(43) International Publication Date

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

=

\

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

(10) International Publication Number

WO 2012/125540 A1

20 September 2012 (20.09.2012) 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,
(21) International Application Number: AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
’ PCT/US2012/028742 CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
(22) International Filing Date: HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
12 March 2012 (12.03.2012) 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, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
(26) Publication Language: English SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data: . L
61/452,398 14 March 2011 (1403201 1) Us (84) De51gnated States (unless otherwise indicated, fO}" every
13/415.976 9 March 2012 (09.03.2012) Us kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(71) Applicant (for all designated States except US): VARIAN UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU,
SEMICONDUCTOR EQUIPMENT ASSOCIATES, TJ, TM), Buropean (AL, AT, BE, BG, CH, CY, CZ, DE,
INC. [US/US]; 35 Dory Road, Gloucester, MA 01930 DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
(US). LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
(72) Tnventors; and SM, TR), OAPI (BF, BI, CF, CG, CIL, CM, GA, GN, GQ,
(75) Inventors/Applicants (for US only): AMATO, Mark, R. GW. ML, MR, NE, SN, TD, TG).
[US/US]; 2 Heritage Drive, Bedford, MA 01730 (US). Published:

74

MURPHY, Paul, J. [US/US]; 343 South Street, Reading,
MA 01867 (US). STRASSNER, James, D. [US/US];
2505 Rock Terrace Drive, Austin, TX 78704 (US).

Agent: FABER, Scott, R.; Varian Semiconductor Equip-
ment, Associates, Inc., 35 Dory Road, Gloucester, MA
01930 (US).

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

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

20127125540 A1 |1 000 00T OO0 0

(54) Title: SUPERCONDUCTING FAULT CURRENT LIMITER

FIG. 2

ST RS 2
&

5\

HOSY &
LASTEM

CONTROULLER. ¢

A

(57) Abstract: A superconducting fault current limiter (SCFCL) includes a cryogenic tank defining an interior volume, a supercon -
ductor disposed in the interior volume, and a refrigeration system configured to adjust a temperature of the superconductor in re-
sponse to a condition during a steady state operation of the SCFCL. A method of operating a SCFCL includes cooling a supercon -

O ductor disposed within an interior volume of a cryogenic lank to a temperature less than a critical temperature of the superconductor,

W

and adjusting the temperature of the superconductor in response to a condition during a steady state operation of the SCFCL.
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SUPERCONDUCTING FAULT CURRENT LIMITER

Figid
This disclosure relates to superconducting fault current linitors.
Background

A superconducting fault current imiter (SCFCLY) is a device that limits fault currents in a
power system. The power system may include transmission and distribution networks to deliver
power to differing industrial, commercial, and residential foads. A fault current is an abnormal
current in the power system due to a fault such as a short circuit. A fault current may occur due to any
number of events such as severe weather damaging power lines and components, e.g., lighting
striking the power systern. When faulis ocour, a large load appears instantaneously. The network, in
response, delivers a large amount of current (iLe., fault current) to this load or, inthis case, the fauls,
This surge or fault current condition is undesirable since it may damage the network or equipment
connected to the network,

A SCFCL includes a superconductor positioned in a cryogenic tank. The superconductor is in
a superconducting state having zero resistance during normal or steady state operation. To maintain
the superconduector in the superconducting state, the supercondactor is operated below its eritical
temperature, critical current density, and critical magnetic field. I any one of these three {s excesded,
the superconductor quenches from its superconducting state to a normal state and exhibits a
resistance, To maintain the superconductor at a temperature below its critical temperature, a
refrigeration system provides a eryvogenic cooling fhuid to the cryogenic tank housing the
superconductor. The conventional refrigeration system strives to maintain a constant temperature of
the cooling fluid sufficiently below the critical temperature of the superconductor.  One drawback
with this is the energy needed fo maintain the selocted constant teraperature.  Another drawback is
that the fault current necessary to quench the superconductor may be excessive leading to a
comparatively slower transition o quenching when a fault sccurs. Therefore, the protective
advantage of the SCFCL may be diminished as the peal-to-peak amplitude of the current passed
during a fault condition may be higher than desired.

