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Abstract
This paper summarizes the work done to show ﬁnite element modeling results on a high temperature
superconductor fault current limiter (FCL). The paper also gives the small mock-up design of the matrix FCL
and its ﬁnite element model (FEM). It also discusses the limitations of the FEM and explains how the results
from the FEM compare with the experimental data derived for the conﬁguration. A 3-dimensional FEM has
been used because of the structure of the real geometry, which does not show any plane or axisymmetric
features.
Key Words: Finite element method, high temperature superconductor, resistive limited fault current limiter,
transient analysis

1.

Introduction

Even though high-temperature superconductor (HTS)-type limiters were developed in late 1980s, there are
not many practical and low-cost solutions in the applications [1,2]. HTS materials show zero resistance below
a critical temperature, T c . A fault current limiter (FCL) limits the fault current at the desired level. One
application of the HTS materials is the FCL to control the fault current in power networks. An HTS FCL shows
a no-loss feature under normal operating conditions. However, it will be quenched from the superconducting
state to the conducting state when a fault occurs. There will be zero resistance at the superconducting state and
high resistance after the quench to limit the fault current. There are numerous approaches that may be employed
in order to utilize the unique properties of superconductivity in fabricating a FCL for power system networks,
where fault levels may exceed circuit breaker capability. Some of the options available have been reviewed
by Salasoo et al. [3], Leung [4], and Kovalsky et al. [5]. Depending on the design, superconducting FCLs
∗ Corresponding author:
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often have extra desirable characteristics in addition to the basic function of adding circuit impedance under
fault conditions. Such attributes may include fast transition from the normal to limiting state, fast recovery to
normal operation after a fault is interrupted, insensitivity to normal overload currents, discharging of capacitor
banks, high dielectric strength to transient overvoltages during a current limiting operation, compact size, light
weight, low cost, and highly reliability with minimum maintenance [6]. Resistive FCL designs, which rely on
the quenching of HTS elements in order to insert impedance into the network, are clearly attractive since they
can utilize the quench phenomenon described by Eqs. (1) and (2) in the Appendix to automatically detect an
overcurrent and insert impedance. However, a series connection of HTS rods used for this purpose needs to
ensure that the elements switch rapidly and simultaneously for reliable operation. One method to do that is to
capitalize on the fact that Jc in Eq. (1) is dependent on the local magnetic ﬁeld. By using trigger coils around
the HTS elements in the manner shown in Figure 1, this can be achieved and will minimize the occurrence of
destructive hot spots.
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Figure 1. The laboratory conﬁguration.

However, the design of such a system is not straightforward since the trigger currents, and the resulting
magnetic ﬁelds, depend on the induction and thus on the speciﬁc layout of the components. As a result, a
detailed model is needed in order to eﬀectively design a practical device. This study seeks to create a ﬁnite
element model (FEM) for this purpose and verify its predictions by comparison with experimental results from
a small laboratory representation of an HTS FCL, which is designed for a 138-kV high-voltage transmission
line. The ﬁrst phase of the study is to create a FEM for the new design of a FCL, both to understand how the
test mock-up design works and to provide insight to reﬁne the design. The proposed FEM models are focused
on the resistive type of superconducting FCL [6-8]. The superconducting material behavior due to the external
magnetic ﬁeld is taken into account. Assumptions are made to model the superconductor material features
because of software limitations. These limitations are the inability to couple solid conductors to the external
circuit, inability to depart from cryogenic temperature, etc.
Thus, the regular coil is used instead of solid coil for the HTS elements. These FEMs are magnetic models
and do not account for any departures from the nominal cryogenic temperature (77 K).
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Therefore, resistances represent the superconducting elements in the external circuit. In order to model
insertion of a superconducting device (such as a coil) in an electric circuit, coupling with the circuit equations is
also required. The model simultaneously solves the ﬁnite element equations of A- Ψ formulation and the circuit
equations [9]. The real laboratory test setup is represented in the FEM, which includes a capacitor as an initial
voltage source, the switching process to initiate the simulated fault current, and the resistance and inductance of
the system. These external components are coupled to the 3-D FEM to allow a dynamic representation of FCL
operation. An automatic mesh generator is used and controlled manually by inserting more elements where the
places need denser element distribution. The mesh should be ﬁne in the regions where the ﬂux density and/or
current density change rapidly. This study was done using the time-dependent (transient) formulation with the
external circuit connection.

