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Abstract
A saturated core fault current limiter (SCFCL) is a non-linear core-reactor where the core is
saturated by an external superconducting DC bias source to achieve a low core permeability at
nominal AC currents. Fault current levels in the AC coils de-saturate the core and transform it
to a higher permeability state, hence limiting the fault current. In this work we describe the
transition between saturated and de-saturated states in three SCFCL configurations. The
‘effective core length’, Leff , of the SCFCL, defined as the length of the de-saturated AC core
limb, is introduced for exploring this transition as a function of the current, I, in the AC coil.
Practically, Leff allows one to see the SCFCL as an inductor with a variable core length,
allowing calculations of the impedance of the SCFCL over the whole range of operating
currents. The Leff (I) curve is further used to calculate the dynamics of the demagnetization
factor in a SCFCL. We show that the strong change in the magnetic induction of a SCFCL at
high current is the result of both increasing the effective core length and decreasing the
demagnetization factor. The method and results presented here serve as an important tool for
comparing between various SCFCL concepts not only by comparing their impedance values at
the extreme fault and nominal current conditions but also by providing an insight into the full
de-saturation process.
(Some figures may appear in colour only in the online journal)

1. Introduction

distribution along the magnetic core is current dependent and
spatially dependent and related to a specific FCL design [7].
In particular, during the de-saturation process saturated and
non-saturated regions coexist on the same core contributing
differently to the total impedance of the FCL. Therefore,
modeling and understanding the transition process is crucial
for improving and optimizing future SCFCL designs.
In this work we analyze the transition between the
two core states and its dynamics. By introducing the term
‘effective core length’, Leff , assigning it to de-saturated core
regions, we were able to study the dynamics of the current
dependent Leff during an AC current cycle. Three different
concepts of a SCFCL have been simulated and the dynamics
of Leff in each concept has been obtained and compared to
other Leff s. Results show that for nominal current values, the
effective core length is practically zero as the full area beneath
the AC coils is deeply saturated. With the increase of the
AC current, Leff increases, starting from the center of the AC

The continuous growth of energy generation, and the
worldwide effort to integrate renewable energy sources
in existing grids, has resulted in a need to solve the
problem of fault currents [1]. Recent R&D projects aimed
at developing superconducting fault current limiters (FCLs)
have led to several device demonstrators being installed
in power facilities [2, 3]. One of the promising candidate
current limiters is the saturated core FCL (SCFCL); several
SCFCLs have already been installed in medium and high
voltage grids up to 230 kV [4–6]. The SCFCL is basically
a non-linear core-reactor where the core is saturated by an
external superconducting DC bias source to achieve low core
permeability at nominal AC currents. Fault current levels
in the AC coils de-saturate the core and transform it to a
higher permeability state, hence limiting the fault current. The
transition between the saturated and de-saturated core states
is gradual and inhomogeneous. The momentary field intensity
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Figure 1. Schematic description of three SCFCL designs: (a) double window [8], (b) closed DC–open AC [9] and (c) open
DC–open-AC [10].

coils to its edges and beyond. The expansion of Leff to the
core section beyond the coil and the growth rate of Leff are
current and design dependent. Leff is also used to estimate the
dynamics of the demagnetization factor in the three designs.
The method and results presented here serve as important
tools for comparison between various SCFCL concepts, not
only by comparing their impedance values at the extreme
fault and nominal current conditions but also by providing an
insight into the full de-saturation process.

