wo 2014/150152 A1 I} ]V 00O A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/150152 A1l

25 September 2014 (25.09.2014) WIPO I PCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
HO02H 9/02 (2006.01) kind of national protection available): AE, AG, AL, AM,
. L AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
PCT/US2014/022406 DO, DZ. EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
10 March 2014 (10.03.2014) KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
. MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(25) Filing Language: English OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
(26) Publication Language: English SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
(30) Priority Data: ZW.
13/835, 434 15 March 2013 (15.03.2013) Us
(84) Designated States (uniess otherwise indicated, for every
(71) Applicant: VARIAN SEMICONDUCTOR EQUIP- kind of regional protection available): ARIPO (BW, GH,
MENT ASSOCIATES, INC. [US/US]; 35 Dory Road, GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
Gloucester, MA 01930 (US). UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
(72) Inventors: TEKLETSADIK, Kasegn D.; 7 Nelson Circle, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
Middleton, MA 01923 (US). STANLEY, Charles L.; 5 EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
] o >
Woodridge Lane, Amesbury, MA 01918 (US) MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
’ ’ ’ TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
(74) Agent: DAISAK, Daniel N.; Kacvinsky Daisak Bluni KM, ML, MR, NE, SN, TD, TG).
PLLC, 3120 Princeton Pike, Suite 303, Lawrenceville, NJ Published:

08648 (US).

with international search report (Art. 21(3))

[Continued on next page]

(54) Title: SUPERCONDUCTING FAULT CURRENT LIMITER SYSTEM

00

THY —

114 114

- 116

116

= 108

FIG. 1

(57) Abstract: A current limiter system includes a
superconducting fault current limiter (SCFCL) op-
erative to conduct load current during a normal
operation state in which the SCFCL is in a super-
conducting state. The current limiter system also
includes a shunt reactor connected in an electric-
ally parallel fashion to the SCFCL and configured
to conduct less current than the SCFL in the nor-
mal operation state, and a protection switch con-
nected in electrical series with the SCFCL and
shunt reactor and configured to disconnect the
SCFCL for a predetermined time from a load cur-
rent path during a fault condition after fault cur-
rent exceeds a threshold current value.
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SUPERCONDUCTING FAULT CURRENT LIMITER SYSTEM

Field

[0001] This invention relates to current control devices, more particularly, to an apparatus

for fault current limiting.

Background

[0002]  Fault current limiters are used to provide protection against current surges, for
example in a power transmission network. Superconducting Fault Current Limiters (SCFCL)
are a class of devices that operate at a cryogenic temperature and are typically used in
electrical transmission or distribution lines that are subjected to high voltages and high
currents. In a resistive SCFCL, the current passes through the superconductor component of the
SCFCL such that when a high fault current begins, the superconductor quenches. In other words,

the superconductor becomes a normal conductor where the resistance rises sharply and quickly.

[0003] A core of a SCFCL device may consist of several superconducting elements
that are interconnected in series and parallel using non-superconducting connectors, which
may dissipate power and increase cryogenics thermal load. In a normal operating mode,
the SCFL device is cooled to cryogenic temperatures in order for the superconducting
elements, such as tapes, to enter the superconducting state. When a current surge takes
place along a transmission line, the current may enter the SCFCL, at which point it travels
through the superconducting elements. If the current surge exceeds a critical value of

current density in the superconducting tapes, the superconducting material may transform
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into a normal conductor (i.e. quench). Once in the normal conducting state, the
superconductor material acquires a finite resistance to current which may limit the current
conducted through the SCFCL to acceptable levels, thereby regulating the current

conducted along the transmission lines.

[0004] In conventional SCFCL systems, the SCFCL presents nearly-zero impedance to a
current load during normal operation, and inserts a large limiting impedance in the event of a
fault condition such as, for example, a short circuit in order to reduce the fault current. An
additional requirement for proper operation of an SCFCL is that after a fault condition is cleared,
the SCFCL recovers rapidly within seconds to its former superconducting state in order to limit

current in other fault events that may occur.

