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SUPERCONDUCTING FAULT CURRENT LIMITER SYSTEM

Field
This disclosure relates to superconducting fault current limiters, and more particularly to a

redundant superconducting fault current limiter sysiem.

Background

A superconducting fault current Himiter (SCFCL) is a device that limits fault corrents ina
power system. The power systermn yoay include transmission and distribution networks to deliver
power to differing industrial, commercial, and residential loads. A fault current is an abnormal
current in the power system due to a fault such as a short circuit. A fault current may oceur due to any
number of events such as severe weather damaging power lines and components, e.g., lighting
striking the power system. When faulis occur,  large load appears instantaneously. The network, in
response, delivers a large amount of current (.e., fault current) to this load or, in this case, the faults.
This fault current condition is undesirable since it may damage the network or equipment connected
to the network.

A SCFCL includes a superconductor positioned in & cryogenic tank. The superconductor is in
a superconducting state having zero resistance during normal or steady state operation. To maintain
the superconductor in the superconducting state, the superconductor is operated below its critical
temperature, critical current density, and critical magnetic field. If any one of these three is exceeded,
the superconducior qguenches from its superconducting state to a normal state and exhibils a
resistance. Qver time, 3 SCFCL may need to be taken out of service for maintenance, repair, or
replacement. A drawback of this is that the associaied power systern is leff unprotected from fault
surrents during this time period.

Accordingly, there is a need in the art for an SCFCL system that overcomes the above-

described inadequacies and shortcorings.

Spmmary
According to a first aspect of the disclosure, 8 SCFCL system 1s provided. The SCFCL
system includes a first SCFCL, a second SCFCL, and a controller configured to control at least one
switch to couple the first SCFCL {0 a power line between an AC source and a load, and to electrically
isolate the second SCFCL from the power line during a first operating mode when the first SCFCL is
in service and the second SCFCL serves as a spare.
According to another aspect of the disclosure, a three phase SCFCL system is provided. The

three phase SCFCL includes a first SCFCL for a first phase having a first switch coupled to an input
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of the first SCFCL and a second switch coupled to an output of the first SCFCL, a second SCFCL for
a second phase having a third switch coupled to an input of the second SCFCL and & fourth switch
coupled o an outpui of the second SCPCL, a third SCFCL for a third phase having a fifih switch
coupled to an input of the third SCFCL and a sixth switch coupled to an output of the third SCFCL,
and 3 fourth SCFCL baving an input coupled to the first switch, third switch, and fifth switch and an
output coupled to the second switch, fourth switeh, and sixth switch, The three phase SCFCL system
also includes a controller configured to position the first switch, the second switch, the third switch,
the fourth switch, the fifth switch, and the sixth switch to have a current flow through the first
SCPCL, the sscond SCFCL, and the third SCFCL and to electrically isolate the fourth SCFCL during
a first operating mode when the first SCFCL, the sccond SCFCL, and the third SCFCL are in service

and the fourth SCFCL serves as a spare.

Brief Description of the Drawings

For a betier understanding of the present disclosure, reforence is made (o the aceompanying
drawings, in which like elements are reforenced with like vumerals, and in which:

FIG. 1 is a circoit diagram of a SCFCL system consistent with an embodiment of the
disclosure;

FIG. 2 is a block diagram of a three phase SCFCL system consistent with an embodiment of
the disclosure;

FlGs. 3 and 4 are schematic diagrams of switches of FIG. 2; and

FIG. 5 is a block disgram consistent with FIG. 2 illustrating a current flow.

The present invention will now be deseribed more fully bereinafier with reference o 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 fullv convey the scope of the invention to those skilled in the art. In the drawings,
like numbers refer to like elements throughout.

FiG. 1 is a circuit diagram of one power system 100 having a SCFCL systen: 118 consistent
with an erobodiment of the disclosure. This is but one simplified power systen 100 and those skilled
in the art will recognize many other power systerns having a SCFCL systern 18 consistent with the
disclosure, The power system 100 includes an AC power generator 102, the SCFCL system 118, 3

circuit breaker 10% which is normally closed, and differing loads 114 such as industrial, commercial,
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and residential foads. A fault condition may occur at location 112 as illustrated by the inadvertent
path to ground.

