 

with the aim of producing an aircraft with higher efficiency, reduced noise, reduced emissions and 

reduced takeoff time [43]. If successful, this aircraft will travel further distances without having to 

refuel and will allow for a more compact airport design which will be easier to integrate into 

densely populated areas. A conceptual design of the N3-X is shown in Figure 11. 

Figure 11 shows that the N3-X differs from conventional airplane designs. The wing and 

body of the N3-X join seamlessly which reduces fuel consumption and noise. The second major 

modification is the fully electric distributed propulsion design which will consist of 

superconducting generators, cables, and motors [43]. Separating the motors and generators of the 

propulsion system allows for the optimal placement of each component thus increasing efficiency. 
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Liquid hydrogen has been considered as the cryogen and fuel source for the N3X aircraft. 

By the time the liquid hydrogen has been used as the cryogen for the motor and cable, it will be 

gaseous hydrogen which can be used as a fuel for the turbines of the generators. By using hydrogen 

as both the fuel supply and cryogen a significant reduction in weight can be achieved as 

cryocoolers are not required for cooling the devices. 

1.4 Fundamental Dielectric Properties 

1.4.1 Electric Field 

The electric field intensity, 𝐸 at any location in an electrostatic field is defined as the ratio 

of the force on an infinitely small charge at that location to the charge itself as the charge decreases 

to zero [44]. The force 𝐹 on any charge 𝑞 at that point in the electric field can be stated as 𝐹 = 𝑞 𝐸. (6) 

The electric flux density 𝐷 associated with the electric field intensity 𝐸 is given by 𝐷 =  𝜀 𝐸 (7) 

where ε is the permittivity of the medium in which the electric field exists. The work done 

on a charge when moved in an electric field along a path 𝑙 is defined as the potential (𝜑) and can 

be expressed as  

 

Figure 11: Conceptual design of N3-X [43] 
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𝜑 =  − ∫ 𝐸 . 𝑑𝑙𝑙 . (8) 

For a uniform field gap, the average electric field 𝐸 is the same throughout the entire field 

region, whereas in a non-uniform electric field, 𝐸 varies at different points of the field region [45]. 

Determining if an electric field is uniform or non-uniform is extremely important when performing 

dielectric tests on a material. 

To better understand how the electric field can influence the dielectric tests, it is best to 

consider an example of two electrodes separated by a constant distance,𝑑. By performing an 

electrostatic field analysis of the electrode configuration, the average (𝐸𝑚𝑒𝑎𝑛) and maximum (𝐸𝑚𝑎𝑥) electric fields can be determined. These fields can be expressed as a field efficiency factor 

(η) [46]in which 𝜂 =  𝐸𝑚𝑒𝑎𝑛𝐸𝑚𝑎𝑥  
(9) 

It can be seen that when 𝐸𝑚𝑒𝑎𝑛 =  𝐸𝑚𝑎𝑥, the field efficiency factor is 1 and it represents a 

uniform electric field. If the breakdown (which will be discussed in Chapter 3) between the 

electrodes is caused by 𝐸𝑚𝑎𝑥, then the breakdown voltage can be expressed as 𝑉𝑏 =  𝐸𝑚𝑎𝑥𝑑𝜂. (10) 

Therefore the breakdown voltage of a material is a function of the electric field being 

applied on the material. Several different electrode profiles have been proposed by Rogowski, 

Bruce, and Borda, all of which ensure a uniform electric field on the electrode surface used during 

a measurement [47], [48]. 

1.4.2 Dielectric Properties of Materials 

The electrical properties that are significant for characterizing insulating materials can be 

classified into two major categories [49]: 

 Those of significance at low operating electric field stresses 

 Those of significance at high operating electric field stresses 

 For low voltage stresses, the properties of interest are the dielectric constant, dissipation 

or power factor, and resistivity. From a dielectric materials perspective, dielectric constant can be 

referred to as the ability of the insulation to “hold charge.”  The dissipation factor quantifies the 
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amount of energy lost as heat rather than transmitted as electrical energy. Therefore, for a material 

to have good dielectric properties, it should have a low dielectric constant as well as low losses. 

  At voltages that greatly exceed the operating voltage, the characteristic of importance is 

the dielectric strength. Dielectric strength is the ability of the dielectric material to resist 

decomposition under electric field stress. The dielectric material must also be resistant to partial 

discharges at higher voltages, which is the decomposition of air/gas located in the micro voids 

within the insulation material. Partial discharge can reduce the overall dielectric strength of a 

material and lead to a reduction in the life of a system. Therefore, for a material to be considered 

to have good dielectric properties at higher voltages, it must have high dielectric strength and no 

partial discharge at the operating voltage.     

 

1.4.3 Dielectric Constant and Dissipation Factor 

The electrical properties of dielectric materials at operating stress are controlled by their 

chemical structures. Low stress electrical properties are determined by the polar/non-polar nature 

of the polymer chains, and their degree of polarity. When a polymer is “stressed” between 

electrodes, there is a tendency for the positive charges on the polymer to move towards the negative 

electrode and for the negative charges to move towards the positive electrode. This process results 

in the polymer being “pulled” in two directions. When a polymer is non-polar, there is little 

polymer chain movement towards the electrode. Although some polymers are non-polar in “ideal” 

conditions, in real world compositions there are always small amounts of polar impurities present 

in the composition. When an AC voltage source is applied to the insulation material, the polymer 

chain will move backwards and forwards in accordance with the polarity change of the AC source. 

The movement of the polymer chains is controlled by the frequency at which the AC source is 

being applied. 

At low source voltage, the polymer chains are able to respond to the frequency and move 

accordingly. The dielectric constant is relatively high under these conditions. As the frequency 

increases, no change will occur in the dielectric constant as long as the polymer chain can respond 

and move accordingly. At some point, as the frequency continues to increase, the chains will have 

difficulty responding as fast as the field direction is changing. When the frequency change is 

occurring at so rapid a rate that no movement can occur, the charge cannot be held and the dielectric 
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constant of the material is reduced. Figure 12 shows the change in dielectric constant of a material 

as frequency is increased. 

The traditional definition of dielectric constant is the ratio of the capacitance of the polymer 

when placed between two plates, relative to the charge held between those plates when the polymer 

is replaced by a vacuum. The vacuum contains no polar ingredients, and is therefore considered to 

be ideal. It should be noted that other parameters such as temperature can affect the dielectric 

constant. 

 

Figure 12: Dielectric constant as a function of frequency [49] 

 

Figure 13: Dissipation factor as a function of frequency [49] 
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The frequency point where the dielectric constant rapidly decreases is of special interest, 

as there is a peak in the loss at this frequency, which is referred to as the dissipation factor. The 

associated dissipation factor for the dielectric material in Figure 12 can be seen in Figure 13.  

  In considering the dissipation factor, the explanation used for the dielectric constant 

applies: changes are affected by frequency and the chemical nature of the polymer. At low 

frequencies, the polymer chains follow the variations in the AC field, and the current and voltages 

are out of phase; hence the losses are low. At high frequencies as noted above, the polymer chains 

cannot move rapidly enough to respond, and hence the losses are also low here. While the change 

is taking place, the losses are the greatest. It is common to refer to the dielectric constant and 

dissipation factor at 50 or 60 Hz and at 1,000 Hz.  

The dissipation factor represents the energy lost as heat, and affects the “efficiency” of the 

dielectric material. The dissipation factor is the ratio of the resistance component of the current to 

the capacitive component of the current and is commonly referred to as the “tan δ”. The tan δ is 

approximately equal to the power factor the insulation, which is the cos θ of the complementary 

angle. This relationship is shown in Figure 14. 

The power dissipation per phase (𝑊𝑑) is a function of the voltage (𝐸𝑂) and the in-phase component 

of the current (𝐼𝐶) and is measured in W/m. The power dissipation factor can be expressed by 𝑊𝑑 =  𝐸𝑂𝐼𝐶 tan 𝛿. (11) 

 

Note:  Tan δ is approximately equal to cos θ for the small angles involved. 

Figure 14: Power factor and dissipation factor [49] 
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The dielectric constant and the dissipation factor can be used to find the dielectric loss 

factor of the dielectric material. The lower the dielectric loss factor, the better is the dielectric 

material.  

1.4.4 Volume Resistivity 

As insulating polymers are poor electrical conductors, they have a high resistance to the 

movement of electrons. Volume resistivity (ρ) is a term used to represent the resistance (𝑅) to 

passage of electrons between opposite faces of a hypothetical cube. The cube face (𝑎), length 

between the cube faces (𝑙), and temperature are all defined. The typical unit of measurement for 

volume resistivity is ohm-m and can be expressed by 𝜌 =  𝑎 𝑅𝑙 . (12) 

A variation of this concept is surface resistivity, which is represented as the passage of 

electrons between opposite locations along the surface of a film of defined dimensions. The typical 

unit of measurement is ohms, as the width and length of the film being measured are chosen to be 

equal. Therefore, volume resistivity represents a three-dimensional measurement, and surface 

resistivity represents a two-dimensional measurement. 

Volume resistivity is influenced by moisture content, voltage, time at applied voltage, and 

temperature. The volume resistivity of dielectric material increases with a decrease in temperature. 

Therefore, the conditions of measurement must be known to allow for an accurate comparison of 

different dielectric materials. 

1.4.5 Dielectric Strength 

The dielectric strength of a material can be defined as the limiting voltage stress. When the 

voltage is increased beyond this point, the dielectric material can no longer maintain its integrity. 

The applied stress causes the insulation to fail, and an electrical discharge occurs through the 

insulation. The dielectric strength is typically measured in kV/mm. 

Ideally the dielectric strength value that should be used is the intrinsic strength of the 

dielectric material. The intrinsic strength of an insulation material is the dielectric strength of the 

material in its pure and defect-free state. The breakdown test is also performed at ideal conditions, 

which produces the breakdown at the highest possible voltage stress. In practice, this is never 
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achieved experimentally due to the difficulties in obtaining a pure insulation specimen and 

maintaining it in that state.  

Therefore the reported dielectric strength of an insulation material is not an absolute 

number and it is dependent on many factors, including the procedure used for the test. Therefore 

it is important to understand the method and equipment used in the dielectric strength 

measurement. In comparing dielectric strength values for different insulation materials, the test 

should always be performed under identical conditions. This is also the case when comparing 

different grades of the same insulation material.  

When the dielectric strengths of small specimens are measured, a large set of specimens 

are usually tested to overcome the inherent variability in results. Working with small sized samples 

allows a greater control of the local environment during the tests, and therefore the reproducibility 

of results is enhanced. The following variables should be controlled to ensure that the data obtained 

in dielectric strength measurements is a true representation of the insulation material: 

 Specimen thickness 

 Temperature 

 Electrode shape and size 

As mentioned previously, the breakdown voltage depends on the magnitude of the electric 

field present, and therefore it is necessary to know if the electrodes used in the dielectric strength 

measurements create a uniform or non-uniform electric field. Knowing the temperature of the 

dielectric material is also important to ensure that the mechanism of failure in the dielectric 

material was affected by thermal breakdown.  

The procedures used to determine and model the breakdown voltage/dielectric strength of 

insulation materials depend on physical the state of the material and differ for solids, liquids, and 

gases. For the dielectric strength of any material to be measured the two fundamental parameters 

which must be present are an availability of free electrons and an electric field large enough to 

accelerate these electrons [50]. It is also of interest to know the dielectric strength characteristics 

after an electrical breakdown has occurred. Mediums such as vacuum, gases and some liquids 

exhibit a self-healing property and retain the same dielectric strength after an electrical breakdown 

has occurred [50]. For a solid dielectric once an electrical breakdown has occurred the material is 

permanently damaged and the dielectric strength is significantly reduced. 
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1.5 Dielectric Design and Material Challenges at Cryogenic Temperatures  

The main challenge that needs to be overcome in selecting the dielectric material and 

design for application at cryogenic temperatures is the associated mechanical stresses that 

inevitably occur during the process of cooling a superconducting device from room temperature 

to cryogenic operating temperatures. One of the most important mechanical properties to consider 

is the co-efficient of thermal expansion. The coefficient of thermal expansion relates to how a 

material expands or contracts when material undergoes a change in temperature. In the case of 

cooling from room temperature to cryogenic temperatures the temperature variation can exceed 

200 K. A good dielectric material by definition is a non-conducting material and in the case of a 

solid insulation medium it is typically a polymer. Most polymers have a high coefficient of thermal 

expansion compared to metals. The mismatch in coefficient of thermal expansion between the 

conducting and insulation layers of superconducting devices and the structural materials cannot be 

ignored. For example conventional copper cable insulation involves the extrusion of a polymer 

such as cross-linked polyethylene (XLPE) or ethylene propylene rubber (EPR) directly onto the 

conducting surface. The method of extrusion is not practical for superconducting cables as the 

associated mechanical stresses from the mismatch of the coefficient of thermal expansion between 

the conducting and insulating layer result in either the insulation layer cracking or the 

superconducting tape delaminating. To ensure that there is no failure of the insulation or 

superconducting layers due to the coefficient of thermal expansion mismatch, typically there is no 

direct bond between the superconducting and insulation layers. There are also additional buffers 

included in the insulation design to accommodate for the larger shrink rate. Doing so allows for 

the insulation layer to contract without damaging itself or the superconducting layer. More details 

on the insulation designs for superconducting cables will be discussed in Chapter 2. 

1.6 Outline of Thesis 

 The thesis is organized as follows: 

 Chapter 2 provides an overview of the techniques and dielectric designs used for 
superconducting cables. This chapter includes a review of successfully demonstrated 
superconducting cables in the power grid as well as the process of designing a 30 m 
DC superconducting cable. 

 Chapter 3 summarizes the main experimental techniques used in preparing and 
characterizing the dielectric materials at cryogenic temperatures. Details of the 
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experimental equipment and setup available at the Center for Advanced Power 
Systems (CAPS) to perform these measurements are also provided in this chapter. 

 Chapter 4 presents the experimental data collected in an effort ot understand and 
enhance the dielectric strength of helium gas through the addition of gases with higher 
dielectric strength. Neon, hydrogen and nitrogen have all been mixed with helium gas 
at various ratios and the dielectric strengths of the mixtures have been characterized. 

 Chapter 5 details the research performed on improving the partial discharge inception 
voltage (PDIV) of gaseous helium (GHe) cooled power cables by measuring the cable 
in both pure GHe and GHe mixed with 4 mol% hydrogen. 

 Chapter 6 focuses on the development of using a Polyethylene Terephthalate (PET) 
heat shrink to individually insulate HTS tapes. Experimental data of small tape sections 
and 1 m long model HTS cables insulated with PET heat shrink is discussed in this 
chapter. 

 Chapter 7 is on the development of a new and novel dielectric design for a GHe cooled 
superconducting cable, referred to as Superconducting Gas Insulated Transmission 
Line (S-GIL). This chapter provides the design constraints which need to be considered 
in the development of this design. Proof of concept experiments performed and the 
vital data obtained in developing an optimized design are explained. 

 Chapter 8 provides a discussion of conclusions and recommendations for future to 
advance the field of research on cryogenic dielectrics for superconducting power 
applications. 
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CHAPTER TWO 

DIELECTRIC DESIGN ASPECTS OF HTS CABLES 

2.1 Introduction 

The fascination of lossless transmission of large quantities of electric power using 

superconducting cables has existed since the availability of commercial superconducting wires in 

the 1960s [8], [51]–[62]. The promise of superconducting power cables in facilitating to meet the 

power demand in urban areas with minimal impact on environmental and real estate resources is 

still alive today [7]. The discovery of new materials with superconducting transition temperatures 

up to 135 K (HTS) has brought the promise of superconducting cables closer to reality due to the 

significantly reduced complexity and costs associated with cryogenics [63]–[65].  The possibility 

of higher operating temperatures allows the use of several cryogens such as liquid nitrogen, liquid 

air, liquid neon, liquid hydrogen, gaseous helium, and gaseous hydrogen [66]. Another reason for 

the renewed interest in superconducting power cables is the projected transition of electricity 

production to include solar and wind energy sources. Renewable generation plants are typically 

located in remote locations and there is the need to move large quantities of power over long 

distances to connect to the consumers in urban areas. A case study conducted by Morandi 

demonstrated the potential benefits of installing HTS cables instead of conventional copper cables 

to an offshore wind farm [7].  The study showed that the total losses as a percentage of total 

transmitted power for HTS cables are between 1.2 – 2.3% compared to 6.8% for conventional 

copper cables [7]. 

Exploratory studies have been undertaken on the technical feasibility and benefits of GHe 

cooled HTS power cables for commercial ship applications [67]. HTS cables have been shown to 

offer significant benefits and are more efficient than conventional copper cables for high-capacity 

applications [67]. One of the main obstacles currently faced by GHe cooled HTS cable developers 

is a lack of options for insulating materials with high dielectric strength suitable for operation at 

cryogenic temperatures [9].  
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2.2 Superconducting Cable Topology 

 While there are many similarities between conventional and superconducting cables, there 

are added complexities which need to be considered when designing a superconducting cable. The 

complexities encountered are related to the temperature gradient that exists in connecting a 

superconducting cable to room temperature devices as well as maintaining the superconducting 

cable at the required cryogenic operating temperature. A HTS power cable typically operates at 60 

– 80 K. A generic schematic of a HTS cable topology is shown in Figure 15 [37].  

 

 
Figure 15: Schematic of a HTS cable system with cryogenic cooling loop, terminations, cable 

cryostat, and HTS cable [9]. 
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The terminations of a superconducting power cable have to be designed to withstand high 

electrical stresses as well as a temperature gradient of over 200 K. Besides providing the electrical 

connections, the terminations must also include the inlet and outlet ports for the cryogenic cooling 

system  

The operating temperature of a HTS cable is a cost optimization problem. The performance 

of a HTS cable increases as the operating temperature is lowered, but there is an associated increase 

in monetary cost in producing refrigeration at the lower temperature. Therefore, the cryogenic 

cooling system is a critical component in ensuring a successful and practical superconducting 

cable. 

To determine the required capacity of the refrigeration unit for HTS power cable 

applications, an accurate estimation of the heat load on the cryogenic system from the cable and 

terminations while operating at full load conditions is required. Therefore, cryogenic thermal 

design is an essential part of the HTS cable design process to minimize the heat load on the 

cryogenic system.  The heat load depends on whether the HTS power cable is operating as an AC 

or DC cable. For DC HTS cables the terminations and the vacuum-jacketed cryostat are the 

dominant sources of heat loads. Whereas for AC HTS cables there is an additional heat load 

generated from the AC losses of the HTS cable as well as dielectric losses from the electrical 

insulation [68]–[70]. The three primary heat load sources can be categorized as: 

 Termination or bushing 

 Vacuum-jacketed cryostat 

 HTS cable 

A brief summary of the heat load estimation of each category is discussed below  

2.2.1 Termination/Bushing Heat Loads 

There is a heat load at the bushing as this is the transition point from room temperature 

electrical connection to the cryogenic superconducting cable. The terminations also provide the 

“supply” and “return” locations for the cryogen circulated through the cable. 

The heat load for a termination at one end (𝑄𝑒𝑛𝑑) of a HTS cable can be estimated by 𝑄𝑒𝑛𝑑 = 45 × 𝑁𝑒  ×  𝐼𝑒 +  𝑄𝑒𝑛𝑣 (13) 
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Where 𝑁𝑒 is the number of electrical connections, 𝐼𝑒 is the capacity of the connection in 

kA and 𝑄𝑒𝑛𝑣 is the heat leak from the surrounding environment. 𝑄𝑒𝑛𝑣 depends on the physical size 

of the termination and can be as high as 200 W [37]. 

2.2.2 Vacuum Jacketed Cryostat 

The heat load from a vacuum jacketed cable cryostat is dependent on the type of cryostat 

used. Fesmire et al, compared the thermal performance of flexible and rigid cryostats with different 

insulation systems [71], [72]. It was concluded that flexible cryostats will have higher heat loads 

than rigid cryostats, partly due to the corrugated  walls of the flexible cryostat [71], [72]. A typical 

flexible vacuum jacketed cryostat used for HTS cables was reported to have a thermal conductivity 

of 0.0008 W/m/K [37]. The local heat transfer through the cryostat per unit length can be seen in 

(14) 𝑄 =  2𝜋𝑘𝑒𝑓𝑓𝐿(𝑇∞ −  𝑇𝑣)ln (𝐷𝑐𝑜𝐷𝑐𝑖 )  
(14) 

Where 𝑇𝑣 is the local temperature of the cooling media, 𝑇∞ is the ambient sink temperature, 𝐷𝑐𝑜 is the outer diameter of the vacuum jacketed cryostat and 𝐷𝑐𝑖 is the inner diameter of the 

vacuum jacketed cryostat. Typical heat load from commercial flexible cryostats is 1 W/m. 

2.2.3 HTS Cable 

The AC and dielectric losses are distributed along the length of the cable and therefore 

must be removed locally to ensure the HTS cable will operate at the required temperature. Using 

the monoblock model developed by Vellego & Metra, the estimated ac loss (𝑃𝑎𝑐′ ), given in watts 

per meter can be calculated as [73].  𝑃𝑎𝑐′ =  µ0𝑓𝐼𝑐22𝜋ℎ2  {(2 − 𝐹ℎ)𝐹ℎ +  2(1 − 𝐹ℎ) ln(1 − 𝐹ℎ)} (15) 

Where 𝐹 =  𝐼𝑝/𝐼𝑐 is the ratio between the peak current in the ac cycle and the critical 

current of the superconductor, 𝑓 is the frequency, and ℎ =  (𝐷𝑜2 – 𝐷𝑖2)/ 𝐷02. The terms 𝐷𝑖 and 𝐷0 are the inner and outer diameters of the superconductor. Depending on the critical current and 

the operating current the ac losses for a HTS cable can vary between 0.1 to 5 W/m/phase. 