[0005] Currently, a major remaining challenge is the ability of an SCFCL to recover when
a load current is carried through the SCFCL during a recovery period. SCFCLs that are under
active development include, among others, systems using magnesium diboride wire, Yttrium
Barium Copper Oxide (YBCO) tape, or Bismuth Strontium Calcium Copper Oxide (BSSCO)
materials, which are cooled to below their respective superconducting transition temperatures
(T.) in order to function as designed. YBCO and BSSCO-based devices are attractive
because the Tcin typical commercial materials is in the range of 90°-105° K, allowing
SCFCL devices to operate using relatively inexpensive liquid nitrogen or boiling nitrogen
cooling. However, when an SCFCL such as a YBCO or BSSCO system quenches and
enters a state of finite resistance during a fault, the persistence of load current drawn
through such an SCFCL may be problematic. In particular, load current drawn through
YBCO or BSSCO (or other) elements that have a finite resistance may result in unwanted

heating of the superconductor elements. Even a modest current drawn through the SCFCL
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may delay the return of the superconductor material to its superconducting state, thereby
compromising performance of the fault limiting system. In a worst case, the SCFCL
system may not recover at all and the superconducting elements of the SCFCL may remain
as normal state conductors. It will be apparent therefore that improvements are desirable over

known SCFCL systems.

Summary

[0006] This Summary is provided to introduce a selection of concepts in a simplified form
that are further described below in the Detailed Description. This Summary is not intended to
identify key features or essential features of the claimed subject matter, nor is it intended as an

aid in determining the scope of the claimed subject matter.

[0007] In one embodiment, a current limiter system includes a superconducting fault
current limiter (SCFCL) operative to conduct load current during a normal operation state in
which the SCFCL is in a superconducting state. The current limiter system also includes a shunt
reactor connected in an electrically parallel fashion to the SCFCL and configured to conduct less
current than the SCFL in the normal operation state, and a protection switch connected in
electrical series with the SCFCL and shunt reactor and configured to disconnect the SCFCL for a
predetermined time from a load current path during a fault condition after fault current exceeds a

threshold current value.

[0008] In an additional embodiment, a superconducting fault current limiter (SCFCL)
system arranged in an electrical circuit includes a first electrical path containing an SCFCL
configured to conduct load current during a normal operation state in which the SCFCL is in a

superconducting state, a second electrical path electrically parallel to the first electrical path and
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containing a shunt reactor configured to conduct less current than the SCFL in the normal
operation state, and a protection component configured to form a series connection with the first
electrical path containing the SCFCL and with the second electrical path containing the shunt
reactor, the protection switch further configured to create an open circuit along the first electrical
path containing the SCFCL for a predetermined time when the current exceeds a threshold

current value, wherein no load current is conducted through the SCFCL.

Brief Description of the Drawings

FIG. 1 depicts a current limiting system in accordance with one embodiment;

FIG. 2 depicts a current limiting system in accordance with another embodiment;

FIG. 3A depicts an exemplary protection switch for use in a current limiting system;

FIG. 3B depicts further details of operation of the protection switch of FIG. 3A;

FIG. 4A depicts one instance of use of a current limiting system consistent with a further

embodiment;

FIG. 4B depicts another instance of use of the current limiting system of FIG. 4A;

FIG. 4C depicts a further instance of use of the current limiting system of FIG. 4A;

FIG. 4D depicts yet another instance of use of the current limiting system of FIG. 4A;

FIG. 5 depicts an additional current limiting system consistent with an additional

embodiment;
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FIG. 6 depicts still another additional current limiting system consistent with a further

embodiment;

FIG. 7 shows exemplary current curves for an SCFCL system in accordance with the

present embodiments; and

FIG. 8 shows detailed mechanisms of a recovery electromagnetic switch.

Detailed Description

[0009] The present invention will now be described more fully hereinafter with reference
to the accompanying drawings, in which embodiments of the invention are shown. This
invention, however, may be embodied in many different forms and should not be construed as
limited to the embodiments set forth herein. Rather, these embodiments are provided so that this
disclosure will be thorough and complete, and will fully convey the scope of the invention to

those skilled in the art. In the drawings, like numbers refer to like elements throughout.