The SCFCL system 118 includes a first SCFCL 106-1, a second SCFCL 106-2, a controller
120, a refrigeration system 122, and switches 103, 183, Each SCFCL 106-1, 106-2 has g parallel
shunt 114-1, 114-2. Each SCFCL 106-1, 106-2 also has a cryogenic tank 140-1, 140-2 defining an
interior volume and a superconductor 141-1, 141-2 positioned in the interior volume. The cryogenic
tanks 140-1, 140-2 may be fabricated of differing materials such as dielectric materials and/or
thermally insulating materials. The superconductors 141-1, 141-2 may be any type of
superconducting material such as yttrium barium copper oxide {YBCQ) that exhibits superconducting
properties when held below its eritical temperature, eritical current density, and critical magnetic field.
The superconductors 141-1, 141-2 may be fabricated of superconducting tape and may have different
modules depending on the guantity of superconducting tape required.

The refrigeration system 122 is configured to provide a eryogenic cooling fluid to the
cryogenic tanks 140-1, 140-2 of cach SCFCL 106-1, 106-2 1o cool the associated superconductors
141-1, 141-2 below its oritical temperature, For high temperature supercondactors, the critical
temperatare may be between about 77°K and 93°K.  The refrigeration system 122 may include a
cryogenic cooling unit to cool eryvogenic cooling fluid received from associated eryogenic tanks 140-
1, 140-2 before providing cooled crvogenic fluid back to the same as iltustrated by arrow 132.
Although one refrigeration systern 122 is illustrated, cach SCFCL 106-1, 106-2 may have its own
associated refrigeration system. The refrigeration system 122 may also include valves, punmps,
sensors, and a storage tank to store additional cryogenic cooling fluid.  The cryogenic cooling fuid
may be liguid nitrogen, liquid helium, Hauid argon, liquid neon, ete. and/or mixtures of the same.

The controller 120 can be or include a general-purpose computer or network of general-
purpose computers that reay be programmed to perform desired input/output functions. The
controller 120 can also inclade other electronic eireaitry or components, such as application specific
infegrated circuits, other hardwired or programmable clectronic devices, discrete elernent circuits, ste.
The controller 120 may also include conununication devices, data storage devices, and software. The
controller 120 may communicate with and control a variety of systems and components such as the
switches 103, 103, differing components and subsysters of each SCFCL 106-1, 106-2 including
temperature sensors and current sensors, and the refrigeration system 122, The controller 120 may
also communicate with a host system 124, e.g., a telemeiry aysiem, to inform the host system 124 of
particular operating conditions of the SCFCL systern 118, The host system 124 may also have the
ahility to remoiely control the SCFCL system 118 by communicating with the controlier 120.

During one operating mode, the first SCFCL 106-1 is in service and the second SCEFCL 106-2

is electrically isolated from the power line 107 by the position of the switches 103, 105 so the second
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SCFCL 106-2 serves as a spare.  Under steady state conditions, the AC power generator 102 provides
power to the loads 110, The circuit breaker 108 is closed and corrent flows through the power line
107 and the first SCECL 106-1 {o the loads 110, The superconductor 141-1 of the first SCECL 106-1
is in a superconducting state exhibiting zero resistance. A fault condition may occur at location 112
as ilustrated by the inadvertent path to ground. In response, the AC power generator 102 attempts to
deliver a large amount of fault current. The superconductor 141-1 quenches and exhibits a resistance
much larger than the resistance of the shunt 114-1. Hence, the fault current ts commutated into the
shunt 114-1 which limits the fault current to an acceptabic level by reducing the peak to peak value of
the fault current before the civeuit breaker 108 can open {(a conventional circuit breaker 108 typically
takes 2 to 3 eycles at 60 Hz before opening). During a post faulf time interval, the circuit breaker 108
opens and no current is provided to the loads 1140

Over time, the first SCFCL 106-1 may need to be taken out of service for maintenance, repair,
or replacement. Advantageously, during another operating rode, the second SCFCL 106-2 is
available to take the place of the first SCFCL 106-1. To change to this operating mode, the switches
103, 105 may be responsive {0 a signal from the controller 120 to switch to a new position that
effectively direcis current from switch 103 towards the second SCFCL 106-2 and back though the
other switch 105 to the circuit breaker 108 ag illusirated by the path 160, As such, the first SCFCL
106-1 may be taken out of service for mainienance, repair, or replacement while the power system
100 is protected by fault cwrents by the second SCFCL 106-2. The controller 120 may also
communicate with the host system 124 to alert the host system 124 of this event.