2.

Description of the laboratory design

The mock-up design is created to test material properties and compare experimental results with the FEM
ﬁndings. Figure 1 shows 5 series-connected HTS elements [based on Bi 2 Sr 2 CaCu 2 O 8+δ (a.k.a. BSCCO or
Bi-2212) rods] with parallel-connected trigger coils. The HTS rods are 100 mm in length and 10 mm in diameter.
In this conﬁguration, the ﬁrst HTS rod (labeled Rod1 in Figure 1) is the trigger element and the other 4 HTS
elements behave as limiting elements. The trigger coils are wound around the HTS elements and they are
connected in parallel across the trigger element.

Figure 2. The experimental setup.

In Figure 1, I is the main current, and I1, I2, I3, and I4 are the currents in trigger loops 1, 2, 3, and
4, respectively. There are 4 magnetic coils around the HTS cylinders. In this model, the magnetic coils are
represented as a bulk coil. Each of them has 7 turns, as the real model does. The arrow directions indicated
are the initial assumed positive directions. Since this experiment is based on a 5-kA, 390-Hz oscillatory pulse
current, the FEM model also simulates a 390-Hz pulsating main current frequency. The test conﬁguration is
shown in Figure 2.
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All of the circuit elements are immersed in LN 2 and the currents in the circuit are measured using
Rogowski coils.

3.

Finite element model

The FEM is a powerful and widely used numerical method for the solutions of partial diﬀerential equations. This
method can be used to solve partial diﬀerential equations of real engineering problems in diﬀerent disciplines
such as mechanical, electrical, civil, etc. The method essentially consists of a continuous function for the
solution. In this method, the given continuous problem is ﬁrst discretized, then a system of equations with
ﬁnite dimensions is generated, and ﬁnally the approximate solution is obtained by solving the resulting linear
system of the equations [9]. The method has also been used to model diﬀerent types of superconducting FCLs
in recent years [10,11]. In this paper, the FEM is used to model a test design and the results are compared with
the experimental data derived for the conﬁguration.
Figures 3a and 3b show the FEM geometry of the mock-up conﬁguration corresponding to Figure 1. Since
2-D modeling of the software supports either plain or axisymmetric problems, 3-D ﬁnite element modeling is
unavoidable for this type of the geometry. Three-dimensional modeling also helps to determine the ﬂux density
components (B x , B y , B z ) for each magnetic coil. Each cylinder in Figure 3b represents an HTS element series
connected to the external electric circuit. The arrows inside the coils in Figure 3a refer the direction of the
current for each HTS element. There are magnetic coils around the lower 4 HTS cylinders. These are connected
to the external circuit as well. In Figure 3, there is an outer box around the test conﬁguration. This represents
the inﬁnite boundary where the ﬂux values extend to 0. In this model, each magnetic coil has 7 turns, as in
the experimental model. The automatic mesh generator is augmented manually by inserting mesh density in
the places needing a denser element distribution, such as the areas surrounding the HTS elements. The mesh
consists of 40,000 second-order volume elements connected to 54,000 nodes.

Figure 3. The FEM conﬁguration: a) magnetic coils and b) HTS elements.
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Figure 4 shows the external circuit diagram created in the ﬁnite element program. In this circuit, a
capacitor is used as a voltage source. It is initially charged to 2.3 kV and there is a switch included to control
capacitor discharge. The main circuit impedance is represented by inductance and resistance, which are in series
to the electrical switch as shown in Figure 4. Each HTS element and magnetic coil is represented by its circuit
inductance and resistance in series with its coil representation. The coil permits connection of the electrical
circuit to the magnetic circuit in the software. The external circuit allows the one to couple the electric circuit
to the magnetic problem in ﬁnite elements. Magnetic and electrical equations are solved simultaneously in the
time domain using this coupling feature. Thus, magnetic ﬁeld results such as ﬂux density values at any point,
ﬂux density distribution in any region, magnetic ﬁeld values, magnetic ﬁeld vectors, and equiﬂux lines can be
postprocessed at any time during the computing, while the electrical circuit quantities such as coil currents and
voltages can be postprocessed at the same time. To compute the loop currents accurately, the parasitic elements
between the magnetic coils are also included in the electrical circuit. Coupling between coils is accounted for
by mutual terms automatically by the FEM software [12,13]. This aspect is important since it was assumed
that the anomalous current behavior in the trigger coil resulted from the interaction of the intended driving
current from the ﬁrst trigger element after the quench with the induced currents ﬂowing in the main circuit.
The closely coupled nature of the trigger coils to the HTS elements makes this the principal source of induction.
Some voltage will also be induced in the end region, but the ﬂux diverges rapidly there. Since the representation
of coils in the model will provide an average of the B-ﬁeld, the induced components of voltage can be calculated
externally. These induced voltages are computed and injected into the external circuit as a voltage source for
each loop. These applied voltages are iterated in the FEM to get a suﬃcient convergence. The current in the
main circuit (I) produces a varying magnetic ﬁeld along the length of the coil. The winding angle (θ) of the
trigger coils causes the dot product in Faraday’s law to generate a cumulative coil voltage when interacting with
the main circuit azimuthal ﬂux.

