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Introduction

To mitigate the very negative impacts of the acceleration of climate change, governments
all around the World announce new energy policies in the framework of the energy tran-
sition to reduce the use of fossil fuels. The electricity, as an energy vector, will play a
major part in the energy transition coming from the possibility to produce it thanks to
primary sources poor in carbon emissions such as nuclear energy or renewable energies.
This implies the electrification of many technologies such as vehicles or individual heating.
In 2018, the final energy consumption was 9938 MToe* and the share of the electricity
was 1919 MToe, almost 20 % of this total [1]. To reach net-zero carbon emissions by
2050, the International Energy Agency (IEA) foresees a final energy consumption equals
to 8121 MToe in 2050 with a share of electricity around 50 % (∼ 4000 MToe) [2]. These
predictions are based on energy efficiency measures. Energy sobriety should be the key
element to reach net-zero carbon emissions from the point of view of the author.

Energy infrastructures must respond to these objectives. A significant increase in the
electricity generation capacity will be observed with a large development of the renew-
able electricity sources. Nevertheless, the addition of distributed generation sources to an
already overburdened system coupled with the multiplication of the network interconnec-
tions is already causing fault current levels approaching the limiting values of the network
[3]. Indeed, the grid components are selected according to the maximum fault current, not
to be damaged if such current occurs. The increase of the maximum fault current may
lead in a near future to costly updates of the grid components to withstand more severe
fault currents. As a consequence, the utilities will face in the upcoming years stronger
constraints than the ones currently existing in order to limit the maximum fault current.
One response to this issue is the fault current limitation to limit the fault current levels.

The property of superconducting materials which consists in transporting current with-
out Joule loss under certain conditions is well-known. In a Resistive-type Superconducting
Fault Current Limiter (R-SFCL), this property is suddenly lost when a fault occurs. The
technology which was almost invisible in normal conditions, from an electrical point of
view, becomes resistive. In the framework of power grids, this appears as a very interest-
ing solution to limit the fault current levels.
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The use of the second generation of high-temperature superconductors (2G HTS) pro-
foundly impacts the applied superconductivity community. Indeed, with these conductors,
liquid nitrogen can be used as a cryogenics fluid which is not possible with low-temperature
superconductors (LTS) leading to smaller cryogenics costs. Among other outstanding per-
formances, they show a higher critical current and a higher critical magnetic field than the
LTS. The recent advances in the production of long lengths of these 2G HTS tapes with a
high critical current [4] position them as very good candidates for power applications and
particularly for R-SFCL. Indeed, their high resistance per unit length makes them well
adapted to fault current limitation.

The R-SFCL using 2G HTS tape responds to an increasing need to limit fault current
levels in power grids. Indeed, some examples are already installed in power grids like the
three-phase 12 kV-2310 A R-SFCL successfully operating since 2014 in Essen (Germany)
[5] and the three-phase 220 kV-1.5 kA R-SFCL operating in a high-voltage substation in
Moscow (Russia) since 2019 [6]. Nevertheless, the technology is not widely spread in
power grids. Indeed, it is a breakthrough technology not presenting a long history of field
experiences. This does not comfort the utilities to promote its development but the two
successes in Germany and Russia may remove these concerns. In addition, the cost of
the 2G HTS conductors remains a large barrier to the development of the R-SFCL as a
commercial product. The high performances of the 2G HTS conductor are generally not
fully use which drives the cost up. The recent project Fastgrid funded by the European
Union through the program Horizon 2020 addresses precisely these issues.

This thesis falls within this large context and within Fastgrid. Here, "tape" refers
to the commercial "bare" tape sold by the manufacturers and "conductor" refers to the
architecture based on a 2G HTS tape wound in a R-SFCL. This work aims to contribute,
at the local scale, to a better understanding of the behavior of the 2G HTS tapes over
any fault current, focusing particularly on the inhomogeneous quench, to gain confidence
in the conductor design approach based on the critical current inhomogeneity and, at
a higher scale, to gradually use them closer to their full performances to develop cost-
effective conductors for R-SFCL applications. Modeling effort of 2G HTS conductors,
collaborations with other institutions and experimental tests are used together to achieve
these objectives. The approach adopted starts at the scale of the system introducing
the R-SFCL as a response to the today’s pressing needs of power grids in chapter 1 and
focusing on the conductor design in chapter 2, then the local behavior of 2G HTS tapes is
studied to assess the validity of the conductor design approach, in chapters 3 and 4, and
the study comes back to the conductor scale with the development of architectures with
high performances in chapters 5 and 6.

In this scope, the first chapter presents a review of the fault current limiter technolo-
gies based on the sudden impedance increase occurring during a fault, focusing particularly
on the existing superconducting fault current limiters (SFCL) and on the advantages of
the R-SFCL. It also introduces the 2G HTS tapes highlighting their high performances
particularly well adapted to fault current limitation. The high-cost of the conductor in a
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R-SFCL is presented as the main difficulty to take the step from prototypes to commercial
products. It concludes on the objectives of this PhD thesis.

The second chapter presents the operation of the 2G HTS tapes on a wide range of
prospective currents through simulation using a 1D electro-thermal model of these tapes
which considers their specificities and particularly the critical current variations given by
characterization machines such as Tapestar® [7]. The study makes appear two extreme
cases which are the limitation regime and the hot-spot regime. The formalization of these
regimes with analytic expressions is a powerful tool to design R-SFCL conductor.

The third chapter focuses on the experimental study of the hot-spot regime. A ded-
icated set-up is developed to observe the behavior of the tape through optical observation
and electrical measurements. The study of the heat dissipation is realized through the
analysis of bubble generation over the surface of the tape for several prospective currents
in a liquid nitrogen bath at 68 K and 77 K.

These results encourage to further study the inhomogeneous quench of the tape. The
forth chapter proposes to study the mechanism of the onset of quench occurring in
these tapes. To do so, in the framework of a collaboration with TU Wien, the positions of
bubble generation spots recorded with high-speed imaging are compared with the positions
of defects in the REBCO layer recognized with Hall Scan Probe Microscopy. These defects
are then modeled using a 3D Finite Element Method model of 2G HTS tape developed by
partners from the Ecole Polytechnique de Montréal. The local thermo-electrical behavior
occurring in the tape during the onset of quench is recreated in simulation and the results
are compared with experimental data.

Having gain in confidence in the understanding of the operation of the tape itself as
well as in the relevance of the conductor design approach, a zoom out is realized in the
two last chapters to continue the work initiated in chapter 2. The use of 2G HTS tapes as
a base to design conductors with high performances for R-SFCL applications is studied.

The fifth chapter is mainly presenting results obtained within Fastgrid in collabo-
ration with several groups involved in this consortium. The conductors developed in the
project are characterized and their performances are assessed in the scope of the develop-
ment of a cost-effective conductor for R-SFCL. The experimental results obtained on the
main conductor from the Fastgrid project are widely developed.

The sixth chapter questions the characterization of a conductor performed on samples
with a small length in the scope of the development of a full R-SFCL. This study is
developed using the 1D non-linear model of 2G HTS conductor, introduced in chapter 2,
to detail the evolution of the temperature elevation in hot-spot regime as a function of the
conductor length.

The main conclusions of this PhD thesis will be exposed at the end of this document
as well as perspectives for future works.

*The tonne of oil equivalent (Toe) is a unit of energy, 1 Toe = 11630 MWh.
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CHAPTER 1

2G HTS tapes in R-SFCL for power grids
protection purpose

This chapter first presents the large interest of fault current limitation to respond to to-
morrow’s increase of fault current levels. Among the existing technologies to achieve fault
current limitation, the Resistive-type Fault Current Limiter (R-SFCL) shows many advan-
tages. Moreover, the use of the 2nd generation of High Temperature Superconductors (2G
HTS) is particularly well adapted to this application. Nevertheless, R-SFCL with 2G HTS
tape are not widely spread in power grids, a small number of devices is operating. The high
conductor cost is identified as the main barrier to their development. The mitigation of the
hot-spot phenomenon coming from the critical current inhomogeneity contributes to drive
up the cost and the fear to damage the conductor leads not to fully use its performances.
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Chapter 1

1.1 Fault current limitation

1.1.1 Short-circuit current

The electrical grids are often introduced as World’s largest man made systems. They
include all the facilities from the power stations to the consumers.

In a single-phase grid, a short-circuit is a non desired connection between two posi-
tions of a circuit showing different electric potentials. It results a current, determined by
the impedance of the connection and the voltage between the two positions of the cir-
cuit. A short-circuit can as well occur in three-phase power grids between two or three
phases and between a phase and the ground or the neutral [8]. This fault current subjects
the grid components to large stresses until the fault interruption and may degrade them
(Laplace forces, arcing, excessive Joule losses,...). The fault currents represent threats to
the integrity of the components of the electrical grids.

The fault current interruption is achieved by the circuit breaker. In AC grid, the
time response between the fault detection and the fault interruption is at least the time
necessary for the current to reach the natural zero-crossing but it generally takes much
more time, around 100 ms for 100 kV system [3]. In DC grid, the interruption is more
difficult and the systems become more complex. Indeed, the absence of a natural zero-
crossing implies more energy to dissipate at the moment of the current interruption.

One key parameter for the utilities in order to select the electrical components ensuring
the protection of their grids is the maximum prospective current. This parameter is defined
as the highest short-circuit current which might flow in the grid without any fault current
limitation device. For example, the current interruption devices, like breakers, have to
present an interruption rating higher than the maximum prospective current. In the
worst scenario, it can reach until 20 to 25 times the rated current In [8][9] but its value is
generally not perfectly known by the grid operator. In addition, the maximum prospective
current tends to increase with the recent development of distributed power generation and
grid interconnections [10][11]. The utilities constraint the development of the power grid
to limit the maximum prospective current. Indeed, upgrading the protection components
to meet the increasing maximum prospective current could become very expensive [12].
Nevertheless, a grid with the possibility to have an infinite prospective current, through
grid meshing, is ideal to ensure its stability.

It is important to keep in mind that a fault current is not always large: the fault
may show an impedance, its amplitude depends on the fault type (three-phases, phase to
ground ..) and on the grid (zero sequence impedance). The fault can take any values from
the rated current In to the maximum prospective current.

For these reasons, the management of short-circuit currents is of primary interest [13].
A solution is the fault current limitation to limit their maximum values.
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1.1. Fault current limitation

1.1.2 Principle of the Fault Current Limitation
Generally, a fault current limiter is a strategy or a technology which limits the fault current
occurring in a power grid. Figure 1.1 schematically illustrates the action of a fault current
limiter. When a fault occurs, at the time t1, the current increases. The fault current
limiter enables the limitation of the maximum current value. The technology is always
associated with a circuit breaker to interrupt and isolate the fault, at the time t2 in the
example. This limitation of the fault current contributes to :

• Enable the possibility to have an "infinite" maximum prospective current

• Mitigate the damage sustained by the grid components

• Have an easier fault current interruption in DC transmission

Figure 1.1: Schematic representation of the behavior of a fault current limiter in fault conditions
occurring at t1. The solid red line and the dotted violet line are the current without and with a
fault current limiter respectively as a function of time.

Fault current limiters are either permanently or condition-based activated. Figure
1.2 adapted from [14] summarizes the existing methods or technologies of fault current
limitation. Among the permanently activated fault current limiters, the split of the grid
into sub-grids and the addition of impedances are some examples. Nevertheless, they imply
topological grid constraints, voltage drops and permanent losses which are large drawbacks.
The condition-based activated fault current limiters are more interesting because they show
a higher impedance only when the fault occurs and remain almost transparent the rest of
the time.

1.1.3 Condition-Based activated fault current limiters
The condition-based activated fault current limiters can be distinguished in two categories
of technologies or methods: using or not using superconducting properties. Here, examples
of non-superconducting fault current limiters are given below.
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Figure 1.2: Overview of the fault current limitation methods adapted from [14]. Fault current
limiters are permanently activated (left) or condition-based activated (right).

1.1.3.1 Non-Superconducting Fault Current Limiters

Fuse & IS-limiter A fuse consists of a material which melts when a current exceeding
its rated current flows through it. There is no more contact which opens the circuit. The
time-response of the fuse is a function of the current value. To increase the rated voltage
of fuses, other solutions exist as the IS-limiter from ABB with a maximum rated voltage
equals to 36 kV [15]. In normal operation, the current flows through a first conductor.
When a fault occurs, an explosion destroys this conductor and the current circulates then
through a fuse in parallel. Nevertheless, the traditional fuse and the IS-limiter are not
reusable. A human intervention is required after a few uses.

FCL using semiconductors Many different FCL topologies use semiconductors to limit
the current. Generally, these fast switches are used to redirect the current through an
impedant element during the fault. A large drawback with the use of semiconductors
is the on-state losses in normal operation [16]. Most of the applications are limited, at
the maximum, to medium voltage levels due to the difficulty of the semiconductors to
withstand high-voltage [12].

Metal Liquid FCL A liquid metal ensures the contact between two metallic conductors.
In fault condition, a force applied on the liquid metal, the pinch effect, lifts up the liquid
metal and degrades the contact between the two conductors. It results in an increase of
the resistance of the contact [17]. This technology is dedicated to low voltage systems
with mainly academic research.

Fault Current Limiter based on polymers Positive temperature coefficient of resistance
materials show a highly increasing resistivity when their temperature increases. Used
in fault current limitation, these materials significantly warm up during the fault which
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1.1. Fault current limitation

strongly increases their resistance [18]. This technology has been demonstrated until
12 kV.

Some of these technologies have drawbacks: limitation in voltage, need for a human
intervention, operation relying on sensors,... Most of the Superconducting Fault Current
Limiters (SFCL) do not present these drawbacks.

1.1.3.2 Superconducting Fault Current Limiters

Below a certain temperature Tc, superconductors present no measurable resistance. This
property is used to create almost free Ampere x turns. However, the resistance of a super-
conductor is highly non-linear with the current. If a current exceeding a certain current
called critical current (Ic) flows through the superconductor, it becomes dissipative. This
transition is called quench and the time necessary to come back to the superconducting
state after a quench is the recovery time. The SFCL are distinguished in two categories:

• SFCL - Non-based on the quench

• SFCL - Based on the quench

Superconductivity basics will be described more in details in section 1.2.

The SFCL presented here use elements mainly coming from [16][19][20]. They are then
compared in Table 1.1. The electrical circuits schemes are given in appendix A.

SFCL - Non-based on the quench

DC Biased iron core-type SFCL Developed in the eighties [21], the DC Biased iron
core-type SFCL consists of the successive windings of a AC grid transmission around two
different iron cores. One superconducting DC coil is wound between the two iron cores
and loaded with a DC source to saturate the iron cores with almost no losses. In normal
operation, the current in the grid transmission presents small enough variations which
almost do not change the induction, the inductances of the two windings are small as well
as the voltage drops over these two elements. Nevertheless, when a fault occurs, the grid
current variations are larger and this desaturates alternatively one of the two iron cores
in accordance to the current sign. The inductances significantly and alternatively increase
during a half cycle. The sum of the voltage drops on the windings is large and it limits
the current. This technology remains voluminous and heavy due to the presence of the
iron cores. In 2012, a 220 kV-300 MVA DC biased iron core type SFCL was installed in
China [22].

Bridge type SFCL A bridge type SFCL consists of a full bridge rectifier connected
between a source and a load. A superconducting coil with a DC current source is inserted
between the two branches of the rectifier. In normal operation, the current circulates only
through the diodes and the voltage drop is limited. However, in fault conditions, the
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current in the grid exceeds the current in the coil. At each half cycle, two diodes are in
reverse position. The current constantly flows through the inductance which limits the
current. This technology does not require any recovery time and the triggering current in
the coil is easily controlled. Nevertheless, the forward state of the diodes implies constant
losses [20]. A 10.5 kV bridge type SFCL was installed in 2011 and operates successfully in
China [23].

Superconducting Fault Current Controller Limiter - SFCCL This structure from [24]
consists of two superconducting coils each short-circuited through a thyristor and inserted
between a source and a load. A constant DC current flows in the two superconducting
coils. During fault conditions, the grid current exceeds the constant DC current, each
semi-conductor will be alternatively close during a half cycle. A high inductance is then
constantly appearing in the circuit.

SFCL - Based on the quench

Resistive-type SFCL A Resistive-type SFCL (R-SFCL) is a superconducting non-
inductive coil inserted in series between the source and the load. It can be represented
as a variable resistance: in normal operation, the superconducting conductor is almost
invisible from an electrical point of view but in fault conditions, the current increases and
exceeds the critical current which quenches the superconducting conductor and it becomes
highly resistive. This technology works both in AC and DC grids and is compact compared
with the other technologies using iron cores. Nevertheless, cryogenics losses exist due to
the presence of current leads to connect the non-inductive superconducting coil to the
rest of the circuit and the energy dissipation occurs in the system itself which implies a
temperature elevation in the conductor during a fault. As a consequence, after a fault, a
recovery time is required to cool down the device.

Shielded iron-core-type SFCL A shielded iron core SFCL is a transformer where the
primary side is the grid transmission and the secondary side is a short-circuited super-
conducting conductor. In normal operation, the current induced in the secondary side is
lower than the critical current but in fault conditions, the induced current increases and
quenches the conductor. A large resistance appears in parallel with the magnetizing induc-
tance, which limits the current. This technology presents no current lead which reduces
cryogenics losses. Still, a recovery time is required to come back to the superconducting
state after a fault and its weight and size is about four times higher than the R-SFCL [12].
No large scale shielded iron core type SFCL were installed in the recent years due to this
reason. Some academic studies continue [16].

1.1.3.3 Comparison between the SFCL

The major requirements of a fault current limiter are [16]:

• Fast and effective current limitation
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1.2. The 2nd generation of High Temperature Superconductors

• Quick and automatic recovery

• Fail-safe and reliable operation

• Low permanent operation losses and voltage drop

• Compact and light

In this scope, the SFCL presented previously are compared in Table 1.1 using elements
from [16][19][25][26].

SFCL Type Recovery time Footprint Losses Grid mode Fail safe
DC biased
iron core Immediate Large Iron core losses

AC losses primary coils AC Yes

Shielded
iron core tens of s Large AC losses primary coil

AC losses superconducting coil AC Yes

Bridge Immediate Medium On-state losses semiconductors
Current leads losses AC Yes

Superconducting Fault
Current Controller Immediate Medium

On-state semiconductors
AC losses

Current leads losses
AC No

Resistive tens of s Small AC losses
Current leads losses AC/DC Yes

Table 1.1: Comparison between the different types of SFCL. The recovery time, footprint, losses in
normal operation, the grid mode operation and the fail safe operation are elements of comparison.

All the technologies have a fast and effective current limitation. The R-SFCL is dis-
tinguished by its operation in both AC and DC grid, its relative small footprint, its small
losses in normal operation and its fail-safe operation due to the absence of semiconductors.
For these reasons, the R-SFCL is a very good candidate for fault current limitation in the
future. Reference [27] shows that until 2018 more than the half of all the SFCL installed
where R-SFCL (14 out of 26 devices). However, the technology is based on the quench
which means that a recovery time is necessary after a fault to be operational. The R-SFCL
is the framework of this PhD thesis.

It is rather difficult to properly explain the operation of the R-SFCL without intro-
ducing some basics elements of superconductivity. The next section aims to meet this
objective and to introduce the 2nd generation of High Temperature Superconductors (2G
HTS), particularly well adapted to this device. The operation of the R-SFCL will be
developed in more details in subsection 1.3.1.

1.2 The 2nd generation of High Temperature Superconductors

1.2.1 Basics of Superconductivity
The R-SFCL operation relies on properties of superconducting materials. This explains
the introduction of some basic elements of superconductivity, focused on describing the
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trend of the E-J relationship. This was prepared using elements mainly coming from
[28][29][30].

1.2.1.1 Definition of Superconductivity

Below a certain temperature called critical temperature Tc, a superconductor shows:

• Perfect electrical conductivity (ρ = 0 Ωm)

• Perfect diamagnetism (χ = 0) (Meissner-Ochsenfeld effect) under a small enough
external magnetic field

Figure 1.3 illustrates the absence of measurable resistivity below Tc on a superconduct-
ing conductor from SuperPower. The resistivity of the GdBaCuO suddenly drops when
the temperature is below 92 K.

0 50 100 150 200 250
0
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2

3

4

5
10-7

Figure 1.3: Electrical resistivity as a function of temperature of a GdBaCuO tape from SuperPower.
The material presents a non measurable resistivity below 92 K.

Under an increasing external magnetic field Hext, the superconducting properties of
most common superconductors follow two main scenarii (illustrated in figure 1.4):

• Type-I superconductors - The perfect diamagnetism is lost when Hext exceeds the
critical magnetic field Hc. The material is then in the normal state. Hc is too small
to enable practical use of type-I superconductors.

• Type-II superconductors - The behavior is identical below Hc,1 but when Hext ex-
ceeds Hc,1, the magnetization is not equal to zero, there is a flux penetration in
the material. Some regions of the material are superconducting and coexist with
some other regions in the normal state. This is called the mixed state and it exists
until Hext reaches Hc,2. The magnetic flux penetrates the material in localized nor-
mal regions surrounded by supercurrents shielding the magnetic flux. These normal
cores are called "vortices". Hc,2 can be very high, as an example µ0Hc,2 =130 T at
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1.2. The 2nd generation of High Temperature Superconductors

0 K in [31] using a Klemm’s High Field expansion. This is the reason why type-II
superconductors are the only ones having practical applications.

Figure 1.4: Magnetic induction B as a function of the external magnetic field Hext in type-I and
type-II superconductors. Type-I and type-II superconductors show an identical behavior below
Hc,1 and above Hc,2 while the mixed state is specific to type-II superconductors.

1.2.1.2 E-J relationship in type-II superconductors

The superconductors studied in this thesis are Rare-Earth-BaCuO (REBCO) materials,
YBCO or GdBaCuO for example, and they behave as type-II superconductors. In R-
SFCL applications, there is generally no external magnetic field applied on the tape. The
magnetic field of the Earth, around 47 µT, is as well not considered as µ0Hc,1 is in the
order of mT [32]. The circulation of current through a conductor creates a field called self-
field. For type-II superconductors, the gradual penetration of that field can be described
schematically using the Bean model [33]. It shows that the induction decreases from the
edges of the superconducting layer in the direction of the center of the tape with a slope
equals to −µ0Jc [28]. Vortices exist where the induction in the superconducting layer is
different from zero in this model. The higher the current, the larger the zone where the
vortices exist. Interacting with the transport current density −→J , the vortices are submitted
to Lorentz forces as it is shown in figure 1.5. With −→Φ0 oriented perpendicularly to the
vortex cross-section, the Lorentz force per vortex unit length is:

−→
FL = −→J −→Φ0 (1.1)

If no pinning centers exist, as soon as a current is applied, the Lorentz force implies a
motion of the vortices. However, the normal cores tend to be pinned on the imperfections
of the material. The pinning centers act as an opposite force −→Fp to the Lorentz force. This
absence of motion of the vortices is the flux pinning regime. When the current density
increases, the Lorentz force increases until it reaches the pinning force. The current density
giving (1.2) is the critical current density Jc.
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Figure 1.5: Force acting on a vortex in the presence of a uniform current density −→J , from [28].

FL = Fp (1.2)
When the Lorentz force exceeds the pinning force (i.e. FL > FP ), the cores are no

longer pinned and they are set into motion. They are slowed down by a viscosity force−→
Fn (1.3) existing in the opposite direction of −→FL and proportional to the vortices speed
−→vv through a coefficient η. The application of the Newton’s second law on a vortex
subjected to −→Fn,

−→
FL and −→Fp gives the expression of the electric field E (1.4) coming from

the dissipative motion of the vortices, with ρff the resistivity of the flow of flux. This
regime is called the flux flow regime.

−→
Fn = −η−→vv (1.3)

E = ρff (J − Jc) (1.4)
A simple representation of the E-J relationship directly coming from (1.4) is presented

in figure 1.6. Figure 1.7 gives an example of measurement of the E-J relationship performed
on a GdBaCuO tape from THEVA. The transition between the flux pinning and the flux
flow is not as sudden as what is schematically represented in figure 1.6. Indeed, vortices
motions also occur when FL < Fp. Flux lines can jump from a pinning center to another
one due to thermal agitation [34]. This phenomenon is explained by two regimes : the
flux creep and the Thermally Activated Flux Flow (TAFF).

This leads to define an international standard for the practical determination of Jc.
The critical current density giving an electric field equals to the international standard
Ec, with Ec = 1 µV/cm, is the critical current density Jc. The current giving Ec on a
sample is the critical current Ic. In figure 1.7, Jc is 2.18 ∗ 1010 A/m2 and Ic is 835 A. The
study of the imperfections to increase the pinning force is an active research field in order
to increase the critical current of commercial tapes. In subsection 1.2.4, it will be shown
that the Ic is not constant along the length of a superconductor.

10
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Figure 1.6: Schematic representation of the E-
J relationship in a type-II superconductor with
the flux pinning and flux flow regimes.

Figure 1.7: E-J measurement on a GdBaCuO
tape from THEVA (plain blue line). Critical
current density Jc is defined when the electric
field reaches the standard Ec (dotted red lines).

Since the nineties [35], the non linear continuous relationship between the electric field
and the current in a type-II superconductor can be modeled by the well-known power law
given by (1.5) with Jsc the current density in the superconductor and the n-value defining
the sharpness of the relationship E-J. The typical range for HTS is between 20 and 50
[36][37]. The n-value is temperature dependent as well as Jc (see subsection 1.2.4).

E = Ec(
|Jsc|
Jc(T ))n(T ) (1.5)

The expression of the electric field given by (1.5) does not present a limit. One first
solution is to give an upper bound of the electric field considering that the resistivity
of a bulk superconductor is the resistivity given by the power law in parallel with the
resistivity of the superconductor at the normal state, with an extrapolation below Tc [38].
Another solution considers that a superconducting material is generally arranged with
other conductive materials to form a conductor. In such case, the equivalent resistance
per unit length of the conductor Rl,cond is given by (1.6) with Rl,nsc the resistance per unit
length of the conductive layers which is temperature-dependent and Rl,sc the resistance
per unit length of the superconductor. This is schematically represented in figure 1.8 and
it is called the two resistances model. Rl,sc is given by (1.7) with the power law below Tc

and the normal resistance per unit length of the superconductor Rl,sc,normal above Tc.

Rl,cond(Jsc, T ) = Rl,scRl,nsc

Rl,sc +Rl,nsc
(1.6)

Rl,sc(Jsc, T ) =


Ec

Ic(T )( |Jsc|
Jc(T ))n(T )−1 with T < Tc

Rl,sc,normal(T ) with T ≥ Tc

(1.7)
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Figure 1.8: Electrical representation of a conductor with the superconductor showing a resistance
per unit length Rl,sc and the conductive layers showing a resistance per unit length Rl,nsc.

(a) (b)

Figure 1.9: Schematic description of the evolution of the (a) electric field and (b) currents in
a conductor with a type-II superconductor as a function of the current density (in the whole
conductor) at a constant temperature.

A model detailed in chapter 2 enables the computation of the current sharing between
both resistances. In such case, the E-J relationship on the conductor follows the shape
given in figure 1.9a with Jtot the total current density in the conductor at a constant
temperature. Below Jc, the conductor does not dissipate while above Jc, it dissipates.
The electric field is also not infinite with this model. When the superconductor becomes
dissipative, the current starts to circulate through the conductive materials (see figure
1.9b).

1.2.1.3 Critical surface

The introduction of µ0Hc,2, Tc and Ic enables the presentation of the critical surface of
some type-II superconductors in figure 1.10. It is a practical tool defining where the
superconductor is in the lossless state.
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Figure 1.10: Critical surface of some materials behaving as type-II superconductors (Courtesy from
S.Awaji).

1.2.1.4 Main applications

The absence of Joule losses and the possibility of very large current density (> 100 A/m2)
are very interesting properties for applications. It enabled the creation of applications that
are difficult to realize using conventional conductors such as high field magnets for Mag-
netic Resonance Imaging, Nuclear Magnetic Resonance, particle accelerators (CERN) or
fusion confinement (ITER). Some other applications can show higher performances using
superconductors: rotating machines, cables or transformers. To finish, new technologies
appear using superconductors as magnetic bearing, Superconducting Fault Current Lim-
iter (SFCL) and Superconducting Magnetic Energy Storage (SMES)[39].

