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Materials and basic wires 
Overview
Nexans Superconducting Fault Current Limiters
Growing electricity demand, progressive meshing of grids, and distributed power generation face network 
providers with a steady rise of grid loads. Power grid equipment must, in consequence, be adapted 
to increasing fault current levels. Nexans Superconducting Fault Current Limiters (SFCL) provide a cost-
effective modular solution for protecting transformers, switchgear, and other components against excessive 
overloads in case of grid failures or circuit feedbacks. The self-acting SFCL limits fault currents to a level 
which can be pre-defined in keeping with the power rating of the grid’s technical infrastructure. The system 
is intrinsically fail-safe and automatically returns to its passive operating state after a fault incident. Ageing 
of grid equipment due to dynamic and thermal stress from fault currents is significantly reduced.

Working Principle
The SFCL’s working principle is based upon the physical properties of the ceramic superconducting 
material employed. In its operating state, the material acts as a near perfect electrical conductor without 
ohmic resistance. Unlike a conventional reactor, it will hence be practically invisible in the grid. A fault 
current, however, will exceed the material’s normal operating ampacity, causing it to temporarily lose its 
superconducting property and build up high ohmic resistance (“quench”). This effect curbs the fault current 
within the first half-cycle. The current is controlled for a pre-defined interval to enable fault detection before 
a circuit breaker temporarily shuts off the SFCL to allow the system to return to its superconducting state 
and resume operation. An interruption-free power flow in the grid can be provided, according to customer 
requirements, by inductive or resistive shunts.

Modular Design
The superconducting part of Nexans SFCLs consists of series- and parallel-connected modules for each 
current phase. “Stacking” these units provides the system with the specific fault current limiting capacities, 
durations, and reaction rates required in individual grid environments. Stacked modules are immersed in 
liquid nitrogen within a cryogenic vessel equipped with a commercial cooling system. The modules operate 
maintenance-free at temperatures of -200 °C. 
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Protecting Power Plant House Load
Boxberg Power Plant (I), (Vattenfall, D) 

In 2009, a Nexans SFCL based upon BSCCO-2212 bulk 
superconductor modules was deployed at the power plant for 
short-circuit protection of house load including lignite crushers. 
The device in a 12 kV feeder bar limits a 63 kApeak prospective 
short circuit current to less than 30 kApeak immediately and to 
about 7 kA after 10 milliseconds. With a nominal current rating of 
800 A, its design allows inrush currents of up to 4.1 kApeak during 
coal crusher start up and of 1.8 kA for subsequent 15 seconds  
without tripping the limiting function. Field testing of the device 
was successfully completed.

Boxberg Power Plant (II), (Vattenfall, D)

In 2011, a Nexans SFCL based upon YBCO coated conductor 
modules replaced the first device and was commissioned after 
successful testing. The YBCO based SFCL combines further 
improved energy efficiency with a faster response to fault 
currents and stronger initial limitation: 63 kApeak prospective 
short circuit current to 16 kApeak. Essentially, SFCL deployment 
permits internal MV supply switchgear to be downsized to 
standard component level and thus affords a substantially lower 
investment requirement.

Palma de Mallorca 16 kV Substation (Endesa, E) 
Košice 110/24 kV Substation (VSE, SK)

The EU-funded ECCOFLOW project targets developing a 
multi-purpose SFCL providing flexibility for a range of power 
grid applications. Nexans acts as coordinator and device 
manufacturer in the ECCOFLOW consortium which involves 
five European power utilities and eight scientific and industrial 
partners. The ECCOFLOW design is based upon YBCO coated 
conductor modules. The SFCL’s power rating is 24 kV at 1 kA. 
Combined with inductive or resistive shunts, the SFCL limits 
fault currents for extended intervals of up to 1,000 ms. It will 
undergo a six months field test in a 16 kV bus bar coupling 
configuration at a substation in Palma de Mallorca, Spain, 
with a special focus on grid protection during frequent short-
circuits. The device will then be installed in an outgoing 24 kV  
transformer feeder at a substation in Košice, Slovakia, to 
evaluate long-term performance and operating costs.

Towards a Standard Solution:  
ECCOFLOW
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Towards a Standard Solution:  
ECCOFLOW
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Figure 4. Two-dimensional contour maps of the spatial variation of the temperature on top of the tape (HTS side) obtained at t = 10 ms for
(a) a uniform tape and (b) a CFD tape (R f = 1 � cm2 and f = 0.9). Both tapes have an interfacial resistance Ri = 1µ� cm2. Only the
half-width of the tape is represented.

Figure 5. Two-dimensional current distribution of the current density in the stabilizer (top view of the tape) at the frontier between the
superconducting and normal zones for (a) a uniform tape and (b) a CFD tape (R f = 1 � cm2 and f = 0.9). Both tapes have an interfacial
resistance Ri = 1 µ� cm2. The red and blue arrows represent the current density in the superconductor and in the stabilizer respectively.
Only the half-width of the tape is represented.

is artificially increased. Therefore, the length over which the
heat is generated in front of the moving quench boundary is
longer, which accelerates the NZPV.

3.2. Dependence of NZPV and CTL on parameters

The dependence of the NZPV on the global interfacial resis-
tance of the tape Ri was investigated. For the uniform case,
the resistivity of the interfacial resistance layer was varied.
For the CFD case, the coverage fraction f was used to vary
Ri. The results are presented in figure 8. We observe that,

in the case of a uniform tape, the NZPV is constant for
Ri < 0.1 µ� cm2. In that regime, the NZPV is dominated
by the thermal diffusion in the substrate, as described in [19].
If Ri is between 0.1 and 1 µ� cm2, the thermal diffusion length
and the CTL are of the same order of magnitude. When Ri >

