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Abstract: This paper presents the design of a Superconducting Fault Current Limiter (SFCL) and
calculation results of forces and stresses in the windings of a resistive fault current limiter. The design
of the fault current limiter consists of two parallelly connected and magnetically coupled windings,
cooled by a single stage cryocooler. Magnetically compensated windings made of HTS tape give a
very low voltage on the limiter at a nominal current. Limitation of the short-circuit time and the value
of the maximum initial fault current reduces the thermal and dynamic effects of the passage of a fault
current. Using devices which limit the value of a fault current can lower the level of required short-
circuit capacity of the elements in a system. However, selected means of fault currents limitation must
maintain the power quality standards. A perfect fault current limiter is required to have substantial
impedance in fault conditions and zero impedance at work currents. Such requirements are met by a
SFCL. An increase of current caused by the occurrence of a fault current results in the transition of the
superconducting material from the superconducting state into the resistive state. This increases the
impedance of short-circuit loop, allowing the fault current value to decrease. During a short-circuit,
the forces generated from the short-circuit current also act on the limiter windings. Short-circuit
current causes stresses in the superconducting tape. Exceeding the permissible stress value results in
an irreversible reduction in the critical current of the superconducting tape. Calculations of the forces
and stresses in the HTS tape for the maximum value of the short-circuit current were carried out
using the finite element method. The constructed limiter was tested and the winding design ensures
that the tape stresses are at a safe level even for short-circuit currents.

Keywords: fault current limiter; superconducting tape; short-circuit

1. Introduction

Limitation of the duration of a short-circuit time and the value of the maximum initial
fault current reduce the thermal and dynamic effects of the passage of a fault current.
Using devices which limit the value of a fault current can lower the level of required short-
circuit capacity of the elements in a system. However, selected means of fault currents
limitation must maintain the power quality standards. A perfect fault current limiter is
required to have substantial impedance in fault conditions and zero impedance at work
currents. Such requirements are met by a Superconducting Fault Current Limiter (SFCL).
An increase of current caused by the occurrence of a fault current results in the transition
of the superconducting material from the superconducting state into the resistive state.
This increases the impedance of a short-circuit loop, allowing the fault current value to
decrease. Numerous papers concentrate on the subject of inductive type fault current
limiters [1-19], limiters with saturated core [20-22], resistive SFCLs [23], flux coupling
SFCLs [24], transformer type SFCLs [25], comparisons of various types of SFCLs [26-28],
integration of SFCLs in a power grid [29-32], and fault detection and analysis [33-37].
Magnetic core limiters are large and very heavy. In inductive limiters with copper windings,
there is an undesirable voltage drop for the operating current. In bifilar resistive limiters
built for medium voltages, there are a large number of connections between modules. Each
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design has its ad-vantages and disadvantages. The presented design is lightweight, the
voltage drop for operating currents is very low, and the number of connections is reduced
to a minimum of two connections to current feedthroughs. The disadvantage of this design
is the development of forces acting on the limiter windings and the development of stresses
in the superconducting tape. The forces acting on the HTS tape depend on the value of
the current in the tape and the value of the magnetic induction. The magnetic flux density
depends on the value of the current, the dimensions of the windings and the number of
windings. An appropriate winding design ensures safe operation of the limiter, where the
stresses in the HTS tape are less than the maximum stresses. The exact value of the short-
circuit current obtained from the measurements made it possible to precisely determine the
stresses in the HTS tape for the presented design.

2. The Design of the Limiter
2.1. Concept

The concept of a resistive SFCL cooled by a cryocooler has been chosen to simplify
the cooling system and reduce the necessary maintenance. This is a compact and light
design that requires only electric power to operate. The lack of liquid nitrogen or external
reactors makes such a design a desired smart grid element. Its small size and conduction
cooling design enable the limiter to be installed next to a circuit braker inside a substation
(Figure 1). The main parameters of the SFCL are presented in Table 1.
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Figure 1. Resistive superconducting fault current limiter (SFCL).
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Table 1. Parameters of the SFCL.