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

inadequacies and shortcomings.

12]

Sumima
According to a first aspect of the disclosure, a SCFCL is provided. The SCFCL includes a

cryogenic tank defining an imterior volume, a superconductor disposed in the interior volume, and a

refrigeration system configured to adjust a temperature of the superconductor in response 1o a

condition during a steady state operation of the SCFCL.
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According to another aspect of the disclosure, a method of operating a SCFCL is provided.
The method includes cooling a superconductor disposed within an interior volume of a eryogenic tank
to 4 temperature less than a critical temperature of the saperconductor, and adjusting the temperature
of the superconductor in response to a condition during a steady state operation of the SCFCL.
F According to vet another aspect of the disclosure, a SCFCL is provided. The SCFCL
includes: a eryogenic tank defining an interior volume; a superconductor disposed in the interior
vohume; a temperature sensor eonfigured fo provide a temperature signal representative of a
temperature of the superconductor; and a refrigeration system. The refrigeration system is configured
to adjust the temperature of the superconductor during a steady state operation of the SCFCL to a first
temperature during a first condition and to a second temperature during a second condition, the fst
temnperature higher than the second temperature, the first temperature and the second temperature both
tess than a critical temperature of the superconductor, wherein a first fault current necessary to quench
the superconductor during the first condition is less than a second fault current necessary to guonch

the superconductor during the second condition.

Brief Description of the Drawings

For a better understanding of the present disclosure, reference is made to the accompanying
drawings, in which like elements are referenced with like numerals, and in which:

FIG. 1 is a circuit diagram of one power system having a SCFCL consistent with an
embodiment of the disclosure;

FIG. 2 is a block diagram illustrating portions of the SCFCL of FIG.1 in more detail;

FIG. 3 is a plot of parameters that may impact guenching of the superconductor of the
SCFCL;

FIG. 4 1s a plot of temperature of the superconductor versus current density; and

FiGs. 5A and 5B are plots of electricity demand and temperature of the superconductor versus
a similar time scale.

Detailed Description

The present invention will now be deseribed 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,
fike numbers refer to like elements throughout.

FIG. 1 is a circuit diagram of one power system 100 having a SCFCL 106 consistent with an

embodiment of the disclosure. This is but one simplified power systern 100 and those skilled in the

b
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art will recognize may other power systems where a SCFCL 106 may be utilized. The power system
100 includes an AC power generator 102, a shunt 114 in parallel with the SCFCL 106, a circuit
breaker 108 which s normally closed, and differing loads 1 1L

Under a steady state condition, the AC power generator 102 provides power to the loads 114,
The circuit breaker 108 is closed and current flows through conductor 103, the SCFCL 106, and
conductor 105 to the loads 110, During the steady sfate condition, the superconductor of the SCFCL
106 is in 8 superconducting state, exhibiting rero reststance. A fault condition may occur at location
{12 as ilustrated by the inadvertent path to ground.  In response, the AC power generator 102
atternpis to deliver a large amount of fault current. The superconductor quenches and exhibiis a
resistance much larger than the resistance of the shunt 114, Hence, the fault current is commutated
into the shunt 114 which limits the faclt current to an acceptable level by reducing the peak to peak
value of the fault current before the circuit breaker 108 can open {a conventional circuit breaker 108
typically takes 2 to 3 cyeles betore opening at 60 Hz). During a post faull ime interval, the circuit
breaker 108 opens and no current is provided to the loads 110

Turning to FIG. 2, a block diagram of select portions of the SCFCL 106 are illustrated in
more detail. The SCFCL 106 may include a cryogenic tank 202 defining an interior volume 203, a
superconductor 206 positioned in the interior volume 203, a refrigeration systern 212, a controller
220, a temperature sensor 208, and a current sensor 226, For clarity of illustration, only one SCFCL
for one phase is iflustrated. Those skilled in the art will recognize that there may be three SCFCLs
{one for cach phase} of a three phase AC power system.