[0010] To address some of the deficiencies in the aforementioned SCFCLs, embodiments
are described herein that provide improved SCFCL architecture and performance. As noted
above, in conventional SCFCL systems, the SCFCL presents nearly zero impedance to a current
load during normal operation, and much larger impedance to the current during a fault condition
when the SCFCL is no longer in a superconducting state. However, during a fault recovery
period after a fault event has cleared, a persistent load current that passes through the SCFCL in

a conventional SCFCL system may hinder return of the SCFCL to the superconducting state.
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[0011] To address this situation, the present embodiment provides a protection system such
as a protection switch or a circuit breaker connected in series with an SCFCL to disconnect the
SCFCL from load current during a recovery period. Advantageously, this allows the
superconductor elements of the SCFCL that are in a finite resistance state to undergo a transition
more rapidly back to a superconducting state. The terms “finite resistance state” and “finite
resistivity state” both refer to the state of a superconductor material in which the superconductor
material is in a non-superconducting state, which may be characterized by metallic, semi-
metallic, or semiconductive resistance properties. A superconductor material exists in a finite
resistance state when the superconductor material has a temperature in excess of a critical
temperature T, for superconductivity, and/or when current passing through the superconductor

material exceeds a critical current.

[0012] Further advantageously, the protection system may harness the load or fault current
to power the protection circuit. More particularly, the protection system may be configured to be
activated by load or fault current, thereby avoiding the need for complex circuitry. Other
advantages afforded by this arrangement are the reduced design complexity for the whole
SCFCL system and the reduced amount of superconductor material required for SCFCL

elements.

[0013] FIG. 1 depicts general architecture of an SCFCL system 100 consistent with
embodiments of the disclosure. The SCFCL system 100 includes an SCFCL 102, which may be
a conventional SCFCL except as otherwise noted herein with respect to the description to follow.
The SCFCL system further includes a shunt reactor 104, which may be a conventional shunt

reactor, an insulation system 106, and a protection element 108.
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[0014] In operation, the SCFCL system 100 provides fault current protection by limiting
fault current (not separately shown) that passes between entry point 110 and exit point 112 (the
designation of “entry point” as opposed to “exit point” is arbitrary in FIG. 1). Under normal
operation mode a load current may periodically, occasionally, or continuously pass through the
SCFCL system. The load current in normal operation mode exhibits a current level such that the
superconductor elements 120 remain in a superconducting state and therefore transmit the load
current through the superconductor elements 120 with zero resistance when the load current
passes through the SCFCL 102. Accordingly, the load current is transmitted with relatively
lower resistance through the SCFCL, which includes resistive points including normal state
metals and connection points. During a fault condition in which an excessive fault current may
be rapidly generated, the superconductor elements 120 react to the excessive fault current by
transforming from a superconducting state to a finite resistivity state, which places a large
overall impedance to the excessive fault current, thereby limiting the fault current during the
fault condition. Subsequently, with the aid of a protection element, such as protection element
108, the superconductor elements 120 may return to a superconducting state to regulate current

by limiting current in future fault events.

[0015] As further illustrated in FIG. 1, the SCFCL system 100 forms two parallel electrical
paths 114, 116, which branch between entry point 110 and exit point 112. Accordingly, the
SCFCL 102 and shunt reactor 104 are arranged in an electrically parallel fashion in the SCFCL
system 100 along the respective electrical paths 114 and 116. Under normal operation mode the
electrical path 116 represents the load current path, such that the SCFCL system 100 is
configured to draw approximately one hundred percent of load current through the SCFCL 102

and approximately zero percent of load current through the shunt reactor 104. However, when a
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fault condition or event occurs, the shunt reactor is configured to draw a majority of the fault

current, thereby limiting the current passing through the SCFCL.

[0016] As further illustrated in FIG. 1, the protection element 108 is arranged electrically
in series with both the SCFCL 102 and shunt reactor 104. Unlike the SCFCL recovery operation
provided in conventional SCFCL systems, the protection element 108 is configured to prevent
any load current from being conducted through the SCFCL 102 during recovery from a fault
condition. This is advantageous over prior art SCFCL systems because, even though a
conventional shunt reactor may reduce current that passes through the SCFCL during a surge of
load current caused by fault, a moderate current may still be conducted through the SCFCL
during recovery. In particular, if current passing through the SCFCL 102 exceeds a threshold
current, which may be set so that a typical fault current exceeds the threshold current, the
protection element 108 is configured to create an “open” along the load current path, that is,
electrical path 116, such that all current passes through the shunt reactor along electrical path
114. This allows the superconductor elements 120, which may have been rendered into the finite
resistance state, to recover more rapidly to a superconducting state. In various embodiments, the
protection element 108 is an electromagnetic switch or a circuit breaker type device that is

activated as detailed below.