1.2.2 Interests for R-SFCL applications

Until 1986, all the type-II superconductors were metal alloys. The discovery of super-
conductivity in BaLaCuO, a ceramic, in 1986 [40] with a critical temperature of 35 K
and in YBaCuO compound in 1987 [41] with a critical temperature of 93 K led to dis-
tinguish low critical temperature superconductors (LTS), known at this time, and high
temperature superconductors (HTS). Other materials showing superconducting properties
are still discovered today. One of the last important families of materials for the applied
superconductivity community are the iron-based superconductors [42]

LTS are widely used in most of the applied superconductivity applications (mainly
NbTi and Nb3Sn). The use of HTS is developing with the 1st generation of HTS using a
multifilamentary wires of Bi-2223 and the second generation of HTS (2G HTS), which are
coated conductor available in tape. 2G HTS tapes generally refer to REBCO materials,
exhibiting high-temperature superconductivity, with the crystallographic lattice shown in
figure 1.11.

Their high critical temperature (93 K for YBCO for example) enables an operation in
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Figure 1.11: Crystal lattice of the REBCO superconducting compound from [43].

liquid nitrogen with small cryogenics cost. In addition, they present a high critical current
density and a high critical magnetic field which contribute to their increasing use in large
scale applications. Their availability under the shape of tape with a little quantity of high
electrically conductive material makes them relatively resistive when compared to other
conductors. This last additional property positions them as best candidates for R-SFCL
applications [44]. Moreover, the development of the different manufacturing processes
made it possible to now obtain long lengths of tape with good performances [44]. One
indicator is the product length multiplied by Ic(77K) which drastically increases in the
last years [4]. The highest value is the just mentioned reference is 450 A.km in 2011 by
Fujikura. 2G HTS tapes are used in the framework of this thesis.

1.2.3 Architecture and Manufacturing Process

To obtain high Jc, it is important to have small-angled grain boundaries in the REBCO
layer [45]. Indeed, the best superconducting properties are in the plan a-b in the copper
oxides. To obtain this precise alignment of the REBCO grains, the layer is epitaxially
grown on a bi-axially texture support [46]. A tape-based architecture of 2G HTS is the
most adapted shape to obtain a biaxially texture [47].

Two main routes exist to create this texture. The first route consists of giving a biax-
ially texture to the buffer layers with a metallic substrate, generally made of Hastelloy®
C276. This is achieved through Ion Beam Assisted Deposition (IBAD) where the appro-
priate template is generally obtained with Yttria-Stabilize-Zirconia (YSZ) using additional
buffer layers to transfer the texture. The particular Incline Substrate Deposition (ISD)
of MgO developed by THEVA [48] is another solution. With this first route, the metallic
substrate, 50− 100 µm thick, is used to withstand the mechanical stresses of the structure
[46]. The second route is to directly use a biaxially textured substrate in Ni-W alloys based
on the Rolling-Assisted-Biaxially-Textured-Substrate (RABITS). With such method, the
substrate shows the appropriate biaxially texture. The buffer layers only act as a chemical

14



1.2. The 2nd generation of High Temperature Superconductors

barrier and they transfer the appropriate texture. The three manufacturers studied in this
PhD work, Superpower, SuperOx and Theva, adopt the first route.

Once the suitable texture is obtained, the REBCO layer is deposited through epitaxial
growth using either physical processes as pulsed laser depositions (PLD) (SuperOx [49]),
metal evaporation (EV) (THEVA [48]) or chemical routes as Metal Organic Vapor Depo-
sition (MOCVD) (Superpower [50]). The REBCO layer is 1− 3 µm thick. A stabilizer
layer, generally silver, surrounds the structure to protect the superconducting layer from
the environment and facilitate the current injection.

The general architecture of a 2G HTS tape is given in figure 1.12. Figure 1.13 shows an
image from Scanning Electron Microscopy (SEM) of a cross-section of a REBCO coated
conductor from THEVA where the different layers just described are presented. Table 1.2
gives the dimensions of the cross-sections of the tapes produced by the three manufacturers
studied in this PhD work.

Figure 1.12: Simplified architecture of a 2G HTS
tape.

Figure 1.13: Cross-section of a REBCO coated
conductor from THEVA (Scanning Electron Mi-
croscopy) (Courtesy of Nexans®).

Manufacturer SuperOx Superpower THEVA
Width (m) 0.012 0.012 0.012

Substrate thickness (µm) (Hastelloy® C276) 100 100 100
Buffer layers thickness (µm) 0.4 0.2 3.3

ReBCO thickness (µm) 1.5 1 3
Top stabilizer thickness (µm) (Silver) 2 2 1.6

Bottom stabilizer thickness (µm) (Silver) 1 1.8 1.6
Lateral side stabilizer thickness (µm) (Silver) 1 1 1.6

Table 1.2: Dimensions of several 2G HTS tapes.
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1.2.4 Ic dependencies

Figure 1.10 introduced the dependence of Ic on the temperature and magnetic induction.
Considering 2G HTS tapes, the incidence angle of the external magnetic field θ is also
affecting Ic. In addition, the production on long lengths of the tape does not make
possible to obtain identical Ic over the position. At a microscopic scale, microcracks,
twin planes, subgrain boundaries, stacking faults, dislocations, oxygen deficient regions or
different growth sectors are known defects [51]. Extrinsic variations (width and thickness
of the REBCO layer [52]) also exist. As a consequence, Ic depends on the position x along
the length of the tape. These dependencies are summarized in (1.8).

Ic = f(x, T,B, θ) (1.8)

In the framework of the R-SFCL, there is no external magnetic field. The dependencies
related to the position and the temperature are the only ones considered.

1.2.4.1 Ic temperature dependence

The temperature dependence of the critical current density is illustrated in figure 1.10 and
precise measures are also shown in [53]. In this PhD work, the only cryogenics liquid used
is nitrogen. It solidifies at 63 K and the critical temperature of 2G HTS tape is 92 K. In
this range of temperature, the dependence on the temperature of the critical current is
almost linear (see figure 1.14 from measurements from [54]) and the linear approximation
given by (1.9) with T the temperature is used to model the temperature dependence of Ic

on that range.
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Figure 1.14: Measurement of the critical current of a conductor based on a 2G HTS tape from
THEVA, measured from [54].

Ic(T ) = Ic(77 K) Tc − T
Tc − 77 (1.9)
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The temperature dependence of Ic affects the E-J relationship of a superconductor in
a conductor. Figure 1.15 illustrates that when the temperature increases, the dissipative
state is reached with a lower critical current density.

Figure 1.15: E-J relationship of a superconductor in a conductor at several constant temperatures
of operation.

1.2.4.2 Ic position dependence

The dependence of the Ic as a function of the position is generally measured in self-field at
77 K with a characterization machine such as Tapestar [7]. One example is given in figure
1.16 with measures performed on a 1 m long 2G HTS tape from THEVA with a spatial
resolution of 1.1 mm. This example highlights the inhomogeneity of the critical current as a
function of the position. The Ic variations depend on the accuracy of the measure. Several
previous works show that the Ic data follow statistical distribution as Gaussian distribution
[52] or Weibull distribution [55][56]. The chapter 6 of this manuscript will particularly
investigate the possible description of a Ic distribution by a Weibull distribution. The
critical current density Jc depends not only on the position along the length x but also
along the width y. This will be widely developed in chapter 4.

The presentation of the large interests of the R-SFCL in section 1.1 and the intro-
duction of the high performances of the 2G HTS tapes presented in this section leads to
question about the development of this technology in power grids.

1.3 Commercial development of the R-SFCL

1.3.1 Principle of the R-SFCL

The R-SFCL was introduced in subsection 1.1.3.2 and its principle is now more detailed
thanks to the introduction of 2G HTS conductors.
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Figure 1.16: Critical current over position at 77 K in self-field of a 1 m long 2G HTS tape from
THEVA (data from THEVA, spatial resolution: 1.1 mm).

A R-SFCL is composed of several modules. A module is non-inductive coils are ar-
ranged in series inserted in a cryostat to operate at low temperatures. A simple non-
inductive coil consists of the winding of two 2G HTS conductors face to face, as it is
shown in figure 1.17, keeping a sufficient distance to ensure insulation in fault event. The
two conductors are connected in the center of the coil. More complex structures can be
created like in figure 1.18 from [57]. This contributes to limit the losses in AC normal
operation.

Figure 1.17: Scheme of a non-inductive coil for
a R-SFCL from [58].

Figure 1.18: Example of a non-inductive coil,
Fastgrid pancake (5 kV/1.5 kA) from [57]

The non-inductive coils realized with a conductor based on 2G HTS tapes can be
electrically represented by the two resistances model introduced in subsection 1.2.1.2 and
shown in figure 1.19. The power grid is modeled by a Thevenin equivalent circuit (Vgrid,
Rgrid and Lgrid) and the load by Zload. Rsc is the superconducting layer of the conductor
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and Rnsc represents the other conductive layers. S is the breaker associated to the R-
SFCL.

Figure 1.19: Scheme of an electrical circuit with a R-SFCL inserted in a power grid.

Figure 1.20 from [59] presents an experimental result of a R-SFCL operation. From
0 ms to 30 ms, the grid is in normal operation, the current is lower than the critical
current and the R-SFCL is almost invisible from an electrical point of view (electric field
mainly inductive). At 30 ms, a fault occurs, the current raises drastically and exceeds the
critical current. The R-SFCL becomes dissipative and the electric field increases. The
apparition of this sudden resistance limits the current. The electric field on the R-SFCL
is in phase with the current. After 40 ms of operation in fault conditions, the breaker
associated to the R-SFCL opens the circuit. It avoids the risk of damaging the conductor
due to excessive heating during its operation. From 70 ms to 400 ms, the utility clears the
fault and the R-SFCL conductor is cooled by the liquid nitrogen bath to come back to
its superconducting state. At 400 ms, the breaker is closed, the normal operation starts
again.

During the same test, the electric field on the R-SFCL as a function of the current
from 30 ms to 70 ms is shown in figure 1.21. The E-J relationship is recognized at the
beginning of the operation. Then, the evolution of the electric field is proportional to the
current.

1.3.2 State-of-the-Art of the R-SFCL using 2G HTS tapes

To have a good picture of the development of the R-SFCL, this section summarizes the
last R-SFCL developed and tested using 2G HTS tapes from 2010 to today.

In 2012, a single-phase 115 kV-900 A rated R-SFCL was designed, manufactured and
tested by an association between AMSC, Siemens, Nexans and Southern California Edison
[60]. The R-SFCL used a parallel shunt reactor. The European project ECCOFLOW
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Figure 1.20: Current and electric field in a grid, in the presence of a R-SFCL, as a function of the
time from [59].
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Figure 1.21: Electric field as a function of the current during the operation from 30 ms to 70 ms.
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was completed the same year with the development of a 24 kV-1005 A module. It was
successfully developed, tested in laboratory and installed but the commissioning was never
performed [9]. An air core reactor is in parallel of the superconducting material. Another
project that ended in 2012 is ENSYSTROB with German stakeholders and led by Nexans
SuperConductors. It led to the installation in the German grid of a three-phase 12 kV-
533 A rated R-SFCL for a one year’s field test [61]. Nexans also developed, tested and
installed a three-phase 12 kV-2310 A R-SFCL in Essen, Germany, in the framework of the
AmpaCity project [5] (see figure 1.22). It successfully operates since 2014.

Figure 1.22: Picture of the R-SFCL from the
Ampacity project installed in Essen, courtesy of
Nexans®.

Figure 1.23: Picture of the 220 kV R-SFCL at
the substation in Moscow, from [6].

R-SFCL were also under development in Asia. In 2014, a single-phase 154 kV-2000 A
rated R-SFCL prototype was tested by KEPCO. The project still continues with the
development of a new R-SFCL with equivalent characteristics but with a lower footprint.
The prototype was developed, manufactured and tested in operation for one year [11]. In
2019, a collaboration between Jiangsu Zhongtian and Beijing Jiatong University led to
the testing of a 220 kV-1.5 kA single phase R-SFCL. This is a large step forward with the
development of a high-voltage R-SFCL. An even bigger achievement is the installation of
a three-phase 220 kV-1200 A rated R-SFCL in a high-voltage substation at Moscow by
SuperOx [6] (see figure 1.23) in 2019.

The research on R-SFCL also focuses on DC applications. Guangdong Grid Company
of China Southern Power Grid, Co. is developing a 160 kV-1 kA DC R-SFCL. One proto-
type was already developed and tested [62]. Another DC 20 kV-400 A R-SFCL is under
development for installation purpose in a substation [63].

This sum up of the last developments of the R-SFCL around the world shows that only
a very small number of devices is today operating in power grids. The success of some
projects as Ampacity [64] did not bring to reality a serial production of this technology.
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Some beliefs explain the poor development of the R-SFCL. Indeed, the technology is quite
a breakthrough technology and it does not present a long history of field experiences.
This does not comfort the utilities to promote its development [65]. In addition to the
reluctance of the utilities, techno-economic barriers exist and they are detailed in the
following section.

1.3.3 Development barriers of the R-SFCL

1.3.3.1 High-cost of the REBCO tapes

In a recent survey about R-SFCL, reference [27] mentions that the high-cost of the R-
SFCL is the biggest barrier to its development. Figure 1.24 from [66] shows that the cost
of the tape represents two thirds of the total R-SFCL component’s shares from the capital
expenditure (CAPEX) at 77 K. This portion is reduced to half of the CAPEX at 65 K
due to the increase of the current density at this temperature.

Figure 1.24: FCL component’s shares from CAPEX at 77 K and 65 K from [66].

The expression of the conductor cost in a R-SFCL is given by (1.10) inspired from [67].
In this formula, Csc is the cost of conductor per unit length. It is around 70 $/m at 77 K
in 2017 [67] and in the framework of this PhD work, the 12 mm wide tape bought was in
the same price range. N is the number of conductors based on a 2G HTS tape in parallel.
N is determined not to risk any quench during transient overstepping of the rated current
Ia like it could happen during large motors starts. The coefficient ka considers these
transient overcurrents. N is at least equal to the normal transient over current divided by
the critical current of a conductor Ic. The length Lsc is equal to the rated voltage of the
R-SFCL Vsfcl divided by the electric field Esc which is the voltage withstood by a meter
of superconducting conductor.

Cost = CscNLsc = Csc
kaIa

Ic

Vsfcl

Esc
(1.10)
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1.3. Commercial development of the R-SFCL

The cost of the conductor is directly linked to the rated voltage of the R-SFCL, itself
determined by the grid voltage. The voltage level to transport power tends to increase,
especially with the development of DC transmissions. The development of the R-SFCL
for high-voltage grids faces a prohibitive cost of tape [27]. The designer of a R-SFCL does
not have possible actions on Csc, kaIa and Vsfcl. Nevertheless, it is possible to lower the
cost through actions on the electric field Esc withstood by the conductor or on the critical
current.

1.3.3.2 Management of the critical current inhomogeneity

The inhomogeneity of the critical current along the tape length (see section 1.2) coupled
with the low heat diffusion of 2G HTS tape implies the existence of hot-spot. This inho-
mogeneous quench of the tape leading to destructive temperature elevations is well known
in the applications using superconducting magnets [68] and it also occurs with R-SFCL.
The maximum temperature of the tape is dramatically increasing for prospective currents
in the range of the Ic variations at the liquid nitrogen bath temperature. This tempera-
ture elevation threatens the tape integrity and can lead to its destruction. This requires
to adapt the tape architecture to reduce this elevation of temperature. These adaptations
bring additional costs over the cost of the tape itself. The chapter 2 of this manuscript
will present in details the design challenge of the conductor.

1.3.3.3 Fear of Ic degradation

The R-SFCL has to show an outstanding reliability all over its lifespan as a protection
device. A degradation of its performances is a large fear especially for the utilities. A non-
desired quench due to a degradation of the conductor performances would have dramatic
consequences.

To avoid any degradation, the designer of the conductor of the R-SFCL generally does
not fully use the high performances of the 2G HTS tape. As an example, the theoretical
maximum electric field which could be withstood by a bare commercial tape is 100 V/m
for 50 ms (this will be widely developed with the expression (2.21)) which is practically
never reached. Indeed, there is a fear of overheating the conductor which could lead to, at
least, a degradation of its superconducting property (i.e. Ic degradation) or in the worst
case to its total destruction. As an example, the electric field of the conductor of the
Eccoflow project is 50 V/m for 50 ms [9]. These large margins result in a incomplete use
of the full performances of the conductor which leads to increase the length of conductor
to meet the specifications and it drives the cost up.

This concern is partially due to a lack of experience and understanding of the tape in
long-term operation. An example will be given in subsection 5.1.4.1 in the figure 5.16. In
this example, even if the conductor operation is thermally safe, there is a degradation of the
performances after the successive quenches of the conductor without possibility to identify
a clear cause after investigations. It would be exaggerated to claim that this technology
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is perfectly known. Research is still under going to reach a better understanding of the
operation of the 2G HTS tapes to increase the confidence level of the users and to gradually
use the tapes closer to their full performances.

1.3.3.4 Cooling system

The cooling system is today well developed for R-SFCL applications. However, cryogenics
may represent an additional fear for the utilities compared to other fault current limiters
not using any cryogenics system. Nexans mentioned some issues in the cooling systems in
the operation of two R-SFCL in UK [69].

1.3.4 The European Fastgrid Project

In this context, the improvements of the conductor performances to develop a cost-effective
conductor is an important contribution. This is the main goal of the European project
Fastgrid funded by the European Union through the Horizon 2020 program [57][70]. This
project, coordinated by G2ELAB (France) gathers twelve teams dealing with applied su-
perconductivity coming from academics (EPFL (Switzerland), EPM (Canada), G2ELAB
(France), ICMAB (Spain), IEE (Slovakia), KIT (Germany), RSE (Italy), STUBA (Slo-
vakia), TAU (Israël)) and industrial partners (Oxolutia (Spain), SuperGrid (France),
THEVA (Germany)).

The consortium developed advanced conductor technologies. One of the main achieve-
ments of this project is the "Fastgrid conductor". Thanks to its high performances, a
smaller length of conductor is required compared with the existing R-SFCL to meet the
rated voltage and current of the R-SFCL which substantially decreases its cost. Few pan-
cakes of a R-SFCL module were produced. The elements of design will be widely developed
in chapter 5 but it can already been said that the two main routes to achieve this cost
decrease were the increase of the electric field Esc withstood by the conductor and the
decrease of the number of conductors in parallel N thanks to an increase of the critical
current. The conductor consists of a 2G HTS tape produced by THEVA and soldered to
a thick resistive Hastelloy® C276 shunt operating in liquid nitrogen at 65 K. Two other
conductors developed within Fastgrid will be developed (CFD and Sapphire-based tape)
in the chapter 5.

1.4 Objectives of this PhD work

Fault Current Limitation is a response to the adaptation of the power grid to the increas-
ing fault current levels. Among the several existing technologies to limit fault currents,
the R-SFCL is particularly interesting due to its intrinsic and high limitation capabil-
ity, compactness and operation both in AC and DC. The use of 2G HTS tapes is well
adapted to this application with their high performances (high Ic, small cryogenics cost,
high resistivity). These tapes are now available in long lengths with high critical currents.
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1.4. Objectives of this PhD work

R-SFCL came out of the laboratories with a few devices in operation in grids. To
develop the attractiveness of this technology, it is necessary to reduce its cost and improve
the confidence of all the actors, including the utilities, in this disruptive technology. The
decrease of the cost of the conductor is one important objective of the applied super-
conductivity community. The European project Fastgrid highlights this trend with the
gathering of many institutions to develop a cost-effective conductor.

In addition to the high-cost of the 2G HTS tapes, the cost is driven up by, on one hand,
the mitigation of the negative impacts of the hot-spot implying dedicated architectures
and, on the other hand, on the incomplete use of the performances of these tapes. In
this PhD work, the work is dedicated more to the operation of the conductor in the R-
SFCL than to the study of the R-SFCL as a component of the power grids. The main
objectives are to contribute, on one hand, to a better understanding of the 2G HTS tape
operation itself to develop confidence in their operation and facilitate the full use of their
high performances and on the other hand, to develop cost-effective conductors.

The following chapter is common to both objectives just mentioned. It recalls the
behavior of the conductor of a R-SFCL against a wide range of prospective fault currents
leading to identify two meaningful extreme cases: the regime of hot-spot and the regime
of limitation. The formalization of these two regimes, based on the Ic measured with
characterization machines such as TapeStar ®, is a powerful tool to design conductors.
This chapter positions this PhD work in the line with the research activities of the applied
superconductivity group in Grenoble.

Questions arise when looking to the tape operation itself for many prospective currents:
what are the local mechanism occurring in the 2G HTS tapes in this range
of operation ? Do they challenge the design approach introduced in chapter
2 ? Is the scale of the Ic measurement small enough to represent well the
local behaviors ? The chapters 3 and 4 are in this first axis of research. The chapter 3
tightens the focus on the experimental study of the hot-spot regime with the presentation
of a dedicated set-up which enables optical observation and electrical measurements on
the tape. The chapter 4 will further reduce the scope focusing on the onset of quench
on 2G HTS tapes. Thanks to experimental and numerical simulation results, the quench
mechanism occurring on a 2G HTS tape is described.

With the added comprehension of the local behavior of the 2G HTS tapes, it is chosen
to come back to a larger scale initiated in chapter 2 with an adaptation of the design
approach to develop high-performance conductors. In this perspective, one other question
arises : how can the performances of the 2G HTS tapes be fully used with a
good long-term reliability ? The chapters 5 and 6 are in this second axis of research.
The chapter 5 studies advanced conductors showing high performances through character-
izations or developments of innovative concepts. The chapter 6 deals with the reliability of
the design of a conductor. A discussion about the influence of the conductor length on the
hot-spot regime is initiated. It will question the representativeness of the characterization
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performed on conductors with a small length when it is known that a R-SFCL consists of
tens of meters of conductor.
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CHAPTER 2

Operation of 2G HTS conductors on a wide
range of prospective currents

This chapter presents the operation of the conductor of a R-SFCL on a wide range of
prospective currents. The use of a 1D electro-thermal and lightweight model of a 2G
HTS conductor considering the critical current inhomogeneity enables the computation of
its maximum temperature over a wide range of operation. This study makes appear two
extreme cases as relevant for the design of a conductor which are the limitation regime
occurring when the prospective current is the highest and the hot-spot regime occurring
when the prospective current is in the range of the Ic variations of the conductor. The
formalization with analytic expressions of these regimes is a powerful tool to design a
conductor. The chapter 3 will further continue this study by experimentally investigating
the conductor operation.

The model described in details in this chapter will be used throughout the rest of this
PhD work.
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2.1 Experimental observation of inhomogeneous quench
The relationship between Ic inhomogeneity, introduced in 1.2, and inhomogeneous quenches
was proposed in [26][71].
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Figure 2.1: Electric fields and current (inversed) as a function of time in a liquid nitrogen bath at
77 K with two different voltages in input.

Figure 2.1 was experimentally obtained with an AC voltage source Vsource connected
to a sample of 2G HTS tape from THEVA, where voltage taps are directly soldered on
its surface. It shows that depending on the applied voltage, the quench is more or less
homogeneous. With the highest voltage, the electric fields over the various tape segments
are very similar while with the lowest voltage, electric fields are different. As an example,
in the case where Vsource = 4 V, the electric field measured between the voltage taps 1
and 2 remains mainly inductive while the electric field measured between the voltage taps
4 and 5 reaches a peak value of 12 V/m.

Following that observation, the applied superconductivity group in Grenoble developed
a 1D electro-thermal model of 2G HTS conductor to design R-SFCL considering the Ic

inhomogeneity along the conductor length. Modeling effort was continued in this work
and the latest developments are presented.

2.2 Modeling of the 2G HTS conductor as R-SFCL
The model aims to emulate the behavior of a conductor based on a 2G HTS tape inserted
in a power grid under a wide range of fault conditions. To do so, an electro-thermal model
of the conductor is developed considering the Ic variations and inserted in an equivalent
electrical circuit of a grid.

A 1D model is generally sufficient for a R-SFCL model thanks to its structure present-
ing no electrical or thermal connection between two successive turns to ensure dielectric
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2.2. Modeling of the 2G HTS conductor as R-SFCL

(a) (b)

Figure 2.2: (a) Simplified representation of a power grid with a R-SFCL and (b) electrical circuit
used to simulate the R-SFCL operation.

properties and efficient cooling. In addition, the Ic measurements, given by the manufac-
turers of tapes, are realized in the only longitudinal direction of the tape. A isothermal
cross-section is assumed meaning that the model works when the diffusion time constant
is smaller than the simulation duration. Its lightweight constitution explains the existence
of similar models developed by other groups [72][73]. Nevertheless, when local behavior
within the conductor cross-section needs to be evaluated, a 3D Finite Element Method
(FEM) model of a 2G HTS tape is also used and will be introduced in section 4.3.

The beginnings of the development of this model appear in the work from N. T. Nguyen
[20][74] where a R-SFCL is modeled by two elements of tape, each showing a different
critical current. The heat diffusion between these elements were added in [75] by C.
Gandioli. A. Badel in [76] and J. Vialle in [77] increased the number of elements to consider
the variations of the critical current along the length of the tape. Some contributions were
added during this thesis: the solving of the heat equation is now done with a backward
Euler method instead of a forward Euler method to reinforce the stability of the model,
especially for smaller discretizations and the resolution of the current sharing is done with
a Newton-Raphson algorithm instead of an oscillation damping method. These changes
are described in the appropriate context in this section.

2.2.1 Grid equivalent electrical circuit

The R-SFCL operates in power grids. A simple Thevenin equivalent circuit of a power grid
is shown in figure 2.2a with a voltage source Vgrid, a resistance Rgrid and an inductance
Lgrid feeding a load Rload. The R-SFCL is modeled by Rsfcl and the fault resistance by
R′f occurring when the switch S is on. Assuming that the fault occurs at the beginning
of the simulation (i.e always present during the simulation), the equivalent circuit is given
in figure 2.2b with Rf modeling R′f in parallel with Rload.
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2.2.2 2G HTS conductor
In this manuscript, tape refers to the commercial "bare" tape sold by the manufacturers
while conductor is what is wound to create the R-SFCL. The conductor can be simply the
bare tape itself or in association with other materials.

2.2.2.1 Multiple elements

The 2G HTS conductor is divided in n elements along its length. This enables the consid-
eration of the critical current variations giving to each element k (with k ∈ [1, n]) its own
critical current value Ic,k(77K). Each element k represents a unit length of 2G HTS tape.
The number of elements depends on the length of the tape and the level of detail desired
along the length, which is often limited by the accuracy of the critical current measure-
ment described in section 1.2. As an example, with a space resolution ∆l of 1.11 mm, 900
elements are required to model a 1 m long tape. The volume of each element is then the
cross-section of the tape S multiplied by ∆l.

Figure 2.3: Division of the 2G HTS conductor in n elements.

The time discretization ∆t is constant and equals to 0.0001 s. This value was deter-
mined by analyzing the evolution of the maximum temperature of the tape (the most
important result of the simulation) at the end of a simulation as a function of the time
step (see figure 2.4). The letter t, in subscript, refers to the time and t varies between 1
and tmax, with tmax∆t the desired simulation duration. An overview of the model is given
in figure 2.5 and is detailed in the following section.

2.2.2.2 Model of the conductor electrical behavior

Two resistances in parallel The representation of a conductor by the two resistances
model introduced in section 1.2 is adopted in this model. The discretization of the tape
length leads to a succession of elements in series (see figure 2.6). Resistance Rsc,k,t repre-
sents the superconducting layer of the element and resistanceRnsc,k,t the non-superconducting
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Figure 2.4: Maximum temperature of a conductor, at the end of the simulation, as a function of
the time step.

Figure 2.5: Overview of the model.
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layers (substrate, buffer layers and stabilizer). The current in the circuit itot,t is shared
between the current in Rsc,k,t which is isc,k,t and the current in Rnsc,k,t which is insc,k,t.

Figure 2.6: Electrical model of a 2G HTS conductor.

Description of Rsc,k,t The non-linear continuous relationship between the electric field
and the current in a type-II superconductor described by the power law was widely intro-
duced in section 1.2. In this model, it becomes (2.1) with the standard Ec, the critical
current Ic,k,t of the element k at the time t and isc,k,t the current in the superconducting
layer. The n-value is considered constant and equals to 42 thanks to the measurements
from [54] showing only slight variations from 65 K to 77 K.

Ek,t = Ec(

∣∣∣isc,k,t

∣∣∣
ic,k,t

)n (2.1)

The temperature dependence of Ic,k,t is modeled using the linear approximation given
by (2.2) and introduced in subsection 1.2.4.

Ic,k,t = Ic,k(77 K)Tc − Tk,t

Tc − 77 (2.2)

Rsc,k,t is given by (2.3) with ∆l the length of an element k. Above Tc, the resistance
is only determined by the resistivity ρsc of the REBCO layer.