The trigger for determining when the first SCFL 106-1 is demoted and the second SCFCL
106-2 is promwoted or prepared for promotion may be a manual trigger or an awtomatic irgger in
response to a condition. For instance, a manual trigger may be undertaken to reposition switches 103,
105 to feed current along the path 160 in order to maintain, repair, or replace the first SCFCL 106-1.
The automatic trigger may be controlled by the controlier 120 to awtomatically control the switches
103, 105 to promote the second SCFCL 106-2 in response o a condition.  The condition may be an
aggregate number of fault current conditions experienced by the first SCFCL 186-1. For example, the
aggregate number of fault conditions that causes the superconductor 141-1 to quench may be five.
After this, the second SCFCL 106-2 may be promoted into serviee so first SCFCL 106-2 can be
demated from service to be checked and repaired as necessary. The condition may also be an elapsed
time period representative of a need for maintenance of the first SCFCL 106-1. The condition may
also be a fault of a component of the first SCECL 106-1. For example, a refrigeration system 122
servicing the first SCFCL 106-1 may have one or more sensors to sense operating conditions of the
same and to provide a signal to the controlier 120 representative of a fault.  In this way, since a fault

of the refrigeration system 122 or a component thereof may jeopardize the temperature at which the
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superconductor 141-1 can be maintained, the first SCFCL 106-1 may be readily removed from service
and effectively replaced with the second SCFCL 106-2 to maintain continuity and fault current
protection for the power system 100, Finally, the condition may also be a signal representative of a
degraded operation of the first SCFCL 106-1 provided to the controller 122,

During the operating mode when the first SCFCL 186-1 is in service and the second SCFCL
106-2 serves as a spare, the second SCFCL 106-2 may be kept in an immediate standby state or a
fatent standby state. 1o the immediaie standby siate, the refrigeration system 122 is configured to
provide a cryogenic cooling fluid to the eryogenic tank 140-2 to maintain g tempersture of the
superconductor 141-2 positioned within an interior voluise of the cryogenic tank 140-2 below a
critical temperature of the superconductor. Again, for high temperature superconduciors, the critical
temperature may be between about 77°K and 93°K.  The controller 120 may also monitor the
condition of the second SCFCL 106-2. A benefit of the immediate standby state is that the second
SCPCL 106-2 is ready io be promoted as soon as the switches 103, 105 are repositioned o direct
current flow along path 160, One drawback with the immediate standby state is the energy anc
associated eryogenic cooling fuld flow required to maintain the superconductor 141-2 below its
critical temperature,

The scoond SCFCL 106-2 may also be kept in the latent standby state. In this state, no
cryogenic cooling fluid is provided 1o the eryogenic tank 140-2. Onee triggered {o transition from the
latent standby state to the immediate standby state, the controller 120 may instract the refrigeration
system 122 o start providing eryogenie cooling fhuid 1o the cryogenic tank 140-2 and may monitor
other signals to verify the second SCFCL 106-2 is ready for service. Once the second SCFCE 106-2
is ready for service, the controller 120 may instruct switches 103, 105 to promwote the second 5CFCL
106-2 so current flows along path 168, One benefit of this latent standby state s that no energy is
spent cooling the crvogenic fluld for second SCFCL 106-2 sinee it is empty of crvogenic cooling finid
antil being readied for service or immediate standby. Ancther benefit is that personuel have ready
access o the interior volume of the cryopenic tank 140-2 1o perform any jnspection or maintenance.
A drawback is the time needed to prepare the sevond SCFCL 106-2 for service. However, if the
promotion of the second SCFCL 106-2 does not need to be immediate, this is an effective solution.

Turning to FIG. 2, a block diagram of a three phase SCFCL system 218 consistent with an
embodiment of the disclosure is illustrated. Compared to FIG. 1, the theee phase SCFCL aystem 218
itlustrates three phases {A, B, and ) and a SCFCL for each phase with 3 tourth SCFCL 206-4. For
simplieity of ilustration, only the crvogenic tanks 240-1, 240-2, 240-3, and 240-4 are illustrated for
gach SCFCL 206-1, 206-2, 206-3, 206-4. Six switches §1-86 may be wsed to offect promotion and