[0017] FIG. 2 depicts an embodiment of an SCFCL system 200 in which a protection
element is a protection switch 202. The protection switch 202 is configured to pass current
through the electrical path 116 during normal operation mode of the SCFCL system 200, and is
further configured to open the electrical path 116 such that no current flows through the SCFCL
102 in response to a current surge during a fault condition. In the embodiment of FIG. 2 the

protection switch 202 is an electromagnetic switch in which a current that passes between entry
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and exit points 110, 112 is used to power electromagnetic coils within the electromagnetic switch
in order to control switch positions as discussed further with respect to FIG. 3. SCFCL system
200 also includes a cooling system 204, which may be a cryostat or liquid nitrogen tank in
alternative embodiments. The cooling system 204 is used to maintain the superconductor
elements 120 at a temperature below the Tc for superconductor elements 120. The SCFCL
system 200 further includes high voltage insulation 206 to electrically isolate the SCFCL 102

and protection switch 202 from ground 208.

[0018] FIG. 3A depicts details of the protection switch 202, including an enclosure 300,
central magnetic component 302, a contact 304, and set of electromagnetic coils 308. In the
embodiment of FIG. 3A, the central magnetic component 302 is a magnetic plunger that is
configured to move along the direction 306 in accordance with the strength of a magnetic field
generated by the set of electromagnetic coils 308. The set of electromagnetic coils 308 includes
an electromagnetic coil 310 connected in series with the SCFCL 102 along the electrical path
116, and an electromagnetic coil 312 connected in series with the shunt reactor 104 along the
electrical path 114. In particular, the electromagnetic coil 312, which is electrically connected to
the SCFCL 102, is also electrically connected to the central magnetic component 302. Contacts
302 and 304 are placed or enclosed in a dielectric medium such as, air, vacuum, inert gases, SF6,
oil or any medium that is known to eliminate or minimize contact material erosion caused by arc

produced during the contacts opening or closing operations.

[0019] FIG. 3B illustrates operation of the central magnetic component 302. As illustrated,
the central magnetic component 302 is configured to move along the direction 306 between a
position P1 and position P2. When zero load current or low load current passes through the set

of electromagnetic coils 308, the protection switch 202 is configured to place the central



WO 2014/150152 PCT/US2014/022406

magnetic component 302 in a closed position at position P1 where electrical contact is made
between the central magnetic component 302 and the contact 304. In this closed position the
electrical path 116 between entry point 110 and exit point 112 is closed and electrical current
may flow through the SCFCL 102. In particular, current may flow from entry point 110 through
SCFCL 102, thence through electromagnetic coil 310, central magnetic component 302, contact

304 and exit point 112.

[0020] During the normal operation mode, for example, when load current is present,
nearly the entire load current passes along the electrical path 116 and little if any load current
passes through the electrical path 114. Accordingly, nearly the entire current that travels through
the set of electromagnetic coils 308 passes through the electromagnetic coil 310. However, the
protection switch 202 is configured such that this load current is insufficient to generate a
magnetic force to break contact between the central magnetic component 302 and contact 304.

A typical load current that an SCFCL 102 may experience under normal operation conditions
may vary between zero and 2000 A, while in one example the spring 314 of the protection switch
202 may be configured to maintain the central magnetic component 302 against the contact 304

when up to 3 kA flows through the set of electromagnetic coils 308.

[0021] In some embodiments of the disclosure, instrumentation including monitoring
devices may be coupled to the electromagnetic coil 310 to operate from voltage generated by the

electromagnetic coil 310.

[0022] Referring also to FIG. 2, in various embodiments of the disclosure at the onset of a
fault event the SCFCL system 200 is configured such that greater than eighty percent of fault

current is conducted through the shunt reactor 104 along the electrical path 114, while less than

10
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twenty percent of fault current is conducted along the electrical path 116. Accordingly, during
an initial fault interval, that is, during the initial period of a fault event, a majority of current
flows through the electromagnetic coil 312, while a smaller current flows through the

electromagnetic coil 310.