1 µ� cm2, the dominating length is the CTL and the NZPV
increases rapidly with Ri. The uniform interfacial resistance
architecture thus allows an increase of the NZPV only when the
interfacial resistance is sufficiently high. However, such a high
interfacial resistance is unsuitable for making good current
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pulses [8]. Nevertheless, some simulations have been done to ob-
serve the transport-current dependence of the NZPV. Fig. 5 allows
to observe this dependence for the same geometries and thermal
conditions as in the previous section, i.e. [adia], [adia-buf] and
[fct]. In this figure, we also include simulations for the base case
(without buffer layer and heat exchange), in the hypothetical sce-
nario where no current sharing between the silver and DyBCO lay-
ers is possible i.e. the silver layer acting only as a thermal
resistance [adia-ns]. For these particular simulations we observed
that the current-sharing effect becomes important only around
1.5Ic and above, being more pronounced in the hastelloy case than
in the sapphire case. In fact, it seems that the exchange of current
leads to a reduction of the NZPV due to a reduction of the cross-
sectional resistivity of the silver/normal-DyBCO parallel resistance
that is obviously less important than the normal-DyBCO resistance
alone. This 1.5Ic value correspond to a change in the propagation
scheme for the tapes and leads to an exponential growth of the
NZPV. As a matter of fact, over this threshold value, the power gen-

erated in the silver layer becomes more important and heat start to
travel more from the silver layer than from the DyBCO film by itself
– see Fig. 6. This scheme seems to be responsible of the exponential
growth observed on the NZPV curves – see Fig. 5. Since MgO acts as
an heat barrier along the thickness for the sapphire case, the buffer
layer have a significant effect on the NZPV for this case.

It is also interesting to note that, for both substrate, heat trans-
fer with the nitrogen bath do not seems to have an influence on the
NZP. This seems to be due to the fact that, for a significant sub-
strate thickness (90 lm in this case), heat is more absorbed by
the substrate than exchanged with the surrounding coolant. In that
sense, the adiabatic theory seems to be confirmed for the base case
geometry.

4. Conclusions

The strictly-thermal model developed in this paper is very light
in terms of computation time. It allows to observe important
parameters influencing the NZP by considering the problem from
a pure thermal point of view. With this model, we have shown that
the NZP depends strongly on substrate thermal parameters.

By comparing two substrates of very different properties, i.e.
sapphire and hastelloy, we have demonstrated how sapphire
shows better performance than hastelloy for FCL purposes. Indeed,
sapphire, which is a more diffusive substrate helps to heat and
switch regions of the line adjacent to the normal zone, which avoid
hot-spots formation.

Moreover, the substrate thickness have important effect on the
behavior of CCs. For the sapphire case, the presence of a relatively
thick buffer layer changes considerably the performance of the de-
vice, whereas they are not much altered in the hastelloy case.

Finally, the NZPV dependence on the transport current has been
illustrated. Over a threshold value of around 1.5Ic , the NZPV curves
show an exponential growth due, at a glance, to a different heat
transfer scheme.

Further work should consider that sapphire have thermal
parameters that are strongly dependent on the temperature [14].
In addition, we did not consider recovery mechanisms as well as
the interfacial losses that seems to play an important role on the
NZP [15,16]. These issues must be taken into account to improve
our model and explore other features related to the NZP.
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Fig. 6. Two possible mechanisms/schemes for the heat propagation that can
explain the exponential growth of the NZPV curves for current values larger than
1.5Ic . (a) For values below 1.5Ic (red arrows), heat travels mostly along the width of
the tape. (b) For values over 1.5Ic , the contribution of heat generated in the silver
film cannot be neglected, and heat travels mostly along the thickness of the tape
leading to faster velocities. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Protecting Power Plant House Load
Boxberg Power Plant (I), (Vattenfall, D) 

In 2009, a Nexans SFCL based upon BSCCO-2212 bulk 
superconductor modules was deployed at the power plant for 
short-circuit protection of house load including lignite crushers. 
The device in a 12 kV feeder bar limits a 63 kApeak prospective 
short circuit current to less than 30 kApeak immediately and to 
about 7 kA after 10 milliseconds. With a nominal current rating of 
800 A, its design allows inrush currents of up to 4.1 kApeak during 
coal crusher start up and of 1.8 kA for subsequent 15 seconds  
without tripping the limiting function. Field testing of the device 
was successfully completed.

Boxberg Power Plant (II), (Vattenfall, D)

In 2011, a Nexans SFCL based upon YBCO coated conductor 
modules replaced the first device and was commissioned after 
successful testing. The YBCO based SFCL combines further 
improved energy efficiency with a faster response to fault 
currents and stronger initial limitation: 63 kApeak prospective 
short circuit current to 16 kApeak. Essentially, SFCL deployment 
permits internal MV supply switchgear to be downsized to 
standard component level and thus affords a substantially lower 
investment requirement.

Palma de Mallorca 16 kV Substation (Endesa, E) 
Košice 110/24 kV Substation (VSE, SK)

The EU-funded ECCOFLOW project targets developing a 
multi-purpose SFCL providing flexibility for a range of power 
grid applications. Nexans acts as coordinator and device 
manufacturer in the ECCOFLOW consortium which involves 
five European power utilities and eight scientific and industrial 
partners. The ECCOFLOW design is based upon YBCO coated 
conductor modules. The SFCL’s power rating is 24 kV at 1 kA. 
Combined with inductive or resistive shunts, the SFCL limits 
fault currents for extended intervals of up to 1,000 ms. It will 
undergo a six months field test in a 16 kV bus bar coupling 
configuration at a substation in Palma de Mallorca, Spain, 
with a special focus on grid protection during frequent short-
circuits. The device will then be installed in an outgoing 24 kV  
transformer feeder at a substation in Košice, Slovakia, to 
evaluate long-term performance and operating costs.