The cryogenic tank 202 may be fabricated of differing materials such as dielectric materials
and/or thermally insulating materials. The superconductor 206 may be {abricated of any type of
superconducting material such as yvitrium barium copper oxide {(YBCO) that exhibits superconducting
properties when held below its critical temperature, critical current density, and critical magnetic field,
The superconductor 206 may include a plurality of modules depending on the amount of
superconducting material required. The refrigeration systern 212 is configured to provide a eryogenic
Liguid to the cryogenic tank 202 via a sapply conduit 216 and to receive the same via a retum conduit
214. The refrigeration system 212 may include a cryogenic cooling unit to cool the input cryogenic
fluid received from the return conduit 214 before providing cooled eryogenic fluid back via the supply
conduit 216. The refrigeration system 212 may also include valves, pumps, and sensors. The
refrigeration system 212 may also include & storage tank to store additional eryogenic cooling fluid.
The cryogenic cooling fhuid may be Hqmd nitrogen, Haquid hebium, liguid argon, liguid neon, ete.
and/or mixtures of the same.

The controller 220 can be or include a general-purpose computer or network of general-

purpose computers that may be programmed to perform desived input/output functions. The

(OS]
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controller 220 can also include other electronic circuitry or components, such as application specific
integrated circuits, other hardwired or programmable electronic devices, discrete eloment circuits, ete,
The controtler 220 may also include communication devices, data storage devices, and software. The
controlier 220 may receive input signals from a variety of systems and components such as the
temnperature sensor 208 and the current sensor 226, The temperature sensor 208 is illustrated as being
on the outside of the crvogenic tank 202 but may be positioned in other locations as well fo monitor a
temperature representative of the superconductor 206 and to provide a temperature signal
representative of the same. The temperature signal may be received by the controlier 220. The
current sensor 226 may be positioned to monttor in real time the current usage on the conductor 10S.
Any type of current sensor may be uwtilized such as a current transformer positioned about the
conductor 105, The current usage over time of the conductor 105 is representative of an actual
demand profile of a circuit downstream and coupled to the SCFCL.

Turning to FIG. 3 in conjunction with FIG. 2, operation of the SCFCL 106 is detailed. As
ostrated by the graph of FIG. 3, the superconducior 206 of FIG. 2 will remain in a superconducting
state until one of the three parameters {critical temperature, critical current density, and critical
magnetic field) is exceeded. During sieady state operation of the SCFCL 106, the refrigeration
systern 212 may dynamically adjust the teroperature of the superconductor 206 to be within a range
between 09K and its critical temperature (T¢) which may be between about 77°K and 93°K for high
tomperature superconduciors.  As illustrated in FiG. 3, dynamically controlling the temperature of the
superconductor 206 varies the amount of the current density change necessary to quench the
superconductor and hence the amount of fault current. For example, iHustrated temperatures (13), (12),
and (11} are all less than the critical temperature (Te). In addition, (13} is greater than {12), which is
greater than (11}, If the temperature of the superconductor 206 is at temperafure (13}, the change in
current density {Je3) to quench the superconductor is less than the associated change in current
densities(Jcy) and {(J)) at temperatures (12) and (¢1) respectively assuming a similar magnetic field in
each instance. Accordingly, the fault current necessary to quench the supercondactor 206 is fess at
temperature (13) than at temperature (12},

The refrigeration system 212 as controlled by the controller 220 may dynamically adjust the
temperature of the cryvogenic cooling fluid provided 1o the ervogenic tank 202 and hence the
temnperature of the superconductor 206 in response to a condition.  In one embodiment, the condition
may be an actual demand profife of a circuit coupled to the SCFCL as measured by the current sensor
226 over time. In another embodiment, the condition may be a projected demand profile of a circuit
coupled to the SCFCL, The refrigeration system 212 roay also be responsive to sensed parameters in
a closed loop feedback control system. One sensed parameter may be representative of the

termperature of the superconductor 206 as provided by the tempersture sensor 208, Another sensed
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parameter may be representative of the current usage on conductor 105 as provided by the current
senor 226. The controller 220 may also communicate with a host system 236, e.g., telemetry system,
to inform the host system 236 of particular operating conditions of the SCFCL including the
temperature of the superconductor and an associated current density necessary for quench. The host
system 236 may also have the ability fo remotely control the SCFCL by conununicating with the
controller 220.