Parameter Value
Nominal voltage Un 6kV
Nominal current In 140 A
Overload current Toverload 420 A

Voltage on the limiter @ Iy Uscrr 02V
Voltage on the limiter @ Ioyerioad Uscrr Oyerload 0.6V
Prospective peak current Ipeak 81 kA
First peak limiting ip 19kA
Limitation time Him 80 ms

Response time of the surge

I:)current limitation § Fresponse 0.6 ms
Operating temperature T 72K

Cryostat height H 1m
Cryostat diameter O.D. 0.87 m
Weight m 340 kg

2.2. Cryogenic System

The presented design is a superconducting fault current limiter cooled by a single
stage cryocooler (Figure 2).
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Figure 2. HTS windings construction and cross-section of SFCL [38].

ternal cooling plate

tion - 10 MLI



Energies 2022, 15, 6519

40f 15

The device consists of two superconducting windings (28.5 turns each), cooled by a
KDE400SA coldhead. The cryocooler head removes the heat reaching the interior of the
cryostat through radiation and thermal conduction, as well as the heat from the super-
conducting windings generated from AC losses and Joule losses (which result from cur-
rent flow through the current leads). Assuming good vacuum insulation of 10 mbar,
convection losses are negligible. Total losses calculated at nominal current are 37.5 W.
The power capacity of the cryocooler is more than 130 W at 72 K, which assures a stable
temperature of the superconductor during overload current passage.

2.3. Numerical Calculation

The design of the windings has been evaluated using a numerical model. The voltage
on the limiter and the temperature evolution during the current limiting process were
calculated taking into account properties of HTS tape, copper and fibreglass in a wide
range of temperatures. [39]. Numerical calculations determined the maximum short circuit
time to avoid overheating of the superconducting windings.

2.4. Design

The HTS windings, which carry current in reverse directions, are connected in parallel.
The radial forces affecting the windings during a short-circuit were limited by a special
construction of the superconducting windings which are wound in opposite direction.
Such a design provides good magnetic coupling and low leakage reactance. The HTS
tape was insulated with fiberglass. The terminals of the windings are situated on the
inside of the windings structure to allow the outside of the windings be covered with
the multilayer insulation and to protect the terminals from mechanical damage during
assembly and cryostating. The exterior of the windings structure was covered with 10 layers
of superinsulation (Figure 3). The multilayer insulation (MLI) covering the superconducting
windings reduces heat transfer from the cryostat walls to the windings.

. \
A

Figure 3. Superconducting fault current limiter assembly in a cryostat [38].
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The HTS windings were connected to copper current leads and cooled through AL,O3
ceramic insulators. Each of the windings has copper terminals soldered to the HTS tape.
The copper terminals are bolted to the current leads (Figure 2). Except for two joints
between coils ends and the current leads, there are no coil interconnections which could
add unwanted resistance inside the cooled coils. The design assumes contact cooling of
the current leads. The heat generated in the cryostat (mainly by the current leads) should
be less than the cooling capacity of the cryocooler. The heat flow throw the current leads
and the Joule losses at the nominal current and overload current were calculated [38]. Heat
loss per one current lead is below 14 W at rated current and about 19 W at 420 A. The
electrical diagram of the SFCL consists of two windings connected in parallel. The internal
winding is wound clockwise, while the external winding is wound anticlockwise. Between
the windings there is a thin layer of fiberglass, which provides insulation and mechanical
strength for the windings.

2.5. Manufacturing

The windings made of SF12100 (Ic = 300 A) tape were wound onto a fiberglass
structure. Each of the HTS tapes of the superconducting windings is 66 m long. To assure
good temperature distribution during cooling and fast re-cooling after a fault current
limitation, the fiberglass structure of the superconducting windings includes an internal
and an external copper cooling plate. The copper plates incised into vertical stripes reduce
the eddy currents losses and ensure good conduction cooling of the windings. Such a
design makes the SFCL simple in structure, as well as reliable and easy to manufacture.
Additional 12 copper rods installed inside the windings improve heat conduction and
reduce the temperature difference between the upper and the lower side of the windings.
In order to lower the heat transfer, the construction of the windings is suspended under
cryostat lid on six fiberglass rods.

3. Test Setup

A short-circuit test was performed in the accredited Switchgear and Controlgear Testing
Laboratory of Electrotechnical Institute in Warsaw. The test circuit (Scheme 1) consisted of
2500 MVA short-circuit generator—G (Figure 4), master breaker—MB, making switch—MS,
three power transformers—PT, 750 MVA each, resistors—R, reactors—L. The measurement
equipment for current measurements is—CM and voltage measurements—VM.