Towards a Standard Solution:  
ECCOFLOW
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Fig. 4: Prospective current without rSFCL and current sharing with a 2 µm silver layer rSFCL in parallel with 30 ⌦ purely
resistive shunt
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Fig. 5: Prospective current without rSFCL and current sharing with a 5 µm silver layer rSFCL in parallel with 30 ⌦ purely
resistive shunt

III. RESULTS AND DISCUSSIONS

A. Impact of the stabilizer thickness

First, we are interested in the electrical behaviours of tested
rSFCLs. The first peak inrush current limitation magnitude
goes from 1080 A to 1160 A, so it is limited to more or less the
same value for the four tested rSFCLs and the inrush current is

more quickly damped due to the additional impedance of the
rSFCL as presented in Fig. 5. If we consider only an electrical
point of view and the basic function of a SFCL, all simulated
rSFCLs are able to mitigate the fault current.

Nonethless, if we deeply compare the 2 µm and the 5 µm
silver layer, respectively shown in Fig. 4 and 5, we observed
really different behaviours. In fact, both are good rSFCLs from

2) Effective fault 
current limitation 
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§  Local temperature elevation in SFCL vs. fault impedance 

D. Colangelo and B. Dutoit, Supercond. Sci. Tech., 25 (9), p. 095005, 2012. 
F. Roy et al., Physica C, 469 (15), p. 1462, 2009. 
 

Supercond. Sci. Technol. 25 (2012) 095005 D Colangelo and B Dutoit

Figure 4. Tape critical current inhomogeneity. Gaussian
distribution D1 has an average critical current of 365 A and
�% = 6.59.

Figure 5. Gaussian distribution discretization. Base array [Im] of
distribution D1 (a) and a random combination of the base array (b).

where Pj is the probability, in percentage, to find the critical
current Icj along the tape length. Finally, a new array
[Im[1⇥100]] has been built. The elements of [Im[1⇥100]] are
defined by

[Imj] = [Icj · ūj([1, int(Pj)])] (10)

where uj is an array of length int(Pj) of unit elements. SinceP20
j=1Pj = 100, [Im] has a length of 100 (corresponding to

the number of blocks) and it contains information about
critical current levels and their corresponding probability
(figure 5(a)). The relative position of [Im] (figure 5(b))
elements implies a different amount of thermal conduction
between blocks. Therefore, random permutations of [Im]
terms have been generated. Array [Im] and its combinations
have been implemented to the electrothermal model.

6. Influence of the stabilizer thickness

An RFCL device has been modeled with tapes D1 and
it has been studied in the equivalent circuit of figure 6.
Assuming an overcurrent of 20% Inorm (1 kA RMS), the

Figure 6. Equivalent circuit. The resistance RF has been varied
from 0 (clear three phase short-circuit fault) up to 30 �.

device can be built with six parallel conductors per phase
of inhomogeneity D1 (the minimum Ic is 0.85Ic,av with
Ic,av = 365). The external shunt impedance (Zs = Rs+j2⇡ fLs,
figure 6) determines the limited current allowed [8] and it is
normally imposed by utility companies requiring long fault
duration. The circuit breaker (CB1 figure 6) tripping time
(tCB) is about 80 ms. The thickness of the silver stabilizer
has been varied from 1.8 up to 4.8 µm. For each value, the
single conductor length has been chosen in order to respect
the maximum allowable temperature criterion of 360 K under
a clear three phase short-circuit (fault resistance RF = 0 �).
Even though it corresponds to optimizing the device against
the maximum prospective current, this approach does not
allow us to exclude thermal instability of the RFCL under
low values of fault current (RF � 0). Therefore, a correct
analysis of the thickness stabilizer should consider the whole
fault current range. Since we do not consider differences in
inhomogeneity between the paralleled tapes per phases, the
following dissertation refers to a single wire.

6.1. With RF ' 0

Under this condition, the current through each tape is much
higher than Ic,av. The transition to the normal state is
extremely rapid and homogeneous (all zones quench in the
same instant). The RFCL offers to the circuit its highest
impedance. During the limiting performance, the SC material
is stressed (Isc > Ic, av) for a few milliseconds (red line inset
of figure 7) and almost all the fault current is diverted to the
external shunt (blue line figure 7). A tape with a thin stabilizer
has a high resistance per unit length (Rpul). Therefore, for
given values of Zs and tCB, allows the temperature criterion
(360 K) to be respected, minimizing the lengths of the
paralleled wires, with evident benefits for the final cost of the
RFCL device.

6.2. With RF � 0

This subsection analyzes the influence of the wire stabilization
on the transient device performance in the case of a high value
of fault resistance (low value of fault current).
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Figure 7. Current sharing between the external shunt (Is), the SC
layer (Isc) and no-superconducting layers (Inosc) with tape
inhomogeneity D1, Zs = 2.7 � and RF = 0. The sc layer is stressed
only for a few milliseconds (inset).

Figure 8. Resistance profile of the device (a) and quenched length
of a single CC (b) for different silver stabilizer thicknesses under
RF = 14 � .

6.2.1. Low stabilization. Even if IF is around Ic,tot, due to
the tape inhomogeneity, the zones with low critical current
(Ic < 0.9Ic,av) may quench and limit the current through
the RFCL device. In the case of low silver stabilization
(e.g. 1.8 µm), those zones will introduce a high resistance
(figure 8(a) magenta line) and IF may suddenly fall below
Ic,av. As a consequence, zones with higher Ic (Ic > 0.9Ic,av)
may not have enough energy to quench (IF flows through the
SC layer, figure 9(a)). All the current is limited by a small
portion (limiting length, Llim) of the tape (figure 8(b)). The
temperature increase is mainly hindered by the heat capacity
of the quenched tape portion. Therefore if this portion is too
‘short’, some zones of Llim could exceed 360 K before the
intervention of CB1 (80 ms in our example).

6.2.2. High stabilization. Since the silver stabilization of
the tape does not influence the critical current inhomogeneity,

Figure 9. Current sharing between SC and noSC layers in blocks
having Ick/Ic,av = 0.95 with a silver stabilizer thickness of 1.8 µm
(a) and 4.8 µm (b) when the inhomogeneity is D1 and RF = 14 �.