DC coils cannot be of either equal ampere-turns or equal
geometry. Therefore, DC coil parameters were selected so
as to deeply saturate the core region under the AC coils
in a way that in all designs a minimum field intensity of
2.015 T is obtained anywhere under the AC coil for zero AC
current. For the purpose of this study, the DC bias coils may
be superconducting or normal copper coils. Naturally, with
increasing DC ampere-turns superconducting coils become
favored over copper coils.
In the first two designs (figures 1(a) and (b)), where the
DC magnetic circuit is closed, the length of the AC core limb
was selected to be identical (1 m). This length allows a deep
saturated state to be reached with fairly low DC ampere-turns
(42 000) in the closed DC–open AC design, but requires
60 000 ampere-turns in the double window design to obtain a
similar saturation. The length of the AC core limb in the open
DC circuit configuration (figure 1(c)) is 1.8 m, resulting in
1.42 times more iron than in design the design in 1(b) and its
DC ampere-turns is 2.38 times higher. Naturally, the design
of figure 1(a) contains a much larger amount of iron due to
the extra DC limbs. Table 1 summarizes the parameters of all
three designs.
Simulations of all three designs have been performed
using COBHAM Opera three-dimensional (3D) simulation
software. A time dependent current pulse in the shape of a
constant ramp was fed into the AC coils and the voltage and
magnetic field distribution in the core were recorded for 400
current points.

2. Experimental details
Three leading SCFCL concepts have been studied in this
work. The first, shown in figure 1(a), is based on the traditional
double window design suggested by Parton et al [8] in the
1980s and later varied by Zenergy and InnoPower [5, 6] for
use with high-temperature superconductors in a three-phase
grid. The second concept, the closed DC–open AC SCFCL
design proposed by Bar-Ilan University and Ricor [9], is
shown in figure 1(b). The third concept is the open DC–open
AC design, also proposed by Bar-Ilan University [10], shown
in figure 1(c). A variation of this last concept is now in use by
Zenergy [4].
For a comparison between the three concepts, all models
consist of the same core cross-section, the same laminated
steel type and the same AC coil parameters. The cross-section
was selected to be 15 × 15 cm2 and each AC coil is 50 cm
long and consists of 18 turns. Since the DC magnetic circuit
is closed in figures 1(a) and (b) and open in figure 1(c),
2
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Table 1. Parameters of the designs illustrated in figure 1.

Double window
Closed DC–open AC
Open DC–open AC

Coil length
(cm)
50
50
50

Coil turns

AC yoke
cross-section
(cm)

AC yoke length
(cm)

DC coil
(ampere-turns)

Core
volume
(cm3 )

18
18
18

15 × 15
15 × 15
15 × 15

100
100
180

60 000
2 × 21 000
100 000

142 800
63 000
81 000

4. Results and discussion
Figure 4 displays the current dependence of Leff , normalized
to the full AC limb length, for the three SCFCL concept
designs. Qualitatively, all the curves are similar. In all these
SCFCL concepts, the saturated region under the AC coil
persists in a low AC current resulting in a flat zero line for Leff
in the low current range. With a further increase in current, the
central area under the core begins the de-saturation process
and Leff becomes finite. Leff then grows with current until
the de-saturated central region merges with the de-saturated
regions at the limb corners/edges. In this current regime where
both de-saturated regions merge, Leff shows an abrupt jump
to the full limb length. Further increase of the current leaves
the whole limb de-saturated until at some current a reverse
saturation occurs and Leff starts decreasing back to zero.
For simplicity of discussion, the reverse saturation process is
not shown in figure 4. When reverse saturation begins, the
reversely saturated region starts at the center of the AC coil
and grows towards the ends, similar to the initial growth of
Leff .
To further demonstrate the dynamics of Leff in the three
SCFCL concepts, we refer the reader to the web links in [12]
where supplemental data are presented in an animated form.
Each frame in these animations is a snapshot of the magnetic
intensity distribution obtained for a specific current, similar
to figure 3. The current step between successive frames is
12.5 A. The animations clearly demonstrate the growth of Leff
(central colored region) with increasing current.
It is evident from figure 4 and from the animations
at [12] that the detailed dynamics differs between the SCFCL
concepts. The traditional double window design is the first
to exhibit finite Leff . Once the de-saturation process begins at
currents of about 450 A, Leff grows fast, within the ∼100 A
range to 50% of the core limb and then rapidly jumps to a
fully de-saturated limb when the de-saturation regions from
the corners and the limb center merge together. This design
is the first to de-saturate because its saturation state is the
‘weakest’ of all three since the magnetic path for the flux
from the DC coil to the AC coil is the longest, and hence the
magnetic reluctance is highest. It is interesting to note that this
design also exhibits maximum sensitivity to AC current in the
other limb where the AC and DC flux directions coincide. This
is also a result of the relatively ‘weak’ saturation state. In this
limb the additional AC flux strengthens the saturation. This
effect can be clearly seen in the animated movie of Leff .
On the other hand, last to de-saturate is the open
DC–open AC design where deep saturation persists up to
about 1050 A, more than twice the current required to start