Rsc,k,t =


Ec

Ic,k,t
(

∣∣∣isc,k,t

∣∣∣
Ic,k,t

)n−1∆l with Tk,t < Tc

ρsc(Tk,t) with Tk,t > Tc

(2.3)

Description of Rnsc,k,t The non superconducting layers are electrically in parallel. The
equivalent resistance Rnsc,k,t of these layers is given by (2.4) with ex the thickness of the x
layer, ρx its resistivity and w the width of the tape. xtot is the total number of conductive
layers.

Rnsc,k,t = ∆l
w ∗

∑xtot
x=1

ex

ρx(Tk,t)
(2.4)
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2.2. Modeling of the 2G HTS conductor as R-SFCL

Current sharing resolution The application of the Kirchhoff laws on the two resistances
model gives (2.5). In this PhD work, the Newton-Raphson algorithm was prefered for its
better efficiency compared to the damping method used in the previous versions of the
model [76]. 

f(isc,k,t) = insc,k,t +Aisc,k,t −B = 0

A =
Rnsc,k,tI

n
c,k,t

Ec

B =
itotRnsc,k,tI

n
c,k

Ec

(2.5)

An approximation of the solution of this equation is obtained with (2.6) with a repe-
tition of this process until a sufficiently precised value is reached (2.7).

isc,k,t,n+1 = isc,k,t,n −
f(isc,k,t,n)
f ′(isc,k,t,n) (2.6)

∣∣∣isc,k,t,n+1 − isc,k,t,n

∣∣∣ < 10−10 (2.7)

The initial guess is defined as follow in (2.8) with In the grid rated current:{
isc,k,t,0 = In if t = 1

isc,k,t,0 = isc,k,t−1 if t 6= 1 (2.8)

Equivalent resistance Knowing Rsc,k,t and Rnsc,k,t, the equivalent resistance Req,k,t is
(2.9).

Req,k,t = Rsc,k,tRnsc,k,t

Rsc,k,t +Rnsc,k,t
(2.9)

Figure 2.7 represents Req as a function of itot and T using the resistivity data from
[78][79]. The sum of these equivalent resistances gives the total resistance of the R-SFCL
Rsfcl,t at the time t in (2.10).

Rsfcl,t =
n∑

k=1
Req,k,t (2.10)

Current computation The current at each time iteration t is computed using a Backward
Euler method (2.11) and assuming Rsfcl,t+1 = Rsfcl,t.

it+1 = it +
it + Vgrid∆t

Lgrid

1 + ∆tRsfcl,t +Rgrid +Rf

Lgrid

(2.11)
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Figure 2.7: Resistance of a 1 m long 2G HTS tape as a function of the temperature and current
(Ic(77K) = 750A).

2.2.2.3 Model of the conductor thermal behavior

The discretization of the thermal model is the same as the electrical model. For each
element k, the electrical model gives a heating power Pk,t (2.12) that is used in the thermal
model to calculate the temperature variations (see figure 2.8). Heat transfer between
elements is considered.

Pk,t = Req,k,ti
2
t (2.12)

Figure 2.8: Thermal model of the 2G HTS conductor.

Homogenization of the thermal properties The specific heat capacity cp,k,t, thermal
conductivity λk,t and density µ are homogenized over each element. The specific heat
capacity cp,k,t and the thermal conductivity λk,t at the temperature Tk,t are respectively
given by an average computation by the mass (2.13) and thickness (2.14) of each layer
x , with a total number of layers xtot. The computation of λk,t is justified by the heat
propagation occurring in the longitudinal axis of the tape. In this direction, the layers are
thermally in parallel. The density µ is the sum of the mass of each layer divided by the
total volume of the element Vtotal (2.15).
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2.3. Simulation of the 2G HTS conductor operation

cp,k,t =
∑xtot

x=1mxcp,x(Tk,t)
mtotal

(2.13)

λk,t =
∑xtotal

x=1 exλx(Tk,t)
etotal

(2.14)

µ =
∑xtot

x=1mx

Vtotal
(2.15)

Heat equation resolution The heat equation resolution (2.16) makes it possible to deter-
mine the temperature of each element k at each time t. One contribution of this thesis is
to solve the equation using a backward Euler method (2.17) with some first order approx-
imations (2.18). The backward Euler method solves the problem of instability when the
spatial discretization becomes small. The temperature of the elements on the boundaries
are set to the liquid nitrogen bath temperature (i.e. ∀t ∈ [1, tmax], T1,t = Tn,t = Tbath).

∂Tk,t

∂t
= λk,t

µcp,k,t
∇Tk,t + Pk,t

mcp,k,t
(2.16)

(1 + 2 λk,t+1)∆t
µcp,k,t+1)∆l2 )Tk,t+1 = Tk,t + λk,t+1∆t

µcp,k,t+1∆l2 (Tk−1,t+1 + Tk+1,t+1) + Pk,t+1∆t
mcp,k,t+1

(2.17)


λk,t+1 = λk,t

cp,k,t+1 = cp,k,t

Pk,t+1 = Pk,t

(2.18)

This model is now used to assess the influence of the critical current inhomogeneity on
the tape operation in fault conditions.

2.3 Simulation of the 2G HTS conductor operation

2.3.1 Framework of the simulation

2.3.1.1 Number of elements

The Ic variations of a 1 m long 2G HTS tape shown in figure 1.16 and reminded in figure
2.9 are used (Imean

c = 733 A, Imax
c = 781 A, Imin

c = 665 A, ∆Ic = 116 A). The measure
of the local Ic is done every 1.1 mm so 900 elements are needed to model the full length
of the conductor.

2.3.1.2 Architecture

The thicknesses and the materials of the layers of the simulated architecture are given in
Table 2.1. The thermal and electrical properties of the silver, MgO and YBCO come from
[78] and the ones of Hastelloy® C276 from [79].
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Figure 2.9: Critical current over position of a 1 m long 2G HTS tape from THEVA (data from
THEVA, 77 K, self-field, Tapestar®).

Layers Substrate Buffer stack Superconducting layer Stabilizer
Materials Hastelloy® C276 MgO YBCO Silver

Thicknesses (µm) 100 3 3 3.2

Table 2.1: Thicknesses and materials of the components of the conductor.

2.3.1.3 Range of prospective currents

A R-SFCL is designed to operate in a grid where the prospective current takes any value
from the rated current In to the maximum prospective current which can typically reach
20In (see section 1.1). Nevertheless, higher maximum prospective current can be consid-
ered in the design of a R-SFCL. As an example, in the European project Eccoflow, the
rated current of the R-SFCL was In = 1005 A [80] and the maximum prospective current
was 25In [19].

In this simulation, the rated current is 350 A, the maximum prospective current is
20In and the parameters of the DC circuit are given in Table 2.2. The resistance Rf varies
from 0 to 0.41 Ω. The simulation lasts for 15 ms and is run for the given range of Rf . The
cooling is at 77 K.

Parameter Vgrid (V ) Rgrid (Ω) Lgrid( µH)
Value 150 0.021 64

Table 2.2: Values of the circuit parameters.

2.3.2 Operation with various prospective currents
One result of the simulation is the maximum temperature of the conductor at the end of
the simulation as a function of the prospective current (see figure 2.10). Contrary to what
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2.3. Simulation of the 2G HTS conductor operation

could be expected in a homogeneous case, the temperature is not constantly increasing with
the prospective current. A temperature excursion occurs when the prospective current is in
the range of local Ic variations. This result is qualitatively similar for any Ic distributions.

Figure 2.10: Maximum temperature of the conductor after 0.015 s of operation for a large range
of prospective currents. A temperature elevation occurs in the range of Ic variations.

To better understand this result, the current in the grid during the simulation and the
temperature of each element at the end of the simulation are given respectively in figure
2.11 and in figure 2.12 for several prospective currents.
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Figure 2.11: Current in the simulated grid as a function of the time at various prospective currents.

Case A - Ipros = 750 A: with low prospective current, the conductor remains su-
perconducting at the liquid nitrogen bath temperature. The current in the grid is in
steady-state and not high enough to initiate any thermal runaway.

Case B - Ipros = 800 A: when, the prospective current increases, the portions of
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Figure 2.12: Temperature of the 2G HTS conductor for various prospective currents at 15 ms.

the conductor showing the lowest Ic become dissipative and start to heat. The current is
slightly limited from 10 ms until the end of the simulation.

Case C - Ipros = 850 A: the highest maximum temperature is reached when the
current in the grid is high enough to initiate a thermal runaway around the area where
the critical current is lower but small enough not to quench the portions of the conductor
having the highest critical currents and leading to a slight limitation. Moreover, the
temperature elevation remains localized. The speed at which the resistive zone expands,
called Normal Zone Velocity Propagation (NZPV), is low in 2G HTS tape. A precise value
coming from the simulation is not given because the current should be constant for this
estimation. In the literature [81] [82], an evaluation of 0.1 m/s is found.

From Case D - Ipros = 950 A to Case E - Ipros = 1075 A: the prospective current
is high enough to quench a larger part of the conductor , the current limitation is more
efficient and the maximum temperature decreases. This maximum temperature continues
to decrease with an increasing prospective current until the quench is homogeneous over
the whole conductor (E - Ipros = 1075 A).

From Case E - Ipros = 1075 A to Case F - Ipros = 7000 A: the quench is ho-
mogeneous over the whole conductor and the maximum temperature increases with the
prospective current. Indeed, when the prospective current increases, the resistance Rf

decreases while Vgrid is constant. The electric field withstood by the conductor increases
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2.4. Two regimes of operation

with the prospective current. Figure 2.13 shows that the rms current, given by (2.19)
where ∆t is the simulation duration, increases with the prospective current from (E -
Ipros = 1075 A) to (F - Ipros = 7000 A).
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Figure 2.13: RMS value of the current in the circuit as a function of the prospective current.

Irms =
√

1
∆t

∫ t0+∆t

t0
i(t)2dt (2.19)

This evolution of the maximum temperature of the conductor as a function of the
prospective current was obtained in [19][74][77] and also by another group in [72]. It
predicts an elevation of the temperature when the prospective current is in the range
of Ic variations and naturally when Ipros becomes very large. This leads to define two
main operation regimes of the 2G HTS tape in the framework of the R-SFCL, which are
important to consider in the design of the conductor of a R-SFCL: the limitation regime
and the hot-spot regime.

2.4 Two regimes of operation

2.4.1 Definitions

The evolution of the maximum temperature of the conductor as a function of the prospec-
tive current is once again given in figure 2.14. As just mentioned, two ranges of prospective
current are of particular interest the hot-spot regime and the limitation regime. As shown
in [67], the study of these two domains makes it possible to derive design constraints for
the R-SFCL conductor from analytic calculations.

Limitation regime : it occurs with the highest prospective current, in the event of
a zero-impedance short-circuit. In such case, the current in the grid is high enough to
quench the whole conductor. Considering the circuit parameters given in Table 2.2, the
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Figure 2.14: Maximum temperature of the 2G HTS conductor as a function of the prospective
current with the hot-spot regime and limitation regime.

resistance of the R-SFCL Rsfcl is high enough (see figure 2.15a) to consider that the grid
voltage Vsfcl is almost entirely applied on the R-SFCL (see figure 2.15b). From an energy
balance in adiabatic conditions applied on the conductor with a length Lsc inserted in the
circuit in figure 2.15b, the temperature elevation ∆T is analytically expressed by (2.20)
where ∆t is the clearing fault time given by the grid operator, ρ the electrical resistivity
of the conductor and cp,v its heat capacity per volume unit. Temperature dependence of
ρ and cp,v are not mentioned here to make the expression clearer. With the introduction
of the electric field Esc withstood by the conductor, (2.20) becomes (2.21).

∆T = (Vsfcl

Lsc
)2 ∆t
cp,vρ

(2.20)

∆T = E2
sc∆t
cp,vρ

(2.21)

Hot-spot regime : it is obtained when the prospective current is in the range of
Ic variations of the conductor. In such case, only the portions of the conductor showing
the weakest Ic quench, Rsfcl is small compared to Rgrid in series with Rf (see figure
2.16a). The current is almost not limited and mainly determined by the grid and fault
impedances. The grid can be modeled as a current source delivering the critical current
(see figure 2.16b). From an energy balance in adiabatic conditions applied on the section of
the conductor where the quench occurs, the temperature elevation is given by (2.22) with
econd the conductor thickness, Ic the critical current and w the width of the conductor.
Introducing Ic,w the critical current per unit width, (2.22) becomes (2.23).

∆T = ρ∆t
cp,v

( Ic

econdw
)2 (2.22)

∆T = ρ∆t
cp,v

( Ic,w

econd
)2 (2.23)
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(a) (b)

Figure 2.15: (a) Electrical circuit giving the maximum temperature of the conductor in limitation
regime and (b) simplified circuit giving an analytic expression of the temperature elevation for this
regime.

(a) (b)

Figure 2.16: (a) Electrical circuit giving the maximum temperature of the conductor in hot-spot
regime and (b) simplified circuit giving an analytic expression of the temperature elevation for this
regime.

41



Chapter 2

The formalization of these two regimes is a powerful tool to design the conductor of
R-SFCL.

2.4.2 Design of a conductor

Reference [67] shows that the length of the conductor Lsc and the thickness of the con-
ductor econd can be given from the expressions (2.21) and (2.23) just introduced.

Figure 2.17: Dimensions of a conductor showing homogeneous resistivity and heat capacity per
unit volume.

The designer gives the maximum temperature elevation ∆Tmax allowed not to risk any
damage of the conductor. Generally, it is around 350 K. The utility gives ∆t and Vsfcl. As
a consequence, the length of the conductor is given by the operation in limitation regime
with (2.24) and its thickness by its operation in hot-spot regime with (2.25).

Lsc = Vsfcl

√
∆t

∆Tmaxcp,vρ
(2.24)

econd = Ic,w

√
ρ∆t

∆Tmaxcp,v
(2.25)

The width of the conductor is given by the operation in normal operation. Most of the
design was introduced in subsection 1.3.3.1. The total width of the conductors in parallel
wsc has to present a critical current Ic at least equals to the normal transient overcurrent
in a grid represented by kaIa. This gives the total width of the conductors in (2.26).
Commercial 2G HTS tapes can be 12 mm wide. In such case, the number of conductors
based on 2G HTS tapes is given by (2.27).

wsc = kaIa

Ic,w
(2.26)
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N ≥ wsc

0.012 (2.27)

2.4.3 Mitigation of the temperature elevation in hot-spot regime

2.4.3.1 Considerations from the temperature elevation in hot-spot

The study of the expression of the temperature elevation in hot-spot regime given in (2.22)
makes it possible to propose solutions to decrease the temperature in this regime. Indeed,
it was introduced in subsection 1.3.3.2 as an operation range where the current could
highly threatens the integrity of the conductor. The impact of the solutions, which are
presented here, on the cost of the conductor is also mentioned using the cost expression
given by (2.28) and introduced in subsection 1.3.3.1.

Cost = CscNLsc = Csc
kaIa

Ic

Vsc

Esc
(2.28)

Influence of the resistivity The conductor equivalent resistivity can be modified by
changing the thickness of the layers. The variation of the highly conductive silver layer
thickness largely changes the equivalent conductor resistivity. Figure 2.18a shows that a
decrease of the resistivity due to a thicker silver layer decreases the maximum temperature
in hot-spot regime as it is predicted by (2.23). This solution was adopted in the European
Project Eccoflow [9]. With a critical current per cm-width around 300 A, the solution to
limit the temperature elevation in hot-spot regime was to increase the thickness of the
stabilizer layer to at least 3 µm.

This approach has a drawback on the cost of the conductor. Expression (2.21) shows
that a smaller resistivity implies a higher temperature elevation in limitation regime, the
electric field Esc must be reduced to maintain an acceptable temperature elevation which
drives the cost of the conductor up (see (2.28)). In the opposite way, the increase of the
resistivity leads to a higher temperature in hot-spot regime but a lower temperature in
limitation regime which could result in a possible increase of the electric field Esc.

Influence of the temperature of the bath As it has been introduced in subsection 1.2.4,
the critical current of a superconducting material decreases when the temperature in-
creases. The operation in a liquid nitrogen bath at a higher temperature would contribute
to decrease the coefficient Ic,w in (2.23). Figure 2.18b shows that the temperature elevation
in hot-spot regime is lower at 80 K than at 77 K.

However, this method is of small interest as it increases the total width of the conduc-
tors associated in parallel in a R-SFCL (2.26), as a consequence the number of conductors
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N (see 2.27) and the cost (2.28). In the opposite way, a diminution of the bath tempera-
ture would allow a reduction of the number of conductors required to transport the rated
current, but at the cost of a more severe hot-spot regime (see 2.18b).

Influence of the conductor thickness Figure 2.18c shows that an increase of the conduc-
tor thickness econd by an increase of the thickness of the substrate has a small impact on
the conductor equivalent resistivity of the conductor but it significantly enables a decrease
of the temperature elevation in hot-spot regime.

This solution is very attractive. It would make it possible to increase the resistivity of
the conductor to reach higher electric field in limitation regime and increase Ic,w without
threatening the operation in hot-spot regime. These two actions decrease the total cost
of the conductor (see (2.28)) by decreasing its length Lsc and the number of conductors
in parallel N respectively. This solution is adopted in the Fastgrid project, the design of
the conductor is widely explained in section 5.1.

2.4.3.2 Enhancement of the heat dissipation homogeneity

One other approach is the enhancement of the heat dissipation to faster reach a homoge-
neous dissipation. The hot-spot would more rapidly propagate which limits the current
and as a consequence, the temperature elevation.

Enhancement of the heat diffusion with a Sapphire-Based substrate A first route is
the improvement of the thermal conductivity of the conductor. This is simply evaluated
in [57] where the curve Tmax = f(Ipros) is compared with the heat conductivity of the
conductor multiplied by a factor of 100 and without the multiplication. The result is
displayed in figure 2.19. The increase of the heat conductivity leads to a drastic decrease
of the peak temperature in hot-spot regime.

The use of sapphire wafer as substrate to develop SFCL conductor is well known in the
literature [71] [83] [84]. It also exists in the shape of tape in [85]. The high diffusivity of
the sapphire contributes to propagate the heat in the event of a hot-spot and to limit the
current. Unfortunately, the cost of this technology is very high. Some improvements exist
and will be detailed in chapter 5.3 with one advanced conductor developed by Tel-Aviv
University in the framework of the Fastgrid project showing an outstanding electric field
but with a low critical current up to now.

Enhancement of the NZPV with the concept of Current Flow Diverter One other
way to homogenize the heat dissipation in a 2G HTS conductor is to increase the Normal
Zone Propagation Velocity (NZPV). C. Lacroix and F. Sirois in [82] present the concept
of Current Flow Diverter (CFD). The idea is to increase the current transfer length from
the superconducting layer to the stabilizer layer to increase the NZPV. This is realized
with the addition of a highly resistive interface between these two layers. The interface
is not uniform, only the center portion of the width is highly resistive (see figure 2.20).
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(a) Thickness of the silver layer
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(c) Thickness of the substrate layer

Figure 2.18: Maximum temperature of the 2G HTS conductor as a function of the prospective
current considering the influence of several parameters.

Figure 2.19: Maximum temperature as a function of the prospective current divided by the critical
current of the conductor with the conductivity of the conductor as a parameter, from [57].
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A uniform highly resistive interface on the width would result in a large amount of heat
on the current leads. In simulation, this architecture increases the NZPV to 20 m/s [82]
while it is generally in the order of 0.1 m/s.

Figure 2.20: Schematic drawing of the current path flows in a uniform (left) and CFD tape (right)
from [82].

There is no easy way to produce long lengths of tape with this architecture, mainly
due to the difficulty to realize the interface. In the Fastgrid project, ICMAB and Oxolutia
strongly collaborated with EPM to develop a way to industrialize the manufacturing pro-
cess of the CFD. This is one important aspect of the PhD activities of P. Barusco. One
sample from his work is characterized in 5.2 as well as one sample of the sapphire-based
substrate tape developed by TAU.

2.5 Conclusion
This chapter described the behavior of the R-SFCL for a wide range of prospective cur-
rents when considering the Ic variations along the conductor length based on a modeling
approach. That approach started with the presentation of improvements of a 1D electro-
thermal model of 2G HTS tape-based conductor in operation in a circuit emulating fault
conditions. The further developments on this model made it possible to have a thin-
ner spatial discretization and a simpler solving of the current sharing with the use of a
Newton-Raphson method.

One important result of the simulations carried out with this model is the maximum
temperature as a function of the prospective current. Two particular regimes of operation
leading to the highest temperatures of the conductor are observed. The first is the limita-
tion regime occurring with the highest prospective current and the second is the hot-spot
regime occurring with prospective currents in the range of the Ic variations of the tape.

The formalization of these two regimes of operation with analytic expressions makes
it possible to assess the influence of parameters on the temperature elevations occurring
during these regimes. It is a powerful tool to design the conductor of a R-SFCL. The 1D
model developed here can also be used to assess the impact of the conductor length on
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the hot-spot regime (see chapter 6). However, to observe local behaviors occurring in a
2G HTS conductor, a 3D model is more adapted and will be used in chapter 4.

There is only a few experimental observations of these regimes of the conductor over
the whole prospective current range. The next chapter presents a dedicated experimental
set-up to observe them.
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Experimental study of the hot-spot regime

After the introduction of the conductor operation on a wide range of prospective currents,
this chapter focuses on the hot-spot regime, using an experimental approach. A dedicated
set-up is developed to observe the fault current operation of a sample of 2G HTS conductor.
It consists of an electrical circuit emulating the grid associated with a cryogenics environ-
ment where the temperature of the bath can be changed. Electrical measurements (current
and electric fields) are realized and a high-speed imaging system is used to observe bubbles
generated on the surface of the sample. The computation of the maximum temperature,
using electrical measurements, is recalled and its use on a wide range of operation points
enables the experimental observation of the hot-spot regime. Moreover, the evolution of
the dissipation homogeneity as a function of the prospective current is discussed.

The experimental set-up described exhaustively in this chapter will be used throughout
the rest of this PhD work.
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3.1 Emulation of the R-SFCL environment

3.1.1 Fault current set-up

The role of this set-up is to place the studied sample in the R-SFCL operation conditions,
with the ability to adjust the prospective fault current. Both an AC and a DC electrical
circuits are proposed.

3.1.1.1 Simulation with a variable Vgrid or Rf

Simulations are first realized to highlight the importance of key parameters having conse-
quences on the hot-spot regime.

As it is mentioned in subsection 2.2.1, the grid can be represented by the scheme in
figure 3.1. The prospective current in this DC circuit is (3.1). In a lab set-up, it is possible
to vary the prospective current either by modulating Vgrid or Rf . Rgrid is the sum of the
resistances of the wires, contacts, etc.

Figure 3.1: Equivalent circuit of a power grid with a R-SFCL.

Ipros = Vgrid

Rgrid +Rf
(3.1)

Although, in lab conditions, it appears easier to vary Vgrid but in actual power grids,
it is the voltage that is constant and the impedance of faults varies. A simulation is thus
performed in order to check if the two methods give similar results in terms of R-SFCL
behavior. The maximum temperature is computed with the prospective current varying
from 350 A to 7000 A. Rgrid is 21 mΩ and Lgrid is 64 µH. In the case where the voltage
is constant, called R − var, Vsource is 150 V and Rf varies from 0 to 0.41 Ω. In the case
where the fault resistance is constant, called V − var, Rf is zero and Vsource varies from
7.5 V to 150 V.
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Figure 3.2 shows identical temperatures with the highest prospective current but they
are different in hot-spot regime. The currents leading to the maximum temperature at
Ipros = 850 A are displayed in figure 3.3a. In the V − var case, the prospective current
current is reached less quickly than in the R − var case. As a consequence, the heat
dissipation in the region of the tape showing the weakest critical current lasts less time,
therefore leading to a smaller temperature elevation.
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Figure 3.2: Maximum temperature over the tape as a function of the prospective current in the
R− var case (solid blue line) and in the V − var case (solid red line).

This difference of current dynamics comes from the non instantaneous current increase
in the circuit. The time constant τ is (3.2) in the V − var case, remaining constant
whatever the voltage (see figure 3.3) while τ is (3.3) in the R− var case, changing for all
prospective currents.

τ = Lgrid

Rgrid
(3.2)

τ = Lgrid

Rgrid +Rf
(3.3)

Although the behavior is qualitatively similar in both configurations, in this thesis, it
is chosen to develop circuits in R− var configuration to be in grid configuration.

3.1.1.2 Simulation with an AC and DC grid

One other concern arising when going from simulation to experiments, is the similarity
between simulations performed in DC and measurements in AC. Indeed, the measure-
ments in AC are easier with the possibility to use the power grid as a source. With the
model detailed in section 2.2 and the simulation framework developed in section 2.3, the
equivalence of DC and AC measurements is studied. In DC, the source is a constant
voltage V = 150 V and in AC, the voltage is defined by (3.4) with f the grid frequency
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Figure 3.3: Current in the circuit as a function of the time with a prospective current of (a) 850 A
and (b) 4000 A in V − V ar and R− var configurations.

(50 Hz). The results in figure 3.4 shows that the hot-spot regime are particularly different.
Indeed, in a superconductor, the resistance depends on the temperature but also on the
instantaneous value of the current below Tc (see (2.3)).

V (t) =
√

(2)V cos(2πft) (3.4)
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Figure 3.4: Maximum temperature over the tape as a function of the prospective current with a
DC source (solid blue line) and an AC source (solid red line).

A DC and an AC fault current set-up are developed. The development of a DC fault
current set-up is a big achievement due to the difficulty to have a source with a high
dynamic and the realization of the current interruption. However, it can already been
said that further developments have to be realized to control the prospective current in
this circuit.
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3.1.1.3 AC circuit

Th AC circuit was already present in the applied superconductivity group in Grenoble.
One contribution of this PhD work is to arrange it in R − var configuration. It consists
of a 0− 400 V auto-transformer, with a variable ratio, powering the R-SFCL conductor
Rsfcl through a transformer with a ratio m smaller than 1 to increase the current through
the sample (see figure 3.5). To vary the prospective current, a variable resistance Rvar

is inserted between the auto-transformer and the transformer. The resistance consists of
several 4.9 Ω power resistances stacked in parallel or in series. A switch S2 controlled by
the user connects the sample to the voltage source for the desired duration. An additional
3000 A switch S3 opens the circuit in the event of a non-opening of S2.

Figure 3.5: Scheme of the AC electrical circuit used to characterize 2G HTS conductor samples.

Figure 3.6 gives a practical representation of this circuit. The parameters are listed in
Table 3.1. The user sets the voltage Vsource (through Vin) at the desired value while Rfault

(through Rvar) is changed at each test. The switch S2 is still controlled an represented
by S in figure 3.6. Rfault varies from 0 Ω to 0.085 Ω. The prospective current in the grid
is given by (3.5). As an example, with Vsource = 30 V, Ipros varies from 350 A to 7000 A.
The current is measured with a 5000 A rated sensor.

Parameters m Rcircuit (Ω) Xcircuit (Ω)
Values 30/380 0.0038 0.002

Table 3.1: Values of the circuit parameters.

Ipros = Vsource√
(Rcircuit +Rfault)2 + (Xcircuit)2

(3.5)
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Figure 3.6: Simplified representation of the AC electrical circuit.

3.1.1.4 DC circuit

A. Derbey and B. Sarrazin, from the power electronics group of the G2ELab, fully developed
the DC switch.

The DC circuit was entirely developed (see figure 3.7). It consists of a source which is
a Maxwell supercapacitor (165 F-48 V), whose capacity is big enough to ensure negligible
voltage drop. It is reloaded between experiments by a low current DC source. Rcircuit

is 23 mΩ and Lcircuit is 3.6 µH. Interrupting DC current is difficult as energy must be
dissipated in the switch. The switch S uses five half-bridge MOSFET in parallel, allowing
a very fast interruption of the current. Rfault is a variable power resistance varying from
0 to 0.1 Ω. The development of the circuit during this PhD work is a first step. Indeed,
Rfault is to small compared with the values of the contact resistances of the circuit to
control the prospective current.

Figure 3.7: Scheme of the DC electrical circuit used to characterize 2G HTS conductor samples.
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(a) Transparent cryostat (b) Fastgrid cryostat

Figure 3.8: Cryostats used during this PhD work with (a) the transparent cryostat and (b) the
cryostat used to characterize the FASTGRID conductor.

3.1.2 Cryogenics environment

3.1.2.1 Cryostats

Two cryostats were used throughout this PhD work (see figure 3.8). The first one is a
transparent cryostat with an inner diameter of 16 cm and the second one is a stainless
steel cryostat with an inner diameter of 40 cm. The latter cryostat is mainly used to
characterize the Fastgrid conductor in subsection 5.1.3.

3.1.2.2 Temperature of the nitrogen bath

In all cases, the cooling is done by a liquid nitrogen bath. The temperature of the bath
impacts the hot-spot regime as it was introduced in subsection 2.4.3.1. The temperature
variation is achieved by varying the pressure.