Figure 10. Final temperature foreseen for different stabilizer
thicknesses. Base [Im] array (solid lines), without thermal
conduction (dashed lines) and three random permutations of [Im]
terms (only for thAg = 1.8 µm).

even with a more stabilized wire (e.g. 4.8 µm), zones with low
critical current (Ic < 0.9Ic,av) will quench. Differently from
the previous case, those zones will offer a lower resistance
(figure 8(a) blue line); hence, after the first peak a higher
current will flow through the RFCL device (black dashed line
figure 9(b)). More energy will be provided to zones with Ic '
Ic,av (IF ' Ic,av for longer time) that will quench. Compared
to the previous case, Llim is longer and so a higher heat
capacity contributes to the limiting performance. Figure 10
shows clearly that when RF ' 0, adjusting the single tape
length, it is possible to respect the temperature criterion in
all cases. On the contrary, extending the analysis to RF � 0
stabilizer thicknesses of 1.8 and 2.8 µm ‘leaves’ a dangerous
range of possible fault currents (blue and red lines), whereas
a higher stabilization (3.8 and 4.8 µm) guarantees thermal
stability against the whole range of fault currents.

5

Max temperature after 100 ms of a fault 

pulses [8]. Nevertheless, some simulations have been done to ob-
serve the transport-current dependence of the NZPV. Fig. 5 allows
to observe this dependence for the same geometries and thermal
conditions as in the previous section, i.e. [adia], [adia-buf] and
[fct]. In this figure, we also include simulations for the base case
(without buffer layer and heat exchange), in the hypothetical sce-
nario where no current sharing between the silver and DyBCO lay-
ers is possible i.e. the silver layer acting only as a thermal
resistance [adia-ns]. For these particular simulations we observed
that the current-sharing effect becomes important only around
1.5Ic and above, being more pronounced in the hastelloy case than
in the sapphire case. In fact, it seems that the exchange of current
leads to a reduction of the NZPV due to a reduction of the cross-
sectional resistivity of the silver/normal-DyBCO parallel resistance
that is obviously less important than the normal-DyBCO resistance
alone. This 1.5Ic value correspond to a change in the propagation
scheme for the tapes and leads to an exponential growth of the
NZPV. As a matter of fact, over this threshold value, the power gen-

erated in the silver layer becomes more important and heat start to
travel more from the silver layer than from the DyBCO film by itself
– see Fig. 6. This scheme seems to be responsible of the exponential
growth observed on the NZPV curves – see Fig. 5. Since MgO acts as
an heat barrier along the thickness for the sapphire case, the buffer
layer have a significant effect on the NZPV for this case.

It is also interesting to note that, for both substrate, heat trans-
fer with the nitrogen bath do not seems to have an influence on the
NZP. This seems to be due to the fact that, for a significant sub-
strate thickness (90 lm in this case), heat is more absorbed by
the substrate than exchanged with the surrounding coolant. In that
sense, the adiabatic theory seems to be confirmed for the base case
geometry.

4. Conclusions

The strictly-thermal model developed in this paper is very light
in terms of computation time. It allows to observe important
parameters influencing the NZP by considering the problem from
a pure thermal point of view. With this model, we have shown that
the NZP depends strongly on substrate thermal parameters.

By comparing two substrates of very different properties, i.e.
sapphire and hastelloy, we have demonstrated how sapphire
shows better performance than hastelloy for FCL purposes. Indeed,
sapphire, which is a more diffusive substrate helps to heat and
switch regions of the line adjacent to the normal zone, which avoid
hot-spots formation.

Moreover, the substrate thickness have important effect on the
behavior of CCs. For the sapphire case, the presence of a relatively
thick buffer layer changes considerably the performance of the de-
vice, whereas they are not much altered in the hastelloy case.

Finally, the NZPV dependence on the transport current has been
illustrated. Over a threshold value of around 1.5Ic , the NZPV curves
show an exponential growth due, at a glance, to a different heat
transfer scheme.

Further work should consider that sapphire have thermal
parameters that are strongly dependent on the temperature [14].
In addition, we did not consider recovery mechanisms as well as
the interfacial losses that seems to play an important role on the
NZP [15,16]. These issues must be taken into account to improve
our model and explore other features related to the NZP.
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DEVICE VS. SYSTEM MODELS Need for scalable multi-
scale simulations 

Mixture of micro and macro 

C.-H. Bonnard et al. – HTS modelling Workshop, Bologna, Italy, 15-17 June 2016 

Simulink model 
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MULTI-SCALE MODEL: OPTIONS 

1) Co-simulation (horizontal) 
§  Requires an interface between device and system simulators 
§  Exchange of data between two commercial codes is difficult 
§  Inclusion of more than 2 length scales hardly possible 

2) System equations in device simulators (bottom-up) 
§  Challenging because of heterogeneity/complexity of system 

equations 
§  Few commercial codes offer this flexibility 

3) Device equations in system simulators (top-down) 
§  Challenge: write a device simulator within a system simulator 
§  Option available in many commercial codes (dynamic-link lib.) 
§  If well done, no limit on level of detail: true multi-scale! 
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MULTI-SCALE MODEL: OPTIONS 

§  Tool selected: 

§  Features: 
 

à Power system transient simulator for large-scale systems 
à Nearly 50 years of model and code developments behind it 
à Typical types of problems investigated: 
 

-Insulation coordination  -Power electronics and FACTS  
-Switching surges   -Wind generation   
-Ferroresonance   -Lightning surges   
-HVDC    -Network analysis   
-Protection    -Series compensation   
-Shaft torsional stress  -Switchgear   
-Synchronous machines  -Short-circuits & fault currents 
 
Major users in industry / rich library / open env. 
 
