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Abstract

®

CrossMark

The health monitoring of superconducting fault current limiters (SFCL) is important for their
large-scale exploitation in HVDC grids protection. The intrinsic non-homogeneity of critical
current along the superconductor length can cause localized points of heating, called hotspots,
in the SFCL device which can lead to device damage. In this paper we propose to use an
extremely simple and cost-effective technique based on all-fibre Mach-Zehnder interferometers
for hotspot detection in SFCLs, where the measurement arm of the interferometer is integrated
with the SFCL and the reference arm remains in ambient. The system only consists of a laser,
two optical fibre couplers and a photo detector. By studying the acquired interference patterns,
even singular hotspots within the entire conductor length, can be informed in few milli-seconds,
which is the fastest and most sensitive demonstration to the best of our knowledge that meets

the SFCL requirement for fast hotspot detection.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The grid is evolving as renewable energy generation is gradu-
ally taking more of a forefront in energy contribution. At
present, HVDC links connect offshore renewable energy gen-
eration to the distribution grid; with increasing renewable
energy generation the grid will gradually transform into a
meshed HVDC grid. The protection mechanisms that work
for AC grids will not be suited to address the protection of
a low inertia meshed HVDC grid where the current lacks zero
crossings and fault currents can reach extremely high values
within 10 ms [1, 2]. Several studies have shown that resistive
superconductive fault current limiters (SFCLs) are promising
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candidates to provide selective protection for HVDC grids
with their swift transition to resistive state in the presence of
high currents [3, 4]. The high cost of SFCLs is one of the
major impediment in employing this solution. The calcula-
tions for Eccoflow conductor with a limitation electric field of
50 V m~' (50 ms) showed prohibitive costs of 200 €/kA/m [5].
The European Union project FastGrid aims at improving the
REBCO tape archtitecture by increasing the limitation electric
field with the overall goal of making a low length economic-
ally feasible SFCL device [6]. The optimized REBCO con-
ductor will be used to make a high voltage DC SFCL mod-
ule (=1.5 kA-50 kV) operated at 67 K. The module will be
equipped with an optical fibre sensing based health monit-
oring system to detect hotspots, which will be presented in
this paper. Since the research presented in this paper is car-
ried out in the framework of the FastGrid project, emphasis is
placed on a DC device for HVDC grids. It should be noted,
however, that the hotspot detection technique for SFCLs out-
lined in this paper can be employed in many high temperature

© 2020 The Author(s). Published by IOP Publishing Ltd  Printed in the UK
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superconductor (HTS) applications and power devices. Like
all superconducting systems, SFCLs need to be protected from
their primary source of failure: hotspots. Hotspots are a con-
sequence of the inherent material inhomogenity present in
coated HTS which are used in SFCLs. For Fastgrid conduct-
ors, Theva has optimised their production processes to limit
the variation in critical current by less than or equal to 10%,
which can be observed in their Tapestar measurements [7].
This material inhomogeneity produces an upper and lower
bound on the local critical current (I.) along the HTS tape.
This critical current, therefore, can be understood to lie in
a band ranging from minimum critical current value (I, ;,)
to the maximum critical current value (I, ), with differ-
ent points along the superconductor transitioning to resistive
state at different critical values. Under normal SFCL opera-
tion, the operating current (Ip) level is below the minimum
1. i.e. (Ip < I, nin), so that the entire superconductor is in
superconducting state and features zero resistance. However,
when a clear fault current develops, i.e. the operating current
is beyond the highest I, (Ip > I, ,,14x), the superconductor trans-
itions uniformly from superconducting state to resistive state.
It should be noted that the uniform transition may only occur
if the electric field applied (E) is greater than the critical elec-
tric field (E,), (i.e. E > E,), to ensure a homogenous quench
as explained in Kraemer et al [8]. This sharp increase in res-
istance restricts fault currents and allows for further protect-
ive actions to be taken, such as opening the associated cir-
cuit breaker or diverting the current to a parallel circuit path
with the desired higher impedance. The problem of hotspots,
however, can occur when the operating current level is in
between the bounds I, ,,;,, and I ., so that only few points
or even a singular point in the superconductor may transition
to resistive state. Such local transitions propagate by means
of joule heating created by the initial normal zone with an
extremely slow normal zone propagation velocity (NZPV) [9].
This puts HTS applications at a risk of high localized temper-
atures and irreversible material degradation in the event of a
hotspot.