Operation below 77 K The phase diagram of Nitrogen is shown in figure 3.9 (data from
[86]). The Nitrogen solidifies at 63 K. As a consequence, the temperature of the bath can
not be practically lower than 65 K. In a closed cryostat, the temperature of the liquid
is modified by controlling the pressure. As an example, to reach 68 K, the pressure is
decreased down to 290 hPa (figure 3.9, B). This decrease of pressure is performed in this
set-up using two pumps in parallel connected to the cryostat through a heat exchanger (see
figure 3.10). The role of the heat exchanger is to warm up the pumped gaseous nitrogen to
avoid damaging the pumps. Nevertheless, the dielectric properties of gas at low pressures
are not good (Paschen’s law). In order to improve it, the pressure is then increased to
the ambient pressure (figure 3.9, C). The bath is therefore not at equilibrium during the
experiment but the rate of temperature increase is negligible compared with the duration
of the tests.
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Figure 3.9: Phase diagram of Nitrogen. The
data come from the website of Air Liquid [86].

Figure 3.10: Picture of the experimental set-up
used to decrease the pressure over the cryogen-
ics bath: two pumps are associated in parallel
(background) and connected to a heater (fore-
ground).

Operation above 77 K To operate at higher temperatures than 77 K, cryostat shown in
figure 3.8b is used. Inside the bottom part of the cryostat, power resistances thermally
connected through Apiezon N grease to a disk in copper to obtain a large surface of heat
transfer are installed. The pressure in the cryostat is controlled using a valve and set
to 1500 hPa. In such conditions, the temperature of the saturated nitrogen stabilizes at
81 K. If the heating power stops, the nitrogen comes back rapidly to 77 K.

3.2 Measures on the 2G HTS conductors

3.2.1 Electrical measurements
To observe the inhomogeneities of the dissipation on a 2G HTS conductor, a first method,
as presented in chapter 2 in figure 2.1, consists of the measurements of voltages along the
sample. Voltage taps are positioned on its surface (see figure 3.11). They are soldered with
low melting temperature solder not to damage the conductor. Indium-Tin was selected
and warmed up to 410 K. The current in the circuit is also measured.

3.2.2 High-speed imaging set-up
This high-speed imaging set-up was developed with the kind help of M.Gibert and J.Vessaire
from Institut Néel.

In addition to voltage measurements, the localization of disipation can be observed
optically through the generation of bubbles. Investigations on the conductor operation
through optical observation were initiated by N.T. Tung and C. Barnier in [87]. Here,
a new high-speed imaging set-up using a camera with higher performances is proposed.
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Figure 3.11: Illustration of voltage taps soldered on the surface of a 2G HTS conductor.

Other investigations using camera can be found in the literature either with a similar
set-up [83] or with the use of fluorescent thermal imaging to measure quench propagation
in HTS tapes [88].

3.2.2.1 Sample-holder and cryostat

The transparent cryostat (figure 3.8a) is used with a sample from a 2G HTS tape inserted
in. The sample is either connected to the AC electrical circuit or DC electrical circuit
by using the sample holder shown in figure 3.12. To inject the current, each extremity
of the sample is pressed between two copper pieces. The screws are tightened until a
torque equals to 5 Nm is reached. The copper elements are 4 cm wide and the length of
the sample not covered by the copper pieces is 6 cm long. The structure is mechanically
supported by a FRP piece to ensure that no current flows between the two ends of the
sample, except through the sample itself.

Figure 3.12: Sample holder used to characterize by optical observation 2G HTS tapes.
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3.2.2.2 Camera

A high-speed camera records the bubble generation on the surface of the sample. It is
a Phantom V311 with a frame rate set to 50000 fps, which means that an image is
recorded each 20 µs to observe phenomena with high dynamics. Exposure time is 3 µs
and the resolution is 560x96 pixels. A powerful light source is necessary to perform high-
speed imaging. The camera is triggered by a pulse signal sent by the user that can be
synchronized precisely with the electrical measurements system.

3.2.2.3 Boiling heat transfer in liquid nitrogen

The Nukiyama curve [89] describing the boiling heat transfer is detailed in appendix C.
During this PhD work, the measure of the heat transfer as a function of the temperature
difference between a copper tape and the liquid nitrogen bath was experimentally tried.
It did not give relevant results. The Nukiyama curve is obtained with a power-controlled
heating or a temperature-controlled heating. While during a quench, none of both cases
exist, the power received by the sample is transient. The different heat transfer regimes
are transient too during such a small time (few tens of milliseconds).

Even if assuming that the 2G HTS tape is in steady state regime during a quench, no
universal value would be obtained for the heat transfer. It depends practically on other
parameters like the shape and the orientation of the sample in the bath, the surface of the
sample (wettability, rugosity,..) or the operation in saturated or subcooled nitrogen.

As a consequence, the important element to remember from the Nukiyama curve is
that the temperature of the Onset of Boiling is higher than the saturated temperature.
This means that the tape will present a temperature higher than the liquid nitrogen bath
temperature when the first bubbles will appear.

3.2.3 Maximum and Mean Temperatures

3.2.3.1 Concepts of these temperatures

The inhomogeneous quench occurring on the 2G HTS tape leads to an inhomogeneous
temperature along its length. Accurate direct temperature measurement is very difficult
in a system with such a fast dynamic and immersed in a cryogenics liquid. Instead,
Tixador et al. in [90] formalize methods to compute the mean temperature Tmean and the
maximum temperature Tmax of the tape from electrical measurements. The comparison
of these two temperatures makes it possible to assess the homogeneity of the quench.

The approach consists in establishing an energy balance of the tape at two different
scales :

• on the volume Vi,j between two voltage taps i and j for Tmean,i,j (see figure 3.13a)

• on the section S for Tmax (see figure 3.13b)
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(a) (b)

Figure 3.13: Schematic representation of a tape with (a) the volume Vi,j between the voltage taps
i and j and with (b) the cross-section S of the tape.

The expressions rely on the assumptions that both temperatures are homogeneous at
the scale of their computations and the hypothesis of adiabatic conditions. It should result
in a certain over estimation of the actual temperature. This effect is supposed to remain
limited: Tixador et al. in [90] compared the temperatures computed with this theoretical
approach and experimental measures on a sample with a sensor directly deposited on its
surface and obtained a difference about 10 %.

3.2.3.2 Mean temperature

The energy balance in the volume Vi,j gives (3.6) with cp,v the heat capacity per volume
unit, vi,j the voltage between the two voltage taps i and j and i(t) the current across
the tape. The temperature in this expression is the mean temperature Tmean,i,j over the
volume Vi,j .

vi,j(t)i(t)dt = Vi,jcp,v(T )dT (3.6)

The voltage vi,j and the current i are measured every δt by an oscilloscope. The mean
temperature in a volume Vi,j is computed using a forward Euler method given in (3.7).

Tmean,i,j,t+1 = Tmean,i,j,t + vi,j,titδt

Vi,jcp,v(Tmean,i,j,t)
(3.7)

3.2.3.3 Maximum temperature

The local energy balance over the cross-section S gives (3.8) with the resistance per unit
length Rl depending on the current i and the local temperature in the section below Tc and
only on the temperature above Tc. The temperature in these expressions is the maximum
temperature Tmax of the tape.
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{
Rl(i(t), T )i(t)2dt = Scp,v(T )dT with T < Tc

Rl(T )i(t)2dt = Scp,v(T )dT with T > Tc
(3.8)

In hot-spot regime, the mean temperature does not represent well how close the tape
is from its operation limit. Obtaining Tmax is critical. The computation of the maximum
temperature is more complicated than the mean one. The computation starts when a
quench is detected, i.e when one of the measured voltages is higher than 0.1 V in the sys-
tem. The recognition of a dissipation spot is practically limited by the acquisition system.
The temperature in the dissipation zone giving this voltage is not known. However, a
value is needed to initiate the computation.

A first assumption consists of initiating the computation at the liquid nitrogen bath
temperature at the moment of the recognition of the dissipation. This leads to under-
estimate the temperature in the dissipation zone but there is no easy way to estimate
the temperature at the origin. A second assumption is the non consideration of the current
dependence of Rl below Tc. The extrapolation of the temperature dependence of Rl below
Tc is shown in figure B.1a in appendix B and is used to compute the temperature. This
leads to an over estimation of the temperature through an over estimation of the
actual resistance of the dissipation zone. The maximum temperature on the cross-section
S where the dissipation first occurred is computed using a forward Euler method given in
(3.9).

Tmax,t+1 = Tmax,t + Rl(Tmax,t)i2t δt
Scp,v(Tmax,t)

(3.9)

3.2.3.4 Tape characteristics

The resistance per unit length and the heat capacity per volume unit of the tape as a
function of the temperature are required to compute Tmean and Tmax. The temperature
dependence of the tape resistance per unit length is measured from 77 K to the ambi-
ent temperature. Examples of these measurements are shown in Appendix B. A curve
extrapolation is generally proposed to obtain a larger range of values above the ambient
temperature and below Tc to compute Tmax. The Hastelloy® C276 thickness represents
90 % of the total thickness of a tape (see section 1.2). It is assumed for the computations
of Tmean and Tmax that the heat capacity per volume unit of this material is the heat
capacity per volume unit of the whole tape with the data from [79] given in appendix B.
A curve extrapolation is also proposed.

3.3 Observation of the 2G HTS conductor operation

To introduce the experimental approach, a "bare" 2G HTS tape from Superpower® [91]
is studied under different prospective currents varying from 500 A to 1500 A in a liquid
nitrogen bath at 77 K and 68 K.
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3.3.1 Experimental details

3.3.1.1 Sample

The dimensions of the cross-section of the sample are introduced in Table 1.2. Its critical
current is around 650 A. Additional information about its manufacturing process are given
in subsection 1.2.3. Several voltage taps are positioned on the superconducting side of the
sample in order to measure the electric fields. The space between two voltage taps is 1 cm
(see figure 3.14).

Figure 3.14: Positions of the voltage taps soldered on the superconducting side of the sample.

3.3.1.2 Test bench and measures

The sample is inserted in the AC fault current set-up (see figure 3.6) where the prospective
current varies adjusting Rf . The voltage source Vsource is 16 V. The sample is studied at
77 K and then 68 K following the procedure detailed in subsection 3.1.2. The user sets
the duration ∆t of a pulse by controlling the closure of the switch S.

At 77 K, the fault resistance Rfault varies from 12.5 mΩ until 29.8 mΩ to obtain
prospective currents varying from 475 A to 975 A (in terms of mean Ic, from 0.7Ic to
1.5Ic). The limitation phase lasts for 30 ms. At 68 K, Rfault varies from 6.7 mΩ un-
til 12.5 mΩ to obtain prospective currents varying from 975 A to 1500 A (from 1.5Ic to
2.3Ic). The limitation phase lasts for 15 ms which is smaller than at 77 K due to higher
Joule losses at this temperature.

The high-speed imaging system, detailed in subsection 3.2.2, is used. The camera
operates at 50000 fps. Electrical measurements, similar to subsection 3.2.1, are realized
with a sampling frequency of 100 kHz. Thanks to these electrical measurements and the
resistance per unit length of the sample (see figure B.1a) as well as the heat capacity per
unit volume of the Hastelloy® C276, Tmean and Tmax are computed.

The pulse generator controlling the switch S also triggers the camera and the data
acquisition of the electrical measurements. A schematic representation is given in figure
3.15. Figure 3.16 presents the set-up with the transparent cryostat and the Phantom
camera with the light source on the foreground. In this figure, the electrical circuit is the
DC circuit but in this experiment, the AC circuit is used.
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Figure 3.15: Scheme of user-controlled elements of the set-up.

Figure 3.16: Picture of the set-up with the DC electrical source (left) connected to the sample.
The high-speed camera with the light source is at the right on the foreground.
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3.3.2 Experimental results

3.3.2.1 Operation at 77 K

Table 3.2 summarizes the five cases realized at 77 K.

Case Figure Ipros (A)
A77 3.17 540
B77 3.18 589
C77 3.19 662
D77 3.20 684
E77 3.21 918

Table 3.2: Summary of the tests detailed at 77 K.

Figure 3.17: Case A77 - Electric fields and current as a function of time, temperatures as a function
of time and images of the tape at several times with Ipros=540 A at 77 K.

Case A77 presents the lowest prospective current, the electric fields remain mainly
inductive and the pictures do not show any bubble generation. The current is not high
enough to initiate a thermal runaway.
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Figure 3.18: Case B77 - Electric fields and current as a function of time, temperatures as a function
of time and images of the tape at several times with Ipros=589 A at 77 K.

In case B77, the current initiates a dissipation leading to bubble generation at 37.86 ms
between the left extremity of the sample and voltage tap 1. The closest portion of the
tape where the electric field is measured, E1,2, shows a resistive component from the time
39.7 ms. The electric field E2,3 becomes resistive from 47.0 ms while the bubble generation
is observed in portion 2-3 at 47.9 ms. As only a small portion of the sample quenches, the
current is only slightly limited. However, this dissipation occurs late in the limitation test,
almost at the end, which does not lead to a large temperature increase (Tmax = 135 K).

The second peak of current is 675 A in case A77 while it is 715 A in case B77. The
increase of the prospective current leads to an increase of the instantaneous current which
becomes high enough to initiate localized thermal runaways.
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3.3. Observation of the 2G HTS conductor operation

Figure 3.19: Case C77 - Electric fields and current as a function of time, temperatures as a function
of time and images of the tape at several times with Ipros=662 A at 77 K.

In case C77, at 25.20 ms, three dissipation zones are recognized on the first picture.
These zones of bubble generation propagate until the whole sample is covered with bubbles
at 48.94 ms. The propagation speed is related to the instantaneous current value: the
propagation remains slow until 34 ms and then becomes significantly faster between 34 ms
and 38 ms. There is no dissipation zone directly initiated by the current in the portions
3-4 and 4-5, the electric fields show a resistive component when the dissipation propagates
in these segments.

In case B77, the first peak of current reaches 720 A while it reaches 783 A in case C77.
The increase of the instantaneous current results in the initiation of multiple localized
thermal runaways. The maximum temperature at the end of the test is also higher in case
C77 than in B77 (285 K versus 135 K) due to a longer dissipation period (23 ms versus
3 ms, in the zone where the measures are realized). The longer the dissipation, the higher
the temperature in the tape.
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Figure 3.20: Case D77 - Electric fields and current as a function of time, temperatures as a function
of time and images of the tape at several times with Ipros=684 A at 77 K.

In the first image of case D77, the dissipation zones already appearing in case C77 are
present. In the second image, additional dissipation zones can be observed. The quench
ultimately propagates on the whole sample at 36.32 ms.

The increase of the prospective current between case C77 and case D77 multiplies the
number of dissipation zones. The time between the apparition of the first bubble and the
time when bubbles covered the whole sample is about 24 ms in case C77 while it is about
12 ms in case D77. The complete quench of the sample is faster in case D77 due to a larger
number of dissipation zones initiated by the current.
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3.3. Observation of the 2G HTS conductor operation

Figure 3.21: Case E77 - Electric fields and current as a function of time, temperatures as a function
of time and images of the tape at several times with Ipros=918 A at 77 K.

To finish the description at 77 K, in case E77, the quench is the most homogeneous.
The electric fields measured along the length are similar. The peak current, reaching
870 A, leads to 13 bubble generation zones which rapidly propagate until the complete
quench occurs after 3 ms.

At the end of the limitation test, in case D77, the maximum temperature was 282 K
while in case E77, it reaches 384 K. This latter case is the one where the current is the
most effectively limited thanks to the fastest quench completion (3 ms in case E77 versus
12 ms in case D77). However, Rfault is smaller leading to a higher current in the circuit
and so higher energy dissipation in the tape.
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3.3.2.2 Operation at 68 K

Table 3.3 summarizes the five cases realized at 68 K.

Case Figure Ipros (A)
A68 3.22 1033
B68 3.23 1124
C68 3.24 1171
D68 3.25 1192
E68 3.26 1473

Table 3.3: Summary of the tests detailed at 68 K.

Figure 3.22: Case A68 - Electric fields and current as a function of time, temperatures as a function
of time and images of the tape at several times with Ipros=1033 A at 68 K

Case A68 is realized with the lowest prospective current. The electric fields are mainly
inductive and no bubble generation occurs. The current is not high enough to initiate
thermal runaway.

The prospective current is much higher than in case A77 at 77 K but the critical current
is also higher at 68 K, which explains why there is no dissipation.
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3.3. Observation of the 2G HTS conductor operation

Figure 3.23: Case B68 - Electric fields and current as a function of time, temperatures as a function
of time and images of the tape at several times with Ipros=1124 A at 68 K

Two bubble generation zones are initiated, in case B68, between the left current lead
and the voltage 1 and in the segment 5-6.

The dissipation also first appeared on these zones in case C77 at 77 K, with an addi-
tional zone in segment 2-3 which is however not observed in case B68 at 68 K.
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Figure 3.24: Case C68 - Electric fields and current as a function of time, temperatures as a function
of time and images of the tape at several times with Ipros=1171 A at 68 K

In this case, a single dissipation zone is initiated at 23.6 ms between the left current
lead and voltage tap 1. This zone propagates until the end of the limitation test. It makes
successively appear a resistive component in the electric field of the segments 1-2, 2-3 and
3-4. The measure of the electric field of the portion 1-2 is out of range of the scope between
30 ms and 40 ms. The dissipation lasts almost 13 ms on a small portion of the sample.
The current is slightly limited. The maximum temperature in this zone is estimated to
330 K at the end of the limitation test.

The initiation of a thermal runaway relies on the superconducting properties of the
zone, the current as well as the time. In case B68, the peaks of current reach 1220 A
while in case C68, the first peak of current is 1250 A and the next ones are smaller. The
configuration of the limitation test in case C68 leads to a single dissipation zone.
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Figure 3.25: Case D68 - Electric fields and current as a function of time, temperatures as a function
of time and images of the tape at several times with Ipros=1192 A at 68 K

In case D68, the current initiates three dissipation zones which propagate until that
the whole sample generates bubbles at 38.4 ms.

The increase of the first peak of current between the limitation tests C68 and D68
(through the prospective current) leads to initiate more dissipation zones, hence con-
tributing to achieving a faster quench of the whole sample. The current is limited more
efficiently than in previous cases and the maximum temperature remains smaller (297 K
in case D68 versus 350 K in case C68).
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Figure 3.26: Case E68 - Electric fields and current as a function of time, temperatures as a function
of time and images of the tape at several times with Ipros=1473 A at 68 K

In case E68, six dissipation zones are initiated and they rapidly propagate (complete
quench is obtained in 2.5 ms).

The maximum temperature at the end of this limitation test reaches 325 K compared
to 297 K in case D68. Even if the resistance Rsfcl appears faster, the current in the circuit
is higher due to a smaller value of Rfault, set to reach the highest prospective current.
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3.3.3 Discussion
First of all, the phenomena described in section 2.1 are recognized during these tests.
When the prospective current is in the range of Ic variations, the electric fields are not
homogeneous. Also, as mentioned in subsection 3.2.2.3, the dissipation is first recognized
by electrical measurements and then by optical measurements. The apparition of bubbles
requires a difference of temperatures between the sample and the liquid nitrogen bath
temperature.

Based on the afore mentioned cases as well as additional tests performed at 77 K and
68 K, the maximum temperature was computed and the results are provided in figure
3.27. The hot-spot regime is barely visible at 77 K while it appears clearly at 68 K.
The qualitative analysis of the maximum temperature evolution over prospective current,
derived from modeling effort in section 2.3, is confirmed experimentally with a higher
temperature in hot-spot regime at the lowest temperature due to higher Joule losses. The
peak of maximum temperature in hot-spot regime is reached when the current is high
enough to initiate thermal runaways but small enough not to be limited due to numerous
dissipation zones. This regime is difficult to observe experimentally. References [92][93]
provide well-developed similar experimental results.

0 250 500 750 1000 1250 1500
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Figure 3.27: The maximum temperature of the sample is computed thanks to electrical measure-
ments on a large range of prospective currents in a liquid nitrogen bath temperature at 77 K (blue
markers) and at 68 K (red markers).

When the prospective current is high enough to initiate thermal runaway, the dissipa-
tion starts in very localized zones whose sizes are way smaller than the voltage taps inter
distance. From these precise spots, the heat first propagates in the width of the sample
very rapidly to form dissipation column and then spreads in the longitudinal direction
of the sample, with the distinctive shape of hourglass. When the prospective current in-
creases, the peak of current increases as well. The number of bubble generation zones
increases with the maximum current in the circuit. The more numerous these zones are,
the faster the homogeneous quench of the tape is reached.
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An important result obtained from optical measurements is that homogeneous quenches
are always preceded by inhomogeneous dissipation, even in the case of a high prospective
current. The hot-spot regime was introduced in subsection 2.4.1 as the regime of opera-
tion where the tape is quenching inhomogeneously, in opposition to the limitation regime.
The study demonstrates that inhomogeneous and homogeneous quenches are successive
operation states. Of course, if the limitation test is sufficiently short, the dissipation may
remain inhomogeneous.

3.4 Conclusion

The aim of this chapter was to observe experimentally the hot-spot regime introduced
in chapter 2 from the consideration of the Ic variations given by measurements such as
Tapestar®. A dedicated experimental set-up emulating the environment of a R-SFCL with
an electrical circuit and cryogenics conditions was developed. The AC circuit that was
used was derived from an existing circuit, while the DC circuit was fully developed. In
AC mode, the prospective current can be varied manually. The cryogenics environment
makes it possible to observe the conductor operation from 65 K to Tc.

A sample of 2G HTS tape operating in the afore mentioned conditions was character-
ized by carrying out electrical measurements. These measurements were used to compute
estimations of the sample temperature. The computation of the maximum temperature
as a function of the prospective current leads to the observation of the hot-spot regime
at 68 K while it is barely visible at 77 K. These results can be explained by higher Joule
losses at lower bath temperature due to a higher critical current. This result also confirms
the validity of the design approach developed in chapter 2 with the observation of the
hot-spot regime occurring when prospective currents are in the range of Ic variations of
the sample.

The recording of the bubble generation on the surface of this sample with a high-speed
imaging system showed that whatever the prospective current, bubble generation first
starts on very localized areas of the tape. These areas are at a way smaller scale than the
voltage taps inter distance. When the bubble generation is fully developed in the width
of the sample, the dissipation then propagates along its length until its total quench. The
number of dissipation zones increases with the prospective current and tends to facilitate
the total quench of the sample. Nevertheless, even when the prospective current signifi-
cantly exceeds the critical current, the onset of the quench goes through an inhomogeneous
phase. An important take-away of the study is that whatever the prospective current, in-
homogeneous and homogeneous dissipation are occurring successively. When describing
the local behavior of the tape, talking about "hot-spot regime" in opposition to "limitation
regime" is therefore not completely appropriate.

The local behavior of the tape that was observed using optical measurements raises
many questions. Why do bubbles first appear in very localized positions ? Are they
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matching the positions of lowest critical currents as it is assumed in the design approach
developed in chapter 2 ? These questions are investigated in the following chapter.
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Mechanism of quench onset in a 2G HTS
tape

In this chapter, the dissipation behavior at the very beginning of a quench occurring in
a 2G HTS tape is studied using high-speed imaging system, electrical measurements and
Scanning Hall Probe Microscopy. The bubble generation appears not only to be inhomoge-
neous along the length of the tapes but also along the width. Local analysis of the REBCO
layer is performed by means of scanning Hall probe microscopy on the same samples in
the framework of a collaboration with a group in TU Wien. Analysis of the local current
density distribution demonstrates that the bubble generation occurs at positions of local
inhomogeneities in the REBCO layer.
In a second part, a 3D FEM model of 2G HTS tape developed by a group from Ecole
Polytechnique de Montréal is used to simulate the local thermo-electrical behavior not only
along the length (as in chapter 2) but also along the cross-section. The simulation gives
access to the current distribution in the tape volume and the results are coupled with ex-
perimental measurements highlighting the non-equipotential cross-section of 2G HTS tape.
The impact of possible lack of silver on a lateral side of the tape is investigated.

77



Chapter 4

4.1 Influence of inhomogeneities in the REBCO layer of 2G HTS
tapes

This work was conducted in collaboration with Sigrid Holleis (PhD Student) & Dr. Michael
Eisterer (Senior Scientist) from TU Wien-Atominstitut. The collaboration resulted in the
submission of an article entitled "Influence of local inhomogeneities in the REBCO layer
on the quench mechanism of 2G HTS tapes" [94].

The results presented in section 3.3 highlight the occurrence of an inhomogeneous
bubble generation in the first milliseconds of a quench for any prospective current. This
motivates the study of the onset of a quench to determine the causes and the evolution
of this localized dissipation. Samples from Superpower and SuperOx are studied using
the set-up introduced in chapter 3. These samples were then sent to TU Wien where
magnetic analysis was performed by means of Scanning Hall Probe Microscopy (SHPM).
SHPM has proven to be a powerful tool for investigations of the local current distribution
in superconductors [95].

In this chapter, "spot" refers to a dissipation partially developed in the width and
"column" refers to a dissipation covering the entire width.

4.1.1 Observation of bubble generation

4.1.1.1 High-speed imaging

The high-speed imaging set-up summarized in figure 3.15 is used to record the bubble
generation on the surface of 2G HTS tapes. It is the DC set-up (described in subsection
3.1.1.4) that is used to initiate thermal runaways with Vsource =18 V. The tests are carried
out at 77 K for ∆t = 15 ms.

4.1.1.2 Samples

One sample from SuperOx and one sample from Superpower are studied. These two
companies use different manufacturing processes to produce their tapes. As an example,
the HTS layer growth is done by a chemical route with Superpower while it is a physical
route for SuperOx (see subsection 1.2.3). The samples are inserted in the sample-holder
presented in figure 3.12 where the length of the sample between the current leads is
adjustable. This length is 65 mm for the SuperOx sample and 68 mm for the Superpower
sample. The voltage over the sample is measured by voltage taps connected to each current
lead. A 1000 A rated sensor is used to measure the current through the sample.

4.1.1.3 Bubble generation

Figure 4.1 shows the current in the circuit and the electric field (voltage divided by the
sample length) across the Superpower sample and the SuperOx sample. The current in
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Figure 4.1: Electric field (solid blue line) and current (solid red line) as a function of time measured
on the (a) Superpower sample and (b) SuperOx sample.

the circuit is almost constant until 1.00 ms with the Superpower sample and 2.50 ms with
the SuperOx sample.

The images of the Superpower sample recorded during the test are displayed in figure
4.2a. The first bubble generation spot appears in image A. Additional spots appear in
images B and C. The bubble generation generally starts on the edges of the sample. The
bubbles extend to the whole width of the tape forming bubble columns at all the positions
where dissipation originally appeared (at 2.80 ms). The dissipation then propagates in
the longitudinal direction of the sample until the whole sample is covered by bubbles at
5.20 ms.

Figure 4.2b shows the images at several times of the SuperOx sample. The two first
bubble generation spots appear at 2.46 ms. Additional dissipation spots appear at 2.54 ms
and 2.66 ms. Image B and C highlight that bubbles generally appear at the center of the
width of the sample. Similarly to Superpower, dissipation spots first propagate along the
width. At 3.30 ms, all the columns have appeared and the dissipation propagates in the
longitudinal direction of the sample until bubbles cover the entire sample at 6.36 ms.

Letters A and B in figure 4.2a describes two behaviors to form a dissipation column.
To form column A, the dissipation starts at a point in the middle of the width, then it
propagates in the direction of the two lateral sides. To form column B, the dissipation
starts at two distinct points and each point propagates in the direction of the other point.
The formation of bubble columns from localized spots is very fast, in the order of ten
microsecond. A first explanation for the bubble generation appearing on distinct positions
at the onset of the quench would be a lower critical current at these positions and a higher
critical current elsewhere. In order to confirm this hypothesis, the HTS layer is analyzed
using SHPM.
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(a)
Superpower (b) SuperOx

Figure 4.2: Images of the (a) Superpower sample and (b) SuperOx sample at several times during
the tests. Starting points of bubbles are indicated by red arrows
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4.1.2 Recognition of local inhomogeneities

4.1.2.1 Scanning Hall probe microscopy

The description of the SHPM set-up used to characterize the samples by S. Holleis can be
found in [94].

In a SHPM, an external magnetic field is applied on a 2G HTS tape cooled below Tc,
generally with liquid nitrogen. This creates sheet currents shielding the external magnetic
field and remaining when the external magnetic field is not anymore applied. The magnetic
field induced by these sheet currents is called remnant field and is measured with a Hall
probe. The resolution of the inverse magnetic problem gives a 2D map of Jc over the
surface of the sample. A description of this procedure is given in [96].