 
 

http://emtp-software.com 
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EMTP-RV: EXAMPLES OF APPLICATIONS 

§  Switching transients on transmission lines 
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EMTP-RV: EXAMPLES OF APPLICATIONS 

§  Insulation coordination upon lightning strikes 
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EMTP-RV: EXAMPLES OF APPLICATIONS 

§  Power electronics for voltage regulation 
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GENERAL CONSIDERATIONS 

§  EMTP-RV: not the only choice, but a good one for us since: 
§  Used by many major utilities and device manufacturers 

§  Good vector to promote superconducting device models 
§  Optimized to solve large-scale networks (more than 100,000 

components!) 
§  Rich device libraries 

§  Cables, transformers, machines, control devices, etc. 
§  Many types of nonlinear elements 

§  Relatively “open environment” that allows creation/addition of 
new library elements by 
§  assembling existing elements; 
§  writing user codes (dynamical-linked library - DLL) 

§  Main development realized in Polytechnique Montreal (!) 
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THE MODEL 

§  Electro-thermal model of an HTS tapes 
§  including all interfacial effects, symmetries, etc. 
§  inductive effects neglected (OK in rSFLCs) 

layers

Hastelloy

(RE)BCO
resistance

Silver
substrate

Interfacial

layers
Bu↵er

z

y

x

r ·
�
�(T,rV )rV

�
= 0

⇢mCp(T )
@T

@t
= r. ((T )rT ) +QJ

Coupling variables: 

T = Temperature

QJ = Electrical losses (

~E · ~J)
= rV · �(T,rV )rV

Boundary conditions 
and constraints 

14 



World-Class Engineering 

C.-H. Bonnard et al. – HTS modelling Workshop, Bologna, Italy, 15-17 June 2016 

THE MODEL 

§  Discretization approach: old good resistor network 
§  Directly compatible with a circuit simulator 
§  Dimensionality easy to adjust 

1-D 

2-D 3-D 

In appearance, similar to 
the finite difference method 
 
In fact: closer to a finite 
volume method (laws of 
conservation) 
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THE MODEL 

§  Our building block in EMTP-RV 
§  Basic 3-D (or less) electro-thermal element 
§  All resistors and capacitors are nonlinear (!) 

Rel=f(I,T) Rth=f(T) 

Cth=f(T) 

Rc=f(Ts-T0) 
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THE MODEL 
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THE MODEL 

Connection of big blocks 
with small blocks: 

I 
I1 

I2 

I3 
Kirchhoff laws do all the work! 

V 
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THE MODEL 

Connection of elements of 
different lengths: 

Half tape length

L

fine

L

coarse

x

y

rT = 0

For instance: one element of 100 m with elements of 50 microns 
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THE MODEL 

§  Periodic conditions & symmetry planes handled 
through controlled voltage and current sources 
§  Saves a huge amount of computation time 

In this example: 
only 25% of original model is simulated 
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THE MODEL 

§  Implementation of interfacial effects 
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THE MODEL 

§  Implementation of nonlinear resistances in EMTP-RV 

I0 = Ip � gVp

In = I0 + gVn

I

V
Vp

Ip

In

Vn

g =
dI

dV

I0

In = Ip + g(Vn � Vp)

Newton method 

EMTP-RV element: 
Nonlinear admittance (Y) 

g
I0

Y=1/R 
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THE MODEL 

§  Implementation of nonlinear resistances in EMTP-RV 

Fixed-point method 

In = GVn

EMTP-RV element: 
Nonlinear admittance (Y) 

0
G

Y=1/R 
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THE MODEL 

�x

�y

�z

§  Temperature dependant elements: fixed point-method 
and use of control blocks 
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THE MODEL 

§  Our building block in EMTP-RV 
§  Basic 3-D (or less) electro-thermal element 

L = �x

S = (2�y)(2�z)

26 



World-Class Engineering 

C.-H. Bonnard et al. – HTS modelling Workshop, Bologna, Italy, 15-17 June 2016 

THE MODEL 

�x

�y

�z S = (2�y)(2�z)

L = �x

§  Temperature dependant elements: fixed point-method 
and use of control blocks 
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THE MODEL 

0
G

�x

�y

�z

⇢(T ) = f(T )

S = (2�y)(2�z)

L = �x

Y = 1/R = G

§  Temperature dependant elements: fixed point method 
and use of control blocks 

Look-up table 
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THE MODEL 
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§  Temperature dependant elements: fixed point method 
and use of control blocks 
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THE MODEL 
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§  Temperature dependant elements: fixed point method 
and use of control blocks 

G = 1/R = Y
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THE MODEL 
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§  Temperature dependant elements: fixed point method 
and use of control blocks 
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THE MODEL 

§  Superconductor elements 
§  Control block approach proved to be very unstable 
§  Reason: 

§  Control blocks introduce a delay of 1 time step 
§  with high nonlinearity, very small time steps (ns 

range!) might be required to converge 
§  Alternative approach: 

§  Integrate a user-code in the form of a DLL file 
(Dynamic-Link Library) 

§  The code has to be written in Fortran or C++ 
§  Pre-compiled once, then materials parameters can 

be changed from the GUI of EMTP-RV 
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THE MODEL 

§  Superconductor model 
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Table 1. Material parameters of (RE)BCO
used in this paper

Parameters Value description

E

c

1 µV/cm Critical electric field criterion

J

c0 2.5 MA/cm2 Self-field critical current density

n 15 Power law exponent

⇢

Tc 30 µ⌦.cm 1 Norm. state resistance at T

c

↵ 0.47 µ⌦.cm/K 1 Temperature coe�cient

T

c

90 K Critical temperature

T0 77 K Temperature of LN2 bath

1 Deduced from Friedmann et al. [23] by averaging the normal
state resistivity along the a and b crystallographic axes.
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Figure 3. Plot of (RE)BCO resistivity (⇢
SC

) as a function of current density (J) and
temperature (T ) near the superconducting to normal transition, occurring in the high
electric field region, i.e. for E & 0.1 V/cm.

user just need to update the materials parameters, this can be done directly through

the global variable interface of EMTP-RV, without the need to recompile the Fortran

code. This is an important practical issue to keep the use of the model simple.