Trigger
element

Induced
voltage
components

First
magnetic
coil

Parastic
elements

Figure 4. Electrical circuit connected to the FEM.

In the external circuit, the induced eﬀect cannot be observed since the magnetic coil is deﬁned as a bulk
coil. This is another limitation of the modeling.
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4.

Results

Figure 5 shows the initial capacitor discharging voltage and currents during the quench of the HTS elements in
a fault limiting situation. The natural frequency of the experimental system is 390 Hz and the FEM also gives
the solution at approximately that frequency. The initial voltage of the capacitor is 2.3 kV.
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Figure 5. Capacitor current and voltage transients.

Figure 6 shows magnetic ﬁeld vectors for 2 diﬀerent phases of solution. Since the magnetic coils and HTS
elements are carrying currents in diﬀerent directions (HTS elements conduct in the z-direction, while magnetic
coils conduct in the azimuthal direction), the combined magnetic ﬁeld eﬀect can be seen in 2 directions. Since
the ﬁrst HTS element (trigger element) is parallel with the magnetic coils, this element carries less current

Figure 6. Magnetic ﬁeld vectors at diﬀerent instants of time: a) t = 3 ms and b) t = 8 ms.
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compared to the other HTS elements. Less current creates fewer magnetic ﬁelds around the ﬁrst HTS element,
and this can be observed in Figure 6. The top portion of the problem domain has smaller vectors compared to
the rest of the model. The other HTS elements are in series. They are carrying the same amount of the current,
which will create the same amount of ﬂux around the HTS elements.
Figure 7 shows the ﬂux density distribution for the problem domain when the main circuit current is
peaking (5 kA).
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0
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Figure 7. Flux density distribution in tesla (T) at the main circuit peak current.
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Figure 8. Computed magnetic coil currents.

Figure 7 also shows that the magnetic ﬁeld is similar for all of the elements except the trigger element.
As the legend shows, the lighter shades refer to the higher ﬂux density. The values are given in tesla (T). The
conduction current components of the magnetic coils are shown in Figure 8. B2 refers to the 1st magnetic coil,
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B4 is the 2nd, and B6 and B8 are the 3rd and 4th. Figure 9 shows the main current and the 1st coil current
after the quench.
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Figure 9. Relationship between the main current and 1st coil current after the quench. B2: 1st magnetic coil, B3: 2nd
HTS element (carries main circuit current).

The test and FEM analysis for the main circuit currents are shown in Figure 10. The ﬁrst peak of the
current at the beginning of the quench is well represented, although the decay decrement is a little diﬀerent.
However, in light of the complexity of the 3-D interactions involved, the model would appear to be useful.
Figure 11 shows the voltage drop across the ﬁrst HTS element for the test and FEM results.

Figure 10. Main circuit current for the test and FEM.

Figure 11. Voltage drop across the ﬁrst HTS element.

On the given path in Figure 12, the magnetic ﬁeld has 3 components. The azimuthal B-ﬁeld, due to
the main current, has the biggest eﬀect. It alternates in direction since the components are connected in a
serpentine fashion. The axial B-ﬁeld is due to trigger current. The x-axis refers to the length of the path (in
meters) and the y-axis is the ﬂux density for the 3 components (in tesla).
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Figure 12. The ﬂux density components on the ﬁrst magnetic coil for the given path.