There are two main ways to measure the remnant field in a 2G HTS tape. On one
hand, when the length of the tape is long, a Reel-to-Reel system is used to move the
tape under a fix permanent magnet [7]. A Hall probe is moved across the width, on the
y-direction, to measure the remnant field at several positions. The tape is moved on the
x-direction and the remnant field is again measured until the measurement of the whole
length is realized. On the other hand, when the sample is short, about tens of centimeters,
it is positioned into a liquid nitrogen tank where a permanent magnet is dragged over its
length. After the magnetization, the Hall probe moves on the x-direction and y-direction
to measure the remnant magnetic field.

This second option is used by TU Wien. The main interest of their set-up is to furnish
an accurate measurement of the remnant field. For that, a Hall probe with an active area
of 50 x 50 µm2 is mounted at the end of a cantilever. Contact to the sample surface is
monitored by strain gauges. The distance from the Hall probe to the sample surface is set
to 30 µm to achieve high resolution scans. The spatial step is ∆x over the sample length
and ∆y over the sample width. A more detailed description of the setup can be found
in [95]. In order to obtain a mapping of the Jc on the entire surface of the sample, the
inversion of Biot-Savart’s law is performed. S. Holleis followed the procedure described
in [97]. The inversion of the magnetic problem gives the local distributions of the critical
current density Jc as well as the longitudinal (Jx) and transverse (Jy) current densities.
The critical current Ic along the length of the sample is obtained by integrating Jx over
the cross-section of the superconducting layer at each position where the measurement is
made along the length (see (4.1), where d denotes the thickness of the superconducting
layer and N the number of measures over the width). The indicator Iy, obtained with
(4.2), is useful to highlight the positions where the current has to meander around non-
superconducting areas in the remnant state. This reveals the positions of local defects in
the REBCO layer.

Ic(x) =
N∑

k=1
Jx,kd∆y (4.1)
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Figure 4.3: The upper panel shows the remnant field profile measured with a spatial resolution of
150 µm. The middle panel shows the calculated Jy. The lower panel is the image in the middle
panel overlaid by image C in figure 4.2a. At points where bubbles start to emerge (indicted by black
arrows) Jy shows high values in the upward and downward direction. Figure and measurements
from S. Holleis in [94] on the Superpower sample.

Iy = 1
N

N∑
k=1

Jy,kd∆x (4.2)

4.1.2.2 Results of SHPM

S. Holleis measured the remnant field over the surface of the two samples from Superpower
(see figure 4.3) and Superox (see figure 4.4). The first panel in figure 4.3 shows the
measured trapped field of the Superpower tape at 77 K with a spatial resolution of 150 µm.
The transverse current density Jy further emphasizes the positions of the defects in the
tape as it can be seen in the middle panel. Such areas are very prominent at the upper
and lower edges of the Superpower tape. When overlaying the image C in figure 4.2a with
the map of Jy, it is evident that the bubbles first originate in areas with high Jy values,
indicated by the black arrows. The investigations on the SuperOx tape shows that the
positions of the dissipation columns match the locations where Jy is the highest too (see
figure 4.4).

S. Holleis also computed Ic and Iy for the Superpower tape. Overlaying these data to
image E in figure 4.2a, it appears that the Ic shows well the presence of the defect in the
central part of the tape with a clear drop but it does not provide significant information
about the other dissipation columns while Iy shows clear increases at the positions of
dissipation columns (see figure 4.5). The transverse current density proves to be more
suitable than the critical current to describe the onset of a quench in a 2G HTS tape.
Local Ic based on magnetization does not describe all the dissipation phenomena.
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Figure 4.4: The upper panel shows the remnant field profile measured with a spatial resolution of
150 µm. The middle panel shows the calculated Jy. The lower panel is the image in the middle
panel overlaid by image C in figure 4.2b. At points where bubbles start to emerge (indicted by black
arrows) Jy shows high values in the upward and downward direction. Figure and measurements
from S. Holleis in [94] on the Superox sample.

Figure 4.5: Average Ic (blue line)(top) and Iy (blue line)(bottom) of the Superpower tape calculated
from the measured remnant field overlaying image E in figure 4.2a.

83



Chapter 4

4.1.2.3 Defects in the REBCO layer

The contributions of the author in the following paragraphs is not significant. As a con-
sequence, it is chosen to show them as they were originally written by S.Holleis and
M.Eisterer in [94].

In order to investigate the origin of the bubbles further, the silver coating of both
tapes was removed by chemically etching with hydrogen peroxide, ammonium hydroxide
and distilled water in a ratio 1:1:1. A small piece from the center of the Superpower tape
was cut out in order to obtain a sample where one line of bubbles starts in the middle
and one at the edge of the tape. The right panel in figure 4.6 shows the trapped field
profile of this center piece at 77 K with a spatial resolution of 50 µm. By comparison
with the trapped field scan of the entire tape, areas a and b were identified as starting
points of bubbles. The left panel in figure 4.6 shows the high-speed imaging photos where
the bubbles in area a and b start at 0.56 ms in the center and at 0.7 ms at the edge,
respectively.

Figure 4.6: Remnant field scan of the middle section of the Superpower tape with a spatial resolu-
tion of 50 µm (left panel) and corresponding images of the bubble formation (right panel). Areas
a and b indicate the starting points of bubbles at 0.56 ms and 0.7 ms, respectively.

Scanning Electron Microscopy (SEM) images were obtained with a FEI Quanta 250
FEGSEM with an accelerating voltage of 20 kV. Figure 4.7a shows an SEM image of area a
from figure 4.6. While the surrounding area shows the typical smooth surface morphology
of a YBCO film with some misoriented grains, in the center of the image a large area of
randomly oriented grains that appear brighter in the secondary electron detector can be
observed. It can be assumed that a scratch in the substrate or buffer layers hindered the
epitaxial growth of the superconducting layer in this area. A similar defect was found in
area b of the Superpower tape (see figure 4.7b).

EDX analysis (not shown here) showed no difference in the spectrum of the smooth and
granular film surface, therefore secondary phase precipitates can be excluded as the cause
of the bubble origin. Along the edges of the Superpower tape many such areas were found,
and also in places where bubbles start in the SuperOx tape. From these comparisons it is
evident, that an area of just a few microns of non-epitaxial film growth can be the origin
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(a) Superpower (b) SuperOx

Figure 4.7: SEM images of areas a and b in figure 4.6. The images show defects in the REBCO
layer. The granular nature of these defects indicates a non-epitaxial growth of the superconducting
film.

of inhomogeneous quench behavior. These rather small areas of tiny misoriented grains
are the reason for thermal instabilities of the tape despite their rather small influence on
the critical current itself.

4.2 Experimental measurements around a dissipation column
The tape is studied when bubble generation occurs in the entire width. Electrical mea-
surements and high-speed imaging are used to study the current distribution and the heat
propagation, respectively.
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4.2.1 Experimental details
Electrical measurements are performed on a 60 mm long 2G HTS tape from SuperOx
(Ic(77K) about 700 A), whose cross-section is detailed is detailed in Table 1.2. It is
equipped with six voltage taps soldered with Indium-Tin every 1 cm on the top and bottom
stabilizer sides symmetrically on the longitudinal axis of the sample (see figure 4.8). A
permanent magnet was positioned in the middle of the sample to locally decrease the
critical current. The sample is connected thanks to pressed contacts to the electrical circuit
already presented in figure 3.7 with the parameters given in Table 4.1. The prospective
current is 665 A and the actual current in the circuit is measured with a 1000 A rated
current sensor.

Figure 4.8: Positions of the voltage taps on the sample and position of the magnet.

Vcircuit (V ) Rcircuit (mΩ) Lcircuit (mH )
18 27 0.0038

Table 4.1: Parameters of the circuit used to observe the current distribution around a hot-spot.

The same high-speed imaging set-up is again used. The limitation test duration,
controlled with the switch S is set to 15 ms. The electrical measurements (voltages and
current) as well as pictures of the sample are recorded during this time.

4.2.2 Results of optical measurements
The size of the dissipation column is recognized thanks to image processing. In section
4.3, the evolution of the size of the column will be compared with results from numerical
simulation.

The size of the bubble generation column on the median longitudinal line of the tape
is recognized with the following procedure. First, the image recorded just before the
apparition of the first bubble (image at 3.80 ms in figure 4.9a) is subtracted to all the
other pictures of the dissipation spot and it gives figure 4.9b. To recognize the variations
as a function of time on this zone, the gradient in the x-direction is computed and displayed
in figure 4.9c.

The method is applied only on the center line of pixels in the median longitudinal
direction of the tape (y = 0 mm) from x = −10 mm to x = +10 mm. The evolution of the
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Figure 4.9: Images (a) present the bubble generation on the surface of the tape, Images (b) are the
images (a) without the first image at 3.80 ms and Images (c) are the gradient in the x-direction
computed with images (b).

gradient along that line of pixels as a function of time is displayed in figure 4.10a. The
evolution is hardly recognizable. To suppress the noise, the value of each pixel is binarized
and then filtered using the function med2filt from Matlab. That function realizes a median
filtering on the image along the two directions. Each output pixel contains the median
value in a 3-by-3 neighborhood around the corresponding pixel in the input image. The
result is shown in figure 4.10b. The minimum and maximum positions of the dissipation
column is displayed in figure 4.10c. The difference between the data in figure 4.10c gives
the evolution of the size of the dissipation column at y = 0 mm (see figure 4.11). Naturally,
it is observed that the propagation stops when the current stops.

Identical limitation test was also carried out looking to the surface on the substrate
side of the sample. The size of the bubble generation column appears very similar on both
faces of the sample.

4.2.3 Results of electrical measurements

Figure 4.12 shows the voltages measured on the sample and the current in the circuit
when the applied current is higher than the critical current at the magnet location but
lower than the critical current of the tape away from the magnet. Firstly, all the voltages
measured on the bottom side of the stabilizer (substrate side) appear simultaneously at
4 ms. The magnitude of the voltage is smaller on the portions of the sample far from the
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Figure 4.10: (a) presents the gradient in the x-direction on the center line of pixels of the images
recorded, (b) is the same data after binarization and filtering and (c) shows the minimum and
maximum positions of the dissipation column.
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Figure 4.11: Evolution of the size of the dissipation column at y = 0 mm and current in the circuit
as a function of time.
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(c) V1,2 - V5,6 - V7,8 - V11,12

Figure 4.12: Voltages measured on the SuperOx sample as a function of time and the current in
the circuit as a function of time (green plain line).

defect location, where the thermal runaway is initiated. On the top side of the stabilizer
(HTS side), only the voltage measured between voltage taps 3 and 4 is different from
zero. It can be noted in figure 4.12 that the voltages are not identical with respect of the
center of the tape. As an example, the magnitude of V3,4 and V9,10 are not identical. This
may come from the fact that the voltage taps are not perfectly soldered with a regular
spatial step. Similar results, not presented in this paper, were experimentally obtained on
a sample coming from a 2G HTS tape from another manufacturer (Superpower).

4.2.4 Discussion of the electrical measurements

Two papers report experimental results that highlight the non-equipotential cross-section
of two older generation non-commercial 2G HTS tapes, during inhomogeneous quenches.
First, in [98], on a structure consisting of a Nickel substrate covered by a buffer layers
stack, a YBCO layer, and a silver layer on the top where a 2 mm wide section of YBCO
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layer is removed along the length of the sample (i.e. there is a connection between the
silver and the substrate). During a critical current measurement, the authors measured
differences in the voltages measured on the substrate side and on the stabilizer side while
the positions of these voltage taps were identical on the longitudinal axis of the sample.
On a similar structure, from AMSC [99], without removing a portion of the width of the
YBCO but with an additional copper layer on the top of the structure, where a transition
is initiated in the center of the sample with a heater, the voltages measured on the Nickel
substrate side are different from zero while no voltage is measured on the copper side
[100]. The authors mention the non-equipotential cross-section of this structure during
inhomogeneous transition.

The results, obtained during the experiment presented in subsection 4.2.3, confirm a
difference of current transfer lengths between the top stabilizer layer and the HTS layer
on one side and the bottom stabilizer layer and the HTS layer on the other side. Indeed,
the current circulates in a wider zone in the silver layer located on the bottom of the tape.
Furthermore, from the amplitude of the measured voltages, it is deduced that the current
density in the bottom stabilizer layer gradually increases as we approach the defect and
reaches its maximum at the defect location.

4.3 Simulation of a dissipation phenomenon

The simulations presented here are realized with a 3D Finite Element Method (FEM)
model of 2G HTS tape developed on COMSOL by C. Lacroix and F. Sirois from Ecole
Polytechnique de Montréal. In addition, they carried out a precise review of this part of
the manuscript.

The results of section 4.1 highlighting the correlation between the positions of the
inhomogeneities in the 2G HTS tape and the dissipation zones as well as the experimental
observations of section 4.2 studying the dissipation column motivate the simulation of
a dissipation phenomenon to reproduce local behavior along the tape cross-section and
length.

4.3.1 Model of 2G HTS tape

Details of the electro-thermal model can be found in [82]. Here, the main points of the
model are given to understand how the simulation results are obtained.

4.3.1.1 Geometry and materials

A 6-cm long tape is modeled with dimensions corresponding to SuperOx tape (see Table
1.2). Note that the stack of buffer layers is not modeled as a volume element but rather
as an insulated interface (2D element). The heat capacity per volume unit, the resistivity
and the heat conductivity are taken from [78][79].
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Figure 4.13: Two critical current density distributions in input of the simulation, Jc = 3.35 ∗ 1010

(A/m2) in yellow and Jc = 0.335 ∗ 1010 (A/m2) in purple.

Two different critical current density distributions are considered (see figure 4.13).
Each current density distribution was implemented to reproduce the initial dissipation
areas located either in the middle of the width or at two positions close to the lateral sides
(see columns A and B in figure 4.2). In the distribution of figure 4.13a, the tape has an
uniform critical current density with one 400 µm long and 2 mm wide single defect. In the
second distribution in figure 4.13b, two 400 µm long and 1 mm wide defects at a slightly
different positions along the sample length was included. The areas of low superconducting
properties model defects in the REBCO coated conductor following the analysis detailed
in section 4.1. The critical current density of the tape away from the defects (in the yellow
parts) was adjusted to obtain an initiation of the thermal runaway at the same time as it
occurred experimentally in section 4.2.

4.3.1.2 Comsol Multiphysics modules

Electric currents and electrical circuit The tape is inserted on a circuit similar to the
circuit described in figure 4.14 using the same parameters values of Table 4.1 but with
a proper constant DC voltage source. The surface of the HTS layer on the cross-section
at each extremity of the tape is connected to the electrical circuit. The current can flow
in all layers except through the buffer layers between the HTS layer and the Hastelloy®
C276 substrate since it is represented as a 2D element (however, it is noted that because
of the high resistivity of the buffer layers the current would be negligible).

Heat Transfer in Solids The temperature at the two extremities, at the positions 0 mm
and 60 mm along the length, remains equal to 77 K, the temperature of the liquid nitrogen
bath, during the simulation. The heat transfer of the tape with the liquid nitrogen bath
is not considered in the simulations.

4.3.1.3 Voltages probes

Local evaluations of the voltage are sampled with probes inserted in the model to follow
the evolution of the voltage on the top and bottom stabilizer layers of the tape in spe-
cific locations. The voltage probes are positioned in the same way as described in the
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Figure 4.14: Electrical circuit modeled to simulate the behavior of the 2G HTS tape.

experiments (see figure 4.8).

4.3.2 Inhomogeneous dissipation in the width

The main objective is to simulate the dissipation behaviors of columns A and B described
in figure 4.2a.

One single centered defect The temperature in figure 4.15 observed on the top of the
tape shows an evolution similar to what is observed experimentally (column A). The heat
propagates at first along the width starting from the defect until it reaches the lateral
sides of the tape.

Figure 4.16a shows that the current density is higher in the direct surrounding of the
defect (x = 30 mm). Indeed, the very low superconducting property of the defect forces
the current to meander around it. This higher current density in this area compared to
the rest of the tape initiates dissipation starting at the border of the defect and gradually
decay until the dissipating area reaches the lateral sides of the tape. Once the tape has
quenched across the entire width, the current does not circulate anymore through the
superconducting layer (see figure 4.16d).

Two distinct defects on edges The temperature evolution for a critical current density
distribution with two defects is presented in figure 4.17. It increases in the immediate
vicinity of the defects (where the current density is highest, but not directly on it). The
heat then propagates in a straight line between the two defects. This case reproduces very
well what was observed in figure 4.2a in the case where the dissipation column B is not
perfectly parallel with the direction of the width.

At the very beginning of the simulation, the current density increases between both de-
fects and is the highest in the direct vicinity of the defects (see figure 4.18a). This initiates
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(a) 0.6 ms (b) 2.0 ms

(c) 2.7 ms (d) 3.0 ms

Figure 4.15: Temperature on the top stabilizer layer of the tape at several times with a single
defect (zoom between x = 2 cm and x = 4 cm).

(a) 0.6 ms (b) 2.0 ms

(c) 2.7 ms (d) 3.0 ms

Figure 4.16: Current density in the superconducting layer (in the center of the thickness on the
z-direction) with a single defect (zoom between x = 2 cm and x = 4 cm).
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(a) 0.5 ms (b) 1.0 ms

(c) 1.5 ms (d) 2.0 ms

Figure 4.17: Temperature on the top stabilizer layer of the tape at several times with two distinct
defects (zoom between x = 2 cm and x = 4 cm).

a heat dissipation and it contributes to reduce the effective cross-section of superconduc-
tor available between the two defects. This mechanism continues until the cross-section
between the two defects is sufficiently hot to force current sharing with the other layers
(see figure 4.18d).

The evolution of the temperature obtained with numerical simulations and the evolu-
tion of the bubble generation are qualitatively similar. However, it is important to mention
that the evolution of the temperature and the evolution of the bubble generation are not
the same phenomena since the dynamics are different. The time to obtain an elevation
of temperature fully developed in the width observed with numerical simulations and the
time to obtain a dissipation column fully developed in the width observed in the experi-
mental results in section 4.1 are different. Indeed, a difference of temperature is required
between the tape surface and the liquid nitrogen bath to initiate bubble generation [101].

4.3.3 Inhomogeneous dissipation along the length

The dissipation is now developed in the width forming a column of dissipation. The current
distribution in the vicinity of this column is studied. The numerical results are compared
with the experimental results presented in section 4.2. All numerical simulations are done
for 15 ms at 77 K considering the case of a single defect in the center of the tape.

4.3.3.1 Current distribution in the vicinity of a dissipation column

Figure 4.19 presents the current density on the surfaces of the top and bottom stabilizer
layers. The current circulates on a larger zone in the bottom stabilizer layer than on the
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(a) 0.5 ms (b) 1.0 ms

(c) 1.5 ms (d) 2.0 ms

Figure 4.18: Current density in the superconducting layer (in the center of the thickness on the
z-direction) with two distinct defects (zoom between x = 2 cm and x = 4 cm).

(a) Top - 5 ms (b) Bottom - 5 ms

(c) Top - 10 ms (d) Bottom - 10 ms

Figure 4.19: Current density on the top and bottom stabilizer layers at 5 ms and 10 ms.

top stabilizer layer. In [102], the difference of current distribution between the substrate
and the top stabilizer layer is explained by a higher interface resistance between the HTS
layer and the bottom silver layer (and substrate) than between the HTS layer and the top
silver layer. Indeed, it is easier for the current to transfer to the top silver layer, directly
in contact, than to transfer to the bottom silver layer, only accessible by passing through
the silver on the lateral sides. This result is now also found on a 3D FEM model of a
commercial tape.

It is also interesting to observe the components of the current density on the y-axis
(width) and z-axis (thickness) to highlight the path of the current in the vicinity of a
dissipation column. When the tape is entirely superconducting, the current flows almost
entirely in the superconducting layer. When a dissipative zone is encountered, the current
leaves the superconducting layer and is shared between the top silver layer, the bottom
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(a) Top - 5 ms (b) Bottom - 5 ms

(c) Top - 10 ms (d) Bottom - 10 ms

Figure 4.20: Component of the current density on the z-direction (thickness) on the top and bottom
stabilizer layers at 5 ms and 10 ms.

(a) Top - 5 ms (b) Bottom - 5 ms

(c) Top - 10 ms (d) Bottom - 10 ms

Figure 4.21: Component of the current density on the y-direction (width) on the top and bottom
stabilizer layers at 5 ms and 10 ms.

silver layer and the substrate. Figures 4.20a and 4.20c show that the current penetrates
the top silver layer and comes back to the superconducting layer after the dissipative zone
with the existence of the component of the current density on the z-axis. To reach the
bottom stabilizer layer, the current leaves the top silver layer and circulates through the
lateral sides and then penetrates in the bottom silver layer. This is shown through the
existence of the component of the current density on the y-axis on the top stabilizer layer
(see figure 4.21a and 4.21c) and on the bottom stabilizer layer (see figure 4.21b and 4.21d).

4.3.3.2 Temperature in the vicinity of a dissipation spot

The temperature on the top and bottom surfaces of the tape are shown in figure 4.22. The
heat propagation fronts are almost identical on the top and bottom stabilizer layers even
if the current distributions are not. This is not surprising due to the low thickness of the
tape (100 µm). However, the temperature distribution is not identical along the width.
As explained in [103], this is due to the current that flows through the lateral sides of the
tape to reach the bottom stabilizer layer. The current density in the lateral side becomes
higher than in the rest of the tape which leads to a higher temperature. A similar pattern
was experimentally observed on 2G HTS tape during an inhomogeneous quench in section
in section 3.3. It was observed that the bubbles created from the heat dissipation had the
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(a) Top - 5 ms (b) Bottom - 5 ms

(c) Top - 10 ms (d) Bottom - 10 ms

Figure 4.22: Temperature on the top stabilizer layer and bottom stabilizer layer at 5 ms and 10 ms.

shape of a hourglass.

4.3.3.3 Comparison of electrical measurements

Since the results are symmetrical between the center of the sample and each side of the
model, only the results on one side of the tape are displayed to make the figure clearer
(from x=0 mm to x=30 mm). Figure 4.23 shows that the simulation results are similar to
the experimental results. The voltages on the portions 7-8, 8-9, 9-10, on the bottom surface
of the stabilizer appear simultaneously at 4 ms while only the voltage on the portion 3-4
on the top surface of the stabilizer appears. Also, similar to the experiments, the voltage
on the bottom surface is also decreasing when the distance between the probe and the
center of the tape is increasing. However, even if simulations and experiments qualitatively
agree, the heat propagation appears to be faster on the simulation because V2,3 remains
equal to zero in the experiment while V2,3,simu increases at 8 ms in the simulation. This
could be due to the adiabatic hypothesis in the model.

4.3.3.4 Comparison of the size of the dissipation column

The evolution of temperature along a longitudinal line in the middle of the width of the
tape as a function of time is extracted from the numerical results. To compare it with the
experimental results, a temperature for which one the sample generates bubbles has to
be chosen. Indeed, the onset of boiling occurs only when a difference in the temperature
between the tape and the bath exists. Reference [101] presents a value around 90 K. This
value is adopted but it is quite arbitrary because, as it has already been introduced, the
onset of boiling depends on many parameters (see subsection 3.2.2.3). Figure 4.24 presents
the evolution of the size of the dissipative column obtained with the numerical results and
compared with the experimental results. The evolutions are qualitatively similar in both
cases with a slow increase and then a fast increase of the size. The propagation develops
faster in the simulation than in experiment. This probably comes from the hypothesis of
adiabatic conditions in simulation.
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Figure 4.23: Voltages as a function of the time on several portions of the tape from measurements
and simulation on the top and bottom stabilizer layers.
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Figure 4.24: Comparison of the size of the dissipative column between experimental and simulation
behavior.

4.4 Influence of the lack of silver on the lateral sides

The simulations presented here are realized with a 3D Finite Element Method (FEM)
model of 2G HTS tape developed on COMSOL by C. Lacroix and F. Sirois from Ecole
Polytechnique de Montréal. In addition, they carried out a precise review of this part of
the manuscript.

A better understanding of the quench mechanism is useful also to evaluate the impact of
issues that may occur on commercial 2G HTS tapes. The two previous sections highlighted
the importance of the stabilizer on the lateral sides to enable the circulation of the current
from the HTS layer to the bottom stabilizer layer. The corresponding current transfer
length is much larger than the current transfer length between the HTS layer and the top
stabilizer layer. It is known that partial lacks of silver may occur on the lateral sides of
the tape. This may impact the safe operation of the tape due to the circulation of the
current through the lateral sides. This section aims to investigate this possible issue.

4.4.1 Description of the model
The same model as described in subsection 4.3.1 is used with the difference that silver is
locally removed over a length of 1 cm or entirely removed on one lateral side of the tape
(see figure 4.25).

4.4.2 Simulation results
Figure 4.26 shows the temperature of a tape in the case of a complete coverage of silver
(no lack) and compared with the cases of a 1 cm lack and a total lack of silver. In all
cases, the temperature over the top stabilizer layer is very similar at 5 ms. The maximum
temperature on the whole volume of the model, at the end of the simulation, reaches 272 K
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(a) 1 cm (b) 6 cm

Figure 4.25: Illustration of the lack of silver on the lateral side of the tape with a view on the top
stabilizer surface.

(a) No lack

(b) 1 cm

(c) 6 cm

Figure 4.26: Temperature on the top stabilizer layer at 5 ms with several cases of lack of silver.

with the 6 cm long lack of silver, 257 K with the 1 cm lack and 251 K without the lack
of silver. It is concluded that the lack of silver does not induce a huge difference in the
temperature of the tape.

The current density on the top silver layer is highest in the configuration with no
silver on one lateral side (see figure 4.27). It is supposed that the higher current density
on the top stabilizer layer comes from an interface resistance between the HTS layer and
the bottom stabilizer layer twice higher than the case with a full coverage of both lateral
sides. Figure 4.28 shows that the component of the current density along the width on
the bottom stabilizer side is the more important when the silver is totally removed from
one lateral side. The lack of silver increases the transfer length but does not change
significantly the current density which justifies the almost no change in the temperature
elevation. There is more current on a larger tape portion but with a similar current density.
It is concluded that a lack of silver does not comprise the good operation of a commercial
tape.
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(a) No lack

(b) 1 cm

(c) 6 cm

Figure 4.27: Current density on the top stabilizer layer at 5 ms with several cases of lack of silver.

(a) Top - No lack (b) Bottom - No lack

(c) Top - 1 cm (d) Bottom - 1 cm

(e) Top - 6 cm (f) Bottom - 6 cm

Figure 4.28: Component of the current density in the y-direction (width) on the top and bottom
surfaces of the tape at 5 ms with several cases of lack of silver.
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4.5 Conclusion
This chapter proposes to study the mechanism of the onset of quench in 2G HTS tapes
when the dissipation is not only inhomogeneous along the length but also along the width.

In a framework of a collaboration with TU Wien, local analysis of the REBCO layer
is performed by means of scanning Hall probe microscopy and compared to optical ob-
servation of the bubbles generated during the onset of quench. It demonstrates that the
bubble generation occurs at positions of local inhomogeneities in the REBCO layer.

At the positions of these inhomogeneities along the length, the dissipation first prop-
agates in the width of the tape. When the dissipation is fully developed in the width,
the propagation develops along the length. Experimental measurements show that the
current distribution in the vicinity of the dissipation column is not identical on the top
and bottom surfaces of the tape, highlighting that the cross-section of the tape cannot be
considered as equipotential during an inhomogeneous quench.

These experimental observations motivated the use of a 3D FEM model to simulate
the quench mechanism. The presence of inhomogeneities in the tape is modeled by areas
of very low Jc. These areas force the current to meander and this locally increases the
current density in the direct vicinity of these defects, initiating the dissipation and thus,
reducing the effective cross-section. The dissipation propagates to cover the entire width.
Then, the current sharing occurs with the top and bottom silver layers. The current
transfer length from the superconducting layer to the bottom silver layer is higher than
the current transfer length from the superconducting layer to the top silver layer. As a
consequence, current circulates in a larger portion on the bottom stabilizer layer of the
tape in the vicinity of a dissipation column compared with what is observed on the top
stabilizer layer, during an inhomogeneous quench.

These results highlight the role of the silver covering the lateral sides of the tape during
an inhomogeneous quench to transfer the current. The influence of a lack of silver on one
lateral side is assessed. It appears that a partial lack does not significantly change the
operation of the tape.