2.2. Thermal model

Proper modeling of the thermal behavior of rSFCLs is critical for achieving reliable

simulations. In a power system simulation environment, the simplest approach is to

express the thermal model in terms of electric circuit elements, as shown in figure 2. A

complete summary of the “thermal to electrical” analogy is provided in table 2.
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therein. Very thin layers such as the bu↵er layers and resistive interfaces between the

layers were modeled with constant resistance values. For instance, in the case of the

bu↵er layers in figure 1, they act as an electrical insulator interface between the hastelloy

and (RE)BCO layers du to their very high electrical resistivity.

The resistivity of the superconducting (RE)BCO layer depends strongly on T and J .

In this work, we used the well known power law characteristic to describe the resistivity

⇢

PL

of the superconducting material at low and moderate electric fields, i.e.

⇢

PL

(J, T ) =
E

c

J

c

(T )

✓
|J |

J

c

(T )

◆
n�1

, (2)

where E
c

is the electric field criterion used to define J
c

, J
c

is the critical current density

of the (RE)BCO superconductor, and n is the power law exponent. The temperature

dependence of J
c

was modeled by

J

c

(T ) = J

c0

✓
T

c

� T

T

c

� T0

◆
, (3)

where T0 is the temperature of the liquid nitrogen bath, T
c

is the critical temperature

of the (RE)BCO superconductor, and J

c0 is the critical current density in self magnetic

field at T = T0.

We chose not to include the e↵ect of the temperature on n, as proposed in [20].

However, this is by no means a limitation of the model: any n(T ) model could be

used, such as that in [21] or any better flux flow model to be proposed in the future.

Meanwhile, in order to bound the power law characteristic at high electric fields, we

used the (RE)BCO normal state resistivity ⇢

N

(T ), i.e.

⇢

N

(T ) = ⇢

Tc + ↵ (T � T

c

) , (4)

where ⇢
Tc is the normal state resistivity at T = T

c

and ↵ is the temperature coe�cient.

The final resistivity of the (RE)BCO superconductor, noted ⇢

SC

, was approximated

by

⇢

SC

(J, T ) =
⇢

PL

(J, T ) ⇥ ⇢

N

(T )

⇢

PL

(J, T ) + ⇢

N

(T )
. (5)

The material parameters used in this paper for the superconductor are provided in

table 1, and the corresponding resistivity curves are illustrated in figure 3.

Whereas all materials constituting the HTS tape were implemented with devices

readily available in the EMTP-RV library, namely circuit elements, control blocks and

look-up tables, the resistances R
el

corresponding to superconducting elements had to be

implemented in a pre-compiled Dynamic Link Library (DLL) that is called by EMTP-

RV when the simulation runs [13]. This was required in order to achieve reasonable

computational performance and convergence.

This approach also has the benefit to allow updating the superconductor model

without having to modify anything in the power system model file, i.e. the user just

needs to modify the Fortran code defining the superconducting model and recompile it

prior to run a new power system simulation. However, if the model is satisfying and the
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therein. Very thin layers such as the bu↵er layers and resistive interfaces between the

layers were modeled with constant resistance values. For instance, in the case of the

bu↵er layers in figure 1, they act as an electrical insulator interface between the hastelloy

and (RE)BCO layers du to their very high electrical resistivity.
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Table 1. Material parameters of (RE)BCO
used in this paper

Parameters Value description

E

c

1 µV/cm Critical electric field criterion

J

c0 2.5 MA/cm2 Self-field critical current density

n 15 Power law exponent

⇢

Tc 30 µ⌦.cm 1 Norm. state resistance at T

c

↵ 0.47 µ⌦.cm/K 1 Temperature coe�cient

T

c

90 K Critical temperature

T0 77 K Temperature of LN2 bath

1 Deduced from Friedmann et al. [23] by averaging the normal
state resistivity along the a and b crystallographic axes.
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Figure 3. Plot of (RE)BCO resistivity (⇢
SC

) as a function of current density (J) and
temperature (T ) near the superconducting to normal transition, occurring in the high
electric field region, i.e. for E & 0.1 V/cm.

user just need to update the materials parameters, this can be done directly through

the global variable interface of EMTP-RV, without the need to recompile the Fortran

code. This is an important practical issue to keep the use of the model simple.

2.2. Thermal model

Proper modeling of the thermal behavior of rSFCLs is critical for achieving reliable

simulations. In a power system simulation environment, the simplest approach is to

express the thermal model in terms of electric circuit elements, as shown in figure 2. A

complete summary of the “thermal to electrical” analogy is provided in table 2.
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The material parameters used in this paper for the superconductor are provided in

table 1, and the corresponding resistivity curves are illustrated in figure 3.

Whereas all materials constituting the HTS tape were implemented with devices

readily available in the EMTP-RV library, namely circuit elements, control blocks and

look-up tables, the resistances R
el

corresponding to superconducting elements had to be

implemented in a pre-compiled Dynamic Link Library (DLL) that is called by EMTP-

RV when the simulation runs [13]. This was required in order to achieve reasonable

computational performance and convergence.

This approach also has the benefit to allow updating the superconductor model

without having to modify anything in the power system model file, i.e. the user just

needs to modify the Fortran code defining the superconducting model and recompile it

prior to run a new power system simulation. However, if the model is satisfying and the
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THE MODEL 

§  Our building block in EMTP-RV 
§  Basic 3-D (or less) electro-thermal element 
§  All resistors and capacitors are nonlinear (!) 