[0023] As noted, during a fault event, when the fault current exceeds a threshold current,
the protection switch 202 is configured to create an open circuit along the electrical path 116
such that no current flows between entry point 110 and exit point 112 along the electrical path
116. In particular, the set of electromagnetic coils 308 is configured to exert a force that is
effective to move the central magnetic component 302 from a closed position to an open position
when the fault current exceeds the threshold current. This is accomplished by generating a
sufficient magnetic field to move the central magnetic component 302 away from the contact 304
such that electrical contact is broken between the central magnetic component 302 and contact
304. The separation of the central magnetic component 302 from the contact 304 is proportional
to fault current transmitted through the set of electromagnetic coils 308. As more current is
drawn through the set of electromagnetic coils 308 a greater magnetic field is generated, which
field acts upon the central magnetic component 302 to exert a magnetic force to urge the central
magnetic component 302 away from the contact 304. This magnetic force is opposed by a
restoring force of the spring 314, which may be set to maintain contact between the central
magnetic component 302 and contact 304 until a desired threshold current is exceeded. The
magnitude of the electromagnetic force plays another role to vary the speed of the contact
separation. As the electromagnetic force increases with higher fault currents, the speed of
contact separation increases and hence the switch breaks the fault in shorter time. This shorter

“clearing” time results in less energy absorption into the superconductor and as a result reduces

11
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the overheating of superconductors. This mechanism helps to reduce the amount of
superconductor used in an SCFCL design. In various embodiments, the value of the threshold
current may vary according to application of an SCFCL, but in some embodiments may be 2.5

kA or higher.

[0024] In the example of FIG. 3B, the central magnetic component 302 may be driven
away from the contact 304 to a position P2 when a fault current having a given value that
exceeds a threshold current is present. Subsequently, as the fault event clears and load current
subsides, the current passing through electromagnetic coil 312 decreases to the extent that the
spring 314 moves the central magnetic component 302 back to the position P1 and contact is
restored between the central magnetic component 302 and the contact 304. Consistent with
various embodiments of the disclosure, the spring response for the spring 314 may be set so that
the duration required to restore contact between central magnetic component 302 and contact
304 is between one and twenty seconds. In particular embodiments, this duration may be set
between one and six seconds. The spring response may be set to allow sufficient time for
superconductor elements 120 to recover to the superconducting state before current passes
through the SCFCL 102. This may help avoid delay in recovery of the superconductor elements
120 that may otherwise take place if current were drawn through the superconductor elements
120 after a fault condition cleared when the superconductor elements are in a finite resistance
state. In such circumstances, any load current drawn through the superconductor elements 120
may induce resistive heating or other deleterious effects that delay or prevent the superconductor

elements from transitioning to a superconducting state.

[0025] FIGs. 4A to 4D further illustrate different stages of operation of the SCFCL system

200 consistent with embodiments of the disclosure. In particular FIG. 4A depicts one instance of

12
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use of the SCFCL system 200 during so-called normal operation mode. As illustrated, a load
current 402 passes along the electrical path 116 through the SCFCL 102 and electromagnetic coil
310. The load current is not sufficient to drive the central magnetic component 302 away from
the contact 304 and the electrical path 116 therefore remains intact. At the same, the shunt

reactor 104 and SCFCL are configured so that little or no current is drawn through the electrical

path 114.

[0026] FIG. 4B depicts one instance the SCFCL system 200 during an early stage of a fault
event in which excessive current is drawn through the SCFCL system 200. As noted, the SCFCL
system 200 is configured to limit current during a fault event by the use of the superconductor
elements 120, which transition into finite resistance state that generate a large impedance to
current along the electrical path 116. At the same time the SCFCL system 200 is configured so
that fault current 414 is drawn along the electrical path 114 through the shunt reactor 104 is
larger than the fault current 412 drawn through the SCFCL 102. In some embodiments, during
an initial period of a fault condition when fault current is greater than about 5 kA, the fraction of
fault current drawn by the SCFCL is less than 20% of total fault current. In one example the
SCFCL 102 may be configured as a 138 kV SCFCL with 1200 A load current under normal
operation and may draw about 5 kA fault current through the SCFCL 102 of a total 25 kA fault

current during a fault.

[0027] In the example of FIG. 4B, the fault current 414 and fault current 412 generate a
magnetic field that exerts a force along the direction 416 that urges the central magnetic
component 302 away from contact 304. When fault currents 414 and 412 together are
sufficiently large, that is, when they exceed a threshold current, the protection switch 202 causes

the central magnetic component 302 to break contact with the contact 304. In alternative

13
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embodiments, either of fault currents 414 or 412, but not both, may be employed to break the
contact of the central magnetic component 302 with contact 304. In this configuration only one

coil may be wound and used.