This chapter concludes the study initiated in chapter 3 about the operation of the tape
during an inhomogeneous quench. It determined that the dissipation is well predicted by
the positions of the inhomogeneities in the REBCO layer. The critical current as a function
of the position does not appear as the appropriate indicator to predict the dissipation. In
section 2.3, Ic(z) is used as the input of the model. The following chapter will move back
to the system scale with the development of conductors based on 2G HTS tapes with a
design approach adapted to the conclusions of this chapter.
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Advanced R-SFCL conductors with high
performances based on 2G HTS tapes

The chapters 3 and 4 contributed to a better understanding of the local electro-thermal
behavior of the 2G HTS tapes. The observations realized in these chapters do not comprise
the conductor design approach developed in chapter 2, based on the formalization of two
regimes of operation of the conductor. For example, the hot-spot regime as a macroscopic
phenomenon was experimentally observed. The existence of this regime was predicted
using the critical current as a function of the position. It appeared not to be a good
indicator to describe the dissipation phenomena. This input in the design approach, to
reflect the existence of the Ic inhomogeneities, will be adapted in this chapter. One objective
of this PhD work is the increase of the cost-effectiveness of the conductors of R-SFCL.
The architectures developed in this chapter show high performances in order to decrease
the conductor quantity and as a consequence, the price of a R-SFCL. Simulations and
characterizations are used to assess the cost-effectiveness of these innovative conductors.
Five structures are introduced at different stages of development: from early stage concepts
to conductors close to industrialization. This activity was conducted in the framework of
Fastgrid and represents the bulk of the contribution of Grenoble in this project. Three
out of five of these concepts were developed for Fastgrid, the last two were considered in
parallel.
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5.1 Development of the Fastgrid conductor
Fastgrid was a project focusing on the conductors of R-SFCL with a strong component
of material science. The main contribution of Grenoble in this project was the design
and the characterization of the "Fastgrid conductor", the architecture with the highest
Technology Readiness Level (TRL). This PhD work positions in this contribution through
the characterization of the Fastgrid conductor.

This project was much more than the development of an unique conductor. Several
partners coming from material science developed innovative architectures of advanced
conductors. These structures present a lower TRL but are promising for the future. On
this second axis, this PhD work is positioned on the characterization of these innovative
structures in section 5.2.

5.1.1 Conceptual design

5.1.1.1 Two main actions on the cost

The main objective of the Fastgrid conductor is to present high performances. The cost
of the conductor of a R-SFCL was introduced in subsection 1.3.3.1 and reproduced in
expression (5.1). It was mentioned that the designer can only have an action on the cost
through the electric field withstood by the conductor Esc and its critical current Ic. The
specifications of the conductor based on a 2G HTS tape produced by THEVA [48] can be
simply summarized:

• Maximization of the electric field Esc

• Operation with the maximum critical current Ic

• Limitation of the conductor maximum temperature on its whole operation range to
400 K

• Operation for ∆t = 50 ms in fault conditions (requirement from Supergrid Institute)

• Safe operation from In = 700 A to 20In

The last specification was defined by the author to complete the frame of design. To
meet the specifications, the Fastgrid conductor is based on the work presented in [67].

Cost = CscNLsc = Csc
kaIa

Ic

Vsc

Esc
(5.1)

Maximization of the electric field The temperature elevation in limitation regime is
given by (2.21). To fulfill the specification in terms of temperature elevation but with an
increase of Esc, a solution is to increase ρ the conductor resistivity. Indeed, cp,v does not
change significantly from a metal to another one and ∆t is a specification. The increase of ρ
is completed through the soldering of a highly resistive material to the 2G HTS tape. This
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5.1. Development of the Fastgrid conductor

will reduce the resistance per unit length of the tape itself but it will increase its resistivity.
Hastelloy® C276 presents a high resistivity (1.26 µΩcm at room temperature [79]) but its
cost is high. Stainless steel would have been a better option from that point of view, yet
it would have led to a lower electric field due to a lower resistivity than Hastelloy® C276.
Moreover, trials using Stainless Steel were not successful due to differential contractions
while this is not a problem with Hastelloy® C276 as the tape substrate is made with this
material. Inconel [104] could also be an option (1.44 µΩcm) though, this was not tried.
Another option would have been to directly act on the silver layer to increase the tape
resistivity by decreasing its thickness or using a silver alloy instead of pure silver but it
means that the tape becomes non-standard.

Operation with the maximum critical current Figure 1.14 highlighted that a decrease
of the temperature of a tape increases its critical current. The liquid nitrogen solidifies
at 63 K. As a consequence, an operation at 65 K is chosen to increase Ic, almost twice
higher at 65 K than at 77 K.

5.1.1.2 Adaptation of the conductor thickness

These two actions modify the operation in hot-spot regime. The temperature elevation
in this regime was given by (2.23). The increases of the conductor resistivity as well as
the critical current lead to a high temperature elevation in hot-spot regime. The solution
to keep the maximum temperature below 400 K is the conductor thickness adaptation as
introduced in subsection 2.4.3.1.

To determine the thickness of the Hastelloy® C276 to solder to the 2G HTS tape, the
model described in section 2.2 is used [105]. However, due to the observations realized in
chapter 4, the Ic measurement used as an input to predict the maximum temperature in
hot-spot regime should be changed. As Ic(z) does not describe in an appropriate way the
local dissipation phenomena and as a very precise SHPM is not feasible on long samples
length, the proposition is to use a non realistic Ic distribution shown in figure 5.1. The
idea is to consider the worst possible case where there is a single dissipation spot with
almost no current limitation. A length of 1 m and a defect of 580 A is chosen and this will
be justified in chapter 6.

The conductor behavior is simulated for 50 ms in operation at 65 K on the range of
prospective currents mentioned in the specifications of the conductor. One result of the
simulation is the maximum temperature of the conductor as a function of the prospective
current normalized by the rated current. This simulation is run several times with different
Hastelloy® C276 shunt thicknesses and electric fields. The objective is to obtain a similar
temperature in hot-spot regime and limitation regime. Figure 5.2 presents the results
obtained with an electric field of 130 V/m and several shunt thicknesses as introduced in
[76]. A shunt thickness of 500 µm gives a temperature of 400 K in hot-spot and limitation
regimes which is sufficiently thin to enable the winding of the conductor for R-SFCL
applications.
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Figure 5.1: Critical current over position used
as an input to determine the Hastelloy® C276
shunt thickness.
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Figure 5.2: Maximum temperature as a func-
tion of the prospective current normalized by the
rated current of the circuit at several Hastelloy®
C276 shunt thicknesses.

5.1.2 Implementation of the design

5.1.2.1 Manufacturing processes

The bonding of the Hastelloy® C276 shunt to the "bare" THEVA tape is quite challenging.
The shunt is tin but it requires to first deposit a thin Nickel layer on the shunt. Then,
the shunt and the tape are heated together to enable the bonding. In the framework of
the project, THEVA was in charge of the bonding of the Hastelloy® C276 shunt to the
bare tape produced by the company. The structure of the Fastgrid conductor is shown in
figure 5.3.

Figure 5.3: Structure of the Fastgrid conductor. A thick Hastelloy® C276 shunt is soldered to a
bare THEVA tape using a tin solder.

The company started the bonding process with a first manufacturing process named
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as "lab process" in this PhD work. Figure 5.4 shows the machine used to produce small
lengths of conductor. Tape and shunt are positioned on a heating bar. Then, a heated
roll (inside the carriage on the right side of the figure) is pulled over the tape to apply
pressure and solder the two elements. To produce long lengths of conductor, a second
manufacturing process named as "industrial process" was developed by THEVA based on
a Reel-to-Reel system where one of the roll is heating to achieve the bonding.

Figure 5.4: Machine used to solder the bare tape
and shunt together on small lengths. Courtesy
of THEVA.

Figure 5.5: Machine used to solder bare tape
and shunt together on long lengths. Courtesy of
THEVA.

5.1.2.2 Analysis of the manufactured conductor

The resistivities of the bare THEVA tape and Fastgrid conductor, shown in figure 5.6,
are measured and compared in figure 5.7. The soldering of the resistive shunt enables an
increase about 50 % of the resistivity compared with the bare tape. Nevertheless, it is still
far from the resistivity of pure Hastelloy® C276 due to, in particular, the presence of the
protective silver layer.

The 1D model of the 2G HTS conductor is once again used. Instead of using an an-
alytic expression (2.4) to compute the resistance per unit length of the conductor, the
measurement is used. With the same framework used to obtain figure 5.2, the maximum
temperature as a function of the prospective current is given in figure 5.8. With an initial
objective of 130 V/m, the maximum temperature in limitation regime exceeds 400 K be-
cause the resistivity of the conductor is a bit smaller than the resistivity predicted by the
simulation. It would be safer not to exceed an electric field of 125 V/m not to risk any
damage of the tape. Unlike the limitation regime, in hot-spot regime, this smaller resis-
tivity contributes to decrease the temperature, as it was predicted in subsection 2.4.3.1.
The conductors manufactured with the two processes are characterized.
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Figure 5.6: Picture of the bare tape from
THEVA (top) and Fastgrid conductor (bottom).
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Figure 5.7: Resistivities as a function of tem-
perature of the bare THEVA tape and Fastgrid
conductor.

1 5 10 15 20
65

100

200

300

400

500

Figure 5.8: Maximum temperature as a function of the prospective current normalized by the rated
current of the circuit using the actual resistance per unit length of the conductor at two electric
fields.
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5.1.3 Characterization on a small length of the conductor made with the "lab
process"

5.1.3.1 Experimental details

The sample-holder showed in figure 5.9 was developed during this PhD work. The current
leads are long (7 cm) to maximize the surface of contact between copper and the conductor
to avoid damaging heating. One of the current leads is not fixed to make the translation in
the longitudinal axis of the sample possible. The length of the sample between the current
leads is 20 cm. This is the maximum length that can be tested with the available power
source. Six voltage taps are soldered with indium-tin on the tape side of the sample to
measure the electric fields and compute Tmean and Tmax. The sample-holder is inserted in
the cryostat shown in figure 3.8b where tests are first carried out at 77 K before a decrease
of the temperature to 65 K following the procedure detailed in subsection 3.1.2.

Figure 5.9: Sample-holder used to characterize the Fastgrid conductor. Six voltage taps are soldered
with Indium-Tin soldering on the tape side of the conductor.

The current leads are connected to the AC circuit introduced in subsection 3.1.1.3 and
presented in figure 3.6. The voltage Vsource is set to 30 V and the switch S is on for 50 ms.
Twenty tests are carried out at 77 K with Rfault varying between 0 mΩ and 42 mΩ (i.e.
a prospective current varying between 650 A and 7000 A). Eighteen tests are carried out
at 65 K with Rfault varying between 0 mΩ and 30 mΩ (i.e. a prospective current varying
between 900 A and 7000 A). Two tests realized at 65 K are presented, one in hot-spot
regime and the other one in limitation regime.

The reader may have noted that with Vsource = 30 V and a conductor length equals
to 20 cm, the electric field withstood by the sample should be 150 V/m which would lead
to a higher temperature than 400 K in limitation regime. The design of the Fastgrid
conductor was realized with a maximum prospective current equals 20In, with the grid
rated current In = 700 A. While with the experimental set-up, the maximum prospective
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Figure 5.10: Results obtained before the series of forty tests at 77 K for 30 ms with Vsource = 16 V
(a) electric fields as a function of time and (b) electric fields as a function of the first current
increase.

current possible to reach is 7000 A, as a consequence, it is possible to operate with a higher
theoretical electric field because it will never operate with a prospective current of 20In.

5.1.3.2 Criterion to asses the robustness against repetitive faults

A criterion is proposed to assess if the repetitive tests (here, forty) did not damage the
conductor. The method is similar to the determination of a critical current by pulse mea-
surement. Not to damage the sample by changing the set-up, the same set-up is used.
The idea is to carry out the measure before and after the series of tests. It consists of
determining the current giving an electric field of 10 V/m. For this measure, the parame-
ters of the set-up are given in Table 5.1. A criterion of 10 V/m was chosen instead of Ec

equals to 1 µV/cm due to the inductive component of the electric fields.

Vsource (V) ∆t (ms) Rfault Ω Tbath (K)
16 40 0 77

Table 5.1: Parameters of the set-up to determine the current giving an electric field of 10 V/m.

The results of the measurements performed before the sample characterization are
given in figure 5.10a and after in figure 5.11a. These data are used to plot the electric
fields against the first increase of current (see figures 5.10b and 5.10b). The current giving
an electric field of 10 V/m over each portion is given in Table 5.2. The currents are very
similar before and after the characterization. A very slight decrease is observed but it is
not significant considering the precision of the current measurement (2 %) and the fact
that the two measurements were not carried out on the same day. The ambient pressure
may not have the same effect on the liquid nitrogen bath temperature.
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Figure 5.11: Results obtained after the series of forty tests at 77 K for 30 ms with Vsource = 16 V
(a) electric fields as a function of time and (b) electric fields as a function of the first current
increase.

Measurements Portion 1-2 Portion 2-3 Portion 3-4 Portion 4-5 Portion 5-6
Before 1640 (A) 1680 (A) 1680 (A) 1670 (A) 1660 (A)
After 1600 (A) 1640 (A) 1670 (A) 1630 (A) 1630 (A)

Table 5.2: Currents giving an electric field equals to 10 V/m before and after the sample charac-
terization.
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Figure 5.12: (a) Electric fields as a function of time and (b) temperatures as a function of time.
Results for Ipros=7000 A obtained on the Fastgrid conductor in operation at 65 K for 50 ms.

This criterion assessing the robustness of the sample against repetitive faults is not per-
fect. A real critical current measurement would be more appropriate but if a degradation
occurs, this is noted.

5.1.3.3 Results

Limitation regime (Ipros=7000 A at 65 K) The resistance Rfault is set to 0 Ω and the
prospective current is 7000 A. Figure 5.12a shows that the electric fields are highly similar
on the overall sample, which is typical in limitation regime. They reach a rms value around
120 V/m. The temperature at the end of the test is around 350 K (see figure 5.12b).
However, for this electric field the temperature should be very close to 400 K. A current
distortion occurs for high prospective currents due to the inrush current of the transformer
used in this set-up. This reduces the energy dissipated in the sample and as a consequence
its temperature.

The electric field withstood by the sample is close to the value used for the design
(130 V/m) and it did not degrade the sample. This test validates the design of the Fastgrid
conductor for an operation with an electric field of 120 V/m for 50 ms in limitation regime.

Hot-spot regime (Ipros=1450 A at 65 K) The resistance Rfault is set to 17 mΩ and the
prospective current is 1450 A, in the range of the critical current variations at 65 K. The
electric fields over the sample shown in figure 5.13a are very inhomogeneous. For example,
the electric field of the portion 1-2 reaches an instantaneous value of 100 V/m while the
electric field of portion 3-4 remains mainly inductive. This behavior is typical of what is
observed in hot-spot regime (see chapter 2). The maximum temperature reaches 300 K
(see figure 5.13b). In the design, the maximum temperature can reach until 400 K (see
figure 5.8). This small temperature may be related to the sample length as it will be
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Figure 5.13: (a) Electric fields as a function of time and (b) temperatures as a function of time.
Results for Ipros=1450 A obtained on the Fastgrid conductor in operation at 65 K for 50 ms.

introduced in chapter 6 and to the non-consideration of the heat transfer with the bath.
This test confirms the operation of the Fastgrid conductor in hot-spot regime at 65 K.

Maximum temperature as a function of the prospective current The maximum tem-
perature is computed for all the tests carried out at 77 K and 65 K. Figure 5.14 shows that
the maximum temperature follows the evolution predicted by the simulation with a tem-
perature elevation occurring in hot-spot regime. The hot-spot regime is clearly observed
at 65 K and barely observed at 77 K. The impact of the bath temperature was introduced
in subsection 2.4.3.1 and the analytic expression of the temperature elevation in hot-spot
regime, given by 2.23, shows that the temperature elevation is four times higher at 65 K
than at 77 K due to the doubling of the critical current. The observation of the hot-spot
regime is better observed on this sample than on the sample characterized in chapter 3.
The temperature decreases for high prospective currents while in simulation, the opposite
behavior is occurring. This comes from current distortions occurring for high-prospective
currents in the set-up due to the inrush current of the transformer.

In the range where the Fastgrid conductor was tested, the temperature did not exceed
400 K. The design is then validated on a small length sample. The Fastgrid conductor
respects the specifications with a safe operation at 65 K (with a critical current doubled)
and with an electric field of 120 V/m for 50 ms.

5.1.4 Towards an industrial manufacturing process

CNRS collaborated closely with THEVA when the company shifted from the lab process
to the industrial process to realize the bonding of the tape with the Hastelloy® C276
shunt.
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Figure 5.14: Maximum temperature as a function of the prospective current obtained at 77 K
(round red circles) and at 65 K (blue crosses).

5.1.4.1 Continuous degradation of the conductor performances

Several samples made with the industrial manufacturing process of THEVA were tested
coming from batches produced during different times of the project and they all showed a
similar continuous degradation mechanism.

Experimental details One example is detailed using the same set-up described in sub-
section 5.1.3 with the parameters given in Table 5.3. The sample is five times successively
connected to the AC source. The criterion of safe operation of the sample described in
subsection 5.1.3.2 (i.e. current giving an electric field of 10 V/m) is computed for each
test.

Vsource (V) ∆t (ms) Rfault Ω Tbath (K)
25 50 0 69

Table 5.3: Parameters of the set-up used to characterize the Fastgrid conductor made with the
industrial manufacturing process.

Experimental results Figure 5.15 shows that the electric fields are inhomogeneous along
the length of the sample while the prospective current is 5800 A which should ensure a
homogeneous quench. The temperature of the sample is around 300 K. Figure 5.16 shows
that the current giving an electric field of 10 V/m is decreasing as a function of the test
number, except in portion 1-2 where it remains constant. This reveals that the tests are
damaging the sample. Some investigations are carried out to determine the origin of this
degradation of the performances. The sample does not seem having been overheated and
the computed temperature is way below 400 K.
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Figure 5.15: (a) Electric fields as a function of time and (b) temperatures as a function of time.
Results obtained during the first test of the series of five test.
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Figure 5.16: Evolution of the current giving an electric field of 10 V/m on the five portions of
the sample of the conductor produced with the industrial manufacturing process of THEVA as a
function of the test number.
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5.1.4.2 Investigations on the conductor degradation

Analysis of the solder A sample from the industrial process is delaminated in purpose
(see figure 5.17). The same process is done on a sample produced with the lab process.
The surface of each piece is analyzed thanks to Scanning Electron Microscopy (SEM) to
determine where the delamination occurred (see figure 5.18). An uniform color is observed
on each surface of the sample made with the lab process (1 & 2). The compound on surface
1 is Hastelloy® C276 and it is MgO on surface 2. The bonding is strong because the
delamination did not occur between silver and tin. However, two colors are distinguished
on each surface of the sample from the industrial process (3 & 4). The compounds on
surface 4 are tin (light color) and MgO (dark color) and they are silver (light color) and
Hastelloy® C276 (bright color) on surface 3. The bonding made with the industrial process
is weak and tin does not cover the whole interface between the tape and the shunt.

Figure 5.17: Fastgrid conductor manufactured with the industrial process. The sample was de-
laminated in purpose.

Figure 5.18: EDX analysis using a SEM imaging.
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Figure 5.19: Evolution of the currents giving an electric field of 10 V/m on the five portions of the
sample of the bare THEVA tape at (a) 81 K and (b) 77 K.

Analysis of the 2G HTS tape operation The bare tape from THEVA is characterized to
observe if the degradation comes from the manufacturing process or from the tape itself.
The same set-up described in subsection 5.1.3 is used with the parameters given in Table
5.4. Five fault tests are successively applied on one sample at 81 K and on another sample
at 77 K. Both samples are from the same batch.

Vsource (V) ∆t (ms) Rfault (Ω)
20 30 0

Table 5.4: Parameters of the set-up used to characterize the bare THEVA tape.

The criterion success, introduced in subsection 5.1.3.2, shows that a similar degradation
of the performances is observed at 77 K while it did not occur at 81 K (see figure 5.19).
The only difference between the operation at 81 K and 77 K is the peak value of the
current. Indeed, figure 5.20 shows that the peak of current is 1010 A at 81 K while it is
1520 A at 77 K. This highlights the importance of the peak of current in this mechanism
of degradation.

Lack of silver on the lateral sides When the peak of current in a limitation test is
reached, current sharing occurs and the current flows through the lateral sides of the tape.
This is the reason why the influence of a possible lack of silver on the lateral sides was
investigated in section 4.4 but it showed that it does not significantly impact the safe
operation of the tape.

Despite the efforts to understand how the degradation mechanism is working, no clear
answer was obtained. However, it is possible to say that the degradation mechanism comes
from the tape itself and not from the act of soldering the tape with the shunt. In the case
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Figure 5.20: Electric fields as a function of the time obtained for the first test of the series of five
tests realized at (a) 81 K and (b) 77 K.

of the conductor, when the bonding is well realized, the addition of a conductive layer on
the top of the tape enables the safe operation but if the bonding is weak, the degradation
mechanism still occurs. Moreover, the influence of the peak of current was highlighted
with the absence of degradation at 81 K. The partners from IEE and STUBA in Bratislava
are also investigating this phenomenon [106].

5.1.5 Assessment of the cost-effectiveness

The cost improvement is assessed compared to the results obtained in the previous Euro-
pean Project before Fastgrid, the Eccoflow project [80]. The conductor developed in this
project withstood 50 V/m for 50 ms with a coefficient Csc having a value similar to its
current value. The Fastgrid conductor tested in subsection 5.1.3.3 shows:

• an electric field higher by a factor 2.4

• a safe operation with a critical current 4 times higher (operation at 65 K and the
doubling of the rated Ic at 77 K of commercial THEVA tapes)

The sum of these contributions leads to a cost division of the conductor by a factor of
10 compared with the Eccoflow project. However, the expression (5.1) does not consider
neither the cost of the Hastelloy® C276 shunt nor the bonding of the shunt with the tape.
It is reasonable to estimate that the cost reduction remains significant even including the
cost of the shunt.

Even if the architecture of the conductor appears simple, the bonding of a Hastelloy®
C276 shunt to a commercial tape from THEVA is challenging due to the high thermal
constraints when dealing with superconducting tapes. With an efficient manufacturing
process, the Fastgrid conductor will answer well to the challenge highlighted in chapter
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1 of the PhD work: the development of a cost-effective conductor. There are still ways
to further improve the Fastgrid conductor to reach a higher electric field through the
increase of the tape resistivity itself (thinner stabilizer layer, degradation of the electrical
conductivity of the stabilizer, ...) or the use of a more resistive shunt as Inconel.

5.2 Characterization of two alternative architectures developed
in Fastgrid

The Fastgrid project is not only the development of the "Fastgrid conductor". Alterna-
tive architectures of future conductors, at a lower level of industrial maturation, were
developed. Among them, two architectures were studied during this PhD work.

5.2.1 2G HTS tape with a Current Flow Diverter
This work was entirely carried out in a collaboration with Pedro Barusco from ICMAB in
Barcelona in the framework of the Fastgrid project.

In subsection 2.4.3.2, it was introduced that one way to mitigate the hot-spot regime
is the acceleration of the NZPV and this can be realized with the Current Flow Diverter.
However, the manufacturing of long lengths of tapes showing a CFD is not trivial. During
Fastgrid, ICMAB, OXOLUTIA and EPM worked closely on this topic. P. Barusco, from
ICMAB, mainly focused his PhD work on the industrialization of the realization of the
highly resistive interface. Grenoble contributed to the development of the CFD with the
characterization of one structure.

5.2.1.1 Experimental details

Sample To prepare the sample with a CFD, P. Barusco follows the procedure developed
by EPM. On the top stabilizer layer, the edges of the commercial tape are masked with
Kapton® and the silver on the remaining part of the width is etched with a Hydrogen
peroxide solution. The Kapton® is removed and the sample is exposed to ambient air for
some hours. P. Barusco chose to re-sputter a 1 µm thick copper layer instead of silver on
the top of the tape. The sample is inserted in a sample-holder similar to the one shown in
figure 3.12 where the distance between the current leads is 65 mm (see figure 5.21). One
voltage tap is present on each current lead to measure the voltage. A magnet is positioned
on the middle of the sample to locally decrease the critical current and to first initiate a
thermal runaway on this position.

Test bench The set-up described in subsection 3.3.1 is used to characterize the tape. The
fault current set-up is the AC circuit with the parameters given in Table 5.5 at a liquid
nitrogen bath temperature equals to 77 K. Nevertheless, the synchronization between the
electrical measurements and the optical observation was not effective at the time of this
characterization. As a consequence, the time given for each one of these results is not the
same.
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Figure 5.21: Scheme of the tape with a CFD tested. One voltage tap is positioned on each current
lead.

Vsource (V) ∆t (ms) Rfault (Ω) Tbath (K)
6.5 50 0 77

Table 5.5: Parameters of the set-up used to characterize the CFD sample.

5.2.1.2 Experimental results

Figure 5.22 shows the electric field and the current as a function of the time and the images
are shown in figure 5.23. The time given on the pictures is the time after the apparition of
the first bubble, appearing in the center of the sample at the position of the magnet. At
0.32 ms, the bubble generation occurs on the edges of the sample while the center portion
of the width remains mainly without bubble. The propagation in the center portion of
the width is observed at 1.27 ms. These images clearly highlight the existence of the CFD
effect with the difference of dissipation between the edges of the tape and the center of
the width.

The size of the dissipation column as a function of time is recognized using the image
processing described in subsection 4.2.2 (see figure 5.24). The complete dissipation of the
sample is established in 5 ms. The slight decrease of the size of the dissipation column at
the end of the test comes from the image processing. The NZPV is in the range of 12 m/s.
This value has to be carefully considered because during this test, the prospective current
was high (Ipros = 1500 A), with the possibility to initiate a thermal runaway everywhere.
For this reason, the NZPV is not compared with existing values. A prospective current
slightly overstepping the lowest critical current would have been more interesting. This
test highlights the existence of the CFD effect with a very inhomogeneous dissipation over
the width of the sample, especially focused on the edges where the current can transfer
from the superconducting layer to the stabilizer. A way to quantitatively qualify the CFD
effect with the high-speed imaging system would have been to use the DC circuit with
the same parameters given in Table 4.1 leading to a prospective current in the range of
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Figure 5.22: Electric field and current as a function of time measured on the CFD sample manu-
factured by ICMAB.

-30 -20 -10 0 10 20 30

-6

0

6
-30 -20 -10 0 10 20 30

-6

0

6

-30 -20 -10 0 10 20 30

-6

0

6
-30 -20 -10 0 10 20 30

-6

0

6

-30 -20 -10 0 10 20 30

-6

0

6
-30 -20 -10 0 10 20 30

-6

0

6

Figure 5.23: Images of the sample showing a CFD recorded with the high-speed camera. The time
given is the time after the first picture.
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the Ic of the weakest portion of the sample and compared the evolution of the size of the
dissipative column with the data given in figure 4.10.
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Figure 5.24: Size of the bubble generation spot at the middle of the width of the sample as a
function of time on the CFD sample.

5.2.1.3 Assessment of the cost-effectiveness

In principle, tapes with a CFD effect could have a NZPV which can be two orders of
magnitude higher than regular commercial 2G HTS tapes [103]. With the same simulation
framework developed in subsection 5.1.1.2, figure 5.25 presents the maximum temperature
of the conductor over its operation range. The CFD effect can be modeled in a simple way
by an enhanced heat conductivity of the tape as it is done in [57]. In such case, multiplying
the heat conductivity by a factor of 100 makes it possible to lower the shunt thickness to
400 µm without exceeding a maximum temperature of 400 K in hot-spot regime.
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Figure 5.25: Maximum temperature as a function of the prospective current normalized by the
rated current of the circuit with several combinations of shunt thicknesses coupled with enhanced
heat conductivity.
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The resistivity of the CFD sample tested in subsection 5.2.1.2 is very similar to the
resistivity of the Fastgrid conductor. Indeed, the addition of the CFD to a commercial tape
increases its resistivity. As a consequence, the performances in limitation regime are very
similar. In hot-spot regime, the addition of the CFD lowers the thickness of the shunt to
solder to a commercial 2G HTS tape. However, it is not sufficient to completely suppress
this shunt which would significantly impact the cost of the conductor. One benefit could
be an easier winding of the conductor to realize the module of a R-SFCL due to a lower
conductor thickness.

5.2.2 Sapphire-Based R-SFCL Conductor

This work was entirely carried out in collaboration with Amir Saraf from Tel-Aviv Univer-
sity in the framework of the FASTGRID project.

In subsection 2.4.3.2, the Sapphire-Based 2G HTS conductor was introduced as a way
to mitigate the hot-spot regime. The conductor tested here shows a critical current small
enough (around 40 A at 77 K) not to risk any damage in hot-spot regime (2.23). The large
interest of the conductor developed by Tel-Aviv University is the possibility to withstand
very high electric field due to its thin gold stabilizer layer.