demotion of vartous SCFCLs. Other stmlar coraponents are similarly labeled.
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FIG. 3 is a schematic diagram of switches 81, 83, and §5, while FIG. 4 is a schematic
diagramn of switches 82, 84, and 56. As illustrated, when each SCFCL for phases A, B, and C having
eryogenic tanks 240-1, 240-2, and 240-3 are in service, cwrrent flows through switches 81, 83, 85
along path 302, through each respective SCFCL 206-1, 206-2, 206-3, and through switches 52, 84,
and 86 along the same path 302 illusirated in FIG. 4. When one SCFCL is demoted, reapective
switches upstream and downstream of the SCFCL are repositioned to remove that SCFCL from
service and promote the spare, For example, if the first SCFCL 206-1 on Phase A is demoted,
switches ST and $2 would be positionad in a by-pass position 8o current flows via path 306 as
ithustrated in FiGs. 3 and 4 with other switch pairs (switch pair 53, 84 and switch pair 85, 56}
remaining in a non-Bypass position so current would flow along path 302 as illustrated in FiGs, 3 and
4. The switches illustrated in FIGs. 3 and 4 may be “make before break” type switches such that
current begins to conduet through the fourth SCFCY 205-4 prior to the demoted SCEFCL being
removed from the cireuit. This guarantess current contingity through the three phase SCFCL system
218 and prevents g momentary open ciecuit.

Turning to FIG. §, an example of the SCFCL system 218 of FIG, 2 is illustrated. During s
first operating mode, the first SCFCL 206-1, the second SCFCL 206-2, and the third SCFCL 206-2
are in service and cwrent for each phase flows though an associated upstream switch, the SCFCL, and
the downsiream switch, For example, phase A current would flow though the first switch 81, the first
SCFCL 206-1, and the second swiich 82 along path 502.

During another operating mode, one SCFCL may be demoted and the fourth 8CFCL 206-1
may be promoted into service. The exanple of FIG. 3 illustrates a case where the second SCFCL
206-2 for phase B has been demoted. Switches 81 and 82 for phase A and switches 85 and 36 for
phase C remain in 2 non-bypass posiiion so current continues to flow along paths 502, 504
respectively, However, switches 83 and 84 are positioned in a bypass position so current for Phase B
now flows along path 506 through the fourth SCFL 206-4. Meanwhile, the demoted second 3CFCL
206-2 may be maintained, repaired, or replaced.

The triggering events for which SCFCL should be demoted are simiilar to that earfier
described with respect to FiG. 1. In addition, the fourth SCECL 206-4 of FIGs. 2 and 5 may be kept
in an immediate stand-by state or a latent stand-by state as earlier detailed with respect to the second
SCHECL 166-2 of FIG. 1.

There has thus been provided a BCFCL syster having at least ong spare SCFCL. The
SCFCL system may promaote the spare SCFCL to enable a demoted SCFCL to be maintained,
repaired, or replaced. Accordingly, reliability of the SFCFL systern may be fmproved compared to

that with no spare. One or more spares may be used. In addition, the SCFCL system has additional
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flexibility to promots snd derbote difering SCRCLs o and ontol seevive as secessary, Tha

pramotion and demotion may alse agtomateadly i meponst to g momited comndiion.

The prosent disclosure is oot te be limited in svope by the spreific embaodiments deseribed
hereine, Indeed, other various embodinents of and nusdifications o the presont diselsswrs, inaddition

o these deseribed horain, will by apprvent 1o those of erdinary skill iy thesyt from the fregoing

deseription and ssomnpanying drawisgs. Thus, such other embodinents and modifivations are
intended to fall within the seope of the present discloswe.. Fusther, afthough the present diselosure

Bax been deseribad beredn i the context (lfﬁ parthsular i:33;3’31:3?:1@1@13iimn 1 partiendar snvivomment for
a partioular purpost, thoss of ordivary skl in the ant will recognize that By uselilpesyis not Hmited
theretoand that the preseat disclosure miay be bonedielzlly baplanwated i any nomber of

syvivorments for any wiber of FRIEPQSeR.
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What is claimed is:

1. A superconducting fault current Hmiter (SCFCL) system:

a first SCFCL;

a second SCFCL; and

a coniroller configured to conirol at least one switch to couple the first SCFCL to a power line
between an AL source and a load, and {o electrically isolate the second SCFCL from the power line
during a first operating mode when the first SCFCL is in serviee and the second SCFCL serves as a

spare,

2. The SCFOL system of claim |, wherein the controller is further configured to control
the at least one switch o couple the second SCFCL to the power line between the AC source and the
ioad, and to electrically isolaie the first SCFCL from the power line during & second operating mode
when the second SCFCL is promoted into service and the first SCFCL is demoted {from service.