In a SFCL device, thermal runaways arise and eventu-
ally damage the device if hotspots go undetected for more
than a few ms. This time allowance to react before device
degradation varies according to the conductor architecture,
like thermal stabilizer, substrate material and presence of cur-
rent flow diverter (CFD) which varies in order to increase
protection and decrease cost [10,11]. For conductors like the
Eccoflow conductor with low electric field, the longer con-
ductor lengths required increase the cost as well the reaction
time to ~50 ms. The conductors manufactured for the Fast-
grid project, however, are designed to have a limitation field of
>100 V m~! which is much higher than Eccoflow conductor.
This decreases the conductor lengths required, the cost and the
available timeframe to detect a hotspot to ~30 ms. The highly
localized hotpots and fast response requirements make hot-
spot detection a challenge. In addition, the high voltage envir-
onment presents a difficulty by forbidding electronic detec-
tion methods. Currently, grids use a current threshold to aid
their decision-making process of opening the breaker to pro-
tect SFCLs; this is an extremely inefficient and non-selective

way to deal with high currents as the DC breakers are opened
even when there is no hotspot. Currently no hotspot detection
technique is capable of catering to the quick hotspot detec-
tion requirement in SFCLs. A hotspot detection technique with
extremely fast response is therefore very desirable for SFCLs
exploitability.

Optical fibre sensing is an attractive solution to detect hot-
spots in SFCLs because optical fibres are capable of work-
ing in high voltage environments and offer numerous advant-
ages of being inexpensive, light-weight and chemically inert.
Optical fibres can be seamlessly integrated in structures with a
minimal impact on the host material, and various optical fibre
sensing techniques enable measuring physical quantities such
as temperature and strain along an optical fibre. Distributed
optical fibre sensing using Rayleigh backscattering has been
proposed and patented for hotspot detection in high temperat-
ure superconductors [12]. Although Rayleigh backscattering
based techniques are capable of providing the location of the
hotspot within the superconductor, the rather slow measure-
ment speed (>100 ms measurement time) critically hinders
such techniques being used for the SFCL protection, which
require a short measurement time (10-30 ms). While Rayleigh
backscattering techniques are not fundamentally fast enough
to protect a SFCL device, other quasi-distributed optical fibre
sensing techniques like fibre Braggs gratings (FBG) present
the disadvantage of information loss between the effective
sensing locations [13].

In this paper, a Mach-Zehnder Interferometer based optical
fibre sensing technique for extremely fast detection of hotspots
within 10 ms is presented. Compared with Rayleigh scattering
based techniques, the MZI method presents similar sensitiv-
ity, but is faster in terms of response and more cost effective
in terms of setup. It is also worth mentioning that, although
Rayleigh scattering techniques are advantageous in providing
locations of hotspots, such feature is not needed for SFCL pro-
tection. The MZI technique is sufficient for informing about
the presence of a hotspot quickly and economically. The tech-
nique presented in this paper provides a selective way to pro-
tect SFCLs, allowing the circuit breakers to open only in the
case of a real hotspot by informing with certainty the existence
of a hotspot.

This technique has been developed and filed as provi-
sional patent by EPFL under the EU FastGrid project, with
the full patent filing underway, the reference for which will be
soon discoverable [14]. The FastGrid SFCL module will have
optical fibre integrated along the conductor length for hotspot
monitoring.

2. Mach-Zehnder principle and configuration

2.1 Configuration

The structure of MZI used in the study is shown in figure 1. The
light from a narrow-linewidth laser is split into two branches:
the upper one is integrated with the SFCL and serves as the sig-
nal branch, while the lower one acts as the reference branch. A
device to adjust the polarization is present on the reference arm
and under optimum conditions the light polarizations in both
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Figure 1. The Mach-Zehnder configuration.

branches are well aligned at the coupler. The lighwaves trans-
mitted through the two branches are recombined and converted
into an electric signal via a photo detector. This output from
the detector is an inteference pattern with a phase dependent
upon change in temperature and strain in the conductor; this
property is used to detect hotpsots.