Figure 2. Typical B(H) curve of the electrical steel used in our
simulations.

3. Effective core length
Figure 2 shows a typical B(H) curve of an industrial
transformer steel H105 [11]. Typical of a high quality electric
steel, the slope of the B(H) curve exhibits a dramatic change
between the saturated and non-saturated magnetic states. We
define the line of B = 1.92 T (dashed line in figure 2) as a
borderline separating these magnetic states. Thus, to a first
approximation, any region in the core displaying a magnetic
field intensity lower than 1.92 T is regarded as non-saturated,
while regions of higher magnetic intensity are regarded as
saturated regions. The effective core length (Leff ) is therefore
defined as the length of the de-saturated AC core limb, namely
the length of the core limb, whereas B < 1.92 T.
This approximation completely ignores the ‘knee’ region
of the B(H) curve and variations of the slopes below and
above this knee. We discuss below possible improvements to
this approximation.
The field intensity distribution in the core is shown in
figure 3 for the closed DC–open AC design of figure 1(b).
Shown in color-coding are field values less than 1.92 T
obtained when an AC current of 630 A flows in the AC
coils. In the upper limb, the AC field direction coincides with
the direction of the DC field, hence this limb remains fully
saturated and no colors are shown in the figure for this limb.
In the lower limb, the AC field direction opposes that of the
DC flux and the core limb begins to de-saturate starting from
the center of the coil extending outwards to the rest of the
limb. For zero AC current, the effective core length is zero
since the whole limb is deeply saturated. Leff grows gradually
with increasing AC current until the full length of the AC limb
is de-saturated.
3
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Figure 3. Illustration of the effective core length, indicated by a double arrow, of the closed DC–open AC SCFCL for 630 A in the AC coil.
Color codes are defined on the left (in units of gauss) for inductions below 19 200 G. The gray mesh zones represent saturated core areas
with induction higher than 19 200 G.

de-saturation in the previously described SCFCL design.
Once de-saturation begins, Leff grows steeply to fill the
volume under the AC coil and then continues to grow at a
decreasing rate until, at about 35% of the limb length, merging
of de-saturated regions occurs and the whole limb becomes
de-saturated. Clearly, in an open magnetic circuit design like
this, saturating the edges requires a much higher number of
DC ampere-turns, which is impractical. Therefore, the edges
of the core limbs are always de-saturated, slowly expanding
towards the central de-saturated region with increasing
current. Contrary to the double window case, in this design
the saturated region in the other limb (where AC and DC flux
is in the same direction) is almost indifferent to the increasing
AC current. This is because the central core section is fully
enclosed within the DC coil so that flux path is minimal.