5.2.2.1 Experimental details

Sample The superconductivity group of Tel-Aviv University (TAU), in collaboration
with ICMAB, achieved the epitaxial growth of the superconducting layer on a long length
substrate of sapphire not requiring any polishing through the use of the edge-defined
process [85][107]. This is a step forward in the development of Sapphire-Based conductor
because the polishing of the sapphire generally required to grow the REBCO layer is a very
expensive process. The YBCO layer grows on this substrate after depositing an Yttrium
stabilized Zirconia buffer layer. The HTS layer is protected with a very thin 100 nm thick
gold layer. Figure 5.26 shows a picture where the substrate and Sapphire-Based SFCL
conductor are presented. A sample is tested in fault condition in a sample-holder where
the inner length between the current leads is 50 mm. The nature of the material makes
it very brittle and the high rugosity of the sample surface makes the contacts challenging
to realize. In order to minimize the damage, the contacts are lightly tightened at ambient
temperature and sufficiently tightened at liquid nitrogen temperature. One voltage tap is
connected to each current lead to measure the voltage on the sample.

Test bench The sample is connected to the AC circuit described in subsection 3.1.1.3
but without the transformer to have more voltage available. The voltage is 90 V and the
switch is on for 50 ms. The sample is positioned in the cryostat shown in figure 3.8b where
the bath temperature is 65 K to increase the critical current of the sample.
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Figure 5.26: Picture of the Sapphire substrate (top) and of the Sapphire-Based SFCL conductor
(bottom).

5.2.2.2 Experimental results

Figure 5.28 shows that the electric field withstood by the sample is very high with a
maximum instantaneous value of 1500 V/m. Figure 5.28 shows that the electric field
frankly increases when the current exceeds 123 A in operation at 65 K.
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Figure 5.27: Electric field and current as a func-
tion of time measured on the Sapphire-Based
SFCL conductor produced by TAU at 65 K.
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Figure 5.28: Electric field as a function of the
current during its first increase when the fault
occurs.

Using the expression introduced in subsection 3.2.3, the mean temperature is computed
assuming that the conductor is entirely made with sapphire (cp,v of sapphire is given in
figure B.2b in Appendix B). The temperature, shown in figure 5.29, is far from 400 K
which means that the electric field withstood by the sample could be higher not risking
any damage due to excessive heating.
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Figure 5.29: Mean temperature of the sample as a function of time.

5.2.2.3 Assessment of the cost-effectiveness

The Sapphire-Based SFCL conductor, manufactured by TAU, shows an outstanding elec-
tric field. It reached a rms value of 1060 V/m for 50 ms and this value could be, at least
multiplied, by a factor of 1.5 not risking overheating. The electric field is about ten times
higher than the electric field of the Fastgrid conductor.

However, the critical current remains very low. The critical current per unit width is
about 50 A at 77 K, about ten times smaller than the one of the Fastgrid conductor. All
the benefits obtained with the very high electric field are mitigated by the poor critical
current. It is not meaningful to compare the cost of the Sapphire-Based R-SFCL conductor
with the Fastgrid conductor because the level of industrial maturation is very different.
It is possible to be hopeful for the future. The manufacturers made large progresses to
increase their Ic in the recent years. This could also occur for this technology. In that
case, it would become a total game changer. The shape of the R-SFCL should be however
redesigned due to the impossible winding of this conductor.

5.3 Towards other conductors with high performances

5.3.1 Conceptual designs in limitation regime

The analytic expression of the electric field of a conductor is given by (5.2), expressed
from (2.24). This expression highlights that adopting solutions similar to the Fastgrid
conductor, the ultimate electric field is reached if the resistivity of the conductor is equal
to the resistivity of pure Hastelloy® C276. With (5.2), it is 170 V/m considering cp,v the
heat capacity per volume unit of the Hastelloy® C276 at ambient temperature (3.7 ∗ 106

J/Km3), ∆T a temperature elevation of 330 K, a clearing fault time ∆t of 50 ms and
ρ the resistivity of the Hastelloy® C276 at ambient temperature (1.25 ∗ 10−6 Ωm). As a
consequence, to reach higher performances, new concepts should be developed.
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Esc =

√
cp,vρ∆T

∆t (5.2)

If a conductor refers to a tape bonded to a shunt, electrically in parallel and thermally
connected, from the application of an energy balance with an isothermal cross-section,
Etape the electric field withstood by the tape is expressed by (5.3) with e the thickness,
cp,v the heat capacity per volume unit, l the length, w the width and ρ the resistivity.
The index tape and shunt refer to the dimensions or properties of the tape and shunt,
respectively. The details of the this expression are given in appendix C.

E2
tape∆t =

∫ Tmax

Tc

etapec
tape
p,v (T ) + lshunt

ltape

wshunt

wtape
eshuntc

shunt
p,v (T )

etape

ρtape(T ) + eshunt

ρshunt(T )
wshunt

wtape

ltape

lshunt

dT (5.3)

From this expression, P. Tixador in [108] proposes several ways to increase the electric
field through:

• An increase of the ratio lshunt

ltape

• The use of a tape and a shunt with high electrical resistivities

First concept: the use of an insulated shunt modifies (5.3) in (5.4) assuming an
identical length and width between the tape and the shunt. The electric field increase is
possible through the increase of the conductor thickness assuming that the material used
as an insulated shunt shows a high thermal conductivity. This concept is different from
the Sapphire-Based R-SFCL conductor from TAU because here the idea is to use the shunt
as a tool to drain the heat from the tape while the conductor from TAU is based on a
high tape resistivity.

E2
tape∆t =

∫ Tmax

Tc

etapec
tape
p,v (T ) + eshuntc

shunt
p,v (T )

etape

ρtape(T )
dT (5.4)

Second concept: the increase of the ratio lshunt

ltape
thanks to the bonding of a corrugated

shunt in Hastelloy® C276 on the tape. Expression (5.3) becomes (5.5).

E2
tape∆t =

∫ Tmax

Tc

etapec
tape
p,v (T ) + lshunt

ltape
eshuntc

shunt
p,v (T )

etape

ρtape(T ) + eshunt

ρshunt(T )
ltape

lshunt

dT (5.5)
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5.3.2 2G HTS tape associated to an insulated shunt

The work described in this section was achieved jointly with Pedro Barusco from ICMAB
in Barcelona, in the framework of the Fastgrid project.

5.3.2.1 Material and structure

The use of an insulated shunt was already explored in the past. Authors in [109] used
Aluminium nitride while reference [110] proposed to study various composites showing a
high heat capacity. Here, the structure is a tape associated to an insulated shunt showing
identical lengths and widths. In addition to the absence of electrical conductivity, the
shunt has to present a very high thermal conductivity (hypothesis of homogeneous tem-
perature in the cross-section) and withstand thermal variations from the liquid nitrogen
temperature to several hundreds of degrees.

Trials were first realized with copper covered by several µm thick parylene layer as an
insulating layer but it did not work experimentally due to the destruction of the parylene
layer when the tape was associated to this shunt. Sapphire is an electrical insulator
(1014 Ωcm [111]) and shows a high thermal conductivity at low temperature (see figure
B.3b in appendix B). The mechanical expansion differences between the sapphire and the
tape are only considered experimentally through the development of dedicated current
leads. To ensure good thermal contacts at low temperatures, Apiezon N grease is used
between the shunt and the tape. To increase the surface of contact, one shunt is positioned
on the top and another one on the bottom of the tape. The structure studied is presented
in figure 5.30.

Figure 5.30: Scheme of the cross-section on the longitudinal direction of the conductor using two
insulated shunts.
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5.3.2.2 Simulation of the structure

With the expression (5.4), it is possible to quantify the benefits of an increase of the
conductor thickness on the possible maximum electric field assuming a homogeneous cross-
section. However, this expression does not consider the thermal resistance of the Apiezon
N grease. Modeling effort is required to estimate the importance of this parameter.

Modeling of the conductor

Geometry and material The structure described in figure 5.30 is modeled in 2D on
COMSOL 5.4. The width (12 mm) is not represented and the length is 10 cm. Each
sapphire piece is 1 mm thick like the thickness of the actual pieces used in experiment.
The tape thickness is 105 µm and there is no need to neither consider the superconducting
properties of the tape nor its layered structure because only the heat diffusion is studied in
limitation regime. The element modeling the tape presents the resistivity of the SuperOx
tape given, in figure B.1b in appendix B and the thermal properties of the Hastelloy®
C276 given in [79]. The thermal properties of sapphire come from [78]. The heat capacity
per volume unit of the Apiezon N grease is given in [112], its mass per volume unit and
its heat conductivity are given by a linear regression done with the data from [113][114] .

Three modules of Comsol are used : electrical circuit, electric currents and heat transfer
in solids.

COMSOL Multiphysics modules In the electrical problem, only the tape can conduct
the current which is injected through each extremity of the tape connected to the electrical
circuit described in figure 4.14 where Lcircuit is 5 µH and Rcircuit is set to observe the
conductor operation in limitation regime (5.6) with In = 700 A. In the thermal problem,
all the layers are considered, the tape is the heating source.

Rcircuit = Vcircuit

20In
(5.6)

The thickness of the Apiezon layers and the voltage over the structure are the param-
eters of the study. The maximum temperature of the structure should not exceed 400 K.
The conductor behavior is simulated for 50 ms.

Simulation results Figure 5.31 shows that the thickness of the Apiezon N grease as
to be as small as possible to reach a high electric field without exceeding a maximum
temperature of 400 K. This result allows to characterize this conductor in experiment due
to the possibility to realize a small thickness of Apiezon N grease, in the range of a few
micrometers. If the results demonstrated the need of a lower thickness, the experiment
would have not been tried.
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(a) 1 µm - 310 V/m (b) 5 µm - 250 V/m

(c) 10 µm - 210 V/m (d) 20 µm - 170 V/m

Figure 5.31: Temperature on the longitudinal cross-section of the tape with several combinations
of Apiezon N grease thicknesses and electric fields. The tape (in white) is at 400 K at the end of
the numerical simulation.

5.3.2.3 Characterization of the conductor

Experimental details Figure 5.32 shows a sample from SuperOx on its sample holder
connected to the rest of the electrical circuit thanks to pressed contact. The inner length
of tape between the two current leads is 15 cm. The 10 cm inner portion of the sample
is covered by two 1 mm thick and 13 mm wide sapphire pieces. Apiezon N grease is used
to have good thermal contacts and an external mechanical support is used to decrease its
thickness pressing together the whole structure. The extremities of the sample are elec-
troplated with copper to release the high mechanical stresses which would have occurred
in the case of sapphire directly in contact with the current leads. This copper addition
decreases the resistivity of the tape not to limit the current.

The sample is cooled in a liquid nitrogen bath at 77 K and connected to the DC electri-
cal circuit described in subsection 3.1.1.4 with Rcircuit equals to 14 mΩ and Lcircuit equals
to 3 µH. The switch is on for 25 ms. One sample is prepared with the afore mentioned
procedure and another one follows this procedure but without using the sapphire pieces.
The voltage is set to obtain a similar temperature between both samples at the end of the
experiment. In such case, the voltage over the part of the tape covered with sapphire is
36 V while it is set to 25 V in the case where there is no sapphire.

Experimental results Figure 5.33 shows that the electric field in the case where the
sapphire is present is 230 V/m while it is 170 V/m without sapphire. Both temperatures
shown in figure 5.34 are about 500 K at the end of the test meaning that the sapphire
pieces remove the heat from the tape because the electric field withstood by the sample
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Figure 5.32: Sample-holder with the sample where 10 cm of the inner portion is covered by two
pieces of sapphire (a) without and (b) with the support used to press together the sapphire pieces
with the sample.

with the sapphire is higher than the sample without.
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(a) With sapphire pieces.
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(b) Without sapphire pieces.

Figure 5.33: Electric field and current as a function of time obtained with the innovative structure
and with the witness sample.

It can also be noted that the temperature of the sample with sapphire pieces almost
reaches a plateau at the end of the test (also observed in [109]). It may come from the
presence of the Apiezon N grease acting as a thermal resistance and delaying the heat
transfer from the sample to the sapphire. Then, when the heat propagates through the
Apiezon N grease, an equilibrium may be reached between the heat produced by the Joule
losses and the heat removed by the shunt.
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Figure 5.34: Temperature as a function of time obtained with the innovative structure and with
the witness sample.

5.3.2.4 Assessment and further developments

It is rather difficult to propose an assessment of the cost-effectiveness of this structure.
The study appears more as a proof of concept about the possibility to extract heat thanks
to an insulated shunt with a high thermal conductivity. Indeed, the development of this
structure as a conductor for R-SFCL appears almost impossible due to the high cost of
the sapphire and the difficult realization of the structure on longer lengths. Investigations
could be realized with other materials as alumina.

5.3.3 2G HTS tape associated to a metallic corrugated shunt

5.3.3.1 Structure and material

One other way to reach a higher electric field is to increase the ratio of the length of the
shunt over the length of the tape. In such case, it is still important to have a highly
resistive shunt. One concept presented by P. Tixador in [108] is to associate a metallic
corrugated shunt in Hastelloy® C276 on each surface side of the tape. Figure 5.35 shows a
scheme of the structure where the positions of the corrugations of both shunts are shifted
with an angle of 180◦ to always present a large thickness to operate safely in hot-spot
regime (see (2.23)) and it avoids mechanical stresses by placing the 2G HTS tape on the
neutral fiber in wounding.

5.3.3.2 Simulation of the structure

Modeling of the conductor

Geometry The structure displayed in figure 5.35 is modeled in COMSOL 5.4 Mul-
tiphysics in two dimensions considering no variation in the width of the conductor. The
number of free dimensions is decreased to simplify the study. It is considered that:
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Figure 5.35: Scheme of the association of corru-
gated shunts with a HTS tape.

Figure 5.36: Scheme of the conductor presenting
the dimensions to optimize.

• the shunt was originally a straight blade wounded to obtain the corrugations so
d2 = d4 = d6 = d8

• the size of all corrugations are identical 2d1 = d3 = d5

• the smallest dimension is 100 µm to enable the manufacturing

It remains three dimensions presented in figure 5.36. The tape is 105 µm thick.

COMSOL Multiphysics modules In the thermal problem, all the elements can con-
duct the heat. The thermal properties of the Hastelloy® C276 given in [79] are attributed
to the tape and the shunt.

The electrical problem is different depending on the regime of operation considered:

• Limitation regime - Similarly to subsection 5.3.2.2, neither the superconducting prop-
erties nor the layered structure of the tape are considered, it is a homogeneous ele-
ment with the resistivity of the SuperOx tape (see figure B.1b in Appendix B). The
shunt shows the resistivity of the Hastelloy® C276.

• Hot-spot regime - The layered structure as well as the superconducting properties are
considered to observe the heat propagation in the longitudinal axis of the conductor.
The model is very similar to the 3D model developed in subsection 4.3.1. A smaller
Ic is defined in the center of the tape and the current is chosen to initiate a thermal
runaway at this position.

The same electrical circuit described in subsection 5.3.2.2 is used. In limitation regime,
the resistance Rcircuit is equal to the expression given by (5.6) while in hot-spot regime
the resistance is set to obtain Ic(65K) = 1400 A. In the thermal problem, all the elements
can conduct the current.
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(a) Limitation regime (b) Hot-spot regime

Figure 5.37: Temperature along the longitudinal axis of the conductor at the end of the simulation
at 50 ms.

Simulation results A parametric analysis simulating the conductor operation for 50 ms
with combinations of all parameters between [0.0001 m 0.0002 m 0.0003 m 0.0004 m] is
realized, without formal optimization, to determine the dimensions giving the highest
electric field without exceeding 400 K. The values l1 = 100 µm, l2 = 300 µm and l3 =
300 µm gives the highest electric field equals to 190 V/m. Figure 5.37a shows that the
temperature is highest close to the tape, where the resistivity is the lowest and then
decreases on the shunt. The temperature gradient could be a problem due to different
thermal expansions inside a same material. In hot-spot regime, figure 5.37b shows that the
temperature is lower than 400 K ensuring a safe operation but the gradient of temperature
is also elevate.

5.3.3.3 Assessment and further developments

The simulation results valid the possibility to increase the electric field with the increase
of the ratio between the length of the tape and the shunt. The study was conducted with
dimensions constraint and not optimized, it is likely possible to reach even higher electric
field with an optimization. This concept appears very difficult to realize practically. First,
two solders showing a different melting temperature should be used not to unsolder the
first shunt while soldering the second one. In addition, no solder excess should occur
to avoid the solder to overlap a corrugation and create a short-circuit. Second, the cost
of the shunt would be expensive due to the realization of the corrugations. To finish,
the gradient of temperature in the height of the conductor is a matter due to possible
differential thermal expansions. This preliminary study is pessimistic on the interest of
this conductor, further studies taking into account practical constraints are necessary.

5.4 Conclusion
This chapter presents the contribution of this PhD work to the development of advanced
high performances conductors. It presented characterization results of a conductor with a
high TRL as well as proofs of concept of advanced conductors.
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The design of the Fastgrid conductor was validated on its all operation range. It
appears as a very good comprise between high performances and simplicity of realization
despite the fact that the manufacturing process to produce long lengths of this conductor
experienced difficulties. This architecture could divide the cost of the conductor compared
with its predecessor (Eccoflow) by a factor of 10. Ways to continue to increase the electric
field still exist (diminution of the thickness of the stabilizer layer or the use of a stabilizer
with degraded electrical conductivity) but with that kind of technology, the maximum
electric field is limited to 170 V/m using Hastelloy® C276.

Alternative structures were studied during Fastgrid. The Sapphire-Based SFCL con-
ductor developed by TAU showed an outstanding electric field in limitation (around
1000 V/m for 50 ms) due to its very thin stabilizer layer. With these performances, the
quantity of conductor would be significantly decrease in a R-SFCL. Nevertheless, its crit-
ical current remains very low and it drastically mitigates the benefits just mentioned.
To become a game changer, the critical current of this conductor should be significantly
improved. The other structure characterized within Fastgrid focuses on the operation in
hot-spot regime. In collaboration with ICMAB, the CFD effect was observed using the
high-speed imaging system on a sample from ICMAB. The heat propagation appears very
inhomogeneous in the width with a clear bubble generation on the edges.

Another way to reach a higher electric field is the use of an insulated shunt. It was
experimentally proven that it can act as a heat sink to drain the heat from the tape while
withstanding the high electric field. An alternative option would be the increase of the
ratio between the length of the shunt and the length of tape. In simulation, a higher electric
field was obtained. The development of these two concepts requires further efforts, the
material (sapphire) or the manufacturing (corrugations) of the shunt remain expensive.
Some ways exist to tackle these issues as the use of alumina instead of sapphire and a
proper optimization to determine easy dimensions to realize for the corrugated shunt.

In this chapter, the design of the Fastgrid conductor is based on a very particular
critical current distribution. The use of a single defect comes from the observation realized
in chapter 4 showing that Ic(z) does not describe the local dissipation phenomena, so
it is considered to consider the worst case scenario. The following chapter will justify
the choice of the distribution length. It will also investigate the representativeness of
the characterizations performed on small samples to validate the design of a conductor.
Indeed, the hot-spot regime comes from the inhomogeneities in the REBCO layer and they
are not identical along the tape length.
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Effect of the conductor length on the
hot-spot regime for R-SFCL applications

As it was introduced in chapter 2 using a 1D electro-thermal model, the design of the
conductor of a R-SFCL using 2G HTS tapes is driven by two operation regimes. The
architecture is adapted to withstand a high electric field in limitation regime and to obtain a
non-destructive value of the maximum temperature in hot-spot regime. The last-mentioned
regime comes from the consideration of Ic variations and it was mentioned in subsection
1.2.4 that they follow statistical laws. This chapter aims to qualify if trends arise from
the fact that Ic variations follow statistical distribution on the evolution of the maximum
temperature in hot-spot regime. The size of a Ic distribution is directly linked to the length
of the conductor, assuming a constant spatial measurement resolution. As a consequence,
the impact of an increasing length is particularly assessed.
The minimum critical current tends to decrease when the conductor length increases. This
behavior can be modeled by a Weibull distribution assuming a minimum critical current
different from zero with an infinite length of conductor. To assess the impact of such
statistical distribution on the hot-spot regime, the deterministic 1D model of 2G HTS
conductor is used considering a large number of Ic variations scenarii as input to simulate
a R-SFCL behavior. It appears that the longer the conductor, the higher is the maximum
temperature in hot-spot regime. Moreover, the fact that two Ic measurements corresponding
to a same length of conductor present different maximum temperatures in hot-spot regime
leads to present a method to design large-scale conductors of a desired length, robust to
survive hot-spot regime due to any Ic variations corresponding to this length.

This chapter aims to study the influence of the conductor length on the hot-spot
regime. It uses Ic(z) as the input of the 1D model. It was shown in the previous chapters
that this is not appropriate to describe inhomogeneous dissipation, the positions of the
inhomogeneities in the REBCO layer is a better indicator. However, this last-mentioned
data is not an easy accessible data. As a consequence, it is assumed that the inhomo-
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geneities follow statistical distribution and in particular, Weibull distribution, and the use
of Ic(z) will give, at least, qualitative trends. s

The main part of this work was published in "Effect of the Conductor Length on the
Hot-Spot Regime for Resistive-Type Superconducting Fault Current Limiter Applications,"
[115].
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6.1. Motivation

6.1 Motivation

To predict the peak of maximum temperature in hot-spot regime, Tmax,peak, using the
model described in section 2.2, the Ic variations along the length of the conductor are
considered. Tmax,peak is a key element to design conductor as it was introduced in sub-
section 2.4.1. As it has already been described in subsection 1.2.4, Ic follows statistical
law distributions, Gaussian or Weibull. Ic variations are not the same of course in two
different tapes even if they have the same length. As Ic(z) is an input of the model of
the R-SFCL, Tmax,peak will also be different in those cases. In the end the question is
about the representativity of one simulation using one Ic distribution for the design of any
conductor of any length. In addition, it is interesting to question about the confidence it is
possible to have in design margins considering the spread of performances of the conductor
(i.e. the Ic variations).

In chapter 4, it was concluded that heterogeneous quench are not well described by
Ic(z), it is much better to determine the positions of the inhomogeneities in the REBCO
layer through SHPM. However, such precise analysis is dedicated to small lengths of tape.
To study the influence of the length of the tape on the hot-spot regime, the hypothesis
adopted in this manuscript is to consider that the variations of the inhomogeneities are
similar to the variations of Ic(z). As a consequence, it is chosen to use Ic(z) as an input,
knowing that it is not the appropriate tool to describe local dissipation phenomena but
considering that it is the best tool available to characterize tapes.

6.2 Analysis of the Ic variations as a function of the conductor
length

The 1D model of 2G HTS conductor used in this PhD work to compute Tmax,peak requires
local Ic data as input. To assess the influence of the conductor length on this key element,
an analysis of the length impact on the Ic variations is first carried out.

6.2.1 Effect of the conductor length on the minimum Ic

The Ic measurements of two 100 m long 2G HTS tapes, manufactured by THEVA and
SuperOx, performed with a spatial resolution of 1.1 mm and obtained with similar Tapes-
tar® continuous measurement machines, are displayed in figure 6.1a. The probability
density functions of these two measurements are also plotted (see figure 6.1b) and shapes
of Weibull distributions are recognized with these data from two different manufacturers
using two different manufacturing processes. These results were already studied in the
past by other groups [55][116]. Looking on the Ic measurements in figure 6.1a, it is visible
that the difference between the lowest values and the mean Ic is higher than the difference
between the highest values and the mean value. This is found on the shape of the Weibull
distribution with a peak of probability not perfectly centered in the middle of the existing
Ic in figure 6.1b. In the following work, the study is limited to Ic measurements following

137



Chapter 6

0 25 50 75 100
400

500

600

700

800

(a)

400 500 600 700 800
0

1

2

3

4

(b)

Figure 6.1: (a). Ic over position and (b) probability density functions of Ic. Data (TapeStar, 77
K, self-field) are from THEVA (red line) and SuperOx (blue line).

Weibull distribution. It has the particularity to admit a minimum value considering an
infinite distribution. Reference [56] interprets that as a minimum Ic considering an infinite
length of tape.

The cumulative distribution function, given by (6.1), is plotted with the Ic values
corresponding to 0.1 m, 1 m, 10 m (starting from the beginning) and the full-length of
the measurements (see figure 6.2). It appears that Ic,min decreases when the conductor
length increases. Another way to observe this behavior is to plot Ic,min as a function of
the sample length. Figure 6.3 shows this evolution for ten Ic measurements extracted
from each long-length measurement from THEVA and SuperOx. The averages of these
evolutions show that Ic,min decreases non linearly with a strong decrease when the length
is between 0.1 m and 1 m. It tends to saturate beyond 1 m.

P (Ic ≤ x) = f(x) (6.1)

6.2.2 Description of a Ic measurement with a Weibull distribution
Probability density functions showing Weibull shapes can be analytically described by
(6.2). The Weibull parameters are Ic,0 the scale parameter, M the shape parameter and
I∗c the minimum critical current considering an infinite length of tape [56]. Equation (6.2)
only holds for Ic above I∗c .

g(Ic) = M

Ic,0
(Ic − I∗c
Ic,0

)M−1e
−(
Ic − I∗c
Ic,0

)M

(6.2)

The Weibull parameters of the first meter of the THEVA Ic measurement are deter-
mined (see figure 6.4). To determine I∗c , the linearization (6.4) of the cumulative distri-
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Figure 6.2: Cumulative distribution functions for several samples of Ic measurements (TapeStar,
77 K, self-field) from THEVA (red lines) & SuperOx (blue lines).
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Figure 6.3: Minimum critical current (TapeStar, 77 K, self-field) as a function of the sample length
for ten Ic measurements coming from the 100 m long measurement from (a) THEVA (average
values represented by the red line with circles) and from (b) SuperOx (average values represented
by the blue line with crosses).
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bution function of a Weibull distribution (6.3), is plotted for I∗c varying from 1 to the
Ic,min of the original data. The best linearization gives I∗c with its slope equals to M and
its intercept to Mln(Ic,0) (see figure 6.5). The Weibull parameters in Table 6.1 are used
to plot on figure 6.4 the probability density function (6.2) with Ic varying from the real
extremum values of the original data.
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Figure 6.4: Probability density function of the
first meter of the Ic measurement from THEVA
(TapeStar, 77 K, self-field) (plain red line) and
analytic expression of this probability density
function (dotted red line).
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Figure 6.5: Linearization of the cumulative dis-
tribution function plotted with original data
(plain red line) and linear regression offering the
best linearization (dotted red line).

S(Ic) = 1− e
−(
Ic − I∗c
Ic,0

)M

(6.3)

ln(ln( 1
1− S(Ic

)) = Mln(Ic − I∗c )−Mln(Ic,0) (6.4)

I∗c Ic,0 M

591 140 8.2

Table 6.1: Weibull Parameters determined with the values of the first meter of the Ic measurement
from Theva (Tapestar, 77 K, self-field) given in figure 6.1a.

The Ic measurements considered here highlight the decrease of Ic,min when the length
of the conductor increases. The description by a Weibull distribution makes it possible to
identify an absolute minimum critical current. The influence of these considerations on
the maximum temperature in hot-spot regime are studied in the next section.
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Figure 6.6: DC circuit used to simulate the behavior of the R-SFCL.

6.3 Evolution of the maximum temperature in hot-spot regime
when considering large-scale conductors

The consideration of the variations of Ic along the length of a conductor highlights the
existence of the hot-spot regime, as it was demonstrated in section 2.4. The 1D model
of a 2G HTS conductor is now used to conduct transient R-SFCL behavior simulation to
obtain Tmax,peak for variable input sizes coming from the two long length Ic measurements
shown in figure 6.1a.

6.3.1 Simulation framework

To investigate how the conductor length lg affects the hot-spot regime, the maximum
temperature of the conductor Tmax is computed over a large range of prospective currents
for multiple lg. Figure 6.6 shows the DC circuit where the R-SFCL is integrated. It is
considered that the limiter operates at 65 K, the average Ic at this temperature almost
doubles compared to 77 K (around 1400 A) and the rated current In is 700 A. Ipros

can vary from In to the maximum prospective current occurring in the event of a zero-
impedance fault chosen equals to 20 In (6.5). To compare a variable length of conductor
but whose conductor in the same conditions, it is necessary to adapt the voltage V to lg
(6.6) while the electric field E is constant (150 V/m). Rgrid is determined by the zero-
impedance short-circuit (6.7). Lgrid is designed with the circuit time constant τ = 0.005 s
(6.8) with τ a constant. Rf is the equivalent resistance of R′f in parallel with Rload. Rf

varies to obtain the desired range of Ipros (6.9). This model makes the comparison of
various conductor lengths possible while E, Ipros and τ do not change.