36 
 

Meanwhile the dielectric losses are a function of the operating voltage of the HTS cable and are 

typically around 0.05 W/m/phase [37].  

2.3 Cryogenic Circulation 

To distribute cooling through the HTS cable a cryogen (coolant) must be circulated. The 

choice of coolant used directly impacts the design of the HTS cable system. LN2, gaseous helium 

and hydrogen have all been proposed/used as the cooling media for HTS cable applications [74]–

[76]. The heat capacity of the cryogen is an important parameter that dictates the necessary flow 

rate to ensure the desired operational temperature is achieved.  

  The size of the cryogenic system depends on the size of the refrigeration load required 

which can be in excess of 1 kW for HTS cable applications. The cryogenic systems used for HTS 

cable installations are classified as open or closed cycle. For an open cycle system the coolant is 

vaporized and then vented. The open cycle is the least expensive in initial capital costs, however, 

a periodic replenishment of the coolant is required. In closed loop systems, a cryo-refrigerator is 

used to remove the heat from the coolant between to maintain the required operating temperature 

of the HTS cable [9]. 

The ideal refrigeration system is derived from the reversible Carnot cycle, which is a 

theoretical concept as it assumes that the system is lossless, frictionless and there is no temperature 

difference in the heat exchange process. Although these assumptions are not achievable in real-

world application, the Carnot cycle provides a benchmark that all types of refrigeration cycles can 

be compared to. 

As discussed previously the refrigeration load (𝑄𝑅) must be removed from the HTS cable 

by using a refrigeration system that requires some amount of input power 𝑃. The ideal amount of 

input power (𝑃𝐶𝑎𝑟𝑛𝑜𝑡) can be determined from the Carnot cycle. The ratio of the refrigeration load 

to the input power supplied is known as the coefficient of performance (𝐶𝑂𝑃) and can be 

expressed by: 𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡 =  𝑄𝑅𝑃𝐶𝑎𝑟𝑛𝑜𝑡 (16) 

The actual COP of the system can be calculated by using the compressor performance 

parameters which then allows for the %Carnot to be determined. 
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𝑃𝑐,𝑎𝑐𝑡𝑢𝑎𝑙 =  𝑚𝑓𝑤𝑐,𝑎𝑐𝑡𝑢𝑎𝑙 
 

(17) 

𝐶𝑂𝑃𝑎𝑐𝑡𝑢𝑎𝑙 =  𝑄𝑅𝑃𝑎𝑐𝑡𝑢𝑎𝑙  (18) 

%𝐶𝑎𝑟𝑛𝑜𝑡 =  𝐶𝑂𝑃𝑎𝑐𝑡𝑢𝑎𝑙𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡  × 100% 
(19) 

Where 𝑃𝑐,𝑎𝑐𝑡𝑢𝑎𝑙 is the input power of the compressor, 𝑚𝑓 is the mass flow of the 

compressor and 𝑤𝑐,𝑎𝑐𝑡𝑢𝑎𝑙 is the actual compressor work. When discussing cryogenic refrigeration, 

the specific power consumption (SPC) is sometimes referred to and it is simply the inverse of the 

COP. 

2.4 Warm Dielectric and Cold Dielectric Design Alternatives 

As seen in Figure 16, HTS power cables have to be contained in a cryostat that thermally 

insulates the cable from the ambient [76]. The cryogen is circulated through the cryostat. There 

are two different design philosophies for electrically insulating HTS cables, which can be 

categorized as the warm dielectric and the cold dielectric designs [9]. HTS cables with a warm 

dielectric have the dielectric material outside the cable cryostat and is effectively at room 

temperature. The HTS cable and the cryostat are at the same voltage potential and therefore the 

HTS cable does not require any electrical insulation. HTS cables using a cold dielectric design 

have the cryostat at ground potential and therefore the HTS cable must be electrically insulated 

from the cryostat. For a cold dielectric design, the dielectric material is located inside the cryostat 

and must be compatible with cryogenic temperatures and the cryogenic medium. Schematics of 

the warm and cold dielectric variants are shown in Figure 16 [77]. 

Warm dielectric and cold dielectric cables have their own advantages and disadvantages. 

The application in which they are used determines which design is best suited. When HTS cables 

have been considered for retrofitting existing duct or pipe systems, the warm dielectric designed 

cable was reported to be more suitable than the cold dielectric [78]. A warm dielectric cable 

requires an individual cryostat for each phase and therefore the power density is reduced. The 

power density of warm dielectric HTS cables is typically 2-3 times higher than conventional 

cables, whereas the power density of cold dielectric HTS cables can exceed 5 times the power 
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density of conventional cables. Therefore, cold dielectric designs are preferred for new systems 

because of the higher power density. There is also the benefit of requiring only one cryostat for 

cold dielectric cables which reduces the cost, space and weight of the total system.  

2.5 Cable Layouts 

There are various layouts that have been adopted for HTS cables utilizing a cold dielectric 

design. For AC cables the three major layouts can be categorized as a single core, triad, and 

TriaxTM [79]. As the name suggests a single core design has a single-phase conductor installed 

within a cryostat. For a three-phase AC HTS cable, three cryostats and associated cryogenic 

circulation systems are necessary. A triad design sometimes referred to as a “3-in-1” uses three 

separate single phase conductors installed within the same cryostat. Each of the single phase 

conductors are insulated from each other as well as the cryostat. The appeal of this design is that 

only one cryostat is necessary which reduces the size of the required cryogenic cooling system. 

The other advantage of this design is that one of the phases can be replaced without affecting the 

 

 

Figure 16: HTS cable layout alternatives: warm dielectric (top) versus cold dielectric 
(bottom) [77]. 
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other phases. This has the potential to reduce the cost of repairing a cable after an electrical 

breakdown as the entire cable does not have to be replaced. The third HTS AC cable design is a 

trademark of the Southwire Company known as a Triax. This design involves having three 

concentric phases contained within a cryostat. This AC cable design has the lowest impedance and 

uses the least amount of HTS tape of the current cold dielectric designs [80]. The various types of 

cable layouts for AC HTS cables are shown in Figure 17 [81]–[83]. 

 

 

Figure 17: Widely used HTS cold dielectric AC cable configurations: (a) “single-core” 
single-phase configuration with counterwound two HTS layer phase conductor and screening 
layer, both stabilized by copper, used by Nexans for the 138 kV LIPA cable [81]. (b) “three 
core” or “3-in-1” or “triad” configuration with three phases, each constituted by a two-HTS 
layer phase conductor and screening layer, both stabilized by copper, used by Sumintomo 
electric and LS cable for distribution voltage cables [82], [83]. (c) “Triax” or “concentric” 

configuration with three phases wound sequentially on a single former used by Ultera for the 
Bixby project [39] and by Nexans for AmpaCity project [10] In this case, no HTS screening 

layer is required.   
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2.6 Dielectric Designs for HTS Power Cables 

2.6.1 Lapped Tape Insulation 

All of the AC HTS cable layouts depicted in Figure 17 utilize lapped tape insulation which 

are exclusively used to insulate both the LN2 cooled and GHe cooled HTS cables [84].   For a 

lapped tape insulated cable, the dielectric tape is helically wound around the total length of the 

cable, with the material and thickness and the number of layers of the tape chosen to provide the 

required dielectric standoff and to allow mechanical flexibility at cryogenic temperatures [9]. With 

lapped tape design there is no direct bonding between the insulation and the HTS tape thus 

allowing the tape to contract at cryogenic temperatures without causing excessive stress on the 

HTS cable. Butt gaps are introduced while helically winding the tape onto the HTS cable to 

compensate for the contraction of the tape at cryogenic temperatures and to allow bending and 

coiling of the cable [84]. If excessive stress is applied to the HTS tape by the dielectric layer, there 

is a possibility of delamination of the HTS layer from the underlying metallic substrate [85]. These 

butt gaps are also present after the HTS cable has been cooled to cryogenic temperature (Figure 

18).  

The butt gaps in the layers of the lapped tape lead to partial discharge (PD) which directly 

affects the electrical insulation performance of the HTS cables [86]. PD occurs in the butt gaps as 

they are filled with the cryogenic coolant of the HTS cable (GHe, LN2) which has a lower relative 

permittivity than the tape and creates a local enhancement of the electric field [87]. Once PD begins 

in the butt gap it can be sustained causing further deterioration of the lapped tape [88].  The voltage 

 

 

Figure 18: Butt gaps in a HTS cable insulated with lapped tape winding 
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at which PD begins to occur is known as the PD inception voltage (PDIV) and it is significantly 

lower than the dielectric breakdown voltage of a cable. HTS cables must operate below the PDIV 

to prevent any irreversible damage to the lapped tape insulation.  Materials which have been 

proposed for lapped tape insulation of HTS cables include Cryoflex™, polyethylene (PE), 

polypropylene (PP), polymide (Kapton), cellulose (kraft paper), and polypropylene laminated 

paper (PPLP) [89]. 

The dielectric design of any power cable whether it be a traditional copper cable or a HTS 

cable depends on the desired operating voltage. The dielectric design must be able to withstand 

the nominal operating voltage without failure throughout the lifetime of the cable which can be in 

excess of 30 years. The dielectric design must also be able to withstand certain fault conditions 

without deteriorating or failing. Therefore a factor of safety (𝜂) must be included so that the 

dielectric design has a breakdown voltage which is significantly higher than the operating voltage. 

The required thickness (𝛿𝑖𝑛𝑠) of the dielectric design to withstand a rated voltage (𝑉) can be 

calculated by [80]: 𝛿𝑖𝑛𝑠 =  (𝑅𝑓 +  𝛿𝑆𝐶,𝑐𝑜𝑟𝑒) ( 𝑉𝑒𝜂𝐸𝑏(𝑅𝑓+ 𝛿𝑆𝐶,𝑐𝑜𝑟𝑒) − 1) 
(20) 

Where 𝑅𝑓 is the radius of the former, 𝛿𝑆𝐶,𝑐𝑜𝑟𝑒 is the gross thickness of the superconducting 

section and 𝐸𝑏is the breakdown voltage of the insulation material expressed in kV/mm. It should 

be noted that the maximum electric field for a cable will occur on the surface of the conductor. In 

order to ensure there are no high points of electric field caused by the HTS tapes it is typical to 

add a few layers of semiconductive tape which helps to uniform the electric field. A 

semiconductive layer is also be added between the insulation and ground layers to ensure a uniform 

electric field in this region of the cable as well.    

Equation 20 does not take into account the introduction of voids caused by the butt gaps. 

Research undertaken by the US Department of Energy (DOE) between 1972 and 1974 focused on 

breakdown measurements of lapped tape materials. One of the materials selected for 

characterization was PPLP. 10 ft long model cables were prepared using PPLP lapped tape as the 

dielectric insulation material. The model cables had varying total thickness of the dielectric layer. 

The model cables were measured in LN2 and from the results a scaling factor was developed based 

on insulation thickness. The scaling factor shown in (21) is only valid for a dielectric layer with 

total thickness less than 50 mm.  
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𝐸𝑚 =  𝐴𝑡𝑖𝑛𝑠−𝐵 (21) 

Where 𝐸𝑚 is the peak electric stress (kV/mm), 𝑡𝑖𝑛𝑠 insulation thickness (mm), A is an 

experimentally determined constant 47.8 kV/mm, and B is an experimentally determined constant 

0.1 [80]. 

2.6.2 Cryogen as a Dielectric Medium for Cables 

Currently all the HTS power cables in grid operation use liquid nitrogen (LN2) as the 

cryogen [36], [90], [81], [91]. Gaseous helium (GHe) is being explored as a potential cryogen as 

it allows for a wider operating temperature window, which has the associated benefit of 

significantly higher power densities [63], [65], [81], [91]. The critical current density of HTS 

depends on the operating temperature and improves significantly at lower temperatures [9].The 

possibility of lower operating temperature allows medium voltage cables to be designed at high 

power ratings because of very high current densities in HTS cables.  

The dielectric breakdown strength of LN2 has been reported to be 19.6 kV/mm in uniform 

electric fields, independent of pressure and temperature of the liquid, as long as there are no 

nitrogen gas bubbles present [92]. The dielectric breakdown strength of GHe at 77 K and 1.0 MPa 

has been reported to be 4 kV/mm (AC RMS, 60 Hz) in a uniform field [93]. While LN2 has 

superior dielectric properties compared to GHe, GHe offers significant benefits in terms of higher 

power density and flexibility in cable system design optimization [9]. Besides the system level 

benefits, use of GHe as the cryogen addresses the safety concerns of LN2 in special situations and 

confined spaces [75], [94]. Safety concerns with LN2 is the primary reason for US Navy’s 

preference to use GHe-cooled HTS devices [94]. The lower breakdown strength of GHe has 

limited itself, up to now, to only being a viable option for low to medium voltage cable 

applications. 

There is a possibility of using the cryogen as the dielectric medium for the HTS cable. 

There was no evidence in the literature of the cryogen being used as the sole dielectric for GHe or 

LN2 cooled HTS cables. One of the reasons for this could be the preference to use lapped tape as 

the dielectric insulation as it allows for the cable to be more flexible [95].  

The challenge in developing a HTS cable using the cryogen as the dielectric, is in designing 

a dielectric spacer to ensure that the HTS cable does not come into contact with the cryostat wall 

which is at ground potential. There are many electrical, thermal and mechanical aspects that need 
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to be considered when designing the spacers. The greatest challenge faced is in ensuring that the 

cable concentricity with the cryostat remains unchanged during normal operation and fault 

conditions [95]. Under fault conditions, the cable may vibrate due to the electromechanical forces 

occurring from the fault. Normal operating conditions that need to be examined include the 

gravitational sagging of the cable as well as ensuring that the spacer does not damage the surface 

of the cable [95]. The interface between the spacer and cable also needs to be studied to ensure a 

local enhancement of the electric field does not occur.  

Research has been carried out on how a spacer design could be utilized for vacuum 

insulation at cryogenic temperature [96], [97]. The research undertaken by Fengnian et al focused 

on electrical breakdown of vacuum insulation of vacuum at cryogenic temperature, while the 

research undertaken by Sauers et al focused on how spacers made from different epoxy materials 

and composites handled thermal cycling from room temperature to cryogenic temperature. Sauers 

also conducted electrical breakdown tests on the materials which performed well in the thermal 

cycling tests. 

Studies by Meats focused on how dielectric spacers could be implemented for a liquid 

helium cooled LTS cable [95]. The spacer design selected for testing is shown in Figure 19. The 

spacers were manufactured from two different materials, Stycast 2850 FT and polypropylene. The 

 

 

Figure 19: Design and arrangement of spacer [95] 
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spacers were separated along the 5 m model cable by 1 m intervals starting half a meter from one 

end.  

Impulse voltage tests were performed on the two model cables at 5.5 K with the voltage 

increased until flashover occurred on the surface of the spacer. The results of the impulse voltage 

tests are listed in Table 4. 

The study by Meats demonstrated how dielectric spacers could be used for LHe cooled 

LTS cable applications.  

2.7 HTS Cable Demonstrations 

It is important to note that while this section focuses on HTS power cable demonstrations, 

successful cable demonstrations have also been achieved for LTS cables. More often than not the 

limitations of the LTS cables were with the thermal aspects of the cable and not in developing the 

dielectric design. The design approaches for HTS cables is almost identical to that of LTS cables 

and therefore knowledge gained during the development of LTS cables has been applied to HTS 

cables.  

There have been various successful AC and DC HTS cable demonstration projects which 

have been funded by federal agencies and participating utility companies. These demonstration 

projects show the technical feasibility of HTS power cables but also highlight the challenges faced 

in implementing these cables. Typically these demonstration projects are terminated after a few 

years in service due to the ongoing maintenance costs to the cryogenic systems. There are also 

additional concerns which have hindered the widespread commercialization of HTS cables. These 

concerns include the cost of the HTS tape, the necessary cryogenic system, lack of long term 

Table 4: First impulse flashover voltages for model cable [95] 

Spacer Material Flashover voltage, 

kVp 

Breakdown field, 

kV/mm 

Helium density 

kg m-3 

Polypropylene 96 7.3 104 

Stycast 94 7.2 114 
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reliability data and the inability to perform reliable factory testing of the cables at room 

temperature before they are installed. Table 5 summarizes major worldwide HTS AC Cable 

demonstrations. 

 

Table 5: Major worldwide HTS AC cable projects 

Year/place/ 

country 

Manufacturer Type Rating Site Program  Reference 

2000 

Carrollton, 

USA 

Southwire CD-1 

core 

12.4 kV/ 

1.25 kA/ 

30m/3 φ 

Plant USDOE [98]  

2000 Milan, 

Italy 

Pirelli WD-

1 core 

115 kV/ 

2 kA/ 50 m/ 

1 φ 

Test Lab USDOE [99] 

2001 

Copenhagen, 

Denmark  

Nkt cables WD-

Triax 

30 kV/ 

2 kA/ 30 m/ 

3 φ 

AMK 

substation 

DK Dept. 

En. 

[100] 

2002 

Ichihara, 

Japan 

Furukawa CD – 

1 core 

77 kV/ 

0.7 kA/ 

30 m/ 1 φ 

Test Lab Super - 

ACE 

[101] 

2002 

Yokosuka, 

Japan 

SEI CD – 

3 core 

66 kV/ 

1 kA/ 

100 m/ 3 φ 

CRIEPI TEPCO [82] 

2004 

Anyangsi, 

Korea 

LG Cable CD- 3 

core 

23 kV/ 

1.26 kA/ 30 

m/ 3 φ 

LG Cable DAPS [102] 
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Table 5: Continued 

Year/place/ 

country 

Manufacturer Type Rating Site Program  Reference 

2004 

Yokosuka, 

Japan 

Furukawa CD- 1 

core 

77 kV/ 

1 kA/ 

500 m/ 1 φ 

CRIEPI Super-

ACE 

[103] 

2004 

Kunming, 

China 

Innost/ 

Innopower 

WD- 

1 core 

35 kV/ 

2 kA/ 33 m/ 

3 φ 

Puji MOST [104] 

2005 Baiyin, 

China 

ChangTong WD- 

1 core 

10.5 kV/ 

1.5 kA/ 

75 m/ 3 φ 

Plant MOST/ 

CAS 

[105] 

2006 Albany, 

USA 

SEI CD- 3 

core 

34.5 kV/ 

0.8 kA/ 

350 m/ 3 φ 

Albany-

National 

grid 

USDOE [106] 

2006 

Columbus, 

USA 

Ultera CD- 

Triax 

13 kV/ 

3 kA/ 

200 m/ 3 φ 

Bixby- 

AEP 

USDOE [107] 

2006 

Gochang, 

Korea 

SEI CD- 3 

core 

23 kV/ 

1.25 kA/ 

100 m/ 3 φ 

KEPCO DAPAS [108] 

2007 

Gochang, 

Korea 

LS Cable CD- 3 

core 

23 kV/ 

1.25 kA/ 

100 m/ 3 φ 

KEPCO DAPAS [83] 

2008 Long 

Island USA 

Nexans CD- 1 

core 

138 kV/ 

1.8 kA/ 

600 m/ 3 φ 

LIPA USDOE [81] 
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Table 5: Continued 

Year/place/ 

country 

Manufacturer Type Rating Site Program  Reference 

2010 

Hannover, 

Germany 

Nexans CD- 1 

core 

20 kV/ 

3.2 kA/ 

30 m/ 1 φ 

Test lab Nexans [109] 

2010 

Yokohama, 

Japan 

SEI CD- 3 

core 

66 kV/ 

1.75 kA/ 

30 m/ 3 φ 

Test lab METI/ 

TEPCO 

[110]  

2011 Icheon, 

Korea 

LS Cable CD- 3 

core 

23 kV/ 

1.25 kA/ 

500 m/ 3 φ 

Icheon 

Substation 

GENI [111] 

2012 Japan Furukawa CD- 1 

core 

275 kV/ 

3 kA/ 30 m/ 

1 φ 

Test lab M-PACC [112]  

2012 Japan SEI CD- 3 

core 

66 kV/ 

5 kA/ 15 m/ 

3 φ 

Test lab M-PACC [112] 

2012 

Yokohama, 

Japan 

SEI CD- 3 

core 

66 kV/ 

1.75 kA/ 

250 m/ 3 φ 

Asahi 

Substation 

METI/ 

TEPCO 

[91] 

2014 Essen, 

Germany 

Nexans CD- 

Triax 

10 kV/ 

2.3 kA/ 

1000 m/ 3 φ 

Delbrugge/ 

Herkules 

AmpaCity [10] 

  

The data in Table 5 highlights that various cable designs have been demonstrated using 

either a warm or cold dielectric design. More detailed descriptions of the dielectric design are 

typically not provided for these cable designs. The information which is provided in these 

references is often vague and gives only a basic idea of the dielectric design. One reason to explain 
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this is the dielectric design of the superconducting cable is propriety information of the cable 

manufacturer and as such will not be disclosed to the general public.   

The data in Table 5 highlights that the length of the superconducting cables is relatively 

short when compared to conventional power cables. It should be noted that as technology has 

improved, the total length of the superconducting cable has increased. The AmpaCity cable is a 

1 km long superconducting cable connected to the power grid and was installed in the German city 

of Essen. A brief overview of this cable will now be provided to demonstrate the benefits of using 

superconducting cables in the power grid.  

2.7.1 AmpaCity 10 kV, 2.3 kA Superconducting Cable 

On May 1st 2014 the AmpaCity superconducting cable was successfully energized along 

with a standalone FCL, providing a link between RWE’s Herkules and Delbruegge Substations. 

 

Figure 20: HTS system installation at Herkules substation for the AmpaCity project, showing 
the fault current limiter in three individual cryostats for each phase on the right and the 

cryogenic cable in aloop for handling thermal contraction [79]. 
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This cable came into fruition after a feasibility study demonstrated the benefits of installing a 

10 kV HTS cable instead of a conventional 110 kV cable to supply the downtown area of Essen. 