For the same reason this is the design which maintains its
saturation state to maximal AC currents. Naturally, this design
seems like a good candidate for installation locations where
overload currents of a factor of two and higher are common
and the FCL is required to remain with low impedance under
overload conditions.
The closed DC–open AC design (figure 1(b)) exhibits
an intermediate behavior with the most gradual growth of
Leff . Leff becomes finite at currents of about 550 A and
then increases with decreasing rate as the current increases.
Separation between de-saturated regions is kept up to about
1300 A and 60% of the total limb length, after which merging
occurs and the whole limb becomes de-saturated.
The term Leff allows one to see the FCL from the point
of view of the grid as an inductor with variable core length.
In this approximation, while AC currents vary within the
nominal current range, the FCL is like an air–core inductor
exhibiting minimal impedance. With increasing currents, Leff
grows and the inductor becomes a coil mounted on a finite
iron core with length Leff .
This picture immediately implies that the dynamics of
the demagnetization plays an important role in the behavior
of the SCFCL. As Leff increases, the ratio between the core
length and its cross-section increases and the demagnetization
factor is expected to decrease. To verify this behavior we
calculated the demagnetization factor for a cylinder of length
Leff and a fixed radius of 8.46 cm. For this calculation we
used the table by Pardo and Sanchez given in [13]. Figure 5
displays the calculated demagnetization factor dependence
on current for the three SCFCL designs. When Leff is zero
there is no magnetic material present in this approximation,
hence the demagnetization factor equals 1. Once de-saturation
begins, the demagnetization factor drops sharply to about 0.1
equivalent to a length to radius ratio of about 3. As the growth
rate of Leff deceases, the rate of fall in the demagnetization

Figure 4. Effective core length (Leff ) as a function of AC current in
three SCFCL designs: double window (dotted red curve), closed
DC–open AC (dashed black) and open DC–open AC (solid blue).
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The scenario described above for the dynamics of the
demagnetization factor is much sharper than the dynamics
of Leff . This is because the demagnetization factor is very
sensitive to changes in the length to radius ratio in short
lengths and becomes very insensitive when this ratio exceeds
10. This suggests that sharpest changes in magnetic induction
are expected in the current range where Leff becomes finite. In
this range, not only does the limb undergo rapid de-saturation,
but also the demagnetization factor falls rapidly contributing
to a further increase in the magnetic induction.
In an attempt to qualitatively interpret the SCFCL voltage
waveforms in view of the above described results, we plot
in figure 6 the waveforms of the three designs obtained for
three representative currents: 300 A RMS—nominal current
(figure 6(a)), 600 A RMS—overload current (figure 6(b)) and
about 3300 A RMS—limited fault current (figure 6(c)).
The voltage curves for the nominal state current of 300 A
RMS (figure 6(a)) fit qualitatively to the picture described by
the effective core length (figure 4). Since the double window
design is the first to exhibit finite Leff , it also displays the
highest voltage levels for the nominal state. Note that 300 A
RMS means a peak current of ∼425 A, near the step in
Leff , hence the slight deviations from sinusoidal waveform
as the core begins to de-saturate. The RMS values for the

Figure 5. Demagnetization factors calculated for a cylinder of
length Leff and radius of 8.46 cm for the three SCFCL designs:
double window (red), closed DC–open AC (green) and open
DC–open AC (blue).

factor decreases. Another sharp step in the demagnetization
factor is observed at higher currents, corresponding to the
currents at which de-saturated core regions merge and the full
limb is de-saturated.