Rel=f(I,T) Rth=f(T) 

Cth=f(T) 

Rc=f(Ts-T0) 

Control blocks 
or DLL ??? 
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THE MODEL 

§  Nonlinear thermal capacitors 
§  Temperature dependence of specific heat is VERY 

important in rSFCLs 
§  In the electric analogy, Cth(T)=C(V) 
§  But there is no nonlinear capacitor in most circuit 

simulators! (especially in power system simulators) 
§  Solution: 

§  Another DLL code! 
§  Main features: 

§  Trapezoidal integration 
§  Look up table for C(V) 
§  Table read from a file (no need to recompile to 

change material properties) 

i = C(V )
dV

dt
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THE MODEL 

§  Nonlinear convection cooling 
§  Critical aspect for assessing thermal stability of 

rSFCLs 
§  Modelled with control blocks as described above 
§  For instance: 

ROY et al.: MAGNETO-THERMAL MODELING OF SECOND-GENERATION HTS FOR RESISTIVE FCL DESIGN PURPOSES 31

Fig. 2. Normal resistivity frontier as a function of and . Our model is a
combination of two power laws, i.e., and . The shaded area at
the right of the curve represent the normal state (i.e., m).

in our model. For the purpose of this paper, we used for
and for

(5)

(6)

(7)

(8)

B. Thermal Model

A local increase of temperature in the HTS results in a re-
duction of the critical current which, in turn, changes the curl
of the magnetic field and the electric field inside the tape. This
field generation is responsible for a heat dissipation through the
HTS that induces the loss of the superconducting state and may,
ultimately, destroy the FCL. To avoid that, heat generated by
the Joule effect must be evacuated efficiently by means of con-
duction as well as thermal exchange with liquid nitrogen. This
last mechanism, called pool boiling, is largely responsible of the
heat transfer and usually ensures the thermal stability of the de-
vice during its operation.

Generally speaking, pool boiling is dependent on the tape
surface temperature (see Fig. 3). When the surface tempera-
ture is close to the boiling temperature of the fluid , heat
transfer is mostly governed by free convection (region ). A fur-
ther increase of temperature (region ) causes the apparition of
vapor bubbles that nucleate on the CC surface. Due to the latent
heat, large thermal exchange occurs in this range of temperature.
However, when the vapor covers more areas on the heated sur-
face, a considerable degradation of the heat transfer is observed
due to the fact that thermal conductivity of the vapor is much
less than that of the liquid (region ). At large temperature dif-
ferences, the solid-liquid interface becomes notably weak and
a vapor film completely covers the heated surface. In this final

Fig. 3. Convective heat transfer coefficient for the model [13]. (a) free convec-
tion; (b) nucleate boiling; (c) transition boiling; and (d) film boiling.

stage (region ), the heat transfer is very low and the tape be-
comes almost thermally isolated from its surroundings.

Our thermal model is based on a transient conduction equa-
tion, which is expressed as

(9)

where is the power density dissipated in the tape, is the
subdomain mass density, the heat capacity, and the thermal
conductivity tensor.

In order, to take into account the pool boiling, we used a “con-
vective” heat flux at the interface between the tape and LN2. The
strongly temperature-dependent cooling power of LN2 is thus
replaced by an equivalent thin pseudo-heat-conduction layer

(10)

where is termed the convection heat transfer coefficient and
is the subdomain in contact with LN2.

This simplified approach to simulate pool boiling at the
coolant boundary is very powerful in many situations, espe-
cially if the main interest is not the flow’s behavior but rather
its cooling power.

C. Numerical Approximations

The simulations were developed in 2-D for lower AR than the
real FCL shape. This is on account of the difficulty of meshing
geometries of high AR that usually involves a large number of
deformed elements. Following the work of Duron et al. [14],
four physical parameters have been scaled in the thicker geom-
etry to approximate the real solution. These parameters are ,

, , and .
Succinctly, the adopted numerical scheme is as follows. In

all our simulations, we kept the real total current in the hyper-
trophied tape, which is time thicker than the real one. To do
so, we divide by this factor for the lower AR geometry.
We also multiplied by this factor to take into account the
tape cross section (which is times larger). For the thermal
set of equations, the increase of the dimension has been im-
plemented by a multiplication of by . A division of by
the factor was also set to be consistent with the mass gain of

Roy et al. IEEE Trans. Appl. 
Supercond. (2008) 18(1) p.29 

Rc=1/h(T-T0)S 
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THE MODEL 

§  Our building block in EMTP-RV 
§  Basic 3-D (or less) electro-thermal element 
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THE MODEL 

§  Our building block in EMTP-RV 
§  Basic 3-D (or less) electro-thermal element 

Unused blocks can be 
disabled (reduction of 
dimensionality) 
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QJ 
6 x Rel 

6 x Rth 
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THE MODEL 

§  Our building block in EMTP-RV 
§  Basic 3-D (or less) electro-thermal element 
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THE MODEL 

Final rSFCL block! 
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APPLICATION EXAMPLES 

Multi-scale model of resistive-type superconducting fault current limiters 12
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t
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Figure 6. Basic radial electrical network used for the verification of the multi-scale
rSFCL model presented in this paper.

observe an excellent agreement between EMTP-RV and COMSOL, as illustrated in

figure 7 for the case I

p

= 10I
c

, where the EMTP-RV and COMSOL curves can barely

be distinguished. This suggests that simulated current sharing among the layers is

correct, and by extension, that simulated temperatures are also accurate, as shown in

figure 8.

In order to make sure that the internal temperature gradient across tape thickness

is modeled accurately, we show in figure 9 the temperature di↵erence �T between the

(RE)BCO layer and the bottom layer of hastelloy. The figure confirms that the EMTP-

RV model, whose results perfectly fits that of COMSOL, accounts well for the heat

transfer by conduction across the tape thickness.

It is interesting to take advantage of this case to assess the validity of the

“homogeneized” thermal model often used in literature, which consists of using a

single lumped thermal capacitor for modeling heat accumulation in the tape. This

leads of course to the use of a single common temperature for all tape layers instead

of a temperature that varies across the tape thickness. As a result, the (RE)BCO

temperature is slightly underestimated at the beginning of the fault, and this leads to

an overestimation of the first current peak when the fault occurs, as shown in figure 7

(inset). In this particular case, the overestimation on the peak current is ⇡ 8%, which

is substantial and leads to extra heating of the tape (increased Joule losses) and to

a temperature o↵set that remains until a steady state electro-thermal equilibrium is

reached, as shown in figure 8. For this particular case, the temperature o↵set remains

within ⇡ 1�C, which is not catastrophic, but this number is very sensitive to the specific

current waveform. One should therefore be aware that the “homogeneized” model,

which is undoubtedly computationally economical, is prone to errors, and it would be

good practice to cross-check its validity with a more detailed model in a new context of

application. This aspect is further developed in section 4.