The feasibility study concluded that the use of a superconducting cable and FCL would allow for 

4 out of 10, 110/10 kV transformer substations located in the center of Essen to be decommissioned 

and removed. Conventional AC cables were not deemed a suitable option for this project due to 

the spatial restrictions and inefficiencies. The FCL was deemed to be a necessary component to 

protect the HTS cable as it allowed the peak fault current the HTS cable would experience to be 

reduced from 38 kA The HTS cable used a Triax design (Figure 17) using BSCCO-223 HTS tape 

and lapped tape PPLP as the dielectric layer. A hollow former was used to flow LN2 at 400 g/s at 

a pressure of 1 MPa along the length of the cable. A return path for the LN2 is provided by the 

space between the outer cable and the cryostat. The temperature of the LN2 at the inlet is 67 K and 

is capable of managing the 4 kW heat load of the cable. The majority of the refrigeration equipment 

is installed at the Herkules substation (Figure 20) which does not have the same spatial restrictions 

as the Delbruegge Substation which is located in the city center. 

2.8 HTS Power Cable Development at Florida State University Center for Advanced 

Power Systems (CAPS) 

Currently research is being undertaken at Florida State University’s Center for Advanced 

Power Systems (FSU-CAPS) on methods to increase the PDIV of GHe cooled HTS power cables. 

An overview of the steps performed by FSU-CAPS to manufacture a 30 m DC GHe cooled HTS 

power cable with lapped tape insulation is discussed below. 

CAPS was established at Florida State University (FSU) in 2000 to perform basic and 

applied research to advance the field of power systems technology, with the emphasis on 

applications to electric utility, defense and transportation sectors. The center has established a 

superconducting power systems program that includes cryogenic dielectric research to advance 

superconducting power device technology. To demonstrate the feasibility of GHe cooled HTS 

power cables a project was undertaken to design, construct, and test a 30 m DC HTS cable. To 

determine the final cable layout, several 1 m model cables were developed using various dielectric 

designs. To characterize the dielectric behavior of the model cables, a high pressure vessel, a 

custom made bushing were required to connect the power source at room temperature to the model 

cable maintained at cryogenic temperatures. It was necessary to qualify the bushing by measuring 
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the partial discharge inception voltage (PDIV) before connecting the cable to ensure that PD 

occurring from the bushing would not interfere with the PD measurements being performed on the 

model cables. Therefore the first stage of this project was to design a bushing with a high PDIV 

rating. Once the bushing was selected then the 1 m model cables could be measured. From the 

PDIV data which was obtained modifications could be made to the dielectric design. Once the 

dielectric design of the 1 m model cable was verified then this design would be used to 

manufacture a 30 m HTS DC cable. Below outlines the details and challenges associated with 

bushing design, PD measurements on 1 m model cables as well as the fabrication and installation 

of the 30 m GHe cooled HTS DC cable. 

2.8.1 High Voltage Bushing Design Suitable for Characterizing HTS Cables at Cryogenic 

Temperatures in Helium Gas Environment 

During the design phase of the 30 m HTS DC cable, high voltage bushings were needed 

for the PD measurements on 1 m model cables in high pressure cryogenic GHe environment.  The 

measurements were needed to be performed in the temperature range of 40 -70 K, the design 

operating temperature of the cable [113]. A ceramic vacuum feedthrough rated at 100 kV and 10 A 

in vacuum environment, was initially used, but it was observed to be unsuitable for PD 

measurements due to its low PDIV in helium gas environment. The design of the bushing included 

a hollow section in the ceramic part of the feedthrough which exposed the conductor at room 

temperature to the cable in cryogenic helium gas. The low density of the gas around the conductor 

led to corona activity at voltages above a few kV. As there were no commercially available 

bushings suitable for the measurements, an in-house solution had to be developed. It was expected 

that the bushing would be used to test sample cables, which would exhibit PDIV of at least 10 kV 

(RMS) at the intended pressure and temperature conditions. Therefore any bushing developed must 

have a PDIV well above 10 kV. In total three bushing designs were explored as summarized below: 

• Bushing A (Ceramic feedthrough) – This bushing was a modified version of the ceramic 
feedthrough mentioned above. The hollow part of the ceramic feedthrough was filled 
with an epoxy resin containing glass filler (Stycast 2850FT). Care was taken when 
applying the epoxy to the bushing to ensure that there were no voids in the cast. 

• Bushing B (Large Epoxy Bushing) – This bushing was designed by FSU-CAPS and 
ensured that the electrical field in the critical neck section of the bushing was zero. A 
two-piece mold of this bushing was machined and Stycast 2850 epoxy was used as the 
cast material. To even out the high electric field stress at the point at which the bushing 
was attached to the main pressure vessel, a grounded cooper squirrel cage was included. 
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• Bushing C (Liquid Nitrogen Bushing) – This bushing was designed using a small 
ceramic bushing whose surface was kept at 77 K by the LN2. This guaranteed that the 
helium gas in contact with its surface had high density and therefore high dielectric 
strength. This design utilized the knowledge gained in developing terminations for a 
1 kV, 3 MVA power cable [114].   

 

Figure 21: Photograph and drawing of Bushing A. The original ceramic part (1), flange 
DN100 (2), copper ring and truncated epoxy cone (3), aluminum conductor (4), terminating 

sphere [113].   
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Photographs and the schematic of the designs of the Bushings A, B and C depicted in 

Figure 21, Figure 22, and Figure 23 respectively. 

 

Figure 22: Photograph and drawing of Bushing B. Aluminum conductor with brass cylinder 
(1), the epoxy body with sheds (2), the shortened top part due to vacuum problem (3), flange 
to pressure cryostat (4), field shaping insert (“squirrel cage”) (5), and the bottom sphere (6) 

[113].  
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Figure 23: Photograph and drawing of Bushing C. Brass cylinder (1), G10 top part (2), vent 
holes (3), flange to connect to bottom part (4), unused/blocked vent line (5), fill line (6), 

flange to pressure cryostat (7), stainless steel barrel (8), conductor connection (9), spiral (10), 
hollow ceramics feed through (11) and bottom brass cylinder (12) [113] 
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When a bushing is used in the measurement on the top flange of the high pressure cryostat, 

the output of the PD measurement system was connected to it. The input voltage of the transformer 

was switched on and the voltage was gradually increased in steps of about 500 V. At each voltage 

level the peak level of apparent charge of the PD was measured. PD measurements were recorded 

at various pressure levels ranging from 0.45 MPa to 2.17 MPa for the three bushings. To allow for 

a comparison to be made between the three bushing designs, PDIV was defined as the value of the 

voltage when the PD exceeds 5 pC above the background value. The results of PD measurements 

at 55 K for Bushings A, B and C are shown in Figure 24. 

It should be noted that for Bushing C at a pressure of 1.12 MPa and above, surface flashover 

in the air occurred before a level of 5 pC in the bushing was reached. Bushing B displayed the best 

characteristics achieving a PDIV slightly above 35 kV at the highest pressure of 2.17 MPa. While 

 

Figure 24: PDIV of the three bushings measured at 55 K [48] 
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Bushing A had the lowest PDIV of all of the bushing designs, it still surpassed the required 10 kV 

rating at 2.17 MPa and is suitable to be used for 1 m model cable tests.  

2.8.2 Measurements on the 1 m Model HTS Cables 

The studies on model cables were undertaken to obtain essential statistical data on cable 

designs to validate the dielectric design before going forward with fabricating the 30 m 

demonstration cable.  Multiple single phase 1 m model cables were fabricated to evaluate the 

performance of Cryoflex™ tape as the lapped tape insulation material. Cryoflex™ is a proprietary 

polymeric material successfully used for LN2 cooled HTS cable applications [115]. As the tests 

focused on the dielectric properties of Cryoflex™ in gaseous helium, copper tape with the same 

dimensions of HTS tape was used to reduce costs. The layout of the model cables is shown in 

Figure 25. 

 

 

Figure 25: Layout of the model cables used for dielectric characterization (without cryostat) 
[49]. 
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The cable was equipped with stress cones at both ends and a stress control sphere at the 

bottom of the cable. FEA analysis was conducted to ensure that the design of the stress cones and 

the stress control sphere limit the electric field on the surface of the cable in contact with GHe 

below 0.5 kV/mm. The experimental layout of the model cables within the pressure cryostat is 

shown in Figure 26. 

 

Figure 26: Schematic of the cryostat with pressure vessel (1), vacuum section (2), radiation 

shield (3), access flanges in the lid (4), high voltage bushing (5), external high voltage source (6), 

and in-feeds for liquid (7) and gaseous helium (8) [114]. 
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The pressure vessel used for the measurements was suitable for pressurized helium gas up 

to a static pressure of 2.2 MPa and allows for helium gas to be maintained at any set point between 

40 – 70 K. Multiple flushing and vacuum steps were carried out to ensure PD measurement were 

performed in a high purity helium gas environment. The measurements were typically conducted 

at a pressure level of 2.17 MPa and 50 K with increasing the AC voltage by small steps until a PD 

level of approximately 40 pC was obtained. This process was then repeated at various pressure 

levels between 0.45 MPa and 2.17 MPa at 50 K for all cables. To allow for a comparison to be 

made between the relative performances of multiple cables, PDIV was defined as the value of the 

voltage when the PD was 10 pC above the background noise value. Linear interpolation of the 

results at 10 pC allowed for the exact value of PDIV to be obtained. A typical set of data of PD 

measurements on one of the cables is shown in Figure 27 The PDIV results of the cables with 

identical design were consistent which can be seen in Figure 28 which shows the PDIV values of 

a set of three cables as a function of the helium gas pressure. 

 

Figure 27: PD measurements of a model cable [77].  
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From both Figure 27 and Figure 28 it can be seen that the PDIV increases almost linearly with 

pressure, which is expected based on the direct relation between the dielectric behavior and the 

gas density. The reduction in pressure causes effectively a reduction of the density of the GHe in 

the butt gaps which leads to lower values of PDIV. Figure 27 and Figure 28 also demonstrate how 

the linear relationship between pressure and PDIV for lapped tape insulation should be currently 

considered as one of the dielectric design aspects for GHe cooled cables, resulting in fairly high 

operating pressures to enable reasonable voltage ratings for the cables.  

AC breakdown measurements were performed on each of the cables after the PD 

measurements were completed. From visual observations of the location of breakdown in the cable 

insulation, it could be concluded that the test setup was adequate for evaluating the insulation 

systems designs made of Cryoflex™ since all breakdowns occurred in the middle section of the 

cables away from the stress cones. 

 

Figure 28: PDIV levels as a function of pressure for all three cables [52] 



59 
 

The knowledge gained from the measurements on the model cables led to further 

optimization of the dielectric design. The optimization process included changing the number of 

layers of Cryoflex™ tape and its surface structure was changed from embossed to smooth. These 

changes allowed achieving significantly higher PDIV values in newer cable designs (Figure 29). 

The PD measurements in Figure 29 also display the same relationship between the operating 

pressure and PDIV as was seen in the in the data presented in Figure 27.   

The PDIV data and the reproducibility of the data on multiple cables gave the required 

confidence in the dielectric design needed to proceed with the final cable design followed by the 

fabrication of the 30 m cable.  

 

2.8.3 Full Length DC Cable Test 

The 30 m cable had the same layout as the small model cable shown in Figure 25. This 

prototype cable has been nominally rated for 1 kV DC and 3 kA at 77 K, with the current rating 

 

Figure 29: PDIV values of the optimized cable dielectric design [52]. 
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being dependent on operating temperature. The major difference between testing the model cable 

and 30 m cable was the challenges of designing terminations and electrically connecting the cable 

to the transformer. The cable terminations were developed to allow for power equipment at room 

temperature to be connected to the HTS cable operating at cryogenic temperature. The large 

temperature gradient leads to unavoidable heat influx into the cryogenic system [42]. The HTS 

tape cannot be allowed to warm up by more than a few Kelvin to ensure the critical current density 

would not reduce drastically.  

Space restrictions in the high voltage laboratory meant that the experiment was conducted 

in an adjacent building. A 30 m long, 100 kV ethylene-propylene rubber (EPR) cable was used to 

connect the transformer in the high voltage laboratory to the 30 m HTS cable which was installed 

in the adjacent building, the Superconducting Cable Characterization Laboratory (Figure 30) [116]  

Currently, there are no test standards applicable for helium gas cooled HTS cables as this 

is a new and emerging technology. It was decided to perform a 1 hour withstand test at 3 kV DC, 

 

Figure 30: Layout of the dielectric tests. The high voltage source is configured for AC 
voltage output for PD tests. An additional diode was used to perform the DC withstand test 

[54]. 
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which was selected as this was deemed to be a realistic voltage transient which could be reached 

during a rail-to-ground fault in an ungrounded power system [117]. PD measurements were 

performed before and after the DC withstand test and there was no detectable change above the 

background noise. The AC voltage for PD measurments could not be increased beyond 3.5 kV 

(RMS) due to the high capacitance of the HTS cable (47 nF), the interconnect cable (3 nF), and 

the source current being limited to 50 mA. Although PD values at higher voltages could not be 

obtained it was believed that no degradation had occurred within the cable insulation. 

The 30 m HTS cable was successfully tested under high current up to 6 kA at operating 

temperatures ranging from 60-70 K. The voltage across the cable under 6 kA was less than the 

300 mV threshold, the typical electric field criterion used for defining the critical current of HTS 

cables of 0.1 mV/m. Both the high current and high voltage tests validated the design and operation 

of the HTS DC cable as designed.  

 

 
  



62 
 

CHAPTER THREE 

EXPERIMENTAL SETUP AND MEASUREMENT PROCEDURE 

The research facilities at the CAPS allow for dielectric materials to be characterized at up 

to 100 kV AC or 140 kV DC at cryogenic temperatures in liquid nitrogen and gaseous helium to 

determine their suitability for HTS applications. A wide variety of dielectric characteristics are 

evaluated including PD, breakdown, lightning impulse and flashover. The major difference 

between the high voltage laboratory facilities at CAPS and a typical high voltage laboratory is the 

ability for these measurements to be performed at cryogenic temperatures in either LN2 or GHe. 

Measuring samples at cryogenic temperatures comes with additional challenges including ensuring 

thermal equilibrium has been achieved, and, in the case of GHe, ensuring the pressure vessel is 

suitable for high pressures (≤ 2 MPa) and the gaseous atmosphere is of a high purity. The 

measurement setup and procedure can therefore be characterized in two stages: 

1. Preparing the sample for dielectric measurements 

a. Sample preparation for measurements in in GHe 

b. Ensuring thermal equilibrium at the set measurement temperature 

2. Performing the dielectric measurements 

a. Partial discharge measurements  

b. AC and DC breakdown measurements 

3.1 Sample Preparation in GHe 

The electrical breakdown and partial discharge measurements in GHe environment are 

conducted in pressure vessels filled with high purity gas, which is achieved after several cycles of 

pumping and purging. Initially, a turbo molecular pump is connected to the pressure vessel for at 

least 12 hours to ensure a vacuum of at least 10-7 MPa is achieved. The pressure vessel is then 

flushed with up to 2.0 MPa N2 gas at room temperature. The turbo molecular pump is then 

reconnected and allowed to pump for between 5-6 hours to again allow for a vacuum of 10-7 MPa 

or lower to be achieved. The pressure vessel is then flushed twice with industrial grade GHe 

(99.8% purity) at 2.0 MPa at room temperature. In between flushing cycles the pressure vessel was 

subjected to a vacuum of 10-7 MPa using the turbo molecular pump. The pressure vessel is then 
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filled with 2.0 MPa of research grade GHe (99.9999% purity) at room temperature. At this point 

the environment within the pressure vessel is of a high purity and the setup is ready for the desired 

experiments.  

3.2 Ensuring Thermal Equilibrium 

In order to measure samples in GHe at cryogenics temperatures, a bath cooling with LN2 

is utilized. By completely immersing the pressure vessel filled with GHe in the LN2 bath it is 

ensured that the sample and the surrounding helium gas in the pressure vessel are at 77 K. While 

GHe has the potential to operate at a lower temperature, this method allows for measurements to 

be performed at a consistent temperature and simplify the experiment setup. Ensuring a uniform 

and consistent temperature is important because the dielectric strength of GHe is a function of 

temperature. Therefore, to enable for an accurate comparison between dielectric materials it is 

necessary that the temperature must remain constant.  

When preparing for the measurements at 77 K, sufficient time is given after immersing the 

pressure vessel in LN2 before starting the experiments. If sufficient time is not given, there is the 

possibility that the measurements might be at a slightly different temperature than the desired 77 K. 

The pressure vessel needs to be filled with helium gas as it is cooled to 77 K to the required pressure 

of up to 2.0 MPa. A waiting period also has to be included in the process as the gas is being 

transferred from gas bottles which are at room temperature. 

The nature of the experiments being conducted does not make it practical for 

thermocouples or other type of cryogenic temperature sensors to be installed within the pressure 

vessel to monitor the temperature. Two visual observations are used to determine that the pressure 

vessel is at 77 K. The first observation is to see if there are any rapid bubbling occurring in the 

external LN2 Dewar. The bubbling occurring in the LN2 is an indication of the pressure vessel 

being at a temperature greater than 77 K and causing the LN2 to boil. The presence of bubbles in 

the LN2 could also be caused from the pressure vessel having a gas leak. Therefore, the more 

reliable method to ensure that thermal equilibrium is to monitor the pressure gauge. For a constant 

temperature the pressure should also remain constant. As mentioned above, the pressure vessel 

cannot be completely pressured to 2.0 MPa at 77 K until it has been immersed in LN2. The 

pressure within the pressure vessel can be increased in small increments by a needle valve 

connected to the transfer line. By ensuring that the pressure gauge reads a constant pressure for an 
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extended period of time one can be confident that thermal equilibrium has been achieved and the 

dielectric measurements can begin.  

3.3 Partial Discharge Measurements 

Although the research at CAPS is focused on the development of DC HTS cables, PD 

characterization is an important design criterion for cables [86], [118]. For these measurements an 

AC (60 Hz) supply must be used. The PD measurement system consists of a 100 kV (RMS), 

7.5 kVA transformer connected via an inline filter and a capacitive voltage divider to a power 

coupling filter rated at 100 kV, 1 nF,  a calibration injection capacitor rated for 100 kV, 100 pF 

and two capacitors for PD instrumentation [114]. All the equipment described above is installed 

inside a Faraday enclosure. Figure 31 shows the high voltage setup used for PD measurements and 

Figure 32 shows the associated schematic circuit diagram. 

 

 

Figure 31: High voltage setup with transformer (1), filter (2), grounding switch (3), voltage 
divider (4), PD capacitors (5) and conductor to the cryostat (6) [49]. 
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During a typical PD measurement, the output voltage is measured by the injection 

capacitor. The PD measurements are obtained from the coupling capacitors and analyzed by a 

Hipotronic DDX-7000. The Hipotronic DDX-7000 measures the PD and determines the highest 

negative and positive magnitude readings during the sampling period. The highest reading between 

these two values is then scaled to the true apparent charge in picocoulombs (pC), which is 

determined by the calibration procedure. 

The partial discharge detector used in the studies described here is a narrowband pulse 

detector. Whilst the resolution capabilities of narrowband detectors are lower when compared to 

the ultra-wideband detectors, the resolution is sufficient for studying dielectric materials and 

designs for HTS power cables [114]. Narrowband pulse detectors are often preferred due to the 

ease of calibrating the systems to provide meaningful quantitative values of apparent charge in pC 

which relate to the PD pulses occurring in the cable [57].  

PD measurements have been a vital tool utilized in the design of HV cryogenic bushings, 

multiple 1 m long design model cables, and successful demonstration of a 30 m superconducting 

DC cable cooled with helium gas [42], [113], [116].  

3.3 AC and DC Breakdown Measurements 

AC and DC breakdown measurements allow for data to be obtained on the dielectric 

strength of various types of dielectric materials. While there is a difference in the electrical 

 

Figure 32: Circuit diagram for high voltage setup [114] 
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breakdown of different dielectric media (solid, liquid and gas) the method used to apply the AC or 

DC voltage to the test device is the same. As mentioned above, the equipment installed within the 

Faraday cage is a 100 kV (RMS), 7.5 kVA transformer which allows for AC breakdown 

measurements up to 100 kV. For AC breakdown measurements in GHe the rating of the circuit is 

approximately 43 kV (2.0 MPa, 77 K). The limiting factor of this circuit is the high voltage 

bushing which connects the sample to the transformer and flashover occurs between the bushing 

and the pressure vessel (at ground potential). It should be noted that the maximum rating of the 

bushing is a function of the pressure and dielectric strength of the gas inside the pressure vessel.  

The experimental setup can be modified to perform DC breakdown measurements by using 

a half wave rectifier with capacitor filter circuit to rectify the AC voltage waveform (Figure 33). 

Rectification of the AC voltage results in a maximum DC voltage of 140 kV. The rectification 

process produces an AC ripple of approximately 300-500 V, which is acceptable because the ripple 

is a small percentage of the high voltages that are applied in the measurements.  

To ensure a high reproducibility of data during the AC and DC breakdown measurements, 

the ramp rate of the transformer is fixed. The inherent ramp rate of the transformer is between 600-

 

Figure 33: Experiment setup in DC Configuration with transformer (1), diode (7), smoothing 
and energy storage capacitor (8), measuring resistor (9), resistor (10) and grounding switch 

(3). [77] 
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1000 V/s and controlled by a variac. It is possible to achieve a smaller incremental ramp rate by 

connecting an additional variac in series with the transformer. Typically the additional variac is 

set at a 2:1 ratio which reduces the ramp rate to 300-500 V/s which allows for a greater accuracy 

to be achieved but reduces the maximum voltage rating of the circuit to 50 kV. All of the 

measurements which have been performed as part of this thesis have had a breakdown voltage 

< 50 kV which means this limitation has not been a restriction. In situations where a low 

breakdown voltage is expected <5 kV an even finer step resolution may be required and the 

additional variac can be set to a 5:1 ratio which in turn reduces the ramp rate to 100-200 V/s. 