2.2. Working principle

The analysis presented makes use of the variables below:

d12 Initial phase shift between the two light paths
Aon Phase shift due to hotspot and ambient factors

€ Mechanical strain in the optical fibre

AT Temperature change due to the hotspot

n Optical fibre refractive index

ao Thermal expansion coefficient of the optical fibre
¢ Thermo-optic coefficient of the optical fibre

Pa Photo-elastic coefficient of the optical fibre

The recomobined electric signal output from the detector
(i.e. the interference pattern) can be expressed as:

Interference Pattern < [14cos (¢ — 1+ Ady)] (1)

where A¢y dependends on the change in strain (Ae) and tem-
perature (A7) as expressed in equation (2) [15]. Together, the
two temperature and strain dependent phenomena affect the
MZI response sensitivity which will be further addressed in
section 4.3.

A o< ({1 = pa} A+ [0 + £ AT) )

When there is no hotspot in the superconductor, both Ae
and AT are caused by environmental perturbations (envir-
onmental temperature variation and acoustic noises), result-
ing in a slow variation of A¢py, so that the interference pat-
tern shows slow fluctuations that do not exhibit a significant
pattern. In the presence of a hotspot, the local heating gives
rise to a temperature increment (A7 with positive sign) at
the corresponding fibre position, meanwhile the local thermal
expansion of the Hastelloy imposes a local elongation (Ae
with positive sign) of the optical fibre. This can result in a
significant and continuous increment of A¢g, from 0 to 27,
within few ms, as the temperature of the hotspot increases
sharply. Due to this A¢y change, at the detector output the
interference pattern manifests as continuous, periodic amp-
litude variations between O and 1 (normalized), with a fre-
quency dependent upon the rate of temperature change; this

(x)
Ay

[U]PTIOOO

1N 2\ /3\

Current leads

- Photo-
Laser T C (- detector

Magnet
A A

A A A

/4 \ /s !xé‘\.

Voltage contacts

Figure 2. Experiment schematic.

is interpreted as the presence of (at least) a single hotspot.
It is important to explain here, that the response to a hot-
spot and uniform transition varies in terms of frequency,
i.e. the response will be higher in frequency in the latter
case.

3. Experimental setup

Figure 2 shows the experiment schematic which comprises
an optical fibre integrated along the length of a 30 cm
long, 12 mm wide superconductor by means of STYCAST®
2850FT. STYCAST® is used because of its suitable thermal
properties at cryogenic temperatures; its thermal expansion
coefficient at 77 K is —0.43% which is close to the value
for ReBCO tapes, —0.23%, leading to lower thermal stresses
between the HTS tapes and the adhesive [16]. The adhesive is
prepared with the right amount of catalyst to ensure a hard fin-
ish which creates a strong coupling between the optical fibre
and the superconductor; this leads to a good mechanical and
thermal response. The importance of optical fibre integration
will be discussed in detail in section 4.4.

A 10 mm diameter, ~700 mT permanent magnet pair
is placed in close proximity at the centre of the sample to
decrease the local critical current. The percentage decrease in
the critical current in a perpendicular field of 700 mT can be
estimated by the Kim-model which comes out to be around
80% for this experiment [17]. This creates a weak point, with
a known location, for temperature and voltage monitoring. A
PT1000 temperature sensor is placed on the conductor, in close
proximity to the magnet. Voltage taps are added along the
length of the superconductor tape for measuring the voltage in
the hotspot regime and also in the adjacent segments to study
the propagation of the transition. The laser wavelength used is
1550 nm, and a commercially available photodetector (Thor-
labs PDB420C) is present at the MZI output. The sample is
cooled to 77 K or may be further cooled to 67 K. Current is
applied to the sample by means of a DC current pulser. Cur-
rent through the sample and voltages around the weak point as
well as along the sample length are measured. The MZI output
and the PT1000 temperature are also acquired.

The 3D schematic of the experiment in figure 3 showcases
the tape architecture used in these experiments. The figure also
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Figure 3. Experiment 3D cross-section.

explains how STYCAST® is used to integrate the fibre along
the HTS tape. This 3D schematic does not show the thermal
stabilizer, however, the experiment has also been conducted on
the FastGrid conductors thermally stabilized by the addition
of 500 pm Hastelloy. In the case of thermally stabilized HTS
tapes, the experiments were carried out by placing the optical
fibre on either side.