(O e

MB

SFCL

Figure 4. 2500 MVA short-circuit generator in Switchgear and Controlgear Testing Laboratory of
Electrotechnical Institute in Warsaw.
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3.1. Cooling the Limiter

It took 8 h to transport the limiter to the short circuit chamber of the testing facility,
connect the busbars and vacuum pumps, and to install cryocooler. After obtaining a
vacuum of the order of 10~3 mbar, a turbomolecular pump was launched. After 4 h of
pumping, vacuum of about 10~¢ mbar was obtained inside the cryostat, and good thermal
insulation was achieved. The next step was to start the air-cooled helium compressor
CSA71 (electrical power consumption max. = 7.2 kW) and cool down the SFCL. After 30 h
of cooling, the limiter achieved 72 K.

3.2. Temperature Measurements

The temperature measurement of the SFCL windings is carried out with two LakeShore
CERNOX CX-1070-AA-4L-QL cryogenic sensors calibrated to the 4 K-325 K range. The
sensors are connected with phosphor bronze wires with a thermal conductivity much
lower than that of copper. The sensors are connected to a LakeShore Monitor 218. One
sensor is placed in the upper part of the windings and the other one in the lower part of
the windings. Figure 5 shows the temperature readings during cooling and the difference
between sensors readings. The temperature difference between the lower and the upper
part of the windings is less than 2 K at 72 K during cooling. The temperature adjustment
is an important advantage of conduction cooling; decreasing the windings temperature
enables the HTS tape critical current to increase, and thus obtain the required parameters.

300 y 12
e, ——— Upper temperature sensor ]
250 L “Sw. Lower temperature sensor 1 10
S === T lower - T upper o
< 18 %
- L
o 200 r ﬁ,.— ~ 5
g L 16 &
Y v '
2150 ! 5
- %, 14 B
L :
100 | 1
50 I L 1 L L L 1 i 1 L I 1 I L L O
0 10 20 30 40

Time (hours)
Figure 5. Temperature readings during cooling down and the difference between sensors readings.

3.3. Measurements of SFCL Parameters

The resistance of the SFCL, including the current leads, was 11.26 () at a room temper-
ature and was 165 u() at cryogenic conditions. The inductance of the limiter was 3.32 pH.
A very low inductance of the limiter in the superconducting state was achieved by good
magnetic coupling of the superconducting windings. A high voltage test was carried out
before and after. The insulation resistance between the SFCL terminals and grounded
cryostat was more than 1 GQ).

3.4. Fault Current Limiting Tests

Fault current limiting performance tests were conducted at 50 Hz. The tests were
performed as a single phase short circuit to the ground. The RMS voltage value was set at
3.46 kV (=6 kV/,/3). The short circuit time was set at 80 ms to protect the superconducting
windings from overheating. The SFCL short circuit tests were preceded by fault current
measurements in the circuit without the limiter.
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4. Test Results
4.1. Limiting Performance

Figure 6 shows the voltage on the limiter and current courses during the first test at
72 K. The solid line indicates the current and the dotted line represents the voltage courses.
As can be seen, the current was limited to 1.9 kA. The results of the second test performed
at 80 K (Figure 7) show current limitation to the level of 1 kA. Both tests show excellent
performance of the SFCL in reducing the fault current by more than 40 times (Figure 8).

3 6
——— Current Voltage

2 | 1 4

1 r 1 2
3 2
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Time (ms)

Figure 6. Voltage across the SFCL and current courses during short-circuit test at 72 K.
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Figure 7. Voltage across the SFCL and current courses during short-circuit test at 80 K.

The limiter was tested at 72 K and at 80 K to compare the current in the circuit with the
limiter to the current in the circuit without the limiter. In nominal conditions, the current
passes through the compensated windings, and the voltage on the limiter is less than 0.2 V.
During a short-circuit, the resistance of the superconducting windings increases. During
a fault, the RMS voltage across the limiter was 3.4 kV (Figure 6). The maximum value of
the surge current without the SFCL (limiter with shorted terminals) was 81 kA (Figure 8).
After 80 ms of the short-circuit test, the temperature of the limiter windings increased
by 5 K in the first 5 min and stabilized at 80 K after 10 min. The thermal capacity of the
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windings structure with copper plates allows for two tests to be carried out directly one
after the other. A comparison of the SFCL current limiting effectiveness at 72 K and at 80 K
is presented in Figure 9.

80 F —— Current without SFCL
Current with SFCL (at 72K)

60

40

Current (kA)
(3]
o

-10 0 10 20 30 40 50 60 70 80 90
Time (ms)

Figure 8. A comparison of current courses in the circuit with and without the limiter.