Having the additional variac set to a 5:1 ratio limits the maximum voltage rating to 20 kV, which 

can interfere with measurements being recorded. Therefore this ramp rate is only used in situations 

where the entire experiment is expected to have breakdown voltages < 20 kV. If the ramp rate was 

to be altered during an experiment there is the possibility for a variation in breakdown voltage to 

be seen that could lead to false trends being established in the event of comparing multiple gases 

measured with different ramp rates.   

3.3 CAPS High Voltage Laboratory Setup 

While there are various measurements which can be performed with the equipment inside 

the high voltage lab, it is important to explain how the components within the high voltage 

laboratory interconnect to allow for accurate, reproducible, and safe measurements to be obtained. 

Basic training of the equipment is undertaken to ensure fundamental knowledge of the systems 

and what to do in case of an emergency. Training was completed for cryogen handling, compressed 

gas handling and operation of the high voltage equipment. Laboratory safety guidelines also 

dictates that two competent people must be within the high voltage laboratory whenever the high 

voltage supply is turned on. The high voltage circuits also includes a lock out switch and an 

interlock over the Faraday cage door to ensure that the safe working distances necessary for the 

high voltage circuit is maintained. A schematic of the necessary equipment required to perform 

measurements is shown in Figure 34.
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Figure 34: Schematic of the measurement facility established for dielectric characterization of gas mixtures at high pressures and 
cryogenic temperatures. The schematic shows the high voltage equipment, [1] Faraday cage, [2] exterior connections, [3] common 
ground point, [4] high voltage transformer, [5] voltage measurement device, [6] insulator post, [7] concrete floor, [8] earth/ground, 
[9] automatic grounding system, [10] faraday cage floor, [11] high voltage conductor, [12] pressure gauge, [13] cryostat, [14] ball 
valve, [15] gas lines from pressure vessel, [16] retractable roof of Faraday cage, [17] pressure vessel, [18] G10 plate, [19] needle 

valve, [20] LN2 transfer hose, [21] pressure vessel support pieces, [22] LN2, [23] removable wall, [24] pressure regulator, 
[25] compressed gas bottle, [26] LN2 dewar.
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Further description of the primary components of the experimental facility is outlined below: 

1. Faraday Cage – The Faraday cage is constructed out of wood and is wrapped with 

sheets of copper mesh to ensure a zero-equipotential surrounding. The ceiling and 

the floor of the cage are also made of copper sheets. A Faraday Cage is typically 

used when performing partial discharge and other measurements to eliminate noise 

from external sources. External noise is not a potential form of error for breakdown 

measurements. However, the Faraday Cage does provide necessary safety features 

to protect the measurement equipment.  Firstly, the Faraday Cage provides a 

physical barrier between lab users and the experiment setup which reduces the 

possibility of electrocution. Interlocks are installed on the entrance door to the 

Faraday Cage which will trip the protection circuit, if the door is opened while the 

circuit is energized. By the interior of the Faraday cage providing a zero-

equipotential surrounding it also prevents high voltage connections being 

improperly installed. For example, if a high voltage connection is in contact with 

any of the faraday cage a short circuit will be created. Also if sufficient room is not 

given between high voltage connection and Faraday Cage, the resulting arc will trip 

the protection system, which will allow a self-sustaining arc to form 

2. Exterior connections- It is necessary for the equipment within the faraday cage to 

be connected to the external measurement devices. External connections include 

the 220 V supply for the high voltage transformer, the data acquisition (DAQ) unit, 

voltage measurement and control units, and the automatic grounding system. It 

should be noted that the DAQ equipment has the same grounding point as the 

Faraday Cage. 

3. Common Ground Point – All of the pieces of equipment installed within the 

Faraday Cage are connected to the common grounding circuit. When building a 

measurement circuit, all of the electrical components (resistors, capacitors, and 

isolator posts) are grounded to the high voltage transformer which then connects to 

the common ground. The cryostat and the pressure chamber are grounded directly 

to the high voltage transformer and a thicker braided wire is used to reduce the 

resistance of the grounding circuit.  
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4. High voltage transformer - The transformer is a 7.5 kVA, 100 kV AC transformer. 

The transformer is included in Figure 34 to demonstrate the external connection of 

the up to 220 V power supply to the primary side and how transformer is used as a 

grounding location. Not included in Figure 34 are the two variacs which are used 

on the primary side of the transformer to control the step size of voltage ramps 

during the measurements. 

5. Voltage measurement device – the voltage on the secondary side of the transformer 

is measured using either a capacitive voltage divider (AC circuit) or a resistive 

voltage divider (DC circuit). Use of a voltage divider allows for a lower and safer 

voltage to be processed by the DAQ device. The divider ratio for the voltage 

dividers has been calibrated to ensure an accurate representation of the measured 

voltage. 

6. Insulator Post- the insulator post was included in Figure 34 to demonstrate the 

various electrical components included as parts of the high voltage circuit. The 

insulator post is grounded to the high voltage transformer. At the high voltage 

connection of the insulator post a capacitor is connected which forms the automatic 

grounding system. 

7. Concrete Floor of High Voltage Laboratory – included in Figure 34 to provide 

spatial layout of the equipment setup. 

8. Earth/Ground - included in Figure 34 to provide spatial context of the equipment 

setup. 

9. Automatic Grounding System – the automatic grounding system ensures that the 

high voltage circuit is grounded to the common grounding point whenever 

measurements are not being performed. The grounding rod is spring loaded and is 

released by the DAQ just before energizing the high voltage circuit. The automatic 

grounding system is also connected to the safety interlocks and will be applied to 

the circuit if the interlocks are tripped. In addition to the automatic grounding 

system, an additional grounding rod is manually applied to the circuit whenever it 

is not in operation. The manual ground rod is not depicted in Figure 34, but is also 

connected to the common grounding point and provides a level of redundancy. 

When an experiment is about to begin the manual grounding rod is removed from 
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the circuit and placed on a hook which blocks the main door to the Faraday Cage. 

This ensures that when researchers are re-entering the Faraday Cage after 

completing measurements the manual grounding rod will not be forgotten to be 

applied to the circuit. 

10.  Faraday Cage Floor- The Faraday cage floor is made of copper sheets, which are 

connected to each other using conductive copper tape. This allows for a zero-

equipotential environment to be established within the Faraday cage. 

11. High voltage conductor – Copper tubing or aluminum rods are used as the 

conductors for the high voltage circuit. As the rated current of the circuit is only 

50 mA metal-to-metal contact is sufficient when connecting the conductors. 

12. Pressure gauge – the pressure gauge in the setup allows for an accurate and precise 

measurement of the pressure within the pressure vessel. The pressure gauge is rated 

to 3.45 MPa (500 psia), has an accuracy of 0.1%, and allows pressure 

measurements in increments of 3.45 kPa (0.5 psi). The reading of the pressure 

gauge is used to ensure thermal equilibrium in the pressure chamber. 

13. Cryostat – the cryostat, used as the external LN2 bath for maintaining the pressure 

chamber at 77 K, has an inner diameter of 305 mm (12 inches) and depth of 1.83 m 

(6 feet). The cryostat is sunken into the ground to allow for the pressure vessel, and 

associated circuitry to be installed with ease. The cryostat has a high level of 

thermal insulation to minimize the LN2 is boil off rate. 

14. Pressure gauge ball valve – The ball valve is installed as part of the gas line 

pipework connects the pressure gauge to the pressure vessel to allow for the 

pressure vessel to be connected to the pressure gauge while at pressure. This is an 

important feature when multiple experiments are being completed back-to-back as 

it allows for one pressure vessel to be prepared while experiments are being 

completed in another pressure vessel. 

15. Gas lines from pressure vessel- it is necessary to connect the equipment to 

monitor/control the pressure within the pressure vessel. The gas lines typically have 

a pressure relief valve, connection to the pressure gauge, connection to the gas 

storage tank and a connection to the vacuum pump. These connections are all made 

at room temperature using Swagelok gas fittings. Not depicted in Figure 34 are the 
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pressure relief valve and the connection to the vacuum pump. The role of the 

pressure relief valve will was discussed as part of [17]. The connection to the 

vacuum pump is made with a CF 40 adapter and this gas line uses a ball valve to 

seal it. When this gas line is not connected to the vacuum pump it can be used to 

release gas from within the pressure vessel.   

16. Retractable roof of Faraday Cage – This section of the Faraday cage has a 

retractable roof to allow a crane to be used to install/remove the pressure vessel 

from the cryostat.  

17. Pressure vessel – All experiments using compressed gas are performed within a 

pressure vessel. The pressure vessel is typically at ground potential and provides 

the necessary ground for the experiment setup.  When performing experiments at 

77 K the pressure vessel is completely immersed in LN2 as depicted in Figure 34. 

The pressure vessel is rated for 2.0 MPa as this is the maximum pressure rating of 

the high voltage bushing. A pressure relief valve is connected to ensure the pressure 

inside the pressure vessel does not exceed 2.0 MPa. The installation of the pressure 

relief valve is necessary as 2.0 MPa at 77 K is equivalent to approximately 8.0 MPa 

at room temperature.  

18. G10 plate- The cryostat is installed on a piece of G10 which is a non-conductive 

glass reinforced composite material. The G10 plate provides the necessary barrier 

to ensure there are no grounding issues with the cryostat/experimental setup as the 

cryostat is made of stainless steel. The cryostat is grounded to the Common Ground 

Point. Without the G10 plate there is a possibility of an additional ground circuit 

being created by the cryostat being in direct contact with the ground/earth. 

19. Needle Valve- A needle valve is used to regulate the flow of gas when filling the 

pressure vessel. A needle valve allows for a greater level of precision than a ball 

valve when filling the pressure vessel to the required pressure for a measurement. 

The needle valve also creates a necessary seal for the pressure vessel which, allows 

for various gases to be transferred into the pressure vessel. The needle valve also 

allows for the gas lines to be removed from the experiment setup, and Faraday Cage 

before measurements begin. 
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20. LN2 transfer hose – the LN2 transfer hose provides the necessary link in 

transferring LN2 between a LN2 Dewar and the cryostat. The LN2 hose is removed 

from the experiment setup and Faraday cage before measurements begin. 

21. Pressure Vessel Support Pieces – the pressure vessel support pieces allow for the 

pressure vessel to be suspended inside the cryostat. The vertical pieces connect to 

the pressure vessel as part of the top plate and are made from stainless steel. The 

length of the vertical pieces allows for an adequate gap distance between the top of 

the bushing and top of the cryostat. This gap distance creates redundancy with the 

LN2 level, which increases the amount of time between having to top up the LN2 

within the cryostat. 

22. LN2 – LN2 is used as the medium to ensure measurements are performed at a 

constant temperature of 77 K. The entire pressure vessel needs to be immersed in 

LN2 to ensure a uniform temperature gradient.  

23. Removable Wall – The removable wall of the Faraday Cage allows for easy access 

to the crane to install/remove the pressure vessel from the cryostat. The removable 

wall provides a necessary physical barrier between researcher and experiment 

setup, and is installed while the circuit is energized. 

24. Pressure Regulator – A two-stage pressure regulator is connected to the gas bottle 

to limit the pressure of the gas being transferred to the pressure vessel. This is 

necessary as the pressure inside a new gas bottle exceeds 16 MPa. The pressure 

regulator reduces the required pressure rating of the gas line connecting the gas 

bottle to the pressure vessel. The pressure regulator is typically set to 2.2 MPa to 

ensure that the pressure vessel can be filled up to 2.0 MPa.  

25. Compressed Gas Bottle – the various gases used in performing measurements are 

supplied by an external gas supplier. Gas is transferred between the gas bottle and 

pressure vessel as dictated by Bernoulli’s principle. Therefore gas will flow from 

the gas bottle to the pressure vessel until equilibrium conditions are met. As no gas 

compressors are used, the gas bottle is deemed to be empty when the pressure 

within the bottle is approximately 0.7 MPa (100 psi). For safety, the compressed 

gas bottles are held in place by brackets. 
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26. LN2 Dewar – LN2 is provided by an external supplier and is delivered in a LN2 

Dewar and is used to transfer LN2 to the cryostat.  
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CHAPTER FOUR 

ENHANCING THE DIELECTRIC STRENGTH OF GASEOUS HELIUM 

4.1 Background 

Gaseous helium (GHe) is the preferred cryogen for high temperature superconducting 

(HTS) applications that operate at temperatures lower than 65 K to take advantage of the higher 

critical current density[9], [63], [65], [81], [91]. GHe is also the preferred cryogen for 

superconducting devices installed in confined spaces to reduce the risk of asphyxiation compared 

to that of liquid nitrogen (LN2) cooled devices [75], [94]. One of the limitations of using GHe as 

a cryogen is its lower dielectric strength compared to that of LN2. The dielectric breakdown 

strength of LN2 is 19.6 kV/mm in uniform electric fields, independent of pressure and temperature 

as long as there are no nitrogen gas bubbles present [92]. The dielectric breakdown strength of 

GHe at 77 K and 1.0 MPa has been reported to be approximately 4 kV/mm (AC RMS, 60 Hz) in 

a uniform field [93]. The lower dielectric strength limits GHe cooled HTS devices to medium 

voltage applications. Part of the research in this dissertation is to explore methods to enhance the 

dielectric strength of cryogenic GHe used for superconducting power devices, which are discussed 

in this chapter.  

One potential method proposed to increase the dielectric strength of GHe was to  mix it 

with small mole fractions of hydrogen (H2) and neon (Ne) to enhance the dielectric strength [119]. 

The idea is akin to the to the developments in the dielectric SF6-N2 mixtures for conventional 

power applications, where the dielectric strength of N2 vastly improves by small additions of SF6 

[120]. Both H2 and Ne display superior dielectric properties compared to those of GHe by factors 

of 3.3 and 1.7, respectively, at room temperature and therefore were selected as potential additive 

gases [121].  

Preliminary studies on the effect of H2 and Ne additions on the dielectric strength of GHe 

were conducted on 4 mol% Ne and 4 mol% H2 in GHe. The 4 mol% mixtures were selected to 

ensure the safety as the hydrogen gas mixture 4 mol% H2 in GHe is inflammable in air. AC 

breakdown measurements were conducted on the gas mixtures at pressures between 0.5 MPa and 

2.0 MPa at 77 K. Subsequent AC and DC breakdown measurements were performed on 1 mol%, 
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2 mol%, and 4 mol% H2 in GHe at pressures between 0.5 MPa and 2.0 MPa at 77 K as well as at 

room temperature.  

Collaborative efforts with researchers at Georgia Institute of Technology were undertaken 

to develop theoretical models for estimating the dielectric strength of gas mixtures at room 

temperature and cryogenic temperatures as part of the study. The work reported in this dissertation 

focusses on the experimental studies to complement the theoretical estimations.  The theoretical 

studies conducted matched with the trends observed in the experimental studies on He-H2 and He-

Ne mixtures reported here and further suggested that a tertiary mixture containing hydrogen, 

nitrogen, and GHe as a potential mixture with superior dielectric medium compared to the binary 

mixtures. AC and DC breakdown measurement were performed on a tertiary mixture containing 

4 mol% H2, 8 mol% N2, and 88 mol% GHe. The breakdown measurements were performed on the 

tertiary mixture at pressures between 0.5 MPa and 1.0 MPa at 77 K and pressures between 

0.5 MPa and 2.0 MPa at room temperature. The limit of 1.0 MPa was set at 77 K as it was 

theoretically calculated that the N2 within the tertiary mixture would condense at pressures greater 

than 1 MPa at 77 K and hence would alter the gas mixture composition.   

4.2 Characterization of the Dielectric Strength of GHe and GHe Mixtures 

The experimental setup for conducting the AC and DC breakdown measurements is similar 

to that discussed in [122]. The breakdown voltage was determined by measuring the applied 

voltage required to arc across a pair of uniform electric field electrodes installed within the pressure 

vessel. The electrodes are manufactured from highly polished 316 stainless steel and a schematic 

of the electrode profile is shown in Figure 36. 

A 2D-Axisymmetric finite element analysis (FEA) was conducted on the electric field 

profile of the electrodes using the geometry detailed in Figure 36. The FEA model would allow 

for a greater understanding of the homogeneity of the electric field in the gap used for the 

measurements. The FEA model consisted of two electrodes concentric to one another and 

separated by a uniform 2 mm gap distance. A 2 mm gap used in the experiments at higher 

breakdown voltages and reduces the percentage error if the gap distance was not set correctly 

compared to a 1 mm gap distance. For example, a ±0.1 mm error in setting a 1 mm gap distance 

affects the experimental results by up to 10%, whereas as a ±0.1 mm error in a 2 mm gap distance 
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affects the experimental results by up to 5%. In the FEA model a nominal 1 kV was applied to the 

top electrode, the bottom electrode was grounded and the permittivity of the gap distance was set 

 

Figure 36: Geometry of axially symmetric uniform electric field profiled electrodes made of 
stainless steel (dimensions in mm) [93] 

  

(a) (b) 

Figure 35: FEA electric field analysis (a) electric field between bruce profile electrodes and 
(b) enhancement of electric field on edge of electrode surface. 



78 
 

at 1.0 to simulate the electric field in a GHe environment between the electrodes. The results of 

the FEA analysis are shown in Figure 35. 

The FEA results demonstrate a high level of uniformity of the electric field within the 2 mm 

gap distance. Theoretically the electric field should be 0.5 kV/mm throughout the gap distance, 

however it was observed that there was a slight enhancement of the electric field on the edges of 

the electrodes. This maximum enhancement was measured at 0.520 kV/mm and was determined 

to be consistent with the maximum enhancement of spherical electrodes with the same diameter. 

The enhancement of the electric field was not considered to be a major factor as it was only a 4% 

increase from the theoretical maximum. All the measurements on various gas media were 

conducted with the same type of electrodes and the comparison and conclusions on the data of the 

various mixtures, temperatures and pressures would be valid.  

 

Figure 37: The electrode system with uniform field in the gap between the electrodes [122]. 
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 Experimentally the gap between the electrodes was set to 2 mm using a gauge block set 

and the gap distance was not expected to change during the measurements. This allowed for data 

obtained for various gases to be easily compared. On completion of each set of experiments, the 

gap distance was re-measured to verify that the gap distance had not changed during the 

experiments. The top electrode was connected to the voltage source and the bottom electrode was 

grounded (Figure 37). 

The electrode setup was installed within the pressure vessel which was then immersed in 

LN2. Immersing the pressure vessel in LN2 ensured that data was obtained at a constant 

temperature of 77 K. A schematic of the entire experiment setup can be seen in Figure 38. 

After the vacuuming and flushing cycles described in Chapter 3 were performed the 

pressure vessel was filled with 2.0 MPa of research grade GHe. Adequate time was allowed for 

the experiment to reach thermal equilibrium at 77 K, as indicated by the constant pressure in the 

 

Figure 38: A schematic of the experimental setup used in the characterization of the 
cryogenic gas mixtures (not drawn to scale) [122]. 
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vessel before conducting the measurements. Before each measurement, ten AC breakdown 

measurements were initially performed to season the electrodes. After the electrodes were 

seasoned 15 breakdown tests were conducted starting at 2.0 MPa. To ensure that the local 

temperature at the electrodes is 77 K, several minutes of waiting time between successive 

measurements was built into the measurement protocol.  After the measurements at 2.0 MPa, the 

pressure was lowered to 1.5 MPa, followed by 1.0 MPa and finally 0.5 MPa with a set of 15 

breakdown measurements performed at each pressure level. Breakdown measurements were then 

conducted for the 4 mol% Ne mixture, pure Ne and 4 mol% H2 mixture using the same 

measurement protocol. A dry scroll vacuum pump was connected before changing the gas medium 

to ensure a high purity environment was achieved before pressurization.  

All the gas mixtures used in the studies were supplied by a commercial gas supplier as 

premixed to the required compositions.  

The results of the average (of 15 measurements in each condition) AC breakdown voltage 

for pure GHe, pure Ne, 4 mol% Ne and 4 mol% H2 are shown in Figure 39. The error bars in 

Figure 39 show the maximum and minimum voltages recorded at each pressure level for each gas 

mixture. 

Figure 39 revealed two important pieces of information. At cryogenic temperatures the 

dielectric strength of neon gas was lower than that of helium gas which is opposite to the room 

temperature data reported by Vijh [121]. However, the 4 mol% Ne mixture displayed a dielectric 

strength comparable to that of pure GHe. This shows how a small amount of a weaker dielectric 

gas (Ne) mixed with a stronger dielectric gas (He) did not adversely affect the AC breakdown 

strength at cryogenic temperatures. The second and more important discovery was that the 4 mol% 

H2 mixture resulted in at least an 80% increase in AC breakdown strength for all pressure levels 

compared to that of pure GHe [119].  On completion of the experiment the electrodes were 

examined using Scanning Electron Microscopy (SEM) to observe any pitting on the surface. There 

was a concern that the improvements in the dielectric strength of the 4 mol% H2 mixture may have 

been a result of an increase in contact resistance of the electrodes due to the pitting from the 

previous breakdown measurements. Scanning Electron Microscopy analysis allowed for the size 
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and depth of the pitting on the electrode surface to be examined and characterized. A representative 

micrograph is shown in Figure 41.  

Figure 41 demonstrates that the depth of the pitting of the breakdown holes is consistent 

with the scratches on the electrode surface caused during polishing the electrodes. It was therefore 

concluded that the electrode surface features had no influence on breakdown data reported.  

Encouraged by the significant increase in the dielectric strength obtained by the addition 

of 4 mol% H2, a systematic study was initiated to understand the effect of H2 additions on the 

dielectric strength of GHe. AC and DC breakdown strength of 1 mol%, 2 mol% and 4 mol% H2 in 

GHe under the various pressures at 77 K to determine the effect of H2 mol% on the dielectric 

strength of GHe. 