[0028] FIG. 4C depicts a further scenario following the examples depicted in FIGs. 4A and
4B in which contact has been broken between the central magnetic component 302 and the
contact 304 in response to a fault event that temporarily generates an excess current.
Accordingly, because the protection switch 202 is in electrical series with the SCFCL 102 no
current is drawn through the electrical path 116. At the instance depicted in FIG. 4C, the
excessive current generated by the fault event has decreased such that the fault current 422
drawn through the electrical path 116 decreases in comparison to the fault current 412 present at
carly stages of the fault event. Because of this decreased fault current 412 that passes through
the electromagnetic coil 312, the restorative force of the spring 314 is greater than a force
generated by a magnetic field produced by the set of electromagnetic coils 308, resulting in

movement of the central magnetic component 302 towards the contact 304.

[0029] In various embodiments, as noted above, the spring constant of spring 314 is such
that central magnetic component 302 is returned to abut against the contact 304 after one to
twenty seconds subsequent to the time at which load current through electrical path 116 drops to
a small value or zero after the fault condition is cleared. In the interim, during the scenario of
FIG. 4C, the superconductor elements 120 begin to return to a superconducting state. Because
no current can traverse the superconductor elements 120, this transition from finite resistance

state to superconducting state may take place much more rapidly.

14
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[0030] FIG. 4D depicts an instance subsequent to that shown in FIG. 4C following the
examples depicted in FIGs. 4A to 4C. At this instance the SCFCL system 200 has recovered
from the fault condition, and the central magnetic component 302 has been brought back into
contact with the contact 304. As illustrated, a small load current 432 passes through the

electrical path 116 while little or no current passes through the electrical path 114.

[0031] FIG. 7 shows exemplary current curves that further illustrate operation the function
of an SCFCL system in accordance with the present embodiments. In FIG. 7 there are shown
two exemplary current curves 702 and 704 for current drawn along the electrical paths 116 and
114, respectively. During an initial normal operation period 706, the current level of current
conducted through the SCFCL 102 (see FIG. 2) is relatively low, such as below a few thousand
amps. Current drawn through the shunt reactor 104 is negligible or zero. At a time T1, a fault
condition occurs leading to a rapid rise in current drawn through the SCFCL 102, as illustrated
by the current curve 702. However, this simultancously engenders a transition of superconductor
elements 120 into finite state resistance, which greatly increases impedance along the electrical
path 116, resulting in a limited increase in the current level of the current curve 702. A
maximum value of several thousand amps may result in some cases. At the same time during the
fault period 708 the shunt reactor 104 is configured to draw a fault current resulting in a

relatively larger current level in current drawn along the electrical path 114.

[0032] At the time T2, the total current represented by current curves 702 and 704 exceeds
a threshold, which opens the protection switch 202, causing the current curve 702 to instantly
decrease to zero. During a subsequent recovery period 710, no current flows through the
electrical path 116, while the fault current decays and a finite current persists in the electrical

path 114 as illustrated by the current curve 704. In the recovery period 710, which may last

15



WO 2014/150152 PCT/US2014/022406

several seconds or more, superconductor elements 120 experience no current draw facilitating
their recovery to a superconducting state. At the time T3 the spring 314 closes the protection
switch 202, resulting in renewed current draw through the electrical path 116 in a subsequent
period 712 of normal operation of the SCFCL system 200. In some embodiments, the protection
switch 202 may be configured to provide sufficient time for full recovery to superconducting

state of the superconductor elements 120.

[0033] It is to be noted that the duration in which the protection switch remains open
between the time T2 and time T3 may be set to optimize performance of an SCFCL system. For
example, it may be desirable to minimize the time in which the SCFCL 102 is “off-line” in
which the electrical path 116 is open. In such case, the protection switch 202 may be designed to
remain open for only three seconds, for example, even if full recovery of all superconductor

elements 120 may on average be expected to require four seconds in the absence of current load.

[0034] FIG. 5 depicts an additional current limiting system consistent with an additional
embodiment of the disclosure. In this embodiment, the SCFCL system 500 includes generally
the same components as detailed above for SCFCL system 200, except for the differences noted
below. In particular, the SCFCL system 500 is arranged in what is termed a “dead tank”
configuration that does not include the high voltage insulation 206. The dead tank configuration
refers to an SCFCL device with a grounded cryostat 502 or other cooling system, where the high
voltage insulation resides inside the cryostat. In a live tank SCFCL design, characteristic of the
embodiments of FIGs. 1-4, the cooling system 204 is not grounded (is floating) requiring a high
voltage insulation 206 in surrounding air and support structures. Similarly, in various

embodiments, the protection component such as an electromagnetic switch protection switch or

16
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circuit breaker device, may be arranged in a live tank or dead tank configuration (the live tank

configuration is illustrated for the protection switch 202 of FIGs. 2-4D.)