4. Results and discussion

4.1 Experiment results for no hotspot

For this experiment 170 A is applied to the sample as shown
in blue in figure 4(a). The voltage around the weak point,
v3_4, (voltage between contact 3 and 4 shown in figure 2)
remains zero, signifying there is no hotspot in the sample.
This is confirmed by the PT1000 temperature measurement
which shows no temperature change. The interference pattern
observed in the MZI output (red curve in figure 4(a)) shows
fluctuations, attributed to variations in environmental factors
like slowly varying temperature gradient along optical fibre
path. These fluctuations in the optical fibre response follow
no clear pattern which is an indicator of no hotspot in the
superconductor.

4.2. Experiment results for 7 K temperature change

For this experiment 450 A was applied to the sample for 50 ms,
as shown by blue curve in figure 4(b). This figure also shows
the temperature curve measured by the PT1000, with the max-
imum temperature change ~7 K. The oscillatory response of
the optical fibre, shown in red, can be seen to vary in frequency
according to the temperature change in figure 4(b). Figure 4
(c) shows an enlarged view of the same graph for the dura-
tion of the current pulse. It shows that the voltage around the
hotspot, v3_4, (shown in black in figure 4(c)) reaches 0.8 V
while in the adjacent segments (v;_,) and (vs_¢) it remains
zero. These zero voltages in adjacent segments signify the
presence of a single point of heating in the sample. Before
the voltage begins to rise around the hotspot, the optical fibre
response shows no clear pattern which can be observed in
figure 4(c) up to 30 ms after the pulse. In the presence of a

hotspot, the optical fibre response shows a rapid transition to
an oscillatory response of the form cos (A¢y) as explained
in the theoretical analysis. The optical fibre response is rapid
and oscillations are observed as soon as voltage around the
weak point begins to rise. It is interesting to note that the ther-
mometer begins to show a temperature increase 20 ms after
the oscillatory response is observed in the optical fibre out-
put. This delay in the thermometer response as compared to
the optical fibre response can be explained by the fact that
thermal transfer is slower than strain transfer to the optical
fibre. The technique therefore is sensitive to both temperat-
ure and strain which highlights the importance of understand-
ing the setup sensitivity to achieve a more rapid response to
hotspots.

4.3. Optical fibre sensitivity in cryogenic temperatures

It was highlighted in section 2 that the composite optical
fibre response comprises of a strain response and a thermal
response. The optical fibre thermal sensitivity is defined by
two key parameters: the thermo-optic coefficient (&) and the
thermal expansion coefficient (,), which contributes to the
temperature dependent term in equation (2). In the thermal
response at room temperature, & plays a more significant role
as compared to o, owing to the very low thermal expan-
sion of the optical fibre material, silica. At cryogenic tem-
peratures however, it has been experimentally demonstrated
that the thermal sensitivity reduces due to a sharp decrease
in &: the value of & is 9 x 107% K~! at room temperature
which decreases by three times to 3 x 107¢ K~! at 77 K
[18]. For improving thermal sensitivity, approaches of recoat-
ing optical fibres with metallic or polymer coatings to enhance
the thermal expansion coefficient have been studied for tech-
niques like FBG [19]. It has also been discovered in stud-
ies that the overall decrease in the temperature sensitive term
(o + &) makes it possible to perform strain dominated meas-
urements at cryogenic temperatures [20]. The strain sensitiv-
ity, is dominated by strain imposed on the optical fibre due to
the thermal contraction or expansion of the host material, in
this case the Hastelloy. For high strain sensitivity the integ-
ration of the optical fibre to the superconductor needs to be
appropriate to maximise strain transfer from the host mater-
ial to the optical fibre. It should be noted that the strain is
transferred from the Hastelloy to the STYCAST® and then
to the optical fibre. It was discussed in section 3 that there
is only a small difference between the coefficient of thermal
expansion of STYCAST® and the HTS tape; this ensures good
strain transfer. When the optical fibre is placed directly above
the Hastelloy stabilizer in thermally stabilized tapes, the delay
in hotspot detection increases in the case of thermal coup-
ling because of the increased distance to the optical fibre,
but remains unchanged in case of strong mechanical coup-
ling with good strain transfer; this will be further discussed
in future publications. Experiments have been carried out to
investigate the response time of our technique to the hotspots
by exploring different options for optical fibre coupling, but
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Figure 4. (a) Experiment results for no hotspot, the MZI response
shows slow variations with no visible pattern (b) The technique
detects a single hotspot in the superconductor, temperature curve
and corresponding optical fibre response for which is observed (c) A
closer look at figure 4(b) shows the optical fibre’s instantaneous
oscillatory response to the hotspot, as voltage around the hotspot
begins to rise.