 

 

Figure 39: AC breakdown voltage as a function of pressure at a 2 mm gap distance in 
homogeneous field for helium, neon, 4 mol% hydrogen in helium and 4 mol% neon in 

helium mixtures [119]. 
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Figure 41: SEM analysis of electrode surface at center of the electrode 

 

Figure 40:  AC (RMS) breakdown voltage as a function of pressure for a 2 mm gap distance 
in homogeneous field for pure GHe, 1, 2 and 4 mol% H2 in GHe at 77 K [122]. 
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The experimental method outlined above was used to perform the dielectric strength 

measurements on the various hydrogen-helium gas mixture compositions. The AC and DC 

breakdown data of pure GHe, 1, 2 and 4 mol% H2 gas mixtures at different pressures between 0.5 

and 2.0 MPa at 77 K are shown in Figure 40 and Figure 42, respectively. The data in Figure 40 

and Figure 42 show that the breakdown strength increases almost linearly as gas pressure or H2 

mol% increases for both AC and DC.  As expected, the data in Figure 40 and Figure 42 show that 

the DC breakdown voltage is approximately equals to 1.4 times that of AC (RMS) breakdown 

voltage.  In Figure 40 and Figure 42, the error bars indicate the maximum and minimum breakdown 

strength obtained at each pressure level.  

After completing the AC and DC measurements at 77 K, additional measurements were 

completed at room temperature using the same experimental procedure outlined above. The room 

temperature measurements provide important statistical data of the hydrogen-helium gas mixtures 

which allows for a greater understanding in how these gases could be utilized for superconducting 

applications. The AC and DC breakdown data of pure GHe, 1, 2 and 4 mol% H2 gas mixtures at 

 

Figure 42:  DC breakdown voltage as a function of pressure at a 2 mm gap distance in 
homogeneous field for pure GHe, 1, 2 and 4 mol% H2 in GHe at 77 K [122]. 
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different pressures between 0.5 and 2.0 MPa at room temperature are shown in Figure 43 and 

Figure 44, respectively. 

By examining Figure 43 and Figure 44 it shows that the 4 mol% H2 mixture resulted in an 

approximately 100% increase in AC and DC breakdown strength for all pressure levels compared 

to that of pure GHe at room temperature. This is a greater increase than what was observed between 

these two gases at 77 K. The data in Figure 43 and Figure 44 show that the breakdown strength 

increases almost linearly as gas pressure or H2 mol% increases for both AC and DC which was the 

same trend observed in Figure 40 and Figure 42. Moreover the DC breakdown voltage is 

approximately equals to 1.4 times that of AC (RMS) breakdown voltage which is the expected 

case due to the uniform field. 

 

Figure 43 AC breakdown voltage as a function of pressure at a 2 mm gap distance in 
homogeneous field for pure GHe, 1, 2 and 4 mol% H2 in GHe at room temperature. 
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When comparing the data obtained in Figure 40, Figure 42, Figure 43, and Figure 44 it 

demonstrates how the breakdown strength of the gas is dependent on the density of the gas. The 

density of a gas is dependent on both pressure and temperature which can be seen by the ideal gas 

equation and density equation 𝑃𝑉 =  𝑛𝑅𝑇 (22) 𝑑 =  𝑀𝑎𝑠𝑠𝑉  
(23) 

From the data in Figure 40, Figure 42, Figure 43, and Figure 44 it is evident than increasing 

the pressure yields a higher breakdown strength. Taking the GHe data from Figure 40, Figure 42, 

Figure 43, and Figure 44 and plotting it on one graph allows for an easy comparison to be made 

 

Figure 44:  DC breakdown voltage as a function of pressure at a 2 mm gap distance in 
homogeneous field for pure GHe, 1, 2 and 4 mol% H2 in GHe at room temperature. 
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between the measurements performed at 77 K and room temperature for both AC and DC 

breakdown measurements (Figure 45). 

The data in Figure 45 shows that the breakdown strength varies linearly with the density 

and the increase in gas density could be obtained either by increasing the pressure at constant 

temperature or decreasing the temperature at constant pressure. The observed dependence of 

breakdown strength of a gas medium on the density is a well-known phenomenon in gases and can 

be characterized by Pachen’s curve. The data in Figure 45 shows that the observed breakdown 

strength at 77 K, 0.5 MPa and at room temperature (295 K), 2.0 MPa are approximately equal. 

This is the expected result as for this comparison the pressure has been reduced by a factor of 4 

and the temperature has been reduced by almost a factor of 4 (3.83).  

The establishment of this liner dependence of breakdown strength on density makes it 

possible to characterize the dielectric strength of cryogenic gases at room temperature and estimate 

 

Figure 45:  Breakdown voltage of GHe as a function of pressure at a 2 mm gap distance in 
homogeneous field at room temperature and 77 K. 
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the corresponding strength at any cryogenic operating temperature of s superconducting device. 

The dielectric strength of a gas at approximately 7.7 MPa, 295 K would be equivalent to the 

dielectric strength of the same gas at 2.0 MPa, 77 K. If these measurements were to be performed 

at room temperature, the experimental chamber and associated gas equipment would need to be 

rated for the higher pressure. The potential benefit in performing experiments at room temperature 

as opposed to cryogenic temperature relates to the faster diffusion time when mixing gases. As the 

studies on enhancing the dielectric strength of GHe involve the addition of small mol% of various 

gases, the room temperature measurements allow for more systematic measurements of mixtures 

at lower cost. Currently, due to the slow diffusion time of the gases at cryogenic temperatures, the 

gases are required to be premixed by a gas supply company, making them more expensive, have a 

longer delivery time, and limits the potential combinations that can be characterized.  

The data depicted in Figure 40, Figure 42, Figure 43, and Figure 44 was beneficial in the 

validation of the versatile model developed at Georgia Institute of Technology based on the 

Townsend Breakdown criterion calculate the breakdown strength of hydrogen-helium gas 

mixtures [123]. The models developed at Georgia Institute of Technology are in turn useful for 

exploring a wider compositions ranges of He-H2 mixtures or any other mixtures for 

superconducting power applications that operate at cryogenic temperatures or conventional power 

systems at room temperature [124].   

One of the results of the theoretical models was potential mixtures with high dielectric 

strength was the tertiary mixtures containing hydrogen, helium and nitrogen gases. It has been 

previously discussed that hydrogen, helium and nitrogen are all possible cryogens for 

superconducting technology. There are limitations dictated by the temperature and pressure in 

maintaining the some mixtures in gas phase.  

Based on the models, it was concluded that the mixture 4 mol% H2, 8 mol% N2, 88 mol% 

He is a good candidate for demonstrating the high dielectric strength of a tertiary mixture [124]. 

The experimental setup used for dielectric strength measurements on the tertiary mixture 

was similar to that used for pure helium and the binary mixtures. One difference is in the gap size 

used, which was reduced from 2 mm to 1 mm. It was decided to reduce the gap size to 1 mm to 

limit the maximum voltage of the breakdown as the tertiary mixture was estimated to have a 

dielectric strength in excess of 3 times of pure GHe [124]. In order to determine an accurate 

comparison between previous data collected AC and DC breakdown measurements were 
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performed on the tertiary mixture as well as pure GHe. The ramp rate for these experiments was 

also reduced to between 100-200 V/s to allow for a greater level of accuracy for the results 

obtained at voltage levels <3 kV. 

AC and DC breakdown measurements were performed at various pressure levels between 

0.5 MPa and 2.0 MPa at room temperature for GHe and the tertiary mixture, using the methods 

which have previously been described. The results of these measurements are shown in Figure 46 

and Figure 47 respectively, with the error bars indicating the maximum and minimum voltage 

recorded at each pressure level. 

 

 

 

 

Figure 46: AC breakdown voltage as a function of pressure at a 1 mm gap distance in 
homogeneous field for pure GHe, and tertiary mixture (4 mol% H2, and 8 mol% N2 balanced 

with GHe) at room temperature. 
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AC and DC breakdown measurements were then performed at 77 K. For the tertiary 

mixture, measurements were only performed only up to 1.0 MPa because of there is a potential for 

condensation of nitrogen at higher pressures, whereas the measurements for GHe were performed 

up to 2.0 MPa to allow for a greater comparison to be made to the previous breakdown data 

collected for GHe using a 2 mm gap distance. On completion of the experiment the data obtained 

for the GHe was compared to the previously collected data and was found to be consistent. The 

AC and DC breakdown measurements of the GHe and tertiary mixture AC and DC breakdown 

measurements between 0.25 MPa and 1.0 MPa at 77 K are shown in Figure 48 and Figure 49 

 

Figure 47: DC breakdown voltage as a function of pressure at a 1 mm gap distance in 
homogeneous field for pure GHe, and tertiary mixture (4 mol% H2, and 8 mol% N2 balanced 

with GHe) at room temperature. 
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respectively. The error bars in Figure 48 and Figure 49 indicate the maximum and minimum 

voltage recorded at each pressure level.  

Comparison between the room temperature and cryogenic temperature measurements 

yields an interesting result. For both conditions there is a significant improvement (approximately 

350-400%) in the dielectric strength of the tertiary mixture when compared to pure GHe. For the 

measurements obtained at 77 K it appears that the dielectric strength plateaus as it reaches 

1.0 MPa. The variation in measurements also increase for the 0.75 MPa, 0.85 MPa, and 1.0 MPa 

for both AC and DC cases which could be a possible sign that the nitrogen gas had condensed at 

these pressure levels. For future experiments it may be beneficial to perform the measurements in 

ascending pressure levels rather than descending pressure levels. This would allow for a better 

understanding of when the N2 within the tertiary gas mixture will begin to condense. 

 

Figure 48: AC breakdown voltage as a function of pressure at a 1 mm gap distance in 
homogeneous field for pure GHe, and tertiary mixture (4 mol% H2, and 8 mol% N2 balanced 

with GHe) at 77 K 
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4.3 Discussion 

The experiments conducted on GHe and GHe mixtures have provided important 

statistically significant data on breakdown strength of the gas mixtures at various pressures 

between 0.5 MPa and 2.0 MPa at room temperature as well as at 77 K which previously did not 

exist. From this experimental data several key findings have been made which have allowed for 

progress to be made for GHe-cooled superconducting power technology. 

A comparison of the results of the breakdown strength for the hydrogen-helium mixtures 

(1, 2, and 4 mol% H2 balanced with GHe) to pure GHe, shows that there exists a linear relationship 

between H2 mol% and breakdown voltage for all the pressure levels investigated. By increasing 

mol% of H2 the breakdown strength for both AC and DC voltages increased at 0.5 – 2.0 MPa. 

 

Figure 49: DC breakdown voltage as a function of pressure at a 1 mm gap distance in 
homogeneous field for pure GHe, and tertiary mixture (4 mol% H2, and 8 mol% N2 balanced 

with GHe) at 77 K. 
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When comparing the AC and DC breakdown voltages, it can be seen that the DC breakdown 

voltages were higher by approximately 1.4 times to that of the AC breakdown voltages for each 

gas mixture and at each pressure level. This relationship is expected as the AC breakdown voltages 

are expressed as RMS values. The data shown in Figure 40 and Figure 42 suggest that the 

saturation point of the He-H2 mixtures has not been reached yet. It is expected that higher 

breakdown voltages will be achieved by further increasing the mol% of H2 in the He-H2 mixture. 

Experiments with higher H2 mol% mixtures were not performed due to the safety concerns 

associated with the flammability. By performing measurements at room temperature it allowed for 

further development of a versatile model to predict the breakdown voltage of hydrogen-helium gas 

mixtures. The room temperature data also provides useful information on the dielectric strength at 

room temperature which may be beneficial if factory acceptance testing of superconducting 

devices can be performed at room temperature. 

The experiments which have been conducted on the tertiary mixture demonstrate the 

possibility to significantly increase the dielectric strength of pure GHe with the addition of N2 and 

H2. The dielectric strength measure for the Tertiary mixture containing 4 mol% H2,  8 mol% N2 

and 88 mol% He was approximately 11 kV/mm at 0.85 MPa, 77 K which gives confidence on the 

possibility of developing a mixtures with equivalent dielectric properties of LN2 (19.7 kV/mm) at 

77 K. It should be noted that further research is still required in determining the exact pressure at 

which condensation of the N2 in the mixture occurs. Caution also needs to be taken when 

developing mixtures with N2 to ensure that the addition of the gas does not affect its practical 

application. While enhancing the dielectric strength of GHe is important it is only one aspect of a 

superconducting power device. One of the major benefits of using GHe in place of LN2 as the 

cryogen is the larger temperature operating range which allows for higher current densities to be 

achieved. The addition of N2 to GHe effectively limits the lowest operation temperature of the 

device. The other restriction placed on gas mixtures containing N2 is the maximum operating 

pressure. The heat capacity of GHe is relatively low and for a 30 m GHe cooled HTS cable a mass 

flow rate of approximately 8 g/s at (2.0 MPa) had to be employed to ensure that the temperature 

gradient across the cable system was < 5 K. It is not practical to operate a GHe cooled cable below 

2.0 MPa due to the mass flow requirement, which is linearly proportional to the operating pressure. 

Therefore condensation point of the N2 within the tertiary mixture must be in excess of 2.0 MPa 

to be a suitable cryogen for GHe cooled power cables.  
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4.4 Conclusion 

It has been shown that addition of small mol% of H2 significantly enhances the dielectric 

strength of GHe. The increase of dielectric strength is linear with mol% of H2. The dielectric 

strength of 4 mol% H2 mixture is 180% of that of pure GHe. The data presented suggest that even 

higher dielectric strength could be achieved by using the mixtures with higher than 4 mol% H2. 

Modifications of the experimental set up are underway to safely conduct measurements with 

mixtures up to 6 mol% H2, which is the close to the lower end of the flammability limit. The 

reported enhancement of dielectric strength of GHe by small mol% H2 addition offers a valuable 

solution to the voltage rating limitation of GHe cooled HTS power devices.  

It was also demonstrated that the dielectric strength of GHe can be increased by using a 

tertiary mixture containing small mol% of H2 and N2 and balanced with GHe. The tertiary mixture 

containing 4 mol% H2, 8 mol% N2, and 88 mol% He displayed approximately a 350-400% 

improvement in dielectric strength of pure GHe. While the tertiary mixture displays a higher 

dielectric strength, the introduction of N2 limits the operating temperature and pressure due to 

condensation of N2.  
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CHAPTER FIVE 

PARTIAL DISCHARGE INCEPTION VOLTAGE OF HTS CABLES IN 

GAS MIXTURES 

5.1 Introduction  

While it is important to understand the intrinsic breakdown strength of the He-H2 gas 

mixtures, ultimately it is also necessary to know how the dielectric properties of superconducting 

devices cooled by these gas mixtures are affected. As discussed in Chapter 2, partial discharge 

inception voltage (PDIV), is one of the major deciding factors of voltage ratings of HTS power 

cables that use lapped tape as the dielectric layer [84]–[88]. Lapped tape dielectric designs make 

it necessary to introduce butt gaps to ensure flexibility of the cables and minimize mechanical 

stresses on the HTS cable during cool down and warm up cycles. During the operation of HTS 

cables the cryogen occupies the space within the butt gaps and lead to partial discharge.  

 Table 5 lists some of the important HTS cable projects that have been successfully 

demonstrated with an operational voltage up to 275 kV. All the cables listed in Table 5 used LN2, 

not GHe, as the cryogen. The two 30 m long HTS cables that have been successfully tested with 

GHE as the cryogen operated at < 10 kV [116], [77]. Reasons to explain the discrepancy in the 

potential operational voltage of a GHe and LN2 cooled superconducting cable include the 

dielectric strength and relative permittivity of these materials. 

As has been stated previously, the dielectric breakdown strength of LN2 is 19.6 kV/mm in 

uniform electric field, independent of pressure and temperature as long as there are no nitrogen 

gas bubbles present [92]. The dielectric breakdown strength of GHe at 77 K and 1.0 MPa pressure 

is 4 kV/mm (AC RMS, 60 Hz) in a uniform field [93]. The dielectric strength of several materials 

used as lapped tape insulation including PPLP, Kapton and cryogen have been measured in LN2 

and GHe. The dielectric strength of these materials was in excess of 50 kV/mm. From this it can 

be seen that the component with the weakest dielectric strength is the cryogen and in the case of 

GHe the cryogen has < 10% of the dielectric strength of the typical lapped tape materials used. 

Increasing the dielectric strength of GHe would create less of a discrepancy in the dielectric 
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strength of the cryogen and lapped tape and has the potential for higher partial discharge inception 

voltages to be achieved. 

Another important parameter that needs to be studied is the relative permittivity of the 

cryogens and the materials used for lapped tape insulation. The relative permittivity of LN2 is 

1.46, GHe is 1.0, and for the materials used in lapped tape insulation ranges from 2.2-3.0 depending 

on the material. With the cryogen having a lower relative permittivity than the lapped tape leads 

to a local enhancement of the electric field within the butt gap. The enhancement of the electric 

field within the butt gap is a function of the volume of the butt gap and studies were undertaken to 

optimize butt gap designs [86], [125]. 

   The data discussed on the breakdown strengths of the hydrogen-helium gas mixtures 

showed that the mixture with 4 mol% H2 and 96 mol% He possesses 80% higher breakdown 

strength compared to pure GHe. A natural extension of the studies reported in Chapter 4 is to 

investigate if the 80% increase in breakdown strength would lead to a similar enhancement in 

PDIV for a cable using the He-H2 mixture compared to the cable using GHe. To study this 

relationship it is necessary to follow the same steps which were outlined in Section 2.8 to perform 

PD measurements on the bushing, followed by PD measurements on 1 m model cables. 

5.2 Partial Discharge Measurements on Bushing 

For the cryogenic high voltage experiments I used a bushing procured from Solid Sealing 

Technology (SST) that comes as mounted on a 4.5” conflat flange. This bushing hereafter referred 

to as the “current bushing” is rated for 70 kV and is suitable for use at 300 psi at 77 K. The current 

bushing is typically used for the dielectric characterization of gaseous and solid insulation 

materials in gaseous helium (GHe) at pressures up to 290 psig at 77 K.  The entire experimental 

setup is immersed in liquid nitrogen to ensure that the temperature of the top of the bushing remains 

at 77 K. This is necessary as the bushing is hollow and will be filled with GHe which would have 

reduced density and lower dielectric strength if at a higher temperature. While performing the 

experiments with the current bushing (shown in Figure 50) it was noticed that electrical breakdown 

occurs between the conductor and inner wall of the pressure vessel (at ground potential) at 

approximately 43 kV for GHe at 290 psig. This is currently the limiting factor for the voltage rating 

of the circuit when performing measurements in GHe. 
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5.2.1 Finite element analysis of the bushing 

A finite element analysis of the bushing design was undertaken to examine the expected 

electric field profile of the bushing within the cryostat. A 2D axisymmetric electrostatic model was 

generated for the current bushing using COMSOL Multiphysics. Certain approximations were 

made to the finite element models to reduce the complexity of the design. It was considered that 

surface flashover would occur internally between the GHe and inner cryostat wall before externally 

through the liquid nitrogen. Therefore, the grooves on the outside of the current bushing was not 

included as part of the models. It was also considered that the current bushing was made from 

porcelain and as such the relative permittivity of porcelain was assigned were applicable. A 25 mm 

 

 

(a) (b) 

Figure 50 (a) top plate with 4.5 inch bushing installed (b) bottom view of top plate showing 
distance between conductor and cryostat inner wall. 
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radius stress sphere was added to reduce the electric field at the end of the conductor. This is the 

same sized stress sphere used in the dielectric measurements on cables.  

 In developing the 2D axisymmetric model for the current bushing every effort was made to 

replicate the experimental setup that was used in the high voltage laboratory at CAPS. This 

included having the bushing connected to top plate as shown in Figure 50 (a). The model also 

included an extension rod which has been added to the bushing to make it easier to connect 

experiment setups to the bushing. This extension rod is made of stainless steel and can be seen in 

Figure 50 (b). The current bushing model is shown in Figure 51. 

 

    Figure 51: 2D – axisymmetric model of current bushing setup. 



98 
 

The relative permittivity for the materials used in the current bushing model can be seen in Table 6. 

A nominal 1 kV was applied to the conductor and stress sphere. The pressure vessel was 

set to ground potential. The associated boundary conditions can be seen in Figure 52. 

The mesh settings which were applied to the current bushing model are summarized in 

Table 7. 

Table 6: Relative permittivity values 

Relative Permittivity Value Applied to component 

Liquid Nitrogen 1.43 Outside of pressure vessel 

Porcelain  5.0 Bushing 

 

 
 

(a) (b) 

Figure 52: (a) 1 kV electric potential applied to the model. (b) grounded potential applied to 
the model 
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The electric potential of the current bushing model can be seen in Figure 53.  

Table 7: Mesh settings 

Description Value 

Predefined Size Extremely Fine 

Maximum Element Size 7 

Minimum Element Size 0.014 

Average Element Quality 0.9649 

Triangular Elements 8406 

Edge Elements 726 

Vertex Elements 44 

 

Figure 53: Electric field profile of current bushing model 
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Figure 53 shows that the conductor is at 1 kV and the pressure vessel is at 0 V which is the 

expected result. The electric field of the current bushing model is shown in Figure 54.  

From Figure 54 it can be seen that the highest electric field is 0.1646 kV/mm and occurs 

between the bushing and conductor. This area of the model can be seen in greater detail in Figure 

55. 

 

Figure 54: Electric field of current bushing model 
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5.2.2 Partial Discharge Measurements  

Partial discharge measurements were carried out on the SST bushing in GHe at 0.5 MPa, 

1.0 MPa, 1.5 MPa and 2.0 MPa. The entire pressure vessel was immersed in liquid nitrogen and 

sufficient wait time was incorporated into the test protocol to ensure the bushing, the gas was at 

stable 77 K.  The SST bushing was mounted on a 4.5” ConFlat flange which is subsequently 

mounted on a 10” to 4.5” zero length reducer plate. The SST bushing is shown in Figure 50 (a). 