[0035] FIG. 6 depicts still another additional current limiting system consistent with a
further embodiment. The SCFCL system 600 includes the same components as described above
for SCFCL system 200 except that a circuit breaker 602 is provided instead of an
electromagnetic switch. Accordingly, during a fault condition when excessive current is initially
drawn between entry point 110 and exit point 112, the superconductor elements 120 transition to
a finite resistance state to limit current. If the current 604 still present in the electrical path 116
exceeds a threshold value, the circuit breaker 602 is configured to open the electrical path 116.
Subsequently, during a recovery period any load current 606 is conducted along the electrical
path 114 through shunt reactor 104. During this time the superconductor elements 120 may
recover to a superconducting state without any current present until the circuit breaker 602 is

reset.

[0036] FIG 8 depicts still another additional electromagnetic switch embodiment shows a
detailed mechanism that includes a regulated air cylinder and spring to control the speed of
contact separation and recovery time. A recovery switch 800 is provided, which includes a
regulated air cylinder 801 that in conjunction with the spring 803, locking mechanism 802, and
its spring 804, as well as the pre-travel adjustment 806, determine the speed of separation of
contact 807 and recovery time. The lever arm 808 controls the circuit recovery by its connection
to the lock mechanism 802 and the vacuum interrupter 807. The lever arm controls the contact
separation distance between P1 and P2 (see FIG. 3B), where the contact separation distance is

the main mechanism that determines the operating voltage of the protection system. The
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protection system 800 can also include a variable coil arrangement 809, where the number of

turns in the coil is used to vary the electromagnetic force.

[0037] In operation the recovery switch 800 depicted herein allows normal current to pass
through the switch without power interruption. When a fault occurs, the current will increase
such that the magnetic field of the solenoid 805 will attract the plunger 810. This drives the shaft
into the locking mechanism 802. This locks the vacuum breaker 807 in an open circuit position
allowing the superconducting material to recover without any current load. The time delay for
the circuit reset is controlled by the regulated air cylinder 801 and the compression spring 803.
Once the lock mechanism 802 is unlocked all the components are reset to their original position

allowing the electrical circuit to be complete.

[0038] In summary, the present embodiments provide a protection system that user current
that is conventionally conducted within a superconducting current limiting system to afford an
automatic current limiting function as in conventional systems together with a mechanism to
speed up recovery of SCFCL components. This avoids the use of complex circuitry and also
affords the ability to reduce the amount of superconductor material used in SCFCL systems

because of the greater ability to recover rapidly from fault conditions.

[0039] The use or application of the present embodiments and the protection system in
general is not limited to SCFCL protection. For example, the present embodiments may be
employed for any type of fault current limiting (FCL) devices such as solid state FCL, saturated
iron FCL, and others. Embodiments may also be used as an aid to conventional circuit breakers

to speed up fault clearing operations. In some applications where there is no need for a complex
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fault clearing or no relay coordination systems, this simple protection system provided by the

present embodiments can be used as an auto-breaking and auto-closing switch or contactor.

[0040] The present disclosure is not to be limited in scope by the specific embodiments
described herein. Indeed, other various embodiments of and modifications to the present
disclosure, in addition to those described herein, will be apparent to those of ordinary skill in the
art from the foregoing description and accompanying drawings. Thus, such other embodiments
and modifications are in the tended to fall within the scope of the present disclosure.
Furthermore, although the present disclosure has been described herein in the context of a
particular implementation in a particular environment for a particular purpose, those of ordinary
skill in the art will recognize that its usefulness is not limited thereto and that the present
disclosure may be beneficially implemented in any number of environments for any number of
purposes. Thus, the claims set forth below should be construed in view of the full breadth and

spirit of the present disclosure as described herein.