ongoing and future work on this technique aims at explor-
ing various integration techniques for better strain sensitivity
in MZIL
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Figure 5. Comparison of the technique response to same
temperature change of ~10 K produced by current pulse applied at
t = 0 ms (a) Exp 1: The setup sensitivity is lowered due to a weak
optical fibre coupling with the sample (b) Exp 2: Strong mechanical
coupling between the sample and optical fibre allows a stronger
strain sensitive response that is observed before the temperature
increase in the PT1000.

Table 1. Specifications of Exp 1 and Exp 2.

Experiment Optical fibre coupling Response

Exp 1. Thermal only Temperature sensitive
(Low sensitivity, slow)
Exp 2. Strong mechanical and Strain dominated (High

thermal sensitivity, fast)

4.4. Experimental setup sensitivity

In the experiment results from figure 4, it is demonstrated that
the technique is capable of detecting a singular hotspot imme-
diately, however in our experiments it has been observed that
the setup sensitivity is not constant and varies depending on
multiple factors like the quality of the optical fibre integration,
liquid nitrogen bath temperature and sample type.

In this section, we focus on investigating how the sens-
itivity and response time depends on the kind of coupling
present between the optical fibre and the conductor. Table
1 characterizes two experimental setups, identified as Exp 1
and Exp 2, that varied in terms of optical fibre coupling to
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the sample. In order to create thermal coupling, a mechan-
ically soft coupling is required; the media used for integ-
ration should remain soft but conduct the heat. For Exp 1,
excessive catalyst is added to STYCAST® leading to a soft
malleable finish that weakens strain transfer to the optical
fibre leading to a predominantly thermal coupling. For Exp
2, less catalyst is used in STYCAST® preparation for a hard,
rigid finish that maximises strain transfer to the optical fibre,
ensuring a strong mechanical as well as thermal coupling.
It should be noted that two different samples were used for
the experiments. A comparison of the response of the tech-
nique in the two experiments for a 10 K temperature change
measured by the PT1000, are shown in figures 5(a) and (b),
respectively.

From figures 5(a) and (b) it is observed that the hotspot
begins to form around 0 ms for Exp 1 and at 30 ms for Exp 2, as
the voltage around the hotspot begins to rise (shown in black).
The hotspot onset and hotspot voltage are different in the two
experiments, due to the samples being different in terms of
critical current variation.

It can be observed in figure 5(a) that Exp 1 shows a
weak, low frequency response to the hotspot. Due to impeded
strain transfer to the optical fibre, the response in Exp 1 is
mainly due to a slow thermal transfer to the optical fibre.
However, for the same temperature change a much stronger
response is observed for Exp 2, as shown in figure 5(b)
where the optical fibre response precedes the PT1000 tem-
perature increase by ~20 ms. This signifies that the response
is due to thermally induced strain in the sample, which
can be observed before a temperature change is observed
by the thermometer. Experimental results demonstrate that,
proper mechanical coupling between the optical fibre and
the superconductor can enhance the sensitivity of the setup
to thermally-induced strains, leading not only to a more

instantaneous strain-dominated response but also enabling
lower temperature hotspot detection, as summarized in
Figure (6).

5. Conclusion

This optical fibre sensing technique developed at EPFL for
hotspot detection in SFCLs enables extremely fast hotspot
detection. It has been experimentally demonstrated that our
technique can detect even singular hotspots along the super-
conductor length, within 10 ms. This technique is not only
fast but also extremely cost effective, making it a significant
breakthrough for not only SFCLs but also other HTS applica-
tions. Work is being carried out on this technique to achieve the
highest sensitivity and lowest response time, but these initial
results provide promising prospects of a reliable health mon-
itoring system, to supplement HTS applications and to ensure
resilience against hotspots and thermal runaways.
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