It could be seen from the data shown in Figure 56 that for all pressure levels the PD started 

in a very sudden manner and increased sharply. Two sets of partial discharge measurements were 

carried out at each pressure level with a 5 minute wait time between each set of measurements. A 

5 minute wait was selected as this is the amount of time we typically wait when doing breakdown 

 

Figure 55: Close up view of the electric field profile of current bushing model 
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results for gas mixtures. Further, Figure 56 demonstrates that the PDIV is a function of the 

operating pressure and as the pressure reduces so does the PDIV.  

Following the characterization of the bushing and concluding that the bushing itself does 

not show PD up to approximately 25 kV (Figure 56), the PDIV behavior of a 1 m model cable 

were conducted.   

5.3 Partial Discharge Measurements on 1 m Cable in Helium Gas Mixture 

A 1 m long test cable was fabricated with lapped tape insulation as the solid dielectric 

medium similar to the cables described in [114]. The cable layout and experimental setup is shown 

in Figure 57. As can be seen in Figure 57, stress cones and a stress sphere were included applied 

to the cable to ensure a smoother electric field at terminations. The shield layer of the cable was 

connected to the top plate of the pressure vessel which was at ground potential. 

 

 

Figure 56: PD data obtained on the current bushing in GHe at 77 K 
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The pressure vessel was initially filled with 4 mol% H2-He mixture at 2.0 MPa and 77 K 

adopting the pumping and flushing cycle sequence as described above. The voltage applied to the 

cable was gradually increased in steps of approximately 300 V and the apparent charge of the cable 

was measured in picocolumbs (pC). The voltage applied to the cable was increased until the 

measured apparent charge reached 20 pC. PDIV of the cable was defined as the voltage when the 

apparent charge reached the threshold value of 10 pC. Measurements were recorded up to 20 pC 

to ensure there was no fluctuations in measurements as well as to get a better understanding of the 

shape of the partial discharge curve of the cable whilst not causing any significant deterioration to 

 
 

(a) (b) 

Figure 57: (a) 1 m model cable used in the partial discharge measurements and (b) the cable 
layout [122]. 
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the cable insulation. Several measurements were performed at each pressure level between 

2.0 MPa and 0.5 MPa. The same experimental procedure was then repeated on the cable in GHe.  

A summary of the PDIV data of the 1 m cable in pure GHe and 4 mol% H2He mixture in 

the pressure range 0.5 to 2.0 MPa at 77 K is shown in Table 8. A comparison between the PD 

curves for the pure GHe and 4 mol% H2 mixture at 2.0 MPa at 77 K is shown in Figure 58.  

5.4 Discussion 

The finite element analysis and partial discharge measurements performed provides vital 

information on the characteristics of the current bushing used for the high voltage measurements 

at cryogenic temperatures. This knowledge gained allowed me to recognize the limitations of the 

 

Figure 58:  Apparent charge versus applied voltage in the partial discharge measurement of a 
cable at 2.0 MPa in pure GHe and 4 mol% H2 in GHe at 77 K [122].  
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experiment setup that I needed to consider when performing the experiments or in designing new 

experiments. As the current bushing is the limiting factor for the circuit when completing 

measurements  

The PDIV measurements on the model cable suggest that the 80% increase in breakdown 

strength of the 4 mol% H2 mixture did not result in same level of increase in PDIV of the cable. 

The PDIV of the cable increased only by approximately 20-25%. It should be noted that the cable 

did not behave as expected in the pure GHe as the PDIV values were similar at the 1.5, 1.0 and 

0.5 MPa. Typically PDIV of a cable is a function of the operating pressure which could be seen in 

the PDIV results of the cable in the 4 mol% H2 mixture as well as the PDIV measurements of the 

bushing. More statistically significant PDIV data on several cables in pure GHe and 4 mol% H2 

mixture would lead to a greater understanding on the benefits of using He-H2 mixtures when used 

as the cryogen in HTS cables. 

It was hoped that further statistical data would be collected using 1 m model cable that 

were fabricated using PPLP and Kapton lapped tape insulation. Inherent design flaws with these 

cables meant that PDIV occurred at relatively low voltages < 3 kV (2.0 MPa, GHe) which would 

Table 8:  PDIV measurements of a cable in GHe and 4 mol% H2 mixture at 77 K [122] 

Gas Type Pressure 

(MPa) 

PDIV Measurement 

1 (kV) 

PDIV 

Measurement 2 

(kV) 

PDIV Measurement 

3 (kV) 

Pure GHe 2.0 5.8 5.6 6.1 

1.5 4.5 4.5 4.9 

1.0 4.8 4.4 4.7 

0.5 4.9 5 5 

4 mol% H2 

mixture 

2.0 7.1 6.9 7.2 

1.5 6.8 6.8 6.9 

1.0 5.8 6 5.6 

0.5 4.3 4.1 4.2 
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have made it difficult to conclude on the relative PDIV behavior of the cables in GHe and He-H2 

mixtures. 

One of the areas of research which will be further explored and continued to be developed 

is the comparison of the PDIV of 1 m cables using GHe and the 4 mol% H2 mixture.  

5.5 Conclusion 

The comparison of partial discharge inception voltage data of a HTS cable in pure GHe 

and the mixture with 4 mol% H2 suggests a significant improvement, but the results are 

inconclusive on the actual level of enhancement because of the quality of the measured cable. 

Additional 1 m model cables were constructed using Kapton and PPLP, however inherent design 

flaws meant that PDIV was observed at voltages too low to give an accurate representation of the 

improvement of PDIV of using the 4 mol% H2 mixture instead of GHe. Further experiments are 

still required in this area to fully qualify and quantify the potential dielectric benefits in using the 

4 mol% H2 mixture instead of GHe as the cryogen for superconducting power cables. By 

performing PD measurements on the high voltage bushing it was demonstrated that the PDIV was 

approximately 25 kV at 2.0 MPa. Knowing the PD characteristics of the bushing is a necessary 

requirement to know if the observed data from the PD measurements are from the experiment 

setup or from the device under test such as the model cables. 
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CHAPTER SIX 

SUPERCONDUCTING CABLE WITH INDIVIDUALLY INSULATED 

SUPERCONDUCTING TAPES FOR GASEOUS HELIUM COOLED 

APPLICATIONS 

6.1 Background 

There are a limited number of dielectric materials that have been utilized for electrical 

insulation of high temperature superconducting (HTS) cables that operate at cryogenic 

temperatures [9]. For gaseous helium (GHe) cooled HTS cables, a cold dielectric design is 

preferred, in which electrically insulated HTS power cables are in a grounded cryostat [126]. In 

this design, the insulation must operate at cryogenic temperatures. However, most traditional 

electrical insulation materials are not compatible with a cryogenic environment because they are 

polymeric materials and are brittle at cryogenic temperatures. Besides the brittleness, there is a 

large difference in the coefficient of thermal expansion (CTE) between the insulation material and 

the metallic and ceramic components used in HTS cables [87]. This mismatch in CTE causes 

significant mechanical stresses on the HTS tapes leading to a degradation of the superconducting 

properties. Furthermore,  the mechanical stress can cause delamination and voids in the insulation, 

which affects the dielectric integrity of the cable system [7]. To circumvent the mechanical issues, 

lapped tape insulation has been used with CryoFlexTM or Polypropylene laminated paper (PPLP) 

as insulation materials [84], [98], [116], [127]. 

The lapped tape insulation is helically wrapped in multiple layers on the cable.  The butt 

gaps, that are inherent to such a design,  allow for the insulation material to contract and slide at 

cryogenic temperatures without causing excessive stresses in the cable [9], [128]. These butt gaps 

remain present after cooling to cryogenic temperatures, and allow for bending and coiling of the 

HTS cable [80]. During operation, GHe fills the butt gaps and causes partial discharge at relatively 

low voltages (10-15 kV) which can gradually degrade the insulation material and reduce the 

lifetime of the cable [86], [88]. Thus the partial discharge inception voltage (PDIV) is the primary 
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factor that limits the nominal/rated cable voltage of HTS cables. PDIV typically occurs at a voltage 

significantly lower than the intrinsic breakdown voltage of the cable [77]. 

In an attempt to identify alternative dielectric materials and designs for GHe cooled HTS 

power cables, a study has been undertaken on using heat shrink tubing to insulate individual HTS 

tapes of cables. Heat shrink was thought as a potential dielectric for HTS power cables, as it has 

been successfully used as turn-to-turn insulation for HTS magnet coil applications [129].  

The primary motivation for insulating each tape individually with heat shrink was to 

circumvent the need for butt gaps; since the mechanical stress due to CTE mismatch was expected 

to be insignificant due to the thin walls of heat shrink tubing. This paper describes the selection 

criteria implemented in finding suitable heat shrink materials, heat shrink properties, dielectric 

measurements in LN2 on individual HTS tapes insulated with heat shrink, and the fabrication and 

dielectric characterization of 1 m long model cables insulated with commercially available 

Polyethylene Terephthalate (PET) heat shrink.  

6.2 Heat Shrink Selection Criteria 

6.2.1 Material Selection 

Many types of polymers are commercially available in heat shrink form. To identify the 

potential materials suitable for insulation of HTS tapes and cables, a selection criteria matrix was 

established. In developing the criteria, several electrical and mechanical characteristics were taken 

into consideration, including shrink temperature, dielectric strength, relative permittivity, volume 

resistivity, CTE, and thermal conductivity. A comparison of these properties at room temperature 

was performed for Polytetrafluoroethylene (PTFE), Fluorinated Ethylene Propylene (FEP), 

Polyether Ether Ketone (PEEK) and Polyethylene Terephthalate (PET), with the results shown in 

Table 9. 

Table 9 indicates that PTFE, FEP and PEEK have a shrink temperature greater than 175°C, 

which is the maximum allowable for most bonded HTS tapes. Exceeding this temperature causes 

the HTS tape to delaminate and damage the HTS layer. Therefore, only the PET heat shrink was 

selected for further investigations.  
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6.2.2 Heat Shrink Specifications 

PET heat shrink is commercially available in varying diameters and wall thicknesses [130]. 

After consultations with the supplier, it was discovered that the best results for a uniform finish 

are obtained by using a heat shrink circumference that is about 15% larger than the HTS tape 

circumference resulting in a shrink ratio of marginally less than 15%. Comparing the 

circumference of the HTS tape (10.3 mm) to the circumference of the heat shrink tube, it was 

determined that a heat shrink must have a maximum expanded internal diameter of 3.85 mm. A 

heat shrink with expanded internal diameter of 3.6 mm was chosen as it allowed for a shrink rate 

of 7.8% and also it has variety of wall thicknesses available in 6.35, 12.7, 19.05, 25.4, 50.8 and 

76.2 μm, increasing linearly from 0.5 to 6 times of 12.7 μm.   

The primary reason for using several wall thicknesses is to establish a relationship between 

the wall thickness and the breakdown voltage.  Another reason to examine several wall thicknesses 

Table 9: Important properties for selected heat shrink materials 

Material Shrink 

Temp 

(°C) 

Dielectric 

strength 

(kV/mm) 

Relative 

permittivity 

CTE  

(µm/m-K) 

Thermal 

conductivity 

(W/m-K) 

PTFE 346-354 7.44-24.02 2.1 126-180 0.167-0.3 

FEP 204-216 19.69-78.74 2-2.1 100-135 0.19-0.25 

PEEK 330-360 19.96 2.2-2.8 47 0.25 

PET 85-190 17 3.3 59.4 0.15 

Ideal Heat 

Shrink 

< 175 As high as 

possible 

1 10-20 As high as 

possible 
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was to determine if multiple layers of a thinner heat shrink are dielectrically and mechanically 

equivalent to a single layer of a thicker heat shrink with the same total thickness. To obtain initial 

data, experiments were undertaken on individually insulated HTS tapes in LN2. LN2 was selected 

as it allows for evaluating many samples in quick sequence to build a set of statistically relevant 

data in relatively short time. Subsequently, electrical breakdown experiments were conducted in 

GHe. Second Generation (2G) HTS tapes were used in the experiments.  

6.3 Measurements on Insulated HTS Tapes in LN2 

6.3.1 Sample Preparation 

Substantial effort went into the development of a reliable and reproducible method to apply 

heat shrink to HTS tapes without introducing air pockets or wrinkles. A convection oven with 

upgraded digital thermostat was used in the preparation of the insulated tape samples to provide 

the entire tape specimen with uniform temperature. Samples were placed in the convection oven 

for 10 minutes at 100°C, which was sufficient time for heat shrink tube to shrink. It was found that 

fixing the heat shrink in place at both ends of the HTS tape restricted the heat shrink from shrinking 

longitudinally, which otherwise can lead to wrinkles. The 3.6 mm inner diameter heat shrink with 

wall thicknesses of 12.7, 25.4, 50.8 and 76.2 μm were selected for measurements as 1, 2, 4 and 6 

times of thinnest shrink tube (noted as 1X, 2X, 4X and 6X). Samples were prepared with 1, 2 and 

3 layers of heat shrink with each thickness. In total 12 types of samples were prepared, with each 

sample consisting of 8 cm of heat shrink tubing being shrunk onto a 15 cm long HTS tape with the 

same dimensions of the HTS tape previously mentioned. The 8 cm length of the insulated section 

of the samples was long enough to perform three breakdown voltage measurements on each sample 

by sliding it to a section of unused insulation surface after each measurement.  

6.3.2 Experimental Setup 

To characterize the dielectric properties of the various wall thicknesses of the heat shrink, AC 

breakdown measurements were performed at 77 K in a LN2 bath. These measurements were 

performed by placing the insulated tape sample between two 25 mm diameter uniform field 

electrodes (geometry similar to Bruce profile [93]). Sufficient cooling time was allowed for the 

samples to reach a uniform temperature of 77 K before the measurements were performed. The 

electrodes were both connected to the high voltage power supply. The pair of electrodes creates 



111 
 

an electric field between the electrode surface and the tape, which was at ground potential. The 

breakdown could occur on either side of the insulated tape sample since the electric field profile 

is symmetric. A ground wire was soldered onto the non-insulated section of the sample as shown 

in the experiment setup depicted in Figure 59. 

. 

The voltage being supplied to the electrodes was manually increased in steps of 300-500 V 

until breakdown occurred. Once breakdown occurred, the sample was examined and repositioned 

to allow for a breakdown measurement of the next unused section.  

6.3.3 Results 

The results of the breakdown voltage measurements on tape samples in LN2 are shown in 

Figure 60 for four heat shrink materials for up to three layers. 

Figure 60 shows that breakdown voltage of the heat shrink is a function of the wall 

thickness. The breakdown voltage increased with the heat shrink thickness; however, this 

relationship is not linear. From the comparison of the breakdown voltages of the 2X and 4X 

samples, use of 2 times thicker heat shrink did not result in improving breakdown voltage by 2 

HTS Tape

Heat Shrink

[LN2]

Electrodes

[G-10]

H.V. AC 

Source

 

Figure 59: A schematic of the experiment setup used for breakdown voltage measurements 
on insulated tape in LN2. 
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times. Figure 60 also shows that multiple layers of a thinner material (e.g. 2 layers of 2X heat 

shrink) had similar breakdown voltages to fewer layers of a thicker heat shrink (e.g. 1 layer of 4X 

heat shrink).  

Visual inspection of the spots of breakdown piercing locations allowed two important 

observations. The first observation was that the breakdown hole typically occurred in the center of 

the HTS tape. This suggests that the heat shrink insulation is thicker on the edges where the higher 

electric field exists. The second observations was that the multiple layered samples showed 

evidence of electrical treeing, a sign of partial discharge occurring before the actual breakdown as 

seen from the streaking marks (Figure 61).  

Figure 61 suggests that voids were present between the layers of the heat shrink. Therefore, 

a single layer of heat shrink with wall thickness of 76.2 µm (6X) is preferred from a dielectric 

point of view and needed to be further examined for the development of 1 m HTS model power 

cables.  

 

Figure 60:  AC breakdown voltages of small scale samples in LN2 
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6.4 Model Cables with Heat Shrink Insulated HTS Tapes 

6.4.1 Background  

Two slightly different HTS tapes were used to make two model cables. The dimensions of 

these tapes are shown in Table 10. 

As listed in Table 10, the circumference of the two new HTS tapes were slightly smaller 

than the previous HTS tape used. In keeping with the recommendations made by the supplier, heat 

shrinks with <15% shrink ratio were initially selected for both materials. However, there was 

excessive friction between the heat shrink and HTS tapes when applying the heat shrink on 1 m 

samples. This complicated the process of applying heat shrink increased the possibility of 

damaging the HTS tape or the heat shrink. It was therefore decided to use the next greater available 

inner diameter of the heat shrink tubing. For Tape 1, a 4.06 mm inner diameter heat shrink was 

 

Figure 61:  Optical micrograph of the damage after an AC breakdown event of a sample 
with multiple layered heat shrink. 
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used and for Tape 2, a 3.56 mm heat shrink was used. The shrink ratio for both combinations of 

HTS tape and heat shrink resulted in a shrink ratio of 25%. As the shrink ratio exceeded the 

recommended 15% shrink ratio it was decided to verify the electrical properties of these heat 

shrinks before beginning fabrication of the model cables. AC and DC breakdown measurements 

were performed on both types of HTS tape as well as PD measurements. The measurements were 

performed using the same method (outlined previously). The results of these measurements are 

summarized below in Table 11. 

Table 11 shows that the AC and DC breakdown voltages are similar for both HTS tapes. 

This suggests that the breakdown voltage is dependent on the wall thickness of the heat shrink and 

not the geometry of the HTS tape. The PDIV values in Table 11 were defined as when the apparent 

charge exceeded 10 pC. For both HTS tapes, the apparent charge sharply rose in excess of 10 pC 

when ramping up the voltage. The occurrence of PD before breakdown shows that there are only 

Table 10: Dimensions of HTS tapes used in 1 m model cable fabrication 

 

HTS Tape Width Thickness Circumference 

Tape 1 4.4 mm 0.4 mm 9.6 mm 

Tape 2 4 mm 0.2 mm 8.4 mm 

Table 11:  Electrical properties of small scale samples in LN2 

 

HTS tape Average AC 

breakdown voltage 

(kV) 

Average DC 

breakdown voltage 

(kV) 

Average PDIV (kV) 

4.4 mm 7.6 15.1 5.5 

4 mm 7.6 14.1 5.2 
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small voids present in between the HTS tape and heat shrink since voids of significant size inside 

the heat shrink material are unlikely. 

6.4.2 Fabrication of Heat Shrink Model Cables 

Four model cables were fabricated; two for each of the HTS tapes. For both cables, a pitch 

angle of 25° was selected and a solid copper former with a diameter of 15.9 mm was used. This 

resulted in a cable with one layer of 10 insulated tapes for the 4.4 mm HTS tape and 11 tapes for 

the 4 mm HTS tape. A single layer design was selected as it allowed for the dielectric properties 

of the heat shrink to be characterized without needing long lengths of HTS tape (Figure 62 (a)). It 

is possible to create a HTS cable with multiple layers of HTS tape, with only the outermost layer 

insulated. Only the outer most layer of the HTS tapes need insulation as all the layers would be at 

the same voltage potential (Figure 62 (b)).  

 

It was planned to have all model cables be 1 m long, but a shortage of Tape 2 material 

meant that these cables had to be reduced to 90 cm in length. Reducing the effective length of the 

cables using Tape 2 would not affect the dielectric measurements performed on the cable and still 

allowed for two cables to be fabricated. 

Hot air from a “heat gun” was applied to shrink the heat shrink onto the HTS tapes. The 

hot air was directed along and around the tape to ensure a smooth finish, which was free of any 

visible voids. Helically wrapping the heat shrink insulated HTS tape on the copper former was 

 
 

(a) (b) 

 

Figure 62: Cross sectional heat shrink insulated HTS cable with a single layer (a) and three 
layers (b) respectively. 
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completed without any damage occurring to the HTS tapes. This demonstrated that the bending 

properties of the 6X heat shrink are suitable for fabricating the cable. 

To ensure that the HTS tapes are at the same voltage potential as the cable former, part of 

the heat shrink was removed from both ends of the HTS tapes. Both uninsulated sections of the 

HTS tapes were soldered onto the copper former. On completion of soldering the HTS tapes onto 

the former, stress cones were added onto each end of the cables. The stress cones were made from 

a PET sheet, which had the same thickness as the heat shrink (76.2 µm). A semi-conductive layer 

and shield layer were then added to the cable. Butt gaps were introduced to both the semi-

conductive and shield layers to ensure no excessive mechanical stress was applied to the heat 

shrink insulated HTS tapes during the cooling cycle. The cable layout can be seen in Figure 63. 

6.4.3 Experiment Setup 

To characterize the dielectric properties of the heat shrink insulated HTS cables, AC 

breakdown and PD measurements were conducted in a high purity GHe environment at 77 K. The 

model cables were installed within a pressure vessel. The cable was connected to a high voltage 

 

Figure 63:  A sketch of one of the stress cones built for measuring the model cable with 
heat shrink insulated tapes (not to scale and pitch angle exaggerated). 
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bushing installed on the top flange of the pressures vessel. A 25 mm stress sphere was connected 

to the bottom end of the cable to minimize the electric field at the cable termination. A ground 

wire was attached to the shield layer of the cable and was connected to the inside of the pressure 

vessel which was at ground potential (Figure 64).  

Care was taken to minimize impurities in the gas environment since they could freeze in 

small cavities inside the cable insulation. To ensure the high purity of the setup, several cycles of 

pumping and purging were carried out as outlined in Chapter 3.  