19



WO 2014/150152 PCT/US2014/022406

What is claimed is:

1. A current limiter system, comprising:

a superconducting fault current limiter (SCFCL) configured to conduct load current during a
normal operation state in which the SCFCL is in a superconducting state;

a shunt reactor connected in an electrically parallel fashion to the SCFCL and configured to
conduct less current than the SCFL in the normal operation state; and

a protection switch connected to the SCFCL and shunt reactor and configured to disconnect the
SCFCL for a predetermined time from a load current path during a fault condition after fault

current exceeds a threshold current value.

2. The current limiter system of claim 1, wherein the SCFCL is configured to conduct
about eighty percent or greater of load current and the shunt reactor is configured to conduct

about twenty percent or less of load current during the normal operation state.

3. The current limiter system of claim 1, wherein the SCFCL is configured to conduct less
than twenty percent of fault current and the shunt reactor is configured to conduct greater than
eighty percent of fault current during an initial fault interval when fault current exceeds the

threshold current value and before the SCFCL is disconnected from the load current path.

4. The current limiter system of claim 1, wherein the SCFCL is configured to conduct zero
percent of load current and the shunt reactor is configured to conduct one hundred percent of
load current during a recovery period after the SCFCL is disconnected from the load current and

after the load current drops below the threshold current value.
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5. The current limiter system of claim 1, wherein the protection switch comprises:

a central magnetic component configured to complete a first electrical path containing the
SCFCL in a first position; and

a set of electromagnetic coils disposed around the central magnetic component and configured to
exert a force effective to move the central magnetic component from the first position to a
second position in which the first electrical path forms an open circuit when the fault current

exceeds the threshold current.

6. The current limiter system of claim 5, wherein the set of electromagnetic coils comprises
a first coil connected in series to the SCFCL and a second coil connected in series to the shunt

reactor.

7. The current limiter system of claim 5 further comprising a spring connected to the
central magnetic component and having a spring time constant configured to move the central
magnetic component from the second position to the first position within a return period
comprising one to twenty seconds after fault current drops below the current threshold

subsequent to the fault condition.

8. The current limiter system of claim 5, further comprising an air cylinder, spring and lock
mechanism connected to the central magnetic component and having a recovery time delay
constant configured to move the central magnetic component from the second position to the first
position within a return period comprising one to twenty seconds after fault current drops below

the threshold current subsequent to the fault condition.
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9. The current limiter system of claim 5, further comprising a lever arm connected to the
central magnetic component and having an opening speed time configured to move the central
magnetic component from the first position to the second position within an actuation time

comprising four to one hundred milli seconds after fault condition is initiated.

10. The current limiter system of claim 5, wherein the second coil is configured to transmit

the load current when the central magnetic component is in the second position.

11. The current limiter system of claim 6, further comprising a monitor system configured

to receive power from current drawn through the first and/or second coil.

12. A superconducting fault current limiter (SCFCL) system arranged in an electrical circuit
comprising:

a first electrical path containing an SCFCL configured to conduct load current during a normal
operation state in which the SCFCL is in a superconducting state;

a second electrical path electrically parallel to the first electrical path and containing a shunt
reactor configured to conduct less current than the SCFL in the normal operation state; and

a protection component configured to form a series connection with the first electrical path
containing the SCFCL and with the second electrical path containing the shunt reactor, the
protection switch further configured to create an open circuit along the first electrical path
containing the SCFCL for a predetermined time during a fault condition when fault current

exceeds a threshold current value, wherein no current is conducted through the SCFCL.

13. The SCFCL system of claim 12, wherein the protection component comprises:
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a central magnetic component configured in a first position to complete the first electrical path;
and

a set of electromagnetic coils disposed around the central magnetic component and configured to
exert a force effective to move the central magnetic component from the first position to a
second position in which the first electrical path forms an open circuit when the fault current
exceeds the threshold current, the SCFCL system of claim 15, wherein the set of electromagnetic
coils comprises a first coil connected in series to the SCFCL and a second coil connected in

series to the shunt reactor.

14. The SCFCL system of claim 12, wherein the SCFCL is configured to conduct
approximately one hundred percent of load current and the shunt reactor is configured to conduct
approximately zero percent of load current during the normal operation state when total load

current 1s less than 2000 A.

15. The current limiter system of claim 12, wherein the SCFCL is configured to conduct less
than twenty percent of fault current and the shunt reactor is configured to conduct greater than
eighty percent of fault current during an initial fault interval when load current exceeds 5 kA,

and before the SCFCL is disconnected from the load current path.
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