Figure 6. Voltage curves for the double window (red dotted curve), closed DC–open AC (dashed black), and open DC–open AC (solid
blue) designs for (a) nominal current, (b) overload current and (c) fault current.
5
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concept designs. All cases exhibited two upward steps, the
first occurs when the central region under the AC coil starts
to de-saturate and the second after the central de-saturated
region grows and merges with de-saturated regions in the
corners/edges of the core. The traditional double window
design was found to exhibit the ‘weakest’ saturation state due
to its relatively longest flux path. De-saturation in this design
starts at relatively low currents, in close vicinity to the nominal
current range (300 A RMS). The de-saturation process
progresses quickly and the full limb becomes de-saturated
only at about twice the nominal current value. This design
could be appropriate for installation at locations where strict
current limitation is required and low margins for overload
currents are allowed. To achieve the initial saturated state at
zero AC current, this design requires a 226% greater iron
volume and 142% more DC ampere-turns than the closed
DC–open AC design. The latter allows the de-saturation
process to start at currents of about 550 A (momentary
current), so that in nominal currents of 300 A RMS it exhibits
low impedance and allows a wider overload current range. Desaturation in this design progresses at the slowest rate of all
three SCFCLs, suggesting that the impedance of this design is
gradually built to its maximum. This design uses the least iron
and fewest DC ampere-turns of all designs, making it the most
compact design of the three studied. The third design studied
is the open DC–open AC design, in which the ‘strongest’
saturation has been observed allowing a wide range of
overload current operation with low impedance. The transition
between core states was found to be rapid, similar to the first
model. This design makes use of 128% more iron and 238%
more DC ampere-turns than the closed DC–open AC design.
Note that the results described in this work have been
obtained for three SCFCL designs which have the same
core cross-section, the same AC coil length and number
of turns and minimal DC ampere-turns to allow saturation
under AC coils for zero AC current. It is possible, of course,
to change the performance of each design by varying its
physical parameters. For example, it is possible to push up
the initial current at which Leff becomes finite by adding more
DC ampere-turns. However, such design modifications may
reduce the performance per cost ratio of the design and make
it less attractive.
The effective core length was further used to calculate
the dynamics of the demagnetization factor using an
approximation of a variable length cylinder. It was shown that
when the de-saturation process begins and the first step in the
Leff curve appears, the demagnetization factor drops sharply,
accelerating the increase in the magnetic induction intensity
in the core section under the AC coil.
In this work Leff was defined in a ‘binary’ way so that any
core section displaying an induction intensity below 1.92 T
is considered ‘de-saturated’ while any section displaying a
higher induction intensity is considered ‘saturated’. Further
refinement of the definition of Leff would be useful, taking
into account the ‘knee’ in the B(H) curve of the magnetic steel
and the changes in slopes of B(H) curve in its saturated and
de-saturated sections.

Figure 7. Limited fault current waveforms for the double window
(red dotted curve), closed DC–open AC (dashed black) and open
DC–open AC (solid blue) designs.

voltage in the nominal state are 9.17, 6.95 and 5.38 V for the
double window (red curve), closed DC–open AC (blue) and
open DC–open AC (green) designs, respectively. Clearly, the
open DC–open AC design contributes the lowest impedance
(0.528%) to the grid in nominal current conditions.
Voltage curves for an overload current scenario of 600 A,
twice the nominal current, are exhibited in figure 6(b). The
double window design exhibits an effective core length of
about 0.5, namely, about half the core length is already
de-saturated. The RMS voltage of this design is 37.73 V,
namely about 4% impedance. The RMS voltage in the
closed DC–open AC and the open DC–open AC designs
are 19.9 and 11.34 V, respectively. The latter still exhibits a
nearly sinusoidal voltage waveform and introduces only 1.1%
impedance to the grid in an overload current state, making it
the design which is the most ‘transparent’ design in the grid
in nominal and overload grid scenarios.
Figure 6(c) displays the voltage waveforms of the three
designs for a prospective fault current of 5715 A. Since the
impedances of the three designs differ from one another, so do
the limited fault currents. For this current all the designs are
completely de-saturated. The double window design exhibits
a RMS voltage of 480.7 V and limited current of 3204 A,
the voltage drop across the closed DC–open AC design is
428.8 V and its limited current is 3440 A, and the open
DC–open AC design displays a voltage drop of 408.5 V
and limited current of 3534 A. The fault impedances of
these designs are approximately 44, 40 and 38%, respectively.
The impedance is calculated based on current clipping since
the current waveform is more sinusoidal (figure 7) than the
voltage waveform and its RMS calculation is more accurate.

5. Summary
The concept of effective core length was introduced as a
means to explore the dynamics of the transition from saturated
to de-saturated core states in a SCFCL. The dependence of
Leff on AC current has been studied in three different SCFCL
6
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