Turning to FIG. 4, a two dimensional plot 402 of current density versus temperature of the
superconductor 206 is illustrated assuming a constant magnetic field to llustrate the associated
change in curreni density and therefore associated fault current necessary for quenching the
superconductor 206. As illustrated, at temperature {(84), the superconductor 266 requires a change in
current density (Jou) to quench that is larger than other changes (s}, (Joo), and (Joo) at
correspondingly higher temperatures approaching the critical temperature (Te).

Turning to FIG. SA, a representative plot 500 of electricity demand versus time of s eircuit
coupled to the SCFCL is illustrated. The unit of electricity demand may be in watts and the unit of
time is illustrated as hours from 0 (midnight} to 24 over a one day period. A first trough 504 of
clectricity demand during the night time reaches a comparatively lower level. As morning progresses,
a first peak 506 of demand may oceur at about 9 aum. A second peak 508 of demand may occur
during the evening hours at about 6 pan. Electricity demand theon deereases as consumers generally
uses less energy during the night hours, The plot 500 may be referred to as a domand profile for the
circutt of interest, The plot 500 is one example of many.

in one application, the SCFCL 106 may dynamically adjust the temperature of
superconductor 206 in response to an actual or projected demand profile as iHustrated in FIG. 5A.
The temperature of the saperconductor 206 may be adjusied by the refrigeration system 212 which
may adjust the temperature of the cryogenic cooling fluid provided to the eryogenic tank 202 from the
supply conduit 216, the flow rate of the same, and/or the flow rate of the received cryogenic fluid
from the return conduit 214.

For tustance, as illustrated in FIG. 5B, when electricity demand is at the first trough 584 (FIG.
5A)Y during the night time hours, the refrigeration system 212 may adjust the femperature of the
superconductor 206 to allow the superconductor to wanm to temperature (110} slightly below the
critical temperature {T¢).  In contrast, during the first peak S06 of demand, the refrigeration system
212 may cool the temperature of the superconductor 206 down to temperature (I9), where (19 < (¢10}).
Similarly, at the second peak 508 of demand which is slightly higher than the first peak 506 of
demand, the refrigeration system may cool the superconductor 206 down to temperature (18}, where
(t8) < {(19). In one example, the critical temperature {To) may be about 83°K and the temperature

{t10) may be 50°K < temperature (110) < 85°K. The temperature (19) may be less than 40°K.
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in a system without this dynamic mechanism, the temperature of the superconductor 206
would have to be maintained at a tempevature (1) <{t8). This would require a larger faulf curvent to
contribute to the larger change in current density required to quench the superconductor 206, This
would also require additional time to elapse before the superconductor is quenched and hence the fault
current limited, Additionally, by avoiding the need to continually cool to such a low temperature (€}
< {t8) at all times, efficiency gains are realized since less energy is necessary to cool the
superconductor and there s reduced wear on the SCFCL system.

There has thus been provided a SCFCL having a cryvogenic tank defining an interior volume, 2
superconductor disposed in the interior volume, and a refrigeration system configured to adjust a
temperature of the superconductor in response to a condition during a steady state operation of the
SCFCL., The temperature of the superconductor may be adjusted during the steady state condition
when there is no fault current experienced by the power sysiem, The condition may be an actual or
projected cleetricity demand profile. An actual demand profile may be measured by the current
sensor 226. A projecied demand profile may be developed from a history of demand profiles over
various Himes and conditions which is stored and analyzed. Such a SCFCL may save energy by
enabling the cryogenic cooling fluid to be warmer than otherwise during certain steady state times.
For example, during actual or projected light load conditions, the eryogenic cooling fluid may be
warmner than during actual or projected heavier load conditions. In addition, the SCFCL may also
provide for a faster quench of the superconductor in response a fault condition since a relatively
smaller change in fault current is necessary to quench the superconducior when the superconductor is
kept at a relatively warmer temperature. Accordingly, the protective advantages of the SCFCL in
limiting the peak-to-peak amplitude of the current passed during a fault condition may also be
improved compared 1o a conventional SCFCL that maintains the cryogenic cooling fluid at a static
lower temperature.