After establishing a high purity gas environment, the pressure vessel was immersed in LN2 

and pressurized with 2.0 MPa of research grade GHe at 77 K. Adequate time was given to allow 

the experiment inside the vessel to reach thermal equilibrium at 77 K as ensured by the constant 

pressure in the vessel before conducting the measurements. 

 

Figure 64:  A schematic of the experimental setup used for breakdown voltage 
measurements on the model cable in 2.0 MPa GHe at 77 K. 



118 
 

AC partial discharge measurements were performed on the 1 m model cables by connecting 

a 100 kV, 7.5 kVA AC transformer to the high voltage bushing mounted on the pressure vessel. A 

high voltage capacitor was used to record the partial discharge activity of the cable. The voltage 

was increased in steps of approximately 300 – 500 V with the apparent charge being recorded at 

each voltage step. Initially, it was planned to complete PD measurements at several pressure levels; 

however, this did not occur due to lacking dielectric quality of the cable insulation.   

6.4.4 Results 

AC partial discharge measurements were completed on the four model cables at 2.0 MPa 

in GHe at 77 K. Unfortunately, breakdown of the cable insulation occurred suddenly without the 

partial discharge measurements giving any indication of insulation deterioration. Therefore partial 

discharge measurements at additional pressure ranges could not be performed. A summary of the 

AC breakdown voltages for the heat shrink model cables can be seen in Table 12. 

On completion of the AC breakdown measurement the cables were removed from the 

pressure vessel and dissected. Dissection of the model cables showed that breakdown had occurred 

near the center part of the cable far from both stress cones. For the four model cables breakdown 

had occurred at various locations on the HTS tape including the edge, center and in between two 

HTS tapes. 

6.5 Discussion 

Table 12 shows that the AC breakdown strengths of the model cables are significantly 

lower than the AC breakdown voltages of the individual HTS tape samples found in Table 11. This 

                    Table 12: AC breakdown measurements of heat shrink model cables 

HTS tape Cable 1 AC breakdown voltage (kV) Cable 2 AC breakdown voltage 

(kV) 

4.4 mm 1.8 1.8 

4 mm 1.0 1.4 
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discrepancy might be due to different electric field stress caused by variations in the experimental 

set up and the fabrication process for individual HTS tapes and model cables.  

Firstly, the two experiments were performed in two different types of electric fields. The 

individual HTS tapes had AC breakdown measurements performed with the sample placed in 

between two electrodes, which ensured a uniform electric field. However, the electric field 

experienced by the HTS tapes in the model cables is similar to a coaxial electric field. The 

breakdown of a dielectric material is highly governed by local electric field.  Finite element models 

(FEM) to observe the electric fields for both cases were not developed because thickness and shape 

of the heat shrink tapes cannot be accurately modelled after being applied to the HTS tape. As 

mentioned previously the location of the AC breakdown measurements on the individual HTS 

tapes suggested that the heat shrink insulation is thicker on the edges. The details of geometry of 

heat shrink on HTS tapes to develop FEM model is beyond the scope of this research.  

Secondly, breakdown voltage of the heat shrink may have been influenced by the cryogen 

used. Both experiments were performed at 77 K; however, LN2 was used for the individual HTS 

tapes and GHe was used for the model cable.  In the measurements on individual HTS tapes, partial 

discharge was recorded which suggests there were voids between the heat shrink and HTS tape. 

These voids would have been filled with the cryogen during the experiment. The relative 

permittivity of LN2 (1.45) is a closer match to PET (3.3) than that of GHe (1.0). The dielectric 

strength of LN2 is also vastly superior than GHe. Therefore, the LN2 may have added additional 

dielectric strength to the heat shrink, while reducing the electric field enhancement in the voids, 

which resulted in a higher AC breakdown voltage when compared to GHe.   

Thirdly, an additional factor lies in the difference in fabrication process for individual 

samples and model cables. For the individual HTS tape samples a convention oven was used to 

ensure a uniform temperature gradient was applied to the heat shrink while shrinking onto the HTS 

tape. For the model cable, hot air from a heat gun shrunk the heat shrink tube onto the HTS tape. 

This process to apply the heat shrink onto the HTS tape does not completely guarantee a uniform 

temperature field along the length of the sample, which may have increased the possibility of 

introducing small voids. Once the HTS tapes for model cable were prepared, they were wrapped 

helically onto a former and had a semi-conductive layer, shield layer and stress cones built on top 

of them. This additional  handling of the heat shrink insulated HTS tapes increased the probability 
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of imperfections being introduced to the heat shrink surface, which may have reduced the dielectric 

strength of the cable. 

Fourthly, the size of the samples measured also has to be taken into consideration. For the 

individual HTS tape sample the electric field applied to the HTS tape was essentially the diameter 

of the electrodes (25 mm). For the model cables there was in excess of 10 m of heat shrink 

insulated HTS tape on each cable. Having overall a larger area covered by heat shrink insulation, 

the probability of introducing defects in the insulation in the form of voids or physical damage due 

to handling and stress is greater. Also, the model cable design effectively had multiple heat shrink 

insulated HTS tapes being tested at the same time. As the cable was being cooled to cryogenic 

temperatures, friction between two tapes might damage the insulation in contact. For one of the 

model cables breakdown was observed between two HTS tapes, which may have been a result of 

excessive friction.   

Finally, the most noteworthy limiting factor for the AC breakdown strength of the model 

cables measured was the wall thickness of the heat shrink itself.  The dielectric strength of PET 

was reported in Table 9 as 17 kV/mm. Only a single layer of heat shrink with wall thickness of 

76.2 µm was used as the entire insulation of the cable. While the effective thickness of the heat 

shrink after shrinking is not known, an AC breakdown voltage of 1.2 kV is within the expected 

voltage range for PET with this thickness. If a PET heat shrink with a thicker wall thickness was 

used, a higher AC breakdown voltage should be observed. However, increasing wall thickness of 

the heat shrink requires in-depth consideration since excessive mechanical forces on the HTS tape 

and poor heat transfer will be also accompanied.  

6.6 Conclusion 

The dielectric design of HTS cables involving individual insulated HTS tapes is presented. 

Polyethylene Terephthalate (PET) heat shrink was used as the dielectric material with a systematic 

sizing criteria. The idea of individual insulated tapes has benefits in large scale applications 

because this technique lends itself to continuous manufacturing process using several of the 

coating techniques available. The dielectric characteristics of insulated HTS tapes as well as the 1 

m long model cables were measured at 77 K in liquid nitrogen and gaseous helium environment.  

A comparison of the dielectric characteristics of tapes with single layer of thicker insulation with 

multiple layers of thinner insulation showed similar breakdown strength, but the single thicker 
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layer is better for preventing trapped gas between the layers that could cause partial discharge at 

lower voltages. The initial assumption that multiple layers of thinner heat shrink result in improved 

bending properties compared to a single thicker heat shrink could not be confirmed. It was 

observed during the fabrication of the model cables that tapes with a thicker heat shrink could be 

helically wrapped onto the former without damaging the HTS tapes and are therefore preferred in 

the design of HTS cables. 



122 
 

CHAPTER SEVEN 

SUPERCONDUCTING GAS INSULATED TRANSMISSION LINE 

7.1 Background 

It is envisioned that High Temperature Superconducting (HTS) power cables would replace 

conventional cables in applications where space and weight savings are critical design criteria [9]. 

HTS power cables for generic utility applications are expected to operate in 65-75 K temperature 

range in pressurized and subcooled liquid nitrogen (LN2). In situations where significantly higher 

power densities (both volumetric and gravimetric) are required, it is necessary to operate HTS 

cables at temperatures lower than the LN2 range.  In some specialized applications with multiple 

superconducting devices cooled with a single stream of cryogen, it is necessary to set the operating 

temperature of some devices significantly below 77 K to accomplish system level optimization 

[26].  Gaseous helium (GHe) circulation has been demonstrated as a viable option for cooling HTS 

power cables [98], [127], [131]. GHe has a lower dielectric strength compared to LN2, thus 

limiting the voltage rating of power cables [92], [93]. Part of the focus of this research is to address 

the dielectric challenges and find solutions to mitigate this limitation of GHe. As discussed in 

Chapter 4, one of the promising solutions devised was to add small mole fractions of Hydrogen to 

GHe to enhance the dielectric strength of the gas medium. It was shown that a 4 mol% H2 and 

96 mol% He mixture possesses about 80% higher AC and DC breakdown strength compared to 

pure GHe at various pressure levels at 77 K [119], [122].  

Whilst the addition of hydrogen to GHe improved the dielectric properties of the coolant, 

it should be noted that typically a GHe cooled HTS cable is limited to voltages below the partial 

discharge inception voltage (PDIV) of the insulation system consisting of a solid insulation and 

GHe. The most common dielectric design for HTS cables is lapped tape insulation. The lapped 

tape is helically wrapped around the HTS cable to provide the insulation between HTS cable and 

an outer shield layer, which is kept at ground potential. During the wrapping of the lapped tape, 

butt gaps are introduced to avoid excessive mechanical stresses to the HTS tapes during the thermal 

cycling between room temperature and the operating cryogenic temperature. The butt gaps remain 

present after the HTS cable has been cooled to the cryogenic operating temperature to allow for 
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mechanical flexibility. However, the butt gaps also result in PDIV occurring at a significantly 

lower voltage than the intrinsic breakdown strength of the lapped tape material. Partial discharge 

(PD) occurs in the butt gaps as it is filled with the gaseous cryogen used in the cable, which 

typically has a lower permittivity than the tape material and creates a local enhancement of the 

electric field [87]. Once PD begins in the butt gap it can be sustained causing deterioration of the 

lapped tape reducing the life of the cable system [88]. Therefore, a cable must operate below its 

PDIV to prevent irreversible damage to the lapped tape insulation. 

To take advantage of the higher dielectric strength of H2-He gas mixtures and to eliminate 

the need for unfavorable solid dielectric lapped insulation, an innovative gas insulated HTS cable 

design has been being proposed. This is the first time that an HTS cable design is presented with 

a gaseous cryogen functioning as both the dielectric medium and the coolant.  

Regardless of the cryogen used, the elimination of the solid dielectric medium on the cable 

helps in improving the heat transfer between the cable and cryogenic fluid flow and improves the 

cryogenic thermal aspects of the cable, particularly in situation where the cable is operated close 

to its power ratings or during a quench. Additionally this design reduces the pressure drop along 

the cable. This new design also offers a significant benefit in HTS DC cables by reducing the 

possibility of space charge accumulation because the cryogen is continuously circulated through 

the cable system; accumulation of space charge is a significant problem in superconducting DC 

cables that operate at cryogenic temperatures. This new idea of using the cryogen as the dielectric 

is similar to room temperature gas insulated transmission lines (GIL) which utilize the superior 

dielectric properties of SF6 [132], [133]. It should be noted that the pressurized helium gas at 

cryogenic temperatures results in a gas density almost as high as SF6 at typical GIL pressure levels. 

When developing a new cable design, it is important to gain as much background 

information as possible. As mentioned above, GIL designs are electrically similar to the proposed 

S-GIL, therefore I conducted literature review on the development of GIL and find similarities 

which are consistent with the proposed S-GIL. A S-GIL cable is an intricate design consisting of 

multiple components. While the exact design of these components still need to be determined it is 

useful to describe role these components in the overall system. The main design factors that need 

to be considered when implementing a superconducting gas insulated cable (S–GIL) design and 

the results of proof of concept experiments conducted in GHe and 4 mol% H2 He gas mixture will 
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also be discussed. For simplicity only a single phase S-GIL is discussed, although there is the 

possibility to expand this setup to have multiple cables within the same cryostat. 

7.2 Components of a S-GIL 

There are many variables to consider when developing the S-GIL design. Figure 65 

provides a schematic including the key components of the S-GIL design and Table 13 provides an 

overview of the parameters of the component incorporated in the S-GIL design. 

 

  

 

Figure 65: Schematic detailing the main components of a S-GIL design 
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Table 13: Overview of the main components of a S-GIL design 

Component Description 

Superconducting 

cable 

 For this iteration of the S-GIL a single phase cable is 
envisioned which is able to meet the US Navy’s preference 
for a 12 kV DC cable.  

 The diameter of this cable should allow for the optimized 
ratio between cryostat and cable radii to be achieved 

 The flexibility and mechanical properties of potential cable 
designs should be listed 

Cryostat  The cable should be installed in a cryostat with an inner 
diameter of either 30 mm or 39 mm.  

 The construction of the cryostat can be either flexible or rigid.  

 Bend radius of different cryostat configuration is of 
importance 

Cryogen  The cryogen will be a gaseous mixture which needs to be 
circulated at a high flow rate (8 g/s).  

 The dielectric strength of the cryogen will be a determining 
factor in the voltage rating for the S-GIL. Predominately the 
cryogen used will be helium gas with the potential to add 
small mol% of hydrogen and/or nitrogen to increase the 
dielectric strength 

 Cable design will need to take into consideration the inlet and 
outlet for the cryogens 

Spacer  The spacer is a crucial design element which allows the 
superconducting cable to remain concentric to the cryostat 

 The spacer needs to be able to withstand the electrical and 
mechanical stresses which will be experienced during 
operation without impeding the flow of the cryogen. 

Terminations  The terminations provide a connection between room 
temperature devices and the S-GIL 

 Terminations are also a place of high electric field and special 
consideration is necessary for this section of the cable 
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7.3 Lessons Learned from GIL 

7.3.1 Difference between GIL and S-GIL 

While many parallels can be drawn between GIL and S-GIL, there are some major 

differences between the two technologies that need to be addressed. These differences include 

insulating gas, and operating parameters.  

Gas insulated technology was first incorporated into electrical substations during the late 

1960s and is still widely used today. The development of GIL was based on the dielectric 

properties of sulfur hexafluoride (SF6) and it was envisioned that GIL technology could be used 

for long distance high voltage DC transmission. Early research on DC GIL was problematic due 

to the occurrence of space charging of insulators or surface charges on insulator surfaces. These 

physical phenomena were new and not fully understood then. Since then further studies have been 

completed on space charge and potential ways to minimize its effects [134]. 

SF6 is a strong electronegative gas and as such provides a corona stabilizing feature which 

leads to a high insulating capability. The corona stabilizing effect allow SF6 to capture free moving 

electrons as well as to form a corona cloud around areas with a strong inhomogeneous field [134]. 

Whereas, helium is a noble gas, which does not possess electronegativity and is not considered to 

be an ideal dielectric gas at room temperature due to its cost and lower insulation capabilities. 

GIL applications operate at room temperature and typically up to pressures of 0.8 MPa, 

whereas S-GIL could operate at cryogenic temperatures (50-80 K) and up to pressures of 2.0 MPa. 

For GIL applications the gas supply is stagnant and gas circulation is only through natural 

convection caused by heat generated from the conductor and surrounding environment. For the S-

GIL, a continuous flow of gas is required to ensure the necessary cryogenic operational 

temperature, with a significant flow rate. 

While the operating temperatures, pressure, and gas medium used differ for GIL and S-

GIL technologies there are numerous similarities which include the electric field, dielectric 

strength of gas mixtures, spacer design, manufacturing techniques, and verification measurements. 

7.3.2 Electric field Consideration 

The electric field profile within a S-GIL and GIL designs are almost identical as both have 

a cylindrical conductor which is concentric to a grounded enclosure. For a nearly homogenous 
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section of a GIL/S-GIL without a spacer the electric field is dictated by the coaxial field equation, 

which will be discussed in greater detail in Section 6.4.1. The necessary introduction of a spacer, 

that ensures the cable stay at the axis, causes an inhomogeneity in the electric field which reduces 

the dielectric strength at spacers by approximately 60% when compared to the homogenous region 

[134]. Therefore, the enhancement of the electric field caused by the inclusion of spacers to the S-

GIL needs to be studied in detail. 

7.3.3 Dielectric strength of gas mixtures 

The original idea on hydrogen-helium gas mixtures was from the knowledge of N2/SF6 gas 

mixtures for GIL technology. The reasons for undertaking the research on N2-SF6 and H2-HeS-

GIL are entirely different. The research presented in Chapter 4 on the H2-He gas mixtures was 

undertaken to increase the dielectric strength of helium gas and improve the voltage ratings of GHe 

cooled superconducting technology. Research on N2-SF6 mixtures to develop a more cost effective 

gas which still retained equivalent dielectric properties to SF6. SF6 is a man-made gas and as is 

expensive to produce. For example approximately 500 m3 of gas is required per km when an 

operating pressure of 0.8 MPa is used [134]. N2 is inexpensive and it was found that a mixture 

containing 80% N2 and 20% SF6 possesses approximately 70-80% of the insulating capability as 

pure SF6 for a given pressure. One additional important reason for developing N2 - 20% SF6 

mixtures is to minimize the environmental impact of SF6, which is a potent greenhouse gas. 

7.3.4 Spacer Design 

Various spacer designs that have been explored for GIL applications can be categorized as 

post insulators, disc insulators and conical insulators. For post insulators single, double, and triple 

leg post insulators have all been demonstrated. Typically triple leg insulator posts are used in 

situations where the GIL is running vertical and gravitational forces will not hold the conductor 

concentric to the enclosure [134]. Conical insulators with steepness of between 20-45° have been 

demonstrated [134]. Conical insulators provide additional mechanical strength to the conductor 

which is beneficial during fault condition which place additional stresses on the conductor. 

Early spacer designers included ripples on the surface to increase creepage distance. 

However, the development of tracking resistant cast resin which is used to manufacture the spacer 

eliminated the need for the ripples. 
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Optimization of the geometry of the spacer is also performed to ensure a distribution of the 

electric field along the surface of the spacer. Typically, the electric field at the internal minimum 

radii of bends and edges does not exceed 20 kV/mm [134]. 

Knowledge gained from studying GIL spacer designs will be useful in developing S-GIL 

spacer designs. One additional constraint of a S-GIL spacer is that they cannot restrict the 

necessary gas flow required to maintain the cryogenic operating temperature.     

7.3.5 Manufacturing techniques 

The major manufacturing techniques of the GIL which are applicable for the S-GIL include 

modular design, orbital welding, and expansion joints. GIL adopts a modular design which consists 

of straight units, angular units, compensator units, and disconnecting units. Only straight and 

angular units will be discussed due to their applicability to S-GIL technology. Straight units come 

in predefined lengths between 12-18 m which can be connected together by an orbital welder to 

the desired total length. An angular unit is used to change the direction of the cable between 0-90°. 

Angular units are more expensive than straight units and the entire cable route is optimized to 

include the minimum number of angular joints. Angular joints are often larger is size to 

accommodate for the additional electrical and mechanical stresses which are associated with sharp 

bends [134].  

One of the proposed designs for the S-GIL is to use a rigid cryostat instead of the 

traditionally used flexible cryostat. The manufacturing techniques which have been outlined above 

would be able to be incorporated in such a design. As such the knowledge which has been gained 

from this technology would be a great starting place for this potential S-GIL design.   

7.3.6 Verification Measurements 

Currently no test standards exist for the dielectric strength of a superconducting cable and 

where applicable standards for conventional cables have been adopted. One of the major 

restrictions of superconducting cables is that verification measurements have typically been 

performed once a cable has been installed and is operating at cryogenic temperatures. It is difficult 

to perform verification measurements of superconducting cables at room temperature without 

causing irreversible damage to the dielectric layer [131].  

In developing a voltage rating for GIL the negative impulse voltage (BIL) measurement is 

typically the limiting factor. The BIL measurements vary depending on conductor and enclosure 
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diameter. For an optimized GIL design the BIL rating is a function of the conductor size (Figure 

66). 

 

The BIL rating of a GIL design relates to the ability to withstand an overvoltage during 

fault conditions. Surge arrestors have been included as part of a GIL design to reduce the 

overvoltage experienced by a GIL and therefore allow for a high voltage rating. Typically a GIL 

design is based off the required BIL value and then the optimized dimensions of conductor and 

enclosure are selected. For a S-GIL design, the cryostat is the fixed variable and optimization of 

other variables have to be based on that. There is a possibility of incorporating fault current limiters 

as part of the S-GIL system design which would function as a surge arrestor and potentially 

increase the voltage rating of the design depending on the intended application.  

7.4 S-GIL Design Considerations 

Design of a S–GIL includes many variables that affect the maximum voltage rating of the 

cable. These variables include the electric field profile within the cryostat, and the dielectric 

strength of the cryogen used.  

7.4.1 Electric Field within the Cryostat 

The electric field within the cryostat is governed by the spacer design, the diameter of the 

HTS cable and inner diameter of the cryostat. In S–GIL, the cryostat wall is at ground potential. 

 

Figure 66:  BIL performance for various conductor diameters. (Assumes the most field 
optimized ratio of conductor to enclosure diameter) [135] 
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Hence one of the most important design aspects is to ensure that the HTS cable does not come in 

contact with or get close to the cryostat wall. An ideal S-GIL design has the HTS cable 

concentrically located at the center of the cryostat and surrounded by the cryogen. The maximum 

electric field (𝐸𝑚𝑎𝑥) occurs on the surface of the conductor and can be characterized by the co-

axial field equation [135]: 𝐸𝑚𝑎𝑥 =  𝑉𝑟𝑠  × ln (𝑟𝑐𝑟𝑠) (24) 

  Where, 𝐸𝑚𝑎𝑥 – maximum electric field, 𝑉 – applied voltage, 𝑟𝑠 – radius of the 

superconducting cable, 𝑟𝑐 – inner radius of the cryostat. For a fixed inner diameter of the cryostat 

the maximum electric field can be varied by changing the radius of the superconducting cable.  

The most economical design occurs when the conductor stress is minimized when: ln (𝑅𝑐𝑅𝑠) = 1 (25) 

For the S-GIL design the inner radius of the cryostat (Rc) is the fixed quantity and the 

optimized cable radius. The results of solving () for the two proposed cryostat radiis can be seen 

in Table 14. 