6 - 6
Current without SFCL
5 45
4 4 4
Z 3 13%
5 Current (at 72K) &
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O o -
1 - 1
0 Voltage (at 72K) 40
Voltage (at 80K)
_l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Il 1 1 1 1 1 1 _1
-1 0 1 2 3 4

Time (ms)

Figure 9. A comparison of current courses in the circuit without the limiter and with the limiter
during the first 10 ms.

4.2. Response Time

In both tests, the response time of the surge current limitation is less than 1 ms. During
the first test at 72 K, the peak value of the current occurs at about 0.6 ms after a fault. A
rapid increase of the voltage on the limiter is observed after 0.4 to 0.8 ms after a fault.
During the test at 80 K, a rapid increase in voltage occurs earlier (approx. 0.2 ms after the
short-circuit) due to the drop in the critical current of the HTS tape at this temperature.
Voltage courses start to overlap 1 ms after a fault. SFCL response time at both temperatures
72 K and 80 K is very fast—0.4 ms and 0.6 ms, respectively.
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4.3. Limiter Resistance

The resistance of the limiter occurs very fast after a fault, limiting the surge value. A
comparison of the limiter resistance development is presented on Figure 10. During the
first 5 ms, the resistance value achieves more than 5 () and reaches about 10 Q) at the end
of a fault after 80 ms. The resistance growth is significant at the beginning of a fault. The
value of almost 2 Q) is reached within first millisecond.

12
——at72K e at 80K
g | o A "
/ 7 /

Resistance (Q)
()}
T

(]
|

1 1 L 1 1 1 1 1 }

-10 0 10 20 30 40 50 60 70 80 90
Time (ms)

Figure 10. Comparison of SFCL resistance during fault at 72 K and at 80 K.

4.4. Power

The power generated in the limiter windings reached the highest value of about 5 MW
after four milliseconds. The generated power caused the temperature of the HTS tape to
increase rapidly. The temperature of the windings reached 160 K after 10 ms and 290 K
after 80 ms of a fault.

5. Forces and Stresses
5.1. Forces Acting on Windings

During a short circuit, the limiter windings are subjected to a short-circuit current. The
temperature of the windings increases from a cryogenic temperature to a room temperature.
There are also forces acting on the windings. The direct cause behind the forces acting on the
superconducting windings is the interaction of the magnetic field with the current HTS tape.
In the case of an SFCL with push—pull windings, this is the leakage flux area. In normal
operation, when the current in the windings does not exceed the critical current of the
superconducting tape, the forces acting on the windings are small; whereas in case of short-
circuits for currents much higher than the rated current, these forces can become dangerous
for the superconducting windings. The forces acting on superconducting windings can be
divided into radial and axial. Radial forces are the result of a field acting on the limiter
windings in parallel to the winding axis (B, component). The cause of the axial forces is a
field perpendicular to the winding axis (B; component) (Figure 11). From the distribution
of the field and the direction of the current in the windings, it follows that axial forces
act on the coils (Figure 12). With complete symmetry of the windings, the axial forces
compress the turns of the outer winding and the inner winding. In the case of asymmetry,
the direction and value of the forces can be determined from the magnetic flux density
distribution calculated in the FEMM program (Figure 13). Axial forces resulting from
spatial asymmetry of ampere-turns always tend to magnify it.
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Figure 11. FEMM model of the SFCL windings, Red line 30 mm long between last turns is used to
calculate axial and radial component of magnetic flux density.

outer winding inner winding

Figure 12. HTS windings of the SFCL.

Figure 13. Magnetic flux density comparison at the angle 0 to 180 at the level of last turn.

The magnetic flux density varies with the location (Figure 14). The radial component
of the magnetic flux density is shown on Figure 15. The axial component of the magnetic
flux density calculated between windings is shown on Figure 16.
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Figure 14. Magnetic flux density comparison at the angle 0 to 180 at the level of last turn between
windings.
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Figure 15. Magnetic flux density radial component.
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Figure 16. Magnetic flux density axial component.