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
intended to fall within the scope of the present disclosure. Further, although the present disclosure
has been described herein in the context of 8 particular implementation in a particular environment for
a particular purpose, those of ordinary skill in the art will recognize that its usefulness is not Himited
thereto and that the present disclosure may be beneficially implemented in any number of

environments for any number of purposes.
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What is claimed is:

1. A superconducting fault current limiter (SCIFCL) comprising:

a cryogenic tank defining an interior volume;

a superconductor disposed in the interior volume; and

a refrigeration system contigured to adjust a temperature of the superconductor in response to

a condition during a steady state operation of the SCFCL.

2. The SCFCL of claim 1, wherein the condition comprises an actual demand profile of

a circuit coupled to the SCFCL..

3. The SCFCL of claim 1, wherein the condition comprises a projected demand profile

of a circuit coupled to the SCFCL.

4. The SCFCL of claim 1, further comprising a temperature sensor configured to
provide a temperature signal representative of the temperature of the superconductor, wherein the
refrigeration system is responsive to the temperature signal to adjust a temperature of a cryogenic
cooling fluid provided through a supply conduit to the cryogenic tank to adjust the temperature of the

superconductor.

5. The SCFCL of claim 4, wherein the refrigeration system is further configured to
adjust the temperature of the superconductor to a first temperature during a first condition and to a
second temperature during a second condition, the first temperature higher than the sccond
temperature, the first temperature and the sccond temperature both less than a critical temperature of
the superconductor, wherein a first fault current necessary to quench the superconductor during the
first condition is less than a second fault current necessary to quench the superconductor during the

second condition.

6. The SCFL. of claim 5, wherein the first condition is representative a first power
demand on a circuit coupled to the SCFCIL. and the second condition is representative of sccond power

demand on the circuit, the first power demand less than the second power demand.

7. The SCFCL of claim 5, wherein the first temperature is greater than 50°K but less

than the critical temperature, and the second temperature is less than 40°K.
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8. A method of operating a superconducting fault current limiter (SCFCL) comprising:

cooling a superconductor disposed within an interior volumc of a éryogenic tank to a
temperature less than a critical temperature of the superconductor; and

adjusting the temperature of the superconductor in response to a condition during a steady

state operation of the SCFCL.

9. The method of claim 8, wherein the condition comprises an actual demand profile of

a circuit coupled to the SCFCL.

10. The method of claim 8, wherein the condition comprises a projected demand profile

of a circuit coupled to the SCFCL. -

. The method of claim 8, further comprising;
providing a cryogenic cooling fluid to the cryogenic tank; and
adjusting a temperature of the cryogenic fluid provided to the cryogenic tank to adjust the

température of the superconductor.

12. The method of claim 8, further comprising:

adjusting the temperature of the superconductor to a first temperature during a first condition;
and

adjusting the temperature of the superconductor to a second temperature during a second
condition, the first temperaturc and the second temperature both less than the critical temperature,
wherein a first fault current necessary to quench the superconductor during the first condition is less

than a second fault current necessary to quench the superconductor during the second condition.

13. The method of claim 12, wherein the first condition is representative a first power
demand on a circuit coupled to the SCFCL and the second condition is representative of second power

demand on the circuit, the first power demand less than the second power demand.

14. The method of claim 13, wherein the first tcmperature is greater than 50°K but less

than the critical temperature, and the second temperature is less than 40°K.

15. A superconducting fault current limiter (SCFCL.) comprising:
a cryogenic tank defining an interior volume;

a superconductor disposed in the interior volume;
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a temperature sensor configured to provide a temperature signal representative of a
tempcerature of the superconductor; and

a refrigeration system configured to adjust the temperature of the superconductor during a
steady state operation of the SCFCL to a first temperature during a first condition and to a sccond
temperature during a second condition, the first temperature higher than the second temperature, the
first temperature and the second temperature both less than a critical temperaturc of the
superconductor, wherein a first fault current necessary to quench the superconductor during the first

condition is lcss than a second fault curvent necessary to quench the superconductor during the second

condition.

16. The SCFL of claim 15, wherein the first condition is representative a first power
demand on a circuit coupled to the SCFCL and the second condition is representative of second power

demand on the circuit, the first power demand less than the second power demand.
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