§  rSFCL in simple radial power system 

Schematic: 

EMTP-RV model: 

Half tape length

L

fine

L

coarse

x

y

rT = 0
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VERIFICATION OF MODEL 

§  Heavily compared against finite element method 
§  Fault current limitation à Macroscopic effect 
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VERIFICATION OF MODEL 

§  Heavily compared against finite element method 
§  NZPV calculations à Microscopic effect 
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pulses [8]. Nevertheless, some simulations have been done to ob-
serve the transport-current dependence of the NZPV. Fig. 5 allows
to observe this dependence for the same geometries and thermal
conditions as in the previous section, i.e. [adia], [adia-buf] and
[fct]. In this figure, we also include simulations for the base case
(without buffer layer and heat exchange), in the hypothetical sce-
nario where no current sharing between the silver and DyBCO lay-
ers is possible i.e. the silver layer acting only as a thermal
resistance [adia-ns]. For these particular simulations we observed
that the current-sharing effect becomes important only around
1.5Ic and above, being more pronounced in the hastelloy case than
in the sapphire case. In fact, it seems that the exchange of current
leads to a reduction of the NZPV due to a reduction of the cross-
sectional resistivity of the silver/normal-DyBCO parallel resistance
that is obviously less important than the normal-DyBCO resistance
alone. This 1.5Ic value correspond to a change in the propagation
scheme for the tapes and leads to an exponential growth of the
NZPV. As a matter of fact, over this threshold value, the power gen-

erated in the silver layer becomes more important and heat start to
travel more from the silver layer than from the DyBCO film by itself
– see Fig. 6. This scheme seems to be responsible of the exponential
growth observed on the NZPV curves – see Fig. 5. Since MgO acts as
an heat barrier along the thickness for the sapphire case, the buffer
layer have a significant effect on the NZPV for this case.

It is also interesting to note that, for both substrate, heat trans-
fer with the nitrogen bath do not seems to have an influence on the
NZP. This seems to be due to the fact that, for a significant sub-
strate thickness (90 lm in this case), heat is more absorbed by
the substrate than exchanged with the surrounding coolant. In that
sense, the adiabatic theory seems to be confirmed for the base case
geometry.

4. Conclusions

The strictly-thermal model developed in this paper is very light
in terms of computation time. It allows to observe important
parameters influencing the NZP by considering the problem from
a pure thermal point of view. With this model, we have shown that
the NZP depends strongly on substrate thermal parameters.

By comparing two substrates of very different properties, i.e.
sapphire and hastelloy, we have demonstrated how sapphire
shows better performance than hastelloy for FCL purposes. Indeed,
sapphire, which is a more diffusive substrate helps to heat and
switch regions of the line adjacent to the normal zone, which avoid
hot-spots formation.

Moreover, the substrate thickness have important effect on the
behavior of CCs. For the sapphire case, the presence of a relatively
thick buffer layer changes considerably the performance of the de-
vice, whereas they are not much altered in the hastelloy case.

Finally, the NZPV dependence on the transport current has been
illustrated. Over a threshold value of around 1.5Ic , the NZPV curves
show an exponential growth due, at a glance, to a different heat
transfer scheme.

Further work should consider that sapphire have thermal
parameters that are strongly dependent on the temperature [14].
In addition, we did not consider recovery mechanisms as well as
the interfacial losses that seems to play an important role on the
NZP [15,16]. These issues must be taken into account to improve
our model and explore other features related to the NZP.
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VERIFICATION OF MODEL 

§  Heavily compared against finite element method 
§  Impact of interfacial resistance on NZPV à Microscopic effect 
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VERIFICATION OF MODEL 

§  Required discretization 
§  Highly function of your needs! 
§  Example below for NZPV calculations: 
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PRACTICAL APPLICATION 

§  Validation of the popular “homogenized model” of an rSFCL  
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APPLICATION EXAMPLES 

§  More involved: rSFCL & transformer energization 

Schematic: 

V

V Transformer
20kV/400V

2.5 MVA

Load

Source 1

Source 2

K1 K2

K3 K4

K5 K6

SFCL

2
1

3 3

2

Shunt 

SFCL 

1 1 

2 

Current 

EMTP-RV model: 

50 



World-Class Engineering 

C.-H. Bonnard et al. – HTS modelling Workshop, Bologna, Italy, 15-17 June 2016 

APPLICATION EXAMPLES 

§  More involved case: rSFCL impact on common 
power system transients 
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APPLICATION EXAMPLES 
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§  More involved case: rSFCL impact on common 
power system transients 
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APPLICATION EXAMPLES 
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§  More involved case: rSFCL impact on common 
power system transients 
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PERSPECTIVES 

§  Multi-scale models + professional power system 
transient simulator opens a world of possibilities 
§  Optimization of tape architecture under realistic 

network operating conditions 
§  Various type of stabilizers 
§  Tapes with accelerated NZPVs 
§  Ic inhomogeneities 
§  etc. 

§  Robustness of rSFCLs under various transients 
§  Investigation of the impact of rSFCLs in AC and DC 

power systems with realistic device behaviour 
§  etc. 

Ic varies along length 
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POSSIBLE IMPROVEMENTS 

§  Model still heavy in terms of number of 
components 
§  many control blocks and nonlinear devices 

§  Would be desirable to integrate more components 
into the DLL file 

§  An hierarchy of models of increasing complexity 
would help to enable optimal multi-scale 
modelling 
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CONCLUSIONS 

§  A true multi-scale model of rSFCLs have been 
developed in the EMTP-RV software 

§  The model has been heavily verified against FEM 
§  Proper discretization remains a delicate issue 

§  Multi-scale models are of interest for both 
§  Manufacturers (and researchers) 
§  Power system engineers 

§  Implementation in a major commercial code 
bridges a gap between these two worlds 
§  A public version should be released within a few months 

2 different worlds! 
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