After including the induced currents into the model, the coil current is dramatically changed. Figure 13
shows the magnetic coil currents corresponding to a 5-kA main circuit current for the entire model.
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Rod1
I1
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Figure 13. The coil currents after including the induced components.

The conduction and induced and resultant current components for each coil are given in the Table for
the test and the FEM. The comparison veriﬁes the current directions. The fourth magnetic coil current is
assigned a negative sign because the current is ﬂowing in the opposite direction of the initially assumed positive
direction. The induced currents are almost equal and the value of the conduction component of the current in
the magnetic coil circuits decreases rapidly with the distance of the coil from the trigger element.
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Table. Peak coil currents (in kA).

Main I (= 5 kA)
Coil 1
Coil 2
Coil 3
Coil 4

Model conduction
0.59
0.2
0.064
0.020

Model induced
0.26
–0.2
0.3
–0.23

Model total
0.85
0.01
0.36
–0.21

Test
0.84
0.02
0.46
–0.3

Figure 14 shows the ﬂux density distribution with the induced current components included when the
main circuit current is at its peak. This is diﬀerent from that of Figure 7 and the last coil is devoid of ﬂux due
to the interactions.
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Figure 14. Flux density distribution in tesla (T) at 5 kA main peak circuit current with the induced components.

5.

Conclusion

In a FCL conﬁguration in which the HTS elements have surrounding coils to provide feedback for the superconducting quench process, the coil currents are substantially altered by the induced voltages. Although the
predicted currents only approximately line up with the experimental values, the order of magnitude is correct
and the polarities and characteristics are all replicated. The induced and conduction components of the B-ﬁeld
have been established together with their 3-D distribution over the HTS elements. This aspect is important in
the design of a FCL, which relies on the homogeneous quench of series elements. As a “sanity check”, computed
ﬂux densities were checked against approximate hand-calculated values. Although the HTS material quench
was modeled nondynamically since the thermal eﬀects were not included, induced voltages were computed on
the basis of the ﬂux distribution by iteratively including them in the external circuit to circulate currents to
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cancel those from the trigger elements.
Clearly, having developed (and experimentally veriﬁed) the methodology on a device of limited size, there
is now conﬁdence in applying the method in the design of a full-size FCL conﬁgured with similar serpentine HTS
elements. The full-size design model will obviously embody a greater number of elements and have somewhat
diﬀerent dimensions, but will be based on the FEM tools developed here, which provide the ﬂexibility to allow
for changes in material properties, coil structures, etc. In the application to the actual device, the system would
be represented by its Thevenin equivalent instead of the charged test capacitor and shaping inductor used in
the laboratory veriﬁcation apparatus.
Appendix
HTS material modeling with FEM
The constitutive laws of HTS material are expressed as follows:
 = μ0 H,

B

(1)

 = ρ(J, B)J.
E

(2)

One of the formulae representing the electrical behavior of the HTS material is a law expressed with a power
dependence that is near the critical current density, J c . This law is the nonlinear electromagnetic E-J power
law, which was initially proposed by Rhyner [14].

 = Ec
E

J
Jc

N−1 
J
Jc

(3)

Here, E c is the critical electric ﬁeld and N is a parameter chosen so that this law approaches the experimental
characteristic as accurately as possible. The resistivity dependence of the material may be expressed as given
below.
1/N

ρ1 =

Ec
Jc

|E|

(1−1/N)

(4)

ρ0 is the ﬁnite residual resistivity, which is deﬁned for numerical stability. The total resistivity is given
below.
ρ = ρ0 + ρ1

(5)

The HTS properties are described by the following constants:
ρ0 : 1 × 1013 S/m
J c : 4.4 × 10 7 A/m 2
E c : 1 × 10 −4 V/m
N: 15

Nomenclature
FCL Fault current limiter
HTS High temperature superconductor
LN 2 Liquid nitrogen
852

TC
A
Ψ
B
H

Critical temperature
Magnetic vector potential
Time-integrated electric scalar potential
Magnetic ﬂux density
Magnetic ﬁeld
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HC
EC
JC
| E|
J

Critical magnetic ﬁeld
Critical current
Critical current density
Module of the electric ﬁeld
Current density

N
ρ1
ρ0
ρ

Power index from the ﬁt
Nonlinear resistivity
Finite residual resistivity
Total nonlinear resistivity
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