3 The SCFCL system of claim 2, wherein the controller avtorsatically changes from the

first operating mode to the second operating mode in response to a condition of the first SCFCL.

4. The SCFCL system of clatr 3, wherein the condition comprises an aggregate nuraber
of fault current conditions experienced by the first SCFCL.

5 The SCFCL systern of claim 3, wherein the condition comprises an elapsed time

period representative of a need for reajnienance of the first SCFCL.

&. The SCFCL system of claim 3, wherein the condition comprises a fault of &

component of the first SCFCL.

7. The 8CPFCL system of clalm 6, wherein the component comprises a refrigeration

system configured to provide a cryogenic cooling fluid to a cryogenic tank of the first SCEFCL.

8. The SCFCL system of claim 1, wherein the controller is further configured to
maintaio the second SCFCL in a latent standby state during the {irst operating mode, wherein ao
cryogenic cooling fluid is provided to a cryogenic tank of the second SCFCL during the latent standby

staie,
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9. The SCFCL system of claim 1, wherein the controller is further configured to
maintain the second SCFCL in an immediate standby state during the first operating mode, whercin a
refrigeration system is configured to provide a eryogenie cooling fluid fo a cryogenic tank of the
second SCFCL during the immediate standby state, the cryogenic cooling fluid sufficient to maimtain
a temperature of a superconduactor positioned within an intertor volume of the cryogenic tank of the

second SCPFCL below a critical temperature of the superconductor,

140 A three phase superconducting fault current limiter (SCFCL) system:

a first SCFCL for a first phase having a {irst switch coupled to an input of the first SCFCL
and a second switch coupled to an output of the first SC¥CL;

a second SCFCL for a second phase having a third switch coupled to an input of the second
SCYFCL and a fourth switch coupled to an cutput of the second SCEFCE;

a third SCFCL for a third phase having a fitth switch coupled to an input of the third SCFCL
and a sixth switch coupled to an output of the third SCFCL;

a fourth SCFCL having an input coupled to the first switeh, third switch, and fifth switch and
an output coupled to the second switch, fourth swiich, and sixth switch; and

a controlier configured to position the first switch, the second switch, the third swilch, the
fourth switch, the fifth switch, and the sixth swiich to have a current flow through the first SCFCL,
the second SCFCL, and the third SCFCL and to electrically isolate the fourth SCFCL during a first
operating mode when the first SCFCL, the second SCFCL, and the third SCFCL are 1n service and the

fourth SCFCL serves as a spare.

il The three phase SCFCL system of ¢laim 10, wherein the coniroller is further
configured to reposition the third switch and fourth switch to electrically isolate the second SCFCL
and to electrically couple the input of the fourth SCFCL to the third switch and the output of the
output of the fourth SCFCL to the fourth switch during a second operating mode when the fourth

SCFCL is promoted into service and the second SCFCL is demoted from service.

12, The three phase SCFCL system of claim 11, wherein the controller automatically
changes from the first operating mode to the second operating mode in response {o a condition of the

second SCFCL.

13. The three phase SCFCL system of ¢laim 12, wherein the condition conprises an

aggregate murnber of fault current conditions experienced by the second SCFCL.
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T4, The three phase SCICL system of elaim T wheretn the contrndly s finther
configured to maintan the Huerth SCRCL i a latond standhy state during the frst operating mode,
whetain e ctvogenie conling Tlaid is provided tea cryogenie tank of the fourth SCHCL during the
latont slandby stade,

e The three phase SCFCL gystem of claint 10, wherehn the conteoller iy further

gonfigurad to maintain the founth SCFCL e nwnediste standby state sluring the first opevating

sode, whentin o reftiparaticn syster ¥ vonfigured t provide ervogenic cocting Daid wra eryogeniv

fank of the founl SCFCL during the imrbestiate standby stateg; tie cryogeniv cooding Huid sufficlent i

maintabt & lemperatare of g supersonduetor posttioned wittdo an interks sehuneof the oryogenie tank

of the fourth SCECT balme 1 oritioal temperatireod the supercondastor,

10
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