5.2. Radial Forces

The radial forces affecting the windings during a short-circuit were limited by a special
construction of the superconducting windings which are wound in opposite direction.
Radial forces push the limiter windings apart. The winding design calculations were
carried out under the assumption that the windings were perfectly rigid bodies. In reality,
they have a certain elasticity. If a winding is wound tightly and has hard incompressible
interlayer insulation, radial forces are transferred from the windings to the carcass. The
highest stress in the conductor material occurs when the forces acting on the individual
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coils are not transmitted to the carcass. To calculate the radial forces acting on each coil, it is
necessary to determine the axial component of the magnetic flux density. The value of the
radial force for each coil also depends on its position in the winding. The axial component
of the magnetic flux density (B,) reaches its highest values around 0.1 T between the
windings (Figure 13).

Fs = B;Ilwurn

where: B,—axial component of magnetic flux density, [—current, lyyyn—turn length.

The radial force determines the tensile force of the winding and the stress in the
conductor (Figure 17).

Fs
F ==
Y
where: Fs—radial force.
F
oy = —

s
where: F,—tensile force, s—wire cross-section.

N
<

mInner
m Outer

0 45 90

=
<o Ol

Force in HTS tape A (N)
G2 oo

)
S

Figure 17. Tensile force in HTS tape during short-circuit.

The tensile force stresses the wires of the individual coils unevenly (Figure 18). When
the winding is a completely rigid body, the individual coils are stressed only by their own
forces, proportional to the magnetic flux density at the location determined by the position

of the coil under consideration. The most stressed conductors are those located in the
0 degree position (Figure 12).

< 15
o
mInner
%’ 10 uOuter
b 5
5 I I
8
)
=
T -10 I
=
é -15
f;_j -20
n 0 45 90 135 180

Figure 18. Stress in HTS tape during short-circuit.

The SuperPower® 2G HTS wire tolerates high stress up to 550 MPa. Above 550 MPa,

I. degrades irreversibly [40]. Presented limiter design assure safe operation assuring wire
stress 40 times lower than maximum recommended value.
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5.3. Axial Forces

The axial forces compress the turns of the outer winding and the inner winding at
0 degree (complete symmetry of the windings) (Figure 19).

Fo = Brﬂturn

where: B,—radial component of magnetic flux density, [—current, ly;n—turn length.

(S

Inner

I I l o

0 45 90 135 180

— w
OoBo

Axial force Fo (N)

Figure 19. Axial force during short-circuit (upper turns).

In the case of asymmetry, the direction and value of the stress is determined from
the magnetic flux density calculated in the FEMM (Figure 20). Axial forces resulting from
spatial asymmetry of ampere-turns tend to magnify the asymmetry.

0.20
0.15 Inner

< 0.10 u Outer
005 I
2 0.00

-0.05
-0.10
-0.15
-0.20

(MPa)

Stress o

0 45 90 135 180

Figure 20. Stress during short-circuit (upper turns).

6. Conclusions

The concept of a compact, light and effective fault current limiter as a smart grid
component has been realized. The superconducting resistive fault current limiter has been
designed, manufactured and tested successfully in accredited Switchgear and Controlgear
Testing Laboratory of Electrotechnical Institute in Warsaw.

The presented SFCL effectively limited the peak value of a fault current by more than
40 times (from 81 kA to 1.9 kA) within 0.6 ms. The maximum value of the short-circuit
current measured during the limiter tests enabled accurate calculations of the stresses in
the superconducting tape. The stress from axial force is below 0.15 MPa. The stress in the
HTS wire resulting from radjial force is 13.5 MPa, and is much lower than the recommended
maximum value (550 MPa). The applied solution of a conduction-cooled SFCL with
compensated superconducting windings which are connected in parallel substantially
limited the voltage in the limiter, making the limiter invisible to the grid at working
currents. The thermal capacity of the windings structure allows the windings to rapidly
return to the superconducting state after a short-circuit. The conduction cooling method
simplifies the cryogenic system to the degree which allows the limiter to be installed next
to a circuit breaker. The absence of a liquid nitrogen installation reduces the size and the
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cost of the system, and increases the reliability of the limiter cooling. The conduction
cooling method using a cryocooler also offers a substantial advantage over liquid nitrogen
bath cooling: by changing the temperature, the critical current of the HTS tape can be
adjusted easily. Further, any adjustments to the parameters can be made remotely by
setting the SFCL temperature in order to dovetail them to the smart grid expectations The
presented results of calculations of forces and stresses acting on the HTS tape which the
limiter windings are made of allow us to conclude that the presented design of the limiter
windings ensures its safe operation during limiting of short-circuit currents. The stress
values are significantly lower than the maximum values and do not cause irreversible
degradation of the superconducting windings.
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