Ipros = [1...20]In (6.5)

V = Elg (6.6)
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Rgrid = V

20In
(6.7)

Lgrid = τRgrid (6.8)

Rf = V

[1. . . 20]In
−Rgrid (6.9)

Two structures are simulated for 0.05 ms. They are “bare” tapes from THEVA and
SuperOx on which a thick Hastelloy® C276 shunt is added (see Table 6.2). Thermal and
electrical properties come from [78] for the stabilizer, MgO, tin and nickel while it comes
from [79] for the Hastelloy® C276. A homogeneous temperature in the conductor cross-
section is justified because the characteristic diffusion time (40 ms) is smaller than the
simulation time (50 ms).

Layers Thickness (µm) (THEVA) Thickness (µm) (SuperOx)
Substrate 100 100

Buffer stack 3.1 0.3
REBCO 3.5 1.5
Silver 3.2 3
Tin 10 10

Nickel 1 1
Hastelloy® C276 shunt 500 500

Table 6.2: Description of the two conductors.

6.3.2 Tmax over Ipros for 0.1 m, 1 m and 10 m long samples
The Ic measurements from figure 6.2 are used as inputs for the model. The simulation
gives the maximum temperature over Ipros, shown in figure 6.7, where the hot-spot regime
is recognized. The prospective current, for which one Tmax,peak occurs, is noted Ipros,peak.

These simulation results show that Tmax,peak increases with an increasing conductor
length on both structures using inputs from two different manufacturers. The hot-spot
regime appears more severe with the inputs from THEVA due to a higher Ic in the tapes
from this manufacturer.

6.3.3 Evolution of Tmax,peak as a function of the conductor length
It was shown on a few cases that Tmax,peak increases with an increasing length of conductor.
In order to qualify this dependence Tmax over Ipros is computed several times in figure
6.8 using as input samples varying from 0.1 m to 10 m from the first ten meters of the Ic

measurement from THEVA (see figure 6.1a). In figure 6.9, Tmax,peak as a function of the
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(a) Theva (b) SuperOx

Figure 6.7: Tmax over Ipros normalized by In with Ic measurements from (a) THEVA and (b)
SuperOx. The simulation lasts 0.05 s and the conductor is operating at 65 K.

sample length is plotted. The peak of maximum temperature increases significantly when
the conductor length increases from 0.1 m to 1 m and it seems to saturate beyond 1 m.

Figure 6.8: Tmax over Ipros normalized by In

for several Ic measurements. These results come
from the simulation for 0.05 s at 65 K of a con-
ductor with a THEVA structure using Ic values
from THEVA (TapeStar, 77 K, self-field).
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Figure 6.9: Tmax,peak as function of the conduc-
tor length. These results come from the simu-
lation for 0.05 s at 65 K of a conductor with a
THEVA structure using Ic values from THEVA
(TapeStar, 77 K, self-field).

Figure 6.10 presents the evolution as a function of the conductor length of Ic,min at
65 K, Ipros,peak and the RMS value of the current in the circuit Irms when Tmax,peak occurs
(6.10) where ∆t is the simulation time. Two elements from this figure help to explain the
evolution of Tmax,peak. When the conductor length increases, first, Ic,min is lower and
considering a similar current in the grid, the dissipative state is reached faster (due to the
power law) and the heating is longer. Second, Irms increases which means that the current
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limitation becomes slightly less efficient. The ratio between the length of the dissipative
parts of the conductor and its total length seems to decrease with an increasing length for
a given Ipros,peak.
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Figure 6.10: Ic,min at 65 K, Ipros,peak and Irms as a function of the conductor length. These results
come from the simulation for 0.05 s at 65 K of a conductor with a THEVA structure and using Ic

values from THEVA (Tapestar, 77 K, self-field).

Irms =
√

1
∆t

∫ t0+∆t

t0
i(t)2dt (6.10)

6.3.4 From specific results to general case: a probabilistic approach

A study similar to the work described in the previous section is carried out to assess if
Tmax,peak follows a trend arising from the description of Ic variations by a Weibull distri-
bution. To develop a probabilistic approach, the deterministic model is used considering
in input twenty 10 m long Ic measurements used in figure 6.3. Figure 6.11 confirms the
previous results with a non linear increase of Tmax,peak when the conductor length in-
creases. It starts to saturate beyond 1 m. The average Tmax,peak is not continuous below
1 m for SuperOx because for some inputs, no hot-spot regime is observed. These results
show that a hot-spot regime is more likely to be observed at the industrial scale, few
meters long conductors than at the scale of the lab, few centimeters samples. This result
has a lot of importance from an experimental point of view. Indeed, on one hand, the
characterization of a sample of few centimeters is not representative of the behavior of a
long length conductor. But, on the other hand, it is not necessary to invest in a large
and expensive high voltage set-up to characterize a conductor of few dozens of meters as
its behavior starts to be representative for a 1 m long conductor, considering a reasonable
margin. These results also show that two same length samples do not present the same
Tmax,peak.
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Figure 6.11: Tmax,peak as a function of the conductor length using as input ten samples coming
from Ic measurements from (a) THEVA and (b) SuperOx used to plot figure 6.3. An average
evolution is also computed for each manufacturer. These results come from the simulation for
0.05 s at 65 K of conductors with a THEVA structure (a) and a SuperOx structure (b) using Ic

values from THEVA (a) and SuperOx (b) (TapeStar, 77 K, self-field).

6.4 Prediction of an upper bound temperature in hot-spot regime
when considering large-scale conductors

It is established that knowing the Ic(z) over the full length of conductor makes the precise
evaluation of the maximum temperature Tmax of a R-SFCL for any prospective current
possible. However, the designer may not have such detailed characterization available, and
in any case, redesigning the R-SFCL structure for each Ic(z) corresponding to a length L
of conductor is impractical.

The conductor follows a behavior that can be estimated due to the fact that Ic dis-
tributions follow statistical laws. The determination of an upper bound of Tmax,peak for
the design of a conductor of a desired length L would be practical. How is it possible to
identify this upper bound with reasonable margins ? It will be shown that the only value
Ic,min along the length L is required to give an upper bound of Tmax,peak. Ic,min of the
desired length L is extracted from the Ic measurement on a short length (1 m) assuming
that the critical current follows a Weibull distribution. Such a Ic(z) on 1 m long tape is
available during the design phase. An example is detailed by first creating a Ic distribution
for L equals to 20 m. Reference [117] states that it is also possible to extract the minimum
Ic of a desired length L from transport measurements on a reduced length.
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Figure 6.12: Probability density function of a fictive 20 m long Ic distribution. The values are
generated with (6.11) using the Weibull parameters from Table 6.1.

6.4.1 Creation of a fictive Ic distribution corresponding to a long length con-
ductor

In subsection 6.2.2, the Weibull parameters of a 1 m long Ic distribution from THEVA were
determined (see Table 6.1). The measurement of Ic was given with a spatial resolution
of 1.1 mm. The original 1 m long tape contains 900 values. The generation of Ic values
to create a fictive Ic distribution is possible using (6.11) expressed from (6.3) considering
that S(Ic) is a uniformly distributed random number between 0 and 1. For a 20 m long
tape, 18000 values given by (6.11) are required. The Ic probability density distribution
corresponding to this fictive 20 m long tape is plotted in figure 6.12. This Ic distribution is
specific and another distribution corresponding to the same length with the same Weibull
parameters would give a different Tmax,peak in simulation. It does not give an upper bound.

Ic = I∗c + Ic,0(ln( 1
1− S(Ic)

)
1
M (6.11)

However, in section 6.3, the increase of Tmax,peak with an increasing conductor length
is explained by the simultaneous decrease of Ic,min and a limitation becoming weaker. The
worst scenario giving the highest Tmax,peak would be obtained with a constant Ic along
the conductor length holding a single defect equals to Ic,min. A comparison is carried out
between a real 1 m long Ic measurement and this worst scenario (see figure 6.13). The
fictive 1 m long Ic measurement is equal to the mean value of the real 1 m long Ic(z) except
one value equals to the minimum value of the original data. The size of this element is
not important as the current limitation due to the transition of this small portion has
a very reduced impact compared with the total length of the conductor. Figure 6.14
shows that Tmax,peak of the worst scenario is higher than Tmax,peak computed with the
real Ic measurement. This behavior has already been studied in the past [105]. The large
advantage of considering this worst scenario, which is unlikely to exist, is that it covers
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all the plausible Ic variations for a given length of conductor and it gives an upper bound
value of Tmax,peak without presenting a too large error (Tmax,peak is 335 K for the fictive
Ic input and 314 K for the original Ic input).
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Figure 6.13: Ic measurement from THEVA
(TapeStar, 77 K, self-field) (plain violet line) and
fictive Ic distribution (dotted green line) created
with the mean and minimum values of the orig-
inal Ic values.

Figure 6.14: Tmax over Ipros normalized by In

computed with the original (plain violet line)
and fictive Ic values (dotted green line). The
simulation lasts 50 ms and the structure is a
THEVA conductor operating at 65 K.

This method is adopted to predict the upper bound of Tmax,peak of the 20 m long
conductor made with the same tape used to determine the Weibull parameters of Table
6.1. The minimum and mean critical current of the distribution in figure 6.12 are used to
compute the fictive Ic over position in figure 6.15.

6.4.2 Prediction of the upper bound of Tmax,peak of a 20 m long conductor

The fictive Ic variations shown in figure 6.15 are used to simulate for 0.05 s the behavior of
a conductor showing a THEVA structure and operating at 65 K. It gives Tmax over Ipros

displayed in figure 6.16. The maximum temperature in hot-spot regime is 380 K. This
value is an upper bound for all the plausible Ic distributions corresponding to the same
length of conductor due to the considerations of the most adverse scenario of Ic variations.

Thanks to this value, the designer may adapt the structure of the conductor of the
R-SFCL to obtain a non-destructive temperature value, the shunt thickness to solder to a
superconducting tape for example. It offers to the designer of R-SFCL, a way to design a
long length conductor, without having the full Ic measurement of the corresponding length
and working for all same length tapes.
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Figure 6.15: Ic over position of a fictive 20 m
long conductor built from Weibull parameters of
a real 1 m long Ic measurement from THEVA
(TapeStar, 77 K, self-field).
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Figure 6.16: Tmax over Ipros normalized by In

computed using the fictive Ic over position as
input. It gives an upper bound of the maximum
temperature in hot-spot regime. These results
come from the simulation for 0.05 s at 65 K of a
conductor with a THEVA structure.

6.5 Conclusion
The effect of the length of the conductor with realistic distributions of Ic for R-SFCL
applications was studied. The analysis of Ic(z) of two tapes corroborates previous re-
sults. They can be described by Weibull distribution. The longer the tape, the lower the
minimum Ic is but it exists a minimum value considering an infinite length. Considering
devices with similar conditions of operation, the total length of conductor that is used
plays an important part for the so called “hot-spot” regime. Thanks to a 1D model of
2G HTS conductor, it was shown that the maximum temperature in hot-spot regime in-
creases when the conductor length increases. The important outcome is that this increase
of Tmax,peak is not linear. It increases significantly with a conductor length increasing
from 0.01 m to 1 m and it starts to saturate beyond. This result shows the interest to
experimentally characterize at least 1 m long samples to obtain representative results of
what could be expected for real R-SFCL devices.

The study made it clear that the maximum temperature in hot-spot regime is not
identical for several conductors presenting the same length. It means that the conductor
design should be adapted to each Ic distribution but this approach is not feasible for a
commercial product. In response, a method resulting from the synthesis of the previous
results was presented. Thanks to the determination of the Weibull parameters of the Ic

measurement of a small tape, it is possible to predict the average and minimum values
of a fictive critical current distribution corresponding to a given length to determine an
upper bound of the maximum temperature in hot-spot regime. This value is reasonably
higher than the values which would have been obtained with all plausible real Ic scenarii
of the desired length without injecting a too large error. As a consequence, the design
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of the conductor can be adapted to this value and will be robust to any Ic distributions
of the desired length to survive the hot-spot regime, without significant oversizing of the
conductor.

In subsection 5.1.1, the design of the Fastgrid conductor is based on this approach.
The Ic distribution corresponds to a length of 1 m and it holds one single defect.
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Conclusions and Perspectives

The R-SFCL was introduced in chapter 1 as a technology providing concrete solutions to
some of today’s pressing needs of power grids such as the increase of the fault current
levels. The use of 2G HTS tapes as the base to develop R-SFCL conductors is particularly
interesting thanks to their high performances. Nevertheless, the R-SFCL remains rare
in the grids despite recent successes. The high cost of the tapes and the reluctance of
the utilities to adopt such a breakthrough technology were identified as barriers to its
development. This PhD work was within this framework, focusing on the conductor itself
more than on the complete solution (the R-SFCL as a system). The two axis of research
were:

• The consolidation of the understanding of the behavior of the 2G HTS tapes to
increase the confidence level in the conductor design approach and to use their full
performances.

• The development of cost-effective conductors with high performances to decrease the
cost of the R-SFCL.

The approach adopted throughout this PhD work was to study the conductor at a
large scale (chapter 2) giving the basic elements of its design, then to tighten the focus
on the local thermo-electrical behavior of the 2G HTS tapes (chapters 3 and 4) where the
design route just presented was validated but suggesting changes in the considerations of
the superconducting properties and to zoom out and come back to the design of conductors
with the development of optimized architectures (chapters 5 and 6).

The chapter 2 was the base of the approach just mentioned to answer the two main
objectives of this PhD work. The 2G HTS conductor operation was simulated using a
1D thermo-electrical model on a large range of prospective currents. The study of the
maximum temperature of the conductor over this range enabled the extraction of two
extreme cases: the limitation regime and the hot-spot regime. The temperature elevation
during these two regimes represents a crucial step to design R-SFCL conductors with
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high performances. The existence of the hot-spot regime was highlighted through the
consideration of the Ic variations of the 2G HTS tapes. It refers to the regime where the
tape is almost not limiting the current due to localized quenches on its length. The first
axis of research of this PhD work particularly focused on the local behavior of these tapes
during inhomogeneous quenches throughout chapters 3 and 4 to get a better understanding
of their operation.

The development of a dedicated set-up, introduced in chapter 3, to study the hot-spot
regime led to the particularly rare experimental observation of a temperature elevation
occurring when prospective currents were in the range of the Ic variations of the 2G HTS
tape sample. The set-up also featured a high-speed imaging system enabling the observa-
tion of the bubble generation on the surface of the sample. It showed that whatever the
prospective current, the quench is first inhomogeneous: bubbles appear in very localized
positions and propagate in the width. Then, they propagate along the length of the tape
leading to a complete quench. The higher the prospective current, the more initial dissi-
pation spots are numerous and the faster the total quench of the tape. These observations
raised a semantic issue. The use of "hot-spot regime" is not appropriate at a small scale
because when looking to the local behavior of the tape, the inhomogeneous and homoge-
neous dissipation are successive behaviors occurring for any prospective current while in
the conductor design approach, "hot-spot regime" refers to a partial quench of the tape. In
that sense, the use of this denomination should be dedicated to the design of a conductor.

These observations stressed the need to continue the study of the quench mechanism:
additional experiments and simulations were therefore carried out. A collaboration with
TU Wien was initiated to determine why the bubble generation is very localized at the on-
set of a quench. Thanks to Hall Scan Probe Microscopy and observations of the tape with
Scanning Electron Microscopy, it was highlighted that the positions of bubble generation
match the positions of non-epitaxial growth of the REBCO layer. The Ic(z) measurement
given by traditional measurement machines such as TapeStar is not the appropriate indi-
cator to describe the dissipation phenomena occurring at the surface of the tape even if its
use in simulation helped to predict the hot-spot regime. The existence of this regime was
experimentally confirmed with a temperature elevation occurring for prospective currents
in the range of Ic(z). Then, it was proposed to adapt the design approach of the conduc-
tors by considering the worst scenario of superconducting properties which is a constant
Ic distribution with an unique weak defect instead of an actual Ic measurement.

Using a 3D FEMmodel developed by colleagues from Ecole Polytechnique de Montréal,
the defects in the REBCO layer were emulated as areas of poor critical current density.
Such an approach allowed to recreate the quench mechanism in simulation. It showed that
the propagation first occurs in the width due to an increase of the current density in the
direct vicinity of these defects, leading to dissipation and thus reducing the available cross-
section of the superconducting layer. When the dissipation is fully developed in the width,
it then propagates along the length. The current shares between the conductive layers at
the level of the dissipative column. The comparison of experimental and simulation results
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enabled the observation of the non equipotential cross-section of 2G HTS tapes during
inhomogeneous quenches. This was explained by a larger current transfer length between
the superconducting layer and the bottom silver layer than between the superconducting
layer and the top stabilizer layer. As a consequence, even if the current in the top stabilizer
layer is bigger than the current in the bottom stabilizer layer, it circulates in a larger
portion on the bottom stabilizer layer, in the vicinity of a dissipation column.

The first focus of this PhD was to improve the current knowledge on the operation
of 2G HTS tapes which was successfully performed by using appropriate simulations and
experiments often in collaboration with other institutions. In the perspective of future
developments, some directions could be explored:

• The 3D FEM model works well to recreate the local behavior observed on the 2G
HTS tapes thanks to high-speed imaging. However, it is based on a strong hypothesis
which is the non consideration of the self-field, i.e. the current distribution inside
the superconducting layer. It would be interesting to assess the influence of the
magnetic problem on this mechanism.

• It was highlighted that the Ic is not the appropriate indicator to describe the local
behaviors occurring in 2G HTS tapes. It would be interesting to question about
which data is the most adapted and should be furnished to the users of commercial
tapes to qualify the local behaviors on these tapes.

• The propagation of the heat in the width of the 2G HTS tape is explained thanks to
simulation results. A dedicated experimental set-up would be very useful to confirm
the simulation results. In particular, measuring the voltage in the width of the 2G
HTS tape would be a first step in this direction.

The second axis of research of this PhD work was to contribute to the development of
conductors with high performances in order to decrease the total cost of the R-SFCL. The
chapters 5 and 6 fall in this direction. Several conductor architectures proposed within
Fastgrid were studied coupling both numerical simulations and characterizations. The
main output was the validation of the Fastgrid conductor design on a small length. This
conductor showed an electric field of 120 V/m for 50 ms and no damage in hot-spot regime
at 65 K, demonstrating once again experimentally the existence of this regime. With these
performances, the cost of the conductor in a R-SFCL may be decreased by a factor of ten
compared to the conductor used in the predecessor of the Fastgrid project (Eccoflow).
Two other architectures from this project, with a lower level of industrial maturation,
were studied. One of them was a tape with a CFD, characterized in collaboration with
ICMAB and EPM. The use of a high-speed imaging system to observe dissipation on its
surface clearly showed that the bubble generation was active on the edges of the sample
while the main portion of the width was not generating bubbles, highlighting the existence
of the CFD effect by an optical observation. The second structure was a Sapphire-based
substrate HTS tape from Tel-Aviv University on which it was possible to reach an electric
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field exceeding 1000 V/m for 50 ms. However, the critical current remains poor (around
50 A at 77 K). Two alternative architectures were introduced in order to reach a higher
electric field than the one observed with the Fastgrid conductor. Their concepts were
validated in experiments or in simulations but the cost-effectiveness of these structures
did however not appear interesting at this stage.

Between these five innovative architectures, the Fastgrid conductor appeared as the
best comprise between high performances and simplicity of implementation. With a sig-
nificant increase of its critical current, the Sapphire-Based substrate could become a total
game changer.

The design of the Fastgrid conductor was based on a very specific Ic distribution con-
sidering a 1 m long constant Ic with a single defect at the center. The choice of this length
was based on the work developed in chapter 6. This chapter questioned the representa-
tiveness of the characterization of a conductor considering one specific distribution for any
device of any length. Using a probabilistic approach on the 1D model of conductor, a
probabilistic understanding of the simulation results showed that the peak of maximum
temperature occurring in hot-spot regime increases with an increasing length of conductor.
In other words, the longer the conductor, the more severe the hot-spot regime is but this
trend saturates when the conductor length is beyond 1 m. Two conductors with a different
length do not present the same behavior in hot-spot regime neither two conductors with
the same length. Indeed, Ic variations are not identical from one conductor to another
one. A method to design conductors with long lengths was proposed. The idea is to give
an upper bond of the peak of maximum temperature in hot-spot regime for a conductor
with a given length and working with all Ic variations corresponding to this same length.
The architecture of the conductor can be adapted to this upper bond as it was done with
the Fastgrid conductor in chapter 5. It implies reasonable margins and it tends to an
universal design of a given conductor length considering the spread of performances of the
tapes.

Regarding the second axis of research of this thesis, in the perspective of future devel-
opments, some directions could be investigated:

• The electric field of the Fastgrid conductor is linked to its resistivity. Reducing
the silver layer thickness or using a less conductive stabilizer could lead to a higher
electric field.

• The industrialization of the manufacturing process of the Fastgrid conductor remains
difficult due to the delicate bonding of the tape and the shunt. Once this issue is
solved, a large step forward would be the test of an actual R-SFCL module with
such technology. This would demonstrate to utilities the cost-effectiveness of the
solution.

• An elevation of the critical current of the Sapphire-based substrate R-SFCL conduc-
tor might occur. Indeed, the critical current of commercial tapes largely increased
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in the recent years. Assuming a higher critical current, this technology would be a
total breakthrough and the design of the R-SFCL with this conductor would be very
challenging.

• The study of the evolution of the peak of maximum temperature in hot-spot regime
is limited to conductor with a length of 10 m in this study. Nevertheless, this length
reaches tens of meters in a full R-SFCL device. It would be interesting to continue
this study with longer lengths and in the meantime optimize the model in order to
reduce the computation time.

To finish, even though these results come from an effort to develop advanced super-
conducting conductors for R-SFCL, they can be useful for other large-scale applications,
especially the thermo-electrical mechanism of quench onset described in chapter 4.
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APPENDIX A

Schemes of Superconducting Fault Current
Limiters

The schemes of the circuits presented in this appendix correspond to the structures intro-
duced in 1.1.3. In the schemes, Vgrid, Rgrid, Lgrid and Zload represent a power grid.

SFCL - Non-based on the quench

DC Biased iron core-type SFCL

Figure A.1: Structure of the DC Diased iron-core-type SFCL. L1 and L2 represent two windings
of the grid transmission around two iron cores. One superconducting coil loaded with a current I0
is used to saturate the iron cores.
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Bridge-type SFCL

Figure A.2: Structure of the bridge type SFCL. A rectifier is inserted in a power grid. A super-
conducting coil is used to feed the semi-conductors with a permanent current I0.

The currents in the diodes are :{
D1 & D4 : I1 = I4 = I0/2 + Icos(wt+ φ)/2
D2 & D3 : I2 = I3 = I0/2− Icos(wt+ φ)/2 (A.1)

Superconducting Fault Current Controller Limiter - SFCCL

Figure A.3: Structure of the Superconducting Fault Current Controller Limiter. Two supercon-
ducting coils are each associated to a semi-conductor to ensure the circulation of a permanent
current I0.

The currents in the thyristors are :{
IT 1 = I0 + IACcos(wt+ φ)
IT 2 = I0 − IACcos(wt+ φ) (A.2)
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SFCL - Based on the quench

Resistive-type SFCL

Figure A.4: Structure of the Resistive-type SFCL. A superconducting non-inductive coil Rsfcl is
inserted in the power grid.

Shielded iron-core-type SFCL

(a) (b)

Figure A.5: (a) Structure of the shielded iron core SFCL. A transformer made with the grid
transmission on the primary side and with a superconducting wire on the secondary side. The
transformer shows a ratio m (b) Practical representation of the shielded iron core SFCL.
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APPENDIX B

Data of selected materials

Resistance per length unit as a function of temperature

The resistance per length unit as a function of the temperature is used to compute the
maximum temperature of a conductor thanks to electrical measurements. Values under
Tc and above the ambient temperature are necessary to compute Tmax.
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(a) Superpower
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Figure B.1: Resistance per length unit as a function of temperature of a (a) Superpower tape and
a (b) SuperOx tape obtained with measurements (plain blue line) and their extrapolations on a
larger range of temperatures (dotted red line).
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Specific heat capacity per volume unit as a function of tempera-
ture
The heat capacity per volume unit as a function of temperature is another important
element to compute the maximum temperature Tmax or the mean temperature Tmean of
a conductor.
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Figure B.2: Heat capacity per volume unit of (a) Hastelloy® C276 with data from [79] and addi-
tional measures carried out in Neel Institute and (b) Sapphire from [78]. Extrapolation on a wider
range of temperatures is given for the Hastelloy® C276.

Heat conductivity as a function of the temperature
The heat conductivity is important to compute the temperature diffusion.
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Figure B.3: Thermal conductivity of (a) Hastelloy®C276 with data from [79] and of (b) Sapphire
from [78]. Extrapolation on a wider range of temperatures is given for the Hastelloy ®C276.
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APPENDIX C

Description of the boiling heat transfer

The author warmly thanks S.Siedel for its kind help in understanding the boiling phe-
nomenon in liquid nitrogen.

A short introduction about the boiling mechanism is given to understand why bubble
generation will be observed on the surface of the tape. In 1966, Nukiyama [89] used an
experimental apparatus where a Platinum wire is fed by a power-controlled heating system
in saturated water. The temperature on its surface is known using the measure of the
resistance per length unit which is temperature dependent. In such case, the independent
parameter is the heat flux transfer to the liquid, in the y-axis of figure C.1 and the
dependent variable is ∆T , the difference of temperature between the surface of the wire
and the saturated water far from the sample.

A saturated liquid, i.e a liquid at the thermodynamic equilibrium under the ambient
pressure, is considered in which a heater is immersed. The heater power is increased slowly
enough that quasi-static behavior is obtained. The following regimes can be observed :

• A to B: No bubble exists, this regime is called the free convection boiling.

• B to C: At point B, bubbles start to appear, this is the Onset of Boiling. This
improvement of the heat transfer thanks to bubble nucleation leads to a transient
temperature fall to point C.

• C to E: The nucleate boiling regime is established from C to E with a distinction
between C and D where only isolated bubbles exist and D to E where the boiling is
fully developed. The point E is called the critical heat flux.

• E to F: From point E, if the power received by the Platinum exceeds the critical
heat flux, a transient temperature increase occurs until it reaches point F. The film
boiling is established from point F.
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Figure C.1: Power per surface unit transfers to the bath as a function of the difference between
the temperature of the tape and the temperature of the bath.

When the power received by the element decreases, a similar path is followed until
point F. Then, the temperature, instead of transiently decreasing until point E, keeps
decreasing with the heat flux until it reaches point G, the Leidenfrost point. A small
decrease of the power in point G leads to a sudden temperature drop until point H.

The portion of the Nukiyama curve between E and G is obtained only in temperature-
controlled mode.
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APPENDIX D

Expression of the electric field over a
conductor

This appendix was mainly written by P. Tixador in [108].

This appendix brings elements to design a conductor in limitation regime. A conductor
refers to a superconducting tape bonded to a shunt. These two elements are electrically
in parallel and thermally connected. An energy balance is applied in limitation regime on
the conductor assuming adiabatic conditions and an isothermal cross section of the con-
ductor. This is questionable even in case of a metallic shunt but mandatory to get analytic
expressions to study the relevant parameters. It gives (D.1) where v is the instantaneous
voltage, Rcond the resistance of the conductor and ccond

p,v the specific heat per volume unit
of the conductor.

v(t)2

Rcond(T )dt = Vcondc
cond
p,v (T )dT (D.1)

The tape and the shunt being electrically in parallel the equation becomes:

v(t)2( 1
Rtape(T ) + 1

Rshunt(T ))dt = (Vtapec
tape
p,v (T ) + Vshuntc

shunt
p,v (T ))dT (D.2)

The tape and the shunt do not have necessarily the same lengths (ltape and lshunt) nor
the same widths (wtape and wshunt). etape and eshunt are the thicknesses of the tape and
shunt.

v(t)
ltape

2
dt =

etapec
tape
p,v (T ) + lshunt

ltape

wshunt

wtape
eshuntc

shunt
p,v (T )

etape

ρtape(T ) + eshunt

ρshunt(T )
wshunt

wtape

ltape

lshunt

dT (D.3)
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ρtape and ρshunt are the resistivity of the tape and shunt, respectively. One only has to
integrate to get the maximum temperature (Tmax) when the R-SFCL is electrically isolated
after ∆t (clearing time). The starting temperature is not the initial one (T0) but the critical
one (Tc) so that the regime under Tc where the resistivity of the tape depends on the current
is neglected. This has a very limited impact on the results while simplifying greatly
the calculations. The only consequence is that the maximum temperature is slightly
overestimated.

E2
tapeδt =

∫ Tmax

Tc

etapec
tape
p,v (T ) + lshunt

ltape

wshunt

wtape
eshuntc

shunt
p,v (T )

etape

ρtape(T ) + eshunt

ρshunt(T )
wshunt

wtape

ltape

lshunt

dT (D.4)
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