Table 14 also contains the efficiency factor which represents the non-uniformity of the 

electric field and is an important characteristic when calculating the theoretical breakdown voltage 

for this design. The field efficiency (𝑛) for these design can be expressed as 

  𝑛 =  𝐸𝑚𝑒𝑎𝑛𝐸𝑚𝑎𝑥 =  1𝑓 (26) 

                    Table 14: Optimized parameters for various sized cryostats 

Radius of Inner 

Cryostat (mm) 

Radius of 

Superconducting 

Cable (mm) 

Gap Distance 

(mm) 

Emax 

(kV/mm) 

Efficiency 

Factor 

(%) 

19.5 7.17 12.33 0.181 58.2 

15 5.52 9.48 0.139 58.2 
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 𝑓 = (𝑅𝑐 − 𝑅𝑠)𝑟 ln (𝑅𝑐𝑅𝑠)  

 

(27) 

Where 𝑓 is the field enhancement factor. 

It should be noted that this is not a practical design as the voltage rating of the cable can be 

significantly reduced if the cable shifts from the center of the cryostat. Therefore it is necessary 

for the S-GIL design to include spacers to ensure that the HTS cable stays at the axis of the cryostat 

during installation and operation. The inclusion of the spacers in the S-GIL design has the 

possibility to create a local enhancement of the electric field at the points where the spacer makes 

contact with the HTS cable. Furthermore, there could be tracking along the surface of the spacer, 

leading to a flashover. To investigate this phenomenon, a 2D axisymmetric electric field finite  

element model was created. In this model a spacer with thickness of 2 mm with a pitch angle of 

10° was used to connect between the HTS cable and the inner wall of a cryostat. The permittivity 

of the spacer was set to be the same as G10, a commonly used insulation material at cryogenic 

temperatures. The inner diameter of the cryostat was set to 39 mm which is one of the standard 

sizes for cryostats built for liquid natural gas (LNG). The radius of the HTS cable was adjusted 

between 4.5 and 14.5 mm. Varying the radius of the HTS cable results in the change of the 

effective gap distance between the HTS cable and the inner wall of the cryostat. This meant that 

the length of the spacer is varied between 28 and 85 mm, which was determined to be realistic 

sizes for a spacer. The result of the electric field analysis can be seen in Figure 67 for the case of 

an HTS cable with a radius of 7.5 mm and a voltage of 1 kV. 

     Figure 67 indicates that there is a local enhancement of the electric field at the interface 

between the HTS cable and the spacer. A curvature with radius of 0.1 mm was introduced at the 

corner where spacer and cable are connected in order to reduce local peak in electric field in this 

region, which was applied to all of the electric field models developed. A comparative study was 

conducted by comparing the maximum electric field at different HTS cable radii of the ideal S-

GIL design characterized by (1) and the maximum electric field measured by the FEM electric 

field models. The results of this study are shown in Figure 68. 
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It can be seen from Figure 68 that as the size of the HTS cable increases the effect of the 

spacer in increasing the maximum electric field. It should be noted that further optimization of the 

spacer design will help to reduce the maximum electric field to be comparable with the ideal S-

GIL design. The FEM models developed only considered the electric field of the spacer and did 

not take into consideration of the other design factors. Additional design factors that need to be 

considered are: creepage distance, mechanical strength, sufficient openings for cryogen 

circulation, flexibility to allow the cable to be pulled into the cryostat and material selection.  

Design of the spacers also needs to ensure that no flashover occurs along the surface of the 

spacer. As mentioned above, the heat load of an HTS cable is an important factor in determining 

the size of the cooling system, therefore the proposed spacer design should not restrict the flow of 

the cryogen over the surface of the HTS cable. The spacer design should not cause any damage to 

the surface of the HTS tape while the cable is being pulled into the cryostat. If the surface of the 

HTS tape is damaged during this process, the cable’s superconductive property will deteriorate. 

 

Figure 67:  Electric field (kV/mm) of a spacer in helium using 2D axisymmetric finite 
element model [72] 
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Finally, the material selection for the spacers will have to take into account, besides the dielectric 

properties, the brittleness at cryogenic temperatures, thermal expansion coefficient, and its ability 

to withstand thermal cycling. 

7.4.2 Cryogen Used 

The use of the H2-He gas mixture with superior dielectric properties compared to pure GHe 

results in an HTS cable with higher voltage rating. While it is envisioned that a gaseous cryogen 

will be used, the design would also be suitable for LN2 cables. A proof of concept experiment was 

designed and conducted to show how the dielectric rating of an S-GIL varies depending on the 

cryogen used. 4 mol% H2-He gas mixture as well as pure GHe were the two gases selected. AC 

breakdown tests were performed at room temperature and 77 K. DC breakdown measurements 

were not performed due to concerns of space charge accumulation which has been previously 

discussed. 

 

Figure 68:  Maximum electric field at different HTS cable radii of the ideal S-GIL design 
and the maximum electric field measured by the FEM electric field models [72]. 
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A 1 m long model cable fabricated consisted a solid copper former with a diameter of 

15.9 mm. 10 HTS tapes with width of 4.8 mm and thickness of 0.2 mm were helically wrapped 

onto the former with a pitch angle of 25° and soldered at both ends. The effective diameter of the 

cable after soldering on the HTS tapes was 16.3 mm. This cable diameter was slightly larger than 

the optimized design (14.34 mm diameter) but was selected to see if the dimensions of a 

commercially available HTS cable could be used. This is an important aspect to note due to the 

complexity of designing HTS cables and the finite size of HTS tape.  

To ensure that the measurements being recorded was electrical breakdown through the 

cryogen and not surface flashover, stress cones made from Mylar were included only at each end 

of the model cable. A layer of carbon paper was added between cable and stress cone to smooth 

the electric field at the terminations and assist in the wrapping of the stress cone. The size and 

shapes of the stress cones were verified by completing a 2D axisymmetric electric field FEM 

model. To ensure that the cable remained in the center of the cryostat, a pair of collar clamps were 

manufactured out of G10. The collar clamps provided the required mechanical strength to hold the 

cable in place whilst allowing for the cryogen to enter and leave the cryostat. The collar clamp 

design had a groove machined in the base to allow for the cryostat to be supported in. For 

simplicity, the acting cryostat in this experiment was a copper tube with inner diameter of 41 mm, 

 

Figure 69:  The layout of the S-GIL used in the proof of concept experiments [72]. 
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which closely matches with inner diameter of commercially available cryostats used for HTS 

cables. A schematic of the fabricated S-GIL for the proof of concept experiments is shown in 

Figure 69.  

The cable was installed within a pressure vessel. A ground wire was soldered onto the 

cryostat and connect to the top plate of the pressure vessel which was set to ground potential. The 

cable was connected to a high voltage bushing, which is mounted on the top plate. A 25 mm stress 

sphere was connected to the end of the cable to reduce the electric field at the cable termination. 

The complete experiment assembly can be seen in Figure 70. Great care was given in establishing 

a pure GHe atmosphere inside the pressure vessel. 

 

 

Figure 70:  Experiment arrangement used for the proof of concept of S-GIL [72]. 



136 
 

The high voltage bushing of the pressure vessel was connected to a 100 kV AC 

transformer. The ramp rate of the transformer was set to 300-500 V/s to ensure a high 

reproducibility of the measurements. Five AC breakdown measurements were performed at each 

pressure level explored, 2.0, 1.5, 1.0 and 0.5 MPa. Sufficient wait time between successive 

measurements was built into the measurement protocol to ensure a high reliability of data. Once 

all of the measurements had been performed in GHe the pressure was reduced and a dry scroll 

pump in conjunction with a turbomolecular pump allowed for a vacuum of 10-2 Pa to be achieved. 

The pressure vessel was then filled with 2.0 MPa of 4 mol% H2 mixture at room temperature. Five 

AC breakdown measurements were performed at 2.0, 1.5, 1.0 and 0.5 MPa.  

After completion of the room temperature measurements the pressure vessel was immersed 

in a cryostat filled with LN2. Immersion of the pressure vessel in LN2 ensured that the 

measurements are exactly at 77 K. The same measuring procedure which was outlined for the room 

temperature case was followed for the measurements at 77 K. 

 

Figure 71:  AC (RMS) breakdown voltage as a function of pressures for pure GHe, and 
4 mol% H2 in GHe at 290 K [72] 
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The results of the AC breakdown measurements of pure GHe and 4 mol% H2 in GHe at 

room temperature and 77 K are shown in Figure 71 and Figure 72 respectively. In Figure 71 and 

Figure 72, the error bars indicate the maximum and minimum breakdown voltages obtained at 

each pressure level. 

On completion of the experiment the cable was examined and it was observed that the HTS tapes 

had protruded from the surface of the former and may have caused an enhancement in the electric 

field which could have reduced the values of the breakdown voltages. It was therefore decided to 

repeat this experiment using cylindrical rods (aluminum) with the optimized dimensions shown in 

Table 13. The same methods in preparing the experiment setup were completed as detailed above. 

The only difference was the thickness of the stress cones increased from 3 mm to 5 mm to account 

for the reduction in diameter of the conductor. 15 AC breakdown measurements were performed 

at room temperature for pressures of 0.5 MPa, 1.0 MPa, 1.5 MPa, and 2.0 MPa using GHe and 

4 mol% H2 mixture. The results of these measurements are shown in Figure 73,with the error bars 

indicating the maximum and minimum voltages recorded at each pressure level. 

 

Figure 72:  AC (RMS) breakdown voltage as a function of pressure for pure GHe, 4 mol% 
H2 in GHe at 77 K [72]. 
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Figure 73 shows approximately a 10% increase in breakdown strength when compared to 

the results in Figure 71. The relationship increase between the 4 mol% H2-He mixture also 

improved from a 30-45% (Figure 71) to a 50-70% (Figure 73) increase. It was expected that the 

4 mol% H2 mixture would have an 80% improvement which has been the trend seen in the studies 

discussed in Chapter 4. LN2 was then added to the cryostat and measurements were carried out at 

77 K for the 4 mol% H2 mixture. During this portion of the experiments a large fluctuation in 

measured voltages was observed. It is believed that during the cooling process to 77 K there was 

a loosening of the experiment which resulted in the aluminum rod shifting from the center of the 

copper tube. As a large level of inconsistency was observed the experiment was terminated and 

the pressure vessel was opened to examine the experiment setup. Examination of the experiment 

yielded two important findings. Firstly it demonstrated where the experiment setup was loosened 

and secondly it showed where the primary locations electrical breakdowns had occurred. From 

 

Figure 73:  AC (RMS) breakdown voltage as a function of pressure for pure GHe, 4 mol% 
H2 in GHe at 290 K. 
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Figure 74 it can be observed that the inset of the G10 collar clamp can shift the cable setup by 

approximately 2 mm which is believed to be the cause of the inconsistent data. 

It is believed that the cable became loose due to the mismatch in coefficient of thermal 

expansion between the aluminum rod (conductor) and the copper tube (grounded cryostat). This 

would not have occurred in the first experiment as a copper rod was used as the conductor. It is 

also believed that the effect of the mismatch of CTE was exacerbated when pressure was realized 

from the pressure vessel due to the small opening in the G10 collar clamps. Modification of the 

experiment setup is necessary to ensure that this issue does not occur in the future.     

 

  

(a) (b) 

Figure 74: Shift in experiment setup 
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7.4.3 Cryostat Selection 

One of the major design option for the S-GIL is whether a flexible or rigid cryostat is implemented. 

There are several benefits and limitations of each design and a summary is provided in Table 15 

and 16 respectively. 

Table 16: Advantages and disadvantages of a rigid cryostat 

Rigid Cryostat 

Advantages Disadvantages 

A modular set could be made using 

straight and angled pieces which can be 

adapted to any cabling process 

There may be a higher heat leak at connections 

depending on the type of connection chosen. 

Also the increased number of joints increase 

the possibility of leaks. 

 

Table 15: Advantages and disadvantages of a flexible cryostat 

Flexible Cryostat 

Advantages Disadvantages 

Lends itself to a continuous manufacturing 

process 

Harder to ensure the cable remains 

concentric to the cryostat, which results in 

a more complicated spacer design 

Easier to adapt to any irregularities which 

may be found during installation 

No sharp bends are allowed and design is 

limited to the bend radius of the cryostat 

Fewer field joints- simpler/shorter installation 

time 

Typically flexible cryostats have a larger 

heat leak than rigid cryostats (not taking 

into consideration joints) 

Long lengths can be shipped on a reel If there is a problem with the cryostat the 

whole cryostat needs to be replaced 
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Table 16: Continued 

Rigid Cryostat 

Advantages Disadvantages 

Easier to ensure the cable remains 

concentric to the cryostat, which results in 

a simplified spacer design 

This design does not lend itself to a 

complicated cable route. Every change in 

direction would require new components to be 

connected. The length of straight pieces are 

also limited to what can be practically 

transported. Additional components would 

need to be included in the cryostat design to 

account for the mechanical stresses which are 

experienced as part of CTE 

If there is a problem with the cryostat 

replacement of a single component may 

be possible which could reduce 

turnaround time. Also means that spare 

components could be kept on hand in the 

case of an emergency 

A longer installation time would be required as 

the cryostat would have to be constructed on 

site. This makes it harder to complete factory 

acceptance testing off site. 

Sharper bend radii’s than the flexible 

cryostat may be possible.  

There is added complexity in designing the 

angle components. If sharper bend radii are 

necessary, then the diameter of the cryostat 

may need to be increased to incorporate the 

increase in electric field.  

 

The information contained in Table 15 and 16 is generic and the development of a typical 

cable route is necessary to fully qualify and quantify each design. It is hoped that a cable route can 

be developed to include realistic bends, and elevation changes. 

7.5 Discussion 

Use of a gaseous cryogen as both the coolant and the dielectric of a HTS cable is promising 

in improving the voltage rating of GHe cooled HTS power cables. The S-GIL design requires 
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further development, but the study shows how variables such as conductor radius and spacer design 

are pivotal in determining the voltage rating of such cables. With further optimization of the spacer 

design a reduction in the local enhancement of electric field can be achieved. As the spacer design 

is optimized, additional variables such as creepage distance, mechanical strength, sufficient 

openings for cryogen circulation, flexibility to allow the cable to be pulled into the cryostat and 

material selection will all have to be explored. 

The proof of concept experiments conducted on the 1 m long model cables demonstrated 

two important ideas. The first was that for the S-GIL design, a relationship can be established 

between breakdown voltage data obtained at room temperature and at 77 K. There currently is not 

a way to qualify HTS cables at room temperature before cooling to cryogenics temperature because 

of the risk of damaging the lapped tape insulation. The S-GIL would lend itself for factory testing 

at room temperature before it is shipped, installed and connected for service. The second and more 

important idea is that the voltage rating of the cable is dependent on the cryogen used. An 80% 

increase in breakdown strength was observed by using the 4 mol% H2-He gas mixture instead of 

pure GHe as a cryogen for S-GIL model cable. This is the expected result as the studies discussed 

in Chapter 4 have shown about 80% increase in dielectric strength when using the 4 mol% H2 

mixture instead of pure GHe [7]. Further increase in the voltage rating is expected with cables gas 

mixtures with higher H2 mol%.   

7.6 Conclusion 

The S-GIL is a novel way to insulate HTS cables, which does not have the same PDIV 

limitations as the commonly used lapped tape insulation for HTS. This is a new design concept for 

gas cooled superconducting cables in which the cryogen acts as the sole dielectric medium is 

presented An overview was presented on the design considerations which will need to be 

incorporated into a S-GIL design. Where applicable knowledge gained from the development of 

GIL technology will be used. Depending on application and route length there are several differing 

designs of the S-GIL.   

A proof of concept design, fabrication, and experimental results of superconducting gas 

insulated transmission line for medium voltage applications is presented. The experimental data 

suggests that the design concept is suitable for other cryogenic power cables and will have 

applications where very high power density is needed for naval and aviation applications. The 
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design concept will also be useful for current leads and short runs of power cables for high energy 

physics and fusion science applications that generally operate at low temperatures in helium 

environment. 

  



144 
 

CHAPTER EIGHT 

CONCLUSION 

It has been shown that the investigation of alternative cryogenic dielectric materials and 

designs for superconducting devices is an interdisciplinary study involving high voltage 

engineering, cryogenics, and superconductivity. Superconducting technology has the potential to 

address the challenges associated with the expected increase in electricity demand over the coming 

decades as well as the additional changes in the topology of the electrical power grid. Inefficiencies 

in the dielectric design and associated cryogenic cooling systems of superconducting technology 

is currently restricting the penetration of superconducting technology into everyday life. 

The research undertaken in this dissertation has focused on addressing the dielectric design 

inefficiencies of GHe cooled superconducting devices. This research was conducted with two 

major goals. The first was to increase the dielectric strength of GHe, and the second was to increase 

the PDIV of GHe cooled superconducting power cables.  

It has been shown that addition of small mol% of H2 and/or N2 significantly enhances the 

dielectric strength of GHe. The increase of dielectric strength is linear with mol% of H2 up to 

4 mol%, the highest studied. The dielectric strength of 4 mol% H2 mixture is 180% of that of pure 

GHe. Further improvements to the dielectric strength are expected by using mixtures with higher 

mol% H2.  It was also demonstrated that a tertiary mixture containing 4 mol% H2, 8 mol% N2, and 

88 mol% He has a superior dielectric strength, approximately a 350-400% improvement compared 

to GHe. While both the binary and tertiary mixture displayed higher dielectric strength than GHe 

extra care and consideration needs to be given when using these gas mixtures. The introduction of 

N2 to GHe restricts the allowable operating temperature and pressure because N2 starts condensinf 

below 77 K. With regards to H2 mixtures, the primary concern is flammability at higher 

concentrations. H2 is also known to cause embrittlement in some metals. Use of H2 is not an issue 

in some applications as NASA used liquid and solid H2 in many of its missions.  

The results on the improvement in PDIV when 4 mol% H2 is used instead of GHe are 

promising. Another new method investigated to increase the PDIV of GHe cooled HTS cables 

involved individually insulated HTS tapes with a Polyethylene Terephthalate (PET) heat shrink. 

The idea of individual insulated tapes has benefits in large scale applications because this 
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technique lends itself to continuous manufacturing process using several of insulation application 

methods available. The dielectric characteristics of insulated HTS tapes as well as the model cables 

were measured at 77 K in liquid nitrogen and gaseous helium environment. It was shown to be 

more beneficial to use a single layer of thicker heat shrink instead of multiple layers of thinner 

heat shrink. Even though similar breakdown strength were seen between the two options, the single 

thicker layer is better than multiple layers in minimizing the probability of trapped gas between 

layers that  cause partial discharge at lower voltages. It was observed during the fabrication of the 

model cables that tapes with a thicker heat shrink could be helically wrapped onto the former 

without damaging the HTS tapes and are therefore preferred in the design of HTS cables.  

The S-GIL concept has been demonstrated as a novel way to design HTS cables, which 

does not have the same PDIV limitations as the commonly used lapped tape insulation. For the S-

GIL design, the cryogen acts as the sole dielectric medium, which is dielectrically similar to GIL 

designs. As the S-GIL is still in the development stages, further work is still required to create an 

optimized design.  Proof of concept experimental results demonstrated the S-GIL’s ability to fully 

exploit the improved dielectric properties of the H2-He gas mixtures allowing higher voltage 

ratings for gas cooled HTS cables. 

Finally, the research work of this dissertation shows the value and the need for high voltage 

engineering in developing future solutions for electric power grid, promising defense applications, 

and in general establishing the basic science aspects of cryogenic dielectrics. The studies also 

demonstrated the importance of collaborative programs to bring many disciplines together to solve 

tough engineering challenges.  
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CHAPTER NINE 

FUTURE WORKS 

The research undertaken as part of this dissertation has allowed for several key 

advancements for GHe cooled superconducting devices. The primary focus has been in 

understanding and developing dielectric designs for gas cooled superconducting power cables. The 

make the HTS cable technology for electric ship and aircraft applications further research and 

development efforts are needed. The areas that need further work include the dielectric strength of 

hydrogen-helium gas mixtures at higher H2 levels, partial discharge measurements on model cable 

using hydrogen-helium gas mixtures, and development of an S-GIL cable concept. Research has 

also begun on investigating the effect of electrical breakdown events on critical current. As only 

preliminary studies have been conducted thus far, the results are not included in the main body of 

the dissertation. 

The data presented in Chapter 4 suggests that the dielectric strength of hydrogen-helium 

gas mixtures will increase with higher mol% of H2. For safety, 4 mol% was the highest 

concentration of hydrogen investigated as part of this dissertation. Theoretical analysis of the 

hydrogen-helium gas mixture suggest that hydrogen mol% up to 6 mol% is inflammable but 

modifications are first required to the laboratory before these mixtures can be measured. Once the 

modifications have been completed the dielectric strength of hydrogen-helium gas mixtures with 

mol% exceeding 4% will be studied. Another characteristic which needs to be examined is if the 

dielectric behavior of GHe is affected in a continuously circulated gas system, which is the way 

HTS systems operate. All of the studies performed thus far have been on static gas systems.  

The studies presented in Chapter 5 are inconclusive on the actual enhancement of operating 

voltage of using 4 mol% H2 as the cryogen instead of GHe. The data suggested at least 25% 

improvement, but higher levels of enhancement are possible if the model cable designs are 

improved.  

The novel S-GIL concept developed provided the fundamental building blocks for this 

design. Further work is needed to develop the design alternatives and validation of the designs 

with measurements on several prototype short cables.   
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A research topic which would be interesting to pursue is the effect of electrical breakdown 

on the critical current of HTS cables. The S-GIL utilizes a gaseous medium as the dielectric which 

has a self-healing property and retains its dielectric strength after an electrical breakdown. 

Therefore, it would be possible for S-GIL to tolerate electrical breakdowns without any 

deterioration. If this feature is demonstrated, the S-GIL concept will be accepted as a viable option 

for HTS cables.    
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